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J.K. Makcpemnn

CeronHss HET HUKAaKMX COMHEHMH B TOM, YTO J1eMeHmapHble
AIEKTPUYECKHUE 3apsbpl UTPAIOT B NPHUPOJAE KIOYEBYIO poiib. M, TeM He
MEHEE, Mbl JI0 CHUX NOp HE MMEEM HUKAKOI'O MPEICTaBIEHUS O CaMOMl MX
dbusndeckoil npupojie. Mbl 3HaeM JIMIIb TO, YTO OHU OBIBAIOT JBYX BHJIOB
(3HaKOB), YCIIOBHO TOJIOXKHTEIBHBIC W OTPHUILATCIIbHBIC, BCETJa HMEIOT
OIHYy W Ty »JK€ BEJIMYMHY U BCErJa NpHUHAIISKAT KaKoW-1100
AIIEMEHTapHOM YacTule, T.€. HUKOI/IA HE CYILIECTBYIOT caMH IO ceOe.
CampiMu MaJIBIMM TI0 Macce 3JIEMEHTapHbIMU YaCTUIIAMU C €IUHUYHBIM
(3eMeHTapHbBIM)  3apsSA0M  SIBIIIIOTCSL  OTPUIIATENIbHBIE 3JIEKTPOHBI U
MOJIOKUTENbHBIE MO3UTPOHBI. 1103TOMY HE COBCEM MPABWIIBHO MX YacTo
OTOXCCTBIISIIOT C CAMUMU €OUHUYHBIMU 3APAOAMU.

Monenupys 21emenmapHbill ISKTPUUECKUN 3apsii, OylieM HUCXOIUTh
W3 TOro, 4YTO B IPUPOAE, KPOME €IMHOM HENPEPHIBHOW MUPOBOU CpEIbl
(@pupa) u e€ (ero) ABHKEHHUS OOJiee HUYETO U HE CYIIECTBYyeT. A Bce
bu3nueckue OOBEKThI MPHUPOIbI, HAUMHAS OT AIEKTPUUYECKUX 3apANIOB U
YacTHLl, SABJISIIOTCS HEKOTOPBIMU CIPYKMYPHO-OUHaAmMuieckumu hopmamu
nBUKeHUs dpupa. M Tak Kak 3apsaibl SBISIOTCS BCErJa COXPaHSAIOIIMMUCS,
TO OyJeM MPEeACTaBIATh UX CTPYKTYPHYIO (OpMYy B BHUJE TOPOUIATHHBIX
Buxpeil. VmeHHO Takas BHEIIHE 3aMKHyTas BpamareiabHas (opma
JBUKECHHSI HENPEPBIBHOW CPEAbl YPE3BBIUANHO YCTOWYMBA, a MOTOMY M
Oosee Bcero mpuemiieMa JJisi MOJIEIH 3aps/a.

B pabGore [1] yxe ObLIM BBEIACHBI TOPOUIBI NEPBO2O YPOBHS —
mopcuno, NpeAcTaBistonme co0o TOPOMAAIBHBIE BUXPU C MOPOSbIM U
KOJIbYe8blM BPALICHUSIMU U UMEIOIINE JTUHEHHOE JBUKEHUE CO CKOPOCThIO
CBeTa. 3aloJyiHAsg BCE MUPOBOE MPOCTPAHCTBO, OHU O00pa3yrOT TOPCUHHBIN
ra3. A Teneph OyJaeM CUHTaTh, YTO DJIEMEHTAPHBIMHU (CIMHUYHBIMU)
NeKMpUdecKuUMy 3apsaoamu TOXE SBIAIOTCA Takue e 1o Gopme
BpalIEHUs] TOPOUJBI, HO YK€ 6mopozo yposHs. Ha30BEM UX 3apadoevimu
mopoudamu. OHU OTIMYAIOTCA OT TOPCUHO TEM, YTO HMMEIOT HAMHOI'O
O0nBIIYI0 nIOMHOCMb BO30YKIA€MOW Macchl M PaJWyChl BpalleHHs, a
3HAYHT, 00JIAJAOIINE U 3HAYUTEIBHO OOJbIIeH axmusHou unepyuei [1].
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byaem paznuuath sesvie (YCIOBHO OTpULATEIbHBIE) W Hpaswvie
(YCIOBHO MOJOKUTEIBHBIE) 3apsiIOBbIE TOPOUIBI IO HAIMPABICHUIO HX
KOIbYe8020 BPAIICHHS] OTHOCUTENIBHO JIMHEHMHOro cMmemeHus. IIpu stom
BpalleHUe HaOJII0JAeTC CO CTOPOHBI HAIPaBJIEHUS 3TOrO0 CMELICHUS.
Pa3mepsl 1 Macca 3apsi0BbIX TOPOUJIOB HA HECKOJIBKO MOPSIKOB OOJIbIIIE,
4YeM Y TOPCHUHO, HO UX CKOPOCTh JIMHEHHOTO CMEIICHHS, KaK U Y TOPCHUHO,
TOXKE paBHa ¢ - CKOPOCTh cBeTa B BakyyMe. Ha ocHOBe 3apsigoBbIX
TOPOUJIOB KaK CTPYKTYPHOTO JBMXKEHHSI MHUPOBOTO (poH06020 Ihupa w
IIOCTPOEHBI 3JEMEHTApHbIE YaCTULBI, T.€. YXKE cocmasuvie Yacmu
seujecmea; Kak ckazano y lllunosa, «rpy6oro MmatepuaisHoro Mupa» [2].

KOHCTaHTBI, KOTOPBIMH XapaKTEPU3YIOTCS 3apsAI0BBIE TOPOHMIBI U TE
3JICMEHTApHBIC YaCTHUIIBI, B KOTOPHIE OHHM BXOJSAT, MOKHO BBIPa3HTh uepes3
Maccy ITOKOSI 3JIEKTpoHa m, =9,109534-10%°2, ero KIACCHUYECKUN paanyc

I, =2,8179380-10 ®cu, a Takke paguyc fr, = ;“’ =3,861592-10 ' cm, TAC A, -
T

r
KOMIITOHOBCKaA MAJIMHA BOJIHBI 3JICKTPOHA. KpOMe TOrIO, —0206, rac
r

e

a =0,0072973506 - MOCTOSIHHAsI TOHKOW CTPYKTYpHI, a 1/« =137,036034 .
Hanpumep, ogHa M3 OCHOBHBIX IOCTOSIHHBIX B JJIEKTPOJWHAMUKE U
KBAaHTOBOM MEXaHHMKE mc=A=const WU ecTh oAHa U3 (opMm 3amnucu

noctosHHoi Ilmanka. Btopas ¢opma 3amucu 3TOMl  MOCTOSIHHOU
h=2ar,mc=6,626176-10""2cy’ /cex.  Jlpyrme  KBaHTOBBIC  6UXDEBbLE

nocmosiHHvle OyIyT Ha3BaHbI IO MEpE HEOOXOAUMOCTH UX BBEICHUS.

Y TOpouIOB 3apsAIOBOM CTPYKTYPHI NBMXKEHHS d(hUpa MPOSBISETCS
LEJbI Pl UHTEPECHBIX 3aKOHOMEPHOCTENW. A Tak Kak Jajee B KauyecTBE
npuMepa OyaeM paccMaTpuBaTh I1EMEHMAPHBLI 3apAd, BXONAIUN B
CTPYKTYPY ABUKEHUS €KMPOHA, TO U PACCMOTPUM €ro TOPOU, puc. 1.

f DEUUHBLU BUXDb
|_#10p06oe 8paujeHue nepeutHo20 8UXps

o C JuUHelHoe 08UMCeHUe BUXDA
—>

€

Puc. 1. TopounmanbHbli NEPBUYHBIA BHUXPb 3apsia JJIEKTPOHA C

| Kojbyeeoe spauieHue nepeudtHoco 6uxps
CXOO}ZWUQC}I 6MOPUUHbLE BUXPU

A\

pacxoAMMHUCA OT HEIrO BTOPUYHBIMU BUXPSAMUA MarsuTHOM UHAYKIUH.
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Kpect B HMKHEHN YacTy MOKa3bIBAET, YTO Macca JABUKETCS OT Hac, a B
BEpXHEW YacTW Ha Hac (BpamieHue JjeBoe). Macca MepBUYHOTO BUXPS
3apsjga paBHa m,/2e, CKOpPOCTh €€ TOPOBOrO BpAIEHUS c, a PAJAUYCHI

BpalIeHUs r,. 30ECh ISl 3apsAIOBBIX BUXPEU MOSABISIETCS CBOSL 3aPs008as.

m,r;
NOCMOAHHAA ZLOZCOI’]St . OHa, BO-IICPBBIX, CBA3BIBACT MACCY 3apsaJ0BOI0
€

BUXPS M, /2 ¢ paguycoM €ro BpameHus r,. OHa xe OonpeaensieT U MOIHYIO
Maccy m,/2e ero pacxopsuierocs MarHuTtHoro nois. Orcroga Macca
HNEPBUYHOIO TOPOBOI'O BHUXPS 3apsiia BMECTE C €r0 BHEIIHMM MAarHUTHBIM
noJjieM paBHa m,/e. Bo-BTOpPbIX, B COOTBETCTBUM C 3TOW MOCTOSIHHOM, €CIIN

