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J.K. Makcpemnn

CerogHss HET HHMKAaKUX COMHEHUH B TOM, YTO 3JJleMeHMApPHblE
AIEKTPUYECKHUE 3apsbpl UTPAIOT B NPHUPOJAE KIOYEBYIO poiib. M, TeM He
MEHEE, Mbl JI0 CHUX MOp HE UMEEM HHUKAKOIro MPEJCTABICHHUS O CaMOM 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
(3JIeMEHTapHBIM)  3apsiIOM  SBJISIIOTCSL  OTPULIATENIbHBIE AJIEKTPOHBI U
MOJIOKUTENIbHBIE TO3UTPOHBI. [103TOMY HE COBCEM MpPaBUIIBHO MX 4YacTO
OTOXAECTBIISIIOT C CAMUMU COUHUYHBIMU 3aPAOAMU.

Monenupyst 21emenmaphsiit S1EKTPUUECKUN 3apsii, OyJeM UCXOAUTH
W3 TOro, 4YTO B IPUPOAE, KPOME €IMHOM HENPEPHIBHOW MUPOBOU CpEIbl
(apupa-maccel) u e€ (ero) ABMKEHUS O0Jee HUYETO U HEe CYHIECTBYeT. A
BCE (pU3MUECKUE OOBEKTHI MPUPO/Ibl, HAUYMHAS OT AJECKTPUUECKUX 3apsI0B U
YacTHLl, SABJISIIOTCS HEKOTOPBIMU CHPYKMYPHO-OUHaAmMuieckumu Hpopmamu
nBukeHusa 3¢pupa (ero Maccbl). M Tak Kak 3apsipl SIBISIIOTCS BCeria
COXPaHSIOIMMHUCS, TO OyJeM MPEJCTaBIATh UX CTPYKTYpHYIO (HOpMy B
BUJIE MOPOUOANbHBIX 6UXPeEll C IBYMsI PaBHBIMHU PalyCaMU — TOPOBBIM H
KOJIbIIEBbIM. VIMEHHO Takasi BHEIIHE 3aMKHyTas BpalareinbHas (opma
JBUKCHHSI HENPEPBIBHOW CPEAbl YPE3BBIUANHO YCTOWYMBA, A NOTOMY U
OoJee Bcero nmpuemsiema ajis MOAENU 3aps/a.

B paGore [1] yxe ObuM BBEICHBI TOPOHUIBI MHEPBO2O YPOBHA —
mopcuno, NPenCcTaBIAIONIe cOO0W TOPOUIANbHBIE BUXPU C MOPOBHIM U
KOJ1bYebim BPALLCHUAMH U UMEIOIINE JINHEWHOE JBUKEHUE CO CKOPOCTHIO
cBeTa. 3aroiHssl BCE MUPOBOE NMPOCTPAHCTBO, OHU 00Pa3ylOT MOPCUHHbLIL
2az. A temepp OyneM cuUuTaTh, YTO DJICMEHTAPHBIMU (ETUHUIHBIMHU)
INEKMPUYECKUMU 3aApAO0AMU TOXE SBIAIOTCS Takue ke 1o (opme
BpAILICHUSA TOPOUIbI, HO YK€ 68mopoco yposHs. HazoBEM uX 3apaodosvimu
mopoudamu. OHU OTIUYAIOTCA OT TOPCUHO TEM, YTO HE UMEIOT
BHYTPEHHETO KOJIBIIEBOTO TOPOMA, HO MPU 3TOM HUMEKOT coOCHEeHHoe
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KOJIbLIEBOE BpamieHue. Kpome TOro OHM MMEIT HAMHOIO OOJBIIYIO
naomuocms BO30OYXKTAEMOW Macchl M HAMHOTO OOJbIIKME PaguycChl
BpallleHUs, a 3HAYMUT, 00JaJAI0IMIMe U 3HAYUTEIHbHO OOJNbIICH aKkmueHoil
unepyuen [1].

bynem pasnuuatrh J1egpbte (yCIOBHO OTpHULATEIbHBIE) U Hpasvie
(YCIIOBHO TMOJIOXKUTENIBHBIE) 3apsAJ0BbIEe TOPOMJbI IO HANPABICHUIO HX
K01b14€6020 BpALCHUSI OTHOCUTENIBHO JIMHEHHOro cMemieHus. [Ipu stom
BpalllcHue HaOJIOAeTCs CO CTOPOHBI HANpaBiIEHUS 3TOTO CMELICHMS.
Pa3smeps! 1 Macca 3apsI0BBIX TOPOUIOB HA HECKOJBKO MOPSAKOB OOJIbIIIE,
9YeM y TOPCHHO, HO X CKOPOCTh JHHEWHOTO CMEIIEHUS, KaK U Y TOPCHUHO,
TOKE€ paBHAa ¢ - CKOPOCTh CBeTa B Bakyyme. Ha ocHOBe 3apsmoBBIX
TOPOUJOB KaK CTPYKTYPHBIX (POpPM ABUKEHUS MUPOBOIO ghoH08020 Ihupa
U TOCTPOEHBI JJIEMEHTApHbIE YacTHIbl, T.€. YK€ COCHMAGHble Yacmu
sewecmea; kak ckazano y lllumnosa, «rpyboro marepuansnoro Mupay [2].

KoHCTaHTBI, KOTOPBIMUA XapaKTEPU3YIOTCS 3apsAIOBbIE TOPOUIBI U TE
DJIEMEHTAPHBIC YACTHUILIBI, B KOTOPBIE OHU BXOIAT, MOJKHO BBIPA3UTh YEPE3
Maccy IOKOSI 3JIEKTpoHa m, =9,109534-107°2, ero KJIACCHUCCKUH paanyc

r, =2,8179380-10 ®cu, a Takxke paguyc I, = /;k’e =3,861592-10 "' cm, TOE A, -
T

r
KOMIITOHOBCKAsl JJIMHA BOJIHBI 3JeKTpoHa. Kpome toro, 2=a, rme
r

e
a =0,0072973506 - MOCTOsTHHAs TOHKOM CTPYKTYpHI, a 1/ =137,036034 .
Hanpumep, ogHa U3 OCHOBHBIX NOCTOSHHBIX B JJEKTPOAMHAMUKE H
KBAaHTOBOM MeXaHHMKe mlc=/i=const U ecTh oAHa U3 (opM 3amucu

noctosHHon [lmanka. Btopas d¢opma 3ammucu 3Toi TOCTOSHHOMN
h=2mm,c=6,626176-10""2cy’/cex.  Jlpyrue  KBAHTOBBIC  GUXpeGble

nocmosiHHble OyayT Ha3BaHBI IO MEpe HEOOXOIUMOCTH MX BBEJCHUS.

Y Topouz0B 3apsA0BON CTPYKTYphl JIBHKEHUS 3(Qupa MNPOSBILETCS
LEbIA PsIi UHTEPECHBIX 3aKOHOMEPHOCTEH. A Tak Kak Jajiee B KayeCTBE
npumepa OyJIeM paccMaTpuBaTh 2J1eMEHMAPHbLl 3apAd, BXOISIIANA B
CTPYKTYPY ABUKEHUS I1eKMPOHA, TO U PACCMOTPUM €To TOPOuU, puc. 1.

Kpect B HMKHEH YacTy MOKa3bIBAET, YTO Macca JABUKETCS OT Hac, a B
BEpXHEl yacTu Ha Hac (BpaileHue JjeBoe). Macca NEepBHUYHOIO BUXPS
3apsga paBHa m,/2e, CKOPOCTb €€ TOPOBOTIO BpAlICHUS ¢, a PagUyChl

BpallleHUsI f,. 371eCh IJIsi 3apsAJIOBBIX BUXPEU yXK€ M MOSIBISETCS CBOS

m,r,
3apa006as NOCMOAHHAA ZLO:const. OHa, BO-TIEPBbIX, CBSI3BIBAET MACCy
e



3apsiIOBOr0 BHXpsA m,/2 ¢ paguycoMm ero BpamieHuss r,. OHa ke
OmpeAesieT W MOJHYK Maccy m,/2e ero pacxomsIlerocs MarHuTHOIO

I1IOJIA. OTCI-OI[a MaccCa IICPBUIHOTO TOPOBOTO BUXPS 3apiaaa BMCCTC C €TI0

f DEUUHDBLU BUXPD
| _moposoe epaujerue nepeutHo20 8Uxps

o C JIUHEUHOe 08UICeHUE BUXPS
—

N ==

Puc. 1. TopompanbHbli NEPBUYHBIA BHXPh 3apsa 3JIEKTPOHA C

|_xonbyesoe spaujeHue nepeuiHo20 UXpsl
r/pacxodﬂu;uec;z 8MOpUUHbBLE BUXPU

pacxoadamuMuUcCsda OT HCTO BTOPUYHBIMH BUXPAMUA MarHUTHOM NHAYKIIUH.

