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Or pedaxropa

DTHM BLINYCKOM MBI HauMHAeM NeyaTaHHe MepeBOJa BTOPOro
TOMa JeKuuil, npouyntaHuelx P. PeiiHmMaHOM cTymeHTaM BTOpOro
Kypca. Becb Marepnas BTOpPOro Toma cocTaBJaseT 42 rJaBbl H
3aliMeT TpH BHIMycKa pycckoro usganus (5—7). OcHOBHOe co-
JlepXKaHHe 3THX TJ/aB-J1eKUHH — 3JIeKTPHYeCTBO, MarHeTH3M, O¢H-
3MKa cnowHbIX cpel. OcTajbHble JEKIHH, B KOTOPHIX PacCKasbl-
BaJIOCb O KBAHTOBOH MeXaHHKe, COCTaBHJM TPeTHH TOM H BOHAYT
B pycckoM H3aaHuu B Bbin. 8 u 9. Kpome Toro, BbIUIH TpH
TeTpajau 3aaay no Kypcy (mo TeTpaau K KaxKIoMy TOMY).

O BTOpOM TOMe XOTesqochb Obl cfenaTh aBa 3aMeuaHusi. Ilep-
BOe OTHOCHTCS K ra. 19 (Bbin. 6). To He o6blyHasi JeKUHs, a
CKOpee NOKJlal HA HAyYHOM CEMHHape; MOHATb €ro CMOTYT, NO-BU-
JUMOMY, JIMLIb CaMble CHJbHbBIE CTYAEeHTH (M TO, €CJAH XOpOLIO
nopa6otaior!) ®PeilHMaH pacckasblBaeT O TOM, KaK MOXHO, MO-
CMOTpeB HHaye Ha COBCeM pa3Hble pa3fennl (PU3HKH, YBHAETb
MeX1y HHMH MHOro o6lero. 9To pacckas O MPHHLHIE HaHMeHb-
1lero JefdCTBUSA, KaK ero noHuMmaet ®eflHMaH, a TaKXKe 3aMeyaHuUs
0 6JIM3KHUX MO AYXYy 3ajavyax, KOTOpble, Kak NPH3HAET caM aBTOp,
He MOHHUMaeT faxe oH caM. CMOTpeTh Ha BCe CBOMMH IJla3aMH —
3aMeyaTeqbHOe KayecTBO. MIMeHHO 3T0O M Halo NOHATb, uyHTad
ra. 19. ‘

Bropoe 3ameuaHue ortHocutcss K ra. 30 (Beim. 7). B amepu-
KaHCKOM H3JaHHM B 3TY rnaBy B KayectBe § 19 BkJloyeHa camas
HacTosillasi HayyHas CTaTbs W3 XYpHanaa AHrauitckoil Akagemuu
Hayk (MJH, KaK ee HasblBalOT ¢ JaBHHX nop, KopoJeBckoro 06-
IlecTBa). DTa CTaTbid HMeeT HeMoCpeJCTBEHHOE OTHOIIEeHHe K
COJAEPXKAaHHIO [VIaBbl, OHA MOCBSAILEHA MOJAENHDOBAHHIO ABJEHHH B
kpuctaaiae. Ho pacckas o Mmerome BefeT He JIEKTOp, a CaMH
aBTOpbl MeTona — aHrauiickue ¢pusuku Bparr u Hait. Ilpu atom
cosjaTeaH Kypca A00HMBaJiMCh ellle OAHOH LeJH — NO3HAKOMHTb
yuTaTesi ¢ OPUTHHAJNBbHON Hay4yHO#l paboToit U3 Cepbe3HOro Xyp-
Ha/ja. B pycckoM u3naHuu nepeBof ee (HEMHOrO COKpalleHHBbIH)
noMellleH B KOHLe BbIM. 7 B BHJe NPHUI0XKEHHS.

Tak, uuras «®PeiiHMaHOBCKHe JeKUHH N0 QU3HKe», BH OynaeTe
MOHEMHOT'y NMPHOGILATLCA K KHBOii, pa3BHBaOLlelcsd HaykKe.

Heka6pe 1965 r, A. Cmopoduncrud

P. S. B Hosa6pe 1965 r. Puuyapa deiinmaH BMecTe ¢ ABYMsi
apyruMu ¢usukamu-teopernkamu (IlIBunrepom u TomoHara) 3a
paboThl N0 KBaHTOBOIl 3JeKTpoaHHaMuKe noJayuna HobGenesckyio
npeMHIO.
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Mtuoro jger Puuapa I1. PeithmaH pasmblisgeT o
TaHHCTBEHHBIX MeXaHH3MaX (H3HYECKOr0o MHpa H
YIOPHO CTPEeMHTCA HaHTH MNOPAAOK B KaXylleMcst
xaoce. IlocsaenHue nBa roga OH OTAABaJ CBOKO 3Hep-
THIO ellle U JIeKLHsAM AJs HauyHHAIOWHX cTyaAeHToB. s
3THX JIEKLHIl OH 0TO6paJ/J camMoe BaxKHOe M3 TOro, YTo
3HaJ caM, U HapucoBaJs QHu3HYecKylo KapTHHy Bcesen-
HOH TakK, YTO CTYAEHTHl MOTJH HalesATbCs B Hell pa-
306partbcs. B 3TH nekuuy oH B/IOXKHJ 6J1eCK H SICHOCTD
MBIC/IH, OPHTHHAJNBHOCTL M XXHMBOCTb MeTOAa, 3apasu-
TeJbHBbI 3HTY3Ha3M paccka3uuka. Ero paccka3 pno-
CTaBJIsiM UCTHHHYIO PafOCTb CayLIaTe/sM.

B ocHOBY nepBoro Toma Jerau JeKUHH, NPOYHUTAH-
Hble 1 CTYAeHTOB NepBoro Kypca. Bo Bropoit ToMm
MBI BKJAIOYHJ/IH 3aNHUChb YacTH JIeKUHH A/ BTOPOro Kyp-
ca* OHu Gblnu mpoynTaHbl B TeueHue 1962/63 yue6-
Horo roga. OcraBiinecst JeKUHH NJ151 BTOPOKYPCHHKOB
BOHAYT B TPeTHH TOM **.

JlekuMn ans BTOpOro Kypca Ha ABe TpPeTH Oblau
MOCBSALEHbl BecbMa OGCTOATE/bHOMY H3yueHHIO (H3H-
KH 3JIeKTpHYecTBa M MarHetusma. Ilpu stom npecie-
noBaJjlach NBOsIKas UeJ/b. Bo-nepBhIX, MBI XOTe/H 1aTb
CTYAeHTaM MNOJIHYI0 KapTHHY OJHOTO H3 caMbX 60/b-
IIMX pas3fenoB (GH3MKH —OT NepBbIX, CAeNaHHbIX
omynblo 1waros PpaHkAHHA, yepe3 BeNHKHiIl CHHTe3
MakcBenna, 10 JIOpeHUeBOHl 3J/eKTPOHHOH TeopHH
CBOMACTB BellleCTBa, BKJIOYas elle He pellleHHble AH-
JICMMBI 3JIEKTPOMAarHUTHOH coOGCTBeHHOH 3Hepruu. Bo-
BTOPBIX, Mbl HajesJHChb BBECTH C CaMOro Hayanaa Hc-
yHCJ/JeHHe BEKTOPHBIX NoJiedl M AaTh TaKuM o6Gpa3om
CO/MHMJHOe BBeJeHHe B MaTEMAaTHKY MOJIeBbIX TeOpHii.
Y7106b MOAYEPKHYTh OGILYI0 NO/NE3HOCTh MaTeMaTHye-
CKHX METONO0B, NOPOH POACTBEHHBIE BONMPOCH H3 APYTHX
obnactedl (QU3HKM aHaJIM3HPOBAJIMCH OJHOBPEMEHHO
C HX 3JIeKTPHYeCKHMH ABOHHHKaMH. Mbl NbITalHCh
BCE BpeMs BHEeAPATb B CO3HAHHMe OGILHOCTb MaTeMa-
THKH («ONHHAaKOBbIe YpaBHEHHS HMEIOT OJMHAKOBBIE
peuieHHsI»). DTO NOAUEPKHBAJOCh XapaKTepoM ynpax-
HEeHHH, a MOTOM H 3K3aMeHOB.

* Beinycku 5—7. — [Tpun. peo.
** Boinyckd 8 1 9, B HHX BOLWIM H BOCEMb JONOJHUTEJbHBIX
nekuuit. — [pum. ped,



[Tocne anekTpomMarHeTHsmMa [JBe TIJaBbl NOCBSAIIEHBl YNPYro-
CTH, a ABe — TeYEeHHIO XKHUAKOCTH. B nepBOH rjaBe KaxAaoit M3
3THX TeM OOCYXKJAIOTC JHIIb 3MeMeHTapHble U NpaKTHuecKHe
BOMPOCH, BTOpble TJaBbl MNOCBAllEHb MNOMBITKE 0630pa BCEro
CJIOXKHOTO KpVyra siBJIEHHil, K KOTOpPbIM BeleT paccMaTpHBaeMas
3ajlaya. DTH yeThIpe IJ1aBbl, BOPOYEM, MOXHO 6e3 ocoboro yuep-
6a onyCTHTb, MOCKOJIbKY OHH BOBCe He 0o6s3aTe/IbHbl A/ NOHHUMa-
HUS MaTepHaJa.

[TpumepHO Bcst MOC/MeNHAs YeTBePTb BTOPOro Kypca Oblja mno-
CBsillleHa BBEeEHHIO B KBaHTOBYIO MexaHuKy. OHa Boumaa B Tpe-
THH TOM.

Ily6aukys 3anuch Jekuuit PeilHMaHa, Mbl XOTeJ/H OCYLLECTBHTb
HeuTo GOoJiblllee, HEXENH MPOCTO MEPesOXKHTb Ha GyMmary To, uTo
6Ll10 MM CKa3aHo ycTHO. Mbl Xoresju, 4To6bl Ha OyMary Kak
MOXHO GoJiee SICHO JIerIM Te HJeH, Ha KOTOPHIX OCHOBBIBAJHCh
sekuud. [11s HEKOTOPBIX JIEKUHil 3TOTO yaa/a0Ch AOGHTbCS, MPHLI-
JIOCb BHECTH JHlIb HeGOJBLIYI0O NMpaBKy B CTeHorpaduyeckue
3anucH, ApPYyrue Ke notpe6oBany 3HAuYHTe/JbHOH pabGOTH H J0-
BOJIbHO CEPbe3HOro penakTHpoBaHus. MHorma Mbl 4yBCTBOBaJH,
4YTO A5l 60Jbllefl ICHOCTH HYXXHO BKJKUYHTb N06aBOYHLIH MaTe-
puaa. Ilpu sToM MBI nmpuGera/u NOCTOAHHO K MOMOLIH H COBETaM
camoro defiiHMaHa.

«IlepeBoa» B cTO/Mb CXKaTble CPOKH CBbIllE MHJJIHOHA YCTHBIX
CJCB B CBSI3HBI TeKCT — paboTa rpoMajpHas, OcCo6eHHO eC/H K
9TOMY eule N06GaBJAsIOTCA ApYyrie 0653aHHOCTH, CONPOBOXKAAlOILHE
OCbIYHO YTeHHe HOBOTO Kypca,— IOAroToBKa K ONpocCy, CEMHHapHI,
ynpaxxHeHHs, 3k3aMeHbl H T. A. [loTpeGoBasoch MHOXECTBO pPYyK
1 ronioB. §1 Bce e HaJeloch, YTO B pPsifie CAyyaeB HaM y1aJ0Ch Bep-
H O OTpa3uTh peHHMaHOBCKHI opuruHaa. B apyrux xe Mbl oka3sa-
JIUCb OYeHb AaJjeKH OT HAeana. Hamumu ycnexaMu Mbl 06si3aHbl
BCeM, KTO moMoraJ HaM. Mbl oueHb COXaJjleeM O Heyjnauax.

Kak Mbl noapo6HO OGBACHANM B MPEJUCAOBHH K NEPBOMY
TOMY, 3TH JIeKUHH ObIJH BCEro 4acTbi0 MPOrpaMMbl, KOTOPYIO Ha-
METHJ H 32 BbINOJNHEeHHeM KoTopoill cuaenun Komuter no nepe-
cmotpy Kypca (P. Jleiiton — npeacenareas, I'. Heep u M. Cannc)
KAJITEXa npu ¢unaHcoBoit noanepxke ¢pouga Popna. Kpome
TOro, B MOArOTOBKE TeKCTa JIeKLUHH BTOPOrO TOMa Y4acCTBOBaJH
T. Koxu, M. Kneiiton, I, Kypuuo, I. Xaprta, T. Xapseii, M. Us-
pasab, B. Kapaac, P. Kasanax, . Matsioc, M. Ilaeccer, ®. Yop-
peH, B. Vaiiaunr, C. Yuarc u Bb. LlumMepman. B pa6ore Han
aekuusiMu nomoraan [x. Bawo, Jxk. Yanaux, M. Knaysep,
P. Honnen, I'. Xuan u A. Taiita. MHe xotesnoch 6B 0co6o cka-
3aTb 31eCb O MOCTOsIHHOH momouu npocgeccopa Hoiire6ayepa.
M Bce xe ecan Gbl He Bblgaiolleecss JapoBaHHe H aKTUBHOCTh
camoro deiiHMaHa, TO 3TOT paccka3 o (U3HKe, KOTOPHIH BH ceii-
yac yuTaeTe, HUKorjga 6 He Mpo3Byyad.

Mapr 1964 r. Mateio Cance
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3JEKTPOMATHETH3M

§ 1. daexrpuyeckue curvt

PaccMoTpuM cuay, Kotopasi, noao6HO TsroTe-
HUI0, MeHseTcst OoOpaTHO KBaapaTy pPacCTOSIHUSA,
HO TOJNBKO B MUAAUOH OUAAUOHO8 OGUAAUOHOS
6unruonos pas Goaee cuapHy. M KoTopasi ot-
Juyaetca elle B oaHoM. ITycTh cyulecTByoT ABa
COpTa «BelllecTBa», KOTOpPbLe MOXHO Ha3BaTb MO-
JIOXKHTeJbHBIM H oTpuuaTteabHbIM. IlycTb oam-
HaKOBble COpPTa OTTAJKHBAIOTCA, a pasHble —
NPUTATHBAIOTCA B OTJHYHE OT TATOTEHHs, NPH
KOTOPOM MPOUCXOAMT TOJBKO NpuTsxKeHHe. UTo
’Ke TOrja CayyuTcs?

Bce mos0xHTe/bHOE OTTOJNKHETCS €O CTpall-
HOM CHJION M pa3J/ieTUTCA B pa3Hble CTOPOHHL. Bcee
oTpHuuaTejbHoe — ToxKe, Ho coscem apyroe npo-
H30/JleT, eC/H MOJIOXKHTe/NbHOE H OTpHUATeJbHOE
nepemewatb noposHy. Toraa oHM ¢ OrpomHo#
CWJIOH NPHUTARYTCA APYr K APYry, H B HTOTe 3TH
HeBePOATHbIE CHJ/IBI MOYTH HaUeJ0 c6aJaHCHPYIOT-
csl, 06pa3ys MJOTHbIe, «MeNKO3epPHHCTbIe» CMeCH
NOJIOK HTEJbHOTO H OTPHLATENbHOr0; MEXAy ABY-
Ms rpyfaMH TakKHX cMecell mpaKTHYeCKH He 6yner
OLLYIMATLCS HH MPHTAXEHHS, HH OTTaJKHBaHHS.

Takasa cuna cylmecTByeT: 3TO 3JeKTpHYecKas
cuna. M Bce BelllecTBo fABJISIETCS CMECbIO MOJIO-
JKHUTeJbHEIX MPOTOHOB H OTPHLATENbHHIX 3JeKTPO-
HOB, NPHTATMBAIOUIMXCA M OTTAJKHBAIOUIHUXCS C
HenMoBepHo# cuaol. OnHako GanaHC MeXAy HH-
MU CTO/Ib COBepIIeHeH, YTO, KOrja BBl CTOMTE
BO3J/1e KOro-Hubyab, Bbl He oOlllylllaeTe HHKAKOro
JeficTBUS 3TO cuJabl. A ecau Obl GajnaHc Hapy-
UnIcst XOTb HEMHOXKO, Bbl Obl 3TO cpa3y Io-
yyBcTBOBaJH. Ecan Gbl B BallleM TeJsle HJH B TeJle
Ballero cocefa (CTosllero oT Bac Ha PacCTOSIHHH
BBITAHYTOH PYKH) 3J/IEKTPOHOB 0Xa3a/0Cb Obl
Bcero Ha 1% Go.sbuie, ueM NpPOTOHOB, TO CHJA

§ 1. dnekTpuueckue
CHJH

§ 2. dnexkTpuueckue
M MarHWTHblie Noas

§ 3. Xapakrepucruku
BEKTOPHBIX noJe

§ 4. 3akoHubl anekTpo-
MarHeTuima

§ 5. Yto 9To Takoe —
«nonn»?

§ 6. dnekrpomarneruam
B HayKe H TeXHUKe

HNoeropure: ra. 12
(Buin. 1) «Xapak-
TEPHCTHKH CHABI®



BAlIEr0 OTTAJKHBaHHs Gbina Gbl HeBooOGpasumo OoJboil. Ha-
CKOJIbKO 6oabuioi? JlocTaTouHoH, 4TOOH MNOAHATH HeGOCKpes?
Boabiie! JoctaTouHo#, 4TOGH MOAHATH ropy DBepecT? Bosbuue!
CuJsbl OTTa/NIKHBaHHSI XBaTHJO Gbl, YTOGH MOJHATH «BEC», PaBHBHIil
Becy Haueil 3emJu!

Pa3 TaknHe OorpoMHble CHJIBI B 3THX TOHKHX CMeCSIX CTOJIb CO-
BeplIeHHO c6a/saHCHPOBAaHbl, TO HETPYAHO MOHATh, YTO BelleCTBO,
CTPeMACh YIepPKaTh CBOM MOJOXKHTEIbHbIE U OTPHLIATENbHBIE 32 PS-
[bl B TOHYaHIEeM PaBHOBECHH, NOMKHO 006/a4aTh 60JbIIOH XKeCT-
KOCTbIO M NPOYHOCThIO. Bepxyika HeGockpe6a, cCKaKeM, OTKJO-
HAeTCs NMPH MOpPLIBAX BeTpa JHIUb HAa Mapy MeTPOB, MNOTOMY UTO
3/J1eKTPHYECKHe CHJIB YAePKHUBAIOT KaXKAbIH 3JEKTPOH H KaXAblH
npoToH 6o/lee HJM MeHee HA CBOMX MecTax. A ¢ Apyroii CTOPOHHI,
eC/JIH paccMOTpeTb AOCTAaTOYHO MaJjloe KOJIHYeCTBO BellecTBA Tak,
yTOObl B HEM HACYUTHIBAJIOCH JIHLIL HEMHOrOo aTOMOB, TO TaM
HeobOs13aTeIbHO OyAeT paBHOe YHCJIO MOJOXHUTENbHBIX M OTpHLA-
TeJbHBIX 3apsiloB, ¥ MOTYT MNpPOSIBUTbCA GOJbllie OCTaTOYHbIE
3/leKTpHYeCKHe cuabl. Jlaxke ecqau yHcaa TeX M APYTHX 3apsaoB
OAHMHAKOBH, BCe pDaBHO MeX1y COCeAHHMMH O0O6JacTAMH MOXeT
NeHCTBOBaTb 3HAUMTE/NbHasl 3JeKTpHuecKasd cHaa. [lotomy uTto
CH/BbI, NeHCTBYIOLIHE MeXAy OTJe/JbHbIMH 3apsilaMH, H3MeHSI0TCA
06paTHO NMPONOPLHOHANBHO KBaJpaTaM PAacCTOSTHHH MeXAYy HUMH
M MOXeT 0Ka3aThCs, YTO OTpHLATeJbHble 3apsAbl OQHOH 4acTH
BellecTBa OJMXKe K MNOJOXHTeNbHHIM 3apsifiaM (Apyro#t da-
CTH), 4eM K oTpuuaTeabHBIM. CHJBI MPUTSXKEHUsT TOrAa NpeB30H-
LYT CHJBI OTTAJKHBaHHSA, U B HTOTe BO3HHKHET NPHTS)KEHHE MEXAY
NBYMS YacCTIMH BellleCTBAa, B KOTOPBLIX HeT U3OLITOYHOro 3apsaa.
Cuna, yaepxuBaiollas aTOMbl, H XMMHYECKHe CHJbI, CKpenJsio-
e MexAy co60il MOJIeKyJbl,— BCe 3TO CHJB 3JeKTpHUecKHe,
NeHdCTByOUlHe TaM, e YHUCJ0 3apsA0B HEOAHHAKOBO HJH Te
NPOMEXYTKH MeXAy HHMH MaJbl.

Bbl 3HaeTe, KOHEYHO, YTO B aTOMe HMEIOTCS MOJIOXKHTENbHbIE
NPOTOHHl B Siipe M 3JIEKTPOHH BHe sapa. Bbl MOXeTe CnpOCHTH:
«Ecan aTH anekTpHYecKHe CHABI TaK BEJNHKH, TO MOYEMY XKe Mpo-
TOHBI H 3JIEKTPOHH He HaJe3aloT Apyr Ha apyra? Ecau oHu ctpe-
MsTcs 06pa3oBaTh TeCHYIO KOMIAHMIO, noyeMy Obl el He CTaTh
emle TecHee?» OTBeT CBSI3aH C KBaHTOBbIMH 3 dekTamu. Ecau
NONbLITAaTbCA 3aK/MOYHTh HALIH 3JIEKTPOHB B MaJjbli 06beM, OKpy-
XKaWHA NPOTOH, TO, COIJIACHO NMPHHUHMNY HeONpeae]eHHOCTH, Y
HUX JO/IXKeH BO3HHKHYTb CpeJHeKBaJApaTUYHBIH HMMYJbC, TEM
60/1bIIKI, YeM CH/bHee MBI HX OrpaHUYUM. VIMeHHO 3TO ABHXKe-
HHe (TpeGyeMoe 3aKOHAMH KBAaHTOBOH MeXaHHKH) MellaeT 3JeK-
TPHYECKOMY NPHTAXKEHHIO elle Goablie COMU3UTb 3apsiibl.

Tyt Bo3HuKaeT ppyroii Bonpoc: «UTo ckpenaser saapo?» B san-
pe HMeeTCs HeCKOJbKO NDOTOHOB, H BCe OHH IOJIOXHTE/bHO
3apsaxeHbl. [loueMy e oHu He pa3Jjetatorca? OKa3sbiBaeTcsl, 4TO
B sJpe, NOMHMO 3JIEKTPHYECKHX CHJI, elle NEHCTBYIOT M HedJeK-
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TPHYECKHE CHJIBI, Ha3biBaeMble A0ePHbimU. DTH CHAbl 6osee MOII-
Hble, YeM 3JIeKTpHYeCcKHe, H OHH CNOCOGHEI, HECMOTPSl Ha 3JeKTpH-
yecKkoe OTTaJKUBaHHe, YyAepkKaTb NPOTOHb BMecTe. [leficTBue
SiIEpPHBIX CHJ, OJHAKO, MPOCTHpAaeTCsl HeJaseKo; OHO najaeT ro-
pasno ObicTpee, yeM 1/r2, U 3TO MpHBOAMT K BaXKHOMY pe3yJib-
taty. Ecan B sigpe uMeeTcsl CJHILKOM MHOTO NMPOTOHOB, TO SAPO
CTAHOBHTCS 4epecyyp GOJBIIHM H OHO YXKe He MOXKeT yAepkKaTbCs.
[TpuMepom MoXeT CAyXKHUTb ypaH ¢ ero 92 nportoHamu. flnepubie
CHJIbl J€HCTBYIOT B OCHOBHOM MeXAY NMPOTOHOM (HJH HeHTpO-
HOM) M ero GJHXKaHIIUM COCelOM, a 3JeKTPHYeCKHe CHJb [el-
CTBYIOT Ha O00JblilMe pacCTOSIHUSL H BHI3BIBAIOT OTTAJKHBaHHe
KaXJo0ro NpoToHa B fiApe OT BCeX oOCTajabHHX. UeMm 6oJblie B
siipe NPOTOHOB, TeM CHJIbHee 3JeKTPHYeCKoe OTTaJKHBaHHe, 10Ka
(kaK y ypaHa) paBHOBeCHe He CTaHeT CTOJIb INATKHM, 4YTO AAPY
MOYTH HHUYEro He CTOHUT pa3feTeTbC OT AEHCTBHSl 3JeKTpHue-
cKoro otTtaiKuBaHus. CTOHT ero 4yTb-4yThb «TOJKHYTb» (Hampu-
Mep, NMOCJaB BHYTPb MeJIEHHBIH HeHTPOH) — M OHO pa3BaiH-
BaeTCl HaABOe, HAa [ABe MOJIOXHTEJNBHO 3apsiKeHHble YacTH,
pasJeramoliiecss Bpo3b B pe3yJabTaTe 3JIeKTPHYECKOro OTTaJIKH-
BAaHHA. DHeprusi, KOTOpasi NpPH 3TOM BHICBOOOXKJAeTCs, — 3TO
SHeprusi atoMHoil GoMO6bl. Ee O0GBIYHO HMEHYIOT «silepHOH»
9Hepruei, XOoTsl Ha CaMOM [eJe 3TO «3JeKTpHuyecKas» 3Heprus,
BLICBOOOXKAaeMas, KaK TOJIbKO 3JIeKTPHYeCKHe CHJbl NMPeB30HAYT
filepHble CHJBI NPUTAXKEHHS.

Hakonel, MOXHO CNpPOCHTb, YyeM CKpenJsieTcss OTpPHLATeJ/]bHO
3apsiKEeHHBIl 3JIeKTPOH (BeAb B HeM HeT saepHbX cua)? Ecau
3/JeKTPOH Becb COCTOMT H3 BellecTBa OAHOrO COpTa, TO KaxKAaas
€ro 4acThb AOJ/KHA OTTAJKHBAThb OCTaJbHble. Torpa mouemy ke
OHH He pa3/eTaloTCs B pasHble CTOPOHEI? A TOYHO J1H CYLIECTBYIOT
y 3JIeKTPOHA «4yacTH»? MoxeT ObITh, CleyeT CUMTATb 3JEKTPOH
NpPOCTO TOYKOH H FOBOPHTb, YTO 3JeKTPHYECKHe CHJBI JeHCTBYIOT
TOJIbKO MEXIY Pa3Huimi TOYEYHBIMHU 3aPsia MU, TaK YTO 3/eKTPOH
He feficTByeT caM Ha ce6d? BoamoxHo. EqnHCTBEHHO, YTO MOXKHO
ceffyac CKasaTb, — YTO BONPOC O TOM, YeM CKpelJ/eH 3JIeKTPOH,
BbI3BaJl MHOTO TPYAHOCTeH NpPH NMONbITKe CO3AAaTh NOJHYIO TEOPHIO
sjeKTpoMarHetuama. M oTBeTa Ha 3TOT BONpOC TaK H He MOJy-
uynnu. MBI 3afiMeMcst 06CyXKeHHeM ero HEMHOro nosxe.

Kak Mbl BHAenH, MOXHO HanesiTbCf, YTO COYETaHHe 3J/eKTPH-
YeCKHX CHJ H KBaHTOBOMeXaHHYeCKHMX 3(QeKTOB omnpene/ut
CTPYKTYpy OO/bLIMX KOJHYECTB BelllecTBa M, CJeJOBaTeJbHO, HX
cBoiictBa. OnHN MaTepuaJsbl — TBepALle, ApyrHe — Msarkue. Heko-
TOpble M3 HHUX — 3J/1eKTpPHYeCKHe <«NPOBOJHHKH», MOTOMY YTO HX
3/71eKTPOHbI CBOOOJHBI H MOTYT ABHraTbCsl; ApYrue — «U30J5TO-
pbI», HX 3JIEKTPOHB MPHUBSA3aHbl KaXXAblit K cBoeMy aTomy. [To3xe
Mbl BBISICHHM, OTKyla MOSIBJAIOTCA TaKHe CBOHCTBA, HO BONpPOC
3TOT OYyeHb CJO0XEeH, M03TOMY pPacCMOTPHM CHayaJja 3JeKTpHuuye-
CKHe CHJBl B CaMBIX MPOCTHIX CHTyauusax. HauHeM ¢ u3yueHus
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OIHHX TOJIbKO 3aKOHOB 3J/IEKTPHYECTBA, BKJIYHMB ClOJla M MarHe-
TH3M, TaK Kak M TO M Jpyroe B NeACTBHUTE/JbHOCTH CYTb SIBJIEHHS
OJNLHOH M TOH XKe MPHUPOIBI.

Mbl ckasanu, YTO 3/71eKTPHYECKHEe CHJ/B, KaK H CHJBI TATOTe-
HHSA, yMeHblIalOTcs oGpaTHO NpPONOPUHOHAJIBHO KBaapary pac-
CTOSIHHSI MeXAY 3apsilaMH. 3T0 COOTHOILEHHe Ha3blBaeTcsi 3aKo-
Hom Kynona. OHaKo 3TOT 3aKOH nepecTaeT BBINOJHATHCS TOYHO,
€CJIM 3apsAbl ABHXKYTCA. DJeKTPHYECKHE CHJBl 3aBHCAT TaKXKe
CMOXHbIM 06pasoM M OT ABHXeHus 3apsamoB, OmHy M3 uacTeii
CHJIbI, AeficTBYIOUleHl MeXAY ABHXKYILHUMHCA 3apsilaMH, MH Ha-
3biBaeM mazHuTHOU cuaol. Ha camom e nese 3TO TOJbKO ORHO
M3 NpOsIBJeHHl 3JeKTpudeckoro AeiictBusi. IloroMy Mbl M roBo-
puUM 00 «3JIeKTPOMAarHeTH3Me».

CymecTByeT BaXHbI OGIIMIA NPHHUMMN, NO3BOJASIOIUHI OTHO-
CHTe/]IbHO NMPOCTO HM3YyYaTb 3JEeKTPOMAarHUTHble CHJAB. MB 0OG6Ha-
py:KHBaeM 3KCMEepPHMEHTa/]bHO, YTO CHJA, AeHCTBYIOIlas Ha OT-
JNeNbHblil 3apAa (He3aBHCHMO OT TOrO, CKOJBKO TaM elle eCTb
3apsA10B H/H KaK OHH ABHXYTCS), 3aBUCHT TOJIbKO OT MOJIOXeHHs
3TOrO OT/Je/bHOrO 3apsifia, OT €ro CKOpPOCTH M BeaHYHHbl. Cuay F,
NEHCTBYIOILYI0 Ha 3apsad ¢, ABHXKYWHACA CO CKOPOCTBLIO V, MbI
MOXKeM HanHucaTb B BHIe

F=g(E 4+ v X B); (L.1)

snecb E — asekTpuueckoe none B TOuKe pacrnoJsioxeHuss 3apsna,
a B— maenurnoe nose. CylmecTBeHHO, YTO 3JeKTPHUECKHE CHIHI,
JefCTBYIOIHE CO CTOPOHBI BCeX MNpPOYHX 3apsaaoB BceseHHoi,
CKJIaJbIBAIOTCS W JAIOT KaK pa3 3TH [Ba BeKTopa. 3HAUeHHA HX
3aBHCAT OT TOro, 20e HaXOOHUTCS 3apsifi, U MOTYT MEHSITbCS CO
apemernem. Ecnu MBI 3aMeHHM 3TOT 3apAx APYrHM, TO CHJA, Aeil-
CTByIOLAsl HA HOBLIH 3apsil, H3MeHsIeTCS TOYHO NPONOPLUHOHANBHO
BeJIMYHHE 3aps]a, ecJH TOJbKO BCe NpOYHe 3apsi]bl MHDA He
MEHSIIOT CBOEro ABHXKEHUS WM noJjoxeHus. (B peasbHBIX ycd0-
BHsX, KOHEYHO, KaXAbli 3apsij AelCTBYyeT Ha BCe NpOYHe pac-
MOJIOXKEHHBIe MO COCEACTBY 3apsibl U MOXET 3aCTaBHTh HX JBH-
raTbCsl, TaK 4TO MHOTA NpPH 3aMeHe OJHOrO JaHHOro 3apsaa Ipy-
TUM NOJIS MO2YT U3MEHHTHCS.)

U3 martepuaJsa, U3/I0XKEHHOTO B NepDBOM TOMe, Mbl 3HaeM, Kak
onpejesuTh [BHXeHHE YaCTHILB, €CJH CHJa, AeHCTByOLlas Ha

Hee, H3BeCTHA. YpaBHeHHe (l.1) B coueTaHHu ¢ ypaBHeHHeM [1BHU-
JKeHus naeTt

d mv
7[(1 —02/02)'/2]__— F=gq(E + v XB). (1.2)

3uauur, ecan E u B n3BecTHH, TO MOXHO onpefefHTb NBHXeHHe
3apsanoB. OcTaercss TONBKO y3HaTb, KakK noJayuvaioorcs E u B.
OauH M3 caMBIX BaXHBIX NMPHHUHMIOB, YNPOUAKUIKX NoJyyYe-
HHe BeJHYMHBI MOJeH, COCTOMT B caelyioweM. [Tycte HekoTopoe
KOJIHYeCTBO ABHXKYUIMXCA KaKHM-TO 00pa3oM 3apsoB CO3AaeT
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none Ey, a npyras COBOKYMHOCTb 3a- HAMBOJIEE YACTO
panos —noae E.. Ecau neitictayror YMOTPEBJISIEMBIE
o6a HabGopa 3apAf0B ONHOBPEMEHHO TPEUECKHE BYKBBI
(coxpaHsisi Te e CBOH MOJOXEHHA H a— amda
JABHXXEHHsI, KaKMMH OHH o6JanaJjy, B — Gera
KOrja paccMaTpHBaJ/IUCh MOPO3Hb),TO gg:rmrfa
BO3HHKalOllee MoJie PaBHO B TOYHOCTH P
CyMMe { — nsera
E=E, + E,. (1.3) Og - :zTria
3T1oT GaKT HaAZBIBAETCH APUHUUNOM ;:;‘:;sa
HaaoMenus mnoaeil (MAH npuHyuUROM AA — naména
cynepnozuyuu). OH BBHINOJHAETCA H n— M0
AJ1s1 MarHUTHBIX M0JeH. _v—no
[TpuHuMn 3TOT O3HauaeT, YTO ec- “g:g;”ﬂxpoﬂ
JH HaM M3BEeCTeH 3aKOH A/ 3/eKTpH- % — nu
4eCKOro M MAarHMTHOro mnoJied, o6pa- p — po
3yeMbIX 0OUHO4HbIM 3APSAOM, ABUXKY- 2o — curma
IUHMCSI NPOM3BOJILHBIM 06pasoM, ToO, Yo on
3HAYUT, HAaM HM3BECTHH BCE€ 3aKOHbI o — du
snexTpoaHHaMuKu. Ecaum Mb Xx0TuM { — xn
3HaTb CHJY, MAEHCTBYIOILYI0 Ha 3a- W1 — neu
psim A, HaM HYXHO TOJbKO paccCyH- Qo — omera

TaTh BeauuuHy noJaeit E u B, cosnan-
HBIX KaXJblM U3 3apsigoB B, C, D u T. 4., U CJOXKHUTL Bce 3TH E
U B; Tem cambiM MBI HallgeMm MoJs, a U3 HHX — CHUABI, AeHCTBYIO-
mue Ha A. Ecau 66l 0KasaJgoch, YyTO MoJie, Co3JaBaeMoe OAMHOY-
HbIM 3apsAoM, OTJIHYaeTcsi NPOCTOTOH, TO 3TO CTan0 OBl CaMbIM
H3SILLHBIM CMOCOGOM OMHCAaHUS 3aKOHOB 3JeKTpoAWHaMHKH. Ho
Mbl YK€ OMUCHIBAJK 3TOT 3aKOH (CM. BhIN. 3, ra. 28), u, K coxa-
JIEHHIO, OH JOBOJIbHO CJIOXEH.

OkasniBaeTrcs, YTo GopMa, B KOTOPOiHl 3aKOHBI 3JeKTPOAHHA-
MHKH CTaHOBSITCS MpPOCTLIMH, COBCEM He TakKasl, KaKoil MOXHO
6bl10 Gbl oxupaTb. OHa He mpocTa, ecaM Mbl 3aXOTHM HMeThb
dbopmyay oasd CHABL, ¢ KOTOPO OOMH 3apsi AeHCTBYeT Ha APYroH.
[IpaBna, Korga 3apsigbl MOKOSITCS, 3aKOH CU/Abl—3aKoH Kysmona—
NpOCT, HO KOrAa 3apsifibl ABHXKYTCS, COOTHOLIEHHS YCAOXKHSAIOTCSA
H3-3a 3anasfibiBaHHsl BO BpeMeHM, BJHSIHUA YCKOPEHHS H T. I
B wurore .nyyuwe He NBITaTbCA CTPOMTH 3JMEKTPOJHHAMHKY C IO-
MOIIbIO OZHHX JIMIIb 3aKOHOB CHJ, NEHCTBYIOLUHX MeXOy 3apsi-
naMu; ropasgo OoJiee npHeMJeMma Apyras TOYKa 3peHHs, NMPH
KOTOPOH ¢ 3aKOHAaMH 3JIEKTPOAHHAMHKH Jlerye ynpaBasThCA.

§ 2. Jaexrpuueckue u mazHuTHbIE NOAR

[TepBbIM Je0M HYXHO HECKOJNbKO DACIIMPHTb HAIUH Npea-
cTaBjeHHs 06 3/1eKTPHYeCKOM M MarHutHoM Bektopax E u B. Mu
onpeje/nuJM HX yepe3 CHJBl, AeHCTBYIOLIMe Ha 3apsal. Tenepb Mbl
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P ue. 1.1. Bexroproe nose, nped-

— CTQBAEGHHOE MHOMECTBOM CTpenok,
dAuHa u HanpaeaeHue KOTOPbLLX OT-
— ME4QIOT 8eAUHURY BeKTOPHO20 NOAR
8 Tex To4Kax, OTKY0a 86LX00AT
—s cTpenKu.
—
*—

HamepeBaeMCsl TOBOPHTb 00 3JIeKTPHYECKOM M MarHMTHOM MOJSAX
B TO4Ke, Jlake eCJM TaM HeT HHKakoro 3apsina. CjenoBaTesbHO,
Mbl YTBEP2KJAAeM, YTO pa3 Ha 3apsa «AEHCTBYIOT» CHJBI, TO B TOM
MecTe, T€ OH CTOSJ, OCTAaeTcsl «HeyTo» M TOTAa, Korja 3apsj
orryna y6paau. Ecan 3apsan, pacnonoxeHHbl B Touke (X, y, 2),
B MOMeHT ! omyumaer JeiicTBHe cHabl F, corsacHo ypaBHeHHIO
(L.1), To mMb cBsisbiBaeM BekTopel E u B ¢ Toukod (x, y, 2) B
npoctpaHcTBe. MoxHo cuutath, uto E(x, 4, 2, t) n B(x, y, 2, t)
JaloT CHJBI, AefiCTBHe KOTOPBIX OLLYTHT B MOMEHT ! 3apsa, pac-
NOJIOXKEHHBIN B (X, Y, 2), npu ycaosuu, 4To NOMellleHHe 3apsiaa
B 3TOH TOYKE He NOTPeBONUT HHU PACMONOMKEHHS, HH ABHXKEHHA
BC€X MPOYMUX 3apSA0B, OTBETCTBEHHBIX 3a NOJS.

Cnenyst 3TOMy NpeldCTaB/AeHHIO, Mbl CBSI3bIBaeM ¢ Kaxdod
Toyko# (X, y, 2) npoctpaHcTBa aABa BekTopa E u B, cmocoGHbix
MEHSITbCS CO BpeMeHeM. DJIeKTpHYECKHe W MarHHTHbIE 10/ TOraa
paccMaTpUBAIOTCH Kak 8ekTopubie Gynkyuu ot X, y, 2 u t. Ilo-
CKOJIbKY BEKTOp ONpefessieTcsi CBOMMH KOMIMOHEHTaMH, TO KaX10€e
u3 noaeit E(x, y, 2, t) u B(x, y, 2, t) npeacrasaser coGoil TpH
MaTreMaTHYeCKHe QYHKUHH OT X, Y, Z U L.

HmenHo notomy, uto E (uau B) Moxer GBITh onpefeneHo AJs
KaxJ0il TOUKH NMPOCTPAHCTBA, €r0 U Ha3bIBaIOT «noJjeM». [Tose —
370 J06as (u3HyecKkas BeMYHHA, KOTOpas B pasHbIX TOYKax
NpOCTPAHCTBA NPHHHMAaeET pasaHuHble 3HaueHuss. CKaxeM, TeMme-
patypa — 3To noJie (B 3TOM cJyuae CKaJisipHOe), KOTOpoe MOXHO
3anucarb B Bule 7 (x, y, 2). Kpome toro, reMnepatypa MOXeT Me-
HATbCA M BO BpPeMeHM, TOrfa Mbl CKaxeM, YTO TeMIepaTypHoOe
noJie 3aBHCHT OT BpeMeHH, M HanuweM T (x, y, 2, t). dpyrum
NPHMEPOM MOJS MOXET CJYXHTb <«NOJe CKOpOCTel» TeKyulel
JKHUAKOCTH. MBI 3amHCBIBAEM CKOPOCTb XHIKOCTH B JII06OH TOUKe
NpocTpaHcTBa B MOMeHT ¢ B Buie v(x, Y, 2, t). Ilone 3to Bek-
TOpHOE.

BepHeMcsi K 3/1eKTPOMArHUTHBIM NoJsiM. XOTs (GOpMyJbl, MO
KOTODHIM OHHM CO3Jal0TCsA 3apsilaMH, M CJOXKHBI, Y HHX eCTb
cleayloulee BaxKHOe CBOfICTBO: CBfI3b MeXJY 3HaYeHHSIMH MoJeH

14



P ue. 1.2. Bexropnoe nose, nped- /

CTCBACHHOE  AUHUAMI, KACATeN6-
HOIMU K HANDABACHUIO 8eKTOPHO20
noas 6 xaxdod Touke.

JIAOTHOCTS AURHULL YKA36I8AET BEAULURY /
8eKTopa noaA.

B HEKOTOPOl TO4Ke W 3HAYEHHSIMM HX B cOceOHeli TOUKe OdYeHb
npocta. HecKoqbKHX TakuX cooTHolleHH#i (B ¢opme audpdepen-
LHaNbHBIX YpaBHeHHH) AOCTAaTOYHO, YTOOBI MOJIHOCTBLIO OMHCATh
noas. MiMeHHo B Takoil ¢opMe 3aKOHBI JEeKTPOAHHAMHKH H BHI-
rasiaAaT 0cCo6eHHO NPOCTO.

Hewmano nsoGpertatesnbHOCTH GblNIO MOTpPayeHO Ha TO, YTOGHI
NOMOYb JIIOASM MBICJEHHO NpeACTaBUTh MoBeleHHe noJaeit. U ca-
Masl MpaBU/AbHAs TOYKA 3PEHHsI — 3TO caMas OTBJIEYUEHHAas: Halo
NpOCTO paccMaTpPHBaTh MO/l KaK MareMaTHyecKue QYHKIUHH KO-
OpAMHAT M BpeMeHH. MOXHO TaKXe MONLITaTbCA NOJNYYHTb MBIC-
JIEHHYI0 KapTHHY N0JIsl, HAYePTHB BO MHOTHX TOYKaX NPOCTPAHCTBA
N0 BEKTOpPY TaK, YTOObl KaXAbli W3 HUX IOKa3blBaJ HanpsKeH-
HOCTb M HanpaB/leHHe MoJas B 3TOH TouKe. Takoe npeiacrasiieHHe
npusoautcss Ha ¢ur. 1.1. MoxHO MOATH U [Aajblle: HAYepTUTh
JIUHUY, KOTOpble B /I0GOH TOYKe OYAYyT KacaTeJbHbBIMH K 3THM
BekTopaM. OHKM KakK Obl CJELYIOT 32 CTPeJKaMH H COXPaHSIOT Ha-
npaBJjeHde noas. Ecaum 3ato cpenath, TO cBeleHHs1 O OauHax
BEKTOPOB GYAYT yTepSAHbI, HO HX MOXHO COXPaHHUTb, €C/H B TeX
MecTax, I'le HanpsXeHHOCTb MOJs MaJja, NPOBeCTH JHHUH Mope-
XKe, a TAe BeqHKa — noryiue. [JoroBopumcs, 4To 4uUCA0 AUHUL Ha
eOdunuyy naowjadu, pacrnosOoXKeHHON MNonepek JHUHHE, GyAeT mpo-
MOPUHOHANBHO HANPANCEHHOCTU NOAA. DTO, KOHEYHO, BCETO JIHILIb
npubJ/iKeHHe; HHOTAA HaM npuaetrcds A06GaBAATb HOBLIE JIMHHH,
yTOOBl HX KOJIMYECTBO OTBeyaJso HanpsikeHHocTH moasi. [lode,
n3obpaxeHHoe Ha ¢wur. 1.1, npeacTaB/eHO JHHHAMH MOJS Ha
¢ur. 1.2

§ 3. Xapaxrepucruxu 8exTopHbIX noaeii

BekTopHble nonsi o6aafaloT ABYMsI MaTeMaTHYeCKH BaXKHBIMH
CBOHCTBAMH, KOTOPbIMH MBI GyleM NOJb30BaThCsl MPH OMHCAHHH
3aKOHOB 3JIEKTPHYECTBa € MOJIeBOH TOYKHM 3peHus. [IpeacraBum
cefe 3aMKHYTyI0 MOBEPXHOCTb M 3afaJHM BONpPOC, BHITEKAaeT JH
U3 Hee «HeuTO», T. e. o0JlalaeT JIH MOJie CBOHCTBOM «HUCTEYeHHsI»?
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D ue. 1.3. ITorox 6exkTOpHO20 hoas
4epe3 noB8epxHocTs, onpedeasemoril
Kax npou3sedenue cpedHezo 3Haue-
HUA nepnenoUKYAAPHOL COCTABARIO-
weil sexTopa Ha naoujads Irod
nosepxHocru.

