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J1J1st 3apsKeHHBIX KalleJlb B KOHBEKTUBHBIX 00J1aKaxX ¥ MPU3EMHBIX TYMaHaX, HeTMOABMXKHBIX B CyIIepIIO31-
IV TPABUTALIMOHHOTO U 3JIEKTPUUYECKOTO TOJICH, paCCUYMUTHIBACTCSI MHTEHCUBHOCTh aKyCTUYECKOTO U3JTy-
YEeHUSI U XapaKTepHbIC IIIMPUHBI (B 3aBUCUMOCTU OT PaJMyCOB U 3apsi0B Kareib) AMana3oHoB YacToT, Ha
KOTOpBIE 3TO M3TyYeHUe TTPUXOAUTCS. PacyeThl MpoOBOASITCA METOJAMM KJIACCMYECKOM MaTeMaTUYeCKOM
GbU3UKHU ¢ yUETOM IBYX MaJIbIX TapaMEeTPOB: Oe3pa3MepHOil aMIUIUTYIbl OCLIMJUISIIIUI U paBHOBECHOI1 cde-
pounmanbHOI nedopMalmy 3apsKeHHON Karuli BO BHEIIHEM 3JIEKTPOCTATMYECKOM ITojie. Bce pacueTst
MPOBOISITCS HAa MOJIEJIM MICIbHOI HEC)KMMAaeMOM BJIEKTPOITPOBOIHOM KUAKOCTU. BhISICHMIIOCH, YTO aKky-
CTUYECKOE M3TyYeHHE OT 00JIAKOB ¥ TYMAaHOB ITPUXOIUTCS Ha YITPa3ByKOBOM TMAITa30H YacTOT, a aKyCTH -
YeCcKoe U3JIydeHHUe KPYITHBIX Karesib, KOTOpbIe C(POPMUPYIOT A0XKIIb, UAET B CIBILLIMMOM YXOM UeJIOBeKa 3BYKO-
BOM JMara3oHe. [paHuiia MexXy yIbTPa3ByKOBBIM M 3BYKOBBIM M3JTYYEHHMSIMU OTPEIeIIIeTcsl KaK pa3MepamMu
Karmeb, TaK U BeJIMYMHAMU HAIPSDKEHHOCTEM 3JIEKTPUYECKUX TToJIei (B MaJIOit OKPECTHOCTH Karesib) U Be-
JIMIMHOM K03 dUIIMeHTa MeK(ha3HOTO MOBEPXHOCTHOTO HATSXKESHUS.
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DOI: 10.31857/5002329122260047X, EDN: KENCQR

BBEIAEHME

OkoJ10 copoka JIeT Ha3aj MosiBUjlach repBas cTa-
Ths1 00 3JIEKTPOMArHUTHOM M3JIyYEHUU OCLUJUIUPY-
fomreil Karu Bonawl [1]. C Tex 1mop oIryOJMKOBaHO
MHOTO CTaTeif Ha 3Ty TeMy, CM., HaIIpumep, [2], a oc-
HOBHasl WJesl pacyeTra MCMHOJIb30BaHA U TSI pacuera
aKyCTUUYECKOTO U3JTy4YeHUsI OT OCLIMJUIMPYIOLLIEN Kariv
[3, 4]. OcHOBHas nuest pacyeTa MpocTa JIJIsI BOCIIPHSI-
THSI: YCKOPEHHO ABVDKYIIMECS 3apsiibl U3Ty4aloT JIeK-
TPOMarHUTHbIE BOJIHBI. 3apsi Karld UaeabHO dJIeK-
TPONPOBOMHOM XKMIKOCTH HAXOAUTCS Ha MOBEPXHO-
CTM Karjd W OpU OCHWJIISALUSX €€ IOBEPXHOCTHU
JIBUTaeTCcsl C YCKOPEHUEM U, clieloBaTe/IbHO, U3Jlyda-
€T 2JIEKTPOMAarHUTHbIE BOJHBI YacToTa OCHMIUISLIMIA,
KaK IMOKa3bIBalOT pacyeThbl, CTAHOBUTCSI KOMILJIEKC-
Hoit [1]. BelecTBeHHast 4aCTh KOMIUIEKCHOM 4acTo-
Thl OINPENEIUT YaCTOTy OCUMJUISLIMI KaIlJiu, a MHU-
Masl 4acTb — IMOTEePU BHEPTUU MPU OCUMWUISILUSIX. A
TaK KaKk B Karuie UAealbHOM KUIAKOCTU HE MOXKET
OBbITh TTOTEPb SHEPTUU KPOME KaK Ha U3JIyYeHUE, TO
JNEeKPEMEHT 3aTyXaHUsl OCLHWJUISLIMKA onpeaeauT UH-
TEHCUBHOCTb U3JTyUYeHMUSI.

M3noxeHHas Bblllle UAes 1 MOJOXEHA B OCHOBY
pacy€Ta MHTCHCHMBHOCTH aKyCTHMYCCKOI'O U3JIyYCHUA

3apsi>KeHHO Karliv, MOABEIIeHHO! B CynepHo3uIiuu
IPaBUTALIMOHHOTO U 3JIEKTPOCTATUUYECKOTO ITOJIeH.
HaxnaneiBaemoe TpeboBaHMe HAXOXKICHUS 3apsiKeH-
HOI Karuli B YCJIOBUSIX 3JIEKTPOCTATUYECKOTO TToIBeca
HE MPUBOIUT K OrpaHUUYEHUIO OOIIIHOCTU PACCMOT-
pEHUsI, TIOCKOJIbKY Karuld €CTECTBEHHOTO IIpOMC-
XOXIEeHU (T.€. Karjau o0J1akoB U TYMaHOB) a priory
CYIIECTBYIOT B YCJIOBUSIX IMOJBEILIMBAHUS B CyIIepIio-
3ULMU TPABUTALIMOHHOIO U 3JIEKTPOCTATUYECKHUX MO~
Jieit (BHyTproOOJa4yHOro Win Npu3eMHOro). B umckyc-
CTBEHHBIX YCIOBHUSX CO BpeMeH MmuiikeHa [5—8] ¢
TaKMMU KaruissMU MPUXOJUTCS UMETh AEJIO0 B dJIEK-
TPOCTaTUYECKUX MOABECax, B 9KCIIEPUMEHTAX I10 TT0-
JIYYEHUIO BBICOKOUYHMCTBIX BEIIECTB 1 MPEeLM3MOHHO-
MY M3MEPEHUIO BEJIUINHBI KO3PPHUIINEHTa TTOBEPX-
HOCTHOTI'O HATSKEHUSI UIN TIPU TTPOBEPKE KPUTEPUSI
3JIEKTPOCTATUYECKOMN HeycToluuBocTU Peest.

OU3NYECKAA TOCTAHOBKA 3AJAYN

HYCTI) NMECTCA N30JIMPOBAaHHAasA 3apsKEHHas Kall-
Jisl MAcaJbHOM HECXKMMAEMOU MUACaIbHO IIpOBOAI-
IIEN KMIKOCTU C TDIOTHOCTBIO Pi- HpI/IMCM, YTO KaIlIsd
HCIIOABM2>KHO BUCHUT B CYIICPIIOZUIIMM KOJUIMHEAPHBIX



4 I'PUTOPLEB u np.

MOJIeii: IEKTPOCTAaTUIECKOTO EO (BHYTpHOOJIAYHOTO
WINA IIPU3EMHOTO, OMHOPOMTHOIO XOTsI ObI B MaJIOi
OKPECTHOCTH Karju) U TpaBUTALIMOHHOTO g TIOJIei.
ITpyuHMMast LIEHTP MacC Karuli HEMOABKHBIM, BHEIII-

Hee /IEKTPOCTaTHIecKoe roje £, HarpaBuM B CTOPO-
HY MIPOTUBOIOJOXHYIO IPaBUTALIMIOHHOMY TOJIIO g.
IMoyoxuM, 94To MCXomHasI KaIuIsl SIBJISIETCSI paBHOBE-
JIMKOI1 110 00beMy cepe panuyca R. JInsa naeaabHO
MPOBOMSANIEH XKUIKOCTU 3apsia Karii 0 paBHOMEPHO
pacIipe/iesicH 1o ee ITOBEpPXHOCTH. B KauecTBe BHEIITHE
cpeabl IpUMEM MACATBHYIO CKUMAEMYIO TUJIEKTpUUe-
CKYIO CpEIy C TUNTOTHOCTBIO P, Y TURJIEKTPUIECKOM ITPO-

HULAEMOCTBIO €,,, B KOTOPOi1 3ByK paclpOCTPAHSIETCS
co ckopocTeio V. KoaddunmeHnt MexdasHoro mo-
BEPXHOCTHOI'O HATSKEHUS O.

CornacHo [9—12] anekTpuueckoe IoJie BbI3bIBaeT
JnedopMalio UCXOTHOM ceprdecKoil (POpPMBI: Karuist
C OCBhIO CUMMETPUU Z, HaIlpaBJeHHOI TIapasuieJIbHO

a7eKTprUdecKoMy nosmo E,, IpuHUMaeT hopmy, 6m3-

KyI0 K BBITSHyTOMY Broib E, cdepouny. B kauectse
MaJIOrO TMapameTpa, XapaKTepU3YIOIIEro OTKIOHEHUE
cheponmanbHON TOBEPXHOCT OT cephbl, TPUMEM
KBaapaT SKCIEeHTpUcHUTeTa ChHEepONTAUTPHON KaruTh

e’ = 9w/ (1 - W) [12], toe BenmmunHa napamerpa Pe-

2 2 3
nes W = Q" /64n"e e, R'G xapaKkTepusyeT 3JEeKTPO-
TMAPONUHAMMYECKYI0 YCTOMYMBOCTh Karju IO OT-
HOIIIEHUIO K COOCTBEHHOMY 3apsimy [5], a BeTudnuHa

napamerpa Teiimopa w = eoaexEo2 R/4c omnpenensier
YCTOWYMBOCTb KaIlId IO OTHOIIEHUIO K 3apsiaam,
VHIYLIMPOBAHBIM BHEIIHUM 3JIEKTPOCTATUYECKAM
noiyeM [13].

