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PACYET TEUEHUH CPEIBI - YIK 539.893:539.121.7
TP BO3JAENCTBUU MHTEHCUBHBIX ITOTOKOB
3APAKEHHBIX YACTUII

A. II. ddnoBent

Uens6GuHCcKNA rocynapcrBeHHblii yHnBepcurTer, 454136 Yenabuuck

O6nyyeHne TBepOOTEIIbHBIX MULIEHEN HHTEHCUBHBIM My YKOM YCKOPEHHBIX 3apSAKEHHBIX Ya-
cTul (371eKTPOHOB MIIM MOHOB) C TUIOTHOCTBHIO MoToKa 3ueprun > 107 Br/cM? compoBoxmaeTcs
reHepaliiell BOJIH CXXaTHs M pa3pexeHus B HeoOlIydaeMON YaCTH BELIEeCTBa M3-3a UHTEHCUBHO-
ro pa3orpeBa HEKOTOPOro obbeMa MUIIEH! BCIENCTBUE TOPMOXKEHUs YacTull. PacnpocTpaHenue
BOIIH 10 06b€MY TBEPIOTO Tejla BBI3bIBaET ero nedopMallii, KOTOpble NPUBOAAT K 00pa3oBAHUIO
pasnnyHbiX nepexkToB [1-4], N3MEHEHNIO MEXaHMYECKUX CBONCTB MaTepHhala M HaXe K pa3py-
mennio [5].

CucreMa ypaBHEHU, ONUCHIBAIOLIAA M'€HEPALIMIO U PACIIPOCTPAHEHHE yIIPYToNIacTHYeCKNX
BOJIH B BEllleCTBe NpPU BO3IEHCTBUU IOTOKA 3apPSKEHHBIX YaCTUI], BKJIIOYAET: KUHETUYECKOE
ypaBHeHHe IJIs ObICTPBIX 3apsKEHHbIX YaCTHILl, YPABHEHHUS MEXAHUKH CIUIOUIHON CpeNbl, LIUPO-
KOIMAaNa30HHOE ypaBHEHUE COCTOSHUS.

[Ipak TUKa YUCIEHHOTO pelleHUs MaHHOU 3a[adyd MOKa3bIBAeT, YTO OCHOBHON 06beM BBLIUU-
CJIeHW IPUXONUTCS Ha pellleHHe ypaBHeHU! MeXaHUKH CIUIOLIHOM cpenbl. Pellenne 3Tux ypas-
HEHWW TIPU MOIEJVMPOBAHUM BO3NEHMCTBUS MOIIHBIX MOTOKOB 3apSKEHHBIX YaCTUI Ha BEIIeCTBO
OCYILECTBISETCS PA3IMYHBIMA MeTONaMu: B paboTax [6, 7] ncnonb3oBajcs MeTON MaKpodacTHIl
(8], B [9, 10] — meTon T'onynosa [11], B [12] - MeTon ¥Yunkunca [13].

IIpuMeHeHe MeTONa MakpOYaCTHUI K paccMaTPUBAEMOR 3[eCh 3a[aye COMpPAXKEHO C OBYMS
TpyOoHOCTSIMHU. Bo-mepBbIX, METOI HEYCTOWYMB NP CIIabLIX TEYEHUsX, YTO He MO3BOJIseT Moe-
JIMPOBaTh BO3JICHICTBUE Ha BELIECTBO MMYUKOB, IPEACTABIAIOIIMX UHTEPEC I TEXHOIOTUYECKHUX
eneil. Bo-BTOpLIX, B 3a1ayax co CBOOOMHON TTOBEPXHOCTBIO BO3HUKAIOT TPYIHOCTHU €€ OIMCAHMUS.

OCHOBHBIM HemocTaTKOM MeTola ['OnyHOBa SIBISETCS CHIILHOE CLJIaXUBaHWE DEUIEHUs B
0obJIacTV KOHTAaKTHOTO pa3phbiBa.

MeTon pelleHus ypaBHEHUN MeXaHUKH CILIOUIHOM cpelbl, pa3paboTaHHbIA Y miikuHcoM [13],
cBOOOMIEH OT NEPEYUCIICHHBIX BBIlIe HEIOCTATKOB, XOTS MPH €ro NpUMEHEHU UMEIOTCS TPYIHO-
CTH, CBSI3aHHBIE C UCIOJIb30BaHUEM JIarDaHXKeBbIX IIePeMEHHbBIX ISl OMUCAHUS CUILHBLIX nedop-
Maluil BellecTBa.

CywmecTtByeT erue onHa obluas Al BCEX CXEM, COLEPXKAIINX UCKYCCTBEHHYIO BA3KOCTh, TIPO-
bnemMa -— BBIOOp 3HaUYeHUS KO3 (PUIMEHTA B BhIpaKEHUU IS UCKYCCTBEHHOM BsI3KocTU. Yucsen-
Hbl€ KCIIEPUMEHTHI MMOKa3bIBAIOT, YTO TOADOP 3TOTO KO3 PUIMEHTa IIPU JOCTUKEHUU TPUEM-
JIEMOW TJIAAKOCTU PELICHUS MEHSeT aMIUIATyNy ynapHoil Boiubl Ha 10 + 20%. Kpome Toro,
NpHU pacyeTe TeYEHWU Cpenbl, HaXOmslUlencss B 00JaCTU PaBHOBECUS XUIOKOCTHL — Ta3, CXEMBI
C MCKYCCTBEHHOH BS3KOCTBIO CTaHOBATCS HEYCTOMYUMBBIMH H3-3a CHIIbi1Oro (Ha 2-3 mopsaka)
YMEHBIIEHUS] CKOPOCTHU 3BYKa.

B nanHOIl paboTe HaileHbl aHAIMTUYECKUE PELIEHNUs] YPaBHEHN I MEXaHUKH CIJIOUIHOM cpe-
bl IJIS 3JeMEeHTa BelleCcTBa, C TOMOIILIO KOTOPBLIX MONENUDPYETCS [IBUXKEHUE BCEM CUCTEMBI.
[IpuMeHeHe MOIYyYEHHOTO aHATMTUYECKOTO PELIEHNs [O3BOJISET B HEKOTOPLIX CIydasX yBellu-
YU Th BDEMEHHOM LIIar MHTer PUPOBAHUS, IIpUUYEM 3TO YBEJIUYEHHUE NO OTHOLIEHUIO K BDEMEHHOMY
mary, HaizeHHoMy u3 ycioBus KypaHTa, Kak MoKa3aHO B IPUBENCHHOM HHUXe NpUMepPe, MOXeT
OLITH CyIIeCTBEHHBIM. PellleHne ypaBHeHUI NoJyueHO B JlarpaH)KeBbIX IepeMenHbx. [lpemsto-
XXKEHHBIJA aJITOPUTM TEePECTPONKY JIarPAHKEBOW CETKU, OCHOBAHHBIM Ha UCIIOJb30BaHUUM 3aKOHOB
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COXPaHEHUs, TI03BOJISIET PACCUUTHLIBATH CUJIbHBIE neOpMally Cpenbl.

1. PacueT omHOMepHBIX yIpyromjacTudeckux TedeHuil. Mrak, nycTh moTok ycko-
PEHHBLIX 3apsXKEHHBLIX JaCTUIl NajaeT Ha IUIOCKYio MullleHb ToiamuHoi a. Ock z HanmpaBieHa
TIeplIeH IUKYIsSpHO IIockocTu Muiuenu. CucreMa ypaBHEHWI, ONMUCHIBAIONIAs OQHOMEPHLIE He-
CTallOHaPHBIE YIPYTOINIacCTUYECKUe Tedenus, chopmynuposana B [13]. [lins onucanns teyeHuit
cpenbl IpU BO3NEMNCTBUY Ha Hee MOTOKA 3apsiXXKE€HHbIX YaCTHUI HeOOXONUMO K IIpaBOil YaCTHU ypaB-
HEHWs [JIss BHYTPEHHE! >Hepruu No0aBUTH (PYHKIMUIO YIOEJIBbHOM MOIIHOCTU 3HEPTOBbLINC/ICHUs
(byHKLMIO SHEPIrOBbLIIENEHNUS ):

D(z) = /dQ/dTbB(Tb)q;(z,cosv,Tb), (1.1)
4w

roe U — nuddepenunanbHas M0 yriaM U 3HEPTUSAM IUIOTHOCTh MOTOKa OBICTPBIX YacTul; ¥ —
YTOJl MEXIY BEKTOPOM WMILyibca ObICTpbiX dacTul u ockio Oz; B(T}) — ynenbHble nmoTepu
sHepruu (Ha eNMHUIY MACCOBOM IUIMHBI) YacTHIel ¢ KuHeTHdeckoit sneprueit Tp. s naxoxne-
Hus nuddepeHnaIbHOM INIOTHOCTHY NTOTOKa TpebyeTcs pelleHne KWHeTUYeCKOro yPaBHEHU s IS
6uIcTpBIX YacTun [14]:

LU = Sy. (1.2)

3nech > — QYHKIUA UCTOYHUKA OBICTPLIX YacTull; L — onepaTop nepeHoca, y4UThHIBAIOIINMA
npolecchl yNpyrux M Heynpyrux croikHosenuin [14]. Huxe ucmonb3oBaHbl cienyrolnue 06o-
3HadeHus: p, v, U — MaccoBas INIOTHOCTH Cpenbl, MaccoBas CKOPOCTb, BHYTDEHHss 3Heprus
enuMHUILl Macchl; & = —P + s?; P — rumpoctaTudeckoe nasieHue; s, ¥, s° — KOMIIOHEHTHI
nesuatopa Hanpsikenuit; 2u = E/(1 4+ 0) — noctosunas Jlame; E — monyns Hwura; o —
koo unment Ilyaccona.