CkaxeM, 1Js N0Js CKOPOCTeil Mbl MOXeM IOHHTepecOBaThCH,
BCErAa JIM CKOpPOCTb HampaB/eHa OT MOBEPXHOCTH, HJH, B Gosee
o6meM cayyae, BHITEKAaeT JM H3 NMOBEPXHOCTH GoJiblle XHIAKOCTH
(B eauHuuLy BpeMeHH), Hexenau BTekaeT. OOluee KOJIHYECTBO
JKHAKOCTH, BBITE€Kalollee 4yepe3 MOBEPXHOCTb, Mbl HAa30BEM «IOTO-
KOM CKODPOCTH» Yepe3 MOBEPXHOCTb 3a eAMHHUY BpeMeHH. [ToTok
yepe3 3JieMeHT MOBEPXHOCTH paBeH COCTABJSIIOILEH CKOPOCTH, ep-

a
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NEHAHKYNSPHOH K 3JeMEHTY, yM-
HOXXEHHOH Ha ero mJowanb. [{as
NPOHU3BOJBHON 3aMKHYTOH TO-
BEDXHOCTH CYMMAPHOUL NOTOK
paBeH cpelHeMy 3HayeHHIO HOp-
MaJlbHOH KOMIOHEHTHl CKOPOCTH
(oTcynTHIBaEMOil Hapyxy), yMm-
HOXEHHOMY Ha [maomaib [o-
BEPXHOCTH:

ITotok = (Cpennsss HOpManLHAA KOM-
nonenta) - ([lnowank noBepxHOCTH).

(1.4)

B cayuyae 3JjeKTpHuecKkoro
noJigs MOXKHO MaTeMaTHUYECKH Oll-
pedeqauTb TMNOHATHE, CXOAHOEe C

NMNOTOKOM 2KHIAKOCTH, MBI TOXe€

Due 14. More cropocreii 8 wud-
kocru (a).

ITpeocragere cebe TpYybKky NOCTOAKRKOZ0
CEeUeHUR, YAONEHHYID 8006 MNPOUIBONL-
HOt 3amkHyTol xpusoti (6). Ecau xwud-
KOCT6 6HE3anHO 3aMOpPO3uTb NO6CIAY,
kpome Tpybku, TO WHuUdKoCcTd 6 TpydKe
HAYHET yupKkyruposars (8).



Due. 1.5. Qupryarayua sexrop-
HO20 nOAR, pasnaa npoussede-
Huro cpedHed kacateabHoil C€o-
cragiaouet eexropa (¢ y«erom
ee 3HQKQ NO OTHOWIEHUIO K HO-
npasaenurd 06xoda) Ha Oauny
KOHT Ypa.

/
IP0usEa5HAA "
UMAHYMASA KPUBAR N/

Ha3blBaeM ero NoTOKOM, HO, KOHEeYHO, 3TO yxkKe He TeueHHe KaKoii-
TO XXKHAKOCTH, MOTOMY YTO 3JCKTPHYeCKOe MoJle HeJb3sl CYHTAThb
cKOpocTbl0 yero-to. OKa3biBaeTcsi Bce Ke, YTO MaTeMaTHyecKas
Be/J1{UHMHA, ompeflejsieMas KaK cpeldHAs HOpMaJibHas KOMIOHEHTa
noJisi, Mo-npexKHeMmy HMeeT noJe3Hoe 3HayeHHe. Torga mbi roBo-
pPUM O NOTOKe 3AeKTpuxecTsa, Takxe Onpee/sieMOM YpaBHeHHEM
(1.4). HakoHel, nose3Ho rOBOPHTb H O NMOTOKe He TOJNbKO CKBO3b
3aMKHYTYIO, HO M CKBO3b JIOOYIO OrpaHIiYeHHYIO MOBEPXHOCTb.
Kak u npexje, NOTOK CKBO3b TaKylO NOBEPXHOCTb ONpefeJsieTcs
KaK cpeJHss1 HOpMaJ/bHas KOMMOHEHTa BeKTOpa, yMHOXeHHas Ha
naowajnb MNOBEPXHOCTH. IDTH MNpPeACTaBJeHHS HJJIIOCTPHPYIOTCS
¢ur. 1.3.

Jlpyroe cBOHCTBO BEKTODHULIX MOJieil KacaeTcsi He CTOJbKO MO-
BepXHOCTell, CKOJIbKO JuHHUiL. [IpeacTaBum onsite nmose ckopocTef,
ONHCHIBAIOIlEe MNOTOK KHMAKOCTH. MOXHO 3ajaTb HHTepecHbIH
BONPOC: LHPKYJIHPYET JM XKHAKOCTb? IDTO 3HAYHT: CYILECTBYET
JM BpallaTe/ibHOe ee [BHXeHHe BJOJIb HEKOTOPOro 3aMKHYTOro
KoHTypa (meTau)? Boo6pasure cebe, 4TO Mbl MTHOBEHHO 3aMOpO-
3UJH XKHAKOCTb NOBCIOAY, 3@ HCK/IOYeHHeM BHYTpPeHHeH YacTH
3aMKHYTOi B BHAe MeTJH TPYGKH MOCTOSHHOrO ceueHus (¢dur. 1.4).
CHapyXH TpyOKH XKHAKOCTb OCTAHOBHTCSl, HO BHYTDH OHa MOXeT
NPOAO/MKATb ABHIaThCA, €CaH B Hefl (B XKHIAKOCTH) COXpaHHJCA
HMIYJbC, T. €. €CAH HMNYJbC, KOTOPbIl TOHUT ee B OJHOM Hanpas-
JeHHH, 60/blle UMNYyJbca B o6paTHOM. Mbl onpefe/sieM BeJH4YH-
HY, Ha3bIBaeMyIo yupkyasyuel, Kak CKOPOCTb KHAKOCTH B TPyOKe,
YMHOXEHHYIO Ha AJMHHY TPYOKH. OnATb-TakH Mbl MOXeM pacliH-
pHTb HamM NpeACTaBJIeHHS M ONpeleNHTb <UHPKYJIALHIO» AJs
JIIOOOr0 BEeKTODHOTO moJig (faxe ecJd TaM HeT HHYero ABHXKYILe-
rocsi). ¥ BCAKOrO BEKTODHOTO MOJA YUPKYAAYUS NnO A060MYy
8000 paxcaemomy 3aMKHYTOMY KOHTYpPY onpefensieTcsi Kak cpel-
HAISl KacaTeJbHasi KOMIOHEHTa BeKTopa (C yyeTOM HampaBJeHHS
o6xona), YMHOXEHHAsl Ha NpPOTSXKEHHOCTb KOoHTypa (¢ur. 1.5).

Iupkynsiuus = (CpenHsis KacaTeqbHasd koMmmoHeHTa) - (JuauHa nytH o6xona)

(1.5)
Bbl BHAHTe, YTO 3TO oONpefesneHHe JefCTBHUTENbHO JaeT YHCJO,
NpoNopUHOHa/bHOE UHPKYJISALHH CKOPOCTH B TpyOKe, NPOCBEPJIEH-
HOH B GBICTPO3aMOPOXKEHHOM XK HIKOCTH.
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n0J1b3YﬂCb TOJNbKO 3THMH ABYMA MNOHATHAMH — NOHATHEM O
NOTOKE H NMOHATHEM O UHPKYJAAUHH, — MBI cnoco6Hbl ONUCaTh BCe
3aKOHbBI 3JIEKTpHYeCTBA U MarHeTusMa. BaM, 6bITh MOXKET, TPy AHO
GYJ.ICT OTYETJHUBO MOHATbL 3HayeHHe 3aKOHOB, HO OHH NaAyT BaM
HeKOTOopoe npeacraB/jeHHe O TOM, KaKHM ¢noco60M B KOHEYHOM
cyeTe MOXeT OBITb onHCaHa q3H3HKa 3JIEKTPOMArHUTHLHIX sIBJIEHH .

§ 4. 3axonot 3aexrpomaznerusma

nepBbIﬁ 3aKOH 3JIECKTpOMAarHeTHaMa OIHUCBIBAET MNOTOK 3JIEK-
TPHYECKOro noJs:

ITotok nanpsxennoctu E ckBosb __ 3apsaa BHYTpH Hee
M06YI0 3aMKHYTYIO NOBEPXHOCTh €0 ’

(1.6)

rie & — HEKOTOpasi MOCTOsIHHAsi (YMTAETCs 3MCHJOH-HYJb).
EcJy BHYTpPH NOBEpXHOCTH HeT 3apsAf0B, a BHe ee (Aaxke COBCeM
pSAAOM) eCTb, TO BCe DABHO cpedxsas HOpMaJbHasi KomnoHeHTa E
paBHa HYJIO, TaK 4TO HHKAKOro NMOTOKa yYepe3 MOBEPXHOCTb HeT.
UTo6bl N0Ka3aTh NMOJb3Y OT TAKOrO THIA YTBEPXKAEHHUH, Mbl JOKa-
xeM, yTo ypaBHeHHe (1.6) coBnagaer ¢ 3akoHoM KysoHa, eciu
TOJIbKO Y4eCTb, YTO MOJIe OTJe/JbHOro 3apsfa 06513aHO GbITh coe-
puueckH cuMmeTpHuHbIM. IlpoBenemM BOKpYr ToyeyHOro 3apsiia
coepy. Torpa cpenHsis HOpMa/ibHAas KOMIOHEHTa B TOYHOCTH
paBHa 3HaueHuio E B /oGoll TOYKe, MOTOMY YTO moJsie JOJKHO
CLITb HampaBJ/leHO MO PaAHyCy H HMeTb OJHY H Ty Ke BeJHYHHY
Bo Bcex Toukax cdepnl. Toraa Halle mpaBuJIO YTBepXKAaeT, YTO
noJie Ha NOBEPXHOCTH cdepbl, YMHOXeHHOe Ha nJjowaip cdepol
(T. e. BHITEKAWWHi U3 cdepbl NOTOK), NPONOPLUHOHANBHO 3apAdy
BHYTpH Hee. Ecsim yBennuMBaTh paguyc cdephl, TO ee mJowaib
pacTeT, Kak kBaapat paauyca. [IpousBenenne cpeiaHeil HopMaJp-
HOIl KOMIIOHEHTB! 3/IeKTPHYECKOro MoJ1s1 Ha 3Ty MJOIlaAb A0JIKHO
no-npexx HeMy ObITb paBHO BHYTPeHHeMYy 3apsiily, 3HauHuT, noJe
NOMXKHO yOblBaTh, KaK KBaapaT pacCTOAHHA; TaK MNOJydaeTcs
noJe «o6paTHbIX KBaApaTOB».

Ecau B3siTb B MPOCTPAHCTBe NPOH3BOJBHYIO KPDHUBYIO H H3Me-
PHUTb LHPKYJISILHIO 3JIeKTPHYECKOro MoJisi BAOJb 3TOH KPHBOH, TO
OKaXKeTCsl, YTO OHa B OOlLEeM CJyyae He pPaBHa HYJIO (XOTS B Ky-
JIOHOBOM NOJIe 3TO TakK). BmecTo 3TOrO A/ 3/MeKTpHyecTBa cnpa-
Be[JIMB BTOPOil 3aKOH, YTBeDXKAAIOULHH, 4TO

Lnpkynsuusa BeKTOpa E=i(no'rox BekTOpa B ckBO3B (1.7)
no kourypy C dt noBepXHOCTb S) : :

W, HakoHen, ¢opmMy/1HpPOBKa 3aKOHOB 3JIeKTPOMAarHHTHOIO
nonst GyfeT 3aKOHYEHa, €CJAM HamucaTb [Ba COOTBETCTBYIOLLHX
ypaBHeHHSI A/ MarHUTHOro noJas B:

IloTok BekTOpa B ckBO3bL JI0GYIO =0 (l 8)
3aMKHYTYI0 NMOBEPXHOCTDb U :
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A nns noBepxHocTH S, orpaHuueHHoil KpuBoit C:

¢? (LupKynsuus BekTopa B =i (norok BekTOpa E+
no xourypy C,)  di CKBO3b S)
DNeKTPHUECKHil TOK CKBO3b S
+ . (L.9)

€9

[TosiBuBwasics B ypaBHeHuu (1.9) nocrosiHHas ¢ — 3T0 KBal-
paT CKOpOCTH CBeTa. %e NnosiBJeHHe ONpaBJaHO TeM, UYTO MarHe-
TH3M MO CYILECTBY €CTb Pe/SITUBHCTCKOEe NpOsBJIeHHE 3JeKTpHue-
CTBa. A KOHCTaHTa g MOCTaBJeHa A/ TOro, 4ToObl BO3HHK/IH
NpPHUBBIYHbIE € HHHIBI CHJBI 3J1eKTPHYECKOTO TOKa.

VpaBuenus (1.6)—(1.9), a takxke ypaBHeHue (l.1)—3To Bce
3aKOHbI 3JieKTpoAnHaMuKK *. Kak Bbl noMHHTe, 3aKOHb HbioTOHA
HanucaTh ObLIO OYeHb NMPOCTO, HO H3 HHUX 3aTO BHITEKAJO MHO-
KeCTBO CJOXHBIX CJeACTBHH, TaK YTO NOHAaAOGHJOCH HEMaJo
BpeMeHH, YTOOBl HM3Y4YHTb HMX Bce. 3aKOHBl 3/1€KTPOMAarHeTH3Ma
HanucaTb HeCpaBHEHHO TPYZAHeHN, H Mbl JOJ/DKHBI OXHJATb, YTO
CJeJCTBHA M3 HHX OyAyT HaMHOro 6oJiee 3anyTaHbl, H Tenepb
HaM MpHAeTCs OueHb N0Jr0 B HHX pa3GHUpaTbCA.

Mbl MOXeM NpOHJIIOCTPHPOBATb HEKOTOPBIE 3aKOHBI 3JIEKTPO-
AHHAMHKH CepHeH HeCJOXKHBIX ONMBITOB, KOTOpPblE CMOTYT HaM Mo-
Ka3aTb XOTsl Obl KauyeCTBEHHO B3aHMOOTHOLIEHHS 3/eKTPHYECKOTO
u MarHuTHoro noJseft. C nepBbiM 4seHOM B ypaBHeHuH (1.1) Bhl
3HaKoOMHU1ech, pacyecbiBasi cefe BOJIOCH, TaK 4TO 0 HEM Mbl FOBO-
putb He Gynem. Btopoit unen B ypaBHeHuu (l.1) MoxHO mpo-
JNEeMOHCTPHPOBAaTb, MPOMYCTHB TOK MO NPOBOJIOKE, BHCAllEH Han
MAarHHTHBIM 6pPYCKOM, KaK nokasaHo Ha ¢ur. 1.6. I1pu BkatoueHnn
TOKa NPOBOJIOKA CIBHraeTcsi M3-3a TOro, YTO Ha Hee [JefCTBYyeT
cuna F=¢qv)XB. Korza no npoBoay uaetr TOK, 3apsiilbl BHYTpH
Hero ABHXYTCS, T. € HMEIOT CKOpPOCTb V, H Ha HHX AeHCTBYyeT
MarHMTHOe MoJle MarHuTa, B pe3y/bTaTe 4Yero MNPOBOJ OTXOAHT
B CTODOHY.

Koraa npoBoa ciBuraercst BleBO, MOXKHO OXHJAaTh, UTO CaM
MAarHUT HCMbITaeT ToM4oK Bnpaso. (MHaue Bce 3TO yCTpPOHCTBO
MOXHO Obl/10 6bl BOAPY3HTb HAa N1aTQOPMY H NOJYYHTH PeaKTHB-
HYIO CHCTeMy, B KOTOpOil MMNy/abC He coxpaHsuics Gbl!) Xors
CHJa yepecyyp MaJja, 4ToObl MOXHO GbJIO 3aMeTUTb ABHKEHHE
MarHUTHOH Na/IOYKH, OAHAKO [BHX<eHHe GoJiee YYyBCTBHTEJBLHOTrO
YCTPOHCTBA, CKaXeM CTPeNKH KOMnaca, BIOoJIHE 3aMeTHO.

Kakum ke o6pa3oM TOK B NnpoBofe ToJKaeT MarHut? Tok,
TEKYWH 1o MpoBOAY, CO3MaeT BOKPYr Hero cBoe COGCTBEHHOe
MarHuTHOe moJe, KOTOpoe H JeHCTBYeT Ha MarHut. B cooTseTcT-
BHH C MOCJEAHHM 4/leHOM B ypaBHeHHH (1.9) TOK mo/iKeH npw-
BOOMTb K yupkyaayuu sektopa B; B HameM cayuae aunuu nosas B

* Hy»xHO TONbKO 10rOBOPHTLECA 0 BLIGOPE 3HAKA UMPKYJALKMH,
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B
(maenuma) K
+ 3cHUMY

F
(Ha rpo6vd)

D

.4
—3mmHumy

s Apyessii
viaeHum

Due 16. Maenurnasa nasouka, cosdarowan 8031e
nposoda nose B.

Koeda no npoeody uaer T0K, npo8od cmeujaerca us-aa 0 ei-
cT6UR cuavt F=qv X B

3aMKHYTbl BOKPYI npoBoja, Kak nokaszaHo Ha ¢wur. 1.7. MMeHHO
370 noJjie B u oTBeTCTBEHHO 3a CcHJ/Y, AeHCTBYIOLULYIO HAa MAarHHT.

YpaBHeHue (1.9) coofmaer HaMm, YTO NpPH JAHHOH BeNHYHHE
TOKa, TeKyIlero no nposonay, UHpKyasuus noas B oauHakosa
051 210600 KpUBOH, OKpyxKamlleii NpoBoA. ¥ TeX KpPHBBHIX (OK-
PYXKHOCTeH, Hanpumep), KOTOpble Je€xXaT [ajeKo OT NpOBOJA,
N/IMHA OKasblBaeTcsi GoJsblile, TaK 4TO KacaTe/bHasth KOMIIOHEHTa
B nomxna y6niBaTh. Bbl BHAHTE, uTO C/aelyeT OXHAATh JHHel-
Horo y6eiBaHusi B ¢ ynajeHHeM OT AJIMHHOrO NpPsIMOTO MpOBOA.

Junuunons B K
+samumy

py—y F (vamaznum)

Kpyenoid
mazHum

D ue 17. Macnurnoe nose Toka, Tekyuwjeeo no npo-
800y, delcTéyeT HA MA2HUT C HeKOTOPOU CUAOLU.

20



D ue. 1.8. [lsa nposoda, no KOTopoLm TeueT TOK, TONMe
deiicreyror Opye Ha Opyaa c onpedeseHHOE CUAOU.

Mbl ckasajnu, 4TO TOK, TeKyLLUHIi no nposoay, obpasyeT BoO-
KPYr HEro MarHUTHOe ToJie H 4TO eCJIM HMeeTCs MarHUTHoe MoJe,
TO OHO AEHCTBYeT C HEKOTOPO! CHJ/IOH Ha MPOBOJ, MO KOTOPOMY
uiaeT TOK. 3HAUMT, CledyeT AyMaTb, YTO €CAH MAarHHTHOe MoJe
6yneT CO34aHO TOKOM, TEKYIUHM B OJHOM NpOBOAe, TO OHO OydeT
NlelICTBOBATb C HEKOTOPOH CHJ/IOH M HAa JApyroié mpoBoAd, MO KOTO-
pOMY TOXe HAeT TOK. DTO MOXHO NMOKa3aTb, IPHMEHHB 1Ba CBO-
6oaHO nojBelleHHbIX nposoaa (¢wur. 1.8). Korma Hanpassenue
TOKOB OAMHAaKOBO, NPOBOAA MPHUTATHBAIOTCS, a KOrja Hampasie-
HHS MPOTHBOMOJOXHBI, — OTTaJ/JKHBAIOTCA.

Kopoue roBopsi, asneKTpHuyecKHe TOKH, KaK M MarHHuThbl, CO3/a-
10T MarHuTHele noas, Ho toraa uto xe takoe maruut? Pas mar-
HHUTHBIE MOJIS1 CO3AAIOTCA ABHXKYLIMMHUCS 3apsAaMH, TO He MOXKeT
JM 0Ka3aTbCs, YTO MAarHHTHOE MoJle, CO3MlaHHOe KYCKOM KeJje3a,
Ha caMOM [eJle eCTb pe3y.bTaT AeHCTBUS TOKOB? Buaumo, tak
OHO M eCTb. B HalIMX onbiTax MOXHO 3aMeHHTb MarHHTHYIO na-
JIOYKY KaTyIIKOH C HaBHUTOH MNPOBOJIOKOH, KaK MNOKa3aHO Ha
¢ur. 1.9. Koraa Tok npoxoauT no kKarymke (Kak H Mo npsMoMy
NpoBOAY HaA Helo), HabJloJaeTcs TOYHO TaKoe XKe [BHXKEHHe
NPOBOJHHKA, KaK M npexJe, KOriad BMECTO KaTyIIKH CTOSJ Mar-
HUT. Bce BBIMISIAMT TakK, Kak ecau Obl BHYTPH KycKa xeJsesa
HenpepbIBHO LHMPKY/AHPOBaJ ToK. [eficTBHTeNBHO, CcBOficTBa Mar-
HHTOB MOXHO MOHATb KaK HenpepbiBHbIH TOK BHYTPH aTOMOB
xenesa. Cuaa, neficTBylolmas Ha MarduT Ha ¢ur. 1.7, o6bsicHseT-
csl BTOPBIM 4J/leHOM B ypaBHeHuu (1.1).

OTkyna e 6epyrtcst 3TH TOKH? OMH HCTOYHHK — 3TO JBHXKe-
HHE 3JIEKTPOHOB IO aTOMHBIM Oop6uTaM. ¥ Xxejesa 3TO He Tak, HO
Yy HEKOTOpbIX MaTepHaJ/oB MPOHCXOXKAEHHe MarHeTH3Ma HMEHHO
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takoBo. KpoMe BpauleHuss BOKpPyr sjapa artoma, 3JeKTPOH
Bpalllaercs elle BOKPYTr CBOeil COGCTBEHHOH OCH (YTO-TO MOXOXxee
Ha BpallleHHe 3eMJH); BOT OT 3TOrO-TO BpallleHHS H BO3HHKaeT
TOK, CO3JAIOLIHI MarHUTHOe noJe Xeqe3a. (Mbl cKa3aaH «4TO-TO
noxoxee Ha BpalleHHe 3eMJH», NOTOMY UYTO Ha CaMOM [efe B
KBAaHTOBOI MeXaHHKe BOMNPOC CTOJb IMYGOK, UTO He yKJaAbIBaeTcs
JIOCTaTOYHO XOpPOLIO B KJjaccHuecKue npeiacraBjeHHs.) B 6oab-
IIHHCTBE BELLEeCTB YacTb 3JEKTPOHOB BEPTHUTCS B OJHY CTOPOHY,
apyras — B JpYrylo, TaKk YyTO MarHeTH3M HCue3aeT, a B XeJe3e
(N0 TaHMHCTBEHHOH MPHYHHE, O KOTOPOH Mbl MOTOBOPUM IM03Ke)
MHOTHE 3JIeKTPOHBl BpAILalOTCS TaK, YTO HX OCH CMOTPST B OAHY
CTOPOHY H 3TO CJYXHT HCTOYHHKOM MarHeTH3Ma.

ITocko/bKY MOJIsi MarHUTOB MOPOXKAAIOTCS TOKAaMH, TO B ypaB-
HeHust (1.8) u (1.9) HeT HyXabl BCTaBAATb N0GABOYHBIE YJIEHBI,
YUHTBIBAIOUIHE CYLIECTBOBAHHE MAarHuTOB. B 3THX ypaBHeHHsX
peub HAET O 6Cex TOKAaX, BKJKOYasi KPYroBble TOKH OT Bpallalo-
ILHUXCS 3JeKTPOHOB, M 3aKOH OKa3biBaeTcsi NpaBuJbHbBIM. Hagno
ellle OTMETHTb, YTO, COIIaCHO ypaBHeHHIO (1.8), MarHHTHBHIX 3a-
psnoB, NONOGHBLIX 3JEKTPHYECKUM 3apsjgaM, CTOSILUUM B Mpa-
BOil yactu ypaBHeHus (1.6), He cyuwectByeT. OHH HHKOraa He
ObliIH OGHAPYKEHHI.

[TepBuiil uneH B mpaBoit yactu ypaBHeHHs1 (1.9) Obla OTKpHIT
MakcBenioM TeopeTHYeCKH; OH oyeHb BaxeH. OH TOBOpHT, 4YTO
H3MeHeHHe 9AeKTpu4ecKux noael BbI3bIBaeT MAaTHUTHLIE SIBJEHHS.
Ha camom nmene Ge3 3TOro 4sneHa ypaBHeHHe YTepsiio Gbl CMBICI,
Belb Ge3 Hero Hcye3nu Gbl TOKH B He3aMKHYTHIX KOHTypax. A Ha
Jeje TaKHe TOKH CYLIeCTBYIOT; 006 3TOM TOBOPHT CJeAYIOLLHH
npumep. IlpencraBbTe KOHAEHCATOp, COCTaBJEHHBII H3 [ABYX

B K
(eumxos) + 3amumy

F
(Ha rpo6od)

= 3aMumy Bumnxu npogoda

\ Tox 6
eumnax

D ue 1.9. Maenurnas nasouka, nokasdannas na gue 1.6,
MmouceT ObiTO 3aMeHeH@ KATYwKot, no KOTOPO Te4eT TOK.
Ha npoeod no-npexnemy 6yder deiicreosars cuaa.

22



Due 1.10. Lupryasyua
noas B no kpusoii C on-
pedeaserca aubo TOKOAM,
TeKyuuM CK8036 hosepx-
HocTe S\, au60 GoiCTPOTOL
u3metenus noroka noan E
CKB03b noBepxHoOCcT6 S,

Mosepxwocms S;  ~osepxrocits Sz

nJaocKux njactiuH. OH 3apsKaeTcss TOKOM, NPHUTEKAIOWHUM K OLHOH
M3 MJACTHH W OTTEKaloWMM OT APYro#, Kak nokasaHo Ha ¢ur. 1.10.
IlpoBenemM BOKpYr ogHOro M3 mpoBOAOB KpuBYI0 C H HaTsiHeM Ha
Hee MOBEPXHOCTb (MOBepPXHOCTb S1), KOTOpas nepeceyeT NMPOBOJ.
B coorBercTBUH ¢ ypaBHeHHeM (1.9) uupkyasuus noas B no kpu-
Boii C naeTcsd BeJUYMHON TOKa B NpoBoje (YMHOXXEHHOH Ha ¢?),
Ho uro Gyner, ecin Mbl HaTsiHeM Ha KpHBYIO Opyeyro MOBepX-
HOCTb Sz B (¢opMe 4YalIKH, [AOHBLILIKO KOTODOH pacroJ/oXeHo
MeXJAy NJacTHHAMH KOHJeHcaTopa M He Kacaercs mpooaa? Ye-
pe3 Takylo NOBEepXHOCTb HHKAKOH TOK, KOHeyHO, He mpoxoaut. Ho
Belb NMPOCTOe H3MeHeHHe NOJOXKeHHS1 U (GOopMbl BOOGpaxaeMoH
MOBEPXHOCTH He AO/MKHO M3MEHATh pPeajlbHOro MarHUTHOrO noJs!
Llupkynsauuss nonas B nomkHa ocratbess npexHeil. M neficTsu-
TeJbHO, NEPBBHI 4JeH B npaBoil yacTH ypaBHeHus (1.9) rak
KOMGHHHpYETCS CO BTOPLIM YJIEHOM, YTO AJIs1 06eHX NOBepPXHOCTe
Si u S, Bo3HUKaeT oauHakoBbll 3¢ ¢ekT. Oas S; uupkyasuus
BeKTOpa B BrIpakaercs yepe3 cTeneHb H3MeHEHHS NOTOKA BEKTO-
pa E oT oaHoii naacTuHbl K apyroi. M noayuaercs, 4yTo H3MeHe-
Hue E cBfi3aHO ¢ TOKOM Kak pa3 Tak, 4to ypaBHeHue (1.9)
OKa3blBaeTcs BLINOJHEHHBIM. MakcBeasn BHAeN HeoGXOAHMOCTb
3TOro M Obl/1 NepPBBIM, KTO HANKCaJ NOJHOe yYpaBHEHHe.

C nomollbio ycTpoiicTBa, H306paxKeHHoro Ha ¢ur. 1.6, MoxKHO
NPOJEMOHCTPHPOBATL APYroit 3aKOH 3jaeKrpomarHeruama. Otco-
€JHHUM KOHLbl BHCALLEH NMPOBOJIOYKH OT 6aTapeiiKu M NpHCOedH-
HUM HX K raJbBaHOMeTpy — NpHOOpY, perucTpuUpyiolleMy Mpo-
XOX/eHHe ToKa no nposBoay. CTOMT /MWL B MOJle MarHuTa Kad-
HYTb NPOBOJIOKY, KaK MO Heli cpa3y noiigeT TOK. DTO HOBOE
caencTBue ypaBHeHust (1.1): 3/1eKTpOHH B MpPOBOJE MOYYBCTBYIOT
neiictBue cuabl F=gqv)XB. CkopocTb uX ceilyac HampaBJ/ieHa B
CTOpPOHY, NOTOMY YTO OHH OTKJIOHAIIOTCS BMECTe C NPOBOJIOYKOIl.
DT0 v BMecTe ¢ BepTHKAaJbHO HanpaB/aeHHbIM noJjem B marHura
NPUBOJMUT K CHJe, NeHCTBYIOIEH HAa 3/]eKTPOHbI 800.b NPOBOAA, H
3/1IEKTPOHBI OTNPABAAIOTCA K raJbBaHOMETDY.

[TonoxxuM, 0QHAKO, YTO MBI OCTAaBH/H MPOBOJOYKY B MOKOE
M MPHHSJIHMCh MepeMellaTb MarHUT. Mbl 4yBCTBYeM, 4TO HHKAKOMH
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pas3Huubl ObITh He NOJXKHO, Belb OTHOCHTEJbHOEe [BHXKEHHE TO XKe
caMmoe, ¥ BNpsIMb TOK MO raabBaHoMeTpy uiaer. Ho kak xe mar-
HHTHOE MoJie LefCTByeT Ha MOKOsilMecs 3apsgbl? B cooTeercT-
Bun ¢ ypaBHeHHeM (l.1) QO/MKHO BO3HHKHYTb 3JeKTpHUeCcKoe
noje, IIBuxyluuiics MarHuT AOJKEH CO3AaBaTb 3JeKTpHUecKoe
nose. Ha Bonpoc — Kak 3TO NPOHCXOAMT, OTBeyaeT KOJNHYECTBEH-
HO ypaBHeHHe (1.7). DTO ypaBHeHHe OMNHCHIBAET MHOXECTBO
NPaKTHYECKH OYeHb BaXKHbIX fIBJIEHHH, NPOUCXOAALLNX B 3/MeKTPH-
yeCKHX reHepaTopax H TpaHchopmaTopax.

Hau6osee 3ameuaTesbHOe CJeACTBHE HAIUMX YyPaBHEHHH —
3T0 TO, YTO, coyeTasi ypaBHeHus (1.7) u (1.9), MOXHO MOHATH,
OTYero 3/71eKTPOMAarHUTHbIe SIBJIEHHS PAaCNpPOCTPaHSAIOTCA Ha JaJjb-
HHe paccrosiHuda. IlpuyuHa aToro, rpy6o roBopsi, NpUMEpPHO TaKo-
Ba: MpeJNoJOXHM, 4TO TAe-TO HMeeTCsl MAarHUTHOe noJe, KOTopoe
BO3pacTaeT Mo BeJHYUHE, CKaXeM, OTTOro, YTO BHE3aMHO NYCTHJIH
TOK no nposoay. Toraa us ypaBHeHus (1.7) caenyer, 4To 10/KHa
BO3HUKHYTb LHUDPKYJAUHS 3JeKTpuueckKoro no.as. Korpa snektpu-
yecKoe MoJ/le HayHHaeT NOCTeNneHHO BO3pacTaTh AJS BO3HHKHOBe-
HHS UMPKYJALHMM, TOrAa, coraacHo ypasHenuioo (1.9), momxra
BO3HHKAaTb H MarHuTHas uupkynasuusa. Ho Bospactanue aroeo
MarHMTHOTO MOJIA CO3AAaCr HOBYIO LHPKYJALHIO 31€KTPHYECKOro
noas U T. 4. Takum cnoco6oM nosst pacnpoCTPaHAIOTCS CKBO3b
NpPOCTPAHCTBO, He HYXJasCch HU B 3apsiflaX, HI B TOKAaX HHIAe,
KpoMe HCTOYHHMKA noJeil, FIMeHHO TakuMm crnocoGoM Mbl 8udum
apyr apyra! Bce 3to cnpsTaHo B ypaBHeHHsIX 3/1eKTPOMarHUTHOTO
noJs.

§ 5. Yro 910 Takoe — «noaax»?

CnenaeM Tenepb HECKOJbKO 3aMeyaHHH O NPHHATOM HaMH
cnocoGe paccMOTPeHHs1 3TOro Bompoca. Bbl MoxeTe cKasaTe:
«Bce 3TH NOTOKM M LHPKyJasUHH dYepecuyp abcTpakTHhL IlycTsb
B KaXXJ0# TOYKe MPOCTPAHCTBA €CTb 3JeKTPHYeckoe noJje, Kpome
TOro, HMeITCS 3TH caMble «3aKOHBI». Ho 4TO Xe Tam Ha camom
deae mpoucxonut? Ilouemy Bbl He MoOxeTe OGBSCHATL BCE 3TO,
CKaxeM, TeM, UTO YTO-TO, 4TO Obl 3TO HH OBbIIO, MPOTEKAET MEXIAY
3apsanamu?» Bce 3aBHCHT OT BawMX npelpaccyakoB. MHorue
(H3UKH 4YacTO roBOPSAT, YTO NpsIMOe MAefiCTBHe CKBO3b NYCTOTY,
CKBO3b HHMYTO, HeMblcauMo. (Kak OHHM MOryT Ha3blBaTb HJeEI0
HEeMBICJHMOH, ec/i OHa yxe BbiMbllleHa?) Ownu roeopsart: «Ilo-
CMOTpHTE, Bellb €JHHCTBEHHbIe CHJIbLI, KOTODble HaM H3BeCTHbI, —
39T0 npsiMoe AeHCTBHe OJHOH yacTH BewecTBa Ha Apyryio. He-
BO3MOXHO, YTOObI CyLlecTBOBasla cuJa 6e3 yero-To, nepeallero
ee». Ho yTo B AelicTBHTE/NbHOCTH MPOHCXOAHUT, KOTa Mbl H3yyaeMm
«npsAMoe [JeflcTBUE» OJHOrO KyCKa BellleCTBA Ha Jpyroi? Mul
oGHapyXnBaeM, 4TO MepBbIi M3 HHX BOBCE He <«YyMHPAeTCs» BO
BTOPOH; OHM cCJierka OTCTOAT APYr OT Jpyra, H Mex1y HHMH
CYLLeCTBYIOT 3JIEKTPHYECKHEe CHJbl, [JeHCTBYIOIUHE B MaJoM
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macuitabe. MHaue roBopsi, Mbl OOGHapyXXHBAaeM, 4TO COGpaJIUCh
06BACHUTD TaK Ha3blBaeMoOe «AEHCTBHE MOCPEACTBOM MpPSIMOTrO
KOHTAaKTa» — NpH MOMOLILN KapTHHBI 3JeKTpHyecKuX cu. KoHneuHo,
Hepa3yMHO MbITarbCcsi CTOSAITb Ha TOM, YTO 3JIeKTpHYecKas CHJ/1a
JIO/DKHA BBITVIAAETb TaK Ke, KaK CTapbifi MPHUBLIYHBIA MbILIEYHbIH
TAHH-TOJKAM, €CJU BCe PaBHO OKasblBaeTcsl, YTO BCe HAIIM IO-
NBITKY TAHYTb WJH TOJKaTb NMPHBOAAT K 3JEeKTPHUECKUM cuaam!
EnnHcTBEeHHO pa3yMHasi NOCTAaHOBKA BONpPOCA — CNPOCHTDb, KaKoii
NyTb PacCMOTPeHHs 3JeKTpuuecKuX 3P ¢eKToB Hauboaee ydober.
OfHH NpenouyHTalOT NPEACTAaBAATb MX KaK B3aHMOJAEHCTBHE 3a-
pPANOB Ha PacCTOAHHWM H MOJb30BATLCA CJOXKHBIM 3aKoHOM. Ipy-
rHM no ayuwe cujobble auHuH. OHM HX Bce BpeMs YepTAT, U HM
KaxeTcs, uTo nucatb pasHble E u B cankom a6erpaktHo. Ho
JINHHH NOJISt — 3TO BCEro JHWb rpy6blit cnoco6 ONUCAHHA NOJA, H
OuYeHb TPYAHO cHOpMy/UpPOBATH CTPOTHE, KOIHYECTBEHHbIE 3aKOHBI
HemnocpeACTBEHHO B TepMHHaX JHHHUE noJasd. K Tomy xe noHsiThe
O JIMHUAAX MNOJA He COAEepXHT Tray6ouaililero M3 MNPHHLHIOB
3/MeKTPOAMHAMHKH — NpHHUHNA cynepno3uuuu. Jlaxe ecau Mbl
3HaeM, KakK BbIIJIAAAT CHJOBble TUHUU OJHOH COBOKYMHOCTH 3aps-
JlOB, 3aTeM [pYroi COBOKYNHOCTH, Mbl BCE DaBHO He MNOJYYHM
HUKAaKOro npejcTaB/JeHHs O KapTHHe CHJOBLIX JHHHH, KOraa o6e
COBOKYMHOCTH 3apsii0B AeHCTBYIOT BMecTe. A ¢ MaTeMaTHYeCKHUX
NO3HUHH HaJ/NOXKeHHe NpoAeaTb Jerko, Haao MNPOCTO CJOXHTb
JBa BeKTOpa. ¥ CHJIOBBIX JHHHUH €CTb CBOH [JOCTOMHCTBA, OHH
NAlT HarasAHY0 KapTHHY, HO €CTb y HMX M CBOH HeNOCTaTKH.
Cnoco6 paccyaeHHl, OCHOBaHHbIl HA MOHATHH O HEMOCPeACTBeH-
HOM B3aUMOJEHCTBHH (6JIM3KOAEHCTBHH), TOXe 06J/anaeT GOJb-
LIUMH NpeHMyllecTBAMH, NMOKA peyb HAET O MOKOALIUXCA 3JeK-
TPHYECKHX 3apsigax, HO o6JsagaeT ¥ GOJNbIUIMMH HeLOCTATKaMH,
€CJIM UMeTb Je/10 C ObICTPbIM JABHXEHHEM 3apsAaoB.

Jlyuiie Bcero mno/b30BaTbCsl aOCTPAKTHBIM MNpeACTaBJjeHHeM
o noJe. )KaJsb, KOHEYHO, YTO OHO aGCTPAKTHO, HO HHUYEro He Mo-
nenacuwb. [TonbITKM mpencTaBUTh 3JEKTpPHYECKOE MOJeE KaK [BH-
J)KeHHe KaKHX-TO 3YyGUYaTbiX KOJECHKOB HJH C MOMOLUbI CHJOBBIX
JIMHHUI HJH KaK Hanps»keHHUs B KaKUX-TO MaTepHasax notpeGoBa-
JH OT QH3HKOB Gosblle YCHAHH, YeM MOHAaA06UM0Ch Gbl AJS TOTO,
4TOObl NPOCTO MOJYYHTb MpPaBHJbHbBIE OTBETHl HA 3a[a4U 3/1E€KTPO-
AHHaMHKH. MHTepecHO, 4TO mpaBu/bHble YypaBHeHHs MNOBEJEHHS
cBeTa B KpHCTaaaax Oblau BbiBedeHbl Mak-KyanoxoMm ewe B
1843 r. Ho Bce emy roBopuau: «IlosBonbTe, Beab HET e HH OJ-
HOrO peaJsibHOro MaTepHaJla, MeXaHHYeCKHe CBOHCTBa KOTOPOTO Mo-
I Gbl YAOBJETBOPUTb 3THUM YPaBHEHHSIM, @ MOCKOJbKY CBET—3TO
Kosie6aHHs, KOTOPble JOJ/IXKHbBI MPOHCXOAHTb B 4eM-TO, MOCTOJbKY
Mbl He MOXE€M MOBEpPHTb 3THUM abCTPAXTHLIM ypaBHeHHsM». Ecaun
6bl y ero coBpeMeHHHKOB He GbINIO 3TOil NpPeAB3STOCTH, OHH Obl
NOBEPHJIH B NPaBUJbHbIE YDABHEHHS NOBeJEHHs CBeTa B KpHCTaJl-
Jlax HaMHOTO paHbllleé TOro, yeM 3TO Ha CaMOM [eJle CJYYHJOCH.
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A 4ro KacaeTcs MarHMTHBIX MOJel, TO MOXHO BbICKa3aTb
cnenymomee 3ameuanue. Ilpeanono:um, 4to BaM B KOHILle KOHILIOB
yAaJ0Ch HAPUCOBATb KAPTHHY MAarHUTHOTO MOJIS1 MPH NOMOIUH Ka-
KHX-TO JIHHHA HJHM KaKHX-TO LlecTepeHOK, KaTsIHXCS CKBO3b Npo-
crpaHctBo. Toraa Bel monbiTaeTech OOGDBACHUTb, YTO NMPOHUCXOLHT
¢ AByMA 3apsilaMHM, ABHXKYIIHMHCS B MPOCTPAHCTBe NnapaJesbHO
Ipyr OpYyry U ¢ OAMHAaKOBBIMH CKOpOCTAMH. Pa3 oHM ABHXYTCH,
TO OHH BelyT ce6sl Kak ABa TOKa M 006.1aJal0T CBSI3aHHBIM C HUMH
MarHUTHBIM moJeM (KakK TOKH B mpoBogax Ha ¢ur. 1.8). Ho Ha-
6/o8aTeNlb, KOTOPBIH MYHTCS BPOBEHb C 3TUMH ABYMA 3apsaaMH,
6yaeT CYUHTAaTh UX HENMOABHXKHBIMH H CKaXeT, 9TO0 HUKAKO20 Mar-
HHTHOTO NoJasl TaM HeT. M «ulecTepeHKH», H «JHHHU» NPONanaloT,
Korja Bbl MuuTechb psagoMm ¢ npeamerom! Bce, uero Bbl no6u-
JIUCh, — 3TO U300peau Hosyro npobaemy. Kyna morau ageBatbcA
atu wectepHu?! Ecau BBl yepTH/M CH/IOBBIE JIMHHM —Y Bac Io-
SIBUTCA Ta Xe 3a60Ta. He To/bKO He b3s1 OnpefieIMTh, ABHXKYTCS JH
3TH JIMHHH BMeCTe C 3apsilaMH HJIM He JBHXYTCA, HO H BoOOLLe
OHH MOTYT MOJIHOCTBIO HCYE3HYTb B KaKOH-TO CHCTeMe KOOpAHHAT,

Mol 6Bl ellle XOTeJH NOAYEPKHY Th, YTO SIBJeHHE MarHeTH3IMa —
3TO Ha CaMOM JeJle YHCTO peasaTHBHCTCKHil 3¢ dekT. B To/bKO UTO
paccMOTPEHHOM cJly4yae ABYX 3apAAO0B, ABHXKYIIHXCA NapaJie/bHO
IPYTr APYTry, MOXHO 6blJI0 Gbl OXHAATh, UTO MOHAZO6GUTCS CAEIATh
Pe/NATHBHCTCKHUE MONMPaBKH K HMX [IBHXEHHIO nopsigka v%/cZ. IDTH
NONpaBKH [JOJIKHB OTBeyaTb MarHutHoit cuge. Ho kak ObiTb
¢ CHJIOH B3aHMOLEHCTBUSl ABYX NPOBOAHHKOB B HalleM ONbITe
(¢ur. 1.8)? Beap TaMm MarHuTHas cuja— 3To 8¢A AeHCTBYyoOLLas
cuna. OHa He OYEHb-TO CMaXHBaeT Ha «PeJIITHBHCTCKYIO MONpaB-
Ky». Kpome ToOro, ecsy OLeHHTb CKOPOCTH 3JIEKTPOHOB B NMpPOBOJE
(BHI caMHM MoXKeTe 3TO Mpoje/aaTb), TO Bbl MOJYYHTE, YTO HX
CpelHsisl CKOPOCTb BJOJIb NpoBOAa cocTaBasieT okoso 0,01 cam/cex.
Hrak, v?/c> paBHo npuMepHo 10-25. BnosnHe mnpeHeGpexumas
«nonpaBka». Ho net! XoTb B 3TOM c/yyae MarHurHas cuiaa H
coctaBasieT 1072 oT «HOpMaJbHON» 3/MEKTPHYECKON CHJBI, AEHCT-
ByIOLEll MeXAy ABHXKYIIMMHCH 3JIEKTPOHAMH, BCIOMHHTE, UTO
«HOpMaJIbHbIe» 3JIEKTPHYECKHEe CHJIbl HCYe3J/H B pe3y./bTaTe NOYTH
ujaeanbHoro GaJaHca HM3-3a TOro, YTO KOJIMYECTBAa MNPOTOHOB H
3JIeKTPOHOB B [IPOBOJAX QAMHAKOBH. JTOT GaJjlaHC HaMHOro 6o-
nee ToueH, yeM 1/10%, u TOT Manblil peNSITUBMCTCKHH 4JIeH, KO-
TOpPbII Mbl Ha3blBa€M MAarHUTHOH CHJIOH, — 3TO €JHMHCTBEHHLIH
ocraromuiica uised. OH cTaHOBHTCS npeo6/afaloLHM.

