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KBamroBas usuka OTAHYAECTCA OT KAACCHYIECCKOH (PU3HKH
METOAAMH H3YYCHNA, INPUYEM U Ta, U APyragd CYHTACT AN cebd
HCIIPHEMACMBIMH ~ METOABI  IIPOTHBOIIOAOKHOW — CTOPOHBL — ABTOP
IIPEAAATACT  PCIICHHE  HEKOTOPHIX  3aAa9, KOTOPBIC  ABASFOTCA
IIPUBHACTHEH KBAHTOBOH (PU3HKH, METOAAMH KAACCHYECKOH (PHU3HKM.
[Ipx sTOM aBTOp HE NPUBHOCHT KAKHX-AHOO HOBBIX IIOCTYAQTOB, a
IIOAB3YCTCH  00HUM-COUHCINIEEHHbIM ~HTHCTPYMEHTOM, KOTOPBIH IIPU3HAH
obenvn  dusukamMum  —  cUCTeMOH  ypaBHeHHH  MakcBeaaa.
PaccmMaTpuBaroTCA  CHABHBIC — B3AHMOACHCTBHSA,  MOAEAB  4aTOMa,
9ACMEHTAPHBIE YACTHUIIBL, CTPYKIypa BaKyyMa, OSACKTPHYUCCKHUN 3apfA,
CTATHYIECKOE SIACKTPHIECKOE IIOAC, SIACKTPUYCCKUN TOK H T.A.
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Bcrynaenmne

KBaHTOBas MeXaHUKA, KAK HM3BECTHO, BO3HHKAQ H3-32 TOIO, 9YTO
Beayiue (U3UKA TOrO BPEMEHH HE MOILAHM HAHWTH OOBSACHEHHE
HEKOTOPEIX 3KCIEPHMEHTOB B PAMKAX CYIIECTBYOIIECH TEOPHH (MBI HE
OYAEM IIEPEIUCAATD 3ACCH TAKHE 3aAAYH — OHU PACCMOTPEHBI B OCHOBHOM
tekcre). Ho Takoe cayuaercs criaomb u pasoM. MokHO HasBaTth MHOTO
TAKAX CHTYAIlUH — CHaYaAd HE HAIIAHW, IIOTOM HAIIIAHM, 2 HEKOTOPBIE H AO
CHX ITOp He HAIIAH OObsAcHeHnH. OAHAKO TAKHE CHTYAIIHH HE IPHBOAUAH
K OTKa3y OT CYIIECTBYIOIIEH MOACAH U IIOCTPOCHUIO «HOBOH (PU3HKI.

Ho To OpBIA OCOOBIN cAy4al, KOTOpPBIA TpeOyeT aHaAHu3a
CIIEITNMAANCTAMH B OOAACTH COIMAABHOH IICUXOAOTHH. B pesyabrare Obiaa
IIPEAAOKEHA M IIPUHATA O€3 ITPOMEAACHHUSA «HOBad (PU3HKA», B KOTOPOI
TOPIKECTBOBAAU ()GbeK/mUBUIM U Nnpunyun nenosnasaemocmy [1], IpUHIMAAUCH
uouomeckue (IO CAOBAM  CAMHX  CO3AQTEACH) HAECH, a HaydHad
OOIIECTBEHHOCTD HE CKYITMAACH Ha aITAOAUCMEHTHL. AEAO ITOIITAO XOPOIIO
U cefYac KBAaHTOBAA MEXAaHUKA, BEPOATHO, caMasd (DHHAHCHpPyeMad 00AACTD
HAYKH, A €€ ApednojazaeMeie AAABHEHINIIE YCIIEXH CYAAT BEAHMKHE OAara.
Hamprumep, BOT-BOT Ha9HET PabOTATh KBAHTOBBIH KOMIIBIOTEP, KOTOPBIH
YPE3BBIYANHO OBICTPO (HO HE OYEHB TOYHO) OYAET PEIIaTh HEKOTOPBIE
OYEHb BAKHBIE 3aAQAYH, KOTOPHIE €IIIe AO KOHIIA He C(DOPMYANPOBAHBIL.

A Ha9aAOCHh Bce (HAIIOMHIO) C TOTO, YTO KTO-TO Cpas3y HE HAIIEA
oOpAcHeHne demy-1o. KcTaTH, 3TOT IIOAXOA TO Ke OYpPHO PasBHACH:
ceituac 1O u AeA0 B MHTepHETE mOABASIOTCA “HOBBIE (DUHUKH IIOTOMY,
YTO KTO-TO HE BCE IOHAA B “cTapodl (pusmke” U eMy OKa3aAOCh IIPOIIE
COYMHHUTD “HOBYIO (PHU3HKY’, U€M HAHTH OODBACHEHHE C IIOMOIIBIO
“crapoit dpusuku’.

Ho kBanrtoBas ¢dmsnka ectb. OHA OTAHYAETCA OT KAACCHYICCKOM
pU3HKE METOAAMU H3YYCHUA, IIPHIEM METOABI IIEPBOI HEIIPUEMAECMBI
Aafl Bropori. Hampumep, B KBaHTOBON (DH3HKE IIPUBETCTBYIOTCA HACH,
KOTOPBIC CIUTAFOTCH HAHMOTCKAME B KAACCHYIECKOH (DU3HKE.

KsanToBas dpusmka 0O0CHOBBIBACT OTKA3 OT METOAOB KAACCHYIECKOM
usHKH TeM, UTO ITOCACAHHE «HE pabOTaro™ B MuKpomupe. Bompoc o
IIPABOMEPHOCTH HCIIOAB3OBAHHUA METOAOB KBAHTOBOH (DH3UKH K BOIIPOC
00 YCIICIIHOCTH IIPHUMEHCHHSA ISTHX METOAOB ABASIOTCA IIPEAMETOM
MHOTOAETHHX CIIOPOB, KOTOPBIC HE YTUXAIOT AO CHX ITOP (BOT U s BBA3AACH
B 3TOT CIIOP).

Ho mouemy Opr He BOCITOAB30BATHCA METOAAMHE KBAHTOBOH (PU3HKM
IIPH M3YYCHNN MAaKPOMHPA, 4 METOAAMH KAACCHYCCKOH (DU3HKH AAf
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nsydennsa mukpomupal? [TycTs pacuBeraror Bce IBETHI, Kak Ipu3bBa Mao
Lzeaym.

[Touemy kBanTOBasg (pr3mKa He OeperTca 3a 3aAAYM KAACCHYIECKOMN
dpusnkn? TpyAHO IIPUMEHHUTH METOA HEIIO3HABAEMOCTH K TOMY, UTO YiKe
ITO3HAHO!

[Togemy kraccmgeckas pusuka He OEpeTCA 3a 3aAa9M KBAHTOBOM
dusnkn? C 1epBoro pasa He IIOAYYHAOCH, 4 TEIEPh KBAHTOBAA (PU3MKA
BHEAPACT B MACCHI HACIO O TOM, YTO M HE IOAYYHTCA: MOA, TaK YCTPOEH
mup. Hem yoe, keanmosas gpusuxa, nuxmo smozo e doxasan!

Aasee aBTOp IIPEAAATAET PEIIEHHE HEKOTOPBIX 3aAad, KOTOPBIE
ABAAIOTCA IIPUBHUACTHECH KBAHTOBOM (PU3MKH, METOAAMU KAACCHYECKOMN
Ppusuxn. [Tpu sTOM aBTOP HE IPUBHOCUT KAKUX-AUOO HOBBIX IIOCTYAATOB,
a TIOAB3YETCH 00HUM-eOUcmI6er M HTHCTPYMEHTOM, KOTOPBIM ITPHU3HAH
obenMu pU3NKAMH — CHCTEMON ypaBHeHNH MakcBeAAa.

Awnreparypa
1. K.P. Ilommep. KBarropas Teopus u packoA B (DU3HKE, IIEPEBOA
A.A. Tleuenkuna, http://old.ihst.ru/~apech/popper.pdf. Katrl Poppert,
W.W. Bartley, III. Quantum Theory and the Schism in Physics, Published
July 27, 1989 by Routledge, https://www.routledge.com/Quantum-
Theory-and-the-Schism-in-Physics-From-the-Postscript-to-The-
Logic/Popper-Bartley-1IT/p/book /9780415091121

0-6



I'aaBa 1. O0 ypaBuenusax MaxcBeaaa

I'aaBa 1. OO ypasuenmax Makcseana

Cucrema ypasuenusa Maxkcseasa B cucreme CH 3ammceiBarorcs, kak
HU3BECTHO, BUACE

rot(E) + u 5 = 0, )

rot(H) — £2° = 0, @)

div(E) = 0, (3

div(H) = 0, 4
a pCEIIICHHE 9TUX YPABHEHUI NMEET BHA

E = |E|e(kr—wt), (5)

H = |H|e(kr—wt)’ (6)

rae E, H - HaIpMKEeHHOCTH 9ACKTPUYECKOTO U MATHHUTHOIO ITOACH, U, &,
k, w - usBecrHble KOHCTAHTHL, T, € - IPOCTPAHCTBEHHBIC KOOPAMHATHI U
BpeM.
DTO pelIeHnEe CYUTACTCH CAMHCTBEHHBIM Ha TOM OCHOBaHHUH, 9TO
OHO YAOBAETBOPSICT 3aKOHY COXpaHeHus sHepruu. llodemy @usuueckui
3aKOH ITO3BOAAICT CACAATD MameMamuyeckuil BEIBOA? KI3BecTHO, KpOoMe TOTO,
YTO 3TOT 3aKOH B 3TOM PEIIECHUU YAOBAETBOPACTCA B CPEAHEM, YTO
IIPOTHBOPEYHT CaMOIl CyTH aToro 3akoHa. Vrtak, Hapyrrenue gusuueckozo
3aKOHA ITO3BOASICT CACAATD MameManiuieckutl BRIBOA. .. Iloaromy mMoxHO €
YHICTOM COBECTBIO CYHTATh, 4TO wm3BecTHOE permenue HE apasgerca
eanactBeHHBIM 1 HE  mpmemaemo, xak Hapymraroriee OCHOBHOI
dpusmyuecKnii 3aK0OH.
Ho sro HE omposepraer crpaBeAAHBOCTb CHCTEMBI YPABHEHHH
MaxkcBeanra. HeoOxoAnMO HAWTH APYTHE PEIICHHUSA 3TOH CHCTEMBI - BEAD
M3BECTHO, YTO CHCTeMa AUQPDEPEHIINAABHBIX YPABHEHUN C YaCTHBIMU
IIPOU3BOAHBIMH HMEET MHOKECTBO pereHuil. Kpome toro, stm HOBBEIE
peIeHUA AOAKHBI OBITH CBOOOAHBI OT PAAA DU3UUECKUX HEAOCTATKOB
HM3BECTHOTO PEIIEHHA, CPEAN KOTOPBIX MBI OTMETHUM CACAYIOIIIHE:
® peIlleHHE HE YAOBACTBOPACT 3aKOHY COXPAHEHUA SHEPIUu (MO0
ITAOTHOCTD ITOTOKA SAEKTPOMATHUTHOM 3HEPTUN U3MEHACTCA BO
BpPEMEHN);

® cuH(MAZHOCTD JACKTPHYECKOH M  MATHHTHOH KOMIIOHEHT
HAIPAKEHHOCTEH B 3AEKTPOMATHUTHOM BOAHE, IIOAYIEHHOI B
pereHny; 3TO IIPOTUBOPEIUT IIPEACTaBACHHIO o)
OecIpepBIBHOM IIPEOOPA3OBAHNN IACKTPUICCKON M MATHUTHOM
KOMITOHEHT SHEPIUU B SIAEKTPOMATHUTHOI BOAHE;
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I'aaBa 1. O0 ypaBaenuAx MakcBeaaa

® mHer OOBACHEHHUA CYIIECTBOBAHUE IIOTOKA JHEPIUU BAOAD H
BHYTPH (a 71e cHapysc) IIPOBOAA;

® HeT OOBACHECHHA <«BAKPYICHHOCTH CBETa», T.C. ITOABACHHA
OpPOUTAABHOIO yTAOBOI'O MOMEHTA, IIPH KOTOPOM IIOTOK 9HEPIUN
HE IIPOCTO ACTUT BIIEPEA, 4 KPYTHTCA BOKPYT OCH ABEIKCHIS,

® HeT OOBACHEHHUS €IIe IIEAOMY PAAY KCIIEPUMEHTOB (cM. B [1]).

VkasaHHBIE ~ HEAOCTATKH  ITO3BOAAIOT ~ HEKOTOPEIM — aBTOPaM
VCOMHHTBCA B AOCTOBEPHOCTH  CaMUX ypaBHeHHE  Makcseaaa.
[ToauepkHEM, OAHAKO, YTO 3TH COMHHUTEABHBIE PE3YABTATHI CACAYIOT
TOABKO U3 M3BECTHOTO pemreHus. Ho pemrenne ypasnenuit Makcseaaa
MOXKCT 6I)ITI) HNHbIM (ypaBHCHI/IH B YaCTHBIX HpOI/I3BOAHI)IX HMCIOT, KaK
IIPABUAO, HECKOABKO perreHni). 11 HeoOXOANMO HafTH Takoe peIleHHe,
KOTOPOE He IPOTUBOPEYHT (PUIHYECKUM 32aKOHAM W SMIIMPHYIECKU
ycraHOBACHHBIM (paktaM. OAHAKO €ABA AH yAACTCA HAaWTH ApPYyIHE
pEIeHuA CHCTEMbl YPAaBHEHUI, 3aIIMCAHHBIX B BHAE ypaBHeHmi (1-4).
[TosTomMy paccMOTPUM 3Ty CHCTEMY B PasBEPHYTOM BHAE B AECKAPTOBBIX
KOOPAMHATAX:

aaf;lzz B G:Zy — ¢ aaEtx =0, @
Zaix B aa:Icz — ¢ a:ty =0, ®

H

E H
T aa—t =0, (10)
OE OE. H
aa—g— —t+u—>=0, (11)
OE O0E 0E
;—; + g—g + g—z =0, (13)
H H

E)xx + E)yy T E)zz = 0. (14>

B [1, 2] mokazaHo 9TO CyIIecTBYeT HECKOABKO PA3AIYHBIX PEIIICHHI
9TOI cucTeMbl ypaBHeHuN. Hekoropsle m3 oTHX permeHuii OyAyT
HCITOAB30BAHBI HIKE.

B [3] aBTOp mpearoxma HOBOE pereHne ypaBHeHHE MakcBeaaa
AAf  TPAaBHUTOMAarHETH3Ma, KOTOPOE HCIIOAB3YETCA AAfl ITOCTPOECHUSA
MaTEMATHIECKIX MOAEACH PA3AHYHBIX IIPHUPOAHBIX ABACHHUI (IIECIAHOTO
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I'aaBa 1. O0 ypaBuenusax MaxcBeaaa

BUXPA, MOPCKUX TEYEHHUII, BOAOBOPOTa, BOPOHKH, BOAHOTO COAHTOHA,
BOAHOIO M IIECYAHOIO  I[YHAMH,  TYPOYACHTHBIX  TCUCHHH,
AOIIOAHUTEABHBIX (HEHBFOTOHOBCKHX) CHA B3aMMOACHCTBHS HEOCCHBIX
TeA). Bo Bcex aTHX MOAEASIX HCIIOAB3YETCH IPEACTABACHHE O MACCOBBIX
TOKAX, KaK O IIOTOKaxX 9acTuil Macc. CKOPOCTh MACCOBBIX YACTHI] MOMKET
OBITh OYEHb MAAA M YACTO HUX IOTOK MOKET OBITb HEBHAUM TAKKE, KAK
IIOTOK 3ACKTPOHOB. Ho cymectBoBaHmME yKa3aHHBIX ABACHHH U
BO3MOJKHOCTb ~ ITOCTPOCHHUS ~ VKA3aHHBIX MAaTEMATHYCCKAX MOACACH,
AHAAOTUYHBIX MATEMATHYECKUM MOAEAfIM IIOCTOSHHOIO TOKA B
9AEKTPOAMHAMUKE, ITOATBEPIKAAIOT IIPEAIIOAOKEHHIE O CYIIECTBOBAHUU
MACCOBBIX TOKOB W B3AMMOAECHMCTBAH MACCOBBIX YACTHII, IIOAHOCTBIO
AHAAOTHYHOM B3AUMOACHCTBHUIO 9ACKTPHUYECKUX 3APAAOB.

VcxoAs U3 TOAHOI AaHAAOTHI MEKAY YPaBHEHIAMI MakcBeAAd AAA
SAEKTPOAMHAMHUKH U TPABUTOMATHETH3MA [2]|, MOMKHO YTBEPKAATH, ITO
IIPU ABIKEHHH TEAQ CO3AACTCA IPAaBUTOMATHUTHAA MHAYKInA. Hirxe ato
YTBEPKACHHE UCIIOAB3YETCA ABHBIM OOPA3OM.

Awnreparypa

1. Xwmeapank C.M. Henmporusopeunsoe pereHne ypaBHEHUIM
Makcseaaa. 18-as peaaknns, 2020, ISBN 978-1-329-96074-9.
Printed in USA, Lulu Inc., ID 18555552,
http://doi.org/10.5281/zenodo.3783458

2. Xwmeapnmk C.M. BapumanuoHHBIN IPUHINII 3KCTPEMyMa B
OACKTPOMEXAHUYECKUX U IACKTPOAMHAMUYECKHX  CHCTEMAX.
Publisher by “MiC”, printed in USA, Lulu Inc. ISBN
9780557082315, 2014, 360p.,
http://doi.org/10.5281/zenodo.1310760

3. Xwmeapnuk C.J. I'paBuroMaraeTnsm: IpUpOAHBIE ABACHN,
5KCIIEPUMEHTEI, MATEMATIIECKIE MOACAH. 5-ad peaaknnd, 2020,
ISBN 978-1-365-62636-4, Printed in USA, Lulu Inc., ID 20262327,
http://doi.org/10.5281/zenodo.140366




I'raBa 2. O mpupOA€E CHABHBIX B3aMMOACHCTBHI

I'aaBa 2. O IIPUPOAE CHABHBIX
B3AUMOAEUCTBUN

AHHOTALIHA

CymecTByroree IPEeACTaBACHHE O HIPHPOAE AACPHBIX CHA
00AaAACT PAAOM HEAOCTATKOB. B cTaThe AOKA3BIBACTCA, UTO 9TH
CHABI MOIYT OBITb OOOCHOBaHBI KaK CACACTBHE YPaBHCHIH
MaxcBeara. IlIpm srom mpeamoasaraercd, dYTO HYKAOHBI
BPAIIAIOTCA BOKPYI COOCTBEHHOI OCH C HEKOTOPOH YIAOBOM
CKOPOCTBIO W. [TokazaHo, 94T0 OOHAPYKEHHBIE OTTAAKABAFOIIIE
CHABI ITPEBBIITAIOT KYAOHOBCKHE CHABI IPHUTAKECHAA B W Pas.
[lTokasano, 49TO, HECMOTpPA Ha B3aUMHOE IPHUTHKCHHE,
BPAIIAFOIIIECA HYKAOHEI HE MOTYT COIIPHKACATHCA.

OraaBaeHnE

1. Berymaenme \ 1

2. B3aauMoAeHCTBIE ABH/KYIIIIXCH SAEKTPIYECKIX
3apAAOB \

3. BaanmoAaelicTBrE BPAITAFOIIIXCH SACKTPIYECKI
3apSUKEHHBIX TEA \

4. Vpasaenus MakcBeAAa AASI TPABUTOMATHETU3MA \

5. HexkoTopsle cBOMCTBA HYKAOHOB \

[Mpunroxkenne \

Awnreparypa \ 13

1. Bcrymiaenue

[MTuryr: «Heobxodumocns 66ederus nonamus cunsherx 83aumolelicnsii
6osrukaa 6 1930-x 200ax, Kozda crmao Acro, 4o Hu A6.erHue paAsUMayUoNI020, Hil
ABACHUE IACKIIPOMALHUINIHO20 63AUMOOCLCINEUS He MOLAU OMIBENMUIMNG Ha 60npPOc, 410
censvrsaen HykaoHst 6 adpax.» CHAbHBIE B3AUMOACHCTBUA MEKAY HYKAOHAME
CETOAHSA OIMCBIBAIOTCA B BEChMa CAOKHOH TEOPHH, COAEPKAIIIEH MHOIO
IIPEATIOAOKECHUN H IIPEACTABASIOIICH COOOH «KACKIMIUYECKYI0 Kapmiumy:
pAdoM ¢ Mamemamudecku — CHPOUMU  GLIYUCACHUAMY  COCCOCHIBYI0M
NONYKONUMECINBEIHBIE N00X00bL, OCHOBANNBLE HHd KEAHNIOB0MEXAHUYECKOU UMY UYL,
Komopuie, 00HAK0, NPEKPACHO ONUCLISarm IKCnepuMenmanssre dasie 1]

Hrke BHOBB IPEAIPMHHMAETCA IIOIBITKA OIIHCATH CHABHBIE
B3AUMOACHCTBUA MEHKAY HYKAOHAMH KAaK BapHAHT TI'PABUTAIIMOHHBIX
B3auMOAeHicTBU. [Ipeararaemas TeOpus MOKET OBITH AETKO IIPOBEPEHA,
ITOCKOABKY (KaK TOABKO YTO CKa3aHO) CYIIECTBYFOT IIPEKPACHO OITMCAHHEIC
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I'raBa 2. O mpupoAe CHABHBIX B3aMMOAEHCTBUI

9KCIIEPUMEHTAABHBIE AAHHBIC — HE HY/KHBI OYAYT AOATHE OOCYIKACHHA U
CIIOPBL

2. BzanmoAelicTBUE ABIDKYIIIUXCA
3AEKTPHUUYECKUX 3aPAAOB

Puc. 1.

Paccmorpum puc. 1, rae B Toukax A u B mokasansr ABa 3apsiaa (q u
(2, ABIDKYIIIHECA CO CKOPOCTAMH Uy U V, coorBeTcTBeHHO. M3BecTHO [2],
YTO MArHUTHASA MHAYKIINA IIOAf, CO3AABAEMOTO 3aPAAOM (p B TOUKE, TAC B
AQHHBIII MOMEHT HAaXOAHTCHA 3apfA (1, paBHA (3A€CH U AAACE MEI
ncrioapsyem cucremy CH)
B =1q,(T, xT)/72. (1)
[lpn 9TOM BEKTOPp T HAIPABACH W3 TOYKH, TAC HAXOAHTCH
ABIDKYIIHHCA 3apsAA qp. Cumaa AopeHIia, AeHCTByIOIIas Ha 3apsA (q CO
CTOPOHBI 3aPAAa (3,
Fi. =q ((U_1 —7y) X B) @)
HAU
Fiz = 4= 0102( @1 — 72) X (7 x 1)/ (). ©)
3aech (V1 — V3) - CKOPOCTD ABHKEHHSA 32aPAAA 1 OTHOCHTEABHO 32PAAA
(3, T.e. OTHOCHUTEABHO IIOAfl C MATHHTHON HHAYKLIHEI B. [Tpoekmmro
cuAbl (3) Ha BeKTOp T 0603HAYNM Kak

Fior. ®)

AHaAOrHYHO, cHAa /\OpeHIIa, ACHCTBYIOIIAs Ha 3apfA ( CO

CTOPOHBI 32pAAa q1
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I'raBa 2. O mpupOA€E CHABHBIX B3aMMOACHCTBHI

Fpi = 4= 00.((0; - 7)) x (7, x=7) /@), (©)
AT
Foi = =200 (@ o) x @ x )/, ()
[Tpoeknmto cuabl (7) Ha BeKTOP T 0603HAYNM KaK
Fyyr. (7.1)
OueBHAHO, OOIIIaA CHAA IPUTAKEHIA 3aPAAOB (1 U (, PaBHA
F = Fizr = Fp1r. (7.2)

MAM PaBHA IIPOCKLIUH HA BEKTOP I CHABI
[ (@ =T) x @ x7)

— M _
F=2-— r - - .
CIT T\ 4 (@ - ) x (77 x D)

i (7.3)

DTa MpOoeKIu paBHa
) Fr = 24007, ®)

TAC f IPOEKIMsA HA BEKTOP T CHABI
[ (@7 x @ x D)

“\ (@ - x @ x D) (8)

AN

f= (1% @ x7) + (v; x @ x7)) ©)
MsBecTHO, 9TO IIPOEKIINSA BEKTOPA fr HAa BEKTOP 1" OIIPEACAAETCS KAK
fr=(1)/r (10)
W3 (8, 10) maxoanm:
F = 2%‘12‘717”_3]?- (11)
3Aech MBI IpeHEOpEeraeM MEXaHHYECKIMH CHAAMHU, PACCMATPUBAA
©E3MaCCOBBIC 3APAABL
3AECH MBI TaKKEe IIpEHEOpEraeM CHAAMH  B3aHMOACHCTBHA
cratmdeckux 3apAAOB. OAHAKO SHEPrHA 9TOW IAPBl JACKTPHICCKHX
3aPAAOB — OTO SHEPIUA IACKTPHUIECKOIO IIOAA 3TUX 3apAAOB. [losBacHme
BTOPOIO 3apfAa PSAAOM C IIEPBBIM HE H3MCHACT SHEPIHIO IIEPBOIO U
BTOPOTO 3apsrd. VIX B3anMHOE ABIIKEHIE HE MOKET H3MEHUTD HX OOIIYIO
sHepruro. TakuM 06pa3oM, pacCMATPUBAEMOE ABIKEHHUE IIPOUCXOAUT O€3
pacxoaa sHeprum. ODTOT IPOIECC MOKHO CPaBHUTh C ABIKCHHEM
9ACKTPOMATHHTHOM BOAHBL €CTb ABIDKCHHE, HO OSHEPIUA BOAHBI
COXPAHACTCS; €CTh IIOTOK 9HEPINH, HO HET U3MCHEHUS 9HEPINN BOAHBL B
HAIIIEM CAyYac TAKKE €CTb ABIDKCHHCE 3aPSAOB (M CBA3AHHOE C 9THM
ABITKEHUE SHEPIUN), HO HET N3MEHEHUA IIOAHOH SHEPIUM.
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3. BzaumoaelicTBUE BPAIAFOIMUXCA

3ACKTPI/I‘ICCKI/I 3apH)I(eHHBIX TECA
[Tycts 3apsiabl @1 U , HaXOAATCA B Teaax [ u T COOTBETCBEHHO,
KOTOPBIE BPAIIAIOTCS BOKPYT CBOCH OCH C YTAOBBIMU CKOPOCTIMU (W1 B (5
COOTBETCTBEHHO. TOrAa BEKTOPBI AMHEIHBIX CKOPOCTEH
vy = @y X @, (12
By = W X @, (13)
Ha puc. 2 ITOKA3aHBI 3TH TEAQ, 3apAABL (1 U (3 Y1 BEKTOPHL A1 U A3
ITOAOKEHHSA 3TUX 3apAA0B. Vmeem:

a,+r—a; —L=0 (14)
HAU
r=a,+L—a, (15)
Takum obpasom, u3 (11, 12, 13) caeayer, urto
F. = ﬁQZQ1w2w1Fro(a_1, az), (16)
TAE
Eo(ay, @) =r*(f7) 17)

- pynkims, onpeacasema o (15, 13, 12, 9) npu aamssix L, @7, @y.

