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1. ENEKTPOCTATUYHE MNOJIE Y BAKYYMI
ENNEKTPOCTATUYHUM NOTEHUIAN

1.1. KopoTtki TeopeTnuHi BigOMOCTi

B3aeMopisi 1BOX HEpYXOMHX TOYKOBHX EJEKTPHUUHHUX 3apsAIiB OMUCYETHCS 3aKOHOM
Kynona

Fp= 90T (1)

ne Fj, — cuma, sxa gie 3 GOKy 3apsmy ¢, Ha 3apai ¢,; i, ¢, — BEIMUMHH 3apAiB, 1O
B3aEMOIIIOTh;, 7 — paJiyC-BEKTOp, HANpSIMIICHWHA Binm 3apsmy 1 mo 3apsamy 2,

1@
€y ~8,85-10 12~ _ enexTpuuna crana [
M

M .
=9.10° = |. Bemunua 3apsily B CUCTEMI
4neg,

CI BUMIpIOETHCS B KYJIOHAX [Kﬂ]. 3a 3akoHoM KynoHa criM eeKTpOCTaTHIHOI B3a€MO-
Iii € IeHTPaTbHUMK — BOHHU 3aJICKaTh TUIBKH BiJ BIJICTaHI MiX 3apsaaMH i CIIpsIMOBaHi
B3JIOBX IIPSAMOI, 1110 3’ €THYE I1i 3apsi/Iu.

CHIIOBOIO XapaKTEPUCTHKOIO €IIEKTPOCTATHYHOTO TIOJIS € HANIPYXKEHICTh E . Bona Bu-
3HAYAEThCA SIK CUJIa, IO JIi€ HAa OAMHUYHHUIA HEPYXOMHH 3apsi: F= qE . Jnsg mons Tou-
KOBOTO 3apsay

E=-L 47 (1.2)

B cuctemi CI oguauUIICIO HATIPY)KEHOCT] SIIEKTPUIHOTO TIOJIS € [% ] .

SIKIIO MONOKEHHS 3apsy 3a1a€ThCs pallyC-BEKTOPOM 7, (puc. 1.1), TO HAIIPyKEHICTh

NOJIsl LIHOTO 3apsily B OyAb-sIKil TOUL MPOCTOPY, MOJIOKEHHS KO B Till caMiil cucTemi
KOOPIMHAT 331a€ThCS PAAilyC-BEKTOPOM 7 , BU3HAYAETHCS (POpMYIIOL0

(5. (13)




Puc. 1.1. [lo BU3HAYEHHSA HAMpPY>XEHOCTi NONs TOYKOBOIO
3apszy, NOJSIOXEHHS IKOrO 3a/la€ThCs paliyCc-BEKTOPOM 7,

0
[ enexTpuYHOTO MO BUKOHYETHCS MIPUHIUT CYTIEPIO3HUIIIi: HAPYKEHICTh IOJIA,

IO CTBOPIOETHCS KiTbKOMa 3apsaMu, JOPiBHIOE BEKTOPHIM CyMi HampyKeHOCTEH TOMiB,
IO CTBOPIOIOTHCS KOXKHUM 3apsiIOM OKPEMO

E= ZE : (1.4)
i=1

3a miero GopMysI0I0 MOXKHA 3HAMTH HAIMPY)KEHICTH MO CUCTEMH TOYKOBHX 3apsiB.
Ha mpaxTuii, sk mpaBuiio, JOBOAUTHCS MaTH CIIPaBy 3 BEJHKOIO KiIBKICTIO 3apsiiB, sKi
PO3MOIIEHI B3IOBXK JESIKOI KPHBOi, TIO IMOBEPXHI YU B MpocTopi. ToMy oOUnCIeHHS Ha-

MIPY>KEHOCTI TTOJISI 32 (1 .4) CTa€ HAATO CKIATHUM. [[JIsl CIIpOIIeHHST PO3PaxyHKIB BBOISITH

oy , . . Ag . Ag
niHiiiHy, TOBepxHeBY ab0 00’emHy rycTHHH 3apsamiB: A= llm— , o= lim — ,
Al—0 Al AS—0 AS

- A ) . . .
p= lim ﬁ BIMOBITHO. B 3arasbHOMY BUTTISIIL A, G Ta p 3alieXaTh BiJ KOOPIAMHAT.
AV -0

HaiiGinpm 3aragpHUM ITiIXOMOM JI0 PO3B’SI3yBaHHS 3a/lad CJICKTPUKH € PO3JIUICHHS
3apsHDKEHOTO TiJIa Ha €JIEMEHTAapHI 3apsaau dq , SKi, B 3QJICKHOCTI BiJl YMOBH 3a/1adi, BH-

3HA4YalThCA SIK dq =MAdl , dg=0odS 4u dg=pdV , 3 noganbIIUM BUKOPHUCTAHHSAM JUIS
3HaXOKEHHS HANPYKEHOCTI TOJI BEKTOPHOTO iHTEerpaia

- 1 dg.
E= — 7. 1.5
47‘[80 '[ ]"3 : ( )

3py4HilIe po3paxoBYBAaTH HAIPYKEHICTh MO MOKOMITIOHEHTHO. Hanpukiran, mist ne-
KapTOBOI CUCTEMH KOOPJUHAT

B [ By [y B= [,
4rey” r 4ney” r 4ney” r

2_p2 2 2

E*=E +ES +E.".
OO0uncieHHa XapaKTePUCTUK eIEKTPUYHOTO MO B JAESKWX BUMAAKAaX 3HAYHO CIIPO-
IIYETHCS, SKIO0 BUKOPHCTOBYBATH €IEKTPOCTAaTHYHY TeopeMmy [aycca: motik @ BekTopa

HaIpY>KEHOCTI TToyIsi £ 4depe3 3aMKHEHY MOBEPXHIO S MPOTOPIiHHNN anrebpaiddiit cymi
BCIX 3apsIiB, IO 3HAXOAATHCS BCEPEIUHI TOBEPXHI
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€0y €0
Tyt S — 3aMKHEHa NOBEpXHs, /i — HOpMajb IO €JeMeHTa MOBepxHi dS , V — o00’em,
OXOIUIEHUH TOBepxHeIo S, p — 06’eMHa rycTHHA 3apsny, () — NOBHUI 3aps] BCepeanHi

(chja(E-ﬁ)dSzifpdeg. (1.6)

TIOBEPXHI.
[loBepxHIo iHTErpyBaHHS B (1.6) noTpiOHO BUOMPATH TAaKUM YMHOM, 1100 CHJIOBI JIi-

Hii €IEKTPUIHOTO TIOJS MEPETHHANH i MM MPSIMUM KyTOM abo OyJid mapajeIbHAMH 10
Hei. Takuii BUOIp MepeTBOPIOE CKAIAPHHUI HOOYTOK B JIiBiH wacTuHI Teopemu [aycca y
3BHYaHUI a00 poOUTH oro piBHUM HYI0. KpiMm Toro 6akaHo, 100 HAaNPyKEHICTh MO

y BCIX TOYKax MOBEpPXHi, € (E -71) #0, Oyna omnHakoBoro. Toxi BUpa3 Yy JiBii 4acTUHI
CITPOIITY€EThCS 10 MOOYyTKY E - S . B 3amexHOCTI BiJf CHMETPIi 3a/1a4i TAKMMH TTOBEPXHAMU
HalgacTime oouparTh HIIHAP abo chepy.

3ayBakuMoO, II0 3aCTOCYBaHHA TeopeMmH [aycca s po3paxyHky E mae 3HauHi 00-
MEXKEHHs1, 1 MO’Ke BUKOPHCTOBYBATHUCH JIMILE VI 3a71ad 3 IEBHOIO CUMETPIEIO.

IHomi BWHMKAIOTH OOCpHEHI 3amadi: IS 3aJaHOTO ITOJISI E(F ) BH3HAYHUTH PO3IOILIT
3apsay y OpocTopi p(F ) B Takomy Bumanky Kpaiie CKOpPHUCTaTHCh AHQepeHIlialbHUM
3anucoM teopemu ['aycca

divE =+ (1.7)
€9

EHepreTnuHOI0 XapaKTePUCTUKOIO EICKTPOCTATUYHOTO TOJis € moTeHIian ¢ . dizuu-

HUAW 3MICT Ma€ JIMIIE Pi3HUIS MOTCHITIANB MK OKpEMHUMH TOYKaMH, a He aOCOJIOTHE
3HAYCHHSI TOTEHITIany MEeBHOI TOUYkH. Came uepe3 PI3HHUII0 IMOTEHITIATIB BH3HAYAETHCS
po0oTa Mo MepeMilleHHIO 3apsay ¢ B SICKTPUYHOMY TOJi 3 TOUKHU 1 y Touky 2

Ay ==q(0r ~ ). (1.8)

Benmuunna poboTH He 3al1eKUTh Bill GopMH TpaekTOpil pyxy 3apsay 3 MOYATKOBOI TOUKH
B KIHIICBY.
Mix BEKTOPOM HANPY>KEHOCTI EICKTPUIHOTO TOJIS Ta TIOTEHIIAIOM iICHYE 3B’ 30K

E=—grado. (1.9)
I'panieHT, 3a 03HAUYEHHSM, € BEKTOPOM, SIKUH CHIpSIMOBaHUHK y OiK 3pocTaHHs (QYHKII.
3Hal04M Po3MOJiN moTeHuiany ¢(x, y, z) , MOKHa OTPHUMAaTH KOMIIOHEHTH BEKTOpa Ha-

9] 6] 9] . .

@ , Ey = ——(P, E, =—— . Po3B’430Kk 00epHEHOI 3a7a4i 1aCTh HAM
ox oy Oz

3HAYCHHSI PI3HUII MOTEHITIAIiB MIX JBOMA TOYKAMHU

2
0y — ¢y =~ Edl . (1.10)
1

NpyXKeHOCTi: £, =—
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IToTenttian BU3HAYAETHCS 3 TOYHICTIO 10 KOHCTAaHTH. Y POJIi 1€l KOHCTAHTH, BiTHOCHO
SIKOT BiIPAaXOBY€ETHCS 3HAUYCHHS IMMOTCHINANY, YaCcTO MPUHMAIOTh MOTEHINIA HECKIHYEHHO
BiJIaIeHOl TOYKHM, NMPUIHCYIOYM HOMY HYJIbOBE 3HAueHHs. B TakoMy BHIaiKy, HampH-
KJIaJl, OTEHI[iall TOYKOBOTO 3apsay

1
o=—vZ. (1.11)
4ng, r
Jns moTeHniany, K i JUis HaNpy»KeHOCTi eNEKTPUYHOTO MO, CIpaBeATUBHNA MPUH-
oy . 1 ;
LUIT CYNEPHO3ULii. 3riAHO 3 HUM JAJsl CHCTEMH TOUYKOBHUX 3apsifiiB ¢ = 2 Zi Sxmo
ey ;i N
K 3apsA PO3MOIiIEHO B3J0BXK KPUBOI, 110 IOBEPXHi YU B 00’ €Mi, TO
1 ¢Adl 1 ¢odS 1 dV
- S = [T = —— [P (1.12)
4meg s 1 dnegg g T dngg ;, 1

Po3nogin noreHuiany ¢ = (p(x, y,z) y MPOCTOP1 MOXKHA TaKOXK OTPUMATH, BUXOASYH 3

piBusiHHA [lyaccona Ag = P TPaHUYHUX YMOB. 3a BiZICYTHOCTI CTOPOHHIX 3apsIiB
€0
( p= 0) piBusHHA [Tyaccona mepexoauts y piBHstHHS Jlamiaca A =0. B 3anexHocTi Big

00paHoi crcTeMH KOOpPJIWHAT, BUTJIAL omeparopa Jlammaca Oyme 3MiHOBaTHCH. Hampu-
KJ1aji, /Ul ICKapTOBOi CHCTeMH KoopauHaTt oneparop Jlamnaca A =—+—+—-.
ox~ oy- oz

[Ipu po3B’si3yBaHHI 3a[a4d 3 TEOpii ENEKTPUKH MEpeBary HaJaloTh caMe MOTCHIIaTy.
[lo-nepmie, moTeHWian € CKaJSAPHOIO BEIMYUHOIO; MO-APYre, Pi3HHLS MOTEHIialliB, Ha
BIIMIHY BiJ HaIIPy»KEHOCTI TOJISI, MOXE OyTH MPOCTO 1 OE3MMOCePeTHRO BUMIpSIHA TOCHTIA-
HUM IUTSIXOM.

I'padiuno enexTpuyHi mosist 300paKytoThCs abo 3a JOMOMOrOI0 CUJIOBHUX JiHil, abo 3a
JIOTIOMOTOI0  €KBIITOTEHITIAIBHIX TOBEpXOHb. CHIIOBI JIHIT MOJSA TEPICHIUKYILIPHI 0
MOBEPXOHb CTAJIOTO MOTEHINiany. ToMy, Malo4Yi KapTHHKY CHJIOBHX JiHINA €NEKTPUIHOTO

NOJIs1, MOXKHA MOOYAyBaTH €KBINOTEHIIaIbHI TOBEPXHI, 1 HABIIAKH.

1.2. 3anuTaHHA Ta Bignosiai

1.2.1. Hasedimb npuxiaou cnocobis 3minu 3apsa0o8020 CMaKy peyosuHu.

e  TepTa (32 paXyHOK HAasABHOCTI KOHTAKTHOI Pi3HUII MOTEHLIaliB MK B3a€MOZII0-
YUMH TiTaMH, HATIPUKJIaJ, KOJH CKJIO HATUPAIOTh IOBKOM);

e  ONPOMIHEHHS 3aps/UKCHUMH 1 HEHTpalbHUMH YaCTHHKaMH  (€JIEKTPOH-
€JIEKTPOHHA, 10HHO-EJIEKTPOHHA, (POTOETIEKTPOHHA eMicii TomIo);

e  nedopwmarris TBepAMX TiUT (€K30€TIEKTPOHHA EMicCis);

e  BUKOPHCTAHHS SIBUIIA CICKTPUIHOI 1HTYKITI.

1.2.2. B womy nonseac ides memooy Kaeenoiwa nepegipxu 3axony Kynona?
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Kynon BigkpuB cBiif 3akoH y 1785 poiri, BUMIPIOIOYH CHIIM B3a€EMOJII MK 3apspKe-
HUMH KyJbKaMH 32 JONOMOTOI0 KPYTHIIBHUX Bar, SKi, 10 pedi, caM i BUHANIIIOB.

B ocnoBy metomy Kaenpimra mepeBipku 3akoHy KyioHa mokmameHo Tou (hakT, 110
eJIEKTpUYHE I0JIe BCEPEAMHI MPOBIAHOT 3apskeHol cdepu BiacyTHe. IlepeBipka mbOro
(akTy Moke OyTH MpoBeAeHa 13 3HAYHO OLNBLIOI TOYHICTIO, HIXK MpsSME BUMIPIOBAHHS
CHWJI B3a€MO/Ii1 TOUKOBUX 3apsIiB.

ITokaxkemo, 10 BiACYTHICTh €JIEKTPUIHOTO TIOJS BCEPEAUHI PIBHOMIPHO 3apsmKEHOT
cdepu € HacmigkoM 3akoHy Kynona, a came — o0epHEHOT IPONOPLIHHOCTI HAPYKEHOCTI
NOJIs 10 KBaApary BiJICTaHi.

Puc. 1.2. Jo 3anuTaHHsa 1.2.2

Omxe, Hexail MaeMo cdepy, TOBEPXHs SIKOI PIBHOMIPHO 3apsiKeHa 3 MOBEPXHEBOIO
rycTUHOW G (puc. 1.2). Uepes A0BUTbHY TOUYKY A TPOBEAEMO IYYOK MPOMEHIB, SKi Ha

HOBEepXHi cepu BUPi3ar0Th ABI Maji JUISHKH S| 1 S,. PosrisHemo enexrpuuni nons E; i
E, , Kl CTBOPIOIOTBCSI IUMU JUITHKAMU B Toull A .
spsinoy s, sina,

2 2
i r

OueBuaHO, IO TUIECHI KYTH NMpH Todlli A piBHI MiX cO0OIO:

Hecknagni reomerpuuHi noOydoBH MOKA3ylOTh, IO 1 KyTH O, Ta O, TAKOX piBHI. A
OCKIJIBKHM 3apsaM AUISHOK §) 1 §, MPOIMOPIIHHI 10 iX IO, TO, BPEIUTI PEIIT, MH IPUXO-

JTUMO JI0 BH : — =—=%_ YjeHu piBHOCTI 3 TOYHICTIO IO MHOXHHK
0 JI0 a3'q§ qé‘le IBHOCTI 3 TOYHICTIO JO MHO a

cIiBmaaa-
) 4me,

I0Th 3 BHpa3aMu IS HAPYKCHOCTEH EICKTPUUHUX ITOJIB, SIKi CTBOPIOIOTHCS B TOUIl A
3apaaMu JUISHOK S; 1 5,. 1l monsd oHaKoBi 3a BENIMYMHOIO 1 MPOTUIICKHI 3a HAIPSAM-

koM. Ile Takox Oyzne cnpaBeIUBUM A7sl Oy[b-sIKOi 1HIIOI mapu s, 1 §,, Ha SKI MOXHA



po30UTH BCIO MOBEpXHIO Hamoi chepu. Tomy cymapHe eneKTpHYHE I0JIe TIOBHHHE OyTH
piBHE HYJIO sl KOJKHOI TOYKH BCEPEHHI CPepUIHOI TTOBEPXHI.
Sx 6aunMo, BIICYTHICTH EICKTPHYHOTO IIOJII BCEPEIMHI PIBHOMIPHO 3apsIKEHOT

C(l)epI/I MOXJIMBA JIMIIEC, AKIIO E~ yz . Bym)—m(a 1HIIIA CTETICHEBA 3aJCKHICTh BETUUNMHU
r

TIOJIS BiJT BificTaHi poOuia 6 11e HEMOXKITHBHM.

Brnepme nonibna nepesipka 3akony Kymona Oyna mposenena y 1774 poui Kasengi-
miem (#oro pobora 3 1pOro MpUBOLy Oyia HeBimomoro moHaa 100 pokis), a 3rogomM, 3 Oi-
JIBITION0 TOYHICTIO, MakcBemioM y 1879.

1.2.3. B womy nonseae cymmicmo RpUHYUNY Cynepnosuyii?

CyTHICTh NPUHIUIY CYNEPIIO3UILiii TOISITae B TOMY, 1[0 CHJIa B3a€MOJIii, HATIPUKIIA],
MDK JTBOMa TOYKOBHMHM 3aps/DKCHUMH TiJJaMH, HE 3aJeKHUTh BiJl TPUCYTHOCTI TPETHOTO
TOYKOBOTO 3apsKeHoro Tima. ToOTo cmiia, mo i€ Ha 3apsKEHE TiJI0, TOPIBHIOE BEKTO-
PHi#l CyMi OKpEMHX CHIIL, IO AIIOTH 3 OOKY KO>KHOTO 3 1HIIUX 3apsAPKEHHUX Til.

IIpuHIIATT cynepro3uIii 103BOJISIE PO3PAXyYBATH €ICKTPOCTATUIHY B3a€EMOIIIO B OYIIb-
SKI CHCTeMI HEPYXOMUX 3apsifiB, OCKIIBKH SKIO 3apsSau HETOYKOBI, TO iX 3aBXKIN MOX-
Ha 3BECTH JI0 CYKYITHOCTi TOYKOBUX 3apsiIiB.

1.2.4. Yomy cuna 63aemo0ii 080X 3apsAOANCEHUX M, G3A2ANi KAXCYUU, 3MIHIOEMbCS 8
npucymuocmi mpemuvozo mina? Yu ne cynepeuums ye npunyuny cynepnosuyii?

Hexaii B mesikiii obnacti nmpocTopy € 1Ba 3apspkeHux Tija. [Ipu BHeceHHi B L0 00-
JacTh TPETHOTO Tija (HEOOOB SI3KOBO 3apsIKEHOT0) BiIOYBAETHCS MEPEPO3MOILIT 3apsiiB
Ha BCIX TUIax 3a paxyHOK SBUII €JICKTPUIHOI 1IHIYKITIi (METaN) Y¥ TOJSIpU3allii (IieeK-
Tpukn). Lle, 3po3yMmisio, Mpu3Bene 10 3MIHH CHIIA B3aEMOJIIT MK TICPIIUMH JTBOMA 3apsi-
JOKCHUMU TilaMH. AJie, 11e He CyNepPeUUTh MPUHIIUITY CYIEPIIO3UIlil, OCKIIEKH IIeW MPHH-
ITATI CITPABEIJIUBHH 32 YMOBU HE3MIHHOCTI ITOJIOKEHHS 3apsiB.

1.2.5. [losacnims, yomy i3 3axony Kynona suniusae nenepepnicmos cuioux il eie-
KmMpocmamuyHo2o noas?

CutoBi JiHii 103BOJSIOTH HAOUHO YSBUTHU €IEKTPOCTATUYHE M0Jie. 3a HANpsIMKOM CH-
JIOBUX JIIHIA MOYKHA BU3HAYMTH HAIPSM BEKTOpPA HAMPYKEHOCTI, 3a iX TYCTHHOIO — CKa3a-
TH, 1€ 1 B CKUTHKH pa3iB OUTbINA BEIMYWHA HAMPYKEHOCTI. Ta TOJOBHOIO BIACTHBICTIO
CHJIOBHX JIiHiH € iX HemepepBHicTh. CHUIIOBI JIiHI MOYMHAIOTHCS HA MO3UTUBHUX 3apsiax i
3aKiHUYIOTHCS Ha HETAaTUBHUX a00 WIyTh HA HECKIHUCHHICTD, SIK, HAMPUKIIAJ, Y BUIAAKY
TOYKOBOTO 3apsny. [[ppaoMy Ha KOKHOMY 3apsifli IOYHMHAETHCS (YM 3aKIHIYETHCSI) YHCIIO
TiHIH, TponopLiiiHe 10 HOro BEJINYHUHHU.

PosrnsHeMo mosie TOUKOBOrO 3apsiny. 3 BiAaJICHHSAM BiJl 3apsily TYCTHHA CHIJIOBUX JIi-
HiA 3MeHITyeThes. Tak, HapUKiIad, IpHW 3MiHI BiICTaHI BABIYI T'YCTHHA CHJIOBUX JIHIN
3MEHIITUTHCS B YOTUPHU pa3u (YMCIIO JTiHIM HE 3MIHUTBCS, a IJIoIIa cepH, SKa OTOUYE TO-
YKOBUH 3apsij, 30UIBIIUTECS B YOTUPH pa3u). | caMe B 4OTUpH pa3uw 3MEHIIYETHCS Ha-

NPY>KEHICTh €JIEKTPHUYHOTO MO 3TiIHO 3 (1.2) . Bce 1ie 3aBasku Tomy, 1mo B 3akoHi Ky-

JIOHA CTOITh yz . ByHB—HKa 1HIIIA CTEIIEHEBA 3aCKHICTD Bi}_'[ r IIpU3BCJia §) J0 TOro, mio
r



YaCTHUHY CWJIOBHUX JIIHIN MpUHATUIIOCS O 00pHUBaTH B TIOPOKHBOMY IIPOCTOPI, OCKIIBKH T'yC-
TUHA JiHIA BXXe HE BiAMOBiAana O BEIMYMHI HANPYKEHOCT.
MareMaTHdHO CTPOTHM BHPA30M BJIIACTHBOCTI HEMEPEPBHOCTI CHIJIOBHX JIHIN €JICKT-

pocTatu4Horo nois € reopema ['aycca (1 .6) .

1.2.6. Hamanoiime KapmuHKy CUNOGUX TIHIU e1eKMPOCMAMUYHO20 NOJSL, CINBOPEHO20
080MA PI3HOUMEHHUMU MOYKOBUMU 3APAOAMU, 0151 BUNAOKIB:

@) 3apaou 0OHAKOBI 34 BETUHUHOIO,

0) 00un i3 3aps0ie (Hanpukiaod, NO3UMUBHULL) 8 KLIbKA pa3ie Oiibuull 3a THUULL.

Biamosine Ha mepiry 4acTUHY 3aBIaHHS NPOCTa 1 oueBuIHA. HameBHO Bxke HEOqHOPA-
30BO BaM JIOBOJMJIOCH 0a4WTH MOAIOHY KapTUHY CHJIOBHUX JiHiH (puc. 1.36). CumoBi minii
MAJTFOIOTHCS TAKUM YHHOM, 1100 JOTHYHI JO HUX B KOXKHIM TOUYIIl CIIBIAAAJIH 33 HAIIPSIM-
KOM 3 BEKTOPOM HaIPYKEHOCTI €JICKTPUIHOTO TIOJIS B uiﬁ TOYIII.
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Puc. 1.3. o 3anuTtaHHs 1.2.6

Bennumnna Hampy:keHOCTI y BUAIICHUX TOUKax A,B,C BH3HAYAETHCS CYNEPIO3ULIEIO

TIOJIIB, KOYKHE 3 SIKUX CTBOPIOETHCS OKPEMO TIEBHUM 3apsiioM. HanpyskeHOCTi cKIaiatoTh-
¢S BEKTOPHO, SK II¢ MMOKa3aHO Ha puc. 1.3a (CTOPOHW YOTHPHUKYTHHKIB BiAIOBINAIOTh Ha-
MIPYKEHOCTSIM TI0JTiB, 110 CTBOPIOIOTHCS KOKHUM 3apsJIOM OKPEMO).

[IpumycTumo Tenep, 1Mo BETHYHUHY TO3UTHBHOTO 3apsay 30UIBIININ, 3 HETATUBHOTO —
3meHmIa. Bubepemo Ti K Touku A4,B,C 1 mOKakeMo I HUX (3BHYaiHO, SKICHO) CITO-
YaTKy, K 3MIHATHCS BEJIMYMHH TOJIiB KOXKHOTO 3 3apsA/IiB, a TOTIM — SIK 3MIHUThCS 1X BEK-
TOpHA cyMa y KOXHil 3 O3HaYCHHUX TOYOK (puc. 1.3B). BinmoBimHa KapTHHKA CUIOBUX JIi-
Hi# 1TOKa3aHa Ha puc. 1.3r.

Hapenuri, SIKIIIO MPHUITYCTUTH MOJAIBIINE 3POCTAHHS IO3UTHBHOTO 3apsiTy 1 3MEHIICHHSI
HETaTUBHOTO, TO OTPUMAEMO puc. 1.34 1 puc. 1.3e.

Sk Oauwmre, 13 3pOCTAaHHSAM BITHOCHOTO 3HAYCHHS IMO3UTHUBHOTO 3apsay HOTO BIUIMB
CTa€ CHIBHILINM: TIOJIe TIO3UTHBHOTO 3apsiTy MOYUHAE SIBHO IOMIHYBAaTH.

1.2.7. [lo miny 06 'emom V| po3nooineno 3apso q; 3 2yCmuHoio p; = p, (171 ) a no miny
00’emom V, po3nooineno 3apsao q, 3 2yCMUHOIO Py =Py (172). Snaiimu cuny enexmpo-

cmamuunoi 63acmodii - migie yumu minamu?
1 J‘J‘pl(ﬁ)dVl'pZ(FZ)dVZ( 7).

F = Hh—h

4ney j: i, % - A

1.2.8. Yomy Oopisuioioms nomeHnyian ¢ ma Hanpysiceicmos noasi E 6 mouyi 3 paoi-
YC-6EKmMOpom F', wo cmeopoomscs 3apsiooM ¢ , KUl pO3NOOLIEHO 3 2YCIMUHON p(?)
no ob’emy V' ?

1 p(7)dV ~ 1 p(7)dvV ,_, _
¢= (~,)~ 5 k= J. f, )#3 (7 =F).
4ne v |r —r| 4me 5, |r —r|



1.2.9. fke none Ha3uBaAcmMvCsi 0OHOPIOHUM? K MAMEMAMUYHO MOXNCHA 3anuUcamu
YMOBY 0OHOPIOHOCHI ROISL?

[lone € omHOPiIHUM, SKIIO HOTO HANpYKEHICTh £ 3a HANpSAMKOM i MOIyJieM He 3a-

JISKUTH BiJ KOOpAWHAT. MaTeMaTHIHO I1¢ MOKHA 3alHcaTH K E=d, e d — CTaIHd
BEKTOP.
1.2.10. /lomenyian erekmpocmamuyrHo20 nois Mae eueisao ¢ =ax+by+cz, de a,b,c

— cmani. Yu € maxe none 0OHOpiOHUM?

Tak, ockinbku E =—gradg = —(af +bj +ck ) € CTaJUM BEKTOPOM.

1.2.11. Yu mooicna cmeepdscyeamu, wo Ko 8 desxiti obnacmi npocmopy rot E =0

i divE=0 , MO noie € 0OHOPiOHUM?

B 3aranpHOMY BHManKy, Hi. Hampukian, 1iuM yMoBaM BiJIITOBITA€E TOJIE TOYKOBOTO 3a-
psy, SIKE HE € OJTHOPITHHM.

1.2.12. Cucmema cknadaemocsi 3 N moukogux 3apsa0ie q;. Koopounamu xooucnoeo 3

N q.9 ;
— « . o . 1 — —
HUX 7, . Axuil @pisuunuti smicm mae eupas > / 3 (rj - rl-) ?
g i, j=1 ‘,‘;_ _,‘,j‘
i=j 1

Ile cyma BCiX €JeKTpOCTATHYHHUX CHJI, SIKiI JIIOTH Ha 3apsan. BoHa mopiBHIOE HYIIO,
OCKIUTBKH € CYMOIO BHYTPILITHIX CHIL.

1.2.13. Busnauumu OusepeeHyilo HacmynHux aupasia:

a) v,

0) 7 5 (3a suxmiovennam mouku v =0);
r

8) b- f (r) de b — cmanuii eexkmop, | (r) — Q08INbHA CKATSIPHA DYHKYIA.
a) divri=3;

N 1 1 ..
6) div—=r-grad| — |+—-divFi=0;

r r r

B) div(E-f(r)) =b-grad f(r)+ f(r)-divh =b - grad f (r).

1.2.14. 3a Oonomoeoro meopemu Ilaycca susnawumu nomix Gexmopa I uepe3 3a-
MKHYMY noeepxmio S, sixa oxonuoe 00’em V.

[(F-i)dS = [divFi-dV =3V .

S vV
1.2.15. Ha éiocmani { 6i0 yenmpa cepu padiyca R 3naxooumscst 3apso ¢ (f > R).

Yomy 0opienroe nomik 6eKmMopa HanpyxiceHocmi enekmpuunozo nois E uepes cgepy?

0

3a teopemoro [aycca (1.6) notik ® =—, ne Q — 3apsaa BcepeauHi cepu, a BiH 3a
€0
yMoOBoI0 BifgcyTHii. Oxe, @ =0.
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MosxHa Ha IIe TISHYTH 1 3 iHmoro 6oky. JIiHIT HaNPy>KEHOCTI MOJISI, CTBOPEHOTO 3apsi-
JIOM ¢ , IEPETHHAIOTH MOBEPXHIO CepH, 6xodsauu i 6uxodsauu 3 Hel. 3aranbHUU CTBOpe-

HUU TIOTIK JOPIBHIOBATUME HYIIIO.

1.2.16. Yomy dopisnioe nomix @ eexmopa nanpysxcenocmi E uepes nogepxwio ce-
pu padiyca R, 8 yeHmpi AKOi 3HAXO00UMbCA eleKMPUYHUL OUNOb 3 OUNOTLHUM MOMEH-
mom p?

EnexTpuyamii AUMONG CKIAAA€THCS 3 ABOX OAHAKOBHX 32 MOJYJIEM, ajie MPOTHIICHKHIX
3a 3HAKOM 3apsiB. TaKuM YMHOM, CyMapHUI 3aps BcepeanHi chepu TOpiBHIOE HYI0. A
oTKe, 3a TeopeMoto I'aycca, i moTik BekTopa E Tex TOPIBHIOE HYIIIO.

1.2.17. Busnuayumu inmezpanu no koumypy L (puc. 1.4):

L
a) [|dr|;
L
6) [dr;
L
n
8) jdr. 7
il
Puc. 1.4. [o 3anuTaHHa 1.2.17
a) L;
0) H—H;
B) |, 7.

1.2.18. Hexaiui na wacmunxy Oie cura F . Axutl ¢izuunuii smicm mae yupkyaayisi
sekmopa F 630062ic 00sinbHoco konmypa L ?

(ﬁF -dl — e poboTa cunu F' 110 epeMIIlICHHIO YaCTHUHKY B3[0BXK 33JJaHOT0 KOHTYpa.
L
1.2.19. fIx mamemamuuno MOICHA 3aNUCAmMU YMOBY NOMEHYIATbHOCTI 8EKMOPHO20

nons E?
rothO,a6o é)E-dT:O.
L

1.2.20. Yu mooicyme cunosi ninii enekmpocmamudiozo nojst Oymu 3aMKHymumu?

Hi, cunoBi JiHiT €IEKTPOCTATHYIHOTO TOJIST TTOYWHAIOTHCS 1 3aKiHAYIOThCS Ha 3apsmax,
a0o0 MIyTh Ha HECKIHYCHHICTb, K Y BUMAJIKy TOYKOBOTO 3apsiy.

SAxOu cuyoBa JiHIA OyJa 3aMKHYTOIO, TO, TIEPEMIIITYIOUH 3apsl B3AOBXK HEl, MH MOTJIH
0 TOBEPHYTHUCH y BUX1THY TOUKY, IIPH ITbOMY BHKOHYIOUH poOOTY, sika O HEe TOpiBHIOBAIA
HyJ10. 3 iHIOro OOKy, €1eKTPOCTaTUYHE TOJe MoTeHHialbHe, 1 podoTa 3 mepeMileHHs
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3apsmy IO 3aMKHYTOMY KOHTYpy Mae Oytu piBHa Hymo. OTxe, CHIOBI JIiHIi
EIIEKTPOCTATUYHOTO TIOJISI CIIPABJIi HE MOXKYTh 3aMHKATHCh caMi Ha ce0e.

1.2.21. Yu 3anesxcumv poboma no nepemiujentio 3apsaoy 8 eieKmpocmamuiHomy noJi
810 mpaexmopii nepemiujenns?

PosrnsHemMo mnepemiieHHs 3apsay 3 TOYkH A y TOYKYy B 10 JABOM pi3HUM
TpaekTopism (puc. 1.5).

A B Puc. 1.5. o 3anuTaHHsa 1.2.21

2

ITo3Haunmo poGOTY O MEPEMILICHHIO 3apsay B3IOBXK LULIXY 1 depes3 4, a B3IOBK
Xy 2 — 4epes3 A4, . 3M1iCHUMO 00XiJ IO 3aMKHYTOMY KOHTYPY: 3 TOYKH A y TOUKY
B npoiigemo no nuisaxy 1, a 3 Touku B y Touky A — no muisixy 2. I[loBHa pobGota mpu
00x0/1 10 KOHTYpy Oyze piBHOIO A + (—A2 ) = A; — A, . Ockinbku po6oTa 1o Oy b-IKOMy
3aMKHYTOMY KOHTYpPY IIOBUHHA JOPIBHIOBATH HYIIIO, TO 3BiJICU BUILIUBAE, O A = A4, .

Skpa3 To# (akrt, Mo podOTa MO MEPEMIILICHHIO 3apsay He 3aJeKUTh Bil BHOODY

HUTIXY HepeMiH_[eHHﬂ, a TOBHICTIO BHM3HAYA€THCS IMOYATKOBOIO Ta KiH]_[eBOIO TOYKaMH
XYy, AO3BOJIIE BUKOPUCTOBYBATHU IO BCIIMYUHY Y SIKOCTI XapaKTCPpUCTHUKU TI0JIA.

TakuM YMHOM, MU OTPUMYEMO Ha JI0Ja4y JI0 HANPY>KEHOCTI F 11e OAHY XPaKTCPUCTUKY
TOJIST — TIOTEHITIAT .

1.2.22, [7i0 axum Kymom nepemunaiomsbCs CUI06L HiHil ma eKeinomenyianbii no8epxHui
eNeKmpUiH020 noa?

Hexaii B meskiii Todumi A MaeMO TEpPeTHH CHIIOBOI JIiHII Ta EKBINOTEHINAIBLHOT
MOBEPXHi (puc. 1.6).

Puc. 1.6. o 3anuTaHHs 1.2.22

12



Hanpyxenicth mons B Toumi A OHHCYeThcs BeKTopoM £, . PosrisHemo
nepeMilleHHs TPOOHOTro 3apsny ¢, 3 TOYKH A y JOBUIbHY TOUKY B, fKa JIEKHUTh Ha LIl
)K€ CKBIMOTCHIiaNbHIA TOBEpXHI Ha Maiidl Biacrani Al Big touku A4 . PoGora mo
TIEPEMIIIICHHIO BU3HAYAETHCS 32 (DOPMYIIO0

A=FAlcosa=qyE Alcosa,
Jle 0. — KyT MiX HaIpsIMKOM BeKTopa £ , Ta HalpPAMKOM TIepEMilleHHL.

IIro po6OTYy MOXKHA BUPA3UTH TaKOXK depe3 PI3HUITIO ITOTSHITIATIB:

A=—C]o((PB _(PA)~

OckiTbkH TOYKH A 1 B nekaTh B MeXax OJHIE] eKBIMOTCHINAJIEHOI TOBEPXHI, TO
¢p =@, 1BiANOBIAHA poOOTA NOPiBHIOE HYII0. OTHKE MaEMO, 110

qoE 4Alcosa=0.

I3 BCiX MHOXHHUKIB y JIiBiff 9aCTHHI OCTaHHBOTO BHpa3’y HYIIO MOXKe OyTH piBHHM
TIIBKK CcOSC, . TakuM 4YMHOM, POOMMO BHCHOBOK, IO o =90°, TOOTO CHJIOBI JiHii i
SKBITTOTCHITIAJIbHI IOBEPXHI OPIEHTYIOTHCS B3a€EMHO TTEPIICHINKYIISIPHO.

1.2.23. Yu mooice nore E , cunosi ninii saxoeo noxasami ma puc. 1.7, Oymu

nomenyiatbHuM?

AAA A A A A
Al L d__1___L____ JdB
| |
| |
| |

|
| : ! Puc. 1.7. o 3anuTtaHHs 1.2.23
|
! :
| I N I AN EUUNDDI SN |
D C

Haragaemo, mo 4uM rycrime po3TamoBaHi CHIIOBI JIiHII, TUM OiNBIIOI0 € BETUYMHA
HanpyxkeHocTi. Cyxasunm 3 pucyHky, E, > E, . Ilopaxyemo poGOTy MO NepeMillleHHIO
NESKOTO 3apsaa ¢ II0 3aMKHYTOMY MPSMOKYTHOMY KOHTYpY ABCD . llepemimeHHS
OyJeMo 3/iCHIOBATH 32 TOJJUHHUKOBOIO CTPLIIKOFO.

