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CeronHss HET HUKAaKMX COMHEHUH B TOM, 4YTO 3J/1eMeHmapHbvle
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
MOJIOKUTENbHBIE MO3UTPOHBI. 1103TOMY HE COBCEM MPABWIIBHO MX YacTo
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
YCIIOBHO 3JEMEHTApHBIX YaCTHII, SIBISIOTCA HEKOTOPBIMH CHIPYKMYPHO-
ounamuueckumu Gopmamu ABMKeHUs 3¢upa (ero maccel). M Tak Kak
3apsbl SBISIOTCS BCET/Ia COXPAHSIIONIUMUCS, TO OyAeM MPEACTaBISTh UX
CTPYKTYpHYIO (hOpMY B BHUJIE MOPOUOATbHBIX 6UXPell C IByMsl PaBHbIMU
paguycaMy — TOPOBBIM M KOJbLEBBIM. FIMEHHO Takasl BHEIIHE 3aMKHYTasl
BpamiaTtenbHas (Qopma IBWKEHHS HENPEpPBIBHOW CPeabl Ype3BBIYANHO
yCTOWYMBA, a TOTOMY M O0Jiee BCEro mpruemiiema Jijisi MoJIeu 3apsija.

B paGore [1] yxe ObuM BBEICHBI TOPOHUIBI MHEPBO2O YPOBHA —
mopcuno, NPeiCcTaBIAIONINe cOO0 TOPOUAANbHBIE BUXPU C MOPOBHIM U
KOJ1bYebim BPALLECHUAMH U UMEIOIINE JIMHEWHOE JBUKEHUE CO CKOPOCTHIO
cBeTa. 3aroiHssl BCE MUPOBOE NMPOCTPAHCTBO, OHU 00Pa3ylOT MOPCUHHbLIL
2az. A temepp OyneM cuUuTaTh, YTO DJICMEHTAPHBIMU (ETUHUIHBIMHU)
INEKMPUYECKUMU 3APAOAMU TOXE SBIAIOTCS Takue e 1o Qopme
BpAILICHUA 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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KoJblieBOoe BpaunieHue. Kpome TOro OHM HMEIT HAMHOIO OOJBIIYIO
naomuocms BO30OYXKTAEMOW Macchl M HAMHOTO OOJbIIKME PaguyChl
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 OTHOCUTENILHO JIMHEHHOro cMmelieHus. [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,
TOXKE paBHAa ¢ - CKOPOCTh CBeTa B Bakyyme. Ha ocHOBe 3apsaoBbIX
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 3apsiIOBbIE TOPOUABI U TE
DJIEMEHTAPHBIE YACTULIBI, B KOTOPBIE OHU BXOIAT, MOKHO BBIPA3UTh Yepe3
Maccy TOKOSI DJIEKTpOHa m, =9,109534-10%°2, ero KJIaCCHMYCCKHMU paanyc

r,=2,8179380-10 e, a Takxke paanyc r, = 5 £ =3861592-10 " cu, rue A, -
T

r
KOMIITOHOBCKasl JUIMHA BOJIHBI 3JeKTpoHa. Kpome toro, 2=«, rae
I

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

noctosHHor [lmanka. Btopas d¢dopma 3amucu 3TOM  MOCTOSITHHOU
h=2am.c=6626176-10""2cyM* [cex.  JIpyrue  KBAaHTOBBIE  6UXDeGble

nocmoanusie OyayT Ha3BaHbI 10 MEpPE HEOOXOAUMOCTH UX BBEICHHUS.

Y TOpouAOB 3apsiIOBOM CTPYKTYpHl JBMXXKEHUS 3¢upa MPOSBISICTCS
LEJIBIA PSJT MHTEPECHBIX 3aKOHOMEPHOCTEW. A Tak Kak Jlajie€ B KaueCTBE
npuMepa OyJIeM paccMaTpuBaTh JIEMEHMAPHIL 3apAd, BXONSIIANA B
CTPYKTYPY ABUKECHHUS 2J1eKMPOHA, TO U PACCMOTPUM €T0 TOPOU/, puc. 1.

Kpect B HI>KHEN 4aCcTH MOKa3bIBAE€T, YTO Macca JBUKETCA OT Hac, a B
BEpXHEW YacTW Ha Hac (BpamieHue JjeBoe). Macca MepBUYHOTO BHUXPS
3apsiia paBHa M, /2e, CKOPOCTh €€ TOPOBOTO M KOJBIIEBOTO BpalllcHUH ¢, a

paanychl BpallleHUH I,. 34€Ch JJIs 3apsSI0BbIX BUXPEH YK€ U MOSBISIETCS

m,r,
CBOSl 3apsA008as NOCHOAHHAA ZLozconst. OHa, BO-TIEPBBIX, CBS3BIBACT
e
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Maccy 3apsAI0BOTO BUXpsA M, /2 ¢ paamycoMm ero BpamieHus fr,. OHa xe
ONpeeNsieT U TMOJIHYI0O Maccy m,/2e ero pacxoisierocs MarHUTHOTO

I1IOJIA. OTCI-OI[a MaccCa IICPBUIHOI'O TOPOBOT'O BUXPS 3apsiaaa BMCCTC C €TI0

f DEUUHDBLU BUXPD
| _moposoe epaujerue nepeutHo20 8Uxps

o C JIUHEUHOe 08UICeHUE BUXPS
—

N ==

Puc. 1. TopowmpanbHbld NEPBUYHBIA BHUXPh 3apsia JIJIEKTPOHA C

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

pacxoadamuMuUcCsda OT HCTO BTOPUYHBIMH BUXPAMUA MarHUTHOM NHAYKIIUH.

BHCITHNM MArbnuTHBIM IIOJICM pPaBHaA me/e. BO-BTOpLIX, B COOTBCTCTBHUHU C

3TON MOCTOSIHHOM, €CJIM YK€ B CaMOM pacxoisiieMcs (YMEHbIIAaroImeMcs
[0 MJIOTHOCTU) MAarHUTHOM MOJI€ TOPOBOTO BHUXPS BBIIEIUTH KaKOH-THMOO
paguyc I, TO BTOPUYHBI MAarHUTHBIM BUXPb, HAXOMISIIUICSA CHAPYXKHU OT

merO
ATOTO paauyca, OyJAeT UMETh OOy Maccy m(r) = e
er

m,
3apsaooeana nocmosaHHaA 2“’ =const CBS3BIBAET MAacCy IMEPBUYHOIO
e

3apsAI0BOTO BUXPS C PAJAUYCOM €Tr0 TOpa U ISl J1H0H020 >IIEMEHTAPHOTO
3apsia B K000 IPyroi dyieMeHTapHOoM d(PUPHOI CTPYKTYpE IBUKECHHUS.
TopoBoe BpalieHHe 3apsI0BOTO BHUXPS BMECTE€ C €r0 BTOPUYHBIMU

BUXPSIMHU TOPOXKJIAET y 3apsA/a KMHETHYECKHI MOTEHUHal (HaIlpshKEHue),
. m.c’ . .
PaBHEIH ¢ =— —, oOecreunBaroNINil eMy JHHeitHoe nBrxeHne. CuMBOI €
e

B (popMynax 37ech W BBbIIIE, a TakXkKe jJajee BO Bcex dopmyliax Oynaer
O3HA4YaTh eOUHUUHBLI IT1IEMEHMAPHBLI DIICKTPUUECCKUN 3apsij1, HE3aBUCUMO
OT €ro 3Haka (T.e. paBeH MPOoCTo 1), €CIM 3TO HE OTOBOPEHO UHAYE.

