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AHaIM3UPYIOTCS TIOBEPXHOCTHBIE DP3JIEEBCKHE BOJIHBI Ha IOJYNPOCTPAHCTBE,
rpaHUIa KOTOPOTO HWMEET TOHKOE MOKPBITHE, OTJIMYAIOMIEeCS OT TOMIOKKA
IUIOTHOCTBIO M BBI3bIBAIOIIEE YACTOTHYIO JAMCHEPCUIO (Ha30BOW  CKOPOCTH,
no00Hy!0 HabmogaeMoil 'y WHTep(EpEeHIIMOHHBIX CeHcMHUYecKuX BONH. Jlis
YKa3aHHBIX IOBEPXHOCTHBIX BOJH BBIBEJECHO IUCIIEPCHOHHOE YpAaBHEHHUE, Ha
OCHOBE KOTOPOT'O TIOCTPOEH TIpaduK YaCTOTHOW 3aBUCUMOCTH HX (Ha30BOM
ckopocTd. IIpuMeHHMTENbHO K MOJENM cpelbl B BUAE CIOW-TIOIYHNPOCTPAHCTBO
BBIBE/ICHBl pacueTHble (OPMYJBI JUIsI BOJHOBBIX OTKJIMKOB Ha HMITYJIECHOE
BO3/IEUCTBUE, IO KOTOPHIM Ul BCE 0ojee yJaJeHHBbIX OT MCTOYHUKA MPUEMHBIX
TOYEK, JIeKAIIUX Ha IMOBEPXHOCTH, MOCTPOEHBI MX Tpaduku. [IpencraBieHHBIC
WUTIOCTPALMK MTOKA3bIBAIOT, YTO MO MEpE pocTa AUCTAHLIMU UCTOYHHUK-IPUEMHUK
MPOUCXOUT HApacCTaHWE JUIMTEIBHOCTH BOJHOBOTO OTKJIMKAa Ha HMMITYJIbCHOE
BO3/ICHCTBUE, YBEIMUYEHHE BPEMEHM 3aJEpKKM €ro NpUXoja M Chaj YpPOBHs
IMOBEPXHOCTHOW BOJIHBI.

KitoueBble c0Ba: MOBEPXHOCTHBIE P3JIEEBCKUE BOJIHBI, MHOPOIHBIA CIIOH,
yacToTHas Aucnepcusi, ¢pazoBas CKOPOCTb, UMITYJIbCHOE BO3/EHUCTBHE, BOJHOBOI
OTKJIUK

BBE/JIEHUE

B cBA3u ¢ 3a7auamMy, BOHMKAIOIKMMH B MH)KEHEPHOM CEHCMOpPA3BEIKEe U B PAAC APYyruX
pasznenax CEMCMUKM M aKyCTHKH, HE CHMJKACTCd MHTEpEeC K aHalu3y ITOBEPXHOCTHBIX
CeMCMUYECKUX BOJIH, PACIIPOCTPAHSIOMIMXCS 110 TPYHTY U MPEACTABISIIOMUX OO0 BOITHOBOH
OTKJIMK Ha yAApHOE BO3ACHCTBUE II0 €r0 IOBEPXHOCTHU. lccnemnoBaHus IUCIIEPCUOHHBIX
3 PEeKTOB MpPH PACIPOCTPAHEHUU MOBEPXHOCTHBIX AKyCTHUECKHX BOJH MPUMEHHUTENIBHO K
npobiaemMaM 3JIeKTPOHUKH M B PELICHUU 3a/ad Pa3BelOYHON reopus3uku (CercMOaKyCTHKH)
TaKXKe OCTAalOTCA BOCTpeOOBaHHbIMH. JIJii aHaim3a BOJIHOBOTO pPACHpOCTPAaHEHUS B
HACTOALIEE BpEMs, KaK MpPaBUIO, HIPUMEHAETCS KOHEYHO-dJIEMEHTHbIH wmeton [1-3],
peanu3yeMblil COBPEMEHHBIMHM IIPOTPAMMHBIMU IIAKETAMHM, HO IIPU OTOM HE MCKIIOYAETCs
JalbHENIIee pa3BUTUE AHAJIUTUYECKUX IIOAXONOB, IIO3BOJSIOIIMX B PAAEC CIIy4acB C
UCIIOJIb30BAHUEM BBIYMCIUTEIBHBIX CPEACTB IIOJIy4aThb PE3yJIbTaThbl, NAIOIIME HAIVISIAHYIO
JeMOHCTpAIMI0, B YAacTHOCTH, d¢¢dekra BosHOBOM aucnepcuu. CellcMoaKyCTHYeCKHe

