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AHHOTAIIUA

JlaHHas cTaThs SABISETCS CEIbMON YaCThIO HAYYHOTO MPOEKTa Mo OOIIMM Ha3BaHHEM «I eomeTpu3upoBaHHas Gpu3nka BaKy-
yMa Ha ocHOBe AnreOpsl curHarypy [1,2,3,4,5,6]. B 3T0ii craThe paccMOTpeHa METPHKO-THUHAMHYECKAs MOJIEIb ABYX CAMBIX
MPOCTHIX B3aUMHO POTUBOIIOJIOKHBIX CTAOMIBHBIX CHEPHUUECKUX BaKyYMHBIX 00pa30BaHHN — «IJIEKTPOHA» U «IIO3UTPOHAY.
OTH cTaOMIbHBIE BAaKyyMHBIE 00pa30BaHUsI SBISIOTCS COCTABHOM YaCThIO HEPAPXUUYECKOW KOCMOJIOTHYECKOM MOJIENH, TIpe/i-
JIO)KEHHOH B Tpeablayllei crathe [6]. MeToabl reoMeTpu3upoBaHHOM (QU3MKKM BaKyyMa M MaTeMaTHuecKuid amnapar AJ-
reOpbl CUIHATYp, KOTOPBIE UCIOIBb30BaHbI B ATOH CTAaThe ISl M3yUEHHsT METPUKO-AMHAMUYECKONH MOJIENU «3JEKTPOHa» U
«IIO3UTPOHA», TIPUTOHBI IS HCCIICAOBAHUS BCEX OCTAIBHBIX 00JEe CIOXKHBIX CTAOMIBHBIX BAaKyyMHBIX 00pa30BaHHUH TOTO
&Ke MacmTada: «KBapKOB», «HYKJIOHOBY», «ME30HOBY», KaTOMOB» H «MOJIEKYJ» U T.J., @ TAKXKE BCEX CTaOMIBLHBIX BaKyyMHBIX
oOpazoBanuii 1000ro MacimTada, HaIpUMeEp, «IUIAHET», «3BE31» U «TATAKTHK». B 3TO# cTaThe paccCMOTPEHBI BONPOCHI, CBS-
3aHHbIE ¢ JeopManusIMA M YCKOPEHHBIMH TCUCHUSIMH PA3IMYHBIX CIOCB BaKyyMa BHYTPH «3JIEKTPOHA» M IIO3UTPOHAY.
HamedeHs! IyTH pa3BUTHS T€OMETPU3UPOBAHHON BaKyyMHOH 3JIEKTPOCTATHKH. PacCMOTPEHBI HEKOTOPBIE ACTIEKTHI «3JIEK-
TPOH»-«(POTOHHOTO», «IIEKTPOH»-IIO3UTPOHHOTO» U «IIIEKTPOH»-«NEKTPOHHOT0» B3aUMOJICHCTBHA. «DICKTPOH» M «II0-
3UTPOH» — 3TO OECKOHEYHO CIIOXKHBIE BAKyyMHbIE 00pa30BaHMsl, HO IPEJIOKEHHBIEC B CTaThe AITOPUTMBI M MaTEMaTHYECKUE
npueMbl AJIreOpbl CHTHATYpP MOTYT MO3BOJIMTh IIEPMAaHEHTHO OTOJIBUraTh ThMY B O€3IHY HEIIO3HAHHOTO, IOCTENEHHO Tepe-
pabatbiBasi TPaHCIIEHICHTHOCTh B UMMaHEHTHOCTb.

ABSTRACT

This article is the seventh part of the scientific project under the general title "Geometrized Vacuum Physics Based on the
Algebra of Signature " [1,2,3,4,5,6]. In this article, the metric-dynamic model of two simplest mutually opposite stable spher-
ical vacuum formations is considered - "electron” and "positron". These stable vacuum formations are an integral part of the
hierarchical cosmological model proposed in the previous article [6]. The methods of geometrized vacuum physics and the
mathematical apparatus of the Algebra of Signature used in this article to study the metric-dynamic model of "electron™ and
"positron™ are suitable for studying all other more complex stable vacuum formations of the same scale: "quarks", "nucleons",

"mesons"”, "atoms" and "molecules”, etc., as well as all stable vacuum formations of any scale, for example, "planets”, "stars"
and "galaxies". This article examines issues related to deformations and accelerated flows of various vacuum layers inside the
"electron" and "positron". Paths for the development of geometrized vacuum electrostatics are outlined. Some aspects of the
"electron"-"photon", "electron"-"positron" and "electron"-"electron" interactions are considered. The "eelectron™ and "posi-
tron™ are infinitely complex vacuum formations, but the algorithms and mathematical techniques of the Algebra of signature
proposed in the article can allow permanently pushing back darkness into the abyss of the unknown, gradually transforming

transcendence into immanence.
Kmoqem,le cJIoBa: 3J'IeKTpOH, HO3I/ITp0H, FCOMeTpI/ISI/IPOBaHHaH (1)1/131/11(3., BaKYYM, anre6pa CI/IFHaTyp, BaKYYMHI)IG ypaBHe-
HHUA, MOACIIN SHGMGHTapHHX qacTul, MacCoBas IICIIb.
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IMPEABICTOPHUSA U BBEAEHUE

JlaHHas paboTa sBIS€TCS CeJAbMON M3 IMKJIA cTaTeid mox oOmuM HazBaHMeM «l eomeTpu3upoBaHHas (u3uKa Bakyyma Ha
ocHOoBe AnreOpsl curHatypy. [lpeapiayiye mecTh cTareil IprBeACHHI B criucke auTepatypsi [1,2,3,4,5,6].

B crarbe [6] OblIa npescTaBIeHa HEpapXUYecKasi KOCMOJIOTHUECKast MOJIeNb, B paMKaxX KOTOpoi BceneHHast HamosiHeHa He-
CYETHBIM KOJIMYECTBOM CHEPUIECKHX BAKYYMHBIX 00pa3oBaHMN (KOPITYCKYJI) Pa3lIMYHBIX MacITaboB, KOTOPHIE BIIOKEHEI
IIpyT B ApyTa moxo0Ho MatpemrkaM (cMmotpure puc. 10 B [6]).

B pamkax mepapxuueckoit KocMoJIoTHIecKoi Moienu [6] Bece ceprueckre BakyyMHBIe 00pa30BaHus (KOPITYCKYJIIbI) BCEJICH-
CKOTO, TaJJaAKTHYECKOT0, 3BE3IHO-TIAHETAPHOT 0, MUKPOCKOIIMIECKOTO (T.€. KIETOYHO-0aKTEPHAIBHOTO), TUKOCKOITMYECKOTO
(T.€. aTOMHO-MOJIEKYJISIPHOTO) | T. J. MacIITabOB yCTPOCHHI MPaKTHYECKN 0nHaKoBO. [ToaToMy B cTathe [6] moapoOHO pac-
CMOTPEH TOJIBKO YPOBEHb JIEMEHTapPHBIX YacTUIl. B yacTHOCTH, OBLIM MOTyYeHbl METPUKO-INHAMIYECKHE MOJICNIH IIeCTHA-
JIIATH THIIOB LIBETHBIX «KBApPKOB» (cMoTpuTe Tabu. 1 1 coBokynHOCTh MeTpuK (71) B [6]) 1 1iBeTHBIX (OTOHOB, HA OCHOBaHUU
KOTOPBIX OBLIN ITOCTPOEHBI OJIHOCTHIO T€OMETPH3UPOBAHHBIE IIPE/ICTABICHHS O IPAKTHYECKU BeeX AieMeHTax CTaHaapTHOM
MOJICTIH AJIEMEHTAPHBIX YAaCTHIL: «JICTITOHAX», «ME30HaX», «0apuoHax», «6030Hax» (cMotpuTe §4 B [6]), a TaK *Ke «aToMOB)
U «MOJICKYJI».

H(,ZI'IOMHMM, Ymo HAa36aHU:s MempuKo—auHaMuquKux Mmooerneti «uacmuyy (m.e. ((KOpnyCKyﬂ))) 6cex macuimaboe mol ycaoeu-
JIUCHL 3AKII04YAmb 6 KAdBblYKU, M.K., 60-NE€PBblX, MO He COB8CEeM Yacmuybvl, d, 60-6MOPbLX, MU 2EOMEMPUIUPOBAHHbLE Mmooenu
mOJIbKO omy4acmu coomeemcmeyront CO6peMeHHbIM npedcmagﬂeyuﬂ/w 00 >mux s1emenmax seujecmed.

B cratbe [6] npuBeIeHB TOTBFKO HAOOPHI METPHK-PEIICHUHN BaKYyMHBIX ypaBHCHHUH DHHINTEHHA, 3 KOTOPBIX COCTOAT MET-
PHMKO-TMHAMHYECKHE MOJIENN CPepHUIECKUX BaKyyMHBIX 00pa30BaHuil («KOPITYyCKyJD»), OJHAKO KaK U3 3TUX COBOKYIHOCTEl
METPHK M3BJIEKaTh MH(YOPMALIUIO O CTPOSHHH ATHX «KOPITYCKYJD» Ha OCHOBE METOJIOB F€OMETPU3NPOBAHHOM (DM3UKH BaKyyMa
u AnreOpbl CUTHATYP MPEACTAaBICHO HE OBLIO.

B 370l cTaThe B KauecTBE MpUMEpPA MOAPOOHO UCCICAYEM CTPOSHHE M B3aUMOICHCTBUE TOJBKO «IIICKTPOHA» U KIIO3UTPOHAY.
CTpoeHHe ¥ B3aUMOJICHCTBHE BCEX OCTABHBIX CPEPUUECKUX BAKyyMHBIX 00pa30BaHUi («KOPIyCKY/») JIH000ro mMaciitaba
(«KBapKOBY, (IUTAHETY, «3BE3[]», «TANAKTUK)» U T.JI.) OMUCHIBAIOTCS AHAJIOTUYHO, K OTYACTH TUIAHUPYETCSI PACCMOTPETH B TO-
CJIEAYIOIIHMX CTAThsX JIAHHOTO MPOEKTA.

HarmoMHUM, 4TO METPUKO-TUHAMUYECKHIE MOJIEITH CBOOOHOTO «IJIEKTPOHA» U CBOOOTHOTO «IIO3UTPOHAY OIMPEAEIISIOTCS CO-
OTBETCTBEHHO COBOKYIHOCTsIME MeTpHK (50) u (60) ¢ yuerom §4.12 B [6]

«QJIEKTPOH» Q)
CBOOOIHBIH, BaJIEHTHBIM
B cpennem cdepuueckoe crabuiibHOe "'BBITYKII0e" MHOTOCIIONHHOE chepruueckoe
UCKpUBJIEHHE A-12-15-BaKyyMa C CUTHaTypo# (+ — — —), cocrosiee u3:

| BHemnsst 000/104Ka CBOOOTHOTO BAJIEHTHOIO «3JIEKTPOHA)
B HHTEpBae [I2, rs] (cMoTpuTe prc. 1)
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H SInpo cB0OGOIHOI0 BaJE€HTHOIO «3JIEKTPOHA»
B MHTEpBae [rs, 1] (puc. 1)
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eabT CBOOOAHOI0 BAJIEHTHOT0 «3JIEKTPOHA»
B uHTepBase [0, ]
dsé+_")2 = c%dt? —dr? —r?(d6? + sin? 0 dp?).

Puc. 1. MiumrocTpariyst OJTHOCTHIO TEOMETPU3UPOBAHHON MOJIENN CTA0MIEHOTO CPEePUIECKOTO BAKYyMHOTO
o6pa3zoBanus (B 4aCTHOCTH, CBOOOTHOTO «QJIEKTPOHA») C YETHIPbMSI IBHO BBIPAXKEHHBIMHU 00JIACTSIMU:
Aopo «dneKkTpoHay — ITO HEHTPAIbHAs 3aMKHYTast chepruueckast o6mactsb A-12,-15-Bakyyma;
Buewnan 060104Kka «31€KTPOHA» — 3TO 00TACTD A-12-15-BaKyyMa, OKPY’KAIOIIast SIIPO «IJIEKTPOHAY;
Pakus «31E€KTPOHA» — 3TO MHOTOCIOWHAs cepuueckast Oe3qHA-TPElHA OTAEISIONAs SIIPO «IIIeK-
TPOHA» OT €ro BHEIIHEeH 000I0UKH;
Buympennee aopwviuiko (a0po npomo-xeapka) — manas 3aMKHyTas cdepuueckas obnacte A-22,-24-
BaKyyMa BHYTPH sJIpa «JIEKTPOHA»;
Hlenvm «3neKTpoHA» — 3TO MCXOAHAs HeaeOpMUpPOBaHHAs 00JIACTh BaKyyMa, B KOTOPOIl HaXOIUTCS
«3NEKTPOH». DTO cBOeoOpa3Has NaMATh O TOT, Kakas Obl1a JaHHas 00JacTh BaKyyMa, 10 TOTo, Kak OHa
nedopmupoBanach ¥ NPUHSIA CTAOMIBHYIO GOPMY «IIEKTPOHA
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«I[MIO3UTPOH» (11)
CBOOO/IHBIH, BaJICHTHBII
B cpentem chepudeckoe ctabuibpHOe "BOrHyTOE" MHOrOCIOWHOE chepruueckoe
HCKPHBIICHHE A-12,-15-BaKyyMa ¢ CHTHATypoii (— + + +), cocrosiiee n3:

V  BHemHsisi 000,104Ka CBOOOIHOI0 BAJEHTHOI0 MO3UTPOHA)
B HHTEpBae [I2, ] (Heratus puc. 1)
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H’  Sapo cBo0OAHOr0 BaJEHTHOI0 «IIO3UTPOHA»
B MHTEpBaJE [r6, 7] (Herarus puc. 1)
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i HeasT CBOﬁO}]]—[OFO BAJICHTHOI'O «ITO3UTPOHA»
B uHTepBase [0, ]
i dsSH? = — ¢2dt? + dr? + r2(d6? + sin® 0 d¢p?). (20)

rae B Merpukax (2) — (9) u (12) — (19), cornmacHo nepapxuu (44a) B [6], mpeanonoxnuTensHo:
r;~10%° ¢cM — OpUEHTUPOBOUHBIH paauyc HabmroaeMoii BeeneHHoli;

rs~ 10713 cM — OpHeHTHPOBOUHBII paguyca SIpa «JIEKTPOHAY;

r7~ 1072 cM — OpUEHTUPOBOYHBIN PaJHUYC, COU3MEPUMBII C PAJHYCOM SJIpa «IIPOTO-KBAPKA».

Pamuycsl Iy, I's, I'7, B3sThIe U3 uepapxuu (44a) B [6], HOCAT OIEHOYHBINA XapaKTep U MOTYT YTOUHATHCS MO0 Mepe AalbHEHIIINX
nccnenoBanuii. Ha cTpyKTypy BaJeHTHOTO «IJIEKTPOHA» M BaJ€HTHOTO «IO3UTPOHA» ATH PAJANYChl OONBIIOTO BIUSHUS HE
OKa3bIBAIOT €CITH I'2» s » I7.

Kaxk yxe ormeuanocs B [6], coBokyrmHocTr MeTpuK (1) u (11) oriangarorcst TOIbKO cUTHATYpOi. To eCTh «3JIEKTPOH» U «II0-
3UTPOH» — 3TO MOJHOCTHIO WAECHTUYHBIC, HO aHTHUIOJHbIC (B3aMMHO IPOTHBOIIOJIOXKHBIE) KOMUK ApyT apyra. Ecmm «anek-
TPOHY YCIIOBHO Ha3BaTh "BBIMYKJIBIM" CTAOMIBHBIM CHEPUIECKUM A.12,-15-BaAKyYMHBIM 00pa3oBaHueM (puc. 1), TO «IIO3UTPOH
— 3TO TOYHO TaKOE )K€ YCJIOBHO "BOrHyToe" crabmibpHOe cdepuueckoe A.i12.15-BaKyyMHOEe oOpa3oBaHMe (HEraTwB puc. 1).
HamomuuMm, uto nonsitue Amn-Bakyym BBezeHo B §1 B [1]. Takast B3anMHO ITPOTHBOIIONI0XKHAS Napa A.12,.15-BaKyyMHBIX 00pa-
30BaHUI MOJHOCTBIO COOTBETCTBYET YCIOBUIO BaKyyMHOTO OanaHca (cMoTpure Benenue B [1], T.K. KOMIIEHCHUPYIOT IPOSIB-
JICHUs IpYT Apyra (T.e. eCid CIOKHUTh WM ycpeaHuTh Bee MeTpuku (2) — (10) u (12) — (20), To pe3ynbrar OyaeT HOJb).



MATEPHUAJIBI U METO/

1 BeckoHeuHbIE «JIEKTPOH» U KIIO3UTPOH»

CoBokymHOCTH MeTpuk-pemennii (1) u (11) 3To cample ynpomeHHbIE MeT-
PHUKO-IMHAMHUUYECKUE MOJETH «JIEKTPOHa» U «M03UTpoHa». OHU Ha3BaHbI Ba-
JICHTHBIMH (OT J1aT. valentis - KpenKui, IPOYHBI; BIUSTEIbHBIN, 110 aHATIOTUH
C BaJIGHTHBIMU KBapKaMHU B sIEpHON (pU3HKE), TaK KaK COBOKYITHOCTH METPHK-
pemenunit (1) n (11) ompenensoT ycpemHEHHYIO CTaOHMJIBHYIO CTPYKTYpY
«3JIEKTPOHA» U «IO3UTPOHAY.

Bo-1epBBIX, BaKyyM HOCTOSIHHO M IIOBCEMECTHO Xa0THYECKH KOJIEOIETCS M HC-
KPHBIISETCS, TIOITOMY €ro CTPYKTYpa BBIBISCTCS TOJIBKO NPU yCPETHCHUH
ATHX (QIYKTyaIui.

Bo-BTOpEIX, coracHO ocHOBaM AJreOpsl curHatyp (cMotpute §9 B [2] m §2.7
B [5]) mo06ast mapa METPHK ¢ B3aUMHO IPOTHBOIIOIOKHBIMH CHTHATYPAMHU MO-
XKeT OBbITh MpeJICTaBJICHa B BUJIE CyMMBI (WM ycpeanenus) 7 + 7 = 14 metpuk
C APYTHUMHU CUTHATypaMHu.

Hanpumep, B3aMMHO-TIPOTUBOMONOXHas mapa Metpuk dst ** 92 u dst* =~ 2 ¢ npoTuBOMONOKHBIMU CHrHATYpaMu (— + + +)

U (+ — — —) MOXKET OBITh BRIPAXKCHA CYMMHUPOBaHUEM (WK yepenHeHueM) 7 + 7 = 14 METpHK ¢ CUTHATYpaMu
(21)
++++) + - --) =0
~--+ + (+++-) =0
+--4 + (++-) =0
-+ + ++-4+) =0
++--) + --++) =0
+--) + (+-++) =0
+-+) + (+-4) =0
(+-—-) + (+++) =0

Hanomuum, umo xasncooii cuenamype coomsemcmesyenm monono2us Mmempuyeckou npomscennocmu (cmompume §4 6 [2]).

Hanpumep, B3auMHO-IIPOTUBOIIONIOXKHYIO (CONPSHKEHHYI0) mapy MeTpuk (2) u (12)

2 2
dsi = (1-245)2dt? — S — r?(d6% + sin® 0d$?) ¢ curnarypoit (+ - - -), )
2 (-23)
(—+++)2 _ e T2\ 2.2 dar? 2 2 ) 2 . ’
ds; =—(1+"—5)cidt* + ( ~+7r?(d0% + sin® 8 d¢*) c curnatypoii (—+ + +) (12
; - 1_;6+T_2)

MOJKHO TIPEACTaBUTH B BUAE CYMMEI (WK yCpeaHeHus1) 7 + 7 = 14-u MoA-MeTPHK ¢ TAKIMH K€ KOMIIOHEHTaMHI
-1

2 2 .
Joo = (1 -4 r_z)' g1 = (1 - rr_s + :?) ) 922 = 1%, g3z = r’sin’, (22)

T )

W CUTHATYpaMH U3 pamkupos (21):



dst*+ 2= goodxe? + gq1dxa? + go,dxo® + gszdxa?

dsC 2= — goo dxo?— g11dX1%— go,dXo? + g33 dXa?
dst = ~"2= goodxe? — gq10X1% — gppOX? + g3 dXa?
dsC 2= — goodxe® — g11dxa® + gopdxe® — g33axs
dst* 72 = — ggq dxo® + g110X1% — gpo0Xo® — g33dXs?

st~ " 2= gogdXe® — gy1 dX1® + goaUXo* — g33txa®
dst* 2= goodxe? + g110X1* — gooUXe®— g3 dXa®
dst 2= goodxo®— g11 0¥~ gooXe® — GooXs?

+ + 4+ + + T+

dsC =72 = — goodxo? — g11dXi® — g,0%2" — g330Xs?
dst** 92 = goodxo? + gy 1 X2+ gopdXo? — g3dXa?
ds C** 2= — goodxo? + gy 10X + gop0Xo® — g330Xa?
dst+ -2 JoodXo? + g110%:1° — go,dXo* + g330xa®
dst =12 = — goo dxa?+ gy10X2 + GopdXo? + g330xs?
dst* =92 = — goodxo® + goodXa®— gopdXe? + gszdxs?
dsC "2 = — gogdxe? — g110Xi® + goo0%2 + gs3xs?

dst** 2 = - goo dxo® + g11 AXa® + gopdXe® + gszdxs?

CyMMupoBaHHe (WK yCpeaHEeHUE) B pamkupax (23) BITOIHACTCS MO cTONOMaM u 1o ctpokam (§9 B [2] u §2.7 B [5]).

AHAJIOrUYHO MOTYT OBbITh pa3yiokeHbl Ha 7 + 7 = 14 moJ-MeTpUK BCe OCTalbHbIE CONPsHKEHHBIE TTapbl MeTpHK (3) — (10) u

(12) - (20).

B cBoro ouepens, B3aUMHO-TIPOTHUBOIIOJIOKHBIC Maphl MOA-METPUK U3 PaH)KU-
poB (23) MOTYT OBITH TOYHO TaK K€ Pa3JIOKEHHI eIle Ha CyMMBI 7 + 7 = 14 moz-
MOA-METpHK. Tak MOXKET IPOJOIDKATHCS 10 OECKOHEYHOCTH NP COOIIIOACHUN
YCIIOBUSI TIOJTHOTO «BaKyyMHOTO OanaHcay (T.€. eclu CyMMHpOBaHue Beel Oec-
KOHEYHOW COBOKYITHOCTH B3aWMHO-HCKIIOYAIOMINX METPUK C PaslINIHBIMH
CHUTHATypaMH paBHa Hymo) (cMotpute Beenenne B [1]).

Ha ocHoBaHuu Takux pasznoxeHuil coBokynHocteld meTpuk (1) u (11) Ha an-
JUTUBHBIC COCTABIISIOIIUE C PA3IMUHBIMH CUTHATypaMH MOXKHO CHOPMHUPO-
BaTh TPEJICTABICHHE O OypJIAlieM MOpe TaKk Ha3bIBAEMbIX MOPCKHX L[BETHBIX
«KBapKOB» M «aHTUKBApKOB» (cMoTpuTe Tabml. 1 B [5]), HOZ0OHO KBapK-TIIIO-
OHHOMY MODIO B siJIepHO# (hu3uKe.




Taxum 00pazoM «JIEKTPOH» U KIO3UTPOH» — 3TO OECKOHETHO CIIOKHBIE, HO B CPEIHEM OHHU SIBIIAIOTCS CTAOMIBHBIME chepu-
YECKMMH BaKyyMHBIMH 00pa30BaHHAMHE (pHC. 2).

To ecTh «IMEKTPOH» — ATO YPE3BBIYANHO CIOXKHO MEPETMBAIOIIANCS, HO B CPEIHEM CTAOMIIbHAs «BBITYKJIOCT» BHELIHEH
CTOPOHBI A.12.15-BaKyyMa, a €ro aHTHUIIOJ «[IO3UTPOH» — ITO UPE3BBIUAHHO CII0KHO MEPEINBAIOLIASCS, HO B CPEJHEM CTaOMIIb-
Hasl «BOTHYTOCTb)» BHYTPEHHEH CTOPOHBI A.12,-15-BaKyyMa.

B pesynbrate ycpeanenus crnoxuemmx Giaykryanui A.12-15-Bakyyma (CMOTpHUTE WILTIOCTPALIMIO Ha puC. 1), U3 Xxaoca BBISB-
JsieTcst craOuiibHasi METPUKO-THHAMHYECKasi CTPYKTYpa BAJICHTHOTO «aieKTpoHay (1) u BaneHTHOTO «1mo3utpona» (11), ko-
TOpBIE UCCIIETYIOTCS HIDKE.

Puc. 2. Vmroctpalivu ClI0XHO MEPENUBAOIICiics, HO B CpEIHEM CTaOMITbHOM
chepudeckoil nepopmariu A-12,-15-BaKyyma

2 CBo0o/HbIEe BAJIEHTHBbIE «3JIEKTPOH» U «MO3UTPOH»

PaccMoTpuM ycCpesHEHHYI0 CTPYKTYpY CBOOOJHOIO BAJICHTHOTO «3JIEKTPOHA» Ha OCHOBaHMH COBOKYITHOCTH METPHK-pelLIe-
uuii (1) u MmetonoB ['eomeTpu3npoBanHOl Gpu3nKu BakyyMma u AireOpsl curnarypy [1,2,3,4,5,6].

Ctpoennie cBOOOTHOTO BaJIEHTHOTO «TIO3UTPOHA», M BCEX OCTAIbHBIX BaJICHTHBIX I[BETHBIX «KBAapKOB» U3 Tabis. 1 B [6], uc-
CIIeyeTCsl aHAJIOTUIHO.

