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AnHomayusn

B pabore maHOo moapoO6HOE 060CHOBAaHKE THIIOTE3bI O PAANON30TONHON NMpupoie TopHaao. Pa3spa-
00TaH MaTeMaTHYECKUH amlmapar IJIsl ONMCAHKS TaK HAa3bIBAEMOI'0 «HEBHIMMOTO TOPHAI0», OTBE-
YaIOUIero 3a oOpa3oBaHME KPYroB Ha HONsAX. PaspaboTaHHBIN amnmapaT MOJIHOCTHIO MPUTOJCH H
JUISl KIIACCHYECKOTO TOPHAI0. Pa3nuune coCTOUT TOJIBKO B TOM, YTO B KIIACCHYECKOM TOPHAIO OT-
pHLATENIBHO 3apsDKEHHAs BO3YLIHO-KAIeIbHAs CMECh BPAIAETCs BOKPYT IOJIOKHTENBHO 3apsi-
KEHHOTO A1pa TOPHAZO, & B «HEBHUIUMOM TOPHA/I0» — HA000POT.

Beeoenue

TopHamo OTHOCHTCS K 4HMCIy Hanboyiee TPO3HBIX
aTMoc(hepHBIX SIBIICHHHA. Pa3auuyHble acmeKTsl Mpodiie-
MBI 3TOTO I'PO3HOTO aTMOC(EPHOTO SBICHHUS H3Yy4aJINCh
Ha MPOTSHKEHUM IOCIEIHUX CTONeTHH. Pe3ynpraTsl Ha-
OJIFOIaTEIbHBIX U TECOPETUYECKUX HMCCICIOBAHUN ITOM
npoOJIeMbl MpeJCTaBlIeHbl B MHOTOYKMCIIEHHBIX paboTax
(cm. Hampumep [1-12, 17] u ccpuiku B HUX). Benymue
CHeLUaIuCThl B 001acTu (U3UKH aTMOC(HEpHBIX SBIIE-
HHUH 00BbEJMHEHBI MEXIyHapOJHBIM IEHTPOM TOPHA/I0 U
Taii(h)yHOB BO IJIaBe C H3BECTHBIM METEOposioroM TepeHcoM
MuzenowMm (terence.meaden(@torro.org.uk).

OnHaKO OTHOM W3 OCHOBHBIX INPOOJIEM, COIPSDKEH-
HBIX ¢ 3a7adedl co3maHus GU3NIecKol TeoOpruu TOPHATIO,
SBISIETCS TO, YTO HU OZIHA U3 CYILIECTBYIOIINX MOJEINEH
TOpPHAI0 HE OOBSICHACT OCHOBHBIX €ro CBOMCTB. B yact-
HOCTH, BO BCEX MEPEUYHMCICHHBIX BBIIC paboTax (3a uc-
KJIFOUeHHeM paboThl [17]) OTCYTCTBYIOT peaibHBIE Me-
XaHU3MOB IOJIMUTKU TOPHANO dHeprued. Eciau Bepursb
JUTEPATYPHBIM JaHHBIM, TO OCTaeTCsi HEOOBSICHUMBIM
HaJIM4YMEe BHYTPU TOPHAIO MOIIHBIX IEKTPHUECKUX I10-
neil. OxupaeT JeTaabHOIO aHAJIM3a CBOMCTBO CaMOCBe-
THMOCTH TOPHAJO, a TaKKe TOT (akT, 4TO OT CTojaOa
TOPHAZO OTJICTAIOT LIAPOBBIC MOJHWHW. 3araJkou s
OOoNBPIIMHCTBA (PU3MKOB M METEOPOJIOTOB OCTaeTCA M
MHOT'0€ JIPYro€, B YaCTHOCTH, BETMUNHA BCACBHIBAIOILIETO
s dexra TopHATIO.

Ienpro HacToOsIICH PabOTHI SABJISIETCS OOOCHOBAHHE
TUIIOTE3bl O PaJMOU30TONHON NMPHPOJIE TOPHAIO U BO-
naHbIX cmepued. [locnenHue 3amedaTenbHbl TEM, YTO
HUMEIOT BBICOTY 10 1,5 KMJIOMETPOB, UTO COOTBETCTBYET
nepernany aasieHud B 150 armocdep, 1 HUKakuM oOpa-
30M HE MOTYT OBITh OOBSCHEHBI HAJMYMEM I'PAANEHTOB
JIaBJICHUS M TEMIIEpaTypsl B aTMocdepe.

Tunomesa o paduouzomonnoi
npupooe mopHaoo

B paborax [13-24] Obuia co3maHa paguoOU30TOIHAS
TEOpUS IAPOBOW MOJHHUH, KOTOPAsl MOTHOCTHIO OOBSIC-
HSIET BCE €€ DMIUPUUECKHE CBOMCTBA U COMIACYETCsl KaK
¢ HaONOJATeIbHBIMHA, TaK U C JKCIIEPUMEHTAIHHBIMH
MaHHBIMHA. B 3THX paboTax OBLT OTKPHIT M HUCCIECHOBAH
HOBBII THUII IETHBIX PEAKIUN — LEMHBIE CyOaTOMHEIC
peakIuu WHIYIUPOBAHHOTO [3-pacmaga B CBsI3aHHOE

cocrosiHue. [ 3THX peakuuil XapakTepeH SHepreTu-
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YECKHUIl BBIXOJI, HAa TPU-UEThIPE MOPsIKa OOJIBIINI, YeM
JUIS XUMUYECKUX PEeaKkiui, HO Ha TPU TOpPsAKa MEHb-
i, yeM ais siiepHbix peakuuil. [lostomy Bce aTtmo-
cepHBIC TPOIIECCH, HE BIHCHIBAIOIIUCCS B OOIIEHPH-
HATHIE MPEACTaBICHUSI C TOYKHU 3PEHHUS 3aKOHA COXpa-
HEHUSl SHEPTUH, CIEAYET NMPOBEPATh HA y4acTHE B HUX
cy0aTOMHBIX MPOIIECCOB, a TAKXKE MPOIECCOB OOBITHOTO
PaaMOaKTUBHOIO pacraja.

B 3T0i# cBA3M HEOOXOAMMO OTMETHUTH, YTO COTJIACHO
3aKOHaM Ta30BOM JIMHAMHKWA KUHETHYECKas SHeprus,

KOTOpoii  oOmagaeT  ra3oBblii  IOTOK,  paBHA
2

\
E = J. pTaW , TIe p — IUIOTHOCTH Ias3a, vV — €ro CKo-

pocth, a V' — paccMmarpuBaemblii 06beM. [Ipsimast mon-
CTaHOBKA B 9TO BBIPA)KEHHE YHMCIICHHBIX 3HAUCHUH IS
HeOoypmoro TopHamo pamuycoM R ~30 M, BBICOTOI
h~1 kM u umeromiero ckopocts v ~ 200 xm/gac, mpu-
BOJUT K OLIEHKe E, ~ 10° Jx. JInst cpaBHEHUST HATIOM-
HHUM, YTO OOBIYHBINA YTIOT MoOIHOCThIO 1 KBT 3a 3 vaca
notpebnser ~10" Jx omekrposmepruu. Kak pas
CTOJIBKO DHEPIUHM INPHUXOMUTCS Ha «pabodylo» YacTb
TopHaIo — nepBbie 10-20 METpOB OT MOBEPXHOCTH 3€M-
JM, TAE€ OH M NMPOM3BOJIMUT Bce paszpyuieHus. Ho nmaxke
ecni OBl BCSL SHEPIusi Ta30BOTO MMOTOKA OblLIa M3pacxo-
JIOBaHa Ha TIepeMElleHNe HaXOJUIIIUXCS Ha 3emiie
MIPEAMETOB, TO ¥ TorAa Obl | THTaIKOYyIb COOTBETCTBO-
Ban sHepronorpednernto 100 yrioros (wm 100 crm-
paybHBIX MamuH) 3a 3 yaca. O4eBHIAHO, YTO COTHS yTIO-
TOB TOPO/J pa3pyLINTh HE MOXKET, & TOPHAI0 — pa3pyla-
er. Hanmnmo Buanmoe HapylIeHHE 3aKOHAa COXpPaHEHHSA
SHEPTHH.