B nammo#t paboTe MCIONL30BAIUCh HIMPOKOAMANa30HHblE ypaBHEHUs cocTosHus [15, 16].
[InmacTuyeckoe TeyeHue ONMMCHIBAE€TCS MYyTEeM COXPAaHEHWs NeBMATOpa HAIpsXKEHUN Ha Ipelese
TexydecTu (ycioBue TekydecTu Museca) [13].

Kak u B [13], obnacTs, 3aHsiTas Cpenoil, pa3buBaeTCs Ha SYeliku, IpUYEM Macca, IIOTHOCTD,
HaIlpsKeHWe, SHEPIrus ONpPENeNsloTCs B IIEHTpax si4eeK, a CKOPOCTh — Ha ux rpanunax. s
KOHKDETHOU siyeiiku chopMylMpoBaHHas BBIIIE CUCTEMA MOXeT OLITh 3alucaHa B BUIE

vi = (Zoq1/2 — Bimyyo)/mi, mi = 0,5(my /0 + my_y)0); (1.3)

Civij2 =m0 —vicl,  iyrja = Mug1y2/Pogr)os (1.4)

Uit172 = Eig1y2€iv172/magry2 + Digijos (1.5)

Siv1/2 = (4#/3)fz+1/2/fz+1/27 5f+1/2 =S40~ —(2#/3)£i+1/2/fi+1/2, (1-6)

I M,1q/p —— Macca BellecTBa B sueiike; {419 = 2i41 — zi—1 — WUprHa (obbeMm) sueiku;

D, 412 Bbruncasercs no dopmyne (1.1) mpu 241/ = 0,5(2zi41 + 2i-1).

Haiinem npubinxeHHOe aHATNTUYECKOe perienue ypaBHeHuit (1.3)—(1.6) Ha BpeMenHOM 11a-
re tp41 — tn, MONaras, 4YTO B TeYeHUE 3TOrO BpEMEeHU U3MEHEeHUe COCTOSHUS BelllecTBa B sdeilke
aBnsgeTcs anunabaTudeckuM mponeccoM. V3Menenve BHYyTpeHHEN SHEPTUU 33 CYET TOPMOXEHUS
JacTWI B JIAaHHOM 3JIeMeHTe oObeMa MOXHO Y4ecTh B KOHIIE PAcCMaTPUBAEMOrO BPEMEHHOIO
WHTepBala.

Torpa 3aBUCMMOCTD HamlpsKeHUs OT oObeMa IpPENCTaBUM B BHE pa3lioXeHWus B psn Lei-
Jlopa, OrpaHUYNBasACh IJIsI MaJIbIX BpeMeEH IEePBLIM IOPSIKOM:

n n n £i+1/2 - f,‘
E(&iy1/2) = Ely)p + (e ),2+1/2Pi+1/2 —n/—+1/2 (1.7)
i+1/2
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3nech ¢ = ¢ — (0s*/0p)s; ¢ = (61’/6/))}9/2 - JIOKaJllbHas CKOpPOCTb 3ByKa; S ~—— 3HTpOIUSA:
n+1/2 = 2(6?4_1/2); f,n_H/z = €z+1/2(tn); €i+1/2 = €i+1/2(t); t 2t
[loncrasnss (1.7) B ypasHenue (1 3) u nuddepeHunpys nonydulieecs BblpaxeHUe elle
pa3 [0 BpEMEHHU, IOy YUM

U = : Cz B)n Si+1/2 2P 61—1/2 (18)
m, £/iv1/2 f/z—l/Z
W3 ypabuenus (1.8) u ypaBuenus HenpepoiBHocTu (1.4) cnenyer
v, tw v =L, (1.9)
rae
m1+1/2wi2+1/2 +77”1—1/2‘-‘-’,'2_1/2 2

U.)i:2

wit1y2 = (cop/mE)"y 125
Mit1/2 T Ma_1/2 /2 ) S

L; = (mi+1/2 w1-2+1/2 Vigl +My_q/0 w?_l/z Vi—1)/m,.
Havanbuble ycnosus ans (1.9) umeror Bun
vi(tn) = v, Oi(ty) =0 = (2?_*_1/2 — 2?—1/2)/""1' (1.10)

Ypasuenne (1.9), 3anucaHHoe [U1s BCEX 1, MPENCTABIIET MOJHYIO CUCTEMY, pellleHue KOTO-
poil 10o3BONMKMIIO Obl HAWTH CKOPOCTH BceX rpaHul sdeek. OmHako mJis 60NbIIOro 4Yucia sdeek
3TO pellleHHe UMeeT BeCcbMa CJIOXKHBIA BUM.

[lonaras, 4To Ha IIare HHTErpUpPOBaHUs NpaBas 4acTb ypaBHeHus (1.9) ocTaeTcs nocTosH-
HOM 1 paBHa L™, a Takxe ucnonb3ys HadalbHble ycnoBus (1.10), MOXHO MonyduTs cienyollee
AHAJIMTHYECKOE pelleHe:

vi(t) = v cos (w,T) + V7 sin (wiT) + LT 1 — cos (wi7)

W, Ww;

(1.11)

Bnecb T =t — t,.
Nnrerpuposanue (1.11) no BpeMenu ot t, 0 t O3BOJAET BBIYUCIUTH KOOPIAMHATY IPatUIlbl
AYENKU:
S (w;T) 1 —wos\wyr) L7 ( s (w;T)
\

zt) =2 + 0" —— O ———+ S T - —— (1.12)

Wy w1 Ll.)1 Wy

[IprHrMas Bo BHUMaHMe pa3snoxenue (1.7) u pemwenue (1.12), HeTpyIHO MPOUHTEr pUPOBATD
ypaBsetue (1.5):

Uig1200) = U+ — (6 =€)+ == (6 —€")? + D 1.13
coall) e R (113)

BeipaxeHnns Iu1s HOBBIX 3HaY€HHUi HeBUaTOpa ClienyioT u3 peuenus (1.6):
Sf+1/2(t) = Sf+1/2(tn) + (4#/3)(§z+1/2/§?+1/2 - 1), 114)

5f+1/2(t) = 3?+1/2(t) = 5f+1/2(tn) - (2#/3)(&“/2/{?4-1/2 - 1).

Beinosnsenne ycnosus tekydectu Museca ocyuecTsnsercs, kak B [13].
HoBas nnoTHOCTHL cpenbl HAXOMUTCS U3 BbipaXKeHus

Pz‘+1/2(t) = m,+1/3/§,~+1/2, 15)
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a HOBO€ 3Hay€HUe T'MIPOCTATUYECKOrO NaBJIEHUS — U3 yDaBHEHUS! COCTOSHUS IO IOJIy4YeHHBLIM
u3 (1.13) BuyTpenneil snepruu u mMaccosoil wiornoctu (1.15). Ilpenebperas 3aBUCUMOCTHIO Be-
JIMYUHBL 4 OT WIOoTHOCTH, u3 (1.14) nmeem ¢? = c= + 4u/3p".

Ecnu nHanpsxkenus mo aGCoOTIOTHOW BeTUYMHE IIPEBBILIAIOT Npenesl TeKy4YeCcTH, TO IIpU pa3-
pexennnu ¢ — 0, Ipu CXKaTHH ¢2 = c?.