Macca mnepBUYHOIO BHUXPs, MMEd TOPOBBIM BEKTOPHBIA IMOTCHUHUAI
m . ;
A =2—ec Ha paauyce I, CO34aET B CBOEM TOPOBOM BPALICHHUU MAarHUTHYIO
e

2a,mCc mcC
al2 e’

(1)

Bpamasice ¢ TakuMm K€ BEKTOPHBIM MOTEHLHMAIOM IO KOJbILY C PaguyCcoM

UHAYKIUIO B; =rotA, =

, m,c
2r,, Macca co31aéT U KOJIBIIEBYIO MarHUTHYIO HHIYKITHIO B, = 2ree : (2)
0

HaIpPaBJICHHYIO 110 LIEHTPAJIbHON OCH TOPOUJIA.
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JIJis IepBUYHOTO 3apsiIOBOTO BUXPSI €r0 SHEProOCOEPIKAHUE TOJIBKO OT
m,c? .
TOPOBOTO BpalicHus Oyaer o7 A Tak Kak ero mMacca Bpaliaercs emg u
e-
10 KOJIbILy, TO TIOJHAs KHWHETHYECKash SHEPrus 3TUX €ro BHYTPEHHUX
2

BpallleHui Oyaer mzec : (3)
e

Ho Bepuémcs emé pas k puc. 1 u paccmorpum 6oJiee 1eTaabHO TO, YTO
CBSI3aHO C 3apsAI0BON CTPYKTYpOil IBI>KEHUS (HOHOBOTO Apupa.
[lepBuunas Macca 3apsja, UMesl UMITYJbC B KOJBLEBOM JBUKCHHUH

m,c . m,C
P =~ » BPALlaeTCs Ha pajyce f, Ha MATHUTHOR MHIyKIHH B = 5 (2).
e e

[Ipu 3TOM YK€ 3/1eCh MPOSIBIISETCS CUJIA, AHAJIOTUYHAS KIIACCUYECKOM CHJIe
Jlopenna. IloaToMy Macca BHXps W Bpamaercs MO KOJIbIy Ha paguyce
_ P mec'zro _

= l,b. TO €CTb MOXHO CUMTaTb, YTO OHA Bpallaercs Ha
By 2m.c
MAarHATHOW HMHAYKLMH, KOTOPYKO cama k€ M CO3Ma€T. A 3apsa MOKHO

paCcCMaTpUBATh U KaK BJIGMGHTapHBIﬁ TOpOBBIﬁ MarHur.

C MarHuTHOW MHIAYKUMEH, C TOYKHM 3pEHUsl KJIACCUYECKOU
AJIEKTPOJIMHAMUKH, TAK)KE CBSI3aHA 3JIEKTpUueckas HamnpskéHHocTh. Ho ¢
YuCTO (PU3MYECKOM TOYKM 3pEeHHsl OHa BOBce He o00sd3aHa ObITh
anexmpuyeckor. OHa SBISETCS MPOCTO AECUCTBYIOUIEM HA MAacCy TOPOMAA
CWIOH, TpEONOJIEBAOIEH npu e€é 6030yicoeHuy CONPOTUBIECHUE CO
cTopoHbl Macchl (onHoBoro »sdupa. I[lo cBoeit d¢uzuyecko cyTu
HANPAXCEHHOCMb  SIBISIETCSL HANpSCEHUeM, NPUXOOAWUMC HA eOUHUYY
Onunbl. IIpm 3TOM B KaXIOM BUXDPE HaNpsdceHue e20 6030yiHcoeHUs
JEIUTCS Ha JUIMHY OKPY)KHOCTH, 1O KOTOpPOM CMeIaeTcsi €ro macca.

2
ecM 9pe

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

cucteme CU Oyner Hore
Kn

. Tak mpu ABWIKEHHM Macchl 3apsija MO0 CBOEMY

m.c? m.c’
oM @

KOJIBIY €€ 3HAUEHHUE ONPENEIUTC Kak E, = = :
Y P “ 2e-2ar, Ame

mc®  mc? (5)

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

Mpb1 Takke MOXeM 37eCh IPSIMO TTPOBEPUTH (HOPMYITy BTOPOTO 3aKOHA

5JIEKTPOJUHAMUKK rOtE :—%3 Uit Hawero ciydas. Tak u3 (4) u (2) qnd



2at,-m,c®  myc?
)l -Amy e 2m)e’

BpAILICHUSA BUXPA o KOJIbIY rotg, =

2

0By m.C m,C
= = — JlJI1 TOpOBOro BpalleHUs MacChl B BUXPE 3apsaa

ot re-(2my/c) 2me

2 2 2
2at,-mc”  mgc 0B, m,C _ mgc

2 -dae 2mfe’ ot re-(mlc) 2m’e’

u3 (5) u (1) umeem rotE, =

Ho axmuenou cune HHCPUOHUN B BUXPC npomusocmoum TaKasd KC 110
BCIIMYUHEC naccusrnasd Crujia HHCPIUHUH ET

nac

HEIPEPHIBHO BO30YXKIAaEMOI ero

" = 0
Macchl. Bot HJIL HEC 1 MOJKHO 3aIIMCAaTh YK€ COOTHOIIICHHC rote = —% )

Tnac

T.€. CO 3HAKOM «-».
N ¢opMyna BTOpOro 3akoHa AJIEKTPOJUHAMUKH JUIsI KOJBLEBOIO H
TOPOBOTr'0O BpPAaILlIEHUI MACChI 3apsa MOATBEPKAAETCS MTOTHOCTBIO.

Yucro popmanbHO, paccMaTpuBasi MATEMaTHYECKYIO (OPMYITy, MOKHO
CUMTATh, YTO U3MEHEHUe MaTHUTHOW MHIYKIMU BO BPEMEHU HOpoHcoaem
HaIpsHKEHHOCTH 3(upa, a Ta, B CBOIO OYEPEb, HOPOHCOAem MaTHUTHYIO
WHIYKIWIO (BpaiieHue Macchl). Ho 00e ¢u3nyeckue CymHoCTH B IAHHOM
SBJICHUU TPOSBIISIIOTCS HEPA3PbIGHO, I MEXIY HUMHU IIPOCTO CYIIECTBYET
BBIPKEHHASI POPMYJION AHAIEKTHYECKAs! B3aUMOCBS3b.

[TocmoTpuM Kak ynucTo (opMajabHO MAaTEMAaTUYECKU B HAIlleM CIyyae,
HarpuMep, HanpsKEHHOCTD (5) cBsi3aHa ¢ MarHUTHOM uHIyKImen (1). [Tpu
JIBU>KEHUU MACCBI BUXPS 10 TOPOBOM OKPY>KHOCTH C PaINyCOM [, 3a BpeMsI
Ot OHa ONMCBHIBAET HA ATOM OKPYKHOCTH AYTY JJIMHOW cOt. DTOW JJIMHE
2 COt  r,cot

a2

KaK 4yepe3 JaHHYK OKPYXHOCTb MPOXOJHUT MOTOK OMPEAEIEHHON HaMH

. A Tak

JIyTH COOTBETCTBYET CEKTOp Kpyra ILUIOIIaAbl0 OS =7 -r,

Bbillie B (1) MarHuTHON WHAYKUMU B7, TO 32 BpeMsi Ot U3MEHEHHE 3TOrO
mc rcot  myc’ot
re 2 2e

NoToOKa OyAeT paBHO O, =B0S = OTO U3MEHEHHE

IIOTOKAa B COOTBETCTBUM CO BTOPBIM 3aKOHOM 3JEKTPOAUHAMHKU
dbopMaIbHO MaTeMAaTUYECKU CBSI3aHO C LIUPKYJIALUEH HanpskEHHOCTH Er
[I0 paccMaTpUBaeMOW OKpPYXKHOCTU. Torma uupkymnsauus 2an,E; =0@;/at.

m.c?
Orkyna E, = —¢
YA Er At

0

. D10 u ecThb BeIpakenue (5).