Pobora Ha Bigpiskax AB i CD JAOpiBHIOE HYIIO, OCKUIBKM TYT CHIIOBI JIiHil
NEePIEHIUKYISPHI 10 HAPSMKY HEepeMIilLICHHS.

Po6ota Ha Binpisky BC nopiBHIO€ Ap- =—qkE,l, a Ha Binpisky DA — Ap, =qFEl .

CymapHa po0oTa MO 3aMKHYTOMY KOHTYPY Azq(E1 —Ez)l #0, To0TO MONIE HE €
noteHiianbHuM. OTxe, a00 MoaiOHE eJIEKTPOCTaTHYHE II0je HE MOXKE ICHyBaTH, abo
MOBa i/ie He PO eNEeKTPOCTaTHYHE IOJIE.

Kpim 1poro, 3 HaImoro po3risily MO>KHA 3pOOHTH 1€ OAWH LiKaBUi BUCHOBOK. SIKIO
CHJIOBI JIiHIT €NEeKTPOCTATHYHOTO IIOJS TMapaieiibHi, TO 1 iX TYCTHHA IIOBHHHA OYTH
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piBHOMipHOO0. TOOTO, SIKITIO HAMIPY>KEHICTH TIOJIS OJHAKOBA B YCiX TOYKAX 33 HAMPSIMKOM,
TO 1 32 BETMYMHOIO BOHA TEXK TTOBHHHA OYTH OJTHAKOBOIO.

TakuM YHUHOM, B O3HAYEHHI OJHOPITHOTO TOJS JOCTATHHO TOBOPHUTH JIMIIE PO
OJIHAKOBICTh HAmpyKeHOCTI a00 3a HampsMKOM, abo 3a BeIMYWHOW0. [HIIA O3HaKa
OJIHOPITHOCTI OISl BUILTUBATUME aBTOMATUYHO.

1.2.24. Yu mooice cucmema 3 N 3apa0is, 6 aKiti 0itoms minibKu KYJIOHIECbKI CUU, 3HA-
XoOoumucs 6 cmawi pieHosacu?

Tak, Taka cuctemMa MOXIHBA. SIK IpUKIaa, MOKHA HABECTU CUCTEMY TOUKOBHX 3apsi-
IliB, 300pa’keHy Ha puc. 1.8:

+4q -q +4q
. P . Puc. 1.8. [lo 3anuTaHHsa 1.2.24
r r

B Takiii cuctemi cyMa KyJOHIBCBKMX CHJI, IO AilOTh Ha KOXKEH 3 3apsdiB 3 OOKy iH-
ITUX, TOPIBHIOE HYIMI0. MycHMO 3ayBakKWITH, IO JaHa piBHOBara He € CTiiikor. HaBiTh
HEBEJTMKE 3MILEHHS Oy Ib-SIKOTO 3apsAay NPU3BEAE 10 PYHHYBAaHHS CUCTEMH.

CTBOpHUTH CTiliKy piBHOBa)XXKHY KOH(Irypawilo 3 HEPYXOMHX 3apsiliB, MK SIKUMHU [i-
FOTh JIUIIIE KyJOHIBCHKI CHIIN, B3arajai HEMOXIIHBO (TeopeMa IpHIoy).

1.2.25. 3apsaodoicene mino pyxaemucs 3i weuokicmio v . Ak 3anexcumo 3apsa0 mina 6io
weuokocmi pyxy?

He 3anexuTh, OCKITLKH 1HBAPIaHTHICTH 3apsay — OJTHA 3 HOTO PyHIaMEHTaIBHUX BIIa-
CTHBOCTEH.

1.2.26. Hanpyoicenicmo erexmpuunoeo noas E=ar-v, de a — cmana. Busnauumu
00 ’emmy eycmumy 3apsoy p.

p=gydivE =g (7 - grad(ar)+3ar) = 4e4ar .

1.3. Mpuknaam po3B'sasyBaHHA 3aaaud

MNpuknap 1.1. Touxosuil 3apa0 q =50 uxKn snaxooumwvcsa na naowuni XY 6 mou-
yi 3 padiyc-eexmopom 7y =2i +3] . 3uaiimu nanpyscenicmo enexmpuurnozo nons ma it
MOOYIb Yy mouyi 3 padiyc-eexmopom ¥ =8i —5j . Komnonenmu padiyc-eexmopie 3a0ano
6 Mempax.

Poszs'aszanHa. CnoyaTky  BHM3HAQUUMO  MOIYyJdb  BEeKTOpa R=7 -7,

R= \/ (x—x, )2 +(y=Yo )y =10 m . Temep KOMIIOHEHTH BEKTOpa HAIpPYKEHOCTI £

1 ¢ kB 1 ¢ kB .
= —(x—-xy)=2,7—; E = —(y- =-3,6— . IIpu momiOHuX 00-
4Tl:80 R3 ( 0) u y 47580 R3 (y y()) u p

E

X
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M .
=9.10° = , @ HE MIACTaB-

paxyHKax 3py9HO BUKOPHCTOBYBATH T€, IO KOCQIIIEHT
g,

= - -~ ( kB
JATH OKPEMO 3HAY€HHS €, 4d 7. TakuM 4duHOM, £ =2,7i —3,6) (—) Monyne Ha-
M

. B
IPYXKEHOCT1 £ =,/Ex2 +Ey2 = 4,5K—.
M

MNpuxknap 1.2. Jlinitinui 3apsao po3noodiienuil 3 JIHIUHONW 2YCMUHOI A = const
630060ic HUMKU 0062cunoio | =1, +1,. 3naiimu mooyno éexmopa E y nnowuni z=0 sax

¢ynxyio eiocmani R 6i0 numxu. [Ipoananizyeamu pesyromam 0/ 6UNAOKY HECKiHYEH-
HOT PIBHOMIDHO 3aPA0JCEHOT HUMKU.

Po3B'a3zaHHsA. AHani3yloul yMOBY 3aadi, M HE MOKEMO Biipa3y BKa3aTH Hampsi-
MOK BEKTOpa HAaIpPY>KEHOCTI eIeKTPUYHOTO Mmoiisi. B Takmx Bumagkax peKOMEHIYETHCS
3HaXOIUTH HE caM BEKTOp HANPYKEHOCTIi, a Horo mpoekIlii Ha KoopauHaTHI oci. B mio-
HIMHI, TMEePIEeHANKYISIpHIA 10 oci OZ , BelW4YMHA HANpYKEHOCTI Tong Oyae 3aiexaru

JIUINE BiJ BificTaHi 10 HUTKU. ToMy B JaHOMY BUIQJKY JIOIIEHO IIYKaTH moyie £ y BU-
IS IBOX KOMITOHEHT: TapaienbHoi 10 oci OZ E, Ta nepneHAMKyIsApHOI 10 Hei £y .

Puc. 1.9. o npuknaay 1.2

l -7 -0y

JindHka HUTKA JOBXHWHOIO ¢z CTBOPIOE B TOYIll CIIOCTEPEKEHHS TIOJE

1 . . .
dE = 2 X_ciz Kommnonenty, ki Hac HikaBuATh: dE, =—dE -sina; dEp =dE -cosa .
TESO 14

1 Adz
T2

Ho Bupazy misa dE, =— Sino. BXOAWTH TPH B3a€MHO 3aJIeKHI 3MiHHI (z, r, oc).

dmey r
JIBi 3 HUX MOTPIOHO BUKIIIOYWTH, MPEICTABUBINU Yepe3 TPETH. SIK Moka3ye MpakTHKa,
HaWOIBII MPOCTI MiMIHTETPaIbHI BHPA3H MOXKHA OTPHMATH, SKIIO 3a 3MIHHY IHTETPY-
Rda.
- 5 b
cos? o

BaHHsS B3ATH KyT. ToMy BHpasuMmo dz Ta r 4epe3 o : z=Rtgo , Toni dz=
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R

r= [lincTaBumo BCE e y BHpa3 TUTS dE.
cosa
1 ARd o . A .
dE. =— > 5 cos® o sina = — —sinado . Kyr o 3MiHIO€TbCS B MeExXax
47580 cos“o-R 47'580

JBOX T'PAHUYHUX KYTiB (O € [—0al;; O, ] ), SIKI MOXKHA BU3HAUUTHU 3 reoMeTpii 3a1aui. Takum

YUHOM,
1 A7 . 1Y A 1 1
== — j sinado = —(cosaz—cosocl)z -
4ney R o 4ney R 4ng \/R2 +122 \/RZ +112

OpHi€l0 3 03HAK NMPAaBWIBHOCTI PO3B’A3KY € MOKJIMBICTH OTPUMATH 13 3aranbHoi Bif-
MOBIJI SIKICH OYEBHIIHI pe3yibTaTH. Hampukiaza, odeBHIHO, IO TIPH PIBHOCTI BiJpi3KiB
l; =1, xoMnoHeHTa Hanpy»keHocTi nois £, =0 (ue BUIIMBae 13 cumerpii 3agayi). AGo
npu /, >/, xomnoHenta E_ HampasieHa B 0ik, mporunexkHuil oci OZ , to6to E, <0 .

O06oM M yMOBaM OTpHUMaHa BiJIITOBIIEL 3aI0BOJLHSAE. 3HAWIEMO TeTIep KOMITOHEHTY, 110
JIEKUTH B TUIOIIHHI, TEPIEHANKYIIAPHIN 10 oci OZ :

LA 1 A, . A I
R= = j cosa do = —(sino, +sina, ) = = +
47'[80 R o 4TCSO R 4TC80 R \/R2 +122 \/R2 +112

3aranpHUNl  pe3yibTaT OTPUMAEMO, CKJIABIIM 1BI CKJIQJ0BI BekTopa FE
_ [z 2 2
E=\Exy"+E".
A . . . .
Hns Bunanky [, =/, >0 E=FEj, =T R 10 BiJNOBIJIa€ MOJIF0 HECKIHYEHHOI PiB-
T,

HOMIPHO 3apsPKEHOT HUTKHU.
Npuxknap 1.3. Towuke nHenposione Kinbye padiyca R 3apsooicene 3 HinHiliHOW0 2ycmiu-
HOI0 A =L COSQ, 0e O — azumymanvruil Kym, a h, — 000amHa cmana. 3Haumu Mooyib

HAnpys#ceHocmi elekmpuino2o nois E 6 yenmpi Kinoys.
Po3B'sazaHHA. B 1iii 3a1a4i, BUXOI4Y 3 ii yMOBH, MOXHA BifJpa3y CKasaru, sk Oyze

HaIpSAMIJICHO Pe3yNbTyIounit BekTop E . Po3rismaroun KOKHY MUISHKY Kojia dl OKpemo,

MM OTpHMA€EMO Habip BeKTOPiB dE , IO XapaKTepH3yKTh HAIPYXKEHOCTI OB OKPEMHX
eJIEMEHTapHUX 3apamiB dg =Ad! . Cnig 3BepHyTH yBary Ha Te, 0 (YHKLIS COS( IMpH

3n n . T 3n R )
0JS ?; 5 Ma€ JIOJIaTHI 3HAYCHHS, a IPU P € E; > Bix’emHi. ToMy mpaBa moo-

BHHa KiJ'IBLI}I 3apsAKCHa MO3UTUBHO, a miBa — HeraTuBHO. KoxkHa 3 OUX IIOJIOBHH 6y;[e

CTBOPIOBATH CBiif HaOip BekTopiB dE . OquH 3 Takux HAOOPiB 300paskeHuit Ha puc. 1.10.
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Puc. 1.10. o npuknagy 1.3

CrxItajadHst BCiX WX BEKTOPIB AaCTh HaM PE3yJIbTYIOUH BEKTOp E , CIIpsIMOBaHUN y
HaIpsAMKy ¢ = 7. ToMy Npu 3HAXOIDKEHHI TOJI Y MEHTPI KUTBIM Hac Oyae MiKaBUTH HE

E Ao cos” @d
caMm BekTop dE , a nuiie foro npoekmis dE cose = }b—a;lcos(p _ 1 Xycos” @do '
ey R 4rne R
InTerpyBanHs o BCHOMY KUTBITIO nae
gL ZJnxo cos’ odo 1 J- 1+cos2(p)d(p Ao '
angg R 4mey R 480R

Npuknan 1.4. /Jluck padiyca R 3ap;109+cenuﬁ PDIBHOMIDHO 3 NOBEPXHEBOIO 2YCMUHOIO
G . 3natimu nomenyian i HANPYI’CEHICMb eIeKMPUYHO20 NOJISA HA OCI OUCKA 8 3ATIeHCHOCMI
8i0 i0cmani z 00 1020 yeumpa. /lociioumu ompumanuil pe3yibmam 0as z << R .
Po3B'a3annsa. Ha moBepxHi mucka BUIINNMO MiNAHKY ds (puc. 1.11). Ti 3apsnx
dq =ocds=crdrdo , ne o — azumyTtaneHuii KyT. EdeMeHT muiomi ds HaBeneHo y moJsi-
pHIN cECTeM] KOOPIIMHAT, Ky TYT IOIIFHO BUKOpHUCTaTH. IloTeHmian Ha oci Oyme ckia-
JATUCS 3 TIOTCHINANIIB TAKMX OKPEMHUX AUISTHOK. 3aBISKHA TOMY, IIIO TIOTCHIIIAT € CKaJIsp-
HOI0 BEJIMYMHOK, 3HAXOJDKCHHsI TIOBHOTO MOTEHIliay, CTBOPIOBAHOTO JHMCKOM Ha OCi,
3BOJUTHCS JI0 IPOCTOTO IHTETPYBaHHS:

1 dg 1 B2 srdrda c ( 5 5 )
Nz°+ R —z|.
47580'[\/2 242 4“‘90'([ '(‘;\/z 242 280 ) )
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2 2 Puc. 1.11. o npuknagy 1.4
z5+r

ds

CumMertpis 3a/1a4i T03BOJISIE CKA3aTH, 1110 PE3yJIbTYIOUNUN BEKTOp HANPYXEeHOCTI E (pe-
3yAbTAT IHTETPYBAHHS IO BCiHf MOBEPXHI MHUCKA) Oyae CIpsSMOBaHWH B3MOBXK oci OZ .
[Ipoekirist BeKTOpa HAPYKEHOCTI HA OyAb-IKUH HAPSIMOK BU3HAYAETHCS 3MIHOIO IOTE-

. 0 .
HI1aTy B3I0BK LbOI0 HAIPAMKY: E[ = _a_(]p . LIGI/I 3B’SI30K AO03BOJIIE€ CIIPOCTUTH 3HAXO-

JOKEHHST HAIPY>KCHOCTI €IEKTPUYHOTO IOJIS, SKIIO BXKE BIIOMUN BHUpa3 IJIs HOTO TMOTCH-

miany:
0 o o (] c z
E, =9 9 (2R —z) =l -——
0z 0z 280 280 Jzz + R2
VY HaOmwkeHHI z << R MU OTPHUMAaEMO BHpa3 AJIS MOJS HECKIHUEHHOT PiBHOMIpHO 3a-
. c
PSKEHOI IUIOMMHU: E_ =——.
2¢g

Npuknap 1.5. 3uaimu HanpysiceHicmb eleKMPUYHO20 NOJSL 8 YeHMPI Kyl paodiyca
R, 00’emna eycmuna 3apsdy 6 skiti p=d-r, e d — cmanull 6ekmop, ¥ — paodiyc-
8EKMOP, NPOBeOeHUll 3 YeHmpa KyJi.
Po3B'sa3zaHHA. IloMicTUMO TIOYATOK KOOPAMHAT B LIEHTP KyJIi, a Bick OZ crpsmye-
MO B3IIOBX BeKTOpa d (puc. 1.12).

Puc. 1.12. o npuknagy 1.5
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[epeiinemo o cheprdHoi cUCTEMU KOOPAUHAT (r, 0, (p). Enement 06’eMy y wmiii cuc-

Temi dV = r’dr sin@d® dop. T'yctuHa 3apsiay mpu TakoMy BHOOpI CHCTEMH KOOpPAMHAT
p=ad-r¥=arcosO . Iloxe, MmO CTBOPIOETHCS B IEHTPI KYJ 3apsaoM, 30CEPEHKCHUM B
1 dg 1 pdV ar

eneMeHTi 00’emy dV , dE = S = =
dney r=  4mgy r 4ne,

cos0sin 0d0d odr . Crin 3Bep-

HYTH yBary Ha Te, IO 3HAK CKAJSPHOTO MOOYTKY & -7 3aJICKUTh Bij 3HAYCHHS KyTa 0.
Tak, mnsa Oe [O; %) TYCTHHA 3apsay BUXOIUTH NOJATHOIO, a TIpu O e (%, n} —

Bix eMHOI0. BinmoBigHo Oyme BU3HAYATHCS 1 HANMPSAMOK €IEKTPUIHOTO TOJA. PesynpTy-
rounid BekTop £ Oyae crpsMoBaHuil y Bix eMHuit O6ik oci OZ (puc. 1.12). ToMmy 3amicTh

MOy dE BpaxyeMo JIATIIE fioro MIPOEKIIi0
dE. =—dE - c0s0 = ————cos” 0sin 00 dr d¢
g
a R m 21 (ZR2
Cymapne nonie £ =— j j jrcoszesinedrde(p:——.
4neg y o o 6¢
. aR’

Y BekTOpHOMY BHTIISAL: E = e
€0

Npuknap 1.6. [lpocmip 3anosHeno 3apsdom 3 00’€MHOIO — 2YCIMUHON

P=po exp(—ocr3 ) 0e py ma o. — 000amHi KOHCMAHMU, ¥ — I0CMAHb 6I0 YEHMPA CUC-

memu. 3Haumu MOOYib HANPYHCEHOCMI eleKMPUUH020 Noas K Gyuxyio v . [Jocrioumu

OMPUMAHULL 8UPA3 NPU MATUX MA GEAUKUX ¥, MOOMO npu o <<1 ta ar’ >>1.

Po3B’'a3anHs. Cuctema chepuuno cumerpruHa. [le BHIHO 3 TOro, 110 TyCTHHA 3a-
psLy 3aNeXUTh uie Bix 7 . OTKe, HAPYKEHICTh eIEKTPUIHOTO TOJIST MOXKE MAaTH JIUIIE
paaianbHy ckiasoBy. ToMy i MOBEPXHIO JJis 3HAXO/KEHHS MMOTOKY HAIPYKEHOCTI BHOe-
pemMo y BUTISiAI cdepr pamiyca » . Bupas s enmeMmenTta 00’ eMy JIETKO oTpuMaTH 3 (op-

. 4 .
MyJH U1 00’ eMy Kymi V' =§nr3 , 3Bincn dV = 4mrdr (TYT MH CKOPHUCTAIHCS] THM, IIIO
P He 3aleXuTh Bil KoopauHar © 1 ¢ , 1iHaKWIe JOBEJNOChH OM MHCAaTH

dV =r2dr sin0d0 d ¢ 1 IPOBOJUTH IHTETPYBaHHS 10 TPHOX 3MIHHHX). 3a Teopemoro [ a-

B
ycca: D=F- 4mr? = p—ojexp(—ar3 ) -4mr’dr . Otxe, E = p—o(l - e—ocr3 ) .
€0 ) 3gqar

OU"3

o i E=P0, (K U1 PIBHOMIPHO 3apsiKEHOT

IIpu o’ <<1 maemo 1—¢”
3g,

KyJIi).

19



p—02 (HK AJIL TOYKOBOT'O 3apdaay BCJINYU-

3eqar

3

3
Ilpu or’ >>1 maemo e ¥ -0 1 E=

4n
HOKO ¢ ="py).

Npuknap 1.7. Bcepeduni Kyai, 3apsodxicenol pieHOMIPHO 3 2yCmMUHOI0 P, € cihepuy-

HA NOPOACHUHA, YEHMP AKOI 3MieHull Ha 6eKMop d 8iOHOCHO yeHmpa Kyui. 3uatimu Ha-
NPYHCEHICMb N0 8CEPEOUHT NOPONCHUHU.

Puc. 1.13. [o npuknagy 1.7

Po3B'azannsa. ChepruuHy cUMETpilo B LiH 3a/adi MOPYIIEHO, 1 IPSMO 3aCTOCYBaTH
Teopemy ['aycca HeMOXITUBO. 3alIOBHUMO PIBHOMIPHO MMOPOKHHUHY 3apsJaMH 3 TyCTHHA-

MU +p Ta —p (IpUIOMY,

—p| =+p=p). Takuii npuiioM JO3BOJISE BiIHOBUTH CUMETPIIO

3a/1a4i, HE TOPYIIYIOYH €IEKTPOHEHTPAIbHICT, TOPOKHUHM 1 HE 3MIHIOIOYH HAmpyKe-
HICTb MOJIsl y MpocTopi. TakuM 4YMHOM, MOJIe BCEPEIUHI MOPOKHIUHN MOJAETHCS SIK CyIle-
PIO3HULIS TIOJIiB IBOX PIBHOMIPHO 3apsDKEHUX Kyib (BEJHKOi 3 +p 1 Majnoi 3 —p ). 3a

Teopemoto ["aycca, BcepemrHi piBHOMIPHO 3apsmKeHol Ky F =3L;7 . Tomi mmoste BeH-
€9

Koi  Kym — Elzifl , Mamoi - Ezz—ifz . Cymapne moine
3¢, 3g,

E=E +E, = %(Fl - ;72) = %ﬁ . O1xe, noJI€ B IOPOXKHUHI € OTHOPIIHUM.
€0 €0

Npuknap 1.8. [loxazamu, wo nomenyian noas MoOuYK08020 OUNOJA 3 eleKMPUUHUM

p_-3r, Oe ¥ — padiyc-eekmop, npo-
47[80 v

MOMEHMOM D MOdHce Oymu 3anUcanull aK ¢ =

6edeHull i3 yeHmpa OUunois 8 mouky cnocmepedxcens (puc. 1.14). 3uaiimu 3a 0onomozoio
Yb020 BUPA3Y MOOYIb HANPYHCEHOCI eIeKMPUYHO20 NOJIA OUNOA.
Po3B's3aHHa. Po3rissHEMO MOTEHITIAN JUIOMS K CYIEPIO3UII0 TTOTSHIAIB TOY-

. 1 _
KOBHUX 3apsiiiB +qg Ta —q : ¢ =—— 4.9 ——M. Enextpuunuii numnosin

dneg\nn 1 ) 4mey nn
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XapaKTepU3yEThCS JUTOJIBHUM MOMEHTOM P, MOJAYJb SIKOTO JIOPIBHIOE JAOOYTKY ¢/, a

HaANpsM BUOWPAETHCS B3IOBXK OCI JIUIIOJIS Bii HETAaTHBHOTO 3apsAy 10 TO3UTUBHOTO. [1o-
JIOXKEHHS TOYKH, JIJIS SIKOT BU3HAYAETHLCS MMOTEHITIAN, 3pYyYHO XapaKTepPU3yBaTH BiJCTAaHHIO
7 BiO IIEHTpa IUTIONS 1 KyToM 6 MiXkK BEKTOPOM JIUITOJIBHOTO MOMEHTY Ta HAIlPsIMKOM Ha

TOUYKY CIIOCTEpEKEHHs (puc. 1.14). [Insi TOUKOBOro AMIIONA CHpPaBEIJIMBA YMOBA % <<1.

B TakoMmy BHNAJKy MOKHA BHKODHCTATH HAGMMKCHHA 7y —r ~[cos® Ta rry ~r® . 3

ypaxyBaHHSIM ILOTO BHpa3 TUTS MOTEHI ATy HaOyBae BUTJISIIY
1 glcosO 1 N
= q = l;cose . BpaxoByroun, mo ckamspHH ~ JOOYTOK
4rey  r 4ney r
0 0
(p-7)=prcos® , MoXHAa OTPHMATH BIAMOBIIb, SKa 33TOBOJIGHSIE YMOBI 3aaadi:
1 p-r
dne, 2

Puc. 1.14. o npuknagy 1.8

[Ipu obumcneHHi MOyl HAMIPY>KEHOCT] ENIEKTPUYHOTO IMOJISl AUIONS B TOYIIl CIIOCTeE-
PEKEHHSI BUKOPUCTAEMO OTPUMAaHHUIl HaMU BUpa3 [UId NOTEHLiany aunosisi. Pe3ynbryro-

yuil BeKTOp E 3pydyHO MpPEACTaBUTH Yy BHIVIAAI ABOX KOMIIOHEHT: E, , CIIpIMOBaHOI
B3/I0BXK pajiiyc-BeKTopa 7 , Ta Ey — nepneHJuKyasapHoi 10 Heoro. Ilpoekuis Hampyxe-

HOCTI Ha OyJb-KHMH HanpsMOK £ MOB’A3aHa 13 3MIHOIO NOTEHIIady IpH MEPEeMIIEHH]

TOYKH B3JJOBX L[bOI'O HAIPSIMKY CIIBBiIHOLIEHHAM E, = —6%. Jnst 3HaxoKeHHs E,
HaM MOTPiIOHO 3MIACHUTH MepeMileHHS B30BXK pajiyc-BeKTopa:
op 1 2p

B = —3cos 0 . IlepemimeHHs B HAPSMKY, HEPIEHANKYISIPHOMY IO pajiyc-
Oor 4mg, r

0 1 .
X _ 2L sino . Mopyns

BEKTOpa, BU3HAYaeThcs BUpaszoM Os =r00 . Tomi Ey=-— = 3
rod 4mg, r
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HaIpy>KEHOCTI CJICKTPUIHOTO TTOJIS JTATIOJIS JIOPiBHIOE

E=\E*+Ey =41 % 1+3cos” 6.

TCSO r

Npuknap 1.9. Touke xinvye padiyca R mae 3aps0 q, HepiBHOMIPHO pO3n0OJiieHul
no Kinvyro. 3natimu pobomy enekKmpuyHux Cuil npu nepemiujeHHi mouxKo8o2o 3apsaoy 3
YyeHmpa Kinibys no 008LIbHOMY WIAXY 8 MOYKY, KA 3HAXOOUMbC HA OCI Kilbysl HA Gi0-
cmani L 6i0 tioco yenmpa (pyc. 1.15). 3apsou q ma q' nosumueni.

Po3B's3zaHHA. PoOOTa eNEKTPUYHUX CHJI TIO MIEPEMIIIICHHIO 3apsay 3 TOYKH | B TOY-
Ky 2 BH3HAYA€THCS Yepe3 PI3HHIO MOTCHIIANiB MK IUMH TOYKaMU: A, =q'(¢; —9,) .
Tomy cioyatky 3HaleMO PO3IOIiT MOTEHINATY B3OBXK OCI KUThIlA. BUaimuMo Ha KijbIl
Binpizok d/ = Rd9 . Leii Binpizok mae 3apsan dg =A(0)Rd0O, ne A(0) — miniiina ryctuna

3apsmy KutbIpl. Hac He mMikaBUTh aHATITHIHUA BTN ITi€l GYHKITT — TOBHUN 3apsi Bce
2n

OJTHO BU3HAYATUMETHCA SIK § = I MO)RAO .

Puc. 1.15. o npuknaagy 1.9

IToTenttian, 1O CTBOPIOETHCS HA OCi KUIBISI BUIUICHWM BIimpi3koM dl , piBHUI

dop= ! ﬂz ! Ek(ﬁ)dﬂ . Toni HOTEHIIIAT Ha oci
dre, r  4mg, r
2n
1 JX(G)-RdG_ 1 g 1 q . poGora

(p_47580 0 r _47t801”_475801/R2+L2 ’

Ay =qo(0)-o(1)]=— 8L

“me R m '
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Mpuknap 1.10. /[l HecKiHueHHIi NAOWUHU, AKI 3HAXO- 4
osamuvcs Ha eiocmani | o0na 8i0 00HOI, 3apsaddiceHi pis-

HOMIPDHO 3 NOBEPXHEGUMU 2YCMUHAMU +G I —G 8i0N06I0- /
Ho. Ilnowunu marome KoakcianwHi omeopu 3 paodiycamu

R >>1. B3aswu koopOunammy 6icb X 3 no4amKom 6ioi- 6@

ky O (puc. 1.16), 3naumu nomenyian i npoekyio E. Ha- o
NPYAHCEHOCMI eAeKMPUYHO20 HOAA HA 8iCb CUCmEMU AK -G
@ynkyito Koopounamu x. Puc. 1.16. [Jo npuknaay 1.10

Po3B'sa3annHa. Bupas Ui noTeHLiany MOJKHA OTPUMAaTH, BUKOPUCTABIIN 3HalICHY
panime Gopmyiy It OTEHIiady TOYKOBOTO AUMONS (Npuknaa 1.8).

X
A 1
|
|
0 1
| Puc. 1.17. Jo npuknagy 1.10
+c R
0] ‘l
-0 ds

Bupinnmo Ha BepxHIN Ta HKHINA IUTOMIMHAX €IEMEHTApHI AUISHKH Tak, 00 BOHHU
3HAXOJWJIMCh HA OJHIM BEpPTHKANBHIA oci (puc. 1.17). 3apsit BEpXHBOI MUISTHKU +GdS ,
HIDKHBOT — —0dS . OTpUMyEMO IUTIONG 3 JUIOIBHUM MOMEHTOM dp =odS -l . Ha oci

1 dpcosO 1 dpx

CHCTEMHU BiH CTBOPHUTH TOTEHITIAT d@ = y (TyT r — Bin-

4me r2 + xz B 4re
0 0 ( P24 xz) 2
CTaHb BiJl JUIIOJIA JO OCi cucteMu). [l iHTerpyBaHHs 11O BCii TUIOIIMHI BUKOPUCTAEMO

MOJISIPHY CUCTEMY KoopauHaT. B miit cuctemi dS = rdrdo. . laTerpyBaHHs 10 a3uMyTallb-
HOMY KYTY JTaCTh MHOKHUK 27 . OTpuMaemMo

ol 7 rdr ol X ol X

== =

28 i(errxz)% 280\ +x2 |, 260 \R2 422

Jl1s 3HAXOHKEHHS MPOEKITii HAMPY>KEHOCTI €IEKTPUIHOTO ITOJIsI HAa BiCh CHCTEMHU BHU-

, . . . op ol R?
KOPHCTAEMO 3B’530K MK HAIPYXKEHICTIO Ta MOTeHIjanoM F, =——=——————————

Npuknap 1.11. PignomipHO 3aps0diceny 3 NOBePXHe8oI0 2YCMuHo G cgepy pali-

yca R pospizanu naenin. 3navimu nomenyian niscpepu y 0y0vb-axiil mouyi niowuHu ne-
pepizy.
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Puc. 1.18. o npuknagy 1.11

Po3B'a3aHHA. Po3riisiHeMO CIIOUaTKy JOTIOMIKHY 3a/1auy: 3HAWIeMO TTOTEHITIaI BCe-
peauHi PiBHOMIPHO 3apsipkeHol cdepu. ITone BcepenrHi cepr TOPIBHIOE HYJIHO (HACITI-

. d . )
ok teopemu l'aycca). Ockinbku E = —d—(p =0, To @ =const cKkpi3b BcepeanHi cepu (B
r
TOMY YHCJIi 1 B TOUKaX IJIONIMHM, KA HAC I[IKaBUTh). Halinermie 1ieil moTeHIian BU3HAYH-
1 odS 1

TH A1 LeHTpa cdepu: @, =_[

s
MaTHMe TaKOX 1 TOBiTbHA TOYKa A BcepeauHi moBHOI cepu. 3 iHmoro 00Ky, 3a MpHH-
[UIIOM CYTICPIO3UIlii Il MOTEHIiaa JIOPIBHIOE CyMi MOTEHIiaNiB, IO CTBOPHOIOTHCS
JBOMa TiBcepamMu — BEPXHBOIO Ta HIKHBOIO. [3 MipKyBaHb CHUMETpii 3p0O3yMiJio, IO B
OyIb-sKiii TOYIll TIIOIIMHU TIepepi3y MOTEHIIIaIH, SKi CTBOPIOIOThCS TiBcepamu, omaHa-
koBi. ToMmy moOTeHIlianm, SKWAH CTBOPIOETHCS OIHIEID  IMBCHEPOO, JTOPIBHIOE

o oR . .
EIdS =—— . CaMe Takmii MOTEHIIAI
S

47'[80 r 47'[80 80

oR . . ..
0 = (P% :2—. [ToniOHI MipKyBaHHS MOXHA 3aCTOCYBaTH TAaKOX 1 JIJIS Ti€l YaCTHHU
€9

TUTOILIMHY TIepepi3y, siKa 3HAXOAUThCs 3a Mexamu chepu. [lorenmian B Touni B B ogHa-
KOBill Mipi CTBOPIOETbCS BEPXHBOIO Ta HIKHBOIO mMiBchepaMu. 3aranom BiH piBHHN

1 q_cyR2

4 , A€ r=0B. Otxe HOTCHHiaJ'I, 0 CTBOPIOETHCA OKPEMOIO HiBC(l)epOIO,
ey I Egr

oR?

2gyr

BIZINTOBIJTHO BJIBiYl MEHINHMH: Qg =

TakuM YMHOM, TOTEHLial JOBUIFHOI TOUYKH IUIOIIMHM Hepepizy B Mexax MiBcdepH €
BEITMIMHOIO CTaor0. ToOTO Taka IUIOMIMHA € €KBIMOTCHIIALHOIO MTOBEPXHEI0. Bimomo,
110 CHJIOBI JIiHIT Ta €KBIMOTEHITIATLHI MTOBEPXHI B3aEMHO MEPIIEHINKYISIPHI. TOMYy BEKTOp
HANpPYXCHOCTI eJEKTPUYHOTO TOJIsl NEPICHANKYIIApHUN 10 i€l moBepxHi. Llei BUCHOBOK,
JIOCUTh TPHBiaJbHUHU JUIst Toukd O, HE € OYEBHHHM JUIsl BCIX IHIIMX TOYOK IIONIMHHU,
sIKa po3TJIsAAaiach B 3aadi.

Npuknap 1.12. 3aps0 q pisHOMIpHO po3nodineHuti no o6’emy Kyai padiyca R .

3naiimu nomenyian 6 yeHmpi Kyii, a maxkodic 6cepeouri ma 3306Hi Kyii K QYHKYIIO 8i0-
cmaui v 00 it yenmpa.
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Po3B'sa3anHa. BuxopucroByroun Teopemy laycca, MU MOXEMO OTpUMAaTH BHpa3
JUTSL HampY>KEHOCTi €JIEKTPHUYHOTO TIOJIA, SIKE CTBOPIOETHCS PIBHOMIPHO 3apsKEHOI0 KY-

nero. Beepenuni xymi, ipu 7 < R E="P ;- ! 4, ,apu r 2R — E = I 4

3¢, 4mey R® 4me r

5

Posrnsaemo Bumnamok » > R . IlpuiiMemo, 10 Ha HECKIHYEHHOCTI MmoTeHmian ¢, =0 .

1 gdr 1 ¢
Toni ¢, —¢(r) = _[E dar. (P j‘EdV__J‘4n80r_2_4nso7'

Jns 3HaxomkeHHst O(7) npu » < R MH MOYKEMO BUKOPHCTATH BXKE 3HAHIACHWIA HaMHU

BUpa3 IS TOTEHIlialy Ha MOBEpXHi Kymi ¢(R) =L% Tomi ¢(r)-¢(R)= IEdr. B
0

4me
r 3q ]/,2
€3yJIbTaTI  OTPUMAEMO =——|1-—| . B menpi
pesy R olr 1{4nso I 8n80R( 3R2J P
3q
0)= .
9(0) 8neyR

Jlo 3Hax0/KEeHHS TOTEHIIaTy BCEPEANHI Kyl MOKHA TIINATH 1 3 iHImoro 6oky. Bumi-
JUMO EJIEMCHTapHH 00’ €M dV =r?sin0d0dadr . Leii 06’eM Mae 3apsan dqg =pdV i

1 pdV
dme, r

CTBOPIOE TIOTEHITiAN B IEHTP1 Ky d¢ = . s 3HAXO0MKEHHS TIOBHOTO TTOTEH-

miamy HOTpi6Ho npoiHTerpyBam OTpUMaHHKA BHpa3 TI0 BCbOMY 00’€My KyJIi:

0(0)=

1 _[ _[ Jpr smGdeadr p -2-27c-R—2 3q

4negy 0 0 r ~ 4ne, 2 8mgyR’
r V2
Toxi pisHHLIS IOTCHL{AIB 3aAWETbCs SIK @(7) — _[ =
0 87‘[80R
2 2
OcrarouHo (p(r)z(p(O)— qr T = 39 -~ 5 |-
8neyR>  8megyR 3R

Npuknap 1.13. Po3ss’sazamu npuxnad 1.12 3a donomoeor pisnauns Ilyaccona.
Po3B’'g3aHHA. 3anava Mae chepruIHy CHMETPil0, TOMY OYeBHIHO, IO TIOTEHITIAN 3a-
JexaTHUME JIMIIE Bin pamiyca. B Takomy Bumanky omeparop Jlamiaca B chepudHiil cuc-

2 d. dr

) 1 d d . . . -
TEM1 KOOPpAWHAT MaTUME BUIIAN —— 1”2— . 330BHI KyJl1, 3a BIOACYTHOCTI BUIBPHHUX
r r

3apsiB, i(rz @j =0. 3BicH OTPUMYEMO BHpa3 @:Q 3 iHmoro OOKy, MU 3Hae-
dr dr dr 2

25



d 1 .
MO, 110 i L % IlopiBHIOIOYM ABa BUpPa3H, OTpuMaeMo, mo C) =—
dl" 47[80 v

TaxuM 9rHOM, a9 =— ! iz , 3BIIIKH @ = L C, . 3 rpaHn4HOi yMOBH @(0) =0

r dmeg r 4ne, v

q .
4me,

1 ¢

BumuBae, mo C, =0. OTke, NOTEHIIAT 330BHI Kyl @ = .
2 4
ney ¥

Bceepeauni kymi L1d r2ﬂ --P Haui: rzﬂz—ir3 +C5. I3 cumerpii 3a-
¥? dr dr € dr 3¢,

. d .
Jadi BUILTHBAE, o npu » =0 E = —d—(pz 0. Tomy C; =0. PiBHsAHHA HaOyBa€ BUIIIALY
r
ﬂ= P, IaTerpyBaHHsIM 000X YaCTUH OTPUMYEMO (p:—ir2 + C, . dna 3Haxo-
dr 3g, €0

JOKCHHA OCTaHHBO1 HeBiI[OMOI KOHCTAaHTH C4 BUKOPHUCTAEMO BIKC 3Haﬁ}.‘[€HHﬁ BUpa3 IJjid

4 06’emna TYCTUHA 3apsify p = 39

4ney R 4nR®
. 1 1 .
ITincraBnsemo: 4q_ __3_qu +Cy =~ q +Cy , 3BiaKM C4 = 39 .
dney R 6gy 4nR® 8mg R 8meyR

2

NOTEHIiaTy 330BHI Kyl npu »=R: ¢ =

. . . . 1
pe3ybTaTi MOTeHIiall BCEpEeIuHl Kyl @ =——— 39 P+ 39___34 -~

6gy 4R’ 8megR  8meyR 3R?
NMpuknap 1.14. Mixc 06oma BeruKumMuy NApaIetbHUMU NIACTMUHAMU, BIOCTNAHb MIdiC
aKumMu d , 3HAX00UMbCsL PIBHOMIPHO po3nodinenull 00 emHull 3apsaod. Pisnuys nomenyia-
i8¢ naacmun dopigHoe A . Ilpu axomy 3uavenni 00’ eMHOl eycmunu 3apsdy Hanpydice-
Hicmb noss noOau3y oouici 3 niacmun 0yoe piena Hya0? ko 6yoe npu ybomy Hanpy-
Jlcenicmb noas O iHuol niacmunu?
+ _

E

ni

Puc. 1.19. o npuknagy 1.14

e L

—  AAA Q| |

2

Po3B’'a3anHs. Hexall nepiia ruiacTuHa 3aps/pKeHa MO3UTUBHUM 3apsjioM, a Apyra —
HeratuBHUM. [loTeHrian OyzemMo BipaxoBYBaTH BITHOCHO TEPINOi IUTACTHHH, TOOTO

mpuitMeMo 11 TTOTEeHINa 32 Hyb. Toi MoTeHIian Apyroi iacTuau Oye (—A(p). ITone
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MDK IUIACTUHAMM € CYNEpPHO3HUI€I0 ABOX IOJIB — MOJNS CaMUX IUlacTuH E,, Ta mois
P) = . jd _ = = . .. .
00’eMHOTO 3apsiay E,: E=E,, +E, . Ilpndomy 01151 mepuIoi MIAaCTUHUA MOAYJI IIUX MO-
JB BiOHIMAIOTHCA, a Ois Apyroi — momaroThes. [lojie TUTacTHH BU3HAYAETHCS PI3HUIICIO
. . . A ,
noTeHmiamB A@Q Ta BIACTaHHIO MDK IUIaCTHHaMH: E, =7. ITone 06’emHOrO 3apsamy
MOYKHa 3HalTH 3a gonomMoroio Teopemu ["aycca. Buainumo nuninap gosxuHowo / 3 mwio-

mero Topus S (puc. 1.19). Tomi 3a Teopemoro I'aycca Ep 28 :p_SZ , 3BlACH Ep =2p—l. 3a
€ €

A d
YMOBOIO T0JI€ 11001113y Tiepwoi miactuau £ =0, tomy E,, —E, = 7(P—§— =0. Orxe,
€o

. . 2gyA@ .
TYCTHHA 3apsily, sKa 3aJ0BOJIbHSIE YMOBI 3afaui, p =———. [lone mobausy apyroi ria-

2
d
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E(x)= —d—(P . C, . 3a ymoBoro 3aznaui £(0)=E, =0. 3Biacu BUIUIMBAE, II0 KOHCTA-
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HTa C|, sIKa 3310BOJIbHSE YMOBI 3a/1a4i, JOPIBHIOE HYIIO, a OTXKeE IlIyKaHa IyCTUHA 3apsay

2g,A
p:%.npn usomy E(d)=E, =%.