IMOBCPXHOCTHLIC BOJIHBI, HA3bIBACMBIC I/IHTep(pepeHI_II/IOHHBIMI/I, UMCIOT MHOFOMOHOBBIﬁ
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COCTaB, a 00pa3yroIIre UX MOJBI 00Ia/al0T YacTOTHOM aucrnepcueit. B HacTosmel padote ¢
LENbI0 PACCMOTPEHHUSI YKa3aHHOTO 3(dexTa mpu pacpoCTPAaHEHUU STUX BOJH IMpPEAoKeHa
YIOPOIIEHHAs MOJENb CPE/bl, MO3BOJISIONIAs MOMYyUYUTh «UMUTAIMIO» YaCTOTHOM TUCHEPCUU
JUIsL €IMHCTBEHHOM CYIIECTBYIOIIEH B 3TOM CIy4yae BOJIHOBOM MOJbI, MPU 3TOM OTHAAAET
HEOOXOJMMOCTh PACCMOTPEHMSI CIIOMCTON CTpyKTypbl. Kak Oyner mokazaHo HIKE, aHAIH3
YKa3aHHON BOJIHOBOM MOJBI OCYIIECTBIISIETCS CPAaBHUTEIBHO MPOCTO: B YACTHOCTH, MOTYT
OBITH MOJTYYEHbl AMILTUTYIHO-4YACTOTHBIE XapaKTEPUCTUKU BO30Y>KICHHS BOJIHBI, TOCTPOCHBI
rpaduky BOJHOBOTO OTKJIMKAa Ha HMITYJBCHOE BO3JEUCTBHE B TOYKaX IMOBEPXHOCTH, BCE
Ooitee YAAJICHHBIX OT HWCTOYHHUKA, HaﬁHeHBI OTJIMYKA B YKa3aHHBIX XapaKTCPUCTHKAX
OTKJIMKOB OT aHAJOIMYHbIX, COOTBCTCTBYIOIIHX KIACCUYCCKUM PIJICCBCKMM BOJIHAM Ha
CBOOOIHOM TpaHUIIC OJHOPOTHOTO YIIPYTOro MOTYIPOCTPAHCTBRA.

B ceficMuke TEpMUH «PAJICEBCKHE» YACTO YIMOTPEOISIOT KaK OOOOIICHHBIN U MTPUMCHSOT
Juist 0003HAYEHUsS IOBEPXHOCTHBIX BOJH Ha CBOOOJHOW 3€MHOHM TpaHHUIlE, HMEIOIIMX
BEPTUKAJIIbHYIO W TOPU3OHTAIBHYIO TOJSPU3AIMIO BEKTOpa CMEHICHUH (M BOJHOBBIM
BEKTOPOM, JIEKALIUM B CarTUTAIbHOM INIOCKOCTH), UTHOPUPYS MPH ITOM CIOMCTOCTh 3€MHOMN
Cpelbl, BCIEACTBHE KOTOPOUW PAJIEEBCKHE BOJHBI U TPEBPAIIAOTCS B MHTEPPEPECHIIMOHHBIC
(kBazmupasieeBckue). KiaccHmueckue paJIeeBCKUE BOJHBI, PACHpPOCTPAHSIOMINAECS —BIOJb
TUTOCKON TPaHUIBI OJHOPOHOTO TMONYIPOCTPAHCTBA, W3BECTHHI C HAadvaja MPOILIOTO BEKa,
AJI1 UX ONHUCAaHUA MCIOJIB3YIOTCA IPOCTBIC AHATUTUYCCKHUC BbIPAKCHUS. DTH BOJHBLI HE
0o0JamaroT 4YacTOTHOM aucriepcuedt  ¢ga3zoBodt  ckopoctu. OIHAKO YacTO BO3HUKAET
HEOOXOIMMOCTh MOJICIUPOBATh HHTEP(PEPEHIIMOHHBIC TOBEPXHOCTHBIE BOJHBI, OETYIIHE, KaK
U PIJICCBCKHE, BJOJb CBOOOTHOW TPAHUIIBI PEATHHOTO CIIOMCTOTO MOJYIPOCTPAHCTBA, HO
oOnanaronue BOJHOBOJHOW maucnepcueil ¢azoBoil u rpymnmnoBoil ckopoctu. [lpu 3tom
OIMMMCAHUC U UCCIICAOBAHUC YKA3aHHBIX I/IHTep(bepeHIII/IOHHI)IX IMOBCPXHOCTHLIX BOJIH B paMKax
MHOTOCIIOMHONH MOJICIM  Cpelbl CEPhE3HO 3aTPyJHEHO BCJCACTBHC YPE3BBIYAHOMN

TpPOMO3AKOCTH (OpPMaJTbHOW AHAIUTUYCCKOW 3alMMCH YacTOTHOW 3aBHCHUMOCTH V(w) u
kodpduimenta Bo3OyxaeHus K(w). B mpeamaraeMoM moaxone BHICIIME MOJBI HE

BO3HUKAIOT, TEM HE MEHEE, Y €IMHCTBEHHOW BOJHOBOW MOJbl MMEET MECTO AMCIEPCHUS
($a30BOil CKOpPOCTH, M 3TO MO3BOJIAET AETAJIbHO PAcCCMOTPETh BIUSHUE JUCHEPCHUOHHBIX
3 PeKTOB Ha pacIpoCTpaHEHHE BOJHOBOTO MMITYJIbCca. BhimenepeuncieHHOe 0O00CHOBBIBAET
HEOOXOIMMOCTh TIPOBE/ICHUS aHajM3a B TaKOW MocTaHOBKe. Pacder rpadmKoB 3aBUCHMOCTH
OT BPEMEHHM CEHCMUYECKOTO0 OTKJIMKA MOBEPXHOCTHON BOJIHBI BBINOJHSAETCS YHCICHHBIM

Iy TEM.