2.1 Nedopmanus BHeuIHel 000J09KH U SAPA CBOOOTHOTO BAJEHTHOTO «3JIEKTPOHA» U «IMO3UTPOHA)

Hanomuum, umo 6 §7 6 [2] 66110 yciosrno npunsimo, ¥mo Mempuxu ¢ CueHamypoil (+ — — —) OnUCbI8aOm MempuKo-OUHAMULECKOe COCMO-
SAHUe @HeulHell CTNOPOHbL A-12-15-6aKyyMa (m.e. CYOKOHMA), a Mempuku ¢ cueHamypoil (— + + +) onucwvleaiom mempuxko-ouHamuieckoe
cocmosnue sHympenHell cmopomsl A-12-1s-6axyyma (m.e. anmucyoxkonma). [onsmuu «cybkonmy (cokpawenue om cyo6cmanyuoHaTbHbI
KOHMUHYYM) U «QHMUCYOKOHM» ObLIU 86€0€Hbl, ¢ OOHOU CIOPOHYL, OISl COKPAUeHUs. ONUHHBIX MEPMUHO8 «BHEUHSSA CIOPOHA A-12,-15-8AK)-
YMa» U «GHYMPEHHSIS. CMOPOHA A-12,-15-6AKYYMAY», d C OPY20ll CMPaHbl, 015 MO20 YMoodbl cO30aAMms UNTIO3UI0 O8YX CONPANCEHHBIX CHIOULHBIX
ynpyeonaacmuueckux cpeo, 0 y0oocmea ONUCaHus U 60CHPUAMUS 6Hympu-6axyymuulx npoyeccos. Ho ewe paz ommemum, umo «cyo-
KOHM» U «AHMUCYOKOHM» — 3MO He PedibHble CRAOWHbLE CPEObl, d BCHOMO2AMETbHblE MEHMAIbHbLE KOHCMPYKYUU, MAKUe Jice, KaAK «npo-
cmpancmeo» u «epemsiy 6 gunocoguu Kanma. Taxoce nanomuum, yumo coanacno §1 6 [1], A-12-15-6axyym — smo 3-mepnolii 1anowaghm
(m.e. 3D-cemn) gviceeuennan uz nycmomul (m.e. axyyma DuHwmerina) nocpeocmeom ee 30HOUPOBAHUS B3AUMHO NePREeHOUKYIAPHBIMU
Ayuamu ceema ¢ OAUHOL 60aHbL A12,-15 U3 Quanasona AL =102 107 cu.



2.1.1 Vepeonénnas depopmayus enewreis 06010UKU «INEKMPOHA»

B pamkax pa3BHBaeMOii 37eCh TCOPUH yCPEIHEHHAS METPHKO-IMHAMUYECKAs MOJIC/Ib BHEIIHEH 000M04YKH CBOOOIHOIO Ba-
JIGHTHOTO «3JIEKTPOHA» ONpesienseTcs MerTpukamu-pemennsmu (2) — (5), (10) BToporo BakyyMHOTro ypaBHeHHs DHHIITEIHA
Rix + Agix = 0:

2 2
ds{" 7% = (1 -2+ :_2) c2dt? — ——< —r2(d6? + sin® 6 d¢p?), @)
2 <1—76+—2>
2 "
ds$7 = (142 - D) c2de? — 0~ r2(d6? + sin? 0 dp?), 3)
T Ty Te _T°
<1+ £ 2)
T2
2
ds{7 = (1-2 - D) c2de? — "~ 12(d6? + sin? 0 d?), )
NGE
(+——-)2 Te |, T2\ 2 4,2 ar? ’ 2 2 in2 2 !
dS4 _(1+7+T_2)C dt —ﬁ—r(dH + sin 9d¢ ), (5)
)
ds$77% = 2dt? — dr? — r2(d6? + sin? 6 dp?). (107

B sTOM naparpade HAC MHTEPECYET OKPECTHOCTh S/Ipa «dJIEKTPOHa» B auamasone ot Ie~ 1073 cm o r~ 102 cm. B oroii
o6macT A.12-15-BaKyyMa TPETBUMH CllaraeMbIMu 72 /17 ~ 101%2/1058 B ckoGkax metpuk (2) — (5) MoxHO mpenedpeus. [To-
ATOMY B pe3yibTaTe ycpeaHeHus MeTpuk (2') u (4"), a Taxxe MeTpuk (3') u (5") momyanm

a5 = (1 =) e — (s = r2(d0% + sin’ 0.d4?), @4
déﬂz=(1+%)Hdﬂ—rfgg—wlw92+sm?9d¢ﬂ, (25)
ds{?? = c2dt? — dr? — r2(d0? + sin? 0 dp?). (26)

Bocrosnb3yeMcst aHaIOTHYHOM cUTyalueit, paccMoTperHoi B §2.8 B [5].

06e meTpuku (24) u (25) ABIAIOTCA PEMICHUSIMHA OJHOTO M TOTO K€ IIEPBOT0 BaKyyMHOTO ypaBHeHHs JiHITeiHa Ry = 0
NP OJIHUX M TeX K€ yCIoBusX. [103TOMy paccMOTpUM pe3ynbTaT UX ycperanenus (cmorpure §2.8 B [5])

2
dsy? =~ (ds{™? + ds{?) = c2dt? — T dr? — r2d6? — r? sin® 0 d>. @7)
6

ri—

OTHOCHUTEBHOE YJTHHEHNE BHENIHEN CTOPOHBI A-12-15-BakyyMa (T.e. cyOKOHTa) onpeaensiercs BeipaxkerueM (47) B [3]

+_, @) ; . .
148 fie g, (28) ‘ ‘

Yiio

l(+) —

N | _
rae g(.+)— KOMIIOHCHTBI METPHUICCKOI'0 TCH30Pa UCKPHUBJIICHHOT'O \
ii

y4acTka A.12-15-BaKyyma, ) |

+ Iy 1
gL'(L'O) — KOMIIOHCHTBI MECTPHUYCCKOro0 TEH30pa TOI0 XKC " |

ydacTka A.1-15-BakyyMma 1O MCKPHBJIEHHS (T.e. IpH , |
OTCYTCTBUH €r0 UCKPUBJICHUS). 0s / \

[TonctaBum B BeIpaskeHHS (28) KOMIIOHEHTHI gi(i+)1/13 YCpEIHEH- . \"n.\%

HON MeTpuKH (27), a KOMIIOHEHTBHI gi(ig) U3 UCXOAHOM METPUKU B v 0 re -

(26), B pe3ymbTaTe MOIyIuM (+) _ Ar
Puc. 3. I'paduk dyukmu (29) [ = .



== 1 P =0, §7=0. (29)

2_
r re=rg

o o + o
I'paduk paguagbHO#N COCTABISIONICH OTHOCUTEIFHOTO YMHHECHUs cyOKOHTa (29) lﬁ ) = Ar/r Bo BHeIIHeii 0GONOUKE «INEK-

TpoHa», IpuBesieH Ha puc. 2. [Ipu 1 = rg~ 1072% cm nannas Qpynkums crpemutcs k 6eckonednoct (Ar/r = o).
2.1.2 Vcpeonennas oegpopmayus a0pa «31eKmponay

MeTpHKO-IrHaAMHIYeCKast MOJIEIb SApa CBOOOIHOTO BAICHTHOTO «3JIEKTPOHay omnpeneisiercs metpukamu (6) — (9) u (10)

2 2
dst? = — (174 ) c2de? — 4 r2(d6? + sin? 9 dp?), (30)
1 r o 1 _<1_T_7+ﬁ)
T r%
2 2
dsM? = _ (1 o T_) 2dt? ——Y" __ 12(402 + sin? 0 dgp?), (31)
2 T ¢ _(1+T_7_ﬁ)
T T%
2 2
ds{? = — (1 -2 D) c2de? - ——" -~ r2(d9? + sin? § d?), (32)
r 3 4Tz _T°
(-2-5)
2 2
ds? = — (1424 0) c2de? - ——2C o~ r2(d6? + sin? § d?), (33)
4 r 2 _(1+r_7+ﬁ>
r T%
ds{?? = c2dt? — dr? — r2(d0? + sin? 0 dp?). (34)

Bocronb3yemcst aHaIOTHYHO# cUTyalueid, paccMoTpenHoi B §4 B [5].
Yepenaum metpuku (30) — (33)
dsg4? :% (ds1)2+ dsptM2 +ds32+ dsy)?)., (35)

B pesynbraTe noimyduM ycpeqHEHHYIO METPHKY

dsH? = 2dt? + g (r)dr? — r2(d6? + sin® 6 d¢?), (36)
rae
+) 1 1 1 1 1
g1 () = 4 rip , 12 + rig 12 + rig 12 + rio, 2\| @7)
) T Tl Tl

[ToncTaBUM KOMIIOHEHTHI gf:r ) (37) ycpenuennoii metpuku (36) B BBIpaXKEHUs JUIS OTHOCHUTENBHOTO yainHeHus (28), rie

+ o
KOMITOHEHTBI gl.(l.o) OepyTcst M3 HENCKPUBJICHHON MeTpukH (34).

B pe3synbTaTe NOIyYHM OTHOCUTEIHHOE yJIMHEHHE BHENIHEN CTOPOHBI A.12-15-BaKyyMa (T.€. CyOKOHTa) BHYTPH Apa «dJIeK-
TpoHa» (T.€. B Auanaszone ot I7~ 102% cm 1o re~ 1072 cm)

[ - BN CO PN | 1 1 1 1 _
O R e ) e ) ) (%)
T L r
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=0, 1P=01§7=0.

v v +
I'paduk paauanbHON COCTABISIFOLICH OTHOCHTENBHOTO YAIUHEHHS CyOKoHTa (38) lﬁ ) = Arlrs SIIPE «AJIEKTPOHAY, IPUBEACH
na puc. 4. Ipu r = rg~ 10723 cm annas GpyHkumMs Tak xe crpemMurcs K GeckoHeuHocTH (Ar/r = o).

tJ

) 1

T
1
,E
T

osF |\ | A o5t /] 1

Fe rr ¥ Ie

Puc. 4. I'paduk ¢pyskunu (38) OTHOCHTEIEHOTO yIUTH-
HEHUSI l$+) BHEIITHEH CTOPOHBI A-12,-15-BaKyyMa
(T.e. cyOKOHTA) BHYTPH S/pa «3JICKTPOHA

Puc. 5. Cosmemiennsie rpaduku ¢pyHkuuii (29) u (38) OTHOCHTENFHOTO

+ o
Y IUTAHEHUS l£ ) BHemmeit CTOPOHBI A-12,-15-BaKyyMa (T.e. CyOKOHTa)

CHapYy>KU U BHYTPU sJApa «3JIECKTPOHA»

O0benunenue rpaduxoB ¢pyHkumii (29) u (38) npencrasneHo Ha puc. 5. V3 aTux rpadukoB BHIHO, YTO BHEIIHSSI CTOPOHA
A-12-15-BakyyMma (T.e. CyOKOHT) CHIIBHO JiehOpMHUpOBaHa (TOYHEe, PACTAHYTa B palHalbHOM HAPABICHUH 10 GECKOHEIHOCTH)
C JIByX CTOPOH Kpasi sJIpa «3JIEKTpoHay» ¢ paauycoM Fg~ 10722 cm. ITo mMepe ymanenus ot kpas sapa nedopmanus cyokoHTa
yObiBaeT. OHAKO NPpH NPUOIIMIKEHUH K LIGHTPY Spa «AJIEKTPOHA» pajualbHOE pacTshkeHHe CyOKOHTa BHOBb yBEIHMYHBACTCS
10 Mepe NPUOJIMAKEHUS K BHYTPEHHEMY SPBIIKY (T.€. K SPY «IIPOTO-KBAPKa») ¢ paguycom Iz ~ 10724 cm.

Paouanvnoe yonunenue cybxonma 0o b6eckoneunocmu npeocmaeisiemcs nepeanivhoim. OOHaKo Kaxk
ommeuanoce §5.2 6 [5], ecau 6 patione paxuu (cmompume puc. 1 u §4.11 6 [6]) cybroum kax Ovl
3aKunaem (m.e. cmanogumcs éce Oonee u Ooee UNOMAHHBIM U 3AKPYYEHHbIM, CMOMPUMe ULO0-
cmpayuu Ha puc. 18 6 [5]), mo ezo 2eodesuueckue nunuu Mo2ym YOaUHIMbCsL RPAKMU4ecKu 00 bec-
KOHeYHOCmU, NOO0OHO MoMY, KAk 00 beckoneyHocmu yonunsemces Kpusas Koxa no mepe ysenuue-
Hus umepayutl smozo gpakmana (cmompume puc. 16 6 [5]). Unmepecno, umo kpusas Koxa bwvina
onucana weeockum mamemamurxom Xenvee gpon Koxom, no u mamy A. Dunwmerina 3eanu Iaynuna
Kox. Ecmb ewge cognaoenue: npenooasamensn Hyoausma A. Dunwmetina 3eanu I'enpux Opuoman, u
asmopa meopuu Hecmayuonaphou Bcenennoii - Anexcanop @puoman.

2.1.3 Yepeonennas degpopmayusn snewrell 000104KU U 0PA «NO3UMPOHAY»

Jedopmanus BHemHEH 0007I0YKHY 1 s17ipa cBOOOJHOTO BAJICHTHOTO «ITO3UTPOHA», METPHKO-TUHAMHYECKasi MOJIENIb KOTOPOTO
U OIpPENeIIeTCs] COBOKYIMHOCTHIO MeTPHK (11), MOJTHOCTBIO COBIAAAIOT ¢ Ae(hOPMALIUSIMU «IIEKTPOHA» C TOH TOJBKO pa3HHU-
LIeH, YTO B 3TOM ClIydyae pPajnualibHO YAJIMHSIETCS BHYTPEHHSSI CTOPOHA A.1215-BaKyyMa (T.e. aHTHCYOKOHT).

2.2 Teyennsi cyOKOHTA BO BHellIHeil 000/104Ke U B siipe CBOOOHOT0 BATEHTHOI0 «3JIeKTPOHA» M «MO3UTPOHA»

Kak yxe He pa3 otmeuanocs B [1,2,3,4,5,6] B pa3BuBaeMoii 31€Ch TEOPUU UMEETCS 3HAUUTENBHOE KOHUENTYaIbHOE OTINUHE
ot obmeit Teopuu otHOCHTENbHOCTH (OTO) DifHIITEitHA B Boripoce (GU3NUECKO HHTEPIPETALNHN HyIE€BBIX KOMIOHEHT MET-
+) +)

+ o
PHYECKOTO TEH30pa Goo” U gy~ = gi(0 ) BOTO HYJIEBbIE KOMIIOHEHTBI BIIMSIIOT HA TEMII TEUEHUSI BPEMEHHU, a B Pa3BUBAEMOMU

10



31€Ch T€OMETPU3UPOBAHHON (DU3HKE BaKyyMa HyJIEBbIE KOMIIOHEHTBI CBA3aHbI C IIPAMOIMHENHBIM M BpaIlATEIbHBIM JBHIKE-
HHEM CII0EB Amn-Bakyyma (cmotpute B §6 B [3] 1 §2.8.4 B [5]).

Ilo eceil guoumocmu, obe unmepnpemayuy Hy1e6blx KOMNOHEHM MEMPULECKO20 MEH30PA He UCKTIoYalom, d 00noaHAiom opye opyed. B
pAaode 3a0ay YOOOHO CUUMAmMb, Ymo KpUSUHA NPOCMPAHCMBEa-8pemMeHy 8usem Ha AeleHus npupoosl. B opyaux 3adauax yoobuee npeono-
Jazamv, Mo 8aKyyMHbvle CloU 001a0am ynpy2o-niacmuyHblMU c80UCMEaMU (NOO0OHO MAMEPUATLHBIM CHIOWHBIM Cpedam), a me Hce
camvle Hynegble KOMNOHEHNbI MEMPULECKO20 MEH30PA CEA3ANBL CO CKOPOCAMU U YCKOPEHUAMU OBUNHCEHUS IMUX CPEO.

BepneMmcs k uccnenoBanuio MeTpuk (24) u (25), KOTOpbIe ONKUCHIBAIOT METPHKO-AuHamirdeckoe (MJ]) cocTosiHue cyOkoHTa
BO BHEIHEH 0605104Ke «dnekTpoHa» (cmotpute §§2.8.3 u 2.8.4 B [5])

2
dsl(+)2 = (1 - %6) cdt? — (1‘1_%_6) —12(d6? + sin? 0 dp?) — MJ] cocTosiHue a-CyOKOHTa, (249
(H2 _ Te\ .2 3,2 _ dTZr_z 2 2 2y _ ,
ds,”’" = (1 + T)c dt 1+ 55) r*(d6? + sin* 6 d¢p*) — M1 cocrosiaue b-cyOkoHTa, (25"
dsP? = c2dt? — dr? — r2(d6? + sin® 0 d¢?) — MJI cocrosiHIe CyOKOHTa 110 AeGOpMAlUH. (26"
5 y p

B §6.2 B [3] OpUIH paccMOTpPEHBI HECKOIBKO KHHEMAaTHIECKUX CITy9aeB JIBIKCHUS CIIOCB TBYXCTOPOHHETO Amn-BaKyyMa.
[IpuMeHNM TaHHBI KHHEMATHIECKAN TTOAXO]] K HCIIOJIB30BAHUIO METPHK (24) 1 (25).

2.2.1 Cxopocmu cyOKOHMHBIX MOKO8 U NPOMUBOMOKO8 80 8HeuiHell 000104Ke «IIeKMPOHaAy

Just metpuk (24') u (25") mogxomut metpuka (96) B [3] ¢ Toit ke curHaTypoit (+ ———), HO B ChepHUECKUX KOOPAUHATAX
2

ds®? = (1 - ”C—z) c2dt? + 2v,drcdt — dr? — r2d6? — r? sin? 0 dop?, (39)

Tak KakK B 3TOI MeTpUKe, TaK ke Kak B MeTpukax (24") u (25'), KOMIIOHEHTH METPHUECKOTO TEH30pa gi(g' ) = gi((;' )= 0.

CpaBHIM g(():;) B MeTpuKax (24") u (39), B pe3yapTaTe MoIydnm

2
_Te_q_Ya
= ol

OTKYJIa OTIpEIe UM KOMIIOHEHTBI BEKTOpa CKOPOCTH (-CyOKOHTa BO BHEIIHEH 000JI0UKE «IJIEKTPOHA

Vg = [~ Voa =0, vgpq=0. (40)
Tenepb cpaBHUM g(()g) B MeTpuKax (25') u (39), B pe3ysbraTe Moaydum

1+%=1- % :

OTKYyda onpeAcIMM KOMIIOHEHTBI BEKTOpa CKOPOCTHU b'Cy6KOHTa BO BHEIIIHEN 000JI0UKe «IJICKTPOHA»

2 2 2
2 c4rg c?rg . |c?rg
-V, = — WM v =/— =l’—
b r rb r r
, c21g
WM —iVyp = [—, Vgp = 0, vy, =0. (41)
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Taxxe cpaBHUM g(()g) B HCXOJIHON MeTpuke (26'), u B ycpenHeHHoi MeTpuke (36) ¢ gég) B MeTpuKe (39), IpH 3TOM HOIyIUM

B pesynbrare momyduM Ui CKOPOCTH CyOKOHTA B CIIydae OTCYTCTBUS AehopMarui
U B CJIyJae yCPEeAHCHHS

vr(+)2 =0, véﬂ =0, vg') = 0. (42)
CornacHo Beipaxkerusm (40), (41) u (42) Bo Bcex paguaibHBIX HAMPABICHUSIX OT
SIpa «AJIEKTPOHA» CPEIHsA CKOPOCTh CyOKoHTa (Mik ab-cyOKOHTa) BO BHEIIHEH
000J104Ke «IJIEKTPOHA» ITOBCEMECTHO paBHA HYIIIO

c2rg . |c2rg
e |—&
r r

310 03HaYaeT, YTO A-CyOKOHT MPHUTEKAET B BH/C TOHKHX CTPYEK (TOKOB) CO BCEX
CTOPOH K pakuu «3JEKTPOHa» 0 MHOXECTBY CITHpajeii, T.c. 0OBHBas BCe paju-
aNbHBIC HATIpaBJIeHHs (cMoTpuTe puc. 6 u 7). IIpu 3TOM CKOpOCTh 8-CYyOKOHT IO~
CTEIIEHHO BO3PACTACT MPAKTHUECKHUIT C HOJSI IO TOCTUTACT CKOPOCTHU CBETA ¢ MPH
r=rg~ 10 cm. To ecTb B paifoHe pakuu a-CyOKOHT HPOBAIIMBAETCA CO CKOPO-
CTBIO OJIM3KOH K CKOPOCTH CBETa B CHEPHUCCKYIO Oe3HA-TPEIMHY MKy BHEIL-
Heil 000JI0YKON U AAPOM «deKTpoHay (puc. 6 u 7). B Toxe Bpems b-cyOKOHT 0T-
TEKaeT OT ChepruIecKoi 663/:[Ha-TpeLuHHI:I B BHJIC TOHKHX CTPYyeK (TOKOB) BO BCE THMECKYIO KApTHHY MPHTOKa
CTOPOHBI 110 MHOXECTBY KOHTp-criupaiell (00BUBasi paauaibHbIC HAIPaBIICHNA), a-cyGKomTa 1 0TTOKa b-CyGKOHTa
Ha4YMHAasl CO CKOPOCTH CBETa ¢ NPH I' = I's, M TIOCTENICHHO YOBIBAs 10 HYJIs. K/OT PaKHH «EKTPOHAY

= (vl —vE) =0 wm |vi| = =0. (43)

1
v rab _5

Puc. 6. ITombITKa BOCCO3/1aTh CXeMa-

~

\
RSN

B OODODHD

Puc. 7. UnmocTtpanust cyOKOHTHBIX TOKOB BO BHEIIHEH 000JI0UKE «3JIEKTPOHA»: @-CyOKOHT NMPHUTEKAET B BHIE TOHKHUX CTPYEK (TOKOB) IO
CIHpaJIsiM, 3aKPYUYEHHBIM BOKPYT BCEX PaJUajbHBIX HANPABJIECHUH, K PAKUH «3JEKTPOHA» C PAIUycoM Io = I's, IOCTEIIEHHO YBEIUYHBas
CKOPOCTH C HYJIsI IO CKOPOCTH cBeta ¢. [Ipu 3ToM h-CyOKOHT OTTeKaeT B BUJIC TOHKUX CTPYEK (TOKOB) IO KOHTP - CHHPAISIM BOKPYT BCEX
panuanbHBIX HAPABICHUH OT PaKHU «JIEKTPOHA», HAYMHASL CO CKOPOCTH CBETA U MOCTEIICHHO YOBIBast 710 HYJIs
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B coBokymHOCTH @-CYOKOHTHBIC M D-CYOKOHTHBIC TOKH CKPYYEHBI BO BCTPEUHBIE JABOWHBIC CrApaii (puc. 7), KOTOphIC B
CpeAHEM B Ka)JIOW JIOKaJbHOW 00JIaCTH BHEUIHEH OOOJIOYKH «3JIEKTPOHa» IOJHOCTHIO KOMIICHCHUPYIOT TPOSBICHHS IPYyT
npyra. To ecTb B Kax 0¥ JIOKalIbHOW 001acTH cobmoaaeTcs OanaHc CyOKOHTHBIX TOKOB U IPOTUBOTOKOB 110 HUTSIM (JIMHUSIM)
CKpPYYEHHBIM B IBOWHBIC criupaiu (puc. 7 u 8).

Puc. 8. I/IJ'IJ'IIOCTpaLII/Iﬂ NEPEIIICTCHUS Cy6KOHTHLIX TOKOB U IIPOTUBOTOKOB
B OKPECTHOCTHU sAJpa CBOGO}IHOFO BaJICHTHOI'O «3JICKTPOHA»

OTHOCUTEIBHOE PaIaIbHOE yIUIMHEHUE 3TUX ABOMHBIX CIMpaieii ObLIIO0 pacCMOTPEHO B IpebIAyIeM naparpade (cMoTpute
puc. 3). [Ipu stom, uem GoJblie paguanbHas nedopmanusi CyOKOHTa MO0 Mepe NPUOIMKEHHS K PaKUU «JIEKTPOHA», TEM
0oJIbIIIe CKOPOCTh CYOKOHTHBIX TOKOB U IIPOTHBOTOKOB.

Cnez[yeT OXXHUAAaTh, YTO IPU JOCTUIKECHHUHU CKOPOCTH paJHaJIbHBIX Cy6KOHTHLIX TOKOB U IIPO-

+
TUBOTOKOB HEKOTOPOT'O KPUTUYCCKOI'O 3HAYCHUA 171(. K;

2
v = |2, (44)

er

HX JJAaMUHApHOC TCUCHUC IEPEXOJUT B Typ6yJ'ICHTHOG, YTO COOTBETCTBYET YBCIIMYCHUIO U3JIO-
MAaHHOCTH U 3aKpyUHUBaHUSA Cy6KOHTHBIX paguajibHbIX JIMHUH 110 MeEpe HpI/I6J'II/I)K€HI/I${ K pakuun
«OJICKTPOHA». He HUCKJIFOYCHO, YTO OJIA Cy6KOHTHLIX TOKOB U MPOTUBOTOKOB B IMOCJICICTBUN
YAAcCTCA MOJYYUTh YMUCJI0, COOTBETCTBYIOLICE YHUCITY PCﬁHOHBHCa B T'MAPOJAUHAMUKE.

