N.E. TAMM

OCHOBbI TEOPA
JNEKTPUYECTB

HzpaHne opHHHAALIATOE,
HCIpaBA€HHOE H AOIIOAHEHHOEe

Pexomendosarno Munucmepemaonm obpasosaHus
Poccuiickoli Pedepayun

8 Kauecmae yuebrozo nocobus daa cmydenmos

dusureckux cneyuaibrocmell yrHusepcumemos

MOCKBA
DOUSMATIIUT
2003



VJIK 537.1(075.8)
BBK 22.33
T17

Tamm HN. E. OcHoBbl Teopum anekTpuuecrsa: Yueb. nocobue ans
By30B. — 11-e usna., wcnp. u aon. — M.: ®UBMATJIUT, 2003. — 616 c. — ISBN
5-9221-0313-X.

Jano cHCTEMATHYECKOE M3J0XKEHHE OCHOBHBIX NOJIOXKEHHN TEOPHH 3J1eKTPH-
yecTra. [JlapHOE BHUMaHUE yAeneHo du3HuecKOMy comepxaHuio teopud. [Toaro-
ToeneHo 11-e uzgaHue, Kak ¥ npefpiayiiee, 6e3 nepepaboTkH, ¢ T€M YTobBl JATH
BO3MOXXHOCTb COBPEMEHHOMY YMTATENO O3HAKOMHTHCH MMEHHO C OPHIHMHAJIBHOM,
dyHaaMenTANBHON B MUDOBOI JIHTEpaType paboToit akagemuka U.E. Tamma. Jo-
6asnena Tabnuua GUBHYECKHX KOHCTAHT, H3MEHEHO HECKOJbKO NIPUMEYaHuil, 00-
HORJIEHBI CCBUJIKH HA JIUTEPATYPY M, HAKOHEL], HCTIDARJIEH bl 3aMEYEHHbIE OTIEYATKH.

Jns cryieHTOB DUBHYECKHX CNeNHANBHOCTEN BY30B, 8 TAKYKE HAYUYHBIX M HH-
YKEHEPHO-TEXHUYECKHX PabOTHHKOB.

Tabn. 5. Un. 107.

ISBN 5-9221-0313-X © ©UIMATJINT, 1989, 2003



OTJIABJIEHUE

IIpenucnosue K OAMHHAALUATOMY HU3JAHUIO
Mpegucnosue k gecATOMy H3IAHUIO .

W3z upeguciorus K AeBATOMY U3A3HUK) .
W3 npepucnoBus K nepBoMy HU3A3HHIO
Craucok BaxkHeimux 0603nadenui
Bpenenue

I'mapa l Daekrprueckoe nojie HENOABM2KHBIX 3apsaaoB
B OTCYTCTBHE JH3IJIEKTPHUKOB

1.
. DeKTPpUYECKOe 1Oane

. Teopema Taycca .

. Qe TpHYecKoe 1mone 3a,pH)KeHHbIX HOBerHOCTeﬁ

. IIpoBOAHUKY B 2NEKTPUYECKOM 1101

. ICTOKY 37€KTPHYECKOro Mo, HOBerHOCTHaﬂ )mBepremmﬂ
. Pabora snexkrpuyeckux cun. HesaBucumocrs ee o1 dbopmsbr my-

=3 O O O DD

8.

9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.

3akon Kynona .

Ti. HenpeppIiBHOCTL TAHreHIMANBHEIX CJIaraionmx sexropa E
IToreHnyan 31eKTPOCTATHYECKOTO IO

Emkocrs. Kongencaropst .

T'pasuieHT 27eKTPOCTATHIECKOTO HOTeHunaJxa Hnmm cHa
Ypapaenus Ilyaccona u Jlannaca

IMoTenupan 06'bEMHBIX ¥ MTOBEPXHOCTHBIX 3ap91,q013

TunuyHbe 334391 NEKTPOCTATUKHA

JpoitHoll snekTpUIecKuit 10k

DHeprus B3aUMOIEHCTBUA anempnqecxux 3ap;1,a03

DHeprus 3JIeKTPUUECKOTO MO

TongepoMoTOpHbBIE CHLABI C e
Onpesenenue non,uepOMOTopme CH U3 Bpra}KeHI/IH aneprun
HeycroftuuBocTs snekTpudeckux cucreM. CBsizn

I' nasga Ill. dusnekTpukn

20.

21.

JuanexTpuku. NeK TPUIECKH il MOMEHT U MTOTEHIHA HeﬁTpabe—
Hoit Monekyasl. [longpu3zanua AuaNekTpUKa

CroGopHble ¥ cBA3AHHBIE 3apaanl. IloTeHnuad BJIEKTpI/I‘IeCKOI‘O

TIOA IIPH HAJIMYUH JUINEKTPUKOB. 3aBUCHMOCTS TOAAPUIAMUH

OT 1oAs

10
11
12
14

17
21
23
27
32
34

39
43
48
52
57
61
68
1
76
79
85
88
92

97

101



OTJIABJIEHHE

22.

23.
24.

25.
26.

27.
28.
29.

30.
31.

32.
33.
34.

BekTop snexrpudeckoit uuayknmu. Jud dbepennuansHsie ypas-
HeHus 1015 B MPOU3BOIbHON cpege. JIUHuN HHAYKIMA
DeKTpUYECKoe MONE B OJHOPOJHOM JUIJIEKTPHKE

Henocpencreennsiit mogcYeT moisa Npy HANUYIUH JUINEKTPUKA

(B mpocTeitunx caydasx) .

Mukpo- u MaKpocxonnqecxne 3HAYEHUdA d)nanqecxnx BEJIHYHH

BuiBon ypaBHeHMit monsi B JUINEKTPHKAX HyTeM yCpeaHeHus
MHUKDPOCKOTUYECKOrO 1OAA . . - .

JBa Kiacca IU3NEeKTPHKOB. KBasuynpyme ,upmomx

Orauyne geficTBYIOIIEro Ha, AUIIONH MOAS OT CPEIHEro
IMonspuzaiys JHAIEKTPUKOB, MONEKYJbl KOTODPBIX 001aAai0T
MMOCTOAHHBIM 3JIEKTPHYECKHM MOMEHTOM. 3aBUCUMOCTS JU3/1€K-
TPHYECKON MPOHHUIBEMOCTH OT TEMIIEPATYDbI

DHeprus INEKTPUYECKOrO MOAs B AHIEKTPUKAX

IIpeobpazoBaHus sHEPruu, CBA3aHHAbIE C IONFPH3AMUEH ,uusnex—

Tpukos. CBoOOIHAA IHEPIUS IMEKTPUUECKOrO MOJA
[TonAepoMOTOPHBIE CUITBL B TUITEKTPUKAX

Ceegenue OObEMHBIX CHNT K HATHXKEHHAM . . . . . . . . . . . .

TeH30p HATAXKEHUH INMEKTPHUYECKOTO OIS

I' nasa Il Ilocroaunpiii ajieKTpHUIecKHi#l TOK

35.
36.
37.
38.

39.
40,

41.

DnexTpuyecknii TOK B MeTannax. 3akoust Oma u Jxoyna. Ha-
TIpsKeHHe

ITnorHOCTS TOKA. ,Hn<bd)epeﬂunanbnaﬂ d)opma ypaBHeHHifI OMa

u dxoynsa Ce e
VYenosus cmu;nonapnoc"m TOKOB. YpaBHeHue HereprBHOCTI/I
HuTu Toka

Croponnue aneKTpo,uBumymue CHLIBI. KBasnnnHeHHbIe TOKH.

Bropoit 3akon Kupxroda

IpeBpaienns sHepruy B LENH TOKA. KOHTa.KTHbIe S,ZIC
OCHOBHBIE TPEICTABJCHUS 3NEKTPOHHOH TEOPHH METAJLIOB.
Ounbiter TonMena . . . . . -

DNeKTpoHHAsA TEOPUS aneKTponpOBo,aﬁocm pr,ElHOCTI/I KJ1ac-

cuyeckoii Teopun. Teopus 3ommepdensaa

I'nasa IV. HongepoMoTopHOe B3aumMoZeiicTBHE NOCTOHAH-
HBIX TOKOB H HX MartHTHOE IoJie (B OTCyTcTBMe HaMarHAIH-
BAKOLIMXCA CPex)

42.

43.

44.
43,
46.
47.

MaruurHoe none TOKOB

BaaumogelicTBue 31eMEHTOB TOKA. SHeKTpo,aHHaMqucxaﬂ o~

CTOSAHHASA e .
Ilepexon OT JUHEHHBIX TOKOB K TOKAM KOHEYHOrO CE€4YEeHUd
JlopeHueBa cuna e .

BekTop-noTeHnMaa MAarHUTHOrO MOJA

Jduddepennuanpube ypaBHEHUA MArHUTHOI'O 1TOJ4. H,npxynﬂ-

HHAA HANDAXKEHHOCTH MarHUTHOrO 1monda

105
110

113
117

120

123
125

130
136
139
146

153
158

166
170
173

177
182

188

192

199

203
206
210
214

218



OTJIABJAEHUE

48.

49.

50.

51.

52.

53.
54.

55.
56.

57.
58.

59.

IMons noreHiManbHbIe U MONS coNeHoumasbHsie. Conocrasne-
HUe ,and)(bepenuu&nbnblx ypaBHeHnﬁ 3NEKTPUYECKOTO U Mar-
HUTHOTO ToneH

[Morpanudnsie ycnom/m B MArHUTHOM I10jie TOKOB. Hosepxnoc'r—

HBIE TOKH. HOBerHOCTHbIId porop. Ilone HBeckoHeyHoOro Conte-
HOHIA

HOH,ILepOMOTOprIe CI/l.}lbI, HUCIBITHIBAEMbIE B MAriMTHOM 1OJ€E

3aMKHYTBHIM TOKOM. HorenuuaHbHaﬂ (bym{u;u;{ TOKa BO BHEII-
HeM MArHUTHOM II0J1€

ITornepoMoTopHOE BBaHMO,ILeHCTBHe TOKOB. Koad)d)nu,nenfr B3a-

HMHO HHAYKIIMHA

Koadduimenr caMouH,rgyKunn HO.HHa,Sl HOTeHunaanaﬂ d)ym{—

HMS CUCTEMBI TOKOB .
MaruuTHsIe CHUIOBbIE JTUHHA

Tononorus BUXpPEBOro (MaanTHoro) mon. yCJ'IOBHbIe neper‘o—

POAKH Ce .
MarHuTHBIE JTUCTKH. SKBHBMeHTHOCTb HUX TOKaM

MAaTrHUTHBI MOMEHT TOKA. SﬂeMeHTBprIe TOKH 1 MarnHTHbIE

JHTIONIH

HeHOCpe,H\CTBeHHOG onpe,aenenne moada BHeMeH’I‘aprIX TOKOB 1

CHJ1, AMH HCIIBITBIBAEMbIX

SBOJIIOLLI/ISI mpeacTaBiaenui o npnpo,ae MArHETU3MA. CHHH INeK-

TPOHOB

AbGconworHas (rayCCOBa) u ,r(pyme CHCTEMBI egmmm SJleKTpo-

AUHAMHYCCKAA MOCTOAHHAA

l'napa V. MarHeTHkn (HaMarHu4dyBaloluecs CPEpBI)

60.

61.

62.

63.
64.
65.
66.
67.

68.

Hamarauyenvie MarHeTHKOB. MoneKmeprIe TOKH U TOKH TIPO-
BOJIUMOCTH . . . . . ..

BeKTOprIH HOTeHIlI/la,JI MarHuTHOrO roaa I'[pI/I HaJU4YHHA MarHe-

TukoB. CpefHss MIOTHOCTH OObEMHBIX U TMOBEPXHOCTHBIX MO-
JIEKYIADHBIX TOKOB

Hnddepenumansise ypaBHeHIdH MaKpocxonnqecxoro MACHHT-

HOro 10Jii B MarHeTHUKax. Ha,Hpﬂ)KBHHOCTb MarHuTHOIO I0JsA
B MarHeTHKaX 1 BEKTOD MAarHUTHOH HHAYKIHH

3aBUCHMOCTL HAMATHUYEHHS OT HaNnpA>XEeHHOCTH MarHUTHOTO

nons. Iapa-, nua- u deppoMartHeTuku

IlonHag cucreMa ypaBHEHUM MOJSI MOCTOAHHLIX TOKOB. O,uHo-

pOoAHaA MarHATHas Cpeda

Mexanudeckue CHJIbI, HCHOBLITbIBAEMBIE TOKaAMH B MarHHTHOM

ToJ1e. BBaHMO,ILeHCTBHe TOKOB

HOH,E[epOMOTOprIe CHJIbI, UICNILITHIBACMBIC MArHETHKAMHN B Mar-

HHUTHOM I10J1€

JloronHeHue K BbIBOAY MaKpocxonnquKux ypaBHeHnH MAarHuT-

HOIO MOAsA B MarHeTHKax
MexanusM HaMArHUYEHUS] MATHETHKOB. Teopema J'[apMOpa

220

221

227
231

236
239

244
248

253
257
264

268

277

281

287
290
293
295
298

301
304



6 OIJIABJIEHUE

69. ApaMarHeTHaM . . . . . . . . ... .. .. e e e
70. TIapAMALHETMEM . « « . o & v v e v v v e et e e e
71. Yro4HeHHs ¥ JONOJIHEHUA K TEOPHH HaMarau4deHus. Pons con-
Ha. PMpPOMATHUTHBIE ABIEHUS . . - v v o o o v v n v oo e 0o s
72. ®eppomarseruzm. MonekynsapHoe none Beiicca
73. YpaBHeHHst nofii B WAEAJIH3HPOBAHHBIX d)eppomamemxax
(oBbiunmit Bapuant). [IocTOAHEbIE MATHHTHL . . « . .« « .+ . . .
74. Jpyro#f BapuaHT ypaBHeHHH MATHUTHOIO NONA B UACATH3IUDO-
BaHHBIX (PePPOMArHETHKAX. DKBHBAJECHTHOCTHL MEKTPHUECKIX
TOKOB W MOCTOSTHHBIX MACHHUTOB . ./ . « .+ v o v v v oo v v o
75. [IoHaepOMOTOPHBIE CHJIBI, HCIBITHIBAGMbBIE MTOCTOSHHBIMH Mar-
HUTAMH BO BHEUIHEM MAUHMTHOM MOJNE . . . . . . . . . . ...

I' n a B a VI. KBaaucranmonapHoe 3JIEKTPOMarHHTHOE NOJIe

76. IHAYKIMS TOKOB B ABIKYIIMXCS TDOBOAHMKAX . . . . . . . .
77. 3aKkoH 3neKTpoMarHUTHOH MHAYKnMH. JakoH Oma nia mepe-
MEHHBIX TOKOB . . . ¢« v v 4 e i v o e e e e e e e e e
78. Kpazucranponapusie TOKH. duddepennuaprpie ypaBHean
TIEDEMEHHBIX TOKOB .« « . . v v v v e v v e e e et e e e e e e
79. TlpeobpasoBanie SJHEPTUM B 1I0JI€ TEPEMEHHBIX TOKOB, DHEDTHs
MarHUTHOrO B3auMoneficTsus TokoB. Ilpaswuno Jlesua . . . . .
80. IIpocrefiimue mpuMeHeHUs TEOPUH TIEDEMEHHBLIX TOKOB. Tpanc-
BOPMATOD  « -« v v« v e e e e e e e e e e e e e e e e
81. DHeprus MACHUTHOrO NOJA. JHEPreTuvecKoe 3HAYEHHE KOId-
GUIMEHTOB HHAYKIHE - « « - 2 v v o v v e e a o e e e e e e e
82. IIpeobpasoBanne IHEPIUU IPU HAMATHHYEHHH Napa- U JHAMAr-
Herukos. CBoOOAHASA IHEPIUsl MATHUTHOIO TIOJS
83. Onpexgenenne MOHICPOMOTOPHBIX CHJI MATHUTHOrO OISt U3 BhI-
PAMKEHHS SHEPTHH . . « « « - 4 o v e o e et e e e e e
84. TeH30p HATAMXKEHNUA MATHHTHOTO TOJMA . o - « . o - . o v o - 4
85. BUXDH 3JIEKTPHYUECKOTO HOMA - . « = v v o e 0 o o v v o e u v
86. 3aBUCHMOCTD JIEKTPAYECKOrO HANIPAXKEHHs OT IMyTH UHTErDU-
poBaHus. HanpskeHne MepeMeHHOro TOKa . . .« . . . . . . . .
87. YpaBHEHNE HEHIPEPBIBHOCTH . & . « « ¢ ¢ o o v v v vt v o v o
88. TOKM CMEIIEHUS . . v « v v v o v e e et e e e e e e e e e e e
89. KonneHcarop B nen# KBa3SHCTANHOHAPHOIO TOKA. DJIEKTpHYe-
CKHME KOMEOAHHA . . . .+ « © v v ettt e e i e e e e e e
90. Cxun-adpderr . .. ... ... ... ..., e e e e

I' 1 aBa VI llepeMeHHOE 2/1eKTpOMAargHHTHOE MOJIE B HENOJ-
BH2KHOM cpejlie H €ro paclpocTpaHeHye. JIeKTPOMarduTHbIE
BOJIHBI

91. Cucrema MaKCBEJUIOBBIX YPaBHeHHH MAKPOCKOTIMYECKOTO JJTEK-

TPOMACHUTHOLO TOMS o « « & v v e e v e e s e e e e v e e v
92. Teopema Ilo#turnnra. [ToTok smeprum . . . . . . . .. . ...
93. OIHO3HAYHOCTDL pellenuii ypaBHenuit MakcBenma . . . . . .



OTJIABJIEHUE

94. TuddepennranpHble YPABHEHUS I)Id MOTEHITHAJOB 316KTPO-

MArHUTHOIO NMOJAA . . . . . . . « + v + « &«

95. Pemienue BOIHOBOTO YDaBHEHHs U yPaBHEHHUS ,Z[amaM6epa
96. 3anasApIBaioNiMe K ONepexatompe noresimaisi. Kanubposou-

Hafg UHBAPpWAaHTHOCTD . . . . . . . . . . ..

97. CKOpOCTH PACIPOCTPAHEHHS IIEKTPOMATHUTHBIX Bo3mymeﬂuﬁ

VYeinoBus KBAa3UCTAMOHAPHOCTH . . . . . .

98. OcuumiaTop. 3anasgbBalolHe MOTEHHUANBI OIS ocun.mm—

TODB  « + v e e e e e e e e e e e e
99. Tlone ocuunnaropa. Ero nanyqenue .

100. dnexkTpoMarHuTHas TPUPOAA CBeTa. [InOCKHe BOJNHBI B ,zm-

IMEKTPHKE .« o v o v v e e e

101. OrpaxkeHue 1 MpeOMIIEHIE INOCKUX BOJH B JUITEKTPUKAX
102. PacupocrpaHnenue BOMH B npoBoggineif cpege. OrpaxkeHue cpe-

Ta OT MeTAJJIN4YeCKOoH TMOBEPXHOCTH PO

103. Cserosoe gaBnenue. KonuuecTBo ABUXKEHHA 3TEKTPOMATHUT-

HOTO IIOJIA . . . . v v v v e v v e e a v a v

104. DNeKTPOMArHATHBIH MOMEHT KOJNIHYECTBA ,aBmeruﬂ ‘{aCT—

HbIH c.nyqan CTATHIECKOro 1moaga

105. Tenzop HaTaxKeHuit u nomepomo'ropnme CHJIBI 3NIEKTpPOMAr-

HHUTHOTO MOJAA . . - . . « « v . « «

106. IIpumep HEKBa3HCTAMOHAPHBIX TOKOB: BOJIHEI B,uonb Ka6eJm
107. IpnbnnxkenHas reopus ObICTpONIEpEMEHHBIX TOKOB. « Y paBHe-

HUE TeNerpadpucToB» . . . . . . . . . . . .

108. Croboamas sxeprus d)eppomarHeTuKOB Tucrepesuc . . . ..
109. Obmas xapaKTepucTUKa TEOPHH OJH3KO- U AaJIbHOIEHCTBUA

I'napa VIII. DaekrpoMarHuTHble SBJIEHHA B MeIJIeHHO

ABH2KYIIHXCA cpegax

110. Tucbdepenipansibie ypaBHEHHS MO B ABIDKYIMXCA CPEAAX
111. KonBeknnonubiil Tok. Ilongapulauus 1 HaMardHuvyeHue IBUXKY-

MHAXCA CPET .« « v v v o v v e v e

112. 3akon OMa ¥ 37MeKTPOMArHUTHAS nﬁ,r[yxuuﬂ B Asnx(ym,nxc;{

TIPOBOOHHUKAX. yHI/IIIO.HﬂpHaH HHOAYKDUA . .

113. JusneKTpUK, ABMXKYUIUICA B 3I€KTPOMArHHTHOM I0JI€
114. PacupocTpadeHue cBeTa B ABMXKYUIUXCA audiieKTpukax. Ko-
acbdbunuenT ypiedeHna (I)peﬁenﬂ. OTpakenne OT JBHXKYIIE-

FOCA 3EPKAJIA . . . « « ¢ v o & v v« o o o o .

115. IIpeobpasopanua cucremsl orcyera. OTHOCHTENBHBIN xapaK—
Tep Pa3MIIHA MEXKIY IEKTPHIECKAMH M MATHHTHBIMU TIOJIAMHU

Pemenwua 3agag...... e e e e e e
Ilpunoxenaunsa
I. BexropubIil aHanus

1. BexropHas anrebpa . . . . . . .. ... ..
2. BekTOpHBIE U CKAJISIDHBIE TTOJS. Fpa,xmeHT

436
439

446
453

457
465

474
480

489
493
499

504
509

517

522
528

533
537

544
550



OTJIABJIEHUE

3O U W

8.
9.

. [IoTOK BEKTODA 4Y€PE3 MOBEPXHOCTD . . « + = « « o o o« o o .
. Teopema Naycca. Iupeprenmus . . . . . . . . . ... .., ..
. Hupkynauua sektopa. Porop sekropa. Teopema Crokca

. [IpouzBoAHAs BEKTOPA 110 HANPABIEHUID . . . . . . . . . . .
. Oneparop mabna. Bropwie npow3sosubie. IIpon3BogHbIe OT

NPpOM3BEIEHUNM . . . . . . . . . . v .o e e
Hurerpanvapie cootHomenus. Teopema 'puma, . . . . . . . .
Barkueiiinne hopMynnl BEXTOPHOrO aHANMM3a . . . . . . . . .

II. Ocuaosusie popmynst B CU u B rayccoBoii cucreme

IT1. ®yagamenranpubie pU3HIecKAe KOHCTAHTRI . . . . . . . .

Hononuwenus

1.
2.

-3 O o

CeepxmpoBogumocts (k §41) . . . . . . ... L
MarHuTHbIE MOHOTONA M «MCTHHHDBIE» MAPHUTHBIE JUMONH.
Topoungse MomenTnt (k § 54, 57,58) . . . . ... ... ...

. Antudeppomarnerusm u deppurhr (k §71) .. .. ...
. Jducneprupyompe cpenabl. [IpoCTpaHCTBEHHAS JUCHEPCHS

(&§92) . ... .

. Aruzorponsbie cpeapr (K §92) . ... oL L.
. OddexT Baunosa-UepenkoBa (k §99) . . . . . . ... ...
CMmasma (k §102) . . . . Lo L



NPEJNCJIOBUE K OJIMHHA JIIATOMY M3JAHWIO

Hacrosinee usganue KHUTH SBJISeTCS yXX€ TPETHHM HOCMEPT-
HeiM. VI3 nmybaukyemoro HuxKe NPENUCJIOBUS K 9-My HM3JaHMIO SICHO,
YeM MBI PYKOBOACTBOBAJIMCH MpU nepeusfanuu KHurua. B 10-M us-
panuun (1989 r.) MBt cnemoBanu mo Tomy ke myTu. To Xe cpesaHo
¥ B HacrodmeM 11-M uspanuu, HeoBXOIHMOCTH KOTOPOTO OYEBHA-
Ha B CBSI3M C LICHHOCTHIO KHHTH, ycHelllHo#t paboroit BHICIIER WIKO-
aet B Poccnu 1 teM, uto kypce U.E. Tamma naBHO yXe oTCyTCTByeT
B KHHKHBIX Mara3uHax.

To, 4To CAenano B HOBOM W3JAaHUH, —3TO HECKONHKO MPHMEYa-
HUjf ¥ 3aME€Ha 4aCTH PeKOMeHAyeMoll JuTeparypsl Ha Gosee coBpe-
menHy10. [1pu 5ToM, KaK ¥ paHee, YYTeHbI 3aMe4aHUs HEKOTOPBIX Co-
tpyaHukos Ornesa reoperudeckoit ¢pusuku uM. 11.E. Tamma PUIAH.
B noaroroeke HacTosilero u3nanus npuHaa yyactue E.3. Meitnuxos
(PHII «Kypuarosckuit Uncruryr»). Mbl HageeMcs, 4To HoABIEHUE
HOBOro u3haHus kJaaccudeckoit kHurm W.E. Tamma npuHecer Hema-
JIYIO MOJB3Y.

2003 r. B.JI. 'unsbype

NPEJUCJ/JIOBHUE K JECATOMY U3JAHHUIO

TIpeapiiyiee meBATOe, yXKe MOCMEPTHOE, U3TaHUE KJIACCUYECKO-
ro xypca M.E. Tamma soimno B ceer B 1976 r. KxHura, HecMoTps Ha
JIOBOJIBHO 3HAYUTEIbHBIH TUPaXX, fABHO PA30LLIACH U MOITOMY Ceii-
4ac CPaBHUTeNbHO TPYAHO JocrynHa. Mexay Tem kype LE. Tamma
B OCHOBHOM He YCTapesJ u B CHJIy CBOMX MHOTOYMCIEHHBIX AOCTO-
WHCTB TPOROJIKAeT UCMoAb30BaThbCd. EcrecTBenHo cTpeMienue mpe-
JIOCTABUTH BO3MOXKHOCTbL HO3HAKOMHUTBECH C KYPCOM TaKXXe W HOBO-
MY TOKOJIEHHIO (DU3MKOB M MHXKEHEPOB M B 0CODEHHOCTH CTYJEHTAM.
OTuM 1 oObACHAETCA NEPEn3naHNe KHUTH.

ITo npHuyMEAM, YKa3aHHBIM B MOMeIleHHOM HUXe MpeauCIOBHH
K JEeBATOMY M3JAHUIO, MPAKTHYECKH HUKAKMX U3MEHEHHH B TeKCT
U cefitac He BHOCUJIOCL. JlobGaBJieHo I HECKOIBKO MOACTPOYHEIX
npumedanuit (mpuMed. pex.). Buecennl Taxke meBosbluue usMeHe-
HHUsl B JOIlOJIHEeHHs! (HOBBIM $IBNSETCA JONoJiHeHHe 2; 06HOBMINCH
CCBIKM HA JIMTepaTypy). B cmucke Baxkueimmux obo3Havyenuit cue-
JIaiibl HEKOTOPBIe ITOSICHEHU, KAaCAILIHeCs: 0DLIENPUHATON B HaCTOs-
IIee Bpems TepMunoJioruu. HakoHell, HCTpaBJieHb! 3aMeYeHHbIe Olle-
YaTKH.
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OcnoBHag paboTa 0 MOATOTOBKE HOBOro U3NAaHHS BBINONHEHA
B.M. Bonorockum. IIpu 310M 6BI/IH yITeHb! 3aMEYAHNS, CIENAHHEIE
pajoM corpyaauxkos Oraena reoperndeckoit dpuzuku uMm. U.E. Tam-
Ma Puznueckoro uHcrutyTa uM. ILH. Jlebegesa AH CCCP. Mu
HajeeMcs, 4T0 HosBJieHue HoBoro m3manus xuuru W.E. Tamma mpu-
HECceT HEMAJYI0 MOJIbL3Y.

1986 r. B.JI. N'unsbypz

W3 MIPEJMCJIOBUA K JIEBATOMY M3IAHUIO

«OCHOBH TEOPHH JJEKTPHUECTBAY — KJIACCHUECKUH KypC JIEK-
TPOAMHAMUKHM, HANMCAHHHIA OJHUM H3 CAMbBIX BBIJAOMIUXCA U M3-
BECTHBIX coBeTcKUX ¢u3nkoB Hropem EsrenbeBuuem Tammom
(1895-1971).

Ilpu xu3HN aBTOpa KHHUTA BHIAEPXKAJa BOCEMb U3JAHUN U yXKe
Gosiee copoka et 3¢ deKTUBHO HCMOMB3YeTCs BEChMa IUPOKUM KPY-
roM 4YHUTaTene.

Kaxk moggepkuys cam U.E. TamMM B npeucnoBull X DOC/IeTHEMY
(BocbMoMy) mpuKu3HeHHoMy u3jaHuio (1965 r.), xHUry «ciemosa-
Jgo Orl cymecTBeHHo nepepaborarby. PakTuuecku, ogHaxko, Vrops
EprenneBuy c4esq BO3MOKHBIM BHECTH B KHHUIY JIHIOL HeDOJIBIIOE
4HCI0 U3MEHeHu. TeM MeHBbIIE OCHOBAHUN MEHSAThb YTo-aubo cyme-
CTBEHHOE ceffdac, KoTJa MBI HE MoXKeM y4eCTb MOXKeTanuit U MHeHue
caMoro aBropa. Jla i Boobuie MonbITKY MOJEPHU3HPOBATE yKe 3ape-
KOMeHZ0BaBIIKEe Cebsi K/TaCCHYECKHe KYPCHI, KAK MPABWJIO, HE MpH-
HOCSAT IOAJIMHHOTO yCileXa — MEePBOHAYAJILHBIN KYDPC TepsieT CBOIO
UEJIbHOCTE H CTPOWHOCTD, & HOBOTO BIIOJIHE COBPEMEHHOTO KypcCa To-
JKe He Moy4aercs.

ITo 91UM MpUYIKHAM HACTOSAIIEE U3JAHNE ABJSIETCH IO CYTH jefa
nepeneJyarkoil NpeablAyIero BockMoro uzfanuda. Ucnpasnena auun
HerouHocTh (ykasanHas J.B. CuByxuueiM), AomylueHHasi npU Bbl-
YUCIEHUH TOJITPU3YEMOCTH a3a U3 MOJIEKYJL C MOCTOSIHHBIM [THITOJb-
HEIM MoMeHTOM (c. 135 u 148 BocbMoOro W3JaHUs), UCIPABJIEHbI 3a-
MedeHHbIE ONMEYATKH, U3MEHEHO MM BHECEHO BHOBH HECKOJIBKO CJIOB
B TekCTe (B YACTHOCTH, B JOMOJIHEHUSX ), IIoMemeno HeGoMbIIoe 9u-
CJio IPUMEYaHKHH PeJakTopa U, HAKOHEL, CHeJaHbl HEKOTOpPHIE U3-
MeHeHHMsI, KaCAIOIINECH CCHIJIOK HA JATepaTypy (YCTPaHEHBI OTAe/b-
HBbI€ CCHLIKHM HA CTApPble TPYZHONOCTYMHBIE UCTOYHUKH, MPHBEIHO
HECKOJIbKO HOBBIX CChUIOK). IIpu 3TOM, MOCKOJIIBKY KHUTa SBJISETCH
y4eOHBIM TocoOMeM, a He M3JaHHEM aKaJeMHUIeCKoro THIA, Ipel-
CTAaBUJIOCE HeleNecoobDPa3sHbIM KaK-TO CHEUAIbHO OTMedaTb B Ca-
MOM TeKCTe BCe Mo/106Hble BTOPOCTENEHHbIE H3MeHeHusA. 11o Tol XKe
OPHYHHE MBI OTKA3aJHCh 0T BecbMa Cob/Ia3HUTENbHOU HIeu mome-
CTUTh B BHJE JONOJAHEeHHA K KHUAME HeKOTOPhIE OpUTHHABHBIE Dabo-
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tet 1.E. TaMMa, NOCBSAIIEHHBIE 3JIEKTPOAHHAMUYIECKUM BOMIPOCAM.
K toMmy xe ¢ sTumMu paboraMu umrarTelhb JIerKO CMOXET ITO3HaKO-
MHUTLCS 110 HEeAABHO onybJINKOBAHHOMY JBYXTOMHOMY CODDaHMIO Ha-
yanpix Tpyaos 1.E. Tamma (u3garenscrBo «Haykas, 1975).

B zakmouenne foaKeH ¢ 671arogapHOCTBI0 OTMETHTD CYIINECTBEH-
HYX0 HOMOINb, OKA3aHHYI0 NPH MOATOTOBKE HACTOSAIIETO H3JAHHs
B.M. Bonorosckum u B.A. ¥Yraposeim. Bce Mpl Hajeemcs, 4TO Ha-
croamee uznanue kauru U E. Tamma, Kak ¥ npeablayinue, IPUHECET
BONBIYI0 MOTB3Y.

1975 r. B.JI. l'unabype

U3 NMIPEAUCJ/IOBHA K ITIEPBOMY U3 AHUIO

Hacrosmasa KHWra npejHa3HAuYeHa AJIs WL, BAAJEIOMUX Jud-
depeHInaNbHBIM U UHTErPAJBHBIM HCYUCIEHUSIMI 1 BEKTOPHOH aJI-
rebpoii; OCHOBBI XK€ BEKTODPHOIO aHaJU33 H3JAraloTCsd B TEKCTE O
Mepe HagobHoCTH.

OcCHOBHO# LIENIBIO TOTO KyPCa sIBIAETCH BHIACHEHHE huzuueckozo
CMBICAG U CO0eporcaruf, OCHOBHBIX TOJIOXKEHHII TEOPUH UIeKTpHYe-
CTBA;, MO CPABHEHHIO C 3TOH 1eNbio (POPMATHHO-JIOrHYECKOH CTPON-
HOCTH, CTPOT'OCTH ¥ ODIMHOCTH W3JIOXKEHHUS OTBOARIACE JIMIIE COMO-
YHHEHHAA POb.

He cTpeMsCb K IOJHOTE U3J/I0XKEHUHA, si ONYCKaJ AaKe CPaBHU-
TeJILHO BaXKHBIE BOMPOCH!, €C/I OHY BBHIMAJAJIN U3 ODIHNE# HUTH U3Jio-
KEHHsA (HAMPUMED, TEPMODJIEKTPUYECKHE HBJIEHUS, 3JIeKTPOIN3
u T. 1.). C apyro# CTOpOHBI, Ha HEKOTODPBIX BOIPOCaX (HAIpUMep,
B TE€OPHU AUNVIEKTPHKOB H MAarHETHKOB) s MO3BOJINI cebe oCTaHo-
BUTBCA HECKOJILKO mojipobHee, yeM 3710 oOBIKHOBEHHO npuHsSTOo. Tex-
HHUYeCKUX MPUJIOKEHUH TEOPUU A He M3JIAraj, HO CTPEMUJICH II0 BO3-
MOXKHOCTH MOArOTOBUTh YHTATENA K HENOCPEACTBEHHOMY HEPEXOLY
K H3YYE€HHIQ MPUKJIAIHON TEOPHH 3JIEKTPHYECTBA.

Beuay nepaspaboTaHHOCTH PYCCKOH HAydHOH MEPMUHOAO2UU H
MPUHYXKJeH OblJI BBECTH J[iBA HOBHIX TEPMHHA: <CTOPOHHSAA» 3JIEK-
rpoasMKymas cuna (eingepriagte Kraft) n «marneruk». Kpome To-
To, & MO3BOMUJ Cebe YKIOHUTHCA OT ODLIENPHHSITOTO, HO YCTAPEIOro
¥ HEPaIMOHAJBHOIO CIOBOYIIOTPEGIeHHsS TePMUHOB «CBOBOIHBIN» H
«cBA3aHABIN» 3apaj. Haxomern, rayccoBy (CUMMeTPHUYECKYIO) CHCTe-
My €OUHHI] B OTJIMUYHE OT IEKTPOCTATUYIECKONR U JIEKTPOMATHUTHOM
s Ha3BIBAIO MPOCTo abcosmoTHoH cucreMolt (6e3 mpusaraTessHOrO).

BonbummacTBO MOMeIIEHHBIX B KHUTE 33139 COCTABJSET OPraHu-
YECKYIO0 YaCTh TEKCTA; PellleHHA MHOTHX 33134 HeoOXOOUME! JJId 1I0-
HUMAHHUS TOCIEOYIOIIETO U3JIOKEHUS.

1929 r. H.E Tamm



CIIMCOK BAKHEMNININX OBO3HAYEHUN

Bexmopw 06o3navaorcs )XUpHbIM HpaMeiM mipudTom (Hanpumep R); Ta xe
6ykna cBeTnbM mpudToM (Hanpumep R) 03HauaeT wucao60e 3nauenue CoOTBeT-
CTBYIOIIETO BEKTOPA.

Vnrerpanst moboit KpaTHOCTH OGOZHAMAIOTCH OXHMM-€MHCTBEHHEIM 3HA-

KOM f U pa3au4aloTCA ITHUIL 0b03HAMEHUEM 3TIEMEHTA HHTErPUPOBARNA: IJIEMEHT

abbema (TpexxpaTHOro HrTerpana) — dV, aneMenT MOBEePXHOCTH (ABYXpaTHOrO
#HTerpana) — dS, sneMeHT JUHUA (0MHAPHOrO MHTErpana) — ds.

3unak f 03HAYAET HHTETPAI IO 3aMKHYMOU IOBEPXHOCTH UAM IO 3GMKMHY-
MoMYy KOHTYDY.

O cmuice MEAexcos a ¥ ¢ y 3Hakos grad, div u T. a. (manpumep grad, R,
grady, R) cM. B IpUacKeHH.

TIpu ccoutkax B TekCre Ha QOPMYAbl REKTOPHOrO AHAJIH3A, TOMENIEHHBIE B
NpUIoXeHun, GOPMYTIBl 3TH OTMEYAIOTCH 3BE309KOM, Halpumep (17*). B cry-
4ae, eC/M MOJ OJHUM HOMEPOM OObeJHHEHO HeCKOIbKO (OPMYJI, TO B CCBLIKAX
HA KQXK/IYI0 13 3THX GOPMYJT HOMED €€ YKa3hIBAETCA AOTIOJHHUTENBHEIM HHACKCOM
clipaBa BHU3Y, Hartpumep (433 ).

A — pabora

A — BEKTOP-ITOTEeHIHAAJ

B — MArHNTHas WHIY KIS

c — 3MEKTPOIUHAMMYECKAS NTOCTOAHHAS, paBHAR CKOPOCTH CBETaA

B BaKyyMme
— €MKOCTb, IUPKYIALHA REKTOPA
— 3NeKTPUYECKAH MHIYKUUS (SMEKTPHIECKOE CMEITCeHHE )
— WIeKTPUIECKUil 3apA (JIeMeHTAPHbBIN 3apax)
~— HANPHKEHHOCTb INEKTPUYIECKOro oA
— HAnpsKeHHe (NEKTPOABIDKYINAS CHIIA)
~— CTOPOHHASA 3NeKTPOJRMKYIRAR CUIA
— ILIOTHOCTH CHJ
- HOH/JEPOMOTOPHAS CHAA
IIIOTHOCTE 3JIEKTPOMArHUTHOIO KOIMMYECTBA JABVKEHUS
~— HANpPSAXKEeHHOCTHh MAarHUuTHOIO HONA
~— €IUHHYHBIA BEKTOP MO OCH T, IIOTHOCTH ITOBEPXHOCTHLIX TOKOB
— Hamarguyenue (HaMarHUYeHHOCTb)
— MOCTOAHHOE HAMArHUYIEHHE
— eJUHYHEI BEKTOp N0 OCH Y, INIOTHOCThL 06 BbEMHOTO TOKA
— CHJI3 TOKa
— nocrosHHaA DonbliMana, BOJIHOBOE 4HCIIO
— €OMHUYHLIA BEKTOp IO OCH Z
— MOMEHT KOJMYECTRA ABHIKEHMs (MMITyInca)
~ KpWBas, B YaCTHOCTH 3aMKHYTHIl KOHTYD
K03 PHUIUEHT CaMOMHAYKIMH (MHAYKTHBHOCTD)
K03 PUIMEHT B3aMMHON MHAYKUMH (B3aMMHas MHIAYKTHBHOCTD)

(i # k)
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marHuTHbE (bUKTUBHDLN) 3apsa

MArBUTHBEIA MOMEHT

€AMHUYHBIN BEKTOP HOpMAJIX

MIOTOK BEKTOPA, B Y4aCTHOCTH 3NMEKTPUYUECKOrQ; YHC/I0 MOJIEKYJI
B equHune obbeMa (IJIOTHOCTb YMCIA YACTHIY)

€IMHUYHBIA BEKTOP HOPMAJIM, MOMEHT TIapbl CHJI

YIJIOBasA CKOPOCTD [IPEIecCHu

UIEKTPUUECKHIH MOMEHT JUIONA

paboTa CTOPOHHMX 3IEKTPOIABHKYIHMX CHIL

nosApusanus (IONApU30BAHHOCTD), BeKTop Lepua
KOJIMYECTBO TEILIOTHI, BEIAEHEMOe TOKOM B €QUHUIY BpEMEHU
CONPOTHBIIEHHE

paauyCc-BEKTOD

BEKTOp KpaT4yajilero pacCTOSHUS OT 33,aHHOK OCH
3/IEMEHT ILTIHbI

MOBEPXHOCTH

pexTop IloiinTHHra

BPEMS

eIMHUYHBIH KacaTeNnbHBIH BEKTOD

abcontorHas (TEPMOIUHAMIYECKAS) TEMIIEPATYPa, KHHETHIECKAs
3Heprus, mepuos koyebanuit

HATfDKeHUE, TEH30D HATXKEHUT

CKOPOCTH

MOTeHHAIbHAA (DYHKIMH MArHUTHOrO IO TOKOB
CKOPOCTH

obbeM

IIJIOTHOCTE SHEPruu

3HEprus

A3UMYT, NOAAPHIYEMOCTDb eHHUNBI 06bema

HAIPABJIAIOIHE YIJIbI BEKTOpa

OJIAPU3YEMOCTb MOJIEKY b

JUISNEKTPIIECKas [POHMIAEMOCTD 1)

IOJIAPHBIN Yo

MATHUTHAS BOCHPUHMYWBOCTD, JHHeHHAS MUIOTHOCTD 3apiaia
KO3(hDHUIMEHT SMIEKTPOIPOBOAHOCTH (yA€AbHAS NPOBOAMMOCTD),
AJHMHA BOJTHB

MAarHUTHAs TPOHUIAEMOCTD

06beMHAas IJIOTHOCTE YJIEKTPUYIECKHUX 3aPsIi0B

06 beMHAS MUIOTHOCTH MATHUTHBIX (PUKTUBHBIX 3APAI0R
NOBEPXHOCTHASA IUIOTHOCTD MEKTPUICCKHX 3apiAI08
MOBEPXHOCTHASA ILIOTHOCTh MArHUTHBIX (PUKTUBHBIX 3aPAI0B
IJIOTHOCTD, MAaCCa eqUHUIb ohbeMa

NEKTPHYECKU ITOTEHIUAI

MACrHATHBIA TOTOK

MarHUTHBIN CKAJSAPHBIN TOTEHIIHAAN

MOTOK MArHUTHON MHAYKipm, cBoGonHAH SHEprus
nUKAMYecKas (KpyroBas) 9acToTa

TeJIecHbIil yroa

orreparop Namunbrona («Habsar)

oneparop Jlannaca

'} B opurunane <amaexTpuueckas nocTosHHas>. OXHAKO, MOCKONIbKY B Ha-

crofniee BpeMs

O6UlerHHﬂTbIM ABNACTCA TEPMHUH «JUIIEKTPHUYCCKadA NPOHHLIA-

€MOCTb», TO B TeKCTe IPOU3REJEHA COOTBETCTBYIOmaAdA 3ameHa. (IIpumey. ped.)
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CornacHo COBpEMEHHBIM BO33PEHHAM ATOMbBI BCEX TeJI IOCTPOEHB!
U3 UIEKTPUYECKH 3APSKEHHBIX YaCTHUIl -— CPABHUTENRHO JIETKHX
3IEKTPOHOB, 3aPsAXKEHHBIX OTPHIATENLHO, H CPABHUTENBEHO TAMXKEIRIX
ATOMHBIX AJIEP, 3aPAXKEHHBIX IOJOXKHTENBHO. HeliTpaibHble B 9J€K-
TPHYECKOM OTHOILNEHUM Tela KAKYTCH HAM TAKOBBIMHU TOJIEKO OTOMY,
YTO OTPUIATENbHBIH 3aps] BXOAAIMINX B HX COCTAB JEKTPOHOB pa-
BeH NOJ0XKUTEILHOMY 3apsAAy BXOAAIIUX B HX COCTAB ATOMHBIX SIJED,
TaK 4YTo BIUSHHE MPOTHUBOMONOXKHBEIX 3aPAJOB B3aMMHO HEHTPAIH-
3yerca (o KpafiHell Mepe HA PACCTOAHUAX, AOCTATOYHO GoJbUIMX
IO CPABHEHWIO C PACCTOAHMEM MEXKIY OTJEJIBHBIMH 3IEKTPUYECKHU-
MU YaCcTHIAMH, BXOAAIIUMH B COCTaB HelTpasibHoro rtena). Ilepe-
pacnpeneieHue JIEKTPIHIeCKUX 3aPI/IoB H, B YACTHOCTH, JIeKTpUYe-
CKHl ToK 06YCIOBANBAETCH MEPEMEIEHHEM 3EKTPHIECKHX JACTHUIL K
NIpUTOM OoJbIell YaCcThio /IEKTPOHOB, 2 HE ATOMHEIX AAep, ubo B co-
CTaB ATOMOB XHMUYECKHX 3JIEMEHTOB BCET/a BXOAUT HEKOTOPOE YHC-
JIO 4BHEIIHHUX» 3JIEKTPOHOB, CPABHUTENLHO C1ab0 CBSI3aHHEIX C Mac-
CHBHBIM I€HTPAJILHHEIM ATOMHBIM S/APOM W CPaBHUTENBHO JIEFKO OT
HETO OTMIENJISIOIMXCS.

OtpunarenbHbLt 3apsiy diekTpoHa paseH 4,80 - 10710 abcomornbix
9TEKTPOCTATHYECKUX euHHI ekTpidecTsa (umu 1,60- 10719 kyo-
HOB), MOJIO>KUTEJIBHBIE K€ 3apsibl ATOMHBIX f/iep Mo abCconoTHOM
BEJIUYUHE PABHBI HEALIM KPATHHIM 3TOTO TAK HA3LIBAEMOTO 3JIEeMEH-
TAPHOT'O 3apAla, sIBJISIIOIIEr0CH HeIeIUMbIM ATOMOM 3JIEKTPHYECTBA.
3apsnpl pa3nuYHLIX aTOMHBIX SAJIEP BapbUPYIOTCs OT ogHOro (Bomo-

poj1) J0 JieBAHOCTA IBYX (ypaH) saeMeHTApHHIX 3apamos 1) . CaMbim
JIETKHM aQTOMHBEIM SIIPOM ABJISIETCH SIAPO BOAOPOAA, HOCSIIEe HA3BA-~
HHe MpoTOHa; Macca nporoHa (1,67 - 10724 r) npumepno B 2000 pa3
Gombie Macch! saexTpona (9,11-10728 r). l'eoMeTpuyeckue pasmMeps
KaK ATOMHBIX #/1€p, TaK K JEKTPOHOB HACTOJILKO MaJbl 110 CPaBHE-
HHUIO CO CPEAHMMM PACCTOSHUAMHU MEXKJy STHMH YACTMIIAMU B aTo-
Max ¥ MOJEKYJIaX, 4TO NP PACCMOTPEHHH I'POMAJHOTO OOJIbINHH-
cTBa (PUINIECKUX U XUMHUIECKUX SABJIEHHN KAK ATOMHEIE siApa, TaK U
3JIEKTPOHE! MOXKHO CUYMTATL MATEPHMANbHBIMM TOYKAMH, XapaKTepu-
3yeMBIMH OTIPEJEJICHHBIM 3IeK TPHUECKUM 3aPAI0M U ONpeeeHHOH
Maccoi. Bompoc e o ToM, KaK MOCTPOEHHI ATOMHbBIE sipa U3 GoJiee

1) B macTosiniee BpeMsi MCKYCCTBEHHBIM IIyTEM IIONy4e€H DHJ] HOBBIX THAMKEbIX
3/IEMEHTOB, CTOAUIMX 33 yPAHOM B NEPHOAUTIECKOHN CHCTeMe.
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3JIEMEHTAPHBIX YACTHI, (HIPOTOHOB M HEHTPOHOB), MMEET 3HAYeHHE
TOJBKO JJis CPABHHTEIBHO OMPAHWYEHHOTO KPyTa (DU3NYECKHX sIBJIe-
HHU, OTHOCAMIErocsd K obNacTH sifepHoil PU3NKH, KOTOPYIO MBI pac-
cmaTpuBaTh He OyaeM. Tonbko anid 9710 06JACTH ABNEHHN HMEIOT
3HAYEHHME U TAK HA3LIBAEMBIE ANEPHEIE CHIE, KOTOPBIMH OIPEIeis-
€TCsl B3aMUMOJEHCTBHE YACTHUIl (IIPOTOHOB M HEHTPOHOB), BXOISLIMX
B COCTAB ATOMHBIX sJIEp.

Hcexona u3 yKa3aHHBIX TPEACTABAEHUH COBPEMEHHAA (PU3MKa CTa-
BUT CBOEH 3ajavell ONPENENUTH IEKTPHUYECKYIO CTPYKTYPY BCEX
BCTPEYAOIIUXCA B MPUPOAE BemecTB (UMCAO, PACTIOJIOXKEHHE U Xa-
paKTep IBUXKEHUS BXOASAMIAX B COCTAB WX NIEKTPUYECKUX YACTHUIL)
1 BBIBECTH 33KOHBI (PM3MYECKMX M XUMHUYECKHX SIBJIEHUH M3 OCHOB-
HBIX 33aKOHOB B3aHMOAEHCTBUS MEKTPUYECKUX 3APAJOB U 32KOHOB
UX IBHXKeHHUS (KOTOPBble B MUKPOMHPE HOCAT KBAHTOBHIN XapaKTep).
EavucTBEHHOE MCK/IXOYEHHE HYXKHO CHAENATh A/ TeX ABJIEHUH, Jis
KOTOPbIX MMEIOT CyIIECTBEHHOE 3HAYEHHUC CUJIbl TATOTeHUS W CHJIBI
AnepHble, u00 TONBKO ITH CHIbI HE CBOAATCA K B3AUMOAEHCTBHIO
3JIEKTPUIECKHX 3aPALOB.

ITepBBIM mIaroM Ha MyTH K pa3pelIeHHI0 YKa3aHHOM 3aa4u 10J1-
JKHO GBITH BHISICHEHUE 3aKOHOB B3aMMOJAEHCTBUS SAEKTPHYECKHX 3a-
PSAIOB, 3aKOHOB 3/IeKTPOMArHUTHOTO 1oJist. [ poMaiHoe Go/ibITHHCTBO
IPUMEHAEMBIX HA TPAKTHKE CIIoCODOB HAOJIOMEHUA M H3IMEPEHUS
CUIIKOM PyOnl AJs Toro, 4YTobbl C X IMOMOIHMLIC MOXHO OBLIO 06-
HAPYKHUTH CYIIECTBOBAHME OTMEIbHBIX YaCTHI|[ 3/IeKTPUYECTBA.
HauMenbiue 31eKTPHYECKHE 3aPibl, NOCTYHNHbIE HabJIFOAEHHIO C
nOMOWELI 3THX ciocobor, comepkaT B cebe MHOTHE MHJ/LIMOHB! H
MWITHAPAB! YACTUIL AEKTPUUECTBA, OTAENEHHBIX APYT OT APYra HU-
YTOKHBLIMH PACCTOAHUAMM. [IpH TAKOM CYMMApPHOM HMJIK M a K P O-
CKOMKYECKOM) H3yueHHH IEKTPHUYECKHX sIBJICHU B MaCIITa-
fe, IOCTYNHOM HemoCPeNCTBEHHOMY HABIIOAEHWMIO, Mbl MOXKEM, He
BHOCS CKOJIKO-HUOY/Ib CYIIIECTBEHHOM OMIMOKH B PE3YJILTATHl PACCy K-
NeHuil, BOBCE HE YYUTHLIBATH ATOMUCTUIECKOTO CTPOEHUS 3JEKTPUYe-
CTB2 ¥ HOJIL30BATRCH NPeJCTABJIEHHNEM O HENPEPHIBHO IMPOTAXKEHHLIX
3JEKTPHUYECKHX 3APSISIaX; UHBIMU CJIOBAMM, MBI MOYX€M CYHTAThH, YTO
3JIEKTPUYECKHE 3APABI CILUIOIIHBIM, HempePBIBHBIM 06pa3oM 3amoii-
HAKT 3apsKeHHbIE YYACTKM MATEPHANBHBIX Tesl (TaK Ha3blBaeMble
«obbeMHBIe 3apAABl» ). Ynpomas TakuM ofpa3oM HAIly 33734y, MHI
JIAING CIEAYEM NPUMEPY MEXaHUKH. BBHUAY Toro 4ro uzyuyeHHE Me-
XaHUKM BECOMBIX TeJl IIPH y4eTe aTOMHCTHYIECKOH CTPYKTYpPh! Bele-
CTBA CBSI33HO CO 3HAYUTE/IbHBIMH MAaTeMATHIeCKUMH TPYJHOCTSIMH,
TEOPUsA YINPYIOCTH, THMAPOAMHAMUKA W A3POJUHAMHKA OHEePUPYIOT
C MJeaJM3UPOBAHHBIM TIPEJACTABJEHUEeM O HEMPEPLIBHO HNPOTIXKeH-
HBIX MATEPUANBHBIX TeJaX. B M3BECTHBIX, W TPUTOM HOBOJbHO INH-
POKUX, mpefiesiax monobHasi 3aMeHa BIOJHE 3aKOHHA, W PE3Y/IbTATHI,

b I'pegeckoe «Makpocs — GOIBIIOHA U «CKOIEHH» — BUAETH.
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MoJIyUeHHbIe TIPH PACCMOTPEHUU HENPEpPHIBHBIX Cpell, OKA3BIBAIOTCS
NPUMEHUMBIME K PEaIbHBIM TEJIAM NPEPHIBHOTO CTPOEHUS.

Cnenys uCTOPUYeCKOMY XOAY Pa3BHTHSA JIEKTPOIHHAMUKY, MBI
HauHEM C M3JIOKEHUS MaKPOCKOMHMYECKOH TEOPHM 3/IEKTPOMArHUT-
HBIX {BJICHMI1, OCHOBAHHoO# Ha NpeJCTaBJeHUU O HEIPEPBIBHOM pac-
IpejeseHHH 3MeKTPUYECKUX 3apsaaoB. 10 HAKOIJIEHMM U3BECTHOTO
KOJIM4eCTBA CBeEHUI MBI mepeiiieM K Mapa/uleIbHOMYy H3JI02KEHUIO
OCHOBHBIX NPEICTABJICHU MUKPOCKONMUUYECKOH TEopuu, oc-
HOBAHHOM HA y4eTe aTOMUCTUYIECKOrO CTPOEHMS 3JIEKTPUYECTBA (TaK

Ha3bIBAEMas <«3/IEKTPOHHAH TEOPH» ), M MOKAXKEM, YTO MPUOJIUKEH-
Hble MAKPOCKONHYECKHE 3aKOHbI CYMMApPHBLIX ABJIEHUN BHITEKAIOT U3
Bosee TOIHBIX MEKPOCKOMUYECKUX 33AKOHOB SIBJIEHUH 3/IEMEHTAPHBIX.
IIpu 310M, OJHAKO, HY?KHO MMETH B BHAY, YTO CKOJIBKO-HUOYObL MOJI-
HOE H CTPOroe H3JIOXKEeHHE MHUKPOCKONHYECKON TeOpUH Hew30exKHO
JlomKHO 6a3uPOBATHCS HA KBAHMOBOU Meopuu B €€ COBPEMEHHOMH
dopMe. Beuay Toro, uTo MBI HE€ MOMXKEM NPEANOJATATE y YHTATE-
Jig OCHOBATEJNHLHOIO 3HAKOMCTBA C KBAHTOBOH MEXaHWKOi, MBI BBI-
HyK1eHbI 6y/ieM B OCHOBHOM OTPAHHYHMTHCS H3JI02KEHHEM TOTLKO TeX
BOMPOCOB MHUKPOCKOIUYECKOH TEOPHH, KOTOpbIEe C HOCTATOYHOMN CTe-
[IeHbE) TOYHOCTU MOTYT OBITH PACCMOTPEHHI B PAMKAaX KJIACCHYECKOHN
(moxBaHTOBO#) bu3KKH.

B rnase VII MBI BHOBE OTpaHHYHUMCS PACCMOTPEHHEM MAKpPOCKO-
MHYECKOH TeOPWUH IMoJsi € TeM, 9TOOB HA OCHOBE MOJIY4YEHHBIX pe-
3yJIBTATOB C(HhOPMYIUPOBATH HOMHYO CUCTEMY OCHOBHBIX MOIOXKEHH
310 Teopuu (pOPMYJIMPOBKa CyIIECTBEHHON MX 4ACTH COAEPHKUTCS
B TAK HA3bLIBAEMHIX ypaBHEHuAX Makceeyita). DTa cuCTeMa oCHOB-
HBIX TIOJIOXKEHHM, WJIH «IOCTYJATOB», UIDAET B 3JIEKTPOIHHAMHUKE
TAKYI0 K€ DOAb, KaKyi0 B KJIACCHYECKON MEXAHUKE HIPaloT <«aK-
cuoMel» Heiorosa. B gacTHOCTH, CHPaBeJIMBOCTE ITHX OCHOBHBIX
IIOCTYJIATOB MAKPOCKOMAUYECKOHN 3/eKTPOIHHAMUKY (KaK U CrpaBej-
JMUBOCTH akcuoM Herorona) Moxer ObiTh Hambosee yOeqUTEIbHBIM

o6paszom 060CHOBANA HE MHIYKTHBHBIM MeToJoM (Ha KOTOPBIHA TOJIb-
KO M MOXKHO OIHPAThCA TIPH OTHLICKAHHE OCHOBHBIX 33aKOHOMEPHO-
creil, Ho KOTOPHBI#, OAHAKO, HE MOXET [ATh COBEPIIEHHO CTPOTOro
JOKa3aTeIbCTBA WX CHPABEIJIHBOCTH), & COIVIACMEM C OMBITOM BCeli
COBOKYITHOCTH CJIEACTBUl, BHITEKAOIIUX U3 TEOPHHM M OXBATHIBAIO-
IIHX BCE 3aKOHOMepHOCTI/I MAKPOCKOITH4Y€CKOI'0 3JJEKTPOMATCHUTHOIO
nmons. B rmase VII MBI pacCMoTpUM HeKOTOPHIE U3 3TUX CJIEIACTBHI,
OTHOCHAINUXCH, B YACTHOCTH, K JIEKTPOMATHUTHBIM BOJIHAM.

Hakouen, B rmase VIII Mbl pacCMOTpPUM 3/I€KTPOMATHUTHBIE SB-
JICHUS B OBUXKYIIUXCH Cpefiax, OTPAHUYHBINKCEH CIyYaeM, KOI/Ia CKO-
POCTB 3THX CPeJ MaJjia MO CPABHEHHIO CO CKOPOCTBIO CBETA.



FITABA I

QJIEKTPNYECKOE IIOJIE
HEITIOABMN>KHbBIX 3APA10B
B OTCYTCTBHUE ANIJIEKTPNKOB

§ 1. 3akon Kynona

B sroit rnaBe M OGyZeM mpeanosarath, YTO B IEKTPUYECKOM
FIOJ1€ HeNOABMXKHBIX 3apsifOB, KPOME MPOBOTHHKOB 3IEKTPHYECTBA,
HUKAKNX APYTUX MaTepUaJbHBIX TEJ HET.

1. B ocHOBe meopuu 3IEKTPOCTATHYECKOrO MOJIA JIEXKHUT 3AKOH
Kynona, apngwomuiica oDobIIEHUEM JaHHBIX ONsimMa. DTOT 3AKOH,
KaK M3BECTHO, [VIACUT, YTO JBA 3aPAKEHHBIX TEJIA GECKOHENHO MAABLIT
pazmepos (1Ba mMoveumsT 3apsifia) OTTAIKHBAIOTCH, €CITH 3apsibl HX
OAHOMMEHHDbI, U NPUTATUBAIOTCS, €CIM OHM PA3HOUMEHHBI, IPHYEM

CWJIa UX B3amMogelcTBus F nponopiuoHajibHa ees/ R%Q:

Foo222 (1.1)
R,
TIe e] ¥ ey — 3apdaabl MEPBOTO U BTOPOro Tef, a K19 — paccrosiHne
MEeX/1y HUMH.

Ecnu 3apsgos umeercs: He [1Ba, a Bosbire, To HA KAXILIH 3aps
OyayT AefiCTBOBATH CO CTOPOHBI BCEX 0CTANBHBIX 3aPAL0B CUJIBI TUIA
(1.1). B 4acTHOCTH, €ClM 3apANH! €1 U ez NOMEIIEeHbl B BO3LYX, Ke-
POCHH #IH KAKYyI-JHO0 APYryio HENPOBOISIIYIO CPERY, TO, IOMUMO
HeIIOCPEICTBEHHOTO B3anMOIeHCTBUS 3aPsiI0B €] H €2 APYT C APYTOM
no 3akony (1.1), HeoGXOAMMO YYUTHIBATH TAKXKe U B3aUMOJEHCTBHE
STHX 3apdJIoB €) U ez C 3apsJaMH JIeKTPOHOB W ATOMHLIX sHEp,
BXOAAILIMX B COCTAB HENTPANBHBIX MOJIEKYJ CPEIbI.

B Hacrosineit rraBe Mpl OTPaHHIMMCIT PACCMOTPEHUEM 3/IEKTPO-
CTATUYECKOTO Mojisg B BakyyMe. KoHeuHO, abGCOMIOTHRIN BAKYYM HEO-
CyHIECTBUM HA OMLITE, ¥ B 3BAKYUPYEMBIX COCYJAaX BCErJa OCTAETCH
HEKOTOpoe, XoTsd OBl M HHYTOXXHOe, KOJIHYECTBO BO3AYXa. OmgHAKO
9TO BOBCE HE 3HAYHT, YTO 3aKOHLI JIEKTPHYECKOTO IOJIsi B BAKyyMe
HEJOCTYIHEI OILITHOMY HcclemoBaHuio. M3yuas uaMeHeHue Xapak-
TEpPa MOJIS 10 MePEe YMEHBIIEHUA JABJEHUS BO3/LyXa, MOKHO YCTAHO-
BUTh TOT Ipejiesi, K KOTOPOMY CTPEMSITCA CBOMCTBA MoJd (Hampumep
CUJIBI B3aUMO/IEHCTBHA 3aPsI0B) 0 Mepe NpUOIHKEHUs K abComoT-
HOMY BaKyyMy. OTH TpeZe/ibHble CBOACTBA (Mpene/ibHOE 3HAYEHHE
Cuibl), OYeBHAHO, ¥ OyayT XapakTepusosarhb cobor0 mosne B abco-
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JIIOTHOM BaKyyMe. BirpoueM, Kak ITOKa3bIBA€T ONBIT, IPU yMEeHbIIIe-
HUHM MJIOTHOCTH BO3/[yXa OT HOPMAJBHOMN JI0 JOCTHXKUMOTO Ha OMbITE
npejiesia, CBOMCTBA MOJIsi U3MEHSIIOTCA CTOJIb HE3HAYUTEJIBHO, YTO ec-
JI HET HYXJbl B 0CO00# TOYHOCTH, TO STUMH U3MEHEHHAMH MOXHO
B BOJILITUHCTBE CIYYa€B BOBCE NMpeHebpedh M CINTATH, YTO CBONUCTBA
MONA B BO3/YXE TOXAECTBEHHBI CBOMCTBAM IIOJIsI B BAKyyMe.

2. Brpazkaemas dopmyoii (1.1) o6parHas IPONOPIHUOHATILHOCTE
CHJIBl B3aMMOJEHCTBUA 3apsAf0oB KBAAPaTy PACCTOSHHA MEXJIY HH-

MU MOXKET GBITH HENOCPEACTBEHHO MpOBepeHa Ha onbie 1) . UTo xe
Kacaercs 3aBUCHMOCTH 3TON CHJIBI OT 3apsiioB, TO Jeno obcTourt
HECKOJILKO CI0XKHee, nbo caMu 3apsigbl B CBOIO 04Yepegb MOTYT OBITH
OnpeseieHk! TONBKO IyTeM H3MEpPeHHsI CHJIB UX B3aUMoJeHCTBUS.
OnHaKo ecIH YUCIO 3aPAI0B HE MEHBIIE YE€THIPEX, TO HCKOMAsi 3aBU-
CHMOCTH BCE XXe MOXXET ObITh HPOBEPEHA MYTEM HOCIEAOBATEILHOIO
M3MEPEHHS MOMAPHBIX CHJI B3aUMOAEHCTBHA MeX iy HUMH.
TlpenmosoKuM Oy HPOCTOTHI, YTO MPH STUX U3MEPEHHUAX HC-
ciefyeMble 3apsaibl BCIAKHME Pa3 MOMEIMIAIOTCH HA OJHOM H TOM XKe
PacCTOAHUM APyr OT JApyra &)CT&JII:HBIG ’Ke 3apA/bl YCTPAHSIOTCH).
IIpu s10M yenoBuu u3 ypasHerus (1.1) BBITEKAIOT COOTHOIEHHSI

P e Bu_ e
Fis e Fiy4 er ’
rne Fj, — CWIa B32UMOJEHCTBUSA 3apAn0B €; U k.

Takum 06pa3oM, OTHOIIEHHE e3/€1 (a TaKKe U OTHOLIEHHd e3/eq,
€s/e; u T. 1.) MOXKeT GBITH ONMPEIE/ICHO U3 ABYX He3a6UCUMMBLE PANOB
u3MmepeHuil (cun Fiz u Fhg, ¢ omHol cropousl, u cuin Fig u Foy —
c gpyroii). CoBnageHue pe3yJbTaTOB ITUX HE3aBHCHMBIX H3MepEeHUit
U 12€T HAM MPAaBO yTBEPXKJATh, YTO KAXKJBIH 3apaj MoXeT ObITh
OXBPAKTEePU30BAH HEKOTOPHIM MOCTOAHHBIM YMCJIOM €; TaK, YTOOBI
cwia Fj, Ob11a nponopuHoOHaibHa IPOU3BEAECHUIO €;€.

KoneuHo, nyTeM u3MepeHusl CHJI B3aMMOJAEHCTBUA MOXKHO OIpe-
JIE/IMTH TONBKO OMHOULEHUE BEJIMYMH 3apsifioB e;/er, €NUHHUIA JKe
3apsasa MoXKeT 6BITH BHIOpaHa NMPOH3BOJILHO. EauHuNa 3apsiga B ab-
COJIIOTHOM CHUCTEME €NUHHUI BHIOpaHa TaK, YT0Ob! IPU U3MEPEHUH CHJL
u paccrosuuii B cucreme CI'C ¢axTop mpomopluoHaILHOCTH MeX-
gy F u ejez/ RfQ paBHAJICA emuHuIlE, T. €. YTo0B OCYIECTBIAIOCH
PAGEHCTNBO _ e (1.2)

R,
Crajio 6pITH, abCONMIOTHAH €IMHUNA DJEKTPUYECTBA €CTh TaKOe Ko-
JINYECTBO IEKTPHUYECTBA, KOoTopoe nefCTByeT HAa PABHOE eMy KO-

JIMYECTBO 3eKTPUYeCTBa, HAXOmsIeecs Ha PacCToAHUU 1 CMm, C cH-
JIoli B oAHy auHy. B nmpakTmyecko#l »ke cHUCTEME €IVHUL, 33 eIMHUIY

1) B Hacrosiiee RPeMsi IKCIEPUMEHTAILHO YCTAHOB/IEHO, YTO OT/IMYHE TOKA3a-
-15
Tens crerenH B 3HaMeHaTesne Gopmysst (1.1) or 2 He mpenbimaer 107 77,
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astekTpuiecTsa npuHar KyaoH (K):

1 xysoH = 3 - 10° abc. equmny snekTpuyecTsa l) .

Yro kacaercs 3HAKa 3apANOB, TO YUCTO yCJIOBHO NPUHATO CUATATH
HOJIOXKUTETHLHBIMU T€ 3aPsiibl, KOTOPbIE NOABJIAITCA Ha CTEKJIE MPU
HATUPAHUHY €ro MEJIKOM UK (IaHeNbI0, & CTaNo GBITh, U T€, KOTOPBIE
OTTAJIKUBAKOTCA STUMH 3aPsiAAMU, BOSHUKIINMHI HA CTEKJIE.

W3 ypaeuenus (1.2) cineayer, 94To B aBGCOMIOTHON CHCTEME €aH-
HHI pa3mepHOCTL [e] 3/EeKTPUYECKOoro 3apaia e, T. €. 3aBUCHMOCTh
eMHULpBI 3apAaa oT eaunun Jumabl (L), Bpemeru (T) u maccnr (M),

TaAKOBA:
[e] = [RVF] =L VMLT % = MY/213/27-1,

3. BecsMma cymecrsenno, uro 3akon Kysmona (1.1) wm (1.2) cnpa-
BEJJ/INB TOMBKO Ji/IA B3aUMOJEHCTBUSA MOYEeHHL 3ADAN0B, T. €. 3apsi-
JKEHHBIX Tesl HeCKoOHeYHO MafbIX pa3MepoB. TOTBKO B 3TOM C/Iyuae
CaMO TMOHSITHE PACCTOAHUSI MEXK/ly 3apsiidaMy HMEET BIOJIHE ONpeje-
JIEHHBIN, OJHO3HAYHBIN CMBIC], ¥ TOJALKO B 9TOM CJIy4ae B3aUMOIeH-
CTBME 3aPAXKEHHBIX TeJ HEe 32BUCHT 0T UX (DOPMBL.

KoneuHo, BhipakeHne «0eCKOHEUHO MaJiblil» HYKHO HOHUMATH B
3TOM CJIy4Yae, KaK U Bceraa B (hU3UKe, HE B CTPOTO MATEMATHYECKOM
cmbiciie cioBa. B ¢u3uke BolparkeHHe <«OeCKoOHEYHO Majag» (Wiau
«BeckoHedHo 6osiblias») BeJMYWHA BCErna NMOHMMAETCH B CMbICTE
«JIOCTATOYHO MaJiofl» (MM «JOCTATOYHO BosbIIOi» ) BEIMYUHDI, —
JOCTATOYHO MaJjiofl Mo OTHOIIEHHUIO K HEKOTOPOH npyroil, enoane
onpedesennoti, pulnyueckoil BemuuuHe. Bcerpedasick ¢ TepMHHOM
«beckoHeUHBI», BCerga HeobxomuMo JaBaTh cebe ACHEIE oTYeT B
TOM, KaKas IMEeHHO BeJIUYHHA B3ATa B KAXKJOM OTIEJBHOM COydae B
Ka4yeCTBE MEPHUJIA.

B dopmynuposke zakona Kynona becxoneuran masocms (mo-
HENHOCTND) PAIMEPOS 3APANCEHHHIT MEA NOHUMAETNCA 6 CMBICAE
docmamouHotl UT MAAOCTNY NO OTNHOWLEHUIO KO B3AUMHOMY PACCTIOA-
HUIO IMULT MeA, AOCTATOYHON B TOM CMBICJIE, YTO NPH AAHHOM pac-
CTOAHUH TEJI CHJIa UX B3aUMOJEHCTBUA yXKe He U3MEHSIETC B Ipeje-
Jaax zadannoti mounocmu uamepenuti npu nabHeHeM yMEHbIIeHUH

!) BameTmm, 9TO, TOMUMO TOit ABCOMIOTHOR (rayCCOBOl) CHCTEMBI €IUHULL, KOTO-
poit MuI 6y1eM II0/Ib30BaTHCA B HACTOAIIEH KHUIe IIOJ Ha3BaHHeM <abcomoTHoil
CUCTEMBI», B (DMBUKE M TEXHUKE YACTO MPUMEHSIOTCH ARE APYTHE CHCTeMbl equ-
HHUI{ — VIEKTPOCTATA4ECKAS U dIekTpomaruuTHas. COOTHOWEHNE MEXAY 3THMHU
cucremamu Oyner paccmorpero B ri. IV, moka e ZOCTATOYHO 3aMeTHTb, ¥TO
abconmoTHpe (PAYCCOBBI) 6OHHHNBL JAEKIRPULECKUT BeJIMIMH (3apa/], HANPAKeH-
HOCTb IIONTAA, HOTEHIUAN, CAIa TOKa ¥ T. .) COBHAJAIOT C €MHHLIAMMU HIEKTPO-
CTATHYECKHMH, & abCOMOTHBIC eMMHNIBI MAZHUMHHZ BEMYUH (HANDSIKEHHOCTD
MarHUTHOIO IO, KO3DGDUIMEHT CAMOHMH/LY KI{MH, MAPHUTHEBIH MOMEHT) — C 3JIeK-
TPOMArHUTHBIMH €/ UHUIAMY.

Jasee, 1 B OTHOIIEHNH TPAKTUHECKHX €IMHULL HEOOXOMMMO Pas/iTdaTh TaK Ha3bl-
Baemble «abCcoTIOTHBIE» M «MEX Iy HAPOAHbIC» MPAKTHYECKHE eAHHHIBL (CM. § 59).
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UX pasMepoB U MPY MPOU3BOJILHOM U3MeHeHHH Ux GopMel. [Tockomb-
Ky MBI [OK3 OTPDaHHYHBAEMCA MAaKPOCKONMHYECKHM PAaCCMOTPEHHEM
ABJIEHUH, MBI JIOJI?’KHBI TIOMHUTD, 4YTO PU3NYECKH DECKOHEYHO MAJIbIil,
WM «TO4YEYHBIf», 3apsa/i MOXKET B JEHCTBUTEIHHOCTH CONEPKATH B
cebe upe3BbIvaiino BOMIBIIOE YMCIO OTAEABLHEIX 3JIEKTPOHOB U MPOTO-
HoB. Tak, HanpuMep, eciiv 6b1 BO3HUKJIA HEOBXOTUMOCTE OHPERCTHTE
CHJLy 3AEKTPUYECKOr0 B3aUMONeHCTBUS ABYX 3apAKCHHBIX 3JIEKTPH-
YeCTBOM 3BE3Ji, TO, HECMOTPA HA IPOMAJHBIE pa3Mepbl 3BE3J, MBI
ObLTH 6B BOpaBe CYMTATHL WX TOYEYHBIMHM 3apsfamu, ubO HpH Ko-
JIOCCAJTEHOM PACCTOSTHUM MEXAY 3BE3JJaMK pa3Mephl u GopMa, UX He
MOTYT CKOJILKO-HUDYIb CYIIECTBEHHO CKA3aThCS HA CHJIE MX B3aMMO-
gericteus. C gpyroit CTOPOHBL, Ba 3apA>XXEeHHBIX OY3UHOBRIX IaPUKA
paauyca 0,1 cm, naxondmuxcsa Ha paccroganuu 0,5 cM apyr or Apyra,
HE MOTYT CUHUTAThCS TOYEUHBIMHU 33apsAnaMu, U 3akoH KynoHa K HUM
HENOCPeACTBeHHo HenmpuMeHuM. UTo6bl ONpEenesuTh CUAy UX B3au-
MoJeHCTBUS, HY>KHO MBICJIEHHO pa30uTh 3TH IIapHKU Ha DeCKOHeYHo
Magbie (T. e. JOCTATOYHO MaJible MO CPABHEHWIO C PACCTOAHUEM B
0,5 cM) sanemeHTH! 06BbEMA B OnpeneuTh 1o 3akoHy KysoHa B3aumo-
OeHCcTBHE MEXJY 3apsiJaMH KaxKI0H Maphl 3THX WIEMEHTOB 00beMa.
Cuna BzauMozeicTBUs MEXKAy LIapuKaMu 6yJeT paBHA paBHOmeli-

CTBYIOIIEH STHX BJeMEHTApHBIX CHJI L) .

4. 1lpu ompenenenus paBHOAEHCTBYIOINEH TEKTPUYIECKUX CHJ
HY»KHO, KOHEYHO, MPUHATH, BO BHUMAHHE, YTO CHUJBl 3TH CYTh BEK-
TOPHI, U TIPUMEHATE K HHEM MPABWJI4 BEKTOPHOTO HCUUCTIeHHA. Mb1
OyJieM 0603HAYATEH BEKTOPHI JKUPHEIM NMPSIMBIM MIpHGTOM, 2 HX YHU-
CJIOBo€ 3HAaYeHME CBETIBIM KypcuBoM. Tak, mampumep, Ryg Oyner
0003HaYATE PAAUYC-BEKTOP, MPOBEJEHHBIY u3 ToukH 1 B TOUKy 2, a
Ry — aucioBoe 3HaUeHHE paccTossHUA MeXAy Toukamu 1 u 2. QOue-
BUAHO, 910 Ry = —Rys, a Ry = Ry 2). Ilpu zanucu 3akoHa
Kynona (1.2) B BekTopHO# opMe HEOOXOZUMO OTIMYATH Culy Fio,
C KOTopoii 3apsi] e; AelicTByeT Ha 3apsiy eg, OT cuiikl Fy1, ¢ KoTopoit
3apsan ey AeHCTBYeT Ha 3apsj €1, ubo 3TH CUALI PABHEI MO BeJRYUHE,
HO TpOTUBOMOJIOKHE! 1o HanpasieHuwo (Fy; = —Fi9). Eciu 3apa-
Jbl €1 U ey OMHOMMEHHBI 110 3HaKYy (OTTAJIKMBAHHE), TO HANMPABJICHHS
BekTopoB Fia2 u Ry; coBnamator Mexay cobolt, Tak 4To

Rz eiep
F,, = &% M2 _ ¢ o 1.3
12 R?, Ri» R}, 12, (1.3)

1) B ocroBe 3TOro BbIMHCICHHUS NEXKHT AONYIIEHHE, UTO CILTA B3aMMONSHCTBHA
AByX (ToueqHBIX) 3apAAOB He 3aBUCHT OT TOTO, IIOABEPIAIOTCH ITH 3aPALBl BO3-
ACHCTBHIO NPYTHX 3apHAJIOB WM HET. DTO MPeI0oTI0KEeHHE BMECTE C yTREPK IeHH-
€M, UTO PABHOJAENACTBYIOWAs INMEKTPUIECKHX CHJI paBHA BEKTOPDHOM CyMMe 3THX
CHJI, COCTARIACT COAEPIKAHME NPUHLNIIA HOACHCEHUA HIIH CYNEPROZUYUYU INEK-
Tpudeckux noseit. IIpumipn 3ToT aBisercs 0606nieHneM JaHHBIX ONBITA U JIEKHAT
B OCHOBE COBPEMEHHOH TeOpUH 3MeKTpuidecTBa. CM. TaKXKe NpumeuaHue asmopa
Ha ¢. 291 u npumevanue pedaxrnopa Ha c. 104.

2) Mt xpaTkocTH Mbl 6yJem MHOTAA HA3bBaThL BekTop Ri2 mpocTo paccros-
HueM To4kd 2 oT Touku 1, a BexTop R21 — paccrosEuem Touku 1 ot Toukn 2.
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u60 4uciIoBoe 3Ha4eHue BekTopa Rio/R12 pasHO enuHuULe, a MPOU3-
BeJIeHHEe €]ey MOJIOXKUTebHO. O4eBUHO, YT0 9T0 YPABHEHUE OCTAeT-
CS CIPaBeIUBEIM U JJid PA3HOMMEHHBIX 3apsa/0B, u0o B 3TOM Ciydae
IIPOH3BEIEHUE €1ey OTPULIATENLHO, a cuia K9 HampaBieHa oOpaTHO
sekTopy Ri2 (npurakenue). Hakonen, ouesnnHo, 4ro

5. OTMeTHM B 3aKJIIOYeHHe, YTO PelI3oiee 3HaYeHye B BOOPoce
0 crnpasemyupocTH 3akoHa Kymona, Kak ¥ BooOmie Jir0GOTO 3aKOHA,
JIEXKALIETO B OCHOBE TOrG HJIM WHOTO OTHE/Ia TeopeTudeckodl pUu3uK,
HMeeT He TOJIBKO HelOCpeACTBEHHAA OIBITHAS IIPOBEPKA 3TOr0 3aK0-
Ha, HO TaK¥Xe, 4YTO Iopa3fal CyllecTBeHHee, U COIVIaCHe C OILITOM
BCEH COBOKYHHOCTH BLIBOJOB TEOPHH, OOHHMM H3 HCXOAHBIX IIYHKTOB
KOTOPOU dBJIdeTCd 9TOT 3aKOH.

§ 2. DekTpHUUecKOoe mnoJie

1. Echm B Touky P, maxopamyroca Ha paccroaHuu R or 3apsana
€, BHECTH «NPOGHEIH» 3apsaj ', T0 MOXKHO OOHAPYXKUTh CUILY, JAelCT-
BYIOUIYIO Ha 9TOT NPOOHHI 3apan ¥ 00YC/IOBIEHHYIO MPHCYTCTBHEM
3apsaga e. Ciia 91a 0bnapyfcusaemcs TONBKO IPH HAJIMYHY BTOPOTO
(npobHOTO) 3apsAna, © MOXKHO CYHTATH, YTO OHA M 603HUKAEM JIUIIbL
npu HaJau4auu oboux 3apanos € u e. OmHako U3ydeHHe 3JIeKTpHYe-
CKUX SIBJIeHHH 4Ype3BhIYailHO ofs1eryaercs, eCii UCXOAUTh M3 Mpe[-
CTaBJIEHMS, 9TO KaK B To4Ke P, Tak u BO BCeX TO4YKaX NMPOCTPAHCTEA,
OKPYXKAIMIEr0 3apsl e, 6ceada CYIIECTBYET SJieKTpHYecKast CUJjia,
o6yCiioBNeHHAs NPHCYTCTBHEM 3TOr0 33psAja, BHE 3aBUCHMOCTH OT
TOTO, NPOSABJISETCS JIM CYLIECTBOBAHME 3TOW CUJIBI B BO3NEHCTBHU ee
Ha Apyro#t (npobHbIil) 3apan (B cIydae HATMYMA TAKOBOTO) WM XKe
HU B 4eM He NposBisiercs (B caydae OTCYTCTBHS APYTHX 3apAIOB).

Ecnu B mpocTpaHcTBe CYIECTBYIOT 3I€KTPHYECKHEe CHIIbI, 0OHa-
PYKHMBAIOIIMEC NPH BHECEHHH B HEro 9JIeKTPHYECKHMX 3apdoB, TO
MBI TOBOPHM, YTO B HEM CYIIECTBYET aAexkmpuyeckoe nose. B naib-
HefiizeM MBI OyJeM HMCXOOHUTE W3 IPEICTABJICHHUS, YTO BCAKUMA 3a-
psiZy BO30YKIaeT B OKPYIKAIOIIEM MPOCTPAHCTBE JIEKTPHYECKOE T10-
se. TToka MBI OCTaeMcsl B IIpefiesiax JIeKTPOCTATHKH, MOHATHE MOJIs
MOXET PacCMaTPHBATLCS KaK MOHATHE YHCTO YCIOBHOE, BBEIEHHOe
JWIIb s yA0OCTBa OMHMCAHMSA IeKTPpHuecKux spieHuit. OnHako,
nepeiiis K yYeHHIO O NEPeMEHHOM 3J1eKTPOMAarHMTHOM MOJIe, B 9acT-
HOCTH K V49eHHIO 00 3JIeKTPOMATHUTHBIX BOJIHAX, Mbl yOeIUMCH, Y4TO
MOHSATHE IO MMeeT TIyOOKuil PU3HYeCKHt CMBICT B 9TO 3IEKTPO-
MarHMTHOE 110JIe eCTh OObeKTUBHASA PeabHOCTD.

2. CorJIaCHo 3akony Kyiona, cuna, meiicTByromas Ha, «1poOHbBIi»
3apsan € npH BHECEHWH ero B 1oJe JPYTHX 3aPANOB, IPONOPIHMOHAb-
Ha BeJIMYHHE 3TOr0 NpobHOTO 3apsiaa e'. [loaroMy cuibl aIexTpHye-
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CKOT'O ToJig OyAyT BHOMHE ONpEAESieHbl, eCIH ONpelesieHa B KaxK o
TO4YKe 9TOr0 NoJisd cwia, AeficTBYIOIas Ha IOMEIUEHHBIA B Hell enu-
HUYHBIH, NOIOXKUTENbHBIA 3apsf. DTa CHUiia, AeHCTBYIOUAs Ha 3apsf
€' = 1, Ha3LIBAETCA HATPANCEHHOCTNDIO, WIIH MANPANCEHUEM, HITH
CuAoll IAEKMPUNECKO20 NOAA, WIH Ke TIPOCTO IEKTPHUECKHM BeK-
TopoMm u obozHauaerca 6yksoit E. Mbl 6yaeM mo/ib30BaTHCH NMEPBHIM
M3 3THX TEPMUHOB, COXPAaHUB TEPMHH «HANPsKEHWEe» IJisd COBEPIIEH-
HO UHOTO MOHSATHS PAa3HOCTH MOTEeHUHAJIOB W JIMHEHHOrO WHTErpalia
Bekropa E (cm. § 35).

Kak cnenyer u3 3akona Kynona (1.3), HanpsskeHHOCTb NOJA TO-
4eYHOro 3apd/a € Ha PACCTOAHMM R OT 3TOro 3apsana paBHA

E=%, E=ZR, (2.1)
R? R3

rae R — panuyc-BekTOp, MpOBENEHHBIM M3 TOYKHM HAXOXKIEHUS 3a-
pslla € B PACCMATPHBAEMYIO TOYKY IOJIS.

Hanpsaxkensocts nos AByX WM HECKOIBLKHX 3apAnNoB PaBHA, BEK-
TOPHOI CyMMe HAUpPSKeHHOCTeH MoJis KajKJO0r0 M3 STHX 3apsAioB B
OTHEIBLHOCTH.

3. Heo6xoauMO NOMHHTB, YTO HANPSIXKEHHOCTD, WK ciia nojid E,
BOBCE He SIBJISIeTCS CHJION B OOBIYHOM, yroTpebiigseMOM B MEXAHHKE
cMBICIe 9TOro cioBa. Mexanudeckass, WiH, KaK ee MHOTIA HA3BIBA-
107, nondepomomopras, cuia F (or naTHMHCKOrO «moHAyC» — Bec,
«TIOHJIEPOMOTOPHBIf» —IBHKYIIMIA BeCOMble TeJsa), NeHCTBYIOmAst
Ha 3apsKeHHOe TeJio, Onpenensercda npousgedenuem CUibl nojis B
Ha 3aps] Tejla e:

F =eE. (2.2)
CooTBeTCTBEHHO 3TOMY B aOCOMIOTHOM CHCTEME eIHMHUIL, HAIpsyKeH-
HOCTh, WK cuia nonist E, umeer pasmeprocts (cMm. . 19)

[E] = E S —..___MLT_2 = M1/2L—1/2T—1.

4. Ha ocuoBanuu coorHomeHus (2.2) onHa U3 OCHOBHBIX 33434
9JIEKTPOCTATUKYN — ONpeeieHHe MEXaHUYeCKHX CIT B3aUMOIeHCTBUS
33JaHHOM CHCTEMBI 33pAZIOB — CBOOUTCHA K ONpenesieHHio noan E
9THX 3apsJOB. 3aMEeTHM IPH 9TOM, YTO ONPEAETUTh TOJIE SJIEKTPH-
yeckoro BekTopa B, xak ¥ BooOme onpedeaums nose moboro BeKTo-
pa, aHauum onpedeaums 3HaueHUE BEKMOPA 8 Kadicdotli movke Imo-
20 noad. B manpHeiinieM MBI PACCMOTPHM CNOCOGBI TEOPETHYECKOTO
BbIYMCJIEHUS IeKTPUYEeCKHUX IOMeil, B OTHOIIEHHH K€ 3KCIIePHMEH-
TAJLHOTO M3y4YeHUs DTUX Moiell OTMeTHM eAyroniee.

DKCIepHMeHTAIbHOe N3ydeHHe SJIeKTPHYECKOr0 IO MOXKeT
GBITh OCYNIECTBJIEHO BHECEHHEM B HEro NMPOOHOro 3apsja W3BECTHOMN
BEJIMYMHBI U H3MepeHHeM NOHIEPOMOTOPHHIX cui F, meffcrByromux
Ha 9TOT 3apaAj] B Pa3iH4YHBIX Toukax noss. OpHako camblit gakr
BHeceHHs B Moje npobHOro 3apsja, Booblue rOBOPs, M3MEHsieT Xa-
paKTep 9TOro mojsi, uho CHIbl Moas NPOOHOTO 3apsja BHI3LIBAIOT
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riepepacnpejie/ieHie 3apaAa0B Ha HAXOAAHIMXCA B I10/1€ MPOBOIHUKAX
(anekTpHYecKas MHIYKUMS), CABUD 3THX NPOBOJHHMKOB M T. A. dTo-
OBl H36EXKATH TOT0 UCKAXKEHHA MepBOHAYAJIBLHONO XapaKTepa IoJis,
HEeoOXOIMMO MPOM3BOAUTL M3MEpPeHHs! ¢ MOMOLIBI OecKoneuyHo Ma-
ABIT NPOOHHT 3apAJ0E, T. €. 3APAMIOB CTOJb MAJIBIX, YTO BHI3HIBAEMOE
X NPHCYTCTBHEM H3MEHeHHE PachpejeieHHs 3apAJ0B B Mpenesiax
33, JAHHOH TOYHOCTY HAOJIOJEHMN He MOMKET CKa3aThCAd Ha pPe3yiib-
TaTaX u3MepeHus. [OBOpA 0 MpOOHBIX 3apAmax, Mbl B HALHeHRIIEM
Bcerma GyneM MpeAnosiaraTh, YTO 970 YCIOBHE BBHIMOIHEHO (eCiau He
OTOBOPEHO MPOTHBHOE).

§ 3. Teopema l'aycca

1. Eciu M3BeCTHO PacloNiokKeHHe 3apsanoB, To none E srux 3a-
PAIOB MOXKeT ObITh ONMpPEIesIeHO MyTeM CYMMHPOBAHUS KyJIOHOBBIX
nosielt Tuna (2.1), Bo30yKAaeMbIX KaXKAbIM M3 9/1€MEeHTOB 3THX 33~
PAIOB B OTHebHOCTH. Takoro posja HemocpeaCTBEHHOE CYMMHPOBa-
HHe, BOOOIIEe TOBOPS, TPeOyeT B KaXKJOM OTAEILHOM CIy4ae NOBOJIb-
HO CJIOKHBLIX BBIYHMCICHHi. BO MHOIHMX CIy4asix 33Ja49a 3Ta MOMXKET
ObITh, OOHAKO, 4pe3BhIYaiiHo oberdeHa NpHMeHeHMEM HEKOTOPBIX
TeopeM, TPAKTYIOIHX 06 00MMX CBOHCTBAX EKTPUYECKOrO IO, K
PaCcCMOTPEHHIO KOTOPHIX MBI Tellephb M mepefizeM.

Jns 5TOM 1€/l BEIYMCIHM [TOTOK BEKTO- R
pa E depe3 GeckOHEUHO May0 MUIOHIAIKY
dS1). IpeanonoxuM cuadasa, uro note E
BO30Y XK 13eTCSI TOYEYHBIM 3aPAA0M €, HaXO-
pammmMcest B Touke 0.

Ecau R ecrb paguyc-BeKTOD, MPOBEJIEH-
HBIH U3 3apsaga K wiomaaxe dS (puc. 1), To
Ha ocHosauuH (2.1) u (12*) norok dN Bek-
ropa E 4epes o1y miomaaky 6yaer pasex

dN = EndS = £ RndS =
R3
e
= 'R—2 COS (I{.7 n) dS- (3.1)

ITpouseenenne cos (R, n) - dS uucnenno ° Puc. 1
PaBHO NPOEKUMH ILIOMAAKKY dS Ha HOBEpX-
HOCTh, NepHeHIUKYJIAPHYIo K R, mpuiem 9T0 Npou3sseieHue NOI0XKH-
TesibHO, ecny u3 O BUAHA BHYTPEHHSIS CTOPOHA INOAIKH dS [yron
(R, n) ocrphlii], ¥ OTPHIIATENBHO, eI BHAHA ee BHEIHsIA CTOPOHA!

cos (R, n)dS = £dS’,

1) OcuoBbl BEKTOPHOIO AHAIN33 H3JI0KEHb B IPUWIOKeHU. POPMYJIBL IIPHIO-
JKEHN OTMeYAloTCH 3nadKoM ¥, manpumep (21%).
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rae dS’ ectr abconoTHAaA BeIMYKHA NePHeHAUKYIIpHOR K R mpoek-
OMH mIomagky dS.

ITepnenaukyiasapuas K paguycy-Bexkropy R muiomanka dS’ coe-
maJaeT ¢ JIEMEHTOM MIapOROH MOBEPXHOCTH pajuyca R ¢ meHTpoM B
rouke O. Ecau 06o3na4uTh yepes df) TesecHBI# yrod, moa KOTOPHIM
mwiomazaka dS’ BuaHa uz O, T0, KaK U3BECTHO,

d = %5 4 cos(R, n)dS (3.2)
R? R?
¥, CTAJIO OBITh,
dN = xedQ.

ITnowaaka dS Gymer, oueBHAHO, BUAHA U3 TouKyu O IOH TeM XKe
CaMbIM TesieCHBIM yriaoM df). Ecnu yCclnoBHUThCS IpUOINCHIBATE STOMY
yriiy df} nosoxuTenbHb# 3HaK, ey U3 O BUOHA BHYTpeHHSS CTO-
poHa dS H 3HAK OTPULATENIbHBIN, ecIH BUIHA ee BHENIHSsS CTOPOHa,
TO MOXHO HamHCATh:

dN = E, dS = edQ. (3.3)

M TaK, B 10JIe TOYETHOTO 3aPA/a € TIOTOK IEKTPHYECKOro BeKTO-
pa E 4epe3 npoA3BOAbHC OpHEHTHPOBAHHYIO MIOWAAKY dS 3aBHCHT,
MIOMHMO BeJIM4YMHBI 3TOI0 3apafia, TOJBKO OT TONO TeJecCHOro yria,
MOJIOXKHUTEILHOIO WK OTPHIATENLHOrO, 04 KOTOPBIM 3Ta IJIOmAa K

BHAHA N3 3aHIMaeMoit 3apagoM roukn O1).
2. Obpamasice k moroky N Bektopa E 4epes koHeuHy0 NOBEpX-
HOCTH S, TIONny4uM 2)

N:[EndS=e/dQ=eQ, (3.4)
S S

rae {1 — MOMOXKUTENbHBIA WX OTPULUATEIbHBIN TeieCHBIN Yo, MO
KOTOPHIM BHIHA W3 3apdaaa e BCS HNOBEPXHOCTH S, T. e. TeJieCHBIH
yroJi, 06pazoBaHHbI PaJAuyCaMH-BeKTOPaMH, NIPOBEIEHHLIMU U3 € K
KkpaeBoif nuHuEE dToi moeepxHocTu (puc. 2). KpaliHe cymecTrenno,
YTO B TOM CIIydae, eCTH MOBEPXHOCTh S 3aMKHYMA, YTOI 3TOT MOXKET
UMETh TOJILKO ONHO M3 ABYX 3HaueHHi: 47 u .

JeficTBUTEIBLHO, TOUEYHBIH 3apAl MOXKeT OHThL PAaCONOXKeH Jiu-
60 BHYTpH 3aMKHYTOH IMOBepXHOCTH, JinQo BHE ee. PaccmoTpenne ke

1)Kak spcrbyer u3 enBoma dopmyist (3.3), OHa SBISETCs CEACTBHEM TOLO,
“TO HAIIPAXKEHHOCTh noiis F HanpaBneHa painajbHO M NpU yAAJIEHUN OT 3aps-
13 yBuIBAET Mo TOMY Xe 3akony (o6parno nponopumonanero R?), 1o koropomy
M3MEHAeTCH TeJeCHHI yros df), cooTBeTcTBYOmMi AanHo#h nnomanke dS. Ilo-
3TOMY OJs Bcex BooDIne IeHTpaJIbHBIX TIosed, 00paTHBIX KBAaAPATY PACCTOSHUN
(HanpHMep, HOJIs TArOTEHHH, OIS MArHUTHBIX IIO/IOCOB U T. [.), TaKxke GyAyT
cripaBeyTUBLl hOPMYJIbl, AaHAJIOTHHHEE ypaBHenuio (3.3) u BceM HenocpeacTBeH-
HO BBHITEKAIOIAM H3 HEr0 yPaBHEHHSM.

%) K paTHuie HETerpasl & KHure 0603HAMAIOTCH O/HUM-¢IUHCTBEHHABIM 3HAKOM
naTerpana. Cm. c. 12.
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TOYEYHOI'O 3aPAJa, PACTIONIOKEHHOTO Ha CaMOlt IOBEPXHOCTH, JIMIe-
HO (u3MIecKoro cMbIcia, H6O MOIB30BATHCH NPEACTABIEHHEM O TO-
YeYHOM 3apsife MOXKHO JIMIIb NPH YCJIOBUH, YTO NEHCTBHTE/LHEBIE
pa3Mepns! 3apsifa MaJbl 10 CPABHEHMIO C PACCTOSHHEM €ro Jo pac-
cMaTprBaeMbIX Todek mons. IIpencraBsenne e 0 TOYEUHOM 3apsi-
Jle, PacIOOXKEeHHOM Ha MNOBEPXHOCTH, HOTOK JIEKTPHUYECKOrO BEKTO-
Pa 4epe3 KOTOPYIO MBI OIpeJeNseM, STOMY YCJIOBHIO, OYEBHIHO, He
Y/IOBJIETBOPSIET.

Ecny 3apsiy pacnosioxkeH BHYTPH 3aMKHYTOH ITOBEPXHOCTH S, TO
9Ta NOBEPXHOCTb OKPY?KaeT €ro Co BCeX CTOPOH M, CTaJI0 ObITh, BUIHA
u3 Hero noj yrioM ) = 47, CreqoBarebHO, B 3TOM CIIy4ae

N = 9§Ends=47re.
s

Econu ke 3apan e Haxonutea B Touke (), nexaniefl BHe 3aMKHYy-
To#l mosepxuocTH S, TO U3 (0 MOKHO TPOBECTH K MTOBEPXHOCTH S
Iy49OK KacarTeiabHBX (pHC. 3). COBOKYHMHOCTH 9THX KaCATENBbHEIX 06~
paldyeT KOHyC, CONpHKACAIOMUACT ¢ S BIOIL HEKOTOPOH 3aMKHYTOM

4

Pnc. 2 Prc. 3

S

nuaun L, KoTOpas pasge/uT HOBePXHOCTh S Ha ABe 4acTd: S; u So.
06e wacru moBepxHocT# S OyayT BUAHEL w3 ToukM (O 107 OJHUM
U TeM e TeJeCHEIM YIJIOM, COOTBETCTBYIOMIUM PAaCTBOPY KaCaTemb-
HOT'O KOHyCa, MpHYEM OJHA M3 STHX Jacreit OyJer BHIHA C ee BHY-
TpPeHHe! CTOPOHHI, & ApyTras — ¢ BHeluHel. TakuM o6pa3oM, 4acTaMm
nmoBepxHocTH Sy 1 83 OyAYT COOTBETCTBOBATEL yIuikt 1 u {22, paBHbIe
[0 BeJinYdHe ¥ NMPOTHBOMONOXKHEIE 110 3HaKy. CTajo 6uITh, M MOTOKH
3JIEKTPHYECKOT0 BeKTOpa depe3 S1 M Sz OyAyT PaBHBI [0 BEIHYMHE,
HO IIPOTHBONOJIOXKHEI 110 3HAKY M B CyMMe JalyT Hysb. Takum obpa-
30M, NOTOK BekTopa E yepe3 BCAKYI0 3aMKHYTYIO NOBEPXHOCTh, He
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OXBATHIBAIONYIO 3apsi/ia e, paBeH HYJIO:

N = 9§End5=0.
S

O6a 371 BO3MOXKHBIE CJIy4ay (3apsa]] BHYTPH U BHE IOBEPXHOCTH )
MOTYT OBITH BBIPaXKEHBl OJHON-eIWHCTBEHHON BOpMyIIoi

N = 9§En dS = 4dre, (3.5)
S

€CTH TOJIBKO YCIOBHTBCH NMOHMMATh B 3TOH GopMysie mom e BesH-
YHHY 3apAfa, DPACIOJIOKEHHOTO GHYMpu MOBEpXHOCTH S, H, CTANO
OBbITE, MOIATaTh € PABHBIM HYJIIO, €C/IH 3apsij] paclioioXKeH BHe 3ToM
MIOBEPXHOCTH.

3. Ornuyaromasnca 4pe3BeldaiiHoif npocroroit dhopmyna (3.5),
BBIBeI€HHAST HAMH JJIs IOJIs, BO30Y XK 1aeMOro OgqHUM-eIAHCTBeHHBIM
TOYEYHBIM 3apPAA0oM, OCTAETCS CIOPABE/IMBON M Ui IIOSs [IPOU3-
BOJIBHO CHCTEMBI IEKTPHYIeCKUX 3apanoB. [lelicrBurenbHo, mobas
CHCTEMA 33PSI0B MOXKeT GHITh Pa3iokKeHa Ha COBOKYNHOCTD 3JieMeH-
TapHbIX (TO4Ye4uHbIX) 3apsanoe. [lycts E — HanpsaXeHHOCTh pesyiib-
THPYIOLIETO MO Bcefl cHCTeMbl 3apAnoB, a E; — HanpsoKeHHOCTb
MO £-T0 AWIEMEHTAPHOTO 3apdaia e,. lorma

E=) E
i

En=)_ Ein.
i

Crasno 6wiTh,

N:SISEndS:ZSﬁEindS:élee,—, (3.6)
S i g i

IpHYeM NOCHenHsIT CYMMa PAacIpOCTPAHSIeTCS TOMBKO Ha T€ 3apsd-
JIbl, KOTOpbIe PACTONOXKEHB BHYTPH NoBepxHocTH S. Jrta dopmyna
BhIpaykaeT coboit dynmaMenTansayo meopemy Tayceal) :

B npoussoavrom ssexmpocmamuseckosm nose (B BaKyyme) mno-
mox saexmpuneckozo eexmopa E wepe3 npousgosvryro 3aMrnymyio
nosepTHOCM® paseH ymuodicennot na 4m eeaunune 3apada, pacnoso-
orcenn020 eHympu amotl nogeprrocmu. JTa BeJHYMHA 3apAa eCTh,
KOHEYHO, ajrebpandeckass CyMMa BCEX 3apj0B, HAXOAAIIUXCA BHY-
Tpu S.

)9y TEOpEeMY He CJIe[lyeT CMeNIMBaTbh C H3BECTHOM M3 BEKTOPHOIO AHAJIN33
{em. (17*)) Teopemoii aycca, ycranaBaupaiomeit CB43b MeXk/[y HOTOKOM IIPO-
H3BOJIBHOI'O BEKTOpa iepe3 3AMKHYTYIO IIOBEPDXHOCTHb U 00 BEMHBIM HUHTEerpajioM
JMBEPreHINH 3TOT0 BEKTOpa. 1 0TH«Ms OT 3TOH mocneaHeit Mbl OymeM WHOr A,
Ha3bIBaTh Gopmyiy (3.6) ssexmpocmamunecxot Teopemoit Naycca.
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§ 4. DueKkTpHUYecKoe 1ojie 3apA>KEeHHBIX TOBEPXHOCTER

1. Ilpumenenue Teopemnl aycca upe3BuI4aitHO yIIpomaeT pele-
HHE psaa 337[a4 JIeKTPOCTATHKY. B 970M naparpade Mbl TpUMeHNM
ee K pacCMOTPEHHI0 HEKOTOPHIX CBOMCTB IOJIS 3apKeHHBIX TIOBEPX-
HOCTei.

Koneuno, crporo roBopsi, 3apsj BCerna 3aHUMaeT WM3BECTHBIMN
06beM u He MOXKeT OBITh COCpelOTOYeH Ha GeCKOHEeYHO TOHKOH (reo-
MeTpH4ecKoil) noBepxHOCTH. OHaKO JION 3apsja, TOIIMHA KOTO-
pPOTO JOCTATOYHO MAJia IO CPABHEHUIO C €10 PAaCCTOTHHEM OT MCCe-
JIyeMBIX TOYEK IIOJIsI, MOKHO CYMTATh 3aPsI0M MOBEPXHOCTHBIM C TEM
e IpaBoM, C KAKUM MBI PacCMaTPHUBAEM 3apanbl TOUeHHBIE.

Haomnocmsbio nogeprnocmuo20 3apAda ¢ HA3BIBAETCH, KaK H3-
BECTHO, 3apdj, NpUXOAAmMUiica Ha eIMHUILY IUIOINAIW IJaHHOH IIO-
BEPXHOCTH. B ToM ciyuae, Korja 3apsas pacHpoCTpaHeH N0 MOBEpX-
HOCTH HEPABHOMEPHO, IUIOTHOCTHIO €10 B JAHHOH TOYKE NOBEPXHOCTH
HA3LIBAETCS TIPEET OTHOIISHUS

. Ae de
= lim === 4.1
g Aé‘—)O AS 43’ ( )

rae Ae ecTb 3apsi IeMeHTa nosepxuocTu AS.

2. Cxaxox nopmaavhotl cacearoweti eexmope E wa sapasicennots
nogeprHocmuy. PacCMOTPHM MPOM3BONBHYI 3apPIKEHHYIO TOBepX-
HocThk S. Bribepem NPOH3RONBHBIM 00Pa30M HapaBJIeHHEe BHEINHEeH
HOPMAaJIHM N K 9TOH MOBEPXHOCTH M YCIAOBHMCH 0603HaYaTh MHIEKCA-
Mu 1 1 2 BeTMYMHBI, OTHOCSAIIMECS COOTBETCTBEHHO K BHYTPEHHEH H
BHemHel! (110 OTHOIIEHHIO K HOPMAJIM N) CTOPOHE ITOBEPXHOCTH.

BbIieiMM MBICJIEHHO OKOJIO PacCMaTPHUBAEMON TOYKH 3apsiKeH-
HO MOBEPXHOCTH NPSMY0 NpU3My ¢ 06pasyromumu dl, nepneHauKy-
JISPHEIMH K MOBEPXHOCTH. Ilycre 3Ta npusMa BEIpe3aeT U3 MOBepX-
HOCTH 3jieMeHT S CTO/ib MaJIBIii, 4TO €r0 MOXKHO CYHMTATH IJIOCKHUM
1 PaBHOMEPHO 3aps>KeHHbIM (pHC. 4).

Puc. 4

Buyrpu npusMb 6yIer HaxogMThe 3apaa oS’ , PacnoIoXKeHHbBI
Ha 3J1€EMEeHTe, BhIpe3aeMOM IIPU3MOH U3 3aPAKEHHON TOBEPXHOCTH S.
Crano OBITH, MOTOK IEKTPHYECKOTO BEKTOPA 4Yepe3 MOBEPXHOCTH
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IpuU3MEI 10 TeopeMe ['aycca [OJKeH PaBHATHCA:
N = 9§En dS = 4ngS'.

C opyro#t CTOpoOHBI, MOTOK 3TOT MOXKeET ObITh BLIYHCIEH HeIo-
cpeacreenHo. [IoTOK d4epes HMMKHEE OCHOBAHME NPHU3MEI PaBeH
Ej cos (Eq, n1)S’, a uepes sepxuee E3 cos (Ey, n3)S’, rne B u Eg —
BeKTOPH E y coOTBETCTBYIOINMX OCHOBAHWYM NMPU3MEL, & N ¥ Ny —
BHENIHMe HOpMaJu K 97uM ocHopaHusM. [Iorok ke pekropa E wepes
GOKOBYIO TOBEPXHOCTb MPU3MbI MBI 0603Ha4YMM 4epe3 N'; rorma

N = {E; cos (Ey, n1) + E3 cos (Eg, ng)}S' + N'. (4.2)

Hanpasnenue mopMaau ny coBIafaeT ¢ HANPaBJieHHEM HOPMAJIX
N, a HalpapJ/ieHHe N NpPsEMO IPOTHBONONIOXKHO. CTao 6uIThb,

E1 COSs (El, n1) = _Elna E2 COS (Ez, n2) = Ezn,

rge Ky, u Ey, — npoeknud sekropos E; u E, na sopmains n. Takum
obpaszowm,
N = (Ezn — Eln)S’ + N' = 4708,

Bynem renmeph yMmeHbIIaTh BHICOTY NPH3MEI dl, He M3MeHAA TIPH
aroM ee ocHoBanus S'. TMorok N' depes Ge3arpaHMYHO yMeEHBLIIAIO-
IIyrocs GOKOBYI0 MOBEPXHOCTH MPU3MBI OyJeT CTPeMUThLCH K HYJIIO
KaK GeckOHeuHO MaJjas BTOPOro mopsiaxa (mo cpasHeHHto ¢ N), Tak
410 06U MOTOK BEKTOPa Yepe3 MOBEPXHOCTH IIPU3MBI CBEIeTCs B
Ipeliesie K MOTOKY 4epe3 ee OCHOBAHMI:

1] !
N = (Ban — E1n)S' = 4708,
OTKyZIa
Es, — Ey, = 470, (4.3)
Crajo ObITh, HOpMa/IbHLIE CIararonye BekTopa E B AByX cMexHBIX
TOYKAX M0JIsl, Pa3/Ie/IeHHbIX 3aPAKEeHHON I0BEpXHOCTLIO S, pa3HATCS

Ha 4o

WupiMu citoBamM, HOpMaJjibHAA cjiaraioiias sekTopa E ucobiTh-
BaeT CKadOK 470 IpH NPOXOXKAECHUH uyepe3 JIoOyio 3apsayKeHHYIO II0-
BEPXHOCTD, HE3ABHCHUMO OT DOPMbI 9TOH [TOBEPXHOCTH H OT HAJIHYHS
WM OTCYTCTBUA 3apsanoB sHe ee. O6bLICHAETCT 9T0 TEM, 4TO [10/ie
TIOBEPXHOCTHHIX 3APSAIOB MO Pa3Hble CTOPOHLI NOBEPXHOCTH Halpas-
JIEHO B IMPOTUBOMOJIOXKHEIE CTOPOHBL: OT MOBEPXHOCTH, €CJIM OHA, 3a-
psi2KeHa TOJIOKUTENBHO, U K [IOBEPXHOCTH B (Iy4ae OTPHIATEbHOrO
3apsaa.

1) Bamernm, uro 3mauenue pasuoctu Ez, — Ein He 3aBHCHT OT BHOOpa Ha-
IpaBJIeHUsl HOpMAJIH K IOBEPXHOCTH PA3PbIBA: XOTH NPU H3MEHEHHH HAIPaBJIe-
HHA N 3HaK npoeknuit sekropa E Ha manpasienne n MeHsieTcs Ha 00paTHBI,
HO O/{HOBPEMEHHO C 3THM CTOpPOHA MOBEPXHOCTH, paHee CUATABIIASCH TEepBOH
(T. e. BHyTpeHHEil 0 OTHOWEHHIO K 1), JOJDKHA OyIeT AMEeHOBATHLCH BTOPOH, H
obpaTHO.
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3. Iloae pasnomepno 3apasicennoti beckoneunoti naockocmu. Ha-
NPs2KEHHOCTD IT0Jisi PABHOMEPHO 3aPsKEHHON GeCKOHEHHOM 1I0CKO-
crn P, 110 coobpaskeHusIM CUMMETPHH, JOIXHa OBITH NepreHJuKYy-
JAdpHa K 3TOH IMJIOCKOCTH H
JODKHA HMeThb MPOTHBOMNO- /,_/’
JIOXKHEIE HANPAaBJIeHHS Mo obe

CTOPOHEI OT Hee: OHa HallpaB-

Jiena OT 1ockocrn P, ec- S\

JIM ee 3apsal TNOJOXKHTeSieH -7 m
(puc. 5), u Kk maockoctu P, =2 RO
et OH orpuuarerned. Ha- g s
npsixkeHHocTs E B pazmuu- v E—

HBIX TOYKaX TIOJIsS MOXeT 3a-
BHCETh JMIIb OT PAaCCTOSHUSA
HX OT HJOCKocTH P ¥ Josx- +e

Ha OBITH OMUHAKOBOM BO BCEX P

TO4YKax Jiroboil TI0CKOCTH, Ta- Puc. §

pannensuoit P.

BrlgenuM MBICJIEHIIO B MOJie IVIOCKOCTH P npamyro Ipusmy c
ocHopanueM S’ ¥ ¢ 006pasyOmMMH, NEpHEHIUKYIApHBIMM K P, u
PeANoNOKUM CHadaNa, 9T0 OpU3Ma 3T HE MEPeceKaeTcs IIIOCKO-
cThi0 P, 7. 6. HAXOOWUTCS MEUKOM II0 O/IHY CTOPOHY 3TOM IIOCKOCTH.

BriunciieHse oTOKa 3/1€KTPUYECKOro BEKTOPA Yepe3 MOBEPXIOCTh
9T0i NpU3MBI BHOBB npuBeer Hac K ¢popmyue (4.2). [Tpunas so puu-
MaHue, 4yTO MoToK N’ 1depe3 GOKOBYIO MOBEPXHOCTH MPH3MbI B 9TOM
ciydae paseH Hy/I0 (tak Kak E napajuresbHo 9708 MOBEPXHOCTH),
MOy 43eM

N = {E cos (E1, n1) + Ej cos (Eg, ny)}S'.

Io ywioBuio NpH3Ma He IMePeCceKaeTcs 3apsyKeHHOU ILIOCKOCThIO P,
[I09TOMY BHYTPM Hee HeT 3apsoB M, CTAJO ObITh, COTJIACHO TeopeMe
Taycca (3.6), norok N momykeH PaBHATBCS HYJIO, T. €.

Ej cos (Eq, np) + Epcos (Eg, ng) = 0.

Tak kak E; u Ey Hanpap/ieHbl 0JUHAKOBO, & HOPMAJIKN N U Ng —
IPOTUBONONOKHO, To cos (1, n;) = — cos (Eg, ng) u, ctano 6uits,

El = Ez.

TlockonbKy monoXKeHHe OCHOBaHWII IPU3MBI MOXET OLITE BHIOPAaHO
[IPOU3BOJIBHO, TO M3 3TOT'0 PABEHCTBA CJIEAVET, YTO BO BCEX TOYKAX
OTrpaHM4YeHHOro IWHOCKOCThI0 P nonynpocrpaucrea sexrop E nocros-
HeH II0 BeIM4YMHe, 3 TAK KaK OH MOCTOSHEH U II0 HaNpPaBJIEHHIO, TO,
CIen0BATEILHO,

E = const.

B mpyrom xe monynpocrpascree BekTop E 6yzer, oueBnaHO, UMeTh
Ty ¥Ke BeJMYHMHY W NMPOTHBOMOJIOKHOE HAIIPaBJICHHE.
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Yrobu onpepenurs E, MoxkHO BOCTIONB30BaTEC dopMmysioit (4.3).
B paccMaTpuBaeMoM Cltydae CJIaraioiye 3TOro BeKTOpa Mo HAIpaB-
JIEHHIO HOPMAJIH N K MJIOCKOCTH MME0T, 04eBUHO, 110 Pa3HbIe CTOPO-
HBI IIJIOCKOCTH [IPOTUBOIOJOKHEIE 3HAKH W YHCICHHO PABHHI CAMOMY
Bekropy E. Ilosromy nonyuaem

Eon — E1p = 2E9, = +2F = 4wo,
TIe B MOCTeAHEeM DaBEHCTBE HyXKHO B3dTh 3HAK IUIIOC MM MHHYC B
3aBHCHMOCTH OT TOT'O, 3apsi’KeHa MJIOCKOCTh MOJIOKUTENbHO (0 > 0)

wnn orpunarenso (o < 0). CrefoBaTesnbHO, BO BCEX TOYKAX MO
GeCKOHEYHO IIJIOCKOCTH
E = 2m|o|, (4.4)

rne |o| — abcomoTHAA BEIMYMHA TUIOTHOCTH 3apAAa 3TOH ILIIOCKOCTH.

4. Tlocrapaemca Telmepb BHIACHHUTH, MOYEMY NMPH yOAJIeHHH OT
3apsKEHHON OeCKOHEYHON MJIIOCKOCTH HANPSIKEHHOCTH ee NOJd He
yObiBaeT, a ocraerca mocrogHHo. Ilycts Touku A, A', A" nexar
HAa OJHOM MEPIeHIuKyJiApe K muockocty P (puc. 6). Paccmorpum
HANPSI)KEHHOCTh [10J1s, BO30YX/IaeMOro B 39THX TOYKAX 3apAaMH

Puc. 6

JBYX 9JIEMEHTOB IUIOCKOCTH dS] ¥ dS2, PaClojioXKEeHHBEIX CHMMeT-
PHMYHO OTHOCHTENbHO mepnenaukynsipa OAA’ Ha paccroauum R or
ero ocaopanua 0. B 6onee ynaleHHBIX OT MJIOCKOCTH TOYKAX HAIIPH-
)eHHocTh monedt Ep u Ey KaXmoro U3 9THX 3apsaoB B OTHEIBHOCTH
OyOer meHpllle, YeM B Oosiee OJIM3KMX, HO 3aT0 ¥ yroa Mexay E; u
E; yOniBaer npH ynaneHHH oT niockoctu. [losroMy, HecMoTps Ha
yMeHbiene cinaraemnix E; u Eo npe ynajdeHHs oT IUTOCKOCTH, HX
pasHOnelcTByomasd E Moxer 6saromaps YMEHBIIEHUIO yIJIa MeXK-
Ay HUMH He TOJbKO yObIBaTh, HO M BO3PAaCcTaTh B 3aBUCHMOCTH OT
cooTHomeHus: Mexay paccrogausmu R u OA unu OA'. Ovesugno,
wro ewiH Touka A Oummska Kk O, TO PaBHOOEHCTBYIONIAsT BCEX 3apd-
OB TIJIOCKOCTH B 9TON TOYKe OINpPeIesIdeTcs: MOYTH HCKIYUTETbHO
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3apsaaMu, PacnonokedHbiMu BOIM3u O, 160 HanpsiKeHHOCTH HoJiel
yIAJeHHbIX 3aPAfioB HANpaB/ieHbl MOYTH NapajlieIbHo [iockocT P
U B CYMMe JAlOT HyJb MM IIOYTH HyJib. [I0 Mepe Xe ymaneHust T04-
ku A or O napajuieNbsHOCTh 9Ta HApYIAeTCHd, PABHOLEHCTBYIOIAL
JajleKuX 3aPAIOB YBENIMYHBAETCH, a OJIM3KUX — yMeHbliaeTcd. B pe-
3yJibTaTe, KaK MOKA3blBaeT HeloCpeJCTBEeHHOe BHIUUC/IEHHE, HAIDS-
JKEHHOCTb Pe3yJbTHPYIOMEro Hois BCeX 3apsiios OeCKoHeuHo moc-
KOCTH BOBCe He MEHSARTCS NPH yAAJeHUH OT 3TOH IIOCKOCTH. Bhrduc-
JIEHHA 9TOTO Mbl IPHBOUTD He 6yz1eM, n0o peaysibTar €ro [ypasHenue
(4.4)] 6bur yKe HaiineH HaMu IyTeM NpUMeHeHUs: TeopeMbl [aycca.
3amaua 1. IlosepxHoCcTh GECKOHEYHO JJIMHHOIO KDPYTOBOTO
LHJIVHAPa PABHOMEPHO 33apsKeHA TaK, YT0 Ha €IUHHIYY ero IJIMHBI
NPUXOAMTC 3apsi . JJoKa3ark, yro moie E; BHyTpH iivHApa H
none E, BHe NWIHHADPA BLIPAKAIOTCH CIAEAYIONMME BOPMYIaMHU:

E; =0, E.=27, (45)

rjIe r —BeKTOp KpaTyailllero pacCTOsHUS PAcCMaTPUBAEMON TOYKH
oA OT ocH UMIMHAPA. IJoKa3aTh, 4TO CKAMOK 3eKTPU4eCKOro BeK-
TOpa IPH NPOXOXKIEHUH Hepe3 3apsKeHHYIO IOBEPXHOCTL UUINHAPA
paBeH 47o.

3agava 2. 3apan e PaBHOMEPHO PAaCIpenesieH [0 MIapOBOH
NOGEPIHOCTU IIPOU3BOJIBHOIO paauyca. JlokazaTs, 4T0 1mojie BHYTPH
¥ BHE IIapa BHIPAKAETCH, COOTBETCTBEHHO, (hopMyIamMHu

eR
Ei = 0, Ee = —}g', (4.6)

rie R — pamuyc-BekTop, NIpOBedeHHBIN U3 HEHTDPa IIapa B paccMa-
TPUBAEMYIO TOYKY MOMAA, T. €. 9TO I0Ji€ BHEe PaBHOMEPHO 3apsyKeH-
HOM IIAPOBOIT MOBEPXHOCTH TAKOBO, KAK eC/Iu Okl BeCh ee 3apsif ObLI
cocpegoroded B ee neHTpe. llokasars, 4To ckavok BekrTopa E npu
NPOXOXKISHUH depe3 3apsKEHHYI0 MOBEepXHOCTh l1apa paBseH 47wo.

S3amawa 3. 3apan e pABHOMEPHO PACIPENENEH € IUIOTHOCTHIO p
10 HIapoBoMy obsemy paauyca a. Ilokazars, yro none E,. BHe mia-
Pa TaKOBO, KaK ey Obl BeCh 3apsa[ miapa ObLji COCPEIOTOYEH B €r0
ueHTpe, # 4ro nosie E; BHyTPH mapa nNpsMo IpPONOPIHOHATEHO pac-
CTOSHHUIO OT LEHTPAa IIapa:

R>2a, E.= %,
R (4.7)
R Q a, Ez = ——3,
a
WM 3
R>2a E.,= é7rp(-a—) R,
3 " \R (4.8)

R<a, E;= §~7rpR.

Ormernm, uTo B 9TOM Cciydae BeKTop E Bcrony zHenpepnipeH.
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§ 5. IIpoBOAHMKY B IEKTPUYECKOM TI0J1€

PDusndecknit CMbICT M3YUEHHI OIS IOBEPXHOCTHEIX 3aPAI0B KO-
PEHUTCA B TOM OGCTOATENBCTBE, YTO B CIydae IeKTPOCTATAIECKO-
TO PABHOBECHS 3apAdul NPOBOOHUK0S COCPEOOMOYUBAIOMCR B BECbMA
TOHKOM T108EPTHOCTIHOM CAO€, KOTOPBIH B rpoMa/ioM bobIIvHCTBE
CJIyYaeB MOXHO € JOCTATOYHO! TOYHOCTHIO CUNTATh DECKOHEYHO TOH-
kuM. Benop u HenmocpeIcTBReHHO SCHO, YTO eCIH COOOIUTh MeTalld-
9eCKOMY TeJjly, HallpHMep, OTPHUATEeNbHBIH 3apsy (M3GBITOK 9JIeK-
TPOHOB), To BIaromaps B3aMMHOMY OTTAJKMBAHUIO JIEMEHTOB TOr0
3apsana (VIEKTPOHOB) OHM COCPENOTOYATCS HA €ro NOBEPXHOCTH.
Crporoe ke OOKAa3aTEJBCTBO 3TOTO YTBEPXKIECHHUS MOXHO OATh HA
OCHOBaHMH TOTO (PaKTa, 9TO B C/IYHIA€ IIEKTPOCTATHYECKOIO PaBHO-

BECHST JIEKTPHYECKOE NOAE GHYMPU NPOGOOHUKE PLBHO HYAI0 1) .

JlefcTBHTENLHO, MPOBOAHUK €CTh TeJO, OTIMYAIOIIeecs CIeLyio-
IIMM CBOMCTBOM: €CJiM B KaKOR-JIMGO TOUKE BHYTPH MPOBOIHHMKA Ha-
NPSIKEHHOCTh 37eKTpu4eckoro nojis E ornuyHa OT Hysas, TO B Npo-
BOJHHKE BO3HHKAET IEKTPUYECKHH TOK, T. €. JBMKEHHe 3apsjiOB.
DT0 CBOWCTBO MOXHO pPacCMaTPUBAThL KaK onpedeacHue TEPMHUHA
<IPOBOOHUK IAEKTMPULECTOAY.

C TouKM 3peHHA EKTPOHHON TEOPHH BAXKHEHIIEro KJ1acca Ipo-
BOIIHHKOB — METAJIJIOB —— 3TO CBONCTBO OOBLIACHHASTCS TEM, YTO eC/IH
MeTaJI HaXOOUTCH B TBEPAOM (MM YKHAKOM) COCTOSHHM, TO 4aCTh
9JIEKTPOHOB, BXOAAINMX B COCTAB €0 aTOMOB, OTIIEILIAeTCA OT STHX
aromos. OcTaBillMecs NOCie OTINENJIEHMS STHX «CBOGOAHBIX» 3JIeK-
TPOHOB TMOJIOKUTEILHBIE HOHBI MeTaJjula 06pa3yIoT ero TBepIblil CKe-
et (KPUCTAIIMYECKYIO DEIIeTKY ), B IPOMEXKYTKAX JKe MeXJ(y HOHaMU
HAXOOATCH «CBOBOIHBEIC» MEKTPOHHI B (pOpME CBOErO POOa «3JeK-
TpPOHHOTO ra3a». CKOIb yrojiHo ciaboe BHEILHee JIEKTPHYECcKoe Noie
BBI3BLIBAET JBHKEHHUE 9THX «CBOBOAHBIX® 3/IeKTPOHOB B HANPABJICHUH

OeHCTBYIOMMX HA HHX CHJI, T. €. BHI3HIBAET 3/IeKTPMHYECKHI TOK ).
Tok TeueT D0 TeX nop, MOKa HANIPSXKEHHOCTh MOJIST BHYTPH NPOBOJTHUKA
He CTaHeT PaBHON HYJIIO, T. €. I0Ka I0Jie 3aps 0B, Nepepacipeaesivp-
IIUXCA M0 00bEMY MPOBOAHMKS, He CKOMIIEHCHDPYeT BHEUIHEro IIoJis.