J1s1 olLleHKU ITopsiIKa MajlOCTU e’ oT™MeTHM, 4TO
pa3Mepbl OAMHOYHBIX Karejlb B >KMAKOKAIIEJIbLHBIX
CHCTEeMaXx €CTECTBEHHOTO TIPOUCXOXICHUS (TYMaHBbl,
o0J1aka, IOX/Ib) U3MEHSIIOTCS OT €AUHUIL MUKPOMET -
POB 10 eIMHULL MIJUTUMETPOB. [IpuHMMasi, 4To cpen-
HUE 2JIEKTPUUECKUE XapaKTepUCTUKU paccMaTpuBa-

—14
eMbIx Kanenb Q = 1x10 " Ku, £, = 50 B/cMm, nony-
YUM JHAMa30H BO3MOXHOTO M3MEHEHUST BEJIMYUHBI

Matoro mapamerpa e” ot 9x 10~ (put R = 1 MKM) 10
2%x107 (mpu R = 3.5 Mmm).

B BHUAY TCIUIOBOIO ABM2KCHMA MOJICKYJ KMIKOCTHU
paBHOBECHAasA ITOBCPXHOCTH KaIlJI1 BO3MYIIACTCA OC-

LWUISILASIMUY BECbMa MaJIOi aMIUIATYIbI |§| ~JxT/o,

rae Kk — moctossHHass bonbiimana, 7 — aOGcosroTHAS
temriepatypa [4]. dis M00bIX XXKUIKOCTEN, BKITIoUast
XKUIKME METaJlJIbl, OLICHKH ITOKA3bIBAIOT, UTO TEILIO-
Basi aMILUTUTYIa OCLWULILMI He mpeBocxomnT 1 A.
OpHako TIpY HAJIMYMM BHEIIHUX CUJIOBBIX BO3Ieii-
CTBMI TUIIAa O0TeKaHMsI KaIUIM IIOTOKOM BO31yXa IIpU
MaJeHNY Karuid JOXIsS WIM BOCXOISIIUM ITOTOKOM
IIJIsT OOJIAYHOM Kallid aMIUIMTYJa KalmWJISIPHBIX OC-

VUL |§| MOXET YBEJIMYUBATHLCS JI0 AECSITKOB IMPO-

LIEHTOB OT paauyca Karui [ 15, 16]. BesimuuHa oTHOI1IE -
HYSL aMILTMTYIIBI || K paBHOBECHOMY pazuycy R o6pa-
3yeT Maiblii mapametp € = |E| /R < 1. B mabHeiimem
MPY TIPOBEACHUY YMCIIEHHBIX OLIEHOK OyIeM IIpUHU-
MaTh € = 0.1. B aT0ii cBSI3U 00CcyXmaemasi 3aj1a4ya co-

2
JCPKUT IBa HEC3aBUCUMBIX MaJIbIX ITapaMeETpa € U e

Pa3IMYHBIX NOPSIIKOB BEJIMYMHBI, IIPUYEM: e’ <e.

MareMaTU4eCKYIO TTOCTAaHOBKY M pellleHue 3aaa-
Yy MIpoBeleM B c(peprUUecKOil CUCTEME KOOPIMHAT
(r, 0, q)), HayaJIo KOTOPOii COBMAgaeT C MOJOXECHUEM
LICHTpa MacC paBHOBECHOI Karuiu. JJis1 yIpolieHus
MOCJICAYIOIINX BBIYMCICHUM BOCITOIb3YEMCSI OCECHM-
METPHUYHOM MOCTAHOBKOM, 1 B chepUIeCcKUX (PyHKIIU-
sIX OyIeM OIIyCKaTh 3aBHCHUMOCTH OT a3MMYTaJIbHOMN
KOODJIMHATHI .

MATEMATHUYECKAA
ITOCTAHOBKA 3AJAYN

VYpaBHeHue, 3a1atolee BO3MYILIEHHYIO TTOBEPX-
HOCTb KarJju B J000if MOMEHT BpeMeHU ¢, 3alu-
IIeM B BUIE:

r(8,1) = r(0) + £(6,1); (D
rie #(0) — paBHOBecHas chepounaibHas ¢hopMa Kar-
mu, &(0,7) — BOJTHOBOE BO3MYILIEHUE, MTOPOXIAEMOE
TETJIOBBIMU OCLUWJUISIIUSIMU KATLJIU: max |§| < R.

IMosoxuM ABUXEHUS XUAKOCTU B Karljie U BO
BHEIIIHE cpene 6€3BUXPEBBIMU C MaJbIMM aMILIN -
TyIaMu: rot I7j(r,6,t) =0 . Torna none ckopocrteit
I7j(r, 0,7) BHyTpHM (j = 1) 1 BHe Karuiu (j = 2) onpe-
AeJsIeTCsl TpaAMeHTaMHu IMOTeHUHUATIOB Y (r, 0,7):
I7j(r, 0,7) = Vy (r,0,7) [17]. OTMeTHM, YTO BO3MYILIE-
HY€ rpaHUlIbl pa3fiesia BHYTPEHHEN U BHEIIHEH cpen
&(6,1), mosst ckopocTeii I7j(r, 0,7), ruagpoaHaAMUYE-
CKUX TMOTEHUHANOB Y ,(r,0,f) u masnenus P(r,0,7)
SIBJISIIOTCSl BEJIMUMHAMMU TIEpBOTO MOPSKa.

O0603HaYMM TOTEHLMAJ BJIEKTPOCTATUUYECKOTO
MoJist B oKpecTHOCTH Karuiu ®(r,0). OH cBsI3aH Cc Ha-
NPSKEHHOCTBIO 2JIEKTPUYECKOro monst £, coOTHO-
LIEHUEM EO = -Vd(r,0). [NocTOSTHHBIN TTOTEHIIMAT
MOBEPXHOCTU Karid 0603HauuM P (7).

Marematuyeckasi MOJIeIb pe].L[aeMOﬁ 3agadyu, OIln-
ChIBaromasa KalmnJUIAPHbLIC OCHWJUIALINA 3ap5DKCHHOI71
Karuiu, HaXos1IEeCcs B OOJHOPOAOHBIX JICKTPOCTATH -
YECKOM U I'paBUTAalIMOHHOM IT0JIAX, UMECT BUI:

AWl(r’e’t) = Oa A(D(r,e,t) = O; (2)
2
0
LIWERD (0.0 = 0 3)
v ot

r— 0:y,(r,0,1) > 0;
r — oo O(r,0,1) > —Eyrcosb,

4
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r— oo 8D L i 01) = o(l); (5)

or r

= (@) () L) S MWARD

or
6
_Lar(O)B\yj(r,e,t)‘ (=12 (6)
r> 00 0 ’
})l(r’e’t)_g(raeat)—i_PQE(r,e,t)+
_ 0 7
+ Py (r,0,1) = Py (r,0,1) = 0;
y; Eoey (VD)
P/:R)'/_pja_t/; QE:—O (2 );

P, =(p—p2)glr(0)—r(6,)u]; nw=cosd; (8)
P, = odivii; ®(r,0,1) = ®,(f).

HOTpC6y€M TAaK>K€ BbIINMOJIHECHUA OOIIOJHUTEIb-
HbIX MHTCTPAJIbHbIX yc.]'[OBHfI: HEM3MEHHOCTU O00be-
Ma, OTCYTCTBUA IBM2KEHUA LICHTPpA MacC KaIljil 1 CO-
XpaHCHUA €€ ITOJIHOIO 3apdaa:

Irzdrsineded(p = §ER3; J.F . rzdrsinea’ed(p =0;09)
4 14

V=[0<r<r0)+E&6,1),0<0<m0<¢<2nl;

(7, V@)ds =2
KY EOSex

S=[r=r0)+&0,1),0<0<7m0<¢<2m.

(10)

B stnx BBIPpa’KCHUAX 80 — QJICKTpOAMHaAMMYCCKasd
Rewm

NIOCTOsIHHAs, K = —— — BOJIHOBOE YMCJIO, P, — 1aB-
V

JieHust BHyTpH (j = 1) v BHe Karum (j = 2), R; — 1o~
CTOSIHHBIE IaBJICHUS B Karule u cpene, Fyy — nase-
HUE 3JIEKTPUIECKOTO MOJIsl Ha TIOBEPXHOCTD UAEaTbHO
TIPOBOJALIEH Karum, P, — IaBjIeHUe MOJIs CUITbI TsKe-
cTU, P, — KanwuIsipHOe (JIATUIACOBCKOE) NaBJICHUE, /i —
eIMHUYHBII BEKTOP ITOJIOXUTEILHOM HOPMaIn K I0-
BepxHOocTH Karum F (r,0,1) =r —r(0)—-&(6,¢) =0,
BBIYMCIISIEMBIM B OOIIEM ciydyae COOTHOIIEHUEM
7i(r,0,1) = VF/|VF|.

Pemrenue 3amaum (2)—(10) Oynmem uckaTh KjiacCu-
YeCKMMH METOIAMU TEOPUU BO3MYIIIEHU B JIMHEM-
HOM NpUOJMKEHUU Mo MajoMy TapameTpy € [18]. B
paMKax MeToma MPSIMOTO Pa3JIoKeHUST MCKOMBIE Be-

nnunnbl §(6,1), y;(r,0,1), O(r,0,1), a TaKKe JaBIEHKS
P (r,6,t), Py (r,6,t), P,, Ps(r,0,1) B AMHAMUYECKOM
rPaHUYHOM ycJIoBUH (7), TPEACTABUM B BUIE aCUMII-
TOTUYECKUX PA3JIOKEHUIA:
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&0, = £"0.0) + OE);
v,(r,0,0) = y,(r,0,1) + O(”);
d(r,0,1) = "(r,0) + " (r,0,7) + OE?);
®,(1) = @ + (1) + O
P(r,0,1) = PV(r,0,0 + OE); (j=1,2);
Pyp(r,0,1) = Py (r,0) + Py (r,0,0) + O(E?);
Pr,0,0) = P,"r,0) + " (r,0,) + OE);
P(r,0,0) = PO(r,0) + P,V (r,0,0) + OE);

(1)

rme BepXHuit mHaeKe “0” OTHOCHTCS K BEIMYMHAM,
MMEIOIUM HYJIEeBOU MOPSIAOK IO €, U O00O3HAYaeT
pPaBHOBECHOE COCTOSIHME CUCTEMbI, a BEPXHUM WH-
Iekc “1” cooTBETCTBYET BETMYMHAM TIEPBOTO TTOPSIII-
Ka 1Mo €, BOZHUKAIOIIMX M3-3a BO3MYILEHUS PaBHO-
BECHOIM MOBEPXHOCTH KarlIH.