€0
Npuknapn 1.15. B modeni amoma 600HI0 TOMNCOHA 88aXHCAEMBCS, WO NOZUMUSHULL
3aps0 q (npomon) chepuuno cumempuuro posnodinenutl écepeduni xyuai padiyca R. B
yeumpi cghepu 3HAXOOUMBC MOUKOBUI He2amusHull 3apso0 —q (enexkmpon). Enexmpon
3MiWyloms Ha 6i0cmans r 6i0 yenmpa. Beaswcarouu, wo npu ybomy poznodin nozumus-
HO20 3aps0y He 3MIHIOEMbCS, GUBHAYUMU YACMOMY KOTUBAHb e1eKMPOHA.
Po3B'azaHHsa. HanpyxeHicTs 1oJisi BCeperHI PiIBHOMIPHO 3apsDKEHOI KyJIi JOpiB-

p - q
——F, e p=5—r—rs
3 4n/ p3

%0 AR

LHEHTPY KyJl y TOUKy croctepeskeHHs. Lleit pe3ynbraT MoKHa OTpUMATH 3a JONOMOTOIO

Hioe E = — TYCTHHA 3apsmy; ¥ — paiiyc-BeKTOp, MPOBEICHUHN 3
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teopemu ['aycca. [Ipu 3MileHHI eIeKTpOHA HA BIICTaHb # BiJ IIEHTPa, HA HHOTO MISITUME
2

q - e

7, ab0 B CKaJIpHIH

4ney R

cuma F =—qE . 3a apyrum 3akonoM Hetotona F = mi = —

2

¢dopwmi: ¥ +—9 0. OTtpumaHe piBHAHHS € PIBHSHHSIM TapMOHIYHUX KOJHMBAaHB,

4mgom R
SIKE B 3arajlbHOMY BHIJISIJII 3aIUCY€ETHCS K 7 + ®’r=0. [opiBHIOOYHM J1BA OCTAaHHI BHUpa-
3, MOXHA CKa3aTH, [0 EJIEKTPOH Oyie 3/1MCHIOBAaTH TapMOHIYHI KOJUBAHHS BiHOCHO

2
q

T 10'6 ¢! (mms po3paxyHKy BUKOPHCTaHO Xa-
4negymR

IIEHTpa KyJi 3 4acTOTOI M =
pakTepHHIA pO3Mip aToMa BOAHIO R ~ 10710 u ).

Npuknap 1.16. Cgepy padiyca R 3apsaounu 3 NoBepPXHeBO0  2YCIMUHOIO
6 =0,c0s0, de 6, — dooamna cmana, O — senimnui Kym. [Joeecmu, wo maxui po3no-
0ill 3apsA0y MOJNCHA NPedCmasumu siKk pe3yibmam HeseluK020 3¢y8y OOHIECI GIOHOCHO IH-
woi piHOMIPpHO 3aps0dceHux Kyab paodiyca R, 3apsaou akux oOHAKO8I 34 GeIUdUHAMU |
NPOMUNEdHCHI 3a 3HaKamu. Busnauumu nanpyscenicms noisa 6cepeduti cghepu.

Po3B'azaHHsa. Po3risineMo 1Bi piBHOMIPHO 3apsaKeHi Ky pangiyca R, 1o 3MilieHi
Ha IeBHY BIJICTaHb @ OJHA BiTHOCHO OXHOi. ['yCTHHM 3apsidiB KyJb p OIHAKOBI 32 BEJIH-
YUHOIO 1 IPOTHIICKHI 32 3HAKOM (puc. 1.20).

3a YMOBH HEBEJHMKOTO 3CYBY (a << R ) MOXHa BBa)XKaTH, [0 BECb HECKOMIICHCOBaHUH
3apsiT PO3MIMIEHUH B IPUIIOBEpXHEBOMY mmapi. [IpudaomMy BepXHsI TTOJIOBHHA KYJli MaTHME
OJIVH 3HAK TIOBEPXHEBOTO 3apsy, HUKHS — MPOTWICKHMA. TOBIIWHA TAKOTO MPUIIOBEPX-
HEBOTO ITapy BU3HAYAETHCS K a cosO . BimmoBigauil 3apsia, SKUH MPUXOAUTHCS HA OJIH-
HUITIO TUTOIIII TOBEPXHI, 0(6) = pacos 0. Lleii Bupa3, 3 TOUHICTIO 10 O3HAYEHHA G\ = pa ,

CIIBIaJa€ 3 BUPa30M, HAaBEICHUM B YMOBI 3a/1a4i.

acos0

Puc. 1.20. o npuknagy 1.16
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HampyxeHicTh eNeKTpUYHOTO TOJIT B O0NacTi TEepeTHHY KyJIb BU3HAYAETHCS SIK

E=Lg (okNIagHO BHBEICHHS IILOTO BHpa3y OyJIO PO3TIISIHYTO HAMH Y npuknaai 1.7).

€9
Takum YuHOM, SKIIO chepa 3apsakeHa 3a 3aKOHOM KOCHHYCa, TO MoJie BCepeauHi chepu
) . ) (o
€ OTHOPIAHUM 1 JOpiBHIOE E = ——.
€9
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2. NPOBIAHUKM TA AIEJIEKTPUKU
B EJIEKTPUYHOMY MNOJII

2.1. KopoTki TeopeTuuHi BigOMOCTi

T'omoBHOIO 0COOTMBICTIO TIPOBITHUKIB, SIKa BU3HAYAE IX BIACTHBOCTI IPH B3aEMOJIT 13
30BHIIIHIM €JIEKTPUYHUM II0JIEM, € HASBHICTH BIJILHUX 3apsiB. BiibHI eleKTPOHH MarOTh
3MOTy MEpeMillyBaTHCh B MeXKaxX IMPOBIAHMKA MiJ BIUIMBOM eJeKTpuuHoro nois. Ilepe-
MIIIEHHS BiIOYBA€TLCS IO THX TP, TOKKW HE BCTAHOBUTHCS PIBHOBAXKHUN PO3IMOMILT 3apsi-
IIB, IPH IKOMY €JIESKTPOCTATHYHE TI0JIe BCEPEIMHI NIPOBITHUKA ITEPETBOPIOETHCS HA HYJIb:

E =0 . BimcyTHICTb TIOJII BCEpeIUHI MTPOBITHIKA aBTOMAaTHIHO O3HAYAE, 10 MTOTCHITIA B
yCiX HOTO TOYKaX € BETUYHNHOIO CTaJIO (@ = const ), TOOTO OBEPXHA 1 00’ €M TPOBIIHH-

Ka B €JICKTPOCTATHYHOMY TIOJIi € KBIMMOTEHITIATFHUMU. 3BiZICH K BHIUIABAE 1 TE, IO BEK-
TOp HANpPY>KEHOCT] Ha 30BHILIHIM MOBEPXHI MPOBIAHMKA MEPIEHANKYIIPHUN 10 L€l mo-
BEpXHI Yy KOXHIH 1i TOUII.

BHeceHHsT HeWTpaJIbHOTO MPOBIIHUKA Y 30BHIIIHE €IEKTPOCTATUYHE TI0JIe TIPU3BOIUTH
JIO TIePEepO3MOJIUTY 3aps/iiB B HhOMY, B PEe3yJbTaTi YO0 HAJJIMIIOK HETAaTUBHUX 3aps/liB
HAKOMMYY€ETHCS HA OJHOMY KiHIII TPOBIJHWKA, a HAJJIMIIOK MO3UTHBHUX 3apsjliB — Ha
iHmoMy. Taki 3apsiiu Ha3UBAIOTHCS IHAYKIIIMHIME, a caM TIPOIIEC TIepepOo3MOaTy — eIeK-
TPOCTATHYHOIO THAYKINEO. [HIYKITiHHI 3apsau po3MOAUISIIOTLECS 110 30BHIINIHIA MTOBEPXHI
NPOBiIHUKA.

SIKIIO TPOBITHUKY HAJATH NIEBHUN 3apsijl, TO HECKOMIIEHCOBAHI 3apsiii PO3TAIYIOTh-
CsI TEX TUTHKHM Ha MIOBEPXHI MPOBiTHUKA.

3acrocyBaBmu TeopeMy [aycca, MOXXHA 3HAWTH BUpa3 JJIs CIEKTPUYHOTO TOJII HA
MOBEPXHI MMPOBITHUKA, 3aPSHKCHOTO 3 TMOBEPXHEBOK I'YCTHHOI G

E=Zi, (2.1)
€g

Je 7i — HOpMaJb A0 MOBEPXHi IPOBiTHHUKA.

B nmienmexTpukax, Ha BiIMiHY BiJ MPOBIAHUKIB, 3apsSIu MOXYTh 3MIITYBAaTHCA 13 CBOIX
MOJIOKEHb PIBHOBArW TiJIBKU HAa Maji BiJICTaHI B MEXax OJHOTO aTOMa YH MOJICKYJIH.
SIKIo MieNeKTPUK CKIAIAEThCs 3 HEUTPAIBHUX MOJICKYI, TO IiJ| i€l0 30BHIIIHBOTO €Jie-

KTPHYHOTO 10715 £ LEHTPH HEraTMBHMX 3apsiB 3MillyIOThCS BiIHOCHO HEHTpIB MO3HU-
THBHHX 3apsiB, YTBOPIOIOYM AUMONI. Take 3MIIIEHHS 3apsiB HA3WBAETHCS CIECKTPUY-
HOIO MOJISAPHU3AIli€r0. 3apsaan, sIKi BHHUKAIOTh B PE3yJbTaTI MOSpHU3AIlil TieJeKTPUKa, Ha-
3MBaIOTH MOJsIpU3aliiiHIMu abo0 3B’si3aHMMHU. BeepeanHi 06’ eMy AieneKTpHKa NOIsipu3a-
iHHI 3apsAau KOMIICHCYIOTh OJJHE OJTHOTO 1, SIK i B IIPOBITHUKAX, POSBIISIFOTH CEOC JIHIIEe
Ha TIOBEpXHI HmielekTpuka. [IpaBma, 1e crpaBeIHBO JIMIIIE 332 OJHOPIMHOI MOJSpH3aIlii
JieNeKTpUKa, KOJU BCl MOJIEKYJH MOJISIPU30BaHi 1 OpiEHTOBaHI OJHAKOBO. SIKIIO K MOJIs-
pH3allist HEOJHOPIHA, TO 1€ TPU3BOIUTH A0 MOSBU 00’ €MHUX 3B’ SI3aHUX 3apsidiB.
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KinpkicHO nossipu3anist JieneKTpUKa OMUCYETHCS BEKTOPOM Monsgpu3auii P, SKuid BU-
3HAYAETHCA K CYMapHHH JHITOJILHUN MOMEHT OAWHHMIN 00’eMy mienekTtpuka. s i30-
TPOMHOTO JieNeKTPHKa Ta HEBEJHMKHX MOJIB BEKTOP MOJSpU3aLii IpsSMO MPONOPLiHHUHA
HaNpyXEHOCTI IPUKIAICHOTO MO

P=¢yak . (2.2)
KoedirienT TpomopmiHOCTI 0. Y OCTaHHBOMY BHpa3i HA3WBAETHCSA ICIECKTPUIHOIO
CHPUIHATINBICTIO.

[otik BekTopa monisipu3auii P yepe3 3aMKHEHY MOBEPXHIO S
$(P-ii)dS =—q', (2.3)
s
Ie #i — HOpMaJjb [0 elleMeHTa MoBepXHi dS , ¢' — anrebpaiuHa cyma 3B’SI3aHHMX 3apsjliB
BCEpEAMHI MTOBEPXHI S .
Enexrpuune none B Ti€NEKTPHKY XapaKTEPU3Y€EThCSI BEKTOPOM ENIEKTPUIHOT IHAYKITT
D=¢gyE +g,P =g,k , (2.4)
ne € =1-+0 Ha3UBaIOTH JiENEKTPUUHOIO MPOHUKHICTIO PEUOBHHHU.

Jns BexTopa D Takox clipaBeiviBa Teopema ['aycca
$(D-ii )ds=0. (2.5)
N
Tyt Q — anreOpaiyna cyma CTOPOHHIX 3apsAiB BCepEArHI 3aMKHEHOI TOBEPXHi.
Ha Mexi nmomiiay ABOX OMHOPIMHUX 130TPONMHUX HiCIEKTPUKIB TOBUHHI BUKOHYBATHCh
TrpaHUYHI YMOBH:
P2n_P1n:_G" D2n_D1n:G’ E2T:E1T’ (26)
Je ¢' 1 G — MOBEPXHEBI I'YCTUHH 3B’S3aHHX Ta CTOPOHHIX 3apsimiB. [Hmexcamu n Ta T
MO3HAYEHO HOPMAJbHI Ta TAHI'CHLIAIbHI CKJIaJ0BI BiAMOBITHUX BEKTOPIB, & OPT HOpMaIi
7i HampsMIICHUH 13 cepenoBuina 1 B cepempoBuie 2.

2.2. 3anuTaHHA Ta BignoBiai

2.2.1. Ax 3MiHUMbCA GIOXUNEHHS CIMPLIKU 3aPSOJNCEH020 eNeKMPOCKONd, AKUWO 00
Hb020 NiOHeCmU, He MOPKAIOYUCh, He3apsiddicere NPosione (Oierekmpuyne) mino?

Bracnifgok siBuIa enexTpuaHoi iHAYKLI1 (POBIAHUK) 1 HOIsipU3alii (AieneKTpuK) Bia-
XWJICHHS CTPLIKKA 3MEHIITUTHCS.

2.2.2. Yomy npu enecenni He3apsaoiceno2o nposioHUuKa (OieieKmpuxa) 8 308HIUHE NO-

e EO, OCMAaHHeE C}’IOmGOpIOG'mbC‘}Z?

IIpy BHECEHHI PEYOBHHH B 30BHIIIIHE TIOJIC 32 PAXYHOK SBHINA CICKTPUYHOI THAYKIIi1
(monspu3arii) HeWTpaabHA B IIJIOMY PEYOBHHA CTAa€ JHKEPETIOM elleKTpudHOoro mois. To-
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My pe3yibTylode Ioje E 3a NPUHIUIOM CYNEpHO3HLii BiApi3HAETbCS Bix E,

E=E,+E|, ne E| —none, 1K€ CTBOPIOETHCSA PEYOBUHOIO.

2.2.3. B 00HOpiOHe eneKmpuyHe noje GHOCAMb NPOBIOHY Heszapsodiceny Kymo. Hase-
OJimb AKICHO KAPMUHY DPO3MAULY8aAHHs IHOYKOBAHUX 3apsidie Ha Kyiai. Hamanovume ninii
HANPYIAHCEHOCMI eIeKMPUYHO20 NOJId MA eKGINOMEHYIAIbHI NOBEPXHI.

SIKI10 Y 30BHIINIHE SIEKTPUIHE IT0JIC IIOMICTUTH MTPOBIIHY KYITIO, TO BUIbHI €IEKTPOHH
BCEpeMHI Hel MOYMHAIOTh NMEPEeMIlyBaTUCh Y HAMPSAMKY TPOTHICKHOMY JI0 HAMPAMKY
nois (puc. 2.1a). BinOyBaeTbcst epepo3noAia 3apsiiiB, SIKHH NPOIOBKYETHCA 10 THX i,
MTOKW HANPYKEHICTh TOJIS BCEPEIUHI MPOBITHIKA 3HOBY HE CTaHE PiBHOIO HYJt0. [HIyKO-
BaHI 3apsiy NpU I[bOMY MalOTh CTBOPUTH IOJIE, SIKE MOBHICTIO CKOMIICHCYE 30BHIIIIHE
moJie E1 = —EO . ToOTO 10JIE 1IHIYKOBAaHUX 3apsAiB BCEPEANHI Kyl Ma€ OyTH OZHOPITHUM,
[0 MOKJTUBO JIMIIIE 32 YMOBHU PO3IOALTY TOBEPXHEBUX 1HAYKOBAHUX 3apsIiB 32 3aKOHOM
KocuHyca (auB. npuknagi 1.16 3 pozaury 1). B pe3ynbTaTi 3apsix Ha MOBEPXHI Ky PO3IO-
TISETHCS HEPIBHOMIPHO: MakCHMabHE (32 MOJIyJIeM) 3HAYCHHS IMOBEPXHEBOI T'yCTHHH
3apsiy MaTUMEMO Ha «moirocax» Kyii. [To Mipi BigganeHHs BiJ MOJIOCIB A0 «EKBAaTOPY»
T'yCTHHA 3apsay HOCTYIOBO CIlajae 10 HyJsd (puc. 2.16).

>

>

[ O\
<o >
Q) >
\4@/>
>

>

>

Puc. 2.1. o 3anuTaHHAa 2.2.3

B pe3ynbpTaTi mMosSBY 1HIYKOBAaHUX 3apsliB CICKTPUIHE MOJIE Y BaKyyMi IepecTae OyTu
OJTHOPITHHM 1 BUTJISIT CHJIOBHUX JIIHIH 3MIHIOETBCS (puc. 2.16). JIesKi 3 HUX po3pHBAIOTHCS,
3aKiHYYIOYNCh Ha HETaTUBHUX 1HIYKOBAHHX 3apsAaax i 3HOBY IMOYMHAIOYNCH Ha MO3UTHB-
Hux. [lpu mmpomy JTiHIT HAIPYKEHOCTI 3aTUIIAIOTHCS MEPIECHANKYIIPHAMHA 110 TTOBEPXHI
MIPOBITHAKA, aJHKE BOHA 3AIHINAETHCS TIOBEPXHEIO PIBHOTO MOTEHINANy. [HIIN eKBIMOTEH-
LiaJibHI MOBEpXHi HaBeleHi Ha puc. 2.16 MTPUXOBaHUMH JiHIIMU. B Toukax mepeTtuHy 3
CWJIOBUMH JIIHISIMA BOHU B3a€MHO TEPIICHIUKYJISPHI.

ITo mipi BigmameHHS BiJ Kyil BIUIUB 1HAYKOBAaHHX 3apsIiB 3MCHIIYETHCS 1 OTHOPII-
HICTb TOJISI BiTHOBITFOETHCS.

2.2.4. Yu moarcymsb 06a 0OHOUMEHHO 3aPA0ICEH] MINA NPUMALYE8AMUCD?
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3akon Kynona Haue0TO OJHO3HAYHO BHU3HAYAE XapaKTep B3a€MOJii OIHONMEHHO 3a-
PSAIDKEHUX TLT — BOHH TIOBUHHI BiIITOBXYBATUCH OJHE Bifl OMHOTO. AJle ClipaBa B TOMY,
o 3akoH KysoHa cripaBeyTMBHiA JIHIIIE I TOYKOBHX 3apsaiB, TOOTO KOJIM PO3MIpH 3a-
PAIDKCHUX TUT, IO B3a€EMOIIOThH, MaJli IIOPIBHSHO 3 BIACTAaHAMH MK HUMH. SIKIIO X B3a-
€MOJIII0 MIXK 3aps/DKCHUMU TiTaMU HE MOXKHA PO3TJISAATH K B3a€EMOJIIF0 TOYKOBUX 3apsi-
JliB, TO HE BCE TaK OJTHO3HAYHO.

B

A
@ Puc. 2.2. Jo 3anuTaHHs 2.2.4

Hexaii Maemo 3apsypKeHE TO3WTHBHUM 3apsmoM Timo A4 (puc. 2.2). Habmmzmmo mo
HBOT'O NPOBIIHY He3apskeHy Kyhio B . B pesynbrari B3aemomii BUIBHHX €JIEKTPOHIB
KyJIi 3 eNIEKTPUYHUM TI0JIeM Tina A BcepeauHi KyJlli BiZOyBaeThcs epepo3MOALT 3apsaiB 1
Ha TIOBEPXHI Tijla 3’SBISIOTHCS 1HAYKOBAHI 3apsad: HA JIBIA MOJOBHHI KyJi MaTHMEMO
HAUTUIIOK HEraTUBHOTO 3apsly, Ha TPaBiil — Ha/UTHIIOK MO3UTUBHOTO. OCKUTEKH JIO BHE-
CCHHS B €JICKTPUYHE MMOJIe Kyl Oyla eNeKTPOHEHTPAIBHOIO, TO BETUYMHU ITUX 3apsiIiB
OJIHAKOBI 32 MOJYJIEM, a OT CHUJIM iX B3a€EMOJIIi 3 3apsaoM Tila A OyIyTh BiAPi3HATHCE.
CrpaBa B TOMy, III0 HETATHBHUH 3apsl 3’ SBISAETHCS Ha OMMDKHIN 10 TiTa A TIOJOBUHITI
Kyui. BinmoBimHO 1 crina B3aeMoii 3 HUM (TIpUTSATaHHs) Oy/ie OB,

Jlemo CKIagHINIO BHTIBSITATHME KapTHHA B3a€MOIIi y BHITANKY, KOJH Kyilus B Mae
CBiif BJIacCHUI MO3UTHBHMM 3apsiy. KiHresuit pe3ynbrar Tenep Oyae BU3HAYATHCh TPhOMa
CWJIAMU: CWJIOIO MPUTATAHHS JI0 1HIYKOBAHOI'O HETaTUBHOTO 3apsjly i CHJIaMH BiJIIITOB-
XYBaHHS BiJl 1HIYKOBAaHOTO TMO3UTHUBHOTO 3apsjy Ta BJIIACHOTO 3apsay Kyii. B Takomy
BUMAAKY IIJIKOM MOXJIMBA CHUTYallis, KOJIM CHJIa B3a€MOJIl JOPiBHIOBAaTUME HYJIIO abo
CHWJIa IPUTATAHHS EPEBAXKUTH CHITY BiIIITOBXYBAHHS, 1 IBa OJHOWMEHHO 3aps/KEeHI Tijia
OYIyTh IPUTATYBATHUCH.

2.2.5. AK 3a 00noM02010 3apsa0AHCeH020 NPOBIOHUKA, He 3MIHIOIUU 11020 3aps0, 3apsi-
oumu iHwull nposioHuK?

e mMoxHa 3pOOWTH, HANIPUKIIAJ, HACTYITHUM YWHOM. 3’€THAEMO JBA HE3aPSIKCHHUX
MPOBITHAUX TiJIa JOBI'MM TOHKHM IIPOBITHUKOM (puc. 2.3a). [loTiM migHEceMo, He TOpKaro-
YUCh, IO OJHOTO 3 HHUX 3apsPKeHe, HAIpPHKIAI MO3UTHBHO, CTOPOHHE TiIO (puc. 2.36).
Bracnigok sBuIa enekTpuyHOl HIYKINT 3apsSayd Ha 3’€THAaHUX APOTHHOI MPOBIIHHUKAX
nepepo3noAiAThes. [licis boro MPOBITHUKN MOKHA PO3IUTHTH (puUC. 2.3B).
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O~O K@@

a) B)

Puc. 2.3. [lo 3anuTaHHs 2.2.5

2.2.6. Bcepeduni 00HOPIOHO20 NPOBIOHUKA € HOPO’CHUHA, BCEPeOUHi SIKOI 3HAXO-
Oumsbcst moukogutl 3apso q .4omy 0opiguioe cymapHnutl 3apso, aKuil iHOYKyeEmMvCs Ha No-

eepxHi nopodichunu? Ax 3anexcumo 1020 8eauduna 8io NOI0NCeHHs 3apsady q ?

Puc. 2.4. [lo 3anuTaHHA 2.2.6

Enextpuune mone E,, CTBOpIOBaHE 3apsSAOM ¢ , BUKIMYE HA MOBEPXHI MPOBITHUKA

NOSBY IHAYKOBaHUX 3apsiniB (puc. 2.4). Uepe3 HEOAHOPIAHICTH LBOTO MOJS iHAYKOBaHI
3PN TEX PO3MOMUIATECS HEPIBHOMIPHO. I'yCTHHA iHIYKOBAHOTO 3apsiay ¢ Oyae MiHs-
THUCH B1Jl TOYKH O TOUKH 1 3ajJI€KaTUME Bl BEIUYUHHU OIS F p mo0IM3y MOBEPXHI.

JList BiATIOBIZI Ha 3alUTaHHS BUKOPUCTaEMO TeopeMy ['aycca. OTOYNMO MOPOKHUHY
paszoM 3 ycima 3apsmamMu 00010HKOI0 S . DopMa 000JIOHKH HE Tpae HisKol poii. 3a Teo-

pemoto Taycca: | (E : ﬁ)dS - M
() €

, Ie ¢' — cymMapHMii iHIyKOBaHMi 3apsan. OcCKiab-

KW T10JI€ BCEPEINHI TIPOBITHAKA TOPIBHIOE HYIIIO, TO _[ (E . fz)dS =0, 10610 ¢'=—¢ .
(8
TakuMm 9HHOM, Ha MMOBEPXHI MOPOKHUHH 1HAYKYETHCS 3apsii, KA 3a MOAYJIEM PiB-
HUU 3apsaay ¢ , ajie IPOTWISKHUM HoMy 3a 3HaKOoM. Ha BenwunHy iHIYKOBAHOTO 3apsiay
HE BIUIMBAE MICLENOJIOKEHHS 3apsAy ¢ — IpH NEepeMillieHHI OCTaHHBOTO Oyzae 3MiHIOBa-

TUCHh PO3MOLT IHAYKOBAHOTO 3apsily, ajie CyMapHa HOro BeJIMYMHA 3aHIIaTUMEThCS He-
3MIHHOIO.

2.2.7. Bcepeduni chepuunoi nezapsaodiceHol nposioHoi 00010HKU 3HAXOOUMbCS TOY-
Kosuil 3apsa0 q . Hamamotime cunogi ainii eneKkmpuynoco nojisi 6cepeouri ma 33068Hi 000-

JOHKU. K 3MIHIOEMbCL IX 8U20 npu nepemiujenti 3apsoy q ?
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PosrnsHeMo crmouyaTky OUTBINT MPOCTHI BHUMAAOK — PO3TAITYEMO TOYKOBHIH 3apsia ¢
(s BU3HAYEHOCTI HeXal 1e 3apsiy Oyie MO3UTUBHUM) B IIEHTPI (puc. 2.5a).

Puc. 2.5. 3anutaHHa 2.2.7

Buecenns B IOPOXKHUHY 3apsAay ¢ BUKJIMYE MOSBY HAa BHYTPIITHIN MTOBEPXHI chepud-
HOT 00OJIOHKHM HETaTHBHOTO iHAYKOBAHOTO 3apsiy ¢’ =—¢ (avB. nuT. 2.2.6), a po3Taliy-
BaHHS WOTO B IICHTPI MPHU3BE/IE O PIBHOMIPHOTO PO3MOALTY iHAYKOBAHOTO 3apsmTy. Bim-
MOBITHO 1 CHJIOBI JIiHI1 YTBOPATH pamiallbHO-CUMETPUIHY KapTHHY. Po3ranryBaHHs 1 Be-
JMYUHA 1HIYKOBAHOTO 3apsiay ¢’ HEBUIIAJKOBI — MOJIE iHIYKOBAHOTO 3apsiay KOMIICHCYE
10Jie BHECEHOTO 3apsdy ¢ , Tak 100 HalpyKeHICTh Moy B 00’ €Mi IPOBiIHUKA 3ajMIIa-
J1achk piBHOIO HyI0. OCKUIBKY O BHECEHHS 3apsny ¢ 00OJOHKA OyJia eeKTPOHEHTpaTh-
HOIO, TO HAJJIMIIOK HEraTUBHOTO 3apsAy Ha BHYTPIIIHIA MOBEPXHI BUKIMYE HA 30BHIII-
Hill MOBEpXHI HAIMIIOK MO3UTUBHOTO 3apsny ¢ =—¢g' =¢q , AKHA pIBHOMIPHO PO3IOIi-
JUTHCS, YTBOPIOIOYH PalialibHO-CUMETPUIHY KapTHHY CHIIOBUX JIiHIHN 32 MekaMu chepH-
YHOi 000JIOHKH.

3MileHHSs 3apsity ¢ BUKJIHYE MEPEepO3MOIia 3apsiay ¢  (BelUYHHA iHIYKOBAaHOTO 3a-
psAmy mpu 1soMy 30epiraeThes). Terep BiH Oyme po3moiIeHNI HEPIBHOMIPHO — MaKCH-
MaJlbHa HOTO TyCTHHA OyJe y TOull, HAaHOMMKYiil 10 3apsiny ¢ , MiHIManbHa — y JiaMeT-
PAJIBHO MPOTHJICKHIM TOYIl. 3MIHUTBCA 1 KapTUHA CHIIOBHX JIiHiHM (puc. 2.56). OnHak 1e
HISK HE BIDIMHE HAa BUTJIAJ CHJIOBHX JIiHINA 3a Mexkamu oOonoHku. CripaBa B TOMY, IO
B3a€MOJIsI MIX 3apsAaMu 3A1MCHIOETHCS Yepe3 eleKTpuyHe mnoje. BeepeauHi xk mpoBia-
HHMKa HaIPYXXCHICTh TOJISl piBHA HyJeBi. TOMy Mepepo3noaia 3apsay ¢  HisKk He BIUTHHE
Ha PO3TAllyBaHHS IMO3WTHBHUX 3apsIiB Ha 30BHINTHINA 0000HII. BiamoBimgHo 1 KapTHHA
CUJIOBHUX JIiHIH 32 MeXaMHi 000JIOHKH HE 3MIHUTHCA.

2.2.8. Ak MOdICHA 084 O0BIILHUX NOPOACHUCIUX NPOBIOHUKA 3aPAOUMU 0OHAKOBUM 3d
BETUYUHOIO T BHAKOM 3aPA0OM?
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a)

B)

Puc. 2.6. o 3anuTaHHA 2.2.8

Sk Oys0 TIOKa3aHO B NUTaHHI 2.2.7, BHECEHHSI 3apsAKEHOTO Tija B MOPOKHUCTHH TIPO-
BIIHUK TIPU3BOIUTH JO TIOSBH 1HAYKOBAaHWX 3apsdiB K HAa HOTO BHYTPIIIHIN MMOBEPXHI,
TaK 1 Ha 30BHINIHIN (puc. 2.6a). SIKIIO MiC/s OO MPOBITHUK HA KOPOTKUN Yac 3a3eMIIH-
TH, TO 3apsIl 3 30BHINIHBOI OOOJIOHKH CTIKa€ B 3€MJIIO, @ Ha BHYTPINIHIN — 3aJIUITAE€THCS
(puc. 2.66). Ilicist mpOTO 3apsypKEHE TiJ0 BIIYYaeEMO 1 OTPUMYEMO 3apsKEHUN TIPOBiJI-
HUK (puc. 2.68). Te x came MoXKHA 3pOOUTH 3 HIIKUM MPOBIIHUKOM. 3apsiPKeHi BOHU Oy-
JIyTh OJTHAKOBO SIK 32 BEIMYNHOIO, TAK 1 32 3HAKOM.

2.2.9. Ak 3apsa0 00HO20 NpogiOH020 Mina NOGHICMIO Nepedamu IHUOM)Y NPOBIOHOMY
miny?

IIpoBenemo mociin myke moaiOHUM 10 OMUCaHOTO B NUTaHHi 2.2.8. BHecemo Tak camo
3apsDKEHE TUTO BCEpeANHY MOPOKHUCTOTO TIPOBITHUKA. 3apsi Ha BHYTPIIIHIN MOBEpPXHI
g’ 13apsm Ha 30BHILIHINM MOBEPXHi ¢ 3a BEJMYMHOIO PiBHI 3apsay BHECEHOTO B ITOPOXK-

HUHY Tina ¢ . [puuomy ¢"' =—¢' = —(—q) =¢q . Temep, miclsA MOSBH IHIYKOBAaHUX 3apsi-

IiB, TOTOPKHEMOCS 0 BHYTPILIHbOI MOBEPXHI MPOBiAHMKA. B pe3ynbTari 3apsau Ha BHY-
TPINTHIN TOBEpXHI TMPOBITHUKA OyIyTh CKOMIICHCOBAaHi, a Ha 30BHINIHIN 3aJIHIIATHCS
q" =q. Takum grHOM 3aps Oyje MOBHICTIO MEpENaHo Bil OJHOTO MPOBIIHOIO Tila 110

1HILIOTO.

Bsarani Taky mponenypy MOXHa MOBTOPUTH 0araTopa3oBO 1 HAJATH MOPOKHUCTOMY
TUTy SIK 3aBTOJIHO BEJIMKOTO 3apsmy (Ha MPaKTHINl BEIMYHWHA 3apsay OOMEXKYEThCS CTi-
KaHHSIM 3apsiB 3a PaXyHOK 10Hi3alil MOBITpsl Ta aBTOENEKTPOHHOI eMicii). Came 3a Ta-
KMM NPUHLIMIIOM TIPAIIoEe eNeKTpocTaTHYHUi reHeparop Ban ne ['paada.

2.2.10. Ak 3axucmumu mina 6i0 6NAuU8y 308HIUHIX e1eKMPOCMAMUYHUX NOIE?

s 3axucTy OyIb-SKHUX Till (HAIIPUKJIad, BUMIPIOBAJILHUX MIPIIIAJIIB) Bi BIDIUBY 30B-
HIIIHIX eJEKTPOCTATHYHHX TOJIiB IX MOTPIOHO OTOYHUTH MIPOBIAHOIO 0OOIOHKOIO.

IIpuHIIUT Ai1 TAaKOTO 3aXHCTY IOJIATAE Y HACTYIMTHOMY. Bimomo, 110 eeKTpuyHe 1moje
BCEpEINHI TPOBITHUKA TOPiBHIOE HYIIO. Llel dakT numaeTbes He3anepedyHuM He3alexk-
HO BiJl BEIMYHMHU 1 KOH(DIrypauii 3apsaKeHUX Til, sIKi MOXKYTh CTBOPIOBATH €JIEKTPUYHE
noJje 3a MexxaMu mpoBigHuka. [IpoBinHUK Ha 1e OyAe pearyBatu JHIIE NEPepO3NOAITIOM
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IHIYKIIHHAX 3apsA/liB Ha CBOil moBepxHi. [Ipu piBHOBA3i 1 3apsaau OymayTh PO3IMOMIIIS-
THUCh HAa TIOBEPXHI IMPOBIJHUKA TAaKUM YHHOM, MO0 CKOMIICHCYBaTH JIif0 30BHIITHHOTO
ot Beepeauni. CTBOPEHHS BCEPEIHHI MPOBITHUKA TIOPOKHUHU HisK HE BIUIMHE HA PO3-
MTOIUT IHAYKIIHHUX 3apsiiB, @ OT)Ke 1 Ha KOH(DIrypaIriro mos 3a Horo Mexkamu, OCKUTBKA
BUJIAJICHHS] YaCTUHH PEYOBHHHU (EJIEKTPOHEHTPAIBHOT) 3 TOUKH 30pY EICKTPOCTATUKH HE
MIPHU3BEJIC Hi JIO MOSBU HOBHX 3apsliB, Hi 10 3HUKHEHHS cTapuX. [Ipu 1pomy enexkTpud-
HOTO TIOJIST BCEpEAMHI MOPOKHUHU He Oyzie. 3MiHA 30BHIIIHBOTO TOJIS TS HE MPU3BEAYTh
JIO TIOSIBY TIOJISI BCEPEIMHI TIOPOXKHIHH.

3aMicTh CYIIIBHOTO IPOBITHUKA YIS 3aXHCTy MOXE BHKOPHCTOBYBATHUCh METaliuyHa
CiTKa, sIKa, A0 pedi, € ePEKTUBHOIO 332 HASBHOCTI HE TUTHKW TIOCTIHHUX, aje 1 3MiHHHX
CJICKTPUIHHX TTOJIiB.

