MuHuCTEPCTBO HAayKU M BbICIIero obpasoBanusi Poccuiickoit Peneparuu
ApocaaBckmnii rocynapcrBennbliii yauBepcureTr um. I1. I'. JIlemnaoBa

Kadenpa Teopernyeckoii pusnkmu

A. 1. CmupHOB

DJIEKTPOANHAMMIKA

Vyebono-memoduueckoe nocobue

HApocnasib
Apl'Y
2019



VIIK 537.8(075.8)
BBK B313 73
C50

PexomennoBano
Peaxmmonno-n31aTeIbcTBOM COBETOM YHUBEPCUTETA
B KadecTBe yueOHOro m3ganusd. [Linan 2019 roja.

Penenzenr
Kadeipa TeopeTndeckoil pusnKu
Apocnasckoro rocynapcrtsernnoro yunsepcurera um. . I'. Temumona

CvupnoB, Ajekcanap IMurpneBud.
CH0 DurekTponHAMUKE, : yIeOHO-MeTOINIeCKoe 110cod1e
/ A. . Cmupuos ; dpocit. roc. yu-r um. I1. T Jdemumosa. — fApociaasib :
ApI'Y, 2019. - 56 c.

[Tocobue comep:kuT 3aa4n ¢ Teopueil 1 OTBETAMU 110 OCHOBAM CII€IINA b
HOII TEOpHUM OTHOCUTEJILHOCTHU, 3JEKTPOJUHAMUKE B BaKyyMe U 3JIeKTPOIU-
HAMUKe B BeIllecTBe, UCIOJIb3yeMble Ha IIPAKTUYECKUX 3aHSITHAX U Ha KOH-
TPOJIbHBIX MEPOIPUSITHAX.

Y1aebHO-MeToIMYecKoe 110codue 10 JUCHUILINHAM ~DJIEKTPOJuHaMIKa I
"@u3nKa CILIOMIHBIX cpel’ IpeJHa3sHaueHo [1Jisd CTYIeHTOB (husnieckoro da-
KyJIbTeTa, o0ydJalonuxcs 10 HalpaBjeHusM Oakajappuarta 'Pusnka’, "Pa-
nnocdusnka’ n "IIeKTPOHUKA 1 HAHOIJIEKTPOHIKA .

VIK 537.8(075.8)
BBK B313 a73

© SIpI'y, 2019



-3 —
1. OcHOBBI cnenMMaJbHOI TEOPUN OTHOCUTEJILHOCTU

1.1. TeopeTtudeckue cBejieHUS

Koopunarer x, 1y, 2 1 BpeMs t cCOObITHSI, U3MEePEHHbIE B MHEPIUAJIbHON CH-
creMe orcuera S, 00pa3yloT YeThbIpeXMEPHBIl BEKTOP

x‘u = {x()? x17x27x3} = {Ct7 x? y? Z}? /’[/ = 07 1727 37

rJie ¢ — CKOPOCTDb CBETA.
[Ipeobpazoanust JIopeHia Jjisi KOOPAMHAT 1 BPeMEHU COOBITUS:

, o x=Vit
T iovye
t,:t—(V/Cz)x
Ve
y =y,

/
Z =z,

riae {ct,x,y,z} u {ct’, 2,y , 2’} — Bpems u KoOpMHATHI OJHOrO U TOTO ¥Ke
COOBLITHUSI, U3MEPEHHbIe B MHEpIMAILHLIX cucreMax orcdera S u S’. 3nech
1 fajee cucreMa S’ pejirnoaraeTes IBUXKYIeiicss OTHOCUTEILHO CUCTeMbI S
BJIOJIb OCH T CO CKOPOCTBIO V.

DdbdexT 3ameIeHns BpeMeHN:

At
V1=V?2/c? ’

rie At =t — t| — BpeMeHHOIT UHTEPBAI MEXKJLy JIByMsI COOBITUSIMU, TIPOKC-
IIeIITAMI B 0/1HO# Touke (x4 = z) B cucreme S', a At = ty—t — BpeMeHHOi

UHTEPBAJ MEXKJIY STUMH COOBITUSIMU B cUcTEME S.
Db dexT cokpaleHnst IInH:

=1l /1- V22,

riae | = w1 — To — JUIMHA CTEPZKHSI, JBUZKYIIErocs B cucreMe S BIOIL OCH T
CO CKOpOCTBLIO V| IIOHMMAaeMasl KaK pacCTOAHUE MEZKJly HAdaJIOM U KOHIIOM
JIETAIIEr0 CTEPXKHS, OJJHOBPEMEHHO (B MOMEHT f; = t3) U3MEpeHHOe B CU-
creme S, a ly = x] — x, — paccrosiHIe MeXK/Iy HAYAJIOM U KOHIIOM CTEPIKHSI
B cuCTeMe ero mokoda S'.
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[IpeobpazoBanms JIeKapTOBBIX KOMIIOHEHT TPEXMEPHOI0 BEKTOpa CKOPO-
CTH YaCTHIIbI:

v, +V
Uy =
1+ Vol /c?
/1 —=V2/c?
Uy

R + Vol /2

—V2/2
o — o V1=V?/c
z z / 2 )
1+ Vvl /c
ro_da’ 0 dy . d _ dz _dy _dz
rame v, = W’Uy = W’UZ = a n v, — E’/Uy = E’/UZ = JE€KapTOBbIE
KOMIIOHEHTBI TPEXMEPHBLIX BEKTOPOB ckopoctu U’ u U B cucremax S’ n S

COOTBETCTBEHHO.

A= A0 AL A% A%} = (A% A, A, Ay ={AY A} -

— KOHTpaBapraHTHbIE KOMIIOHEHTHI YeThIipexMepHoro sekropa A. Ilpu mpeoo-
pazoBannsax Jlopenna KoMmoHeHTs AP IpeobpasyioTcst KaK 9eThbIPEXMEPHDIE
KOOPJAUHATHI ¥ .

A, ={Ag, Ay, Ay, Ag} = {AY —A,, —A, —A} = {A", A} -
— KOBapUAHTHBIE KOMIIOHEHTHI YeThIPEXMEPHOTO BeKTopa A.
AFA, = A"Ag + A' Ay + A%Ay + ABAy = (A°)? — A2 — A2 — A% =
= (A%)? — (A)-
— JeTbIpeXMEepHBIil KBaIpaT deTbipexMepHoro Bekropa A (ﬂBﬂﬂmmHﬁCH H-

BapHaHTOM MpeobpazoBanuii Jloperna).
YerwuIpexmepHblit BEKTOP CKOPOCTH:

c 0]
ut = { : } :
V1= \/1—v2/c?
DHEPrus U UMITYJIbC CBOOOTHOI IaCTHIIBL:

m02

V1—v2/2’

. muv
P=—F——7
V1—0v%/c?

— e m n U — Macca U CKOPOCThb YACTHUIIHI.

E =

£
= — 7
2’
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YeTpIpexMepHbIll BEKTOP SHEPTUU-UMITYIbCA YACTUIIBI:

PN A
¢’ V1—02/ /T -2/ '

[Ipeobpazopanus JlopeHia /st SHEPIUU-UMILYJIbCA YAaCTUIIbL:

r_ px—V8/02
px—m,
/ eE—-Vp,
s
Py =Dy,
P, =p-,

r71e {E, Pus Py, P2} WAE, Dy, D)y P} — SHEPIHUsT M UMIIYJTBC YACTHIIBI B CHCTEMAX
orcuera S u S’ COOTBETCTBEHHO.
YeTblpexMepHbIil KBaJIPaT YeThIPEXMEPHOIO BEKTOPA, SHEPIHUA-UMITYJIbCA

SIBJISIETCSI MHBAPUAHTOM IpeobpaszoBanuil Jlopenria.
Orcroma ¢ yaeroM sSIBHOTO Buja p’ st ¢BOOOIHOM peIsITUBUCTCKON da-
CTUIIBI CJIEYIOT COOTHOIIIEHNE MEeXK/Iy ee dHeprueil 1 UMITyJIbCOM

2
€ S
= 2 _ 22
c
1 COOTBETCTBYIOIIEE BhIPayKeHUe JIjIsI SHEPIUN YacTUIIbI KaK (DYHKIINN ee M-
yJ1bCa

E=c\p?2+m2c3.

1.2. Bamaun

1-1. Haittu obmuit Bug 2 X 2-marpuiisl A npeodbpa3oBaHmii:
3:“—>33/“:A’V‘x”, w,v=0,1

C WHBAPUAHTOM (x0)2 — (x1)2 = 1nwv. OTBeT BLIPA3UTHL Yepe3 MmapaMeTp I'i-
11epbO/INIeCcKOro Ipeodpa3oBaHmsd (v U 4Uepe3 CKOPOCTh V' Ipeobpa3oBaHmil
Jlopenna (tana = V/c¢). Ilokazats, aro A (V1) - A (Va) = A (V3) u maiitu V.
Kaxkoit ¢pusmaeckuii embica ckopocreit Vi, Vo u V37



6 —

1-2. Bpewms KU3HU [-Me30Ha B TTOKOE COCTaBJISIET 7'8 = 2,2-10%cex. Kaxona
JInHA 1Ipobera p-Me30Ha 1pu ckopoctu v = 0, 1 ¢ u ipu ckopoctu v = 0,9 ¢?

To ke juisd 7T -Me30Ha ¢ BpeMeneM yKu3uu B 1nokoe 79, = 2.6 - 10~ 8cex.
7T+ 9

1-3. DBpems Kusnn p-Me30Ha B TTOKOE COCTABJISET 7'8 =2,2-10"%cex. B ar-
MOC(EPHBIX JIMBHAX PErUCTPUPYIOTCH fI-ME30HBI € JIIMHON IIpodera OKOJIO

20 kM. KakoBa CKOPOCTb 1 9HEPIUsl 3TUX YACTHIL!

1-4. Paccrosinue j10 3Be3/1bl cocTaB/steT 5 cBETOBBIX JieT. CKOJILKO BpeMeHH
110 3eMHBIM 4YacaM ¥ 4dacaM KOCMOHABTa 3aHsI Obl MOJIET JIO 9TON 3BE3JIbI
co ckopoctbio a) v = 0,1¢,6) v = 0,9¢, B) v = 0,99¢, r) v = 0,999 c,
1) v = 0,9999 ¢? KakoBa KuHeTHYeCKash SHEPIUsi KOCMIUYECKOTO KOPadJist
IIPU TAKUX CKOPOCTAX U IIPH €ro pa3yMHOil Macce?

1-5.  [mmnHy [ cTep:KHs, ABUXKYILErocs B JIaDOPATOPHOI CHUCTEMe OTCUYeTa
BJIOJIb CBOEil OCH € M3BECTHOI CKOPOCTHIO V', MOXKHO HallTH 110 BpemeHn At
ero I1poJieTa OTHOCUTEIbHO (bukcupoBaHHoit Touku [ = V- At. Ilokaxkure,
YTO B 9TOM CJIydae MMeeT MECTO OOBbITHOE JIOPEHIIEBO COKpAIleHHe JIJTNHDI,

T. e. uto | = lg\/1 — V2/c?, e ly — jiiiHA CTEPKHS B CHCTEME €r0 MOKOSI.

1-6. JIBe gacTuIlbl JeTIT B JaOOPATOPHOI cECTEMe HABCTPEdy APYT JAPYLY
C PaBHBIMHU II0 BEJIMYMHE CKOPOCTSIMHU U7 = Vs = v. UeMy paBHaA CKOPOCTH
OJTHOI YACTHUIIBI B CHCTEeMe IOKos Ipyroii? KakoBa cKOpocTh UX COJIMKEHMsT
v12 B J1abopaTopHOil cucTeme?

1-7.  JIBa crep:kHSsI, IJIMHA KazK/I0T0 U3 KOTOPBIX B €0 CHCTEMe TIOKOsT PaBHA
ly, IBUKYTCs B JTaDOPATOPHOIT CUCTEME HABCTPEUY JIPYT APYTY ¢ PABHBIMU TI0
BeJIMIIHE CKOPOCTSMI ¥ = vy = v. KakoBa JjIMHa OJHOI0 13 HUX B CHCTEMe
IIOKOsT JIPYroro?

1-8. Haiitu cymmapHyto sHepruio £y JBYX YacTHUIl ¢ PABHBIMH MaccaMu
mi; = Mo = M B CUCTeMe OTcYeTa, B KOTOPOIl OHU JIETAT HABCTPEIY JAPYT
JPYyry € paBHBIMU IO BeJIUYUHE CKOPOCTAMU Vg; = Vg2 = Uy, U B CUCTEME
IIOKOsI OJIHOI n3 HuX €. HailTn cBa3b Mexk1y g 1 £.
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1-9. Yemy paBHa CKOPOCTH IIPOTOHA IIpu ero sueprun € = 75198 (UDPBD,
[IporBumno)?

To ke ipu € = 0,97T2B (TEVATRON, FNAL, CIIIA),

to xe ipu € = 7TsB (LHC, CERN, Iseittapust),

TO Ke JijIst 9yteKTpona ¢ sHeprueit € = 100758 (LEP, CERN, lseiinapust).

1-10. Haiitu jqymny mpobera | gacturbl Kak GyHKIHMO ee sHeprun € (U ee
KIMHETUYCCKOIl 3Heprun £, = £ — ch), €CJIN BpeMd KU3HU YaCTUIIbI B I10-
Koe paBHO Ty. HaiiTu HepeaTuBUCTCKUI U YJIbTPapPEJATUBUCTCKUIN TIPE/Ie/IbI
IIOJTYI€HHOTI'O BhIPasKEHMUs.