PEIHEHWE 3AJAYM HYJIEBOTO
IMOPAOKA MAJIOCTH T10 ¢

INonmcraBnsas maHHBIE Pa3JIOKEHUS B MCXOTHYIO
cucteMy ypaBHeHuit (2)—(10) u cobupas ciiaracMmbie

0
~¢, BBIIEJIUM 3a1ady HYJeBOTO ITOpsIKa Mo 6e3pas-
MEpHOM aMIUTUTY/Ie OCUVULTSIINT € :

AD"(r,0) = 0; (12)

r — oo: @(r,0) - —E,rcosé; (13)
r=r(0): B (r,8)— P" (r,0) + 5 (r,0) +
+ P (r,0) = P (r,0) = 0;
2

o _ B (VO

°F = 2 T(14)
P = (p, —p,)glr(0) - r(B)ul:

1 0h(0) -,
——— ee’

r 90

RV =np; B =p;

P = odiviy; Fiy(r,6) =¢,
(1,0 = @;
[ rarsinodode = §RR3; [ Parsinededp = o
14 Vv
V=10<r<r®, 0<0<m 0<q<2nm;

(15)
—Pp | (r,0), ( r, = 5
gS(*(r 0),v0"(,0))dS Y
< €

Ogex

S=[r=r(0),0<0<m0<¢<2n];

MMEIOIIYIO pELIeHNE:
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2
+ 6F, Q u+§ Q

e
4me e, R’ (47:8086,()2 R'

PO = (p, —py) gR(1 - );

2 2
PO (r,0,) = §(1 2P, (u));

r() = R+ h(®) + O(e*) =

(18)
= R(l + lezP2 (u)) + O(e4);
3
9 0’

= W= 2 3

1-w 64nee R G
5 — (19)

w= M' g= 122&

4o R* (P —p2)

rae ypaBHeHue (19) aBisieTcs ycaoBUEM HETIOIBMIXK-
HOCTHM ILIEHTpa MaccC 3apsDKeHHOM Karid, Haxoms-
HIeiicsT B KOJUTMHEAPHBIX TPABUTALIMOHHOM U BJIEK-
TPOCTATUYECKOM MOJISIX.

B BbIIIIe 3aMTMCaHHBIX BBIPAXKEHUSIX P, (1) — O~
HoM JlexxaHapa nopsinka # (n — 1enoe yucio) [19],
h(0) — dyHKIMS, XapaKTepusyolas OTKJIOHEHUE
PaBHOBECHOU MOBEPXHOCTU OT MCXOAHOM chepurye-

CKOM, CI)(SO) — TIOCTOSTHHOE 3HAYECHUE DIIEKTPUIECKOTO
MOTEHIMAJA BAOJb HEBO3MYIIEHHONW MOBEPXHOCTH,
Fiy(r,0) — €IMHUYHBIA BEKTOP HOPMAJIU K MOBEPXHO-
CTH BBITSTHYTOT'O BAOJIb IT0JISI PABHOBECHOTO chepou-
Ja, €., €, — panuaJbHbIN U TOJSIPHBINA OpPTHI chepr-
YeCKUX KOOPJIWHAT.

VYpasHeHue (18) Mmoka3bIBaeT, YTO B IMHEHHOM T10

KBaJpaTy 3KCLUEHTPUCUTETA e’ MPUOJVKEHUU DaB-
HoOBecHast ¢opMa ITOBEPXHOCTU KaIlId OITMCHIBACTCS
BBITSSHYTHIM B HANpaBJICHUM 3JCKTPUYECKOIO OIS
cthepounom. Ipu 3ToM Hammume coOCTBEHHOIO 3a-
pstma Q Ha Karuie IIPUBOIUT K YBEJIMYCHUIO BEJINYM-
HEBI €€ 9KCLIEHTPUCUTETA (B OTIMUME OT He3apsiKeH-
HOIi KarjIy B 3JIEKTPUYECKOM I10JIE).

Breipaxkenue (16) ojist paBHOBECHOTO BJIEKTpUYE-
CKOTo TIOTCHILIMaJlla TIPEACTABISIET CYNepro3UIINIO
SIIEKTPUUYECKUX MOTESHIIMAJIOB B OKPECTHOCTHU 3aps-
XeHHOTO ceponna m BOIM3M He3apsKeHHOTO cde-
pouza, pacrloJIOXXEHHOTO BO BHEIIHEM 3JIEKTpUYE-
ckoM mojie. Pacuer moreHumana (16) mpuBedeH B
“IMpunoxkxenum 1”.

OTMeTHM, 4TO B pealibHbIX YCIOBUSX HEKOTOpPAs
YacTh BOJSIHBIX KarleJIb €CTECTBEHHOI'O U UCKYCCTBEH-
HOTO MPOMCXOXACHUSI MOXET IMPUHUMATH CILIIOCHY-
Ty1o cheponnganbHyio popmy [20—22]. Tak nis 3apsi-
XEHHOM Karlu B 2JEKTPUYECKOM MOJie, UMEIOLIEH
paBHOBECHYIO (DOPMY CILTIOCHYTOTO chepouaa ¢ OpH-
€HTUPOBAHHOI T10 TTOJII0 OChI0 CUMMETPUH, BCE BHI-
LIeTIpUBENCHHBIC BbIPAXCHUSI OyIyT OTIMYAThCS

JIMIIb 3HAKOM MpU e’ [23, 24].

PELHIEHUWE 3AJAYUA ITEPBOI'O ITOPAAKA
MAJIOCTH TI10 ¢

Ilocne TOICTAaHOBKM ACMMITOTUYECKHMX Pasyio-
xeHuii (11) B cuctremy ypaBHeHuit (2)—(10), mpupas-
HsIEM APYT APYTY BEJMUYMHBI ~€ U TIOJy4YUM 3ajauyy
MEPBOTO MOPsIAKA MaJIOCTH:

Ay (r,8,1) = 0, (20)
2
LOWEOD _py =0 )
) ot
= 0: y,(r,0,1) = 0; (22)
r— oot 20D s 0y = o(l); (23)
or r
, =R aﬁé(j,t) _ awj(ar,e,t) N
r
24
12 BZWj(r’eat) laWj(rae’t)aPZ(u) (. )
+ e I R—L5= P () - — ;
3 or R 00 00
PV (r,6,1) — P (r,0,1) + Py (r,0) + 25)

+ Rg(l) (r,0)— Pél) (r,0,1) =0;

3R2I(1 + %ezP2 (cose))é(e,t) sinBd® =0;  (26)
0

T
4R3JA(1 +e°P, (cose))i(e,t) cos0sinBd0 = 0; (27)
0
e Pj(l), Q(j;, R;l), Pc(l) — no6aBkKu K gaBiaeHusiM (17),
HOSIBIIIONINECS M3-3a BO3MYIIEHUSI PaBHOBECHOI
MOBEPXHOCTH KATLIH.

ByneM canTaTh, 4TO 3aBUCUMOCTD OT BpeMEHU HC-
xomHbIX dyHKMit §(6,7), ,(r,0,1), y,(r,0,1) siBisier-
cst TIEPUOANYECKOiT ~ exp (im,1).

Boamymienune cheponmpganbHoOit GOpMBI  Kaluid,
BBI3BAHHOE BOJHOBBIM [IBIDKEHUEM B HEil, MOXET
OBITH 3aMMCAaHO B BUIE PSAOa MO OCCCUMMETPUYHBIM
noymHoMaMm Jlexxanapa:

Ne 1 2023
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AKYCTUYECKOE U3JIVYEHUE 3APIXEHHOM KATIJIU 7

): M, ()=

6,7 = iMn (1) P, (n M, exp(io,t). (28)
n=2

I'apmonmyeckoe pemenne ypasHeHus Jlarwiaca (20)
C yueToM ycJioBus (22) orpaHMYEHHOCTH TUIPOAHA-

MHYECKOTO TIoTeHIamna \,(r, 0,7) B IIEHTpe Macc Kari-
JIN €CTeCTBEHHO UCKaTh B BUIE Pa3JIOKECHUS:

r" P, (W);

Wl(ra e,t) = zAn (t)
n=2
A, exp(im,1).

A,(1) =

(29)

IMonarast, 4To TOTEHIUA TIOJISI CKOPOCTEM IBU-
KEHUS BHEIIHEHN cpensl Jf,(r,0,7) IpeacTaBsieTcsl B
BUIE TapMOHWYECKN WM3MEHSIONIEcS BO BpeMEHU
¢yHKIIMM, U3 BOJIHOBOTO ypaBHeHUs (21) mpumem K
OIHOPOIHOMY ypaBHEHMIO [ eJIbMIOJIbIIA:

A‘l”2(r’ e’t) + kZWZ(rae’t) =0

B ciygae ocecMMMETpHUYHBIX OCLIMJUISILIMI Karuiy
peLIeHre 3TOro ypaBHEHUS U1l TOTEHLMaNa Y, (7, 6, 1)
C YYEeTOM YCJIOBMS W3IIydeHUs 3omMepdenbaa Ha
0eckoHeYHOCTH (23) oIpenaenTCs B BUIE:

W, (r,6,1) = ZB kr)P (m); (30)
B, (1 ) = B, exp (io,1).
31ech h,(lz) (z) — chepuueckas hynkuus beccens Tpe-

Thero poxa [19, 25].