Puc. 2.

4. YpaBHeHnsa MakcBeAAa AAsL TPABUTOMAarHETU3MA

B raase 1 mokasaHo, 9TO IrpaBUTOMArHETH3M TAK/KE OITHCHIBACTCA
ypaBHeHnamu Makcseana. [Tpu sTom B3anmMoAeiicTBIE MacC aHAAOTHYHO
B3aUMOACHCTBHIO DACKTPUYCCKUX 3apAAOB. AroDoe ABIKEHHE TeAd
COIIPOBOKAAETCA MACCOBBIM TOKOM, aHAAOTHYHO TOMY, KAaK BpAITICHHE
3APAKEHHOIO TEAQ COIIPOBOKAAETCA KOHBEKIIMOHHBIM 3ACKTPUYECKUM
TOKOM. DIXEHBAABA [5] IIOKasaA, 9TO TaKOH TOK CO3AA€T MATHHTHYIO
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HHAYKIUIO. VlcXoAf H3 ITOAHON aHAAOTHH MEKAY YPABHCHHUAMH
MaxcBeAAad AAA SACKTPOAMHAMHKH W IPaBUTOMATHETH3MA [2] MOXKHO
YTBEPKAATb, UTO IIPH ABIZKEHHH TEAd CO3AAETCA TI'PABUTOMATHUTHAS
naAyknma. Ha maccy m, ABWKyIIyrocs B I'PABUMArHHUTHOM IIOAE CO
CKOPOCTBIO V, ACHCTBYEeT IDAaBUTOMATHUTHAA cuAa /AopeHia (aHaAor
MATHUTHOH CHABI AOpEHIIA).

B saexrpoamnaMuke maranTHAs HHAyKInA B ompeaeaena uepes
MATHATHYIO HanpstkeHHOCTs H kak B = uH, rae [ - abcoarorHas
MATHHTHAA TIPOHUIIAEMOCTD CPEABI, TIPIIeM AAf Bakyyma 1 ~ 1076,

B sAekTpOAMHAMEKE IPABUTOMATHHTHASA HHAYKInA B ompeaeacHa
Yepes IPaBUTOMATHUTHYIO HAIIPAKEHHOCTh H Kax

B = G¢H (18)
me G=10"11 IPABUTALIMOHHAS ~ IIOCTOSIHHAs, ¢ = 1012
koappurmeHT I'PABUTAIIMOHHON IIPOHUITAEMOCTH BaKyyma

OIIPEACACHHBIIN dKCIIEPUMEHTAABHO. AAA AAABHEHIIIETO 3aMETHM, ITO

GE =107, (19)
Takum 00Opa3oM, HCIIOAB3yeMBIE BBIIIE (POPMYABI IIPUMEHHMBL B
IPaBUTOMArHETH3ME IpH 3ameHe koadpunmenTa U Ha KOIPUIIIEHT
G¢. Tlpu 5TOM BeCh MATEMATHYCCKHIT armrapar (BKAIO9as 0OO3HAYCHI),
OIMCAHHBIH BBHIIIE B IIPUMEHCHHH K JACKTPOAMHAMUKE MBI MOMKEM
HCIIOAB30BATh AAfl  OIIMCAHHUA B3AHMOACHCTBHA TeA, OOAAAAFOIIUX
MACCOM, 2 TIOA 3aPSAAAMH IIOHUMATh IAEMEHTAPHEIE MacCHl - DM.

5. HekoTopbie CBOIICTBA HYKAOHOB.

Mcrroab3yem  BBIIIIECKA3AHHOE AAfA  OIIMCAHUA B3aHMOACHCTBHSA
HYKAOHOB. [Ipn 2TOM MBI OyAEGM ITOAATATH, YTO HYKAOH IIPEACTABAACT
CODOIi IIap ¢ PABHOMEPHBIM PACIIPEACACHHEM MACCHI 110 OOBEMY, IMEET
JTAOBYIO CKOPOCTb BPAIIEHHA BOKPYI COOCTBEHHOM OCH M 3Ta OCb
COXpPaHAET CBOIO OPHEHTAIIUIO IIPHU ITEPEMEIeHnAX HykAoHa. HeckoAbko
IIPCABIAYIIAX BBIBOAOB MBI MOMKEM IIPUMEHHTH HEIIOCPEACTBEHHO K
HYKAOHAM.

HykAOHBI coAepkaT MHOKECTBO PaBHOMEPHO PACIPEACACHHBIX
OM. Murerpupys dyuaxunu (16, 17) mo oObemam ABYX HYKAOHOB, MOKHO
HalTH (DYHKITHIO IPUTAKEHNA 9THX HYKAOHOB. Ecan g5, q1 - OM, To cuaa
HIPUTAKEHIA ABYX HYKAOHOB, HMCEIOIIHX OOBbeMbl V, ompeaeasrorcs mo

(16, 17) kak
F_V = fV FrdV = f_n‘hchwzah fV m(a_p az)dv. (21)

CymmapHas Macca HyKAOHA
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Q= [, qdv. (22)
Ecan TeAo HyKAOHA pasbuTo HAa N> 3AeMeHTOB, CoAeparix DM ¢, 10
q=Q/n’. (23)
Toraa crAa IPHUTMIKEHNSA ABYX HYKAOHOB, IMCIOIINX O0Obembl V,
Fy =Yy(F) = An2 5y (), (24)
rAe
A = 420,010, (242)

Aanree MBI OYAEM CCBIAATBCSH IIPOIPAMMBI, B KOTOPBIX OOO3HAYEHO!
D - amamerp HykAOHA,
R - paccrosHme MEKAY IEHTPAMI HYKAOHOB,
0 - 3a30p MEKAY HYKAOHAMH (IIO AMHHUH, COCAHHSFOIIEH LICHTPEI

HYKAOHOB).
ITpu stom
L=D+6, (25)
L =1[L,0,0]. (26)

B mpuBeaeHHBIX mpuMepax yKasHIBacTCA OTHOCHTEABHAA CHAA
B3aMMOACUCTBUA, 2 UMCHHO OTHOITICEHUE 3TOW CHUABI B3AMMOACHCTBUSA

(24) k Amamverpy HykAoHa D:
FVO = Fv/D (27)

B npumepe 1 moxasano, aro npu A=1
Fyo ~ e~ 5Uog@)+1), )
W3 (27, 28) moay4aaem:
F_VO/A ~ e~ (6log(D)+5) — 1~ log(e)(6log(D)+5) —
— 10~043(6log(D)+5) — 10—(2.6log(D)+2.2)' 29)

F_V — ADF_VO = AD 10—(2.610g(D)+2.2). (30)
ITycre

D =10"% (31)
Toraa

Fy = ADFyy = A-10260722), (32)

AAfA CpaBHEHHA PACCMOTPHM KYAOHOBCKYIO CHAY OTTAAKHBAHEHSA
ABYX COIIPHKACAFOIIIIXCA HYKAOHOB:
T 1 q2q1 q291
k = 4mep2/4 " mD210-11 (33)
nAn, ¢ yaetom (31),
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F ~ % 102a+11, (34)

Taxkum o6pa30M,

FV ~ A-10@6a-22) Am 10(0.6a-13.2)

Fy QZQl 102011 Q;0Q1
1AW, C yaeToM (24),

Fy _ _

Vo TH®O20, 10(0.6a 13.2) o w2w110(0'6a 19)_ (35)

Fg 4T

M3BectHO, 4TO pasmep HYKAOHA TakoB, uto @ = 15. Toraa us (35)
ITOAYYaEM:
Y o~ w,w,10710, (36)
Fi
DTO O03HAYAET, YTO CHAA OTTAAKMBAHHUA ABYX HYKAOHOB,
BPAITIAFOIITUXCA C OAHMHAKOBOM YIAOBOH CKOPOCTBEO @  BOKPYT

COOCTBEHHOI OcCH, OOABIINE CHABI KYAOHOBCKOIO  IIPUTAKCHUA

>
OAHOWMMEHHO 3aPAAKCHHBIX HYKAOHOB TIprr @ > 1075,

Ur0 7KEe HPOUCXOAUT IPHU COAMKEHUN HE3APKEHHBIX HYKAOHOB?
MOKHO TPEAITOAOKUTD, YTO IPH COAMKEHHH IIPOTOHA M HEHTPOHA
IIOCACAHHH ITOAApH3yeTcA. AaAee IIPOIECC MAET IO BBIIICOITHCAHHOMY
crenapuro. OAHAKO aBTOpP HE BCTPEYAA COOOINEHHII O BO3MOXKHOI
HOAAPH3AIIIH HEUTPOHOB.

Hrokxe MBI paccMOTpHM OTTAAKHBAHHE HE3APAKEHHBIX HYKAOHOB,
KaK YaCTHIT MacCHI.

B mpumepe 1 moxasaHo Takixke, YTO CyIIECTBYET HEKOTOpad
BEAWYHHA 3230P2

5 =3 (37)
Takad, YTO AaAbHelee ymeHbIneHne 3azopa HE yBeamumsaer cmay
B3aHMOACHCTBHAL.

B mpumepe 2 OTBICKHBAIOTCA T€ COOTHOIIIEHHUA MEKAY BEKTOPAMHU
W1, W,, L, IPH KOTOPEIX CYITIECTBYET COMPUKOCHOBEHNE HYKAOHOB U CHAA
B3AMMOACHCTBIA HampaBAeHa cTporo mo sektopy L. Cymmectsosamme
TAKOTO COOTHOIIEHUA O3HAYAAO OBI, YTO COIIPHKOCHOBEHHE HYKAOHOB
ABAAETCA yCTOMYNBEIM cocTosiHueM. [ okazaHo, 910 Takoro cooTHOIIeHNA
HE cymectyer! D10 03HAYAeT, 9TO B YCTOMYUBOM ITOAOKCHHHU MEKAY
HYKAOHAMH HMeeTcsl 3a30p. VI3MeHeHme 3TOrO IOAOKEHHUS BBI3BIBACT
TAKyIO CHAY B3aUMOAEHCTBHA, KOTOPasA BO3BPAINIAET HYKAOHBI B IIPEKHEE
roAozxkeHne. B aTom mmoAoxkeHnn, KOHEYHO, CYIIECTBYET HEKOTOPAA CHAA
B3aUMOACHCTBHUA, HO ABIDKEHHE B CTOPOHY 3TOH CHABI TOABKO
YBEAMYIHBACT 3Ty CHAY, YTO M CO3AAET YCTOMYHBOCTD. AAS ITOMCKA TAKOTO
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ITOAOKEHHA U PEILICHIA APYIUX 3aA29Y HEOOXOAUMO BBIIIOAHUTH OOABIIION
00BEM BBIYHCACHHI H aHaAm3a. Kpome TOro, HyKHO HMETh AOCTYII K
AHAAN3Y  OKCICPHMEHTAABHBIX ~ AAHHBIX. ABTOpP  IIPUTAAIIACT K
COTPYAHHYECTBY.

[TponsseacHme (5 . FV) MOKHO Ha3BATh IIOTEHITUAABHOI SHEPIUEH
CBA3M  ABYX HYKAOHOB. HykAOHBI — coeAmHAIOTCA — Tak, YTOOBI
MHHHMHA3HPOBAAACH ITOTCHIIMAABHAA SHEPrHA B3amMoAcrctBudA. [lpum
5TOM OHU IIOBOPAYHBAIOTCA CHAAMHE B3AHMOACHCTBHA APYT OTHOCHTEABHO
Apyra, He MCHSAA OPHUEHTAIIUIO BEKTOPOB W.

MOXHO TIPEAIIOAOKUTD, YTO KOH(UIYPAIHUA MOACKYABI TOXKE
OIIPEACAACTCA ~ B3AUMOACHCTBHEM  MEKAY HYKAOHAMH  aTOMOB, a
KOH(UIYPAIUA KPHUCTAAAOB OIIPEACAACTCHA B3AUMOACHCTBHEM MEKAY
HYKAOHAMH COCEAHUX aTOMOB COIPHUKACAFOIIIXCA MOACKYA.

ITpusroxenue

ITpumep 1. I[Iporpamma yadra3.m

B nporpamme w; =[1,0,0], w, = —w;. Topusonrarp ma
rpaduKax — OCh IIEPEMEHHOTIO ITapameTpa « X ». [1pu ykasaHHBIX W1, W, L
B CHAE F_V IIPEBAAUPYET COCTABAAIOIIAA, HAIIPABACHHAA BAOAB BekTOpa (0).
Bce pesyAbTaTEI OTHOCATCSA TOABKO K 3TOH COCTABASFOIICH - CM. PHC. 3.

omegal

omega?2

Puc. 3.

Ha puc. 4 B okre 1 mokasan HaTypaAbHbIH AOraprdmM (OYHKIIIHI F_VO

B sasercvocta ot D mpun = 10, Q = Q, = n3,8 = 10732, IMpu stom

D = 107", D1y 3aBHCHMOCTD MOMKHO aIIIPOKCHMHPOBATH (DYHKIIMEH
BHAZ

In(Fy) ~ 5(x — 1) = —=5(log(D) + 1). (30)

Ha puc. 4 B okHe 2 mokasaH HaTypaAbHBIA AorapudM (OyHKIIIK

Fyo B saBucHMOCTH OT N mpu Q; = Q, = 103,86 =10732,D = 1077.

[Ipu stom n =5X. Buano, uro mocae n=5 tounocts BeramcAeHuii HE
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BO3PACTACT IIPH YBEAMYCHHH N. DTO BWKHO Y4ECTh IPU pPa3pabOTKe
HCCACAOBATEABCKHX IIPOTPAMM.

Ha puc. 4 B oxkre 3 mokaszas HaTypaAbHBIN Aorapudm dyuakmmn Fy g
B sasucemvoctr ot § mpu 1 = 10,Q; = Q, =n3, D = 1077, ITpu stom

— 3—5D

8§ = 37P*, Buamo, uwro mocae & cuaa npurmxerus HE

BO3PACTAET IIPU yMEHbIICHUH 0.

log(F(L))
&

log(F(n))
8
&

log(F(delta))

mod (F xL)

mod (F)

Fig.5
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ITpumep 2. [Iporpamma yadra4.m
B or0i1 mporpamme 1pu AQHHBIX BEKTOPaxX W1, Wy 1 npud = 0

IIepeONPAFOTCS BCEBO3MOKHBIC ITOAOKCHHA BEKTOPHI L B chepruaecknx
KOOPAMHATAX @, 6. Ha pHC. 5 B IIepBOM OKHE IIOKa3aH rpaduK MOAYAA

BEKTOPHOIO IPOHU3BEACHHA BeKTOpOB Fyo 1 L. Hepasencrso HyAro aTOTO
BEKTOPAa CBHAETEABCTBYET O TOM, YTO YMHOKAEMBIC BEKTOPHI HE

KOAAHHEApHEL. Bo BTOpOM OKHe IOKa3aH MOAYAB Bektopa Fy.
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['AaBa 3. PeaOuAmTanusa MOAEAH
atroma Pesepdopaa

AnxHOTAHAA
[Nokasano 4ro B mAaHeTapHONH MoAeAnm atoma Pesepdopaa
CYILECTBYIOT YCTOWYHUBBIC IIO BBICOTE - CTAL[HOHAPHBIC OPOHUTEL
9ACKTPOHA, ODOCHOBAHA IIPUYHMHA YCTOHYMBOCTH H AMCKPETHOCTB
CTAITHOHAPHBIX OPOUT.

Mummyr (1], wro  «l Lranemapras — modeas — amoma  Pesepgpopoa
COOMMBENICIIB)en? COBPEMENHBIM NPeOHIaABAHUAM O CHIPOCHUU aAriOMa ¢ VIHIOUHEHUAMY
... Hedocmamuom naanemaproi modean 6vina 11e60smoxcriocms oGvAacierus ero
yemouyusocmu anomos. Tax Kax saekmporst 08UNYMCA ..., 170 01 1O 3AKOHAM
KAACCUYECKOTL 3AEKIMPOOUHAMUKY Q0ANCHBL UIAYUAIS INCKIPOMALHUNIIbBIE 601151,
mePAA NPU IMOM Ha USSYUEHUE KUHEIUYECKYIO IHEPIUI0 OPOUmManbioz0 06 UNCEHUA U 6
pesyavmame cynacmey 1a [0po. Pacuémer, evinoamentvie ¢ nomomyro Men100os
KAQCCUMECKOTL /1EKINPOOUHAMUKI NOKA3BLEATONT, IO INEKIIPOHBI D0ANCHBI CYNACHIbY
Ha 40po 3a spema nopadka 107" ¢.”

DTH YTOYHEHHSA, KaK M3BECTHO, ITPUBEAM K CO3AAHHIO KBAHTOBOM
mexaHuKa. OAHAKO PaCCMOTPHM, HACKOABKO Pa3pyIIUTEABHBI IIPOIIECCEL
H3AVYCHUA AASl COXPAHCHISA KHHETHIECKON SHEPIUU 9ACKTPOHA.

PaccmoTpum saekTpoH ¢ Maccoit MM, KOTOPBIN BPaIaeTca BOKPYT

COOCTBEHHOM OCH C YyTAOBOM CKOPOCTBIO (01 M ABHIKETCSH II0 HEKOTOPOH
TPACKTOPHH BOKPYT SIAPA C AMHEHHON CKOPOCTBIO V — CM.pHC.1. Ha
SAEKTPOH ACHCTBYIOT CHAA TAKCCTH

F, = mg, M
Tie g - 3TO yCKOpPEHHE CBOOOAHOTO IMAACHHA 3AEKTPOHA HA AAPO; CHAA
Kopnoamnca

Fz = _zm(l)l Xv (2)
1 HEHTPOOEKHAA CHAA
F; = mw3R, 3)

rac R, w, - mrmosemmpie paamyc m yraoBas CKOpPOCTb BpAIeHHUS B
AQHHOM TOYKE YKa3aHHOM TPACKTOPHH.
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Omega

F3

DAEKTPOH U3-32 H3AYICHUSA TEPACT CBOFO KHHETHYCCKYIO SHEPTHIO.
Tepsemas 9AEKTPOHOM MOIIHOCTh P, MOXKET OBITh OIIPEACACHA Kak

MOIITHOCTh HEKOTOPOH CHABI Fj COIPOTUBACHMA ABIKECHHIO dACKTPOHA,
T.€.

P, = F,v. 4)

[Iycts BekTOp (W MMEET TPU HIPOEKITUU — IIPOEKITUIO (W1R Ha
PAaAMYC, IIPOCKIUIO (W1 HA KACATCABHYIO K OKPYKHOCTH U IIPOCKIIIIO
W1z Ha BepTHKAAB. PaccMoTpum errie mpoekinio (Wqpp Ha ITAOCKOCTH
OKPY/KHOCTH, HIPOCKIUIO (Wqzo HA BEPTUKAABHYIO IIAOCKOCTD,

KACATEABHYIO K OKPY/KHOCTH, W IIPOCKINIO (UqzRp HA BEPTHKAABHYIO
IIAOCKOCTb, IIPOXOASAIIYIO 9€PE3 PAAHUYC.

Apmkenne Teaa OYAET YCTONYHBBIM IIPH BBITIOAHEHHH TPEX
YCAOBHIA:

Fy = =2mw1poV Q)
F; = —2mw1z0V (6)
F, = —2mwiz07, (7

TAE CITpaBa YKa3aHBI IIPOCKIHH CUABI Koproanca.
N3 (4) c yaerom (7) HaxoAnm:

P, = —2mw, V2. (8)
®opmyasr (1, 5) MOryT ObITH OOBEAHHEHEL. TOTAQ ITOAYYIHM:
g = —2w1roV ©)
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®opmyasr (3, 6) MOIyT OBITH OOBEAHMHEHEL TOrAQ IOAYYIHM:
wW5R = —2w, 70V (10)

W3z (8, 9, 10) maxoanm:

P
Wizo = _2m(:§R2’ (1)
g
Wigo = _Zsz, (12)
w
Wiz0 = — - (13)

2
B stux dopmysax meoueBmanoim ssagerca dpopmyaa (7). B meit

yKasaHa CHAa COIIPOTHUBACHHA ABIJKCHHIO JACKTPOHA, ACI‘/'ICTBYIOH_[Q.H

BAOAB ckopocTH VU, n mpoekiud cuabl Koproarca Ha a1y e CKOPOCTb.
Takag mpoekima 1o ompeacAcHuio (2) paBHa HyAsro. OObAcHeHHE
IIPUBEACHO B IIPHAOKECHIH H OCHOBAHO HA TOM, YTO PEAAbHAA TPACKTOPHA
SAEKTPOHA ABAACTCA CIIMPAABHOH AmHHEH. Tam ITokasaHo, d4ro Ha
HEKOTOPOH «BBICOTE» HAA AAPOM MOJKET CYIIECTBOBATH OPOUTA IACKTPOHA,
COXPAHAOIAA  CBOIO _ BEICO 00OCHOBAHA __YCTOWYHMBOCTD ¥

AUCKPETHOCTD TAKMX CTANHMOHAPHBIX OE26I/IT

Taxum 00pazoM, eCAU AASL DAEKTPOHA U3BeCTHEI M, [, Wy ,R, To
o (11, 12, 13) mMoryT ObITE HAMACHBI IIPOCKIIMH U CAM BEKTOP CKOPOCTH
W1. VI maobopor, ecan usBecteH BeKTop W1, 1o 1o (11, 12, 13) moryr
OBITH HAHAEHBI CKOPOCTH Wy, paamuyc opoutst R m yckopenme (.

[TocAeAHAA BEAUYHHA AASl OIPEACACHHOIO SAPA OIIPEACASET «BBICOTY»
opouter. CAEAOBATEABHO,

QACKTPOH C OHpCACACHHOfI CKOpOCTbIO W1 UMEET OAHO3HAYHO
OITPEACACHHYIO OpPOHTY.

DHeprusA BpAICHUA JACKTPOHA BOKPYI COOCTBEHHOH OCH CO
CKOPOCTBIO (W7 €r0 MOMEHT HMIIYABCA HE H3MEHAIOTCA. ODHEPrus
BPAILIEHNA SIACKTPOHA IO OKPYKHOCTH

W = 0.5mv? = 0.5mw3R? (14)
HE M3MEHACTCA, ITOCKOABKY HE HM3MEHACTCA CKOPOCTh Wy U pasuyc R
opOuter. CoXxpaHEHHE 9TUX BEAUYHH IIPOUCXOAUT HECMOTPS HA TO, UTO
9AEKTPOH IIOCTOAHHO TEPAET CBOIO SHEPIHUIO, T.K. SHEPIUA IACKTPOHA
ITOCTOSHHO BOCCTaHaBAHBaeTCA cruAaoil Koprmoanca.

Taxoe AeticTBre cuasl Koproarica BO3MOKHO TOABKO B TOM CAYYAE,
€CAM OHA MOJKET COBEpINATh PabOTy, T.€. 9Ta CHAA SABASCTCHA PEAABHON
cHAOH. MaTeMaTnyaeckoe AOKa3aTeAbCTBO PEAABHOCTH 9TOM CHABI AQHO B
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[2, pasaea 3]. Tam mokasamo, uro cmaa Kopmoamca momer OBITH
O0OOCHOBAaHA KAK CACACTBHE ypaBHEHHI MaKkcBeAAd, a HCTOYHHKOM
SHEPIUU AAA 9TOH CHABI ABAACTCH dIACKTPHIECKOE AAPO.

OmIIoHeHT MOKET CKa3aTh, YTO SHEPTHA SAPA HE OECKOHEYHA H, B
KOHIIE KOHIIOB, OHa OYAET pacTpadeHa Ha reHepanuro cua Koproauca aas
BCEX IAEKTPOHOB. Sl ¢ HHM COTAAIIYCh - COTAAIIYCh C TEM, YTO 3TH
PACTPaTBl BHOCAT CBOM BKAAA B AAEPHEIN pacmaA. Ho 310 He moBoa Aas
OTKA32 OT ITAAHETAPHOM MOAECAH.

Moaenb atoma Pesepdopaa AOAKHA OBITH BO3BpaIeHa B PU3HUKY.

IIpuarosxenue

B [3] moxasaHO, 9TO 9AEKTPOH B BaKyyMe ABIZKETCH ITO CITMPAABHOI
TPAEKTOPHH, UTO ABAACTCH PEIIEHHEM CHCTEMBI ypaBHeHHH Maxkcbeaaa
[2]. B nmaumHApHYECKUX KOOPAUHATAX 1, (0, Z (DYHKITHH TOKA HMEIOT BHA:

Jr = quy. cos(ap + xz), 1
Jo = quy sin(ag + xz), @
]z = qu;sin(a + xz), ©)

TAC q - 3apfA 9ACKTPOHA, @, ¥ — HEKOTOPBIE KOHCTAHTHI, Vy, Vp, U, —
KOHCTaHTBI - CKOPOCTH ABHKEHUA 9ACKTPOHA IO KOOpAuHaTam. [Tpu sTom
r = const. Ha puc. 2 mokasaHbl TP BHHTOBBIC AWHHH, OITHCBHIBACMBIC
Pysxmuavm (10, 11) Toka ¢ mpoekumamu J, u J,. Ha puc. 1 aag mpumepa
IOKA32HBL: TOACTAS AUHUSA IPpU a = 2, = 0.8, CpCAHAA AMHHUA IPU & =
0.5, ¥ = 2 u ToHKast AuHuA 1pu @ = 2, ¥ = 1.6.