Hwxe MbI 060cHYeM TOT (axT, 4To:

e 3a DHEPreTHKY TOPHAIO OTBEYaeT [3-pacman

Saaep paxuoakTHBHOTO (ochopa M APYrHX KOPOTKOXKH-
ByIIMX [3” -aKTHBHBIX H30TONOB JIETKHX XHMHYECKHX

9IIEMEHTOB;
e 3a oOpazoBanue aTMoc(hepHOro BUXps (cMepya)
oTBevaeT [} -pacmaj sAep KOPOTKOXKMBYIIMX H30TOIOB

B HEIMPEPHIBHBIA CIEKTP, KOTOPBIA MPUBOJMUT K IPO-
CTPAaHCTBEHHOMY Pa3/ICICHHUIO 3JICKTPUYECKUX 3apsiioB
MPOTUBOIOJI0KHOTO 3HAKA.

e B obnactu rmaza TOpHaZO HaxoIWUTCS OOJBIION
IO BEIMYMHE DJIEKTPUYECKHN 3apsf], BOKPYT KOTOPOro
BpamiaeTcs crojil BO3ayXa WM BO3IyNIHO-KaNeJIbHOH



cMecH (a3po30J11 Ha OCHOBE PAJMOaKTUBHOTO 3JIEKTPO-
JMTa), UMEIOIIUH 3apsa MPOTUBOIIOJIOKHOTO 3HAaKa, U
COJICPIKAIUi XMMHUECKHE COEINUHEHHSI KOPOTKOXKUBY-
WX [} -aKTHBHBIX H30TOIIOB.

B moine3y Takoi Monenu pacmpeneneHus 3apsia ro-
BOPST CJIC/TYIOLIHE apTyMEHTBHI:

1. Cronb TopHAIO MPAKTHYECKH BCETNA CITYyCKaeTCs
13 OTPOMHOM YEPHOU TyuH.

2. PaguonsoTonsl cojepKaTcs B MaTEPUHCKOM T'PO-
30BOM OOJIaKe.

3. IIpocTpaHCTBEHHOE pa3/ielieHHe 3JIEKTPUIECKUX
3apsiIoB  MPOMCXOIUT IPU PaJAUOAKTHBHOM pacraje
YIOMSIHYTBIX H30TOIIOB.

4. TTonoXxuTenbHBINA SIEKTPUUECKUN 3apsii COCPeIo-
TOYEH B OCHOBHOM Ha MOHax, 0o0pa3oBaBIIMXCS B pe-
3ynbpTare f3 - pacnajga KOPOTKOKUBYIIUX H30TOIOB.

5. B «HEBHOMUMBIX» TOpPHAIO (B CYXOM BO3IYyXE)
MaKpOCKOTIMIECKUH OTPHULATENBHBIN 3apsa o0Opasyer
00J1aK0 KBa3MCBOOOIHBIX DJIEKTPOHOB, a BO BIIAKHOM
BO3/lyX€ AJICKTPOHBI 3aXBaTbIBAIOTCS KAIUIIMU BOJIBI.

6. IIpu B3auMOIEHCTBUHN POILYKTOB PaJlOAKTHBHO-
TO pacraja ¢ MoJIeKyJlaMH Bo3jyxa 3((eKTHBHas repe-
Jlada SHEprMU U UMITyJIbCa MPOMCXOAUT TOJBKO MpHU
HNOH-MOJIEKYJISIPHBIX COYAAPEHUSAX.

7. Ilpu CTONKHOBEHHH [ -3JICKTPOHOB C MOJIEKYJIa-

MH BO3yXa IepeJadll SHEPTHH HE MPOUCXOIHUT HU3-3a
MaJIOCTH MacChl IEKTPOHA (CKOPOCTh MOJEKYJ Ipak-
TUYECKU HE U3MEHSETCH).

8. Hamnume «rma3a» TOpHaZmO CBHUIETENBCTBYET B
MOJb3Yy TOTO, YTO 3apsibl MPOTHUBOIOJIOXKHOTO 3HaKa
pa3HeceHbl B MPOCTPAHCTBE HA 3HAYMTEIHLHOE PaccTos-
HHE.

9. DnekTpuyeckoe TIOJe, BBI3BIBAIOIIEE 3aKPYTKY
BO3/IyLIIHOT'O TOTOKA, AEHCTBYET, B OCHOBHOM, Ha 3apsi-
JKCHHBIC YaCTHIIBI.

10. «KpyTut» ToiBKO mepudepryecKyro 4acTb TOp-
HaJ0 («x000T»).

PaccmoTpum mporiece oOpa3zoBanus TopHano. Ipen-
MIOJIOXKMM, YTO BOJIM3M MOBEPXHOCTH 3eMi 00pa3oBa-
JOCh PaAMOAKTHBHOE OO0JIAKO, COCTOSIIee M3 XHMHYe-
CKUX COEAMHEHUH KOPOTKOXKUBYHIMX [~ -aKTHBHBIX

M30TOMNOB. B cHily 10CTaTOYHO BBICOKOHM paJHOaKTHB-
HOCTH BHYTPH pPaccMaTpHUBAeMOro o0Jlaka HEKOTOpas
4acTh Tra3a (cMech BO3AyXa C KallysIMU PaJOaKTHBHOTO
ANIEKTPOJIMTA, adpPO30J HJIM adporelisi) HaXOOUTCS B
MOHHM30BaHHOM COCTOSIHHM, M IpeJCTaBisieT cOO0H HU3-
KOTeMIIepaTypHyIo IU1a3My. BHyTpH obnaka mporekaeT
oObryHBI [~ -pacnian. Pexe Bo3HMKaeT nenHas cyO-
aTOMHas peakiys HHIYLUPOBAaHHOTO [} -pacnana B CBS-

3aHHOE cocTosiHME (mIapoBasi MoyHMA). V3-3a WHTEH-
CHBHOTO BBIOpOCa [} -3JIEKTPOHOB IEHTpajbHas 4YacTh

paanoaKTHBHOTO obOnaka (1o oOpa3oBaHWS TOPHAIO)
MMEET TMOJIOKUTENBHBIN 3aps, a ero nepudepust UMeeT
OTPULIATENIbHBIN 3apsl.

B pesynbrare paanoakTHBHOTO pacmaja B OIHCHI-
BacMOM oO0Jiake 00pa3yeTcs OrPOMHOE KOJIMYECTBO
aTOMOB JIOYCPHHUX PAJHOHYKIHIOB B BO30Y)KICHHOM
COCTOSIHUHU. «BCTpsSXHMBaHUE» 3JICKTPOHHBIX 000J0YEK

npu B-pacnane MNpUBOAUT K TOMY, YTO ONHCBIBACMOC

00J1aYKO SBJIAETCS MHTEHCUBHLIM MCTOYHHUKOM MSTKOTO
PEHTTCHOBCKOTO (JKECTKOTO YIbTPahHUOJICTOBOIO) U3y~
YCHHSA, & TaKXKE DJICKTPOMATHUTHOTO W3IYYCHHUS B BH-
mumoM u CBU-muamaszonax. IlepeunciieHHBIE 0COOCH-
HOCTH PaJINOAKTUBHOTO 00Naka 00yCIaBIMBAIOT HEKO-
TOpBIC €T0 HEOOBIYHEBIE CBOICTBA:

1) Takoe 00JTaKO SBISAETCS CAaMOCKMMAFOIIIMCST,;

2) OHO ABNSETCS MCTOYHUKOM HOHH3UPYIOIIETO M3-

Jy4EHHS;
3) gamie BCEro JETUT B HANpaBICHUH MOBBIIICHUS
KOHIICHTPAIMK  COOTBETCTBYIONICTO  PaJUOU30TOINA

(MHOT/Ia IPOTUB BETpa), HO HA €ro TPACKTOPHIO OYEHb
CHJIBHO BJIMSET AJIEKTPUUECKOE 0JIe 3eMIIH;

4) TpacKTOpHS TIOJIeTa 00JIAUKa SIBIISCTCS CITyJaiHOM;

5) B HEKOTOPBIX CIy4asX NepeMelleHHEe 30HBI CBe-
YeHUs ¢1a00 CBS3aHO C IEPEHOCOM BEIECTBA.

Ecnm pasmeps! oOnaka BEIMKH, 8 KOHLICHTPALHUS CO-
JepKaIuXCcsl B HEM pPaJHON30TOIIOB HEBBICOKA, TO Ha
MOHAaX — MPOJYKTax pPaJMOaKTHBHOTO paclaia MpOouC-
XOAMUT KOHJIGHCALUsI IapoB BOJBI, @ 3JIEKTPOHBI 3aXBa-
TBIBAIOTCS KAIUIIMU BOABI (KaK MIPaBUIIO, KUCIIOTO JJIeK-
TponuTa). Tak HauMHAeTCs mpouecc GOPMUPOBAHUS OT-
POMHOTO TPO30BOr0 00JaKa, CIIy)Kalllero 3aroTOBKOM
JUIsl TOPHAIO.