OtMmeTuM, 4TO B pasznoxeHusx (28)—(30) ammau-

TyAHblE MHOXUTEIU M, A,, B, ipu noiruHomax Jle-
XKaHApa UMEIOT MEPBHIM MOPSO0K MaJIOCTH 110 Oe3-
pa3MepHOM aMIUIMTYAE €.

IMonctaBum (3.IT11)—(5.IT11), (6.I111), (14.I111) u3
“INpunoxenus 11”7 B tmAaMdeckoe rpaHUIHOE YCII0-
Bue (25) 1 1ocIe HECIOXKHBIX MaTeMaTUIECKUX IIpe-
006pa3oBaHMif TTOTYIUM TUCTIEPCUOHHOE YpaBHEHME:

o = ? n(n—l)(n+2)>< (1_ aw j N
Rp, l—n&HO (I’l+2)
G, + n&
+ | Gy + WG, + P W
1-— np2 (I’l + 2)
Py
KOJUIOUOHBIN XKYPHAJI  TtoMm 85 Ne 1 2023

m(M)
RO, (i} @m
2n(2n" + 297" +24n" = 23n-2)
3(n—1)(n+2)(2n—-1)(2n+1)(2n +3)’
4n(107° +11n° = Tn +1) .
3(n=1)(n+2)2n-1)(2n+1)(2n+3)
(n+1)(n+3)
32n-1)(2n+3)’
aszmm h%m)
0. (1 () | _, 0, (7 (k) _

2

H,y =

GOZ_

Glz

y =

2,n,n

W =

a2,n,n .

Y1o0bl BBISIBUTH (PU3NUECKYIO MHTEPHpPETALIAIO
peuteHuii ypaBHeHus (31), Bocmoab3lyeMcs IIpeln-

cTaBjieHuEM cpepuueckoii pyHkumnu beccena h'SZ) (2)

IUTSL LI€JIOTO 3HAYEHUSI MHAEKCA 71 B BUIE CTEIIEHHOTO
psima [19, 26]:

2n-m)! 1
l’l m)'m|(2z)n—m’

W (z) = —exp —lz)Z:lm+1
z=kr.

IIpn manoMm 3HaueHUM aprymeHTa gz, = kR <1
st dyHkuuid Hy 1 Gy, BXOASIIIUX B IUCIIEPCUOHHOE
cootHoureHue (31), IMOJIyduM CIIEAYIOIIe aCUMIITO-
TUKU:

2
o on+1 (2" =D 2w,

n
1 1 1
Gy~ — Ky ———0Cyp |-
3 3(n+1 2,n, (n+1)2 2,,J

Hcnonb3ys (32), HalineM peanbHyo Re 0, U MHU-

(32)

Myto Im ®, yactu ypasHeHus (31) B Buze:

NERERTIETSS (AN
P 14ntlp2 (n+2)
nop (33)
G, +22¢6,
+ e’ | G, + WG, P [1 4W’]
14 nt1p (n+2)



8 I'PUTOPLEB u np.

1 Gn+1 P n+1p —(n+2)
Imo, = 5Rn+2 2n+1 _n+l _2(1 + _zj X
VP Py nop

x(z%%s%gjn“2«n—1xn+z»m*x

G, +22¢,
}wz%+WG+——£L—x

1+I’l+1p2

n P
aw

o) (e
(n+2) (n+2)

2(G2+&G4j
+ |G, + WG, + Py AW
n+1p, (n+2)

n.p
P(n-2)
32n—1)(n+1)(2n+3)’

4w

-
(n+2)

n

(34)

1+

G4—_

rme Re wﬁ = 00:12 COOTBETCTBYET KBaApaTy YacTOThI
COOCTBEHHBIX OCUWUISINUN 3apssKeHHO# chepou-
JaJIbHOW KaIuIM B BJIEKTPOCTATUYECKOM TIOJie, a
Imw, =n, OTIpeIeNIIeT NeKPEMEHT 3aTyXaHHs, o0y-
CJIOBJIEHHBINM MOTEPSIMU SHEPTUM KaNWLISIPHBIX OC-
HUUISLIAN KaTJTA B CKMMAaeMOoIi cpelie Ha U3JIydeHre
3BYKOBBIX BOJIH.

CornacHo (47) Ha puc. la, 106 nmpeacTaBjieHbI 3a-

BUCHUMOCTU 4YAaCTOThI OCLlI/IJ]ﬂﬂ[J,I/[ﬁ Kariejab (Dé, CBSI-
3aHHbIE C BO30YXXICHMEM BTOPOM KOJIeOaTeIbHOM
MOIEBI # = 2, OT BEJIMYMHBI COOCTBEHHOTO 3apsaa Q
BIUIOTb 10 KPUTUYECKUX 3HAUCHUI Oy, [27] s yka-
3aHHOTO paauyca. BunHo, 4yTo o6JayHble Kariu 13-
JIy4aloT aKyCTUYeCKHEe BOJHBLI Ha YIbTPa3BYKOBBIX
yactoraXx. OgHako Karumm OOJIblIero padMepa (Iox-
JIeBbIE€ KAIlJIM) U3JTy4aloT Ha 3ByKOBBIX YaCTOTaX, BOC-
NPUHUMAaEMbIX YeJIOBEUeCKMU OpraHaMu ciyxa. 13
NpPUBEICHHBIX TpaUKOB CJIEIYeT, YTO OTCYTCTBHUE
3apsiga Q = 0 COOTBETCTBYET YacTOTE€ OCUMJLISILIUIA

(0, HE3APSKEHHOM KaIUIM B JIEKTPUIECKOM T1OJIE, a
HaJIM4yre COOCTBEHHOTO 3apsiaa Ha Karuie Q # 0 Tipu-
BOAUT K YMEHBIIEHWIO YACTOThI U3NTydeHUs: yeM Q
OJ1MKe K KPUTHYECKOMY 3HAYEHUIO @, ,, TEM OOJIbLIIE
CHMKAEeTCs YacToTa.

M3 puc. 2a, 26, moaydyeHHbIX 10 (34), MOXHO BU-
IeTh, YTO TIPW M3MEHEHWU 3apsaa Karuti Q OT HyJIs
10 KPUTUYECKUX 3HaYE€HUI Q,, IUISl yKa3aHHBIX pa3-
MepOB 00JIaYHOM U JOXIEBOI Kalleab, BeJIMUMHA JIe-
KpeMeHTa 3aTyXaHUs T| YMEHbIIIaeTcsl.

Ha punc. 3a, 36 mwmmrocTpupyeTcs TeHISHIAS U3Me-
HEHMsI IeKpEMEHTA 3aTyXaHUsI 1] OT paguyca R BHyTpU-

00JIaYHOM U JOXIEBOI Karleb MPU pa3InyHbIX 3HaUe-
HUSIX 3apsiaa Q. BunHo, 4to mpu ctpemMieHnr 3apsiga Q
K €ro KputhieckoMy 3HadeHuto Q,,(Q — Q,,) neKkpe-
MEHT 3aTyXaHWs BO3pacTaeT U IMpU JOCTMKEHUU MaK-
CUMaJIbHOTO 3HAYEHUS BeCbMa ObICTPO YMEHBIIIAETCS.

MHTEHCUBHOCTb AKYCTUYECKOI'O
HN3JIYYEHUA

[MpuHKuMast IIMHY aKyCTUYE€CKOI BOJIHBI A MHOTO
Gouiblieii TMHeRHOro pasMepa Karid R (A > R), Bb-
YUCJIMM MOJHYIO MOIIHOCTh MU3JIy4aeMOro 3ByKa OC-
[UIAPYIOIIe i Karieit 1o u3BecTHoi popmyie [28]:

I =p,yv V_zzdS;
C;‘E (35)
S=[r=r®+&®6,1),0<0<m0< @< 2m.

B (35) ckopocTb yacTu1 BHELIHEN cpenbl Vy(r, 0, 1)
ornpenessieTcss HOPMaJlbHOI KOMITOHEHTOH, B JIM-
HEeWHOM TIPUOJIVEKEHUH 110 1 / ¥ paBHOIA:

Vy(r,0,1) =

= Re(Vy,(r,0,1),7) = Re (W) G
r

(36)

rae ,(r,0,t) Beipaxaetcs (2.I111).

INoreHuwnan BHewIHel cpensl ,(r,0,7) Oyaem uc-
KaThb Ha OOJIBIIMX PACCTOSIHUSX F OT NMOBEPXHOCTHU
KaIUld, OIpedeiseMbIX YCIOBUSMU r > A, R << r,
T.€. B BOJJHOBO{1 30He aKyCTUUeCKOTo 1oJist. J1ist a3To-
TO B \J,(7,0,f) OCTaBUM JIMILIb YWIEHBI, HAMMEHEE ObICT-
po yosiBatoiue ¢ poctom r. B (2.I111) packnanbiBas
B PSIATIO Z = kr Bobnactu kr = 1 cpepuuecKyro pyHK-

tio Beccerst AL (Z) v ee IPOM3BOIHYIO O, (hr(,z) (Z)) 1o

z=27y,=kR B npubnuxeHuun kR <1, 3anuiuem
Y, (r,0,7) B BUIE CYNEPIIO3ULIMY pacXodsImmxcs cde-
PUYECKUX BOJIH

had n n pn+2
rony =S 2nl KR
Wa(r6,0 =, Qn)i(n+1) -

Xexp (—ik?’) [O);IM,, exp(im,',t) + (37)

+ (o, .M, , exp(im,;,zt)lg + o.M, X
X exp(i,)Ks + 0,2 M, exp(ie,.,))Ke)1P, (1)

Hcnonssys (37), u3 (36) HaiineM moyie CKOpocTeit
IBVKEHMST BHELITHEN Cpebl:

KOJUIOUOHBIN XYPHAJT Ttom 85 Nel 2023



AKYCTUYECKOE U3JIVYEHUE 3APIXEHHOM KATIJIU 9

172(’_’ e’ t) — Zl.n+2 2°n! n+2kn+l lexp %

= (2n)!(n+1) r

x (—ikr)[w,M, exp(io,?) + (0, ,M,_, X

(38)
X exp(io, ,1)K; + o, M, exp(iw, 1)K +

+ @, oM, eXp(l(l)mzl‘) KPR, (n)é,;

HMMeEIoIIee B pacCMaTpUBaeMOM MPUOIIVKEHUN TOJIBKO
paavagbHYIO COCTABISIOLIYIO.