2.2.11. 3a saKoi yMo8u 3apsi0 po3mMAauo8yEMbCS HA NOBEPXHI 3aPSAONCEHO20 NPOGIOHU-
Kka?

SKI10 HANIPYKEHICTh TOJIS B MPOBIAHUKY MOPIBHIOE HYIIO (a iHaKkmie 0 BUHUKAB BITO-
PSAAKOBaHMIA pyX BUIBHUX 3apsdiB Oe3 3aTpaT eHeprii, 10 BUKIMKAE MPOTHPIUYS i3 3aKO-
HOM 30€pexeHHsI €Heprii), TO MOTIK BEKTOpa HANPYKEHOCTI uepe3 OyAb-sKy 3aMKHYTY
MMOBEPXHIO, TIPOBEJICHY BCEPEIUHI MTPOBIHIKA, JOPIBHIOE HYIIO. A 11e 03HAYAE, M0 HYITIO
JIOPIBHIOE 1 3apsiT BCEPEINHI SIK 3aBIOTHO MaIOro 00’ eMy mpoBigauKa. OTxe, BCi 3apsau
B MIPOBITHUKY PO3TAIIOBYIOTHCS BUKITFOYHO HA HOTO MOBEPXHI.

Harmre noBeieHHS IPYyHTY€EThCS Ha CITPaBENTUBOCTI TeopeMu [aycca, sika, B CBOIO 4ep-

Ty, CTIpaBe[IMBa JIMIIE TOAIL, AKIIO B 3aKoHi KynoHa cToiTh came yz . Bynp-sxa inma
r

3aJICXKHICTD BiJl 7 HE AaCTh IMOTPIOHOrO Pe3yJIbTaTy.

2.2.12. [I]o Ha3usaiomb eneKmpuuHuUM 8impom?

I'ycTrHa po3mofiay 3apsiiiB Ha MOBEPXHI MPOBITHHMKA 3aJCKHUTh BiJ KPUBU3HU ITi€l
nmoBepxHi. Ha rocTpux BHCTymax BOHAa MOXXE JOCATATH TAKOTO 3HAYEHHS, IO 3apsAn IO-
yrHa€E 3 HUX cTikatu. [lepebyBaroun B HEOAHOPIAHOMY O MOJIEKYNH MOBITPS MOJSPH-
3YIOTBCSA 1 TMOYMHAIOTH NPUTATYBATHCH 10 BUCTYNY. TOPKHYBIIMCH WOTO, MOJICKYJa
OTpUMY€E OTHOWMEHHHM 3 BHCTYIIOM 3apsl 1 BIAIITOBXYETHCSA Bif HOoro. CHIla BiTIITOB-
XyBaHHS TIepeBaka€ CHITy MPUTATAHHA, OCKIIBKM BOHA JIi€ HA 3aps/HKCHY MOJIEKYIY, a
CWJIa TIPUTATAHHS JisIa Ha B [IJIOMY €JICKTPOHEHTPAIbHY MOJICKYIy. 3 Mi€l MPUYUHU BijI-
JAJISATUCH MOJIEKYJIH BiJ BUCTYITy OyAyTh IIBUAIIC, HiXK HAOIMKAIHUCH 0 HHOTO. Takum
YUHOM YTBOPIOETHCS TOTIK TOBITPS, HAPABICHUN Bill BUCTYIy NMPOBITHUKA, KU 1 Ha-
3UBAIOTh CICKTPUYHUM BITPOM.

2.2.13. Yomy yenmpamu KonoeHcayii napu 6 nogimpi € 3apsaoiceHi RUIUHKU abo io-
Hu? Jle suxopucmosyemscs ye aguuje?

3apsmKeHi YaCTUHKU CTBOPIOIOTH HABKOJIO cebe eleKTpuyHe mosie. B npoMy momi mo-
JSIpHI MOJIEKYJIM BOJSHOI MApW HAMAararoThCsl 3aiHATH MOJI0XKEHHS, SIKE BiJMOBigae MiHi-
MyMy iX TOTEHIIaabHOI eHeprii — TOOTO AUMOJIBHI MOMEHTH MOJICKYJT P OPIEHTYIOTHCS

B3JIOBXK CWJIOBUX JiHiH mois. [Ipu oMy BUHUKAE CHia MPUTATAHHS MiX 3apsKCHUMHU
YaCTHHKAMH 1 MOJICKYJIaMU TTapH, [0 TPU3BOIUTH /IO KOHICHCAIliT OCTaHHIX.
BuxopucTtoByeThcs 1ie SIBHILE, HAIPHUKIAL, Y Kamepi BigbcoHa.
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2.2.14. Yomy, mpumaiouu 6 pyyi eOOHIMoOBY NAIUYKY, ii MOJNCHA HAENeKMPU3yeamu
mepmsm, a IAMyHHUL CMPUNCeHsb Hi?

Ilix gac TepTs Ha MOBEPXHI MATWIKA BUHUKAIOTH 3apsau. EOOHIT — rapHHA MieIeKT-
PUK, TaTyHb — MPOBITHUK, 1 B OCTAHHbOMY BHIIAJIKy, TIPY €JEKTPHU3AIlii JaTYHHOTO CTPH-
JKHS, 3apsAJ] CTIKATUME B 3EMIIIO Yepe3 JHOACHKE TiJIO.

2.2.15. V 3apsooicenuti NIOCKUU KOHOEHCAMOp GCMAGIAIMb Kpaul OieleKMmpUiHoi

nracmunxu. ILlJo 8i00y0emuvcs, AKWo NAACMUHKA CMane GLIbHOW ?
+ + + + +

Puc. 2.7. [lo 3anuTaHHs 2.2.15

Ha kparo koHIeHcaTopa eneKTpUYHe MoJie € HEOAHOPIAHNUM. 3a paxXyHOK MOJspu3arii
JIieTIEKTPUKa B IIOMY TI0JIi Ha HOTO TIOYHE ISATH CHJIA, HallpaBjcHa B CTOPOHY 3pOCTaH-
H moist. Takum 94uHOM, NTi€JIeKTPUK MOYHE BTATYBATHCH BCEPEAMHY KOHIEHcaTopa (pwc.
2.7).

2.2.16. [Ipo6iony KyabKy 3apsaouiu i OMOYUIU KOHYEHMPUUHOIO NPOBIOHOI0 0OONOH-
KOW. AK 3MiHUmMbCs nomenyian Kyai, AKwo ii 3’ €eOnamu nposioHuKom 3 00010HKOW?

[Ipu 3’eqnanHi yacTuHA 3apsdy 3 KyJIbKU mepelie Ha 000JI0HKY. 3MEHIICHHS 3apsinLy
Ha KyJbIll IpU3BEC 1 10 3MEHIIICHHS 11 TIOTEHITIANy.

2.2.17. B uomy nonseae memoo eneKmpuyHux 300pasicens?

CyTb METOy eNEeKTPUYHHUX 300paKeHb MOJIArae B TOMY, 10 3a/a4a Mpo MoJie Y BaKy-
yMi, SIKE CTBOPIOETHCS BUTHLHUMU 3apsiiaMH 1 3apsaaMu, iHIYKOBAaHUMH Ha ITOBEPXHI MPO-
BiTHHUKA (PO3MOIII SKUX HAIepea HEBIIOMUI), 3aMIHIOETLCS Ha OLIBIT TIPOCTY 3a1ady, B
SIKif TOBEpXHEB1 1HIYKOBaHI 3apsiiy 3aMiHIOIOTh CUCTEMOIO (DiKTHBHUX 3apsniB. Micue-
3HAXODKCHHS (DIKTUBHUX 3apsIiB Ta X BEJIMYMHA BUOUPAIOTHCS TaK, MO0 CTBOPEHE ITOJIE
MaJjio eKBINOTEHINIAEHY TTOBEPXHIO, hopMa SKOI criBnagana 6 3 ¢opMoI0 TIOBEPXHi MPo-
Bi[HMKA, a MOTCHIal — 3 TMOTCHIAJOM IPOBiJHUKA. 3a TEOPEMOIO IMPO EIUHICTh
PO3B’S3KY Taka CHCTeMa BUIbHHMX Ta (DIKTUBHHUX 3apsiliB CTBOPIOE TakKe K IOJie, IO i pea-
JBHI 3aps]IH.

2.2.18. Hasedimb munu noaspuzayii dieneKkmpuxis.

1) Enexmpouna nonapusayis. el Tun noisipusanii xapakTepHUH IS AieJIEKTPHKIB,
MOJICKYJIN SIKMX MalOTh CHMETPUIHY Oy/TOBY. 3a BiJICYTHOCTI 30BHIIIHBOTO EJICKTPHIHOTO
TTOJISI TICHTPH MTO3UTHUBHOTO 1 HETATUBHOTO 3apsIIiB TAKUX MOJICKYJ CITIBITaIal0Th 1, BiIIO-
BiJTHO, X TUNOJHHUI MOMEHT JOPIBHIOE HYIIO. MOJICKYJIM TaKuUX JICICKTPUKIB HA3UBa-
I0ThCS HemOJSIpHUMH. 111 BIUTMBOM 30BHIIIHBOTO €IEKTPUYHOTO TTOJISI 3apsSAH HETOJp-
HUX MOJIEKYJI 3MIII[yIOThCSA B IPOTHJIEKHI CTOPOHH, YTBOPIOIOYH JHIIONb.

2) lonna nonspuzayis. led Tun nomnsipusanii xapakTepHUA JUIsl PEYOBUH 3 10HHOIO 0Y-
J0BOIO0 (10HHI KpHCTallM, PiJUHM Ta ra3u 3 MOJSPHUMH MoJeKynamu). Hanpuknan, xpuc-
TaJiYHI TPATKH I0HHUX KPUCTAIIIB MOYKHA PO3TIIAAATH SK JIBI OKpEMI MiArPaTKH, IO CKIa-
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JTAIOTHCSI 3 TIO3UTUBHUX a00 HEraTWBHUX 10HIB. [Ipy HaKIagaHHI IEKTPHYHOTO TOJIS ITi
MiArpaTKy Ieo AeQOpPMYIOTHCS, 3MIITYIOYUCHh OJJHA BITHOCHO OJTHO{, III0 MTPU3BOIUTH JIO
BUHUKHEHHS JTUTIOJIbHUX MOMEHTIB.

3) Opienmayitina noaspusayis. el TATT TOMApU3aIlii CIIOCTEPIraeThCA B PEYOBUHAX,
MOJIEKYJIU SKUX B)KE 332 CBOEIO OYIOBOIO € JUIOISIMH, TOOTO IICHTPH MO3UTUBHOTO Ta HE-
TaTHUBHOTO 3apsly B HUX HE CHIBIaJal0Th. Taki MOJIEKYJIM HA3UBAIOThLCS MOJSPHUMH. 3a
BIJICYTHOCTI 30BHIIIHBOTO €JICKTPUYHOTO TIOJIS IIi JUTOJ OPIEHTYIOTHCS XaOTHYHO, KOM-
MICHCYIOYH OJMH OJHOTO TaK, MO0 CyMapHUH TUIOJBHUA MOMEHT PEUOBHHH IOPIBHIOE
HYJ10. BHECEHHS MOJIIPHOTO JieJICKTPUKA B CICKTPUYHE TI0JIC BUKIIMKAE TIOSBY CHJI, SKi
HaMararoTbCs 30PIEHTYBATH ITUIIONI B3MIOBX CHJIOBHX JIIHIM TOJIS, POOJISYN CyMapHUN
JATIOJIBHAA MOMEHT PEUOBHHU BIIMIHHUAM BiJl HYJIA.

2.2.19. /logea 8y3bKa 0OHOPIOHA OieleKMPUdHa NATUYKA POSMIWEHA 83008iC CULOBUX

JiHi 00HOpIOHO20 nona E, . Axicno 306pazumu 3anedcHicmv pe3yibmyoyozo nojs
E (x)
B 30BHIIHROMY TTOJI TTAJIMYKAa OJHOPIAHO MOJSPHU3YETHCS. B pe3ynpTaTi Ha TOPIIX

MaJUYKd BUHUKAIOTEH 3B’s3aHI TMOJSAPHU3alliliHI MOBEPXHEBI 3apsad: BiJ €MHI Ha JIIBOMY
TOpII i AOAaTHI Ha mpaBoMy (puc. 2.8a).

AKE
E, E,
0 l N }( 0 \\
—= | *—
- % 0 % | X

1
_1 /
L
a) 6)
Puc. 2.8. [lo 3anutaHHs 2.2.19

Pe3ynbTyrode 1mmose mo0Oau3y TOPIB CKIATAETHC 3 BEKTOPHOI CYyMH 30BHINTHBOTO IT0-
ns Eo Ta Mo nonspu3aLiitux 3apsais £’ . [IpudoMy 330BHI TOPLIB L HOIS JOJAOTHC,
a BCepenrHi — BigHIMAIOTECA. B pesynbTari Ha rpadiky (puc. 2.86) CIIOCTEpIraloThCs po3-
pUBH, SIKi BiJIIIOBIJAaIOTh TOPLSIM MAJINYKH.

HampyxeHicTh ToJisi BCepeAnHi MaTMYKH CITIBIIAAE 3 HAMPYKEHICTIO 30BHINTHBOTO
TOJISI, OCKUJIBKH ITHOTO BUMAaraloTh TpaHUYHI YMOBH, a caMe, PiBHICTh MK COOOI0 TaHTCH-
[iaTbHUX KOMIIOHEHT BEKTOpa HANPy>KEHOCTI MO,

2.2.20. Yomy dopisnioe 06’ emna eycmuna p' 36 ’s3aHux 3apsaoie 6 OieneKmpuKy, saKuil
00HOPIOHO NONAPUZOBAHUL?

p'=—divP=0.
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2.2.21. Bsaoscarouu 8idomum eexmop noispusayii P na nosepxui S Oierekmpuxa,
Hanucamu supas 0Jisl cepedHboi no 06 ’emy dielekmpuKra 2yCmuHU 36 3anHux 3apsoie <p’> .

[p'dav  —[divPdV —§PdS
4 N

(o)==

V V V
2.2.22, Dizuynuii 3micm mouku Kiopi i 3axony Kiopi 0ns cecnemoenekmpuxie.

B rtouni Kropi, sika Binnosigae Temneparypi 7, BinOyBaeTbes ha3oBuil mepexia, npu

SIKOMY CETHETOCJIEKTPHK TMEPEeXOUTh 3 HEMOJIAPHOI (a3u B mossipHy (abo Hapmakw). B
HEIOJISAPHIA (Da3i CEerHETOCNEKTPUK CTa€ «3BUYAHHMM» MICICKTPHUKOM 3 BEJIIMKHM 3Ha-
YEHHSIM € , JJISl IKOTO TEeMIIepaTypHa 3aJIeKHICTD JIeNeKTPUIHOT MPOHUKHOCTI OTIHCY€Th-

cs1 3akoHOM Kropi € ~ .
T-Tc

2.2.23. fK eKCnepumMeHmaIbHO MOXNCHA BIOPIZHUMU eleKMPOHHUL (IHOYKOBAHULL) ma
OpiEHMAYTUHUI MEXAHIZMU NOAAPU3AYIT?

MoskHa, HANPUKIAJ, TOCIIAUTA TEMIIEPATYPHY 3aJICKHICTh JICICKTPUIHOI MPOHUK-
nocri (7).

JlienekTpuvHa MPOHUKHICTh HEMOJSPHUX MOJICKYI, JJIs SKUX SKpa3 i € XapaKTepHUM
CJICKTPOHHUHA MEXaHi3M TOJISpH3allii, BU3HAYAETHCS BHYTPIITHHOIO OyIOBOIO MOJIEKYIH 1
He 3anedicums 6i0 memnepamypu. CripaBii, MOJIEKyJla € KBAaHTOBOIO CHCTEMOIO, CHEPTis
SIKOT MIPUIMaE JINIIE TIeBHI AUCKPETHI 3HaueHHs. [Ipu 3BUYaliHUX TemImepaTypax eHeprii
TEIIOBOTO PyXY HEIOCTAaTHBO, MO0 MepeBeCTH MOJIEKYNy y 30yiukeHult cran. Tak, s
aToMa pTyTi, MiHIMaJIbHAa €HEpTisd 30y/KEHHS CTAaHOBHUTHh ~ 4,9 eB , 0 BiMOBIAaE TEM-

neparypi ~5- 10*K . Tomy 3 pocToM TemmnepaTypu BHYTpilIHS OyZ0Ba, a 3 HEIo 1 ieTex-
TPUYHA MPOHUKHICTH 3AJTUINAIOTHECS HE3MIHHUMM.

B nonsipaux aienexkTpukax MpuCyTHI 00MIBa MEXaHI3MHU MOJIsIpU3allii, aje 1HIyKOBaHi
JIATIOJIBHI MOMEHTH Ha KijbKa MOPSAKIB MEHIII, HDXX IJUIOJBHI MOMEHTH, 00OYMOBIICHI
HECHMETPUYHICTIO OymoBH MOJIEKYyN. JlieleKTpudHa TMPOHHWKHICTE B I[OMY BHITAIKY
CKJIQJIA€ThCS 3 JIBOX YaCTHUH — iHJYKOBaHOI Ta OpieHTaliiiHOi. [HIyKOBaHA YacTHUHA HE
3aJIC)KUTh BiJI TEMIIEPATypH, a OpiEHTAIliliHA, sIKa TPA€E TOJIOBHY POJb, — 0OEPHEHO HPONO-
pyitina 0o memnepamypu. TaKy 3aJeKHICTh HEBaXKKO MOSCHUTH — TEIUIOBUH PyX MOJIe-
KYJI 3aBa)Ka€ OPi€HTYBAHHIO JTUTIONIB B3JJOBK CIICKTPHUYHOTO ITOJIS.

2.2.24, Ha pvc. 2.9 HagedeHo memnepamyphi 3a1eicHocmi 0ie1eKmpudHoi nPOHUKHO-

cmi S(T ) 02151 060x piokux Oienexmpuxie: mempaxaopmeman CCl, ma mpuxiopmeman

CCLH (6inbw idomuii sx xaopogopm). Ioacuime ix eiominnicme.
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CCLH

Cccl, Puc. 2.9. [lo 3anuTaHHs 2.2.24

¥

BigMiHHOCTI y gieneKTpudHuX BiacTUBOCTIX Mosiekyn CCl, ta CClLH BU3HA4alOTh-

¢4 X OY10BOIO.

a) 6ynosa monekynu CCl, 6) 6ynosa monekynu CCLH
Puc. 2.10. o 3anutaHHs 2.2.24

Monekyna CCl, mae cumeTpudHy OynoBY (puc. 2.10a) 1 ToMy € HenossspHoro (i Biac-
HUH AMIIONBHUKA MOMEHT JOPiBHIOE HYMIO). [lonspu3arisi LbOro AieNeKTpHKa Ma€e TiNbKH
iHAyKoBaHWH Xapakrep. s 3MiHM IieIeKTPHYHOI MPOHUKHOCTI (3MiHM MOJEKYJSPHUX
opOiTaiieii) MOJIEKy/Ii MOTPIOHO HAJAaTH JOCUThH 3HAYHY eHeprito. TeroBoi eHeprii mjs

LBOTO HE BUCTAYa€, TOMY € # | (T ) .

bynosa monexynun CClLH HecumerpuuHa (puc. 2.106), 10 IPU3BOJHTH 10 MOSBU BlIa-
cHoro aunonbHoro Momenty. Ilonsapui monexkynu CCLH 'y 30BHIIIHBOMY II0JIi Hamara-
IOThCSL 30PIEHTYBATH CBIil JUITOJILHUH MOMEHT B3I0BX 10js. [{[boMy 3aBakae TEILIOBUI
PYX, SIKHH 1X I€30pi€HTYE. 3pO3yMiIO, 110, UM OiNbIIa TeMIieparypa, THM e(eKT ne30pi-
€HTAL] BITUYyTHILINM, a JieJIeKTpUYHA TPOHUKHICTh — MEHIIIA.

2.2.25. /lienekmpuuny Kyar0 00HOPIOHO NoaApu3ysanu. 4omy 0opieHnioc joKaibHe eje-
6cepeOuHi Kyi?

kmpuune none E .

. . . = =~ P =
3rigHo JlopeHTna Iuid 130TPOIHOIO AielnekTpuka £, . =E, +3—, ne E, — cepenne
€0

MaKpOCKOIIIYHE I0Jie BCEPEANHI Kyi. 3a YMOBH OJHOPITHOCTI MOJsIpu3anii KyJii i 3a Bif-
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. . ~ P
CYTHOCTI 30BHIIIHBOTO N0 E; = ——— (BOHO CTBOPIOETHCS IIOBEPXHEBUMHU 3B’ 3aHHUMU
3g,
sapanamu). Tomy £, =0.

2.2.26. Yu mooice 6 i30mponHoMy OleeKmpPUKy cnocmepicamucs npamuii (0beprenuil)
n’ezoegexm?

Hi, e moxe. I1’€30eeKTprudIHi BIACTUBOCTI MOKYTh CIIOCTEPITATUCh TUTHBKH B 10HHUX
Kpuctanax. Ta # To i3 32 KpuCTamiyHHX KjaciB jume npeacTaBHUKH 20 KiaciB €
1’ e30enekTpukamMu. CripaBa B TOMY, IO JIJIsl iCHYBaHHS 11’ €30€JICKTPUYHUX BJIACTUBOCTEH
y KpUCTaax HeoOXigHa BIACYTHICTh B HUX IEHTpiB cuMmetpii. Lliff ymoBi Bigmosimae 21
KPUCTAJIIYHUN KJ1ac, aJie MIe OJIUH KJIAC BUKIFOYAETHCS 332 CYKYITHICTIO 1HITUX CIIEMEHTIB
CUMeETPii.

2.2.27. Yomy Oopiguioe nomix gexmopa enekmpuyroi iHOykyii D uepe3 nosepxwio
cghepu paodiyca R, yenmp AK0i 3HAX00UMbCS HA MedHCE NOOIY 080X OLeIeKMPUKIE 3 NPO-

HUKHOCMAMU € ma €, (puc. 2.11)? Bexmop D, 6 Oienexmpuxy 1 opienmoeanuii nio xy-
mom 0 8ioHOCHO HOpMAi 00 MedCi NOJiny.

7 N

Puc. 2.11. [lo 3anuTaHHs 2.2.27

3a Teopemoro ["aycca juis AieneKTpUKiB Cﬁ[)dg =i, Je ¢ — CTOPOHHIN 3apsn, 10
5 €0
3HAaXOAMUTHCS BeepeauHi cepu. 3a Horo BiACYyTHOCTI <j5[)d§ =0.
N

2.2.28. BuHukHeHHs 83A€EMOOIL (CUN NPUMSALAHHSA) MIJIC NOJAPHUMU MOJEKYIAMU NPO-
CMO NOSCHIOEMbCA 3 NO3UYIT OUNONBLHOL 83AEMOOIT. 30 PAXYHOK 4020 JHC BUHUKATOMb CUIU
NPUMS2AHHA MINC AMOMAMU ITHEPMHUX 2a3i87

B aromax iHepTHHUX ra3iB PO3MOIiN 3apsiB B CEPEIHBOMY € CPEepHUIHO-CUMETPUIHUM

i CCPCAHE 3a YaCOM 3HAUCHHS JUITIOJIBHOTO MOMCHTY <p> =0. Pazom 3 THM, MUTTEBEC I10-

JIO)KEHHS LIEHTPa €JICKTPOHHOI XMapHu HE 3aBKIU CIIBIAIAE 3 AAPOM. B Taki MOMEHTH Y
aToMa 3’SBJSAETbCA BIAMIHHUM BiJ HyJsd JWUIOJNBHMNA MOMEHT p;. SIKIO p; — MHTTEBE
3HAYEHHS JUIOJIILHOTO MOMEHTY aToMa 1, TO Ha BiJicTaHi 7 BiJ IIbOTO aTOMa CTBOPIOETH-

Csl MUTTEBE €JIEKTpUUHE nose E; ~ 171/3 . BoHo iHmyKye B aTomi 2 IUIIONIBHAA MOMEHT
r
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Py =€g0E| ~ ]% , 1€ 0. — MOJIIPU30BHICTh aToMa. BuHMKae B3aeMOAiA MK JUIIOISAMH,
r

. 2
eHepris sKoi W = —( Dy E ) ~-P % . Cepenne 3a yacoM 3HaUYEHHS < P12 > HE TIOPIBHIOE
r

HYJII0, TOMY MiX aTOMaMH{ BUHUKAIOTh CUJIH MIPUTATaHHSL.
2.2.29. Di3uynuii 3micm eekmopa noaapuzayii P ?
P= % — JIUTIOJIBHUN MOMEHT OJIMHUIII 00’ €My PEYOBHHHU.

2.2.30. Yomy Oopienioe cuna, wo i€ Ha HCOPCMKULL OUNoib 8 0OHOPIOHOMY eleKmpU-
unoMy noni?
Cuna, o Ji€ Ha XOPCTKUMA JMIONb B CICKTPUYHOMY II0JTi, BUSHAYAETHCS BHPA30M

. OE . - . )
F= pa, ae 5 — IOX1J{HA BeKTOpa £ 3a HanmpsMKOM aunois. B omHOpinHOMY Mot

1151 TIOX1JTHA, 3p03yMIJIO, TOPIBHIOE HYJ0. BiAMOBIIHO 1 cHIIa TEX piBHA HYIIIO.
2.2.31. 3anuwimo pisnanus Ilyaccona 0ns 06’ emy nposioHUKIG i NOACHIMb.

Vch = —% =0, OCKIJIbKH B 00’ €Mi POBITHUKIB HE MOKE OYTH CTOPOHHIX 3apsfiB i
0
cepemHs TyCTHHA BIIACHUX 3apsIiB JOPIBHIOE HYIIIO.
2.3. Mpuknaav po3B'aA3yBaHHSA 3aAa4
MNpuknap 2.1. /[ei nposioni nrowunu 1 ma 2 posmawiogari Ha eidcmani | 0ona 6io

00HOI 1 3’ €0Hani migic coboro npogionuxom. Mixc numu na siocmani x 6i0 niowunu 1 3ua-
X00UMbCs MOYKoBuUll 3apso ¢ . 3naiimu 3apsaou, IHOYKOBAHT HA KOJCHIUL i3 NIOWUH.

9> 5 ) b
/ I-x
- A v _|_ A
1 FY 1 TR
q 01
a) 6)

Puc. 2.12. [lo npuknagy 2.1

Po3B’'g3aHHA. 3apsaa ¢ BUKIWKAE Ha MTOBEPXHI TUIOIIMH ITOSBY 1HIYKOBAHUX 3apsIiB
q, Ta g, (pvc. 2.12a). [Ipu nepemilieHHi 3apsay ¢ B iHIIY TOYKY IUIOIIMHU A BEIUYUHA
IHIYKOBaHUX 3apsliB HE 3MIHUTBHCS — 3MIHHUTKLCS JIUIIE iX po3moai (iHIyKOBaHI 3apsiu
MIPOCTO TIEPEMIMITYIOTBCS Pa3oM 3 3apsaoM ¢ ). SIKIO 3apsit g pO3MUTNTH Ha KUTbKA YaCTHH
1 PO3MICTHTH iX y PI3HUX TOYKAaX IUIOLIMHU A , TO 3HOBY X TaK{ 3MIHUTHCS JIUIIIE PO3MIOILI
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IHIYKOBaHUX 3apsA/liB, a He iX BenuunHa. Ko)kHA 9acTHHA 3a MPUHIIAIIOM CYTISPITO3HITT 1H-

JYKy€ Ha TIOBEPXHI METay TaKi 3apsju, Haue Ha TUIONMUHI A 3HAXOIUTHCS JIUIIE BOHA.

ToMmy, K10 HAC LIKABUTh TUILKH BEJIMYMHA 3apsAMdiB ¢ Ta ¢, a HE iX PO3MOILI, JOLLIEHO

3apsl ¢ PIBHOMIPHO «pO3MOPOIIMTH» IO Bei twrommHi A . Lle#t mpuiiom crporrye

PO3B’s3yBaHHS 33j1adi, OCKIIBKH €IEKTPUYHE TOJIe TeTep OMHOpinHE (puc. 2.126). B TakoMy

BUIIAJIKy 1HIYKOBaHI Ha BHYTDINIHIX TOBEPXHAX IUIACTHH 3apaiM ¢, Ta ¢, PO3MOJILUIECHI

PIBHOMIPHO 3 NOBEPXHEBUMH T'YCTUHAMH G| Ta G, . HampyskeHICTh €leKTpUYHOro MOJIs
(9] (o)) . .

no0nu3y miactuHu 1 E; = —, nobmu3y miactunu 2 — £, = —= . OCKUIbKU PI3HUI [10TeE-
€9 €o

HIIaIB MK IUIACTHHAMH AQ = —I Edl =Exx—E,(I-x)=0, 10 Ejx=E,(I-x). 38incu

BUILIMBAE, MO ¢, X = ¢, (/ —x). 3 1HIIOro OOKy, BEIMYMHA 1HIYKOBAHOTO 3apsay 3a10BOJIb-

Hi€ yMOBI: q+¢q,+¢q,=0 . Po3p’sa3yroun cucTeMy [BOX pIBHSHb, MAa€MO:
/- .
q> =—q§; q =—qTx . Ilpu cumeTpudHOMY pO3TallyBaHHI 3apsAy ¢ OTPUMAEMO

Chz%z_%-

MNpuknap 2.2. Toukoguil 3apsa0 +q 3HAXOOUMbCA MIdC 080MA NPOBIOHUMU B3AEMHO

nepneHOUKyIapHUMY nigniowuHamu. Biocmans 6id 3aps0dy 0o kodicHoi nisniowuru 0opi-
snioe | . 3naiimu modyne cunu, ska die Ha 3apsio.

Po3zB’g3anna. O1xe, cipoOyeMoO 3aMiHUTH 1HAYKOBaHI Ha MPOBITHIN MOBEPXHI 3a-
PSAAM, PO3MOIIT SIKUX HEBIIOMHH, CUCTEMOIO 3apsfiB, PO3MILICHUX TaKUM YHHOM, LI00
CyMapHe eJIeKTPUYHE M0JIe, CTBOPEHE LUMH 3apsiiaMH, JaBajlo eKBIMOTEHIiaIbHY MOBEp-
XHIO ¥ (JOpMi B3aEMHO TIEPICHANKYJISIPHUX MTPOBITHUX ITiBILTOIIHH.

Puc. 2.13. o npuknagy 2.2

A
+q

-q

s onni€el miBriommHY 3aMiHa odeBuHa. [loje mpoBinHOT MOBEPXHI Ta TOYKOBOTO
3apsay +¢ HaJl HEIO 1IEHTHYHE JI0 MOJIS JIBOX TOYKOBUX 3apsilliB +¢ Ta —¢ , pO3TaIllOBa-

HUX OJWH HAIpOTH OJHOTO HAa OJHAKOBIM BifcTaHi Bij moBepxHi. [lpu meomy 3apsam —q
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HA3MBaIOTh 300pakKeHHAM 3apsAny +¢q . s BpaxyBaHHS 1HIIOI MIBIUIOIIWHN BBOJSTH IIE
JIBa JOJATKOBI 3apsau —¢ Ta +¢ . BOHU € 300paXCHHSIMU JIBOX YK€ BBEICHHX 3apsiiiB.
BapTto 3BepHyTH yBary Ha Te, 1110 BBEJICHUI MO3UTUBHUI 3apsj Ma€e BEJIMYUHY +¢, a HE
+2¢ , IK MOXE CIIOYATKy 3[aTHCS. 3raJlaéMo, [0 BEJIMYMHA i TIOJIOXKCHHS 3apsi/liB BU3HA-

YaeThCsl BUMOTOIO0 €KBIMOTEHILIATBHOCTI TPOBIHOI MOBEPXHi, opMa i MOTEHLian SIKOi
3a1a€ThCS B YMOBI 3a1adi. J[71s MOBITEHOT TOYKHM MOBEPXHI (HA pUCYHKY BKazaHa OJHA 13

HI/IX) MOXHa JICTKO HepeCBiZ['-II/ITI/ICI), 10 caM¢ TakKa BCJIIMYMHA 3apsAdy AaCTb CTaJIICTh I10-
. .y . . . +9 —q +q —q
TCHII1AJIy IO BCIM IIOBEPXH1 IPOBIOHHKA: BHpa3 — +—+—+—
n v v n
1 2 2 1

=0 copaBennuBUi

JUTSL Oy Tb-SIKOT TOYKH.
TakuM YWHOM, JJIs BIATIOBIAI HA 3aIIMTaHHS 3ajadi IOTPIOHO PO3MIISIHYTH B3a€EMOII0
3apsy +q 3 foro 300pakeHHsIMH. [3 BpaxyBaHHSM TOTO, IO CHJIA — BEJTMYMHU BEKTOPHI

1 CKJaaTh ix noTpiOHO BiZMIOBIAHO, OTPUMAEMO:
2
s T q
F =Fcos—+F,cos——F, =k——(242 -1).
I IR Ry ( )

Npuknapn 2.3. Touxa HecKiHYEHHO 00820 HUMKA, 3APSAONCEHA 3 JIHIUHOIO 2YCMUHOIO
+A, po3mauiosana napaieibHo 00 NPoGiOHOI Naowuku Ha eiocmawni a 6i0 Hei. 3uaimu
MOOYIb Cunu, wjo Oi€ Ha OOUHUYIO OOBNHCUHU HUMKU, | PO3NOOLT NOBEPXHEE020 3apsidy O(X)

Ha naowuni (X — 8I0CmMans 6i0 NpAMoi HaA NIOWUHI, Oe G NPULIMAE MAKCUMATbHE 3HAYEH-
H51).

Po3B’s3aHHA. 3a IOTIOMOrOK METOAY CJIEKTPUYHUX 300pakeHb 3a/aua 3BOIUTHCS
JIO0 3a/1a4i TIpO B3aEMOJIII0 JBOX HECKIHYCHHUX HUTOK, 3apS/HKCHUX 3 JIIHIHHUMHU TYCTH-
HaMU +A Ta —A (puc. 2.14a). Criy B3aeMojlii MOXHA 3HAWTH, PO3TIISIAIOYM 3aPSIHKCHY
HUTKY, SKa 3HAXOJUThCS B EICKTPUIHOMY TOJIi iHIIOI HUTKHU. Lle moye Bu3HA4YaeThCs 3a

A .
JonomMoror teopemu ['aycca: E| = — . Ha enemenT uutku d/ i3 3apsinom dg = Adl,

nEy a
2
nie cuna dF =dq-E=———. Tonmi cuia, sika Ai€ Ha OJUHHIIO TOBXWHU HHTKH,
4neya
dF 1\
1= = -
dl  4mne, a
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+A
+A 1

E
_Y - x N

max S pmp—

S

a) 6)
Puc. 2.14. [lo npuknagy 2.3

MeTto/ eneKTpruYHUX 300pakeHb J03BOJISE BUSHAYUTH MOJYJIb HANPY>KEHOCTI EJIEKT-
pUYHOTO TIONIA TOOIM3Yy TOBEPXHI METaly B 3aJEKHOCTI Big KOOPIWHATH X SK

A Aa .
E(x)=2—————=cosa =————- 3 iHmoro Goky, 10 % BeMMIHHY MOXKHA
211380\/612 +x? gz (a +Xx )
c .
BH3HAUMTH 3a Gopmyioro 2.1: £ =—— . B ocTaHHBOMY BHpa3i BpaxoBaHO, IO Ha IOBE-
€o
PXHI MeTany 1HAYKYIOTbCS HeraTuBHI 3apsau. [lopiBHIOIOUN 1Ba BUpa3u IS OIS, OTPH-
ra
MaeMo o(x) = —— -
n(a +Xx )

Npuknap 2.4. Toukosuii 3aps0 q 3Haxooumvcs Ha siocmani | 6i0 yenmpa 3aps-

0oicenoi npogionoi cqhepu padiyca R . 3naiimu 3apsa0 cepu, Ko 6i0oMo, wo cuia 63a-
EMOOIT MidIC cheporo ma MOUKOBUM 3aAPSIOOM OOPIGHIOE HYTIIO.

PozB’s3aHHs. JIis TOTO, 11100 3pO3yMITH, IKHM YHHOM Yy BHIAIKY chepudHOi mpo-
BiZTHOT TIOBEPXHI PO3MIIIYBATH 3apsAAU-300paXKeHHs, PO3TIITHEMO CIIOYATKY BHIIAIOK 3a-
3emiieHo1 chepH.

q;x Puc. 2.15. lo npuknaay 2.4

»

A4

3aMIHMMO iHAYKOBaHMI MOBEPXHEBHH 3aps/] Ha QIKTUBHHN ¢'. YMOBOIO NMpPaBHIBHO-
CTi BUOOPY BEJMYHMHH Ta MOJIOKEHHSA ¢’ € eKBIMOTEHIIAIBHICTh MOBEpXHi chepu. I3 mip-

KyBaHb CUMETPIi 3p03yMiJIo, IO Il 3apsia Oyae 3HaXoauTuCh Ha npsMmid OA (puc. 2.15).
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Bubepemo Ha cepi HoBiNbHY TOUKY B 3 KOOpIUHATAMH (x, y) . IloTenuian B wiéi Toumi

’
9.4
drneg\ K 1

CTBOPIOETHCS 3apsifiaMu g Ta q': @p = . Ham notpi6HO, mo6 ueii nmorex-

!

mian AopiBHIOBaB Hym0. Tomy 9.9 3 PUCYHKa BHJHO, LIO ;’12 =(x—l)2+y2 i
4l p)

' A2
r22 = (x—r)2 + y2. Brenemo mo3HadueHHS 1) = (%) . Toxi r22 =nr12. Ilicnsa migcrano-
BKH MaeMo: (x — r)2 + y2 = 1']()c—l)2 +ny2 . Binkpuemo ayxku i 30epemo koedillieHTH
IIpU OJHAKOBUX CTENEHSIX X Ta y : (M —l)x2 +2x(r—-mh+Mm- l)y2 =7? —n12 . Hami:

r—nl 2_r2—n12

X% +2x 0 +y° = 1 JonoBHMMO BHUpa3 0 TOBHOIO  KBaJparty:
n- n-
AV 2.2 AN
x+l n! 2.r nl” _[r=nl . PiBHsIHHS eKBiNOTeHLIaNBHOI MOBEPXHI B 00-
n-1 n-1 n-1

paHiii cucTeMi KOOpJMHAT MOBUHHE CHIBIAgaTd 3 PIBHAHHSAM KOJa! X’ + y2 =R*. Jlns
TOTO, 00 OTPUMAaHHI HaMHU BHpa3 MEPEUIIIOB y II€ PIBHAHHS, MOTPiOHEe BUKOHAHHS JBOX

. N 1”2 —T'|Z2 _p2 s . .
yMOB: ¥ —nl=0 1 —I_R . Po3B’s13ytoun 1110 CUCTEMY BIIHOCHO M 1 7, OTpUMAE-
T" —
R? R? L :
MO: 7 = N n= 1_2 [lepmmii po3B’sA30K 1a€ HAM TOJOXKEHHS 3apAay-300pakeHHs ¢’ , a

L R
JPYTHil — HOTO BEJIMUYKHY, sIKa, 3 ypaXyBaHHSAM 3HaKy, CTAHOBHTh ¢’ = —¢—.