Takxum o0Opazom u3 MeTpuK-pemeHuit (24") u (25') BakyyMHBIX ypaBHEHNH DWHIITEHHA TMPOSIBIJICS COJUTOHHBIA XapakTep
CcTaOMIBHOTO CheprUIecKoro BaKyyMHOTO 00pa30BaHus (B YaCTHOCTH, «3JEKTPOHa»). Tak Kak JIOKaJbHBIE paJdallbHbIE Je-
(opmarmu cyOKOHTa MOAICPKUBAIOTCS COOTBETCTBYIOIINMH CKOPOCTSAMHE (TOYHEE YCKOPEHUSIMH, CMOTPHTE CIIE YOI Ta-
parpad) ABMKEHHUSI CYOKOHTHBIX TOKOB M TIPOTHBOTOKOB. [IpH yBemMUEeHIH panaibHOi qedhopMalny cyOKOHTa, TAKXKE MPo-
MOPIIMOHAIFHO YBEITMYNUBAIOTCSI CKOPOCTH U YCKOPEHHS paHaIbHBIX CYyOKOHTHBIX TOKOB M IPOTHBOTOKOB. [Ipu mepexoxe
N3JIOMaHHOMY M CKPYYEHHOMY COCTOSIHHIO PaJHANIbHBIX JINHUH CyOKOHTA B paifoHe paKUH «3JIEKTPOHa» — CyOKOHTHBIE TOKH
U IPOTHBOTOKH HEPEXOAAT OT JIJAMUHAPHOTO TEUCHUSI K TypOYJIEHTHOMY.
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CpaBHeHHE KHHEMAaTHIecKOi MeTpuk (39) ¢ MeTpukaMu-peIeHIsIMA BaKyyMHOTO ypaBHeHU (24) u (25) BrosHe orude-
CKH OIIPaB/IaHO, HO HOCHT 3BpUCTUUECKHUHI XapakTep. OHAKO MOKaXXeM, YTO PEISITHBUCTCKUH CII0CO0 ONpe/eIeHUs] CKOPOCTH
TOPUBOINT K abCypaHbIM pesyabratam. B OTO ckopocts ompenensietcs Gpopmynoii [7]

gg+)g(+)
—g$) + =2 Jaxaaxk
dg
dl 00
V(+) = d_ =
t gég)dt

+ + +
[MoxcTaBuM B 3TO BBIpa)KEHHE KOMITOHEHTHI géﬁ), géa) u géo) n3 MeTpukH (24'), B pe3ynpTaTe MOXydYUM KOMIIOHEHTHI BEK-

TOpa CKOPOCTH a-CyOKOHTa

1 ar c +)

vy = G g5 (1_78\ar _ (1_T6) VYea
ggo = 4t (1_7) at (1_ T)

ra

=0, v{)=0.

U3 stux BBIpa)KCHI/Iﬁ BHMJIHO, YTO paJuanbHas COCTABIAIOLIAS CKOPOCTH NPHU I' = I's CTPEMUTCA K 6€CKOHe‘IHOCTI/I, a Inpu 60J1b-
UX I' JTaHHasi CKOPOCTh CTPEMUTCS K CKOPOCTH CBETA. O‘IGBI/IZ[HO, 4qTo HaHHLIﬁ pe3yabTaT a6cyp;[eH.

2.2.2 chpenue cy61<0Hmezx MOKO6 U npomueomoKoe 60 eHewnell 06010uKe c8600600H020 ANECHMHO20 «IIeKmMpoHa»

B §5 B [4] Obu10 3anmcano Beipaskenue (108) mst yecKopeHHs Amn-BaKyyMHOTO CJIOSI B CTAIIHOHAPHOM CITyyae

a=d=——c? {—grad(ln«/goo) + /oo E X rotﬁ]} =Ev + [vxBv], (45)

v2
c2

rae §(gi, 92, g3) — 3-MEpHBI BEKTOP C KOMIOHEHTAMHE

gﬁ:jﬁ, g2 =—122 gg=-22, (46)
Ev=E, = —v.grad ®; (47)
By= Ev =Y/ Y00 rot?; (48)
¢ =1In./goy — reOMETPU3UPOBAHHBIN CKAIAPHBIM IOTEHIUA; (49)
A=g — reOMETPU3UPOBAHHBIN BEKTOPHBII MOTECHIINAT, (50)
Ye = < — nopeHn-(hakTop, yMHOKEHHEIH Ha 2. (51)

Ev — reomeTpu3upoBaHHBIN BEKTOP SKIEKTUIECKON HAMPSHYKEHHOCTH C KOMIIOHEHTAMU:

9tng00 (52)

) Eys =7 923

E. = aln./goo E. = aIn,/goo
vl — rc axt ! v2 = Ye 9x2

By — reomeTpu3upoBaHHBIN BEKTOP MarHUTHON MHAYKINH C KOMIIOHCHTAMHU:

By =7, v oo (Z% - %), By, =7 v 9oo (g% - %)’ By =7, v 9oo (Z% - %)- (53)

B metpukax (24") u (25'), OMUCHIBAIOIIAX METPUKO-THHAMUYECKOE COCTOSHIE CYOKOHTA BO BHEITHEH 000I0UKE «IIEKTPOHA
BCE CMELIAHHbIE HyJIeBble KOMIOHEHThI METPHUECKOr0 TEH30pa PaBHbI HYO JooH) = go,*) = 0. I[TosToMy ypaBHeHue (45) mus
YCKOpPEHHS CYOKOHTa B CTAIMOHAPHOM CITydae YIpPOINACTCs, IO BEKTOPHOTO YPaBHEHHS T€OMETPU3HPOBAHHOTO AJICKTPHYC-
CKOT'0O MOJIst
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2 dln 52

N CON c oo -
= au = —W ok , Irae U= 1, 2,3 (54)

c2

.
ESY

+
[MoncraBum B BelpakeHue (54) HyJI€BYIO KOMIOHEHTY METPHYECKOTO TEH30pa ggo) n3 MeTpHUKH (24') U COOTBETCTBYIOILYIO

2
CoT
ckopoctb (40) vHD2 = 2, = TG , B Pe3yJIbTaTe HOTyIUM

(+a) _ (+a) _ 2 9 (1-%) _ crg (+a) _ (+a) _
EGY =l = £ T oS g ng, g0 <o, (55)
J1—7 2r \/(1— )
i _ 11(+a)i_( _Tj)i
rae ar*a ar 1 r/)or’

+
IMoncraBum B BeIpakeHHe (54) HyJIE€BYIO KOMIOHEHTY METPHIECKOTO TEH30pa g((,o) 13 METPHUKH (25') ¥ COOTBETCTBYIOILYIO

2
ckopocth (41) vH2 = v2, = — er , B pe3yJIbTaTe IMOITyIUM
2 0ln 1+ 16 2
E]E:—b) — a£+b) ___¢ (*b r) _ c“rg ) Eg+b) =0, E((p+b) =0, (56)
1478 or 2r2 (1+16)

e <2 = g11(+b):_r= (1 +’"_6) 0

arb r)or’

Kak mnokaszano B mpeablaylieM maparpade OpUTEKarolie TOKA a-CyOKOHTa W OTTEKAIoIIne TOKH D-CyOKOHTa CKpy4eHBI B

nBoiHbie ciupand (puc. 7 u 9). [Toatomy, B cootBeTcTBHM §4.4 B [4], 00I1ee pajuaibHOE YCKOPEHHE CyOKOHTA aﬁmb) ompe-
JIeJIIeTCsl KOMILTEKCHBIM BeIpaskeHueM (104) B [4]

+ab 1 . b 1 + . (+b
i = = (at* +iaf"™) = S (EFY +iES), (57)
TOYHEE MOJYJIEM 3TOTO BBIPAKEHHS (58)

+ab +ab) 1 +a)2 +b)2 1
T

Puc. 9. a) Crimpanu, COCTOSIINE U3 IPUTEKAIONINX a-CYOKOHTHBIX M OTEKAIOIINX D-CyOKOHTHBIX TOKOB
BO BHEIIIHEH 000JI0UKe «3JIEKTPOHay; 0) GppakTaibHbIC MILTIOCTPALIUH NEPEIUICTEHHBIX BHYTPH-BAKyYMHBIX TOKOB
BOKPYT c(hepruecKkoro o0bekTa (B 4aCTHOCTH, BOKPYT, siIpa «3JIEKTPOHA» WIIH SAApa «ITO3UTPOHA))
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B nurore momy4muinocs, 9To BEKTOp YCKOPEHHs CyOKOHTA (MIIM T€OMETPU3NPOBAHHBII BEKTOP 3KIEKTUYECKOH HANIPSKEHHOCTH
CyOKOHTa) BO BHEIITHEW 000JIOUKE «3JIEKTPOHA» 33a7aeTcs KOMIIOHEHTaM1

(+ab) _ (+ab) _  c?r +) _ (+ab) _ (1) _ (+ab) _
ay = Eyr _762' Apg = Epp =0, Qe = Lyp = = 0. (59)
2r2 [1-26
72
o o (+ab)
I'paduk paguanbpHOH cocTaBiAoNIell yCKOpEeHUs . nokasa Ha puc.10.

W3 Belpaxkenuii (59) cnexyert, uto mpu I » rg

2
' =By ~ 5%, al) =EG™ =0, g =EL™ =0. (60)

B kmaccuueckoil 3JeKTPOCTaTHKE BEKTOP HAMPSKEHHOCTH 3JICKTPHUUECKOTO
TI0JI1 TOUEYHOTO 3apsifa (B YACTHOCTH DJIEKTPOHA) B BaKyyMe OTpPEAeTseTCs
KOMIIOHCHTAMU.

E,=——, Eg=0, Ey=0, (61)

- ]
4TTEQT2 0

rae e = —1,60219-107'° Kn — sapsan snektpona; & = 8,85419 102 d/m — = \
SIIEKTPUYECKAS TOCTOSHHAS. f \

CpaBnuBas BeipakeHus: (60) u (61), oOHapyKuBaeM CJEIYIOIIEe COOTBET-
CTBHE MEXJy IapaMeTpaMH KIaCCHUECKOM AJIEKTPOCTATHUKU M MapamMeTpaMu
FCOMETPU3UPOBAHHON CYOKOHTHOW CTATHKH (T.€. CTAOMIBHOTO YCKOPESHHOTO e = 5 S 10
JIBIDKEHUS CYOKOHTA BO BHEIIHEW 000JI0UKE «IJIEKTPOHAY)

Puc. 10. I'padux dpynkunu (59) E,S:ab)

2
e C™T
ot

(62)

4TE 2

B Kilaccr4ecKoi 3JIEKTPOCTATUKE IBPUCTHYECKOE TOHATHE «OJIEKTPUUECKHUH 3apsif] 3JEKTPOHA» e XapaKTepU3yeT UHTEHCHUB-
HOCTb €0 3JI€KTPOMarHuTHOIO B3aUMOJACUCTBUA ¢ JPYTMMHU YacTHLaMU. B pa3BuBacMoi 3/1€Cb F€OMETPU3UPOBAHHOM BAKY-
YMHO# 3JIEKTPOCTaTHKE HESACHOE OTHOIIEHHE e/ &, 3aMEHSETCsl Ha TIPOM3BEEHUE SCHBIX MOHATHI 27¢. CKOpOCTh CBETa
sBJIsieTcsl (PyHIaMEHTAJIbHOW KOHCTAaHTOU, XapaKTepU3yIOlIe yIpyrue CBONCTBA BaKyyMa, T'g — PaJyC PaKkuH, T.e. chepu-
4eCcKOH Oe3/1Ha-TPEINHbL, OKPY>Karolel Spo cTabMIbHOTO BaKyyMHOT'O 00pa30BaHusI (B YaCTHOCTH, «3JIEKTPOHay ), puc. 11.
B KBaHTOBO# 37IeKTpOCTATHKE YUUTHIBAaeTCS 3P QEKT momsipu3anun GU3NIECKOro BaKyyMa BOKpYT TOUEHHOTO 3apsana. Bakyym
Kak OBl 3aKHIAET B OKPY>KEHUH sipa 3ekTpoHa (puc. 11 n 12). 310 m0o3B0IMIO KBAaHTOBBIM TEOPETHKAM BBECTH IIPEJICTAB-
nerns 00 3 GEeKTUBHOM AIIEKTPUIECKOM 3apsie

~ e
Ceff = (1_i—")'

n
6m?  4rme

rac 5 — nocrosiunas [1nanka.

HanpskeHHOCTB 3JIEKTPUYECKOTO OIS BOKPYT 3(h(heKTUBHOTO 3apsijia MPHOOpeTaeT BU

e

E, ~ - (63)

2 2
2(1-22 i
4TENT (1 P In— e)

[Tpu cpaBHEHNH paIHaIbHBIX COCTABILIFOIIMX BEKTOPA HapskeHHOCTH (59) u (63) oOHapyXnBaeM O4EBUIHYIO aHAJIOTHIO
1 1

ot (64
Jo-dna) 3
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Puc. 11. Bremnss1 006051049Ka, MHOTOCTIOHHAS pakus (TOPJIOBHHA), IAPO U BHYTPEHHEE SAPBIIIKO CHEepUIecKOro BaKyyMHOTO
00pa3oBaHus (B YACTHOCTH «DIIEKTPOHAY HIIH «IIO3UTPOHA») U €T0 (PpaKTaJbHBIC HILTIOCTPAIIUN

Puc. 12. ®paxranbHbIe MILTIOCTPAIH 3aKUITAHUS CYOKOHTa B OKPECTHOCTH PAKUH «JICKTPOHA)

B kiaccu4eckoil aeKTpOoCTaTHKE MOTSHIHAI IEKTPHYECKOro MOJIsi BOKPYT TOYEYHOTO 3apsia € ¢ HalpsHKeHHOCThIo (61)
ONpENENsIeTCs BBIPAKEHUEM

¢o=—[Edr=—[——dr = ——— [T =—"_ (65)

4megr? ameg ¥ r2 4megr’
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IIPY 5TOM NMOTEHIMANIbHAS SHEPI NS, 3aKITI0UCHHAsI MEKAY ABYMS chepaMu C paguycamu I'1 ¥ 2, paBHA

27 2 B 1
m:kﬂfﬁ@ﬂmw¢=hz“l—mzﬂﬁﬁngmﬁ—mngm? (66)

1 4mepr £o 1

B pazBuBaeMoii 3/1€Ch MOJIHOCTHIO I€OMETPU3UPOBAHHON BaKyyMHOW 3JIEKTPOCTATHKE aHAJIOTUYHBIN MOTEHIUAT CYOKOHM-
HOU HaNPsHKEHHOCTU BO BHEIIHEH 000JIOUKE «dIIEKTPOHAY, ¢ yueToM (59), paBeH

c?rg 1 2

2
(+) ry= — a(i)dr = — E(+ab)dr = — Ldr =" ——dr = —ﬂarcseci-F C, 67
ab ar vr
2|, "6 2 T g z "6
2r 1_7'_2

—r2
o dx 1 X 1 a

IJIe MCTIOJIb30BaH TabIMYHbIH UHTerpan | ——— = —arc sec=+ C = —arccos -+ C.
xx2%-a? a a a x

Takum 00pa3oM MOJSHOCTHIO F€OMETPU3UPOBAaHHASI CYOKOHTHAS AJIEKTPOCTATHKA COOTBETCTBYET IKCIIEPUMEHTAIBHBIM JIaH-
HBIM U PacKpBIBACT T€OMETPUUECKYIO IIPUPOLY DIIEKTPHUECKOTO 3aps/a JIEKTPOHA.

OTMeTHM, 4TO OTHOCUTEIBHOE yanHeHne cyOkoHTa (29), a Takxke ckopocth (43) u yckopenue (59) cyOKOHTHOTO TOKa BO
BHEIIHEN 000JI0UKE «IIEKTPOHA» ONPEAEIEHBI OTHOCUTENBLHO UCXOIHOTO MOKOSIIErocs LIENbTa «3jeKkTponay (34). Msmene-

HHE LIeJIbTa «AJIEKTPOHa» (HanpuMep, NMepexo oM B APYTYI0 CHCTEMY KOOPJIMHAT) MOXKET MPUBECTH K HECTaOMIILHOCTH Ba-
KyyMHOTO 00pa30BaHM.

2.2.3 Cropocmu cyOKOHMHBIX MOKO8 U NPOMUBOMOKO8 6 0pe C60000H020 BANCHMHO20 «IIEKMPOHAY

+
CpaBHUBaEM HyJIEBbIE KOMIIOHEHTBI géo) B MmeTpukax (30) — (33), onpemensronux METPUKO-THHAMHYECKYI0 MOJEIb SApa
«IIEKTPOHAY», C HYJICBOI KOMIIOHEHTON B KHHEMATHIeCKO#t MeTpuke (39).

B PpeE3yabTaTC NMOJIYUIUM CKOPOCTH YETHIPEX NMEPCIICTCHHBIX TOKOB Cy6KOHTa BHYTPHU sipa «3JICKTPOHA»

(1+)

2

T r2 2 r r2c 172 r2
(1——7+—2) — vrza=(—2——7)c2 - V= |5—T=c ——77 1715 a-CyOKOHTa, (68)

2
76 T Te r Te

2 2 2,2 2 2
”rb):( T_7_T_) 2 =(_T_ T_7) 2 = |- e -
(1 +2 1+ i (= 7z +=)ct— vy 2 += c | 7z 11t b-cyOKoHTa, (69)
V_%c)_( _T_7_ﬁ) 2_(_ﬁ_r_7) 2 e i
(1 +32)= y ) T Ve =TT ) T Ve S 2 il U +—~ 11 C-CyOKOHTa, (70)
(1+—vfd)_(1+r—7+ﬁ)—> v2 —(ﬁ+r_7) 2oy = PRl D d-cy6 (71)
2 )= r 12 ra = \;z7 T ¢ rd = |72 N A 2715t 0-CyOKOHTA.

HOCKOJ’ILKy Vy; HE MOXKET NPEBBIIIATE CKOPOCTh CBETA, TOJIXKHBI OBITh CO6J'IIO,H€HI>I yciioBus

2 2 2
0<5+%<1, 0<s5-2<1, 0<sZ-5 <1, (72)
T6 T T‘6 r T T6
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IIpu r=rs (T.e. B paifoHe nepudepuu aapa «IMEKTPOHa») BCe
ckopoctu (68) — (61) cTpemsrcst kK ckopocTH cBeta C. Taxke
npu = r7 (T.e. B paifloHe pakKUu BHYTPEHHETO SAPBIIIKA, T.C.
BO3JIE s/Ipa MPOTO-KBapKa) Bce ckopoctu (68) — (61) crpe-
MSTCSL K CKOPOCTH CBeTa C.

Takum 00pa3om, Ha YPOBHE PACCMOTPEHHS S/Ipa BaJICHTHOT'O
«QJIEKTPOHAa» HAa KaX[I0€ paJualbHOE HAIpaBICHUE HAMO-
TaHbI YETBIPE BHYTPH-BAKyyMHBIX TCUCHHUS (TOKA).

JlBa 3 5THX BUHTOBBIX TeueHM (D-CyOKOHTHBIN TOK H c-Cy0-
KOHTHBII TOKH) OTTEKAIOT OT NMepU(EPHH SIpa «IITECKTPOHA,
CHayaJla CO CKOPOCTBIO OJIM3KOM K CKOPOCTH CBETa, Jalee 3a-
MEJUISSICh ¥ 3aT€M Y PaKHU BHYTPEHHETO SAPBIIIKA (T.€. BO3JIE
A1pa IPOTO-KBapKa) CHOBA PAa3TOHAIOTCSA IO CKOPOCTH CBETA.

JIBa pyrux BCTpEYHBIX BUHTOBBIX T€UCHUS (a-CyOKOHTHBIN
TOK ¥ (-CyOKOHTHBIH TOKH) OTTEKAIOT OT PAKHH BHYTPEHHETO
SAPBIIIKA, CHAYaJIa CO CKOPOCTBIO OIM3KO K CKOPOCTH CBETA,
Jlanee 3aMeIsIACh, a 3aTeM y nepudepnu sapa «3IeKTPOHaY)
CHOBA Pa3TOHSCH 10 CKOPOCTH OJIM3KOH K CKOPOCTH CBETA.

Jlis HarasigHOCTH yIHOOHO TNPEIIONIONKHUTh, YTO d-CyOKOHT-
HBII 1 D-CyOKOHTHBIH, a TAK)KE BCTPEYHBIC UM C-CyOKOHTHBIH
1 d-CyOKOHTHBIH TOKH TEKYT MO YETBIPEM CTOPOHAM OJHOTO
CKpy4eHHOro 4-rpanHuka (puc. 13). Puc. 13. CkpyueHHBIH 4-TpaHHUK, 10 OJHON CTOPOHE KOTO-
POro ¢ yCKOPEHHeM ABIXKETCS d-CyOKOHm, TO APYroil CTo-
BMmecTe ¢ TeMm, [ CTOPOHHEro HaGmonartens nepupepus POHE YCKOPEHHO TeueT D-cybxonm, 1o TpeTbel U YeTBepToil
SZIPA «ONEKTPOHa» U NepudepHs ero BHYTPEHHEro sapbluka  CTOPOHAM Ha BCTPEUY 1M C YCKOPEHHEM TeKYT c-cybronm u
CJIOXHO BPAIAIOTCA CO CKOPOCTBIO OIM3KOH K CKOPOCTH d-cy6ronm
cBeTa.

OO01mmast CKOpOCTh KaXKI0T0 PaauaIbHOTO CyOKOHTHOTO TOKA (T.€. KI'yTa CKPYUYEHHOTO M3 4-X HHUTEH) BHYTPH SAPA «IJIEK-
TPOHa», ONPENEISIFOTCS KBaTepHUOHOM [4]

1 . .
VUr(abed) = 7 (Vra + Wrp+jVre + kvyg), (73)
TOYHEEC €0 MOAYyJIEM
1 c rZ 7 rZ2 7 rZ 7 rZ2 r
|vr(abeay| = VR + vy + VR + Vg = ;\/(g— 77) + (‘g"‘ 77) + (—g—f) + (¥+77) = 0. (74)

To ectb BHYTpHUAACPHBIC Cy6KOHTHI)IC TOKH U IPOTHUBOTOKHU B CPEAHEM IMOJTHOCTHIO KOMIICHCUPYIOT HNPOABJICHUA APYT ApyTa.

2.2.4 Yckopenusi cyOKOHMHBIX MOKOG U NPOMUBOMOKOE 6 510pe C60000H020 BANEHMHO20 «INEKMPOHA»

YUT00B! OMYYUTH paAraibHbIE KOMIIOHEHTHI BEKTOPOB YCKOPEHUS YEThIpeX CyOKOHTHBIX BHYTPHUSACPHBIX TOKOB TIOCIIEI0Ba-
TETHHO MOJICTABUM B BhIpaxkeHHe (54)

) )
E(+) _ a(+) __ c2 aln |ggo _ c2 11(+) aln |ggo
vr

r J1— v(#)2  axk J1— v(#)2 9 ar !

c2 c2

(54"
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KOBapHaHTHBIC ¥ KOHTPaBaPHAHTHBIC KOMIIOHEHTHI METPHIECKOTO TEH30pa g((,g) u g uz merpux (30) — (33) u cootsert-
cTByoIIMe ckopocT (68) — (71)

2
aln 1—’77+r 2T_;+2_T
(+a) _ 2 r; T2 i r rg
a = =Tt E —
6

— YCKOpeHHe a-CyOKOHTa, (75)
r7 r2
21-Z4+T
7%
/ T _12
(+b) 2 r, 1?2 om rz C2<%+i_;>
a. T =ct [1+L—-= 2 — yckopenue b-cyOkonTa, (76)
T Té or 5 1+r_7_r_
aln 1—’77—ﬁ Cz<_7_2_T>
2 T6 Z7 2
a£+c) = ¢? ’1 - T;’ - :—2 — jirﬁ — YCKOpPEHHE C-CyOKOHTa, (77)
6
21
dln |1+ r—7 + r_2 2Tz _ 2r
(+a) 2 12 _\r* rg)
a, ' =—c* 1+ —+= — yckopeHue d-CyOKOHTa. (78)

2 o F

OcTaabHBIC KOMIIOHCHTEI BCKTOPOB YCKOPCHUSA UCTBIPCX Cy6KOHTHI>IX TOKOB paBHBbI HYJIIO.

Oo1ee paguaibHOE YCKOPEHHE CyOKOHTa BHYTPH SIpa «3JIEKTPOHA) 3a/1aeTCs YCPeIHEHHBIM KBaTepHUOHOM (§4 B [4])

C))

+ +b + +d
r(abcd) \/—(a( a)+ Ia( )+Ja( C)+ ka( )) (79)

a

KOTOPBIIl ONMCHIBAET MEperieTeHNe 4-X CyOKOHTHBIX TOKOB M IPOTHBOTOKOB BOKPYT Ka)KJI0TO PATHATIFHOTO HAIIPABICHUS
BHYTPH sIIIpa «3JIeKTpoHa» (puc. 13).

Monyns yecpeaHeHHOTO KBaTepHHOHA (79) ¢ yuetom BeipaxeHuii (75) — (78) paBen

) _1 | G@2  (+2 , (+0)2 | (+d)2 _® | \r* g 2t é 2 g
ar(abcd) T Va \/ T +ta, +a, +a; 4 Ty, 12 s r2 r; 12 ry 12 (80)
1- - +¥ 1+ - _é 1- - —2 ?+ %

I'paduk pyskun (80) mokazan Ha puc. 14.