Tak Kak 3neKTpudecKuil BEKTOpP BHyTPH NPOBOIHHKA PaBEH Hy-
JIIO, TO PaBeH HYJIIO H MOTOK 3TOIC BEKTOPa Yepes JIbyIo 3aMKHYTYIO
NOBEPXHOCTh, PACNIOIOKEHHYIO BHYTPH OPOBoAHUKA. CTasio ObITh, O
Teopeme ['aycca, paBeH HYNIO U 3apsii, PACMONOXKEHHBI BHYTPH BCs-
KO Takoll MMOBEPXHOCTH. A 9TO M 3HAYHUT, YTC B CIy4ae IEKTPO-
CTATHYECKOrO PaBHOBECHs 3apsAJ0B BHYTDH NPOBOAHHKA HeT (Bep-
Hee, YTO TOJIOXKUTEJIbHBIE M OTPHUIATeNbHBIE 3apAAbl BHYTPH HETO
B3aMMHO HEATPAIM3YIOTCA) M YTO BCE 3apsbl PACIOJIOKEHb! HA ero
MMOBEPXHOCTH.

1) Cwm. § 38, B uacTHOCTH ypasHeune (38.9).
2) Mompobiee MexanmaM Toka GyxeT paccmorpe B § 40 m 41.
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Taxum 06pazoM, oI 3apAKeHHOTO METAUIMIEeCKOro IIWIMHAPA
WM Wapa onpepenserca Temu ke dopmyiavu (4.5) u (4.6), uro
U TI0JI€ COOTBETCTBYIONIEH 3apsKeHHOH IMOBepXHOCTH. B coracuu c
VOOMSIHYTHIM O0IIMM 3aKOHOM U3 3THX DOpMY, B YaCTHOCTH, CIIEAY-
eT, YTO BHYTPH METAJIMYECKOTO 3apsXKEHHOrO Iapa Wid [IHHIPA
E = 0. Yro xe kacaerca dopmyinl (4.3), To ayia ciaydas 3apsiios,
PaCNOIoKeHHBIX Ha [TOBEPXHOCTH [IPOBOAHUKA, GOpMyJIa 978 3HAYH-
TeJbHO ynpomaercs. Tak Kak BHyTpu nposoaHuka E = 0, ro ona
OPUHHMAET BUJ,

E, = 470, (5.1)

rae E, — npoeKuus 3JIeKTPHYECKOI0 BEKTOpa B HENOCpeACTBEHHOM
OJM30CTH K NOBEPXHOCTH MPOBOJHHKA Ha HaNpaBjieHHe eneurHed
HOPMaJI¥ K €ro MOBEPXHOCTH.

Takum 06pazoM, B iydae WIEKTPOCTATUHECKOI'O paBHOBECHS
HOpMaJIbHASA CJaralomas HAOpa KeHHOCTH Mo BOIH3M [IPOBOIHH-
Ka, OTIPeNeseTCa MOAbKO NAOTMHOCTIBIO O 3aPAia Ha NPHIETAOEM
3MeMeHTe ero NOBEPXHOCTH M BOBCE He 3aBUCUT OT PACHpeesieHHs
3aps0B B APYIHX yIaCTKAX IM0JIs, 4 TAHMeHIHAIbHAH PaBHA HYJIO.

IIpuwmep. Onpedeaums noae mexcdy naocmunemy beckoHey-
uo2o naockozo xondencamopa. Ilone mexny niacruHaMu GeckoHed-
HOTO IIJIOCKOTO KOHJIEHCATOPa, N0 COO0paKeHuaM CUMMETPHH JOJIXK-
HO ObITh HANPaBJIEHO MePHEeHINKYIISIPHO K ero IIACTHHAM ¥ JOJIPKHO
OBITH OIMHAKOBBIM BO BCEX TOYKAX JI00OM MapaJjijieIbHON MM ILIOC-
KocTH. KaK H B paCCMOTPEHHOM ciIydae 1oia HecKoHedHOoH MIoCcKo-
CTH, U3 3TOro OOCTOSITENLCTRA CJIENIYEeT, 9TO IMOJIE MEeXJy IJiaCTH-
HaMHU KOHAEHCATOpA 00nopodwo, T. €. 4ro Bekrop E mocrosHeH mo
BeJIMUHHe M HAIIPABJIGHHIO BO BCeX TOYKaX 37oro nosst. CoraacHo
e ypasHenuto (5.1), uncnoroe 3Ha4eHye sekTopa E y nopepxHocTH
IJIACTHH PaBHO

E = 4r|o| (5.2)

(eBHAY TOTO, YTO E,, = £ FE). Crano 6sITh, Takoso 6yaeT 3uadenue F
H BO BCEM MPOCTPAHCTEE MEXIY TIACTHMHAMU.

OueruHO, 4TO B ypasHeHuY (5.2) 110 0 MOXKHO IOHEMATh ILIOT-
HOCTb TOBEPXHOCTHOT'O 3apsaja KaK MNOJIOXKHTEILHOH, TaK U OTPH-
OATEeNBHON MIaCTHH KOHZeHcaropa. Tak Kak, ¢ APYyrofl CTOPOHHI,
pekTop E mMMeeT B nNpocTpaHCTBE MEXIY INIACTHHAMH OIHO BIIOJHE
OIpe/ie/ieHHOe 3HAMEHHE, TO, CJIeJOBATENILHO, B CIIy4Yae 3JIeKTpOCTa-
THUYECKOr0O PABHOBECHS abCOMIOTHAS BEJIMYMHA IJIOTHOCTH 3apsaaa Ha,
06eHX TWIACTHHAX JOMXKHA OBITH OIUMHAKORBOIL.

Bce 3Tu pesynbraThl MOXKHO TaKXKe HEMOCPENCTBEHHO HOIYy4YHUTh
n3 ypasseHus (4.4). ITone E xongencaropa ectb paBHOAEHCTBYIO-
masd noneit E4 u Ep 1Byx 3apsizkeHHBIX 6eCKOHEYHBIX IIOCKOCTEH, a
HMEHHO 6HYMpPeHHUT noeeprHocmeti ILIaCTHH KoHAeHcaTopa A u B.
Crano 6uith, E = E4 + Ep, npudeMm E4 = 2r|os| u Ep = 27|op]|.
Kak apcrByer us puc. 7, BHyTPH KaxxI0#l U3 META/IMYECKHX ILTACTHH
BekTOpH E 4 1 E g HanpasileHb! IPOTHUBONOIOKHO, a MEXKJLY [LIACTH~

2 N. E. Tamm
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HAMH OfMHAKOBO. TaK KaK BHYTpPU IWIAacTHH E [NOMKHO PaBHATHCHA
Hymo (nposoguuk!), To Eq4 = Ep u, crajio 6ulth, 0p = —0a4 = 0.
IlosTOMY B NPOCTPAHCTBE MEXKJy NJIaCTHHA-
mMu B = 41r|0f, 49710 ¥ TPeBOBAIOCH JOKA3ATh.
TakoBo ke Oymer  moje MeXAY IUIa-
CTHHAMH TUIOCKOTO KOHIEHCATOPA KOHEUHHIT
E, E, E, Pa3Mepos, eclIy TONBKO PAaCCTOSHHE MEeXIy
<——| — |—| nuacTuHaMu GyAeT MaJO0 [0 CPABHEHHUID C UX
—— | — | =———| pasmepamu. Vckaxenuwe nojisi, HapylleHue
€ro OJHOPOIHOCTH CTAaHET 3aMeTHHIM JIHILb
y Kpaep KOHEeYHOrO KOHIEHCATopa, Ha pac-
CTOSIHUSIX OT KPaeB, CPABHHMBIX C PacCTOs-
HHEM MEXJy IJIACTHHAMHM.
B cnyuae KonzaeHcaropa KOHEUHBIX pas-
+ — | Mepos obuMi 3apAn KaXXAQH IJIACTHHA! KO-
HedeH u (CpeiHssi) IUIOTHOCTH €e IMOBEpX-
HOCTHOTO 3apsAa PaBHA

_ [+
Puc. 7 ‘7—§>

rge S — noBepXHOCTH IUTacTHHEL Takum ofpa3om, ypasHenue (5.2)
NPHHUMAET BH/L
dme
= —. 5.3
. (53)
3apgaua 4. [Tokazark, 470 B NOJOCTH UMIMHIPHYECKOTO KOH-
JieHcaropa (ABa KOAKCHAJBHBIX IMJIMHIPA) HANPSIXKEHHOCTH IOJS

onpezenserca gopmysioft (4.5):
E= 2y,
r2

TJie 3¢ — 3apsifi eMUHUIB] IJIMHBI BHYTPEHHEro UHJIHHIpPa, TIpHieM 3a-
PAJL eMMHUIBL JJIMHBL BHELIHErO [[HJIMHAPA PaBeH —ir.

3agaua 5. [Mokasars, YTO B MOJIOCTH TAPOBOTG KOHAEHCATOPA,
(nBe KoHieHTPHYECKHE cdephi) Mosie onpeesiercs dopmysioi (4.6):

[
E=xh
rie e —3aps)] BHyTpeHHell cdephl, IpuueM 3apsj BHemHel cdepbl
paBeH —e.

§ 6. Ncroxkn 3eKTPUYECKOro IoJis.
IToBepxHOCTHAs AUBEPreHUMNA

1. TToBepXHOCTHEI MHTErpaJI, BXoqAmuit B BeIpackeHue (3.6) ssek-
TPOCTATHYECKOH TeopeMsl I'aycca, MoxeT ObiTh npeobpa3oBaH C MO-
Mongpio obnieit TeopeMbl Faycca (17*) B maTErpas IO OrPaHHEHHOMY
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NOBEPXHOCTEIO S obbemy V:
S]SEndS=/divE-dV:47rZei. (6.1)
S Vv H

Oanako npeobpa3oBaHMUe 3TO BO3MOXKHO JIMHIL B TOM CIIy4ae, ec-
au divE uMeer onpenesieHHOE KOHEYHOE 3HAYEHHME BO BCEX TOYKAX
obbeMa V, 3aKJII0UEHHOrO BHYTPH MOBEPXHOCTH S, T. €. €CIN BEK-
top E KoHeveH U HelIpephIBeH B 3T0M oObeMe. B 9acTHOCTH, BHYTPH
NOBEPXHOCTH S He JOMXKHO OBITh HH TOYEYHBIX 33PSAI0B KOHEYHOMN
BEJIMYMHLI, HU IIOBEPXHOCTHBIX 3apsiIOB KOHEYHON MOBEPXHOCTHOMN
ILJIOTHOCTH, HO0 HANPAXKEHHOCTh MOJIS TOYevHOro 3apsjga npu R — 0
crpemurca K beckoHeuHocTH [ypaBaenue (2.1)] v, nomMumo Toro, Ha-
mpasienue pekropa E upu R = 0 crapoBuTCca HeONpeACIeHHLIM, HA
3apAKEHHBIX 2Ke HOBEPXHOCTSIX HAPYIIAeTCS HeMpPepLIBHOCTh BEKTO-
pa E: ero nopmasbHasi Claralomas UCIBITEIBAET CKadOK 470 [ypas-
uenue (4.3)].

BupodeM, NOHATHS TOYEHHOTO ¥ MOBEPXHOCTHOTO 3aPSI0B HMe-
10T JHMOIb BCIOMOTATEBHOE 3HAa4YeHWe M ObuIM BBEJESHB! HAMM JIMIIb
A1 yIoO6CTBa PACCMOTPEHUS NONd 3aPiJ0B Ha PACCTOAHUAX, ZOCTa-
TOYHO DOJBITHX MO CPABHEHHIO C pasMepaMu caMuX 3apdmor. M3y-
9gas XKe IMoJe BOJIM3M MJIH BHYTPH 3aPANOB, MbI HOJIXKHBI BePHYTHCH
K npejcrasiaenuio 06 o6beMHOM pacnpefeseHus 3apsion. IIpearmo-
JIOXKMM, HallpEMep, YTO 3apsiji e, PACCMATPUBABINUICA HAMM KaK TO-
YeuHbli, B JefCTBUTEJbHOCTH PABHOMEDPHO pachpelesied 0 06beMy
Mmiapa [POM3BOJILHO MAJIOr0, HO KOHEYHOIO pajuyca ¢. B sTom ciy-
Jae MoJie BHE U BHYTPH IIapa onpejessercs ypasHeHusiMu (4.7), us
KOHMX ABCTByeT, 4TO BeKTop E KOHeueH w HempepbiBeH BO BCEX TOU-
xax noyid |B wacrwocTH, npu R = a, T. . Ha NOBEPXHOCTH MAPOBOTO
3apana, obe ¢opmyis! (4.7) maoT qis F ogHO M TO XKe 3HavYeHHe
E, = E, =e/a?].

DroT pesyabTar UMeeT obiiee 3HaveHMe: BO BCEX (Iydaax 006s-
eMHOZO PACTPedencHUA 3apsafa ¢ KOHeYHOH IUIOTHOCTHIO JIEKTPH-
yecknit eéexmop E 6ctody xomeuen u Henpepuisen. JleHCTBUTENBHO,
B 9TOM JIydae M3 Ka)KJOH sexaleil BHYTPH 3apsaga Touku P, Kak
U3 1IeHTpa, MOXKHO Onucarb cdepy AOCTATOYHO MAJIOro, HO BCE XK€
KOHEYHOTG paauyca @ Tak, 4Tobbl cdepy 3Ty MOXKHO ObLIO CUMTATH
3aps2KeHHOH paBHOMepHO. Bo Bcex roukax cdepsl Ione 3apsanoB ca-
Moit chephl KOHEYHO H HENPEPHIBHO COIVIACHO ypaBHeHusM (4.7); mo-
Jie e 3apsiIoB, HAXOISANIUXCH BHE Chephl, KOHEYHO W HEIPEPHIBHO
HOTOMY, 9TO 9TH 3apsIbl HAXOAATCA HAa KOHEYHOM PACCTOSHUM OT
BHyTpeHHHX ToueK Cdepbl. Crano OHITH, M pe3yIbTHPYIOIIEE MNOJIe
BCeX 3apAI0B KOHEYHO U HefpephIBHO.

2. Mrak, B cinyvae o0beMHOTO paclpefeNieHus 3apsa/ioB, PaCcIoio-
JKEHHBIX BHYTPH TOBEPXHOCTH S, npecbpa3oBanie NOBEPXHOCTHOI'O
unrerpana B o6beMHbIil B ypaBHeHun (6.1) Bcerna jgomycrumo. Ha-
MOMHHM, 970 B 06IEeM CJIyyae HEPaBHOMEPHOIO pachpejeseHns 3a-

2%
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pAnoB 063emholi NAOMHOCTBIO 3APSAAa B JAHHOH TOUYKe HA3LIBAESTCS
npenes OTHOWIeHUd 3apana Ae, HaXOAAUIEIOCsH B OKPYKAOUIEM 3TY
TouKy obbeme AV k 3Tomy obbemy [cp. ypasuenue (4.1)]:

. Ae de
= lim — = — 6.2
p AV =0 AV dav’ (6.2)
rae G6YKBOM p, Kak # BCIOAY B JajbHeliieM, ob6o3HaveHa 06beMHas
mioTHOCTH 3apana. Cramo O6uiTh, 3apsan de snemenTa ob6beMa dV pa-
BeH

de = pdV, (6.3)
a o0mu# 3apsay, HAXOAAMHUACS B KOHeYHOM o0neme V, paseH

Ze = / pdV,
14 Vv
BHocs 310 BhIpaxkenue B (6.1), momyunm

/ dvE-dV = / AmpdV. (6.4)

PaBeHCTBO 9THX MHTErpPasioB JOIKHO HMETh MeCTO BHE 3aBHCHMOCTH
ot BeIGOpa 06s1aCTH UHTErPUPOBAHUA V| 9TO BO3MOXKHO JIMIIB B TOM
cIydae, eClau MX NOABIHTErPAbHbIE BHIPAXKEHUs PaBHbLI APYT APYTY
B Kaxxgo#l To4ke npocrpaHcTia. Crano 6wITh,

divE = 4np, (6.5)
WM, B JIEKAPTOBON CHCTEME KOOPJAMHAT:
OE. , OE, , OE.
27228 4 TR — Ao, .
o + oy + o wP (6.6)

ro gudpepernuaibEOe ypapHeHHe ABASETCS OZHUM M3 OCHOB-
HBIX yPaBHEHHMIt KaK 3JIeKTPOCTATHKH, TaK B BoobIIe BCeil S/IeKTpoau-
naMuk#. QOHO NO3BONIET ONMpPENeJHTh TUBEPTEHIHIO JIeKTPHIECKOTO
BEKTOpa B KaXKJI0H TOYKE HONd M0 00'beMHOl TUIOTHOCTH 3apana 6

moti oice TOUKe 1) | eHe 3a6ucuUMOCIU OT PacTIPEIeeHNs 3apA 0B B
HUHBIX ydacTKax mons. O6paTHo, 4TOOH! OINpedeiuTh MJIOTHOCTE 3a-
pAfa B JAHHON TOUKe MM0Jisd, JOCTATOYHO 3HATH 3HAYEHHE JUBEpTeH-
uuu E B 9T0MH TOUKe IOJIS.

ITo aHaJIOTUH € THAPOAMHAMMKON Te TOUKH MOJist IPOU3BOILHOTO
BEKTOpA @, B KOTOphIX diva # 0, IpUHATO HA3BIBATH UCTNOKAMU DTO-
ro nojist; sesimunHa div a HasBIBaeTCd cuaoll, WK 06UAbHOCTIDIO, HC-
TOKOB Nojis (CM. mpusioxenue. BekropHerit anamus, § 4). Honbsysacs
3T0 TePMHHOIOTHEN, MOXKHO CKa3aTh, UTO UCTNOKY 3ACKMPULECKOR0
NoAA HAXOOATCS B T€X U TOJBKO TeX TOYKaX NOJisl, B KOTOPHIX HaXo-
OATCA 2ALKMPUNECKUE 30PAJHL, TPUYEM CHJIA, WIN OOMIBHOCTE, 9THX
HCTOKOB (B Ciiyuae o6beMHOTO pacnpeelieHus 3aps/ioB) pasHa 47p.

1) To ecTs, B CYmMHOCTH, 0 BEJHYHHE 3aPANA, HAXONAUIErOCH B GECKOHETHO
MaJsioM ofbeme, OKpyIKaiomeM 3Ty To4uky [cM. ypasuenne (6.2)).
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3. Xord, ¢ TOYKH IPEHUS H3JIAraeMoil HaMM MaKpPOCKOMUYECKO
TEOPHH, BCE 3apsAbl CyTh HEIIPEPHIBHO pacnpefesieHHble 0ObeMHble
3apsbl, 0JHAKO B Tex CIy4YasiX, KOTa TOJIIIHHA 3aHHMAEMOr0 3aps-
JIOM CJIOSL MaJIa TI0 CPABHEHWIO € TOCTYITHEIMU U3MEPEHHIO PACCTOTHUS-
MH, YAOOHO COXPAaHUTH HPEJCTABIEHUE O MOBEPXHOCTHHIX 3apsjax.
B mepryro ouepesps 970 OTHOCHTCH K IMOBEPXHOCTHBIM 3apsjaM MPo-
BOOHUKOB. Tak Kak Ipu NPOXOXKASHUH Yepes 3apsi?KeHHEIE TIOBEPXHO-
cri Bektop E mMeHsieTcs ckadkoM [ypasHenue (4.3)], To moepxHOCTH
3TH HOCAT HA3BaHUE Nogeprrocmett pa3pbiéa 3eKTPHYECKOTO BEKTO-
pa. OueruaHO, 4TO Ha OBEPXHOCTHAX pa3pbiBa AHddepeHIHATBHOE
ypaBHeHue (6.5) HempuMeHUMO (YTO SBCTBYeT TaKXKe H3 OrOBOPOK,
CHENIAHHBEIX B HadaJje 970ro maparpada) u JOIXKHO ObITh 3aMeHeHO
ypaBHerueM (4.3):

FEy, — By, = 47wo.

9710 ypaBHEeHUEe HA3HIBACTCH NOZPAHUMHBIM YCAOBUEM IS BEK-
topa E u sieisiercd, B CymHOCTH, He 4eM WHBIM, KaK IIpeIesbHOl
dbopmoii ypastenuns (6.5) mia 3apsagoB, PacnoNoKeHHbIX OeCKOHed-
HO TOHKUM CJIOEM.

Tak Kak HaM B JajbHefIeM HEOAHOKPATHO [IPUAETCS BCTPEe4aTh-
sl ¢ nogoBHOro pojia COOTHOMIEHHSEMH, Mbl IOKAaXKeM 37eCh CIeAyo-
1uyo oburyo reopemy. IIyers HEKOTOPHIH BEKTOD a 6¢10dy Henpephl-
BeH M KOHeYeH U 6C100Y YAOBJIETBODPSieT YPaBHEHHUIO

diva = 47p, (A)

rge p-—BCIOAY KOHe4Hasd MJIOTHOCTH HEKOTOPOrO «3apsdina» e [Ha-
[IpuMep, 3JeKTPUYECKOro, onpenesseMas ypasBHEHHeM THMA (6.2)).
PaccMoTpuM HEKOTOPBHIN 3apsKeHHBIN CJION KOHEYHOM TONIMHHED dl,
BHYTPH KOTOPOTO & IO YCJIOBHIO OCTAeTCs HeNpepHIBHBIM (pHC. 8).
Ecnu, ocrapnsigs Hem3MeHHBIM 3a-
P4 CJ10d, YMEHbIIATh €ro TOJIHU-
Hy dl 1o Hyas, TO HEIPEPHIBHOCTh
BEKTOpDa & HAPYIIHTCA M ypaBHe-
Hue (A) B Ipezesie MpHMET Ha 3a-
Ps2KeHHOH nogeprrocmu BUL

aon, — a1p, = 470, (B)

Ie 0 — [OBEPXHOCTHAS IUIOTHOCTHL 3apdja, ONpeleliseMasl ypaBHe-
HueM tuna (4.1), a a1p ¥ ag, — 3HaAYEHHS HOPMAJBHBIX CJIATAIOINMX
BEKTOpa & [0 Pa3IMYHbIM CTOPOHAM 3aPAXKEHHOH [MOBEPXHOCTH.

Yr06Bl 10KA3aTh CIPABEIMBOCTL STOIO YTBEPXKIEHUS, PACCMO-
TPUM UMIMHOPHYECKHHA YYaCTOK 3apPAKEHHOrO CJIOS C OCHOBaHHeM
dS’'. Tlomuoxas (A) Ha dV u unTerpupys no obbeMy sTOro y4acrka,
noJiyduM Ha ocHoBaHHM (6.3) u reopemnr Taycca (17*):

/diva-dV - 9§ands =47r/pdV = 4 de,
\4 S 1 %4
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rie de — obmuit 3apA] BHIIENEHHOTO YYACTKA, & S — OrpaHH4YHuBAIO-
asA ero NOBEpXHOCTh. IIOBTOpSA PacCyXKJeHMs, IpUBEUIME HAC B
§ 4 k dopmyie (4.2), ybenumes, 9T0

9§an dS = (agn — a1,) dS' + N’ = 4 de,

roe N’ — noTok BekTOpa & Yepes GOKOBYIO HOBEPXHOCTh PacCMATPH-
BaeMoro ydacrka ciod. Ilpu mepexone x mpeneny dl — 0 Bejnuuuna
N' obpamaerca B Hy/ib, TaK 4TO, Pa3feJiUB 3T0 ypaBHeHue Ha d.S',
TIOTY 9HM

de
ag, — A1, = 47rI97 = 470,

T. e. ypaBHetue (B), 4T0 ¥ TpeboBaIOCH JOKA3ATH.

Hrak, ypasHenue (B) npeacrasisier coboit npenensuyo dopmy
ypaBHeHus (A). Beuay 9Toro cKa4ok HOPMaJbHOM cirararomeit npo-
M3BOJIBHOTO BEKTOPA A Ha IIOBEPXHOCTH Pa3pbiBa YaCTO HA3bIBAIOT
noseprHocmmot dueepzenyteti 3TOro BeKTopa. B oTinuMe oT 06sem-
Hotl dugepzenyuu, onpeaensemoit ypapuenuem (18%):

. . ndS
diva = lim iﬁ——,
AV—0 AV

TMOBEPXHOCTHAS AHBepreHnus obo3Havaercd yepes Divc 3araoas-
Hoii (amne crpounoit) Gyxse D1):

A2n — Q1p = Diva. (67)

Cranio 6bITE, JOKa3aHHYH) HAMH TEOPEMY MOXKHO CHMBOIHMYECKH 3a-
nUCaTh CieAyomuM obpasom:

diva = 47p — Diva = 47o. (6.8)

HakoHer, ToNb3yAaCch YIOMSHYTO BHIIIE TEPMHUHOJIOTHE, MOXKHO
Ha3BaTh MOBEPXHOCTH Pa3pPhIBa HOPMAJILHON Ciaramomeil BekTopa a
NOBEPTHOCMIHBIMY UCTNOKAMU ITOTO BEKTODA.

4. Ypaprenus (6.5) u (4.3) BunosHe qOCTATOYHBI 1)1 PEIICHUA TaK
Ha3bIBaeMoOH «0OPATHON» 33a4M JIEKTPOCTATHKH: AAHO IOJIe 37eK-
Tpudeckoro Bektopa E, onpenenurt pacnopeneneHue (0GbeMHBIX U
[IOBEPXHOCTHHIX ) 3apsAaoB. B dacTtHOCTH, pacnosiokeHue MOBePXHOCT-
HBIX 33PSAJIOB ONIPENieIeTCs PACIIONIOKEeHHEM [TOBEPXHOCTENR pasphiBa
BekTopa E. OaHako mis peleHust «npsMoit» 3a1a4d JaHO pacipee-
JIEHWE 33PSAI0B, OJIF ONpeAeIeHus JIEKTPUIECKOro MOJIs 9THX yPaB-
HeHuil HeJoCTAaTO4HO, HbO ¢ noMombIo 0dHo20 muddepeHIAILHOTO
ypaBHenus (6.5) Hemb3s onpemenuTh mpu craraoummx Ei, By, E,
BekTopa E. Il peinenud «npaMoity 330341 NIEKTPOCTATHKH HE0O-

1) 3amerum, uro 3Hauenne Diva He 3ABHCHT OT BHIGOPA HANDABJIEHHH HOPMa-~
JI N K [IOBEPXHOCTH pa3psiBa (CM. mpuMed. Ha c. 28).
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XOJHMMO BOCIOJIB30BATHCS TAKXKe U HEKOTOPBIMH HHBIMH CBOMCTBAMH
JIEKTPOCTATHYECKOT'O MOJIA, K PACCMOTPEHUIO KOTOPBLIX MBI TeNEPh
u neperjeM.

§ 7. Pabora snekTpuyecKnx cuJl.
HesaBucumocTts ee oT pOpMBI MY TH.
HenpepnIBHOCTH TAHTEHIUAJIBHBIX Cjaraminux sexropa E

1. Pabora, copepmaeMas CujiaM¥ 9JieKTPHYECKOTO TOJis NPH IIe-
peMemeHnH 3apaa € Ha OTpe3oK ds, paBHa

eE cos (E, ds) ds = eE ds.

B wacrHocTu, pabora A npu nepeMenieHuH ds edunuuHoz0 NoAO-
HCUTREADHOZ0 3aPANa PaBHA

A =Eds. (7.1)

Hakowner, pa6ora, copepiaeMas IpH NepeMellleHHH e JHHIYHOr0
IIOJTOKHUTENBHOTO 33apAfa M0 KOHEYHOMY nyTH L, paBHa

A= | Eds, (7.2)
/

roe 3HaK L y uarerpajia 03Ha4aeT, Y10 HeobXO0IuMO BHIYHCINTE CYM-
My 3Ha4eHHH NOABIHTEIDAJLHOTO BHIPAXKeHHs JJIsT BCEX JIEMEHTOB
JuHME L. D73 onepanysa Ha3pIBaeTCs URmMezpuposaruem no auruy L.

2. Pabora smeKTpudeckux cuI Ha JaHHOM nyTH L, BoobOme roso-
psI, MOXKET 3aBHCETb KaK OT IOJIOXKEHUST HaYajIbHON M KOHEUHOH TO-
YeK NyTH, TaK ¥ oT (popmer myTu. OgHAKO, KaK MBI ceff4ac MoKaxeM,
JIEKTPHYECKOE TNOAE HENOJBUNCHBIT 3apAadoe obiajgaer 1ol ypes-
BHIYallHO BayKHON OCOBEHHOCTHIO, UTO paboma CuA DTOTO MONH HG
nYmu  MmexHcoy O8YMA NPOUIBOALHBIMU N
MONKAMU 3G6UCUMN MOABKD 0T NOAONCE- P
HUA IMUT MOYEX U B06CE HE 3ABUCUM OM
gopmut nymu. Cunosele nmosis, obnagaro-
e 3To# 0COGEHHOCTHIO 1), Ha3BIBAKOTCH
IOISIMH KOHCEPBATUBHBIMY WJIH NOMEHUU-
AADHBIMY.

3aMeTHM, 4TO B NMOTEHUMAIBLHOM MOJie 0
paboma CHJ IIOJis HA BCAKOM 3GMKHYMOM
nymu JOJKHA pasHaAMbCA nwymo. Heii- Pnc. 9
CTBUTENBbHO, BCAKUM 3aMKHyTHIE nyTs MNPQM MOXHO IpoH3-
BOJIbHEIM 0Opasom pas3burk Ha ase dacth MNP u PQM (puc. 9).

1) TIpn ToM BREIIONHAIOmMEMCH IUIS 3MCKTPOCTATHYECKOrO IO/ YCJAOBHH, 4TO
IioJie CTAIlHOHAPHO (HOCTOSHHO BO BPEMEHH) M YTO CHJbI, JeACTByIOUHe Ha To-
MeIlleHHOE B II0JIe TeJIO, 3aBHCAT JIHIb OT IIOJIOKEHHS, HO HE 0T CKOPOCTH 3TOr0
Tejaa.
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Pabora uHa nyra PQM paBHa, CUeBHIHO, B3ATON ¢ 0O6paTHHIM 3HA-
KoM pabore HA TOM XKe NMyTH HPH MPOXCXKIEHWH ero B 0OpaTHOM
HanpasieHun or M k P, KoTopasl B CBOIO OYepenb B NOTEHITHAIb-
HOM TIONIe TI0 YCAOBHIO paBHa paborte Ha nytu M NP. Crano 6viTh,
obmas pabora Ha BCeM 3aMKHyYTOM TmyTH MNPQM pagna uysmo,
4710 U TpeboBaIOCh JOKA3aTh.

ObparHo, ecaut pabora CHJI MOJis HA BCAKOM 3aMKHYTOM IIYTH
paBHa HYJI0, TO paboTa 3THX CHJI Ha OYTH MEXIY ABYMsS MPOH3-
BOIbBBIMU ToukaMy M u P or ¢hopMEI 3TOr0 IIyTH He 3aBHCHUT, T. €.
IoJie 370 NMOTeHIHANbHOE. JleHCTEUTENLHO, PACCMOTPUM [iBa, IPOH3-
posibHBIX Oyt MNP u MQP, seaymux uz M 8 P (cm. puc. 9).
CocraBuM u3 HHUX 3aMKHyThI nyTe MNPQM. PaGora Ha sTOM
3aMKHYTOM NYTH HO YCIOBHIO paBHa Hymo. Crano 6vith, pabora Ha
ydacTke nyTu M N P papHa B3saT0# ¢ 06paTHEIM 3HAKOM pabore Ha
oyt PQM, unu, uapiMe ciopaM¥, paBHa pabore Ha mytu MQP,
4TO H TPeOOBANOCH JOKARATh.

Wrak, paBeHCTBO Hyii0 paboThl HA MPOU3BOJILHOM 33MKHYTOM
MyTH €CTh HeoDXOonuMoe M JOCTATOYHOE YCJIOBHE HE3aBHCHMOCTH Pa-
OOTHI OT (POPMBI IYTH K MOXKET CHHTATHLCH OTIHIUTENBHBEIM IPH3Ha-
KOM IOT€HIHaJILHOTO Nosist. Boobie nose npouasoavhozo sexropa E,
BHe 3aBHCHMOCTH OT ero (pU3H4ecKoro cMbicia (Cina, CKOPOCTb M
T. J1.), ABJAETC MOJIEM [OTEHIHATILHLIM B TOM U TOJLKO B TOM CJIY-
4ae, ec/id mpH JI00M BHIOOpE 3aMKHYMO20 [IyTH HHTErpUpOoBaHua L

515 E,ds =0. (7.3)
L

JlunefiHpI#l MHTErpaJ NpPOHU3BONIBHOTO BeKTopa E Bionb Kakoro-
nu60 OPOU3BONABHOIO 3aMKHYTOro nyTH L Ha3bIBaeTCHA yupkysayued

3TOTO BEKTOpPa BAOJNE IIYTH L1). Ta-
KuM obOpasom, ycioBue (7.3) cBogurca
K TPeDOBaHUIO, YTOOBI UHUPKYIAUHS BEK-
Topa E mo mo00My 3aMKHYTOMY [TYTH
PaBHSLIACh HYJIO.

3. Ilepexons x AOKa3aTeNLCTBY MO-
TEHUATHHOTO XapaKTepa 3JIeKTPOCTa-
TUYECKOTO MOJNsA, PACCMOTPUM CHa4a-
na paBoTy 3MeKTPHYECKHMX CHI B MOJe
JIEMEHTAPHOTO (TOYEYHOTO) 3apamad e.
Pabora s1ux cun npu GeCKOHEYHO Ma-
JIOM TlepeMenieHun ds «npobHOro» enu-
HHYHOrO [OJIOKHUTENBHOrO 3apsaaa pas-
Puc. 10 Ha (puc. 10):

A=Eds = %Rds: Ef;dscos(R, ds) = i%dR’

1) Cm. npusoxenne, § 5.
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rae dR ecTh mpoekUns HepeMeleHus NpobHOro 3apaAna ds Ha pa-
auyc-BekTop R, nmpoBeeHHBIH H3 BO30YXKIAIONIEro HoJe 3apajia e.
Kak aBcTByeT M3 uepTexa, dR ecTb BMeCTe C TeM NPHUPALIEHNe %U-
€.106020 3HAMEHHA paJuyca-BekTopa R, T. e. yBesinueHne pacCTOAHNUS
npobroro 3apsana or 3apsaja e. [losromy pabora A Moxer ObITH Ipe-
craByieHa B popme rosiHOro muddeperiana cxaaiprot GbyHKIMK
rouku —e/R:

A::—l-;—zdR=d(—%) =—d(%), (7.4)

rie R ecTb wucnosoe 3Hadenne paguyca-sekropa R. CiexoBarensHo,
pafoTa, coBepluiaemas IpU MEPEMEIIEHRH eJHHUYHOrO MOJIOXKUTE b
HOro 3apaja u3 Touku P) B Touky P, no xoHeuHoMy nyTu L, paBHa

(puc. 11):
A:!E@:—!d(%):-(é—é), (7.5)

roe R} u Ry — paccToAHHsA Ha4dalbHOM M KOHEUHOH TOYeK HyTH OT
3apaxa e. Takum o0pa3oM, paboTa NIEKTPHYECKHX CHJI Ha MPOM3-
BOJILHOM IYyTH B IOJie HeIOJABUXHOIO 3JEeMEHTapHOro (TOYedHOro)
3apafa JeWCTBUTEIbHO 33aBUCHT TOJBKO
OT TIOJIOKEHUI HAYAJIBHOM M KOHEUYHOM
TOYeK 3TOr0 MyTH H, CTAJIO OBITH, BOBCE
He 3aBHcuT OT opmbl myTu. Tak, Ha-
npumep, aboTa MEKTPUYECKHX CHJI Ha
nyta L' (puc. 11) paBra pabore Ha my-
i L: uzbbiTounas pabora, coBepraemas
Ha mytu L' mpu nepemeiennu mnpoGHO-
ro 3apsana 3a npeaensl cdepsl paauyca
R,, KOMIeHCHpYeTCA OTPHIATeNbHOMN pa-
00TOoM, CoBeplIaeMOll IPH NOCIETYOIEM
npubnuxenny npoGHOroO 3apAjga K 3apsd-
Jly e Ha TIocyiegHeM ydacTke myTu L.
Wrak, mone HeHNOABHXKHOIO 3JIEMEH-
TApHOrO (TOYEYHOro) 3apsajga eCTb IoJe
porennuaibHoe. QUEBHAHO, YTO CyMMa

MOTEeHIMAJILHBIX [10JIeH 1) ectb Toxe moste
HOTEHIIMaIbHOe, 160 ecnu paboTa crarae-
MBIX CHJI He 3aBHCHT OT (DOPMBI Iy TH, TO Puc. 11

u pabora paBHOmeHCTByIOLIEH OT Hee TOXe He 3aBUCHT. TaK Kak noJie
IPOU3BOJILHOM CHCTeMBI 3apAJ0B MOXKHO PACCMATPUBATL KAaK CyMMY
Ho/eil KayXa0r0 U3 IEMEHTOB 3THX 3apAJ0B, TO, CTAJIO ObITh, BCAKOE
AEXMPOCMAMUNECKOE NOAE ECTMD NOAE NOMEHYUGALHOE W YIOBJIET-
BOpsAeT ycioBumo (7.3).

1 .
) CyMMOI0 BEeKTOPHBIX TOJIEH MBI GyIeM Ha3bIBATH TaKoe I0JIE, B KAaXKI0H TOY-
Ke KOTOPOro BEKTOD IIOJIA PABEH CYMMeE BEKTOPOB CJIATAEMBIX IIOJIe.
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4. Nuterpanbuoe yciosne (7.3) moxker ObiTh mpeobpa3oBaHo B
muddepennnansuoe. CoryiacHO H3BECTHOH TeOpeMe BEKTOPDHOIO aHa-
ma3a (29%), crararomasa poropa BekTopa E 10 mNpoN3BOJBHOMY Ha-
IPaBJEHHIO N B NPON3BONIbHON TOYKe nosis P paBHa

rota B = lim S50
dS—0 dS
rie dS o3HavaeT GeCKOHEYHO MAJIYIO IIOMIAAKY, IPOXOAAILYI0 Yepes
Touky P u nepneHnuKy/IspHyr BeKTOpy n. B duciuTesne crpaBa
CTOMT IMUPKyJaAnus BeKTopa E 110 KOHTYpy 3Tol mwiomanku dS, Ko-
Topas coracHo (7.3) obpamaercst B Hy1b. Crano 6uiTh, rot, E = 0.
Beugy npousBOJIbHOCTM HANpaBjeHHs N 3TO 03HAYAET, YTO POTOP
BeKTopa E Bo BCex TOYKAX 3JIEKTPOCTATHYECKOrO OJIsS PaBeH HyJIIO:

rot E = 0. (7.6)

ObpatHo, u3 (7.6) Ha OCHOBaHMN U3BECTHOM M3 BEKTOPHOIO aHA-
nu3a reopembl Crokca (27*) cneayer (7.3), Tak YTO MHTErpajibHOE
u puddepennuansHoe yatosus (7.3) u (7.6) BnoiHe SKBUBAIEHTHBI
APYT ADYyTY.

5. VI3 yenoeus (7.3) cneayer, B YACTHOCTH, HENDEPHEHOCTLD TAH-
2EHUUGADHBT CAQ2QIOUUT HONPAACEHHOCMU NOAA |B OTIHYHE OT
CIAralolMX HOPMAJILHBIX; cM. ypaBHenue (4.3)], T. e. cienyer, 4To
CJIAraroImye HAPAXKeHHOCTH, KacaTeIbHble K IPOU3BOJILHON HOBEpX-
HOCTH B JII060M €e Touke, MMEIOT 10 06€ CTOPOHBI IIOBEPXHOCTH OJIH-
HAKOBbIE 3HAYCHHS.

HeficTBUTE/IbHO, AOMYCTHM MPOTHBHOE, W NyCTh BAOIbL MOBEPX-
sHoctu S) (puc. 12) Hapymaercd HeNpepBIBHOCTh TAHIEHIMATBHBIX

5, cnmararomux Bekropa B. Jrto 3HauuT, 1TO ecin
Py, P, u P, P} cytb nBe mapni pa3jeneH-
HBIX TIOBEPXHOCTBIO S1, HO GeckoHeuHo Oiuz-
KHUX JIPyT K APYr'y TO4YeK, TO paboTa JIeKTpH-
YECKUX CHJI f E; ds #a nytu P, P| otnuvaercs
Ha KOHEUHYIO BEeJUYHHY OT PaboThI ITHX CHJI
ua Geckoreuno 6ymskom nytu P Py. C npyroit
CTOPOHBI, BBH/Iy KOHEYHOCTH CHJI mosis pabo-
Ta uX Ha OeCKOHeYHO Majbix orpe3kax PP
u P| P} 6eckoneuro mamna. Crano 6b1Th, pabo-
Ta CWJI 110715 Ha 3aMKHyTOM nytu Py P{ PP, P;
JOJIXKHa OTJIWYaThcAd OT Hynd. Jlpyrumu
C/IOBaMH, U3 CAEJAHHONO HaMM JAOMyIIeHUs
cllelyeT, 4TO paboTa IO NPH [epeHeCeHuU
NPOOHOro 3apAAa N0 3aMKHYTOMY IIyTH OTJINYHA OT HYJIs, YTO B 3JIEK-
TPOCTATUYECKOM I10JIeé HEBO3MOMKHO.

Wrak, npu yio6oM BrIGope nosepxHOCcTH S TaHreHIaIbHbIE K HEl
cJlaralolye NeKTPUYECKOro BeKTopa E 0CTaoTcs HenpepbiBHLIMH.

Puc. 12
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Wupivu ciioBaMy, ecnu t — eJUHUYHBIN BEKTOD, JieXXallluld B Kaca-
TeJIbHOH IJIOCKOCTH K MPOU3BOJILHOM NMOBEPXHOCTH S, TO

Eoy = Eyy, (7.7)

rie FEo; u By — 3Hauenus ciaraourux sektopa E no Hanpasienuio t
[0 06€ CTOPOHBI ITOBEPXHOCTH S.

B 4yacTHOCTH, TaK KaK HAIPAXKEHHOCTH IO/ BHYTPH IPOBOAHU-
KOB paBHa HYJIO, TO TaHreHNuajbHasA ciarawouiad E y ux sHemHeH
NIOBEPXHOCTH TOXKe NOJKHA PaBHATHCA Hy0. CTaJnio GHITh, Y noeeps-
HOCTU NPOBOOHUKOE IAEKMPUNECKUL 8EXMODP HANPABAEH HOPMAADHO
K ux nosepxuocts (E = *+E,), u ypasueune (5.1) moxer ObITh Ha-
IIUCAHO TAK:

E = 47non. (7.8)

§ 8. IIoTeHIuag NEKTPOCTATHYIECKOT0 MOJIS

1. To obcToATENBCTBO, YTO PABOTA CUIT WIEKTPOCTATHYECKOTO I10-
Jd Ha JaHHOM NOyTH 3aBHCHT JIMINb OT MOJIOXKEHHA HAJYAJIbHON H
KOHE4YHOM TOdUeK IyTH, JaeT BO3MOXKHOCTb BBECTH B PACCMOTpEHHe
Ype3BbIYaHO BaXKHOe MOHATHE HOTEHI[HAJA JIEKTPOCTATHYECKOIO
nosnsg. OupeeseHre: pagHocmd NOMEHYUAAOE8 MENHCIY O8YMA MOYKA-
MU IALKMPOCTNAMUNECKO20 NOAR PABHA 83AMOTL C 06PAMHIM 3HAKOM
pabome, Co8epUaeMOl CUAAMU NOASR NPU TLEPEMEUEHUU EOUNUNNO20
NLOAOHCUMEADHO20 30PA0E W3 IEPBOU TOYKH BO BTOpY. Ilpu arom
IpeJIIIOIAraeTcsl, YTO IpH NepeMeLeHNN MPOOHOro efMHUIHOrO 3aps-
13 BCE 3apsifpl, BO3GYKIAIOMIHE [TOMIe, OCTAIOTCH HemOABIKHEIMME 1) .

Crajo 66T, pa3HOCTb HOTEHIHUAIOB dp MEXIY ABYMs beckoHed-
HO G/IM3KMMM TOYKAMHM, Pa3jie/IeHHbBIMU PacCTOsAHueM dS, PaBHA

dp = —A = —-Eds; (8.1)
Pa3HOCTD 2Ke TIOTEHITHAJIOB ¢ — (pp MeXay AByMd Toukamu P u Py,

HAXONANIMMECH Ha KOHEYHOM PaCcCTOSHUU JDPYT OT ApyTra, ONpPenesi-
eTcs HHTErpajioM

P
@~ = —/Eds, (8.2)
Py

pudYeM ITOT MHTerpaj MOxeT ObITh B3AT 10 a1060MmYy nymu, coe-
puHsomeMy touku Py u P. O4eBuHO, YTO NMOHATHE Pa3HOCTH IIO-
TEHI[AJIOB HMEET ONpeeICHHBIM OJHO3HAMHBIN CMBIC JIMIOb B CHITY

!) Ecin nepememenue eduntvhozo mpoGHOTO 3apsaa MOKeT BEIBIBATD CMEIe-
HHe 3apA/0B, B030yX1a0mux mose (HAIpUMeD IMyTeM VIEKTPOCTATHYECKOH HH-
JYKOUA Ha IPOBOJHMKAX), TO HAJIEIKHT H3MEPATH HENOCPEACTBEHHO JHIIB TY
pabory, KOTOpas COBEPIIAETCS [IPH NepeMerneHnH 6eCKOHedHO (T. €. JOCTATOYHO)

MaJjioro mpobHoro 3apsga. PaboTa e IpH HepeMEIEHHM eIUHMYHOIO 3apsiaa
BHYNIACTCH U3 PE3YJ/IBTATOB ITUX M3MEPEHMIA.



44 QNEKTPUYECKOE MOJIE HENOJABUXKHHEX 3APSI0B LI 1

JIOKA3aHHON HAMU HE3aBUCHMOCTH PAbOTHl EKTPUYECKHX CHII OT

bopMBI Iy TH, MK, YTO CBOAUTCA K TOMY e, BBHJLY TOT0, YTO HAIps-

ZI’(ZBH)HOCTI) E saexmpocmamuyecxozo NoNs yIOBJIETBOPSAET YCIOBHIO
3).

Onpejesienne MOHATHA MOTEHIHAJA MOA BekTopa B, conepxa-
meecs B ypapHenuax (8.1) u (8.2), npumennMo, oueBuIHO, K NOJIO
NPOU3BOIBHOTO BEKTOPA, YI0BJIETBOPSAIONMEro yciosuo (7.3), BHe 3a-
BHCHMOCTH OT (DH3HYECKOI0 CMBICIIA STOr0 BEKTOPa (CHia, CKOPOCTh
U T. 1.) ¥ OT (pU3KHYECKOTO CMBICJA COOTBETCTBYIOIIErO NOTEHIHAA,
(TOTeHnMaI CUJI, TOTEHI[HAT CKOPOCTel B T. J1.).

2. O4eBRJHO, UTO MOTEHIHUALY (g HPOM3BONBHON TOUKH noNa Py
BCEryia MOXKHO IPHIKMCATE Jiio6oe Hamepe 1 BLIOpanHoe 3HaYeHHe. JTO
COOTBETCTBYET TOMY OOCTOSITEIBCTBY, YTO IIyTEM H3MepeHus paboThl
MOXeT ObITh OIpelie/ieHa, JIHIIb PA3HOCMb NOTEHIMANOB IByX TO4YEK
noJsis, Ho He abconoTHasA Beauuynza noreHnuana. OaQHaKO, KaK TOJb-
KO (PHKCHPOBAHO 3HaueHNe NMOTEHIHANa B Kakoi-1ubo odwoti Touke
107, 3HAUEHNE €r0 60 6CET OCTAJbHBIX TOYKAX HOJf OAHO3HAYHO
onpepnesnserca ypasHesuem (8.2).

OOBIYHO AIUTHBHYIO MOCTOSHHYIO B BBLIPAXKEHHM HOTEHITHaJIa
BBIOUPAIOT TAK, YTOOBI HOTEHITHAI (P HECKOHEUHO YIaICHHBIX TOYEK

paBrsuica Hymo 1) . TIpu 5ToM yCIOBHK MOTEHIHAT (p IPOM3BONBHOM
TOUYKH oy P onpegenurcsa cieayiouiM BEIPaKeHHeM:

P o0
<p=<poo—/Eds= fEds (Yoo = 0). (8.3)
0o P

TakwmM 06pa3om, norennuan Touku P Oyzer paBeH pabore, cosep-
IAEMOH CHJIAMU TIOJIA NPU YAAJICHHH eJAHWYHOTO HOJIOXKUTETBLHOrO
3apsa u3 To4KH P B 6eCKOHEYHOCTD.

B nose anemenTapHoro (To4e4HOro) 3apsja € Pa3HOCThL IOTEH-
muanoB Mexay toukamu P u Py, cornacuo (7.5) u (8.2), pasHa

€

@ — o = —. 8.4
- (8.4)
B srom ciyuae, 11s Toro 4Tobsl YI0BIETBOPHTD YCIOBHIO (0o = 0,
JOCTATOYHO, OYEBUIHO, NONOXKHUTE o = €/ Ry; Torga moTeHIjuas mo-
JIsi TOYeHHOro 3apsA/ia e Ha paccTosuuu R oT Hero oKaxxercss paBHBIM

(o = 0)

oo

e

= -, (8.5)

R
3. IToTeHnMan nosis MPOK3BOJBLHON CHCTEMBI TOYEYHBIX 33aPAN0B
ei, €2, ..., €, PABEH, OUEBHIHO, CYMME ITOTEHIHAJIOB ITONEH KaxX J0ro

) BrpoueM, npakTHyecku NpH IEKTPUISCKAX M3MEPEHHAX YACTO NOJIATAIOT
PAaBHBIM HYJIIO HOTEHIHAJ 3eMJIM.
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U3 3THX 3apAI0B B OTAEJILHOCTH:

n

@ = (8.6)

e,
=1 R’
rae R, — paccrosiHHe TOUYKM 110JisA, 001aJa10mmeil IOTEHIMAJIOM @, OT
3apsafa e;. KoHeyHo, KakK 3Ta, TaK U IpeIUIeCTBYOmue HOPMYJIbI
HMEIOT CMBICH JIMLIL B TeX TOYKaX I0Jif, PACCTOAHUS KOTOPBIX OT
«TOYEYHBIX» 3apAJIOB €; BEJMKH IO CPABHEHHIO C Pa3sMEPaMH 3THX
3apAa0B.

B ciyyae moBepXHOCTHBIX 3APS/I0B 33Psij KAXKJI0M MOBEPXHOCTH
MOKET OBITh PA3JIOXKeH Ha COBOKYIHOCTb IEMEHTAPHBIX 3apsA/oB
OeCKOHEeUHO MAJLIX JIEMEHTOB HOBepxHocTH dS:

de = o dS.

Bamenas B ypasuenun (8.6) e, uepes de u mepexoxs OT CyMMMPO-
BaHHA K MHTEIDUPOBAHHIO 110 BCEM 3JIEMEHTAM BCEX 3apsi’KeHHBLIX
MOBEPXHOCTEH, MOTyYHM IMOTEHIIMAI [OJs OBEPXHOCTHBIX 3apPAI0B:

adS
=

B none o6bLeMHBEIX 3apA/IoB POJIb 3JIEMEHTApHLIX 3apaaoB GygyT
urpars 3apanel dE = pdV bGeckoHewHo MasbIX 3JIEMEHTOB 00beMa
dV | u Bripaxkenue norennuana (8.6) mpumer Bux

o= [, (8.8)

rage R— paccrosiive TOYKM O, 00s1afaromieil IOTEHIHAIOM (p, OT
anemenTa obbema dV .

OtMernmM, 94TO, X0TA R ¥ BXOJUT B 3HAMEHATE/H MOALIHTErPallb-
HBIX BolpakeHHi B hopmynax (8.7) u (8.8), Bce xe BBIpaXKeHHs ITH
OCTAIOTCA KOHEUHBIMHM BO BCEX TOYKaxX INOIA OOBLEMHBIX B IOBEPX-
HOCTHBIX 3apsiioB. PaccmoTpum, Hanmpumep, dopmyity (8.8) u BBegem
cucreMy cdepudeckux koopauHar R, 9, a ¢ meHTpoM B ucciesyemoit
Touke nonA (9 — nonspHLLi yroa, o — asuMyT) 1) . Dnement obbema
dV BLIpa3WTCH B ITHX KOOPJAHHATAX, KAK U3BECTHO, CIAeAyIOMUM 06-
pazom:

(8.7)

dV = R?sin9dad?d dR,
u ¢opmyia (8.8) npumer B

0= /f/pRsim?dadﬁdR,

OpWYeM TONLIHTErPAJIBLHOE BBIPAXKEHHE OCTAETCS KOHEYUHBIM M IPH
3uguenun R =0.

1) Cu. puc. 101 (mpmnozenue).



46 WIEKTPUYECKOE NOJNIE HENOJABU>KHKIX 3APAOOB TJL &

Bguay Toro, onHako, uro dopmysnsl (8.7) u (8.8) BbIBeseHB HaMu
u3 dopmya (8.5) u (8.6), uMeomMK CMBICI JIHIL JJIsi KOHEYHBIX

. €
snadennit R (u6o npu R — 0 ¢ = — crpemurcs K GeCKOHEYHOCTH),

a Takke BBHAY 0co0oii BaxxHocTu dopmy (8.7) u (8.8) mbI BEIBexeM
ux B jaubHeineMm (§ 12) eme u gpyrum croco6oM, HE3ABUCHMO OT
TOJILKO YTO H3JI0XKEHHOTO, H NOKAXKEM, YTO OHU IPUMEHUMBI KO BCEM
TOYKAM IT0JISl TIOBEPXHOCTHBIX ¥ 00bEMHBIX 3aps/I0B.

4. HoreHNUaNBHBIN XapaKTep MEKTPOCTATHYECKOTO MO MOXKET
ObITh NOoKazaH 1 Ge3 mpuMmeHeHus 3akoHa Kynona myTem paccyje-
HU{i, OCHOBBIBAIOIIUXCSA HA 30KOHE COXpAHEHUs SHEPrHH B HEBO3MOXK-
HOCTH BEYHOro aBurarens. JdefcTauTenbHO, NPEATIOI0XKHEM, ITO IPH
nepeMeIneHny IpobHOro 3apdaia Mo KaKoMy-jiubo 3aMKHyTOMy ITy-
i L B nojie HenmoABYMIKHBIX 3apaa0B (CM. IpuMevaHue Ha C. 43) cu-
JIBI 3TOI'0 [I0JIS COBEPINAIOT HOIoXKUTeNbHY0 pabory A. Tak kax mo
BO3BPAUIEHUH MPOOHOTO 3apsAia B HCXOJHOE ITOJIOKEHNE BCA CHCTEMAE,
BO3BPAIJAETCA B HCXOLHOE IOJIOXKEHHE, TO, IIOBTOpssA 00xox myTu L
IPOU3BOALHOE UHUCJIO Pa3, Mbl BCAKUR pa3 monmyvanu Oni pabory A,
T. . OCyulecTBMIN Ol Beunniil BuraTens. Eciu ke opu obxone my-
TH L CWIbI OISt COBEPIIAIOT OTPUIATENILHYIO PAOOTY, TO CTOUT JIMIID
H3MEHHTL HaNpaBJieHHe 00X0/a Ha 00paTHOE, YToObl NOJAYIHTL pa-
bory nonoxuTeapHyI0. Takum 06pazoM, paboTa CHII ITOJIA HA BCAKOM
3aMKHYTOM ITyTH JNOJIKHA PABHATHLCH HYJIIO, U3 Hero, Kak Mbl BUJIEJIH,
clleiyeT CyIeCTBOBAHKE OHO3HAYHOrO ITOTEHIMAJS, TIONs 1) .

5. B abconmroTHO# cucTeMme eIMHWI[ €JHHKUIA MOTEHIMAJA OIIpe-
Jensgerca CIeAyomuM o0pa3oM: pa3HOCTh NMOTEHIHMANOB JBYX TOUEK
[IOJIA PaBHA €MUHUIIE, €CIV TTPU NePeMeIeHnH a0COMIOTHON eMHUTILE
3apaAfa U3 OJHON TOYKW B JPYTYIO CUJIBI HOJIA COBEPIIAIOT €JHHKILY
paboThl, T. . paboTy B 0auH 3pr. PasMepHOCTL XKe IOTEeHIMAaa, PaB-
Ha, OYEBHIHO:

2m—2

[<P] _ pabora _ ML*T — Ml 2L
3apaa M1/213/2T—1

AbconmorHas equHEUNE TOTEHIFANA CIKUIIKOM BeJUKA 110 CpaBHe-

HHIO C TeMH PA3HOCTSAME NOTEHIHAJNIOB, C KOTOPBIMH OOBIYHO MPHXO-
JUTCA WMeTb [ei0 Ha npakTuke. IosroMy npakTuyeckoil eguHuIei

1
MOoTeHIMala CIyKUT BonbT: 1 B = 300 abc. enqMHUIBI NOTEHIKAIIA.

1) Hogo6roro pona paccyeHue HeIPHMEHUMO, HAIPHMED, K MArHUTHOMY TIO-
JII0 MOCTOAHHEIX TOKOB, JUISl TOAAEP/KAHUS KOTOPOro HeOBX0OMMa HellPepPhIBHAS
3aTpara 3HEPruM WCIOYHUKOB TOKa. Pabora, coBeplmaemasi npu nepeMemeHdnu
MATHATHOTO 3apaza (I0/I0ca) 1Mo 3aMKHYTOMY IYTH B ITOJIE TTOCTOAHHOrO TOKA,
MOKeT GbITh OTIHYHON OT HYJIsl M MOMKET COBEPIUIATHCHA 33 CHYeT AOTOJIHUTE/b~
HOTO TIOTPebIeHUs IHEPTUHM NCTOYHUKOB TOKa. JJeHCTBUTENbHO, ABUKEHNE Mar-
HUTHOTO 3apafa BO30YKAAET JIEKTPOABUAKYIINE CHIBI MHAYKIHMHA, TaK YTO AJIs
O JepyKaHus [IOCTOAHCTBA TOKa BO BPEMA JBHKEHHA 3apsaaa HeobXo4uMo CoOT-
BeTcTByiomee uaMenenye D1 C HCTOYHHKOB TOKA.



§8 NOTEHLMAJ SNEKTPOCTATHYECKOTO NMONS 47

Tl puwMep. Onpesennts NOTEHIMAN IIOAS AWTION.

IlpennosioxiM, 4TO ABa PABHBIX TOUYEYHBIX 33psa TPOTUBOIO-
JIOXKHBIX 3HAKOB +€ B —e HAaXOOATCA Ha PACCTOSHUM [ Ipyr OT ApyTa,
npuueM BeKTOp | Hanpasier om P
ompuyamenvro2o 3apada K no-
aoocumenvtomy (puc. 13). Bek-
TOp P:

p=el, (8.9)

HOCUT HA3BAHHE JAEKMPUNECKO- R
20 momenma Tux 3apanos. Ilo-
TeHIMa 000UX 33PSJIOB B IPOK3- R,
BOJILHOH TOoYke noyia P pasen

Rz R1 R1R2 '

Ecnu paccrosmne [ Mmexay 3a-
pajaMu +e U —e MaJio IO CpaB-
HEHWIO C PACCTOAHMAMY 3THX 33~ Puc. 13
PAJIOB OT HCCJAEAYEMBIX TOYEK IIOJIsl, TO COBOKYITHOCTb 33apsifIoB €
W —e HOCHT Ha3BaHWe Junoasf, WiIR 6unoat, YTO 3HAUMT «JIBOMHOM
TOJTIOCS .

B sToMm ciydyae MOXKHO NPUOITHIKEHHO MOJIOXKUTS!

RiRy=R? R;—Ry=Ilcosa,

[Jie @ — yroji MeXKAy HaIpaBjieHueM MOMEHTa IUNOJS U PAJHyCOM-
BekTOopoM R, nmpoBejeHHbIM OT AUHOONSA K «TOuKe HabniomeHusi» P
(puc. 13). Beumy Manoctu paccrosHus { 0e3pas/ivdyHO, U3 Kakoh
UMEHHO TOYKM JUIIOJSA NMpokegeH aToT paguyc-sektop R. Takum 06-
Pa3oM, MOTEHIAJ U NPUHEMAET BUJ

a

-e 1 +e

_ elcosa _ pcosa _ pR (8 10)

- R2  R* R ‘
DTO BLIPAXKEHME MOYKHO TAKXKE NPEJCTABUTEL B HECKOJIBKO HHOM

BHJE C OMOMIbIO U3BECTHOMN opMyJibl BEKTOPHOro anasmsa (10%):

grad (1) = —grad (1> =B
“\R 7\R R3’
e MHJEKC ¢ 03HAYaeT POCTPAHCTBEHHYO IPOU3BOAHYIO OT 1/ R no
KOOpAMHATAM <«TOYKY HAOMIOJEHUA», T. €. KOHEIHONH TOYKU BEKTO-
pa R, a unpekc g — audppepeHIEpoBaHKe N0 KOODAHHATAM <«TOUYKHU
VCTOKa», T. €. HaYaJILHOM TOYKM BeKTOpa R (cM. mpuioxenue, § 2).
Ha ocHoBanuu 3TuX coorHOumeHui ypasHeHue (8.10) mMoxeT GriTh
3alIMCAHO CJIEAYIOIIHM 06pazoM:

@ = pgrad, (%) = —pgrad, (}%) . (8.11)
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Oty ¢OpMyNy JIEPKO MOAYYWTb KW HENOCPEJCTBEHHO. JleficTBH-
TENBHO,

e Rz Rl
PaBHO IPHPAICHUIO CKAJIADa l/R I[IPpH IepeMenieHul Ha OTPe30K 1
TOYKH HCTOKa PauyCa-BEKTOPA R, HPOBENEHHOI'O U3 JUIIONA (I/ICTOK
HOJIH) B TOYKY H&6.HIO,£L8HI/IH P. OPpaHH‘{HBaHCB I[IpH JOCTATOYHO Ma~
Jgom 1 INEPBBIMK INPOU3BOJHBIMH OT l/R, NOJIYYHUM

L1 L I 1
n R = lgrad, (R) lgrad, (R) ,
OTKyja HemocpeacTseHHO ciexyer (8.11).

3anmaua 6. Ucxona us ypasHenus (8.2), nokazaTb, 9TO IOTEH-
VA TOJIs 3aPSyKeHHBbIX OeCKOHEYHBIX ILIOCKOCTH M IIOJOr0 IHJIAH-
JIpa, ONIPEJENISIETCs COOTBETCTBEHHO ClleAylomumy dopMyiamu:

JIJIsE TUIOCKOCTH P = Yo — 270X,

Yi = ¢o,
Ye = Po —lenl’

1

JUIS HATVHIPA,

rle o — 3HAUEHWE IOTEHIHAS Ha COOTBETCTBYIOMIEH 3apsiKeHHOMH
OBEPXHOCTH; X — KOODJMHATA, TMEPHeHIUKY/IAPHAS TJIOCKOCTH, T —
paccTosAHUEe OT OCH WWIMHAPA; Ty — pajuyc muiHHapa. OTMerum,
4TO B 000UX ITHX CJIydasaX yJOBJIETBOPUTH YCIOBHIO (0o = () HEBO3-
MOXKHO.

3anayva 7. Iloka3aTs, YTO HOTEHIMAJ IOJIA MIapa PaJuyca a,
PABHOMEDHO 33DSXKEHHOr0 IO BCEMY CBOeMy 0bbLeMy ¢ 0bbLemHOM
IJIOTHOCTBIO P, TIPH YCIOBHH Yo, = 0 paBeH

We::'% (R > a)
u (8.12)
2
oi=ma( - E)  (mea)
4ra® .
roe € = — p— obmuit 3apAx imapa, a K — paccrosHue OT ero

IEHTPA.
ITokazaTh, 4TO e = ; N1pu R = a.

§ 9. Emkxocth. Kongencaropsl
1. OxHa u3 xapakTepHefIIuX 0coOeHHOCTel IIEKTPOCTATHIECKO-

o nojsid COCTOHMT B TOM, UTO B GIydYae IICKTPOCTATUYIECKOI'O paB-
HOBECHA nomexyuaa NoaAR UMeem NOCMOARHOE 3HAUEeHUE HA GCEM
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NPOMANCEHUL KaH#c0020 omdesvrozo nposodnuxa ') . JeficTBuTens-
HO, B CJIyYa€ JEKTPOCTATHYECKOTO PABHOBECHS] HANPAMKEHHOCTD II0-
Jisl BHYyTpH HPOBOJHUKa paBHa Hyo (§ 5). Tak kax sio6bie jgBe TOUKU
IPOBOJHNUKA MOXKHO COeNUHUTEL JIMHHEH, IEJHKOM JieXKamell B 3TOM
NpPOBOJHKKE, TO, CTAA0 OBITh, PA3HOCTH MOTEHIMAJIOB STHUX TOYEK,
onpejensiemas JMHeAHbIM HHTerpasom sekropa E [ypasuenue (8.2)),
PaBHA HYJIIO, YTO ¥ TpebOBaJIOCH M0KA3aTh.

910 06CTOATENBCTBO JAET BO3MOXHOCTh B CIIydae NIEKTPOCTa-
THYECKOTO MOJisl FOBOPHTH [IPOCTO O Nomexyuaie nposodruxa (T. e.
NOTeHIyae Kax/J0il U3 ero TOYeK).

2. Emxocmoio yedunennoz20 nposodnuxae, T. €. NPOBOJHMKA, bec-
KOHEYHO y/JAJIeHHOIO OT BCEX OCTAJBHLIX [IPOBOJHHKOB, HA3LIBAETCS
3apsaj, HeOOXOAUMBIN i COODIIEeHNA STOMY MPOBOJHMKY HNOTEHIIH-
aJsia, PaBHOrO enuuuie. IIpi 3TOM NPEAmoIaraeTcs, 9T0 aAAHTHBHAS
ITOCTOSIHHASA B BLIPAXKEHUH IOTEHIIMAJA BLOpaHa Tak, 4yTo B OECKO-
HEYHOCTH TOTeHIHaJ paBeH Hy/a0. EMxocTh mpuHATO 0003HAYATH
oykeoit C.

3. 3aMeTHM, YTO eMKOCThb yeAuHeHHOro mapa (B abCoMOTHBIX
eJIMHUIAX) YMCIIEHHO DABHA €ro paauycy. JefiCTBUTEIbHO, BHEIUHMKIT
MOTeHMAa 1o/ Iapa paguyca ¢ U 3apsajna e paseH ¢ = e/R. Ha
noBepxHoCcTH mapa R = a u ¢ = e/a. TakoBO e 3HAYEHHE ITOTEH-
uaja U BHYTpu Bcero mapa. Crano 6piTh, HOTEHIMAT mwapa byzmer
PaBHATBHCH eIUHUIE IIPH € = @, & ITO U 3HAYKT, 4T0 eMKocThb C mapa
paBHa, a!

C =a.

W3 3T0r0 ypaBHeHHs ABCTBYET, YTO B A0COMIOTHBIX eNUHUIAX M-
KOCTEL JIOJDKH3, HMETH PA3MEPHOCTD IJIuHbl. JeificTBRTEILHO,

[C] _ Lei _ MY/2p3/2p-t _
[¢]  M/2L1/2T-

Takum 00pazoM, 6 abcoatomnol cucmeme eQUHUY eMKOCTL U3-

MEPAEMCA 8 eOUNHUYAT OAUHDL, IPHYEM EMKOCTE B 1 CM paBHA eMKO-
CTH yeJWHEHHOro IIapa paauyca 1 cm.

Tak Kak NpakTHYecKas enwHMua 3apana (kymom) B 3 - 10° pas

Gonblie, a NpakTU4ecKas eJuHuNa noreHuuana (Boabr) B 300 pas

MEHBINE COOTBETCTBYIOIINX AOCOMIOTHBIX €HHHI], TO NPAKTUIeCKas

enuHuINE eMKocTi — (bapaga (@) — B 910! pas Gonpme abcomorHol
eANHUIBL

1 dapagma = Leynod _ g. 101 cm (abc. egunUL EMKOCTH).
1 BosbT

Ta eIHHUIA €MKOCTH CTOJNbL BEIWKA, YTO OOBIYHO €MKOCThL BHIPa-
x)aercs aubo B CAHTHMeETpaX, Jubo B Mukpodapafax (MU/LTHOHHBIX

1) Pasymeercs:, npu yCIoBHH OTCYTCTBHA <«CTOPOHHHX» DJIC XHMHYECKOro,
TEPMHYECKOro U T.I. mpoucxoxzaenus (cM. § 38).
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Jonsax ¢apapl):
1 mx® =9-10° cm.

4. Ecnu npoBOJHWK He yeJUHEH, TO MOTeHIna, IpHobpeTaeMblil
UM IOpPH COODMIEHHM eMy OIPEeNeeHHOTO 3apana, CYUIeCTBEHHO 3a-
BUCAT OT OPMBI ¥ PACIONOXKEHHS APYyTUX NpoBogHuKoe. Ob6ycioB-
JIMBAETCA 3TO TEM, UTO IOJIe 33PS’KEHHOTO IPOBOJHUKA BBLI3HLIBAET
nepepacipeiesieHie 3apsiji0B Ha BCeX COCEIHNX C HUM HPOBOAHUKAX,
B TOM YHCJIe, KOHEYHO, U Ha HE3APSKEHHBIX (34€KMPOCNAmMUNECKas
undyxyus). o gocTHKeHnu paBHOBecusl 3apA/bl NIPOBOJHUKOB Pac-
IIOIATAIOTCA HA HHUX TAK, YTO BHYTPH KaXKJOTO MPOBOJHUKA PE3YJIb-
THPYIOLIEE TOJie WHAYIMPOBAHHBIX 3apAN0OB U 3apsijia HHAYIUDPYIO-
I1ero PaBHO HyJI0 (YWIOBHE IEKTPOCTATHYECKOTO PABHOBECHUS, CM.
§ 5). Koneuno, 3T0T npoifecc CBA3aH ¢ nepepacipe/ieJIeHueM 3apsaa
¥ Ha CaMOM MHAYIUPYIOIIEM ITpOBOjAHKKe. TakuMm obpazom, oTeH-
I¥aJ 3aPAKEHHOr0 MPOBOJHUKA OKa3bIBAETCA CYMMOM IIOTEHI[HAJIOB
CcOOCTBEHHOTO IepepacnpeeIiBIIErocs 3apaa 3TOT0 IPOBOSHUKS, U
3apAI0B, HHIYUPOBAHHBIX WM Ha JpyTHX NpoBoAHuKax. Oupejese-
Hye 3aBUCHMOCTH 3TOTO Pe3yJIbTUPYIOMEro JIOTEHI[HAIIA (0, & BMECTE
¢ TeM u eMKoCTH npoBojHuKa C = e/y 0T GopMBI U PACIONOKEHUS
CMEXHBIX C HHM IPOBOJHHUKOB CBA3aHO, BOODIE rOBOPHA, CO 3HAYM-
TeNbHBLIMH MATEMATHUYECKMME TPYJHOCTIMHE.

5. MoxHo, 01HAKO, JOCTHIHYTb N0AHOU HE3aBHCHMOCTH CHUCTe-
MBI IIPOBOJHUKOE OT DACIOJIOXKEHHS M JIEKTPUUIECKOTO COCTOAHUS
BCEX NMOCTOPOHHWX MPOBOJHWKOB IIYTEM JAEKMPOCMAMUNECKOL 3a-
WUMBL WX, T. €. MyTEM 3aKJII0YEHIA X B METAJUIHYECKYIO 0BONOUKY.
3apainl, pacnonoxeHHbie BHE 0DOJI0YKH, HE BJIMAIOT H3 UIEKTPH-
YeCKOe COCTOSIHWE MPOCTPAHCTBA BHYTPH Hee, WOO mojie 9THX BHeII-
HUX 3apPAJ0B BO BHYTPEHHEM JIPOCTPAHCTBE KOMITEHCHPYETCS [IOJIEM
3apAN0B, WHIYIIMPOBAHHBIX MK Ha BHEIUHeN moBepxHOCTH 060/10Y-
ku. eiicTBuTenbHO, eciu 6p1 0000UKa OBbLIa ITEJTHKOM 3aII0JHEHA
METaJLJIOM, T. €. 00pa3oBbiBajia OBl CILIOMIHON IPOBOXHKK, TO HAMPA-
JKEHHOCTS NTOJTS BHENIHUX 3aps0B | 3aps/IOB, HHAYMHUPOBAHHBIX WMH
Ha BHEIIHEH MoBepXHOCTH 00OIOYKM, JOMXKHA Oblia ObI paBHATHCA
HyJII0 BO BCeX BHYTDEHHNX TOYKAX HpOoBOgHKKa. QOYeBHIHO, YTO OHA
OCTAHETCS PABHOM HYJNIO B [0 YAAJEHUN U3 NPOBOJAHUKA €r0 BHyTPeH-
HUX yY3CTKOB.

Wrak, Metajuindeckas 00OJIOUKa HONHOCTBIO YCTPAHSET 3aBHCH-
MOCTb 3JIEKTPHYECKOTrO0 COCTOSIHHS BHYTPEHHEr0 MPOCTPAHCTB3, OT
IPOCTPAHCTBA BHEINIHET0, HOO IIPOCTPAHCTBA 3TH OKA3bIBAIOTCA Pad-
JlelIeHHBIMY TOJIIIEH MeTaslia, B KOTOpOM IoJie PaBHO Hyso. Iloaro-
My 3JeKTPOCTaTHYeCKas 3alUTa BCErJa IIPHMEHAETCA NIPH TOYHBIX
H3MEPEeHUAX JIS YCTPAaHEeHNsl BHEHIHKX BO3JEMCTBHII Ha JIEKTpHYE-
CKH€ M3MepHUTeIbHbIE HprbOpH, annapaTe U T. J.

3aMmeTiM ere, YTO 3apaabl IPOBOJHUKOB, PACIOIOXKEHHEIX BHY-
Tpu 0DOJIOUKY, UHAYLMPYIOT Ha ee BHyTPeHHel MOBEPXHOCTH 3apsAaf,
paBHBII MM IO BeJMYMHE M IPOTHBOMONOXKHBIN IO 3HaKy, B UeM
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MOXKHO ybenuThes, mpumeHus Teopemy laycca (3.6) k 3aMKHyTOl
IIOBEPXHOCTH S, NMPOBEIEHHOA B Tomme obonouku (puc. 14): morok
JIEKTPHYECKOr0 BEKTOpa depe3
3Ty HOBEDPXHOCTb, OYEBHIHO, pa-
BeH HyJito. IIpu 3TOM Ha BHewHeH
NOBEPXHOCTH 0BONOYKH CoCpeno-
TOUMBAETCA 3apsAjg, PasHeI (IO
BeJWYNHE W 3HAKY) 3apsjay Hpo-
BOJHHMKOB, DACHONOXKEHHBIX BHY-
TpH ODONOYKH.

6. ObparumMca K CIy4daio KOH-

JIEHCATOPA, COCTOALIEr0 M3 JBYX
(MM HECKOJIBKHX) H30IHPOBAH- Puc. 14
HBIX TPOBOAHHUKOB («0OKIaI0K> ),
13 KOTOPBIX OJMH IIOJHOCTBIO 33K/II0YEH BHYTPH JPYToro, Kak 3TO
HMeeT, HaIlpuMep, MEeCTO B IIapOBOM ¥ B OECKOHEUHOM IUJIMHIpHYe-
CKOM KOHIeHcaTopaX. BBrIy yKka3aHHOH HE3aBHCHMOCTH IIOJIA MEXKLY
00K/IaIKAMK TaKOr0 KOHJEHCATOPA OT PACIIOJIOXKEHUST OKPY KAOIIHX
€ro MpOBOJHHKOB €MKOCTb er0 TaKXKe He 3aBUCHT OT IOCTOPOHHHUX
obcroaTenbcTB. Ilpu 3TOM NOK eMxocmolo Kondercamopa B OTIHYUE
OT eMKOCTH yeJAMHEHHOTO MPOBOJHUKA Hy»KHO IMOHUMAThL OTHOLIEHKE
3apAfa KOHJEHCATOPA € K PA3HOCTH MOTeHLHAJIOB 3 — (9] ITHX 06-
k130K (a He K MOTeHIany Kakoi-1ubo u3 00K/IaJ0K):

C=—". (9.1)
Y2 — Y1

Hanee, 3apsajoM KOHIEHCATOPa e Ha3biBaeTcA abCcomoTHad Besu-
YKHA PABHLIX 110 BEJUYHHE ¥ HPOTHBONOJIOXKHBIX IO 3HAKY 33PANOB
KasxJJOi M3 0OK/I3/I0K KOHIEHCATOPA.

Ipu sTOoM mox 3apAgoM 0OKIAJOK KOHJEHCATOPa HYXKHO MOHU-
MaTh TOJBKO 3aPsi/ibl, PACIIOJIOKEHHBIE Ha BHYTDEHHHX, 0OpaIeHHbIX
APYT K APYTY MOBEPXHOCTAX 3THX 06Kmaiok ).

B ToMm ciy4ae, ecnu u3 AByX (MM HECKOABKUX) NPOBOAHHMKOB
HH OJUH HE COCTABJSET 3AMKHYTOW CHUCTEMBI, OXBATBHIBAIOLIEH CO-
6010 OCTaNIbHBIE IPOBOJHUKM, EMKOCTb 3TOH CHCTEMBI IPOBOJHUKOB
(aTOrO0 KOHZEHCATOpA) NMPAaKTHYeCKH He OymeT 3aBHCETH OT pPaclo-
JIOXKEHHST OKPYIKAIOMIUX Tel TOABKO B TOM CJIy4ae, €ClIM Pa3Mephbl
NPOBOAHUKOB OYAYT BEJIMKK IO CPABHEHHIO C DACCTOSHUEM MEXKy
HuMHu. JIMImEb Opy 3TOM YC/IOBHE MPOCTPAHCTBO MeXy OOKJIagKaMu

1) Tax, HanpuMep, O 3APAIOM € MAPOBOT0 KOHAEHCATOPA, COCTOSILETO B3 Me-
TAJJINYECKOro mapa A, OKPYKEeHHOIO [OJIBIM MeTaJUTHYeCKHM WapoM B, HyxHo
TIOHUMATD 3apAJ BHYTpPeHHero mapa A nubo paBHHN eMy H0 abCOJHOTHOI Besm-
YHHe 3apA], PACIOJIOKEHHbIN Ha 6Mympennel, MOBEPXHOCTH BHEUIHEro wapa B.
TloMumo 3TOrO 3apsiia €, Ha BHEUIHei OBEPXHOCTH urapa B Moxer HaxoauThes
TPON3BOJIBHLIH 3apsam €', He OKa3BIBAIOMUIT BAMSHUA HA PA3HOCTH NOTEHITHAJIOB
Mexay A u B.
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KOHJIEHCATOPA, eCJI¥ He TOJHOCTHIO, TO B 3HAYKTEILHON Mepe Oyzner
3aINMINEH0 caMuMK OOKJIaJgKaM¥ OT BO3JeHCTBUA BHEIUIHErO IOJA.

3anxgaua 8. [lokazark, uro emMkocTs C IJIOCKOTO, HWJIHHIPDH-
YECKOr0 U IIAPOBOr0 KOHJAEHCATOPOB PaBHA COOTBETCTBEHHO:
TLTOCKHUH KOHIEHCATOD:
S

ma
MUJIHHAPUYECK T KOHIAEHCATOD:
_ l
T 2In(re/r1)’

IIaPOBOH KOHIEHCATOD:
C = R R, ’
R; — Ry
Te S — NOBEPXHOCTD IJIACTHH KOHJEHCATOPA, d — WX B3aUMHOE pac-
cTOAHue, | — nAwHa, a 7] U ro — PaAKyChl BHYTPEHHEr0 M BHEIIHEer0
IIUJIHHAPOB U, HakoHeln, R; u Ky — pajuychl BHyTpeHHeH 1 BHeIIHeR
LI1ApOBOH ITOBEPXHOCTH.
IIpumeuanne. Tak Kak €MKOCTh IHIMHIPHIECKOTO KOHJIEH-
CATOpa IPONOPHHOHAJLHA €ro AJHnHE [, TO MOXKHO T'OBOPUTL O «EM-
KOCTH e€HMHWIIBl JUIUHEI KoHgeHcaTtopay C*, paBHOi

«+_C__ 1
= 1 2ln(r2/r1)' (92)

QOueBuaHO, YTO

cr=—=2 = (9.3)

Hpz—p1)  w2—1
TJIe » — 3apsAj eqEHMIB JJIMHBI KOHJeHcaTopa. KoneduHo, nousTue
eMKOCTH eUHUIb! JIWHB! (KaK, BOpOYeM, H [IPUBEJIEeHHOE BbIpaXKe-
maue it C) MOXKHO NPHMEHATH JIKIUL B TOM CIydae, €CIU JIHHA
HUIMHIPHYECKOr0 KOHIEHCATOPa HACTOIBLKO BEJHKS, 110 CPaBHEHHIO
C PAcCTOAHMEM MeXKJy ero OOKJIaJIKaMu, YTO MOXKHO BOBCE HCKJIO-
YUTh U3 PACCMOTPEHHS KOHIEBLIE YUACTKH KOHIEHCATOpPa, B KOTO-
PBIX IOJIe ero CyIIECTBEHHO MCKaXKaercs; JIMIb B 3TOM ciaydae C
NIPOMOPIHOHANBLHO [.

§ 10. 'pagueHT 3J€KTPOCTATUYIECKOTO HOTEHIMAJIA.
Jluruu cuna

1. U3 dbopmyn (8.1)
dp=—-Eds = —FE;ds

CJleJyer, 4To
= —FE,, (10.1)
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rae Op/0s 03HaMaET NPOU3BONHYFO ¥ 110 HAIIPABJIEHUIO S BEKTOpa ds
(cM. mpunoxenue, § 2). Io onpegenenuo NOHATHSA TPAJUEHTA 5Ta
IIPOCTPAHCTBEHHAs! NIPOM3BOJHASA CKAJIAPA (o COBNAAAET CO CJIArako-
wieii ero rpajueHTa grad ¢ 10 HaIpasJ/eHuIo s [cM. ypasHenue (4%)}:

9
6—f = grad, ¢.
Takum obpazom,
E; = —grad, ¢.

Tak Kak 3TO paBeHcTso npoeknuil Bekropos E u — grad ¢ momxkHo
HMeTbh MeCTO IpH J1000M BHOOPE HaupaBIEHHA S, TO H BEKTOPHI 9TH
JIOJKHB! OBITH PABHBI APYT APYTY:

E = —grad ¢. (10.2)

TakuMm 00pasoM, MHANPAHCEHHOCD 3AEKMPOCMAMUNECKOZ0 NO-
24 E pasma epaduenmy sA€XMpPocmamuseckoz0 NOMEHYUAAS ©, 634~
MOMY € 00PATNHBIM 3HAKOM.

Tak Kak rpaJuedT IIOTEHIIKA/IA HalIpaBJeH B CTOPOHY €ro Bo3pa-
CTAHUA B ABJIAETCA Mepoil OBICTPOTHI TOr0 BO3PACTAHHSA, TO MOXKHO
CKa3aTh, YTO HANPAKEHHOCTb IEKTPHYECKOrO NONA eCTb Mepa Obl-
CTPOTLI CIaJaHUA MOTeHI(HANa, WK, IPOCTO, YTO OHA paBHA cnady
nomenyuaaa. HanpapieHue HanpsKeHHOCTH IIONA COBHAJaeT C Ha-
OpaBJeHHeM OPTOTOHANBHBIX TPAEGKTOPHI IKBHIOTEHIMAIBLHEIX IO-
BepxHocreit (cM. npunoxenue, § 2). IlosTomMy TH OPTOrOHAILHBLIE
TPaeKTOpHY (JIMHUK IPAJUEHTA) COBNANAOT C JIHHHSMH 3I€KTpHYe-
CKHX CHJI, WIH CUAOBHIMYU AUHUAMU.

2. DNeKTpuyecKoli CHIOBOI JHHKEN Ha3bLIBAETCH JNHHHA, Kaca-
TeJIbHbIE K KOTOPOH B KaXJIOH €€ TO4YKE COBIIaJalOT 10 HalpasJe-
HHIO ¢ BEKTOPOM HAMPAXKEHHOCTH WIEKTPHYECKOro nois E B Toit xe
ToyKe (T. €. C HANpaBJIEHWEM NIEKTPUYECKON CHJIBI, JeHCTBYIOIEH
HA eTMHUYHBIA TON0XKUTEeNbHBIN 3apan). OYeBHAHO, YTO Yepe3 Kax-
JIYIO TOUKY mOnis, B KoTopoit B # 0, MOXHO IPOBECTH OgHY ¥ TOJBKO
OJHy CUJIOBYI JuiHMO. B kaxkaoi takoit Touke P Bektop E mmeer
BNIONIHE OnpefeneHHoe Hanpasneuue. OTnoxuB u3 P OpOH3BONBHO
MaJibiil OTpe30oK B HampasieHuu E, Mbl npuaem B Touky P’, B KOTO-
poii sexkTop E MOoXeT uMeTh 1HOe HanpaeJyeHue, yeM B P. Oioxus
u3 P' npoussosibHO Mauiblli OTPE30K B COOTBETCTBYIOIIEM HAIIPAB-
JleHuH, Mbl OPHJEM B HOBYIO TO4Ky P”, B KOTOpO#i MOXeM Onarhb
HOBTOPDUTL Ty XK€ Omepaiuio, u T. 1. Ilogy4yeHHaa TakuMm obpazom
JIOMaHaA JIMHAA B Ipejese, Npu OecrpeebHOM YMeHBINEHWH COC-
TABJIAIONINX e OTPE3KOB, COBNAIAET C KCKOMOM CHIOBOHN MuHuel.

Yrobpl NOJYYHTH aHAJHTHYECKOE YPABHEHHE CHJIOBBIX JIMHMIA,
JOCTATOYHO YYECTDb, YTO JIEMEHT JUIMHBI dS CHJIOBOM JIMHHY HapaJl-
JIeNleH HANPSKEHHOCTH mojid B, T e. 4To ciiaraiomjye ero mo ocsm
KoOpAuHAT dz, dy, dz mponopnuoHaNLHbl cnaraiomuM E, B, E,
BekTOpa E:

dz _dy _ dz (10.3)
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Ypaprenns (10.3) 9KBuUBaJIEHTHBI CHCTEMe JBYX OOBIKHOBEHHBIX

dz E. dy E,

g depeHIHaIbHBIX YPABHEHH, HADUMED — = —= B -2 = —%,
dz E, dz E,

WHTErpajbl KOTOPBIX UMewT BUX: fi1(z, ¥, 2) = C| u folz, y, 2) =
= (s, rne C) u Cy — nocrosHHble uuTerpupoBanns. CoBOKYNIHOCTH
9THX NOCAEAHUX yPaBHEHMI i NIpeacTaBiseT cobow ypaBHEHRE CHIO-

Boit nuHNK. IIpoussos B BeiGope nocroauubnx C u Co cOOTBETCTBY-
eT BO3MOXHOCTH IIDOM3BONBHO BBIODATE KOODAWHATHI Lo, Yo, 2o TOMH
TOYKH [OJNIf, YEPE3 KOTOPYIO MBI JKeJIAeM IPOBEeCTH A3HHYIO CHIOBYIO
JIVHKIO.

Quzukn XIX B. gosiroe BpeMs CTPEMUJIACE OOBACHUTD NIEKTPO-
MarHuTHblE fABReHUA AedopMaluaMU H BUXPEBBIMU IBHKEHHAMH
0co00#1 BCENMPOHUMKAKIEH MMIOTETHYECKON cpeasl — 3¢upa; OHM [O-
JIAaraJIi, YTO CUJIOBBIE JIMHUH COBHAJAIOT C ocaMmu gedopMmanun (miu
OCAMMU KpydeHHs1), HCIBITBIBAEMON 3(UPOM B TEKTPHYECKOM IOJIE.
Ognako Kk Havyany XX B. BHISICHWIACH TIOJHAA HECOCTOATEIBLHOCTH

MEXAHUCTHYECKOH Teopun 3upal), H B HacTofmee BpeMs, MOJb-
3yACH IOHATHEM «CHJ/IOBBIX JIMHNN», HYXXHO NNOMHHTL, YTO [OHATHE
3TO UMEeT YCJOBHO-BCIOMOIATE/NLHOE 3HAYEHME M UTO CHJIOBLIE JIK-
HHH CJIy2KaT JIKIIE JJI8 rpadudeckoro u3o0parxeHns HaIPaBJIeHU
JIEKTPHYECKOTO BEKTOPA.

3. BrapoueM, mogobHO TOMY KaK IpH HaJJIeXaigeM crocobe yep-
YeHHs 3KBUIOTEHIMAIBHBIX MOBEPXHOCTEN I'YCTOTa MX PAaciiOjIoKe-
HUA MOKeT CJIy>KHMTh Mepoi rpajineHTa IMOTeHIHANa, T. e. Mepoil Ha-
NPAXKEHHOCTH 10Jis, TOA0OHO STOMY K CHJIOBBIMU JIMHUSIMH MOXHO
BOCIIOJIL30BATLCA IJId TOH XKe 1en.

Hanecrn Ha 4YepTex Bce CWIOBBIE JIKHFE, NPOXONSINME Yepes
KaXXIyI0 TOYKYy IO ¥ 3al0JHsiomue coboii Bce 3aHHMaeMOe [o-
JIeM TIPOCTPAHCTBO, KOHEUHO, HeBo3MOXHO. OOBIKHOBEHHO CUJIOBBIC
JIVHWM YepTATCH C TAKUM pacyeToM, YToObl B JIIOGOM YYacTKe IO
YUCJIO NMHEH, TEPeCceKarOIUX NEPIEeH/IHKY/ISPHYIO K HUM IJIOHIAIKY
e{MHKTHON HOBEPXHOCTH, OBLIO IO BO3MOXKHOCTH IPOHOPIHOHAIBHO

D 1IpocrpancTso (B ToM 4Ynciae u Bakyym) 0BIaZaeT He TOJBKO NPOTHAMEHHO-
CTHIO, HO M PAJOM JPYTruX (DU3HYECKUX CBOHCTB, XapaKTepH3yeMBIX 3JeKTPO-
MarHUTHBIM II0JIEM U [IQJIEM TATOTEHMHA, H MOXKET HAXOAUTHCA B PA3IMYHBIX (PH-
3UYECKHX COCTOAHHUSAX; TH COCTOAHVA IPOCTPAHCTEA 00YCIOBTHBAIOTCS HAXOA -
MUMHCA B HEM TEJaMH M B CBOIO O4Yepelsb BO3JEHCTBYIOT Ha 3TH Tena IIpoTus
yroTpebiieHus: TepMUEA «3¢UD» B CMbICJE HOCHTEIs ITHX (PUIHIECKHX CBOHCTR
«IIyCTOTrO» HPOCTPAHCTBA He MOMXKET OHTH BO3PaXkeHHit IO CYmECTBY: MOMKHO
JIMITb COMHEBATHCA B Ie/IECO00PA3HOCTH TaKOM TePMUHOJOTHH, COOTBETCTBYIO-
meit pa36HeHnIo eMHOr0 NOHATHA PUSHYECKOr0 NPOCTPAHCTRA, Ha MOHATHE 3¢H-
PA U Ha HOHATHE MeOMETPHYECKOro IIPOCTPAHCTBA, T. €. YHCTOH MPOTSKEHHOCTH,
JIMINEHHOM BCeX Apyrux ¢usudecknx codcrs. OgHAKO BeCbMa 4acTO B TEPMHH
«3¢pHUp» BKIaABIBAETCH HHOM, MexaHuCcTH4YeCKui cMbici. [Ipeacrasnenne o6 adu-
pPe KakK O HENPEPHIBHOM JKHUJKOCTH HJIM O COBOKYIHOCTH MeJLYalilliuX aTOMOB,
HECOMHEHHO, JIOJKHO, TaK e KakK H Boobue BCSIKOe HPeACTaBJIEHHE O IPOCTPaH-
CTBEHHBIX HEPEMEINEHUSIX IEMEHTOB 3¢Hupa.
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HAIIPSP’KeHHOCTH [OJIs1 Ha 9TOo¥ mwiomagke. B takoM crydvae rycrora
PaCHOIOMKEHHS CUJIOBBIX JUHHANR MOXET CJIYXKUTb MEPOM Hamps>KeH-
HocTH nosisi. [Ipu aToM 4mQITo MM, TepeceKaroIuX NPOU3BOIbLHEI
wIeMeHT NoBepXHOCTH dS, Oymer, 0MeBHIHO, TPONOPIMOHAIIBHO IPO-
H3BeIeHMI0 HanpsxenHocty EF u mpoeknuu ssementa dS Ha mioc-
KOCTh, mepneHauKyasapHyio K E. 9to npouseenenne E dS cos (En)
paBHO OTOKY BekTopa B uepe3 anement dS. IloaTomy BMecTO Tep-
MHHA <«IOTOK BEKTOpa 4Yepe3 AaHHYIO NOBEPXHOCTb» ynorpedasmoT
WHOT/IA BBIPAXKEHUE «HUHCIO0 CHJIOBBIX JIMHUM, [MEPeceKarommXx IaH-
HYIO [IOBEPXHOCTHY. DTO YUCIIO JUHUIN CUMTAETCHA NOJOXKUTENbHBIM
WX OTPHNATEbHBIM B 3aBHCHMOCTH OT TOTO, NTEPECEKAIOT I CHJIO-
Bble JIHHWU JIAHHYIO IIOBEPXHOCTb B HANPaBIE€HHM IOJOXKHUTENIbHON
(eHewHelt) WK OTpULIATENbHON (BHYTpeHHEN) HOpMaJi K Hell.

OrMeTnM, YTO NMPH YyKA3aHHOM CHOCO0E UepUeHUs CHIIOBBIX JIH-
Huil ofulee YMCI0 ITUX JIHHUMH, NEPECEKAONMX A100Y10 3aMKHYTYIO
MOBEPXHOCTE S, TOMIKHO OBITH IIPONOPIUMOHANBHEIM anredpanyeckoi
CyMMe 3apsiJIOB, PACIIOJIOXKEHHBIX BHYTpH S, H60, COIMIacHO Teopeme
Taycca (3.6), cymMa 3THX 3apAJOB IIPONOPIUOHA/ILHA [IOTOKY BEK-
topa E uepe3 S. Ilpu 3TOM, KOHEYHO, ONpEAess YHCAO0 JIHHNI, ITe-
pecekaromux S, Mbl KaXKIyI0 U3 HUX JOJDKHBI O6PaTh C HAJIEXKAIUM
3HakoM (+ mim —).

B uacTHOCTH, YHCIO CUIOBHIX JIHHUHN, NepeceKaronnx Jiobyio, He
COZIEPXKAILY 10 33PALI0B, 3aMKHYTYIO MOBEPXHOCTh, paBHO Hy/0. VHbi-
MU CJIOBAMU, YHIO (IOJIOXKHUTENbHOE) JIMHUI, BBIXOAAIIHUX U3 Orpa-
HUYEHHOrO MOBEPXHOCTHIO 00beMa, PABHO (OTPHILATENLHOMY) YKCITY
JIMHEH, BXonAmux B Hero. OTClona CIeAyeT, 4TO B CBODOMHBIX OT
3apA0B YYaCTKaX O/ CHJIOBBbIE JIMHWM HE MOPYT HM HAaIMHATHCA,

HU OkaHumMBaThCA 1) . C APYTroff CTOPOHBI, JHHIHH ITH HE MOTYT TaK-

!) Hcxmouenuem w3 310r0 mpaBMia MOTYT GBITH TOMBKO TOUKH (VUM JIMHMH)
HEOIPeeIeHHOCTH, B KOTOPBIX HanpsxXeHHOCTh mons E ofpamaerca B Hy s
¥ HANPABJICHHE CHJIOBLIX JIMHUH CTAHOBHTCA HeONpDeIe/IeHHBEIM. Takoll Toukoi
HeONpPEIE/IeHHOCTH SIBIAETCH, HAIPUMep, CepeliHA DAaCCTOAHHs MeXIY JAByMs
PABHBIMH 33pAaMH OJHHAKOBOIO 3HAKA.

IIycts, HanpuMep, B Toukax A u B pacnonoxeHbr qBa PABHBIX IIOJIOKHTE/Ib-
HBIX 3apafa ¥ Touka O nexur HA cepefune orpe3ka AB. Orpesox mpamox AC
SIBJISIeTCA CUJIOBOM JINHHEH, BJIOIb KOTOPOH HANPSAXEeHHOCTs noyia E yMenbmaet-
cs1 o Mepe yaanenus ot A u obpamaercs B rouke O B Hyns To e oTHOCHTCS 1
K cuiioeoi mHun BO. 06e IpOTHBOMOJIOKHO HAIIPABJIEHHbBIE CUIOBLe jimauyu AQ
u BO 3akanuuBaiorca B Touke (. Bmecre ¢ TeM H3 3T0# TOYKH HCXOAUT My40K
TIPAMBIX CHITOBBIX JIMHHI, PACIOJIOKEHHBIX B MJIOCKOCTH CHMMETPHH, NepIeH -
KytapHoi Kk orpe3aky AB. IIorok 4epe3 3aMKHYTYI0 OBEPXHOCTb, OXBATHIBAIO-
HIYyIO TO4KY (0, KOHEYHO, PaBeH HYIIO.

Ha sToM npumepe AcHO BUIHA TakiKe yCJAOBHOCThH IOHSITHA CHIOBBHIX TPy6oK,
T. e. HHTEH KOHEYHOI'O CEYEHHsl, TIOBEPXHOCTh KOTOPHX 0Gpa30BaHA CHIIOBEIMH
JvHuaAMH. J1efCTBUTEIEHO, CHIIOBas TPYOKa CKOJIb YIOZHO MAJIOI0 CEHeHH s, OXBa-
ThiBaomas JMHWI0 AQ, HEOrPAaHHYEHHO PACIINPAETCH IO MePe yIAJIeHHd OT 3a-
pana A. [lpu npubimikeHUN K IUIOCKOCTH CHUMMETDUMH, HPOXOAswed udepes O,
ceYeHue 310l TPyOKH CTpeMHuTCd K GeCKOHEYHOCTH M COBHR/AET B rpenaeine C
ILTOCKOCTBI0 CHMMETPHM.
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ke ObITh 3aMKHYTBIMH. B mpoTHBHOM Cily4ae, JUHENHBIM HHTErpaJ
§ Esds mo kaxmoit u3 3aMKHyTBIX JuHHA cu1 L Gsul 661 oTimues
L
or wynsa (ubo anemeHThl dSs JuHEE cua napasesnbst E @, crano
OLITh, IOABIHTErpaJILHOE BhIPaskeHue CYIIEeCTBEHHO ITOJI0XKHUTEIbHO),
49T0 mporiBopeynT ypasHeHuio (7.3). Crano ObiTh, 6 saexmpocma-
TNUNECKOM NOAE AUHUU CUA AUOO HANUHGIOMCA U OKAHYNUGAIOMCA
HO IAEKMPUNECKUT 30PAIAT , AUBO OOHUM CEOUM KOHYOM 1) yz00am
8 6eCKOHeNHOCMD.

TakuM 00pazomM, AJis HONYUEHHA NTPABUILHON KAPTHHBI IO HO-
CTATOYHO, OYEBHJHO, OT KaXKJOr0 3eMeHTa 3apAna IPOBECTH UUCIO
JIUHHM, TPONOPIHOHAIBHOE BEJIMURHE STOr0 3apaia.

Jlna He3aMKHYTBIX JIMHUI, BIPOYEM, CYMECTBYeT, HOMUMO IIepe4YHCIeHHBIX,
enie TPeThA BO3MOXKHOCTb: OHH MOryT npy 6e3rpaHUYHOM MPOAO/DKEHHH, He Te-
PeCeKasACh U He 3aMBbIKasiCh, BCIOAY ILIOTHO 3aMOMHATH HEKOTOPHIA OTpaHHYIEH-
HBIH YYaCTOK NPOCTPAHCTBA. C TAKOrO POa MAZHUMHBLMYU CAJIOBBIMH JIMHHAMH
MBIl IO3HAKOMHMCS B 1. IV. OHAKO O/l CHIIOBBIX JIMHUI 32EKMPOCTATMUNECKO-
20 TIONA 3Ta BO3MOXNHOCTE HCKJIOYEHA, HO0 JIMHUA, 3aIONHSAOMAA HEKOTOPHIA
Y49aCTOK IPOCTPDAHCTBA, JOJMXKHA IPHU AOCTATOYHOM NPOJOIKEHMHM KaK YTOHO
6JIM3K0 HOAXOZUTH K paHee MPONZEHHHIM €0 TodkaM. Ecm P u P' cyTs ase

Takue OGeckoHeIHO OJIM3KHE TOYKH Ha NoA0GHOM CH/IOBOM sHuM L, TO HHTErpas
PI

f E; ds mo 3toit siusumn GyAeT CymeCTBEHHO MOIOXWUTeseH H Gyaer obianarsh
P

xoneuwnotl Benmuunoii. Bmecre ¢ TeM, ecsi Tosbko BekTOp E KoHeudew, 3TOT HH-

TerpaJl JOMKeH OTAHYATHCS JIHIb HA 6eCROMENHO MAAYN 6eAUNUHY OT UHTerPa-
Ja f E; ds 1o aamxnymomy xOHTypy, 00pasoBaHHOMy OTpe3koM PP’ cunosoit
JIMHHH U 6ECKOHEYHO MaJIbIM OTPE3KOM IpaMoit, coemumaomeit P’ ¢ P. Ho mo-

CllempMil HHTErpast, cornacuo (7.3), paBeH HYMIO, T. €. OTIMIAETCS HA KOHEYNYH
Pl

BEJTMYHHY OT f E, ds. 3TuM IpOTHBOpEYHEM U JOKA3HIBACTCA HEBOZMOXKHOCTH
P

CyImieCTBOBAHHA CHAJIOBBIX JTAHWE YKA3aHHOro THITA.

Banpgaua 9. Iokazars, ucxonsa u3 (8.10), 4yTo HAIPSIKEHHOCTH
NoNsA JUIONA MOMEHTa P, JHHUM CUJI KOTOPOro H300pakeHbl Ha

') Oba KOHLIA CHITOBOI JIMHIK HEe MOTYT J1eKATh B 6ECKOHEUHOCTH, €CITH TO/IBKO
BCe 3apsIp! PACTIONOKEHbl B KOReHOM 061acTH pocTpancrea s nokasaTess-
CTBa JIOCTATOYHO NPUMEHHTE ypasueHue (7.3) kK 3aMKHY TOMY Ty TH, IOy 4aeMOMY
TIpy 3aMBIKAHHH PAcCMaTPHBAEMOI JINHIM B GeCKOHEUHOCTH AyTolt Kpyra Gecko-

HEYHOTO PaJNyca, H IPHHATH BO BHUMAHMe, YTO HHTErPas f E; ds o sroit qyre
CTpeMHTCST K HYJIO IPH Bo3pacTaHumM paguyca Ayru R (u6o npm mocrarouno

GosmwoM R mveem E ~ —1—, a fds ~ R).
R2
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puc. 15, pasHa
_3pR)R _p
# 4TO B cdepHueckoil cucreme KoopauHar R, 19, a ¢ ueHTpoM B -
nojie ¥ MOJIAPHON OChIO, MapajleNb-
HOMt P, ciaraouye sekTopa B paBHb

Eg= 2pcosd

B (10.5)
Eq =0.

__ psind
Eﬂ = R
Takum obpazom, yron 8 mexay
CUJIOBON JIMHUWEN W PaJiyCOM-BEKTO-
poMm R onpegenserca cOOTHOIIEHTEM
E 1
tgB =22 = _tgd.
Egr 2
Ha oguHakoBbIX paccrosiuusax R
OT JHUIIONA Iose BIOJIb ero ocu (¥ = Puc. 15
= 0 wiu ¥ = 7) BABOE CWILHEE, YeM B IKBATOPUAJILHON IJIOCKOCTH
(¥ =n/2).

§ 11. YpasHenuna Ilyaccona n Jlanmnaca

Vpabuenve (10.2) yCTaHaBIWBAET CBA3b MEXJAY HOTEHIHAJIOM
IEKTPOCTATHYECKOrO IIOJIsl i HANPSXKEHHOCTHIO 3Toro nons. 13 sro-
IO ypaBHEHHs MOXHO IIOJ[y4UTh COOTHOUIEHKE MEXIy MOTEHIUAIOM
H IUIOTHOCTBIO 3apsija. JlJIsi 9TOro Hy>KHO 00pa30BaTh AMBEPreHIJUIO
oberx yacrell TOro ypaBHEHUA i BOCIOIb30BATHCA 3aTeM (HOPMyIIoit
(6.5):

divgradp = —divE = —4mp. (11.1)
CornacHo npaBuiaM BeKTOPHOIO aHaju3a [cM. ypaBHenHe (40%)]

2 2 2
A (11.2)

: 2
divgrad ¢ = Vp = PP Wi W

TaK uTo ypasuenue (11.1) Moxer GBITh 3amUCcaHoO Tak 1) :

2, 0% 3y &y _

9to muddepeHuranbHOe ypaBHEHHe HOCUHT HA3BAHWE YPASHEHUA
Iyaccona. B rex y4yacTkax nosis, rje HeT AEKTPUYECKUX 3apsAOB

1) Bemanny V2 unorga o6osHavalor Yepes Ay M HA3HBAIOT JIATUIACHAHOM
ckanapa ¢ [cp. ypasuerue Jlanmaca (11.4)].
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(p = 0), ypaBHenue 370 06pamaercd B CIeLyIOLiee:

2 _ o 8y o _

DTOT yacTHBIM Bug ypasHenus [lyaccoHa HOCHT Ha3BaHWE Ypas-
nenus Janaaca t) .

YpaBuenne IlyaccoHa JaeT BO3MOXHOCTb ONPEJENUTb ITOTEHIH-
aJ1 oy 00HEMHBIX 3aPsJIOB, €CIM M3BECTHO PACIIONIOKEHNE STHX 3a-
pajgos. Pemenue (uaTerpain) storo auddepeHnuatbHOr0 ypaBHeH s
(npu ompeiesieHHBIX MPAHUYHBIX YCJIOBUAX) JOIXKHO, OYEBU,IHO, COB-
najaTh C BLIBEJEHHOM HaMmu paHee ¢opmynoii (8.8):

_ | pdV
o o

B nanpueiiieM Mbl JOKaxeM 3TO HEMOCPEICTBOHHBIM BLIYHCIIE-
uueM. [loka 3Ke OTMeTHM, YTO JJis PeilleHns HEKOTOPHIX 33,034 yA00-
Hee WCXOAUTHL He U3 uHTerpana (8.8), a HenocpeacrBenHo u3 audde-
peHnuanLHOro ypasaenus (11.3).

II puMme p. Onpedeaumd naomHuocms MePMOUOHHOZ0 TOKG MeHCdY J8YMA
BECKONEUNBMU NAOCKUMU daeKmpodamu 6 Gaxyyme. [IpuMep 3T0T HA mpUMeHe-
HHe ypaBHeHHs1 IlyaccoHA B3AT He U3 3ACKTPOCTATHKH, a U3 yUCHHHA O TOKE H
uMeer BosbITOe 3HAMEHHE A1 TEOPHUH KATOMHBIX (yCHIIATE/IbHBIX ) JIAMIL.

M3pecTHO, 4TO HAKaJIEHHBIE METAJUIBI MCOYCKAIOT CO CBOEH IOBEPXHOCTH B
OKpYy2Kalomee HPOCTPAHCTBO MOTOK CBOBOJHBIX 3/IeKTPOHOB. Ecim K AByM Me-
TAJTHYECKHM 3JEKTPOAAM IPHJIOKHUTH ONPEIE/IEHHYI0 PAa3HOCTh MOTEHIHAJIOB
M PAaCKAIHTh OTPHIATENbHBIN 3IeKTPOA, (KATO/), TO HEMPEPHIBHO HCIYCKAEMEIE
HAKAJICHHBIM KaTOAOM 3IEKTPOHBI OyyT IPUTATHBATBCA K IOBEPXHOCTH IOJO-
JKATEIBHOTO AIeKTpoaa (anona). IIoTok 3MeKTPOHOB, ABMKYIMHUXCA OT KaToaa K
aHOIY, IKBHBAJIEHTEH MIEKTPUYECKOMy TOKY. TOK 3TOT HA3LIBACTCA MEPMOUOH-
HOIM.

BrifepeM 0CH AEKapPTOBREIX KOOPAMHAT TaK, YTOOH HAYAJIO MX HAXOAHIIOCH HA
KaToJe, & 0Chb  Obliia MepneHIuKyIAPHA [VIOCKOCTH JIEKTPOJIOB U HAIPDABIEHA K
anoxy. IIpuMeM moTeHman KaToqa paBHBIM HyJIO, & MOTERIMAJI AHOAA PABHBIM
pa. U3 cooBparkeHUIT CHMMETPHH ABCTBYET, YTO SKBUIOTEHIIHAIbHBIE TIOBEPXHO-

o Oy
CTH TApaJl/le/IbHB AMEKTPOJAM, TIOITOMY el i 0, u ypaeuenue Ilyaccona
z
B HpOCTpaHCTBe Me)KAy INICKTPOAaMHU IIDHHHUMAaeT BUL
&y
—= = —47p. 115
o2 P (11.5)

Ecnu 0603Ha4uTh 9epes n(<) 9uCII0 3JIEKTPOHOB, IIPHXOAAUIHEXCA Ha €JHHHAILY
o6beMa B NPOCTPAHCTBE MEXKJAY WIEKTPOAAMH Ha PACCTOSHHMH T OT KATOAA, a
yepe3 & abcoaromiyio BeJMYUHY 3apAaa 3JeKTPOHA, TO ILUIOTHOCTH 3apsia Ha

1) Vpasrenus (11.3) m (11.4) 6putn usyenst Jlannacom u Ilyacconom riae-
HeM 00pa30M B CBA3HM C HCC/IE0OBaHHEM IIONs TATOTEHHs BecOMbix Macc. Kak
Jerko ybemnThes, yPABHEHHAMH 3TOr0 THIA ONPeAeisieTCs HOTeHuasl JT6oro
CHIIOBOIO TOJIsA, BO30YKAaEMOT0 PaCIONOKeHHBIMA B HEM HEHTPAMU CUi (Beco-
MpIe MACCHI, JEKTPUIECKHE 3aPsAbl, MACHATHBIE IIOJIIOCH) TI0 3aKOHY 00paTHOMN
IIPOHOPUHOHANBHOCTH KBaJPaTy PacCTOSHHS.
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3TOM PaCCTOSTHUU Oyzer:
p = —n(z)e.
IIpenmonoxuM JuTst IPOCTOTHI, YTO HUCIYCKAEMBIE KATOAOM 3IEKTPOHBI IIPH

BHIXOZIE M3 €ro TOBEPXHOCTH He OONANAOT HHKAKON HAYalIbHON CKOPOCTHIO '),
Ha nyru OT KaToZa K aHOLY CHIbl JIEKTPUYECKOro IO BYAyT COBEPINATh HaJ
WIEKTPOHAMH 3apama —e pabory —(—e)ps = eya., KoTopas Oyaer, O9eBHAHO,
MEPEXOIUTH B KMHeTHYECKY 10 SHEPTHIO JBHKEHU MIeKTPoHoB. O6o3Ha4as yepes
v(T) CKOPOCTH 3MEKTPOHA HA PACCTOSTHUM Z OT KATOAA, a Yepe3 (T) moTeHIman
Ha TOM e PACCTOSHHH, IONYIHM
mv(z
———2u = ep(z), (11.6)

e ™ — Macca eKTpoHa. HakoHen, IVIOTHOCTH j 3/MEKTPHIECKOro TOKA, T. €.
3apsaj, MPOTEKAIOUHIL 33 eAPHALY BPeMeHH Yepe3 INepIeHIUKYJISPHYIO TOKY (T. €.
HepHeHUKY/IAPHYIO OCH Z) ITomanky & 1 cM?, pasHa, oueBHIHO:

Jj = en(z)v(z), (11.7)
#60 NV eCcTh YHCIO AeKTPOHOB, HPOXOAAUIMX 33 €JHHUILYY BPEMEHH 4epes 3Ty
WIOW@AKy. B oTnuune or p, 7 ¥ v INIOTHOCTH TOKA j €CTh BEIITYHHA TOCTOAHHAA,
He 3aBUCAMAS OT £, 160 0 JOCTHIKEHMH CTAlMOHAPHOTO COCTOSIHUA Yepe3 miolyio
Mapa/uIeTbHYIO SJIEKTPOAaM IJIOCKOCTD IPOXOIMT, OYEBHIHO, OFUHAKOBOE YHCIIO
IEKTPOHOB.
UckmounM u3 ypapuenua (11.5) sce HemssecTHble PyHKUHH T, KDOME (.
TIpexxne Bcero

CTAJIO BBITD,

i - m
¥ = 4y vz, =,
dz* 2e
il 4 _
Beoas o6o3nauenne A = 9x, [ —, mosyunm bl —Ajp~ 2,
2e dz2 9
Kak nerxo y6enuThCsi OACTAHOBKOM, T6 M3 pelleHu#l 3Toro audgepeHnu-
aJIbHOrO ypaBHEHHH, KOTOPOe, COIVIACHO YCIOBHIO 3a3a%H, obpaumaercsa Ha KaToae

B HyJIb H, KpOMe TOTO, VOBIeTBOPSET yCIIOBHUIO *

6_<p=0 mpu z =0,

oz

!) B meiicTBUTe/IHOCTH OHM 06/1ANAI0T HAYATLHBIME CKOPOCTAMH, CPEJHEE 3Ha-
4YE€HHE KOTOPHIX, OJHAKO, MAJIO II0 CPABHEHHIO CO CKOPOCThiO, MpHOGpeTaeMoit
3JMEKTPOHAMH Ha IyTH K aBOAY HOA AEHCTBHEM IOJIS 3JIeKTPOJOB (IIPU OGbIMHBIX
YCJIOBUSX OILITA).

2) Tlpu MaJIBIX PA3HOCTAX MOTEHIHAIOR MEHKLY NIEKTPOJAMH TOK JATeK OT Ha-
CHIIEHHU S, ¥ YHCIIO 3JIEKTPDOHOB, IPUXOAAIGKX Ha aHOJ B eIHHHUILy BPEMEHH, MAJIO
0 CPABHEHHWIO C YHUCJIOM AIEKTPOHOB, BHIACIAIIINXCA U3 KATOAA. 366ITOuHbIE
3JIEKTPOHB! 00Pa3yIoT IIPH 3TOM HA BHEIIHel MoBePXHOCTH KaToma (x = 0) cirof,
WM «06JIAK0», 3IeKTPOHOR, H3 KOTOPOro OTAENbHEE K TPORK AdPyEAUpYIOT
4acTHIO OGPATHO B KATOM, YACTHIO B IPOCTPAHCTBO MEXKAY MIEKTPOJAMH, OTKY A
OHH YBJIEKAIOTCs nosieM K anony. CaM ke 3TOT C/I0ii B UEJIOM HENOIBUAKEH, YTO
MOKET UMETh MecTo Jinp npu F = dp/0z = 0.
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paeHO
2/3_4/3
¢ = (Ag)*/ 223 (11 8)
Ecsm 0603Ha9uTh paccTosiHUE OT aHOA IO Karoga depes [, o nupu z = | noren-
LIHAIT p JOIZKEH 00paIaThCA B Y. Crano GbiTs,

Pa = (A)"113,

5= L L,/2—e—“"3/2 (11.9)
A 2 Ir Ym 2

TaxkuM 06pa30oM, IUIOTHOCTh TEPMOMOHHOTC TOKA He MOJYMHAETCA 3AKOHY
Oma, a pacrer NPONOPUUOHAJIBHO CTENeHH 3/2 NPHIIOKEHHOTO K 37eKTPOIAM
HAIDPSXKEHHH Yo M 0OPATHO MPONOPHHMOHAILHO KBANPATY PACCTOSHHA MEXKAY
HHMH. JTO OT/IMYHE 33aKOHOB TEPMOHMOHHOTO TOKA OT 3aKOHOB TOKa B METAJLIAX
00yCJIOBIMBaETCA NBOAKOIO POAa HPHYMHAMH. Bo-IIEpBBIX, 3/IEKTPOHBL B MeTAJ-
JIaX COYJapsIIOTCs C IONOXKUTEIBHBIMU HOHAMH, 06pa3yomuMu TBEpbIi cKereT
MeTaJLId, H UCHBITEBAOT OJIArOAaps 3TOMY CONPOTHUBIIEHHE CBOEMY JBHKEHUIO,
OTCYTCIBYIOWiEE TIPH ABMMKEHWM B BaKyyMe !). Bo-BTOpEHIX, IIPH TepMOHOHHOM
TOKEe B NPOCTPAHCTBE MEXIY 3VIEKTPOAAMH HAXOJATCH JIHIIL CBOGOZHbBIE 3JIeK-
TPOHBI, 3apAJ KOTODBIX HE KOMIEHCHPYETCHA 3apAA0M IIOJI0XKHUTE/BHBIX HOHOB,
KaK 3T0 HMeeT MECTO B METAJLJIAX, BCJIEACTBHE Yero noJjie 3TOro TaK Ha3bIBaeMOoro
«IIPOCTPAHCTBEHHOI'O 3aPAa»> HUCKAXKAET ITOJI€ JIEKTPOJIOE.

Ormernm, uro dpopmyna (11.9) nepecraer 6bITE CIpaBeTHBO# IpH GOMLITHX
TUIOTHOCTAX TOKa - ). Ilpu moBblmeHwn noTeHUWaATa aHOJA HACTYIAET MOMEHT,
KOT/1a BCE BBIAENsIeMble KATOIOM 3JIeKTPOHBI HEMEJICHHO e yBICKAIOTCA K aHO-
ay. JanbHeiiree MOBbIIEHHE TOTEHITHAIA AHOIA He MOXKET, OYEBHAHO, IOBECTH K
YBeJIM4eHHIO IUIOTHOCTH TOKA, KOTOPas, TAKMM 06pa30M, IOCTUIAET OCTOSHHOI'O
3HAYeHNs (TOK HACHINEHUS).

OTKYIa

Sagaga 10. IIycte R o3HauyaeT paccrosHWe JAHHONR TOYKH
NMPOCTPAHCTBA OT HEKOTOPOU NpPOW3BOJLHO BLIOpaHHON HavaaLHON
touku P. Hokazark, 4To ckauap

=1
v=%
VAOBJIETBOPAeT ypasHeHuo Jlamraca
vii=o. (11.10)
R

Touka R = 0 He paccMaTpuBaercd.

3agayva 11. BeckoHedyHas mIOCKasA IJIACTHHA TOJIIMHON 2a
paBHOMEPHO 3apAXKEHA WIEKTPHYECTBOM € 00bEMHOU IJIOTHOCTLIO P.
Ocn z NepHeHIMKYJISPHA IJIACTHHE, HAYAJI0 KOOPIHHAT PaclooxXe-
HO B CPeIHHHON IUIOCKOCTH, PaBHOOTCTOAIIEH OT 00eHX MOBEpPXHO-
creit acTiHsl. 1loka3aTh, 4T0 NOTEHIMAN IO BHYTPH ¥ BHE ILIa~
CTHHBI PaBeH COOTBETCTBEHHO:

pi = ~2mpz’, .= —2mpa(2z — a),

1) Coynapenue 3JIeKTPOHOB JAPYT C APYroM He U3MeHAeT HX JOJHOr0 KOJH4e-
CTBa, JBUKEHHUS.

2) I'parranoe yostosue dyp/dz = 0 ipu £ = 0, KOTOPEIM OTIpeesIAeTCa PelleHye
(11.8), mepecraeTr COOTBETCTBOBATD (PHIMYECKUM YCIOBHAM OIBITA.
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a BekTop E Hanpaseien BJosb OCH T OT CpeiuHHOM miockoctu ¢ = 0
(ecrm p > 0) ¥ YHUCIEHHO paBeH:

E =dnplz|, |z|<a, E=dmwpa, |z|2a.

CpaBHUTB 3TOT C/Iy4ail ¢ IpeJebHBIM CIydaeM HEeCKOHEeYHOM 3a-
paxxenHoii miockoctu (§ 4).

3anava 12, Halftu noTeHyyasn noid miapa, paBHOMEPHO 3a-
PSKEHHOr'O 1O cBoemy ofbemy [dbopMmyna (8.12)]1,) HCXO/I U3 ypaBHe-
uug Ilyaccona B cepryecKux KOOP/JHHATAX.

§ 12. Ilorennuan 06 beMHBIX U ITOBEPXHOCTHBIX 3apAJ0B

1. B aroMm naparpade MBI IpUBEIEM [JOKA3ATE/ILCTBO BhIPasKeHU
(8.7) u (8.8) nuisi nOTEHIMAA NOBEPXHOCTHBIX M 00LEMHBIX 33PANOB,
cBOOOAHOE OT TeX HEeJOCTATKOB, KOTOPHEIMH ODJIAaeT NPUBEIEHHbIH
paHee BBIBOJ 3THUX BHIPAKEHHUN 3 (POPMYJIBI JJIisl HOTEHLHANA TO-
weqHOro 3apsga (cM. c. 44, 46) 1) . Ilpu aToM MBI By/eM MCXOLUTD U3
ypasnenusi ITyaccona (11.3) nisi moTeHUMANa 3JEKTPOCTATHIECKOTO
[OJIS ¥ BOCIIOb3YeMCA U3BECTHOH U3 BEKTOPHOIO aHAIN3a, meopemoti
I'puna [cm. (53*)], xoTopas rmacur:

[V —ovip)av = § (2 - p2) ds. (12.1)
S

on
v

3nece S 03HAYAET TOBEPXHOCTE, OFPAHUYUBAIOILYID 0bbeM V, a v ¥
1) — [Be IPOM3BOJIEHEIE, HO HEIIpephIBHEIE BHYTPH obbeMa V' ckasisp-
Hple HYHKIMH TOYKH, 00JIaJaI0ue BHYTPH 9TOT0 00beMa KOHEIHbI-
MH MPOU3BOAHBIME KaK HEPBOrO, TAK M BTOPOIrO HOPH KA.

IMoctapum cebe 3asadell OnpefiesinTh 3HAMEHNE 3JIEKTPUYECKOTO
MOTEHIINAJa (P B HEKOTOPOU Touke nonsi P. O6o3uavynM paccrogHue
MPOM3BOJIBHOM TOYKY oA OT ToYkKd P depes K. [lonoxum B Teope-
me I'puna (12.1)

1
Y= R
U Ip¥MeM Bo BHUMaHue ypasHenue (11.10):
viloyg
R ?

1) B coBpeMeHHbIX KHHTAX 10 3MEKTPOAMHAMHKE I OIMCAHNA TOYTHBLIX 3a-
PSA0B YACTO HCHIONb3yeTcd §-GyHKuua. DTa HecoGcTpeHHAs (YHKIINSA TO3BOMA-
eT JOBOJIBHO yno0HO nosny4aTh pelreHusi ypasuenwuii Ilyaccona n I’ Anambepa.
IIpuMeHeHHs 0-QYHKIHUH B IEKTPOAMHAMKMKE H — B YACTHOCTH — [JIsl PeIeHHs
YIOMSHYTBIX yDaBHEHHH C ee TOMOIIBI0 MOXKHO HAfiTH, HAllpHMep, B KHUTE:
Ianoeckuti B., Quaunc M. Kitaccuueckas snekTpoarHaMuka. — M.: OusMaTiuT,
1968. — § 1.1; 1.5; 13.2 (IIpumex. ped.)
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u ypasuenue Ilyaccona (11.3):
Vip = —4mp.

Bnoca atu 3navenus B dopmyny I'puna (12.1), nonyunm nowte
nesieHus Ha —4n:

[pv=tflep (B)-2bas o

2. IIpeamonoKuM cHAYAIa, 9TO BO BCEM PACCMATPHBAEMOM HaMHU
obwveme V, BrirodatomeM B cebsi Touky P M OrpAHHYEHHOM IOBEPX-
HOCTBIO S, MOTEHIHAN (¢ U ero MPOU3BOAHLIE ABJSIOTCS HENPephiB-

n HbIME dyBKIuaME Touku. CKajaap xe

U ero NPOU3BOJAHBIE HENPEPHIBHBI U KO-
HEYHbl BO BCEeM IMPOCTPAHCTBE, KpOMeE
touku P. Tak xak teopema I'puna npu-
MEHMMA TOJBKO K TAKHUM YYACTKaM Ipo-
CTPaHCTBA, B KOTOPHIX 00a CKaadgpa, @
H 1), ¥ UX MNPOU3BOJHBIE HENPEPBIBHHI,

Puc. 16 TO TOYKy P HeoOX0AMMO UCKJIIOUHThL U3
obnacTy uHTerpupopanus V. OnumieM c¢ 31oit 1enbio Bokpyr P cde-
py So (puc. 16) npouzsonbHo Masoro paauyca Ry u npumedum ¢op-
myay (12.2) x obwemy V', 3akiouenHoMy MeXK/y BHENIHel moBepx-
HOCTBIO S U MOBEPXHOCTLIO chephr Sp:

sw-2 (L (D)-dkbes o
\4 S+5So

rae uagexc S+ Sy y 3HaKa DOBEpXHOCTHOTO HHTErPaa 03HAYAET, ITO
HHTErpaJj JOJuKeH ObITh pacupocTpaHeH MO HOBEPXHOCTAM S u Sp.
PacemorpuM nozpobHee MHTErpai O HOBEPXHOCTH Sp.

BremHAs 10 oTHOLIeHHIO K 06beMy uHTerpuposBasus V' Hop-
MaJib K MOBEPXHOCTH Cephbl Sy HampaBjeHa K ee HeHTPY W OpaMO
MPOTHRONOICXKHA paauycy-BekTopy R. [Tosromy Ha nmosepxuaocTa Sy

81 __ 0 (l)=L=L
on R R \R R? 2

-a—(’i e ——8—(P
on aR’

BreceM 3TH 3HA4eHUs B HOBEPXHOCTHBIM HMHTErpaJl ypPaBHEHHs
(12.3) u nmpUMeHHM 3aTeM TaK HA3BIBAEMYIO «TeOpeMy O CPeJHeM»



§12 MOTEHLHMAJ OB BEMHEIX M TOBEPXHOCTHBIX 3APAIOB 63

HUHTCI'PAJIBHOI'O HCYUCIIEHH .