YK€ B CaMOM MArHUMTHOM IIOJIC TOPOBOI'O BHUXPA BBIICIINTDH KaKo#-1100
paauyc I, TO H BTOpH‘lHBIﬁ MarHUTHBIN BHUXPb 3TOro IIOJIL C 3THUM

m,r

paanycoM Toxke Oyler uMeTb Maccy m(r) =ZL0 U TaKylo ke maccy Oyner
re

MMETh U MarHUTHOE T0JIE, PACXOAIIECECS OT ATOro paauyca I. 3apadosas

m,,
NOCMOAHHAS ZLO = const CBA3BIBAET MAcCy IEPBUYHOIO 3apsiIOBOTO BUXPS
e

C paAMycoM €ro Topa W sl 1006020 3JIEMEHTApHOTO 3apsga B 000U
JIPYroi 3J1IeMEeHTapHOU 3(DUPHOI CTPYKTYpE IBHKEHHUS.
TopoBoe BparieHue 3apsa0BOTO BHUXPS BMECTE C €ro BTOPUYHBIMU

BUXPSIMH TIOPO’KIAET y 3apsija KHHETHYECKHUI MOTEHIMA (HalpshKEHHE),
. m.c’ . .
PaBHBIH ¢ == —, obecreunBaroIInil eMy JnHelHoe aBrkeHre. CHMBOI €
e

B (opMynax BblIlIE, 3[1€Ch, @ TAKXKE Jajiee BO BceX (PopMyliax O3HAyaeT
COUHUYHDIL DJIeMeHMApPHbLL DICKTPUUECKUN 3apsili, HE3aBUCUMO OT €ro
3HaKa (T.e. paBeH MPOCTO 1), €CiIu 3TO HE OrOBOPEHO UHAYE.

Macca mnepBHYHOIO BHUXPs, UMEd TOPOBBIM BEKTOPHBIA IMOTCHUHUAI
m , ,
A :Z—ec Ha paguyce r,, CO34acT B CBOEM TOPOBOM BpalllCHUU MAarHuTHYIO
e

2ar,m,C _mgc )

UHAYKIUIO B, =rotA = .
o By = roth, ===

Bpamasice ¢ Takum k€ BEKTOPHBIM MOTEHIIMAJIOM IO KOJIBIY C PaguycoM

N m.c
2r,, Macca co3/1aéT M KOJIBIIEBYI0 MATHUTHYIO HHIIYKITUIO B, = > il (2)
re

I[J'I?I IICPBHUYHOI'O 3apAaA0BOI0 BHUXPsA €TI0 SHCProCOACPKaHHUEC TOJIBKO OT

2
m,C

2e-2

TOPOBOTO BpaIieHus: Oyaer . A Tak Kak ero macca Bpallaercst eme u



II0 KOJbLYy, TO IIOJHAsA KHHCTHYCCKAasA OHCPIrus OTUX €ro BHYTPCHHHX
2

BpaIeHuii Oyaer mzeg . (3)

Ho Bepuémcs emié pas k puc. 1 u paccmorpum 6oiiee 1eTaabHO TO, YTO
CBSI3aHO C 3apsAJI0BOM CTPYKTYpoi JBUXKEeHUs: (POoHOBOTO 3dupa.
[lepBuuyHasi Macca 3apsiia, ©UMes HMMIYJIbC B KOJIBLIEBOM JIBUKEHUU

m.C (2)
o€

m,C o
Py = 26 , BpalllaeTcs Ha paauyce r, Ha MAarHMTHOM MHAYKIIUU B, = >
e I

[Ipu 3TOM YK€ 3/1eCh MIPOSIBIIACTCS CUJIa, AHAJIOTUYHAS KJIACCUYECKOM Cuiie
Jlopenna. IloaTomy mMacca BHXps W Bpamaercs MO KOJIbIy Ha paguyce
Pk mcC-2r,
B_K_ 2m,.c -

r= I To ecTtb MOXHO CUUTaTb, 4YTO OHA BpPAHOIACTCS Ha

MarHuTHOM HHAYKOHNHN, KOTOPYIO CaMa XKC H CO31aET. A 3apsad MOXKHO
paCcCMaTpUBATDh U KaK BJIGMGHTapHBIﬁ TOpOBBIﬁ MarHur.

C MarHMTHOM WHAYKOMEW, C TOYKM 3pEHHS  KIACCHYECKON
AIEKTPOJMHAMUKH, TAaK)KE CBsA3aHa 3JIEKTpUYecKas HanpspkEHHOCTh. Ho c
yucTo (UBMYECKOM TOYKM 3pEHHUSI OHAa BOBCE HE o00s3aHa OBIThH
anekmpudeckoti. OHa MOXET OBITb MPOCTO JACUCTBYIOIIEH Ha Maccy
TOpOHUJAa CUJIOHN, MIPEOIONICBAIONIEH npu e€ 8030yicoeHuu COTPOTUBIICHUE
co cTtopoHbl Macchl (oHoBoro sdupa. Ilo cBoelt dusmyeckoit cytu
HanpsIJCEHHOCMb  ABIACTCS HANPAXCEHUEM, NPUXOOAWUMCS HA eOUHUY)
Onumbl. IIpy 3TOM B KaXIOM BUXPE HanNpsdiceHue e20 6030YHCOeHUs]
JNEIUTCA Ha JJIMHY OKPYKHOCTH, IO KOTOPOM CMEIIAETCs €ro macca.

2
ecM 9pe

Ionnas guszuueckas pazmeprocms HanpaA#CEHHOCIMU — = ,aB
CeK™ -e-cm e-cm

I

cucteme CU Oyner . Tak npu IBMKEHUN MACChI 3apsiia 1O KOJbLy €€
M

mc®  mgc? ()

YUCJICHHOE 3HAUYCHHE ONPEICTUTCS Kak E, = e om " drs’
e-2at, 4are

mc®  mc? (5)

U I PACCMOTPEHHOTO TOPOBOTO BpaIeHus: E, = = .
2e-27ar,  Ame

MBI Takke MOXEM 371eCh TIPSMO MPOBEPUTH (POPMYITYy BTOPOTO 3aKOHA
. OB
BJIGKTPOI[I/IHaMI/IKI/I rote :_E JJIs1 HAIICro cnyqa;[. TaK JJIA BpaIHeHI/I}I

2 2 2
271, -MC” _ mMC a By _ m.C __ngc
9
a4y -e 2mre ot re-(2mlc) 2m’e

KOJIBIIEBOTO BUXPsA rotE, =
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Jlis TopoBoro BpaiieHHs Macchl B Buxpe 3apsiaa u3 (5) m (1) umeem

2 2 2
2at,-mc”  mgc oB; m,C _ mgc

ﬂroz -Anre B zﬂroze Tt re-(2zr,/c) B 27zr02e

rotg, = . Ho akmusnoti cuine

HHEPIHU B BUXPE npomusocmoum TakKas JKe 110 BEJIMYUHE naccusHas Cuia
uHepHuu £,

nac

HENpephIBHO BO30YykaaeMoil ero macchl. BoT s He€ u

_ oB
MO>KHO 3aIliCaTh YK€ COOTHOILIEHUE FotE, = —% , T.€. CO 3HAKOM «-».

Tnac

N ¢dopmyna BTOporo 3akoHa 3IEKTPOJUHAMHUKH JJIsI KOJBIIEBOTO H
TOPOBOI'O BpalIEHUH MACChI 3apsijia MOATBEPKIAETCA MOTHOCTHIO,

Uucto dopmanbHO MaTEMAaTUYECKU MOXKHO CUMTATh, YTO U3MEHEeHUe
MarHUTHOM MHIYKIIMU BO BPEMEHU nopodcoaem HANPSHKEHHOCTH ddupa, a
Ta, B CBOIO O4Yepe.lb, HOopodcOoaem MArHUTHYIO WHIYKIMIO (BpalleHue
Macchl). Ho o0e gusnueckre CyniHOCTH B IAaHHOM SIBJIEHUU MPOSIBIISIIOTCS
Hepa3pbléHO, U MEXAY HUMHU MPOCTO CYIIECTBYET BhIpaK€HHas (popmyion
JIUAJIEKTUYECKasi B3AUMOCBS3b.

[TocmoTpuM Kak 4ucTO (OpMAILHO MATEMAaTHUYECKH B HAIIEM CIIydae,
HarpuMep, HanpsHKEHHOCTD (5) cBsi3aHa ¢ MarHUTHOM uHIyKIwen (1). [Ipu
JIBW>)KEHUM MACCBI BUXPS 110 TOPOBOM OKPY>KHOCTH € PaUyCOM [, 3a BpEMsI
Ot OHa ONMCBHIBAET HA ATOM OKPYKHOCTH AYTy JJIMHOW cOt. DTOW JJIIMHE

» cot  rcot
YT COOTBETCTBYET CEKTOP Kpyra miollaablo oS =7 I, o - 2
0

KaK 4yepe3 JaHHYK OKPYXHOCTb MPOXOJHUT TMOTOK OMPEAEIEHHON HaMH

. A Tak

Boilie B (1) MarHUTHON WMHAYKIUH Bz, TO 3a BpeMs Ot U3MEHEHHE JTOrO
mc rcot  myc’ot
re 2 2

NoToKa OyAeT paBHO O, =B 0S = OTO U3MEHEHHE

IIOTOKAa B COOTBETCTBMM CO BTOPBIM 3aKOHOM JJEKTPOAWHAMHUKH
(bopMallbHO MaTEMaTUYECKU CBS3aHO C LUPKYISIUENH HanpsKEHHOCTH Er
II0 PacCMaTpUBAEMOM OKpPYXHOCTH. Torma mupkynsuus 2aE, =0 /ot.