Hanpsoxk€HHocTs E; BMeECTE € BEKTOPOM MAarHMUTHOM WHIAYKUUHA B;

naloT W BekTop YMoBa-lloliHTmHTa 2HEpruum A(QUPHOTO  TOTOKA,



MPOXOJAIIEr0 B EIUHUIYY BpPEMEHH 4Yepe3 EeIUHUYHYIO TUIOIIAIKY
«MOBEPXHOCTHY 3apsiIOBOTO TOPOUIA

2 2
sm=_i|§Tx|3T= 1 . C ME_ME % 2.i, (6)
7, rdmmr,/e” 4me re 2 Ar°r,” At
27t

rge At=

- BpeMsi OOHOBJICHUSI BO30Y’K/1aéMOM MaccChl TOpoUJIa 3apsija

(1 cBsI3aHHOW C STHM JHEPTUU) NPHU €ro TOPOBOM BPAIICHUU BOKPYT
KOJIBIIEBOM OCH TOJ] IeWCTBUEM CHIIBI E; .

3neck OyneT JIOTUYHO CBS3aTh TAKOW K€ (PHUPHBIN nOMOK SHEPTUU U C
TaKOU K€ Cunou uHepyuu, MPOTHBOICUCTBYIOMNA HANPsDKEHHOCTH d(dupa
E,. A Tak Kak HamnpaBJICHUE CUJIbI U3MEHUIIOCH, TO CBSI3aHHBIN C HEMl TTOTOK
SHEpPruu OyJeT MPOTUBOIOJIOKEH HAaMIEHHOMY BbIlie MOTOKYy. Cuna Er
HaIlpaBJieHa MO0 JIBH)KEHHUIO MacChl B TOPOMJIE, a HAMPABIECHUE MAarHUTHOU
UHAYKIUK yciaoBHO. [losToMy Oyaem cuumtaTh, YTO TIOTOK JHEPTUH,
CBSI3aHHBIA C Hanpsxcénnocmoio >pupa Er, éxooum B TOpouj 3apsja u
co3a€T ABMXKYIIYI0 cwily B HEM. llpu 3TOM OH Kak Obl esimecHsaem
naccusHyio «unepyuroy w3 topouga (oTcroja 3HaK «MuHYc» B (6)), a
CBSI3aHHBIN C 3TOU cunou uHepyuu -E7 IOTOK SHEPTUHU 8bIXOOUM UEPE3 €TO
«IOBEPXHOCTHY. 3a CYET ATOro BO30Oykaaemas Macca 3pupa HEMPEPHIBHO
OOHOBJISISAICH BCE BPEMSI HaXOJUTCA B CBOEM CJIIOKHOM CAMOO8UMCEHUU. A
TaK KaKk B TOPOUIbI HEMPEPHIBHO BXOAUT M BBIXOJUT YEpe3 UX
«ITOBEPXHOCTB» PacCMOTpeHHBIH B [1] TopcuHHBINM Tra3, TO OH U CO3AaéT
yKa3aHHbIe TOTOKM H2Heprur. OOpaTUM Takke BHUMAHHE Ha TO, 4YTO
SHEpPrusl Ko/abyeeo2o BpalleHUs BO30YKIaeMOM Macchl B TOpPOHJE
coxpaHnseTcs. Macca caMOOOHOBJISICTCS JIMIIB 32 CUET SHEPTUU MOPOBO2O
BpalllCHHUsl, HO TMpU HITOM TMPOUCXOJIUT JIMHEHHOE CMEIICHUE U
COXPaHSIOIIErocsl KOJBLEBOrO0 €€ BpalleHMs 3a CUET COXPaHSIOLIErocs
MOMEHTa 3TOr0 BpalieHUs.

[ToncumTaeM, kakas € MOIIHOCTh HYKHA Ha MOJJEpKaHUE TOJbKO
mopoe602o eépauienHus Maccbl BHYTPU 3apsiioBoro Topoujaa. Tak kak B
TOPOUIE BOKPYI €ro KOJIbLIa LUPKYJIHUPYET DHEPrusi mc’/4 ¢ 4YacTOTOM

2
mc° ¢
c/2at,, TO 3Ta MOIIHOCTb COCTAaBHUT BEJIIUYHUHY Z e YTO IMPUMEPHO
7,

0

paBHO 0,347-10°KBm . Jlns noaaep:kanus MOToKa dpupa yepes MOBEPXHOCTE

3apsiia B COOTBETCTBHM C (6) Hy»Ha Takasi K€ MOILIHOCTb. A caM yoesibHblil
IOTOK Yepe3 MOBEPXHOCTh OymeT mpuMepHO S =1109-10*KBm/cm®. D10

TPYIHO cebe BOOOpa3uTh, HO ATO M AAET MPEJICTABIICHNE O T€X TUTAHTCKUX



YOeabHbIX TIOTOKAX DJHEPruu, KOTOPHIE HENPEPHIBHO LUPKYIUPYIOT B
adupe, o0pa3ys pa3IudHbIC dJIeMEHTapHbIe (pu3ndeckrue 00beKThI B HEM. O
Kako 3ameHe adupa uszuueckum 6axyymom 3AeCh MOKHO TOBOPHUTH?
«DU3NYECKUN BAaKyyM» - 3TO BCETO JIUIIb PCI106HOE TEXHUUECKOE TTOHSTHE.

CrpykTypa IBHKEHHs 3apsI0BOTO TOPOMAA U €CTh YK€ OCHOBA TOIO,
YTO Mbl Ha3bIBAEM 2JIEKMPOHOM. A TaK KakK «3apsDKCHHBIC» YacCTHULBI C
MEHBIIEH Maccod B IPUPOJEC HE HAWIEHBI, TO OYEBUAHO, YTO Macca
ANIEKTPOHA (IIO3UTPOHA) SBISAETCS MUHUMAIbHO BO3MOXHOW JJIA 3apsja.
Ho no Toro, kak roBOpUTH yKE€ O CTPYKTYpE ABMIKCHHs DJIEKTPOHA, HAM
emé HEOoOXOAMMO OTBETUTh HAa OCHOBHOM BOIPOC, a KaKUMH Ke
JBIDKEHUSIMU d(rpa y 3apsiaa co3qacTcs ero anekmpuyieckoe noue?