BHEIIHUM MAarHWTHBIM IIOJIEM paBHa M, /e. BO-BTOpBIX, B COOTBETCTBHHU C
9TOM IOCTOSHHOM, €CJIM YK€ B CaMOM PACIPOCTPAHAIOLIEMCS MarHUTHOM
1I0JIE TOPOBOI'O BUXPSA BBIIEIUTH KaKOU-IMOO paauyc I, TO BTOPHYHBIN
MarHUTHBIM BHUXpPb, PACIPOCTPAHSACH Jajiee OT 3TOro paamyca, OyaeT

UMETh OOIIyI0 Maccy m(r) = % .
re

m,r,
3apaodoeana nocmoanHasn 290 =const CBSI3BIBAET MaccCy IMEPBUYHOTO
e

3apsAI0BOTO BUXPS C PAJUYCOM €Tr0 TOpa U ISl J1H06020 >IIEMEHTAPHOTO
3apsia B K000 IPyroil d5ieMeHTapHoM d(PUPHOI CTPYKTYpE IBUKECHHUS.
TopoBoe BpaleHHe 3apsSI0BOTO BHXPS BMECTE C €r0 BTOPUYHBIMU

BUXPSIMU TOPOKAACT y 3apsija KHHETUYCCKUN MOTEHIMA (HampsHKeHHUE),
y m.c’ g .
paBHBIH ¢ == -, o0ecrieunBaroIui eMy JInHelHoe qBrkeHne. CUMBOI €
e

B (opMynax 37ech W BBHIIIE, a TakXKe jJajee BO Bcex dopmynax Oynaer
03HAYATh COUHUYHBLI IIEMEHMAPHBLIL DTICKTPUICCKUN 3aps]l, HE3aBUCHMO
OT ero 3Haka (T.e. paBeH MPocTo 1), eciIu 3TO HE OTOBOPEHO MHAYE.

Macca nepBUYHOIO BHUXpPs, UMEs TOPOBBIM BEKTOPHBIM IMOTCHIMAI
m . .
A = 2—ec Ha paguyce I, co31a€T B CBOEM TOPOBOM BpalllEHUU MarHUTHYIO
e

WHAYKIHIO B, = rotA :m _ L (1)
-2 Ie

Bpamasice ¢ TakuMm K€ BEKTOPHBIM MOTEHLHMAIOM IO KOJbILY C PaguycoM

N m.c
2r,, Macca Co3/1aéT M KOJIbIIEBYI0 MAarHUTHYIO HHIYKIUIO B, = > e (2)
re

HaIPaBJICHHYIO MO [IEHTPaIbHOI OCH TOPOUA.



4

I[J'I}I IEPBUYHOIO 3apsAJ0BOI0 BHUXPs €ro SHEProCoACpKaHuC TOJbKO OT
2

m,c ,
TOPOBOI'O BpauieHusi Oyner ) e 5 A Tak Kak ero mMacca Bpallaercs eI u
e-

IO KOJIbIIY, TO IIOJHAaA KHHCTHYCCKAA OHCPIUA IOTHUX €TI0 BHYTPCHHHX
2

BpallleHui Oyaer m2ec : (3)
e

Ho BepHéMcs ewé pa3 k puc. 1 u paccMoTpuM 0oliee 1eTaabHO TO, YTO
CBSI3aHO C 3apsAI0BON CTPYKTYpOil IBI>KEHUS (POHOBOTO Apupa.
[lepBuynas Macca 3apsifa, UMesl UMITyJbC B KOJBIIEBOM JBIKECHHU

m.C . m.C
P =~ > BPALIAeTCA Ha pajiyce r, HA MarHUTHOW UHAYKIUU B, = 5 (2).
e e

[Ipu 3TOM yKe 3/1eCh ITPOSIBIIAETCS CHJIA, AHAJIOTUYHAS KIIACCHYECKON CHIIE
HopeHua. HOBTOMY MacCa BHXPS M BpalldaCTCA IIO KOJIBIY Ha paanuyce
_ pK _ mec'2r0 _

= I,. TO €CTb MOXHO CUMTaTh, YTO OHA BpallaeTCsd Ha
By 2m.c
MAarHATHOW WHAYKLWH, KOTOPYIO cama k€ M CcOo3Ha€T. A 3apsg MOXKHO

paCcCMaTpUBATDh U KaK BJIGMGHTapHBIﬁ TOpOBBIﬁ MarHur.

C MarHuTHOW MHIAYKUMEH, C TOYKM 3pEHUsl KJIACCUYECKOU
AJIEKTPOJIMHAMUKH, TAK)KE CBSI3aHA 3JIEKTpUueckas HamnpskéHHocTb. Ho ¢
YUCTO (PU3MYECKOM TOYKM 3pEeHHsl OHa BOBCE HeE o00s3aHa ObITh
anexmpuyeckor. OHa SIBISETCS MPOCTO AECHUCTBYIOUIEM HAa MAacCy TOPOMAA
CWIOH, TpEONOJIEBAOIEH npu e€é 6030yicoeHuy CONPOTUBIECHUE CO
cTopoHbl Macchl (onHoBoro »sdupa. Ilo cBoeit ¢usuyeckor cyTu
HANPAXCEHHOCMb  SIBISICTCSL HANPSiCEHUEM, NPUXOOAWUMC HA eOUHUYY
Onunvl. IIpm 3TOM B KaXIOM BUXDPE Hanpscenue e20 6030VHcOeHUs
JEIUTCS Ha JUIMHY OKPY)KHOCTH, 1O KOTOpPOM CMeIaeTcsi €ro macca.

2
ecm ape

Ionnas gusuueckas pazmepnocmo HANPAHCEHHOCTNU — = ,aB
CeK” -e-cm e-cm

CH Gyner -2
CHUCTEME yRer—

. Tak ipu 1BMKEHMM MACChI 3apsiia MO KOJIbIY €€

m.c? m.c?
LI @

3HA4YCHHUEC ONpeICInuTCsI Kak E, = = ,
2e-2m, Anre

mc®  mc? (5)

¥ JIJI1 pACCMOTPEHHOTO TOPOBOTO BpallleHus E, = = :
P P P P T 2e-2m, Amge

MpsI Takke MOXEM 371eCh TIPSIMO MPOBEPUTH (POPMYITYy BTOPOTO 3aKOHA
. OB
DJIEKTPOJAUHAMUKHU rotE :_E JUIA HaIIero ciy4das. Tak JJsd BpalleHUs

2 2 2
2y -m,.c”  m.C a 0By m,C . mgc

KOJIbIICBOT'O BUXps rotE, =— = > = = -
my” -4my-e  2ar,e ot re-(2my,/c) 2re
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Jlis TopoBoro BpaiieHHs Macchl B Buxpe 3apsiaa u3 (5) m (1) umeem

2 2 2
2at,-mc” Mg oB; m,C _mgc

ar?-Anre B 2me’ ot " re-(2mr/c) 271, ’€

rotg, = . Ho akmusnoti cuine

HHCPUHN B BUXPC npomueocniount Takasa XC 110 BEJININHC naccueHa: Cujia

uHepuuu E, . HENpepbIBHO BO30yXaaemMoil ero maccel. BoT nis He€ u
_ B,
MO>KHO 3aIlMCaTh YK€ COOTHOIIEHHUE rotE, = —— T+€. CO 3HAKOM .

n (bopMyJIa BTOPOI'0O 3dKOHA JJCKTPOAMHAMUKHU I KOJbOCBOIO H
TOPOBOTI'O BpaHIGHI/Iﬁ MAacCChI 3apAaaa IMOATBCPKAACTCA ITOJTHOCTBIO.

Uucto dhopmanbHO, paccMaTpuBas MaTeMaTHUYECKYI0 (GOPMYITy, MOKHO
CUUTATh, YTO UIMEHEHUe MaTHUTHOW MHIYKIMU BO BPEMEHU HOPOIHCOaem
HaIpsHKEHHOCTH 3(upa, a Ta, B CBOIO OYEPEb, HOPOHCOAEem MaTHUTHYIO
WHIYKIWIO (BpaiieHue Macchl). Ho 00e ¢u3nyeckue CynmHOCTH B IAHHOM
SABJICHUU TPOSABISIOTCA HEPA3Pblé6HO, U MEXKAY HUMHU IIPOCTO CYILIECTBYET
BBIpKEHHASI POPMYJION AHATIEKTHYECKAsT B3aUMOCBSI3b.

[TocmoTpuM Kak 4ucTO (hOpMAIbHO MAaTEMAaTHUYECKH B HAIIEM CIIyvae,
HarpuMep, HanpsHKEHHOCTD (5) cBsi3aHa ¢ MarHUTHOM uHIyKIwen (1). [Ipu
JBWKEHUU MACCBI BUXPs 110 TOPOBOM OKPYKHOCTH € PaUyCOM [, 3a BpeMs
Ot OHa ONUCBHIBAET HA ATON OKPYKHOCTH YTy IJIMHOW cOt. DTOW JIMHE
2 COt  rcot

0

KaKk 4epe3 JaHHYI0 OKPYXHOCTh MPOXOJUT IMOTOK OMNPENCIIEHHON HaMU

JyTU COOTBETCTBYET CEKTOP Kpyra IUIOMAAbI0 S =7 - T, . A Tax

Boiiie B (1) MarHMTHOW MHAYKIMH B, TO 3a BpeMsi Ot W3MEHEHHE 3TOTO
mc rcot  myc’ot
re 2 2

notoka OyAeT paBHO o0, =B.0S = OTO W3MEHEHHE

IIOTOKa B COOTBETCTBMM CO BTOPBIM 3aKOHOM 3JJIEKTPOAMHAMUKHU
dbopMallbHO MaTEeMaTHYECKU CBSI3aHO C MUPKYISAIMENd HampsoKEHHOCTH Er
[0 paccMaTpuBaeMON OKPYXHOCTH. Toraa uumpkynsuus 2arE; =0@; /at.