1-11. Haittn kommonentsl w”, i = 0, 1,2, 3 9eThIpexXMepHOTro BEKTOPA YCKO-
PeHIsI, BBIPA3UB pe3y/ibTaT depe3 OObIUHbIE TPeXMEPHbIE CKOPOCTH U 1 YCKO-
penns U= Z—? . HaiiTu yeTnipexmepHblil KBaJpaT yckopenus w"w, 1 yoe uTb-
Csl, UTO BEKTOP w! sBJIsIeTCs IIPOCTPAHCTBEHHO-1000HBIM.

1-12. Ucnomb3ys BeIpazkeHue Jjisd 9eTbIpexXMepHOil CKOPOCTN

w' = {e/ VT=02/2,5/\/T= 7]}

yepe3 TPeXMEpHYIO CKOPOCTh U U 3aKOH IIPeodpa3oBaHus OocjenHeil, Haiftn
w'" B MHEPIHAJBHON CHCTEME OTCUYETa, JBUZKYIIEHCs OTHOCHTEILHO HCXOM-
HOIl CUCTEMBI BJIOJIb OCU T €O CKOpOCThIo V. BoipasuB pesyiabrar depes ut,
yOeIUThCsI, UTO JIsT U 10JIydaeTcss OOBIIHBIN 3aKOH IIPeo0pa3s0BaHms YeThl-
PEXMEPHOT0 BEKTOPA.

1-13. Iloj paBHOYCKOpPEHHBIM JIBUKEHNEM YaCTHUIILI B PEJIATUBUCTCKON Me-
XaHUKe TMOHUMAETCsd JIBUXKEeHUe, MPU KOTOPOM YCKOPEHHe YacTUIbl U = %
OTHOCUTEJIbHO MI'HOBEHHO-COIIYTCTBYIOIIUX CUCTEM OTCUYeTa B KarK/bIIl MO-

MEHT BpeMeHHU OCTacTCA ITIOCTOAHHBIM.

a) Haiitu ckopocts v(t) n koopaunaty x(t) pessiTUBUCTCKOIl TaCTHIbI,
COBEPINAIOIIEHl OTHOMEPHOE PABHOYCKOPEHHOE [IBIYKEHUE BJIOJIb OCH T
¢ yckopenmeM a 1ipn HadasapHbx yeiaosuax v(0) = 0, (0) = 0. Haiitu
KBaJpar w'w,, YeThIPeXMEPHOro ycKopenus w'.

6) To xe B ciyuae v(0) = vy, x(0) = xg.



8 —

1-14. Haiitu ckopocts v(t) 1 KoopuHaTy (t) YaCTHIBI, COBEPIIAIONIET 0/1-
HOMEPHOE JIBHZKEHNE € TIOCTOSTHHBIM KBaIPaTOM whw,, = —a? 9eThIpeXMepHO-

ro yckopenus w. Pe3yibTaT cpaBHUTH ¢ pe3yJIbTaTOM MPEIbITyIIeil 3a1atdn.

1-15. B JraboparopHoii cucreme oTcUeTa PeIATUBUCTCKAS YaCTUIA MacCh
My C dHeprueil €; HajeraeT Ha IIOKOAIIYIOCS YaCTUILy MacChl My TaK, YTO UX

cyMMapHas SHeprus B J1abOpaTOpHOIl cucTeMe paBHa € = &1 + m202.

a) Haiiru CYMMapHYIO 9HePTruio £g = €g1 + €p2 ABYX YacCTUIl PaBHbLIX MacC
(m1 = mg = m) B cucTeMe UX TEeHTpa WHepIwn. Pe3yibrar cpaBHUTH
¢ pe3yjbraToM 3aja4n 1-8. KakoBa CKOPOCTh CUCTEMbI IEHTpa MHEPIIAN !
PaccMmorperh TakzKe HEPeJIATUBUCTCKUI IIpejies Oy UeHHBIX BbIpazke-
HIA.

0) Yemy paBHa 9Heprus CTaJKUBAIOIINXCS IPOTOHOB B CHCTEME UX IIeHTPA,
wHepinn Ha poronHoM yckoputesne OUAN, Jy6na (€1 = 10/9B), na
npororroM yckopuresie UDOBY, [lporsuno (€1 = 7519B)7
KakoBa ObLia Obl sHeprus £, B CUCTEMe IIEHTPa MacC U COOTBETCTBY-
Iolasi et SHeprusi € B CUCTEME IIOKOZ OJIHOM M3 YaCTHUll, ecjau Obl Ha
yckopuTesie B [IpoTBIHO OCYINECTBIIAINCH CTOJKHOBEHUS HA BCTPEUYHBIX
myJKax?

YeMy paBHa cymmapHas SHEpPrus € B CHCTEME ITOKOsI OJIHON U3 da-
CTHUIL JIJIsI ITPOTOH-aHTUIIPOTOHHOTO YCKOPUTEJISI Ha BCTPEUHBIX ITydKaX
TEVATRON B FNAL (CHIA), ecsm ux sueprus pasaa £y = 2x0,97T9B =
1,8T5B7

To ke juts1 711 TPOTOH-TIPOTOHHOTO YCKOPUTEJIS Ha, BCTPEUHBIX 1Ty IKax

LHC B CERN (IIgeiinapusi) npu sueprim g = 2 X 7ToB = 14T2B .

B) Permmurhb a) /7151 cIydast 9acTur] pasHoil Maccel my n ma.

1-16. HaiiTn cBa3b MexK 1y dHeprueii £g CUCTEMbI JIBYX JaCTHUIL PABHON Mac-
Cbl B CHUCTeMe UX IEeHTpa MHepInu U UX CYMMapHOIl 3Heprueil € B cucreme
[IOKOsI OIHOM M3 YaCTUIL, UCIIOJIb3Yd MHBAPUAHTHOCTL KBa/JpaTa CyMMapHOTO
JeThIPEXMEPHOT0 BEKTOPA SHEPTUU-UMITYJIbca. Pe3yabraT cpaBHUTE ¢ Pe3Y/ib-
taToM 3ajadn 1-15-a).
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2. OcHOBHBbIE YpaBHEHUS 3JI€KTPOANHAMUKN

2.1. TeopeTuveckue cBeaeHUs

Cuta, neficTBylomas Ha 3apsiji €O CTOPOHDI 3JIEKTPOMATHUTHOTO HOJISI B Ba-
Kyyme (cmia Jlopenna):
1

“[Fx A},

rjie € U U — 3apsij 1 CKOPOCTDb YaCTHIlbl, F/ 1 H — 3/leKTprdecKast 1 MarHUTHASI
HAIP#AKEHHOCTH 3JIEKTPOMATHUTHOT'O TIOJIA.

—

F=e{ﬁ+

SﬂeKTpI/I‘{eCKaH E 1 Mal'HUTHaA H HaIIPA?KEHHOCTHU CBA3aHbl C IIOTEHIIN-
aJlaMM 9JIEKTPOMAaIl'HUTHOI'O I10JIg1 COOTHOINCHMAMM:

a . 10A
E=-Vp— -2
v c Ot

:[6X"éﬂv

rjie ¢ n A — CKaJIIPHBIN 1 BEKTOPHBIN IIOTEHIINAJIBI 9JIEKTPOMArHUTHOTO TIOJIs,
oOpa3zylolye YeThbIpeXMePHBIIl BEKTOPHBIN IMOTEHINA JIEKTPOMAIrHUTHOIO
110JIST

At ={p A}, 1p=0,1,2,3.

3aBucuMocTh Hampsizkennocreit F (7, t) u H (7, t) oT KOOpMHAT 1 BpeMeHn
onpejessiercss ypasaenusimu Makcesesias

divﬁzélﬁp,

— 18E 47'('—»
tH— — — = —
"o ot c 5

divH =0,
. 10H
tE+—-—=0
"o +c ot ’

rie p = p(Fit)uj = ;(77 t) — 3aJlaHHbIE TIOTHOCTH > 3aPs1JI0B 1 IIOTHOCTD TO-
Ka Kak (DYHKIUI KOOPIMHAT U BpeMEHH, IpH 3ToM J (7, t) = p(F, ) ¥(F, t), rae
U(7,t) — CKOPOCTDH JBUKEHUS 3aPsiJIOB B TOUKE € KOOPAUHATAMU 7" B MOMEHT
BpeMeHU ¢.
[[I0THOCTD 3apsiioB p U IUIOTHOCTH TOKA ] OOpasylOT deTblpeXMepHBbI
BEKTOD ILJIOTHOCTU TOKA B BUJIE

j*=A{pe, i}, p=01,2.3



1 YJIOBJIETBOPSIIOT YPABHEHUIO HEITPEPBIBHOCTH (3aKOHY COXPAHEHMUST 9JIEKTPHU-
9ecKoro 3apsijia B auddepennuaibHoil gpopme)

%—Fdiv}z@.

YpaBHennsg Makcsesia B mHTErpaabHOIl dpopMme:

Edl+-— | Hds=0.

7{ c Ot /

L S

3aKoH COXpaHEHUs! 3JIEKTPUIECKOrO 3apsiia B UHTErpajibHOil popMe:

0 R

— d 1 ds =0.

8t/p V+7{j s=0
1% S

[I1oTHOCTD SHEPrUH SJIEKTPOMATHUTHOTO [I0JIsI B BEKTOP IJIOTHOCTH IOTO-
K& 9HEPIUN 9JIEKTPOMArHUTHOTO 101 (BekTop YMoBa - [loitnTnHra):

E2+H2
w=—",
8
5= < [FxA]
A1 '

Ckasistiptblit (7, ) 1 BeKTOPHBIIT /Y(F, 1) MOTEHIAJIBI HJIEKTPOMAIHUTHO-
ro II0Jis JOIYCKAIOT HaJ, co0Oil KaJubpoBOUHbIE IPEOOPA3OBAHUS C OJHOI
IPOU3BOJILHON KaJmOpoBoUuHON (yHKINeil X (7, 1), KOTOpble He MEHSIIOT Ha-
npsizentoct F (F,t) m H (7, t) u, caeoBATEIbHO, HEe BJUSIOT HA (DU3HIECKITe
HPOSABIICHH: 9JIEKTPOMArHUTHOrO 1o/, IlosTomy Ha norenumasst o(r,t) n

A(7, t) Bcerma MoxKHO (63 KaKnx-/1n00 (pU3NIECKIX MOCIe/ICTBIIT) HAJIOXKHUTD
OJIHO JIOTIOJIHUTE/ILHOE YCJIOBHe, HAalpuMep yciosue Jlopenna:

10y

EE‘FdZUA:O.



[Ipu yenosuu Jlopenta norennualbl (7,
cru 3apsia p(7,t) u mIoTHOCTH TOKA j (7,

2-1.

t) mu A(T,t) mo 3aJJaHHBIM ILJIOTHO-
t) oIpesessitoTCs yPABHEHUSIMIL:

19 = . ,
S5~ V2 )e(Ft) = dmp(7, 1),
1 02 =0\ 7, 4 -,
g@—v )A(T,t)—?jO", )
2.2. 3aga4un

Pensgrusucrckas JaCTHulla MacCChbl 1M 1 3apdda € ABUXKETCA B IIOCTOAH-

HOM OJTHOPOJIHOM 3JIEKTPUIECKOM MoJie HanpsizkenHoctu £ = (E,0,0).

a) Omnpenennts aBIKenne (T. . KoopauHaty x(t) u ckopocThb v(t)) 3apsi-

ma npn HadaabHbx yeiaosuax x(0) = 0, v(0) = 0. Haiitu kBamgpar
4-yckopenus whw,,. Pesyabrarsl cpaBHUTE ¢ pesy/brataMu 3ajad 1-13,
1-14. HaiiT 3aBUCUMOCTb SHEPTUN YACTHUIILI OT BPEMEHHN U ee KOOP/IH-
HaThl ().

6) To ke npu wHavambHbIX yeaoBusx x(0) = g, v(0) = vy.

B) To ke npu magasbaoMm nmiyisce p(0) = (0, pg, 0). Haiitu ypasrerue

2-2.

TpaeKkTopun. PaccMoTpersb Tak:ke HEPEJIATUBUCTCKUI TIpeIe
npn v <K c.

Pengrusncrckas 3apAzKEHHad 9aCTUulla MaCChbl 1 1 3apda € IBU2KETCA

B TIOCTOSTHHOM OjiHOpOoiHOM MarautHoMm mosie H = (0,0, H) ¢ HagaabHOl
sHepruei €.

a)

Ornpeie/IuTh JBUKEHIE YaCTUIIb! (T. €. HAHTH KOOPJANHATHI YACTHIIbI KAK
dbyuKImN BpeMenn) npu HadaabHbiX yeaousx £(0) = y(0) = z(0) = 0,
7(0) = (0, vg sin «, vy cos @), TJie Vg — BeJMYNHA HAYaIbHOI CKOPOCTH 3a-
psAJIa, (v — YTOJT MEZK/Ty HAYaJbHON CKOPOCTHIO U HAIIPAB/JIEHUEM MATHUT-
Horo noJisi. KakoBa Tpaekropusi jsrxkenus? Otupejenure e napamer-
pbl. PaceMoTpuTe Takike HEPEJSITUBUCTCKUN TIPeJIesT JTsi 10Ty YeHHBIX

BbIparKeHUIA.