[TouTu noJHOe B3aMMHOE YHHUTOXeHHe 3/1eKTPHUYeCKUX 3¢ dek-
TOB M INO3BOJMJIO (HU3HKAM H3YUHUTb DPeJATHBUCTCKHE 3(P(eKTH
(T. e. MarHeTH3M) H OTKPBLITb NpPaBH/bHBIE yDaBHEHHs (C TOYHO-
CTbIO 10 U%/c?), naxke He 3Has, YTG B HUX npoucxoauT. U no stoi-
TO NMPHYHHE NOCJe OTKPLITHA MPHHLHMNA OTHOCHTE/IbHOCTH 3aKOHHI
3JIEKTpPOMarHeTH3Ma He NPHIIIOCh MeHATb. B oTaHuHe oT Mexa-
HUKH OHH y>Ke GBI NPaBHJbHE C TOYHOCTBIO 10 v?%/c2.
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§ 6. IaekTpomacneTusm 8 Hayke U Texnuke

B 3ak/oueHHe MHe XoueTcsi 3aKOHYHTb 3Ty TI/aBy cCJjeaylo-
wuM pacckazom. Cpean MHOrMX SBJIEHHH, HM3Yy4aBLUMXCS [peB-
HHMH rpeKamu, Oblau OBa OueHb CTpaHHbIX. [lepBoe: HaTepThIii
KycoueK SIHTaps MOr MOAHATb MaJeHbkHe KJOYKH Mamnupyca, H
BTOpOe: Gau3 ropona MarHezus ObIJIH YIHUBHTeJ/bHEIE KAMHH, KO-
TOpble MPHTATHBaJAH XKee30. CTpaHHO AyMaTb, YTO 3TO OblJH
eJJMHCTBeHHble HM3BeCTHble I'peKaM fBJeHHf, B KOTODHIX NpOsiB-
JSIMCh 3JIEKTPHYECTBO M MarHeTH3M. A moyeMy TOJIBKO 3TO H
6bIJIO UM HM3BECTHO, OGBACHAETCA Npex/Je BCero CKa3oyHOW TOY-
HOCTbIO, C KOTOpOil c6a/laHCHpPOBaHbl B TeJax 3apsalabl (0 yeM Mbl
yXKe YNOMHHa/H). YueHble, XHUBIIHE B INO3JHeiliHe BpeMeHa,
PaCKpHIJIM ONHO 332 APYTrHM HOBBIE SIBJEHHS, B KOTOPBHIX Bblpaxa-
JUCb HEKOTODble CTOPOHBI TeX ke 3((eKTOB, CBA3aHHBIX C SIHTa-
peM H ¢ MarHuTHoIM KaMHeM. Ceflyac HaM $ICHO, YTO U SIBJIEHHS
XHMHYECKOr0 B3aUMOJEHCTBHS M B KOHEYHOM cyeTe CaMy XXH3Hb
HYKHO OG'BbSCHATb C NOMOILbIO NOHATHI 3JeKTPOMarHeTH3Ma.

H no mepe Toro Kak pa3BHBa/JOCh NOHHMaHHe NpeaMeTa 3JeK-
TpOMarseTHama, MOSABJAAJIUCh TaKHe TCXHHYeCKHe BO3MOXHOCTH,
O KOTOPBIX APeBHHE He MOIJH Ja)€ MeyTaThb: CTa/J0 BO3MOXHBIM
NochlJ1aTh CUTHAJBI MO Teqderpady Ha 6GoJbllHe paccTosHus, Gece-
0BaThb C 4eJIOBEKOM, KOTODBIHl HaXOAMTCS 3a MHOTO KHJIOMeTPOB
oT Bac, Ge3 NOMOIIH KaKoH-1HGO JIMHHH CBSI3H, BKJIOYATb OTPOM-
Hble 3HepreTHYeCKHe CHCTeMbl — GOJbIlIHE BOASIHBIe TYpOHHEI, CO-
elHHeHHble MHOTOCOTKH/IOMETPOBBIMH JMHHAMH NPOBOAOB C ApY-
roil MalIMHOi, KOTOPYIO NycKaeT B X0l OAHH paboYHii NPOCTHIM
NOBOPOTOM KOJleCa; MHOTHe THICSIYH Pa3BeTBJSIOLUHUXCSA NMPOBOLOB
H 0eCATKH THICAY MaUIMH B ThiCAYaX MeCT NPHBOAAT B IBHXeHHE
pas/auyHble MexaHH3Mbl Ha (abGpukax u B KBapTupax. Bce aro
BpallaeTcs, ABHraercs, pab6otaet 6/arogaps HalleMy 3HaHHIO 3a-
KOHOB 3/1eKTpOMarHeTHsMma.

CeroHs MBI HCNOJb3yeM H ellle Gosee TOHKHe 3ddekThl. ['n-
FaHTCKHe 3JeKTPHYeCKHe CHJ/bI MOXKHO CAe/NaTb OYeHb TOUHBLIMH,
X MOXHO KOHTPOJHPOBATb H HCNOJb30BaTh Ha Beskuil 1aa. Hawn
nNpuOOpbl TaK YYBCTBHTEJbHBI, YTO MBI CINOCOGHBI Y3HAaTh, 4T0
cefiyac Aesaet yesOBeK TOJILKO MO TOMY, KaK OH BO3AeHCTBYeT Ha
3J/IeKTPOHBI, 3aKJ/IOUeHHble B TOHKOM MeTaJ/lJIMyeckoM NMpYTHKe 3a
COTHH KHJIOMeTPOB OT Hero. /s 3TOro TO/bKO HYXHO NPHCIOCO-
O6UTb 3TOT NMPYTHK B KayecTBe TeJeBH3HOHHOH aHTEHHbI!

B uctopun uesoBeuecTBa (ecJu. NOCMOTPeTb Ha Hee, CKaxeM,
yepe3 [eCSATb THICAY JIET) CaMBIM 3HAUUTEJbHBIM COGLITHEM
XIX cronertus, HecOMHeHHO, GyAeT OTKphHITHe MakcBe//IOM 3aKO-
HOB 3JeKTpoAuHaMHKH. Ha ¢oHe 3TOro BaXXHOro Hay4HOro oT-
KPBITHSl TpaXKAaHCKasi BOiflHa B AMepHKe B TOM e JeCATHJIETHH
6yneTr BHIIJIsiAeTb MeJKHM NPOBHHLUHAJIbHBIM NPOHCLIECTBHEM.
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n"q’(pEPEHu"An"bHOE UCYUCHEHHE § 1. MoHumaHue
BEKTOPHBbBIX NOJIEA bu3ukn

§ 2. CkansapHbie
H BEKTODHbIE
noas—T n h

§ 1. Honumanue ¢usuxu § 3. Mpomn3sonnsie

nonei — rpaaneHT
®u3HK J0/KeH o6JafaTb YMEHHEM MO01XO-

AMTb K 3ajiaye C pasHbiX Todyek 3peHusi. TOUHBI § 4. Qnepatop V
aHa/JM3 peasibHbIX (HU3MUeCKHX npod/eM OOLIYHO
KpaiiHe CJIOXKeH, H J1I060e KOHKpeTHOoe (H3HYe- § 5 Onepaumn ¢ V
CKOe SIBJIEHHE MOXKEeT O0Ka3aTbCA CJHILUKOM 3amy-
TaHHBIM M He MOJJAIUWHUMCS aHAIH3Y NYTEM Pe- § 6. [duddeperunans-
weHus audPepeHuHanbHbIX ypaBHeHui. Ho Mox- Hoe ypaeHeHue
HO BCe Xe MOJYYUTb XOpolilee NpeacTaBJACHHE O notoka Tenaa
NnoBeJeHUHU CHCTeMbl, Bhlpa6oTaB B cebe 0co6YIO
CMOCOGHOCTL YYBCTBOBaThb Xapakrep pelleHuss B § 7. Bropue
pasnuyHbIX OGCTOSATE/NbCTBAX. DTOH LEJH XOpo- gg:;’;‘;::';"'fmeﬁ
10 CJYyXKAT MpeicTaBjeHHss O JHHHUAX N0Jd, O
€MKOCTHOM, HHAYKTHBHOM H aKTHBHOM CONpPOTHB-
JeHHs1X. MBI MOTPaTHM [0OCTaTOYHO MHOrO Bpe-
MEHH Ha HX H3yuyeHHe. DTO MOMOXKeET HaM MpH- Hosropurs: ra. 11
o6pecTH CnocOGHOCTb OLLYINATh, YTG MPOHCXOAHUT (8sin. 1) «BekTopbi»
B Te€X HJHM HHBIX 3JIeKTPOMAaTrHHUTHBIX SBJEHHSAX.
C napyroil CTOpOHbl, HM OJHA M3 BCIOMOraTe/lb-
HbIX, 3BPUCTHYECKHX Mojesell (Hampumep, Kap-
THHA CHJIOBHIX JIMHHII) Ha caMOM JeJ/le He MOXeT
BMeCTHTb B cebsl aeKBaTHO H TOYHO BCe CO-
O6biTHsi. MMeeTcss /Mmb OOMH TOYHBIA CrnocoG
npeacraBjieHuss 3aKOHOB — crnoco6 auddepeH-
LHaJbHBIX YpaBHeHHH. YpaBHeHHs 00/1afal0T TeM
NpeuMyLeCTBOM, YTO, BO-NepBbIX, OHM (yHAa-
MeHTaJbHbl, a BO-BTOPHIX (HACKOJbKO HaM H3Be-
CTHO), TOouHbl. Ec/in BB MX BBIyYH M, BBl Bcerga
MOXeTe K HHM BepHyTbcs. B HHX HeT HHYero, 4TO
cJse10BaJ/I0 Gbl MOTOM 3aG6HITh.

Yro6bl HayaTb MOHMMAaTh, YTG OOJKHO MNPO-
M30ATH B TeX MJM HHBIX YCJOBHSX, BaM IOHaJ0-
6uTCA Kakoe-To BpeMsi. Bam npuaertes nopeuatsb
ypaBHeHHs, M BCAKHI pa3, KOrja BH pellluTe HX,
Bbl TeM caMbIM y3HaeTe YTO-TO HOBOE O XapaKTepe
peuteHuit. UTo6bl 3aNOMHHTb 3TH peLIEHHs, [O-
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JIe3HO TaKxe copMy/HpPOBaTb MX CMBICJ Ha fA3blKe JHHHI MOJs
H HMHBIX NOAOOGHBIX MOHATHHA. TakCB nyTb, Ha KOTOPOM NPHXOAMT
HUCTHHHOE «MOHMMaHHe» ypaBHeHHWil. B 3TOM M 3akaoyaetcs pas-
HUUa MexAay ¢usukoilt u mMareMaTHkoil. MaTteMaTHKU HJM JIOAH
C MaTeMaTHYeCKHM CKJaJOM yMa 4yacTo NPH «H3yUYeHHH» PH3UKH
TepsAloT QHU3UKY U3 BUAY WU BnajgawT B 3abayxaeHie. OHu roBo-
pat: «Ilocaywaiite, atu auddepeHunasbHbie ypaBHeHUS — ypaB-
HeHuss MakcBeJssia — Bellb 3TO BCe, YTO €CTb B 3JIEKTPOAHHAMHUKE;
Belb caMH (QH3HKHM NPH3HAIOT, UTO HET HUYero, uyTo OBl He codep-
J)KaJoch B 3THX ypaBHEHHUAX. Y paBHeHHS 3TH CJOXKHbI, JaAHO, HO
3TO BCEro JIMIb MaTeMaTHYeCKHe YpaBHeHHS, U ecJik 1 pa3bepych
B HUX MaTeMaTHyeCKH, 1 pa3bepycb ¥ B pusuke». Ho Huuero us
310r0 He BHIXOAMT. MaTeMaTHKM, KOTOpble MOAXOAST K ¢u3HKe
C 3TOH TOYKH 3peHHs1 (a TaKMX OYeHb MHOro), oGbIYHO He AenaloT
6o/iblLIOrO BKJaja B (HM3MKY, 1a, KCTaTH, H B MaTeMaTuky. Mx
NnocTUraeT Heyjnaua OTTOrO, YTO HacTosALHe HHU3HYeCKHE CUTYalHH
peanbHOr0 MHpa TaK 3amyTaHbl, YTO HYKHO 06/1aJaTb ropasfio
6osee WWHPOKUM MOHMMaHHeM ypaBHeHHH.

Jlupak o6bACHHM, YTO 3HAUUT AeHCTBHTE/IBHO MOHATH ypaBHe-
HHe — MOHATb, He OrPAHMYMBASACL €r0 CTPOTMM MaTeMaTHYECKHM
cmeicioM. OH cKasaJg: «fI cuuTalo, 4TO MOHSAJ CMBICJ ypaBHEHHS,
€C/IM B COCTOSIHHH NPeACTaBHTb ce6Ge OOIHUI BUI €ro pelleHHs, He
peliasi ero HenoCpeACTBEHHO». 3HAYUT, €CJAM Yy Hac eCTb Cnocob
y3HaTb, YTO CJAYYHUTCS B AAHHBIX YCJAOBHAX, He pelllass YpaBHeHHSA
HermocpeiCrBeHHO, Mbl <«NOHHMaeM» YypaBHEeHHSI B NPHMEHEHHH
K 3THM ycJ/0BHAM. PH3HYecKoe NOHHMaHHe — 3TO HEYTO HeTOUHOe,
HeomnpejaeneHHOe W abCOJIIOTHO HeMaTeMaTHueckoe, HO aJasa ¢u-
3HKa OHO COBepLIEHHO He0GX0AHMO.

OO6bIYHO KypC GHU3UKH MOAOGHOrO pofa CTPOUTCSA TaK, 4TO (u-
3HYeCKHe MNpeJCTaB/JeHHS] DPa3BHBAIOTCA NOCTENEHHO: HauMHasi ¢
CaMbIX NpPOCTeMLINX sIBJeHHH, NMepexoAAaT Ko Bce Gosee H Gogee
ca0XHbIM. Koe-uTo M3 H3yyeHHOro nmpu 3TOM HeMHHyeMO 3alhi-
Baercsd (TO, YTO BepHO JHUIb B ONpeleseHHBIX YCJAOBHAX, a He
Bcerfa). K npumepy, «3akoH» oGpaTHBIX KBaApaTOB IJs 3JeK-
TpUYECKOH cuibl BepeH He sceeda. Ham Gosble mo jiyme o6part-
HblH noaxon. Jlyduie HayaTh C NOAHbLX, CaMblx OOWUX 3aKOHOB,
a 3aTeM NOBEPHYTb BCMSATb M NMPHMEHATb HX K NMPOCTHIM 3ajauawm,
pa3BuBasi (uH3MYeCKHe MNpeACTaB/JeHHs] MO Mepe NpPOJBHXKEHHS
Bneped. Tak Mbl 1 coGupaeMcsl CACnATh.

Haw noaxoa cosepuieHHO NPOTHBOMOJIOXKEH MOAXOAY HCTOPH-
yeCKOMy, KOTAa H3J0XeHHe CJaeno cjaelyeT 3a 3IKCOCPHMEHTAMH,
B KOTOpbIX BmepBble Oblia moJyyeHa HYxXHas uugopmauusa. Ho
Belb GHM3UKY Pa3BUBAIOT MHOXECTBO OYeHb YMHBIX JIOAel yxKe
coimte 200 seT, a y Hac BpeMeHM MaJlo U HaM HYXHO OBJaleThb
3HaHusiMu no6eictpee. [ToaToMy MBI He MOXEM OXBAaTHTH BCe, UTO
OHH clesnaqH. Tak 4To B 9THX JIeKUHAXMBI GyaeM BLIHYXK JEHBI Npe-
He6peuyb HCTOpHeH mpeaMeTa U He 6yNeM pacCcKa3nBaTh 06 OMLITAX.

29



Kaic nucams sexmopor om pyxu

Herxomopbie nuwym mar:

--> —r —
E umu € wumunpocmo E e

Mbl HajeeMcsi, YTO Bbl BOCMOJIHHTE MPOMYIUeHHOe Ha JabopaTop-
HbIX 3aHATHSX; M, KOHEUHO, OYeHb MOJIE3HO MOYHTATh CTaTbH H
KHHUTH [0 HCTOPHH QH3UKH.

§ 2. Craarapnoie u sexroptote noais—7T u h

Mebl HauMHaeM cefiyac paccMOTpeHHe aGCTPaKTHOro, MareMa-
THYECKOTO MOAXOAA K TeODHH 3JIeKTDHUeCTBA M MarHeTH3Ma.
Hama ueab — oO6bACHHTb CMbICA 3aKOHOB, HaMHCaHHBIX B TIJ. 1.
Ho ansa storo Hago cnepBa 06 bACHUTb HOBbIE OcOGeHHbIe 0603Ha-
yeHHsl, KOTOpble Mbl XOTHM HCNOJb30BaTh. [laBailiTe nostomy Ha
BpeMsl no3abyleM 3/1eKTpOMarHeTH3M U pa3bepeMcsi B MaTeMaTH-
Ke BeKTOpHBIX noJeii. OHa oueHb Ba)XHa He TOJbKO B 3JeKTpO-
MarHeTH3aMe, HO H BO MHOTHX (H3HUYeCKHX 0OCTOsATe/]bCTBaX, No-
N06HO TOMY Kak OO6blyHoe Au¢@depeHUHAIbHOE M HHTErpaJjibHoe
HCUHC/IeHHe BaXXHO BO BCeX o6JacTaXx Qu3uKH. Mbl nepexoauM K
AndpdepeHIHANbHOMY HCUHC/IEHHIO BEKTOPOB.

Huxe nepeunc/ieHbl HeKOTOpble CBeJeHHs! M3 ajre6pbl BeKTO-
poB. CunTaercs, yTo Bbl C HUMH YK€ 3HAKOMBI

A - B= Cxansp = A,B, + A,B, 4+ A.B., 2.1

A X B = Bexrop, (2.2)
(AX B).,= AxBy - AyBx»
AX B)x = Asz - Asz»
(A X B)y = Asz — A:B.,

AXA=0, (2.3)
A-(AXB)=0, (2.4)
A-BXC)=(AXB)-C, (2.5)

AX(BXC)=B(A-C)—C(A-B). (2.6)

Mbl 6yneM Takke MO/Mb30BATbCA CJEAYIOLIHMH ABYMSl PaBeHCT-
BaMHu:

A (x, 4y 2)="2) A + 2 A + 2 e, @2.7)
azf 02f
0xdy _ oyox ° 2.8)
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Due. 2.1. Temneparypa T —
npumep CKAAAPHO20 NOAA.

C «kaxdod Toukoi (x, Yy, 2) 8
npPOCTPAHCT B2  C6A3bLBALTCA  HUCAO
T (x, y, 2). Bce TOYKU HA nOBEPXHOCTU

€ nomerxod T=20° (uzobpaxrentod T=40°
8 ud2 Kpueod npu 2=0) umeror o0HY
u 1y e TemnepaTypy CTpPeaKU—3TO o
npumeps. 8exropa noroka Tenaa h T=30
T=20"
T=10°
0 x

YpaBHeHue (2.7) cnpaBeMJiMBO, KOHEYHO, TOJMbKO npu Ax, Ay u
Az—0.

[Tpocreiimee n3 ¢usnyeckux noJseit —ckaasapuoe. ITosem, kak
Bbl MOMHHTE, HA3bIBaeTCs BeJHYHHA, 3aBHCAILAS OT MOJIOXKEHHS
B npocTtpaHcTtBe. CKaaapHoe noie — 3TO NMPOCTO Takoe MmoJe, Ko-
TOpoe B Ka)X[Ioil TOYKe XapaKIepH3yeTcsl OJHHM-eIHHCTBEHHBIM
YHCIOM — CKaJsIpOM. DTO YMCAO, KOHEYHO, MOXKET MeHATbCS BO
BpeMeHH, HO MOKa Mbl Ha 3TO He OyaeM o6GpaulaTb BHHUMaHHA.
(Peub Oyper uaTH O TOM, KaK MoJie BBHIMJASIAMT B JaHHOE MTHO-
BeHHe.) B KkauecTBe npuMepa CKaJaspHOro MnoJsi paccMOTPHM
6pycoK M3 KaKoro-To Marepuana. B oaHux mecrax Opycok Ha-
rpeT, B APYTHX — OCTYXe€H, TaK YTO ero TeMmepaTypa MeHsieTcs
OT TOYKH K TOYKe KaKHM-TO CJIOXHbBIM o6pa3zoMm. Temnepatypa
Torga Gyner ¢yHKuHedl X, y M Z — NMOJIOXKEHUS B MPOCTPAHCTBE,
H3MepEeHHOro B NpPSIMOYroJibHOH cucTeMe KoopAauHaT. Temmepary-
pa — 3TO cKaJsipHOe MoJe.

Opaunn crnoco6 npeAcTaBHTh cefe CKaJsipHOe Moje — 3TO BOOG-
pPasuThb «KOHTYpHI», T. €. MbIC/JeHHble NMOBEPXHOCTH, NPOBeAeHHbLIE
yepe3 TOYKH C OJMHAKOBBLIMH 3HAYEeHHSIMH MOJs, NMOJOGHO TOPH-
30HTaJ/IM Ha KapTax, COeHHSIOINM TOYKH Ha OJHOH BHICOTe Hal
ypoBHeM Mops. /i TeMOoepaTypHOro MoJst KOHTYPHl HOCAT Ha-
3BaHHE <«H30TepMHYeCKHe IMOBEPXHOCTH», HJAM H30TepMbl. Ha
¢ur. 2.1 nokazaHO TeMmepaTypHOe M0J€e U 3aBUCHUMOCTb I OT X H
y npu z=0. [lpoBeleHO HECKOJILKO H30TEpM.

[To1s 6bIBAaIOT TakKe BeKTCpHbLIMH. Maes uMX oueHb mpocTa.
B kaxpmoil Touke mpocTpaHcTBa 2anaercs BeKTop. OH MeHsieTcs
OT TOYKH K TOuKe. PaccmoTpum B BHAe mpHMepa Bpallamolleecs
teno. CKOpOCcTh MaTtepHana Tesja BO BCSKOH TOYKe — 3TO BeKTOp,
KOTOpHI# fiBJAsieTcss QyHKLMell ee mosoxenus (¢ur. 2.2). Hpyroi
npuMep — NOTOK Tensa B Gpycke H3 HeKoToporo MarepHadJa. Ecan
B OJHOH yacTh Opycka TemmepaTypa Bbillle, a B ApPYyroii — HUXe,
TO OT ropsiueil yacTH K X0g0AHOI O6yeT HATH NOTOK TenJa. TenJo B
pasHbix yacTsAx Gpycka OyneT pacrekarbcsl B Da3/IMYHBIX Hanpas-
aeHusx. [loTok Tensa —3T0 BeJHMUHHA, HMeOLlas HanpasJ/leHHe;
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due 22. CrkopocTu aromos 60
spaujaroue Mca Teae — npumsep 8ek-
TOPHOZO NOAR,

Bpaujenue

o6o3HauuM ee h; A/JHMHA 3TOro BeKTOpa MYCTb H3MepsieT KoJiuye-
CTBO MpOTeKalollero Ten/aa. Bekropsl notoka TemJja Takxe u3006-
paxkeHbl Ha ¢ur. 2.1,

OnpenenuM tenepb h Gosee TouHo. auHa Bekropa MOTOKa
Ten/a B AAHHOH TOYKe — 3TO KOJIMYECTBO TEMJ/IOBOH 3HEprHH, mpo-
XOAsilllee 32 eAMHHULY BPpEeMeHH H B MepecyeTe HAa eMHHULY MJOLLA-
IH CKBO3b GECKOHEYHO MaJlblii 3/]1e€MEeHT NOBEPXHOCTH, MephneHaH-
KYJSIDHBIN K HanpaBJ/IeHHIO NOTOKAa. BekTop yka3biBaeT HampaBJe-
Hue motoka (¢ur. 2.3). B GykBeHHbIX 0603HaueHHUsAX: ecau A —
TEeNJ0Basi 3HEPrHsl, NPOTeKalollas 3a eIMHHLY BpeMeHH CKBO3b
3/7eMeHT MOBEPXHOCTH Aa, TO

Al

h=Eef,

2.9)
rae e; — eOuHUYHbLL 8eKTOP HAMlpaBJIeHHs MOTOKA.

Bektop h MOXHO onpeae/nnTb U MHaue — yepe3 ero KOMMOHEH-
Thl. 3anaaum cebe BOMPOC, CKOJLKO TenJsa NMpoOTeKaeT yepe3 Ma-
JIYI0O IOBEPXHOCTb MO NPOU3BOAbHLIM YeAOM K HaNpaBJeHHIO MO-
Toka. Ha ¢wur. 2.4 mbl n306pasuau Manaylo noBepxHoCTb Aas noj
HEKOTOPbIM YI/IOM K MOBepXHOCTH Ay, KOTOpas mepneHAMKYasp-
Ha K NoToky. EOQunu4Hbll 8eKTOp n mepneHAUKYAspeH K MOBepX-

duez 23. Tenarogod norox —
—~——
8eKTOpHOE noue.

Tenpogod  Bexrop h yxasmeaer nanpasaenue

nomax noroka. AGCOMOTHAR BeaU4UHA €20

8bLpANCAET JHEP2UI0, nePEeROCUMYIO 3G

eOURULY BPEMERU wepe3 INEMENT no-

82PXROCTU, OPUEHTUPOBAKKSE none-

T Pek noroka, GeAeHKYO HA naowads
3/eMeHTa NOBEPLHOCTY
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P uz 24. Tennosote noroku cK6036
Aa, u ckeo3s Aa, odurarosst.

HOCTH Aa; .Yron 0 mMexay n ¥ h paBeH yray MexAay noBepXHo-
cTAMH (TaKk Kak h —HopmaJab K Aa;). Uemy Tenepb paBeH NMOTOK
TenJsa uyepe3d Aa, na edunuuy naoujadu? IloTokn ckBo3b Aads H
Aa; paBHBI MeXAy coGoil, OTJHYaIOTC TOJbKO nuaowagu. [ei-
CTBHTeNbHO, Aa; = Aascos 0. TToTok Tensa uyepes Aa, paBeH

A _ A os@=h-n. (2.10)

Aa; Aa,y

[TosicHum 3TO ypaBHeHHe: MOTOK TenJa (B eJMHHLY BpeMeHH M Ha
eMHHLY NJIOWAAH) Yepe3 HPOU3BOALHLIL S1eMeHT NOBEPXHOCTH
C elIHHHYHOH HOpMaJbio n paBeH h-n. MoXHO ellle cKas3aTbh TakK:
KOMIOHEHTa MOTOKa TemJa, NephneHAWKyAspHAsi K 3JeMeHTy Io-
BEPXHOCTH Aas, paBHa h-n. MoxHo, ec/ii Mbl XOTHM, CUMTATh 3TH
yTBepxAeHHsa onpedenenuem h. CxoaHble HIeH Mbl NPUMEHHM H
K APYTHM BeKTODHBIM NOJISM.

§ 3. Npoussodnoste nonseii — epaduenr

Koraa nonst mensiorcs co BpeMeHeM, TO MX H3MeHeHHe MOXHO
OMHCaTh, 3alaB HX NPOM3BOAHbIE MO {. Mbl XOTHM TaKxKe ONUCATb
M MX H3MeHeHHe B NpPOCTPAHCTBE, MOTOMY YTO Mbl HHTepecyeMcs
CBSI3bIO, CKaXeM, MeXAY TemMnepaTypoii B HEKOTOpOil TOYke H B
TOYKe C Helt pagoM. Kak e 3agaTb MpoH3BOAHYIO TeMmepaTypbl
no koopauHate? Jluddepennuporatb TeMnepatypy no x? Hawm
Mo Yy, Wiy no z?

Ocwmbic/eHHble QH3HYECKHEe 3aKOHbl He 3aBUCAT OT OPHEHTALUH
CUCTeMbl KOOpAHHAT. 1103TOMY HX HYXKHO NHCaTb Tak, YTOOBI MO
06e CTOpPOHBbI 3HAaKa paBEHCTBA CTOSAJH CKaJdapbl HAH BEKTOPBI.
UTo e TaKoe NpPOM3BOAHAs CKaJspHOro moJs, ckaxem, 0T/0x?
CkaJasip M 3TO, WM BEKTOp, HJH elle YTO? ITO, KakK Jierko no-
HATb, HH TO HH Jpyroe, NOTOMY YTO eCJH B3SIThb APYrylo OCb X, TO
OT/dx u3menutca. Ho 3amMeTbTe: y Hac ecTb TpH BO3MOXHbie MpO-
usBofHble: 0T/0x, 0T/0y w O0T[/0z. Tpu copra MpPOU3BOAHBIX, a
Bellb Mbl 3HaeM, YTO HYXKHO KaK pa3 TPH uucJa, 4To6bl 06pa3oBaTh
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BeKTOp. MoxeT G6bITb, YTO TPH MNPOM3BOAHBIE H MNPEACTABJSIOT
co60it KOMIOHEHTBI BEKTOpa:

oT oT oT
ox ' oy’ oz

SlcHo, KOHeuHO, YTO, BoOGLLE TOBOPS, He U3 £00bLx TPEX YHCE
MOXHO cOCTaBUTb BeKTOp. O BeKrope MCXHO TOBOPHTBH TOJIbKO
TOrfa, KOrga NnpH MNOBOPOTe CHCTeMbl KOODAMHAT KOMIOHEHTBI
npeo6pasyioTcs no npaBuabHOMY 3akoHy. Tak urto caenyer mpo-
CJelHThb, KaK MEHSIOTCS 3TH NMPOM3BOAHBIE MPH MOBOPOTE CHCTEMBI
KoopauHaT. Mbl mokaxeMm, 4To(2.11)— HeACTBHUTENbLHO BEKTOP.
[TponsBoaHble aeficTBUTENLHO MNpeo6pasylOTCss NpPH BpallleHHH
CHCTeMbl KOODAMHAT TaK, KaK MnoJaraercs.

B 3stom MoxHO y6eamnTbcs no-pasHoMmy. MoxHO, Hanpumep,
3azaTth ceGe BOMpOC, OTBET Ha KOTOpPLI He [AOJXKEH 3aBHCETb
OT CHCTeMbl KOOPAHHAT, H MONLITATbCA BbLIPA3UTb OTBET B «HHBA-
puaHTHO#» ¢opme. K npumepy, ecin S = A-B n ecin A u B—
BEKTOpbLI, TO Mbl 3HaeM (3TO AOKa3aHO B Bolm. I, ra. 11), yto S —
cKaaap. Mel 3Haem, yto S — cKaJjsp, He NpoBepss, MeHAeTCA JH
OH NpH M3MeHeHHHM CHCTeMbl KoopauHaT. Emy ruueeo uwnoeo we
0cTaercs, pa3 OH SIBJASETCS CKaJAspHBIM MPOH3BeJeHHeM ABYX Bek-
Topos. [Tono6HBIM e 06pa3oM, ec/H Mbl 3HaeM, yTo A — BeKTOp,
H Y Hac ecTh TpH uucaa By, By, B;, u Mbl 06HapyXKHBaeM, yTo

A.B,+ A,B,+ A,B;=3S (2.12)

(rme S B m06O# cucTeMe KOOPAMHAT OAHO U TO XKe), TO TPH UYHC-
aa By, Ba, B; 06s3anbt 6biTh KOMnoHeHTamu B, By, B; HekoTo-
poro Bektopa B.

PaccmoTpuMm Tenepb TeMnepaTypHoe noJie. BosbMem aBe TOuKH
P1 nP,y, pasgenennble MaieHbkuM paccrosiiueM AR. Temnepartypa
B Pyectb Ty, a B Py oHa paBHa Ty, u ux pasHuua AT=T,—T,.
Temnepatypa B 3TuX peajbHLIX HH3HYECKUX TOYKAX, KOHEYHO, He
3aBHCHUT OT TOr0, KAKHe OCH Mbl BbiGpasu A1 U3MepeHUs KOOpaH-
Hat. B uacraHoctn, AT — ToxXe 4MCJI0, He 3aBHCSLLee OT CHCTEMBI
KOOpAHHAT. DTO CKaJjsp.

Bbi6paB yaoGHYIO cHCTEMY XKOODAHHAT, Mbl MOXEM HamHCaThb

T'=T(x, y, 2) n T,=T(x+Ax, y+ Ay, 2+ A2),

rae Ax, Ay, Az— komnoHeHThl BekTopa AR (¢ur.2.5). Bcnomuus
(2.7), Hanuwem

oT oT oT

== BekTop s 5T0? (2.11)

CneBa B (2.13) crout ckaasip, a cnpaBa — CyMMa TpeX NMpoH3Be-
JeHHH KaKHX-TO yHcea Ha Ax, Ay, Az, KOTOpble SIBJISIOTCS KOMIO-
HEHTaMH BeKToDa. 3HauKuT, TpH HUCIa

oT orT oT

dx' dy ' o0z
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Due 25 Bexrop AR ¢ Komnouen-
Tamu Ax, Ay, Az,

TOXE X-, Y- U 2-KOMIOHEHTHl BeKTOopa. Mbl HamulieM 3TOT HO-

BbIil BeKTOp npu nomown cumBosa VI. CumBoa V (HasbiBaeMbli

Ha6na) — 310 A BBepx HOraMH; OH HamOMHHaeT HaM o Audbe-

penuupoBaHuu. Uuraior VT no-pasHomy: «Ha6aa T», uau «rpa-
OHeHT T», uan «grad T»:

or oT \*
grad T=VT= ( . 5 =) (2.14)
C atum oGo3HaueHHeM (2.13) nepenuchbiBaercsi B GoJee KOM-

nakTHoil ¢opme
AT = VT . AR. (2.15)

Wiy, Bplpaxkasi cjoBaMH: pasHHLA TeMmepaTyp B ABYX GJH3KHX
TOYKAaxX eCTb CKaJspHOe Npou3BeleHHe rpagueHta I Ha BeKTOP
CMellleHHs1 BTOPOH TOYKH OTHOCHTe/bHO nepBoit. Popma (2.15)
TaKxXe CJAYXHT HJJIOCTPalMeill K HalleMy YTBepXIeHHIO, YTO
VT — neiicTBUTEILHO BEKTOP.

BeiTh MOXeT, Bbl elle He y6exnaeHbl? Torna nokaxkem nHaue.
(Xots1, BrasiAeBIIMCh BHHUMAaTeJabHO, Bbl YBHAMTE, YTO 3TO Ha ca-
MOM JeJ/ie TO e CaMoOe [0Ka3aTe/JbCTBO, TONbKO NOMJIHHHee!)
Mgl nokaxewm, yto KomnoHeHTH VT npeoGpasyiorcsi aGCoOIOTHO
TaK e, Kak H KoMnoHedThl R, a 3aHauut, VT — TOXe BEKTOp B CO-
OTBETCTBHH C NMEPBOHAYANLHBIM ONpelle/leHHeM BEKTOPa B BbiMl. 1,
ra. 11. Mul Bm6epeM HOBYIO CUCTeMY KoopauHat x’, y’, 2’ u B Hen
BoluMcauM 0T /9x’, 0T[0y’, dT/32’. 1aa npocTOTh MOMOXKHM 2=2,
TaK 4TO O TPeTbell KOOpAHHATE Mbl MOXEM M03a0bITh. (MO)KeTe
CaMH 3aHSATbCS NMpOBepKoi Gosiee O6IIEro cJaydas.)

BoiGepem cuctemy x’, y’, NOBepHY1Yyl0 OTHOCHTE/NBHO X, Y- CH-
creMbl Ha yroa 0 (¢ur. 2.6,a). KoopauHatel Touku (x,y) B

*) B Hammux oSo3HaueHusx BbipaxkeHWe (a, b, c) nNpeacTaBaseT BeKTOp
¢ KoMnoHeHTamH a, b, ¢ Ecnu BaM HpaBuUTCS NOJb30OBATbCS efUHHYHBLIMH BeK-
TopamH i, j U k, TO MOXHO Hafucatb

VT—I —l— —l—k .



¥y ¥ a
Due 26. lMepexod k nceepuyrToil
z o cucreme xoopdunar (a) u «actwotii
==\ cayuaii uurepeasa AR, napaanens-
4= Y nozo k ocu x (6).
Y
.
\@
x
P b
,/A’I}T_\fy’
AT aE TR
/1"

lﬂTpHXOB&HHOl’l CHCTEME MMEIOT BU

x'=zxcos0+ ysin6, (2.16)

y'= —xsin0 + ycos 6, (2.17)
HJIH, peluasi OTHOCHTEJIBHO X H Y,

x=x"cos0— y’sino, (2.18)

y=x"sin0 4 y’coso. (2.19)

Ecau Bcakas napa yucesa npeo6Gpasyercss TaK XKe, Kak X H Y, TO
OHa SIBJISIeTCsl KOMIIOHEHTAMH BEKTOpa.

PaccMoTpuM Tenepb pasHuUy B TeMmepaTypax ABYX COCeJHHX
touek Py u P, (¢dur. 2.6, 6). B xoopauHaTax x, y 3anuuieMm

oT
AT =5 A, (2.20)

TaKk Kak Ay=0.
A B IITPHXOBAHHOIT cncreme? TaM MBI Gbl HamucaJau

__ / —
AT = Py Ax" + 0y, Ay, (2.21)
Fnans Ha ¢ur. 2.6, 6, MBI BUAUM, YTO
Ax’ = Axcos 0 (2.22)
H
Ay = — Axsinb, (2.23)

TaK Kak Ay OTpHuaTte/]bHO mpu mnojoxureabHoM Ax. Iloactas-
asig B (2.21), no.rlyqaeM

AT = Axcos 0 — 2T Axsino= (2.24)

T o
T .
(—0— cos 0 — dy' sin 6) Ax. (2.25)
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CpasuuBas (2.25) u (2.20), MBl BHAHM, 4TO

oT __ aT aT . .
S =3, C0s 8 — 5~ Sin 0. (2.26)

DTo ypaBHeHHe TOBOPHT HaM, uTo 0T/dx noayuaercs: u3 0T/0x’ u
0T/0y’ B TouHOCTH Tak xe, Kak x U3 x’ u y’ B (2.18). 3Hauur,
0T/0x — 310 x-KOMMOHeHTa BeKTOpa. CXOAHBIE XKe paccyxie-
HUs MOKasbiBawT, uto 0T/0y u 0T/0z cyTb Y- ¥ Z-KOMMOHEHTHL.
Crano 6uiTh, VT ecTb Ha caMOM jeJjie BEKTOp. ITO BeKTOpHOe
noJie, o6pa3oBaHHOe U3 cxaJaapHoro moas T.

§ 4. Oneparop V

A ceilyac Mbl npojesaeM KpaiiHe 3aHATHYIO M OCTPOYMHYIO
Belllb — OIHY M3 TeX, KOTOpHE TaK YKpamawoT MateMaruky. Jo-
KaszaTeabcTBO TOro, yto grad T, uan VT, AB.asieTcss BEKTOPOM, He
3aBHCHT OT TOTO, KaKoe CKaaspHoe noJje Mb Au(pdepeHLHpYyeM.
Bce noBoasl ocranuce 66l B cuJje, ecan 661 T GBIJIO 3aMeHEHO At0-
Obim cKaaspHoLm noaem. A MOCKOIbKY ypaBHeHHsi npeoGpasoBa-
HHHl OAMHAKOBBI HE3aBHCHMO OT TOro, 4ré audgepeHuupyercs,
T0o MoxHO T y6paTb M ypaBHeHHe (2.26) 3aMeHHTb OmepaTOpHLIM

YpaBHEHHEM
J

ax’

%= cos 6 — %sin 0. (2.27)
Kak Buipasuacs [KUHC, MBI OCTaBJ/isieM OMEPAaTOPHl «KaXAYIIH-
MU npoauddepeHHPOBATDL UTO YTOLHO».

Tak kak camu auddepeHnHanbHble omepaTopbl npeo6paay-
I0TCS KaK KOMIOHEHTH BEKTOPHOrO MOJIS, TO MOXHO Ha3BaTb HX
KOMIIOHGHTAMH 8eKTOPHO20 oneparopa. MoxHO Hanucatb

=(9 9 9.
V=(3 3 95) (2.28)
9TO O3HauyaeT, KOHEUHO,
a a a
Vi i=g V=5 (2:29)

Mebr a6erparupoBanu rpaaHeHT ot T — B 3TOM H eCTb OCTpPOyMHe,

KoHeyHO, BB AOJIKHBI BCe BpeMsi MOMHHUTb, 4TO V —3T0 ome-
patop. Cam no ce6Ge OH Huuero He o3HauaerT. A ecau V cam no
ce6e HUYEro He 0311ayaeT, TO YTO BHIHJET, €CAH MBl epadueHT no-
MHOXHM Ha cKaasap, HanpuMep Ha T, 4ToObl MOJYYHJIOCH NMPOHU3-
BegeHue TV? (Benb BekTOop Bcerga MOXHO YMHOXHTb Ha CKa-
ap.) ATO ONATb HHYEro He O3HauaeT. KOMNOHeHTa x 3TOro BHIpa-
KeHHS paBHA

ad
T=-, (2.30)
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a 3T0 He YyMCJ0, a Bce elle Kakoi-To onepatop. OnHako B coraa-
cuH ¢ aare6poii BekTopoB TV no-npexHeMy MOXHO Ha3bIBaThb
BEKTOPOM.

A ceifiyac nomHoxHuM V Ha ckaasap ¢ apyro# cropoHsl. [loay-
yutca npousBeneHue VT. B oGuluHOl anare6pe

TA=AT, (2.31)

HO HYXHO MOMHHMTb, YTO OMnepaTopHas aareSpa HEMHOTo OTJIH-
yaeTcs OT O6bIYHON BeKTopHOil. Hano Bcerpa BbiaepxHBaTh npa-
BUJIbHBI MOpPSIJOK OMepaTopoB, YTOGB MX OMepauHH HMeJH
cmbic. Torga y Bac TpymHOCTeH He BO3HMKHET, €CJH BBl NpH-
NOMHHTE, YyTO onepatop V MOAYHHAETCS TEM XK€ YCJOBHSIM, UTO U
npoussoaubie. To, uto Bel auddepeHuupyere, LOMKHO OBITH MO-
craBiaeHo cnpaBa ot V. [lopsiaok 3gech cyuecTBen.

Ecan nomuuTh 0 nmopsinke, To cpasy sicHo, uto TV — 370 ome-
patop, a npousBeneHne VI — 3TO yxKe He «KaXAyLHil» onepa-
TOp, €ro XaxJ1a yTojeHa. 9T0 ¢Hu3UyecKas BeJHYHUHA, UMelOLLas
cmpicn. OHa npeacrasssieT co60it CKOPOCTb MpPOCTPAHCTBEHHOTO
uaMeHeHuss T: x-komnoHexTa VT noOKasbiBaeT, HACKOJIbLKO ObICTPO

M3MeHseTcd B X-Hampas/JeHHH. A Kyna HampaBJeH BeKTOp
VT? Mbl 3HaeM, YTO CKOPOCTb M3MeHeHHS T B KaKOM-TO Hampas-
JeHHH — 310 KoMmnoHenta VT B 3TOM HanpasJaeHuu [cM. (2.15)].
OTtciona caepyer, yto HampaBJjeHne VI — 3TO TO, MO KOTODOMY
VT o6namnaer camoii AJHHHON MNpoeKUHel; HHEIMH CJAOBaMH, TO,
no koropomy I Menserca Grictpee Bcero. HampabaeHue rpanu-
eHta T — 3TO HanpaBpsieHue GBICTpeiilero nogbeMa BeauyuHbl T.

§ 5. Onepayuu ¢ V

MoXHO /1M ¢ BEKTOpHLIM omepaTopoM V NpouM3BOAHTb ApYrHe
anre6panyeckue paefictBusi? Ilonpo6yeM cKOMGHHHMpOBaTbL €ro c
BEKTOpPOM. M3 ABYX BEKTOPOB MOZKHO COCTABHTb CKaJ/spHOe Ipo-
M3BeeHHe, IPUYEM ABOSIKOrO pPoAa:

(Bekrop) * V wu V- (BekTop).

[TepBoe BHIpaXKeHHe MOKa 4TO HHYEro He O3HayaeT — TV Bce elle
onepatop. OKOHYaTe/NbHBI CMBICJ €ro 3aBHCHT OT TOrO, Ha 4YTO
oH GypmeT pneficTBOBaTb. A B10OpOe MNpOH3BeJeHHE — 3TO HeKoe
cKa/lsipHoe noJse (notomy uto A-B — Bcerga ckaasp).
[TonpoGyem cocTaBUTL cKafasipHOe npousBeneHHe V Ha H3-
BECTHOe noJe, ckaxeMm Ha h. PacnuuieM mOKOMMNOHEHTHO

V.-h=Vh, + Vb, + V.t (2.32)
o oh oh ah
_ x y iz

Vih=St Sl 22 (2.33)
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OTta cyMma HMHBapHaHTHAa OTHOCHTeNbHO Npeo6Gpa3oBaHHsT KOOp-
anHatl. Ecau BhiGpaTb Apyryilo cucrtemMy (OTMeuYeHHYIO LITpHXa-
MIi), TO MOJYYHJIOCH ObI*

, . 0Oh, | on, . oh,
A% -h—-ox, + o + Fra (2.34)

a 3T0—TO e camoe YHCJIO0, KOTOpPOe MOJYYHJIOCh OB H U3
(2.33), x0T ¢ BHAY OHO BHINVISIAMT HHaue, T. €.

V .h=V-h (2.35)

B /moGo# TouKe nmpoctpaHcTBa. Mtak, V.h — 310 cKajsipHoe moue,
H OHO [OJ/IXKHO MpelcTaBHTb COGOH HeKOTOpyl (H3HYECKYyI0 Be-
JHUYHHY. Bbl NO/MXKHBI MOHMMAaTbh, YTO KOMOHHALMS NMPOH3BOAHBIX
B V<h uMeeT 10BO/IbHO cneuHaJbHBIH BUA. MoryT GHITh H Apyrue
KOMOMHALMKY BCSIYECKOro BHAa, cKaxem dhy/dx, KoTopble He sB-
JISIIOTCS HU CKalsipaMH, HH KOMIIOHEHTaMH BEKTOPOB.

CkaasipHas BenuuuHa V- (BeKTrop) oueHb IIMPOKO MpPUMeHSIET-
ca B ¢usuke. Eil mpucBouaIM UMSA «JUBEpPreHUHSA». HJIH «PacXo-
numocTb». Hanpumep,

V. h=divh = «Quseprenuus h». (2.36)

MoxHo 6bl10 Gbl, Kak ¥ aas VT, onucatb QHU3HYECKHH CMBICJ]
V:h. Ho MB OT/10XXMM 3TO 10 JYYIIHX BPeMeH.