1. BBIBOJ] PACUETHBIX COOTHOILIEHUI

N3BecTHO, 4TO B OJHOPOIHOM TMOJIYNIPOCTPAHCTBE, 3allOJHEHHOM YIOPYroMl cCpemo ¢

IUNIOTHOCTBIO O W CKOPOCTBIO BOJIH CXaTWA U CABUTA C,, C,, NIOBEPXHOCTHBIC PIJICCBCKUEC

to
BOJIHBI BO30Y>KAAIOTCSl MEPEMEHHBIM CHJIOBBIM BO3ICHCTBUEM, NMPHIOKEHHBIM, HAlpUMEp, B
HekoTopor Touke z =0, » =0 Ha rpaHuIe MOJTYyOrpaHMYECHHOM cpelbl. PaccMarpuBaemas Ha

puc. | Mozenb OTAUYaeTcss OT OJHOPOAHOTO YIOPYroro TMOJYMPOCTPAHCTBA  TOJIBKO
MPUCYTCTBUEM TOHKOTO CJIOSI TOBEPXHOCTHOM MHEPIIMOHHON MacChl m HEKOTOPOTO BEIECTBA,
HEMPEPHIBHO MOKPBIBAIOLIETO MOBEPXHOCTh Z = () M KECTKO CLEIIEHHOTO CO CPEIOH.

0. M. 3acnasckuii, B. 0. 3acnasckum
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F(1)
\ \
NN\ .
\
0, ¢, €, Wunepuuonnas macca m = ph,
HEIPEPBIBHO paclpeAeiieHHas U
z CLEIUICHHAs CO CPeoU Ha

rpauuie z =0
Puc. 1. Mojienb Moy npocTpaHCTBa, BO30yKIaeMOro MepeMeHHoi cunoil F(¢) = F,z e

Hwke KpaTko U310KUM MOJX0/, OOBIYHO UCIIONIb3YEMbIi IIPU PELICHNH 3314l BOJTHOBOTO
BO30YKJIEHHUS TOJIYIPOCTPAHCTBA MEPEMEHHBIM CHJIOBBIM HMCTOYHHKOM, COCPEIOTOYEHHBIM
Ha IpaHule. 3ECh TAKXKE BOCIOIb3YyEMCS 3TUM MOAXO0/0M, HO IIPU yUeTe U3MEHEHUH 3a cueT
IIPUCYTCTBUS IOBEPXHOCTHOM HEOJHOPOJHOCTH — TOHKOIO CJIOS WHOPOJHOM MAaccChl,
KOTOPBIN HDKBUBAJICHTEH TOHKOMY CJIOI0, OTJIMYAIOLIEMYCsl OT MaTepHualla IOIyIIPOCTPAHCTBA

no muotHoctu [4,5]. Ilone ymnpyrux cMemeHudl u, =u, u, =w B IOIYyIPOCTPAHCTBE B

npeiaraeMoil MoJIeNi, Kak M B CiIy4yae OJHOPOJHOTO MOJyHpPOCTPAHCTBA CO CBOOOMHOMN
IpaHuLEeH, MPeICTaBIseTCs] ¢ TOMOIIBIO HeonpeeneHHbIX koddduimentoB B Buge dypbe-

Beccenesa pasnoxkenns (hakTop e ' omyckaem):

u =

(- Ake™ + B, ke J, (ko idlk 1)

S ey 8

W= T(— Avie™ + Bie™ ), (kr)kdk )
0

Irac k — NEepEeMCHHAass UHTCTPUPOBAHNA,

k= wfc,, k= ofc, v, =k [ =k =k}, v, =k 0’|} =k =k .

IIone HaprI)KeHI/Iﬁ C YUCTOM pacnpe,ueneHHoﬁ HHepHHOHHOﬁ MacCCbl Ha TPAHUIIC z=0
TCIICPb CICAYCT NPCACTABUTH AHAJIOTUYHBIM PA3JI0OKCHUCM:

{(pe2 2k k)= ma*v, e — Bi*(pe2v, — meo* e J, (kY 3)

O-ZZ =

S ey 8

0., = [lAk(pci2v, ~ ma*)e ™ — Bk(pel 2k — k)~ me’v, e |, (kr)kdk )
0

HpI/I peuieHnu 3aJa4 O BOJIHOBOM B036Y)K,I[CHI/II/I MOJIYIIpOCTPAHCTBA IICPEMCHHBIM CHIIOBBIM
BOS,Z[@IZCTBPICM Ha rpaHuny H606XO,Z[I/IMO YUECThb I'PAHUYHBIC YCIIOBUS:
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0 (2 = 0) = ~5(r) Fy 27 = ~(Fy[27)] J, ka0, (2= 0) =0, )

U3 KOTOPBIX BBITEKACT CHCTEMA YPAaBHCHHU JIJISI OTIPE/ICIICHNS HEU3BECTHBIX KOA(P(PHUIIMEHTOB
A, B:

Alpe; @ - k)~ ma’y, )~ Bk (pe22v, - ma? )= - F, /27 ©)
A(pe2v, ~mo®) — B(pc} (2K ~ k) ~ma'v,) = 0. ©
Kospduientst 4, B HaxXOAiTCs W3 pEIIEHUs MPEICTABICHHOW CHCTEMBI W JIAFOTCS
BBIPpAKCHUSAMMU
= o2k k) - moty,), B=—Lr(pciv, ~ma). ®)
27 - Det 27 - Det

Nx mnoncranoBka B (1), (2) mo3BosseT 3amucarth XapaKTEPUCTUKH  BO3OYXKICHUS
KOJICOATETBHBIX CMEIICHUH B MHTETPAITBHOM BHJIE:

z

o 2 2 2 2 -z 2 _ 2 Vi
u= 2}7—0.[ B (pct (2k -k z) —mow Vz)e + (pcz 2Vl mao )Vte Jl (kl")kzdk , (9)
T

Det

0 2 2 2 2 -z 2 _ 2N7,2 v,z
WZ&I (pcz (2k kz) mao Vz)Vle +(pcz 2Vl mao )k e Jo(kl")kdk, (10)
2 Det
raec
i — 2 — 2
(21/, _phaz) J[th—pha; jkz—
Det:pch pct pct

— 2 — 2 ’
@k =iy =2, | ke — gy - 21,
t pCZ t t pcz !

t

IpUYEM MOXKHO BBINOJIHUTH NIE€PEXO]] K INIOTHOCTU MaTepuaia MOKpbITUS P U 3((HEeKTUBHON
€ro TOJIIIMHE /& C UCTIOIB30BAaHUEM COOTHOIICHUS m = ph .

WuterpupoBanue B ¢opmynax (9), (10) mo mepemeHHON k BHOJNb JAEHCTBUTEIBHON OCH
BBINOJIHACTCS, HAlpUMeEp, ITyTeM CMEUICHUs IIyTH WHTErPUPOBAaHUS BIUIyOb KOMIUIEKCHOM
IUIOCKOCTH C 00XOJIOM 0COObIX TOueK. B dyacTHocTH, BKJIaJ B MHTErpajl, AaBaeMbli
TOJIyBBIYETOM B TOYKE TOMOCca k = @/V, B KOTOPOH JETEPMHUHAHT OOpAIAeTCs B HYIIb,
oTpeneNsieT MOBEPXHOCTHYIO BOJHY, IpU 3TOM V — ¢a3oBasi CKOPOCTh MOBEPXHOCTHOU
BOJIHBL. Y CJIOBHE 0OpallleHHsl IeTepMUHAHTA B HYJIb IPUBOAUT K XapaKTePUCTUYECKOMY (WIIH
JUCIIEPCUOHHOMY) YPAaBHEHHIO JUIsl HCKOMBIX IIOBEPXHOCTHBIX BOJIH, IPUYEM B II€PEMEHHBIX

woh 14 _
v=—-, Jw=21 , 0 = p/p yIOMSHYTOE YpaBHEHUE IPHHUMAET BUJI:
ct ct

5l R-w-pwii=w). a1

2 2
C’W—l//\/; (2\/1—w—1//\/;): 2—w—yw l—c’zw
i

2
¢ c
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UucneHHoe penieHue 3TOr0 ypaBHEHHMS BBIIIOJIHEHO JUIS Cydast cf / c,2 =1/3=0.3333, a
rpaduk 3aBUCUMOCTH (a30BOH CKOPOCTH OT 4acTOThl B Ge3pasMEepHBIX MepeMeHHbIX V/c,,
®Sh/c, npencrasnen Ha puc. 2. 3 rpaduka BUIHO, 9TO OpH @ =0 BBIIOJIHSETCS H3BECTHOC
cootHomeHue V =c, =0.9194-c,. IIpy @ —> 0 CKOPOCTh ACHMITOTUYECKU CTPEMHUTCSA K

HYJII0. YYMTBHIBas, YTO HailleHHas 3aBHUCUMOCTh MOJy4Y€Ha s HACallbHOM CTPYKTYpBHI,
BKJItOUAIOLIeil B ce0s1 0ECKOHEYHO TOHKOE MHOPOIHOE MOKPBITHE, HETPYAHO 3aKIHOUYHUTh, YTO
Hepexo]l K MOKPBITUIO MOITYIPOCTPAHCTBA MHOPOJHBIM CJIOEM KOHEYHOM TOJIIIUMHBI JTOJKEH
IPUBECTU K MOSBICHUIO «IbeAecTajgay B JUCIHEPCUOHHOM XapakTepuctuke V(@) 3a cuer

HAJIMYUS Y CJI0S HE TOJBKO IMOTOHHOM Macchl, HO U W3TMOHOMN kecTKocTH. CKa3aHHOE BBIIIE
MO3BOJIAET MPEANOIOKUTh, YTO JOOAaBKA K JHUCIEPCUOHHOW KPUBOW HEKOTOPON KOHCTAHTHI,
MOJKET o0ecneunThb YAOBJIETBOPUTEIIbHYIO anmnpoKCUMAIUIO JUCTIEPCUOHHOMN
XapaKTepUCTHKHU, KOTOpas XapakTepHa AJsi OCHOBHOM MOJbl MHTEP(EPEHIMOHHBIX BOJIH,
HaIpuMep, B Cllydae MPOCTEHIICH MO CPe/ibl B BUE CIION-TIOYITPOCTPAHCTBO [4, 5].