HaiiTn nanpsizkeHHOCTb MArHUTHOTO I0Jisd H, HeoOXomuMmyIo AJjsl yaep-
JKaHUS PEeJIITUBUCTCKON 3apsizKeHHON YaCTUIIBI C SHeprueil €y Ha Kpyro-
BOit opbuTe pajuyca R. OueHnTh HAIIPSIKEHHOCTDH I10JIsI, HEOOXOIIMYTO



JUISl VJIepKaHus ITPOTOHa, ¢ SHeprueit 75 ['9B Ha Kpyropoii opourte pa-
anyca 1 xm.

To ke myig nporona ¢ sueprueit 1 ToB nupu R = 1km, ¢ sneprueit 7 ToB
npu R = 4xm, ¢ sneprueit 20 TsB npu R = 14xMm.

2-3. Haiitn nanpsoxennocts E(7) u noternuas ¢(7) 3JeKTPOCTATHIECKOTO
I10JI51, CO3/IABAEMOIO

a) OJIHOPOJIHO (¢ OOBEMHOIT TIOTHOCTBIO p) 3apsyKEHHBIM MIAPOM PaJIyca,

R.
6) To ke st GECKOHEUHOTO TUIMHIpa pajunyca R.

B) To 2Ke i HEOrPAHUUIEHHON IACTUHBI TOJIIIUHBL 2 L.

2-4. Haiitu mnanpsizkeanocts F(7) n noteHiman ¢(r) 3JeKTPOCTATHIECKOTO
T10JIsA, CO3/IaBAEMOTO0

a) PaBHOMEDHO (C TIOBEPXHOCTHOI IIJIOTHOCTBIO 0 ) 3apsizKeHHOI cepoil pa-
nnyca R.

6) To ke miist GOKOBOI MOBEPXHOCTH OECKOHETHOTO IIIINHpa pajyca K.

B) To ke /1 GECKOHETHOM MIIIOCKOCTH.

2-5. Haiitu sHepruio 3,1eKTpocTaTuIeCcKoro moJIs
a) OJIHOPOJIHO 3aps?KEHHOTO miapa pajnyca R 1 3apsiga (),

0) paBHOMEpHO 3apsizKeHHOiT cdepbl pajuyca R 1 3apsia Q.

2-6. B10/1b O€CKOHEYHOIO IUJINHIPUIECKOI0 IIPOBOIHIKA, pajuyca R Teder
OJIHOPOJIHO PacCIpee/IeHHBII OCTOIHHBIN TOK BEJIMINHBI J.

a) Haiitu Hanpsi2KeHHOCTb MATHUTHOI'O I0JIsl BHYTPU U BHE IUJIUHJIDHIe-
CKOT'O IIPOBOJIHUKA.

6) Haiitu nmaBjienne BHYTpH IUJINHJIPHYECKOTO CTAIIMOHAPHOTO TLIA3MEH-
HOTO TTHYpa pajinyca [, B KOTOPOM TedeT OJIHOPOHO paciipeae/eHHbIi
IIOCTOSIHHBIN TOK BEJIUYNHBI J.



2-7.  Haiitn HanpszkeHHOCTD MAMHUTHOTO 110J11 H BHYTpH OECKOHETHO JJIINH-
HOT'O COJIEHOWJIA C JIMHEHHOM maoTHocThio BUTKOB n(= N/L), 110 KOTOpOMY
TeyeT TOK J.

2-8. JIBa GeCKOHEYHO JIMHHBIX MMapaJselbHbIX TOHKIUX ITPOBOTHUKA, IO KO-
TOPBIM TEKYT MOCTOAHHDbIE TOKN [, [5, HAXOAATCS HA PACCTOSHUAN 7° JAPYT OT
JIpyra B cpejie ¢ MAarHuTHOM ITPOHUIIAEMOCTBIO 4.

a) Vcmonbsyst ypaBuennst Makcsesiia B HHTErpaibHOi (hopMe B rayccoBoit
CUCTeMe eJUHUI], HAilTH OTHEeCEeHHYIO K eJUHUIe JJINHLI CUIY B3alMO-
JeficTBUs 9TUX MPOBOJHUKOB. HaiiTn Benmwmauny 3Toit cuiabl npu [ =
Ib=1A, r=1cm.

6) To xe B cucreme CU. PesybraTbl CpaBHUTH € MOJTYyYEHHBIME B II. ).



3. IlocTossHHBIE JIEKTPpUNYIECKNE N1 MardHuTHbIE II0JIA

3.1. TeopeTuvueckue cBeaeHUd

CkaJistpHBIi OTeHITHA (7)) 9JEKTPUIECKOTO MO, CO3/IaBAEMOr0 CTATHIE-
CKUM PacCIpejieIeHueM 3apsijia ¢ IIOTHOCTBIO p(77), OlpeIessieTCs: Y paBHeH -
eM

V2 o(F) = —4mp(F)
n uMeeT BUJL
=/

[Torentman (), co3maBaeMblil 3apsiZKEHHBIMM TEJIOM Ha OOJIBININX pPac-
CTOSTHUSX OT TeJla, MOXKHO IIPEeJICTABUTH B BUJIE MYJIBTUIIOJIBHOT'O PA3JIOKEHU

Q.

r

1
aﬁ@xaaxg T

(1) =
rie () — HOJIHBII 3apsij] Tesa, a

cﬁ:/*'(wdw

D.s = / (Bx;xlﬁ — 0o T’2)p(77') av', a,8=1,2,3

— BEKTOpP AUIIOJIBHOI'O U KOMIIOHEHTBI TeH30pa KBAAPYIIOJIbHOIO MOMEHTOB.

OHeprus B3anMOJIEfICTBIUS 3aPIKEHHOI0 TeJla ¢ BHENTHIM KBa3MOIHOPOI-
HBIM CTATHIECKUM 3JIEKTPUICCKUM I0JIEM C MOTEHIUATOM ¢(7) MOXKeT ObIThH
IIpeJiCTaB/IeHa B BUJIE

UF) =Q(F) + UDF) + UP(F) + ...,

rje IepBoe cjaraeMoe J1aeT dHEePruio B3auMOAeHCTBUS TOYEUHOTO 3apsjia
C BHEIIHUM II0JIeEM, & JIBa IIOCJIeIYIONINX

U<d><f> = —(cf E(7)),
v ZDaﬂ 833a(9x5 #(7)

Jal0T IHEPIUIO BBaI/IMO,ZLeﬁCTBI/IH JAUITIOJIbHOI'O MOMEHTa M, COOTBETCTBEHHO,
SHEPIUuIo BSaI/IMO,ZLeﬁCTBI/IH KBaJApPYIIOJIbHOI'O MOM€EHTa C BHEIIHHUM IIOJIEM.



Bekropubiit oreniman A(7) MAPHUTHOTO TOJISA, CO3/aBAEMOrO MOCTOSTH-
HBIM TOKOM C TJIOTHOCTBIO J(77), OIpeiesisieTcsl ypaBHeHueM

VEA(F) = ——j(7)

n uMeeT BUJL

=
Ay =+ [ 2T v

="

[Ipu 9TOM HAIPSZKEHHOCTH MaruuTHOTO nosist H (77) paeTcs BbIparkennem

oy () % (F =]

c |7 — 7|3

OTKY/Ia, B YACTHOCTH, JI/Isi SJIeMEHTa HalpszKeHHocTH dH , co31aBaeMoro die-
MeHTOM TOKa d.J, ciemyer 3akon buo — Casappa:
- 1[dJxR]
dH - — —3 ’
c R

rie dJ = dJ(r") = j(r") dV' — snement Toka, dH =dH(7"), R=71—171"

BekTopHblil moTeHIua A(F ), CO3/JaBaeMblil OTpaHUYEeHHOl B IIPOCTPAH-
CTBE CHCTEMON MOCTOSIHHBIX TOKOB C ILJIOTHOCTBIO TOKa j(77), Ha OOJIbIIMX
PACCTOSIHUSAX OT CUCTeMbl IIPUOJIMKEHHO JaeTCs BhIparKeHueM

-~ X7

A(r)zi[ 3 ]+...,
rie

B 1 . /

L= % [7“ ><]( )]dV

— MArHUTHBIA MOMEHT CUCTEMBI.
MaruuTHblil MOMEHT IIJIOCKOT'O 3aMKHYTOI'O KOHTYpPa C TOKOM paBE€H

JS |
:—’]’L,
C

=

rje J — BeJUdnHa TOKa, TeKYyIIero 1o KOHTYpy, S — ILIONa/lb, OXBAThIBAeMAst
VM, 71 — BEKTOD IIPaBOil HOPMaJIX K KOHTYDY.

MarunTHBII MOMEHT fi CHCTeMBbl HEpeJATUBUCTCKAX YACTHUIL C PABHBIMI
VIIeJIbHBIME 3apsifiaMu (e1/my = ey/mg = ... = e/m) nponopruoHaieH ee
MEXaHHYeCKOMY MOMeHTy M

=5 M



DHeprus B3anMOJICHCTBUS OIPAHIMYEHHON B HPOCTPAHCTBE CHCTEMBI IIO-
CTOSTHHBIX TOKOB C BHEIIHUM KBa3MOIHOPOJHBIM MATHUTHBIM IT10JIEM HATIPsi-
ennoctn H(F) upnbiizkenno pasna sueprun szanmoseiicrsus UM (7) ee
MarHUTHOIO MOMEHTa fi C TUM TIOJIEM:

UW(F) = — (i H(7)) .
3.2. 3agaun

3-1. CpejHgs IIOTHOCTD 3apsijia 3JIEKTPOHHOTO 00JaKa B aTOMe BOJOPO.Ia

pasta p(r) = —%6_27/“

T — paccTosiHue OT IeHTpa atoMa. Haiitu HanpszkeHHOCTD F/(7F) U MOTEHIHA

, e a — OOPOBCKUIT pajuyc, e — 3apsijl 3JeKTPOHA,

() 97MEKTPOMAIHUTHOIO TOJIs, CO3/IaBAEMOr0 JIEKTPOHHbBIM 0b1akoM. Mc-
caeoBath nosegenne E(7) u ¢(r) ma Manbx (r < a) u 6onbmux (r > a)
paccrosinustx. Yemy pasa sueprus U B3auMojelcTBUs IPOTOHA € 3JIEKTPOH-
HBIM 00JIaKOM !

3-2. HaiiTu noreHnuas ¢ 3JeKTpUIecKoro moJjis Ha OCH CUMMeTpun (0Ch )
CJIEJIYIONIUX PABHOMEPHO 3apszKeHHbBIX TeJT (MOJIHbIH 3aps1 Tejia paseH Q):

a) TOHKOIO KOJiblla pajmyca R,

o

TOHKOI'O JIMCKa pajuyca R,

&

) TMJIHHIPUIECKON TOBEPXHOCTH pajuyca R u BeICOTBI 2h,

MOBEPXHOCTH IUJINHIpa pajinyca R, BbICOTHI 2/, cocTosdei 13 O0KOBOIt
IIOBEPXHOCTH U JIBYX OCHOBaHMIL,

1) 06'beMHO 3apsKEeHHOTO MIMINHApa pajanyca R, BbicoTsl 2A,
e) mostycepsr pajanyca R,

K) MOBEPXHOCTHU MOJIyIIapa pajuyca R, cocrosiieil n3 moBepXHOCTH MOy~
cdepbl 1 OCHOBAHUS,

3) 00BEMHO 3apsizKeHHOT'O ToJIyIapa pajuyca R.



3-3. OrmpenennTh KOMIIOHEHTHI d, BEKTOpa JIMUIIOJHLHOTO MOMEHTa U IJIaB-
Hple KOMIOHeHTB! Tenzopa Dag (o, 8 = 1,2,3) KBaJPyLOJHHOIO MOMEHTa
CJICJIYTOIINX PABHOMEPHO 3apszKeHHBIX TeJl (MOJTHBII 3apsiyi Tejia paBeH @,
OCh CUMMETPHUH BBIOPATH B KAYECTBE OCH Z):

a) moJjrymmapa pajuyca R ¢ TeHTpoM B HadaJe KOOD/IIHAT,
0) mostycdepsl pajguyca R ¢ eHTpoM B HadaJie KOOPJINHAT,

B) moJsiycepbl BMeCTe ¢ OCHOBaHUEM pajnyca R ¢ [eHTpoM B HavaJe Ko-
Op/INHAT,

I) SJUTUIICOUIA C MOJYOCSIMUA @, b, ¢ € IEHTPOM B Hadajie KOOpJUHAT,

1) TUJIMHJIPA ¢ PAJUyCOM OCHOBaHUS R U BBICOTOl 2h ¢ IIEHTPOM B HavaJe
KOOD/INHAT,

e) TOHKOIO JICKa pajnyca R ¢ eHTpoM B Hadaje KOOPJINHAT,

>K) KOHYyCa BbICOTOI h u pajinyca R ¢ BepHIIMHON B HavaJje KOO IMHAT.

3-4. HaiiTu KoMIIOHEHTBI TeH30pa KBaJPyIOJbHOr0 MoMeHTa [yg OQHODPOI-
HO 3apszKEeHHOI'O TeJsla BpallleHUs C IJIaBHBbIM KBa/JIPYIIOJbHBIM MOMEHTOM OT-
HOCUTE/JIHLHO OCH CUMMETPHUH, PaBHbIM [y, €Cc/ii OCb CUMMETPUM HaXOIUTCS
B IIJIOCKOCTH XY U COCTABJIAET YIOJ (X C OChIO T.