Puc. 2
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Aasee MpI OyAeM paccMaTpuBaTh (DYHKIHH ITOKOOPAMHATHBIX

CKOpOCTEHR

V=% = v cos(p), @
B ITAPAMETPUIECKOH hopMe € ITapaMeTpOM

p=ag+yz )
Takum 00pasoM, 9ACKTPOH ABHKETCA CO CKOPOCTBIO

V=V, V], (©)
HpI/I"ICM

V. = v, cos(p), 0

Vo =1, sin(p), 8)

V, = v, sin(p). ©)

[lepeiineM K ACKAPTOBBIM KOOPAHMHATAM H  AaAee  OyAeM
paccMaTpHUBATL BEKTOP

V= [V ], (10)
TAC
% = % cos( ) =V, sin( ), (11)
V, = V. sin( @) + V,, cos( ). (12)
nuAm, ¢ yaetom (8, 9),
V, = v, cos(p) cos(p) — Uy sin(p) sin( ¢), (13)
V, = v, cos(p)sin( @) + v, sin(p) cos( ). (14)

BaxsaO AAf AaspHeHIIEro orMeruts, uro dymkrmm (13, 14)

ABAATOTCA HﬁpI/IOéI/I‘IeCKI/IMI/I gl)yHKgI/IHMI/I oT KOOEQAI/IHQ.TEI Z, 9TO CAeAyeT
s (5).

EcAu 9AeKTpOH Bparmaercss BOKPYT COOCTBEHHOII OCH C YIAOBOI

CKOPOCTBIO W, TO Ha HEro AeuctByeT cruaa Koproanca

E =-2ma XV, (15)
TA€ M - Macca 9AeKTpoHa. [Ipm aToM

F. = [F. F, E], (16)

@ = [wy, wy, w,]- 17)

W3 (10-12) maiiaem:
E = w,V,—w,l,
E =K = oV —w, V] (18)
E, = wyV)y — wyVy
Buano, uto cuaa Kopmoamca mmeer mpoekmuro F, Ha ock Z, T.c. Ha
TPAaeKTOpHIO ABIKeHHA 9AekTpoHa. Cmaa F, ompeaeaserca depes
dyuxunu (13, 14) u mosToMy ABAAETCA IIEPHOAUIECKOIL.
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I'aaBa 3. Peabuamranns moaean aroma Pesepdopaa

[IpeAIOAOKHM, YTO 9AEKIPOH BpAIACTCA BOKPYT fAApa H
0DO3HAYNM AAWHY TPACKTOPHH 3ACKTPOHA HA OAHOM 3aMKHYTOM BHTKE
kak L. Paccmorpum cpeanee sHagenune cuasl F, Ha aanbe L.u 0obo3Hadnm
ero Kak Fp,iq. B cuay nepmoamanoctu cuast F, Beanunna F,p,;q Moxer
HpI/IHI/IMaTI) pa3AI/I"IHI)IC II10 3HaKy 3HAYCHMA.

Bmecte ¢ 91O0M  CcHAOM  Ha  9AGKTPOH  ACHCTBYET — CHAA
F, conpoTHBACHHA ABIKCHHIO 3ACKTPOHA, KOTOPas IIPOIIOPIIHOHAABHA
asmHe L. PaccMOTpUM CyMMapHYIO CHAY, ACHCTBYFOIIYFO HAa 3ACKTPOH
BAOAB TPACKTOPHUM:

Firer = Fzmia — FaL. (19)
[Tpu stom
1. ecau Fper = 0, TO AAMHA TPACKTOPHE HE MCHACTCH.
2. ecau Fipop >0, TO 5ACKTPOH YCKOPSETCH, ITOCTECIICHHO
VAQAAICTCA M €TI0 TPACKTOPHA YAAUHACTCH,
3. ecan Fpep < 0,7TO 9AEKTPOH 3AMEAAACTCS, ITOCTEIICHHO ITAAACT
Ha AAPO H €0 TPAEKTOPHSA YKOPAIUBACTCA.

AdFtrek
dL

< 0 TpaCKTOpI/I}I ABASACTCA

MoKHO pacCMOTPETH €Ire IIPOU3BOAHYIO B TOYKE C TAKHM

dF
suavenneM L, tac Fiep = 0. Ilpun —2

YCTOWUMBOM. AECHCTBUTEABHO, IIPH YMEHBIICHUN BBICOTHI AAMHA L
YMEHBIIIACTCSA, HO IIPU 3TOM YBEAUIHBACTCH Fipep M 9ACKTPOH yCKOpPAETCH,
a IIPHA 9TOM OH ITOAHUMAETCH.

Taxum  o6pasom, — cyuecmsywm — yemounuussie 10 6v1c0ne
mpaexmopun — cmayuonaptsle opoumel. mu opoumsl pacnoaoxcerst no
gu100/70€  QUCKDEIHO. Y cimoiiuusocmey  cmayuonapsix  obecnedusaencs
cunoti Kopuosuca, dedlernsyroned a usnydaronfutl 3.,1eKmpon.

Awnreparypa

1. IlaamerapHas MOAEAB aTOMa,
https://ru.wikipedia.org/wiki/TTIaaserapHas MOAEAb aToMA.

2. Xmeapnunk C.J. Cuaa Koprmoamca u neHTpoOe:KHAs CHAA B
9ACKTPOAMHAMUKE U MEXaHHKE. AOKAAABI HE3ABUCHMBIX aBTOPOB,
ISSN 2225-6717, Ne 48, ctp. 67, 2020,
https://zenodo.org/record /3900260.

3. Xmeapauk C.M. VpaBHeHHA ABMKEHHA OAHMHOYHOIO 3apfiAa B
Bakyyme, AOKAaABI He3aBUCHUMBIX aBTOPOB, ISSN 2225-6717, Ne50,
crp. 32, 2020, https://zenodo.org/record/4164972
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4. Xmeapnuk C.V. Peabuanrarus moaean atoma Pesepdopaa, Aokaaast
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T'aaBa 4. Yactuira — oObeMHAA CTOAYAA BOAHA

I'AaBa 4.
YacTuiia — oobeMHaA CTos9as BOAHA

Awxmorarys

IIpeasaraerca MaTeMaTHYECKas MOAEAB T.H. BOAHBI-VI-gacTrIisr
(BI1Y), xoTopas ITOCTOAHHO H OAHOBPEMEHHO ITPOSABAAET U CBOMCTBA
BOAHBI, W cBo¥crBa uwactuiel. BIIY sBAsieTcss crosiueli BOAHOH,
CYIIIECTBYIOIIEH B OIPAHHYEHHOM HIPOCTpaHCTBEe Bakyyma. OHa He
00AaA2eT COOCTBEHHOHM CKOPOCTBIO U MOKET, ITIOAOOHO YaCTHIIE
ABHTATBCA CO CKOAB YTOAHO MaAOH CKOPOCTBIO, UMEET SHEPTHIO,
BHYTPEHHUN ITOTOK 9HEPIHH, UMIIYABC U MACCY.

PaccmarpuBarorcss KoAmdecTBeHHbIE Xapakrepuctukn BIY,
dopma u crpykrypa BMY, mormHOCTS, BIMIyABC B Macca BHMY,
obaactu, cocrosmmme w3  MHOXKectBa  BHMY,  Aeaarorcs
IIPEATIOAOKEHHA O MEXaHHYeCKHX B3anMoAerctsusax BHY, o
CTPYKTYPE 9ACMEHTAPHBIX YaCTHUIL U BAKyyMa.

OraaBAerune
IIpo 3ApaBEIil CMBICA
1. Beeaenue
2. Matemaruueckas moaeab BIY
3. Dueprus BUY
4. Ilorok sneprun BIY
5. mmryanc u macca B4
6. Yacrora Boarsr BITY
7. 3akArOUYCHIE

Awreparypa

ITpo 3ApaBbIil CMBICA
OOBIMHO  IIOHYAAPHOE — H3AOKEHHE  KBAHTOBOH  MEXaHHUKH

HAYHMHACTCA C OIMCAHHA CACAYIOIIETO OIBITA — CM. prc. | 1 rmosicHeHus K
memy u3 [12]. Cer (DOTOHBI) M3AYIAETCA B IOAYIIPO3PAYHOE 3EPKAAO.
[ToroBuHA DOTOHOB OTPAKACTCA OT 3EPKAAA U ITOIIAAAET HA CICTUHUK 1, a
ApPyrad IOAOBHHA (DOTOHOB IIPOXOAHT CKBO3b 3€PKAAO U IIOITAAAET HA
caerguk 2. BmecTo cuUeTdMKOB MOIyT OBITH YCTAHOBACHEI 3€PKAAA,
KOTOPBIE TIOAHOCTBIO OTPAKAIOT CBET Ha 9KpaH. llpm atom Ha skpane

HOABAACTCA UHTEP(PEPEHIIMOHHAA KAPTUHA ABYX BOAH. DTO IIPOUCXOAUT
AQIKE B TOM CAYYAE, KOTAQ H3AYYACTCH CAMHCTBEHHBIN (POTOH
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Particles Waves
shutter semitransparent
counter 1 \ mirror
&

mirror
i

source 1

& IR

|
/T\I</ | /\ cjj . source &2 \

) interference
semitransparent pattern -

shutter mirror

mirror film

Puc. 1.

ITBITAUBEII IPaKAAHIH XOTEA OBI IIPOBEPUTH BCE CAM, HO TAE YK EMY
Ha ero Kyxue! I g perrmma momous. B Knrae (kak m3BeCTHO) MOKHO KyITUTD
BCE. S kyrma

1. ®DrakoHYHK C KamAAMH BA3KOW OYEHb 9AACTHYHOM
KHAKOCTH C OYEHb IPOYHOM ITOBEPXHOCTHOM ITACHKOMH
(XOTP MOAOTKOM CTy4H!).

2. Tlmcroaer, CTPEAAFOIITNI STUMU KAITASIMH.

3. TlaactuHy, IPOIYCKAFOIIYIO 3TU KAIIAW MAM OTPAKAFOIIYO
nx (¢ paBHOI  BepoATHOCTBIO). M masBan  ee
ITOAYIIPO3PAYHBIM 3EPKAAOM.

4. Tlaactmny, Bceraa otpaxarormyro kamam. V massaa ee
3epKaAOM (OOBIYHEIM).

5. AoByriky xameAb, OOAQAQAFOIIYIO TEM CBOMCTBOM, YTO Ha
HEI 3a/KUTAeTCA AAMITOYKA, KOTAA B HEE ITOITAAAeT Karad. M
HA3BAA €€ CUETIHKOM.

6. IlaactuHy, IIOKPBITYIO  YYBCTBHTEABHOI  SMYABCHEH,
ODAAAAFOIIYIO TEM CBOMCTBOM, 9YTO KAIIAf, ITOITABIINAS HA
Hee, CO3AAeT Ha HeH Oyrpucteiid Kpyr. VI HazBaa maactumy
9KPAHOM, 4 OYTPHCTEIN KpyTr — HHTEpdEpEHIIHEH.

[ToBTOpPHA BBIIIICOIINCAHHBIN 3KCIIEPUMEHT U YBHAEA, YTO BCE
IIPOMCXOAUT B COOTBETCTBHHM C KBaHTOBOH Mexauumkoit! Tem cambiM
MOJKHO  VOGAHTBCH, YTO AAA  KAIIEAb  BBIIOAHACTCA  IIPHUHIIHII
AOTIOAHUTEABHOCTH W KAIIASl ABASIETCS BOAHOM-uactuirer. [locaeamee
HEYAUBUTEABHO: U3BECTHO, UYTO AAKE 3EMAA ABAACTCA BOAHOI.

Ho morom mnosBuAoch comuenwme. A, moxer Obrrb, xamas HE
Pa3ABaMBACTCA B IIOAYHPO3padHOM 3epkasel? OHa, IIPOAETEB OAHHM H3
ABYX CIIOCODOB, BCE PABHO PACIIAIOIIHAACH ObI B Oyrpuctsiii kpyr. 1 a1o
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T'aaBa 4. Yactuira — oObeMHAA CTOAYAA BOAHA

COMHEHHE YCHAHBAAOCH HEBO3MOKHOCTBIO IIPEACTABUTH CEOE KaIIAFO
BOAHOBBIM ITAKETOM, KOTOPBIH AETHT CO CKOPOCTBIO CBETA, KOTAQ KAIIAA
AGKHUT HA MECTE.

W 1yT 2 BCmOMHUA (CKA€PO3 IIPOKAATHIH!) CBOFO HEAABHIOKO CTATBIO
[3], rAe TTOKa3aA HA OCHOBE peIreHus paBHEHHH MakcBeAAa CAEAYIOIIIEE.
B HexoTOpOM 3aMKHYTOM OOBEME BAKYYMA MOIKET CYILIECTBOBATDH CTOAYAS
SAEKTPOMATHNATHAA BOAHA. Takad BOAHA MOJKET CYIIECTBOBATH BEYHO.
Kpowme Toro, BoAHa MOKET U3MEHATH (POPMY, COXPAHSAA €€ IIEAOCTHOCTD,
U IMEET MAaCCy.

Ecau 651 hAAKOHYNK COAEPIKAA HE KAIIAW, 2 TAKHE CTOSYUE BOAHEIL,
TO MOYKHO OBIAO OBI IIOBTOPHUTH 9TOT OIBIT U OOBACHHUTH €ro, Oe3
IIPUBACYEHUA IIPHHITUIIA AOIOAHHTEABHOCTH, 4 3TH CTOSYHME BOAHEI
(KOTOpPBIE PACIIAIOIIUBAAUCH OBI IIPU IOITAAAHHH HA 9KPAH) MOKHO OBIAO
ObI ~ CMEAO  HAashBAaTh  BOAHAMU-YACTHIAMO. A IIPHUHIINII
AOITOAHHTEABHOCTH HE JKAAKO COBCEM. l'OBOPAT ke, «9TO IPUHITUII
AOIIOAHUTEABHOCTH ~ AEMOHCTPHPYIOT — duaocodpuio cradboctu, u
BPEMEHHAS POAB 9TOrO IIPUHIIMIIA OYEBHAHO aHAAOIMYHA POAHU
dpAOrHCTOHA B APYTHX YCTAPEBINNX IOHATHID [12].

Ho, moxer Oprth, He OyAE€M AOKHAQTHCA, mOKa B Kurae MoxKHO
OyAeT KymuTh (DAAKOHIHUK CO CTOSIUMU BOAHAMHE, 2 OYACM IIOAATaTh, YTO

YaCTHIIBI ABAAFOTCA O6”I)CMHI)IMI/I CTOSTYMMM BOAHAMU?

1. BBepaeHnue

Bo Bcrymaemmm m B [13] paccmarpmBaeTca IIPEACTAaBAGHHE O
YaCTHIIE, OOAAAAIOIIEH OAHOBPEMEHHO U CBOHCTBAMH BOAHBIL, U
CBOMCTBAMHU YACTHIIBL. DyAeM HaspBaTh Takyio wacTuily BOAHOM-II-
gactured, Takasd wacTuIia MOXKET OOBACHHTL TE ISKCIIEPHUMEHTHI, B
KOTOPHBIX (IIO IIPEACTABACHUAM KBAHTOBOM MEXaHHKH) YaCTHIIA BEACT CeOf
AHOO KaK 9aCTHIIA, AHOO KAaK BOAHA, ABASACH (B OTAHYHE OT BOAHBI-V-
gacturpl) BOAHOH-AVBO-gactumeii. Kak ona Beaer ceOf B KOHKPETHBII
MOMEHT, HAOAFOAATEAIO HE MOKET OBbITh u3BecTHO. VTak, BoaHa-AMBO-
YaCTHIIA BOAIIIEOHO IIPEBPAINACTCA M3 BOAHBEI B YACTHIY M OOpaTHO, 2
BOAHA-V]-9acTHIIA ITOCTOAHHO IIPOABAAET CBOMCTBA M BOAHBI, I YaCTHUIIBL

Boama-M-gactuma (BMY) aoaxHa OBITH CTOAYEH BOAHOH M HE
PACIIPOCTPAHATHCSA B IIPOCTPAHCTBE. Y HEe He AOAMKHO OBITh COOCTBEHHOIT
CKOpPOCTH (ITOAOOHOM CKOPOCTH Oerymeidl BOAHBI), HO AOAKHA OBITH
SHEprusA, UMIIYABC U Macca. B KBaHTOBOM TeopnM OIMCHIBAECTCA BOAHA B
BaKyyMe€ B HE3aMKHYTOM, HEOIPAaHHYEHHOM IIPOCTPAHCTBE, KOTOpad
ACCOIIMUPYETCHA C MATEPHAABHOM YACTHIICH - BOAHA A¢ bpotiaa. Dro He
3AEKTPOMATHNATHAA BOAHA U ee IIpHpoAa HemsBecTHa. Ho m3sectHo TO,
YTO OHA HEPAa3pPBIBHO CBA3aHA ¢ yacTullel [2]. B orpeaeaenme sT1oi BOAHEI

4-3



T'AaBa 4. Uactuma — oObeMHAA CTOAYAA BOAHA

BXOAHTB €€ COOCTBEHHAsA CKOPOCTD. [ Ipu HyAeBOM COOCTBEHHON CKOPOCTH
Ta BOAHA CTAHOBHICA IIPOCTPAHCTBEHHO HEOIPAHUYEHHOM CTOAYEN
BOAHOIL. [Ipn 910M, KOHEYHO, €€ HEAB3S OTOKACCTBAATH C YACTUIICH.

WMrak, amxe onuceBaercsa BVY, crofuas, cymecTByrommas B BaKyyMe,
OTpaHHYEHHAS B IIPOCTPAHCTBE, HE HMMEIOINas COOCTBEHHOI CKOPOCTH,
AMEIOINAsA  MacCy, HMHOyAbc u  sHepruro. Ilepseni  Bapmant
MATEMATIYECKOTO OIMCAHIA TAKOH BOAHBI OBIA IIPEAAO:KEH B [3, 4]. 3aech
MBI paccMOTpHUM OoAee obIui caydait. B [3-9] paccmorpensr pasandmbre
ABACHHSA, KOTOPBIE MOIYT OBITH OOBACHEHBI CYIIECTBOBAHHUEM TAKOI
BOAHBHIL.

2. Maremarnueckasa moaeap BHIU
PaccmoTtpuM HEKOTOPBIH 00beM V € MATHUTHON IIPOHHUIIAEMOCTBIO
M ©1 AEIAEKTpHUYECKON HpoHHIaeMocTpio & . Ilycte B pesyaprare

HEKOTOPOI'O BO3ACHCTBHSA B 3TOM OOBEME BO3ZHHKAQ 3ACKTPOMATHUTHAS
BoAHa ¢ sHeprued W,. B oOpeme V HeT TEIAOBEIX HOTEPh U U3AYICHHSA
U3 HEro OTCYICTBYIOT. Uepe3 HEKOTOpOe BpemsA IapaMETPhl BOAHEBL
IIPUMYT CTALIMOHAPHBIC 3HAYCHUSA, OIpPEACAfSeMbIC 3HaUYeHUAMH A, &,
Wo 1 pasMepoM  OObeMa. DTHMU  IIAPAMETPAMHU  ABAAIOTCH

HAIIPSPKEHHOCTD DACKTPHYCCKOTO IIOASl M HAIPAKCHHOCTP MATHHUTHOTO

ITOAA KaK (DYHKITHH ACKAPTOBBIX KOOPAUHAT H BPEMEHH, T.€. E (x s V.2, t )

u H ()C , Vs Z,t ) EcrectBeHHO, OHI YAOBAETBOPAIOT CUCTEME YPaBHEHUI

MakcBeara BuAQ
0H, OH, O0E,

5y oz fa -0 ()
aazx N 661:1: — € aaEty =0 @)
‘%—(}?—e%=o 3)
%—iZ—a—ZHu%:o @
il ®
%+%+%=0 @
St T =0 ®
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Paccmorpum  caeayromme  pyukimu  (mpeasoxenusie B [10]),

KOTOPBIE YAOBAETBOPAIOT 3TOM CHCTEME YPABHEHUI:

TAE

a, P, A,  -xoHCTaHTHL

E.(x,y,2z,t) = eycos(ax)sin(By)sin(yz) sin(wt), (9)
E,(x,y,z,t) = eysin(ax)cos(fy)sin(yz) sin(wt), (10)
E,(x,y,2,t) = e,sin(ax)sin(fy)cos(yz) sin(wt), (11)
H,(x,y,z,t) = hysin(ax)cos(By)cos(yz) cos(wt), (12)
Hy,(x,y,z,t) = hycos(ax)sin(fy)cos(yz) cos(wt), (13)
H,(x,y,z,t) = hycos(ax)cos(By)sin(yz) cos(wt), (14)

€y,€ E €, h X h E h > - IIOCTOSIHHBIC AMITAHATYABL q)YHKIII/Ifl,

Auddepenrupys (9-14) u moacraBasga moayuennoe B (1-8), mocae
COKpAIIIEHHUA OOIIUX MHOKUTEACH, IIOAYIAEM:

h,B —hyy + exew =0
hyy —h,a +eyew =0
hya — hyp +ee0 =0
e.p — éyYy — hyuw =0
exy —e;a —hyuw =0
eya — exff — hyuw =0

exat+e,f+e,y=0
hya + hyf +h,y =0

PaccmoTpuM  permieHme  ITOAYYEHHOI

(15)
(16)
17
(18)
19)
(20)
(21)
(22)

CHCTEMBl  YPABHEHUI,

HaricenHoe B [11]. ITockoAbky cucremMa CHMMETPHYHA, IIPUMEM

a==A

(23)

[Tpu srom cucrema ypasuennit (15-22) mpuHIMaeT BHA:

h, —h, + exew/a =0
hy—h; +eyew/a =0
hy, —hy + e;ew/a =0
e;— ey, —hyuw/a =0
ex—e,—hyyw/a =0
ey — ey — hyuw/a =0
exte,+e, =0

hy+hy +h, =0

(24)
(25)
(20)
27)
(28)
(29)
(30)
€Yy

45
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B cucreme ypasmenmit (24-31) ypasmenma (30, 31) caeayror
HEIIOCPEACTBEHHO M3  IPEABIAYIIHX. AeHCTBHTEABHO, CKAAABIBAfA
ypaBHenus (27-29), moayuaem (31), a ckaaabBas (24-26), moaygaem (30).

Ilepsrie 6 ypasuenumii B cucreme (24-31) c 6-r0 HEM3BECTHBIMU
HE3aBHCHMBI U M3 HHX MOTYT OBITh HAWAEHBI aAMITAMTYABI (DYHKITHI
€x, €y, €z, My, hy, Ny

byaem uckare pemenne cucremsr (24-29) npu

h, = 0. (32)
Toraa aTa cucTeMa IIPUMET BHA!
exew/a — hy, =0, (33)
eyew/a + hy =0, (34)
e;ew/a —hy + hy, =0, (35)
—ey, +e, — hypw/a =0, (36)
ex —e; —hyuw/a =0, (37)
—ey +e, =0. (38)
Pemmrenne cucremsr (33-38) mmeer BUA ypasHeHnH (32) 1
h, = —h,, (39)
ex = — 22, (40)
ey = €y, (41)
e, = —2e,. (42)

3. Oueprua BUY

3anuem Hanpsukernaocta (9-14) B Buae

E=|Ey(x,y,21) sin(ax)cos(By)sin(yz) | sin(wt) (43)

E.(x,y,21t) [ex cos(ax)sin(By)sin(yz)
_ ey]
E,(x,y,2,t) €21 |[sin(ax)sin(By)cos(yz)

H,(x,y,z,t) hy] [sin(ax)cos(By)cos(yz)
H=|H,(x,y,z,t)| = hy cos(ax)sin(By)cos(yz) | cos(wt) (44)
H,(x,y,2,t) h, cos(ax)cos(By)sin(yz)

O003HAYNM YACTH STUX BBIPAKCHUN, HE3ABUCHMEIC OT BPEMECHH:

LTy

(

E= y(x,y,2)| = sin(ax)cos(By)sin(yz) (45)

(%Y, 2) [ex Icos(ax)sin(ﬁy)sin(yz)
ey]
E,(x,y,2) €21 |sin(ax)sin(By)cos(yz)
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H= Hy(x,y,z) = hy cos(ax)sin(By)cos(yz) (46)

H.(x,y,2) hx‘ lsin(ax)cos(ﬁy)cos(yz)
H,(x,y,2) h,] [cos(ax)cos(By)sin(yz)

Haitaem Terrepnb KBaApaT MOAYASl CYMMAPHBIX HATIPSAKEHHOCTCIH:

E? = (E} + E2 + E2), @47

H? = (H? + HZ + H7). (48)
W3 (43-48) maxoaum:

E?* = ((E,ZC + EJZ, + Eﬁ) sinz(wt)) 49)

H? = ((Hi + Hi + Flﬁ) cosz(wt)> (50)
O06o3HagnM:

|E?| = (B + B, + E) (51)

|H?| = (Hi + Hi + Flﬁ) (52)
Toraa moAygum:

E? = (|E?|sin?(wt)) (53)

H? = (lH2 | cosz(a)t)) (54)

anmmrem BoipaxkeHns (45, 46) ¢ HCIIOAB3OBAHHEM ITIOAYYIEHHOIO BBIIIIE

permerma (32, 39, 40, 41, 42):

-Ex (x,y,2) 1
E=|E,(xy2)|=ek|1 (55)
E,(x,y,2) —2
-Hx (x, Y Z) 1
H=|H,(xy2)]|= ex%ﬁ —1 (56)
| H,(x,y,2) 0
Haviaem m3 (49, 50, 55, 56) kBaAPaTEI CYMMAPHBIX HAIIPAKEHHOCTEI:
E? = (EZ 4+ EZ + EZ) sin?(wt) = 6e2sin?(wt) - E2(x,y, 2) (57

S— S— S— 2 —
H? = (H2 + H2 + HZ) cos*(wt) =2(%) e2cos?(wt)H%(x,y,z) (58)

Taxum 00OpasoM, MOAYAH 9THX KBAAPATOB
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|E?| = 6e2 - E*(x,y,7) (59)
2
|H? | =2(%) e2H%(x,y,z) (60)

PaccmoTtpumM Takoit 0ObeM, B KOTOPOM IO AIOOONH KOOpPAHHATE
HMHTETPAABl OT CHHYCA M OT KOCHHYCa PaBHBI, B OYAEM Ha3bIBATh TaKOI
o0beM coraacoBaHHBIM oO0beMoMm V. B takom oObeme mpu ArOOBIX
3HAYCHUAX KOOPAMHAT BBIIIOAHSFOTCS YCAOBHS:

aX pY yZ
— — meaoe |, | =— — meaoe |, | =— — meaoe |,
21 21 21

rae X, Y, Z— AAHHA OTpE3Ka OCH KOOPAHHAT, PACIIOAOKEHHOIO BHYTPHU
oovema V. B coraacoBamHOM 0OBEME AASl KAKAOTO TAKOTO OTPE3KA
BBIIIOAHACTCH YCAOBHA BHAQ

j cos?(ax)dx = j sin?(ax)dx
X X
PaccmoTpuM AAfA cOraacoBaHHOroO oObeMa oTHOIIEHHE MOAyAeH (59, 60)

152 |/17 | = (6/2(%2) ) q 1)

TAE
q = E2/R? (62)
Berancaenune 1o a1oi popmyAe AaeT 3aMEYaTEABHBIH PE3YABTAT:
q = 1.5. (63)

Ora xoncranta HE 3aBucur or pasmepa coraacoBaHHoro obObema.
[TosToMy AAfl COTAACOBAHHOTO OOBEMA MOJKET BBIIOAHATHCA TAKKE
CAEAYIOIIIEE YCAOBHE

U=elE®|=p|H* | (64)
ITaoTHOCTD 9HEpPrUH paBHA
W = eE? + uH? 65)
W3 (53, 54, 65) moayaum:
W = €|E2 | sin?(wt) + ,ulH2 | cos? (wt). (66)
M3 (64, 66) caeayer, uTO
W = U(sin*(wt) + cos*(wt)) = U, (67)

T.C. IIPH BBIIOAHEHHHU yCAOBHA (67) IAOTHOCTb SHEPTHH B OOBEME HE
3aBHCHAT OT BpeMeHH. APYIHMH CAOBAMH, B COTAACOBAHHOM OOBEME
CO3AAETCA CTOAYAA BOAHA, KOTOPAsA HE M3AYUACT.