2
m.c

OTtkyna E; = . D10 u ecThb BeIpakenue (5).

0
Hanpsoxk€HHocTs E; BMeECTE ¢ BEKTOPOM MAarHMUTHOM MHIAYKUUU B,
maloT W BekTop YMoBa-lloiiHTuHTa 2HEpruum A(QUPHOTO TMOTOKA,
IIPOXOJAILEr0 B EQUHHUIYY BpPEMEHM 4Yepe3 EIMHUYHYIO IUIOLIAIKY
«TOBEPXHOCTW» 3apsi0BOT0 TOPOUIA
= 1 = 1 mc® mc_mc® 1 1

S =———E xB, = : =
i, & A /e’ 4dme re 2 Az’ At

(6)
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2 o
rae At= - BpeMsi OOHOBJICHHS BO30YyK/1aeéMON MAacChl TOPOHIA 3apsiaa

(1 CBsA3aHHOH C STUM SHEPIHUH) NPU €r0 TOPOBOM BPAMICHHUH BOKPYT
KOJIBLIEBOM OCH MOJ AEHCTBUEM CHUJIBI E; .

3nech OyJIeT JIOTUYHO CBSI3aTh TaKOM ke dPUPHBIA HOMOK SHEPTUU U C
TaKOU XK€ Cunou uHepyuu, MPOTHBOACUCTBYIOMNA HANPsDKEHHOCTH d(dupa
E; . A Tak Kak HalpaBJIEHUE CUJIbl U3MEHHWIIOCH, TO CBSI3AHHBIN C HEU MOTOK

SHEprurM OyJeT MPOTUBOIOJIOKEH HaiieHHOMY Bbile MOTOKYy. Cuna Er
HaIpaBjeHa MO JIB)KEHHIO MacChl B TOPOUJE, a HAMPABICHUE MAarHUTHOM
UHAYKIUU ycioBHO. [losTomy Oyaem cuuTaTh, YTO TOTOK JHEPTUH,
CBSI3AHHBIN C Hanpsaxcénnocmouio >bupa Er, 6éxooum B TOpoua 3apsjaa u
co3da€T IBWXKYIIYI0 cuiny B HEM. IIpum 3TOM OH Kak Obl ewimecHsem
naccusHyro «umepyuroy w3 topouga (oTcroja 3HaK «MuHYc» B (6)), a
CBSI3aHHBIN C 3TOU cunou uHepyuu -E7 TOTOK SHEPTUU 8bIXOOUN YEPE3 €ro
«IOBEPXHOCTHY. 3a CYET ATOro BO30ykaaemas Macca 3pupa HEMPEPHIBHO
OOHOBJISISICH BCE BPEMSI HaXOJUTCS B CBOEM CJIOKHOM CAMOO8UMCeHUU. A
TaK Kak B TOPOMJIBI HEMPEPHIBHO BXOJUT U BBIXOJUT YEpe3 HX
«MTOBEPXHOCTh» PACCMOTPEHHBIA B [1] TOpCHMHHBIN ra3, TO OH U CO37aéT
yKa3aHHble TOTOKM H3Heprur. OOpaTUM TakKe BHUMAHHUE Ha TO, 4YTO
DHEPIUs KOJAbYego20 BpAlllEHHs BO30YyXKJAaeMOM Macchl B TOPOUJE
coxpansieTcsi. Macca caMOOOHOBIISIETCS JIMIIb 32 CUET SHEPTUU MOPOBO20
BpalleHusi, HO TP ITOM TMPOUCXOJUT JIMHEHHOE CMEIICHUE U
COXPaHSIOLIErocsl KOJBLEBOr0 €€ BpalleHUs 3a CUET COXPAHSIOLIETOCs
MOMEHTA ITOT'0 BPAIIECHUS.

[ToncumTaeM, kakas K€ MOIIHOCTh HY)KHA Ha MOJJEpKaHUE TOJbKO
TOPOBOTO BpAIllEHUS MacChl BHYTPHU 3aps0BOro Topouzaa. Tak Kak B
TOPOHI€ BOKPYT €ro KOJblla HUPKYJIUPYET 3HEPrust m.C°/4 ¢ 4acTOTOM

c/2at,, TO 3Ta MOIIHOCTh COCTAaBHT BEJIHMUYUHY HpUMEpPHO 0,347-10°KBm .

Jns  mopaepkaHusi TOTOKa »dSQupa dYepe3 IMOBEPXHOCTh 3apsia B
COOTBETCTBHUM C (6) Hy)KHA Takas K€ MOIITHOCTb. A caM yoenbHblll TIOTOK
yepe3 MOBEPXHOCTh OymeT mpumepHo S, ,=1109-10*KBm/cv®. DTO TpyIHO

cebe BoOOpasuTh, HO ITO W JAET TPEACTABICHHE O TEX THUTAHTCKUX
YOenvbHblX TIOTOKaX OJHEPTHH, KOTOPHIE HENPEPHIBHO ITUPKYJIHPYIOT B
adupe, o0pa3ys pa3IudHbIC dJIeMEHTapHbIe (pr3ndeckue 00beKTh B HEM. O
Kakoh 3ameHe spupa uszuueckum 6axyymom 31€Ch MOXKHO TOBOPHUTH?
«DU3UIECKUI BaKyyM» - 3TO BCETO JIUIIIb YCI06HOe TEXHUYECKOE IMTOHSATHE.



CrpykTypa IBHKEHHs 3apsAJ0BOr0 TOPOMAA U €CTh YK€ OCHOBA TOrO,
YTO MBI HA3bIBAEM 3JIEKMPOHOM. A TaK Kak «3apsLDKEHHBIC» YacCTULBI C
MEHBIIIEM Maccod B IPUPOJAE HE HAWIEHBI, TO OYEBHUIHO, YTO Macca
ANIEKTPOHA (IIO3UTPOHA) SABISAETCS MUHUMAJIbHO BO3MOXHOW JJIA 3apsja.
Ho 1o Toro, xak roBOpUTH yK€ O CTPYKTypE ABMIKEHUS JJIEKTPOHA, HAM
emé HEeoOXOAMMO OTBETUTh HAa OCHOBHOM BOIIPOC, a KAKUMH JKe
JIBIKEHUSIMU 3(upa y 3apsiaa co30aéTcsl €ro o1eKmpuieckoe noie?

2
Kunernueckas sueprus BpaimieHus (3) mopouda Buxps 3apsima m.c’/2
HAXOJUTCS 6Hympu CPepbl ¢ paarmycom 2r,, 9To BuaAHO u3 puc. 1, Ho takas

K€ DHEPTUS NPUBHOCUMCS U C TOPCUHHBIM Ta30M, 4TO U BUIHO U3 (6). [Ipu
ATOM camu MOpCuHO Kak BO30YxaAeHUs 3dupa HE NPUBHOCIT C COOOM
BHYTPb cepnl HUKaKoi Macchl [1]. OHM BO30YXIAIOT CBOIO MacCy CBOCH
sHeprued B ddupe camoil cdeprl Topowaa. 3a cu4€T ITOro BHYTpHU €&
CO3Ja€TCSl KNHETUYECKOE NaBieHue. Torga v OmpeAennuM €ro, UCIoib3ys
OCHOBHOE YpaBHEHHE KHHETUYECKOW Teopuu ra3oB. Ero o0bIUHO

2
3aIMChIBAIOT B BUJIE pV = §WK , TAC WK N CCTb KHHCTHUYCCKAA SHCPI'UA rasa,

3akirouéHHas B 00béMe V. OTcroa JaBieHHWE TOPCHHHOTO ra3a BHYTPHU
. 2 mgc?-3

yKa3aHHOH c(epbl OMPEACTUTCS KaK p = 3 2an@r) Torna Ha yciI0BHYIO
Az (2r,

HOBEPXHOCTL  J3TOM  cdepbl  47(2r,)° wu3HyTpu  AEHCTBYET  Ccuila

_mgc’-4z(2r)" _ mc’ 7)
4r(2r,)? 2r,

Ecnu moacuuTaTh 3Ty CUly, TO OHA OyJIEeT paBHA ~14,53H , a IaBJICHUE,
KOTOpoe oOHa co31aér BHYTpH cdepsl paBHO =~ 3,643-10%H /e’ (umu
~3,714-10%ammocghep). Cpennsiss IJIOTHOCTH MAacChl BHYTPH 3apsia
~1,0318-10°k2/cv®. Bc€ ato0 TpymHO cebe BooOpasuTh. TakuM  Ke
JABIICHUEM M CHJIOM TOPOMJI 3apsja CXuMaercs U cHapyku. CoOCTBEHHO
PABEHCTBO 3TUX HANPAGIEHHbIX NPYr TMPOTUB JIpyra AABICHUN U CUI U
CO3HAET «nosepxHocmuvy Toponuna. M sra BenuunHa JAa€T NMPEACTABICHUE O
TOM, HACKOJBKO KpemKa CTPYKTypa IBIKEeHHUs 3upHOro 3apsna. OHH
CYILIECTBOBAJIM B MPUPOJE BCETia U OyAyT CYIIECTBOBATh BEYHO, HAXOASICh
B HENPEPBIBHOM JBWXEHHU. VIMEHHO OHM M COCTaBIAIOT OCHOBY T€X
AJIIEMEHTAPHBIX CTPYKTYPHBIX (OpM JABWKEHHUS d(dupa, U3 KOTOPHIX
COCTOUT BemecTBO. IIpocTeWMMM W3 HUX SBISIIOTCA  DJICKTPOHBI,
IIPOTOHBI, HEUTPOHBI U IPYTUE «IIEMEHTAPHBIE YACTULIBD).
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WUtak, TOpOMA »AJIEKTPOHHOIO 3apsifa, COBEpIas CBOE CIOXHOE
BpallleHUe, MpU OSTOM HAxXOIUTCd B cdepe ¢ paguycoM 2r, U C