2
Otkyna E, = ‘rlnec

. D10 u ecThb BeIpakeHue (5).
0

HanpsoxkéHHocts E; BMeECTE€ € BEKTOPOM MAarHUTHOM WHIYKUMU B;
maloT W BekTop YMoBa-lloiiHTuHTa 2HEpruum A(QUPHOTO TMOTOKA,
IIPOXOJAILEr0 B EQUHUILY BpPEMEHM 4Ye€pe3 EIMHUYHYIO IUIOLIAIKY
«IOBEPXHOCTUY 3apsI0BOI0 TOPOUIA

= 1 - = 1 mc> mc mc? 1 1
S =——E xB, = L S (6)

b rdmmr,le® 4me re 2 4x’r’ At
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- BpeMsi OOHOBJICHHSI BO30YK/1a€MOM MaccChl TOpOUa 3apsiaa

(1 cBs3aHHOW C ATHM JHEPTUU) TPH €r0 TOPOBOM BPAIICHUU BOKPYT
KOJIBLIEBOM OCH MOJ JEHCTBUEM CHUJIBI E; .

3nech OyJIeT JIOTUYHO CBSI3aTh TaKOM kK€ dPUPHBIA HOMOK YHEPTUU U C
TaKOW XKe cunoll unepyuu, MPOTUBOJCUCTBYIONTUNA HANPSKEHHOCTH dPupa
E;. A Tak Kak HanpaBJIEHUE CUJIbl U3MEHHWIIOCH, TO CBSI3AHHBIN C HEN MMOTOK
SHEepruu OyJeT MPOTHUBOIIOJIOKEH HailieHHOMY BbIlie MOTOKy. Cuna Er
HaIlpaBJICHA O JBUKEHUIO MacChl B TOPOUJE, & HANPABICHUE MATHUTHOU
UHAYKIUU ycinoBHO. [losTomy Oyaem cuuTaTh, 4YTO TMOTOK DHEPIUH,
CBSI3aHHBIA C Hanpsxcénnocmoio dbupa Er, éxooum B TOpoW] 3apsia U
co31aéT IBMXKYIyl0 cuiy B HEM. Ilpu 3TOoM OH Kak Obl @wvimecHsaem
naccusHyro «umepyuroy w3 Topouna (oTcroja 3HaK «MuHYc» B (6)), a
CBSI3aHHBIN C 3TOU cunou uxepyuu -E7 MOTOK SHEPTUU @bIXOOUM UEPE3 €TO
«MOBEPXHOCTH». 3a CUET ATOTO BO30Yykaaemas macca 3¢dupa HEIPEPHIBHO
OOHOBJISISAICH BCE BPEMSI HaXOJUTCA B CBOEM CJIIOKHOM CAMOO8uUdMCeHUU. A
TaK KaK B TOPOUAbl HENPEPBIBHO BXOAUT M BBIXOJWT YEpPE3 UX
«MTOBEPXHOCTH» PAaCCMOTPEHHBIH B [1] TOpCHHHBIN ra3, TO OH U CO37aéT
yKa3aHHbIe TOTOKH HHepruu. OOpaTuM Takke BHUMAaHUE Ha TO, YTO
DHEPrUus KOabUeo20 BpalleHUs BO30YXJIaeMOW Macchl B TOPOUJIE
coxpansiercsi. Macca caMOOOHOBIISETCS JIUILb 3a CUET PHEPTUU MOPOBO20
BpalleHUsi, HO TPH ITOM MPOUCXOJUT JIMHEHHOE CMEIICHUE |
COXPAHSIOLIEr0oCsT KOJBLEBOrO €€ BpalleHUs 3a CUET COXPAHSIOLIETOCS
MOMEHTA 3TOr0 BpallCHUS.

[ToncunTaeM, Kakas € MOIIHOCTh HYKHA Ha MOJAEPKaHUE TOJBKO
mopo6020 eépauieHus MacCchbl BHYTPU 3apsoBOrO Topouaa. Tak Kak B
TOPOUJIC BOKPYT €ro KOJIblia IUPKYJUPYET 3HEPrus mc’/4 ¢ 4acToTOu

m.c?

c
c/2xar,, TO 3Ta MOIUTHOCTh COCTAaBHUT BEIMYHHY e4 e YTO MPUMEPHO
7,

0

paBHO 0,347-10°KBm . ]Iy moepKaHus MOTOKA 3pupa Yyepes3 IMOBEPXHOCTh
3apsiia B COOTBETCTBUHU C (6) Hy»Ha Takas K€ MOILIHOCTb. A caM yoesibHblil
MOTOK Yepe3 MOBEPXHOCTh OyaeT mpuMepHo S, . =1109-10*°KBm/cv’. DTO

TPYJIHO cebe BOOOpa3uTh, HO ATO M AAET MPENICTABICHNUE O TEX TUTAHTCKUX
YOebHbIX TIOTOKAaX DSHEPTHH, KOTOPBbIC HEMPEPBIBHO IUPKYJIUPYIOT B
adupe, o0pa3ys pa3IudHbIe dJIeMeHTapHbIe (hu3ndeckrne 00beKThl B HEM. O
Kako 3ameHe adupa uszuueckum 6axyymom 37eCh MOKHO TOBOPHUTH?
«DU3UIECKU BaKyyM» - 3TO BCETO JIUIIIb YC/1I06HO€ TEXHHUECKOE TTOHSATHE.



CrpykTypa IBHKEHHs 3apsAJ0BOr0 TOPOMAA U €CTh YK€ OCHOBA TOrO,
YTO MBI Ha3bIBAEM 3JIEKMPOHOM. A TaK KakK «3apsDKEHHBIE» 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 Ha OCHOBHOM BOIPOC, a KaKUMHU K€
JIBIKEHUSIMU d(upa y 3apsiaa co3qacTcs ero aiekmpuyieckoe noie?

2
Kunernueckas sueprus BpamieHus (3) mopouoa Buxps 3apsiga m.c’/2
HaxXOAUTCsl 6Hympu cHepbl ¢ paguycom 2r,, uto BuaHO u3 puc. 1, Ho takas

K€ DHEPTUS NPUBHOCUMCS U C TOPCUHHBIM Ta30M, 4TO U BUIHO U3 (6). [Ipu
ATOM CAMU MOPCUHO KaK BO30YXJeHUs 3dupa He npugHocam c coOO
BHYTpH cepsl HUKaKoi Maccel [1]. OHM BO30YXIAIOT CBOIO MAaccCy CBOCH
akmueHoil unepyuei B 3pupe camoil chepsl BpameHus: Topouaa. 3a cYET
3TOTr0 BHYTPU €€ CO3/1aéTCsl Kuhemuueckoe oagnenue. Toraa U onpeaenum
€ro, UCHOJb3ysl OCHOBHOE ypaBHEHHE KHHETUYECKOW Teopuu raszoB. Ero

2
OOBIYHO 3aITMCHIBAIOT B BUagE pv =§WK, Trac WK N CCTb KHMHCTHYCCKasid

SHEprus rasa, 3aKiro4déHHas B 00béMe V. OTcrofa JaBieHHe TOPCUHHOTO
g 2 mgc?-3

rasa BHYTPU YKa3aHHOU cepbl ONpeAeTUTCS KaK p =3 Zan@r) Torna
-Ar(2r,

Ha YCIIOBHYIO MMOBEPXHOCTB 3TO# cepbl 47(2r,)> M3HYTPH IEHCTBYET CHila

2 2 2
_mgc .47z(23r0) _mgc” (7)
47z (2r,) 2r,

Ecnu moacunTats 3Ty cuily, TO oHa Oy/eT paBHa ~14,53H , a JaBJICHUE,
KOTOpOE OHa Co34aéT BHYTpU c(epsl paBHO ~ 3,643-10%H /cv’ (uau
~3,714-10”% ammoceep). Cpemnss TUIOTHOCTH MacChl BHYTPH 3apsiia
~10318-10°xe/cv®. Bcé ato TpymHo cebe BooOpasuth. Takum ke

JNABIICHUEM W CHJIOM TOPOMA 3apsiia CHCUMAEMCA U CHApPYIICU.
CoOCTBEHHO PABEHCTBO ITUX HANPABIEHHbIX IPYT MPOTUB APYTa TABJICHUM
Y CWJI YK€ Ha CAMOM TOPOMJE U CO3IAET €r0 «nogepxHocmuvy. V1 BenmunHa
ATUX CUJ JAa€T MPEJICTABICHUE O TOM, HACKOJBKO KpEIKa CTPYKTypa
nBwkeHus ddupHoro 3apsga. OHM CYIIECTBOBAIM B NPHUPOJIE BCerla U
OyIyT CyHIIECTBOBaTh BEUHO, HAXOISCh B HEMNPEPHIBHOM JIBUKCHUHU.
NMEHHO OHM M COCTaBISAIOT OCHOBY TE€X DJIEMEHTAPHBIX CTPYKTYPHBIX
dbopm aBrkeHHs (dupa, U3 KOTOPHIX COCTOUT BemiecTBo. [IpocTeimmmu u3
HUX SIBJISIFOTCS DJIEKTPOHBI, IPOTOHBI, HEUTPOHBI U APYTHUE «IJIEMEHTAPHBIE
YaCTULBD».
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WUtak, TOpOMA »AJIEKTPOHHOIO 3apsifa, COBEpIas CBOE CIOXHOE