Kunernueckas sHeprust Bpamieaus (3) mopouda Buxps 3apsima mc’/2
HaXoAuTCs erympu chepsl ¢ paaunycoM 2r,, 4To BUIHO U3 puc. 1, Ho Takas

e PHEPTHS NPUGHOCUMCA U C TOPCUHHBIM Ta30M, YTO U BUIHO U3 (6). [Ipu
ATOM CAMU MOPCUHO KaK BO30YXJeHUs 3dupa He npugHocam c coOO
BHYTpH cepsl HUKaKoi Maccel [1]. OHM BO30YXIAIOT CBOIO MaccCy CBOCH
akmueHnoil unepyueil B >pupe 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 3aMHCHIBAIOT B BHUAE pV :§WK, rae W, M €CTb KMHETHYECKas

JHEprus rasza, 3aknrouéHHas B 00béMe V. OTcroa 1aBieHUE TOPCUHHOTO
. 2 mgc?-3

ra3a BHYTpPHU YKa3aHHOH c(epbl ONpenenuTcs Kak p ZE'T(Z)?" Torma
-4z (2r,

Ha YCJIOBHYIO IMOBEPXHOCTH 9TOM cheprl 47(2r,)° M3HYTpH JCHCTBYET CHa

_mc’-4z(2r)* _ mc’ _ 7)
4r(2r,)° 2r,

Ecnu moacuntath 3Ty cuity, TO OHa OyzeT paBHa ~14,53/H , a JaBJICHHE,
KOTOpOE OHa Co31aéT BHYTpU cepsl paBHO ~3,643-10*H /cv’ (uau
~3,714-10”° ammocepep). Cpennss IUIOTHOCTH MacChl BHYTpH 3apsja
~10318-10°ke/cv’. Beé aro TpymHo cebe BooOpasuTh. Takum ke
JTaBJI€HHEM W CHJIOM TOPOWI 3apsiia CHCUMAEMCA U CHapydicu.
CoOCTBEHHO PaBEHCTBO OTHX HANPAGIEHHbIX IPYT TPOTHUB JpyTra JaBICHHUI
M CHJT YK€ Ha CaMOM TOPOHJIE M CO3JIAET €To «noéepxrocmby. V1 Benmnunna
3TUX CHJI HaéT TPEJICTaBICHHE O TOM, HACKOJBKO KperKa CTPYKTypa
nBWKeHHs 3(upHOro 3apsaa. OHH CyIIECTBOBAIM B IPHUPOJE BCErjaa u
OyIyT CyIIeCTBOBaTh BEYHO, HAXOMSICh B HEMPEPHIBHOM JIBHIKCHHUHU.
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VIMEHHO OHHM U COCTAaBIIAOT OCHOBY TE€X JJIEMEHTAPHBIX CTPYKTYPHBIX
dbopM aBmxeHus 3upa, U3 KOTOPHIX COCTOUT BemiecTBo. [Ipocreiimumu u3
HUX SIBJISIOTCS DJIEKTPOHBI, IPOTOHBI, HEUTPOHBI U APYTUE «AJIEMEHTapHbIC
YaCTHULIBD.

Wrak, TOpoMzA DIEKTPOHHOIO 3apsaa, COBEpIIas CBOE CIOXKHOE
BpallleHue, MpH 3TOM HaxoguTcs B cdepe ¢ paaumycom 2r, U C

TIOBEPXHOCTHIO paBHOU 1641,°. COOCTBEHHO 3Ta CHIPYKIMYpa O6UMCEHUs
a¢ghupa, 3akiioueHHas B chepe ¢ paauycom 2r,, U €CTh TO, YTO MbI JOJIXKHBI

CUMTATh HEMOCPEACTBEHHO 3apadom 3nexkmpona. Eciu onpenenuTsb
MaTEeMaTUYECKU MOTOK cuiibl (7) uepe3 3Ty MOBEPXHOCTh cephl, TO OH
2 2
2CM-CM
— 1 (8)

Oy/eT paBeH rr;ec -167r1,* =8ar,m,c® /e [——
I cex‘e

Ecnu ypaBHOBemmBarlIas cujia NPUXOAUT HM3BHE M TOTOK (8) eé
BEKTOpa COXpaHSAETCS, TO BEIMYMHA CaMOW CHJIbI C YBEIMYEHUEM
pacCTOsTHUS OT 3apsijia MajaeT Mo 3aKOHY OOpaTHBIX KBAJPATOB, T.€. KaK

_8mymc’ _ 2rm,c’ (9)
4dnr’e rle
AHaIOrMYHO M3MEHSETCSA M MOJISPU30BaHHAs CHIIA, KaK OBl MCXOMASIIas OT

F

3apsg0oB, U B 3akoHe Kynona. Ho Tam oHa B JBa pa3a MEHBILE CHIIbI,
paccuutanHoi B (9). [Tokaxkem 3T0.
MosxHo 3amnmcarh 3akOoH KyJlOHa JJ19 CHJIBI B3aUMOJEHCTBHUS MEXKIY

JBYMSI ~ DJJIEMEHTApHBIMM  3apsJaMM B BHUJIE F=—, r1Ie

e=480325-10"°e0.CI'C3,, a I' — pacCTOSHHE MEXKIy 3apsgamMu B cum. Ilpu

ATOM TMOJIYYHM CHUJTYy B OuHax (3HaK CUJIbI HAC MOKAa HE MHTepecyeT). A Tak
KaK B KBAHTOBOW (DU3UKE CETOJIHS XOPOIIO U3BECTHO TAKKE COOTHOIICHUE
e’=hca, THE  h=10545919-10""[ccr’/cex], TO  opmymy s
nonsapuszosannou cuibl KylloHa mexcdy o0eyma Inemenmapuvimu
hea

r.2

3apadamu MOXHO Tepenucarb Kak F = . Mmu ¢ yudérom ToOro, 4ro

2 2
mcra _ mc'r

h=m,rr.c, manee 3anuieM F = = >

, 4TO B JBa pa3a MCHBIIC

BEJIMYMHBI, HAUJEHHOU B (9). DTy CHUITy MOXHO 3alMcaTh U B BUJIE

_rmc®  4mmc’e® e’

F =
r? 4rr’e®  Ams,x®’

(10)

re e —yXe MPOCTO €AMHUYHBIN 3JIeMEeHTapHbI 3apsy (T.e. mpocTto 1), a

2
2CM-cm o
1/ &, = 4at,m,c? /e’ [————] - JaBHO HM3BECTHas B OPTOJOKCAIBHON (H3HKe

e

CeK



BEIMYMHA, KOTOpas B 3alMCH KaKk &, =€’ /4armc®  Has3pIBaeTCs

INNEKMPUUECcKoll nocmoannou eaxyyma. W, Kak HM3BECTHO, BEJIMYHUHA
1/ £,C* = 4y = 4nrym, /€’ [ccul ®]  HA3BIBAETCS  MAZHUMHOU  TIOCTOSHHOM
BaKyyMa, KOTopas 6€3 MHOXHUTENS 47 YUCIeHHO PpaéHA BBEICHHOW BBIIIE
3apAa0060i NOCMOAHHOI.

B cucreme CHU BenuuumHa ¢,=8_85418782.[®@/m]. Y Hac e OHa

nokasana kak 1/&,u B pasmeprocti CI'CD, a cuMBOT ¢° B eé 3HAMEHATENIe
O3HAYAET, YTO TAKOU MOMOK 6eKmMOpPA NOAAPUOBAHHON CUJIbI HATIPABJICH
OT OJIHOTO 3JIEMEHTApHOTO 3apsiia K JapyroMmy. 3amuch 1l/g, oTBeyaeT e€
¢usznyeckomy cmbicty. PasmepHOCTh [m/@] MOXKHO BbIpa3uTh [3] Kak
[H-M*/K7’], W TOrma TOXE CTAHOBUTCS BHJIHO, 4YTO HOMOK CUJIbL
HaIlpaBJIeH OT 3apsaa K 3apsny.