TIOBEPXHOCTBIO paBHOU 164f,°. COOCTBEHHO 3Ta CHIpYKMYpa O6UMNCEHUs
a¢ghupa, xotopas 3akiodeHa B cdepe C paguycoMm 2r,, HaxXoIsuCh B

JUHAMHYECKOM PABHOBECHUHU C BHELIHUM JIBUKEHUEM 3(Hpa, U €CTh TO, UTO
MBI JOJDKHBI CYUTaThb HEIOCPEACTBEHHO 3apadom 3jaekmpona. Eciu
ONPENENIUTh MAaTEMaTUYECKUN TMOTOK cuibl (7) 4epe3 3Ty MOBEPXHOCTb
2 2
2CM* CM
(8)

m
cdepsl, To OH OyAeT paBeH e -1671,” =8ar,m,c? /e [———].
2r, cex‘e

Ecnu ypaBHOBEHIMBAaWOIIAsl cuila NPUXOAUT H3BHE M TOTOK (8) €€
BEKTOpA COXpaHSAETCS, TO BEIMYMHA CaMOM CHJIbI C YBEIUYECHUEM
pPAcCTOSIHUS OT 3apA/ia NaJaeT Mo 3aKOHY 0OpaTHBIX KBAJPATOB, T.€. KaK

F

_8mymc’ _ 2rm,c’ (9)
Anr’e r‘e
AHaNOTUYHO U3MEHAETCS U MOJSPU30BaHHAs CUia, KaK Obl UCXOMSIAs OT
3apsgoB, U B 3akoHe Kymona. Ho oHa B 11Ba pasa MEHbIIE CHIIBI,
paccuntaraol B (9). [TokaxkeM 3T0.
Moxno 3anucarte 3ak0H KylnoHa 1 CWIBI B3aUMOIEHCTBHUS MEXKIY
eZ
JBYMsI ~ OJJIEMEHTapHbIMM  3apsJaMH B BUJE F=—, r1Ie
r

e=4,80325-10‘1°e0.CFC3q, a I — paccTossHue Mexnay 3apsaamu B cu. llpu

ATOM TIOJIYYHM CUJTYy B OuHax (3HaK CUJIbI HAC MOKa HE UHTEpecyeT). A Tak
KaK B KBAHTOBOM (DM3MKE CETOAHS XOPOIIO U3BECTHO TAK)KE COOTHOIICHHE
e’ =hca, THE  h=10545919-10""[ccr’/cex], TO  opMmyny IS
nonsapuszosannou cuibl KylloHa mexcdy o0eyma Inemenmapuvimu

fica

3apsa0amu MOXKHO IIEpENHCaTh Kak F =—
r

. Mnun ¢ yuérom TOTrO, 4TO
2 2

m,cr,a  mgC-r,
r2 - r.2

BEJIMYMHBI, HAHJEHHOU B (9). DTy CHUly MOXKHO 3allucaTh U B BUJIE

h=m,r,c, nairee 3amumeM F = , YTO B JBa pa3a MCHbIIC

2 242 2
LMme” _ 4armce” e

r? 471 %2 brg,r®’

F= (10)

IJe e —yKe MPOCTO €IMHUYHBIN dIIEMEHTApHBIN 3apsi, a 1/, = 4m,m.c’/e’

ZC’/l/l'C‘./l/l2 v
————1] - NaBHO H3BECTHas B OPTONOKCAIBHOW (PU3MKE BEIMYUHA,
CeK” -€

KOTOpasi B 3allUCH Kak &, =€’/4ar,m,c’® Ha3bIBACTCS JJ1CKMPUUECKOT
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nocmosnnou éakyyma. VI, xak u3BeCTHO, BenuunHa 1/&g,c* =y = 4arm, /e
[2cul €] HA3BIBAETCS MAZHUMHOU TIOCTOSIHHOM BaKyyMa.

B cucreme CU BenumumHa &,=885418782.[@/m]. Y Hac e OHa
nokazaHa kak 1/¢,u B pazmepHoctu CI'CO, a cumBon ¢’ B ¢& 3HaMeHATeNe

O3HAYaET, YTO TAKOU NOMOK 8eKMOopa NOJIAPU306AHHOU CUIbI HATIPABJIEH OT
OIHOTO 3JIEMEHTApPHOTO 3apsiia K Apyromy. 3amuch 1l/g, oTBeyaer €€
dbuznyeckoMy cMmbIcay. PasMepHOCTh [m/®d] MOXKHO BBIpa3uTh [3] Kak
[H - »*/ K7°], ¥ TOT[A TOKE CTAHOBUTCS BUIHO, YTO HOMOK CUIbL HalIpaBJICH
OT 3apsaa K 3apsnay.

YucrieHHOE 3HAUYCHHE JICKTPUUECKON MOCTOSTHHOM BakyyMa B (popmyiie
(10) &, =3,4492217-10"[e*/ oun-cm®]. A Tak Kak 1e=1,6021892-10"°Kxz, a

1ouna =10"H ¥ lem® =10 0%, TO OTCIONA

2 2 2
&, =3,4492217 -10”% (1602189210 %2 XL 108 ‘)‘I‘; & -
uH - cm e Y
2
—885418782.10°2 ~7_
M

MBI TE€M cambIM caciialin IICpCBOA 3HAUCHUA &, U3 OI[HOﬁ CHCTCMBbI

pa3MEPHOCTEN B APYTYIO.
Camy 3amuch 3akoHa KynoHa credosano 6Ovi ucnpaeums, 3amucasn
SJCKTPUYECKYI0 TOCTOSHHYIO Kak & =4m,m,c’/e® W mocTaBuB e B

yucaumens hopmynsl (10). Benb ¢husuueckuii cmuicn 3axona 3akirogacTcs
B TOM, 4YTO CHJIa B3aMMOACHUCTBUA MEXAY «3apaoamuy» TO CBOEU
aOCOJIIOTHOM  BEJIIMUUHE HPAMO  NPONOPYUOHANbHA  TIPOU3BEICHUIO
KOJIMYECTB DJIEMEHTApHBIX 3apsJIOB B «3apadax» W YACIbLHOMY HOMOKY
NOMEHYUATIbHOU NOJAPUZ0BAHHOU CUIbl MEXKIY €IUHUYHBIMHU 3apsiaaMu,
KOTOPBIN M3MEHSETCS OOpaTHO MPOMOPIIMOHATIBLHO KBAAPATy PACCTOSHHS
MeXIy HUMU. UTO 03HAYAET MOHATUE «NOMEHYUAILHOU CUIbL» MBI y3HAEM
HUXKE.

Wtak, 9T0OBI CO3/1aTh CHITy, YPAaBHOBEIIMBAIOIIYIO M COXPAHSIOIIYIO
3apsI0OBYIO CTPYKTYPY JIBFOKCHHS 3pHUpa, CHAPYKU HA MIOBEPXHOCTH CEpbI
47(2r,)°, B KOTOPOM W 3aKJIIOYEHO 3apSAI0BOE JBUKEHHE, TOXKE HOJDKHO

CYIIIECTBOBATh JaBJicHUE 3¢upa. DTO JABICHHE W CO3MAETCS M3HAYAIBHO
CYIIECTBYIOIUMHA B 3(UPE mMmopcuHHbIMU noJsmu. Takoe OIyIICHHE
CETOJIHS BIIOJIHE MPABOMEPHO. YK€ KiaccHuecKas JJICKTPOJMHAMHUKa ¢ e
3akoHOM KyioHa TOBOPUT HamM O CYIIECTBOBAaHWUM B MPOCTPAHCTBE
MAaTEpPUATIbHBIX HOJell  JJeKMPUUECKOU HANPANCEHHOCMU, T.€. nojeu
NOJAPUZ0BAHHBIX CUJL, TEACTBYIOIINX HA 3aPs/Ibl U UCXOJAIINE U3 HUX.
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Emé pa3 nmpexncraBum cebde, 4To BCE pealibHOE MUPOBOE (HU3UUECKOE
IpoCTpaHCTBO  (3HUp)  NPOHU3BIBACTCA  HEBEPOSTHO  OTPOMHBIM
KOJIMYECTBOM YKa3aHHBIX BHIIIIE J1€60 U Npaso BPaIAIOUXCs dPUPHBIX Ke
mopcuno. 3a cu€t 3Toro B 3dupe Cco3JaETCAd KOJOCCAIbHOE aBJICHUE,
coo01Iaromiee eMy OrpOMHYIO YIIPYTOCTh J1a’Ke€ B TOM COCTOSIHUU, KOTOPOE
Mbl Ha3Bai  (U3MYECKUM BaKyyMoM. Tak Kak TOPCUHO, SBIISISICh
NEePBUYHBIMU KBAaHTaMH LIEHTPAIBHO OCEBOW MAarHUTHOW MHAYKIIMH BCETAa
CMENIAIOTCA C JIMHEWHOM CKOPOCTBIO €, TO MMEHHO OHU M MEPEHOCST
MEXAY 3apsaMH KBaHTbl ROAApu3oeanuou cuiavl. Cuia noisapuzosana
MOTOMY, YTO TOPCUHO, UMESI KO/1bleeoe BPAILCHHE, TIEPEHOCIT HE TOJBKO
JIVMHENHBIA UMITYJIC, HO U MOMeHnm umnyavca. [longpu3oBanHas cuia u
€CThb OJIeKMpUYeCKas HAaANpANCEHHOCMb, KOTOpas OKa3bIBAET PA3HOE
CUJIOBOE BO3JICHCTBUE HA 3apsi/ibl PA3HBIX 3HAKOB.