BpalleHUe, MpU OTOM HAXOIUTCA B cdepe C paauycoM 2r, U C
%) 2

MOBEPXHOCThIO paBHOM 1671,". COOCTBEHHO 3Ta CHIpYKMYpa O8UICEHUs

a¢hupa, 3aKi0oueHHAs B chepe ¢ paguycoM 2r,, U €CTh TO, YTO MbI JIOJDKHBI

CUMTATh HEMOCPEACTBEHHO 3apadom 3aekmpona. Eciu onpenenuTsb
MaTeMAaTUYECKUN MOTOK CHIIbI (7) 4Yepe3 3Ty MOBEPXHOCTh Chepbl, TO OH

2 2
OyneT paBeH e° 16712 =8arm.c?/e e (8)
2r, cexe

Ecnu ypaBHOBEIIMBAIOIIAs CHJIa TPUXOAUT HM3BHE U TOTOK (8) eé
BEKTOpPAa COXPAHSAETCS, TO BEIMYMHA CaMOW CHJBI C YBEIUYCHHEM
PAcCTOSIHUSL OT 3apsijia MagaeT Mo 3aKOHY 00paTHBIX KBAJIPATOB, T.€. KaK

- 87z'r0mzec2 _ 2r0r:1ec2 . (9)
4nr’e r’e
AHaNOrMYHO M3MEHSECTCS M MOJSIPU30BaHHAS CUJIA, KaK OBl MCXOMSAIIAsl OT

3apsaoB, 1 B 3akoHe Kynona. Ho Tam oOHa B JBa pa3a MEHBIIE CHUIIBI,
paccuutanHoi B (9). [Tokaxem 370.

Moxno 3anmcarte 3ak0H KylnoHa 1 CWIBI B3aUMOIEHUCTBHUS MEXKIY
2

JABYM: QJICMCHTApPHBIMHU 3apsagaMu B BHAC F= r—2 ) Tac

e=4,80325.10‘1°ea.CFC9q, a I — paccrossHue Mexay 3apsanamu B cm. [lpu
ATOM TIOJIYYUM CUJTy B OuHax (3HaK CUJIbI HAC MOKa HE MHTEepecyeT). A Tak
KaK B KBAHTOBOM (DPU3HMKE CETOIHS XOPOIIO U3BECTHO TAK)KE COOTHOIICHHE
e’=hca, THE  h=10545919-10""[ccr’/cex], TO  opMmymy s

nonapuzosannou cuibl  KylloHa mexcdy oOeyma InemenmapHvimu

fica
rz -’

3apadamu MOXHO Tepenucatb Kak F = Nnu ¢ yuéroMm Toro, 4ro

2 2
mcra _ mc'n

2 2

h=m,r.c, najgee 3anuiemM F =
r r

, dTO B JBa pa3a MCHBIIC

BEITUYMHBI, HalJIeHHOU B (9). DTy cHUly MOXKHO 3aIvcaTth U B BUJIE

2 2,2 2
LMme” _ 4armce” e

F= = ,
r2 47r2e? Are,r’

(10)

I e —y)X€ MPOCTO €AMHUYHBIN dJIeMEHTapHbIA 3apsy (T.e. mpocTto 1), a

2 2 ZCM'CMZ (V)
1/ &, =4mm,c® /e’ [~———-] - AaBHO U3BECTHAsl B OPTOMOKCAIBHOM (pu3nke
ceKk” -€
BeJIMYMHA, KOTOpas B 3allCH KaKk &, =€’ /4ar,mc®  Ha3bIBacTCA
IJIEKMPUUECKOU NOCMOoAHHOU 6akyyma. W, Kak WU3BECTHO, BEIWYMHA

1/ £,C* = 4y = 4nrym, /€ [ccul ®]  HA3BIBAETCS  MAZHUMHOU  TIOCTOSHHOM
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BaKyyMma, KOoTopasi 0€3 MHOXUTENS 47 YUCIeHHO pA6HA BBEJICHHOW BBIIIIE
3apa0060i NOCMOAHHOI.
B cucreme CHU BenuumHa ¢,=885418782.[®@/m]. Y Hac e OHa

2 .
nokasaHa Kak 1/¢,u B pazamepHoctd CI'CD, a cuMBOJI e” B €€ 3HaMeHaTesne

O3HAYaET, YTO TAKOH HOMOK 6eKMOpA NONAPU3O6AHHOI CUbL HATIPABJIEH
OT OJHOTO DJIEMEHTApPHOIO 3apsga K apyromy. 3amuch 1/g, oTBedaeT eé
bu3nueckoMy CMBICTY. Pa3MepHOCTb [ux/@] MOXHO BBIpa3uth [3] Kak
[H-»"/Ki’], W TOrma TOXE CTAaHOBUTCS BHIHO, 4YTO HOMIOK CUJIbl
HAIpaBIICH OT 3apsza K 3apsry.

YucaeHHOE 3HAUYEHUE DIICKTPHUYECKOM ITOCTOSHHON BaKyyMa B (popMyJIe
(10)  &,=3,4492217-10"[e*/oun-cv®]. A Tak Kak le=16021892-10"°Kxz, a
una =10°H U lem? =10 42, TO OTCIOA

2 2
go = 3;4492217 '1017 6—2 . (1,6021892 .10—19)2 KZ
OUH - CM e
Kr?

7"

OuH - cm?
10° ’
H-m
=8,85418782-10**
H-m
Mbl TeM caMbIM C7elaId TIePeBOJ] 3HAYEHUS &, W3 OJHON CHCTEMBI
pa3MEPHOCTEN B APYTYIO.
Camy 3anuces 3akoHa KyioHa ciedosano o0vt ucnpasums, 3anvicaB
JJIEKTPUUYECKYI0 TOCTOSIHHYIO KakK &, =4ar,mc’/e’ W TMocTaBUB ¢ B

yucnumens Gopmynsl  (10). Benp ¢usuueckuii cmwicn 3axona
3aKJII0YAETCS B TOM, YTO CHJIAa B3aUMOJCHCTBHUS MEXKIY «3apaoamu) IO
CBOCH aOCOJIOTHON BEJIMYUHE HPAMO NPONOPYUOHANbHA TIPOU3BEIICHUIO
KOJIMYECTB DJIEMEHTAPHBIX 3apsIIOB B «3apA0ax» WU YOejabHOMYy HOMOKY
NOMEHUUAIbHOU NOJAPUSOBAHHOU CUTBI MEXKIY SAMHUIHBIMU 3apsIaMHu,
KOTOPBIH HM3MEHSETCS OOpaTHO MPONMOPIHUOHATBHO KBAApaTy PACCTOSHUS
MEXAy HUMH. UTO O3HA4YaeT TOHATHC «HOMEHUUANbHOU CUTbL) MBI
y3HaeM HUXKE.

Htak, 9T0o0BI cO31aTh CHUITy, YPAaBHOBCIIMBAIOIIYIO M COXPAHSIOIIYIO
3apsA0BYIO CTPYKTYPY JIBIDKCHUS d(Pupa, CHAPY>KU HA TTIOBEPXHOCTH CHEphI
47(2r,)?, B KOTOPOM M 3aKJIIOYEHO 3apAN0BOE IBIKEHHE, TOXKE IOJKHO

CYILLECTBOBATh JaBlieHUE 3(pupa. ITO JaBICHHE U CO3TAETCS M3HAYAIBHO
CYILIECTBYIOIIUMU B 3(PUPE moOpcunHviMu noaamu. Takoe NONYIIEHHE
CEroJHs BIIOJHE MPAaBOMEPHO. YK€ KIACCUYECKasl JICKTPOAUHAMUKA C €€
3akOHOM KyJloHa TOBOPUT HaM O CYIIECTBOBAaHHUM B NPOCTPAHCTBE
MATEPUAJIBHBIX HOJICl INeKMPUYECKOU HANPANCEHHOCMU, T.C. noJell
ROJIAPU3O6AHHBIX CUJI, IEVICTBYIOIMX HA 3apsAbl U UCXOIAIINE OT HUX.
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Emé pa3 npexacraBum cebe, 4To BCE peabHOE MHUPOBOE (PU3HUECKOE
IpoCTpaHCTBO  (3HUp)  NPOHU3BIBACTCA  HEBEPOSTHO  OTPOMHBIM
KOJIMYECTBOM YKA3aHHBIX BBILIE J1€60 U NPAGO BPALAIOMINXCS 3(PUPHBIX KeE
mopcuno. 3a c4€T 3TOro B 3PUpe cO3MaETCA KOJOCCAIBHOE JABIICHUE,
coo01Iaromiee eMy OrpOMHYIO YIIPYTOCTh J1a’Ke€ B TOM COCTOSIHUU, KOTOPOE
Mbl Ha3Bai  (U3MYECKUM BakKyyMoM. Tak Kak TOPCHUHO, SBIISISICh
MEPBUYHBIMA KBAaHTAMH LIEHTPAJIbHO-OCEBOM MarHUTHON MHIYKIIMU BCET1a
CMEIIAIOTCS C JIMHEMHOM CKOPOCTBIO €, TO MUMEHHO OHHU U IEPEHOCAT
MEXAY 3apsiaMu KBaHTbl nOAAPU308anHoul cuivl. CUia nOAAPU306aHa
IIOTOMY, YTO TOPCHUHO, UMEsl KO/1ble60e BPAILICHHE, IIEPEHOCAT HE TOJBKO
JIVMHENHBIA UMITYJIC, HO U MOMeHnm umnyavca. [longpu3oBanHas cuia u
€CThb JIJ1eKMPUYEcKas HANPA}HCEHHOCMb, KOTOpas OKa3bIBAET pPa3HOE
CUJIOBOE BO3JECHUCTBUE HA 3apsi/ibl Pa3HBIX 3HAKOB.