YucneHHOe 3HaU€HUE 3JIEKTPUUECKON OCTOSSTHHON BakyyMa B (hopMyiie
(10) &, =34492217-10"[e*/oun-cm®]. A Tak Kak 1le=16021892-10"°Kxz, a

1una =10"H ¥ lem® =10 0%, TO OTCIONA
2

2 2
&, = 3,4492217 ,1017% -(1,6021892 .10719)2 KJ; 10° OUH - CM
e

H-m?

2
12 Kn

2"

=8,85418782-10
H-m

Mpbl TeM caMbIM cheiand NepeBOJl 3HAUYEHHUS &, W3 OJHOM CHUCTEMBI
Pa3MEpHOCTEN B IPYTYIO.

Camy 3anuce 3akoHa Kynona ciedosano 0wt ucnpasums, 3anvcan
SJCKTPUYECKYI0 TOCTOSHHYIO Kak &, =4m,m,c’/e® W mocTaBuB e B

yucnumens Gopmynsl  (10). Beas ¢usuueckuin cmwvicn 3axoHa
3aKJTF0YACTCS B TOM, YTO CHJIA B3aUMOJCHCTBUS MEXKIY «3aApAOAMUY TIO
CBOCH aOCOJIOTHOW BENMYWHE MPAMO NPONOPYUOHANIbHA TIPOW3BEICHUIO
KOJIMYECTB DJIEMEHTAPHBIX 3apsIIOB B «3apA0ax» WU YOejabHOMYy HOMOKY
HOMEHUUANBbHOU NOAAPUIO6AHHOU CUIBL MEXKIY €AUHUYHBIMU 3apsaaamu,
KOTOPBIN HU3MEHSETCS OOpaTHO MPOMOPIMOHAIBEHO KBAAPATy PACCTOSIHUS
MEXAy HUMH. UTO O3HAYaeT IOHSATHC «HOMEHUUAbHOU CUbL) MBI
y3HaeM HIKE.

Wtak, 9T0OBI CO3/1aTh CHITy, YPAaBHOBEIIMBAIOIIYIO M COXPAHSIOIIYIO
3apsIOBYIO CTPYKTYPY JIBIOKCHHS 3(PHpa, CHAPYKU Ha TOBEPXHOCTH ChHephl
47(2r,)°, B KOTOPOM M 3aKJIIOYEHO 3apAN0BOE JABUKEHHE, TOXKE IOJDKHO
CYIIIECTBOBATh JaBJicHHWE 3upa. DTO JABICHHE W CO3MAETCS M3HAYAIBHO

CYIICCTBYIOIIUMU B 3(QUPE MOpCUHHbIMU noasamu. Takoe IOIMyIICHHE
CCTrOHS BIIOJHE MPABOMEPHO. YKe KIIacCHYECKas 3JICKTPOAUMHAMHUKA C €€
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3akoHOM KysloHa TOBOPUT HaM O CYIIECTBOBAHHUM B IPOCTPAHCTBE
MAaTECPUAIBbHBIX HOJel INeKMPUUYECKOU HANPAIHCEHHOCMU, T.€. noJieu
HONAPUZOGAHHBIX CUJI, ICUCTBYIOIINX HA 3apAIbl U UCXOSIINE OT HUX.

Emé pa3 npeacraBum cebe, 4TO BCE peaibHOE MHPOBOE (DU3NUECKOE
npocTpaHcTBO  (3Up)  MNPOHUBBIBAETCA  HEBEPOSATHO  OTPOMHBIM
KOJIMYECTBOM YKA3aHHBIX BBIIIE J1€60 U HPABO BPAIAIOMINXCS YQUPHBIX Ke
mopcuno. 3a c4€T 3TOro B 3PUpe co3MaéTcid KOJOCCAIbHOE JaBIICHUE,
coo01Iaromiee eMy OrpOMHYIO YIIPYTOCTh J1a’Ke B TOM COCTOSIHUU, KOTOPOE
Mbl Ha3Bai  (U3MYECKUM BaKyyMOM. Tak KakK TOPCHHO, SBIISISCH
MEPBUYHBIMA KBAaHTAMH IIEHTPAJIbHO-OCEBOM MarHUTHOW MHIYKIIMU BCETa
CMEIIAIOTCS C JMHEWHOM CKOPOCTBIO €, TO MMEHHO OHU U TMEPEHOCST
MEXIY 3apsiaMHi KBAaHTBI noaaApu3zoeantou cuavt. CUla NOAAPU30CAHA
IIOTOMY, YTO TOPCUHO, UMEsl KObUe60e BPALICHUE, IIEPEHOCIT HE TOJBKO
JUHEWHBIA UMITYJIbC, HO U MoMeHm umnyiasca. llonspuzoBaHHas cuia u
€CThb JIeKMPUUYECKAA HANPANCEHHOCMb, KOTOpPAasi OKAa3bIBAaCT pa3HOeE
CUJIOBOE BO3/ICHICTBHE HA 3aps/ibl pa3HbIX 3HAKOB.

[Tonsipu3anust 37E€KTPUUYECKON HANPSKEHHOCTH TOPCHHO (3HAK ILUIIOC
WM MHHYC) 3aBUCHUT OT HAaIpaBJICHUS Ko/ibyeeo2o BpaiieHus. Eciu
CMOTpPETh HAa TOPCHHO BJOJIb €r0 ILEHTPAIbHOM OCH W BHUJECTH HPAGOe
eépauieHue Konabyeeo2o euxps, 1o OyJeM YCIOBHO CUUTaTh, YTO C ITOU
CTOPOHBI HANpPsKEHHOCTh MMeEET 3HaK «mmoc». C  JIpyro CTOPOHBI
TOPCUHO MBI YBUIUM .Jle6oe 6paujeHue Koabueo2o euxpsa, u Oynem
YCJIOBHO HMETh HAMNpsHKEHHOCTH CO 3HAKOM «MHUHYC». Hampspk€HHOCTH
ABJISIETCSI BEKTOPOM, KOTOPBIN YC106HO HATIPABIICH OT IUIFOCA K MUHYCY.

Kaxnas nHeiimpanvhas ycioBHO TOYKA MPOCTPaHCTBA d(Pupa BO Bcex
HaMpaBJICHUSX TMPOHU3BIBACTCSI B E€IUHUILY BPEMEHU OJMHAKOBBIM
KOJIMYECTBOM, KaK JIEBBIX, TaK U TMPaBbIX TOPCHUHO (T.€. C paBHOU
WHTEHCUBHOCTHIO), puc. 2. [loaToMy oHa u Oyaer 6 smom cmwicne
dbu3ndyeckn HeWTpanpHOU. M g Hac celiyac HEe MMeEeT 3HAUCHHUS, KaKoBa
peanpHas Macca U pazMep TOpcuHO. Ho BaXKHO TO, UTO KuHemuueckoe
oagjlieHue u Hanpa)3céHHocmsy B dPUpE KaKk pa3 U CO3JAIOTCS TJIaBHBIM
o0pa3oM 3a cuém ux BpalleHUs] U YHEPTUU JTUHEHHOTO IBUKEHUS. A pa3 B
sbpupe TOMHMO €ro (OHOBOM YyNPYrOCTH CYIIECTBYET €€ U
KuHemuyeckoe OdaeéjleHue B €r0 W HAa €ro MHKPOOOBEKTax, MPUUYEM
OTPOMHOE, YTO YK€ BHUJIHO M3 MPHUBEIACHHBIX BBIIIEC BHIYUCICHHUM, TO dPUP
HPUHUURUAILHO HENB3SI OTOXKIECTBISATH C GAKYYMOM, JNaXXe Ha3BaB €ro
duzuueckum. IlorToMy, «hU3NIECKUN BAKyyM» YCI08HO CETOIIHA YK€ U
O3HAYaeT cocmosanue 3IPupa, B KOTOPOM OTCYTCTBYIOT HMLOJBKO
eéeuiecmeennvle hpusndeckre 0ObEeKThI, HAUUHAS C DJIEMEHTAPHBIX YACTHII.
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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 [aBWXeHHE TMpaBbIX TOPCHHO YCJIOBHO I[OKa3aHO
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
BpauieHus: 3¢upa, O0cCoObIM 00pa3oM B3aUMOJEUCTBYIOT H C €ro
PAa3udawuMuca 3apsaioBbIMU CTPYKTYpPaMH JIBIDKCHHS (3apsijiaMu).
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 HUMEHHO uepe3
6030yco0eHUe 3apsi0068020 O08UdCeHUs, OyAeT TPSMO MPOIMOPIHMOHAIBEHO