[Tonsipuzanust >IEKTPUUYECKON HAMPSIKEHHOCTH TOPCUHO (3HAK TLIIOC
WIM MHUHYC) 3aBHCUT OT HAaMpaBIICHUS KOJbyegoeo BpaileHusa. Ecmu
CMOTPETh Ha TOPCHUHO BJOJIb €ro ILEHTPAIbHOW OCH U BHUIETh HPABOe
epaujeHue Koabyegoeo 6uxps, TO OyleM YCIOBHO CYUTaTh, YTO C 3TOU
CTOPOHBI HANpPsDKEHHOCTh MMEET 3HaK «mioc». C  JIpyrod CTOPOHBI
TOPCHUHO MBI YBUJIUM 1€80€ 8paujeHue Koabyego2o 6Uxps, u 0yJ1eM yCIOBHO
MMETh HANpsSHKEHHOCTh CO 3HAKOM «MHHYC». HampskEHHOCTBH sBISIETCS
BEKTOPOM, KOTOPBII YC106HO HANIPABIIEH OT IUIIOCA K MUHYCY.

Kaxnas wevimpanvras yclioBHO TOYKa MPOCTpaHCTBA 3dupa BO BCEX
HAMpaBJICHUSIX TMPOHU3BIBACTCSI B E€IUHUIYY BPEMEHU OJIMHAKOBHIM
KOJIMYECTBOM, KaK JIEBbIX, TaK M TMPaBbIX TOPCUHO (T.e. C pPaBHOU
WHTEHCUBHOCTHIO), puc. 2. IlosTomy ona u Oymer 6 smom cmuicie
bu3nuecku HeuTpasibHOW. M 1 Hac ceiluac HE UMEET 3HAYEHHUS, KaKOBa
peanpHas Macca M CKOPOCTh TOPCHMHO. BaxkHO muIb TO, YTO
KUHemuueckoe oagjieHue v HapsHKEHHOCTD B A(HUpe KakK pa3 U CO3TAr0TCS
3a CYET MX DHEPTUU JIMHEWHOTO JBIDKEHHUA. A pa3 B dPUpe MOMUMO €ro
(GOHOBOM YNPYTroCTH CYIIECTBYET €HIE U Od6leHUe B €ro W Ha €ro
MUKPOOOBEKTaX, MPUYEM OrPOMHOE, YTO YK€ BHUIHO W3 TMPUBEACHHBIX
BBIIIIE BBIYUCICHUN, TO ADUP NPUHYUNUATILHO HEIIB3S OTOXICCTBISATH C
eakyymom, JAaxe J00aBUB €My SIPIBIK ¢uszuueckoeo. HamomHum,
bu3NYecKuil BaKyyM — 3TO BCETO JIHUIIb COCHOAHUE IPupa, B KOTOPOM
OTCYTCTBYIOT 8ewyecmeeHubie pru3nueckue 0ObeKThI.
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Puc. 2. Yepes kaxayw HeumpanbHyilo YCIOBHYHO TOYKYy A B
npocTpaHcTBe (B 3(upe) BO BCEBO3MOKHBIX HAIPABICHUSX C PaBHOU
MHTEHCUBHOCTBIO MIPOJICTAIOT KaK JIEBBIE, TAK U MPaBble TOPCUHO.

Ha puc. 26 [BWXeHHE TMpaBbIX TOPCHHO YCJIOBHO IOKa3aHO
CIUTOUTHBIMH JIMHUSIMH, a JIEBBIX — MYHKTUPHBIMU. B 3TOM cMbIcie Touka A
bu3nUecKku HeUTpaIbHa.

TopcuHo, SIBISASACH AJI€MEHTAPHBIMU KBaHTaMU (TIOPLIMSIMU ) MATHUTHOM
WHIYKIIMHU, a 0 CBOEH (M3MYECKOW CYTH AJIEMEHTAPHBIMU CTPYKTypaMu
(kBaHTaMu) BpatieHus 3pupa, 0coobiM 00pa3oM B3aUMOJEHCTBYIOT U C €T0
pa3uyarowuMucs 3apsiioBbIMU CTPYKTYpaMH JIBHKeHHS (3apsaamu). Eciu
B KaKoi-mnOo Touke 3(hupa HAXOIUTCS 3apsSA0BOE JIBMIKEHUE, HAIPUMED B
TOuKe A Ha puc. 20, To ero OyAyT MPOHU3BIBATH KaK JIEBbIC, TAK U MpaBbIC
TOpCHHO. WX KOIMYEeCTBO, NPOXOJAIIEe HMEHHO uepe3 6030yicoenHue
3aps006020 O08UdNCeHUs: TPSMO TPONMOPLMOHATBHO BBEJCHHOW BBIIIE

. . m,r.
3apA00680ll NOCMOAHHOU, T.€. BEINYUHE 290 =const. Jlpyrumu cioBamu,
e

TOJIBKO Yacmb MOpPCUHO, IPOHU3BIBAIOIINX BO BCEX HANPABJICHUIX cepy ¢
paguycoMm 2r,, B KOTOPYIO BIHCHIBAETCA BO30YKJICHUE 3apsI0BOTO BUXPS,

HEIMOCPEJICTBEHHO BO3JIEUCTBYET Ha €ro BO30ykaaeMmyro Mmaccy m,/2e.

B3auMopeicTByst ¢ Maccoil 3apsi0BOro JABMKEHHS, OHU OCOOBIM 00pa3oM
OKAa3bIBAIOT HA HETO CUJIOBOE BO3JEHUCTBUE, UTO U MOKAKEM JaJIbIIIE.

Bpllte MBI yCIIOBWIMCH CUMTAaTh BPALIEHHUE MACCHI MOJIOACUMENbHO20
3apsia npasvimM, a ompuyamenbHoz2o JegviM. llpaBpie TOPCHMHO, MPOXOIs
yepe3 OTpULIATENbHBIM 3aps]l C JIEBbIM BpAlIEHHMEM €ro MaccChl, HE
M3MEHSIOT CBOEr0 KOJBLEBOTO BpamieHusa. [loatomy BeIXOas W3 3apsna,
OHU N0 OMHOWEHUN) K HeMy YK€ HN3MEHAIT OpPHUEHTAIUI0 CBOEU
HanpsoKEHHOCTH. A JIEBbIE TOPCUHO, MPOXOJS OTPULIATENIBHBIN 3apsii,
UCIIBITHIBAIOT uHeepcuto. IHBepcusi TOPCUHO (PU3UYECKU 3aKITFOYACTCS B
TOM, YTO B3aMMOJECHUCTBYSl C BHYTPEHHUM JBUKEHUEM MACCHI 3apsa, OHO
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U3MEHSET HAINPABJICHUE CBOErO KoJabyeso2o BpauieHud. [losTomy
BBIXOJSIIIIE W3 3apsifa TOPCHHO, UCIBITABUINE UHEEPCUIO W OKA3aBIIHE
BO3JCHCTBAE HA MAaCCy 3apsija HE TOJIbKO IO «IOBEPXHOCTHU», HO U
U3HYTPH B TIporiecce € BO3OYXKIACHHS, HE H3MCHSIOT IPHU OTOM CBOEH
OpUEHTALlMU HANPSXKEHHOCTU N0 OMHOUleHUIo K 3apsady. B cuiy aToro npu
8bIX00e W3 3aps0BOTO JIBJKEHUS OHU CO3/JAaI0T BOKPYI HETrO BHEIIHEEe
NOmMeHYuaibHoe  CUJIOBOE  TIOJIE  U3OLIMOYHOU  NOAAPU30BAHHOU
HANPAAHCEHHOCU.

2—»— — fe—— ——
a) 0)
Puc. 3. a) B oTpumniarensHblil 3apsia cieBa BXOJAT JieBoe 1 u mpaBoe 2
TOPCHUHO, a BBIXOJAT CIIpaBa o0a YKC IIPpaBbBIX TOPCHHO, 6) co3aaBacMast

TOPCUHO HANpPSHKEHHOCTh 3(Upa; ClipaBa MHBEPTHPOBAHHOE TOPCHHO 1
co3a€T U30BITOUHYIO MOJISIPU3OBAHHYIO HAIPSHKEHHOCTH dupa E.