[

TakuM YMHOM, MU BU3HAYMJIM, IO B3aEMOJIiS MiXK TOYKOBUM 3apsjIOM 1 3a3€MJICHOKO
MPOBITHOIO ChEporo aHANIOTIYHA 0 B3aEMOJII IIHOTO 3apsmy 3 HOro 300pa)KeHHSM, SKE
3HaXOAMTHCH Ha BIACTaHI 7 BiI meHTpa chepH i Mac BEMUUMHY 3apsany ¢ . 3apsan g Ta
¢' MaroTh BJIACTHBICTh B3a€MHOCTI: SIKINO ¢ — 3apsj, a ¢' — WOro 300paXkKeHHs, TO IS
3apsany g’ 306paxeHHsM € ¢ . e m03BOIsIE pO3B’A3aTH, HANIPHUKIIA, 3aMa9y 1Ipo chepu-
YHY MMOPOKHUHY Y MPOBITHUKY 3 TOUKOBHM 3apsiJIOM BCEPEIHHI.

VY BumajKy He3apsHKEHOI Ta He3a3eMJICHOI MPOBITHOT Chepr HASABHICTH 30BHIIITHBOTO
TOYKOBOTO 3apsi/ly ¢ TPU3BOAWTH JO TMOSIBU HEHYJHLOBOTO TMOTCHINANY HA ii MOBEPXHI.

IIpu oMy cymapHUit 3apsia chepy 3aMUIIAETHCS HE3MIHHAM 1 piBHUM HYIIO (BiH JIUIIIC
nepepo3noainserses). Toai anst 30epeskeHHsT YMOB €1eKTPOHEHTPaIbHOCTI Ta EKBIMOTEH-

ianbHOCTI chepr HEOOXiAHO B Ti HEHTPI PO3MICTHTH IIe OIUH 3apsn ¢ =—q' =7q Ta

BpaxyBaTH ITOJIS TPHOX 3apsAdiB ¢ , ¢’ Ta ¢" : 3apsAnamM g Ta ¢ HagyTh Ha cdepi IMOTEHITaT
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q" 3 1 q

—= , TOOTO IOTEHIIiaI,
4dne, R 4ng, [

¢=0, a 3apsax ¢" nacte Ha cdepi MoTeHIIAT @ =

SIKUH CTBOPIOETHCS 3apsIiIOM ¢ BCEpennHi chepu.
[MoTenmian 3apsmxeHoi chepu 3a HASBHOCTI 30BHIIIIHEOTO TOYKOBOTO 3apsAy € CyIep-
MO3UITIE€I0 JTBOX IMOTCHITIATIB: MOTEHITIAY BJIACHOTO 3apsay Ta MOTEHIIIaly, HaBeICHOTO

30BHILIHIM 3apagoM. SIKio 3apsn chepu NO3HAYUTH SIK ¢, TO ¢ =4—(%+%} . Ilpn
TEy

BUKOPUCTAaHHI METOAY EIEeKTPUYHHX 300pa’keHb EKBIMOTEHILIaJdbHIA MOBEpXHi Y (Qopmi
chepH, CTBOPEHi CHCTEMOIO 3apsAmiB ¢ Ta ¢', MOKHA HaIaTH MOTPiOHOIO IOTEHINAIY,

nomictuBmi y 1eHTp cbepu 3apsa ¢" . Moro BenuyMHa BU3HAYAETHCS YMOBOIO

/

;(%+%J_;q—,TO6TO q"=q0+q£=qo—q'.

- 4me, - 4ney R

Puc. 2.16. o npuknagy 2.4

A4

Tenep MoXHaA MOBEpHYTHCH 10 3a/adi. 3TiJHO 3 BUILECKa3aHUM, CUCTEMY, ONKCaHy B
YMOBI, 3a JOIIOMOTOI0 METONY CIIEKTPUIHUX 300pakKCHb MOXKHA 3aMIHUTH Ha CHCTEMY
TPHOX TOYKOBMX 3apsaiB (puc. 2.16): caMoro 3apsay ¢ , 3apsiay ¢, sSKHii 3HaXOAUTHCS Ha

R? R
BifCTaHi 7 :T BiJ eHTpy cdepu i Mae BennunHy ¢q' = —qT, Ta 3apsaay ¢"=qy—¢q',
SKUI po3TamoBaHuil y ueHtpi cepu (g, — 3apsaa cdepu, Noku Mo HaM HeBinoMuil). 3a

I g¢" 1 99" _ 4 ¢ 4 4 |_,

yMOBOIO F = = —-— = IlincraBnsroun
Anzq (- ,,)2 4ne, 1> 4me, (1 _r)z P
BUpa3H 11 r Ta ¢, OTPUMAEMO pIBHSHHA Ul  BH3HAYCHHI ¢
2
% R| P 1 R .. . 1—(1 —az)
—=¢g—| ——— —— |. BBegemo no3nauenns o =—. Toxmi g, =qo.————
% I (2 »2\ [2 ! 0 )
(l -R ) (l—oc )

Npuknap 2.5. Ha neckinuennili NIOCKIll NOBEPXHI NPOGIOHUKA € HanigchepuuHull
sucmyn padiyca R, yenmp axozo nexcumsv Ha mii dxce nosepxui. Hao yenmpom eucmyny
Ha gidcmani | 6i0 naowuHu po3mingeHo moukosull 3apsao q . 3Halumu cury npumsaeanus
3aps0y 00 NPOoBIOHUKA.
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Po3B’azanHsa. Beenemo 3apsaau-300paxenns g', —q', —q (puc 2.17).

7—.q

= R
\\/ ;o Puc. 2.17. [o npuknaay 2.5
54 )/
N7 I
P

IMapu ¢ Ta —q, ¢' Ta —q' 3abe3MeUyOTh Ha TIOBEPXHi, 10 30ira€ThCs 3 ILIOLIHHOIO,
PIBHICTh HYJIIO CyMapHOTO MOTEHIiany. A mapu q Ta ¢, —q Ta —¢' MalTh €KBIOTEH-

IiaJTFHOI0 ITOBEPXHIO, 110 32 (DOPMOIO 30Iira€ThCs 3 TOBEPXHEIO HAMiBCHEPHUIHOTO BUCTY-
ny. TakuM YWHOM, YOTHUPH 3apsH Jal0Th HYJIBOBHI MOTEHINAT HA BCI MOBEPXHI 3 BH-
cTynoM. B3aemMoJisi TOUKOBOTO 3apsay ¢ 13 MOBEPXHEI0, OMMCAHOK B YMOBI 3ajadi, 3BO-

. R
JIMTHCS 10 B3AEMOJIii YOTHPHOX TOYKOBHX 3apsiiB. Benuuuna 3apsay ¢’ = —q7, a 3Ha-
R2
XOJHUTHCS BiH Ha BiACTaHi 7 :T BiJl LIEHTPY c(hepryHOTO BHUCTYIY (AMB. NpuKknaa 2.4) .

OTxe, cuiia, 10 JIi€ Ha 3apsn ¢ , Oy/e

1 4? 1 qq’ 1 qq9 q RI RI 1

— J’_ =
4mey 417 4mg (1_,,)2 4re, (l+r)2 e, (12+R2)2 (Zz—Rz)z 417

4me,, (14_R4)2 417

(13

. 3HaK

Ilicnsa cnpomiensst £ =— y KiHIEeBi# popmyIi moka-

3y€, 110 B3a€MOZ[i$I MiK TOYKOBUM 3apsaioM ¢ Ta HpOBiZ[HOIO MOBCPXHCHO MaA€ XapaKTep

NPUTSTAHHS.
Mpuknaa 2.6. Bcepeduni ne3apsodnceHo20 npogioHo2o chepuuno2o wapy Ha 6io-
cmaui a 6i0 1020 yenmpa 3HAX0OUMbCs MoUKosull 3apad q . Padiyc enympiunsoi nose-

PXHI wapy 0opieHioe 1, 306HIWHLOI — R . 3natimu:

a) nogepxnegy 2ycmuny iHOYKOBAHUX 3apsA0i8 HA 3068HIUHIT NOBEPXHI APy,

6) nomenyian chepuyno2o Wapy, RPUUMA4u 3a Hylb NOMEHYIal HeCKIHYeHHO 8I00a-
JIeHol moyuKu;

8) MAKCUMANbHY MA MIHIMANbHY 2YCMUHY THOYKOBAHUX 3aps0ie HA GHYMPIWHIL NOGep-
XHI cghepuynozo wapy.

49



Po3B’a3anHA. 3aps] ¢ BUKINYE IOABY 1HIYKOBAHOTO 3apsly ¢; =—¢ Ha BHYTpI-
mHIA noBepxHI cdepuyHoro mapy. Hecumerpudne posramryBaHHS 3apsiy ¢ CIPHYH-
HUTh HECUMETPHUYHICTh CHJIOBUX JIiHIM ENEKTPUYHOrO IMOJISi HABKOJO HBOTO (AMB. MUT.
2.2.7). BingnoBigau# iHIYKOBaHUHN 3apsl PO3MOAUIATECS TI0 BHYTPIITHIA TTOBEPXHI HEPIB-
HOMIpHO: Hai0inpmia oro ryctuHa Oyne B HaWOMIKYiIH 10 3apsdy ¢ TOYLl HMOBEPXHI,
HaliMEHIIa — B JllaMeTpaJIbHO NPOTHIekKHIN To4nl. ITosBa iHAyKOBaHOrO 3apsaay ¢, € Ha-

CITIIKOM IIEPEPO3NOALTY 3apsaiB BcepeauHi MpoBiAHKMKa. SKIIO 10 mepepo3noziny che-
puuHuii map OyB, B LIOMY, €JIEKTPOHEHTPaTBLHUM, TO MiCJIsl HHOTO MOABA Ha BHYTPIIIHIH
IOBEPXHI 3apsAdy ¢, IpU3BeAE N0 BUHUKHEHHS Ha 30BHINIHIA IIOBEpXHI 3apsay

g, =—q, =q . B3aemonia Mix 3apsanamMH 311HCHIOETbCS Yepes3 eleKTpudHe noie. Beepe-
JVMHI IIPOBiIHUKA HANPY>KEHICTh €JIeKTPUYHOrO M0JIsl JOPiBHIOE Hym0. ToMy 3apsan g, He
BiJ4yBa€ HAsBHOCTI 3apsAliB ¢ Ta ¢, . B pe3ynbraTi BiH PO3NOAUIMTECA HA 30BHILIHIN
MMOBEPXHI CUMETPUYHO. | 'yCTHHA 3apsiay Ha 30BHIINIHIN moBepxHi Oyae BuU3HAYATHCS (o-

PMYJIIOI0: G = . CHMEeTpHUYHICTh PO3IMOALTY TTOBEPXHEBOTO 3apsay O3HAUYAE, MO Kap-

R2
THUHA CUJIOBHUX JIiHIH €JIeKTPUYHOTO MOJIs 30BHI 000JIOHKU OyZe TeX palialbHO CUMETpH-
yHOI0. HanpyskeHicTe Takoro moisi Oyae 30iraTucs 3 HampyXeHICTIO TOYKOBOTO 3apsiay,
MOMIILIEHOT0 B LEHTP ChepuyHOro mapy. BianoBimHo i moTeHLian mapy Oyjae BU3HAYA-

1 ¢
THCA K @ = yr—t
€
v q qr
R Na Puc. 2.18. [lo npuknaay 2.6
/ / / , puknany

3HalTH MaKCUMaJbHY Ta MIHIMAJIbHY TYCTHHY 1HAYKOBaHHUX 3apsaiB HA BHYTPIIIHiH
MOBEPXHI O0OJOHKH MOXKHA, BU3HAYMBIINN HAIPYKCHICTh €ICKTPUYHOTO TOJS B OKOJI

TOYOK, SIKi HAaC IIKaBJIATh. 3 OJTHOTO OOKY, ITOJIe HAa TIOBEPXHI BU3HAYAETHCA SIK E = % ,
0

3 IHIIOTO — IF0 BEJIMYMHY MOXKHA 3HAWTH, SIKIO 3aCTOCYBATH METOJI €JICKTPHUYHHX 30-

OpakeHb. MU BKe pO3TIIBIIaI 3a4aqy Ipo 3apsa mooau3y chepudHoi MPoBiTHOT TIOBEp-

xHi. 30KpeMa, 3raayBajioch PO B3aEMHICTh 3apsjay Ta HOro 300pakeHHs. 3HAIOUYU PO

110 BJIACTUBICTh Ta BUKOPUCTOBYIOUH (POPMYJIIH, IO BU3HAYAIOTH MOJO0KEHHS Ta BEJIMYH-

HY 3apsay-300pakeHHS y Npuknagi 2.4, MOKHa OTPUMATH BiIIOBIAHI BHpA3H 1 IS HAIIO-
2 2

r . reo. r .
ro BUNAJKY: d =7 Ta ¢ =—q'7, 3BiKU [ =— 1 q¢' =—g— . HampyxxeHicTb eleKTpuy-
a a

HOTO TIOJISI TOOJTN3Y TOYKH 3 MAaKCHMaJIbHOIO TYCTHHOIO 1HITyKOBAaHHX 3apsIiB € CyIepIo-
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3MIEI0 OB 3apsiaiB ¢ Ta ¢' . 3 ypaxyBaHHAM HaIpsSMKiB BEKTODIB, MOKHA 3aIMCaTH

r

_ 9 L a _ q (
4re, (r—a)2 2 2 471<°,O(r—a)2

—=r
a

a . .
1+—j. ITopiBHIOIOYM LieH BUpa3 3 BU-

pasoMm  Oiid Hapr)KCHOCTi I10JIA, OTpUMaHUM 3  TCOPCMHU Faycca, MaeEMoO

O max = %(1 + gj . ITo1iOHMM YMHOM BU3HAYAETHCA 1 Gy = %(1 - gj .
4n(r—a) r 4n(r +a) r

Npuknap 2.7. Toukosuii cmMopoHHill 3aps0 ¢ 3HAXO00UMbCA 8 YeHMPi 0OHOPIOHOL

dienekmpuunoi Kyi 3 nponuknicmio €. 3uatimu noaspuzosanicme P sk (yukyiio padi-
Ye-8eKmopa ¥ 8IOHOCHO YeHMpA KyJi, a MAaKodic 36 S3aHuil 3apsi0 HA NOGEPXHI ma cepe-
ouni cghepu, padiyc axoi menwull, Hidc padiyc Ky

PozB’g3anHs. lone B JiCNEKTPUKY XapaKTEPU3Y€EThCS BEKTOPOM CICKTPUYHOI iH-

. = 1 qr . o
nykiii D =———-—-— (el BUpa3 MOKHA 3HAWTH 3a JOMOMOTOI0 TeopeMHu laycca).

dmee 12 r

BpaxoByroun 38’30k D=¢peE T1a €=1+0, A€ O — Hie€NEKTPUYHA CHPUHHATIMBICTD,

TS = = e—17
3aIAIIEMO BUPA3 JUIA BeKTopa Tonspusanii P(r) = gyok =gy (e~1)E =qg——.
4re v
, , q ¢-1 . .
TToBepxHeBa IycTHHa 3B’S3aHOTO 3apsny G’ =P, =————— . 3BiicH nosepxHesuii
4nr €
9 (V3 2 ’ 2 e — 1
3B’s3aHuil 3apan g’ =o -4t =q— .
€

IoTik BekTOpa P depes 3aMKHEHy MOBEPXHIO TOB’SI3aHHI 3 BETHUMHOIO 3B’3aHOTO
3apsIIy BCEPEIUHI IIi€T TOBEPXHI:
q"= —I(f’ . ﬁ)dS = —‘1(8—_;)471# = —qg; =—q', 110 MATBEPIKYE YMOBY €JIEKTPO-
S 4mer €
HEUTPaIbHOCTI KYJIi.

Mpuknap 2.8. 3natimu cycmuny 36 A3aHUX 3apsaoie HA MeXHCi 0OHOPIOHO20 dieneKm-
puKa ma nposionuxa. Jlienekmpuyna npoHUKHICMb OleIeKMPUKA €, NOBEPXHeda 2yCmuHa
3aps0ié HA NPOGIOHUKY — G .

Po3B’azaHHsa. SIKIO TOBEpXHEBA T'YCTHHA 3apsijliB HAa MPOBIAHHKY G, TO TOJE,

CTBOPEHE HUMH NOOIMU3Y MOBEPXHI, £, = % .
0
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' Puc. 2.19. [lo npuknagy 2.8

++++++++0

Tlone B ,I[ieJ'ICKTpI/IKy MMpEaACTaBIIA€ co0010 cyr[epr[031/1uifo 10JIA EO Ta IOJIA MMOoJigpu3a-

!/
. . ' ' -G .
mifiaux ~ sapagie E'=© . E=E,-S/ = .3 iHmoro OOKy,
€0 0 € g

!

go(e—1)

’

o'=F,=-¢,(e-1)E, 3Bigku E =— . TTopiBHIOIOUM BUpA3H I HANPYKEHOCTI,

e—1
OTPUMAEMO G = —G——.
€

Npuknan 2.9. E6onimogy niacmumy nomicmuiu 6 00HOpiOHe eleKmpuyiHe noie Ha-

npysxcenicmio E,. Bexmop E, ckiadae 3 nopmanno 00 noeepxui naacmuHu Kym @ .

3naumu P, E ma D 6 niacmumni.

. D
Po3B’ss3aHHsA. 13 TPAaHUYHUX YMOB (2.6) i Egsing=—", gyE,cos¢=D, . Takum
€0
YUHOM, MOJYJI IIyKaHUX BEKTOPiB MOKHA BU3HAUMTH Yepe3 iX HOPMaJbHi Ta TaHTEeHIlia-

2.2 2
. . . D €7 sm” @ +cos
IbHI cKnanoBi: D =gykE, \/82 sin? ¢+ cos? ¢0; E=—=E, \/ i ® . Bcepe-

€0€ €
JHHI JieeKTprKa BEeKTOpH E Ta D CTBOPIOIOTH 3 HOPMAILIO KYT 0. 3 TPAaHHYHHX YMOB
tg 0

gY _¢
tge
Akﬁ
Ey\®
Puc. 2.20. o npuknagy 2.9
O E

a #oro

2.2 2
\/8 sin“ ¢ + cos
(e-1) TR Pk,
0
€
HOpMaJbHAa  CKJIaJl0OBa  BH3HAYa€ TIOBEPXHEBY TYCTHHY 3B’S3aHHX  3apsIiB:
oF, cos E, cos
— (pzso(s—l)—o ? oo
€
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Npuknap 2.10. Bracrniook  HeoOHopioHoi  Oegopmayii  HecKiHueHHA
n’€30e1eKmpuyHa NAACTIUHA MOBWUHOW 2d BUABTAEBCA NOJAPUI0BAHOI0 3A 3AKOHOM

ﬁ:ﬁo(l_g)’ Oe PO — BEKMOp, NEePREeHOUKYIAPHUL 00 NAACMUHU, X — GIOCMAHb G0

cepedunuy naacmuny. 3uatimu HanpydlceHicms enekmpuunoeo nons E ecepeouni nnac-
MUHU Ma PI3HUYIO nomeHyianie AQ mixc ii nogepxHamu.

Po3B’s3aHHs. 3B’ s3aHuil 3apsin q' =—j (f’-ﬁ)dS. 3 iHmoro 60Ky, 32 TEOPEMOIO
()
- ' 1 - . .
T'aycca .[ (E-fz)dSzi:—— .[ (P-fz)dS . IlopiBHIOIOUM Ii BHpa3W, OTPUMAEMO
(5) b0 fogy

d d
. . £ 2FRd
Pi3nuns notenmanis A = I Edx= I —0(1 —inx =0
Zd “a %o d €9
MNpuknapa 2.11. Cmopouui 3apsou 3 cycmurnorw p >0 pisHOMIpHO po3nodineHi no

Kyni padiyca R 3 00HOpIOHO20 OieneKmpuxa npoHUKHicmio €. 3uaumu Mooyivb HaAnpy-
JHCEHOCMI eNeKMPUUHO20 ROJISL MA ROMEHYIAn K QYHKYI0 8i0CmaHi r 8i0 yeHmpa Kyii.

3obpazumu npubausnull euennd sanedxcHocmeii E (r) (p(r). Busnawumu 06’emny ma
NOGePXHe8Y 2YCMUHU 36 SI3aHUX 3apsdie ¢’ ma p'.
Poss’azanns. PosrmsHemo Bumazgok r<R . 3a Teopemoro Iaycca

- 4 . . .
j (D -7 )dS =q= ?Tcpr3 , 3Bigku D = %r . OTxe, mns » < R MaeMo JiHIHHY 3aJEKHICTh
(8)

E (r)=3p r.
€o€
. 1 0
ITogiOHMM YHMHOM MOXKHA BHU3HAYMTH moie mist r>R : E (r)z 2 =, Je
TESO 14

0= ?npR3 — TIOBHUH 3apsa KyJi.

[Ipuitmaroun MOTEHINan HECKIHYEHHO BiJJaJICHOI TOYKW 3a HYJb, OTPUMAEMO BHpa3
TUTS TTOTEHITIATY 3a MeKaMHu Tl eTIEKTPUIHOT KyJIi:

(p(r)_(P(OO)ZOJ?Edr: ng_ 1 0

S dr = = . Jlami, Bxe 3HAIO4M MOTEHITial Ha TOBEPX-
4meg o r 4re, 7

Hi (p(R) , 3HaWEMO BUpa3 i NOTEHLiany  BCEpeAHHI KyJIi:
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r 2 p2
o(R)—o(r)= Pr - P (r —R j ) Orxe, npu r<R

_R3808 _3808 2
1 0 p (=R 1 0 1 r?
)= e R el 2 ) ame k| T2l TR

0 0 ney R 2e R

0 E

a |
I
I
l
I

Puc. 2.21. Jo npuknaay 2.11

| (p(r) p Y
I E(r) p
1 >

R
Ha puc. 2.21 nogano npubmsHuil BUris sanexnocteil E(r) ta ¢(r). 3BepHiTh yBa-

ry Ha cTpuOOK PyHKIIT £ (r) mpu =R .
I'yctuam  3B’sA3aHWX  3apsaiB 3HAWJAEMO  4epe3  BEKTOp  IMOJApHU3allii

-1 .
Py= p r . TloBepxHeBa TIycTHHA 3B’A3aHUX 3apsliB
3gp€ 3e

P=¢gyaE =¢,(e—1)

-1 .
o' = P(R) = p83—R . 06’emHa TyCTHHA 3B’ A3aHUX 3apsaiB
€

- e-1), - - - — -
p'=—-divP=-div M(xi +yj +zk) =—p8—13=—p8—1. Jlns mepeBipku Bimo-
3e 3e €

,4TC 3 e—1
— R =—q—,
3 7 €

0 BIAMOBIZAE pe3yabTaTy, OTPUMAaHOMY B npuknagi 2.7. A 3apsamg  TOBEepxHI

BiJli MOpaxy€eMo CyMapHHH 3aps 00’ €MHUX 3B’sI3aHHX 3apsiiiB ¢’ =—p

4TcR2c$’=4TcR2p83—_81R:—q’. I e mpupomHO, OCKINBKH TOJSpHU3AIlisA MieJIEeKTPUKa HE
MPU3BOAUTH 10 TIOSIBU HOBUX 3aps/iB, a JIMIIE 10 EPEPO3NOIiTy iCHYIOUHX.

Npuknap 2.12. /lierekmpuuna Kyis NOAAPU308AHA OOHOPIOHO | cmamuyHo. Bex-
mop noasapuzayii Kyui P. 3uaiimu HANPYICEHICMb eNeKMPUUHO20 NOJISL 6CEPEeOUHI K.

Po3B’a3aHHA. 32 YMOBH OIHOPIAHOI Homspu3aii Ky (P = const ) 06’eMHa rycTu-
Ha 3B’s3aHuX 3apsiaiB p’' =—div P = 0. [loBepxHEBa Xk I'yCTHHA 3B’3aHUX 3apsiIiB BU3HA-
YaeThCSl HOPMAIBbHOIO CKJIQJOBOIO BEKTOpa MOJSApW3allii Ha TOBEPXHI  KYIi:
6'=P,=Pcos0. TakuM 4vHOM 3B’SI3aHMIl 3apsia PO3NOIIICHUH MO MOBEPXHI KyIi 3a
3aKOHOM KOCHWHYyca. Y npuknagi 1.16 OyJio oKa3aHo, IO TaKWH PO3MOIT 3apsiTy MOXKHA
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VSIBUTH SIK PE3YJIbTAT HEBEJIMKOIO 3CYBY OJHA BIIHOCHO OJIHOI JABOX cep, pIBHOMIPHO
3apsAKEHUX 3 TYCTUHAMU tp (puc. 2.22).

Puc. 2.22. [lo npuknagy 2.12

HanpyeHicTh €1eKTpUYHOTO MOJIs BCEpeAnHI PIBHOMIPHO 3apsKeHol KyJi MOKHa
po3paxyBaTh, CKOPHUCTAaBIINCH TeopeMoro [aycca. OTpumaemo JNiHIHHY 3a]1€XHICTh Bif

paniyc-Bektopa F @ E, =3L;7 . 3arampHe TOJIE¢ TOJAPH3AAHAX  3apsimiB:
€0

E=FE +E_ =L(F1 —7)= ~Pai B OCTaHHHOMY BHPa3i BUKOPHUCTAHO ITO3HAYCHHS
3g, 3g,
- L " L , . .
n—1% =—d . Beegemo 3apsax KoxkHOi 3 Kymb: g=pV , ne V' — o0’em kym. Toxi
1 ga 1 p . . . .
——=———=_ JIlunonpHA MOMEHT OJUHHWII 00’€MY IieIEKTPHKA i € BEKTOP
gy V 3ey V
noJisipu3ariii P. TakuM 4MHOM, HANPYKEHICTh TOJS BCEPEAMHI OJHOPITHO MOJISPH30Ba-
HOI JieTIeKTPUYHOI KyJIi BU3HAYA€ThCA K £ = ——— .
3gg
MNpuknap 2.13. [Ipocmip mixc 0OKIAOKAMU NIOCKO20 KOHOEHCAMOpa 3an08HEHO
OleleKMpUKom 3 NPOHUKHICIIO €, 8 AKOMY € MAJld NOPOACHUHA Y POPMI KYTli, 3an06HEHa

IHWUM OieleKmpUKoOM 3 NPOHUKHICMIO €, . Hanpyoicenicmo nons 6 konoencamopi 0o 3a-

nogHenHs 1o2o dienekmpuxkom cmanosuna E. 3naumu nanpydicenicme nons écepeoumi

0py2oeo OieleKmpuKa 3a yMou Cmaiocmi 3apsaoy Ha 0OKIAOKAX ma MAaiocmi nopo€CHU-
HU ) NOPIGHAHHI 3 POMIPAMU KOHOEHCAMOpA.
Po3B’g3anHna. 1lone B KOHIEHCATOPI IMICISA 3aIIOBHEHHS WOTO JIEICKTPHKOM 3MCEH-

E,
myetsest: By =E, — E' =% (puc. 2.23a).
€]
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+++++++++++++++++ +++++++++++++++++

Puc. 2.23. o npuknagy 2.13

CnouaTky 3HaiiemMo 1ojie B chepudHiil MOPOKHUHI 3a BiACYTHOCTI IPYTroOro JiEIeKT-

A
puka: E, = E| +3— (TYyT MM BHKOPHCTOBYEMO pe3yNbTaT npuknagy 2.12). Takum 4nHOM,
€

g +2
3¢,

[Ipu 3anoBHEHHI TOPOXHUHU JICIICKTPUKOM II0JIe B Hill 3MIHIOETBCS 32 PaXyHOK I10-
SIBM TIOJISIPM3AIIMHUX 3apsiB Ha MOBEpXHI cdepu (puc. 2.236). BpaxoByroun HampsIMKH

E, =E1+3L800L1E1 =(1+%JE1 - E,.

€9

. P. +2 . +2
nomuiB, orpumaemo: E, =F, ——2=81—E0 —%E2 . Tom E, i Ey,
3eg 3¢ 3 3 3¢,
. +2 +2 +2 E,
3BiIKH F, &2 =4 E,. Ocrarouno E, = G720
3g €, +2 g

Npuknap 2.14. Toykoguil 3aps0 q 3HAXO00UMbC HA 6i0cmani | 6i0 niockoi medxci
Midic 080MA OOHOPIOHUMU [30mMponHuMYU Oienekmpuxkamu. IIponuknicms OielekmpuKie
CMAHOBUMb € MA €, . SHAUMU:

@) nosepxHegy 2yCMuHy 36 SA3aHuX 3apsoie sK (QYHKYil0 6i0CMAaHi r 8i0 MOUKOBO20
3apaoy q;

0) cymapHuil 36 A3aHUl 3aps0 HA MeICL.

PozB’sazaHHa. ]I po3B’s3Ky 1€l 3a7adi CKOPUCTAEMOCH METOAOM CIIEKTPUYHUX
300pakeHb (puc. 2.24). [Tone B meprioMy MieIEKTPUKY € CYIEPIIO3HITEI0 TBOX TOJIIB: T10-
JIST TOYKOBOTO 3apsiAy ¢ Ta IOl TOJSIpU3AIliHIX 3apsiB Ha MMOBEPXHI APYTOTO JielIeK-
Tpuka. OCTaHHE MOKHA TPEJCTABUTH SK MOJIE TOYKOBOTO 3apsay ¢, SIKHi 3HaXOJUTHCS
y TOYIll, CAMETPUYHIHN BiTHOCHO MEXI MOy IBOX JICIEKTPUKIB JO TOYKH 3HAXOKECHHS

~ -
q . 1 ¢ 7

4me, glrz r 4mg, 81r2 r

sapsny ¢ E; =
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Puc. 2.24. [lo npuknagy 2.14

[one y apyromy mieneKTpuKy OyJe CKIagaThcs JIWIIE 3 OIS MOJISIPH3aLiHHIX 3apsi-
JIIB Ha MMOBEPXHI Mepioro gienekTpuka. Lle mome MoxkHa MoJaTH SIK MoJie TOYKOBOTO 3a-
1 "7 .

g 5 — . Ha mexi mix
dney g, 1

pany ¢'', AKWii IPOCTOPOBO 36iraeThes 3 3apsaoM ¢ : E, =

JIBOMA JIieJICSKTPUKAMHU 11i J[Ba MOJIsi HOBHHHI 330BOJILHATH I'PaHMYHUM yMoBaM. Ilifcra-
BUMO B IIi YMOBH BUPA3H JJIS TOJIIB 1 OTPUMAEMO TaKy CHCTEMY PiBHSHb:

cos@—q'cos@=q' cos
D,, =D, qecosp—q cosp=gq ¢

E,.=E, %sin(p+%sin(p=%sin(p'

Te, mo cos¢ Ta sin@ B IMX PIBHSIHHAX CKOPOYYIOThCS, BKa3ye Ha Te, IO JaHi YMOBHU
CIpaBeUIMBI B KOXHIM TOYIN Ha MEXIi MOAUTY JieNeKTpUKiB. PO3B’sI30K cucTeMu NacTh
o . ’ 82 - 81 " 282
HaM 3MOTY 3HAWTH BEJIMYUHHU 3apAiB-300pakeHs: ¢ = ——=——¢q; ¢ =——
€, +¢ €, +¢
[ToBepxHEBY rycTHHY 3B’SI3aHUX 3apsilliB 3HAIIEMO, BHKOPUCTABIIH 1€ OJHY IPaHUY-
Hy ymoBy: B, — R, =-c'.
1 € —¢€
() — _ 279 q
G(r)—so(sl—l)Eln—so(sz—1)E2n_—2—- L.
n g (e, +g) r
Jls 3HAXO/KEHHST CyMapHOTO 3B’S3aHOTO 3apsy BUALTAMO Ha MEXI MiX JBOMA Jie-
JeKTPUKAMH  KiJiblle pajiycoM x 1 mmmpuHOW dx . BoHO wmicTuth 3apsa
rdr

dQ =0"'dS =c'2nxdx . 3 pUCYHKY OYEBHIHO, IO X = P2 =12 , 3BIOKH dx = —
re =1

€~ ¢

Otxe, dQ =0c'2nrdr , a QZ—jﬁ-ildr:—q—‘
’ g (e, +g))

2
e (e +g) r
Po3risiHemo nesiki OKpeMi BUIIaIKH:
. . e—1
1. g, =1; &, =¢ (3apsaa y BakyyMi HaJ MOBEPXHEIO IICNEKTPHKA): Q=—qﬁ. Pe-
3yabTaT 30iraeThesi 3 BUPA3oM sl ¢, 110, B3araii KaXydd, i He AUBHO. [IUTaHHS Mpo

57



BUpa3 i ¢'' He TOBUHHO BMHUKATH, OCKUIBKH Y BaKyyMi IOJISIPH3ALiHHUX 3apsIiB HE
iCHYE.

2. g =1; €, > o (3apsan y BakyyMi HaJl HOBEpXHEIO MeTany): O = —¢q . Pesynprar y3-
TOJDKYETBCS 3 PE3YNIbTATOM, OTPHUMAHUM ISl TIOJIST TOYKOBOTO 3apsily HaJ MPOBiAHOIO
TJIOLUHOIO.

MNpuknap 2.15. [ a3, akuil ckradacmscs 3 amomie He, posmicmunu 3a HOpMATbHUX

ymMo8 y 308HiuHboMy noai E =100 % " Jlienexmpuyna npoHuKHIiCMb 2a3y 3a YUx yMos

cknadae € =1,000074. Oyinumu 3miujenHs «YeHmpy macy eiekmpoHHoi 000I0HKU amo-
ma He 6 maxomy noai ma tioeo in0ykogaruu OunoivHuti momenm. Beasxcamu, wo 3a io-
CYMHOCMI 308HIUHBLO2O NONSL eleKmponu ¢ amomi He posnodinsiomuvcs cepuuno cu-
MeMPUYHO BIOHOCHO A0pA.

Po3B’g3aHHA. 11onapn30BaHiCTh PSUOBMHN BU3HAYAETLCS SIK CYMapHUH JUTIONBHUH
MOMEHT OJIMHUII 00’ eMy. BBaxkaTnMeMo, 110 BCi JAMITOII 30piEHTOBaHI B30BXK Mmois. To-

S p| N _ . .
i ‘P‘z % =7p=NLp , 1e Nj =2,69‘1025M 3 _ uucno JlommMiarTa, sike Ia€ Kiib-

KicT atomis B 1 4° ineansHoro rasy 3a HopMaiabHUX yMOB (THCKY 101325 [la , i Temrie-
patypi 0 °C). Mozaynp BekTOpa MoJisipu3aLii 3aJeKUTh Bil BETMUMHHI 30BHILIHBOTO €Jie-
KTPUYHOTO moiyist P =g ok = (8 - I)SOE . TakuM 4MHOM, TUIIOJNILHUN MOMEHT aroma He
€ — 1 SoE _
p=¢z2,43-10 T Knm.
L
Junonpamii MOMeHT p =gl , ne g =2e mua atroma He . OTKe, 3MIIIEHHS «IIEHTpa

Macy» eJIeKTPOHHOI 000JIOHKH [ AN 7,6-107"° u (mopiBHSIATE 3 XapaKTepHUM PO3Mi-
e

poMm atoMa ~1071° Mm).
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3. ENIEKTPNYHA EMHICTb
EHEPI'IA EJIEKTPUYHOI'O NOJIA

3.1. KopoTKi TeopeTuyHi BigOMOCTi

IToTentiian ¢ OKpeMOTo 3apsIKEHOTO TPOBITHHUKA 32 BIACYTHOCTI 30BHIITHLOTO €JIe-
KTPUYHOTO TOJISl MPOMOPLIHHUI HOTo 3apsiny ¢ :

(pz%. (3.1)

Bracaa emuicTh C MPOBITHUKA YUCETHHO JTOPIBHIOE 3apsny, SKMA HEOOX1THO HATaTH
MPOBITHUKY, MO0 3MIHUTHA WOTO MOTEHI[iaN Ha OAMHHUINO. Y OJHOPITHOMY CEPEIOBHII
BOHA TPSMO TPOTOPIIiiHA TiETCKTPUUHIA TPOHUKHOCTI CEPEIOBHINA 1 BHU3HAYAETHCS
TEOMETPUYHUMU po3Mipamu npoBigHuka. B cucremi Cl eMHICTh BUMIpIOETECA Y (hapagax
(D).

B3aeMHa €eMHICTh CHCTEMH IBOX IPOBITHUKIB, 3apSHKECHUX PIBHUMH 32 MOIYJIEM Pi3-
HOMMEHHUMH 3apsaaMu (KOHACHCATOP), BU3HAYAETHCS BIAHOMICHHSM 3apsay OIHOTO 3
MPOBITHUKIB 70 Pi3HUII TOTeHIiamiB U MiX HUMH:

o (3.2)
U
B3aeMHa eMHICTb 3aeXHTh JIHILIE BiJ pO3MipiB, GOpMH Ta B3AaEMHOTO PO3TALTyBaHHS

MPOBIIHUKIB.
Po3B’s13yBaHHsI 33/1a4 HAa 3HAXODKEHHS EJIEKTPUYHOT €EMHOCTI 3BOJMTHLCS JI0 3HAXO-
JOKEHHS 3B’ 513Ky MK 3apsiIOM CUCTEMH JABOX MPOBITHUKIB ¢ 1 Pi3HUICIO TIOTEHITIaIiB U

MiX HAMHU.

s 3abe3nedeHnst MOTPIOHOI €EMHOCTI TpH 3afaHiil poOodii Hampy3i KOHIACHCATOPH
00’ eqHyrOThH v OaTapei. HeoOXigHICTh 00’ €qHAHHS BUKJIMKAHA THM, IIIO 32 JOCTATHHO Be-
JIMKOI HaIpyryd Moke BigOyTucs “npoOiii” KoHIeHcaTopa, 1 BiH YK€ He 3MOXKe BHKOPHC-
TOBYBATHChH SIK HAKOIIMUYBay eJeKTPUYHOL eHeprii. Bynb-sKy CyKynHICTh KOHIEHCATOPIB,
00’ eqHaHMX y OaTapero, MOXKHA 3aMIHWTH OJHHMM EKBiBaJCHTHHM KOHIEHCAaTOpoM. Bci
TUNM 3’€THAHHS KOHAEHCATOpiB y OaTapei MoXXHa pO30OWUTH Ha IBi Ipynu: mapajeibHe
3’€IHAHHA Ta MOCTIIOBHE 3’ € JHAHHSI.