[Tonsipu3zanust 31EKTPUYECKON HANpPSXKEHHOCTU TOPCHUHO (3HAK ILUIIOC
WIM MHUHYC) 3aBUCUT OT HAIPABIICHUS KO1blUe6020 BpalleHus. Eciau
CMOTPETh HA TOPCHUHO BJOJb €T0 LEHTPAIBHOM OCH U BHUAETH HpAGOe
eépauienue Koabyego2o euxpsa, T0 OyJAeM YCIOBHO CUUTaTh, YTO C 3TOU
CTOPOHBI HAaNpPsDKEHHOCTh HMMEET 3HaK «mmoc». C  JIpyrol CTOPOHBI
TOPCHUHO MBI YBUIUM .Jl€6oe 6paujeHue Koabueo2o euxpsa, u Oynaem
YCIIOBHO HMMETh HaIPSKEHHOCTh CO 3HAKOM «MUHYC». Hanpsk€HHOCTH
ABJISIETCSA BEKTOPOM, KOTOPBIN YC/1I06HO HAIIPABIIEH OT ILJIIOCA K MUHYCY.

Kaxnast meitmpansvnasa ycioBHO TOUYKa NMPOCTpPaHCTBa 3pHUpa BO BCEX
HAIlpaBJICHUSX TNPOHU3BIBAECTCS B E€IUHUIY BPEMEHM OJWHAKOBBIM
KOJIMYECTBOM, KaK JI€BBIX, TaK M TMpaBbIX TOPCHUHO (T.€. C paBHOMU
WHTEHCUBHOCTHIO), puc. 2. [losTromy oHa u Oyner 6 amom cmevicie
bu3nuecku HeuTpasibHOW. M 1 Hac ceiluac HE UMEET 3HAYEHHUS, KaKOBa
peanpHasg Macca U CKOpPOCTb TOPCUHO. HO BaXXHO TO, 4TO Kunemuueckoe
oaenenue u HanpaxdcéHHocms B dPUpe Kak pa3 U CO3AAIOTCS TIaBHBIM
o0pa3oM 3a cuém ux BpaleHUs] U YPHEPTUU JTUHEHHOTO JIBIKEHUS. A pa3 B
3pupe TNOMHMO €ro (OHOBOM yNPYyrocTH CYyIIECTBYeT emE u
KuHemuyeckoe OaejleHue B €ro M Ha €ro MHKPOOOBEKTaxX, MPUUYEM
OTPOMHOE, YTO YK€ BUJIHO M3 NMPUBEACHHBIX BBIIIE BHIYMCICHUM, TO 3hUp
NPUHUURUAIBHO HENB3SI OTOXKIECTBIATH C GAKYYMOM, NAXXE HA3BAB €0
guzuueckum. [losTomy, «buznueckuil BaKyyM» yCI108HO CETONHS yXKe U
O3HA4YaeT cocmosaHue 3IPupa, B KOTOPOM OTCYTCTBYIOT HIOJIbKO
seujecmeennvle prusnueckre 0ObEKThI, HAYMHAS C SJIEMEHTAPHBIX YaCTHII.
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Puc. 2. Yepe3 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, SBISSCH JIEMEHTAPHBIME KBaHTaMU (TIOPLIUSMH ) MAarHUTHOW
WHIYKIUH, a 110 CBOCH (DPM3MYECKOW CYTH AJIEMEHTApHBIMU CTPYKTypaMH
BpamieHus: »¢upa, 0coObIM 00pa3oM B3aMMOJEUCTBYIOT H C €ro
Pa3udauWuUMuca 3apsaioBbIMU CTPYKTYpPaMH JIBIDKCHHS (3apsiiaMu).
Ecnmu B Kkakyro-nmnbo TOuky »3¢upa IOMECTHTb 3apsIOBBIA TOPOWU,
HampuMmep B TOYKY A Ha puc. 20, To ero OyayT MpOHU3BIBATH KaK JICBBIE,
TaK W TpaBble TOPCHHO. VX KOJIMYECTBO, MPOXOIAIIEe HNMEHHO uepe3
6030yco0eHUe 3apsi0068020 08UdCeHUs, OyAeT TPSMO TPOIMOPIHMOHAIBHO

o . . m.r
BBCACHHOHN BBIIIC 3apﬂ0060u nocmosiHHou, T.C. BCIIMYHUHC ZLO =const .
€

[pyrumMu cinoBaMu, TOJBKO Yacmb MOPCUHO, TPOHU3BIBAIOIIMX BO BCEX
HampaBjieHusix cdepy C paamycoM 2r,, B KOTOPYIO BIIMCBHIBACTCS

BO30YKJIEHHE 3apsJ0BOr0 BUXPS, HEMOCPEACTBEHHO BO3JIECUCTBYET HA €r0
BO30yXX/IaemMyro maccy m,/2e. BzaumopnelcTBysi ¢ Maccoil 3apsioBOTO

JBIDKEHHUS, TOPCUHO OCOOBIM 00pa3oM OKa3bIBaIOT Ha HET0 CHIJIOBOE
BO3JECHUCTBHUE, UTO U MOKAXKEM JajblIE.

Bpilie Mbl yCIIOBUIIMCH CUMTATh BPALIEHUE MACChl NOAO0HICUMENbHO20
3apsia npasvimM, a ompuyamenbHoz2o JegviM. llpaBpie TOPCHMHO, MPOXOIs
yepe3 OTpULIATENbHBIM 3aps]l C JIEBbIM BpAalIEHHMEM €ro MacChl, HE
M3MEHSIOT CBOEro KOJBILEBOTO BpaimieHud. [loaTomy BbIXOasd W3 3apsna,
OHU MO OMHOWIEHUI0O K HeMY YXKE UMEHAIOmM OpPUEHMAWul0 CBOEU
HanpsoKEHHOCTH. A JIEBbIE TOPCUHO, MPOXOJs OTPULIATENBHBIN 3apsia,
UCIIBITHIBAIOT uHeepcuto. IHBepcusi TOPCUHO (PU3UYECKU 3aKITFOYACTCS B
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TOM, YTO B3aMMOJECHCTBYS C BHYTPEHHHMM JIBH)KCHMEM MaccChl 3apsAza, OHO
U3MECHSET HAIIPABJICHUE BPALLCHUS C60€20 KO1bUe6020 mopouda. I1orTomy
BBIXOJSIIIIME W3 3apsAna TOPCUHO, MCHBITABLINE WUHEEPCUI0 W OKA3ABILHE
BO3JICMCTBHE HA MacCy 3apsfa HE TOJBKO II0 «IIOBEPXHOCTH», HO U
U3HYTpU B Ipouecce €€ BO30YXKACHUS, He U3MEHAIOm TPU 3TOM CBOEU
OpUEHTALUN HANPSHKEHHOCTH MO OMHOWieHurw K 3apady. B cuiry sToro
npu 6vlxo0e 13 3apsI0BOTrO JBUKEHUS OHU CO3JAal0T BOKPYT HETO BHELIHEE
NOMEHYUAIbHOe  CUJIOBOE TI0J€  U3OBIMOYHOU  NOJIAPUIOE6AHHOIL
HanpAMCeéHHOCmU.

NS = m— | VI
e NI e N
Puc. 3. a) B oTpuiaTenbHblii 3apsa clieBa BXOIAT JieBoe 1 u mpasoe 2
TOPCHHO, @ BBIXOJAT CIIPaBa 00a y»e NPaBBIX TOPCHUHO; 0) co3jaBaeMas
TOPCUHO HampsHKEHHOCTH d(Upa Ha 3apsie; CIpaBa MHBEPTUPOBAHHOE

TOpcuHO 1 co37a€T U3OBITOUHYIO MOJSPU30BAHHYIO HATPSAKEHHOCTD dPupa
E.