T T ]

0.56 A

a(s) 0.54F | 4

Puc. 14. I'paduk ¢pynkuun (80) npu ycnoBHO npuHATHIX 17 = 0,001, g = 10, ¢ =1. JlanHas QpyHKIHSA OmpeAenseT pacupeaeIcHne
CHHPATBbHO-PAIMAIBHON COCTABIIIONICH BEKTOPA YCKOPEHUsI CYOKOHTA BHYTPH SIIPa «3JIEKTPOHA
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U3 rpaduka Ha puc. 14 BHIHO, 9YTO CyOKOHT UMeeT OOIbIINE YCKOPEHHS BO3JIE IEpUPEPUH SIpa «IIIEKTPOHA» U BO3IIE BHYT-
PEHHETO SAPHIIKa (T.€. Aapa «IIpoTo-KBapKa»). OQHAKO 3TO HE JaMHHAPHOE YCKOPEHNE CYOKOHTa B PaJuaibHOM HaIlpaBiie-
HHH, a YCPEAHEHHOE CIIMPaIbHO-PaJnalIbHOE YCKOPEHHE
BpAIIEHHs YEThIPEX CYOKOHTHBIX TOKOB IO MEpeIIeTeH-
HOW 4-cniMpaiy, HaMOTAaHHOW Ha KaXJ0€ paJHaibHOe
Hampasnenue (cmotpure [4], puc. 13 u 15). Takoe ycko-
pPEHHOE CHHpPaJbHO-BpAIaTeIbHOE JIBI)KCHHE CYOKOHT-
HBIX TOKOB M IIPOTUBOTOKOB BOKPYI' BCEX DPaJHalIbHBIX
HaIpaBJICHUH CO3/1aeT BBITAJIKMBAIONIEE YCHIINE, KOTOPOE
pactaruBaet cyOKOHT, Kak Moka3aHo Ha puc. 4. [1pu aTowm,
yeM OoJbLIC 3TO CHUPAITBLHO-BPAILATEIBFHOE YCKOPECHHE,
TeM OOINbIIe pacTsHKEHHE CYOKOHTa B paJHalbHOM
HaIpaBJICHUH.

Puc. 15. ®paxranbHble HILTIOCTPANUH CIIUPATHHO-BPAIIATENFHBIX U CITHPATbHO-PaJHANBHBIX IBIKESHIH CyOKOHTHBIX
TOKOB U IPOTUBOTOKOB BOKPYT BCEX PaAMaJIbHBIX HANIPABICHUH KaK BHYTPH, TaK U CHAPYKU AJpa «3JIEKTPOHA»

Eciu B BbIpaskenusx (75) — (78) npeneOpedb MalbIMHU c1araeMbIMH I7/1 v r7/r? (i 1ipu 7= 0) , To noay4um:

2
+a cr +c c?r
‘15 )= ——,  — YCKopeHue a-cyOKOHTa, aﬁ L — yCKopeHHe C-CyOKOHTa,
T
2 1+ 2 [1-1
6 6
0 - b-cy6 Gty _ _cor d-cy6
a == — YCKOpeHMe D-CyOKoHTa,  a, =~ = — yckopenue d-cyOKoHTa.

T
2 2
T T
2 1T 72 [1422
Te6 Te6

B atom ciydae o6iiee ycKopeHHe CyOKOHTA B SIPE «3JIEKTPOHAY» B 9TOM CIIydae PaBHO

+ 1 +a)2 +b)2 +0)2 +d)2 _ c? r2 72 72 r2 c2yr2
a£)=—\/a£") FalttZ gtz bz [T T T e (80a)
\/Z 27, T T T T
I R R =T S =P ey
6 6 6 6 6 4

Te

I'paduk Gpyukiumm (80a) nokazau Ha puc. 16.
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E(0) 4 | | 4

Puc. 16. I'paduk dynkuun (80a) yckopeHus cyOkoHTa (IIPH YCIOBHO MPHHATHIX s = 1, € = 1) B ciiyuae,
€CJIM BHYTPH SAPA «3JIEKTPOHA» OTCYTCTBYET BHYTPEHHE S/PBILIKO

3 HU3KOMHTEHCHBHOE «QJIEKTPOH» - ((qIOTOHHoe» B3aMMOJeiicTBUE

PaccMoTpuM B3auMoeHiCTBHE CBOOOIHOTO BAICHTHOTO «AJIEKTPOHA» C «(OTOHOMY. J{JIsI MOJTHOLIEHHOTO MCCIIeIOBaHMs Ta-
KOT'O B3aMMOJAEHCTBHI HEOOXOAUMO BBIIOJIHUTH OTJENIBHOE HCCIIeI0BAHNE, HO 3/1€Ch MBI H3JIOKHUM TOJBKO CaMble OCHOBHBIE
aCIIEKThI, KOTOPbIE KaCAOTCsl B3aUMOJICHCTBHE HETOABMKHOI'O CBOOOIHOTO BAJICHTHOTO «DJIEKTPOHA» ¢ «(OTOHOMY, JUTMHA
BOJIHBI 4 KOTOPOTO COM3MEPUMA MJIH HE3HAYUTENIBLHO MEHBILE Pa3sMEPOB spa «dJeKTpoHay (s~ 1071 cm).

«Doton» u «antudoToH» onpeneneHbl B §4.8 B [6] Kak JABa B3aMMHO MPOTHUBOIOJIOKHBIX BOJHOBBIX BO3MYIICHHS A-12.-15-
BaKyyMa, KoTopble onuckiBarorcs pemeHnsMu (130) u (131) B [6] anaHe3upoBaHHOTO BaKyyMHOTO ypaBHEHHUSI DHHINTEIHA
(127) B [6].

arexp{ilot—k-r)} u aexp{i(wt—k-r)}, rome a: u a_ — amuUTy 6l KONEOAHUH. (81)

I/Iccnez[yeM KakK 3THU (((I)OTOHLI)) B3aPIMO,I[CI>'ICTBy}OT ¢ BHEIIHEH 000JI0YKOit AApa «3JCKTPOHA», METPUKO-AUHAMHUYICCKOE CO-

CTOSTHHE KOTOPO#i OMUChIBAETCS MeTpukamu-peteHusmu (24) u (25) ¢ curnarypoit (+ ——-):
2

dsl("L)2 = (1 - rf) cdt? — (1d_rr_6) —7r2d0?% —r?sin® 0 d¢p? — MJ] cocTosiHHE a-CyOKOHTA, (24"
2

d_92(+)2 = (1 + %6) cidt? — (11;&) —12d0? —r?sin? § d¢p? — M]] coctosuue b-cy6xonTa, (25)

WJIN yCPETHEHHON METpHKOii (27)

dsl(;')2 = %(dslm2 + dsz(+)2) = c2dt? — sdr? —r2d6? —r? sin® 0 d¢?. 27)
T6

1_ —_
)

[IpencraBum BostHOBEIE pemreHus (81) B BHIE JBYXKOMIIOHEHTHOH MAaTPHIBI-CTOJIOEI] M SPMHUTOBOCOIPSIKEHHOW el MaT-
pumnsl-ctpoka (cmotpure §11 B [2])

2T
d+e—17(ct—r)

a eiZTn(ct—r)

(diei%“t—r) d*_e—iZTH(ct—r)), (82)

B atom ciiyuae metpuky (27') He0OX0AMMO MPECTABUTH B BHE CriUHTEeH30pa (cMoTpute §10 1 §11 B [2]).
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HanomamM, uto kBagpatuynas gopma s =~ 2 = x2 — x2 — x2 — x2 aBnseTcs ETEPMUHAHTOM BCEX HIDKETIPHBEIEHHBIX
2x2-MaTpui (T.e. 3PMUTOBBIX CIIMHTEH30POB) (cMoTpHTe Matpuis (64) B [2]):

(83)
xo + X3 +iX, Xg — X3 —ix, x0 + X3 |x2 —Xg X +iXy iX; — Xy, —Xg+ X
—iX, — X3 Xq + Xy x0 + Xg +ix, —iXy, Xy + X3 Xg + X3  iX + Xy
xO + X |x2 —ix, x0 + X |x2 —X;  Xg+iXy iX, —X; —Xg+ X3
—iXy |x2 xo + % + X, —iXy Xg+X Xg+Xg Xy 4+ X
xo + Xy +iXg 0— Xy X —iXg x0 + Xy —iXg — Xy  Xq +iXg iX; — X3 —Xg+ Xy
—iXg - Xy L +iXg  Xg + Xy +iXg — Xy —iX3 Xg+ Xy Xg + Xy X+ X3
xO + X3 +ix — X3 —ix x0 + X3 |x1 —Xg Xy +iX X3 —Xy, —Xg+X%
—iX; — X3 +ix; x0 + X3 +ix —iX; X+ X3 Xg+X; iXg+X,
xO + X +iXg - X —iXg xo + X —iXg =X Xy +iXg iIX, = X3 —Xg+X
—iXg - X +iXg x0 + X +ixg -% —iXg Xg+X Xg + X1 iXy + X3
xO + X, +1iX; —x2 —ix; x0+x2 |x1 —x2 X3 +iXq iXg —X; —Xg + Xy
—ixg — X, +iX; x0 + X, +iX; X3 Xg+ Xy Xg+ Xy iXg+X
iX, =X, —Xg+X3 iX, =X Xg+X3 X, —Xg  Xg+Xp) [ IXp—Xg Xg+X iX3 =X Xg+Xp
Xg +Xg Xy + X —Xg+Xg Xg+X ) \=Xg+Xy X +Xg )\ =Xg+X IXo+Xg) (—Xg+Xy iXg+X
Hampumep, 3anuireM OJWH W3 BAPUAHTOB CIIMHTEH30PHOTO TPEACTABICHUS METPUKH (27")
1 . .
cdt + dr rsinfd¢ +irdf
i
1-3
(84)
rsin@dg — irdg €4t~ " dr
Te
1-3

JI71st COKpAIeHHsE 3aucH 0CBOGOANMES OT AU dHEepeHITHATOB U TipeacTaBuM MaTpuily (84) B BUIE CyMMBI MaTPHIT

1+

rsinf +ir 1

2
.
6
1-28 r
r2 1--%

(1 0) ( 0 rsinG) (0 iT)
1 _(01+ 0 L | Gsine 0 T\l o)

r2
’6

1-
T-Z

rsinf —

ITo anamoruu ¢ mpumepom 2 B §11 B [2] ocTaBUM B TaHHOH MaTpHIIE TOJIBKO MMPOCTPAHCTBEHHBIE COCTABIISIOIINE

23



rsinf +ir 1

2 N
1_r_2 1_‘r_g
r ( 0 rsine) (0 ir)
= + + ,

rsin @ 0 —ir 0

(85)

rsing —ir 2

Kak moxazano §11 B [2], mpoekunu crimHa BOJHOBOTO BO3MYIIEHHS A.-12-15-BaKyyMa Ha OCH KOOPIMHAT JUIA CITydasi, Korna
METpHUYECKOE 3-IPOCTPAHCTBO UMEET CUTHATYPY (+ — ——) MOTYT OBITH OTIPEIENEHbI C TOMOIIBI0 cinHTeH30pa (77) B [2]

(86)

- X1 X3+ ix3\ (S1\ _
(51'52) — 7 _ -
X3 Xy X S2

=G (% E) -6 () )6 -mensn (G DE) =

= —(—s351 — 5551)%; — (is35; — i5153)x; — (=511 + 5352)%3.

C ucnonb3oBanueM Matuil (82) u (85) 3amuineM clieayrolee BhIpakeHne

1

rsinf +ir
o
2 - —iz—n(ct—r)
2m, _2m a,e 2
(aze 7@ grem7tem) P (87)
a_e 2

1
rsin@ —ir - 2
1_Te
72

Amnanorunvso (86) moay4nM MPOEKIUH BEKTOpa CIHMHA S, PACCMATPHBAEMOI0 BOJHOBOIO BAKyYMHOTO BO3MYIICHUSI HA OCH
r, 6, ¢ c HICTIOTIB30BaHUEM CyMMBI MaTpHIl (85)

> 0
-
6 2T
1-= = —i=(ct-1)
2 1
21 2T r a,e 1 R % =
—( = ~—(ct— _ —i==(ct- + _ * _ A%
(s;) = (aiell(c ) i*e i(c r)) 1 L = > (ata, —aia.), (88)
0 - a_e "6
2 1--5
1--8 r
72
2m
. —i=(ct-r)
2m an 0 ir\[ase 2 e s i t=r) ks —i(ct-r)
= (% i5(ct-r —x _—i==(ct-r - * _ g%
(sg) = (aie 7t gr il )) (—ir 0) } iZTH(Ct—r) =1 [a+a_e A a_a,e "2 ]
21
, - _—i=(ct-7)
2m o 0 rsin@\ [ a.e 1 s = it | omw = —i(ct-T)
= (5 i—(ct—r = —i—(ct—r — : * *
<S¢> - (aie 1( ) ate /1( )) (rsine 0 ) =rsinf [a+a_e A ta-a,e "1 ]i

ie iZTH(ct—r)

HauanbHble ¢assl conpsnkeHHON mapbl KoieOanuii (82) yuHTHIBAIOTCS KOMITIEKCHOCTBIO aMILTUTYX &+ 1 - . [1oaTOMy, He
OrpaHU4MBasi OOIIHOCTH, MOJKHO TOJIOXKUTH ¢+ = ¢_= 0, T. €. CUUTATh &+ W & BEUIECTBEHHBIMH YUCIaMu. B aToMm ciydae
BeIpakeHus (86) mpuoOpeTaroT BU:
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(Sr) = (a—a+ - a—a+) =y (89)

4T
(sg) =ir [a+a_e g —lT(ct—r)]'

4T am
<S¢) =rsind [a_a+eLT(Ct‘r) + a_a+e_lT(Ct_r)],

IIpu paBeHCTBE aMILTUTY I IPSMOI M 0OPATHOI BOJH a+ = a = a/47r?, a Takxke Npu ydete GopmyIt

ixy p—ix . iX_g
cosx =——, sinx = —— (90)

BEIpakeHus (89) ynpormaroTcs

(sy) =0, (91)
(%)=—gg%ﬁnF§@t—ﬂ]= 8n“sm[ (tw — kﬂ]
(54,) a 23 Sinb cos [;(ct — r)] = S:Tﬁsine cos[2(tw — kr)].

[Moy4miiock, 9TO BEKTOP CITMHA BOJHOBOT'O BAaKyyMHOTO BO3MYIIEHHS («(OTOHA») BpaIaeTcs B INIOCKOCTH MEPIIEHANKYJISIP-
HOW HaIpaBJICHHUIO €ro PaCIpPOCTPaHEHU, a BEIMUMHA 3TOT0 BEKTOPa YMEHBIIACTCS IIPU YBEIMUEHUH PACCTOSHUA I OT LIEHTpa
sapa «ANeKTpoHa». Takum 00pa3oM, KOHEI] BEKTOpa CIIMHA ONMKCBIBAET CITUPAIIb, CXOJSILYIOCS M0 Mepe MPUOIMKEHUS K APy
«3JIEKTPOHAY.

OmHaKo MBI pACCMOTPEINHN TOJIBKO OJMH BapHUaHT U3 BO3MOXKHBIX. J[11g mpruMepa paccCMOTpHUM elile OAWH BapHaHT, KOT1a MeT-
puka (27') mpeacTaBiseTcs B BHJE ACTEPMHHAHTA MATPHIIBI

cdt + rsin dg s dr + ird6
T
: (92)
=dr —ird0  cdt —rsin6d¢o
e
-7z
T

[MponensiBast onepaiu ananoruubie (84) — (84), nonyunm

1

0 \[:
szs 21
1-—= - —i—(ct-7)
21 .21 r a,e 2 1 = —'4—”( t—1) _ T ct-1)
s.) = (7% ,i5(ct-1)  -x  —i==(ct-7) + = (afa e 2\ +aia_ et A )
(sr) (a+e 1 a_e "2 ) 1 0 2t 176 +
a_e l T
2n
3 —i=(ct-r)
a,e 2 AT
sp) = (5+ piglet=1)  ~x —iZi(ct-r) ( lr) + =ir [a d_e T _gr g eTia et r)], 93
(sg) (a+e 2 are” ) ~ir 0\ o ieen) + (93)
2n
3 - —i=(ct-1)
_ om, _o_em. .\ (rsin® 0 a,e 4 o v .
<S¢> = (diell(“ N greiz et r))( 0 —rSL'nB) . eizTn(ct—r) =rsinf(aya, —a-a.).
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HpI/I AHAJIOTUYHBIX YIPOIICHUAX MOJYYUM KOMIIOHCHTBI BEKTOpa ClIMHA (((bOTOHa)) B JaHHOM cCliy4dac

aZ
(s,) = W;Zcos[zaw —kn)], (94)
1-3%
2
(sg) = — 87fmsin [%(ct - r)],
(s¢)=0.

st Toro, 9TOOBI ONMUCATh HU3KOMHTEHCHBHOE B3aUMOJICUCTBUE «(OTOHA» ¢ BHEIITHEH 000JIOUKOH MOKOAIIETOCs CBOOOIHOTO
BAJICHTHOT'O «3JIEKTPOHA» B ITOJHON Mepe HEOOXOANMO pacCMOTPETh BCE BOSMOXKHBIC CIIOCOOBI IIPEICTABICHHS KBapaTHy-
HOU (opmbl (27') B BUjie ACTEPMHUHAHTOB 2X2-MaTpHIL (T.€. SPMHUTOBBIX CIUHTEH30pOB) THMA (83) M HAWTH KOMIIOHEHTHI
BEKTOpa CIUHA «(POTOHA» JUIS KXKIOr0 HX ATUX CIIydaeB. 3aTeM HEOOXOIUMO YCPEIHHUTh IOJIyYCHHBIC PE3yIbTaThI.

4 U3ocnmn AAPa NOKOAIIErocst CBOﬁO[[HOl"O BAJICHTHOI'0 «QJIEKTPOHA»

Emie pa3 oTMeTHM, 4TO KBaJpaTHIHYIO GopMy C JTr000# M3 BOSMOXKHBIX CHTHATYD U3 pamkupoB (21), mpeacraBieHHYO B
JIUaroHaJIbHOM BHJIE, MOKHO MHOXKECTBOM CIIOCOOOB 3amucaTh B BUAE JETEPMHUHAHTA CIIMHTEH30pa BTOPOTO PaHra, Halpu-
Mep

(95)

yd°+ dx3 yd1+' dx?
ds(H2 = Goodx°dx® — gy xtdxt — g,,x22dx?? — ga3x3dx3 = ( 0dx Y3 14X 2 )
det

yidxt —iy,dx?  yodx° —ysdx3

rae y; = \/a

JlaHHYIO MaTpUIly MOKHO TIPEJCTABUTh B BUIE A4-MaTpPHUIIBI

0 3 1 ; 2
@ _ (Yodx" tyzdx® y,dx’ +iy,dx*\ 1 0 (0 -1 5 (0 —i 3/—1 0
= _<y1dx1—iy2dx2 yodi® — y,dx? ) V0 (o D)=nax' (5 §)=vd ([ )=y (7). ©8)

rae aéﬂ = ((1] (1]) 01(+) = (_01 _01) 02(+) = ((l) _Ol) 03(+_") = (_01 (1)) 97)

— Habop marpu [laynn.

AHaNOrUYHO, JUTS TUaroHAIM3UPOBAaHHON KBAaJPATHIHON (POPMBI ¢ IPOTHBOIIOJIOKHOW CUTHATYPOH (— + + +) IMeeM OMH U3
BapUaHTOB €€ NPE/ICTABICHUS B BU/IE A4-MaTPHIIBL:
(98)

0 3 ; 1 2
ds™M? = —go0dx°dx® + g, dxtdxt + g,pdx?dx® + g33dx®dx® = (yodx Tysdx”  lyadx +ydx )
det

iy, dx® —y,dx? —yodx® + ysdx3

49 = (yodx0 +y3dx®  iy;dx’ +y,dx? > = _yodx® (—1 0) +yidxt ((l) i) + yzdxz( 0 1) +yadx® (1 0)’

iy, dxt —y,dx? —yodx® +ysdx3 0 1 0 -1 0 ? )1
99
*_(-1 0 & _ (0 i @ _(0 1 ®»_( 0
rie o, —(0 1), oy _(i 0), o, —(_1 0), 03 —(0 1) (100)

— Habop matpun Kamm.
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Ionmoxmum, uTo Bee sneMeHThl AmuHb! dX' paBHb! equnute (dX' =1), Toraa As-matpuist (96) u (99) npUHUMAIOT BUL

A = (Yo ys ey (e 03 (0 (0=l 7 03 (101)
V1T, YT, 0 v, 0 iy, 0 0y

Ag__)z "yﬂ+y3 Ly1+y2 - _ _yO 0 + O ly]_ + 0 yz + y3 0 )
=y, Yoty 0y, iy, 0 -y, 0 0

Jlist npuMepa tipectaBuM MeTprky (6)

2 2
ds{t? = (142 - D) c2dt? - —T—~ — 12(d6? + sin? 0 d¢?)  a-cyGronr, (102)

2
T, T T
Te

OIPEACIAIOIYIO METPUKO-TUHAMUYCCKOEC COCTOSIHUEC a-cy61<0HTa B APEC «BJICKTPOHA», B BUJAC ACTCPMUHAHTA CIMHTCH30pa

2
/1+T77—:—zcdt—rsin9d¢ - dr —irdf
ry r2
6 1+77—%

(103)
1 i 2
s rzdr+1rd9 /1+r—7—r—2cdt+rsin9d¢
1+7—% r 3
det
3anuiieM JaHHBIA ciuHTEH30p ¢ yyeToM dx' =1
1+T—7—ﬁ—r5in9 S ——
r ré ry 12
105
(104)
1 .
———tir T, _ 12 ;
L 1+7—%+r51n9

OTMeTUM TaKXke, 4To JIF000e OMHAPHOE COOBITHE C BEPOSITHOCTHIO MCXO/a Y4 (HampuMep, BpalleHHe mapa mo- Wik IPOTUB
YacOBOM CTPEIIKH; BbINAJAEHHE MOHEThI HA CTOPOHY OpJia WIIM PELIETKH) MOT'YT OBbITh OTMCaHbl clinHOpaMu. Hampumep, Bpa-
[IEHHE 110 YaCOBOM CTpeke (OpMaIbHO 3aJ1a€TCsl CIIMHOPaMH (T.€. Opa- U KET-BEKTOpaMH)

wH=£Q)H|Lw=wﬂ=£um (105)

takumy, uto (Z + |Z +) = %(1 0) ((1)) = 1;

[Tpu 3TOM BpalieHne NpOTHUB YacoBOH CTPeNKH (GopMaIbHO 334aeTCsl CIIMHOPAMHU

z=y= [2(°) w 1z-y=-1= Fo1) (106)
2\1 2

1

TakuMH, uto (Z — |Z =) = %(0 1) ((1)) =2 (Z—-Z+)= %(0 1) ((1)) =0.
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BryTpH simpa BaJEHTHOTO «QJICKTPOHA» nMeercs dethipe cinos (6) — (9), moaToMy A MccieqoBaHus UX H30TOMHMIECKOTO

BpalicHus (I/IBOCHI/IHa) BOCIOJIB3YyEMCs CJICAYIOIMMHA CIMHOPaAMU

12 4) = ﬁ(;)
7= i)

Ucnone3ys cmaTersop (104) u cnmropsr (107), onpenenwm 4-BekTop M30CIHHA a-CyOKOHTa

T r? , 1 ,
’1+—7——2—rsm9 — —ir
r 3 ry 12

142

Trg

2 4) = (Z +] = \E“ 0,
|Z =) =(Z —| =\E(o 1).

(o) =

N

(stro) = \E(l 0)

1 2
i 1+T—7—T—2+rsin9
T Ts

+ % (10) (_r f)in ’ T s?n 9) ((1))

C KOMIIOHCHTaMH

r, 12

1+2-2 0
(+a) _ 1 ro 1 1 1 r, 12
St =Z(10) - - (0)=Z 1+T—E,
0 1+72-5
6
0 _ 1
1+r77—%
T6 1
(+to) _ 1 =
ST' - 4 (1 0) 1 (0) 0!
1+T77—% 0
T6

0 =tan @ )0)-0

sé}’f‘l) = i(l 0) (—r %ine rs?n 9) ((1)) = —ir sin 6.

AHaJOTruIHO OIIpEALIIACTCA, 4'BCKTOpI)I HU30CIIMHA:

- b-cybkonta [ metpuku (7)]

(107)

(108)

(109)

(110)
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(+b) _ 1 17 T2 (+b) _ (+b) _ (+b) _ 1 .
S, =3 1 T+r62, Sy =0, s, =0, Sy = 4rsmb’.

- c-cyOKoHTa [171st MeTpuKH (8)]

(+0) _ 1 r, T2 (+¢) _ (+¢) _ (#¢) _ 1 _ .
S; =3 1+T+r62, s, 7=0, s 7 =0, Sy = 4rsm9,

- d-cy6komnrta [ms metpuku (9)]
2
(0 21 fj_m G0 g (Do 0

1 .
S, . T Sy Sg S¢ ——erme.

KommoneHTBI 06]].[61"0 BCKTOpPA U30CIIMHA Cy6KOHTa B ApC «OJICKTPOHA» PABHBI

) _1 | (+a)2 (+b)2 (+0)2 (+a)2 _ 1 r, 12 oy T? r, T2 o ri Va1
S _4\/5} + s S + S _4\/(1+ r2)+(1 r+r62)+(1+r+r62)+(1 ror¥ T a2’

+) _ + _ +) _ (+a)2 (+b)2 (+0)2 (+d)2 _ 1
s, =0, s5° =0, Sp —\[s¢ +s¢ +s¢ +S¢ =3

- 1,
V4r?sin? g = ST sin 6.