IIpu mapanenpHOMY 3’€THAHHI HAIpyTa Ha OOKIIaKaxX BCiX KOHACHCATOPIB OHAKOBA,
CyMapHHA 3apsa 6arapei € CyMoro 3aps/iB Ha KOXKHOMY KOHJIEHCATOpi, a 3arajibHa €M-
HIiCTh OaTapei TOPIBHIOE CyMi EMHOCTEH OKpEMHUX KOHICHCATOPIB:

C= ) C . 33
._1 !

IIpu mocimoBHOMY 3’ €IHAHHI OJHAKOBUM JUISI BCIX KOHJIEHCATOPIB € 3apsl, KU 10-
piBHIOE 3apsay Oarapei KOHAEHCATOPiB, HAaNpyra Ha Oarapei JOPIBHIOE CyMi Hampyr Ha
OKpeMHX KOHIEHCATOpax, a 3arajbHa EMHICTh OaTapei BU3HAUAETHCS BUPA30M
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1 &1
e et (34)

c 3G
Posrnsn meskux CkIamHUX CXeM 3’€IHAaHHS KOHJCHCATOPIB 3HAYHO CHPOIIYETHCS,
SKIO CXEMy TEpEeprCyBaTH Tak, o0 MOXHa OYJI0 JIETKO BH3HAYMTH IOCTIAOBHICTh UM

MapayIeTbHICTh 3’ €HAHb.
[MoTenmianbHa eHepris B3aeMOAIl CHUCTEMH HEPYXOMHX TOYKOBHX 3apsIiB

41> 4>, ---» 4, AOPIBHIOE €HEprii B3aeMoAli LUX 3apsiaiB 1 Moxke OyTH INpe]cTaBleHa, 3a
TIPUHITUTIOM CYTIEPIIO3HITi1, Y BUTIISII CyMI/I

W= qucp, : (3.5)
z 1

Je ¢; — HOTEHLIal B TOYLl, /1€ 3HaXOIUTLCS 3apsi] ¢, , CTBOPEHHH BCiMa iHIIMMH 3aps-
JaMH.

VY BUmagKy HenmepepBHOIO PO3MOLTY 3apsay 1Mo 00’ eMy 3 TYCTUHOIO p a0o IO MOBEp-
XHi 3 TYCTHHOIO G TOTEHI[iaJIbHa EHEePris 3apsHKEHOTO Tijla BU3HAYA€THCS BUPA3aMu:

1 1
szip(pdV a60 W:chs(pds, (3.6)

JIe (0 — SNEeKTPUYHHN MOTEHIliad BCIEl CUCTEMH B TOYIl PO3TANIYBAaHHS EJICMCHTAPHOTO
3apsny pdV abo odS . OcranHi (HopMyNH Jal0Th MOXKIHMBICTH 00paxyBaTH MOBHY eHep-
rito cucTeMu 3apsKeHux Tiln. KpiM moTeHUianbHOi eHeprii B3aeMoIii CyKyITHOCTI 3apsi-
JOKEHUX TLT, BOHA TaKOXK MICTUTH BJIACHI €HEPTil MUX TiJ, SKi TOPIBHIOIOTH €HEPTii eJleK-
TPOCTATHYHOT B3aEMO/IIi OKPEMHX YaCTHH KOXKHOTO 13 3apsKeHUX TUT MK coboro. Bia-
CHA CHEPTis 3aps/DKEHOr0 Tijla BU3HAYAETHCS Yepe3 poOOTY 30BHINIHIX CHII, SKY BOHU
BUKOHYIOTH ITPH HAJaHHI TUTY €IEKTPUYHOTO 3apsiy.

EHepris eIeKTpUIHOTO OIS JTOKATI3yeThCs TaM, 1ie e ToJie icaye. Ilpu mpomy ii xa-
paKTepU3yl0Th BEIMUHUHOIO, KA OTPUMAJla Ha3BYy TYCTHHU €HEprii oy . Y BakyyMmi

E2
0 = SOT (3.7)
TaK IO BUKOHYETHCA CHiBBiI{HOH_ICHHH
W=[wgdv . (3.8)

O06’eMHa eHEpris BU3HAYAE THCK EICKTPOCTATUIHOTO TTOJIA :
PEg =0 (3.9)

YV BUNAAKY OTHOPITHOTO JICIEKTPHKA EICKTPOCTATHIHA CHEPTis MOXe OyTH MpencTa-
BJICHA y BHUTJISII
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WzéjV‘(E'[))dV, (3.10)

ne E — HampyXeHICTh eIEKTPUIHOTO ToJIsA, 1D — BEKTOp €IEKTPUIHOI IHAYKIII B eneme-
HTi 00’ emy dV .

JIJ1s HEOTHOPITHOTO JIiCNIEKTPHKA, B SIKOMY BEKTOP D 3MIHIOETHCS BiJl TOYKHU JIO TOY-
KH, 00’ €MHa TYCTHHA €HEPrii BU3HAYAETHCS TAKHMM BUPA30M:
wp =[E-dD. (3.11)
EHepris 3apsmKkeHOro KOHACHCATOPa € TIOBHOIO EHEPTI€I0 CUCTEMH JBOX MPOBITHUKIB
1 06paxoByeThCS 32 (HOPMYIIOIO

7 B CU>
2C 2

3agadi, B SIKUX PO3IIIAJAIOTHCS MIEPETBOPEHHS €HEPril B KOHAEGHCATOPi, MOKHA YMOB-
HO PO3JAUIMTU Ha J1Ba TUIM: KOJU €HEPreTHYHI MPOLECH MPOTIKalTh NPU HE3MIHHOMY
3apsl Ha IUTaCTHHAX KOHAEGHCATOPaA 1 KOJIHM 1€ BiOYBa€ThCS NMPU HE3MIHHINM HAIPy31 MiXK
obOKankamMu. BilmoBiqHO B MEPIIOMY BHITAIKY Kpalle BHKOPHUCTOBYBATH (HOPMYITY IS
eHeprii, B sikil Qirypye 3apsn Ha IUIACTHHAX, a B IPyroMy — BUpa3 U €Heprii, 3amuca-
HUW Yepe3 pi3HUITIO TMTOTEHINIAIIB MK OOKTaTKaMHu.

, (3.12)

3.2. 3anuTaHHA Ta Bignosigi

3.2.1. [3onvosanuli nPOGIOHUK 3apsodceHO 00 nomenyiany ©. Ak 3minumsbcs nomen-

yian npoeioOHUKa, AKWO 00 Hb020 HA CKIHYEHHY GIOCMAHb HAOIUSUMU 3A3EMIIEH) NPOBIOHY
naowuny?
B3aemMHa €mHiCTP cHCTEMHM NpH HAOMMKEHHI MPOBIIHOI IUIOMIMHU 30UTBIIYETHCS

(6upII MOKIAAHO 1€ TIOKa3aHo B npuknagi 3.2). Ockinbku U =% , TO TIOTEHIIiaJ TPOBiJ-
HUKa 3MEHIIYEThCA.

3.2.2. Ax 3minumoca pisnuys nomenyianie U midc 08oma i301608anumu 3apsaodice-
HUMU NPOBIOHUKAMU, AKWO MIHC HUMU DOSMICMUMU Memanedy NiACMUHKY CKIHYeHHOI
mosuunu?

Taxk camo, 5K 1 B TONIepeIHPOMY MTUTaHHI, 3MEHIITUTHCA.

3.2.3. Yowmy Odopisnioe cuna, saxa 0i€ Ha OOUHUYIO NIOWL NOBEPXHI NPOGIOHUKA, 3apsi-
00/CEH020 3 NOBEPXHEBOIO ZYCIMUHOIO G ?

Cuna, sika Ji€ Ha OJMHULIIO TIOBEPXHi (TOOTO, TUCK) 3apSAKEHOTO NPOBiTHHUKA, BU3HA-
Ya€eTHCS 00’ €MHOIO TYCTHHOIO €HEPTil elIeKTPOCTATUIHOTO OIS TTOOIN3Y HOTO TTOBEPXHI:
dF 3 goE* B o’

—_— =y = —_— .
as PETOET T T,
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3.2.4. Ak sminumocs enepeis 3apsaodicenoi npogionoi Ky, axkuio il 3aps0 30iibuumu 8
o paszig?

EHnepris mons mpormopiiiiiHa KBampaTy Hampy>KeHOCTI ot £ , ska, B CBOIO Yepry,
npornopuiiiHa 3apsaay Kyii. OTke, eHeprist 3apsIKeHo] KyJli 301IbIINThCS B o’ pasis.

3.2.5. 3a saKum 3aKOHOM 3MIHIOEMbCA 2YCIMUHA eHepeii Oy eNeKmpuiHo20 nojs y 6d-
KyyMmi npu 8i00aneHHi 8io:

@) MmouK06020 3apsoy ¢ ;

6) mouK06020 ereKmpuHo20 OUnosi p ?

OcCKiIbKH I'yCTUHA €HEPrii eeKTPUYHOro Mot g ~ E 2 10:
a) JUIs TOYKOBOTO 3apsiny E ~ yz . Tomy o ~ y i
r r

0) Ans eneKTpUYHOro aunonsa E ~ %3 . Tomy oy ~ %6 .

3.2.6. /[[sa 3apaou +q ma —q, 3aKpinjeHux Ha KiHYAX HCOPCMKO2O CHMPUIICHA 008~

arcunoro |, posmicmunu 8 oonopionomy noai E . Yomy dopiguioroms nomenyianvha enep-

eis cmpudicha W, momenm cun M ma cuna F, wo 0itomv Ha cmpudicenv, y UNRAOKAX,
300padicenux Ha puc. 3.1

- +q - -
E E E
l > —qo O+q > O O—q
> L > L >
—q
y ' y
a) 0) B)

Puc. 3.1. o 3anuTaHHAa 3.2.6

a) W=0; M=gqEl; F=0;

0) W=—qlE; M=0; F=0;

B) W=qlE; M=0; F=0.

3 orsAmy Ha BUpa3 IS €Heprii HalOUTBIT €HepreTHYHO BUTIIHUM TIOJIOKCHHSIM € Ba-
piant 6). Bin xapakTepu3yeTbcs MiHIMyMOM MOTEHIIaIbHOT €Heprii Ta CTIHKOIO piBHOBA-
roro (1mpu crpodi BUBECTH CUCTEMY 3 TOJIOKEHHS PIBHOBArd BiJjpa3y BUHUKaIOTh MOMECH-
TH CWI, SIKi HaMararoThCs TOBEPHYTH CHCTEMY Y TomepenHiii cran). [lomoxkeHHs 3 He-
CTIWKOIO pPIBHOBAror 300paxeHo Ha puc. 3.1B.

3.2.7. Ak siocmans r MidiC NOAAPHOIO MA HENOJIAPHOIO MOAEKYIAMU BNIUBAE HA BEU-
YUHY enepeii ma cunu 83aemMooii mixe Humu?
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Enepris  B3aemMomii MDK BKa3aHHMH MOJICKYJaMH  BH3HAYAETHCS  BHUPA30M

W= —( Pk ) , e p — IUTIONHHUN MOMEHT HEIOJIAPHOI MOJICKYJTH, IHIYKOBAHUH ITOJIEM
E, , ke CTBOPIOETHCS MOJISAPHOIO MOJIEKYJIOK Yy MiCLi 3HaXOKEHHs HENOJSIPHOI MOJie-

Kyau. Ockinbku p ~ E, a caMa Halpy»KeHICTb o aunoist £, ~ y3 ,TO W ~ y6 .
r r

N dW - 1
B cBoro uepry, cuna B3aemonii F %lr % -

3.2.8. Ak 3MIiHUMbCA EMHICMb 8I00KPEMIIEH020 NPOBIOHUKA, KU U020 PO3MIPU NPO-
nopyitino 30inbuwumu 6 o pazie?

301IBITUTECSA B O Pa3iB.

3.2.9. [lpu noginoHomy 301udcenHi 080X KYlb, KOJICHA 3 AKUX MAE 3P0 |Q| BUKOHA-

Ha poboma A. Ak npu ybomy smiHUmMbCA PisHUYS ROMEHYIANIE MIJC KYAAMU?

U= % .

3.2.10. /[6a oOnaxosux KonoeHcamopu 3’ €OHani nociiooHo i nio eonani 0o dxcepena
e.p.c. Ak 3minumbcs pizHuysi NOMeryianie Ha nepuiomy KOHOEHCAmopi, Ko opyauil 3a-
Hypumu 8 OleleKmpuyHy piouny?

Hexait U — pi3HUII TOTEHITIATIB, SIKa IMOAAETHCS HA KOHACHCATOPH Bif JpKepena e.p.c.
ITin yac mocmimy BoHa 3anmmaeThes HesminHow. U =U, +U,, ne U, U, — cnan Hanpy-

TH Ha TEPIIOMY Ta JAPYyroMy KOHJIEHCATOpax BiAmoBimHO. [lpwm 3aHypeHHI Ipyroro KOH-
JIEHCAaTOpa B JIENEKTPUK HOro €MHICTB 3pocTae, a cnag Hanpyru U, 3meHiryeTbcs. Tomy
HaTpyTa Ha MepIIoMy KOHICHCATOPI Ma€e 3pOCTH.

3.2.11. [Inockuti nogimpsiHuti KOHOeHCcamop 3apsaouiu, a nomim 8i0 €onanu 8io Odice-
pena e.p.c. Ilicns ybo2o 3a30p MidC NAACUHAMU KOHOEHCAMOPAa 3MEeHWUIU 6 o pasis.
AK npu yboMmy 3MIHUTUCD

a) 3aps0 Ha 0OKAAOKAX KOHOeHCamopa,

0) enepeis konoencamopa,

8) 00 ’eMHa 2ycmuHna enepeii noJjisi 8 KOHOeHCcamopi?

a) He 3MIHUTHCS,

2
o)y w=49 A C 3apsin g He 3MIHHUTBCS, a €MHICTh C 0OCpHEHO MPOMNOPITiHHA IO TOB-
muHYT 3a30py. OTKe eHepris 3MEHIITUTLCS B O PasiB;
B) g =V%. O06’eMm KoHAEHCATOpAa V' 3MEHIIYETHCS MPOIOPINIHO 10 TOBIIWHH.

Enepris tex. OTxe 06’€MHa TyCTHHA €HEPrii HE 3MIHUTHCS.

3.2.12. [logimpanuii kondeHcamop nio’eonanu 0o oxcepena e.p.c. Ilomim tioeo 3amy-
puau y OieieKmpux 3 OieleKImpudHo npOHUKHICmIo € . Kk npu ybomy 3MiHUIUCH

a) 3aps0 Ha 0OKAAOKAX KOHOeHCamopa,

0) HAnpYICEHICMb NOJIA 8 KOHOEHCAMOpI:

8) enepeis Konoencamopa,
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2) 00 ’emua cycmuna enepeii nosis 8 KOHOeHCamopi?

Poszensnymu  0eéa eunadku: nid uac 3aHYpeHHs KOHOEHCAmop 3anuuiacmuves
nio ’€OHanum 00 Odicepena e.p.c; neped 3aHYPeHHAM KOHOeHCamop 6i0 €OHanu 6i0 dice-
pena e.p.c.

B nepmoMy BunaaKy HE3MIHHOKO 3aHINAETHCS Pi3HUL MOTeHIaNiB U Mik oOKIaa-
KaMH KOHJEHcAaTopa. €MHICTh KOHACHCATOpA TIPH 3aHYPEHHI y MICTEKTPUK 3POCTAE Y €
pasiB. [HIIT XapaKTepUCTUKU:

a) g =UC —3apsaa Ha 0OKIIaiKaxX KOHIEHCATOpA 3pOCTAE B € Pasib;

0) E= % — HaIIPY>KEHICTh TOJIA B KOHJEHCATOP1 HE 3MIHUTHCS,
2

cu . . .
B) W= — GHepris KoHAeHcaTopa 301IbIIUTECS B € PasiB;

') 3pOCTe B € pasiB i rycTHHA eHeprii B KOHACHCATOPI.

Jpyruii BUMagok XapakTepu3yeThCsl HE3MIHHAM 3apsiioM Ha OOKJIagKax KOHAECHCATO-
pa. €EMHICTB KOHJIEHCATOPa 3POCTAE, K i B IONEPeAHLOMY BUTIaIKy. Tomy

a) ¢ = const — 3apsi]l 3AINIIAETHCS HE3MIHHUM;

0) Hampyra Ha KoHaeHcaropi U =% 3MEHIIY€EThCSI B € pasiB. BiamosiaHo i Hampy-

JKEHICTD IO criagae;

2
q

B) W =—=— — eHepris 3MEHIIIYETLCS B € Pa3iB;

2C

') TYCTHHA €HEeprii TeX 3MEHIIYEThCS B € PasiB.

3.2.13. Ak nompibHo 3MIHUMU 2eOMEMPUYHI PO3MIPU CHEPUUHO20 KOHOEHCAmMopa
(nouamxogi 3nauenHs paodiycié 6HYmMpIiwHb0i ma 306HIWKbLOI 00K1a00K Ry ma R, ), wob
npu He3MIHHIU NPOOIlHil HanpydceHocmi noas E 30invwumu tioco emuicms?
dneg Ry R

Ry —R
30UTBIIIEHHST HEOOX1THO 3MEHIIIUTH BiACTaHb MiXK 30BHIIIHBOIO Ta BHYTPIITHBOIO OOKIIa-
kamu. To6To abo 30inbmuTH R, ab0 3MeHIUTH R, . Hanpy:xeHicTs noist B chepuaHOMy

€MHICTh c(eprHIHOTO KOHJIEHCATOpa BU3HAYAETHCA BHpazoM C = CHas 1

. 1 ) )
KoHJeHcaTopi E ~ — > /Ie ¥ — BIAICTaHb B/ ICHTPA KOHJICHCATOPA. OueBHUIHO, 110 MaK-
r

CHMaJIbHE 3HaYCHHS HaNpY>KeHICTh 1ol OyAe nmpuiMaTy mo0nu3y BHYTPIIIHBOI 00KIIaa-
Ku KoHAeHcaTopa. OTke, 32 YMOBH 30€peKeHHS 3HAYCHHS MPOOIMHOT HAPYKEHOCTI T10-
I EMHICTh KOHJICHCATOpa MOYKHA 30UTHIITUTH JIMIIIC 32 paXyHOK 3MEHIIIEHHS pajaiyca 30B-
HIIIHBOI OOKJIaKH.

3.2.14. flxy pobomy mpeba suxonamu, wod NOGEPHYMU eleKMPUUHUL OUNOIbL P,
KU OPIEHMYEMbCA Ni0 Kymom 0 00 HANPSAMKY 0OHOPIOHO20 eleKmpPUudHo20 Nojis 3 Ha-

NPYIHCEHICMIO E (puc. 3.2),
a) 830080iC NOJIA,;
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0) npomu no.

- H—>
E
- '
P/AO > Puc. 3.2. Jo 3anuTaHHsa 3.2.14
O >

Poborty, siky HEOOXiTHO BUKOHATH JJIsI TIOBOPOTY JMITONS, 3HAHAEMO SK Pi3HHINO IT0-
TEHLIaJIbHAX €HEPrii IUIOoJIA B KIHIIEBOMY Ta IOYaTKOBOMY cTaHax: A=W, —W,.

a) A=-pE —(-pEcos®)=—-pE(1-cos6)<0;

6) A= pE—(—pEcosf)= pE(1+c0s0)>0.

To0To0, SIKIIO B NIEPIIOMY BHIIAIKY JWIIONb CTAPAETHCS CaM MOBEPHYTHUCS B3I0BXK CH-
JIOBUX JIIHIA €JEKTPUYHOTO TOJISA, TO B IPYroMy BHMAAKY 30BHINIHIM CHJIaM HE0OXiTHO
JIOKJIACTH 3yCHIIb, 00 MOBEPHYTH JHUIIOJb IIPOTH HANIPSIMKY EIEKTPHYHOTO TOJIS.

3.2.15. Hao nosepxuero He3apsaoiceH020 NpOoGIOHUKA 3HAXOOUMbC MOYKOBU 3apsi0
q - Ax 3miHUmMbCA MUCK eeKMPUUHO020 NOAS HA NOBEPXHIO NPOBIOHUKA, SAKWO 8EIUUUHY
MOUK08020 3apsdy 30inbuumu 8 3 pasie?

THCK  eNeKTPOCTaTUYHOTO  MOJisi  JOpPIBHIOE  O0’€MHIM  TyCTHHI — €Heprii:

e E?

P =0f = . Ockinbku E ~ ¢, To nipu 301IbIIEHH] 3apsay B B pa3iB THUCK MOJIS Ha

MTOBEPXHIO MPOBITHUKA 301TBIITUTECS B Bz pasiB.

3.2.16. [Ipogiony xyno 3apaounu. AK 3MIiHUMbCA MUCK HA NOBEPXHIO KV, AKWO ii
paoiyc smeHwumu 6 o pazie?
TUCK eNeKTPOCTATUYHOTO TOJS Ha MOBEPXHIO KYJIi MPOMOPIIHHUN KBaJpaTy HaIpy-

. . . c .

JKEHOCTI moJisi £ Ha moBepxHi Kyni. £ =—, ile G — MOBepXHEeBa T'yCTUHA 3apsyly KyJIi.
€0

IIpu 3MeHIIIeHH] pajiyca KyJi B 0. pa3iB MOBEPXHEBA T'yCTHHA 3apsiAy 3pOCTE B o’ pasiB.

Tomy THCK Ha TTOBEPXHIO KYJIi 3pOCTE B ot pasiB.

3.2.17. AKoeo 3Haxy mooice Habysamu enepeis 83aeMo0ii 3apaddicenux min i noeHa
eHepeis yux 3apsoig?

Jis mpuKiaay po3riasSHEMO CUCTEMY, sSKa CKIaNa€ThCs 3 IBOX 3apsikeHuX Tifd. Kox-
HE 3 HUX Yy TO4YIli CIIOCTEPEKEHHS CTBOPIOE CBOE €IEKTpUYHE nosie £, Ta E, BIANOBIIHO.

3arajibHe M0JI€ € CYNEPIO3HLIEI0 HUX OKpeMUX NoMiB: E =E, + E, .
Enepris enekTpocTaTHYHOrO MOJIs

w=20[(EY av =22 [ EPav+22 [ Ejav+e, [ (E-Ey)av .
2w 2w 2w ¥)
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Ileprmi mBa mOMaHKH MPEACTABISIOTH BIACHY CHEPTiI0 3apsDKCHHUX TUI, KA 3aBXKIH
nonatHa. TpeTii — eHepriio B3aemopii 3apsupkeHuX Til. BoHa Moxe OyTH Oyab-sKOro

3HaKy, a TAKOXXK MO)Ke OyTH piBHOIO HyI0. Ase B Oyab-IKOMy pasi E12 + E22 > (El ~E2) .

Tomy MmoBHA €IEKTPOCTATUIHA SHEPTIsl 3apsIiB 3aBXKIN OLTBITIA HYJIS.
3.2.18. 3apsaou na obknadkax 08ox komoencamopie emuicmio C; i C, OopieHioloms

q, 1 g, 8i0n06IOHO. K 3MIHUMbCA €1EeKMPOCMAMUYHA eHep2is KOHOeHCAmopis, AKWO ix

3’eonamu napanenvho?

3a paxyHOK BHUIUJICHHS TEIUIA MIPH MPOTIKaHHI CTPYMY B 3’ €JHYBaJIbHHUX MPOBIIHUKAX
€Hepris KOHIICHCATOPIB 3MEHIINThCS. TiTbKK 32 YMOBH PIBHOCTI Pi3HHIbL MOTEHIialiB
Mk oOknagkamu U, =U, (to0t0, Komu ¢q,C, = q,C|) cTpyM B 3’€HYBalbHUX IPOBiJI-
HHUKaX MPOTIKAaTH He OyJe i eHeprisi eIeKTPOCTATUYHOTO MOJsl B KOHIAEHCATOPax HE 3Mi-
HUTHCS.

3.2.19. Hao nosepxuero nHe3apsaoiceHo20 npogioHUKA 3HAXOOUMbCA Y 3aPiKcO8aAHOMY
noN02ICeH T 3apsdicene mino. Ak 6yoe 3miHIo8amuct KinemuyHa enepeis mina, aKuo to-
2o gionycmumu?

3apspKeHe Tij0 IHAYKYE Ha TTOBEPXHI MPOBITHUKA 3aps I, BHACITITOK YOTO0 MK HUMH
BUHUKAE CHJIA IPUTATAHHSA. SIKIIO 3apsaKeHe TUTO BIAITyCTUTH, TO BOHO IMIOYHE PYXaTHUCh,
NPUCKOPIOIOYHCH, A0 MpoBiaHMKa. IIpyn mpoMy HOro KiHeTHYHa €Heprisi 3pocTaTuMme 3a
PaxyHOK 3MEHIIEHHS eHeprii B3aeMoAii MK 3apsIKeHHM TiJIOM Ta iHIYKOBAaHHMH 3apsi-
JaMH.

3.2.20. 3anuwimo supaz 0ist enepeii 83aeM00ii 080X 3apAOAHCEHUX MIiN 008LIbHOL po-

pMu, AKWO 6I00MI ix 2ycmuHu 06 €EMHUX 3apa0ie P; (xl-,yl-,zl-) ma p; (xj,yj,zj) .

Puc. 3.3. o 3anutaHHs 3.2.20

. . . 1
V BIAIOBIIHOCTI 40 TTO3HAYEHb Ha puc. 3.3 W = 5 I I
v,V

3.3. Npuxknaau po3B'sA3yBaHHA 3afay

Npuknap 3.1. 3naiimu 63acMHy EMHICMb 080X OOHAKOBGUX MEMANEBUX KYIbOK padi-
yca a, posmieHux 6 nogimpi na eiocmani b ooua 6io oonoi, b >>a.

Po3B'a3zaHHs. [ BU3HAUCHHS! EMHOCTI HaaMO ONHIH 13 KYJIbOK, HAIPUKIIA, JIiBii,
3apsn +q , a mpaBiit — —q (puc. 3.4). 3a yMOBU b >>a MOXKHA BBaXKaTH, IO 3aps Ha
KyJIbKaxX pPO3MOAIICHUH CHEPHIHO CHMETPHYHO, TOOTO MOYKHA HE BPAaXOBYBATH SIBHIIC
€JIEKTPOCTATHYHOI 1HIYKIIil.
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V.

< i ; Q Puc. 3.4. Jo npuknaay 3.1

k 5 N

B Takomy pasi HalpyXeHICTh CYMapHOTO TOJIST B3A0BXK oci OX MiX KyJIbKaMH CTaHO-
1 1
4, q

BUTL: E =
dng, x> 4mg, (b-x)

5 - 3HalIeMO Pi3HUITIO OTESHITIATIB MK KYJIbKaMU:

b—a
U= ! J- i + —q dx = 9 (l - ! j R 1 .
4mey ° x? (b- x)z 2neg\a b—-a) 2mgya

HOpiBHIOIO‘lI/I OTpI/IMaHI/Iﬁ BHUpa3 3 UZ% , IPpUXOAUMO OO0 BHUCHOBKY, IO B3a€MHa

€MHICTB 1BOX KyJIboK C =27ga .

MNpuknap 3.2. /loseutl npsamuil RPOGIOHUK PO3MAULOEAHO NAPANETbHO HECKIHUEHHI
npogiouil naowuni Ha eiocmani b 6i0 Hei, padiyc nepepizy nposionuxa a << b . 3uaiimu
B3AEMHY EMHICIb CUCMEMU HA OOUHUYIO O0BICUHU NPOBIOHUKA.

Po3B'azanHs. TlpunycTuMo, 10 MPOBIAHUK PIBHOMIPHO 3aps/HKEHO MO3UTHBHUM
3apsIIOM 3 JIIHIHHOIO TYCTHHOIO +A (puc. 3.5).

P
T+

b

Puc. 3.5. Jo npuknaay 3.2

—A

R

Bupas s HanpyKeHOCTI eTeKTPUYHOTO OIS MK MPOBITHUKOM Ta TUIOIIHHOI0 MO-
JKHA 3HAWTH, CKOPHUCTABIINCH METOJIOM EJIEKTPUYHHX 300pakeHb. B TakoMy BHIAKy
3a/1aya 3HaXOJKCHHSI TTOJI 3BOAMTHCS JIO 3HAXOHKCHHS MOJs ABONpoBinHOI miHii. [Tose

&

. . A
OKPEeMOT0 HECKIHYCHHOTO NpOBigHWKA £ = ——— (BUpa3 MOXKHA OTPUMATH 3 BUKOPHUC-
TESOx
A A . .
TaHHAM Teopemu ['aycca). Cymapue mome: E(x)= + . Haim 3Haii-
2negx  2meg (26— x)
JIEMO PI3HHITIO TTOTEHITIATIB MIDXK MIPOBITHUKOM Ta TJIOTUHOTO:
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1

4re

U =

b
jE (x)dx = A In 2b-a ~ A lnz—b . 3BiJIcH €MHICTh Ha OJMHMITIO JOBXKUHA
’ 2me, a 2ney,  a

. 2me
nposinnuka: C; =——2—

2b )
ln( A

MNpuknap 3.3. 3uatimu pisHUylo nomenyianie O, —Qp midc moukamu A ma B
cxemu (puc. 3.6).

Cl |I{| A |}| C2
I I
-1+ -4
| 1
| 1
| 1
| 1
< F L _'tz_ - _,' .D Puc. 3.6. [lo npuknaay 3.3

— C,
€] €)
1l B |
J ]

Po3B’'a3anHs. Jlana cxema 3’€JJHaHHS KOHJICHCATOPIB HE 3BOJUTHCS JIO MPOCTOI Cy-
KYIHOCTI MapayielbHUX Ta MOCTIIOBHUX 3’€nHaHb. CrpoOyeMo 3armcaTH CUCTEMY PiB-
HSIHB, SIKA JIO3BOJIUTH JIATH BiJTIOBIb HA MIOCTABIICHE B YMOBI nmutaHHs. [lo3HaunMo depe3
U,, U,, U; nanpyru Ha xonaencaropax C;, C,, C; BIANOBIAHO Ta PO3IIITHEMO PI3HULIIO
MOTEHITiATiB MI>)K OKPEMHUMU TOYKAMHU KOHTYPY, MOMEPEIHB0 PO3CTABUBIIY 3HAKH 3apsIiB
Ha KOXHiM oOKIaaLi. 3HaKH 3apsaiB KOXKHOI MIacTUHU KoHaeHcatopis C; Ta C, MOXHa
BKa3aTH Bipa3y: IJIaCTHHA, 3’€IHAHA 3 IEBHUM IIOJIFOCOM JDKepena €.p.C., MaTUME BifIo-
BiJTHUI 3HAK 3apsay. Jleno ckimaHinie Moch CKa3aTu Mpo 3apsid Ha TUIACTUHAX KOH/ICH-
caropa C;, TOMY 110 OfiHa 3 HOro oOKJIaJoK 3’€JHaHA OAHOYACHO i 3 JOAATHIM HOIOCOM
OJTHOTO JKepena, 1 3 Bl €eMHUM TIOJIFOCOM 1HIIOTO0. B MoMiOHMX BHITamKax Kpalie He Iie-
peiiMaTHCs MUTaHHSM BH3HAYCHHS 3HAKY 3apsy Ha OOKIIaIKax, a 3aJlaTH WOTro TIMOTeTH-
4HO. SIKIII0 % MU HE BraJjaeMo, TO L€ IPOSIBUThCS JIUIIE B TOMY, 1110 Hanpyra U; mMaTuMe
BiJl’€MHE 3HAYEHHSI.

Temep MOXKHA HaNWCATH PIBHSHHS, IO TIOB’SI3YIOTh HANPYT'W Ha KOHJEHCATOPAxX 3
e.p.c. Ikepen. Po3riisHeMO pi3HUIIO MOTEHLIaliB @p — @y . 3 0OAHOro OOKYy BOHA JOPIB-

HIOE € +€&, , 3 IHIIOro — cyMi Hampyr Ha konzaeHcatopax C, ta C, . Tomy
€ +&, =U; +U, . [loniOHMM YMHOM, BUXOJAYH 3 PI3HUL IOTEHIIANIB @ 4 — @ , MOXKHA
3anmcaty, wo U; =U; +¢;. s 3HaXO[PKEeHHs. TPhOX HEBIJOMHX HAIpPYr MOTPiOHO Tpu
pIBHSHHA. K10 cripoOyBaTH OTPUMATH TPETE PIBHAHHSA 3 PI3HHII NOTEHIIANIB @ 4 —Qp,

TO MH OTPUMAEMO PIBHSHHSA, sIKE € KOMOIHAITIEIO IMOTIepeIHIX NBOX. BinmosigHa cucrema
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PiBHSIHB Oy/le BUPOKEHOIO. /ISl OTpUMaHHS TPETHOTO HE3AJICKHOTO PIBHSHHS BUKOPIC-
TAEMO YMOBY €JICKTPOHEUTPATHHOCTI 3’€HAHUX MiX COOOI0 OOKJIaIOK KOHJCHCATOPIB,
AKi He MarOTh KOHTaKTy 3 TMOJIOCaMH JKepen. Taka eleKTpoHeHTpaibHa cucTeMa BHUIi-
JICHA IITPUXOBOIO JIIHIEI HA MATIOHKY. AJreOpaiuHa cyma 3apsiIiB Ha BUILICHUX OOKJIa-
akax popisHioe Hymo: C\U; + C3U; —C,U, =0. Cucrema 3 TpbOX PiBHAHB JJO3BOJISE HAM

3HalTH Hanpyry Ha koHaeHcaTopi C;, sika 1 OyJe IOpiBHIOBATH LIyKaHIN Pi3HULL MOTEH-

[1aJI1B: — =U;,=—~——.

L oA AGA
Mpuxnaa 3.4. 3naiumu emuicmo cxemu (pyc. 3.7) mioie moukamu A ma B.

i &

| +I |l
A + B
— — *— Puc. 3.7. Jo npuknagy 3.4
+ C, -

I NN

C2“ } q

Po3B'azanHsa. OakTHYHO 3a/1a4a 3BOJUTHCS 0 3HAXOKEHHS EKBIBAJICHTHOTO KOH-
JeHcaTopa, EMHICTh SIKOTO JIOPIBHIOE 3arajibHill eMHOCTI Oatapei, 300paKeHOi Ha PUCYHKY.
Ilomati mr0 cxeMmy SIK CYKYIHICTh TMapaleIbHUX Ta TOCTIIOBHUX 3’€THAHh HE MOXHA.
Ilix’emraemo mo Garapei 30BHINIHE HKEPEIO HANIPYTH 1 CIPOOYy€EMO 3HANTH 11 €MHICTH, BH-

KOPHCTOBYIOUHN o3HaueHHS C = % . SIk 1 B momepeHii 3amadi, CKIIaeMo CUCTEMY PiBHSHB,

BUKOPUCTOBYIOUH YMOBY CIICKTPOHEHTPAILHOCTI Ta 3alMUCYIOYM PI3HUIIO ITOTCHITATIB
CU,+CGU;-CU, =0

¢4 —¢p =U pisanmu cnocodamu: \U =U, +U, . Tyr uepes U, U,, U; mo-
U=2U,+U,

3Ha4eHo Hanpyru Ha konpeHcaropax C), C,, C; BiamosinHo. Po3p’ssyroun cucremy,

(C,+CG)H)U U. - (G +G)U

C+C,+2C, 2 C+Cy+2C;

HOMY KOHJICHCATOpi Oy/ie BU3HAYATHCS 3apsilaM¥l Ha 30BHIITHIX 00KJIa/IKaX KOH/ICHCATOPIB

C, ta C,, OCKIIBbKH 3apsy Ha IUIACTHHAX KOHJeHcaTopa C; € pe3yabTaToM Mepepo3noi-

orpumaemo: U, = . CymapHwmii 3apsii Ha eKBiBaJeHT-
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Iy 3apsamy BCepenuHi Oarapei. Tomy 3arajgbHa €MHICTh
Co U, +CU, _ 2C,C, +G5(C + Cy) .

U C +C, +2GC;
2C(C +Cy)
2G+2G;

BUNAJKY OOMIBI OOKIanku KoHaeHcaropa C; MaTUMyTh OJHAKOBMH HOTeHLial, 1 Horo

Sxmo C, =C,, 10 C = = () 1 He 3anexuts Big C;. Crpasii, B TakOMy

MOYKHA 3aMiHATH KOPOTKUM 3aMHUKaHHsM. TOMi cHCcTeMa MpeCTaBIsITUME COOOO0 JIBi TTapH
TapajeNbHO CIONYydeHNX KOHAEHCATOPIB, 3’€IHAHMX IMOCIIIOBHO. Ii TIOBHA eMHIiCTh Oye
nopisHioBatu C; .

Npuknap 3.5. Cucmema cKIadaemuvcs 3 080X KOHYCHMPUYHUX NPOGIOHUX 0O0IOHOK
3 padiycamu Ry, R, i 6ionosionumu 3apsoamu q;, q,. 3Hatmu 61aCHY eHepeiio KO*CHOL
00010HKU, eHepziio 83aEMO0ii 000JIOHOK [ NOBHY eHepeilo CUCTEeMU.

PozB'sazaHnsa. 1loBHa CHepris CHUCTEMH CKIAJA€ThCS 3 TPhOX YACTHH:
W =W +W,+W,, ane W, W, — BiacHi eHeprii 000JI0HOK, a |, — eHepris iXHbOI B3ae-
Momii. Po3paxyeMo BiacHy €HEpriio sIK poOOTY, sika BUKOHYETHCS MPH 3apsHKEHHI TiJa.
3apsa dg TepeHOCUTHCS 13 HECKIHUEHHOCTI Ha TiJI0, KOJIM MOTEHITia)l OCTAaHHBOTO JIOPiB-

HIOE (. ToMy BUKOHYy€EThCSI poboTa dA =dq- ¢ . Bpaxyemo, Mo moTeHUian cepuaHoi

q 2
00OJIOHKU ¢ = 4, Toni 1i BnacHa eHeprist W, = jid =N Ananoriu-
ney R ey o Ry 8ney Ry
4,2
HO W, =ﬁ. Hexaii R; <R, . Eneprisa B3aemonii 06010HOK dW), =0,dS, - @5, 1€

4epe3 @), MO3HAYEHO MOTEHLIall, CTBOPEHUH 3apAnoM Iepioi chepu y MICIAX JIOKami-

3alii eleMeHTapHUX 3apsfiB ©,dS, apyroi cdepu. W, =

4megR,

i J‘ G,dS, = 919>
mey Ry §

2 2
q + 9 + 41492
dmeg |\ 2Ry 2R, R,

[loBna eneprist W =

Lo x eHeprio MOKHA 3HAUTH 3a Gpopmynoro: W = Ico gdV . HanpyxeHicts nomus Oy-

v
0, r<R;
1
ﬂ, R <r<Ry; )
e E =14 4ng, 2 Ton1
1 +
L atar g
47t80 r
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2 2 2
+
=% j 47tr2dr+ j (4 q2) Amldr—— L |4, D 9%
47580 r 47'[80 7 dreg\ 2R 2R, R,

Npuknap 3.6. 3aps0 q pisHomipHo po3nodinenuil no 06’emy xyni padiyca R .