YTOoOHBI MOJYYUTh aHATTUTUUYECKOE BBIPAXKCHUE IS
MHTEHCUBHOCTHU 3BYKOBOI'O M3JIy4YEeHUS, BXOISIIEE B

2
(35) cpenHee 3HayeHuWE BEJIMYMHBL V, paccuuTaem

no cootnomeruio Vs = [V5* /2. Ymuoxuwm (38) Ha
KOMILIEKCHO COTPSKEHHOE EMY BBIDAKEHHUE U yUTEM
CBOICTBO OPTOrOHANBLHOCTH TOJMHOMOB Jlexanapa.
[MoscTaBIsAs B MOMYYMBILEECs BIPAXEHHUE BOTHOBOE

(Q)) .
yucio k = —%, Haligmem u3 (35) MOIITHOCTb aKyCTHYe-
V

CKOTO M3JIyYeHUSI eAUHUYHON OCHULINPYIOIIEH 3a-
PSDKEHHOM KaIUTM B MPUCYTCTBUM BHEIIHETO 3JICK-
TPOCTAaTUYECKOTO I10JIsI B OKOHYATEJIbHOM BUJIE:

'2n+2
2°n! 2n+4 M,

2
- R X
Z2n + 1( 2n)! (n+1)J T

2](4
Mn+2K6')]2;
K, = ReK, z%(n—l)x

x[mM +e(0)

+ oM Ks +o,,,

x| (n=1)] 2+ (39)

2.n-2.n

— 1 el Ki=Reks = L(n+1)x

(n—2) " 3
X ((}’l + 1)(% + Llj K2,n,n - LZ(X’Z,n,n);
n

K, = Re K z%(n+3)((n+3)><

2 1 1

X —+ n n_—
(n+2) n+1) " (n42)?

O(‘2,/7-+-2,n 5

e o, Haxomutes (33).

HecnoxHo BuaeTh, 4To cooTHOolIeHUe (39) B oT-
JIn4ve OT IMPUBEISHHOTO B [4] BBIpaxkeHMs IJISI UH-
TEHCUBHOCTM M3Jy4E€HUS aKyCTMUYECKHMX BOJIH He3a-
PSIXKEHHOM Karuie, OCUWJIIMPYIOLIEH B 3JIEKTPOCTAaTU-

YECKOM II0JI€, COACPKUT YaCTOThbI (,l) (Dn+2 , 3aBUCAIIIUC

KOMJIOVAHBIM JKYPHATT  TomM 85 Nel 2023

®,, MI'g
(@)

0.75F+

0.70 -

0.65+

0.60 ' : :

®,, K111

0, 107" Kn

Puc. 1. 3aBUCMMOCTb YacTOThl OCUMJUISILIMNA ) 3apsi-
XKEHHOM KaIlIM, BO BHEIIHEM OIHOPOIHOM 3JIEKTPO-
CTaTUYECKOM I0JIe, OT BEJIMYUHBI COOCTBEHHOIO 3apsi-

na Q, paccyuTaHHas pu n = 2, € = 8.85x 10712 D/m,
gx =1, p; =1x10° py =1.3x107°

6=73x10"" H/m, Ey = 50 B/cM: a — kamuist panuycom
R=10 ™MkMm, ©6 — pgoxzaeBasg KaIUll paguycoM
R =250 MKM.

KI‘/M3, T/CM3,

OT cOOCTBEHHOTO 3apsaa Q Karju, XapakTepu3yemMo-
ro napametrpoM Penes W'

Eciu ke MojioXXWUTh HaNpPSDKEHHOCTh 2JIEKTpUYE-
ckoro nong E, = 0, u3 (39) npunemM K MOLLHOCTHU 3BY-
KOBOT'O U3JTy4eHUs 3apsSLKeHHOM Karlid, OCLJUIMPYIO-
IIei1 B OTCYTCTBUE BHEIIHETO JICKTPUUECKOTO TT0JIS:



10 I'PUTOPLEB u np.

n, 1076 ¢!

s 1077 ¢!
e (@) (@)

15 20
R, MKM
n, 10783 ¢! 1071 !
(©) k ©)
0.025 0.050 0.075 0.100
0, 107" Kn
R, cMm

Puc. 2. 3aBUCUMOCTb IeKPEMEHTA 3aTyXaHUSsI | 3aPSIKeH -
Puc. 3. 3aBucuMocTb AeKpeMeHTa 3aTyXaHus 1| OT panuyca

HOI Karuiu, OCHHHHprIOIHCﬁ B JJICKTPOCTATNYCCKOM

mnoJjie, OT BeJIMYMHBI COOCTBEHHOTrO 3apsiaa Q, IIOCTPOSH-
Hasl TIPY TeX Xe 3HaYeHUSIX (PU3MUYECKUX BEJIMYMH, YTO Ha

puc. I, m v=3.3X% 104: a — oOnayHasi Karuisd paguycoM
R =10 MKM, 6 — moXXaeBast Karuist paquycoM R = 250 MKM.

Karuii R: a — obGyiayHast Karuisi, 0 — moxneBasi Karuist. Kpu-
Bast / cootBerctByeT Q = 0, kpuBast 2 — Q =1 x107" Ku
(~0.60p, mpu R =5 Mkm u ~0.08Q,, mpu R =20 MKM)
—11

(a), 0=3.5%x10 Kn (~0.60y, mpu R=5 MKM u
~0.080, mpu R=0.1 cm) (06), kpuBas 3 —

Q= 1.5x107% Kn (~Oxp mpu R =5 MkM u ~0.10;,, ipu

R=20 mkm) (a), 0=55x10"" Kn (~Q, npu
R =0.025 cMm 1 ~0.10;,, mpu R = 0.1 cm) (6).

'2(n+2)

oo 2
27 2"n! 2n+4 O, 2
I = R a M:;
20 1((2,1)!(,1 ¥ 1)) T

(;-2: G n(n—l)(n+2)(1_ AW J

n 3
Rp, 1+”_+1& (n+2) €KTOB Pa3JIMYHBIX XKUIKOKAIIEJIbHBIX CHUCTEM €CTe-
nop CTBEHHOTO MPOUCXOXICHUSI.

Bo3MoXHbII UCTOUHUK MN3JTY4CHM 3BYKOBLIX BOJIH
B KOHBEKTMBHBIX 00JIaKaX CBSI3aH C OCHWUISIIUSIMU

Hcnonbays (39) c yuetom (33), mpoBeaeM OLIEHKY
MHTEHCUBHOCTH aKyCTUYECKOTO M3IYyYeHHUsI OT 00b-

KOJUIOUOHBIN XYPHAJT Ttom 85 Nel 2023
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MEJIKMX KalleJib, TUIIUYHBIE pa3Mepbl KOTOPHIX KO-
JIe0JIoTCs B Ipenaesax oT 3 1o 30 MKM, a HanOoJIbIast
KOHILICHTpAaLMs IIPUXOIUTCS Ha QUara3oH 3—7 MKM.
CormnacHo [29] KoHIIeHTpanusl TaKUX KalleJlb B TPO-
30BOM o0Oake cocrasiser nopsigka 10° cm3. INosas-
JIeHUe 3apsifa Ha OTACIbHBIX 00JJAYHBIX KATLISIX CBSI-
3aHO C MEXaHM3MaMM 3JIeKTpU3alluU Karesb Mpu 3a-
XBaTe BO3AYIIHBIX MOHOB U (a30BBIX IIepexoax,
rnepepacrpeae/cHUs 3apsaoB B pe3yabTraTe Apoo-
JICHUSI, KOATyJIsSIlUM U CTOJIKHOBEHMUS Karledb pa3HbIX
pasMepos. [Ipu 3ToM ocLWUISILIUKM Karejb OOJbIION
AMIUTUTYIbI OOBSICHSIIOTCS MUKPO(MU3NIYESCKUMU BHYT-
pUOOGIaYHBIMHU TIPOLIECCAMU: TUAPOIUHAMUYECKIM U
SIIEKTPUYECKUM B3aUMOACHCTBUEM C COCETHMU Ya-
CTUIIaMHU, pa30pbI3TMBAHUEM KalleJIb B PE€3YJIbTaTe UX
3JIEKTPOCTATUYECKONH HEYCTOMYMBOCTHU, CIUSIHUEM
KPYITHBIX Kamenb ¢ 0onee menkumu [30]. st umc-
JIEHHBIX OLIEHOK MOJIOXWM, UTO KaIlIsl OCUWLINPYET

c ammutynoii M, = 0.1R B pe3ysibTaTte BO30yXIEeHUS
OCHOBHOI1 KoJ1e0aTeJIbHOM MOJbI n = 2.
IIpuBeneM cpeaHre XapaKTepUCTUKU eAUHUYHOMI

BonstHo# Karum: p, = 1x10° kr/M3, 6 = 73x 10~ H/m,
0=7%x10" Kix (~ O, ipu R =3 Mxm u ~ 0.03Q,,
npu R = 30 Mkm), E, = 50 B/em (=3 x107* E,,, nipn
R =3 MKM 1 ~1><1073E0Kp npu R =30 MKM), Tae

Owp» Eopy — KPUTHYECKME 3HAYEHMS 3apsilia U Ha-
MPSDKEHHOCTU DJIeKTprUYecKoro nosst. IIpuMeM Takske

g, =8.85x10™" ®/Mm, e, ,=1, p,=13 kr/M,
v =330 M/c. Torma mu3 (39) mis Karmim pasMepoM

R = 3 MKM HECJIOXKHO MOJYyYuTh I ~ 6 X 10" MxBr Ha

yactore ®, = 3 MIu. [Ipu pannyce karumm R = 8 MKM
MOIITHOCTh €€ 3BYKOBOTO W3JIYYEHUST COCTABIISIET

I ~8x10™"* MkBT Ha uactoTe o, =1 MIu. Ilpn
R =30 MKM WHTEHCUBHOCTb W3JIIYyUEHUS paBHa

I ~7x10"" MkBT 11 et Ha yacToTe W, = 147 xI.