L {wi (l)_iéae} Sﬁ{i L_‘P}dsz
47rS on \R R 9n R Ro 8R
0
1 fls4 1 a_w)}gé g
4r {Rg(p + Ro (aR a5,
So

e\ d¢

rje ﬁ u e CYTE HEKOTOPbDIE CpeAHUE 3HAYEHUS BEJINYHUH ﬁ ue

Ha nosepxuoctu cepnt Sg. Tax kax ¢ dS pasen 061ell HOBEPXHOCTH
cdepsbt 47rR8, TO IpaBas 4aCThb YPABHEHWS DaBHA

o+ o(3E)

bynem temeps cTpemurth kK Hyso paguyc Ry, crarusas cdepy
Sy B Touky P. [Ipu 3toMm nocnegHuil 4yieH NPHBEJEHHOTO BLIPAKe-
HUs oOpaTUTCS B HYJb, a CpedHee 3HaYEHWe HOTEHIHAIA ¢ Ha Io-
BEPXHOCTH OECKOHEeYHO MaJioii cpepbl MOXKeT ObITh IPUHATO PABHBIM
3HaYEHHIO NOTEHLUANa (f, B € LEHTPe P. Takum obpazoM,

dm e oo (B) ~maa) 95 =em (29

CanenosarenibHo, B npeaene npu Ry — 0 ypasuenune (12.3) npu-
HUMAEeT BHJ|

[4v=ep+ (o2 (3)- 42} s

\'

o= B0 LS (D)o

rze o6 beMHbI HHTETPAJ MOXKeT BBITh PACIPOCTPaHeH HA BECH OTPa-
HUYeHHBIH MOBEPXHOCTBLIO S 06beMm V', ubo npu By — 0 V' crpemur-
cad K V, a noaBIHTErpaJILHOE Bblpa}KeHHe OCTAeTC KOHEYHBIM NpHU
R=0 (c 45).

Utak, nmoTeHnuan ¢ B Touke P, mexamiett BHyTpH obbema V', B
KOTOPOM (0 U €T0 IIePBhie ¥ BTOPbIE MPOU3BO/HEIE KOHEYHB! U Helpe-
PBIBHBI, OOpeesisieTCa NOTEHINAMOM O0BeMHBIX 3apsAO0B, PACHOJIO-
xKeHHBIX B V [cp. ypaBuenue (8.8)], u 3uavyenuamu ¢ u dp/0n na
orpanpunsaweit 0obem V noeepxnocta S.

3. IlpepnosoxxuM Temepb, YTO XOTA MOTEHIHAT (0 H OCTAETCS
KOHEYHBIM M HENPEPLIBHBIM B O6beMe V', CIIOMIHOCTL (Hernpepbis-
HOCTb) TPaJUEHTa (Y MOXKeT HAPYIIAThCHA Ha OTJEJIbHBIX <IIOBEPX-
HOCTSIX Pa3pblBas, T. €. 3Ha4YeHUs grad @ [o pasanyHbIM CTOPOHAM

KA
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NOBEPXHOCTH Pa3pbiBA MOTYT OTVIMYATHCH HA KOHEYHYIO BEJIMYUHY
(n3menenue grad ¢ ckaukom). Mbl yBHAMM, 9TO DUIMYECKHI CMBICI
3TOTO MPEANOIOKEHUA CBOAUTCH K AONYIIEHIIO HATHYHA B 00beMe V
3aPSKeHHBIX [TOBEPXHOCTEH.

IlpennonoxuM CHa4yalla, YTO BHYTPH V CYIECTBYET JHUIL O/IHA
¥ IIPUTOM He3aMKHYTasl HOBEPXHOCTEL pa3pbiBa 5. BuibepeM mpousz-
BOJIbHBIM 06Pa30M HAIpaBJ/ieHHE IOJIOKUTENIbHON HOPMAJIN K Hell H
0603HaYNM ee He Yepe3 n, Kak obbraHo, a yepez N (puc. 17). Ilpose-
[leM 3aTeM 3aMKHYTYH [OBEPXHOCTL S, oxBarbiBatomyo S1; TOrja
dopmyny (12.5) MoxkHO Byjer, 04eBU/HO, IPUMEHUTD K 00bemy V',
3aKII0YEHHOMY Mexay nosepxuoctamu S u S7. Ipu atom Bxoxsamumit
B (12.5) MoBepXHOCTHBI HHTErPaJl PaCHAJETCS Ha JABa HHTErPaJIa; Mo
HOBEPXHOCTH S U 110 HOBEPXHOCTH S].

N

Puc. 17 Puc. 18

ByzeM Tenmepb CTATMBATH HOBEPXHOCTh S Tak, 4yToGbl OHa BCe
miorHee npuierana kK S;. B mpegene S] coemagzer ¢ S, u mmTe-
rpupoBaHue 1o S| CBEAETCs K 08YKPamHOMY MHTErPUPOBAHHIO MO
MOBEPXHOCTH PAa3pHIBa S)1: OAUH Pa3 1o BHyTPeHHeH (OTHOCHTENHLHO
Hopmasid N), a pyroii pa3 no BHeuiHe# CTOPOHE 3TOM OBEPXHOCTH!

S'li—+sl4i7r {llzgi an( )}dS_

./{zlzgi ©or (%)}1d8+$5/{};%f—w% (£)},4s
1

rae uHjaekcaMu 1 ¥ 2 oTMedeHb! 3HAYEHHA HO/ABIHTEIPAIbHBIX BBIPa-
JKeHUH COOTBETCTBEHHO C BHYTPeHHeil (oTHOCHTenbHO HOpMayi IN) n

BHELIHeHM CTOPOH HOBEPXHOCTH paspbiBa Sp. B 9ToM ypasHeHHu nox n

HY>KHO HOHMMaTbh, OYeBH/IHO, HOPMaJIb, BHEIIHIOI 10 OTHOUIEHHUIO K
obbeMy unTerpuposanus V', . e. nanpasnennyo u3 V' x Sy. Nuwr-
MH CJIOBaMM, C BHYTPEHHE! CTOPOHBI OT S MOJ N HY>XXHO HOHUMATh
HanpaBJIeHHE Nj, a ¢ BHeImIHeli — Hanpasiedue ng (puc. 18). Tak
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KaK N napa.nnenbﬂo n u aHTHnapa.nn&ano n2, TO
{i (l)} -9 (1) {i (1)} -_0 (1)
on \R/J1 o8N \R/’ dn \R/J2 ON \R
(52, =(oe) (52),=-(5%)
8n ON an/2 8N /2’

rae (_ng_) " (@i) CYTh 3HAYEHUs MPOUIBOAHON ¢ N0 HOPMAJH
ON /1 ON /2

N ¢ BHyTpeHHell ¥ BHemHe# cTopoH nosepxHoctu Si. ObozHauasa

COOTBETCTBYIOIINE 3HAYEHUS HOTEHHUANA (p Yepe3 1 U P2 U BHO-

€A I0Jly9eHHble BLIPasKEeHWs B PELIIECTBYIONIEe YDABHEHHUE, MBI [0

NPUBEICHUN WIEHOB IIOJIy YUM

e 21‘5556{; 2o (5)} 5=

1

- & fiom e (2 as- & (30, (@) 3o

S1
(12.6)

Tax xax, COrVIaCHO HAIEeMY [IPeNIONIOKEHHIO, IOTEHIHAJL ¢ BCIO-
Iy HEpPephLIBEH, TO 3HAYEHUs €r0 (] U (P2 MO 0BeUM CTOPOHAM MO-
BEPXHOCTH OJWHAKOBbl, M HEPBbIA WIeH NPaBOM YacTU ypaBHEHWS
(12.6) obpamaercss B Hysb ). Crano 6biTh, ectu BBeCTH 06o3HAYE-
Hue

3_90) _ (%_) =—4
(aN 2 \8N/1 o (12.7)
TO NpaBas 4acThb ypasHenus (12.6) npumer Bug
/ 2 4s.
R
S1

Bmecte ¢ tem npu coBmagedun S7 ¢ Sy obbem V' coBmagaer,
0YeBHHO, ¢ 00beMOM V', OrpaHUYeHHBIM TOBEPXHOCTBIO S, TaK 4YTO
ypasuenne (12.5) npunEMaer Buj

o= [ [ L2 (s

TaKOBo, CTAJIO 61>m>, BBIpAXKeHNE MOTEHUINANA, et BHYTPH Or-
PaHUYEHHOrO IOBEPXHOCTBIO S obbeMa V mMeerca He3aMKHyTast
TIOBEPXHOCTh S] pPa3phlBa CIIOIMHOCTH rpagueHTa . Ecmm takux
DOBEPXHOCTEH HECKOJNIBKO, TO K KaXXJIo# M3 HUX MOXKHO NPUMEHHTH

1) Cnyuait @1 # o Gyner paceMorpen B § 14.

3 N. E. Tamm
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NPHUBEJIEHHBIE PACCYKJAEHHS, TaK YTO B 3TOM CJIydae MOJ BTOPBIM
wicHoM nipaoit yactu opMynbl (12.8) HyXKHO MOHEMATH CYMMY
HHTErpaJjioB M0 8CeM [IOBEPXHOCTAM Pa3pbIBa, JeXKAITUM BHYTpu V.
QopMyna 312 NPUMEHAMa, HAKOHEH, M K (JIy4Yalo 3aMKHYTBIX IO-
BEPXHOCTEHN pa3pbiBa, n0O BCAKYIO 3AMKHYTYIO HOBEPXHOCTb MOXKHO
Pa3JIOKHTh Ha JBe HE3AMKHYThHIE.

4. Tepssbiit unen Bbipaxkenusi (12.8) npencrasaser coboit noTeH-
nHa o0bEMHBIX 3aPANOB, PACHOJIOXKEHHEIX B 00beMe V, BTOpOIl xe
ero YJIeH JIOJKeH OLITh, OUEBUIHO, UCTOJIKOBAH KaK IHOTEHLHAJ IO-
BEPXHOCTHBIX 3aps/I0B, DACNPE/IEeHHbIX C INIOTHOCTBIO O 10 [IOBEPX-
HOCTH paspbiBa S| [cp. ypaBuenue (8.7)]. DTo TonKOBaHME BHOIHE
COBHAJAET C paHee NOJyYeHHbIMH pedyabraraMu. [leficTBHTENLHO,
ecIu [Oo-IpekKHeMY 0003HAYUTh NMPOM3BOILHO BHIOPAHHYIO HOIOXKH-
TeJbHYI0 HOpMaJb K S He 4epe3 N, a yepez n, to (12.7) npumer

BH/,
?56) - ("L‘P) S
(6n — (32), = —4ro. (12.9)
Ho, cornacuo (10.1),
En = __6_90’
on

roe FE, —HOpMajabuasi Claraoliag HalpsiKeHHocTH oond. Craso
ObITh, ypaBHenue (12.9) MoXKeT ObITH 3amMUCAHO CJEAYIOUUM OGpa-
30M:

B, — By, = 4no.

CpastuBas ero ¢ ypasuenueM (4.3), Mbl y6exKaeMcsi, 4To Be-
JMUYUHA 0, oupejensieMas ypasHenueM (12.9), meiicTBUTENBHO paB-
HA IIOTHOCTH 3JIEKTPHUYECKOTO 3apana Ha moBepxHocTd Sp. Takum
00pa3oM, Mpl BHOBH MPUXOJUM K BBIBOJY, 9TO MOBEPXHOCTH Pa3phl-
Ba HOPMAALHOU cagzatouweli TPaUEeHTa HOTEHIHUAIA (T. €. TOBEpXHO-
ctu paspeiBa Ej) dbuU3udecKr PaBHO3HAYHBI 3aPAXKEHHBIM HOBEpPX-
HOCTSIM, IIPUYEM CKA4YOK 3Tol crararouleit dyp/dn nponopuuonaien
[JIOTHOCTH 3aPS/Ia [HOBEPXHOCTH.

5. ObpaTuMcs, HAKOHeI], K IOCTIeHeMY YIeHy BbipaxkeHus (12.8),
[PEeICTABIISIIONIEMY COOO WHTErPaJl [0 NOrPAHNYHOM TOBEPXHOCTH S
o0beMa V 1 BrIpaskaomeMy 3aBHCUMOCTh HOTEHIIHAIA 0 B 00beme V
OT 3TOr0 HOTEHIHUAJIA U €TI0 HEePBHIX MPOHM3BOAHBIX Ha MPAHUYHOMN II0-
BEPXHOCTH 3TOr0 00beMa.

YsieH 3TOT BOBCE BLINAAET M3 BHIPAYKEHMSA HOTEHIMAIA, eCITH MbI
oz, 06beMOM uHTerpupoBanus V 0yneM noHAMATH Bee OeCKOHeYHOR
IPOCTPaHCTBO (T. €. yAaJuM orpaHuyuBaiomyo V mnoBepxHOcTh S
B GECKOHEYHOCTb) W OPY 3TOM HAJIOXKHUM HA 0 W ero HPOU3BOJHbLIE
CJIEAYIOIME TPaHUYHbIE YCIOBUA: B GECKOHEIHOCTH (0 CTPEMHUTCH K
HYJIIO He MejJieHHee, yeM 1/ R, a ero nepsbie IPOU3BOAHBIE IO KOOD-

AMHATAM He MesyenHee, qem 1/R? T e.

Ry u R?grad ¢ nput R — 00 0CTal0TCH KOHEYHBIMIL. (12.10)
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IlepBbIM U3 3THX YCIOBHI MBI YK€ MOJb30BaJUCh B § 8, mpu-
paBHUBAA HYJIO 3HAYEHHE IOTEHIHAnd B OECKOHEYHOCTH |ypaBHe-
uue (8.3)]; BTOpoe XKe yciioBHE HENOCPEJCTBEHHO CBSI3AHO C MEPBAIM.
Du3nyecKu OHO O3HAYAET, YTO B OECKOHEYHOCTH HAMPSIKEHHOCTL E
3JIEKTPUYECKOTO TIOJIsI PABHA HYJIIO, T. €. UTO BCE 3APS/Ibl HaXOAATCH
B KOHEYHOM 00JJACTH nPOCTPAHCTBa. Bo BeeM HasnHelneM Mbl Oyiem
HA3LIBATH HOTEHIMAJIOM JICKTPOCTATUYECKOTO [OJA TO U TOJBKO TO
pertenrie ypapuenusa IlyaccoHa, KOTOPOE yIOBJETBOPSET YCJIOBUAM
(12.10) 1).

6. [TokaxxeM Teneps, yro npu Hajgoxkenud yctosuii (12.10) u yaa-
JIEHUHU FPAHUYHON HOBEPXHOCTH S B BeCKOHEYHOCTh NOCHEIHUN dieH
Boipaxkenusi (12.8) geiicTBuTtensuo obpamaerca B Hysb. Bribepem B
KadecTBe moBepxHocTH S cdepy paauyca R ¢ menTpoM B Touke P.
Buemnsas HopMaJib K 310# chepe cOBIaZaeT ¢ paJiycoM-BekTopoM R,

TaX 4TO
2 ()-8 (1) L
dn \R R \R R?’

M3 ycnosusa (12.10) cienyer, crano ObITh, MTO NOABIHTErPAJILHOE
BBIPasKEHHE MHTEPECYIOIIEro Hac HHTerpasia npu R — oo crpemures
K HYJIO He MejyieHHee, yeM 1/R3, Torga kak IOBEPXHOCTH HHTErpH-
POBaHHS PACTeT IPOIOPUMOHANEHO Juib RZ. CTao 66ITh, HHTerpa
stoT npu R — oo crpemuresa x Hyo u (12.8) npunumaer sug (eciu
OIYCTUTb y  uHAEKC P):

¢=/ﬂi+/ﬂ§, (12.11)
R R

rie R —paccrosnue saeMenta obbemuoro 3apsapa pdV unm zaps-
a3 TOBEPXHOCTHOrO ¢ dS OT TOYKY 0ojsi, 0b/amaomell MOTeHIMa-
JIOM p, U T/I€ MHTErpupoBaHUe JIOJKHO OBbITE PACHPOCTPAHEHO [0
BCEMY IIPOCTPAHCTBY, 3aHsATOMY 3apsgaMu [cp. (12.11) ¢ npexxuumu
dopmynamu (8.7) u (8.8)].

W2 n3n0keHHOrO ABCTBYET, YTO MOBEPXHOCTHBIN HHTErPa B Op-
Mysie (12.8) y4uTsIBaeT 1oJIe 3apsiioB, JIEKAINHMX BHe 00beMa MHTe-
rpupoBaHus V (& TakKe BO3ZMOXKHOCTH JOGaBUTH K ( IPOU3BONBHY IO
IUTHBHYIO NOCTOSHHYIO).

7. HanoMHuM, 9TO BO BCeM IIPEIbIAYIIEM H3JIOKEHUH HAMH Ipef-
HONATAJIOCE, YTO K&K CAM MOTEHIIHAJ, TAK U €r0 IePBhIe IPOU3BOIHbIE
(rpanuent) ecrdy xonewns. BecKOHEUHOCTD rpajuenta ¢ (T. e. cKa-
40K IIOTEHIMAa) O3Ha4YalIa Obl GECKOHEUHYIO0 HAMPSXKEHHOCTDb WIeK-
TPUYECKOr0 HOJsi, 4TO du3ndecku OeccmbicyieHno. KoHeYHOCTL XKe
paUeHTa ¢ O3HAYAET HEMPEPHIEHOCTIL (P, YTO M TPEANONIAraaoCh
HaMH BO BCeM Mpe/liecTByoollleM. BaopodueMm, B § 14 BepHeMca K BO-

1) 3a uckmouyeHueM, KOHEYHO, TEX CIYYACB, KOLAA YCHOBHO BBONATCH B pac-
CMOTPEHHE 3apsi/bl, IPOCTAPAIOIIHECH B BECKOHEYHOCTD, KAK, HALIpHMED, becko-
HeYHbIe 3apsiZKEHHbIE TIJIOCKOCTD, UMJIMHIPD M T.IL

3*
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NPOCY O IOBEPXHOCTSIX Pa3phiBa NOTEHIHAIa ¢ HeCKOIBKO HHOH TOY-
KH 3PEHUS.

8. Ecni pasMepsl 3apsifia €, 3aHUMAalomero obbeM Vi, HaCTONBKO
MAJIBI [0 CPABHEHMIO C paccTosiHeM ero B 10 paccmarpuBaeMoi
TOYKH Hovist P, 910 paccrosHue BCex 3JEMEHTOB 3apsalia oT P MOXHO
CYUTATh OAMHAKOBBIM, TO HOTEHUMAJ 3TOro 3apsiaa B P Oymer pasex

ei‘i_ﬁ_/ av = £,
R’
i

9T0 COBIaAAET C BbIpakeHMeM (8.5) moreHpasa TO4e4HOro 3apsia.

|51

§ 13. TunuyHbie 33a491 ITEKTPOCTATUKY

1. BBejenne HOHSTHA NOTEHIMAJA 3HAYWTENBLHO obierdaer pe-
[IEHHE 327129 3MEKTPOCTATHKY, UB0 3a/1a9a ONPe/IeNIeHUs 6EKMOPHOZ0
noAA SEKTPUYECKOH HANPIKEHHOCTH K CBOAUTCA K ONpeesIeHHI0
TOAA CKAAADA Q; UHBIMHA CJIOBAMHU, ONpeesieHde mper GbyHKIUH TO9-
Ku (cnararomux sekTopa E) cBopuTea k onpeenenuo 0dnoti TONbKO
dbynkmun @.

3Has WIOTHOCTb OOHLEMHBIX U NOBEPXHOCTHBIX 3apSIOB, MOXHO
ONIpeAeNuTD noTeHupas nons [bopmyna (12.11)); obparao, 3uas rpa-

IMeHT HOTEHIJANa @, M0 AUBEPreHIHH 3TOTO TpajueHTa V2 u Ho
BEJIMYMHE CKAYKOB €r0 HOPMAJbHON ClAraloedl Ha NOBEPXHOCTSIX

a3pBIBA MOYKHO OJHOZHAYHO OIPEeNIUTE PaCIpeleseHne 3apsiJoB
Fd)OpMyJIbI (11.3) u (12.9)).

OjJHako NpaKTUYECKH, KOHEYHO, HEBO3MOXKHO HM3MEpPHTb ILIOT-
HOCTb 3apsAfOB WM TPaJHeHT HOTEHIHMAIa BO BCEX TOYKAX IIOJS.
TloaToMy 3KCIIEPUMEHTATOPY HPUXOAUTCA (PAKTUYECKU UMETh JEJI0 C
33Ja9aMM HHOTO THIIA, a HMEHHO: JaHO PaCIIoNIOXKeHHe u (popMa, BCex
HAXOSAIINXCS B [IOJIE IPOBOJAHUKOB; ONpedesums noAe 3THX IPOBOJ-
HUKOB H pacnpedesenue 3apA0J06 MO UX HOBEPXHOCTH, ECAU U3BECT-
b AUB0 NOMEHYUAA Ka2#cdo20 nposodnura (3adada A), aubo obuguti
3apad xascdozo nposodnuxa (3adava B). ObbeMuble 3apsigpl npef-
HOJIaraeM OTCYTCTBYIONMMH, HOO 3apAnpl IPOBOJHUKOB COCPELOTO-
4enbl Ha ux nosepxHocTH (§ 5), a AMIEKTPUKM B ITOH IyIaBe He
PacCMATPUBAIOTCH.

2. Tloraxkem npexx e BCEro, 9TO ¥ ITUMH HA IEPBLIM B3TNIA BeCh-
Ma 06me hOpMYTUPOBAHHBIMU YCIOBHASAMM IEKTPOCTATHYECKOE 10~
Jie, a CTaJIo ObITh, M pacnpejiesieHHe 3apSJ0B ONPEeNeaATC 00HO-
3HANHO.

IMpeanonoxuM OPOTHBHOE, M MYCTh ¢ U ' CyThb JABE Pa3JIUYHbIE
dYHKIIUM TOYKY, YJOBJIETBOPSAIOIINE YCJIOBHUAM 33Ja4l A wm B.
Beugy oTcyTcTBUsi OOBEMHBIX 3apSAJOB KakK (o, TaK U ¢ JOKHBI
YIOBJIETBOPATbL BO BCEM MPOCTPaHCTBe ypasHeHuio Jlamnaca (11.4);
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CTaJio OBbITh, H PA3HOCTh HX

o' =0y
YAOBJIETBOPAET TOMY K€ YPABHEHHIO
V2 (pll — 0

[Monaras B opmyne [puna (52*) o = p = ¢, Mb1, Taxum obpa-
30M, TMONYYHUM

17
/ (V") dV = 95(;;""’—*0- ds, (13.1)
on
v s
rjae MHTErPUPOBAHUE MPEANOIATAeTCH PACIPOCTPAHCHHBIM 110 BCEMY
JIexKaleMy BHe IIPOBOJHUKOB IIPOCTPAHCTBY V| TaK 4To mmox, S Hy»KHO
HOHHMATb COBOKYITHOCTb IOBEPXHOCTell BCex rIpOBO,tLHI/IKOB
Tak Kak OpH pelleHud 3aka4¥ A ¢ U ¢ JI0MKHBI HPUHUMATH
Ha S Hamepes 3a/jaHHble 3Ha4YeHUs], TO ¢ Ha BCEX MOBEPXHOCTAX S
paBHO HyJto. Ctaso ObITh,

/ (V")2dV = 0. (13.2)
i
BBUIY NHOJOXUTENLHOCTH IOJIBIHTErPAIbHOTO  BHIDaKeHUs U3
STOr0 PaBeHCTBA CENYeT, YTO Vga = grad ¢" Bo BCEeM mpocTpaH-
CTBe PaBHO HYyJIWO, T. €. 49TO ¢" = = const. Tax Kak, KpoMe TOro, Ha
HOBEPXHOCTAX MPOBOAHHUKOB o6pam,aeTc51 B HYJb, TO OHO PaBHO
nymo 1 noecioay. Crano ObiTh,

I
‘10 =¥,
YyeM M [JOK33bIB3ETCsA OOHO3HaAYHOCTDL pPelleHud 3aJa49n A.
O6pamaﬁc1> K 3a4a4e B BaMeTI/IM qyTO Ha HOBerHOCTI/I Kaxxa0ro
NPOBOAHNKS ITOTEHIIAAJIBI (,0 u (p a CTaJio 6bITb u (p AOJIZKHbI UMETDH

ODOCTOAHHOE 3H3YCHHE. BHHFIHT AJIA IIOBEPXHOCTH KazKAO0ro npoBOI-
HUKA MOXKHO HallHCAThb

0" g — "95 9" 13
95 v on ¥ on )
Ho Ha 1oBepXHOCTH [POBOZHHMKOB, coracHo (5.1),

Enz—%lelwa u Ehz—%‘%—élwa,
rae o u o ~ IJIOTHOCTH 32PANOB [POBOJHUKOB, COOTBETCTBYIONIHE
pemeruaM ¢ u ¢'. Crano 6bITh,
a(PII 3(,0 6(,0’
an n  On

9590"% dS = 41r<p"(¢a' ds — SISUdS) =4ny" (e — ),
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rae e u € CyTh 3HadeHUs oOmero 3apsda HPOBOAHHUKA, COOTBET-
CTBYIONIME PeIIeRusaM ¢ M ¢; COrJIacHO yCIIoBUIO B, e u e’ momxKHb
PaBHATLCA OJHOMY M TOMY K€ Hallepe/ 33JaHHOMY 3HAYEHHIO. Tak
KaK MPHBEJIEHHOE PacCyKIeHNe IPUMEHIMO K IMOBEPXHOCTH KaHCOo-
20 IPOBOHAKA, TO BCA IpaBas 4acTb paBeHcTBa (13.1) obparmaerca
B HyJIb, OTKYy/1a, KaK U B CIydae 3aJa4u A, cieayer, 9To

¢" = ¢ — ¢ = const.

TakuMm o6pa3zoM, pasymyHble PemeHusa 33ja4du B MoryT oTnu-
YATLCS JIHIIL HECYHIECTBEHHOM AJJWTHBHON HOCTOAHHON B BhHIpa-
JKEHUM TOTEHIHANa, KOTOpas, BIpOo4YeM, oOpaTWTCa B Hy/b, eC/H
HAJIOXKUTh B OeckoHeudoctu yciosust (12.10). Herpynuo, Hakowern,
ybenuTheda, 9T0 eCa JUIA 9aCTH NPOBOJHHMKOB 33JaHbl YCJIOBHSA TH-
na A, a qis OCTAJIbHBIX — y(JIOBHSA THIA B, To pelienye 331291 0CTa-
eTCA OJHO3HAYHBIM.

3. UTak, oiHO3HAYHOCTD pelleHna 33/4a4 3JIeKTpocTaTuku A u B
HaMH [OKa3aHa. BropodeM, HAXOXKIEHHE CAMOT'O PEeIleHUs IPeaCTaB-
aseT, Boobille roBOpsl, 3HAYUTEILHBIE MAaTEMATHYECKUe TPYyJHOCTH.
OgHako ecnd HaM yAaCTCAd KaKHM-mibo CnocoboM HaMTHU BhIpake-
HHUe 14 (, YOBJIETBOPSIOLIEE IOCTABIEHHBIM yIoBusiM A uin B,
TO TeopeMa 06 OJHOZHAYHOCTH MO3BOJISIET 3aKJIIYNTh, YTO HAMIeH-
HOe BbIPaykKeHWe eCTb eJUHCTBEHHOE M HOTOMY MCTWHHOE pelieHHe
337391, ¥ MeJIoe HOJIb30BaHNe 3THM 00CTOATEILCTBOM BecbMa, 00J1er-
43eT PACCMOTPEHNE pAna NpodJieM IEKTPOCTATHKY, YTO MBI MOXKEM
3j1€Ch WLTIOCTPAPOBATE, K COXKAMCHUIO, JIMOIb HA OAHOM-€JUHCTBEH-
HOM MpUMepe, MONL3YACh PU ITOM /IS YOPOIIEHUS OHSATHEM TO-

YeYHOro 3apdAnfa. llpumep 3TOT

\ e npejacTaBisier cobofl  YaCTHBEH
SO g ciy4qail IpUMeHeHus OBIIETo «Me-
N N\ AY /// w1

NN moda usobpasicernutis 1) .
_a\ ! ,i - IIpumep. Toveunwnd sapade
\\::\\\\ilk/;;— Hazodumca Ha pacemoanutt d om
P AN ” becxoneurnozo nposodHuKe, 3aHU-
,,//////,\ﬁ\\: MANWEZ0 ACEB0E NOAYTLPOCTPAM-
v "\\\\ emeo (puc. 19). Onpedeaumo no-
S N\ A€ 8 MPABOM TOAYNPOCTNPAHCMEE
’ / e U MAOTMHOCTG 3GPAJ0S, UHOYUU-

POBAHHHL 30PAOM € MG NOBEDT-

HOCMU NPOBOJHUKA. DTOT TPUMED

Puc. 19 OTHOCUTCA K THUIY PacCMOTpeH-

HBIX BbIe 3ana4, ubo obmui 3apay e MPOBOSHUKA, HEeCYMIEero «To-
YeyHLI» 3aps/, 334aH: [HOCTOSHHBIN K€ MOTEeHIUAT GECKOHEYHOTO
OpOBOJHUKA MOXKeT ObITb YCJIOBHO NPUHAT pasHbIM Hymw. Crano
OBITh, 9TUMHU YCJIOBMAMH DelleHUE 335a4# ONPe/IeIeHO OJHOZHAYHO.

1} 3ror MeTon yner HCIONL3OBAH TAKXKE IPH PEIICHHH IOCTIEIHEro NpAMepa
B § 23.
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Yrobbt HANTH 3TO pellleHyie, TPeIOJI0KUM, YT0 HA IPOTOJIKEHNH
NepPIeHUKYISPa, ONYIIEHHON0 U3 € Ha HOBEPXHOCTh POBOJHHKA,
HaXOJUTCA Ha PACCTOAHUU d OT 3TOH NOBEPXHOCTH 3apaAfg e = —e,
3aTeM MBICJIEHHO YCTPAHHM CaM IPOBOAHHUK. Tor/a MmiIoCKOCTh, COB-
[a/IaBUIas paHee ¢ HOBEPXHOCTBIO HPOBOJHUKA, OyAeT 06/1afaTh Tpe-
OyeMbIM MTOTEHHHUAJIOM HYJb, 60 BCE TOYKU ITOM IIIOCKOCTH OyIyT
PABHO OTCTOATH OT PABHBIX [0 BEJIUIWHE M IPOTUBONOIOXKHBIX IO
3HaKy 3apAnoB +e u —e. Craio 6bITh, MONE COBOKYNHOCTIU 3THX
3apsAjiOB B MPAEOM HOTYIPOCTPAHCTBE YOBJIETBOPSET YCJIOBUSM 3a-
a4y, U3 Yero Ha OCHOBAHMH TEODEMbl ONZHOIHAYHOCTH CJIEAYeT, UTO
fI0JIe 5TO0 B 7PASOM TOIYIPOCTPAHCTBE MONCIECMBEHHO NCKOMOMY
MOJIIO 3apsijla e M 3apAJ0B, MHAYIMPOBAHHBIX UM Ha IOBEPXHOCTH
GECKOHEYHOTO MPOBOAHUKA.

TakuMm 00pa3oM, Hala 332493 CBEeHa K BeChbMa OPOCTOl 3a7a-
Yye onpeSieSieHns MO/ ABYX TOYEYHBIX 3apaAnos +e¢ u —e. KoHeuno,
BHYTPH HPOBOJHMKA [OJIE PABHO HYJIO, TaK UTO B JIEBOM IIOIYIPO-
CTPaHCTBE IOJIE 3apAoB +e H —e (IITPUXOBLIE JIMHUKM Ha pHC. 19)
HE COBIAJaeT ¢ MOJEM 3aPANa € U IPOBO/JHUKA.

Sagaua 13. [loBectd [0 KOHIA DpeEIlEHHE DPACCMOTPEHHOTO
OPUMEpPA ¥ NMOKA3aTh, YTO IIOTHOCTH 3aPSA0B, HHILYUPOBAHHBIX 3a-
PSIOM e HA IIOBEPXHOCTH 0eCKOHEYHOTO IPOBOAHHK:E PABHA
_ed

2R3’
rae R — paccrosHuve 3/ieMeHTa HOBEPXHOCTH MPOBOIHHKS, OT 3apsijia e,
W 9TO BeCh 3apejl, MHAYIMPOBAHHEIN Ha IIPOBOIAHUKE, DABEH —e.

§ 14. dBoiiHOI 3eKTpUYECKUH CI0i1

PezynwraTs! aToro naparpadga noHamobsTcs HaM JIMHIbL B CBA3M C
PacCMOTpeHNEM ABONHBIX MAZHUMHBT CJIOEB, HIIH JUCTKOB, B TUI. IV,
TaK 4TO YTEHHE 3TOro maparpada MoxK-
HO OTJIOXKUTH J0 COOTBETCTBYIOMIErO
MecCTa.

1. lycts nBe BecbMa O/M3KUE U ITa-
pajuienbHble APYT JAPYTYy HOBEPXHOCTH
S1 u S (puc. 20) 3apsi>keHbl EKTPU-
YeCTBOM MPOTUBOIIOJIONHOI'O 3HaKa, "
NPUTOM TAaK, YTO IVIOTHOCTH 3apsJ0B
0 U o' Ha MPOTUBONEKAMUX 3JIEMEH-
Tax 00eux MOBEPXHOCTEH paBHbI [0 Be-
JUYHHEe M MPOTUBOIOJIOXKHBI O 3HAKY A
(0 = —0'); nonoxum s onpenenen- ¢ o8
Hoctu, 9yto o > 0. Ecam paccrosinue Puc. 20
Mezay S u S} MCYe3aI01IE MATIO 110 CPABHEHHIO C PACCTOSIHUEM 3THX
NOBEPXHOCTE! 0 PACCMATPUBAEMBIX TOYEK HOJIH, TO COBOKYITHOCTD
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noBepxHocTeil S i S| HA3LIBALTCST JBOUNBIM IACKMPUNECKUM CAOEM.

[MoTeHIMa 3TOrO C/I0S B HEKOTOPOH TouKe noas P, cormacuo (12.11),
Oyner paBeH

odS o'dS 1 1
= [9d3 - 1oLy ygs
(p./R+./R’ ./U(R R‘) ’
5 Y

S

rae R v R cyTh CoOTBeTCTBEHHO PAcCTOAHHUA TOYKM P oT smeMenTa

dS TONOXKUTENBHO 3aPAXKEHHON HOBEPXHOCTH S M OT MPOTHBOJIEXKA-

" 1 1
IETO eMy WIEMEHTa OTpHmaresbHoll moBepxuoctn S. Ho 7w
ecTb Ipupaiedne obpaTHOro 3HAYeHUs paauyca-sekTopa R, mpose-
JEHHOTO OT PACCMATPUBAEMOTO 3JIEMeHTa, ABOMHOro cjiosi B TOYKY P,
IIpY epeMellleHIY HAYAJIBbHOM TOYKY BEKTOPa 0T OTPHHATENbHON I10-
BEPXHOCTH K MOJ0XKHUTeNbHOH. [lycTs N ecTh HanpaBieHHe HOPMAJIH
K OBOHHOMY CJIOIO, OT OTPHIATEIbHON €r0 CTOPOHE! K ITOJIOKUATEJIb-
HOM, ¥ nycTh | — ronmuna cinost {paccrosuue mexay S; u Sp). Io-
BTOPSI PacCyAeHus, Opuseume Hac B § 8 k dopmyie (8.11), ybe-
nuMcst, uto ipu | € R

— — — =nlgrad, (%) = —nlgrad, (%) .

HOILCT&BHB aTO B Hpe);uneCTBonmee ypaBHeHHe H BBOIA 0603H3r
YyeHue
T =ol, (14.1)
[HOJIY 9UM

o=— / rngrad, (%) ds. (14.2)
51

TakoBO OKOHYATENHLHOE BHIDAXKEHHE MOTEHIUAIA JBOHHOrO cod L),
B KOTOPOM IIpeNoNaraercs, 910 paauyc-sektop R nposegen ot cmos
B MCCliefyeMyIo TOUKY nons P. Benuunna 7, paBHag IpOU3BeIEHUIO
IJIOTHOCTH 3apsi/ia [OBEPXHOCTH CJIOSL HA TONIIUHY CJIOSA, HA3bIBa-
eTCs MOUHOCTNDI0 U MOMEHMOM CAOR; MBL BYJIEM MOIB30BATHCS
MePBLIM TEPMHUHOM, COXPaHAA BTOPOH /i 0603HAUEHUs JPYTOro Io-
paras (em. o IV).

2. Ha ocrosanunu (10*) noapiaTerpaibioe BbipaXkenrye B popMy-
ne (14.2) MOXHO NIpeJCTaBUTL B BUJE

—ngrad, (%) ds = E}g-dS = % cos (R, n)dS.
C mpyroi#t croponbl, coracto (3.2),
L cos (R, n)dS = +dQ,
R2

1) OueBnaHo, 4TO ABORHOH MEKTPHUECKMIT C/IOH MOXKHO DaCCMATPHBATHL KaK
COBOKYMHOCTH HApajLIe/IbHLIX HOPMAJIH N JUIIoJel [JIHHBL [, 3apsafbl KOTOPBIX
PACHoJIaraloTcs N0 TOBEPXHOCTH CJIog C IUIOTHOCTLIO @ [cp. ypasHenue (8 11)].
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rae df) — TeleCHBI YTol, moJ KOTOPBIM 3EMEHT ABOHHOro cuod dS
BugeH u3 Touku P. YTo xe KacaeTcsa 3HaKa, TO B PaCCMATPUBAEMOM
ciydae B ominure oT §3 R cuMTaeTcsa HalpaB/IEHHBIM OT 3JIEMEHTa
dS k Touke P; crajno 6biTh, cos (R, n) OymeT monoKUTENBHBIM, eC-
Jiu 13 TOYKH P BUAHA MONOKUTENBHAS CTOPOHA AJIEMEHTa ABOIHOTO
wiod dS, v oTpunaTeabHBIM B 06paTHOM ciydae (MO0 N HaIllpaBJie-
HO M0 YCJIOBUIO OT OTPUIATENbHOM K MOJIOKUTEIbHON TOBEPXHOCTH
ctof). YCIoBUMCS CYMTATh TeJlecHbidl yzos d§) noaoscumenvHuim,
ecau u3 P sudna noaosicumenvnas cmopona saemenma dS, u or-
pUnaTenbHBIM B o6paTHOM ciiyudae. Toraa ypasnenue (14.2) MoxHoO
Oy/fieT 3anucaTth MpoIe:

Y= /TdQ. (14.3)
5

3. Ecam MOIHOCTD CNOs T HOCTOSIHHA Ha BCEM €ro HPOTAXKEHIH —
TAKOH €10 HA3BIBAETCH 0OMOPOOHBIM, TO NOTEHIHMAN €r0 (0 HPUHU-
MaeT BHUJ

o= T/ Q= 9, (14.4)
5

rze 1oz ) Hy»KHO OHUMATL @42efPAUNECKYI0 CYMMY TEJIECHBIX yTI-
JIOB, II07i KOTOPBIMH BUJIHEBI JIEMEHTHI MOBEPXHOCTH JBOMHOTO CJIOA
u3 Touku P. Eciu Bce 3T sneMeHTHl HOBEPXHOCTH BHAHLI U3 P ¢ 0J1-
HOM ¥ TOH Ke, HAPHMED MOJOXKHUTENBHOMH, CTOPOHBI, TO abCONIOTHAS
BenuynHa () paBHa, OYEBHIHO, TOMY TEJIECHOMY YTJIY, MO/ KOTOPLIM
BH/eH u3 P BeCh JBOMHOI IO, WM, ITO TO JKe CaMoe, IO KOTOPBIM
pujed u3 P xonmyp aroro cnog. Eciu e Bech ciioft B nesioMm aTo-
MY YCJIOBHUIO HE YJOBJIETBOPSET, TO €r0 BCEr/a MOXKHO Pa3JIOKHTb
HA HECKOJBbKO YacTeil, 3TOMY YCJIOBHIO YAOBJIETBOPAKIIUX. BBHIY
3TOro cojep:kanue ypaBHeHusi (14.4) MOXKHO BLIPA3UTD CJIEAYHOIIAM
obpazoM: nomenyuas 00HOPodHo20 0601H02Z0 caor 6 mouxe P pasen
NPOU3IBEIENUIO MOULHOCTU CAOR T HG 83AMbBITE ¢ HAOAEHCAUUM 3HA-
xom meanechwiti yzon 1, nod KomopuiM suden us P xowmyp smozo
CAOA.

4. OcobeHHO MPOCTO BBIPAXKAETCS OTEHIUAJ 3AMKHYTOr0 JBOH-
HOrO 1051 (HanpuMep Ciosi, PACHOJIOKEHHOrO [0 OBEPXHOCTU cde-
per). Kax 6outo moxasano B § 3, BCAKasi 3aMKHYTasl OBEPXHOCTD
BHOHA oA yIIOM =47 U3 BCeX TOYeK, JIeKamux BHYTPH 3TOH mHo-
BEPXHOCTH, U Hoj yrioM () U3 BCeX BHEIIHHWX TOYEK (CM., B YACTHO-
cty, puc. 3). Crayo ObITh, HOTEHIHAT 3aMKHYTOrO [BONHOTO CJIOS
PaBeH HYJIIO BO BCEM BHeUIHeM IPOCTPAHCTBE U paBeH 47T Bo Bcex
TOYKAX, OXBATBIBAEMBIX CJIOEM; 3HAK MOTEHUMAJa 3aBUCHT OT TOTO,
KaKasi CTOPOHA CJI0s éIIOJIO}KHTe.HbHaH WM OTPUIATE/IbHAA) obpare-
Ha BHYTpb. Takum 06pa3oM, HAIpsiKEHHOCTh MOJI 3aMKHYTOTO CJIOS
paeHa Hym10 (160 grad ¢ = 0); moTeHIHAI 2Ke MOl UCTBITHIBAET MPU
IIPOXOXKIEHUH Yepe3 MOBEPXHOCTh C0S CKadoK 477,
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CymecTBeHHO, YTO TOYHO TAKOH K€ CKaYOK 4777 UCIBLITHIBAET U
[OTEHIHAJ JII00OTC He3aMKHYMOZ0 CJI0A TIPH [POXOXKIEHHN Yepe3
ero noBepxHOCTh. YTobbi yOenUThCH B 3TOM, JOMOJIHMM MBIC/IEH-
HO PacCMaTpUBaeMblil <j10if O MOJHOH 3aMKHYTOCTH BTOPBIM CJIO-
eM paBHOI MoOmHOCTH. IIp1 HeCKOHEeYHO MaJIoM NepeMEIeHHN TOYKH
Ha0TI0eHUST € OHON CTOPOHBI UCXOAHOTO CJIOF HA APYTYH MOTEHIIU-
aJl HAXOJSAMIErOCd HA KOHEYHOM PACCTOSTHHH TONOJHUTEILHOTO CJI0d
OCTAETCHA HPAKTHUICCKHU MOCTOAHHBIM, TOrJA KAK IOTEHIUAJ 3AMKHY-
TOTO CJIOS1 B IEIOM (HMCXOAHBIA C0# 1TIOC AONOJHUTENbHBIN) H3Me-
Hsiercsl Ha 477, Craiio 6bITh, CKAYOK 3TOT PABEH CKAYKy IOTEHIHAa,
UCTOOHO020 CIIOA.

Hrak, nomenyuas Bcakoro (Kak 3aMKHYTOrO, TAK U HE3AMKHYTO-
ro) 0601iH020 CAOA UCTBIMBIEAETN HA €20 NOBEPIHOCTNYU CKANOK 47T,
OYEBH/JHO, YTO CKAYOK ITOT HANPABJEH OT OTPUIATEILHON CTOPOHLL
CNOA K IOJIOKUTENBHOHN, T. €. YTO HOTEHUHAN CJIOS BO3PACTAET IpPH
IIPOXOXKJEHUH 4Yepe3 CJIoH HO HAIIPABJIEHHIO MONOXKUTEJTLHON HOp-
Maii 0. HBIMU croBaMu, ABOUHON Clo# ABJISIETCA NOGEPTHOCTIIOIO
Pa3pyiea CHIOUIHOCTH MOMEHUUGAG, TAK YTO eCJIH (P] €CTh 3HAYEHUE
MOTEHIIHAIA Y OTPUIATENbLHON, & (oo — Y MOJOMKHUTENBHOW CTOPOHB!
081, TO

P2 — 1 = 4T (14.5)

5. Ctporo roBopsi, 0 CKauKe IMOTEHUINAJIa Ha NOBEPXHOCTH Pa3phl-
Ba MOXKHO TOBODHUTBH JIMIIb B OTHOUIEHHM GECKOHEYHO TOHKHX JBO-
HBIX CJIOEB; TOJIIUHON Ke peasbHEBIX JIEKTPUYECKHX CJIOEB MOXKHO
npeHebpeyb JUNIbL HA AOCTATOYHO OOJIBLINX PACCTOAHMSIX OT HHX.
OHAKO eIy TONIIMHA CJI0S MAJa [0 CPaBHEHHIo ¢ Tpebyemoli Tou-
HOCTBIO M3MEPEeHHs PACCTOSAHMSA, TO B pA/e Cliy4daeB yA0OHO MOb-
30BATHLCA MPECTABJIEHHEM O HECKOHEIHO TOHKOM CJIOE, HECMOTPS Ha
TO, YTO, KAK YKa3bIBAJIOCh Ha C. 67, HAIPAMKEHHOCTb MOJIA Ha MOo-
BEPXHOCTAX Pa3phiBa MOTEHIMAIa 0OpanaeTca B 6eCKOHEYHOCTS, T. €.
Tepsier duzmdeckuil cMbicn. 1lons3yace pe3ynbrataMu CIeAyOmero
naparpaca, MOKHO, KPOMe TOr0, IOKA3aTh (4T0 Mbl IPEOCTABIISIEM
CHIENIATh YUTATENIO), YTO IMeKTpHUIecKas IHEPrus JBOHHOIO CJI0S KO-
HEYHOM MOIIHOCTH B Ipezese, 0P OECKOHEYHO MAaJIOH ero TOoJImUHe,
TOXKE CTPEMHUTCA K BECKOHEIHOCTH.

BupodyeM, MBL B lanbHelIIEM BoBCe He OyieM MONB30BATHCA TPe/-
CTaBJIEHHUEM O JBOIHOM SAEKMPUNECKOM CJIOE U, COOTBETCTBEHHO 3TO-
My, bydem 6cezda nPednonazamy, Mo HENPEPHIBHOCINYG IAEKMPUNE-
CK020 MOMenyuaaa @ Huzde ne napywaemcs. Teopus ke ABOHHOrO
3JIEKTPUYECKOTO IO U3JI0KEHA HAMU 34eCh JIMIIb IS TOrO, YTO0b
MO/ICOTOBUTL M3Y4YeHHe JBOMHBIX MAZHUMHBT c1oeB B 1. IV.

SaMeruM gajiee, YTO Ha KaXKJOH U3 3apsKeHHBIX [HOBEPXHOCTEH,
COCTABJIAIOLUINX B COBOKYIIHOCTH ABONHON CiIoil, MPOU3BOAHASA 8<p / an
HCnbITEIBaeT, cornacHo (12.9), ckagok +4mg. OxHAKO CKAa4yKH 3TH
PaBHBI 10 BeWYUHE M IIPOTHUBOIMOIOXKHB! 110 3HAKY, TaK 4TO IIPH Ie-
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pexosie € OHON CTOPOHBI CJ10A Ha Apyryio Jyp/On, a BMecTe ¢ TeM
1 E;, ocraiTcs HelIDepbIBHBIMU.

6. 3amerum, 9TO MOTEHIMAR ABOWHOIO CJIOS MOXKeT ObITh HENOCPeNCTBEHHO
onpenenen 13 dopmynet (12.6) Ecan St ecTs noBepXHOCTS pa3spbiBa NOTEHUMATA,
TO NMepBbIif 4ieH IPaBoit 4acTw 370l GHopMyJIbl

1 a (1 1 1
- —_— {2 ) ds = — - d {| =1} dS
47rs_/("’2 PUBN (R) 4“5'/(@ v1)n grad, (R)
1 1

He obpamaercs B Hyib. O003Hauns, cornacko (14.5), ckauok moTeHnMpaIa yepes
47T M IpMHAB BO BHUMAHME, YTO

1 1
grad, (E) = —grad, (1—2) \

MBI HENOCPEACTBEHHO NMpuxoauM K dopmyse (14.2).

7 VYnoMameM B 3aK/JIOYeHHe B KadeCTBe mpuMepa o6 OnHOM Cliydae, Korga
TIOJIb30BAHHE TIOHATHEM JBOMHONO JIEKTPHYECKOro CJIOH MOXKET 0Ka3aThCH ya1006-
HbIM. I1py mpoXoxkAEHHH TOKA yepe3 3JIEKTPOJIHT NPH H3BECTHLIX YC/IOBHAX (3a-
BHCAIHAX OT MATEPHAIA NIEKTPOJA, XAMUYECKOH NPHPOALL IEKTPOIHTA U T. [.)
HabMI01aI0TCA AB/IEHNS TaK HA3LIBAEMON noaspudayuy saexmpodos (He cmemu-
BaTh C [OJISPH3ALMER HIEKTPUKOB, O KOTOPOi OyeT UaTu peds B CiIeAylomeit
miape'): CHJla MPOXOAAmEro 4Yepe3 VIEKTPOIHT TOKA NPH HEM3MEHHOH Pa3HOCTH
TIOTeHIMAIOB, TPHIICKEHHOH H3BHE K 3JIGKTPOJAM, ¢ TeYCHUEM BpeMeHH yMeHb-
MIAeTCA M MOXKET YHACTH TPAKTUYECKH A0 HYJIS.

fBneHne 3T0 MOXKHO HCTOJIKOBATH clenymomuM obpasoM. [Ipexmornoxum,
YTO UOHBI, SIBJASIOMUECH HOCHTENAMH TOKA B 3JICKTPOJINTE, HAIIDUMED AHHOHBL
(oTpunaTenasubie HOHBI), NMOZCHAA K IIPMTSTH-
BAIOmMEMY HX TIOJIOKHTEILHOMY 3JIEKTPOLY, He
OTHAIOT €My CBOEero 3apsina, Kak 3TO ObiBa-
er o6bl4HO, a JIMOIL PACTIOIATAlOTCsH CIoeM Yy
[IOBEPXHOCTH 3TOTC 3EKTPOAa ITOMY CJIOK
3apAKEeHHBIX OTPHLATENLHLIX HOHOB Byaer npo-
THBOCTOATb CJIOH TIOJIOXKWTEJIBHBIX  3APs/I0B
HAa TIOBEPXHOCTH [IOJIOKHUTEJILHONO IJEKTPOa
(puc. 21). Takum 06pa3oM, y 3Toit TOBEPXHOCTH
obpasyerca OBOMHON UIEKTPMYECKHH CJIOH, 3a-
PS/ ¥ MOIIHOCTH KOTOPOTO DyAyT pacTu mo Tex
TIOp, MOKa CKAYOK MOTEHLHANa g — 1 = 47T
B 3TOM (JI0€¢ HE CTAHET DPABHBIM IIPHJIOKEHHOM
H3BHE DAa3HOCTH NMOTEHLHAJ0B Torna Tok 4yepes
pPacTBOp mpekpaTHTcH, H60 BCe M3MEHeHHE TIo-
TeHyMaja 6yaeT COCPEAOTOYEHO JHIIb B TOHKOM
OBOMHOM CJio€e y TIOJIOAKUTEJIBLHOrO 3JIeKTPona, Bo
BCei Ke OCTAJbHON TOJIIIEe PpAacTBOPA [IOTEHITHA
IPHMET TIOCTOAHHOE 3HAYCHHE ¥ HANPS XK eHHOCTD
nons E crauer pa®BHo# Hy o (3sexTpocTaTHYe- Puc. 21
ckoe papHosecne) Ha Huxnelt wactn puc. 21 Ha-

HeceHbl 3HAYCHWA NOTEHIHANA Ha Pa3/IHYHBIX PACCTOSHHAX OT IGKTPOIOB 10
o6pasopanusi HBOWHOTO C0st (OPAMHATEL CIUIONIHOH JHHHEH) H 10O/ ero 06paso-
BaHHsA (MTPUXOBAA JIMHHS).

Taxnm o6pasom, ofpa3opanue JBOUHONG CT0s MOXKET OOyCIOBHTD TONApH-
3AIMI0 3EeKTPoNoB. BupoueM, 310 ABIeHMe MOXeT OGYCHOBIMBATBCA TAKKE H
PAIOM I[IPUYHH MHOTO POA.
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§ 15. DHeprus B3aUMOAEHCTBUS NEKTPUIYECKUX 3aPAI0B

1. IIpu nmepeMemmeHMH 3JeKTPUYECKHUX 3aPANOB CHJIbI KYJIOHOB&
B3aMMOZENCTBUSA MEXK Y HIMH COBEPLIAIOT ONMpeAeeHHY0 PaboTy A.
OueBnzaHO, YTO MBI JOJIKHBI NPHUIUCATL BCAKOH CHCTEME 3apS0B
OIIpe/IeJIEHHYI0 3HEePryi0 B3aUMOJAEUCTBUA, 33 cUeT yObuUIH KOTODOi
U coBepiaerca pabora A:

A= —dW. (15.1)

OHepruio p3auMoneiicTeus 3apsanoB W Mbl yacto 6yneM Ha3LIBaTh
OPOCTO AIEKTPUYECKONH 3HEepruei.

2. Hexogg ms (15.1), noncuuraeM mpeXxje BCETO 3HEPTHIO ABYX
TOYEUYHBIX 3APSAMOB €] U €2, HAXOAAIINXCA Ha paccToduuu Ris npyr
0T apyra. Besikoe n3MeneHne B3aMMHOTO PACCTORHHUS 3aPSI0B COMIPO-
BOXJaeTcss paboToit ayieKTpHYecKux cuil. 1lpenoioxKum, HarpuMep,
9TO 3aPAN ez OCTAETCS HEMOABUXKHBIM, TOTIa KaK 3apsaj €y [epeMe-
IAeTcs B ToJle 3apAja ez u3 touyku P B Touky FP|. Eom ¢ =
= eg/Ryp — mOTeHIMAN nONA 3apsiia e B Touke Py, a ¢y + dp; —
B Touke Pj, To paboTa A 37eKTPHYECKUX CHJI IPU 3TOM IepeMere-
HuM paBHa A = —e; dy1, otkyma A = —dW = ~ey di1, 4, ciiegoBa-
TeJbLHO,

W =ejp = 82 (15.2)
Ris

Beumy toro, 4To HaOAIOAEHAIO JOCTYIHb] JIMIIL U3MEHEHU SHep-
THH, & He ee aDCOMIOTHAS BEAWYMHA, MbI 7 MPOCTOTHI OILYCTH-
JIH 37€Ch AJIUTUBHYIO OCTOAHHYO MHTEIPUPOBAHUSI, OT B3aUMHOTO
PaCHONIOXKEHHs 3apsi/IOB He 3aBUCANLYI0 (Cp. CKazaHHOe 0 COOCTBeH-
HOI 3HEepPTrUM 3apsifioB B KOHIE clenyiomero naparpada). B ceszn
C 3TMM eJHHCTBEHHO YYHTHLIBAEMAA HaMU MEPEMEHHAs 9aCTh SHep-

riai W MOXKeT OPMHEMATD U OTPHLATENbHbIE 3HAYEHHT L) .

K Tomy ke Bbipaxkenuto myisi W Mbl npuuiny Obl, KOHEYHO, Pac-
CMaTPHUBas NepeMEIeHHe 3apsAia €2 B II0JIe HEIOABUKHOTO 3apsia €;
WM, HAKOHEl, OQHOBPEMeHHOE lepeMelnene 000ux 3apsiZios.

Obo3Ha4as yepes g MOTEHIMAN 3apPANa €] B TOUKE, 3aHUMAEMOH
zapsigom ez (@2 = e1/Ri2), Moxuo BMecTo (15.2) Hanmcars

€1€2
W = E = €2(02.

YnobHee e BCero B3aWMHYIO NIEKTPHYECKYI0 SHEPTUIO 3aPAJI0B
€1 M ez 3aIHCATh B CUMMeTpuYHO# dopMme:

1
W = 5(61(,01 -+ 62(,02). (153)
Ytobb1 OnpefeiuTh IHEPrUi0 CHCTEMEI 7@ TOYEYHBIX 3aPANOB €,
(¢t =1,2,...,n), Mbl, O4EBHUIHO, /I KAKAOH Iapbl ITUX 3apHAOB

1) Eciu 3apsinpt 1 ¥ €2 MMEIOT IPOTUBOMOIONKHDIC SHAKH.
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JOJDKHBL HanucaTh Bbipakenusi tuna (15.2) wmu (15.3) u cnoxkurth
BCe 3TU BhipakeHua. Cobupas 3aTeM BCe YIEHB CYMMBI, B KOTOPLIE
BXOJUT COMHOXKUTENEM e, yDeauMcs, 4To Ko3dpUIMeHT Mpu e,
KOTOpbIt Mbl 0B03HAYMM Yepe3 @i /2, bymeT pased

1 1
5Pk = 5(%,1 + g2+ ot Q=1+ Ch k1 + - F Pkyn),s

rhe Pk, — MOTEHNHUAI 3aPsa e, B TOYKe, 3aHUMaeMol 3apsijioM e.

Bruipaskenne B CkoOKax mpezacrasisfer coboil, OYeBUIHO, IHAYE-
HHe HOTEHIIHAJIA O BCEl CHCTeMbl 3apA/IOB B TOYKE, 3aHUMaeMoil
3apANOM ey, WM, BepHee, OTEHIHAJ BCell CHCTeMbl 3apfAgoB, KpPO-
Me CaMoro 3apsifia er (HOTEHIMAI ki 3ApANa € B 3aHIMAaeMOol UM
CaMUM TOYKE [0JIS B BhIPaXKeHHUE [IJIs (), He BXOAUT, [1a 1 Boobmie dbu-
3UYECKOr0 3HAYEHUs He MMeeT, n00 06paIaercsi B HECKOHEYHOCTD).
Urtak, B3auMHasi 3HEPIHA CHCTEMBI 71 3apAL0OB PaBHA

k=n
1
= 5 ; €LPk, (154)

rie (O — TOTEHIHAJ OJIA B TOYKe, 3aHUMAeMOll 3apsioMm ef.

Y1065 BLISICHUTDL 3aBUCHMOCTL W OT B3aMMHOI0O PACCTOAHUL 3a-
psizioB, BoCOIb3yeMcs (popMyJoit (8.6), KOTOpasA B HAIIMX TEIePeIl-
HUX 0003HaYEHUAX 3alMIIETCs CIeAYIOmMUM obpa3oM:

n

Yk = Z ]:;1 (7' 7é k)a

i=1

rfie CYMMUPOBAHUE JOMKHO ObITh PACIPOCTPAHEHO IO BCEM HMH/IEK-
caM i, kpome i = k. Brocst 310 B (15.4), momyusm

W=1S"as g (15.5)
2 £~ Ry,
i,k

DopMyny 3Ty MOXKHO, KOHEYHO, MOJIYYATh W HEHOCPEJCTBEHHO H3
Bblpaskenus (15.2) B3ammHOM 3Hepruy mapbi 3apanos. Ilossienue
ke Koadbdunnenta 1/2 nepes 3HAKOM CyMMbI 00BACHSIETCH TEM, YTO
B 3Ty CyMMY 5Heprusl KasKjoi mapbi 3apAA0OB BXOAUT ABaXXIBL, Tak,
HAIPUMED, B Hell BCTPETUTCS KaK 4ieH ejey/Ria, TaK U paBHBIA eMy
4nien egey /Ro.

3. Kak u Bceryia, npu noJb30BAHUY NPESCTABIEHHEM O TOYEIHBIX
3apasax HY’KHO NOMHHTb, YTO IPHUBe/IeHHbIe (DOPMYJIBI MOTYT IIPH-
MEHATLCA JIMUIb B TeX CIydadX, KOrZa 3apsafbl CHCTEMbI OT/IEJIEHb
JIPYT OT ApyTa PACCTOAHUSMMU, JOCTATOYHO BOIBITUMHU IO CPABHEHMIO
C pa3MepaMH 3THX 3apanoB. Yrobbl 0CBOOONUTHCA OT 3TOrO OrpaHu-
YeHusd, nmepeitgeM K PaCCMOTPEHHIO 00BEeMHBIX U HOBEPXHOCTHBIX 3a-
psaos. Paznarasi cucreMy 3THUX 3apAA0B Ha COBOKYIIHOCTL 3JIEMEH-
TapHbiX 3apafoB pdV u odS, nNpuUMeHsia K HOWIEAHUM (HOPMYITy
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(15 4) u nepexosig OT CYMMUPOBAHHUA K UHTEIPHPOBAHUIO, HOTYYUM
W = %/pgadv+%/mpds, (15.6)

F/Ie (0 — HOTEeHHHAJ TOJIA BCeX 00BHEMHBIX M TOBEPXHOCTHBIX 3aPSijj0B
B asieMeHTe 00beMma dV WM Ha 3eMeHTe MOBEPXHOCTH dS.

XoTs u MoXer Ka3aThCsi, 4To ypasHenue (15.6) npexacraBnser
coboil TonkKo BuAouaMeHeHue ypasHeHHs (15.4), cooTBeTCIBYHOIMEE
3aMeHe NPeACTABNEHHs O TOYCYHBIX 3aPANaxX IPeJCTABJIEHHEM O 3a-
psinax 00bEeMHBIX W HMOBEPXHOCTHBIX, OJHAKO B JefCTBUTENLHOCTH
YPaBHEHHsT 3TH PA3HATCA 0O CBOEMy codepoicaruto. IMeHHO, B crie-
AyoueM naparpade mbi nokaxkeM, uro ¢opmyna (15.6) Boipaxkaer
NOJHYI0 HEPrHI0 CHCTEMBI IJIEKTPHYECKUX 3aPA0B, TOTJa Kak dop-
Mmysa (15.4) He yuuTbIBaeT TaK HA3BIBAEMONH COOCTBEHHOM HEPruu
3apAJ0B ek.

Mpumep 1. Fnepeus moveuwnozo 3apada ¥ CUNOAA 6O GHEW-
HEM IAEKMPUNECKOM nose. JacTo MPHUXOAUTCS PacCMaTPUBATh pa-
BOTY 3NIEKTPUYECKUX CHJI IPH MEPEMEIICHUSIX HEKOTOPOTO 3apajia, €
B 33/JaHHOM <«BHEIIHEM» TI0oJie APYTHX 3aPsAJO0B, OCTAIOIUXCA IPH
9TOM HENOABIKHBIMH. B3anMHasi SHEPrus 3TUX «BHEIIHUX» 3aPS/IOB
(a Takxke u cobcTBeHHAs SHEPrus UX U 3apsaa € — cM. § 16) ocraerca
IIPY 3TOM HEM3MEHHO!; IePeMeHHAsT 2XKe YaCTh SHEPIuY oI, 33 CYET
KOTOPoil CoBepiIaeTca pabora IMEKTPHIECKUX CHJI, HOCUT HA3BaHUE
sHepruu 3apsfa e Bo sHemHeMm nosie. OHa paBHA, OYEBHIHO,

W = ey, (15.7)

TJi€ ¢ — NOTEHIMAT BHEUIHEro NoJis B TOYKE, 3aHNMAEMOM 3apsiZioM e.
Dopmyna (15.2) npexacrasnser coboiff wacTHBIl Clydail dhOPMYIIBL
(15.7).

Eciu o BHemHeMm nosie Haxo#siTCA Ba 3apsifga, € > 0 u e = —
—e, o6pasyomue Aunoib GeCkoHeuHo Mastoi aymuusl [ (eM. c. 47), o
SHEPI'Usl 3THX 3aPs/IOB BO BHENIHEM II0Jie PaBHA

W =ep+ey =elp—y¢),
T7ie ( ¥ ' — IOTeHUUATLl BHEIIHETO IoNid B nomocax aumosd. Ho ¢
TOYHOCTBIO JIO BETAYHMH BTOPOTO IOPH[Ka MAJJIOCTH
cp=<p’+%—fl=go’+lgradgo=go’-—lE.
Crajio OBITS,
W = —elE = —pE, (15.8)

rae p— MoMeHT Junonsi [cM. ypasaenue (8.9)], a E — Hanpsixen-
HOCTb BHEIUHEro HOJis B MeCTe pacnosioxeHusi aunons. Koxeuno, B
3TOM BbLIPAKEHMU HE YIUTHIBAETCS B3aUMHAS IHEPrs 3apAlOB JH-
TIOJIsi, KOTOPasl U3MEHAETCS JIUMIb PY U3MEHEHUH JJIMHbBI JTUIIONs .
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Il puMep 2. Henocpedemaennwidi nodcuem saexmpuneckoti snep-
2UU 3aPAHCENHO20 Kondencamopa. J1o 3apsiiKM KOHJAEHCATOPa KaiK-
Jiasgd U3 ero oOKJIAJIOK JIEKTPUYECKH HEHTPAJbHA, T. €, COLEPXKUT B
cebe paBHOE KOMMYECTBO MONOXKUTEJBLHOIO M OTPUIATEILHOTO NIEK-
TpuyecTBa. By/1eM 3apsiKaTh KOHJEHCATOD, OTHUMAS 31eKTPUYECTBO
OMpeIeJIEHHOr0 3HaKa OT OJHON M3 ero OBKJAJOK M MEepPEHOCs €ro
Ha Jpyryio. IIpakTUYeCKH 3TO OCYIIECTBAAETCS, KAK U3BECTHO, COe-
JUHEHHEM TIaCTHH KOHJEHCATOPa NPOBGJAOM, B KOTOPHI BKJIIOYEH
ucroynuk I/IC, HanpuMep rajibBaHUYECKHH MEMEHT; JIEMEHT ITOT
MepeKavyuBaeT 3MEKTPUYECTBO M3 OAHOM ODKNAJKH B JAPYTYIO, TOKa
PA3HOCThL TOTEHIMANIOB OOK/IaJ0K He JOCTUTHET M3BECTHOrO 3HAYE-
aug. [lycTh B HEKOTOPBIH MOMEHT 3TOrO HPOIEcca HOTEHIHAJIbl 00-
KJIA/IOK JIOCTUIJIH 3HAYEHUH (01 U o, GpUYeM @2 > ). Ilepenoc cire-
OYIOmIeH mOpIUH JIEKTPUYecTBa de ¢ mepBoi ODKIaAKU Ha BTOPYIO
COTIPOBOXKAALTCH OMPUYamMesbHoli paboTo! CUIT INEKTPHUIECKOTT TT0-
ns, pasrott dA = de(p; — w2) (cm. § 8). OveBuaHO, 9TO «BHENIHHE»
10 OTHOLIEHHIO K IOJIK0 KoHueHcaTopa J/IC anemeHTa npeonosiesaio-
IJHE CUJIbI 3TOTO MOJIsi COBEPIUAT IIPH 3TOM MOJIOXKUTENBHYIO paboTy
dApum = —dA = de(p2 — ¢1).

Bocnonbzosasmucek (opmynoit (9.1), monyyaem

ede

dABHI.II = F’

e C — eMkocTh KoHjeHcaTopa. Obmas xe pabora, 3aTpadyeHHas Ha,

JOBeJIeHHe 3apfA/a IUTACTHH OT HyJisl, CKaskeM, 10 ¢, Gyner, oueBu-
HO, DaBHa

ABHII] = —_— = =
e=0
Pabora 3Ta coBepriaeTca 3a CYeT YMeHbIIEHU XUMHUYECKO! 9Hep-
' IraJIbBAHUYECKOI'0 IEMCHTA U IICPEXOJUT B IICPIHUI0 IICKTPUYe-
CKOI'O IIoJId 3apsA2KEHHOI'0 KOHIEeHCATOPA. 0603Haq3ﬂ 3TY NOCJIIEeAHIOI0

suepruto 4epe3 W u npunumas Bo BHuManue (9.1), momyuum ps
CHIeIYIOINX BhipaxkeHuit g W:

2
W=A3Hm='2‘65=%c((p2”‘101)2=

Te MITPHUX Y € HaMH OIYIeH

[N

e(p2 — 1), (15.9)

§ 16. DHeprusg 3MEKTPUIECKOTO MOJA

1. Berpaskenue anextTpudeckoi anepruu (15.6) MoxkeT ObIT mpe-
CTaBJIEHO B JPYyToil MaTeMaTH4Yeckoil (popMe, HpuyeM npeobpazoBa-
HU€ 5TO OTKPBIBAET BO3MOXKHOCTH COBEPILEHHO HOBOH dusuuecxod
UHMEPTPEMAUUY COOTHOLICHU .
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Yrobb! HOATOTOBUTE 3TO Hpeofpa3oBaHHUeE, HONOXKHUM B TEOpEMe
Tpuna (52%) ¢ = ¢ Ipunas so BHUMaHue, yTo Vi = gradp = —E
u VZp = —4np, nonyunm

/( @-4mp + E?)dV = $£<p""0ds
v S+54

/e HOBEPXHOCTHBIH HHTErpasl J0/KEH ObITh PacpoCTpaHeH, BO-Iiep-
BBIX, [10 [IOBEPXHOCTH S, OrpaHuIUBAIONIeil H3BHe 00heM HHTErPUPO-
o V', ¥ BO-BTODBIX, O TOBEPXHOCTAM S], BBLICIAIONUAM U3 3TOr0
obbeMa MoryIye JIeKaTh B HeM 3apsAKeHHblE [IOBEPXHOCTH S1, T. €.
IOBEPXHOCTH Pa3pbiBa rpajuenta ¢ (cp. § 12). Yro xke kacaercs mo-
TeHIHAJIA , TO MBI OyIeM CYNTATL ero BCIOJy HENPEPLIBHBIM, T. €.
OTKAa3bLIBAEMCHA OT PaCCMOTPEHUs ABOHHBIX IEKTPUYECKHX CIIOEB.

Kak u npu BoiBoge dopmysnet (12.6), crarusaeM noBepxHOCTH S]
BILIOTBb A0 COBNA/JEHU HX C MOBEPXHOCTSAMY PAa3pBIBa S1; HOBTOPA
IIpeXKHUE PACCYK/IEHUS ¥ NONb3yAck o0bo3HavenusiMu § 12, momyanm
(monaraz o1 = g3 = )

s, fottas= {30 - (3 -
1
- ()~ (32 s
1

win BuAy (12.7)

. By
1 95 9% 48 = 4 / ds.
Sig)r.lgl (Pan d ™ [ oo ds
s 5
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Tepsrie ABa YiaeHa GPaBOil YaCTH ITOTO PABEHCTBA AHAJIOTHYHEI Bb-
pakenuto (15 6) nia sneprun W, ofHaKO MHTErpHpOBaHNe PACIPO-
CTPaHeHO B JAHHOM CJIy4ae HE IO BCEM HAXOAANMMCS B IOJE 3apsi-
7iaM, a JIMIIb IO TeM U3 HUX, KOTOPble HAXOOATCS BHYTpH obbheMa V.
CyMMa 3TUX YJIEHOB HE COBHAJAET CO B3aWMHOMN 3HEprueil 3apsajos,
HaxoAamuxcs BHyTpu V', m00 MOTEHI[MAJ 3aBUCUT TAKKE M OT pac-
MIOJIOXKEHYST 3apAfoB BHe V

2. [IpeAnonoXXuM, OAHAKO, 9TO HHTErPUPOBAHNE PACIPOCTPAHEHO
7.0 OAHOMY NOAI0, IO, STUM BLIPaXKEHUEM MOHMMAETCS, YTO 00J1aCTh
HHTEerpUpOBaHusi V OXBATHIBAET, BO-IEPBLIX, BCe B3aUMOENCTBYIO-
HIFe 3apsjbl H, BO-BTOPBIX, BCE IOJI€ 3TUX 3apsAJIOB
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910 onpeneneHne He HYXKJAETCA B NOSICHEHHSIX, €CJIA CYILIECTBY-
€T 3aMKHYTasl NOBEPXHOCTH S KOHEYHBIX PA3MEPOB, OXBATHIBAIOIIAS
BCHO CHCTEMY B3aMMOJEHCTBYIOMMX 3apPAJ0B, BO BCEX TOUKAX KOTO-
POl HATIDSIXKEHHOCTL ToNs 2 06paInaeTcsl B HYJb, 3Ta NOBEPXHOCTD
H MOMKeT PAacCMATPHBATLCA KaK IpaHuIa nojHoro nond Tak, Hanpu-
Mep, 'PAHHIIA [IOJIHOTO IO/ 3aPSAI0B, 3AKII0YEHHBIX B MeTasuinde-
cko#t obornouke {cM. puc. 14), TPOXOAUT BHYTPH 3TOH 0OOIOYKH.

Opnaxo 6ospmieli 9acTpI0 TaKoO# 3aMKHYTOH MOBEPXHOCTH KOHEY-
HBLIX PA3MEPOB He CYIECTBYeT, ¥ I'PAHKWIA NOJHOIO [OJIS OTOABUrAeT-
¢ B HeCKOHEYHOCTS. B 3THX CIyYaax HoHATHE [MOJHOTO HOJIA 0K HO
OBITL YTOYHEHO CIEAYIOUMM 00pa3oM. B xax oM KOHKPETHOM CIIy-
Yae HCIIOIL30BAHHS ATOr0 NOHATHA HAC HHTEPECYIOT 3HAYEHHI HH-
TErpajioB BIIOJIHE OTIPEJEIEHHbIX (PU3HIECKNX BeNWYUH (HAIPUMED,
HaNPSIXKEHHOCTH TEKTPHYECKOr0 WM MATHUTHOTO TOJIA, IPOU3BEIe-
uud o(0p/0n) B dopmyse (16.1) u T 11 ), npudeM oGbEMHbIE HHTEr-
pasel 6epyrcd no 0bbemy V mONHOrO IONL, 4 TOBEPXHOCTHBIE — IO
ero rpanune S TepMHH «noanoe noaes NPUMEHAETCI % OeCKOHEYHO-
My obsemy V B TOM M TOJLKO B TOM CJIy4ae, €C/IM TIPH NpeJle/IbHOM
nepexojJe OT KoHeyHoro obbeMa V' k GeCKoHEYHO DOsIBLIIOMY unmes-
PAAB BCET URMEPECYIOWUTL HAC BEAUNUH N0 NOsEPIHOCMU S 3M020
obsema cmpemamca £ wyaro. Tak Kak TIPH 9TOM HPENETBLHOM Ie-
pexojie TLUIOmAAL ToBepXHoCTH S pacrer Kak RZ, roe R osmavaer
PACCTOSIHHE MOBEPXHOCTH S 0T KOHEYHOI'O y4aCTKA MPOCTPAHCTBA, B
KOTOPOM COCPeAOTOYEHbl HCTOYHUKH MO (9JIeKTPHYECKHE 3aPAIbI
U TOKH ), TO TOALIHTErPAJILHBIE BBIPAXKEHHST B MHTEPECYIOIIUX HAC N0~
BEDXHOCTHBIX HHTErpanax AODKHBEI IPH R — 00 ybniBaTh GBICTpEE,
gem 1/R?. B 3T0OM H 3aK/TI098€TCA yCIOBHE IPHMEHHMOCTH HOHATHS
NOJTHOTO TOJIs1 (€C/IM 110j1e HE OTPAHNWYEeHO 3AMKHYTOH MOBEPXHOCTHIO
KOHEYHBIX Pa3MepOoB).

B nancuedimem MBI 11 KPATKOCTH 0yeM IIPOCTO MOBOPHTH, YTO
10 ONPEOeACHUN NOHATNUSA NOAHOZO NOASL UHTNEZPAABL N0 02PAHUNU-
8aIOW,LlT NOAHOE NOAE NOBEPTHOCMU S 00PAULAOMCA 8 HYAab, T. €.
MOTyT 6bITH OTOPOIUEHE], B YTO, CTATO OBITEH, NOAJIEKAT PACCMOTpE-
HUI0 TONLKO UHTErPAJIbl IO 065eMY MOJHOTO TIOJIS.

3. IloasIHTErpanpHOe BBIPAXKEHHE B IIOCIEIHEM UieHe (POPMYJIBI
(16.1), cornacuo (12.10), yOriBaer B GECKOHEYHOCTH He MeJJieHHee,

wem 1/R3. TlosToMy npu pacipoCTpaHeHHH WHTErPHPOBAHHMA B dop-
mysie (16.1) Ha nostHOe Tose 9TOT WieH OBPATUTCA B HyJlb, 4 CYMMa

NEepPBBIX JABYX 4JIEHOB, coryacHo (15.6), okaxkerca paBHO# momHOH
sHepruu nond W-

vV=l/Wmv+1/wm3=li[WdV
2 2 8n
4. VTak, 3yIeKTPUYECKAsT FHEPIU HONHOIO 0JIs paBHa,

-1 2
W—M/Eﬂﬁ (16.2)
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C mamemamuyeckoti TOIKH 3PEHUS ITO YPABHEHNWE NIPEJCTABIIA-
er coboii smib npeobpazoBanHyo ¢opMmy ypasHenus (15.6) u emy
sxkBuBanenTHo. OqHako GpOpManbHO MaTeMaTHdeckoe npeobpasosa-
HHe YDaBHEHHi, KaK YK€ YKa3BIBAJIOCH, BECHMA YAaCTO OTKPBIBAET
BO3MOKHOCTH COBEPIIEHHO HOBOU (pusuueckoli unmepnpemayuu Bul-
paXkaeMBIX MMH COOTHoNIeHH#. YpapHenue (16.2) BrIpakaer asek-
TPHYECKYIO SHEPrui0 B BHJe OeckoneyHoW CyMMEl CJIAraeMbIX,
Kax10e U3 KoTopuix pasHo (1/87)FE? dV u orHOCHTCA K OmpejeneH-
HOMY 3neMeHTY o0beMa dV. IlosToMy B 5TO ypaBHEHHE MOXHO BJIO-
JKUTh Cleayomuil (HU3NIECKH CMBICT: HOCHTENEeM 3JIeKTPHIECKON
9HEPI'UU fABJIAETCHA 3JIEKTPHUECKOe Nojie, IPUYEM SHEPrud nojd Jo-
KaJIH30BaHA B IIPOCTPAHCTBE TaK, YTO B KAXKJOH eqHHHIEe 06beMa
COAEPKUTCA KOJMYECTBO SHEPTHH W, PABHOE

_ 1 -
—g;E, (16.3)

rae E — Hanps KeHHOCTH 3JIEKTPHYECKOrO NOJIA B JAHHOM 3JIeMEeHTe
obbema. Benmunna w MoxeT ObITH Ha3BAHA 065EMHOT NAOTNHOCTIbIO
3nexmMPuUNecKoll sHepauu.

Hanporus, ypassenns (15.4) u (15.5) Moryt 6n1Th dbopMainHO
HCTOJIKOBAHBI B TOM CMBICJIE, YTO SIEKTPUUIECKAs] SHEPIHsI €CTh IHEp-
rusd 830umo0eticmeus 3IEKTPHUECKUX 3apPANOB H IPHTOM B3aHMO-
JelicTBus Ha paccroguum (actio in distans, daavrodeticrmeue); Taxk,
Hanpumep, ypasHenue (15.5) BBIpakaeT OOILYI0 SHEPrUI0 CHCTEMBI
3apsilOB B BHJE CYMMBbl SHEPIHil B3aUMOJEHCTBHS KaXKJOH Maphl.
O4eBHAHO, YTO IIPH TAKOM HCTONKOBAHHU YCTPAHSIETCH BO3MOXKHOCTD
JIOKAJIH3AIMK SHEPIHY B ONPEJEIEHHBIX YYACTKAX IPOCTPAHCTEBA.

Mexanuveckasi TEOPHSA 3JI6KTPOMATHITHBIX SIBJIEHHI BKJIAIBIBAIA
B ypaBHenud (16.2) u (16.3) cienyromee ¢pusudeckoe ConeprKaHue.
C ToYKH 3peHHs 3TOH Teopuu BO30Y KIEHHE TEKTPUYECKOrO MOJS
CBOAHTCH K BO3HHKHOBEHHIO JehOpMALMil FHMOTeTHIECKOH ynpyroi
cpeasl — a¢upa; smekTpuueckdii BekTop E ecth Mepa 910 1edpopMa-
UHH, & SHEPTHUsl SIeKTPHYECKOr0 MOJIA CTh HE YTO HHOE, KAK YIIPYras
sHeprus nedopmuposanHoro adupa. Kak H3BeCTHO H3 TEOPHH YIPY-
FOCTH, B KaXKJOM 3JIeMeHTe 00bema 1edOpMUPOBAHHOTO Tesa 3a-
KJIFOYAETCsl OIPEJIENIeHHOe KOJNHYECTBO YNPYroifl 9HEPrHH, MpOmop-
LHOHAJILHOE KB3JPATy BEJIWYIHHBLI AedOPMALME 3ITOrO IJIEMEHTA.
Crano 6vITh, 06beMHAS VIOTHOCTS YIPYIod SHeprun 3hupa B K-
TPHYECKOM TOje JOKHA ObITH MPONOPIMOHAJILHON KBaJPATy HAa-
npsixkerHoctd nons B, yro Bnonse cormnacyerca ¢ (16.3).

B nacrosiiee BpeMs MOXHO CYHTATE YCTAHOBIEHHBIM, ITO Nog00-
HOe MEeXaHHYeCKOe HCTOJIKOBAHHE 3JIEKTPHYECKHX ABJEHHH He BbI-

JepuBaeT KpUTHKE ¢axTos ') . Ho npescrapnenye o MTOKaIu3aIMK

1) Bonbie TOro, He TONBLKO SMEKTPHYECKHE CHJIEL He CBOIATCS K YIPYTOCTH I'H-
MOTETHYECKON Cpejisl, HO, KaK MBI TeIllePhL 3HAeM, CaMble YIIpyrHe CBOHCTBA Ma-
TEPHAILHEIX TEJI 0DBACHAIOTCA JEKTPUYECKUM B3aUMONEHCTBHEM ATOMOB 9THX
TeJL.
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3JIEKTPUYECKON SHEPTHH B IPOCTPAHCTBE ¢ 00HeMHON MIOTHOCTBIO W,
WHBIMH CJIOBAMH, IPEJICTABJIEHHE O TOM, YTO SJMEKTPHIECKAsT SHEPTHs
€CTh 9HEPTHS IAEKTPUIECKOrO NOJIs, CIENIANT0CH NPOYHBIM JOCTOSHH-
eM Hayku. KoHeuHo, Biaromaps nosHOH MaTeMaTHYecKOll 3IKBMBa-
nenrHoCTH ypasHenuit (15.6) u (16.2) oba 5TH ypaBHeHHH, a CTAJIO
ObITE, 1 00a MIPHUBEJEHHBIX HCTONKOBAHUS HX OJIHHAKOBO XOPOIIO CO-
IVIACYIOTCA C DAHHBIMH OIBITa. O1HAKO 9KBHBA/IEHTHOCTD 9THX YpPaB-
HEHMH MMeeT MECTO JHIIL B NOCTNOAHHOM SMeKTPUYECKOM [oJe.
[lepeiing K u3y4UeHNMIO NEPEMEHHBLIX IEKTPOMArHUTHBIX NOJNEH H,
B HACTHOCTH, K U3YUEHMIO 3JIEKTPOMATHHTHBIX BOJIH, MBI TIO3HAKOMHM-
C ¢ SIBNEHHAMHE, KOTOPBIe MOTYT OBITH HCTOJKOBAHBI JINIIbL HA, OCHO-
B€ NOMyIIeHHA O JIOKAJTH3AIUY SHEPTUU B JIEKTPOMATrHUTHOM IOJE.

. g6paTI/IMCH Teneph K BOIIPOCY O PA3JIHYHOM COTEPKAHUU yDaB-
uHenuit (15.4) u (15.5), ¢ ogHOi cropoHsl, u ypasHeHuit (15.6) u
(16.2) — ¢ gpyro#t. Yro 9TH ypaBHEeHHS PA3HATCA II0 CBOEMY COJEp-
JKAHHIO, ABCTBYET XOTA OBl H3 TOr0 06CTOSITEILCTBA, YTO IHeprus W,
onpenensemass ypasHenneM (16.2), He MoXeT NPUHUMATbH OTDHIA-
TenbHEIX 3Hadennit (u6o E? > 0), Torma xak, cormacto (15.5), snep-
TUsl B3aMMOJEHiCTBUS IBYX TOUEYHBIX 3aPAJIOB €] ea/ R1g OTPHUIATEND-
HA, eCTH 3apAAbl 9TH Dpa3sHoHMeHHBl, OObsICHAETCS 3TO TeM, 4TO
B ypasHeHusax (15.4) u (15.5) y4urTsiBaeTcs nulIb B3aUMOjeHCTBIE
Psifia «TOYEYHBLIX» 3aPSIIOB, HO HE 83aumodeticmeue omdeavuns sae-
MENNOE KAXKIOTO TAKOTO 3apada meocdy coboti. J1eficTBUTENBHO, ec-
JIA MBI IMeeM €710, HATPHUMED, € OTHUM-EIHHCTBEHHBIM «TOUEIHEIMY
3apanoM ej, TO Bepakenusi (15.4) u (15.5) obparsrcsa B Hyab, TOr-
Ia Kak BeipaxkeHud (15.6) u (16.2) GyAyT MMeThH OTJIMYHOE OT HyJIst
H MPHTOM [OJIOXKHTENLHOE 3HAUEeHHe, DABHOE TAK HA3LIBAeMON Cob-
cmeennoti snepeuu 3apana er. B ToMm, 4ro ata cobcrBeHHasT dHEprus
BCEr/a MOJOKUTENLHA, MOXKHO YOeIUThCs 100 HEIMOCPEeJACTBEHHO U3
ypasuenns (16.2), 1ubo u3 Toro 06CTOATENLCTBA, YTO, MPUNHCHIBAS
3apgaay € HeKOTOPbIi 06beM, pa3buBasi ero Ha sJ1eMeHTH! de; B BBIYHC-
NSl SHEPTHIO B3AUMOMENHCTBHS 9THUX JEMEHTOB, MBI IIOJIYYHM CYMMY
TIOJIOXKUTEBHLIX BhIpaXKeHuii Tuna de, dex/R;);, (160 Bce aneMeHTH
OIHOT'O ¥ TOrO e 3apsAjia UMEIT OguHakosbli 3Hak). Cobcreennas
9HeprHsi 3apsijfa 3aBHCUT, KOHEYHO, OT ero pa3MepoB M PaBHA Tol
pabore, KOTOPYH COBepHIHJIN OBl CHJIBI B3aHMHOrO OTTAJIKUBAHMHS
MEXKJy SJIEMEHTAMH 3apAfad, eCJIH OBl 9TH 9JEMEHTH Pa3JeTelHCch
B CTODPOHBI H YAQIHIUCE B OECKOHEUHOCTD.

PaccMorpuM B 3akiroueHne nonHyio (T. €. COOCTBEHHYIO W B3a-
HMHYI0) SHEPUHIO JBYX 3apdaloB €] H ey. IlycTs Kaxkaviii U3 3THx
3apsA70B B OTJIENLHOCTH BO3DYKJaeT cooTBeTCTBeHHO rone Eq u E,,
TaK 4TO pe3yabTupyilomee none E o6oux 3apsagos pasHO

E=E +E

E? = (E; + E2)2 = E% + E% + 2(E1E2).
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Ilonuas sHeprusi 3apagoB € U ez, coracHo (16.2), 6ymer paBHa

= —1-/E2dV= L/Efdv+ i/Eng+i/2(ElE2)dV,
8w 8n 8w 8
HIH
W = Wi + Wag + Wy, (16.4)
rxe
Wiy = i/Ede 5 Wi = —1—/E§dV (16.5)
8n 8w
CyTh COOCTBeHHBIE SHEPIHH 3aPSII0B €1 H €2, 4
Wiy = $/2(E1E2)dV (16.6)
eCTh UX B3auMHaA 9HEPrusi. I/I3
(B1—E2)® >0
CIIeLYET, UTO
E} + E > 2(E1Ey),
TaK 49TO

Wi + Way > Wi,

Taxum 06pa3oM, NOMOKUTENbHAA CODCTBEHHAA SHEPrUs 3apaa0B
Bcerja Gosbmne (MM B KpaliHeM CIydae PaBHA) HX B3AHMHOH 3HEp-
THH, MOTYIHIeHl MMeTh KaK [OJIOXKHTENbHBIE, TaK ¥ OTPHUIATeNLHbIE
3HAYEHU.

CrpaBeIHBOCTE ITOrO IOJNOKEHWA ABCTBYET, BIPOYEM, U HETIO-
CPEJICTBEHHO U3 TOr0 0DCTOATENILCTBA, UTO COOCTBEHHAS SHEPrUsl 3a-
pAla COOTBETCTBYET B3aUMOJEHCTBHIO €ro COOCTBEHHBIX JIEMEHTOB,
CpeJlHEe PACCTOAHHE KOTOPBIX JAPYT OT JPYTra MeHpIIe, YeM PaccTos-
HHE HX OT 3JIeMEHTOB APYIrOro 3apajia.

IIpu Bcex BO3MOXKHBIX MePEMEIeHHAX 3aPA0B, He H3MEHSIIOIIUX
uxX (HOpMBI 1 PA3MePOB, COOCTBEHHAA SHEPIHA 3apsii0B OCTATC HO-
croannofi. [losToMy npu aTHX nepeMemeHuax uneHsl Wy u Wa
MOXXHO CYHTATH AJJHTHBHBEIMH MOCTOAHHBIMH B BHIDAXKEHHH TIONHON
sHeprun W, u3aMeHeHUe KOTODPOH BCELENO ONpejensieTCs] H3MEeHeHH-
€M B3aHMHOI1 9Hepruu 3apanos Wha. [Ipu nocrarouro Homsiuux pac-
CTOAHHAX MeXJY 3apsigaMu Boipaxkenue (16.6) mna Wis ceogurces,
04eBHJHO, K Beipaxennto (15.2) (cM. 3anady 15 B koHije naparpada).

6. UpesBrpIdaifHO BaXKHO OTMETHTDL, ITO SHEp2UA INEKTPHIECKOTO
moJisi He obaadaem ceoticmeom addumueHOCNU, T. €. ITO SHEPrUd
nons E, sisnaronieroca cymmoit noneit By u Ey, Boobuie rosopd, He
paBHa CyMMe SHepruil cjaraeMuix noseit (eciau Tonsko Wig He paBHO
Hy/M0). B wacTHOCTH, NpH BO3paCTaHUH HANPAXKEHHOCTH IOJA B N
pa3 SHepTHsi MONs BO3PAacTaeT B n’ pas.

T puMep. Hoanan sanexmpuueckas sHepaus CUCTEMbL 3aPA-
HCEHMBT NPosodnukoes. I1yCcTh B moMe PACIOIOKEHO 1 IPOBOIHUKORB;
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0603HAYUM COOTBETCTBEHHO Yepe3 .S, ¢, H €, MOBEPXHOCTb, TIOTeHIIH-
aJ1 1 obumil 3apsif ¢-I0 MPOBOJHUKA. [IPUHSIB BO BHUMAaHKe, 9TO BCE
3apAnbl TPOBOAHUKOB DACHOJNOKEHBl Ha HX HOBEPXHOCTH, TaK 4TO
p = 0, ¥ 9TO NMOTEHIUANT KaXKJOO NPOBOIMHKA MOCTOAHEH HA BCEM
€ro NpoTsXKeHuH, noiyduM u3 (15.6)

n n
= %Z¢a¢d5'= %Z‘Pz%“ds-
1=1g, 1=1 S,

Wurerpan o no noBepxXHOCTH NPOBOSHUKA PageH ero obmeMy 3a-

pazy €., IOITOMY n

W=1% e (16.7)
2 =1
STy (opMy/Iy, BHIPANKAOILYIO NOAHYN ISHEPIHIO 3APANCEHHVT
nposooruKoe, He HY’KHO CMEUIHBATL C BIIOJIHE AHAIOIHIHONR GopMy-
noit (15.4), BbIpaXKAIOMWIEH 63aUMHYN0 IHEPTUIO TNONENHBIT 3aPAJ0E;
B mocieanei ¢popmyne B ormune ot (16.7) ¢, He ABAAETCA NONHBIM
NOTEHLMAJOM NOJIsi B MecTe HaXOXKAeHHA 3apsija e, (cM. § 15). 3a-
MeTHM, 4TO BhipaskeHde (15.9) 11 sHepruy KOHIEHCATOPA ABIAETCS
qaCTHBEIM ClydaeMm ¢opmysl (16.7)1).
3apgaua 14. Ilokasars, 49ro (COGCTBEHHAS) 3JIEKTPHYECKAA
SHEPI'Hs 3aPSAKEHHOIO UIapa Pajuyca d PaBHA

e?

=50
ecIH 3apsjfl € PaclpeliesieH 10 NOBEPXHOCTH lapa (IPOBOAHMK), H
aBHa
b _ 3¢?
50 '

eciy 3apsfl PABHOMEPHO PAClpelesieH 1o BceMy o0beMy miapa.

3anmaga 15. [lokazaTs, 4TO eC/IH PACCTOSTHHE MEXIY 3apAia-
MU €] B €3 JOCTATOYHO BEJIMKO N0 CPABHEHHIO C UX pa3MepaMmu (To-
YeyHble 3apALH), TO BeIpaxkenue (16.6) p3aumuol sHeprun Wip 3THX
3apsiOB CBOAUTCS K BhIpaxkeHmam (15.2) u (15.3).

§ 17. lloniepoMOTOPHBIE CHIIBI

1. Ilo mannoMy B § 2 onpeneneHuI0, OCHOBHASA BEAMYKHA, XAPAK-
TEPU3YIOIIAs WIEKTPUIECKOE T0Jie, — er0 HANPAXKEeHHOCTE B — pas-
Ha PACCYHTAHHOI HA e IHHHILY 3apsiia MOHAEPOMOTOPHOM (MexaHHYe-

') Tipe raraeM “IMTATENO B KAYECTBE YIPAKHEHHS HEOCPEACTBEHHBIM BHIGHC-
JleHHeM yOeJUThCA Ha KOHKDETHBIX IPHMEPAX IUIOCKOrO, IFJIHHIAPHYECKOTO M
LIAPOBOro KOHZEHCATOPOB B TOXK/ECTBE 3HAYEHUIT SHEPriH, IOIyYaeMbiX o Pop-
myne {15.9), ¢ onnoit croporsl, u o ¢opmyne (16 2) —c¢ apyroit.
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CKOH) cuIe, JefCTBYOMmell B JAHHOK TOYKE NOJs Ha MPOOHBIH 3apsy,
(3apsizkenHoe Tes10). IIpH 9TOM HYXHO, KOHEYHO, HMETh B BHJY, YTO
CHJa, NefCTBYONAd Ha KAKOH-IM00 3apsj, Onpenendercd, OueBHJ-
HO, HANpPsi>KEHHOCTBIO TOrO MOJIsI, B KOTOPOe IOMEUIEH 3TOT 3apsai,
a He TOrO 1oJisi, KOTOpoe Bo3byxpaerca uM camuM. CreoBaTentHo,
roBOPdA, HanmpHMep, 4TO CHJa, HeHcTByomas Ha TOYEedHBId 3apay e,
paBHa

F=cE (17.1)

[cp. ypaBnenue (2.2)], MBI BOMKHEI OHEMATE TI0/ B HANPAKEHHOCTH
1078, BO30Y K/ 126MOT0 BCEMH 3APAJAAMH CHCTEMBI, KPOME CAMOTO 3a-
paIa e.

2. Bompoc o cune, AefCTBYIOIIEN HA NOGEPTHOCTNHBIE 3aPAOUL,
TpebyeT Crelua sHor0 HCCIeI0BaHus, H60 HAanpAKeHHOCTL noia B
uMeeT 110 00e CTOPOHEI 3aPAXKEHHON MOBEPXHOCTH pa3inyHble 3HAYe-
uns [ypasHenne (4.3)], u, crano GuiTh, Ha CaMOll IOBEDXHOCTH OCTA-
€TCsl HeollpeaeIeHHOH.

B cinyyae ogHoro-eMHCTBEHHOr0 yeqUHEHHOrO MPOBOJHMKA BCE
3JIEKTPHUECKHE CUJIBI CBOJATCH KO B3aMMHOMY OTTAIKHBAHHIO IJ1€-
MEHTOR 3apANa 3TOr0 NPOBOAHHKA. BBHMIY TOro, 4ro B3aHMHO OT-
TAJIKUBAIOIMIMAECHA 3JIEMEHTHI 3aPA/Ia He MOr'YT MOKHHYTE MPOBONHUIKA,
K TIOBEDPXHOCTH MPOBOJHUKA OYLYyT MPMIIOMKEHBI MOHIEPOMOTODHEIE

CHJTBI, CTPEMSAIIIHECH e€ PACTAHYTS ) . [Tomo6HOro ke poma cumsl Gy-
LYT, O4eBHIHO, IPHUJIOKEHE ¥ K MOBEPXHOCTH HEYEJIWHEHHOTO IPO-
BOJHHKA, MOMEMIEHHOI'O B IPOH3BOJLHOE JIEKTPOCTATHIECKOE TIOJIE,
Yrobsl onpenesuTs 3TH CHIIBI, PACCMOTPHM HEKOTOPHIA 31neMeHT dS
NOBEPXHOCTH NpoBogHKKA. HanpskennocTs nmond ¢ enewnet cmopo-
HoL leMeHTa dS, cornacHo (7.8), paBHa

E = 47on
(0 — ILIOTHOCTH €ro 3apsija), U HANPAaBIeHA HOPMAJbHO K €ro mo-
BEPXHOCTH; BHYTPH »Ke MpoBogHHKa E = 0.
Onnako E ecTh HanpskeHHOCTH Pe3yJILTUPYIOIIErO TIONST BCEX
HMEOIIUXCS 3apAJI0B, B TOM YHCJIE U 3apAAa CaMOro sjeMenTa dS:

E=E +E",
rae E'—none snementa dS, a E” —mone ocrampHbIX 3apsigos. B
IBYX CMEKHBIX TOUKAX, JIEXKAIIUX MO PA3HBIE CTOPOHL 3neMeHTa dS j
none E” stux 3apanos OGymeT, 04eBUIHO, OAUMHAKOBBIM, MO e K

OylleT uMeTh OJMHAKOBOE 3Ha4YeHHe F', HO pasMMyYHOe HANPAaBJIEHHE
(puc. 22). Crano 6bITH, C BHEIIHe cTOPOHB! snemenTa dS F = E' +

+ E" = 4w0, a c suyrpenneit E = E' — E" = 0, orkyna
E' = E" = 27o0.

') Bt cooGImuTh S/eK TPHYeCK i 3aps ] MBUIBHOMY Iy3BIPIO, TO IO BIHAHM-
€M ITUX CHJI OTTAJIKHBAHHA ITy3bIpb OyIer paclIupATECH OO0 TEX IIOP, TIOKA OHH
He YyPaBHOBECATCH CHJIAMH IOBEPXHOCTHOrO HATHXKEHHA H pa3Huueld gapnenuit
BO3AYyXa BHYTPH M BHE IIy3bIPA.
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Cnnai UCTILITHIBAEMAS 3aPAIOM 0 d.S a7eMenTa dS, onpeensaercs
1

nosieM E” 3apanos, nexxamux BHe 3TOr0 3/16MEHTA, H, CTAJO OBITD,
paBHa
" 2 1 E
E"0dS =27x0*dS = - EodS.
2 E’ El'
TakuM 06pa3oM, Ha eJZUHHILY * as

MMOBEPXHOCTH IIPOBOJHUKA JeHCTByeT
NOHAEPOMOTOpHAdA cuna f:

f=2n0% = -;—Ea = él; E?, (17.2)

HalOpaBIeHHAd, KAK Jerko ybenurned,
no BHeIIHe!! HOpMaJIM K 9TOH NoBepx-
HocTH. Benuumuy f MOXHO, O4eBHj-
HO, HAa3BATh NOGEPITHOCMHOU NAOMHO- Pnc. 22
CTNDBI0 NOHIEPOMOMODHUET CUA.
3. PaccMOTpuM JJ1d IOJTHOTH CIy4dall 06beMHOT0 pacupeneneHus
3apsfa ¢ IVIOTHOCTLI0 P, XOTS B 3/IEKTPOCTATHIECKOM IIOJIe B OTCYT-

CTBHE [UYIEKTPHKOB 9TOT CAy4Yail NPAKTHYECKH HEOCYIIECTBHM 1) .
Ecin snekTpuueckuii 3apsiyi HePa3pLIBHO CBA3AH C 3yieMeHTOM dV
o6beMa HEKOTOPOTO TeNa TaK, UYTO nepeMemeHue zapsja pdV Bo3-
MOXKHO JIMIUb HOPH COOTBETCTBYIOIEM MePeMeIleHHH 97IeMeHTa Tea
dV u 1a060poT, TO Ha KaXKIHIH 3JTEMEHT 3TOro Tena Oymer pelcTBO-
BATHL CHJIIA,

F =fdV = EpdV, (17.3)

rae E — HanpseHHOCTE moJst B anemenTte dV . BerunTars 13 nojgHoro
mona E none 3apaga camoro aneMeHTa dV B 3TOM CIy4ae He HYXKHO,
H00 HANpPSKEHHOCTH noJyisi BECKOHEUHO MAJIoro 00beMHOrO 3apajna
pdV GecKOHEYHO Mana JayKe BHYTPH CaMOro 3apsifla H CTPEMHUTCS K
HyJIF0 IpH GecrnpeelbHOM yMeHbIIeHUH ero pa3mepos. IIpome Beero
ybenuThCca B 9TOM, IPHUHSIB [JIs MPOCTOTHI, YTO NeMeHT dV uMeer
dopmy mapa, TaK 9TO I0Je €ro onpexensiercs dopmynoit (4.8).

W13 (17.3) cnenyert, 9ro 06seMHas NAOMHOCM b NOHJAEPOMOTOPHBIX
cun pasHa 2)

f = pE. (17.4)

INpumep. Cuawm, delicmsyroujue Ha dunoas.

Hycre E u E' — HanpsizkeHHOCTH BHelIHero (mo OTHOIIEHMIO K
JQUMOM0) oA B ToYkax P u P’ 3aHMMaeMBIX COOTBETCTBEHHO ero

1) 3a HCKTIOYEHNEM HEOIHOPOHBIX TPOBOIHAKOB, BHYTPH KOTOPEIX AeficTBy10T
CTOpOHHME INEKTPoABHAKyIUe ciitn! (§ 38); Ha 9TOM CiTyuae MBI OCTAHABIMBATECH
He byAeM.

2) B majnHeiIIeM MWIOTHOCTS CUT MbI O6yzneM Bcerga obo3navars yepes Magoe T,
coxpanss F nponucHoe gyist 0603HauenusT Cul, NEHCTBYIOUIX Ha OTAEILHBIN 3a-
psA, QUIOJL, TPOBOJHUK U T. A.
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OTPHLATENBHBIM M IOJOXKHTENbHEIM 3apanaMi (puc. 23). Toraa pas-
HOZeHCTBYOMAs F cun mosid, npulosKeHHBIX K 9THM 3apgaaaM, byaer
paBHA

F = ¢E' — ¢E = ¢(E' — E).

Pasuocts E' — E ects npupamenue sektopa E na orpeske PP/,
pasHoM anuHe nunond 1. Beugy MamocTu 3Toro orpeska mpupalienue
9T0 MOXKeT OBIThH BHIPAKEHO, COTJIAC-

eE' no (51%*), popmynoit

E-E=12E_|v.E,

ol
F___¢p’ OTKyIa
¥ 5 77 F=elV-E=pV-E. (17.5)
—eF - TakuMm obpazoM, cuna F, geficTymo-

Hasl B 3JIEKTPUYECKOM I10J1€ Ha, Ju-
NOJib, 33BHCHT OT OLICTPOTHI H3Me-
HEHHUS STOro NOJIS B HANMPABJIEHWH OCH AHUMONA; B OJHOPOTHOM XKe
Mojie CHJIbI, NeHCTBYIOUIME HA TIOJIIOCH U0, PABHEI IO BEIHMYHHE
H NPOTHBOIONOXKHE! 0 HAIIPABJIEHHIO 1, CTAJI0 OBITHL, B3AHMHO ypaB-
HOBEIIMBAIOTCA.

ITomuMo paBHOgelicTByIonieit F 1j1s MOXHOro onpeneeHns: CUII,
OeHCTBYIOIIUX Ha NUMOJL, HeOOXOOUMO oOpedenuTs MOMeHT IN aTux
CHJI OTHOCHTEJIPHO LEHTPa aunoind. MOMeHT X OTHOCHTEJNBHO TOY-
ki P, B KOTOpOit HAXOIUTCS 3apAg —e, PaBeH, OYEBHUIHO,

N =[1-eE'] = [pE’].

B mpenese npu gocrarouno#i Masoctu 1 Touka P coBmanmaeT C
neHTpoM gunond, a E' copnmagaer ¢ E, Tak 4To OKOHYATENHHO

N = [pE]. (17.6)

W3 3TO0rO BRHIPAXKEHHSA CIEAYEeT, YTO JUMOIL CTPEMHUTCS] TOBEp-
HYTBCSI B VIEKTPUYECKOM T10JIe TaK, YTOOBI ero MOMEHT P OBL mapadl-
nenen nonso. [pu p, HanpasnenHoM npoTus E, ppamaomuyit MOMEHT
Tak>ke PaBeH HYJII0, HO 3TO PABHOBECHE HEYCTONIHEO.

§ 18. Onpeanenenne NOHAEPOMOTOPHBIX CHJI
U3 BbIPA2KeHUA dHepruu

1. IlepeMernienre Tes B 9JIEKTPHYIECKOM [MOJi€ COIPOBOXKJAETCS,
BOODIIIe TOBOPA, KAK H3MEeHeHHeM 3Heprud W aToro mous, Tak U pa-
BoToii A MoHIepOMOTOPHBLIX cun nond. Ecau npu sToMm He mpouc-
XOIUT Mpeobpa3oBaHus APYrux (HopM 3HEPrHU &ennomﬁ, XUMHBYE-
CKO#f U T. [ ), TO paboTa MOHAEPOMOTODHBIX CHJI JOJKHA, OUEBHIHO,
COBEpIIATLCA 33 CYET u3MeHeHdsI 6W 9Hepruu Nojs, TaK ITO

A= —8W. (18.1)
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Wcxons 13 3TOro COOTHOWIEHKA, MBI ONpeAeTuan B § 15 sHepruio
nonsa W (15.1); o6parHo, 3uasg W, me1 Ha ocHoBauuH (18.1) MoxeM
onpenesuTh pabory A, a crano ObITE, M COBEPIIAOIME 3TY pPadoTy
MOHIEPOMOTOPHBIE CHJIBL.

Heticreurenbro, popmyna (18.1) nokasbIBaeT, YTO SHEPrus IeK-
TpuYeckKoro nojist W Hurpaer posb nomenyuasbrol SHEPTUN B CMbI-
CJle AHATUTHYECKOH MEeXaHUKH, METOJAMM KOTOPON MBI H MOXKEM BOC-
nmonb30BaTbed. IlycTh sneprug W B caMoM o61ieM cIydae BHIPAXKeHa
B 3ABHCHMOCTH OT KaKNX-IH00 «0B0BIEHHBIX KOOPOHHATY ¢,, XapaK-
TEPHU3YIOUINX paclpeaeieHne 3apsajoB, IPOBOJHUKOB H T. II. Toraa

oaw
W=>" G 00 A=) 0.q, (18.2)
1 1

rae ©,, 10 TEpMUHOJOTHH AHAIMTHIECKOH MEXaHHKH, CyTb «00006-
LIeHHbIE CHIBI», JEHCTBYIOHIME <«IIO0 HANPABIEHHIO» KOODAMWHAT ¢.
Orcrona Ha ocHoBann# (18.1) npu ycIoBHH HE3ABHCHMOCTH KOODIH-
HAT ¢, CJEYET, YTO

=9 (18.3)

BecbMa yacTO ONpezesieHHe MOHAEPOMOTODHBIX CHJI HA OCHOBAHHH
9TO#t (POPMYJIEI OKa3bIBAETCH HECPABHEHHO 6ojiee NPOCTHIM, 9eM He-
HOCPe/ICTBEHHOE ONpejieNieHne ux 1o ¢gopmynam § 17 myreM uHTer-
PHPOBAHHUS MO OTJAENBLHBIM 3JIEMEHTaM 3aPAf0B.

2. B kayecTBe TpOCTeHINero IpuMepa ONpeNesiiM 3THM CIIOCO-
60M CHJIbI B33GUMHOTO NPUTHAKEHUS IJIACTHH [JIOCKOTO KOHJIEHCATO-
pa. DHeprus 3TOr0 KOHAEHCATOpa DaBHA [cM. ypasHenue (15.9) u
pe3yJbTaThl penieHns 3a1a4d 8, c. 52

e’ _ 2me’d
2C s

Ilpu paspBuranuu NJAACTHH, T. €. IPH yBeJIHYEHHH PACCTOSHHA d
MeXIy HUMH, NOJeM coBepinaeTcs pabora

A= —5W = —2";2 sd.

C apyroit cTopousl, ecii f eCTh CHJIa NPHUTAXKEHUS, KCIBITEIBae-
Mad eTHHHUIEN TOBEPXHOCTH IUIACTHHLI KOHAEHCATOPA, a F — obmasa
CHJIa, JEHRCTBYIOIIAA Ha BCIH MOBEPXHOCTH MIACTHHLI S, TO

A=—F.-5d=—fS"éd.

[IpupaBHuBaA NonydeHHble BbIpasKeHUd, HaligeM

2
F=jfS= 2"; = 21028,

rae ¢ = e/S —IUIOTHOCTL 3apsAna HA MOBEPXHOCTH IUIACTHH, YTO
BrionHe comtacyercd ¢ (17.2).
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K ToMy >xe pesysbraTy MOXKHO NPHATH M HEOCPEICTBEHHO H3
(18.3), momaras B aroit dopmyse g =du © = F.

3. Boliie MBI HeSIBRHBIM 00Pa30M NIPEAIIONATAJH, YTO NPH CMene-
HUMY NJACTHH KOHJEHCATOPA 3aPAJd WX € OCTAETCH NOCTOSHHBIM. MbI
NOIy4nan 6wl COBEpIIEHHO HHOe 3HayeHuwe dW, mpeanosnoXKus, 4TO
He 33D, & PA3HOCTND NOMENYUUAA08 ILIACTHH KOHJEHCATOPA P2 — (1
OCTaeTCsl TTOCTOSIHHON NPH UX cMemeHnd. OObACHSIETCs 9TO TeM, UTO
Pa3HOCTH MOTEHIHATIOB 0OKNaJOK KOH/IEHCATOPa MOXKET OCTABAThCA
HEU3MEHHON NpH NnepeMeIeHHsIX ITHX OOKNAn0K (H3MEeHEHHS eMKO-
CTH) AUWD 6 MOM CAYYae, eCIH T3 PA3HOCTH NOTEHHHAJOB MOJ-
JIep>KHBALTCH HEH3MEHHON HEKOTOpBIMH cmoponnumu INC Hesnex-
TPOCTATHYECKOr0 MpoucxoxaeHusi (cM. § 38), coBeplualOmuMyu npH
u3Menennn C HEKOTOPYIO A00aBOUHY0 paboTy. (DTo uMeeT, HANpH-
Mep, MECTO TIPU NPUCOeJHHEHHH 0BKIIaI0K KOHJIEHCATOPA K IIOJI0CAM
raJIbBAHNYECKOro 3sieMenTa.) IIpu atom ¢opmyna (18.1), oueBuano,
11epecTaeT OBITH NPUMEHHMOH.

Ha ocrosarnu (15.9) u (9.1) mis xongencaropa mo6of GopMbl HMeeM:
npu € = const

ath(ﬁ>——iiw——k — p1)%6C
e/ T T T T TR

HpH P2 — Y1 = const
S W = 6{20(992 ¥1) } = 2(902 1) 6C,

bW =—6W=A (18.4)
Taxum o6pa3oM, conpoBoKzamOIuUe IepeMelnerne 0OKIaI0K KOHASHCATODA
H3MEHEHHs ero JIeKTPHYECKON 9HepruH IIpH € = Const U IpH @2 — 1 = const
PaBHBI IO BeJIMYHHE, HO MIPOTHUBOITOJIOKHLL 0 3HaKy. C Apyroii CTOPOHH, BBUAY
COOTHOLIEHU A
e = (p2 — ¢1)C,
n3Menenne eMKoctH C IpH MOCTOSHHOM @2 — @1 JOJXKHO CONPOBOXKIATHCH U3-
MEHeHHeM 3apsna KOHAEHCaTopa €

de = (p2 — 1) 8C,

T. €. mepeHecenneM 3apana de ¢ ogHOM M3 OOKIANOK KOHAEHCATOPA HA APYryO.
Yipn mpoxoXzenud 3TOre 3apsna J€ 4depe3 BKIIOYEHHBIH MexXAy OOKNaLKaMu
KOHACHCATOPA raIbBaHUYECKHI 3/IEMEHT XHMHYECKAs SHEePrHs 9TOr0 MeMeHTa,
Kax Mel yeuauM B i1 III, ymenbmaerca, a DJIC anementa & coBepuiaer pabory
P=¢&.de.

B pasomkuyToll tenu, coCTOAWEH W3 JIEMEHTA B KOHIEHCaTOpa,

& =2~
H, CTaJI0 OBITH,
2
P = (p2 — 1) de = (p2 — p1)" 6C,
wik epuny (18.4):
P=2§,W=A+4§,W. (18.5)

Taxum oOpa3oM, IpH W2 — 1 = const pabora A NOHAEPOMOTOPHBIX CHII IIO-

JISl COBEepIIAETCA He 3a CyeT sHepruH mojis W, a 3a c4eT XMMHYECKOH 3Heprum
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rajIbBaHMYECKOTO HIEMEHTA (MM SHEPI¥H NPYroro HCTOYHHKA cropouHedi 3C).
B uacrtHOCTH, nososicumenvres pabora CHII monst A COIMpOBOXKIAETCA NPUPa-
UenUeM IIEKTPHYECKOH sHeprum W, NpOHCXOAAIMM TaKiKe 32 CYeT DHEPruu
TaIbBAHMYECKOr0 JIEMEeHTA.

Takum obpazoM, dopmyna (18.1) cnpasenuBa MHLIL IPH YCIIO-
BHH, YTO HepeMelleHHe Tesi B TeKTPHYECKOM I0Jle He CONPOBOXK Ja-
ercst paboroit croponHax IAC HEINEKTPOCTATHICCKOTO MPOUCXOK-
nenns. Kpome Toro, yciosumeMm npumeHmmoctd dopmynn (18.1)
ABJISIETCH, OYEBHIHO, JOCMAMONHAA MEOAEHHOCTND NepeMeUuseHUs
men, a UMEHHO CTOJb MAaJiasi CKOPOCTh IepeMeNieH s, YTOObI B KaK-
JIBL JAHHBIH MOMEHT TPOIECCA 3JEKTPUUECKOE COCTOSIHHE CHCTEMBI
MOIJIO OHITH ONUCAHO YPABHEHUSMH SJIEKTPOCTATHKH (T. €. beckoHed-
HO MAaJio OTJIMYAJI0Ch OT PABHOBECHOTO).

Mpumep. Onpedeaums cuant, deticmsyrowue va meepdud du-
noAb, UCTO0A U3 €20 HHEPLUU B0 GHEWHEM TMOAE. DHEPIus JUIIOIS
BO BHELIHEM TI0Jie, corniacHo (15.8), paBua

W = —pE = —pFE cos ¢

U gBnserca (yHKIHel: a) KOOpAMHAT UEHTPa JUIONA T, Y, Zz U
0) yria ¥ MexXJy OChIO AMMONA W 3aJaHHBIM HAMPABIEHUEM 3JI€K-
Tpudeckoro nmosisi K (YucnoBoe 3HaYEHHE MOMEHTA JUIONs CIHTA-
eM HEM3MEHHBIM: «TBepAbiii» numons). CoriacHo M3BECTHBHIM MOJIO-
JKEHHSIM AHAJIUTHYECKON MeXaHHKH «0000meHHbIe CHILI», COOTBET-
CTBYIOIIHE THM 00OBIIEHHBIM KOODAHHATAM, PEJACTABISIIOT cobO
HEe YTO WHOe, KaK

a) pPaBHONENCTBYIOULYIO MPHIJIOKEHHBIX K JUIIONIIO CHIL:

oW ow oW
Fp=—— F,=——— F,=—-"—; 18.
€ oz’ y ay’ 9z’ (18.6)
6) MOMEHT TIPHJIOXKEHHBIX K IHIIOJIO CHJL:
ow
N=—-— 18.
w (18.7)

crpeMsamuiicss yBenmuIuTs yroa 3.
M3 (15.8) u (18.6) cienyer, uto

F = —VW = V(pE). (18.8)

9TO BhHIPAXKEHHE B CIydae 2AeKMPOCINAMUNECKOZ0 NOJSI, KOTO-
PBIM MBI 37I€Ch TOJIBKO M OTPAHHYMMCS, JIHIIL IO cBoed (opMe OT-
JIMYaeTcs OT paHee BLIBEJEHHOrO BhIpaxkenud (17.5):

F=pV.E.

JeficTBUTENBHO, 1JIsT BCAKOrO TOCTOAHHOTO (He 3aBHCSIIEro OT KOOp-
OHHAT Z, Y, Z) BEKTOPa P UMeeT MECTO COOTHOMEHHE

V(pPE) =pV-E + [prot E|. (18.9)
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Yrobs! HOKA3aTh 3TO COOTHOLIEHHWE, JAOCTATOYHO DPACCMOTPETH
ciaramouryo sekropa V(pE) — pV - E xorst 661 0 0CH :

o
;(PE)—PV'E =
T

_ aE,, OE, ( OE. OE, OE, )
p“‘ o TP \Pepr H Py S paTE
- (% - %) n (aE OE, )

oz dy “\ 8z 9z

= pyrot, E — p,roty E = [prot E];.

B uHTEpeCyOIEM HAC CIydYae 3MEKTPOCTATHYECKOrO NOJIHA BEKTOD
E = —grad ¢, u nostoMy €ro poTop, Kak POTOP BCAKOrO IpagHeHTa
ckasipa, pasex Hymo: rot E = 0 [ypasuenue (7.6)].

TaxuM 06pa3oM, B 3/MEKTPOCTATHIECKOM MOJe JeHCTBHTENHHO

E V(pE) =pV-E (18.10)
p u dopmyna (18.8) skeusanenTHa dopmye
(17.5).
Ob6painasick K MOMEHTY CHJI, TIPHJIOXKeH-
HBIX K JUMOM0, monydaeM u3 (15.8) u (18.7):
N = -—%%i = —pEsin4.

Beugy Toro, uro ¥ < w, mpaBas 4acTb
N 9TOr0 BBIDAKEHHUS OTPHUIATENLHA, H, CTAJO0
Prc. 24 OBITH, COrMIACHO CMBICTY (opmyst (18.7), Mo-
MeHT N CTPeMUTCs YMEeHLIIMTb yros ¥ Mex-
ny p u E (puc. 24). CrnenoBaTesibHo, 0 BETHYHHE H HAMDPABIEHHIO

BEKTOP MOMEHTa CHJI ONpeJensiercss (popMyIoi

— [pE], (18.11)

COBIAJAIOLIEN C paHee BhIBeNeHHOM HaMHu dopmymnolt (17.6).

§ 19. HeycroitauBocTb 3IeKTpudecKnx cucrem. Ceaszu

1. Ing sneKTpuyeckKofl TEOPHH CTPOEHHS] MATEPHH YPE3BLIYAM-
HYIO Ba>KHOCTH MPEACTABIAET BOIPOC O BO3MOXKHOCTH YCIMOTGYUsHT
KOHGUTrypanuil 37IeKTPUYECKHX 3apAoB. Ecin MaTepus COCTOUT H3
9MEeKTPHYECKHUX 3aPAJOB — JIEKTPOHOB H MPOTOHOB, TO BO3HHKAET
BOMPOC, MOXKET JIU CHCTEMA TAKUX 3apANOB HAXOANTLCA B YCTOHYH-
BOM CTATMUMECKOM DABHOBECHH HJIH XK€ B ATOMaX W MOJIEKYNAX BCEX
TeJT 3apsiabl 9TH JOJKHBI HAXOOHTHCA B COCTOSHUHM HEMPEPLIBHOTO
deusicenus?
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Jlytst Hamux mefeil JOCTaTouHO OyIer A0Ka3aTh HeyCTOHYHBOCTh
CTATUUECKOU CHCTEMBI MOYEYHHT 3aPANOB, XOTsI COOTBETCTBYIOHIHE
TIOJIOXKEHHs] TPHMEHHMBI H K 3apanaM 06 beMHBIM 1.

Kak ykazpiBasiocs B § 18, snexkTpudeckast sHeprua W cHCTeMBI
3apsSOB HIDaeT DOlb NOMEHYUAAbHOU SHeprud 310 cucreMbl. C
IpYro#l CTOPOHBI, HA OCHOBAHMH OOIIMX IOJIOKEHH MeXaHHKH yCIIO-
BHEM ycmolyuep20 PABHOBECUS] ABJIAETCH MUHUMYM TOTEHUHAbL-
HOM 9HEPruH: CTAJ0 ObITh, B JAHHOM CJIyYae MUHHMYM JIEKTpHIe-
ckoii sHepruu W. JHEprusa cucreMbl TOUEYHBIX 3aPAJNOB, COIVIACHO
(15.5), paBHa

1 e.e R
W=:3a% (k)
2 < R, '
i,k
H aBngercs: (GpyHKUHEH KOOPAUHAT Z;, ¥Y;, 2; BCeX 3aAPAHOB CHCTEMBbI
€j, TaK KaK

Rit = /(% — z)? + (yi — yx)? + (21 — 2)2

st Toro 4To6nl MPH COOTBETCTBYIOMIMX 3HAYEHHAX KOODIUHAT Tj,
Y, 2, GyHKUuA W obnagana MUHEMYMOM, HEOOXOAHMO, BO-IE€PBELIX,
qT06B! MCPBLIE MPOU3BOAHBIE W 11O BCeM KOODAMHATAM BCEX 3apd-
0B 00pamaaich B HYJb H, BO-BTOPBIX, YTO0HI BTOPHIE MPOU3BOLHBIE

or W 10 KOODIMHATAM Zp, Y, Zk OBLIH NOIOKHTEIHHE 2) :
F*w W o*'w

— >0 — >0 wboro h.
8z ’ Ay} > Y, 022 > AT T

Ho

o*wW W o*w 2 1 2 1 .
= VW = 1 ¥ eV (_._) k
oe7 + o7 + 522 i 2Z£elek w\a (i # k),
z7

rae Vj, ozHayaer audpepeHnualbHbIi 0IeEPAaTOP, COOTBETCTBY IOIITHI
IpOCTPAHCTBEHHOMY ¢ depeHIIMPOBAHHUIO IO KOODOUHATAM Th, Yh,
2}, 3apAga ep:
. 0 . 0 a
Vp=i—+j—+k—.
h Bxh J ayh Bzh
Ovepugno, yro mpu h #i u h £ k

() -o

1) Ilas Toro 410681 O6BACHUTH YCTOMIHBOCTH CAMHUX 3JIGKTPOHOB M IPOTOHOB,
ACJIr0Oe BpeMs JOMYCKANI0Ch CYIEeCTEOBAHNE CHII HeJIEKTPHIECKOro IPOUCXOK Ie-
HHA, NPENATCTBYOMNX Pa3/IeTAaHHIO NIEMEHTOB STHX 3apA 0B 10/l BIHAHHEM B3a-
HMHOrO OTTAJKMBaHHdA. Pa3BHTHe KBAaHTOBOH TEOpHH IPHBENO K HOBOH GopMy-
JIMPOBKe MPOGJIEMEL 3JIeMEHTAPHBIX YaCTHIL, B KOTOPOi Bonpoc 06 yCToiIuBOCTH
ITHX YACTHI CTABHTCH COBCEM IIO-HHOMY.

2) Yenopusi, KOTOpPHM — JOJKHBL  YIOBIETBOPATH  IIPOM3BONHBIE  THIIA
0°W/8x.0z, u W /2,0y, HAC 3116Ch He MHTEPECYIOT.
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ecit b = ¢ mubo b = k, TO 970 COOTHOMIEHHE BCE YKe OCTALTCH CIpaBe-
nuBbiM BBHAY (11.10). A pa3 Tak, TO
a’w | o'W | &'W
ViW = + = —=0.
Oz oy} 0zf
Taxum obpazoM, Tpebosanue, 4TOOBI BCE BTODBIE IIPOU3BOJI-
Hele W no koopmuHaraM OBIIH MOJOXWUTEIBHBIMH, HEBBITIOIHHMO;
sHeprusa W He MoXKer 0671aaTh MEHEMYMOM H, CTaJI0 OBITB, ycmoti-
NUBAA CTNATRUNECKAA KOHPUYPAUUA FIAEKTNPUNECKUL 3aPAT08 HEG03-

MO%CHA. DTO TOJIOKEHHE HOCHT HA3BaHHe meopemv Hprwoy 1.

Qu3nudecKuil CMBICT JTOK TEOPEMEBI CTAHET SICHBIM, €CJIH MBI
BCIIOMHHMM, YTO Da3HOHMMEHHBle 3aPAJBl IPHUTACHBAIOTCA C BO3pac-
Talomell CHJIOH BIJIOTH A0 COBMAJEHHA JADPYT C APYroM, T. €. BILIOTh
A0 B3auMHON HeATpasM3allHy WM YHUYTOXKEHUA, OZHOMMEHHEIe XKe
OTTAJIKHKBAIOTCA BIJIOTH JI0 YJAAJIeHUA B HECKOHEUHOCTD.