Ecnu 3a cuer urykTyauumii moTHOCTH M30TOIOB M
BOJISTHBIX IIAPOB B TPO30BOM 00J1ake 00pas3yeTcsi pa3phiB
(obmacTh, B KOTOPO# BIaXXHOCTh KpaiHEe HU3Ka), TO B
3TOM pa3pblBeé MOXKET CKOHLIEHTPHPOBATHCS OTPHIA-
TENBHBIN 3apsin (006J1aK0 CBOOOTHBIX AIEKTPOHOB).

IIpocTelimue OLIEHKH MOKa3bIBAIOT, YTO THIIOTE3A O
TOM, YTO TOPHAJIO YEpPIAET CBOIO SHEPTUIO OT paJHoakK-
TUBHBIX M30TOINOB, COJCPKAIUXCSI B MATEPUHCKOM 00-
JIaKe, He MPOTUBOPEUUT 3aKOHY COXpPaHEHHMs JHEpruu. B
camoM pene. HabOmiomaemble pa3mepbl MaTepUHCKOTO
o0Jiaka, U3 KOTOPOro BBIXOJAUT CTOJIO TOPHA/IO, COCTaB-
na10T, Kak MuEEMyM, 10x10 kM (100 kM%), a TommmHa
ero He MeHee 1 kM. Takum o6pazom, mMaTrepuHCKoe 00-
nako umeer o6beM mpsaka (100 k'), OleHKH, BBIION-
HEHHBIC TPH aHalIM3e MNpoOIeMBbl MIAPOBOM MOJHHUH
(IIM), moKa3bIBAIOT, YTO JUISI BO3HUKHOBEHHS CTaI[HO-
HApHOTO 3JIEKTPUYECKOTO pa3psAna B BO3IyXe HEOOXo-
muMa ynrenbHas akTuBHOCTE ~100 Kropu/mutp. Habmro-
JaTeId HEOTHOKPaTHO OTMEYANl, YTO OT «X000Ta»
TOPHAI0 OTAEISIOTCS HIapoBble MoaHUU. ClienoBarels-
HO, yZIeJIbHasi aKTUBHOCTb MaT€pPUHCKOro o0iaka gocTa-
TOYHO BBICOKA. J[JIs1 OIIEHOK TIOJIOKHM, YTO OHa COCTaB-
nset ~100 Kiopu/M®, uto Ha 3 HOpsaKa MEHbIIE, YeM B
IM. Ilpu B -pacnazne 1 siapa (B HEMPEPBIBHBII CIIEKTP)
JJEKTPOH YHOCUT ~1 MbdB sHeprum, KoTopas, B KOHEU-
HOM CYETE, MOTTIOMACTCS MOJIEKYIIaMH BO3/IyXa.

PaccunTaem 3¢ppekTHBHYIO MOIITHOCTE MaTEPHUHCKO-
ro Tpo30BOro obiiaka, MEepeMHOXas ero o0beM Ha
yIeNbHYI0 aKTMBHOCTh M Ha CPEAHIOI BEIUYUHY IIO-
JIE3HOW SHEPTHH, BBIAEIAIONIEHCS MpH 3 - pacmazne ofl-

HOT'O aTOMHOTO sJpa:

N=V-C-(g,)~3.7-10"9B/c.
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[Tomyuaercs, uro oHa coctaBisier 6omee 10 I'mra-
BaTT. JTO M €CTb Ta camasl YyJOBHIIHAs MOIIHOCTb
TOPHAI0-yOUIIIBI, CTHpAIOIIast C JIMIa 3eMIIH Leble ro-
poxa. B ornuume oT npuBEAEHHBIX BBIIIE ra30AMHAMU-
YECKUX OILICHOK, siIepHO(U3NIECKIE OIIEHKH MOIIHOCTH
TOPHAJO TIOJHOCTHIO COTJIACYIOTCS C HAOJIIOATENbHBI-
MU JaHHBIMH. OJHAKO 10 CHX IOp MPAaKTHYECKH HET
pabot (ecnm He cuuTaTh CTaTtbd [17]), MOCBAMICHHBIX
aHATN3y MEXaHW3MOB «IICPEKAuKH» BHYTPHAACPHOU
SHEPrHuM Ha Ta30JMHAMHYECKHE CTENEHH CBOOOIEL. B
CBSI3H C STHM BO3HHKaeT mpobieMa pa3paboTKu paiwo-
M30TOMHON MOJENN TOPHAZO.

Ha onucarensHOM ypoBHE mpejularacMmasi B HacTOs-
meld paboTe MOAENb SBICHUS BBIMISIUT CIEAYIOIIUM
oOpazoM. Ha HauanbHO# cTaguu mporecca B TPO30BOM
obnake oOpasyercst 3apofplll TopHano. KymoHoBckoe
B3aUMOJICHCTBHE TPUTATHBACT MOJOXKUTEIBHO 3apsi-
JKEHHBIC YaCTHIBI, K OTPHLATEIBHO 3apsHKEHHBIM dac-
tuaM. OJHaKO HaJIWYKE TaHTEHIMAIBLHON COCTaBIISIO-
el CKOPOCTH MPHBOAWT K 3aKPyUMBAHUIO TA30BOTO
MOTOKA. 3a cYeT MEeHTPOOEKHBIX 3(P(PEeKTOB B IIEHTpAIB-
HOH 30HE€ TOPHAJO0 CO3AaeTcs paspexeHue. B pesynbra-
T€ «BO3JyXOBOPOT» 3aTATMBACT BO3IYyLIHO-KANEIbHYIO
CMeCh U3 TPO30BOTO 00JaKa BHYTPh CTOJI0A TOPHAIO.
Tak obpa3yetcst cmepu. [Ipu 3TOM MOTEpH IHEPIUU, KO-
TOpasi TPaTUTCSI Ha MPEOAOJICHUE CHJI TPEHHS M Ha Tie-
peMelleHre PEeIMETOB, 3aXBaUYCHHBIX BO3/IYLIHBIM MO-
TOKOM, KOMITEHCHUPYIOTCS 3a CUET 3Hepruu [ -pacmaza.

CamO k€ BHXPEBOE [BI)KCHHE BO3AYIIHOTO MOTOKA,
UMEIOIIee Mallblii pajguyc BpAIICHHS, OOYCIIOBIEHO
JNEKTPOCTATUYECKUM B3auMojelcTBueM. Ilpuyem pa-
JIMyC TOPHAJO OJHO3HAYHO CBA3aH C KOHIIGHTpauueH
HEUTPOHHOU3OBITOUYHBIX PaJHOU30TOIIOB, IOCKOJIBKY
UMEHHO UX [} -pacmaj 00ecreunBaeT «IOIIUTKY» TOp-

HAaJ10 2JIEKTPUUECKUM 3apsA70M U SHEeprueil.

Mamemamuueckan mooenb mopHaoo

ITocTporM MaTeMaTHYeCKyl0 MOJEIb «HEBHIMMO-
ro» TOpHano. Mozenb «KJIacCHYeCKOro» TOPHARO OTIIH-
YaeTcs TOJIbKO CMEHOH 3Haka 3apsiaa. byaem cumtats,
YTO MPHUCYTCTBYIOIINE B TOPHAIO MOJOKUTEIbHBIE HO-
HBI, oOpa3oBaBmmecss mpu [3-pacmane KOPOTKOKHBY-

IIAX HW30TOIOB, «BMOPOKCHBI» B Ta30BBI MOTOK, a
CTOJIKHOBEHHSIMHU JIEKTPOHOB C MOJIEKYJIaMU BO3[yXa B
HYJICBOM IPUOIIKEHIH MOKHO TIpeHeOpeUs.