Ha pucyHke yciIOBHO IIOKa3aHO JMIIb OJHO HAIPpaBJICHUE U3 HUX
OTPOMHOTO MHO€ECTBa. JIeBoe TOpcHHO 1 MpOXOAHUT CKBO3b Maccy 3apsija,
U3MEHSAET CBOE BpPAILICHUE M TEM CaMbIM CO3JIa€T Ha 3apsijic U30bImOUHYI0
Hanpsok€éHHOCTh E. TopcuHo 1 wucneitano uwneepcuio Ha 3apsiie, HO
MPOJOJIKAET CBOE JajbHEHNIIEE NBMKEHUE C MIPEKHEN CKOPOCThIO. Takum
o0pa3oM, TOPCHMHO COXPAHSIIOT CBOIO »HHepruro. M3 pucyHka Takxke
HaIJIIIHO BUJHO, YTO 3(QUpP BOKPYT 3apsla U30bImOUHO TONSPUIYETCS
KOJIBIIEBBIM BpAIICHUEM 6bIX00AU4UX TOPCUHO. B pesynbrare npeobianaer
HanpspDKEHHOCTh, YCIIOBHO HAIlpaBlIeHHass K 3apsay. Bektopel £ u
OTpaXXaroT UX BpauleHue. Eciam cMoTpeTh Ha BEKTOP £ CO CTOPOHBI 3apsa,
TO BpallleHue TOPCUHO OyJeT JIEBbIM (IIPOTUB XOJa YacCOBOM CTPEJIKH).
3apsn co3na€t BOKPYT ce0sl TO, YTO Mbl HA3bIBAEM HOJIEM IJ1eKMPUUECKOU
HaAnNPANCEHHOCMU, HATIPABIICHHOW K 3apsay.

Ha puc. 4 mnokazan nonooxxcumenvuuiti SICKTPUUECKUAN 3apsig U
MPOHU3BIBAIOLIME €0 MpaBble U JieBble TOPCUHO. C MOJOKUTEIbHBIMU
3apsgaMyd  BCE TPOUCXOJUT AHAIOTMYHBIM  00pa3oM, Kak H® C
OTPULATEIIbHBIMUA. TOJBKO TEINEPh Jiegble TOPCHUHO IMPOXOAAT 3apsii, He
WCTBITHIBASS MHBEPCHUH, & UCIBITHIBAIOT €€ YK€ nmpaegvle TopcuHo. M Torma
BEKTOPHI £ OyIyT NPEeUMYIIECTBEHHO HAIIpaBJIEHbI OT 3apsia.
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Puc. 4. a) Cxematuuecku (3apsi YCIOBHO MPUILUIIOCHYT) MOKa3aHbI
JIBMKCHHE W WHBEPCUS TOPCHHO Ha TIOJOXKHUTCIBHOM 3apsjie; O)
u30bimouHan IEKTpUIECKasi HaNPsHKEHHOCTH HAMPaBJIeHA OT 3aps/a.

Pucynox 4 emé€ Oonee HaAriSgIHO MOKAa3bIBA€T, YTO B HayalbHO
HEUTpPaJIbHOM TOPCUHHOM IIOJI€ 3apsii CO3HAET TIOJIE U30bIMOYHOU
HaMPsHKEHHOCTH, 3aBUCSIICH OT €r0 3HaKa, a caM IPH ATOM HaXOIUTCS B
paBHOBecun. CWIOBOE BO3JIEHCTBHE HA 3apsij MO €ro «IOBEPXHOCTH
OKa3bIBAIOT KaK BXOJIAIINE B HETO, TaK M BRIXOJSIINE M3 Hero TopcuHo. Ho
u30blmouHnan >NEKTpuIecKas HaMpsHKEHHOCTD F, HampaBleHHas OT 3apsija,
CO3/laHa TOPCHHO, noKuoarwwumu 3apsn. I[loaToMy B yCIOBHO
HEUTpaIbHOM TOukKe »ddupa TOTOK HOIAPUIOEAHHOU U3OLIMOUHOU
AIIEKTPUYECKON HAIpPsLDKEHHOCTH OT 3apsiia OyIeT 6 dea paza menvuie
MOTOKA CHJIbI, TUHAMUYECKH yYpaBHOBeluBaromero cuiy (8). U on Oyzaer B
TOYHOCTH PaBEH MOTOKY KYJIOHOBCKOW MOJISPU30BAHHON HAMPSHKEHHOCTH C
«ITOBEPXHOCTW» 3apsia, T. €. 4ar,m.c’/e.

Tak kak moTok HOJI?IpI/I3OBaHHOI>'I CHUJIBI OT 3apsaga COXpPaHsACTCA, TO Ha

4zrm.c®  m.c’r, . ecu
aguyce I ota cwia oyner E, (r)=—2 = =—¢ 0 , 11
p Y M 3( ) 4rr’e r’e cekze] ( )

4TO U ABJECTCA JJieKmpuuecCKum noJjiem JJICMCHTAPHOI'O 3apsaa. n TOorga
INIOTHOCTb OSHCPIHUHU JJICKTPHUYCCKOI'O IIOJA TAKOI'o 3apsaida, HUCXOAd H3

W3BECTHOM B dJIeKTpoanHaMuKe hopmyisl [4, c. 306], OyaeT

2.2 4 2
m,r,°c _ mr,c

r‘e?4rmrc’/e®  8z-rt’

&,
u; =?OE32(r) = 2

A Tak Kak 3JeMEeHT c]epudeckoro o0béMa paBeH 4ar’dr, TO DHEPrHUs
BHEIIIHEr0 MOTEHIMAIbHOTO 3JIEKTPUYECKOrO MOJs 3apsja dJIeKTpOHa Ha

© 2
pamuyce I coctaBuT U, = '[u347z~ r’dr = mezi : (12)
’ r

B cBoux nekuusix no ¢usuke P. deilHMaH Tak M pPACCUUTHIBAET
DHEPTUI0 DJIEKTPUUYECKOTO mMojsi diekTpoHa [4, c. 306]. O obOo3Haummn
HIDKHIOIO TPaHUIly UHTETPUPOBaHUs OYKBOU @ U ero popMyjia B KOHEUHOM
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2
e
Buje npuBeneHa kak U, =>-—. Ecaum yuectb, 4TO €°=#hca, TO
a

N

2
Chea MRSy ecmm a=2r,, o U, =mc?/4. (13)
" 2a 2a '

DToi 3HEpPTUU JOHKHO OBITH JOCTATOYHO IS pa3rOHa AJIEKTPOHA 10

CKOPOCTH ¢ B TPOIIECCE €r0 aHHUTWISIIIMUA C TIO3UTPOHOM, YTO U Oyner
MOKa3aHo B OTAEIbHOM padoTe. Ho cpa3y ke 3/1ech 00paTiM BHUMaHHUE Ha
TO, 4TO 3Heprus B (13) B ABa pa3a MEHbIIE PHEPIUM MOTOKa B (6). DTO
CBSI3aHO C TeM, 4TO B (13) MBI MOJIy4YHIIA PHEPTUIO UMEHHO TOTO TMOTOKA
TOPCUHHOIO Ta3a, KOTOPBIM CO3MAET 271eKmpuueckyr HaNPsHKEHHOCTh Ej
3apsna. Ho »TOT mOTOK M MeHbIEe B JiBa paza OOIIEro KMHETHYECKOTO
MOTOKa TOPCHUHHOIrO raza (6) B TOpouja 3apsjia, KOTOPBIM co3qaércs
MHEPIUOHHON HANPsHKEHHOCTRIO E7 camoro 3apsiioBoro Topoua. O6 3Tom
y>K€ U TOBOPUJIOCH MPU pacu€re KyJIOHOBCKOU cuiibl B (10).

A nanee @eiinman muiier: «HO KkKak TONBKO MBI IMEPEXOAUM K
TOYEUHOMY 3apsily, HAUMHAIOTCS BCE HAIIU OEJbl....KOJIMYECTBO IHEPTUH,
OKpY’Karoliel TOUCUHBIN 3apsj, OKa3biBaeTcs OeckoHedHou» [4, c. 306-
307]. A emé€ B OpyroM MeECTE€ HAxXOIUM Yy Hero clienyromee: «Mbl
BBIHYKJEHBI MPUUATU K 3aKJIIOYEHHUIO, YTO MPEACTaBICHUE O TOM, OyATO
SHEPIusi COCPEIOTOUCHA B MOJIE, HE COIMIACyeTCsl C MPEINOI0KEHUEM O
CYIIECTBOBAHUM TOUYCYHBIX 3apsaoB. OJuH MyTh MPEOAOJEHUS 3TOU
TPYAHOCTH — O5TO TOBOPUTH, YTO OJJIEMEHTApHbIE 3apsiibl (Takue, Kak
AJIEKTPOH) HAa CaMOM JieJ€ BOBCE HE TOYKH, a HEOOJBIIHNE 3apsIOBbIC
pacnpenenenus. Ho MOXXHO TroBOpUTh M 0OpaTHOE; HENPABUIBHOCTh
KOPEHHUTCS B HaIlle TEOPHUH 3JIEKTPUUYECTBA HA OUEHb MAJIBIX PACCTOSHUSIX
WU B HallleM NPEACTaBICHUU O COXPAHCHUM SHEPIUU B KaXKJIOM MECTE
nopo3nb. Ho kaxkmas Takas To4yka 3peHUsS BCE PABHO BCTPEYAETCS C
3arpygHeHussMu. UM uX Hukorma emeé He yOaBaloCh IPEOAOJIETH,
CYIICCTBYIOT OHH H IO Cei aeHb» [5, ¢. 173].