B sune mmocrpauuu teopemsl UpHuIoy paccMoTpuM npocreit-
muit npuMep. CrucTeMa Tpex 3apsiioB

e1=—4e, ex=¢e, e3=—4e,

KaK JIerkKo yOenurnesi, 6y1eT HaXoMUThCS B CTATHYECKOM PAaBHOBECHH,
€CJTH 3apsAAbl PACIONOXKEHBI Ha OJHOH OPSMOH B YKa3aHHOM HOPAIKE
H eCJTH PAacCTOAHHE MEXY €] U €9 PaBHO PACCTOAHHIO MEXKIY €2 H e3.
Opnako npu ManeiimeM COBUIe, HAIIPUMED, 3apsija €] B CTOPOHY €
HCHEBITHIBAEMOE UM CO CTOPOHBI €7 NIPUTSIXKeHVe BO3pacTaeT Oonbiue,
YyeM OTTAJIKMBAHHEE CO CTOPOHHI €3, M, TAKUM 00pa3oM, JeHCTBYIOLIHE
Ha €; (M HA OCTAJbHLIE 3apAbl) CHJIBI y>Ke HE OYyAyT ypaBHOBENIM-
BaThCsI, 3APANLI €] H €2 NPHUTSHYTCA OPYT K APYry, a €3 OTJIeTHT B
CTODOHY, B DECKOHEUYHOCTD.

2. MoKHO CUMTATE YCTAHOBJIEHHBIM SKCIEPHMEHTAILHO, YTO PACc-
CTOSIHHE MEXK/ly YaCTHIAMH 3JIEKTPUYECTBA (SJIEKTPOHAMH H TI0JIOXKU-

TeTLHLIME SApaMu) 2) , BXOASIMAME B COCTAB ATOMOB MaTePHAJIBHBIX
Tes1, BechMa Bemuko (nopsiaxa 1078 ¢M) no cpasrenmo ¢ pasmepamu

camux gactuy (He cebnue 10712 cM). [losToMy Kax/plit aToM MOK-
HO CYHTATh CHCTeMOH TOYeYHBIX 3aPAJ0B, K KOTODOH NDpHMEHHM3

1) Bo3MOKHOCTE MAEAMYMA Hxkoun VW npH xoHMDHUrypauun 3apsaoB, IpH
2 Yy y P P s

koropoit Bce n(18n° + 9n + 11)/2 npomssonnux W nepeoro, BTOpPOro u TpeThe-
ro mOPANKOB IO BCEM 3n xoopauHATaM (rae n— 9HCJIOo 3aPaa0B) obpammaoTcs B
HYJIb, & IPON3BOAHbIE YETBEPTOrO NOPAIKA [IOJIOKHUTEIBHBL, COOTBETCTBOBANA BBt
HATOXEHHIO HA GYHKUMO 31 TepeMeHHEIX 0 kpaiineii Mepe n(18n% +9n+11)/2
yenopuit. Tak kak 9MCHO yCIOBHI NPEBLIIAET YHCNO MEPEMEHHBIX, TO BO3MOXK-
HOCTB 3Ta HeocymecTBuMa. OTMeTHM TaKKe, YTO IPHBEACHHOE NOKA3ATEILCTBO
Teopembl VIpHiIoy npefmonaraer, uTo Bee paccrosaud R.p Mexny moboil napoi
3apA/I0B OCTAIOTCA KOHEYHEIMH.

2)B cymmocTH, sapa aroMoB (33 HCKNIOYEHWMeM fAApa BOIOPOAA) COCTOAT B
CBOIO Quepe/b W3 HECKONLKMX IPOTOHOB H HEHTPOHOB; OJHAKO BBHAY MAJIOCTH
paaMepor arux Agep (e cpsrme 10717 cM) xamkmoe TAKOE CIOKHOE AAPO B LEIOM
MOXKHO PacCMAaTPHBATh KAK OJHY MEKTPHUIECKYIO YACTHILY.
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npuBenennast GopmynupoBka TeopeMsl WMpHuoy. Tak kak, ¢ Aapy-
rofl CTOPOHBI, ATOMBI XMMHYECKHUX JJIEMEHTOB TIPEICTaBAAIT coboil,
HECOMHEHHO, YCTOHUINBLIE CUCTEMLL, TO, CIE0BATEIBHO, NOCMPOEHUE
MANEPUU U3 FACKTNPUNECKUT YACTRUY, 8 NPEJeAaT IACKMPOCTNAMU-
XU HEBOIMONCHO, U AMOM doadicer npedcmasiams coboti duramune-
exyto cucrneamy 1) . CoOTBETCTByIONIEE ITOMY BHIBOAY MPEACTABICHIE
06 yCTOHYMBOM MEPHONHYECKOM (MJIM KBA3UIIEPHO[MUIECKOM) JBHIKe-
HUH MeKTPUUCCKUX YACTHIL B HeIPAX ATOMOB JIE?KUT B OCHOBE COBpe-
MEHHOHN TeOpHMH MATEpPHH W HAXOAUT cebe MOATBEPKACHUE B ILEIOM
psife uszuveckux sisneHuil. [Ipasga, npeacraBaeHre 3TO IPHBOLUT
B MpejesiaX KJIacCHIecKOi GUBHKY K BHYTPEHHHM TPOTHBODEHHSIM,
ub0 yCKOpeHHOe NBHIXKEHUE TEKTPUYECKHUX 3aPSHOB, COITIACHO 3aK0-
HAM 3JIEKTPOJHHAMUKH, HEPA3PHLIBHO CBA3aHO C U3NYYEHHEM 3JIeK-
TPOMArHUTHOR 3HEpruM (BONH), T. €. HE MOXET OBITB yCTOWYHBHIM.
OaHako 3TO NpPOTHBOPeYMe NOBENO He K OTKAa3y OT JAWHAMHYECKON
MOJEJIM aTOMa, & K OTKA3y OT KJIACCUYECKOH MEXaHUKH H 9JEKTPO-
JUHAMHUKHA B HOJB3Y YCTPaHAIOIEH 9TO [IPOTHBUPDCYHE KBaHTOBOH
MEXaHUKMN.

3. ObparnmMcsa K MAKPOCKOTIMIECKOH TEOPHH IMEKTPOCTATHYECKUX
ABJIEHUH, COCTABNAIONIEH OCHOBHOH MpEAMET H3JIOXKEHUS HACTOSIIEH
rnasel. ComnacHo Teopeme VIpHIIOY, YHCTO 3ME€KTPOCTATHYECKUE CH-
CTEeMBI HE MOTYT ObITH YCTOHYHBBIMHU.

Yrobpr u3bekaTh, 0QHAKO, PACCMOTPEHUA CKPBITOrO JBVXEHUS
NEMEHTAPHHIX 3apPAI0B, MAaKPOCKOIUYECKAs 3S/€KTPOCTATHYECKAS
TEOPUs IONLIYeTCsT (POPMANBHBIM IIPEJCTaBIeHNEM O JODABOUHBIX
CHJIAX WIH CBA3AL HEINEKTMPOCTNAMUNECKO20 NPOUCTONCIEHUA, 0GeC-
NIEYNBAIONMX TPeOYEMYIO YCTOMYHBOCTD 3aPSKEHHBIX CHCTEM.

B 9T0M OTHOIIIEHUH CYIECTBYET TOAHAS AHATIOTHS IEKTPOCTATH-
KH C MEXaHMKOH, IHUPOKO MONBL3YIOMENHCH NPEICTABIEIHIMH O CBA3X,
OCYIIECTBJASIEMBIX C MOMOIULI0 ONOP, 3aKPEIIEHHBIX Ocell, HepacTd-
KHMBIX HHTEH 1 T. 4. KoHeyHo, mogobHO TOMY Kak NPH JaJIbHefIem
HW3NIOKEHUHM MEXAaHHKH DPacKphiBaercd (PUIHYECKHI MEXaHH3M CBs-
3efl (cuuibl yOpyrocru), TaK W nepen JAJbHEHIIAM Da3BUTHEM Teo-
DHH 3MIEKTPHYECTBA BCTAET 33349a PACKDPHITL (PUBHYECKHN CMBICT
GOpMaANLHO BBEJEHHBIX CHJI CBSI3H HEJIEKTPOCTATHYECKOTO POKC-
XOXKJIEHUA.

B npepenax anekTpOCTATMKM AOCTATOUHO O/IM3KOE HEPBOE IDH-
BamkeHne K NefiCTBUTENBHOCTH MOXKET OBITH SOCTHTHYTO BBREIEHHEM
B PaCCMOTPEHHE IBYX OCHOBHBIX POJIOB CBf3eil, COOTBETCTBYIONIUX,
BO-IIEPBBIX, UdeasbHbim NPOSOOHUKAM H, BO-BTOPLIX, udeaibtbim du-
saexmpuxam. IT0 Kacaercs MPOBOJAHHUKOB, TO, ABHO He YNOMUHAS

') Hoxasarenscrso Teopembr MpHIIOy ocHOBEIBaeTCH, B CYUIHOCTH, JIMLIL HA
06paTHON IPONOPIMOHANLHOCTH KBaJAPATyY PACCTOAHWS CHJI B3aMMOICHCTBHA
MeXIy TOYKaMM CHCTEMHL, TaK YTO 372 TEOPEMA MPHMEHKMA H K MATEPHAILHLIM
TOYKAM, TAFOTEIOMUM 110 3aKony HboToHa %)COJIHe‘IHaH cucTeMa). YCToUIHBOCTS
ConsevHol cHCTEMBI TaKKe 0BECTIeYMBAETCA ML J6UNCEHUEM TLIAHET,
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00 aToM, MBl (aKTHYECKH MOJML30BAJUCH Be3/le BBILIE JIONYIIEHH-
€M, YTO Ha NOBEPXHOCTH ITPOBOJHUKOB CYIIECTBYIOT HEKOTODLIE CHIIBI
HESNIeKTPOCTATHYECKOTO MPOUCXOXKIEHNS, MPEMATCTBYIOHE BEIXOLY
3apsifIOB 33 [IOBEPXHOCTH MPOBOAHHKA. efCTBUTENBHO, TOABKO 3TH
CHABl 00eCIeYHBAIOT YCTONYHBOCTL CHCTEMBI 3aPAXKEHHBIX MPOBOI-
HHUKOB; B [IDOTHBHOM (JIy4yae HaJH4He, HAMPHMED, YeNHHEHHOI'o 3a-
PSDKEHHOrO MPOBOAHMKA OBLIO OB HEBO3MOXKHBIM, — JIEMEHTHI €r0
3apAa NON BIMAHHEM B3aMMHOIO OTTAJIKHBAHHUSA Pa3JIeTeNICh OB B
CTODOHBI M YIAJIUINCE B beckoHeYHOCTE. [1oab3ydacs TepMUHONOTHEH
MEeXaHHKH, Mbl MOXKeM Ha3BaThb 3TH CAEPXKHBAIOIINE CHJIBLI DEAKIIH-
svu cBaseil. OHM [OMKHBI OBITH, 0YEBUIHO, PABHEI O BEIMYUHE U
MPOTHBONONOXKHBI 110 HATIPABJIEHUIO IOHIEePOMOTODHBIM CHJIAM, meli-
CTBYIOIMM Ha MOBEPXHOCTL NPOBOIHMKA, IIJIOTHOCTH KOTODHIX, CO-

rnacuo (17.2), pasHa -8—1— E2.
Y4

CeroiicTBaM IU3MEKTPUKOB OymeT NOCBAIIEHA CJIEAYIOLIas [IaBa.
O cBsizix B OUINIEKTPUKAX CM., B 4acTHOCTH, § 27.



FrTABA 1I

ANDJIIEKTPUKN

§ 20. JuanekTpHUKy. DJIeKTPUYECKNii MOMEHT U NOTeHIINAJ
HeliTpanbHo MoseKyabl. Ilonsipu3anmusa AU3IeKTpHUKA

1. JusneKTpHKH — HENPOBOLHUKH S/I6KTPHYeCTBa !); B HUX B
OTJIHYME OT METAJIJIOB M 9JIEKTPOJIMTOR HET 3aPsN0B, MOTYIIHX Hepe-
MENIATHCA HA 3HAUWTENLHEIE PACCTOSHHUA W NEPEHOCHTD TOK.

JIM5/IeKTPUKY TIOCTPOEHB! 00 H3 HeTPaJIbHBIX MONEKyn (Bce
ra3006pa3Hble H XKUIKHE JUIEKTPUKH U YaCTh TBEPABIX), Jubo H3
3apSAyKEHHBIX HOHOB, 3aKDEMJEHHBIX B OMPEIEIEHHBIX MOJIOXKEHHSIX
paBHOBeCHs (HANPHMED B Y3J1aX KPUCTAJIIHYeCKoil peirerku). Mon-
Hple KPUCTAJIINYECKHE PEHIeTKH MOTYT ObITh pa3buThl HAa Tak Ha-
3LIBAEMBlE IEMEHTAPHBIE SUEHKH, KaKIas U3 KOTOPBIX CONEP:KHUT
pPaBHOE KOJMYECTBO NOJIOKHTENBLHBIX H OTPHIATENLHBIX 3apDsgoB U
B LIeIOM HelirpanbHa. B sansHelineM B psiie ciy4aeB Iid omnpee-
JIEHHOCTH MBI DYJIeM TpPEemnojaraTh, YTO AUWIEKTPUK MNOCTPOEH H3
HeWTPAJBHEIX MOJIEKYJT; OJHAKO OCHOBHBIE MOJIOKEHHsI H3JiaraeMoil
TEOPHHM TPHMEHHMbl W K WOHHBIM KPHUCTAJLUIMYECKHM M aMOpPGhHLIM
LM3NeKTPUKAM, MPHYEM TOJBKO TOJ, MOJIEKYJION HA/0 B 3THX CIyda-
X IIOHUMAThb, HAIPUMED, IEMEHTAPHYK A9efKY KPHCTAJUIA.

Tlox BO3mEHCTBHEM BHEIIHETO 3JEKTPHUECKOrO OIS 2) 3apanbl,
BXO/AIE B COCTAB NH3JIEKTPHKA, He CPHIBAIOTCH TOJEM CO CBOHX
MECT, & JIHUIL HECKOJILKO CMEIIAITCH H3 MOIOMKEHHH DABHOBECU B
HEKOTOPBIE HOBBIE PABHOBECHBIE MOTOXKEHHS.

ParHoaeficTBYOIIAA MEKTPHYECKHX CHJI, TeHCTBYIOIIUX Ha Heli-
TpPaNBHYI MONeKyny B odnopodnom (E = const) snekrpuueckoM
moje, OYeBUAHO, PaBHA HYJI; TOITOMY LEHTD TAMKECTH MOJIEKYJIBI
IV3NEKTPHKA B OZHODPOJHOM IOJE OCTAETCS HemOABHyKHBIM. OQaHa-
KO 3MIeKTPHYECKHE YACTHUIBI TMPOTHBOMOMOKHBIX 3HAKOB, BXOAANINE
B COCTAB MOJIEKYJT AHA/IEKTPUKA, JOJKHBI 0] BO3AEHCTBHEM CHJI 10~
9 CMENATHhCA B MPOTHBOMOJIOKHBIE CTOPOHBI — MojeKyna medop-
mupyercsi. IToaroMy, uTOOBI ONMpeNENUTL BO3AEHCTBHE MOJA HaA JU-

DB CYIHOCTH BCe AMIIEKTPHUKHU 00/1aJa10T HEKOTOPO#, XOTH ¥ BecbMa MaJIoii,
IPOBOAVIMOCTBIO, TaK YTO MOHATHE WALATLHOrO HEIPOBOOHMKA sIBJAECTCA NHNIbL
nepBbiM npubimikenneM K JAeHCTBUTENLHOCTH

2) Ec/M TOJTBKO HANPSXKEHHOCTh €ro He CIHMIIKOM BEJIMKa (MHAME MOMKET, Ha-
IpHUMep, TPOoU30iTH Npoboil IHINTEKTPHKA).

4 HU. E. Tamm
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3MEKTPHK, HYKHO Npexkae BCero HaiTH yaobHYIO KOJIHYeCTBEHHYIO
XapaKTEPUCTHKY pacnpenesieHus 3apsioB B HelTpaabHONH MOIEKYye.

2. Taxolf xapakTepdHCTHKOH 060, B 11e/IOM HEATPaIbHOH, CH-
CTEMBI 33aPAJ0B MOXET CJIY:KHUTb BEKTOD 3MCKTPHYECKOrO0 MOMEHTa
3TOHU CHCTEMEBI! P, ONpeleideMblil paBEHCTBOM

p= Ze,R,,, (20.1)

roe CyMMHpPOBaHHE pPacnpoOCTPaHEHO IO BCEM 3MEeMEHTAPHBIM 3apsi-
JaM (3JIeKTPOHAM M SIPaM ), BXOASIINM B COCTaB CHCTeMBI, a R, ecTs
pPaauyc-BeKTOp, IPOBeICHHBIN K 3apaly €, U3 HEKOTOPO NPpOU3BOIDL-
HO¥ HadasbHO! Touku (. lIpu sT0M NMpeanosaraerca, 4YTo CHCTEMA
3apAA0B JIEKTPHUYECKH HelTpasbHa, T. €. 9TO

> e =0, (20.2)

1

100 JMIIE TIPH 9TOM YCJIOBHE BEKTOD P OJHO3HAYHO OTNPe/ETIAETCH Pac-
npejesieHHeM 3aPAN0B U He 3aBHCHT 0T BLIOGOpa HadaapHO# Toukn O.

JeficTBUTENLHO, €CIM TTepeMeCTHTs Hayaso otcdera u3 O B O
Ha IPOU3BOJILHLINA 0TPe30K a (puc. 25), To HOBBIK pajuyc-BekTOp R
3apsiga e, onpejenurca pasHocteio R, = R, — a u, ciiegoBarensHo,
BMecTo (20.1) momydnMm

p=) eR=) eR,—a) e,

uTo npu ywioBun (20.2) comagaer ¢ (20.1).

B ciayuae, eciin cuCTeMa COCTOHT U3 JBYX PABHBIX M IPOTHBOIO-
JIOJKHBIX 3apsiioB te (puc. 26), paguyChl-BeKTOPE KOTOPHIX PABHEI
R, u R_, MoMeHT cHCTeMBI DaBeH, OYEBUIHO,

P= Zesz = 6(R+ - R.ﬂ) = el,
1

rre 1 = Ry — R_ ecth BeKTOp, NPOBEAEHHBIA OT OTPHUIATEIBHOTO
3apAaa K NoJIoKATEe bHOMY. TakuMm 06pa3oM, B 9TOM JaCTHOM CJIy-
vae u3 (20.1) BuiTekaer m3BecTHOE yiKe HaMm u3 (8.9) ompenenennue
MOMEHTA, JTHITOJISI.

3. BasKHOCTD TIOHSITHSA SJEKTPUYECKOr0 MOMEHTA CHCTEMBI 33p4-
OOB 00YCJIOBIHBAETCS TE€M, YTO HOTEHIIHAN (@ MO/, BO30YKIaeMOro
MPOU3BOJIBHON, B HEJIOM HeHTPAaJIbHON CHUCTEMOH 3apsg0B MOMEHTA
P HA PACCTOSIHMSIX, OONBIIUX TO CPABHEHHIO C pa3MepaMu 3TOH CH-
CTEMBI, COBNAJAET C IOTEHITHAMOM THUMOAS TOrO K€ MOMEHTa P.

JlecTBUTENBHO, MOTEHIIHA CHCTEMEI 3apsnoB €, B MPOH3BOJIb-
HOH TOuKe nons P pareH

b= =
1 R: ’
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rae R] — paccrosmue s1oit Touku P ot 3apsina e,. Bribepem B 06na-
CTH DACHONOXKEHHs 3apAN0B €, NPOU3BONBHYI TO4YKY (), KOTOPYIO
OyneM yCIOBHO HA3BIBATH LEHTPOM CHCTEMBI, M nycTh Ry u R, cyTh,

P

—e 1 +e

0 R’ €
Puc 25 Puc. 26 Puc. 27

COOTBETCTBEHHO, PACCTOSHUSI PacCMATPHBaeMoit Touku P u 3apsja
e, oT uenTpa O, Tak uro (puc. 27)

R,=Ro—R,, R=R}-2RoR,+R}.

Hanee,

~1/2
1 _ 1{, 2ReR. R 1
E;_Ro(l R2 +R0) R0(1+ "R +)

Ecmu R, € Ry, T0, OrpaHUYUBINKCEH NEPBEIMU JBYMS YJIEHAMU DPa3-

JIOXKEHHA 1) HOJIy‘Ia.eM
Z at s Z eR,, (20.3)

uny, BBELY (20.1) (20.2)'

_ Ro
Ro eR, = R3 R (20.4)
YTO COBII3JAET C IMOTECHIHAJIOM 0JIA JHIIONA MOMEHTa P [ypaBHeHI/Ie

(8.10)}.

4. B nepoM npubiuxkeHNMH HE TOJBKO TIojie, BO30y:KIaeMoe B
neyioM HeHTpajbHOH CHCTeMOH 3apadoB, COBIIAfAeT C IOJIeM 9KBH-
BAJIEHTHOIO OWIMOJsi, HO W CHJIBI, NEHCTBYHOINHE B UIEKTPHUIECKOM

1)Hocnenyxonme YJIeHBI PA3JIOKEHHA YOBIBAIOT OOPATHO IIPOIOPIUHOHAIBLHO

R3, R} v 1. 1., BelMUMHA NX XADAKTEPHUIYETCHA TAK HA3BIBAEMEIMH KBapyIIOib-
HBIM, OKTYIIOJIbHEIM H T. [, MOMEHTAMUA CHCTEMBI 3apAA0B, AHAJOrHYHBIMH B H3-
BECTHOM OTHOIIEHNH €€ JUIIOJILHOMY MOMEHTY p. IIpenebperasa A ynpoumesus
3THUMM 4jeHaMH, Mbl, CTAlO OHITh, 6yIeM CYHTAaTh, 4TO B Clyd4ae, ecan p = 0,
IoJie B IEJIOM HeHTpasIbHOM CHCTEMEI 3apaloB Ha OOMBLUIMX PACCTOSHAAX OT Hee
PABHO HYJIXO, XOTH 3TO, KOHEYHO, H HE COBCEM TOYHO

4*
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10J1e Ha 9Ty CHCTEMY M Ha SKBHBAJIEHTHBIH €if JIHIONb, PAaBHBI MEX Ty
coboii.

Yrobrr y6eHTHCA B 9TOM, JOCTATOYHO II0KA3ATh, YTO IMOTEHIH-
aNbHAsA SHEPrus HeHTPAJILHON CHCTEMBI 33PANOB BO SHEWHEM STTeK-
TPUYECKOM MOJIE COBIAJAET C SHEPTHell 9KBUBAIEHTHOr0 JUM0d, H60
BBIDaXKeHHEM 9SHEPIHH OJHO3ZHAYHO ONPEJeISIOTCA IOHJEPOMOTOD-
Hble cunbl (cM. § 18).

OHeprusi CHCTEMBI 3aPAJ0B BO BHEIIHEM HOJE PaBHA

W= Z 12128
2

rJie (o, — MOTEHIMAT BHEIIHErO T0JIA B MeCTe HAXO0XIEHUsI 3apAJa €, .
Ecnu norennuan BHemHero mojas B «ueHTpe» cucreMbl () paBeH g,
TO € TOYHOCTHIO 10 BEJIMYHH BTOPON0 HOPsIKA HoTeHUHa B Touke R,

o, = o+ R, gradp = o — ER,

4 Z‘POZez—EZean

wm, cornacuo (20.1) u (20.2),

W=-E)Y eR,=-pE, (20.5)

4TO, KaK M TPeDOBAIOCH J0Ka3aTh, COBIAJAAET C BHIPAKEHHEM JJIsI
sHepruu mumoss (15.8).

9. Utak, B mepBOM MPUOIHKEHHN A100GA, 8 UEAOM HEUMPAALHAA
cucmeme 3apados, INEKMPUNECKUT, MOMERM KOMOPOT paser P, K-
BUBAACHINHG, JUNOAIO TNO20 JICE MOMERNG P KAKX 68 AKMUSHOM, MGK
U 8 naccusHom omuoweruy (T. €. KAK B OTHOLIEHNY BO30YKIaEMOro
€0 MOJIS, TAK ¥ B OTHOIUEHHH HCIBITHIBAEMBIX €0 CHII).

Tloneaysce sTuM, MBI B ganbHelimeM 4acTo 6yJeM 3aMeHsITh pac-
CMOTDEHHE COBOKYIIHOCTH DeajbHBIX, BOODIE IOBOpS, OYeHb CIIOXK-
HBIX, MOJIEKYJl OUIIEKTPHKS PACCMOTPEHNEM SKBHBAJIEHTHBIX UM IH-
nosei.

6. DeKTPHYECKHM MOMEHTOM MOXKET OBITH OXapaKTepH30BAHO
He TOIBKO IEKTPHYECKOE COCTOSHIE OTASIBHOH MOJIEKYJIBb], HO H CO-
CTOsTHIE MAKPOCKOTHIECKOro 06beMa JH3JIeKTPHKA, COCTOSIIEro H3
MHOIUX Moiekysn. [loasapusayued nusnekrpuka P HasbiBaeTcs amek-
TPHYECKHH MOMEHT eJUHHIL!I 00beMa UINeKTPHKA!

P=) eR, (20.6)

rjie CyMMEPOBaHHE PACHPOCTPAHEHO MO BCEeM 3apanaM (3MeKTpoHaM
U ATOMHBIM AIpaM ), HAXOASINMCS B eAHHHIE 00beMa, AUSIEeKTPHKA.

Fcny gusmeKTPHK COCTOMT W3 HEHTPANBHBIX MOJEKYJ, TO 3TO
CYMMHPOBAHME MOXKET OBITH BHIIOMHEHO B IBa IPHEMA: CHAYAJIA CYM-
MUPOBaHWE MO 33aPsijiaM, BXOJAIIMM B COCTAB OTHENBLHBIX MOJIEKYI

H, CTaJIO BBITH,
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JM3EKTPHKA, YTO JJAET MOMEHT P Kaxk[0# MOJEKyssl 1), a 3aTem
CYMMHDPOBAHHE [0 BCEM MOJIEKYJIaM, HAXOAALUHUMCH B eIUHULE 00b-
ema. Takum obpasoMm, dopmysy (20.6) Moxkem 3anucars ¥ Tak:

P=) p (20.7)

WHpiMu citoBami, monApu3anysa JUNIEKTPHKA PAaBHA BEKTOPHOM CyM-
ME 3JMeKTPUYECKHX MOMEHTOB MOJIEKYJ, HAXOIAIHKXCA B €NHHUIE
obbeMa AMIEKTPHUKA.

Dopmyny (20.7) MOXKHO IPUMEHHTH ¥ K HOHHOMY KPHCTAJLIHYe-
CKOMY AM¥IEKTPHKY, IOHHUMAs [I0J P B 3TOM CJIy4Yae MOMEHT OTAEJb-
HBIX IEMEHT3PHBIX A4eeK KpUcTajia. XoTd pa3bHeHHe KPHUCTALIA
Ha 3/IEMEHTApHBIE S4YefiKH U He 0JHO3HAYHO, Pe3yJsTaT P cyMMHpO-
BaHMUS MOMEHTOB OTJEJIbHBIX A9€€K OT 3TOrO [IPOMU3BOJIA HE 3ABHUCHT
U MMeEET BIIOJIHE ONpeJeeHHOe 3HaYEeHHE.

Hakonern, ecnu nosiapusanus JusieKTpUKA HEpaBHOMEPHA, TO 110~
Japu3aiyio P B JaHHON TOYKe HYXKHO, OUEBUJHO, OIPEIENATh KakK
OTHOLIEHHE 3TEKTPHIECKOTO MOMEHTA 3IEMEHTa 00beMa JUIIEKTPH-
Ka K 31emedTy obbwema dV (npu mocrarouno masiom dV, cm. § 25).

Wuemvu ciroBamy,
PdV=> e-R, =) p, (20.8)
dv dv

r/le CyMMHPOBaH¥e PaCIPOCTPAHEHO II0 3apsa/aM (HJIH COOTBETCTBEH-
HO I10 BCEM MOJIEKYJIaM ), HAXOAAIMMCS B ssieMente dV .

§ 21. CBobogunie n cBa3aHHbIle 3apaasl. IloTenmuan
WIEKTPUHECKOr0 MOJIs [PU HAJIMYUU JUNICKTPUKOB.
3aBUCHMOCTD IOJIAPU3ANMNA OT [10JIA

1. Ilpu paccmoTpeHun 3/eKTPOCTATHIECKOTO 110, B CIy4ae Ha-
JIMYMSA B HEM JIHIJIEKTPHKOB, HYKHO Pa3JIMdaTh JIBA POJa ITEKTpUde-
CKHX 3apAoB: CBOGOAHBIE U CBsi3aHHbIE. Ilon c80600HubMU 3apadamu
MBI 6yZieM TOHHUMATh, BO-IIEPBLIX, BCE SJIEKTPHYECKHE 3apsi/ibl, KOTO-
phIE IO BIAHAHHEM 3JEKTPHYECKOTO IIOJisE MOTYT [IEPEMEIAThCA Ha,
MAKPOCKOITHYIECKUE PACCTOSTHKA (IEKTPOHBI B METAJLIAX M BAKYyMe,
HOHBI B Ia3aX U MEKTPOJUTAX X T. II.), ¥, BO-BTOPBIX, 3aps/ipl, Ha-
HeCEHHbBIE W3BHE HA TIOBEPXHOCTDH AHMIJIEKTPHKOB H HAPYIIAOIIHe HX

HERTPAJILHOCTD 2). Sapsaael e, BXOAMAIINE B COCTAB HEUTpaJILHBIX

) Hanomumm, aro Bxomgmue B (20.1) pammycs-exTopnl R. 3apagoe wefi-
TPaJbHOM MOJIEKYJIbl MOTYT OBITh NPOBEAEHbI M3 TPOU3BOJILHON HAYaJIbHONR
TOYKH.

%) Croma »e OTHOCATCS, HATIDHMED, 3APAABl BHYTPHHOHHOM DeIIeTKH TBEpIBIX
JAU3JIeKTPUKOB, 00pazoBasInnecs 61arofaps HeLOCTATKY B JAHHOM YYACTKe IH-
37IEKTPUKA HOHOB OIPEEIEHHOr0 3HAKA, TaK ITO 3TOT YIACTOK B LEJIOM yXKe He
HelTpaneH
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MOJIEKYJI AUIEKTPHKOB, PaBHO KAK ¥ MOHBI, 3aKDeNJIeHHBIE B TBEp-
OBIX JUIIEKTPUKAX BOJIM3M OMpEIEeHHbIX MOOXKEHNN PaBHOBECH,
MBI OyJIeM HA3bIBATH 30PA0AMU CEA3AHHBIMIL

IloTennuan ¢ 3MEKTPOCTATHYECKOTO IO NMPH HAJWYHH B HEM
JIU3JIEKTPUKOB PABEH, OUEBMJIHO, CyMME MOTEHIHANA Yo, BO30Y XK 1ae-
MOT'0 CBOGOJHBIMH 3apANaMH, H TOTeHIH A8 ¢, BO30Y K JaeMoro CBs-
33HHBIMH JIEKTPHYECKHMHY 33apAAaMH B JUIIEKTPHKAX:

p=1po+¢.
Torermman cBoGogHbIX 3apsioB onpenensercsa dpopmyJoit (12.11):

(PO_/pdV+/adS

rJle TIOA p ¥ 0 HAJO MOHHMAaTh 00BLEMHYIO M TOBEPXHOCTHYIO ILIOT-
HOCThb C60000HBT 3apsI0B.

Horenupan xe ¢ nona CBA33HHBIX 3apAJ0B OJHO3HAYHO ONpe-
JIEJISIeTCS TONAPH3ANKEN THIIEKTPHKOB.

JleACTBUTENBLHO, PACCMOTPHM B IIEJIOM HEHTPAJBHBINA VIEMEHT
obbema dV musnexTpuka. JMEKTPHYECKHH MOMEHT 3TOrO 3JIEMEHTA,
corviacro (20.8), pasen PdV, U nosroMy moreHnmuas 3apsioB Iu-
MIEKTPHKA, 3aKJIIOUEHHBIX B 3/eMenTe obbema dV, cortacuo (20.4),

PR "
paBeH —= dV, toe R ecth paccTosiHue paccMaTpHBaeMoil TOUKH I10-

a5 ot dV. Hakoren, noreHnuas ¢’ BCEX JIEMEHTOB MOASAPH30BAHHOTO
JHM3JIEKTPUKA, T. €. BCEX CB3aHHBIX 3aPSJ0B, OMPEAETUTC, OUEBH-

HO, HHTErPajioM
- / PR v,
R3

KOTOPBIH MOXHO PaCIpPOCTPAHHTh HA BCe OeCKOHEYHOe NpOCTpaH-
cTBo, U060 B TeX TOYKAX, TOE AMIIEKTPHK OTCYTCTBYeT, P = 0 u
MOABIHTETPAJILHOE BHIPAXKEHHE 00DAIITALTCS B HY/Ib. TakuM obpazoM,
Pe3YILTAPYIOIHHA MOTEHIHAJ ¢ JIEKTPOCTATHYIECKOTO IO IPH Ha-
JIMYHHU AM3JTeKTPHKOB BBIPA3UTCsi YPABHEHUEM

v = o +f——dV (21.1)

2. llenecoo6pa3Ho HeCKOIBLKO Tpeobpa3oBarh 3To ypasHeHue. Co-
rtacHo opMyiTam BeKTOpHOro anajmsa (10%) u (432)

PR —Pgrad, (1) =divg (2) - £ divP,
R3 9\R R R

rjie UHAEKC ¢ O3HAYaeT, 4YTo IpH AudepeHIIPOBAHIM PAIHYC-BEK~
Top R paccmarpuBaerca Kak (DYHKIHs IOJOXKEHHS €ro HavaJIbHOM
TOYKH, CoBmajamiueil B manHoM ciaydae ¢ dV. Tak xak sextop P
ABJdeTCH (pyHKUMEH MOMOXKEHHS TOJILKO 3TON «TOYKH HCTOKA», TO
uuaekc g npu div P wamu omyureH kak winumauit. Urtak,

v = ¢ —f di;P dV+/divq (%) av,
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nm, cornacHo teopeme [aycca (17%) 1),

_ [ dwP P
w =g / I dv + 56 5 ds,
5+5]

1€ TOC/IeAHUA HHTETPAJT OJIKEH ObITH PAaCIpPOCTPaHEeH M0 BHEIIHEH
noBepxHOCTH S paccMaTpHBaeMoro oobema V U IO MOBEPXHOCTSM
S], BBLIENSAIONMM U3 06beMa HHTErPUPOBAHMS [OBEPXHOCTH S} pas-
peiBa BekTopa P. Ecnu Mu1 6ysieM paccMaTpHBaTh HOJIHOE IO, TO
HHTErpaJI mo S o6paTuTCss B HYJIb, HHTETPAJI K€ 10 IOBEPXHOCTAM
S} npH cTArHBaHHM HX K S| CBeLeTCH, KaK OBBIYHO [cp., HAampuMep,
seIBOA ypasHenus (12.6)], x

/Pln“PZn dS
-———-——R .
5

Bsoas, nakoner (moxka 4ucto ¢dpopMmaibHbiM 06pasoM), 0603Ha-

YeHU st .
—divP = pepan, —(P2n — Pin) = Ocpan (21-2)
1 BHOCs B (21.1) BeIpakeHHe AU g, IIOTYIMM OKOHYATEJIHHO:

_ Pcean Ocean — (P + Pcasu) av / (U + Ucnau) dsS
tp—tpo+/———~R dV+/—————-R dS / R + B .

21.3)
Taxum 06pa3oM, 3EeKTPHUYECKOE O NPU HAAUYUY ,unane&'rpn-
KOB COBMAJAET C TOJEM, KOTOPOe BO30YKIAIOCH OBl 8 OmMcymcmeue
JHU3JIEKTPHKOB TEMH K€ CBOOOJHBIMH 3apAJaMH TP H00aBJ/ICHHH
K HUM 3apAJI0B Pcpan M Ocpsn, OUPENEsieMBbIX ypaBHeHHsME (21.2).
SIcHO, YTO BENHYHHBI Pepzy U Ocpay NPEACTABISIOT COOOH HE YTO
HHOE, KaK CPEJIHIOI IIJIOTHOCTh «CBS3aHHBIX» 3aPAJIOB JUIIEKTPHKA.
B § 26 MBI yCTAHOBHMM CIpaBeJJIMBOCTE 3TOTO YTBEPKIAEHHS MyTeM
HETIOCPEICTBEHHOTO BHIYMCICHUSA

3ameTHM, YTO B pPABHOMEPHO MOJMAPH3I0BAHHOM JHINEKTPHKE
(P = const) mnorHoCTh (CpeAHsia) CBA3AHHBIX 3apsijioB, COIVIACHO
(21.2), paBHa Hy/I10. ITO U NOHATHO, UOO BBHAY OAMHAKOBOCTH (DH3HU-
YECKOTO COCTOSTHHA CMEXHBIX YYaCTKOB JHAIEKTPHKA B ITOM CIyvae
HHTJIE HE MOXKET MPOU30HTH HAKOIIEHUS 3apa0B OJHOrO 3Haka. Ha
TpaHuIe e IOSPU30BAaHHOIO JAUNIEKTPHKA 1 BAKYyMa WIH METAJLIA,

1) Ipu BeiBOZE Teopemsl Taycca (17*) BexkTop a cumraerca QyHKUMed 100-
JKEHMS 3eMeHTa obbema mAaTerpupoBanus dV (MM 37eMEHTa MOBEPXHOCTHOTO
unrerpuposanus dS) Qopmyna 3Ta HENOCPEICTBEHHO IPUMEHHMA K HAIIEMY HH-
Terpany, 6o B ero nogsiHTerpaisHoe Buipakenue Bxoaut Vq(1/R) Tlpu Bhrumc-
axenun V,(1/R) paguyc-sektop R paccmarpusaercs kak 3 HKIUSA TIOJIOXKEHUS
€ro «TO4YKHM HCTOKa», coBHajatomell B mamHoM clydae ¢ dV. Ecnu 6m B nmoa-
JeXxamuil mpeofpasoBaHNI0 MHTErpal BXxoAuI rpaguent Vq(1/R), To dopmyny
T'aycca M0xXHO 6B1710 651 IPUMEHUTH JIMINB TI0 TIpeBapUTeNbHO 3amere V, (1/R)
Ha —V,(1/R).
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cornacHo (21.2), cocpeoTOYMBaeTCs OBEPXHOCTHLIN CBA3aHHbIN 3a-
ST IJIOTHOCTH
p oc==xP,

(ubo kak B Bakyyme, Tak u B Metasie P = ().
3. CpaBrusas (21.3) ¢ (12.11) u (11.3), oyesuaHO, mONYyIUM

2
\Y = -—47T(p + pCBSH)'
HpHHﬂB BO BHUMaHHE COOTHOIICHUSA

E=-Vyp, divE=-V?, (21.4)

a TakXe ypaBHenHe (21.2), MBI MOXKEM IEDENHCATH ITO PABEHCTBO
caeayomuM obpa3oM:
divE =4np — 4ndivP
8138
div (E + 47P) = 4np. (21.5)
4. Muddepennuansusle ypaBuenus (21.4) u (21.5) asasorca
OCHOBHBIMH YPABHEHHAMH 3JIEKTPOCTATHYECKOTO I10JIs B IPOHU3BOJIb-
HOH cpepne. /i mosygeHUs: TOJIHOM CHCTEMBbl yPaBHEHHH 3JIEKTPO-
CTATHKH HX HYKHO TOJIBKO [IONOJHHTH YPABHEHHEM, CBA3BIBAIOIIMM
EuP.
B orcyTcTBHE BHOIIHUX IOJIEH Tonapu3anusa P ausnekrpuka pas-
HA HyJIi0 1) : SJeKTpHYeCKie MOMEHTHI OT/IEIbHBIX MOIEKY B OTCYT-
CTBHE BHEIIHETO IIOJid, ECIH U OTJIHYHBI OT HyJisi, TO OPHEHTHPOBAHBI
COBEpILEHHO OECopsJ0YHO U B CYMME JAIOT HyJb. IIpH HATHYKH Ke
IEKTPHYECKOTO IO MOJASAPU3ALMS JUNIEKTPHKA, KoK NOKA3beaem
ONbUM, IPOTOPIMOHAIBLHA HAIPSI)KEeHHOCTH monid K

P =qE. (21.6)
OTkJI0HEHUST OT MPONOPIHOHAIBLHOCTH Mexay P u E B 10CTYIHBIX
HaM IOJIFX HACTOJBKO HE3HAYHTENbHBI, YTO HMH, 33 PEAKHMH HC-
KJII0UeHHAMHE (CM., Hampumep, § 29), MoxHO BoBCe mpeneGpeus 2) .

1) Ma1 He cTameM 31eCh PACCMATPHBATE CPABHMTEILHO PEIKHX MUCKIIOUEHHH U3
3TOTO IIPABWUJIA, HATIDUMED SBJIEHHI [THPO- U ILE303IeKTPUIecTBa. B 9acTHOCTH,
SIBJIEHME TbE30IEKTPHYECTBA 3aK/II0YaeTCA B TOM, 4TO KPHCTAMLIB, 006135310~
1Me OLpee/ieHHRIMH CBOHCTBAMM CHMMETDHM, MOJAPU3YIOTCA He TOMBKO IMOJ
BO3NEHCTBUEM BHEIIHMX 3JIEKTDHYECKHX I10JI€M, HO TaKXe M IIPH MEeXaHM4eCcKoH
amedopmaiy (MBE303IEKTPUIECTBO).

%) MTuneimas cBa3e Mexay moaspusamueil P u nosem E oTsevaer jauHefino#H
37eKTpoaHamMHuKe. B nocnentde rogpl monyqwia IHIPOKoe Pa3BUTHE TaKXe He-
JIuHeitHAA TeKTPOAUHAMIUKA (M, COOTBETCTBEHHO, HEJTHHEHHAS OIITHKA) — B 3TOM
caydae ¥ HCIOIb3yeTcs HeuHelHas cBa3b mexny P u E. Yuer nenuneiinoctu
HEOGXOUM B CHJIbHBIX IMOJAX, CTABUIMX AOCTYNHBIMH, B YACTHOCTH, B CBS3H C
co3nanueM JaszepoB. Kpome Toro, g psana cpes ¢ 60abLIOH HOAIPU3YEeMOCTHIO
(cerneroayieKTpHKH, Na3Ma M Ap.) HEJHHEHHOCTh MOXET HMETh MECTO yXKE B
CPABHMTENIbHO CAABBIX MOMAX — MOJAX, MAJBIX [0 CPABHEHUIO ¢ XAPAKTEPHBIM
aromubiv motem E ~ efa? ~ 108 — 10° B/cm (3mecs e = 4,8 - 1071° CI'Cs —
3apug nporona u a ~ (1 — 3) - 107® cM — pasmep aToma WM MOCTOAHHAR KpH-
cramnudeckol pemerku). CM. Takxe kouen § 63. (pusmew. ped.)
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Kospduuuent o B (21.6) xapakrepusyer coboit CBOWCTBA JIHHOIO
JMHUAIEKTPHKA B HOCHUT HA3BAHHE NOAAPUIYEMOCTU JTANIEKTPHKA.
OcTaercs emte BOMpoC O HaupasieHHH BekTopa P. B mzorpon-
HBIX IU3JEKTPUKAX YKe U3 coOOpaskeHHN CHMMETpPHH fBCTBYET, UTO
BexkTOp P MOxeT OrITh HAIIpaBJIEH TOJIBKO MO €JMHCTBEHHO BHIJIE-
JIEHHOMY HAIIPABJIEHHUIO IeKTpruyeckoro mosis E (MM ke mpoTHBO-
nosioxkHo E). Tak Kak MooKHUTeNIbHbIE 3aPs/bl CMEINAITCH IPH II0-
NSpU3AUE JUAMEKTPHKA 110 HAIPABIEHHIO MO/ M TaK KAK BEKTOD
TEKTPHYIECKOr0 MOMEHTA HANpaBJEH OT OTPHIATEILHBIX 3apAoB K
HOJIOKHTENBHEIM (Cp. CIyyait mpocToro gumoss, puc. 26), To Bek-
top P mapannesen nomo E, u B BekTopHOH QopMe MBI Ionydaem

OKOHYATEJbHO: P = oE. (21.7)

OaHAKO B aHW3OTPOINMHBLIX CPEJAX HANPABJIEHHE BEKTOPA MOIIPH3ANMH MO-
JET He COBMAAATH U, BOOOIIE TOBOPH, HE COBIAAAET C HAIpaBJEHHEM noia. A6-
COMIOTHAS BeIMIMHA BeKTopa P B 3TOM ClIy4ae Tak»ke 3aBHCHT HE TOILKO OT
abcomorHoi sennannnl Bexkropa E, Ho u oT HanpaBnenus Bextopa E no orHome-
HMIO K KpHCTAorpatdhuygeckum ociaM auaieKTpuka. OfHAKO CBA3b CAATAIOLIMX
BeKTOpa P CO caaraiomuMu BeKTopa E ocTaeTcs JIMHEHHOH, a MMEHHO B aHH-
30TPONHKIX JHIEKTPHKax ypaBHenus (21.6) u (21.7) momkubt GHTH 3aMeHEHbE
CNENYIOTIUMMY:

P, =o0nE;:+o012Ey + aizF.,
P, = ankb; + anky + ank,, (21.8)
P, =anFE; + o By +assE,,

npuaeM 3HaYeHus K03DGHIUEHTOB NONAPU3YEMOCTH O,k 3ABUCHT OT OPHEHTAIH

oceit x, Y, z KOOPAMHATHOR CHCTEMBI II0 OTHOIIEHMIO K KPHCTALTOrpahHuecKuM
OCAM JU3JIEKTPHKA.

B nanbrefilueM Mbl OrpaHMYHUMCH PACCMOTPEHHMEM TOJIBKO M30TDOIMHEBIX M-
3JEKTPUKOB, K KOTOpbIM npumenuma dopmyna (21.7).

§ 22. BeKTop 2/1eKTpUYECKOl HHIOYKIUU.
Aundrdepennuansublie ypaBHeHUS OJIs
B IIPOM3BOJIBHOII cpene. JIMHNHN HHAYKIIUK

1. Bmecro nonsipuzanuu P y06HO BBECTH B pACCMOTPEHHE BEK-
top D, onpenensemeiii popmynoit

D = E + 4«P. (22.1)

Bextop 3TOT y pa3sHBIX aBTOPOB HOCHT PA3IMYHEBIE Ha3BAHUS:
VIEKTPHYECKOE CMEIeHHE, 3/IeKT PHYECKas IOJAPH3AIHs [He CMeny-
BaThb C BekTopoM P, ypasrenue (20.7)], snexmpunecxas undyxyus u
T. A. Mb1 6yJeM 1o/Ib30BaThCs MOCTIEAHAM U3 3THX TEPMUHOB.

BexTop asexTpmyeckolt MHAYKIMH, B CyINHOCTH, NPEACTABJSIET
coboif CyMMY ABYX COBEPIIEHHO PA3/IMYHBIX (DHIMYECKUX BEIUYHH:
HAIPSXKEHHOCTH NOJIs ¥ (YMHOXXEHHOH Ha 47) NONSPHU3ALMH eIUHH-
el 00bema cpeasl. Tem He MeHee BBe[leHHE B PACCMOTpPEHHE 3TOrO
BEKTOPa YPE3BHIYANHO yNpoIaeT H3yHUeHHEe IONH B JUNIEKTPHKAX.
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B wacTHOCTH, 0/1HO M3 OCHOBHBIX yDABHEHHI SJEKTPUYECKOrO MOJIA —
ypasuenwe (21.5) — ¢ momompio o6o3Hadenus (22.1) npuHmMaeT
BECbMa. IPOCTOI BUJ
divD = 47p. (22.2)
B ciyyae nenonsipusyiomieiics cpeipl (HanpHMep, BakyyMa)
P = 0, Bekrop naaykun D coBnataeT ¢ Hanpsi>KeHHOCTHIO o B,
a ypasHenue (22.2) cosnajaer ¢ ypasHenueM (6.5):

divE = 47p,
TaxK 4TO IOC/IeHee yPaBHEHHE SIBIAETCH YACTHBIM CIIydaeM (hopMy-
asl (22.2).

Ymuoxada (22.2) Ha smemeHT obbema dV u HHTErpupys Mo 06b-
eMy, 3aKJIOYEHHOMY BHYTDH 3aMKHYTOW MOBEPXHOCTH S, TOIydYuM,
corzacHo Teopeme laycca (17%),

DndS = 4x [ pdv. (22.3)
$ /

Ora dopmMyna sBAAETCA 0GOBIIEHNEM 3JIEKTPOCTATHYECKOH Teo-
pemsl Faycca (3.6) ass ciiyvasi IpoU3BOILHOMN, B YACTHOCTH JAU3JIEK-
TPHYECKOI, Cpelnl.

Hanee, B ©30TponHbIX guanekTpukax u3 (21.7) u (22.1) nonyvaem

D = (1 + 47ra)E = ¢E, (22.4)
e
€=1+4na. (22.5)

Takum obpaszom, MHAYKIHUS D npomnoprnuoHanbHa HAIPAXKEHHOCTH
nons E; koaddupeHT OponopuHoHATLHOCTH MEXKAY HUME £ HOCUT
nassanue dusaexmpunecxol nponuyaemocmu ). Bamernm, 9To u3
(21.7) u (22.5) cinenyet:

P=:21g (22.6)

4
2. B npenmenpHOM ciydae NMOBEPXHOCTHBIX 3ap/I0B YPAaBHEHHE
(22.2), cornmacuo (6.7) u (6.8), mpuHEMaeT BHf
DivD = Dy, — Dy, = 47nao, (22.7)
rJle ¢ — MOBEPXHOCTHAS IIOTHOCTh €60600H020 JIEKTPHUECTBA.
Corutacao (22.4) dopMyily 3Ty MOXKHO 3aIHCATh TAK:
Dzn - Dln = EzEzn - ElEln = 47(0', (22.8)

rfle €1 U €9 — 3HAYEHHS JAUIEKTPHYECKON [IPOHHIAEMOCTH O 06e
CTOpOHBI TIOBEPXHOCTH pa3peiBa. B yacTHoCcTH, et 0 = 0, T. e. eciu
Ha 3TOMH IOBEPXHOCTH HET C60600HLT 3apsIOB, TO

eoEon = €1F1n, Dop = Dig.

1) Ypasuenue (22.1) cpaBeAauBo M JUIsi AHH3OTPOIHBIX AMIIEKTPHKOB, HO,
Hckmodas 13 nero P ¢ nomompio ypasHenuit (21.8), nosydaeM TpH ypaBHeHUs
TOrO € THIA 78 CAarammuXx BeKTopa D, B KOTODBE BXOAAT NEBATH HUIIEK-
TPHIECKHX KOID(DUIMEHTOB €,k
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CnenoBaTebHO, Ha HE3aPANCEHHOT TpaHuNe pa3aesa JBYX pasJiHd-
HEIX cpef (€1 # €2) HOpMaJIbHAs CJIATAIOMIAA IEKTPUYECKON HHIYK-
LHHU OCTAETCA HEMPEPHIBHOM, HOPMAJILHAS K€ CJIATAIONAA HAIPAKEH-
HOCTH TOJIA HCIBITHIBAET CKAYOK.

Yro ke KacaeTCd TaHTeHNUMaJbHOH ciarafomieidl Bekropa E, To
paccy»x/jeHus, IpuBeamue Hac B § 7 K dopmyae (7.7), ocrarorcs B
cuiie, u60 M B IPOU3BOILHOM [AHITIEKTPHKE paboTa SMEKTPHYECKHX
cua ot GOpMBI TyTH He 3aBUCHUT. 1losTOMy

Eo=E; wm -+ Dy =D (22.9)
£z 121

WNupiMu crioBaMy, TaHPeHIUAbHAS CIIATAIONAs HAIPSKEHHOCTH I10-
JIsi BCET/la OCTAETCA HENpEPbIBHOM, TAHMEHIHUAJIbHAS 2Ke CJIATaomast
MHIYKOUY Ha TIOBEPXHOCTH pa3jena ABYX pa3inyHsixX cpel (g9 # €1)
HCIBITHIBAET CKAYOK.

Tax Kak BHYTPH NIPOBOJHHMKOB B CJIy9ae JIEKTPOCTATHYECKOrO
pasHoBecuss E (a ciegosarenbno, u D) pasuo mymwo, To u3 (22.9)
BBITEKAET, YTO Y BHEMIHEH MOBEPXHOCTH NPOBOJHKMKOB 3JIEKTpHYE-
ckuit Bektop E (a ciemosaresnbro, u D) Beerna nepueHAuKyAspeH
aTo# moBepxHoCTH. [losromy ypasuenue (22.8) y nosepzrocmu npo-
600HUK06 TIPUHUMAET BH

eE = D = 4non, (22.10)

T€ N — BHEIIHSAS HOPMaJb K TOH [OBEPXHOCTH, & £ — JUIEKTPH-
YecKas MPOHHI@EMOCTh COMPHKACAIOMENCS C Helt Cpefibl. Y paBHEHHE
(7.8) aBssiercs, OYEBHAHO, YACTHBIM CIydaeM 3TOH (DOPMYJIbL.

3. YpaBuenus (21.4), (22.2), (22.4) u (22.7)

E=—-grady, D =c¢E, A
divD =47p, Dop — Dy, = 470, (4)
JIOTIOJIHEHHbIe TpeGOBaHHEM HeNPEPHIBHOCTH MOTEHIMAIA ¢ 1) | npes-
CTaBISIOT COOOH Noanyo cucmemy ypaBHEHHI 3TEKTPOCTATHIECKOTO
I0JIs1 B IPOM3BOIBHOM Cpejie. DTO 3HAYNT, YTO €C/IH 33JaHBI IJIOTHO-
CTH CBOOOJHBIX 3aPS0B P U 0 U JUIIEKTPUYECKAS [IPOHHIAEMOCTD £
B Ka2K/I0M TOYKE IPOCTPAHCTBA ¥ €I HA HECKOHEYHOCTH YIOBIIET-
Bopensl ycosus (12.10): ER? npu R — 00 0CTAaeTCs KOHEYHBIM,
TO cHcTemoli (A) OJHO3HAYHO ONIpEJENsieTCs TEeKTPHYECKOe IOJie,
T. €. 3Ha4eHusA @, B u D B kax 0¥t Touke mpocTpaHCTBa; 06paTHO,
eC/TH 33JaHbl a) JU3JIEKTPHYECKast NPOHULAEMOCTh € M 6) Hamps-
serHocTs noid B (wimm norenunan ¢, wnu uaayxous D) B kax ol

1 .

) Y60 MBOMHBIX 3JIEKTPHIECKHX CI0EB, T. € TIOBEPXHOCTElH Pa3pHBa NOTEHHHA-
I1a, MBI HE paccMaTpHBaeM. BrnpoteM, BKMOYEHNE HX B U3/IATAEMYIO TEOPHIO HE
[IPeICTABNACT HUKAKMX 3ATPYIHEHMHA 3aMeTHM, UTO, COMIACHO § 7, ypaBHeHH-

em E = — grad ¢ oBecnevusaeTcs HENPEPHIBHOCTD TAHTEHIHAILHBIX CJIATAIONUX
BekTopa E
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TOYKE [IPOCTPAHCTBA, TO CHCTEMON (A) OJHO3HAYHO OIpeNessSeTCst
pacIpesiesieHne CBOBOAHBIX 3apsioB p H 0.

CnpaBeyIMBOCTH BTOPOTO YTBEPK/EHHs OUEBH/HA; AJIS JOKa3a-
TEJILCTBA KE MIEePBOr0 NPEATION0KHEM, YTO CYIIECTBYET JABa PEIIeHUs
E, D, pu E' D, ¢ cucremsr (A) npu 3aqanHsX €, p, 0. BHoca 06a
pemtenus B (A) ¥ BIYUTAs 3aTeM COOTBETCTBEHHBIE YPABHEHHS APYT
U3 pyTa, NOJYIHM

E = —grad (pll D" — ¢E"
’ ’
divD" = 0, DIZIn = Illm

I‘ﬂeE”ZE"‘EI, D”'—"D—DI, (P"=<P—<PI-

Hanee na ocroBamum (A') u (433) moxeM Hamucars CIEAYIOULYIO Lemb pa-
BEHCTB:

EE”2 — DHEU — _D// grad ‘P” —- _ dxv (DII(PII) + (PII div DII P diV (D”(p”)-

Cnenosatembuo, narerpan £E'? no npomsponsnoMy o6bemy, OrpaHMHeHHO-
My MOBEPXHOCTHIO S, Ha ocHoBaHuM (17*) Gyner pasen

/ eE"dV = — / div(D"¢")dV = — f D" dS,
S

(A

NpU4eM MOBEPXHOCTHBIA HHTETPaJl JOJIXKEH OBITh B3AT JHILG 0 FPAHAYHON II0-
BepxaocTH S, u60 BO Bcem mome xKaxk ¢, Tak, cormacmo (A'), u D) ocraiorca
HenpepsIBHBIMU. EC/ Teneps pacnpoCTpaHuTh HHTECPHPOBAHEE 110 06beMy noa-
H020 10AA, TO MHTErPAJ O nosepxHOCTH S 06pamaerca B Hyb. CiieA0BaTEHHO,

f eE"dV =0,

9T0 MOXET HMeTh MECTO JIHIIb B TOM CIyYae, ecyii BO Bcex Toukax mons B’ =
= E — E' ofpamaerca B HyJIb, 9eM ¥ [OKA3BIBAETCH OJHO3HAYHOCTL peIIeHUS
cucremsl (A).

Urax, Bekrop E”, ynosnersopaommit cucreme (A'), toxmpect-
BEHHO paBeH HYAK. TaK Kak TpH OTCYTCTBHH CBODOJHBIX 3apS/IOB
(6 = p = 0) cucrema (A) npunumaer sug (A'), To, cTano Guith, 6
omcymemsue c80600HMT 3aPAC0E IALKMPUNECKOE NoAe Mmodcdecm-
8enHo pasro Hyaro. Takum o6pa3oMm, HATHYKE NUNIEKTPUKOB MOXKET
TOJILKO BHIOHU3MEHATH TI0J€ CBOOOJHBIX 3apsi/iOB; B OTCYTCTBHE XK€
HOCJIEJHAX TIOVIIPH3ANUsA JUIEKTPHKA CHAJIAeT, CTAHOBUTCH PABHOM
HYJIO ¥ 3/1eKTpudeckoe mose ucdesaer. (CM., BupoueM, npaMedaHue
K c. 104.)

4. B zakmioyeHue 3aMeTHM, 4YTO I rpacdHyecKoro um3obpaxe-
HUS 3AEKTPHYECKOTO OISt B JUINEKTPHKAX HEYNOOHO IONBb30BATHCS
CHJIOBBIME JIMHHSIMH 3TOTO 107, T. €. JHHHsAMHU BekTopa B (cum. § 10),
ubo nuseprennusa (06beMHas U MOBEPXHOCTHAs) 3TOT0 BEKTOpA MpH
HAJIUYHMH JU3IEKTPHKOB MOXKeET OBITh OT/IMYHOM OT HYyJiA HE TOJBKO
B T€X TOYKAX IOJf, TAe HAXOAATCA c80000nbie (06beMHBIE U TOBEPX-
HOCTHBIE) 3ap#A/bl, HO TAKXKE H B TOYKAX PACIIONIOKEHHUs CBA3aHHBIX
3apAJIOB [UINEKTPUKA, IUIOTHOCTL KOTOPLIX B CBOIO O4Yepeahb 3aBHCHT
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OT HAIPSKEHHOCTH TIOJIs, HEOAHOPOIHOCTeH cpefbl U T. 4. Ilosromy
JUis TpapUYecKoro U300paXKeHus MONsA B JUWIEKTPUKE MOJIb3YIOT-
€A TAK HA3BIBAEMBIMM AUHUAMU UHOYKUUU, T. €. JIMHAUSMH BEKTOpA
wIeKTpHYeckoi nHAykuuu D.

Tax Kak, coracHo (22.4}), Bekrop D B Kaxk/10#f ToUke IPOCTPaH-
cTBa (338 MCK/IIOYEHMEM AHHM30TPOIHBIX Cpejl) MApaJUIeNieH BEKTO-
py E, T0 Kaxk/asa JHHES HHAYKIHUH SBJISETCS BMECTE C TEM H CHJIOBOIX
JuHHER ¥ Hao60poT. [103TOMy, B 4ACTHOCTH, H3 TOTO, YTO HEBO3MOXK-
HbI 3AMKHYTHIE CAJIOBEIE JAMHUH, CJIEAYET TAKKE U HEBO3MONCHOCTILD
damrHymur aunut undyxyuu. OIHAKO ey, KaK 3TO IPHHATO, Yep-
THTh JIHHHH CHJI M JIMHUU MHJYKIMH C TAKKM PacdeToM, YTOObI Y-
CJ10 3THX JIMHH#, Nepecekaromux byl miomaixy dS, 6bu1o 1o
BO3MOXXHOCTH TIPONOPIMOHATIEHO NOTOKY COOTBETCTBYIOIIETO BEKTO-
pa (D uau E) yepe3 3Ty miomanky, T0 TyCTOTa JHHHI HHAYKIHK H
JIMHMI CHa Oy AeT, BooGIIe TOBOPS, MEHATHCH PA3IHYHBIM 00pPa30M OT
OJHOTO yYacTKa IPOCTPAHCTBA K ApyroMy. B wacrHocTH, Ipu TakoM
criocobe YepUeHHsi HEKOTOPHIE JIMHUH CHJI HYXKHO OyaeT o6opBaTh Ha
CBA33HHBIX OTPUIATENbLHBIX 3apAJaX JUIIEKTPHKA, TOTJA KaK COOT-
BETCTBYIOIME JTHHUH HHAYKUHMH OyJYyT IPOXOAHTEH 4Yepe3 H 33 3TH
3apsifibl 10 BCTPEYH C 3apsiflaMi CBOOOJHBIMH.

JelcTBuTenbHO, TaK KaK 3aBUCHMOCTH 00bEMHOI M IIOBEPXHOCT-
HOIi quBeprennuyn Bekropa D ot pacnpenenenus cBOGOIHBIX 33PAI0B
B NIPOU3BONLHOMN cpene cosmanaer ¢ 3aBucuMocThio divE n DivE
OT p U 0 B OTCYTCTBHE JUNIEKTPHKOB, TO, COIVIACHO De3yJbTaTaM
§ 10, nuMHHY HHAYKIME MOTYT HAUMHATHLCS M OKAHYHMBATHCS JIHIIL
B TeX TOYKaX [OJsi, B KOTOPBIX PACIIONOXKEHBl ¢80000Hbie EKTPU-

JecKHe 3apsa/pl, b0 YXOAUTh B GeCKOHEUHOCTH |) . B Baxyyme Bek-
top D ToxkecTBeH BekTopy B, Tax 4TO JIMHHUN MHAYKIKMH COBIAJAIOT
C CHJIOBBIMH JIMHUSIMEL.
3amaya 16. Ilokazarb, 4T0 HA TpaHUlE pa3jena JIBYX Iu3-
JIEKTPHKOB CHJIOBBIE JNMHUK (T. . JIMHMU HaIpaBJieHHa BekTopa E)
HCHBITHIBAIOT IIPEJIOMIIEHHE, TIPHYEM
tgfr _ &1

tgf2 e’

rae 31 — yrosa, o0pa3oBaHHBIN HANPABIEHHEM CHJIOBOY TWHUH B ep-
BOM JH3JIEKTPUKE C HOPMAJIBIO K IOBEPXHOCTH pa3jena, £ — OH-
37EKTPUYECKas MPOHUIIAEMOCTE IIEPBOIL Cpebl, a 2 H £9 — COOTBET-
CTBEHHBIE BEIMYHUHBI JJisi BTOPOH Cpefbl.

3agaua 17. Ilokasars, yTo HanpsixkeHHocTs noas E' B cpen-
HEl 9acTH AMWHHOM M y3KOH 1lesH, IPoAeiaHHOM B TBeDP/IOM JHU3/IeK-
TPUKE, PABHA HAMPSKEHHOCTH MoJia E B JuaieKTpuke, eCIH IEAb
3Ta mapaJjuienbHa Bektopy E, u uto E' pasHa wnnykmuum D B au-
3MEKTPHUKE, ECIH IIeJh NepreHauKyaspha E.

) Cwm., BIIpOYEM, IPHMETaHNE Ha ¢. 5 0 TOYKAX HEOIpeeIeHHOCTH.
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3anmaua 18. [TokasaTs, 4YTO I OJAHO3HAYHOTO OIPEAEACHHSA
IEKTPOCTATHYECKOTO IO/ B IPOM3BOJABHON Cpese MOCTATOYHO 3a-
JIaTh, BO-IIEPBLIX, PACIOJIOMKEHNE K (DOPMY MPOBOJHHMKOB, 3HAYCHHE
JA3IEKTPUYECKON ITOCTOAHHOM B KaXKJ0# TOYKE CPENbl M paclpeie-
JieHHe CBO OO IH Bl X OOBLEMHBIX H IMOBEPXHOCTHHIX 3apPsA QOB B
NH3JeKTPHKE H, BO-BTOPBIX, JIHO0 NOTEHUHAI (o, KaXKIOTO TIPo-
BOIHUKA [3amava (A)], mubo obummit 3apan e, Kax0r0 IPOBOJHUKA
[samaga (B)] (cp. § 13).

3apgayva 19. IIpocTtpancTeo Mexay oOKIagKAMM MJIOCKOTO
KOH/IEHCATODA 3aIOJIHEHO JBYMS CJIOSMH JHIIEKTPUKa. JJHaieKTpu-
YeCcKHe MOCTOSTHHBIE DTHX CJIOEB PAaBHBL €] M £2, & UX TOJINUHBI —
d; u dp, npudem dj + dy = d, toe d — paccTosiHEe MeXJAy ILIAC-
THHAaMH KOHJeHcaTopa. Iloka3aTh, 4To eMKoCcTh KoHjeHcaTopa C
OTIpeNeNsdeTcs COOTHOIIIEHHEM

L_tn (4 d)
C S €1+62 ’

rae S — MOBEPXHOCTL €ro ILTACTHH.

§ 23. DuieKTpHUUeECKOe [10J1€ B OJHOPOIHOM AHUAIEKTPUKE

1. PaccMoTpuM mpocTefiinit ciiydaii AMSJIEKTPHYECKON Cpebl,
KOIJ2 8Ce noJde, T. €. BCe YIACTKH IPOCTPAHCTBA, B KOTOPBIX BEK-
top E He paseH HyJI0, 3AI0AHEHO 0JHOPOOHLIM TUIIEKTPUKOM. ITO
OyAeT HMETh MECTO, HAIIPUMED, B TOM CJIy4ae, €Ci CHCTEMA IPOBO/I-
HHUKOB IOTpyKeHa B GeCKOHEUYHBIN OJAHOPOAHBIN AUNIEKTPUK (HGO B
cIydae IEKTPHYECKOTO PABHOBECHsI BHYTpH mposoguukoB E = 0)
WU B JUIEKTPHUK, OTPAHUYEHHBIN 3aMKHYTOH MeTajlin4ecKoit 06o-
JI04KOli (3JIeKTpoCcTaTHYecKas 3amuTa). B srom ciyqae Bo Bcex gud-
bepeHaIbHEIX YPABHEHUAX IOJSI IOCTOSIHHBIE € H ¢ MOTYT OBITH
BBIHECEHBI 32 3HAK TPOM3BOJHON, W, Hanpumep, u3 (22.2) u (22.4)

cilenyer:
divD = diveE = edivE = 4np,
HIH .
divE = -V2p = = - 47p. (23.1)
€

9To 3HAYUT, YTO UPH 3aJaHHOM PACIpeNeNeHHH CEODOHBIX 3apsI0B
MOTEHINA B HAIPSKeHHOCTE N0/ B OJHOPOIHOM JU3EKTPHKE B €
pa3 MeHbliie TMOTEHIHajia U HAIPSXKEHHOCTH Iojid B BakyyMme. Ya-
CTO 3TO MOJIOXKEHHE KJAJETCS B OCHOBY Bceil dhopMasibHOM Teopum
JM3JIEKTPHKOB,

W3 HEro HEmoCpenCTBEHHO BBITEKAET, YTO NMOTEHIHAJ M HANPSAKeH-
HOCTB [10/1s1 TOYEYHOI0 3apANa B 00HOPOOHOM JTH3AEKTPHUKE PABHEI

= E_;_, E = g% (23.2)



§ 23 SJIIEKTPUYECKOE MOJIE B OLHOPOIHOM JUMIEKTPUKE 111

(rax Ha3blBaeMblll o6obwernvitd 3axon Kyaona). Hanee, pasHoCTH
[OTEHIINAJIOB MEXJY OOK/3JKaMH KOHAEHCATOpa NpH 3alOIHEHUH
MPOCTPAHCTBA MEXKJY HUMH OJHOPOJMHBIM JMICKTPHKOM I0JKHA
YMEHBIIATHCSA B € pa3, ecad 3apsabl 0OKJIAL0K OCTAIOTCSH HEHM3MEH-
HBIMM. DTO 3HAYHUT, YTO EMKOCTh KoHZAeHcaropa C BO3pacTaeT MpH

3TOM B € paa3:

HamomuumM, HakoHeEN, YTO 3HAYEHHUE BEKTOPA, 3MEKTPUIECKOH MH-
ayknuun D B ogHOpOHOM cpefe He 3aBHCHT OT JH3JIEKTPHYECKOHN
IIPOHHUIIAEMOCTH 3TOH Cpezbl U BIIOJIHE ONPEAEIAeTCa paclipele/ieHH-
eM CBODOJHBIX 3apsoB, ubo u3 (22.4) u (23.2) cneayer, 4to

D=¢E ==, (23.4)
R2

2. Heobxonmmo, OAQHAKO, TBEPJO MMOMHHThL, YTO YypPaBHEHHH
(23.1)-(23.4) nenpumeHumb, K AUIIEKTPUKY Heodnopooromy. Taxk,
HampHMep, €CJid B I0Je 3apsja € BHECTH KYCOK JWTeKTpuka D
(puc. 28), To bmaroma-
pA TONspH3anUK 3TOro P +e P, [~ 7 % P,
JH3/IEKTPHKA HAIpAXKEeH- ® ® * /D /jé °
HOCThL II0JIE B TOYKax P
4 P, HE yMEHBIINTCH, KaK Puc 28
TO COOTBETCTBOBAJIO Onl
dopmye (23.1), a ysemuyurcs. JeficTBUTeNBHO, OTPHIIATENBHBIE 38~
PAJIBL JUTIONEH CMECTSTCH B JUAIEKTPHKE BIIEBO, a OJIOXKHTEIbHBIE
BIIPABO, TAK YTO HAITPABIIEHHE PE3YILTHPYIOLIETO MO/ ITHX 3apsi/I0B
B Toukax P u P, Gyzer coBnagaTh ¢ HAOpaBIeHHEM MO 3ap/a €.
B Touke xe P mosisipu3alIiig JHVIEKTPHKA BhI30BET ocyiabeHre nep-
BOHAYAJILHOTO MOJig 3aPAAa e.

Boo6mie B Heodnopodrotli cpefe HEMb3si YCTAHOBHTH CKOIBKO-HH-~
OyZb TPOCTO#M 3aBHUCHMOCTH TOJIS OT PACIOJOMKEHHHA OIHUX TOJb-
KO €60600HMWT 3apsA/0B, 3aBHCHMOCTH Tuna 3akoHa Kysona (23.2).
Jluuis obpamascs k AuddepeHHaasHbIM YPABHEHUAM TOAS, T. €. K
YPaBHEHHSIM, CBSI3bIBAIOLIAM 3HAYEHHS XapaKTEPH3YIOMKX [0Je Be-
JIUYMH B CMEMCHBLL TOYKAX IIPOCTPAHCTBA, MOXKHO MPHATH K CpaB-
HHTEJIBHO NPOCTHIM COOTHOIIEHUSM MEXKJy STHMHU BeJMYHHAMH [CH-
crema ypasHenuit (A), ¢. 107], ubo muws guddepeHnuanbabe CooT-
HOIIIEHUS TIOJTHOCTBIO ONPENEAOTCS CBOMCTBAMH JAHHOTO 3/IEMEHTA
Cpe/ibl HE3ABMCHMO OT CBOMCTB YJAJIEHHBIX €€ yYaCTKOB.

3. PaccmoTpuM eme npumep, Koraa GeCKOHeMHOe MOJYNpOCTPAHCTBO HA,
IUIOCKOCTHIO 2 = () 3AM0JTHEHO OFHOPOLHBIM JUIIEKTPHUKOM C JHIIEKTPHYECKOH
MPOHMLIAEMOCTBIO £1, A MOMYNPOCTPAHCTBO II0A TOH MI0CKOCTHIO — APYTHM Ofl-
HOPOOHBIM JMIIEKTPHKOM ¢ JU3JIeKTPHYeCKOoil MpOHHMIAEeMOCThIo €2 (puc. 29).
Omnpenenum mose 3apsaia e, HAXOASAIErocHd B NPOM3BOILHOM Touke P. BriGepem
OCH KOOPJAMHAT TaK, 4T06BI OCh 2z NpoXogwia depe3 T04ky P; KOOpAMHATH 3TOMH
toukM 6yayr * = y = 0, z = 2o. IlycTs ans onpenenensocT 2o > 0, T e. 3apsanx
HAXOIUTCA B BEPXHEM IOJIYIPOCTPAHCTBE, TIE € = £1.
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O6o3ra9uM MOTEHUHANL B BEPXHEM MOJIYIPOCTPAHCTBE Yepe3 (1, & B HUXK-
HEM —4epe3 (2. YCIOBHE HENPEPHIBHOCTH MOTEHLIHANA HAa IPAaHHMLE pa3jena
JHIEK TPUKOB [JIACHT:
z (‘Pl)z:() = (()02)z=0- (235)
Py Hanee, Tak xak B Hamem ciy4ae g = 0, To,
Buipaxas B (22.8) E uepes grad o, nonyunm

y a a
29 9 = g2 . 2
£1 ( 3 )zz() E2 ( 2 )z=o (23.6)

Haxkoner, NOCKOMBKY B KaXXIOM TMOJIYIPOCT-
0 x DAHCTBe £ MOCTOAHHO, TO, cornacuo (23.1),

4r 47
' Vi =L vl =-F (237
€1 €2
Tak kax B HameMm ciiydae p = () BCIOAY, Kpome
Touku P, To
€2 V32 =0, (23 8)
Py a nepsoe u3 ypasnenwii (23.7) Oyzer, ouesna-
HO, YAOBJIETBOPEHO, €CJIM MBI ITOJTOXKHM

Puc. 29 o= —— 44, Vg, =0, (23.9)

€]

i

rae R — paccrosmue Touxu nabmonenus or rouku P: R = /x2 + 42 + (z — 20)2.
Horenuan B KaxxJoi TOYKe NPOCTPAHCTBA Gy€T 3aBHCETb, BO-IIEPBBIX, OT
€€ PacCTOgHMA A0 To4KH P, 1. e. o R, u, BO-BTOPBIX, OT €€ PACCTOSHUS [0 NJIOC-
KOCTH pa3pena, T. e. or z. Ilo coobpaskeHUsIM CHMMETPHH BMECTO TOCHeHe e-
pemenHoit ynobuo BeecTu paccrosnue R’ = /z? + y? + (2 + 20)? npoussonbHoi
TOYKHM MPOCTPAHCTBA OT TOUKM P’ cimmerpudnolt ¢ P OTHOCHTEIBHO TOBEpX-
HOCTH pasfena; KoopauaaTe! Touku P’ pasunt 0, 0, —z0. YpaBHeHUE ILTOCKOCTH

pasnena B nepeMennslx R u R’ npumer Bun
R=R, (23.10)
a pemmenusamu ypapaenuii (23.8) u (23.9), obnamaoomumu Tpebyemoit CHMMeTpH-

eit, 6yayT, O4€BHIHO, BBIpAKEHHT
;. = Ae P p2 = J_ff_’ (2311)
e R 2

re A ¥ (i — HEKOTOpble NOCTOAHHLIE, efiCTBHTeIbHO, MOTEeHIUAN P2 B HUX-
HeM TIOYTTPOCTPAHCTBE HE MOXKET COIepaTh WieHa, nponopuuonansioro 1/ R/,
ubo oH me ynopnerpopss 6b1 ypasnenmio (23.8); aHANOrMYHO ] He MOXeET CO-
Jepxarb qieHa, nponopuuonassoro 1/R. Broca (23.9) u (23.11) B (23.5) u

yuntsieag (23.10), nonygaem L+A = £ ananoruano us (23.6) nocue snemen-
TapHBLIX BRKJIAJ0K MoJiydgaem 1 il)\ = ; 2Ta.KPIM 06pa3oM, BCe HAINY YPABHEHUS
YAOBJIETBOPATCH, €CITH MOTOXKHTH A = I = 2¢2 , T. €. €CIIH TIOJIOKMTD
€1+ €2 €1+ ez
e E1—€2 e
p=p1= ;}g —-——*-62(61 . T npr  z >0, (2312)
=y = ——0 mpu z<0

e1+e2 R
Ha ocmoBanuu Teopemur oan03Ha9HOCTH (CM. § 22) mosy4enHble BbIPaKeHUA
SBJIAIOTCH €IMHCTBEHHBIMU PelleHusMH Hamel 3axaqu (BILIOTh OO0 aJUTHBHON
MOCTOSHHON B MOTEHIIMATE, HE CKA3LIBAIOMEHCS Ha HANPAYXKEHHOCTH II0JIs).
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Ecinu Bce MpOCTPAaHCTBO 3aNONIHEHO OOHOPOLHBIM AUIIEKTPUKOM (€1 = £2),
r0 (23.12) nepexoaMT B 3neMeHTAPHOE BbIpaXkeHue 06obmenHoro 3akona Kynona
(23.2). Ilpu €1 # £2 BAMAHHE HEOAHOPOAHOCTH AUIEKTPHKA HA IOTEHIMAT (01 B
BEPXHEM [OJIYIPOCTPAHCTBE IKBUBAIECHTHO BIUAHHIO JOGABOYHOrO (DUKTHBHOrO
sapsaga [(e1 — e2)/(€1 + £2)]e, nomemennoro B cummerpuunyio ¢ P rouxy P’
(Cp. pemenne anamoruyroii 3agaun B § 13 merogom msobpaxenuit.)

§ 24. HenmocpeacTBEHHBINM MOIACYET MOJIA MPH HAJTUYIUN
JUIJIEKTPUKA (B IpOCTERIINX CIrydasix)

1. UTo65l NOACHUTHL BAMAHMAE TOAAPHIANNN AUM3TEKTPUKA HA Ha-
NpPsi?)KEHHOCTH TIONISl, MBI MPOBEJEM HEIOCPEACTBEHHOE BBIYHCIEHHE
monA B JABYX MpocTedmmX ciydasax. IIpH 3TOM /ISl IPOCTOTHI MbI
Oy/leM [pearosiararb, YTO BCE 3aPAAbl B AUNIEKTPHKE 3AKPEIIEHb]
OJHMHAKOBO MPOYHO ¥ MMEIOT OAWHAKORYIO abCONIOTHYIO BEHYKHY é.
Yucno 3apsa/ioB KaxK0T0 3HAKA B eIMHUIE obbeMa NHU3IeKTpuKa 060-
3HauyuM depe3 N.

2. PaccmorpuM 3neMeHTapHEBIN BBIBOJ 060011eHHOTO 3aKoHa Ky-
JIOHA, i1 00HOPOOHO20 OUAIEKTPUKA. IIyCcTh BCe I10JI€ 330 THEHO OJ1-
HOPOJIHBIM JM3IEKTPUKOM H «CBOGOAHBIN» MONOMKHTENBHBIN 3apa] eg
HAXOJUTCSI B OJJHOPOIHOM AH3JIEKTpUKE B Touke (J; Tpebyercs omnpe-
nenuts none E sToro 3apana B Hekoropo#t Todxke P Ha paccros-
aun R ot wero. Ion sozaeiicreuem nosns B oTpuuaressHble 3apaibl
JUSNIEKTPUKA CMECTATCA K HeHTpy O, a NONOXKHUTENbHbIE YIAIATCA
oT Hero. BJarogaps MApoBOM CUMMETPHM INOJAA BCE IMPOCTPAHCTEO
MOXeT OBIThL pa3bUTO HA KOHIEHTPUUECKHe IapoBbie CJIOH C IieH-
TpoMm B (0, B KaXKJOM K3 KOTOPBLIX IJIOTHOCTH DACIONOXKEHUS 3apsi-
JIoB nocToAHHA. [lojie BCeX 3apsAKEeHHBIX TAPOBBLIX CJIOEB, SHEWHUL
10 OTHOLIEHWIO K TOYKEe P, paBHO B 3TON TOYKE HYMIO, TIOJIE K€ BCEX
SHYMPEHHUT CIIOEB B TOUKe P TaKoBO, KAK eIH OBl BECh 3apsAj ITHX
coes 6611 cocpenoroded B uenrpe O [cm. ypasHeHuE (4.6)5). Kaxkos
e 001Ut 3aps] ITHX BHYTPEHHHUX CJIOEB, T. €. 3apal, HaXOASHIHiCs
BHYTpH Cdepsl S, npoxoasmeil yepe3 Touky P7

Tak Kak, MO IPEJTIONIOKEHHIO, BCe 3apsalbl B THNIEKTPHKE OJHU-
HakKOBBl M CBA33aHBI B HEM OJWHAKOBO IPOYHO, TO MPHU BO3HHKHOBE-
HAW MONAPU3AMUM BCE MOJOXKUTENBHBIE 3apsi/ibl, HAXOAUBIIHNECT Ha
paccroaaun R ot nentpa O, HoMKHBI ObUIH CMECTHTBCS HADYXKY
Ha HEKOTOpOe paccrosinue dR, a BCE OTPUIATENbHBIE — BHYTPb Ha
TO € PACCTOsSIHHE; KOHEYHO, 3TO CMemieHne R yMeHbIaeTcsa mpH
ynanenuu ot O. Yepes moBepxHocTs cepsl S paguyca R npu sos-
HUKHOBEHUH IOJSIPU3AIMK JOJKHBI ObLIM TPONTH HAPYICy BCE No-
AOCUMEALHLE 3APSABI, HAXOAMBIIKECS B CJIO€ TONUMHLL 0 R, npu-
nerapiem K cepe S w3HyTpu. UHCI0 3THX 3apSA0B 10 YCIOBHIO
pasio N -4wR?§R.

Takoe Xe YHCIO OMPUYAMEALHHT 3APANOB BONIET, OYEBHIHO,
cHapyxu sHymps cheprr S. Takum o6pa3oM, o6yt oTpUIATENE-
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HblL 3apsaa de, noaBastowumiics BHyTpH cdepsl S, Giarogapsa mous-
pH3ALAM AWITEKTPHKA, OyJeT paBeH

be = —eN - 8tR%§R.
HanpsaxenHocTs moss 3THX 3apaAfg0B B ToYyke P, Kak yKa3bIBaJoCh,
Oy/ZleT TakoBa, KAK ey Obl BCE 3TH 3apsab! OBIIH COCPEAOTOYEHB! B
nentpe cummerpun O. Crano GITh, 061[as HATIPSKEHHOCTD TONS B
touke P Oyaer pasHa
_ eg+de
b=
C apyro#t CTOpPOHBI, IEKTPHUYECKHH MOMEHT eJMHHIBI 00beMa
nuanekrpuka P = Y ¢,R, g0 nonspusanuu 6sl1 paseH Hymo, a mo-
CJjie IOVIAPU3ALAH CTAJT PABHBIM

P =) e(R,*:JR)=2NedR.
Takum obpa3oMm, YUCIOBOE 3HaqeHKe BeKTopa P pasHO

_ _ de
P =2NedéR = >

H, CTAJIO OBITS,

TakuMm 0bpasom,
D=E+4rP =2 =1p_ e
R? £

4T0 U TPeboBaNOCE NOKA3ATh.

3. Onpenenum mojie paBHOMEPHO MOJAPU30BAHHOTO Iapa. Ilycrs
nonapusanunsg P nocTosiHHa MO BeTHYMHE U HAMPABIEHHIO BO BCEX
ToYKaX mapa paguyca a. lpn P = 0 monoxurenbibie H OTPHILE-
TeJIbHBIE 3aPA/bl JUNIEKTPHUKE OAUHAKOBO PACIIpe/Ie/ieHbl 110 0bbeMy
mapa | oISt ¥X B3AUMHO KoMmIeHCcHpyioTcd. IIpH Bo3HHKHOBEHNN Xe

NOJIAPHU3ANKMH  TI0JIOKUTEIbHBIE  3apAbl

< CIBUTAIOTCA HA HEKOTODHIH oTpe3ok 1, a

P oTpUiarejbHple Ha oTpe3ok —l. Takum

A9\ R obpa3oM, IOCIe CABHUrA, OTPHLATENBLHBIE

R‘_ 3apabl UAIEKTpHKA OyAyT 3amloaHATb

A coboit map pamuyca a, UEHTP KOTODPOTO

21 CMeIeH Ha 0Tpe30K 2l oTHoCHTeNILHO LeH-

Tpa HIapa TOro XKe paJnyca, 3all0THEHHO-
T0 IOJOXKUTENbHBIMY 3apsfamu (puc. 30).
CulemoBaTeNbHO, 10JIe PABHOMEPHO MOJIfA-
PH30BAHHOTO IIapa JOJIKHO OBITEH TOXKJIe-
CTBEHHO C ITIOJIEM JBYX CABUHYTHIX JAPYT
Puc. 30 OTHOCHTENbHO ApYTa Ha oTpe3ok 21 1a-

POB Pajuyca @, PABHOMEPHO 3aPS?KEHHBIX PA3HOMMEHHBIM 3JIEKTDH-
yecTBOM. TaK Kax, 10 MpeAIoI0KEHNIO, HA eIUHHILY 06bema Jiajiex-
TPUKa MPHXOAUTCA 110 N 3apsAI0B KaXKJ0ro 3HaKa, To obmuil 3apan
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KasxJIoro mapa mo abcosoTHON BeyudnHe Oyaer pased ¢ = eNV,
rae V = *3wa® ects obbem mrapa.

BaerHee none paBHOMEPHO 3apsizKEHHOTO IApa TAKOBO, KAK €CITH
651 BECh 3apsAA apa ' GBI COCPEJOTOYEH B €ro UEHTPe |ypaBHEHHE
(4.7)). Craso 6bITH, BHEIHEe TIOJI€ MONSPH30BAHHOIO LIAPA TAKOBO,

Kak eyl Obl JiBa TOYeYHBIX 3apsZa te’ HaXomWIHCh Ha paccTos-
muu 21 apyr ot gpyra, T. €. TOXK/JECTBEHHO C [OJIeM JHUIT0AA MOMEHTA
p = 2¢'l = 2VeNl. Taxum 06pazoM, NOTEHHHA] PABHOMEPHO IO-
JASPU30BAHHOIO I1apa obbema V' BHe 3TOrO miapa, corviaceo (8.10),
6yner paBeH R
Pe = 2eNV§ (R 2 a),

rae R — paauyc-BeKTOp M3 HEHTPa MIapa B HCCIEAYEMYIO TOUKY HOJIA.

C npyrodl CTOpOHBI, 3MEKTPUYECKHH MOMEHT EJHHHILI 00beMa
mapa P = Y eR, no nonapusanum ObUI paBeH HYJIIO, HOCIE Ke
nonapu3alyu oH craHer pasHeIM P =" ¢,(R, £ 1) = 2eN1. Caeno-
BaTeJIbHO, OKOHYATEIBHO HMeeM

0o = VZ—I: (R > a). (24.1)

AHajyorvymol ke OpMYJION oupelensdeTca W MOTEHIHaJ BHY-
TpeHHHX TOouek liapa (R € a), eClM TONBKO B 3TOM CJIydYae MOHH-
MaTh nox V obbem He Bcero mapa, a JHUMIG TOM €ro 4aCTH, KOTOpasd
OaMXKe K LIEHTDPY, 9YeM paccMaTpHBaeMasds TOYKAa II0Jisd, T. €. eC/IH B
(24.1) nonoxuts V = Y7 R3:

__ 4rm R3P_R —

y & —

TR ?BEPR (R < a). (24.2)

JlefCTBUTEABHO, MOTEHIMA IOJIS 3aPAXKEHHOro iapa, OGpa30BAHHOTO II0-
JIOXKUTETEHBIME 3apASAMY JUIEKTPHKA, BHYTPH 3TOro 1tapa paseH |ypasnemnue

(812)] ,
P4 = 27p (a2 - %) ,

rae p = eN eCTh IVIOTHOCTH NOJIOXKHUTETHHBIX 3aPAN0B B USNEKTPHKE, IOTCHIIH-
aJ e mapa, 0Opa30BaHHOrO OTPUIATEBHBIMH 3aPHAaMU AUIIEKTPUKA, PABEH

2
oo (-2,

npudem Ry 1 R_ cyrs pacCTOSHHE TOYKM MOJA OT HEHTPA COOTBETCTBEHHBIX
mapos Ry =R — 1, R_ = R +1 Iloatomy pe3ynprupyomuii noTeHmHAR BCEX
3apa70B SUNIEKTPHKa Npu R < a paBeH

2
=gy tp-= —EWP(R?*- - R%)
Tax kax RE — R2 = —4IR, T0 IOTeHIMA TI01% BHYTPM NOISPU3OBAHHOTO MApA
paBeH
N
po=Pg =8N p _ Tpp
3 3 3

49T0 U TPeBOBAJIOCh J0KA3ATh
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OdeBuzHO, 4TO MpH R = a BBIpAXKEHUs Id Qe U p, IPUHAMA-
0T OAWHAKOBbIE 3HAYEHHS, T. €. UTO MOTEHHHAJ  MOJASPHU30BAHHOTO
mapa sIBJSeTCS HempephIBHON! DYHKIHEH TOUKH.

Haxonery, HANpsKeHHOCTE TTOJISE TIOJSPHU30BAHHOIO 111apa BHYTPH
3TOTO Iapa OyJeT paBHA

Eﬁhv%=—yvmm (R < a).

Tak kak BeKTOp P HOCTOAHEH IO BEJMYHMHE M HANPABJEHHIO, TO
V(PR) = P, 1 109TOMy OKOHYATEJILHO:

&:—?P(Rg@ (24.3)

Takum 06pazoM, HAIPAKEHHOCTH MO PABHOMEPHO MONAPH30-
BaAHHOI'O 1I3Pa IIOCTOAHHA II0 BeJIMYWHE M HATPABIEHUIO BO BCEX €ro
BHYTPEHHHUX TOYKaX.

Kone4yHo, pacCMOTDEHHYI0 HaMHU 3a[ady MOXKHO BGBLIO ObI pe-
IIHNTE, UCXOAS HEIOCPEACTBEHHO K3 OOIUX ypaBHEHUI NOIA B U~
WIEKTPHYECKUX CpeaX. ITOT CIocob pelIeHHs], 3 TaK¥Ke DPacCMo-
TPEHHE BOIPOCA O TOM, KAK MOXKHO IOJIEPXKHBATL PaBHOMEPHYIO
NOJAAPH3ANKI0 B IUWIEKTPHYECKOM IIape, MBI [IPe/JIaraeM VsCHUTD
YHTATENI0 Ha CJIEAYIONIEM NpUMEpE.

I pumep. Iap paguyca o u3 OTHOPOJHOTO AUAMEKTPHKA, IIO-
MeIlaeTcst B OJHOPOAHOE BHellHee nosie g, HampaB/ieHHOe 110 OCH 2.
Ucxona w3 muddepeHnmansHbIX ypaBHEHH MOJA, NOKA3bIBAETCH,
YTO 1ap GYJET MOoJAPU30BaH PABHOMEPHO, IPHYEM MOAAPHU3AIHS €10
Oymer paBHa 3 — 1)

P=— " F,, (24.4)
4r(e + 2)
a MOTeHIWAas noid OyneT paBeH CyMME IOTEHIMAJIa BHEIIHETO MO
wg = —Epz

U NOTEHIIHANA NoJAAPH30BAHHOTO IApPA, ONPEJeseMOT0 yPABHEeHH -
mu (24.1) u (24.2):

3
Lpez—Egz—{—&R:—Eoz(l——E_la—) (R > a),
R3 e+2 R3 (245)
t,a,=—Egz+f41PR=——§I—jjg (R < a). -
3 E+2 =

Yto6B!l AOKA3ATH CHpaBEeAJHBOCTH (opmya (24.5), mocraTovHo
MOKA3aTh, BO-TIEPBLIX, YTO e U (0, YAOBIETBOPAIOT ypasHeHH0 [Tyac-

cona: V2, = V2, = 0 u, BO-BTOPHIX, YTO HA NOBEPXHOCTH JU3JIEK-
TPUKA, T. €. IpH KX = a, IOoTeHnMaj HelnpepLIBEH:

we =, 1mpu R=a,
H HEIPEepBIBHA HOpMAaJIbHAA CJIArarolnas 3JeKTPHYECKOH WHIYKIJHH:

dpe dp,
Denz—a%=—~ea%: w nupu R=a.
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Ipenocrasnaem sro caenars yntaTeso (Ipu BBRINMOJHEHHH Auich-
epenuuposanus mo R ynobHo BhIpasuTh 2 Yepe3 Rcosf).
M3 (24.5) cnepyer, 94TO BHYTpH lIapa
3E,
e+2
Brocs 310 3Ha4Yenue E, B (22.6), nomygaem (24.4).

2 =

§ 25. Mukpo- 1 MaKkpOCKONUYecKNe 3HAYEeHUs
cdbusugeckux BeJUIUH

1. Dot u mocnexyolpe naparpadsl, BIIOTH Ao § 29, MBI NOCBS-
TM BoJIee CTPOrOMY BLIBOAY YPABHEHHH MOKPOCKONUMECKO20 TIONA
B JHU3JIEKTPUKAX W3 MUKPOCKONUMECKUT YDABHEHWIT MO, a TAKXKE
BBISICHEHHIO 3aBHCHMOCTH AM3JIEKTPHYECKONH MOCTOSHHOW Cpenbl OT
aTOMHCTHYECKOTO CTPOEHHS TOW CPENEl, ee TeMnepaTypsl U T. [I.

Jo cux mop mbl He 0Opama ¥ JOCTATOYHOr0 BHHMAHHS Ha TO
06CTOATENBECTBO, YTO TMOJIE KadKJ0H MOMEKyJbl JUJEKTPUKA B He-
MIOCPE/ICTBEHHOH OIHM30CTH OT Hee JOJKHO Hpe3BBIYAHO OBICTPO
M3MEHATHCA OT TOYKH K TOYKe (HAIpHUMEp [IPH IEePEXOo/e OT HOJI0XKH-
TEBbHBIX K OTPHUIATEILHBIM 3apsA/iaM MoJeKyJibl ). Ilpasaa, 3Tu u3me-
HEHUS TIOJIA MPOTEKAIT B MUKPOCKOIIMYECKOM MaciiTabe v HegoCTy -
HBI HalleMy MakpocKomudeckoMy Habumogenuio. Vizmepsisi, Hammpumep,
IoJie B JKHAKOM AUSJIEKTPHUKE MYTEM IOTPYXKEHHS B HEro MpoGHOTO
3apsia, HAIPUMeEp, JOCTATOYHO MAJIOTO 3aPAKEHHOTO METALIHYECKOTO
HIAPHKA, MBI, OYEBHHO, U3MEDPAEM cpedHee U3 TeX 3HAUYEHHIA, KOTO-
pble HMEET HAMPAXKEHHOCTEL M0/ E Ha MOBEPXHOCTH 3TOrO IIAPHKA.

2. Ytobpl yTOYHHTL IOHATHE CPEIHETO 3HAYEHHSI, MBI BBEIEM
CIeYIOUIy 0 TePMUHOJIOTHIO, TIpeioXkeHHyo JlopenneM. Mel byaem
HA3BIBATL usunecku GeCKONEUHO MAABIMU 8 OMAUNUE 0N MATLEMA-
MUMECKU DECKOHENHO MAABIZ TAKHUE 3JEMEHTHI 00bEMOB, MOBEPXHO-
creit U IMHUY, KOTOpBle OJHOBPEMEHHO YIOBJAETBOPAT CIEYIOIMHIM
JBYM TDEOOBAHUSIM:

a) pusnyecky 6ECKOHEYHO MAJIbIE FIEMEHTEI JOMKHbI ObITH Ype3-
BBEIYA#HO GeAuKu MO CPABHEHUIO C DACCTOSTHUSAME MEX/Y MOJIEKYJ/ia-
MH CDejbl, a CTAJO OBITh, H N0 CPAGHEHUI C MUKPOCKONUMECKUMU
HEOOHOPOOHOCTNAMY CPEDDL U NOAR;

6) BmecTe ¢ TeM pu3HIECKH GECKOHEYHO MAJIbIE 3AEMEHTHI JOJIK-
Hbl OBITH YPE3BBIYARHO MQAb 10 CPAGHEHUIO € MAKPOCKONUMECKUMU
HEOOHOPOOHOCTAMY TIONA ¥ CPEJbl; IPYTHMH CJIOBAMH, CpeIHUE 3HA-
JeHMs dusuyeckux senndun (Hanpumep @, E £ u T 4.) B mobom u3
3THX IEMEHTOB JIOJ2KHbBI DECKOHEYHO MAJIO OTIMYATHECH OT CPETHUX

3HAYCHUH 3TUX BEJMYUH B CMEXKHBIX C HUMHU 3JIEMEHTAX 1) .

') Ba uckmodeHneM 3MEMEHTOB, OTIEIEHHBIX ADYT OT [PYra MOBEPXHOCTIMH
Pa3PHIBa, €C/IH TOBLKO Mbi BOOBIIE 3aX0THM BBECTH B paccMoTpenue (B CYIHOCTH,
(UK TUBHBIE) MOBEPXHOCTH PA3PHIBA
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Jaxe B ra3006pa3HbIX, HE T'OBOPS YK€ O KHAKHX H TBEPABIX,
TeJIaX PaCcCTOAHHA MEXKJy MOJEKYJaMH CTOJb MAJbl IO CPABHEHMIO
¢ MAKPOCKOIMMYECKUME HEOJHOPOJHOCTAME H3y4YaeMbIX OOLIYHO IO-
JTeH, 9TO TTOYTH BCET/I3 OKA3BBIBAETCS BO3MOXKHLIM OJIHOBPEMEHHO Y0~
BJIETBODPATE O00OMM 3THM YCIOBHUAM. KoHEYHO, BO3MOXHBI W TakKHe
CJIy4YaH, KOTJa IpHUBEIEHHBbIE YCJIOBHA B3aHMHO HCKIIOHAIOT JPYT
ApYTa; TaK, HAIPHMED, AJIHHA BOJHBI MKECTKHX PEHTTE€HOBCKHX JIy-
gell, MOTyliasd CIYy>KHTh MEpPOil HEOJHODPOIHOCTH IIOJIA ITHX Jiyded,
MEHbIIIE PACCTOSHUS MEXAY MOJEKY/JaMH MATEpHANBHBIX TeJI.

3. OcraBnsasa B cropone NogoOHbBIE UCKIIOYATEIbHBIE CIy4au, MbL
GydeM B JANbHEHIIEM MO MAKPOCKONUNECKUMU SEAUNUHAMY TTOHH-
MaTh cpedhue 3nauenus PUUNECKUT GeAunun 6 puduvecku becko-
HEWHO Maaom obseme. IpyruMm ciosamu, TOH MaKpOCKOMHYECKHM
3HAYEHHEM [IPOM3BOJIbHOMN (hU3HYIeCKOH (CKaNIApHON UM BeKTOPHOI)
BesiguHbl ¥ (Hanpumep ¢, B, p) B nannoi Touke P mpocTpaHCTBa
Mbl 6y1eM TOHHMATH CpeaHEe U3 UCTHHHBIX UIIM MHUKDOCKOIMYECKHX
3HAYEHUH 3TOM BEJIMYMHBE! B (DH3UYECKHM OECKOHEYHO MAJoM 00b-
eme V, okpyxKaiomeM touky P:

- 1
Puaxpo = 1/)Mnxpo = v /1/)Muxpo dv. (251)

3amMerum, YTO, JIMIIL BBEISA 3TO ONPEETIeHHE, Mbl IPHIAEM YETKHI
CMBICJT BCEM HAWMM IPeAllecTBYIOUINM PaccykaeHusaM. B yactrocTy,
BeJAb M BHYTDH IPOBOAHHKOB ATOMHCTHYECKOE CTPOEHHE 3JIeKTPH-
YeCTBA NPOSIB/IAETCH B YPE3BLIYANHO OBICTPBIX KOeOaHUAX MHKPO-
CKOMMYECKUX 3HAYeHWH (DU3WUECKHX BEJMYHH B CMEXKHBIX TOYKAX
NpOCTPAHCTBA; TAK, HANPHUMED, MUKPOCKOTIMYECKAS IIOTHOCTH JIEeK-
TPMYECTBa P OTJINTHA OT HYJS JHMIUL BHYTPH 3M€KTPOHOB U ATOMHBIX
anep. Takum o6pa3om, roBopsi O MJIOTHOCTH 3apsfa B IOBEPXHOCT-
HOM CJIO€ TIPOBOJHHMKOB, O IOCTOSHCTBE MOTEHINAIA BHYTPH HHX H
T. /., MBI, B CYIITHOCTH, TOBOPHM O CpPEHHX 3HAYEHHUAX ITHX BEJIHYHH,
ompefensieMblx ypaBHenuamu tuma (25.1).

4. B mociemyoomeM HaM HEOTHOKPATHO TIPHAETCS HAXOAUTL YPaB-
HEHHd I MAKPOCKOMHMYECKHX BeJIMYMH, MCXolAs u3 JuddepeHiu-
aJIbHBIX YPaBHEHUH /11 MUKPOCKOIMYECKUX BeaunduH. I1pu aroMm Ham
MPHJETCA TOMB30BATHCA CIEAYIONINM TIOJIOXKEHHEM: Cpe/iHee 3Hadve-
HUE POM3BOAHON II0 KOOPAMHATE (a TakKe W II0 BPEMEHH) OT IIpo-
HM3BOJLHON BEMUYMHBI Y PABHO IIPOH3BOAHOHN OT CperHero 3HaYEHUs
3TOU BEJTHYUHBL:

% _
-~ == 25.2
Oz oz’ ( )
re YepTa ceepxy obo3Hadaer 0Opa30BaHME CpPE/IHErO.

Mb1 nokaXkem 3Ty Teopemy B [PEIIOJIOKEHHH, Y4TO 1P — BeJHIHHA CKAJIAp-

pnast. IlpuMeHssa 3areM STy TeOpeMy K OTHEJIbHBIM CIATAIONIMM NpPOM3BOJIBHOTO
BEKTOPa, Mbl CMOXKeM YOEIHTHCH, 4TO OHA OCTAETCA CIIPABEIIMBOM K 718 BEKTOP-
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Hbix BemmunH. HakoHnen, cCOOTBeTCTBYIOWAd TeopeMa CIpPaBeiIuBa U JJIH IPOU3-
BOJHBIX [0 BpEeMeHU, B 4eM MOXHO yGenuThes npocTeiM uddepeniuposainem
dbopmyant (25.1).

Cornacno (25.1) cpennee 3HaveHue 3 B
Touke P paBHO

%=%V/¢dv,

TA€ AN ONpeaeJIeHHOCTH Mbl Bynem CuTaTh,
YTO MHTErpall PAcIpOCTpaHeH 1o obvemy V
¢usudecku GeckomedHo MaJsoir cdepnt 110~
sepxuoctu S ¢ nearpom B P. Ilonobuo sTomy,

— 1
Vo= [wav,
VI
rme V' — ofbem pasHOBenuKol cdepbl mo-
pepxunocti S’ ¢ memtpom B Touke P’ (ma Puc. 31
puc. 31 uzobparkeHo ceyeHne 3THX CHep NEHTPANbHOMH MIocKocThI0). [ToaTomy
- _ fwdv ~ [yav
iap—_- lim ————T’bP'_¢P=-—1—lim V! 4 .
oz PP'w0 PP V dz—0 dx
Ho f YdV - f¢dV = f pdV — f Y dV, roe Vi u V- cyTh, COOTBETCTBEHHO,
Ve v vy v_

obbeMbi TIepeJHero M 3aJHEro C/IOEB, 3AKJIOYEHHBIX MEXJAy [OBEepXHOCTAMHE S
u S, Janee, npuieraomuii k snemenTy dS cdeps S anemenT o6bema dV, pasen

dVi =dS-dzx - cos(n, z) (cos(n, ) = 0),
rle N — BHEINHAS HOpPMAaJb K cdepe S, H, COOTBETCTBEHHO,
dV- = —dS - dzx - cos (n, x) (cos (n, z) < 0).
CrnenoBaTesbHO,
ij)dV—-f vdV = f yeos(n, z)dSdzx + f Yeos(n, r)dSdr =
Vy V. cos (n, )20 cos (n, z)<0
=dx f Yeos (n, r}dS,

rIe MOCJIeNHUI HHTEerpas PacIpoCTPAHAETCH 110 BCell MOBEpXHOCTH cdephl S.
Taxum 06pa3oM, OKOHIATENILHO 0JIy9aeM

6_(1 Pp = il;ftl)cos (n, z)dS.
C ppyroft CTOPOHHL,

B _1 o, 1,
o= V) axdv_vv tgrady-dV,

rge i — eJMHUYHBIN BEKTOP [0 OCH . BBHIY NOCTOAHCTBA 3TOTO BEKTOPA
igrad ¢ = div (ie)), oTkyna Ha ocHOBanuu Teopemnl [aycca (17%)

% _ L [avinav = L dmias = L
e V[dnv(xw)dV— Vzg(m)z,/)dS-. V;fz,bcos(n, z)dS,

4TO COBNAJaAET ¢ BhIpaxkenuem aus 0i/dx Taxum obpasoM, ypasHerue (25.2)
JIOKa3aHO.
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§ 26. BriBox ypaBHeHuii 1oJisi B JUNIEKTPUKAX
IyTeM yCpeOHEHUS MUKPOCKOIIUYECKOro IoJIsd

1. B pasButHe Hje#l, H3M0XKEHHBIX B HpeAblfylieM maparpade,
MBI IOCTABHM TeIephb 33/1a4y ITyTeM HeMoCPEICTBEHHOTO YCPEeTHEHMUS
YDaBHEHH HCTHHHOIO MUKPOCKONUYECKO20 TIOJS BHIBECTH YPABHEHHS
[LJIS CPEJHAX MAKPOCKONUNECKUT 3HAUEHHH, XADAKTEPH3YIOIIMX TOJe
Besuaud B, ¢, p U T. 1., T. €. BEIBECTH ypPaBHEHHs, IOy YEHHBIE HAMHE
HECKOJIbKO UHBIM yTeM B § 22. TIpu aTom MBI By/ileM MCXOMMTE U3 Tpes-
TIOJIOKEHUSA, YTO OCHOBHLIE YPABHEHHUS 3JEKTPOCTATHYECKOTO OJIST

E = —grad ¢, (10.2)
Vip = —divE = —4np (11.1)

CTPOTO CNPasedausst NJisi HCTHHHOIO MUKPOCKONUMECKO20 NOAR, ECTTH
O/, p IOHUMATH HCTHHHYIO MAOTHOCTS 3JIEKTPUYECTBA, OTANYHYIO OT
HYJIA JIHIIb BHYTPH OTAEILHLIX ATOMOB (BepHEE, BHYTPH 31€KTPOHOB
U AaTOMHBIX Aep) ).

2. U3 (25.2) HENOCPEACTBEHHO BBITEKAET, UTO CpEHEee 3HAYCHHUE
NEKTPHUYIECKOTO BeKTOpa E paBHO I'DaJUEATY OT CpeiHero 3Hade-
HUS MOTEHOHAJA o, T. €. 4To (10.2) ocraerca cnpasesIMBbIM K OIS
MAaKPOCKOIIMYECKHX BesnyHH. Y paBHeHue xe (11.1) npurumaer suj

VG = —divE = —4np, (26.1)

Te NoA p HaJo NMOHWMATh CpeJHee 3HAUeHHWe HCTHHHOM TIJIOTHOCTH
JIEKTPHYECTBA, T. €. CYMMY IJIOTHOCTER 3aeKTPUYecTBa CBOGOIHOIO

H CBA3aHHOI'O:
P = Pcs6x T Pes3u- (26-2)

O/HaKO MAOTHOCTH CBA3AHHOTO B AUWIEKTPHUKE 3JEKTPHUIECTBA OIpe-
JeJAeTCa ero nonspu3anueil, T. €. B CBOX oUepe/b 3aBHCHT OT HAIPH-

xenHoctH o E. Ilosromy ypasrenuem (26.1) ynobHo Gyaer modis-
30BATHLCHA JIMIIb B TOM CJIyHae, €CIH M3 HEro MCKJIOYHTH IJIOTHOCTD
CBA3AHHOTO 3JIEKTPHYECTBA, [ 4Ero HeOOXOJHMO OMpeJeaHTh 3a-
BHCHUMOCTD Pcpsy OT HANPSMKEHHOCTH moad E.

3. BeimenuM B AM3IEKTpHKE NTOBEPXHOCTBIO S HEKOTOPBIH 06h-
eM V', pazMepsl KOTOPOTO BENHKH II0 CPABHEHHMIO C PACCTOAHUAMH
MEX/IY MOJIEKYJaMH, M MPEeANIONIOKUM AMAsi IIPOCTOTHI, UYTO JUJIEK-
TPHUK COCTOMT W3 HENTPANBHBLIX MOJEKYJA H YTO CBOGOJHBIX, HE CBS-
3aHHBIX C MOJIEKYJIaMHE JHJIEKTPHKA 3apsi/ioB B o6beMe HeT. Boobe
TOBOPsi, TIOBEPXHOCTL S IepeceyeT HEKOTODPOE YHCJIO MOJNEKYJ Tak,

) Ipeanonaraercs, 410 3TH MEKTPOHH U Apa TIOKOATCH (3TeKTPoCcTaTHKA!).
HNusiMu crioBaMu, C TOYKHM 3pEHMs KJIACCHHYECKOH JIEKTPOHHON TeOpHHU, MBI JI0JI-
JKHB! [IOK3 OTBJIEYbCH OT JBHXKEHHS ITHX DJIEMEHTAPHEIX YacTHL, WJIH, BEpHEE,
OnpenesaTh cpedree no spemeny MHTepecyomux Hac BesmuuH. C TOUKM ke
3peHus KBAHTOBOH MEXaHMKH, ATOMbl B HOPMAJIbHOM COCTOSHMH JAEHCTBUTEIE-
HO IpPeACTaBAMIOT o060 CTAMOHADHYIO JIEKTPHIECKYIO CHCTEMY.
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yTO OJHH U3 3APAJOB STHUX MOJEKYJ OKaxXyTrcs BHE obbema V), a
JIpyrue — BHYTpH Hero. ITosroMy, HeCMOTpsi Ha TO, YTO KaxKJasd MO-
JIeKYJIa JUSJIEKTPUKA B [IeJI0M HefiTpasibHa, 0bmuit 3apsag obbema V,
a CTaJI0 OBITh, M CPEeJHAA JIOTHOCTDH IEKTPHUYECTBA B HEM, MOXET
0Ka3aThCsl OTJIMYHEIM OT HyJd. YTOOH ONpeNe/uTh BeIUYUHY ITOrO0
3apsa, 3aMeHNM i1 YIIPOIIEHU ST MOJICKYJIbl TU/IeKTPUKOB 3KBUBA-
JIeHTHBIMY TUTIOJISIMU ?pnc. 32) u paccMorpuM (pusnuecku GecKoHeY-
HO MaJiblit sneMenT dS nioepxHocTu S. CpenHsia BeKTopHas AiuHA |
Junosell, Haxopammxcs B (pusnyeckn GeCKOHEYHO MayIoM CJI0e OU-
a/leKTpHKa, npuieraolieM K dS, 6yaeT csga3aHa ¢ nonspusanueit P
atoro ciosi coorHomenueM (20.7)

P=) p=Np=Nel,
OTKyJa P

= 5o
Dnement dS nepeceder BCe TE AUIIONH, LEHTPHI KOTOPHIX DPacoyoO-
JKeHBl B IIPUJIEralomeM K Hemy cioe ronmussl {| cos (1, n)| (puc. 33).

Puc. 32 Puc. 33

O6bem sToro ciosa paseH dS - I cos (1, n)|. CnexosarensHo, uncio
,zmnwleﬁl) paccekaeMbiX aneMmenToM dS Hajapoe, paBuo NIdS X
x | cos (1, nal, abCoJIIOTHAA Ke BeJHYMHa, HEKOMIEeHCUPOBAHHOIO 3a-
paaa B obbeme V', COOTBETCTBYIOIET0 PACCMATPUBAEMbIM JHUIIONAM,
paBHa
|de| = Nel dS|cos (1, n)| = P|cos (P, n)|dS = |P,|dS.

IIpu sToM, eciu yroa Mexay P u n (n — enewnss Hopmais K dS)
ocTphlf, T. e. cos (P, n) > 0, To BHyTpH noBepxHOCTH S HaXOAATCS

1) Yueno MOJIEKYJI B MHKPOCKOIIMYECKH TOHKOM CJI0€ MOXKHO IIPHHATEH PABHBIM
NPOU3BENEHUIO UX cpelHero uucia N B eauHune o0bema Ha 00beM Cj10d JIHLIB
B TOM CHyd4ae, €CJTH PaCHOoNoXKeHHe MONEeKYJ NONYHHEHO 3aKOHY CJIy4aiiHOCTH,
KaK 9TO HMEET MECTO B ra3000pa3HbIX H XKHAKHX TelaX. B kpHCcTa/simyeckux xe
BEIECTBAX, e PaCOJIOKEHNE MONEKY CTPOro YIOPAN09YeHO, YHCIIO MOJIEKY N B
TAKOM CJIO€ MOXKET CYLIECTBEHHO 3aBHCETh OT IOJIO’KEHHsi TDAHMI] 3TOro CJIOS 10
OTHOMIEHHIO K Y3JIOBBIM TOYKAM KPHCTaJLIHYeckoi pemerxku. Iloaromy, crporo
TOBOp#, MPHBEAEHHBIA BBIBOA Gopmyns (26.3) B ciryyae TBEPABIX NHAJIEKTPHKOB
HYXXJ2eTCd B YTOYHEeHHH.
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OTpUIaTEIbHbIE 3aPsAbl PacCeKaeMbIX €10 aunoaei (de < 0), B npo-
TUBHOM ke ciayd4ae, npu cos (P, n) < 0, 3apsaasl monoxurennubie
(de > 0). Craso 6bITh, anrebpandeckas BeJIMYNHA HECKOMIIEHCHPO-
BaHHOro 3apaaa de pasHa de = —F, dS.

4. Yrobs1 onpegenuTh 06mui 3apsa e, HaxoJsmuiica B obbeme V,
JOCTATOYHO, OYEBUJHO, TIPOUHTErPUPOBATE IIOJIYYEHHOE BHIPasKeHne
110 BCeif PPAHUYHOMN ITOBEPXHOCTH 0bbeMa S; BOCIONb30BABIIUCEH 3a-
rem (17%), nonyuum

=— S=—-0QpdivP - -dV.
e SﬁPnd éﬁde dV.

C npyroit cTOpoHB!, GYEBUAHO, YTO

€= f Pepan AV,
14

z‘a,K 1){'1:0 OKOHYATeJILHO [IOIYyYaeM yiKe 3HaKOMyK Ham (opmyiy
21.2):
Pepan = — divP. (26.3)

Takum 06pa3oM, MJIOTHOCTH CBA3AHHBIX 3aPSAJ0B B JUSJICKTPH-
Ke OTIpefeJIsaeTcs AuBeprednueil ero nojasipusanuy. B yacrHocTH, ec-
Jiu P riocTostHHO, TO, pacCMaTpUBas, HAIPUMED, IOBEpXHOCTL Kyba,
JIETKO yCMOTpETh W HeMOCPEeJCTBEHHO, YTO NepejHss U 33JHsAd (10
Halpap/ieHui0 P) rpaHu 9Toro Ky6a nepeceKyT OJMHAKOBOE YHUCIIO
Jumosieit; osToMy ajirebpanmyecKas CyMMa 3apsijioB (a cTajlo GbiTh,
U CpejHAs IUIOTHOCTL JIeKTPUYEeCTBa BHYTPH Kyba) Gyner paBHa
HYJTIO.

Ormerum, uro, cornacuo (21.7),

divP = divaE = adivE 4+ Egrad o

", c1eoBaTeNsHO, div P U pepay MOTYT OBITH OTVIMYHBI! OT HYJIS JIUIIL
B TOM CJIy4ae, eciu JuieKTpuk HeogHopogex (grad a # 0), nubo ec-
mu divE # 0. Ilocrensee HepaBeHnCTBO, Kak cleayer u3 (6.5), o3Ha-
yaer (npu o = const), YTO B AMIIEKTPUKE HAXOAATCH CBODOAHbIE
3apsibl, HE CBA3AHHBIE C er0 MOJICKYJ/IaMU.

5. Cnpasegnusocts dopmyist (26.3) npeanonaraer, KOHEYHO,
HElIpepHIBHOCTL BeKTOpa P; Ha MMOBEPXHOCTAX K€ pa3pPhiBa CILIONI-
HOCTH 3TOro BeKTopa ¢dopmyia (26.3), cormacuo (6.7) u (6.8),
OPUHAMAET BH/JL

Ocpa = —DivP = _(P2n - Pln)7 (264)

[/I€ Ocpan €CTH CPEJHSAS IIOBEPXHOCTHAH IUIOTHOCTH CBSI3AHHBIX 3a-
PASOB Ha TIOBEPXHOCTH pa3pbiBa, a DivP — mosepxHocTHasA nusep-
rennus Bekropa P. Tak kak P pasno oE, T0 MOBEpXHOCTH pa3psiBa
3TOTr0 BEKTOpA, T. €. MOBEPXHOCTHHIE 3aPAAbl CBA3AHHOTO JIEKTDH-
9eCTBa, JOJDKHBI COBMaJAThH b0 C MOBEPXHOCTAMM pa3jesna JABYX
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cpej; (CKa9OK MOJISIPH3YEMOCTH (¢), MO0 C NOBEPXHOCTAMU Pa3pHIBa,
BekTOpa E; mocieaHne MOBEepXHOCTH, Kak ciaejayer u3 (22.8), B cBow
o4epe/ib COBMAJANT (IpU a = const) C MOBEPXHOCTHBIMU 3apAJaMu
€60600%020 371eKTPUYECTBA.

B cnpaBemymBoctn opmysst (26.4) MOoXHO yGeauThcst TaKxke
IIyTeM HeloCpPe/ICTBEHHOI0 PACCMOTDPEHUS PACIOJIOKeHUs AUIIONel,
UHAYIMPOBAHHBIX B MOJEKYJaX AMINEeKTPHKa. O4eBMAHO, 4YTO IO-
sIBJIeHNE IOBEPXHOCTHBIX CBA3AHHBIX 3aPsA/10B 06 bACHACTCA TEM, YT
3apsA/bl JUTOJIel, TPUJIEralomyX K IPOTHBONOIOXHBIM CTOPOHAM I10-
BEpXHOCTH Pa3phIBa BEKTODA IOJAPH3AIUH, He MOTYT B3aUMHO KOM-
NeHCUPOBATHCH.

6. Bosspatumca k ¢opmyne (26.1). BocnonssoBasumcs Gopmy-
samu (26.2) u (26.3), MbI MOXKeM ee 3aIUCaTh B WIEAYIOWEM BHJE:

diVE = 477(,5036,11, + IECBBH) = 47725@6,3, — 4w div Pa

Wi _
div (E + 47P) = 47Pcs6,-

9ro ypaBHeHHe coBlIauaeT ¢ (popMysioit (22.2), ubo B Heit mo ca-

MOMY €e CMBICTY 1107 E Hy»XHO OHUMATh Cpedn1oto HaNPsKEHHOCTD
MUKPOCKoTIHgeckoro noss E, a moa p — cpednioio 1w1oTHOCTS C60-
6001020 371EKTPUYIECTBA Pepy -
W3 (21.5) u u3 (10.2) HenocpeacTeeHHo c1eayeT cucreMa, judide-
eHIMAJBHBIX YPaBHEHUH MaKPOCKOIIMYECKOro IOl B AUS/ICKTPUKE
Fcnc'rema (A), § 22}, uro u TpeboBaNOCH HOKAZATH.

§ 27. [IBa Kuacca auaieKTpukos. KBazuynpyrue JunoJu

1. DToT ¥ ABa moCIEAYIOIWMX Taparpada Mbl TIOCBITHM MOJIEKy-
JIAPHOM TeopHH AMJIEKTPUKOB, KOTOPast II03BOJIAET CBA3ATEL CBOMCTBA
JU3JIEKTPUKA C €ro MOJIeKYJISIDHBIM CTpOEHHWEM, a TaK¥Ke OoIlpeje-
JIUTH 3aBUCHMOCTH JUSJIEKTPUYECKON IPOHUIAEMOCTH OT TeMIEpa-
TYPbl AUSJIEKTPUKA, €ro TJIOTHOCTA M T. J.

Hyxno paznuyaTh ABa poja WIM JBa KJACCA AUNIEKTPHUKOB
(¢ HefirpasIbHBIME MOJIEKYJIaMu): 1) JUAJIEKTPHKH, MOJIEKYJIBl KOTO-
PBIX TIOCTPOEHB! U3 TEKTPUUECKUX 3apPsA0B CTOJb CUMMETPUYHO,
9TO B OTCYTCTBHE BHEUIHEr0 JIEKTPUYECKOTO MO/ UX JJIEKTpUYe-
CKHUl JUMOJILHBIA MOMEHT paBeH HY/II0, M 2) IUIeKTPUKH, MoJle-
KYJIbl KOTOPBIX B OTCYTCTBHE BHEIIHEro NOIA 06J1a5a10T HeKOTOPHIM
oripefie/ieHHBIM MOMeHTOM Po. K mepsBoMy kiaccy oTHocATCA, Ha-
npumep, ra3el Ng, Ho, CO,, CHy, CCly B razoo6passomM u KHUIKOM
COCTOSTHMM M T. J.; KO BTOPOMY K€ KJacCy — Hampumep, rassl SQOo,
H2S, NHj3 u Takue )XUAKOCTH, KaK BOJa, HUTPOGEH30:1, 3¢hupsl, Opra-
HUYECKMe KUCIOTHI, B DOJBIIMHCTBE (ly4aeB obsiafarouire 60ab1roi
JU3IEKTPAYIECKON TIPOHUIAEMOCTHIO.
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2. Ilpn Hamwuuy BHewHero moias E Monekynbl OU3/EKTPUKOB
TIePBOr0 KJIACCA MOJIAPU3YIOTCS, T. €. CUMMETDHUs PaCHOMIOXKEHUs UX
3ap#Aj0B HapYIHAeTCs, U KaXK/1asd MOJIeKyJla IIpHobpeTaeT HeKOTOPHIi
IEKTPUYIECKUHA MOMEHT P, KOTODHI (IIpH He CIUIIKOM GONIBIINX TIO-
JIS1X) MPONOPIAOHAJIEH HAIIPSXKEHHOCTH TI0JIs:

p = BE. (27.1)

Koaddumuenr S Hocur HazBaHUE NOAAPUIYEMOCTIU MOAEKYA.

Yro KacaeTcs MojeKyJ BTOPOro KJacca, TO UX NMeKTPAYECKUIt
MOMEHT Pg TakxKe Oyler U3MEHAThCA I10J BO3AEHCTBHEM BHEIITHEro
nosist. OHako ropaso Gombliee 3Hadenue Oy1eT UMeTh MOBOPOT OCH
MOJIEKYJIBI 110 HATIPABJICHUIO TIONS 101 BO3/1efICTBUEM IPUJIOKEHHOTI'O
K Heil MOMeHTa CHJI:

N = [poE]

[cp. ypaBrenue (17.6)]. ITo cpaBHeHHIO C 3THM MOBOPOTOM OCH, T. €.
C M3MEHeHHEeM HANPAaBJICHUs BEKTOPa Py, U3MEHeHHe MOMEHTa, TIoj
BO3/IeIICTBYEM MO/ HUrPaeT IPAKTHYECKH BO BCEX (NIy4YasdX CTOJb

HE3HAYUTENILHYIO POJib, YTO MM MOKHO BOBCE NpeHebpeds ).

CooTBeTcrBeHHO 3TOMY MBI OyjseM B JasibHeillleM paccMaTpu-
BATh TONLKO JBA NMPEAE/NbHBIX CIy4ast: 1) MOeKyJibl, MOMEHT KOTO-
PBIX NPONOPIUOHANIEH HanpsikeHHOCTH Iosist B (ux Mbl 6yzem asist
KPaTKOCTH HA3LIBATH MOJIEKYJIAMH K6A3UYNPY2UMU ), U 2) MOJIEKYJIbI
C OTINYHBIM OT HyJIsl OCTOSHHBIM II0 BeJIMYMHE MOMEHTOM pp (ux
Mbl ByJeM Ha3bBIBATh MOJIEKYJIaMH meepdumi). JAusneKTpuky BTO-
poro kJjacca byayT noapobHee paccMoTpensl B § 29.

B cnydae kBasuynpyrux MolieKys HallpaBjleHHe MOMEHTOB BCEX
MOJIEKYJ1 apaJlieJibHO IIOJII0, |, cTasIo ObITh, u3 (27.1) cieayer, 4ro

p=) p=Np=NBE, (27.2)

rae N — qucio MoJiekyJi B eaunnne obbema. CpasHuBas ato ¢ (21.7),
Mbl NPUXOAMM K CJIEAYIOMIEMY COOTHOIIEHHIO MEXIY NOIAPU3YyeMO-
CTBIO JAUJIEKTPHKA, (¢ U TIOJAPU3YEMOCTBIO ero MOJIeKys [

o= NB. (27.3)

3. B ganpHeiimeM Mbl, KaK yKe YIOMUHAJIOCH, Oy/1eM MHOrAa, AJIs
YTIpOLIEHNsT 3aMEHATh PAaCCMOTPEHHe COBOKYIIHOCTH DeaIbHBIX MO-
JICKYJ1 JU3JIEKTPUKA PACCMOTPEHNEM COBOKYITHOCTH SKBUBAJICHTHBIX
UM AUNOJIEH TOro XKe MOMEHTa P.

B ToMm ciydae, Koraa MBI UMEEM JeJI0 C «KBa3UYIpyTUMHUy MOoJe-
KyJIaM¥, MOMEHT 3KBHUBAJIEHTHOrO IMIIONs ONPEJeIUTCs Ha OCHOBA-
Huu (27.1) dbopmynoit

p =el = BE. (27.4)

1) 3a uckmouennenm Gricrponepemennbix nonelt (cm. § 101).
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B yacTHOCTH, NpM OTCYTCTBUM BHEIHErO N0 JJIMHA JUIONS
JOJDKHA 0DPaIIaTECA B HYJb, U 3apAABI €ro JO/DKHEI B3aUMHO Hell-
TPaN30BaTLCHA, PA3BUrasiCh JIMIIL IPY HAJIMYUY BHEIIHETo 1o E.