Bo3mokeH Jpyroil THIT U30TOMMYECKOTO BPaIlIEHHs, KOTOPbIH ()OPMAaIbHO 33/1a€TCsl KOMILIEKCHBIMHU CITMHOPaMHU

|y+)=ﬁ(é) " |Y+)*=(Y+|=\E(i0), (112)

o= L) w vy =0-i= foo (113)

4

TaKHUMH, 4TO (Y+|Y+)=i(i0)((i))=—%, (Y—|Y—)=i(0 i)(?):-i_

B sTOM cityyae npu aHaJIOrMYHOM HCIIOIBb30BaHMH clHTeH30pa (104) KOMIOHEHTHI 0011ero 4-BeKTOpa H30CIIMHA CyOKOHTa
B SI/IPE «QJICKTPOHA» PaBHBI

st = —%, sV =0, siP =0, sg’) = %rsin 6. (114)

Pesynbraret (111) u (114) oka3anuch aHAIOTUIHBIMUA CIIMHOBOMY KBaHTOBOMY YHCITYy KJIACCHYECKOW KBAHTOBOW MEXaHUKH
S = £). OIHaKO 3TO TOJBKO HAYAJIO MCCIEJOBAHUS H30CIIMHOBBIX CBOIMCTBAX JMAaroHAILHON KBaApaTHIHON GopMbl Tuma (6)
w (102).

B pamkax Anre6psl curHatyp merpuka (102) MokeT OBITH IpeacTaBieHa B BU/IE CYMMBI CEMH I10JI-METPUK U3 JIEBOTO paH-
’Kupa B BepakeHuH (23) ¢ curHatypamu U3 JeBoro pamkupa (21):
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2
ds®? = (142 - c2de2 + —2 412402 + 12 5in? 0 dgp? — — aj-cy6Kkont, (+ + + + 115
rorg <1+r_7__>
T T’é
_ 7t 2.2 dr? 542 2 oin2 2 o S
1+ 5 ) cdt ~—1°d0* +r°sin“6do + az-CyOKOHT, ( +) (116)
T (1+2-5)
3
+(1+2-0) 2de? - T~ r2d0% + 2 sin  dp- — az-cyGKomT, (+ — — +) (117)
r r2 ry 12 3-Cy !
Vg
_ T3 20 dr? o022 2 2 o 4
1+ —— )¢ dt ~ tredf* —r°sin“0de- + @4-CyOKOHT, ( +-) (118)
6 r7_ -
i (”rzrz)
T7_ T\ 2442, 47 2492 2 2 2 o o
+(1+ - Tg)c dt? + <1+r_7_g> r2d0? — 12 sin? 0 d¢ as-cyGronT, (+ + — -) (119)
T r6
_ 7 T2\ 2.2, AP o022 :2 2 o SR
1+ ) cedt” + N~ —r°df* —rsin“ 6de® + as-CyOKOHT, (— + ) (120)
roor <1+T77_:_2)
2
+(1+77—:?)c2dt2 A 12462 — y25in? 9 dgp?, — ar-cybront, (+ — + ) (121)

PaccMOTpUM TOJIBKO OTHO M3 CEMH ClaraeMbIX JTaHHOTO BeIpakeHus, Hanpumep, (118) ¢ curnatypoii (— — + —) (ocTanbHbIe
claraeMble JAHHOTO BBIPA)KEHUS OIHMCHIBAIOTCS aHAJIOTHYHO).

Kax Kax y’Ke 0TMeuanoch e noa-mMetpuky (118) (supa sC7+7)2 = —Z — 2 442 — »2) MOKHO IPEACTABUTE B BUJE J¢-

. k(——+-)
TEpMMHAHTA OJIHOH U3 A, -MaTpHUILL;

Yo +iy3 }’1+}’2) (}’0+i3’3 Y1ty

Yo +iys —y1 + J/Z) <J/o +iys -ty
—y1t+Yy2 Yotiys —yi1t+y2 —Yot+iys

. : 122

YitY2 Yot iy3 YitY2 —Yot l}’s) (122)
1+Y2 —Yo+iys )

Yot+iys Y1ty

C
(e )
( Yot iyi —Vs +YZ)
G

yity:  Yot+iys
—Yot+iyz —y1+)2

wty: —yotiys
Yot iys —Y1+Y2

yity2 Yotiys
ot iys Y1+

+y: Yotin Y3+Y2 Yot in Y3+y2  Yot+in +y, —Yotiy:
ys+y,  Yotiv

—Yot+iyi —Yys+y:

Ys+y2 —Yot+in

Y3s+¥y2 —Yot iY1)
Yot iy —y3+y:

—¥3t+Y¥2 Yot iY1>
Yotiyi Y3ty

—Yo+tiyi Y3ty

Yo+ty2 y1+iys
—y1+iys —Yo+Y:

Yoty -yt iY3
yi+iys —yo+y:

(= )
( ) (4 ) (5
( yy+iy1 y3+yz) (yo+1y1 Y3+}’2) ( oty —y3+yz)
( ) (4 ) .
( ) (: ) (

<_YO ty, -yt iY3>

. ~Yot+Y2 Y1+ iY3)
Yyitiys Yot

—y1t+iys Yoty

rae Yo = (1+:—7—§)cdt, y1=d7r, Y, =1rdl, y; =rsin6de.

2

T T
1+-21-=
T T6

Ec/u Ipeanonoxurh ARC—. (122) 7 Z(t
penmnos , UTO Kaxcaas u3 A, MaTpuix peanusyercs ¢ HeKOTOPoil BeposTHOCTHIO ¢ (t) (koTopas Mo-

__+_
JKET MCHATBHCA CO BPpEMEHEM t), TO CpEAHIOIO A‘(l_ )'ManI/IL[y MOIKHO MPEACTaBUTb B BUIC

AT =AY + AT 1 Al v+ AT (123)
Wi Ag"+_) = Zzzlcﬁ(t)Ai("Jr_), e Y, ci(t) =1 (124)

B camom TpocToM ciydae, Korja Bee ¢z = 1/n, Beipaskenue (124) IpuHUMAET BU
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AT =T AT, (125)

YacTp XapaKTepHCTHK PACCMAaTPUBAEMBIX CIyJalHBIX IPOIECCOB MOXKET OBITH ITOJydeHA HA OCHOBAHHH CIIMH-TEH30PHOTO
aHanm3a

si 7 = @A) + W LA ) + Wl AT ) AT 1), (126)

rac «6pa» 1 «KE€T» BEKTOPBI UMEIOT BUJ

Wil = @©,0 =500 0, )= (“D)=a® () (127)
o/ unu
Wil = (6,0 =500 0, ) =(“*D)=am() (128)

rie ¢y (t) u &y (t)— KOMIUIEKCHO-CONPSDKEHHBIC aMILIUTY bl BEPOSITHOCTH.

AHanoru4HO MOTyT OBITH OMHUCAHBI XaoTHYeckue (aykryaruu Beex nopa-cioes (115) — (121) u cnoes (6) — (9) cyOkonTa
BHYTPH SJpa «IICKTPOHA.

BeposITHOCTHOMY OIMCAaHHIO BHYTPU-BAKYyMHBIX (DIIyKTyaruii HCOOXOAMMO IMOCBITHTD OTACIBHOE HCCIEAOBAaHUE, KOTOPOE
BBIXOJUT 32 PaMKH HacTosmell paboTsl. OXHAKO OTMETHM, YTO BCE METPHKH H JIMHEHWHBIE (POPMBI, C KOTOPBIMHU OIIEPHPYET
Anrebpa CHTHATYp B HACTOSIIEM HCCIICAOBAHUH, SBISIOTCS JIHIIb PE3YIbTATOM YCPEAHCHHS YPE3BBIUAWHO CIIOXKHBIX U 3a-
MBICIIOBATBIX HCKAKEHHH A-12-15-BaKYYMHBIX CJIOCB, IIO/-CIIOCB H MOJ-TI0J-CJIOEB ... U CIUVICTCHUH CyOKOHTHBIX TOKOB (CMOT-
pure puc. 1 u puc. 15).

5 BeckoHeYHBIIi «31eKTPOH» (IPOAOJKEHHE)

B npenpiaynux naparpadax Obl1 Mcciie0BaH CBOOOIHBII BaIEHTHBIN «3JIEKTPOH», KaK pe-
3yJIBTAT YIPYroIUIacTU4ecKol qedopmManny BHEIIHEH CTOPOHBI A.12,-15-BaKyyMa. Y kKe OTMe-
4aJjioCh, YTO BAIEHTHBIN «3JIEKTPOH» — 3TO CBOETO POJIa HCXOAHBINA CKENET NaHHOTO B CPE-
HEM CTaOMIBHOTO c(hepUIecKOro BaKyyMHOTO 00pa30oBaHMs.

Kaxnmas merpuka-pemenwe (2) — (10) moxxeT OBITh IIpeICTaBICHA B BHJIE CYMMBI CEMH aHa-
JIOTUYHBIX MTOJ-METPUK C CUTHATYPaMH U3 JIEBOW YacTH PaH)XUPHOTO BhIpakeHus (21) wiu
(23). Kaxxnas moa-MeTpHKa, TAKKe MOXKET OBITh MIPEJICTABIICHA B BUIE CYMMBI CEMH aHAJIO-
TMYHBIX MOJI-TI0JI-METPHUK U TaK MOXKET MPOJIOKATHCS 1O OECKOHEYHOCTH.

B §2.8.3 B [5] kax/I0ii MeTpuKe, ¢ COOTBET-
CTBYIOIIEH CUTHATYpOH, ObUT yCIOBHO TIpH-
CBOEH IIBeT. AITUTHBHOE HAIOKEHUE METPHK
C Pa3HBIMH CHTHATypaMH, IO CYTH, O3HAYaeT,
YTO MX T€0Je3MYeCKre JIMHUM (T.€. IIBETHbIC
TOKH) NepeIUIeTeHb! B KIyThl. L|BeTHast quHa-
MHKa MEperyIeTeHHBIX BaKyyMHBIX CJIOEB
ObLJIa M3JI0’KeHA B cTaThsx [4, 5].

[ToaToMy mipu GoJiee neTaTbHOM PACCMOTPEHNUY HILTIO30pHAS (MaTeMaTnIecKas)
TKaHb CTaOMJIBHBIX Amn-BaKyyMHBIX OOpa3OBaHMI BBITJBIIUT HE TaK, YIpO-
IICHHO KaK [MOoKa3aHo Ha puc. 7 u 14, a Tak, KaK 1moka3aHo Ha puc.l7.
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Puc. 17. VintiocTpanys neperieTeHns BETHBIX BHYTPU-BAaKyyM TOKOB.
AHaJTOTUYHYIO WIITIO3UIO CO3JaeT B CO3HAHWM MaTeMAaTHYECKUH armapaTt AnreOpsl CHTHATYp

B pasBuBaeMoii 371ech TEOPHH «IJIEKTPOH» OECKOHEYEH, HO 3Ta OEeCKo-
HEYHOCTb JMCKPETHAS M CaMO-ToJ00Has (T.e. BCe CIOU Amn-BaKyyma
MOZ0OHBI IPYT JIPYTY), IIO3TOMY JOCTYIIHBI ISl CAMOTO I'TyOOKOTO H3Y-
YEeHHUsI MaTeMaTHYeCKIMHU MeToaMu AnreOpsl curaatyp [1,2,3,4,5,6].

Ommemum, 4mo, 8 8010 ouepeddb, 2eOMeMmpPUIUPOSAHHBIN MAMEMAmu-
yeckutl annapam Aneebpvl cushamyp ocHosan ma Ancopummax pac-
kpoumus Benukozo u I'posnozo Umenu BC-BBILIIHET O Hioo-Keii-Bas-
Keii (TETPAT'PAMATOH) [8]

6 Paknus cB0O0O0JHOT0 BaJICHTHOTO «3JICKTPOHA» 2

Pakust «3JIeKTpOHa» — 3TO CIIOXKHO HCKpHUBIICHHas 00macTb A-12.-15-
BaKyyMa, IIpUMbIKaromas K 0e3/iHa-TpelnHe, OKpysKaroleld ero sapo
(puc. 1,11,12 u 18). Pakusi B cpeqHeM CTaOMIBHOTO CHEpUUECKOrO Ba-
KyyYMHOTO 00pa3oBaHMs (B YaCTHOCTH, «3JIEKTPOHA») (HOPMHUPYETCS
IOJI BIMSHUEM JIBYX OCHOBHBIX (paKTOpOB.

Bo-mepBhIX, B A.12,-15-BaKyyM B paiiOHE PaKHUU «JIEKTPOHA» PACTATHBA-
€TCS Ha CTOJIBKO CHIIBHO, YTO €r0 paauajbHOe yIUIMHEHHE N0 Oecko-
HEYHOCTH NTPOUCXOAMUT 3a CUET YBEIUUCHUS U3IOMAHHOCTH M CKPYYCH-
HOCTH paauaibHBIX TuHUH (cMoTpuTe §1.2.2 11 §5.2 B [5]). [1pm 5TOM B
palioHe paKkuy «>JIEKTPOHA» pajuajIbHble CyOKOHTHBIE TOKU HEPEXOIAT
OT JIAMMHApHOT'O TeUeHHMs K TypOysneHTHOMY (puc. 17 u 18).




Puc. 18. ®pakranbHblie WITIOCTPAUH pakuu (T.€. MHOTOCIOWHON M CUIIBHO UCKPUBJICHHOM
obnacti A-12-15-BaKyyMa), OKpyKarolieil Apo B cpeHeM cheprIecKoro CTabuIbHOTO BaKyyMHOTO
00pa3oBaHus (B YaCTHOCTH, «JIEKTPOHAY).

Hanpumep, 4eoBe4ecTBO — 3TO OAMH U3 pasyMHBIX ciioeB (Hoocdepa) pakun «[lmaneTsn 3emis
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Bo-BTOpBIX, pakus «3NEKTPOHA» BOCIPHHHUMACTCS Kak
MHOTOCJIOIHAsi 1 MHOTOYpOBHEBasi chepuyeckast 6e3qHa-
TpeuHa (T.e. cdepudeckuil paspsiB  A.12.15-BaKyyMa)
MEXIY SAPOM «IIEKTPOHa» M €ro BHEIIHEeW 0060I0YKOil
(puc. 11).

B §4.11 B [6] moKka3aHO, YTO B paKUH CBOOOTHOTO «3JICK-
TpoHa» WMeIoTcs 24 cdepudeckux cios (cpenu Hux 12
BHEIITHUX CJIOCB W |2 BHYTPEHHHX CIIOEB), KOTOPHIE CBS-
3aHBI CO BCEMH CPEPHUUECKUMH OOpa30BaHUAMH, BHYTPH
KOTOPBIX HAXOAUTCS SIIPO «IJEKTPOHAY, B TAHHOM CIIydae
co «Bcenennoii» ¢ paauycom 2~ 102 cm, 1 co Bcemu cde-
pHUYecKUMH 00pa30BaHUSIMHU, KOTOPBIE HAXOJUTCS BHYTPH
sapa «AJIEKTPOHa», B JAHHOM Clly4yae C MPOTO-KBApKOM C
paauycom 7~ 1024 cm.

Ha ceropnsimnuii neHs paaunyc HaGmomaemoit «Bcenen-
HOI» — 3TO 04eHb Gonbluas BenuuuHa (2 ~ 10%° cM), mo-
stomy B §1.1 MbI IpeHe6peru ciaraeMbivu 72 /17 B MeTpukax (2) — (10). OaHaKo, ecliu NpUAEpKUBATHCS MHEHHS KOCMO-
JIOTOB, 4TO BceneHHas MOCTENEeHHO pacIIupsAeTcsl, TO He UCKIF0UEHO, 4To paanyc «BcenenHoi» Ob1 Mai. B aToM ciaydae B
PaKHU «JIEKTPOHa» JOJDKEH OBbLI OLIYTHMO NPOSBIEH c(hEepUUeCcKHid CIIOH, CBS3aHHBIN ¢ 10HOH «BceneHHoi». DT0 MOIIO
BJIMSTH Ha CBOICTBA «AJIEKTPOHa». TO ecTh HE0OOXOIMMO UMETh B BUJLY, YTO «IJIESKTPOH» MOT MEHSTBCS B TEUSHUH BOJIIOLUH
«BceneHHO.

7 BpaieHue s1ipa cBO0GOJHOI0 BAJEHTHOTO «3JIEKTPOHA»

SAnpo 1r060r0 BaKyyMHOTO 00pa30BaHUs, B TOM YHCIIE SIPO «3JEKTPOHA» BPAIIACTCS OTHOCHTEIFHO CTOPOHHETO HaOI0Ia-
Tend (T.e. HaOIroIaTelsl, HaXOAAIIETOCS CO CTOPOHBI €T0 BHEIIHEH 000JI09KH), cMOTpuTe puc. 19. Bmecte ¢ TeM, it HaOIo-
JTaTeTsl, HaXOAIEeroCs BHYTPH BPAMIAlOIIETOCs SApa JaHHOE BPAICHHAE, MOJKET MPAKTHYECKH HE TPOSBISATHCS.

Puc. 19. Bpamienue siipa «3JIeKTPOHa) UMEET JIBE COCTABIIIOLINE:
1) BpaeHue BOKpYT MTHOBEHHOI! OCH, U 2) XaOTHYECKOE H3MEHEHHUE HAallPaBIeHU caMOi OCH BpalleHus
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Bpamenwue simpa BakyyMHOTO 00pa3oBaHus (B 9YaCTHOCTH S/Ipa «AJIEKTPOHAY») — ATO YPE3BBIYAHO CIIOKHOE SIBJICHUE, TpeOy-
Iolee OTAEIBHOIO OOMIMPHOro UcclieoBaHus. B 310l paboTe HaMedeHbI TOJIbKO BO3MOXHBIC HAIIPABJICHUS JAHHBIX UCCIIe-

JIOBaHHI Ha YPOBHE Ka4Y€CTBECHHOT'O PACCMOTPECHUA.

I[Ipexne BCEro, OTMETHM, UYTO KakJas TOUKA KAXJIOTO U3 4-X MONEpevHBIX
cnoes (N-CyOKOHTOB), KOTOpAsi HAXOAUTCS HA MEPU(EPUH SIAPA «IIEKTPOHA
(T.e. TIpH I' = I ) IOJKHA JBHTATHCS CO CKOPOCTHIO GIM3KOM K CKOPOCTH CBETA
Vi) = v = ¢ (cmotpure BrIpaxkenus (68) — (71)), He cMOTps Ha TO, UTO O6mIAsT
cKOpocTh cyOKoHTa (74) B cpefHeM paBHa Hymo. JIBMKEHHE CO CKOPOCTBIO
CBETa YCIOBHE CYIIECTBOBAHMS N-CyOKOHTOB Ha Kparo Ge3Ha-TPElIHHBbI (T.e.

cepruuecKoil TpaHUIbI MEXIY SAPOM U BHEIIHEH 00ONIOYKOH «3JIEKTPOHaY
(puc. 1 u 11).

Takoe BpamarebHOe ABMKEHHE TIepUDEPUH Spa MOKET ObITh KaueCTBEHHO
ONMCAHO CIIeYIONIM 06pa3oM. Eciiu 651 OBEPXHOCTH A/pa «3JIEKTPOHAY Bpa-
1asack nogo06Ho TBEp/OH cdepe, To CKOPOCTh MepeMeIeH s TOUeK, HaX0Jis-
IUXCS HA ero 3KBaTope Vre, GblTa 61 MAKCHMANBHOIM, T.€. GIM3KOM K CKOPO-
ctu cBeta (Vre™ = ¢), IpH 3TOM CKOPOCTB APYTHX TOUEK Ha 3Toii chepe Gbina
651 omryTuMo Menbine (Vi< ¢) (puc. 20), a Ha moMOCaX paBHOH HYIIO.

A X3

v,

X2

X1

Puc. 20. JIuneitHbIE CKOPOCTH TIEPEMEIICHHS
TOYEK Ha Bparnarleics chepe

YTo0BI CKOPOCTh HEIKBATOPHAIBHBIX TOUCK HA TIOBEPXHOCTH S/Ipa OblIa TaKke OJM3Ka K CKOPOCTH CBETA, OHU IIOMHMO Bpa-
LIATEJILHOTO JIBMXKEHHUSI CO BCEH cepoil B LIENIOM, JOJDKHBI €llIe Y4acTBOBATh B OJHOM HIIM B HECKOJIBKUX IMOBEPXHOCTHBIX
BpalaTeNbHbIX JIBMKEHHUAX: IIMKIOHAX WM aHTHIUKIOHAX (puc. 21 u 22) ¢ I0MONHUTEbHON CKOPOCThIO Vrc™, Tak 4TOOBI

Vi + v M=,

Puc. 21. 1MKIOHBI ¥ aHTHIMKIIOHB! HA TOBEPXHOCTH BPAIIAIONIETOCs SIpa BaKyyMHOTO 00pa30BaHUs
(B 9aCTHOCTH, «IJIEKTPOHA») ITOJOOHBI UPKYIAIIN BO3TyXa HAa IIOBEPXHOCTH IIAHETHI
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Puc. 22. OpakranbHbIe MIDTIOCTPAINH PA3IMIHBIX 30H Ha TIOBEPXHOCTH BPAIAfOIIErocs
sIIpa BaKyyMHOTO 00pa30BaHUs (B YACTHOCTH S/Ipa «IJICKTPOHA)

Ha noBepxHocTn paccMmaTtpuBaemoii cdepsl (puc. 21, 22) ocraroTes ele ABe TOUKH: «CEBEPHBII» U «I0XKHBIN» MOJI0Ca, KO-
TOpbIe BOOOIIIE HE yYacTBYIOT BO BPALIATEbHOM JBMKEHHH. HO ¥ OHHM B CHIIy TPAHUYHOTO YCJIOBUSI TaK)Ke JHOJIKHBI JIBU-
raThCsl CO CKOPOCTBIO OJIM3KOM K CKOPOCTH cBeTa. [109TOMy och BpallleHUs Spa «3JIEKTPOHa», IPOXOIAIas Yepes 3TH Io-
JIF0Ca, TOXKE AOJDKHA ITIOCTOSIHHO XaOTHYECKHU IepeMelaThes (T.e. MEHATh HAaIPaBJIeHHE) CO CKOPOCTBIO CBETA.
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B pesynbrare HanoXeHUS HECKOJIBKHMX BBIILIETIEPEYUCICHHBIX NPUYMH TOYKH, HAXOASALIMECS B NMEpUPEpPHHOM clioe siipa
«3JIEKTPOHA» J0JDKHBI y4acTBOBATh B YPE3BBIYAWHO CIIOKHOM ITOBEPXHOCTHOM JIBIDKEHUH, TaK 4TOOBI HA Kpato Oe3aHa-Tpe-
IIMHBI KaX/ast TOYKa JIBUrajach CO CKOPOCTBIO OJIM3KOW K CKOPOCTH cBeTa. [Ipy 5TOM MrHOBEHHAs OCh BpallleHUsI BCETO spa
B LICJIOM JIOJKHA MOCTOSIHHO CMEIIATHCS 0 MPAKTUYECKH Xa0THUecKoi Tpaekropuu (puc. 11, 19 u 21).

V3HayanbHO HEM3BECTHO, B KAKYI0 CTOPOHY BpallaeTcs SIPO <«AJIEKTPOHA», HO M3BECTHO, YTO TAKMX BO3MOXKHOCTEH BCETO
JIBE: «II0 YaCOBOI CTPEJIKE» U «IPOTHB YaCOBOI CTPENKI», a BEPOSTHOCTH JIFOOOT0 M3 ITUX HANpaBJeHUH BpAIeHUs paBHA
%2 (cmotpute §4). M3-3a XaOTHIECKOTO CMEIIEHHS OCH BPAILICHUS SApA «JIEKTPOHA», IUIA JIF0OOro Hameper 3aJaHHOTO
HaIlpaBJICHUs OHA YacTh BPEMEHHU COBIIAJIAeT C STUM HAIIPABICHHUEM, a JPYTYIO PaBHYIO YacTh BPEMEHH JJaHHAsl OCh IIPOTHU-
BOIIOJIOXKHO HampasiieHa. [103ToMy y sapa CBOOOJHOTO IMOKOSIIETrocs «3JIEKTPOHa» COOCTBEHHBIH MOMEHT BpPAILCHUS UL
JF0OOTO HAPaBJICHNS B CPEIHEM paBeH HYIIIO.

PasHble POIOJIBHBIC U TIOTIEPEYHBIE CIIOH SIIPa «IJICKTPOHAY IBUTAITCA C pasaudHbIME cKopocTsiMiu (68) — (71) B 3aBucH-
MOCTH OT yJajeHus OT ero nenrtpa r. Eciu Ha nepudepun siipa Bce YeThpe MOMEPEYHBIX CII0sI CYOKOHTA B CPETHEM [IBHTa-
FOTCS MIPAKTHYECKH TOJBKO MO TIOBEPXHOCTH C(ephl C paminycoM Ie, TO O Mepe NPHOIIKEHHS K BHYTPCHHEMY SIIPBIIIKY
TeUeHHe YEThIPEX MEPEIJIETEHHBIX CII0EB CYOKOHTAa CTaHOBATCS BCe Goiiee u Oonee paguanbHeiM (puc. 13). OmHako Bo3je
BHYTPEHHETO S/IPBIIIKA 3TH TOKH BHOBb HAKPYUYHBAIOTCS Ha S/IPO «IIPOTO-KBApKay ¢ paauycoM I (puc. 23).