BpemenHoii war 7 onpenenseTcs coelaHHLIMUA npu BhiBone dopmyr (1.11)—(1.15) npubau-
xeHusMu. [leppoe NpubIMxeHNe COCTOMT B MCIIONb30BaHMU pasnoxeHus (1.7), u3 koroporo

cjenyer
(1.16)

rfle € — MaKCUMaJbHO [IOIlyCTUMOE OTHOCUTEILHOE H3MEHEHNE 00beMa SUeHKN Ha BPEMEHHOM
ware, obecrneunBaioniee crpaBeluBocTh pasnoxenns (1.7). V3 coornomrenus (1.16) u ypasHe-
HUs HenpepblBHOCTH (1.4) BbITEKaeT

7 < (€&/1AV)min,  Av = vig1 — vi. (1.17)

BTopoe npubnuxenne 3akIodaeTcs B 3aMeHe npaBoil 4acTy (1.9) Ha MOCTOSHHYIO BEIUYN-
Hy. OnHako MONydYUTH NPOCTOM KPUTEPUN NI BPEMEHHOIO IIara B 3TOM CIydae He yIaeTcs.
Yiciennble 3KCIEPUMEHTHI TOKa3aJIi, YTO OOLIYHO BBIGOp BpeMmeHHoro wara 1o (1.17) maeT xo-
polide pe3ylbTaThl. B cilydae MalbIX IpallleHTOB CKOPOCTHU 3HAUYeHUe T BO3pacTaeT TaK, YTO
HAUMHAET CKa3blBaTLCA NIOr PELIHOCTE, CBSI3aHHas C IpUOINKEHHLIM peliedreM ypapHenus (1.9).
[TosToMy npu npoBeneHUy Npak THYECKUX PACUETOB B TEX ClIydasX, Korga 7 > T, Ha BpeMEeHHOI
Iar HakJIaJbIBAETCS €llle OIHO YCIIOBHUeE:

T/7k KN (1.18)

BPEMEHHOM Liar, Halnennslil u3 ycnosus Kypanra [13], N — uucio, 6onbliee enuHub! ).
CrentaeM oiHO BaxXHOE 3aMe4aHUe OTHOCUTENLHO HpuMeHeHus dopmya (1.11)-(1.13). ¥Ypas-
Henue (1.9) onucbiBaeT NBUXEHUE OBYX CBS3aHHBIX OCUMIISTOPOB C COGCTBEHHBIMU 4aCTOTAMMU
w,_1/2 ¥ Wiy1/2- Beipaxenue nis w: 1 /o conepxuT &,/ — WUPHHY fueliku (popmyna (1.9)).
[Ipu cxxaTum s9eiikyt BO3MyUlaeTCs HE BECh CIION BENIECTBA, 3aKIIOYEHHBIA B oO0beMe s4ellKH, a
auub cioit ¢r. [loaToMy coOGCTBEHHYIO YaCTOTY SYEHKU CJIeNyeT BBIYUCIATDL IO GhopMyie

2 = (cp/mE) (1.19)

(T

rme

n _ §iv1/20 Cip1/2 20,
+1/2 civ1/2T, &iy172 <0

PaccMorpum ciiydait Mansix 3HayeHuil 7. Boinosnum pasnoxenue B psan Teiinopa mo Bpe-
meru B (1.11), orpaHMuYMBasichb y4YeTOM UJIEHOB BTOPOIO MOPSAAKa M IJid IPOCTOTHl aHaIU3a
HpeHe6peI‘aﬂ ﬂeBI/Ia.TOpOM HaIlpAXKEHNA. TOI‘I[a, moacTaBJIdgd B INNOJIY4YE€HHOE BpraX(eHHe ﬂBHbII‘;I
BUL L, IMeeM

=) [(P{-lq-l/z + Q?+1/z) - (Pin-l/z + ql—l/Z)]T/ml (1.20)

(q?+1/2 = —my41/2 wf+l/2 (v 1—v; ) 7/2). B ciygae cxxaTus sueiiku, korna v+ —v" < 0, ¢ yue-
Tom (1.19) Benmmunna a=. . v = ¢iy1/9 p"+1/2|v,’-’+1 — v?|/2 u uMeeT BuUI TMHENHON UCKYCCTBEHHON
BsiskocTu (8, 13].

IlaHHBI aHaJIM3 NOKa3bIBAET, YTO BBOAMMAS B pa3iinyHble YUCIEHHBbIE CXEMBI UCKYCCTBEH-
Has BA3KOCTb GaKTUIecKn obecrnednBaeT IPUGIIMKEHHbIA yUyeT Ha BPEMEHHOM LIare 3aBHCUMO-
CTH IABIIEHUS B dJIEMEHTE BElleCTBa OT M3MEHEHWUs ero o6beMa M yIUThIBAeT HEOGPATUMOCTh
peasnbHBIX (QU3MUYECKHX IPOILECCOB, KOTOpPble M3HAYallbHO ObLIM ONUCAHBI 06pATUMBIMU IUb-
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(bepeHunalbHLIME yPABHEHUSIMU. 30€Ch HeoOpaTUMOCTL (PU3NIECKUX MPOLECCOB yUUTHIBAETCH
BoipaxkenueM (1.19).
[Ipu paspexeHHN cpenbl UCKYCCTBEHHAs BA3KOCTh IIOJIACAETCS PABHOW HYJIO, XOTH, Kak
n _ ;2. n .
BoiTekaeT u3 (1.19) u (1.20), Gp12 = —(c*p AE[2€)i1)2-

I/IccnenyeM OUCIIEPCUOHHBIE N NUCCUIIATUBHBIE CBOMCTBA [IOJIY9E€HHOI'O pelI€Husd, OJId 4ero

pPacCMOTPUM pacHpocTpaHeHue (ypbe-MOIbl MacCoBoil ckopocTu v(z,t) — vexp (iwt — kz) B
OIHOPOIHOM cpelle, Korna Y413 — %,_1/; = 0. B aToM cnyuae un3 (1.11) MOXHO HONYYHTH
NIUCIIEPCUOHHOE COOTHOLIEHNE

exp (wwT) = cos (w,;T) + (1 — cos (w, 7)) cos (k&). (1.21)

[Tockonbky B (1.21) MHMMas 4acTh paBHa HyI 10, TO LUCIEPCUs BOIH oTcyTcTByeT. Huccu-
IaTUBHBIE CBOMCTBA CXEMBI ONpeNeNnsoTcst MonyeM Bbipaxenus (1.21). HeobxonumeiM u nocra-
TOYHBIM yCJIOBHEM YCTOMYMBOCTH pelleHns spasercs | cos (w,7) + (1 — cos (w, 7)) cos (k€)| < 1.
OTo ycnoBue BBIMOMHAETCS NMpH BeeX k, ecnu w,T < 7/2, 4TO BO3MOXKHO IIpY 3HAUYEHUSX T, KO-
Topble IpeBbIilIalOT B 1,5 pa3a 7k, T. e. N < 1,5. B cinyuasx, xorna B peuleHun npeobnanaioT
IUTMHHOBOJIHOBLIE TaPMOHUKHU, KaK, HallpUMEp, B 3aJladye O pasjleTe la3a B NyCTOTY, yCJIOBHE
YyCTOWYMBOCTYA MOXET BBIMOMHATHCA U npu Gonblunx 3Hadenusx N. OTcyTcTBue 3aTyxaHus
BOJIH, IUIMHBI KOTOPBIX LENI0oe YUCIIO Pa3 MOMELIAIOTCS Ha LIare CETKY, I03BOJISeT KadeCTBEHHO
ONUCLIBATH Pa3PbIBLI.

Ilns pewleHus kuHeTudeckoro ypasHeHus (1.2) mcronb3oBasics MHorourarosuiin meton [17),
noapobHoe oIMCaHMe KOTOPOro IJIsi ONHOMEDHOH FeoMeTpuM npuBeneHo B [12], mns msymep-
ot — B [18]. Monens nepeHoca 31€KTPOHOB YYUTLIBAET YNPYroe paccesHue B COOTBETCTBUU
C Teopuell MHOTOKpAaTHOTO paccesnus [aymcmura —— CayHnepcoHa, peallM30BaHHOl C IpUMeHe-
HueM ¢opmyan [19], prykTyaunu noTeps 3HEPrUn B HEYNPYTUX CTOIKHOBEHUSAX U PadualliOHHOE
TopMoxeHue. Monemnb nepeHoca HOHOB MOCTPOEHA € y4eToM (IIYKTyalHil B HEYIPYTUX CTOIKHO-
BEHUSX, HO B [IpEHEOPEKEHNY YIIPYTUM PACCESTHUEM U SOEPHBIMU peakumsMu. [loTepu sHeprun
VIOHOB BBLIUUCIANKUCHL MO NaHHbIM [20].

2. PacueT nByMepHBIX ruipoquHaMUUYecKux TedeHuil. B cnyuae BospmeiicTBus coho-
KyCHPOBAHHOTO NOTOKA yCKOPEHHbBIX 3apsKEeHHBIX 9aCTUL Ha MUUIEHb, pPa3Mephl KOTOPOM IIpe-
BBILUAIOT PAuyC y4Ka, pelleHne 3a1aui B ONHOMEDPHOM N€OMeTPUY CTAHOBUTCS HENlpUeMJIIeMbIM
i TpebyeT, o KpaiHell Mepe, IByMEDPHOI TeOMeTPUH.