JIumop, MOMEHT KOTOpOro TIPOTIOPITMOHAJIEH MOJI, HA3BIBALTCS
Junoaem xKeasuynpyeum, moroMy uro dopmyia (27.4) paBHocuibHa
NPeTIOIOKEeHIIO, YTO MeXK Y 3apsAiaMy JUNOJs JeCTByeT KBasHyI-
pyras Cwia B3aMMHOro nputrspkenuss F' = 3¢, nponopuuonanbHas
PACCTOAHUI) | MeXJY 3apsaaMu.

JeitcreuTenbao, moMuMo F, Ha KaXX/ABIH 3apsj jJeficTByer cuia
BHEIITHEro nojia teF, Koropasd AOMKHA ypaBHOBEIIHBATL cuiy F.
Crano 6bITh, JIAHA KBA3UYNPYTOTo MUTONR AO/DKHA ONPENEIATHCA
COOTHOIIIEHUEM

ul =ek,
T/ie 3 — Mepa, YIPYTUX CUJI WIH «KOo3hPUUMEHT YIPYTOCTH» [TUTIONS.
TakuM 06pa3oM, MOMEHT JUIONS JOJKeH ObITh paBeH

2
p=el=%F,
»
4TO coBmajaer ¢ (27.4), ecan MOJIOXKUTH
2 2
B=%, x=%. (27.5)
e B

4. B nefiCTBUTEILHOCTY KaXJas MOJIEKyJla NPejCcTaBJisieT coboro
CJIOXKHYIO JUHAMUYECKYIO CUCTEMY 3apAJOEB, TOAYHHAIIIUXCA KBAH-
TOBBIM 3aKOHOMepHocTsaM. OJHAKO B MHTEPeCYIOIUX HAC OTHOLIe-
HUSAX 3TH MOJIEKYJIbl SKBHBAJIEHTHLI IIPOCTEHIIIe S/eKTPOCTATHIECKON
MoJe/I — 3j1eMeHTapHOMy aunodio (cum. § 20). s Toro 4Tobni 3aBu-
CHMOCTB MOMEHTa, SKBUBAJIEHTHOTO JIUTIONS OT BHEIHEro mojs 6ouia
TAKOM »Ke, KaK M 3aBUCHUMOCTL OT HEr0 MOMEHTA Dea/lbHOM «KBa-
BUYIIPYTO» MOJIEKYJIbl, HY>KHO IOMYyCTUTH, YTO MEXJY 3apafaMu
3TOr0 JAWIOJsS JefCTBYIOT HEKOTOPHIE CHMJIbI HEeIeKTPOCTATHYECKO-
0 NMPOUCXOXKJAEHUH, KOTOPLIE 8 COBOKYNHOCMU C KyJIOHOBHIM TIPH-
TsDKeHUEeM STHX 3apsSA0B OKA3LIBAIOTCS IKBUBAJEHTHHIMU KBA3WyIl-
pyroit cuite. Corstacao Teopeme Mpumroy (cum. § 19) nums seenenue
I0/106HBIX HENTEKTPOCTATHYECKUX CHUJI, COOTBETCTRYIOIIUX IIOHITHIO
CBA3ell aHAMUTUYECKO! MeXaHUKH, MOYKET 06eCIieYuTh YCTORYMBOCTh
MEKTPOCTATHIECKON MOIRIN MOJICKYJIbI.

§ 28. Onune nedCTBYOLIEro HA JUIOJb ITOJIS
OT CpEaHEro 1)

1. B npeppinymenm naparpade npu BbiBoje cooTHolneHus (27.3)
MBI HESIBHO JOIMYCTH/IM HEKOTOPYIO HETOYHOCTh. A MMmeHHO, B (27.2)

P = Np=0oE (28.1)

1) Ipu 1IePBOM WTEHHH 3TOT Naparpad MOXHO OILYCTHTb.
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MBI JOJIXKHBI, OYEBHJIHO, IOHUMATh 0] P cpedHtti MOMEHT QUIIOJei,
Haxoaamuxcsa B ¢pusndecku DeCKOHEYHO MaJIoM obbeMe JUIeKTpU-
Ka, a 1o, E — HaIpsKeHHOCTh cpedHezo MAaKpOCKONUYecko20 NOJs.
Yrobp1 monyunrs dopmyny (27.3

a=Npg,
Mb1 BHec B (28.1) coornomenue (27.1)
p = PE,

CIpaBeIJINBOe A OTAETLHOTO JUnois. CleqoBATEIbHO, MBI HeABHO
AOIYCTHIIM, 4YTO 3TO NOGJIegHee COOTHOUICHHE OCTaeTCH CIIpaBel -
BBIM U JJIE CBA3H MEXKJy cpedHum MOMEHTOM IHIONS U cpedwel
MaKPOCKOTIMYeCKOi HaNPAKeHHOCTHIO TIOJI.

Mexny TeM, no omnpeaesienuio, 3 ects K0aghUIMeHT IIpoIopIy-
OHAJBHOCTU MEXIY MOMEHTOM SKBUBQJICHTHOrO MOJIEKYJe JUIOoJNS
M 3JIeKTPUYECKO CUIoi, NeiCTBYIOUeH Ha ero 3apsjbl. JTa CHia
OIpenelsieTCs HAlPSXKEHHOCTHIO eHewstezo (10 OTHOUICHHIO K JaH-
HOMY JMIIOJII0) 3/IeKTPUYECKOrO TOJIs B MECTE HAXOXKJEHHs AUIOJH,
WM, KPATKO BBIPaXasdch, ¢ yeumpe aunons. Crano 6bITh, cpeunit
MOMEHT Jaunosiei Josked ObIThL paBeH

p = BE, (28.2)

rae E' ecth cpednas HaNpssKeHHOCTDb NOJA B TOUKAX PACIOJIOKEHUS
yenmpos dunoaeli, i IPUTOM IO, 8HeUwHe20 TI0 OTHOLHEHHUIO K Ka K-
JIOMY oTaeabHOMY aumnonio. Mexay teM mox E nonumaercs cpep-
HAA HANPSKEHHOCTh IIOJIA B JU3IEKTPUKE, IIPY BBIYUCICHUU KOTO-
poil YYHTHIBALTCA TIOJIe 6CeT OUTIONEH BO 8Cex TOYKAX JUNISKTPUKa,
a HE TOJBKO B meHTpax munoneit. OueBunno, uro E’ byzaer, Boobme
roBopsi, omindarbes oT B u uro dopmyny (27.2) HyxHO 3aMeHUTH
dopMmy.oit
P = Np = NgE’

Tax kak B, ouesnano, nponopuuonansuo E, 1o ocHosHOE ypas-
ueHre (21.7), KOHEYHO, ocraercss B cuje, OJHAKO NOJISIPU3YEMOCTb
eAMHUNB! 06'beMa [uaieKTpuka o He pasHa N . O6o3uaqas koaddu-
IMEeHT NOJIAPU3YeMOCTH, BHIYMCICHHbIH 6e3 yuera ovmuusa E' or E,
yepes ap:

ag=NB, P=oFE, (28.2")

MBI [IOCTABUM 3aJa4y HaWTH 3aBUCHUMOCTH MEXJIY U O, A 9ero
B CBOIO O4epenp HeobXomquMo HaiiTu 3apucuMocTs Mexiay E' u E.

2. Yrobb! OIpeiesTUThL HAaNpsXKeHHOCTh osis E' B 1ieATpe Kakoro-
saubo gunonsa O, onuiiem u3 sroro nenrpa chepy S dbusngecku bec-

KOHeyHo masoro paauycal). ITose E' B Touke O 6yjer ciararscs,

1) PesysasTat BBIYHCTIEHAsA, OYEBHIHO, HE MOXKET 3aBUCETH 0T POPMHBI [1I0BEDPX-
socth S Cdeprueckas ¢opma BeIOpaHa HaAMH JIHIOE AN YA00CTBA BEYHC/ICHMI.
P P
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BO-IIEPBBIX, U3 nojist K| Bcex 3apsAmoB, pacloioxeHHbIx BHe cde-
pol S, ¥, BO-BTOpLIX, u3 nosig Ky 3apamos, sexamux BHyTpH S, 3a
UCKJIIOYEHHEeM 33apsiJoB caMoro aunons O.

Ecnu 661 Mpl BHIpE3asi¥ ¥ YOAJIMIA U3 AuMs/eKTpuka chepy S,
TO TI0JIe B obpa3zoBasieiica chepuyecKoil mojocTu U 66110 OB, 04e-
BUAHO, pasio nomw Ej. Ilockossky 3apsgsl, Bo3byxkJawmuye 3To
moJie, HaXoadarca sHe cdepst S, npu onpeneserun Ky MoXkHO TIpeHe-
fpednh ATOMHCTHYECKOUH CTPYKTYpPOil JU3IeKTPHKA M 3aMEHUTD COBO-
KYITHOCTB €ro MOJIEKYJ1 HeIPEPBIBHO PACTIpe/Ie/IeHHBIM TI0 ero 06LeMy
MEKTPUYCCKUM MoMeHTOM morHocru P. Ilanee, nockoibky cde-
pa uMeer ¢usnyeckn BeCKOHEYHO MaJjple pa3Mepsl, nouspusanusd P
OKpYKalomiero cdepy AUIEKTpUKA GyaeT NOCTOSAHHON 110 BeIMYNHe
" HanpasJenn. Vtak, E1 paBHO Hampsi)XeHHOCTH 1o/ B cepude-
CKOIf IIOJIOCTH, BBIPE3aHHOH BHYTPH PABHOMEPHO I10JIAPU30BAHHOIO
JusneKTpuka. Jlo ypaneHus cdepsl 1mojie B paBHOMEDHO NOJIAPU30-
BaHHOM JM3JIeKTPUKE OAHOPOJHO M PaBHO CpejiHell HANpSXKeHHOCTH
Makpockonugeckoro nojis E. Ilo ynanenun ke cdepsr S u3s aroro
NoJisi, OUeBHUIHO, BHIYTETCS TOJIe PABHOMEPHO TIOISIPU30BaHHON cde-
phl S, HAPSIXKEHHOCTh KOTOPOro, cornacHo (24.3), pasna —*;7P.
Crano 6siTs,

E,—E— (~§np) —E+ ng. (28.3)

Taxum obpazom, none E; nocroauHo no scemy obbeMy cdepst S u
HE 3aBHCUT OT ee AUaMeTpa.

Yro ke kacaerca senuuuHbl E'| KOTOPYK Mbl IS KPATKOCTH
HA30BEM HANPAXKEHHOCTHIO «IeHCTBYIOIEr0 HA JUNONLY HIHA «3-
GHEeKTHBHOrO» TEKTPHYECKOTO 0N, TO OHA, COTJIACHO H3JIOMKEHHO-
MY, PaBHa

E'=E, +E;=E + %wP + E,. (28.4)

Taxum obpaszom, 3anada onpejenenus ddexrupnoro moias E
CBOAMTCA K 3ajade onpejie/iedus cpeanero nois Eg, Bo36yxgaeMoro
B IeHTpe aunois O NpovYMMHM 3apsigaMu, JIEXKAIMUMH BHYTPH che-
psl S. HanpsiKeHHOCTb 3TOr0 MOJIS MOXEeT CYIIECTBEHHO 3aBHUCETH
OT CTPOEHUS JAUIIEKTPHUKA, — B YaCTHOCTH, OT B3aMMHOr0 pPacHoio-
JKEHHUsS ero Jumojieil, — ¥ MO3TOMY, CTPOrO TOBOPs, HUKAKOM YHHU-
BepcanpHaoil 3asucuMoctd Eg ot 8, N u E ne cymecreyer. Onnako
TIPH HEKOTOPHIX IPOCTEAINX TIPEANIOJIOKEHUAX O CTPOSHUH JUIICK-
TPHUKa, KaK MBI ceifyac moKaxkeM, riojie Eg OKa3bIBaeTCH pPaBHBLIM
HYJTIO.

3. Beenem aexaproBy cucreMy KoopauHar ¢ meatpoMm B O. Co-
riacHo (10.4), crararomas E, nosnst, Bo36yxjaeMoro B Touke O oT-
JeMbHBIM AUIONeM, 0DJIa aNMM KOOPAUHATAMY T, ¥, 2, PaBHS

E. — 3(pR)xz — p.R® _ p(22% — 3y — 2%) 4+ 32(p,y +p:2)
T Rs - RS )
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Crano 6siTh, cnararomas mo ocu z nous Eg 6yger paBHa

. z2 —y? z? — 2° 2y 2z
Eyp = E PzT + E Pz——R*g—+3 E Pyﬁg +3 E pzﬁ,
(28.5)

rfle CyMMHpPOBaHHE JO/KHO PACIPOCTPAaHAThCA Ha BCe JUIONIH, Ha-
Xoastipecst BHyTpHU (usudecku Geckonedno masoi cdepst S (3a uc-

KJIIOYeHUeM AMNOJIsA, HAXOJAIerocs B ee MeHTpe) 1).

JonycTuM, 4TO AUNONM AU3JIEKTPUKA PACIIOJIONKEHBl IO Y3JIaM
KyOu4eckoil ipOCTPAaHCTBEHHOM peilleTKU. B 9ToM c1y4yae MOMEHTEHI
p Bcex gunoneit BHyTpH ¢usuyecku beckoHeuHo Matoit cepnt S Gy-
YT OJMHAKOBBI TI0 BEJMYMHE U HANPABJIEHUIO, U B (opMyste (28.5)
MOXKHO BBIHECTH Pz, Py U P, 3a 3HaK cymMsl. [Ipusesem ocu xoop-
JUHAT Z, Y, Z B COBIAJEHME C IVIABHLIMU OCAMHY KpHCTaUia. Ecau
KOOPAMHATH! KaKOTO-IM00 U3 JUMoiel, eXKaIlero BHYTPH S, paBHbL
T =a,y=~b, z=c, To BHYTPH S HaiigeTcs TakxKe JHTIONE € KOOp-

JuHaTaMu z = b, y = a, z = ¢. Orciona ciefyer, 4To Y, ﬁ—Rs—y =0.

Kpome Toro, BHyTpH S Haiijlercss Tak»Ke U JUNOIbL C KOODAUHATAMU
x
z = ~a,y = b, z = ¢, OTKya ClIeJyer, 4TO Y R—z =0, u 1 g Takum
obpa3oM, B 3TOM CIydYae, aeficrBuTenbho, By = 0.
Tot xe pesynsrar (E; = 0) mosyuurcs u B CJIy4ae COBEpILECH-

HO 6ecriopsiIOYHOr0 PACIIOIOXKEHUs MOJIEKYJ JUIEKTPHKA (ra3o06-
pa3HbIA JUAIeKTPUK ). [IeHCTBUTENBHO, eI BCe MOJIOXKeHUs JIio6ok
BBIJIC/ICHHON MOJIEKy/bl BHYTpH cepbl S PaBHOBEDOSATHBI M HE 3a-
BUCHT OT TIOJIOXKEHUs JPYTrUX MOJIEKYJI, TO CpejHee 3HAYeHHue Nojis
060it MoJIeKyIIsl B eHTpe cdepsl O pasro Hyo 2) . HyxHo, onna-
KO, UMeTb B BUAY, YTO TPeIIoIoKeHHe 06 OTCYTCTBHM BCAKOM KOp-
pelianuy MeXJy INOIOKEHUSMU Da3iMuHBIX MOJIEKYJl PAaBHOCUIILHO
npenebpekeHnio: 1) KOHEeUHBIMH pasMepaMy MOJIeKYJ ¥ 2) AUNOJIb-
HBIM B3aUMOJEfICTBHEeM MOJIEKYJI ADPYT C APYIOM.
4. TIpu E3 = 0 dbopmysa (28.4) npuanMaer Buj

E=E+ %wP. (28.6)
Buocs sro B (28.2'), nonydum

P=oE =E+ g TP,

1Y Ecm IIpH Onpeae/leHHH cpeaHero 3HadeHns Ko yunreiBaTh noje ecexr guno-
Jieff, HAXOAAMAXCHA BHY TPH c£epb1 S, BO gcex Toukax 3TO# cdephl, a He TOIBKO
B uenrpe nunons O, To 3To cpeHee 3Hauenne E2 oKakercs, OYeBHAHO, PaBHBIM
—*;7P, rak gro E; + E2 6yger pasro E.

%) 310 yTBEDKIeHHE CUPABEAJIUBO TONILKO AT cpeduezo nosa. PakTH4eckH,
none E; B cucreMe ClIyqaitHO PacrioIOKeHHbIX JUNOIEH ONHCHIBAaeTCH dyHKIme
paclupeeneRna KOHEYHOH IIMPHHEL, HEeBTPHpoBaHHON npn Fy = 0.
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OTKY/3, N
0
= K =aFE
1-(4/3)mao E=akE,
H, CJIeI0BATENBHO, o
=20 28.
1—(4/3)map (28.7)

TaxuM o6pazomM, ToT akT, 9T «aeiicreyromee» noie E' orioua-
HO OT cpenuero nonist B, cka3pigaercs JUINb Ha YACIOBOM 3HAYEHUU
K03 dUINEHTa TOMAPU3YEMOCTH JUIJIEKTPHKA. B 9acTHOCTH, COOT-
HONIEHNE MeXJY AUIIeKTPUYECKON IIPOHUIIEaEeMOCThIO U TOCTOAHHOH
oy nostyaures u3 (22.5):

4map
= 4 = e ——
e=l+dra=1+ 1—(4/3)wap’
OTKYJIa _
e-1 _ é77010. (28.8)
e+ 2 3

Ara dopmysa u dbopmyna (28.6) HazbBawTCa Popmyaramy Jlopery-
Jlopervmua. Broca B (28.8) 3nauenue o u3 (28.2'), nonyuaem
e _doNg. (28.9)
e+2 3

Ilpu ap <« 1 (1. e. npu €, GAU3KOM K eJUHULE) (@ MOXKET OBbITH
NPUHATO PABHBIM O, a E' pasupiM E, ¥ Mbl Bo3BpamaeMcs K Tpex-
HUM hopMyJsiaM, KOTOpbIE, TAKMM OOpa3’oM, OKa3bIBaIOTCs BIIOJIHE
CIPaBeAJIMBLIMYA ISl CJIABO0 TONAPU3YIOIIUXCH IUIIEKTPUKOB. ITO U
TIOHATHO, 100 B €160 MONAPU3YIOMIUXCA TUAIEKTPUKAX BJIUSHUE U~
nojielt Jpyr Ha Jpyra CYUIECTBEHHOH DOJIM HE HIPAeT. Mexay Tem
orimuue E' or E 0ByCJIOB/IBAETCS, B CyUIHOCTH, MMEHHO B3aHMO-
JeficrBueM auIioNiell AMANIeKTPUKA, YUYUTBHIBAEMBIM BTODHIM WIESHOM
dopmynst (28.6). Eciu N cpaBHUATENBHO MaJo (HapuMep B rasax),
TO (¢ MOXKET ObITH NPUHATO PABHBIM (Xg.

5. Cneacreus, BblTekalomue u3 ¢opMmyssl Jlopern—Jlopenria,
OyayT paccMOTpeHB! B § 29, moka JKe Mbl OTMETHM eme pas, 4To ee
BLIBOJ OCHOBaH Ha psje AONYIIeHWi u npeHebpexeuuit. B vacrno-
CTH, TIpY 3aMeHe TIO/IA OTHEJILHONW MOJIEKYJIbl MJIM ATOMa, TU3JIeKTPHU-
KA, [O/IeM SKBUBAJEHTHOTO aunons [dbopmyna (28.5)] Bosce He Bulio
YYTEHO, YTO 3TA 3aMeHa 3aKOHHS JINIIb Ha PACCTOAHNAX, SHAUUTE b
HO TIPeBLIIAIIUX pa3mepsl aroMa (cM. § 20), Torja Kak B TBepAbIX
U KUJKUX JUIEKTPUKAX DACCTOSHHUSA MEXJIYy CMEXHBIMH aTOMaMu
CpPaBHUMEI C Pa3MepPaMHi 3THX aTOMOB.

Taxum 06pa3oM, U3 TIPEABIAYINEr0, B CYUIHOCTH, C HECOMHEHHO-
CTBIO BBITEKAET TOJILKO HEOOXOMUMOCThL YYUTHIBATL PAa3/iMdMe Mex-
Ay CpesHnM MaKpOoCKonmdeckuit nosiem B u cpeanum adppexrupaniM
nosem E’. Yro xe kacaerca dopmysisl Jlopedu-JlopenTia, To, X0oTs
CIIPaBETUBOCTD €€ CTPOro JOKA3aHa JIMIL IPU BEChMa CHelHMaJib-
HBIX IIPEJIIONIOKEeHNAX, BCe XKe OHa, KaK Mbl yBUIuM B § 29, Xopoiro
ONIPABJBIBACTCA Ha ONBITE B IPUMEHEHUH K YKUJKUM JUIEKTPUKAM

5 U. E. Tamm
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¢ xeazuynpyeumu Junosamu [B ra3000pa3HbIX Cpefax £ HaCTOJb-
k0 6iu3ko k 1, yro (28.8) mpakTHyecku He oTyIMYHMO OT (22.5) ¢
o = 0[0].

O nenpumenumoctu dbopmyist Jlopern-Jlopenria kx juanekTpu-
KaM C TBEPABIMU JUIOJISAME CM. CIeLyromuii maparpad.

§ 29. [Tonapu3anma AUNIEKTPMKOB, MOJIEKYJIbI KOTOPBIX
00J1a1af0T HOCTOSIHHBIM NIEKTPUYECKUM MOMEHTOM.
3aBHCHMOCTD OUNIEKTPUUECKOH IPOHHUIIAEMOCTH

0T TeMHOepaTyphbl

1. Kak yxe ynoMuHasock B § 27, eciu MOJIeKyJIib! AUIEKTPUKA, U
B OTCYTCTBHE BHEIIHEr0 To/ist 00/1aJa10T IEKTPUYECKIM MOMEHTOM
Do, TO M3MEHEHHEM 3TOr0 MOMEHTa TI0J BO3JeHCTBHEM NOJis MOX-
HO mpenebpeds. [longpuzamus aussieKTpuka 00yCIOBIUBAECTCH TEM,
YTO CHJIbI QIEKTPUYECKOr0 TIOJS CTPeMsITCA MOBEPHYTH OCH MOJIEKY.JI
[0 HAIPaBJEHUIO BeKTopa E, T. e. cTpeMdaTcs ynopsifoYdTh OpUEH-
TAl[UI0 JIEKTPUYECKUX MOMEHTOB MOojeKy/a. OMHAKO NOISpPU3AIUs
JUIEKTPUKA HE CPa3y JOCTUTaeT MaKCUMYMa, COOTBETCTBYHJIIEro
YCTAHOBKE BCEX MOJIEKYJI 110 HAIpaBJEHUIO TTOJIHA, & BO3PacTaeT Npo-
nopunoHastbHo nomo E; ubo becrmopsijouHoe TemsoBOe IBHMXKEHUE
(B wacTHOCTH, BpalEHHE) MOJIEKYJl W UX B3aMMHbIE CTOJIKHOBEHHS
CTPEMSITCs HapYIIUTh yNOpsiOYeHHOCTh ODUEHTAIlUd uX oceil, T. e.
CTPEMATCH JenOJIAPU30BaTh JUSNEKTpUK. Taxum obpasoMm, daxTu-
YecKad NOJISTPU3ays ONpEAesieTCa COOTHOIIIEHNEM MeX 1y yIIopsa10-
YXBAOMIUM BO3JIEACTBUEM TI0/Is ¥ IPOTUBOTIONOKHBIM BO3IEHCTBHAEM

\E TensioBoro asmxenusi. O4eBUIHO, YTO

| NOJIAPH3AMUA JAIEKTPAKOB  ITOTO
KJacca 6ymer pe3ko maJlaTh C TIOBBI-
LIEHNEeM TeMIIEpaTypPHL.

2. Ilycte B enurune ofbema
JV3JIeKTPHKa copepxkurca N Mo-
JIEKYJI C TIOCTOSIHHBIM 3JIeKTpUYe-
CKMM MoMeHTOM pg. OmumeM oko-
JIO TIPOM3BOJIBHON TOYKU IHAJIEKTpU-
Ka cdepy pajuycoM, DaBHBIM eju-
HHIE, U BBeJEeM Ha Hell Iosiadap-
Hble KOODAMHATHL ¥ — HONSAPHbBIN
yrojg H « —J0JroTa, BHIOpaB 110-
JIIPHYIO OCh TIapaJulebHol BeKTopy E.
Hanpassieune MOMeHTa Py TIPOU3BOJIL-

Puc 34 HO# MOJIeKYNsl OyneT XapaKTepu3o-

BaThCd KOODAMHATAMH ¥ M  «CiIena»

OCH 3TOH MOJIKYJIBI Ha eJMHUYHON cdepe, T. €. KOOPAUHATAMH TOYKHA
repecedyeHrs TOBEPXHOCTH 3TOi chephl C IPOANIKEHHEM OCH MOJie-
kysnl (puc. 34). Eciu 61 nome E 0TCYTCTBOBAJIO, TO OCH MOJIEKYJI
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6b1 651 pABHOMEPHO PACIIPEE/IeHbl 1I0 BCEM HAIPABJICHHAM. DTO
3HAYUT, YTO YUCIO MOJIEKYJI, C1el] OCH KOTOPBIX JIEXUT Ha JaHHOM
3JIeMeHTe elMHIYHOI cdepbl, 66110 6b1 IPOTOPIUOHATIBHO 3TOMY 3J16-
MeHTy. B wacraocTH, yncno dN MoJseKkys, DOMSIPHBINR yroJt ocelt KoTo-
PBIX JIXKHUT B ipesenax oT ¥ jo ¥ + df, 1. e. ciiesibl KOTOPHIX JIEXKAT
Ha, IIIAPOBOM TIOsice TOBepXHocTH 27 sintd di, 3aK/II04EeHHOM MEXIy
JBYMs TIapaJulebHBIMU KpyraMu ¥ u ¥ + di¥, 10/0KHO 6BITH PaBHO

dN = csind d9, (29.1)

rie ¢ — HEKOTODBI MOCTOAHHEBIN K03 hUIIUeHT.

g Toro 4T06B! ONpeaeuTh paclpejeieHue oceil MOJIEKYJI TIPU
HAJIMYUY OPMEHTHUDYIOWEro UX BHemHero nojid E, Heobxonumo npu-
BersyTs K U3BECTHOI TeopeMe CTATUCTUYECKON MEeXaHUKH, TaK Ha3bl-
BaeMoit meopeme Boavuymara. Teopema 3Ta IIACUT: B YCJIOBUAX Tep-
MOIMHAMUYECKOTO PAaBHOBCCHS 3aKOH pacClpejesieHUs MOJIEKYJ IpHU
HAJIMYNM KOHCEPBATHUBHOI'O NOJIs CHJI (B HAIlleM CIydae — IOJs JIeK-
TPOCTATUYECKOr0) OTJIHYAeTCA OT 3aKOHA UX DACIpeieieHUs B OT-
cyTcrBue sroro nois mEoxkuresem e~U/*T rre U — norennmansras
SHEPrus MOJIEKYJIbI B PacCMaTpuUBaeMoM Iione cui, 1 — abcomror-
Hasl TEMIleparypa, a k — YHHBepCaJlbHasl NOCTOsiHHAs BosbiMana,
paHas 1,38 - 10716 spr/K.

B mamem wryyae noTeHIMANbHAS JHEPTUA AUTIONLHON MOJICKYJIb]
B IEKTPUYECKOM TI0JIe CHJI PaBHa, coryiacHo (15.8),

U = —poFE cos 9.

Crano 6bITh, pacnpeje/ieHHe MOJEKys olpefenurcs seuay (29.1)
ypaBHeHHeM

dN = c exp ?-U%—;—?—S—lz sind dd = ce® >’ sin do, (29.2)

rae dN — 4ucao MosiekyJi, YIJIbl OCeit KOTOPBIX C HAITPaBJICHHEM T10JIs
JexaT B npegeiiax Mexay ¥ u dd, u rae BBejeHO 0D03HaueHue

E
Doty (29.3)
kT
Taxum o6pa3oM, OTKJIOHEHHE pacupeiesieH!sd MOJIEKYJT OT paBHO-
poE cos ¥

MEpHOro, onpejenseMoe (HaxTopoM exp , TeM bBoJbllie, 4yeM

GOJIbIIIe HAIPSI)KEHHOCTh MOJIst U Y€M MEHbBIe TeMIEPaTypa. JTO U
NOHATHO, HOO C TIOBBILIEHNEM TeMIIePATypPbl PACTeT SHeprus TeIlio-
BOrO [BIDKEHUsI, HAPYLIAIOIIEro YIOPSA0YeHHOCTL PACTIpejeIeHH.
3. B razax u B pa3sfaB/IeHHBIX PACTBOPAX JUNOJBHBIX XKHIKOCTEH
MOKHO COBEpIIIeHHO NpeHebpeds pasHUIel MeX Ay JeliCTBYIOIMM Ha
qnons nonem E’ (cm. § 28) u cpeguuM Makpockonmyeckum moseM E.
IIpu HOpMaJBHBIX TeMIepaTypax BeJUYUHa ¢ BO BCeX MPaKTHYECKH

AOCTYIHBIX BHCUIHHX TIOJIAX 1) OKa3bIBaLTCA 3HaYUTE/IILHO MeEHbIIe

1) O monexynsipHEIX ONAX CM B KOHIE naparpada.

5%



132 JUINEKTPUKH I 1

eqUHALLI. BBHIY 3TOr0 MOXKHO ¢ JOCTATOYHOM TOYHOCTHIO 3aMEHUTh

dbakTop €25V nepBLIMU ABYMSI WIEHAMHU €r0 Pa3JIoKeHUs B Psj 110
crenensM a. IIpn sTom (29.2) npumer Bug

dN = ¢(1 + acos ) sind dd (a < 1).
KoadpuiseHT nponoprnuoHaIbHOCTA ¢ MOXKHO ONPEJAEJUTh B3 TOTO

YCIIOBHA, 9TO 001Iee YUCAO BCeX MOJIEKYJl B eIMHUIE 00beMa, JOIKHO
paBHATLCA N:

s
de = /c(l +acosd)sinddd = 2c = N.
0

CanenoBarensuo, (29.2) MOXHO OKOHYATEJLHO 3allUCATH TaK:
dN = .;- N( +acos?)sinddd (a<1). (29.4)

3Has, TakuM 06pa30M, pacnpeiesieHre oceil MOJIeKyJl 110 HallPaB-
JIEHHSIM, HETPYAHO OIPEEIUTh U UX pPe3yJIbTUPYIOIU 3/IeKTpuYe-
CKUIl MOMEHT, T. e. NoJgpHu3aiuio auanekrpuka P. Bekrop P 11a-
paJsutesien HanpsikeHHOCTH nouist B, osTomy auciroBoe 3HadeHue ero
JOJIKHO PaBHSITHCSL CyMMe ITPOSKITHI MOMEHTOB Bcex N MOJIEKyJsl Ha
Harnpapyienue K. O6muit MoMenT Tex dN MOJIEKyJl, OCH KOTOPBIX Jie-
x)ar Mexay ¢ u ¢ +dd, pasen pg dN, a npoeknus 3TOro0 MOMEHTa, Ha,
uHanpasienue E pasuHa pgdN cos?. CiefoBaresibHO, NONAPU3ANTS
AuasiekTpuka P paBHa

w
P=/P0COST9dN= %poN/cosﬂ(1+acosq9)sim9dz9 = %Npoa,
0

WJIH, 110 BHECEHUHU 3HaveHus a u3 (29.3),

2
=0 p_ 4, (29.5)
3kT
e ,
o= Nro (29.6)

3kT
Cnelyer 3aMeTUTD, UYTO TIPUBE/IeHHbIe BHIYHCISHHS BEPHBI C TOYHO-
CTLIO A0 BTOPOrG HOpAAKa II0 napaMerpy ¢ BKJIYHUTENLHO, a He
JI0 IepBOro, KaK Ka)KeTcs Ha Nepsblil B3nal. JeficTRUTenbLHO, ecau

B pasyoxeHnn HyHKIuA ce®? coxpanuTh KBaJPATHYHBIE WIEHHI,
a 3aTeM OBGLIYHBIM CIOCOBOM BEIYHCINTH HOPMHUPOBOYHYIO NOCTOSH-
HYI0 ¢, TO BMecTo dopmynnt (29.4) mosyunrcs

_ N a? cos? 19)
2(1 + a%/6)
UJU C TOH K€ TOYHOCTBLIO
dN=%N(l+acosﬂ+%a2cos219—%a2) sind dv (a<«1).
(29.4a)

(1 +acosd + sind dd,
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TToce 3TOr0 B BblpaxeHUn Aus P 1obaBUTCH MHTerpas
w
1 .
%poN/cosﬂ(E a® cos® 9 — -16 az) sin ¥ d¥,
0

KOTODBIH, 04eBHAHO, OGPAINAETCH B HYJIBb 1) . DTUM 3aMedaHneM Mbl
Bocnosis3dyemcs B § 31 npu pazbope sompoca of 3HepruM razoobpas-
HBIX JM3JIEKTPUKOB C TBEpABIMU aunonsMu. Takum obpazom, yyer
KBaJPATHYHBIX UJEHOB HE MeEHsieT OKOHYaTeIbHOe BhIpakeHue
pnsa P

OrMeruM emie pas, YTO NPUMEHUMOCTH hopmyst (29.5) u (29.6)
orpaudeHa yCIOBHEM

a=2F «1. (29.7)
kT

Ilpu HapyiieHHH 3TOro yCJIOBHA B O4YeHb CHJIBHOM IIOJIe WM TIPU
O4YeHb HU3KON TeMmmeparype P mepecTaeT BO3pACTaTh MpPOIOPHUO-
HaJILHO F 1 pubinKaeTc K MAKCUMAJIbHO BO3MOXKHOMY 3HAYEHUIO,
COOTBETCTBYIOIEMY YCTAHOBKE BCEX JIUIIONEl 110 HAIPABJICHUIO I1OJIA.
«[Tossipu3alis HACHIEHUA», OYEBUIHO, PABHA,

Pyae = Npo 2)-

4. [IpumeM Teneps BO BHUMaHUe, YTO B JeHCTBUTEIHHOCTH MOJIe-
KyJIbl BCEX TeJi, BHE 3aBHCHUMOCTH OT TOr0, 06Jaqal0T JIM OHU HEKO-
TOPBIM [OCTOSTHHBIM JIEKTPUYECKHM MOMEHTOM po WM HET, obiaja-
JOT TaK¥Ke HEKOTOPO#l KBasuympyroi nonsipusyemoctsio 3. [loaromy
NOJIAPU3AIUS AUTEKTPUKA C TBePABLIMH JUMIOJSMH CIAraeTcs U3 Io-
ASpU3anuu KBa3uynpyro# [ypasuenue (27.3)] u us nonspusanuy,
COOTBETCTBYIOIEH YNOPAAOYEHUIO OPHEHTAIIMM TBEpAbIX JUTIoIei
[ypaBHenue (29.6)], T. e. onpegesnsierca BrIpaXkeHUEM

2
e—1=dma=4rN(p+; ). (20.8)

3 kT
Yrobpl BEIABUTHL 3aBHUCHMOCTb £ OT Temieparypsl 1T' ¥ mioTHO-
CTH T JU3JIEKTPUKA, BLIPA3UM 4ucsio [N MOJEKyJl B efuHHIE ero 06b-
eMa Jepe3 ero IJIOTHOCTb T, €r0 MOJeKy/spHyio Maccy M u uepe3
yHUBEepCcalbHyI0 TocTosnHyio Aporagpo Ny = 6,06 - 1023, pasnyto
YNy MOJIEKYJI B OJHOM MOJIe BemEeCTBa. 1akK Kak 7 u M paBHBI,
COOTBETCTBEHHO, Macce eJUHUILI 00beMa M Macce OJHOr0 MOJIst, TO

N=TN (29.9)
M

1) Boo6ie, Bce WileHbl C YETHOH CTENEHBIO ¢ B PA3JIOKEHHH €Xp {a cos¥) mator
ana P ouysneBoit BKiaj,

2) ITonspuzanus BemecTs ¢ TBEPAbIMH JMIOXAMK B CHIIBHBIX nossax Gyner no-

apobGHee paccMOTpeHa B § 72 B CBA3H ¢ HaMAarHHYEHHEM napa- H GeppoMarHeTH-
KOB.
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Buocs sTo B (29.8), monyuum

2
ol (gl (29.10)
T M 3 kT

B sroit d)OpMyJIe APKO TIpOoABJ/IACTCA TOT d)aKT, YTO NONIApU3anud
TBEpAbIX AI/IHOJIEI‘/'I He IIpeJ/ICTaB/jIdeT coboit BHYTPUMOJICKYJIADHOT'O
Iponecca, Kak B (JIy4ae rZLI/IHOJIeI‘/‘I KBAa3UYIIPDYTUX, a ONpeneyidercda
COOTHOIIIGHUEM MeXK]ly OPHUeHTHPYIONIMM BO3AeHCTBHEM S/eKTpHYe-
CKOTO TIOJIS U I€30PUEHTUPYIOIAM BO3eiCTBIeM TeIOBOTrO JABUKe-
HHsl. A IMEHHO, AUJIeKTPUIeCKas TPOHUIIACMOCTh C KBa3UyPyTHMH
munosiaMa (py = 0) NpH HOCTOAHHOH IUIOTHOCTH T OT TeMIepaTypbl

HE 3aBHCHT 1), TOr4da KaK B JUIICKTPHKAX C TBEPABIMH JHUIOIAMH

e—1
obyCIIOB/IEHHAA ITUMM AWTIONAMH J0JIA noIApU3YyeMOCTH e npu
n

MOCTOSHHOM 7 06paTHO TIpONOPIIMOHAAbHA abCOMIOTHON TeMIlepary-
pe?).

3asucumocts € or T u 7, BelpakaeMad dhopmysioit (29.10), xopo-
II0 IOATBEPKAAETCS Ha ONbITe KaK JJIA JUIIEKTPUKOB C KBA3UYII-
pyrumu punonamu (Ng, Hy, COy, CHy, CCly u 1. a.), T8k u aaa qu-
IeKTPUKOB ¢ aunonamu TeepasiMu (HoO, SOy, HCL, NH3 u T a.),
eCTH UCCIeAyeMble JUJIeKTPUKM HaXOJATCsl B ra3000pa3HOM COCTOsI-
Hud (0 XKUIAKOCTAX CM. HHXKe). B yacTHOCTH, nonb3ysack Hpopmyioi
(29.10), MOXKHO 1O M3MEpEHHON 3aBUCUMOCTH € OT T BBHIYHUCIUTH
WICKTPUYECKUNA MOMEHT MOJeKYJbl AUJIEKTPUKA; sl OObIIHH-
CTBa MOJIEKYJI C «TBEDABIMH JUIONSMU» Py OKA3BIBAETCA MOPSAKA
1071® abc. (amexrpocraTnueckux) emuuum. K Tem ke pesysbraram
IPUBOJUT U HENOCPEACTBEHHOE OIPENEJEHHEe MOMEHTa OTAE/BbHBIX
MOJIEKYJI, OCHOBAHHOE HA WU3MEpPEHHM OTKJIOHEHMs, KOTOpPOe HUCIEHI-
THIBAET B HEOIHOPOJHOM 3JIEKTPUYECKOM I0JIe B BaKyyMe I1y40K Mo-
JIeKYJ1, BJIETAIUX B 310 nosie (Merox Ilrepha).

5. 3amerum, uro B dopmymnax (29.6) u (29.10) He yureno pas-
JINYME MEXJy CPeJHUM 3HaYeHNEeM HAlIPSDKEHHOCTH 3JIeKTPUYECKOro
noss E u cpennuM saauenrem E' nons, geficTByOMero Ha MOJIEKYJIbI
JuiekTpuka (cM. § 28). Tlosromy aTH HOPMYNBI IPUMEHUMEL TOILKO
B 1abo nonapusywmuxcs cpejax (a<< 1). B aiygae qussnexTpukos ¢
KBa3suylnpPyTUMH JUIOAAMH y9eT OTVINYus JeicTeytomiero nous E' or

1) Ilpu pacCMOTpeHNY JHMIEKTPHKOB ¢ YIPYTHME JUIIOJSIME Mbl BOBCE HE y<qH-
THIBAJIM TEIJIOBOTO OBHKEHHA MOJIEKYJI, YTO, KOHEYHO, OILyCTHMO B [IEPBOM NpH-
Gsmxennn. MoxHO, OnHAKO, NIOKA34Th, YTO U OPH (0/iee TOYHOM PACCMOTPEHHH
BOIIPOCA CPEIHHI MOMEHT KaXKj0#l monekyasl p = BE or Temneparypsl HE 3a-
pucar Cwm., HanpuMmep, Jebati II. U36bpannsie Tpynst Craten. 1909-1965. — JL.:
Hayxa, 1987.

2) Buoctencreun {cm §101) MBI yBHOUM, YTO JHSIEKTPHKH THX ABYX TH-
OB CYymEeCTBEHHO OTJIHYAIOTCH TAKXKe CBOMM NOBejeHHeM B OhCTponepeMeHHBIX
NMEKTPHYCCKHX I1OIAX.
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cpenuero nonsi E npusogur x dopmyse Jlopenn-Jlopentra (28.8):

eol_dm yg -ttt g (29.11)
e+2 3 3M

KOTOpas XOPOLIO MOATBEPKAAETCH IS JUNIEKTPUUECKHX KHUAKO-

creit 3TOro Kjacca (MONIAPU3yeMOCTh KOTOPLIX ¢ HE Maja IO CPaB-

HeHUIO ¢ 1).

Hexoropoe BpeMsi 6bLI0 PacpOCTPaHEHO MpeIIoIoXKeHHe, YTO
ormimuue jedicreyotero nojis E' or cpeguero nons E seipaxkaer-
ca dopmysoit (28.6) He TONBKO B AMAIEKTPHUKAX C KBAa3HYIPYrUMMH
JUTOAAMH, HO U B JUIEKTPUKAX C TBEPABIMU aunoisaMu. U3 storo
MPeAMNOJIOKEH!sT BBITEKAI0, YTO [P 3HAYUTEJbHOM OTIMYUM ¢ OT
emuaUnbl Gopmya (29.10) pomxma O6BTH 3aMeneHa GhoOpMyIoi

e—1 4xNoT ( 3 )
= — + — 29.12
€+2 3M p 3T/’ ( )
apasomeiica obobmenueM dopmynnt Jlopenn—J/lopentua (28.9) u
TIPUMEHUMOl K JUJIeKTPUKAM JII060ro Kjacca.

OpHako pe3yJbTaTbl SKCIEPUMEHTAJILHOTO HCCASJOBAHUA M-
IOJILHBIX XKHUAKOCTeH (BOAA, CMPTHI, 3DHUpHI U T. I1.) BOBCE HE CO-

racyiores ¢ dopmystoit (29.12) ). DTo Bnosme mMOHATHO, TaK Kak
UCXOIHOe N5 370 HOpMyJibl JJOpEHneBo cooTHoeHne (28.6) Mexay
IeHiCTBYIOmUM U cpeanuM noaaMu E' u E HenpuMeHHMO K JHJIeK-
TPUKaM C TBEPALIMH JUNOisAMH JleficTBUTeIbHO, B AUIEKTPUKaX
3TOr0 KJIACCa KaXK/asl MOJIEKYia (JHII0/Ib) UCHBITHIBAET OYeHb CHJIb-
HOE OPDHEHTHUpYIOIEC BO3JEHCTBHE CO CTODPOHBLI CMEMKHBIX MOJICKYJI
(muriosnieit). XoTst B OTCyTCTBHE BHEIIHETO IEKTPHYECKOTO MOJIH OCH
MOJIEKYJI ¥ pachpezie/ieHbl pAaBHOMEDHO [0 BCEM HAIpaBJIeHUSAM, OJ-
HAaKO MEXJY HaNpaB/IeHUsIMU OCEHl CMENCHBT MONEKYJ CYHIeCTBYET
onpeje/ieHHas KOPpensiust. JTa KOPPesAIdsa MaJIo H3MeHSeTCs U BO

BHEIIHEM TI0jIe, 9TO He yuuThiBaeTcs dopmyoit (29.6) 2).

6 OrMerum B 3aKJIOUYEHUE, YTO HICKTPUILCKOE B3aUMOACHCTBIE
CMENCHBLL NOHOB UI'DAET CYIIECTBEHHYIO POJib B CRBOCOODA3HEIX CBOH-
CTBaX CEZHEMOIAEKMPuKos. K 4ucy uX 0THOCATCS, BO-TIEPBBIX, KPHU-
CTAJJIBl CerHeTOBOH COJIM U POACTBEHHBIX €l BemecTs, IpeJCTaB/IAi0-

1)K cunsHO pa3faBileHHBIM DacTBOPAM BEIMECTR C TBEPABIMH JHIONAMH B
HEeJHNOIBHBIX YKHKOCTAX MpHOIHXKEeHHO npuMeHnMa dopmyna tuna (29.12)

_ /2
£ 1_4_7r(N‘B+Np0),

£+2 3 3kT
rae N B N' 03Ha4aoT COOTBETCTBEHHO HHCIO MOJIEKYJ DACTBODHTENS H pac-
TBOPEHHOI'0 BemEeCTBa B equHHIE o0beMa pacTBOpa, [ — NOJIAPH3YEMOCTb MO-

JIEKYJl PACTBODHTEJSL H Pg — FIEKTPHUECKH MOMEHT MOJEKYJl PACTBOPEHHOIO
pemecrea OJHAKO YCIOBHEM NPHMEBHMOCTH 3T0H (OPMYJIB! SIBIAETCH MANOCTD
JUMOILHOrO WieHa (BTOPoro wieHa B ckobkax)

2)Cm Kummeav Y Brepenme B ¢usuky teepmoro tema — M Map, 1978
T's. 13 m nureparypa K aroi rnase.
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HIUX COBOIO CNOXKHBIE OPraHUYeCKUe COeJUHEHNUS, H, BO-BTODBIX, Psij
kpucrasutos turia KHoPO4. B onpejgesernom TeMmepaTypHOM HH-
TepBase, OrpaHHYERHOM B CJIy49ae KPHUCTAJLIOB MEPBOr0 THUMA JABYM:
«ToyraMu Kiopu» Kak CO CTOPOHBI BLICOKMX, TAK ¥ CO CTOPOHbLI HH3-
KHUX TeMIeparyp (B cIydae KpHCTA/JIO0B BTOPOro THUIIA HUXKHAS TOY-
ka Kiopu 0TCYyTCTBYyeT), CerHeTo/IeKTPUKH 06/1a43810T aHOMAJbHBIMH
NEKTPUIECKUMH CBOHCTBaMHU, NMOAODHLIMH MarHHTHBIM CBOWCTBAM
deppomarueruxoB. Tak, HalpuMep, B 9TOM TEMIIEPATYPHOM HUHTep-
BaJIC OUIEKTPUYECKAs] ITPOHHUIIAEMOCTDH CeTHETOJIeKTPUKOB JIOCTH-
raer B CIabblX WIEKTPUYECKUX HOJISX 3HAYEHUH HOPKIKA HECKOIb-
KUX THICAY; IPH YBEJINYEHUH TI0JIs £ OBICTPO NIAJAET, 4 OJIAPHIAIUA

CErHeTOo3JieKTPUKOB CTPEeMHTCHd K HACLINIEHHIKO KU T. 1. 1) .

§ 30. OHepruga VIEKTPHYECKOro NOJIA B AUSJIEKTPHUKAX

1. B § 15 6pw10 BBIBeseHO Bhlpaxkerue (15.6) nia sHeprum ssek-
TPUYECKOI'0 NOJI B OTCYTCTBHE RUITEKTPUKOB:

-1 1
- 2/p<pdV+ 2/agodS. (30.1)

9ra. hopMysa 0cTaeTCH CIPABERIHBOMN U JIJIA CIydasl JeKTpade-
CKOTO TIOJIA B IIPOU3BOJIBHBIM CPelie, €C/IM TOIBKO IOJ 0 ¥ 0 IOHUMATD
TUIOTHOCTE C60600MbT 3apsaAs0B. BiusiHue Xxe AM3IEKTpUKA CK3bi-
BaeTcsd B TOM, YTO TIPH OJJHOM M TOM XKe pacnpejesieHun cBOBOmHbIX
3aps10B 3HAYEHNUE IOTEHIMAJIA ¢ B JUNICKTPUKE OTVINIAETCH OT 3Ha~
YEeHHUs1 ero B BaKyyMe. B 4YaCTHOCTH, PH TOM K€ pAaclpeAeseHUH
cBODOIHBIX 3apAJI0B NOTEHUMAT P, a BMecTe ¢ TeM, cormacuo (30.1),
u sHeprud W B 00nopodHOM OUSNEKTPHUKE B € Pa3 MEHbIIE, 9eM B
BaKyyMe.

2. Yrobsl okazarh crpaBeauBocTs dopmyisl (30.1) B ciaydae
HAIUYIUS JUNIEKTPUKOB, HYKHO OBUIO OB BHIYHCANTH pabory A cun
HOJIst IPY MepeMEIIEHUsIX KaK CBODOHBIX 3apsA/I0B, TaK U CAMHX M-
IEKTPUKOB ¥ IIOKA3aTh, YTO

A= —dW. (30.2)

J0Ka3aTe/IbCTBO CIPaBeJINBOCTH STOr0 COOTHOIIEHUS JIPU TIPO-
W3BOJIBHBIX TIEpEMEIIEHUsX CBOOOIHBIX 3apsiioB, HO IPH HEII0BUX-
HOCTH IHJIEKTPUKOB COBEPIIEHHO aHAJIOTUYIHO PACCyK/1€HUAM, NPHU-
BemuumM Hac B § 15 k ¢opmyse (15.6). Paccmarpusast nepeMemenue
3apsAaa e; B NoJe 3apajja eg, noaydaeM dbopmyny (15.2)

W = ey,

1) B HacTosnee Bpemst H3BECTHO OYeHb MHOTO CeIHETOIEKTPHUKOB (10 MHOCTDAH-
HO#N TepMHHOJIOIHH — (epposiekTpHKoB). Cpeay HEX BaXKHOE MECTO 3aHHMAET
BaTiQO3; n npyrue Bemecrsa takoro tana. Cm. Jatine M., Faacc A Cernero-
INEKTPUKH U POICTBEHHBIE HM Marepuaisl. — M.: Mup, 1981; Kummeavr Y.
Bpenenune 8 dusuky reepaoro reaa. — M.: Mup, 1978. I'n. 14. (Hpuses. ped.)
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rJe 1 — MOTEHIUAJ H0JI8 3aPsijla €y B TOYKE HAaXOMXKJASHUs 3apaja e1.
PaccmaTprsast Jke nepemenienne 3apsja eg, MOIydaeM

W = eaps.
OuepugHO, 9TO 00a BbipaxkeHus ajis W JI0JIKHBI COBIIAIATD 1).
€191 = €299, (303)

1) CupaBes/iMBOCTD ITOTO « COOMHOWEHIA E3GUMHOCTIUS B OTCYTCTBHE JHINEK-
TPHKOB OBbLa N0Ka3aHa HamH B § 15 nyTeM HCNONBL30BAKAA A1 ¢ €r0 BBIPAXKEHH:
e/R Copasegnmusoctb e (30 3) B npoH3BOIBHOH cpene MOXKeT ObITh JOKa3aHa
CAeAyIOIHM 06pa3oM.

Hycts ¢ 1 D*) ospauaior noTenuuan ¥ MHAYKUMIO NOMA, CO34ABAEMOTO
3apaJ0M ek. BBLIEAHM BOKPYT KazkKiOrO H3 3apsAloB €1 H €2 GeCKOHeYHO Majkble
ob6bemel Vi u Va; nosepxHoCTH 3THX 06beMoB 0603HaurM depe3 S1 u S2 Bo Beem

npocrpancree V' sre Vi u Vs,
divDW = divD® =0,
a cTano ObITh, H
50(2) divD® = 90(1) div D(Z),
wim, cornacHo (43%),
div ((p(z)D(l)) — D(I)VQO(Z) = div (w(l)Dm)) _ D(Z)‘P(l)_
Bsugy roro, uto
-—D(l)ga(z) =DWE® = .EVE® = gOp®@ _D(2)V¢(1),
[oC/IeJHee COOTHOMEHHE PABHOCIIIBHO
div (P DM = div (D).

I/IHTevnpyﬂ o0e 4aCTH 3TOro PaBEeHCTBA 10 BCEMY MpocTpancTay V' Bre 06beMoB
W1 u Ve, nonyyaem na ocrHoBauun teopeMmer Laycca (17%).

]{ ePpM gs = ]{ MDA gs. (a)
S1+52 S1+S52

Ha GeckoHeuno mManoit osepxHOCTH S1, OKpyKatomeit 3apa) e1, norenuman ¢t
3apafa €2 MOKHO CYMTaTh nocTosHHbM (603Hayas ero uepes ¢, MosydaeM Ha
ocrosanuy (22.3):

jf P DW ds = o, f DY dS = —4rerp
Sl S1

{(3HaK MHHYC DOSBISETCA OOTOMY, ¥TO BHEUIHSA OO OTHONIEHHIO K 06beMy HHTe-
4
rpuposanus V' popMmanb K S1 HampaBleHa K 3apaly e1, a He ot nero). Jaee,

IIOBEPXHOCTH S2 MOXHO BBIOPATH Tak, YTOGBHI HA Hell MOTeHIHA 90(2) HMEI [o-
croaunoe 3nadenne. Torna

jf PP DW 4§ = jf D{V ds =0,
Sy Sa

ubo BHYTpH Sz HeT 3apag0B, cosgaomux nojie DY, Taxum obpazonm,
ga(z)D,(ll) dS = —4me1 1.

S1+52
CorepmeHH0 AHANOTHYHO [OLYIHM f np(l)D,(f) dS = —4rmesps. Broca aro
S1+52
8 (a), NoTyyaeM COOTHomeHMe B3ammuOCTH (30.3).
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Takum 06pa3oM, Mbl BHOBb TpUXoAuM K ypasHeHusiM (15.3), (15.4)
1 (15.6), 4r0 1 TPeGOBANOCH AOKAZATS.

Koneuno, ypasuenue (15.5) yxe He uMeeT MeCTa NPU HAIAYMH
JUIEKTPUKOB, u60 1 # e2/Rio.

3. Ons ucyepnpisaomero obocHosanua ¢dopmysist (30.1) Hyxuo
eme BHIYUCIUTDL paboTy A CHIT 10/ IpH NpOU3BOJIBHBIX TIepeMerne-
HUSAX OUJIEKTPUKOB U yOeIUThCA B TOM, 9TO OHa TaKXe paBHa —dW .
OpHaxo cTporoe IIpoOBeJeHUE STOr0 BHIYUCICHHS GbII0 OBl He TOJIBKO
BECBMa, CJIOXKHO, HO W He MOLJIO OBl GbITH BhINOJNIHEHO Ge3 ompeje-
JIEHHBIX TIPEJIIOJIOKEHUN O CTPOSHMH M CBOMCTBAX JUSJIEKTPUKOB.
TTosToMy MBI YAOBOJIBCTBYeMCS TIpUBEAEHHBIM obocHoBauueM ¢op-
myssl (30.1) u obparum 3agady, T. e. OyzeM B janbHefmeM pac-
CMAaTPHUBATH 3TO BhIpayKeHue MJid SHePruu Wi, TOYHee, BhIpaKeHue
(30.4), — cM. HuXKe| KaK OUH U3 NOCMYAAMOS MAKPOCKONUMECcKol
meopuy NoJs, CISACTBUA W3 KOTOPOro ONPAaBALIBAKITCA Ha OMbITE.
B wacruoctH, Mbl 6yaeM ¢ momompio (30.2) onpesesars paboTy cui
TIOJIA IIpU TIEPeMEIIeHUSAX JUIeKTPHUKOB, UCLO0A U3 BbIPaXKEHUs
(30.1) nmns sHEpruu, Kak U3 JAHHOrO.

TToMumo 3TOrO, MBI 351€CH U B CIelyiomeM Naparpade nokaxem,
9YTO B TeX MPOCTEHIINX CIydasix, KOrjla HeTPYAHO HEernocpejCTBeHHO
TIOACYHTATL PaboTy CUJM M0 TIPU NEPeMEINEHUAX JUNIEKTPHKOB,
Pe3yJIbTATHI TIOACYETOB COBIAAAIOT CO CISACTBUSMHU, BHITEKAIOMIMMU
u3 dopmyas (30.1).

4. Kak yxe ynoMu"anock B § 16, shiparkenue 3eKTPUYECKOM
sueprun (30.1) mo coeit (popMe COOTBETCTBYET MpPEACTABJIEHUIO O
B3aUMOJAEHCTBUH 3apARO0B Ha paccrosaHuu. OQHAaKO, KaK U B CJiydae
OTCYTCTBUsI JU3JIEKTPUKOB, 9TO BhIpaykeHue MoxeT GbiTh mpeobpa-
30BaHO TaK, 4TOOBI COOTBETCTBEHHO IIPEJCTABJICHUSAM TeOpHH Giin3-
KOJeMCTBUS SHepPruio TS MOXKHO ObLJIO CYUTATH PACIpPeIeSIeHHOMN ¢
oTipeJie/IeHHON 06 beMHOM MJIOTHOCTHIO W N0 BCEMY TPOCTPAHCTBY, B
KOTOPOM TIOJI€ OTJIUYHO OT HysA. [eficTBUTE/NbHO, NOABIHTErpAIBEHOE
BhIpaXKeHHe NEPBOro U3 WHTerpasios, Bxoasmux B (30.1), Ha ocHOBa-
aum (22.2), (43%) u (10.2) MoxeT GbITH NPEACTABIEHO B CICAYIOMEM
BUJE:

op = L pdivD = X {div (¢D)—D grad ¢} = L {div (¢D)+DE},
4 4r 4

OTKyJia Ha ocHOBaHUMM TeopeMbl [aycca (17*) umeem

%/pgadV-——;—W/DEdV+8i7r/div(ch)dV—_—
=8LW/DEdV+%¢Dn<pdS.

IMocaesHuit UHTErpat JOMKeH OBITH PACIPOCTPaHeH, BO-TEPBHIX, Ha,
HOBEPXHOCTh S, OrpaHuYUBAIONIyI0 06'beM WHTerpupoBaHus V, m,
BO-BTODBIX, Ha TNOBEPXHOCTH S}, BBIAEJNSAONIHE U3 3ITOr0 06hLeMa
HOBEPXHOCTH Pa3phbiBa MOALIHTEIPAJILHOTO BhIDAXKEHUd, T. €. [I0BEepPX-
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HOCTY Pa3pbiBa, HOPMaJIbHOM ctararomeil sektopa D (160 noreHuuad ¢
JI0JKeH GbITh HEelpPepHIBHBIM, ITIOCKOJILKY MBI HE PacCCMaTpHBaeM HBOMH-
HBIX 3JICKTPHYECKUX CJIoeB). Eciu Mbl yCaoBUMcs paccMaTpUBaTh
NOAHOE NoAe, TO HHTErpas [0 OrPpaHUYUBAIOMEN ero OBEPXHOCTH S
obparurcs B HYJI6 (cM. ¢. 81). TToBepxXxHOCTH ke pa3pblBa HOPMAJb-
HOI caralomel Bekropa D SBISI0TCA TOBEPXHOCTAMH, 3apPSXKEHHbI-
MU CBOGOAHBIM JIEKTPHUYECTBOM, TIPHYEM CKAYOK STOIl cjlararomeit
D,, oupenensierca ypasaenueM (22.8). CraruBas o6bI9HBIM 00pa3oM
IIOBEPXHOCTH S} BILIOTH OO IIOJHOTO NPWIEraHUs UX K HOBEPXHOCTAM

paspriBa S1 (cM. ¢. 64), MBI monyunM ypasHeHue

1 1 = .L p— = —.1.
S;h—glgl g/Dn(pdS = /@(Dln Dgy)dS 5 /(padS.
St S S1

TaxuMm obpazom,
1 (‘0 ‘/ = .L I )E: |/ — l [0 (0] S
2 ./p d 8nr ./ d 2 f ds,

H, CJIeJIOBATENHHO, SHEPTUs NoAH020 noai, coracHo (30.1), paBHa
W=%fDEWZ (30.4)
Y

DTO BbhIpasKEHUE MOXKHO HCTOJIKOBATH B TOM CMBIC/E, UTO SHEPrus
3JIEKTPUYECKOro TI0JIA paclpeseieHa o BCceMy 3aHMMaeMOMy MM IIpO-
CTPAHCTBY € 00'beMHOIl TIJIOTHOCTBIO W, PABHOM

w= L~ DE= X E. (30.5)
8w 8w

YpaBHeHHE 3TO ABJIAETCH OJHON W3 OCHOBHBIX (POPMYJI TEOPUH JICK-
TPUYECTBa. JaCTHHIM CJIydaeM ero mnpu € = 1 sapaserca (16.3).

OkBuBaNeHTHOCTS Bhlpakenuit (30.1) u (30.4) umeer MecTo Mmoab-
%0 B IIOCTOSTHHOM /IEKTPUYECKOM II0JIe U, KaK Mbl YBUAUM B JajbHeil-
meM, HapyIIaeTcs B rosie IiepeMeHHoM. [lepemenHoe ajleKTpudeckoe
nosie BooOIe He MOXeT ObITh 0XapaKTePU30BAHO OJHO3HAYHBIM CKa-
JIAPHBIM TIOTEHIIMAJIOM (o, ¥ 1modToMy dopmyna (30.1), B xoropywo
BXOJHUT (o, TepsieT CMBICI B IIeDEMEHHOM 110/1e; Bolpaxkenue xe (30.4)
JUIsl SHEPI'UH JIEKTPHYECKOrO [OJIsk OCTAeTCs CIIPABEJIUBBLIM U B Ie-
PeMeHHOM TIo/Ie U JOJIKHO TIO9TOMY PACcCMATPUBATLCA KaK OCHOBHOE
OIpeje/ieHHe SHEPIUH 3IeKTPUYECKOro O,

§ 31. ITpeoOpazoBanusa sHeprun, CBA3aHHBIE
¢ noJsigpu3anueil guaieKTpukKos. CBobogHaa sueprusi
JIEKTPUYECKOr0 109

1. Cormacuo (30.5) npu 3ajaHHOM HanpsixkenHocTH E smeprus
mond B AUNIEKTPHUKE B € pa3 Gonblite, 4eM B BakyyMe. Mexay Tewm,
eC/IM HOCHTE/eM UIEKTPUYECKOH SHEePriuM SIB/ISeTCH SJIeKTPHYECKOe
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nosie, KaK 3TO npejnosiaraercs Teopuedt 6iu3koneficTsud, TO, Ka3a-
JIoch Obl, 9YTO SHEPIusl 3Ta JOJIXKHA 3aBUCETH OT HANIPSXKEHHOCTH I10-
JIst, a HE OT CBOMCTB Cpeapl, HaxoaAme#ica B nojie. B wacTHocTy, nnpu
OJJMHAKOBOH HANPAXXEHHOCTH TIOJsS IHEPTUH ero JOJKHa OBITH Oau-
HaKOBOM KaK B BaKyyMe, T4K U B TOM CIydae, eCJiM B BaKyyM BKpar-
JIEHBI OTAEJAbHBIE MOJEKYJIbl JU3IEKTPUKa. CyIIecTBYIOT, OJHAKO,
JBe IPUYMHEI, 110 KOTOPBIM INIOTHOCTh SHEPIrUH M0Jd B AUJICKTPH-
Ke 3aBHCUT OT HAIpPsXXeHHOCTH 3Toro noisa E uHade, yeM B clydae
BAKYYMa.

Bo-niepBrixX, B Makpockonmueckoit Teopurt noj E nonumaercs cped-

HAA HAIIPIKEHHOCTD IeKTpudeckoro nond (cM. § 25): E = Eyuxpo-
Tak kak cpejHssd IJIOTHOCTL MEKTPUYECKOH 3HEPriu paBHa

1 —
Won = = E2ympo (31.1)
8w
¥ TaK KaK CpeAHuil KBAJIpAT HAMPSKEHHOCTH 110, BooOme roBops,
He paBEH KBaJpaTy CpeiHEll HANPAMXKEHHOCTHU:

EMHKPO # ( MHKpO) - E2

TO UCTHHHAS ILUTOTHOCTD Wy FIEKTPUYECKOH SHEPTUH B JUNIEKTPUKE,
BoOG1Ile rOBOps, He Bblpaxkaercs dopmysoit (16.3):

1
Wan # a E2.

Bo-BTOpBIX, TION 3HEprueil NoId IOHUMaeTCd BCA SHeprus, KoTo-
PYIO HYKHO 3aTPATUTh Ha BO30yKjeHUe nonst (WM, 4TO TO XKe, BCA
SHEPrus, KOTOpas BHAEIAETCA NPU MCYe3HOBeHWH nois). lIpu Ha-
JIUYUY JUSJIeKTPUKOB BOBCE HE BCH 3TA SHEPIUS [EJIUKOM SBJISTCH
3JIeKTPUYECKOI SHeprueit B COGCTBEHHOM CMBICTE CJIOBA.

2. HeCTBUTEILHO, PACCMOTPUM CHAYAIIA JUIEKTPUK € K8a3Uyn-
pyzumu dunosamu. BOBHUKHOBEHHE 1101 B TAKOM JU3IeKTPHKE He-
Pa3pBIBHO CBA3aHO C NOJSApU3allMell ero MoJIeKys, T. e. C pa3JBH-
TaHHEM 3apsiioB [UNOJIell, SKBUBAJIEHTHBHIX MOJeKysaaM. Mexay
3apsAAaMHU KaXX/I0r0 JUIIOJIS 110 OCHOBHOMY HPEJIIOJIOMKEHHIO NeitcT-
BYIOT CHJIBI KAaK 3JIEKTPOCTATUYECKOr0, TaK M HeIAEKMPOCMmamuye-
CK020 TIPOUCXOXKJEHUSA, CBOAAIIMECS B COBOKYITHOCTY K KBasHyIpY-
roii CHJIe B3aUMHOI'O HPUTsXKEHUs THX 3apsaa0B. Crano 6wiTh, npu
Pa3ABUrAHUN 33PAJ0B QUM HA PACCTOsIHUE ! CUIIBI 3J1eKTPHUYECKO-
ro NOJIS COBEPIUIAIOT ONpenesieHHYI0 pabory, aumosieM »xe npuobpe-
TaeTcsi paBHas 9Toil pabore ynpyras smeprus oxl?, rae »x — mepa

ynpyrux cuwi, uwid kodddunuenr ynpyrocru, gunond. CorJyacHO
(27.5) u (274

1 go_ € (BE'N _1lpm2 _ 1 5
2 w( ) SBE” = lpm, (31.2)

rae E' — HanpskeHHOCTH [oJisi, AefCTBYIOIEro Ha AUMoib. To ke
3HadeHue 6yJeT UMEeTh U BHYTDEHHSH JHEPrus NOJIAPU30BaHHON Mo-
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nekynbl, Obmias ke KBasHyIpyrasd SHEPIUs Wyyp BCEX MOJIEKYJI, Ha-
XOAANMXCA B eAuHune obbeMa uaneKTpuka, OyAeT paBHA

Wymp = 3 NPE'. (31.3)

Tak xakx 1mop sHepruell 3J1eKTPUYECKOrO IIONS IIOHMMAETCH BCH
9HEPrHus, KOTOPYIO HYKHO 3aTPATUThL Ha BO30YKAEHHE IO, TO MOJI-
HYIO 3HEPTHIO W IM0JIA B JU3NIEKTPUKE HY>KHO, OM€BH/IHO, NOJIOKHUTH
PABHOM cyMMe CODCTBEHHO 3JIEKTPHYECKO SHEPIHH Wsy; M HEPA3PHIBHO
CBA3AHHOM C Hell yIIPYToif SHEPTUH Wyyp NOIAPU3OBAHHBIX JUIOJEH:

1 1\, —=
W = Wy + Wynp = 8_7r E2MHKP0 =+ ’2“ NpE’.

Ecnn mbl npenebpexem pazunneit Mexay Evuxpo, F' 1 cpeaneit
HANPSXKEHHOCTBI0 MaKPOCKOIUIECKOro nons E v npuMeM Bo BHUMA-
Hue, ¥To P = Np, TO MBI mony4yuMm

1 1 1
wynp = > NpE = - PE = ~ (e - 1)E?

8
1 2 1 2 _
w:wgn—i—wynp:gE +§(6—1)E =,

uro coenagaer ¢ (30.5).

Mpel npuBesin 3T0T BBIBOA popmyiisl (30.5) BBUAY ero BosbLIoH
HaraaHocTn. OaHako mperHebperaTh pasHunel MeXay Eymxpo, £
n E, B cymHoCTH, coBepinenHO He3akoHHO. [loaTomMy MBI mpusenem
Tak>ke 6ojiee CTporoe JOKa3aTeJLCTBO TOTO, 9TO sHeprus mos (30.5)
B JUSJIEKTPHKE C KBAa3UYIPYIMHMH MOJIEKYJIAMM DPaBHA CyMMe cob-
CTBEHHO IEKTPHYECKOH IHEPruu MHojs M YIPYroil sHepruu, 3ama-
CeHHOl B IOJIAPU30BAHHBIX MOJIEKYJaX AUIJIEKTPHKA.

3 BblaeanM BHYTDH AHM3JIeXTpUKa (u3u4ecKu GeckoHedHyI0 Manyio cde-
py S u pa3noxum nose Eyuwpo Ha ABe cocTaniamoue — noue B 3apsaaos, pac-

THOJIOXKEHHBIX BHE cdepbl S, u nosne E,, munoseil AusnekTpHKa, HAXONAWPXCH
pHyTpu S. CpenHsis IUIOTHOCTL HEPrUHU BHYTpH S Oyaer paBHa

1 — l ————— 1 — —_— =
w=— Er?u«ncpo = - (El + El‘m)2 = — (E% + ZElEm. + E?n.)
8 87 8
Ilosne E; BHemHuX 3apanos, coriacHo (28 3), HOCTOSIHHO Ha BCEM NPOTHKEHHH
cdepst S, npuyem 4
E1 =E, =E+ gﬂ'P
Hanee,

4
En=E-E =—§7rP
CaenoBaresibHO, IJIOTHOCTh HePruM noiis E; pasHa

2
1 =5 1 4
w :-———Ezz—(E“{'—ﬂ'P)
" 8 8 3 ’
a IJIOTHOCTHL B3aMMHOM snepruu noineit E; u E,,, pasHa

1 1. - 1 4
=—E E,=—E E,.=-P|{E+4 -=P
= ar 3 ( +37r)
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Yro xe xacaercd sHepruu noad E,, Iunoneil, pacHosioeHHBIX B S, To 00-
1[5l SHEPTHA ITOTO MONA PABHA cymMme: 1) BIaMMHON HepTHH Aumnoieil, 2) cob-
CTBEHHOR SHePIHH MOJICKKTEIbHEX B 0TPHLATENBHBIX 3apsiI0B, BXOAAUIAX B CO-
CTaB Oumoselt, H, HAKOHeN, 3) SHEPTMH JONADHOTO B3aHMOREHCTBHS 32PAL0B,
BXOOAUIUX B COCTAB ONHOIO H TOro e munoisa. CorjlacCHO MCXOIHOMY IOJIO-
JKeHUI0 TEOPHM COBOKYIHOCTh 3JIEKTPOCTATHYECKOr0 M He3JIeKTPOCTATHYECKOTO
B3aHMMOZEeHCTBUS 3apA0B KAXKIOr0 JMIIOIA CBOAMTCH K KBAa3HYIPYrodi cuie; cie-
JOBATEBHO, YHEPIUs ITOTO BIAMMOMEHCTBHA paBHA YIPYrOH SHEPrUM JUIIONA.
CobcTpennas ke sHepTHS 3aps/I0B TUIOJIA OT HANPIXKECHHOCTH TIOJIA W HOJISIPH-
3a0My AMIJIEKTPUKA He 3aBHCUT; B MAKPOCKONIHYECKON TEOPHH 3Ta aAIUTHBHAN
MOCTOSHHAS! BO BHMMaHue He npuHuMaercs. HakoHer, sHeprus B3aumMoneicTsus
CHUCTeMH! aurosiei paBHA

"%ZP:’EM (k #1)
nwhk

[cp. (15.8)], rme Ei, — HaImpsoxeHHOCTh TOMS k-FO JUTIONA CHCTEMBI B MECTE
HAXOXKACHHH -I'0 JUIONH P.
Wssecrnaa gons 9T0it sHepruif B3auMOaeHCTBUA JUNOIEH JIOKAJIH30BAHA BHE

1
3aHHMaeMoil Jqunonamu chephl S: Do 9Ta paBHa HHTErPaLy o / EZ, dV, pac-
T

IIPOCTPaHEHHOMY II0 BCEMY NpOCTpaHCTBY BHe cdephl. IIpu onpenenenun nanps-
JKEHHOCTH 110/t E,, BO BHEINHEM NPOCTPAHCTBE MOXKHO CYHTATD 3JIeKTPHYECKHil
MOMEHT NunoJiell paBHOMEPHO paclpeltesieHHbIM 10 obbeMy cdepnr S, T. e. cuu-
TaTh 3Ty Cdepy PABHOMEPHO HOJIPH30BAHHOM; Ce40BATENbHO, cottacHo (24.1),
none E,, 8o BHemHeM NpocTpaHcTBe PAaBHO MO0 AUIIoNis MmoMenTa VP, roe V —
06bem cdepor S. Bocnonb3osasimmch dopmymnoit (10.4), nomyyum

2 2 2 p2

L/Efndvzy_/wdvzﬁpzv’
8w 8w R8 9

rpe oba MHTErpaja PacHpoOCTPaHEeHH II0 BCeMy MpPOCTPAHCTBY BHe cdeprr S.

TakuM 0b6pa3om, nosis B3aMMHOM YHEprHu OUNOJel, JIOKANU30BaHHAH BHYTDH
cdepn S, paBHa

1 dr 2
—= By, ~— — PV,
zgp "7
a IIIOTHOCTh €€ paBHA

/ 1 47T 2
= -2 Y p.En-Zp.
Y= Ty Pk Ty

[LnotHocTs ynpyroit snepruu gumonedt [cp. (31.2)] pasHa
1
Wynp = W EI sz::

roe E; — HanpsokenHoCTh HOMA, BERCTBYIOWEro Ha, i-it aunosib. CknaapiBas mo-
JIydeHHBIe BhIDAYKEHUS, HMEEM

2
w = Wiy +wia + why + Wynp = é (EZ—— —(:4—;rl—P2) + %Zp’(E‘_ZE’“)'
1 k
Ouesuapo, 9To
Ei-;Ek, =E, =E+§7rP,

npuaem E; nocrosHuo o Bcemy obbemy chepot. CiiegoBaTesHo,

v S (BB = (B4 ) R = (B TE)r
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BHocs 3T0 B npesiIecTByOIEe yPABHEHEE, [0y 4UM
1
W = — (E? + 4zxEP),
8w
4ro, BBEAY (22.6), copnagaer ¢ dopmyioii (30.5).

4. PaccMOTpuM B 3aKJIIOYEHME SHEPIHI0 3JEKTPHYECKOr'O OIS
B JUVIEKTPUKE C MEepdvimy OunoAamu. DTOT CyYyail CymIeCTBEH-
HO OTJIMYEH OT TOJBKO YTO PACCMOTPEHHOro, H60 TBepjble NUIOJH, B
OTJIHYHE OT KBa3WyNpyrux, He 06JIaJal0T 3aI1aCOM BHY TPEHHEH sHep-
I'HH, MEHSIOMEHCH B 3aBUCMMOCTH OT HanpsizkeHHocTH nosist. OqHaKo,
¢ JApyroil CTOPOHBL, HyKHO Y4eCTh clenyiomee. B ciydae kpa3uynpy-
IUX JUIOJIEH MBI BIPABe MPEANONaraTh, YTO HUKAKOrO B3aMMOojel-
CTBUS MEXKIY NMongpu3anueil JUFeKTPUKA U TEIVIOBBIM JIBHXKEHHUEM

ero Monexys Her!). B ciyyae e MOJIEKYJI C TBEDABIMH JUIIONAME
TEIJIOBOE ABUKEHNE, KAK Mbl BUJIEJIH, OKa3bIBaeT CYIIECTBEHHOE BJIHSA-
HHUe Ha NOJIAPU3ALMIO, IPENATCTBYH ee HachimeHu0. Crasio ObITh, 1
06paTHO, BOBHUKHOBEHHE IOJIAPHU3AUH, T. €. YCTAHOBKa OCeH JUIIO-
Jielt 110 HaNPaBJIEHHUIO BHELIHErO NOJI, JOJHa CKa3blBaTbCA Ha Tell-
JIOBOM JIBMKEHUHM MOJIEKYJI JM3JIEKTPHKA U JO/DKHA OBITH CBA3aHA
¢ u3MeHEeHHEeM SHEPTUH 3TOro JBHIKEHHMH, T. €. C IOIVIOUIeHHeM WK
BBIIEJICHHEM TeILIa.

Tax, HaIlpuMep, B ra3000PA3HBIX JUITEKTPHKAX 110/ BO3EHCTBY-
eM 3JieKTprYeckoro nosis B ock Kaxa0ro qunoss (ecim TOINBLKO OHA
He mapajuiensHa E) nomkea CoBeplaTh MagTHHKOOGpasHble KOJe-
faHUA OKOJIO HampaBieHHs 3toro mons. IIpu coynapernax MoJieKys
JH3JIEKTPUKA TPOUCXOJUT YaCTHYHBIA OOMEH MeXKIy SHeprueil 3THX
KosiebaHui ¥ 3Hepruell MOCTYHATEILHOIO TEIVIOBOTO ABMKEHHA MO-
JIEKYJI, TOKA He yCTAHOBUTCH PaBHOBECHE, COOTBETCTBYIOIIEE OIpee-
JIEHHOM CTEIIeHH TOJSPU3AlMy JNajIeKTpuKa (3aBucsameit kak or B,
TaK ¥ OT TEMOEPATYPHhI).

WNrak, paboma enewnus cua?) Aggm, 3aTpadunBaeMas Ha H3Me-
HeHHe HANPSKEHHOCTH ITOJIsl B AU3JIEKTPUKE C TBEPALIMHA AMTIOIIMHI
M Ha €ro MoNdpH3anMio, JOMXKHA W/ATH HE TOJBKO Ha NPHpAIICHUE
COBCTBEHHO 3JIGKTPHYECKOH SHEPTHMHU I0JiA, HO U Ha Harpepasue (MJH
OXJIAZKICHUE) JU3EKTPHKaA. FECIM Ke JUANIeKTPUK MOAAEpKUBACTC
IIpU MOCTOSTHHON TEMIIEpAType, TO U3OLITOK paboThl Agyy HaJ U3Me-
HEHWEM 3MEKTPHUIeCKOn sneprun dW,, OyIeT nepean okpyKamuM
TenaM B POpPMe HEKOTOPOro KOJMYeCTRa TETJIOTH (Q:

ABHLLI = dWa.n + Q

Ha ocHOBaHMHM BTOPOro 3aKOHA TEPMOAMHAMMKH, KOJIHIECTBO
TermIoThl (), mepejaBaeMoe CHUCTEMOM OKPYKAIOIIMM €€ TeIaM IIpH

1) Om. npumeuanue  c. 134.

2) O6o3nauenne A 6e3 HHIEKCA MBI COXpPAaHSEM JuIst PAGOTH IOHIEPOMOTOPHEIX
CHJI 3JEKTPHYIECKOTO MONsl, KOTOpasd B Cllydae o6paTHMBIX IPOIECCOB paBHA MO
BeJIH4MHe, HO o0paTHa 1o 3Haky paboTe BHEUIHHX CHIT Apum.
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IPOU3IBOJILHOM 06PaMUMOM TIPOLECCE, TPONOPIHOHAILHO NpUpAalle-
HHIO, HCOLITHIBAEMOMY IIPH 3TOM IIPOIECCE IHTPOMHEH cucreMsbl S:

Q= -T4dS,
rae T — abcomoTHas TeMreparypa cucreMsl. CTauo GuTh 1),
Apam = dWy, — T dS,
HJTH, TaK KakK 110 CAEJaHHOMY NpejionoxkeHuo T’ = const,
Apum = d(W, — T'S).

Kak useecTHO U3 TepMoaAMHAMPKH, (PYHKIUA COCTOSHUSA CHCTE-
MBI, HPHPAIIEHHE KOTOPOH Opu 06pATHMOM H30TEPMUYECKOM IIPO-
LECCE PABHO 3aTPAYHBAEMOM B 3TOM mIpouecce paboTe BHEIUHUX CHJI,
Ha3bIBaeTCa C60000n0l snepzuetli cucremsr . CremoBaTesbHO, T4,
JaCTh CBODOJHOM SHEPTHU eduHuydl 065eMa JUVIEKTPHKA, KOTOpas
3aBHCUT OT HANPAMKEHHOCTH WIEKTPUUECKOTO IOJA U MOASPU3AIUN
IH3JIeKTPUKA, PABHA

Y =wsy ~Ts,

rje § — 3aBHUCAINAS OT MONADU3ANUN JUIIEKTPUKA YACTh SHTPOMHAU
€IMHHUNB! ero 0ObeMa.

Mgpr MoXKeM Termepb YTOYHMTH CMBICHT, BKJIAJbIBAEMBIA B BbIpa-
xerne (30.5) ana wIoTHOCTH JeKTpHueckolt 3Hepruu. OuuM u3
OCHOBHBIX NOCMYAGMOE MAKPOCKONUNECKOT MEOPUL FAEKMPUNECTEA
ABJISIeTCA YTBEPKJIEHHE, UTO BbIpAZKeHUe

2
w=%tE _ (31.4)
87

onpenensier cobo MIAOTHOCTL c80600HOT 3HEP2UY SIEKTPUIECKOrO

oM B AHATEKTPHKAX 2) .

Copape/yIUBOCTL 3TOrO TOCTYJIaTa, KAK H BCAKOrO IMOCTYJaTa
Boob1le, MOoXKer OBITH MOKA3aHA TONLKO CPABHEHHEM C ONBITOM CO-
BOKYNHOCTH BBITEKAIOMIMX W3 HErO CJIEACTBHUH; TEOPETHUECKHE XKe
coobpaskeHHs B MOJIb3Y HETO COCTOAT B CJIEAYIOIIEM.

Bo-mepsbix, B nauvase § 30 66110 10Ka3aHO, 9TO paboTa CHJ DJIeK-
TPUYECKOro MNOJISi MPH IEePEMEIIEHUAX CE0D00HBL ITEKTPHUIECKUX

1) Crporo rosops, 3T0 BHpaKeHHE A/ Agum CIPABEANHBO JIMIIL B TOM CIIy-
4qae, ecyii 00beM [UIIEKTPUKA MPH ero MOJSPH3ALMHA [I0ITePKUBACTCH HOCTO-
aiHbiM. Ecnm Ke nonsipH3auys NPOW3BOAMTCH MPH TIOCTOSHHOM JABJIEHUH D,
TO OHa, BOODIIE TOBOPH, COMPOBOXKIAETCH HEKOTOPHIM M3MmeHenneM dV ofbema
putekTpuka Vo (saexmpocmpuryui), H3 KOTOpoe 3arpadsBaerca nobaBoumnas
pabora —pdV.

2) Kak M3BECTHO M3 TEPMOAMHAMUKH, CBOBOIHAA SHEpPTHs: ) COBIAIAET C JHED-
ruedl CHCTeMBl TOJIBKO B TOM ClIydae, eClii ¥ oT Temneparypst 1 He 3aBUCHT
(npu nocrosirHOM 00beme V CPICTEMLIS; B JAHHOM CJIy4ae 3TO YCJOBHE O3HAYaeT

HesaBucuMocTh £ ot T npu nocrosHHoM V [kBasuynpyrue mumoins, cM. (28 9), a
TakkKe npuMedanne 1 Ha ¢. 134].
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3apa/I0B paBHa yobun Beipakenud (30.1) uiu paBHOTO €My BbIpaXKe-
uud (30.4); npu 3TOM A0KA3ATEILCTBE MPEIIOIArAIOCh, YTO AUWIEK-
TPHK HEMOABMXKEH H YTO 3HAYEHME £ B Ka¥K/JI0# TOUKE IO 0Cma-
EMCA HEUIMEHHDIM IIPU NEpeMeIIeHnaX CBODOIHbBIX 3apsagoB. Beuay
TOrO, YTO €, BOOOIIE rOBOPS, 3aBUCHUT OT TEMIEPATYPHI, MOCTOSH-
CTBO € O3HAYAET, YTO AUSJEKTPHKH IIOAJEP’KUBAIOTCH MPH MOCTO-
AHHON TeMIeparype, T. €. YTO OT HMX OTBOJUTCS Ta Teiota d@),
KOTOpadA BbIAE/AeTCd B HAX IIpY U3MEHEHHUAX II0JiA, BEI3bIBAEMBIX ITe-
peMeleHusiME CBODOAHBIX 3apagoB. Takum obpazom, BeBOIE § 30
OTHOCATCA K U30OMEPMUNECKUM npoyeccam, T. €. dopmyisl (30.4) u
(30.5) oupeaenanT c60600HYy0 IHEPTUIO TEKTPUIECKOIO MOJIA.
Bo-BTOpHIX, B 3TOM Naparpade Mbl MOKa3aJiH, YTO B AUIJIEKTPH-
KaX, COCTOAIMX U3 KBA3HYNPYTHUX JUIOJEH, MOJIApu3anusa KOTOPhIX
He CB3aHA C TeroBbiME 3dbdexTamu, Boipaxkenue (30.5) niorHo-
cTH ¢BODOIHON PHEPruH, Kak H JOMKHO OBITEL, COBIIANAET C IUIOTHO-
CTHIO BHYTpPEHHEH 3Heprud. HaKoHel, MBI ceif9ac MOKayKeM, 4To IpH
HEKOTOPBIX YIPOIAIIINX IPeAIoIOKeHHAX HEIOCPeICTBEHHOE BbI-
yUClieHne ceo600H0tl SHEPrUu IOJNA B AWSIEKTPHKE C M/1€AJIbHBIMH
TBEP/BIMH JIUITOJIMY TIPUBOAUT K BhIpaxkeHuo (30.5) mnn (31.4).

PaccMmoTpum 12a3000pa3Hblil AHIEKTPUK CTOJIb MAJION IOJIAPU3YEMOCTH, 4TO

— —2

pasmranem Mexay (Eauxpo)? = E? 1 Euxpo, @ Taxxke Mexay E u E (§ 28)
B HEM MOXHO npeHeGpeds. MosieKyJsibl NM3NEKTPUKA CYHTAEM TBEPIBIMHU IHIIO-
namu. TLIOTHOCTE CODCTBEHHO TEKTPUYECKOM SHEPrUUM B TAKOM AMINIEKTPUKE
paBHa

EZ
8x
DHTPONHUA NPOM3BOJILHOIG TEa CBA3AHA € TEPMOJMHAMHYECKOM BepOAT-
nocreio 11 ero cocroaHus cooTHomeHBeM Bomsnmana:
S=kInIl,
rae k — nocrosnHas Bombimana. Ilycre pacnpepenenne oceit Mojiekya 1o Ha-
NpaBJIeHUAM ONIPENeINETC COOTHOEHHEM

dN = f(¥)sind - do,
rae dN — 4HCI0 MOJIEKYJI, OCH KOTODHIX COCTABJIAIOT ¢ HEKOTOPHIM ONPEAeeH-

HbIM HAPaB/IEHHEM B IIPOCTPAHCTBe yrod, Jexamuii mexay ¥ u ¢ 4+ dd. Toraa
sorapudM TepMOTUHAMEYECKON BEePOATHOCTH FTOTO PACHpPEJesIeHHs BHIPA3HTCH

T&Kl)i

Won =

ki

Inll= —fflnfsinﬂdﬂ.

0
B namem ciydae npu a < 1, cormmacuo (29.4a),

1 1, 2 1,
==N|{1 %+ - - = .
f 3 ( + acos 2a cos ﬁa)

BerasuM 9TO 3HAYeHWE B IPeALIAYIIEE BbIpask€HHE U OTPAHUYUMCH NEPBEIMHA

1) Cm., nanpumep, Sommepgeasd A. TepMOTMHAMYKA M CTATHCTHYIECKAT bu-
suka. — M.: YPCC, 2002. — § 35.
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OByMs WIeHaMH pa3soxkenus ln f no cremensM a:
Inf=acosd— %aQ +InN-In2.

Ilpn uMHTEerpUpOBaHNK MOXKHO OMYCTHTh HECYWECTBEHHYIO AJJUTHBHYIO IOCTO-
AHHYIO, IOCKOJIBKY OHA HE 3aBHCHT OT HAIPXKEHHOCTH JIEKTPHIECKOro MoJId, a
BeCh HAIIl pacyeT MMeeT UENbI0 BHIMHCIEHNE TOJIBKO TOH YacTH 9HTPONHH, KOTO-
pas BOSHUKAET M3-3a JelCTBUA JEKTPUIECKOTO [TOJIA. BHIIOIHUE NHTEr pHPOBa-
HUE, HOIYIHM
2
InII = ~N_a..

2-3
Ilonaras 3meck N paBHBIM YH(JIy MOJIEKYJ B eJuHHIE O0beMma, MOJYYUM JIOTa-
pudM TEpMONHHAMAYECKON BEPOATHOCTH COCTOSHUS AJIS eHHUAUBI 06 beMa.

C mpyroit croponsl, coraacHo (29.3) u (29.5),

2
- p_UE, p=Nrop
kT 3kT
CnenosarensHo,
2 2 12
InIl = _Na® — _ NmE" _ __13_1_3._
2-3 2-3(kT)? 2kT
Cramno OuiTh,

TS = kTInll = ——;—PE,

wi, umes sBuAy (22.6):
1

Ay
87
Taxum o6pa3oM, cBoGogHAA 3SHEPTHSA 1 eqMHUNBI 06 beMa NUATEKTPHKA PABHA
2 2 _
,p:E_._TS:E_.{_f__lEZ___iEZ_
8w 8w 87 87

Wrak, Boobime roeopsi, Beipakenue (30.5) onpeaessier He «BHYT-
PEHHIOIO» IHEPTHUI0 3JEKTPUYECKOro IOk, & €ro cBoDONHYIO 3HEp-
TUI0, ABJIAIOIIYIOCA MEPOil paboThl, CBA3AHHON C H30TEPMHYECKUMH
U TOJIBKO U30TEPMUYECKHMH U3MEHEHUAME NoJIA. Ky XKe Bolaense-
MO€ TIPH MONAPU3ANUM JUITEKTPUKA TEILJIO He TIOrJIOMAETCH CIIONHA
OKPYKAIOIIMMH TelaM#u, TO paboTa 3JIeKTPUYECKHX CUJI He PaBHA
yObUIN BEJIMYUHLL w, OlpeaenseMoit ypasnerueM (30.4). Bopouew,
[IpH TOJAPU3ALMH AU3IEKTPHUKA BBIEJAETCH, BOooOIe roBoOps, CTONb
HE3HAYMTENBHOE KOJMMYECTBO TEIJIOTHI, Y4TO 3TO OOCTOATEILCTBO B
GOJILIIMHECTBE CJIY4aeB IMPaKTUYECKOH POJIH HE UTPAET.

§ 32. IToH1epOMOTOPHBIE CUJIBI B JUIIEKTPUKAX

1. Ha kaxp1it ajieMeHT 00beMa JUAIEKTPHKA B JIEKTPHYECKOM
noJie NOJIZKHA, OYEBHAHO, AeHCTBOBATH CHJla, PaBHas CyMMme CHJI,
NPUJIOXKEHHBIX K OTAEAbHBIM MOJIEKYJaM AMVIEKTPHKA. 3aMEHHM
[O-IPEKHEMY 3TH MOJIEKYJIBI 3KBHBAJIEHTHEIMHM JIMIIONAMH ¥ BOC-
nosbsyeMmca dopmysiod (17.5), onpelensiomeil pAaBHOACHCTBYIONIY 0
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CHJI, MPUJIOKEHHBIX K JHUIIONIO:
F=pV - E/,

rae E' osmauaer Hanps:KeHHOCTh AeHCTBYIOLIEro Ha JUIONbL IIOJIS.
Ilasomuocmyd cua, IPANOKEHHBIX K JU3JIEKTPHKY, T. €. CHJa, OT-
HeCeHHas K eJuHHIe oObeMa JUITEKTPHKA, OVIeT, CIeHOBATENBLHO,

paBHa _
f=) F=) pV-E =NpV FE, (32.1)

e CyMMHPOBAHHE JO/MKHO OBITH NPOU3BEIEHO MO BCEM JUITOJSM
(MonekysiaM), HaXOOAWMMCA B eguHHIE 06beMa; N eCTh YHCIIO MoO-
JIeKy1l B eauMHMnE obbeMa, a 4epra O3HAYAeT CpejHee 3HAaYeHHe.
B cina6o nonspusyroupxcs amasieKTpukax (a < 1) MoxHO B mep-
BOM IpuOJIM;KEHHH, BO-TIEPBbIX, 3AMEHUTEL cpednee FHAMEeHUE Npo-
uzeedenus pV - E' npoussedenuem cpednuzr snavenuti p u V- E
U, BO-BTOpHIX, npenebpeus pasuuneit Mexay V-E' u V- E, rne E
€CTb HANPSKEHHOCTb CPEHEr0 MaKPOCKOMMYeckoro nois (cM. § 28).
B sToMm npubsivkenun
f=NpV-E=PV:-E

WJIH, Ha OCHOBaHMHU (GopmyJibl (22.6),

f=€4‘1EV~E.

vy

Hanee, cornacuo (47*),
EV-E = %VE2 — [Erot E].

B IEKTPOCTATUIECCKOM IIOJNE TIOCTIEOHUN YJIeH PAaBEH HYJIKO, TaK KaK

E = —V, a porop rpajsuenTa paseH HyJo [ypasaenue (427)].
Takum 06pa3oM, B TEKTPOCTATHYECKOM MOJIE
EV.-E = % . VE?, (32.2)
f=:"lvg (32.3)
8w

Taxkum 06pa3oM, B YKa3aHHOM NPUOIHAKEHUHN IUIOTHOCTL HOHJE-
POMOTOPHBIX CHJ B JUIEKTPHUKE IIPOMOPIHOHAIbHA 2padueHmy xea-
dpama Hanpsi’KEHHOCTH I0Jid; 3TO U NOHATHO, MO0, BO-IIEPBLIX, B
OHOPOAHOM TIOJIe CYMMa NPHJIOXKEHHBIX K KaXKIOMY JUIOIIO CHJI
paBHA HYJIIO, ¥, BO-BTOPBIX, 10 Me€Pe BO3PACTAHMS I10Ji BO3PACTAIOT
He TOJLKO CHJIBI IOJIS, HO M IOJSPH3alMdA, T. €. BEKTOpPHAs CyMMa
MOMeHTOB gunosieit auaiekrpuka. Cuna f Hanpasnena B cTopoHy
BO3pacTaHus abcoatomuotll BeJIMYUHBI BeKTopa E nesasucumo om
HANPABGAEHUA IMO20 6exmopa; NPUUYMHA 3TOTO JIEXKHUT B TOM, 4YTO
IpH M3MEHEHHH HaIpaBjieHWs BekTopa K M3MeHdAeTca Takxke H Ha-
npagJsieHde noiapusanun P. Takum 06pa3oM, B 31K TPHIECKOM II0JI€
IU3EKTPUK Ysaekaemes 6 obaacmsd naubosvuwedd HANPANCEHHOCMU



148 OHINEKTPUKH o%) B 1

NOAA. ITHMH MOHAEPOMOTOPHBIMHE CHJIAMH 00YCIIOBIUBAETCH, HAIPH-
Mep, NPUTIKEHNE 3aPAKEHHBIMY MMPOBOJHUKAME KYCOYKOB OyMaru,
Oy3MHOBBLIX IIAPHUKOB U T. .

2. IpuBenennsiit BEIBOA HopMyJibt (32.3) OCHOBAH HA pAje NPY-
Osxennst u ynpomennii. Obmiee e BbIpaXXeHHe IOJi HOHIEPOMO-
TOPHBIX CHJI MOXKeT OBITh TMOJAYYEHO M3 BBHIPAYKEHUS IJs SHEPIHH
nona W {dbopmyia (30.1) wim (30.4)] nyreM paccMOTpeHHs H3MEHe-
HMA 3Hepruu dW, cBA3aHHOrO ¢ HECKOHEYHO MAaJibIM IPOU3BOJIBHBIM
(BHPTYasIbHBIM) mepeMeleHMEM ¢ HAXOASIIUXCS B 110MI€ TeJ ([POBOI-
HHUKOB M JUIEKTPHKOB); KOHEYHO, NEPEMEIEHUE PABJINIHBIX TOUYEK
STHX TeJI MOXeT OBITh PA3THYHBIM, TAK YTO  ABJISETCS TIPOM3BOJIb-
HOIi, HO HelpePHIBHOH Gy.iK.tueit Touku. ITpu cobnronennu ycnoBuii,
paccMOTpeHHBIX B § 18, 970 vl MeHeHME SHEPrUH JOKHO OBIThL PABHO
B34TO} ¢ 0b6paTHBIM 3HaKOM pabore A NOHAEPOMOTOPHBIX CHJI TOJIS

[ypaBrerwue (18.1)]: SW = —A,

KOTOpasi B CBOIO OYePEab, OYEBHAHO, PABHA

A=qudv,

rjie MHTErpadl J0JKeH OBITh PACIIPOCTPAHEH 10 BCeMy 00beMy no.aHo-
20 noas, npudem £ dV ecrs cuia, npunoxenHad K aieMeHTy obbema
dV, a q — ucoeiTeiBaeMoe uM cmemenne. Cie0BaTeNbHO,

W = — / of dV, (32.4)

rze f — moTHOCTE MOHAEpOMOTOPHBIX cua nionid. Onpenenus OW u3
BBIPA’KEHHsI SHEPIHH, MOXKHO ¢ moMoinbio (32.4) naiiru f.

B sToM cocrour Hambonee oOmuii METO] BHLIYHCICHHS HOHIEPO-
MOTOPHbBIX CHJI, KOTOPBIM MBI HEOJHOKPATHO OyJeM Monb30BaThCA B
JaJIbHEHIIIEM.

3. [Ipumenss sror obmuit Merod K BHEMECJICHHIO MOHIEPOMOTOPHBIX CHJI
IMEKTPHUYUECKOrO MOJIH, MBI B 3TOM Haparpade npearionokuM, 9TO KaK JUIIEK-
TPHYECKad NPOHUIAEMOCTE £, TAK X HAIPHYKEHHOCTH IO/ TIOBCIOAY Helpephis-
HBI, T. €. 4TO 3HAYEHME £ TLIABHO W3MEHAETCHd B NOTPAHUYHBIX CIOMAX, CJIY ALY
Pa3/esIoM MeXAY Pa3/IHYHbIME CPEAAMH, ¥ YTO IOBEPXHOCTHBIE CBOGOIHbIE 3aps-
Abi 0 0TcyTCTBYIOT (00 = (). Bonpoc e 0 CHAaX, IPHIIOXKEHHBIX K [IOBEPXHOCTAM
pa3psiBa, Gyner paccmorpes B § 34.

a OCHOBAHMH JONyINeHus o6 OTCyTCTBHH mOBEpPXHOCTell Pa3pweiBa BO BCex
MOBEPXHOCTHHIX MHTErPAJIAX, C KOTODHIMH HaM IPHAETCA BCTPETHTHLCA B ITOM
maparpade, uuTerpuposanre 6yaeT pacupoCTPaHATHCH JIMINL Ha BHEMHIOI I'pa-
HUYHYIO NOBEPXHOCTH Noyis. KpoMe Toro, Mpl yCIOBHMCH PACCMAaTPHBATh NOAHOE
noeae, TaK 4TO0 BCE STH NMOBEPXHOCTHBIE HHTErPaybi 06paTaTcs B Hyab. Bmecte ¢
TeM 00paTATCH B HYJIb B BCE HHTETDAJIB TUIA

/div adV,

TaK Kak, CorjiacHo Teopeme [aycca (17¥), uarerpasnst 518 MoryT OeITh npeobpa-
30BaHbI B HHTETPAJIBI IOBEPXHOCTHBIE:

/divadV = fan ds =0. (32.5)
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4. Cornacro (30.1) u (30.4) sHeprusi 3UIEKTPOCTATHYIECKOTO HOJH, BBHAY
TpeIoIaraeMoro HaMH B 9TOM maparpade OTCYTCTBHH HOBEDXHOCTHHIX 3aps-
n08 (o = 0), MoxeT GbITH BHIPaXKEHa OJHAM U3 CIIEAYOLMX yPABHEHHIA:

Wi =l/p<pdv u szifsEde-L/E(gradsO)WV’
2 8w 8w

npuveM, KoHeuno, W; = W,. CienoBarensHo, n3meHeHe SHEPIUH NIPH IPOM3-
BOJILHOM GECKOHEYHO Ma/IOM HepeMelleHUH ¢ HAXOOSIuXCs B TI0JIe TeJ PaBHO

SWy = é/<p6pdv+-;—/p6¢dv

M
1
Wy = 6W1 = Si / (grad ¢)° dedV + ym / e grad pd(grad p) dV,
T 7i9

rae dp, 8¢, dg, ... CyTh M3MEHEHWA BeJIMH4UH p, ), £, ..., 00YCIOBIICHHbIE TIepe-
MeIreneM q.

Kak m3BecTHO, HMOpsAOK BHOOJHEHHMA onepaiyil muddepeHuupoBaHus u
BaphbHPOBAHKMA MOXHO MEHATH 0e3 M3MEHEeHHs UX Pe3YJILTATa, TAK 9TO

Bp By Btp) 3(8p)  .B(6p) . B(dy)
d(grad ¢) (l 50 T3 oy +koo i T oy +k= = =gra (8)

C npyro#t cropoHsI,

egradp = —¢E = -D.
CaenoBarenbHo, Ha ocHOBaHuH (433 ) NOABIHTErPAJBHOE BHIPAYKEHHE ITOCTEIHETO
HHTerpaJja MOXHO Ipeolpa3oBaTs cieayiomuM o6pa3om:

egrad ¢ - 8(grad ) = —D grad (dp) = — div (D dy) + dp divD.

HHTerpal mepBOro ¢JIaraeMoro IpaBoil 9acTy, cortacHo (32.5), paBen Hyo,
TaK YTO, BOCHOJIb30BABIIUCH ypasHeHueM (22.2), 0KOHYATENHHO MOy IHM

§W, = if(grm¢)265dv+i/divm¢dv= i/E2aedv+/p5¢dv.
8w 4 87

Bsugy toro, uro §W, pasno dW;, npupamenue snepruu W moxno, oge-
BH/HO, NPECTABHTH TAKXke B cieAyomeil dhopme:

6W=25W1—5Wz=/¢p6pdv— SL/Ezaedv.
iy

Taxum o6pasom, spranciente W cBelleHO HAMH K ONpENEIEHHIO H3MeHeHHs
TIOTHOCTH CBOGOIHOIO 3NIEKTPHYECTRA 0 H JUMEKTPHYECKOH NPOHUTIAEMOCTH &
IPU BUPTYAJIBHOM epeMeuieH:H: ¢ HAXOAALUUXCH B HO0JIe Tell.

5. Bemaunst dp u e, BXoaamke B HoCeniee ypasHeHHe, HOCAT Ha3BaHHe
AOKAADHBE U3MeHEHUY BEJIMYMH p U €, B OTJIMYHE OT TAK HA3BIBAEMBIX UIMeHe-
Hull MAMEPUAALHHT, KOTOPble Mul 06o3Ha M yepes §'p u §'c. Pasuuna Mexny
ATHMH NOHATHIAMH COCTOMT B (JieAylmeM. J0xarbHoe U3MeHeHue, UCHBIThIBae-
Moe Kakoi-ymb0o BeIM4uHOH NIPH NepeMemeHusX CPelbl, eCTh H3MEHEeHHe 3Hade-
HHUA 9T0¥ BEJIMYMHBI B HEKOTOPOH OIpenesleHHON TOYKe IPOCTPAHCTBA, HE IpH-
HEMAIOIEN y4acTus B 9TOM IepeMmemenun. Mamepuaabvtoe xe U3IMEHEHUE eCTh
H3MeHeHHe 3HAYEHUS JAHHON BEJHHYHHEBI p B HEKOTOPOM OIpese/IeHHOM MAaTepH-
AJILHOM 3JIeMeHTe nepemelyaioweiica cpeasl. MHbiMu crropamu, ecin snement dV
MaTepHaJbHOM cpeanl, HaXONUBIIHHCs A0 nepeMeltenud B Touke P, nepememaer-
ca B Touky P', To 8’ p paBHO pa3sHOCTH MexAy 3HaUeHHEM, KOTOPBIM o6Iamamno p
B Touke P Jio nepememenus, 1 TeM 3Ha4eHUEM, KOTOpbiM obiaanaer p B Touke P’
nocje nepeMeIteHus q.
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C gpyroit cropoHsr, dp PAaBHO PAaSHOCTH MEXAY 3HAYCHHAMH, KOTOPHIMH
obmanano p B onHOM B TOM e Toyke P mo u mocre nepememenus q. Coor-
BETCTBEHHO 3TOMY JIOKAJILHOE H3MEHeHue p Kakoi-inbo Benuyuin p B Touke P
MOXxer GbITh IPEICTAaBIIeHO B BUJE CyMMB IBYX C/IaraeémeIX. Bo-nepsrnix, mocie
cMelneHus q 8 Touke P Oyner Haxoqurhes aseMenT oGbema Cpejinl, paHee HaXo-
mupmmiics B Touxe P na paccrosmum —q or P, B KOTOpoii Be/IM4IUHA p HMeEIa,
OYEeBHIHO, 3HAYEHUE

Ppn = Pp +(—aq)gradp = p, — qgrad p.

KpOMe TOT0, 3HaAYEeHHEe BEJTHYIAHL] 0 B 9TOM o0’bEeME UCIBITALT MaTepHansHOe

u3menenue &' p. ClenosaTesbHo 1,

Sp=26"p~qgradp. {(32.6)

Takum 0bpa3oM, onpenesieHye JOKAJIBHOIO U3MEHEHNU CBEEHO K onpeneste-
HHUIO H3MEHEHHUs! MaTEPUAIIBHOTO.

Ecnu mepemeureHne cpenpl He CONPOBOXKAaeTcH ee aedopMmaliueit, To Mare-
pHabHOe u3MeHenue §' p pasno, 04eBuAHO, HyT0. Ectd xe amement V cpeas, 06-
JMajamoumil 3apsaaoM de, HCOBITHBAET IPH CMEMEHUH CXKATHE WIH PACIIMpeHHe,
TaK 4yro obbeM ero craHoBuTca pasueiM V 4 8V, To, ouesuano,

de=pV = (p+ & p)(V +46'V).

IIpon3sens npusenetue wieHos U npenebperas npoussenennem §'p - §'V, momy-
Haem "
§p=—p—.
\%4
Urobb onpenennTs OTHOCHTENbHOE Mamenenue §'V/V ofbema snementa cpe-
JBl, 3aMETHM, YT0 OPH CMEHIeHuu q dj1emMenTa d.S rmosepxHoctu S, OrpaHHYIHBAIO-
meit o6bem V), aror 06bem BozpacTaer Ha gn dS, T. e. Ha 06beM OUIIMHADPA, OIH-
CaHHOTO 3jieMeHToM dS npu 3ToM nepememenun Koneuno, g, dS Moxker nmeTh
KaK NOJIOKUTENHHOE, TaAK M OTPHIATENLHOE 3HAYEHHE B 3aBHCHMMOCTH OT 3Hade-
HHA yIVIa MEXAYy q ¥ BHEIUHell HOpMaJIbio N K ajteMenty dS. [ommoe xe n3me-
Hernne obbema V npu cMmeutenun q 6yeT, 094eBUAHO, pABHO

8V = fqn ds,

H, CIeJ0BATENBHO [CM. ompe/ieenne fUBEpreHuyAy BeKTopa, ypasnenue (18%)], s
npenene upu V — 0,

57‘/ = %?gqn dS =divq. (32.7)
Brocs 3T0 3HAYeHME B BHIPAXKeHUe Juid &' p, HoMydaem
§'p=—pdivaq. (32.8)

Ouesuano, 4yro Gopmysoit aroro suaa Gyaer onpenensThCs HE TOILKO JO-
KaJIbHOE M3MeHeHHe IUIOTHOCTH IJIEKTPHYECTBA p, HO, HANPHUMED, U USMEHEHUE
IJIOTHOCTH T caMoif cpeaH (T. e. MU3MEeHeHHe MACCHl eMHUNBL 06bEMa):

§r=-rdivq.
6. Broca (32.8) B (32.6), monyyaem ¢ noMompio (43;)
dp = —pdivq — qgrad p = - div (pq). (32.9)

C npyroit cropons, no ananornu ¢ (32.6), nMeem
de = §'e — qgrade.

!) Benay npenmonaraemolt GECKOHEHUHOH MAIOCTH CMEIUEHHs ¢ MbI BIOpaBe He

YUUTHIBATE PASHULBL MeXAY (8'p)p. 1 (&' ) ps CBOISIEHCH K BEIMMMHAM BTOPO-
T'0 NOPAAKa MAJIOCTH.
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Tax xak 3Ha4EeHHE & 3ABHCHT OT TIJIOTHOCTH AUSJIEKTPHKA 1) , TO MaTePpHaJIb-

HOe U3MeHeHne € GyeT OnpeleISThCs MATePHATLHEIM H3MeHeHueM 8’ 7 IUIOTHO-
CTH T

H, CTaJIo OBITH,
6e=—§—€- Tdivq — qgrade. (32.9")
T
Bruocs 3nadenus d¢ u dp [ypasuenne (32.9)] B supaxkenne qia § W, noayunm
sw = = /qEZgradedV + L /E“’%Tdiquv - /gadiv (pq)dV.
87 87 or

TToapinTerpasbHbie BHIpAXKeHH OBYX OCTEHHUX HHTETPaJIOB MOXKHO npeol-
pa3oBaTh ¢ nomMowpo (433):

E2§ Tdivq = div (EZ% 'rq) — qgrad (Ezﬁ 'r) s
or ar ar

wdiv (pq) = div (ppq) — gpgrad ¢.
Cormnacao (32.5) mHTErpasIbl MepBBIX CIATaéMHKX STUX BhIpaxenuit obpama-
I0TCS B HYJIb; IPHHAB elie BO BHuMaHue, 9To grad ¢ = —E, monyuaem

SW = {i E?grade — L grad (EZ—B—ET) —pE}/qu.
8w 8w or

7. 310 BhIpakeHue and W JOIKHO COBOAJATH C BhIPAKEHHEM
(32.4) npu MPOU3BOJILHON 3aBUCHMOCTH CMEIEHUS  OT KOOPAMHAT
touku. OTCl0a clieiyer PABEHCTBO BbIPAKeHHH, Ha KOTOpLIE MHO-
KUTCA q B 0boux mMHTErpansax:

R 1 2 0e
f =pE - Egrade + = grad (E o T) . (32.10)

OTa popMysia U ABIASETCA UCKOMBIM BBLIDAXKEHMEM I ILIOTHO-
ctu nougepomoTopEbx cimi f. Oua craraerca us asyx wacred, £(1)
u f@ | a umenno u3

£f) = pE, (32.11)
JelcTByiomeil Ha CBODOAHBIE IEKTPHYECKHE 3aPAIbI, U U3
@=L ( 20 ) _ 1 p2
f P grad ( E 5T 87rE grade, (32.12)

3aBHCALIEH OT Oc /0T u grad € U OTVIMYHOI OT HYJIA TOJBKO B JIU3JIEK-
TPHKax.

Nz (32.11) cnenyer, 9ToO IJIOTHOCTD £f(1) nongepoMoTopHBIX CHJI,

NefiCTBYIONIMX HA C60000HbIe 3APAABl, B AU3NEKTPHKE, KaK M B Ba-
KyyMe, OTPENeJIfeTCs HAIPAXKEHHOCTHIO UIEKTPHIecKoro mosd. M3

1) B TBepmpix MMAMEKTPUKAX € MOXKET 3aBUCETH (HPH 33IaHHOM TeMmeparype)
HE TOJHKO OT ILIOTHOCTH IM3JIEKTPUKA, HO U OT €ro gedopmanuil, He cBa3aH-
HBIX C m3MeHeHusMu wioTHocTH, Vccienosanue atoro obcrofTenscrsa tpebyer
ydeTa aHM30TPOIMK 1ehOPMHPOBAHHOIO AUJICKTPHKA B NPOBEAEHO, HADUMED,
B kuure: Cmpemmon. Teopust anekrpomarumerusma. — M.: [ocrexmanar, 1948.
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3TOr0 MOJIOXKeHus Mbl ucxoauwnu B § 30 mpm moxacuere paboTwl, co-
BEPINAeMOfi I0JIeM IIPHU IepeMereHnl CBODOJHBIX 3apagos. UTo Xe
kacaerca 1otHOCTH f(2) NOHZEPOMOTOPHBIX CHJI, AEHCTBYIOMMX Ha
JM3JIEKTPHUK, TO B (J1aBO MONAPHIYIOUMXCA JuayieKTpukax (o < 1)
BeIpakenne (32.12) coBmajaer ¢ TeM BeIpazkeHueM (32.3), KoTopoe
OBLIO MOJIyYEHO HAMM HENOCPEACTBEHHBLIM IMMOJCYETOM MOHAEPOMO-
TOPHBIX CHJI B 3TMX JM3JIEKTPHUKAX.
Heiicreurensuo, coriacao (29.12),

e-1_ lC’T,
£+42 3

rae koadbduuuent C' 0T JIOTHOCTH JU3JIeKTPUKA T He 3aBHUCHUT. [lpu
a1, e npu €= 1, MOXKHO C JOCTATOYHON TOYHOCTHIO MOJIOKHTD

e—1=Cr.

Torga
79 — 7C=¢—1,
or

u (32.12) mpunuMaer Buj

g2 — 1 grad {Ez(g -1}~ 1 g2 grade.
8 8w

Ho, cornacho (43}),
grad {E%(e — 1)} = (¢ — 1) grad E? + E? grade.
CnengoBaTenbHO,
£ = -1 orad B2,
8w
470, JeHCTBUTENILHO, coBmajaaeT ¢ (32.3).

TakuM 0bpa3oM, ycIoBHEM IpUMeHHMOCTH dhopmyisl (32.3) ss-
Jsercs JuHeNHad 3aBMCUMOCTb OMIEKTPHYECKOH IIPOHHUIAEMOCTH
OT TJIOTHOCTH JUAIEKTPHKA, UMEIOMAd MECTO, CTPOro TOBOPS, TOMh-
KO B ra3ax.

3aMeruM B 3aKJIOYEHHE, YTO MakKCBeJlT u pajg APyTUX aBTOPOB,
HanpuMep AbparaM, He NPUHMMAJIM BO BHUMaHHE 3aBHCHMOCTH JIH-
3JIEKTPUYIECKOH MPOHUIIAEMOCTH OT MJIOTHOCTH Cpeanl, byiaroaapsa 4e-

MY BBIDaXKeHHe MOHJEPOMOTOPHBIX CHJI B JU3JIEKTPHUKAX, KOTOPBLIM
OHH TIOJIL30BATUCE!

f= —SL E?grade, (32.13)
s
OTINYa0ck OT (32.12) oTCYyTCTBMEM NEPBOrO YJIEeHA
i1 206
£' = L grad (E “ T) . (32.14)

ITOT WieH B TBEPILIX M KUJKUX JUAIEKTPHKAX CPABHUM IO BEJIH-
yuge ¢ (32.13), Tak 4TO npeHebperaTh UM, BOODILE FOBOPSA, HE HpeJ-
CTaBIASAETCH BO3MOKHBIM.
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OjHAaKO HaJO UMEThb B BUJY, 4TO orTamdue dopmynn (32.12) or
MakKcBesioBoit dhopmysibl (32.13) ckasblBaeTca JHIIL HA pacpeesie-
HUU CHJI IO 00'beMy AM3NEKTPHKA; PABHOAEHCTBYIOMAA Ke He YUTeH-
HBIx Makcsessiom cui £, mpunoxeHHEBIX K KakoMy-u60 Tery, 1ubo
paBHa Hy/O (€C/IM TENIO 3TO NMOMEIIEHO B BaKyyM), Jubo yPaBHO-
BEIIMBAETCH I'MIPOCTATHYECKMM JABJIEHHEM, BOZHUKAIONIIM B OKDY-
Kalomel cpejie MOJ BJMAHUEM 3MIEKTPUYECKOTO MONLA. IDTO yTBEp-
x)aeHue bymer gokazaHo B § 34.

§ 33. CBeenne 06EMHBIX CHJI K HATSIXKEHUsM )

1. Kak yxe ynoMuHaaocs B § 16, MexaHUCTHYECKAA TEOPUS 3JIEK-
TPOMArHUTHOIO IOJIA MPOILIOr0 BEKA MCKAJIA NPUYMHBI 3/IEKTPHYe-
CKUX fBJIEHUIl B ynpyrux nedOpPMAalHsIx THIOTETHYECKON Cpeabl —
acupa. XapakTepHOit 0CODEHIIOCTHIO CHJI YIIPYTOCTH, KaK, BIPOYEM,
1 BOOGIIE CUJ OIM3KOJEHACTBHS, ABJISETCH BO3MOXKHOCTD CBEIEHUS UX
K HOMAINCEHUAM, BOSHUKAOIIUM B JeHOPMUPOBAHHLIX CPEJAX, T. €.
BO3MO>KHOCTEL CBEJIEHUS CUJI, JEHCTBYIOIIMX HA IIPOU3BONBHBIN yua-
CTOK CpeJbl, K CHJIAaM HATSXKEHWS, UCIIBITBIBAEMBIM TOBEPIHOCINDIO
3TOro y4acrka (B YacTHOCTH, JaBJIeHHe €CTh OTPHIATEIbHOE HaTsl-
KEHHe).

CooTBETCTBEHHO 3TOMY IEpe] MEXaHHCTHYECKOH Teopuei moms
CTOsIIa, 33J34a CBeJEHUA IMOHJEPOMOTOPHBIX CHJI HOMA K YIPYTHM
HaTSXKeHUAM cpejbl. CBECTH 3TH CHIBI K HATAXKEHHAM, KAK MBI I1O-
KaykeM, JIefICTBUTENIbHO, OKa3bIBaeTCd Bo3MOKHBIM. [IpaBna, 3To o6-
CTOSITEJILCTBO HU B KOel Mepe He CIacaeT MeXaHHCTHYECKOH Teopuu
MOJIs, OKa3aBIIEHCd B 116J10M HECOCTOATEILHOM; OJHAKO IIPH PACCMO-
TPEHUN MHOTHX BOIPOCOB 3aMEHA MOHAEPOMOTOPHBLIX CHJI 3KBHBA-
JIEHTHBIMM UM HATSKEHUSIMH OKa3bIBAeTCA BEChbMA 11e1eCO0bpasHoil.

B srom maparpade MBI pacCMOTPHM BOIMPOC O CBEAEHUHM 00beM-
HBIX CHJI K HATAXKEHHAM B obimeit hopMe ¢ TeM, 410l B Clie1yiomeM
naparpade NpIMeHUTD NOJIyYeHHBIe Pe3yJIbTaThl K HHTEPECYIOmEeMy
HAC CJIY4al0 3JIEKTPUYECKOTO IOJIS.

2. PaccMoTpuM HEKOTOpHBIH 06beM cpeant V, orpanMdeHHEI mo-
BepxHocThIO S. Ecnu f ecTh 06beMHAA IIOTHOCTE CHII, TO paBHOZE!-
CTBYIOIIAs BCEX CHJI, IPUJIOJKEHHBIX K TeJIaM, HAXOJAANIMMCA BHYTPH
obwema V', byer paBHa

F = /de. (33.1)
Vv

C apyroit CTOpoHBI, ecau 06 beMHbBIE CUJIBI BOODIIE MOryT OBITH CBe-
OEHBl K HATAXKEHMAM, TO TOH Ke BEJUYMHE JO/KHA PABHATHCH M
COBOKYITHOCTbH HATAXKEHUii, JeHCTBYIOINX U36He HA 3aMKHYTYIO I10-
BEPXHOCTB S.

1) Bror i cienyomnt naparpader MOXKHO ONyCTUTH ITIPH HEPBOM YTEHWH KHUTH.
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Cuna HATSXKEHUHA, HUCOLITHIBAEMas KaKMM-JH00 3jeMeHTOM dS
NOBEPXHOCTH dS MPOM3BOJBHOIO YYACTKAa CPEbl, NPOIOPIMOHAL-
Ha 3TOMY 3JIEeMEHTY ¥ 3aBHCHT HE TOMBKO OT €T0 IIONOXKEHHUS, HO U OT
€ro HapaBJIEHH, — HHBIMM CJIOBAMHU, ABJIAETCA He TOILKO (PYHKIH-
eil ToukH, HO U pyHKIMel HAMpaBJIeHUs HOPMAaIH N K 3JIeMeHTy dS.
B yacrrocTH, npu nosopore maomaixku dS sHa 180°, T. e. mpyu us-
MEHEHUH HAIPABJEHUS HOPMAJIM N Ha 00paTHOE, CHIIa HATSKEHUS
MeHdAeT CBOH 3HaK. B aToM BhIpakaeTcs TOT (PaKT, 9TO HA MPOTUBO-

TOJIOXHBIE CTOPOHBI MPOM3BOJILHOINO 3€MeHTa moBepxHocTH dS 1)
BCerZa AEHCTBYIOT B3aHMHO YPABHOREINHMBAIOIIMECS PaBHbIE H IIPO-
THBONOJIOXKHbBIE HATIKEHUH.

Oboznauum uepes T, cwily, AeACTBYIOUYIO H3BHE HA €IUHHUILY
[TOBEPXHOCTH, BHELIHASA HOPMAJib K KOTOPOH HaIpaBJieHa II0 N, KOM-
TIOHEHTBI 3TOR CHUJIBI 10 OCAM KoopAuHAT obosHauuMm yepes Try, Tyn

uT,, 2). Torma paBHOJEHCTRYIOMIAS BCEX HATIKEHUH, MTPHIIOXKEH-
HBIX U3BHE K IIOBEPXHOCTH, OUYEBUJHO, PABHA

F= 95 T, dS, (33.2)
S

I/ie N eCTh BHEIIHAsT HOpMaJib K aneMenty dS. [IpupasHuBasa BhIpa-
xeuud (33.1) u (33.2):
F= /de = 515'1‘,, ds, (33.3)
1 s
MBI MO2KEM HalTH COOTHOLIEHHE MEXIY TJIOTHOCTHIO 06'beMHBIX cui1
¥ HaTsxeHueMm T,.

3. BuibepeM kaky-1b0 MPOMBBOJLHYIO CHCTEMY JIE€KAPTOBBIX
KoopinHaT u 0bo3HaxmM cooreercTseHHO yepe3 Ty, Ty u T, cuny
HaTKeHnd, JEACTBYIOILYIO U3BHE HA €IHHUYHYIO ILJIOMAAKY, BHEII-
HsIS HOpPMaJib K KOTOPO¥ HampaBJieHa COOTBETCTBEHHO IO OCH I, IO
ocu y v 1o ocu z, Craramomue 3Tol CUJIBI MO O0CAM KOOpAMHAT 060-
snauum uepe3d Ty, Tyz, Toz U T. 4., TAK 4TO

Ty =iTy +jTy::: + kT, Ty = iTxy +jTyy + k-sza
T, = il + jTy, + kT,,.

Takum obpasom, Hanpumep, T, €CTh craramon@as 0o OCH T CH-
abl T, peficTByromeil Ha eIMHUYHYIO IUIOMAKY, BHEIIHAS HOPMAJb
K KOTOpOH HalIPaBJIEHa II0 OCH 2.

Jlerko nokasarb (cM. Ji060H Yy4EOHHUK TEOPUM YIPYrOCTH), UTO
cuna HarsxeHUsa Ty, AefiCTBYIOAA U3BHE HA MMPOM3BOJILHO OpHEH-
THPOBAHHYI) €IMHUYHYIO IJIONIAAKY, BHEIIHAA HOPMAaJb K KOTOPOI

1) 3a mck/IOUenyueM NEMENTOB MOBEPXHOCTEH Pa3spHIBA, KOTOPHIX MBI B 3TOM
naparpade He pacCMATPUBAEM.

2) Yacro 9TH KOMIOHEHTH 0603Ha9aI0T Yepe3 Thy, Tvy, Tn:. IIpon3senennsrit
HaMHK BHIGOP MOPAIKA MHIAEKCOB COOTBETCTBYET INPHHATOMY B o6mel Teopuu, us-
JoxkenHo# B § 105.
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uMeeT HalpaBJeHne n, ceasada ¢ cunamu Tg, Ty u T, crexyromum
COOTHOIIIEHUEM:

Trn = T, cos(n, z) + Tycos(n, y) + T, cos(n, z), (33.4)

TaK YTO C/IaraloIias 3TOi CHUJIbI, HAIIPUMED, II0 OCH T PAaBHA
Tyn = Trgcos (n, z) + Ty cos (n, y) + Ty, cos (n, 2). (33.5)
Taxum obpasom, neBate BesuunH, Try, Try U T. 1., BIOJHE Xa-
PaKTepU3yIOT cOB0I0 CUCTEMY HATSKEHUI B JAHHON TOYKE NPOCTPaH-
CTBA: 3HAYEHUAMH 3THX BEJIUYMH BIIOJTHE OIIPEJE/ISIOTCA HATAXKEeHN ],
UCITIBITHIBAEMBIE TIPOU3BOJILHO OpHEHTHPOBAHHOM IJIOMA/ KO, Bemu-
yuHbl Tpp, Tpy ¥ T. J. HA3LIBAIOTCA KOMNOHEHMAMU TE€H30Pa HaTH-
’KEHMIt, a X COBOKYITHOCTb HOCUT HA3BAHHE MEH30PL HAMANCEHUT,
KOTOpBIi Oyzer obozHauaThca Hamu Oyksoit T (6e3 nujexcos). Kom-

DOHEHTH! TEH30pa MOTYT OBIThH 3alMCAaHbl B CIEIYIONEH CHMMETDHY-
HoO#t dhopme:

Tzz sz Tzz
T = Tyz Tyy Tyz - (33.6)
Tz;c sz Tzz

4. Yrobsl oT MHTerpaiabHOro coornoutenns (33.3) mexay Hars-
JKEHUAMU ¥ 00BEMHBIMHI CHJIAMH [epeliTH K COOTHOIEHUAM audde-
PEHIMaIbHBIM, MBI JOJKHBI, OYEBHIHO, NpexJe BCero mpeobpaso-
BAaTb IOBEPXHOCTHBIN MHTETPAJI CIPaBa B 00beMHbII (11i Hao60poT).
BocnonbzoBasincs ¢opmynamu (33.2) u (33.5), MBI MOKeM clleayio-

HIMM 00Pa30M BBIPA3HTD CIAraloyo pasuojeicreyomeii F no ocu x
Yyepe3 KOMIIOHEHTH! TeH30Da HaTaKeHMil:

95Tm ds =
= ‘(’IS{TMc cos (n, z) + Ty cos (n, y) + Tx, cos (n, z)} dS.