Cucrema ypaBHEHHI T'a30BOil AMHAMHKH B COBO-
KyIHOCTH C YPaBHEHHEM COCTOSIHUS ra3a UMEeT BUJL:
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rae p — INIOTHOCTb Ta3a, vV — €ro CKOpOCTh, p — JaB-
JeHue, e — TIUIOTHOCTb BHYTPEHHEH 3HEpIuH,
w=e+p/p — IUIOTHOCTb JHTANBNUH, € — BA3KHUH

TEH30p HampsbkeHud, I — TeMmmeparypa rasa, R -
yYHHUBepcajibHasl ra3oBasl MOCTOSIHHAasA, |[I — MOJIIpHas

Macca raza, K — KOI(QHIUEHT TEIIONPOBOIHOCTH,
p, — IUIOTHOCTB IOJIOKUTEIBHOTO JJIEKTPUYECKOr0 3a-

psima, j© — WOHHAs (KOHBEKIIHOHHAs) KOMIIOHEHTA

IUTOTHOCTH IEKTPUUECKOTO TOKa, £ — HAaNpPsDKEHHOCTD
JIEKTPUUECKOr0 MoJis, B — MHIYKUIUS MarHUTHOIO IO-
751, ¢ — YyCKOpeHHe CBOOOIHOTO ITa/ICHHSI.

B ypasuennn (1) mpucyrcTByer g, - MIOTHOCTH

MOIIHOCTH HMCTOYHHKOB BHYTPEHHEH 3HEpruu, MOJIMu-
TBIBAIOIUX TA30BbIH MOTOK:

Doy = p§‘7+<6;jﬁz>g +
Lo L ()
+J,E +GE’ +(p:E+j+ xB)V,

npuYeM jg — IUIOTHOCTH [3-TOKa, cgl — a(exTHBHOE

YACJIBHOC COIMPOTUBJICHUC BO3JayXa IJIA B -3JICKTPOHOB,

G — 3¢deKTUBHAS TPOBOJUMOCTh BO3AyXa AJSI TOKOB,
CO31aBacMbIX JIEKTPOHAMHU IPOBOAMMOCTH. Tpeyrosb-

HBIE CKOOKH <cs[;1 ]§> 03HAYAIOT, YTO YCPEIHEHUE Be-
€
(i
JIeTcs 1o dHeprusaM [3 -gacturl. ['a30BBIi OTOK MPHUXO-
JIUT B IBUXKEHHUE U3-3a TOTO, YTO B HETO «BMOPOKEHBI
AIIEKTPUYECKHE 3apspl, ABIKYIIHECS MO ACHCTBHEM
AIIEKTPHYECKOTO W MarHUTHOTO moneii. Cucrema ypas-
HeHuH MakcBeilia IMeeT BU:

. €)
D

rae p, — INIOTHOCTb JJICKTPUYCCKOTO 3apsiia, a j —

IUIOTHOCTbD IEKTPUUYECKOT0 TOKA.
B cooTrBercTBHM C THHOTE30M O TOM, YTO HOHBI-
IPOXYKTEl [3-pacmaja «BMOPOXKEHBD» B BO3AYILIHBIH

MOTOK, TIOCTYJIMPYEM, 4TO

j=]ﬁ+G(E+[<\7e>><l§])+p:§. 4)

Takum 0o0pa3oM, HOJIHAS IIOTHOCTh 3JIEKTPHYECKO-
r0 TOKa CKJIaJbIBACTCS M3 IUIOTHOCTH KOHBEKI[HOHHOTO

HOHHOTO TOKa P,V , U3 INIOTHOCTH [} -TOKa Jp ¥ IUIOT-

HOCTH JIEKTPOHHOI'0 TOKA IPOBOJAUMOCTH J, !

J. =o(E+[(7,)xB]), (5)

rac <§e> — CpCaAHsisaA CKOPOCTh DJICKTPOHOB NPOBOAMNMO-

CTH B BO3QyX€.



Cucrema ypaBHeHuit MakcBemna (3) moimkHa OBITh
JIOTIOJIHEHA CUCTEMOM MaTEpUAIbHBIX YPaBHEHUI:

Beeck o
B:l‘louﬁ-

Hcnonpzyemoe mpubnmkeHue, BooOIe ToBOps, HE
SBISIETCSI HU CaMOCOTJIACOBaHHBIM, HU BHYTPEHHE He-
npotuBopeynBbiM. Ho, kak Oyner BuaHO U3 JaibHEH-
1Iero, /Ui Ka4eCTBEHHOI'O aHaju3a SIBICHUS U Il 1Oo-
PSAAKOBBIX OLIEHOK, OHO BIIOJIHE NPHUT'OJTHO.

VYcoBue KBa3UCTalIOHAPHOCTH TOPHAA0 UMEET BU]

((Gi+7.),)=0. ™)

TO €CTh, CPEAHEC 3HAYCHUE CYMMBI paIUaJIbHBIX KOM-
IIOHCHT B-TOK& U TOKa MPOBOAUMOCTH PABHO HYJIIO.

Tonbko B 3TOM cilyyae pacHpeiesieHHe IEKTPHIECKOTo
3apsiza B MPOCTPAHCTBE SIBJSIETCS] KBa3UCTAIIMOHAPHBIM,
HOCKOJIKY M3MEHEHUE BEIMYUHBl P, BO BpeMeHH Oy-

JIET OIPENENAThCS KOHBEKIIMOHHBEIM TOKOM, CO37aBae-
MBIM HOHAMH.

PaccuntaeM mapameTphl CTaI[MOHAPHOTO BHXPS, 3a
3aKpPYTKY KOTOPOTO OTBEYAET JEKTPOCTATUIECKOE B3aH-
Mozeucteue. g 3TOro NpeAnosokuM, 4YTO BIUSHHE
KOHBEKIIMOHHBIX TOKOB Ha CTPYKTYpY BUXPEBOTO Teye-
HUSL HEBENUKO. TO ecTh BBINOJHSIETCS  YCIOBHE

|E | > |\7 X B| . Hagmame MarHuTHOTO mOJIsL, CO31aBacMOTo

MOHHBIM (KOHBEKIIMOHHBIM) TOKOM CKa3bIBaeTcs, B OC-
HOBHOM, Ha CTallMOHAPHOM paclpelelcHHN dJIeKTpHde-
cKoro 3apsiga. IMeHHO MarHUTHOE I10J1€ KPyTOBOIO TOKa
YAEPKUBACT 3HAYUTENILHOE KOIMYECTBO 3JIEKTPOHOB B
ra3zy TopHajgo. MIMeHHO Haluuue MAarHUTHOM JIOBYILIKU
OTBEYACT 33 CYHIECTBEHHYI0 ACUMMETPHIO MPOCTPAHCT-
BEHHOTO PACTIPEAEIICHNS JIEKTPUIECKOTO 3apsia.

C yd4eToM CHeNaHHBIX 3aMEYaHUH M TPEIIoNoKe-
HUI cucTeMa ypaBHEHHH, TPUOIMKEHHO OIHMCHIBAIOIAS
CTalMOHAPHOE JBMKEHUE BO3/lyXa B «X000TE» TOPHAJIO,
MPUMET BUJ:

[V , 3
va( W =Ny,

4. = (o, j§>% +j,E+oE?,

rae 1 — KIIJl BHyTpeHHHUX UCTOYHUKOB SHEPTUH.
Cucrema ypaBHeHMII MakcBesuia, OINKCHIBAIOIIAs

CTallMOHAPHBIE DJIEKTPUYECKHE W MarHUTHBIC TIONSA B

TOPHAJIO, TAKKE YIIPOIIIACTC:

VxE=0

-B=0

VxH=pV

V-D=p,

<

(€))

B o0mem Buje cucrema ypaBHEHHMH 3JIEKTpOMar-
HUTHOM Ta30AMHAMUKUA MOXeET OBITh HCCIEJOBaHA
TOJIBKO YHMCJIEHHBIMH MeTofamu. OgHako aisi 000CHO-
BaHUS THIIOTE3bI 00 AJICKTPOCTATUYCCKOW MPUpPOJE 3a-
KPYTKH aTMOC(EpHOTO BHXPsSl Majloro pajauyca Bpalie-
HUS (TOpHAIO) /JI0CTAaTOYHO KAYECTBEHHOTO aHaji3a B
c(OpPMYIMPOBAHHOM BHIIIE MPUOIMKCHUM CTalMOHap-
HOTO Ipoliecca.