3-5. Haiitu xommnonentst Dys (o, B = 1,2, 3) Tenzopa KBapyHOJIBLHOTO MO-
MEHTa OJIHOPOJIHO 3aPSI?KEHHOI'0 IMUJINH/IPA € 3apsaoM (), pajnycoM OCHOBA-
Hus R 1 BbIcOTOI 2h, ecin IEHTP ero CoBIaJIaeT ¢ HauaJoM KOOPJANHAT, & OCh
CHMMETPHUH HAXOJNUTCS B IJIOCKOCTH XY M COCTABJISAET YO (¢ C OCHIO T.

3-6. Haiitu xommnonentst Dys (o, B = 1,2, 3) Tenzopa KBapyHOJIBLHOTO MO-
MEHTa OJHOPOJHO 3apszKEHHOI0 TOHKOIO JIMCKA C 3apsagoM () ¥ paimycoM
ocHoBanust R, ecii HEHTD ero CoBlajaeT ¢ HavajIoM KOODIMHAT, a OCh CUM-
METPUU HAXOIUTCS B IVIOCKOCTH Iy M COCTABJIACT YTOJ (X C OCBIO .

3-7. HaiiTn Hanps2KeHHOCTD 3JIEKTPUIECKOIO I0JsI, CO3JaBAEMOI0 B TOUKE
C PaJMyCOM-BEKTOPOM 7° IOCTOSIHHBIM 3JIEKTPUUECKUM JUIOJIBHBIM MOMEH-
TOM cf, HaXOJAIINMCs B HadaJie Koopjnnar. dYemy paBHa HepPrus B3anmMoieii-
CTBUA JIBYX JUIIOJbHBIX MOMEHTOB dz u d;, HAXOJISITIIXCST HA PACCTOSAHIN |7]

Jpyr OT Jpyra’



3-8. IIpssmoyrosbHast pamka ¢ TOKOM J 1 cropoHaMmu 2a 1 2b JIE?KUT B ILJIOC-
kKocTn ry. HaliTn HanpsizKeHHOCTb MArHUTHOI'O IIOJISI Ha, OCH 2, IPOXOJIAIIei
yepe3 IeHTp paMku. lccenoBaTh MarHuTHOE I10JI€ HA OCU Z Ha OOJIBITIX
PacCTOSAHUX OT PAMKH.

3-9. Haiitu Halpsi?>keHHOCTH MArHUTHOT'O II0JISI Ha, OCH KOJIbIa ¢ TOKOM J
u pajanycoMm R, 1ccienoBarh IIOBejeHe BbhIpaykKeHusl Ha OOJIbIINX PACCTOsI-
HUSIX OT LIEHTPa KOJIbIA.

3-10. HaiiTn HanpsekeHHOCTh MATHUTHOTO TIOJIA B IEHTPE OJTHOPOIHO 3apsi-
YKEHHOT'O MIapa ¢ 3apsijioM () u ¢ pajuycoM [, Bpalaionerocs ¢ yrjioBoii
CKOPOCTBIO (J.

—

3-11. KowmrmonenTsl BeKTOpa J cpejiieil IJIOTHOCTU TOKa, CO3aBAEMOTO JJIeK-
TPOHHBIM 00JIAKOM B 2P-COCTOSIHUU B aTOME BOJIOPO/Ia, B chepuIecKoil cucre-
Me KOOpJAUHAT PaBHBI

eh

—rla
Py p— re sin @ |

jr = j9 =0 ; j(p =
rjie a — 6opoBckuii pajimyc, h — nocrosgunas ILianka, m u e — Macca 1 3apsi
97eKTpoHa. HallTi HalpsKeHHOCTh MAarHUTHOIO TI0JIsd, CO3/laBaeMOro opou-
TaJTBHBIM JIBUKEHIEM 3JIEKTPOHa, B IIEHTpe aToMa. KakoBa sneprus B3amMo-
JeficTBIA MarHUTHOI'O MOMEHTa, IIPOTOHA (i, C HalIeHHBIM MarHUTHBIM 110JIeM
9JIEKTPOHA, !

3-12.  OJHOPO/IHO 3apsizKEHHBII MIap ¢ 3apsjioM () 1 pajnycoM R BpalaeTcs
OTHOCHTEJIFHO JIaMeTpa ¢ MOCTOAHHOI YIJIOBOI CKOPOCTHIO .

a) Haiitu MarauTHbIn MOMEHT /I apa. KakoBoO cOOTHOIIEHIE MeK Ly Mar-
HUTHBIM MOMEHTOM f[i U MeXaHHIeCKHM MOMeHTOM M, ec/in IPHUHSITD,
YTO Macca paclpejieseHa oJHOPOIHO M0 0bbeMy mapa’?

6) C Kakoil yrjioBoil CKOPOCTBIO (J JIOJIZKEH BPAIAThCs OJHOPOHO 3apsi-

2
JKEHHDII MIAPUK 3apa/ia €, MaCChl M U PAJILYCA T'e = —— , YTOOBI UMETh
€

. h
MArCHUTHBIIT MOMEHT [l = 2'21 ~, TJIe €, M, — 3apsiJi 1 Macca 3JIeKTPOHa,

Te — TaK Ha3bIBAEMbIl KJIACCHYECKUIT pajinyc 3JeKTPOoHa, i — MOCTOsIH-

Has [lnanka, (i, — CIMHOBBIIT MarHUTHBIN MOMEHT 3jieKTpona’ Kakosa
JIMHElTHAsl CKOPOCTh Ha, “dKBaTOpe’ TAaKOro IMapuka’



3-13. HaiiT MarauTHBIE MOMEHT OJHOPOJHO 3apsizKEHHOTO € 3apsiaoM ()
TeJsla BpallleHUsI, BPaIlaloerocss BOKPYD CBOEH OCH CUMMETPHUU C YIVIOBOH
CKOPOCTBIO (J, €CJIN TAKIM TEJIOM SIBJISIeTCSI

a) MUJIMHAD BbICOTOI 2h u pajmyca ocHoBaHus R,
0) KOHYC BBICOTOI h 1 pajmyca ocHoBaHus R,
B) 9JUINIICOUJT BPAIEHUS C MOJIYOCSIME @ 1 C.

KakoBo cooTHOIIIEHNE MEXK /Ty MAIHUTHBIM MOMEHTOM [i U MEXaHIMIeCKUM MO-
MeHTOM M Takoro Teja, ecj Macca pacipeje/ieHa OJHOPOIHO 110 ero 00be-
My”?

3-14. HaiiTn HaIIPSXKEHHOCTH MATrHUTHOIO I10JIS, CO3IaBAEMOr0 B TOUKE C pa-
JINYCOM-BEKTOPOM 7 MOCTOAHHBIM MAUHUTHBIM MOMEHTOM [i, HAXOSIINMCS
B HadaJie KOOpJAMHAT. deMy paBHa SHEPrusd B3aUMOIEHCTBUS IBYX MarHUT-
HBIX MOMEHTOB i1 U [lg, HAXOAAIINXCS HA PACCTOAHIN \F] JApyT OT JIpyra.



4. I/I3J1yqu1/1e AJIEKTPOMAarduTHbIX BOJIH

4.1. TeopeTudyeckue cBeeHUS

TMoreruuansl (7, t) u A(F,t), oupeseserble 3a1aHHBIMI ILIOTHOCTBIO 34~
psijta p(7, t) 1 IIOTHOCTBIO TOKa, ] (7, ), SIBJISIIOTCS PEIIEHUSAMI COOTBETCTBY-
orux g epeHnnaibHbIX ypaBHeHuii Jijist noreHnuagos (M. m. 2.1) u ja-
FOTCsT (POPMYJIAMHU 3aTIa3/IBIBAIOIINX TOTEHIIHAJIOB:

Sy, =7
w(m):/p(r‘,} ) g

[ToBejieHIe COOTBETCTBYIONINX STUM MOTEHITHAIAM HAIIPSZKEHHOCTEH E (7, 1)
u H (7, 1) mpu r — 00 TAKOBO, YTO MPUBOUT K BaXKHOMY 3(DDeKTy 371eKTPO-
JUHAMUKI — W31y 9eHUI0 SHEPIUU 1IEPEMEHHOTO 3JIEKTPOMATHUTHOI'O T1OJIS.

KosmmaecTBO SHEPrun, U3/1yIaeMoe B eJIMHIIYY BPEMEHU B 9JIEMEHT TeJiec-
HOro yryia df2 B HaIpaB/JIeHUN €JIMHUYHOIO BEKTOpa 7, Ha3blBaeTCs audde-
peHnaIbHOil (10 yritaM) WHTeHCHBHOCTBIO U3/IyueHns dl u paBHO

1 5

dl = (72 % J(@,t —r/c)] ds2,

4

rje

— —

J(7,t —r/c) :/j(F',t—r/c—l—(ﬁF')/c) dv’.

[TonHast MTHTEHCUBHOCTD N3JIydeHuAg I HdacT KOJIMYECTBO HEPIUKn, N3JIyda-
€MO€ B €IMHUIY BPEMEHHN 110 BCEM HallpaBJICHUAM, U PDaBHA

1 L P 2
I:/d]:47w3/[nxJ(n,t—r/c)} as?.

IIpu A = I' <€ a, rne T — xapakTepHOe BpeMsi CYIIeCTBEHHOI'O M3Me-

HEHIsI TJIOTHOCTH TOKA, a @ — XapaKTepHbBI pa3mep u3jydaresis (B caydae
rapMOHMYECKN MEHSIONIEr0Cs TOKA A COBIAJIAET C JIMHON BOJIHBI U3JTyde-
Hust), nucdepeHnaabHasi THTeHCHBHOCTD U3JTy YeHUsT MOZKET OBITh BbIPAYKeHa
yepe3 HU3IINe MYyJbTUIIOJbHBIE MOMEHTBI B BU/IE

41:4;63 iix (d+ [ x 7] +éﬁ+...>rd9,

meﬁ = €y Dapngs.



HpI/I 9TOM IIOJIHaAd MHTEHCUBHOCTDL U3JIYYCHUA MOZKET OBITD InIpejacTraBjieHa
B BuA€ MYJIbTUIIOJILHOI'O Pa3JI0zKeHUA

IT=19 41wy 4
rje

|/

C3

~
=
|

~
=
|

Wl DN

— IIOJIHbIE MHTEHCUBHOCTH JIUIIOJBLHOTO M MATHUTOIAMIIONLHOIO W3JIyYeHMUIl,
a I'P)— 110/11mas1 HHTEHCHBHOCTD KBA/IPYIOJIBHONO 131y denus (cM. 3aj1ady 4.16).

Izny4enne oJHOYHOIN 3apsAKeHHON YaCTUIBI MAcChl M M 3apsjia e, co-
Bepiaoiieii npoussosibHoe (0 < v < ¢) PUHUTHOE JBUZKEHHE, OTPe/Ie/ITeTCsI
nuddepennnanbHoil THTEHCHBHOCTBIO BHJIA

a1(1) = e2 [ [fix [(i—v/c)xT]]

= . o,
dmed (1 — (A0)/c)

t

rje 1 — eIMHUYHBI BEKTOp HallpaBJeHus H3JydeHus. B peasgTuBucTcKOM
cJIydae 3TO U3JIy4eHHUe NMeeT BbIPaKeHHbIT MAKCUMYM B Y3KOM KOHYCE BJIOJIb
HallpaBJIeHUsI CKOPOCTU YaCTUILBI.

4.2. 3agaun

4-1. B smmeitnoit antente jpiuHoit 20 Bo30y:KjieH epeMeHHblii ToK J(2,t) =
Jo cos(kpz) sin(wy,t), vae wy, = ke, kn, = (2m+1)7/(21), m — nesnoe moso-
JKUTEJIbHOE YHUCJIO, € — CKOPOCTh CBeTa B BaKyyMe. Hafitu cpe/iHioro 3a nepuo
nuddepeHIalIbHyI0 HHTEHCUBHOCTD U3Jydenus. V3o06pa3ure rpadudeckn
JarpaMMbl HAIIPABJIEHHOCTH JJIsi TpeX Hu3munx rapmonuk (m = 0, 1, 2).
Kakoii B nMeeT cpejiHsisd 3a MepuoJi MoJIHAsd WHTEHCUBHOCTD 3Ty YeHMs !

4-2. B smHeitHOM oTpe3Ke MPOoBojia JINHOM [ BO30YXKJIEH IepeMEeHHBII TOK
suga J(t) = Jycos(wt). Haiitu cpegaue 3a mepuop auddepeHiuaibHyo
¥ [IOJTHYI0 MHTEHCUBHOCTH JITAHHOBOJIHOBOTO (A >> 1) usiyuenust. 306pasu-
Te rpaduUecKn auarpaMMy HallpaBJIeHHOCTH U3JIydeHus. Pe3yibrarsl cpas-
HHUTE C pe3yJibTaTaMi [IpeIblLyIeii 3a1aqn.



4-3. 3apsiKeHHas YaCTHIA MACChl M U 3apsijla € COBEPIIAeT OJIHOMEPHOEe
rapMOHIYECKOe KOJIebaHue ¢ 4acToTol w (3apszKeHHbIH TapMOHIUYECKUI 0C-
uMﬂﬂHTop). Haiitu 3akoHb! yOBIBAHUS CpejIHEI 3a IePHO/T TOJIHOI SHeprun £
1 COOTBETCTBYIONIEH eil aMILIUTY bl KoJIeOaHWil a, 00YyCJIOB/I€HHbIE TUIIOJb-
HbIM W3/TydenneM. Havanbaas sneprug ocnmuiaTopa pasBHa Fy . [Ipuadars,
4TO II0TePs SHEPruu 3a Mepuoj MaJja 10 CPpaBHEHUIO CO CpejiHeil sHeprueii.