Vic, 9

1 Puc. 2.

0.8 <
1 YacroTHast 3aBUCUMOCTD (ha30BOM

0.6 = CKOPOCTH ITOBEPXHOCTHOW BOJIHBI,
] Oery1eil 1o rpaHuIle ynpyroro

04— MIOJIYIIPOCTPAHCTBA, «HATPYKEHHOT 0
| HEIPEPBIBHO PACIPEIEICHHON MacCOU

0.2

0 y T y T y ]

molfc .

[anee npoaHaiu3upyeM, Kak OTpa3sUTCs HaJlM4M€ YacTOTHOM JUCHEPCHHM Ha
pacnpocTpaHeHHe OBEPXHOCTHON BOJIHBI UMIYJIbCHOH (hopMmbl. Bynem onuckiBaTh (pa3oByro
CKOpOCTh V' (w) KpUBOM, MOHOTOHHO CHAJAIOUIEH C 4acTOToi npu @ —> o ot V(w =0)=c,
K HECKOJIBKO MEHBIIEMYy 3HAYEHHIO. PaccMOTpUM XapaKTEpHUCTHKY, B KOTOPOW yKa3aHHBIN
craJ ompejessercs IapaMeTpoM O, MHCHOIb3ys HpU ITOM €€ HHU3KOYACTOTHYIO

ANIpPOKCUMAITHIO:
7(1)671
1+ “ 5
3
V_al . G| s ook (12)
c, ¢ 1+6 c c c

t t t
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OTCIOI[a, JJIs1 BOJIHOBOI'O 4YHCJIa ((KB&SHpSHGCBCKOfI» BOJHBI M CBSA3aHHBIX C HEHW BEIWYHMH

NMEECM:
- oh & (wh) ’ c ’
k=—|1+8"——-—| — :kR 1+52kth__ktzh2 :_tkt 1+52kth__kt2h2 > (13)
Cp ¢, 2\g¢ 2 Cr 2
— cz 6’2
v = =k =k, [ (14+28%k h— 5%k )- (14)
Cr G
2
_ = c
v, =k —k> =k, C—‘2(1+2§2kth—53kfh2)—1. (15)
R

Nmest membio IIPOAHAIM3UPOBAThL XapaKTECPp YBCIWUYCHUA TJIIUTCIBHOCTH BOJHOBOI'O
OTKJIMKa Ha BOS,I[GP'ICTBI/Ie HUCTOYHHKA HMITYJIBCHOT'O HM3JIYYCHHA 3a CUHCT AUCICPCHU, MOXHO

PaccMOTPETh TOJBKO Z-KOMIIOHEHTY NOBEPXHOCTHOM BOJIHBI W(z =(0) B TOUKaX [MOBEPXHOCTU

z =0, onuceiBaemyto popmyoii (10):

2 o= ST o2
Fofw I(Vz 57’(;1?”‘ ))Hé“(kr)kdk. (16)
T e

e
[Ipu maTerpupoBanuu B (16) wcmonp3yeM acUMNOTOTHKY (DYHKIMHM XaHKENS W YYUTHIBAEM
TOJILKO BKJIaJI, BHOCHMBIH TOJTYBBIUETOM IOJBIHTETPAILHOTO BBIpAXKEHH. TakuM 00pa3oM, B
clly4ae JEMCTBHMSI IOBEPXHOCTHOTO HCTOYHHMKA TapMOHMYECKHUX KOJIeOaHMH uMeeM
cieyrouryo (GopMyiIy s BBIYHMCICHUS aMIUIHTYAbl KOJIeOaHWW B TIOJIE TIOBEPXHOCTHOH
KBa3UPAJIEEBCKON BOJIHBL:

wi(z=0)=rm F;)pa)zlz(vl —h(vy, + /;2))1 / 7;; eﬂ;r_i%, rae
r

4zDet' (k)
[ éha)z 72 2 éha)z J— )
—4+ 22 ok k) -FL 7, |+
fct ct
Sheo? Sheo? (17)
(—4+ s j((zkz —kf)——?V,J+
— V]C[ ct
Det' = p*clk
_ oo’ \._ oho’
Q2w ——— |2V, ——— |+
ct c[
2 2
2k _i(zv, e J+_i[2v, oo J .
4] ¢ v, ¢
[Tpu UMy IbCHOM BO3/CHCTBHH JUISL €0 OIKMCAHUS BOCHIOIB3YEeMCsI 3aBHCUMOCTBIO
0, t<0,
F(t)={F,sin(2xt/7), 0<t<7/2, (18)
0, t>7/2,
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a TaKkKe MPUMEM BO BHUMaHue, uTo Dypbe-00pa3 BO3AeCTBHS UMEET BUJT

For(1+e"“’”2) 19
@2r)’ —(or) (19

[TepemHOXast ATO BBIpAKEHHWE C YACTOTHOM (YyHKIMEH Tepenadyd KBa3HPAICEBCKOW BOJHBI