PaccMoTpuM cTaunoHapHbI BUXPh ra3a, B KOTOPOM
pactipeziesieH anekTpudeckuii 3apsia. Omyckast B cucTe-
Me (8) ypaBHEHUsI, HECYIIIECTBEHHBIC Ha JAHHOM 3Talle
paccMOTPEHUs, U BOCIIOIb30BABIINCH IIMIIMHAPHUECKOM
CUMMETpPHEH 3a7auu, NIPEACTaBUM CHCTEMY ypaBHEHUU
ra30BOW TUHAMUKH B BHJIE:

13, |, apv)

r or oz
ov, i_i_ p.(r,z)

ro

"or “oz r  p(rz)

(10

Cucrema ypaBuHeHuid (10) Bce eme AOCTaTOYHO
CIIOKHA JJISL PEIICHUS aHATUTHICCKUMU METOJaMHu. A
JUIS OOOCHOBaHUS PaJMON30TOITHOW MOJEIH TOPHAIO
KpaiiHe JXelaTelbHO UMETh MYyCTh U HE OYeHb TOYHbIC,
HO yIOOHBIE JUIsl aHATM3a COOTHOIICHHSI, TO3BOJISIOIINE
JIeNaTh MOPSIKOBBIC OLCHKH HAOIIOaeMbIX Mapamer-
POB BUXPEBOrO BO3IYIIHOTO IOTOKAa. B CBs3u ¢ 3TUM
JIOTUYHO BOCHOJIB30BATHCSI NPUOIMIKEHHEM «JTMHHOTO
TOPHA0», B KOTOPOM MMEET MECTO HE TOJBKO LIWJINH/I-
pHUCCKasi CHMMETPHS OTHOCHTEIBHO OCH BpAILCHHS, HO
W WHBAPUAHTHOCTH M0 OTHOIICHHIO K CIBHraM BIOJb
OCH CUMMETPHHU.

Hpubnuscenue
«OecKoHeuHo ONUHHO20 MOPHAOO0)

Ecnu mMmeer MecTo MHBapUaHTHOCTh CHCTEMBI MO
OTHOIIICHHIO K CABHTaM BJOJIb OCH Z , CHCTEMa ypaBHe-
HU# ra3oBoil muHaMuku (10) cTaHOBUTCS e€Ie MpoIie:

10(prv,)

r or

Vr%_ﬁz_ﬁ_:(r)]g
or r p(r)

0

an

ov y ’
v, —+-2=0
or r
V2
Pvra o TW =Ny
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rae Ej(r)z<pj, (r,z)> — YCpeAHEHHass MO Zz Mpo-
z

CTPaHCTBEHHAs IUIOTHOCTH IIOJIOKUTENBHBIX DIICKTPH-

YECKUX 3apsiyioB, a p(r) = (p(r, z))z — yCpeOHEHHas 10

Z IUIOTHOCTH BO3/yXa.

JlaHHast cuctemMa ypaBHEHHit, BOOOIIE rOBOPsI, BHYT-
pEHHE TIPOTHUBOPEUMBA, TOCKOJIIbKY U3 ypaBHEHMs He-
IPEPLIBHOCTH CIIEAYyET, uTo pv, = A-7~' . B cBowO Oue-

penb, U3 TpeOOBaHUS PETYISIPHOCTH PEIICHUS BHITCKA-
eT, uto0 A =0. DT0 BO3MOXHO, JIumb ecan N =0, To

€CTh KOTJa BCS BHYTPEHHSSI DHEPIHs Tasa, cOCpenoTo-
YeHHasl Ha SIEPHBIX CTEHEHIX CBOOOBI PaiON30TOIIOB,
YBIIEKAaEMbIX BO3IYLIHBIM IIOTOKOM, PACXOIyeTcs Ha KOM-
TICHCAIIMIO TIOTePh KHHETUUECKOH SHEPTHU JTOTO MOTOKa,
00YyCIIOBJIEHHBIX cuilaMH TpeHus. CyJisl 10 BHEITHUM IIpO-
SBJICHUSIM, 3TO YCJIOBHE BBIIOIHSETCS UL TOPHAO C 0C-
TaTOYHO BBICOKOH CTENEHBI0 TOYHOCTH.

B sToMm cityuae cucrema ypasrenuit (11) mpuarMaer
BUJ:

=g (12)

[MpubmmkeHne «OECKOHEYHO JJIMHHOTO TOPHAI0»
BeCbMa Jalieko OT peasbHOCTH. OAHAKO OHO YHOOHO
TEM, YTO MHOTHE OLICHKH B 3TOM MPUOJIMKCHUH BBIIOJI-
HSIIOTCS 2JIEMEHTApHO.

IIpu oTCcyTCTBUM 3aBUCHMOCTH MJIOTHOCTH 3apsAaa OT
KOOPJMHATHI z A3UMyTaJbHAsl U BEPTUKAIbHAS KOMIIO-
HEHTBI 3JIEKTPUIECKOTO OIS 3aHYJIISTIOTCS
(E, =E.=0), a KOMIOHEHTY E, TpOLIE BCErO BBIYNC-

JINTHb IO TCOPEME Faycca:

1

g5,

E, =

[p.®)ede. (13)

Takum 00pa3oMm, MBI TOTy4aeM 0OIee BBIPAKCHHE
JUISL Q3UMYTaJIbHOM COCTaBISIOLIEN CKOPOCTH BUXPEBO-
O MOTOKA

2 :-%@(—g’))ij@@ada. (14)

W3 3TOro COOTHOLIEHUS HEMEAJIEHHO CIEAYIOT JABA
(hyHIaMEHTaJIBHBIX BBIBOJIA:
1. ITockoaBKY MOHBI-NIPOIYKTHI [} -pacrmaja pajuo-

M30TOIOB HAXOJSTCS TOJNBKO B «X000TE» TOPHAIO, MO-
CTOJIbKY HAJIMYHME «IJ1a3a» TOPHAI0 CBSA3aHO C TEeM, 4TO
B 30HE 3aTHLIbs BO3AYLIHOIO HOTOKA (v, =0 ) M0I0XKH-
TeNbHBIH 3apsn otcyTeTByet (P, (r)=0).

2.V TOpHA/I0 UMEETCs Pe3Kasi BHELIHSS TPaHHLIA.

Ilocnennee YTBEPXKACHUE BBITEKAET U3 TOr'0, YTO B
CHJIy 3aKOHAa COXpaHEHUA 3apsiaa BBIIIOJHACTCS YCIOBUE

[[[p.(rdF =0, (15)
Vv
U B COOTBETCTBMM C 3THUM paavajbHas KOMIIOHCHTa

QJICKTPHUYCCKOT'O IMOJIA Er SABJISACTCA 3HaKOHepeMeHHOﬁ.

Pactipenenenue [3 -3J1€KTPOHOB MO HAIPABICHHUSM BBI-
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nera m3oTponHo. OFHAKO B «TJ1a3y» TOPHAIO MMEETCS
MarHuTHasg JIOBYIIKA, CO37aBaeMas KOHBEKIIMOHHBIM
TokoM. [loaTOMy pacmpeneseHue 3JICKTPUUSCKOro 3a-
psia mo paguyCcy CHWIBHO HEpaBHOMEpHO. B mpeneinb-
HOM CJIyYae BBICOKOH MPOBOJAMMOCTH BO3[yXa BHYTPH
TOPHAJIO PACIOJIOXKECH OTPUIATEIBHBIA 3apsl, YIACPKU-
BaecMBIil MATHUTHEIM TI0JIEM, «X000T» TOPHAJIO 3apsKCH
MOJIOKUTEIBHO, 4 332 €r0 BHEITHEH rpaHUICd HAXOIUTCS
HeOOJIBIION TTO0 BETMYNHE OTPHULATESIBHBIN 3apsil, HaIlU-
9ieM KOTOPOTO MEI TIpeHe0peraem.

C y4eToMm BHIIIECKa3aHHOTO cooTHomeHue (14) cra-
HOBHTCSI NMPOTHBOPEYNBBIM MPHUOIN3UTEIFHO HAa BHEII-
HEll rpaHHIe pachpeneieHUs IOJI0KUTEIFHOTO 3apsaaa
P. (r), OCKONBKY TIPH ¥ > F, U vfp <0, rme 5, — Ko-

PEHb YpaBHEHHUS

p.(6)6dg=0. (16)

Sy S——

B peanpHOCTH KapTHHA BO3IYyLIHOTO TEYEHUS He-
CKOJIBKO CJIOKHEE, M BHEIIHSS YacTh TIOJIOKUTENIBHO 3a-
PSDKEHHOTO CT0J10a TOPHAJ0 BOBIEKAETCS B IBHXKCHHUE
CHJIaMH TPEHHUs; KpOMe TOro, B coorHouieHun (14)
OIyILIEHbl 4WIEHBI, OOYCIIOBJICHHbIE HAJIMYUEM BEPTHU-
KaJbHON M paguaibHON cocTaBisromux ckopoctu. Ho
caM 3ddexT Hanuuus pe3Koil BHEIIHEH IpaHMIBI TOp-
Ha/l0 OOYCIIOBJIEH 3HAKOIEPEMEHHOCTHIO paluajibHOM
KOMIIOHEHTBHI 3IEKTPHUUECKOro MOJIsl.