Ha pucyHke yCIOBHO IOKAa3aHO JIMIIb OJHO HAIIPABICHUE W3 HUX
OTPOMHOTO MHO€ECTBa. JIeBoe TOpcHHO 1 MpOXOAHUT CKBO3b Maccy 3apsija,
U3MEHSET CBOE BpAIllCHUE M TEM CaMbIM CO3Ha€T Ha 3apsie u30blmoUHY0
Hanpspk€HHOCTh  E. TopcuHO wWcmeITano wuHeepcuro Ha 3apsae, HO
IIPOJOJDKAET CBOE JaJbHEMIIEE NBMKEHUE C MIPEKHEN CKOPOCThIO. Takum
o0pa3oM, TOPCHMHO COXPAHSIIOT CBOIO »HHepruto. M3 pucyHka Takxe
HaIJIIHO BHUJHO, 4YTO 3(QUpP BOKPYT 3apsia u30bimoyHO TOJSIPUIYETCS
KOJIBLIEBBIM BPAILIEHUEM 6bIX00AWUX TOPCUHO. B pe3ynpraTe npeobnanaer
HanpsHKEHHOCTh, YCIIOBHO HAalpaBjieHHas K 3apsay. Bektopsl £ u
OTpaXXaroT UX BpauleHue. Eciam cMoTpeTh Ha BEKTOP £ CO CTOPOHBI 3apsa,
TO BpAIllEHHE TOPCHUHO OyAeT JIeBbIM (MPOTHUB XOJa YaCOBOM CTPEIKH).
3apsa co3naéT BOKpYT ce0si TO, YTO MbI Ha3bIBAEM NOJIEM INEKMPUUECKOLL
Hanps#CEHHOCMU, HATIPABIICHHOU K 3apsy.

T T3 T4T lTEf 3T4

a) 0)

N

Puc. 4. a) Cxemartnuecku (3aps]l yCJIOBHO MPUILTIOCHYT) MOKAa3aHBI
JIBW)KCHUE W WHBEPCUS TOPCHHO HA TMOJIOKUTEIBHOM 3apsize; 0)
U3061MOYHAs SNEKTpUYecKast HANPSHKEHHOCTH HAIpaBJIeHa OT 3apsia.
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Ha puc. 4 mnokazaH nonoocumenvusiti DIEKTPUUYECKUN 3apsia U
IPOHU3BIBAIOLIME €r0 IpaBble W JieBble TOPCUHO. C MOJOKUTEIbHBIMU
3apsgaMu = BCE TPOMCXOAMT  aHAJOTHMYHBIM  O0Opa3oM, Kak U C
OTpuUAaTEIbHBIMU. TONBKO TENEph J1egble TOPCHHO MPOXOAAT 3apsii, He
UCIBIThIBas UHBEPCHUHU, A UCIBITHIBAIOT €€ YK€ npasvle TOpcuHo. U Toraa
BEKTOpPHl £ OyayT NMpeuMyILIECTBEHHO HAIpaBieHbl OT 3apsiaa. PucyHok 4
emé Oosee HArjasAHO T[OKa3blBAE€T, YTO B HAYaJbHO HEUTpPaIbHOM
TOPCUHHOM II0JIE 3apsii CO3JAa€T IMOoJIe u30bIMOuYHOU HANPSKEHHOCTH,
3aBUCSLIEH OT €ro 3Haka, a caM IpPH 3TOM HaXOAMUTCS B PAaBHOBECHH.
CunoBoe BO3IEICTBUE Ha 3aps] MO €ro «IMOBEPXHOCTU» OKAa3bIBAIOT Kak
BXOJISIIIME B HErO, TaK M BBIXOASAIIME M3 HEro TopcuHo. Ho usbwimounasn
AIIEKTpUYECKass HaNpsHKEHHOCTh F, HampaBlIeHHas OT 3apsja, co3daHa
TOPCUHO, noxudarowumu 3apsj. 1103ToMy B yCIIOBHO HEHTpaibHOM TOUKE
abpupa  TOTOK  HOAAPU3OBAHHOU U30bIMOYHOU ANEKTPUYECKOU
HanpspKEHHOCTH OT 3apsia OyneT B JiBa pa3a MEHbILIE IOTOKA CHJIBI,
JMHAMUYECKH ypaBHOBemMBaromero cuiy (8). I on Oyaer B TOYHOCTH
paBeH TOTOKY KYJOHOBCKOW TOJIIPU30BAHHOW HANPSDKEHHOCTU  C
«IOBEPXHOCTH» 3apsja, T. €. 4ar,mc’/e.

Tak kKak MOTOK MOJSIPU30BAHHOM CHJIBI OT 3apsia COXpaHSAETCS, TO Ha
Aarym.c®  mc’r, - 2cm
0% —_e” 0 . ]’ (11)

aauyce I ota cujia oymer E.(r) =
pasiy e (1) 4rrle r’e cex’e

4TO U ABJIACTCA 2/1eKmpudeckKum nojiem IJICMCHTAPHOI'0 3apAanad. 141 TOorga
INIOTHOCTb OSHCPIHUHU IJJICKTPHUUYCCKOI'O IIOJA TAKOI'0 3apsaiaa, HCXOOd H3

M3BECTHOM B 3JIEKTpouHaMuke Gpopmyisl [4, c. 306], Oyaer

2.2_4 2
& 2 m,r,°c m,1,C
u, =2 E2(r) = e = M

2 2r'e?4mrc? /e’ 8z-rt’

A Tak Kak 2JeMeHT c]epudyeckoro o0béMa paBeH 4ar’dr, TO IHEPrHUs
BHEIIIHEr0 MOTEHIMAIbHOIO 3JIEKTPUYECKOIO MOJIS 3apsja 3JeKTpOoHa Ha

@ 2
pamuyce I coctaBut U = ju34n- r’dr = % : (12)

B cBoux nekuusix no ¢usuke P. @deilHMaH Tak M pPACCUUTHIBAET
DHEPTUI0 JJIEKTPUUYECKOro mojisi 3jektpoHa [4, c. 306]. O ob6o3HauMI
HIDKHIOIO TPaHUIly UHTETPUPOBaHUs OYKBOW a U ero opMmysia B KOHEUHOM
BUJIE TNPUBEICHA KakK UM:%-%Z. Ecin  yuectp, uTO €*=hca, TO
_heca _M

U o
! 2a 2a

.Necmm a=2r, 10 U =mc’/4. (13)
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DTOH PHEPrUu JOJIKHO OBITH JOCTATOYHO JUISl pa3roHa 3JEKTPOHA JI0
CKOPOCTH ¢ B MPOLECCE €ro aHHUTWIALMHA C MO3UTPOHOM, YTO M Oyner
MOKa3aHo B OTAEIbHOM paboTe. Ho cpa3y ke 3/1ech 00paTiM BHUMaHHUE Ha
TO, 4TO 3Heprus B (13) B nBa pa3za MeHbIE 3HEPrUM Motoka B (6). 1o
CBSI3aHO C TeM, 4TO B (13) MBI MOJY4YHIIA YHEPTUIO UMEHHO TOTO MOTOKA
TOPCUHHOTO Ta3a, KOTOPBIA CO3HAET 21eKmpuieckyro HaNpsHKEHHOCTh E3
3apsna. Ho »TOT mOTOK M MeHbIEe B JiBa paza OOIIEro KMHETHYECKOTO
MOTOKa TOPCUHHOTO Taza (6) B Topouja 3apsijia, KOTOpbIM co3aaéTcs
WHEPLHUOHHON HANPsLKEHHOCTBIO E7 camoro 3apsioBoro Topouaa. O6 stom
y>K€ U TOBOPUJIOCH NP pacu€re KyJIOHOBCKOU cuiibl B (10).

A nanee @eriamanH mmmeT: «HO Kak TOIBKO MBI NEPEXOAUM K
TOYEUHOMY 3apsily, HAUMHAIOTCSI BCE HAIU O€bl....KOJIMYECTBO YHEPTHUH,
OKpY’Karoleld TOUCUHBIN 3apsj, oKa3biBaeTcs OeckoHeudHOM» [4, c. 306-
307]. A emé€ B OpyroM MeECTE€ HAxXOIUM Yy Hero clienyromee: «Mbl
BBIHYKJICHBI TIPUNTH K 3aKIIOYEHHIO, YTO TMPEJCTaBICHUE O TOM, OYITO
SHEPIrUsl COCPENOTOYEHA B MOJIE, HE COTJIACYETCS C MPEATNOJIOKEHUEM O
CYIIECTBOBAHUM TOYEYHBIX 3apsiAoB. OIMH TyTh MNPEOJOJEHUS ITOMN
TPYAHOCTH — 3TO TOBOPUTH, YTO OHJIEMEHTapHBIC 3apsjibl (Takue, Kak
AJIEKTPOH) HAa CaMOM JieJe€ BOBCE HE TOYKH, a HEOOJBIINE 3apsIOBbIC
pacnpenenenus. Ho MOXXHO TroBOpUTh M 00paTHOE; HENPABUIBLHOCTh
KOPEHUTCS B HaIlle TEOPUH AJIEKTPUUECTBA HA OYEHb MAJIBIX PACCTOSHUSIX
WU B HallleM NPEACTaBICHUM O COXPAHEHUM SHEPrUU B KaXKIOM MECTe
nopo3nb. Ho kaxkmas Takas ToO4yka 3peHUsS BCE PABHO BCTPEYAETCS C
3arpygHeHusiMu. W uX HuKorma emeé He yOaBaloCh IPEOAOJIETH,
CYIICCTBYIOT OHH H IO Cei AeHb» [5, ¢. 173].