3naiimu érachy enepeiro Kyui i GIOHOWEHHS eHepeii eleKMPUYHO20 NOJIsL 8CepeOUuHi Kyii 00
eHepeli 3306HI K.

. . . 1
Po3B'g3aHHA. 3HAWIEMO BIIACHY €HEPTiI0 Ky 3a ¢opmyioo W = —j podV . Tate-
2y
TPYBaHHS MIPOBOJUTHCS IO BCHOMY 00°€My, Je € 3apsind. BBemeMo 00’ eMHY TYCTHHY 3a-

pany p= 3
47R3

. [lorenuian piBHOMIpHO 3apsyKEeHOI KyJsi OyB 3HalaeHUN HaMU paHile

3 [,

8neyR|  3R?

BJIACHOIO CHEPTi€l0, OCKUIBKH 1HINMUX 3aps/DKCHHUX TUI, MiX SKHUMH MOTJia O BUHHKHYTH
B3a€EMO/Iisl, HEMae) Oye

R 2 3 3 2
1 3 3 R R 3
W=—J4nr2p- 4 - r2 dr=PL 2 K _ 4
2y 8megR 3R 4egR\ 3 15 ) 20mgyR
Bupas a1 BracHoi eHeprii 3apsmpKeHo1 Kyir MOYKHA TaKOXK OTPUMATH, BUKOPHUCTABIITH
HOHATTS 00’ €MHOI I'yCTUHHU €Heprii oy . JlIs 1boro noTpiOHO 3HATH PO3MOALI €JIEKTPUY-

(auB. Po3gin 1, npuknag 1.12): (p(r)z . Toni moBHa enepris (BoHa X € 1

HOTO TOJISI BCEPEAVHI Ta 330BHI Kyii. 3HAWTH HOTO JOCHUTH JIETKO 3aBASKH TOMY, IO 3a-
nada Mae cepruIHy CUMETPIIO 1, 0T)Ke, MOXKHA BUKOPUCTATH TeopeMy ['aycca (auB. Po3ain

. . 1
1, npuknaa 1.12). TakuM 4iHOM, 1T0NIe BCepenuHi Ky (r <R ) E,, ., =—i3r , 4 330-
4mey R
. 1 ¢
BH1 (r>R) — Es’oeu :EFT
R 2 qz
BinnosinHo eHepris Bcepenudi: W, _% Anrldr = ——, 330-
P P e i[ 4me, R3 4me, 10R’

2
_%o 2 q
BHI: W, = Anredr = .
Joen I(4ﬁ80 }" ] Sﬂ:goR
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2 2
3
9 .4 q

4mey | 10R 2R ) 20me,R

2

IloBHa ewnepris Oyme W = lllykane BigHOIICHHS

I/I/;mymp _ l
W 5

306H
MNpuknap 3.7. Ebonimosa kyns padiyca R pisHomipHO 3apsodicena 3 00 eMHOW 2yc-
muHoto p. 3uaimu padiyc cpepu R, yenmp sKoi cnienaoae 3 yeHmpom Kyni, Ka OLnume
OCMAHHIO HA 08 YACMUHU 3 OOHAKOBUMU eHEP2IAMU eLeKMPOCMAMUYHO20 NOJIAL.
Po3B'azaHHsa. Sk i Ipu pO3paxyHKy eHEprii eJIeKTPOCTATUIHOTO MOJISA y BaKyyMi, B
JUENEKTPUKAX 3PYyYHO BHUKOPHUCTOBYBATH IMMOHATTS O0’€MHOT TYCTHHHM  €HEprii:

E-D gyE 2 . . .
Of = T, HanpyxeHicTh €IeKTPUYHOTO MOJIS BCEpEAWHI PiBHOMIpHO 3apsi-
JOKEHOT Ky MOKHa po3paxyBaTh 3a Teopemoro laycca: E = 3 r . Tomi
€0€
ggek 2 2 . . N .
dW =ogdV = T4nr dr . Po3paxyemMo eHepriro BHYTPIINIHBOI YaCTHHH KyJi:
R 2p5 R 2np*(R> — R}
2np R . : . p 1
W = JdW =P Enepris 30BHilIHBOI YacTuHu: W, = I aw =¥. 3a
0 45¢¢ 4 45¢eqe
1

ymoBowo W, =W, . 3Bincu R = ~0,87R . Pe3ynpTar nemo HEOUiKyBaHHUNA: B 30BHIIII-

R
P2
HBOMY IIapi TOBIIUHOIO ~ m paliyca MICTUTLCS TIOJIOBUHA eHepril Beiel kymi. Lle mosic-

HIOETBCSl TUM, IO HaNpPY>KEHICTh TOJII BCEpENWHI KyJi 3pOCTa€ MpH BidaneHHi Bif ii
[EHTPA.

Npuknap 3.8. 3apsaooiceny npogiony kyao paodiyca R pospizanu Ha 080 yacmuuu
NIOWUHO, WO NPOXOo0ums Ha Giocmawui h 6i0 yemmpa Kyri. 3Haimu cumy 83aemooii
Mmidic yumu yacmunamu. Iloenuii 3apsao xyni dopisnroe Q .

Po3B'a3zaHHsA. 3apsay 1O MOBEPXHI Kyl 3a BiACYTHOCTI MOONM3Y 1HIIMX 3apsiikKe-
HAX YW HE3apPSPKCHUX TUT PO3MOAUIITHCS PIBHOMIPHO 3 ITOBEPXHEBOIO T'YCTHHOIO

0

4mR?
0JISA CITIBIIAAA€ 3 HAIIPY)KEHICTIO MOJISE TOUKOBOTO 3apsiy TAKOI K BEIIMYMHHU, TOMIIIEHO-

2 % Buinumo enement miowt dS = R? sin0d0do (puc. 3.8).
TESO 14

c= . [lone BcepennHi MeTaneBoi Kyl HOPiBHIOE HYIIO. 330BHI KyJIi HANPYKEHICTb

ro B LEHTp KyJni £ =
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dF
ds

Ih Puc. 3.8. [lo npuknaay 3.8

s Toro, o0 BU3HAYMTH, KA CHJA JIi€ Ha 3apsj] BUAICHOTO €lIeMEHTA, MOTPIOHO
BH3HAYHUTH HATPY>KCHICTH IOJIS, IO CTBOPIOETHCS BCI€IO KyJero B Ik Touri. Cam eie-
MEHT dS , OCKUIBKH HAcC LIKaBUTH IOJIE TOOIM3Y MOBEPXHI KyJi, MOXKHA BBa)KATH ILIOC-
KUM 1 TIpY BU3HAYCHHI MOJISI, CTBOPIOBAHOTO HUM, BUKOPHUCTATH BUPA3 ISl HAPYKEHOCTI
oJIsL PIBHOMIPHO 3apsiykeHoi mioniuay. 1le mone icHye mo oO0umBa OOKHU BiJl IUIONTHUHH 1

JOpiBHIOE E| =2 Tone enementa dS , HampsIMJICHEe BCEPEUHY, KOMIEHCYEThCS TO-
2¢g

JieM, SIKe CTBOPIOETHCS BCIEIO 1HILIOIO KYNEIO Tak, 00 CyMapHe Iojie BCepenuHi IopiB-

HIOBAJIO HYJIO. 330BHi X KyJIi Li MOJIS CKIAAAI0ThCs, JAI0UX HANPY>KEHICTh MOJS TOYKO-

BOTO 3apsay. 3 IIbOTO BUILIMBAE, IO TI0JIE, SIKE CTBOPIOE BCS 1HINA YaCcTHHA Ky MOOIN3Y

00paHOTrO eJeMeHTa MOBEpXHi, HAIpsAMIIEHE HAa30BHI 1 32 MOZyJeM 30iraeTbcs 3 MojeM

3apsny odS . Takum uuHOM, cuja, fKa Ji€ Ha €JeMEHT IMOoBepxHi dS , Oyzde

2 2
c . . .
dF =odS-E, =—dS =%sm9d9d(p. Jlns 3HAXOMKCHHS CHIIM, SIKa Ji€ Ha Bi-
JOKpEMJICHY YacTUHY KyJi, IPOIHTErpyeEMO OTPHUMAaHHUH BUpa3 IO BCild MOBEPXHi Bifo-

KpemJyieHoi yacTuHU. [Ipu IboMy MOTpiOHO BpaxyBaTH, IO Pe3ysbTyiodua Cuiia Oyne BH-
3HAYATHCS JTUTIIE HpoeKui;IMI/I Ha BepTI/IKaHLHy Bich dF cos0.

0’ h
— I sm@cosedﬁj do,ne 6, = arccosE

32n 80R2
2 0 2 2
Tomi F = —Q—2 fcosed(cose) =Q—2 l—h—2
léne R 5 32ngy R R
Ileit e pe3yapTaT MOXKHA OTPUMATH HE 3aCTOCOBYIOUH iHTerpyBaHHs. Cuiia, ska Jie
HAa OJUHUYHY TUIOMIANKY (THCK) ar =pp = 6—2 =Q—2 . s 3HaxXO0/KeHHS PiBHO-
ds 2eg  32n%,R*

JIAHOT CHJI €IEKTPOCTATHYHOTO TUCKY MOXHA YSIBUTH COO1 )KOPCTKY O0OJIOHKY, BCEPEIH-
Hi AKOi 3HAXOJUTHCA I'a3 MiJ TUCKOM pj (puc. 3.9).
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PE Puc. 3.9. do npuknagy 3.8

F

Cwuita THCKY IIBOTO Ta3y Ha «KPHUIITKY» 0O0O0JOHKH 30IiraeThCs 3 CHIIO [, sika HaC IIi-
KaBUTh. AJIC % OYEBHIHO, II[0 TaKa cama 3a MOJAYJIEM CUJIa JIi€ i Ha «IHO» 000710HKH. To-
0> 2
2 -
32me,R* | R®

Cuna BiAMITOBXYBaHHS YaCTHH KyJi OyJe MaKCUMAaTIBbHOIO, SKIIO KYJIHO PO3pi3aTH Mo
niametpy (4 =0). Kpim Toro, 3BepHeMO yBary Ha Te, 10 10 (GopMySIH BXOIUTH KBaIpaT
MOBHOTO 3apsiny. Lle o3Hauae, 110 B3a€EMOJIis MK YaCTHHAMH KYJIi Oy/1e HOCUTH XapakTep
BIINITOBXYBAHHS, HE3aJICXKHO BiJl 3HAKY 3apsay, IO B3arajii-TO OYEBHIHO 3 AKICHUX (i-
3UYHHUX MipKyBaHb.

MNpuknap 3.9. Bcepeouni niocko2o KOHOEHCAmMoOpa 3HAXOOUMbCS NAPALeNbHA 00
00KIA00K Memanesa NiACMUHA, MOBWUHA AKOI CKAAOAE YACTMUHY | 8I0CMAHI MIdC 00-

My F=ppS,neS= TE(R2 —hz) — Iomia «aHa». TakuMm yuHOM, F' =

knaokamu. Emnicms konoencamopa 6e3 niacmunu Cy. Kondencamop 3’eonano 3 ooice-

perom nocmitinoi manpyeu U . Ilnacmuny noginbho eumsieaiomv i3 KOHOEHCAmopd.
3uatimu pobomy, GUKOHAHY NPOMU eNEKMPUYHUX CUT, IKUJO:

1) nepeo sumseanHam niacmutu KOHOEHCAmop 8i0 €OHAMU 8I0 Oxcepena Hanpyeu,

2) Hanpyaa Ha KOHOEHCAMOPI 3aTUUAEMBCS. HE3MIHHOIO.

Po3zs's3anHs. 1) Konu nmiuactiHa 3HaXOIUTHCS BCEPEIMHI KOHICHCATOPA, TO MU Ma-
€MO CIIPaBY 3 MOCIIIOBHUM 3’ €THAHHAM JIBOX KOHICHCATOPIB.

d, dy

Puc. 3.10. [o npuknagy 3.9

N

N
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€S &S

. C
3arampHa €MHICTH Takoi cuctemu C = GG = 4 d =—%  Bapsn, 10
C+GC, 1 1 I-n
eS| —+—
dy d,

SIKOT'O 6yJ'I0 3apAIKEHO KOHACHCATOD, g = CU . Ilicns BUTSTaHHS [IJIACTUHYU €MHICTH CHC-

temn HaOyBae 3HadeHHA C;. IIpn npomy 3apany Ha IUIACTMHAX 3aIUINAIOTHCS HE3MiH-

HUMH. PoOoTa, BUKOHaHA MPOTH ENEKTPUYHUX CWII, OyJe BHU3HAYaTHCS 3MIHOIO €Heprii
KOHJIEHCaTOopa:
_4 4 _(CUY (U _ QU GU? _GU? _n
2C, 2C 2G, 2C  2(1-7m)* 20-m) 2 (1-n)?

B nanomy Bumaaky po6ota BenmmunHa mo3utuBHaA ( 4 >0 ), ToOTO Ha IUIACTHHY 3 00Ky
EJIEKTPUYHOTO TOJIA Ji€ CUIIa, SIKa HaMaraeThes BTATHYTH TUTaCTHHY Hazaj. CaMe 3 mono-
JIAHHSM Ii€] BTATYIOYOi CHIIA 1 TTOB’I3aHEe BUKOHAHHS POOOTH, SKE MIPU3BOIUTH 10 3011Th-
IIEHHS €Heprii KoHAeHcaTopa.

2) B upomy BunagKy KoHAEHCATOp MepedyBae Mij BIUIMBOM CTAIOl HApyru. Tomy Juist
BU3HAYEHHs  3MIHM  €Heprii ~ KOHIAEHcaropa  3py4Hillle  BHKOPHUCTaTH  BUpAa3
CU? CU* CU? n

2 2 2 n-1
(4W <0). Slk MOXHa MOSICHUTH 3MEHIICHHs eHeprii KoHaeHcaropa? AJKe NpU BHUTATY-
BaHHI TUIACTHHHU BUKOHYETHCS JOJaTHA POOOTa TIPOTH EIEKTPUIHUX CHJI, i EHEPTisl CHCTEMH
npH LFOMY TIOBHHHA Oyna 0 3poctatu. BoHa i cipaBai 3pocTae, Ta TUTBKH CUCTEMa B LIBOMY
BUITAJKY, KpIM KOHJECHCATOPA, MICTUTD 1€ i JHKepeno Hampyr. 3apsia KOHAEHcaTopa MpH
3MCHIIIEHHI €MHOCTI TaKOXX 3MEHINYETHCSA. Take 3MEHIIeHHS OyAe CYIPOBOIKYBATHCH
NPOXOKESHHSM 3apsy d4epe3 IKepero KHUBJICHHS Y 3BOPOTHOMY IO BiJHOLICHHIO JI0 MPO-
Hecy 3apsAKd HampsiMi (SKLIO JDKEPENIOM >KUBJICHHS CITYKHTh aKyMYyJISITOp, TO BiH Oyxe
3apspKaThcs). 3MiHa 3apsay KOHICHCATOpa Ha BEIWYMHY Ag TPU3BOIUTH 0 3MiHH HOTO

AqU .
€Heprii Ha BenuuuHy AW =T. Jlxepeno >KUBJICHHS MPHU MPOXOJKEHHI Yepe3 HbOIO

AW =W, -W, = Enepris  xoHmeHcaTopa 3MEHITYETHCS

3apsany Ag BUKOHYE poOoTy A, =AqU . Takum uunoM, 4,,. =2AW . Tenep 3amuiemo
piBHAHHS OajlaHCy eHeprii B JaHiil 3anavi: 4+ A4,,. = AW . 3Bizcu poO0oTa 30BHIIIHIX CHJI
A=—-AW . OckibKu eHepris KoHmeHcaTopa 3MeHImyeTsest (AW <0), To 30BHINTHI CHITA
CIIpaBIli BUKOHYIOThH AofaTHy podoty (A >0).

Npuknan 3.10. Coepuunuii xonoencamop 3 paodiycamu ob6xknadok R, ma R,
(R, <R, ) 3anoenenuii Oienekmpukamu 3 NPOHUKHOCMAMU € Ma €, . [ienekmpuxu 3a-
umaromo minecni kKymu Q; ma Q, (puc. 3.11). 3apso komdencamopa OopisHIOE q .

3navimu Hanpysjcenocmi eneKmpuiHUX Noi8 y OleleKmpUKax, eHepeiio ma EMHICMb KOH-
Oencamopa.
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7

Puc. 3.11. lo npuknaay 3.10

Po3B’'g3anHa. CUIOBI JiHIT €IEKTPUIHOTO MO B chepruaIHOMY KOHICHCATOPI € pa-
JOianpHUMU. BUKOHAaHHS rpaHUYHUX YMOB Ha MEXi MOJIUTY IiENIEKTPHKIB, a caMe PiBHICTb
TaHTeHIlIaIbHUX KOMIOHEHT nons E,, = E, ., 03Hayae, 110 BEIMYMHH HAMPYKEHOCTI MOJIs

B 000X JlieNIeKTpUKax oqHakoBl E; = E, . 3a Teopemoro ["aycca:
ae S = erz, S, = erz , a IHTerpyBaHHS MPOBOJUTHCS IO Iwiomi cdepu paaiyca »
(R, <r<R,).Orxe,

_ q
g0 (£/Q +8,0,) 17

Enepris kongencaropa W nopiBHIOE

1 1
w =—I8081E2d1/1 +— I £0s, E2dV, ,
2V1 2V2

ne Vi +V, =V —o06’em konaeHcaTopa. [licis iHTerpyBaHHs

1 q 1 1
W=— - .
2 80(8191 +82§22) R R,
2

€MHICTh KOHIEHCATOPa BU3HAYNMO, KOPUCTYIOUHCH BHPA30M ISl eHeprii W = 2q_C .
2
RR
Czq_ZSO (8191 +8292)—1 2 .
2w R, - R,

HeBaxxko nepecBiIYUTUCD, 1110 Y BUMAJKY JIi€IEKTPUKIB 3 OJHAKOBUMH € (& =€, =€)

OCTaHHIM BHpa3 MEePEXOaUTh Y (OPMYITy I EMHOCTI CPepHUHOrO KOHICHCATOPA.
MNpuknap 3.11. Toukosuil 3apsi0 q 3HAXOOUMbCSL 8 YeHMPI ChepuyHO20 He3apsadice-

HO20 wapy Oielekmpuxa 3 npoHukHicmio € (puc. 3.12). Buympiwmiti ma 306HiuwHitl padiycu
wapy oopignioloms 6i0nogiono Ry ma R, . Lllap mae manenvkuii omsip 63006ic padiyca.
76



Aky pobomy mpebda euxonamu, wob NoGLIbHO nepeHecmu 3apao ¢ 3 YeHmpy wapy Ha He-

CKIHUYeHHIiCmb Y 6aKyym?

Puc. 3.12. [lo npuknaay 3.11

Po3B’'g3anHA. PoboTa, sKy TIOTPiOHO BUKOHATH IS TICPEMIIIIEHHSI TOYKOBOTO 3apsiy,
Oyne MOpIBHIOBATH 3MiHI €HEprii eJeKTPUYHOTO TIONS B IPOCTOPI HABKOJIO HBOTO:
A=W, —W,.3miHa 11 BLIOyeThbCs 3a paXyHOK 30UIbLIEHHS 110715 B Till 4aCTUHI POCTOpY,

SIKYy paHiITe 3aiiMaB Iap JieJIeKTPHUKA:

q2 Bar Bar % ar
+

szijdVZSRSO 0’”_2 er_2+R2r_2 ’
N ar *d
icfost - [ 2] %

. > | Sdar % ar qz(l 1} 1
3Biacu A= —2—J'—2 = —_— (1——).
8ng R ORE qneg\ Ry Ry €
Npuknap 3.12. [1iockuti KOHOEHCAMOP PO3MAUOBAHUL BEPIMUKATLHO | OOMUKAEMbCSL
nAACMUHaMU 00 NOGEePXHI PIOUHU 3 2YCMUHOI P i OieleKMPUUHOK NPOHUKHICIIO € (pUC.
3.13). Biocmanwv misc niacmunamu — d , npuxnadena nanpyea — U . Ha sky eucomy nioui-
Membcsl piouHa 8 NPOMIDICKY Midic niacmuHamu konoencamopa? Kpatiosumu epexmamu ma

KAnUISAPHUMU S6ULAMU 3HEXITYEaMm.
IIposecmu pospaxynox onsa sunaoky: € =81 (6ooa), d =4 mm, U =320 B.
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Puc. 3.13. o npuknaay 3.12

Po3B'g3aHHsa. Jlany cucTeMy MOXKHA MPEACTABUTH SIK MapaleibHe CIOIYYESHHS IBOX
KOHJICHCATOPIB, OJIMH 3 SKUX 3allOBHEHUIA BOJIOIO, a 1HINNI — TOpoxkHiA. To/i 3aranpHa €eM-

Sob(l — h) " SSObh
d d

obkimagkaMu Ha Al €MHICT,  30UTBITYETHCS,  3MIHIOIOUHACh HA  BEIMYUHY
ggb(e—1)

Hicth cucremu C =

. 3a paxyHOK MiZHATTS PiIAMHM B MPOMDKKY MIX

AC = Ah . 3arampHa €HEprisi CHCTEMH TIPH ITbOMY 3POCTaE K 32 PaXyHOK 301JTb-

IICHHS €HEPrii eIeKTPUYHOTO TOJISI B KOHJCHCATOPI, TaK i 32 paXyHOK 3POCTAHHS TOTCHIII-
aNbHOI eHeprii croBmunka pimuun: AW = AWy + AW, . BiInoBijHi CKi1aziosi:

2 2 gob(e-1
aw, o CL | U mb(e2])
2 2 d

AW, = A(mg%) = A(p-bdh-g%j =pbdghAh .

JonaTtkoBa eHepris y CUCTeMy HaAXOAUTh 3a paxyHoK pobotu mxepena EPC, ske mig-
TpuMmye ctanoro Hampyry U . PiBHsSHHS OanaHCy eHeprii B TakOMy pa3i BHUIVISAAE SIK
AWp + AW, = 4, . Ik Oyno nokasaxo y npuknagi 3.9, 4,,. =2AWy. ToMy 0CTaTto4Ho

AW = AW, . llincraBisiroun BiAIOBI/IHI BUPA3H, OTPUMAEMO
Uey(e-1)
2pgd 2
[IpoBeneMo po3paxyHOK IS 3aIaHUX B YMOBI BEJTUYUH:

2 0 0c 1012 (o1
p= G208 10T (8120 56— 0.03 ().

2-1000.10-(4-10*3)

h

Npuknap 3.13. Jloseuil yunindp padiyca R i3 00HOPIOHO020 OieneKmpuKa 3 NPOHUKHI-
CMIO €, 3HAXOOUMbCS 8 HEOOMEUCEHOMY OleIeKMPUUHOMY Cepe0osUwfi 3 NPOHUKHICMIO €. B

cepedosuwfi cmeopeHo O0OHOPIOHe eflekmpuuHe none 3 Hanpysicenicmio E,. Bico yuninopa
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nepnenouxyiapra 0o eekmopa E,. Busnauumu enepeito nona 6 yuninopi, aka npunaoae Ha

OOUHULTO U020 O0BHCUHU.
Po3B'a3zanHsa. EHepris eNeKTPUIHOTO MOJIS B ITIHAP1

1
W= —I8082E22dV 5
2V

Je E, — Hanpy»KeHICTb eJIEKTPUYHOrO Mo B IIiHAPL. BoHa cknafaeTbes i3 cyMu 30BHi-

mHporo nosis E; i nons E', sike CTBOPIOETHCS NOIAPU3ALIHHAME 3apAIaMu.

Mienextpuk y GopMi MUIIHIPA B 30BHILIHBOMY OIHOPITHOMY IIOJI HONSIPU3YETHCS O-
HopinHo. ToMy 06’eMHa TycTHHA 3B’s3aHuX 3apsiie p'=—divP =0 (P — BeKTOp HOISIpH-
3alii), a yyacTb y CTBOPEHHI IOJIsl BCEpEeIUHI MITIHApA NPUHMAIOTh MOJSpU3aLiiHi 3apsau
30cepeKeHi Ha IOBEpXHi LIITiHIpA.

IToBepxHEBY TYCTHHY 3B’S3aHHX 3aps/IiB MOKHA OTPUMATH 3 TPAHMYHUX YMOB Ha Oid-
Hiii moBepxHi waninapa: 6’ =Py, — R, =(P, — B )cos6 (TyT BBaXAa€TbCA, O HOPMAITH JI0
0i1yHOT MOBEpPXHi 7 HampsMIICHAa HAa30BHI LWIIHAPA, a 6 — KyT M HOPMaJUTIO TaK BEKTO-
pamu mospu3artii (puc. 3.14)).

7]

> Puc. 3.14. [lo npuknaay 3.13

& E,
>

Sk 6aunMo, MOBEpXHEBHUI 3apsil PO3NOALIEH I Mo OiYHIN MOBEpXHI IUJIIHIpA 32 3aK0-
HOM KOCHHYCa. 3a Takoro po3mojily MoJje, Ke CTBOPIOETHCS MMOBEPXHEBUM 3apsioM BCe-
penuHI mUIiHApa, ogHopigHe. )1 HOoro 3HaXOMKCHHS MOXKHA CKOPHUCTATHCh MPUHOMOM,
OIMMCaHNM Y npuknagi 1.16, i MpeacTaBUTH TaKUK PO3IMOJLT 3apsiiy SIK pe3ynbTaT 3CyBy Ha
HEBEJIMKY BiZICTAHb ¢ OJHH BiIHOCHO OJHOTO JBOX PIBHOMIPHO 3apsDKEHHX LUIIHIPIB 3
TyCTHHaMU 3apsiB +p' T1a —p’. 3a Teopemoro ["aycca, BcepenuHi piBHOMIPHO 3apsiPKEHO-

ro nuiiHapa E = LF . Toni none B 00macTi mepeTuHy ABOX HUIIHIPIB (ITOJIE TIOJISIpU3a-
€
—_ p'
iHUX 3apsaiB £') BU3HAYATUMETHCS 5K E' =2—ﬁ (ocTaHHIf BHpa3 OTPUMYETHCS aHa-
€

JIOTIYHO A0 PO3B’S3KY Npuknagy 1.7).

79



Bpaxyemo, 110 3a HEBEITMKOTO 3MIIIICHHS BCI HECKOMITCHCOBAHI ITOJIIPU3AITIHI 3apsTu
PO3MIIIYIOTECS B IPUIIOBEPXHEBOMY ITIapi TOBIIMHOKW «cos 0 . BiamosiaHuii 3aps oquHu-
11 TUTOIII TTOBEPXHI HMumiHApa ¢’ = p'acos 0 . Takum 4uHOM,

, pa (B-B) & -1 g —1
E == = E2 -
2¢g 2¢g 2 2
Sk Bxe Oyno cka3aHO Ha IOYATKy PO3B’SI3Ky, IIOJIe BCepenuHi mwiinapa £, = E, —E'.

E,.

g +1

OO6’etHyr0uM J1Ba OCTaHHI BUPa3d, OTPUMAEMO, IO E, = E,.

g, +1
Enepris enmekTpudHOTro OISt BCEPEAHI IATIHIpA
g +1
g, +1

2
Wzl.[SOSzEzde:ﬂSOSz El 'L,
2y 2
Je L — moBXWHA IWTIHIpA.

Tomy eHepris, siKa IpUTagac Ha OMUHUITIO JOBXUHY ITAIIHIPA,

2
gk

Jlerko mepecBIIUUTHCH, IO JUIS BUMAAKY €, =& =1 W, = nR> , IO JIOPIBHIOE

EHEpril eJIeKTPUIHOTO TTOJII Y BaKyyMi, CKOHIIGHTPOBaHii y 00’eMi muiiHapa pamiyca R
OJIMHUYHOT JIOBKUHH.

Npuknap 3.14. Kooy 3 N Hes3aeM00irouux Kpaneib pmymi padiyca v 3apsaouiu 00
nomenyiany ¢. Jani ix 06’eonanu y oony eenuxy kpannto. IIpuiivaiouu 3a Hyno nomenyian
HECKIHUeHHO 8i00aNeHOi MOUKU, BUSHAUUMU NOMEHYIAN MAa NOGEPXHesy 2YCMUHY 3apsody Ge-
JIUKOL KPANJi, A MAKoIC 3MIHY eleKmMpUuyHoOi enepeii cucmemu niciist 06 €OHanms.

Po3B’'g3anHa. OCKITbKY TpU 00’ €MHAHHI Kparlelib 3arajbHa Maca CHCTEMH HE 3Mi-

1
HIOETBCSI, TO PaJilyC BEIUKO1 Kparil R =N A r. Ilicns o0’eqHaHHS HE 3MIHUTHCS TaKOX 1
3araJlbHUi 3aps Kpanenb g = Ng, , 1€ q, = 4meyrg, — 3apsa OKpeMoi Kparui.

2
3BiJICM OTPUMAEMO TIOTEHITIAN BEJIMKOI Kparuii: ¢ = ﬁ =N A ((, @ TAKOXK MOBEPX-
TEq
1
q gV A )
HEBY T'YCTHHY 3apsiy © = 5= .
4mR r

3MiHa eHeprii eNeKTPHIHOTO TOJIS:

2
Wy —W, =?—N@= 2n80r(p02N(NA —1] .
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4. NOCTINHWUN ENEKTPUYHUA CTPYM

4.1. KopoTKi TeopeTuyHi BiqOMOCTi

EnexrpuynnM cTpyMOM Ha3WMBaIOTh BIOPSAIKOBAHUH PyX 3apsKEHUX 4acTHHOK. Ha-
NPSMKOM €JIEKTPHUYHOTO CTPYMY MPUHHATO BBAKATH HAIPSMOK PYXY IMO3UTUBHUX 3aps-
IiB. JI71st KUTBKICHOT XapaKTEePUCTUKH EIEKTPUIHOTO CTPYMY BBOANUTHCS TOHATTS PO CH-
Jy Ta TYCTUHY CTPYMY.

Cuioro cTpyMy Ha3MBAa€THCS 3apsill, IO MPOXOIUTH Yepe3 MOMEepPeuHHid nepepisz mpo-
BiJIHHKA 32 OJIMHUIIIO Yacy:

I=lim 2 -9 (4.1)
At—0 At dt

Opunnuneto cunu crpymy B cucteMi Cl € amnep ( 4). Cuna ctpymy B 14 Bignosigae

nepeHocy vepes MonepeyHni mepepi3 npoBigHuka 3apsany B 1 Kr 3a lc.

I'yctuHa enekTpu4HOro cTpyMy j — Ii€ BEKTOpHA BEITMYMHA, MOAYJb SKOI BU3HAYa€E

CTPYM Yepe3 OJIMHUIIO TUIOIII IMOMEPETHOTO Mepepi3y MPOBIAHMKA, a HAIPsIM BKa3ye Ha
HAIPSIM BITOPSJIKOBAHOTO PYyXY IMO3UTUBHUX 3apsIiB:

j=env, (4.2)
IIe e — 3apsa OKpEeMOi YacTHHKH, # — KOHIICHTpAIlisS HOCIiB CTpyMy, L — iX cepemHs
HMIBUIKICTH ApeiigoBoro pyxy. 3HalO4M T'YCTHHY CTPYMY B KOXKHIM TOYL NPOBiJHHKA,
MO>KHA 3HAlTH CHITy CTPYMY B IIbOMY IIPOBIIHUKY 3a (HOPMYJIIOIO

1={(j-i)ds={j,ds. (4.3)

Tyt 7 — BEeKTOp HOpMaTi IO eJIeMEHTa IUTOIT dS .
OnuH 3 GyHIaMEHTATFHUX 3aKOHIB MIPUPOIN — 3aKOH 30€pEKEHHS 3apsny — IPH TIPo-
XOIDKEHHI €JICKTPUYHOTO CTPYMY BUPAKAETHCS PIBHAHHSAM HETIEPEPBHOCTI:

dq - . 6p .=
—+ -n)dS =0, —+divj=0. 4.4
dr i)(] ) a (44)
TyT momano iHTETpaIbHY Ta AUQEpeHITiaTbHy GopMu piBHIHHSL. S — 3aMKHEHA TTOBE-
PXHSI, 10 MICTUTB 3apsia ¢ 3 06’ €MHOIO TYCTHHOO p. SIKIIIO BEKTOp I'YCTHHH CTPYMY

HE 3MIHIOETHCS 3 IUTMHOM Yacy, TO TOBOPSTH PO CUCTEMY CTallilOHApHUX CTPYMiB. B 1po-
MY BUINAJKy PIBHSHHS HENEPEPBHOCTI MAatOTh BUIJISL!

$(j-7)ds =0, divj =0, (4.5)
N
TOGTO MOTIK BEKTOpa j uepe3 Oy/Ib-AKy 3aMKHEHY OBEPXHIO JIOPIiBHIOE HYJIIO.

Jlis po3B’s3yBaHHS 3a/1a4 PO MPOXO/KEHHS CTPYMY B IPOBITHOMY CEPEJOBHII BH-
KOPUCTOBYIOTH 3akoH Oma. Mloro 3py4HO NMpeAcTaBuTH y AudEpeHITIAbHIA dhopMi, sSKa

81



MICTHTh BEJIMYWHH, IO XapPAKTEPU3YIOTh CICKTPUIHUMA CTaH CEPEIOBHUINA B OMHIN 1 TIH
JKE TOYIII:
j=AE, (4.6)

ne E — BEKTOp HANMPYKEHOCTI SJIEKTPUYHOTO TIOJIsI, A — IMMATOMA IPOBITHICTH CEPEOBH-

ma.
POSB’HBYBaHH}I 3aJa4 Ha 3HAXOKCHHA OIIOpY c1a0Ko HpOBi,E[HOI‘O cepcaoBulIla 3B0-
JAUTHCA 00 3HAXOPKCHHA aHAJIITHYHOTO 3B’$I3Ky MIK Ha,I[iHHSIM HaIlpyTryu Ha CJICKTPUYHUX

KOHTAaKTaX Ta CTPyMOM uepe3 cepenopuine. CTpyM BU3HAYAEThCA SK MOTIK BEKTOpA |
yepe3 3aMKHEHy noBepxHio. [IpocTora po3B’a3Ky 4acTo BU3HA4YA€THCS BAAIUM BUOOPOM
noBepxHi inTerpyBanss. @opmy i1 BUOMPAIOTH B 3aJI€KHOCTI BiJl cCHMeETpii 3a1aui.

[Ipu npoxo/keHH] cTpyMy uepe3 omip BigOyBaeThCsl po3citoBaHHs eHeprii. J[xepeno
CJIEKTPUIHOTO CTPYMY BHKOHYE POOOTY IO MIEPEMIIICHHIO SICKTPUYHUX 3apsiiiB, 30171b-
IITYIOYH BHYTPIIITHIO €HEPTit0 MPOBiAHIKA. EHEpris, 10 BUTPAYa€ThCS JHKEPETIOM CTPYMY,
BPEIITi-PENIT MPOSBIAETHCA Y BUMIAI TeroTu. KinbkicTs Terotn O, , mo BUmiNsETHCS
B OJWHUII 00’ €My TIPOBIIHMKA TIPH MPOTIKAHHS MTOCTIHHOTO CTPYMY, BU3HAYAETHCS 3aKO-
HoM [Ixoyns-Jlenna:

o' =/, (4.7)
Jie p — TUTOMUH omip cepenoBuina. B iHTerpanpHiii GopMi 1eld 3aKOH BUTIISAAAE Tak:

0= j jzpd V= j Jj 2del =7 ij% =I’R. Bennunny Q, 1me Ha3WBalOTh TEILUIOBOK IIO-

TYXHICTIO. [I0BHY KUIBKICTh TEIJIOTH, IO BUIAUISETHCS B MPOBITHUKY 3a Yac f, OIHUCY-
I0Th POPMYJIIOIO

Q:jQ,dz:j]szz. (4.8)
0 0

4.2. 3anuTaHHA Ta Bignosiai

4.2.1. Yu 3a601c0u cmpym 6 pewosui 00yMOGIeHUll PYXOM BLIbHUX 3apPs10i8 ) 306Hili-
HbOMY nONi?

Crpymu, 110 BUHHMKAIOTh B PEYOBUHI, MalOTh pi3Hy npupoay. Hanpuxnazn, nudysiini
CTPYMH BHHHUKAIOTH 32 HAasBHOCTI TPAIi€HTY KOHIICHTpAIlii HOCIIB B pedoBHHI. TerioBi
(bmykTyariifHi) CTpyMH ITOB’s13aHi 3 TEIUIOBUM PyXOM HOCIiB ((IyKTyallii iX KOHIIEHTpa-
uii). I TiNbKKM CTpyM MPOBIAHOCTI BUHHKAE 32 PaxyHOK il Ha PEYOBHHY 30BHIIIHBOTO
€JIEKTPUYHOTO ITOJISI.

4.2.2. J[na nocmitinoco cmpymy euxonyemvcs ymona div j =0. Hx i mosxcna mpax-
mysamu?
Ywmosa div j =0 o3Ha9ae, 0 CHIIOBI JIiHII MOCTIHHOTO CTPYMY € 3aMKHYTHMHU.
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4.2.3. Yu mooice cmayionapua 2ycmuma cmpymy ] 6 OOHOPIOHOMY i30MpONHOMY
NPOGIOHUKY BUPAICAMUCH POPMYTAMU:

a) ]za(2xf+y]—3zl€);
6) J=b(3xi +2y] -32k);

8) jzax7+byj+czl€,
de x, y, z — 0ekapmosi koopounamu, a, b, c —cmani i He OoOPiGHIOIOMb HYO?

I'ycTuHa CcTpyMy y BUMAAKy CHCTEMH CTAIllOHAPHHMX CTPYMiB MOBHHHA BiAMOBIIATH
ymoBi div j =0. 3 orsaay Ha Hel MOXHA MPOAHANI3yBATH BUPA3U JUIS TYCTHHH CTPYMY,
MOIaHI B YMOBI 3aBIAaHHS:

a) Moxe, ockinbku div/ =0;

6) He MosKe, ocKinbku div j =2b;

B) MOXe, KO a+b+c=0.