Ilpubnuswcenue «<mopHaoo KOHeUHOU ONUHBLY

JIast TOoro 4ToOBI OLECHUTH BIMSHHE KOHEUHOH ITH-
HBI TOPHAJ0 Ha XapakTep BO3MYLIHOIO TEUEHUs, Uccle-
JlyeM MpOCTEUIINHA ciyyail IMHEHHOro N0 z pacmipese-
JIeHHd 3apsija

pe(r,z)zﬁe(r)[l+ot(z—h/2)]. (17)

OcHoBaHueM sl BBIOOpa JIMHEHHON 3aBUCHUMOCTH
IUIOTHOCTH 3apsia OT BBICOTBHI CIYXHT (PAKT OTHOCH-
TEJIbHO PaBHOMEPHOI'O BBITOPAHMS «TOPIOYETr0o» TOpHA-
IO TI0 Mepe yAAIEeHUS OT MaTePUHCKOH TydH, 00yCIOB-
JICHHBIA TIOCTOSHCTBOM CKOPOCTH pacmaga paguoak-
TUBHBIX HM30TOIOB, 32 CUYET KOTOPOTO M MPOUCXOIUT
MPOCTPAHCTBEHHOE pa3eiieHHe HIEKTPUIECKUX 3apsi-
JoB. B KkadecTBe MOMONHUTENHHOTO YCIOBHSA, IMO3BO-
JISIOIIET0  JIOOMPENEIUTh 3aBUCUMOCTh  IJIOTHOCTH
ANEKTPUUYECKOTO 3apsifia OT BBICOTHI, Mbl TOCTYJIMPOBa-
JIM, YTO Ha TOJYBBICOTE TOPHAIO paauaibHasl 3aBUCH-
MOCTb IUIOTHOCTH 3apsiia COBINAAAET CO CPEIHeH MmioT-
HOCTBIO 3apsijia

p.(r,h/2)=P,(r) (18)
Jns manmpHEWIEro aHamM3a HaM HEOOXOIMMO Ompe-

JIENINTh 3aBUCUMOCTB E_. Jls 3TOr0 BOCHOIB3YEMCS

OCHOBHBIM YPaBHCHUEM DJICKTPOCTATUKM:

oD,
13GD) 108y D, _ (.2, 19
» ar r a(p 32



MPUYEM Y9TeM, YTO B CHITY IWIIMHIPUYECKON CHMMETPHU
3a71aun D‘p =0, a BeymunHa D, 1aeTcd COOTHOIICHHEM

(13), oTkyma MBI TOTy4aeM BbIpaKeHUE U1t E

E. :M(zz—hz+h2/4), (20)
T 2eg,

HpHUYeM TIPU ONPENCTICHUM KOHCTAHTBI MHTETPHPOBAHMUS
MBI BOCIIOJIB30BAJIICH YCIIOBHEM TOTO, YTO «IIICKTPHYE-
CKHii LIEHTP TSDKECTI» TOPHAIO0 HAXOAHMTCS Ha €ro Moiy-
BbicoTe: E_(7,h/2)=0. 3710 ycIoBUE COOTBETCIBYET TO-

MY, 4TO B CTOJIO TOPHAJIO AJIEKTPUYECKUE CUIIbI BTSTUBAIOT
W TPEAMETH C TOBEPXHOCTH 3eMJIM, M PaaANOaKTHBHYIO
BO3/IYIIHO-KAIEJIbHYIO CMECh U3 MAaTEPUHCKOH TYUH.

OtmeTnM, uto cooTHoureHue (20) naeT OTHOCHTENb-
HO OOJIBIIYO MOTPEIIHOCTD Ul BETUYUHBI JIEKTpUYe-
CKOTO TIOJII TOPHAJO0, HO IIO3BOJIIET OLIEHWTh BEPTHU-
KaJIbHYIO COCTaBIIIOIIYIO CKOPOCTH BO3AYIIHOTO HOTO-
ka. JlanpHeWimme oneHku OymeM TpPOBOOUTH B
MpUOIMKEHNN HEC)KMMAeMOH JKUAKOCTH, IMpUdeM Oy-
JleM Tonaratb, 4YTO IUIOTHOCTh Tra3a MOCTOSHHA!
p = const .

Kpome Toro, mocryiaupyem, 4To IUIOTHOCTH 3apsia
MEJUIEHHO MEHSIETCSI OT OCHOBAHHMS CTOJI0A TOPHAIO /10
MarepuHcKoil Tyun (o < 1). DTo yciaoBUe MO3BOJISET
CUNTATh, YTO BCE BEJIMUUHBI B 3371a4e CI1a00 3aBUCST OT
z . IlooTOMy MOXHO HCIIOJIB30BaTh aqHadaTHYECKOe
npubimkernne. B aTom npubmmkernn

V=2 [1+a(z—h/2)] @1

IpHYeM, V, — a3UMyTajbHas COCTABIISIOLIAs CKOPOCTH

ra3oBOro MNOTOKAa Ha MOJyBBICOTE TOPHAJIO.
W3 cucrembl ypaBHEHUH ra30BOW JUHAMHUKHU CIENy-

€T, UTO pajiajbHasl U BEPTUKAIbHAsE KOMIIOHEHTHI CKO-

POCTH BO3IYIIHOTO MIOTOKA CBSI3aHBI COOTHOLIICHUEM

v. =—a(r,z)v,, 22)
rae
ov. |ov. v |
a(r,z)=—2| 2 4+-2| . 23
(r.2) oz | or r (23)

W3 cuctemsr ypaBHeHuid (10) Taxke BHIHO, YTO B
paMKax CHeNaHHBIX IPEIIOJIOKEHUI 2z -KOMIIOHEHTa
ypaBHenust HaBbe-CTokca numeeT Buj

ov ov “(r,2)
y Doy e P g (24)
or oz p
C Y4€TOM YpaBHEHUS HEIIPEPBIBHOCTU IJIA HUJIUHI-
PHUYECKU CUMMECTPUYHOTO TCUYCHUA HECOKMMaeMOH KUA-
KOCTH MBI MOJIy4aeM CJIICAYIOUICC BBIPAXKCHUEC [JIA BEP-
TUKAJILHOW KOMIIOHEHTEI CKOPOCTHU:

2 a(ra(r,z)) B p.(r,z) E..

25
) ror p 25)

Cootnomenus (21)-(25) maror peireHre MOCTaBlIeH-
HoOW 3amaun. OHU TO3BOJISIFOT OIICHUBATh IMAPAMETPHI
ra3oBOro I0TOKa B CTOJI0E TOPHAO.

st nanpHelero uccieqoBaHus CBOMCTB BUXPEBO-
ro IMOTOKa HaM HEOOXOAMMO paccuuTarh (YHKIHIO
a(r,z), onpeaensemyto cootHomeHueM (23). s sto-

To BOCHOJHByeMCf[ TEM, 4TO
v, =7, [1+a(z—h/2)]. (26)

Ctporo roBops, I TOro, 4TOObI HAUTH a(r,z) Kak

¢yHKIMIO paauyca, HeoOXOQUMO 3HAaTh 3aKOH paclpe-
JIeTIeHUs 3JIEKTPUYECKOro 3apsiga B rnpocrpancree. On-
HaKO JUIsl MOPSIKOBBIX OLIGHOK OCHOBHBIX MapaMeTpOB
TOpPHAAO TrojsTCs rpyOble MmpubmmKkeHus. Bocnomnb3y-
eMcsl TeM (DaKTOM, YTO HAaC MHTEPECYIOT MaKCHMaJIbHbIC
3HA4YeHMs I1apaMeTpPOB BO3AYIIHOTO MOTOKa. B cumiry
9TOr0 JJIsI TOPSAKOBBIX OIIEHOK T'OJHUTCS MpOCTEeiInee
npubmxenue wist a(r,z) :

e
l+a(z—h/2)

a(r,z) = 27)
oncrapnss (27) B (25), MBI IPUXOJUM K COOTHO-
HICHHIO

P (N)(h/2-2)

[1+a(z—h/2)]. (28)
2,\/eg,p

z

s Toro 4ToOBI paccUMTaTh PaAMATIBHYI0 KOMIIO-
HEHTY CKOPOCTH TOPHaJ0, BOCHOJb3yeMcsi (GopmyIoit
(22). B urore noxy4aem:

G PNh2-2)

29
2\/eg,p

[IpuBeneHHbIC BBINIE COOTHOIICHUS JalOT oOriee
pelieHre 3agaddl O HaXOXISHWH MO CKOpocTed B
ctoibe TopHamo. OMHAKO BO3MOXKHOCTH TPAKTHICCKH
0e3MOIeTTLHOTO aHAIN3a SIBJICHUS HAa 3TOM HE UCUEPIThI-
BatoTcs. [lemo B ToM, 9TO B mpomecce BBIBOAA (HOPMYIT
MBI HUTJIC HE HCIIOJB30BAIN MPEIIIOIOKEHIH O SBHOM
BUJIC MPOCTPAHCTBEHHOI'O PACIPECIICHHs DSJICKTPHYE-
CKOTO 3apsijia B CTOJIOC U «IJIa3e» TOPHAJIO.