4-4. B accmyeckoil MoJIe/In aToMa, 9JIEKTPOH MACChl m 1 3apsija e Bpallia-
eTcst 0 KPYToBOit opbuTe BOKPYT HEMOJIBUXKHOTO SIJIpa ¢ 3apsijioMm Z|el.

a) Haiitu 3akon yObIBaHUS cpejiHE 3a IIePHO/I ITOJTHOM SHEPTIUN JIEKTPOHA
E obycnoBieHHbIilt 1uMONbHBIM u3tydenneM. [IpuHgaThH, 910 cpemHss
1oTepsl dHEPrun 3a Iepuoji 1 Majia 10 CpaBHEHUIO CO cpejHeil sHep-
rueii, a JIBUKeHNE 3JIEKTPOHA — HepeJsaTuBUCTCKoe. [lo KakoMy 3aKoHy
YMEHBIIAETCsS CO BpeMEHEeM pajinyc OpOUTHI 17

0) Omnpenenns 06/1aCTh TPUMEHUMOCTH TI0JIYyIeHHOTO Pe3yJIbTaTa, OlEHUTe
YUCJICHHO BPEMsl IIepexo/ia 3JIeKTPOHa ¢ OpOUTHI pajiuyca 11 Ha OpOUTY
pajuyca ro JIJId HHTepecylonux Bac ciydaes, HAIIpuMep JJIs

1) ry = 10 %M, ro = 107 1%,

2) 11 =2-107%cM, 79 = 1 10 8cm,
3) rp = lem, r9 = 1- 1078w,
)

4) r1 = 2cm, 1o = lem.

4-5. DJIEKTPOH MacChl M U 3apsijia € BPalllaeTcsl BOKPYT HEIOIBIKHOI'O si/I-
pa ¢ 3apsioM Z |e| 1o 9UIHInTuIecKoit opbute ¢ moJiHoit sueprueit £ u yrio-
BbIM MoMeHnToM M. HaliTu HHTEeHCUBHOCTD JUIIOILHOIO U3J1yYeHUsI U [OTEPIO
SHEPIUM 32 [EePHUOJL JIBUKeHNsl. Pe3y/ibTar cpaBHuTe ¢ pelienneM 3aa4du 4-4.

4-6. 3apshKeHHasl YaCTHUIA MACChI M U 3apsijia € COBEpIIaeT HepeIsiTHBUCT-
ckoe (v << ¢) JBUKEHHe 10 KPYTroBoil opOuTe B MOCTOSHHOM OJTHOPOTHOM
MarHITHOM II0JIe HallpseKeHHOCTH H ¢ HavdaJbHOI sHeprueil L.

a) Haiitu uarencuBaocTs ussyderus I Kak (OYHKIMIO SHEPIUN YaCTHUIIbL.

0) Ilpunnmasi, 9T0 cpe/iHssT OTeps SHEPIUN YACTHUIIBI HA U3/TyYeHHe 3a. I1e-
puox T majia 110 CpaBHEHUIO C ee SHeprueil, HalTu 3aKOH yObIBAHUSI
CO BpeMeHeM SHeprun JacTuilpl £ n pagmyca ee opoutsl R.



4-7. Haiitn nuddepennmanbuyio dI(t) u nonnyio I(t) HHTEHCUBHOCTH W3-
JIy9€HUsT 3aPSZKeHHO 9aCTHI[BI MACCHL M 1 3apsijia e, COBEePIIAIONIeil TPOn3-
BostbHOE (0 < v < ¢) dbunHUTHOE JBUKEHNE, KaK QYHKINIO ee cKopocTn U(t)
u yexopenust U(t).

4-8. 3apsKeHHasl JaCTHIa MACChI M U 3apsijia € COBepIIaeT ABUKeHIe 110 KPy-
roBoil opOuUTe B IMOCTOSHHOM OJIHOPOIHOM MAarHUTHOM II0JI€ HAIPSKEHHO-
ctu H ¢ nagaabHOil sHeprueii Fy.

a) Vcnosb3ys pe3ysibTaT HpeablayIeil 3aaum, HaiiTh HTHTeHCUBHOCTD 13-
nydenns I Kak (QyHKIIUIO SHEPTUN YaCTUIIDI.

0) [punumast, 910 cpejiHsist MOTePst SHEPIUN YACTHUIBI HA U3JTyYeHHe 34, T1e-
puoy T’ Majia 10 CpaBHEHUIO C ee SHeprueil, HalTh 3aKOH yObIBAHUS
CO BpeMeHeM SHeprun JacTuiibl £ un pajguyca ee opoutsl R.

B) Haiitn HepesaTUBUCTCKMIT ITpeies IOy YeHHBIX BhIpayKeH!ni 1 yoe InTh-
Csl, 9TO B 3TOM IIpeJiesie pe3yJbTaThbl COBIA/IAIOT C pe3yIbTaTaMi 3a/a-
yn 4-6.

4-9. JIByxaToMmHas »KecTKas MOJICKYJ/Ia ¢ JUITOJbHBIM MOMEHTOM cf 1 MOMEH-
TOM nHepuuu I coBepiaeT MaJible YIVIOBbIE KOJieOaHUsl B IIOCTOSHHOM OJJHO-
POJHOM 3JIEKTPUYECKOM I10JI€ HAIIPAZKEHHOCTU E . HaiiTu 3aK0HbI yObIBaHMA
cpejHell 3a 1mepuojl MoJIHOM sHeprun & U COOTBETCTBYIOINIEH eif aMILIITY/IbI
VIJIOBBIX KOJiebaHuil 1)y, 00yC/IOBIeHHbIe QUIIOJIbHBIM 13/1ydeHneM. [IpuHsTh,
4TO MOTEePs IHEPruu 3a Mepuo/] MaJia 110 CPABHEHUIO CO CpeJiHeil SHeprueii.

4-10. Haiitu B MaruuTo uIoIbHOM IIPUOJINXKEHIH CPEIHION 38 IIePUO/] NH-
TEHCUBHOCTD JIJINMHHOBOJIHOBOI'O ()\ > a, b) U3JIyYeHNd HENOJBUZKHON pa-
MOYHOI aHTEHHBI CO CTOpOHAMU @ M b , B KOTOPO#l BO30YKJ/IEH TOK BHIA
J = Jycoswt. N300pa3uth rpadudeckn JuarpaMMy HallpaBJIEHHOCTH M3JIy-
YeHNsd aHTEeHHDbI.

4-11. HaiiTn nHTeHCUBHOCTH MarHUTOIMIIOIBLHOIO N3JIYyIeHUs HEITPOHa ¢ Mar-
HUTHBIM MOMEHTOM [I, HAXOIAIIEr0CsI B IIOCTOSHHOM OJIHOPOHOM MarHUTHOM
I10J1€ HAIIPAXKEHHOCTH H. [Ipungarh, 970 MeXaHNIeCKIit MOMEHT HeUTPOHa, M
CBSI3aH C €r0 MATHUTHBIM MOMEHTOM COOTHONIEHUEM [ = — BM . HagasibHbrit
YTOJT MEXKJIY BEKTOpaAMU [i U H IPUHATH PaBHBIM 6 .



4-12. IIpsimoyroJsibHast paMKa CO CTOPOHAMH @ W b U ITOCTOTHHBIM TOKOM J
pPaABHOMEPHO BpAIAeTCsi ¢ YIJIOBOI CKOPOCTBIO (0 BOKPYT OCH, ITPOXOJIAIeil
yepe3 cepeIMHbl IPOTUBOIIOIOKHBIX pedbep. HaiiTn MHTEeHCUBHOCTH JIJIMHHO-
BOJIHOBOTO (A > a, b) nziydenns.

4-13. B nernoaBm:KkHOIN IPAMOYTOJLHON paMKe CO CTOPOHAMHU @ U b BO30Y K-

jeH Tok J = Jpe @

¥ Haiitn B MAaTrHUTOIUIIOIBHOM HPUOINZKEHNN TIOJIHYIO
SHEPTHIO JJIMHHOBOJIHOBOI'O M3JIydeHud 3a Bpemsa —oo < t < oo. Kakoii 3a-
PsiJ1 38 3TO BpeMst IpoiijaeT o pamke 7 KakoBo cOOTHOMIEHNE MeK/ 1y dHEeprueii
U3JIyYeHUsl, 3apsIOM 1 IIapaMeTpoM o 7

4-14. 3apsizKeHHBIH Tap pajuyca [ ¢ OJHOPOJHBIM paclpejie/icHueM 3a-
psaga () 1 Macchl M COBEpIIaeT MaJible YIIPYrue BpalllaTebHble KOoJeOaHusI
BOKPYT CBOEro JuaMeTpa ¢ 9acTOTOoi w 1 HadabHOil sHeprueit Fy . Omupee-
JINTH CPEJTHION0 3a TIEPUO/T MHTEHCUBHOCTD N3/TyUeHNs U 3aKOHbI YOBIBAHUS €70
SHEPIUH W aMILIUTY/IbI YTJIOBBIX KOJieOaHmii, 00yCJI0BICHHbBIE TTOTEpeil Hep-
'y Ha U3JIy4deHue.

4-15. 3apsizKeHHbI map pajnyca [ ¢ OJHOPOIHBIM pacipe/IeeHueM 3apsi-
na () 1 Macchl m paBHOMEPHO BPAINAETCA BOKPYT CBOEIO JUaMeTpa ¢ YII0BOM
CKOPOCTBIO (J, COCTaBJIsIIONIE yTroJI f ¢ HalIpaBIeHueM BHEITHEI0 MarHUTHOIO
nosst H. OnpeieuTh NHTEHCUBHOCTD | U3JIydeHusl.

4-16. Haiitu nquddepennuanibuyto dl n noysHyo I MHTEHCUBHOCTH KBaJl-
PYIOJILHOIO U3JIyUeHUs, BbIPA3UB UX depe3 LPOM3BOAHbIE 110 Bpemenu D,z
OT MaTPUYHBIX 3j1eMeHTOB D3 TeH30pa KBaJIPyIOJIbHOIO MOMEHTA.

4-17. 3apsizKeHHOE TeJIO C 0CeCUMMETPUIHBIM paclipe/ie/IeHIneM 3apsijia 1 KBa/l-
PYHOJBHBIM MOMEHTOM OTHOCUTEJIHHO OCH CUMMETPUNH, PaBHbIM [, paBHO-
MEPHO BPAIIAETCSI C YIJIOBOH CKOPOCTHIO (0 BOKPYT OCH, HEPIEeHINKYJIsIPHOI
K OCH CUMMeTpHuuu Teja. HallTwm mo/iHyi0 MHTEHCUBHOCTH KBaJIPYIIOJIHHOTO
u3aydenus. (Bocrosb3syiitech pesynbratamu 3a1a4d 4-16 u 3-4.)

4-18. OJHOPOIHO 3apsl2KeHHBIN TOHKUIT A1CK pajuyca R u 3apsia () paBHO-
MEPHO BPAIaeTcs BOKPYT CBOETO IHaMeTpa ¢ YIJIOBOiT CKopocThio W. Orpe/ie-
JIUTH TOJTHYI0 UHTEHCHBHOCTH KBAIPYIIOJIbHOIO U3ty denust. (Bocnosibayiitech
pesybratami 3a1a4 4-16 u 3-6.)



4-19. OJHOPOIHO 3apsi?KEeHHBINT TOHKNN cTep:KeHb IMHbI 2] 1 3apsga ()
PaBHOMEPHO BpalllaeTcs B IIJIOCKOCTH BOKPYT CBOEI IeHTPAJIbHON TOYKU C YI-
JIOBOIT CKOpOCTBIO w. Opeae/inTh MOJHYI0 HHTEHCUBHOCTH KBa/IPYIIOJIHLHOTO
m3aydenus. (Bocrosbsyiitech pesynbraTom 3amadun 4-16 u 3-4.)

4-20. OJHOPOIHO 3apszKeHHbIN MIIMHAD 3apsiaa (), pajuyca ocHoBaHusT R
1 BBICOTHI 2h paBHOMEDPHO BpAIAeTCsI ¢ YIJIOBOI CKOPOCTBIO (J BOKPYT OCH,
[IPOXOJAIIell Yepe3 ero LEeHTp HepIeHIUKY/ISIPHO K €ro OCH CUMMETPUUN.
Haiitu o/iHyt0 MHTEHCUBHOCTH KBaIPYIIOJIBLHOTO U3JTyYeHUs. (BOCHOHbSyﬁ-
Tech pesysbraTaMn 3ajad 4-16 u 3-5.)

4-21.  OJIHOPOJIHO 3aPszKEHHBII 3JIMTICOM T BPAIleHUST 3apsijia () ¢ MoIyocsMu
a 1 b paBHOMEPHO BpalllaeTcs ¢ yIJIOBOW CKOPOCTBIO W BOKPYT' OCH, HIPOXO-
JiIeit 9epe3 ero 1neHTp HepHeHuKYJIApHO K ero ocu cumMerpunn. Haiitu
OJIHYI0 HWHTEHCHBHOCTH KBAIPYMOJIbHOrO u3jtydenus. (Bocmosb3yiitech pe-
syabTatamu 3a1a4d 4-16, 3-4 u 3-3-r).)



5. SHGKTPI/I‘IGCKI/IG n MariomTHbI€ IIOJId B BeEllleCTBeE

5.1. TeopeTuvueckue cBeeHUd

OcHOBHBIE XapaKTEPUCTKI 3JIEKTPOMAIHIUTHOTO 110JIs1 B BEIECTBE M0JIy Yal0T-
csl yCpeJHeHEeM COOTBETCTBYIONINX MUKPOCKOIINYECKNX XaPAKTEPUCTUK I10JIS
110 PIYKTyalllusAM B CPeJIe.