Bocnonbsyemcx Tenepsb Teopemoit aycca (17*), koropas B pa3sep-
HyTOU hopMe IJIACUT:

95{% cos (n, z) + ay cos (n, y) +a, cos(n, 2)} dS =

§ f(aar aay L0 , )dV

Tak kak 3Ta TEeOpeMa CIpaBeLJINBa NI mo61:1x HeOpepHIBHLIX dDYHK-
A TOYKH Gz, Qy, Gy, TO, NOJIArad B HEl ap = Tex, ay = Txy, a; =
= Ty, moay4yaeM (IpU yCJIOBHM HENMPEPLIBHOCTH KOMITOHEHT TEH30Pa
HaTAKeHuil BHYTPH obbema V'):

F,= 5£Tm ds = f (G + T+ 5 av.
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Broca 310 B (33.3) u npupaBHUBag BBUAY NPOU3BOILHOCTH 00'b-
eMa V NoAbIHTerpaabHble BhIPpakKeHHS, MTOAYIAeM OKOHYATENLHO

aT. aT. aT,
— Tz + Ty Tz
Iz oz Oy + Oz

H aHa.nomaqu
Ty:c yy aTyz — aTz:c Bsz BTZZ 33 7
fy ay + az ' fo= Oz dy + dz (33.7)

Shv7 d)opMynbx M YCTAHABJIUBAIOT UCKOMBIE audbepeHnaibHLIe
COOTHOILIEHHUST MEXK/1Y TIOTHOCTBIO 00beMHbIX cut f 1 KOMITIOHEHTaMHU
TeH30pa HarskeHud T.

5. U3 (33.7) cnexyer, 9TO IUIOTHOCTh OOBEMHBIX CHJI OIPE/eJid-
ercst He abCoJIIOTHOI BeJMYNHOM HATSKEHH{l, a XapaKTepoM H3Me-
HeHMdA HATAKEHWl B IIPOCTPAHCTBe (IIPH NepeMeIeHHdaX TOYKH Ha-
6uropenus). B gactHocTH, f paBHO Hy/IH0, 8C/IM KOMIIOHEHTHI TEH30PA,
HaTsKeHHA T MMEIOT B JAHHOM YYaCTKe CPE/Ibl MOCTOSHHBIE 3HAYe-
HHUsl. DTO U MOHATHO, H6GO €CIU MBI MBICJIEHHO BBIJETHM B CpPeJie TIPO-
U3BOJILHBIN Napasiieienunel], TO B CIy4Yae NOCTOAHCTRa Tenzopa T
Ha NPOTHUBOIIONIOXKHBIE €ro IPaHd OyAyT AeHCTBOBATL HATIXKEHMA,
PABHBIE IO BEJIMYUHE M IIPOTHUBOIOIOXKHEIE [0 HANPABJICHHIO; CJIEA0-
BATEJILHO, PABHOJEHCTBYIOMIAS NMPUIOKEHHLIX K TapaJliesiennneny
cut Oyger paBHa HYJIO.

6. g 3KBUBAJIEHTHOCTH OOBEMHBIX CHUI U HATAXKEHUH HEeoHXO-
JUMO, 4YTOOBI TIPH 3aMeHe 00BLEMHBIX CHJ SKBHBAJIEHTHBLIMH HATH-
JKEHUSAMM OCTABAJINCh HEM3MEHHBLIMU HE TOJIBKO PUEHOJeticmeyou,an
CHJI, IPWIOKEHHBIX K TIPOU3BOJLHOMY 00bEMY, HO B MOMENM 3THX
CHJI. ITO 00CTOATENILCTBO HAKJIAIBIBAET JAONOJHHUTEILHOE OrPaHHYe-
HHE HAa KOMIIOHEHTH T€H30pa HATAMKEHu.

Moment N 00beMHBIX CHII, NPHIOKEHHBIX K IPOU3BOJBHOMY
obwemy V, paBen

N = / [Rf] 4V, (33.8)

rae R ecth paccrosinve oT Touku (J, OTHOCHTENIHLHO KOTOPO#H Ompe-
JeNisieTcsd MOMEHT CHJI, 10 ajieMmeHTa dV. Eciu obbemuble cuibl f
3KBUBAJIEHTHHI HATIXKeHUaM T, TO JOMKHO BLIMONHATHCA COOTHO-
wenne (33.7). Cnenosarenso, ciaaraomas N, HanpuMep, Mo ocH ,
IOJIKHA PAaBHATHCH

Ny :/yfz _ny)dv=

AT, Bsz BT") _ (BT T,y BTyz) v
_/{( 6y+z zaz+ay+6z dv.

HO,ZII:IHTeraJII:Hoe BHIpaskeHue CIPaBa MOXKeT OFITh NpeJICTaBJIe-
HO CJieIyHoHuM obpazom:

2 a i)
™ (YT — ZTyx) + a (ysz - ZTyy) + 72 (YT, — ZTyz) — Ty + Ty,.
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Tak Kax repBble TPH 4JI€HA 3TOrO BHIPDAXKEHHUHA IO CBOEMY BH/y COB-
0aJai0T C BEIPaXKeHHEM JUBEPreHIMH BEKTOPA C KOMIIOHEHTAMH

Oy = YToy — 2Tyz, Qy = yThy ~ ZTyya a, =yl — ZTyz,

TO 06'bEeMHBI HHTErPajl MOXKHO NPeobpa3oBaTh ¢ MOMOITBIO TEOPEMBI
Taycca (17%):

No=andS+ [(Ty: =Ty v,
S 1%

npuyeM Ha ocHoBaunu (33.5)

an = @z cos (z, n) + ay cos (y, n) + a, cos(z, n) =
= y{T;z cos (z, n) + T,y cos (y, n) + T, cos (2, n)} —
— 2{Tyg cos (z, n) + Ty, cos (y, n) + Ty, cos (z, n)} = yTon — 2Tyn.

OKOHYATEJILHO MOJIyYaeM
N, = /(yfz — 2f,)dV = 56(mi — 2T,n) dS + f(Tyz ~T,,)dV.
v s v

33.9

IToBepxXHOCTHBIA MHTErPaJI CIPaBa PaBEH MOMEHTY CHII Haé"sm{e2
uus T,,, IpWIOKeHHBIX K mioBepxHOcTH S obbeMa V. MoMeHT aTux
CHJI HATSKEHHE OYJeT PABHATHCA MOMEHTY CHJI OB'LEMHBLIX B TOM H
TOJILKO B TOM CJIY43€, €CJIH TMOCIeTHUE HHTErPA CIIPaBa PABEH HYJIIO.
Brugy npoussonbHocTn obnema V 310 6yneT MMETh MECTO TONLKO
IIPU PABEHCTBE HYJIO TOALIHTEIPAILHOTO BLIDAMKEHMS BO BCEX TOY-
KaX MPOCTPAHCTBA:

Tyy = Ty

Ilosropur Te ke paccyxjeHus And crararomux N no ocam y
¥ Z, TIOJIY4MM CIeINYIOIINe COOTHOIISHN:

Tyz = Loy, Tza: = Ta:z, T:cy = Lyg. (3310)

TeH30pbI, KOMIOHEHTHI KOTOPBIX YIOBJETBOPAIOT COOTHOIICHHSIM
(33.10), HA3LIBAIOTCS CUMMEMPUNHDBLMU.

Takum 06pa3oM, HeoOXOAMMBIE M JOCTATOYHEIE YCJIOBUS TOTO,
yrobBl CHCTEMa OOBLEMHBIX CHJI M CHCTEMa HATAXKEHWH OblLiM 9KBU-
BAaJIEHTHE! JPYr APYTY KaK B OTHOIIEHHM DAaBHOAEHCTBYIOmEH CHI,
IIPMJIO?KEHHBIX K MPOH3BOJILHOMY 00beMy, TaK M B OTHONIEHHH MO-
MEHTa 3THX CHJI, CBOAATCHA, BO-TIIEPBLIX, K COOTHOIIEHusM (33.7) u,
BO-BTOPBIX, K CMMMETDHH TeH30pa HaTd:xxeHuH. Eciu ke Tensop ma-
TAXKEHHUI He CHMMETPHYEH, TO CHCTEMA HATSIKEHUN HE MOXKeT OBbITh
3aMEHEHA SKBUBAJIEHTHBIM pacCIpe/iesieHHeM O0O0beMHBIX CHII.

910, BHpoYeM, FBCTBYET YK€ M3 TOrO, YTO €CJIHM KOMIIOHEHTHI
renzopa T mocrognnel, TO o6'beMHbIe CHIBL, corsiacHo (33.7), obpa-
MIAIOTCA B HYJIb, TOT/IA KAK MOMEHT CHUJ HATAXKEHHS, ITPUI0KEHHBIX
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K IIPOU3ROILHOMY 00BLeMy, byaer npu Ty # Tk; OTIIMYATBECA OT HYIA

Jazke npu mocTogHcTBe Ty

7. Panee Mbl NOMB30BAJIUCE HEKOTOPOM IIPOM3BOJILHO BLIOPAHHOM
CHCTeMO} KOOpAHMHAT ¥ HE KaCaJHCh BOIIPOCAa O 3aKOHe mpeobpaso-
BaHUA KOMIIOHEHT TEH30pa, IIPH MPeobpa3oBaHMH KOODAHHAT. IJTOT
3aKOH MOXKET ObITh HaiifieH U3 TPeOOBaHUA (BLITEKAIOLIErO U3 CaMO-
r0 ONpelesIeHUsi MOHATHA HATSIKEHUdA), 4To0bl cnararoume Tz, dS,
Tyn dS, Ty dS cunnm T, dS, peiicTByIOmEH Ha IPOM3BOJIBLHO PACIO-
JIOAKEHHYIO W NPOU3BOJLHO OPHEHTHPOBAHHYIO TLOmAAKy dS, mpe-

06Pa30BHIBAIKCH 110 IPABMIAM IPeoBpa3oBaHNUSA BEKTODPOB 2) .

Mgpr He OymeM OCTAHABIWBATHLCA 34€Ch Ha BEIBOLE 3TOrO 3AKO-
Ha Npeo0pa30BaHMsT; OTMETHM TOJIBKO, YTO C MOMOIIBI) €ro MOYKHO
ybenuThca B TOM, 4TO Kak ypasHenwue (33.7), tak u ycnosue (37.10)
CUMMETPHUM TEH30pa COXPAHAKT CBOI BUJ rpH JI000M mpeobpazona-
HUH JeKapPTORBIX KOOPAWHAT.

§ 34. TeH30p HATAKEHMU IJTEKTPUUECKOrO MOJIA

1. ObpamaeMcsi K MOCTABJIEHHON B HAa4Yasie MPEJBIIYIIErO IIapa-
rpada 3aa4e CBEACHHUS TOHAEPOMOTOPHBIX CHJI SJIEKTPHYECKOIO T10-
Jg K HaTaxeHuaM. C 3TOM [ebio Y0010 Pas3snoxuTh 00mee BbIpa-
xkenne (32.10) a5 06beMHOM IVIOTHOCTH STHX CHJT HA ABA CJIATAEMBIX:

f=f+1" (34.1)
' 1 2 n__ 1 2 ¢
f = pE o E°grade, "= o grad (E P 7‘) .

Hamra 3aaqa 6yget, oueBuaHO, pa3pellleHa, ecyii Mbl HaliaeM TaKoi
TerH3op T, 9T0OB! MO TIOACTAHOBKE €r0 KOMIOHEHT B MPAaBYI0 YacTh
ypaBHenuii (33.7) JieBble YaCTH 3THX yPaBHEeHMI COBHAJU C OIpe-
nenseMbMu dopmysoi (34.1) craralomyMy IJIOTHOCTH O6bEMHEBIX
cun f.
2. Boipazum B (34.1) p uepes divD ¢ momompio (22.2) u pac-
CMOTPHM CJIaramonlyo miotHoctu cui f' mo kakomy-uubyap Hampas-
1 ) 1 Oe
JIeHUI0, HAIpUMep Mo ocu : f, = o E,divD — -—E25~. Jlerko
7i9 T r
ybenurbea [cp. ypasrenue (433), re ¢ COOTBETCTBYeT B HAllEM CIIy-

vae enuuune F,|, uro
E divD =2 (&, p.)+ L (B,D)) + 2 (E,D,) - DV - E,.
Oz Jy Oz

1) Bamerum, 4TO B ABHM3OTPONHEIX CPEJAX TEH30P HATAYKEHUIH SIEKTPIIECKOT0
oJis, soofie TOBOPH, HE CHMMETPHYEH.

2) Ognaxo, nanpumep, sesmmduHa T, co cnaraiomsMu Tz, Ty, T.., onpene-
NAOMAas CHILY, IeHCTBYIOIYIO Ha HEKOTOPYIO IUIOMAKY, CaMa He ABJIAETCH BeK-
TOpOM, u60 CaMO HaIpaBJIeHHE ILIOMIAAKH 3aBUCHT OT IPOU3BOJILHO BEIOPAHHOro
HAIIPABJIEHHA KOOPSMHATHON OCH T.
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Hanee, socronib3osaBumch (32.2) u umes s suay (7.6), nomyuaem

DV.-E,=¢EV-E _E—EQ
1‘
H, CJIeJOBATEJILHO,
2 2
——DV E,— Lpg2le__1 {EQE__;_EZQ} ~ 1 9(E)
8w or 8 Or or 8t Or

TaKI/IM obpazomM,

= L2 _eE L 9 9
f:x: T 4n {3:1: (ExDx 2 ) + Ay (Eny) + Bz (E;ch)}

VYpasuenue 3To coragaer o ¢gopme ¢ (33.7), eciu MOJOKHUTD

2
4 2 E ¢ € _
T=5 (B2-%), T,=LEE, T.=-<EE.
AHaIOrMYHBIM 06p330M MOrYT OBITH ONpEAeTIeHbl B OCTAJbLHBIE KOM-
MOHeHTH! TeH30pa T, COBOKYMHOCTH KOTOpBIX MOXKeT OBITH Hpe-

crapieHa B ¢hopme (33.6):

2
3 (Eg - E?) eE.E, eE.E,
4T = 2 E
7T = { eE,E, e(By -~ ) eBE: . (34.2)
E2
eE . E; eE. E, eE? -

Yo xe KacaeTca Bropol craratomeit £ o6beMHBIX cut, TO, KakK
HEIIOCPEICTBEHHO BU/HO, OHA COBIAJaeT o ¢gopme ¢ (33.7), mpuueM
OT/IMYHBI OT HyJIs TONBKO T€ KOMIOHEHTHI SKBUBAJIEHTHOTO € TeH-
3opa HaTsxkeHuit T, KOTOPBIE PACIIOIOKEHBI HA TIABHON HArOHAIH
maTpuusl (33.6):

Ty =Ty = T2, = S—WEZ 7, Ty=0 mpn i#k (34.3)

Taxum obpazom, kak T’ kak u T” (a cramo 6pITh, u ux cymma T =
= T'+T") aBNAI0TCH CUMMETPHYHBIME TEH30PAMH, T. €. YAOBJIETRBO-
psioT ycosuto (33.10).

Urak, 9KBUBaJIEHTHOCTH 06beMHBIX cui (34.1) cucreMme HaTsKe-
uuit (34.2) u (34.3) HamMu JOKa3aHA, ¥ MBI MOXKEM YTBEDXKJAATEL, UTO
obmas cuna F, geficTByionias Ha MPOM3BOJBLHBIN y4aCTOK cpeab V,
ONpeJIeIfeTCs COCTOTHUEM MOV HA 2PAHUYAT IMO20 YMACMKG, T. €.

MOXKeT ObITH CBEIEHA K CHCTEME CHJI HJTH HATSXKEHUH, 1PUJIOKEHHBIX
K €ro IMOBEepPXHOCTH S.

3. Buepsble MOHAEPOMOTOPHBIE CHJILI ITOJsS OLIIM CBEJEHLI K Ha-
TaxeHUsAM MaKCBeJIIOM, KOTOPHIH, OAHAKO, HE YYUTLIBAJ 3aBUCHMO-
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CTH JUNIEKTPUYECKOH MPOHUUAEMOCTH OT IUIOTHOCTH JU3JIEKTPHKA
(cM. xomey § 32). ITosToMy Maxceearoe men3op HamAdNCEHUT: COOT-
BETCTBYET JIMIb YaCTH HAIero TeH3opa HaTsiKenuit T, a MMeHHO
tenzopy T'.

JJ1s1 OTSIMYMA OT «MAKCBEJUIOBBIX» cull £/ M «MaKCBeNIOBLIX» Ha-
rsxkennit TV mbi Oyzem HasbiBaTh cunbl £ U cooTBETCTBYIOIME UM
tenzop T cmpuxyuonnviru. 3aMeTuM, YTO CTPUKITMOHHBIE HATANKE-

Hua T IKBUBATEHTHDB BCECTOPOHHEMY AABJEHHIO L)

"= 1 g2l (34.4)

p 8  Or
ub0o JaBjieHue eCThb OTPHUIATENBHOE HATSXKEeHWe, HAIPABJIEHHOE II0
HOPDMAJIH K IIPOHM3BOJILHON IUIOLIAJKe BHYTDH TEJa U He 3aBHUCSUIEE
OT OpHEHTAIUU ITOU IJIOIIAIKH.

B xuakux M TBepABIX TeJAX CTPUKLHMOHHBIE CHJIBI M HATXKe-
HHUsl OJHOIO MOPsiAKA BEJHYMHBI C MAKCBEJUIOBHIMHM CHJIAMH H Ha-
Txkenuamu (nbo (de/dT) 7T omHOrO MOPALKA € £). TO OTMEYATOCH
TFenbMromnbueM, JIKHHCOM U JIP., OJHAKO OCTABAIOCH HESCHBIM, TIOYe-
My NpeHeOperapuine CTPUKIMOHHBIMYU CIUTAMU M HATSKEHUSIMH 3BTO-
PBI HE TOJIyYasil CyIeCTBEHHO OIUOOYHBIX pe3ysnbTaToB. [lokaxkem,
B 4YeM 3/€eCh JeJI0.

JoImycTUM, 4TO MBI HHTEPECYEMCS TOJILKO PaBHOZENCTBYIOMIIEH F
BCEX CHJI JIEKTPUYECKOT'O 10JIs, TPHJIOKEHHBIX K POU3BOJIBHOMY T€-
ay A, u pesysabrupyomum MoMerToM N stux cui. Coracro (33.3)
n (33.9) pasrogeitcreyomas F u moment N atux cun ofHO3HAYHO
OIpelessIoTca 3HaueHnaMu rerzopa T ¢ snewned cmopotst nosepz-
nocmu meaa S. Crpuknnonnble natsikenus T" B BakyyMme, ouesu -
HO, paBHBI HyJi0 (160 B BakyyMe (Je/9T) T Hy>XHO CUNTATH PABHBIM
HyJ110). IToaToMy, ecii Te10 OKPY2KEeHO BAKYYMOM, TO CTPUKIIHOHHBIE
cuinl " v HaTaxenns T BauAOT TONBKO Ha pacnpeeieHuEe CHII IO

obbeMy Tena 2}, HO He BJMSIOT HH HA BEMYHHY PABHOAEHCTRYIOMIEH
Bcex cun F, Hu Ha ux momeHT N.

Ecnu xe Tesio A OKpy2KeHO He BaKYyMOM, a AU3IEKTPUKOM B,
TO onpejenfeMas Tersopom T PABHOJICHCTBYIOIIA F" npunoxen-
HbIX K A crpukiumonnbix cua £, Boobme roeops, He paBHA HYJIO.
Opmuako ecnu cucrema ten A v B HaAxXoAUTCA B MEXaHUYECKOM paB-
HOBECHH, TO 3Td, He yuMThiBaBmasca MakceesuioMm cuia F” touno
KOMIIEHCHPYETCsl TAK:Ke HE YYMTHIBABIIMMUCS MaKCBEJIOM JIOMOJ-
HUTEJIbHBIMHA METAHUYECKUMY CHJIAMH, WUCILITHIBAEMBIME TeJIoM A

') B TBEpOBIX OUSIEKTPHKAX HAITH BHIPAXKEHUSA U CTPUKIMOHHEIX CHJT H Ha-
TsKEHMI, YYHTHIBAIONIYE I 06beMHYI0 CTPHKIHIO, TOTXKHBL GBITh [0MOTHEHb!
YIeHAMH, BEJIMYHHA KOTOPHIX OUpENesIsieTcss 3aBHCHMOCTBIO £ OT Aedbopmaryait
CIIBUTA, He CONPOBOXK JAIIINXCH W3MEHEHHSIMH IIOTHOCTH CPeap.

2)3TuM pacupeneneHEeM ONPENENsIOTCS BOSHUKAIONME B TeNe MON BO3ZeH-
CTBUEM 3IEKTPHYECKOr0 TIOS yIPyTHe HATHKEHHS — TaK HA3bIBAEMAA IAEKMpo-
cmpuxyuA, orkyna u sassanue cun £ u Harakemns T/,
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€O cTOpOHH Tena B Giaronapst ToMy, 4To camo tesio B nogsepraer-
Cs1 BJIEKTPOCTPUKIUH.

IMosichium 310 mpocreitimum npuMepom. [Iycts Temo A npencras-
nsier coBol 3apsKeHHBIN IAPUK, [TOTPYKEHHbI B OECKOHEYHBIH 0f1-
HOPOJAHBIH KHUAKHI JHIIEKTPHK B; ruapocTtaTuveckoe naBleHuHe B
xugroctu B Bpasiv ot mapuka A 3a7aH0 M paBHO pg. Becom xun-
koctu B npenebperaem. Torpna «no Makcsemny» Ha mosepxHocTh S
mapuka A 6yAyT nelicTBOBaTh, BO-IIePBBIX, JMEKTPUYECKHUE HATANKE-
aus T' u, BO-BTOPBIX, THJPOCTATHYECKOE NABIeHHE XKUJAKOCTH pg.
B neiicTBUTEILHOCTH Ke HAJO €lle y4ecTh, BO-TIEPBLIX, HIEKTPO-
CTPUKIMOHHbIE HaTsnkeHus T neficTByronMe HA MOBEPXHOCTH Te-
na A K 5KBUBAJIEHTHBIC, comviacHo (34.4), napaenuio p”; BO-BTOpHIX,
TaK KaK JKHIKOCTb ITOBEPraeTCs B IEKTPUYECKOM IIOJie JTaBJICHHIO
p", To 2udpocmarnuuecxoe napienne py XKuakoct BOU3M mapuka A
He 6yJeT PaBHO PHIPOCTATHYECKOMY NABICHUIO Py B GECKOHEYHOCTH:
YCJIOBMEM DPABHOBECHS JKUIKOCTH OYAET IMOCTOSHCTBO IOJHOTO AAB-
JICHUS B Hell " 0
P+ pz = const = p;.

Taxum 06pa3oM, cyMMa AEHCTBYIOUMX Ha MOBEPXHOCTH TENIa K-
TPOCTPUKIMOHHBIX HaTspKeHuH 1", SKBUBAJIeHTHBIX JaBJieHUIO P
¥ (HAKTHIECKOTO THAPOCTATHYECKOTO AABJEHUS KHUIKOCTH Py Pab-
Ha THAPOCTATUYECKOMY JABJCHUI) XKHUIAKOCTH pg, BBIYHC/IEHHOMY 0e3

ydera snexrpocTpuknuy ) . KoneuHo, eci XuaKoCTh He HAXOMHUTCS
B DABHOBECHH, TO Hey4eT IEKTPOCTPHKIHK IOBEJET, BOOOIIE TOBO-
ps, K omubKe.

Wrak, ecyin HaC MHTEpeCcyeT He Paclpe/je/ieHue IIOH1ePOMOTOPHBIX
CUJT TI0 00beMy TTPOU3BOJIBHOTO Teta A, a mumb paBHOAeHCTBYIOmas F
STHX CHJI # uX MOoMeHT N, TO MOXKHO OrpaHHYHTBCS PACCMOTPEHHEM
OHMX TOJBKO MaKCBeJLIOBHIX Cui f/ M MaKCBe/lJIOBBIX HATAMEHWMi
T’, orGpacebiBas cTpUKIMOHHbIE CHiIbl u Hatsxenus " u T, npu
ycJIoBUH, 4TO TeN0 A OKpy»KeHO ubo BaKyyMOoM, JIUOO JH3IeKTpHU-
4ecKol Cpeoil, HaXONAIMEeACs E MeXaHHIeCKOM PaBHOBECHH.

4. Buocst B (33.5) snauenust komnonent tenzopa T = T' + T,
MOXHO ONPEJEINTD CJIATAIOIMe 110 OCH T CHJibl HaTsxenus T, neir-
CTBYIOIIEH B 3JEKTPUYECKOM IIO/I€ HA €AMHMYHYIO ILIOMAKY, BHEII-
Hsisl HOPMaJIb K KOTOPO# HallpaBlieHa Mo n:

=1 2_1(m§)2} £
Ton = = {EEI A G E*} cos(m, )+ y E;Eycos(n, y)+

£ =L _Lz(_ﬁ)
+ E;E,y cos (n, 2) yo E.E, ™ E* (¢ 5 7 ) cos (n, z).

1) Crporo roBops, HATOE Y4eCTh, ITO M3-32 JIEKTPOCT PAKIIMHE H3MEHHAETCS ILTOT-
HOCTB 7, & BMeCTe ¢ Heil u JuaNeKTpuiecKad NPOHNIAEMOCTh B XUAKOCTH. [lo-
3ITOMy H3MeHsAeTCH NOJIE 3apHKEeHHOIo 1apuka A B XXUIKOCTH U JeHCTBYIONHe
Ha HEro MakCBesUIoBH HaTsxkenus T'. Oapako, KaK TOKASHBAET MOACYET, ITH
M3MEHEHNA HATHKEHUI COBEPIIeHHO HWITOMXHBI.

6 U. E. Tamm
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COBOKYIIHOCTD 3TOTO BbipaxeHHs Jaiaa 1y, W aHAJOTHYHBIX BbIDA-
xenuit ans Ty, u T,, B BeKTOpHON! opMme Moxer ObiTh 3amucaHa
TaK:
T, = & E.E- nE‘2 (a _ o ) : (34.5)
61'

B vactaoMm c.nyqae, eciu paCCManI/IBaeMLIH IEMEHT II0BEepXHO-
CTw nmepneHaukynsaper momo E u ero BHemHss HOpMashb It mapaJ-
snenbHa E, HaTs)KeHHe, NIPUIIOXKEHHOe K HEMY H3BHE, ONpPeIe/NTCH
BbIPaKeHHEeM

€+ (—95 L
T, = _—B—BT— E’n  (n|| E); (34.6)
X9
€CJI1 XK€ HOPMAaJib 1 IIEePIeHIUKYIAPHa 1100, TO
E,=0
u de
E=-3-7T
T, = ——SQLE n (nlE) (34.7)
T

Hakower, ecin miomagka dS MMeeT HEKOTOPOE ITPOMEXKYTOYHOE
HANPaBJIEHHE, TO €e MOXKHO PA3JIOKHUTh Ha 1B B3AaUMHO IePIEHIUKY-
JISIPHbIe IUIOUAJKH, Napa/lIebHYI0 U MepreHauKkyaspayo B, npu-
yeM JeHCTBYIOIIMe Ha 9TH IJIOUAAKH CIIbI onpegesnarcs u3 (34.6
(34.7). Craso 6bITh, CHCTEMA HATSKEHHIL B SJIEKTPUIECKOM I10JIe CBO-

JUTCS K maze (E + % 7') E? /87 no nanpagaenuro noas E [ypasmne-
T
Hue (34.6)] u kK dasaenuro (oTpuiaTesibHAs THATA) (a -5 7') E?/8%

no wanpasaenuro, nepnendukyaspromy B [ypasuenne (34.7)].

C TOYKHM 3peHus] MEXaHH4YECKON TeopHM MOJs, 3Ta TAra M ITO
JaBJleHre CYTh HE YTO MHOe, KaK CWIbl YIPYTOCTH, BO3HHKAIOIIHAE
B adupe npu gedopmanun ero B ekTpudeckom nosie. Coracuo
(34.6) u (34.7), cuubl 3TM HCIBITBIBAIOTCS BCEMM TEMH YUaCTKaMH
a¢upa (KaKk B BaKyyMe, Tak ¥ B MATEPHAJbHBIX TeJaX), B KOTOPBIX
none (T. e. nechopmanus 3chupa) He PaBHO Hy.TO 1) .

KoHeuno, ¢ TOYKM 3peHHst COBPEMEHHO TeOopuH, OTPHIAOLIeit
CYINECTBOBAHKE MATepHAJILHOTO 3upa (B MEXAHMYECKOM CMBICIE
9TOrO CJIOBA), TIOHJEPOMOTOPHbIE CHIIBI 3JIEKTPHYECKOTO II0JIsL MOTY'T
OBITH MPUJIOXKEHBI JIMIIL K IEKTPUYECKUM 3apsijaM U K MaTepH-
albHBIM TeJlaM, HECYLIMM 3TH 3apsifipl, WU, TOYHEe, COCTOSIIMM K3

1) Mt nofly MM IPaBHABHYI KAPTHHY ITHX HATSXKEHH, eC/IH NpPeiCTaBuM Ce-
fe, 9TO B/I0JIH CHIOBBIX JIHHMIA IOJIS HATHHYTHl MATePUAJIbHBIE YIPYTHe HHUTH,

e
nojgep>KeHHbIe TAre (s + -g— 'r) E? /8% m oKazbBaKOIMe OPYT HA Apyra GoKo-
T

BOE JIABJICHHE (e _ % T) E?/8x.
or
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IEKTPUYECKHX 3aPANOB (NEKTPOHOB M aTOMHBIX sizep). OnHako,
[0 JOKA3aHHOMY, Pe3yJ/IbTUDYIoUias CHIa, AeHCTBYIOmAS HA Tejia,
HAXOJAIINeCd B IPOU3BONLHOM ob6beMe V', moxer OviTh hopmans-
HO IIPE/ICTABJICHA B BUAE CYMMbl HATSXKeHUH, «UCIBITHIBAEMBIX» I10-
BEPXHOCTBIO 3TOr0 06beMa S (Morymieit, KOHEYHO, IPOXOAUTL KakK B
BaKyyMe, TaK M B MaTepHaJIbHbIX Tenax). ClienoBaTeslbHO, MBI MO-
JKeM OIepHUpOBATh C 3THMK HATSKEHHUSMH, OYAy4u yBepeHHBIMH B
NPaBHIBHOCTH OKOHYATEIbHBIX PE3YNbTaToB. IIpUHIUINAILHOE XKe
IHAMEHWE TOHATUA HATAKEHUYN 3NEKTPOMArHUTHOrO NOAA BHIACHUT-
ca B § 105, B KOTOPOM MBI yOeIUMCsl, YTO B NEPEMEHHHLL IIICKTPO-
MAarHUTHBIX IOJAX HApPYyIIaeTCs SKBUBAJIEHTHOCTb MEXK/J[y IOHAEPO-
MOTOPHBIMM CHJIAMHM ¥ IEKTPOMATHUTHBIME HATSAXKEHUSAMU H HUTO
M30BITOK CYMMBI HATsXKEHHH, NCIBITHIBAEMBIX MOBEPXHOCTBIO 00bL-
ema V, HaJ{ NOHJEPOMOTODHBIME CHJIAMH, HCIBITHIBAEMBIMA HAaXO-
JSIIUMACS B 3TOM oO'beMe TelaMu, ompenenser cobol n3MeHeHHe
KOJIMYECTBA JBUKEHHUS WIEKTPOMATHUTHOTO ITOISE B 3TOM 0DbeMe.

5. 3aMeHa ITOHAEPOMOTOPHBIX CHJI 9KBUBAJIEHTHON CHCTEMOHM Ha-
TSKeHHH BecbMa 00JieriaeT, B JaCTHOCTH, ONPENe/IeHHe CUJ, IIPH-
JIOXKEHHBIX K ITOBEPXHOCTH DAa3PHIBA IEKTPHYECKOrO IOMs, T.€. K
[OBEPXHOCTAM, 3apPsiXKEHHBIM CBOOONHBIM IEKTPUYECTBOM, M K IO-
BEPXHOCTSAM pa3jena cpej paznu4Hoi mossapusyemoctu. lIpaena,
npu BbIEOJE CHCTeMmbl HaTsixeHuit (34.2) u (34.3) Mb1 GasupoBasuch
Ha pe3ysbTatax § 32, B KOTOPOM MONOOHLIE IIOBEPXHOCTH pPa3phiBa
npeAnoiarajiucy orcyrcrpyromumu. OQHako, OMPENe/HB Ha OCHOBaA~
aud (34.2) u (34.3) pe3sybTUPYIOILYIO CUTY, IPUIOKEHHYIO, HAITDH-
Mep, K 3aPSAXKEHHOMY CJIOK) KOHEYHOH TOIUIUHEL, U [IEPEXOs 3aTeM B
npezesie K HeCKOHEYHO TOHKOMY CJIOI0, MBI HARJIEM, OYEBH/(HO, CHIIY,
JEHACTBYIOIULYIO Ha 3apPSKEHHYIO [TOBEPXHOCTb.

Hopmane x moBepxHOCTH ClI0si, OTTPAaHHUYIUBAIONMEro cpeny [ OT cpeapt 2,
0603HaYHM Yepe3 n; A1 ONpPeNeIEHHOCTH IPEITIOIIOKHIM, ITO N HANPABJIEHO U3

cpeast 1 B cpeny 2. DnemerT dS TOH NOBEPXHOCTH CI0sI, KOTOPAs IPARMYHUT CO
cpenoit 1, 6yner, cornacuo (34.5), HCHBITHIBATE CO CTOPOHBI 3TOM CPenBl CHITY

] €1 2
Tln dS - - (2E1nE1 had El n) dS
8w
(mas npoctors Tenzop T 3amensieM MakcBe/LIOBHMM TeHsopom T”), a anement dS
TIOBEPXHOCTH, TPaHudaineit co cpejoil 2, ByJer UCHABITHBATE CO CTOPOHEI 3TOH
cpenbl CHIy

T, dS = +§—2 (2E2,Es — E2n)ds.
¥iy

Oruirame 3HaKOB 3THX BHIPaXKeHHH 00yC/IOBIBBAETC TEM, UTO, N0 YCIOBHIO,
HanpaBl/IeHue newret HOPMAJIHM K CIIO0 CORMAIAET B Cpele £ ¢ HanpasJIeHueM N,
a B cpene ! — mpAMo €My NpoTHBONOIOxHno. Ofmas cuia, JefcTByomas Ha
37IeMEHT CJI0s TIOBEPXHOCTH d.S, paBHA, TakuM 0Gpa3oM:

, 1
fds = (']:"171 + Tgn) dS = —4—- (Danz - DlnEl) dS — Si (D2E2 - DlEl)ndS.
iy T

O4eBHIHO, UTO 9TO COOTHOIIEHHE AOJIKHO OCTATHCH CHPABEILIMBLIM M MPH
nepexofe K npeieIbHOMY CIy4aio HeCKOHeIHO TOHKOTO CJI0H, T. €. K IOBEPXHOCTH.

6*



164 ION3AEKTPUKH ah ¢

Taxkum obipazoM, pe3yNsTHPYOmasn CAIa, JeACTBY0IAS Ha eAWHUILY II0Ia-
¥ IPOM3BOJILHON ITOBEPXHOCTH, PaBHA

' = X (D3nEs — DinEy) — — (D3 Ez — D1 Ei)n, (34.8)
i 87

rae By, D; u Ez, Dy cyrs, coorBercrenHo, 3nadenus pexktopos E u D ¢ Buy-
TpeHHel! K ¢ BHelHeH (0 OTHOIIEHHIO K N) CTOPOH 3TOH NOBEPXHOCTH.

Paszymeercs, ny1s BCAKOH MOBEPXHOCTH, HE SBASONIEHCH TOBEPXHOCTHIO pas3-
poiBa, E; = E; u D; = D;, tak uto cuna f obpamaerca B nyss.

IMpunoxennsie K MoBepXHOCTH pa3pbiga cuiibl (34.8) MpOABIAIOTCS B TOM,
9TO MO MX BO3ACHCTBMEM B [IOMELIEHHBIX B DJIEKTPUYECKOE IIOJIe TeJIaX BO3-
HHMKAIOT yPAaBHOBEIINBAIOMNE UX Ynpyaie HATAXKEHHs, CyMMa BCeX HATSXKEHHH
(3neKTpuIeCKUX ¥ YIOPYTHX) HE MOXKET HCILITHIBATE PA3PBIBOB M JOJXHA OBIThH
OJIUHAKOBOI 110 06erM CTOpoHaM MO0 NOBEPXHOCTH, B TOM YHC/Ie B TOBEPXHO-
CTH 3aps>KEeHHOH MM NOBEPXHOCTH pa3jiesia JAByX cpell. BmpodeM, B GOIbIIHE-
CTBE (JIy9aeR NPENCTABIAIT HHTEPEC He HATSDKEHNU A, BOSHUKAIONINE B TE/IaX MO
BO3JefICTBIEM 3JIeKTPUUECKOTO MO, & PE3YALTUPYIONAs CHla, JefCTBYOmAas B
3TOM TOJIe Ha JAaHHOE TeNI0 M ONPENENSIONIascad HE CXG4X0M TEeH30pa JIeKTPH-
geckux HaraxkeHuil T Ha NMOBePXHOCTH STOro Teia S, a 3HAYEHHeM CJIArajomIMx
Ten3opa T ¢ enewnell cmoponw noseprrocmu meaa S.

6. Bocnonb3yeMcs Teneps TeH30poM HaTaxeHuil T, 9T06BI yTOUHNTE CMBICI
0OBIYHOrO yTBEPXKAEHUA, riiacsiulero” NpOGHBIN 3apal e, MOMEmMEeHHBI B >Ku-
KUl WM ra3000pasHbIl JUIEKTPHK, HAIPH’KEHHOCTh 3JIeKTPUYeCKOro Moisa B
KoTopoM pasna Eo, HCIBIThIBAET CHILY

F = eEq. (34 9)

Ilycrs npobustit 3apsay e npeacrasiseT cobory HEOOIBINOE 3aAPAKEHHOE MTPOo-
u3BoIbHOE opMbl Teno A n3 metasna wm EanekTpuka. Obosnadnm wepes E
moJie 3TOro Tea, MOMEMIEHHOr0 B NAHHYIO TOUKY Cpelibl, TaK UTO NCTHHHOE IIo-
Jle Tpu HaJlwuH npobuoro Tena pasao E = Eq + E'. Tlone E' Bo3fyxnaercs,
BO-TIEPBBIX, CBODOAHBIM 3apsaaoM e MpobHOro Tena U, BO-BTOPLIX, paclpe/ie/leHu-
eM CBH3aHHBIX WM MHAYIMPOBAHHEIX 3ap#A/0B, KOTOPHE BO3ZHMKAIOT B HEM IO
BO3jeiicTBueM BaEHero nojs K. Pe3yasTupynouyio cuiy, JefiCTBYOMYIO HA
npobHoe Teno A, MOXKHO BHYMCIATH ¢ IOMOMBIO dopmyiant (34.2); Tensop T,
0 JOKa3aHHOMY, K 9TOM CHJIe HUYero He MPUBHOCUT

Cnarafomue Tensopa T’ aBiAOTCA KBAZDATHYHBLIMY (GYHKIHAMH CIAraio-
mux nona E. Ipu surancnennn craraiomux T' caenaem asa npenonoxenns:

1) Teno A HACTONBPKO MaJIo, YTO HA BCEM MPOTSKEHUH HEKOTOPOH OXBAThI-
BaIOWIEH ero NOBEPXHOCTH S HeBO3MYyIleHHOe HajaudueM npobHoro Tena nomae Eg
K JUSJIEKTPUHMECKYI0 HPOHHMIIAEMOCTD CPE/Ibl £ MOXKHO CUMTATH I10CTOAHHBIMHE;

2} sapaa e u pa3Mephl Tesa A HACTOIBKG Majibl, YTO BO3BYXKIaeMOE BM
B TOYKAX 3TON mosepxsocts S monme E' ropasno mempme By '), tak uro mpm
seraucrenmn T' anenamum, kBagparuunniMu B B, MoxHO NpeHeOpeds.

IIycTs ock z coBnagaer ¢ HanpasienueMm nojs Eg B6iau3n npobHoro Tesa A,

Toraa Npy NEPeYHCICHHNX YCHOBHAX MyTeM IPOCTHIX BHIKIAJOK IOTY9IHM U3
(34.2):

2
Tl =& (1322 + EUE;) , AxTY, = eBoE), 4nT., = cEoE,
u nocie noactaHoskH B (33.2) u (33.5)

m:ﬁ:iﬁfmmmﬁ+i&fwms
8n ax

1) 3ameTHM, 9TO pazMephl IOBEPXHOCTH S MOTYT 3HAYATENLHO TPEBHIIATE PA3-
Mepbl CAMOTO TIPOOHOTO TEJIa M OTPAHMYEHBI TOJIBKO IIEPBBIM YCIOBHeM, ub0 Ha
HaXo[AmHUecs BHYTpH S yJaCTKH 0JHOPOIHOM cpeasl custur £ He meiicTeyioT.
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Ilepruii uHTerpas, KaK Merko ybeauTscs, obpammaeTcs B Byb |) , BTOpOIt xe
Ha ocHosaxuu (22.3) pasen 4we, Tak uro F, = eEq.

Jlanee, Npit yKa3aHHBLIX yCIOBHAX 2) Fy = F, = 0. Takum o6pa3oM, nepe-
YUCIeHHBIE YCJIOBUSA JIeHCTBHTENBHO 06eCletnBaoT CHpaBeIuBOCTb (GOPMYJIBI
(34.9).

3apnava 20. 3apsag e pacrnosiokeH B BaKyyMe H3. PacCTOSHUH
Zg OT NOBEPXHOCTH OJHOPOAHOTO JHUIICKTPHUKA, SAMOIHSAIOIITO I10-
aynpocTpadcTBo z £ 0. Ilonb3yscs pesysnbraraMu pelmeHust mpuMepa
B KOHIE § 23, MOKa3aTh, YTO CHJIa NMPUTSKEHHS MEXy 3apsaioM H

JAHIICKTPUKOM pPaBHa
potl (1)2
£+ 1 220 )

IlpuMeuyanue. KoHeuHo, 5TO BbIPAXKEHHUE JJIsi CHJIbl B3aUMOEH-
CTBHS OCTAETCsl CIpPaBeNJIMBBHIM U B CJIyHae NUIIEKTPHKA KOHEYHBIX
Pa3MepoB, eciiy TOJIBLKO ero IoNepedHble pa3Mepsl (TouHee, paceTost-
HHe OT 3apsija TeX Y4aCTKOB, IJi¢ IIOBePXHOCTh NHIJEKTPHKA Iepe-
cTaeT OBITh IJIOCKOH WIH e HAYMHAET MEHSTHCS JUIICKTPHICCKas
IIPOHUIIAEMOCTD) M TOIIUHA JOCTATOYHO BEJUKH 110 CPABHEHHIO C 2.

1) Cp. § 56, B wacTrocTn dbopmyny (56.3), U3 KoTopol cremyer
$cos(n, z)dS = idS=ifdS=o0.
2) HeitcTBUTEIBHO, IPAHAR BO BHUMAHHE, YTO f cos (m, y)dS = 0, gna F, ser-

KO TOJyYHTh Bbipaxenne Fy = Fy = -f— Eq f{E]', cos (z, n) — E; cos(y, n)} dS.
™

Brogs epuHM4HbIe BeKTOPH i, j, k mo ocAM KoopamHaT, MoXeM HamUCATH
E;, cos (z, n) — Ezcos(y, n) = (E'j)(in) — (E'i)(jn) = [ij|nE’]. Hakonen, a
ocuosannu (56*) u (7.6) f[nE’]dS = frot E' -dV =0.



FIABA 1III

HOCTOSSHHHEIN DJIEKTPNYECKHUN TOK

§ 35. DirtekTpHUUeCKuUil TOK B MeTa/ljIax.
3akonsl Oma u [dxkoyns. Hanpsikenne

1. CornacHo jaHHOMY B § 5 OmMpe/ieieH)IO, IIPOBOJIHUKH IeKTPH-
YeCTBa CYTh TeJia, OTJINIAKUHecd TeM CBOMCTBOM, UTO eIH BHYTPH
IIPOBOJHUKA HANPAXKEHHOCTH 3eKTpudeckoro nojiss E ommmyna or
HYJIS, TO B IPOBOJHUKE BO3HMKAET 3JEKTPUUECKHUN TOK, T. €. JIBHIKE-
HHE 3apsaioB.

B HacTosue#f KHMre Mbl NOYTH MCKJIIOYHTEBHO OT'PAHMYUMCS
pacCMOTpEHHEM JIMIE OJHOTO OLPeNeIEHHOr0 KJIACCA IPOBOIHUKOB,
a uMeHHO MeTtasuiob. IIpoxoxkneHme Toka epe3 MeTaJIMYeCcKue Ipo-
BOIHHMKH He CONPOBOHCIAEMCH TUMUNECKUMU TPOUECCAMYU B TIPOBOJ-

HHKe 1) | TOrZa Kak, HAIpUMep, [IPH IPOXOXKIeHHH TOKA Jepe3 pac-
TBOD 3MEKTPOJIUTS MPOUCXOAUT SNIEKTPOIU3, T. €. BbIJSJCHHE HOHOB
3JIEKTPOMNTA HA ONYUIEHHBIX B PACTBOP 3JIEKTPOJAX.

OObsACHSETCS ITO OTIMYKE TEM, YTO B IEKTPOJIUTAX HOCUTEJIsA-
MU 32ps/IOB SABJSIIOTCA WOHEL, T. €. 3apAXKEHHbIe ATOMBI WIH I'DYIIIb]
aTOMOR, TOTHA KaK B METAJUIAX 3apsiabl MePEHOCATCA «CBOOOJHBIMIE»
3JIEKTPOHAMM, OTINENUBITNUMUICS OT aTOMOB MeTaJLIa.

He sraBasics noka B paccMorpenne hU3MYECKOTO MEXaHU3Ma po-
XOXKJIEHUS TOKA Yepe3 METAJUI, Mbl HAUHEM C U3JIOKeHus (heHOMeHO-
JIOTHYECKOH TEOPHH MOCTOSTHHBIX TOKOB.

2. OCHOBHO# 3aKOH IMOCTOSIHHOTO TOKa — 3akod Oma, SBIISIO-
muiics 0600meHneM JAHHBIX Onsima, popMyupyercs oObIYHO Ciie-

JAYIOIUM 00pa3oM: _

R
rne J — cuia TOKa B MpoBogHUKe, R — compoTuBaeHue onpesieneH-
HOT0 Y4aCTKa 3TOTO IIPOBOJHHKA, & (91 H (2 — 3HAYEHHS MOTeHIHAIA
y HavaJia ¥ KOHIIA TOT0 y4aCTKa (CUMTAs MO HANPABIEHHIO TOKA).
Tipu 3TOM cuaoti moxa, KaK U3BECTHO, HA3HIBAETCA KOTHYECTBO JIEK-~
TPUYECTBa, IPOTEKAIOIIee Yepes cedeHNe TPOBOIHUKA B e JUHUIY Bpe-

MCHH 2), 4 Hanmpas/JeHHE TOKa YCIOBHO CHHTACTCA COBHAaJAIONIMM

') 310 orHOCATCH B K TPOXOXIEHWIO TOKA Yepe3 TaK HAILIBAEMBIE IIOJIYIIPO-
BOJHUKH,

?) Onpegesenne 310 0/HO3HAHO, W60 Tepe3 MoGoe cedeHne MPOBOIHHUKA IPO-
TeKaeT OJMHAKOBOE KOJMYECTBO IEKTPHYecTBa (eC/IM TOJNLKO TOK HOCTOSIHEH M
Lenb TOKA He MMeeT pa3BeTByieHuit, — cm. § 37).
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C TEM HaIpaBJieHHeM, B KOTOPOM IOX JefCTBHeM 105 JOMXKHbI ObLIH
61)1 ABUTATBHECA TNOAOHCUTIEADHBIE 3aPAJBI; ADYTUMH CJIOBAMH, YUIOB-
HO CHYHTaAeTCd, 4T0 TOK T€4YeT OT 60.HI)H.IEPO IIoTeHIIMaJia K MEHbIIEMY
(1 > 2).

CrnesoBaTeibHO, B abCOMIOTHON CHCTEMe eNUHHI] Pa3MepHOCTb
CHUTBI TOKa PaBHA

[J] _ [aﬁc. en. anexrpnqec'ma] _ M]/2 . L3/2 T2

Cc

A6conmooTHas eqMHUIA CHIIBI TOKA COOTBETCTBYET IIEPEHOCY dYepes ce-
YeHue MPOBOJHUKA ONHON abCOMIOTHON enNuHMILI 3JeKTPUYeCTBa B
ojHy cekyHnay. B mpakTuueckoil ke cHCTeMe eaMHHIl KOJHYeCTBO
MEKTPUYECTBA U3MEPAETCH B KYJIOHAX; COOTBETCTBEHHO 3TOMY CHJIa
TOKa u3Mepsaercs B amuepax. [lo onpenenenuio, Tok cuioi0 B 1 amuep
MepeHOCUT 4Hepe3 CedeHHe NPOBOAHMKA 1 KYJIOH B CEKYHIY:

1A = 1E =3-10° abc. en. onexTpurecTsa _ 3-107 abc. eJ{. CHJIbI TOKA.
C

Cc

3. Yo xe Kacaercs compoTuBjieHust R, TO ero pa3MepHOCTh, KaK
apcrByer u3 (35.1), paBHa

_Tel M1/2~L1/2-T'1 =l
[R] - [7] T M/ 3/z.T-2 LT

TakK¥M 00pa30M, PA3MEPHOCTH CONPOTHBJIEHUS OOPATHA Pa3MEepHO-
CTH CKOPOCTH.

B npakTHiecKHX eZUHHUIIAX [OTEHIMAJ U3MepsaeTCs B BONbTAX;
COOTBETCTBEHHO ITOMY COMPOTHB/IeHUE H3MepsieTcs B oMax. [Iposon-
HUK 0OJIaZiaeT IO ONpesIe/ICHHK) COMPOTUBIeHHEM B 1 oM, ecmn npu
Pa3HOCTH MOTEHIMAJIOB HA €r0 KOHIAX B 1 BOJIBT 110 HEMY IIPOTEKaeT
TOK CWJIOI0 B 1 ammep:

1
—— abc. ed. MOTeHIIHATIA
10m=18 = 300 =
A 3-10° abc ex cmaBl TOKA

1
= ———abc. en. CONPOTHUBJICHUA.
9. 1011 p
4. Pa3HOCTB NIOTEHIMAJIOB (0 — (2, BXOASILYIO B popmydy (35.1),
coryiacHO (8.2), MOXKHO BBIPA3KTh Yepe3 JUHeHHbIH HHTeTrpas HAIIps-
»keHHoCcTH nosisi B, B3ATHIE OT HAYAJIBHOTO 10 KOHEYHOTO CeYEeHHS
pPaccMaTpPHBaEMOT0 Y4YaCTKa MPOBOJHUKA:

2
P1— 2 = /Es ds, (35.2)
1

rae ds — 37eMeHT JJIHHbBI IPOBOJHHKA.
JIMHeMHBIH HHTErpall HAIPAYKEHHOCTH JICKTPUIECKOTO TIOJIST MEeXK-
Zy To4kaMu ] M 2 HOCHT HA3BaHWE HAMPANCENUA, CYIIECTBYIOMIErO
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MeXIy 3TUMK TOYKaMH, u Oyaer Hamu ofo3Ha4YaTHCA Uepe3 &12:
2
Ep = / E, ds. (35.3)
1

HyxHo BecbMa 0CTeperaThcst CMEIMBATD IOHATUS HATLPAJNCERUR &2
H nanpsocennocmu noas E, TeMm Gornee, 4T0 MHOT/A 9TH NOHATHS
0003HAYAIOTCS OJHEM U TEM K€ TeDMUHOM «HANPSKEHHE>.

Buocst (35.2) u (35.3) B (35.1), momygaem

2
JR = / E,ds = & (35.4)
1

Orta dopma 3akona OMa B Ciydae MOCTOAHHOTO JIEKTPHUECKO-
ro nossi papHocuibHa dopmyse (35.1). Oxnako ona obnapmaer TeMm
TIPEUMYIIECTBOM, UTO OCTAETCsl IPUMEHMMOM M K IIepeMeHHbIM (KBa-
3UCTALMOHAPHBIM) TOKAaM, TOTJa KaK B TOJI® 3TUX TOKOB, KaK MBI
ybenuMmca B 1. VI, moHATHE 3JI€KTPUHECKOTO MOTEHLHAIA (P, & CTa-
710 661Th, 1 dbopMmyna (35.1) OKa3bIBAIOTCA HEIPUMEHUMBIMHL.

5. C mpoxoxaeHueM TOKa, KaK W3BEeCTHO, HEePa3pPhIBHO CBS3aHO
gbidenenue menas (HarpeBaHHe MPOBOJHMKOB) 6 UENU MOKaA

KonngecTBo TenmaoTs ¢, BHALAIEMOE TOKOM B €UHUAIY BpeMeHH
B KaKOM-JIMOO Y4aCTKe IeHH, MOXKeT DbITh ONpe/eIeH0 CIeAYIOmUM
obpasoMm. Ecnu cuna Toka B npoBOmHMKe paBHa J, TO 3a 3JIEMEHT
BPeMEHHU df 4epe3 KaxJoe cedeHue IPOBOJHUKA MpoTeKaeT de = J dt
eJMHAUI] IEKTPHUYECTBA; B YACTHOCTH, CKOJIBKO €JIMHUI] JJIEKTPHYe-
CTBa MPOHMKHET 4Yepe3 HadaJibHOe CedeHue ! BHYTPb pacCMaTpUBae-

MOTO y4acTKa MPOBOJHHKA, Ta-

J 2 KOE K€ KOJINYECTBO IEKTPHICCTBA

BBIZIET U3 ITOTO YYACTKA Yepes ero

0 (F=de (‘)‘”ﬂ) ceuenue 2 (puc. )3,5) Tax KEi)K pac-

N P2 Apeje/ieHie 3apsiyJoB B MPOBOJHH-

Puc. 35 K€ OCTAETCH IIPH 3TOM HEM3MEHHbBIM

(mocrosiHubli TOk!), TO Bech Hpo-

L[eCC 3KBUBAJIEHTEH HENOCPEACTBEHHOMY NE€PEeHOCY de €IUHHUIL JJIeK-
TpUUecTBa OT cedenusi 1 K cedeHuro 2.

CopepillaeMass IpH 3TOM HepeHOce paboTa SJIEKTPUIECKUX CHJT
paBHA

r——

2 2
A= de/E’s ds = Jdt/Es ds = J dt&y, (35.5)
1 1

Ile JINHeHHbI} NHTerpai MOXKeT ObITh B3AT 110 OCH IUIMHPHIECKOTO
nposoauuka. COrIaCHO 3aKOHY COXPAHEHWs SHEePrHH, SKBUBAJICHTHOE
3TOi paboTe 3MEKTPUYECKHX CHJI KOJUYECTBO SHEPTHMU JOJIKHO Bbl-
NeJIThCA B BUJe HHOH (popMbl 3Heprum (Hanpumep, B pOpMeE Tema).
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CHE,Z[OBaTeJII)HO, BblﬂeﬂﬂeMaH TOKOM 3Hep[‘ﬂﬂ paBHa
2
Qdt = Jdt/Es ds,

OTKY 2

1
2
Q=1 [Euds. (35.6)
1

BocnonpzosaBmuck 3akonoM Oma (35.4), nomydum
Q = RJ%. (35.7)
Hakonen, B ToM cay4ae, eciis mosie F obiiafaeT MOTEHIMAIOM @, KaK

TO UMEET MECTO JJIst TIOJIs1 HOCTOSHHLIX TOKOB, MBI MOXKeM, COIVIACHO
(35.2), zanucaTh 3T0 ypaBHEHHE TaK:

Q = J(p1 — ¥2). (35.8)

Eciiu npoBogHHK HEHOABMXKEH ¥ €CJIU B HeM He IMPOHCXOIUT XHU-
MHYECKHX peaknuil (3/eKTposuThl!), TO 3TO KOMHYIECTBO 3HEpTHH ()
BBljiensieTcst TOKOM B ¢hopMme menaa. Takum 06pa3oM, ypaBHeHus
(35.6) u (35.8) BoIpazkaroT coboit u3BecTHbI 3axon Jowcoyasn.

Yxe B § 38 Mb1 ybenumca, uro 061aCTh NPHIOKUMOCTH YPaBHE-
Husi (35.7) ropasfio mMupe IPUIOKUMOCTH ypasHeruit (35.6) u (35.8),
XOTS B IpeAeJiaX Halllero TelepelHero pacCMOTPEeHHS BCe 3TH ypaB-
HEeHusl BOOJIHE SKBHBAJICHTHBI ADPYT APYry. Mbl yBHAHMM, 4TO mnpu
HAJIMYMU CTOPOHHUX IEKTPOJBUKYIINX CHJI IKBHBAJIEHTHOCTD 3THUX
YPaBHEHHI HAPYIIAETCS ¥ YTO KOJIUYECTBO BHIAEISEMOTO TeIlia olpe-
IeAAeTcss MMEeHHO ypasHeHueM (35.7).

6. Benuuuna (), paBHas KOJIMYECTBY BBIAESIIOUICHCS B eIHHMILY
BPEMEeHH SHepPruM, JO/LKHA, O4YeBHJHO, UMETh PAa3MEepPHOCTb MOMIHO-
cru. JdeticTBATENBHO!

[Q] = [pJ] = (MI/QLI/QT‘l)(M1/2L3/2T‘2) = ML2T-3 — Ppabora
BpeMs
CooTBercTBeHHO 3TOMY B abCOMIOTHOM cucTeme eauwHun @ u3Meps-
erca B 3prax B CeKyHny. B mpakTudeckoit ke cucreme emuHmi
H3MepseTcs B BATTaX: 1 BATT €CTh SHEPrius, BhlAeIseMast TOKOM CH-
JI010 B 1 aMrep mpu NPOXOXKJIeHWH Pa3HOCTH MOTEHIMANOB B 1 BOIBT:

1 Br = 1 Bosbt - aMmep =

= (ﬁ abc. en. HOTeHunaﬂa) (3-10° a6e. ex. cusl TOKA) =

=107 abe. en. Momuoctu = 107 22%,
c
Kax n3BeCTHO, B IPAKTHYECKOH CHCTeMe eIMHII PaboTa H3Meps-
eTCs B JKOYJISAX (,Z[)K):
1 dx = 107 spr;
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MO3TOMY | B = 1&
(o}

Pasywmeercsi, BelgesisieMas TOKOM Heprus () Moxer ObITH BbIpa-
JKeHA TAaKXKe U B TEIJIOBOI Mepe, T. €. B KANOPHUIX B CEKYH/Iy.

§ 36. IlroTHoCT TOKA. Jduddepenimmanbnaa popma
ypasaeHuit Oma un J>koyia

1. Hapsiay ¢ cuinoit Toka BeCbMa BaXXHOE 3HAYCHUE MMEET TAKIKe
NAOMHOCING MOKA J: IO OUPEASTCHHUI0 OHA PABHA KOJIMYECTBY 3/I€K-
TPUUECTBA, HPOTEKAIOIIEMY B 1 ¢ uepe3 edunuuy IepIeHUKYIsap-
HOTO TOKY cedenus IPOBONHHKA. B OmHOPOJHOM LHUIHHAPUYSCKOM
MPOBOJTHHUKE TOK PABHOMEDPHO PACIPEAeJISieTCs 0 ero CeYeHHI0, TaK
4TO g

J =% (361)
S
rae S — cedyeHWe MPOBOJHUKA.

OpHako B ODmieM CJIydae IUIOTHOCTH TOKa j, BOOOIIE TOBOpA,
He OyJeT OfMHAKOBOH 110 BCEMY CEYEHHUIO HPOBOJHHKA, TAK YTO MOJ
IUIOTHOCTBIO TOKa B KaXKJO# JIAHHOHN TOYKE [MPOBOJHMKA HYXKHO Oy-
JieT TIOHUMAaTh IIpejesi OTHOIIeHHs CUIbl TOKa dJ, IpoTeKamomeit 1e-
pe3 nepnenduxysaptsit X HANPABACHUIO TNOKA IJIEMEHT CedeHHUs Ipo-
BOAHHKA dS, K 9TOMY 3J7ieMeHTy dS:

. dJ
j= lim =,
dS—0dS
dJ =3d8S. (36.2)
ECJ'II/I, HaKOHeCIl, paCCMaTpHUBAThL INIOTHOCTHL TOKa KaK geEKMop, Ha-

MpaBJeHHEe KOTOPOTO COBHAJAET C HAIIPABICHHEM TOKA B JaHHOMN TOU-
Ke IPOBOJHMKA, TO NpH JioOoM Hanpapienun Iomagku dS OyzeT

OTKYZA

[ j CIPaBe;UIIEO COOTHOIIeHUE
dJ = jpdS
MIN a7

TJe jn — NPOeKIUMs BEKTOpa j HA BHeII-
HIOI0 HOpMaJyib 1 K dS, a dJ — cuna TO-
Ka, mporekamouero depes dS. Cnpasen-
JIMBOCTH ITOTO COOTHOIIEHMST SIBCTBYET U3
TOrO, YTO TaHTeHIMaJ bHad K dS craraio-
Puc. 36 mas IUIOTHOCTH TOKA XapaKTePU3yeT Te-

YeHHue WIEKTPUIECTBA 6004b (a He uepes)

romaaku dS (puc. 36). 13 (36.3) cineayer, B 4aCTHOCTH, 4TO CHIIE
NpOTEeKAMIero dYepes miomanky dS Toka dJ Hy»XHO IPHUIIMCHIBATD
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KaK IIOJOXKHTEJIbHbIE, TAK U OTPHIATENLHbIE 3HAYCHHUs] B 32BUCHMO-
CTH OT TOT0, HPOTEKALT /K TOK uepe3 d.S B HAIPABJEHUH ITPOU3BO/Ib-
HO BbIOpaHHOM MOJIOXKHUTENBbHON HOPMaJX N K 3TOH IUIomajKe WK
e B 0DpaTHOM eif HanpaBJIeHNH.

2. Bocnonab30BaBmIKMCh HMOHSTHEM IJIOTHOCTH TOKa, MBI MOXeM
BHIPA3UTh OCHOBHbIE YPaBHEHUS NIEKTPHUIECKOTO TOKA B dudpepen-
yuaavroti popMe, yCTAaHABIUBAIOIICH CBSI3b MEXK Y BeJMUMHAMHE, OT-
HOCAIMAMMUCS K OJHOMN OMpeAe/eHHOW TOYKe IPOBOJHUKA, TOTAA KaK
sakonel OMa u JIxkoyns B unterpasbHoi dopwme [(35.1) u (35.7)] cBa-
3BIBAIOT BEJMYUHBI, OTHOCALIMECS K Pa3JIMYHBbIM TOYKaM (1 H (0a)
WK K KOHeYHBIM oTpe3kaM (R) MpOBOZHHUKA.

Ob6pamascs npexje Bcero K 3akony Oma, pacCMOTpUM KaKOii-
71160 OIHOPOAHBIH M0 COCTABY W HUJIUHAPHIECKHH HO hopMe yHaCTOK
HpoBOAHKKA. B 3TOM cny4yae, KaK M3BeCTHO,

l
R= -
5P

rje | — nyuHa y4acTKa NMPOBOAHMKA, 00/aJAI0MIEro COnpoTHBIICHN-
eM R, S — ero cedenne, a p — ydeavroe conpomusseHue, XapaKkTe-
PHU3YIOMIEE BEIIECTBO IMPOBOAHUKAa. Ecinm BMeCTo yAeNbHOTO Coupo-
THBJICHUS P BBECTH 0OPATHYIO €My BeJUYMHY — VEJIbHYIO HPOBOIM-
MOCTb, WJIH 3AEKMPONPOEOTHOCTND A:

1

3
p
0 =4 36.4
= o (36.4)
Buocs 310 Bhipaxenue B (35.4), nonydnm
2
g / E, ds,
SA

1

2
j=%/E’sds.
1

B cnydae HOCTOSIHHOrO TOKA B OZHODPOJHOM IWIMHAPHYICCKOM
OPOBOJHKKE, BBHJY TOXAeCTBa (DU3MYECKUX YCIOBHI 110 BCelf ero
ANVHe, Caralomas nojist mo ocu uposogHuka Ej, oueBunHo, mMmeer
IIOCTOAHHOE 3HAYCHHE, TaK 4TO

unu Buay (36.1)

jg@:&f@:@h
1 1
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i, CIIeI0BATENIBHO,
7= AE,.

B Kax /ol Touke IIPOBOJIHUKA HalIDaB/IeHHE TOKa COBINajaeT C Ha~

IIpaBJIEHUEM 3JEKTPUUECKOTO IT0JIst 1), 00YC/IOBNMBAIOUIETO JBHIKE-
Hue 3apsanoe. Craso ObITh, BEKTOP MJIOTHOCTM TOKA JOMXKEH COBIIA-
JaTh 0 HaIPaBIeHUIO ¢ BeKTOpoM E, 1 nowteHee ypaBHeHUEe MOXKeT
ObITH 3aIIMCaHO OKOHYATE/NILHO B BHIE

j = AE. (36.5)

910 ypaBHeHHe, YCTAaHABIMBAKINEe PONOPHUOHATILHOCTD IJIOT-
HOCTH TOKAa B IPOBOJHMKE HANPSMKEHHOCTH I10JIs1 B HEM, IIPeCTaBIIsI-
eT cob6oit Hanbosee obuLy0 M IpocTyo dhopMysHpoBKy 3akona OMa.
Ero moxno Ha3Bath dugpeperyuanvroti popmoti saxona Oma (xora
B HETO M HE BXOANT IPOU3BOIHBIE), IOTOMY YTO OHO yCTaHAB/IHBAET
CBA3L MEXJY BeTMUMHAMM, OTHOCSIIMMIUCS K 00woti onpedenenmoli
mouxe nPosodnuxa.

Xors mpu ebiBoge opmyiibl (36.5) MBI MCXOmMIH K3 DPACCMO-
TPeHHs OJHOPOJHOTO IMJIMHAPUYIECKOTO IPOBOZHKKA, OBHAKO B 3TOMH
mnddepernuanpHoit hopMme 3akoH OMa OKa3bIBaeTCS NPUMEHHM K
HPOBOJHUKAM JI000# (hOpMBI, KAaK OJHOPOJHBIM, TaK X HEOLHOPOH-
HbIM [cM., BopoueM, ypasHenue (38.1)].

Bonee Toro, ypasuenue (36.5) ocraercst cipaBes/IuBBIM U B 1epe-
MEHHBIX 3JIEKTPUYECKHX TIOJAX U, TAKHM 00Pa30M, SIBASETCS OIHUM
M3 OCHOBHBIX YPABHEHHU 3IEKTPOJUHAMUKH.

3. 3akon xoyns (35.7), HOCAIIMI XapakTep 3aKOHA HHTErpaJib-
HOro, Moxer ObITh, noxobuo 3akony Oma, npeofpazoBaH B (HopMmy
muddepennuanbayo. C 910l 1esbl0 BBEIEM BMECTO () YIEIbHYIO
MOIIHOCTD TOKa ¢, T €. KOJIMYECTBO TEIJIOThI, BBIJEIAIONIEecs: 3a ce-
KyHJy B edunuue obsema mpoBojHuka: ¢ = @Q/V, rne V — 06b-
€M YYacTKa IPOBOJHHKA, B KOTOPOM BhIjeNseTcs obmiee KONIeCTBO
tertorst Q 2).

PaceMoTpuM onsTh OZHOPOIHBIN UUIMHAPUYECKHN MPOBOJHHUK
ceuenuss S, nymHbl [ 1 obbema V' = SI. Cormacuo (357) u (36.4)

1)B wacTHOCTH, eC/IM B OQHOPOJHOM ILFUTMHAPUYECKOM NPOBOJHHMKE yCTAHO-
BWJICS MOCTOAHHKBINA TOK, TO BeKTOp E B 3TOM NPOBOAHHUKE JIONI2KeH OBITh HAIIPAB-
JIeH MO OCH NPOBOAHMKA ¥, cTAo 66Th, B = F u 3 = AE [efictBuTensHo, B
NPOTHBHOM (JIy4ae NepIeHAUKYISPHAS 3TOiH 0CH CIaraioulas HAIpPsKeHHOCTH B
BRI3BAJIa Obl MOSBJIIEHME NAPAJLIeIbHOro eifi TOKa, T. €. IepeMeljeHre 3apsaios C
ONHO CTOPOHBI MOBEPXHOCTH NMPOBOJHUKA HA APYry0 DTO mepepacrpe/ielieHue
MOBEPXHOCTHBIX 3apPAI0B JJMJIOCH DBI O TeX NOp, NOKa MoJie ITUX 3apsalos He
CKOMITEHCHMPOBAJIO Obl BHyTPH NPOBOJHUKA [ePIeHAUKYJIAPHOM K er0 OCH ClIaramo-
meli BHEIHEro mojis, T €. A0 TeX Nop, Noka E He cTajo HH mapajiielbHBIM OCH
NpOBOJHMKA.

2) Ecyin BhLmeNIeHHe TEILTOTHl MPOMCXONMT HepaBHOMEDPHO Mo 00LeMy NpPOBOJ-
HHKa, TO, KaK OBBIYHO, 3HAYEHHE ¢ B KaXXOH TOYKe NPOBOJHMKA ONPEIeIAeTCa
COOTHOUIEHUEM g = ‘1/1310(Q/ V)
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ODOJTYy4YUM

uu Ha ocHoBaHu# (36.5)
q=\E? = jE. (36.7)

Ypasuenue (36.6) npejcrasnser coboii Haubonee obmyo ¢dop-
MYJHMPOBKY 3aKoHa J[7K0y/Is, IPHMEHUMYIO K JII0OBIM IIPOBOJHHUKAM,
BHE 33BMCUMOCTH OT UX (DOPMBI, ONHOPOJHOCTH H T. JI., HAKOHEI, BHEe
3aBMCHMOCTH OT TOTO, UIMEEM JIM MBI JEJi0 C IOCTOSHHBIM HJIM IIe-
peMeHHbIM TOKOM. YTO e Kacaercsi ypasHeHus (36.7), 10, Kak Mbi
yBu M B § 39, obyracTh IPUIIOKUMOCTH €r0 HECKOIBKO YIKe.

§ 37. Yoiopnd CTAIlMOHAPHOCTU TOKOB. Y DABHEHHME
genpepsiBHocTu. Huru Toka

1. DnekTprveckoe IO€ MOCTOSIHHBIX TOKOB, KaK W MOJE 3/IeK-
TPOCTATHYECKOE, SIBASETCH I[OJIEM MOTEHUHMATbHBIM B CMbICIe § 7.
B 4aCTHOCTH, BEKTOP HANPSXKEHHOCTH 3Toro nois E ynosiaersopser
ycnoBuio (7.3) 1 MOKeT OBITH BRIPAYKEH 4ePe3 TPAJMEeHT IIOTeHIHaa:

E = —gradp.

JelcTBATENBHO, B I10J1€ IIOCTOSHHBIX TOKOB DACIIpejiesieHue 33ps/ioB
B IIPOCTPAHCTBE JOIXKHO OCTABATHCS CMAUUOHAPHBIM, T. €. HEU3MEH-
HBIM BO BpeMeHH, nbo ecau OBl HMEIO MecTo Kakoe Obl TO HU OBLIO
mepepacnpeie/ieHie 3apsjioB, TO HANPSXKEHHOCTH 1018 HeH30eXXHO
JOJKHA Obl1a Obl M3MEHUTHCSI, U TOK HepecTas Obl ObITH MOCTOSH-
HeIM. Ho eciin pacrpepesieHue 3apsifoB CTAIMOHAPHO, TO IOJIE MX
JOJI2KHO OBITH TOXJECTBEHHO C JIEKTPOCTATHYECKUM TIOJIEM COOTBET-
CTBEHHO PaClPee/]€HHbIX HEN0JSUNCHHE 3aPSI0B; TO 00CTOATEIIb-
CTBO, 4TO B JAHHOH TOYKEe MPOCTPAHCTBA ONHHM 3JIEMEHTHI 3apsia
Guiarogapss HAJHMYMI0 TOKA CMEHSIOTCH APYTHMH, HE MOXKET CKa3bl-
BAThCH Ha HANPSXKEHHOCTH IEKTPUYECKOTO MOJISl, ITOCKOIbKY IIJI0T-
HOCTH 3apsfiOB B KaxK/J0M TQUKE HPOCTPAHCTBA OCTAETCSl [OCTOSH-

Hoit 1) . CTasio 6BITH, CMAUUOHGPHOE NOAE NOCTROAMNBIE MOKOS, KAK
¥ TIOJI€ MIEKTPOCTATHYECKO., NOJIKHO OBITH NOAEM NOMEHYULALHBLM.

2. U3 cTanuoHapHOCTH PaclpeleieHus 3apsa/iOB B IOJIe MOCTOSAH-
HBIX TOKOB BBITEKAET, YTO TOKH 3TH HeOOXOAHMO JNOKHBI OBITH JIM-
60 3aMKHYTBIMY, OO0 YXOOUTH B OHECKOHEYHOCTD, H00, B IIPOTUBHOM

1) 910 yTBepx)aeHMe smmeTCH, B CYUIHOCTH, OIHUM M3 OCHOBHBIX HOCTYJIATOB
TEOPHH IeKTPHUIECKOro 0N
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ciiydae, B MeCTe Hadaja (MCTOKOB) M OKOHYAHHs (CTOKOB) TOKa MpO-
HCXOIHII0 OBl C TeUeHNeM BpeMeH# HAKOILIeHHe U YObIBaHUe 3apga0B.
Io Toii ke npuuuHEe Yepe3 pa3/jMyHbIE CEYeHUsl POBOJHUKA (€ciH
TOMBKO MEXKJY TUMM CEYCHMsIMH HET DPa3BeTBJIEHHN IPOBOJHUKA)
IOJIXKEH MPOTEeKaTh TOK ONMHAKOBOH cunbl. HakoHen, B Kax ol Tod-
Ke P pa3BeTBjieHHs 1leNM TOKA, B KOTOPOH CONPHUKACAIOTCS MEXKIY
coboit gBa uiwm BOOOIIE T TPOBOAHWKOB, HECYMIUX COOTBETCTBEHHO

roku J; (i =1,2,...,n), JoMKEH YAOBJIETBOPATLCS TaK HA3bIBAE-
Mblit nepewniti 3axon Kupzeofa, cornacHo KOTOpoMy anareOpandeckasi
A CYyMMa CHJI TOKOB, IPUTEKAKOUIUX K TOYKe

PA3BETRJICHAS eI, AOIXKHA PABHATHCS
HYJIIO:

> g =0; (37.1)
1=1

B IIPOTUBHOM CJiydae B TOdke P mpowuc-
XO/WJI0 Obl HAKOIJIEHHE NIEKTPHYECKUX
zapsanoB. Ilpum 3ToM 1711 BCeX MPOBOLHMU-
KOB, COINPUKACAIOUMXCsA B Touke P, mo-
JIOXKUTEJIbHOe HAIpPaBJIeHHe TOKa JOJXK-
HO OBITh, KOHEYHO, BHIOPAHO OMHAKOBBIM
06pa3oM, T. e. COBHAJAIINUM JubO C Ha-
mpaBsieHuneM K To4dke P, nmubo ¢ Hampas-
nexuem ot Toukn P (puc. 37).

3. Camoe obiee ycioBHE CTAIMOHAPHOCTH TOKOB U IIOJTSL MOXET
GpiTh nosiydeno ciepyiomuM obpasoMm. Cormacuo (36.3) umTerpan
§ jn dS 10 MPOM3BONLHON 3aMKHYTON MOBEPXHOCTH S JOJIKEH PaB-
HATHCA anrebpanyeCKol CyMMe CHI TOKOB, IPOXOASIIIUX 4€pe3 OT-
JleJIbHBIE 3J71eMeHThl d.S 3TO# NMOBEPXHOCTH, T. €. MOJIXKEH PABHATHCH
KOJIM4eCTBY /IeKTPUYECTBA, BBIXO/SINErO 33 eMHHUIYY BDEMEHH W3
OTPaHHYEHHOTO NOBEPXHOCTHIO S o6beMa V (e n ecTh BHelHss

HopMauis K S). C apyrofl CTOPOHBI, COIVIACHO JIEXKAIIEMY B OCHOBE
TEOpHH JIEKTPUIECTBA 3GKOHY COTPAHEHUA iexmpunecmean !) , Ko-

Puc. 37

1} YacTo 3akoH COXpaHeHUS SIEKTPAYECTBA GOPMYIUPYIOT B TOM CMBICTE, 9TO
3IEKTPHYECKHE 3aPAIbl MOTYT JIUIUE NEPEMENaThCs B MPOCTPAHCTBE, HO HE MO-
IyT HH BO3HWKATH, HU MCYe3aTh. JeHCTBUTENBHO, KaXKymieecs BOSHMKHOBEHHE
3JeKTPWIECKNX 3aPAI0B, HAMTPAMED IPH 3JIEKTPH3ALMK Tell TPeHHEeM, CBOIAUTCH
JIMIIB K TIePepaCpeielIeHHIO B IPOCTPAHCTBe JIEMEHTAPHEIX 3apAi0B (JeKTpo-
HOB ¥ MOHOB), paHee CyIeCTBOBABIINX B 3TUX TeJaX, HO PACHOIAraBIIMXCH B HIX
TaK, 9TO 3aPA/bl [IPOTHBOIOIOKHLIX 3HAKOB B3aUMHO HEATPATHA30BAJIUCS.

Onaxo CoxpaHeHHe YHCIIA AIEMEHTAPHBIX 3aPH/I0B MMeeT MECTO JINITh B IIpe-
Jenax oBbIYHBX (PU3MIECKHX M XBMMUYECKHX abjeHuii. B obiactu xe sBrennii,
OTHOCATIHXCA K (PU3HKE ATOMHBIX HJEP W KOCMMYECKUX JIydeil, Uucio 3NeMeH-
TApHBIX 3apAN0B He COXPaHAeTCA. TaK, HAaTpuMep, BO3MOXKHO 06PA30BAHME MaPhI
3aps/0B — UIEKTPOHA M MO3UTPOHA — 3a CUeT SHepruu ramma-jy<eil. [losTomy
3aKOH COXPAHeHHs 3JTeKTPHIECTBA HaJ 0 MOHMMATL B CMBICIE COTPAMEHUR aA26-
6paunecxoli cyMMmp FIAEKMPUNECKUT 3APAGOE, A He COXPAHEHHUS CyMMBI 3apAa/I0B
KayJI0ro 3HaKa IIOPO3Hb.
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JIMYECTBO HIEKTPUYECTBA, BhlIeALIero 3a 1 ¢ 3a npegens obbema V,
JIOJIXKHO paBHATLCS —Je/Jt, T. e. yObuM 3a TOT Xe MPOMENKYTOK

BPEMEHH 3apsAja e, HaXO[ALIerocss BHYTpH 3Toro obkema !) . Takum
00pa30oM, MBI IPUXOJHM K PABEHCTBY

45 o 0
5£gnds_ % (37.2)

9T0 BeCbMa BaXKHOE YPaBHEHHE, 10 YCTAHOBUBIICHCS TEPMHEHOJIO-
UM, HOCUT Ha3BaHHE YPAGHEHUA HENPEPHIEHOCTNU U SBJISETCS MaTe-
MaTHYeCKMM BBIPAXKEHHEM ITOCTYJ/IATa COTPANEHUA KOAUNECTNEA IAEK-
mpusecmea. K 3TOMy ypaBHEHHIO HaM ellle MPUAETCS BEPHYTHCS B
JanbHelmeM. B uHTepecyouleM ke Hac 371€Ch Ciydae MOCTOSHHBIX
TOKOB DACIpejie/ieHHe 3aps/I0B CTAlMOHApHO, T. €. Je/0t = 0, Tak
YTO ypaBHEHHME HeMpPepbIBHOCTH NMPUHUMAET BH]L

55 jndS = 0. (37.3)

4. Eciiu BayTpu 06beMa V', OrpaHHYeHHOr0 [IOBEPXHOCTHIO S, HET
HOBEPXHOCTE! pa3phiBa BeKTopa j (10go0HbBIe pa3pbIBbl, BOOOIIE TO-
BOps, MOT'YT UMETh MECTO JIMIIb Ha MOBEPXHOCTSX COMPHUKOCHOBEHHS
JBYX Pa3/JM4HbIX cpen), To (37.3) MOXKHO mpeobpa3oBaTh ¢ IOMOUIBIO
reopemsl T'aycca (17*):

§bjnd5=[divjdV=0.

Bruay mpowm3soinbHOCTH 00beMa mHTErpupoBaHus V oTcooga ciieny-
€T, 4TO

divj=0. (37.4)

9To ypaBHeHUe siBjisieTCss HaubDosee OOLIMM BBIPAJKEHHEM TOrO

dakTa, YTO NMOCTOSHHBIA TOK He HMeeT HCTOKOB, T. €. YTO AUHUU

MOoKG BCEryia 3aMKHYTHI Jinbo yXoiaT B GeCKOHeYHOCTH (Cp. CKa3aH-

HOE O CHJIOBBIX JIMHHAX 3jlekTpudeckoro nosis B § 10) 2) . IIpu srom
[OJ] IUHUSIMK TOKa HYKHO, OYEBUAHO, IIOHUMATh JIMHUK BEKTODA j,
T. €. IMHUH, KacaTeNlbHble K KOTOPHIM COBIAJIAKOT C HallpaBIeHHEeM
BEKTOpPA j B TOYKE KACAHUSL.

Ha moBepxHOCTU CONPHKOCHOBEHMSI ABYX Pa3IMYHBIX Cpen BeK-
TOP MJIOTHOCTH TOKA MOXKET WCIIBITHIBATH Pa3pHIB HEMPEPLIBHOCTH.

1) Buak “acmuoii nponsROAHON NOMKEH 03HAYATD, YTO NpH quddepeHIpoBa-
HHM 110 BPEMEHH TIOBEPXHOCTE S ¥ 06beM V' CIMTaloTCa HEMOABMIKRBIMHU.

%) Cornacno § 10, pnsa uAMil, Be ¥UMEIOIMX UCTOKOB, MBICIMMA, eIIe TPEThA BO3-
MOXKHOCTh: OHM MOTYT 3allOJIHATh COfOM KOHEYHBle yJaCTKH IpocrpancTsa. On-
Hako npu orcyrcrum cropornnx IAC (cm. § 38) aummu Toka, cormacuo (36.5),
COBTIAIAIOT C CUJIOBLIMHE JIMHUAMY CTAIHOHAPHOTO 3/1eK TPHYECKOro 10/, JUTH KO-
TOPBIX 3T2 BO3MOKHOCTE, COMIacHo § 10, uckmodena. OCTaeTCs AUIIL OrOBOPHTS,
YTO JIMHMM TOKA MOTYT HAYMHATHCH M KOHYATHCA B TOYKAX HEONpeNesIeHHOCTH
nond, rae E = j = 0 (cm. npumedanne Ha c. 55, § 10).
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OpHako HOpPMaibHas K MOBEPXHOCTH CJIATAIONIasi 3TOTO BEKTOpa j
JOMXHa OBITh OOMHAKOBOH 1O 006€MM CTOpOHAM ITOBEPXHOCTH Pa3-
phiBa, uOO B HPOTHBHOM CJIyda€ KOJIMYECTBO 3JIEKTPUYECTBA, NIPHU-
TeKaIomee K OMHON CTOPOHE TOH MOBEPXHOCTH, HE OBINO OBl PABHO
KOJIMYECTBY WIEKTPHUYECTBA, BBHITEKAIONIEMY C APYTOfl ee CTODOHHI.

CnenosarebHO, ) .
Jin = J2n, (375)

rae j1 B jo — INOTHOCTH TOKA B IIEPBOH U BTOPOI cpenax, a n — Hop-
MaJib K TMOBEPXHOCTH WX CONPHMKOCHOBeHUst. Ecim MpoBOgHAK TpaHu-
YWT ¢ HeNpoBojsAme#h cpenoit, To B uet j = 0, u, clie/l0BaATEILHO,
HOpMAJIbHAS K IIOBEPXHOCTH (JIaralolias IJIOTHOCTH TOKa B ITPOBOX-
HMKE TakKKe JOJI2KHA PABHATHCHA HYJIIO:
jn = 0. (37.6)
5. Byiarozaps 3aMKHYTOCTH TIOCTOSIHHBIX TOKOB HX MOKHO Pa3Jjio-
XUTb H3 COBOKYITHOCTb OECKOHEYHO TOHKHX 3aMKHYTHIX (MK YXOIs-
muX B 6eckoHeuHOCTh) Humel moxa. C 3To# uensio BeibepeM Hpom3-
BOJIBHYK IUIOMIAJIKY dS BHYTpH TPOBOJHHKA M NPOBEIEM HYepe3 BCe
TOYKW KOHTYpa 3TOi Twiomankyu JuHuu Toka. Obpa3oBaHHast COBO-
KYITHOCTBIO 3TUX JIMHHH IUJINHJAPUYECKas HOBEPXHOCTb X BBIJEJIHT
3 o6beMa IPOBOAHMKA TAK HA3BIBAEMYI0 HMTb TOKa. Tak Kak de-
pe3 GOKOBYIO NOBEPXHOCTb TAKOH HUTH JIEKTPUYECTBO, OUEBHIHO,
He MPOTEeKaeT, TO Cuiia Toka dJ BO BCex cedeHusX dS Kax a0l HUTH
JIOIKHA OBITH OCTOSIHHOM, T. €.

dJ = 7dS = const,

rje moj dS HagO MOHHMATh MePNeH/IMKYJISIPHOE K j CedYeHHe HUTH
ToKa. Tak Kak, jaJjiee, JIMHHH TOKA, a CTAN0 ObITh, M HOBEPXHOCTH
HUTE TOKa [IePeCceKaThCsl HUrAE He MOTYT (ub0 B KaXKA0it TOUKE IIPo-
CTpPaHCTBa, B KOTOpOit j # 0, HANpaBJIeHWe JIMHUK TOKA 00HO3HAUHO
ONpe/ieJisieTCst HANPABIEHUEM BEKTOPA J), TO KaxKjast HUTh TOKA J0J-
JKHa 3aMbIKAThCs caMa Ha cebs (T. e. ObITh 3aMKHYTOI) nb0 uaTH
u3 GECKOHEYHOCTU B GECKOHEYHOCTh (CM. NpUMedaHue K C. 56).

6. B ciiyiae noCTOSIHHBIX TOKOB, KaK U B 3JIEKTPOCTATHKE, MaKPO-
CKONMYecKast IUIOTHOCTh (CBODOAHBIX) 3apsijioB BHYTPH OOHOPOGHBIT
IIPOBOJHUKOB paBHa HYJO, 160 npu A = const u3 (37.4) cenyet:

divi=divAE=AdivE=0, T e. 4LdivE=p:0. (37.7)
™

Bamaua 21. IlpocTrpancTeo Mexpy OOK/IANKAMHU IIAPOBOTO
KoHzeHcaTopa (paguycsl Ry u Ry) 3amosnHeHo mposogsiuielt cpejoit
yAeIbHO 3MeKTponpoBogHocTH A. HailTu cuimy TOKa, IPOXOJAIIEro
Yepe3 KOHJEHCATOp, ecin ero OOKIaAKM NORAEeDKHBAIOTCA IPH IO-
CTOSIHHOM Pa3HOCTHM MOTEHIMAJIOB (P2 — (91, U IIOKA3aTh, YTO COIPO-
THBJICHHAE HAXOUAIIETOCS MeXXAY 00KJIaKAMHU IIAPOBOTO CJIOH PABHO

rR=_L (L_}_)_
4r A \ R, R,
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Sapgava 22. ITokazaTh, YTO HA NOBEPXHOCTH pa3jesra ABYX
INPOBOJIHAKOB JIMHUHM TOKA HCIILITHIBAIOT HPEJOMJIeHHe, IIPUIeM

tgf _ A1

tgfs A2

rae 7 — yroa Mexny JWHWeH TOKa B HMEPBOi Cpejie ¥ HOPMANLIO
K TIOBEPXHOCTH Pazfeiia, Ay — NIEKTPOIPOBOJHOCTD II€PBOH CPeIH,
a 2 u Ay — COOTBETCTBYIOLIME BEJUUMHBL JJsi BTOPOR cpeapl (cp.
3agauy 16, § 22).

3apnaua 23. IlokazaTs, YTO HOpPMaJbHAs CJIATAOLIAs IEK-
TPHUYECKOH HHJYKIUN y MOBEPXHOCTH I[IPOBOLHUKA OIPEJeNIsieTcs

ABHEHHEM
yp D, =d4ro

TaKXKe ¥ B TOM CJIyHae, eCyIy 110 IIPOBOAHMKY MPOTEKAET ITOCTOSHHBIN
TOK, HO 9TO BeKTOpHOe ypasHeHue (22 10) B 3TOM ciy4ae mepecraeT
ObITH CIIPABEJIUBBIM.

§ 38. Cropousnue 3J1eKTPOJABUIKYLIME CUJIbI.
KBasuiuneiinbie Toku. Bropoit 3akos Kupxrodga

1. CyutecTBeHneiiinee OT/IMYNE CTAIMOHAPHOTO IO TOCTOAHHBIX
TOKOB OT MO/ 3JEKTPOCTATAYECKOTO 3AKII0YAETCH B TOM, HUTO JJIsT
HOJIEpXaHus IIepBOTO HeoOXonuMa HelpephiBHAg 3aTPaTa SHEPTUH,
TOTAA KaK B 3JIEKTPOCTATHYECKOM I0Jie HUKAKWX IIpeBpaIeHuil suep-
TPHU HE TPOUCXOJUT. JIeHCTBUTENBHO, KAK MBIl BHJIENH, NIEKTDUYE-
CKHil TOK, T. €. TIEPEHOC IMEKTPUUYECTBA 10 TPOBOJHUKAM 110/ BO3Jei-
CTBUEM CHJI 3JIEKTPUYECKOTO MOJd, COMPOBOXKIaeTca paboToil 3tmx
CHJI, MpUYeM SKBUBAJIEHTHOE 3TO#l paboTe KOJIMYeCTBO SHEPIHH BhI-
Jensiercss B (popMe Tak Ha3bIBAaEMOTO JXKOYJieBa Teita. Beuiy cra-
1IMOHAPHOCTH MOJIsi IOCTOAHHBIX TOKOB BCSl 9HEPI'HS, BBIICIAIONIAs-
Csl B II€NIM TOKA, JOJI)KHA HEMPephIBHO BO3MEIIATHLCS 3a CYeT JPYTHuX
BUJOB SHEPIHH — MEX3HMYECKOH (JMHAMO-MAIIMHBI), XUMHAIECKON
(ranbBaHHUYECKME 3IIEMEHTHI, aKKYMYJISTOPbI), TeIUIoBO# (TepmMoste-
MeHTH1) u T. J{. IHbIMu ciioBaMu, 1S TIOJ/IeP2KaHUs IOCTOSIHHOTO TO-
Ka HeoOXOAMMO, 4TeObl B M3BECTHBIX YYACTKAX ILEMM TOKAa JeHCTBO-
BAJIM 3AEKMPOCSUNCYULUE CUABL HEIAEKMPOCTRATNUNECKOZ0 TUPOUCTONC-
denus (MHIYKIHMOHHbBIE, KOHTAKTHBIE HA IIOBEPXHOCTSAX COMPHUKOCHO-
BEHHs DA3JUYHBIX MIPOBOJHHUKOB, TEPMOVIEKTPUYECKUE U T. 1.); MX
paboToit 1 KOMOEHCUPYETCS 3ATPATA JTEKTPHUUCCKON IHEPTUH, BbINe-
asromeiics B (bopMe pKoyieBa Tella.

Ecin 6m1 Bee peiictpywmme B nenu IAC CBOgUINChL K cuigam
3JIEKTPOCTATHYECKOTO IOJIs, T. €. K CHJIaM KYJIOHOBBIM, TO ITOJ BO3-
JeficTBHEM ITUX CHJI TIOJIOKHTEIbHBIE 3apsi/ibl MPOBOJHHUKOB CTEKa-
JHuCch OBl B3 MeCT BOMBINEro MOTeHIMANIA K NOTEHIIMANAM MEHbIINM,
OTpHIjATENbHBIE KE JBUTAJKUCh Obl B 0ODATHOM HANPABICHUM, HUTO
BeJio Ob! K BHIDABHHBAHMIO IIOTeHInaNoB. B pesyssTare Bce coenw-
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HEHHBIE MexJy co0oii npoonuuku npuobpenu Obl OMHAKOBBIY MO~
TEHNMAJ, ¥ TOK npekpaTuscs Obl. MHBIME CJIOBaMH, [IpA HAJIAHYHH
OHMX JIMIIb KYJIOHOBBIX CHJI CTRAUUOHAPHOE TTOJIe JOIKHO OBITH I10-
JeM cmamusdeckum. Takum oOpa3’oM, Mbl IPHXOZMM K BBIBOAY, B
H3BECTHOM OTHOIIEHHMH HAIIOMMHAKUIeMY TeopeMy HpHIIOY: Kak u
B §19, HaM NPHUXOAWUTCS BBECTH B PACCMOTPEHHE CHJIBI HE3JIEKTPO-
CTATHUYECKOT'O MPOUCXOXKACHHS, NeACTBYIOIINE Ha 3JIeKTPUYECKUE 3a-
psizel. Pasznuna Jminb B TOM, 4TO B § 19 BBemeHue mogoOHBIX CHUT
BBI3BIBAJIOCH HEOOXOJHMMOCTBIO YYECTh BO3MOXKHOCTB Ycmolinuueozo
PABHOBECUA CUCTEMBbl JIEKTPUYECKHX 3apsiiOB, TEHepb XK€ HAC BbI-
HYXKJAeT K 3TOMY (pakT CYIIEeCTBOBAHUSA NOCMOAMHBL TOKOB.

Wrak, MBI JIO/I>KHBI JOMYCTUTD, YTO, IOMHAMO IEKTPUYECKUX CHJI
CTAIMOHAPHOTO 3IEKTPUYECKOrO IMOJisl, HA 3JEKTPHUUIECKHE 3aPsiibl B
NPOBOJHHKAX MOXKeT NeHCTBOBATH eure HEKOTOpOe IoJe CHJI HeIJIeK-
TPOCTATHYECKOTO MPOUCKOXIeHus. st KpaTKoCTH Mbl 6y/1eM Ha3bl-
BaTb ITH CUJIbl COPOHKUMU (IEKTPOCTATHIECKOMY IIOJI0) 1 ByaeM
0003HaYATh HATIPSIXKEHHOCTH 10/ CTOPOHHUX cuil depe3 ECTP,

K cropounnM cunam B amoti 2aase Ml npuuncyigeM pce 2J1C
HE3eKTPOCTATHYECKOTO HPOMCXOXKJeHUs. BecbMa BaxKHBIH KJacc
sTux cu1 Oyner ceejeH B 1. VI K CHjlaM NEPEMEHHOTrO 3JIEKTPO-
MarHHTHOTO N0 (UHOYKYUONHBLM), TIOCIE Yero MBI yxke He Oyzem
IPUMEHSTH K CHJIaM 3TOrO KJacca TepMuH «croponHues. Ilomumo
HHX CYIIECTBYIOT, OJHAKO, U CHJIBI «CMOPOHHUE» 8 COOCIMBEHHOM
CMBICAE CA08Q, 0OYCAOBAEHHBIE TUMUNECKOU U usureckotli Heoono-
POOHOCTBI0 NPOGOOHUK0E. TAKOBBI CUJIbI, BOBHUKAIOLTHE TIPU COTIPH-
KOCHOBEHUH MPOBOJHMKOB PA3JIMYHOIO XMMHUYIECKOT'O COCTAaBa (raJb-
BaHUUECKUM JIEMEHT, aKKYMYJIATOD) WIK DA3JIHYHON TEMIIEpPaTyphl
(TepMO3/IEMEHT), TP HAJIMYMK FPAJMEHTA KOHIEHTPAUMH B PACTBO-
pe 3JieKTpoyuTa (KOHIEHTPAIMOHHBIN TaJIbBAHUYECKUH 3JIEMEHT) M
T. 5. Konewno, mepes; 5MeKTPOHHON TeOpHell MaTepHUM CTOUT 3a7a-
4Ya BBISICHUTH MEXAHU3M BO3HHKHOBEHHs BCeX «CTOpoHHUX» G n
CBECTH MX K B3aMMOJIEHCTBHMIO 3JEKTPUYECKMX 3aPAJ0B, BXOJALIMX
B COCTaB aTOMOB HEOJHOPOJIHBIX IPOBOAHMKOB. 3aJa4a 3Ta, OJHAKO,
BLIXOAMT 33 PAMKH 3TOH KHHIH.

2. Ecnu nog meficTBrEM 3NIeKTPOCTaTHYeCcKoro nois E B npoBoj-
HUMKE BO3HHKaeT, CorylacHo (36.5), TOK mmoTHoCTH

J=AE,

TO IION COBOKYIIHBIM AeiicTBueM nons B u monst cropornux cun E€™P
JOJIAKEH, OYEBHIHO, BO3SHUKATH TOK IIJIOTHOCTH

j = A(E + E™P). (38.1)

STO BhIpaxkeHHE NpeicTaBisieT cobow JuddepeHIMaIbLHYI0 HOPMY
obobuennozo 3axona Oma (nuis cayvas Hamaus croponaux J/C),
H3 KOTOPOTO HEeTPY/HO MOJYYUTh U UHTErPaJIbHYyIo (hOPMY ITOTO 3a-
KoHa. [lpm 3ToM B HacTosimeM maparpade HaM JOCTaTOHHO Oyzmer
OT'DAHUHUTECS. PACCMOTPEHUEM K8G3UAUHENHT MOKOs.
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3. KpasuinHeiHbIMU (He CMEIIMBATH C JIMHEHAHBIMH, O KOTOPBIX
6yler uaTH pedb B CleAyouiel rirape) TOKaMu Mbl 6yjieM Ha3bIBATD
TOKH, YJOBJIETBOPSIOUINE CICNYIOUMM YCJIOBHSAM. B KaXJOM Yy4acT-
Ke HeCyILero TOK IIPOBOAHHKA MOXHO ONPEeJE/IMTh HAIPABJIEHAE ero
oCu Tak, YT0ObI BO BCEX TOYKAX J0O0TO MEPIEH AUKYIIAPHOrO OCH Ce-
4YeHUsl MPOBOAHMKA BCe (usndeckue BenuuuHsbl (j, @, A, E, EP n
T. 1.) MOXKHO OBLIO € JOCTATOYHOK TOYHOCTHIO CIMTATD IOCTOSTHHBIMHA
u 4TOOBI BEKTOP ILIOTHOCTH TOKa j GbII mapaJutesieH (M aHTHIA-
pasutened) 3Toi ocu. Takue TOKM MbI HA3bIBAEM KBA3WIMHEHHBIMHA
OTOMY, 4YTO B psje CIy4aeB PacCMOTPEHHe HeCcyuiero TOK IIPOBOJI-
HUKA MOXKET ObiTh 3aMEHEHO PACCMOTPEHHEM €ro OCH, KOTOPYIO MBI
OyneM Ha3bIBATL KOMMYPOM MOKA.

4. PaccMOTpEM ITPOM3BOIBHLIA YYaCTOK KBa3WJIMHENHOrO TOKA,
3aKJIIOYSHHBINR MeXJy cevyeHusMu ! m 2, U IIPeAnoNIoKUM CHAYaJa,
YTO B 3TOM Y4acTKe HeT pa3BerBjeHuit nemu Toka. Ilycrs nepnes-
NUKYJISPHOE OCH CedYeHHe IIPOBOJIHMKA paBHO S, npmyeM, Boodue ro-
BOps, S MOxKeT ObITh MePeMeHHbBIM IO JJIMHE IPOBOAHKKA. Pasnenus
ypasrenne (38.1) Ha A, yMHOXKas, jajiee, 9TO YPaBHEHHE CKAJISAPHO
Ha JIEMEHT OCH NMPOBOJHMKA dS, 83aMuili MO HANPABAEHUIO TOKG J,
U UHTerpupys OT cedeHus I Ji0 cedeHMs 2, IOIy4uM (BBHAY TOTO,

4o jds = jds):
2 . 2 2
1as _ crp
1/’\ 1/Esds-FI/E’s ds.

3amennM B nepsoM mHTerpase j Ha J/S u BeiHeceMm J Kak Benw-
Y¥HY IMOCTOSIHHYIO 3a 3HAaK MHTerpaJia. Jlajiee, mHTerpan

2

ds
— =R
S\ 12

1
€CTh He YTO MHOE, KAK COIPOTUBJIEHME YYaCTKa IPOBONHHUKA, JIEXKa-
miero Mexay cedenusimu I u 2, ub0 moJbIHTErPAJIbHOS BBIPAXKEHHE
PaBHO COIMPOTHUBJICHUIO IJIEMEHTA JJIMHBI NIPOBONHUKA; B YACTHOCTH,

IJ1sl ONHOPOAHOTO MIPOBOJHKKA [IOCTOSIHHOTO cedeHust Rya cosnasiaer
¢ (36.4). Crano 6bITH, OKOHYATENLHO:

2 2
JRis = / E,ds+ / ECS™ gs, (38.2)
1 1

4TO mpejcTapasier coboii Haubosee OOUIYI0 MHTETPANLHYIO (POPMY
obobuennozo 3axona Oma.
Hanpsixenne croponrux 9JC mexny Toukamu I u 2 [cp. (35.3)]
2
ELP = / EC™ ds (38.3)
1
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YACTO HA3BIBAETCS IIPOCTO AAEKMPOdeudcyuleti curoti, IPUIOKEHHON
MeXIy 3THMM TOYKaMH, u COKpaiieHHO ob6os3HavaeTcs uepes DJIC.
Brecs (35.3) u (38.3) 8 (38.2), momyunm

JRiy = &2 + 57 (38.4)

Crano ObITh, MpOM3BeNEHUE CHJIBI TOKA HA COMPOTHBJIEHHE ITPOU3-
BOJILHOI'O YYaCTKa NPOBOJHHMKA PABHO CYMMe HAIPSDKEHHA M CTO-
pouneit 3/IC, NpUIOKEHHBIX K 3TOMY YYaCTKY.

Ecnu anexkTpuyeckoe note E o61anaer noreHnyaioM @, KaK 3T0
UMeeT MECTO B CTAIMOHAPHOM I0JIe TOCTOSTHHBIX TOKOB, TO, COTJIACHO
(35.2), mocne/Hee ypapHeHHe MOXKeT ObITH 3AIIMCAHO TaK:

JRio = Y1 — 2+ éalc;p (382)

YacTHBIM CJIydaeM 3TOr0 ypPaBHEHHsI HPHM OTCYTCTBHM CTOPOHHHX
D/IC sBnstercs Hame ucxojHoe Boipaxenue (35.1) neobobieHHOrO
3akoua OMma.

5. Eciin 3aMKHYTHIH KBa3WIMHEHRHBIHA TOK JIMIIEH Pa3BeTBJICHUH,
TO, BLINOJHAS B ypapHenun (38.2) umHTerpupoBaHue 10 BCeH JJIHHE
3TOr0 TOKA, TIONYdHuM

JR = QO E;ds 4+ @ ES™ ds, 38.6
s

rae R — monHOe COMpOTHB/IEHME 3aMKHYTOro npopogHuKa. Eciun E
obsIanaeT MOTEHIMAIOM, TO, coracHo (7.3), mepsbiit HHTErpaJst obpa-

@eTCA B HyJIb, TAK 4YTO JUIsl MOCTOSHHOTO ToKa (38.6) npuHumaer
BH]

JR=¢mm¢=gm, (38.7)

rae &P — nonnas IAC B menu Toka. Cranmo OLITH, CHIIA HEPA3BeT-
BJICHHOTO MOCTOSIHHOIO TOKA paBHAa YaCTHOMY OT HEJeHHs MOTHON
croponneit D/IC B ero menu Ha COMPOTHBJAEHUE 3TON Hemu. Taxkum
obpa3oM, Ipu orcyTcTBHM cTOpoHHMX IJIC cuiia MOCTOSHHOTO TOKa
P JIOJI?KHA PABHATHCS HYJIO, KaK
3TO y2Ke OTMEYaJIOCh B Hadale

maparpacpa.
PaccmoTpum, Hakower, 1po-
] U3BOJIBHYIO Iiellb KBa3WU/IUHEeH-
HBIX TOKOB C MPOU3BOJBHBIM
YHCIOM passeTsJieHut (puc. 38)
G M COCTaBMM U3 OTHEJbHBIX
y4acCTKOB 3TOH men# KaKoii-u-
Puc. 38 6o i .
POM3BOJILHBIA 3aMKHYThIH
kouTyp L, Hanpumep koutyp I 2 8 1. Ilycrs Jy, (4, k=1, 2, 3) ecTs
TOK B OTDe3Ke ik, IpUIeM BeIUIUHY Jik MBI 6y,qu CUATATD nonoxm—
TeJILHOHM, eC/IM TOK HJAET OT TOYKHM i K TOYKe Kk, X OTPULATEILHON B
MpPOTHBOTIONOXKHOM cityudae. CocraBiss ajis KasKJ0ro y4acTKa Heln
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ypasHenue tuna (38.5) u cyMMupys, noay4um

D JwRi=) (i =) + Y &

IIpuHsB BO BHEMaHHE, YTO

D (@i—ox) = (o1~ @2) + (P2 — 03) + (03 — 1) = 0,

[OTy YHM
Z Jix R, = Z ELT. (38.8)

Wrak, B 11060M 3aMKHYTOM KOHTYpPE TOKOB airebpanyecKast CyM-
Ma Ipou3BefeHnit Tuna Ji; R, pasna cymme croponnux 3/1C, npu-
JIO’KEHHBIX K 9TOMY KOHTYPy. JTO IOJIOKEHHE HOCHT HA3BaHHE 67M0-
pozo 3axona Kupzzopa. Odesnano, 4to (38.7) ecth 9acTHBIN Ciiyvait
NMPHEMEHEHHsT 3TOr0 3aKOHA K HEPAa3BEeTBJICHHOM LlEeNH TOKA.

6. 3amMeTHM B 3aKJIOYEHHE, YTO CyUIECTBOBaHHe cTopoHHnx 3/1C
JOKHO OBITH, KOHEYHO, YYT€HO M B JIGKTPOCTATHKE. TaK, Hanpu-
Mep, B XAMHYECKH WiK (PU3MYECKH HeOJHOPOIHOM NTPOBOJHHKE YCIO-
BHE JIEKTPOCTATHYECKOI'O0 PABHOBECHSI CBOLUTCSI He K PABEHCTBY HY-

JII0 HapsIKeHHOCTH E 31eKTpHYecKoro nojisi BHyTPH NPOBOJHHKA, &
K PaBEHCTBY

E+E?P=0 mwm E=-E“P, (38.9)

60 JMIIL TP 3TOM YCJIOBHH TOKa B IIPOBOAHHKE He Oygner [cp.
(38.1)}.

3angaua 24. A, B u C cyTh TpH [OCIEIOBATENBHEIE CTAHIHH
Ha juHun Tenerpada (puc. 39). Tenerpaducr B A 3HaeT, YTO MEXIY
A ¥ B npon30uio HapyluleHue H30JS1HA JHHAR (4TO PaBHOCHIILHO

| b ! c=b {

"B

Puc. 39

ee 3a3eMyieHnI0). Briro4das 6aTapero Mex 1y 3emiiell i CBOMM KOHIOM
JIMHHH, OH H3MepsieT BOSHHKAIOILYIO NPH 3TOM B JIAHMH CHIY TOKa
IpK TPexX Pa3jHYHBIX YCIOBHSIX: 1) JIMHHS 3a3em/ieHa Ha cTanmun C
n n3osumpoBada B B (tok J); 2) nunus 3a3emsena B B B W30mHpo-
Bata B C (tok J'); 3) nmuus msomposana u B B u B C (Tok J").
Onpenenuts paccTosiHre TOYKH noepexjennss auuun ot A. Ilpen-
I10J1araeTCsT, YTO CONPOTHBIICHAEM 3€MJIH, & TAKXKe COIPOTHBJICHUEM
3a3eMJICHHST HO CMAHYUAL MOXKHO NpeHeOpeds.



182 [IOCTOAHHBIN 3JIEKTPUYECKHI TOK CA 111

8§ 39. IIpeBpailiennsi HEPruy B L€NU TOKA.
KouTtaktasie 31C

1. YMuoxkas (38.2) Ha cuny Toka B uen# J W NeperpynnupoBaB
YJIeHEl, TTOJ1y9aeM

2 2
J/Es ds = J?Ryp — J/EgTP ds. (39.1)
1 1

Jlerast 4acThb 3TOrO ypaBHeHwusi, coracHo (35.5), paBHa pabore,
COBepINaeMOH CHJIAMH 3EKTPHYECKOrO NOJISI B €IWHHIYY BpeMeHH B
y4actke uenu I, 2. 9Ta paboTa OKa3bIBAeTCsI paBHOM Da3HOCTH JBYX
YJIeHOB, IIPUYeM IEpBLIA M3 HHAX

Q= J’Ryy (39.2)

KBa/JpaTH4YeH OTHOCHTEJBHO CHJIBI TOKa J, II03TOMY HE€ 3aBHCHT OT
HanpaBJICHHsT TOKa H BCerga IOJOXHTEJIEH; BTOpOﬁ Xe 4J1eH

2
P=J / EC™ ds (39.3)
1

JIMHEEH OTHOCHTENLHO J W MEHsIeT 3HaK IIpH HW3MCHEHWH HAIpaBJe-
Husi ToKa. [lepsmiit wnen @ cosnamaer ¢ BeipaxkeHmem (35.7) Ins
I3KOyJIeBa, TeIa, MOJIyYeHHBIM HaMHA B § 35 B mpeamonoxennu 00
OTCYTCTBHH B [IPOBOAHUKE cToporHmnx J1C.

W npn samuyunn cropouunx /IC KBagpaTHIHAS OTHOCHTENBHO J
BeJIMYHHA () BBIPAKACT BBIJESEMOE TOKOM TeIlI0, 8 KMEHHO, TaK Ha-
3BIBAEMOE [XKOYJIEBO TEILNIO; JHHEHHEBIN e OTHOCHTeabHO J 4ieH P
npencraeasier coboit, 0YeBHIHO, PaboTy, COBEPIIAEMYIO B €QHHHILY
spemeru cropontnmu IJIC. Taxnm obpazom, dpopmya (39.1) o3xa-
YT, YTO JKOYJIEBO TeILIo (), BHIJEIsIeMOe TOKOM B y4aCTKe Ueln
1, 2, paBHO CyMMe COBEDIIAEeMBbIX B 3TOM YYacCTKe NenH paboThl CH

2
anextpudeckoro noast J [ Esds n paGotst croponnux JIC.
1
Oanako ofIee KOTHYECTBO TEIIOTH], BHIIESIEMOE TOKOM B JaH-
HOM YYacTKe Ueny, OTHIOAb He BCerJa COBIAJaeT C COOTBETCTBEH-
HBIM J2K0yaeBbIM TermioM (). Tak, HanpuMep, B MeCTe KOHTAKTa ABYX
pa3JMYHBIX [IPOBOJHMKOB, IOMHMO JKOYJ/E€BA TEILIA, 3ABHCSIIETO
TOJIBKO OT CHJBI TOKa M CONMPOTHBJIEHHS] IPOBOAHHKOB, BbIIEISIETCS
TaKXKe TaX HasbiBaemoe menao [eabmove, 3aBUCSIIEE OT CTOPOHHHEX
9C, onpenensieMpix B CBOK O4epeqs XHMHYECKON NPHPOJOil npo-
BOJHHMKOB, HX TeMNeparypoii u T. A. [Iomo6HO 3TOMY, NPK HAIAYIHA
B NTPOBOJHHKE I'PAJMEHTa TEMNEPATYPH! B HEM BBIJEJISIETCsI, IOMHMO
IDKOYJIEBA Telljla, W TaK HaspieaeMasl menaoma Tomcowa. OpHako
B OTJIHYHE OT JKOoyJjesa Tenia tenors [ensthe B Tomcona sBs-
10TCS auHetinomu QYHKUHSIMH TOKa J W M3MEHSIIOT 3HAaK TPH H3Me-
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HeHMH HalpaBJeHus Toka ') . ITostomy Tenmory Jxoyms Q Bceraa
MOYKHO BBIJIENIATDH M3 O0IIero KOJH4ecTBa BLIJEIseMOi TOKOM TeIIo-
THI: TeI10Ta, JKoyJis paBHa NOIyCyMMe TEIIOT, BHIJEISEMBIX TOKOM
3aJaHHOM cuiibl J IPH JBYX B3aMMHO IPOTHBOMOIOXKHBIX HAIIPaBJIe-
HHAX TOKA.

BopoueM, B OOBIMHBIX yCIOBHsIX (IIPM He OYeHb MAaJIbIX CHJIAX
TOKOB) TemnoThl Ilenbrbe n Tomcona cocTaBngiOT MHIIL HE3HAYH-
TEJNBHYIO OO TEIIOTH IKOyJs1, TAK 4TO HX MOXKHO BOBCE He y4H-
TEIBATD.

2. Urak, eoipaxkenns (35.7) wm (39.2) s Tensnors Jkoyms
OCTAIOTCs CIPaBeINBBIMA K OIpH HAauunu cropouaux I1C, dop-
myser ke (35.6) u (35.8) Beipaxkaior paboTy, COBEpIIAEMYIO NDH
IIPOXOXKJEHUH TOKA CHJIaMM JIEKTPHYECKOro IoJsi, KOTOpasi PaBHA
rerore JLxoyas jgums B orcyterie croponunx I/1C. Tak, vanpn-
mep, u3 (38.2) u (35.2) cnexyer, 9ro npu Hanmuuun croponHnx DAC
Beipaxkenne (35.8) ana remnors JIKOyast JOMKHO OBITH 3aMEHEHO
CITEAY IOLIMM:

Q = J(p1 — o) + JESP. (39.4)

Bripaxenne (36.6) mast ydeavrozo KOMEYECTBa TEMIOTH! JIXKO-
yaist (T. e. TenioThl Jkoysisi, BhIAENAOMIEHC B €UHUILY BPEMEHH B
efHAIYy 06beMa NPOBOIHHUKA)

_ 1,2
=57 (39.5)

6B110 TIOTyUeHO HaMH B3 ypasHeHus (35.7), conagatouero ¢ (39.2);
nostomy (39.5) ocraercs crpase/i/IMBEIM A NMPH HAJAYMA CTOPOHHHX
cun. Bmecro (36.7) mst n3 (39.5) u (38.1) nonyvaem

q = A\(E + E°P)? = j(E + E°™P), (39.6)

YTO BhIpaskaeT co0oi TOT (haKT, YTO MKOYJEBO TEIJI0, BHIIEJSICMOe
TOKOM B KaxKJIOM 3JIeMeHTe o6beMa NPOBOHHKA, PABHO CYMME Pa-
60T CHJI 3JIEKTPHYECKOr0 NOJSA W CHJI, CTOPOHHHX B 3TOM 3JIEMEHTE
obbeMa.

Kaxk ykaspipasiock B Hadage § 38, obuiast paboTa KyJA0HOBBIX CHII
CTALMOHAPHOTO II0JIS TIOCTOSTHHBIX TOKOB JIOJKHA DABHATHCS HYJIIO,
100, B IPOTUBHOM CJIyHae, SHEPIHsl 3TOrO MOJsT yMEHbIIAJach 661 K
OHO He MOrJIO Ob1 66ITH cTanoHapHBIM. CTaso BBITE, obuee Kognde-
CTBO JXKOYJIEBd TEILJIA, BHIAEJSIIOMErocsd BO BCEH e TOKa, JOKHO
paBusATECs pabore cropounnx IC. W, neiicTBuTenbHO, IpUMeHss
(39.1) ko Bceil ANKHE HePA3BETBJEHHOIO 3aMKHYTOrO INPOBOIHHKA H
MpPUHSB BO BHHMAaHHE, YTO B II0JIe MOCTOSHHEIX TOKOB E obiamaer

1) Orpunatensusiit 35ax, Hanpumep, Temwiorsr [lensroe O3HA4AeT, YTO COOT-
BETCTBYIOIEE KOJMHYECTBO TEIIOTHl MOTJIOMAaeTC$, 8 He BHIOENTETCA NpH
IPOXOXKJICHUH TOKA 4epe3 KOHTAKT JABYX NPOBOTHUKOB
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IIOTEHLHAJIOM, TIOJIYYUM Ha OCHOBaHHH (38.7):
Q= J&EP, (39.7)

YTO SIBJSETCS MaTeMaTHdecKol GOPMYJIUPOBKON BBLICKA3aHHOIO
TOJIBKO 4TO IOJIOXKEHHUS.

3. Yrobpl NOAYYATH IPENCTARNCHHE O NPEBPAlIEHUSIX SHEPrHu
B IeNH TOKa, NPEeIIOoN0oXHM, uTo Bee croponnne I/C cocpenoro-

YeHBl B OJHOM M3 y4acTKOB @ 3Toi uemm!). Cramo 6mTs, pabora
stux IJIC 6ymer coepmaThCsl JULIL B 3TOM y4aCTKe G, TOIAa KakK
BRIJIeJICHAE Telljla Oyaer IIPOBCXOAXTh BO BCEX ydacTKax nend. Tax

KaK 06I1ee KOJIMUECTBO BbIIEIsIeMO TEIIOTh! 2) paBHO paGore 9AC,
COCPEZIOTOYEHHBIX [0 YCJIOBHIO B YYaCTKe G, TO C SHEPreTM4YecKoi
TOYKH 3PEHHsI POJIb MEKTPHYECKOrO TOKA CBOJHTCH K NEPEHOCY OT-
[aBaeMOll CTOPOHHHMM CMJIAMH 3HEPriH B

OTJAJICHHBbIEe YYACTKH LETH.
Iycrs, HANpUMep, MBI HMeEM JEJI0 ¢ He-
N Pa3BeTBJIEHHbIM 3aMKHYTHIM KBa3H/IHHENHBIM
TIPOBOAHHKOM, TI'DaHHUAMH YYaCTKOB 4 ¥ b
KOTOpOro siBjsitoTcst Toukn I m 2 (puc. 40),
¥ IYCTh COCPeAOTOYeHHAs B y4actke a IJIC

) &P ganpasnaeda ot 1 K 2:

2

&= G B ds = [(BIPds = 677 >0,

%’CTP
-2

b 1
TaK 410, coryacHo (38.5),

Puc. 40 JR, = 1 — o + ESP = EP — (g — 1),

rae R, ectb conporusiientte yqacTka a. Tak Kak, ¢ Apyroit CTOPOHEI,
coryracHo (38.7),
JR = J(Ry + Ry) = &P = 6,7,

TO
&2 "Ry

R, + Ry

Bo «BHemHeM» ywacTke b TeHCTBYIOT JIAUIL KYJIOHOBEI CHIIbI 3J1€K-
TPHYECKOro HOJsl, TaK YTO MOJIOKHUTEJIbHBIE 3apsiibl OyAyT CTeKaTh

902—(p1=£;Tp—JRa=JRb= >03).

1) Moxso npegcrasurs cele, HANpUMep, YTO B 3TOT YYACTOK UEIH BKIIOYEH
AKKYMYJIATODP HWJIA JHHAMO IIOCTOSHHOTO TOKA.

2} s 1poCTOTH: MBI B aJbHeinrem Gy1eM rOBOPUTS JIUIIE 0 TemoTe Jkoys,
npenebperas temnoraMu IHensrse u Tomcona.

%) TaknM 06pa3oM, PasHOCTH IOTEHUMAOB HA KOHIAX YUACTKA LEMH, K KOTOPO-
My npunoxena cropornas IC, Boobuie ropopsa, MeHbuie 3TOM CHIIBI M MOXKET
CYMTATHCH PABHOI eff UL B TOM CJIydae, eCy COpoTuBIeHre Ry 31ore yyacr-
Ka MCYe3a10e MAJIo 10 CPABHEHMIO ¢ ¢BHEIIHUM» comporusierueM R;. Tounoe
JK€ PABEHCTEO BRJIHYUH Pz — @1 U &5 7 OCYIIECTBIIAETCH B TOM CJIydae, eclli Helb
pasomxryTa (R, = 00).
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110 b oT 60JIbIIEr0 IOTEHIMANA P9 K MEHBIEMY MOTEHUHAY ). ITO
JOJIZKHO OBLJIO Obl IIOBECTH K BLIPABHMBAHUIO IMOTEHIIMAJIOB W Tipe-
KpaImeHHio TOKa, eyl Obl Ha y9acTKe ¢ He NeHCTBOBAJIM CTOPOHHHE
3HAC, KOTOpBIE TOHAT MONOXKUTEILHBIE 3APSAbI 0 y49acTKY ¢ OT 1
K 2, T. €. OT MeHBIIIero MOTEHNHAIa K 6obuemMy, IPOTHB JefCTBYIO-
IIEX B 9TOM YYaCTKe KYJOHOBBIX CHJ 3JIEKTPOCTATHYECKOrO IO,
Tak KaK, COTJIACHO TIOCJI€IHEMY yPaBHEHHIO, & & > g — (01, TO 3a-
PAbI 3TH JeWCTBATEIHHO O6yIyT ABHMATHCS 110 0 «IIPOTHB» PAa3HOCTH
IOTEHIHAJIOB (2 — ) B No Hanpasaeruo JIC.

Urax, 31C HenpephiBHO «HarHeraeT» 3apsiapl mo a oT I K 2,
OTKYJa OHH ONATH CTeKaloT 1o & x I u T. 1. Pabora KynoHOBHIX cuil
3EKTPHYECKOrO TI0Js B y4acTKe ¢ Oy/ieT OTPHIATEILHON, B yYacT-
Ke b MoMOXKUTENLHOM, B CymMMe >Ke DaBHa Hymo (Kak NpPH BCSIKOM
JIBHXKEHHH 3apsiiOB B MOTEHLHAILHOM 110JI€ 110 3aMKHYTOMY IYTH).
Pa6ora. xe cropornmx IC (nomoxurenbrasn) Gyger cosepmiaTsest
JHIIb HA y4acTKe a. Ilpn 3ToM B ydacTke a 6yJieT BBLAEASITHCS KO-
JIAYECTBO TEIIOTHI, SKBUBAJIEHTHOE anrebpandeckoi cyMMe IoI0XKH-
TeabHOoM paborh DAC u oTpuaTenbHOR PABOTH! CUIT TIONST, H3OBITOK
ke pabors! I/C Hag KOTHUeCTBOM 3TOM TEIIOTH OYAET BBIACIATHC
TOKOM B y4acTke b.

4. PaccmMoTpuM, HaKOHel, CIy4ail, KOTAa B I{€NM TOKA HMEeTCs
He ONJH, a OBa y4aCTKa @ H @', B KOTODBIX NPHJIOXKEHbI CTOPOH-

CTP TP
aue JJIC & " u £, ", HanpaB/ieHHEIE TPOTHBONOJIOKHO JIPYT ApY-
CTp CTp
ry. Ecm 6777 > &, 1o Tok 6y/ier HanpaRJIeH TaK, KaK yKa3aHO Ha
puc. 41. B y1acTke a HanpasjieHne ToKa byzer g™
cOBIaaTh ¢ Hanpasjaennem DJIC &°F, xoTo- —
pas Oyzaer, CJIeZOBATENBHO, COBEPUIATEL NOAO-
orcumeavnyio pabomy J&, °, Toraa xkak J1C
&P 6ymer coBepIIATH OMPUUGTREALNYIO Pa-
6oty —J&,, °; HaKOHeN, B LenH ToKa byner
BBLIENATHCH

Q = J2R = J(&S™ — &)

@
eIMHHI TEIUIOTH B €XAHUIlY BpeMeHH. TakuMm

obpasom, pabora IDJIC B y4acrke a Synmer \'g"’“’
WATH, BO-IIEPBLIX, HA BBLACJICHHE TEIJIOTHI H, a
BO-BTOPBIX, Ha NpeoJOJeHHE CONPOTHBJICHMSI, Puc. 41

okazpiaeMoro Toky JIIC &, 7, B y4acTke a'; B HEM, TAKHM 06pasoM,
TOK GyJIeT COBepIIATD IONOXHTeBbHY0 paboty J &P . Apyrumu cio-
BaMH, B ek Gy/IeT NPOMCXOJATE NEPeHOC SHEPTHH OT a K a’ ¢ HoTe-
psaMu @ Ha Temo. Tak Oyzer o6CTOATH A€/I0, HAIPUMED, B TOM CIIy-
qae, ecu B @ OYeT BKITIOUEH UHAMO- WIH I8/ IbBAHMYECK Uil S/IeMEHT,
a B @' — 3JIeKTPOMOTOD (BpanIeHHe KOTOPOrO COIPOBOXK JAETCS T10SIB-

aerneM J1C MHAYKIHN, HANPaBIEHHBIX IPOTHUB TOKA, — cM. 1. VI)
HJIA 3aPAXKAEMEBINl TOKOM aKKYMYyJISITOP.
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5. 3aKOHYMM HECKONBKHMY 3aMe4YaHHSIMH OOIIero Xapakrepa O
Tak Ha3blBaeMbIX xormaxmuuxr IJC. It «croponuue» I3IC BO3-
HUKAIOT B MOTPAHHYHOM CJIO€ MEXJY CONPHKACAIOIIAMHCS [IPOBOJ-
HHKAMH Da3/IAYHOr0 XHMHYECKOTO COCTaBa; BEJIMYHHA HX 3aBUCHT
OT XHMMYECKOH HPHUPO/BI CONPUKACAIOLIAXCS POBOJHHKOB (a TaK-
e U APYyruX GH3HYeCKHX YC/IOBHil, HalpUMep TeMIepaTyphbl), HO
He OT OpMBI M pa3Mepa NPOBOLHHKOB. TOMmMHA CIOsI, B KOTO-
poM JeACTBYIOT 3TH KoHTakKTHEe IDJIC, crons Mana, 4ro ¢ a0CTa-
TOYHOH CTENEHHI0 TOYHOCTH MOXKHO CHHTATH MX COCPENOTOYEHHBIMU
Ha NOSEPTHOCMY CONPHKOCHOBEHMS NTPOBOAHMKOB. [lonaras, 9To CO-
npoTuBIeHne K9, HCNBITHIBAEMOE TOKOM IIPH MPOXOXKACHHH depe3
6eCKOHEYHO TOHKYIO MOBEPXHOCTh CONMPUKOCHOBEHHS NMPOBOJHHKOB I
H 2, paBHO HyJIO, NOxy4uM H3 (38.5) st NBYX CMEXHBIX TOYEK,
JIEXKAIIAX TI0 PA3HLIM CTOPOHAM MOBEPXHOCTH COMPUKOCHOBEHHS:

62" =2 — o1

Craso 6b1Th, KOHTaKTHasT D/1C nmoamep:kuBaeT Mex 1y NMPOBOJHHUKA-
mu [ B 2 paBHYIO €ff KOHTAKTHYIO DPA3HOCTH (MJIM CKAYOK) MOTEH-
HHAJIOB 3 — @1 ).