IIponenaem psin npeoOpa3oBaHuil, He Jenasi KaKuX-
00 CHENHANBHBIX OMYIIECHUA O SBHOM BHJIC 3aBHCH-
MOCTH IUIOTHOCTH 3JICKTPUYECKOTO 3apsiia OT KOOP.IH-
Hat. OueBUIHO, YTO AOCOJIIOTHAS BEIMYMHA JIMHEHHOMN
TUIOTHOCTH OTPHIATENFHOTO DIIEKTPUIECKOTO 3apsaa
Goiss (Qoie >0), COCPETOTOUEHHOTO BO BHYTPEHHEMH

obmactu TopHamo (7 <7,

in?

p,(r,)=0), naercs uHTerpa-
JIOM OT ITTOTHOCTH 3aps/ia 110 00bEMY «T7Ia3a»

Tin

Qi = =27 [ P, (E)EAE . (30)

B cootBercTBuu ¢ 3TMM (opmyna (14) MoxeT ObITh
HepenucaHa CielyouM 00pa3oM:

\7(; — pe (r)[thist _q+ (}")] , (31)
2megp

rae GyHKIUS ¢, (#) MMEET CMBICT CpeAHEeH JMHEHHOM

[UIOTHOCTH TOJIOXKUTEIBHOIO 3apsijia, COCPEIOTOYCHHO-
TO B CTOJIOE TOPHAJIO.
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q.(r)=2n[p,(E)EdE . (32)

W3 mocieHero COOTHOIIEHHS SICHO BHMIHO, YTO B
paMKax HCHONb3YeMBIX TNPHONMMKCHUH a3uMyTaslbHas
CKOPOCTh BHXPEBOTO TEUEHHUS BOOOIE HE 3aBUCHUT OT
KOHKPETHOTO BHUJA pacIipeleeHrsI OTPUIATEILHOTO 3a-
psina B «riiazy» TOpHano. IMEHHO 3TO 00CTOSTEIhCTBO
OTpeJIeNAeT BHICOKYI0 YCTOWYHBOCTH TOPHAAO IO OT-
HOIIIEHUIO K BHEITHUM BO3MYIIEHUSIM.

OLeHUM BEJIMYMHY MaKCHUMaJbHOW a3uMyTalIbHOMN
CKOpPOCTH Ta30BOr0 IMOTOKa B cTOiOe TOpHano. Ilomo-
JKEHUE MaKCUMyMa 3TOW KOMIIOHEHTBI CKOPOCTH, HaXo-
TTUTCS U3 yCIOBUS

dv; o =
v(p — i pe (r) (thzst q+ (r)) — 0 . (33)
dr dr 2mee,p

Takum 00pa3oM, BEIpaKEHHE TSI MAKCUMAIIBHOW a3u-
MYTaJIBHOH CKOPOCTH Ta30BOTO IOTOKAa B TOPHAIO MMEET
Bug (31) mpu » =r, , rue 7, - KopeHb ypaBHeHu (33).

Bosspamasice k coornomenuto (13), 3ameTum, 4ro
IpH r > 7, UMEET MECTO OUYEBHIHOE COOTHOILEHUE

Dowiss — 9+ (I")
E = o ~9.) (34)
2meg,r
3TO COOTHOIIECHHE MO3BOJISET MMpOU3BOAUTL IPO-
BEPKY pacy€TOB Ha CaMOCOINIaCOBAHHOCTb W Ha COOT-

BETCTBUE HAOJIIOATENbHBIM JaHHBIM. B camom xerne, u3
(31) u (34) cnenyer, 9TO

p. (1)

Vo (n,) =~ rE.(r,). (35)

Jliist TopHao GOJIBIIOrO paanyca U Majlod TOJIIHMHBI
B OKPECTHOCTHU 7 =7,

% — i thist — q4r (r) -
dr dr 2megr

I dg,()_ P _E,
2negyr  dr gg, ¢co

(36)

>

rne G — Oe3pa3MepHbId KO3(D(ULUMEHT, KOTOPBIH st

OOJIBIIMHCTBA «Pa3yMHBIX» (QYHKIUI JISKUT B Ipeje-
nax 0,1<¢g<1. imenHo nosromy

7, ()] = (37)

Breipaxkenne (37) 3ameuaTenbHO TEM, YTO B HETO
BXOJIAT BEJIWYMHbBI, XOPOILIO M3BECTHBIC M3 JAHHBIX IO
HAOJIIOICHUSM 32 TOPHAJIO U BOJSTHBIMU CMEPUYaMH.

Jlyisi poBEpKM OLIEHOK Ha BHYTPEHHIOI COIJIACco-
BaHHOCTh BOCIOJB3yeMCsl HaONFOATCIbHBIMU JTAHHEI-
Mu. Ilpu 3TOM ydTeMm, YTO CTOIO TOPHAIO COACPIKUT
HEKOTOPOE KOJNHMYECTBO BOISHBIX Kamelb (&, , =81),

BemunHa p ~ 1,5 Kr/M° (s Bo3myxa 6e3 Kareib BOMbI

¥ mecunHoK p~1 kr/m’); g, =8,86-107" @', Hona-
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MIPOHMLIAEMOCTb BO3/1YIIHO-KANEJIbHON CMECH € b~ 50,

MbI IPUXOJUM K TOMY, YTO ”
v, ()] ~
—-12
~ M-IN ‘|E,~(”m)|~~ (38)
15
~5-10"|E,(r,)|

CornacHo HMMEIOIIMMCS JaHHBIM HANpPsDKEHHOCTb
ANEKTPUYECKOrO TI0JISI B TOPHAJ0 IOCTUTACT BEIMYHHEI
10* +10° B/m. Ilockonbky B BeIpaskenuu (38) durypu-
PYIOT dKCTpeMallbHbIC 3HAUCHUS (DU3MYESCKHX BEIUYMH,
IOCTOJIBKY B HEro CcjemyeT IIOACTaBUTh 3HAUCHUE

|E,, (r,)|~10° B/m. Torna, B NOIHOM COOTBETCTBUH C
HaOJII01aTeNIbHBIMU JaHHBIMH I10JIy4aeM OLCHKY:
[v,(r,)] ~ 50 wre, (39)

TO ecTh npubmm3uTensHo 200 km/gac. Takum oOpazom,
PaJMON30TONHAS MOJENb HE TOJNBKO OTBEYaeT HA BO-
IpoC O TOM, OTKyZAa Oepercs KojoccajbHas >HEpPrus
TOpHAJIO, HO W JaeT IPaBUWIbHbIE KOJIMYECTBEHHbBIE CO-
OTHOILEHUS I KOMIIOHEHT BEKTOpa €ro CKOPOCTH.

Pe3zrome

Pe3stomMupyem BhIIIIecka3aHHOE CIIEAYIOIINM 00pa3oM.

1. DuHeprermdeckrne OICHKH ITOKa3bIBAIOT, YTO
PaZMOAaKTUBHBIA pachajg KOPOTKOKUBYIIHMX H30TOIIOB
croco0eH 00eCeYnTh TOPHAIO HEOOXOMMBIM 3aIacoM
SHEPrud. Paauon30TONHBI MeXaHH3M O00pa3OBaAHUS
TOPHAIO IMOJATBEPIKAAETCS TE€M, YTO €ro Halirogaemast
MOIITHOCTH (OLIEHEHHAs M0 YPOBHIO pa3pylIeHHi) COB-
nagacT Mo mnopsAaKy BEJIWYHMHBI C COOTBECTCTBYIOLIUMMU
TEOpEeTHYECKUMH OlLleHKaMHu. Hukakoll rasoanHammnye-
CKMI MEXaHM3M He crocobeH obecrneuynTh TOPHANO Ha-
0JIr0JTaeMBIM 3a11acoM YHEPTUH.