Beanmguna U asasgerca koucrauToii. [ToaTomMmy AAf cOrAacOBaHHOIO
obbema Bepazenme aas sreprun Wy Bo Bcem oobenme V mmeeT BHA:
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W,=U-V. (68)
CAeAOBATEABHO, B HEU3MEHHOM COTAACOBAHHOM OObEME dHEPIus
9ACKTPOMATHHTHOM BOAHBI HE 3aBUCHT OT BPEMCHH, T.C. OCTACTCA
IIOCTOAHHOI. DTO O3HAYAET, YTO IIPH YKA3AHHBIX YCAOBHAX BBIIOAHACTCA

YrBeprxaeHue 1.
BHNY, xak croAdas SAEKTPOMATHHTHA:A BOAHAQ,
MOJKET CyLIECTBOBATH B COTAACOBAHHOM O0'beMe.

[ToToK 5HEPrUM MOMKHO IIPEACTABUTH KaK IIOTOK KBAHTOB 9HEPIUM.
AMHIA ABHUKCHNA KBAHTA SHEPIUH, OYEBHAHO, AOAYKHA OBITH TAaKOIl, Ha
KOTOPOH IIPOM3BOAHAS OT SHEPIMH II0 BPEMCHH COXPAHACT HYACBOC

sHadeHuil. Haiiaem ypaBHeHME 3TOI ITponssoAHON u3 (66)

i—f = 2w sin(wt) cos(wt) - (£|E2 | - ,ulHZ D (69)
OTCIOAa HaXOAUM ypaBHCHI/IC AVHNIUAN OAHHaKOBOﬁ IIAOTHOCTHU 3HCPFHH B

AQHHBIII MOMEHT BPEMECHI:

(e|E?| - u|H?*|) = 0. (70)

4. ITorok suepruu BHIY

ITaoTHOCTH TOTOKOB 3HCpFI/II/I II0 KOOPAHMHATaM OIIPCACAAROTCA IIO

dopmyae

S, E,H,-E,H,
S=|Sy|=(ExH)=|E,H,—EH,|= (71)
S, EH, - E,H,

rae dyuxunun E,H omnpeaeasiorcs us (9-14). Moayap cymmapHOro
BEKTOPA ITAOTHOCTH IIOTOKA SHEPTHH HMEET BHA!

S, = (EyH, — E,H,)" + (E,H, — ExH,)? + (ExH, — E,H,)" (72)
DTa BEAWYHHA PaBHA HYAO, €CAM PaBHB HYAIO OAHOBPEMEHHO TPH
cAaraemMbixX B (34). MbI 3ammmimmeM sTo yCAOBHE B BHAE:

{(E,H, — E,H,),(E,H, — E,H,),(ExH, —E,H,)} = 0. (73
CAeAOBATEABHO, TIEOMETPHYECKOE MECTO TOYEK HYACBOH ITAOTHOCTH
IIOTOKA SHEPIMH OIMCHIBaeTCA cucTeMoll ypasHeHmil (73). B artom
VPABHEHHUH Ka)KABIL CKOOOYHBIM YAEH HMEET OOINMI MHOMKHTEAD,
3aBUCAIINH OT BpeMeHH — cM. (43-44). Ecam MBI mImiem reomMeTpudaeckoe
MECTO, HE H3MCHAIOIIEECA BO BPEMEHH, TO MOKEM COKPATHTH 3TH
MHOKUTEAH. Toraa ¢ yderom obOosHadeHuii (45, 406) moAyduMm,
IEOMETPHUYECKOE MECTO TOYEK HYACBOH ITAOTHOCTH ITOTOKA 3HEPIUH, HE
M3MEHATOIIEECH BO BPEMEHM, OIINCHIBACTCA CUCTEMOIT YPaBHEHUI BHAA

{((E,H,-E,H,),(E,H,— EH,),(E.H,—E,H)}=0. (74
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Dra cuCcTeMa YPaBHEHHH OTHOCHTEABHO TPEX KOOPAMHAT OIIHMCBHIBACT
IIOBEPXHOCTD, TAE€ OTCYTICTBYET ITOTOK sHeprun. Hcanm sra ITOBEpXHOCTH
ABAAETCA 3aMKHYTOM M HEIIPEPBIBHOM, TO OHAa ABAACTCA YPaBHEHHEM
rpanuiel BUY. Vmenno Takas mosepxHOCTh M orpanmumsaer BIMY.
BakHO ITOAYEPKHYTB, YTO 3TO HE Ta IOBEPXHOCTD, IAC CTPYKTYPa CPEABI
HCITBITBIBAET CKAYOK KAKOTO-AHOO mapamerpa cpeast. Mrak,

YrBeprxaeHue 2.
BHUY wMo’ker CymiecrBoBaTb BHYTPH 3aMKHYTOH U
HeNPEePBIBHON I'PAHMIIBI, YpaBHEHHE KOTOPOIT umeeT BHUA (74).

[Ipexae Bcero paccMOTpUM KyOHMYECKYIO hOPMY, IIPEAAOKEHHYIO B

[11]. AAf TOrO, 9TOOHI KyO HE H3AYYaA C IIOBEPXHOCTU XO)), HEOOXOAUMO,
YTOOBI HA BCEX TOYKAX 3TOH ITOBEPXHOCTH BBIIIOAHAAOCEH YCAOBHE

ExH, =0u E,H, = 0. (75)

Oyuknusa  SIN(@X) 1pUCYTCTBYeT B ONPEACACHHU OAHOI 13

dyukimii, ykasamuerx B ycaoBum (75). Ecam Hagaao KoopAmHAT

HAXOAUTCH B LIEHTpE KyOa m (O - AAMHA ITIOAypeOpa KyOa, TO (DYHKITHH
sin(ax) paBHBI HyAIO Ha TPaHAX KyDa M, CAEAOBATEABHO, BBIIOAHAETCA
ycaoBue (75). AHAAOIMYHBIE YCAOBHA BBITOAHAIOTCS Ha APYTHX T'PAHAX
kyOa. CaeAoBaTeABHO, BBITOAHsCTCA yrBepxacHue 2. Kpome Toro, aas
TAKOTO KyOa BBITOAHAETCA yrBepiacHue 1. Taxum oOpasom, B oObeme
KyOa mMoxxeT cyrectBoBats BIY.

5. Umnyabsc u macca BUU
MsBectnas dopmyra YMOBa CBA3BIBACT IIAOTHOCTH JHEPIUU U
ITOTOKA SHEPTUHU CO CKOPOCTHIO 3TOTO IOTOKA!

V== (76)
Bosmo:xHO, 9TO 9Ta CKOPOCTD PasSAMYHA AASl PASANYHBIX AUHIN ITOTOKA.

Mrax, cyImecTByeT IIOTOK SHEPIUU BHYTPU IOCTOSHHOIO O0BEMa C
OIIPEACACHHOM CKOpPOCThIO V. Kak M3BECTHO, 9ACKTPOMATHUTHAA BOAHA
BMECTE C IIOTOKOM OHEPIHH OOAAAQET HMIIYABCOM H  MAaCCOH.
CAeAOBATEABHO, OIMCHIBACMAS CTOAYAA BOAHA B COTAACOBAHHOM OObEME
00A2AQET HMIIJABCOM M MAacCOH AaKe B TOM CAy4ae, KOrAa OOBEM
HAXOAHUTCS B IIOKOE.

[TAOTHOCTH 3THX BEAUYHH CBA3AHBI MEKAY COOOI U CO CKOPOCTBIO
pacpocTpaHeHnsn 9ACKTPOMATHUTHOM SHEPIHUH M3BECTHBIMHU

cooTtHOmeHuAMH (76) 1
w

p=-— (77)

)
v
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_?
m=2 (78)

CAEeAOBATEABHO,

w3

m=_. 79
DTa  9ACKTPOMATHHTHAA Macca IYABCHPYET BMECT€ C IIOTOKOM
SAEKTPOMArHUTHOI sHeprun. (OAHAKO IIEGHTP MAaCChI HE MEHSAET
roaoxennd. CaeaoBareapHo, BUY MokHO paccMaTpuBaTh U KaK CTOSIYIO

BOAHY, I KAK OOBEM IIYABCHPYIOIIEI MACChI C IIOCTOSHHBIM IIEHTPOM MACC.

6. YUacroTra BoaHbl BIU
W3 (61, 62) maxoaum:

5l _ J8d _ af3q
m—ﬂz— o (80)
a

A coraacoBaHHOTO 0OBeMa BooAHAETCA yeaoBue (64). CaeA0BaTEABHO
2
(2% ])

Wiz ) = G
L= % (82)

W3 (80, 82) maxoamum:

_ @f3q _
w = = ca4/3q. (84)

Takum 00Opa3oM, 4YacTOTa CTOAYEH BOAHBI B COIAACOBAHHOM OOBEMe
ompeaeAserca o opmyae

AN

f=n=2:V30 85)

T 21
mannpu ¢ = 1.5
f = 0.34ca. (86)
WMrak, cyImecTByeT Takad 9acTOTa AECKTPOMATHUTHOW BOAHBI, IIPHU
KOTOPOM 3HEPIUf IAEKTPOMATHUTHON BOAHBI B COIAACOBAHHOM OOBEME
COXPAHAETCA ITOCTOAHHOM.

7. 3akaroueHUE
MBI yCTAHOBHAH ABA YCAOBHS, KOTOPBIM AOANKHA JAOBACTBOPSTH
00AACTD, B KOTOPOH
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BHU morkeT CyIeCTBOBATH BHYTPU 3AMKHYTOM 1
HeIIPEePBHIBHOM I'PAHUIIBI.

BHU, kak croAa4Yas 3AEKTPOMArHUTHAA BOAHA,
MOJ’KET CYILECTBOBATH B COTAACOBAHHOM 00'beMe

Yacrora croaueit BoaHer BHY  omnpeaeadrorca 3HAYEHHEM

koapdurmenTa .
Msr ycranosuan, uto BMY obpasyer 3aMKHYTyIO 00AACTDb, HMEET
ompeaeacHHyio dopmy u obbem. Pasmepsr BUY  ompeaeasrorcs

snavenneM koadpdurmenta «&. [loayuenmbie pesyapraTr MOKHO
IIPUMEHATH IIPH AFOOBIX CKOAb YITOAHO MAABIX EAMHHIIAX H3MEPEHHA
AAVHBL.

®opma obractm BMY rtaxkoBa, uro mmoxectso BHMY moryr
IIPUMBIKATE APYT K APYIy Oe3 3azopos. CaeaoBateAbHO, rpymmsr BMY
MOTYT 3aHHMAThb AIOOOH 0OBeM. Takum oOpasom, MOIYT CYIIECTBOBATH
BHY aroboro pasmepa n ooaactr BUY aroboro pasmepa.

Oueprus, umnyabc u macca BHY Takke OIPEAEAAIOTCA TOABKO

sHaveHueMm koddpunmenra . MOKHO IIPEAIIOAOKHTB, YTO KBAHT

SHEPIHH TOXKE IpeAcTaBAsgeT coboit BUY n murmMasbHOE 3HAYEHHE (O
OIIPEACAACTCH BEAHYHHON SHEPIHH KBAHTA.

BWY He mmMeer cOOCTBEHHOHM CKOPOCTH M €rO MEXaHHYECKas
SHEPTHUA OIIPEACAAETCA €r0 MACCOM M TOH CKOPOCTBIO, KOTOPYIO OH
HOAY‘II/IA HpI/I BSaI/IMOACﬁCTBHH C ApyrI/IMI/I MacCaMH (B T.9. APYFI/IMI/I
BIMY).

Bryrpennee aaBaerme Ha rpammny BMY pasHO maotHOCTH
SHEPIHHU HA IPAHHIIE, XOTA Kakad-AuO0 oborouxa y BMY orcyrcrsyer.
MosxuO 1mpeArroroxutb, 910 BMY Beaer cebs kak aOCOAIOTHO yHIpyroe
TEAO U IEPEAACT ITOAYICHHBIN UMIIYABC O€3 M3MEHEHHUA €IO BEANYNHEL
Toraa n o6aacte BIIY Beaer ceOs Kak IIPOBOAHHK HUMITYABCA.

OueBuano, BUY moixer 0Opa3soBBIBATH 9AEMEHTAPHBIC YACTULIEL U
OoAaee KpyITHBIE KOHCTPYKIIHH. HO MOKHO IPEAITOAOKHUTD, 9TO U BAKYYM
corkan n3 B1Y.
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I'aaBa 5. Crpykrypa Bakyyma

AxHOTAIHA
[Tpeararaercsi Takas CTPyKTypa Bakyyma, KOTOPas CACAYET
TOABKO 13 pCIICHUS ypaBHEHHI MakcBeara — He AEAACTCA

HHUKAKIX ~ AOIIOAHHTEABHBIX — IIpeAnioroxeHmi. [Ipuseaeno
oopsacuenue sdpdexra Kasumupa Ha OCHOBE IIPEAAOKEHHOM

CTPYKTYPHI BaKyyMa.

Coaeprxanne
1. Beeaenue
2. Tunnzarma BoaH-VI-vacTug
3. Crpykrypa Bakyyma
4. Dddexr Kasnmupa
Awreparypa

1. BeeaeHue

Crpykrypa BakyymMa H3ydaeTcsi KBAHTOBOW TCOPHEH ITOAf, KOTOPAs
HE yCTA€T IIPEACTABAATH €€ OYEHb CAOKHOM H, ACUCTBHIEABHO, HE
IIPEAAATAET AAA OITHCAHUA CTPYKTYPHI BAKyyMa HHUYETO, COTAACYFOITIETOCA
C IIPEACTABACHIAME KAACCHYECKON (PU3UKML.

Hroxe mpeasaraercs Takas CTPyKTypa, KOTOpPas CACAYET TOABKO M3
pemrenus  ypaBHeHHH — MakcBeaaa  — < HE  AGAACTCA  HHKAKHX
AOIIOAHUTEABHBIX ITPEAITOAOKECHHH.

B pasaeae 2 Aokazano (kak pereHue ypaBHeHHN MakcBeAAa), UTO
MOKET  CymecTBoBath T.H. BOAHa-M-wactmma (BMY), xoropas
IIPEACTABAACT COOOI KyOMYECKHH OOBEM BAKYYMa, 4 KOTOPOM IIYABCHPYET
crosgasg OObeMHAs BOAHA. BaHO OTMETHTB, UTO 9TOT OOBEM HE HMEET
KAKOX-AHOO  rpaHuil -  (QU3NYECKUX  HAM  OOPa30BAHHBIX
HEOAHOPOAHOCTBIO cpeAbl. BIIY He m3ayuaer ckBo3b rpaHu KyOa, HO Ha
KaKAOH TPAaHH €CTh 3ACKTPHYECKad HAIIPSKEHHOCTb, BEKTOP KOTOPOH
HAIIPABACH IIEPIIEHAUKYAAPHO 3TOM I'PAHH.

BeAnmvmna sHeprum, 9acToTa M HAIPHKEHHOCTh HA IPAHAX KyOa
ABAAIOTCA (DYHKIIMAMU TOABKO pasmepa KyOa. Bumammo, cymectsyer
HAMMEHBIIIHH 00beM KyDa, OIIPEACAAECMBIT MIHIMYMOM KBAHTA SHEPIUM.

Mmuomxectso atux BKIY mMoryT 3am1oAHHTE IIPOCTPAHCTBO IIEAHKOM,
6e3 mpoMesKyTKOB. V1 MMEHHO Takasd CTPyKTypa OIHCHIBACTCA HILKE. Takasd
CTPYKTypa BcTpedaercs B pupoae [4] — Ha puc. A u puc B mokasansr 1.0
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KBaAPATHBIE BOAHBI Ha Mope. Ho BHawaAe MBI paccMOTPHM CTPYKTYpPY U
csomcrea BMY.

Puc. A.

Puc. B.

2. Turmmzammua soan-M-uacruig

Wrax, B raase 4 npearoxeHa MoAeAb BOAHBI-M-uactumer (BMY),
KOTOPYIO MBI IIPUMEHHM 3A€Ch. AAfl YAOOCTBA YUTATEAA IIPUBEACM 3AECH
KPATKOE OIIMCAHHUE 9TOH MOACAH.
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HanpsxeHHOCTH =~ 9AGKTPUYECKOTO M MATHHTHOTO  ITOAEH,
HAIACHHBIE KaK PEIICHHE ypaBHEHNH MaKcBeAAa, IMEFOT BHA

E.(x,v,2,t) = excos(ax)sin(ay)sin(az) sin(wt), (1)

E,(x,y,2,t) = eysin(ax)cos(ay)sin(az) sin(wt), (2)

E,(x,y,z,t) = e,sin(ax)sin(ay)cos(az) sin(wt), (3)

H,(x,y,z,t) = hysin(ax)cos(ay)cos(az) cos(wt), (4)

H,(x,y,2,t) = hycos(ax)sin(ay)cos(az) cos(wt), (5)

H,(x,y,z,t) = hycos(ax)cos(ay)sin(az) cos(wt), (6)
TAC €y, €y, €y, Ny, hy, h, - mocTosHHBIE aMIANTYAB DYyHKIHEH, &, W -
KOHCTAaHTHI. AMHAI/ITYABI CBA3aHBI ypaBHCHI/IﬂMI/I BUAQ

h, =0, )
hy, = —hy, (8)
hy = _%ex: ©)
ey = €y, (10)
e, = —2e, (11)
n MOFYT 6I)ITI) OHDCACACHI)I HDI/I AAHHOM ex. prrOBaﬂ Jgacrora
w = ca4.5. (12)

DTUMH ~ YpaBHEHHUAMH  OIMCBIBACTCA ~OOBEMHAs  CTOAYAs — BOAHA,
CYILECTBYIOIIAA B 0ObeMe KyOa, peOpO KOTOPOIO NMEET AAUHY

L=mn/a. (13)

[TAOTHOCTD 9AEKTPOMATHUTHOM SHEPIUN 9TOH BOAHBI OIIPEACAACTCH KaK
2 2

W =c¢E” + MH , (14)

IIPAYEM B 3TOM BOAHE BBIITOAHACTCH YCAOBHE
2 2

U =e|E*| = u|H| (15)
[ToAnast 5A€KTPOMATHUTHASA SHEPIUA BOAHBI B KyOe

W,=U"L3. (16)

Ora sneprua HE n3amenaercsa Bo BpeMeHN.
[TAOTHOCTH IIOTOKOB SHEPIUU IO KOOPAUHATAM OIIPEACASIOTCA IO
dopmyae
S, [EyHs—E.H,

S=|Sy|=|E,Hy—E,H,| 17)
s, |E.H,-E,H,
Paccmorpum dpopmyay
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.
Ey—EHz| =0 (172)
EHy— E Hy
3amernm, 94TO
cos(ax)=cos (a %) = cos (oc %) = 0. (17b)

CAeAOBATEABHO, HAIIPAAKEHHOCTD, Y KOTOPOH B OIPEACACHHH (DYHKITHIA
(1-6) BcTpedaeTcsi KOCHHYC HEKOTOPOM KOOPAHMHATBEI, Ha IpaHH,
IIEPIEHAUKYAAPHON 5TOH KOOPAUHATE, IIPUHIMACT HyACBOE 3HAYCHIHE. B
dopmyae (172) 3a9epKHYTH Te HAIIPAKEHHOCTH, Y KOTOPHIX BCTPEYACTCA
KOCHHYC COOTBETCTBYIOIIEH KOOPAHMHATEL. BHAHO, 9TO KOMIIOHEHTHI B
a10H popmyae paBHbl HyAro. CAGAOBATEABHO, Ha BCEX IPaHAX KyDa
BBILIOAHAIOTCA YCAOBHUA BUAQ

EyH,-E,H,
E,H,—E,H,| =0, (18)
EH, - E,H,

T.e. KyO HE M3AyJaeT SHEPIHIO.

Ha kaxAoif rpaHm KyOa CyIIECTBYET MArHHTHAA HAIIPSKEHHOCTD,
BEKTOP KOTOPOU IIEPIIEHAUKYAAPEH 3TOH rpanu. Hampumep, Ha rpanm,
IIEPIIEHAUKYAAPHOM OCH OX, BEKTOpP (4) IpHHUMAET 3HAYCHHE

H, = sin(ax)=sin (oc %) = sin (oc %) =1, (19)
- om. Taxxke (13). Mrtak, ITOTOK 3HEprum He BBHIXOAUT U3 3TOH I'PAaHH, HO
CYIIIECTBYET MATHUTHAA HAIIPAKEHHOCTD ITEPIIEHAUKYAAPHAA STOH TPAH.
AHAAOTHYHBIN BEIBOA MOKHO CACAATh OTHOCUTEABHO OCTAABHBIX IPaHEH
KyOa.

Ha puc. 1 mokazaHsl MArHUTHBEIE HAIPAKEHHOCTH, BBIXOAAITHE 13
rpaseii kyoa. BaskaHo ormernTs, 9TO HanpsKeHHOCTS H, B AaHHOM caygae
OTCYTCTBYET 110 ycAaoBuiO (7), XOTA M Imokazana Ha puc. 1. Ha rpanmax c
OTPHIIATEABHBIM 3HAYEHUEM KOOPAUHATHI HAIIPAKEHHOCTH HAIIPABACHBI B
OTPHIATEABHYIO CTOPOHY, T.K. 11pu atom sin(ax)=-1.

ITorok sHEpruM HE BEIXOAUT U3 IPAHU, IEPIEHAUKYAAPHOM OCH OX,
HO IIUPKYAUPYET 10 3TOH IPAHH, T.K. TAOTHOCTH TTOTOKA S y U Oz HA 9TOU
rpaHd He paBHBI HyAro. Hampumep, Sy =E,H,—-E.H, - cm. (17).
3asece H, =0, E, #0, H, #0 — om (19). CaeaoBareasso,
Sy # 0. Ha sroif rpanm, Tagse, Kak 1 BO BCeM OObEME, HIMEETCA SHEPTHS

C IIAOTHOCTBIO U, HC H3MCHAIOIIIAACA BO BpCMCHI/L CACAOBQTCAI)HO, Ha
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9TOHM IpaHH H, BOOOIIE, HA BCEX IPAHAX IOCTOAHHO CYIIIECTBYET

AaBA€HUE, paBHOE IIAOTHOCTH dHeprun U.
Paccmorpennsiit Tan BMY 6yaem o6o3ua4ats, kak BHUU-1.

Hz A L=pi/alfa

ITo amasrormm c [l] MOXKHO paccMOTPETH APYroe pereHue
ypaBHeHHIH MakcBeAAa, KOTOPOE OTAHYAETCA TEM, YTO BMECTO PEIICHHA
BuAa (7-11), ncrioapsyercs perreHne BUAA

e, = 0. (28)
ey = —i,g (29)
ex = ——hy, (30)
hy = hy, (31)
h, = —2h,. (32)

AHAAOTIYHO TIPEABIAVIIIEMY, 3ACCH TAKKE HA BCEX IPaHAX Kyoa
BBEIITOAHAIOTCA ycAoBuA BuAA (18), T.e. Ky0 He m3aydaer sHepruro. Ha
KOKAOM TPaHH KyOa CyIIECTBYET MATHUTHAS HAIIPSKEHHOCTB, BEKTOP
KOTOPOH IEPHEHAUKYAAPEH 3TOH rpaHu. OTAHYHE COCTOUT B TOM, YTO
HAIIPHKEHHOCTD H, TakiKe IPUCYTCTBYET, T.K. B 9TOM CAYYA€ BBIITOAHACTCA
ycaosue (32).

ITo amanornm ¢ BUY-1 u BMY-2 moxHO paccMOTpeTh ABa APYTHX
perreHus ypaBHeHNNH MaKkcBeAAd, KOTOPBIE OTAHYAIOTCA TEM, YTO BMECTO
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HanpskeHHOCTEH BHAA (1-0) paccMaTpuBaroTCA HAIIPAKEHHOCTH BHAA

BHAQ
H,(x,y,2z,t) = hycos(ax)sin(ay)sin(az) sin(wt), (41)
H,(x,y,z,t) = hysin(ax)cos(ay)sin(az) sin(wt), (42)
H,(x,y,2z,t) = hysin(ax)sin(ay)cos(az) sin(wt), (43)
E.(x,v,2,t) = eysin(ax)cos(ay)cos(az) cos(wt), (44)
E,(x,y,2,t) = eycos(ax)sin(ay)cos(az) cos(wt), (55)
E,(x,y,2,t) = e,cos(ax)cos(ay)sin(az) cos(wt), (46)

Z

EZ;_A _________ L=pi/alfa____ y

Ez v
Puc. 2.