OCHOBHBIME CHJIOBBIMHI XapPaKTEPUCTKAMHI 3JIEKTPOMATHUTHOLO 11015 B Be-

FEMUKpo

HIECTBE ABJIAIOTCA HAPAZKEHHOCTD 9JIEKTPUYIECKOI'O 1OJIA E = 1 1nH-

JyKims MarauTHoro nousa B = HMURPO Sy xapakrepucruku onpeensior
cpenmiolo cuty F = FMURPO ejicTByIolyto co CTOPOHBI 3J1€KTPOMATrHITHO-

o TOJIsl B BelecTBe Ha MpOOHBI 3apsi (cuia Jlopenna), B Buje
1 _
7% B},

c
rjie e U U — 3apsij] 1 CKOPOCTh IIPOOHOI IacTHIIbI.

ﬁze{ﬁ+

ITocae ycpeaneHunsd IIJIOTHOCTD IJIEKTPUIECKHUX 3apAd 0B B BEII€CTBE MO2KHO
I[IpeacTaBUTL B BUIE

_MUKDO
P PO = p+ pesas
__MUKpO .
e p=p, 5 — YCPeJHeHHAs IIOTHOCTE CBOOOJHBIX 3apiJIoB, KOTOPasl 3a-

_MUKPO
JaeTCsl U3BHE, & Pceas = Peg ﬂ3p — IJIOTHOCTh CBSI3aHHBIX 3apPsJI0B, KOTOPAas

MOJIYYAETCS YCPEJHEHNEM U3 3aps/I0B MOJIEKYJ BEIECTBA IIPU €ro TOJIAPU3a-
. [lonsgpusamus BemecTBa OIMUCHIBACTCS B KaK I0i TOUKEe BEKTOPOM I10JIsI-
pusanumn ]3, KOTOPBIII 1O OIpeJIeJIEeHNI0 PaBeH cpejHeil TJIOTHOCTU JTUIIOJIb-
HOI'O MOMEHTa B JaHHOI Touke. [lonsipm3alius BemecTBa MPUBOJUT K IIOSIB-
JIEHUIO BHYTPHU TeJjia U Ha €ro IMOBEPXHOCTU CBA3AHHBIX 3aPSAJI0B ¢ 00bEMHOI
pPcesa3 U MOBEPXHOCTHON 0 ¢gg3 MIOTHOCTAMU BUJIA

peeaz = —div P,
ocens = Pn .

Anasiorn4no nocJsie ycpeaneHnus IIJIOTHOCTD 9JIEKTPUYIECKUX TOKOB B BEIIlE-
CTB€ MO2KHO IIpeACTaBUTb B BHUIEC

ZMUKDO _ j 4+ 7

J JceAas
- 2MUKPO
rie j = ‘706’06 — ycpegHeHHas IJIOTHOCTH CBOOOIHBIX TOKOB, KOTOpas 3a-
- 2MUKDO
JaeTCsl U3BHE, & Jcesa3 = Jegsz — WIOTHOCTD CBSI3AHHBIX TOKOB, KOTOpDAas

[IoJiydaercd ycpeaJHeHrueM BHYTPHUMOJIEKYJ/IIAPHBIX TOKOB BeEIleCTBa IIPHU €I'0



HaMaramunBaHnu. HamarunmdamnBanue BeIecTBa OINCHIBACTCS B KayKIO TOY-
K€ BEKTOPOM HaMarHUYeHUd M , KOTOPBI II0 OIIpeJIeJICHNIO PaBeH cpeHeil
IJIOTHOCTU MarHUTHOIO MOMEHTa B JaHHOII Touke. HaMarnmumsanue Berre-
CTBa IIPUBOUT K MOSBJICHUIO BHYTPU TeJIa U HA €ro ITOBEPXHOCTU CBA3AHHDBIX
TOKOB C 00O'beMHOIT j’cg A3 1 OBEPXHOCTHO ch A3 JIOTHOCTAMU BUJIA

oP -
= —+crot M,
JceAas ot +

ic@ﬂg =C [M X ’ﬁ:] s
rjie 1 — BEKTOP HOPMAJIHM K ITOBEPXHOCTHU TeJIa.
ypaBHeHI/IH MaKCBeﬂﬂa JJIA QJIEKTPOMATrHUTHOTI'O ITI0JISI B BEIIECTBE NMEIOT

BILJL
divﬁzélﬂp,
. 10D 4r -
tH — ——=—4
o c Ot ¢
divB =0,
tE+—-—=0
ro -I—C En ,

rie p = p(Ft) u j = j(F,t) — 3a1aHHbIC IWIOTHOCTL CBOGOMHBIX 3apPsIO0B
1 TUIOTHOCTH CBOOOJHOTO TOKA Kak (DYHKIME KoopauHaT u Bpemeniu. [lpm
stoM § (7, 1) = p(7,t) T(F, t), rae U(F,t) — cpesisi CKOPOCTD [BUKEHUS CBO-
GOJHBIX 3aps/I0B B TOUKE C KOOPAUHATAMU 7 B MOMEHT BpEMeHH {. B

Bxongsmiue B ypapuenus | MaxcseJia 110J1s1 D H CBSA3AHEI C IOJIAMI E B
1 BEKTOPOM IIOJIAPU3AIINN Pu BEKTOPOM HaMalHUYeHNs M COOTHOIICHUAMUI

D=FE+4rP,
B=H+4nM .

YpaBuenust Makcpejia B BellleCTBe B MHTEI'PAJILHON (popMe UMEIOT BUJL

7{54§:4w/pdv,

S Vv
Lo , 4
Hdl——Q/Dds?:—” 7ds,
c Ot c



YeiioBug CITIBaHUS BEKTOPOB II0JId Ha I'PaHUIE pa3/ejla ABYX CPEJ:

Dy, — Dy, = Ao,

B, — By, = 0,
E2t - Elt = 07
4m

H2t_H1t:?iba

rJle UHJIEKChI 1, t 1 b 0003HAUAI0T HOPMAaJIbHbBIE K I'PAHUIIe Pas/ie/ia IBYX CPejl
(BeKTOp HOpMAJIH MPOBEJIEH W3 MEepPBOil CPeJbl BO BTOPYIO), TAHT€HIHAIbHBIE
1 OMHOpMaJIbHBIE IIPOEKINN BEKTOPOB, 0 U i - [IOBEPXHOCTHBIE ILIOTHOCTH
CBODOIHBIX 3apPs/IOB U CBOOOIHBIX TOKOB.

J171s1 MBO0TPOIHBIX CPe/I

P=aF,

M=xF,
rjie o U Y — dJIeKTpUiecKas 1 MarHuTHas BOCIIPUMMYNBOCTH BelllecTBa. B aTom
caydae

D=ckE,

B=uH,

riee = l+4man p = 144wy —3/1leKTpudeckass 1 MarHuTHast TPOHUIIAEMOCTH
BeIecTBa.

B onHOpOIHO M30TPOITHO cpejie IIOTHOCTE SHEPTUH U IIJIOTHOCTH MTOTOKA
SHEPIUU UMEIOT BUJ

eE? + pH?
w = ,
8m
— C — —
S:—{EXH}.
47

DIeKTpriecKasl HAIPsSKEHHOCTh £ 1 MarauTHasi NHAKIUS B B BelecTse

—

CBsA3aHbI CO CKaJIAPHBIM ¢ U BEKTOPDHBIM A IIoTeHInaJlaMl1 COOTHOIICHUAMU

. . 104
E=—-Vp— -
B =[V xA].

B oanopoiHoit n30TPoITHOI cpeje mpu yeaosun Jlopenta

ep O o
v +divA =0



—

mutst morentmantos (7, t) u A(7,t) UMeoT MeCTO ypaBHEHHS

ep 02 - . 4
(55 5 =V )elr) = Z p(ri),
€,u 82 =9 =, . o 47-‘—_.’—»
(g@—v )A(T,t)—/i?J(T’,t),

13 KOTOPBIX, B YaCTHOCTH, CJIEJIYET IIPOCTOE BbIparKeHune
c
VEH

JUIsl CKOPOCTH ¢ paclpocTpaHeHus 3JIeKTPOMArHUTHBIX BOJIH B BEIeCTBe.
B npoBojisineii cpejie BoinosHsieTcesi cooTHomenue (3akon Oma B judde-
peHInaiIbHOll (hopme)

/
CcC =

jzanpﬁ,

riae opp = 1/pconp — deKTpUUECKas IPOBOAUMOCTL CPEBL, Peonp — €€
VJIeJIbHOE COTPOTUBJICHIE.

I1I0THOCTB TOKA B IPOBOJsIeii cpefie J (7, ) B KBA3HCTAIOHAPHOM IIPH-
Gonzkernu 0D /0t| < 4 | ) oupeseJsieTcs ypaBHEHIEM

=9 =, dmponp 0 -,
VQ](’"J)—TPQJ(TJ):O-

B ciydae nepeMeHHOTO TOKa,
J(F.t) = Re {j(7) &'},

rapMOHUYECKH MEHSIOMIEr0Cs CO BPEMEHEM C 9aCTOTOM w, KOMILICKCHAS aM-
IIATY I8 TOKa J(7°) OIpejesisieTcsi ypaBHeHIeM

> 20>
V() - 57 =0,

rje

§ =c/\/2mpoppw

— TOJIIMHA CKUH-CJIOsA. [[Jist TlepeMeHHOro TOoKa B IIPOBOJIHUKE XapaKTepeH
cKIUH-3pdeKT — 3PpdeKT MpenMyIecTBEHHOrO paciupeieeHs TepeMeHHOro
TOKa B IPUIIOBEPXHOCTHOM CJIO€ ITPOBOJIHIKA C TOJIIMHON TOPSIIKa 0.



30 —
5.2. 3aga4un

5-1.  OnpejeuTh MOTEHIINA 1 HAIPAZKEHHOCTH 3JEKTPUIECKOIO TOJIsT Ia-

pa pajmyca @, OJHOPOJTHO TOJIAPU30BAHHOIO C BEKTOPOM ToJjdpu3anun P
1 HaXOJIAIIErocsd B BaKyyMe.

a) Pemuth 3ajady myreMm HaXOXKJIEHUS TOTEHIIHAJA TI0JIs, CO3/IaBAEMOTO
BOSHUKIINMHU IIPU MOJIAPU3AINT CBI3aHHBIMU 3apslaMu.

0) Perntsh 3amady myTeM HaAXOXKI€HUsI PeIlleHns ypaBHeHst Jlamiaca jijist mo-
TeHIaJIa PN HEOOXOIUMBIX TPAHUIHBIX YCIOBUIX.

B) Permnth 3a/aay criocobom 6) B ciiydae, KOIJia OJJHOPOJIHO TIOJISIPH30BAH-
HBII [1ap OKPyzKeH OECKOHEYHOM OJIHOPOJIHON cpejioil ¢ JudIeKTpude-
CKOIl IIPOHUIIAEMOCTDIO E.

5-2. Meraanmndeckuil map pajinyca a BHOCUTCS B OJIHOPOJTHOE 3JIEKTpHUIe-
cKoe 1oJjie HarpsizkeHnoctn Fy. OKpyzKarorast map Jn3JIeKTpuieckas cpejia
OJIHOPOJIHA U UMeeT JINIJIEKTPUIECKYIO ITPOHUIIAEMOCTD €.

a) Ompeie/nTh OTEHIINAI U HAIPSYKEHHOCTh PE3YIBTUPYOIIEro T0JIs CHa-
PyKU 11apa U IJIOTHOCTH ITOBEPXHOCTHBIX 3aps/J0B Ha Ilape B CJydae,
KOT/Ia IOJIHBII 3aps/i 11apa paBeH HYJIIO.

6) To ke B ciiydae METAJLTIECKOTO IIapa, UMEOIIEero MOJTHbIH 3aps ().

5-3.  OHOPOMHBI ITAp pajuyca @ ¢ ANSJIeKTPUIECKON IPOHUIAEMOCTHIO £1
[IOTPYZKeH B OJITHOPOJIHBIIN HEOIPAHNYEHHDIN UIJIEKTPUK C JIUJICKTPUIECKOI
IIPOHUIAEMOCTBIO 9. Ha 00JIbIIOM paccTOSIHUM OT IIapa 3JeKTPUIeCKoe I10-
JIe OJTHOPOIHO € HAIIPsIzKeHHOCTBIO Fy. Oupee/nTh MOTeHIA 1 HAIIPSZKeH-
HOCTH IIOJII BO BCeM IpocTpaHcTBe. Haifitu pacrpenesenne BO3HUKAIOMINX
CBA3AHHDBIX 3apPAJI0B.

5-4. OJHOPOJHBIN AP pajuyca ¢ ¢ MArHUTHONW MPOHUIIAEMOCTBIO (i BHO-
CUTCS B OJIHOPOJIHOE MAarHUTHOE 110JI€ HAIIPAKEHHOCTU ﬁo. OnpejieuTh Ha-
NPSAKEHHOCTb PEe3yJAbTUPYIONIEro MarHUTHOTO 110JI BHYTPU U BHE IIapa, WH-
JIYIIUPOBAHHBI MArHUTHBIIT MOMEHT IIapa U IJIOTHOCTh CBA3aHHBIX TOKOB.