B nanuoii paGoTe st yNPOLIEHUS U3IIOXKEHUS METONA PEUIEHUS 3a1a4M yYUTLIBACTCS TOJb-
KO TUOIPOCTATUYECKOE [aBJEHUE, YTO CIPABENJIMBO IIPU ONUCAHUU BO3NENCTBUS Ha BELIECTBO
IIyYKOB C IJIOTHOCTHIO MoToka MomsocTu > 101% BT/cm-, npu KoTopoil Bo3HUKaIONINE B Cpelle
NaBJIEHUs CYIIECTBEHHO IPEBLIIAIOT npenen Tekydectu. CucTeMa ypaBHEHUH, ONMUCLIBAIOIIAs
NBUXXEHUE CPeNbl B I'MIPOAMHAMUYECKOM NPUOIIMAKEHUN NI LUATUHIPUIECKON I'€OMETPUM, CO-
NIep KUT:

YyPaBHEHUS IBUXKEHUS

v" = —p~1aP/Or, P = —p 0P[Oz (2.1)
yPaBHEHUE HENPEPBLIBHOCTH
VIV =(Vv); (2.2)
ypaBHEHUE N8 BHYTPEHHEN 3Hepruu
U=—-PV/(pV)+ D (2.3)

ypaBHEHHE COCTOSHUS U KUHETUYECKOE YpaBHEHNE 715 BbIUMCIEHUS QYHKUUYN SHEPTrOBBIIEIEHU.
3mech r, z — KOOpAMHATHL; U7, v¥ — KOMIIOHEHTHI MaCCOBOM CKOPOCTH cpenbl; V = m/p —— obbem
3JIEMEHTa Cpelbl MacChbl m.
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Bocnonb3yeMcs MHTerpajbHLIM OllpelelleHMeM YaCTHBLIX [IPOU3BONHBIX, KAK 3TO ObIIO clie-
nano B [13], u 3anumem ypaBHeHMs OBIXeHUs (2.1) mis s/eMeHTa cpelbl, IIOIadb KOTOPOTO
A, B Buze (puc. 1,a)

o =r f Pdl,/M, v =—r f Pdl, /M, (2.4)
L L

rne L — rpanuna snementa A; M = rAp — Macca BeluecTBa, npunaanexaiuero A; dl,, dl, —
IpoeKIY 3eMeHTa KOHTYpa dl Ha ocu UUIMHAPUIECKON CUCTEMBI KOOPIOMHAT.

Y paBHeHUe HeNMpepbLIBHOCTY MM dieMeHTa A 3amuiieM, ucnonb3ys teopemy OcTporpan-
ckoro — ['aycca:

V= f (vo)rdi (2.5)
L

(n — nopmaus x dl).
Y paBHeHUe s BHYTpeHHe! 5Hepruu sneMeHTa A NMpencTaBUM Kak

U=—-PV/M+D. (2.6)

Haiinem npubnuxensoe aHanuTu4eckoe peiienne ypaBHenuit (2.1)-(2.6) na BpeMeHHOM 1a-
re tp4; — tn. B cilydae annabaTH4ecKOro mpolecca 3aBUCUMOCTD HNaBJIeHUs OT 00beMa MOKHO
IPENCTABUTDL B BUME PA3OKEHUS B OKpeCTHOCTU HekoToporo V™ B psan Teimopa:

P(V)=P" - Q"V - V") (2.7)

(Q =cp/V, P* = P(V")). lloncrasnss (2.7) B (2.4) u nuddepeHunpys nosydusiieecs BbIpa-
XeHHe ellle Pa3 110 BpEMEHHU, IJIs KOMIIOHEHT CKOPOCTH MMeeM

N }4 Pdl, M — er"de,/M, g f Pdl, /M + 7 }4 Q"Vdl, /M. (2.8)
L L L L

B ypaBrenusx (2.8) or6poiuens uneHst v” f Q™(V — V")l ,, Tak xak MX OTHOILUEHHE K
L
r Q"Vdl, ;, MHOrO MeHbIIle eqVHNII.
L

[Tloncranoska B (2.8) ypaBHeHus HenpepblBHOCTH (2.5) [O3BONMT HallTM ypaBHEHWS s
KOMIIOHEHT CKOPOCTH 3JIeMeHTa Cpelbl, B KOTOPbIX TepMOOMHAMUYECKEe CBOCTBA Cpeabl MOMXK-
1L OBITH 3aaHbl Ha MIOBEPXHOCTH 3TOTO 3JIEMEHTa.

st nony4yeHuss cUCTeMBbl YpaBHEHUM, ONMCHIBAIOIIEH NBMXEHUE BCEll Cpelbl, Ha 3aHATYIO
€10 06I1acTh HAHOCUTCS CEeTKA, KOTopas HelUT 3Ty 0bl1acTh Ha YeThlpexyronbHuku (puc. 1,6).
Ilanee 6ynem ucnonb3oaTh obo3Hadenus [13]. [leHTpbl 4eTHIPEXYTOILHUKOB B HONSAX Pa3MEPOB
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AYEUKHU UMEIOT ClIefyIOLIAe KOOPANHAThI:

O=7+1/2,04+1/2, @Q=7+1/2,2-1/2, @Q=7-1/2,21-1/2, @®=;-1/2,2+1/2.

B uenTpax siueek 6ynyT onpenensThcs TEPMOAMHAMHUYECKUE XapaK TEPUCTUKHU cpenbl. Tax,

IUIOTHOCTB, Maccy, o6beM, aBlelne, BHy TpeHHol 3uepruio B Touke (1) cooTBeTCTBEHHO 060-

3HauuM uepe3 p@, Mo, Vo, Po, Ugp- [nowmans, obbem u Macca syefiku onpenensioTcss Mo
¢dopMynam, koTopsle NpuBeneHs B [13].

Y paBuenne uenpepslBHOCTH (2.5) A OTAENBHON SYENKN MOXHO 3aUcaTh B Buze (puc. 1,6)

0,5 [r1(r2 — r4)vy + ra(r3 — r1)vg + r3(rsa — ro)vi + r4(r1 — r3)vi —
- 7‘1(22 - 24)1); - 7‘2(23 - Z])US - T3(Z4 - 22)1); - T4(Z] - Zg)v;], (29)

rle MHOEKCh 0003Ha4YaloT HOMepa BEepPLIMH Aueiku (HyMepalns MpPOBOAUTCS MNPOTUB JaCOBOIL
CTPEJKH).

Briunciss HHTerpaisl 10 KOHTYPY, N306paxe€HHOMY Ha PHC. 1,6 MyHKTUPOM, 1O NpUBEIeH-
soi B [13] cxeme, u3 (2.8), (2.9) nonyuum

. = Ly, v; +wzv]1 = L,. (2.10)

v +w,v1
3neco
wl=roaiee = 2)? + Q23 — 22)° + Q2 — 23)° + Q21 — 24)2]/2M 4 — fr;

fr = [Ppy(z2 — 21) + Pgy(z3a — 22) + Pgy(z4 — z3) + Finlz1 — 24)] /Ma;
Ly = —(r)/Ma){Qp(22 — 21)[Vip— rjuvj, (22 — 21) /2] 4+ QG (23 — 22) [V — 75iv;,(23 — 22) /2] +
+ Q3 (24 — 23) [V — rjivji(z4 — 23)/2] + Q@21 — 24) [V — rjuv}, (21 — 24) /2] };
= [Qp(r2 — m1)* + Q(rs — r2)* + Q(ra — m3)* + Qg(r1 — r4)*]/2M 4°
fz = 1rawra —r1) + Pgy(rs — r2) + Fg(ra —r3) + Pg(r1 — r4)]/Ma;
Ly = (7 /Ma){Qp(r2 — r1)[Vo— 150, (r2 — 1) /2] + Qy(r3 — r2) [V — 7005, (r3 — 72) /2] +
+ Walra — 3)[Va— r5iv5,(ra — 73) /2] + Qgy(r1 — 1) [V@— ryuvfi(r1 — r4)/2]} —
My = (Mgp+ Mg+ Mg+ Mg)/2; r = Va/A.

B kauecTBe HavanbHBIX ycnoBuil mist (2.10) UCnonb3yioTes CKOPOCTH M MX NMPOU3BOMHLIE B
MOMEHT BPEMEHH Iy:

]1( ) = (T]lfT) ’ U]zl(tn) = _(r]lfz)n' (2'11)

Ananutuueckoe pewenue (2.10) ¢ HauanbHbiMu ycnoBusimu (2.11) MoxeT 6bIThL HalineHo
aHaJorn4yHo peuwenuto ypasuenus (1.14). Ilonaras, uto 3HaveHus wr, w,, L,, L, ocTaioTcs
INOCTOAHHBIMH Ha BPEMECHHOM Ililare U paBHBI 3HAYEHUAM OJI1 MOMEHTa tn, [OJIy4YuM
S(wir) 1
T/ + "

@)

sin (W 1 — n
(W) L cos ((:JZT)
w} (wp)?