Aerko 3aMeTuTh, YTO HOBBIE PEIICHHA MOMKHO IIOAYYHTL H3
IPEKHUX 3aMeHON obosHavennii E n e ma obosmavenus H u h n
HaoOopoT. IlpuHIummaspHOE OTAMYHE, OYAET COCTOATH B TOM, YTO
BMECTO  MAIHUTHBIX  HAIPSKEHHOCTEH,  BBIXOAAIIHX U3 KyDa
LIEPIEHAUKYAAPHO IPAHAM, HOABATCA DACKTPUYECKHIE HAIPHKECHHOCTH —
cM. puc. 2.

Puc. 1 caeran B IIPEAITOAOKEHHN, UYTO B HEKOTOPHI HAYAABHBIN
MOMEHT BpeMeHN (Pa3el CHHYCOMAAABHBIX (pyHKImil Bpemenu (1, 2, 3)
OBIAM pAaBHBI HYAIO, a )a3bl KOCHHYCOUAAABHBIX (PYHKIHIT BpemeHu (4, 5,
6) u OBIAM pPaBHBI MAKCUMyMy. AAfA 3TOrO MOMEHTA U IIOKa3aHO
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HAIIPABACHHE BEKTOPOB MAIHHUTHBIX HAIIPsSiKEHHOCTEH Ha puc. 1. byaem
HaseBaTh Takoi BIY kak BUY ¢ dasoit ¢ = 0. [1ycrs a10 coorBercByer

HAYaABHOMY 3HAYCHUIO €y > 0.

Puc. 2 caeraH B IIPEAITOAOKEHNH, YTO B HEKOTOPHIA HAYAABHBIH
MOMEHT BpeMeHU (Pa3el CHHYCOMAAABHBIX (pyHKImid Bpemenu (1, 2, 3)
OBIAM PaBHBI MAKCHMYMY, a (Pa3bI KOCHHYCOMAAABHEIX (DYHKITHE BPEMEHH
(4, 5, 6) u ObiAm paBHBI HYAIO. AAA 9TOrO MOMEHTa H IIOKAa3aHO
HAIIPAaBACHHE BEKTOPOB 3ACKTPHYECKUX HAIPAKEHHOCTEH Ha puc. 2.

Byaem nasbBatp Takoit BUY kak BUY ¢ dasont ¢ = m/2. Ilycrs aro

COOTBETCTBYET HAYAABHOMY 3HaueHUIO hy > 0.

Eme werbipe Bapmanta BMY moxbO moAyumTs, npuHHMag B
KAYECTBE MCXOAHBIX AAHHBIX OTPHIIATCABHBIC 3HAYCHUSA €y U My B TOT Ke
caMBIli MOMEHT BpemeHHu. B atom caywuae ma pucynkax 1 m 2 BeKTOPBHI
HATIPAKEHHOCTEH AOAKHBI OBITH HAITPABACHBI B I'PAaHb (4 HE M3 TPAHU
KyOa)

B tabanrie 1 mepeuncaens Bce BapuanTsl BHY.

Tabanma 1
BMY DopmyAsr Aammsre DopmyArr Pucynoxk Hampsxennoctu
a1 En H Aafaenh
1-6 h,=0 |7-11 Puc. 1 H,=0
1 ey >0 Hyy >0
=0
Hecummverpransiit BMY. Bekroper H HamrpaBAeHBI U3 KyOa
1-6 e, =0 |28-32 Puc. 1 Hy,p,>0
2 hy >0
0 =m/2
Cumverprransiit BUY. Bekropsr H manmpasaeHsr u3 kyOa
41-46 e, =0 |7-11 Puc. 2 E,=0
3 hy >0 Exy >0
@ =m/2
Hecummerpransiit BUY. Bexkroper E HapaBaeHsl n3 Kyda
41-46 h,=0 |28-32 Puc. 2 Exyz>0
ex >0
4 9=0
Cummverpransiit BUY. Bekropsr E HanpaBAeHBI u3 KyOa
5 1-6 h,=0 |7-11 Puc. 1 H,=0
e, <0
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o=mn/2 H,, <0
Hecummverpransiii BMY. Bexroper H HanpaBAcHBI B KyO
1-6 e, =0 | 2832 Puc. 1 Hy,p,<0
h, <0
6 (px ~ 0
Cumverprassiii BVY. Bexropsr H HanmpaBAeHEH B Ky0
41-46 e, =0 |7-11 Puc. 2 E,=0
7 h, <0 Exy <O
=0
Hecummverpraasiit BMY. Bekropsr E HanmpaBAcHBI B KyO
41-46 h, =0 |28-32 Puc. 2 Eyy,<0
8 e, <0
¢ =m/2
Cummverpransiit BUY. Bekropsr E HanmpaBAeHs B Ky0

3. Crpykrypa Bakyyma

Paccmorpum teneps muoxkectBo BMY. Kybmaeckas dpopma BMY
IIO3BOASIET  IIPEAIIOAOKHTB, d9TO  MHOxectBo BHMY  obpasyror
HenpepsBHbI 00beM — M. puc. 3. [Ipu atom BUY ¢ dazoit ¢ = 0 u
BUY ¢ op=m / 2  AOAKHBI YEPEAOBATBCA II0 BCEM HAIIPABAECHHUAM
IIPOCTPAHCTBA.

Bosmoskuer pasamansie komOnHanmn BIY.

Moxer OBITB IIPOCTPaHCTBO, 3armoAHeHHOe BUY, coszaarormumu
TOABKO ~MATHUTHBIE HAIPHKEHHOCTH HA IPaHAX HAH  TOABKO
9AEKTPUYIECKHE HAIPAKEHHOCTH Ha TPAHAX.

Moxer OBITH IIPOCTPAHCTBO, 3aII0AHEHHOE TOABKO
cummverpuaabiMua - BUY mam  Ttoapko mHecnmvmerpumuneivu  BIHY. B
ITOCAGAHEM CAyYae B IIPOCTPAHCTBE AOAKHO BOSHUKHYTH HAIIPABACHUE, B
KOTOPOM OTCYTCTBYET KaKaf-AMOO HAIIPHKEHHOCTb B KaAKOM-AHOO
HAIIPABACHHUU. T1aKOH BaKyyM AOAKECH TaK HAH HHAa4Ye IIPOSBHUTH
AHHU30TPOITHBIE CBOMCTBA.

MO#KHO ITPEAITOAOKHTD, UTO IIPHUPOAA UCITOAB3YET BCE BAPUAHTHI U
CYIIIECTBYFOT Pa3HOPOAHBIE IIPOCTPAHCTBA.

Takum o6paszom, kaxxaaa BMY ocraercs aBTOHOMHOM, HO BMecCTe
OHH OOPA3YIOT HEIPEPBIBHEIN OOBEM BaKyyMa.

MozxnO peAToA0KUTD, uTO Bce BUY nmeror oans u ToT xe oObeM
I TOTAQ CYIIECTBYeT EAMHAsg dYacTOoTa Bakyyma. MOXHO —Takxe
IIPEAITIOAOKHTD, YTO CYILECTBYIOT PAa3AMYHBIC OOAACTU IIPOCTPAHCTBA C
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PasAMYIHBIM (HO OOIIMM AASL AAHHOH 00AacTH) oobemom BIY. Toraa stu
00AACTH AOAKHBI IMETH Pa3HbIC YACTOTHI BAKYYMA.

Pd rd

€« S>> e S>>«

> e >> e >

>
>
€

€ > e >> €\ 7

€
€
>

> e S>> e >

A

Puc. 3.

>
<

Kakas-am6o rpamp BIMY moxer okasatbcAd Ha IPAHUIIE IIyCTON
00AACTH IPOCTPaHCTBA. TOrAa Ha IpaHHIE 9TOH OOAACTH BO3HHKHET
HAIPAKEHHOCTh — Ta HAIPMHKEHHOCTb, KOTOpad IIPUCYTCTBYET Ha
ykaszaHHOH rpanu BMY. Takas HapmKeHHOCTb ABAACTCA TOH AAHHOI
HAIIPAKEHHOCTDBIO, KOTOpad (POPMHUPYET CTOAIYIO BOAHY — CM. 3AMEY AHIIE
mocae opmyasr (11). Takum 00pasoM, HAIPHKEHHOCTb HA TIPAHU
HekoToport BMY remepupyer cTofdyro BOAHY B ITyCTOM IIPOCTPAHCTBE U
Tem caMbiM cospaeT HoByro BIY. Takum ciocoo BUY pazmuoskarorcs,
3aITOAHAA BECh BaKyyM. MOKHO ITPEAITOAOKHTD, 4TO Beeaennan BosHukAa
n3 oanon BHMY.




I'aaBa 5. Crpykrypa Bakyyma
4. Dpdexr Kazumupa

PaccmotpuM  mpaByrO  OOKOBYIO — IIOBEPXHOCTb — BaKyyMHOIO
dparmenTa Ha puc. 3. IIpeArrorokuM, 9TO 3T ITOBEPXHOCTH ABAACTCA
rpanureii ooaactu BMY. Ha orkperrerx mosepxuoctax BMY B ux nentpe

ITOKa3aHBI BEKTOPHI HAITPAKEHHOCTEH, BXOAAIIUX M BEIXOAAIIUX UX 9THX
IOBepXHOCTEH. ToAcTasg AMHHA, OrmOaroInas KOHIBI 9THX BEKTOPOB,
YJCAOBHO  H300paKacT BOAHY  HAIPHKEHHOCTEH  HA  OTKPBITHIX
ITOBEPXHOCTAX. DTH HAUPHKEHHOCTH H3MEHAKOTCA CHHYCOHAAABHO BO
BpeMenn. Takum oOpasoM, Ha IIOBEPXHOCTH rpaHuIbl oOAsacta BMY
CYIIIECTBYET CTOAYAA BOAHA HAIIPAKEHHOCTEI.

Ho, raaBrHoe, Ha OTKpHITHX mosepxHocTax BWY mocrodarnO

cyirectByer AaBaeame U — cm. Bemme. Ecam K 2THM IIOBEPXHOCTAM
IIPUMBIKAET HEKOTOPOE TEAO, TO OHO AOAKHO HCIIBITBIBATD 9TO AABACHHE.
Takum 00pasoM, TEAO, HAXOAMAIEECA B BaKyyme, 3armoaHeHHOM BIY,
HCITBITBIBACT AABACHHE Bakyyma cO Bcex ctopoH. Kamaas obaacte BMY
TAKKE CO3AAET AABACHHE Ha COCEAHFOIO 00Aacth. CaepoBaTeapHO, BMY
CTPEMHTCA 3aIIOAHUTH BHYTPEHHHUE IyCTOTHL. MOKHO yTBEPKAATH BCACA
3a ToppruaeAn, 94To «BaKyyM HE TEPIINT ITyCTOTHD.

I'paament aaBaeHmA B criaomtHom maccuse BMY onpeaeaserca mo

dopmyae

= @)

rae U, L - naBaeHne Ha rpassx KyOa M AAHMHA IPAHH KyOa, OIPEACACHHbIC

B [1]. Toraa n3meHeHIE AABACHIS HA HEKOTOPOM PacCTOSHIH A B BakyymMe.

Ap, = g - A. (48)

Vauresag 970,  PACHOAOKHM  ABE  IIAPAAACABHBIE  3EPKAABHBIC

ITOBEPXHOCTH HA MAaAOM PACCTOAHHH APYI' OT Apyra. OHH CHKHMAroTCs

AaBAeHHEM OeckoHedHOro MHOxectBa BHMY  cHapyxu maactue

PAa3ABHTAIOTCA HHUYTOKHBIM AaBAeHmeMm (2) BHyrpennmx BIHY. I,
CAEAOBATEABHO, AaBAcHUE BHermHUX BIY pcoAkHO cOAM3HTD 3epKana.

YurateAp yKe IIOHAA, 9TO CKA3aHHOE €CTh HHUYTO HHOE, KaK
mpeararaemoe oobAcHeHne sdpdexra Kasumup - ABe ImapasAseAbHbIE
3E€pKAABHBIC ITOBEPXHOCTH, PACIOAOKECHHBIC HA MAABIX PACCTOAHUAX B
BAKyyMe€, IIPHTATHBAIOTCA.

B cymecrsyromeii mMoaeAam Bakyyma [2] mpmumbOi  addekra
Kasumupa cuwmrarorca “owuepeenuueckue Koaebarus @usuyeckozo saxyyma us-a
NOCIIOANIN020  PONCOCHUA U UCHESHOBEHUA 6 1HEM  SUPIIYAALHBIX —HACHIUY. . ..
ITpoucxcooum smo 6cnedcmsue mozo, umo 6 npocmparicmee Mexcdy NAGCIHIUHAMY
MOZY2 CY2yecrI606anm M0AbKO CII0AYUE B0HbL, AMNAUNYOA KONIOPBLX Ha NAACHIUHAX
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pasta wyaw. B pesyavmame dasaenue supmyanviwix gomonos usnympu ra ose
10BEPXHOCIIY OKASBIBACNICA MeHbie, YeM 0daerue Ha HUX UusHe, ele posierie
Gomoros nuvem e ocpanudero.” Kpome TOro, npm OOBACHEHHH 3TOTO
adekTa IpU3HAETCA CYIIECTBOBAHNE OTPUIIATEABHOI sHEprHH. [3].

OTH CCBIAKA IIPUBEACHBI AAfA TOIO, 9YTOOBI OTMETHTH SBHOC
IIPOTHBOPEYHE MEKAY IIpeAAaraeMoii u cyrectsyromeii reopuamu (11T u
CT).

B ITT AoxkasbiBaercs, 9TO CYILIECTBYET OOBEMHAS CTOAYAA BOAHA C
OIIPEACACHHBIMU HAIIPIKEHHOCTAMA B y3Aax, a B CT yrBepiaaercs, 9to
AMITAHTYAQ HAIIPSAKEHHOCTEH B y3AaX (HA ITAACTHHAX) pPaBHA HYAFO
(MOKHO AOKa3aTh, YTO IIPHM 3TOM HE BBIIOAHACTCA 3aKOH COXPAHEHUA
SHEPINH).

B ITT Aoka3piBaeTcs, 9TO PEAABHBIEC YACTULIBL 3AIIOAHAIOT BAKYyM, 4
B CT mpeArroraraercs CyIeCTBOBAaHHE BHPTYAABHBIX YACTHII, POKACHIE
KOTOPBIX HIYEM HE OIPAHMYCHO, 4 HCIE3HOBEHUE HITYEM HE OOBACHUMO.

B IIT aokaseBaerTcs, 9TO CYIIECTBYET IIOCTOSIHHOE AABACHUE
Bakyyma Ha TeAa, a B CT mpearrosaraercsa 9To Takoe AABACHHE CO3AAIOT
BOAHBI ~ BHPTYAABHBIX  YACTHIIBI, IIOCTOSHHO  BO3HHKAIOIIHUX U
HICYE3AFOIIINX.

B CT aokaspiBaercs CyIecTBOBAaHHE OTPHUIIATEABHOI SHEPTHH, 4 B
ITT coxpaHfieTcsd yBa)KHTEABHOE OTHOIIECHUE K 3aKOHY COXPaHCHNA
SHEPTHH.

YUuraTeAro IIpeAAAraeTCs BEIOPATh, YTO €My OOABIIIEC HPABUTCH.

Awnreparypa
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I"'AaBa 6. DAeKTpHUYECKU 3aPAA

['AaBa 6. DAEKTPUYIECKUN 3APAA

AHHOTAIUA

Brawaae mokazaHo, 9TO B KOHAEHCATOPE, KOTOPHIA BKAFOYECH
B IICITb IIOCTOSHHOTO TOKA, CYIIECTBYET IOTOK 3AEKTPOMATHUTHOMN
SHEPTHH, KOTOPBIH IIPOAOAKAET IIUPKYAHPOBATH M  IIOCAE
OTKAIOYEHUA OT HCTOYHHUKA IIOCTOAHHOTO HAIIPIKEHUA AQKE TOTA,
KOTAQ YAAACHBI MeTaaAmdeckue oOKaaAku. C yueTom atoro daxra
Aasee 1o aHasorun ¢ BoAHOH-M-wactmreit (BMY) ommcemaerca
noAe-M-gactuma (ITHMY), xotopasd MOxeT OBITh 9ACKTPUYECKUM
3aPAAOM.

OraaBaeHnwne
1. Beeacume
2. Maremarmaeckas MOAEAD 3apsAa
3. Beanannsr 3apaaa u saeprun [1TY

Awreparypa

1. BBeaenue

B [1] mokasano, 9T0 B KOHAEHCATOPE, KOTOPHIH BKAIOYEH B IICITh
IIOCTOSIHHOT'O TOKA, CYILIECTBYET IAEKTPOMATHUTHOE ITOAE U CYILIECTBYIOT
ITOTOKH 3ACKTPOMAarHUTHON sHepruu. [lokazaHo Takike TeopeTmdecku B
[1] m skcrrepuMEHTAABHO B [2], YTO ITOTOK 3AEKTPOMATHHTHOM 3HEPTUN
IIPOAOAKAET ITUPKYAUPOBATH M IIOCAE OTKAIOYEHHA OT HCTOYHHKA
ITOCTOAHHOrO HanpsukeHusA. OH OCTAaeTCAd AaKe TOTAQ, KOTAA YAAAEHEBI
METAAAMYECKHE OOKAAAKH, T.€. DHEPIUA KOHACHCATOPA XPAHUTCA B
AMDIACKTPUKE KOHACHCATOPA AAXKE B OTCYTCTBHH 3aPAAOB. Ta sHeprus,
KOTOpAsA COAEP/KUTCA B KOHACHCATOPE M KOTOPYIO IIPHUHATO CUYUTATDH

3AEKTPHYIECKON ITOTCHITNAABHOM SHEPTHUEH, ABAACTCA SIACKTPOMATHIUTHOMN
SHEPIUEH, XPAHAIIEHCA B KOHACHCATOPE B BUAE CTAIIMOHAPHOIO OTOKA.

B raase 4 ommuceiBaercs Boana-M-gactuma (BMY) kak aaprepHaTuBa
BOAHE-YACTHIIE B KBAHTOBONM MEXaHHUKE, B OTAHYME OT Kotopor BIY
IIPOABAAET CBOICTBA M BOAHBI, U YaCTHUIIBI OAHOBPEMEHHO (a He
IIOIIEPEMEHHO B 3aBHCHUMOCTH OT YCAOBHH, TPAKTYEMBIX B KBAHTOBOI
mexaHuKe). B raase 4 mpearoaaraercs, 9TO peaAbHBIE IAEMEHTAPHBIC
gacTumbl IpeActaBafio codorn BMY. Cama BMY — oro crodwas
9AEKTPOMATHUTHAS BOAHA B OObeMe KyOa, He mMeromas (QHU3MYECKHX
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IPaHHI], HO COXpaHAIOIIad cBoum opMmy, OOBEM, SHEPIHIO, MACCY U
I/IMHyAI)C.

Hrpke paccmarTpuBaeTcsi CTATHYECKOE 9ACKTPOMATHHTHOE IIOAC B
oObeme KyOa, He HMeroIIee (DU3UIECKUX IPAHULL, HO COXPAHAIOIIasA (KaK
BIY) cBou popmy, 00bEM, SHEPIHIO, MACCY U HMITYABC. DTO OKA3bIBACTCA
BO3MO’KHBIM, €CAH IIPHHATH BO BHUMAHIE OTMEYCHHBIN IIEPEA 9THM (PaKT
— CYIIECTBOBAHHUE CTAIIMOHAPHOTO IIOTOKA dIACKTPOMATHUTHON SHEPIUH B

KOHACHCATOPE, OTKAFOYCHHOM OT MCTOYHMKA HATIPAKCHIA.

2. MaTteMaTH4eCKasa MOAEAD 3apsaAa
Paccmorpum ypasnennsa Makcseaaa B cucreme CH:

rot(E) + uZ—H =0, @
rot(H)—e——O (b)
div(E) = 0, (©)
div(H) = 0. %)

Bropoe caaraemoe B (b) HIpHHATO HA3BIBATD IACKTPHYECKHM TOKOM
CMeITICHUSA:

J=¢E. ©
AHAAOTHYHO 9TOMYy BTOPOE CAAaracéMoe B (a) HA30BEM MATHHUTHBIM TOKOM
CMEIIICHUA:
M=uH. (®
BaxxaO OTMETHTH, UTO BEAWYMHBI IIPOHHUIIAEMOCTEH & M [I B
dopmyaax (e) u (f) AA IOCTOAHHBIX TOKOB CMEIIEHUA OTAHIAIOTCH OT TEX
K€ BEAHYHH AASl OOBIYHBIX TOKOB CMEINEHHS IO KpaiHE Mepe IO
pasmepuocT. Hammprumep, pasmepHOCTD € AAf OOBIYHBIX TOKOB CMEILICHHUSA
nMeeT BHA [ceK/OM], a AAfl IIOCTOSHHBIX TOKOB CMEIICHHS HMEET BHA
[1/0om].

IIpu ycroBusx (e) u (f) ypaBHeHus (a, b, ¢, d) mpuHIMAIOT BHA:

rot(E) + M =0, (2
rot(H) —J =0, (h)
div(E) =0, (©)
div(H) = 0. G

EcAn MbI coraacHst ¢ TeM, 9To ypaBHeHHA MaKkCBeAAQ CIIPABEAAUBBL
AASL BCEX IIPOABACHHUI 3ACKTPOMATHETH3MA, TO AASl CTATHYCCKUX ITOACH
CAEAOBAAO OBI TaKKE HCIIOAB30BATH 3TU ypaBHeHwmdA, rac | u M -
IIOCTOSHHBIE JACKTPUYCCKAC M MATHUTHBIC TOKH cMerreHns. OAHAKO
IIPAKTHYECKH AASl CTATHYCCKAX 3aAQ9 HCIIOAB3YIOTCSH TOABKO OTACABHBIC
ypaBHEHHA 13 9TOM cucrembl. Hampumep, B MarHUTOCTATHKE
HCIOAB3yeTCA TOABKO ypaBHeHHE (h). DTO 00BACHUMO, T.K. B OTCYTCTBUU
MArHUTHBIX TOKOB ITOAHASl CHCTEMa CTAHOBUTCSA Hepaspernmoi. Tem He
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I'aaBa 6. DAeKTpHUYECKHIT 3apsAA

MEHEE, MATEMATUYIECKH HE AOMYCTUMO IOAAraTh, YTO PEIICHHE OAHOTO
YVPaBHEHUA M3 CHCTEMBI YPABHECHUM ABAACTCH PEIICHUEM BCEH CHCTEMBI
YPaBHEHU.

[Tostomy aasee MBI OyAEM IIOAQraTh, YTO  CYIIECTBYIOT

IIOCTOAHHBIC BACKTDI/I"ICCKI/IC M MATrHUTHBIC TOKM CMCITTICHIA

WMrak, B paccMaTpUBaeMOM CAy4ae CHCTeMa ypaBHeHHI MakcBeaAa
IMEET CACAYIOITUI BHA!

M oH, 0H, B
dy oz Ex=

2 oH, 0H, B
9z eky =0

3 H H

©) 9 Mg =0
dx dy

@ 0E, OE, B
dy 0z HHy =0

©) JE, OE, (AA)
5z _ox M =0

©) 9E, OE, B
ox dy uh, =0

@ dE, OE, OE,
ox 9y 0z

8 0H, O0H, O0H

©) x  Ofy  OH: _
0x dy 0z

Paccmortpum koHAEHCATOP, HMErOIIHE (popMy KyOa, M peIleHue
CTATUYECKHMX ypaBHEHHII MakcBeAAa B BHAE CACAYIOIINX cpyHKuHﬁ
HAIIPAAKECHHOCTH ACKTPHUIECKOTO M MATHUTHOTO ITOAEH:

H,(x,y,z) = hycos(ax)sin(ay)sin(az), (1)
H,(x,y,z) = hysin(ax)cos(ay)sin(az), 2)
H,(x,y,z) = h,sin(ax)sin(ay)cos(az), (3)
E.(x,y,z) = e,sin(ax)cos(ay)cos(az), 4
E,(x,y,z) = eycos(ax)sin(ay)cos(az), (5)
E,(x,y,2) = e,cos(ax)cos(ay)sin(az), (6)
TAC €y, €y,€5, Ny, Ny, h, - TOCTOAHHBIE aMIAHTYAB! DyHKIMEH, & -

koucrauTa. [Ipu atom Audpdepennupys (1-6) u moAcTaBAAA TOAYIECHHOE
B ypaBHeHHA MaKkcBeAAa aHAAOIMYHO [3] ITOCAE COKpaIleHus Ha OOIue
MHOKUTEAH, IIOAVIAEM:
1 h,B—hyy +ee=0 ||
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2. hyy —h,a +e,e =0
3. hya —h,p+e,e=0
4. e — eyy — hyu =0 ®)
5. exy —e;a—h,u=0
6. eya—eff —h,u=0
7. exa+e,f+ey=0
8. hya + hyf + h,y =0
byaem nckatp perreHne mpu CACAYIOIIIX YCAOBHAX:
a=p=y, %
h, = 0. ®)
Toraa Tabaura (B) ompumer BuA:
1. —hya+ee=0
2. hya +e,e =0
3. hya —hya+e,e =0
4. e,a —e,a —h,u =0 ©
5. exa —e;a—hy,u=0
6. eya —e,a =0
7. exat+e,a+e,a=0
8. hya + hya =0

MoO#KHO 3aMETHTB, YTO PEIIEHUE STOW CUCTEMBI YPABHEHUIT IMEET BHA!

hy = —hy, (9)

ey = €y, (10

e, = —2ey, (11)

h, = gex, (11a)

hy = %ex. (118)
M3z (11a, 11B) HaxoAnM:

a==% (12)

3
Wrak, pemenme mmeer BuA ypasHenui (12, 7-11, 11a). Bcee

HAIIPAKEHHOCTH MOIYT OBITh OIPEACACHBI IPU AAHHOM €. DTHMU
YPaBHEHHIAMHE OIIHCBIBACTCA CTATHYECKOE ITOAE, CYIIIECTBYIOIIEE B OObEME
Ky0a, peOpo KOTOPOTO HUMEET AAUHY

L=m/a. (13)
[TAOTHOCTD 9AEKTPOMATHUTHON 9HEPIUH 3TOH BOAHBI OIIPEACASETCA KAK
W = eE* + uH?, (14)

IIPUTYCM B 3TOU BOAHE BBIITOAHACTCS ycAoBHE
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2 2
U =e|E*| = u|H| (15)
[ToAnast 5A€KTPOMATHUTHAS SHEPIUA IIOAS B KyOe
W,=U"L3 (16)

ITaoTHOCTH TOTOKOB SHCPFI/II/I II0 KOOPAMHATaM OIIPCACAAROTCA IIO

dopmyae
S, T[EyH,-E,H,

S=|Sy|=|E,Hy—E,H,| an
S, E.H, — E,H,
Pacemorpum dopmyay
EyH, —EH,
EzH, —EzH,| =0 (172)
BiHy —
3ameTum, 9TO
cos(ax)=cos (a g) = cos (a %) = 0. (17b)

CAeAOBaTEABHO, HAIIPIKEHHOCTD, Y KOTOPOI B OIPEACACHHH (DYHKIIHIHA
(1-6) BcTpedaeTca KOCHHYC HEKOTOPOH KOOPAWMHATBL, HA TIpaHH,
IIEPIIEHAUKYAAPHOM 9TOM KOOPAMHATE, IPHHUMAET HyA€BOe 3HaYeHue. B
dopmyae (17a) 3a94epKHYTH Te HAIPMKEHHOCTH, Y KOTOPBIX BCTPEYACTCA
KOCHHYC COOTBETCTBYIOIIEH KOOPAMHATHL BHAHO, 9TO KOMIIOHEHTHI B
aroit dopmyae paBHbl HyAIO. CAGAOBATEABHO, Ha BCEX IPaHAX KyOa
BBITIOAHAFOTCA YCAOBHA BUAQ

E,H,-E,H,
E,H,—E,H,| =0, (18)
ExH,-E,H,

T.c. KyO HE M3Ay4YaeT SHEPIHIO.