4.2.4. Yomy Oopisnioc 10t j Ons 2ycmunu cmpymy j 6 0OHOPIOHOMY NPOGIOHUKY 3
8I0CYMHOCI CMOPOHHIX CUL (KDIM KYIOHIBCLKUX)?

EnexTpuyne mose cTamioHapHUX CTPYMIB € IOTEHIIAIbHUM. MaTeMaTHIHUM 3aITHCOM
MOTEHIIATBHOCT1 EJCKTPUYHOTO TIOJIS €

$E-dl =0=2¢F-di = [rot-dS .
L 7\'L N

OCKUTBKH y SIKOCTI S MOe OyTu oOpaHa JOBUTbHA IMOBEPXHsI, HATATHYTA HA KOHTYD
L, TO 115l TOTOKHICTh BUKOHYETBCS JIIIIE 32 yMOBH 10t j =0 .

U o . . 0 i
4.2.5. Sxuil pizuunuii 3micm pigHAHHS HeNepPepPeHOCHII P+ div j=07?
t

PiBHSHHS HEMTEPEPBHOCTI BUpAXKaE y JIOKAIbHIN (HopMi 3aKOH 30E€peIKCHHS 3apsy.
4.2.6. Yomy oopisuioe 00’emua cycmuna 3apsaoi@ 8 O0OHOPIOHOMY NPOBIOHUKY, NO
AKOMY NpOMIKa€e NOCMItiHUuLL cmpym?

3 piBHAHHA HemepepBHOCTI div j = —%z 0, OCKINBKH TIPH MOCTIHHOMY CTpyMi T'yc-

THHA  3apsfiB p HE 3MIHIOETBCS 3 YacOM. 3 IHITIOTO 00Ky,
ST o= A o .
divj= dlv(kE ) =——divD=—-34np, ae A, € — IUTOMa TPOBITHICTH 1 JiCICKTPUYHA
€€ €€

MIPOHUKHICTh CepeoBHIa BiqnoBinHo. [lopiBHIOIOYM IIi JBa BUpPa3H, OTPHUMYEMO, IO
p=0.

TakuM 9UHOM MOYXKHA CKa3aTH, IO M0JI€ B MPOBITHUKY, IT0 TKOMY IPOTIKA€E MTOCTIHHII
CTPYM, CTBOPIOETHCS TUTBKH 3apsIaMH Ha TIOBEPXHI MPOBITHUKA.

4.2.7. 3a sxux ymog suxonyemuvcs 3akon Oma? Hasedimo npuxnadu 1020 nopyuieHHs.
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3akoH OMa BUKOHYETHCS 32 YMOBH JIHIHHOI 3QJIEKHOCTI BEIMYUHU CTPYMY, IO TIPO-
TiKae B cepellOBUII, BiJ mpHKiIafeHoi Hanpyrd. HemiHifiHiCTh 1€l 3a71eHOCTI 03Haua€e
nopyuieHHs 3akoHy Oma. [IpHukiagoM MOXYTh CIyTyBaTH BOJIBT-aMIICpHI XapaKTEePUCTH-
KU HaITiBIPOBITHUKOBHUX Ii0JIB, BAKYYMHHUX IMioAiB Tomo. KpiMm Toro, 3akon Oma mopy-
HIYETHCS TP HEBUKOHAHHI YMOBH KBa3iCTalllOHAPHOCTI CTPyMiB (HampuKial, Ha BHCO-
KHX YacTOTax).

4.2.8. /[sa nposionuxa 3 00HAKOBUMU NIOWAMU NONEPeuHo20 nepepizy S ma numo-

Mumu onopamu p; i Py 3’€OHani nocnioogro (puc. 4.1). Ilo nposionuxam meue nocmii-
Hui cmpym 1. Tlobydysamu saxicno epagiku 3anesdcHocmelt 2yCmunu cmpymy j(x) i Ha-

npyacenocmi noaa E (x) 6cepeouni npoGiOHUKIG, AKWO Py < Py 7

X
S( { ]_> Puc. 4.1. o nutaHHs 4.2.8

1 . E
3a yMOBOIO j=§=const (pvc. 4.2a). 3 ixmoro Ooky, j=— , ToMy E; =jp;,
p

E, = jp, (puc. 4.26).

A\ 4
A\ 4

0 0

a) 6)
Puc. 4.2. [o 3anuTaHHsa 4.2.8

4.2.9. [lobyoysamu epagixu 3anexcnocmeti Hanpyscernocmi noasi E (x) ma nomenyi-

any (p(x) Ha Oinanyi 1-6, 300padiceniii Ha puc. 4.3, AKwo @, > Qg ?

(0 Pg
1'_:'—| I_'6_’x Puc. 4.3. lo nuTaHHsa 4.2.9
2 3

45
Binnosinp HaBegeHa Ha puc. 4.4.
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a) 6)
Puc. 4.4. [Jo 3anutaHHs 4.2.9

4.2.10. 3amKHyme KONO CKIA0AEMbCS I3 M HOCHIO08HO 3 €OHAHUX eNeMeHMI8 JICUG-
JeHHs, e.p.Cc. AKUX €, a enympiwnii onip r. Onip 3’ €0HY8ANbHUX NPOBOJI6 OOPIGHIOE HY-
0. Ll]o noxasice ideanvruil orbmmemp, AKWO 1020 ni0 '€OHamu 00 3amMucKa4ié 00H020
3 elemMenmia?

IneanpbHUM HA3UBAETHCS BOJBTMETP, BHYTPIIIHINA OIp SIKOTO HECKIHUEHHO BEIIMKUU.
[Ipu migKIrO4YeHHI 10 3aTHCKAYiB OJTHOTO 3 CJIEMEHTIB KUBJICHHS BOJIBTMETP 3apEECTPYE
PI3HHINIO TIOTEHIIIAIiB MiX 3aTtuckadamu U =¢—[Ir, ne I — cTpyM, IO MPOTIKAE Y KOJTI.

. me
3a 3akoHoM Owma neit ctpym / =— . Tomy Hampyra, sSiKy MOKa3yBaTHME€ BOJBTMETP
mr

U=0.

4.2.11. Ak 3anexcums K.K.0. 0dcepeid Cmpymy 3 eleKmpopyWIuHOw CUIOw & ma
BHYMPIWHIM ONOPOM T8I0 ONOPY 306HIUHBO20 HABAHMAMNCEHHS R ?

Jxepeno cTpyMy — JIBOMONIOCHUK, SIKUH T€HEpYE CTPyM, BEJIMYMHA SIKOTO HE 3ale-
JKUTH BiJI TPUEAHAHOTO HABAHTAKECHH.

K.x.1. mkepena cTtpyMy — 1€ BiTHOIIIEHHST KOPUCHOI MOTYKHOCTI (TOOTO TIOTY>KHOCTI,
IO BUIUIAETHCS HA 30BHIIIHBOMY OTOPi) A0 BCi€l MOTYXHOCTI (TOOTO CyMH HOTYKHOC-
Teil, 10 BUIUIAIOTHCS HA 30BHIIIHEOMY Ta BHYTPIIIHBOMY OIIOpax):

_ I°'R R
=P (R+r) R+r

B pexumi kopoTkoro 3amukaHHsA ( R =0), KOJU CTPyM OCSITaE MaKCHMAJIBHOTO 3Ha-

€ .
yeHHs [, =—, n=0. Y Bunaaxy, komu R HECKIHYEHHO 3pOCTA€ (PEKUM XOJIOCTOIO XO-
r

Iy), K.K.JI. JDKepena CTpyMy HaOJIMKY€EThCS IO OTUHUII (puc. 4.5).
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Puc. 4.5. o 3anutaHHs 4.2.11

R

4.2.12. flx 3anedcums KOPUCHA NOMYIICHICMb 0dcepend Cmpymy 3 HOnepeoHbo2o nu-
MAHHA 8i0 ONOPY 308HIUHBO2O HABAHMANCEHHA?

3pocTaHHs K.K.JI. JDKepesia CTpyMy NPH 30UTBIICHHI OMOPY HABAaHTaXKEHHS (AWB. NMWT.
4.2.11) 30BCiM HE O3HAYaE, M0 MPHU IIHOMY 3POCTAE 1 KOPUCHA TMOTYKHICTh., 301IBIICHHS
K.K.JI. TOBOPUTH JIUIIE TIPO 30UIBIICHHS BiTHOIICHHS KOPHCHOI MOTYXXHOCTI IO ITOBHOI
MOTYXKHOCTI JpKepena. [Ipu 11boMy caMa KOpUCHA MOTYXKHICTh MOXKE 3MEHIITYBaTHUCh.

CrpaBni, KOprucHa MOTYXHICTh
2 2
€ € X
P =12R=—2R =——,
(R + r) r (x + 1)
e x = 1% Axkmo x <1, 10 B, ~ x. Axmo x>1,710 B, ~ % . MakcuManbsHOro 3Ha-

Kop
YeHHS KOPWCHA TOTYKHICTh HaOyBae mpu x =1, To0TO Ko R =7 . B Takomy pa3si ka-
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KyTb, L0 JUKCPENIO Ta HABAHTAXKCHHS y3rOJUKCHI 3a moTyxHicTio. [Ipu upomy £, = .
B

I'padik Ha puc.4.6 iMrOCTpye 3MiHY KOPHCHOI MOTY>KHOCTI B 3aJIe)KHOCTI Bijl BETUUMHH

BiZ[HOH_ICHHSI onopy 30BHIIIHBOTO HABAHTAKCHHS a0 BHyTpiIHHBOFO OTopy x = ]% .

A " xop

Puc. 4.6. [lo 3anuTaHHs 4.2.12




4.2.13. [loacHimb, YoMy npu npomikauHi CmMpymy Kpi3b peuosuHy 60HA HACPIBAECMb-
ca?

[lig giero 30BHIMIHBOTO €IEKTPUYHOTO TMOJISl BUTBHI HOCIT 3apsAay B peuyoBHHI Ha0yBa-
I0Th JOAATKOBOI MBHAKOCTI (KiHeTmuHOI eHeprii). Ilim wac cBOro HampaBlIEHOTO PyXY
BOHHU CTHKAIOTHCS 3 MOJIEKYJaMU (aTOMaMH) PEUYOBHHU 1 BiIAIOTh iM HAOyTy B 30BHIIII-
HBOMY TIOJIi JIOJJATKOBY €HEPTito, sIKa, B PEIITI PEIIT, MEPETBOPIOETHCA HA Teruio. Tomy
MiJ] Yac MPOXOJHKCHHS CTPYMY Kpi3b PEUOBHHY BOHA HArpiBaEThCA.

4.2.14. [l]o ¢izuuno o3nauae mepmin «c1abko nposione cepedosuuiey (npuknaam 4.1,
4.2)?

TepMiH «c1abKo MPOBIHE CEPENOBUIIE» 03HAYAE, IO MPOBIAHICTH CEPEAOBHUIIA 3HA-
YHO MEHIIA y TOPIBHSIHHI 3 MPOBITHICTIO E€ICKTPOMIB, Yepe3 SAKi MiIBOAUTHCSI CTPYM:
Meep KA

IpOB *
B 3araJibHOMYy BHUITIAKy HE€ MOXHa CKasaTH, M0 CJICKTPOCTATUYHE II0JIC 1 moJjie mo-

CTIHOTO CTPYMY TOTOXHI. AJIC 38 YMOBH Aoo, <K Ay, MOJIC IIOCTIHHOTO CTPYMY MOXHA

MOJICTFOBATH €JICKTPOCTATUYHHUM TI0JieM. | 3aKOHHM, SIKi MPAIFOOTh IS €IEKTPOCTATUKH,
MPAITIOBATUMYTH 1 JUTSI TIOCTIHHOTO CTPYMY. 30KpeMa MOKHA BBaXKaTH, 110 TaHTCHITIaJIbHA
CKJIaJI0Ba CICKTPUIHOTO TTOJIS Ha TIOBEPXHI MPOBITHUKA BiICYTHSI.

4.3. Npuknaau po3B's3yBaHHA 3afay

Npuknan 4.1. [Ipocmip midc enekmpooamu chepuurHo2o KOHOEHCamopa 3an06HeHo
O0OHOPIOHUM CILAOKO NPOBIOHUM Ccepedosuyem 3 numomum onopom p. Paodiycu obrradok
KoHOeHcamopa a i b (a <b ). 3uaiimu onip midicereKmpoOH020 NPOMINCKY.

Po3B’'g3aHHA. HanpyXeHICTh €JIEKTPUIHOTO OIS B MIKEIEKTPOTHOMY IPOMIKKY
BU3HAYAETHCS 3apA/IOM ¢ , KU 3HAXOIWTHCS HAa BHYTPIIIHIA OOKIAII KOHACHCATOpA!

4. 3HaliIeMO Pi3HUII0 MOTEHLIANIB MK BHYTPILIHBOIO Ta 30BHILIHBOIO 00-

4ng, 2
knagkamu: U = ledr = 4:80 (% —%) .
a

. . 1 . ..
3HaiineMo cTpyMm depe3 KoHmeHcarop: [ = I JndS =—jEndS . Y SIKOCTi TIOBEpXHI iH-
s s
TErpyBaHHs BHOEpEMO 30BHILIHIO OOKJIAAKY KOHIeHcaTopa. I[Ipoekuis Hampy>KeHOCTi
T0JI1 HAa HOpMaJb J10 MOBepXHi £, = E 1, KpiM TOro, 3 OINIAQy Ha CUMETPIIO 3a/1a4l, BOHA

E=

Mae nocriitue 3HAYEHHS B ycix TOYKax BUOpaHoi MOBEPXHi.
1 1 4

P B S P S R .7
p (S) p 47'[80b pgo p(b—a)
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. U
3a 3akoHoM OMa IJIs TUISHKH Kojia [ = 2 Takum guHOM, IJI1 CHEPUIHOTO KOHJICH-

pb—a)

catopa R=——=.
4mab
MNpuknap 4.2. /[6i memanesi KyibKu 00HAKOB020 pAdiycd a 3HAXOOSAMbCS 8 OOHO-
PIiOHOMY CIAOKO NPOGIOHOMY Ccepedosuyi 3 numomum onopom p (pvc. 4.7). 3uaiimu onip
cepedosua Midic KYIbKaMU 3d YMOSU, WO BI0CMaHb Midc HUMU b 3uauno Oinbwa 3a ix
paodiyc a.

X
v v > Puc. 4.7. [lo npuknaay 4.2

< 7

b

Po3B's3aHHA. BBaxaTuMeMo, 110 HAmpyra I0JiaHa Ha KyJIbKH TaKUM YWHOM, IO
HAIPSMOK TIOJISl Mi>K HUMH 30ira€Thbes 3 JOJATHIM HAIPSIMKOM KOOPJAMHATHOI OCI.

3a paxyHOK SIBUITA CIIEKTPUIHOI 1HAYKIIII 3apsSar Ha IMOBEPXHI KYJIBOK IEPEPO3MOIi-
N0ThCs. ToMy 1oJIe KOXKHOT KYJIBKH 3a 11 MeKaMu HE BIIMOBIa€ MOJII0 TOYKOBOTO 3apsi-
nIy. Ane, 32 YMOBH b >>a, TaKUM TIEPEPO3IONITIOM 3apsly MOXHa 3HEXTyBaTH. To0TO
MOJKHA BBXKATH, IO 3apsid HA MOBEPXHAX KYJIBOK PO3MOIUIAIOTECS CHEPUIHO CHUMET-
PUYHO, a TIOJIE IMX 3apsiB 32 MEXaMH KyJbOK BiJIIOBiJIa€ TIOJI0 €KBiBAJIEGHTHOTO TOYKO-
Boro 3apsmy. Tomi 3a MomyideM HaNpy>KCHICTh IO BHU3HAYAETHCS BHPA30OM
1 g N 1 q

E =

3HaiizeMo PI3HUII0 TOTCHIIATB MK KYJIbKaMH:

b—a
1 1 1
U= I % P 5 do=—9 |2 _ ~—4 Buxopucrane HabmMKeH-
4me, X (b-x) 2neg\a b-a) 2mgya
Hsl BUIUIMBAE 3 YMOBH 3a/1a4i, e b>>a.
JI1s1 3HaXOKEHHS €JICKTPUIHOTO CTPYMY, IIIO TIPOTIKAE MK KyJIbKamMu, 3a (hOpMyJI0r0
(4.3) MOTPiOHO CIIOYATKy BU3HAYUTHCS 3 (HOPMOIO MIOBEPXHI, MO AKii Oy/e TPOBOIUTUCH

iHTerpyBanHs. J{ouibHO BUOMpPATH MOBEPXHIO TAKOIO, 100 CHJIOBI JIiHII €IEeKTPHYHOTO
NOJIs1, @ OT>KeE 1 JiHii cTpyMy, OyJIn MepIeHANKYISPHI 10 Hel. B nanoMy Bunaaky me Moxe
OyTH TUTOIIMHA CHMETPil MK JBOMa KyJIbKaMH. AJie € JIETIIUN MIIAX, SKUH BUKIIIOYAE
JIeIo CKJIAHE 1HTErpyBaHHA IO TakKild miomii. 3HOBY X Takd CKOPHUCTAEMOCH YMOBOIO
b>>a . 3a Takoi yMOBH MOKHA BBa)KaTH, IO IOJIe O OBEPXHi ONHI€T 13 KyJIbOK HE
1 ¢

ney a’

3aJIeKUTh BiJl BIUIMBY iHIIO1 KyJlbku. TooTo E(a)= [Ipuuomy e nmone ogHa-

KOBE B yCiX TOYKax MOBEPXHI 1 HOTO CHJIOBI JIiHIT HAMpaBJIeH] B30BK HOPMaJIi IO TIOBEP-

XHi (175 CrpaBeUIMBOCTI OCTAaHHBOT'O TBEPIKEHHSI HEOOXiTHO, 100 MTUTOMA NPOBIAHICTH

cepenoBHIIa Oyna HabaraTo MEHINA 3a MUTOMY IPOBIAHICTh NpPOBiIHUKA). Tomi cTpyMm
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1 .
BH3Ha4aeTbes 3a Gopmynow [ =—ES . IlincraBuMoO croau BUpa3 s 3apsay, 3a-
P gop
N . . 2ma .
nucaHui depes pizHuiio noteHuiaimiB U . Otpumaemo [ =——U . TakuM 4yuHOM, OTIip
p
CepeIOBHINA MK ABOMA KyJIbKaMHi R = 2L .
a

ITopiBHIOIOYH BHpa3 IS OMOPY CEPEIOBHUIIA MK JBOMA METAJIEBUMHU KYJIbKaMH 3 BH-
pazoM IS X B3a€EMHOI €MHOCTI, OTPUMAaHUM Yy po3aini 3 (npuknag 3.1), Mo)KHA TTO0AYHTH,
10

CR=gyep . (4.9)

Leit pesynbraT cipaBeIMBUH 1 B 3aralbHOMY BHUINAAKY MPOBITHHUKIB AOBiIBHOL dop-
MU, K 3aBIOJHO PO3TAIIOBAHUX OJIWH BIIIHOCHO OXHOTO. J[JIs1 MpaBHIBHOCTI LBOTO pe-
3yJIbTaTy HEoOXiAHO, 100 MUTOMa MPOBITHICTH cepeloBuia Oyna HabaraTo MeHIIA 3a
MUTOMY TIPOBIIHICTh MPOBigHUKA. DOpMyIa [ BUSBISETHCS B 0araThb0X BUMAJKaX KOPH-
cHoto. Tak, SIKIO MOTPiIOHO BH3HAYHMTH €MHICTHh SKOi-HEOYIh Mapu MPOBIIHHKIB, TO 3a-
MiCTh 0€3M0CepeTHHOT0 BUMIPIOBAHHS iX €MHOCTI (IO TPX MaJii ii BETWIMHI HE TaK BXKE
# MPOCTO) MOKHA TIOMICTUTH HPOBITHUKH B CEPEIOBHILE 3 BIIOMUMH BEIHYHMHAMH € Ta
P 1 BUMIPSATH OIIp, MIC/IA 40ro 3a (GOpPMYIIOI0 po3paxyBaTH €MHICTh. | HABIAaKH, BUMIPIO-
BaHHSI OTIOPY MOKHA 3BECTH O BUMIPIOBaHHS €MHOCTI.

Npuknap 4.3. 3a3op midxc 00KIAOKAMU NAOCKO20 KOHOGHCAMOPA 3aN08HEHO NOC/Li-
00610 06oma Oienexmpuunumu wapamu 1 ma 2 moswunoro d, i d,, 3 nponuxnocmamu
€ ma &, i numomumu onopamu p, ma p,. Ha xonoencamop nooano nocmiiiny nanpyay
U, npuuomy enekmpuune noie nHanpasieno 6io wapy 1 0o wapy 2. 3naiimu nogepxnegy
2YCMUHY CIMOPOHHIX 3apsdie8 G HA Medici nOJiny dienekmpukie i ymosy, 3a sakoi 6 =0.

Po3B’'g3aHHA. |'yCTHHA CTPYyMY T10 BCHOMY IIepepizy MiX 0OKIIaIKaMH 3aTHIIAETHCS
cranow. Skmo E; Ta E, HanpyXKeHOCTI NmoiiB y 1 Ta 2 JieneKTpHKax BiANOBIIHO, TO

TyCTHHA CTPYyMY Jj =£=& = E, =p,j; E, =p,j. Pi3HUIA noTeHUianiB MK 00-
P1 P2
d di+d, U
kiagkamu U = IEldx+ I Eydx=(pyd, +pydy)j = j=———— . Temep mm
0 d, pid; + pad,

MO>XEMO BHPA3HTH HAIPYKEHOCTI €IEKTPUIHUX TIOMIB Y JiCIEKTPUKAX Yepe3 30BHINTHIO
Pi . P2
——U; Ej=—"*——
pid, +pad, pid) +pyd,
HIX 3apsAiB Ha MEXI TOIUTY ABOX TIEJICKTPHUKIB CKOPHUCTAEMOCH TPAHMYHUMH YMOBAMHU:

Hanpyry: £, = U . 1na 3HaxXO[KEHHS T'YCTHHH CTOpPOH-
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€ (8292 —&€1P )

U . 3Biacu OYEBHAHO, IO
(pid; +pody)

6=D,,—D,, =€y§E), —€¢€rE,, , TOAl G=
o =0 3a yMOBH gp; =€,D,.

Npuknap 4.4. Heckinuennuil 1aHYIOJICOK YIMBOPEHO NOBMOPEHHAM OOHIET | miei i
KOMIDKU, W0 CK1ao0aemvbcs 3 060x onopie Ry ma R, (puc. 4.8). 3naiimu onip mixc mou-
xamu A ma B.

4 Ry Ry Ry Ry
— | | | | | | H—-—--

Rz[] Rz[] Rz[] Rz[] Puc. 4.8. lo npuknaay 4.4

B
Po3B'a3aHHA. YSIBHO BIIKMHEMO IEpIIy KOMIpKY. 3arajibHUH OMip JaHIIOKKA HE

3MIHUTBCS, OCKUTBKH 0€3 O/Hi€l KOMIpKH BiH HE TepecTane OyTH HecKiHueHHUM. [lo3Ha-
YMMO LeH 3aranbHuii omip Ak R, . Ternep noBepHeMo nepiry Komipky Ha micie. OTpuma-
€MO €KBIBAJICHTY CXEMY, SIKYy BXKE po3paxyBaTH HaOarato mpoctime (puc. 4.9). [Ipuuomy
po3paxoBaHuil omip Tex Oyne piBHMH R (JIAHLIOKOK TaK CaMO 3alHMIIA€THCS HECKIH-

YEHHUM).

R, [] R, [] Puc. 4.9. o npuknaay 4.4

B
RR, , o . :
R. =R + R Po3B’s3y104M 110 PIBHICTH BIJHOCHO R, OTpPUMAEMO KBaJpaTHE PiB-
2 X
> RyE\R?+4RR, .
HiHHA R —-RR -RR,=0; R = . Bignosine He Moxe Oytn

¥ 2

R . R R,
BLJ’€MHOIO, TOMY HAC 3aJI0BOJIBHSE JIMIIE OJUH KOPIHb R = 7 1+ 1+ 4? .
1
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Npuknap 4.5. Maemo neckinuenny cimky 3 keaopammuumu Komipkamu. Onip xooic-
HO20 NPOGIOHUKA MIDIC CYCIOHIMU 8Y31aMu 0opisHIoe Ry . 3natimu onip R yiei cimku midic

mouxkamu A ma B (pwc. 4.10).

A B Puc. 4.10. o npuknaay 4.5

Po3B’'g3anna. Ilin’ennaeMo 1o To4oK A Ta B mxepeno Hamnpyru U . 3a 3aK0HOM
Owma g Hanpyra U = IR, ne R — 3arajgbHUi Omip CITKH, a [ — CTPyM, IO TiABOIUTHCS
JI0 TOYOK KOHTaKTy. Hexail cTpyM BUXOAMTE 3 TOUKA A 1 BXOAWUTH B TOUKy B . Buxonsun
3 TOYKH A, CTPYM IITUTHCS HA YOTUPH YaCTHHH (OCKUTBKH BCi HANIPSIMKK PiBHO3HAYHI) 1

po3TiKaeTbCcsl Ha HecKiHueHHicTh. [Ipu mpoMy Ha Biapi3ky AB mpoTikae cTpym % .
AHAJIOTIYHO, KOJM CTPYM 3 HECKIHYEHHOCTI 30UpaeThcs Yy TOUKY B, BiH NPUXOAUTH 3

YOTUPHOX PIBHOLIHHHUX HAINpPSMKIB 1 yepe3 AB 3HOBY X Takd HNPOXOJUTH CTPYM %
Takum unHOM, 3arajibHUM CTpyM y BiTII AB cknanae /) = % + % = % . 3 iHmoro oKy,
IyR, =U . IlopiBHIor04N 1€l BUpa3 3 3akoHOM OMa, HaNMCAaHUM Ha II0YaTKy, OTPUMAEMO

) . R
Bignosige: R=""19 5
Npuknapn 4.6. Konoencamop, 3anoenenuil dieleKmpukom 3 NPOHUKHICIIO € , 6Mpa-

yae 3a yac T NONOBUHY HAOAHO20 UoMy 3apsady. Beadcarouu, wo empama 3apsdy 6i00y-
8aEMbCS MINbKU Yepe3 OleleKmpUdHY NPOKIAOKY, 3HAUmMU ii nUmomuti onip.

CtpyM y KOHIEHCATOPI MOXKHA 3amucaT depe3 3akoH Oma [ = % Hampyra #a 06-
KJIagKkax OyJe 3aJie)KaTH BiJl BEIMYMHU 3apsay KoHmeHcaropa U :% (TyT ¢ — MoTO4-

. . d
HU 3apsa Ha KOHAEHcaTopi). 3a O3HAUYEeHHIM cuiia cTpymy [ = 7(] ToMy MOKHa cKJac-
t

. . d
TH nudepeHIianbHe PiBHIHHS 7q = _Rq_C (3Hak “— Bka3ye Ha Te, IO 3apsj KOHJICHCA-
t
TOpa 3MEHIIYEThCS). P0O3B’s3aBIM 1€ PIBHIHHSA, MU OTPUMA€EMO 3aKOH 3MIiHH 3apsimy
dg 1 t
KOHJICHCATOpa 3 YacOM. j—: ——jdt = Ing=———+const . OTxKe, MAEMO 3aICK-
q RC RC

91



t
HICTh q(t) =Ae RC 106 BM3HAYUTU KOHCTaHTy A, BUKOPHCTAEMO IOYATKOBY YMOBY
t T

q(0)=gq,. Toni q(t)=q, e RC 3a YMOBOIO 3amayi L%O =4, e RC = In2= RLC 3a ¢o-

PMYIIOI0 (4.9) ICHY€ 3B’ 30K MIXK €EMHICTIO TUIOCKOT'O KOHICHCATOPA 1 OTIOPOM HOT0 TIpO-
knagku: CR =¢gpep . IlincTaBnsemMo ueil Bupa3 B OCTaHHE PIBHSAHHA 1 OTPUMYEMO KiHIIE-

N T
BUH pe3yNbTaT: p = g
go€ln

Sk BHIHO 3 OTpHMaHOI 3aJICKHOCTI q(t) MpOoLeC PO3psAIKH KOHJeHcaTopa (1 mpoiec
3apSIIKA TEXK) MPOJIOBKYETHCS HECKIHUEHHO JOBTO. AJIe K 1 B YCIX MOAIOHUX TIpoIecax,
KOJIM 4acoBa 3aJIeKHICTh OMUCYETHCS €KCTIOHEHTOIO 3 BiJl’€MHUM MOKa3HUKOM, OCHOBHA
3MiHa BEJIMYMHH, IO PO3IIAAAETHCS, BiJOYBA€ThCs 3a CKIHYCHHUHM MpOoMiXKoK vacy. [la-
paMeTpoM, IO XapaKTEPHU3y€e TPUBAIICTH TAKOTO MPOIIECY, € MPOMDKOK dacy T= R(C . 3a
1IeH yac 1laHa BEJIMYMHA 3MIHUTHCS B € ~ 2,72 pasu.

B Oynp-sikiit peanpHit cucTeMi TIEPEXiTHUN MPOIIEC MTPOIOBKYETHCS Ha MPOTS31 CKiH-
YEHHOTO BiJ[pi3Ka 4acy, OCKIIbKH TOBOPUTH MPO TAKHIA MPOIIEC € CEHC JIOTH, IOKU OIUCY-
BaHA BEJIMYMHA HE 3MCHIIUTHCS J0 3HAUCHHS, 1110 BiNOBIIa€ PIBHIO TEIUIOBUX (IIyKTya-
Ii{ B CHCTEMI.

Npuknap 4.7. Critbku menia sudiiumscsa 6 cnipaii 3 onopom R npu npoxoodoicenni
yepes Hei KiIbKOCmI el1eKmMpPUKU q , AKWo Cmpym  Cnipai.

a) pisHoMipHo cnadae 0o uyas Ha npomssi wacy T ;

0) MOHOMOHKHO CnAOAas 00 HYI MAK, Wo 3a kodichi T cexyHo in 3meHuLy8ascs 608iyi?

Po3B’'g3anHA. B 3aranpHOoMy BUNAAKY O = I[ 2Rdt . Tt pPO3B’s3Ky 3a1adi HaM TI0-
TPiOHO 3HANTH aHATITUIHWA BT 3aJICKHOCTI CHIIM CTPYMY Bij Hacy.

a) B mpoMy BUTIaAKy MaeMO CITpaBy 3 JiHIHHOO 3ajexHICTIO. CTpyM cllajgae Bij mova-
TKOBOTO 3HaueHHsA [ 70 Hyls 3a JiHiHHUM 3akoHOM [ =1, —kt . Koncrantu [, T2 k

MOYHa BU3HAUUTH 3 YMOBHU 3a/1a4i. B MOMEHT yacy t=T
I1=0 = 10 =kT = [=k(T—1t). KibKIiCTh €NEKTPUKH, L0 TPOHIIIA Yepe3 Cripaib
kT 2q .

J Idt = jk(T t)dt = - = k =— OTxe, CTpyM 3MIHIOBAaBCSI 33 3aKOHOM
T
2q(T —t o . L
1 =# KinekicTh TCIUIOTH, 110 BUIUTHUTHCS B cripai,
T

T 2
4q q°R
= (PRt ="L_R[(T-t)?ar="02.
0 I po f )?
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t
0) B upomMy BumajKy maaiHHs cTpymy BinOyBaeThbes 3a 3akoHoM [ =1,2 T . KoHcraH-
Ty I, 3HOBY xK TaKu BU3HAYNMO 3 YMOBH 3a/1aui.

t

g=|\1ldt=1 2Tdt=1 exp _ln_2t dt=1 I = [,= gln2 . Kinbkicte TerioTw,
0 0 0 0
0 0 0 T In2 T

© 2 2
2In2 In2 T RIn2
. . ) 2 q q
110 BUAIIUTECS B coipaii, O =1,"R| exps——¢ rdt = R = .
pani, 0 =1, ! p{ T } ( T j 2In2 2T

Npuknap 4.8. Cxema ckradaemocs 3 onopieé R, R, ma neéioomozo onopy R, (puc.
4.11). Ilpu sixomy R, mennoea nomyoicHicmos, wo 6UOINAEMbCA HA HbOMY, NPAKMUYHO He

byoe 3anexcamu 8i0 HeGeaUKUX 3MIiH Ybo2o onopy? Hanpyea mixc moukamu A ma B no-
cmilna.

R, [] Rx[] Puc. 4.11. [lo npuknagy 4.8

. RyR .
Po3B'a3aHHA. 3araabHuil omip Kona R =R + 22X CrpyMy komi [ = % Bu-
Ry, + R,

3HAQUUMO MAJIHHA HAIpyrd Ha HeBigoMomy omopi R, : U, =U—IR =U (I—R%). Te-

Tep MOYKHA 3aliCaTH BUPa3 ISl TETJIOBO1 MOTYKHOCTI, IO BUAUIAETHCS Ha IIbOMY OTOPI:

0 - U’ _ U’R)°R,
X R 2"
v (RRy +RR, +RR,)

CnpoOyemo yMOBY PO He3anexHicTh (O, Bil Manux (uykTyaniit R, 3alucaTH y BH-

riasal popmynu: AQ, =0, (Rx +AR, ) -0, (Rx) =0. IloxiOuuit Bupa3 3ycTpidaeTbcs B
do,

Kypci matemarnanoro avanizy: O, (R, +AR,)— 0O, (R,)= R

AR, . Orxe, Bce, 1O 3a-
X

JHMIIAIOCH 3pOOHTH, L€ B3ATH B1Jl OTPUMAHOIrO BUpasy uid O, MOXIAHY 1O R, 1 NPHUPIB-
HATH i1 10 HyJs ((HaKTHYHO AOCTIANTH (PYHKIIIO HA EKCTPEMYM).
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0,
AQ=====2

Puc. 4.12. [lo npuknagy 4.8

X

R
AR,

Cnpasni, sk BUIHO 3 Tpadika (puc. 4.12), HaBITh JOCUTH 3HauHI QIyKTyauii onopy R,

1003y 3HaYEHHs, SIKE BIANOBIAae MakcCUMyMy QyHkuii O, (Rx) , TIPU3BOJISATH JIHIIIC 10

HE3HAYHMX 3MiH 3HAYCHHS TEIUIOBOI MOTYKHOCTI. SIK pe3ynbTaT HOCIHIHPKEHHS OTPUMAHOT
dyHKIT Ha EeKCTPEMYM, MU OTPUMAEMO PIBHSIHHS:
RiR,
R +R,’
Npuknap 4.9. B cxemi, noxaszaniti Ha puc. 4.13, o0un Kondencamop 3apsaouiu 00
nanpyau U, i 6 momenm yacy t =0 3amxnyau xaoy K . 3naiimu:

RR, +RR. +RyR, —2R (R, +R,)=0.3Biacu mykanuii onip R, =

a) cmpym 1 6 xoni ax ¢yuxyio uacy t;
0) KinbKicmb menaa, wo sUOLIUMbCA, 3HAIOYU 3anedcHicms | (t)

R

1
_

I Puc. 4.13. [o npuknagy 4.9

K

Po3B'azannsa. Hexaii ciouaTky OyB 3apsmkeHui mepmuit konnencatop. Ilicns 3a-
MUKaHHS KJII0Ya B KOJI IOTe4Ye CTPYM 1 3aps]] Ha KOHAEHCATOPl NOYMHAE 3MEHIITYBAaTHUCh!
dg =-Idt . Ctpym y ko Oyme BH3HAYaTHUCS PI3HUICIO MIOTOYHUX HAMPYT HA KOHACHCA-

. U -U .
Ttopax U;,U, 1 omopom R : [ =1T2 . IloTouHi Hampyru Ha KOHJIEHCAaTOpax

noB’sa3aHi Mix cobor: U, =U,; +U,. 3 iHmoro 00Ky, 3MEHIIEHHS 3apsly Ha MepHIoMy

KOH/IEHCATOpI MOXHA 3amucath sk dg = CdU, . TakuMm 4iMHOM, OTpUMY€eMO Iu(epeHIIiii-
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2U, -U, . o L
=104t =CdU,. Po3ninumo 3minHi: —izﬁ. ITicnsa inTer-

HE PIBHSIHHS —

2 .
pyBaHHA OTPUMAEMO —é + const =In (2U 1= Uy ) , 3BLIKHU

2t
2U, —U, =const-exps—— .
1 0 P{ RC}

B momenT yacy t =0 U, =U, . 3Biacu BUIIMBae, o HeBigoma const =U,, . Tenep mu
MOKEMO JATH BIAMOBIAI HA MUTAHHS, IOCTABJICHI B 3a7a4i:

2t 2t
a) 1:—2U11;U0 =%e_RC =I,e kC;
0 00 4t 2
Ul T —= . CU,
6) Q= I*Rdt =—"—[ e RCdr=—0-.
0 R 0 4

MNpuknapn 4.10. Komywxa padiyca r =25cm, wo micmumsv [ =500m moukozo mi-

. ao . .
O0HO20 Opomy, 00epmacmubCs 3 Kymoeoo WeUOKICmo m = 300% Hagxono c8oci oci. Ye-

pe3 Ko83aioui KOHMAKmuy KOmywxa niokmodena 00 6anicmuino2o eaiveanomempa. 3aea-
AbHUL onip 6cbo2o koaa R =210m. 3navimu numomuil 3apso HOCIig cmpymy 6 Mioi, AKWo
npU pi3KOMY 2anTbMYBAHHI KOMYWKU Yepe3 2aibeanomemp npoiuios 3apso q =10nKn.
Po3B'sazanHsa. B pe3ynbTaTi raibMyBaHHS Ha HOCIiB CTPpyMy IOYHHAE JiSATH CHJIa
. v or .
inepmii. 3a gpyrum 3akoHoM HerotoHa F =ma = m? = mT TyT v — WBHIKICTH PyXy
HOCIiB, ¢t — 9ac rajJpMyBaHHS (BiH jK€ — Yac MPOXOKCHHS CTPYMY Yepe3 TaTbBAaHOMETD).
3apsau MOYMHAIOTH MEPEMIIyBaTHCh HA OJUH KiHEIb ApOTy. Uepes HaUUIIOK 3apsIiB
Ha KIiHI[l yTBOPIOETHCS CIEKTPUIHE TI0JIS, IO MEPEITKOKAE iX TOIaTBIIOMY TIEPEMIIICH-
H10. YacTHHKY OYIyTh pyXaTHCh 0 THX IIip, MIOKW KYJOHIBCbKA CHJIa HE BPIBHOBaKUTH

. .. or . . .
cuity iHepIil: m— =eE . M KIHIIIMH POTy BUHUKAE PI3HUII MOTEHIIATIB 1 MO KOy
t

MPOXOJUTH CTPYM: m%z gze%ze%. 3Bijgcu E=m—rl=1,8-10“%.

m qR
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