Ecn ¥3 HECKONBKIX MOCIEJOBATENBHO COeJUHEHHBIX TPOBOJHHM-
kKoB (1, 2, 3 u T 1.) pasnuYHON XMMHYECKOH MpPUPOJBI COCTABHTH
3AMKHYTYIO IEMb, TO Ha KAX /O MOBEPXHOCTH HX COMPHKOCHOBEHHS

Tp

(1, 2), (2, 3) u ™ x. OynyT neificTeoBaTh KouTakTHBE DIIC &5
&y3" 1 T. A Cuna TOKa B LieTH, COITIACHO BTOPOMY 3aKoHy Kmpxro-
da (38.8), 6yaer onpenensiteea cymmoit atux JC.

Kak ns3BecTHO, BCe MPOBOJHHKH MOTYT ObITH NMOZPA3ZC/ICHBl HA
nBa kuyacca. [IpoBOOHHKH nepBOro kjacca, K KOTOPHIM OTHOCSTCH
BCEe MeTaJlbl, 06/1aJal0T TeM CBOHCTBOM, 4TO B 1060t 11enu, cocTas-
JIEHHOft TOJIBKO M3 3THX HPOBOJHHKOB, ajrebpawdeckas cyMma KOH-
takTHeIX JJJC BCcerja paBHa HyJII0, €CJIM TOJNBKO BCE YYaCTKH LENH
HAXOJATCA NIPH OIHHAKOBOH Temmeparype 2) .

Craso 6b1Th, TOK B NO#00HONM 3aMKHYTOH LENH PH OTCYTCTBHA
91C HHOrO NPOHCXOXKJeHHsT (HAIPHMED, TePMOIEK TPHIECKHX ) BO3-
HHKHYTH He MOXeT. 13 3T0oro ciexyer, B 4aCTHOCTH, YTO KOHTAKTHEIE
9JC Mexy mo6pIMU TpeMsI NPOBOJAHUKAMHU IIEPBOrO KJIacca CBSA3a-
Hbl COOTHOIIIEHHEM

CTp _ @CTp cTp
&y =650 +65",

1) Kax yxasan TetsMrossi, 3T0T CKAYOK NOTEHIMAJIE, 00yC/IoBIIMBaETCA CYLIe-
CTBOBAHHEM HAa PAHMIIE PA3JENa NPOBOAHUKOB JBOMHOTO JIEKTPHUYECKOro CJIOs
(cm. §14). Opmako caMoO CYmECTBOBaHUE IBOHHOIO €0 IIPEIIIONAraeT Haju-
Yyue CTOPOHHUX CHJI, IPM OTCYTCTBMHM KOTOPHIX NBOHHON CJIOH CYLECTBOBATH He
MOYKET: IIPOTHBOIOJIOKHBIE 3aPAABI €ro HOIKHE COSOUHMTECH U B3aHMHO Heil-
TPANIM30BATHCA.

2) B nporuBHOM CIy4Yae BO3HUKAOT TepmodnexTpuueckue DAC, cymma KoOTo-
PBIX, BOODIIE FOBOPHA, OTJIMYHA OT HYyJIA.
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n60, 06paz0BaB M3 ITHX NPOBOJHUKOB 3AMKHYTYIO 1lelb, MbI JOJIKHEL
NONy4nTh &19° + &o ¥ + &7 =0, a €737, O4eBHHO, PaBHO —&y; .

DTH COOTHOMEHMS JAIOT IPABO ITPH H3YYEHHHU TOKOB B IENH Me-
TAJIJTAYECKHX TPOBOJHUKOE He NPHHEMATHL BO BHUMAaHHE KOHTAKTHEIE
94C Mexny HAMH.

Ecmn ke, ogHaKO, B LieNb BXOJST MPOBOIHUKHA BTOPOro Kiacca,
K KOTOPBIM B NEPBYI0 O4epelb OTHOCATCS 3JEKTPONMTHI, TO CyMMa
xoHTakTHEIX D1C, BoOOIIE rOBODS, OyZeT OTAHYHA OT HyJs, U B Lie-
0 BOSHHKHET TOK. Ha 3TOM cBoiicTBEe IIPOBOJHHKA BTOPOro poOAa
OCHOBAHO YCTPOHCTBO TaJbBAHHYECKHX IEMEHTOB M aKKyMYJSTO-
POB, KOTOPHIE IIPEJICTABISIIOT COO0I0 COBOKYIIHOCTH NOCIE/[0BATENILHO
COCeIMHEHHbLIX TPOBOAHUKOB [IEPBOrO ¥ BTOPOr0 POJA.

C 3HepreTuyeckoll TOYKH 3pPEHHS 3TO PA3NNYHE IPOBOJHHUKOB
MEePBOr0 M BTOPOI'O POJA CBOAMTCH K TOMY, 4TO HUPH NPOXOXKICHUH
TOKa Yepe3 Lelb TPpOBOJHHUKOB 1ePBOro poja obuias paboTa KOHTAKT-
ubix 9J1C paBHa Hy/ 10, TOrAA KaK MPK HAJTMYHH B [{€IIY IPOBOJHHKOB
BTOPOTO poja paboTa 3Ta, BoOBmE roBOPs, OTJIHYHA OT HyJs. JTa pa-
6ora kKoHTAKTHBIX DC copepliaercs 3a CUET TuMuveckoli IHEPrHn
NPOBOAHUKOB BTOPOT'O POAA, MPOXOKIEHHE TOKA 110 KOTOPHIM 8cezda
COMIPOBOXK IACTCS XUMHYECKUMHA DEAKIUsSIMH B HHX.

aK, Harnpumep, OOHIKHOBEHHBI CBUHLOBBIYI aKKyMyJsTOp CO-
CTOHT H3 ABYX TIOTPY’KEHHBIX B PACTBOP CEPHON KHCIOTH! CBHHIO-
BHIX ILUIACTHH, OJHA W3 KOTOPBIX NOKPHITA CJI0€M MEPEKHCH CBUHIA
PbOs. Ilpn 3aMbIKaHHH HEMH, B KOTOPYIO BKIIOUEH aKKyMYJISITOD,
kouTakTHHEe I1C BLIBLIBAIOT NIEKTPHYECKU TOK, UPH IPOXOMXKJIE-
HHUM KOTOPOro BeuiecTBO mnactuH Pb u PbOy BeTymaer B xuMumye-
ckymo peaxumio ¢ HySOy, B pesynbTare dero Ha o6enx mIaCTHHAX II0-
sigjierca PbSQ4. DTa peakuust cBsi3ana C BBIJEJICHHEM XHMHYECKO
SHEPrHH, KOTOPasi B OOBIYHBIX YCIOBHMSAX OMBITA MOJHOCTHIO BBIOES-
ercsa B (popMe Tensa, TOrAa KaK B aKKyMYJSTOpe JacTh ee 3aTpaqn-
BAETCS Ha, MOANEPXKaHHe TOKA B 1lenu. [IpaBaa, B KOHEYHOM cYeTe H
3Ta YaCTh XHMHYECKOI SHEPrHH NePexO/IHT B JIXKOYJIEBO TEILIO, KOTO-
poe, OLHAKO, BEIEISIETCH He TOJALKO B CAMOM aKKYMYJISITOpE, HO B B
JIpYTHX ydacTKax 1en# Toka. O6paTHo, IpH 3apsajKe aKKyMyJasaTopa
yepe3 Hero MPOIYyCKAaeTcs TOK BHEIHEro HCTOYHHKA B HAITPABJICHHH,
obpamnom IC akkymyasropa. Takum ob6pa3oM, TOK 3TOT COBEp-
MIAeT B aKKyMYJ4TOPE NOJOXKHTENbHY PaboTy, KOTopasi, TOMHMO
HarpeBaHus, 3aTPAYHBACTC YACTHIO Ha 00PaTHYIO XHMHYECKYIO pe-

aKIUIO!
2PbS04 + 2Hs0O — PbO2 + Pb + 2H550,,

CONPOBOXKJAIOIIYIOCH 7102A0ULeHUEM JHEPIHH H NPHBOAAMYIO aKKY-
MYJISITOD B «3apsI)KEHHOE» COCTOSTHHE.

Kak y»xe ynoMuHasocs B HadaJjie 3TOM IVIaBbl, TOT (DAKT, 9TO Mpo-
XOXKJEHHE TOKa 4epe3 JIEeKTPOJIHTEI COTIPOBOKIACTCA XHMUYECKHMH
PeaKInsIMH, 00YCIIOBINBAETCA T€M, UTO NEPEHOC TOKA B HHX OCYyIle-
CTBJISIETCH JBHXKEHHEM HMOHOB, T. €. 3aPAXKEHHBIX ATOMOB WJIK I'PYNII
aTOMOB, TOIa KaK HOCHTEJISIMH TOKAa B MeTAJJIaX CJy>KaT HE HOHHI,
a «CBODOJHBIE» IEKTPOHHI.
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§ 40. OcHoBHbBbIE MIpeACTaBJ/IEHUS IEKTPOHHOW Teopuu
meraanoB. OnbiTel ToiMena

1. Kax yxe ynomunamoch B § 5, npocreiiiiiee IpencTaBieHEe O
repeHoCce TOKa ¢ METAJIY CBOJHUTCS K CJIEAYIOmEMY.

Ecnu MeTann HaxoZUTCsl B TBEPAOM (M/IM YKHAKOM) COCTOAHHH,
TO €ro aTOMB! NpebbIBAI0T B HOHH30BAHHOM COCTOSTHHH, T. €. PacCIHen-
JNAIOTCA Ha OAMH MJIM HECKOJBKO 3JIEKTPOHOB M HA IOJIOKHTEILHBIH]
HOH. DTH HOHBI, PACIONArasiCh B y3/aX KPHCTAJUIAYECKOR peleTKH
W cOBepHIasl JHIUb Hebonbinne KoaeOaHHus OKOJIO CBOMX TONOXKEHHH
paBHOBeCHsI, 00pa3yoT TBEpPABIl CKeJeT MeTalindeckoro teiaa. OT-
IIeNJIeHHBIe 7K€ OT HOHOB TaK Ha3bIBAEMBbIE «CBODOHBIE » TEKTPOHDY
6ecriopa0YHO ABHIKYTCS B NPOMEXKYTKAX MEXIy HoHaMmu, 06pasysi
coboit 0cobOro pona 3EKTPOHHLIM «ra3».

B orcyTcTBHE BHEIIHEIO 3JE€KTPHYECKOIO MOIA 3JIEKTPOHBI 3TH
HAXOAATCS B COBEPLIEHHO DeCops 0 HOM TEIIOBOM JBHMKEHNAHN; BO3-
HHUKHOBEHHE XK€ MOJI BeJeT K YBJIEYEeHHIO IeKTPOHOR B HalIpaBJie-
HHU OefiCTBYIOIIMX Ha HHAX CHJ IIOUNS, T. €. K TIOSABJIEHHIO 3JIEKTDH-
qecKoro ToKa. CTaNKUBasiCh B CBOEM JBHYKEHHH ¢ HOHAMH METaJjlIa,
31eKTPOHBI NNePeatoT WM H30BITOK KHHETHUIECKOM 3HepriAn, NpHoGpe-
TeHHOIl MMM Iof AeHCTBHEM CHJI IIOJIsI, YTO BEJET K YBEJIMIECHHIO
9HEPrUHU TeIJIOBOrO [BH¥KeHHs (KoieDaHHs) MOHOB, T. €. K Harpesa-
HHIO MeTaJ1a (BHIZEJEHHE IKOyJIeBa TellJa).

2. C TOYKH 3pEHHsI ITOr0 NPEACTABICHUS 0 MEXAaHHA3ME TOKa, B Me-
TajIaxX, psif HabAIOAaeMbIX B HEAX SIBJICHHI IIOTy4aeT 4pe3BhlvaiiHo
IpOCTOe HCTONAKOBaHHe M obbscuenne. K 4Hciy BmX oTHOCATCH, Ha-
IpHMeEp, yIoMuHaBUIHecs B § 11 TepMOHOHHBIE SIBJICHHST, COCTOSIIIHE
B HCNYCKAHHH DACKAJIEHHBIMH METAJJIAaMH B OKPYyIKaloliee ux InpocT-
PAHCTBO [OTOKa CBOBOAHBIX (B MOJIMHHOM CMBICIIE CJIOBA) 3JIEKTPO-
HoB. IIpn 0b6pruHOi TeMnepaType HaxOAAIUECS B MeTajle «CBoGo/I-
Hble» 3JEKTPOHBI HE MOTYT BHIATH 33 IOBEPXHOCTH METAJLIA BBHAY
TOro, 4TO B IIOBEPXHOCTHOM CJIOE METAJUIa OHHU TOABEPTAIOTCS Aeil-

CTBHIO 331ep>KHBAIOIIAX CIJI, HAIIPABICHHBIX BHYTph Mertasa !) . Ho
MpPH HArPEBaHWH METAJJIA CKOPOCTH TEIJIOBOTO JBHKEHUS €ro JIeK-
TPDOHOB BO3pacCTaeT, TAK 4TO IPH JOCTATOYHO BBICOKOH TeMIepary-
pe 3aMeTHas JacTh 3THX IMEKTPOHOB IIPHOOpeTaeT CTOML HONBLHION
3amaC KHHeTHYECKOI 3HEepruu, 4T0 M yAAeTCsl MPeoSoieTh TOPMO-
3dMIKMe CHJbl MOBEPXHOCTHONO CJIOSI W BHIMTH H3 MeTajljla HapyXy.
XapakTep KOH4eCTBEHHOI 3aBHCHMOCTH HHTEHCHBHOCTH TEPMOHOH-
HOT'O ITOTOKA 3JIeKTPOHOB OT TeMIepaTyphl METAJJIa XOPOIIO COrJIacy-
€TCsI C 3THM IIPeJICTABICHAEM O MEXaHH3Me TePMOMOHHBIX SIBJEHHH.

Bce Metamibl sIBASIIOTCSI, KAK H3BECTHO, HE TOJBKO XOPOIIHMHU
[IPOBOTHMKAMHY JJIEKTPHYECTBA, HO ¥ XOPOIUIHMHA TPOBOAHAKAMHA TeIl-

') HeobXoqMMOCTS BBENEHUSA B PACCMOTPEHHE OBEPXHOCTHEIX CHUI TI0JI06HOr0
pona, Bonpoca o ¢u3Mdeckoll Ipupoge KOTOPHIX MBI 31eCh KacaThCA He GyaeM,
ObL1a BRIACHeHa HaMu B § 19,
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na. C TOYKH 3PEHAsT 3JIEKTPOHHO TEOPHH, 3TO COBNaJeHNe 0DbICHSI-
eTcsl He IIpOoCTOo#t ciy4JaifHOCTEIO, a SIBJASIETCS CJI€ICTBHEM OJHON 06-
el IPUYAHBI — MIPHCYTCTBUS B METAJIJIaX CBODOIHBLIX 3/JIEKTPOHOB.
B Meramnax, B8 oTirdue OT HENPOBOAHUWKOB, NlePeiada Tella OCylie-
CTBJISIETCS] He TOJBbKO CTOJKHOBEHHSIMHM aTOMOB, HO TakiKe, W NPH-
TOM TIO NPEHMYIECTBY, CBOOOAHBIMH 3jeKkTpOoHaMu. Ilpnobperas B
HarpeToOM y4acTKe JOBaBOYHYIO SHEPrHI0 ABHXKEHHs, JIENKOIOJABHXK-
HBIE IEKTPOHB!I CPaBHATEJIBHO OBICTPO NEPEHOCHAT €€ B CBOEM JIBHYKE-
HUH B CMEXKHBIE YYaCTKH TeJla H TeM CaMbiM 3HAYHUTEALHO YCKOPAOT
MIPOLIECC TeIJIOIPOBOJHOCTH.

Oguako Hanboslee MpAMOE TOKA3ATENLCTBO TOrO (haKTa, 4TO HO-
CHTeNISIMH TOKa B MeTajax JeHCTBUTENBHO SIBJSIOTCS 3JIeKTPOHEI,
IpHHECTH ¢ c0o60ii ombiThl Toamena (cM. HHXKe), H3MEPHBLIETO CH-
JIy 3JIEKTPHYECKHX TOKOB, BOZHHKAIOIIMX B METAJLIE IPH COOOmEHnN
eMy YCKODEHHsI M 0OyCJIOBJIEHHBIX OTCTaBAHHAEM «CBODOIHBIX» 3JT€K-
TPOHOB OT JIBUXKEHUS KPHUCTAJINIHYECKON DenIeTKH MeTaJLia.

3. Ilycth B enguunne obbeMa MeTadaa HaXOOUTCS 71 CBOGOIHBIX
3JIEKTPOHOB Macchl m ¥ 3apaja e. Beuny 6ecniopsiiOYHOCTH IBHXKe-
HUA IeKTPOHOB B OTCYTCTBUE BHEIIHErO 3JIEKTPH4YECKOro IIOJs BCe
HaIIPaBJCHHUS CKOPOCTH JIEKTPOHOB DABHOBEPOATHHI, 3JIEKTPOHHBIN
ra3 B IeJIOM NOKOWTCH MO OTHOHIEHHIO K MNOJOXKUTEJILHEIM HOHAM pe-
IEeTKH B CpedHsisl IVIOTHOCTE TOKa pasHa Hymwo. Ilycrs, oguako, 1o
KaKOU-IH00 MpHYHHEe BO3HUKIO H0OABOYHOE YIOPSIIOYEHHOE JBHIKE-
HHE 3J1eKTPOHOB OTHOCHTEJBHO DELICTKH CO CPeJHEH CKOpPOCTHIO U.
Ilpu momc4ere cpepHeil IVIOTHOCTH TOKA j JOCTATOYHO, OYEBHIHO,
y4ecTh JIMIIL 3TO YHOpAAOYEHHOE ABMXKEHHE B MOXKHO BOBCE NpeHe-
6peds IBHKEHHeM BecropsiJOIHbIM.

Yepes eIMHALY TEPNEHUKYISTPHOIO BEKTOPY U CeYEHHST NPOBOJ-
HUKA 338 €JUHHIY BPEMEHHU NPONAYT BCE 3I€KTPOHBI, HAXOQHUBIINECS
OT HEro Ha DPACCTOsTHHH, MEHLIIEeM MHJIH DaBHOM U, T. €. BCE JICK-
TPOHEI, PACIIOIOKEHHDIE B IIUJIMHJpE cedeHnsT | ¥ BBICOTHI u. JHCIO
HX PABHO MU, HECOMBIl XK€ MMM 3apsiJ PaBeH enu; CTalo OHTh [Cp.

(1.7} j = enu. (40.1)

4. UT0o6H ysACHATH CymIiHOCTL ommiTo TomMena !) | mpencraBmm
cebe, YTO M3rOTOBJIEHHOE H3 METAJIJINIECKOH [IPOBOJIOKH KOJILLO IIPH-
BOJUTCS BHEIIHEH CHJION B HepABHOMEPHOE BpallaTe/ILHOE IBUKEHIAE
BOKDYI' CBO€Hl OCH, HpHYeM JIHHEHHAas CKOPOCTh TOYeK KOJIbIa PaB-
na w2) . Ecm 651 37IEKTPOHBI B MeTaJiie OBIJIA HaKPEIKO CBS3aHbl C
aTOMaMHM, TO OHH JIBUTAJIACh OBl ¢ TOlf JKe CKOPOCTBIO W K B PE3y/IbTa-
T€ TOK He BO3HUK ObI (6O IBHIKEHHE 31eKTPOHOB M TIOJIOKHATEIbHBIX

') Bosiee n0apobHO 0 TpaxToBKe dxcnepumentos CTioapra—TonMena cM.: u-
duavroscxutl H.M. // CopocoBckuit obpasosatensusiit x. 2000. T. 6. C. 87.

2) Eciti IpOBOJIOKA JOCTATOMHO TOHKA, TO 3aBUCHMOCTBIO CKOPOCTH W OT pac-
CTOSIHAA NAHHOH TOYKH KOJbLA 0 €ro OCH MOXHO HpeHeGpeys.
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HOHOB C ONMHAKOBOI CKOPOCTBHIO CO3JABajo 6bl TOKH paBHbie H Ipo-
THBOIIOJIOKHO HanpassienHbie). Haobopor, eciu 651 MeX 1y 3/1€KTpO-
HaMH ¥ PEeleTKON He b0 HUKAKOr0 B3aMMOACHCTBASA, TO ABHKeHHe
peIllleTKH He epeJaBajioch Obl SJIEeKTPOHAM, CPEHSIST CKOPOCTD JJieK-
TPOHOB HpPH JABHXKEHHH KOJIBIA OCTABAJTACh OBl PABHOR HYJIO, a HX
CpenHsA CKOPOCTh ¢ OTHOCHTEIbLHO perneTkd bbiia OLI paBHa —w.
IInornocTs TOKa B 3TOM Ciydae Obiia Ob1 paBHa

j = —enw = enu,

T. €. NIO-NpeXXHeMy oupejensiiack 61 gopmynoit (40.1), xorsa oby-
COBIMBaNach OBl JBMIKEHHEM He 3JIEKTPOHOB, a IOJIOXHTETbHBIX
MOHOB 3apsifia —e (e < ) CO CKOpOCTHIo W.

B neiicTBurensHocTn 6yeT HMETh MECTO NPOMEXKYTOYHBIH cliy-
4aif, 3NIeKTPOHBI OYyT YaCTHYIHO YBJIEKATHCS HEPABHOMEDHBIM [BH-
JKeHHEeM DelleTKH, H B IPOBOJHMKE BOSHHKHET ME€PEMEHHBIA TOK.
YpaBHeHre JABUIKEHHS 3JEKTPOHOB B MeTasie Oyaer:

m% (w+u)=F, (40.2)
rje W + 1t ecTh NTOJIHAsA CKOPOCTD 3JEKTPOHA, a F — melicTByOmas
Ha Hero cuia. CHnna 3Ta 6ymeT wiaraTbCsi H3 «CHJIbI TDEHHSI» MEXIY
IEKTPOHAMHM M DEIIeTKON MeTajlla, XapaKTepHu3yeMoii CONPOTHUBJIe-
HHeM Metasuta R, u n3 91C BHAYKIME, CONPOTHBISIOMIENHCA BCAKO-
My M3MEHEHHIO CHIB! TOKA B IIPOBOJHHKE W XapPaKTepH3yeMoit Kosd-
dbUIEEHTOM CAMOMHIYKIMH NPOBOAHNKA. L («AHEPTHOCTE TOKa» 1) —
cM. ra. VI). CymectsenHo, 4To 06€ STH CHJBI 3aBHCAT MOABKO OM
omuocumeavroti (u), a He nonHOH (U + W) CKOPOCTH 3/1€KTDOHOB,
T. €. BBy (40.1) TONBKO OT MIOTHOCTH TOKA B IPOBOAHHKE.

Wrak, cuna F ectb Qysxupms u, u, crano 6uits, ypasuetne (40.2)
MOXKHO 3RIIHCATh TaK:

dw

Ornpune sTOrO ypaBHeHHﬁ OT YPaBHEHMS JBHXKEHHsI IEKTPOHOB B
HOKOSIIEMCs] IPOBOIHIKE CBOIUTCA K Jobapnenuio k cune F(u) «cu-

dw
Jbl MHEPLUHH» — m;, KaK 3TO CJIeAyeT B3 ODIuX MOJIOXKEHWR Me-

XaHHKH OTHOCHTEJLHOro JBrkeHwmsl. IlosToMy BMecTo TOro, 4rofni
passickuBaTh BHJ QyHKUmE F(11), Mbl MO’KeM HEIIOCPECTBEHHO BOC-
NMONL30BATLCA OOmUM ypaBHEHHEM NEPEMEHHBIX TOKOB, C KOTODBIM
MBI TIOApoOHee MO3HaKOMEMCS B I VI

%% +RJ = 9SE§TP ds,

c2

1)} MzepTHOCTS TOKOB OBYCIOBIMBAETCA HE TOMLKO MHeprmedt (Maccolt) HocH-
Teeil TOKA — TEKTPOHOB, YUHTHIBAEMOII NepBEIM 1ieHoM dopuysst (40.2), Ho
B 3Ha4MTEJbHO GoJbleli Mepe MATHUTHHM B3aUMOIEHCTBHEM 3TUX HOCHTEJEH
TOKA MexJy coboit.
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IpUpaBHAB B 3TOM YPaBHEHHM JEHCTBYIOUIYIO Ha 3JEKTPOH CTOPOH-

dw
uio cuiy eE°™P cune wHepuH — m—-.

dw
TaHreHnHaJbHasl CIaraionias YCKOPEeHHs —; TOUeK Bpamasole-

rocsl KOAblla paBHa MIPOHU3BOAHONH OT YHCIOBOR BeIWYHHEBI JJHHEHHON
CKOPOCTH w; CTAJO OBITH,

eE™P = —m®
dt
" d d
Lptly pro m@du g, medy
e dt e dt

rie s — AJIMHA OKPYXKHOCTH KOibua. IlponHTerpuposas 3To ypasHe-
HHE 110 BpeMeHH oT { = {1 Jo t = {p U nojarasi, 4YTO B HA4YaJILHBIA H
KOHEUYHBI?t MOMEHTH! {1 B {2 PACCMATPHBAEMOI'0 [IPOMEKYTKA BpeMe-
HH TOK J 00paniaercss B HyJsib, IOJIyYaeM

ta
R/Jdt: — {w(tz) — w(t1)}- (40.3)
t1

5. 9THM COOTHOIIEHHEM H BOCNOJb30Baics TonMeH Juid ompeje-
e .,
JeHns OTHOHIEHHWS 3apsija K Macce — HOCHUTeNel TOKa B Meralie.
m

Kpyrnas nporooyHast KaTymka IPHBOAUIACE BO BPAUIEHNE OKOJIO
BEPTHKAJILHON OCH M 3aTeM BHE3AIHO (B MOMEHT #]) TOPMO3MIach H
NPHBOIMIACH K COCTOSIHMIO TOKOsT [w(tz) = 0] B TedeHme Q0K ceKyH-
ap1. IIporekaBmuit B Te4eHUEe 3TOr0 NIPOMEXKYTKA ty — ¢) TO KaTyll-

Ke TOK J H3MepsUICS HEeMOBHKHBIM [aJIbBAHOMETPOM, COEIHHEHHBIM
ta

C KOHUAMH KATYIIKH IByMsl npoBoiaokamu. Wsmepue R [ Jdt, s u
131

w(t1) u yuTs Bee nobounsie 3ddexTrl, MoxHO 13 (40.3) onpeeanTs

m w
OTHOIIEHHE — IJId HOCHTEJIEM TOKa B MeTaJle.
e
3HaK 3TOr0 OTHOUIECHHS AOKa3bIBaJI, 9YTO HOCATEJEM TOKa SIBJISI-
m
0TCH OTpHUATEJBbHBIE 3apAAbl, a YHCIOBOEC 3H34YeHe OTHOIMIEHHUSA —
e

B onbiTax Tonmena (1926 n) OKa3aJI0Ch PaBHBLIM

T =4,58-107° K =1,53-107'® abec. ex. CTC,
e

YTO IO MNOPSAAKY BEJMYHHBI COIVIACYETCS] CO 3HA4YEHHEM, ITOJIy4YeH-
HBIM NDH M3MEPEHHsIX HaJi CBODOJHBIMU IMEKTPOHAMH B KATOJHBIX
aydax:

™ —566-107° K =1,90-10""8 abc. ex. CT'C.

e
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§ 41. DJIeKTPOHHAs TEOPUA NIEKTPONMPOBOJHOCTH.
TpyauocTtu knaccudeckoit reopun. Teopusi 3ommepdensaa

1. Y0651 ONpeesnTs 3aBUCHMOCTD SJIEKTPOIIPOBOJHOCTH METAJI-
Jla OT JpYTHX (DHU3NYECKUX BEJIHYHMH, XAPAKTEPH3YIOIIHX ero CBOU-
cTBa, BOoCcnosb3yeMcs dopmystoii (40.1)

j = enu.
Ilpu 3T0M MEI B IepBOM npHbIHKeHnH By1eM pacCMATPUBATD «3J1eK-
TPOHHBI! ra3» B METaJle KaK ra3 ujeajbHbli, T. €. OyJeM CUHTaTh,
YTO B IIPOMEKYTKAX MEXK]y CTOJIKHOBEHHSIMH C APYIHMH JIEKTPO-
HaMHI M HOHAMH 3JIGKTPOHBI ABHIXKYTCS IO 3aKOHAM JIBHIKEHMS Ma-
TEPHAJBHBIX TOYeK, NMOABEPXKEHHBIX AEHCTBHIO OJHOH JIKINE CHJILI
BHeINHero (MakpOCKOMHYecKoro) mosst K.

B orcyrcrene sHemsero noasi E cpequsisi CKOPOCTDb 3JIEKTPOHOB
OTHOCHTEBHO DelIeTKH PaBHAa, O4eBHAHO, Hyaw0. llox BosmeicTen-
eM nonsa E 371eKTpoHe! NpHOOpeTanT HEKOTOPYH J0GABOYHYIO CKO-
poCTh U, MapajiieNbHYIO geiicTByromeit Ha Hux cuie eE. DT1o Ha-
KOILTeHHe CKODOCTH U, HapajuienabHoil cune eE, npoucxoguT auimb
BO BpeMsl CBODOAHOrO NOJIeTa 3JIeKTPOHA MEeXKJY JABYMs NOCIeJOBa-
TEILHBIME CTOJIKHOBEHHSIMH ero ¢ HoHaMu pemerku ) . Ilpu Kaxxmom
TaKOM CTOJIKHOBEHHH HallpaBjleHKHe M BeJTHYHHA CKOPOCTH 3JeKTPO-
Ha W3MEHSIOTCS 10 3akOHy ciydasi. CTamo 6uiTh, HEMOCPEICTBEHHO
1ocJle CTOJKHOBEHUSI cpejlHee 3HAYeHHE U PaBHO HYJIIO, a Herocpem-
CTBEHHO Iepes CTOJIKHOBEHHEM

€

u=—r,
m

rae eE/m paBHO yCKOpeHHI0, cOoOBIIaeMOMy 31eKTpoHy cuioi eE,
a 7 0D03Ha4aeT CPEJHIOK MPOIOIKHUTEILHOCTE CBOOOKHOIO MOJETa
31eKTpoHoB. TakuM 06pa3oM, cpesHee 3HAYEHHE U PABHO

— _1eF

u==-—r.

2 m

C nmpyroit cTopouHl, ecnu [ ecTh cpeJHAs AHHA CBOOOLHOrO mpobera,
37I€KTPOHA, TO

!
T ==,
v

rae v — CPeaHsisi CKOPOCTh BecrnopsiTIOYHOro JBHXKEHHS 3JEKTPOHOB
B OTCYTCTBHME BHENIHEero I0Jsi, HOO BO BCEX NMPaKTHYECKH HHTEpec-
HBIX CIy4YasiX U 3> %, M IO3TOMY [IPH IOACYETE CPEIHErO 4UCAOE020
(2 He BEKTOPHOro) 3HAa4YEHHsI CKOPOCTH 3JIEKTPOHA J0GABOYHOM CKO-
POCTBIO U MOXKHO mpeHeOpeyb.

BHocs nonydenHbie HaMH BbipaskeHnst B (40.1), naitaem

2
__enlE.

- 2muv

') CronknoBenus Mexay CBOGOIHHIMU TEKTPOHAMH He BJIHAIOT HA MX Cpell-
HIOK) CKOPOCTH, TAK KaK IPH COyAaPEHHM ABYX TeJI ONUHAKOBON MacChl BEKTOPHAS
CyMMa HX CKOpOCTel He H3MeHseTCs (3aKOH COXPAHeHNA KOJIHYECTBA ABHKEHU).
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TaxuM 06pa3oM, IJIOTHOCTE TOKA OKA3BLIBAETCST IIPOMOPLHOHANLHOM

HanpsKeHHocTH nois E, xak Toro Tpebyer zakom Owma (36.5)1!);
nanee, Ko3hDUIEEHT STON NPONOPUMOHATIBHOCTH, T. €. 3JEKTPONPO-
BOJHOCTb META/JIA A, OKAa3bIBAETCS] PABHOI
2
=& (41.1)
2mo
2. IlpeamoroXuM, 49TO K 3JEKTDOHAM B MeTajule IPHIIOXKHMA
KJIaCCHYecKasl CTATHCTHYeCKasl MexaHuka. COINIACHO OCHOBHBIM
IOJIOYKEHWSIM 3TOH MEXaHHKH, CPeIHSs SHEPrHs MOCTYIATelbHOTO
TEIJIOBOTO JIBUYKEHHsSI MOJIEKYJN JIE00Oro ra3a 3aBHCAT JMIIL OT ab-
cOMOTHOM Temmeparyps! T', HO He OT XHMHYECKO# IPUPOIBI U MOJIe-
KyJIAPHOH MacChl ra3a U PaBHa

mo?
2

rne k — nocroguuas bonbumana. IIpuMmensas 310 cooTHOWEHHE K
3JIEKTPOHHOMY a3y B MeTAJLIe, NoayduM u3 (41.1)

= ng, (41.2)

el
2v3kmT

K coxanenuro, sra ¢gopMmyna He MOXeT OBITH NpOBEPEHA HEIo-
CpeJICTBEHHO CPABHEHHEM C JaHHBIMHU ONbITa, HO0O MBI He 3HaeM HHi ab-
COJTIIOTHOTO 3HAYEHHs! BEJHYHH N # [, HH XapakTepa 3aBHCHMOCTH MX
ot temneparypbl. OHAKO KOCBEHHAsI TIPOBEPKA yPABHEHHS BCE KE
MOXeT OBITH MPOBeneHa, ecyid Hapsaay ¢ (41.3) paccMoTpeTs TakKe |
JpyrHe COOTHOUIEHHs, YCTaHAB/INBaeMble TeOPHeH MeXJy HeH3BeCT-
HbIMH BeJINYMHAMH N | I, ¢ OJHOI CTOPOHEI, M Ps/IOM H3MEPsSIeMbIX
Ha ONbITe BEJIWYHH (TEIJIOEMKOCTH METAsIa, TePMOIEKTpHYecKast
3AC u 1. 1) — ¢ APYyroii.

3. PaccMoTprM 33 HEZOCTATKOM MECTa JTHUIL BOINPOC O TEIjioeM-
KocTH. ECIn cpeHsas KUHETHYUECKAas 3HEPrusi CBOOOOHBIX JIEKTPO-
HOB ONpejesisieTCsl KJaaccu4decKoil dopmysoi (41.2), To nonHast Ku-
HeTHYECKAs] SHEPrUsl eIUHNIb 00beMa 3EeKTPOHHOrO ra3a B MeTAJLIe
paBHa

(41.3)

TT'l’U2
2
Craio 6bi1hb, TemmoeMkocTs Cy (IIpH NOCTOSTHHOM 06beMe) eIHHHUIb]

=3 nkT.
2

1) BamermM, uTo cupasemsuBocTh 3axoHa OMa (M HETOCPEACTBEHHO BHITEKAIO-
mero H3 Hero 3akoHa JXkoyis) TeCHO CBA3AHa C NPEINOJIOXKEHMEM, uro u <& v,
T. €. 9YTO KMHETWYeCKas 3Heprus, NprobperaemMas 3JIeKTPOHAMH IO, BO3ICHCTBH-
em nons B, nourn Haneno nepefaercda IPU COYAAPEHUAX MOHAM METAILTA, TAK
YTO CPeAHdAs CKOPOCTb IEKTPOHOB NPH HAJMYHUM OIS JIHAIIL HE3HAYHUTEILHO
TIPeBHIIAET CKOPOCTh MX B OTCYTCTBHE nonsd. B ciiydae aiexTpoHHOro Toxa B
BAaKYYM€ 3TH YCIOBHS He BHIOJHSIOTCS, H 3aKOH (gma oxa3eIBaeTcd Girarona-
ps sromy (a rax xxe Braronaps HATHYMIO «OPOCTPAHCTBEHHOIO 3apalas ) BOBCE
HenpunoXxumeM (cum. § 11).

7 . E. Tamm
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obbeMa NIeKTPOHHOro rasa, T €. IHeprusi, HeobxogmuMas IJIsT MOBBI-
IIEHHS ero TeMIlepaTyphl Ha OJHMH I'PAJAYC, PABHA

3 __ 3nR

rJie MbI BOCIONb30BAMICH U3BECTHLIM COOTHOIIEHHEM MEXJy IIOCTO-
sunoit Bonbnmana k, nocroaunoii Asoragpo Ny u ra3oBoil HOCTORH-
noit Knaneiipona, R.

kNy = R.

HenocpezncreenHo H3MepsieTcsi, KOHEYHO, NOAMAA TEILIOEMKOCTh
MEeTaJL1a, T. € CyMMa TeILJI0OEMKOCTell HOHHON peleTKH U CBOBOIHBIX
3JIEKTPOHOB, a He KaKJ0€ U3 3THX CJ1aldeMblX MMOPO3Hb.

TennoeMKOCTh peIIETKHA MOXKHO, OJHAKO, OLLEHHTH KaK TEOPETH-
4eCKH, TaK B H3 OCHOBAHHHU [JaHHBIX, OTHOCAMIUXCSA K TBEPJbIM JH-
3JIEKTPHKaAM, TENJIOEMKOCTh KOTOPBIX MOJTHOCTBIO CBOAUTCS K TeILIo-

eMKOCTH KDHCTAJLTHYECKOl peieTKH 1) . 3a BHIMETOM TeNI0eMKOCTH
peleTKH U3 3KCHEPHMEHTAJIBHO H3MEPEHHOM MONHOM TeII0eMKOCTH
MeTaJINOB Ha JOJI0 TENIOEMKOCTH 3JIEKTPOHOB OCTAETCS OTHOCHTENL-
HO BEChbMa MAaJlasd BeJIMYHHA, KOTOpPas MOKeT ObITh COIVIacOBaHa C
dopmynoit (41 4) TOABKO NPH CTONbL MAIBIX 3HAYEHHSX TNJIOTHOCTH
CBODOJIHBIX 3TIEKTPOHOB 71, UPH KOTOPHBIX JJIST SIEKTPOMPOBOSHOCTH
1o ¢popmyie (41.3) nomy4daroTcs CIMIIKOM MaJble 3HaYeHuns: TouHee,
ey IPUINCATH TeIJIOEMKOCTH 3JIEKTPOHHOTO Ta3a B MeTanjiax Hau-
6osblllee U3 COrJIACYIOINXCSA C AAHHLIMH ONBITA 3HA4EHHil, TO U3 BbI-
paxkerust ayist Cy, MOXKHO ONpeNeTHTS 6ePITHUL NTpees BeIUInHbI 1.
Berasue ero B (41.3) u 3Has U3 OnBITa BEJMYMHY A, MBI IOIYy4a-
eM BO3MOXKHOCTH ONPENENNTh HUNCHUL npeaen IuHsl cBODOIHOrO
npobera 3;ekTpoHa [, KOTOPHI, HanpuMep, Ajs cepebpa NpH HOpD-
MAJIBLHOM TeMIIepaType OKasbiBaercss paBHeIM [ > 5- 107° cM, a mpu
T = 14K [ > 21073 cM. Dru 38aueHuss cBOBOJHOr0 MyTH, IIPOXO-
JMMOTO 3JIEKTPOHOM MEXIY ABYMS MOCAEI0BATETHHBIME CTOIKHORBE-
HHASIMH, HUKAK He MOTYT OBITH COTJIACOBAHB! B PAMKAX KJIACCHYECKOH
TEOPHM JIEKTPOHOB C TeM (PaKTOM, YTO NIOPSI0K PACCTOSIHUAS MEXKIY
CMEXXHBIMH aTOMAMK METAJJIOB, KaK M APYIHX TBEPABIX TEJ, PABEH
scero ms 1078 cu

9T0 IPOTHBOPEYHE SIBJASITOCH OOHHM H3 CYIMECTBEHHENIINX BO3-
paXeHu# NPOTHB KJACCHYECKOH 3JIEKTPOHHON TEOPHH METaJJIOB.
Ecnu e BBeCTH B pacCMOTPEHME TaKXKe W KCIEPHMEHTAIBLHO H3Me-
peHHble BeJIMYHHB! KOHTAKTHBIX U TepMmosjekTpudecknx 3C, rain-
BaHOMATHUTHBIX SIBJEHHH H T. J., KOTOPHIE, COIVIACHO TEOPHH, SIBJIS-
0TCsT QYHKIHUSIMHE TeX 3Ke HeM3BECTHBIX 72 ¥ [, TO IJIsT pa3HBIX MPYNIL
ONBITHBIX JAaHHBIX IOJIYYaeTcs Psifi COBEPIIEHHO Pa3/IMYHBIX 3HAaYe-
HAl st n B (.

1) TenmoemxocTs emuBMIL 06BEMa PENIETKH IPH OBEIYHEIX TeMIIepaTypax IpH-
6mnxentio pasHa Cy = 3n.R/N,, roe n, ecTs 4mMciIo aroMoB (WM HOHOE) B
enunue obbema
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TakuM 06pa3oM, KIACCHYECKAsA TEOPHs CBOGOJHBIX NIEKTPOHOB,
BeChbMa NPOCTO MCTOJKOBHIBAIOUIAsl OCHOBHEIE CBOWCTBA METAJIOB M
[IPOUCXOASAIIHE B HUX SBJACHHS, HE B COCTOSHHM JATH CKOMBLKO-HH-
OyIb CBS3HOTO H HENPOTHBOPEYHBOIO KOAUNECMEEHHO20 OIMHCAHUS
3THX SIBJACHHN. NHITASICH ONPERENHTh OCHOBHBIE MOCTOSTHHBIE TEOPHH
n B | U3 pa3nM4YHbIX SIBJACHHN, MBI IOJy4YaeM psf, abCOMIOTHO HECo-
rJacyeMbix MeXKAy coboll 3HaYeHHH STHX BEIHYHH. XOTS IPeJCTaB-
JieH#e 0 CBOOOJHBIX IEKTPOHAX B METAJLIE U SIBJISIETCS], HECOMHEHHO,
JIAIIL 1TePBHIM IPHOMMKEHNEM K JeiCTBHTEILHOCTH, OQHAKO IPOTH-
BOpEYHsI 3TH He MOr'YT ObITH OTHECEHbI JIAINBb 33 CHYeT yNPOUieHHii,
[IOJIOXKEHHBIX B OCHOBY TEOPETHYECKHX PaCHETOB.

4. Pa3zeiTHe KBAHTOBOR TEOPHH BBLISICHHJIO, YTO OCHOBHEIE TPYI-
HOCTH 3JICKTPOHHON TEOPHH METAJNIOB O0YCJIOBAHBANNCE HE CTOJILKO
YIIPOIIEHHOCTHI) OCHOBHOTO JIOMYIIEHHS O CYIIECTBOBAHHH B METaJl-
J1aX CBOGOMHEIX 3JICKTPOHOB, CKOJIBKO [IPHMEHEHHEM K 3THM 3JIEKTPO-
HAM K/IaCCHYECKOH CTATHCTHYECKON MEeXaHHKH, HJIH, KaK ee IPUHSITO
KPATKO Ha3bIBaTh, Kaaccuxeckoti cmamucmuxy [dopmyia (41 2)Y.

CorsacHO KBAHTOBON TEOPHHM, ITEKTPOHHDLINA ra3 MOJIHHIETCS HeE
KJIACCHYECKOl CTATHCTHKe, a TaK Ha3biBaeMoil cratucruke ®epmu—
Jupaka. IIpH BHICOKHX TeMIepaTypaX H MAJBIX IUIOTHOCTSX ra3a
BBLIBOALI OOEHX CTATHCTHK — KBAaHTOBON M KJIACCHYECKOH — cOBma-
[JAI0T, IPH HU3KHX >Ke TEeMMepATypaX W OOMBIINX MJIOTHOCTSX Ha-
CTYIAET TAK HA3BIBAEMOE <Ebpoycienue» ra3a, T. €. OTCTYIICHHE
OT KJIACCHYECKHX 3aKOHOMepHOcTel. Bmipoxjgenue rasza HacTynmaeT
TOIZIa, KOrga «11apaMeTp BBIDOXKJIEHHS»

_ nh®
2(2nrmkT)3/2

CTAHOBUTCS CPaBHUMBIM C exmpHunel; B 3roil dopmyne h osHadaer
KBAaHTOBYIO NocTosHAyo [nanxa (h = 6,626176(36)-1073* Ik /Tu).
Takim o6pa3oM, KIaCCHIECKasl CTATHCTHKA NPHMEHMMa, K 3JIeKTpOH-
HOMy ra3y Juib npu yoiosun A< 1. Mexay TeM aJisi 31€KTpOHHOro
ra3a B METAJIaX BBHIY KOJOCCAJBHON ero MIOTHOCTH M BBHAY HH-
YTOXHOCTH MacChl 3JIEKTPOHA 3TO YCJIOBHE BOBCE HE VOBJETBOPSIET-
cs1 Tlomarasi, HanpuMep, 9TO B OfHOBAJEHTHBIX MeTasuiax (Ag, Au,
Cu, Na, K u T. 2.) OpUXOQUTCS IO OZHOMY CBOBGOJHOMY SJIEKTPOHY
Ha Ka Kbl aToM MeTasuia (T. €. 4TO OT KarKJO0ro aToMa, OTIerIseT-
Csl B METaJ/LI€ 110 OJHOMY 3JIEKTPOHY), Mbl MOJYYHM JiJIsl ILIOTHOCTH
3JIeKTPOHOB N B 3THX MeETAaJuUtaX 4HC/Ia MOPSaKa 6 - 1022 ¢ 3 H, CTa-
70 6BITh, A1 mapamerpa A sHadenne nopsiaka 2,2 - 10° (momaras
m=911-10"2 r 5y T = 300 K)

Cornacuo craructke @epMmu, OpH yoIoBHE A > 1, BBITOMHSIO-
IEeMCsT JJIsI SJIEKTPOHOB B META/VIaX IPH BCEX TEMIEpaTypax BIJIOThH
Jo 10-20 TeICAY rPajycoB, T. €. IPH BCEX TeMIEPATypaX, NPH KOTO-
PBIX BOODIIE MOI'YT CYHIECTBOBATH TBEPJblE METAJUIEI, CPEOHAA K-
HETUNECKAA FHEP2UA C80000HBIT IAEKMPOHOS HE MPOMOPLHOHAILHS

(41.5)

T*
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abcomorHoit Temneparype T’ [Kak TO wiefyeT W3 Kaaccu4ueckoit ¢op-
Myast (41.2)], a npaxmusecku om memnepamyps He 3a6uUCuUm A OX-
HOSHAYHO ONPEJEAALMCS NAOMHOCMBIO IAEKMPOHH020 2a30. B dacT-
HOCTH, IIPH TeMiiepaType abCOI0THOrO HyJis KHHETHYeCKas SHepPrusa
371€KTPOHA OCTAeTC BEChbMa 3HAYUTERHON, — abCOoMOTHEIH HY/Ib CO-
OTBETCTBYET HE OTCYTCTBHIO JABHKEHHS WJIH OTCYTCTBHIO KHHETHYe-
CKO{f SHepPruH 3JIEKTPOHOB, a JHHIb MUHUMYMY 3al1aca ITOH 3HEpP-
run (Tak HaswiBaemas Nullpunkts-energie), KoTophiil yxe He MOkeT
OBITB OTHAT OT MeTAJUIa HUKAKKM Crioco6oM. DHU3HYECKH 3TO CTAHET
COBEPIIEHHO NOHSATHBIM, €CJIH Mb! BCIIOMHHM, 9YTO IIPH OXJIAa K/IeHHH,
HanpyuMep, H30JUPOBAHHOIO ATOMA HMJIM MOJIEKYJBI J0 abBCOMI0THO-
I'oc HyJIs BXOJSIIHE B COCTAB aTOMa 3JIEKTPOHBI BCE K€ MPOIO/IKAIOT
COBEPIIATH CBOE JBIKEHHE BOKPYT sapa aToma. Kpucramnn ke npen-
cTaBager coboif, B CYIIHOCTH, CBOEIO POAA TMIAHTCKYIO MOJIEKYJLY.
9. CoryacHo cratnctuke Pepmu, cpeitsist KHHETHYECKAsT SHEPrHsI
3JIEKTPOHOB B METAJLIE (T. €. CPe/IHsIs SHEpIHsl KX NPH yCIoBuA A>1)
OKa3bIBAETCS B IIEPBOM, JAOBOJILHO TOYHOM, MPHOIHKEHHH PABHON

mv® _ 3R (3n 2/3
= am (5) (41.6)
[BMecTO (41.2)]. BrOcs oTciona 3uadenue v B (41.1), nonyyaem BMe-
cro (41.3) 1):
_ /s a\1/3 2,273
A= /2 (5) 1. (41.7)

TaxnMm 06pa3oM, H3MEHEHKE 3JIeKTPOIPOBOJHOCTH A ¢ TEMIIEPATYDO
onpeesercs, B CYMHOCTH, TOJILKO TEMIEPaTyPHO# 3aBHCHMOCTLIO
JUTMHEL ¢BOOOHOrO npobera sneKTpoHa ! (160 NIOTHOCTH 3JIEKTPO-
HOB 7 oT T mo4TH cOBCeM He 3aBHCHT). JT1a 3aBHCUMOCTH | or T
MOKeT OBITH BBHIUMCJIEHA HA OCHOBE KBAHTOBOI MEXaHHKH (mpHIeM
onpeensoiee 3HaYeHNe Ha, Pe3YJILTAT BhIYHCIEHH OKA3BIBAET BOJI-
HOBas NPHPOJA 3JIEKTPOHOB) W NPHBOANT K MPABHJILHOMY TeMIlepa-
TYPHOMY XOZy KPUBOH 3JI€KTPOIPOBOJHOCTH: A OOPATHO IPOIOPIHO-
HANBbHO T [IPH OOBLIKHOBEHHBIX H BHICOKMX TeMIIepaTypax u 0BpaTHO
IPONOPIHOHAIsHO T Npy O4YeHb HH3KHX TeMIeparypax, IpH4YeM B
YHCTHIX (JIMIIEHHBIX OPUMeceii) MeTaIax A CTpeMHUTCs K GecKoHed-
HOCTH, Korga T cTpeMuTCst K HyJII0. 3aMeTHM, YTO CBOOOIHEIN pober
3JIEKTPOHOB, KaK OKA3BIBAETCS, JaXKe NPH OOBIMHBIX TeMNepaTypax
B COTHM Pa3 [IPEBHIIIAET PACCTOSHHE MEXJy aTOMaMH MeTaJlia.
HeznauurenbHOCTE M3MEHEHHsI CpeqHell SHEPrHH 3JEKTPOHOB C
TEMIepPaTypoil 03HAYAeT MAJIYIO TEIIOEMKOCTh IJEKTPOHHOIO rasa,
IJisl KoTopo#i, no cratHcTHKe PepMH, MOJYyHarOTCs IPH OOBIMHBIX
TeMreparypax 3HadeHHst, pa3 B 50-70 MeHblUIHe, YeM IO KJiacCHYe-

')} Bonee To4HbIe BRIMECICHHS HNPUBOAAT K BEIPAYKEHHIO, OTIMYAKOUIEMYCH OT
(41.7) 3amenoit MaOXuTENd 1/5/3 = 1,29 MHOXUTENEM 2.
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cKoit hopmyre (41.4) 1) . B stoM nexuT pazpetenne yIOMSHYTOrO
BBIIIE NPOTHRBOPEUHST MEXKJIY 3HAYEHHAME A H C\y, B 3THM 06bsICHsIeT-
¢ TOoT PAKT, YTO POTHB OXKHJAHHR KIACCHYECKOH TEOPHM HAJIHYHe
B META/INIaX OOMBINOr0 YHC/Ia CBOBOJHBIX JIEKTPOHOB NMPAKTHYECKH
[IOYTH He CKa3blBaeTCsl Ha MX TEIUIOEMKOCTH. Bce Ke HEKOTODbIi,
BEeCbMa HE3HAYHTENbHBIH, [POUEHT BCEX 3JIEKTPOHOB npuobperaer
MpH HaPEBaHHH BECHMA 3HAMMUTENBHYI) CKOPOCTb, YeM H OObLSCHS-
10Tcs (KaK M B KJACCHMYECKON TeODHH) SIBICHHSI TEPMOHOHHOTO HC-
IIyCKAHHS B KOJHYECTBEHHOM COIVIACHH C ONBITOM.

IlonobupiM e 06pa30M Pa3penanTcs B APYTHe TPYXHOCTH KJac-
CHYECKOH TEOpPHH, TaK YTO B 0DIIEM MOXKHO CKa3aTh, 1TO OCHOBAHHASA
Ha cTaTHCTHKe DepMu TeopHs CBOBOIHBIX 3TEKTPOHOB YAOBIETEOPH-
TEJBHO OOBSICHSIET OCHOBHBIE CBOMCTBA METAJIJIOB.

6. OnHaxo npeacTaBieHre 0 CBOOOIHOM JABHKEHHH 3JEKTPOHOB B
METAJLIAX SIBJISIETCS, KOHEYHO, JIMIIb TEPBHIM NPHOIMKEeHHEM K Jefi-
CTBHTEJBHOCTH. DTO MPOSBALAETCS, BO-IIEPBLIX, B T€X TPYAHOCTSIX, C
KOTODBIMH CTAJIKABAETCSI TEOPHSI CBOOOLHBIX JEKTPOHOB JaKe IpH
KayecmeenHom OOBSICHEHHM HEIOr0 Psifia sIBJEHHM, HAPEMED Tep-
MOJIEKTpHUUeCKUX siBjeHnii, 3¢ddekra Xomra B 1. 4. Bo-BTOphIX,
BO BCEX KOAUNECTNEEHHHIT BRIBOIAX TEOPUH QUrypHUpYeT CBOOOMH LI
npober 3MeKTPOHOB [, a 3HaueHue 3TOro npobera MoxeT ObITH Ompe-
IeJICHO TOJBKO NPH y4eTe B3AHMOJAEHCTBH IEKTPOHOB C MOHHOI
peleTkoi MeraJsia.

Eme 6onee cyliecTseHER NPUHYUNUAASHAS HEYIOBJIETBOPUTE -
HOCThL TEOPHH, BCXOIsIIeH U3 IIPEICTABIeHH 0 CBOBOAHOM WM [10-
YTH CBOBGOJHOM [BHMKEHHH 3JIEKTDOHOB B MeTajulaX. Beab Kaskaniit
3J1eKTPOH, HECOMHEHHO, HCOBITHIBAET B MeTayle KOJIOCCAJbHBIE CH-
JIbI CO CTOPOHBI OKPYYKAIOIUX €ro 3JeKTPOHOB M HOHOB. IlosTomy
[IOCJIEIOBATEILHAST TEOPHST JOKHA IIPEXKIE BCErO 06bSICHATD, KaK U
[Io4YeMy, HECMOMPA HA MU CUAbL, JBHKEHHE 3JIEKTPOHOE B IIepEOM
IPHOIHKEHNHN MIPONCXOIAT TaK, KaK ecyid Obl OHM OBIJIM CBOOOIHEI-
MU, IpUdeM CBOOOIHLIN NpobGer NEKTPOHOB AOCTHrAET PaCcCTOSHHI
B COTHH Da3 OOJIBIIKNX, YeM PACCTOSIHHUS MEXK/Yy aTOMaMH METaslla.

DTa 3aja4a, nepes KOTOPOH KIaccH4ecKasl Teopusi OblIa coBep-
meHHo 6eccubHa, B 3HAYUTENLHON Mepe (XOT elme i He IOJHOCTBIO)
pa3pellleHa COBPEMEHHOM KBaHTOBOH TeopHeit Metaswios. Uznoxenne
3TOil TEOPHH BBIXOAHT 34 PaMKH HAlIero Kypca.

7. CylecTByerT, OMHAKO, OJHO SIBJIEHHE, MEXaHH3M KOTOPOro CMOr-
JIa TIOMTHOCTBHI0 OOBLSICHHTEL JIKIIL KBAHTOBAS TEOPHS. ITO SIBICHHE
C8EPTNPOEOJUMOCTIU.

ConpoTrHBiieHne BCex YHCTHIX (JIHIIEHHBIX IpPEMECceil) MeTaJLIoB
Ipu NpUOIMKEHNH K A0COMIOTHOMY HYJIIO TEMIIEpaTypPhl CTPEMHTCS

K Hymo (TIpuMepHo, Kak T°), HO B HEKOTOPBIX METAJLIAX H3MEHEHHe

1) @opmyna (41.6) nyia cpenseit SHEPIUE JTEKTPOHOB ABJIAETCH TONBKO TIepBBHIM
npubmnkernuem. Bo BropoM mpubiiikennu K npaBofi 4acTH 370 HOPMYIILI TpH-
GaBnserca wien, NponopuHOHALHbT T2 TAK UTO TEILIOEMKOCTS HIEKTPOHHOIO
Ta3a OKa3blBAETCA OTJIMYHOW OT HYNA H IponopluoHanbra T'



198 MOCTOAHHBIA 3JEKTPHYECKHAN TOK ra

3TO NMPOHCXOOMT HE IJIABHO: IPH HEKOTOPOii BIIOJHE OIpeesieHHOH
TEMIlepaType CONPOTHB/EHHE BHE3ANHO (CKAYKOM) IaJaeT OO0 HyJs
WJIH, BO BCSKOM CJIy4ae, 0 HeH3MEePHMO MaJioil BeJIn9uHEl. Pe3kocTh
3TOr0 CKa4vKa XapaKTePH3YeTCs TeM, YTO B HEKOTODHIX MeTajljlax OH
NPOKCXOMUT npH m3meHennn 1’ Bcero smmsb Ha 0,001 °C.

Temneparypa cKayka Ha3HBaeTCA KpHTHYECKOi TeMiepaTypoit
Tey a coCTOsIHHE MeETAJIa HHXKE 3TOH TeMnepaTryphl, XapaKTepH3y-
eMoe OTCyTCTBHEM CONPOTHBJIEHMsI TOCTOSHHOMY TOKY, HA3HIBAETCH
CBEDXIIPOBOJSIIIIAM COCTOSIHHEM.

fIBnenns CBEPXIPOBOLHMOCTH IKCMEPHMEHTAILHO yCTAHOBJIEHB
K HaCTOAIEMY BpeMeHH npuMepHO y 20 4HCThIX METAJJIOB H ¥ PALA
cI1aBoB. M3 4BCTBHIX MeTasIOB HaWBBICUIEH KPHTHYEeCKOR Temiepa-
Typoi#t xapakrepusyercs Nb (T, ~ 9,2 K), zarem nayr Pb (7,26 K),
La, Hg, Snu T n.

ITockosbKy B CBEPXNPOBOASIIEM COCTOSTHAH METAJIJIOB CONPOTHE-
JIeHHe MX PaBHO HYJ/IO, B HHX He JOIKHO HMETh MECTO BbLIJENICHHE
IKOyJIeBa TeIlla, I TOKH, pa3 BO3HHKHYB, JOKHBI COXPAHSATHCH
HeoIpeIeJIeHHO JOJIroe BpeMsl B OTCYTCTBHe Besikoit croponsneit 9/1C.
Heiticrsurensho, eme Kammepnnur-Onuec Bo36y>KIZaal B CBEPXIIPO-
BOJHHKAX MHIAYKIHOHHbIE TOKH, KOTOpbIe, Pa3 BO3HHKHYB, IJIHUJINChH
CYTKaMM, IPHYeM, KaK II0Ka3aJH H3MEPeHHs], CHAla HUX, eclH, OBIThH
MOXKeT, B yObIBasia [OCTENEHHO, TO, BO BCSIKOM CJiydae, He Honbie,
gem Ha 1/80000 cBoero sHaveHust 3a yac. Cneayer, OQHaKO, OTMe-
THTH, YTO B NOJSIX BHICOKOH JaCTOTH! B CBEDPXIIPOBOJHUKAX ITPOHCXO-
JHT BbIJENEHAE AXKOY/IeBa Tera.

CrepxnpoBogsiiiee COCTOSIHHE OTIMYAETCA OT APYTHX COCTOSTHUI
BEMIECTBA 11 OJTHOI OCOBEHHOCTHIO: MazHUMHOE NoAe 6 2AY0b CaepT-
NPooJHUKOG He NPOHUKAEM, T. €. HAIPSIKeHHOCTh H HHAYKIHsT Mar-

HHTHOI'O 1O BHYTPH CBEPXTPOBOJHMKOB PaBHBI Hy/mol). Dror
&aKT, B CBSI3K C BBHISICHUBINEHCS 06PaTHMOCTBIO EPEX0/Ia METAJLIOB
IIpH KPUTHYECKOH TeMIIepaType B CBEPXIIPOBOASAIISE COCTOSHHE, Jer
B OCHOBY MePMOOUHAMUNECKOT MEOPUU CEEPTNPOSOCUMOCTU, B KO-
TOpOH nepexos MeTajUIOB B CBEPXIIPOBOSIIIEE COCTOSTHAE PacCMaTPH-
Baercd Kak (pa30BbI Iepexoj H KOTOpas IO3BOIWIA KOJTHYECTBEH-
HO CBA3aTh MeXIYy co00il MarHWTHBIE W TENJIOBBIE XapaKTEePHCTHKHA
CBEPXIIPOBOJHHKOE (cM. Takxke Jomosnenne 1).

1) Tounee ropopsi, MATHHTHOE TIOJIE BECHMA BHICTDO IKCIOHEHIUMATBHO CIIAAAET
OT TIOBEPXHOCTH B Iiiy0b CBEPXIIPDOBOJHHUKOB, B OOBIMHBIX IKCIEPHMEHTAIBHBIX
YCJIOBHSAX IIIyOMHA NPOHUKHOBEHUS 10/l B «XOPOIIME» CBEPXIIPOBOANUKH H3Me-
pserca 10751075 ¢m

Pacnpocrpazensoe ynonobiieHse CBepXIpOBOAHUKOB HAEAIbHBIM JHAMAarHeTH-
KaM, T €. TeJIaM, MarHuTHas IIPOHULAEMOCTH [t KOTOPHIX PaBHA HYJO, CIIpaBe/I-
JINBO TONBKO B JBYX OTHOILIEHUSAX: BO-IIEPBHIX, IIOTHOCTE pH? /87 snepruu Mar-
HUTHOTO IO/ PABHA HYJIO KAK B CEEPXNPOBOAHHMKAX (B KoTophix g~ 1, H = 0),
TAaK ¥ B HACATbHBEIX IuaMarservxax (B Koropbix g = 0, H 3 0), Bo-BTOpHIX,
BHEUIHee MAarHUTHOE I10J1€ OJMHAKOBO MCKAXAETCd P BHECEHUH KaK CBEPXIIpPO-
BOJHMKA, TAK M HIEAJIHHOTO JUaMarHeTHKa Toii ke GopMsl U 00beMa
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MIOHAEPOMOTOPHOE B3ANMOJIENCTBUE
MOCTOSHHBIX TOKOB 1 X MATHUTHOE II0JIE
(B OTCYTCTBUE HAMATHUYUBAIOIINXCHI CPE/)

§ 42. MaruuTHOe 110JIe TOKOB

1. M3BecTHO, YTO MeXAY ITPOBOJHHKAMH, II0 KOTODPHIM POTEKa-
10T JIEKTPHUECKHE TOKH, BO3HHKAOT MOHJEPOMOTOPHEIE (MEXaHHYe-
CKH€) CHJIbl B3aBMOAECTBH, 3aBACAIINE 01 CHJIBI 3THX TOKOB H Pac-
TIOJIOXKEHHsI TIPOBOSHHKOB, STH CHJIbI B3aUMONEHCTBHSI MOLYT OBITH
HEeIIOCPEJCTBEHHO H3MEPEHEl 00bIMHEIMA METOIAMHA H3MEPEHUST MeXa~
Hudeckux cmi. st KpaTkocT Mbl OygeM Ha3bIBATH CHJIBI B3aHMO-
IEHCTBHST 00TeKaeMBIX TOKOM IPOBOJHHUKOB IPOCTO CHJIAMH B3aHMO-
IefCTBHSI TOKOB. TexHm4ecKoe HCIOAb30BAHHE STHX CHJI COCTABJSIET
OAHy M3 CaMbIX BAaXKHBIX 3334 IEKTPOTEXHHKH (3/1€KTPOMOTOPHI,
pa3Ho06pa3Hble IEKTPON3MEPHTENbHbIE NIPUGOPE! U T. 1.).

B rmasax 1 u IT MBl yHeaumuchk, 4To paccMOTpEHHE CHJI B3AHMO-
IelCTBAsI JIEKTPHYECKHAX 3aPsiIOB YPE3BHIYANHO YIIPONIAETCH BBE-
CHAEM TOHATHS 3JICKTPHYECKOTrO 71044 ITHX 3apsiioB. BaanMogeit-
CTBHE TOKOB CYIIECTBEHHO CJIOXKHEe B3AHMOJEHCTBHS TOKOSIIIHAXCS
3apsiJioB, H, COOTBETCTBEHHO 3TOMY, BEEJIEHHE B PACCMOTPEHHE [10HS-
THsI 110JIs1 TOKOB B eltie 0obieil Mepe 06/1ervaeT CTOsIIYIO [epesl HaMu
sagaqy. [loaToMy MBI ¢ caMOro Havala BOCMIOAL3YeMCsT TIOHSTHEM 11044

moxoe ') , T. e. GyseM HCXOAUTD M3 CIEYIOMIEro MPeNCTABICHHAS.

Bo Bcex TOYKax HPOCTPAHCTBA, OKPYKAIOIIEr0 MPOB3BOIBHEIM
TOK, 6ce20a CyIIECTByeT OOYCIOBJEHHOE 3THM TOKOM T0A€ CU.A BHE
3aBHCHMOCTH OT TOr'O, NPOSABJIAETCS JIM CYIIECTBOBAHHE 3THX CHJ B
BO3JEICTBHH MX Ha KaKOW-THO0 Apyro#t TOK WIH JKe B OTCYTCTBHE
TAaKOBOTO He IPOsIBIseTCsS HU B 4eM. [fo ncropruyeckn ciaoxusieiics
TEPMMHOJIOTHH, 3TO I0JIe CHAJI HAa3LIBAETCS MAZHUIMHBIM 1104EM TOKA,
nO0 TNOCTOSHHBIE MAarHUTH CO3AA0OT TAKHE K€ IIOJIsI, KaK H 3JIeK-
TpriecKHe TOKH. TakuM 00pa3oM, 3a1a4a ONpedeseHHs] B3auMoIeii-
CTBHsI TOKOB pa3buBaeTcsl Ha JBe Gonee MpOCThIe 3a/a4u: a) onpe-
deaerue MAZHUMHO20 NOAA TIPOU3BOJILHOIO TOKA H 6) onpedeaenue
cus, Jeticmsyouwus 8 300aHHOM MAZHUMHOM N0AE Ha, TIOMEHIEHHLI
B HEro TOK.

1) KoneuHo, 3axoHbl B3aNMOEHCTBHS NOCTOSHHNX TOKOB MOKHO dopmynupo-
BaTh ¥ He npuberas x monsaTHo noxs (cm § 43)
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B npepmesax y4deHusi 0 IOCTOSHHBIX TOKaX NOHSTHE MarHHTHO-
IO TIOJSI 3THX TOKOB MOXKET PAaCcCMATPHUBATLCST KaK IOHSITHE YHCTO
YCTIOBHOE, BBeJEHHOe JIAINL JJIA yAOOCTBa ONHCaHus siBleHHR (TO
JKe OTHOCHTCHA K TMOHSITHIO 3JIEKTPHYECKOrO IO B NpEIeiax 3jIeK-
TpocTaTky, cp. § 2). OaHako, nepefi/iss ¥ H3y4EHHIO IE€PEMEHHOTO
INIEKTPOMArHUTHOrO I10J1s1, MBI YOEQUMCsl, 4YTO NOHATHE OIS HMeeT
rayOoKuil U3NYECKHH CMBICT W 4TO 3JeKTPOMArHHTHOE IOJIe €CTh
0DBLEKTHBHAST PEASIbHOCTE.

2. DyieKTpHUecKoe 1ojie MOXKeT ObITh M3MepPEHO IIyTeM BHece-
HHAsI B Pa3JH4YHBIE €r0 TOUYKH MPOU3BOIBHO MAJIBIX MPOOHBIX 3aps-
OB M OIpeJeNIeHHs] MCIBITHIBAEMBIX 3THMM 3apazamu cuia. Coor-
BETCTBEHHO STOMY, JJs1 H3MEPEHHUs MArHHTHOTO IO/ CIeJ0BaNI0 OBl
BOCIIOJIB30BATHLCS H3OMHPOBAHHBIMHA JIEMEHTAMH ITOCTOSIHHBIX TOKOB,
4TO, OJHAKO, HEBO3MOXKHO, HEO NOCTOSTHHEIE TOKH 110 HEOOXOUMOCTH
3aMKHYTHI (WIH yXOOAT B 6ECKOHEYHOCTSH, cM. § 37).

Yro6b1 060UTH 3TO 3aTPYAHEHHE, MOXHO 3aKPENHTh HEMOABHXK-
HO BCE NMPOBOAHUKH, BXOLAIIME B IPEAHAZHAMEHHYIO JJIsI U3MEPEHUs
MOJIsl 1lenb TOKA, OCT3BHB IIOABHKHBIM JTHIIb HEOOJBIIOH y4YaCTOK
vernu («AEMEHM MOKA»), B U3MEPSITH CHJLY, AeHCTBYIOULYI0 Ha 3TOT
snemenT 1) (xora 6b1 IO CHiIe, KOTOPYIO HEOGXOAMMO MPHIOKUTD K
HeMy, YTOOBl YepKaTh ero B pasHoBecn#). KoHeYHO, mepeMemeHHe
TAKOT'O 3JIeMEHTa TOKa M3 OJHON TOYKH MPOCTPAHCTBA B APYTYIO CBSI-
3aHO ¢ IlepeMeneHneM Bceif HK3MepPHTEIbHOM eIl I03TOMY MpH STHX
U3MEPEHNsIX HeoOXoauMOo 3aD0THTHCS O TOM, YTODHI MepeMelleH s He
HACKaXKaJIn H3MepsieMoro nojis ToKoB. Hakomen, mjs ueneil mamepe-
HH$I NPHTIOAHBI, OYEBUAHO, JHIUbL «JEMEHTH TOKa» CTOJIL MAJBIX
pa3MepoB (CedeHHsl W AJIMHBI), 9TO Ha UX NPOTSIXKEHUH H3MepseMoe
moJie MOXKHO CYHTATh ITOCTOSIHHBIM. B manbueitieM mbr 6yaeM cun-
TaTb BCE 3TH YCJIOBHS BBIIOJHEHHBIMHA.

3. Kak noKaswIBaeT onsim, MAarduTHOE TI0Jie B KaXXK Aol To4YKe Ipo-
CTPAHCTBa MOXKeT OBITh MCYEPNBIBAIOMMM 00Pa3oM OXapakKTepH30-
BAaHO HEKOTOPBIM BEKTOpOM H, HOCAIINM Ha3BaHHE HANPANCEHHO-
CMU MAZHUMNO020 NosA. COBOKYITHOCTE OMBITHHIX (DaKTOB IPHBOLAT
K CJICIYIOEMY BBIpaKeHH1o nns cuibl F, meficrByromeit B none, xa-
pakTepu3yeMoM BekTopoM H, Ha aneMeHT TOKa AMMHEI dS, 110 KOTO-
POMY T€4eT TOK CHJIBL J:

= [ds H]. (42.1)

3mech ¢ 03HAYAET HEKOTOPLIN KO3((DHUIHEHT IPOMOPHHOHANLHOCTH,
3aBHCAIUAN TONBKO OT BHIOOpA €AWHHL, H3MEPEHHsl. ITOT K0ahgu-
[IHEeHT MPHHSTO IHCAThL HE B THC/INATENE, a B 3HAMEHATEJe.

TakuMm obpaszoM, cuna F, geiicTByromas ua anement ds, cyie-
CTBEHHO 3aBHCHT OT OPUEHMAYUL FTOrO jeMeHTa dS: BeJH4YNHA €€

1} Porb TaKoro MOJBYMKHOLO 3/1€MEHTa TOKA HIDAET, HallpuMep, CTPYHA CTPYH-
HOrO rajbBalOMeTpa, Iporub KoTopoil onpeaendeTcd CANoH MAarHHTHOrO IO,
€O373BaEMOI0 TOKOM, IPOTEKAIOMUM 10 00MOTKE raJbBaHOMETPA.



§ 42 MAI'HUTHOE HOJIE TOKOB 201

IPONIOPLMOHAJIBHA CHHYCY YIVia MeXIy HampasneHueM monst H u Ha-
IpaBJIEHUEM IJIEMEHTA dS; HANPABJIEHUE YK€ CHJIbI TIEPIEeHIUKYISIPHO
IIJIOCKOCTH, TpoBesieHHo# dyepe3 H u ds, u cuna HampasiieHa IO XO4y
ocTpuss OypaBuMKa, pydKa KOTO-
poro mnosopauusaerca or ds k H 7/
(puc 42). R

@opmyay (42.1) MoxHO pac-
CMaTpuBATh KaK onpedencHue MO~ ds
HATHS <HAIPSAXKEHHOCTb MAarHWT-
Horo nouisiy. OCHOBBIBAsICH Ha Helf, T
MOXKHO CJIEAYIOIMM 06pa3oM u3Me- E
PUTH HANPSXKEHHOCTH MArHUTHOIO

monst B Ji06oif TOYKe IPOCTpPaH- - 7
crsa IloMecTM B JaHHYIO TOY-

Ky P aneMenT TOkKa ds u OyzeM

BpamaTh ITOT IEMEHT dS [0 TeX ds
1I0p, MOKa OH He 3aliMeT II0JIoXKe- Puc 42

HUfA, TIPU KOTOPOM JefiCTBYIONIAS

Ha Hero cuia F obpamaerca B Hysib. MarauTHoe mose OygeT, O4eBuI-
HO, ub0 MapaJinesbHo, MO0 aHTHUIIAPAJUIEILHO HAIPaBJICHHUIO dS B
3ToM mosioKeHuu. IIoBepHyB 3areM ds u3 3Toro nmonoxkernus Ha 90° u
W3MepHB JeHCTBYIOIIYIO Ha HEr0 B 9TOM HOBOM TIOJIOXKeHHU cuay F,
JIETKO ompedenuTs BeKTop H 1o BenwuuHe U HAIPaBJIEHHIO.

4. HaM ocTaeTcs ellie BBISICHUTH BONPOC O 3aBHCHMOCTH HaIps-
JKEHHOCTHM MArHWTHOrO IOJISi B IIPOM3BOJBHON TOYKE IIPOCTPaHCTBA
OT XapaKTEPUCTHK TOKA, BO30OYXKIAOMEro 3To Ioie ([OoIoXKeHUe U
dopMa KOHTypa TOKa, €ro CWjia  T. A.). DTOT BONPOC YPe3BEIYANHO
yIpocTuiics Obl, ecsii OBl ero MOXKHO OBIJIO CBECTH K BOIIPOCY O IIOJIe,
B0O36Y2KZa€MOM OTHEJILHBIM JAEMENINOM OKG, U PACCMATPUBATE II0-
Jie TPOM3BOJIBHOM CHCTeMbl TOKOB KaK HAJIOXKeHHe (CyHNepIIO3UIHIO)
mofeil OTHEJIBHBIX JIEMEHTOB 3TMX TOKOB. OIBIT NOKa3LIBAET, YTO
HalPS2KeHHOCTH IIOJIsI, CO3JABAEMOr0 IBYMsI TOKAMHM, AEHCTBUTE/IL-
HO paBHA CyMMe HAIPSKEHHOCTEH moJell, CO3JaBaeMbIX KaXKIbIM U3
STHX TOKOB B OTAedbHOCTH !). TeM He MeHee B PaMKaX ydeHHs O
NOCMOANHBT TOKAX BOIPOC O TIoNIe, BO3OYKI3eMOM OTIEIbHBLIM 3JIe-
MEHTOM TOKa, He MOXKeT OBITH pellleH OJHO3HAYHO, OO0 Heb3s M30-
JIMPOBATH OTHEJLHBIN SJIEMEHT IOCTOSIHHOIO TOKA, LIEIb KOTOPOro
He MoXeT He ObITh 3aMKHYTo#. Ilo3TOMy MBI BCerga MMeeM IeJ0 C
pPe3yABTUPYIOUINM IIOIEM BCeX 3/IeMEHTOB 3aMKHYTOrO IT0JIf, a 3Ha-
HHUsl pe3yJbTHUPYIOUIell HeJOCTATOYHO AJsi OZHO3HAYHOIO Olpeelie-
Hus ciaaraomux (cMm § 43).

OnHako B majbHefilueM MBI IepefiieM K U3y4YEHUWIO IMepeMeHHbIX
TOKOB, MOTYIIUX OBITH ¥ HE3aMKHYTHIMU; HAKOHEII, 3JIeKTPOHHAS TeO-

1) Dror npunyun cynepnosuyUY HAPYIIACTCS JHIIb IPH HANHYMK B ToNe dep-
poMarteTukos (cM ra V)
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pus, 6a3upysck Ha OOIUMPHOM ONBITHOM MATEPUAJIE, CBOZWT CHUJIBI
B3aMMO/EACTBUS TOKOB K B3aMMOJEHUCTBUIO ABHXKYIIMXCH 3JIEKTPO-
HOB, KaXKJBIf U3 KOTOPBIX NIPEJCTABJISET IEMEHT TOKa B TOTHOM
CMBICJIE 3TOTO CJIoBa. TakuM 00pa3oM, MaTeMaTHYECKHIl IPUEM pa3-
JIOKEHHS KOHEYHBIX TOKOB Ha COBOKYMHOCTH TOKOB 3JIEMEHTAPHBIX
B M3BECTHOM OTHOLIEHHUHM COOTBETCTBYET COBPEMEHHBIM (hH3MIECKUM
TPEACTARIECHHSM O TOM, YTO BCE TOKW CBOAATCA K ABUIKEHUIO OT-
JeJIbHBIX IEKTPOHOB (MM HOHOB).

IIpegpocxumas pe3yJbTATh UCCIEOBAHUS TIEPEMEHHBIX TOKOB, &
TaKKe CHU/ B3auMOLEHCTBUA MBMXKYINUXCH 3JIEMEHTAPHBIX 3apPANOB,
MBI B OCHOBY BCEX HAIUMX PACCYKIEHMI MOJIOXKHUM OIpeaeIeHHbIi
33KOH, ONPEeJISIomuii MArHUTHOE MOJIe 3JIeMEHTa TOKa, PACCMATPH-
Bast 9TOT 3aKOH KAaK JaHHBIA ONLIMOM. 3aKOH ITOT HOCHT Ha3BaHHUE
saxona Buo-Casapa m B BeKTOpHOMN (popMe MOXKET GHITH 3amucaH

TaK: J

3aeck R ecTh paccrosHue OT 3ieMeHTa Toka J ds, BO30yXKgaroIero
MarHuTHOe nosie H, 1o Toit «Touku HabI0geHMsA», B KOTOPOii Ompe-
Jensiercs HanpsizkeHHocTs H atoro mosns. ajee, ¢ eCTh HEKOTOPBIH
K03 bULMEHT TPONOPIIMOHANBHOCTH, 33BUCAIIMI TOJILKO OT BhiHOpa
eouHUIl U3MepeHusi. Bo Bcex oOWMENPUHATHIX CUCTEMaX €IMHHI| H3-
MepeHHs eIUHUIBI 3TH BHIOMPAIOTCA Tak, 9T00B KOahUIIMEHTE! ¢ B
dopmynax (42.1) u (42.2) oxasamMCh OUHAKOBBIMH.

TakuMm 06pa3oM, Npu yaajeHMd OT 3aeMeHTa J dS BIOMB Ompe-
JENICHHON TONynpsAMOii, NMPOBEeIEHHON H3 3TOr0 3JeMeHTa, Halpd-
JKeHHOCTH ero mojs yOpIBaeT 06pPaTHO TIPOINOPLMOHAJIBHO KBAADPATY
paccTosiHus R oT ds; Ipu mepeMelieHusax XKe 1o cdepe onpeaesen-
Horo paauyca R ¢ 1eHTpoM B ds Ioje U3MEHAEeTCs KAaK CHHYC YIJIa
Mexkay R u ds. Hanmpasneuwe mons meprieHAWKYISPHO K ILIOCKO-
cru, nposegennoit gepes R u ds (cm. puc. 42). Ecm npeactasuTth
cebe cepHUecKyIO CHUCTeMY KOOPAMHAT C LEHTPOM B dS W C OCBIO,
HaIlpaBJIEHHON BJAOJEL dS, TO HAIPaB/IEHME IO B KaXKIOM TOYKe
mpocTpaHcTBa P OyzgeT KacaTenbHO K NOJSPHOMY KDYTY, HPOXOHsA-
meMmy 4epe3 3Ty To4Ky P. WupiMu crnosamm, nusHmu BekTOopa H,
HOCSAIIHE HAZBAHUE MUZHUMHHL CULOBHT AUHUT, ABIAIOTCH OKPYXK-
HOCTSIMHM, HAHM3aHHBIMM, KAK Ha OCb, HAa IPSMYIO, MPOXOLSLLYIO
yepes sneMenT ds. Hanpasienne 5TUX MarHUTHBIX CHUJIOBBIX JIMHUM
obpa3yeT ¢ Hampap/ieHHeM TOKa B 3JieMeHTe dS IIPaBOBHHTOBYIO
CHCTEMY.

5. ®opmyast (42.1) u (42.2) ABASAIOTCH OCHOBHBIMH [JIsi BCEO
YYEHU O MAIHUTHOM IIOJIE U O B3aMMOJZENCTBUM IOCTOSHHBIX TOKOB;
MIOYTH BCE JabHeliniee CORepKauue 3TO! IMIABBl CBOOUTCS K PACCMO-
TPEHMIO BBIBOIOB, BBITEKAIOMIMX K3 3TUX (POPMYJL.

B yacTHOCTH, CHIIa, HCILITHIBAEMAs 3aMKHYTBIM TOKOM J B Mar-
muTHOM nosie H, paBHA, OUEBMIHO, CyMMe CHJI, HCIBITHIBAEMBIX
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KaXJIbIM U3 €ro 3JICMCHTOB, T. €. pPaBHa
F= :C’gﬁ[ds H; (42.3)

HaIIpSXKeHHOCTh ke mons H 3amxmyToro Toka J B IpoM3BOIBHOMN
Touke P paBHa CymMMe moJiel, BO36YKJaeMbIX KaXXK/JbIM U3 €ro 3je-
MEHTOB, T. €. PABHa

_ J f{[dsR]
H=I4EH (42.4)

rge R ecTs pagiyc-BeKTOp, NPOBEAEHHBIN U3 JIEMEHTA, dS 10 «TOYKH
Habnaogenusas P.
3apmgaua 25. ITokasarTsh, YTO HANPAXKEHHOCThL MarHUTHOLO TIO-
Jist HECKOHEYHOTO IPAMOJIMHERHOIO TOKA Ha PACcCTOSHUH T OT €ro OCH
paBHa
=Y (42.5)
cr

M YTO CHJIOBBIE JIMHUM 3TOTO [IOJIS TPEACTABIAIOT cO00I0 KOHIICHTPH-
JeCKHMe OKPYKHOCTH, IIOCKOCTb KOTOPBIX NEePIeHJHUKYJ/ISAPDHA TOKY,
TIpUYeM HAIIPABJIEHHE CHJIOBBIX JIMHMIM COCTABJfAET C HANPABJICHUEM
TOKA IIPABOBMHTOBYIO CHCTEMY.

IIpumMeganue. llens mocTosHHOro TOKa Bcerga 3aMKHYTA.
PaccMarpuBaTh 6eCKOHEUHBIN NPAMOIUHERHBIM TOK — 3HAYUT Pac-
CMAaTpUBATh 3aMKHYTYIO leNlb TOKa, BKIIOYAIOMYIO B cebs 0YeHb
JUIMHHBIH IPAMOH HMIMHIPDUYECKHUN YYaCTOK, M OIPaHMYMBATECA IPH
3TOM U3y4YeHHEM HOJS TOKa BOJIM3H CpegHell 9acTU 3TOrO yYaCTKa,
nperebperasi JelCTBUEM OTIAJIEHHBIX yYACTKOB LENH TOKA.

3agadga 26. JluHefiHbI TOK HPOTEKAET MO OKPYXKHOCTU pa-
anyca Hy. Iloka3aTs, ITO HAIPSXKEeHHOCTE MOJR B JIODOH Touke ocu
3TON OKPYXKHOCTH HalIpaBJieHa IIO 3TOH OCH, COCTaBJdAET ¢ HAIpaB-
JIeHHEM TOKa IIPAaBOBMHTOBYIO CUCTEMY M PaBHA

_ 2xJ R

c (R} +d2)3/?’

rige d ecTb pacCTOsIHME PacCMaTPHBAaEMOM TOYKH OCH OT LEHTPA Kpy-
TOBOTO TOKA.

§ 43. BzauMogeiicTBMe 3JIEMEHTOB TOKA.
OJIeKTPOAMHAMHYECKAA MOCTOSAHHAS

1. PaccmoTpuM fBa aneMenTa TOKa Jy ds; u Jy dso, HaxXomsamuxca
Ha paccrosinun Riys Apyr ot apyra (Rjs cunTaeM HalpaBieHHBIM OT
ds) x dsy). ITone, cozpaBaeMoe mepBbIM 3IEMEHTOM B MECTe HAXOXK-
JeHusi BTOpOro, coriacHo (42.2), paBHo

Hy, = 2 ——[dSI?'lz]
Ry,
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Y, CTaJIO GbITh, cuita Fio, UCHIBITHIBAEMAs BTOPBIM 9JIEMEHTOM CO CTO-
POHBI IepBoro, cornacuo (42.1), pasua (cM. puc. 43):

"“’jz (dsa[ds1 Raa))- (43.1)
1

Fi2 =

2R

AnanoruynpiM 00pa3oM BeIpakaeTca ¥ cuiia Fgp, UCIBITHIBaEMas
MEPBBIM 3JIEMEHTOM CO CTOPOHBI BTOPOIO:

Jo F

F. 12 Jo
21‘\[(181 R[z dSZ\/ F21 = C22R£1 [dsl [dSZ R21]] ]
/ \ (43.2)

4 npudeM Ro; = —Rjs. Moxno B

Puc 43 OCHOBY BCe€X PaCCyXKIEHHUH I0JIO-

KuTh He popmyinl (42 1) n (42.2),

a 9TOT 3aKOH B3aMMOJEHCTBUA 3JIEMEHTOB TOKa, ¥ IOTOM Y¥Ke, BBOAS

HOHSATHE MATHUTHOTO IIOJA TOKOB, MOJYYUTH (DOPMYJIEI HpeIecT-
Bylouiero naparpaca u3 (43.1) u (43.2).

2. MbI OCTaBUIM OTKPBHITHIM BOIIPOC O Pa3sMepHOCTH Ko3dbduuu-
€HTa NPONOPINOHAILHOCTH ¢ B hopmynax (42.1) u (42.2), Hocsamero
Ha3BaHUe daexmpodunamurecroti nocmosnnot. Ecau npunars omnpe-
JleJIeHHbIe €IUHUIB] U3MEPEHUs IJIs IJIMHBI, MEXaHUYIeCKOU cubl F
¥ CHJIBI TOKa J, TO TeM CaMbIM OHO3HA4YHO (PUKCUPYETCH U pa3Mmep-
HOCTb 3JIEKTPOJMHAMUYECKOH TOCTOSIHHOM ¢, n60 u3 (43.1) BEITEKaeT,
4TO

2

2y 7]
¢’ =L 43.3
)= (43.3)
Msl 6yzeM MpeMMYIIECTBEHHO MOJb30BATHCH TAK HA3LIBAEMOM
eayccosoti abcoromuotl cucmemol eduruy. B aToii cucreMe eguHuIl
MeXaHHYeCKHe BeJIMYWHB! (QyuHa, cuia F u T 1.) usMmepsior B eau-
Hunax CI'C, a cuny Toka u3MepsioT B aOCONOTHHIX 34EKMPOCNAmuU-

“eckuz eIMHUIAX, B KOTOPBIX, coriacHo § 35, [J] = MI/2L3/27-2,
Crano 6piTh, (43.3) npuHEMaeT BUA

o MLST-—4 _ __I:_‘_ 2
[C ] - MLT 2 - (T) ) (434)

T. e. ¢ 00JIATAET PA3MEPHOCTNDIO CKOPOCTIIU.

Kak mokazanu sKCIepuMeHTAIbHBie ucciegoBanust (cMm. §59),
YUCJIOBOE 3HAYEHME IEKTPOAMHAMIYECKON IOCTOSHHOMN ¢ B 3TMX €/(U-
Hupax pasHo 3 - 1019 em/c. B rn. VII 6yzer mokasaHo, 9TO COBIaJe-
HUe 3TOM BEJIMYMHBI CO CKOPOCTHIO CBETA B BaAKYYME OTHIOAL HE CIly-
JaiHoO.

3. Urobel yacuutsk comepxanve ypasHenuit (43.1) u (43.2), pac-
CMOTPHMM Pl YaCTHBIX ciiy4aes. Ecnu ds; napaaseavno ds,, TO cu-
JBl B3aMMOAEUCTBUsA CTpeMsiTcst cOmm3uTh ds; u dsy (npumsoice-
Hue), eciu XKe ds; U dSy gHMUNAPAAAEADHDL, TO ITH CUJIBI CTPEMSTCS
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YIAIUTh UX JAPYr oT apyra (ommaaxueanue) (puc. 44) Ilpu stom
Fio = —F9;. OgHako CWJIbI 9T Jlaxke B 9TOM Cllyuae He Y/IOBJIeT-
BOPSIIOT IPUHLMIIY PaBEHCTBA AeHCTBUS M IIPOTHBOAEHCTBUs, uHO
HaIlpaBJICHUS WX JIEXKAT, BOOOIIE rOBOpsl, He Ha omHol mpamoit. Oco-
GeHHO e PE3KO MPOSIBIAETCH HAPYULEHUE NPUHYUNG paseHCmea deti-
cmeun u npomusodeticmsus B TOM CIyuae, ecI, Hampumep, dsi
napaienbHo Ry, a dsy mepnernukyaspao Rig (puc. 45). B stom
cnyqae {ds)Rqs] = 0, u mosromy Fy5 = 0, Torza kax [dsysRo;] # 0 u
F2; # 0; aneMenT ds; HUCHBITHIBA-
eT CHJIY CO CTOPOHEI 3JIEMeHTa dSy,
HO CaM Ha Hero He JeHCTBYeT

BopoueM, B citydae nocmosH-
HHIT TOKOB, IO HEOOXOIMMOCTH
ABJIAIOIIAXCS 3aMKHYTHIMH, 3TO
HapylleHue TpeTbell aKCHOMBI
Hriorona cBsizano nuinb € IpCa-
CTABJIEHMEM CHJI B3aMMOJEHCTBUS
TOKOB KaK CHMJI TIONApPHOTO B33aH-
MoselicTBus uX neMenTos Jleit-
CTBHUTEJBHO, KAK MBI IIOKa’KeM B
§ 51, cusbl B3aMMOZEHCTBUSA ABYX
3AMKNYMHT TOKOB YJOBJIETBODS-
0T MNPUHIOWIY PaBeHCTBa JeW-
CTBUSL W IPOTUBOJEHCTBUA (CM.
TakKe 3aJa9d 27 u 28 B KOHIE Puc 44
naparpada). B obmeM ke ciyvae

d!
ITePEMEHHOT0 3NIeKTPOMArHUTHOIO %2
IIOJIST MOXKHO M JIOJKHO 0600muTh ds, R;,
IIOHATHE KOJMYeCTBa JABUKCHHUS F,=0

Tak, 9T00BI CIIPABEIJIMBOCTh ITOTO
MPUHIMIIE OKa3asiach obecneyeH- yFy;
HOH BO BCEX IEKTPOMATHUTHBIX
aBJTeHnsAX 1) .

4. Britite yxe YIOMHHARJIOCH, YTO B IpeIeiaX H3ydeHUd 3aMKHY-
THIX [IOCTOSIHHBIX TOKOB CHMJIa B3aUMOJAEHCTBHUS NIEMEHTOB TOKOB He
MoxeT OBITb OllpesesieHa OfHO3Ha4YHO. MaremaTudecku 3T0 06CTOS-
TEJIbCTBO BBIPAXKAETCH B TOM, YTO €CJIM BUIOU3MEHUTL 32KOH B3aMMO-
OefiCTBUS TOKOB n0DaBjieHUEM DALa WIEHOB, HHTErpad KOTOPBIX II0
BCAKOMY 3aMKHYTOMY KOHTYpY OOpalljaeTcs B HYJIb, TO ODIas cuia,
UCIBITLIBAEMAsI IJEMEHTOM CO CTOPOHBI 3aMKHYIMO20 TOKA, OCTAETCH
HEU3MEeHHO.

Puc. 45

1) B § 105 6ymeT nokasan 0606meHH bl 3aKOH COXPAHEHUS IIOIHOTO (Mexanmye-
CKOr0 ¥ IeKTPOMArHHTHOIO) KOJIMYecTBa ApuKeHus (ypaenenue (105 10)] Tax
KaK 33KOH COXPaHEeHHs KOJIMYecTBa OBHIKCHUI SKBUBAJIEHTEH 3aKOHY DaBEHCTBA
JAEHCTBUS U NPOTUBOAEHCTBHA, TO TeM CAMLIM GyeT J0Ka3aHa U CIIPABEITHBOCTE
3ITOr0 IOCJIEHEero 3akoHa B ero 06obmenHoit hopme
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B wacruocrH, serxko ybemurThes, ITO BbIpaxkeHue CHiBl Fiz MoxkeT ObiTh
BUJOM3MEHEHO CELYIOUMM 06pa3oM:

Fio =Fpp + J“h {®(Ri2)(ds1 Riz) dsz + d [Ruz(dsz Ru2) f(Ruz]},  (43.5)

rge ®(Ri2) u f(ng) CyTh NPOM3BOJBHBEIE CkadApHbBEe OyHkmuE ot Riz, a
d{Ri2(dsaRi2)f(Ri2)] o3nawaer npupamense (xuddepeHnuan) sppaxKeHus B
ckobkax npu NepeMellenny HadallbHOH TOUKHM pajuyca-sexTopa Ria Ha orpesok
ds; (Tax 9ro dR12 = —ds,). JeficTBUTENHHO, NP HHTErPUPOBAHUA O KOHTYDPY
ToKa J) nocmeaHmit wieH obpamaerca B HyIbh Kak uHTerpas nomHoro gaddepen-
IMaJIa 1o 3aMKHYyToMy mmyTu. Hanee, & I%, JR12 Bcerga MoxeT OuITh mpeacTas-
JIEHO B BHJE rPAJIHEeHTa HeKOTOPOi (bym(mm ¢(R12) or Ri2 [cm. ypasmemus (T*)
u (8*)]:
®(R12)R12 = grad p(Ri2).
CnenoBaresbHo,
Jp(R
B(Rua)(ds1 Riz) = (do1 - grad p(Raz)) = 2E22)
1
Hurerpan xe aroro nonHoro guddepernuana no 3aMKHEYTOMY KOHTYDY TOKa Jy
[a crano 6piT, 1 nETErpan sroporo wiena dopmyast (43.5)] Takxke ofpamaerca
B HYJIb.

dsi

Bagavwa 27. Ucxons us ypasuenuit (43.1) u (43.2), nokazats
HENOCPeACTBEHHBIM HHTErPUPOBAHNEM, YTO PABHOAEHCTBYIOUIAS CHUIT,
HCIBITHIBAEMAS OXHUM W3 3AMEHYMHL TOKOB CO CTOPOHBI APYIOro
3aMKHYTOr'O TOKa, YAOBJIETBOPSET IPUHLIMITY PABEHCTBA JEHCTBUS M
IIPOTUBOJEHCTBUS.

3agaua 28. 3aKOH NOHAEPOMOTOPHOTO B3aUMOIEHCTBUS 3Jie-
MEHTOB TOKa, ObLI BIIepBLIE CHOPMYJIMPOBAH AMIEPOM, UCXOOMBIIUM
U3 TPEATIONIOXKEHUs, YTO B3aUMOAEHCTBHYE SJIEMEHTOB TOKA JOJKHO
YIOBJIETBOPSITh TpeTheMy mpuHmuny HeloToHa M A0/KHO ObIThH Ha-
MIPABJIEHO MO JWHUM ux coenuHenus. HajizeHubitt AMmepoM 3akoH B
Hammx 0603HAYEHUSIX TVIACUT:

3
Fio = Jl;h {R—fz (d81 Rm)(dSz Rlz) - ‘IE dsl dsa }R12

TlokazaTh, 9To mpuMeHeHUe (GOPMYJH AMIeEpa K BHIYUCICHUIO
Pe3y/NBTUPYIOLIEH CHJIbI, AeHCTBYIOME!N HA 2JeMEeHT dSy CO CTOPOHBI
BCEX 3JIEMEHTOB 3aMKHYTOI'O TOKA Jj, Ja€T TOT Ke pe3yJIbTaT, UTO i
npuMerenue dopmyst (43.1).

§ 44. Ilepexos ot IMHEHHbIX TOKOB K TOKAM
KOHEYHOT'0 CEYE€HHA

1. B npeawigymux maparpacax Mbl PACCMATPHUBAJIH JIEMEHTHI
JuHeliHbIX TOK0B. O4YeBHIHO, YTO [IPH ONpeJe/ieHHN BO36Y KIaeMoro
TOKOM TO0AA MOXKHO CYHTATDL AUHEeUHbMU T€ TOKH, pa3Mepsl Jioboro
CeYEHHsI KOTOPBIX JOCTATOYHO MAJbl 0 CPABHEHHIO C PAacCTOSHUEM
OT 9TOTO CEYEeHMs JO paccMaTpuBaeMbix To4ek mojis P. PasyMeercs,
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TOK MOKET YIOBJIETBOPATS: STOMY YCIOBHIO JMHEHHOCTH JUIIbL B TOM
CIy4ae, ecId MBI OTPaHHYHBAEMCH PACCMOTPEHMEM JOCTATOYHO Y2~
JIEHHBIX OT HEero To4ek nouisi. Ilpu ompeaesieHun ke nondepomomop-
HOIT CUA, UCTIBITHIBAEMBIX TOKOM BO BHEIIHEM MarHuTHoM mose H,
TOK 9TOT MOXKHO CUMTATL JMHEHHBIM B TOM ciyd4ae, e noie H ne
HM3MEHSACTCH CKOJNBKO-HUOYb 3HAYMTENBHO HA MMPOTIXKEHHH JII0DOro
CedeHUs TOKa.

Takum 06pa3oM, dopmyisl § 42, 43 npuMeHUMBI JIUIIB B CIIyYae
BBITOJIHEHUA IepeunciedHbix yoiosuii. Tak, Hanpumep, npu R — 0
onpegensieMast popmynoii (42.2) nampsaxennocts ronst H crpemures
K GECKOHEYHOCTH, T. €. TePSeT CMBICIL.

OaHako JOCTATOYHO HE3HAYMTEIBHBIX IpeobpasoBaHuil HopMyn
§ 42, 43, urobBl CresiaTh MX HPUMEHHMBIMM IIpH Ipou3BonbHOM R
¥ IpH [IPOU3BOJBHO GLICTPO M3MEHSIIOIIEHCs OT TOYKM K TOYKe Ha-
npsikeHHocTH BHerusero 1o H. JIis 9T0ro focTaTOYHO BOCIONB-
30BaTbCA TEM, YTO, COrIAacHO § 37, TOK KOHEYHOTrO Ce4eHUs MOXKeT
ObITH Pa3JI02KeH HA COBOKYITHOCTH DECKOHEYHO TOHKHX HUmMel moxa,
1 IpUMEHUTH hopMyuast § 42 K 3NeMeHTaM ITHX HUTeN.

Cusa Toka dJ, mporekaromiero mo HATH TOK3, COIIACHO ypaBHeE-

uuo (36.2), paBHa
dJ = jdS,

rge j — ILJIOTHOCTb TOKa, a dS — nepneHIuxyaspHoe K OCH CeYeHMe
HuTd. Craso O6bITh,

dJds =3dSds = jdV,

roe ds — gauHa, a dV — o6beM HECKOHEYHO MaJjoro OTPE3Ka HHTH.
Tak Kak, HakOHELl, OCb HUTH TOKAa, II0 ONPEJENeHHMIO, COBI3IAET C
JUHUSMHA TOKa, TO dS NapaJuleJIbHO j U

dJ ds = jdv. (44.1)

Takum 00pa30M, aaemeHM JAUHDB KAXK 0N HUMU MoKa, COBOKYII-
HOCTb KOTOPBIX 06pasyer TOK KOHEYHOro cewyeHus J, SKBUBAJIEHTEH
snemenmy obsema jdV storo Toka J.

TlosToMy Hanpsaxenunocts dH mons snementa obbeMa jdV To-
ka J Ha ocHoBaHmM (42.2) u (44.1) paBHa

dH— [d R] = L'Rl dv. (44.2)

O6mas e HAIPSXKEeHHOCTh MATHUTHOTO TIOJIS BCETO 3aMKHYTOrO TO-
Ka J GyneT paBHATHCS CyMMe HAIPs2KEHHOCTeH 1MoJieii, CO31aBaeMbIX
€ro OTIEeJNbLHBIMU IeMeHTaMU:

H= [dH = [Wav, (44.3)

rie MHTeIPUPOBAHUE JOJKHO GLITH PACIPOCTPAHEHO Ha BeCh 0ObeM
Toka (T. e. Ha 00beM OOTeKaeMBIX TOKOM IIPOBOJHWKOB), a R ecTb
PacCTOsIHNe PAacCMATpPUBaeMOi TOUKY osist P OT yieMeHTa, Toka dV .
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Koneuno, B ciiyyae nvHeHHBIX TOKOB 3Ta mocjeaHsas hopMysa
coBnajiaer ¢ dhopmyoi (42.4).

CoBepuIeHHO aHAJOIMYHBIM IIyTeM, IPUMEHUB ypaBHeHue (42.1)
K 3JIeMEHTY HUTH TOKa 06bema dV U BOCIONB30BAaBIUKCH YPaBHEHU-

(44.1), monyuuM, YTO MOHAEPOMOTOPHAs CHJIA, UCHEITHIBAEMAs
aneMeHTOM obbeMa NPOBOTHMKA dV, IO KOTOPOMY IIpPOTEKaeT TOK
IJIOTHOCTH j, PaBHa,

4 14sH) = i av, (44.4)

rre H ecTs HampsKeHHOCT MarHUTHOrO mojis B 3neMente dV.
WubiMu cnioBaMu, OBbeMHAs NAOMHOCMS NOHOEPOMOMOPHBIT CUA
paBHa

= 2 [jH]. (44.5)

2. B pajybHeiilleM HaM HEOAHOKDPATHO HPHAETCS IIEPEXOAUTH OT
PACCMOTPEHHs! JIMHEHHBIX TOKOB K TOKaM KOHEYHOTO Ce4eHHsl U 06-
paTHO. Kak fIBCTByeT M3 M3JI0KE€HHOTO, B YACTHOCTH, U3 CPaBHEHHs
(42 4) ¢ (44.3), nepexoz 9TOT BCErga IKBUBAJICHTEH 3aMEHE MHTEIPU-
POB3HHUS IO JJIMHE JIMHEHHOIO TOKAa HMHTETPHPOBAHUEM IO 06beMy
TOKa KOHEYHOIO CEeYeHHsI:

J 9§<I>ds = 9S<1>j v, (44.6)

roe & moxer 6vITh NI060H CKANAPHON MM BeKTOPHOM hyHKuueht
TouKU. Eciu TOK yIoBReTBOpSeT YCJIOBUSM JIMHEHHOCTH, II€pevHc-
JIeHHBIM B Ha4ajie 3Toro maparpada, To oba BeIpakeHus B popMyie
(44.6) paBHOCH/IBHEL APYT APYTY; B IPOTUBHOM JKe Cly4ae OHHM pas-
JIMYHBI 110 CBOEMY CO/EPXKAHUIO, HpUieM (PHUZUIECKHIT CMbIC UMeeT
TOJIBKO 0OBEMHbIY UHTErpPaJI.

3aMeTuM TaKXKe, YTO B CIy4Yae PA3BETBJEHHOIO KOHTYPa TOKa
TONBbKO TpaBas 4acTh (44.6) coxpamusier CBOM BUJ, TOrAa KaK B JIEBOI
YaCTH HEOBXOMMMO y4ecTb, YTO CHJIa TOKA B PA3IMYHBIX yIaCTKaX
€ro LenM MOXKeT OBITH PA3IUYIHOMN.

Coornowenue (44.6) MOXKHO YCJIOBHO 3amucarh B ¢opMe, COOT-
BeTcTBYIOIell ypapHeHuto (44.1), 3amenus B nociegsem dJ Ha J:

Jds 2 jdv. (44.7)

Oxnaxo coorHomenwe (44.7), B cymuocTH, TpuobpeTaeT CMBIC JIHIIb
TI0 BBLINOJHEHWH CJieBa MHTErpUpoBaHus IO ds, a cupasa 1o dV, kak
3TO SBHO yKasbiBaeTcs B (44.6).

3. ®opmyunt (44.3) u (44.4) mpUMeHNMBI, O4EBUIHO, BO BCEX TOY-
KaX TIONIS TIOCTOSIHHBIX TOKOB. B 4acTHOCTH, OmpejesisieMasi MMM Ha-
npsaxensocts noss H B orinume ot ypasuenntt (42.2) u (42.4) sciony
COXpaHsIeT KOHeYHOe 3HaueHue (eCiu, pasyMeeTcs, IJIOTHOCTb TOKa, j
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BCIOZY KOHEYHA, KAK 9TO CJEJyeT U3 JTeMEHTAPHBIX (PU3MUIECKHUX CO-
obpaxkenuit) 1).

Jnsa Touek nons, nexamux BHe TokoB (R # 0), 3o ouesuguo Urobu yGe-
JUThCH B KOHeIHOCTH oy H BHYTpH TOKOB, pacCMOTPUM MpPOM3BOJILHYIO TOY-

ky P, JeXanyo BHYTDH HECYymero TOK NPOBOOHWUKA, U ONUIIEM BOKDYr Hee
cdepy V Manoro, Ho BCe ke KoHewHOro paauyca Ro. Ione, cospasaemoe B P Tou-

KaMu, HaxoAsmumucs BHe cdepn V', xoneuno, ubo st Toxu Haxonsres ot P na
KOHEYHOM paccTosHun, 6onsmem Ry. Crano 6eirh, HaM gocraToudo ybeaurhed B
KOHeunocTH niosis H', co3gapaeMoro Toxkamu, HAXoqd muMucs BHYTpu ceprr V.
U3 ypassenns (44.3) crenyer:
<2 [ BBy,
c R3

vl
rae |H'| u |[jR]| cyrs abcomoThbie BenuHMHLI COOTBETCTBYIOMUX BEKTODOB, &
HHTErPUPOBAHHE PACIpPOCTPaneHo Mo obbemy cbeput V. Ho
IR]} < jm R,
rae jm 0603HaMAET MAKCMMAJILHOE 3HAYEHUE TUIOTHOCTH TOKa BHYTpH cepnt V',
Crano 6biTh, .
, Jm dVv
H <= [ =
c R2
VI
Brena cdepuueckne koopaunatsl R, ¥ u a ¢ neurpom B P, nonyuum
dV = R’sinddddadR

Rp T 2m
| g I ﬂ:lﬂ/d}{/sinﬂdﬂ/dazél&_]ﬂ.
c R2 c c
v? 0 0 0

Taxum o6pasom, H' ects BemrduHa KOHEUHAdA, CTPEMAMAACH K HYJTIO NpH
yMeHbIIeHuy paauyca cgeprl Rg, 4To u TpeboBaIOCh I0KA3ATH.

Herpynuo takxke mokasarh nenpepwerocms sexropa H, T e. qoxaszarthk, 94TO
pasHOCTb 3Hadenmil pekTopa H B cMexnbix Touxkax mons P u P’ crpemurca k
Hymo, ecin paccrosuue PP’ cTpemures K Hymo.

IIycts 06e Touxu P u P’ nexar suyrpu cdeprt V'. Ipu nepexone uz P s P’
TIONIe TOKOB, JiexkaIuX BHe V', H3MeHAeTCA HENPepRIBHO, HHO TOKH 3TH HAXOZATCH
13, KoHeuHoM paccrosamnnu ot P u P'. Uro xe xacaerca mona H' Toxos, nexammx
BHYTPH V', TO HAIIPAIKEHHOCTE ITOTO TS, N0 JOKA3AHHOMY, MeHbIIe (47 jm /c) Ro;
crano 6urrh, u usmenenue H' npu nepexoge or P x P’ He Moxer 6617 Gosbie
sToro 3nauenus. Bcau PP’ crpemurcs x Hymo, To Rg MoxeT GuiTh BHIGPAHO
CKOJIb YIOZHO MaJIbIM, OTKY/Id ¥ CIe/yeT HelpephiBHOCTL BekTopa H.

3agaua 29. ITo GeckoHEYHOMY IIPSIMOMY TOJIOMY KPYIOBOMY
MUIUHIPY IPOTEKaeT HapPaJllehHO OCH IUJIHHIPA IOCTOSHHBIA TOK,
PaBHOMEDHO DAaCIIpe/le/IeHHAI 110 ero MOBEepPXHOCTH. [loKa3aTk, 4To
I10Jie TOKa BHYTPH [IWJIMHAPA PABHO HYJIIO.

1) Bupodem, mHOrIA YI0GHO NOIB30BATHCH NPEICTABICHAEM O NOBEPTHOCIINGLEL
moxax, 06'beMHasA IUIOTHOCTE KOTOPLIX 7 GeCKOHedHa (CP. IOBEPXHOCTHEIE 3aps-
A1 B aexTpocraTuke). O MOBEPXHOCTHBHIX TOKaX ¢M § 49; MarEuTHOE MOIe 3THX
TOKOB 00/I3JaeT IOBEPXHOCTAMH Pa3PbIBA.
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§ 45. Jlopennesa cuna

1. Snement obvema dV mpoBOAHUKA, ITO KOTOPOMY IIPOTEKaeT TOK
IJIOTHOCTH j, MCIIBIThIBaeT B MaruuTHOM Iosie H mongepoMoropHyo
cuny F, paeayo [cM. ypasuenue (44.4)]:

= = jH]aV. (44.4)

Cuia 9Ta OTIMYHA OT HyJId JIMIUb B TOM CJiy4ae, ecim j # 0, T. e.
ec/Ii B MIPOBOJHUKE IIPOMCXOAUT NBUXKEHUE INEKTPUYECKUX 3aPHAI0B.
C ToYKY 3peHusi IEKTPOHHON TeOPHH, BCE IIOH1€POMOTOPHBIE CHJIBI,
UCHBLITHIBAEMBIE B 9JI€KTPOMArHUTHOM TIOJIé KAaKMMH Obl TO HHU ObI-
JIO TeJIaMU, JOMKHB B KOHEYHOM CUYeTe CBOAUTHLCS K CHJIaM, IIPUJIO-
JKEHHBIM K 3/IEKTPUYECKUM 3aPAIaM, BXOJSIMM B COCTAB 9TUX TeJl.
CoOOTBETCTBEHHO 3TOMY ¥ B PACCMATPUBAEMOM CIy4Yae MBI JOXKHBI
MIONBITATECS CBeCTH cuity F, HCIBITHIBAEMYIO HECYIIMM TOK IIPOBO-
HUKOM, K CHJIAM, UCHBITHIBAEMBIM JABHIKYIIUMUCH B HEM 33PSAIaMH.

C 3T0ii nesibIo BHIPA3KM ILUIOTHOCTH TOKA j Y4epe3 YucsIo 1 Haxojis-
HIMXCA B eUHUIE 0ObeMa «CBOBOTHBIX» 3JIEKTPOHOB (T. €. 3JeKTPo-
HOB, JBUKEHHEM CBOMM CO3JAIOIINX TOK) UM 4Yepe3 cpedHioi CKOPOCTh
9THX JIEKTPOHOB W; COrnacHo ypasHenuwo (40.1),

Jj = neu.

Hanpasiienue TOKa j yCIOBHO CYMTAETCH COBIAJAIOMUM C TEM
HAIIPABJIEHUEM, 110 KOTOPOMY JBHMIAIHCEH Dbl NOAOHCUMEADHBLE 3APH-
Ib1, ecii OBl TOT TOK CO3JaBajics ux ApvxkenueM. CTajio ObITh, BEK-
TOP j HampaBJieH NPOTHBOINOIIOXKHO CpeJHefi CKOPOCTH U JABHKEHHUS
OMPUYATNEALHHT IEKTPOHOB, TAK YTO €CJIU I10]] € IOHUMAThL aA2e-
bpaunecxyro BenuuuHy 3apsaga (aysa 3mekTpoHoB e < (), To MOXKHO

HAIlHUCATh
j = neu. (45.1)
Buocs 310 B ypasuente (44.4), noxyuum
= " [uH]dV. (45.2)
c

TaxoBa pe3yabTHPYIOIIAs CUJIa, JedcTByoomas Ha nndV cBoboa-
HBIX /IEKTPOHOB, 3aKJIOYEHHBIX B JIEMEHTE 00LeMa MpOBOAHUKA U
0bIaJa0ImMUX cpeaHeil CKOPOCThI0 U. EcTecTBeHHO MpeanosoKuTh,
YTO Ha KaxKabiit 13 3Tux 1 dV 3/1eKTPOHOBR JefiCTBYyeT CHa

F = g[vH], (45.3)

IJie V eCTb UCMUHHAA CKOPOCTh 3IeKTPOHA. Fin TOKa HeT, TO 3/eK-
TPOHBI JBUXKYTCsL becriopsaao4Ho, 4 = 0 U PaBHOAENCTBYIOLAS HPH-
JIOXKEHHBIX K HUM CHJI DaBHa Hym0. ECiu ke TOK OT/IMYeH OT HY.Nd,
To paBHOAeicTBYoMAas (45.2) 3TUX cul COOBINAET 3MEKTPOHAM CO-
OTBETCTBYIOLgE TPUPAIICHUE KOJMYECTBa IBMXKEHUs, KOTOpOe IpH
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CTOJIKHOBEHUM 3JIEKTPOHOB C aTOMaMH (MJIM MOHAMM) [IPOBOJHUKA
[IePeIaeTCs STOMY IPOBOJHUKY W BBI3BIBAET €0 JABUXKEHHME B Mar-
HUTHOM mojie (MM CTPEMMTCS BBI3BATh, €CJId IIPOBOJHHMK 3aKpell-
nen). C TOYKM 3peHHsT MAKPOCKOIHMYECKOH TeOpuH, HE BIAIOLIEHCs
B PacCMOTpeHUe BHYTPEHHETO MEXaHU3Ma SIBJICHMH, 3TO 3HAYUT, UTO
Ha IPOBOJHUK JeHCTBYET MOHAepOMOTOpHas cuna (44.4).

2. PesynbTaThl M3y4eHHs! QBUXKEHUS CBOOOLHBIX JIEKTPOHOB (B
TOYHOM CMBICJIE ITOTO (JIOBA, HAIPMMeEp, JJIEKTPOHOB, 0DPa3yIOLMX
KATOJHBIE JIy49M) MOLTBEPKIAIOT NMPABUIBLHOCTH popMyiast (45.3),
KOTOpasi OKA3bIBAETCs [IPUMEHUMO K (TOYEUHBIM) 3/IEKTPUYECKUM
3aps/aM, JBIKYIIUMCS CO CKOPOCTBIO V B IIPOM3BOJILHOM (IIOCTO-
SIHHOM MJIM nepeMeHHOM) MarauTHoM noste H. Eciu Mbl yurem eme
cuiy eE, ucnbiThiBaeMyio (TOUEYHBIM) 3apSA0M B 3JIGKTPUYECKOM
none E, To obias cuna, NCOLITHIBAEMas 3aPA0M e B IIPOU3BOJIBHOM
3NEeKTPOMArHUTHOM IIOJie, BEIpasuTca ¢popMynoi

F=e(E+1[vH). (45.4)

Srta dopmyiia 6bL1a BIepBhlie gaHa JlopedueM, U mosroMy cuiy F
Ha3BIBAIOT A0peHyesot cuaot.

Jouycrur crpasemymBocTs (opMmyist (45.4), Mbl MoxeM, ode-
BUJHO, JUIIbL B TOM (JIyY¥a€ COXPaHUTHL JaHHOoe B § 2 onpedeaerue
HANPANCEHHOCTRU dAeKMPUNEcKo20 noss E, cornacHo kotopomy E
PaBHO CHUJIE, UCILITHIBAEMON MOMENIEHHBIM B 3TO TOJI€ €QUHUTHBIM
MOJIOKUTEIBHBIM IPOOHBIM 3aPSAI0M, €CJIM MBI IPUCOBOKYIIUM K 3TO-
MY OTIPEJIEJIEHMIO OI'OBODKY, UTO IPOOHBIH 3apsijl JOJ/LKEH BHITh HENno-
deusicuom (v = 0); B aToM ciydae dopmyna (45.4) cosmagaer c
dopmyoit (2.2).

3. BecpMa. CYIIECTBEHHO, YTO CUJIA, HCIIHITHIBAEMAs IBUXKYIIMMCS
3apsJ0M B MATHUTHOM IIONie, NEPneHduUKYAAPHA KOK K HANDAGACHUID
e20 deudiceHus v, max u x nHanpasaenuro noas H. Takum obpazom,
CWJIa 9TA JMIIb UCKPHMBJAET NMyTh 3apdjia, He W3MEHSS YUCIOBOIO
3HAYEHHUST €r0 CKOPOCTHU, T. €. He COBEpINasi HUKAKONW MeXaHH9IeCKOl
paboThl. ITO OGCTOATEIBLCTBO MOXKET HOKA3aThCs IPOTUBOPEUAIINM
ToMy GakTy, 4To paboTa, coBepiiaeMas INPHU ABUAKEHMH HECYINEro
TOK MPOBOJHUKA B MarHATHOM I0Jjie, BOOOME roBops, OTAWYHA OT
Hynst gneKTpOMOTOp!). Kazkymeecss IpoTHBOpeYHe 3TO Pa3PELIUTCs,
eC/I¥ TMPUHATH BO BHUMAaHUWE, YTO JIBUXKEHHME MPOBOJHHMKA B MArHHT-
HOM I10J1e Hen30eXKHO COIPOBOXKIAETCS SIBJIEHUSIMH 3JI€KTPOMArHUT-
Holt muaykuuu. [logpobHee sToT BoIpoc Oyaer paccMoTpeH B § 76.

4. 3aMeTuM B 3aK/I04YeHHE, YTO UCKPHBIIEHHE IIYTH JEKTPUYe-
CKHUX 3apsioB Hoj JeificTBieM cuibl (45.3) ZOMKHO CKasbIBATHCS B
mepepacrnpeiesieHu TOKa 10 CEYeHUI0 IPOBOAHMKA NPHU BHECEHUH
3TOrO MIPOBOJIHMKA B MAHATHOE I10j1e. DTO MepepacipeesieHue TOKa,
IeACTBUTEIBHO, IPOSBISAETCS B TAK HA3BIBAEMBIX IaJbBaHOMArHUT-
HBIX, TEPMOMATHUTHBIX U POJCTBEHHBIX UM fBJIEHUAX. MbI paccMoT-
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DHM B BUJIE IPUMEPA TOJBKO OJ{HO W3 3TUX ABJICHU, TAK HA3BIBAEMOE
dABJleHHe XOJLIa.

IIycrs o omHOpOAHON MeTaNnuyeckoil IUIACTHHKE UMM JIeHTe WUPHHOH a
IIPOTEKAeT JICKTPHIECKHH TOK NJIOTHOCTH j B HanpabieH#u ocH y (puc. 46).
Ecnu nomectuTh NNACTHHKY B OZHOPOI-

z Hoe marHuTHoe none H, HanpasneHsoe no
i OCH Z, TO INEKTPUIECKUE 3apaibl, SBUKE-
HHEM KOTODBIX 0ofycoBIuBaercd TOK, 6Gy-

AYT, COrJIACHO ypasHeHuio (45.2), NcopiTh-
/ BaTh JODABOYHYIO CHILY
PI

/ a/ A F—__S[UHL

|L £ e U — CpesHss CKOPOCTh HOCHTENel To-
Ka. Drta 1o6aBouHas cHIa 6y AT OTKIOHATD
L TOK Y0 HANPABICHHIO OCH £, CTPYS 3MeK-

x

N
N
<

TpoHOB Oymer «BurTb» B nepenuuil xpat

MJIACTAHKY M BRI3BIBATH TaM HAKOIUIeHUe

OTPUIATENBHEIX JEKTPUIECKHX 3aPAZIOB.

Puc. 46 JroT nponece HyAeT NPOSOIKATECH A0 TeX

1OP, 710Ka Pe3yJIbTHPYIOIAs CHIIA 11018 Ha-

KOIHBUIMXCA ¥ NPABOr0 Kpad OTPUIATENbHBIX 3apaios u nond u3bulTKa moso-

KUATEJILHBIX 3apAA0B, cOOpABIIUXCA Y JIEBOr0 Kpad, He YDABHOBECHT Cwinl F.
O6o03navan 370 ypaBHOBEmHBaIOMEE ToNe 9epes K, monyuaem

¢E = -F = —g [uH].

M3 paccmorpenns puc. 46 caeayer, yro E' nomxHO 6HITH HAMpaBaeHO mo
ocH T; cTano GEITh, pa3HOCTL NOTEHIMAIOB MeXKAY ToukamMu P u P', nexaumn
Ha OJHOM NEepHEeHUKYIsApe K OCH JIeHTHI, 6yJer pasHa @ P

1
(pPI ”“PP = E;G.Z E'UG-H,

WY, BEIPAXAA CPEAHIOI CKOPOCTh MEKTPOHOB % YePe3 TIOTHOCTh TOKA j ¢ Tio-
MOmbo ypaeHenus (45.1),

jaH )
Pp ~Pp === RjaH, {45.5)
rae xoadpdumueHT .
= — (45.6)
cen

HOCHT Ha3Bamue xospPuyuenma Xoara ') .

Tlonepevnas pa3HOCTE MOTEHIHAIOB P, — (P, BO3SHUKAIOMAS B HECYIEM TOK
NPOBOJHUAKE NPU BKIIIOYEHUHM MATHUTHOIO IMOJIH, MOXKeT OblTh HeNoCcpenCTBeHHO
u3Mepena Ha onbrre. QOHa OKa3HBAECTCH, AEUCTBATENLHO, NPONOPLHOHANLHON Be-
muunnam j, H u a, xak Toro tpebyer ¢popmyna (45.5). Hucsosoe 3naueHne aToit
Pa3HOCTH TIOTEHUHXAJIOB BECbMa MaJjo. Tak, HAalpUMED, NP IPOMYCKAHWH TOKA
B 10 A yepe3 zon0ry0 nenty mwupuHo#t 1 cM u rommuHoi 0,1 MM B MarHMTHOM

1) Bostee TOUHEIE BHIMUCIEHHS, YUXTHIBAONIAE OTIMTHE CKOPOCTEH OTIACILHEIX
3MEKTPOHOB OT HMX CpeaHell CKOPOCTH, NPHBOAAT JIMIIb K HE3HAYUTEILHOMY
H3MEHEeHNI0 YMCJI0BOro MHoxurens B dopmyne (45.6): B = 3n/(8cen), ecim
TPUMEeHATE K 3JIEKTPOHAM KIACCHYECKYIO CTATHCTHKY. ECIM e npUMeHATs K
anexrpodam cratuctuky Pepmu—Iupaka (§ 41), To pesyabTar 3THX BbIMHCTE-
Huil copnazaer ¢ (45.6).
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none HanpsikeHHocTu 10 000 I'c 3Ta pa3ssocTh MoTEeHINANOB OKA3LIBACTCS DABHOR
Bcero muib 7 MxB. Hanfonee 3aMeqarensno, oaHaKo, 94T0 3HAK Koaddumuenra
Xonnma R, xoropmiii, cornacHo ypasHeHmIO (45.6), momkeH 6nITh OTPHIATEb-
HBIM, U00 HOCHUTERAMHU TOKA B METAJJIAX SBAAIOTCS OTPHUIATE/ILHBIE DNEKTPOHSL
(e < 0), B meficTBUTEIBHOCTH OKA3bIBAETCA PA3IUYHBIM JJIA Pa3/IMIHBIX METAJN-
nos. Tak, R < 0 gnsa Au, Cu, Pt, Ag, Niu R > 0 gna Fe, Co, Zn, Cd, Sbu r a.
Takum o6pasoMm, meno ofcrour Tak, Kak ecyv 6bl HOCHTEJAMH TOKA BO BTOPOH
W3 3THX IPyNI METAIOB ObIIM HE OTPHIATEIbHbIE, & MOIOXKUTEIbHBIE 3aPAIbl.
SDTO 3aKTI0YUEHHe NPOTUBOPEYUT, OAHAKO, BCE COBOKYIHOCTH HAIIWX CBEACHMH
0 IPUPOAE METANIOB U JOJIr0€ BpeMs HBJIAJOCH OJHONH U3 IJIABHEAIUX TPYH-
HOCTel, NPOTUBOCTOSBIINX IEKTPOHHONE Teopunu MeTasunos. IIporusopeune 3To
BIIOJIHE YIOBJIETBOPUTENLHO PA3PENIAeTCs KBAHTOBOH Teopueil METAJUIOB.