[TocMoTpuM cHavaja, YTO ellle MOXHO HCNeYb H3 BEKTOPHOro
onepatopa V. Kak HacueT BeKTOpDHOro mnpousBefeHusi? MoxHO
HaJesTbCsl, UTO

V X h =Bexkrop. (2.37)

KoMmoHeHTH 3TOro BEKTOpPa MOXKHO HamMcaTh, MOJb3ysiCh 06bIY-
HbBIM NPaBHJIOM 15 BEKTOPHOro mpousBeaeHusi [cMm: (2.2)]:

oh oh
(VX h),=V;h, _Vyhx=a*;/— d—yx (2.38)
[Topo6HO 3TOMY,
(VX h), = V,h, — U, =tz _ Oy
)e=Vyh. YT "oy T oz (2.39)
n
h I
(VX h)y=V.h, — Vb, =22 — O (2.40)

~ Kom6unauuwo V X h HaspiBawoT «potop» (nuumyt roth), nau
(peako) «Buxpb h» (numyt curl h). Ilpoucxoxaenne 3Toro Ha-
3BaHUsl U (PuU3HyecKHuil cMbiC KOMOMHaLlMM MLI OOGCYAMM NO3Xe.

* Mu paccmaTtpuBaeM h Kak ¢busu4eckyro BennunHy, 3aBHCAILYI0 OT MoO-
JIOXEHHAA B MPOCTPAHCTBE, a HE KaK 3a1aHHYI0 MaTeMaTHYeCKH (YHKLHIO Tpex
nepemeRubnix. Korma h «anddepenuupyercs» no x, y u 2 wan no ', y' 2/,
TO MaTeMaTWyecKoe Bbipa)keHue A4S h A0JKHO ObITL NMpelBapuTesIbHO Bbipa-
XKeHo B BuAe (QYHKUHUH COOTBETCTBYIOWHUX mnepeMeHHbX. [losTomMy B HOBOM
cMcTeMe KOODAMHAT Mbl He oTMeuaeM h WTpHXOM.
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B wuTore ™Mbl noayuuad TpH copra KoMOMHauUMH, Kyaa BXo-
aut V:

VT = grad T = Bexrop.
V.h= div h = Cxansp.
VX h= rot h = Bekrop.

Hcnonb3yss 3TH KOMGHHALMH, NPOCTPAHCTBEHHble BapHALMM TIO-
Jlefi MOXKHO 3aMHCHIBaTb B YAOOHOM BHAe, T. €. B BHJe, He 3aBHCH-
IleM OT TOH HJIH HHOil COBOKYNHOCTH OCefi KOODAHHAT.

B kauecTBe npuMepa npuMeHeHHs Hallero BeKTOPHOrO AH(-
¢epeHuHaNbHOrO onepartopa V BhNHIEM COBOKYMHOCTb BEKTOp-
HBIX ypaBHEHHH, B KOTOPOHl €OJepkKaTcs Te CaMble 3aKOHB 3JeK-
TPOMarHeTH3Ma, KOTOpble Mbl CJOBeCHO BbicKa3aau B ra. 1. Hx
Ha3bBAIOT ypaBHeHHsIMH MakcBedarna.

¥ pasnenus Makceesrra

I V-E=-,

€0
(2) VXE= —
3) V.B=0,

J0E i
(4) C2VXB='—0‘[— k]

L)

0B
ot ! (2.41)

rie p (po) — «MJIOTHOCTb 3/1EKTPHYECKOrO 3apsifia» (KOJH4YeCTBO
3apsaja B elxHHlle 06beMa), a j— «MJIOTHOCTb 3/IEKTPHYECKOrO
TOKa» (CKOPOCTb MPOTEKaHHs 3apsiia CKBO3b eAMHHUY MJOUIAMH).
OTH yeThipe ypaBHeHHs cojepkaT B cefe 3aKOHYEHHYIO KJacCH-
4eCKYI0O TeOpHIO 3JEKTPOMAarHHTHOro mnoJsi. Buaute, Kakoi 3ae-

FaHTHOH YU MPOCTOM 3aMHCH Mbl AOGH/HMCH C NOMOIUbIO HAIIUX HO-
BbIX 0603HayeHHI!

§ 6. Dupdepenyuansnoe ypasnetue
noroka renaa

ITpuBenem apyroii mpuMep BeKTOPHOH 3amucH (H3HYECKOrO
3aKOHa. DTOT 3aKOH He M3 TOYHBIX, HO BO MHOTHX MeTaanax H
JPYTrUX MaTepHaJax, NPOBOASILIHX TeNJo, OH MPOSIBJSETCS COBEp-
IeHHO YeTKO. M3BeCTHO, YTO eCaM B3sTb IJIUTY M3 KaKOro-TO
MaTepua/a M Harpetb OfHY ee CTOPOHY A0 Temnepatypbl Ta, a
Apyrywo oxaaaute a0 Ty, To Tenao notedetT ot Ts K Ty (¢wur.
2.7,a). [ToTok Ten/a npomopuHoHaJeH njowann Topuos A u pas-
Hulle Temneparyp. Kpome Toro, oH o6paTHO MpoOMmoOpLHOHAJEH
paccTosiHHI0 MexAay Topuamu. (s 3anaHHO# pa3HHUbB TeMe-
partyp, 4eM TOHbILUe NJIHTA, TeM MollHee NOTOK Tensaa.) O6o3Ha-
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Pue. 27. Tenaocsoll no- \\ o
TOK uwepe3 nauty (a) u

.
Oeckonedno maaaf NAuT- ‘ _TL,

KQ, napaasesbHas u3oTep- 3 Neownds AA
Muueckoil nosepxHocTu 8 Tenzosod

boabwom  Gaoke  geuye-

crea (6). - >~

Hsomepmor

NN

[nowads A

L+ 47
a 4

j
)

yas yepes J TeNnJIoOBYy10 3HEpPruio, NpoxoAsilyr CKBO3b MJIHTY 3a
€IHHHIy BpeMeHH, Mbl HanuuieM

I=n(T,—T) 4. (2.42)

Koa¢p¢uureHT nponopuHoHaJbHOCTH % (Kanmna) HasblBaercs Ten-
A0RPOBOCHOCTBIC.

Yro npousoiiner B Gosiee CJAOXKHBIX Cayuasx, CKaxeM, B 6/10Ke
MaTepuasa HeoObIYHOH (OPMBI, B KOTODOM TeMmepaTypa Kak-TO
NPHUXOTIUBO MeHseTcsA? PaccMOTpUM TOHKHE cJOii MaTepuaJa H
npeactaBuM cebe nauty Hanopo6ue H306paKeHHOH Ha (H.
2.7,a, Ho B MuHHaTiope. OpHeHTHpYeM ee TOPLH NapaJiesbHO
M30TepMHYECKHM NoBepXxHocTsiIM (¢ur. 2.7,6), Tak 4TO AJS ITOH
MaJIoil NJUTHl BBINOJHSIETCS ypaBHeHue (2.42).

Ecau njiowans 1ol nautel AA, To MOTOK Tensa 3a €JMHHLY
BpEeMEHH paBeH

AJ —xAT =24, 2.43)
As

rae As — rtonmuna nautel. Ho AJ/AA MBI paHblue onpegen/u
Kak abCoJIIOTHYIO BeJMuMHYy h — BekTOpa, HanpaBJ/eHHOro Ty.a,
Kynaa TeueT tenso. Temso teueT o1 T1+ AT K Ty, Tak 4TO BEKTOP
h nepnenaukynsipen usorepmam (dur. 2.7,6). Oanee, AT/As Kak
pa3 paBHO ObICTpoTe H3MeHeHHSs T ¢ H3MeHeHHeM MOJIOXKEHHS.
A 1OCKO/IbKY M3MGHEHHsl MOJIOXKEeHHs NepneHAHKYAspHB H30Tep-
maM, To Hame AT/As — 3TO MaKCHMaJlbHasi CKOPOCTb H3MeHeHHs.
Ona paBHa nostoMmy BeanudHe VT. M, HakoHel, pas HanpabJe-
Husi VI 1 h npoTtuBono/oxHbl, 10 (2.43) MOXHO 3anucaTtb B BHJe

BEKTOPHOTO ypaBHeHHS
h= —%VT. (2.44)

(3Hak MHMHYC HanucaH NOTOMY, Y4TO TeNJO TeyeT B CTOPOHY Io-
HWXKeHHs TeMmnepaTypbl). ¥YpaBHeHue (2.44) —s3to auddepen-
IlHa/IbHOe YpaBHeHHe TeMJONPOBOJHOCTH B MAacCHBE BellleCTBa.
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Bbl BuauTe, uTO 3TO yHCTO BeKTOpHOe ypaBHewHe. C 06eHx cTO-
POH CTOAT BEKTOPH (€caH x YyucJ0). DTo 0606lleHHe HA MpPOH3-
BOJIbHBIH CJyYyall 4aCTHOro COOTHOLleHHs (2.42), BepHOro nJs
NPSIMOYTrOJIbHOH MJIHTHI.

Mbl ¢ BaMH JOJIKHLI 6yNeM HayudnTbCsl BBIMMCHIBATH BCE COOT-
HOLEHHs1 3/eMeHTapHoil ¢u3uku [HanomoGue (2.42)] B 3TuX
XUTPOYMHBIX BEKTOPHLIX 00603HaueHHsIX. OHH MOJIE3HBI HE TOJbKO
NOTOMY, YTO YpaBHEHHMs HAYHHAIOT OT 3TOr0 B8bl2A4f0eTbL TpoLlle.
B Hux HaMHOro sicHee npocTynaet ¢usuueckoe codepranue ypas-
HeHUH 6Ge30THOCHTEJNbHO K BBIGOPY CHCTeMnl KOOpPAHHAT.

§ 7. Bropoie npou3eodnsie 8exroptolX noaetl

[Toka MBl MMeaH [€J0 TOJbKO C NepBLIMH MNpPOH3BOAHLIMH.
A nouemy He co BTOpbiMH? M3 BTOpPBIX MPOHU3BOAHBIX MOXKHO CO-
CTaBHTb HECKOJIBKO KOMOHHALMI:

(a) V-(VD),
(6) VX (VD),
() V(V-h), (2.45)

(r) V-(VXh),
(m VX (VXh).
Bbl MoxeTe y6eauThbCsi, 4TO HUKAKUX MHBIX KOMOHHALHil GLITh
He MOXeT.

ITocmoTpuMm cnepBa Ha Bropyio KoMmGuHauulo (6). OHa uMeer
Ty X%e GopMy, UTO H

AX(AT)=(AXA)T=0,
notromy uto A X A Bcerga Hyab. 3HAYHT,
rot(gradT) =V X (V)T = 0. (2.46)

MoxHo NMOHATL, KAaK 3TO MNoJydYaeTcsd, €CJH pacnucaTb OXHY H3
KOMIICHEHT:

[V X (V). =V, (V1), — ¥, (VT), = 2 (5 ) — 3 (55 ) » (247)

4To paBHO HyJIO [no ypaBHeHuio (2.8)]. DTo ke BepHO M A4
Apyrux komnoHeHT. Ctano 6uith, V X ( VT') = 0 nas awo6oro pac-
npeflejleHHs1 TeMnepaTtyp, Aa H AJS 8CAKOid CKaJAsAPHON YHKLHH.
Bosbmem BTOpoil npumep. ITocMOTpHM, Hesb3st 1M MOJYYHTH
Hyab ApyruM nyteM. Cka/lsipHOe npou3BeldeHHe BEKTOpPA Ha BeK-
TOpHOE NpPOH3BeleHHe, collepKalllee ITOT BEKTOP, PABHO HYJIO

A-(A X B)=0, (2.48)

noroMy uto A X B pmepneHaumkynapHo K A M He HMeeT TeM ca-
MBIM COCTaBJIAKWHNX BRoab A. CxoaHasi KOMGHHAUHS CTOMT B
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cnucke (2.45) moa HoMepoMm (r):
V.- (VX hy=div(roth)=0. (2.49)

B cnpaBensuBOCTH 3TOr0 paBeHCTBA OMATb-TAKH JIerko yO6elHTb-
csl, NpoJesaB BHIKIaAKH Ha KOMNOHEHTaXx.

Tenepr cdopmyaupyem 6e3 [OKa3aTelbCTBa fABe TeOpeMbl.
OHu oueHb HHTEPECHBl H BeCbMa M0JI€3HBl /151 (H3HKOB.

B du3nyeckux 3amauax 4acTo OKasblBaeTcs, YTO POTOp Ka-
KON-TO BeJHYHHBI (CKa)KeM, BEKTOPHOTO noJsi A) paBeH HYJIO.
Mbr Bugenn B ypaBHenunu (2.46), yTO POTOp rpaiHeHTa paBeH
HyJ10. (DTO Jerko 3anoMHHaeTCsl MO CBOHCTBaM BekTopoB.) [la-
Jlee, MOXeT OKa3aTbcsl, uTo A fyaeT rpaaueHTOM KaKOH-TO BeJH-
YHHBI, IOTOMY YTO TOrAa poTop A ¢ HeO6XOAMMOCTbIO 06paTHTCS
B HyJsb. VMeeTcsi MHTepecHasi TeopeMa, yTBepXKjaiollasi, 4TO ec-
J4 pOTOP A eCTb HYJIb, TO TOTAA A HenpemeHHo OKaxeTcs wbui-
TO TPaHEHTOM; CYLIeCTBYeT HEKOTOpOe CKaJgspHoe noJe Y (ncu),
Takoe, yto A = grad {. UHBIMH csi0BaMu, cnpaBeasnuBa

TEOPEMA
Ecau VXA=0,
TO UMeeTCs1 ), (2.50)
Takoe, uto A =V,

CxonHass TeopeMa ¢opMyaupyeTcst W Aasi cJaydasi, KOraa nu-
sepreHuust A ectb Hyab. M3 ypaBHuenus (2.49) BuaHO, uto OH-
Beprenlusi portopa J06GOH BeJHYHHBl paBHa Bceraa Hy.Jo. Ecan
BaM CJy4YailHO BCTPETHJOCH BeKTOopHOoe moJe D, aas KoToporo
divD — Hysb, TO BHl MMeeTe MPaBO 3aKAKOUYUTh, yTo D — 310 po-
TOP HEKOTOpOro BekTopHoro noJas C.

TEOPEMA
Ecau V-D=0,
10 uMeercss C, (2.51)
takoe, yto D=V X C.

[TepeGupasi BceBO3MOXKHbIE COYeTaHHsi ABYX onepatopoB V,
Mbl OGHAPYXHJIH, YTO [BAa M3 HUX BCeraa AalT HyJb. 3aiiMeMcs
Temepb TeMH, KOTOpble He pasHot HYl0. Bo3pMeM KOMGHHALMIO
V-(VT), nepBylo B HauleM cnucke. B o6uem ciyuae 3To He HYJlb,
BrinuiieM KOMNOHEHTHI

VI =V,T +V,T +V,T.
V(VT)=V,(V,T)+ V,(V,T)+ V,(V,T)=
2 2T o7
= g,; + gy-’ + gz-’ ! (2.52)
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4yTO MOXeT, Boo6ule roBops, GuiThb MOGBIM YHCIOM. DTO CKaasAp-
HOe noJe.

Bt BHAMIE, UTO CKOOOK MOX>KHO He CTaBHTb, a BMECTO 3TOrO
MHCaTb, HE PHCKYyH OLIHOUTBCS:

V.(VI)=V.VI =(V.V)T =VT. (2.53)

MoxHo paccmatpusatbh V2 KakK HOBBI# oneparop. dTo ckajsp-
Hblli omeparop. Tak Kak oH B (pH3HKe BCTPeyaeTCsl 4acTo, eMy
nanau ocoboe UMsI — AQNAQCUAH.

0? 0?2 02
Jannacuan = V2= e + o—yg + o (2-54)

Pa3 onepatop /nannacunana — onepartop CKaljisipHbif, OH MO-
XKeT JelicTBoBaTh M Ha BekTop. [lod 3THM Mbl MOApa3yMeBacwm,
YTO OH MPUMeHAeTC K KaXI0H KOMMNOHEeHTe BeKTOpa

Vth= (V?h,, Vh,, Vh,).

Paccmorpum ewe omny Bo3aMoxHocTh: V X (V X h) [(n) B
cnucke (2.45)]. Potop or poropa moxHO Hamucath HHaue, ec/ad
HCNOJIb30BaTh BEKTOPHOE pPaBeHCTBO (2.6)

A X(BXC)=B(A:-C)—C(A-B). (2.55)

3amenum B 3TOH ¢opmysae A u B onepatopom V H nosoxnM
C = h. Toayuurcs

VX(VXh)=V(V-h)—h(V-V) ... ???

IToroaure-ka! 3aech yto-TO He Tak. Kak u nosoxeHo, nepsble
JBa 4YjleHa — BEKTOPbl (OMepaTopbl YTOJMJ/H CBOIO XKaxX1y), HO
nocJeHUN ujeH coBceM He Takoil. OH Bce emle omepatop. Owmu6-
Ka B TOM, YyTO Mbl He ObI/IH OCTODOXHBI H He BbIAEPXKAJH HYX-
HOro nopsiika 4/eHoB. BepHyBmich o6paTHO, Bbl yBHAUTE, 4TO
(2.55) MOXHO ¢ paBHBIM yCNeXOM 3anucaTh B BHJE

AX(BXC)=B(A:-C)—(A:B)C. (2.56)

Takoii nopsiloK u/eHOB BBITASAMT yxe Jyuwe. Clenaem Hawy
noactaHosky B (2.56). Iloayuurcs

VX (VX h)=V(V-h)—(V-V)h. (2.57)

C sroit dopmysoit yxe Bce B mopsiake. OHa NefiCTBUTENbHO Npa-
BH/bHA, B 4YeM Bbl MoOXeTe YO€NHTbCS, pacnucaB KOMIIOHEHTHL.
[Tocaennnit yaen — 310 nansacual, Tak YTO C PaBHBIM YyCIeXOM
MOXKHO HanucaThb

VX (VX h)y=WV(V.h)— V. (2.58)

M3 Hawero cnucka (2.45) aBoiHeix V Mbl pazoGpaJ/in Bce KOM-
O6uHauuu, kpome (B), V(V-h). B Heil ecTb cMBICA, 3TO — BeKTOp-
HOe moJie, HO GoJiblile CKa3aTh O Hell Heuero. TO NMPOCTO BEKTOP-
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HO€ noJie, KOTOpPpOoe MOXeET cnyqaﬁHo BO3HHKHYTbL B KaKOM-HPléyﬂb

pacuere.
¥Yno6Ho Gyner Bce HAWIM pacCyXXJeHHS CBECTH Teflepb B Tao-

AHLLY:
(a) V. (VT)= V2T = Ckanspuoe none,

(6) VX(VI)=0,

(8) V (V- h)=Bekropuoe none,

(r) V-(VXh)=0,

() VX(VXh)=V(V-h)—Vh,
(e) (V-V):h=V?h=Bexropnoe noxe.

Bel MoraM 3aMeTHTb, 4TO MH He MbITaJuch H300pecTH HOBBI
BekTopHbIi onepatop V X V. Ilonnmaere, noyemy?

(2.59)

§ 8. Nodsoxu

Mbl npUMeHHIH HalK 3HAHUS OGBIYHOH BEKTOPHOH aarebpbl
K ajre6pe oneparopa V. 31ech HYXKHO GbITb OCTOPOXXHBIM, HHaye
Jerko Hanyratb. HyXHO ymoMmMsinyTe o0 ABYX mojBoxax (Bmpo-
yeM, B HalweM Kypce OHM He BcTpeTaTcs). UTo MoXeTe BhI CKa-
3aTb O CJ/lefylOLleM BbIpaXKeHHH, KyAa BXOAAT JABe CKaAsPHbIE

dynkunn Y u ¢ (¢pu):
(V) X (Vo)?

B moxerte noayMaTb, 4YTO 3TO HY/Ab, MOTOMY UYTO OHO MOXOXe Ha

(Aa) X (Ab),

a 3TO BCeraa paBHO HYJAI (BEKTOpDHOe MpPOM3BeleHHe NBYX 00u-
naxosoix BekTopoB A X A Bceraa Hynab). Ho B Hauwem npumepe
nBa onepatopa V oTHioab He onuHakoBbl! IlepBHIl meficTByeT Ha
OHY (YHKLHIO, 1, a BTOPOH — Ha Apyryw, ¢. M xoTa Mbl H30-
6paxaeM HX OLHMM M TeM Xe 3HAaYKOM V, OHH BCe XXe HO/KHBI
paccMaTpHBaTbhCs Kak pasHble onepatopbl. Hanpasaenue Vi 3a-
BHCHT OT QYHKUHH 1, a HanpasjeHHe V@ — 0T QYHKUHH ¢, TaK
YTO OHHM He 00f3aHbl GBHITH MapaJJejbHLIMH:

(V) X (V) 5= 0 (8 cOuem cayuae).

K cuyactblo, K TakMM Bbipa)keHHSM Mbl NMpHGeratb He GyneM.
(Ho ckasanHoe Hamu He MeHseT Toro ¢akra, yto Vo X Vo =0
B J1I060M CKaJsipHOM moJie: 3fecb 06e V 1elCTBYIOT Ha OAHY H Ty
xe yHkuHo.)

[TonBox HOMep ABa (OH TOXe B HalleM Kypce He BCTPETHTCH):
npaBH/a, KOTOpble Mbl 31€Ch HaMEeTHJIH, BLITISA AT MPOCTO H KpacH-
BO TOJILKO B NpPSIMOYrOJIbHBIX KoopauHataXx. Hampumep, ecau Mbl
XOTHM HamucaTb X-KOMIOHEHTY BblpaxkeHust V2h, To cpasy nuumewm

0? 0? 9?
(Vh)e = (557 + 57 + 557 ) he =0 (2.60)

45



Ho 310 Bhipaxenne we 200urcs, ecan Mbl uuleM paduaas-
Hyro KomnoHeHTy V2h. Oua He paBHa V2h,. leso B TOM, 4TO B
anre6pe BeKTOPOB BCe HMX HaNpaBJ/IEHHS MOJHOCTbIO ONpefleseHbl.
A xorpa Mbl HMeeM 1e/10 ¢ BEeKTOPHBIMH MOJSIMH, TO WX HalpaB-
JIeHHs1 B pa3HbIX MecTax pasauyHbl. Koraa Mbl npo6yem onucatb
BEKTODHOE MoJle, HaNpuMep, B MOJSIPHBIX KOOpAHHATax, TO «pa-
IHabd0e» HalpaBjeHHe MEHseTCs OT TOYKH K Touke. M HauaB
InddepeHULHPOBATbL KOMMOHEHTHI, Bbl 3aMPOCTO MOXE€Te NONacThb
B Geny. [laxe B NOCTORHHOM BEKTODHOM IoOJle paaHa/bHass KOM-
MOHEHTa OT TOYKH K TOYKE MEHSETCs.

OO6bIyHO Ge3onacHee W MPoOLLe BCETO A€PXKAThCH MPSIMOYTOJib-
HbIX KoopauHaT. Ho CTOMT ynoMsiHyTb W OAHO HCKJIIOYEHHe: mo-
CKOJIbKY JamiacHaH V2 ecTb cKaasp, TO MOXHO MNHCaTb ero B
JM0G0H CUCTEMe KOOPAMHAT (CKaXXeM, B MOJsIPHbIX KOOpAHHATaX).
Ho tak kak 310 auddepeHunansHelii onepatop, TO NPUMEHATHb
€ro Hajao TO/bKO K BeKTOpaM ¢ (HKCHPOBAHHBIM HamnpaBJ/eHHEM
KOMIIOHEHT, T. €. K 3aJaHHbIM B MPSMOYrOJbHBIX KOOpAHHATaXx.
Hrtak, pacnucbiBas Halk BeKTopHble AU depeHLHAbHBIE YpaBHe-
HHUS MOKOMIOHEHTHO, Mbl GyJeM NpeiBapUTEJNbHO BbipaxaTb BCe
Hall¥ BEKTOPHbIE MOJsI Yepe3 HX X-, Y-, Z-KOMIIOHEHTBHIL.
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HHTErPAJIbHOE HCYUCJIEHHE
BEKTOPOB

§ 1. Bexropnoie unrezpansi;
Kpusoauneiinoii unrezpanr or Vi

B npezbiayiuieit rmase Mbl BHIeJH, 4TO 6paTh
NPOH3BOAHBIE OT MOJS MOXHO mo-pasHomy. Onnu
NpUBOJAT K BEKTOPHBIM MOJAM; APyrue — K CKa-
JAsipHEIM. XOTs (OpMYyJ ObLJIO BbIBEAEHO J0BOJIb-
HO MHOrO, BC€ HMX MOXHO MOALITOXHTb OAHHM
npaBuJaoM: onepartopnl 0/0x, d/0y u 0/0z cyTb
TPH KOMNOHEHTHI BeKTOpHOro omnepartopa V. Ceii-
yac HaM XoTesnoch Obl Jyylle pa3o6paTbCad B
3HayeHHH Npou3BOAHbIX moas. Toraa Mbl Jerue
NOYYBCTBYeM CMBbICJ BEKTODHBIX YPaBHEHHH NOJ.

MbI yxe roBOpHJH O CMbIC/IE ONepauuy rpa-
anenta (V Ha ckaasap). O6parumcs Temepb K
CMBIC/y OMepauHii BBIYHCJEHHS AHBepPreHUHH
(pacxoaumocTn) u potopa (Buxps). TosKoBaHHe
3THX BeJHYHH Jydllle BCEro CAe/aaTb Ha sA3blKe
BEKTOPHBIX MHTerpaJioB U ypaBHEeHHH, CBA3LIBAIO-
KX 3TH HHTerpaasl. Ho ypaBHeHHsI 3TH, K He-
CYacTblO, HeJlb351 BLIBECTH M3 BEKTOPHON aJjreGpbl
NpH MOMOIUH KaKHX-IHOO JerkHX MOJACTaHOBOK,
TaK YyTO BaM NMPHAETCS YYHUTb MX KaK 4YTO-TO HO-
Boe. OlHa M3 3THX HHTerpaJbHBIX GOpPMyJ mpak-
THYeCKH TpHBHaAJbHA, a [Jpyrue ABe — HeT. Mul
BbIBEleM HX H MOSICHHM HX CMBICJA. DTH $HOpPMYJIBI
($aKTHYECKH SBJSIOTCA MaTeMaTHYeCKHMH Teo-
pemamu. OHM noJ/ie3Hbl He TOJbBLKO A/ TOJKOBa-
HHSl CMBICJIA M COAepXKaHWS MOHATHH NHBepreH-
UHH H poOTOpa, HO M mnpH pa3paboTKe oOOWIHUX
(Hu3HyeCKUX TeopHil. [1/15 TEOPHH NOJIEH ITH MaTe-
MaTHYeCKHe TeopeMbl — BCe PaBHO YTO TeopeMa
O COXpaHeHHH 3HepruH [/ MeXaHHKH YacTHLL.
ITono6Hble TeopeMbl OOLIEr0 XapaKTepa OuYeHb
BaXHbl AJas 6oJee Tray60KOro noHuMaHus o¢u-
3ukH. Ho BBl yBHAMTe, UTO, 32 HEMHOTHMMH MNpO-
CTBIMH HCKJ/IOYEHHSIMH, OHH MaJ/o 4TO AaloT /15
pewenus 3agay. K cuacTpio, KaK pa3 B HauaJe

§ 1.

§ 2

§ 3.

§ 4

§ 5.

§ 6.

§ 7

BekTopHbie nHTer-
panbl; KpuBoJauHeii-
Hbiil MHTErpaa

oT V¢

IMotok BeKTOpHOro
noas

Motok M3 ky6a;
Teopema laycca

TennonpoBoAHOCTD;

ypasHenne  aunddy-
3um

Wupkyasuus
BEKTOPHOro noas

L upkyasuun
no KeBaapary;
Teopema Crtokca

Mons Ge3 potopos
n noaa Ge3 pusep-
reHumii

§ 8. Mrorn
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vy
2 bue 3.1. Havocrpayua ypas-
wenus (3.1).
Kpusas I’ Bektop pb evtuucasercs Ra auned-
HOM 9nemenTe ds.

ds

Halllero Kypca MHOTHE npocThie 3aflayd OYAYT pelaThCss HMEeHHO
3THMH TpeMsi HHTerpa/jbHbiMu ¢Gopmyaamu. [losxe, onuako,
KOrja 3aflayd CTaHyT MOTpyAHee, ITHMH NMPOCTHIMH METOAaMH Mbl
6oJblIe OGOHTHCH HE CMOXKEM.

Mbl HayHeM ¢ TOil HHTerpa/jbHOii (GOPMYJbI, KyAa BXOMHT
rpaaxeHT. Mbic/ib, KOTOpAsi COAEPXKHMTCS B Hell, OueHb MNPOCTa:
pas rpaaMeHT eCcTb GbLICTPOTA H3MEHEHHsl BEJHYHHBI NOJS, TO
HHTErpaJ OT 3TOH OBLICTPOTHI A4aCT HaM ofllee H3MEHeHHe NOoJs.
Ilyets y Hac ecTb ckaasipHoe mose (x,y,z). B aByx npowus-
BOJIbHBIX TOuKax (1) u (2) ¢GyHKuMS ) MMeeT COOTBETCTBEHHO
3Hayenus (1) u $(2). [Mcnonbayercs takoe yno6Hoe 06O3Ha-
yeHue: (2) o3HayaeT TOYKY (Xz, Ya, 22), @ P(2)—3TO TO XKe ca-
Moe, 4To P(Xg, Ys, 22).] Ecan I' (ramma)— mpousBosbHasi KpH-
Bas, coegunswomas (1) u (2) (¢ur. 3.1), To cnpaseanusa

TEOPEMA 1|
(2)

v@—vm= | (V9-ds. (3.1)

n
Broas I

Hurerpan, croswuit 3mecb, — 3T0 KpugoAuxelinovlli UHTEZPAA OT
(1) no (2) Bmonb KpuBoil I' OT cKaJsipHOro MPOM3BeJeHHS BeK-
tTopa Vi Ha Apyroil BekTOp, ds, ABAAIOIUHNACA GECKOHEYHO MaJjbiM
3NeMeHTOM AyrH KpuBo# I' [HanpasaenHoit ot (1) kK (2)]).

HanoMuuM, yté MBI NOHHMaeM noA KpHBOJNHHEHHBIM HHTe-
rpanom. PaccmotpuMm ckanasipHyilo ¢yHKuHwoo f(x,y,2) H KpHBYIO
I'. coenunsiiomyto e Touku (1) u (2). OTMeTHM Ha KpHBOi
MHOXECTBO TOYEK M COeJMHHUM HX XOpAaMH, Kak Ha ¢wur. 3.2.
Hnnua i-it xopawsl paBHa As;, rae i npoberaer 3HayeHus 1, 2,
3, ... . Ilox KpHBO/MHIENHEIM HHTETPANIOM

@
fds

(1)
Baoas I
noapasymeBaeTrcs npeaesa CyMMbl

Z fl AS‘,
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Due 32 Kpusoruneinod unre-
2paxr ects npedea cymmeot.

rae f;— 3HaueHue GyHKUHM rAe-To Ha i-i xopze. Ilpenen —aro
TO, K UeMy CTPEMHTCSl CYMMa, KOrla pacTeT 4YHCJO XOpA (pa3ym-
HbIM 06pa3oM, 4ToObl faxe HauGoJbluee As; — 0).

B Hameii Teopeme (3.1) HHTerpan o3HauaeT TO Xe CaMoe,
XOTb M BBIMVIAAHT 4yThb Mo-MHOMY. BMmecto f cTOMT mpyroit cka-
Jsip — cocraBasomas V¢ B HanpaBaeHHH As. Ecian 0603HauuTh
3Ty cocraBasomyio yepe3 (Vy);, To fcCHO, uTO

(V); As = (V) - As. (3.2)

Hurerpan B (3.1) u noapasymeBaeT CyMMy TaKHX 4JIEHOB.

A Tenepr nocmoTpum, mouyeMmy ypaBHeHHe (3.1) npaBHJIBHO.
B ra. 1 mbl nokasaau, yto cocraBasiomwas Vi BA0OJb Maloro cMme-
weHuss AR paBHa GbicTpoTe HM3MeHeHHs Y B HanpaBJaeHun AR,
PaccmorpuM xopay kpuBo#i As oT ToukdH (1) 10 ToukH a Ha
¢ur. 3.2. Tlo HaueMy onpeneneHHIO

Ay =P (a) — P (1) =(Vy), - As,. (3.3)
ToyHo Tak Xe Mbl HMeeM
P (0) — (@) =(V), - As,, (3.4)

rie, KoHeuHo, (V) o3HayaeT rpajueHT, BBIYHCJIEHHbIH Ha XOpAe
Asy, a (V)2 — rpaaHeHT, BoluuCJAeHHBIH Ha Asy. Caoxus (3.3)
u (3.4), nonyuum

Y (b) — ¥ (1) =(V), - As; + (V), - As,. (3.5)

B BHAHTE, YTO, NpoaoJkKas ﬂpHGaBJlﬂTb TaKHe 4YJeHbl, MbI Mo-
JiyyaeM B HTOre

$(2) — ¥ (1) =2 (V¥); - As,. (3.6)

JleBasi yacTb He 3aBHCHT OT TOro, Kak BbIOMpaTb HHTEpBaJbl —
aumb 66l Toykd (1) U (2) OblAM TeMH e CaMbBIMH, TaK 4TO
cnpaBa MOXHO nepeiiTH K npeaeay. Tak gokasbiBaeTcs ypaBHe-
nue (3.1).

M3 Hawero aokasaTenbCTBa BHJHO, YTO, MOAOGHO TOMY Kak
paBeHCTBO He 3aBHCHUT OT BbIOOpa TOYek a, 6, ¢, ..., TOYHO TakK
XXe OHO He 3aBUCHT OT BhiGopa camoit KpuBoit I. Teopema BepHa
415 10601 KpUBOH, coequHsomelt Touku (1) u (2).
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IBa cinoBa 06 o6o3Hauennax. He GyneT nyraHuubl, ecaH mu-
caTth aasa yao6ceTBa
(V) - ds=Vy - ds. (3.7

Torpa Hama TeopeMa NnpuMer TaKOH BHA:

TEOPEMA 1
(2)

p(2)—p ()= { vy - ds. (3.8)
J'ho6a(nl)xpnaan.
coeAHHAHIaA TOYKH
(1) u(2)

§ 2. Horox eexroprozo noan

Ilpexnae yeM paccMaTpUBaTh CJAeLYIOULYIO HHTErpaJbHYIO Teo-
peMy — TeopeMy O AUBepreHUHH, — XOTea0och Obl pa3obpaTbCs B
OIHOH HJee, CMBIC KOTOPOiH B c/yuyae Tem/JOBOrO MOTOKA JIETKO
ycBauBaercsi. Mbl yxKe onpelenuad Bektop h, npeacraBasouitil
KOJIHYeCTBO TeMJa, MNPOTeXawllero CKBO3b €IHHHIY MJollalH
B elunHUUY BpeMeHH. [lon0oXHM, YTO BHYTpH Teja HMeeTcs 3a-
MKHYTasi IOBepXHOCTb S, orpaHnunBawwas o6veM V (dur. 3.3).
HaM xouercs y3HaTb, CKOJbKO Tem/ja BbiTeKaeT H3 3TOro 00-
ema. Mbl 3T0 MOXeM, KOHEeYyHO, ONpeles]HuTh, PAcCyuTaB OOLIHUIl
TeNJIOBOIl NOTOK Yepe3 nosepxHocTs S.

O6o3HayuM yepe3 da nJjoulagb 3/JeMeHTa NMOBEPXHOCTH. DTOT
CHMBOJI 3aMeHsieT AByMepHbli aud¢epenuunan. Ecau, Hanpumep,
3/1eMeHT OKaxeTcs B NJOCKOCTH XY, TO

da=dxdy.
ITosxxe Mbl 6yneM HMeTb [AeJN0 C HHTerpajaMH no o6beMy, H

Toraa Oyner yaoGHO paccMaTpuBaTbh 3JeMeHT o6beMa B BHIE
Manoro Ky6uka u o6osHayaTth ero dV, noapasyMeBasi, 4TO

dV =dxdydz.

Koe-kto mumer u d?a Bmecto da, yTo6bl HaNOMHHTb CaMOMY
ceGe, 4TO 3TO BbIpa)keHHe BTOPOH cTeneHH; BMecTo dV nuuwyT

Jamurymas
N066PXHOCITTE S

: Pue 33. 3amxuyras noeepx-
Obsem V HOCTb S, o2panutearouian
o06zem V.

EQuHu4HbLE BEKTOP N— BHEWHAA HOPD-
Mane K INEMEHTY noeepxmocTu da,
a h—a8eKkTop Tena08020 nOTOKA CKGO3b
39/4€ MEHT NOBEPXHOCTU.



tTakxe d3V. Mbl GyzeM noJb3oBaThesl GoJiee MPOCTBIMH 0GO3Ha-
YeHHsIMHM, a Bbl YXX MOCTapaiiTecb He 3a6blBaib, YTO y MnJollanei
ObIBAIOT IBa H3MepeHHs, Y 06 beMOB — TPH.

[ToTok Tenna yepe3 3JeMeHT NOBEPXHOCTH da paBeH NpoH3Be-
JeHHIO NJIOWAAH Ha COCTABJAILYIO h, nepneHAHKYAApHYIO K da.
Mbl yxe onpenensiii n— eJHHHYHBIH BEKTOp, HampaBJleHHBIH
HApYXY NepneHAHKY/JsipHO K moBepXHoctd (cm. ¢ur. 3.3). He-
KoMas cocrtaBJsiouiasi h pasna

h,=h-n, (3.9)
H Torja NoTOK TenJa CKBO3b da paBeH
h - nda. (3.10)

A Becb NOTOK Tensa yepe3 MPOH3BOJILHYIO MOBEPXHOCTb MOJY-
YyaeTcsi CYMMHpOBaHUeM BKJ1aJ0OB OT BCeX 3/eMEeHTOB MOBEPXHO-
cTH. MHbiMu caoBamu, (3.10) uHTerpupyercss no BCel MOBepX-
HOCTH

INoauel#t TenaoBOA NMOTOK (h .nda. (3.11)
uepe3 S Hapyxy :

DTOT HHTerpa] Mbl 6yleM HasblBaTb «MOTOK h yepe3 nosepx-
HocTb». Mbl paccMaTpuBaeM h Kak «INJIOTHOCTb NOTOKa» Temaa,
a MOBEPXHOCTHBIH HHTerpaJ ot h—3To o6luil NOTOK TenJja Ha-
PYXKY uYepe3 MOBePXHOCTb, T. €. TeMJoOBas 3Heprus 3a edHHHLY
BpeMeHH (IKOYJH B CEKYHAY).

Mpr xoTuM 3Ty uae 0606IUTh HA cayyai, KOrfa BEKTOp He
npeacrasaseT coO60H NOTOKA KAaKOH-TO BeJHUHHBI, 4, CKaxKeM, SB-
JisieTCsl 3NeKTpHYeCKUM noJeM. KoHeuHo, ecau 310 GyneT HYXHO,
TO ¥ B 3TOM CJ/yyae BCe DPAaBHO MOXHO NMPOHHTErpHpOBaTb HOP-
MaJbHyI0 COCTaBJ/SIIOLLYI0 3JeKTPHYECKOTO MOJs MO MJIOLLaLH.
XoTs Tenepb OHa yxe He GYyAeT HMUYbUM MOTOKOM, Mbl BCe ellle
6ynemM ynotpe6.siTb CJI0BO «NOTOK». Mbl 6yjieM rOBOPHTb, UTO

IMotok E ckBo3b moBepxmocTb S = S E -nda. (3.12)
S

C/10BY «NOTOK» MBI MPHJaeM CMBIC/I «[IOBEPXHOCTHOTO HHTerpaJja
OT HOpPMaJbHOH CcOCTaBJfloUlell» HeKOTOporo Bekropa. To Xe
onpeneneHde O6yaeT NMPHMEHATbCA M TOrjaa, Korja MOBEPXHOCTb
He3aMKHyTa.

A Bo3Bpamasch K YaCTHOMY CJyyalo NMOTOKa Tensaa, o6paTum
BHHMaHHe Ha Te CJYyyaH, KOrjla KOoAu4ecT80 Tenaa COXPAHAeTCA.
[TpencrasbTe ceGe, K npuMepy, MaTepHas, B KOTOPOM MocJe mnep-
BOHAyaJ/IbHOrO MOJAOTrpeBa He MPOHUCXOJHT HH JajbHeHllero mnoj-
BOJa, HM MOrJolleHHA Tenaa. Toraa, ecqH H3 KakoH-TO 3aMKHY-
TOIl MOBEPXHOCTH HAPYXKY nocTynaeT renJo, Codep)KaHHe TemJa
BO BHYTpeHHeM oObeMe AOMKHO Magath. Tak YTO B YCJOBHSAX,
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KOraa KoOJIMYeCTBO TeMnJa COXpaHsAeTcd, Mbl FOBOPHM, 4TO

Sh-nda=—‘;—Q, (3.13)
t
s

rae Q —sanac tensa BuyTpu S. [loTok Tensa u3 S Hapyxy pa-
BEH CO 3HaKOM MHHYC GLICTPOTE MU3MEHEHHs CO BpeMeHeM OOLIero
3anaca Temsi1a Q BHYTpH S. DTO TOJKOBaHHE BO3MOXHO OTTOIO,
YTO peyb HAET O MOTOKE TemJa, H OTTOrO, YTO Mbl NpeANOJIONKHIIH,
YTO KOJIMYECTBO TemJja coxpaHsercs. KoHeuHo, ecnn Gbl BHYTpH
o6beMa C031aBajoCh TEMJO, Hesb3si GbIJIO Gbl TOBOPHTH O MOJHOM
3anace TelJ/a B HeM.

YkaxeM Temepb Ha HHTepecHoe CBOHCTBO MOTOKa J1060ro
BeKTOpa. MoxeTe npH 3TOM NpencTaBJaATb cebe BEKTOP NOTOKA
Temn/Ja, HO BEpPHO 3TO OyAeT H AJAS NPOHM3BOJBHOrO BEKTOPHOrO
nonsa C. IlpeacraBbTe ceGe 3aMKHYTYIO NOBEDXHOCTb S, OKpY-
Kawowyio o6bvem V. Pazo6bem Tenepb 06beM Ha ABe 4acTH Ka-
KHM-TO «ceyeHHeM» (¢ur. 3.4). IMoayunanch asa o6bvema H 1ABe
3aMKHYThle noBepxHocTH. O6beM V| OKpyxKeH MOBepXHOCTbIO S,
COCTaBJ/IEHHOH 4acCTbIO M3 MpPeXHell MOBEPXHOCTH S, M YaCTbiO U3
«ceyeHHsI» Sgp. O6beM V, OKpyxXeH MOBEPXHOCTbIO Sj, COCTaB-
JIeHHOH M3 ocCTaTKa mnpexHell moBepXHOCTH (Sp) H 3aMKHYTOH
ceyeHHeM Sgp. 3agamuM BOMPOC: €CAH Mbl pacCyHTaeM MOTOK
yepe3 MOBEPXHOCTb S; M NpuGaBUM K HeMY MOTOK CKBO3b NOBEPX-
HOCTb Sy, GyJdeT MM HX CyMMa paBHA NOTOKY yepe3 MepBOHAYaJb-
Hylo noBepxHocTb? OTBeT raacut: «[a». IloTokH uepe3 uyacTb
Sap, 06IYI0 0GeuM MOBepXHOCTIM S; H Sy, B TOYHOCTH COKpa-
tarcsa. [las noroka Bektopa C u3 V| MOXHO Hanucatb

Motk cisoss Sy= | C-nda+ | C-n da, (3.14)
Sa Sab
a Asa notoka u3 Vj:
IToToK cKBO3b Sp = S C-nda+ S C - nyda. (3.15)
Sp Sab

3aMeTbTe, 4YTO BO BTOPOM HHTErpaJie M:bl 0003HAYN/IH BHEIIHIOW

Due 3.4. O6vem V, saxaouen-
Holll  8HYTpU noeepxuocTu S,
Odeaurca Ha d8e wactu <«ceue-
Huem» (nosepxrocrsro Sgp).

IToayuaerca ob6vem V), OKpysnceHHbL
n0BEPXHOCTbIO Sl =Sa + Sab' uobvem
Va OKpYMeHHuE noeepxHOCTHIO

S, =S8, + Sy




HOpMaJdb K Sg GYKBOH My, €CJM OHa OTHOCHTCH K Sy, H OYKBOH
Ny, €CJAH OHA OTHOCHTCH K Sp; (cM. ¢ur. 3.4). flcHo, 4TO Ny =
= —ny, U TEM CaMLIM

S C-nda=— S C - n,da. (3.16)
Sap Sab

CkaanbiBasi Tenepb ypaBHeHus (3.14) u (3.15), mbl y6exknaemcs,
YTO CyMMa NOTOKOB CKBO3b S; U S; KaK pa3 paBHa CyMMe ABYX
HHTErpaJoB, KOTOpble, B3ATble BMeCTe, AAIOT MOTOK 4yepe3 NepBO-
Hava/IbHyI0 MoBepxHOCTb S = S; + Se.

Mbl BUAMM, YTO MOTOK Yepe3 BCIO BHELIHIOW MOBEPXHOCTb S
MOXHO paccMaTpHUBaTh KaK CyMMYy NMOTOKOB M3 TeX ABYX 4YacTef,
Ha KoTopble paspe3aH o6beM. DTH YaCTH MOXKHO ellle pas3pe3arb:
CKaxeM, V; pa3butb mnomosnaMm. OnsATb npuiercss NpuHOGErHyTb
K Tem Xe goBoaaM. Tak uto ana aw60zo0 cnocoba pasbHeHHs
nepBoHaya/JbHOro o6beMa BCerja OCTaeTCsl CNpaBelIHBBLIM TO
CBOMCTBO, YTO MOTOK Yepe3 BHELIHIOIO MOBEPXHOCTb (MepBOHa-
YaJbHBIl HHTErpaJs) paBeH CyMMe NOTOKOB H30 BCEX BHYTPEHHHX
yacTefl.