Ha  xaxaoif  rpaHm  KyOa  CYIIECTBYET  9ACKTpPHYCCKAA
HAIIPAKEHHOCTb, BEKTOP KOTOPOM IEPIICHAUKYAAPECH OTOM IPaHM.
Harnpumep, Ha rpaHu, IIEPIEHAUKYAAPHOM OCH OX, BEKTOpP (4) mpuHIMAaeT
3HAYCHUE

E, = sin(ax)=sin (a%) = sin (a%) =1, (19)

- oM. Takxe (13). Mrak, TOTOK 3HEprum HE BEIXOAUT U3 3TOH I'PaHH, HO

CYIIECTBYET JACKTPHUYECKAs HAIIPSKEHHOCTD, ITEPIEHAUKYAAPHAA 3TOH

rpaHd. AHAAOTHYHEIN BEIBOA MOYKHO CACAATh OTHOCHTEABHO OCTAABHBIX
rpaHeii kyoa.

Ha puc. 1 moxasaHsl 3AeKTpHYECKIE HAIPAKEHHOCTH, BEIXOAAIITIE

n3 rpaHeil kyoa. Ha rpaHix ¢ oTpHIIaTeABHBIM 3HAYEHHEM KOOPAHMHATE!
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HaHpH)KCHHOCTI/I HaHpaBACHI)I B OTpI/IL[aTCAI)HyI-O CTOpOHy, T.K. HpI/I 3TOM
sin(ax)=-1.

yA

EZ;_A _________ L=pi/alfa____ y

Ez
Puc. 1.

ITocmoTrpum Ha aToT pucyHOK. [lepea mamm KyOH9eCKuit 3apsA, Ha
BCEX rpanfx KoToporo umMeeTcs 9ACKTpHIECKas HAIIPSKEHHOCTD OAHOIO
u toro xe 3Haka. CAGAOBATEABHO, B AAHHOM KyOHYECKOM OOBEMe
SAEKTPOMATHHTHOIO IHOASl XPAaHUTHCA IACKTPHYECKUI 3apAA. DTOT 3aPAA
MOXKET HMETh AIOOOH 3HaK. LEcCAM  BEKTOPBI  3ACKTPHYECKOMN
HAIIPSDKEHHOCTH ~ HAIIPABAGHBI BO BHE KyDa, TO 3apsAA  ABAACTCA
ITIOAOKHTEABHBIM, ECAU BHYTPb KyOa — TO 3aPAA ABAACTCA OTPULIATCABHBIM.

B raxom 3apsae ectp MHOrO 0011Ier0 € BoAHON-M-gactureit. Ox He
IMEET KAKHX-AHOO TIpaHUIl - (DHU3UIECKUX HAH OOPA30BAHHBIX
HEOAHOPOAHOCTBIO CPEABL. Y HEro TaKKe €CThb SHEPIHs, BHYTPECHHHIT
IIOTOK 3AEKTPOMATHUTHON 3HEPIHH (HE BBIXOAAIIUN HAPYKY) H, Kak
CAEGACTBHE CYILIECTBOBAHUSA 3TOIO IIOTOKA, UMIIYABC H MACCA.

B aaapmetimem OyaeM HaseBaTh €ro mosem-M-wactumeit - [1MY

(field-AND-particle FAP).
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3. Beanunnsl 3apaaa u saepruu ITHY

Haitaem  CPEAHIOIO  JACKTPHUYECKYIO — HANPAKEHHOCTH — HA
nosepxnoctn  IIMY w3 (10, 11) ¢ yderom HepaBHOMEPHOrO
PaCIpeACACHNA HAITPSAAKEHHOCTH 110 IPAHM:

E= (ey +e, + ez)/3 R ey. (20)

Aas onpeaeaenus sapsasa [TNY npeacraBum ero mpuOAMKEHHO IIAPOM C
aumamerpom (13) m Bocmoapdyemca (HOPMYAONH HAIPMKEHHOCTH HA
ITOBEPXHOCTH IIIAPOBOIO 3aPAAA

_ q
E= 4TTE T2 @h
uawn, ¢ yaerom (20, 13) u Toro, wror = L/2,
2
q = 4me, (%) E =mn3¢g e, /a’. (22)

Takum oOpasom, pasMepoM KyOa M HAIIPHKEHHOCTBIO Ha IPAaHAX KyOa
OIIPEACAATCA BEAIHHA 3aPAAA.

®opwmyaa (12) omnpeaeaser pasmep kyoa. Ecan mponuiaemoctu € u

[ AAfL IOCTOAHHBIX TOKOB CMEILCHUA UMEIOT TY 7K€ BEAHYHHY, 9TO H AAA
OOBIMHBIX TOKOB CMEIIEHUS, TO

a=c?/3. (22a)

MHOxKeCTBO 3apAAOB OOPA3yIOT HEKOTOPBIH OOBEMHBIH 3apsA.

LleAOCTHOCTE OOBEMHOIO 3apsfra OOECIIEYMBACTCA CHAAMHU, KOTOPBIE
IIOAPOOHO PaCCMOTPEHEL B [4].

[ToAHast 5AEKTPOMATHHTHAS S9HEPTHA ITOAA B KyO€ BEITHCAACTCSA IIPH
H3BECTHEIX €y, ( IOCAEAOBAaTEABHO 11O hopmyaam (7-11, 1-6, 14, 15, 13,
16). Takum obpasom, saekrpomarantHas sueprus [TMY-3apsasa sBasercs
yHKIHEH OT €y, . 3amuieM s10T (PaKT B BUAC

Wo = fwi(ex, a). (23)
Beanunna 3apsaa taxixe ABasercs (DYHKIIUEH OT €y, @, 9TO CACAYET U3
(22). CaepoBaTEABHO,

Wo = fun(@). (24)
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I'aaBa 7. CraTHdaecKoe d9AEKTPUYIECKOE TIOAE

I'aaBa 7. Cratugeckoe 9AEKTPUIECKOE
ITOAE

AHHOTALIUA

Brawaae mokazaHo, 9TO B KOHAEHCATOPE, KOTOPHIA BKAFOYECH
B IIEIIb ITOCTOAHHOIO TOKA, CYIIECTBYET ITOTOK 3AEKTPOMAIHUTHOM
SHEPTHH, KOTOPBIH IIPOAOAKAET IIUPKYAHPOBATH H  IIOCAE
OTKAFOYEHHA OT HCTOYHHUKA TIOCTOAHHOTO HAITPSAAKCHUA AQZKE TOTA,
KOTAQ YAAACHBI MeTaaAmdeckue oOKaaAku. C yueTom atoro daxra
Aasee 1o aHaAormm ¢ BOAHOM-M-uactumeit (BMY) ornmcemsaercs
noAe-M-gactuma (ITHMY), xotopasd MOxeT OBITh 9ACKTPUYECKUM
3aPAAOM HAM ACPKATEAEM CTATHYECKOIO ITOAA

Oraasaenne
1. Crpyxrypa CTaTHIECKOTO SAEKTPHYECKOTO ITOAA
2. [TosBACHHE CTATHIECKOTO 9ACKTPHUIECKOTO IIOAS
3. 3axkon Kyaona
4. PaboTa 9AEKTPHIECKOTO ITOAA
Awreparypa

1. CrpykTypa CTATHYECKOIO 3AEKTPHUIECKOIO

II0OAA

B raase 4 ommuceBaercs Boana-k-gactuma (BMY) kak aapTepraTnBa
BOAHE-YACTHIIE B KBAHTOBOH MEXaHHKe, B OoTAHmYHEe OT KoTopon BIY
IIPOABASIET CBOMCTBA M BOAHBL, M YACTHIIBI OAHOBPEMEHHO (a He
IIOIIEPEMEHHO B 3aBUCHUMOCTH OT YCAOBHH, TPAKTYEMBIX B KBaHTOBOI
MexaHnke). B raase 4 mpeamoaaraercs, 9TO peaAbHBIE IAEMEHTAPHBIC
gactunbsl mpeAactaBafio coborr BMY. Cama BHY — oro crosgas
9AEKTPOMATHUTHAA BOAHA B OOBEME KyOa, HE HMEFOINAA (PH3MICCKUX
IPaHUIl, HO COXPAHAIOIIAA CBOM (POpPMY, OOBEM, SHEPIHIO, MACCy U
VIMITy ABC.

B gacraocTH, dhoTton — ato BMY. Ilepemennoe aaekTpoMarHuTHOE
moAe mepeHocurcss (oToHaMu. AASl CTATHYECKOIO IIOAS HE HAMAEHO
PEAABHBIX YACTHI-HOCHTEACH (MAM «AEpKATEAEH») 3TOro IoAd. B
KBAHTOBOM MEXaHHUKE 9THM IIEAAM CAYKUT BUPTYAABHBINA (DOTOH.

Ho, ecAn MBI XOTHM 3aKPBITH BCE BOIIPOCH PEAABHBIMHI YaCTUIIAMH,
TO HeO0OX0AMMO OOHapyxuTh (kpome BHMY) AepixaTeAb CTATHYECKOTO
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I'aaBa 7. CraTHdaecKoe d9AEKTPHUYECKOE TIOAE

moad. Kpome toro, BUU He MOxKeT OBITH IACKTPHUECKHM 3aPSAOM,
ITOCKOABKY B HEM HYABCHPYET IIEPEMEHHAA JACKTPOMATHUTHAA BOAHA.
O6e a1n pyHKINHT — DYHKIIUN 9ACKTPUIECKOTO 3aPAAA U CTATHIECKOTO
3AEKTPHIECKOTO ITOASA BBITTOAHSAET 1ToAe-V-gactuma — [THY.

B raaBe 6 omwmceBaercs moae-M-uacrtmma — 1Y, kak
aAeKTpryeckni 3apaA. B atom kadecrse ITMY mokeT BXOAHTH B COCTAB
gacTuIl. MOXHO IIPEAIIOAOKHTH, YTO B COCTAB 3ACKTPOHA M IIPOTOHA
Bxoaut ITHU-3apsa.

Ho I'THNY mozxkeT cyImecTBoBaTh CAMOCTOATEABHO KAaK ABTOHOMHBIN
ITHUY - AITHY. IIpocrpancrso, 3atoaneHHOE MHOxkecTBOM [THMY, Kak
MHOKECTBOM ~ PAa3pO3HEHHBIX  JACKTPUYCCKHX  3aPAAOB, OOpasyror
cratageckoe saekTpudeckoe moae. Taxkue ITHMY orraskmarorcs Apyr or
APYyTa, Kak OAHOHMMEHHBIE 3apAABL. UTO K€ MEIIaeT MM Pa3AETEeTbCA B
OeckoneaHOCTB? TyT HaAO BcrmomuHTh, ¥TO [TMY — 310 Macca. Maccst
npuraruBarorca.  CAGAOBATEABPHO,  CYIIECTBYET — Takas  IPAHNIA
3AEKTPHUYECKOTO IIOAA, TAe mHpu AaHHON maotHOoctH [IMY cmasr mx
SAEKTPHUYECKOIO OTTAAKUBAHUA U I'PABUTAIIMOHHOIO IIPUTAKEHUA PABHEL

[TocTOpOHHMIT  9AGKTPHUYECKUI  3apAA, IIONABIINI B TaKOE
IAEKTPUYECKOE IIOAE, OYAET BBITAAKHBATBCA 3aPAAAMH IIOASl B Ty HAH
HHYIO CTOPOHY B 3aBHCHMOCTH OT 3HaKa ITOAfl M 3HAKA ITOCTOPOHHETO
3apsAAa.

[TocroponHnii 3apfA — dYacTuia, OOAEE KPYIIHAA, YeM 3apiA —
gactura - aBTOHOMHBIA [IMY moas. [lpn coBrmaseHmm 3HAKOB HOAA U
3apsAAa, OTTaAkmBaercss oT MHoxkectBa [IMY m aABmxerca B cropoHy
OCAADACHHOTO ITOAS.

IIpr mpOTHBOIIOAOKHOCTH 3HAKOB ITOAA U 3aPAAQ, 3APAA ABHKETCH
B CTOPOHY ycHAEHHOTO 110A4. [Ipu saTom on «oTrarmsaerca» ot Tex 11FY-
3apAAOB, €  KOTOPBIMH  COCAMHHACA  CHAAMH  IIPUTSKEHUA
IIPOTUBOIIOAOKHBIX 3aPSAAOB, B CTOPOHY OOAEE IIAOTHOTO PACIIOAOKCHIIS
[TNY-3apaaos.

[Ipu ABMAKEHHH CKBO3b COIPOTHBASIOIIEECH 3TOMY ABHAKCHHIO
IIOA€  3aPSAAOB, IIOCTOPOHHHUM  3apfA, KOHEYHO, MEHAET  HX
B3aMOIIOAOKEHHE, HO ITOTOM 3apAABI ITOAA BO3BPAIAFOTCA B CBOE
PaBHOBECHOE COCTOAHHE — TO cocTosHHEe, B koTtopom [IMY,
PACIIPEAEACHBI, KAK OTTAAKHBAIOIITHECH dACKTpIIecKue 3apAABL [losTomy
MOKHO VTBEP/KAATh, UYTO ITOTEHIINAABHASA S3HEPTUA IIOCTOPOHHETO 3apPAAd
- 9TO AOIIOAHUTEABHAS SHEPIHA 3AECKTPHYECKOIO ITOAfA, HCKAKEHHOIO
IIPUCYTCTBHEM IIOCTOPOHHEIO 3apfAa M CTPEMAINEroca IIepedTH B
HOPMaABHOE COCTOAHHE.
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2. IloaBAaeHHME CTATHYECKOIO SAEKTPUIECKOIO

II0OAA

Kak  ykaselBaAOCh, IEPEMEHHOE  SACKTPOMATHHUTHOE  IIOAE
epeHOCHTCA POTOHAMH, 4 AASl CTATHYECKOTO ITOAA HE HAACHO YaCTHII -
«aepaKaTeein» atoro moas. M aro, kazasocs ObI, He co3paer mpodbaem. Ho
B OOIIEl KapTUHE SACKTPOMATHHTHBIX HOAEH OTCYTCTBHE TAKHX YACTHI
HAPYIIIAET COBEPIIEHCTBO 3TOM KapTHHEL [1VIY 3aBeprraer a1y kKapTHHYy.

SlcHO, YTO CTaTHyYeckoe IIOA€ IHOABAACTCA IIPU IPEKPAIIECHUN
BO3MYILICHUSA IIEPEMEHHOTO 9AEKTPOMATHUTHOIO ITOASL.
DAEKTPOMATHUTHOE IIOA€ — OACKTPOMATHHTHAA BOAHA «3aMHpPACT
(freezes)». B sTOM coCTOAHHE OHa AOAXKHA IIPEBPATHTBCA B CTOSYYIO
BOAHY, 2 (DOTOHBI AOAKHEI IIPEBPATUTHCA B ITOKOAIIyIocA dactuiry. Ho,
BO-IIEPBBIX, MBI HAOAIOAAEM TOABKO IACKTPHYIECKOE ITOAE HAU TOABKO
MAarHUTHOE IIOAE, 4, BO-BTOPEIX, MBI HE BUAUM KaKUX-AHOO gacTuil. Kpome
TOTO, AEKTPOMATHHUTHAA BOAHA HE MOXKET «3aMEPETH» CPa3y BO BCEM
CBOEM OO'BEME H IIPEBPATUTHCA B CTOAIYIO BOAHY THIAHTCKOTO OObeMa.

I[INY — s10, BO3MOXKHO, TO, BO 4TO IIpeBparmaercad (POTOH, KOTAd
BOAHA IIpeBparmaercs B moae. [lporecc mpespareHns IepeMEHHOIO
SAEKTPOMATHUTHOIO TOAfl B CTATHYECKOE IIOAE, TaKKe, KaK M IIPOIIECC
HCYE3HOBEHHUA CTATHYECKOIO IIOAf, HE PacCMaTPUBAIOTCA (IIPOCTO
IIOTOMY, YTO aBTOPY HEYETO CKA3aTh Ha 9Ty TEMY).

MoOKHO HPEACTaBUTD ceOe TAKYIO KapTUHY. 3apAA ABIKETCA U IIPU
9TOM OT HEro (U3-IIOA KOAEC) pasAeraerTcsi (POTOHHAS IIBIAB, KOTOPAS
ACTHT (CO CKOPOCTBIO CBETA) AO TEX IIOP, ITOKA 3aPAA IIeBeAUTCA. A TTOoCcAe
9TOTO OCEAACT TaM, KyAa IIPUAETEAA, U IIPEBPAIIACTCHA B HEIIOABIKHYIO
eiAb. Kaskaprit poron (BMY) npesparnaercs 8 mermoaBrxasid [THY. Aas
sroro B kyOoe BHY saexrpoMarHuTHAas BOAHA AOAKHA IIEPECTATH
IIyABCHPOBATh BO BPEMEHH M «3AaCTBITB» B HEKOTOPOM ITOAOKCHHL.
OAH2KO H B 9TOM IIOAOKEHHH IIOTOK SHEPTHH, IIOCTOAHHBIH IIO
BEAMYNHE, IIPOAOAKACT ABIKCHHUE T10 3AMKHYTOH TPAEKTOPHU.

3. 3akou Kyaona

B mamreit wmHTEpHperamum 3AEKTPOCTATHYECKOE IIOAE — 3TO
MHOKECTBO OAHOMMEHHBIX 9ACKTPHYECKUX 3aPAAOB, PACIIPEACAUBIITIXCA
B IIPOCTPAHCTBE CHAAMH B3aHMHOIO OTTAAKHBAHHA B COOTBETCTBHH C
3akoHOM KyAoHa.

Ecan wmspectHa maoTHOCTL pacupescAeHus 3apsaos TIHY, To
MOKET OBITh HAMACHO PACIPEACACHHUE HAIPAKECHHOCTH IAEKTPHIECKOIO
roAd, cozpanaoro srumu [TMY. Mosker ObITh pertieHa 1 0OpaTHas 3aAa49a
— ompeaeseHne nAotHoOcTH pacupeaeseHnd [IMY mpm mssectHOM
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PACIIPEACACHUN  HANPAKEHHOCTH — JAEKTpUYEcKOoro 1moAd.  Moxno
ITO9TOMY YTBEP/KAATE, ITO €CTECTBEHHAA IIAOTHOCTD pactipeaeacHus [THY
COOTBETCTBYET  €CTECTBEHHOMY  PACHPEACACHUIO  HAIIPSKECHHOCTH
3AEKTPHYECKOTO IIOAf, T.€. OIIpeAeadeTcd 3akoHoM KyaoHa.

OdeBHUAHO, B3aUMOACHCTBHE 3apsAAa 1 ¢ 3apAAOM 2 3KBUBAAEHTHO
B3aHMOACHCTBHIO 3apfiaa 1 C JAEKTPHYECKHM IIOAEM 3apApsa 2.
CAeAOBATEABHO, TI0AE, CO3AaHHOEe MHOKecTBOM [ TMY mmoa Bo3aericTBIEM
3apsAAa 2, ABAACTCA CPEAOH, KOTOpas co3aaeT cuabl KyaoHa, AelicTByIOIIIIE
Ha 3apfAA 1. ApyruMu cAoBamu, 9AEKTPUUECKOE ITOA€, KAK MHOY>KECTBO
ITHY - 510 Ta cpeaa, KoTopaa peasnsyer 3axoH Kyasona.

DTO O3HAYACT, YTO BCE B3AUMOACHCTBHA (BKAIOYAA PACCMOTPEHHBIC
BBIIIIE) MCEKAY 9ACKTPUYCCKUME 3aPAAAMH BBIIOAHAIOTCA MHOMKECTBOM
IT1Y. Aas oObAcHeHns a1ux B3aumoAerictsuit HE tpebyerca mpuBaekars
IIPEACTABACHHE O AAABHOACHCTBHH.

Caeayer OTMETHTH B CBA3H C O9THM, 9YTO TIPaBHTALIMNOHHOE
B3aHMOACHCTBHAE ITOAOOHO KYAOHOBCKOMY M AAf HEIO MOKHO HANTH
AHAAOTMYHOE OOBACHEHUE.

4. PaboTa 3A€KTPUIECKOIO IIOAA

Pabora, coseprraemas [THY, moxker OBITh COBEPIIIEHA UM TOABKO 32
CYET IOTEPH YaCTU CBOEH sHepruu. MoKHO, KOHEUHO, YTBEPKAATD, UTO
OHA OYAET BO3BpAIIICHA APYIMMH IIPOIIECCAMH, HO, IO KpalHEH Mepe,
HexkoTopoe Bpems sHeprus [TMY Oyaer oramgaThcsa OT HEPBOHAYAABHOM.
Wrax, ora sHEeprus U3MEHACTCA IIPU COBepIeHn: padOThL. OTCIOAd U U3
(6.24) caeayer, 9TO IpU COBEPILICHHH PAOOTHL 3aPAA YMEHBIIIAET CBOIO
BEAHYHHY, 2 U3 (6.22) CACAYET, YTO IIPH 3TOM H3MEHACTCA €r0 pa3Mep U
HAIIPSUKEHHOCTh HA TIPaHAX. B KOHIlE KOHIIOB mIpH M3pacXOAOBAHHHI
rocaeAHero kBanTa sHeprun [ 1Y ncuesaer.

Bosmoen wm mpormsomosoxmei  mponecc.  ITMY  mowmxer
BO3HHUKHYTb Ha rpaHuiie Apyroro IIMY, koTopsiii nmpu a1OM HOTEpAET
4gacTh cBoer sHeprum. 1Y moxkeT yBeANYHNTH CBOIO SHEPIHIO 32 CYET
COBEPILICHHOHN HAA HUM PabOTHL.

Wrax, [TMY, kax 5AeMEHT ITOAf, MOMKET BBIITIOAHATH PaOOTy M HaA
HIM MOJKET BBIIOAHATBCA padorta. Ilpm atom ero pasmep MoOKer
U3MEHATBCA B Ty HAW nHyRO cropoHy. [IMY moxer BO3SHHKHYTH H
HCYE3HYTb.

ITNY-3apaa BsaumoaetictByer ¢ Apyrumu I1MY-3apsasamn gepes
CO3AAHHOE MM 9ACKTPUYECKOE ITOAE, T.¢. gepe3 AITHMY — saeMeHTEI TTOASL.
NMmenno AITMY B KOHIIE KOHIIOB TEPAIOT 3HEPIHIO (M, MOXKET OBITB,
nc4e3aror) npu BeimtoAHeHnu padborer [THMY-3apsasamm.
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[TocrosuctBo Beamuunsr [1MY-3apsaA0B B cocTaBe 3AEKTPOHOB H
IIPOTOHOB CBHAETEABCTBYET O TOM, YTO HMEHHO JAEKTPHYECKOE
IIOAC AOCTaBAfIET OSHEPIHIO AAA BbIIOAHeHHsA padotsr [TMY-
3apAAOB.

OTcroaa  CAGAyeT, 9YTO Y  DSAEKTPHYECKOrO  3apsAAa  HET
ITOTEHITHAABHOI 9HEPIHH (TAKAKE, KAK €€ HET Y KOHACHCATOPA — CM. HAYAAO
I'AaBHI 6).

OTcroaa CAEAYET, YTO 3IACKTPHYECKOE IIOAE MOKET COBEpPIIATH
paboOTy HAA DACKTPHYECKHM 3apAAOM. BEcAum sAekTpudeckas sHEprus
3apAAd IPeoOpasyeTcss B MEXAHHYECKYIO JHEPIHIO, TO IACKTPHYECKOE
IIOA€ TePAET SHEPIUIO, IIEPEAAHHYIO dAEKTpHaecKoMy 3apsAAy. Ho 3akon
COXPAHEHNA YHEPIUY U HE TPEOYET COXPAHECHIA 9HEPIHH KAKAOTO BHAA.

Awnreparypa
1. Xmeapnuk C.JM. O npupoae sAEKTPUIECKOrO 3apAAa U
CTATHYECKOTO SAEKTPHUYECKOIO IOAfA, AOKAAABI HE3aBHCHUMBIX

aBropos, ISSN 2225-6717, Ne51, crp. 44, 2020,
https://zenodo.org/record /4244299
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['AaBa 8. DAEKTPUYIECKUN TOK

B raase 6 moxasamo, uro cymectsyror [IMY — aBromomHBIE
SAEKTPHYECKIE 3APAABL.