VIi(8) = V(1) C (Wl T) + V(L)

VA

(2.12)

Z /N

= v:itn i cos (W"T) + v7,(tn)



158 OMT®, 1997, T. 38, Ne 1

re w = 1/ |w?|

2>
. :i cos (wr), w* =0, S(wr) =

sin (w7), w? >0,
ch(wr), w? <0;

sh(wr), w?<0.

Nurerpupys (2.11) mo BpeMenu oT t, no t > t,, HaXONUM HOBbIE KOOPIHHATHI y3JIOB:

rji(t) = rji + vji(tn) ‘M\—T: + vj;(tn) - (‘;?\;{ - + (w;;)2 kT mmrranat
(2.1
csin(w?r) | .,, . 1—cos(w®) L / sin(wtr)y T

3Has HOBBIE KOODIMHATHI y3II0B CETKH, MOXHO BBIYUCIUTH HOBBIA 0OBEM SUEHKH U, Clello-
BaTEJIbHO, HOBYIO IJIOTHOCTb.
NuTerpupys (2.6) coBmecTHo ¢ (2.7), nMeeM

U@(t) = —P*AVIM + Qn(AV)Z/QM + DT]@ (AV@Z Vo (t) — V@g) (2.14)

HoBoe 3nauenne naBieHns HaXOMUTCS U3 ypaBHEHUS COCTOSHUSA IO MOy YeHHBIM 3HaYeHUSIM
BHYTpPEHHEN HEPTUU ¥ MaCCOBOHM IJIOTHOCTH.

Kax M B ONHOMEpHOM Cllydyae, BpeMeHHOH mmar Haxomurcs u3 (1.18) m wu3 ycmoBus
lVr/V]<e.

[Ipu nposenennu pacueTos 1o Gopmynam (2.12)-(2.14) seobxonuMo B BhIpaxkeHUusX mis Q"
y4ecThb, YTO MPU CXKATUU dIEMEHTa obbeMa BellleCTBa BO3MYIaeTcs JIUIIb ero 4YacTh, KOTopas
oTIpemnesiseTcs CKOPOCTBLIO 3ByKa U BpeMeHeM cxaTus. [lo anamorun c (1.24) 3anuuem

Q" = (o/V)". (215)
Buecs V =V, eciin V2 = 0v*/0z > 0u V' = 9v"/or +v"[r 2 0; V = V 5 nporusrom
ciydae.

[Ipu cxaTum sYelku BOOIb ocH z, korma VZ < 0, ee s ek TUBHBIN 06bEM MOXHO Olpele-
JUTH KaK U B OMHOMEDHOM CIIydae, 3aMeHsIsi XapaKTEPHBIA pa3Mep Ha CT:

vell = Vera=1/? (2.16)

(Al/2 — XapaKTepHbIN pasMep suerku). Benuuuny V? mns suefiku MOXHO HalTH, IPUMEHSS
HHTErpalibHOE OTpenereHne YaCTHON POU3BOMHON, YTO MPUBOMUT K BLIPAXEHUIO, SKBUBAJIEHT-
HOMY TOX 4YacT (2.9), 4TO ComepX UT KOMIOHEHTHI CKOPOCTHU vZ.

[Ipu ymenbiienun obbeMa SYENKH 3a cueT AedhopManuuy 1 nepemeniesus ee mo ocu r (V7 <

0) Vel — Ve2rr' A= Bnech ' — sdbdekTuBHOE BpeMs yMeHbIIeHNs obbeMa SUelKH 3a CIeT
npuxenus Boosis r: 7 = |V/V7|. Buipaxernne mis sbdekTHBHOrO obbeMa B JaHHOM Cllydae
uMeeT BUI

vl —velr ATV v (2.17)

Benuunna V' = V — V? 1, cnenoBarenbHo, 5KBUBalleHTHa YacTH (2.9), comepkaleil KOMIIOHEH-
TBHI CKOpOCTH v’ .

dopmyansr (2.12), (2.13) no3BoNAIOT PACCMATPUBATHL NBUXEHHE Y3JIOB CETKH KaK UX IIO-
cllefloBaTelbHOe IIepeMeIeHrue BIOIL OCell T U 2z, U3 4Yero cjlemyeT, UTO IS BBLIYMCIEHUS
wr, Ly Hamo npumeHsTh Bopaxenus (2.15) u (2.17), a mng w,, L, — Boipaxenus (2.15) u
(2.16). U3 ckasamnoro cnemyert, 4To B (2.14) Heobxomumo 3aMeruTh Bhipaxerue Q(AV)? Ha
Q.(AV*)?2 + Q,(AV™)?, rme Q, u Q, BerumcnsOTCS IO hopmysie (2.15) U COOTBETCTBEHHO IO
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dopmyitaM (2.16), (2.17), a
AV? = V(Tn+l’zn+1) _ V(Tn+l,2n),
AVT = V(™ 2 — V(e 2.

Pasnaras B psin Teitnopa no Bpemenn Boipaxenust (2.12) 1 orpaHMYMBasgCh y4€TOM 4JICHOB

~ T2 , TIOJTyYUM

U (tni) ~ (1) + 700 M) FP 4 g,
Vi (tng1) ~ v (tn) — T(r™FD /0 ) ]{(P" +qM)dl,

(¢" — —Q"V"r/2). Benuuuna ¢ ¢ yuerom (2.15) upu V™ < 0 umeer sun

g=(pA/2)(V]V), (2.18)
anpu V<0

g = (cpA'?12)|V V. (2.19)

C TOYHOCTBIO [0 MOCTOSHHBLIX GopMysbl (2.18) u (2.19) cOOTBETCTBYIOT BbIpaXKeHUSM O UC-
KYCCTBEHHON BS3KOCTH (KBaJApaTUYHON ¥ JIMHENHON ), BBOOUMOM [JI8 YCTOWYUBOCTU B Pa3jidd-
HbIC YUCIIEHHBIE cXeMsl (8, 13].

B HeonHOMepHBIX pacuyeTax ¢ UCHOIb30BaHUEM JIAT PAHKEBBIX METONOB CETKa MOXET CHUJITbHO
UCKaXaTbCsi. Ecnu ceTKy He mepecTpouTh, pacyeThl Ha MCKAXKEHHOW CETKE MOTYT IaTh O4YEHb
60IbIIYIO NOTPELIHOCTD, YTO B KOHIIE KOHIIOB NIpUBeneT K HeycTodunBocTy pewenus. CTannapr-
HBIil NOIXO K PelLIeHUIO 3TOil NpobJIeMBbl 3aKJI0YAeTCs B U3MEHEHUM CBS3HOCTHU Y3JIOB CETKH,
KOrIla JIOKaJIbHble MCKaXXEHVs CeTKU YMEHBLUIAIOTCS 3a CYeT BBENEHUS HOBLIX U YHUYTOXEHUs
cTapbix y3noB [21]. OnHako nocTpoeHue u peanu3alys aJrOPUTMOB U3MEHEHUS CBA3HOCTH y3-
JIOB -— CJIOXKHas 3ajaya.

Meton nepecTpoiiky JarpaHxeBoit CeTKM B 3a/ladaX O COyLapeHUU Tell onucaH B (22, 23],
O[lHAKO OH OPMEHTUPOBaH Ha ClIydau, Koraa objacTb OONbUINX medhopMaluil MHOIO MeHbIIe
Bcell pacueTHo# obnacTu. B 3amavax o Bo3gedCTBMUM Ha BEUIECTBO MOTOKOB 3apsKEHHBIX Ya-
CTHUL 0071aCTh OONBLIINX AeGOpMalUil MOXET COCTABIIAThH 3HAUUTEIbHYIO YaCTh BCEW pacdeTHOM
obsiacTu, 1 NpuMeHeHue MeTona [22, 23] BbI3bIBaeT 3aTPyAHEHUS.

3neck peann3oBaH crnocob NepecTPONKYN CeTKH, oTaudatomuics ot [22, 23] Tem, 4To HoBas
CeTKa HaHOCUTCS Ha BCIO pacyeTHYI0 obnacTb. IlepecueT Bcex apamerpoB cpelbl co cTapoi
CETKHU Ha HOBYIO OCHOBaH, Kak ¥ B [22, 23|, Ha NpUMEHEHUN 3aKOHOB COXPaHCHUS MAcChl U SHEp-
T'UH, HO [T BBLIUUCIEHUS CKOPOCTEH B y3jlaX HOBOW CETKH MCIOJIL3OBAJICA 3aKOH COXPaHEHUS
MMIIyJIbca, B TO BpeMs Kak B [22, 23] ckopocTH BBIYUCIANUCE 110 GOPMYJaM JIHHERHON HHTep-
nonsiunu. [JaHHBIA cnocob 1epecTpoillkn obecnednBaeT BOCCTAHOBICHUE PEryJISPHOR CETKU BO
BCENl pacyeTHON obstacTy 6e3 HapylLIeHUs 3aKOHOB COXpAaHEeHusl.