Puc. 23. dpakTanbHble HUTIOCTPAIMHU BPAIATEIFHOTO ABH)KCHHUS TOKOB CYOKOHTA B sipe «3neKTpoHay. Ha nepudepun sapa «aek-
TPOHa» C PaJNYCOM I'6 M BO3JIC €r0 BHYTPEHHETO SAPBIIIKA C PaJIyCcOM 7 CKOPOCTh BCeX 4-X MPOJIOJIBHBIX CJI0CB CyOKOHTa, CBEPHYTHIX B
XKTYTBI, B CPEAHEM HMEIOT TaHTCHIMAIBHYIO COCTABILIONIYIO, @ MeX Ty TepubepHeil siapa «dIeKTPOHa» U paKuei ero BHyTPEHHEro
APBIIIKA B CPeITHEM JOMHUHUPYET paJinalibHas COCTABIAIONIAas CKOPOCTH BeeX 4-X MPOJOIbHBIX CBOEM CYOKOHTa

[TosToMy TIpOEKIMK CKOPOCTEH MOTEePEYHBIX CIIOEB CYOKOHTAa Ha MOBEPXHOCTH COeEp C pa3IHIHBIMHU paguycamHu Ie > > Iy
OyayT pa3nnuHbIMA. M3-32 3TOTO pa3IMIHBIME SBISIFOTCS U TIPOJIOJIBHBIE CIION SIpa «3IIEKTpoHa» (puc. 24).
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Puc. 24. ®paxranpHas WLTIOCTPAIHS COCTOSHUS MPOJOIBHBIX U IIONEPEUHBIX CIIOEB SApa «IIEKTPOHA)
PaccMOTprM HEKOTOpPBIE aCIICKThI, KACAIOIIMECS CIOKHBIX MPOIECCOB BPAIICHUS CyOKOHTA B AAPE «3JICKTPOHAY.
ITycth TOuka M, HaxoJAIAsACS HA PACCTOSHUU I OT LEHTPA Apa «IIEKTPOHA»
(T.e. MEeXIy ByMs PakusiIMU I'e > I' > I7), IBUKETCS] BOKPYT MTHOBEHHOH OCH
BpallleHHs C TMHEHHOM CKOpocThIo (puc. 23) [9]

V = @XT, (129)

rae o = e doldt (130)

— YIJIOBasi CKOPOCTH BpAILCHHUS sipa (€ — eAMHUYHBIN BEKTOp, HaIlpaBICHHbIH
BJIOJIb MTHOBEHHOM OCH BpalleHHUS).

[lycTh omopHas cucTeMa 0TCYeTa X1, X2, X3 (pUC. 25), 0OCTaeTCs HEMOBHKHOM, a
CUCTEMA V1, )2, V3 «XAa0THUYCCKN» MCHACT CBOM HAITPABJICHUA BMCCTE C MITHOBCH- n
HOM OCBIO BPAIICHHUS SI/IPA «IIIEKTPOHAY.

Puc. 25. Onpenenenue yrioBoi
Ocu KOOpIMHAT OOPHOW M CMENIAIOIIENH s CHCTEM OTCUETa B 3TOM CIIydae CBsI- CKOpoCTH BpamieHus [9]
3aHBI MEXy COOOH CHCTEMON TpeX JIMHEHHBIX ypaBHEHUH

Yo = Baa(t) X1+ Boa(t) X2+ faa(t) x3, (131)
rae Suk(t) (a,k = 1,2,3) — HanpaBisIOIIe KOCHHYCHI, SBISIOLINECS CITy4yalHBIMU (QYHKIUSMA BPEMEHH.

IMpoauddepenmupyem ypasaeruns (131) [9]

X, X, X3
D5 POy ) xy, = (01 0®) @50 ), (132)
Bar(t)  Baz(t)  Paz(t)
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rae wq(t) — MTHOBEHHOE 3HAYEHHUE IPOSKIINK BEKTOPA YIIIOBO# cKopocTH M() Ha OCH OIOPHO# CHCTEMBI OTCYETA X1, X2, X3 B
MOMEHT BpeMeHH t.

[MpupaBHuBas ko3 HUIMEHTHI IPH OpTaxX Xk, U3 ypaBHeHus (132) mosryyaem cucteMy ypaBHEHHH JUIsi CKOPOCTEH M3MEHEHHS
HaTMpaBIAIOUIX KOCUHYCOB

dPaldt = Bu® = w2fez— w3Pe2, (133)
dfaaldt = Bug® = w3fu — w13, (134)
dﬁ(zS/dt = ﬁa?». = Cl)lﬁaﬁ_ CUZﬁal, (135)

KOTOPYIO MOXHO HPEICTABUTh B MaTpU4HOM BHE [9]
Ba1 0 —w3 Wy Bar
Baz | =| w3 0 —wi]|Baz| (136)
Bas —Wy  Wq 0 Bas

OObeanHssA TPU MAaTPUYHBIX YPAaBHEHHUS B OIHO, NOJTyYHM MaTpHYHOE KHHEMaTHdeckoe ypapHenue [lyaccona [9]

Bir Bz B 0 —w3(t)  wy(t) B11 Ba1 P31
Biz Biz Biz|=| ws(t) 0 —wq(t) (.312 B2 .332>- (137)
Bis Bzs Bis —w,(t)  wy(t) 0 Bz B2z B33

KOTOpOe ompeenseT cMelleHue Touku M mo cdepe ¢ paguycom r.

Cornacto BeipaxeHusM (68) — (71) cCKOpOCTH BHYTPH-BAKYYMHBIX CIIOEB B SIPE «IJIEKTPOHA» OTHOCUTEIBHO HAOIIOAaTENs,
HaxodAmEerocsd BHYTPpU JaHHOTO AApa, paBHBL

vil*A(r) = ¢(= ra/r + r?/re?)Y2  — ckopocTh a-cyOKoHTa; (138)
vit(r) = c(r/r— r2frg?)Y2  — ckopocth b-cyGkonTa;
viO(r) = ¢(~ re/r—r?/re?)2  — ckopocTh C-CyOKOHTa;
Vit (r) = c(rq/r + rilrg?)Y?  — ckopocts d-cy6KoHTa.

OHAKO OTHOCUTENBHO HAOIIOaTeN s, HAXOISIIEr0Csl CHAPY KK BpalIaloIIerocs (OTHOCUTENBHO HETO) s/Ipa «3JIEKTPOHAY,
JIaHHBIE CKOPOCTH PACKIAABIBAIOTCSA HA PAaguaIbHYo Vrr C™(I) 1 TaHreHIHansHy 0 Vi ™(r) cocTapmsromme

ViFA(r) = Vi () + v CA(r):; (139)
Vr(+b)(r) = Vir (+b)(r) + Vit (+b)(r); (140)
VRFO(r) = Vi FO(r) + v CO(r); (141)
VO(r) = Vi 4O(r) + v CO(r). (142)

HpI/I OTOM TaHT'CHIIHUAJIbHAsA COCTABJIAIOIIASA CKOPOCTH KAXKJI0T'O BHYTPHU-BAKYYMHOT'O CJIOST MOXET OBITH OIICHCHA BBIPAXKCHUEM
Vi M(r) = o(t)xst™ | (143)

e s¢™ — NpoCTpaHCTBEHHBIH BEKTOP U30CTIMHA M-TO BHYTPH-BAKYyMHOTO CIIOS.

39



Hampumep, TaHreHIMAIbHAS COCTABIIAIOIIAs CKOPOCTH d-CyOKOHTa BHYTPH SIPA «IJIEKTPOHA) IPHOIMIKEHHO PaBHA
vV, 43(r) = @(t)xst? | (144)
e s*9 — IpocTpaHCTBEHHBIH BEKTOP M30CMMHA d-CyOKOHTA ¢ KoMmoHeHTamu (111):

-a -a -a 1 .
sr( )=0, sé )=O, sé )=—Ersm9. (145)

U3 Beipaxenus (139), ¢ yueTroM KOMIIOHEHT BekTopa m3ocnuHa (145), moimydum OIEHKY MOIYJIss MTHOBEHHOTO 3HAUCHHUS
TaHTCHIMAIBHOM COCTABILIIOIICH CKOPOCTH a-CYOKOHTa MEXAY IBYMS PAKHSMH sIApa «IJIEKTpoHay (s> > I7)

V) = Ve sind [oa(t)? + oa(t)2]% (146)
IIPH YCJIOBUH, YTO Ha IEPUPEPUH Ipa C PATUyCOM [g

VF9(re)| = Y4 16 sin 6 [1(t)? + wa2(H)?]% = ¢, (147)
B paﬁOHe paxkuu BHYTPCHHETO SAPBINIKa C panyCcoOM I'7 BEIIOJIHAETCA ycioBue

VL) = V5 17 sin 6 [ou()? + w2007 = c. (148)

U3 Beipaxkenns (139) crexyet, 9To pagnanbHas COCTABISIONIAS CKOPOCTH d-CyOKOHTa BHYTPH SIIpa «3JIEKTPOHAY MPHOIH-
JKEHHO paBHA

Ver () = viE(r) — v (1) = e (= rolr + rPre?)Y2 — Var sin 6 [o1(t)? + 02()7]" (149)

Ha ocHOBaHMM TakoTO e aHa3a ocTaabHbIX BhipakeHuit (140) — (142) MoryT GBITh MONTyYEHBI TAHTCHIIHATBHBIC U PaIH-
QIIBHBIE COCTABILIIOIIHE CKOpocTeit b-cyOkonTa, C-cyOKoHTa U (-CyOKOHTa BHYTPH S/Ipa «IJICKTPOHAY.

EH.[G pa3 OTMETUM, YTO B 3TOM r[aparpa(be HET 3aBCPHICHHBIX peH.IeHI/Iﬁ IIOCTABJICHHBIX 3aJa4. 3I[€CB TOJIbKO HAMCYCHBI Iy TH
OIIMCAaHUs BpallleHUs:A dapa C(l)epI/I‘ICCKOFO BAaKyYyYMHOI'O O6paSOBaHI/I$I, B YaCTHOCTH dApa «3JICKTPOHA». BpameHH}o pa3iani-
HbIX IMPOJAOJBbHBIX U IMONEPEYHBIX CJIOCB fAJpa C(I)epI/I‘IGCKOFO BAaKYYMHOTI'O 06pa303aHI/1;1 CJICAYCT MOCBATUTH OTACIIBHOC 00-
IIUPHOC UCCIICAOBAHUC.

8 CBA3b ¢ KBAaHTOBO# MEXaHNKOI. Xa0THYECKOe IOBEICHUEe
SApa «3JIEKTPOHAa» U ero0 BHYTPEHHEr 0 siAPbIIIKA

Jo storo maparpada Mbl pacCMaTpPHUBAaIH yCPEAHEHHYIO CTa-
OMIIBHYIO METPUKO-ANHAMUYECKYIO CTPYKTYPy CBOOOIHOTO Ba-
JICHTHOTO «3JIEKTPOHA» Ha OCHOBAaHMM MeTon0B JuddepeHnn-
aIBHOM TeOMETPHM M MaTeMaTHYecKoro armapara AJreOpbl
curHatyp. I[Ipu 3TOM BBIICHWIIOCH, YTO B JIFOOOM CTAOMIIEHOM
cepruecKkoM BaKyyMHOM 00pa30BaHUH (B YACTHOCTH, B «3JIE€K-
TPOHE») MOKHO BBIJICTUTH AP0 U BHYTPEHHEE SIPBIIIKO (CMOT-
pure puc. 5, 11 u 26).

B peanpHOCTH BakyyM MOJOOHO YIPYTOIIACTUYECKOM CILIOINI-
HOM cpejie MOCTOSHHO U MOBCEMECTHO XaOTHYECKH TpeETeuIeT,
Oypmut n uckaxaercsa. CrtaOunbHas METPHUKO-AWHAMHYECKAst
CTPYKTypa Jr000r0 chepruecKoTo BAaKyyMHOTO 00pa3oBaHus (B
YAaCTHOCTH, «JIEKTPOHA») — 3TO TOJBKO PE3YJIbTAT YIPOLIEHUS
1 YCPETHEHUSI CIIOKHBIX BaKyyMHBIX (DIIyKTyanui.
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00pazoBaHus

Puc. 26. Xaotnuecku Oy K Iaromee Sapo «IEKTPOHay, BHYTPH KOTOPOTO
Xa0THUYECKHU OJTyKJ1aeT BHYTPEHHE SAPBILIKO

XaoTHyeckne BaKyyMHbIe 1e(OpMaii 1 HCKPUBICHUS HY>KHO MCCIIEA0BATh OTACIBHO, HO B IaHHOM Iaparpage Mbl yIpo-
ctuM 3ajauy. [IpeanonokumM, 9To AApo «INEKTpoHa» (¢ pammycoM Fs ~ 107 cm) u BHyTpeHHee SAPBIKO (C pagdycoM
r7~ 1072 cM) — 5TO OT/IENbHBIE YACTHIIBI, KOTOPBIE TI0/] BIMSHUEM CJIOKHBIX BAKYyMHBIX (DIIYKTyaluii XaOTHIECKH Oy K Taf0T
B OKPECTHOCTH HEKOTOPOM LIEHTPAIBLHON TOYKH (T.€. IIEHTPA CTOXACTUUECKOM cucTeMbl, puc. 26). Takoil moaxo  BO MHOTOM
COBITQJIAET C UCXOHBIMH MOJIOKEHUSIMU CTOXACTHYECKOW KBaHTOBOM MexaHuku DuBapaa Henbcona [10,11,12].

Bonee npaBuiabHO paccMaTpHUBaTh COBMECTHOE XaO0THYECKOE MOBEJICHHE SIpa «3JIEKTPOHA» M €r0 BHYTPEHHETO SApHIIIKa. To
€CTb HCCIIEI0BATh SIIPO «IIEKTPOHA», KaK XaOTHUECKH Oy KJAIOLIYI0 YacTHUIly C MOCTOSIHHO Xa0THYECKH CMELIAI0IIEMCS
TE€OMETPHUUECKUM LIEHTPOM (T.€. LIEHTPOM €r0 MHEPILIUN).

Mvi ymvriunenno uzbezaem npumeHamy NOHAMUE «YEHMP MACCH YACMUYbL, MAK KAK HUKAKOU MACCHl 8 2e0MEeMPU3UPOBAHHOU
Qusuxe saxyyma nem. CmabunvHvie 8aKyymMHble 00PA306AHUA — IMO MOTLKO YCMOUUUBble dehopmayul, 6biAsIeHHble U3
Oypasie2o 8aKyymMa nocpedcmsom yCpeoOHeH s e2o QuyKmyayui.

OnHako MBI ellie 0oJiee yIpoCTHM 3a1ady U OyeM pacCMaTpUBaTh PO «IIEKTPOHAY, KaK MAIYI0 OECCTPYKTYPHYIO YaCTHILY
(c pamuycom I ~107%2 cm), KoTopas XxaoTHuecKku GIy>KIaeT B 3HAYUTENLHO 6OJIblIeH Oypisieil 061acTH BaKyyMa ¢ Xapak-

TEPHBIM Pa3MepoM nopska Iz ~ 1070 cm.

Xaomuueckoe nogedenue a0pvluika (m.e. 0pa «NPOMo-KEaApKay) GHympu 0pa «31eKmpoHay yce ObLI0 YacmudHo pac-
cmompeno 6 §4.9 6 [6].

[ToTHOCTBIO aHATIOTUYHO TOMY, KaK 3T0 ObLIO cAenano §4.9 B [6] 1 BHyTPEHHETO SIAPBINTKA, TaK K€ IS SApa «IJIEKTPOHA

B CTAI[MOHAPHOM CJIydae MOXKHO 3aImicars QYHKIIMOHAT yCpeTHEHHOU 3 PEKTUBHOCTH cTOXacTHIecKo# cuctems (144) B [6]
(nu1st Gonee neTanbHOrO PACCMOTPEHUSI JAHHOTO CIydaHoro mnpoiecca cMotpure [13])

w = fjowf_wwf_ww (_nz_%l/)(x'y' Z)Vzlp(x'y' Z) + 1112(35'3" Z)[< u(X,y,Z) > =< €(x,y,Z) >]) dxdydz

VYcaoBueM AJIS HaXOXKACHHUS SKCTpeMaiu 3Toro (yHKIHOHAA sBIsIeTCsS cTaunoHapHoe ypaBHenue Llpenunrepa-Ditnepa-
ITyaccona [13]
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- (P POy | SO 1 o< u(n,y, ) > — < e(x1,7) p(xy,2) =0, (150)
S

371€Ch

o = \/_ of +0f + 0} (152)

— CTaHAAPTHOE OTKIIOHCHHUE CIIy4aifHO 3-MepHOH TPACKTOPUH Xa0THYECKHU OITy>KIAIOLIETO Spa «3JIEKTPOHA» OTHOCUTEIIEHO
YCIIOBHOTO IIEHTPA paCCMAaTPUBAEMON CTOXACTHUECKON CHCTEMBI (puc. 26);

1
Trcor =3 (Txcor + Tycor + Tzcor) (152)
— MHTEPBAJI aBTOKOPPCIANNHA JAHHOT'O 3-MepHOFO CTallMOHAPHOT'O CJ'Iy‘I&fIHOFO npomecca.

B HecTanmoHapHOM citydae QyHKITHOHAT d3PPEKTUBHOCTH JAHHOMW CTOXaCTUUCCKOM CUCTEMbI MPUHUMACT BUI (CMOTPHUTE
(59) B [13])
(153)

<s@®>= 2000 (-2 T, OV + [< u, ) > —< e(F, tg) SIW2(F, ) +l”’¢( t)aw(”))d xdydzdt.

JIs HaX0XICHHSI IKCTPEMAJIH 3TOT0 (PYHKIIMOHANA SBISETCS BpeMeHH-3aBucuMoe ypasHenue Llpenunrepa-Oiinepa-Ilyac-
cona (67) B [13]

2 - 2
ii%% - —%vzz/)(?, O+ 2[<ul@t) > — < e(@ ty) >lYE t). (154)

JlpyruMu cioBamMH, YCPEAHEHHOE TOBEJIEHUE Xa0THIECKH OTy)KIAIOIIEro S/Apa «3JIEKTPOHA» IIPU OIIPEAEIECHHBIX yCIOBHAX
(cmotpute [13]) omuchBaeTCs ypaBHCHHSAMH KBaHTOBOW MexaHuku. Ctoxactmueckue ypaBHeHus Llpemunrepa-Jiinepa-
ITyaccona (150) u (154) ¢ TOYHOCTBIO 10 OCTOSIHHOTO KO3 uUIHEeHTa 1), COBNAJIM C COOTBETCTBYIOLIMMH ypaBHeHus Llpe-
JIMHTEpA.

Bonee toro, yuer B crarbe [13] cpa3y IByX OCHOBOMNOJIATaloIMX MPUHIMIOB: « MUHMMYMa AedcTBUs» U «MakcuMyma 3H-
TpOIUI» B 0HOM (yHKITHOHAIE 3 dhexTuBHOCTH BUaa (153), mo3BOJAET MOMYYHUTH IS CTOXACTHYSCKON CHCTEMBI THITA «Xa-
OTHUECKH Oy )KIarolas 4acTUIa» He TONbKo nuddepeHimanbable ypaBHeHus Tumna ypasHeHus penunrepa, HO U Apyrue
CTOXAaCTHYECKUE YPABHEHHS B 3aBUCHMOCTH OT MCXOIHBIX YCIOBUM, HAIIpUMep, ypaBHeHue camoaudy3uu (CMOTPUTE ypaB-
nenue (73) B [13]) u T.4.

B 061HCM, BapI/IaIII/IOHHHﬁ MCTON, Hpe,HJ'IO)KCHHHﬁ B CTaTheC [13], MO3BOJIACT MOJYYUTh YPABHCHHS, OITMCBIBAIOIIUEC KBAHTO-
BbI€ M HEKBAHTOBBLIE CTOXACTUYECKHME CHUCTEMBI JIFOOBIX MaciiTaboB (TaKI/IX KaK XaOTHUYCCKH 6J1y>1</1a}0mne saApa: «IpoTo-
KBapKa», «3JICKTPOHa», «OHOJIOrMYECKOM KIICTKN), KIIAHCTBID», «3BC3bD», «I'aJIAKTUKHW» U T.,H.). HpI/I 9TOM HET OTCTyl'[J'[CHI/Iﬁ
oT O6BIHGHHLIX SMITMPUYCCKUX O)I(I/I,HaHI/Iﬁ M KJIaCCHYECKOU JIOTHKH, a TaKIKC yAacTCA o0oTHCE 6e3 IMPUBJICUCHUS THUIIOTCTH-
YCCKHX BOJIH A€ BpOﬁHH, HCHa6J’HO,HaCMLIX B OKCIICPUMCEHTAX.

be3 npuBieyeHns THIOTE3HI O BOJHAX A€ bpoiins Takxke yaaeTcs 0ObSICHUTD pe3yIbTaThl SKCIEPUMEHTA 10 AUGPAKITIHA MUK-
podacTuil (B 4aCTHOCTH, SIICKTPOHOB) HA KPHCTAIIIE.

C MMPUMEHCHUEM OOBIYHBIX METOOOB TECOPHUH BEPOATHOCTU U 3aKOHOB FeOMeTpPI‘IeCKOﬁ OIITUKKW aBTOPOM ObLIa InmoaydcHa

¢dopmyna (2.2) B [14]
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21p2 21p2
2 a<+b a“+b
- 1 + l -1 "o . , , )
1 cos“(nmnq) cos(nnl)cos< 2z 2/7)) cos(nnl 2z 2/M |d(avb —a bv) cv(ba ab )

B N o = S = e B
2 a2 ) dz

rac

a = CcosSv CoSw + €0SY cosy; b = cosv sinw + cosy siny; d =sinv +sing; a,’=—sinv cosw;

by’=—sinvsinw; ¢//=cosv; aw’=-Ccosvsinw; be’=Ccosv Cosw;

n= 13(m*n2-6) ’ (156)

2
61 Tcors

31€ech
|1 — ToMIIMHA OAHOTO OTPAXKAFOLIETO CIIOs (T.€. TOPU3OHTAIBHOIN aTOMHOIT IOCKOCTH) KpucTasa (puc. 2.1 B [14]);

I, = l1n1 — rmyOGuHa MHOTOCITONHO# MOBEPXHOCTH MOHOKPHCTAILIA, 3P (HEKTHBHO yUACTBYIOIIAS B YIIPYTOM PACCCUBAHHHU JJICK-
TPOHOB;

N1 — YHCII0 HEPOBHBIX CJIOEB MOHOKPHUCTAIUIA (CHHYCOUAIBHOTO TUIIA), YKIaasBaromuxcs B uaTepBae [0, I2];

I'cor — PAZMyC aBTOKOPPEIIIMN OJJTHOTO HEPOBHOTO CJIOSI KPUCTAIA CHHYCOMIAIBHOTO ThNa. JIaHHbIA paaiyc aBTOKOppE-
IINH IPUMEPHO PaBEH yCPEIHEHHOMY paJiyCy KpUBH3HBI CHHYCOHMJAIbHBIX HEPOBHOCTEH OJJHOTO CIIOS KPUCTAIIA;

8§, y — yrabl, 3aat01pe HaNpaBIeHUE ABKXCHUS MUKPOUYACTHUII (B YaCTHOCTH, JIEKTPOHOB), MA/IAONINX HA TIOBEPXHOCTh
kpuctamia (cmotpure puc. 1.2 B [14]);

V, @ — YTJIBL, 3aJJal0Illie HalpaBleHUE ABWKEHHS MUKPOUYACTHUI (B YACTHOCTH, 3JICKTPOHOB), OTPAXEHHBIX OT MOBEPXHOCTH
KpHCTaJlia B CTOPOHY AeTektopa (puc. 1.2 B [14]).

Pacuetsl ¢ ucnonbp3oBanueM Gopmyisl (155) HO3BOJSIFOT MOAYYUTH KOJIBLIEOOPA3HbIE AUATPAMMBI PACCESHHUST MUKPOYACTHUI]
(B 4aCTHOCTH, IIEKTPOHOB) Ha Kpucrtauie (prc. 27), COOTBETCTBYIOIHE SKCIIEPUMEHTABHBIM JJIEKTpOHOrpaMMam (puc. 28).

a)mpu: 9=45% »=0° ni=64, 6) mpu: 9 =459 y=0° ni=65,
I1 =10"cM, reo= 6 -10~%cm I1 =10"cMm, reor= 6 -10~%cm

Puc. 27. O0beMHbBIE THarpaMMbl YIPYTOroO PAacCesHUS HIIETPOHOB Ha MHOTOCIIOHHO#! ITOBEPXHOCTH MOHOKPHCTAILIA, PACCYMTAHHBIC
o opmyste (155) mpu pa3nudHbIX 3HAYSHUSIX mapaMeTpoB I, 11, N1 v Feor

Puc. 28. DxcnepuMeHTANBHBIE 3JIEKTPOHOTPAMMBI, MIOJTydeHHBIE B pe3yIbTaTe Ju(pakium
JIEKTPOHOB Ha MOBEPXHOCTH KPHCTAIIIOB
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Yucmno cnoeB KpucTamwia N1, Ha KOTOPbIE MPOHUKAIOT MaJafolie MUKPOYACTHULIBI (B YACTHOCTH, DJICKTPOHBI), 3aBUCHUT OT HX
ckopoctu N1 = f (V). Pe3ynbrats! pacueros o gopmyie (155) kak GpyHkiuu ot Ny (puc. 29a), 3TH pacueTsbl XOPOIIO COracy-
10TCs ¢ pe3ynbTatamu dkcnepuMenta K. Iauccona u JI. xepmepa (1927 1.) o aubpakuuu 3JIEKTPOHOB Ha KPUCTAIIC
uukens [ 15] (puc. 296).

3x10”M— r T T

D(m) f

210°

INTENSITY

1x107H

0 5 10 15 20 25 vi
V=133 VOLTS INTENSITY OF REFLECTED BEAM

VSN N N " VS. SQUARE ROOT OF BOMBARDING POTENTIAL

Showing selectivity of electron reflection—angle of incidence to degrees.