[IprHATO CYUTATH, YTO SIAEKTPOIHEPIUA EPEHOCHTCSA (11O KparHEH
Mepe, B TEXHHYECKUX YCTPOMCTBAX) SAEKTPUYECKHM TOKOM — ITOTOKOM
3AEKTPOHOB. DTOT ITIOTOK IIPEACTABAACT COOOM YIIOPAAOYEHHOE B CPEAHEM
ABITKEHHE 3AEKTPOHOB B OIPEACACHHOM HAIIPABACHHUH, T.€. B CPEAHEM
oun HE Bosppamarorcs k TeM aromMaMm, KOTOPBIE IOKHHYAU IIEPEA
HAYaAOM ABHKEHHSA (ECAH PEdb HMAET O ITOCTOAHHOM TOKe). Kak momxker
CYIIIECTBOBATEH BEIIECTBO ITPOBOAHHKA, B KOTOPOM ATOMBI M MOACKYABI
ABASFOTCA HEITOAHOIIEHHBIMH C T.3. XUMHHN (XOTA OBI HEKOTOPOE BpeMmH)?
Kaxk BeaeT cebs TaKOe BEIIECTBO B CAOKHBIX OPraHU3Max, TAE IIOCTOAHHO
IIPOTEKAIOT OAHOHAIIPABACHHBIC TOKH? | A¢ HAKAIIANBAIOTCA «yOCHKABIIIIE»
SAGKTPOHBEI IIPH OTKAIOYEHHH TOKA M KaK OHH BO3BPAIIAIOTCA B
«yIIEPOHBIE» ATOMBI?

[ToToK  5AGKTPOMATHUTHOII ~ 9HEPIUHM  MOKET  IEPEHOCHTCH
SAEKTPOMATHUTHBIMH BOAHAMH B IIPOCTPAHCTBE, B Ayde Aa3epa, B
AMAEKTPHEE. .. B aTOM IIepenoce saexTponsr He yuacTByroT. YacTo Takoit
IIEPEHOC TOKE HA3BIBAOT TOKOM — TOKOM cMerrenus. Ho Taxxe gacro Tok
CMEIICHNA PACCMATPHBACTCA KaK HIYEM HEOOOCHOBAHHOE HM300peTeHne
Makxkcseaaa. ..

Bo MHOrmX cAyuagx IIPOXOAHTCA ITOAATaTh, YTO KOAHYECTBO
CBOOOAHBIX 9AEKTPOHOB HHUYEM HE OTPAHHYEHO U HX BCETAQ, B AIOOOH
MOMEHT H B AIOOOM MECTE CTOABKO, CKOABKO HyxkHO. Hampumep,
9AEKTPOHOB B ODAAKE BCErAa HEMEPAHO MHOrO. M3 Kakux aTOMOB OHH
BEICKaKnBaroT? Heyixean u3 BOABI?

B saexrporexHHKE INMHPOKO M3BECTHBI HMIIYABCHBIE CXEMEI, B
KOTOPBIX TOKH HM3MEHAIOT 3HAYHTEABHO HM3MEHAIOT CBOIO BEAHYMHY 32
MAaABIH MHTEPBAA BpeMeHH. EcAn cBOOOAHBIE 9ACKTPOHBI ABIKYTCA (KaK
roAararot, co ckopoctero 0.001nm/ cex), To Kak OHH yCIIEBatOT COOPATHCS B
MOIIIHEII BBICOKOYACTOTHBI HMIYABC? HCAM IpOMasHOE KOAMYIECTBO
9AEKTPOHOB BHOBb OCBOOOAHUCH OT ATOMHBIX CBfI3€H B AAHHOM MECTE, TO
YTO IIPOU3OIIAO C METAAAOM ITIPOBOAHHKA?

C yderom 3THX 3aMEYAHHUI IIPEACTABAACTCHA ILIEACCOOOPAZHBIM
IIPEATIOAOKHTE, ITO

® IIOTOK SAEKTPOMATHHTHOI 9HEPIUU BCETAA IIEPEHOCHUTCA AUDO

doronamu, ando [TMY-3apasamu;
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® ABHMKCHHC SACKTPOHOB B ITPOBOAHHKE — 3TO HE SACKTpI/I"ICCKI/Iﬁ
TOK, A TCITAOBOC ABMKCHIC SACKTPOHOB, BBIZBAHHOC ABMXKCHUEM

[TY-3apsasos;

® 35TO ABHIKEHHE SACKTPOHOB BBI3BIBACT AOHOAHHTCAI)HI)IEI pacon

IIOTOKA SHEPIUM Yepe3 IPOBOAHUK», KOTOPBIH IIPH 3TOM
ABASICTCA HE IIPOBOAHIKOM, 2 TOPMO3OM;

® ACHCTBUTEABHAA POAb «IIPOBOAHHKA» COCTOHT B TOM, YTO OH
CO3A2ET KaHAA AAfl IIPOXOKAEHHUA ITOTOKA 3AEKTPOMATHHUTHON
SHEPTHH; ITOCACAHHI PACIPOCTPAHACTCA HMEHHO BHYTPH
IIPOBOA2, 2 HE CHAPYXKH (Y4TO IIOKa3aHO B TAaBe 1); TakmM
00pPa3oM, POAB IIPOBOAA CXOKa C POABIO Aa3epa.

PaccmoTprM errie TOk B CBEPXIPOBOAHUIKE

OrAmdne CBEpXIIPOBOAHHKA OT OOBIYHOIO IIPOBOAHHKA COCTOHUT B
TOM, dYTO B CBepxXmpoBoaHuKe ABwokvirmecs [TMY-3apsapr  He
B3aMOAEHCTBYET C ACKTPOHAMHU U IIOITOMY HE PACXOAYIOT 3HEPIUIO
SAEKTPUYECKOTO  TOKAa  (IPHYMHY  9TOTO  OTAMYHA  MaTepHaAl
CBEPXIIPOBOAHHKA OT MeTaAAa fA He 3Haro). Irak, cyimecrsoBanme

CVIICPIIPOBOAHHUKOB IIpu AFODOU TeMIICPA (¢ ABAACTCA

OKCIIEPUMEHTAABHBIM AOKA3aTEABCTBOM TOIO, YTO 9ACKTPUYCCKUN TOK
MozKeT ObITh TokoM [THY-3apsaos.

Oaexrpuvecknii  Tok [1MY-3apAsoB — 3TO IOCTOAHHBIN TOK
CMEIIEHUSA, HE CO3AAFOIINIT TEIAOBBIX IIOTEPD (TAKIKE, KAK U IIEPEMEHHBII
TOK CMEIIEHNA B KOHACHCATOPE). DTOT TOK CMEIIIEHHUA BCETAA OBIA F'AAKIM
VICHKOM 9ACKTpOAMHAMHKH. Hactaano Bpemsa pasrasaers B HEM
IIPEKPACHOTO ACOCAAL.

Cymecrsyer erre OAUH 5KCIIEPUMEHTAABHBINA daxr,
AOKA3BIBAIOIIHUH (KAaK IIPUHATO CYNTATH) MPUHIIUIINAABHOE OTAHYNE
CBEPXIIPOBOAHHKA OT OOBIYHOTO IpoBOAHHKA — addpexr MelticuHepa.
Aanee OyaeT AOKa3aHO, 9TO 3TOT 3(PEKT — CACACTBHE DOABIIIIX TOKOB, 4
He crienuUKI MaTepUaAQ.

Tem He MeHee, CYIIECTBYET, KOHEYHO, MU TOK 3IAEKTPOHOB,
HAIIPEMEP, B 9ACKIPOHHO-AYYEBOH TpyOke. B obOmmem cayuae
LIEAECOOOPAZHO PACCMATPUBATH PASHOBHAHOCTH 9ACKTPUYECKOIO TOKA:

® TOK 3apMKEHHBIX OAPHOHHBIX YACTHI[ (IACKTPOHOB, IIPOTOHOB),
HAIIPUMEp, YIIOMAHYTBIH TOK 2AeKTpoHOB B DAT, TOK MOHOB B
HCKPOBOM Pa3psAAC;

e tok [IMY-3apsaaoB, Hampumep, 3apAAHBIH TOK KOHACHCATOPA,
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TOK, BBI3BAHHBIN 3AEKTPOMATHHTHBIMU CHAAMH (KOTOPBI MOKET
ObITE TOKOM OapHOHHBIX YacTurl HAu [T1Y-3apsaaoB),
KOHBEKLIMOHHBIM TOK, BBI3BAHHBIH MEXAHHYCCKHMU CHAAMH,
KOTOPBIN PACCMATPUBAA €IIle DUXEHBAABA (3TOT TOK TAKIKE MOMKET
OBITH TOKOM OapHOHHBIX YacTurl uAu [ 1MY-3apaaoB).

8-3



MmaBa 9. MarHMTHbIN NOTOK N NOTOK 3M1EKTPOMarHUTHON SHEPrnn

I'AaBa 9. MarHuTHBIN ITIOTOK U ITIOTOK
aAeKTPOMarHHTHoﬁ SHEPIUu

AFOOOM  IIOCTOAHHBIA  9ACKTPUYECKUN TOK COIIPOBOKAACTCH
CTAIIMOHAPHBIM IOTOKOM 3Heprun. Ho MOkKHO ckasate m mHade: .1/0601
CTAIIMOHAPHBIH ITOTOK 3AEKTPOMATHHUTHOH 3SHEPIHH COIPOBOKAACTCA
SACKTPHYECKAM TOKOM, HOO TOABKO ABIKCHHE 3aPAAOB CO3AAET
SACKTPHYECKYIO M MATHHTHYIO HAIPAKEHHOCTH, HEOOXOAMMBIE AAf
IIOABAEHUSA M  ABIDKEHHA IIOTOKA  9AGKTPOMATHHUTHOH  SHEPIUM.
MaremaTudaeckoe AOKA3aTEABCTBO ITOTO VTBEPKAEHHUA IPUBEAEHO B [1,
raaBa 5| Ha TIpuMepe IIOTOKA SAEKTPOMATHHUTHOM SHEPIUH BHYTPH
poBoAa. Ho HackoAbKkO 0OImumM ABAAETCA 3TO YTBEPKACHHUE?

Muryniasa HaM IOACKA3BIBAET, YTO CTATUYECKAH MATHUTHBIN IIOTOK
TOKE AOAKEH COIPOBOMKAACTCA CTAIIMOHAPHBIM IIOTOKOM 3HEPIHH.
AHAAOTHA C TOKOM Ppa3pymIaerca TEM, YTO OTCYTCTBYFOT MArHHTHBIC
32APAABL

Paccmorpum  mpumep.  MarHuTHBI  ITOTOK  OT  COAGHOHAA
HAMATHHYHBACT U IPHUTATUBACT MATHUTO-MATKOE TeAO. B ompeaeseHHBIX
YVCAOBHAX CKOPOCTh ABHZKEHHA TEAd MOKET OBITh IOCTOAHHOH. Aad
CO3AQHUSA TAKOTO ABIZKEHHSA COACHOUA ITOAYYAET SHEPTHIO OT UCTOYHUKA
TOKA M TIEPEAAET 9Ty SHEPTHUIO TEAY, B KOTOPOM 3Ta SHEPIUsA IIPEBPAIIACTCA
B MEXaHHYECKYIO SHEPIUIO. MBI AOAKHEI IPU3HATE, YTO OT COACHOMAA K
TEAY BMECTE C MATHUTHBIM ITOTOKOM ABIZKETCH TIOTOK SAEKTPOMATHUTHOM
SHEPIUH. DTOT IPOIIECC ITOXOK HA TO, UTO HAOAFOAAETCH B IIPOBOAE, TAC
BMECTE C IACKTPUYECKUM TOKOM ABHKETCA IIOTOK 3AEKTPOMATHHUTHOI

BHCPFI/II/I. Ho B HpOBOAC CCTb ABIZKCHMC 3APDAAOB , €CTH M 3A€KTpI/I"I€CKaH,
U _Mar"ggtHasg HAIPAKEHHOCTD. A B MATHUTHOM IIOTOKE €CTb TOABKO
MAarHuTHAas HAIIPSKCHHOCTE. ..

YrBepxaenue 1
AAfl BBITOAHEHHA 3aKOHA COXPAHEHHUSA SHEPIHHM MBI AOAKHBI

IIpU3HATh, IYTO MATHUTHBIA OTOK COITPOBOKAACTCA ABIZKCHIICM 3aPAAOB.

Orumu 3apasamu apagrorca [TFY-3apaasr.

DTO ABHIKEHHE 3aPAAOB HE OOHAPYKUBACTCH TAKKE, KAK ABIKCHIE
TEX 7K€ 3aPAAOB B 3aPAKAEMOM (MAH paspsKacMoM) KoHAeHcaTope. M TyT,
U TaM MBI IIOAPAa3yMEBAEM OAHO M TO e ABACHHE, KOTOPOE B HACTOAIIIECE
BpeMsA HA3BIBACTCA TOKOM CMEIIeHHA U ABAfeTcsa TokoM [ 1MU-3apaaoB.
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PaccmoTprM MaTeMaTHIecKoe AOKa3aTEABCTBO 3TOIO YTBEP/KACHHA
1. IlpeAmmoAoxnM, 9YTO  MATHHTHBIH  IIOTOK M3  COACHOHAA
PACIIPOCTPAHACTCS 110 IIUAHHAPHUYIECKOMY (DEPPUTOBOMY CTEPIKHIO O€3
paccesanus. PacmpeseAeHrne MarHUTHBIX HanpskeHHOCcTer H B Hewm
AOAKHO OIIHCHIBATHCA YPaBHEHHAMHU MaKCBEAAA, KOTOPBIE B 9TOM CAyYae
FIMCIOT BHA;
rot(H) =0, (1)
div(H) = 0. (2
[Ipx  MOAeAHpPOBaHHE  OYAGM  HCIIOAB30BATb  IIHAHMHAPHYECKUE
KoopAuHATHL T, @, Z. Toraa ypasuenws (1, 2) npumyT BHA:

Hy | OHy 1 OHg  OH; _

P T a¢+az_0’ 3)
1 0H, OHgy _

r e o O @
OHy _ OH _

) ?
_¢+_¢_l.%=0_ (6)

4 or r 9¢
MoKHO AOKA32Th, UTO PEIICHHUE STOM CUCTEMBI YPABHEHUI UMEET BHA!

H, = h,. (r)sin( @@ + xz), )

H, = hy, (r)cos(ap + xz), (8)

H, = h, (r)sin(ap + xz), )

TAe &, Y — HeKoTOpble KoHCTaHTH, R(T) - HexkoTOopble dYyHKINN
KOOpAHHaTI)I r. STI/I (byHKL[I/II/I OHPCACACHI)I CACAY}OI_HI/IMI/I ypaBHCHI/IHMI/I:

2
Ry () + () - h, () (5 +1) =0, (10)
_ahzr)
hy(r) = o (11)
1.,
B (r) = — L), 12

Baxuo or™MeTnTh, 9TO YeTHIpE ypaBHEeHHA (3-0) MMEIOT TP AAHHBIX
Q, X EAMHCTBEHHOE PEIIIEHUE B BUAE TpeX HanpsxeHHOCTEH (7-9). MoxkHO
IIOCTPOUTH HA LHAUHAPE AAHHOIO PAAHYCa 7' IEOMETPHYECKOE MECTO
TOYEK C MOCTOSHHBIM 3HAaYeHMeM Harpsxennocreit H, wu  H,.
OxaspBaeTCs, 9TO 9TO FEOMETPUIECKOE MECTO TOYEK ABASACTCA BUHTOBOM
ananeii. Ha prmc. 1 mokasaHsl AASl IpuMepa TPH BHHTOBBIC AMHUI:
toActas anaus upu @ = 2, y = 0.8, cpeansst annus npu a = 0.5, y =
2 v toHKas AmHEA Ipu @ = 2, ¥ = 1.6.
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Puc. 1.

Takum 0Opa3OM OIMCHIBACTCH MATHHTHBIM ITOTOK B IIMAMHAPHYECKOM
deppuroBom  mmamHApe. Ho B sTOM  mOTOKE HET  ITOTOKA
SAEKTPOMArHUTHOH sHepruu. OH MOT OBI TOABUTCA, ECAH IIPEAITIOAOKUTD,
9TO (DEPPUTOBBII HUAUHAP ABAACTCA TOKOIIPOBOAHBIM. B atom caywae
ypaBHeHIA MaKkCBeAAA IIPHHIMATOT BHA!

rot(H) =0, (13)
div(H) = J. (14)
rot(J) =0, (15)
div(J) = 0, (16)
rAe J — maotHOCTH TOKa. [lo-mipeHemMy OyAE€M HCIIOAB30BATH

IUATHAPHYECKIE KOOPAUHATEL T, ¢, z. Toraa ypasaenus (13, 16) mpumyT
BUA;
Hr  0Hy , 1 O0Hy | 0H,

s Tar Tr e oz 0, (17)
st o
= e 19)
R N Tl @0)
L %+%-%‘)”+%=0, 1)
AR @)
%=, 23)
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Jp , 9]¢ 1 ) _
" + or 7 o0 0. (24)
Mo#KHO AOKa3aTh, YTO AASl TOM CHCTEMBI YPABHEHUI TAKKE CYIIECTBYET

pemenue, koropoe umeer BUA (7, 8, 9) u

Jr = Jr (r)cos(ag + xz), (25)
Jo = Jo (Msin(ae + x2), (26)
Jz = Jjz (r)cos(agp + xz), 27)

rae j(r) - mexoropeie dpynknun koopaunarst r. Pynxkuun h(r),j(r) B
AQHHOM CAYYA€ OITPEACACHBI CACAYIOIIUMY YPABHCHHAMU:

R+ () - () (S +42) =0, @8)

hp() = =222+ j,), @)
he(r) = =~ (1) + jp (M), (30)
@+ -0 (S+x7) =0, 6
)= 2. k)

Jor) == 25 (32
Jr(r) == Jz (). (33)

Basno ormeTHTh, 9TO M B 3TOM CAy4ae BoceMb ypaBHeHuit (17-24)
IMEIOT IIPH AAHHEIX @, ¥ CAHMHCTBEHHOE pEIIECHHE B BHAE IIECTH
ypaBHeHn# (28-33). 11 3AeCh MOKHO IIOCTPOHUTH HA IIMAMHAPE AAHHOI'O
paAmyca 1 IeOMETPHYECKOE MECTO TOYEK C ITOCTOAHHBIM 3HAYCHHEM
manpsxeranocreit Hy,, H, n ¢ mocToAHHbIM 3HAYEHHEM ITAOTHOCTH TOKOB
Jo> Jz- I B TOM, T B ADYTOM CAy9Yae STH T€OMETPHYECKHAE MECTA TOUEK
ABASIFOTCA BHHTOBMU AMHIIAMIL

B aAaHHOM cAy9ae BAOAB OCH IIHMAHHApPa C paaumycom R
pacIpocTpaHiaeTcsa IOTOK SACKTPOMATHITHOH 9HEPIUN

S =2pn? [ (jrhg — joh,)rdr, (34)
TA€ P — YAEABHOE 3AEKTPHUIECKOE COITPOTHBACHHUE ITUAITHAPA.

Mrak, MBI ITOKAa32AM, ITO BMECTE C MATHUTHBIM ITOTOKOM MOKET
PACIIPOCTPAHATCA IIOTOK IAEKTPDOMATHUTHOMN OHEPIUH, €CAU €CTb
LIOTPEOUTEAb 9TON 9HEPIUHM, HAIPUMED, B HAIIEM CAYYae, KEAC3HBII
IIPEAMET, CKOAB3AIIUI K TOpIy HIHAMHAPA. IloTok sHeprum B Hamem
CAYYae — 9TO MOIIHOCTb UCTOYHHKA TOKA, IIUTAFOIIEIO COACHOUA. 3aKOH
COXPaHEHUA SHEPTHH BBIITOAHACTCA.

OAHAKO, YTO IIPOMCXOAHT, €CAH (DEPPHTOBBIA MUAUHAD ABAACTCH
HE3ACKTPOIIPOBOAHBIM? TyT MBI AOAKHBI BEPHYTCA K yTBEpPKACHHIO 1, €

KOTOPOTO HaYaAHM HM3AOKCHHC 3TOrO pasAcAa. Taxum O6p2.30M, Hn3
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HAOKEHHOTO CACAYET, UTO B (IIO KpaHHEH Mepe) B HEIAEKTPOIIPOBOAHOM
CEPACYHHKE COAEHOMAA AOAKEH CYIIIECTBOBATH IIOCTOSHHBIN TOK
CMEIIEHUA. DTOT BOIPOC PACCMATPUBAACA TaKkikKe B raaBax 6 u 8. Kpome
TOro, Ha OCHOBaHUH (34) MBI AOAKHBI IIPU3HATD, YTO AASl TOKA CMEITICHIA
[TIY-3apAA0B AOAKHO CYIIECTBOBATH COITPOTHUBACHHIE HX ABUKCHHIO.

Awnreparypa
1. Xwmeapnuxk C.J. HenporuBopeduBoe perreHue ypaBHEHUN
Makcseana. 18-as peaaknmsa, 2020, ISBN 978-1-329-96074-9.
Printed in USA, Lulu Inc., ID 18555552,
http://doi.org/10.5281/zenodo.3783458
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I'aaBa 10. Dddexr Meiicaepa.

AHHOTAIUA

[ToxaseiBaeTcss Ha OCHOBE AHAAM3A SKCIIEPUMEHTA [2], 94TO B
acpdexre Mericuepa TpeOyer OOBACHEHHA HE TOABKO (aKT
OTTAAKHBAHHUA, HO ®  (akT OPUTHKEHWA  MArHOTa U
CBEPXIIPOBOAHHKA. AOKa3BIBACTCA HA OCHOBE PEIICHHA YPaBHEHUI
Makceara (Oe3 AOIIOAHHTEABHBIX IIPEAIIOAOKEHHIT), YTO IIOAE
ITOCTOAHHOIO MAarHHTa CO3AA€T B CBEPXIIPOBOAHHKE ITOCTOAHHBII
TOK, CTPYKIypa KOTOPOIO IIPEACTABAfET COOOH COAEHOHA. DTOT
COACHOHMA B3aHMOAECHCTBYET C MATHHTOM TaKHM OOpasoM, HYTO
CBEPXIIPOBOAHHK Ha HEKOTOPOM PACCTOAHHUH OT MAHHUTA HAXOAHT
YCTOIMYHBOE ITOAOKEHHE, B KOTOPOM ITAOCKOCTH TOPIIA MATHUTA H
CBEPXITPOBOAHHUKA COBIIAAAFOT.

OraaBaeHne
1. Beeaenue
2. TOKOITIPOBOAHBIN AHCK PAAOM C MATHHTOM
3. Ilpuaoxenne. CTpyKTypa HOCTOAHHOIO TOKA
Awreparypa

1. BBeaeHnue

Ddexr Meiicuepa 70 01pedesieHiry 3aKAIOUACTCA B TOM, 9UTO
MArHOTHOE IIOA€ IIOAHOE BBITECHACTCA U3 OOBEMa CBEPXIIPOBOAHMKA [1].
[lpunaro cunrtath, YTO 9TOT 3(P@PEKT CAYKHUT OSKCIEPHUMEHTAABHBIM
AOKA32TEABCTBOM TOTIO, YTO CYINECTBYET IPHHIIMIINAABHOE OTANYIHE
BHYTPEHHEH CTPYKTYPBI CBEPXIIPOBOAHHKA OT OOBIYHOTO ITPOBOAHHKA.
Aanee GyAeT AOKa3aHO, 9TO 3TOT 3PPEKT — CACACTBHE OOABIINX TOKOB, 4
HE CIIeIUUKA MATEPUAAA.

ITpexae Bcero paccMOTPHUM BEAHMKOACITHBIN 3KCIEPUMEHT [2].
CBepXIpPOBOAAIINIT AUCK BHCHT HAA ITAOCKAM KOABIIOM MATHHTOB U
ABITAKETCA BAOAB 9TOIO KOABIIA, KAK IIO PEABCAM, ECAU 9KCIIEPUMEHTATOP
€rO CAErka TOAKHET — CM. pHuC. 1. CBEXIIPOBOAAIINIA AMCK BHCHT K ITOA
KOABIIOM MATHHTOB, 4 TAKKE VACP/KHBACTCA PAAOM C HAKAOHCHHBIM
MATHHTOM IIOA AFOOBIM YIAOM HAKAOHA 9TOrO MATHHTA - CM. puc. 2.
CoBepIIIEHHO OYEBHAHO, YTO HH OTTAAKHBAHUEM, HH IIPHTHKCHIEM
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AWICKA M MArHHTA HEBO3MOKHO OOBACHUTD 3TOT 9KCIIEPHMEHT.
[IpeacTaBAcHHE O BBITAAKMBAHUN MATHHTHOIO HE IIOMOTACT HAaHTH
oopsacaenne. Hcrp addpexr, HO ero oOMmMENpPHHATOE OIPEACACHHUE
IIPHAYMAHO IIOA IIPUAYMAHHOE OOBACHEHHE. DTO TO, YTO HA3BIBACTCH
ITOATOHKOI ITOA OTBET.

Takum oOpasom, addexr MeficHepa CAEAYET OIIPEACAHTH KaK
nos0vcere nPoSOOHUKA PAIOM ¢ MazHUMOM 663 UX CONPUKOCHOBEHNUA,
)/cmodltub’oe U HesaeucumMoe on? OPZlé’Hméll/lel MAzHUMA U 07IHOCUINEAbHOU

CKOPOCIIY 06UIICeHUA NPOBOOHUKA.

D10 o3Ha¥aer, dYTO TpeOyer OODBACHEHUA HE TOABKO aKT
OTTAAKWBAHUA, HO H ghaKT TIPpUTAHKCHNA MATHATA M ITPDOBOAHMKA.
I'paBuTaninoHHas CHAQ HE MOKET OBITh OOBACHEHHEM AAS IPUTIAKCHUA
IIPOBOAHHUKA CHHU3Y U C6OKY. HO3TOMy AAACE MBI 6YACM HPCHC6PCI‘2.TI)
CHAOM IIPUTAKCHUA.

Puc. 1.