[Tycrs 1606X0NMMO BBIYUCINTE B HeHTpax HOBLIX sdeek j' + 1/2, 2/ + 1/2 3nauenus nmor-
HOCTEH 1 BHYTPEHHEH SHEpIuu, a B y3nax j', ! HOBoit ceTKU — 3Ha4eHUs CKOpOCTeil. 3aKOHbI
COXPaHEeHUs MacChl U [10JIHOM SHEPTUU MO3BOJIAIOT 3alliCaTh

Pil+1/2041/2 = 2 PODV®/ Vil+1/2,4/41/25 E]I+]/2,1’+1/2 = ZP@AVmE(@/ Z P Ve, (2.20
® ® ®
roe Eg = Ugptvg/2; cyMMupoBatie NPOBOJATCS 110 CTAPhIM A 4CiiKaM, KOTOpbIE UMEIOT OBLLLY O
obnacts AV ¢ Hosoit suetikoit ' + 1/2, ¢/ + 1/2.
OnpenenM KMHETHYECKYIO SHEPIHIO €MHULBLL Macchl s4ciiky via /2. U3 ypaBHeHUs nBuMXe-
Hus (2.4), 3amucaHHOTO IS 3neMeHTa cpenbl A (puc. l.s), caciyer, 4To KMHETHYECKas SHeEp-



160 [IMT®, 1997, 1. 38, Ne 1

2
rUs 3TOTO dJIeMeHTa paBHa MAUJ-,-/Z [IpunuMas BO BHUMaHUe BblpaxeHue OJs M a4 B GOpMY-

nax (2.10), BenuunHy M@U?i/‘i MOXHO CYUTATh BKJIAOM OTHENLHOW JIarpaHXeBOU S4YeUKU B
KUHETUYECKYIO SHEPTUIO 3i1eMeHTa A, a yleNnbHyI0 KMHETHYECKYIO SHepIruio s4yedkyu HaiTHu u3
BbIpaXeHUs

v@/2 = (V)i + v} iy + V)41 i1 + V)41 0)/8: (2.21)

Ins nmepecyeTa monst CKOpOCTeNl CTPOSTCS NI CTapoil ¥ HOBOH CETOK BCIIOMOTaTelbHbIe
CeTKM Tak, YTO MX y3JIaMM SBISIOTCS IEHTPHl OCHOBHBIX CETOK. 3aKOH COXpaHEHHs HMMIIYJIbCa
I03BOJISIET Ha BCIOMOTATENbHBIX CETKaX 3allUcaTh BblpaxeHue, aHanoruuHoe (2.20), B Bune

Vot = ZVJ,/)],'AV],'/ Z p;iAVii, (2.22)
Ji 7
riae CyMMHUpOBaHU€e TPOBOOMTCS MO CTapblM BCIIOMOTATENbHBLIM sdyeilkaM, KOTOpble UMEIOT 00-
myso obnacte AV ¢ HOBOI BCriomMoraTelbHol sueiikont j'1'; py, = Ma/Va.

BuyTpenHss sneprus B HOBLIX sueiikax j' + 1/2, ' +1/2 paBHa pasHocTH MONHOW 3HEPTUH,
nonydeHHon mo (2.20), ¥ ymenbHOW KMHETHUYECKOH SHEPTUM HOBOW suefKHM, pacCYUTaHHOH MO
dopmyne (2.21) no cxopocTsm B y3nax j't.

IIpakTuyeckas peanmsanus ONMCAHHOI'O 3[€Ch aIroOpUTMa NEepecTPOMKHM CEeTKH I0Ka3ala,
4TO npuMeHeHue dpopmyn (2.20)-(2.22) obecneyuBaeT BBLINONHEHNE 3aKOHOB COXDAaHEHMS Mac-
Cbl, UMIIyJIbCa ¥ 3HEPTWM C TOYHOCTHIO He xyxe | % maxe npu pemeHnu 3amad, TpeOyrOMX
BBINIOJTHEHUSA HECKOJIBLKUX OECSITKOB MPOLENYp MEPECTPONKYU CETKHU.

3. PesynbTaTsel pacyeToB. TecToBble pacueThl MPOBEPEHDI Ha PELIEHUX 3a/1a4, KOTOpbIe
UMEIOT aBTOMOMENbHbIE pellleHUs WU XK€ YUCIIeHHOe pellleHNe NPYTUM MeTOIIOM.

B xauecTBe mepBoro TecTa pemranach 3agada o pasileTe B IIYCTOTY ra3a CO CIENyIOMINMU
napaMeTpaMi: IokazaTenb aauabaThl v = 5/3, HadanbHas Temneparypa I’ = 1000 K, Hayamns-
Has IJIOTHOCTS 1,29 Kr/M3, TommuHa cios 2 cM. [Ipu xonuyecTse sueek, pasuom 200, u € = 0,02
yepe3 10 BpeMeHHBIX IIAroB YMCJIEHHOE DellleHle BLIXONUIIO Ha aBTOMOIENbLHOE, NIPH 3TOM OT-
JMYMEe CKOPOCTY pasileTa ra3a Ha ¢poHTe cocTaBiano ~ 2%. Ornnyne 3HaYEeHUH MaccOBOM
[IJIOTHOCTH, TEMIIEPATYPhl, CKOPOCTU 3ByKa OT 3HAYEHUN Ip¥ aBTOMONETHHOM peIIeHUHU ObIIo
ue 6osee 10 %. Uepes 100 BpeMeHHBIX 111ar0OB CKOPOCTh pa3jieTa ra3a Ha (PPOHTE OTIMYalach OT
CKOPOCTH Ip¥ aBTOMONENLHOM pellenud Ha 1 %, a pacnpenenenus MakpoCKONUYECKHUX IIapame-
TpoB 10 riybune — He Gonee yeM Ha 3 %. IlpociexuBanue pasnera rasa B Te4eHHE HECKOILKUX
COTEH BPEMEHHBIX LIAaroB II0Ka3allo, YTO 3aKOHbl COXPaHEHUs Hepruu Bcero obbeMa rasa 4 9H-
TPOIMHA KaXIOH SYEHKN BBIIONHAIOTCS ¢ BLICOKOM TOYHOCTHIO (YMCIIEHHBIE 3HAYEHUS C TpeMs
3HaYall¥MMA UAbPaMy OCTABaJIMCh NOCTOSHHBIMA).

CrenyeT OTMETHUTB, YTO IIPY PELIEHNH 3aa4N O pa3jieTe ra3a B yCTOTY BLIGOP BPEMEHHOIO
mara u3 yciosus (1.17) no3BosseT 3a ompeneneHHoe 9UCIIO 1IaroB NMPOABMHYThCS 110 BPEMEHU
3HAYMUTENbHO faiblile, yeM NpH Bblbope miara u3 ycinosus Kypanra. B mannom cnyvae 3a 200
maroB ycyosre KypaHTa 1o3Bonumno npoasuHyThes 0o MomenTa t = 0,25 mMkc, ycnosue (1.17) -
no t — 1,85 Mkc.

PesynbraTh! pemienus 3ama4yu o pacnane pa3dpbiBa s MoMeHTa t = 1,65 Mkc npencrasiie-
Hbl Ha puc. 2. HavansHoe cocrosHue raza: vy = 0, p; = 1, 77 = 1000 K, vy = 0, p2 = 0,125,
T, — 800 K, nokasarens anuabatel vy = 7/5. JlanHbIi MeTON XOpOIIO ONMUCHLIBAET KOHTAKTHLIHA
pa3pbiB. 3aKOH COXPAHEHUs SHEPTHM [P PELIEHWH 3a[add O PACIaje pa3pblBa BLINOJHAJICA C
TounocTbio He xyxe 1 %. Ilo xkauecTBy onucanus pacnpenenennii MaKpOCKONUYECKUX ITapaMe-
rpoB maHHLIA pacueT cooTBeTcTBYeT Metony SUPERBEE [24], ¢ noMoOlbIo KOTOPOTO MOMYY€HO
pewenue ananoruydoit 3anaqu (cm. [21]). Crenyer orMeTuTh, 4TO 3TOT METON CKOHCTPYMPOBaH
TakK, YTO aKKypaTHO pellaeT 3amady Pumana.