§ 3. Horox u3 ky6a; reopema laycca

PaccMoTpuM Tenmepb 4acTHBIN cJyyail MOTOKAa H3 MaJjleHbKOro
Ky6uKa * u noJyuuMm HHTepecHyio ¢opmyay. Pebpa kyGa mycTs
HanpasJieHbl BAOJb oOCell KoopauHaT (¢ur. 3.5), KOOpAHHATHI
BepLIMHB!, OJHMXaflleldl K Hauaay, cytb X, y, 2, pebpo Kkyba
B HampaBJ/JeHHH X paBHO Ax, pe6po Kyb6a (a TouHee, 6pyckKa)
B HamnpaB/jeHHWH y paBHO Ay, a B HanpaB/JeHHH z paBHO Az. Mu
XOTHM HaHTH NOTOK BeKTOpHOro noJ/s C yepe3 noBepxHOCTb Kyba.
Jast 3TOro BBHIYKCJAHM CyMMY NOTOKOB yepe3 BCe LIeCTb rpaHeil,
Haunem ¢ rpanu 1 (cm. ¢ur. 3.5). Ilotok Hapysy cKBO3b Hee
paBeH x-KoMnoHeHTe C ¢ MHHYCOM, NDOMHTErPHPOBAHHON MO MJO-
uagu rpanu. OH paBeH

— S C,dydz.
Tak kak Ky6 cuuTaeTcsi MaAbiM, 3TOT HHTErPaJ/J MOXKHO 3aMEHHTb

3sHayeHneM C, B LeHTpe IpaHH [3Ty TOuKy Mbl o6o3Hauuan (1)],
YMHOXCHIIBIM Ha MJoWaab rpanu Ay Az:

otok ckBosb 1 mapyxy = — C, (1) Ay Az.

[TonoGHbIM e 06pa3oM MOTOK HapyXKy uyepe3 rpaHb 2 paBeH
IMotok ckeosb 2 Hapyxy = C, (2) Ay Az.

* KoHeuHO, nocaelyioline BHKIAJKH B PaBHOH Mepe OTHOCSTCS U K JIO-
60My NpsSMOYroJbHOMY napaJJenenuneay.
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(x, y+dy, 2) /
! 5
¥ -
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i e ¢
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N ——- -1---;4
[
s /}Lﬂy—'z—)——zz— ————A (x+lx,y, 2)
— 4=
/ \
(z, y, z+42) 3

Due 3.5. Botuucrenue noroxa eexropa C u3
MIANeHbK020 KYOUuKaQ.

Beanuunsl C, (1) u C,(2), BooGLle roBOpsi, CJaerka OTAHYAIOTCA.
Ecan Ax poctarouHo Majno, TO MOXHO HamucaThb
ocC
C:(2)=C.()+ a—x Ax.

X

CylecTBYIOT, KOHEYHO, M [pYrue uJeHbl, HO B HHX BXOIHT
(Ax)? u BhICIIME CTeMeHH AX, U B npedese Manblx Ax umu 3a-
NPOCTO MOXHO npeHeGpeub. 3HAYHT, NOTOK CKBO3b IpaHb 2 paBeH

[ToTOK CcKBO3b 2 = [Cx N+ aa(jcx Ax] Ay Az.

CkJ/1aabiBasi MOTOKH yepe3 rpaHu | u 2, nonyuaem

ac
IoTok ckBo3b | u 2 Hapyxy =6_xx Ax Ay Az.

[Tpon3BoaHyl0 HYXXHO BBIYHCJAATb B LIEHTPe TPaHH 1, T. e. B TOouke
[x,y +(Ay/2),z 4+ (Az/2)). Ho ecaun Ky6 oyeHb MaJjleHbKHil, MbI
caefaeM npeHeGpeXXHMMyK OIUHMOKY, €C/JH BBbIYHCJIHM ee B Bep-
unHe (x,y,2).

[ToBTOpSAS Te Ke paccyxAeHHT C KaXaO#l napoit rpaHeil, Mbl
nosyyaeM

ac
[ToTok ckBO3b 3 M 4 Hapyxy =a—yyAxAy Az,
a aC;
Motok ckBosb 5 1 6 mapyxy = ——— Ax Ay Az.
A o6wuit NOTOK Yepes BCe FPaHU pPaBeH CyMMe 3THX 4J/eHOB. Mbl
o6HapyXHBaeM, 4To
aC,  acy,
S C-nda= 0x + oy

IToBepxnocthb
Ky6a

ac
+ a:) Ax Ay Az.
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CyMMa npou3BOAHBIX B CKOOKax Kak pa3ectb V-C, a AxAyAz=
= AV (o6bem ky6a). Takum 06pa3oM, Mbl MOXEM YTBEpXKAalb,
4TO 045 6eCKOHeUHO maa020 Kyba

C-nda=(V-C)AV. (3.17)
IMoBepxHOCTB

Mbl nokasaau, 4TO MOTOK HApyXy C MOBEPXHOCTH GeCKOHEeYHO
Majoro kKy6a paBeH NpOHM3BedeHHIO OHBepreHUHH BeKTOpa Ha
o6beM Ky6a. Tenepb Mbl MOHHMaeM «CMbIC/A» MOHATHA AHBepreH-
uuu Bektopa. [duseprenuus BekTopa B Touke P — 310 motok C
(«HcTeueHue» C Hapyxy) Ha edunuyy obwvema, B3ATOrO B OKPECT-
HoCTH P.

Mbr cBssanu auBepreHuuto C ¢ notokom € H3 6eCKOHeuHO
MaJjoro o6bvema. [asi 11060ro KoHeyHOoro o6bveMa MOXKHO Tenepb
HCNOoJb30BaTh (aKT, AOKa3aHHbIH Bblllle, YTO CYMMAapHBIH NOTOK
13 06beMa ecTh CyMMa MOTOKOB M3 OTHe/bHBIX ero yacTeil. Mnaue
roBOpsi, Mbl MOXeM NPOUHTErpHPOBATh AUBEPreHUHIO MO BCEMY
06beMy. DTO NMPHUBOAUT HAC K TeOpeMe, COTJIAaCHO KOTOPOH HHTe-
rpaj OT HOpPMaJbHOH COCTaBJAsIOULEl TPOH3BOJNBLHOIO BEKTOPA MO
3aMKHYTOIl MOBEPXHOCTH MOXeT OLITb NpeACTaBJ/ieH TaKxe B BHAeE
HHTerpaJjia OT JUBEpreHUMH BeKTOopa no o6beMy, 3aK/IOYeHHOMY
BHYTPH moBepxHocTH. TeopeMy 3Ty HasnBaloT TeopeMmoit ['aycca.

TEOPEMA TAYCCA

SC-nda=SV-CdV, (3.18)
S 1%

rie S —npousBoJbHAasi 3aMKHyTass MOBEPXHOCTb, V — o6beM
BHYTPH Hee.

§ 4. Tenaonposodnocrs; ypasnenue ouddysuu

Uto6bl npHBLIKHYTH K TeopeMe, pa3bepeM Ha npHMepe, KaK ee
npuMeHs0T. O6paTuMcs onsiTb K pacnpocTpaHeHHIO TeMsa, CKa-
)KeM B Meranase. PaccMOTpuUM CoOBceM NpPOCTOH cayyai, Bce
TenJo OblJIO NOJBeJeHO K Tesy 3apaHee, a Tenepb TeJO OCTHIBaeT.
McTOYHHKOB Ten/1a HeT, TaK YTO KOJHYeCTBO TelJa COXpaHseTcs.
CKOJIbKO K€ TOorfa Temjla [O/MKHO OKa3aTbCsi BHYTPH HeKOero
onpejeleHHoro o6beMa B Kako#i-To MomeHT BpeMeHH? OHO
NOMKHO YMEHbIMATHCA KaK pa3 Ha TO KOJIMYECTBO, KOTOPOE YXO-
JHUT C noBepXHOCTH o6beMa. Ecam 3TOT 06beM — Ma/neHbKHIH KY-
6UK, TO, caenys dopmyae (3.17), MOXKHO Hamucatb

[ToToK TemJsa Hapyxy = S h-nda=V-hAV. (3.19)
Ky6

Ho 3T0 mo/XHO ObITH PaBHO CKOpPOCTH MNOTEpPH TelJa BHYTPEH-
HOCTBIO Ky6a. Ecan g — KOJIMYeCTBO TelJla B €eAHHHLE o6beMa, TO
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Becb 3anac Temja B kKybe gAV, a ckopocTb noTepb paBHa

d __dg
—W(qAV)— T AV. (3.20)
CpaBnuBas (3.19) ¢ (3.20), Mbl BUAMM, YTO
dg .
""dT_V h. (3.21)

BuumartenbHo Brasaurech B GOpMy 3TOro ypaBHeHHs; 3Ta
¢dopma yacto BcTpeuaercss B ¢usnke. OHa BbIpa)kaeT 3aKOH CO-
XpaHeHHs, B [ aHHOM cJyyae 3aKOH cOXpaHeHusl Temja. B ypas-
HeHHH (3.13) TOT ke ¢Hu3uuecKHil PakT OB BbIPaXKeH HHaye.
Tam Gelna unreepasvhas popma ypaBHeHHs! COXPaHeHHs, a 31echb
y Hac — Jugpdpepenyuarvras popma.

YpaBHenue (3.21) Mbl noayuuiu, npuMeHuB ¢opmyay (3.13)
K 6eCKOHeyHO MaJ/oMy KyOy. MOXXHO MOHTH H no ApPYroMy NyTH.
s Gosbuioro o6beMa V, orpaHH4YeHHOro MOBEPXHOCTBIO S, 3a-
koH 'aycca yTBepxaaeT, 4To

Xh-nda=gV-th. (3.22)
S

Hurerpan B npaBoi yacTy M0XHO, ucnoab3ys (3.21), npeo6paso-
BaTb Kak pa3 K BuAy —dQ/df, u Ttorpa moayuutrcsi ¢opmy.a
(3.13).

Tenepp paccmoTpum apyro#i cayuaii. IlpeactaBum, uTo
B GJIOKe BelleCTBAa MMeeTCs MaJjeHbKas JAbIpOUKa, a B Hel HAET
XMMHUYecKas peaKLHsi, reHepupylowas tenjo. MoxHo elle npea-
cTaBUTb cebe, YTO K MaJleHbKOMY CONPOTHBJIEHHIO BHYTPH 6JI0Ka
noaBefleHbl NMPOBOJIOYUKH, HarpeBaioUlHe ero 3/JeKTpPHYeCKHM To-
KoM. [Ipeano/1oxum, 4To Tensao co3jfaeTcsl NPakTHYECKH B OLHOM
Touke, a W npencrasJasier coGoil Hepruio, BO3HHUKAKOULYIO B 3TOH
TOYKe 3a ceKyHAy. B ocrtanbHOil e wacTH o6beMa NycTb TemJo
COoXpaHsieTcsl H, KpoMe TOro, MyCcTb reHepauMs Telaa HadaJach
TaK [NaBHO, YTO ceHyac TemnepaTtypa yxe HuUrie GoJblle He HU3-
MeHseTcsl. Bonpoc cocTOHT B caefylolmeM: KakK BBHITVIIAUT BEKTOD
noToka TenJja h B pa3Hbix Toukax Meraana? CKOJbKO TemJsa Ie-
peTeKaeT uepe3 KaxKAYI0 TOUKY?

Mbl 3HaeM, 4YTO ecau Mbl GyfeM HHTErpHPOBATb HOPMAJbHYIO
coctaBJsoWyo h no 3aMkHyTOH NMOBepXHOCTH, OKpYxKalomleil Hc-
TOYHHK, TO Bcerga moayuutrcs W. Bce Tenjo, KoTopoe reHepu-
pyeTcs B TOYEYHOM HCTOYHHKe, NOMKHO NMpOTeyb yepe3 MOBepX-
HOCTb, GO mpeanoJaraercs, 4To NOTOK mocTosiHeH. [lepex Hamu
TpyaHasi 3ajiada OTHLICKAHHUS TAKOro BEKTOPHOTO NOJfA, KOTOpoe
nocje HHTerpHPOBAaHHS MO NPOM3BOJIbHOH MOBEPXHOCTH BCerna
nasajno 6b1 W. Ho Mbl cpaBHHTe/NbHO JIETKO MOXeM HaHTH 3TO
noJse, BoI6paB MOBEPXHOCThb CrnelHaabHOro Buaa. Bosbmem coepy
paauycoM R ¢ UEHTPOM B UCTOYHHKE H MPEANOJOXKHM, YTO MOTOK
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D ue 3.6. B obaractu 6.4u3 To4ey-
H020 UCTOYHUKQ NCTOK Tenaa Ha-
npaeaen no paduycy uapyxiy.

Aok memanng

tenaa paauaned (¢ur. 3.6). MHTynuus Ham noackasbiBaeT, 4TO
h nosmxen ObITb HampaBJeH MO paauyCy, ecau G6JOK BellecTBa
BEJIMK H MBI He npub/HKaeMcs CJAHIIKOM GJIM3KO K ero rpaHH-
1aM; KpoMme TOro, BequuyHHa h Bo Bcex Toukax cdepbl AOMKHA
ObITb OMHAKOBA. Bbl BuAHTE, 4TO A/151 NOJyYeHHs OTBeTa K Ha-
IUHM BbIKJafKaM Mbl BBIHYXKJeHbl 10GaBHTb H3BECTHOE KoJiHye-
CTBO [OMBICJIOB (OGBIYHO 3TO HMEHYIOT «(QH3HYECKOH HHTYH-
uuei»).

Korpa h paguanbHo u chepuyeckd CHMMETPHYHO, MHTErpaJ
OT HOpPMAa.TbHOH KOMMOHEeHTH h no nJomany NOBepXHOCTH BBIYHC-
JfeTcs OYeHb NpPOCTO, MOTOMY 4YTO HOpPMaJjbHass KOMIOHEHTa
B TOYHOCTH paBHa h u nocrosHHa. [lnoulaab, N0 KOTOpoii HHTe-
rpupyercsi, paBHa 4nR2 Torpa mbl nmosnyyaem

X h-nda— h4nR?, (3.23)
S

rae h— a6coqtoTHast BeanyuHa h. 3TOT uHTerpan no/xeH ObITh
paBeH W — cKOpOCTH, ¢ KOTOPOH HCTOYHHK TeHepupyeT TemJlo.
[Tonyyaetcs

|4
h= 4nR?’
HJIH
W
h= “InRE €, (3.24)

rae, Kak Bceraa, e, o6c3HayaeT eAHHHYHBI BEKTOp B paaHalb-
HOM HanpaBJ/leHHH. DTOT pe3y./bTaT FOBOPUT HaM, yto h nponop-
uuoHansen W u MeHsileTcss OGPaTHO KBajapaly PacCTOSIHWSL OT HC-
TOYHHKA.

ToabkO 4YTO MONYYEHHBI pe3y/JbTaT NPHMEHHM K MOTOKY
TenJja BOJIM3H TOYEYHOTrO HCTOYHHKA Temsaa. Temepb nonbiTaeMcs
HalTH ypaBHeHHs, KOTOpble CNpPaBeldJHBbl AJs TEMJIOBOrO MOTOKA
camoro ofuiero Buaa (NpHAEpKHBAsICh €IHHCTBEHHOTO YCJ/OBHS,
YTO KOJHMYECTBO Temaa NOJ:KHO coxpaHsaTbesi). Hac Gyner uHTe-
pecoBaTb TOJbLKO TO, 4TO MPOHCXOAMUT B MeCTax BHe KaKHUX-1HGO
HCTOYHHKOB HJH NOrJOTUTENEH Temaa.
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Huddepenunanbioe ypaBHeHHe pAacnpoCTpaHelHs Temaa
6bl10 noayyeHo B ra. 2. B cooTBeTc1BHH ¢ ypaBHeHHem (2.44)

h = —xVT. (3.25)

(TTomHuTE, Y4TO 3TO COOTHOIIEHHE NMPUGAHKEHHOE, HO AJNs HEKO-
TOpPbIX BelLIeCTB BPOJe MeTa/a/OB BbIAEPXHUBAETC HEMJ0XO.)
IlpumeHHMO OHO, KOHEUYHO, TOJNBKO B TeX YacTsX Tesa, e HeT HU
BblJle/IeHHs, HU MOIJIOUEHHs1 Tensa. Bobllle Mbl BHIBEAH ApYyroe
cooTtHoulenre (3.21), KoTopoe BbINOJHSETCS TOrjaa, Korma Koau-
YeCTBO TeMmja coxpaHsieTcs. Ecin Mbl 3TO ypaBHeHHe CKOMGHHH-
pyem ¢ (3.25), 10 nonyun
—_dt— V h=—V'(KVT)‘

WU

4dq

a7 =xV - VI =»V°T, 3.26)

€C/IH % — BeJIMYMHA NOCTOsiHHasA. HanomuHalo, 4To ¢ —3TO KO-
JHYeCTBO TenJa B eJHHHYHOM o6beMe, a V.V = V2 — janaa-
CHaH, T. €. ONepaTop

02 02
V2 = —_—
d,v’ + 7+ 022"

Ecan mbl Tenepb caeJaeM eme OAHO AonylleHue, cpasy BO3-
HUKHET OJHO OYeHb HHTepeCHOE€ YypaBHEHMNe. ﬂOl’]yCTHM, 4YTO TeM-
nepatrypa MaTepHaJia NnponopuHOHaJbHA COAEPKAHHIO TelJa
B eqMHHUe oObeMa, T. €. UTO Yy MmartepHaJa eCTb onpeaejieHHas
yaeJbHasi TeNJOE€MKOCTb. Korpa ato aonyuleHue BEpPHO (a TakK
6biBaeT qacro), Mbl MOXK€eM MHCaTb

Aq=c,AT
HIIH
dq dT

CKOpocTb H3MeHEeHHst KOJHYeCTBa TemJa MpONOpLUHOHAJbHA CKO-
pOCTH H3MeHeHHs1 TeMmmepaTypbl. KoadduuueHt nponopunoHa/b-
HOCTH C, 3eChb — yle/JbHas TENJOEeMKOCTb Ha eAHHHUY o06vema
martepuaaa. [loacrasassa (3.27) B (3.26), noayuaem

daT % o9
T = V-T. (3.28)
Mbl 0GHApYXKHJH, YTO ObICTPOTA UBMEHOHUS CO 8pemeHem TeMIie-
patypel T B KaxAol TOYKe MPOMOPILHOHAJNbHA JanJjacuaHy ot T,
T. €. BTOPHIM NPOHM3BOJHBIM OT MpPOCTPAHCTBEHHOTO pacmpepee-
Hus Temnepatyp. Mbl uMeeM auddepenuuanbHoe ypaBHeHHe —
B NepeMeHHbIX X, Y, 2 U { — nas TeMnepatypsl T.
Huddepenunanbioe ypaBHeHue (3.28) Ha3sbiBaeTcsi ypaswe-
Huem OJugpysun Tenaa, WU YypasHeHuem TenaAONPOSOOHOCTU.
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Yacto ero NHIIYT B BHAE

dT

rae D — nocrosiHHas. OHa paBHa %/Cy.

YpaBHeHne auddysun nosiBaseTcss BO MHOTHX (puU3HUeCKUX 3a-
navax: o auddysuu rasos, auddy3un HeHTPOHOB U ApYrux. Mul
yxe o6cyxnand (U3MKY HEKOTOPBIX TaKHUX sIBJEHHH B BbIN. 4,
ra1. 43. Tenepp nepex BaMM NOJIHOE YypaBHeHHe, ONHCHIBAKOLlee
angoysuo B camoM obuieM Bufe. HemHoro nosxe Mbl 3aiimemcs
pelleHHeM ypaBHeHHs AM(POY3uH, YTOGB MOCMOTpPETh, KaK pac-
npefensieTcsl TeMNepaTypa B HEKOTOPBIX cJaydasx. A ceiluac
BEepHEMCS K PAacCMOTPEHHIO APYTHX TeOpeM O BEKTOPHBIX MOJSX.

§ 5. Qupxkyaayun sexroprozo noan

Mbl X0THM Tenmepb paccMOTpeTb pPOTOp MOJS NMPHUMEpPHO Tak
e, KaK paccMaTpuBa/JH AHBepPreHUHI0. Mbl BbIBeJH TeopeMmy
["aycca, BblukcAsiss MHTErpas no NoBePXHOCTH, XOTS C CaMOro Ha-
yaja OTHIOAb He OblJO ACHO, YTO Mbl OyAeM HMeTb OeJo C AH-
BepreHuueil. OTKyaa e MOXHO OblJIO 3HATh, YTO AJS €€ MOJaY-
YeHUs] HaJ0 MHTErpHpoBaTb MO NOBEPXHOCTH? IDTOT pe3y.ablar
BOBCe He Gbla oueBHAeH. M cTONIb e HeompaBJaHHO Mbl ceilyac
BBIYHC/JINM [IPYTryI0O XapaKTepHCTHKY NOJS M MOKa)XXeM, YTO OHa
cBsizaHa ¢ potopoMm. Ha 3ToT pas mMbl moAcuyuTaeM Tak Ha3biBae-
MYIO UHPKYJsUHIO BeKkTopHOro mnoJas. Ecaum C— npousBosbHOe
BEKTOPHOE 110/1€, Mbl BO3bMeM €ero COCTaBJSIOILYI0 BIOJb KPHBOH
JUHUU M TNPOMHTErPHPYEM 3Ty COCTABJSIOWYIO MO 3aMKHYTOMY
KOHTYpy. MHrerpan HasbiBaeTcsl yupkyaayuel BEKTOPHOTO MoJs
MO KOHTYpPY. Mbl yXXe paHbllle B 3TOl I'JlaBe pacCMaTpHBaJ/u KpH-
BO/IMHeHHbIH HHTerpana ot Vi. Ceffyac Mbl TO ke CaMoe Mpoje-
JIbIBaeM C npou3soAbHbim BeKTOPHbBIM nojem C.

ITycTb I' — npon3BO/bHbIA 3aMKHYTHII KOHTYP B NPOCTPAHCTBE
(BooGpaxkaeMnblit, pasymeercsi). Ilpumep Mbl BUAMM Ha ¢ur. 3.7,

Kowmyp I c

Due 37. Huprkyrayusa eex-
ropa C no kpueoi I' ecto kpu-
goaunelinoli unTeepanr or Cy
(kaccreasnoii cocrasanouweli C).
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m

Due 38. LHupkyaayus no ecemy
KONTYPY €CTé6 CYMMI ULUDKYAALUL
no 08ys xonrypam: I'y="Tq+4 Tpp
u Lz ="TLp+ Lap.

(2)

KpHBO/IMHEHDLII HHTErpas OT KacaTeJbHOH cocTaBasiiouweil C no
KOHTYpPY 3aMHCLIBAETCS B BHE

§ Cias=§ c-ds. (3.30)
r I

3aMmeTbTe, YTO HMHTerpaj OepeTcs MO BCeMy 3aMKHYTOMY MyTH,
a He OT OZLHOH TOYKH 10 ApYro#, Kak 3To [AesaJjoch paHblue. Kpy-
JKOYEeK Ha 3HaKe MHTerpaJsa [O/KEH HaM HamnoMHHaTb 00 3TOM.
Takofi uHTerpaJs HasbiBaeTcsl UMPKYJAsSLHEH BEKTOPHOrO MOJs MO
kpusoit I'. HasBanue cBs3aHO ¢ TeM, YTO NepBOHaya/JbHO TaK
pacCuuTBHIBaMH UUPKyasuuio xujakocTH. Ho Ha3BaHue 310, Kak
H NOTOK, OblJIO pacnpocTpaHeHO Ha JioOble MOJs, La)e TakHe,
B KOTOPbIX «LHPKYJHPOBAaTb» HeueMy.

3a6aBasisCh TOH Ke HIpPOf, KaK C NOTOKOM, Mbl MOXeM IO-
Ka3aTb, YTO UHPKYJAUHS BAOJb KOHTypa eCTb CyMMa LHUPKYJs-
UMl BAOJb OBYX MeHbLIMX KOHTYpoB. Ilosmoxxum, uTO, coeaHuuB
ase ToukH (1) u (2) nmepBoHaya/JbHO! KPHBOH C MOMOLLbLIO HEKO-
TOPOH JIHHHM, Mbl pa3buad KpHBYIO Ha aABa KoHTtypa Iy u I
(¢ur. 3.8). Kouryp I'j coctout u3 I'q — yacTu mepBOHaya/bHOM
KpuBoit cieBa oT (1) u (2) u «coenunenus» Iyp. Konryp I's co-
CTOMT M3 OCTaTKa NepBOHAYaJ/JbHOH KPHMBOH NJIOC TO Xe COepH-
HeHHe.

Lupxynsuus Bpoab I'y ecTb cymma HHTerpasna Baoab I'g H
BAOMb I'qp. TOUHO Tak ke M LHPKYJASUHUS BAOAb [z ecTb cymma
ABYX 4acTeil, ogHo# Bno.b I'p, Apyrofi — Baoab I'es. HMHTerpan
BOOJb I'ep n19 KpuBOH I'y HMeeT 3HaK, NPOTHBOMOJOXHBI TOMY
3HaKy, KOTOpbIH OH HMeJa AJsA Kpusoit I'j, moToMy 4yTO HanpasJje-
HHA 00XOMa NpPOTHBONOJIOXHBI (B OGOMX KPHBOJNHHEHHBIX HHTeE-
rpaJjiax HanpaBJ/IeHHs MOBOPOTA HYXXHO 6paTb OQHH H Te Xe).

IToBTOpsAs mpexkHHe apryMeHThl, Mbl MoOXeM YGeauTbCs, 4TO
CyMMa JBYX UHMPKYJSUHH NAacT KaK pa3 KPHUBOJIMHEHHBI HHTEerpaJg
BLO/b nepBoHauaabHO#H kpuBoil I'. Murerpanel no I'gp cokpa-
TATcA. LIupKyasiuus no OAHOH YacTH NJIOC LHPKYJAALHS BAOJb
ApYroii paBHSeTCA UHPKYJAALHM BJOJb BHElIHEH JHHHH. ITOT
npouecc paape3aHus O6OJbIIOTO KOHTYpPa Ha MeHbLIHE MOXHO
npoao/xkuThb. IIpu c/a0XKEeHHH UMPKYJAAUHA N0 MEHbIUHM KOHTY-
paM cMexXHble yacTH OyayT COKpallaTbcs, TaK 4TO CyMMa HX
CBeleTCs K UHPKYJSUHH BAOJb €JHMHCTBEHHOrO NepBOHAYaJbHOTO
KOHTYpa.
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Kowmyp T

Pue 39. Hexoropasa nosepx-
HOCT6, O02PAHUYEHHOA  KOMTY-

pom [ 51019
ITosepxHOCTb pasdeseHa Ha MHOxMce- ”

CTB0 MAAEHbRUX Y4ACTKOG, KadndoLil ®) 001919
npumepHo 8 opme ksadpara. Lup- D100

kyaayius no I' ecTe cymma yupkyas-
yuld N0 8Cem MAANEHbRUM KOHTYpast.

Tenepr npeanosoKuM, yTO MNepBOHAYAJbHBIH KOHTYp — 3TO
rpaHulia HeKOTOpOo# noBepxHOCTH. CyllecTByeT GeCKOHEYHOE MHO-
J)KeCTBO MOBEPXHOCTel, IpaHulell KOTOPHIX CJAYXKHT BCe TOT Xe
nepBOHAYa/NbHbI 3aMKHYTHIH KOHTYyp. Hawmu pesyantathl He 3a-
BHCSIT, OIHAKO0, OT BHIGOpa 3THX noBepxHocTeil. CnepBa MH paso-
6beM Hall nepBOHAYaJbHBIH KOHTYD Ha MHOXECTBO MaJblX KCH-
TYPOB, JexaluXx Ha Boi6paHHOK moBepxHocTH (dur. 3.9). Kakoi
66l HH Obl1a OpMa NMOBEPXHOCTH, HO €CJH MaJjble KOHTYDHI cae-
J1IaTh JOCTATOYHO MaJIbIMH, BCEr1a MOXKHO GyleT CUMTaTh KaxAblH
W3 HHX 3aMBIKaIOIHM A0CTAaTOYHO MJOCKYIO MOBepXHOCTb. Kpome
TOro, KaXAblii U3 HUX MOXHO CHeJlaTb OYeHb MOXOXHM Ha KBaf-
paT. U uupkyaauuo BoKpyr Goabuworo koHtypa I' MOXKHO Ha#TH,
NOJACYUTAB LMUPKYJSALHUIO MO BCeM KBaJpaTHKaM H CJOXHB HX.

§ 6. LQupxyarayua no xeadpary;
reopema Crokca

Kak HaM HailTh UMPKYJALUMIO MO KaXAOMY KBaapaTHKy? Bce
3aBHCHT OT TOTO, KaK KBaJApaT OPHEHTHPOBAH B NPOCTPaHCTBe.
Ecan opuenrtauus ero momo6GpaHa yaauyHo (K mpHMepy, OH pac-
NOJIOXKEH B OJHOM H3 KOOPAHHATHBLIX MJOCKOCTEl), TO pacyeT cle-
naTh aerko. Tak Kak moka Mbl He JeJ/aJjiM HHKaKHX NpPeAnoJoxe-
HHil 06 OpHeHTaUMH oceil KOOpPAHHAT, Mbl BNpaBe BLHIOpaTb HX

¥
T 3
Cy i--—-— [y
Y
Ly |4 ‘/
2
C
1 ./i
(z,y) Oy
D u 2. 3.10. Botuucaenue yupky- i Ax
aayuu eextopa C no maxeno-
Komy keadparuxy.

ay
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TaK, YTOOBl TOT KBaJpaTHK, Ha KOTOPOM MBI COCPENOTOYHJH CBOE
BHHMaHHe, okKasancsi B naockoctd xy (¢ur. 3.10). Ecau pesy.b-
TaT pacueTa OyAeT BbIpaeH B BEKTODHOW 3amHCH, TO MOXHO
TOBODHTb, YTO OH He 3aBHCHT OT CNeLHaJ/JbHON OpPHEHTALMH MJo-
CKOCTH.

Mbl XoTHM Tenepb HaWTH UHPKyJsauuio noas C mo Hawemy
KBaApaTHKY. KpHBo/aHHellHOe HHTerpHpoOBaHHe Jerko npojefaTb,
€C/M KBagpaTHK cle/jaTb TaKHUM MaJleHbKHM, 4ToOb Bektop C
Ha NPOTSXKEHHH OAHOH CTOPOHBI KBaApaTa MeHS/ICA OYeHb MaJo.
(910 mpeamoJioXKeHHe BLIMOJHSETCA TeM Jyullle, 4yeM MeHblIe
KBaJpaTHK, TaK 4YTO Ha caMoM [JeJjie peub HAeT O OGECKOHEYHO
MaJbX KBaxpaTtukax.) OTnpaBuHBuIMCb OT TOYKH (X, y) — B Je-
BOM HHXHeM YrJjy ¢urypsl, — Mb 06oiiieM Becb KBajpaT B Ha-
TpaB/ieHHH, YKa3aHHOM cTpenkaMu. Broab nepBoil CTOPOHEHI, OT-
MeueHHO! uUHOpoil 1, KacatenbHas cocrasasiowas pasia Cx(1),
a paccrosiie paBHo Ax. IlepBas uyacTb HHTerpaJja paBHa
Cx(1)Ax. Brosab Bropoit ctopousl moayuutcsi C,(2)Ay. Broab
Tpetbeil Mbl nonyuyuM —Cy(3) Ax, a Baoab yetBeptoit —C,(4)Ay.
3HaKH MHHYC CTOST NMOTOMY, YTO HAC HHTepecyeT KacaTeabHas
cocTaBJidlomlass B HanpaBaeHHH 006xona. Becb KpHBO/MMHEHHBIH
HHTerpaJ Torjla paBeH

@c-ds=cx(1mx+cy(2)Ay—cx(3)Ax— C,(4)Ay. (3.31)

[TocMOTpHM Tenepb Ha MepBHIH H TPeTHil 4JeHb. B cymme OHH
JaT

[Cy (1) —C, (3)] Ax. (3.32)

BaM MoXeT mokasaTbCsi, YTO B MPUHSATOM NPHOGIUKEHHH 3Ta pas-
HOCTb paBHa Hya0. Ho 3To Toabko B nepBoM npuGauxKeHuH. Mbl
MOXeM ObITb 6OoJsiee TOYHBIMH H Y4ecTb CKOpocTb H3MeHeHHs Cy,
TOraa MOXHO HalHCcaTh

Cc(8)=Cx() + FZAy. (3.33)

B crepyomemM npuGaHKeHHH NOHAYT uJeHb! ¢ (Ay)?, HO BBHAY
TOTO, YTO HAC MHTepecyeT B KOHEYHOM cYeTe TOJIbKO fpejlesl MpH
Ay—0, TO 3TUMH 4Y/JeHaMH MOXHO npexebpeub. [loacraBass
(3.33) B (3.32), MBI noJayyaem

aCy
ay AxAy. (3.34)

IpousBoaHyo NpH Hallefi TOYHOCTH MOXKHO 6paTh B TOUKe (X,Y).
[Tono6HbEIM e 06pa3oM ocTaBlIHeCs ABa ujeHa MOXHO HamH-
caTh B BHAE

acC
Cy(2)Ay —C, (4) Ay=d—xyAxAy, (3.35)
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Kowmyp "

Due 3.11. Hupkyrayusa eek-
ropa C no T pasna nceepxwo- ds
CTHOMY UHTe2paAy OT HOPMAAb-
Hot komnornentot gextopa V X C.

flosepxwocms S

vxC

H UHPKYJsAUHS NO KBaApaTy Torja paBHA
0y _ Y pxn 3.36
G2 —57) dxdy. (3.36)

HuTepecHo, 4T0 B cKOGKax mnoayyujach Kak pa3s 2z-KOMIOHEHTa
potopa C. MHoXHTenb AxAy — 3TO MJOIaAb Hallero KBaapara.
Tak uto umpkyasiuuio (3.36) MOxKHO 3anmucaTh Kak

(VX C), Aa.

Ho z-komnoHeHTa 3TO Ha camoM faese KOMIIOHEHTa, HOPMAAbHAL
K 3/JeMeHTy nosepxHocTH. Ilo3TOMy UHpPKyJsiuui0 BOKPYr KBa-
paTHKa MOXHO 3a1aTb M B HHBADHAHTHOH BEKTOPHOH 3aMMHCH:

§C-ds=(VXC),Aa=(VXC)- nAa. (3.37)

B pesyabrate MMeeM: LHPKYJslUHs NPOHU3BOJBHOTO BEKTOPA
C no GecKoHeuHO MaJoOMYy KBaJapaTy paBHa MPOH3BELEHHIO CO-
cTaBJjsollell poropa C, HOpMaJbHOIl K MOBEPXHOCTH, Ha MJollaib
KBajpara.

[upKyasuus no npousBoJbHOMY KOHTYpy I serko Tenepb
MOXeT GBITb yBsi3aHa C POTOpPOM BeKTOpHoro noas. Hartsaxem Ha
KOHTYp J/I0GYI0 MOAXOASILYIO MOBEPXHOCTh S (Kak Ha ¢ur. 3.11)
M CJOXHM Mexny co60f LUHPKYJIAUHH NO BCeM GEeCKOHeYHO Ma-
JBIM KBaApaTHKaM Ha 3Toii moBepxHocTH. CymMMa MoOxeT ObITb
3anucaHa B BHJe HHTerpaJa. B urore nosayuurcs oueHb noJiesHas
TeopeMa, HasbiBaeMass TeopeMoit CTokca [no uMeHu (H3HKa
Croxkcal.

TEOPEMA CTOKCA
§ ¢ -ds= {(VX C),da, (3.38)
r S

raie S — npou3BoOJIbHASI MOBEPXHOCTb, OrpaHHYeHHast KOHTypoM I
Tenepr Mbl NOJIXKHBI BBECTH coOrJallleHHe O 3Hakax. Ha npu-
BeleHHOHl paHee ¢ur. 3.10 ocb z mnoKa3bBaeT Ha Bac, ecJ/H
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CHCTeMa KOOpAHHAT «O0bIYHAas», T. e. «npaBas». Koraa B Kpueo-
JIMHEeHHOM HHTerpaJjie Mbl GpaJjii «MOJIOXKHTeJbHOe» HanpaBJeHUe
0o6xola, TO UUPKYASAUHSA NMOJYYHIaCh PaBHOIl 2-KOMIOHEHTE BEKTO-
pa VX C.O6oiigu Mbl KOHTYD B APYI'YIO CTOPOHY, Mbl Gbl MOJYYHJIH
NPOTHBOMOJIOXKHBIH 3HaK. Kak BooGlle y3HaBaTb, Kakoe Hampas-
JleHHe Halo BbLOHpaTh AJSI MOJOXKHTENbHOTO HanpaBJ/eHHs «HOp-
MaJbHOH» KoMnoHeHTH BekTopa V X C? «IlonoxutenbHyio» HOp-
MaJb Haao BCerfa CBA3LBATb C HampaBJeHHeM TakK, Kak 3TO
crenaHo 6biyo Ha ¢ur. 3.10. O6wuit cayyait nokasad Ha ¢ur. 3.11.

Jasi 3anOMHHAHUA TOAMTCS <«NPaBHJIO0 npaBoil pyku». Ecau
BBl PAcMoJIOXKHTe NaJbllbl Ballell npasot pykH BAOJb KOHTypa T,
4yToOBl KOHYMKH NaJiblieB NOKa3blBaJH MO0JIOXKHTe/bHOe HanpaBsJe-
HHe o6xolla ds, To Bawl OOJbIIOH NaJjel YKa)ceT HanpaBJeHHe
NOJIOXKHTeJbHONH HOPMaJi K NMOBEPXHOCTH S.

§ 7. iloan 6e3 poropos u noas Ges dusepzeryuti

Tenepn nepeiineM K HEKOTOPHLIM CJ/E€ACTBHSAM M3 HALIHX HOBHIX
TeopeM. Bo3pmeM cnepBa cJayyail BeKTOpPa, Y KOTOPOro pOTOp
(unu Buxpb) noscrody paseH Hyuao. Torpa, cormacHo Teopeme
Crokca, UHPKYJIALHs NO MOGOMY KOHTYpPY — Hyab. Ecau Mbl Te-
nepb Bo3bMeM aBe ToukH (1) u (2) Ha 3aMKHYTOH KpHBOH
(pur. 3.12), To KpuBOJMHEHHBIH HHTErpaJ OT KacaTe/bHOH CO-
ctaBaswoweil ot (1) a0 (2) He goMKeH 3aBUCETb OT TOTO, KaKOH
H3 [OBYX BO3MOXKHBIX NyTe#l Mbl BhHIGpaJH. MOXHO 3aKJIOYHTh,
yTo HHTerpaJ ot (l) mo (2) MoxeT 3aBHceTb TOJBKO OT pacmno-
JIOXKeHHS1 3THX TOYeK, T. €. YTO OH eCTb (PYHKUHSI TOJbKO OT
KOOpJAHHAT ToyeK. TOi »Ke JIOTHKOH MBI MOJIb30BaJHCbh B BHIM. |,
ra1. 14, xorga nokasbiBagd, YTO €CJH HHTErpaJ OoT HeKOTOpOil Be-
JMYHHB MO MPOM3BOJLHOMY 3aMKHYTOMY KOHTYPY Bcerja paBeH
HYJI0, TO 3TOT HHTerpan MoxKeT OBLITb NpeACTaBJieH B BHIe pas-
HOCTH (PYHKUHI OT KOOpAHHAT ABYX KOHUOB. 3TO MO3BOJHJ/IO HAM
1300pecTH MOHsITHe noTeHUHaa. MBI JOKa3aJu faJjiee, 4TO Bek-
TOpPHOe noJse SIBJSeTCS TPAAMEHTOM 3TOH MOTeHUHAaJbHOH (YyHK-
uuu [cM. Buin. 1, ypaBHenue (14.13)].

Orciona caenyert, yto Jt060e BEKTOPHOE M10J1€, Y KOTOPOTO po-
TOp paBeH HYJIO, MOXeT GbITb NpPeACTaBJ/JeHO B BHAe IDaaHeHTa
HEKOTOpOH cKasspHOi ¢yHKUHH, T.e. ecan V X C =0 Bcioay, 10

(2)

due. 3.12. Ecan V X C pasuo
HYMO, TO YUPKYAAUUA NO 3AMKHY-
rodi kpueod T' Tooce Hyzxo.

Kpusoauneiinotli unrezpar or C+ds Ha
~ ¢ yu4acrke or (1) do (2) edoab a Joasxen
—> ObiTo pasen unrezpaty 63oAb b.
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Due 3.13. IlIpu nepexode k npe-
Odeay 3amkHyTOL NOBEPXHOCTU 1O-
gepxnocthoui unreepaa or (VXC)g
doaxen 06paruTsca 8 Hyas.

Kewmyp T
vxe

Nosepxnoems S

cylecTByeT HekoTopass ¢yHkuus ¢ (ncu), aas koropoit C= V¢
(none3Hoe npeactaBJseHHe). 3HAYUT, MBI MOXEM, €CJH 3aXOTHM,
ONUCHIBATh 3TOT POA BEKTODHHIX MOJeEl MPH MOMOILIH CKaJsAPHBIX
noJe.

Tenepb nokaxem eme oaHy ¢opmyay. Ilyctb y Hac ectb npo-
u3soabroe ckaasipHoe nose ¢ (¢pu). Ecam B3siTh ero rpaauent Vi,
TO MHTErpaJj OT 3TOr0 BeKTOpa Nno JaI60MYy 3aMKHYTOMY KOHTYpY
NoJXKeH GbiTb paBeH Hy/M0. KpHUBO/MHHEHHBII HHTErpaJJ OT TOYKH
(1) no touku {2) pasen [@(2) —¢@(1)]. Ecau Touku (1) u (2)
cOBNajamwT, To Kala teopeMa | [ypaBHenue (3.8)] coobuiaer Ham,
YTO KPHBOJIMHEHHBII HHTErpaJa paBeH HYJIO:

& Vg-ds=o.

Kontyp

INpumenss teopemy CTOKCa, MOXHO 3aK/IIOYHTb, YTO
fvxvpda=o

no 6ot nosepxHocTH. Ho pa3 nHTerpan 4060 NOBEPXHOCTH
paBeH HYJIO, TO NOABIHTErpajbHOe BhIpaxKeHHe 06s3aHO OBITb
paBHO HyJl0. 3HAuMT,

v X (VCP) =0 pcerza.

Tor e pesyJabraT GBI J0Ka3aH B ra. 2, § 7 npu moMolH Bek-
TOPHO# anare6phl.

PaccmoTpum Tenepb uacTHBIE cayyail, Korga Ha MaaeHbKul
KoHTyp I' HaTsiruBaercs 604bwasn nosepxHocts S (¢ur. 3.13).
MBI XOTHM NOCMOTpETb, YTO CJYYHTCS, KOrja KOHTYp CTSHeTCs
B TouKy. Toraa rpanuia noBepxHOCTH HCYE3HEeT, a caMa NOBepX-
HOCTb npeBpaTHTC B 3aMKHYTyio. Ecau Bektop C moBcilody Ko-
HeyeH, TO KPHUBOJIHHEHHBIH HHTerpaJ mo [I' AOJ/KeH CTPeMHTbCS
K HYJ/JI0O N0 Mepe CTATHBAHMA KOHTypa (MHTerpasn B 00L1EM-TO
nponopuHoHaneH AJuHe KoHTypa I, a oHa yGniBaer). CorJgacHo
TeopeMe CToKca, MoBepXHOCTHHIA HHTerpasa or (V X C), Toxe
LoJKeH yGuBaTh A0 HyJs. Koraa moBepxHocTb 3aMBIKaercs, TO
NpH 3TOM KakKHM-TO 06pa3oM B HHTerpa/j NPHBHOCHTCA BKaal,

3 3ak, 194 65



KOTOPHIl B3aHMHG YHHUTOXAeTcs ¢ HaKOMJeHHbM pauee. [loay-
yaercst HOBasi TeopeMa:

S (VX C),da=0. (3.39)

Jlo6a s
3aMKHyTast
NOBEPXHOCTD

OT0 HAC JOJIKHO 3aHHTEpecoBaTh, MOTOMY YTO y Hac yXe €cTb
OllHa TeopeMa O MNOBEPXHOCTHOM HHTerpaJjie BEKTODHOro MoJs.
Tako#t noBepXHOCTHBIH WHTerpa/j paBeH 06beMHOMY HHTErpany
OT [HBEpreHUHH BeKTOpa, KaK 3TO cjelyeT H3 TeopeMbl I'aycca
[ypaBuenne (3.18)]. Teopema T'aycca B mnpumenenun Kk V X C
YTBEpXKAAET, 4TO

S (VX C),da= S V.(VXCdV.  (3.40)

3amMKHyTas O61eM
NOBEPXHOCTb BHYTPH

Mb 3aK/al04aeM, YyTO HHTerpaJ B NpaBoH 4acTH QO/KeH o6pa-
I1aThCsl B HYJIb

S V- (VXCaV=0 (3.41)

TIpoussoabinit
o6beM

M 4TO 3TO AOJIKHO OBITb CHpPaBed]HBO [Js JI0GOr0 BEKTOPHOrO
noas C, kakuM Gbl OHO HH GHIJIO. Pa3 ypaBHenue (3.41) BhnoJ-
HEHO AJ npou3soabHoeo o6vema, TO 8 Kaxdou Touke NpoctpaH-
CTBa MOJBIHTErpajbHOe BhIpaKeHHe JOJKHO ObITb DPaBHO HY.JIO.
Ilonyuyaercs, uto

V. (VX C)=0 scerna.

Tor xe pe3yabTaTr Gulsl BHBEEH ¢ MOMOILBIO BEKTOPHOH aareGphl
BrJ. 2,§ 7. Tenepb Mbl HauyMHaeM NMOHHUMaTb, KaK Bce 3[€Cb NpH-
JlaKeHo OAHO K Jpyromy.

§ 8. Hroeu

[TogpiTOXKHUM Tenepb BCe, YTO MBI Y3HAJIH O BEKTOPHOM HCUMC-
JNeHHH. BoT caMble cyuectBeHHble MOMEHTH Tl 2 H 3.