N xors Bcé 3TO OBUIO HAIMCAHO IIOJIBEKA Ha3aj, HO OCTaéTcs
CIpaBeIJIMBbIM U cerofHs. Ho Mbl HArisiIHO BUJIUM, KakK Halll IOJXOJ
CHHUMAET BCE OTMEUEHHbIE TPYAHOCTU. MBI BUJIUM TaKKe, YTO pacy€T JAET
U YUCMO NOMEHUUAIbHYI0 (FIEKTPUUECKYI0) SHEPTHUIO 3apAda SIEKTPOHA.
E€ MoXHO Ha3BaTh Tak JIUIIb )CI06HO, TaK KaK pacCUMTAHHAS DSHEPTUS
JNEeUCTBUTEIBLHO MPUHAMICKUT HOAAPUIO6AHHOU MaAcce TOPCUHHOTO rasa,
BO30YXKJIaeMO BOKpPYr djieMeHTapHoro 3apsga. OpnHako maccet,
COOTBETCTBYIOIIENM 3TOM SHEPIrUH, Y CaMoro 3apsada Her. VHepuunoHHas
Macca 3apsija rno-npexxHeMy OyJieT m, U COCpeI0TOYeHa OHA B TOM, YTO MBI
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Ha3BajJy MEPBUYHBIM TOPOUJOM 3apsAla U €ro BTOPUYHBIMH BOJIHAMU
MAarHUTHOW MHTYKLIHH.

OOpaTtuM BHHMMaHHE, YTO YUCJICHHO 3HEPTUS AJIEKTPUUYECKOTO MO
3apsana (12) uaMeHsiercst B 3aBUCUMOCTH OT PaJiiyca TOYHO TaK e, KaKk U
KMHETUYECKUI TMOTEHUHUAI BUXPEW MAarHuTHOrO moiid 3apsna. Tam, rae
OblJJa BBEJIEHA 3apsijioBas MOCTOSIHHAs, YK€ ObUIO CKa3aHo, 4YTO B
COOTBETCTBHH C 3TOM MOCTOSIHHOM, €CIIA YK€ B CAMOM MAZHUMHOM HOJ1e
3apa006020 6uxpsa BHIACIUTH KaKOW-TMOO paauyc F, TO U BTOPUYHBIN
MarHUTHBIA BUXPb 3TOrO MOJIS C 3TUM PAJAUYCOM TOXKE OyJeT UMETh Maccy

m,r;
m(r)=—22 U Takyl e Maccy OyaeT HUMEeTh M MarHUTHOE TOJe,
2re

pacxonsieecss OT 3TOro paauyca . A uMmes Takyl MacCy, BHEIIHHU

MarHdTHBIA BUXPh 3apsga ¢ paauycoM I OyAeT MMETh U KUHETHYCCKUM
m.r,c?

MMOTECHIINAT gp(r):;—o CBOEr0 JIBOMHOTO BHUXPEBOTO BpalICHUS B
re

TOYHOCTH PABHBIA MOTEHUMaNy 3yekTpuueckoro mois (12). U 3to He
CIy4allHO, TaK KakK IIpd B3aUMOJCWUCTBUM 3apsiioB HUX  Cy2yoo
nOMeHUUaIbHble INeKmpuyecKue noaa Kak pa3 U I[EPEBOAAT
KMHETHYECKUE MMOTEHIMAIbl MAarHUTHBIX IOJIEW 3apsAJ0B B KMHETHYECKYIO
DHEPIUI0 JIMHEHHOTO JBW)XCHHUS DJJIEMEHTAPHBIX YaCTHL, B CTPYKTYpYy
KOTOPBIX U BXOJAT 3apsabl. O0 3TOM OyJeT cka3aHO B OTIEIbHON paboTe o
CTPYKTYp€ JIBH>KEHHSI 3(UPHOTO 3IEKTPOHA U €ro BoJHe ae bpoiins.

Jlanee mpencraBuM cebe, YTO B LIEHTPE HEKOTOPOM BOOOpakaemoid
chepruuecKkoil MOBEPXHOCTH PACTIOJIONKEH OTPUIIATEIbHBIN 3apsii, puc. 5. 3a
CYET MHBEPCHUH JIEBBIX TOPCUHO, MPOXOSLIUX YEPE3 MACCy 3apsia, BOKPYT
Hero co3maércs BHUXpEBOE BpalieHue d¢upa, NPEUMYIIECTBEHHO
HaIIpaBJIEHHOE BIIPABO, €CJIM CMOTPETh HA IIOBEPXHOCTh CHAPYXH, pUC. Sa.
OHO W cO31a€T BOKPYT HETO HOJAAPUIOEAHHYIO  IIEKMPUUECKYIO
Hanpsacénnocmsy >pupa, YCIOBHO HANpaBICHHYIO K 3apsay, puc. 50.
Ecnu cMOTpeTh Ha TOPCHHO OT 3apsia, TO NMOKa3aHHbIE BpAllEHUS OyIyT
YK€ JIEBBIMU.

Ha uto emé 3mecy cnemyer oOpatuth BHMMaHue. M3 puc. 5a BuaHoO,
YTO Ha C(EepUUYEeCKUX MOBEPXHOCTAX, OKPYKAIOIIUX 3apsij, KOJbIEBOE
NPEUMYILECTBEHHOE BpAILEHUE JIETAIIMX TOPCHHO HANpaBJI€HO Jpyr
npoTuB Apyra. OHM Kak ObI CTPEMSITCS TOPMO3UTH APYT APYra, YTO CO3AAET
[0 OTHOUIEHUIO K TOPCHUHO OIPOMHOE OOKO60€ HAaBICHHE B OKPYKAIOUIEM
3apsin ddupe. ITO CTAOWIM3UPYET TMOJSPU30BAHHYIO HANPSHKEHHOCTh U
CIIOCOOCTBYET COXPAHEHUIO cghepuunocmu 3IEKTPUUECKOTO MO 3apsAI0B.
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AN
Zi

Puc. 5. a) Ot 3apsiga u x 3apsijy, €clii CMOTPETh Ha cepy CHApYXKH,

JBIKYTCS. TOPCHHO C MPEUMYIIECTBEHHO OJMHAKOBO HAMPAaBICHHBIM
OCEBBIM BpallleHHEeM; ©) HampaBlieHHas K 3apsAly MOJSPU30BAHHAS
AIIeKTpUUYecKas HanpspKEHHOCTD dupa E.

Takum 00pa3oM, MblI CMOJCIUPOBAIN  HA2IAOHO  (puuYecKu
ANEKTPUYECKUI 3apsii U TO, YTO HMEHYETCS MOJeM MOJSIpPU30BaHHON
AIEKTPUUECKON HAPSHKEHHOCTHU 3apsifa, WM MPOCTO €r0 IAEeKMPUUEeCKUM
nonem. Ho MbI Takxe BUIUM, YTO HA CAMOM Oefle B €r0 OCHOBE JICKHUT HE
4YTO UHOE, KaK I10JIE MAZHUMHOU UHOYKYuu. Beap NeHCTBUTENBHO, €CIIU B
npupojie KpoMe 3pupa U ero JBUKEHHUsI HUYEero 0oJiee HE CYILECTBYET, TO
U HY’KHO OOBSICHATH BCe (PU3NUYECKUE SBJICHUS yepe3 3To ABwkeHue. Torna
HUYEro Jpyroro, CHOCOOHOrO noaapuzoeams >PUp, KpoMe Kak €ro
épauienus, B TPUHIIUIE U HE JTIOJKHO OBITh.

Puc. 5 taxxe Haznadno noka3pIBAET, IOYEMY B IIPUPOJE CYIIECTBYIOT
pa3eNIbHO MOJIOKUTENbHBIE M OTPULIATENbHBIE 3apsAlbl, U HET HUKAKHX
pa3feiabHO  CYIIECTBYIOUIUX  MACHUMHBIX  3apA006é  (MarHUTHBIX
MoHormoseit). [loje mnonspu30BaHHON JIIEKTPUUECKOW HAIMPSKEHHOCTH
BOKPYT 3apsjia (aKTUYECKH SIBISIETCA MOJIEM MOJISPU30BAHHON MarHUTHOU
WHAYKIUU TOPCUHO, MPOHU3BIBAIOIIUX TOpouj 3apsana. OIHUM CBOUM
MOJIIOCOM MArHWTHas WHAYKUWA BIETAOIIMX B 3TOT TOPOUI U
BBUIETAIOIIMNX U3 HETO TOPCUHO, CO3JAOIINX AJIEKTPUUECKOE MOJIE 3apsaa,
HalpaBJeHa K 3apsay, a BTOPbIM Hapyxy. Tem cambiM co3aa€rcst TO, 4TO
MBI cuumaem 31eKmpuiecKum MOHONo1em, KOTOPbIA ABIISIETCS MO CBOEH
(bu3MYECKOM CYyTH CTPYKTYPHBIM ABM)KCHUEM MACHUMHBIX OUNOEH.