5-5.  OnpejieuTh UHAYKIMIO B 1 HaIpsizKeHHOCTh H MarHuTHOIO IM0JIs, CO-
3/1aBAEMOTO 1IapOM PaJinyca @, OJJHOPOJHO HaMarHMYeHHBIM ¢ BEKTOPOM Ha-
Marandenus M u HaXOAAIINMCA B BaKyyMe.

—

a) Pemuth 3ajady myrem HaxoxKjeHHs BeKTOpHOro mnorennnaia A’ mar-
HUTHOT'O TIOJId, CO3JaBa€MOr0 BOBHUKIIUMU [PU MHOJAPU3AINN CBA3aH-
HBIMU TOKaMMU.

0) Pemmurs 3a/1ay myTem HaXOXK/IEHUs pelieHns ypaBaerust Jlarmnaca st cKa-
JITPHOTO MarHUTHOTO MOTEHITHAJIA 1) TPU HEOOXOMMBIX TPAHUIHBIX YCJI0-
BUSX.

B) Permnth 3aa1y criocobom 6) B ciiydae, KOTJa OJHOPOIHO HAMAIHUIEH-
HBIM I1ap OKPY2KeH OeCKOHEeUHOI 0JTHOPO/IHOI cpejioit ¢ MAarHuTHO TTPOo-
HUIAEMOCTBIO [i.

5-6. HaiiTi nHIyKnno MarHuTHOTO 1Ot B BHYTpU OECKOHETHO JITHHHOTO
COJIEHOU/TA C CEPJICTHNKOM, NMEIOINM MArHUTHYIO MPOHHUIAeMOCTE (. CoJte-
HOWJI MMeeT JIMHEHyIo mIoTHOCTh BUTKOB n(= N/L) u Tok B obMoTKe J
(cp. ¢ 3amaueit 2-7). Ouerure napameTpsl n, (i, J, HEOOXOAUMBIE JIIsl CO3J1a~
HUsT MAPHUTHBIX T10J1efi 3a1a9m 2-2-0).

5-7. HafiTu II0THOCTD HepeMeHHOro ToKa Buta j (7, t) = €, j(z,t), rapmo-
HIYECKH MEHSIONErocs CO BPEMEHEM C 1acTOTOl w, B OJHOPOJIHOf M30TPOII-
HOIT cpejie ¢ MIPOBOUMOCTLIO Oy, MAIHUTHOH HPOHUIIAEMOCTBIO [i ¥ 3aI0JI-
HstfoItieil mosrynpoctpancTBo z > 0. OreHuTe TOJIIINHY CKIH-CJIOST [Tt MEJIi
ma dactotax a) v =50luyu6) v=1MIuy.

5-8. HaiiTu 1I0THOCTD HepeMeHHoro Toka suma j(7,t) = &, j(r,t), rapmo-
HUYECKH MEHSIIOIIEroCs CO BPEMEHEM € YacTOTOM w M TEKYIIero BIOJb Hec-
KOHEYHOT'O IIIMHIPHYECKOTO IIPOBOIHIKA PAIILYCa ¢ C IIPOBOIUMOCTLIO Oy
I MarHUTHOI IIPOHUIIAEMOCTBIO i,

a) mpu 0 < r < a, rje § — TOJIIUHA CKUH-CJIOS, T — PACCTOSIHIE OT OCH
[THIPA.

6) To xke mpu r <K 6.



OTBeThbI K 3aJa4aM

1. OcHOBBI CHeL[I/IaJIbHOfI Teoprun OTHOCUTEJIbHOCTHU

11 Afa) = ( _(/’Zg?‘;) —szz((s) )

o (=10\ . (10 (=10

/12(04) = A(Oé) i(), /13(04) = A(Oé) il, /14(04) = A(Oé) ioil,

1 —V/e
1—(V/e)2 1-(V/e)2
AWy = VI Ve
V1-(V/e32 \/1-(V/c)?
Vi4+ Ve
Vo= —L172 -
S VAV

1.2, [,(v=0.1¢)=663m, I, (v=09c)=1363m,
Li+(v=01¢c)=078m, Il+(v=09¢c)=16.1m.

1.3. v>0.9995¢, e>32I9B.

1.4. 7 BpeEmMd 110JieTa 110 3€EMHBIM YacCaM, Top— BpeMd II0JI€Ta II0 JacaM KOC-

MoHaBTa, Fyyn = E — mc® = mcz(ﬁ — 1) — KuHeTHYeCKast SHEPIHsI
KopabJId.
a)v=0,1c, 7=050ner, 9 =49.7 roga, Eyyy/mc* = 0.005,
6) v=0,9¢, 7=>5.55rona, To=2.42 roga, Exyyn/mc* = 1.3,
B) v = 0,99¢, 7 = 5.05 roma , 7o = 0.71 roga = 260 cyToxK,
2

r) v = 0,999¢, 7 = 5.005 roga , 79 = 0.22 roga = 82 cyrKy,
E%uq-t/m02 = 214,

) v =0,9999¢, 7 = 5.0005 roga , 79 = 0.07 roga = 26 cyTOK,
Eyxun/mc® = 69.7.

2v
1.6. = = 2.
|vs] 1+ (v/c)? V12 v
1 — 2
T A Ml L)

1+ (v/e)*



2mc? 2mc?
1.8. &= , €= +——0,
V1= (vo/c)? 1 — (vo/c)
€0 g’

VI (wjp  2mé

1.9. v, (g, =7519B) = (1—-8-107%)¢,
v, (€,=0.9T5B)=(1-5-10"")c,
vy (€, =7 ToB) = (1—9-107%c,
v (€. = 100 [2B) = (1 —1.2-107 %) .

1.10. [ =wv71 =c1y (%)2—1, l:CTo\/%(%—f—Q),

B HEPeJIATHBHUCTCKOM (v < ¢) Tipesiesie € <K mc? u | ~ \/2% To R VT,

B YJIBTPapesIsiTUBUCTCKOM IIpejese £ > me? ul =~ 7o %

111 wh = . 1}12/02)2{(77:), 7+ 6—12[17 X [7 % zﬂ]} =
e 32/(;2)2 {2 s - + o),
whw, = — (- 32/62)3{(6)2(1 v?/c?) + %(1717)2} -
- ;/02)3{(5)2 gl x i} <0
1.13. a) v(t) = 1?(%)2, 2(t) = §< 1+ (%t)2 1),
6) v(t) = —

L (s

c

x(t)=%2(\/1+ (“ticlf— 1+ (%)2 ) + 2,

Uo

T T (v




€1 — mc?
€1+ mc?’
= \/2mc2(g, + me?) = V2me2 e,
6) eo(e = 10.94 [9B) = 4.5 ['3B,
€0(€ =75.9415B) = 11.915B,
(g =2-7515B) =12 TsB,
£(€p = 2- 0.9 ToB) = 1720 T5B,
g(eg=2-7ToB) =1-10° THB,

1.15. a) V=c

B) &)= \/2mgc2 €1+ mict + mich.

1.16 €3 =2mc?e.

2. OcHOBHBIE ypaBHEHUS 3JIEKTPOANHAMUKNI

2e Bt t
2.1, a) v(t) = ce - ¢

v (mc2)? + (ceEt)? 1+ (%t)z’

LE(\/ mc?)? + (Eect)? — mc®) =

e
2 t 2
C_< 1+<a_
a c
£ 2
1-|—(a—) =mec® + eE x(t),
c
e a—eE/m
at + ¢
at—l—cl)?
c? at c1)\ 2
== (y/1+ ( 1+ (2) )+
a c
at + ¢
\/1+ 1 —8(0)+6E(x(t)—xo),

rie a=el/m, ¢ =




) v (t) = c’eFEt
B) v
‘ V2 + (ceEt)?
1
t) = — (\/ € Fect)? — ¢ ) ,
(1) = - (/) + (Bect)? &) + o
2
boc
vy (T
) = \/80 (ceEt)?
y(t) = —Arsh(eEct/EO),
eky
ch—= —1 :
e eE( PoC )+ o
rie  €p = cy/pg + m2c2.
2.2, a)x(t) = bl SllQOZ(— coswt + 1),
w
y(t) = WA in wt
w
2(t) =wvgcosa t,
ecH
rie W = —— — UUKJOTPOHHAA 1ACTOTa,
0
- mc?
0= — 9HEpIus IaCTHIIBI
1 — (vo/c)?
TPACKTOPUST JIBUKCHUS — BUHTOBAST JINHIUS
H
B HEPEJIATUBUCTCKOM CIydae W R il
me
2 2ch
6) H=-Y"" .
) eR
Qr Q
23. a) E(r)= o o(r) = ¥ —(3R*—1%), r<R,
Q Q
E’I’ = 5> = > R7
M=2 =5 r>
rJie 7 — PACCTOSHIE JI0 [EHTPa Iapa .
6) Ey(r)=2mpr,  @(r)=mp(R'—r"), r<R

R? 9, T
E.(r) =2mp — o(r) = —2mpR*In 7L r> R,

rJie r — paccTodgHue JIO0 OCU NUJINHJIPA .
B) E(z) =dmpx,  p(x) =2mp(L* —2?), |2[ <L,
Eyw) = £4mp L, p(2) = dmp L(L—|a]), |a| > L.



24. a) E(r)=0, o(r) = %, r <R,
Q Q
Er(r) - ﬁ? QO(T) - ?7 > R7
rJIe 7 — PACCTOsIHEE JI0 TIeHTpa cephl .
0) E.(r) =0, p(r) =0, r<R,

R
E.(r) = 4mo—, o(r) = —4noR ln%, r > R,

r
rjie T — PACcCTOsIHUE JI0 OCH IUJINHIPUYECKON OBEPXHOCTH .
B) FE.(r)= 4270, o(zr) = —2mo|x|.

3 Q2
2.5. = - —
a) 5 R?
1 Q?
o)W == <.
) 2 R
2J r
26 a)H:? ﬁ’ TSR,
2J 1
:—J—, r>R
cC r

27. H=—Jn.
C
21, I
2.8. F/l=

a) F/l=p RERE
I, I
6) F/l= .
) F/ Hok 55—

3. IlocTrosinHbIE QJIEKTpnieCKue n MalrHUTHbIE II0JIdA

e ‘ | —2r 27“ 2T2
3.1. Eﬁ)(r):—ﬁ[l—ea(l—l—z—l—?)},
() = [ (140,
r a
2

U =lel(0) =~ —.

o+ oy o el _lel ey 2r 2
ES(r) = B + 5 =5 —+=).



3.2, a) p(z2)=

Oy N Gl
_R< L R)’
_ 9
oh

N

z+h++/(z+1h)?+R?
z—h++/(z—h)?+ R?

. Q \/ (z—h)2\/ (z+h)?*
_2h+R< S R e >

Cle=hl_Jeth]
R R
z+h++/(24+h)?+ R?

z—h++/(z—h)?+ R2

+In

)

=25¥<z+hv%h%z+ml%
h)\/R2 + (2 — h)? — 4h|z| +
o, |z+h++/(z+h)?+R?
+Rlnz—h—|—\/z—h)2—l—R2 , 1pu |z|>h,
_2£¥<z+hvﬁ2 + (2 + h)? +
RV R2+ (2 — h)? —2(2* + h?) +
) z+h+¢z+h)+R2
+Rlnz—h+\/(z—h)2+R2 , mpu |z| < h,
(\/22+R2—\Z—R|),
1
%(2(\/z2+R2—\z—R|)+
1

3
(2 + R -2 —§Wz+m>, 2 >R,
3/2

i((22—}—32)3/2—223—{—;322—33), 0<z <R,

3
(Z2+R2) +z3+§R2z—R3>, z <0.



- 3
a)d:§QRe§, D, =0,
|
6)d:§QRe;, D,s =0,
10 0
- 1 R?
9 d= QR D=2 (01 0 |,
0 0 —2
r)d=0,
3
Dm:?Q(2a2—b2 02),
3Q
Dy, = ?(21)2 —a? - 02) ,
3
DZZ:?Q(QC—CL2 b2),
1) d=0,
2 R? D
Dzz: <_h2_—>7 Dx:v D __ia
@ 3 2 i 2
e) d=0,
Dzz:_Ta Dxx:Dyy:_Tv
- b
}K>d:§th_;’7
3 2 2 Dzz
2= 1A - v Doz = Dyy = ———.
D.. = 15 Q(30 —21) W 5
D 1+ 3 cos2a 3 sin 2« 0
Daﬁ:IO 3sin2a  1—3cos2a 0

0 0 —2

Q /2 1 1 +3cos2a  3sin2a
Do = — <—h2 — —R2> 3sin2a 1 — 3cos2a
4\3 2 0 0

1+ 3 cos2«a 3 sin 2« 0

R2
Dog = —QT 3sin 2a 1—3cos2a 0O
0 0 —2
L d _7FdF) —d+ 3i(dn) L7
E('f’) —ﬁ + 3 7"5 = 7"3 y n = ;




- 4Jab 1 1
3.8. H(z)= €2 5
(=) cva? + b+ 22 <&2+22 " 52+32> ’
5 AJab
H(z)%c—;)gz, npn |z | > a, b.
~ 2rR2J
3.9. H(z)= e,
(2) c(VR? 4+ 22)3
" 2 R%J
H(z) ~ 7Tcz3 e,, npu |z| > R.
3.10. F[(O):%cﬁ,
c
311, H.(0) = —2" (0) = H,(0) = 0
T : 24mca’ SO ’
ppeh
Umax_
24mca’
1 QR? Q -
12. T=—“, j=——M
3 a) fi 5 ¢ O BT ot
6) w = 5hm,.ct 51 B e2 N L
YT T VT Wm0 ~he 137
L 1QR*
3.13. a),uzz W,
6),u:2—0 ek
DAE=gT Y
L Q -
=— M.
H 2mc
— 0 ar —0 3_’ [(n = r
3.14. H(F)=-L+3 (“p: il 3"(“) =,
r r r r
. () |, (@r)(par)  —(ppe) + 3 (mn)(pen)
U(r)=— 3 + 3 " = =



4. NIzryvyeHnne 31eKTPOMArHUTHBIX BOJIH

_ JE o1 5 1
4.1. dlm:%sirﬂ@ cOS [(m—l—?wcos&}dﬁ,
_ J?
Im:_ocm7
c

™

_ [ 2 1 -
Cm_/sin28 coS [(m+2)7'r(3089} sin 6 df ,
0
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v a0 g B Ly g
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Fo f Ul Iy
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1 1 32
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Vom0 7T e
2
3 3 2 €
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2 et H?
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E' = FE —md® < mc.