42 43 44 45 46 47 48 49 50
a) 0)

Puc. 29. a) Pesynbrar pacuera no dopmyse (155) kak GyHKIHU OT YKCIa CIOEB N1 OTpaKarouIeil MOBEPXHOCTH KPUCTAILIa, KOTOPHIC, B
CBOIO OYEPEJIB, 3ABHCAT OT CKOPOCTH V MUKPOYACTHIL, TIAJIAMOIINX HA 3Ty MOBEPXHOCTS. TIPH CIEAYIONIUX MOCTOSHHBIX MapameTpax $ = 450,
=00 v=45% o =0° l1=10"cM, reo=9-10°cM; 6) IHTEHCHBHOCTB MTy4dKa 3IEKTPOHOB |, paccessHHBIX Ha MOHOKPHUCTAIIIE HUKENS IPU
TIOCTOSIHHOM 3HAa4€HHMS yTJIa OTPaXKEHHsI, B 3aBHCUMOCTH OT KOPHS KBaIPaTHOTO U3 HanpshkeHHs: U, yCKOPSIIOIIETo YaCTUIIBI B JIEKTPOHHOM
IyIIke (TeHepaTope AIeKTPOHOB). JlaHHAas SKCIIepUMEHTANIbHAS 3aBUCHMOCTh BIIepBbIe Obuta noiydeHa B 1927 r. Kinuaronom [IpBucco-
HoM u Jlectepom Jlxxepmepom [15] 1 mocimy»kuina oHON U3 IPUYXH IPHHATHS THIIOTE3bI JIyn j1e Boiiiis 0 BOJHOBBIX CBOWCTBAX MaTEPUH

HawuGonb1iee yauBieHne B KBAaHTOBOW (M3HMKE BBI3BIBACT JU(PPAKIINS IIEKTPOHOB
Ha ABYX miensx. Puuapa deitnMan roBopui: — «9T0 ABICHUE cogepulento, adbco-
JII0OMHO HEBO3MOKHO OOBSICHUTH KJIACCUYECKUM criocoOoM. B aTom sBiIeHHM Ta-

3

UTCS cama CyTh KBAHTOBOW MEXaHHUKH. §§ giﬁ s
JleficTBUTENBHO, €CIIU 3JIEKTPOH — 3TO TOUYE€YHAs YAaCTHLIA, TO HUKAKOTO Pa3yMHOI0 ErE L
00BSACHEHUS 3TOMY OIIBITY JIaTh HEBO3MOKHO. NS %é
&

OnHaKo, eciIM PaccMaTpUBATh «JIEKTPOH», KaK CTa0WIIbHOE B cpeliHeM chepude-
CKOe BaKyyMHOE 00pa3oBaHHE, B KOTOPOM MOJKHO BBIACIHUTB SIIPO U BHEIIHIOK
obonouky (puc. 1 u 5), To TAMHCTBEHHOE OYapOBAHUE, OKPYKAIOIINE TOT JABYX &
IEJIEBOM IKCTIEPUMEHT, MOXKET JIETKO PacceeTcs. ITO SIBJICHUE MOKHO OOBSICHUTH
BOJTHOBBIMH BO3MYIICHHSIMU BHEIITHEH 000JIOUKH «AJIEKTPOHAY, KOTOPasi OJTHOBpE-
MEHHO IPOHHUKAET Yepe3 00e IIeNH, TOr/a KaK SIIPO ATOTO «AJIEKTPOHA» MPOXOIUT
TOJILKO uepe3 OJIHYy U3 HUX.

Puc. 30. lupakiiuist 2JIEKTPOHOB
Ha JBYX LIEJISX

Hy»Ho npoBecTH ellie MHOTO MCCIIeI0OBaHHM, YTOOBI OIMCAaTh MHOTOUHCIICHHBIC KBAHTOBBIE () (EKThl METOIAMH CTOXACTH-
YeCKOW KBAHTOBOH MEXaHUKH U TTOJTHOCTHIO T€OMETPU3UPOBAHHON (DU3MKH BaKyyMa, HO yXKe ceifuac MO>KHO YBEPEHHO yTBep-
KJIaTh, YTO SBJICHUSI MUKPOMHUPA IPUHIMITHAIBHO HUYEM HE OTIIMYAIOTCS OT CIy4aifHBIX ITPOIIECCOB B MaKpPOMUPE.

MHoroe TOBOPHUT O TOM, YTO HENPHUHATHE DHHINTEHHOM KBaHTOBOTO MHJIETEPMHHM3Ma ObLIO HeOecriouBeHHBIM. OHAKO
OCIabJICHHBIA TeTePMUHN3M OOYCIIOBJICH HE OTPaHWYCHNEM JKECTKOCTH aIMHUHHUCTPUPOBAHMS U IIEH3YPHI CO CTOPOHBI «TH-
TOTETUYCCKOT0 NMIIEpATHBaA», a4 HAKJIaJIbIBAHUEM YCHOBI/Iﬁ 3HepFeTI/IquK0ﬁ ONTUMAJIBHOCTHU NIPHU JOITYCTUMOM YPOHE CBO-
60x161. B ocHOBE 0CTabIeHHOTO IeTEPMHUHN3MA JISKUT SKCTPEMATbHOCTh (PyHKIIHOHANA 3(dekTnBHOCTH, 00BEINHSIOMIEr0
00a OCHOBOTIONIATAIONINX MPHUHIUMIA: « MUHIMyMa IEHCTBHS» (T.€. DHEPTEeTUYECKOH OTPAaHHYEHHOCTH M Pa3yMHOH IIeleco-
obpasHocTH) mpu «MakCUMyMe SHTPOITUI (T.€. MTOJHO#M CBOOOIbI, B paMKax MO3HAHHOUW HEOOXOIUMOCTH).
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9 CBOGOIHBII «IO3UTPOH»

Ecnu Bo Beex mpeaplayInux naparpadax 3aMeHUTb COBOKYITHOCTh METPHK (1) ¢ cHrHATYpoii (+———), OpeesIFoLInX yCpea-
HEHHOE CTa0MIbHOE METPUKO-IMHAMHUYECKOE COCTOSIHUE CBOOOJTHOTO MOKOSILET0Cs] BAJICHTHOTO «JISKTPOHA», HAa COBOKYTI-
HOCTb aHTUMOIHBIX MeTPHK (11) ¢ curHatypoii (— + + +), a Takke 3aMEHUTh TEPMUHBL:

- «BHEILHSSI CTOPOHA A.12-15-BaKyyMa» Ha «BHYTPEHHsISI CTOPOHA A.12 15-BaKyyMay;

- «cyOKOHT» Ha «aHTUCYOKOHTY;

- «BBIITYKJIOCTb) Ha «BOTHYTOCTbY;
=,ds™, 1, 69 58 ED, a® 4P wa ds 0, dsO,10, 90080, ES, a0, 40,

TO MBI TIOJTy4HUM COBEPIIEHHO aHATOTMYECKYI0, HO IIOJHOCTHIO IPOTUBOMOI0KHYI0 METPUKO-TUHAMUYECKYIO MOJIETb B CPEI-
HEM CTa0HJIBHOTO C(hepUuecKOoro BaKyyMHOT0 00pa30BaHus — CBOOOIHOTO MOKOAIIETOCs BAICHTHOTO «IIO3UTPOHAY.

+
- 0003HaYEHMS dsl.(

Ecnu croXuTh COBOKYITHOCTh METPHUK (1) CO COBOKYIHOCTBIO aHTHUMOAHBIX MeTpHK (11), To momyunm Homb. To ecTh «amek-
TPOH» U IO3UTPOHY TIOJIHOCTHIO KOMIICHCHUPYIOT MPOSIBICHUS IPYT ApYyTa.

10 KBa3ucTanuoHapHbIe B3aNMOIEHCTBHS «YACTHID U KAHTHYACTHID)

10.1 YHPOWGHHOQ Ked3ucmayuonapHoe «31eKmpon» - «NO3UMpPOHHOE) 83aumooelicmeaue

OTzeIbHO CYIECTBYIOINX «3JIEKTPOHA» U «IIO3UTPOHA» HE CyliecTByeT. PaccmoTpe-
HHE 3THX CTaOWJIbHBIX BaKyyMHBIX 00pa30BaHMi 110 OTAEIBHOCTH BO3MOKHO TOJBKO
B PaMKax YHPOIEHHON MaTeMaTH4eCcKOi MOJENIH.

Ecnu sipa «371eKTpoHa» U «IIO3UTPOHA» OTAEIEHBI APYT OT APYTa, TO MEXKIY PAKUSIMA
3THX BaKyyMHBIX 00pa30BaHWH NOCTOSIHHO LUPKYIHPYIOT CYOKOHM - AHMUCYOKOHM-
Hule TOKU (cMoTpute puc. 31 u 32).

©- snpo <<uactuupr>> s | BCTpeuHbIE
= 4Ap0 <<aHTHYaCTHULIbI>> i NMPUTATHBAIOLIUE
MOTOKH
—=——  [I0TOK CyOKOHTa
- — ® - [IOTOK aHTHCYOKOHTa - == BCTpEUHbIE
5 pacTajKuBarolme
——— MOTOKH

Puc. 31. Cybxonm - anmucybxonmHsie TOKH MEXIY PaKUIMH «JaCTHID) U «AHTHIACTUID
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Snpo «IJICKTPOHA»

Sapo «mo3urpoHa»

Lupkynsumst a,b-antrncy6koHTa

Mupkymsius @,b-cyOkonTa

Puc. 32. Cxemarnueckoe H300paKeHHE YCPEAHEHHOM MPKYIiuK a,b-cyoxonma u a,b-anmucybronma
MEXTY PaKUsIMU «3JIEKTPOHAY» U KIIO3UTPOHA»

B §2.2 6bu10 NOKa3aHO, YTO BO BHEUIHEH 000JI0UKE «IJIEKTPOHA» A-CYOKOHT IPUTEKAET B BU/IE TOHKHX TOKOB, 3aKPYUEHHBIX
B CIIUPAJIH BOKPYT BCEX PavajibHbIC HAMPaBICHUs, K pakuu (T.e. cheprueckoii 6e3aHa-TpEIInHE) «dIEKTPOHay (puc. 6 u 7),
a b-cyOKOHT OTTEKAaeT OT PaKHH «3JIEKTPOHa» B BHIE TOHKHX TOKOB BO BCE CTOPOHBI 0 MHOYKECTBY KOHTP-CIHpAEil.

B pesynbrare BekTOp yCKOpPEeHUs CyOKOHTa (MJIM T€OMETPU3UPOBAHHBINA BEKTOP SKJIEKTHYECKOW HANPSHKEHHOCTH CYOKOHTA)
BO BHEIITHEH 000JIOUKE «3JIEKTPOHA» UMEET KOMIIOHEHTHI (59)

(+) E(+ab) c?re a® = E(+ab) 0, (+) E(+ab) 0. (157)

, 2 ’ Qe
2r 1_1'_2

Bo BHeniHeit 00010YKe «IIO3UTPOHAY MPOTEKAIOT aHAJIOTMYHBIE, HO ITPOTHUBOIIOJIOKHBIE MPOLIECCHI: a-aHTHCYOKOHT NpUTe-
KaeT B BUJIC TOHKHUX TOKOB CO BCEX CTOPOH K paxuu «MO3UTPOHAY MO MHOXKECTBY CITHpajecH, a h-aHTHCYOKOHT OTTEKaeT OT
chepuueckoil 6e31Ha-TPEIMHBI «II03UTPOHA» B BUJIE TOHKUX TOKOB BO BCE CTOPOHBI [0 MHOXKECTBY KOHTp-criupajiei. B pe-
3yJIbTAaTe BEKTOP YCKOPEHHsI aHTUCYOKOHTA (MM T€OMETPU3MPOBAHHBIN BEKTOP IKJIEKTHUECKON HANPSHKEHHOCTH aHTUCYO-
KOHTA) BO BHEITHEH 000JI0YKe «ITO3UTPOHA» UMEET KOMIIOHEHTHI

2
Q=EGP =—, oD =" =0, a)=E,"=0. (158)

Aar vr ’
2 3
2re [1-—
2

Panee MBI ipeioniaraiiv, YTo BO BHEITHUX 000JI0YKaX CBOOOTHBIX «3JIEKTPOHAY» U «TIO3UTPOHA» 3T CyOKOHTHBIE M aHTHCYO-
KOHTHBIE TOKH U TPOTHBOTOKH HAYMHAJIKChH M 3aKaHYMBaJINCh Ha nepudepuun Beenennoii (puc. 7 —9). Teneps Oynem y4uThbi-
BaTh, YTO YACTh 3TUX TOHOB U MPOTUBOTOKOB IUPKYJIHPYET MEXKTy PAKUIMH «JaCTUID) U «AHTUYIACTHUID) (B YACTHOCTH, MEXILY
PaKUSIMH «3JIEKTPOHAY M «IIO3UTPOHA», puc. 31 u 32).

B aToM cityqae MexIy pakusAMH «3JIEKTPOHA» U «IIO3UTPOHA» UMEIOT MECTO 4eThIpe NEePeIUIeTCHHBIX CYOKOHM-aHmMucyo-
KOHMHbIX TOKA ¢ YCKOopeHMsiME Buaa (55) u (56)

I a$+a) —__ s a-cybrkonm, (159)
2r2 /(1—775)
H (+b) — b-cybronm; 160
2r? /1+ -6 ! -
2
V al® = __ " — a-ammucyOKkonm; ot
e ’ N
H’ ag_b) =—___°‘T — b- anwmucybxonm. (162)
2r2 /1+T76
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Cywecmgyem ewe nsimoe [i (koy)] npunyunuaisho omauunoe yckopenue, 00yCIO8IeHHOe (a306bIM COBUSOM CYOKOHM-AHMUCYOKOHNMHBIX MOKO8 MEAUCOY
PaKuamMu «4acmuybly U «aHmudacmuyvly. IMo YcKopeHie SKEUBAIEHNHO 2PASUMAYUOHHOMY B3AUMOOELCIEUI0 MedCOy AOPAMU «INeKMPOHA» U «NO3U-
MPOHAY, KOMOPOe NIAHUPYEMCsl OMOETbHO PACCMOMPEMs 6 CeOVIOWUX CINAMbAX OAHHO20 NPOEKMA.

CkpyuHBaHHE YETHIPEX CyOKOHT — AaHTUCYOKOHTHBIX TOKOB MOYHO MOSICHUTH C
MTOMOIIBIO YE€THIPEXCTOPOHHEH JIeHTH MEOuyca (puc. 33). B aToMm cinyyae kax-
IBIA U3 YeThIPeX BAaKyyMHBIX TOKOB ¢ yckoperusimu (159) — (162) teder mo
CBOCH CTOPOHE YETBIPEXCTOPOHHEH JeHThI MEOmyca, mpeBpamiasch Ipyr B
Jpyra B TOYKaX reperuba, HaXOASAIINXCS B PAiX «IJICKTPOHA» U «IO3UTPOHAY.

Taxum 006pa3oM «3IEKTPOH» MPUTITHBACT KIIO3UTPOH» C yCKOPCHUEM

-

e+é 1 +a)2 +b)2 -a)2 -b)2 c2r,
R Y N O - (163)
V4 2 ..
212 (1_ e Puc. 33. Yetsipexrpannas nenra Mébuyca
T Y IUPKYJSILIUS CBEPHYTHIX B CHHPAJb CyO-
AHAIOTUYHO «MO3UTPOH» MPUTATUBACT «IIICKTPOH» C TAKUM K€ YCKOPEHHEM  KOHT-aHTHCYOKOHTHBIX TOKOB IO OJHOH M3
(T.K. meWCTBHE PAaBHO MPOTHUBOICHCTBHIO) €¢ CTOPOH
(é+e) _ 1 | (+a)2 (+b)2 (-a)2 (-b)2 _ __ c*rg
a, = G4 +a, +a, +a, =

1
2
r
2 6
2r (1— r_2>

OO1iee panuanbHOE YCKOPEHUE, C KOTOPBIM <«QJIEKTPOH» M «IIO3UTPOH» B CPEJHEM MPUTATHBAIOTCS APYT K APYTY, PABHO

_ _ ~ 2
a£e,e) — a£e+e) + a£e+e): C°Tg —, (163)
r2 (1_7_6)
2

TIe, B 3TOM ClIy4dae, 1" — 3TO paCCTOAHUE MEXKAY LUCHTPAMHU «3JIEKTPOHA» U «IIO3UTPOHA».

I'paduk dpyuxuuu (163) npeacrasien Ha puc. 34. Jlannas GpyHKIMs onpeje- 5 - - -
JSIET YCKOPEHUE COMMKEHHUS SIPa «AJIEKTPOHA» U SIIpa KIO3UTPOHA» B 3aBH-
CHMOCTH OT PACCTOSIHUSI MEXKY HX [IEHTPAMH. \

IIpwu r » re Beipakenue (163) ynporaercs | ]

- 2 a0 \
alft®) =Te (164) = \

rz !

1 COOTBCTCTBYCT CHUJIC KYJIOHOBCKOI'O BSaHMOﬂCﬁCTBHm MCIKAY DJICKTPOHOM U
TNIO3UTPOHOM B KJIaCCHYECKOI DJICKTPOCTATUKE

e \x;
- 2 [ T
+é) e = L L
oS 165 -1 -3
r 4meg T2 ( ) ,
Puc. 34. I'padux ¢pynxnun (163) mpu ycmoBHO
CpasnuBas BeipaxkeHus (164) u (165), o6HapyXKHBaeM COOTBETCTBHE HPUHATHIX ¢ = e =1. JlaHHast GyHKUHMS Onpese-
JISICT YCKOPEHHE CONMKEHHS SIIep «IICKTPOHA
2 5 166 U «HO3UTPOHA» B 3aBUCHUMOCTH OT PacCTOSHHA
prm—_— C°Tg , TIIE M, — Macca IMOKOsI JJICKTPOHA. (166) MESKIY X LIEHTPaMH

Ha ocroBanuu cooTHoImeHus (166) MOXKHO OIIEHUTH BETHUUHY PAJNYyCa sIpa «IJIEKTPOHAY

eZ

IR

Te = 2,8179403267 x 10~ 3¢, (167)

2
4AmEgcime
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B COBPEMEHHOU (M3MKE 3Ty BEIUYHMHY IIPUHATO Ha3bIBATh "KIIACCHUIECKUM panycoM dIekTpoHa" wim "pannycom JlopeHma"
WK "AJIMHOM TOMCOHOBCKOTO paccesHus".

10.2 anowenﬁoe KeasucmayuonapHoe «3J1eKmpon) — «9JIeKmpOoHHOoe) e3aumooeticmsue

Kaxk noka3zano Ha puc. 35 u 36, Mexay pakueil «d3JIeKTpoHa» 1 U pakueil «3J1eKTpoHay 2 HUPKYIUPYIOT TOJIBKO CyOKOHTHBIE
TOKH ¥ [IPOTUBOTOKH (T.€. IMEET MECTO TOJIBKO CyOKOHTHBIN OGMEHHBIH MPOLECC), aHTUCYOKOHT MEXy HUMH HE LIUPKYJIH-

pyer.

S1apo «IeKTpoHay 1 SInpo «anekTpoHa»2

Lupkyasius a,b-cyokonTa

-
\)‘.
/

Puc. 35. Cxemarnyeckoe H300pakeHUE YCPETHEHHOH UPKYIISIIIAN
a-cybronma v b-cybxonma Mexny pakusMU «dIeKTpoHa» 1 U «3IeKTpoHan2

obnacTh B3auMoneHcTBUs
OHOB

~ (INEKTPOH)
— (TO3HTPOHY

—==——— [10TOK CYOKOHTa
— = % = [I0TOK aHTHCYOKOHTa

Puc. 36. OGnactb B3aNMOJEHCTBUS IBYX «3JIEKTPOHOB)

48



Kak mokaszano B §2, kK pakuu «3JIeKTpOHa» | MpHUTEKaeT MO CIHPaN a1-CYOKOHM C YCKOpeHHeM (55) U OTTeKaeT OT Hee IO
KOHTp-CcTUpanu bi1-cybxonm ¢ yckoperueMm (56) (puc. 35). O6miast paguaibHas COCTABIAIONIAA YCKOPEHHUS CYOKOHTA BO BHEIII-
Hell 000JT0YKe «INIEKTPOHa» |, OTTAIKUBAIOIIEE PO «IICKTPOHA»2, B cpelHEeM paBHO (58)

2
af{albl) :% a£+a1)2 +a£+b1)2 z%_ (168)
212 1—:—2

IMpu sToM b1-cybronm, KOTOPBIA OTEKAET OT PAKUH «DIICK-
TpoHa» 1, BTEKAET B PAKUIO «UIEKTPOHa»2 B BHIE az-
cyOKkonma ¥ BBITEKAET M3 Hee B BHIE Dp-cybronma (puc.
35). B pesymbraTe <«3IEKTPOH»2 OTTAJIKUBACT «3JICK-
TpoHa» 1 ¢ yckopeHuem

2
agazbz) Z% a£+a2)2 +a£+b2)2 =_CT6 (169)
212 1—@
-

Takum 00pa3zoM, «3JIEKTPOH» 1 U «IJTEKTPOH»2 B CpeIHEM
OTTAJIKUBAIOTCS JPYT OT Apyra ¢ OOIIUM yCKOPEHHEM

2
a£e1+ez) — aﬁ-{albl) + aﬁ;azbz) — Cc“Tg ) (170)

TZie, B 3TOM CIIydae, ' — 3TO PACCTOSHUE MEXIy IEHTpaMHI
«ONEKTpoHa» | U «INMEeKTpoHa»2.

IIpu r » rs Bepaxkenue (170) ympormmaercs

gler*ed) = e (71)

T r2 ?

U COOTBETCTBYET CHJIC KYJIOHOBCKOTO OTTAJIKUBAHUS JBYX
3JIEKTPOHOB JpyT OT npyra (165).

Amnajgorugsoe PACCMOTPCHUEC «IIO3UTPOH» - «IIO3UTPOH-
HOTO» BSaHMOﬂeﬁCTBHﬂ NPUBOJAUT TAKOMY K€ pE3YyJIbTATy

2
a£e1+€2) — aﬁ-{albl) + ai;asz) = %_ (172)
r? <1—:—g)

g paccmarpuBaeMoro cirydast O6U10 OBl IPAaBIIIBHO PEIINTH BaKyyMHBIE YpaBHEHHE DWHINTEHHA, C YI€TOM BO3HHKAIOIINX
IIPH B3aUMOACHCTBHX «JaCTHII» HANPSDKEHUAX Bakyyma. OiHaKo 3T0 cioXkHas 3agada. Kpome Toro, B mpeayioxKeHHOH 371ech
YOPOIIEHHON MOJENN MBI MPEANONIOXKIIIN, YTO B KaXKA0e (PUKCHPOBAHHOE MTHOBEHHE BPEMEHHU B3aHMOJCHCTBHE MEXIY
JIByMsl «4aCTUIIAMI» HOCUT KBA3UCTALIMOHAPHBIN XapakTep. To ecTh MBI YCIOBHO CUMTAEM, UTO «IIEKTPOH» U «IIO3UTPOH»
WIIH «QNEKTPOH» | U «3NIeKTPOH»2 MPU B3aUMOJEHCTBUU KyJIOHOBCKOTO TUIIA ABUTAKOTCS TaK MEUIEHHO, YTO B Ka)KI0€ MIHO-
BEHHME MX MOXKHO CUHMTaTh, Kak Obl HermoJBIKHBIMU. Ha camom znerne gopma U CTPYKTypa «3JIEKTPOHa» U IIO3UTPOHA» BO
BpeMsl JIBHXKEHUSI U3MEHSIOTCS (3TO TUIAHUPYETCs T0Ka3aTh B CIEAYIOIIEH cTaThe JaHHOTO UKIIA). JlaHHbBIe MPpUOIKEeHUS]
OIpaBJIaHbI TEM, YTO BHECEHA SCHOCTb B TEOMETPUUECKYIO IIPUPOLY IEKTPUISCKOrO 3apsa (cMoTpuTe §2.2.2) u NpUBEACHO
00BscHeHHUe 3akoHa KyI0Ha Ha OCHOBE yNPOIIEHHBIX METPUKO-IMHAMUYIECKUX MOJIENIEH BaJIGHTHOTO «3JIEKTPOHA)» U BaJICHT-
HOTO «TIO3UTPOHAY.
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3AKIIOYEHHUE
"Dnexmpon max jice neucuepnaem, Kax u amom, npupooa beckoneuna."
B.U. Jlenun, «MatepuanusM 1 DMIHPHOKPUTHIN3MY, T1aBa V.

B a310i cTatse (T.€. B 7-i yacTu «I'eoMeTpU3UpOBaHHOI (pH3HKE BaKyyMa Ha OCHOBaHHH AJTeOpbl CHTHATYPY») PACCMOTPEHBI
yCpEeIHEHHbIE METPUKO-IMHAMUYECKUE MOIETH TOJIBKO JBYX B3aUMHO MPOTHUBOIOJIOKHBIX CTA0MIBHBIX CPEPHUIECKUX BaKy-
YMHBIX 00pa30BaHMii: CBOOOTHOTO «IIEKTPOHA» (T.€. YCIOBHOH "BBIMYKIOCTH" A.12-15-BaKyyMa) U CBOOOZHOTO «IIO3UTPOHA
(T.e. ycnoBHO# "BorHyTOCTH" A-12-15-BaKyyMa).