Ha puc. 6 nokasaH NpUHLMI B3aUMOJECUCTBUS 3apsA0B OJHOTO 3HAKA:
a) IIBIDKEHHE M MHBEPCHSI TOPCUHO; 0) 3JEKTpUYecKas HalpsKEHHOCTh Ha
3apsiiax (MHBEPTUPOBaHHAs MoKazaHa OoJiee TEMHOMN) U JEeHCTBYIOIIME Ha
3apsAabl  MOTEHLUMANbHbIE cuibl. M3 Hero BHIHO, 4TO TOpcuHO 1 u 4,
UCIIBITHIBAIOIINE UHBEPCHIO, U3MEHSIOT HaIpaBJIeHHUE CBOEH
HaIpsLKEHHOCTH U pacmankuearom 3apanpl cunamu F; u Fy.
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Puc. 6. Cxema B3anMOICMCTBUS IBYX 3apsiIOB OJTHOTO 3HAKA.

OOpatuM BHUMaHUE, 4YTO 4-pe TOPCMHO HEKOTOPOTO MPOW3BOJILHOTO
HarpaBjeHUs (BXOJSIIUE B KaXAbIA 3apsi MO JBa C KaXJOH CTOPOHBI)
CO3/1aI0T 2-€ BJIEMEHTapHbIC pacmankuearoujue 3apsaapl cuibl (TI0 OJHOU
Ha 3apsin).

Hwnxe Ha puc. 7 moka3aH NMPUHLIMI B3aUMOIEHCTBUS 3apsiiOB PA3HBIX
3HAKOB.

Puc. 7. Cxema B3aMMOJEUCTBHUS IBYX 3apsiI0B PA3HBIX 3HAKOB:
a) JBWKEHUE W WHBEPCHUS TOPCHHO; 0) AJeKTpHUecKas HANPSKEHHOCTh U
JNEHCTBYIOLIME HA 3apsA/bl IOTEHIMAIbHBIE CUJIBI.

Bnauase jieBoe TOpCUHO 1 UCHBITHIBAET HHBEPCUIO HA OTPUIIATEIBLHOM,
a TIOTOM, CTaB MOJIOKUTEIbHBIM, U Ha TOJIOXKUTEILHOM 3apsiiaX, a MpaBoe
TOPCUHO 3 BHauaje UCIBITHIBAET MHBEPCHUIO HA TMOJIOKUTEIHHOM, a TIOTOM,
CTaB OTpPUIIATEIBLHBIM, U Ha OTpUIATEIbHOM 3apsnax. [IpaBoe TopcunHo 2
UCIIBITHIBAET UHBEPCHUIO HA MOJIOKUTEILHOM 3apsijic U CTAHOBUTCS JIEBBIM,
a JIeBO€ TOPCHUHO 4 — Ha OTPULIATETILHOM 3apsiic U CTAHOBUTCS MPABBIM.
BosHnukaromue npu 3TomM cuibl F; Ha oTpunarenbHoMm 3apsiae U F3 Ha
MOJIOKUTENIBHOM 3apsane pacmanxueaom 3apanbl. Cunsl F; u F, Ha
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NOJIOXKHUTETIbHOM 3apsae u F3; u F, Ha oTpumarenbHOM 3apsje
noomankuearom 3apsabl Apyr K Apyry. Pesymbrupyromas cuna u3 2-x
AIIEMEHTAPHBIX CHJI (10 OJHOM Ha 3apsi) noomaaxkueaem 3apsiibl IPyr K
apyry. To ecTb cunbl pacmankugeanusa 1 OAHOMMEHHBIX 3apsAA0B PaBHBI
CHJIaM HOOMAIKUGAHUA ]ISl PAa3HOMMEHHBIX 3apsaoB. M HeT HUKaKuX
MUCMUYECKUX CUIT RPUMANCEHUA MEXKTY 3apsIaMH.

N3 pucyHkoB 6 ¥ 7 BHIHO TaKXe, YTO IO JIMHUU B3aMMOJICHCTBUS
3apsiIOB ¢ HApy>KHOM HX CTOPOHBI HEMOCPEACTBEHHO Yy 3apsiioB U Ha
HEKOTOPOM OT HHX PACCTOSHHUU COXPAHSIETCS COOCTBEHHOE IIOJIE
M30BITOYHON HAMPSHKEHHOCTH 00HOZ20 3apsna. Y 3apsioB Pa3HBIX 3HAKOB
uX o01Iee AIEKTPUUECKOE Moje ObICTPO HEUTpaIU3yeTCsl B HaIllpaBIICHUH,
NEPHEHAUKYIAPHOM JHMHUU B3aUMOJCUCTBUS. Y 3apsiioB C OJIMHAKOBBIM
3HAKOM HX OOIIee IJIEKTPUUYECKOE IMOoje OBICTPO CYMMHUPYETCS TaKXKE B
HaIpaBJICHUH, MEPIECHIUKYISIPHOM JMHUU B3aUMOJICUCTBUS, a HO JTUHUU
e3aumooeiicmeus CHapyXu COXpaHsieTcs oJie COUHUYUHO20
AJIEMEHTAPHOTO 3apsijia.

Ecou oOparuthes k 3akoHy Kynona, TO ero 3KkcnepUMEHTaIbHO
HalJICHHAs! afOCmMpaKkmuas mamemamuueckas Moo0elb HUYEero 00 3ToOM
CKa3aTh HE MOXET. A TMO3TOMY JUIsl yAep>KaHUs OOJIBIIOTO KOJIMYECTBA
OJIMHAKOBO 3apsDKEHHBIX MPOTOHOB B fApax aToMoB (HU3UMKU U ObUIH
BBIHY)KJICHbI BBECTH CIICIUAJIBHBIE A0€PHble CUbl, JCUCTBYIOIIME Ha
OUYEHb MAJIBIX OT 3aPS0B PACCTOSHUSIX, IPUPOY KOTOPBHIX OHH IO CHUX TIOP
00BSCHUTH HE MOTYT. [IpaBaa, MbI TOXeE MOKa €1I¢€ TOBOPUM 00 OTACITBHBIX
3apsiiax, a He 00 DJJIGKTpOHAX W MPOTOHAX, KOTOPhIE HMEIOT CBOIO
CTPYKTYpPY IBWKEHHWs, BKIIOYAIONIYI0 B CceOsS 3apsaapl  Kak HX
cocTaBisifone. A caMu 3apsiipl B Toi ¢opMe, Kak Mbl HX 3/€Ch
paccMaTpuBaeM, T.€. BHE KaKOW-TMOO KOHKPETHOW CTPYKTYpPbI ABUKCHUS
a¢upa (cB0OOHO), B MPUPOJE, TTO-BUIUMOMY, He cyecTByoT. Ho Harre
paccMOTpeHrue BC€ XK€ HMEeT NpHUHIMIUAIbHOEe 3HadyeHue. Tak Kak
CKOPOCTh TOPCHHO paBHa CKOPOCTH CBETa B BaKyyMe, TO B3aUMOJICUCTBUE
3apsI0B, BXOMSIIMX B KakKWe-THOO 3JeMEHTapHbIC d(PUPHBIC CTPYKTYPHI,
CUMTAFOIINECS Y)KE BEIISCTBEHHBIMU KOPITYCKYJIaMH, PAKTHYECKU U OYIET
TaK1M, KaK IT0Ka3aHO BBIIIIE.

3aki0ueHue
Utak, adupHas CTpyKTypa IJIEKTPUUECKOTO 3apsga 0e3 Kakux-Im0o

MIPOTUBOPEYHI MOKET OBITh IIOCTPOCHA 8 YHPY20oM (POHOB80M Ipupe B BUJE
PacCMOTPEHHOTO TOPOUIATBHOTO ABMKEeHU. [Ipu aTOM camy mMaccy 3apsiaa



19

BO30YXKIaeT BUXPEBOE IBIKEHHE €ro MEepBUYHOTO TOpa. DTO TOPOBOE
BO30YXJeHUE ¢PoH06020 Ipupa, HAXONACH B 3aAIMOIHSIONIEM MHPOBOE
IIPOCTPAHCTBO MOPCUHHOM 2a3e, TIPOITyCKaeT ero depes ceds. YactuuHas
UHeepcus MoOpPCUHO TIOISIPU3YET COCTOSTHUE OKPYKAIOIIETo BO30YKJIeHHE
¢doHOBOTO 3(PpHpa, YTO M CO3MAET MONSPU30BAHHOE IJIEKMPUUECKOe noJie
3apsga. OHO UMEET yKe CBOIO MAacCy U MOTEHIIMANbHYIO SHEPTHUIO, 32 CUET
4ero U CrmocoOHO B3aMMOJICHCTBOBATH C IPYTUMH 3apsgamMu. Ho a¢upHbIii
DJIGKTPOHHBIN 3apsija emeé He eCTh caM 3JeKTpoH. [loaTomy Heobxommumo
Jlaniee pacCMOTPETh I(PUPHYIO CTPYKTYPY IBHKEHHS AJIEKTPOHA, UTO H
OyzeT caenaHo B OTAENIbHOM padore. BOT TyT OH M MOJIY4YUT BCE €ro
U3BECTHBIC (PU3UUECKHIE XapaKTEPUCTHKH.
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