2 €4H2 2 2
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Ey + mc? th(~t) 2 et H?
6) E(t) = mc® = =
) B(t) = me Eoth(vt) + me?’ 1T 3 se
2
R(t) me

= Ho Egsh(yt) + me?ch(vt)
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Ey(1 —th(7t))
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2 Ed°
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2 4 2H4
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ITpniaoxkenus

ITpunoxkenue 1

CucreMbl eIUHUI] U3MEPEHUS
9JIEKTPUIECKNX U MATHUTHBIX BEJININH
(rayccoBa cucrema u cucrema CU)

Tabauia 1

OcHoBHbIE DOPMYJIBI JIEKTPOAUHAMUKN
B rayccoBoii cucreMe eauaui u B cucreme CU

layccoBa cucrema eguHuUIL

Cucrema CU
ﬁ:q{ﬁ+%[vx§}} ﬁ:q{ﬁ+[ﬁx§}}
D=FE+4rP D=¢yE+ P
B=H+4rM Bﬁ:,uo(ﬁ—i-]\?)
dzvﬁ:4ﬂp dwﬁ:p

7 oD T 79D _ 7
’/‘OtH—%—?—%j rot H 8?—]
divB =0 divB =0
rotﬁ+%%—§=0 rotﬁ+%§:0
D=cE D=ceyE
B=uH B = ppo H
F=qa/r?) F = q1 g2/ (4meoe r?)
F=1p2I L)/(?r) F=1lppl Iy/(2rr)
SR oA R A
E=—-Vp—1494 E=-Vp—-%
B=[VxA] B=[VxA]

(%8 -V )ert)=2pt) | (%5 —9)elrt) = Lo 1)
(%85 =V ) A0 = n 200 | (%8 = V2 )AR8) = umo j(7,)
w=(eE*+pH?*)/(8n) w = (eeo B + ppo H?) /2
S=c[ExH] S=|[ExH]
fp=1JSn p=JSn




Tabaumna 2
Eausunbl n3mepeHusi OCHOBHBIX
MeXaHUYECKUX U FJIEKTPOMATrHUTHBIX BEJIUYNH
B rayccoBoii cucreme u B cucreme CU
Qusnueckast Euaunpr usmeperust CoorHotenne
Bennumnaa | [ayccoBa cucrema Cucrema CU MEK/Ty €JIMHUTIAMUI
l CaHTUMETDP, CM METp, M 1m=10% cum
m rpamMmM, e KHJIOTPpaMM, K2 1 xe=10° 2
t CeKyHJla, ¢, CeK | CeKyHIa, ¢, cek -
F uHa, UM HbIOTOH, H 1 H=10° dun
|14 9pr, ape JIKOYIb, /Jloic 1 Jlote = 107 ape
N Spr/cek, ape/cex BarT, Bm 1 Bm = 107 apz/cex
q CGSE, KyJa0H, Ka 1 Kn=3-10°CGSE,
I CGSE; amrep, A 1 A=3-10°CGSE;
©» CGSE, BoIbT, B 1CGSE, =300 B
E CGSEp B /m 1 CGSEg=3-10" B /m
B rayce, Ic Tecna, Th 1 Ta=10* Ic
D CGSEp Ka)m? 1 Ka/m? = 4r-3-10° CGSEp
H spcren, O Alm 19= g Alm
P MakcBes1, Mxc BeOep, B6 1 B6 = 10® Mxc
C CAHTUMETD, CM dapana, D 1 ®=9-10" cum
L CAHTUMETD, CM reapu, I'n 1 I'n=10° cm
R cer/cm oM, Om 1 Om = 3107 cer/cm
pconp cex oM, Om-m 1 Om-m = % 1079 cex




Tabauma 3

CooTHoIIEHNsT MEXK/Iy OCHOBHBIMU (BBbI/I€JIEHbI YKUPHBIM HIPU(PTOM )
¥ IPOU3BOJHBIMU €JUHUIIAMUA OCHOBHBIX MEXAaHUYECKUX U IJIEKTPOMArHUTHBIX
BeJIMYUNH B rayccoBoii cucrteme u B cucreme CU

Dus. Eunuins uamepenunst

BeJINY. layccoBa cucrema Cucrema CU
l CAaHTUMETP, CM MeTp, M
m rpamm, 2 KWJIOIpaMM, K2
t CeKyHIa, ¢, cek CeKyHJa, ¢, cek
F oun = 2 cmcex 2 H = %2 mcex 2
%4 ape = 2 cm? cex™? Jlotc = Hm = xem? cex™
N ape/cex = 2 cm?® cex > Bm = Joc/cex = Kxe m* cex™
q CGSE, = (ape cm)t/? = 2 /2en®/? cex™ Ka= Acex
I CGSE; = CGSE, cex ! = 2/2cm®/? cex™? ammnep, A
% CGSE,=CGSE;cm™! = 22eam? cex™' | B = Jloic/ Kn = we M? cex A
E CGSEp = CGSE, cm™2 = 22 em™Y? cex™? B/m=xemcer 3A™?
B Tc= 2"2em V% cex™! Ta = B6/m? = xe cex 2A™*
D CGSEp = 2?em /2 cex™! Ka/m? = m~2cex A
H D =222 cex! A/m=Am!
) Mxc = 22 em?/? cex™! B6 = Tam® = xemcex 2A™"
C cM @ = Ka/B = xe~' M2 cex A
L cM I'n = xem? cex 2 A2
R cer/cm Om = B/ A = K2 m? cex™ A™2

pconp cex Om - m = K2 cex™3 A2




IIpniaoxkenne 2

HeKOTOpre (1)I/I3I/I‘IeCKI/Ie KOHCTaHTbI

c=2.99792458 - 10!V cm Jeex = 3 - 100 cm /cex —
— CKOPOCTB CBETa B BAKyyMe,
e = —4.803204673(30) - 1071 CGSE, ~ —4.8-107'Y CGSE, -
— 3apsijl JIEKTPOHA,
h=h/2m = 1.054571800(13) - 10727 ape cex ~ 1.05 - 10727 ape cex —

— nocrogunad [lianka.

a = e?/hc=1/137.035999139(31) ~ 1/137 -
— Oe3pa3MepHasi KOHCTAHTa JIEKTPOMATrHUTHOIO B3aWMO,IefCTBIS
(ocTOsSIHHAST TOHKOMN CTPYKTYPHI) .

me = 9.10938356(11) - 1072® 2~ 9.1 - 10~% 2 — macca a/1eKTpOHa,
m. ¢ = 0.5109989461(31) MsB ~ 0.5 MsB — sueprust m0oKosl 3JIeKTPOHa,
m,, ¢ = 938.2720813(58) MaB = 940 M5B — sueprus moKosi IPOTOHA.

r. = e2/(m.c?) = 2.8179403227(19) - 10713 cm~ 2.8 - 1071 cm -
— KJIaCCUYeCKUil pajuyc 3JIeKTPoHa,

Ae = h/(mec) = rea™! = 3.8615926764(18) - 107 cma~ 3.9-107M cm —
— KOMIITOHOBCKasl JJINHa BOJIHDLI 3JICKTPOHA,

ap = h%/(mee?) = rea=? = 0.52917721067(12) - 107% cm~ 0.5- 1078 cm —
— IIepBbIil HOPOBCKUIT PaUyC aToMa BOJIOPOJIA.

1 1 o @ @
= = 8.854187817-107"* — ~8.85-1071% —
£0 471 9-109 wm M M
r r I
1o = 471077 2 = 12566370614 - 1077 = ~ 1.26 . 1076 =
M M M

158 = 1.6021766208(98) - 102 spe ~ 1.6 - 1012 spe,
1Lanrcrpem (A) = 1078 cu,

1 bepmu (Pm) = 10713 cm,

1 6apn (6n) = 10724 ca®.



IIpniaoxkenne 3

HekoTopbie maremaTndeckne (popMyabl

3.1. Indpdepeniimanbable oniepanu ¢ BEKTOPHBIMH 1 CKAJIIPHBIMU
MOJIIMHU B JIEKAPTOBOIA, ccpepuideckoii 1 MUJIUHIPUIECKOI cucTeMax
KOOpAWHAT

3.1.1. /lekapToBa cucteMa KOOpJUHAT

ou ou _ oU

ad=¢€ya; +€,a,+€ a;,
AU =V U (2,y,2) =€~ + &~ + & -,

gra (x,y,2)=¢€ 8x+ey8y+e 5,

_8ax+8ay+8a2,

or Oy 0z

rotd =V x @] =&, (rotd), + ¢, (rot@), + . (rotd).,

(rota)x:[ﬁxﬁ]x:aac;z—%,

- Oda, Oa,
(rota), =[V xal, = 5 on
(mta')zz[ﬁxa]zz%—%‘;%

3.1.2. Cepuyeckada cucrema KOOPJIUHAT

a=€ray +egayg+ €, a,,

. _ou 10U _, 1 0OU
gradU =NV U(r,0,9) =& 5o+ py + 6 2 g5

or
, - 1 9(r%a,) 1 O(sinfap) 1 Oa
divd = (V@) = — 2
wa=(V-a) rz  Or +rsin8 00 +rsin9 Op
rotd =V xa]=¢. (rotd), +ép(rotd)y + €, (rota), ,
1 OJ(sinfay,) 1 Oay

(rota). = rsinf 00  rsinf Oy
. 1 0a, 10(ra,)

(rot @)y = rsinf 0p r Or

(rot @), — 19(rag) 10a,

r Or r 00



3.1.3. IImauuapudecKkasi cucTeMa KOOPJIUHAT
a=e€pa,+e,a,+ e a,,

- oU
gradU =NV U(p, v, z) 2

=€ 8_U+g 1a—U—I—e —
" 0p  Tpdp Oz’
10(pa,) 10a, Oa,
0 Op  pop 0z

rotd=[V xa]= €, (rotd), + €, (rotd), + €. (rotd).,

divd = (V-d) =

. 10a, Oa,
(TOta)P - 0 @QO 82 )

. da da,
(rota), = 8_; e
(rotad), = 10(pay) _ 194,

p Op  pdp’

3.2. ¥YpaBuenune Jlamiaca B chepmiecknx m IUJINHIPUIECKNX KO-
OpJMHATAX

Omnepatop Jlamnaca B cepuieckux KoopanHaTax 1, 6, o:

> 10 oU 1 0 oU 1 0%
20(r,0,0) = = (r2Z) + % (ing" .
ViU 6.¢) r2 Or <T or ) T 25600 < Y’ ) i r2sin® § Op?
Omnepatop Jlammaca B MMINHAPUIECKIX KOOPAUMHATAX 0, ©, 2
- 10/ 0U 10°U 0%U
ViU =" (p=—)+ = .
(p, ¥, 2) > (p ap) Fo T 0

AsumyTasibHO-CUMMETPUYIHOE pellierne ypapHenns Jlamaca B cdepuaecknx
KOOp/IMHATaX

V2U(r,0) =0

MOZKHO B O6LLL€M CJIydae€ IIpeJCTaBUTh B BUJEC Pa3JIOKEHNA

oo

U(r,0) = Zal Pi(cosb) + Zbl r' P(cosf) ,

rie Py(cos ) — nmommrombr Jlexkanipa, a a; u by — mpon3BoJibHbIe KO UIIN-
eHThl pazjoxkenus, [ = 0,1,2, ... .
[Torennuan e MHUIHOIO TOYEUHOIO UCTOYHUKA, VIOBICTBOPSIET YPABHEHUIO

le—maa.
r



3.3. Nnarerpay Ilyaccona m cBsi3aHHBIE C HUIM HWHTETrPAaJIbl

Wurerpast [lyaccona

0
2 T
Ia)= [ e “dr=4/—
o
—0o0
JIEPKO HAXOJIUTCST BBIYUCJICHHEM JIBYKPATHOIO MHTErpaJia

/ e_o”grdrdgo _I
o
0

21

// ‘“’ydxdy/o

—00 —00 p=0r=

Huddepennnponanne nHTErpaJa,

I o 1 | T _
Io(Oé)E/e dxzi\/;=§al/2
0

k pa3 1o napameTpy « jgaeT WHTEr'PaJjbl ¢ YeTHBIM WHICKCOM

(0.9]

Toe(a) = /x2k o g v l-3-5-..-(2k—1) o~ 2D/
o 2 Qk '

0

Huddepennnpoanne nHTErpaJa,

[ e, 1
L(a) = /xe_‘m7 dr = 504_1

0

k pa3 110 napameTpy « JgaeT UHTEr'paJibl ¢ HEYETHBIM MHIECKCOM

0.}
I2k+1 E /332k+1 —azx? dr = k' (k—|—1)
0
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