o 9 o m.,r,
BBCACHHOHN BBIIIC 3apﬂ()oeou nocmosaHnunou, T.C. BCIIMYUHC Ze 0 = const.
e

Jpyrumu cioBaMu, TOJIBKO ¥acmb MOPCUHO, IPOHU3BIBAIOIIUX BO BCEX
HampaBieHusix cdepy ¢ paauycoM 2f,, B KOTOPYIO BIHMCBIBA€TCS

BO30YXKIECHHE 3apsIOBOTO BUXPs, HENOCPEACTBEHHO BO3JAEHCTBYET HA €rO
BO30yXX/IaeMyto maccy m,/2e. BzaumonedcTByss ¢ Maccod 3apsaoBOro

JBUKEHHUSA, TOPCHHO OCOOBIM 00pa3oM OKa3bIBAIOT HAa HEro CHIIOBOE
BO3JICMCTBHE, YTO U TTOKAKEM JIAJIbIIIE.

Bpllte MBI yCIIOBWIMCH CUMTAaTh BPALIEHUE MACCHI MOJIOACUMENbHO20
3apsia npasvimM, a ompuyamenbHoz2o JegviM. lIpaBpie TOPCHMHO, MPOXOIs
yepe3 OTPULATENbHBIM 3apsAl C JIEBBIM BpAIIEHHMEM €r0 MacChl, HE
U3MEHAIOT CBOETrO KOJbLEBOro BpaimieHus. [loatomy BbeIXonas u3 3apsna,
OHU HO OMHOWIEHUI0O K HeMY YXKE U3IMEHAIOmM OpPUEHMAWul0 CBOEU
HaIpsHOKEHHOCTH. A JIEBbIE TOPCHHO, IMPOXOJAs OTPULIATEIBHBIN 3apsn,
UCIIBITHIBAIOT uHEepcuto. HBepcHsi TOPCUHO (PU3MYECKU 3aKIH0YaeTCs B
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TOM, YTO B3aMMOJECHCTBYS C BHYTPEHHHMM JIBH)KCHMEM MaccChl 3apsAza, OHO
U3MEHSET 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 OMHOWieHur 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 N e N
Puc. 3. a) B oTpuiaTenbHblii 3apsa clieBa BXOIAT JieBoe 1 u mpasoe 2
TOPCHHO, a BBIXOIAT CIIpaBa 00a y»e HPaBLIX TOPCUHO; 0) co3jaBaeMast
TOPCUHO HampsHKEHHOCTH d(Upa Ha 3apsie; CIpaBa MHBEPTUPOBAHHOE

TOpcuHO 1 co37a€T U3OBITOUHYIO MOJSPU30BAHHYIO HATPSAKEHHOCTD dPupa
E.

Ha pucynke 3 yclnoBHO IMOKa3aHO JUIIb OJHO HAaNpaBlIEHUE U3 HUX
OTPOMHOTO MHOK€ECTBA. JIeBoe TOpcHHO 1 MpOXOAHUT CKBO3b Maccy 3apsja,
MU3MEHSAET 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 COXPAHSIOT CBOIO OJHepruto. M3 pHCcyHKa Takxke
HaIJIIHO BUJHO, YTO 3(QUpP BOKPYT 3apsiia uU30bImOUHO TOJSPUIYETCS
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 £ OyyT NPEeUMYIIECTBEHHO HAIIpaBJIE€HbI OT 3apsia.
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T Ts T4T 1TE§ 3T4

a) 6)

A1 T

Puc. 4. a) Cxematuuecku (3apsi YCIOBHO MPUILUIIOCHYT) MOKa3aHbI
JIBMKCHHE W WHBEPCUS TOPCHHO Ha TIOJOXKUTCIBHOM 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, 3aBUCAINCH OT €r0 3HaKa, a caM IPH ATOM HaXOIUTCS B
paBHOBecun. CWIOBOE BO3JEHCTBHE HA 3apsi 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, HnoKuoarwwumu 3apsja. I[loaToMy B yCIOBHO
HEUTpaIbHOM TOuke 3dupa TOTOK HOAAPUIOEAHHOU U3OLIMOUHOU
AIIEKTPUYECKON HAIpPsLDKEHHOCTH OT 3apsiia OyIeT 6 dea paza menvuie
MOTOKA CHJIbI, TUHAMUYECKH yYpaBHOBeluBaromero cuiy (8). U on Oyzaer B
TOYHOCTH PaBEH IMOTOKY KYJIOHOBCKOW TOJIIPU30BAHHONW HAMPSHKEHHOCTH C
«IIOBEPXHOCTH 3apsija, T. €. 4armc’/e.

Tak kak MOTOK MOJSPU30BAHHOM CUJIBI OT 3apsia COXpaHSAETCs, TO Ha

4arm,c®  mcr, o ecu ]
Anr’e r’e “cex’e’’

paamyce I aTa cuia Oymer E,(r) = (11)

4TO U ABJECTCA JJieKmpudecKum nojiem JJICMCHTAPHOI'O 3apsaa. n TOorga
INIOTHOCTb OSHCPIHUHU JJICKTPHYCCKOI'O IIOJA TAKOI'o 3apsaiaa, HUCXOAsd U3

W3BECTHOM 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 3JeMEeHT c]epudeckoro o0bémMa paBeH 4ar’dr, TO DHEPrHUs
BHEIIIHEr0 MOTEHIIMAIbHOTO 3JIEKTPUYECKOrO MOJsS 3apsdja dJeKTpOHa Ha

@ 2
pamuyce r coctaBuT U, = ju34n- r’dr = % : (12)

B cBoux nekuusix no ¢usuke P. deilHMaH Tak M pPaCCUUTHIBAET
HHEPTUI0 JJIEKTpUUYECKOro mojisi 3jekTtpoHa [4, c¢. 306]. O ob6o3HauMI
HIDKHIOIO TPaHUIly UHTETPUPOBaHUs OYKBOU @ U ero popMyjia B KOHEUHOM
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1 ¢e° 2
BUJE NpPUBEIEHA Kak Uﬂ:E-—. Ecimu  ydectb, uto e?=hca, TO
) a

2

_hca _m,rC

Y 2a 2a
OTOI 3HEPTrUU JOHKHO OBITH JOCTATOYHO Ul pa3roHa AJIEKTpOHA JI0
CKOPOCTH ¢ B IIPOLIECCE €r0 aHHUTWIISIIMUA C TO3UTPOHOM, 4YTO U Oyner