F(w)=

(17) u mepexoass K BPEMEHHOMY OTKJIMKY C MOMOIIBI0 o0patHOoro ®dypbe-npeodpa3oBaHus,
HETPYJIHO TMPHITH K BBIPAXKEHUIO, OMHUCHIBAIONIEMY OCHMILIOIPAMMY HMMITYJIECa BOJIHOBOTO
CMEIIEHHSI B KBa3UPAIICEBCKOW BOJIHE, COOTBETCTBYIONICH YIAJICHHIO 7

F 1+ e™er/2 —ik,c t+ikr—| 1- §2kh+§ k2h
wh(t,r,z=0)=— ® \ o J‘ (2 )Vl . ) ¢ R{ ]dkt ) (20)
T

\/7 —(k,e,r)? Wk,

2 2 2
G G G
2 2 2 [ 2 2 2 2
c c c | c Cy Cr G
rae A'=8 1-2—%5+8 [ 5 -+ [5—1+4-"+ - =+ - =4.61886.
Cr Cr G \Cr Cp ¢ G c, 1
2T 2 2
Cr G Cr

CrnemyeT OTMETUTH, 4TO pu Hanucanuu Gopmynsl (20) ¢ yuerom popmyn (13), (14), (15)
B aMIUTUTYHOW YaCTH MOJBIHTETPATHHOTO BBIPAKEHHUS OTOPACHIBAIOTCS YWIEHBI, COJICPIKAIIUE
MaJIbIid TapaMeTp O , a B Pa30BOi €ro 4acTH yACPKUBAIOTCS WICHBI, BKIIOYAIONINE TapaMeTp
O B IEpPBOM, BTOPOIl U TpeThell crenenu. Ecnu BBecTn o0o3Hauenue & = wr, hpopmyny (20)

MO>KHO MpeoOpazoBaTh K BUIY:

1 ) )
(1+e’§/2) _iglrlen g2 O & 6%hr O
T

WE(tr,z=0) = 08— e 2 raat g (21)

OtmeTHM, uTo B (ha30BOM YacTH MPEACTABICHHOIO BhIpAXKEHUS (PUTYypUPYET TUCTIEPCUOHHBIN

oh oh

napameTp y =———==—, BeJIMYMHA KOTOPOTO  ONpEelesieT TEeMIl  yBEIUYCHUS
Tyccp, T,

1

JUINTEIBHOCTU HMITYJIbCHOIO BOJIHOBOTO OTKJIMKA IpPU YAAJIEHUU TNPUEMHOW TOYKU OT
ucrounuka. Ero poct Bieder 3a co0oil yBelMYeHHE CKOPOCTH HApAaCTaHMS JUITMTEIbHOCTH
UMITYJIbCHOTO OTKJIMKA 10 Mepe ynaneHus. s BeimonaHeHus pacyetoB no ¢opmyne (21) u
omnpezaeneHuss (GOPMbI OTKIMKA, OOYCIOBIEHHOTO R -BOJTHOW, NPUMEHSETCS YUCICHHBIN
METOJ HMHTErpUpOBaHUs OBICTPO ocLmLIMpyromux (yskuuii — adaptive Gauss-Kronrod
quadrature method [6].
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2. AHAJIM3 BOJIHOBOI'O OTKJIMKA HA UMIIYJIbCHOE BO3JIEMCTBUE
(PACUETHBIE OCLIMJIJIOI PAMMbI UMITYJICOB IIOBEPXHOCTHOWM BOJIHBI)

[IpencraBuM rpaguKyd BOJHOBBIX OTKJIMKOB KBa3HPAIJIEEBCKOW BOJIHBI Ha HMITYJIbCHOE
BO3JCHCTBHE B HEKOTOPOM TOYKE TPAHUIBI, KOTOPOE COOTBETCTBYET IPUHATOW BBIIIE
pacyeTHOIl MoJenu cpelbl U UCTOUYHMKA. Bce rpaduku neMoHCTpupyroTcs B Ge3pa3MepHbIX

t
CAWHUIAax, OTCYEThI BPEMCHH Ha PUCYHKaX U3MEPAIOTCA B CAMHHUIAX — , @ IPOCTPAaHCTBCHHAA
T

r
KOOpJMHATa TOYEK IpueMa — B Pk IIpy HEOOXOTUMOCTH BBIMOJIHEHUS OICHOK,

COOTBCTCTBYIOIINX PCAJIbHBIM MaCH_ITa6aM, HOTpe6yeTC${ CACIaTh IIEpEXoa K (I)aKTI/I‘IeCKI/IM
3HAa4YCHUAM napameTpoB, KOTOPBIC puMeM CIICAYOIHUMHU:

6=0.17=10"¢c, h=2m, ¢, =cp, =200Mm/c. Jlanee mpencraBUM OTKIMKH, NPUHATBHIE Ha

yAaJEeHUSAX OT UCTOYHUKA 7, , HAPACTAIOIINX SKBUJUCTAHTHO C POCTOM HOMEpA 7 :

v, 0.0ln
s

V4

TA/C,Cp

paccMaTpuBaeMoM cityyae BenuuuHe y = 0.1.