N xors Bcé 3TO OBUIO HAMMCAHO IIOJIBEKA Ha3ajd, HO OCTaéTcs
CIpaBeIJMBbIM U cerofHs. Ho Mbl HarjmsiIHO BUJIMM, KaK Halll IMOJXOJ
CHHUMAET BCE OTMEUYEHHbIE TPYAHOCTU. MBI BUJIUM TaKKe, YTO PaCUET JAET
U yucmo nomenyuaivbHyto (JMEKTPUUECKYI0) IHEPTUIO 3apsaoa DIIEKTPOHA.
E€ MOXHO Ha3BaTh Tak JUIIb VCI08HO, TaK KaK PACCUMTAHHAS SHEPTUS
JICUCTBUTEIBLHO TPUHAMICKUT NOJAPUIOBAHHOU Macce TOPCUHHOTO Trasa,
BO30Y)K/IaeMOM  BOKPYr 3jeMeHTapHoro 3apsga. OpHako .maccwl,
COOTBETCTBYIOIIEH 3TOW SHEPruu, y CaMoro zapsda HeT. VHeprumoHHas
Macca 3apsja rno-npexxHeMy OyJeT m, U COCpe0TOYEHA OHA B TOM, YTO MBI

Ha3BaJii TEPBUYHBIM TOPOMJOM 3apsijia U €ro BTOPUYHBIMU BOJIHAMU
MarHUTHOW UHIYKITUH.

OG6paTtuM BHMMAaHHUE, YTO YHMCJICHHO SHEPIrus AJICKTPUUYECKOrO MOJIs
3apsina (12) uameHsiercss B 3aBUCUMOCTH OT pajdyca TOYHO Tak K€, Kak U
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KMHETUYECKUI TOTEHIMal BUXPEM MarHUTHOrO mousig 3apsana. Tam, rnae
ObuUla BBEJEHA 3apsAfOBas IOCTOSHHAsA, YK€ OBLIO CKa3aHO, 4TO B
COOTBETCTBUM C 3TOH IOCTOSHHOM, €CIIM YXKE€ B CAMOM MACHUMHOM NOJle
3aps0068020 6UXpsi BBIIEIUTb KAKOW-TMOO paauyc I, TO M BTOPUYHBIN
MarHUTHBIM BUXPb 3TOrO MOJIS C 3TUM PaJInyCOM TOXe OyAEeT UMETh Maccy

m,r
m(r)=—-2 © TaKyl e Mmaccy Oyler HMeTb M MAarHuTHOE TOJIE,
2re

pacxojsuieecss OT 3TOro paamyca . A HMMes Takyl Maccy, BHEUIHUH

MardWTHBIA BUXPH 3apsja C paanycoM I OyaeT MMETh M KHHETHYECKHI
m.r.c?

MOTEHIUAI (o(r):;—o CBOEr0 IBOMHOIO BHXPEBOIO BpALICHUSA B
re

TOYHOCTH PABHBIA MOTEHIMANY 3yiekTpuueckoro mois (12). U 3to He
CllyyallHO, TaK KakKk TIpyd B3aUMOJACHCTBUM 3aps/loB HUX cyey0o
NOmMeHYUalbHble 31eKmpuieckue nojs Kak pa3 v MepeBoIAT KHHETUUECKHE
MOTEHIMAJIBl MATrHUTHBIX TOJIEM 3apsioB B KHHETHYECKYH) SHEPTUIO
JMHEMHOTO JBWKCHUS JJIEMEHTAPHBIX YACTHUI, B CTPYKTYPY KOTOPBIX H
BXOAT 3apspl. O0 3TOM OyAeT CKa3aHO B OTIEIBHONU pabOTe O CTPYKTYpE
JBIKEHUS d(DUPHOTO AIIEKTPOHA U €0 BoJIHE Jie bpoitns.

Hanee npencraBuM ceOe, 4TO B IIEHTPE HEKOTOPOM BOOOpaxkaeMoi
chepuuecKoil MOBEPXHOCTH PACIIONOKEH OTPULIATENbHBIN 3aps, puc. 5. 3a
CYET MHBEPCHUM JIEBBIX TOPCUHO, MMPOXOIAIINX YEPE3 MACCy 3apsaaa, BOKPYT
HEro Cco3Jaércsi BUXPEBOE BpallleHHEe d>Pupa, MNPEUMYIIECTBEHHO
HaIIpaBJIEHHOE BIIPABO, €CJIM CMOTPETh HA IIOBEPXHOCTh CHAPYXKH, pHC. Sa.
OHO ® CcO30aET BOKPYT HEIrO  NOJAPUBOBAHHYIO  DNIEKMPUUECKYIO
HanpscénHocms dPupa, yCIOBHO HAIMPaBICHHYIO K 3apsay, puc. 50. Eciu
CMOTPETh Ha TOPCHUHO OT 3apsijia, TO MOKa3aHHbIE BpallleHUs OyAyT yxKe

N
R

Puc. 5. a) Ot 3apsana u k 3apsiay, €Ciii CMOTPETh Ha chepy CHapyKH,

JICBBIMHU.

JBIDKYTCST TOPCHHO C TIPEMMYIIECTBEHHO OJIMHAKOBO HAIMPAaBICHHBIM
BpareHrem; 0) HampaBlIeHHAs K 3apsly MOJSIPU30BAaHHAS DJICKTPUUYECKAS
HaInpspKEHHOCTH d¢upa E.
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Ha uto emé 3mech crnemyer oOpatuth BHUMaHue. M3 puc. 5a BUIHO,
qTO0 Ha  cpepHuecKuX  TOBEPXHOCTSIX, OKpYXaIux  3apsif,
MPEUMYIIECTBEHHOE BpAIlICHUE JIETAIIUX TOPCUHO HAMPABICHO APYT
npotuB apyra. OHU Kak ObI CTPEMSATCS TOPMO3UTH APYT APYTa, 9TO CO3AaET
110 OTHOIICHHUIO K TOPCHUHO OTPOMHOE HO0K0B0e NaBJICHUE B OKPYKaIOIIEeM
3apsia ddupe. DTO CTAOWIM3UPYET MOISIPU30BAHHYIO HANPsHKEHHOCTh U
CIOCOOCTBYET COXPAHECHUIO chepuuHocmuy ICKTPUIECKOTO MO 3apsiIOB.

Takum  oOpa3oM, MBI CMOAETUPOBATH  HA2IAOHO  (husuyecKu
DIEKTPUYECKUN 3apsAl M TO, YTO HMMEHYETCA IIOJIEM IOJIIPU30BAHHOU
AIEKTPUYECKON HAIPSHKEHHOCTH 3apslia, WK NPOCTO €r0 91eKmpUdecKum
nonem. Ho Mbl Takke BHJIAM, YTO HA CAMOM JIEJI€ B €r0 OCHOBE JIEKUT HE
4YTO WHOE, KaK IO0JIe MacHumHou unoykyuu. Benb NeiCTBUTENBHO, €CIIU B
npupojie KpoMe 3pupa U ero JBUKEHHUs] HUYEero 0oJiee He CYLIECTBYET, TO
U HY’KHO OOBSICHATH BCe (PU3NUYECKUE SBJICHUS yepe3 3To ABwxkeHue. Torna
HUYETO JPYroro, CIOCOOHOTO noiapuzoéams 3(UpP, KPOME KaK €ro
épauienus, B IPUHIIUIE U HE IOJKHO OBITh.

Puc. 5 Taxxe Haznadno NOKa3pIBAET, IOYEMY B NIPUPOJAE CYLIECTBYIOT
Pa3IENbHO TOJOKUTENIBHBIE U OTPULIATENBHBIE 3apsANbl, U HET HHUKAKUX
pa3enbHO  CYHIECTBYIOUIUX  MACHUMHBIX — 3aps0o8  (MarHUTHBIX
MoHomoJei). [lojge nonspu30BaHHON JJIEKTPUUECKOW HAIMPSKEHHOCTH
BOKpYT 3apsjia (aKTUYECKH SIBISIETCA MOJIEM MOJISPU30BAHHON MarHUTHOU
WHIYKIUU TOPCUHO, IMPOHU3BIBAOIINX TOpoun 3apsana. OIHHM CBOUM
IIOJIIOCOM ~MAarHUTHAasT WHIOYKIUS BIETAIOIIMX B O3TOT TOPOHUI H
BBUIETAIOIIMNX U3 HETO TOPCUHO, CO3JAOIINX AJIEKTPUUECKOE MOJIE 3apsaa,
HaIlpaBJICHA K 3apsly, a BTOPbIM HapyXy. TeM campiM co31a€rcst TO, YTO
MBI CUMTAEM IJICKMPUUECKUM MOHONOIeM, KOTOPBIN SBIIAETCS IO CBOEU
(bu3NYECKOM CYyTH CTPYKTYPHBIM ABMXKEHUEM MACHUMHBIX OUNOEU.