. Onepatopnl 8/dx, d/0y u d/0z MOXHO paccMaTpHUBaThb Kak
TPH COCTaBJsAIOLLHe BeKTOpHOro onepatopa V; ¢opmyanl, cJje-
LyIOLlHe M3 BEKTOPHOIH a/are6pbl, OCTAIOTCA NMPaBHJ/AbHBIMH, €CJIH
3TOT ONMepaTop CYHUTATb BEKTOPOM

0 0 J
V= (— 2. 2),
ox’ 0dy’ a0z

2. PasHocTb 3HayeHHi CKaJipHOTO NoJs B ABYX TOYKAaX paBHA
KPHBOJIMHEHIHOMY HHTerpaJy oT KacaTeJbHOH COCTaBJsIOLIEl rpa-

66



JAHMEHTa 3TOro CKajaspa BHOJb JNI000H KPUBOi, COeNHHAIOme! nep-
BYIO TOYKY CO BTOPOH:
(2)
YA —vW= | Vp.as, (3.42)
(1)

Jl:o6as
KpHBas

3. TloBepXxHOCTHBIN MHTErpaJ/ OT HOPMaJIbHOH COCTaBJAKILEH
NPOH3BOJILHOIO BEKTOpPAa MO 3aMKHYTOH MOBEPXHOCTH PaBeH HH-
TerpaJay oT AMBEPreHUHH BeKTopa no o6bemy, JexalleMy BHYTPH
3TOH MOBEPXHOCTH:

| conda= | v.cav. (3.43)
3amKHyTas O6reM
NOBEPXHOCTh BHY TPH

4. KpuBo/IMHEAHHIA HHTErpaJs OT KacaTe/JbHOH COCTaBJsioLLel
NPOM3BOJILHOTO BEKTOpPA MO 3aMKHYTOMY KOHTYpY paBeH NoBepx-
HOCTHOMY HHTerpaJy oOT HOPMAaJbHOH coOcTaBJiAOUled poTOpa
3TOro BeKTOpa MO MPOH3BOJbHON MOBEPXHOCTH, OrpaHHYEHHOM
3THM KOHTYpOM

SC-ds= | (vx¢)-nda. (3.44)

I'pannua IMosepxHOCTH

Or pepakropa. Hauunas usyyaTb ypaBHeHHs MakcBessna, o6paTHTe BHH-
MaHHe, YTO B ITHUX JIEKUHAX HCNOAb3YeTCA PALHOHAJM3HPOBAaHHAS CHCTEMa ejH-
HH1l, B KOTOpOH ypaBHeHHsi MakKcBeJa He coaepxaT Ko3(phHLHEHTOB.

BoJsiee npHBBIUHO BMECTO € MucaThb €/47; Toraa K03d¢GHUHEHT 47 ucue3aeT
M3 3HaMmeHaTeas 3akoHa Kyaoxa (49), HO MosBIseTCA B NipaBblX 4acTAX ypaB-
Henuit (4.1) n (4.3). [Yayuwenne cHcTeMbl eAMHHIL BCerja noxoxe Ha «TPHIIKHH
Kadran».]

Kpome Toro, BMecTO KBagpaTa CKOPOCTH CBETAa BBOAAT HOBYIO MOCTOAHHYIO
Po = €o/c?, HasbiBalOT ee (LOBOMLHO HEyQayHO) MArHMTHON NpPOHHUAEMOCTbIO
nycToThl (Tak e, KaK € Ha3blBAIOT NHIJMEKTPHYECKOi NpOHHLAEMOCTbIO My-
CTOTH) H 06o3HauaiT ggE=D, B=poH.

Bynbie octopoxHbl! [MTposepsiite cHCTeMY eAiHHIL, KOraa OTKpblBaeTe HO-
BYIO KHHT'Y 00 3JIeKTpHuecTBe!
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Trasa 4

SJEKTPOCTATHKA

§ 1. Craruxa

HauyneM Temepn noapoGHOe H3yuyeHHe TEOPHH
saekTpoMartetuaMa. OHa Bcsi (Becbh 3JEKTpoMar-
HEeTH3M LleJMKOM) 3anpsiTaHa B ypasHeruax Max-
ceenaq:

V.E=eio, (4.1)
oB
VXE=—-°2, (4.2)
VxB=3E+1, (4.3)
V-B=0. (4.4)

SBneHHs, onucbiBaeMble 3THMH YPaBHEHHSIMH,
MOTryT GbITb OYEHb C/ICGXKHBIMH. Ho mpexne yeM
nepeiiTH K GoJiee CJIOXKHBIM, Mbl HaYHEM CO CpaB-
HUTEJbHO MPOCTBIX W CHayajaa HayyuHMmcsi oGpa-
mwatbea ¢ HUMU. CaMbIM JeTKMM [AJs1 H3yueHHus
sBJseTC Cayyal, KOTOPbIH Ha3bIBAlOT CTATi4e-
ckum. DTO cayyail, Korga oTr BpeMeHH HHYerd He
3aBHCHT, Korga Bce 3apsigbl JUOO HaMepTBO 3a-
KpenJeHbl Ha CBOMX MecTax, JHOO eciH YK IBH-
XKYTCSl, TO HX TOK NOCTOsAHeH (T. e. p M j Mo-
CTOSIHHBI BO BpeMeHH). B 3Tux yc/a10BusAX B ypas-
HeHHsix MakcBesJa BCe UJIeHbl, SIBJSOLKECH
[POH3BOAHBLIMH N0 BpeMeHH, 06pallalTcs B HYJb,
M YpaBHeHHS NMPHOGpPETAIOT CJAeNyHOUHA BHA:

§ L
§2

§3

§ 4.

§ 5.

§ 6.

§7.

§ 8.

Cratuka

3akon Kynona;
HaJ0XEeHHe CHI

AnekTpHYECKHil
NOTEHUHan

=—-Ve
Motok noas E

3akon Taycca;
AMBEpreHuHs
noas E

Mone 3apsaKeHHOFO

wapa

Jlnunu noas;
3KBUNOTEHUHANb-
Hbie NOBEPXHOCTH

Hosropurs: ra. 13

n 14 (Buin. 1)
«PaGora

W noTeHuHaabHan
2Heprunas

AaekTpocTaruka
V.E=-", (4.5)
€
VXE=0. (4.6)

o
T 4n
! 9

4n80~9 10

[eo] = kyaon?/neroron -

Mm?
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Maenurocraruka
VxB=-1, 4.7)

oc?’

V.B=0. (4.8)

OO6paTuTe BHMMaHHe Ha HHTepeCHOEe CBOHCTBO 3TOH CHCTEMbI
yeThlpex ypaBHeHu#. OHa pacmajacb Ha [Be yacTH. DJeKTpHue-
ckoe noJse E nosBasieTcss TosbKO B mepBOHl nape ypaBHeHHH, a
MarHuTHoe moje B — Tosbko Bo BTOpoi. Mexnay co6oit 3TH aBa
noJisi COBCEM He CBSI3aHbl. ITO 03HAYaeT, YTO KOAb CKOPO 3apsadbl
U TOKU NOCTOAHHbL, TO IAEKTPUHECTBO U MASHETU3M — SBAEHUS
pasnbie. Heb3ss o6HapyXHTb HHKAKO#l 3aBHCHMOCTH moJeil E H
B npyr or npyra, noka He BO3HMKAaIOT H3MeHEHHUs] B 3apsiax HJH
TOKax, CKaeM, NOKa KOHJeHCAaTOp He HAYHeT 3apsiKaTbCs HJH
MarHuT aBuratbes. ToNbKO KOraa BO3HMKAOT CpaBHHUTeJ/bHO Obl-
CTpble H3MeHeHHs, TaK YTO BpeMeHHble NPOMU3BOJHbBIE B ypaBHe-
HHAX MakcBeJsJa AOCTHralOT 3aMeTHON BeauuuHbl, E u B Hauu-
HalOT BJMATH OPYr Ha Apyra.

Ec/in Bbl BcMOTpUTECh B ypaBHEHHSI CTAaTHKH, TO OOHapyxXHTe,
YTO A/ H3y4yeHHsl MaTeMaTHYeCKHX CBOHCTB BeKTOPHBIX MoJed
3TH JBa MNpeaMeTa — 3JIeKTPOCTATHKAa M MAarHUTOCTaTHKa — fB-
JSIOTCS HAEeaJbHBIM OGBEKTOM. DJEKTPOCTATHKA — 3TO YHCTHIH
npHUMep BEKTOPHOIO MOJS C HYAE8bIM POTOPOM W 3a0aHHOL Ou-
gepeenyuel, a MarHMTOCTaTHKa — YUCTeHIUUH NpUMep MNoJs ¢
HYyAegoli Jusepeenyueti u 3adanHoim poropom. Bonee obwmenpu-
HATBIA (M, ObLITb MOXET, C Ybeil-TO TOYKH 3peHHs GoJiee ya0B-
JIETBOPUTEJIbHBIN) MYTb HU3J0XKEHHS TEODHH 3JeKTPOMAarHeTH3Ma
COCTOHT B TOM, YTOObI HayaTb C 3/JEeKTPOCTATHKH H BLIYYHTb TeM
CaMbIM BCe NpO AHBepreHLHI0. MarHUTOCTaTHKy H pPOTOp OCTaB-
JASI0T Ha noToM. M1 auib B KOHUe OGBeAHHAIOT H 3JeKTPHYECTBO,
M MarHetusMm. Mbl XXe ¢ BaMM HayaJu C NOJHOH TeOPHH BEKTOp-
HOro HcuucjeHHs. IlpuMeHHM Tenepb ee K YaCTHOMY CJyuaio
a/seKTpocraThkH, K noo E, 3anaBaemomy nepBoii mapoii ypas-
HeHHH.

HayHeM ¢ caMbiXx mpoCTBHIX 3afay, B KOTOPBIX MOJIOXKEHUS
BCeX 3apsiaoB ¢uxcupoBaHbl. Ecain 66l HaM HYKHO ObIJIO H3YUYHTb
3/IEKTPOCTATHKY TOJNbKO Ha 3TOM YpOBHe (a 3THUM Mbl H OyleM
3aHMMaTbCs B OJMXKaAHIIMX ABYX IJaBaxX), TO XH3Hb Hawa Oblja
6bl oyeHb npocTta. Bce 6b110 Obl MOYTH TPUBHAJLHBIM H HaM MO-
Hago6H/IHCh Obl, KaK Bbl B 3TOM ceffyac y6eaAuTeCh, TONbKO 3aKOH
Ky/soHa na HecKoJsbko HHTerpupoBaHuii. OHAKO BO MHOTHX pe-
a/JbHBIX 3JIeKTPOCTAaTHYRCKHX 3aja4yax Mbl BHayaJje He 3Haem, rje
HaXoAsTCA 3apsiibl. Mbl 3HaeM TOJbKO, YTO OHH B 3aBHCHMOCTH
OT CBOMHCTB BellleCTBa pacnpefesqH/HCb KaK-To H rae-T1o. [losoxe-
HHe, KOTOpOoe NPUMYT 3apsabl, 3aBUCHT oT noJs E, a oHo B cBoio
ouepeib 3aBHCHT OT PacnoJioxeHHs 3apsaaos. M Toraa Bce cpasy
ycaoxusietes. Ecin, HanpuMep, 3apsixKeHHOe Tes0 NOJAHECEHO

69



K NPOBOAHHKY HJIH K H30JATOPY, TO 3JIeKTPOHLI H NPOTOHHI B NPO-
BOJAHHKe HJIM H30J1TOPe HAayHYT NepeTeKaTb Ha HOBOe MECTO.
Onna yacTb NJIOTHOCTH 3apsila p B ypaBHeHHH (4.5) Oymer Ham
M3BeCTHa — 3TO TOT 3apsil, KOTOPbII Mbl MOJHOCHM; HO B O BOH-
AYT M ApYrHe YacCTH OT TeX 3apsiioB, KOTOpble mepeTeKarT. Mul
06s3aHbl GyaeM YYecTb JABHXKeHHe BceX 3apsifoB. BO3HMKHYT n0-
BOJIbHO TOHKHE H HHTepecHble 3aJauu.

Onnako Hacrosillasi TJ1aBa, XOTb OHAa M MOCBSLIEHAa 3JeKTPO-
CTaTHKe, He OyJeT KacaTbC CaMblX KPAacHBBIX M TOHKHX BOMNpO-
COB 3TOH HayKH. B He#l 6yayT paccMOTpeHbl JIHIIb TaKHe CHTYya-
IIHH, B KOTOPHIX MOXXHO NpPEANOJIOXKHTb, YTO PacCloJOKeHHe BCEX
3apsinos u3BecTHo. Ho u B 3TOM cayuae, npexje yeM HAy4HTbCs
CNpPaBJAATLCA CO CAO0XKHBIMH C/Y4asiMH, eCTeCTBEHHO CHayaJja oc-
BOHTbCSI C NPOCTHIMH.

§ 2. 3axon Kyaona; nanroxcenue cun

JlornyHo Gbl10 GBI MPHHATHL 3a OTNPABHYIO TOYKY YPaBHEeHHs
(4.5) u (4.6). Ho nerye HayaTb ¢ APYroro, a NOTOM BEPHYTbCS
K 3THM ypaBHeHHAM. Pe3yabTar monyuutrcs OaHHaKoOBbIH. Mbl
HayHeM C 3aKOHa, 0 KOTOPOM TOBOPHJ/OCH paHblle,—C 3aKOHa
KyJ/ioHa, yTBepxaaiouero, 4To Mexay NBYMs MOKOSILUMMHCS 3a-
pAnaMu AeHCTBYeT CHJa, NpsIMO NPONOPIHOHA/IbHAS MPOH3Bene-
HHIO 3apsAf0B H OOPAaTHO NpPONOPLHOHAJbHAsA KBaApaTy paccTosi-
Husl Mexay HuMH. Cuia HanpaBJeHa MO NPSAMOl OT OJHOrO 3a-
psiaa K Apyromy.

3akon KyacHa
Fi=—— 092 ¢ — _Fy (4.9)

9
ey r[,

specb F; —cuna, meiictBylowasi Ha 3apsafl ¢;; €j2 — eIHHHUYHBIA
BEKTOp, HanpaBJIeHHbIl OM gy K ), @ rig — PAcCTOsIHHe MeXAy q,
¥ qo. Cuna F,, neiicTByiowas Ha ¢, paBHa H NMPOTHBOMOJIOXKHA
cune F,.

MHOXHTeNb NPOMOPIHOHANLHOCTH MO HCTOPHYECKHM TpHYH-
HaM numercsi B Buae 1/4meq. B cucreme emunun CH, kortopo#i
MBI MOJIb3yeMcsl, OH ompefessieTcss Kak 10~7 oT kBajparta CKOpo-
ctu cBeta. Tak Kak ckopoctb cBeTa mpuMmepHo 3-10% wm/cex, 1O
MHOXHTeNb NpUGAn3HTeNnbHO paBeH 9-10°% u eauHuma OKasbl-
BAeTCSl PABHOM HbIOTOH - M2[KYAOH2, MU 60AST - M[KYAOH

1 —
dney

=9,0-10° (u3 cnura). (4.10)

107 7¢? (no onpenenenuto),

Ecan 3apsgoB Gosblle ABYX (a HMEHHO TaKHe CJyYyaH HaH-
Gosee MHTepecHbI), TO 3aKOH KyJOoHa HYXHO NOMOJHHTb ApPYrHM
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2NIHIHHA Eansnua

F HOIOTOH
Q KyAOH
L Merp (m)
W Aoy s
p~Q/L? Ky a0n| M3
/gg ~ FL?/Q? HOIOTOH « M2 Ky AOH?
E~FIQ HBIOTOH [KY A0K
¢~ WiQ 0M0YAb[KY 20K, 80ALT
E~g/L 80467/ M
Jeo ~ EL?Q 80467 - M[KYAOH

CyWIeCTBYIOIIUM B npupoie GakToM: cuJa, NeHCTBYylolUlas Ha 3a-
pfill, eCTb BEKTOpHAasi CyMMa KYJOHOBCKHX CHJ, AeHCTBYIOIIUX CO
CTOPOHBI BCEX MPOYHX 3apsAA0B. DTOT 3KCNEePUMEHTaNbHBIH (GaKT
Ha3bIBaeTCsl «MPHHUHIOM HAJIOXKEHHSI», HJAH «NPUHUHUNOM cynep-
NO3ULUHHY». DTO U €CTh BCe, YTO HMeeTcst B 3/aeKTpocTaTHKe. Eciu
N06aBUTb K 3aKOHY KyJloHa nmpuHIMN HanoXeHUs, TO 6oJblie HH-
yero B Hell He ocTaHeTcd. TOYHO K TaKUM e BbIBOJAM, HHU 6OJb-
lle, HY MeHbllle, NPUBEAYT YPaBHEHUS 3/EeKTPOCTAaTHKH, ypaBHe-
Hus (4.5) u (4.6).

IMpumensias 3akon KysnoHa, yno6HO BBeCTH NMOHsTHE 00 3JeEKT-
puuyeckoM noJe. Mbl roBopuM, uto noje F(l) —3rto cuaa, neit-
CTBYIOUlasi CO CTOPOHBI MPOYHX 3apSAOB Ha edunuyy 3apsada q.
Hens (4.9) Ha ¢, Mbl noJyyaem AJs AeHCTBHS BceX 3apsiioB,
KpoMe g,

1
E()=— %e,g. (4.11)

Kpome Toro, Mbl cuutaem, uto E(1l) onucbiBaeT Heuto, cylle-
cTByOllee B Touke (1), maxe ecan B Hell HeT 3apsiia ¢; (B mpen-
MOJIOXKEHHH, YTO BCe MpOYHe 3apsiibl COXPAHHJIH CBOM MO3HUHH).
Mbl rosopuM: E (1) — 310 3/eKTpHuecKoe noJse B Touke (1).

dnekrpuueckoe nojse E — 3to BekTop, Tak yto B (4.11) Ha
CaMOM JeJ/le HaNHCaHbl TPH YPaBHEHHS, N0 OJHOMY A/ Kaxaoi
KOMIOHeHTbl. PacnuceiBasi x-KOMIOHEHTY B $IBHOM BH[IeE, MOJY-
yaeM

E =1 5 — % -, (412
<0 g1, 20 ey [(x1— x2)? + (41 — y2)* + (21 — )4 *.12)

H TOYHO TaK Xe A/ OCTaJbHbIX KOMIOHEHT.

Ecau 3apsgoB mHoro, To nose E B s06Goit Touke (1) paBHO
CyMMe BKJafOB OT BceX 3apsaaoB. Kaxkablil uneH B cymMMe Gyaer
BoirasifeTh kKak (4.11) wam (4.12). Ilycte g; — BeauuuHa j-rO
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1; (x,,2,)

Pue. 4.1. B rouxe (1) asexTpu-
ueckoe noae E or HexoTOpo2o

3

882 pacnpedesenus 3apado8 noay-
waeTca u3 uWTezpaAa ho pac-
npedeaenuto.

Touka (I) moxer Haxodursca Taxkme
BRYTPU pacnpedeseHun.

(2);()(2 Yz ZZ)

3apana, a rj;— CMEUleHHe ¢; OT TOYKH (l); Toraa Mbl HanviueMm
1 49
E()=) — 5 eu, (4.13)
Amey ry;
4TO O3HayaeT, KOHEYHO,

1 g7 (x1 — xj)
E = .
= 4 2) igl ameo [(x) — %) + (1 — y)* + (21 — 24" .19

T A

Yacro 6biBaer ynoGHO MrHOpHpPOBaTh TOT (aKT, 4TO 3apsiabl
BCerja CyUecTBYIOT B BHAE OTAE€JbHBIX KYCOYKOB, TaKHX, Kak
3/IEKTPOHBI HJIM MPOTOHBI, @ CYHTAThb, YTO OHH pa3Ma3aHbl CMNJOII-
HbIM MATHOM, HWJH, KaK TOBOPSIT, OMHCHIBAIOTCA «pacnpepaeJe-
HHeM». Jlo Tex mop noka HaM Bce PaBHO, YTO MPOHUCXOAHMT B Ma-
JbIX Macwitabax, Taxoe ONMHCaHHe BNOJIHE 3aKOHHO. Pacmpepne-
JIeHHe 3apsijla OMHCBHIBAeTCA «MJOTHOCTbIO 3apsia» p (X, ¥, 2).
Ecan konuyectBo 3apsina B HeGosbloM o6beMe AV, 6413 TOUKH
(2) ecTb Agy, TO p onpeneasieTcss paBeHCTBOM

Ag;=p(2)AV,. (4.15)

[MToab3ysicb Tenepb 3akoHoM KyJsoHa npu HempepbiBHOM pac-
npefeNeHuH 3apsjfa, Mb 3aMeHseM B ypaBHeHHsaX (4.13) uau
(4.14) cyMMBbl HHTErpasamMu no BceMy 0O0EeMy, COAepxKalleMy
3apsaasl. [lonyuaercs

E(l)= ! M. (4.16)

4nie r?
0 Bce mpoct- 12

PaHCTBO
HekoTopbie npeanoyuTaloT nucath

T2
e P ——
12 rp '

rie ri; — BekTop cMewenuss ot (2) k (1) (¢ur. 4.1). Hurerpan
aaa E torpa 3anuuiercs B BHJE

1 2 dv
E(l)= 2 S p( )l':;z 2 . (4.17)
T80 Bee npocT- T2
paHCTBO

Ecan MBl XOTHM #eHCTBHTe/IbHO NMPOBECTH HHTErpHpPOBaHHe [0
KOHlla, TO OGBLIYHO MPHXOJAHMTCS HHTEerpajbl pacnuchbiBaTh MO~
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poGHee. [lnsi x-KoMnoHeHTHl ypaBHeHuil (4.16) uau (4.17) nmoay-
yaercs

Ey(x), yy, 2)=

(x1 — X2) 0 (x2, Y2, 20) dx, dy, dz,
7 (4.18)
4meg (% — %2)2 + (1) — 12)* + (21 — 22)?] "

Bce npoct-
paHcTBO

M5 He coGupaeMcsi BBLIYMC/SATL 4TO-AHGO No 31Ol GopMy.e.
Hanucanu Mbl ee 3nech TOJbKO [J1si TOro, YTOGbl MOAYEPKHYTh,
4TO Mbl MOJIHOCTHIO PELIMJIM Te 3JeKTpPOocTaTHYeCKHe 3aaaud, B
KOTOPBIX H3BECTHO pacnoJoXKeHHe BceX 3apsfoB.

Hano: 3apsaabl.

Onpedeaurs: Toas.
Pewernue: Bo3bMH 3TOT MHTErpaJ.

Tak uTO no cyuecTBy Bce CAeNaHO; OCTAeTCsA TOJbKO Mpoje-
JaTb CJOXHbIe HHTErPUPOBAHHUS MO TPeM MNepeMeHHbIM. DTa pa-
60Ta B caMblii pa3 /s CYETHOH MallHHBI!

[Toab3ysicb 3TUMHM HHTerpaJjaMH, Mbl MOXeM HaHTH MOJe 3a-
PSXKEHHOMH MJIOCKOCTH, 3apsIKeHHO! JIHHHH, 3apsiXkKeHHO# chepbl U
Jo6oro BoiGpaHHOro pacnpepenedus. XoTsi Mbl cefiyac HayHeM
YepTHTb CHJIOBble JIHHHH, TOBOPHTb O MOTEHUHAJaX H BHIYHCIAATD
JHBepreHI MK, BaXKHO NMOHHMAaTb, YTO OTBET HA BCe pellaeMble 3a-
nayd B npuHUHUne yxKe rotoB. IIpocTo nopoii GeiBaeT Jerye B3fiTh
WHTerpaJ, npuayMmaB ¢oKyc, yeM NpOAeNbIBaTb BCe BbIKIAAKH
yectHo. Ho yTto6bl moraabiBaTbCsl, HYXKHO HaydyHTbCsl PasHbIM
yXHupeHusaM. BoiTe MoxeT, ayuuie 6bl10 Gbl BBIYHCJATH HHTeT-
paJibl HENOCpPeNCTBEHHO, @ He TPATHTb CHJIbl Ha OCTPOYMHBbIE CIO-
co0bl pelleHHs] 0a NEeMOHCTPHPOBATb CBOIO COOGPAa3HUTENbHOCTD.
Ho Bce-Taku Mbl mofiieM no nyTH pa3BHTHSI COOOPAa3HTEJIbHOCTH.
IlepexonuMm, TakuM 06pa3oM, K OOCYKAEHHIO HEKOTOPHIX APYrHX
0CO0EHHOCTEH 3JIeKTPHYECKOrO NoJs.

§ 3. DaexTpuseckuii norenyuan

Ons nayana ycBOUM MOHATHE 3JEeKTPHUECKOro NOTeHLHaJa,
CBA3aHHOe ¢ paGoToil mepeHoca 3apsfa M3 OAHOH TOYKH B ApY-
ryto. Ilyctb uMeercs Kakoe-To pacnpeaenenue 3apsaaos. OHo co3-
JaeT snekTpuyeckoe noJse. CnpaluuBaercs, KakKyio paboTy Halo
3aTpaTHTh, YTOObl NepeHecTH HeGO/bIIOH 3apsj] OAHOH TOYKH
B apyrylo? Pa6oTa, npoH3BefeHHas 1poTus NEHCTBHUA 3JEKTPH-
YeCKHX CHJ NPH NepeHoce 3apsiia Mo HEKOTOPOMY MyTH, paBHA
MUHYC KOMIIOHEHTE 3JEKTPHYECKO!N CHJ/bl B HampaBJEeHHH JBHXKe-
HUS, NPOHHTErpUpPOBaHHOK no 3ToMy nyTH. Ecau 3apan nepexo-
CHTCA OT TOYKH a K Touke b, TO

b
W=—SF-ds,
a
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b Due 42. Pabora nepenoca 3a-
q pada or a K b pasna mMumyc uute-
ooun epary or F-ds no svibpannomy
nym nyru.
Apyeol
nyms

a

rae F—oanekrpuueckas cuaa, geiicTBylolas Ha 3apsan B Kax-
Ioi TouKe, a ds — aHddepeHLHaN BeKTOpa nepeMellleHHs] BAOJb
TpaekTopuu (¢wur. 4.2).

Hns Hamux uenell HHTepecHee paccMOTpeTb pabory mepe-
Hoca eQunuybr 3apsina. Torga cuaa, AedcTByKOIAsi HA TaKoi 3a-
Psill, YHMC/JEHHO COBMajaeT ¢ 3JeKTpHyeckuM moseMm. O6Gosnayas
B 3TOM cJjiyyae pa6oTy NPOTHB AEHCTBHA 3JEKTPHYECKHX CHJ OYK-
BOl Wenyn, Hanuiem

b
Wepn = — S E - ds. (4.19)
a

BooGuie roseps, TO, YTO NOJAyyaeTcss NpPH HHTErPHPOBAHHAX Ta-
KOro COpTa, 3aBHCHT OT BbIGpAaHHOro myTH HHTerpuposanusa. Ho
ecad 6bl HHTerpas B (4.19) 3aBuces oT nmyTH, Mbl Gbl MOTJIH H3-
BJleyb M3 moJs paGoTy, nmoaHecss 3apsii K b mo ofHOMY NYTH H
yHecst 06paTHO K a mo apyromy. MoxHo Gblso Obl MOAOITH K b
no tomy nytH, rie W MeHble, a ydaauTbcs mo TOMy MNYTH, Tle
OHO GoJblie, noAy4us pa6GoTsl Goablie, 4YeM GbIIO 840K EHO.

B npuHUHne HeT HHYero HeBO3MOXKHOIO B TOM, YTOObI MOJY-
4aTh pa6oTy M3 noas. Mbl elle MO3HAKOMHMCSI C NOJSAMH, B KO-
TOPBIX 3TO BO3MOXKHO. MoXeT okasaTbecsl, YTO, JBHras 3apsjbl,
Bbl [eficTByeTe Ha OCTaJbHYIO 4acTb BCero «MexaHH3Ma» ¢ Ka-
Ko#-To cuioil. Ecan «MexaHH3M» caM [ABHXKETCS MNPOTHB 3TOMH
CHJIbl, OH O6YyAeT TepATb 3HEprHio, H MoJHas 3Heprus Gyner TeMm
CaMbIM OCTaBaTbCfl NOCTOAHHOH. B auexTpocraruke, ogHako, HH-
Kakoro «MexaHu3Ma» HeT. Mbl 3HaeM, KaKOBbl Te CHJIbl OTAAuH,
KOTOpble AeACTBYIOT Ha UCTOYHHKH NOJsA. DTO KY/JOHOBCKHE CHJIbI,
JNEeHCTBYIOIIHE Ha 3apsilbl, OTBeTCTBEHHble 3a CO3[aHHe MOoJs.
Ecay nmosioxeHusi Bcex NpoOYHX 3apsiaoB 3aHKCHPOBaHBI (a 3TO
JOnylleHHe JesaeTcss B OLHOH TOJNbKO 3.1eKTPOCTATUKE), TO CHJbI
OoTJauy¥ Ha HHUX He CMOryT AelicTeoBaTh. M Torpa Het cnoco6a
H3BJeyb M3 HMX 3HEPrHuio, pasyMeeTcsi, NPH YCJOBHH, YTO MpPHH-
W0 cOXpaHeHHUsT 3HEPrHH B 3/EKTPOCTAaTHKe CNpaBeAJuB. Mbl,
KOHEYyHo, BepHM, 4YTO 3TO TakK, OAHAKO nonpofyeM Bce XKe MOKa-
3aTh, KaK 3TO CJeAyeT U3 3aKoHa cuabl KyJaoHna.

[TocMoTpuM cHayasa, 4TG NPOHUCXOAHT B MOJe, CO3JaHHOM e[H-
HHYHBIM 3apsaaoM ¢. [lycTh TOYKa a yaajeHa OT ¢ Ha PAacCTOsIHHE
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D ue 4.3. Mpu nepenoce npot-
HOz0 3apada or a x b no aro-
6omy riyru Tparurca ofHa u Ta
ae pabora.

ri, a Touka b — Ha paccro-
siHke ry. [lepeHeceM Tenepb
npyro#i 3apsii, Ha3biBae-
Mblil «NPOGHBIM® H paBHHIH
elHHHlle, OT a Jo b. H3be-
peM crnepBa caMblil Jerkui
nasi pacuera nytb. [lepe-
HeceM Halll NpoGHBIi 3apsia
CHayaJsa Mno Jyre Kpy-
ra, a nocje—nmno paguycy
(¢pur. 4.3,a). PaccuutaTh paboTy mnepeHoca Mo TAaKOMY NYTH —
nerckasi 3a6aBa (a HHaue Gbl Mbl ero U He BhiGpasu). Bo-nepshix,
Ha yuacTke aa’ paGorta He npousBoautcsi. Ilone no 3akoHy
Kynona paguanbHo, T. e HanpaBjeHO MOMepek Hampab/eHHs
ABHXeHHA. Bo-BTopbiX, Ha yyacTke a’b nose MeHsieTcss Kak 1/r2
H HanpaBJ/leHO no ABHXeHHI0. Tak yTo pa6oTa nepeHoca npoGHO-
ro 3apsja oT a K b paBHa

b b
—__4q (4 __ g (1 1
‘SE"’S—_'%O‘Sr?— mg(ra rb)' (4.20)
a a’

BbiGepeM Tenepb APYroft JierkHi NyThb, CKaXXeM TOT, KOTOPbLIH
u3o6paxeH Ha ¢ur. 4.3,6. OH naer nonepeMeHHO TO MO JAyre OK-
PY2KHOCTH, TO mo paauycy. Kaxnablfi pas, koraa nyTb npoJieraer
no Ayre, HUKakoil paGoThl He 3aTpaunBaercs. Kaxawlit pas, koraa
nytb WAET no paauycy, uurerpupyercs 1/r2. Tlo nepBomy panau-
albHOMY yuacTKy HHTerpaa GepeTrcsi OT rq AO rq,, MO CJAEAYIO-
LIEMY — OT rq, A0 I'y» ¥ T. A. CyMMa Bcex TaKHX MHTErpaJjoB Kak
pa3 paBHa OJHOMY HHTErpaJy, HO B npeaesaax OT rq A0 ry. B 00-
IeM MOJYYUTCS TOT K€ OTBET, YTO M B [EpBOM HCNPOGOBAHHOM
HamMy nyTH. SICHO, YTO W AJasi /06020 NYTH, COCTABJEHHOTO M3
TIPOM3BOJILHOTO YHCJ/1a YYACTKOB TAKOrO BH/A, MOJYYHTCS TOT XKe
pe3yJbTar.

Hy a kak Hacuer nsaBHbIX Tpaektopuit? IloayunM au Mbl TOT
e oTBeT? DTOT Bompoc Mbl o6cyauan B Boim. 1, ra. 13. IMoab-
3ysicb T€MH Ke [JOBOLAMH, YTO H TOTAa, Mbl MOXeM 3aKJIOYHTb,
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W@= b) = ¢(b) - pfa) b

D ue. 44. Pabora, sarpauen-
HAA HA C8udcerie 80046 106020

W(B,~ b)=q(b) nyru or a 9o b, pasna muwnyc

pab6ore or Hexoropol Touku P,

a do a natoc pabora or Py do b.
W(hy~a)= p(as R

4yTO pa60Ta nepeHoca €AUHHYHOro 3apsja OT a 10 b or nyTH He
3aBHUCHT:
b

Wemm (a— b)= - S E -ds.

a
Jlo6oit
nyThb

A pas BoinosiHsgeMas pa6oTa 3aBHCHUT TOJBKO OT KOHLOB MYTH,
TO OHa MOXeT ObiTb MpeACTaB/JeHa B BHAe Pa3HOCTH JBYX YHCEJ.
B stoM MOXHO yGeauTbcsi caelylollMM o6Gpa3oM. Bribepem oT-
npaBHYIO TOYKY Py M 10roBOpHMCs OlLEHMBaTb Halll HHTerpads,
NoJ/b3YyaCh TOJNbKO TEMH TPAaeKTOPHSIMH, KOTOPble MPOXOAAT 4epe3
Touky Po. OGo3HauuM paGoTy, BBHINOJHEHHYIO NPH [IBHXEHHH
npoTHB noJs or Py 10 Touku a, yepe3 ¢ (a), a paGoTy Ha yyacTke
ot Py no touku b —uepes ¢ (b) (¢ur. 4.4). PaGora nepexona ot
a k Py (no popore k b) paBHa @(a) ¢ MHHYCOM, TaK 4TO

b
—SE%B=@®%—M®. (4.21)

Tak kak nosciony GyaeT BCTpeyaTbCsl TONBKO PAa3HOCTb 3Ha-
yeHHil QYHKUHH @ B ABYX TOUKAaX, TO MOJOXKeHHe TOUKH Py B cy-
HOCTH Ge3pasauuyHo. OlHAKO KaK TOJIbKO OTNpaBHas TOYKAa BHI-
6paHa, YHCJ0 @ TeM CaMbIM omnpejenseTcss B /0006 TOYKe Mpo-
CTPAHCTBA; 3HAUMT, @ SABJAETCH CKAAAPHOIM NOAEM, PYHKLUHEH OT
X, Y, 2. DTy CKaJApHYI0O QYHKUHIO Mbl Ha3blBaeM 3AEKTPOCTATU-
Y4ecKkuM NOTEeHYUaAOM B MPOH3BOJBHOH TOUYKe.

DreKTpocTaTudecKull noTenyuaa:

P

oP)=— | E.as. (4.22)

Py

YacTto oueHb yao6HO GpaThb OTIPaBHYIO TOYKY Ha GeCKOHey-
HocTH. Torga moTeHUHas ¢ OLMHOYHOrO 3apsaa B Hayajle KOOp-
JNHMHAT, B3SATHIH B NMPOH3BOJILHOH TOuKe (X, Y, 2), paBeH [CM. ypaB-
HeHue (4.20)]

o, y, 2) =—2 L. (4.23)

4ney 1
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DJeKTpUYECKOe M0JIe HEeCKOJbKHX 3apsiloB MOXHO 3anHcaTh
B BH/€ CYMMBI 3JIeKTPHUYECKHUX NOJeil OT MmepBOro 3apsja, oT BTO-
poro, OT TpeTbero W T. A. MHTerpupys cyMMmy Aasi Toro, 4toGnl
onpeaenuTh NMOTEHLHAJ, Mbl MPHAEM K cyMMe HHTerpaJoB. Kax-
AblA U3 HHUX —3TO MOTEHLHaJ COOTBETCTBYIOLLEro 3apsifia. 3Ha-
YHT, MOTEHLHA/ ¢ MHOXeCTBAa 3apsiJOB e€CTb CyMMa NOTEHLHANO0B
KaX[O0ro M3 3apsifoB no ortaeabHocTH. Takum oGpasom, H aJs
NOTEHUHAJIOB CYIIEeCTBYeT MPHHUMN HadoxeHus. [loab3yschb Ta-
KHMH Xe apryMeHTaMH, Kak M TOrja, Koraa Mbl HCKaJH 3JeKT-
pHYecKoe MoJie TPYNNbl 3apsiloB WM pacnpejeseHus 3apsijoB,
MBI MOXEM MOJIYYHUTb OKOHYaTeJbHble GOPMYJBl A/ MOTEHlHaa
@ B TOuKe, 0603HauyeHHON Kak (l):

1 q;
()= j . —r_IT' (4.24)
A 1 (2)dV.
— 0 2
0 0) =g | HE (+.29)

He 3a6niBaiiTe, 4TO moTeHuHan ¢ uMeeT (H3HUECKHH CMBICJ:
3TO MOTeHUHAa/JbHas HEPrusi, KOTOpYyl0 HMMea Obl elMHHYHBI] 3a-
pSl, €caH ero mepeHeCTH B YKa3aHHYIO TOYKY NPOCTPAHCTBA M3
HEKOTOpPOH OTNPaBHOH TOYKH.

C Kakoit cTaTH Hac 3aHHTepecoBaJ nmoTeHuuasa @? Cuibl, nei-
CTByIOIlHe Ha 3apsAbl, AAKIOTCA BeJHYHHOH E — 3jleKTpHUeCKHM
noneM. Best conb B ToM, uto E M3 @ OueHb J1Ierko MOJYYUTh, He
TPYZHee, 4eM BLIYHCJIHTb NPOH3BOAHYI0. PaccMOTpUM ABe TOUKH
C ONWHAKOBLIMH Y M 2, HO C Da3HbIMH X: Yy ONHOH X, Yy Apyro#
X 4+ Ax; nounrtepecyeMcs, Kakylo paGoTy Haflo COBEPLIHTb, YTOGHI
NnepeHecTH eAMHHYHBIA 3apsAj M3 OQHOH TOYkH B Apyrywo. [lyTb
nepeHoca — rOpH30OHTaJbHasgs JHHUA OT X 10 x + Ax. Pa6ora
paBHa pa3HOCTH MOTEHUHAJOB B JBYX TOYKaXx

AW =@ (x4 bx, 4, 2)—olx, ¥, 2)=2F Ax.
Ho pa6oTta npoTUB AENCTBHS CHJblI Ha TOM Xe OTpe3Ke paBHa
AW = — SE-ds=—ExAx.
Mbl BUIHM, YTO
9
E,=—39%. (4.26)

PaBubiM o6pasom, E,=—0¢/0y, E,=—0¢9/0z; Bce 3T0 B 060-
3HAYCHHUAX BEKTOPHOTO aHANH3a MOXHO MOJABITOXHTb TakK:

—— Vo (4.27)
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dto auddepeHunanbHas dopma ypaBHeHus (4.22). Jlwobywo 3a-
Jauy, B KOTOPOH 3apsiibl 3a[aHbl, MOXKHO DEUIHTb, BLIYHCJAHB MO
(4.24) nau (4.25) norteHuuaa u paccyutan no (4.27) noane. Ypas-
HeHHe (4.27) coraacyeTcsi TakXe C TeM, YTO MOJYYaeTcs B BEK-

TOPHOM aHaJHu3e: ¢ TeM, 4YTO A Ja1060r0 CKaJIsApHOTro noJis
b

S Vo - ds =g (b) — ¢ (a). (4.28)

CoranacHo ypaBHeHIl0 (4.25), CKaJnspHBIH MOTeHUHaNA ¢ Npel-
CTaBJ/ISIETCS TPeXMEPHBIM HHTerpaJiom, NoAoGHLIM TOMY, KOTODbIH
Mbl nucaau aas E. Ecte Ju Kakas Beiroga B ToM, 4to BMecto E
Bbluncasercs @? [a. das BHUMC/IEHHS ¢ HYXKHO B35ITb OJHH HH-
TerpaJs, a AJas BbiuucaeHuss E—Tpu (Beab 3to BekTop). Kpome
TOro, oGbIYHO 1/r MHTerpupoBaThb Jerdye, yeM x/r3, Bo MHorux
NpaKTHYECKUX CJy4yasX OKa3blBaeTcsi, YTO AJS NOJY4YeHHs 3JIeK-
TPHYECKOro NnoJisl Jerye cnepsa NOACYHTATD ¢, a NOCJe B3ATb rpa-
JMeHT, 4eM BBIYHCJATH TPH HHTerpaJaa aas E. Dto npocto Bonpoc
yao6¢TBa.

Ho noreHuuan ¢ umeer u ray6okuit ¢usnueckuii cMbica. Mel
nokasajau, uto E 3akoHa Kysaona noayuyaercs us E = —grad o,
rie ¢ naetrca ypaBHeHHeM (4.22). Ho ecam E—3T0 rpaaueHt
CKaJ/IIPHOTO NO0Jsl, TO, KaK H3BECTHO H3 BEKTOPHOrO HCYHCJ/eHHS,
porop E nomxeH o6paTHTbCA B HYJb!

VXE=0., (4.29)
Ho 3to M ecTb Hame BTOpOe OCHOBHOe ypaBHeHHe 3JE€KTPOCTa-
THKH — ypaBHeHHe (4.6). Takum oGpas3omM, MBI NOKasaJju, 4TO
3akoH Kynona naer nosne E, ynos/ieTBopsiollee 3TOMY YCJOBHIO.
Tak uTO 10 CHX MOp BCe B NOpAAKe.

Ha camom neane, 1o, uto V X E paBHO Hy.I0, GHLIO AOKAa3aHO
ellle 10 TOro, KaK Mbl ONpeje/u/u noTeHuHaa. Mbl noKasaJsu, 4To
pa6ota o6xona no 3aMKHYTOMY NYTH paBHa HYJIO, T. e.

@E-ds=0

no aro6omy nytd. Mbl sufenau B ra. 3, uto B Takom noje V X E
JIOJIKHO GBITb BCIOAY PaBHO HYJO. DJeKTpHYECKOe noJe 3JeKTPo-
CTaTHKH — 3TO noJsie 6e3 poTOPOB.

Bbl MoxeTe MOTpeHHPOBATLCSI B BEKTOPHOM HCYMC/AEHHH, [0-
Ka3zaB paBeHcTBO HyJlo Bektopa V X E apyrum cnocoGoM, T. e.
BbIYMCJIUB KoMNOHeHTH Bektopa V X E nas mons ToyeyHoro 3a-
psaga no ¢opmyaam (4.11). Ecau moayyuTcss HyJb, TO NPHHLHI
HaJoxeHus1 odecneuuT Ham obpaueHue V X E B Hyap pasa Jio-
6oro pacnpepne/eHHst 3apsi0B.

Caenyetr noguepkHyTh BaxHBI ¢akt. das Jaw6oit paduans-
HOU CUNIBI BHIMOJNHAeMass pa6oTa 1€ 3aBHCHT OT MYTH M CYIUeCT-
ByeT noTeHuuasa. Ecau Bbl Baymaerech B 3TO, TO YBHAMTE, 4TO
BCE HAIUM J0Ka3aTeJbCTBA TOro, YTO HHTerpas paGoThl He 3aBH-
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CHT OT NMYyTH, CaMH ONpeAesiIUCb TOJbKO TeM, YTO CHJa OT OT-
JeJbHOro 3apsaa Gbla pagHaJabHa U cepuyeckH CHMMETPHYHA.
To, yTo 3aBHCHMOCTb CHJIBI OT pacCTOsiHMS HMenaa BuA 1/r?, He
HMeJ0 HHKAKOro 3HauyeHHsi, NpH JOGOH 3aBHCHMOCTH OT r MOJY-
yujaoch 6ol TO Ke camoe. CyllecTBOBaHHe MOTeHlHana W o6pa-
leHHe B Hyab potopa E BBEITEKAlOT Ha caMOM JeJie TOJbKO H3
CumMMeTpul W HANPABAEHHOCTU 3JeKTpocTaTHdyeckux cuda. Ilo
3TOH mpuuuHe ypaBHeHHe (4.28) uam (4.29) MoxeT colepxkaTb
B ce6e TOJILKO 4acCTb 3aKOHOB 3JIEKTPHYECTBaA.

§ 5. Norox noas E

Tenepp MBI XOTHM BLIBECTH YpaBHeHHe, KOTOpOe Henocpen-
CTBEHHO M B JIO6 YYHTBHIBAeT TOT (PAKT, YTO 33KOH CHJIbl— 3TO
3aKOH OGpaTHBIX KBaapaToB. Koe-KoMy KaxeTcsi «BIOJIHe ecTe-
CTBEHHBIM», YTO MOJe MeHsieTcss 06PaTHO MPONMOPUHOHANBHO KBa-
paTy paccTOsHHsA, MOTOMY YTO «HMEHHO TakK, MOJ, BCe pacnpo-
cTpaHseTcsi». BosbMHTe CBeTOBOH HCTOYHHK, H3 KOTOPOroO JbeTCs
NOTOK CBETa; KOJNHYeCTBO CBeTa, NpPOXOoAsllee 4Yepe3 OCHOBaHHe
KOHyca C BepIIMHOH B HCTOYHHKE, OHO H TO X€ HE3aBHCHMO OT
TOTO, HACKOJIbKO OCHOBaHHe yAaJ/leHO OT BepIIHHBL. JTO ¢ HeoGXo-
AHMOCTBIO CJlelyeT H3 COXpaHeHHs CBeTOBOi 3Hepruu. Kosuue-
CTBO CBeTa HAa eAMHHUY MJOWAAH — HHTEHCUBHOCTb — AOJIXKHO
O6bITb 06pAaTHO MPOMOPLHMOHANBHO MNJOLLAAH, BHIPE3aHHOH KOHY-
COM, T. €. KBapaTy PacCTOsIHUA OT HCTOYHHKA. SIcHO, uTO no To#
Xe NPHYHHE H 3/eKTPHYECKOe NoJe A0JKHO H3MeHATbCss 06paTHO
KBajJpaTy paccTosHus!