B nanHo#l 3amade BpeMeHHOR miar, HaineHubit n3 (1.17), coorBercTBOBaAN lIary, HalmeH-
HOMY u3 ycioBus KypaHTa.
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Ha puc. 3 npuBonsTcs pe3ynbTaTbl YMCIEHHOIO MOOEMPOBAHUS CKOPOCTHOIO ynapa allio-
MUHMEBON MNacTUHKU Tommuuuon 0,5 cM, mBuxylleiics ¢ HadaiabHoOU ckopocThio 800 M/c, 06
aIIOMMHUEBY IO [IPErpay ¢ ypaBHEHUSIMU cocTosHus, B3aThiMu u3 [13]. [lonyyennsle 3necn pe-
3yNIbTaThl IOJHOCTBIO coryacyioTcs ¢ pesynbratamu [13]. [lockonbky TBepabie Tesa obnanatoT
bonbleil XKeCTKOCTBIO, YeM ra3, 3HaueHue € u3 hpopMysl (1.17) nomxHo 6bITL yMeHbILEHO (31€eCh
e = 0,002). Ilpu npoBeneHuy pacyeToB IO CKOPOCTHOMY YAapy 3aKOHBI COXPAHEHUS SHEPT UM UM-
[yJIbCa BBINOJIHSIUCh TaK Xe, KaK U [IpU pelleHUr NpeablayIInux 3aau.

3aMeTuM, YTO BO BCEX PACCMOTPEHHBIX BBILIE CIyUYasX yBelnYeHNE KOITUUECTBA PACUETHLIX
y370B B 2-3 pa3a u3MeEHSeT pe3yibTar He Gosee yem Ha 1 +— 2 %.

TecTupoBaHUe NBYMEPHBIX pacye€TOB NPOBONMIIOCH Ha pelIeHNH ONHOMEPHBIX 3anad O pas-
JjeTe ra3a B MyCTOTY M O pacliaie pa3pbiBa. [lonydyeHHbIe pe3ybTaThl MOIHOCTBIO COTIACYIOTCS
C NIpeNCcTaBIIeHHLIMHU 3/IeCh pe3yJibTaTaMU pacyeToB II0 ONHOMEPHOW IIpOrpaMMe.

[IponeMoncTpupyeM 30dEeKTUBHOCTL METONAa DPEIIEeHUs MABYMEPHBIX T'MAPONMHAMUYECKUX
ypaBHEHUH Ha IIpUMepe pelLIieHHs 3allaull O paclIMpeHUu chepsl ropsuero BO3LyXa C BbICOKUM
nasnenueM [25]. HauanbHble ycnoBus naHHOW 3a1a4d BKIIIOUAIM B ce6s U30TEPMUUECKYIO chepy
MepPBOHAYAIbHO IIOKOSIIErocs BO3/yXa HOPMAalbHON INIOTHOCTHM ¢ maBiienuem P = 20000 aTM™.
Y paBHEHUE COCTOSHUSA IUIA BO3MyXa ObIIO B3ATO U3 [25].

[Ipu peurenuu 3amauu paccMoTpeHa obiacts 12,5x 25 cM. LlenTp cdhepnl Boznyxa ¢ BLICOKUM
aBlleHNMeM Haxonuiics B Touke 1o = 0, zp = 12,5 cM, HayanbHBI panuyc chepbl COCTABIII
Ry, =5 cM. brina BoibpaHa paBHOMepHas ceTka pasMepoM 51 x 101.

PesynbTaThl NByMepHBIX pacueTOB CpaBHUBAJIUCH C pe3yJbTaTaMU OMHOMEDPHBLIX pacyeToB
[25], koTopwie mpencTaBnensl pacupenenesusmu 7(A) = P/ Py, n(A) = p/po, B(A) = v/co upn
pasnuuselX 7. 3neck Py = 1,01375 - 10° Tla; pg = 1,188 xr/M"; ¢y = 346 M/c; A — paccrosiHue
OT ueHTpa B3pbiBa B ennHuuax a = (W/Pg)/3; W — sueprus Bapbisa; 7 = tco/a. B mamux
pacueTax MmapamMeTp a HaXOLWICA U3 COOTHOLIeHUus a — Ry /Ao. rme Ao = 0.01625 [25].

-X,Ma t=1MKC 3 5
6 hY
,.-J
2- :

Puc. 3
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Puc. 4

Tak kax narpaHxeBbl s4YeWKU IIPU MONEIMPOBAHUU ChepUUecKON yIapHOH BOJHBI CHIIBHO
HCKaXaJHCh, TO MPOU3BONNIIACH NTEpeCTPONKa CeTKH, €ClIN XOTs Obl IJIs OOHOM S4YElKH OTHOIIe-
HU€e OMaroHajieidl OTINYAJIOCh OT €NUHUILI Ha 3aJaHHYIO BEIMYHHY .

Ha puc. 4 cpasumBatorcs 3aBucuMocTd B(A) m m(A) miast pasnuIHBIX MOMEHTOB BpEMEHH
T, TOJyYeHHBIE TI0 [IByMEDPHOW Iporpamme (CIUIOLIHLIE JIMHUM) ¥ ONHOMEPHHIM pacdeTaMm [25]
(I TpUXOBHIE).

[IpuBenenHble Ha puc. 5 U3006aphl B IUranackalsax IJis MOMeHTa BpeMeHU T = 2,969 - 10
CBUIIETEILCTBYIOT 00 YIIOBJIETBOPUTEILHOM ONMCAHUHU ChEepUIECKOH CUMMETPHUH.

[IpencrasieHHble 3mech pe3ylbTaThl IO IBYMEPHOMY pacueTy paclIupeHus chepsl rops-
Yero BO3[AyXa C BLICOKMM NaBJIEHUEM IEMOHCTPUPYIOT IPUMEHMMOCTEL pa3paboTaHHOTO METOIa
pellleHus THAPONMHAMUYECKNX YpaBHEHUH I ONMHMCAHMA NPOCTPAHCTBEHHBIX pacIpeleseHui
MaKpPOCKOIHNYECKNX MTapaMeTPOB Cpelbl IPU HAJIWYUN CUIIbHBLIX NeGOopMalinid.

B pesynbTaTe TOpMOXEHUS YACTHIL Ty YKa IIPOUCXONAT NHTEHCUBHLIN HArpeB Cpelnbl ¥ obpa-
30BaHME OOJIACTHM BHICOKOTO NMaBlieHHs. Pa3rpyska cKaToro BemecTBa CONMPOBOXIAETCS PACIPO-
CTpaHEHWEM 10 OObeMy MUIIEHH BOJIHBI HampskeHus. Haunbonbuinit nHTEepec I TEXHOJOTH-
YeCKUX IeJlell MpeNcTaBlIseT FeHepalus BOJIH HaIpSXKEHHUs B Cpelle Mpu OOJyYeHUH NMYydKaMu
3JIEKTPOHOB NTM6O0 MOHOB C TIOTHOCTBIO MoTOKa MomrHocTH ~ 107 + 10° Br/cm? u mauTensHo-
cThio uMIynsca ~ 1077 — 1076 c.

IIpuBeneM HEKOTOpHIE pe3yNbTATHI PACUYETOB MOJER HANpSIXKEHUsS B TBEPIOTEILHON YacTH
MUIIIEHN NIPU BO3NENCTBUM MOTOKOB 3apsXXEHHBIX YacTHI. PacueThl MPOBOMMIINCH C HCIOIb30-
BaHHEM LINPOKONNANa30HHBIX ypaBHEHHH cocTosHus [16].

Ha puc. 6 moka3aHbr npoduiIN HATIPSXKEHUH B XeJIe3HOW MUIIEHH TOJIIMHON 5 MM B pa3Jind-
Hble MOMEHTHI BpeMeHH MpH OOIyYeHNH ee HMIYIbCHBIM JIEKTPOHHBIM ITydkKoM. JauTensHoCcTs
uMmnyabca 100 HC, ITUTENBHOCTD NIepeNHero U 3aHero GPOHTA UMIYJILCOB TOKA M HAIIPSIKEHUS
10 HC, MakcMMalbHas sHeprus 371ekTpoHos 0,5 MaB, MakcuManbHas MIIOTHOCTH Toka 5 KA /M2,

Ha puc. 7 npencrasieHbl NpoGUIN HANPSXKEHNA B XeJIe3HOW MHUIIEHHM TOJIINUHOK 1 MM B
pa3Hble MOMEHTHI BpEMEHH IIpU OOJIyUYeHUH €€ MMIYJILCHBIM [IyYKOM IIPOTOHOB ¢ MaKCHMAaJILHOR

Puc. 5
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sHeprueit yactuu B uMnyisce 0,5 MsB u MakcumanbHoll moTHOCTHIO Toka 0,25 kA /em?. liu-
TENbHOCTH U POpMa UMITYIIbLCOB TOKA U HANPSKEHUS T€ XK€, YTO U IPU JIEK TPOHHOM 00y YeHn N,

TBepnoTenbHas 4acTh MHUIIEHU 3aHUMaeT obnacTb z > 0. B obmactu z < 0 pasneraercs
obpasyomasics MOA NeWCTBUEM Mydyka Ija3Ma, TeMmIlepaTypa KOTOPOH COCTaBIseT MpHU JaH-
HbIX mapamerpax nydka 3000 — 6000 K u MaccoBas MIOTHOCTL MEHSETCS OT THICAYHBIX HOJEH
INIOTHOCTH TBEPIOTO Tejla Ha GpoHTe dakena M0 MIOTHOCTH TBEPOOrO Tejla B KOHIIE 30HBI JHep-
FOBBLIE/IEHU .