2. Ortcrooma cienyer, 9To TOPHAIO IO CBOCH (u-
3UYECKON MPUPOJIC aHAJIOTHYCH MIAPOBO MONHUH. JTa
THIIOTE3a TMOATBEP)KAAECTCSI MHOTOYHCICHHBIMU HAOIIO-
JIEHUSIMA TOTO, YTO OT CTOJI0A TOPHAAO OTACISUINCH IIa-
poBble MONMHUM. J[aHHBIN (QaKT ABISETCA AOMOIHHUTENb-
HbIM IOATBCPKACHUEM TOI'0O, YTO UCTOUYHUKOM SHCPIUU
TOpHAIO sBIsIeTCS [ -pacnan paguodocdopa U Apyrux

KOPOTKOXHUBYIINUX B -aKTUBHBIX U30TOIIOB.

3. 3a 3akpyTKy U BcachBaromuil 3h(ekT ra3oBo-
ro HOTOKAa OTBEYAeT JJIEKTPOCTATHYECKOE B3aUMOJIEH-
CTBHE. DJIEKTPOCTATHYECKOE B3aHMMOJEHCTBHE pPa3Iny-
HBIX YacTell 3aKpy4EeHHOI'0 I'a30BOTO IMOTOKA BO3HHKAET
3a CYeT TOro, YTO NpH [ -pacmajne B HENpepbIBHBIH

CIIEKTp SiA€p PaaArOU30TOINOB MPOUCXOAUT MPOCTPAHCT-
BEHHOE pa3JIelIeHHUe IEKTPUUECKUX 3apsI0B.

4.  YcToWYMBOCTH TOpPHAIO OOecreYnBacTCs 3a
cueT ABYX (DakTOpoB. Bo-TepBEHIX, 3apsabl B «Tia3zy»
TOPHAIO yICP KUBAIOTCS B MarHUTHOH JIOBYIIKE, CO37a-
BaeMOI KPYTOBBIM KOHBEKIIMOHHBIM TOKOM. BO-BTOpEIX,
OCHOBHBIE CBOWCTBA TOPHAIO HE 3aBHCAT OT KOHKPETHO-



ro BUJIA pacIpe/ieNieHusl JIeKTPHUECKOro 3apsijia, pacro-
JIO)KEHHOT'O BOJIM3W OCH BpAILlEHUs TOPHA/IO.

5. OIlleHKH PHEPrOBBIICICHHUS B TOPHAIO U CKO-
poCTeil BO3MYIIHOTO IMOTOKA IMOATBEPXKIAIOT HAPUCO-
BaHHYIO KapTUHY SBJICHUSA KaK Ka4C€CTBCHHO, TaK U KO-
JIUYECTBCHHO.

6. Hanuuue BHYTPH TOpPHAIO MArHUTHOTO IIOJIS
BITOJTHE COTJIACYETCS C MHOTOYHCIICHHBIMH HaOJroIe-
HUSIMHU TIOJIETOB BHYTPU 0CO00 MOIIHBIX TOPHA/IO TSKE-
JbIX METAJUIMYECKHX MPEIMETOB (HAIpHMep, aBTOMO-
owreii). CorjnacHO HMEIOIIUMCS HAOIOAAaTEIbHBIM
JIAHHBIM BHYTPH TOPHaJ0 HEPEAKO OCTAHABIUBAIOTCS
qyacel. OTH (PaKThl TAKKE CBHICTENLCTBYIOT B IOJIB3Y
PaMOU30TOITHON TEOPUHU TOPHAJIO.

7. 3adukcupoBaHbl ciay4au OQPTaIbMUH, T.C.
yIbTPa(UOIETOBOTO 0XOTa CETYATKU IJIa3a y JIFOJCH,
MOOBIBABIINX BHYTPU TOPHANO. [IOCKOJBKY MOIIHEIC
MOTOKH yJibTpaduonera oOpasyloTcss npu [3 -pacmane

BECOBBIX KOJHYECTB KOPOTKOXKUBYIIUX H30TOIOB, IIO-
CTOJIBKY BO3JIEIiCTBHE TOPHAIO Ha 3peHHE Habromare-
Je TakKe TOBOPHUT O MPABHIBHOCTH THIIOTE3BI O €ro
HU30TOIHOM MIPUPO/IE.

3aknrouenue

B nHacrosmeit pabote onrcaHbl OCHOBHBIC MEXaHM3-
MBI 3aKPYTKH BO3IYIIHOTO IOTOKA B TOpHano. HeoObru-
HBIE CBOMCTBa 3TOr0 aTMOC(EPHOro SBJICHHS €CTh
CIIJICTBHE TOTO, YTO OHO IPEACTaBIsIeT COOOH BTOpUY-
HBIA KOJICKTHBHEIA 3¢ dekt mpu P-pacname. menHO
HaJM4YMeM OTPOMHOI0 KOJMYECTBA SHEPTUM, 3aIaceH-
HOH B KOPOTKOXKUBYIIUX PAZHOM30TONAX, 3aXBAYEHHBIX
MaTepUHCKON Tyuel, M3 KOTOpOM CIycKaeTcs X000T
TOPHAJ0, TPO3HBIII CMEpY OTIMYAETCS OT HU3KOCKOPO-
CTHOI'O BUXPEBOI'O BO3AYUIHOI'O TCUCHU.

Cremyer OTMETHTBD, YTO B (DU3HKE I7I1a3Mbl H3BECTHBI
00BEKTHI, IBIKYIIHECS ¢ o4eHb Ooibmioi (6osee 1000
KM/4ac) CKOpOCTbIO. OQQEKT STOT XapakTepeH Ui
IUIa3MOMIOB, B KOTOPBIX 3aMETHAsl 4acTh SHEPTUH 3aria-
CeHa Ha BHYTPEHHHX CTeNeHsX cBoOoxbl. Takue rmas-
MOMJIBI MOTYT JIBHTaThCsl OYEHb OBICTPO 3a CUET HelH-
HeiiHol nuddy3un. Bo3MOXKHO, 4TO aHAIOTMYHBIE Me-
XaHH3MBI YBEINYEHUS CKOPOCTH JBHKEHUS
BO3/IyLIIHOT'O NIOTOKA pabOTar0T ¥ B TOPHAJIO.

bnazooapnocmu

Pabora BrIMONHEHA TpU MOAIEpKKEe MHUHUCTEPCTBA
obOpaszoBanus u Hayku P®, mpaButenscTBa Camapckoid
o0actd ¥ AMEpUKAaHCKOro (HOHIA TPaKTAHCKUX HC-
cnenoBanuii u passutusa (CRDF Project SA-014-02) B
paMKax POCCUNHCKO-aMEPUKAHCKOW nporpammbl «Dys-
JaMEHTAaJIbHbIC UCCIICAOBAHUA U BBICIICC O6pa3OBaHI/le»
(BRHE).

ABTOpBI BBIp2XAOT 0COOYyI0 01arofapHOCTh PEKTO-
pary Camapckoro rocyiapCTBEHHOTO a3pOKOCMHYECKO-
ro yHHMBEpCHUTEeTa, a Takke POoHIy cozpeicTBUS IKOHO-
mudeckomy passutaio CI'AY (Qonay JlykageBa) 3a
(hMHAHCOBYIO MOIICPIKKY.

Astops! 6maromapst B.A. Coiidepa, H.JI. Kazancko-
ro, B.M. ®ypmana, W.I1. 3aBepmmnckoro, B.C. Kazake-
Buya, B.B. JlenuBkuna, JI.B. TymaHoBa 3a MHOrouuc-

JICHHBIE CTUMYJIMPYIOLINE JUCKYCCHHU, B PE3yJbTaTe KO-
TOPBIX Ha CBET MOSIBUIIACh 3Ta paboTa.
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Tornado as a collective secondary effect in -decay
of short-lived B-decay isotope nuclei
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Abstract

The paper provides a detailed justification of the hypothesis of the radioisotope nature of a
tornado. A mathematical apparatus has been developed to describe the so-called “invisible
tornado” that account for the formation of crop circles. The developed apparatus is also fully
applicable to a classic tornado. The only difference is that in a classic tornado, a negatively
charged mist mixture rotates around a positively charged tornado core, while in an “invisible
tornado” it is vice versa.
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