Ho 3mech Beab HeT HHYEro MOXOXKEro Ha «Ty Ke NPHUHHY>.
Benb HHKTO He MOXeT cKa3aTb, YTO 3J/eKTpPHYeCKOe MoJe ecTb
Mepa 4ero-To Takoro, YTo MOXOXe Ha CBeT U YT MO3TOMY AOJIXKHO
coxpaHaTbca. Ecau 6br y Hac Oblja Takas «MOJeJby» 3JeKTpHye-
CKOro moJisl, B KOTOPO# BEKTOp MOJIsi NpelAcTaBJ/saga Obl HampasJe-
HHe W CKOpOCTb (Hy, HanpHMmep, GblJ Obl TOKOM) KAaKHX-TO BhlJe-
TAICUIMX MaJeHbKHX «APOGHHOK», U ecau Gbl 3Ta Mojeab TpeGo-
BaJia, 4TOObI YHCJ/JIO APOOGHHOK COXPAaHAJOCh H HH OJHA He MOrJa
nponacTb NocJe BbleTa M3 3apsifia, BOT Torjga Mbl MorJu Obl ro-
BODHTb, YTO «4yBCTBYeM» HeH30eXXHOCTb 3aKOHA OOGpaTHHIX KBal-
paTtoB. C apyroii CTOPOHbI, HEMPEMEHHO AOJIKEH Gl Obl Cylue-
CTEOBaTb MaTeMaTHYeCKHH cnoco6 BbIpakeHHs1 3TOH (H3HUYecKOl
naen. Ecau Gbl anekTpuyeckoe moJie 6b:40 NOAOGHO COXPaHsIO-
W HMCSE APOGHHKAM, TO OHO MeHsJocb O6bl O6PATHO NPOMNOPLHO-
HaJIbHO KBaApaTy pacCTOSIHHA H Mbl MOrJH OBl ONMHCaTb TaKoe
NnoBeJeHHe HEKOTOPLIM YpaBHEHHEM, T. €. YHCTO MaTeMaTHYeCKHM
nyteM. Ecain MBI He yTBepxkAaeM, 4TO 3JIeKTpHYeCKoe noJe cde-
AGHO U3 JPOGHHOK, a MOHHMAaeM, YTO 3TO NMPOCTO MOAe]b, MOMO-
ralouass HaM NPHATH K NPaBHJbHOH MaTeMaTHYeCKOH TeOpHH,
TO HHMYEro MJOXOro B TAKOM crnocobe pacCyKAeHHH HerT.
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Due 45 ITorox E u3
nogepxnoctu S pasen
HY 210.

Jamrrymas
n0GEPHOCTY S

Toveyneid sapad

[TpeanonoxuM, 4TO Mbl Ha MFTHOBEKHE NpeACTaBHH cebe daekK-
TPHYECKOE M0JI€ B BHLE NOTOKA Yero-TO COXpaHSAIOILErocs U TeKy-
Ilero nNOBCIOAY, 338 HCKJ/KOYeHHEM TOro MecTa, rje PacrnoJoxeH
cam 3apsil (MOMKEH XKe 3TOT MOTOK OTKyAa-TO HauMHaTbesl).
[TpeactaBuM 4YTO-TO (Y4TO MMEHHO — HEBaXKHO), BhITEKalollee H3
3apsaa B okpyxaiollee npoctpaHcTBo. Ecau 661 E GbIO BEKTO-
poM Takoro nortoka (kak h — BeKTop TenJoBOro mnoroka), TO
BGJ/IM3H OT TOYEYHOrO0 HCTOYHHKA OHO 06J1aa/0 Gbl 3aBHCHMOCTBIO
1/r2. Tenepb MBI Ke/jlaeM HCNOJb30BAaTb 3Ty MOAeJb IJsl TOrO,
yTOOb ray6XKe chopMy/nIHpPOBaTh 3aKOH OGpATHBIX KBaApaToB,
a He MPOCTO roBOpHUTb 00 «0OpaTHHIX KBaapaTax». (Bam moxer
NMOKa3aTbCsl yAHWBHTE/NbHBLIM, MOYEMY BMECTO TOro, YToGhbl C XOAY,
NPsIMO M OTKPHITO CHOPMY/IHPOBATHL CTOJb MNPOCTOH 3aKOH, MBI
XOTHM TpPYCJHBO MPOTAILHTb TO XK€ caMoOe, HO C 3ajlHero Xxoja.
HeMmuoro Tepnenusil 9to okaxercss HeGecrnose3HbIM.)

Cnpocum ce6s: yeMy paBHO «BhiTeKaHHe» E M3 npoH3BOJBHOM
3aMKHYTOH NMOBEPXHOCTH B OKPECTHOCTH TOueyHoro 3apsiga? das
Hayala BO3bMeM NDPOCTEHbKYIO NMOBEPXHOCTb — TaKylo, KaK MNOKa-
3aHo Ha ¢ur. 4.5. Ecain nose E noxo:ke Ha NOTOK, TO cyMMapHoe
BbITGKaHHe M3 3TOTO SlIMKA AOMXKHO GBITb PaBHO HYJI0. ITO H
nonyyaeTcsi, eC/JH MOJA <«BbLITSKaHHEM» H3 3TOH MOBEPXHOCTH MBI
NOHHMAaeM MOBEPXHOCTHHIH HHTerpaJ OT HOPMaJbHOH COCTaBJISIIO-
weid E, 1. e. motok E B TOM CcMbicJle, KOTOpBIil GBI YCTaHOBJIEH
B r1. 3. Ha GokoBbIx rpaHsix HopMmaabHass cocrapasoowmas E
paBHa HyJi0. Ha cdeprueckux rpaHsx HOpMaJbHas COCTaBJAIO-
wasa E pasna camoil Bequuude E, ¢ MHHycOM Ha MeHbliefi TPaHH
U C maocoM Ha Goabineil. Bennuuna E yGoiBaer kKak 1/r2, a mao-
IlaAb rpaHd pacTeT Kak r2?, Tak 4YTO HX NPOH3BefleHHe OT r He
3aBucut. Ilputok E yepe3 rpaHb @ B TOYHOCTH TFacHUTCsl OTTOKOM
yepe3 rpaHb b. CyMMapHbIl MOTOK Yepe3 S paBeH HYJO, a 3TO
BCe PABHO, YTO CKa3aTh:

S E,da=0 (4.30)
S
Ha 3TOH ﬂOBerHOCTH.
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Due 46. MMorox E u3
nosepxunocTu S pasen
HY A0, Nosepxwocms S

Togeynsid 3apsd

Tenepb nokaxeMm, 4YtO [Be «TOpLEBble» MOBEPXHOCTH MOTYT
6bITh 6e3 ymep6a A/ BelWyHHBl HHTerpana (4.30) mepekowieHbI
OTHOCHTeJIbHO paauyca. XOTsl 3TO BepHO Bcernaa, HO AJs HaUIMX
ueJell 10CTaTOYHO TOJMBKO NMOKa3aTh, YTO 3TO CNpaBelJHBO TOTAa,
KOrfla «TOPLbI» MaJbl H CTATHMBAIOT MaJblil YyroJ ¢ BepLIMHOH B
HCTOYHHKE, T. € B AEHCTBHTEJNBHOCTH OECKOHEYHO MaJbld yroJ.
Ha ¢ur. 4.6 nokasaHa noBepxHocTb S, «60KOBbIE TPaHH» KOTOPOH
panMaJjbHbl, a «TOpUbl» nepekouleHol. Ha pucyHke oHHM He MaJihl,
HO HaJl0 npeACTaBHTb cebe, YTO HA CaAMOM JeJ/ie OHH OYeHb MaJlbl.
Torna none E Hag moBepXHOCTbIO GyAeT NOCTATOYHO OJAHOPOI-
HBIM, TaK YTO MOXHO B3Tb €ro 3HaueHHe B leHTpe. Ecan Topen
HaKJ/JOHeH Ha yros 0, TO ero nJjowajb Bo3pacrtaeT B 1/cos 0 pas,
a En, — xomnonenta E, HOpMaJbHAasi K NOBEPXHOCTH Topua, yObl-
BaeT B cos O pas, Tak uTo npousseseHne E,Aa He MeHsiercs. [lo-
TOK H3 BCell MOBEPXHOCTH S Mmo-npezileMy paBeH HYJIO.

Tenepr yxe Jerko pasrasaferb, YTO M MOTOK M3 06beMa,
OKDYXEHHOTO Nnpou3soAsroli NOBepXHOCTbIO S, 0653aH OHIThb
paBHeIM Hyalo. Beab 060l o6beM MOXKHO NpeNcTaBHUTh cebe
COCTaBJIEHHBIM H3 TaKHX yacTell, Kak Ha ¢ur. 4.6. Bcs noepx-
HOCTb pa3je/IUTC Ha napbl TOPLEBLIX YYaCTKOB, a MOCKOJBLKY
NOTOKH Yepe3 KaXKAYI0 H3 HMX BHYTpb M Hapyxy o6beMma monap-
HO YHHYTOXAIOTCs, TO M CyMMAapHbIH MOTOK yepe3 MOBEPXHOCTDb
o6patutcs B Hyab. Mnes sta uamocrpupyercss gur. 4.7. Ml no-
JlyyaeM COBepILEeHHO O6lLKil pe3y/abTaT: cyMMapHbil noTok E ye-
pes 4106y NOBepXHOCTb S B MOJe TOYEYHOro 3apsfia paBeH HYIo.

Ddue 4.7. Beakuii covem
MOXHHO npeocTrasanTs ceGe
COCTOAWUM U3  OecKkoHeuno
MANLLX  YCEHEHHbLX KOHYCOB.
ITorox E cK803b O00uUH KOH2Yy
Kaxd020 KOHUYECKO20 cecmen-
Ta pasen u npoTUBONONONHER
noToKY CK803b Opyzoli KoHey.

O6uuii nOTOK U3 rosepxHocTu S
nosromy pasen HYalo.
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Due 4.8. Ecau 3apad Ha-
xo0urca  BHYTPU noeepx-
b HOCTU, NOTOK Hapywmy He
paget HYo.

Ea
< a

bynbte, onHako, sBuumareabHbl! Hame gokasaTtesabcTBo pao-
TaeT TOJNbKO TOrAa, KOrJa MOBePXHOCTb S He oKpysxcaer 3apsil.
A yt0 cayunsnoch Gbl, eci Gbl TOYEUHBIH 3apsA 0Ka3aJjcs BHYTPU
noBepxHocTH? Kak H paHblile, NOBEPXHOCTb MOXHO Gbl/10 OBl pa3s-
JeJUTb Ha maphl NJIOIMALOK, CBSI3aHHbBIE paaHa/bHBIMH NMPSAMBIMH,
npoxoasw My uepe3 3apsn (¢ur. 4.8). IloToku uepes aTu yua-
CTKH MO TOH Ke NpPHYHHe, YTO M paHblile, NO-NpexHeMy MOMapHO
PaBHBI, HO TOJMLKO Tenepb HX 3HaKH odunakossr. IloTok H3 mo-
BEPXHOCTH, OKpyscarowell 3apsan, nHe pasen Hymo. Torpa uemy
Xe OH paBeH? DTO MOXKHO Oonpele/uTh ¢ nomowbio ¢okyca. Ho-
MYCTHM, YTO Mbl «yGpaJju» 3apsi «HU3HYTPH», OKPYXKHB ero Ma-
JIeHbKOH MNOBEPXHOCTbIO S’ TaK, YToOGbl OHa JexaJja LEeJHKOM
BHYTpPH NepBOHaya/JbHOH noBepxHocTH S (¢dur. 4.9). Tenepp B
o6beMe, 3aKMOUYEHHOM Mexdy NBYMsi NOBepxXHOCTMH S u S’, HU-
KaKoro 3apsina HeT. OGIHi NOTOK U3 3TOr0 06beMa (BKAIOYas no-
TOK 4yepe3 S’) paBeH HYJIIO, B YeM MOXHO yGeHTbCS NPH NMOMOILH
NpexXHUX apryMentoB. OHH TrOBOPAT HaM, yTO MOTOK yepe3 S’
BHYTPb 00%ema TaKol e, KaK NMOTOK yepe3 S Hapyxy.

Has S’ mMbl MoxeM BbIGpaThb M0G0, Kakylo YyroaHo ¢opmy,
No3TOMYy AaBaiiTe chejaeM ee cdepoil ¢ 3apsaoM B LEHTpe
(¢ur. 4.10). Toraa noTok yepes Hee MOACYHTATL Jerko. Ecaun pa-
Juyc MaJjoil cepsl paBeH r, To 3HaueHHe E noBciogy Ha ee no-
BEPXHOCTH PaBHO

1 ¢
dme, r?

M HanpaBJ/eHO Bcerja no HopMajay K MoBepXHOcTH. Becb notok

/706€p§110£/77b

‘(,(,, g
AR

[losepxrocms
5 ’

Due. 4.9. IMotrok uepes S
pasen noroxy uepes S’,
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Due 4.10. Morok wuepes cghepu-
4ecKyro noeepxXHoCTb, 0XBQTblE8aAl0-
wyo Toveunoll 3ap a0 q, pasex q/&,.

yepe3 S’ nosyunTcs, ecaM 3Ty HOpMaJgbHylo cocTaBasioumyio E
YMHOXHTb Ha MJIOWAAb MOBEPXHOCTH:

(1 q n__ g
TMoTor uepes nosepxuocts S = ( yrer r2) (4aur )—-6—0, (4.31)

T. €. paBeH YHCJy, He 3aBHCsALlEMY OT paauyca cdepn! 3Hauwur,

M TMOTOK Hapyxy 4Yepe3 S Toxe paBeH §/ep; 3TO 3HaueHHe He 3a-

BHCHT OT ¢opMbl S 110 Tex mop, NoKa 3apsiJ ¢ HaXOAHUTCS BHYTPH.
Hamu BbiBoAb Mbl MOXeM 3anucaThb Tak:

0; g cuapyxu S,
S E da =
n 4. S
IMpousBonbuas &o 3G BRyTPH :
NOBEPXHOCTb S

I aBaiiTe BepHeMcs K Hallleifi aHaJOTHH ¢ «APOGHHKAMHU» H No-
CMOTpPHM, eCTb Jii B Hell cMbica. Hama TeopemMa yTBep:kaaer, uto
CyMMapHBI NOTOK APOGHHOK Yepe3 MOBEPXHOCTb paBeH HYJIIO,
€CJH MOBEPXHOCTb He OKpyKaeT co6Oil pyxbe, CTpedsollee
Apo6bI0. A ecaiM pyxbe OKPYXKEHO NMOBEPXHOCTHIO, TO KaKoro Obl
pa3Mepa UM GOpMBEl OHAa HH 6blj1a, KOMHYECTBO NPOXOASLLIHX Ye-
pe3 Hee APOGHHOK BCeraa 0OJHO H TO e — OHO [aeTcsl CKOPOCTbIO,
C KOTODOH JpPOGHHKH BHIJIETAIOT M3 pYXbs. Bce 3TO BHINIALHT
BIIOJIHE Pa3yMHO AJf COXpaHAKINHXCA Apo6uHOK. Ho coobuaer
JIH 3Ta MojeJb HaM XOTb 4YTO-TO CBEpX TOro, UYTO IMOJYyyaercs
npocro Hu3 ypaBHeHus (4.32)? HuxkoMmy He ynamocb BOGHTbCSA
TOrO, 4yToObl «JPOGHHKH» MPOM3BEJNH Ha CBET YTO-HHOYIAb CBepX
3TOro 3akoHa. Kpome Hero, oHH NOpPOXKAAalOT TOJNBKO OUIHOKH.
[ToaToMy-TO MBI CEroaHs NpeAnOYHTaEM YHCTO aGCTPaKTHOE mpel-
CTaBJIeHHEe 00 3JIeKTPOMAarHUTHOM IOJIe.

(4.32)

§ 6. 3axon Iaycca; duesepzenyun noas E

Haw ussamHeiét pesyabtat — ypaBHeHHe (4.32) — 6bis1 JOKa3aH
I/ OTAENbHOrO TOYeYyHOro 3apsifa. A Tenepb AOMYCTHM, YTO HMe-
I0TCSl BA 3apsijla: 3apsAl ¢4 — B OAHON TOUYKEe H 3apsl gz — B APY-
roif. 3agaya BHIIIAAHT yXKe noTpyaHee. Tenepb 3/eKTpHYECKOe
noJie, HOpMaJIbHYI COCTABJISIIOILYI0O KOTOPOrO Mbl HHTErpHpyeM,
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3TO yXe [noJse, co3gaHHoe o6OMMH 3apsafaMu. HMHaue roaops,
ecan E; — anekTpHueckoe noJje, KOTopoe co3fial 6bl OAHH TONBKO
3apan ¢, a Ez — ajiekTpuueckoe noJe, co3gaBaemMoe OAHHUM 3apsi-
IOM ¢z, TO CyMMapHoe 3jeKTpHuecKoe noJje paBHO E = E; 4 E,.
[ToToKk yepe3 npoH3BOJIbHYIO 3aMKHYTYIO MOBEPXHOCTb S paBeH

S (Esn + E,p) da— S Eyda+ S E,, da. (4.33)
S S S

[ToTok npu HaaMuyuH OBYX 3apSALOB-—3TO NMOTOK, BHI3BAHHHIN OJ-
HHM 3apsiioM, MJIOC MOTOK, BBI3BaHHBIA ApyruM. Ecan o6a Haxo-
IATCA CHapyxH S, To MoToK ckBo3b S paBeH Hymw. Ecan ¢, Ha-
XOMHUTCA BHYTPH S, a gz — CHapyXH, TO MepBHIl HHTerpaJ Jact
¢i/e0, a BTOpOi — HyJab. Ecan moBepxXHOCTb OKpyxkaeT o6a 3a-
psana, TO KaX[AblH BHECET BKJaJ B HHTerpa/j H NMOTOK OKaxeTcs
paBHbIM (g + ¢2)/eo. O6l1ee npaBUIO OYEBHAHO: CyMMapHBbIil Mo-
TOK H3 3aMKHYTOH nOBEpPXHOCTH paBeH CYMMapHOMY 3apsiiy
6HYTPU Hee, NEJEHHOMY Ha &

DTOT pe3y.bTaT npeacTaBiasieT co60il BaxKHbIH OGIIHIA 3aKOH
3JIEKTPOCTaTHYECKOrO NoJs, H Ha3biBaeTcs oH TeopeMoil I'aycca,
u1n 3akoHom laycca:

3akon laycca:

CyMMa 3apsiloB BHYTPH
| E, da— Cyuma sopanon onyrpn (4.34)
Jlio6asa
3amMKHyTas
NOBEPXHOCTb
HJTH
Qnuyrp
E- nda=e—, (4.35)
0
Jhio6aa
3aMKHyTas
nosepxHocTb S
rae
Qenyrp = E 4qi. (4.36)
Buytpu S

Ecau Mbl onuchiBaeM pacrnoJioxeHue 3apsiioB Ha fA3blKe MNJIOTHO-
CTH 3apsAL0B p, TO Mbl MOXE€M CYHTAaTb, YTO KaXAbl GeCKOHeYHO
MaJiblii 06beM dV conepKHUT «ToueuHblit» 3apsan p dV. Toraa cym-
Ma [0 BCeM 3apfijaM ecTb HHTerpal

Quyy= | paV. (4.37)
O6beM

BHYTDPH S
M3 Hawero BbiBoga BHAHO, 4TO 3aKOH 'aycca BbiTeKaeT H3
Toro ¢akra, 4To nokasare/b CTeneHH B 3aKoHe KysaoHa B Tou-
HocTH paBeH ABYM. [Tose ¢ 3axoHom 1/r% na u moGoe noae 1/r*
¢ n == 2, ne npuBeno Gbl K 3akoHy ['aycca. 3Hauut, 3akoH Iaycca
KaK pa3 BbipaxkaeT (TO.bKO B Apyroii ¢opme) 3akoH cua Ky-
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JIOHA, [efCTBYIOUIUX MeXAy AByMs 3apsmamu. [eficTBHTeNBbHO,
oTnpaBaAfAch OT 3akoHa I'aycca, MOXHO BbiBecTH 3akoH Kysoha.
O6a oHH cOBeplIeHHO PaBHOLEHHBI 10 TOTO MOMEHTA, MOKa CHJBI
Mex1y 3apsilaMHu AeHCTBYIOT paiHalbHO.

Tenepb Mbl xoTHM 3anucaTh 3akoH 'aycca Ha fI3bIKe NMpOH3-
BoAHbIX. UTOOH 3TO cesaTh, NIPHMEHHM €ro K MOBEPXHOCTH Gec-
KOHEYHO Masoro ky6a. B ri. 3 Mbl mokasasnu, yto notok E u3
Takoro Ky6a paBeH aupepreHuuH V.E, NOMHOXEHHOHl Ha 06BbeEM
dV ky6a. 3apsan BHyTpu dV no onpeneneHnuio p paseH p dV, tak
4To 3aKoH l'aycca paer

v.gav =24
€
HJIH
V-Eze%. (4.38)

Huddepenunanvhaa dopma 3akoHa I'aycca— 370 mepBoe H3 Ha-
WHX QyHAaMeHTabHbBIX YpaBHeHHil MNOJAs B 3JeKTPOCTATHKE,
ypaBHeHHe (4.5). Mbl Tenepb MoKa3aJsu, YTO ABA YPaBHEHHS 3JeK-
tTpocTaTHKH (4.5) u (4.6) 3KBHBa/JIeHTHH 3aKOHY cH/bl KysoHa.
Pa36epem oxuH npumep npuMeHeHHs1 3akoHa [Iaycca (apyrue
npumepsl 6yayT pacCMOTpPEHBI MO3XKe).

§ 7. loae 3apaxcennozo wapa

OnHoil U3 caMbIX TPYAHBIX 3a/ay, KOTOPYIO NPHLIIOCH HAM pe-
1aTh, KOrAa Mbl H3yyaJjH TEOPHIO TPaBHTALHOHHOTO MpHTAXKe-
HHUfl, OBIIO J0OKa3aThb, UTO CHJ1A, CO3/laBaeMas TBEPAbIM LAPOM Ha
ero MOBEpPXHOCTH, TaKas Ke, KaK ecaH Obl Bce BelllecTBO Llapa
6bl10 CKOHLEHTPHPOBaHO B ero ueHtpe. MHoro et HebloToH He
pewaJjcst 06HapoJOBaTh CBOIO TEOPHIO TATOTEHHS, TaK KaK He Obl
yBepeH B NMPaBHJbHOCTH 3TOH TeopeMbl. Mbl A0Ka3aJjH ee B BHINL 1,
ra. 13, B3AB HHTerpas A/ NOTeHUHaJa H BBIYHCJAHB CHJIY TAro-
TeHHsl N0 rpaaveHTy. Tenepb 3Ty TeopeMy Mbl MOXeM [10Ka3aTb
oyeHb mnpocto. Ho Ha 3TOT pas Mbl QOKaxeM He cCOBceM ee, a
CXOJHYIO TeopeMy A/ OJHOPOJHO 3apSIXKEHHOTO 3/EKTPUYECTBOM
wapa. (ITockonbKy 3aKOHBI 3/1€KTPOCTATHKH H TATOTEHHS COBMa-
AT, TO TO € A0Ka3aTe/bCTBO MOXeT GbITh NPOBEJEHO H [/
no/st TATOTEHHS.)

3apaauM BOMpoc: KakoBO 3jekTpuyeckoe nosae E B Touke P
rie-To0 CHapyxHu cdepbl, HaNOJHEHHOH OLHODOAHO pacmpejeneH-
HbIM 3apagoM? Tak Kak 3Jecb HeT «Bblle/IeHHOro» HamnpasJeHHs,
TO 3aKOHHO AOMYCTHTb, 4TO E BCIOAY HanpaBjaeHO NpPSAMO OT
ueHTpa cdepnol. PaccMoTpum BooGpaxkaeMyio chepHYecKyl Mo-
BeDXHOCTb, KOHLlEHTPHUYeCcKyl co cdepoil 3apsaoB M MNPOXoaf-
myio yepe3 Touky P (¢ur. 4.11). das 37oit chepbl NOTOK HAPYKY
paBeH

S E,da=E - 4nR"

85



Due. 4.11. Mpumenenue 3axoHa
TIaycca dan onpederenun noan 0d-
HOPOOHO 3apANCEHHO20 wapa.

1—pacnpedesrenue 3apada 0, 2—eayc-
€08a n0GepxXHOCTL S.

3akon Taycca yTBepKaaeT, YTO 3TOT MOTOK PaBeH CyMMapHOMY
3apany coheprl Q (zeneHHOMY Ha g):

E-4nR?=2,
€9
HaH
__1 Q
E=, 14, (4.39)

a 3To KaK pa3 Ta ¢opmy.aa, KoTopass moJyyH/aach Obl AJas TOYEY-
Horo 3apsna Q. Mel pemnan mpo6aemy Hbiotona npouwe, 6e3
uHTerpaJa. KoHeyHo, 3TO KaxKyulascs npocToTa; BaM MPHLIIOCH
3aTpaTHTb KaKoe-TO BPeMs Ha TO, YTOOH pa3o6paTbCsi B 3aKOHe
l'aycca, u BBl MOXeTe AyMaTb, YTO Ha CaMOM Je/€ BpeMs HH-
CKOJIbKO He c3koHoMJeHo. Ho korga BaM mpuiaercss yacTto NpH-
MEHATb 3Ty TeopeMy, TO OHa NPaKTHYeCKH OKymHTca. Bce aeno
B NpHUBLIYKE.

§ 8. Jlunuu noas; sxeunorenyuasvrole
nosepxHoCTU

Tenepb Mbl co6HpaeMcsl 1aTh reoMeTpHYECKOe OMKHCAHHE 3JIeK-
TpocTaTHyeckoro nosas. IIBa 3akoHa 3/MeKTPOCTAaTHKH: OJHMH — O
NpONOpPUHOHAJILHOCTH NOTOKA H BHYTPeHHero 3apsiia U Apyroi —
O TOM, YTO 3JIeKTpHUYeCKOe MoJie eCTb FPaAMeHT MOTeHlLHana, Mo=
IYT Takxe OBITb H306pakeHbl reoMeTpHuecKH. MBI NMPOHJIIOCT-
pHpyeM 3TO ABYMS NpHMepaMH.

ITepBEIil npuMep: Bo3bMeM moJie ToueuHoro 3apsina. Ilposenem
JUHUM B HanNpaBJieHHH M0Js, KOTOpble MOBCIOJY KacaTe/bHbl
K BeKTOpam noas (¢wur. 4.12). Mx HasbiBawOT Aunuamu noas. Jin-
HHM NOJSl BCIOAY NMOKA3bIBAIOT HAaNpaBJ/eHHe 3/]1eKTPHUECKOrO Bek-
topa. Ho, kpome 3TOro, Mbpi XO0THM H306pa3uTb U a6GCOIOTHYIO
BeJIMYHHY BeKTOpa. MOXHO BBeCTH TaKoe NpPaBHJO: MyCTb HaNps-
XEHHOCTb 3JIEKTPHYECKOro noJisl NMpeacTaBaseTCs <IJOTHOCTbIO»
aunuit. Ilog aTHM MBI nogpasyMeBaeM YHC/O JIHHHH Ha €AMHHLY
NJIOWAaAH, NepHeHAUKYJIsAPHOH JHHHAM. C MOMOILBIO 3THX ABYX
NpaBHJA Mbl MOXKEM HAuYepTHTb KapTHHY 3JeKTPHYeCKOro noJs.
Jinsg TOYeyHOro 3apsila NJAOTHOCTb JIHHHI JOJXKHAa YObIBaTb Kak
1/r2. Ho naomanp cpepryeckoil moBepXHOCTH, MepreHAHKY A PHOR
K JIMHHSM Ha BCeX pajMycax r, B03pacraer Kak r?, Tak 4To ec/H
Mbl COXPAaHHM BCIOJy, Ha 6Cex PacCTOAHHAX OT UeHTPa, 00HO U
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TO (e 4UCAO NHHHUH, TO UX NAOTHOCTb6 OCTAHETCs NpOMOPUHOHAJb-
HOll BeJMYMHe NoJas. Mbl MOXeM TrapaHTHpOBaTb HEH3MEHHOCTb
ypcsla JHHHH Ha BCeX DACCTOSIHMAX, ecan oGecrieydM Henpepbis-
HOCTb JIMHMI, T. €. ec/IM yX JHMHHA BbIJA U3 3apsAja, TO OHA HH-
Korga He KoHuutTcsl. Ha ssbike quHuit moas 3akod [Maycca yrt-
BEPXKIaeT, YTO JHHHH MOTYT HAYUHHATbCS TOJBKO B IJIIOC-3apsAaax
H KOHYaTbCAd TOJIBKO B MHHYC-3apsfaX. A 4YHCJO JIHHUH, NOKU-
darouyux 3apsia ¢, LOMKHO GLITb PAaBHO ¢/eo.

CXO0/HYI0 reOMeTPHUYECKYI0O KapTHHY MOXHO OTBICKAaTb M AJIS
notenuuana ¢. I[lpouwe Bcero n3o6paaTb ero, pucyst nNoBepXHO-
CTH, Ha KOTOPHIX ¢ NOCTOSAHHO. MX Ha3bIBAIOT IKBUNOTEHUAAb-
HbiMU, T. e. MOBEPXHOCTAMH OJMHAKOBOro noTeHuuana. Kakosa
reoMeTpHyeckas CBf3b 3KBHNOTEHLHA/JbHBIX NMOBEPXHOCTEH H JH-
HHH moasi? DJeKTpHyecKoe NoJe SBJSETCH TPaJHEHTOM MNOTEH-
uxana. 'pagueHT HampaBJ/eH MO CaMOMY OLICTPOMY H3MeHEeHHIO
NnoTeHLHa a, NOSTOMY OH NepHeHAHUKY/IsipeH K 3KBHMOTEHLHAJb-
Hoil noBepxHocTH. Ecau 6ol E ne 6Gbi10 nepneHAMKYJsSPHO K MO-
BEDXHOCTH, Y Hero cyllectsoBaJja Obl cocTaBjswllas 80046 Mo-
BEPXHOCTH Y MOTEHUHAJ H3MeHsJacs Obl BAOJb MOBEPXHOCTH H
TOrJa HeJab3sl Obl10 Gbl CUHTATb €€ 3KBHMOTEHIIHAJNbHOH. DKBH-
NOTEHUHANbHBIE MOBEPXHOCTH [AO/KHBI MNO3TOMY HeNpeMeHHO
BCIOAY NPOXOAHTb NOMNepeK JHHHH 3/JeKTPHYECKOro NoJs.

Y oTaenbHO B3SITOrO TOYEYHOTO 3apsia SKBMNOTEHLHAJbHbIE
NOBEepPXHOCTH — 3TO chephl ¢ 3apsigoM B ueHTpe. Ha ¢wur. 4.12
NOKa3aHo nepeceyeHHe 3THX cdep C MJIOCKOCTbIO, NMPOBEAEHHOH
yepes 3aps.

B kauyecTBe BTOpOro mpumepa paccCMOTpPUM noje GJH3 ABYX
OJHHAKOBBIX 3aps[0B, OJHOT'O MOJIOXHTE/IbHOrO, a APYroro OTpH-
naTeJbHOro. 3T0 mMoJie MOMYYHThb Jerko. 310 cynepnosuuus (Ha-
JIOXKEeHHE) MoJieil KaXA0ro u3 3apsiaoB. 3HAUYHT, Mbl MOXKeEM B35ITb
IIBe KapTHHKH, MOXOXKHe Ha ¢ur. 4.12, u HANOKHUTb HX... HET, 3TO
HeBo3MoxHo! Torma mnoayuuauce Obl nepecekamoliuecs JAHHHH
noJssi, a 31010 GBHITL He MOXeT, NOTOMYy 4T0 E He MOXeT HMeTb
B OHOM TOuKe 0gyx HanpasjeHHi. Heyno6cTBO KapTHHBI JHHMH
no/1f Tenepb CTAaHOBHTCA oyeBHAHBIM. C mOMOILbIO reoMeTpHue-
CKHX pacCyx/[eHHIl HeBO3MOXKHO B NpocToii ¢opMe nmpoaHaau3n-
poBaTh, Kyia mo#ayT HOBble JUHHU. VI3 AByX He3aBHUCHMBIX Kap-
THH HeJb3fl NONYYUTb HX coyeTaHHe. [IpHHUMN Ha/MOXeHHs, CTOMb
npocToifl M r1y6OKMH NMPHHUMI TEOPHH 3JEeKTPHYeCKHX MoJieH, B
KapTHHe MO0JIeBbIX JHHUH He HMeeT NMPOCTOr0 COOTBETCTBHA.

KapTuHa moseBHIX JIMHHH Bce Xe MMeeT CBOK 06/1acTb Npu-
MEHHMOCTH, TaK 4YTO MBI MOXeM BCe e 3aXOTeTb HA4YepTUTb 3Ty
KapTHHY [/ napbl PaBHBIX (M NPOTHBOMNOJIOXKHBIX) 3apsiOB.
Ecau MBl BHIYHCIHM nosist n3 ypaBHeHus (4.13), a noTeHuHafb u3
(4.23), To cyMeeM HAYepTHTb M JIMHHH NOJA ¥ SKBHIOTEHUHAJIH.
®ur. 4.13 geMoHCTpHUpPYET 3TOT pe3yabTtat. Ho cnepsa mpuiiocs
pelluTb 3ajayy aHaJHTHYecKHu!



razasa 5

NMPUMEHEHHSI 3AKOHA TAYCCA

§ 1. daexrpocraruxa — ato ecro
3axon I'aycca narwoc ...

CylecTBYIOT [Ba 3aKOHa 3J/IEKTPOCTATHKH:
NOTOK 3JIEKTPHYECKOro noJsi U3 o6beMa npomnop-
LMOHA/eH 3apsily BHYTpH Hero — 3akoH ['aycca,
H UHPKYJALHA 3JeKTPHYECKOro MnoJs paBHA
HyJ10 — E ecTb rpaauedT. M3 3THX ABYX 3aKOHOB
C/IeaylOT BCe NMpeACKa3aHHs 3JeKTpocTaTukH. Ho
O/IHO J€e/10 BHICKa3aTh 3TH BelllH MaTeMaTHUYECKH,
H COBCEM L pYyroe — MNPHMEHATb HX C JIETKOCTBIO H
C HYXHOH poneit octpoymus. B 3Toii riaBe Mbl
OyaeM 3aHHMaTbCd TOJbKO TaKHMMH pacueTaMy,
KOTOpble MOTYT GbITh NPOAEIaHbl HenocpeaCTBEH-
HO Ha OocHoBe 3aKoHa I'aycca. Mbl foKaxkeM He-
KOTOpble TeopeMbl M OMNHIeM HeKoTophle 3d¢ek-
Thl (B YaCTHOCTH, B NMpPOBOAHHMKAX), KOTOpble Ha
ocHoBe 3akoHa I'aycca oueHb Jerko nousite. Cam
no cebe 3akoH I'aycca He MoxeT [1aTb pelleHHS
HH OJHOH 3a7a4H, NOTOMY 4TO AOJ/KHB ObITh BhI-
NOJIHEHBl M KaKHe-TO [pyrue 3aKOHBL. 3HAuMT,
NpHMeHsis 3aKOH laycca K pelleHHI0 4YacTHBIX
3a1ay4, HY>KHO Bcerja K HeMy 4YTO-TO J006aBJSThb.
Mbl fO/KHBL, HanpuMep, 3apaHee AeJaThb KaKue-
TO MpPEeANOJIOXKEHHA O TOM, KaK BBITJISAAHUT MOJeE,
OCHOBBIBaACb, CKa)eM, Ha COOGpaKeHHAX CHM-
metpud. Mau posxkHbl GyaeM 0co60 BBOAHUTH
npejicTaB/jeHHe O TOM, YTO MNOJie eCTb FPafgHEHT
NnoTeHUHaJa.

§ 2. Pasnosecue 8 3nexkTpocTaruiecKkom noae

PaccmoTpuM cHayasa cjiefyolwuil Bonpoc: B
KaKHX YCJOBHSAX 10YEYHBbIH 3apsi MOXeT npeGbl-
BaTb B MEXaHHYECKOM paBHOBECHH B 3JI€KTpHUe-
CKOM mnoJle ApPYrux 3apsanoB? B kauecTBe mpw-
Mepa mpenctaBuM ceGe TpPH OTPHLATE/LHBIX 3a-
psiia B BepIIHHAX PaBHOCTOPOHHErO TPEYroJbHHU-
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AnexkTpocraTUKa —
3TO ecTh 3aKOH
Faycca natoc...

PaBHoBecHe
B 3/1EKTPOCTATH-
4YecKomM none

PaBsHoBecHe
C UPOBOAHMKAMH

YcroitunBocTb
aToMOB

Mone 3apaxenHoit
npaAMON NUHUM

3apsxeHnHan
NNOCKOCTh;
napa naockocrei

QOaxopeato
3apsAXKeHHbl wap;
3apAxeHHaa cdepa

TouyeH N 3aKOH
Kynona?

Mona npoBoaxuka

§ 10. Mone BHyTPH

noJioCTH
NpoOBOAHUKA
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Duye 51. Ecau 661 Touka Py or- / \
MeHana  noaoiceHue  YCroiuusozo / P
PaBHOBECUR NOAOMUTEABHOZ0 3apA~ ! Pa. !
0a, TO 3neKTpudeckoe noae noscrody 1 1_-Boobparaeman
8 ee OKpeCTHOCTU 6oin0 6bL HaNPas- ‘/ ," 11068 PXHOCTIb,
neto K Py \ j » oxpywHarowaa Py

-
-~

K4, pacnoJ/IOXXeHHOro B TOPH30HTa/NbHOH n/ockocTH. OcTraHeTcs
JI1 Ha CBOEM MecCTe IMOJIOXHTENbHbIH 3apsi, NOMeUIeHHbIH B LLeHTP
TpeyrojbHuKa? (/a1 NMpOCTOTH TAXKECTbIO NpeHebpexeMm; HO H
yueT ee BJMSAHHUA He U3MeHUT BbiBOAOB.) Cuaa, feificTByloulas Ha
NONOXKUTENbHBI 3apsill, paBHA HYJIO, HO YCTOHYHBO JIH 3TO paB-
HoBecHe? BepHeTcsi /M 3apsii B MOJIOXKEHHE PaBHOBECHS, €CJH
€ro yyTb CABHHYTb C 3TOro Mecta? OTBeT IJ1acHT: HeT.

Hu 8 kakom 3MeKTPOCTaTHYECKOM MOJIe He CYLIeCTBYeT HilKa-
Kux TOYeK YCTOMYMBOIO paBHOBeCHS, 3a HCKJIOYEHHeM cJyuas,
Korjaa sapsiabl culsit Apyr Ha apyre. Ilpumenss 3akoH [aycca,
JIETKO MOHATb moyeMy. Bo-nepBruix, 4TOGH 3apsia npeGbiBaa B paB-
HOBeCHH B HeKOTOpO#l Touke Py, noJse B Heil JOMKHO GbITH PABHO
Hyi0. Bo-BTOpbIX, yTOGB paBHOBecHe OblI0 YCTOHUYMBBLIM, Tpe-
6yeTcs, 4yToGH cMellleHHe 3apsina u3 Py B 406yt CTOPOHY BbI3bI-
BaJI0 BOCCTAHABJ/HBAIOWYIO CHJY, HaNpaBJ/JeHHYIO MPOTHB CMelue-
Husl. BeKTOpHl 3/IeKTPUUYECKOrO MOMAsl BO 8CeX OKPECTHBIX TOYKaXx
JNOJXKHBI MOKa3blBaTh BHYTPb — Ha TO4Ky P, Ho kak serko Bu-
NeThb, 3TO Hapyumaer 3akoH 'aycca, ecau B Py HeT 3apsaa.

Bo3abMeM HeGoJbIIYIO BOOGPaxKaeMylo OBEPXHOCTb, OKPYKalo-
myio Touky Py (¢wur. 5.1). Ecan nosciony B6aM3H Py 3/1eKTpHYe-
CKOe MoJie HanpasJ/eHo K Py, TO MOBEPXHOCTHBIH HHTErpaJ OT HOp-
MaJbEOH COCTaBJSAIOILElN ONpeae/eHHO He paBeH HyJI0. B cayuae,
n3o6paKeHHOM Ha ¢urype, moTok uyepe3 MNOBEPXHOCTb [OJ/IXKeEH
6bITh OTpHLATeNbHBIM 4YHcJOM. Ho, cornacHo 3akony I'aycca, no-
TOK 3JIeKTPHYECKOrO MoJifl CKBO3b JIOOYI MOBEPXHOCTb NpONop-
LHOHAJIeH KOJIMyecTBY 3apsaaa BHyTpH Hee. Ecan B Py Het 3apana,
TO H300paKeHHOe HaMH NoJle HapyWHT 3aKOH ["aycca. YpasHose-
CHUTb MOJIOXHUTENbHBIH 3apsi B NyCTOM NPOCTPAHCTBE, B TOUKE,
B KOTODOH HeT KaKoro-HMOydb OTPHUATEJbHOIO 3apsja, HeBO3-
MOxHO. Ho ec/1M moJicKHTeJIbHBIH 3apsiA pa3MellleH 8 yeHTpe pac-
npeaeeHHOr0 OTPHUATENBHOrO 3apsifla, TO OH MOXeT HaXOAHThCs
B paBHOBeCHHU. KOHeuHO, pacnpeaeneHue OTPHUATENbHOrO 3apsaa
JIO/IXKHO CaMO yJepXKHBaTbC HAa CBOeM MecTe NMOCTOPOHHHMH, He-
3JIeKTPHYECKHUMH CHJ1aMu!

3ToT BHIBOA MBI Npodenand AJs TodeyHoro 3apsina. CoGuio-
JaeTcad JU OH 1J1s1 CJAOXHOH PacCTaHOBKHM 3apSi0B, OTHOCHTEJb-
HOe pacnoJioXKeHHe KOTOPBbIX uYeM-TO (HUKCHPOBAHO (CKaxeM,
cTepxHaAMH)? Pa3bepem 3TOT BOmpoc Ha NpHMepe ABYX OAHHa-
KOBbIX 3apsiloB, 3aKpemJeHHHIX Ha cTepxHe. MoxeT Jau 3Ta
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Due 52. 3apad moixer 6uTs 8 pasHoseciitl,
ecau UMeIOTCS MexaHu4ecKue O02pAHUYEHUSR.

KOMOHHAUHs1 B KAKOM-TO 3JIEKTPHYECKOM M0Jie 3aCTbITb B PaBHO-
Becuu? U onsath orBeT raacut: HeT. Cymmapras cuia, AeHCTBYIO-
1las Ha CTepKeHb, He CrOCOOHa BO3BpallaTh €r0 K MOJOXKEHHIO
paBHOBeCHs NMPH JMIOObIX HanpasJeHHUAX CMelleHus.

0O603HaYUM CYMMAapHYIO CHJY, NEHCTBYHIOLLYI0 Ha CTepXKeHb
B Mo60oM nosoxxeHud, 6ykeoit F. Torna F— 3T0 BekTOpHOe noJe.
[ToBTOpsAsl Te Ke pacCyXKAeHHdA, YTO H Bhillle, MBI NPHAEM K 3a-
KJIOYEHHIO, YTO B MOJOXEHHH YCTOHYHBOrO PaBHOBECHS [HBEp-
reHuuss F posxkHa 6bITh ync/a0M oTpHUaTebHBIM. Ho cymMMapnas
cHJa, JeHCTByOLlas Ha CTep:KeHb, PaBHA MpPOM3BeleHHIO NepBOro
3apsia Ha noJje B TOM MeCTe, Ile OH HaXOAHUTCs, MJOC MPOH3Be-
lNleHHe BTOPOro 3apsja Ha MoJe B TOM MecTe, Tle OH HaXOAHUTCH:

F=q.E, + ¢:E.. (5.1
Husepreduns F paetcst BbipakeHHeM
V.-F=¢q,(V- E)+¢.(V-Ey.

Ecau KaxAbift U3 ABYX 3apSfOB g; H s HAXOAUTCA B CBOOGOAHOM
npocrpanctee, TOo U V-E; u V-E; paBubl Hy.10, u V-F ToXe Hyab,
a He OTPHUATENLHOE YHCJO, KaK A0JKHO Oblj0 6bl ObITh NPH PaB-
HoBecHH. [lasbHelilllee pacllMpeHiie 3TOr0 AOKa3aTeJbCTBa MOKa-
XKET, YTO HHKaKas XecTkass KOMGHHauus Ja16oro yucJaa 3apsaios
He crnccofGHa 3aMepeTb B MOJOXEHHH YCTOHYHBOrO PaBHOBECHS
B 3JIEKTPOCTATHYECKOM MOJIe B NMyCTOM NpPOCTPaHCTBE.

Ho Mb He coGupaemcsi NOKa3biBaTb, YTO eCJau 3aps] MOXeT
CKOJIb3UTb MO CTEPXKHAM HJH ONUPATbCA HAa JAPyTrHe MeXaHHue-
CKHE CBSI3H, TO PaBHOBECHE BCe PaBHO HEBO3MOXHO. JTO He TakK.
BoabMeM nags npumepa TpyOKy, B KOTOpOi 3apsil MOXeT CBO-
60140 ABMraTbCsl Bnepel H Hasal (HO He B cTOpoHy). Tenepb
JIErKO YCTPOUTB 3JIEKTPHUECKOe MoJie, KOTOpOe Ha KOHUaX TPyOKH
HanpasJ/eHO BHYTpb Hee (NMpH 9TOM 6/1M3 LleHTpa TPYyGKH eMy pas-
peuraercsi GbITb HaNpaBJeHHBIM HapyXy, B cTOpoHy). Jlas 3Toro
HaJO0 MPOCTO NOMECTUTb MO MOJIOXKHTE/IbHOMY 3apsly Ha KaKJOM
KoHlle TpyOku (¢ur. 5.2). Tenepb TOYKa paBHOBECHS CyLLeCTBYeT
Jaxe B TOM cJayuyae, Koraa auBepreHuuss E pasna nyawo. Ko-
HEeYyHOo, 3apsia He oOKasaJjcsi Gbl B YCTOHYHBOM DaBHOBECHH, eCJ/H
Obl He «HE3JeKTPHYECKHE» CHJbl OT CTEHOK TPYOKH.
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§ 3. Pasnosecue ¢ nposodnuxamu

B cucreme 3akpenJieHHbIX 3apsilOB YCTOHYHBOro Mecta A5
npo6HOro 3apsaa HeT. A Kak OGCTOHT [eJ10 C CHCTEMOI 3apsi XKeH-
HbIX NPOBOAHHKOB? MOXKET JiM CHCTeMa 3apsKEHHBIX NPOBOAHH-
KOB €03JaTb MOJle, B KOTOPOM [JIs1 TOYEYHOTrO 3apsiia XOTb Te-
HUOYAb Haligercsa ycToduuBoe MecTeuko? (KoHeuHo, HMeeTcs
B BHly He MeCTO Ha NOBEPXHOCTH MPOBOAHHMKA.) Bl 3Haere, uTo
NPOBOJHHKH XapaKTePHBI TeM, YTO 3apsifibl MO HUM MOTYT [ABH-
ratbcs cBO60AHO. MoOXeT ObITb, €CJAH YYTh CABHHYTb TOYEYHBIH
3apsa, TO Npouue 3apsiibl Ha NPOBOJHHKAX TaK CMeCTATCS, 4TO
Ha TOYeUYHbI 3apsii HayHeT [NeHCTBOBaTb BOCCTaHAaBJMBAKOLIAA
cuna? OTBeT MNO-NpeXHeMy OTpULATENbHBIH, XOTA M3 MpHBe-
JeHHOTO HaMH [0Ka3aTeJbCTBa 3TOr0 BOBCe He cJjelyeT. B sToM
c/lyyae [0Ka3aTeJbCTBO CJIOXKHEe, W Mbl TOJbKO HaMeETHM €ro
XOJI.