.Mecmm a=2r, 70 U, =mc?/4. (13)

MOKa3aHo B OTAEeIbHOM paboTe. Ho cpa3y ke 3/1ech 00paTtiM BHUMAaHUE HA
TO, 4TO 3Heprust B (13) B nBa pa3a MeHbIE PHEPruu mnoroka B (6). ITo
CBSI3aHO C TeM, 4TO B (13) MBI MOJYYMIN DHEPTHIO UMEHHO TOTO MOTOKa
TOPCUHHOT'O Ta3a, KOTOPBIM CO3MAET 2J1eKmpuuecKyr HaupsHKEHHOCTh £
3apsga. Ho »TOT mOTOK M MeHbIe B JiBa pa3za OOIIEro KMHETHYECKOTO
OTOKa TOPCHMHHOro raza (6) B TOpoMI 3apsiaa, KOTOpBIA co3maércs
MHEPLHUOHHON HaNpsLKEHHOCTBIO £ camoro 3apsoBoro topouga. O0 sTom
y’K€ U TOBOPUJIOCH ITPU pacuére KyJIoHOBCKOU cuibl B (10).

A nanee @eriamaH mmmeT: «HO Kak TOJBKO MBI MNEPEXOJAUM K
TOYEHYHOMY 3apsily, HAUMHAIOTCS BCE HAIK O€JIBI....KOJIMUYECTBO IHEPTUH,
OKpYXalollell TOYEUHBbIM 3apsij, OKa3zbiBaeTca OeckoHeuHoW» [4, c. 306-
307]. A emé€ B OpyroM MeECTE€ HaxXOJUM Yy Hero clienyromee: «Mbl
BBIHYKJICHBI TIPUNTH K 3aKIIIOYEHHIO, YTO TMPEJCTaBICHUE O TOM, OYITO
BHEPIusl COCPEIOTOUYEHA B IOJIE, HE COMIACYETCsl C IMPEIINOJI0KEHUEM O
CYIIECTBOBAHUM TOUYEYHBIX 3apsfaoB. OJuH MyTh MPEOAOJEHUS ITOU
TPYAHOCTH — 3TO TOBOPUTH, YTO OHJIEMEHTApHBbIC 3apsjibl (Takue, Kak
AJIIEKTPOH) HAa CaMOM JieJ€ BOBCE HE TOYKHM, a HEOOJbIIME 3apsI0BbIC
pacripeneneHus. Ho MOXHO TOBOpUTh W OOpaTHOE; HEMPaBWIbHOCTH
KOPEHHUTCS B HaIllEl TEOPUH AJIIEKTPUUYECTBA HA OUECHb MAJIBIX PACCTOSTHUAX
WU B HallleM NPEACTaBICHUHU O COXPAHEHUM SHEPrUU B KaXKIOM MECTe
nopo3Hb. Ho kaxkjgas Takass TOUKa 3pEHUSI BCE PABHO BCTPEYAETCS C
3arpygHeHussMu. M uX Hukorma emé He yIaBaloCh IPEOIOJIETH,
CYIIICCTBYIOT OHH H IO Cei AeHb» [5, ¢. 173].

N xors BcE 3TO OBUIO HAMMCAHO IIOJIBEKA HazajJ, HO OCTaETcs
CIpaBeJIUBbIM U cerofHs. Ho Mbl HarjsiHO BUJMUM, KakK Halll TOIXO/T
CHHUMAET BCE OTMEUYEHHbIE TPYAHOCTU. MBI BUJIUM TaKKe, YTO pacy€T JAET
U YUCMO NOMEHUUAIbHYI0 (DIEKTPUUECKYIO) SHEPTHUIO 3apA0a SIEKTPOHA.
E€ M0XHO Ha3BaTh Tak JUIIb )CI08HO, TAK KaK pacCUUTAHHAS SHEPTUs
JEUCTBUTEIBHO MPUHAJICKUT HOJAAPUIO6AHHOU MaAcce TOPCUHHOTO Tas3a,
BO30Y)K/IaeMOM  BOKPYT' 3JIeMEHTapHoro 3apsiga. OnpHako maccel,
COOTBETCTBYIOIIEH ATOW SHEPIrUM, Y CaMoro 3apsaoa Her. VHepuuoHHas
Macca 3apsja mo-nmpexHeMy OyZeT m, U COCpeOTOYEHA OHA B TOM, YTO MBI
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Ha3Bajy INEPBUYHBIM TOPOUJIOM 3apsiia U €ro BTOPUYHBIMU TOPOUIAMHU
MAarHUTHOW MHTYKLIHH.

OOpaTtuM BHHMMaHHE, YTO YUCJICHHO 3HEPTUS AJIEKTPUUYECKOTO OIS
3apsana (12) uaMeHsiercst B 3aBUCUMOCTH OT paJiiyca TOYHO TaK ke, KaK U
KMHETUYECKUI TMOTEHUHUAI BUXPEW MAarHuTHOrO moiid 3apsna. Tam, rae
OblJJa BBEJIEHA 3apsijioBas MOCTOSIHHAs, YK€ ObUIO CKa3aHo, 4YTO B
COOTBETCTBHH C 3TOM MOCTOSIHHOM, €CIIK 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)=—-2 H TaKyl K€ Maccy 6y,[[€T UMETh M MAarHudTHOE IIOJIE,
2re

pacxopsmieecss OT 3TOro paauyca . A uMes Takyl0 Maccy, BHEIIHUI

MarHUTHBIM BUXpb 3apsja ¢ paauycoM I OyAeT MMETb U KUHETHYECKUU
m,r,c’

IIOTEHIMAII (o(r):;—o CBOEr0 JBOMHOTO BHUXPEBOIO BpAIllCHHUS B
re

TOYHOCTH PABHBIA MOTEHUMaNy 3yekTpuueckoro mois (12). U 3to He
Clly4ailHO, TakK KaK IpU B3aUMOJCHCTBUM 3apsAOB HX Cy2ybo
NOMEHUUAIbHble INeKmpudeckue nona Kak pa3 U IEPEBOAT
KMHETHYECKUE MMOTEHIMAIbl MAarHUTHBIX IOJIEW 3apsAJ0B B KMHETHYECKYIO
DHEPrUI0 JIMHEHHOTO JBW)XEHHUS JJIEMEHTAPHBIX YaCTHI, B CTPYKTYpYy
KOTOPBIX M BXOIAT 3apsiabl. OO0 3TOM OyJeT CKa3aHO B OTAENIbHON padboTe o
CTPYKTYp€ JIBH>KEHHSI 3(UPHOTO 3IEKTPOHA U €ro BojHe 1€ bpoiins.

Janee mpeacraBuMm cebe, YTO B IIEHTPE HEKOTOPOH BOOOpakaecMoit
chepuiecKoil MOBEPXHOCTH PACIIONOKEH OTPUIIATENbHBIN 3apsif, puc. 5. 3a
CYET MHBEPCHUH JIEBBIX TOPCUHO, IPOXOIAIINUX YEpe3 MACCY 3apsAla, BOKPYT
Hero co3maércs BHUXpEBOE BpalleHue ddupa, NPEeuMyNIECTBEHHO
HaIIPaBJICHHOE BIPABO, ECJIM CMOTPETh HA MOBEPXHOCTh CHAPYXH, PUC. Sa.
OHO ¥ cO3Ma€T BOKPYT HETO HOJIAPUZOGAHHYIO INEKMPUUECKYIO
Hanpsacénnocmsy >pupa, YCIOBHO HANpaBICHHYIO K 3apsay, puc. 50.
Ecnu cMOTpeTh Ha TOPCUHO OT 3apsifa, TO MOKa3aHHbIC BpAlllEHUs OyIyT
YK€ JIEBBIMU.