I'po3zoBoe 06sako MPOTSKEHHOCThIO 10 KM, co-
CTOgIIIee U3 aHCAMOJIST OCLIMJITUPYIOIINX Karelb OnU-
HakoBoro pa3mepa R = 30 MKM, o0JagaeT yxxe 3Ha-
YUTEJTBHONW MOIIHOCTHIO aKyCTUYECKOTO U3JIYyYEHUS

6 20
I, ~3%x10° MxBt (B 5X10°" pa3 Belllie IO CpaBHE-
HUIO C M3JIydeHHEM OOUHOYHOI Karjii) Ha yabTpa-
3BYyKOBOM yactote 147 kI1I.

HMcnonb3ys BbllIENIPUBEAEHHbBIE XapaKTepUCTU-
KU, OLIEHWM I10 TTOPSIAKY BETUYMHBI MHTEHCUBHOCTD
U3JTy4eHUs] 3BYKOBBIX BOJIH OT Kamenb noxas. Co-
IJIACHO JTaHHBIM HATYpHBIX m3MepeHuil [31] xapak-
TEpHbIE pa3Mepbl JOXIEBbIX Karelb U3MEHSIOTCS B
nuarma3zoHe oT R = 0.025 cm 1o R = 0.35 cMm. OnHako
bojiee Menkue Karum pagumycoM oT R = 0.01 cMm mo
R =0.025 cm, oOpasylomiuecs: B pe3yabTaTe CIUsI-
HUs 0OJayHBIX KalleJieK, OTHOCSITCSI K MOPOCH, a
Oosee kpynHbie Kanau R > (0.35 cM npu mageHnu B
BO3yX€ pa3pylialoTcs M3-3a a3pOoJAMHAMUYECKOTO

KOJIJIOMOHBIN XYPHAI Ne 1

TOM 85 2023

COIIPOTUBJICHUA. 331)51}:[ ,I[O)KI[CBOﬁ Kalljim ITpuMeEM
0=2x10"" Kn (~0.04Q0, mpu R=0.025 cM u

~7x107*Q,, mpu R =0.35 cm). Torna u3 (39) ans
IOoXIeBou Karum paguyca R = 0.025 cM IoJIyduM 3By-

-16
KOBO€ M3JIy4yeHue MOIIHOCThIO / ~ 1X10 ~ MKBT Ha
yactote M, = 6 k['u. Ecnu e pa3zmep Kariu Bo3pac-

TaeT Ha nopsaok R = 0.025 cM, TO UHTEHCUBHOCTb
aKyCTHUYECKOTO M3JIy4YeHHsI YMEHBIIAeTCsl Ha IBa T10-

-18
psiaka BenmuuuHbl [ ~ 1xX10 " MKBT 1 cooTBETCTBYET
yactore , = 0.2 k['11. IHTEHCUBHOCTb U3ITy4EHUS
HamboJjiee KpyITHOM moxkmeBoi kKarmmm R > 0.35 cm

cocrasiser I ~ 5x107" MxBT 1 NPUXOIUTCS HA Ya-
croty ®, = 0.1 kI'LL.

IIpyHUMasa KOHILIEHTpALIUIO JOXIEBBIX Karesb
R =0.025 cm, 1o cipaBo4HbIM JaHHBIM [30] paBHYIO
0.3 cM~3, u3 (39) HeCIOXHO HAWTU, YTO UHTErpaib-
Hasl ”HTEHCUBHOCTB 3BYKOBOTO M3ITyIeHUST Ha TpaHUIIEe
[IPOCTPAHCTBA 00BEMOM 1 KM?, 3aHATOrO JIMBHEBBIM

noxaeM, oyneT [ ~ 3 X 102 MxBT Ha yactote = 6 KITL.

Ha puc. 4a, 46 nmokasaH XapakTep 3aBUCMMOCTU
WHTEHCUBHOCTU U3TydeHus [/ oT 3apsaa Q oOIaqyHOMN
U JOXAEBOM Kallellb, pacCuuTaHHOTO 110 (39), aHajo-
TMYHBIN puc. 2a, 26. [Ipu pacyeTax NpUHUMAIKCh T
Ke 3HaueHMs (puU3MyecKux BeJMYMH, 4YTO W Ha
puc. 2a, 20.

Ha pnc. 5a, 56 mpogeMoOHCTpHUPOBaHBI 3aBUCUMO-
CTH MHTEHCUBHOCTU aKyCTUYECKOIO U3JTydeHus1 [ oT
XapaKTepHOTO pa3Mepa OOJIaYHOM M IOXIEeBOI Ka-
nenb R. [IpuBeneHHBIE KPUBBIE, IOCTPOCHHBIE TIPU
TeX XK€ 3HAYEHUSIX COOCTBEHHOIO 3apsiia, KOTOphIe
OBLIM MCITOJIb30BaHEI B pacyeTax K puc. 3a, puc. 30,
MMOBTOPSIOT XapaKTep 3aBUCUMOCTH JEKPEMEHTA 3a-
TyXaHUs T OT paauyca Karuu R.

Pacyetnr TIOKa3bIBAIOT, YTO YaCTOThI 1 BCJIMYNHBI
JCKPpEMEHTA 3aTyXaHsd U MTHTCHCUBHOCTH aKyCTHUYC-
CKOI'o0 M3JIYYEHMA OT BCJIMYMHBI MHAYLIMPOBAHHOI'O B

2
Karuie 3J1eKTPUYECKOro 3apsina: ¢ = 3me e E R, BEChb-
Ma cialbl.

Kpome ckazaHHOTrO BbIllI€, UICTOUHMKAMU aKyCTU-
YECKOTO M3TYYCHMUS SIBJISIIOTCS IMTPU3EMHbIE TYMaHBbI,
MMEIoIINe TUITMYHBIE pa3Mephl Kaneiab 2—10 MKM ¢
MaKCUMaJIbHOUW KOHLEHTpALMEN, MPUXOISIIECIHCS Ha
3—5 mxwm [2.I111], xoTOpBIE B YIHTPA3ByKOBOM OMa-
Ma30HE U3JIy4alroT aKyCTUYE€CKHE BOJHbBI JOCTATOYHO
OOJIBIIION MOIITHOCTH.

PacueTtsl ITIOKa3bIBaloOT, YTO IIPpU YBCJIMYCHHNU HO-
MEpa KoJiebaTeJIbHOI MOIbI # HA CAMHUNILY U3J1ydac-
Mad MOITHOCTD aKyCTUYCCKHMX BOJTH YMCHBIIIACTCA Ha
JBa rnopsgaaka BEJINYMHBI.

CornacHo (39) ¢ pocTOM HaIPSIZKEHHOCTHU 3JIEK-
TPOCTATUYECKOIO MOJSI UHTEHCHUBHOCTh U3TYYEHUS
BO3pacTaeT KpaiHe ciado.



12 I'PUTOPLEB u np.

0, 107" Kn

Puc. 4. 3aBUCUMOCTb MHTEHCHBHOCTH aKyCTUYECKOTO
u3JIyyeHus1 | 3apsoKeHHOW Karuiv, OCHWUIMPYIOLIE BO
BHEIIIHEM 3JIEKTPOCTAaTUYECKOM I0JIe, OT BETUUYUHbI COO-
CTBEHHOTO 3apsifia Q, MOCTPOEHHasI IMPU TeX K€ 3HAYCHU -

51X HU3NYECKUX BEIMUYUH, 4TO Ha puc. 1, n v = 3.3 X 104,
M, =0.1R: a — obiayHas Karuis paguycoM R =10 MKM,
0 — moxzaesasi Karuist paguycoMm R = 250 MKM.

3AKJIIOYEHHME

INoka3zaHo, YTO aKYCTUYECKOE U3IyUCHUE MEJIKHUX
O0JIaUHBIX KalleJb CO3IAeTCs B  YJIETPa3ByKOBOM
JIUarna3oHe 4acTOT, IIPU 3TOM €r0 MHTEHCUBHOCTh Ha
TPU MOPSIIKA BEJIMYMHBI IIPEBbIIIAET UHTEHCUBHOCTD
U3JTy4eHUsI KPYITHBIX JOXKACBBIX KaIleJlb, CO3MAaIOIINX
aKyCTUYECKOE U3JIydeHHUE B IMAIA30HE CIIbIIIMMBIX
3BYKOBBIX BOJIH. [loka3aHo, 4TO B OTJIMYME OT He3a-

1, 10713 MxBr

R, MKkMm

(©)

0.100
R, cMm

0.075

Puc. 5. 3aBUCHUMOCTh MHTEHCUBHOCTU aKyCTUYECKOTO
uziydeHust I oT panmyca Karuti R: a — obGayHast Karuis,
6 — moxnenast karuisi. KpuBas [ coorBerctByer Q =0,
xpusas 2 — Q = 1x 1072 Ku (a), 0 =3.5x 10" Kn (6),

kpuBag 3— 0 = 1.5x 107> Kin (a), 0 = 5.5x 10" K11 (6).

psSDKEHHOM Karuiv, OCHWIIAPYIOIIEH B 3JIEKTPOCTa-
THYECKOM TIOJIe, HaJW4he COOCTBEHHOTO 3apsima
MPUBOINT K CHUKEHUIO YACTOTHI M1 MOIITHOCTH M3ITY-
YeHUs: IPU CTPEMIICHNH COOGCTBEHHOTO 3apsifa K €ro
KPUTHYECKOMY 3HAUYCHUIO 4YacToTa OCIMIISAIINI
Karuti MOKeT OBITh YMeHbIIIeHa B 1.5 pa3a, a MoIII-
HOCTb U3JIyIeHUS — Ha TOPSAnoK. [1pu aToM BiausiHIE
WHIYIIMPOBAHHOTO 3apsna (B OTIIMYME OT COOCTBEH-
HOTO 3apsina) Ha THTEHCUBHOCTD U3IyICHUST BeChMa

KOJJIOMOHBIN JKYPHAJ Ne 1

TOM 85 2023
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Mauto. 17151 CUTbHO 3apsKEHHBIX KalleIb TpaHULIA MEX-
JIy YITPa3BYKOBBIMU 1 CJIBIIIMMBIMU 3ByKOBBIMU BOJI-
HaMU CMeIaeTcss B 00J1aCTh MEHBIINX Pa3MepOB Ka-
TeJib, TEHEPUPYIOIINX U3JTydeHHe OOJIbIIe MOIIHO-
CTH.