Puc. 2.
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2. ToKOIIPOBOAHBII AICK PIAOM C MATHUTOM

Aanee OyaeM paccMaTpuBaTh IIPOBOAHHK B BHAE  AHCKA.
PaccmoTpM AMCKOBBIT COAGHOHA C TOKOM, PACIIOAOKEHHBIM PAAOM
MAarHHTOM TaK, 9TO OChb COACHOHMAQ ITEPIIEHANKYAAPHA ITAOCKOCTH TOPIA
maranTa. Ha KasKABIIT 9A€MEHT IIPOBOAHUKA ACHCTBYET cHAa AOpEeHIIa, KakK
BEKTOPHOE ITPOM3BEACHIE SIAEMEHTA TOKA ¥ MHAYKIIMH MarHUTA.

l'opusonTaspHBIE TIpOEKIHH  CHA  /\OpEHIIAa  CYMMHPYFOTCHL.
YurateAb MOXKET YOGANTHCA, YTO CyMMa 3THUX CHA CTAHOBHTCA PaBHOI
HYAFO, KOTAQ 9TH CHABI PACHOAOKEHBI CHMMETPHYHOIO OTHOCHTEABHO
OCH COACHOHAA. TaKOE ITOAOKEHHE CO3AAETCHA, KOTAA OCh COAECHOHAQ
coBmapaer ¢ oceo  Maranta.  (CaeaoBaTeAbHO, CHABI  AopeHia
PACIIOAATarOT COAEHOUA TaK, UTOOBI €ro OCh COBIIAAAAA C OCKIO
marauTa. [TosTomy aasee MBI OyAEM PACCMATPUBATD TOABKO OCEBBIE CHABI
HPUTAAKCHAA UAU OTTAAKUBAHHA.

B nmpmaoxenmm AOKasBIBaeTCA, YTO B IIPOBOAAIIEM AHCKE ITOA
AEMCTBHEM IIOCTOAHHOTO BHEIITHETO MATHUTHOTIO TIOASl

®  BO3HUKACT IOCTOAHHBIN TOK,

®  5TOT TOK B IIHAMHAPHYECKUX KOOPAMHATAX PACIIPOCTPAHACTCA
IO PAAHYCY, ITO OKPY/KHOCTH B BAOAB OCH AHCKA,

® TOK BO3HHKACT HECMOTPA HA TO, 9YTO AHUCK HE ABAACTCH
3AMKHYTBIM IIPOBOAHUKOM HH IIO PAAHUYCY, HU 11O OCH,

®  AMHOHU TOKA HMEIOT CIIHPAABHYIO CTPYKTYPY,

® 10 OKPY/KHOCTH TOK MOJKET BPAINATBCA B Ty HAH HHYIO
CTOPOHY, AHOO BOOOIIIE HE BPAIIATHCA.

TaxuM 00pasoM, MOKHO TOBOPUTH O TOM, YTO IIPOBOAAIIHE AHUCK B
IIOA€ IIOCTOSIHHOIO MAarHHTa IIPEACTaBASET COOH COACHOHA. IDTOT
COAEHOUA B3aUMOACHCTBYET C MATHUTOM, T.€. MATHUT CO3AAET COACHOUA,

KOTODPBIA C B3AUMOACHCTIBYET C ITUM MATHATOM.
KoAbrieBbIe TOKH, BO3HHKAIOIIHE B AHCKE, CO3AAIOT OCEBYIO
MATHHUTHYIO HAIPAKEHHOCTb, HAIPABACHHYIO IPOTUB MATHHUTHOM

HAIIPAKEHHOCTH MATHHTA W IIO3TOMY AMCK OTTAAKHBAETCH OT MATHHUTA.
D10 coorsercTByer npasuAy /Aenma. Ilo Mepe yBeamdeHus paccroaHus
MEKAY AUCKOM M MATHHTOM BHEIITHAA HAIIPAKEHHOCTD, ACHCTBYIOIIIAsA HA
AVICK, YMEHBIIIA€TCA M YMEHBIIAETCA BeAmdmHa TOKOB. [Ipexae Bcero
YMEHBIITAETCA BEAHMYHHA KOABIIEBBIX TOKOB M YMEHBIIAETCA CHAA
OTTAAKHUBAHHUA AMCKA OT MATHUTA. B HEKOTOPBIIT MOMEHT KOABIIEBBIE TOKH
CTAHOBATCA PaBHBIMH HYAIO. HCAM AHMCK IIPOAOAKAET yAAAATCA OT
MarHHTa, TO BHOBbL ITOABAAIOTCHA KOABIIEBBIC TOKH, HAIIPABACHHBIC B
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IIPOTUBOIIOAOKHYIO CTOPOHY, H AUCK IIPHTATHBACTCA K MArHUTy. Takmm
00pa3soM, IIOAOKEHIE AUCKA B TOYKE HYACBOIO KOABIIEBOIO TOKA ABAACTCA
YCTOMYHUBBIM.

Orcropa CAGAYET, YTO TPOBOAHHK, PACIIOAOKEHHBIH PAAOM C
ITOCTOSIHHBIM MarHHTOM, MOKET AGMOHCTPHPOBaTh 3pdekt MeficHepa.
Jror apdekr OyAeT TeM OOABIIHM, YEM MEHBIIE COIPOTUBACHUE
npoBoAHnka. He yauBureapHO, uto 10T 9phekT OBIA OOHAPYKEH B
dKCIIEPUMEHTaX cO cBepxipoBoAnnkamu. Ho ator abdexr HE sBasercs

CACACTBHEM CBCpXHpOBOAHMOCTI/I.

ITpuaorxenne. CTpyKTypa HOCTOAHHOIO TOKA.

B [1, raaBa 5] mokazaHO, YTO B HIPOBOAE ITOCTOAHHOTO TOKa
pacIpeACACHIE IIAOTHOCTEH TOKa | M MATHUTHBIX HaupsxkeHHOCTed H B
OIIHCHIBACTHCA YpaBHEHUAMU MaKCBEAAQ, KOTOPBIE B 9TOM CAYYAE HMEIOT

BUA:
rot(H) =0, (1)
div(H) = 0. ®)
rot(J) = 0, (3)
div(J) = 0, ()

[Ipm  MoOAeAHpOBaHHME ~ OYAGM  HCIIOAB30BATH  ITMAHHAPHYECKHE
KOOPAHHATEL T, @, Z. TOrAa 5TH ypaBHEHUSA IIPHMYT BHA:

He Oy 1 Oy  dHy _
r+6r+r 6¢+62_0’ ©
1 0H, OHgy _
T 9P 0z =Jr ©
oty _ oty _
0z aar - ]¢' )
A¢ ( OHp 1 OHr _
r ar r 99 =Jz ®)
Jr 0w 1 e\ s
r+6r+r a¢+az_0’ ©)
Lok Vg _
r 8¢ 9z 0, (10)
0Jr 0]z _
]az a?r =0, )
Jo P 1 r _
T + or r a¢p 0. (12
Perrenne 101 CCTEMBI YPaBHEHHUI HMEET BHUA!
H, = h, (r)sin(ap + x2z), (13)
H, = hy, (r)cos(ap + xz), (14)
H, = h, (r)sin( ap + xz), (15)
Jr = jr (r)cos(ag + xz), (16)
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Jo = Jp (r)sin(ag + xz), 17
Jz = Jz (r)cos(ag + x2), (18)
rae @, ¥ — Hekotopbie koHctantsl, h(r), j(r) - mekoropsie dyHKIN
KOOPAMHATEL 1. DTN (DYHKIIUH OIIPEACACHBI CACAYIOIINMHA YPABHEHUSAMI:

R () + () = () (S +42) =0, (19)

hp(r) = =2 (24, )), 20
he(r) = == (h,(r) + jp (1), 1)
FO+EO -0 (S+a2) =0, @
) = — %)

Jo) = = 23
Jr(r) === Jz (). (24)

Baxxno ormernts, 9TO M B 9TOM cAydae BoceMb ypapHeHHI (5-12)
VUMCIOT IIPU AAHHBIX O, Y CAMHCTBECHHOC pPEIICHUE B BHAC IIIECTH
ypasaenuit (19-24). Ha puc. 3 moxasamsl rpadpuku AorapudmMoB 9THX

dynaxunit npun a = 0.5,y = 0.1, R = 0.02.

0.02 ) 0.005

0 0.005 001 0015 0.02 ) 0.005 001 0015 002

0 0.005 001 0015 002 0 0.005 001 0015 002

Fig. 3 (Meissner. m)

Tokn ¥ MarHUTHBIC HAIIPMKEHHOCTH PACIIPEACACHBI TaK BCETAA,
AQ7KE B TOM CAyYae, KOTAQ B IIPOBOAE CYIIECTBYIOT TOABKO TEAOBBIC TOKH.
Taxk IIPOUCXOAUT IIOTOMY, YTO TOKH B3aHMOACHCTBYIOT MEXKAY COOOI
curamMu  AOpeHIIA ¥ HMEHHO 3TO B3aUMOACHCTBHE OIIHCBHIBACTCA
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ypaBHeHmAME MakcBeAara. ECAH K TEIAOBBIM TOKaM AOOaBAAETCHA TOK
IIPOBOAUMOCTH, TO B MATEMATHYECKOM OIIMCAHHU MEHAFOTCA TOABKO
3HAYCHNS KOHCTAHT Q, ¥. TOYHO TOXE CaMOe IIPOUCXOAUT B TOM CAyYae,
KOTAQ IIPOBOA IIOITAAA€T BO BHEIIIHEE MATHUTHOE ITOAE: MEHAIOTCA TOABKO
3HAYEHNs KOHCTAHT (, ). VI3MeHeHMe MATHHTHOIO IOAA MEHAET AMIID
3HAYCHNA KOHCTAHT. BasKHO, OAHAKO, 9TOOB HAIIPA)KEHHOCTh MATHHTHOI'O
IToAA ObIAa HepaBHOMEpHOH. B [3, raaBa 5d] ommceBarorca pasandHbie
3KCIICPUMCHTHI, AEMOHCTPHPYIOIIIIE ABAECHHE BO3HUKHOBEHHUA
IIOCTOSIHHOIO 3ACKTPHYECKOTO TOKA IIOA BO3ACHCTBHEM IOCTOSHHOIO
MATHUTHOTO TOAS.

Takum 0OpasoM, MArHUTHOE IIOAC B IIPOBOAE HE BBITECHACTCH, 2
CO3AAETCS BHOBb M BMECTE C 9THM ITOAEM CO3AAroTCA TOKH. [Ipm masom
BHYTPCHHEM COIIPOTUBACHHUN AMCKA TOKH IIPHHHMAIOT OOABIIIHE
3HAYCHUS.

Tok B HIpPOBOAE HMEET COAHMHOHMAAABHYIO CTPYKIypy. Ilostomy
MOJKHO PACCMATPUBATH €ro, Kak COAeHOHMA. Ha pmc. 4 mokasamsl Tpm
BHHTOBBIC AMHHHTOKA: TOACTas AmHups npu @ = 2, x = 0.8, cpeanss
amupst npu @ = 0.5, ¥ =2 u ronkas Amnwms npu @ = 2, x = 1.6.
ITokasaHel BHHTOBBIE AMHIN AAA (DYHKITHH | , opeAeaeHHBIX 110 (17, 18),
a UMEHHO AASl CYMMAaPHOTO TOKa C IPOEKIUAIMU J, U J, ipu T = CONSt.
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Puc. 5

Ot dynkiun onpeaesesst npu @ > 0. Ha puc. 4 mokasassr
BHUHTOBBIC AMHUN
o Aas (pyrknnii | , onpeaeacHHbxX mpu @ > 0 kak Ha puc. 3 (cm.
TOHKYIO AHHHUIO) I
o aas ymknmit J, ompeaeserubix mpu @ < 0 (cMm. TOACTYIO
AVHUIO).

I[Tpu a > 0 oxpysxubie ToKI ncuesaroT — cM. jg (1) B popmyae (23).
Oanako ypaBaenue (4), mo-mpexuemy, cobaroaaercs. Ilpu a >0
m3mMenseTcs Takke sHak pyakunn H, — cm. (15).

Bce ypaBHEHUNA BBIIOAHAIOTCA TAKKE AAA IIPOBOAA OIPAHITYCHHON
AAMHBI — B HAIIIEM CAy4ae, AAf Aucka. Ha puc. 5 mokasanst dyukiun (13-

21 o
18) ma mpoBoAe, AAmHA KOTOpOro paBHa L = —. BuaHO, 4T0 0OCeBOM TOK
X

J (crinorHAsS AMHISA) IPUHUMAET HYACBOE 3HAYCHIE HAa KOHIIAX ITPOBOAA,
a OCEBBIC MATHUTHBIC HAIpmKeHHOCTH H, (OyHKTUpHAA AMHOA) H
KPYTOBOI TOK J, HAa KOHITAX ITPOBOAA TPHHHUMAIOT MAKCUMAABHBIE M
IIPOTHUBOIIOAOKHEIE TIO 3HAKY 3HAYCHIA.
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Awnreparypa
1. https://ru.wikipedia.org/wiki/Dddexr Meficuepa
2. Quantum Levitation
https:/ /www.youtube.com/watch?v=VyOtIsnG71U&feature=em
b_logo

3. Xwmeapauk C.M. Henporusopeunsoe perieHne ypaBHEHNM
Maxkcseaaa. 18-aa peaaknnms, 2020, ISBN 978-1-329-96074-9.
Printed in USA, Lulu Inc., ID 18555552,
http://doi.org/10.5281/zenodo.3783458
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I'AaBa 11. MargauTHBIT MOHOIIOAD

Anmorarus
[To amasorum ¢ moaem-M-vacrureit (I1MY), koropas moxer
OBITH DACKTPHUYCCKUM 3aPAAOM, OIINCBIBACTCA APYIOH BapHAHT
[THY, koTOpas MOKET OBITh MATHIHTHEIM MOHOITOAEM

B raase 6 ormcemaerca noae-F-aactuma (ITHMY), kotopas mowxer
OBITH JACKTPUYCCKHM 3aPAAOM. ODTO IIOAE ABAACTCA PEIICHHUEM
craTndeckux ypasHeHui MakcBeara. Cucrema ypaBHeHnii MakcBeaaa,
Kak cucreMa AU PEepEeHIINAABHBIX YPABHEHHIH B YaCTHBIX IIPOU3BOAHBIX,
MOKET UMETh MHOKECTBO PEIICHHH. AaAce MBI ITOKAKEM, YTO CHCTEMA
YPaBHEHMI, HCIIOAB3YeMas B rAaBe O, IMEET EIIE OAHO PEIICHUE, KOTOPOE
MOJKET HHTEPIIPETHPOBATHCA KAK MATHUTHBI MOHOIIOAD.

3amennM B ypaBHeHHAX (1-0) raaBel O CHHYC Ha KOCHHYC U
HaobopoT. Toraa moaydunm:

H,(x,y,z) = h,sin(ax)cos(ay)cos(az), (1)
H,(x,y,z) = hycos(ax)sin(ay)cos(az), 2)
H,(x,y,z) = hycos(ax)cos(ay)sin(az), 3)
E.(x,y,z) = e cos(ax)sin(ay)sin(az), 4
E,(x,y,z) = eysin(ax)cos(ay)sin(az), (5)
E,(x,y,2) = e,sin(ax)sin(ay)cos(az), (6)
TAC €y, €y,€5, Ny, Ny, h, - TOCTOAHHBIE aAMIAHTYAB! DyHKIMEH, & -

koHcraHTa. [1pn atom andpdepennupys (1-6) u ITOACTABAAA ITOAYICHHOE
B ypaBHeHHA MaKcBeAAa aHAAOIMYHO [3] ITOCAE COKpaIleHus Ha OOIue
MHOKHTEAH, IIOAYIAEM:

1. h,B—hyy +ee=0
2. hyy —h,a +e,e =0
3. hya —h,p +e,e =0
4. e — eyY — hypu =0 ®)
5. exy —e;a—hyu=0
6. eya—exff —h,u=0
7. exa+e,f+ey=0
8. hya +h,B+h,y =0
byaem nckarp perrreHne mpu CAGAYIOIIHIX YCAOBHSAX:

a=p=yv, ™
e, = 0. )
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Toraa Tabaura (B) ompumer BuA:

1. h,a —h,a+e.,e=0

2. hya — h,a +e,e =0

3. hya —h,a =0

4. —eya—h,u=0 ©)
5. exa—e,a—h,u=0

6. eya—e;a—h,u=0

7. exa +e,a =0

8. hya +hya+h,y =0

MoO#HO 3aMETHTB, YTO PEIIEHUE STOW CUCTEMBI YPABHEHUIT NMEET BHA!

hy = hy, (9)
ey = —eéy, (10
hy = —2h,, (11)
ex = Chy, (11a)
e, = %ex. (118)
W3 (11a, 118) maxoaum:
a==% (12)

3
WMrak, pemenme mmeer BuA ypasHenui (12, 7-11, 11a). Bce

HAIIPAKEHHOCTH MOTYT OBITh OIIPEACACHBI ITPU AAHHOM /1.
B aTom cayuae Bemoansrorcs Takxe ycaosud (13-18) m3 raaser 6.
Oramansa cocroar B moAydennn popmyasr (19). B aannom caydae
Ha IPaHN KyOa CYIIECTBYECT MATHUTHAA HAIIPSKEHHOCTD, BEKTOP KOTOPOM

IIEPIICHAMKYAAPEH — 3TOH  IpaHM. Hampumep,  ®a  rpaHm,
IIEPIIEHAUKYAAPHON ocH OX, BekTop (1) mpumamMaer 3HaveHHE
. . L . T
H, = sin(ax)=sin (a E) = sin (a Z) =1, (19)

- om. Taxxke (13). Mrtak, ITOTOK 3HEprum He BEIXOAUT U3 3TOH I'PAaHH, HO
CYIIIECTBYET MATHUTHASA HAIIPAKEHHOCTD, IIEPIIEHAUKYAAPHAA 3TOM I'PAHU.
AHAAOTHYHBIN BEIBOA MOKHO CACAATh OTHOCHTEABHO OCTAABHBIX IPaHEH
KyOa.

Ha puc. 1 mmokazaHel MATHUTHBIE HAIIPA/KEHHOCTH, BBIXOAAIINE U3
rpageii kyOa. Ha rpaHAx c OTpHUIIATEABHBIM 3HAYEHHUEM KOOPAHUHATEL
HAIIPSKEHHOCTH HAIIPABACHBI B OTPHIIATEABHYIO CTOPOHY, T.K. IIPH 9TOM
sin(ax)=-1.
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Z

HZ;X ,,,,,,,,, L=pi/alfa___ y

[TocmoTpum Ha 10T pHCyHOK. [lepeA Hamu KyOHaecKui 3apsA, HA
BCEX rpanfax KoToporo mmeercs MATHATHAA HAIIPAAKECHHOCTb OAHOTO U
toro e 3Haka. CAEAOBATEABHO, B AQHHOM KyOHYECKOM OOBeMe
9AEKTPOMATHUTHOIO IIOAfl XPAHUTBCA MATHUTHBIH MOHOIIOAB. DTOT
3apAA  MOKET HMEThb AIOOOHM 3Hak. LECAM BEKTOPBI MarHHTHOI
HAIIPAKEHHOCTH HAIIPABACHBL BO BHE KyOa, TO MOHOIIOAB ABASCTCA
CEBEPHBIM, ECAU BHYTPb KyOa — TO MOHOIIOAD SIBASICTCS FO/KHBIM.

B takoMm MOHOITOAE €CTh MHOTO ODIIIETO C 9IACKTPUIECKAM 3APAAOM.
OH He mMeeT KaKUx-AHOO TPaHHUI[ - (PU3HYICCKUX HAU OOPAa3OBAHHBIX
HEOAHOPOAHOCTBIO CPEABL. Y HErO TAKKE €CThb 3HEPIHsA, BHYTPEHHHI
IIOTOK 3ACKTPOMATHUTHON SHEPIHH (HE BBIXOAAIIUI HAPYKy) H, Kak
CAEACTBHE CYIIIECTBOBAHUSA 3TOTO ITIOTOKA, IMITYABC H MACCA.

B aAaabHelimem OyAeM HA3BIBATH TAKOE MOHOIIOAB-V-wacTmiry -
MY (monopole-AND-particle - MAP).

OcTaeTcs OTKPBITEIM BOIIPOC O TOM, IIOYEMY SACKTPHYECKUI 3aPAA
HAOAIOAQETCSA, 2 MATHUTHBII MOHOITOAD HE OOHAPY/KEH.




T'aaBa 12. Ctatmdaeckoe MATHUTHOE IIOAE

I'aaBa 12. Cratuyeckoe MarHuTHOE
ITOAE

B raaBe 6 onwmcwBaercs moae-M-wacruma — ITHAY, xak
aAekTpudeckni 3apsAA. B stom kauvectse ITMY moxker BxoAnTH B COCTaB
gacTuil. MOKHO IPEAIOAOKHTB, YTO B COCTAB IACKTPOHA M IIPOTOHA
Bxoant ITU-3apsaa.

B raaBe 7 mnoxasemaerca, uro [IMY wmoxer cymecrBoBars
camocrofireAbHO Kak aBroHOMHBNI ITHUY - AITHY. IIpocrpancrso,
3aroaHeHHOe MHOKecTBoM [IMY, kak MHOKeCTBOM pPa3pO3HEHHBIX
SAEKTPHUYECKUX 3aPAAOB, OOPA3YIOT CTATHYECKOE IACKTPUIECKOE IIOAE.

B raase 11 ommceBaercas mowomoab-M-dacrtmia — MUY, xak
MATHUTHBIH MOHOIIOAB. DKCIIEPHMEHTAABHAA (DU3MKA IIOKA3BIBACT, YTO HE
CYIIIECTBYET YACTHII, B COCTaB KOTOPBIX BXOAW MATHUTHBII MOHOIIOAB.
Oarako MMY moxkeT cyrmiecTBoBaTh CAMOCTOATEABHO KaK aBTOHOMHBIH
MMNY - AMHU. [IpocrpancTBo, 3artoAHeHHOE MHOkecTBOM MIY, Kak
MHOKECTBOM ~ Pa3pO3HEHHBIX MOHOIIOACH, OOpasyIOT CTaTHYECKOE
MarguTHOe 1oAe. CBOMCTBA TAKOIO IIOAS HOAHOCTBIO AHAAOTHYHBI
CBOMCTBAM CTATHYECKOI'O 9AEKTPHYECKOTO IOAS, PACCMOTPEHHOTO B TAABE

7.

12-1



	â½áóá 00
	â½áóá 01
	â½áóá 02
	,,𝑓-𝑟..=,,,𝑓.∙,𝑟..-𝑟.      (10)
	Приложение
	Рис. 3.
	В этой программе при данных векторах ,𝜔-1.,  ,𝜔-2. и при 𝛿=0  перебираются всевозможные положения векторы ,𝐿. в сферических координатах 𝜑, 𝜃. На рис. 5 в первом окне показан график модуля векторного произведения векторов ,,𝐹-𝑉0.. и ,𝐿.. Нерав...

	â½áóá 03
	â½áóá 04
	1. Хмельник С.И. Квантовая механика: частица – объемная стоячая волна, Доклады независимых авторов, ISSN 2225-6717, №50, стр. 45, 2020, 47TUhttps://zenodo.org/record/3988252U47T.
	2. Стрельченя В.А. Эффективная модификация уравнения Клейна – Гордона для частицы в потенциальном поле, Доклады независимых авторов, ISSN 2225-6717, №48, стр. 146, 2020, 47Thttps://zenodo.org/record/390024647T
	3. Хмельник С.И. Электромагнитный хранитель энергии и информации, Доклады независимых авторов, ISSN 2225-6717, №46, стр. 166, 2019, 47Thttps://zenodo.org/record/382775747T86T.
	4. S.I. Khmelnik. Electromagnetic Keeper of Energy and Information, Canadian Journal of Pure and Applied Sciences, Vol. 13, No. 3, Okt 2019, 47Thttps://zenodo.org/record/351839647T86T.
	5. S.I. Khmelnik. About the Interaction of Nanoparticles, Determinations in Nanomedicine & Nanotechnology, DNN.000518, Volume - 1, Issue - 4, 2020, 47Thttps://zenodo.org/record/366066747T86T.
	6. S.I. Khmelnik. To the Rationale for Homeopathy, Determinations in Nanomedicine & Nanotechnology, DNN.000501, Volume 1, Issue 5, 2020, 47Thttps://zenodo.org/record/366020347T86T.
	7. Хмельник С.И. К обоснованию гомеопатии, Доклады независимых авторов, ISSN 2225-6717, №48, стр. 31, 2020, 47Thttps://doi.org/10.5281/ZENODO.370787047T
	8. Хмельник С.И. Передача информации в биологических системах по водной и воздушной среде, Доклады независимых авторов, ISSN 2225-6717, №48, стр. 38, 2020, 47Thttps://zenodo.org/record/371291647T86T.
	9. S.I. Khmelnik. Information transfer in biological systems by water and air, The Papers of Independent Authors, ISSN 2225-6717, №47, p. 52, 2020, 47Thttps://zenodo.org/record/371292447T86T.

	â½áóá 05
	4. Чем опасны квадратные волны на море, https://zen.yandex.ru/media/id/5b9c02e2d02e9100aacd9b5f/chem-opasny-kvadratnye-volny-na-more-5cfcca2e7e0d5200ae513aef

	â½áóá 06
	2. Ревякин П.Ю. Передача энергии через диэлектрик, Доклады независимых авторов, ISSN 2225-6717, №45, стр. 101, 2020, https://zenodo.org/record/2588411
	4. Хмельник С.И. Квантовая механика: частица – объемная стоячая волна, Доклады независимых авторов, ISSN 2225-6717, №50, стр. 45, 2020, 27Thttps://zenodo.org/record/398825227T
	5. Хмельник С.И. О природе электрического заряда и статического электрического поля, Доклады независимых авторов, ISSN 2225-6717, №51, стр. 44, 2021, 27Thttps://zenodo.org/record/424429927T

	â½áóá 07
	1. Хмельник С.И. О природе электрического заряда и статического электрического поля, Доклады независимых авторов, ISSN 2225-6717, №51, стр. 44, 2020, 27TUhttps://zenodo.org/record/4244299U27T

	â½áóá 08
	â½áóá 09
	â½áóá 10
	â½áóá 11
	â½áóá 12