=n, n=0, 1, 2, 3,. (22)

— BBILICYNIOMSHYTBIA JTUCIIEPCUOHHBIN TMapaMeTp, YHUCICHHO PaBHBIA B

BonHOBBIE OTKJIMKM, JEMOHCTPUPYEMBIE Ha pHC. 3, COOTBETCTBYIOT PACIIOJIOKEHUIO
NPUEMHBIX TOYEK Ha JTUCTAHIMAX, ONMHUChIBaeMbIX ¢opmyrnoi (22). ITo ¢popme — 3T0
KOPOTKHE OCIMUIMPYIOLINE IyTH, KOTOPble M300paKeHbI B BUJE «CTPOYKA IMOJ CTPOUYKOID»:
JeBBIN CTONOEI] MPEACTaBIAEeT OCUMILIOTPaMMBbl BOJIHBI, IPHHUMAEMON B TOYKaX C HYJIEBOM
[0 YETBEPTYIO, MPaBbIil cTONOEI — C MATOH 1o AeBsATyro. [Ipu 3TOM HE y4MTBIBAaETCs, UTO
BPEMEHHOM CIBHUI Hayajga pAa3sBEPTKH OCLHMIUIOTPAMMbl B KaXIOH IPUEMHOM TOUKE,

. At r_  —r c
CBSI3aHHBIN C PACIIPOCTPAHEHHUEM CO CKOPOCTBIO Cp, NOJDKEH COCTABIATh — = ol no~

T Cp h

MpHU nepexoe K cieayromen. M3 wimocTpanuii BUIHO, YTO «LEHTPbI MAccy» MOCIEAYOMINUX

BOJTHOBBIX OTKJIMKOB TI€PEMEIIAIOTCSI B CTOPOHY BO3PACTAIONIMX BPEMEH 3aJIEpKKH Ha
Z‘0 tl t2 Z‘3

BesmunHbl: — =0.26, —=0.66, ==1.08, =—=1.44... TlonHoe Bpems 3ama3IbIBAHUS
T T T T

«IIEHTpa Macc» KaXJIOro W3 TMPUHUMAEMBIX IIYTOB MOXET OBITh IOJXY4YeHO CYMMOM

YHOOMSIHYTOTO BBIIIE BPEMEHHOTO CABUTa Hayalla Pa3BEPTKH 3a CUET PACHpPOCTPAaHEHUS B

COOTBETCTBYIOIIYIO TOUKY CO CKOPOCTBIO C, (0€3 yueTra AuCIepCHH) C BpEMEHEM 33aJIePIKKH,

00yCIJIOBJIEHHBIM YaCTOTHOM qucnepcueil. [Ipuxoa BOITHOBBIX I[yTOB XapaKTEpU3yETCsl TaKKe
TE€M, 4YTO TMEPBBIMU BCTYNAIOT HHU3KOYACTOTHHIE KOMIIOHEHTHI, a BbICOKOYACTOTHbHIE
JOMUHUPYIOT B XBOCTOBOM HMX 4YaCTH, YTO COOTBETCTBYET IPHUHATOM JUCIEPCHOHHOM
3aBUCUMOCTHU. IIMKOBBINI ypOBEHb Ka)XJOr0 MOCIEAYIOIIEr0 Iyra MpU 3TOM MOHOTOHHO
nagaer (maxxe Oe3 yuera TEOMETPUYECKOM pPACXOAMMOCTH BOJHOBOTO (poHTA), a
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JUINTEIBHOCTh IYIOB, Kak U BpeMs 3aJepXKK{, HapacTaloT, 4YTO WUIIOCTPUPYETCS
MOJTy4YEHHBIMH PAaCUE€THBIMU OCIIHIIJIOTPaMMaMH U TpauKoM Ha puc. 4.

He xacasicy neraneit oOpaOOTKM JaHHBIX, MPUMEHSEMBIX B pEalbHBIX SKCIIEPHUMEHTAX,
JUIIb OTMETHUM, YTO Ha OCHOBE MOCTPOECHUS BOJHOBOTO roaorpada, uaymero yepes LHeHTPb
Macc BOJHOBBIX I[yrOB, COOTBETCTBYIOIIMX TOBEPXHOCTHONW KBa3HPIIECEBCKOM BOJIHE,
MPUHUMAaEMOil Bo Bce OoJiee yIaJeHHbIX TOUKaX, MOKET ObITh BHIMOJIHEHA OL[EHKA I'PYMHIIOBOI