IMTPUJIOKEHUE 1

Tlomenyuan snexkmpocmamu4eckoeo noast 8 OKPecmHo-
. . 0
CMU HeBO3MYUIeHHOLL cghepoudanbHoll Kanau @ )(r, 0)
IToTeHuMan B OKPEeCTHOCTM HEBO3MYILEHHOI cde-

o 0 o
POUIATBHON Karuln @' )(r, 0) Oynem uMckaThb B JIMHE -
HOM MPUOJMKEHUN TI0 KBaApaTy SKCIEHTPUCUTETA

2 0
e”. IlpencraBum @' )(r, 0) B BUIEe aCUMIITOTUYECKOTO

2
pasIoXKeHN 10 CTEMEHIM MaJIOTrO ITapaMeTpa e :

Or,0) = @ (r,0) + ©"(r,0) + O(e*);  (1.ITI)
rae CI)E)O)(r, 0) — KOMITOHEHTa PJEKTPUYECKOTO MOTEH-
1IMaJla B OKPECTHOCTH 3apsiKeHHOM cepbl BO BHEIII -

HEM 3JIEKTPUYECKOM TOJIE, q>§°)(r, 0) — no6aBKa K no-
TEeHIMaly, CBSI3aHHAasl C OTKJIOHEHUEM chepounIalib-
HOIi ¢OpMBI OT paBHOBEJUKOI MO 00beMy chephl.
Hwxnawniit nagekc B (1.I11) o3HayaeT mopsimoK Majio-

2
CTUIIO € .

IMoncrasnssa paznoxenue (1.I11) B cucteMy ypas-
HeHuit (12)—(15) u packiaabiBasi TOJYyYUBIIMECS CO-
OTHOIIIEHUSI, OTHECEeHHble K TpaHulle pasaesa
r = r(0), B psan Teitnopa B oKpecTHOCTU chepuye-
CKOM MOBEPXHOCTH KarlJiv paanyca R, HECJIOXHO Bbl-
MnucaTh KpaeBylo 3aJauy ISl 3J1€KTPUYECKOTO MOTEH -

2
nurajia HyJIEBOIO Imopdaka 1o e

oV (r,0) =0 (2.110)

r — oo: ®(r,0) - —Eorcose; (3.110)
r =R ®Y(r,0) = ®Y); (4.11)

j o0y (r 9Py (0 p2inpde = —2 . (5.101)

2TE €y
" 011 ,Z[O6aBKI/I K IIOTCHI a1y II€PBOIo rnopsgaakKa 1o 62:
®\"(r,0) = 0 (6.111)
r — o0 ®\V(r,0) = 0 (7.111)

2007, 0) »

r =R: ®"(r,0) + 1Re , (1) = @) (8.I11)

ar
n 0
(2
0 "5 4 or (9.I11)
199" 9A (1) R*sin0d0 = 0;
"R o0 00

KOMJIOVAHBIM JKYPHATT  TomM 85 Nel 2023

rae CI)E)? — TOCTOSTHHOE 3HAYEHUE SJIEKTPUUYECKOTO
MOTEHI[AaJIa Ha TOBEPXHOCTU CHEPHI, cpﬁfj) — nobaBkKa
K MOBEPXHOCTHOMY TTOTEHIIWATY, BbI3BaHHAsI CTallv-
OHapHOIT cepomnpanbHoOil nedpopmanmeit chepuye-
CKOM (pOpPMHEI.

Pemrenue 3amaun (2.111)—(5.111) m1si KOMITIOHEHTHI

PaBHOBECHOTO 3JIEKTPUYECKOTO MOTeHLIMAIa @80)(}", 0)
HaxoauTcs Jierko. YpaBHeHue Jlamnaca (2.111) B ce-
pPHUUYECKUX KOOPIMHATAX B CIIydae OCEBOM CUMMETPHH
MMeeT N3BECTHOE pellleHUe:

0 0 0) —(n+l

V.0 =3 (47" + BYr ") B ().

n=0
YIOBIETBOPSISI 3TUM PEleHEeM TPaHMIHOMY YCITO-
Buio (3.I11) moxyuum:
Z 5

Ucnonways pa3JIO)K€HI/Ie (11 I1I), u3 ycnoBus co-
xpaHeHwus 3apsiaa karuiy (5.111) naiinem:

(10.110)

®(r,0) = ~EyrP, (1 PP (). (1LIID)

-2 . (12.101)
4T €
a u3 yciaoBus (4.111):
BY = E,R’. (13.I11)

IIpu 5TOM MOTEHIIMAT Ha HEBO3MYIIEHHON IT0-
BEPXHOCTH 3apsDKEHHOM chepbl B JIEKTPHICCKOM

_9
4me e R

IMoncrasnss (12.111), (13.111) B (11.111), 3anuiem
OKOHYATENBHO:

0
ITIOJIE ONIPEOCIACTCA B BUIC: (I)E)S) =

3
o"r0)=—2 4 £, (&3 - 1j P(u). (14.I10)
4Ame et r
Tenepp HaiigeM pemrenue 3amaun (6.111)—(9.I11)
111 mob6aBku K rioreHumany (14.I11). Mcnonb3ys ycio-

Bue orpaHudeHHOCTH (7.I11), KOMIOHEHTY 21eKTpuYe-

0
CKOro TMoTeHLMajia dDE )(r, 0) OymeM uckaTb B BUIE
psaa o 0CeCUMMETPUYHBIM MOJIMHOMAaM JlexaHpa,
yOBbIBaIOIIMM Ha OECKOHEYHOCTHU (F —> o0):

©r,0) = ZC P ().

M3 rpaHuyHoOTO YCJ'[OBI/IH (8.ITI) ¢ yuetrom (9.I11)
HaliIeM ITOCTOSTHHBIE KO(h(PUIITMEHTHI:

Cl(l) — %E()R}ez’

(15.111)

ch_1_0 g 2 o 2 §EOR5e2, (16.111)
34me e, 5

J71s1 TonpaBKu K MTOBEPXHOCTHOMY MOTEHLIMAITY
HaligeM: q)ﬁ?) =0.

B wrore, (15.I11)—(16.T11) maer aHamuTUYECKOE
BbIPaXKE€HUE JIs1 PABHOBECHOTO 3JIEKTPUYECKOTO I0-
TeHI[Maja BBITSIHYTOro 3apsiKeHHOro cdepouna, pac-
MOJIOKEHHOTO KOJJIMHEAPHO BHELIHEMY 3JIEKTpUYe-
CKOMY TIOJTIO:
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2
<1>§°)(r,6)=e2(lR—3 9 pu+

3 7 4mee,,

28 (28 )|

IMPUITOXKEHMUE 11

Bbi600 anasumuueckux ewvipascenuii 01 Kodgppu-
uuenmos A, (1), B,(t), eudpoounamuueckux nomenyua-
a06 (7, 0,1), W,(r,0,1) u nonpasok nepeoeco l’lOpﬂ@Ka ma-

A0CMU K 0Q8ACHUSM Pl(l)(r, 0,7), Pz(l)(r, 0,7), P , Py, PQ(E.

Cas13b K03 duLMeHToB 4, (1), B, (1) B(29), (30) ¢
kosdduuuenramu M, (t) B pasnoxenun mist &(6,7)

MOXHO HalTU U3 KUHEMaTUYECKOTO TPaHUYHOTO
ycioBus (24) B Bue:

A0 = B (", 1)+ €0, M, (0K +

+ io,M, (1) K, + i@, , M, (1 )K3)); n>2
B,(1)= (9, (n” (kr))LR)’ (iw,M,, () +

+ e’ (iw, M, (1) K, + iw,M, (t) Ks +
+iw, oM, (1) Ky)); n=2.
IMToncraHoBKa 3Tux BbeIpaxkeHuil B (29), (30) no3s-

BOJIFIET BbBINIMCATb IMOTCHIMAJILI I10JIA CKOpOCTCﬁ
BHYTPU 1 BHE KaIlJIU:

w00 = R (5] £, ()] 20, 1) +
n=0

+ e (i, ,M,_, (1)K, + io,M, (1)K, +  (LIIII)
+ i('on+2Mn+2 (t) K3 )j| >
-1
3n(n-2)
X ((n=2)(n=3)Ky,r, = Orpn )
1
K2 = __Z(n(n - 1) KZ,n,n - (XZJIJ!);
3n
S B
3n(n+2) (2.1111)
X ((n + 2) (l’l + 1) Kz n+2 n aZ,n+2,n);

\|lz(r,9,t) ia ( ( )) (

x[iw,,M,, (1) + €’ (i, ,M,_, (1) K.
+ iw,M, (1) Ks + i®, ,M,,, (

2,n+2n |

K

m,k,n O(‘m k,n =

p
2

n0 .

- |:Ck0 mO:' s

== \/m (m+1)k(k+ 1)Cmo kOCrZO—l,kl;

e Coq p» — KkKoadbduumentsr Kiebma—Topnana
[19, 25], nmpuHuUMalolIuMe HEHyJIeBble 3HAYEHUS
npu |m—l| <n<m+l, m+/+n — 4deTHoOE WU
k+p=q.