HccnenoBanre ynpoIeHHbIX METPUKO-JMHAMUYECKUX MOJIENIEH «IIIEKTPOHA» U «IIO3UTPOHA» TO3BOIMIM IPOAEMOHCTPHPO-
BaTh MCIOJIBb30BAaHUE MAaTeMaTHYECKOTO anmnapara U MeTOI0JI0IH Te€OMETPU3UPOBAHHON (PHU3NKH BaKyyMa, KOTOpasi BKIIIO-
qaet B ce0s [1,2,3,4,5,6]: BakyymHyt0 n1udHepeHIUATBHYI0 TeOMETPHIO (T.€. 0OHYJICHHYO OOIIYI0 TEOPUIO0 OTHOCUTEILHO-
cTH), Anre0py CUTHATyp (T.€. METPUIECKYIO Y3JIOBYIO TOMOJIOTHIO) ¥ TEOPHI0 3P PEKTUBHOM BEPOATHOCTH (T.€. CTOXACTHUE-
CKYIO KBAaHTOBYIO MEXaHHKY ). DTH MaTeMaTHIECKHE HHCTPYMEHTBI IIPUTOAHBI IS TOJPOOHOTO N3yUYESHNUS BCEX CTAOMIBHBIX
1 HeCTaOMIbHBIX ChepHIeCKNX BaKyyMHBIX 00pa30BaHMi NPEICTaBICHHBIX B §4 B [0]: «KBapKOB», «JIENTOHOBY, «OAPHOHOBY,
«ME30HOB» M «0030HOBY», «ATOMOB» U «MOJICKYJII».

Kpome T0T0, «37EKTPOH» M «MO3UTPOH» MCKYCCTBEHHO M3BIICUCHBI U3 0O0IIEi HepapXndecKoil KOCMOJIOTHIECKOH MOJIEIH,
npencraBineHHoi §§1-3 B [6]. DTo caenaHo Mo CpeiCTBOM TOTO, YTO U3 HEPAPXMUECKUX COBOKYITHOCTEH MeTpuK (23) — (27)
u (28) — (32) B [6] ocTaBiIeHBI AJIs1 PACCMOTPEHHs TOIBKO Te CllaraeMble, KOTOpbIe coiepskaT paauychl s~ 1073 cm (cooTser-
CTBYIOIIHE pa3Mepy SApa «IIEKTPOHAY U «IIO3UTPOHA»). B 3T0il HepapXuuecKoi KOCMOIOTHYESCKON MOJICIH BCE BIIOKECHHBIC
IpyT B Apyra (momgo6Ho MaTperikam, puc. 1 B [6]) cdhepuueckne BakyyMHbIe 00pa30BaHus Pa3HbIX MaCIITabOB MOJOOHBI APYT
npyry. IToaromy, eciii BO Bce ypaBHEHUS M BBIPAKEHUS JNaHHOM CTaThbU BMECTO PAJUYCOB U3 UEPAPXUUECKOM IOCIIEN0BaA-
TenbHOCTH (44a) B [6]:

r;~10%° cm — pamuyc, COOTBETCTBYIOIIMIA ¢ pasMepy HabmoaaeMoii BeenenHoli,

re~ 10713 cM — paamyc, COOTBETCTBYIOIIMIA C pa3sMepy AApa «IJEKTPOHaY,
r7~ 10724 cMm — paanyc, COOTBETCTBYIOIIMIA C pa3Mepy AApa «IPOTO-KBAPKa»

MIOJICTABUTh M3 TOH JKe HepapXuH PanycoB, HAIIPUMEp:

r;~10%° cm — panuyc, COOTBETCTBYIOIIME pazMepy HabmoaaeMoil BeeneHHOiH,
rs~ 108 cM — paamyc, COOTBETCTBYIOIIMI Pa3Mepy Spa IUIAHETHI MM 3BE3/IbI,
re~ 10713 cM — paamnyca, COOTBETCTBYIOIMIA pa3Mepy SIpa «3JIEKTPOHA,

TO MOJYYHUM METPUKO-TUHAMUYCCKUC MOJICIIN KIUTAHET» U «3BE3»,

WIN, HaTIpuMep:

r;~10%cm — paauyc, COOTBETCTBYIOIIMIA C pasMepy HabmonaeMoil BeeneHHoiH,
r;~ 10®cm — paguyc, cOOTBETCTBYIOIIMI pazMepy S/1pa TajlakTHKH,
rs~ 108 cM — paauyc, COOTBETCTBYIOIIMI pa3sMepy SApa MIaHEThl UK 3BE3/bI,

TOraa MmoJydYmM METPUKO-AUHAMUYCCKUEC MOJICIIN «TAJTaKTUK» U T./.

[pu GnmxaieM pacCMOTPEHHHU «3JCKTPOH» M IO3UTPOH» — 3TO HE MATEMaTHUSCKUE TOYKH, KaK 3TO TPAKTYETCs B KJlac-
CHYECKOM DIIEKTPOIMHAMUKE U B PsAJIe KBAHTOBBIX TEOPUH. « DJEKTPOH» U «IOZUTPOH» — ITO OECKOHEUHO CIOXKHBIC O0OBEKTHI
3aHMMaromee Bcio BeenenHyro. B HUX MOYKHO BBIICINTH YeThIpe cheprueckie 00IacTH: BHEIIHIOW 000JI0UKY, PAaKHUIO, SIPO
1 BHYTpPEHHEE SJIPBIIITKO, KOTOPBIM HEOOXOAMMO TIOCBATUTH OT/IENbHBIE OOIIUPHBIC UCCIICIOBAHYISI.

CKOJBKO OBI MBI HE H3YYaIIH «IJIEKTPOH» U «TIO3UTPOH» KaK B CpEIHEM CTaOMIIbHBIE BAKYYMHBIE 00pa30BaHusl, OHH BCE PABHO
OCTaHYTCSl HEMO3HAaHHBIMH. B O3TOH CTaTbe PAacCMOTPEHBI TOJILKO HEKOTOPBIC ACIEKThI, CBSI3aHHBIE CO CBOOOHBIMH
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MOKOSIITIMUCS «3JIEKTPOHOM» M KIIO3UTPOHOM», U MX B3aMMOJECHCTBHE MEXIy CO00l Ha YIPOIIEHHOM YPOBHE KBa3HCTaTH-
4eCKOM BaKyyMHOI 31€KTPOCTaTUKH.

OcTanuce 3a paMKaMH pacCMOTPEHHsI MHOKECTBO BOIIPOCOB, CBSI3aHHBIX C PABHOMEPHBIM U YCKOPEHHBIM JIBUKEHUEM «3JIeK-
TPOHA» U «IIO3UTPOHA», UX COCTOSHUE B COCTaBe aToMa (CMOTpUTE paHKupHBbIe BeipaxkeHus (105) — (110) B [6]), ux B3aumo-
JIEHCTBHE C BBICOKOYACTOTHBIMHU M HM3KOYACTOTHBIMH «(OTOHAMHU» U JIPYTUMHU «OO30HaMI», BOIPOCH MX aHHUTHIISAIINH,
MIPUPOJA MEKTPUIECKOTO TOKA U T. 1.

W3 mONOKUTENBHBIX PE3yIbTaTOB JAHHOM CTAThH MOXKHO OTMETHTb, YTO B PAMKaX pPa3BUBACMOMN 3/1€Ch TEOPUH JIETKO pellia-
eTcs mpodiemMa CBsI3H AETEPMHHUCTCKON BaKyyMHOH TEOPHH OTHOCHUTEIBHOCTH M KBAHTOBOM MEXAaHHUKH, a TAKXKE JIOTHIHO
00OCHOBBIBAETCS CYIIECTBOBAHHUE TaK HA3BIBAEMON «MAacCOBOM LS.

Bakyym moxox Ha YNpyrolulaCTU4ecKylo CIUIOIIHYIO cpeny (Tpememnryriee
xeJie), KOTopas IIOCTOSHHO U TOBCEMECTHO Xa0TUYECKU OYPIIUT, IPUUY UTUBO HC-
KPUBJISETCS M CKPYUYHBAETCS B CIIMPAM, B HEM 3aBS3BIBAIOTCS U Pa3BA3BIBAIOTCS
TOIIOJIOTHYECKHE y3MbI U T.1. BakyyMHBIe ypaBHeHUs DWHIITEIHA, 110 CYTH, SB-
JISTIOTCSL 3aKOHAMH COXPAHCHHs, T.C. YCIOBHSIMHU OOCCIICUCHHUS CTAOMIBbHOCTH
YCPEOHEHHBIX JIOKAJIBHBIX U IIIOOAIBHBIX BaKyyMHBIX 00pa3oBaHHi. MeTpHuKH-
pELICHUS 3THX BaKyyMHBIX YPaBHEHHH MO3BOJISIOT MOIyYUTh YCPEAHCHHBIE (T.€.
YIPOIIEHHBIE) METPUKO-INHAMUYCCKHE MOJeNu (MEHTalbHBIE KapKachl) CTa-
OMIBHBIX CeprIecKnX BaKyyMHBIX oOpazoBaHui. OJHAKO yCpeIHEHHas CTa-
OMIbHAs CTPYKTypa «4acTHID) WLTIO30PHA — 3TO TOJIBKO MEHTAIbHast KOHCTPYK-
IUsL, T.C. PE3yNbTAT CHOCOOHOCTH HAIIETO MBIIUICHHUS YHPOLIATh OSCKOHEYHO
CII0>KHBIE CUTYAalHH.

Kpowme Toro, siapa cheprueckux BaKyyMHBIX 00pa30BaHNH, BEIBSJICHHBIE U3 OypIIAIIEro Xaoca IOCPEICTBOM YCPEIHEHUS
YIPOIICHHS, CAMU Xa0THUECKU MIEPEMEIAOTCs KaK OECCTPYKTYPHBIC YaCTUIIBI (KOPITYCKYJIBI) TIOJ] BO3ICHCTBUEM OypIIsiieit
BaKyyMHOM cpeapl (puc. 26). OnHaKO MPOU3BOJILHOCTH MOBEACHUS CIyYaliHO OJTy>KJIAIOMIEro siupa (KOPITyCKYJIbI) SBISIETCS
TOJIBKO Kaxymencs. [Ipu ycpeqHeHnH XaoTHIECKOTO TIOBEACHUS SIpa OKa3hIBACTCS, YTO OHO IMOAYHHSAIOTCS 3aKOHAM 3 ex-
TUBHOH BEPOSITHOCTH, KOTOPBIE SBISIOTCS KOMIIPOMHCCOM MEXTY ABYMsI IPOTUBOIIOJIOXKHBIMHU TII00ATEHBIMH CTPEMIICHISIMH
OO0 CTOXACTUYECKOH CUCTeMBI K « MUHAMYMY NEHCTBUS» (T.€. K SKOHOMHH YHEPTUH) U K «MaKCUMaTbHON SHTPOTIHI
(T.e. k mpemenbHON CBOOO/IE). YpaBHEHHS CTOXACTHUECKONH KBAHTOBOM MEXaHHKHU, OMKICHIBAIOIINE YCPEIHEHHOE TIOBEICHHIE
XAO0THYCCKH OJTYKTAIOMICH YaCTHIBI, OKA3aIHCh YCIOBHSAMH JUIS SKCTpeMany (QyHKIMOHANA YCPEIHCHHOM 3 QEeKTHBHOCTH
(cmotpure [13]).
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Mo>keT mokasaThes, 9TO ASTCPMUHHCTCKIE BaKyyMHBIC YpaBHEHHUsI DWHINTEHHA U cTOXacTHYeCKHe ypaBHeHUs quddysun u
ypaBueHnus Lllpeaunrepa oTHOCATCS K pa3HBIM 3aKOHaM MpHUpojbl. Ha camoM niene Bce OHM yXOAAT KOPHSIMH K IIyOOKOMY
ocMmbIciieHnto auxotomun «Ilopsimok n Xaoc» u k puocodekomy onpeaeneruto «CBoO0IbI, Kak MO3HAHHOW HEOOXOAUMO-
cti» (bapyx CnunHo3a, I'eopr I'erens). Bakyymuble ypaBHeHUst DHINTeHHA U YPaBHEHUS CTOXaCTUUECKONH MEXaHUKH — 3TO
pasHble (JOPMBI MPOSIBIICHUS IKCTPEMAIBHOCTH OAHOTO (yHKIMOHATa S dekTuBHOCTH. Ecnu npenedpeus XaoTHYECKOH co-
CTaBJIAIOLIECH IBHKEHUS YACTUIIBI (T.€. €CIIH PACCMATPUBATh TOJNBKO YCPEAHEHHYIO TPACKTOPHIO €€ JBIKEHHSI) TO OUCK JKC-
TpeMaJbHOCTH (PyHKIMOHAA AP PEKTHBHOCTH TaKOH CTOXaCTUUECKOM CHCTEMBI MOXKET NEPEHTH K JIarpaHkeBy (hopMann3my
KJTaccuueckoi Mexanuku (cMmotpute Beipaxkernue (18a) B [13]).

Takum 00pa3oM B pa3BHBaeMOM 37€Ch T€OMETPU3NPOBAHHON (pr3HKe BaKyyMa CiydaiHbIe (UIyKTyaIlldll CHadayia yCTpaHs-
IOTCS TIOCPEJICTBOM YCPEIHEHUS AJISl TOTO, YTOOBI BBIIBUTB YCPEIHEHHYIO CTPYKTYPY CTaOMIBHBIX BAaKyyMHBIX OOpa30BaHUH.
3areM XxaoTHUecKHe (IyKTyaIiy BO3BPAILIAIOTCS K PACCMOTPEHHUIO KaK:

- JMHaAMHUYECKUH XaoC 3a CUeT WCCIIECJOBAaHMS YCPEAHCHHOTO MOBEIICHUSI XaOTUUECKH OJIYXKIAIOIuX siuep (KOpIycKyl) B
CpeaHEeM CTaOMIIBHBIX C(epUUECKUX BaKyyMHBIX 00pa30BaHUiA;

- TOMOJIOTMYECKHH Xa0C 3a CUET HCCIIEOBAHUS Y3JIOBBIX CYNEPIO3HIMNA METPUK ¢ 16-10 pa3IUIHBIMKU CUTHATYypaMH (CMOT-
pute §1);

- PEIMKTOBBIN Xa0C 3a CUET U3y4yeHus QayKTyaluuii caMoro Bakyyma.

B pamkax mpeamaraeMoii «reOMETpU3UPOBAHHON (PH3WKHU BaKkyyMa» HET HUKAKHUX MPOTHBOPECUHIA MEXIy OoOImIel Teopuei
OTHOCUTEJIbHOCTH, TEOPUEHN BEPOSTHOCTEN U KBAHTOBOW MEXAHUKOM.

B «reomerpusnpoBaHHO# (u3MKEe BaKyyMa» OTCYTCTBYET HOHITHE «Macca». Kak yxe He pa3 OTMEUaloCh B CTaTAX
[1,2,3,4,5,6] sBprCcTHUECKH BBEICHHAs (PH3MUECKas BEIMUYMHA «Macca» C Pa3MEpPHOCTHIO KWIOTpaMM (KOTOPBI COOTBET-
CTBYET BECY OJIHOTO JIATPA OUHMILEHHOM BO/IbI IIpH Temneparype 4 °C 1 HopMalbHOM aTMOC(EPHOM JaBJIEHUU Ha IMHPOTE U
noiarote [lapmxka) ynoOHa 1uist IpUKIa HbIX 3aaa4. Ho 3Ty BelM4MHY COBEpIIEHHO HEBO3MOXKHO BBECTH B MOJHOCTBIO T€0-
METPU3HUPOBAHHYIO TEOPHIO.

B pasBuBaemoii 37iech TEOPHH IPEIMETOM U3YUEHUs SBJISIOTCS CTaOMIIbHbIE U HeCTaOMJIbHBIE chepuuecKue BakyyMHbIE 00-
pasoBanus (T.e. JOKaIbHBIE U III00aNbHbIE yCpeIHEHHbIE IeOpMalMi BaKyyMa KOPITyCKYJISIPHOTO THIIA) Pa3JIMYHOIO Mac-
mraba. Ilpu 3ToM Takue MOHATHS Kak 3apsi, Macca, CIMH, IBET U APYTHe XapaKTEePUCTHKH YaCTHUI] B Pa3BHBAEMOM 3/1eCh
MIOJTHOCTBIO TEOMETPU3NPOBAHHON (DM3HMKE BBIPAXKAIOTCS YepPe3 CBOMCTBA 3-MEPHOTO MPOCTPAHCTBA, BHICBEYEHHOTO JIydaMHt
cBeTa (T.e. uepe3 CBOMCTBA Amn-BaKyyMa): CKOPOCTb CBETa B BaKyyMe, PaJlyc sSApa «JacTHIbI», CATHATYPHI METPUKH U T.JI.

Hecmortpst Ha TO, YTO TEPMUHOIOTHSI M 6a30BbIE IOHATHS B «T€OMETPH3UPOBAHHOMN (PHU3MKE BAKYyMa» OTIHYAIOTCS OT COBpe-
MEHHOU KBAHTOBOW TEOPHH I10JIsl, MOMKHO MOIBITATHCS AaTh OTBET Ha ojHy u3 « Millennium Prize Problemsy, koropast cdop-
MmynupoBana kak «The Yang—Mills existence and mass gap problemy.

Bo-nepBbIX, 0OTMETHM, YTO BaKyyMHBIC YpaBHEHH DHUHINTENHHA TPH yueTe BceX |1 6-Tu CUTHATYp

+++H) +F++-)° ++-)° F+-HF

==+ +++H° —-+D° (—+-H"
F-—+)?2 F+--)Y F-——) +—-+HP (173)
=+ (+-+-)° (+-)?% (--)

U €CTh YaCTHBIN cliy4ail ypaBHeHuit Slura—Muuica [16].
Hanomnum, umo ypasnenus Anea—Munica npedcmasnsniom cobotl cucmemy ough@epenyuanbHulx ypagHeHull 6 YacmHulx npo-
U3600HbIX OJis C6A3HOCMU HA 6eKMOPHOM pacciioenuu. Onu 603nuKaom Kaxk ypasuenus Junepa—Jlazpandica uz Qynkyuonana

oeticmeus Anea—Munnca.

Bo-BTOpBIX, paMKax pa3BUBaeMO 37€Ch MOTHOCTHIO TEOMETPU3UPOBAHHON TEOPHH JIETKO pemaTcs mpodiiemMa CyIecTBOBa-
HUSI Mass gap (MaccoBoil eIy WM pa3phiBa).
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Hanomuum, umo 6 Keanmosoii meopuu nojs paspvlé 8 MAcce — MO PASHUYA 8 IHEPSUU MeNHCOY BaAKYYMOM U CIeOYIOUUM NO
senuylUHe DHePLeMUYeCKUM cOCMoAHueM. DHepeus 6aKyyMa pasHa Hyio N OnpedeneHuo, U eciu NPeonoaoNCUmy, Ymo 6ce
aHepaemuiecKile COCMOAHUA MONCHO PACCMAMPUBAMb KAK YACMUYbL 8 NIOCKUX BOJIHAX, PA3PbIE 8 MACCE PaGeH Macce camoll
Jle2Kotl uacmuywl (m.e. d1eKMpPoHa).

B npeapiayuux crathax [4,5,6] mokasano, uTo BakyyMHbIe ypaBHeHus Ditniureiina (140) B [5]

Rix £ Aq gir = 0, (174)
umeeT wiockue pemenus (10) u (20)

d55(+_")2 = c%dt? —dr? —r?(d6? + sin? 0 d¢?),

dss(_JrJrJr)2 = —c?dt? + dr? + r?(d8? + sin® 6 d¢?),

KOTOPBIC ONPEACISIOT CTaOMIBHOE METPUKO-ANHAMUYECKOE COCTOSIHHE HEAe(OpPMHUPOBAHHOIO y4acTKa JBYXCTOPOHHETO
A-12-15-BaKyyMa.

Crnenyrolee CTabMIbHOE, HO yKe Ae(OpMUPOBAHHOE, COCTOSIHUE BHEIIHEH CTOPOHBI A-12.-15-BaKyyMa T.e. (CyOKOHTa) ompe-
JIeTISIETCSL COBOKYITHOCTBIO MeTpHK-peteruit (2) — (5) u (6) — (9) Toro e BakyyMHOTO ypaBHECHUs, KOTOPbIC MO3BOJSIOT
MOCTPOUTH YCPESIHECHHYO METPHKO-THHAMHUYCCKYIO MOJICTb «3JIEKTPOHay. Tak xe ctabuibHoe neopMUPOBAHHOE COCTOS-
HHE BHYTPCHHEH CTOPOHBI A.12 .15-BakyyMa (T.€. aHTUCYOKOHTA) ONPeNessieTCsi COBOKYIHOCTRIO MeTpHK-perieruit (12) — (15)
u (16) — (19) toro xe BakyymHoro ypaeHenust (174), KOTOpbIe TTO3BOJISIOT MOCTPOUTH YCPESAHCHHYIO METPHKO-IHHAMHUYC-
CKYIO MOJEJIb «IIO3UTPOHAY.

31ech He HAET peub O Pa3HOCTH Macc MOKOsI (TOYHEe SHEPTHH) BaKyyMa M 3JICKTPOHA, a O ABYX ONIMDKAHIINX CTaOMIBHBIX
COCTOSTHHSIX A-12-15-BakyyMa. B cpenHem crabmiibHOEe Hele(OpMHUPOBAHHOE COCTOSIHHE ydacTKa A.12.15-BaKyyMa MbI Ha3bl-
BaeM «IyCTOTOM» (TouHee, IIycToTOH DHHIITEHHA), a CIeyIolIee caMoe IPOCToe cTabMiIbHOE 1e(h)OPMUPOBAHHOE COCTOSIHNE
OJTHOI! M3 CTOPOH A.12,-15-BaKyyMa MBI Ha3bIBaeM «3JICKTPOH». Pa3HHIAa MEXTy STUMH IByMs B CpETHEM CTaOMILHBIMH COCTO-
SIHUSIMU A-12,-15-BaKyyMa, 00yCJIOBJICHHasI BHyTPEHHUMH JTUCKPETHBIMHU CBOMCTBAMH BaKyyMHOTO YpaBHEHUs DWHINTEHHa, 1
€CTb JIETKO 00BSICHIMAs! IPUYHMHA CYIIECTBOBAHMS TAaK Ha3bIBAEMOH «MaCCOBOM IIeN» B Teopuu SHra-Mmiica.

OpHaKo BHYTPEHHSSI ANCKPETHOCTh BAKyYMHBIX YpaBHEHHI DIHINTEeHA 3aKIIF0YaeTCsl HE B TOM, YTO OHU KBaHTYIOTCS METO-
JTaMH KBaHTOBOW TEOPHUH MOJS, a B TOM, YTO PEIICHHUS 3TUX YPOBHEH HOCHUT JUCKPETHBIH XapakTep, KaK ¢ TOUKH 3PEHHUS
HePapXUUECKOH MPEPHIBICTOCTH Pa3MePOB sAAep CTAOMIBHBIX BaKyyYMHBIX 00pa30BaHMM, TaKk M CTOUKH 3PEHUS CIETHON KJlac-
CU(HKAINY TOTIOJIOTHYECKUX Y3JI0B, CBSI3aHHOM C OrpaHMYEHHOCTBIO TUCKPETHOr0 Habopa 16-1 Bo3MOoXKHBIX curHatyp (173).

Cratbst CONPOBOXKIACTCS (PPaKTATBHBIMU HILTFOCTPAIMSAMH (3TO OOIIMI CTHIIB BCEro mpenaraemoro npoekra [1,2,3,4,5,6]).
Hexotopsie (hpakTais! yAUBUTEIEHEIM 00pa30M MepeatoT CyTh NPOosiBICHUH pupoabl. [Topoii HyKHO HanMCaTh HECKOIBKO
CTpaHUI] TEKCTa, YTOOBI OOBSICHUTD TO, YTO (PpaKTall IepeaaeT OMHIM H300paKeHUEM.
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K coxanenuto, B UHTepHETE MPaKTUUECKH HEBO3MOXKHO HAHTH aBTOPOB ATHX LISEBPOB, MOITOMY (DpaKTalibl MpHUBEICHBI O€3
yKa3aHHs Ha UX co3narencit. KoMneHcupyeM 3To BRIpaKCHUEM CepICUHOM OJIaro1apHOCTH STHM MOIBHKHUKAM MPEKPACHOTO,
HaunHas ¢ ["acrona XKronma (Gaston Maurice Julia) u benya Mannens0poTa, ¢ Hale)K 0, YTO X CTApaHUs MOCITYKAT pac-
IIMPCHUIO HAIIUX MO3HAHUI 0 OC3/JOHHBIX [TyOWHAX OKPYIXKAIOIICH HAC pealbHOCTH.

B 3akiroueHue ciegyeT OTMETHTb, YTO HEOOXOAMMO Pa3iiMyaTh )KUBBIC  HEXKUBBIE «IIIEKTPOHBI) U «HO3UTPOHB. OHHU OT-
JIMYAIOTCSl TEM, YTO B )KMBBIX BaKyyMHBIX 00pa30BaHHUSIX TO, YTO MBI BOCIIPUHUMAEM KaK Xaoc, SIBJISETCS CIIOYKHBIM I'CHETH-
YECKUM KOJIOM (T.€. 3aMKHYTHIM HMH(OPMAIIIOHHBIM TTOTOKOM). JKHBBIE «3TIEKTPOHBI» M IIO3UTPOHBI» — 3TO MY>KCKHE U
xeHckue ocobn (Depmu-6akrepun wim Bupycsl). HesKUBbIE «3JIEKTPOHBI) U «IO3UTPOHBD) — 3TO JIMIIb YINIOTHEHHBIC BaKy-
YMHBIE 000JIOUKH, BBISIBICHHBIE U3 OECCMBICIIEHHOTO Xa0ca MyTeM YCPEAHCHHUS.
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