CKOpOCTH, KOTOpasi Ha IMpaKkTUKE AOJDKHA ObITh ONM3KOH K 3HAYCHHIO C,. I OLEeHKH
napaMeTpoB O, A MOTYT ObITh MCIIOJIb30BAHbI BRIILIECYTIOMSHYTHIE JAHHbIE TI0 aMIUTUTYAHOMY

crazy ¥ HapaCTaHMIO JUIMTEIBbHOCTU MMITyJbCa C POCTOM AucTaHuuu. Ciaenyer ykasarb, 4ToO
Ha JTale PEruCTpali ATOH BOJIHBI WM NMPH 00pabOTKE JaHHBIX MMEETCS BO3MOXKHOCTH
OCYILECTBUTHh KOMIICHCALIMIO YBEINYECHUS JUIMTEIBHOCTH BOJHOBOTO OTKJIMKA IIPU U3BECTHOM
XapakTepe WM 3aKOHE BOJHOBOM JHcrepcuu. B 3TOM ciydae IMyTeM HCIOJIB30BaHUS
CHENUANTBHON (QUIBTpAai (MCKYCCTBEHHBIX JIMHUHA 3a/IePXKKH) MOXET OBITh pear30BaH
IPPEKT «KOMIIPECCUN» WIIN CIKATHSI UMITYJIHCOB IIOBEPXHOCTHOM BOJIHBI IO UTUTEIFHOCTH U
OJTHOBPEMEHHOTO TOBBIIICHNS UX YpOBHs. Mcmonb3oBanue 3pdexra «koMrpeccuny Ha dTare
peructpari ¥ 00paOOTKM TPUBEAET K YIYUYIICHWIO OTHOIICHWS CHTHAJ/IIYyM, a
ClIe/IoBaTeNIbHO, K Oojiee HaJeKHOMY OOHApY)KEHUIO HMITYJIbCHOTO OTKJIMKA Ha (oHe

CEHCMHUYECKHUX IIyMOB.

3AKJIIOYEHUE

B paGote mosrydeHsl pacdeTHbIE ()OPMYJIBI, OMTUCHIBAIOIIAE XapaKTCPUCTHKH BO30YKICHUS
W PacnpoCTpPaHEHUs HMIYJIbCOB IOBEPXHOCTHOM PIJIEEBCKOM BOJIHBI IO TPAHULE
MOJIYNPOCTPAHCTBA, HMEIOIIET0 HWHOPOJHBIA MMOKPBIBAIOIIAN CIIOW, OTIMYAIOIIHUICS 10
mI0THOCTH. [oKa3aHO, YTO UCXOAHBIM BOJIHOBOW UMITYJILC BCJIEACTBUE YaCTOTHOW TUCIIEPCUU
($ha30BOI CKOPOCTH yKa3aHHBIX BOJH MOJBEPKEH YBEIWUYEHUIO IITUTEIHLHOCTH IO MEPE CBOETO
pacnpoctpaneHus. [loaydeHO SBHOE BBIpAXEHHE [JI1 JUCIEPCHOHHOTO IapaMeTpa

oh

(y =—=—), ONpenemnsAI0IEero TeEMIl YIIUPEHUS UMIYJIbCHOTO OTKJIMKA MO JJIATEILHOCTH.
[IpoaemoHcTprpoBaHbl rpaHUKU BOIHOBOTO MMITYJIbCA, JAIOIINE HATISIHOE MPEACTaBICHUE
0 XapakTepe NposiBieHHs paccMarpuBaemoro 3¢dekra. [lomydeHHble pe3yabTaTbl MOTYT
HAlTH MpakTHYeCKOoe MPUMEHEHHE B aKyCTUYECKOM AePEKTOCKOINH, PH MPOBEICHUN paboT
M0 WHXXEHEPHOW celicMopa3Belke W MPU MHTEPIpETalMi Pe3yJbTaTOB HAOMIONCHUS U
00pabOTKH JAHHBIX PETUCTPALIUU MOTHOMACIITAOHBIX CEHCMUYECKIX COOBITHU.

0. M. 3acnasckuii, B. 0. 3acnasckum
O BAMSHUKM ANCNEPCUMM Ha pacnpocTpaHeHne NOBEPXHOCTHbIX BOSH Panes



DNEKTPOHHbIN XypHan «TexHuyeckas akyctuka» 2011, 13 10 (11)

=}
=5}
o
o

Real (a.u.)
[}

Real (a.u.)
o

od

(o~
oo
o

Real (a.u.)
(=]

Real (a.u.)
=}

o
o

=
(we]

oo
(S sy |

Real (a.u.)
(=]

Real (a.u.)
=

oo
on

Real (a.u.)

-0.5
04
3
2
= 0
Q
o
-08 . . . . . 04 . .
-0 -5 0 5 10 15 20 -0 -6 0 5 10 15 20
tfr tft
Puc. 3. ImnynbcHbIE OTKIMKHU R -BOJIHBI HA AUCTAHIIUAX:
r’c r’c!

!

0—r=0,1—n= ,2— 1, =2 , mapametp o0 =0.1

0. M. 3acnasckuii, B. 0. 3acnasckum
O BAMSHUKM ANCNEPCUMM Ha pacnpocTpaHeHne NOBEPXHOCTHbIX BOSH Panes



DNEeKTPOHHBIN XypHan «TexHuyeckas akyctuka» 2011, 13 11 (11)

Eh Puc. 4.

2 Hapacranue BpeMeHH 3a1epKKU
NPUXO0/a BOJIHOBOTO MMITYJIbCA TIPH

14 YBCIIMUCHUHN JUCTAHIUHU UCTOYHUK-
MPUEMHUK 3a cueT dpdekTa qucrnepcun
BOJIHBI
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