IMonpasku K nasneHusim Pi(r,0,r), cBA3aHHBIE C
TeUeHUEM XKMIKOCTH B Kalljle 1 BO BHEIIHEN cpeje,
BBIYMCJIISTIOTCS M3 COOTHOIIICHMIA:

r=RP"(r,0,1)=p, {W+

2
+ le2Ra W_/(", eat)

3 a0 Pz(H)} (j=12).

IloncraBnsig crona pelieHus sl TUAPOAMHAMU-
yeckux noteHuuanos (1.ITIT), (2.T1IT), okoH4YaTe b-
HO HalIeMm:

s 2
OWASIEAAD
n=0

+ e’ (M, , (1)K} + (3.I111)
M, (K] + 0, (r)K@}
KOHJ’[OI/IZ[H]:)II/UI XKYPHAJ TOM 85 Ne 1 2023
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K =K+ %KZ,n—Z,n;

K=K, + %Kz,,,,n; K=K+ §K2,,,+z,n

- n? (kR)
1 2 n
P =p, ) B ()| oM, (1) — + (4.TT11)
~ . (h,, (kr)) y
+ e (@M, (1) Ki + oM, (1) KS +
+ (Dfl+2Mn+2 (t)Kg)},
@)
1 (kR 1
KI - K4 2 ( ) + ERKZ,n—Z,n;
9, (kr))r:R
Kok MR 1
5 = 5 (2) 2,n,n°
9, (W) (kr))| 3
W2 (kR 1
1(6+ = Ké ) ( ) + SRKZ,n+2n
9, (kr))r:R

Y10o06bI HAUTHU MOMPABKY K JaBJICHUIO CUJT TOBEPX-

1
HOCTHOTO HATSI>KEHUS P(f ) Ha MOBEPXHOCTh OCECUM-
METPUYHOM KaIlUIu, MpexXae HeoOXOOMMO BHIITUCATh
BEKTOp HOPMAaJIU, OMpeaesieMblif COOTHOIIIEHUEM

i(r0) = 1- 1o RILWEE)
r S

_ l(lez ROPW) , 05, t)) ‘.

r\3 00 20

e -

1
Torma naBneHue PG( ) , BRI3BAHHOE VICKAXKEHHEM ce-
pOUIaTbHOM (POPMBI KATTUJUISIPHBIM BOJTHOBBIM JIBU-
KEHUEM, TIPUMET BU/I:

() = %Hl —%esz (u))(2 + )%

3
L= Li(sinei);
sin@ 00 09

TOACTABIISIS B KOTOpoe (28), OKOHYATETHHO TTOTYyIIM:

R - %g[wn (1) + € (KoM, (1) +
+ KoM, () + KoM, (1))] B, (1);
K, =(n-1)(n+2);

2

2 (=)= 1) Koy (5.1

K

K, = —%(4 T n(n+ 1) Ky

K, = _2(4 +(n+2)(n+3) Ky 00

KOMJIOVAHBIM JKYPHATT  TomM 85 Nel 2023

BripaxeHue mis1 TMHeAHOM M0 € IOIpaBKU K JaB-
JIEHWIO TPaBUTALIMOHHOIO MOJIS BhIpaXKaeTcsl B BUE:

r=R: P, =—(p —p,)g&(6,7) B ().

IMocne momcTaHOBKU B HETO YCKOPEHUSI CBOOOII-
HOTO IaaeHwusl, onpeaenasieMoro (19), u pasjioxeHus 1o

nosimHoMaM Jlexxannpa st pyHkumu E(6, ), monyuum:

3 OF,
T ame R
Cex (6.T111)
x (M, ()—"—+M, tn—H)Pn .
l()2n—1 +l()2n+3 (1)

1
Pacyer mo6aBKu K mOTEHIIMAITY @' )(r, 0,7), HeoO-
XOIUMOMY IJISI HAXOXICHUS JUHEWHOM MO € KOMIIO-

1
HCHTDBI JAaBJICHUA SJICKTPHUYCCKOI'O ITOJIA PQ(Lz’ BbIIC-
JIACTCA B OTACJIBbHYIO JICKTPUYCCKYIO 3a1a4y.

IMoncraBum pasznoxeHue noreHuuaga (11) B cu-
creMy ypaBHeHui (2), (4), (8), (10) u moxydmm Kpae-
BYIO 3aJauy, COCTOSIIYI0 U3 ypaBHeHUs Jlamnaca:

AD"(r,0,1) = 0; (7.T111)

YCJIOBUSI OTPaHUYEHHOCTU TOTeHIIMaja Ha OeCcKo-
HEYHOCTU:

r— oo: ®V(r,0,1) = 0; (8.T111)

YCJI0BHA OKBUITOTCHIMAJIbHOCTU!

o ,0,1 —(L+3E jx
(r8.1) 4nsoeexR2 o
X E(0,1) + ¢’ {%PZ (W)
o (9.1111)
X[Raq) (r,e,t)_ 0 2§(6’1)J_
or 4me e R

- gEoﬁ(G,t)uPz (u)} = o!;

" yCJIOBMA HEM3MECHHOCTU 3apdaa Karljiu
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IR (W) 9P (W)
98 90 5

><(231)( )+38Ps(u)j3§(9»f)+ (10.1111)
0 00 00

JF (W) I (8.7)
A a)s)-
+ (2Rw+

PR 7,0,t
P AU UIFYRITE
or
X sin0d0 = 0;

+ —

) (0,1~ 2

1
rme (ID(S) — TTOMpaBKa IeEPBOro MopsiaKa MaJIOCTH 110 €
K 3JIEKTPOCTAaTUYECKOMY MOTEHIIMATY ITOBEPXHOCTHU
KaruIn.

CornacHo yciosuto (8.I111) peiieHre ypaBHeHUs
(7.I111), OymeM uckaTh B BUe psiaa:

CI)(I)(r, 0,7) = i(ﬁ)m[

n=l ‘I

+{M,(1)+e (4

4mege, R’
M, (6)+ LM, () + M, (1))}

o"(r,0,) = > Fr "B, (1); (1L.ITIT)
n=0

L€ IOCTOSIHHBIE KO3(MGUUUEHTH F,, UMEIOLLINUE
MEPBBII MOPSAAOK IO €, HAXOASITCS W3 IPaHUYHbBIX
ycaosuii (9.1T11), (10.1T11):

E =0; F,,:R"*[L

4mee. R’ 1M, (1) + € x
0Cex

X (hM,_ (1) + LM, (1) + 5M,,5 ( } +
+E, {I4Mn—l (1) + M, (1) +

S()+ LM, (1) +

+ 18 n+1( )+19 n+3 (t))}:|n nz 1

st 1o6aBKU K TMTOTEHIUATY TTOBEPXHOCTU KATLJIN
MTOJIyYUM:

(12.T111)

+ e (M

m_22 0 3
oV =2 — X M, () +2EM; (1) |.
. (4n£O€eXR2 () +2E, mj

IMoxncraBiusigs aMmIUTygHBIE KO3(MPUIIMESHTHI
(12.1111) B paznoxenue (11.I111), onpenenum siB-

o 1
HBIW BUI DJIEKTPUYECKOTO MMOTEHIIMAIa @' )(r, 0,7):

C—

+ Eo{l4 () + M (1) + €2 UM, 5 (1) +
+ M, (1) + M () + I M (0D} P
3 n’(n—1) n(n+1)(n+2)
' 2(2n-3)(2n-1 7 2(2n-1)(2n+3)
_(n+1)(n+2)(n+4) 3n
PUo2@n+3)@2n+5) Tt -1 (13.1111)
3(n+1). . 3n(n=2)(n-1)(n+1)
T m+37 C 2(2n-502n-3)(2n-1)
; n(SOn4 +n° —103n" +39n — 27).
T 10(4n’ -9)(2n -1y
(n+1)(50n" +321n° + 621n” + 2781 — 180)
ls = 2 ) 5
10(4n” +8n = 5)(2n +3)
_3(n+5)(n+3)(n+2)(n+1)
P 202n+7)(2n+5)(2n+3)
KOJJIOMOHBIN JKYPHAJTT  ToMm 85 Ne 1 2023
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ITonpaBky Xe K 1aBJI€HUIO 2JIEKTPUUECKOTO TTOJIS
Ha MOBEPXHOCTh 3JIEKTPOIIPOBOMAHON Karid B IIpHU-
HSTOM TIPUOJIMKEHUMW MOXHO HAaWTH Ha OCHOBE CO-
OTHOIIIEHUS:

r=R PQ(Q (r,6,1) = ——EOIE;" X

_ 0 3E.P
* |I47580£exR2 " o (M)] .
0 90" (,6,1)
2| —=——+3E,P, 0, R————=~¢
X { (41‘5808“1{2 + 3L 1(“)]&( 1)+ Ep +

L0l 00%nendnM
34me.e, R 00 00
. R8®(1)(r, 0.0) , p2 82d>(1)(r,6,t)+
or or’

0
o &(e,ojfa <u>H.

VYuursiBas yxe HalineHHbIe pereHus (28), (13.1111),

TS PQ(Q, TMOJIyYUM:

PQ(}L-2 = S io{( Q2 )2 R {LM, (1) +
)+ LM, (1) + LM, ., (1)} +

2
+ %{LSMn—I (t)+ LGMn+1 (t)} + E()zx
4me e R

X{L7Mn_2 ()+ LM, (1) + LyM,,., (t)}:|Pn (W);
n(n—-1)(n-35)

Li=n-1 Lz:z(zn—3)(2n—1)’
_n(n+1)(n—-4)
L= 3(2n-1)(2n+3)’ (14.L)
:(n+1)(n+2)(n—7).
YT 202n+3)(2n+5)
_3n(2n-3) _3@2n-1)(n+1)
T (2n-1) 7 T (2n+3)
_9n(n—-1)(n-2).
L7_(2n—3)(2n—1)’
B 9n(4n3+2n2—6n—1)'
Lg_(Zn—l)(2n+1)(2n+3)’
_9n(n+1)(n+2)
lg‘(zn+3)(2n+5)'
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