Puc. 6. Cxema B3auMOJICUCTBHS ABYX 3apsi0B OJHOTO 3HAKA.
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Ha puc. 6 nokazaH npuHIMI B3aUMOJCUCTBUS 3aps0B OJHOTO 3HAKA:
a) IBUKEHUE W MHBEPCUSI TOPCUHO; 0) dIeKTpUuuecKas HanpsHKEHHOCTh Ha
3apsgax (MHBEPTHPOBAHHAS MMOKa3aHa OoJjiee TEMHON) M JICUCTBYIOIIHE Ha
3apsiibl  MOTEHIMaIbHBIE CUJbl. M3 Hero BUAHO, 4TO TOopcuHO 1 u 4,
UCIIBITHIBAIOIIHE UHBEPCHIO, U3MEHSIOT  HampaBlICHUE cBoei
HaMpsHKEHHOCTH U pacTANIKUBAIOT 3apsiabl cuiamu F; u F4. OOpatum
BHUMaHHE, 4TO 4-pe TOPCUHO HEKOTOPOro MPOU3BOJILHOIO HAIpPABJICHHUS
(BXomsuIMe B KaXAbIA 3apsij MO JBa C KaXKIOM CTOPOHBI) CO3MAI0T 2-€
AJIEMEHTAPHBIX PACTAIIKUBAIOLIUX 3aPs/Ibl CUJIbI (10 OJTHOU HA 3apsif).

Hwmxe Ha puc. 7 moka3aH NPUHLIMI B3aUMOJIEHCTBUS 3apsiiOB PA3HBIX
3HAKOB.
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Puc. 7. Cxema B3aMMOJEMCTBHS IBYX 3apsiA0B PA3HBIX 3HAKOB:
a) JBWKEHUE M WHBEPCHUS TOPCHHO; 0) AJeKTpHUecKas HANPSKEHHOCTh U
JEUCTBYIOLIME Ha 3aps/Ibl TOTEHIUATbHBIE CUJIBI.

Bnauase sieBoe TOpCUHO 1 UCHBITHIBAET MHBEPCUIO HA OTPUIIATEIBHOM,
a TIOTOM, CTaB MOJIOKUTEIbHBIM, U Ha MOJIOKUTEILHOM 3apsigax, a MpaBoe
TOPCUHO 3 BHayaje UCHBITHIBAET MHBEPCUIO HA TMOJIOKUTEIHHOM, a TIOTOM,
CTaB OTPUIATEIbHBIM, U HAa OTpHUIATEIbHOM 3apsnax. [IpaBoe Topcuno 2
UCIIBITHIBAET UHBEPCHUIO HA MOJIOKUTEILHOM 3apsijiec U CTAHOBUTCS JIEBBIM,
a JICBOE TOPCUHO 4 — Ha OTPUIATEIHLHOM 3apsJi€ U CTAHOBUTCS IMPaBbIM.
Bo3nukaromue npu 3Tom cuibl F; Ha oTpuinarenbHoMm 3apsiie U F3 Ha
MOJIOKUTEIIBHOM 3apsiie  pactainkuBaroT 3apsael. Cunsl F; u F, Ha
MOJOXKUTENIbHOM 3apsine W F3; um F4 Ha oTpumatesbHOM 3apsje
MOATAJKUBAIOT 3apsiAbl JIpyr K Apyry. PesympTupyromas cuia u3 2-X
AJIEMEHTAPHBIX CUJ (10 OAHOW Ha 3apsj) MOATAIKHUBAECT 3apsiibl APYr K
npyry. To ecTh CUJIbl pacmankuganusa 1jis OJHOUMEHHBIX 3aps0B PaBHBI
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CHJIaM HOOMAJAKUBAHUA JJIs1 paSHOI/IMéHHBIX 3apsaa0B. M Her HuKakux
mucmudecKkux CUJI npumANdCceHusa MCXAy 3apsagaMu.

N3 pucyHkoB 6 ¥ 7 BUIHO TaKX e, YTO MO JIMHUU B3aUMOJCHCTBUS
3apsiIOB ¢ HApy>KHOM HX CTOPOHBI HEMOCPEACTBEHHO Yy 3apsiioB U Ha
HEKOTOPOM OT HHX PACCTOSIHUU COXPaHSETCS COOCTBEHHOE II0Jie
M30BITOYHON HAMPSHKEHHOCTH 00HO20 3apsiia. Y 3aps/loB pa3HbIX 3HAKOB
ux oOllee IEKTPUUYECKOE TMoJie OBICTPO HEUTpanu3yeTcs B HaIlpaBIICHUH,
NEPIEHIUKYJISPHOM JIMHUU B3aUMOJICUCTBUA. Y 3apsiioB C OJMHAKOBBIM
3HAKOM HX OOIIee IJIEKTPUIECKOE IMOJe OBICTPO CYMMHPYETCS TaKXKe B
HaIpaBJICHUM, MEPICHANKYJISIPHOM JIMHUM B3aUMOJICUCTBUS, a HO JUHUU
B3aMMOJICUCTBUS CHAPY>KH COXPAHSETCS IMOJE eOUHUUHO20 DIIEMEHTAPHOTO
3apsa.

Ecniu oOpatuthess k 3akoHy KylioHa, TO €ro sKCIepUMEHTaIbHO
HaWJICHHAS abOCcmpakmuas mamemamuyeckas Mooelb HHYEro 00 3TOM
CKa3aTh HE MOXET. A TMO3TOMY JUIsl yAep>KaHUs OOJIBIIOTO KOJIMYECTBA
OJIMHAKOBO 3apsiKEHHBIX MIPOTOHOB B sAJpax aTOMOB (PU3MKU U ObLUIU
BBIHYKJICHBI BBECTH CIIEIUANIbHBIC AJIEPHBIE CUJIbI, IEUCTBYIOIIME Ha OYEHb
MaJlbIX OT 3apsf0B PACCTOSIHUSX, MPUPOAY KOTOPBIX OHHM JO CHUX TIOp
00BsICHUTH HEe MOTYT. [IpaBaa, MbI TOXe MOKa €111 TOBOPUM 00 OTAEIbHBIX
3apsgax, a He 00 OJJIEKTPOHAX W IMPOTOHAX, KOTOPHIE MMEIOT CBOIO
CTPYKTYpY JBWKEHHS, BKJIIOYAIONIyI0 B ceOs 3apsabl  Kak HX
cocTaBisifone. A caMu 3apsiipl B Toi ¢opMe, Kak Mbl HX 3/€Ch
paccMaTpUBaeM, T.€. BHE KaKOW-TMOO KOHKPETHOM CTPYKTYpPbl ABUKEHUS
a¢upa (cB0OOJHO), B MPUPOJE, TO-BUIUMOMY, HE cylecTByoT. Ho Haie
paccCMOTpEHHUE BCE K€ HMMEET MNPUHUUNHUAIBHOE 3HAadYeHue. Tak Kak
CKOPOCTh TOPCHUHO paBHa CKOPOCTH CBETa B BAKYyME, TO B3aMMOJICHCTBUE
3apsA0B, BXOJSIIMX B Kakue-THOO dJIeMEHTapHbIe d(PUPHBIE CTPYKTYPHI,
CUMTAIOIINECS Y)KE BEIIECTBEHHBIMU KOPITYCKYJIaMU, PAKTHYECKH U OyIeT
TaKuM, KaK [MOKa3aHo BhILIE.

3aKJII0YCHUE

Utak, apupHast CTpyKTypa 3JEKTPUUYECKOro 3apsiaa 0e3 Kakux-Iubo
MIPOTUBOPEUYHI MOXKET OBITh IIOCTPOCHA 8 YHpyeom (oHOBOM 3¢hupe B BUJE
PacCMOTPEHHOTO TOPOUAAIBHOTO JBIKEHUA. [Ipu aTOM camy Maccy 3apsna
BO30Y)K/Ia€T BUXPEBOE IBWIKEHHWE €ro MEPBUYHOTO TOpa. ITO TOPOBOE
BO30YXXJIEHHE (HDOHO6020 3¢hupa, HAXOMACh B 3aIOJHSIONIEM MHPOBOE
MIPOCTPAHCTBO MOPCUHHOM 2a3e, TIPOIyCKaeT ero 4epe3 ceds. YactuuHas
uHeepcus MopcuHo TIONSPU3YET COCTOSHUE OKPYXKAIOIIETO BO30YXKICHHE
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¢onHoBorO 3Upa, 4TO U CO3AAET MOJSAPU3OBAHHOE IIEKMPUUECKOe Nofe
3apsaa. OHO UMEET y’Ke CBOIO MacCy M NMOTEHIHAIbHYIO YHEPTHIO, 3a CUET
4Yero U CocoOHO B3aUMOJIEHCTBOBATH C APYyruMu 3apsinamMu. Ho adupHsIit
AJIEKTPOHHBIN 3aps] elé He ecTh caM 3JeKTpoH. Iloatomy HeoOxonumo
Jlajiee pacCMOTPETh I(PUPHYIO CTPYKTYPY IBUKEHHS AJIEKTPOHA, UTO U
OyAeT chenaHo B OTAENbHON pabore. BOT TyT OH M MOJIyduT Bce €ro
U3BECTHBIE PU3NUECKHE XapAKTEPUCTHKHU.
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