Ha uto emé 3mecy cnemyer oOpatuth BHMMaHue. M3 puc. 5a BuaHoO,
YTO Ha C(EepUUYEeCKUX MOBEPXHOCTAX, OKPYKAIOIIUX 3apsij, KOJbIEBOE
MPEUMYIIECTBEHHOE BpAILICHUE JIETAIIUX TOPCHUHO HAIPABICHO JpYyT
npoTuB pyra. OHU Kak Obl CTPEMSATCA TOPMO3UTH APYT IPYra, 4To CO3AAET
[0 OTHOUIEHUIO K TOPCHUHO OIPOMHOE OOKO60€ HAaBICHHE B OKPYKAIOUIEM
3apsin ddupe. ITO CTAOWIM3UPYET TMOJSPU30BAHHYIO HANPSHKEHHOCTh U
CHOCOOCTBYET COXPAaHEHUIO chepuyHocmu dIEKTPUUECKOTO MO 3apsiioB.
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AN
Zi

Puc. 5. a) Ot 3apsanma u k 3apsay, €I CMOTPETh Ha chepy CHapYyKH,

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

Takum 00pa3oM, MblI CMOJCIUPOBAIM  HA2AAOHO (puuYecKu
AIEKTPUYECKUI 3apsii U TO, YTO HUMEHYETCS IMOJEM MOJIIPU30BAaHHOU
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. Belp NeUCTBUTEIBHO, €CIIN B
npupojie KpoMe 3pupa U ero JIBUKEHHUsI HUYEero 0oJjiee He CYLIECTBYET, 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 NoOKa3pIBAET, IOYEMY B MPUPOJAE CYLIECTBYIOT
pa3eNIbHO MOJIOKUTENbHBIE M OTPULIATENbHBIE 3apsAlbl, U HET HUKAKHX
pa3feiabHO  CYIIECTBYIOUIUX  MACHUMHBIX  3apA006é  (MarHUTHBIX
MoHormoseit). [loje mnonspu30BaHHON JIIEKTPUUECKOW HAIMPSKEHHOCTH
BOKPYT 3apsjia (aKTUYECKH SIBISIETCS MOJIEM HOJSPU30BAaHHON MarHUTHOU
WHAYKIUU TOPCUHO, MPOHU3BIBAIOIIUX TOpouy 3apana. OIHUM CBOUM
MOJIIOCOM MArHWTHas WHAYKUWA BIETAOIIMX B 3TOT TOPOUI U
BBUIETAIOIIMNX U3 HETO TOPCUHO, CO3JAOIINX AJIEKTPUUECKOE MOJIE 3apsaa,
HaIpaBJeHa K 3apsay, a BTOPbIM Hapyxy. Tem caMbiM co3qaéTcsi 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) IIBI)KEHHE W MHBEPCHSI TOPCUHO; 0) AJEKTpUYecKas HaNpsHKEHHOCTh Ha
3apsiiax (MHBEPTUPOBaHHAs MoKazaHa OoJiee TEMHOM) U JEHCTBYIOIIME 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 B3anMOICMCTBUSI IBYX 3apsIOB OJTHOTO 3HAKA.

OOpatuM BHUMaHUE, 4YTO 4-pe TOPCMHO HEKOTOPOTO MPOM3BOJILHOTO
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 mokas3aH 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 MOJIOKUTEILHOM 3apsiiax, a IpaBoe
TOPCUHO 3 BHauaje UCIBITHIBAET MHBEPCHUIO HA TMOJIOKUTEIHHOM, a TIOTOM,
CTaB OTpPUIIATEIBLHBIM, U Ha OTpUIATEIbHOM 3apsnax. [IpaBoe TopcunHo 2
UCIIBITHIBACT UHBEPCHUIO HA MOJIOKUTEILHOM 3apsiie U CTAHOBUTCS JICBBIM,
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 3apsze
noomankuearom 3apanbl Apyr K Apyry. PesynpTupyromas cuna u3 2-X
AIIEMEHTAPHBIX CHJI (10 OJHOM Ha 3apsi) noomaaxkueaem 3apsiibl IPyr K
apyry. To ecTb cunbl pacmankugeanusa 1 OAHOMMEHHBIX 3apsAA0B PaBHBI
CUJIaM HOOMAIKUGAHUA ISl PAa3HOMMEHHBIX 3apsiioB. M HeET HHMKaKHX
MUCMUYECKUX CUIT RPUMANCEHUA MEKTY 3apsIaMU.

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 00HO20 3apsna. Y 3apsioB Pa3HBIX 3HAKOB
UX o0IIee AIEKTPUUECKOE Moje ObICTPO HEUTpaIU3yeTCsl B HaIpaBIICHUH,
NEPHEHAUKYIAPHOM JHMHUU B3aUMOJCUCTBUS. Y 3apsiioB C OJIMHAKOBBIM
3HAKOM HX OOIIee IJIEKTPUUYECKOE IMOoje OBICTPO CYMMHUPYETCS TaKXKE B
HaIpaBJICHUH, MEPIECHIUKYISIPHOM JIMHUU B3aUMOJICUCTBUS, a HO JTUHUU
e3aumooelicmeus CHapyXu COXpaHsieTcs oJie COUHUYUHO20
AJIEMEHTAPHOTO 3apsijia.

Ecou oOparuthes k 3akoHy Kynona, TO ero 3KkcnepUMEHTaIbHO
HalJICHHAs! afOCmMpaKkmuas mamemamuueckas Moo0elb HUYEero 00 3ToOM
CKa3aThb HE MOXET. A TMO3TOMY JUIsl YIEp>KaHWsl OOJIBIIOTO KOJIMYECTBa
OJIMHAKOBO 3apsDKEHHBIX TPOTOHOB B sApaxX aroMoOB (DHU3UKU 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 TOXe MTOKa €II¢ TOBOPUM 00 OTACITBHBIX
3apsiiax, a He 00 DJJIGKTpOHaX M TMPOTOHAX, KOTOpPhIE 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-THOO KOHKPETHON CTPYKTYpPBHI JBHKCHUS
a¢upa (cB0OOHO), B MPUPOJE, TTO-BUIUMOMY, HE cyiiecTByroT. Ho Hame
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,
CUHMTAFOIINECS Y)KE BEIISCTBEHHBIMUA KOPITYCKYJIaMH, PAKTHYECCKH 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 TopouaibHOTO ABMxkeHus. [Ipr 3ToM camy mMaccy 3apsiaa
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BO30YXKJaeT 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 COCTOSHUE OKPY)KAIOIIETO BO30YKICHUE
doHOBOTO 3(PHpa, YTO M CO3MAET MOSIPU3OBAHHOE 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. [loaromy Heobxommumo
Janee paccMOTPETh IPUPHYIO CTPYKTYPY IBHIKEHHS JJIEKTPOHA, UTO H
OyzeT caenaHo B OTAENIbHOM padore. BOT TyT OH M MOJIY4YUT BCE €ro
U3BECTHBIC (PU3UUECKHIE XapaKTEPUCTHKH.
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