Il puMep. Jeuscenue AekmpoHos 8 NOCTMOAHHOM MA2HUM-
nom noae (H = const). YpaBHeHUe IBUKEHUS 3IEKTPOHA B MArHAT-
HOM II07Te, comtacHo (45.3), racur:

m% = F = ¢[vH].
dt c

Tak kak npoeknus cuibl F Ha Hanpasnenue Bekropa H Henzmen-
HO PaBHA HYJIIO, TO CJIATAIOIAsS Vg CKOPOCTH NIEKTPOHA IO ITOMY
HAIpaBJeHUIO HyZeT mocTogHHA. TaK Kak, ¢ ApYroi CTOPOHbI, abco-
AI0THGA BEINYHHA BCEll CKOPOCTH V TOXe NOoCcTosiHHA (160 yckope-
HUE TEpIeHAMKYJISPHO CKOPOCTH), TO AOJKHA, OBITH MOCTOSHHOR M
mepmeHMKyasapHas K BekTopy H ciaramomas ckopocru v . Haxo-
Hell, TOCTOSHHON MOMXKHA OBITH M abCOMIOTHAsS BequuMHA CUabl F,
ubo e .

= 'C" I[VH]I = Z'U_J_H = const.

TakuM 06pa3oM, ABHKEHUE TEKTPOHA MOXKET OBITH Pa3/IOXKEHO Ha
[IBA COCTABJILIOUIMX JBVMKEHUs: PABHOMEPHOe JBUXKEHHUE 10 HAIIPaB-
neunto nong H co cKopocThic vy U ABHXKEHME B ILIOCKOCTH, Hep-
nengukynspHoit H, coBepuraromieecss ¢ DOCTOSHHBIM II0 BEJIUYWHE
YCKOpEHUEeM .
a=—v 1 H,

HANPaBIEHHBIM [IePHeHIUKYISIDHO ero ckopocTu v, . Ho, kak uasect-
HO, ABUXKEHUE C IIOCTOSHHBIM HOPMAJIBHBIM YCKODPEHHMEM & TIpejICTaB-
nsieT cobolf pABHOMEPHOE IBUKEHUE IO KPYTY, Paauyc KoToporo R
MOXKET DBITH ONpeJeieH U3 COOTHOMICHUS

CJIe10BaTeJ/IBHO,
_cmuyL _ cmu

oH E sin (V, H). (45.7)

CoBOKYIHOCTH PaBHOMEPHOTO TIOCTYIIATEILHOIO JABUKEHUS CO CKO-
POCTBIO Uy U PABHOMEDHOr0 KPYTOBOI'0 JBUKEHHUS CO CKOPOCTRIO ¥ |
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B IJTIOCKOCTH, ltepneHaukysipHoit H, npencrasiser coboit JBrKeHHe
C TOCTOSHHOMN 110 abCONMIOTHON BeJMYMHE CKOPOCTHIO IO BUHTOBOMH JIU-
HUM, HABUTON Ha MpaMoil Kpyrosoll unuHap paguyca R, ock KoTo-
poro napaiuesbHa H. Yroa Mexay oChio HUIMHADPA ¥ KACATENILHOMN
K BHMHTOBOH TPaeKTOPHM 3/€KTPOHA, KOHEYHO, MOCTOSHEH M Ompe-
JeNsieTcs HAa49albHBIMM YCJIOBHSME ABHKeHUs. B wgacTHoCcTH, ecnm
HaYaJIbHAsl CKOPOCTb WIEKTPOHA HAIpaBjeHa neprneHauky/spHo H,
TO BUHTOBAA TPAEGKTOPHS MEKTPOHA, BHIPOXKIAETCA B OKPYIKHOCTD,
IJIOCKOCTH KOTOPOi meprneHaukynaapaa H.,

Wrak, B NOCTOSHHOM O/IHOPOTHOM MATrHHTHOM IIOJIe JIEKTPOH
OIIMCHIBAET, BOODINE rOBOpsI, BUHTOBYIO JIMHUIO, OCh KOTOPOI COBIIa~
JlaeT C HalpaBJ/ieHWeM Ios. 3aMeTuM, 4To dopmyna (45.7) maer
BO3MOXKHOCTH myTeMm u3mepenus R, v, H u sin (v, H) onpezemurs
OTHOLIEHUE e/m 3apsaja 3JIeKTPOHa K ero mMacce. BO3MOXHOCTL 3Ta
IIUIPOKO HCIONB3YETCH B 3KCIIEPUMEHTANBHON dU3MKe s omnpese-
JIeHWs OTHOLIEHUs! e/ KakK /sl 9/IeKTPOHOB, TaK M AJis APYTHX 3a-
PAKEHHBIX YaCTHUI (Q-JIydu, KAHAJIOBBIE JIyYM U T. 1.).

§ 46. BexTOp-noTeHI a1 MATHUTHOTO NOJIS

1. O1HO U3 OCHOBHBEIX YPaBHEHHI MAarHWTHOTO TOJIsI — YpaBHEHUE
(44.3) — MoxHO mpeobpazosarh K Gostee yHOBHOMY [JIsi BEIYUC/ICHUS
Buzy. [loapiHTerpasibHOE BhIpaXKeHUe *paBoﬁ JaCTH 3TOH POPMyHl
MOXKeT ObITh, COrIacHO ypasHeHuio (10%), 3amucano ciegyomum ob-

pasoM:
et ()] = oo (2) ]

HanoMunaeM npu sroM, 9To B ypaBHenuu (44.3) R o3nauaer paguyc-
BEKTOD, HIPOBeIeHHbI 13 3sieMeHTa TOKa jdV («To4ka HCTOKa») B Ty
«TOYKY Hab/uogeHus» P, B KOTOPO#l ONpelessieTcss HAIpPSXKeHHOCTh
MAarHUTHOTO II0Jsl, H MHJIEKC @ Y 3HAKA IPA/MEHTa, 03HAYAET, YTO IIpH
Onpee/IeHUH I'PAJAUEHTA Mbl CYHTAEM HENOABUKHON TOUKY UCTOKA M
rmepeMeHHO TOYKY HabJIfoqeHus.

C zpyroit croporsl, nonaras B ¢popmyie (433)

u a=yj,

=

(p___‘_

1 1 . 1 s
rota () = [erad () 3] + v

rge WHAEKC a TO-IpeXXHeMy O3Ha4aeT, 4To IpPH OGpa30BAHUM
TIPOCTPAHCTBEHHBIX POM3BOAHBIX NEPEMEHHOM CIMTAETCS JIUIIb TOY~
ka Habmogenns P. Tak kak 3HadeHue BekTopa j B smemenTte dV
(TouKa WCTOKA), OYEBUAHO, He 3ABUCUT OT IIEPEMEIICHHS TOYKH

TIONTY 4MM
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nabmogenus P, To, cTajo 66T 1),

rote j =0

o (3) - o (1)1 - 42

Buocsa sro B ypapserue (44.3), moly4um

H-= -i—/rota (}%) dV.

Tak Kak B 9TOM Bbipaxxenun guddepennuposanue (0b6pa3oBanue po-
TOpa) IPOM3BOAMTCS 10 KOOPAMHATAM TOYKM HabMIOAEeHMs, & MHTer-
pHpOBaHMe — 110 00beMy IIPOBOAHMKOB, ODTEKaEMBIX TOKOM, TO H3-
MEHEHHMe TIOPSAKa ITUX Onepanuil He MOXKeT IOBJIMATH Ha PE3yJILTAT
phiuuciaenunit. Ctano 6bITh, MOKHO HAIUCATH

H:rota(%/%dV).

Ecau BBecTu obo3HaueHue
A= l/ldv, (46.1)
c R
TO yPaBHEHHE 3TO IIPUMET BHS
H=rotA, (46.2)

rje MHJAEKC ¢ MPH 3HAKE POTOpa ONMYyLIeH KaK M3JHIHWi, ubo mpu
33J3HHOM PACIpeeNeHuu TOKOB BekTop A grafercs dyHKwelt mo-
JIOXKEHHsI OTHOM JIMIIEL TOUYKM Habniogenusi. TakuM obpa3omM, Hamps-
JKEHHOCTb MAarHMTHOrO IOJISI MOXKET OBLITH NPeCTABlEHA B BHIE PO-
TOPa HEKOTOPOr0 BEKTOPa A, KOTOPBIl HOCUT HA3BaHHUE 6EKMOPHOZO
NOMEHYUAAL UJIU BEKTOP-TIOTEHINAJIA TOKOB.

2. 3aMeTuM, 4TO And aunelinmz TOKOB (T. €. Ha PacCTOSHUSIX
OT TOKOB, GONBUIMX IO CPABHEHWIO C pa3MepaMH UX CeYeHMsi) Bbl-
parkeHue BEKTOPHOrO MOTeHinuasna A MoXeT OBITH mpeobpa3’oBaHo C
noMouisio hopmynsl (44.6) ¥ IpHHUMAET CIeAYIOMKUHA BUL;

_J [ds
A_;/E. (46.3)
L

1) TToscHIM 3TO MEPeXon0M K AEKAPTOBBIM KOOpIUHATaM. [IyCTs T4, Ya, Za CYTH
KO(‘)})APIHH.TH TouKu Habmonerns P, a Tq, Yq, Zg — KOOPJUHATHL JTEMEHTA TOKA
jdV, rak uro dV = dxr,dy, dz, BekTop j ecth (yHKIMA TONBKO OT 4, ¥q, Zq
J = i(zq, ya, 7g), Torma kak R = \/(€a = 2¢)? + (Ya — Ys)? + (20 — 2,)? Tpu
onpenenenun div, u rot, AuddepeHIUPOBATL HYXKHO [0 KOODAUHATAM TOUKH
HabmogeHus, Tax YTO, HANpUMeD,
032(2q; Yas 24) _ 01y(2q, Yo, %q)

OYa Oz,

Ioter j = = 0.
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3. BBegenueM BeKTOPHOTO MOTEHIMAIa A 3HAYUTENBHO 06JIerya-
€TCH U3y4YeHHe MATHUTHOTO MOJisl IIOCTOSHHLIX TOKOB, IIOJ0DHO TOMY,
KaK BBeJEeHWeM CKaJIfApPHOro MOTEeHIHaja ¢ ofjerdaercd HU3ydeHue
NEKTPUYECKOTO MOJIsl CTAIMOHAPHON CHCTEMBI 3IEKTPUIECKHX 3aps-
moB ). Auanorust MexKLy pONbIO BEKTOPHOrO M CKAJISIPHOTO IIOTEH-
UHaJIOB OCODEHHO OTYETIMBO BBIABJISETCH IPU COMOCTABIEHMH (HOp-
MYJI OJI 3NEKTPOCTATHYECKOr0 M MarHUTHOIO IOJIeii:

- [PR =1 [liR]
E_/E;dv, H_C/deV,

= [pV =£fid_V
(p fR, c R’
E = —grad ¢, H =rot A.

M3 sToro comocrasjienusi SIBCTByeT Tak»Ke, YTO BEKTOP ILIOTHOCTH
TOKa, WrpaeT OJf MArHuTHOTO IIONSA TaKyi0 e pOJib, KaK CKaJIap
IIJIOTHOCTH 3apSIOB A TIONSA IEKTPUIECKOTO.

4. [lepeiigeM Tenepb OT MHTErpaJbHBIX COOTHOIUEHMI K gudde-
PEHIXAIBHBEIM YDaBHEHHAM JJIs1 BEKTOP-IIOTEHIINAJIA.

Ecnu BBECTM MPOM3IBOJLHYI) CHCTEMY JEKAPTOBBIX KOOPAMHAT
z, Y, z, To ypasHenue (46.1) MoXXHO 3amucaTh B ciegyomel gpopme:

1 [ 3:dV 1 [ 3,dV 1 [ 3:dV

A = - = A, =~ [ 22— A, == [ 22—, 46.4

T e R ) ) c R’ z p R ( )

Kaxxmoe w3 3THX BIPaXKeHMIT IJId KAXKJ0H U3 CJATAIOMUX BEKTO-

pa A COBepIIeHHO aHAJIOTMYHO BHIPAXKEHUIO CKAISPHOTO IOTEHIMAJIA,
AEKTPOCTATUYECCKOIO ITOJIS:

= [edV
(p—/R'

B § 12 6bu10 10Ka3aHO, 9TO 3TO MOCIEIHEE BHIPAYKEHUE SABJISETCS
pemrenueM (uHTerpajoM) gucddepeHnuaabHoro ypastenus Ilyacco-
Ha (11.3):

Vi = ~4mp.
Cneposarenbo, u Bblpaxenus (46.4) ais craraioumpx BeKTOP-TIO-
TEHHUaJIa SABIAIOTCH PelleHUsMH Cleayommx auddepeHnInaIbHBIX
ypasuenuii Ilyaccona:

47 . 47 . 4T .
ViAz=-Tjs, VA, =-Tj, V4 =-Tj.

DTy Tpu ypaBHeHMs1 [JIsl CIaralomux BeKTopa A, corumacHo (41%),
PaBHO3HAYMHb! OJHOMY BEKTOPDHOMY YPAaBHEHHIO

V2A =15, (46.5)

1) Kax mmut ybemumcsa B JasibHeflleM, MAarHUTHOE Iojle TOKOB, KaK U BCAKOE
BUXpEBOE I107Ie, OAHO3HAYMHBIM CKaJAPHBIM NOTEHIMAJIOM He 061ajaer.
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KOTOpOe M #BJfETCS HCKOMBEIM IuddepeHanbHbIM yPaBHEHHEM
JUTsl BEKTOPHOTO TTOTEHIUAA.

HaMm ocraeTcss TONBKO paccMOTPETh BOMPOC O TOM, TPHM KaKHUX
YCII0BUSIX MHTErpajbHOe Bbipakenue (46.1) mjis BEKTOPHOrO HOTEH-
[UaJIa 00HO3HAWHO BBITEKaeT u3 JuddepeHnuaJbHOTO ypaBHEHUs
(46.5). B § 12 Obutn ucciegoBaHbl YCIIOBHS, IIPH KOTOPHIX [IPUBE/EH-
HOE BLIIIE UHTErpajibHOE BHIPAXKEHME ISl (¢ OOJHO3HAYHO BBITEKAET
u3 ypasHenust [Iyaccona. IloBTopsisa Bce paccyxmeuus § 12 ¢ 3ame-
HOlt ¢ Ha Az, Ay, A; u p Ha jz/c, j,/c, 3:/c v nonaras, KpoMe TOro,
o = 0, MBI IpUJIEM K TOMY pe3yJIbTaTy, YTO MHTErPajibHOE BHIpasKe-
uve (46.1) mis A apisterca eduncmeennvim pemienneM gugdepes-
HUAJIbHOTO ypaBHeHus: (46.5), yAOBIETBOPAIONIMM CICAYIOUM YCIO-
BHSIM:

1) kak caM BeKTOp A, Tak ¥ €ro IPOCTPAHCTBEHHBIE IPOU3BOAHbBIE
KOHEYHbI U HENpEPLIBHEI BO BCEM MPOCTPAHCTBE;

2) B 6ECKOHEYHOCTH KaXKAas U3 caaraonmx Ag Bekropa A ynos-
sieTopsieT ycnosusiM THma, (12.10):

RA, w R2?VA, ocraiorcs kKoHeunbivu ipy R — 00, (46.6)

IIpu 3TOM, pa3yMeercs, ITPelloNaraeTcs, YTO IIOTHOCTD j BO3OYX-
JAXOUINX TI0JIe TOKOB KOHEYHA BO BCEM HPOCTPAHCTBE U HACTONBKO
6uicTpo yObIBaer ¢ R, yto unrerpan (46 1) cxogutcst. Ecim xe Bre-
CTH B PACCMOTpEHME IOBEPXHOCTHBIE TOKM, O0'beMHAs IINIOTHOCTH j
KOTODPBiX OecKOHeUHa, TO BhIpAaKeHUE (46.13 HY>KHO JOIOJHUTE elle
omuuM uieHoM (cM. § 49).

5. 3aMeTUM B 33K/II0YEHHE, YTO [IePBbie IPOU3BOAHBIE BEKTOPa A
IO KOOPAMHATAM CBS3AHBI MEXIY cODOI0 COOTHOIIEHMEM

divA =0. (46.7)

IeitcrurensHo, u3 ypasHerus (46.1) cnemyer:
divA =1 diva/ﬂ,
c R

r7ie MHAEKC 4 ¥ 3HAKa AMBEPTeHIMH 03HAYAET, YTO IPOCTPAHCTBEHHOE

nuddepeHIMpoRaHHe IPOM3IBOAUTCS IO KOOPAUHATAM TOYKH Hab0-

npenust P. Ho, kak yxa3wIBaJIoCh B Hauaje 3Toro naparpada, nops-

IOK OIepalyil MHTerpHPOBaHKs MO 0HbeMy TOKOB U auddepeHin-

pOBaHUS IO TOYKe HabIIONeHHs] MOXKeT ObITh U3MEHeH Ha OODaTHLIIL.
Crtano 6BITD,

divA = l/diva (i) av.
c R
IIpumensst ypasHenue (435), MOXKeM HaIuCaTb

S 1 N 1\ _ . 1
div, (E) =+ div, j + jgrad, (E) = jgrad, (E) ,

ub0 3HaUEHUE BEKTOpa j OT KOOPJMHAT TOYKH Habmawojenus P He

3aBUCHT, BBugy 4ero div,j = 0. C gpyroii CTOPOHBI, BOCIIONL30BaB-

muck opmynodi (10*) u npuMeHns 3aTeM BTOpu4HO dopmy.y (43*),
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IOy 9UM
. 1 . 1 . {j 1 5. .
jegrad, (—I-E) = —jgrad, (E) = —div, (;) + 7 divg j.
IMocneuuit wien CHOBa PaBeH HyIio, MO0 OUBEPIeHLus BEKTOPa j
paBHa Hymo [ypasuenue (37.4)]. Crano 6bITb, OKOHYATENBHO:

divy (L) = —divg (1), diva=-3 /divq (L) av.
R R c R
IMoceaquuii MHTErpaJ MOXKHO IpeoOpa3oBaTh 1o TeopeMe [ayc-
ca, H6O NpPOCTPAHCTBeHHOe JudypepeHHPOBaHUE IO 3JHAKOM HHTer-
pajla IPOM3BOAMTCA IO TeM XKe KOOPAMHATAM TOYEK HCTOKA, KakK M
HHTerpupoBanue (B OTIMYME OT IPEIUIECTBYIOUIEr0 BHIpaXKEHUs IJ1s1
div A, B KoTopoM gudpepeHnupoBanue N0/ 3HAKOM MHTErPaJIa mpo-
M3BOAMIIOCH MO KOOpAMHATAM TOYKM Habirogenusi). CleqoBaTebHO,

divA = -1 2 45,
c R

IpUYeM MHTerPUPOBaHHE JIOIKHO OBITh PACIPOCTPAHEHO 10 [T0BEpX-
HOCTH BCEX 00TeKaeMbIX TOKOM MpPOBOAHUKOB. Ho Ha moeepxHOCTH
IIPOBOJHUKOB, COTJIaCHO ypasHenuio (37.6),

Jn=10;

CJIeJ0BATEILHO,
divA =0,

9TO | TpeGOBaJIOCI: HAOKa3aTh.

§ 47. Iuddepenpnanbabie ypaBHEeHUsT MATHUTHOTO [MOJIS.
upkynsanusa Hanps>KeHHOCTA MAarHUTHOTO 0SS

1. Tak Kak JuBepreHiusl BCSIKOTO POTOpa BCETOa paBHA HYJIIO
[ypaBuenne (42%)], To us ypaBHenus (46.2) HenOCpeACTBEHHO BHITE-
KaeT BecbMa BaKHOE YpaBHEHHE:

divH = 0. (47.1)

C mpyroii cTopoHsl, 00pa30BbIBAs POTOP OT 06EUX CTOPOH TOr0
e ypapHeHus (46.2), mosydaem Ha ocHOBaHUM ypaBHeHus (42%):

rot H = rot rot A = grad divA — V2A,
WK, BBUAy ypasHeHus (46.7),
rot H = —V?A. (47.2)

Buocs cioma Beipaxcenne (46.5) mis VZA, mosmywyaeM OKoHda-
TEIBHO:

rotH = ég-j. (47.3)
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Ypaeuenust (47.1) u (47.3) npeacrasnsior cobol MOIHYIO CHCTe-
MY OCHOBHBIX JudepeHIHaNbHBIX YPABHEHHH MATHUTHOTO TIOJIS T10-
CTOSIHHBIX TOKOB {cM. § 49).

2. PaccMOTpPUM IMPKYJIALMMIO MAarHUTHOrO BekTopa H mo npous-
BOJIbHOM 3aMKHyTo# mauu L. Ha ocHoBanvu Teopemm Ctokca (27%)
u ypaBHeHus (47.3) Mbl MOXeM HammuCaTh

9535 ds = / rot, HdS = = / jn dS, (47.4)
L S s

MPUYEM TIOBEPXHOCTHBIE MHTEIPAJIBI MOT'YT GBITH PACIPOCTPAHEHH! 110
060t 13 MOBEPXHOCTEH, OMmUpalomuxcs Ha KoHTyp L (cM. mpwuito-
xenwue, . 593). Bnpouem, HeTPYAHO ¥ HEMOCPEACTBEHHO yHeauThCH,
4yTO 6s1Aro/Iaps 3aMEHYMOCTMU ITIOCTOSHHBIX TOKOB 3HAYEHME ITHUX TI0-
BEPXHOCTHBIX MHTETPAJIOB 3aBUCHUT JIMIIb OT KOHTYpa L MOBepXHOCTH
uHTerpuposanuss S. JefcTBUTENbHO, cornacHo ypasHenuioo (36.3),
In dS paBHO cuiie ToKa dJ, IPOXOOAIIETO YePe3 JEMEeHT OBEPXHOC-
Td dS B HaIlpaBJ/IeHNH ee MOJIOXKUTeNbHOM HopMand. Clie1oBaTeNbHO,

Szﬁﬂst:%’i/jnds:ig}:J, (47.5)
L s

rae Y. J ecrb anrebpandeckas CyMMa CHJI TOKOB, IPOHHM3BIBAIOIIMX
KOHTYP L; TOKM 3TH JO/IKHBI CUUTATHCH IOJOKUTENbHEIMU HIM
OTpUUATEBHBIME, B 3aBHCMMOCTH OT TO- J,>0

r0, COCTABJSIOT JIM UX HANDABJICHUL C Ha-
MIPABJIEHUEM IIOJIOXKHTEJIBLHOO 00X0Za KOH-
Typa L npaBo- M NEBOBUHTOBYIO CUCTEMY
(puc. 47).

Eciu ke gse nosepxHoctu S u S’ onu-
paroTca Ho oduH U mom xce xoumyp L, To
COBOKYIIHOCTH 3THX NOBEPXHOCTeH obpazyeT
OJiHY 3AaMKHYTYI0 IIOBEDXHOCTH, OFDAHMYH-
BAIOIIYI0 HEKOTOpHiHt obbem V. Baarogapsa
3aMKHYTOCTH IIOCTOSHHBIX TOKOB KOJIMYE-
CTBO 3JIEKTPHYECTBa Y, J, BTEKAIOLIETO
yepes S B eIMHULY BpeMeHU B 00beM V', 1oil-
JKHO PaBHATBCA KONWYECTBY 3MEKTPUYECTBA
3" J, BeITekamoliero u3 aroro obbeMa depes
nosepxHOCTh S'. Takum 06pazoM, BEJUYKHHA
S J neticteuTensHo GyneT oAMHAKOBA IS
obeux mosepxHocreit S u S’ Puc 47

VTak, cornacHo ypasHeHuio (47.5), UHPKyAsL#s BEKTOPA HAIPS-
’KEeHHOCTM MAarHUTHOIO IIOJId 1O KPUBOM, HE OXBATHIBAaIONIeil TOKOB,
PaBHa HYJIIO, HUPKYJISIHsI e 10 KPUBOH, OXBATHIBAIONIEH TOKH, PaB-
Ha TIOMHOXKEHHOH Ha 47/¢ cyMMe Cuil 9TUX TOKOB (B3SITHIX C HaJIe-
JKAIIMMU 3HAKaMH). JTa TeopeMa SBJSeTCs OJHON U3 BasKHeHIHX B
TEOPHUH MATHHUTHOTO TOJS.
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S3anadua 30. okazars, ucxonst us ypasueHus (47.4), yro Ha-
IPSIKEHHOCTH II0JIST TOKA CHJIbI J, IPOTEKAIEro 0 HeCKOHEYHOMY
IIPSIMOJIMHEMHOMY KPyrOBOMY IWJIMHJPY PaAMyca rg, PaBHA

He=3'1 (mpur 21r9) u H;= 2";
er er

a
rge r eCThb PacCTOsAHHME TOYKH IIOJId OT OCH TOKa, NpHUYeM CHJIOBHIE

JIMHAY TTOJIS MIPEACTABJISAIOT CO00i KOHIEHTPUYECKHE TOKY OKPYKHO-
cru. (OM. Takixe anis cpaBHeHUud 3ana4dy 25.)

(mpm 7 < 1),

§ 48. Ilons moTeHUMANBHBIE M TIOJA COJIEHOMIAJILHBIE.
Conocrasaenne gudpepeHMaibHEIX YpaBHEHR
JIEKTPUYIECKOT0 ¥ MAarHUTHOTO moJieit

1 B § 7 u8 Mbl mokasamu, 4To HEOOXOMUMBIM M AOCTATOYHBIM
YCJIOBUEM TOTO, 4TOOB! II0JIe MPOU3BONBHOIO BEKTOPA a ObLIO IojeM
NOMENUYUAALHILM, FBJISIETCS PABEHCTBO HYJIO LUDPKYISLAHU BEKTODA
110 J1I060My 3aMKHYTOMY KOHTYDY [ypaBHeHuE (7.3)??

315% ds = 0. (48.1)

B sToM u TONLKO B 3TOM CJIy4ae MOXKHO BBECTU OJHO3HAMHBIM
CKaJIPHLIA TOTeHINAJI 1 BEKTOPA &, ONPeAeNsIeMblii COOTHOUIEHHEM
2

iy ~ 1y = / as ds, (48.2)
1

IpU9eM BEKTOP &, COIJIACHO pe3yJbTaTaM § 10, OKasbIBaeTCs paBHBIM

IPaJIMEHTY ITOTO TOTEHMAA, B3STOMY ¢ OOPATHBIM 3HAKOM ) :
a = —grad . (48.3)
Janee, B § 7 MBI II0KA3aJ¥, YTO BEKTOD, YAOBAETBOPSIIOUIHNA KH-
TerpajbHoMy yonoBuio (48.1), ymosnerBopser Tak:xke mudcepenuu-

AJIbHOMY yPaBHEHHIO

rota=90 (48.4)
BO BCEX TO4YKax mpocrpancrsa?). OGparHo, u3 ypapHemus (48.4)
cnenyer ypasHenue (48.1). Takum o6pasom, ycrnosus (48.1) u (48.4)

1) Xora paccyxneHus § 7, 8 u 10 orHOCATCA HeMOCPeACTBEHHO K BEKTODY Ha-
NPAXKEHHOCTH NIEKTPHYECKOrO IMOJH, OJHAKO, KAK Yy3Ke YKa3hlBaloCh TaM XKe,
BCE ITH PACCYXKAECHUA IPUMEHUMEL KO BCAKOMY BEKTODY &, HUPKYJIAILHA KOTOPO-
ro M0 7POU3B0ALHOMY KOHTYDY TOXKIECTBEHHO PaBHA HYMO. KOHeYHO, npu 3TOM
BCTPEUYAOMAaAcd B 3TuX nmaparpadax seandyuHa A yxe se Gyaer, Boobuye rosop4,
npeacrasasTs coboit pabory cun mons; ¢pusmdeckuit cMuIca ee Gyner 3aBucers
OT CMbICJIa BEKTODa A.

%) Ypapuenne (48.4) Moxer GbiTh TAKKE HEMOCDPEACTREHHO MOAYIero u3 (48.3)

Ha OCHOBAHWM M3BeCTHOH POPMYH BeKTOpHOro aHanu3a (42]), cOriacHoO KOTO-
poit POTOD rpajiMeHTa TOXKIECTBEHHO paBeH HYJIO.
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3KBHBAJICHTHBLI ADPYT JAPYry, U CJAEJ0BATENBHO, HEOOXOAUMBIM H J10-
CTATOYHBIM YCJIOBHEM TOro, 4TOOBI HOJIE BEKTOpa a obyaganio oj-
HO3HAYHBIM CKAJIAPHBIM MOTEHIUAOM, ABJIAETCH PABEHCTBO HYJIIO
rot a Bo Bcex TOYKax NPOCTpaHCTBA. [109TOMY HOSIE NOTeHUMAIBHOE
Ha3BLIBACTCH TaKXKe IOJIEM 6E36UTPEBHM.

B 4aCTHOCTH, HANPAKEHHOCTD MOCTOSTHHOTO 3JIeKTPHYECKOTO T10-
a5 E ynosnersopsaer ycnosuio (48.1) [eM. ypasrenne (7.3)] u nosro-
My 00/IaJ]aeT CKAJNSPHBIM MOTEHIUATIOM (O, 3 TAKXKE YIOBJIETBOPSET
audbdbepernHaIbHOMY ypaBHeHUI0 THia (48.4):

rotE =0 (48.5)

[cM. ypasuenne (7.6)].
2. ComocraBuM CUCTeMy ypaBHEHUI Ui HAIPSAKEHHOCTEH Mar-
HHTHOIO U 3JIEKTPOCTATHYECKOrO IOJIeH:

divE = 4mp, divH =0,
rot E =0, rotHz%j.

MaruuTHoe noJie, B OTJIM4YHE OT TIOJIA 3MEKTPOCTATHYUECKOTO, €CTh
[0Jie BUXPEBOe, U IPHUTOM YUCTO BUXPEBOE B TOM CMBICTE, YTO [Ju-
BEPreHIUs €ro BCIOJy paBHa Hyso. Takue nosid Ha3BIBAIOTCH TaKXKe
coaenoudarvromuy. 11oaToMy ckangapHbIM noTeHIMaNOM (10 Kpaiineit
Mepe, OHO3HAYHBIM CKAJISIPHBIM MOTEHIUAI0M, — CM. JaJbIle) Mar-
HUTHOE 1oJie He obmanaer. Ilomo6HO TOMyY, Kak MOTEHUHAIBHOE 3JIeK-
TPOCTATHYIECKOE HOJIe IOJHOCTHIO OUPEJENSeTCd 3aJaHHEM CHIIBI ero
HCTOKOB (T. €. 331aHIeM ero JUBEPreHuu Kak hyHKIUI KOOPAUHAT),
TaK BUXPEBOE MATHHTHOE HOJE IOJIHOCTBIO ONpenesdeTcs 3aJaHueM
MougHocy ezo éurpeti, T. €. 3aJaHUEM POTOPa oM KaK (MbyHKIUH
koopaunar. CornacHo ypasHenuio (47.3) BUXpU MarHHTHOrO IO
DACIOJIOXKEHBl B yJaCTKAX M0Jis1, 00TEKaEMBIX TOKaMH, U TOJIBKO B HHEX,
Ip¥YeM MOMHOCTD 3TUX BUXPeil (T. €. POTOD) NPONOPUHOHAILHA, TUIOT-
HOCTH TOKa j. HBIMM C/10BaMH, OOTEKAEMble TOKAMH YYACTKH IOJId
MOr'yT OBITH Ha3BAHBI 6UTPEEBIM NPOCTPAHCTNEOM MATHUTHOT'O NOJIS.

§ 49. ITorpanuyHble YCJIOBHS B MAarHUTHOM IIOJIE TOKOB.
IToBepxuocTHbie TOKH. IloBEpXHOCTHBIH poTOp.
ITone BeckoHEYHOrO COJIeHOUAA

1. C yesiblo yCTAHOBJICHHS [TOTPAHUYHBIX YCJIOBHA, KOTOPHIM J10J1-
JKEH yI0BJIETBOPATH BEKTOP MarHUTHOTO II0JiA Ha MOBEPXHOCTHX pa3-
PBIBA, NPEANONOKUM CHA4asa, YTO BO BCEX MPOBOJHHKAX H, B 4aCT-
HOCTH, B IPOBOJAIIMX TOK TOHKHUX CJIOSIX, €CJIM TAKHUE CYIIECTBYIOT,
o0beMHasa TIOTHOCTh TOKOB j BCIOLY OCTaeTcd KoHeyHoit. Bynem za-
TE€M CTPEMMTDL TOMIMHY dl 3THX 0OTEKAEMBIX TOKOM CI0EB K HyJIIO
u nmorpebyeM, urobbl ypasHenusi noust (47.1) u (47.3) ocrasasmuce
CIPaBe/VIMBBIMU B 3THX CIOSX U B IPEJENbHOM ClyyYae npH dl = (.
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S1uM TpeGOBAHHEM HCKOMBIE TOIDAHUYHBIE YCIOBHS ONPEIEIISIIOTCS
OJIHOBHAYHO,

HeiicTBUTENBHO, HA OCHOBAHHM 3TOTO TPeOOBAHHSA U3 YDaBHEHHSA
(47.1) nomyynm, cornacHo ypasHeHHIO (6.7), norpaHUYHEBIE yCIIOBHS
[T HOPMAJIBHOM criaraomget BekTopa H:

DivH = Hy, — Hy,, = 0. (49.1)

Unrerpupys xe ypasenue (47.3) no nosepxHocT S, NOIyYuM Ha
ocHoBaHUH TeopeMbl CTokca (27*) ypasnenue (47.4)

¢ma=% jn dS.
L

BosbMeM npoWsBONBHBIE CI0M TOMMHHBL dl, oTaendOmAi cpe-
Ay 1 oT cpegpl 2, U pacCMOTPHM 3IE€MEHT HOPMAJbHOIO CedeHHd
storo cioa dS = dldt, samrpuxosanusit Ha puc. 48. IlpuMerum
WHTerpajbHoe ypasHenue (47.4)
K 3TOMY 3n1eMeHry. Hampasie-
2 HUE IOJOXHUTENBHOro 06X01a 3T0-

ro y4acTKa BhiDepeM, HarmpHMep,

t 7 TaK, KaK YKa3aHO Ha DHCYHKeE.

- / dl ! Ecnu MB1 cTaneM cTpeMHTH K

7 o HYyJIIO TOJIIIMHY cnosi dl, ocTaBigs

IJIAHY PACcCMATPHBAEMOI0 y4acT-

Puc. 48 Ka dt HEeM3MEHHOH, TO ILJIOMAIbL

3TOro y4actka Oy/IeT TaKKe CTpe-

MHTBCA K Hymo. Jlesas ke 4actb ypasuenus (47.4) npu dl — 0
cBesieTcst (BIUIOTH [0 BEJMUHUH BTOPOTO MOPAKA MAJIOCTH) K

¢Hs ds = (Hgt - Hlt) dt,

rae Hy u Hs cyts 3Hagenust sektopa H B neproit u Bropoii cpenax,
a t — eIUHUYHBII BEKTOP, KacarejbHBIH K MOBEPXHOCTH pa3ielia U
JIEXKAIIHHA B [JIOCKOCTH CEYEHHH CIIOH.

Yro ke KacaeTcs nNpapol 9acTH ypasHeHus (47.4), To ona Ipo-
NOPUHOHAJIbHA CHUJIE TOKa, MPOTEKAOIEro Yepe3 momaaxky di di, u
HO3TOMY cBefeTca K Hymo npu dl = 0, ecnn o0beMHAs MIOTHOCTD
TOKa j KOHEYHA, KaK MBI BCEIma J0 CuX mop mnpegnosaramd. OnHa-
KO B pAlle CJIy49aeB, eCJIH TOKH COCPeJOTOYEHBI B CJIO€ BEChMa Ma-
JIOH TONMAHEL, YA00HO pAacCMaTpUBATh NpEAesbHBI CIy4ail TOKOB,
MPOTEKAIINX N0 OECKOHEYHO TOHKHM IIOBEDXHOCTSIM, T. €. 1MOKOS
noeeprHOCMHHE (Cp. 0O0beMHBIC M IOBEPXHOCTHBIE 3JIEKTPHYCCKHE
3apsAIb).

2. Hon naomnocmovlo 1 NOBEPTHOCIHHBT MOKOE, B OTJIHYHE OT
IJIOTHOCTH J TOKOB OObLEMHBIX, MBI OyJeM NOHMMATh KOJIUYECTBO
3JIeKTPUYECTBa, MPOTEKAIONIEr0 B EAMHUIYY BPEMEHH depe3 edunu-
Yy OAUMDL OMPE3Ka, PACIOIOKEHHOIO Ha IIOBEPXHOCTH, 10 KOTODPOH
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TeYeT TOK, U IEPIEeHARKYIAPHOro Hanpasiennio Toka. Ecnu 1 ony-
HO OT HyJIsi, TO CHJIA TOKA, POTEKAIIIEr0 Yepe3 3aIlTPUXOBAHHYIO
wromaaky dtdl (cm. puc. 48), B mpegene npu dl — 0 okaxercs,
O4YEeBHUIHO, paBHOHI

limj, dS = lim j, dtdl = iy dt, (49.2)

rie 1N eCTh NEPHEHAHKYNApHad K t Cyiaraomasd mioTHOCTH OBepX-
HOCTHOT0 TOKa. MBI BBesTH 3716k uHAeKe N BMeCTo 12, YTOOBI coXpa-
HHUTL 32 1 3HAYEHHe HOPMaJH K HOBEPXHOCTH pa3jeiia (N Halpas-
neno u3 cpeasl 1 B cpefy 2). Ilog N Hy»XHO MOHHMATDH €JUHHYHBIH
BEKTOD, KACATEIBHBINA K IOBEPXHOCTH U NEPIeHIRKYIAPHBIA K Kaca-
TeJILHOMY Ke BeKTopy t.

Brocs nostyuenHbie Bripaykenusi B (47.4), naiigeM nociae coxpa-
meHud Ha df ICKOMOe NOUPaHHYHOE YCIOBHE:
n

47
TN = Hoy — Hy,.

M3 paccmorpenuss puc. 48, B Ko-
TOPOM, COOTBETCTBEHHO H3OpaHHOMY
HaMH HATIPaBJIEHIIO 06X0/1a 3aIITPY-
XOBaHHOU miomaakH dit dl, sekrop N
IOJIKEH OBbITh HATPABJEH HA YHTATE- N
JI, MOXKHO yDeauThCa, 4TO B3aHM- Puc. 49
HO IEpHeHIHKYJIAPHbIE €JHHAIHbIE :

BekTopbl t, N, N COCTABJIAIOT MPaBOBUHTOBYIO cucTeMy (puc. 49),

TaK 9TO
t = [Nnj.

Ctano 6BITS,
H, =Ht = H[Nn] = N[nH}, iy =Ni
Buocs 3T0 B NpeAIIECTBYIONIEe YpaBHEHHE, IOIyYUM

NI Nin(H; — Hy)].

Tak kak N MOXKeT HUMeTh NpPOM3BOJIBLHOE HANPABJEHHE B TIOCKOCTH
pasnena, To

T = [nH,) - [nHy]. (49.3)

DT0 ypaBHEHUE U IIPeCTABIAET COOOM TO MOTPAHUYHOE YCIOBUE,
KOTOPOMY TIpY HAJIHYHH MOBEPXHOCTHHIX TOKOB Ha MMOBEPXHOCTH Pas-
JleJ1a, IOJKHEI yJIOBJIETBOPATE KacamenbHbie CIaraline sekropa H
(w60 JMIUB STH ClAralomye U BXOAAT B Belpaxkenue [nH]).

IIpu oTCcyTCTBHH NOBEPXHOCTHBIX TOKOB 3TO MOIPaHHYHOE YCIO-

BHe TPUHUMAET BHUJ
[n(H, — H;)} = 0. (49.4)

DTO0 ypaBHEHHE O3HAYAET, YTO (JIAraioiide HAIPAXKEHHOCTH I0-
asi H, kacaresbHbIe K NPOH3BOJIBHOM MOBEPXHOCTY, HENPEDPHIBHEI,
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T. €. YTO IIPH OTCYTCTBHH [TOBEPXHOCTHBIX TOKOB AJIA JIIOOOTO Kaca-
TEJBLHOTO HaIlpaBiieHH: t

Hay = Hy,. (49.5)

Ouesugno, yro ypastenus (49.4) u (49.5) skBUBa/IeHTHE ADYT
ApYTY.

3. U3 npeamecTsyomero ABCTBYET, YTO, BOOOILE TOBODPH, eC/Id
JIB2. NPOUIBOALHHT BEKTOPA & H j CBA3aHBI COOTHOLIEHHEM

rot a = 4nj,

TO Ha HOBEPXHOCTHAX PAa3pPhIBa 3THX BEKTOPOB CBA3BIBAKOLIEE HX CO-
OTHOUICHHWE ITPHHUMACT BHJ,

[n(az —ay)] = 4,

rJe i mosyyaerca u3 j mnpenesbHBIM nepexogoM tama (49.2). Tlo-
3TOMY JIEBYIO HaCTh TMOCHEHEr0 VpaBHEHHs ITPUHATO HA3BLIBATL N0-
GEPTHOCTIHGM POMOPOM BEKTOPA & U, B OTJIHYHE OT ODBIKHOBEHHOTO
poTopa, obo3nauyath uepe3 Rot ¢ nponuctotl 6ykse R:

Rota = [n(ag — a;)] (49.6)

(cp. onpezesnenue NOBEPXHOCTHO!H AuBeprennud B § 6). ITo anamorun
¢ ypapuenueM (6.8) Mbl, TakuM 0GpPa30M, MOXKEM BBIPA3UTH TOILKO
4970 chHOPMYITHPOBAHHOE NOJOKEHUE B CICAYIONIEM CHMBOIHYECKOM
BUJIE:

rota = 4nj — Rota = 4ri. (49.7)

4. Wrak, norpanuynsie ycaosus (49.1) u (49.3) pna MarHuTHOTO
HOJIA MOCTOSTHHBIX TOKOB MOIYT OBITH 3aIMCAHBl CIEAYIOMHM 06pa-
30M:

DivH =0, RotH=Tj (49.8)

c
Iorpanuynsie ycnoeus (4.3) u (7.7) Ana cTanuoOHAPHOTO 3JEK-
TPUYECKOTO MOJid B BAKYyMe Ha OCHOBAHUH SKBHBAJIEHTHOCTH YpaB-
Henuil Tuna (49.4) u (49.5) Moryr GbITH 3aIIUCAHBI Tak:

DivE =4ro, RotE =0. (49.9)

Ypapuenusi

rot H = %”j, Rot H = %i,

divH =0, DivH =0

IPEACTABISIOT coDOl noaryto cucmemy nuddepeHIUaIRHBIX YPaB-
HEHUH MAarHUTHOTO MOJfA IOCTORMHHBIX TOKOB. [IpyruMu CJIOBaMd,
cucremoii (B) MarnuTHOE 110Ji€ ONIPEJEsIAETCH 0JHO3HANHO, €CITH W3-
BECTHO paclpeesieHHe TOKOB j ¥ 1 ¥ ecsin Ha 0ECKOHEYHOCTH YHOB-
JIETBOPEHO YCIOBHE

(B)

HR? mpu R — 00 ocTaeTcs KOHEYHBIM, (49.10)
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O3HAYAIOHIEe, 4TO BCe BO30YKIAIOMIHe NOJIE TOKH PACIONOKEHBI B
KOHewHoll obsiacti mpoctpaHcrsa [cp. (12.10) u (46.6)}; obparHo,
ecJId 3a/aHa HalpsKeHHOCTs mosid H B Kax0if TOYKe npocTpan-
crBa, To cucremoit (B) osHO3HaMHO ompeneseTcs pacmpeesieHue
TOKOB i H j.

Bropoe yTBep:KAeHAe OYEBAIHO; [UIA JOKA3ATENLCTRA XKe NEePROro Ipenylo-
JIOKHM, 9T0 cymecTBywoT npa pemenus H u H' cucremur (B) npu samannmx j
u i. Brocs oba pemenns B (B) M BHYATAs 3aTeM COOTBETCTBeHHBIE YPABHEHHS
OJHO M3 APYTOro, HOJIYIHM

"o "o
rot H" =0, RotH” =0, (B')
divH" =0, DivH" =0,

rae H' = H — H'. ajee, nonaras H” = rot A", uro Bcerna B03MOMXKHO, BBIIY
divH" = 0, mony4aem ra ocropannu (44*) u (B') creayomyo nens paseHcTs:

H" =H"rot A" = div[A"H"] + A" 1ot H" = div[A"H"].

Crano 6bith, HaTErpat or H"? no npoussonstoMy 06beMy, OrpaHHIeHHOMY
nosepxHOCTHI0 S, Byner Ha ocHoraruH (17*) paBen

/ H"?av = / diviA"H"}dV = %[A”H"]n ds, (49.11)

nipudeM IOBEPXHOCTHLIE MHTErpajl AOJDKEeH ObITh B3AT JHIIb IO HOTPAHHYHOH
noeepxuoctu S, 160 ro BCeMm none, cornacro (B'), sexTop H”, a crano 6uith, n
pexTop A" 0CTAIOTCA HENpepHIBHBIME.

Ecim Tenepb pacHpOCTPAaHATL MHTETDHPOBAHUE HA OOBEM NOAHO20 NOAA
(c. 84), To na ocnosamvm (49.10) mATerpan no MOrpaHMYHOR NOBepxHOCTH S
obparmrca B Hyab 1) . Crano 6uiTh, f H"?dV = 0, orkyna ciaeayer, uro H” =
= H — H' Bo Bcex Toukax noid obpalaeTca B HYJb. DTHM W JOKA3LIBAETCA
OLHO3HAYHOCTL pemenus cucremst (B).

5. 3aMeTHM, 4TO NPH HATHYHH MOBEPXHOCTHHIX TOKOB BBIPaXKe-
wus (44.3) u (46.1) pus manmpsoxkennocTH nons H u aist sekrop-
HoTeHIHas 8 A IPHHEMAIOT BUJL

_ 1 134 1 [iR]
H=: (Wl B (49.12)
1 1 [
A~Z/I—%dV+Ef}—%dS, (49.13)

r/le IOBEPXHOCTHbIE WHTETPAIIBI JIOIKHBI OBITH PACIPOCTPAHEHBI IO
BCEM IIOBEPXHOCTAM, 00TEKAEMBIM ITOBEPXHOCTHLIMH TOKaMu. B crpa-
BeIJTUBOCTH 3TUX 0DODIIEHHBIX BHIPAYXKEHUH JIerko yHe uThes myTeM
[IPEIEIBHOTO MEPEXOAA OT TOKOB OOBEMHBIX K TOKaM IOBEPXHOCT-
HbIM.

1y Tak xax H Bbipaxaercs depe3 npOM3BOIHEIE BEKTOD-TMOTEHIMAA A, To npn
ycnoBun (49.10) 3TOT BCNOMOTATEIBHBIN BEKTOD BCETAA MOXKeT GbITh BHIGpAH Tak,
4To0bl HA 6ECKOHETHOCTH YI0BIETROPAJIOCH yCJIOBYE:

AR npu R — 00 0CTaeTCs KOHEMHBIM [CM. TakXKe ypapHeHue (46.6)].

8 U. E. Tamm
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B jannHefiimeM Mbl MTOBCIOLY, €CIH TOABKO ABHO He OymeT oro-
BODEHO IIPOTHBHOE, OYAEM CYHTATH MOBEPXHOCTHBIE JIEKTPUUECKHE
TOKH OTCYTCTBYIoUmME (2 = 0).

I1 pumMe p. Mazhumuoe nose 6eCKOHENHO20 YUAUHIPUNECKOZO
coaeroude. llpennonoxumM, 9To TOK J HHPKYIUpyeTr MO IIPOBOJHH-
Ky, HAMOTAaHHOMY I10 BHHTOBOH JIMHHH HA MOBEPXHOCTH MUJHHIDA
cegenus S. Takoit 00TekaeMblif TOKOM UMIHHAD HAa3bIBAETCH [WJIHH-
JIPHUECKAM COAEHOUTOM.

[TycTs Ha equHULY JUTHHB! UIHHADA OIPHUXOJAUTCA 72 BHTKOB PO~
BOJHUKA. ECIM X0OA BUHTOBOH JIMHUH AOCTATONMHO MaJ, TO KasKIbIH
BUTOK COJIPHOW/IA MOXXHO IIPUOIMKEHHO 3aMEHHTh 3aMKHYTHIM KOJIb-
11e00pA3HBIM TOKOM TOH K€ CH/IbL. ECIH K TOMY e cedeHHe MPOBO/I-
HHUKA MaJIO IO CPABHEHUIO C CEYEHHEM IHJIMH/IPA, TO MOKHO TPHOIIH-
JKEHHO CHHTATH, YTO 10 GECKOHEYHO TOHKOH IOBEPXHOCTH IHJIHHIDA
DUDKYJIUPYET DABHOMEPHO DACIPEENEHHBIN No8epTHocmtbiti TOK

fioTHoCTH i =nd (49.14)

JIMHHH 3TOro TOKa NPEACTABISIOT CODOM OKPYKHOCTH, 00pa30BAH-
Hbl€ CeYEHHEM MOBEPXHOCTH LHJIMH/PA MIOCKOCTAMHU, MEepPIeHAUKY-
JIAPHBIMU €r0 OCH.

ITpeanonoxuM, 4TO HAII COIEHOU/], IPEACTABISET COO00 IUIHHD
HeckoneuHoll AnuHEL. B 3ToM ciyyae mosie BHe coseHouna H, paBHO
HYJIIO, & IoJie BHYTpH cosieHouna H, ogHoponno u pasHO

H, = 47”% =%nJ, H.=0, (49.15)

npuueM H, HanpaB/ieHo 1O OCH COIEHOUAA H COCTABISET C HAPAB-
JIEHHEM TOKa B COJIEHOHJE IPaBOBUHTOBYIO CHCTeMy. JleficTBUTE b
HO, BHIPaIKEHUSI %[9.15), OYEBUIAHO, YIOBJIETBOPAIOT YPABHEHHAM
divH = 0 u rot H = 0, coorBercTBy10MiHM OTCYTCTBHIO 0O0bhEM-
ueIxX ToKOB. Jamee, H Bcrony napasnsiesnbHo moOBEepXHOCTH COJIEHOHAA,
T. €. TOBEPXHOCTH pa3phiBa nossi, u nosromy DivH = (. Hakorer,
KaK JIerKo y0eIuThCA, NpH yKazaHHoM Hanpasienun H, Bbipakenud
(49.13) yROBJIETBOPAOT Ha MOBEPXHOCTH COIEHOHJA TAKIKE U YPaB-
nenno Rot H = (4w /c) i. Takum o6pazom, soipaxkenus (49.15) yaos-
JIETBOPHAIOT BCEM YPaBHEHHsIM cHcTeMbl (B) u, BBHAY HOSHOTHI 3TOM

CUCTEMB, IIPEJICTABIAIOT CODOIO eIHHCTBEHHOE DEIlleHHE 30391 Y.

1) CoBCrREHNO FOROPS, IPMBENEHHOE BhINIE OKA3ATEILCTEO ONHOZHAMHOCTH CH-
crembt (B) HenpuMeHHMO HEMOCPEICTBEHHO K UOMI0 HeCKOHEUH020 COMEHOMNIA,
160 B 3TOM CJIyYae TOKHM HE COCPEJJOTOYEHE B KOHEYHOM y4acCTKe MPOCTPAHCTRA,
H xe ucyesaer B 6eCKOHEUHOCTH, H HEJb34 YTBEPXKAATD, 9T0 BXoagume B (49.11)
pesuumasl HY 1 A 6yayr mcuesarh B GeckoHedHocTH. Ecan, oqHaxo, paccMa-
TpUBATh NOJie GECKOHEYHOTO COJIEHOWJIA KAK NPEeNeNbHBIA ciydail moid 04YeHb
JAJIMHHOTO KOHEYHOTO COJIeHOUJA (a TONBKO TAKOe PACCMOTDEHHE M uMeeT GU3H-
JeCKHfl CMBICJ), TO U3 JOKA3AHHON 0/{HO3HAYHOCTH NOJIA CKOJIb YIOJHO JJIHHHOTO,
HO KOHETHOTO COJIEHOMIA BHITEKALT OAHO3HAYHOCTD TIOJIA U B IIPEASILHOM CIIydae
HECKOHEYHOI0 COJIEHOMIA
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Ouesupno, uTo popMysnr (49.15) npHOINIKEHHO TPUMEHUMBI H
K HOJII0 KOHEWHO20 COJIEHOU/IA B TEX €ro y4acTKaX, PACCTOSHUEe KOTO-
PBIX OT KOHIIOB COJICHOH1a BEJIMKO KAK IO CPABHEHUIO C PACCTOSHUEM
40 OHKalIIHX Yy9acTKOB COJIEHOWA, TAK H MO CPABHEHWIO C MOTIe-
PEYHHKOM COJIEHOH/IA. B CymHOCTH, TOJNBKO 3TOT CIydail B UMEIT B
BHY, KOTJ3 TOBOPAT O IOJi€ «0eCKOHEYHOr0» COJICHOUA.

3agava 31l. Pemmnts 3an3uy 29, ucxons u3 guddepeHnanb-
HBIX ypaBHeHu#l nosis (B), u, KpoMe Toro, MOKa3aTh, 9TO IO BHE
HOJIOT0 IHJIAHAPA COBIAJIAET C II0JIEM JIHHEHOTO TOKA TOM ¥Ke CHIIH,
IPOTEKAIOMIEr0 N0 OCH LFJIMH/IPA.

§ 50. IlonnepoMOTOpHBIE CUJIbI, UCIIBITHIBAEMbIE
B MArHUTHOM IIoJie 3aMKHYTbIM TOKOM. Ilorennuanbsnas
¢yHKIMA TOKA BO BHEUIHEM MATCHHTHOM I10JI€

1. TIpu onpenenenns MEXaHUYECKUX CHII, HCIIBITHIBAEMBIX 3aMKHY-
THIM TOKOM J BO BHEIIHEM MArHWTIOM TOJi€, OPPAHHYHUMCH CHAYAJA,
TEM CIIy4aeM, KOT/Ia 3TO II0Jie HE M3MEHSIeTCH CKOJIBKO-HUOY b Cyiie-
CTBEHHO HA IPOTSKEHHUH J1000r0 ce4eHusi TOKA J, TAK ITO TOK 3TOT
MOMKHO CHHUTATh AuHetinvm (c. 206).

TTocraBuM cefe mpexze Bcero 3amady OIpedeNHTb pabory, co-
BEpIIAEMYIO IIOHAEPOMOTODHBIMU CHJiaMd MarhutHoro nond H npum
Opou3BOIbHOM TepeMenieHHH KoHTypa Toka J. Ilepememmenue sto,
B0o001Ie TOBOPA, MOXKeT OBITEH CBSI3AHO ¢ mAepopMalieil KOHTYPa. TOKA.

TlycTh KaxKapiit aneMeHT ds KoHTYpa L ToKa J HCHBTHIBAET HEKO-
TOPOE MPOU3BOJIEHOE GECKOHEYHO MAJIoe [EPEMENIEHHE , KOHEYHO,
He HapyIIaomiee CBA3HOCTH KOHTYpa (puc. 50), npuuem cuaa moxa J
OCTMAEMCA NPU IMOM NEPEMEWEHUY NOCTNOARKOY (BEPTYaIbHOE IIe-
pememnienne). Pabota, cosepiiaeMasi cuslaMi MarHUTHOrO HOJIst OPH
9TOM IepeMeleHnY 3JieMenTa ds, Oyet, corylacHo ypasHenuwo (44.4),
PaBHA n L

J
qF = Z q[ds H];

obmaa xe pabota 0A, cBA3aHHAA C mepe-
MEIIeHHeM BCeX JIEMEHTOB KOHTYpa TOKa,
6yner paBHa

A = SﬁFq: %¢q[dsH] = %95H[qu], n
L

HO

[qds] = 58, Pac. 50

rae 0S ecThb MEMEHT IUIOMAJAH, ONMHCAHHAKIA 3JIEMEHTOM KOHTypa ds
Hpu ero nepemeuieHun q {puc. 50), mpudem NOPALOK COMHOXKHTENEl
ds u q B BbIpaXkeHUU JJisA 0S BHIOPAH TakK, UTO HAIPABJCHHE BEKTO-
pa S (T. e. HaIpPaBJEHUE NOAOKHCUMEALHOY HOPMAJIH N K 3JIeMeH-

8*
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Ty §S) o6pasyer ¢ HanpaBJeHUEeM TOKa B KOHType L’ IpaBOBUHTOBYIO
cucremy. Craso ObITB,

6A:%/H68:=%/Hnés,
A A

rie UHTErPHPOBAHUE AODKHO OBITh DACIPOCTPAHEHO IO BCEM 3Jle-
MeHTaM 6.5 mosepxHocTH A, ONHCaHHON KOHTYpOM TOKa L mpH nepe-
MemeHuN ero TOYeK Ha paccTogHue q B mosioykenue L.

O6o3na4um epe3 $ moTOK MArHHTHOTO BEKTODA, WM, BHIPAXKA-
ACh KOpO4e, Maznumhsiti nomox depe3 KOHTYp Toka L (T e. yepes
IIPOU3BOJIBHYIO TIOBEPXHOCTD S, OMHPAIOUIYIOCA Ha 3TOT KOHTYD):

o = / H,dS, (50.1)
S

IZie N1 €CTh NOAOICUMEADHAA HOPMATE K S, obpasyoomas ¢ Halpas-
JIEHHEM TOKA [PABOBHHTOBYI CHCTEMY. DTOT [OTOK 3aBHCHT JIHIUL
OT DaCIOJIOKEHUS KOHTYPa L, HO He ot (opMel ToBepxHOCTH S, U6O,
COrJIACHO YPABHEHUAM {46.2) u (27%),

o= / H,dS = / rot, A dS = 95 A, dS. (50.2)
S s L

TakuM 00pa3oM, MArHUTHBIA 10TOK @ 4epe3s xoHTyp L pasen
LUPKYJISEA BEKTOP-IIOTEHIHa/a A 110 3TOMY KOHTYDY.
INoneayace oboznagenneM (50.1), MoxkeM HaIMCATDH

/HndS=6<I>,
A

160 U3MEHEHNe MAaCHHUTHOTO MOTOKa Yepe3 KOHTYD TOKa PaBHO, Oue-
BH/IHO, MArHATHOMY [OTOKY Yepe3 [OBEPXHOCTh A, OIHCAHHYIO KOH-
TYPOM mpH €ro nepemenreHAH. CTamlo OBITh,

s4=12 0. (50.3)

TakuMm 00paz3oM, MBI TPUXOAUM K CJIEJIYIONIEMY BECEMa TPOCTOMY
pe3ynrTaTy: pabora IOHAEPOMOTOPHBEIX CHUJI MATHUTHOIO HOJS IpPU
IIPOU3BOJILHOM NEPEMeNieHUH TOKa pPaBHA YMHOXKEHHOMY Ha J/c u3-
MEHEHHIO MarHHTHOrO ITOTOKA Yepe3 KOHTYP STOr0 TOKa. JHAYHT, B
JaCTHOCTH, TAKHe IIePEMEIEHHs] TOKA, IPU KOTOPBIX MarHUTHLIN I10-
TOK Yepe3 €ro KOHTYD He HCIBITHIBAET H3MeHEHHs, He CBA3AHBL C
paboToif MarHUTHOTI'O MOJIA.

2. Ecnim BBecTy o6o3Ha4yeHHe:

U=-L0o, (50.4)

c
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To ypasuenue (50.3) mpaMer Buj,

§A = —(8U)y, (50.5)

rje unjekc J npu U 03HauaeT, YTo NPH ONpeaeIeHHH NPUpPaIleHus
dbyukuun U cuny TokoB J Hy»KHO CUHTATH IIOCTOAHHOIA.

CuoremoBaTesibHO, pafoTa MOHAEPOMOTOPHBIX CHJI MAlHUTHOIO I10-
Jig paBHa yoputH dyukumn U, KoTopasi, TAKAM 00pa30M, HI'PAET POjib
NOMEHYUAALHOT UAU CUA080t] PYHKUYUU TOKa, B MATCHHTHOM IOJIE.
B gacTHOCTH, TyTeM OOBIYHBIX B aHAJUTHYECKON MEXaHUKe CHOCOGOB
paccykJeHus Jerko ybeUThCs, HexoAs n3 ypasHerus (50.5), 1ro ec-
s dyuruus U BeIpakeHa B 3aBHCUMOCTH OT KAKUX-JIN00 «06001ieH-
HBIX» KOODJHHAT ¢,, XAPAKTEPUIYIOIINX [OJIOKEHUE KOHTYpPa TOKa,
TO «0000meHHaA» (B CMBIC/IE aHANUTHYECKOH MEXaHHKH) HOHIEPO-
MOTOpHAaA cuna f,, NefCTBYIOnas Ha TOK MO HAIPABICHHIO KaKOMH-
00 U3 ITHX KOODJAUHAT ¢,, OYJET paBHa

g, = -2, (50.6)
dq.

ITH CBOUCTBA NOTEHUWATBHON uau cunosoit dyHkumu U Moryt
no0yAUTH OTOXKJECTBUTD €€ C NOMEHYUAAbHOT IHepeUeti MATHHTHOIO
mosid. OgHAKO TaKoe 3aKJYeHHe ObLTO OBl HEeoCcHo8ameAb M, HOO,
KaK MbI yOeauMcsl B CJIEAYIOHIEH I/IaBe, IepeMelIeHHA TPOBOAHUKA
B MAarHMTHOM I0Jié CONPOBOXKIAIOTCH HE TONBKO paboTOM MOHIEPO-
MOTOPHBIX CHJI 3TOrO [OJIst, HO TAaKXKe€ U pabOTOi CHJI SJIeKTpPO/IBU-
KYIUX, HHAYHUPYEMBIX IOJIEM B ABUXKYNIEMCHA MPOBOAHHKE, BBHIY
9TOTO U3MeHEeHHe SHEPrUH MATHHTHOTO IOJIS MPH IEPEMEIeHHH TPo-
BOAHUKOB HEJIB3sl ONPeAeNINTh 1Mo paboTe OJHUX TOJBKO TOHIEPOMO-
TOPHBIX CHJI TIOJIA.

TTosToMy, eciiu MB!I HHOIIA H OymeM Oad KPATKOCTH HA3biBaTh U
HNOTEHIHATBHON «3HEprueiis, TO JIMIIL B TOM CMBICIE, YTO HOHAEPO-
MOTOpHBIE CHJIBI MArHUTHOTO IOJiA CBA3aHEL ¢ U TOH e 3aBHCUMO-
CTBIO, C KAKOH CHJIBI KOHCEPBAMUEHO20 TIONS CUJI CBA3aHBI C MOTEH-
HHAJIBHOM 3HEPTHed 3TOTO MOJH.

Xora noreHmuansHad cuioBas GyHkmua U u He pasHa 3Hep-
THH MarHUTHOTO MO/, TEM HE MeHee BBEJEHHEM B PAaCCMOTDEHHE
9T0# DYyHKIHUM 3HAMUTENBHO 00JeryaeTcd H3ydeHue OHIEPOMOTOP-
HBIX CHJI, A€HICTBYIOMMX B MACHUTHOM IIOJIE HA 3aMKHYTHIE TOKH, HOO
yCTpaHsieTcss HEOOXOAUMOCTh B KaXKJIOM OTAEIBHOM CIydYae HpOu3-
BOOUTH CJIOXKHOE CyMMHPOBAHHE CHJI, AEHCTBYIOMIUX HA OTAEJIbHBIE
aJIeMeHTHI TOKa.

B 4gactrocTH, ucxons u3 ypasrenui (50.5) u (50.6), myrem o6bru-
HBIX, XOPOILIO U3BECTHHIX PACCYKAECHUMH JIerKo ybeauThCsi, 4T0 yCTOii-
YHBOE PAaBHOBECHE KOHTYPa MOCTOSSHHOTO TOKA COOTBETCTBYET MU-
HUMYMY nomenyuaadrot dynxyuu U, T. e, coriacHO ypaBHEHHUIO
(50.4), maxcumymy maznumuozo nomoxa .

3. ®opMysbl, HOMyuYEHHBblE HAMH [Jisi TOKOB JIHHEWHBIX, JIETKO
0606muTE HA CIyyYail TOKOB 00BLEMHBIX, T. €. Ha TOT wiy4aii, Korja
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Henb34d HpeHe6peqL H3MeHCHHEM HaIPDAXeHHOCTH MAarHHTHOI'O I10JIA
Ha TIPOTsIZKeHNH cedenusi Toka. C 910l nesbio BHeceM cHadana (50.2)
B ypaBuenue (50.4):

)
U=-2 95 Ads, (50.7)

a 3aTeM BBIIOJIHAM B NOJy4E€HHOM YDaBHEHHH HepPeXol K 00beMHBIM
TOKaM, coryacHo ¢opmyie (44.6):

_ 1[4,
Us=- / Ajdv. (50.8)

DTO U ABIIETCA NCKOMBIM mpencraBienneM (opmysbt (50.4).

JBa mocrenHUX ypaBHEHHS MOXHO HCTOJIKOBATH B TOM CMBICTE
(co BCeMHM TONIBKO YTO CHENIAHHBIMH OrOBODKAMH), WTO KaXKABIA 3Jie-
MeHT Toka J ds (unu j dV') obirafaer B MAaTHUTHOM I0OJIE IOTEHI{HATb-

HOM «3HEprueii» ——%Ads (I/IJ'IH _1 Aj dV) ¥ 4TO IIOTeHIHAJIbHAA
c

dbyskius U 3aMKHYTOTO TOKA DaBHA CyMMe <«3HEPruit» OTHesbHBIX
€ro 31eMeHTOB.

ITpumep. Pamxa 6 odnopodnom mazrumuom nose. PaccMo-
TPUM NPOU3BOJBLHBIA ILUIOCKHM KOHTYp (paMKy) miom@anu S, obre-
KaeMblit TokoM cuibl J. Ilycrh 3Ta paMka nomemeHa B OJHOPOAHOE
maraurHoe nosie H u 3akpensiena Tak, 4TO MOYKET BPAIIATHCH OKOJIO
ocH, neprnengukyJsipHoii nmomo H (puc. 51).

ITycts ¥ ects yronm mexay H u mo-
JNOXHUTEeNLHOW HOPMAJIBIO K paMKe n, T. €.
H HOpMaJbio, 00pa3ylomeil ¢ HanpapeHIEeM
TOKa B paMKe NPAaBOBHHTOBYIO CHCTEMY.
8 _n Torma MarHuTHBIN IOTOK 4Yepe3 paMKy Oy-
ger pasen ® = HS cos¥, a noTennuaib-

Had QYyHKUHA paMKu OyIeT pasHa

U = -2 JSH cos¥. (50.9)

Puc 51 O6obmenHaa cuia, COOTBETCTBYIOMIAS

06001eHHO KoopHHATE ¥, KAK H3BECTHO
(cMm. nmprMep B § 18), ecThb He YTO HHOE, KAK MOMEHT N IPHIIOKEHHBIX
K PaMKe CHJI, CTpeMAHics IOBEPHYTh PAMKY OKOJIO OCH BPAIEeHHSL:

N=-9% =~ _1;5Hsiny.
a9 c

Tonoxenus paBHOBecus paMKH cooTBercTByior N = 0, T. e. ¥ =0
u ¥ = w. llepBoe U3 3THX NOJMOXKEHHUA COOTBETCTBYET MHUHHMYMY,
BTOPOe — MAaKCHUMyMy HOTeHUHaabHOH dyuruua U, u, cTano OBITh,
JIMIIE TIEPBOE MOJIOXKEHHEe PABHOBECHHA ABJAeTCA yeToRYuBhIM. OTCIO-
Jla ClelyeT, 9T0 IOHAepOMOTOPHBIE CHJILI MAHHTHOTO [I0JiA CTPEMAT-
s [IOBEPHYTH IIJIOCKOCTh TOK3 TAK, YTOGH MOI0XKHUTEIbHAA HOPMAJb
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K Hell coBnasia ¢ HanpaBJeHHeM MaruurHoro nmoad H. B gactrocTH,
B3 B3aUMOJEHUCTBYIOMUX KOHTYpaA TOKa OyIyT CTPEMHTHCS YCTAHO-
BUTBLCA TaK, YTOOBI ILUIOCKOCTH HX OBUIH mapajiejibHBI APYT APYTY,
a HAIIPaBJIEHHe 00OHX TOKOB OBLIO OJHHAKOBO.

§ 51. IlonpepomoTopHOe B3auMoJeiicTBIE TOKOB.
Kosddunuenr B3aumMHoil nusayKiuu

1. PaccmoTpum Teneph B3auMOoeiiCTBHe ABYX 3aMKHYTBIX JIUHEH-
HBIX TOKOB Ji u Jo, obrexatomux KoHTYpbl Ly m Lg. Ilycte Hj u
A cyTh 3HAUYEHHA HAPAXKEHHOCTH U BEKTOPHOIO MOTEHIUAA I10JIsI
mepBoro Toxa, a Hs u Ay — COOTBETCTBEHHBIC BEJIUUHHE JJjid BTO-
poro Toka. Jlamee, o6o3HaunMm 4yepe3 Py MArHUTHEHIA DOTOK MO
[EepBOrO TOKA ‘iepe3 KOHTYP BTOPOTO TOKA:

Oy = /Hm dSs = SISAls dsy = 95A1ds2’ (5L.1)
52 L2 L2

rae S ecTh HOBEPXHOCTh, ONHparomasicd Ha KOHTYD Lo, a dsg —
37eMEHT JJIMHBI 3TOr0 KOHTYpa [cp. ypasuenme (50.2)]. MaruuTHbLi
TMOTOK, MOChLIaeMbI BTOPBIM TOKOM 4epe3 KOHTYP IEePBOr0 TOKa, MBI
0603HaYUM COOTBETCTBEHHO 4epe3 Poy:

Doy = / HndS; = 95A2 ds;. (51.2)
S L

Brocsi B ypasmenue (51.1) 3nauenue (46.3) BekTop-moTenuuana
nuHe#HOTo TOKa .Ji:
A =D
c R’
Ly

J1 d51d52
2= R’
Ly L2

E/ie HHTerPHPOBaHUe JOJKHO OBITh HPOH3BENEHO 0 00OHM KOHTY-
pam L; u Lo, mputieM Kaxk[plil 37IeMeHT MJUHBI dS; KoHTypa Lj
BOJKeH OBITh CKaIsPHO MOMHOYKEH Ha KaK bl 3JIeMeHT dsg, U MOy~
MEHHOE NpOU3Be/EHUE pas3fieieH0 Ha paccTognue R snemenTos
ds; u dsy; apyr or gapyra. CoBeplIeHHO aHANOTHYHBIM IyTeM

HalineMm
et f gt
Ly Iy

HOIyIHM
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2. Hpoitnoit uurerpai, BXoJAIHi B BEIpaxKeHus aia Pio u oy,
obo3nagaeTca 0OBIKHOBEHHO 4epe3 Lio u Log:

Liz =Ly = 95 ?5 C—ifll?d%z—, (51.3)
L1 L2

¥ HOCUT Ha3BaHue Xospuyuenma e3aumnot undyxyuu KOHTYpos L)
u Ly (cMBICH 3TOr0 Ha3BaHUA BHIACHMTCA B V1. V, KOrma Oyjer ycra-
HOBJIEHA CB#A3b MexX 1y KOoadpuiimenToM L9 U UHAYKIHOHHBIM B3a-
HMOJeifcTBEM TOKOB). BHocs 3TO 0003Ha4eHHe B BHIPAXKEHUS JIJISI
019 n Og;, mosmyunm

By = —lc_Jle, Doy = %Jsz. (51.4)

Koadduuuent B3anMuo! HHAYKIHH €CTh, KOHEYHO, YUCTNO 2€0-
MEMPUECKAA BEAUNUHA, 3ABUCAINAL JINIIB OT KOHQPHFYpallHl H B3a-
HMHOT'0 paclosIoXKeHusA KOHTYpoB L u Lo 1 oT BEIGOpa HANpPaBICHUA

TIOIOKUTENBHOr0 06X0/1a KasKJOr0 H3 3THX KOHTYPOB 1) .

OpHako Ha OCHOBaHMH paBeHCTBa (51.4) MOXKHO CKa3aTh, YTO KO-
3 durpenT B3aUMHOR HHAYKIHH KOHTYPoB L1 u Lo 4HCIeHHO paBeH
MarHUTHOMY MOTOKY, MOCBLJIZEMOMY €pe3 OWH M3 3TUX KOHTYDPOB
(manpumep Lg2) TOKOM CHJIHL ¢, IMPKY/JHDPYIOmMAM [0 JAPYTOMY KOH-

Typy Li:
(1)12 = L12 (l‘IpI/I J1 = C). (515)

3. Cornacro ypasHenuswm (50.4) u (51.4) norentmaibuas QyHK-
nua Uje Toxa Jp B mone Toka Jy paeHa

Uy = ~2 &3 = —;%ngJlJz. (51.6)

To4yHO TakHM 3Ke 0DPa30M BBHIPA3UTCA W [OTEHUHANBHAA (DYHK-
musa Us Toxa Jy B nojie ToKa Jo:

Us = ..__ng_ Dy = —-612- Loy o Jb. (51'7)

Bemuuuna Ujg (wim paBras eil senuumna Upp) urpaer poss e3a-
uMHOl TOTEHIUAILHOM 3HEPruu TOKOB Ji H Jo B TOM cMbicie, 4TO
paboTa noHdepoMoOMOpHHET CUI B3AUMOAEHCTBUA ITUX TOKOB IIPH e~
peMerieHUH J1r060ro B3 HUX MM 000MX OZHOBPEMEHHO paBHa yObLau
dyuxupu Uy3. B gacTHoCTH, 06061EHHDIe TTIOHAEPOMOTOPHBIE CHIIBI
B3aMMOJEHCTBHA 3THX TOKOB f,, corsacuo ypasHenuio (50.6), pasust
B3ATHIM C OGPATHBIM 3HAKOM IPOU3BOAHBIM OT U)g 0 COOTBETCTBYIO-
mwHM 0B60CIIEHHBIM KoopamHaTaM ¢,. Tak kak, cornmacuo (50.5), npu
ompejeieHn¥ paboTl 3TUX CHJI N0 U3MEHeHHIO Besuyuubl Uy, cuay

1)l'Ipu nepeMene HANDABIEHHS OAHOro M3 Tokop (Hanpumep Ji) m npum co-
XPaHeHMHM HEHM3MEHHbIM HAIPABJIEHUS JPYTOro TOKa 3HaK kKo0dddunumenTta Lis
HM3MEHAETCH Ha 06paTHBIN, MO0 M3MEHAeTCd HAPAaBJEeHVE BEKTOPa dS].
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moxos J; u Jo nyoicno cuumams nocmoannod, T0 [cp. ypaBHeHuS
(50.5) u (50.4)]

6A = —(8U12)s = - JiJpdLn2 (51.8)
u
_ _@Uw)s _ 1 ;5 0L
0= = S RD (51.9)

4. 113 npuBeaeHHBIX (POPMYJ ABCTBYET, MEXJY HIPOYHM, YTO Me-
XaHUYECKOe B3aUMOJAECHCTBHE 3aAMKHYMBIT Mokoé (B OTJIUYHE OT
B3aHMOJIEICTBUA 3JIEMEHTOB TOKa, — CM. § 43) yA0oBIeTBOpSIET [IPUH-
LWHUILy pasencmea deticmeusa u npomusodeticmeus, HO0 CUIBI, HCIBI-
THIBaeMBle KaXKAbIM H3 B3aHMOJEHCTBYIOMHX TOKOB, OIPeNesISIOTCa
OPOH3BOAHEIME 01 0dHot U moti ace pyukuu Uy = Usy, 3asucaiueit
JHIIb 0T OMHOCUMEALHOZ0 PACIONOXKEHHA 000UX KOHTYPOB.

TMosicuuMm 31O yTBepxkaenwe Ha mpocreiimeM npumepe. [lycrs
q = | — paccrosiHie MeX/y UEHTpPaAMH JBYX [NapaJlIeJbHBIX KPyTo-
BBIX Tokow L) u L. Cunel Fy u Fy, neiicTryIOmAE COOTBETCTBEHHO
Ha KOHTYpbI Ly u Ls 1m0 HanpaB/IeHHIO BO3PACTAHHA PACCTOSIHHSA [,
PAaBHEI

_ _3U21
h=-=
F=-%2_p

al

> 0, ro cunet F1 u Fy crpeMarcd yBelHYHTH PacCTosi-

HHe |, T. e. CBOAATCA K B3aUMHOMY OTTANKUBAHHAIO KOHTYPOB L1 # Lo;
B DPOTHBHOM K€ Cy4Yae OHH CBOAATCA K NMPHUTAXKEHHIO 3THX KOHTY-
poB. CyulecTBEeHHO, OZHAKO, YTO B oboux ciaydasax cuibl Fy u Foy
YHCIIEHHO PaBHBI H NPOTHBOMOJIOXKHB! 10 HAIPABIEHUIO, T. €. yJI0-
BJIETBOPAIOT TperheMy 3akoHy HuioToHa.

ITomo6uo sToMy ecm ¢ = a paBHO YTJIY MEXIY ILIOCKOCTAMH
IBYX KOHTYpoB Ly # L9, T0 0600mennas cuwia N = —9U/da npen-
CTaBJsieT coD0i MOMEHT IIaphl CHJI, CTPEMSIIENCH YBEJIHIHTD yTOol o.
Kak u B npenectsytonem ciay4ae, Jerko yOeauTHCH, YTO MOMEHTHI
nap N; u Ny, npunoxkeHHBIX K Ly u Lo, YMCIeHHO PABHBI H NPOTH-
BONOJIOZKHEI TI0 HATIPABJICHWIO.

5. Ecnu Toku Jy u Jo HeNb3d CYUTATH JIMHEHHBIMH, T. €. eciu
[ojIé OOHOTO H3 3THUX TOKOB 33aMETHO H3MEHAETCA Ha, IPOTSKEHHH
CedeHHsl OPYTOoro TOKa, TO B3aHMHYIO HOTEHIUAJILHYIO «3HEpIHIO»
TokoB U MOXKHO OIpeNenuTh, Hexond u3 ypasuenus (50.8). Ecrn j;
€CTh IUIOTHOCTH TOKa B IEPBOM TOKe o0beMa Vi, a jo — MIoTHOCTH
TOKa BO BTOPOM TOKe of6beMa Vi, To, cormacuo (50.8), noTenupmans-
Has dyukuus U;g Toka Jp B mose Toka J; 6yner pasna

Ui = ~1 / AyjrdV, (51.10)
Va
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a norenumasiabHaa gyHknusa Usy Toka Ji B mose Toka Jp Oyzer paBua

Up =—1 /A2j1 dv. (51.11)
%1

Brocs B 3Tu ypasueHHs BbipakeHHA (46.1) BekTop-noTeHIMATOB Ay
¥ Ay TOKOE jj H jo:

Ay lfRL a1 [BY
c R c R
1% Va

IOy 4aeM

Ury = - [ [RRTE — gy, (51.12)
c R
Vs

rae R ecthb paccrodgume Mexay anemenToM dVi obbema Vi, mior-
HOCTb TOKa B KOTODOM paBHA ji, # sieMeHTOM dVa ofbema Vs, miot-
HOCTH TOKA B KOTODOM DaBHA jo.
X3 X2

] IIprvep dpa ogunakoswix Kourypa Ly u Lo
b (x,) HMewoT dopMy kBagpaTor co cTopoHoii & CTOpoHbL 060-
R 2 uX KBAJAPATOB NAPANIETLHE! JIPYT APYTY, 4 NEHTDHI KBa-

JAPATOR JIEXKAT HA PAaccToduuy d ApYyr OT mgra Ha np4-
MO¥, NepneHIuKyasapHON uX miIockocram. Onpenenurs
x4 x03ddbrmenT s3auMHol raayknuy s aTux xBaaparos
u cuny F, ¢ KOTOpOii IPHTATMBAIOTCH KOHTYPHI, €CIH TI0
Y 4 ] HHEM TeKyT OZMHAKORO HaIIpABJeEHHbIE TOKH Jy H Ja.

\ P

B npoitnom unrerpasne dopmynst (51 3)

h dsld32
Ly = =t
=g § 2

Ly Lo
BCE WIEHL!, OTHOCHIIHECS K B3aHMHO NEPIEHIUKYJIgp-
HBIM TNapaM 3JIEMeHTOR dsi u dsi, paesHn Hymo Ilo-
3TOMY B PACCMaTPHBAEMOM ClIydae BoIpakeHue 4ada Lig
Puc. 52 CBOJMTCA K CyMME HMHTErpPAJIOB, OTHOCAMHMXCA K Oapam
TapaJUIeIbHEIX CTOPOH KBagparos Ly u La.
JJa IByX mapaJiiesibHbIX NMPAMBIX AJIHHOH @, HAXOAAINHXCE HA PACCTOAHUH
h npyr or apyra (puc. 52), nMeem

wis

TN

+a/2 +a/2

L(a h) _ // dSl d52 _ / d.’L‘l d.’L‘g _
T R V(@ —z2)2 + A2
—a/2 —a/f2
+a/2 /2
r)=a
= — — 2 h2
/ [lg {xl T2+ V(21 —22)* + }]1:1=—a/2 dza,
—a/2

roe T1 ¥ Tz CyTh TEKYMmHe KOOPIHHATH TOYeK 0OOHX OTPE3KOB, OTCHYHTHIBAC-
MEle OT X HeHTPpoR HHTerpupopaHue N0 9aCTAM KAXKJIOTO H3 YJIEHOR Da3HOCTH,
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rIonyyaeMoli mocjie MOACTAHOBKY BMECTO 1 €r0 3HaveHuil +a/2, maer

+a/2

a (12 Y =
/ lg{i§~:c2+ (i§—$2) +h }dﬂ?z—
—a/2
= Py z2=a/2
= [zglg{i%—zz+\/(i§—mz) +h2}] +

zo=—a/2

z1=a/2

+[ (i%—z2)2+h2] +

z1=—-a/2

a a a\? 2
ig[lg{z‘zﬂ:2+ (:E2:FE) +h }]

Toacrasnas mna xre 3Havenusa +a/2, nonyanM ansa L(a, h) pcero 3 4 = 12
YJIEHOR, KOTOpLIE IOCHIE COKPAIEHUS H NPHBEJIEHNs CBEJYTCI K TpPeM:

vaZ F 2
L(a, h)=2h—2\/a2+h2+alg—-\/%zziz =

2 2
= 2h —2/a® + % 4 201g AT VO T “‘;”‘

KoMBuaupys nomapHO mapaJijiebHble CTOPOHEI kBagparos Ly m Lz, Homy-
KM 9eTHIPE DAPH OTPE3KOB, PACCTOAHEE h MeX Iy KOTOPHIMU paBHo d, H APyrHe
Yerslpe maph, muid KoTophix h = va? + d?; nepBHe YeThpe mapn ofTexanTCs
TMAPAIUIEILHEIMHE, & BTOpHE YeThIPe IPOTHBOIOJIOKHC HAIIPABJIGHHEIMH TOKAMH
TaxuMm o6pazoM, k03 DUIHEHT B3ANMHON VHIAYKIVN 3THX KBaJADAaTOB PaBeH

Li2 = 4L(a, d) — 4l(a, v/a? + d2)

T2=a/2

Tg=—a/2

RIH

Lz =8(d-2va+ & + v2a? + & +

a+vVa? +d? a+v2a? +d?
+alg P —al

A /a2 + d2
Yrobsl onpenesnrs cuny F npuTsaikeHns MeXAy KBaapaTaM#, JOCTATOMHO
BOCIO/B30BaThCA (opMytoit (51.9), nomoxue B Hell 0600mMEHAYIO KOODAHMHAT
¢: papnoit —d, n6o cuwna F' neficTeyeT B HalpaBjIeHRH, OOPATHOM KoopauHaTe d,
T. €. CTPEMHTCH YMEHBUINTEL PAcCTOSHHE MeXAy kBaaparaMmu d. Craso OHITH,
ou _au 1 aL
== DJy —=2.

"B ad 2V b

Bumonaue muddepenuppopane, MbI HOCIEe HEKOTOPHX ajreGpandeckHx
npeo6pa3’oBaHuil MOIYIUM

F=277 (a2+2d2 _d\/2a2+d2_1)
2\ T B a? +d? '

Janprefimpe npuMepsl HA BHIYHCICHHE B3aMMHON MHIYKLHH, a TAKXKe KO-
abdunuenTa camorHAy KMy 6yAyT NpHBeAeHsl B § 81.

(51 13)
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§ 52. Koadpbunuenr caMOMHIYKIIUH.
ITosman norenumanbHan QYHKIUA CUCTEMBI TOKOB

1. TlepeiineM Ternepb K PACCMOTPEHHIO IOHAEPOMOTOPHBIX CHJ
B3aUMO/eHCTBUSA 3JIEMEHTOB OJHOIO U TOTO K€ TOKa (HAPHMEpP TO-
Ka J1) U mocrapaemcsa ONpeAeauTh MOTEHUUAIBHYIO dyHKu0 Uq)
3THUX CHJI, KOTOPYIO C COOTBETCTBYIONIUMH OTOBODKAMH MOXHO Ha-
3BaTh COOCTBeHHOH NMOTEHIHATLHOH «3HEprHeii» Ji.

Koneuno, paccMarpusas B3anMOJieiCTBUE CMEXKHBIX JIEMEHTOB
TOKA, MBI VK€ HE MOXKEM CYHTATBH 3TOT TOK JIHHEHHLIM H JOJXHBI
HCXOAUTEL He u3 ¢opmynnt (50.7), a uz dopmyant (50.8). CHabaus
IJIA OIPefesIeHHOCTH B 9T0H (opmyse A u j uapexkcom 1, moayuum

1 .
Un = —EE/Ade, (52.1)
i

rje mepej, HHTErpajoM, B oTimyne Kax oT (50.8), Tak u or dhopmyn
§51, crout dakrop ¢/2, a ne 1/c. [losinenue dpakropa 1/2 obbsicus-
eTCs TeM, YTO B3aHUMOJENCTBYE KazK/0/ Maphl 3JIeMEHTOB ToKa ji dV
u ji dV' npaxabl yaureiBaeTca B unTerpaje (52.1): oHO BXOBHT co-
CTaBHOM 4acTbio Kak B A1 dV, tak u B Alj} dV’, ubo 3nagenne
A, B anemenre o6bema dV Brimodaer B cebs mode aneMeHTa ji dV'.
910 06CTOATENBCTBO HENOCPEICTBEHHO BBIABIAETCS, €CIM BHECTH B
(52.1) Boipaxkenne (46 1) BekTop-norennuana Aj:

of !
Ay =1 fidV.
c R
Vi
Torga ypasHende (52.1) npuHuMaeT BHJ
1 jujy dvav’
Up=--L / / Juh dV dV7 52.2
11 22 R ’ ( )
v

rjic mHTerpuposanue kak no dV, rak # no dV' mosxHo GbITh pacnpo-
CTPaHEeHO Ha Bech 00beM V) Toka Ji, T. €., ADYTHMH C/IOBaMH, JOJDK-
Ha OBITH B3siTa CyMMa HOJBIHTErPAJIBHEIX BHIPAYKEHHI JJIA BCEX BO3-
MOKHBIX [TOTIAPHBIX KOMOUHAIuMt ameMenToB obbema Vi. Ilpu srom,
OYeBHJIHO, JBe KoMOuHarmu atementos dV u dV', ornmuuaromuecs
TOJILKO TIOPSIIKOM COMHOXKHTEJIEH, Bce XKe JOJIKHBI CUUTaThCH Pa3-
JIHYHBIMA. R eCcTb, KOHEYHO, PacCTosiHue Mexnay smeMeHTamu dV
udV'.

2. Tak KaK pacnpejiejieHie TOKA. 10 CeYEHUIO NMPOBOJHHKA 33BH-
CHT TOJIbKO OT P€OMETPHYECKUX U (PH3MYECKHX CBOHCTB 3TOrO MPO-
BOJIHHKA, & He OT CUJIBl TOKa B HEM, TO IJIOTHOCTb TOKa B KaXKJOM
U3 3JIeMeHTOB 00'beMa NpOBOJHUKA NPONOPLUHOHANbHA Ji, T. €.

1 [ pfdVaV _ 1 ;oo 5
Uy = o ff 5 5o Ly J7, ( 2.3)
v
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roe L1y ecrb Tak HasbiBaeMBIl xoapuyuenm camoundyxyuy Impo-
BOJIHHKA, 3aBHUCAUIMNA TOJBKO OT TeOMETPHYECKOH xoHPuzypayuu
IPOBOJHUKA (€C/M OH ONHOPOZEH, B IPOTUBHOM ciydae Lij 3asucur
TAK»Ke OT COOTHOIIEHHS 3JIEKTPOIPOBOJHOCTE OT/AENbHBIX 3JIEMEH-
TOB 00bEMa, IPOBOAHUKA), HO HE O CUAbL MOKG 8 HEM.

U3 3Toro ypaBHeHus BBHITEKAET CleAyIOlIee BBIDAXKEHHe JJIsl KO-

3¢ bUIHEHT? CAMOMHAYKIHUY TPOBOJHEKA, 1) :

_ 1 [ [ idhdvay’
Lu=7 / / phA (52.4)
120 %!

3aMeTuM, 4TO COBEPIIEHHO aHAJIOrM4HbIM 00pa3oM u3 (51.6) u (51.12)
BBHITEKaeT ClleyIollee BhIpaXkKeHue A/ KoadpuimenTa B3aHMHOM HH-
JYKIMH JIByX 00bEMHBIX TOKOB L) u Jo:

1 J1j2 dV1 dVa
Lis = = / .
12 = Loy J1J2 / R ’ (52 5)
wnva

KOTOpOe 1epexo T B (51.3), ecan 9TH TOKH MOXKHO CYHTATh JIKHEN-
HBIMH.

3. Co6eTBEeHHYIO TIOTEHHHAMBLHYIO «3Hepruio» Toka U7 MOXHO
6bL710 OB TaKXKe ONpeseNuTh, pa3buBasi TOK J; HA COBOKYIHOCTL Oec-
KOHEYHO TOHKHX HUTeil TOKa d.Ji, BBIpaxKad MOTEHUHANLHYIO (DYHK-
IWI0 KazKJ0i HUTH C OMOIbio ypasrueHus (50.4):

dv = - g,

c
rae ¢ o3mayaeT MarHHUTHBIM MOTOK, ITOCHUIAEMBINA BCEM TOKOM .J; 4e-
pe3 KOHTYP JaHHON HUTH, U, HAKOHEN, CYMMHADPY# dU 10 BceM HUTSAM:

1
Uy =—5-3 dhio.

Tlepen 3HaKOM CyMMBI HYXKHO BBECTH MHOXKHUTENb 1/2 moromy, 4To
B3aHMOZEHCTBHE KaXKJ0H Haphl HATEH TOKA YYUTHIBAETCH B CyMMe
JBaKIbI.

Ecnu uepez ®1; 0603Ha4UTh cpeduee 3HAYEHHE MATHUTHOTO I0-
TOKa Yepe3 OTAejIbHEe HUTH TOKA, TO HOC/EIHEE YyPABHEHUE MOXHO
3anucaTh B QopMe, aHaTOrMYHON ypasHeHuo (51.6):

1 J
Ui =—5%n > dh = ~ 2y, (52.6)

1) Cosepmrenro Henpasuibio yKasanne, BCTPEYUAIOMEECH B HEKOTOPHIX KyPCax
dbusuxu, uro ang onpenenennd kodddunpenTa camouHaAyKiar Ly XouTtypa Ly
pocrarouso B dopmyre (51.3) oroxnecreuTs koHTYD L2 ¢ koHTYpOM L1, T. €

o L _%%dsldsz
11 = —————R

Ly Iy

Jlerko ybenuThCH, YTO 3TO BhHIpAXKeHHEe 00paINaeTcd B GECKOHEYHOCTH, T € He
HMeeT CMbICIIA
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Bemmyuny ®17 MOXKHO Ha3BaTh (CPEIHHM) MATHHTHBIM IOTOKOM,
HOCLIJIaEMBIM TOKOM Ji yepe3 cBoif cOOCTBEHHBIH KOHTYD; B CYIIHO-
CTH, IpaBUJIbHEE CKa3aTh, 4TO Beu4uHa P11 no onpedesernuto nomx-
Ha, yOBJIETBOPATH ypaBHeHHIO (52.6) u MoXKeT OBITh OnpeaesneHa u3

CpaBHeHHs 310ro ypasHeHus ¢ (52.3):
Oy =1 S L. (52.7)

9To mocrenHee COOTHOWIEHNUE BIOJIHE COOTBETCTBYET YPABHEHUIO
(51.4). Ctaso GBITH, MOXKHO CKa3aTh, 4To KoadpdutuenT L1 caMOUH-
JYKIMH OPOM3BOJIBHOTO 3aMKHYTOrO MpOBOAHUKA L) yucieHHO pa-
BEH MAarHATHOMY [OTOKy ®;;, mochiaeMoMy dYepe3 KOHTYD 3TOrO
IIPOBOAHUAKA UHPKYJHUPYIOUHM 10 HEMY TOKOM CHJIBI C:

&y, =L;; npu Ji=c (52.8)

OaHako IpH 3TOM Hy>KHO TNOMHUTH, 4To Pj; ecTh cpeduee 3Ha-
YeHHe MAarHUTHOTO MOTOKA Yepe3 KOHTYPhI OTHE/LHBIX HETEH, HA KO-
TOpBIE MOXET OBITH Pa3fioxkKeH TOK Ji, u yTo Kak ¥y, Tak u Ly
CYUJECTBEHHO 3aBHCAT OT (DOPMBL M PA3MEPO8 CeueHUus TPOBOLHH-
Ka Li. [Inst 6eCKOHEMHO »Ke TOHKOrO JIMHEHHOr0 KOHTYPa BEJTHYHHLI
@11 u 11 oOpamarorcs B 6ECKOHEYHOCTD, T. €. TePAIOT CMBICI.

4. Bosspamiasicb K CJIy4aio CHCTEMBI JBYX TOKOB, 3aMETHM, 4TO
001masA MoTeHUANEHAA «3Heprust» [ 3ToM CHCTeMbl paBHA, O9eBUI-
HO, CyMMe ux B3auMHO# «3meprau» Uyg (= Ua1) 4 cOGCTBEHHBIX TO-
TeHIMUANBHBIX «3Hepruii» Uy u Use KaxXA0ro U3 HHX:

U=Up +Uip + Uy = _cl_z (%LHJI2 + LigJ1J2 + %Lzszz) .

(52.9)
Bsuay Toro, uro Ly = L9, MOXKHO TaKXKe HAMUCATH

1 1
U= 5z (L1 Ji + Lia 1o + Loy o Jy + Lon J3) = ] Z’;leJka'

52.10)
IMocnesHee BBIpaXKeHHe OCTAHETCS NPUMEHHMBIM H K CI(/ICTEMG
[IPOM3BOJIbHOTO 4HCHa (HAIPUMEP 7) TOKOB, €CIIH TOJBKO PACIpO-
CTPAHNTH B HEM CyMMMPOBAHME Ha BCE BO3MOXKHEIE IIAPHI HHJIEKCOB
ink(i,k=12,...,n).

5. [lonuyo moreHmUanbHY0 MYHKIHIO CHCTEMBI TOKOB MOMKHO
HENOCPEICTBEHHO BBHIPA3HTH 4Yepe3 IUIOTHOCTh TOKOB H BEKTOP-IIO-
TeHnUaJ 0o TOKOB. C 9TOMH 1eNbo IpeaBapHTeNbHO NPeICTABHM
sbipazkenus (51.10) u (51.11) B cuMmerpuuHoit dbopMe: BBHIY pa-
senctBa Uys u Us) [eM. ypaBuenne (51.12)] moxuo Hammcats

1 _ 1 . 1 ]
Up = E(Ulz +Uz) = 26‘// AjjpdV 26‘//A2J1dV-
2 1
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[punsas, nanee, Bo BHEManue (52.1), momyqum

U=Un+Up+Up =—;—6/A1j1dV—i/A2j1dV*
1% |4
o [ AipdV — - [ Asjaa,
2¢ 2c
s V

WM, TaK Kak A + As = A, rae A eCTb BEeKTOP-TIOTEHIHAT Pe3yJib-
TUPYIOIIEro NoJjd 0BOHX TOKOB,

__1 ; 1 [ Aj N ;
U= ZCV/AJI dv 2CV/A32dV 2C/AJdV. (52.11)
1 2

TMocneanuit uHTErpas A0MKEH OBITH, OYEBHJIHO, PACIPOCTPAHEH
mo o6beMy oboux TokoB Ji u Jo. Eciy apyrax TOKOB B 1oJie HET, TO
MbI MOXKEM PaCIpPOCTPAHHTh HHTErPHPOBaHHEe Ha 00beM BCero Iojd,
ubo BHe TOKOB j = (0 W COOTBeTCTBYIOIIMe WiIEHBE HHTerpaia obpa-
MAKTCT B Hy/Ib.

Kax ysxe yxa3eiBajoch B cBA3U ¢ dopmysioit (50.8), Bbipakenue
moTeHIHATBHON pyukuur U MOXKHO OPH XKETaHWUH HCTOJKOBATH B
TOM CMBIC/IE, YTO KaXKJblif a/1eMeHT oObeMa TOKa 00JiafaeT B Mar-

" " 1 ..
HUTHOM TIOJI€ MOTEHIUAJIbHON «3Heprueit» —= AjdV.
c

§ 53. MaruuTHble CUJIOBBIE JIMHUU

1. Onrcanume CBOHCTB MATHHUTHOT'O IOJSA, KAK H MOJIsl 3JE€KTPHYe-
CKOrO, 4acTO BECbMa O0JIErYaeTcd BBEJCHHEM B PACCMOTPEHHE TaK
HA3LIBAEMBIX CuA06%L aunut 3roro monsd. Ilo onpenemenuro, mar-
HATHBIMY CHJIOBBIMH JHHHSMH HA3BIBAIOTCA JIMHUH, HAIIPaBJICHUE
KaCaTeJbHBIX K KOTODBIM B KaXKJoH TOYKe NOJIA COBHNAJAET C Ha-

npapieHneM Hampsxennocrd noms H B Toit ke Touke!). dudde-
eHIHAJIbHOE yDaBHEHHE 3THX JIHHUN, 04eBHAHO, OyJeT UMETh BHJ,
cp. ypasrenue (10.3))

de _dy _ 4z (53.1)

MarHHTHBIE CHJIOBBIE JIHHUW, KaK W JIMHUH 3JIeKTPHYECKHE, IPO-
BOAATCA OOBIYHO C TAKUM PACYETOM, 4TOOBI B JIOOOM y4acTKe MOJsA
YHCI0 JIMHAN, TepeceKaruX nepleHJHKYIAPHYIO K HUM IUTOIAAKY
eNUHWIHON MOBEPXHOCTH, ObLIIO II0 BO3MOXKHOCTH ITPONOPIMOHAIBHO
HANPSKEHHOCTH OISl Ha 3TOH IIOmaJKe; OJHAK0, KAK yBHIUM HU-
e, TpeDOBAHHE 3TO JAJEKO HE BCEra BBLITOJIHHUMO.

1) Tax KaK MarsuTHOE mOJe He 06JANACT IOTEHIMAJIOM, TO MATHHTHbIE CH-
JIOBBIE JIMHHH B OTJIAYHE OT JIMHHI IEKTPOCTATHYECKOTO MOJA HE MOryT ObITH
onpeneeHs KaK OPTOrOHAJBHbIE TPAEKTOPHY TOBEPXHOCTER yDOBHA.
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2 OcHosbiBadch Ha ypashenuu (3.6)
95End5 = 471'26,,
g 2

Mbl npuuutd B § 10 K cregyromeMy BBIBOLY: 3JIeKTPHUYECKHE CHIIO-
BbI€ JIHHAU MOI'YT Ha4YHHATLCH HJIH KOHYATHCHA TOJILKO B TEX TOYKAX

II0JIA, B KOTOPHIX PACIIONIOXKEHbI SJeKTprudecKue 3apsias 1) . [Ipame-
Hsis ke Teopemy laycca (17*) K HOTOKY MarHUTHOTO BEKTOPA, MBI

Ha, OCHOBAaHHUYW ypasHeHud (47.1) momyuum

95}1,, ds = / divHdV = 0. (53.2)
S Vv

TakuM o0pasoM, B OTJIUYHE OT MOTOKA JIEKTPUIECKOTO BEKTO-
pa E morok marauTHOro BekTopa H 4yepes npouseoavnyio 3aMKHy-
TYI0 MOBEPXHOCTH BCETa PABEH HYJIO. DTO MOJOMKEHWE HBJIAETCH
MATeMaTHYeCKHM BHIDA’KEHHEM TOro (hakTa, ITO MAZHUMHBE 3aPA-
doe, TOBOOHEIX 3apAAaM IEKTPUIECKUM, HE CYULECTNAYEN: MAZHUM-
noe noae 8036yacdaemca He MAZHUMNBLMY 3aPpAJamMY, a Jeudcenu-
em 3apados aaexmpuveckur (T. e. Tokamu). OCHOBHIBASCH HA 3TOM
MOJIOKEHHHN U Ha CPaBHEHHH ypaBHeHHs (53.2) ¢ ypasHenueM (3.6),
HeTpyAHO yOenurhces myTeM npuseacHHBIXK B § 10 paccyxaenunit, 4to
MAZHUMHDE CUAOEBIE AUHUYU HY B KAKHX TOUKAX IOJIS He MO2YM HU
HANUHATMOCA, HU KOHYAMBHCA

3. Wz 3T0oro obCcToaTenneTBa OOBIYHO Jelaercd BbIBOH, YTO Mar-
HUTHBIE CHJIOBBIE JIMHHU B OINYHUE OT JIHHUN SJIEKTPUYECKHX JOJIK-
HBl OBITH JIHHHAMH 3aMKHYTHIMH JHO0 HATH U3 DECKOHEYHOCTH B
OeCKOHE4YHOCTb.

HeficTBuTENBHO, 002 3TH CIy4asd
/ BO3MOXKHBI. COIVIACHO PpE3yJIbTaTaM
/ pemeHuda 3amadd 25 B § 42 cumio-
o ~_ BHe JHHHH B TIOJe GECKOHEYHOTO
: ,/. N \ TPAMOJIHHEHHOT0 TOKa MpeJCTaB/IA-
{ANS / 10T co0Oi IepneHJUKYJApHBIE TO-
L o__-~" Ky OKDYy>XHOCTH C UEHTPOM H2 OCH
\ roka. C Apyroii croponn! {cM. 3a-
\ nadqy 26), HalpaBjieHHe MarHHTHOTO
\ BekTopa H B mosie Kpyrosoro Toka
Puc. 53 BO BCEX TOYKAX, JIEKAMIMX HA OCH

TOKa, COBHAJAET C HAIpaBJIEHHEM
310l ocH. TakuM 06pa3oM, 0Cb KPYroBOTO TOKa COBIIAJAET C CHIIOBOMH
JEHUEH, uayineil 13 6eCKOHEeYHOCTH B GECKOHETHOCTD; YepTeX, NpU-
BeJEHHBIN Ha puc. 53, npeacrasiseT coboii pa3pe3 KPyroBOro TOKA
MEpHIMOHAILHON IUIOCKOCTBIO (T. €. IJIOCKOCTBIO, NMEpIeHAHKYIsAp-

1) Cm , BupOYeM, OFOBOPKY O TOUKAX HEOIIPEAEIEHHOCTH B IPUMEYAHUH K C. 55
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HO IIJIOCKOCTH TOKA M ITPOXOUSLIEH 4epes ero LeHTp), Ha KOTOPOM
LHTpI/IXOBI)IMI/I JHUHUAMHU H306pa)KeHbI CWJIOBBIE JIMHUY 3TOr0 TOKa

BosMmoxkeH, onHako, M Tperuil jIy4dail, Ha KOTODBIA HE BCErJa
obparniaeTcsi BHUMAHHE, a UMEHHO: CHJIOBAsl JIMHAS MOXET He HMETh
HY HATAJIa, HY KOHIIA ¥ BMeCTe ¢ TeM He ObITh 3aMKHYTOH ¥ He UATH
13 GECKOHEYHOCTH B OECKOHEYHOCTE. DTOT CJIyHail UMeeT MeCTO, eCIIH
CHJIOBAsI JIMHUSA 3ANONHsIET 000l HEKOTOPYIO MOBEPXHOCTHL W IpH-
TOM, TIOJIBL3YSICh MATEMATHYECKUM TEPMHUHOM, 3aIOHAET ee BCIOLY
maoTHO. IIporme Bcero mosiCHUTL 9TO Ha KOHKPETHOM IIPHMEpe.

4. PaccmMoTpuM mosie IByX TOKOB — KPYFOBOTO IIOCKOTO TOKa Ji
u GECKOHEYHOro MPAMOJIMHEHHOro ToKa Jo, uaymero mo ocu Toka Ji
(puc. 54). Ecan 6B CymecTBOBaJ OOWH JIMIIL TOK J1, TO CHJIOBBIE
guaun nonsg Hj storo Toka nexanu 661 B MEPHAMOHAIBHBIX ILUIOC-
KOCTSIX M HMesTH OBl BUI, N300paKeHHbIH HA NIPeIbIIYIIEM PUCYHKE.
PaccMOTpHM OOHY U3 9THX JHHHI, u300paKeHHyI0 Ha puc. 54 mTpy-
xoBoit JuHHe#l. COBOKYNMHOCTD BCex IMOJOOIBIX eif TMHHUI, KOTOphIe
MOTYT OBITH IIOTYYeHbI BPAIIEHNEM MEPRIHOHAILHOM IIJIOCKOCTH BO-
Kpyr ocu Jo, obpadyeT coboit moBepxHOCTH S HEKOTOPOro KOJbIA

e |

S {r’_)
H2 F-I-IE--.
I~ 3
»
R p 9 ; &
? 1 N
\ J
// Y
Hl 45 ) \y
J AL
L L
Puc 54 Puc 55

win Topa (puc. 55) !). Cunossle xe muauu nons Hy mpsvonnHedi-
HOTO TOKA Jo MPEACTABAAIOT CO6O0M KOHUEHTPHUYECKHE OKPYXKHOCTH.
Craiio 6uITh, B Kaxknoit Touke moepxuocTn S Kak Hi, tax u Hpj
KaCaTeJbHBI K 3TOH MOBEPXHOCTH; CICJOBATEIBHO, U BEKTOP HAIpPs-
>xeHHOCTH pesyabTupyomero moxast H = H; + Hy Toxe kacaTenen
K Hell. DTO 3HAUWUT, HTO Kakmasi cuiosag Juuus mnoas H, mpoxo-
OAIIasi 4epe3 ONHY KAKYIo-HMOYZb TOYKY IOBEPXHOCTH S, IO/KHA
JIe2KaTh HA 9TOM ITOBEPXHOCTH 6CeMU CBOMMH TOYKAMH. JIMHUA 3Ta,
oueBH1HO, OymeT npeicTaBIaTh COD0M SUHMOBYI JTMHUIO HA, TIOBEPX-

1) Ceuenne 3TOro TOpa IUIOCKOCTHIO, IPOXOASINed depe3 Tox Jo, He ABIAETCH
KPYTOBBIM
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moctu Topa S (puc. 55). Xoz 910ii BUHTOBOI uHUY OyZeT 3aBUCETH
OT COOTHOILUEHUST CHJI TOKOB J1 ¥ Jo ¥ OT ToToxKeHusa u POPMBI 110-
Bepxuocty S. Q4eBUAHO, YTO JUIUL IIPU HEKOTOPOM OlpPeIeICHHOM
moabope 3TUX YCAOBHII BUHTOBAS JIMHHS 3Ta OYZIET 3aMBIKAThCS; BO-
obnie ke roBOps, IIPH TPOIOJIXKEHHH JIMHHY HOBBIE BUTKH e€e GyayT
JIOXKUTHCA Meocdy TpexkHumu BurkaMu. [Ipu HeorpanuvennoM mpo-
OOJIKeHUH JIMHWM OHa IMOgOoHmeT KaK yrommo 6msko K moboii pa3
MpoiiIeHHOl TOYKe, HO HHKOTa BTOPUYIHO B HEe He BepHETCS. A 310
H 3H34UT, YTO, OCTABAsCh HE3AMKHYTOH, JJUHHS 3TA BCIOAY ILUIOTHO

3AIOHUT TIOBEPXHOCTH TOpa S 1) .

5. UrobBl cTPOro K0Ka3aTh BOZMOXKHOCTH CYILECTBOBAHMS He3aMKHYTHIX CH-
JIOBHIX JIMHWI, BBEIEM Ha NOBEPXHOCTHA TOPa S OPTOrOHAJILHBIE KPUBOIHHEHHBIE
KOOpJAHHATHL ¢ (a3UMYT MEDHIHOHAIBHON NAOCKOCTH) ¥ ¥ (HOJMPHBIA yroa B
MEPHIHOHAIBHON INIOCKOCTH € BePIIHHOH, PACIIONIOXKEHHON Ha NepeceyeHAH ITOH
TIJIOCKOCTH € OCBIO KOJIbIla, — pHC. 54).

Hanpsaxennocts nosieit Hy n Hy Ha nosepxHocT# Topa sBjgeTcs HyHKIMeH
OQHOr0 JIHIb yivia ¥, mpugeM pekTop H) HanpapseH N0 HapaBIeHMIO BO3pacTa-
uag (unu yGpiBanns) 3TOro yria, a Bektop Ha — 110 HATIPABNEHMIO BO3PACTAHUS
(nnm y6eiBanms) yoia ¢. Iycts p(¥) ects paccTosnne NaHHON TOYKH HOBEPXHO-
cti S oT ueHTpabHOR nuHUYN TOpa, a R(Y¥) — paccrosHue ee 0T BePTHKAIBHOMN
ocu Toka J2. Kak HeTpyso ybeanToCd, MeMeHT [UIMHB JIMHUN, TeXxamei Ha S,
BeIpa3nTca (opmynoit

2
ds® = 2 (9) dd® + R2(9) d®, rtme r2(9) = p2(9) + (3,%) .

CooTBetcTBeHHO 3TOMy muddepeHnuansHOe ypapHeHue TUHAN can [cp. ypaBHe-
Hue (53.1)] Ha noBepxuocTa S npuMeT BUT

r(d)dd _ R(9)dyp
Hi () Ho(9)
Ilpunss o sunManue, uro Hy u H2 nponopuuoHanbHEL cunaM TOKOB Jy u Jo, u
HHTErpupy#, NOAyIaM
9
_ Hy(9) r(9)
H;(9) R(9)
Jo

¢~ o 49 = j— {F(9) - F(9)},

rae F(9) ects Hekoropast dyHknud yria 1, He 3aBucaigas ot Jy u Ja.

Yrober muuMs ObTa 3aMKHYTOM, T. €. YTOOH OHA BO3BPAILAIACh B HAYAJIb-
HYIO TOYKY, HeOOXOONMO, YTOGBI HEKOTOPOMY Yeaomy IuCAy 7 060pOTOB JIHHHH
BOKPYI' TOPa COOTBETCTBOBANIO Y€.40€ e YACI0 M 0G0OpOTOB ee BOKPYT BepTH-
KajapHOU ocu. VHbIiMu citoBamm, HeoGxomumo, 4TO6Bl MOXKHO OBLIO HalTH JBA
TAKHX LEJHIX TACIA 7 # M, YTOOEl BO3PACTAHHIO yriaa J Ha 271 COOTBETCTBOBA-
JI0 BO3PACTaHMUE YIVIa @ Ha 2mm:

J:
Y — o =2rm = -‘]—2 {F(27n + 9o) — F(d0)}-
1

IlpumeM Tenepr BO BHMMaHme, ITO F(ﬂ% npencrasiser coboit nHTErpas ne-
puogmdeckoii dbyHkima yraa ¥ ¢ nepuogoM 2m. Kak u3BecTHO, HHTerpaJl epuo-

1) Ykasanmoe cpoiicTpo NOBEPXHOCTEl MarHATHBIX JTHHUIHA NOJOXKEHO B OCHOBY
CHCTEMBI yJepiKaHus u Harpesa TepmosepHoi nmasmet TOKAMAK (TOpon-
manbaag KAmepa ¢ MArantasivu Karymkamn). CM. Kedomyes B.B. Konnex-
THBHBIE sBJeHns B mia3me. — M . Hayka, 1976.
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Axdeckoit GyHknuH B 061eM Cllydae SBASeTCH CYMMOit GyHKIMH TePHOAUIECKOM
n GysKuma muHedHon 1) . 3auur,

F(W) = K9+ &),

roe K ects mekoTopas nocrosmanas, () ects dynkums ¢ nepmogom 27, Crano

OBITD,

F@2mn+9) = K 2mn + K9 + &(9).
BHocst 5T0 B npenpliyllee ypaBHEHNe, IOIyYHM yCIOBHE 3aMKHYTOCTH CIUIOBBIX
HHUH Ha NOBEPXHOCTHA TOpa S:

Ja
m= - Kn.
1
3nece K ects BenuauHa, ot J1 u Jo He 3aBucamas. O9eBHIHO, 9TO OBA Yeabll
YUCIA 7 | T, YAOBIETEOPAIOIHX 3TOMY yCJIOBHIO, MOLYT OITh HAallZIeHBI JIHIIb
2
B TOM CIydae, éciln BeuauHa — K sABIfeTcH 4acioM payuonasbhsst (IEbIM

1
Wi JpobHBIM); 3TO OyLeT MMEeThb MeCTO MUING TIPH OUpeJeleHHOM COOTHOLIe-

J2 .

HHUM MeXay cwiamMu TokoB Jip u Jo. Boobue rosops, " K 6yner pemndnHoil
1

HPPANMOHAJILHOM H, CTAO OBITH, CHJIOBBIE JTHHHHA Ha PACCMATPHBAEMON 1TOBEPX-

HOocTH TOpa S O6yAyT HesaMKHYThIMH. OJHAKO W B 3TOM (JIy4a€ BCErJa MOXKHO
J2
noo0paTEL HE/Ioe YACIO 7 TakK, ITOOB J_ Kn Kax yrofHo Majo OTAHYAIOCH OT

1
HEKOTODOTO LEJ0T0 IucCia m. STo 3HAYUT, YTO HE3aAMKHYTast CHJIOBas JAHAA 110~

cJie KOCTATOYHOrO duciia 06opoToB kKak yroumo 6amsko nonoiner k moboii, pas
npoHAeHHOK TOYKe TONH. AHATIOTHYHBIM IIyTeM MOXKHO II0Ka3aTh, YTO JTHHAL T3
110CJIe JOCTATOYMHOrO Yuciia 060pOTOR kKakK yromuo 6auzko nogoiaeT K ob0il Ha-
11epe/; 3aiaHHON TOYKe MOBEPXHOCTH S, @ 3TO 3HAYUT 10 ONPeeIeHMI0, YTO OHa,
BCIOJY IIJIOTHO 3AIIONHAET 3TY ITOBEPXHOCTH.

6. CymecTBoBaHNE HE3aAMKHYTBIX MATHHTHBIX CHJIOBBIX JIMHHH,
BCIOAY IUIOTHO 3AIIONHAIOIINX HEKOTOPYIO MOBEPXHOCTL S, IEJaeT,
OYEBH/IHO, HE BO3MOXKHBIM TOYHOE Tpapuueckoe u3obparkeHue mons
¢ TOMOIBIO 3THX auHuili. B 4acTHOCTH, Jajeko He BCErna MOXKHO
VOOBJIETBOPHTEL TPEDOBAHMIO, YTOOB! YMCAO JIMHUHA, MEepeceKalomux
NEPHeHIUKYIAPHYI0O UM €JUHUYHYIO ILUIOMAAKY, OBLIO TPOHOpIHO-
HAJIPHO HANMpSKEHHOCTU HOJs HA 3ToM miaomaake. Tak, Hanpumep,
B TOJBKO YTO PACCMOTPEHHOM CJIy4ae OJHA W Ta 2Ke He3aMKHYTas JIU-
HiS HeCKOHEYHOe YUCIIO Pa3 nepeceder jiobyo KOHeYHYIO IIOMAIKY,

IIepEeCeKaIOILYI0 TOBEPXHOCTh Koabua S 2) .

1} W60 B nepuoamueckyo GYHKIMIO MOXKET BXOXHTb IIOCTORHHBINA HIIeH, HHTE-
rpajl KOToporo npeicraBasger coboi muHefiHyoo (yHKIHMIO HE3aBACHMOTO Nepe-
MEHHOTO.

%) M3 3T0r0 ABCTByeT TaKke yCIOBHOCTh NOHATHS CIIOBBIX Mpy6oxK, T. e. HATeH
MAJIOTO, HO BCE XK€ KOHEUH020 CEIEHHUH, [IOBEPXHOCTD KOTOPLIX oéupasosar{a cuo-
BEIMH THHUsM#A. B cilydae He3aMKHYTOCTH >THX JAHHI CuiloBadg TPyOKa npm j0-
CTATOMHOM IIPOJOMKEHHH JOMXKHA 6eCKOHeIHoe YNCIo Pa3 nepecens camoe ceba
(u6o cedeHme ee KOHEYHO, a CHIOBHIE MHMHMH, 00pa3yoliHe NOBEPXHOCTH TPY6-
K#, IIPH JIOCTATOYHOM IIPOAO/KEHMH CKOIBKO YLOJHO Pa3 Kak yroaHo 6amsko
IOAOWAYT K pa3 NPONJEHHBIM AMH TOYKaM).
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BrpoueM, npu Hajaexanieii 0CMOTPUTENIBHOCTH TONE30BAHHE [10-
HATHEM CHJIOBBIX JIMHMIL SIBJISIETCSS XOTS ¥ MPUOJNMMKEHHBIM, HO BCE
’Ke yaoOHBIM M HAISIAHBLIM CIOCOGOM OMIMCAHHST MAUHHUTHOLO 11O,

7. CornacHo ypasHenmio (47.5), nupKyIsiiysi BEKTOPa, HAIPSIKeH-
HOCTH MArHATHOI'O II0JId 110 KPHBOM, He OXBATBHIBAIOIISH TOKOB, PaB-
Ha HYMIO, QUPKYJAIASE e [0 KPUBOH, OXBATHIBAIOIICH TOKH, PABHA
YMHOXEHHOI Ha 47 /¢ cyMMe CHJI OXBaTblBaeMbIX TOKOB (B3SITBHIX C
Ha Texaiume 3HakaMu). Lupkyasiunsa sextopa H 1o cutosoit u-
HHMHM HE MOXeT PABHAThCS Hy/0 (BBHAY MApaJiebHOCTH JIEMEHTa
JUIHHBI CHJIOBO# JTHHEE dS ¥ seKTopa H pennunna H; ds cymectsen-
HO NOJIOXKUTENbHA). C/ieI0BATENbHO, KAXKAAS 3AMKEHYMAA MA2HUM-
HOA CUNOBAA AUNUA O0ANCHA OTBAMBLEAMb XOTS Obl OIUH U3 HeCy-
IIMX TOK IIPOBOJHUKOB. BoJjTbIie TOTO, HE3aMKHYThHIE CHIOBHIE JIMHHH,
IUIOTHO 3aIOHSIOMINE HEKOTOPYIO HOBEPXHOCTH S (€CIu TOMBKO OHM
He UuyT 3 GECKOHEYHOCTH B GECKOHEYHOCTB), TAKXKEe JOMKHBI 00-
8UBAMbCA 60KpY2 moxoe [lelicTBATEILHO, HETErpas pekropa H mo
MOYTH 3aMKHYTOMY BHTKY TAKOH JIHHUM CYyHIECTBEHHO MIOAOXKUTECH.
Craio 6b1Th, mupkyssiiuss H 1m0 3aMKHYTOMYy KOHTYpY, OAYy9aeMO-
My H3 3TOr0 BHTKA J00ABJIEHHEM 3aMBIK3IONIETO0 €r0 ITPOU3BOJILHO
MaJoro OTpeska, OTIMYHA OT Hyjas. CleloBaTeNbHO, KOHTYP 9TOT
JIOJDKEH IMTPOHU3BIBATHLCS TOKOM.

§ 54. Tonomorusil) BUXpeBOro (MAarHUTHOTO) IIOJIS.
YcnoBHBIE NEPeEropoaKkH

1. Utobsl pazobpaThcsi B reoMeTPUYECKUX, WM, BEPHEES, TONOI0-
PHYECKUX, CBOMCTBAX MATHUTHOTO TOJsI, PACCMOTPHMM CHAYAJIa TOT
Clly4aif, KOorja B I10Ji€ HMEeTCs JININb OOHWH 3aMKHYTBII IPOBOJHUK,
obrekaembiii TokoM J. Buxper marauTmOro noas rot H ortamyen ot
HYJIS JIMIOL BHYTPH 00TEKaeMOro TOKOM mpoBoauuKa. [loatomy upo-
CTPAHCTBO, 3aHATOE TOKOM, MOXHO HA3BATh BHXPEBBIM IIPOCTPAH-
CTBOM HJIM BBHJLY 3aMKHYTOCTH TOKA SUIPEEUHIM KOADUOM.

C 4HCTO TOMOJOTHYECKOH TOUKH 3PEHUs], BCE 3aMKHYThIE JIMHUY
JJIX KOHTYPBI (KaK COBHAJAIONINE C MAHWTHBIMH CHJIOBBLIMY JIMHHUSI-
MM, TaK ¥ He COBIAIAONME C HUMH ), €C/IM TOJIBKO OHU PACIIOJIOKEHBI
8He BUXPEBOrO NPOCTPAHCTBA, JEJIATCS HA J(BA KJACCa B 3aBHCHMO-
CTH OT TOrO, HE OXBATHIBAIOT HJTH OXBATHIBAIOT OHU BEXPEBOE KOJILLO.
Ecyin Mbl MBICTIEHHO 8WdEAUM U3 NOAA BUTDEBOE NPOCTPAHCTNGO UIIH
YCIIOBUMCS CYHTATH €0 HEIPOHUIAEMBIM, TO KOHTYPBI Pa3HbIX Kaac-
COB HE MOTYT OBITH IIPUBEIEHBI B COBNaIEeHHE ADYT C APYTOM IIyTeM
HenpepbIBHOMH nechopManuy 6e3 HapyIeHHs UX 1eaocTH. J1iobrre xe

1) Tononorus (analysis situs) — oTpacib MaTeMaTHKH, U3yHAlONas CBOACTBA
¢aryp u reomeTpadecKHx 06pa30B, OCTAIOIAECH HEHIMEHHBIMH ITPY HEIIPEpPbIB-
Ho#t gedpopmanmm 3TuX buryp.
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JBa KOHTYpPa, NPHHAJIEXKAIHE K OJHOMY U TOMY Ke KJIacCy, BCeraa
MOryT GBITh IyTEM Henpepbiehotli fecOpMaluy IPUBEAEHB B COBIIA-
OEeHUE.

Jasee KOHTYpH IIepBOro KJjacca IyTeM HellpepbIBHON nedopMa-
IIMA MOTyT OBITH CTAHYTHI K TOUKE (T. €. 6eCKOHEYHO MAJIOH JHHe).
KoHTYpBI 2Ke BTOPOro Kjacca 6e3 nmepecetieHus BUXPEBOro MPOCTPAH-
CTBa CTAHYTHI K TOYKE OBITH HE MOTYT.

ITpocTpancTBo, B KOTOPOM Cymie-
CTBYIOT 3aMKHYTHIE JJHHMU HJIU KOH-
TYDHI, He MOTyIue ObITH CTAHYTHIMH
K TOYKe, HA3BIBAEGTCH [IPOCTPaH-
CTBOM MHMNO0Z0CBA3HbIM. T1CiI0 cyme-
CTBEHHO PA3JIMYHBIX KJIACCOB KOHTY-
POB OrpeneNiser MOPSI0K CBI3HOCTH
npocTpancTsa. Tak, HapUMep, 1Ipo-
CTPAHCTBO, OCTABLIEECS TIOCJIE BB~
JIeHUS U3 HEero BUXPEBOro KOJbLA,
€CTh IPOCTPAHCTBO JBYCBA3HOE (1Ba Puc. 56
CYIIECTBEHHO Pa3/IMYHbIX KJ1aCCa KOHTYPOB); €CJIH XKe U3 IPOCTpaH-
CTBa BBIJEJUTh JBa KOJIbLA (/IBA 3aMKHYTBIX TOKa), KOTODBIE, B 4aCT-
HOCTH, MOTYT CONPHKACATHCA Mex 1y coboit (puc. 56), To ocrasuee-
Csi IPOCTPAHCTBO OylleT TPeXCBA3HBIM, UOO B HEM CYIIECTBYIOT TPH
KJlacCa KOHTYDOB, He CBOJMMBIX Ipyr K apyry (abc, ab'c’, ab'd'’c”
Ha puc. 56; kouTyp x)e Tuma b”’c’c’ Moxer 6HITH pasnoxkeH Ha 1Ba
KoHTypa Tuna ab'c’ u ab'b’c") ).

DTH TONMOAOrHYECKHE CBOMCTBA MHOIOCBSI3HBIX IIPOCTPAHCTB TeC-
HO CBSI3aHbI C QU3MYECKHAMH CBOMCTBAMHM MAIHATHOLO IO/ IIOCTOSTH-
HBIX TOKOB, H00 M ¢ DU3NYECKOH TOYKHU 3PEHHUSI KOHTYPHI,
IIPOBEJIEHHEIE B 110J1€ TOKOB, TOXE PACHAAAIOTCS HA KIACCHI
B 3aBHCMMOCTH OT 3HAueHWs