XOTs NIOTHOCTH 3JIEKTPOHHOrO TokKa B 20 pa3 MpeBBIIAET MIOTHOCThH TOKA MOHOB, MakK-
CHMaJIbHOEe HAIpsKeHUe IIPU 3JIeKTPOHHOM OGIIYYeHUH MpeBbIlIaeT HallpsKeHue, BO3HUKAOIIee
IIPY MOHHOM OOJIyuYeHHH, JTUWb B 5 pa3. bojlee HHTeHCHBHAS reHepalys BOJIH HAIpSKEHUs NPy
MOHHOM OOJIyYeHHUH, YeM IIPU 3JIeKTPOHHOM, OOBACHAETCS OONbUIMMU NOTEPSIMU YHEPIUU UOHOB
B BelLleCTBE B CPaBHEHUU C NOTEPSIMHU 3IEKTPOHOB [26].

CrnenyeT oTMETUTD, YTO HNONYYUTD IpUBENEHHBIE Ha pUc. 6, 7 pe3yabTaThbl CTaHIapTHLIMH
MeTonaMu (HalpuUMep, METONAMU MaKpOYacCTHUL WM Y UIKUHCA) HAM HE YIAaJoCh, TIOCKOILKY B
OAHHBIX TUNUAYHBIX IS TEXHOJOTMYECKUX Liejiell nmpuMepax obilydaeMas 4acTh BELIECTBa Ha-
XoOUTCS B obiacTU $a3oBOil OMarpaMMBbI KUOKOCTb — Map U UMeeT Ha ONWH-ABa MOpsIKa
MEHBUIYIO C HCXONHOH CKOPOCTb 3BYKa, YTO INPUBOMUT K HEyCTOMUMUBOCTU PELLIEHUS U3-33a «BbI-
KITIOUEHUS» UCKYCCTBEHHOW BA3KOCTH.

[IpuBeneM pe3ynbTaTbl IBYMEPHOTO pacyeTa BO3LEMCTBUS MOIIHOLO PEJisTUBUCTCKOTO
3JIEKTPOHHOIO My4YKa Ha TOJCTYIO alIIOMUHUEBYIO MulleHb. HavanbHas Tonmuba Muwieru 3 MM.
pannyc 6 MM, HadanbHas Temnepatypa 300 K. Oueprus saekrponos 0,5 MaB (npober saex po-
HOB C IaHHOI1 Heprueil B TBepHOTEIbHOM aloMuuun coctaniseT 0,83 M), Tok nmyuka 180 KA.
IUINTENBbHOCTh UMILysibca obnydenus 100 He, ITUTENBHOCTDL NepenHero u 3aaHero ¢pponTta 10 He.
PanuanbHoe paclipeziesieHue TOKa MydKa ONMCHIBAOCH BhipaxeHueM J;(r) ~ exp[—(r/rp)?].
3nmech Ty = 1,5 MM, 4TO obecreynBaeT MakCUMANBbHYIO IIJIOTHOCTL TOKa ~ 2,5 MA /cm- u mak-
CHMATBHYIO IJIOTHOCTH MomHocTH ~ 10'2 Br/cm?. O6nacTh o6nydeHuns orpaHnyMBasIach pa-
nuycom 3 mMm. Takum obpa3oM, mapaMeTpbl JaHHOTO My4YKa NPUOIU3UTEINLHO COOTBETCTBOBAIU
sxcnepumenty [1]. Bonee TouHoe 3ananue napameTpoB TpebyeT 3HAHUS U3MEHEHUsS BO BPEMEHH
pa3MepoB (HOKAILHOTrO MATHA, 4ero B [1] He mpuBonuTCS.

[Ipr naHHBIX mapaMeTpax Ny4Ka CKayoK MaBJIEHUs B 30HE 3HEPTOBLIAEIEHUS CTOIL BEJIUK.
4yTOo obpa3ylolascs ynapHas BOJIHa, paclPOCTPAHIACH 10 06beMY MUUIEHHU, BBI3LIBAET €€ Harpes
" II.IaBJIEHUE.

Ha puc. 8 npuBonsTcs pacyeTHas ceTka (a), Ione NaBiIeHUs B MulleHu (6) 1 Mosie Temrnepa-
TYp B KUJIOKEIbBUHAX (6) B MOMEHT OKOHYaHus obinyuyenns. K 3ToMy MOMeHTY BpeMeHU 06beM
06.Ty49aeMoil YaCTH BellleCTBa yBEJMYUIICS NOUTH B 3 pa3a, MaKCUMallbHOE NaBlICHUE B MULLEHI
cocrabnseT 160 I'lla, a MmaxcumanbHas TeMmnepartypa cpens! nocturaet 270 000 K. ITonyyennoe
37ech 3HaUeHUe NaBlleHUsl BecbMa O/IM3KO K NpuBeneHHOMY B [1].

Ha puc. 9 npencraBnensl Te Xxe, 4To ¥ Ha puc. 8. pacrpenelneHus i MOMEHTa Bpene-
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Hu 0,5 mkc. 3 puc. 9,¢ BugHO, 9TO 06MaCTh pa3pylIeHUss MUIIEHN 3HAYUTEIBHO IIPEBLIIIAET
obnacThb YHEPrOBLIENIEHNs, KOTOpas OlpeneNnseTcs 1PoOeroM 4acTUIl B MaTepHajie MUIIEHU U
pannycoMm nydka. Boixom ymapHO BOJHBI Ha CBOOOMHYIO IOBEPXHOCTH NMPUBOMUT K TIIABIEHUIO
¥ UCTEUYEeHUIO BellleCTBa M3 NPUOCEBOW 0OMacTU ¥ 06pa3oBaHUIO B KOHEYHOM UTOre CKBO3HOTO
OTBEPCTUS B MuIIeHU. MaKCUMyM NaBIIeHUsS HAXOOUTCS B nepudepuiiHOd TBEpPHOTENIbHON 4Ya-
cTu muiieHu (puc. 9,6), a nose naBiIeHNs NMpeiCcTaBiaseT coboil pa3berawiyocs B paaialbHOM
HallpaBlIeHHM BONMHY. MakciManbHas TeMIepaTypa cpelbl, Kak BUMIHO u3 puc. 9,6, okono 10° K.
B npuoceBoit o6acT BOMU3M THIILHONW CTOPOHBI MUIIEHU TeMIepaTypa cpennl okoso 2000 K.
MaccoBasi IITOTHOCTD IJ1a3MeHHOTO ¢dakelna Ha ero ¢ponrte MeHee (0,00001 umcxomHo# MIO0THOCTH
BellleCTBa, T. €. B IIDUBE/ICHHOM peIlleHUH IUIOTHOCTBb BellleCTBa MeHseTcs Ooslee yeM Ha IATHb
0P SLIIKOB.

CnenyeT OTMETUTD, YTO B JAHHOM IpHMepe 06beM MHIIEHU YBENUYUIICS 10 CPABHEHUIO
¢ nepBoHadaJbHLIM Oonee 4eM B 20 pa3 M Ipouenypa NepecTPONKHM CeTKU OCYILIeCTBIISIach
MHOTOKPATHO C IIOMOIILIO OKMCAHHOrO B [27] MeToma reHepanuu CeTKH.

[IpuBenenHble IPUMeEPHI IEMOHCTPUPYIOT BLICOKYIO 3h(GEeK TUBHOCTDL pa3paboTaHHOIO 311eCh
MeTola pelleHus YpaBHEeHNN MeXaHUKH CILIOIIHOM Cpefbl, KOTOPLIX [103BOJIsSEeT IIPOBONUTEL MOJle-
AupoBaHWe NVMHAMUKM BEIIeCTBA B CaMOM LIMPOKOM [Ualla30He ero TepMOINHaMUUYeCKUX Iapa-
METPOB, 4TO SBJISETCS YPE3BLIYAIIHO BaXXHBIM IIPU PELIEHUM 3a/1ad, CBSI3aHHBIX C BO3/JI€HCTBUEM
KOHLEHTPUPOBAHHBIX IIOTOKOB 9HEPIHUH.

B 3aknoueHue aBrop BolpaxaeT GiaromapHocTh B. M. domuHy 3a nosessble 3amedaHms,
B. B. Banpyyky 3a nomolilb B IpoBENEHNH Pac4eTOB.
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