Bo-nepBbIX, Mbl 3aMeyaeM, YTO KOrja 3apsiibl Nepepacmnpe-
JEeJSI0TC N0 NPOBOAHMKAM, TO 3TO BO3MOXHO TOJNbKO TOraa,
KOrja OT MX [OBHXEHHA HX CyMMapHas MOTeHLHaJbHasi 3Heprus
cokpamaercs. (HacTb X Hepruu, Korjia OHH ABIKYTCA MO Npo-
BOJHUKY, MEPeXOJUT B Tensao.) A MBI yXe M0OKa3aJ/H, YTO KOraa
3apsilbl, CO3Jalollle NoJe, cTAYUOHAPHOL, TO BOJIU3H OG0 TOUKH
Py, B KOTOpO# NoJle paBHO HYJIIO, CYIeCTBYeT HanpasJ/eHHe, B KO-
TOPpOM CMellleHHe TOYeYyHOro 3apsaa H3 Py ymenbuwuT 3Hepruio
cHCTeMBl (TaK Kak cusa HamnpasJjena oT Pp). Jllo6oe nepemellte-
HHUe 3apfi0B MO NMPOBOJHHKAM MOXET TOJNbKO elle GOJblle CHH-
3UTb HX MOTEHLHAJbHYIO SHEPTHI0, TaK YTO (MO MPHHLUUNY BHPTY-
aJbHON paGoOTH) HX [ABHXKEHHE TOJNBKO YBEeAULUT CHJIYy B ITOM
YKa3aHHOM HamnpaBJieHHH, HO HHKaK He O6paTHT ee 3HaK.

Hawn csnoBa He 03HA4alOT, YTO 3apsi] HEBO3MOXHO ypaBHO-
BECHTb 3JIEKTPHUYECKHMH CHIaMH. DTO MOXKHO CHe/IaThb, €CJIH Ce-
LHaJbHBIMH YCTPOHCTBAMH KOHTPOJIHPOBATb PacCIlOJIOXKEHHE HJH
pasMep noalepxKHUBaeMbX 3apsnoB. Bel e 3HaeTe, yTO CTep-
XE€Hb, CTOSAUIMH B TPAaBMTALLMOHIIOM TMOJie Ha CBOeM HHXHEM
KOHIle, HEYCTOHYMB, HO OTCIOJa He CJeAYeT, YTO ero HeJb3si Ypas-
HOBEeCHTb Ha KOHYHKe mnaJjbiia. TOYHO TaK e M 3apsil MOXHO
yaepxKaTb Ha OLHOM MeCTe C MOMOIULI0O OJHHX TOJIBKO 3JEKTpH-
YeCKHX CHJI, eC/IM BOBDPeMsI M3MeHATb 3TH cuabl. Ho 3Toro Hesb3s
CoeNaTh ¢ MOMOIUIbI0 MACCHBHOM, T. €. cTATU4ecKou, CHCTEMbI CHJIL.

§ 4. Ycrotivueocre aromos

Pas 3apsnbl He MOTYT HMeTb YCTOHYMBOrO MOJIOXKEHHS, TO,
pasyMmeercs, HeMpPaBHJbHO NMPENCTABAATb BEIECTBO MOCTPOEHHBIM
M3 CTaTHYECKHX TO4EYHbIX 3apAN0B (3/1€KTPOHOB H MPOTOHOB),
ynpas/isieMblX TOJIbKO 3aKOHaMH 3JeKTPOCTaTHKH. Takas cTaTH-
yecKkast KOH(pUrypauus HeMbiCJaHMMa, OHa o6BaauTtcs!
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! Due 538. Tomconoscxan moderd
aroma.
1—00H0pOOHO pacnpedeseHHbLiE NOAOK U

N TeAbHbLL 3apAd; 2—0TpuyaresbHblil 3a-
RS pAd, CKOHYEHTPUPOBAHHLLE 6 YeHTpe.

B cBoe BpeMsi mpea/iaranoch CYHTaTh MOMOXKHTENbHBIA 3apan
atoMa pacnpeflejieHHbIM OJHOPOJHO MO L1apy, a OTPHUATeJbHbIE
3apsAabl  (3/1eKTPOHBI) MOKOSLIHMUCSH BHYTPH MOJIOXKHUTEJIbHOTO
3apsaga (¢wur. 5.3). d1o GblIa mepBas aTOMHAasi MoOJeJb, NpeNJo-
)KeHHass TomcoHoM. Ho Pesepdopn u3 onwita, npoacaansoro I'efi-
repoMm H MapcaeHoM, clies1a] BhIBOJ, YTO MOJNOXKHTeNbHbIE 3aPALbI
OYeHb CHJIbHO CKOHLEHTPHUPOBAHBI U 06Pa3ylOT TO, YTO Mbl Ha3bl-
BaeMm sapoM. M ctatnueckyio mMomear ToMcoHa mpHujioce OTcTa-
BHTb. 3aTeM Pesepdopa u Bop npeanonoxu.u, 4yto paBHOBecHe
U NpPH TakoM npeictaBaeHud o6 atome. Ilpu nBHKeHHHM no opGH-
TaM (¢ur. 5.4). Op6GuTanbHoe ABHXKEHHe B 3TOM cJydyae yaep-
)KHUBaJo Obl 3JEKTPOHbl OT majaeHus Ha aapo. Ho Mbl ¢ Bamu
3HaKOMBbl MO Kpaiiked Mepe ¢ OAHOH TPYLHOCTBIO, BO3HHKaOLIleH
M NIPY TAaKOM npeacTaB/eHHH o6 aTome. [Ipu aBHXKeHHH no op6H-
TaM 3JeKTPOHbl YCKOPAIOTCA (M3-3a BpallaTeJbHOTO ABHXKEHHH),
H NO3TOMY ORH H3/y4yaju Obl 3Hepruio. [Ipu 3ToM OHH moTepsIOT
KHHETHYECKYIO HepPryio, HeOOXOAUMYIO U TOTO, YTOGBl OCTATHCS
Ha op6uTax, U OHH JOJKHBl GyAyT majaTh, ABHUrasCh Mo CIH-
paau, Ha aapo. OnATb HeYCTOHYUBOCTD!

Ceilyac cTaGH/IBHOCTD aTOMa OGBSICHSETCS C MOMOUIbIO KBaH-
TOBOH MEXaHHKH. DJIeKTPOCTaTHYECKHE CHJIbI NMPHTATHBAIOT 3JeK-
TPOH K APy, HaCKOJIbKO 3TO BO3MOXHO, HO 3JIEKTPOH BBIHYX/EH
0CTaBaTbCsl PAa3Ma3aHHbIM B NPOCTPAHCTBE HA PAcCTOSHHH, AHK-
TyeMCM NpPHHUHNOM HeonpefeneHHocTH. Ecan 6bl oH aepxkaJcs
B OueHb Y3KOM mpocTpaHcTBe 6/M3 siApa, y Hero Gbli1a Gbl 60Jib-
mas HeonpejeneHHOCTb B umnyasce. Ho 3To osHawaso 6bl, 4TO

Due 54. Modeas aroma Pe3zep-
¢opda — Bopa.
1—noaoxcuTenbHble adpa 68 YeHTpe;

2 —oTpUyaTeAbHBLE IAEKTPOHLL HA nAZ=
HeTHbLX opburax.
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ero Oxujaaemasi SHeprusi BbICOKa M MOXeT GbITb HCMNOJb30BaHA
151 TOro, 4TOoGbl pa3opBaTbh 3JeKTPHYECKOe MpUTSKeHHe fApa.
BLIXOAUT, 4TO B HTOre 3/E€KTPHUYECKOe paBHOBeCHe He CJHIIKOM
oTHyaeTcst OoT HaeH ToMcoHa, HO TOJILKO Ha 3TOT pa3 pasMasaH
oTpuyareavrbill 3apsin (MOTOMY 4TO Macca 3JeKTpOHa Hecpas-
HEHHO MeHbllle MacChl MPOTOHA).

§ 5. Hoae 3apaxennoii npamoii aunuu

3axoH laycca MoXeT GbITb MpPHUMEHEH AJS1 pelleHHs MHOXe-
CTBa 3a/llay, CBSA3aHHBIX C 3/JeKTPHYECKMM nNoJeM, 06.1a1ar0lUM
crielHaJbHOR cHMMeTpHell (uaule Bcero cdepuyeckoil, UHJHHA-
pHYecKOH HJH nJsockoil). B ocrtaBuefics yactd 3Toil rJjaBbl Mbl
3ailMeMcsl npUMeHeHHeM 3aKoHa laycca K HEKOTOpHIM 3ajavaM
nono6Horo poaa. Jlerkoctb, ¢ Kotopoit 6ynyT pelmatbcs 3TH 3a-
JayH, MOXKET co31aTb OIIHOGOYHOe BHeyaTJeHHe O MOLUH MeToaa
H O BO3MOXHOCTH C €ro MOMOIUbIO MepeHTH K pelleHHI0 MHOTHX
apyrux 3anay. K coxanenuio, ato He Tak. Cnucok 3aznay, Jerko
pemaeMbix no 3akoHy I'aycca, GblicTpo ucuepnbiBaercsi. B npase-
HEHLIMX riaBaX Mbl pa3oBbeM Kyaa GoJiee MOLIHble MeTOAbl HC-
CJIelOBAHHUS 3JIeKTPOCTAaTHUECKHUX NOJeH.

B kayecTBe mepBoro mpHMepa pacCMOTPHM CHCTeMy cC LH-
JIUHADPUYeCKOH cuMMeTpHelt. [TycThb y Hac HMeeTcs AJMHHAA-IJHH-
Hasi paBHOMEPHO 3apsiKeHHasi cnHvua. [log 3THM Mbl NOHHMaeM
3JIeKTPHYeCKHe 3apsAabl, PABHOMEpPHO pacnpefe/eHHble no AJHHe
6ECKOHEYHO IJIHHHOM NpsIMOl, TaK YTO HAa eJMHHLY AJHHBI NMpH-
XOAUTCA 3apsia A. Mbl XOTHM omnpefe/uTb 3JeKTPHYeCcKoe MOJe.
KoHeuHo, 3asayy MOXHO peUHTb HHTErPHPOBAHHEM BK/Ial0B
B moJie OT Bcex yacrtell npsiMoil. Ho Mbl cobupaeMcs pelwuth ee
6e3 HHTerpUpoBaHHs, TOJbKO C TNOMOILbI0 3aKoHa [aycca n
HEKOTOPHIX norajok. Bo-mepBbiX, J1€rkKo A0ragatbesd, YTO 3JEKT-
puyeckoe moJe GyaeT HanmpaBjeHo no paauycy. Jlio6oit oceBoit
COCTaBJISIOLIEH OT 3apALOB, JeXalluX ¢ OAHOH CTOPOHBI OT HEKO-
TOPO# MJOCKOCTH, NO/MXKHA OTBeYaThb TaKas XKe oceBas COCTaBJ/sA-
I001aA OT 3apsA0B, JeXallHX ¢ APYyroit CTOpoHbl. B HTOre 10/1XKHO
OCTaTbCsl TOJIBKO pajfuadbHoe mose. Kpome Toro, pesoHHo moaa-
raTb, 4T0 BO BC€X TOYKAX, PABHOOTCTOSAIIHX OT MNPAMOH, NoJe
HMeeT OJMHAKOBYIO BeJIMYHHY. DTO oueBHAHO. (MoxeT GBITb, 3TO

Due. 5.5 Luaundpuueckas zayc-
C08a nOBePXHOCTH, KOAKCUAABHAR
3apaxXceHHol npamod.

I— zaycccsa nosepxHocTy; 2—3apaxcen-
HaA NPAMAR.




HeJIeTKo [10Ka3aTh, HO 3TO BepPHO, eC/JH NPOCTPAHCTBO CHMMeET-
pHYHO, @ MBI CYHTAeM, YTO 3TO TakK.)

[Tpumenuth 3akoH I'aycca MOXHO caepyrowum oSpasom. Bo-
06pa3um ce6e NMOBEePXHOCTb, MMelollyl ¢opMy UHAHHAPA, OCb
KoToporo coBnajaaer ¢ Haweil npsmoii (¢ur. 5.5). CornacHo 3a-
KoHy I'aycca, Becb noToK E H3 3Toil moBepXxHOCTH paBeH 3apany
BHYTDH Hee, AeJIeHHOMY Ha g,. Pa3 nose cyutaercss HOpMaJbHBIM
K MOBEPXHOCTH, TO €ro HOPMaJ/bHasi COCTABJAIOUIAA — 3TO BeJH-
yuHa BekTopa noas. O6osHauuM ee E. IlycTb paauyc uUHJIHHApA
O6yneT r, a AJMHA ero AJs yno6cTBa BbIGpaHa paBHOH eHHHIIE.
[ToToK cKBO3b LHIHHAPHYECKYIO MMOBEPXHOCTb paBeH MpOH3Beje-
Huo E Ha naowaabr noBepXHOCTH, T. e Ha 2mr. [ToTok uepes
TOPLbl paBeH HYJIO, MOTOMY YTO MoOJie KacaTeJbHO K HUM. Becb
3apsii BHYTPH Hallefi NMOBEPXHOCTH paBeH Kak pas A, MOTOMY
YyTO QJIMHA OCH UMJMHApA paBHAa eauHuue. Toraa 3akod I'aycca
naet

A
E - 23‘[7‘———8—0:
E=_2 (5.2)
2neor * '

ONeKTpHYeCcKoe MoJje 3apsiKeHHOH NpsMoil 06paTHO MpPOMOPLHO-
HaJbHO Nepeoli CTeNeHH PacCTOSIHUA OT MPSIMO.

§ 6. 3apascennasn naockocrs; napa naockocredl

B KauvecTBe apyroro mpuMmepa paccyuTaeM MoJie OLHOPOLHO
3apsKeHHOro nJockoro Jiucra. Ilpeanosnoxum, yTo JHCT HMeeT
6eCKOHEYHYI0 MPOTSXKEHHOCTb U 3apsj] Ha €IHHHIY MJOIMAJH pa-
BeH ¢. Cpasy NpHXOAHMT B roJIOBY cJjefyloulee coobpakeHue: U3
CHMMeTpPHH CJleflyeT, YTO MOJie HanpaB/leHO BCIOAY nomepex ImJo-
CKOCTH, M €CAU He CYujecT8yeT noas OT 8cex npouux 3apados
8 jupe, TO noJs no o6e CTOPOHBI MIOCKOCTH AOJXHbl COBNaaaTh
(mo BennuuHe). Ha 3TOT pa3 3a rayccoBy MOBePXHOCTb MBI MpH-
MeM INpSMOYroJibHBIM fALIMK, NepeceKalWwui Hamy MNJI0CKOCTb
(¢ur. 5.6). Kaxxnas us rpaHeil, mapaJJe/bHbX NJI0CKOCTH, HMeeT
naowanp A. Ilose HopmajbHO K 3TMM ABYM TIpaHsAM M mapada-
JIeJIbHO OCTaJbHbIM YeTbipeM. CyMMapHbIl NOTOK paBeH E, YMHO-
JKEHHOMY Ha mJioulajb nepBoil rpaHH, nJawc E, YMHOXEHHOMY Ha
NJolWAaAb NMPOTHBOMOJIOAKHOH TDaHH; OT OCTaJbHBIX TpaHeil HH-
KaKMX CJlaraeMblX He BoiaeT. 3aps BHYTPH sIUHKA paBeH OA.
VYpaBHHBafA NOTOK C 3aps10M, HanHLIeM

EA+ EA="22,
O0TKyJaa

E=—. (5.3)

2eg
[TpocToil, HO BaxKHBIH pe3yabTar.
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Pue. 56. ODaextpuuecxoe noase
603.4e 00HOPOGHO 3apPANEHHOU NAO~
CKOCTU, HaltideHHOe C ROMOWU6IO TeG-
pemer Taycca, npumensemod K 60+
obpaxcaemomy awuky.

1—00HOpOGHO 3apANEHHAA nAOCKOCTb;
2—eayccosa no08epxXHOCTS.

Bbl noMHHTE, MOXeT OBITb,
YTO TOT Xe pe3yabTaT Gel1 Mo-
JyuyeH B NMepBbIX IJ1aBaX HHTErpH-
poBaHHeM INO BCell NJOCKOCTH.
3akon Taycca paer oTBer Ha-
MHOro GbICTpee (XOTS OH He Tak
UIHPOKO NPHMEHHM, KaK Mpex-
HHi MeToOn.)

[ToguepkHeM, YTO 3TOT Pe3y/abTaT OTHOCHTCH TO4bKO K MOJIIO,
CO31aHHOMY 3apsiaMH, pa3MelleHHbBIMH Ha mJaockocTH. Ecau no
COCEICTBY €CTb Jpyrue 3apsinbl, ofllee mnoje GJAH3 NJOCKOCTH
6bi10 661 cyMMoit (5.3) M noss mpouux 3apsinoB. 3akoH Iaycca
TOra TOJbKO rapaHTHPOBaJ Obl, UTC

&+&=%. (5.4)

rae E, u E;— noansi, HanpaB/leHHble Ha KaX[ 0l CTOPOHE MJOCKO-
CTH HapyXy OT Hee.

3agaya o0 ABYX napaJlJesbHBIX MJOCKOCTSAX C PaBHBIMH H IpO-
THBOMOJIOXKHBIMH IJIOTHOCTAMH 3apsiioB +0 H —¢ pellaercs
TOXe NPOCTO, €C/JAH TOJbKO CHOBA NPEANOJIONKHTb, YTO BHEIUHHH
MHp a6conoTHO cHMMeTphyeH. CocTaBuTe JIM BBl CyNeprno3HIHIO
ABYX pelleHHil AJS OTAEe/]bHBIX MJOCKOCTEH HJH MOCTPOHTE rayc-
COB SILIMK, OXBAaTHIBAIOWIHI 06Ge NJIOCKOCTH, B OGOMX cJ/ydasix
JIETKO BHIETb, YTO MNOJIE CHAPYXU TNJOCKOCTEH pPaBHO HYJIO
(dur. 5.7,a). Ho, 3aki0uuB B SILIHK TOJLKO OAHY HJH TOJBKO
APYTyl0 NMOBEPXHOCTb, KaK MNoKa3aHo Ha ¢ur. 57,6 uau 8, Mbl
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+ _ QDue. 57. Ioare menwdy deyma 3sa-
+ DANCEHHOI MU AUCTAMU PABHO OfEgg.
+ -
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Jlerko OGHapyXKHM, UTO MOJe MeXAY MIOCKOCTAMH AOJJKHO OBITh
BABOe 60Jibllle NOJS OTAeNAbHOH NJaocKocTH. MTor Takos:

E (mexay naocxoc‘rﬂmu)=eio. (5.5)
E (cuapyxmu) =0. (5.6)

§ 7. Odnopodno 3apaxcennolii wap;
3apaxcennan cdepa

B ra. 4 Mbl yxe npuMeHsau 3akoH [Taycca, korga JOJIKHBI
OBl HAlTH NoJie BHe OJHOPOAHO 3apsiXKeHHOH 1apoBoil 06.a-
cTH. ToT xe MeTod MOXeT OaTb HaM H MOJe B TOYKAX BHYTPU
mwapa. DToT pacyeT, HanpHMep, MOXeT OLITb HCNOJNB30BaH M.
NoJIyyeHHs1 Xopoulero NMpHOMHXKeHH K MOJI0 BHYTPH aTOMHOrO
anpa. Bonpekn ToMmy, YTO NPOTOHBI B Spe B3aHMHO OTTAaJKH-
BAIOTCA, OHHM H3-332 CHJLHOrO SIIEPHOrO NPHTSAXKEHHS pacnpefe-
JIeHBbl N0 BCeMY SAPY MOYTH OJHOPOIHO.

Ilycte y Hac umeercs cdepa paguyca R, OIHOPOJHO HamoJ-
HeHHas 3apsapaMu. Ilycte 3apsin B eauHuue o6beMa paBeH p.
CHoBa, HCno/ab3ys cooGpaxeHHs CHMMETDHH, MOXHO NpeAnoJo-
KHTb, YTO MOJe pajMaJbHO H B TOYKAX, PABHOYMAJEHHHIX OT
LleHTpa, N0 BeJHYHHe OJHHAKOBO. UTOGLI ONpeieIuTh MoJe B TOUKe
Ha pacCTOSHHH r OT LeHTpa, NpeACTaBHM chepHUYECKYIO rayccoBy
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Due. 58. 3akon Taycca moxHo
npumenutrs 0l onpedeseHuR
noas 6HYTPU OOHOPOOHO 3apAas
JenHoeo wapa.

~r

r

MOoBEPXHOCTb pajuyca r (r << R), Kak nokasaHo Ha ¢ur. 5.8. ITo-
TOK M3 Hee paBeH
4nr’E.

3apsil BHYTPH Hee paBeH BHYTPEHHeMY 06beMy, YMHOXEHHOMY
Ha p, T. e.

4
3 nur3p.

anMeHﬂﬂ 3aKOH Faycca, noJiyyaeM BeJHUYHHY MNOJA
— _Pr

Bul BuaMTE, uTO NpH r = R 3Ta Qopmyaa faeT npaBHJAbHBIN pe-
3y/abTaT. DJEeKTpHYECKOe NoJe nponopyuoHaibHo pacCTOAHHUIO OT
LleHTPa M HanpaBJ/IeHO MO PaaHyCy Hapyxy.

ApryMeHTH, KOTOpbBIE Mbl TOJBKO YTO NPHBOAHIHM AN OJHO-
POAHO 3apfiXKEHHOro Llapa, MOXHO NPHMEHHTb H K 3apsXKeHHOH
cdepe. OnaTte npeanoJaras pagHaabHOCTb H CHepPHUYECKYIO CHM-
MeTpHIO N0J, H3 3aKoHa ['aycca HeMelJleHHO NoJy4aeM, 4To noJle
BHe cdepH BO BceM NMOJOGHO MOJIO TOYEYHOro 3apsaa, noJje xe
BHYTPH cdepbl —HY b (ec/qH Mbl NpOBeJeM TrayccoBYy MNOBepX-
HOCTb BHYTpPH cephl, To BHYTPH Hee 3apfiloB He OKaxeTcs).

§ 8. Touen au 3axon Kyaona?

Ecay MBI BrsSAHMCS YyTh NPHCTaJbHee B TO, KAK MOJe BHYTPH
ctheprl OKashiBaeTCs HYJEBBIM, TO Jyuyllle NOHMeM, NOYyeMy 3aKOH
laycca o6si13an cBouM npoucxoxpaeHHeM 3akoHy KyJoHa, T. e.
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due. 5.9. Bo acaxoii touke P
6HYTPU  3QPANCeHHOU chepuye-
CKOIl 060.104KU 1NOAE PABHO HY AIO.

TOYHOH 3aBHCHMOCTH CIIJIBI OT BTOPOH CTeneHH paccTosiHus. Bosb-
MeM MPOH3BOJIBHYIO TOYKY P BHYTDH OJHOPOAHO 3apsiKeHHOMH
cdepHueckoil moBepxHOcTH. IIpeacTaBHM y3KHil KOHYC, KOTOPHIil
HayuHaeTcAd B TOYKe P M TAHeTCA A0 MOBEPXHOCTH cdephl, BbIpe-
3as TaM HeGoJbIIOil chepuyeckuil yyactok Aa; (dur. 5.9). B Tou-
HOCTH CHMMETPHYHBLIH KOHYC MO JAPYryl CTOPOHY BepIUHHBI Bbl-
pexeT Ha MOBePXHOCTH mJjowanb Aa, Ecau paccrosnus ot P no
3THX ABYX 3JIleMEHTOB MJIOWAAH PaBHBI | U rz, TO MJOWAAH Ha-
XOAATCA B OTHOIUEHHH
Aa, rg

5 -
Aa; ry

(Bbl MoxeTe nOKa3aTbh 3TO 444 06O TOUYKH L1apa ¢ MOMOLLBLIO
reoMeTpHH.)

Ecan nosepxHocTb cgepbl 3apsixeHa paBHOMepPHO, TO 3apsan
Ag Ha KaxXIOM 3/leMeHTe NMOBEPXHOCTH MPOMOPLHOHAJEH €ro MJ0-
I E

A(h Aa,

Ag, Aa; *
TOI‘Ila 3aKOH KleOHa yTBEp2KAaeT, YTO BEJHYHHDI noﬂel’l, co3aa-

BaeMbiX B P 3THMH AByMs1 3JIeME€HTaMH NOBEPXHOCTH, HAXOASATCHA
B OTHOLUEHHH

2
L _ %l _
= ==l
E, q,/n
[Tona B TOYHOCTH B3aMMHO yHHyTOXkaloTcs. Takum cnoco6om
MOXHO pa3GUTb Ha mapbl BCclo cdepy. 3HAUHT, BCce MoJe B TOUKE
P paBuo Hyawo. Ho BBl BUAHTE, YTO 3TOr0 He GHINIO GBI, OKAXKHCD

nokasaTesb CTeleHH r B 3aKoHe Ky/aoHa He paBHBIM B TOYHOCTH
IIBOH Ke.
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CnpaBef/IMBOCTb 3aKOHa 'aycca 3aBHCHT OT 3aKOHa 0GpaTHBIX
kBaapatoB Kysora. Ecan 6bl 3aKOH CH/IBl He NMOJYUHAJCA B TOY-
HOCTH 3aBHCUMOCTH 1/r?, TO noJjie BHYTPH OJHOPOAHO 3apsiKeH-
HOHt cdepbnl He OnlIO 6B B TOYHOCTH paBHO HyJ/0. Hanpumep,
ecau Gbl moJie MeHsiJoch GhicTpee (cKaxeM, Kak 1/rd), To yacThb
cheprl, KoTopas GJaiKe K Touke P, co3nana 6bl B Touke P GoJee
CHJIbHOe MoJle, yeM AaJbHAs 4acTb. lloayuuaoch Obl (A8 MoJo-
>KHTeJIbHOTO MOBEPXHOCTHOrO 3apsja) paAHua/jbHOe NoJje, Ha-
npaB/eHHOe K LEHTPY. DTH 3aKMI0YeHHs NOACKA3bIBAIOT HaM 3Je-
FaHTHBIA NYTb NPOBEPKH TOYHOCTH BBLINOJIHEHHS 3aKOHA 0GPAaTHBIX
KBaapaTtoB. /s 3TOro HYXXHO TOJNbKO Y3HaTb, B TOYHOCTH JH
noJie BHYTPH OAHOPOJHO 3apsiKeHHOH c¢epbl PaBHO HYJIO.

Hame cyacTbe, 4TO Takoil cnoco6 cyuecTByeT. Beab 06bIUHO
TPYAHO M3MepHTb (PH3HYECKYIO BeJHYHHY C BBICOKOH TOYHOCTBLIO.
Ho6utbcst ONHOMPOUEHTHOH TOYHOCTH OblJIO Gbl HETPYAHO, HO
KaK GbITb, €C/IH HaM NOHaAO6GHTCA U3MepHTb 3akoH KyJsoHa ¢ Tou-
HOCTbIO, CKaxeM, 10 OAHOH MHJAMHapaHOH? MoXHO nouTH py-
4YaTbCs, 4YTO H3MEPHTb C TAaKOH TOYHOCTBIO CUAY, NEHCTBYIOILYIO
MeXAy ABYMS 3apsKeHHbIMH TeJaMH, He CMOCOOHBI Ja)e ayd-
wue npubopbl. Ho ecanm Toabko HyXHO yO6eAuTbCs B TOM, 4TO
noJjie BHYTPH c@epbl MeHbUle HEKOTOPOro 3HayeHHS, TO MOXKHO
NpOEeCTH [O0BOJBbHO TOYHOE H3MepeHHe CIpaBelJIMBOCTH 3aKOHa
Iaycca u Tem caMbIM NpoBepHTb 06paTHYIO KBaApaTHYHYIO 3aBH-
cuMocTh B 3akoHe KysoHa. B cymHOCTH MpOHUCXOAUT cpasHerue
3aKOHa CHJBI C HJeaJbHbBIM 3aKOHOM OOpaTHBIX KBaapaToB.
HMeHHO TakHe cpaBHeHHS OJHHAKOBBIX, H/IH MOYTH OAHHAKOBBIX,
Bellleil OGBIYHO CTAHOBATCS OCHOBOH CaMbIX TOYHBIX (PH3HYECKHX
H3MepeHHH.

Kak xe Ha6/onaTbh noJjie BHYTPH 3apsixKeHHOH cepbl? Oaun
M3 cnoco60B — 3TO MONBITATbCAA 3apAAHTb TeJo, AOTPOHYBIUHCH
MM [0 BHYTpeHHell yacT cepHyeckoro nposoiHuKka. Bl 3Haere,
YTO €eCJH KOCHYTbCS MeTa/JIHYeCKHM [IApPHKOM 3apsXKeHHOro
TeJa, 3aTeM 3J/eKTpOMeTpa, TO NpHOOp 3apsAUTCA H CTpeJKa OT-
KJOHUTCA OoT Hyas (dur. 5.10,a). Wap co6upaer Ha cebGsa 3a-
pAIbl, TOTOMY YTO CHapyXH 3aps:KeHHOH cdepnl HMEITCH 3JeKT-
pHUYecKHe MOJIA, 3aCTaBJASAIOUIHE 3apsiAbl NMepeXONHTb Ha LIAPHK
(unu ¢ Hero). A ecau BBl mpolenaeTe TOT XKe ONBIT, KOCHYBIIHCH
LIaDHKOM BHYTPEHHOCTU 3apsiXKeHHOMH cdepbl, TO YBHOAHTE, 4TO K
3/eKTPOMeTpPY 3apsj He moABoAuTcs. ¥3 Takoro ombitTa cpasy
BH[HO, YTO BHYTpPeHHee MOJe COCTaBJseT B JydlleM cJaydae He-
CKOJIbKO MPOLIEHTOB OT BHEIHEro M 4To 3aKOH I'aycca BepeH, no
KpaiiHed Mepe, nNpHOIHXKEHHO.

KaxeTcs, nepBbM, 3aMeTHBLIMM, YTO NOJe BHYTPH 3apsKeH-
HOil chepbl paBHO HYO, Gbla BenpxkamMen PpaHKIMH. DTO NOKa-
3a/n0ch eMy cTpaHHbIM. Koraa oH coo6wua o6 stom Ilpucram,
TOT 3aMOJ03PHJ, UTO 3TO CBSA3aHO C 3aKOHOM OGpAaTHBIX KBajpa-
TOB, IOTOMY YTO GbIJIO H3BECTHO, UTO ChepHUeCKHUIl C/0i1 BelecTBa
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a
Que. 5.10. Buyrpn samgnymori

Bopamernan — Ny 1 poB0daueli 060404KU 3AEKT pUi-
e L), .,  weckoe noae pasro nyuo.
+
+
Usonamop Jnexmpomemp
B He co3/laeT BHYTpH ce6si moJis

tarotedna. Ho Kyaon unsme-

pun  o6paTHYK KBajapaTHy-

5 HYI0 3aBHCHMOCTb TOJIbKO Ye-

A, T pe3 18 user, a 3akoH Taycca

. " MOABMJ/ICA Ha CBeT H TOro
LR nosxe.

N ?) 3axkon T'aycca 6bl1 npose-

\ peH oueHb TWATe/NbHO; AJd

3TOrO 3JIeKTPOMETP MOMeIay

BHYTpPL GO/bLIOH cdephl U Ha-
6/I0faMH,  OTK/JAOHHTCHA  JIH
cTpeJ/Kka, Korja cdepy 3apaadaT A0 BHICOKOro HampsxeHus. Pe-
3yAbTaT BCerja noayyajacs oTpuuateabHeiM. Eciau 3HaTh reomer-
pHIO annapaTa H 4YyBCTBHTeJbHOCTb NPHOOpPA, MOXKXHO PACCYHTATh
HauMeHbluee TMO0Je, KOTOpoe ellle AOCTYnHO HaGumoaenuto. M3
3TOrO YHCJ/Aa MOXHO YCTAaHOBHTb BepXHHI npeles OTK/JIOHEHUs MO-
KasaTesa cTeneHu oT ABYX. Ecin 3anucaTb 3aBHCHMOCTb 3J1€KT-
pPOCTaTHYECKON CHJBI OT PAcCTOSIHHA B BHAe r—2t& TO MOXHO om-
pelle/UTb BePXHIOK IpaHHLUy & IDTHM cnoco6oM MakKcBeaa y3Hala,
uyro & MeHbie 1/10000. OnbiT 6Ll MOBTOPEH H YCOBEPLIEHCTBO-
BaH B 1936 r. [laumnronoM u JlagpToHoM. OHM OGHapyKHJ/H, YTO
KYJIOHOB NoOKa3aTeJ/b OT/JHYaeTcsd OT 2 MeHbllle YeM Ha OAHY MHJ-
JIHapAHYIO.

IT0 NOABOAMT HAC K HHTEPECHOMY BONPOCY: KaK TOYHO BBINOJ-
HAeTcA 3akoH Ky/soHa B pasnuuHbeIX 06cTOATEAbCTBAX? B TOMBKO
YTO OMHCAHHBIX OMBITAX H3MepAJachb 3aBHCHMOCTb MOJA OT pac-
CTOSIHHSl Ha PacCTOSIHUAX MOPAAKA AEeCATKOB CAHTHMETpPOB. A 4TO
MOXHO CKa3aTb O BHYTPHATOMHBIX PacCCTOSHHAX, CKaXXeM BHYTpPH
aToMa BOAOPOAA, I'le, KAK Mbl CYHTaeM, 3JIeKTPOH NPHUTATHBaeTcA
K A1py NO TOMY e 3aKOHy o6paTHbIX KBaapaToB? KoneuHo, aAnd
ONMHCaHMS MeXaHHWYeCKOil YacTH MNOBEJeHHS 3JeKTPOHA HYXKHa
KBAHTOBafA MeXaHHKa, HO CHJA 3[eCh — MO-NpexXHeMy NMpHBBIYHAA
3JeKTpocTaTuyeckas cuaa. B noctaHoBke 3ajauu 06 aTtoMe BO-
JNOpOZla M3BECTHA MOTEHIHA/NbHAsl 3HEPrUsl 3JeKTPOHA KaK (YHK-
LK pacCTOSIHUA OT Ajpa, W Toraa 3akoH KyJioHa mpHBOAHMT K mo-
TeHIlHany, oO6paTHO NpPOMNOPLUHOHA/JIbHOMY MepPBOH CTeNeHH pac-
crtosHua. C KaKoH TOYHOCTBbIO 3TOT NOKa3aTeJb H3BECTEH Ha Ta-
KHX MaJblX paccTofHuAX? B uTore oueHp TlaTebHbIX H3MepeHHH

102

pa <




OTHOCHTEJ/IbHOI'O PacloJioXKeHHs1 YDOBHeH 3Heprud BoAopoaa, mpo-
BefeHHbIX B 1947 r. JIamGom u Pusepdpopaom, HaM Tenepp H3-
REeCTHO, YTO U Ha PacCTOSAHHAX MOPAAKa aTOMHBIX, T. €. MOPAAKA
anrcrpema (10-8 ca), nokasare/b BBIAEPXKHBAETC C TOYHOCTBIO
10 OHOH MHJJIMApPAHOH.

Takast TouHocTh M3MepeHuil JIam6a u Puseppopna okasanach
BO3MOXHOI1 onsTh 6/1arogapst OAHOH (H3HYECKOH «CJIYYaHHOCTH».
Cpenn cocTosiHUil aToMa BOJOPOAA €CThb ABa TaKHX, Y KOTOPBIX
SHepruM JO/XKHbBI GbITh MOYTH OAMHAKOBLIMH AUlWbL B TOM CJydae,
eC/JM MOTEeHLUHaJ MeHsercs TOYHO no 3akoHy l/r. M3aMepanack
OuYeHb MaJjas pa3Huya B SHEPTUAX MO 4acToTe w (POTOHOB, HCHY-
CKaeMbIX HJH MOTJOLLAeMbIX NPH MepexoAax H3 OJHOTO COCTOf-
uusA B apyroe (coraacHo ¢opmynae AE — hw). Pacuersl noka-
3a/H, uTo AE 3aMeTHO oT/aHYaJjach Gbl OT HabJl04aBLIerocs 3Ha-
yeHus, ec1M Obl NMOKa3aTesab CTeNeHH B 3aKkOHe CHJABL 1/r? oTjH-
yaJjcsi Gbl OT 2 TOJbKO Ha OAHY MHJJNHAPAHYIO.

A BepeH JM 3TOT 3aKOH M Ha ellle MEHbLIMX PacCTOSHHAX?
B snepHoii ¢pu3HvKe H3MepeHHsl MOKa3aJjH, YTO HAa THUMHYHO sfep-
HbIX paccrosiHusix (mopsaka 10~!3 cm) cyuwecTByIOT 3jeKTpocTa-
THYeCKHE CHJbl W YTO MEHSIIOTCA OHHM BCe elle Kak o6GpaTHble
KBaapaThl paccTosiHui. OHO U3 CBHIETE/BCTB B N0JIb3Y 3TOrO Mbl
pasbepeM B cjedyloLIMX rnaBax. Mbl yBepeHbl, TakuM 06pa3om,
uyTO 3aKOH KyJsioHa ellle BBHIMONHAETCS H HA PAcCTOAHHAX OKOJIO
10-13 cm.

A 4yTO MOXHO cKa3aTb O paccTosiHud 10='4 cm? DTOT HHTEp-
BaJ HccaeqoBaaH, 60MO6apAHPYst MPOTOHBI OYeHb 3HEPrHUYHBIMH
5/MeKTPOHAMHU U CJefsl 3a TeM, KaK OHU paccenBatorcs. CeroaHsu-
HUe [aHHble YKa3bIBalOT HAa TO, YTO HA 3THX PACCTOAHHAX 3aKOH
TEPNHUT KpaX. DJeKTPHYECKHE CHJbl Ha PpacCTOSAHUAX MeHblle
10-' cm okasbiBaloTcsl yyTh a4 He B 10 pa3 caaGee. ITOMYy eCTb
nBa o6bAcHenuss. To su 3akon KysnoHa Ha TakKuX MaseHbKHX
pacCTOSIHUAX He OelCTBYeT, TO JH 3TH Tesaa (3JeKTPOHbI H Npo-
TOHbI) He SIBJSIIOTCA TGUEYHBIMU 3apsfaMu. Bo3MoXHO, 4TO OAHH
M3 HHUX KaK-TO pa3Ma3aH (a MoxerT, H 06a). BosabmnHcTBO OH-
3HMKOB NpPeANMOYHUTAIOT AyMaThb, YTO pa3Ma3aH 3apsaa NpoToHa. Mul
3HaeM, YTO MPOTOHBI CHJLHO B3aHUMOAEHCTBYIOT C Me30HaMH.DTO
03HayaeT, YTO NPOTOH BpeMs OT BPeMeHH CYLleCcTBYeT B BHAE
HelTpoHa ¢ mt+-Me30HOM BOKpyr. Takoe pacnonoxeHue B cpel-
HeM BbIT/si4e0 Obl KaK HeGOJIbIIOH LIapHK MOJIOXNKHTEJNBHOrO 3a-
psAfa. A Mbl 3HaeM, 4TO HeJb3sl CYUTATb MOJe L1apa 3apsAioB Me-
HAIOUIMMCS BIJOTb 0 CaMOro LeHTpa mno 3akoHy l/r?% Bnoasxe
BEPOSATHO, YTO 3apsil NPOTOHA pa3Ma3aH, HO TeODHs MHOHOB ellle
OYeHb HecOBeplleHHA, H He HCKJIOYeHO, 4TO M 3akoH KyJsoHa Ha
MaJblX pacCTOSIHUSIX OTKa3biBaeT. Bompoc noka octaerci OTKphI-
ThIM.

Eule oanH kaBep3HbI# BOMPOC: eCcaH 3aKOH OOGpPaTHBIX KBaj-
paTOB BepeH M HAa PacCTOSAHHAX MopsaKa 1 m, U Ha paccTOSHHSX
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nopsigka 10-10 m, To ocraercss au TeM ke Koadduunent 1/4meo?
Jla, —raacur oTBeT, — N0 KpailHeH Mepe ¢ TOYHOCTEIO 10 15 Mua-
JIHOHHBIX.

BepHeMca Tenmepb K BaXXHOMY BONpOCY, OT KOTOPOrO Mbl OT-
MaxHyJ/HCb, KOrla TOBOPHJAH 06 ONBITHOM MOATBEPXAEHHH 3a-
KoHa I'aycca. Bac MorJjo yauButh, Kak B onbiTe MakcBenna u
[Taumnrona — JladToHa ynanoch AOCTHYL TaKoi TOYHOCTH. Benb
BpAl JM cepHuecKHH NMPOBOJHHK MOT ObITh HieaJqbHOH cdepoil.
JloCcTHYL TOYHOCTH B OJHY MHJJIMAPAHYIO — 3TO MPEKPACHO; HO
PE30HHO CNPOCHTb: KAaK MOTJIH OHH CTOJIb TOYHO H3TOTOBHTb ce-
py? HaBepusika Ha cdepe Obiin HeGoJblMe HenpaBHABHOCTH,
KaK Ha BCAKOH peaJsbHOH cdepe, W He MOIJH JH 3TH HeperyJasap-
HOCTH CO3/1aTk KaKoe-TO noJie BHYTpH? MBI XOTHM noka3aTtb Te-
nepb, YTo B HAeanbHOH cepe BoBce HeT HeoGxoaumocTH. Oka-
3bIBAETCS, MOXKHO JOKa3aTb, YTO BHYTPH 3aMKHYTOil npoBoAaslleil
0060/104KH 1106060 ¢GopMmbl moas He ObiBaeT. MHbIMH cJ/0BaMmy,
ONbITHl 3aBHCEJNH OT i/r? HO HHKAK He ObIJIM CBfI3aHbl CO cepH-
yeckolt $GOpMOH MOBEPXHOCTH (pa3Be uTO cO cdepoii Jerye ObLIO
Obl paccuHTathb noJe, ecau 6b 3akoH Ky/sona okasancsa omu6ou-
HbIM). Mrak, Mbl cHOBa BO3BpallaeMcss K 3ToMy Bonpocy. Has
pellleHUs! er0 HaM HYXKHO 3HaTb KoOe-KaKHe CBOHCTBA NPOBOAHH-
KOB 3JIeKTpHueCTBa.

§ 9. Iloaa nposodnuxa

[IpoBOAHHMK 3/eKTpUYeCTBAa — 3TO TBEepAOe TeJ0, B KOTOPOM
€CTb MHOI0 «CBOOOJHBIX® 3JEKTPOHOB. DJEKTPOHBI MOTYT [ABH-
ratbca 8 gewecTg8e CEOO0AHO, HO He MOIYT MOKHAATb MOBEPXHO-
cTH. B Metanne GbiBaeT Tak MHOro CBOGOAHBIX 3JIEKTPOHOB, UTO
BCAKOe 3JeKTpHYecKoe MoJje MPHUBOAHT MHOTHe H3 HHX B [BHXe-
Hue. M an6o BO3HHKIIMH TaKMM 06Gpa3oM TOK 3JeKTPOHOB [10J-
XeH HenpepblBHO MNOAAEPXKHBATL CBOE CYLIeCTBOBAHHE 3a CueT
BHEIIHHX HCTOYHHKOB SHeprHu, 160 ABHXKEHHe 3JeKTPOHOB npe-
KpalllaeTcsl, KaK TOJbKO OHHM paspsafT HCTOYHHKH, BbI3BaBLIHe
noJie BHauaJe. B yc/l0BHSIX «3/1€KTPOCTaTHKH» Mbl He paccMaTpH-
BaeM HenpepbIBHbIX HCTOYHHKOB TOKa (0 HUX Mbl 6yleM FOBOPUTH
B MarHMTOCTaTHKe), TaK YTO 3/IEKTPOHbI ABHXKYTCA TOJBKO A0 TeX
nop, NoOKa He pacrnoJioXKaTCA TaK, YTO NOBCIOAY BHYTPH NpOBOA-
HHKa co3facTcsl HyJeBoe 3JeKkrpuueckoe noJe. (Kak npasuao, ato
NPOMCXOAUT B MaJjble N0H ceKyHAbl.) Ecau 6bl octanoch BHYTpH
XOTb KaKoe-HHGYAb MoJe, OHO Obl BLIHYAH/IO JBHraTbCsl ellle Ka-
KHe-TO 3JIeKTPOHBI; BO3MOXHO TOJNbKO TaKoe 3J1eKTPOCTaTHYeCKoe
pellleHHe, KOTa NoJie BCIOAY BHYTPH PaBHO HYJIIO.

Tenepb paccMOTPHM BHYTPEHHOCTb 3apsKEHHOTO NpPOBOIS-
mero Ttena. (Mbl HMeeM B BHAY BHYTPEHHIOK 4acCTb CaMOro Me-
Taanra.) Tak kak MeTann — NPOBOAHHK, TO BHYTPEHHee MOJe
NOJIKHO GBITb HyJeM, @ 3HA4YHT, U TpajHeHT noTeHUHana ¢ pa-
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BeH HYJ10. DTO 3HAYHT, YTO @ OT TOYKH K TOUKe He MeHseTcs.
JIto6Goit NpOBOAHMK — 3TO 3KBHNOTEeHUHaAbHast 004acTb, U €ro
MOBEPXHOCTb — 3KBHMOTEHUHa bHA. Pa3 B mpoBoasuleM Marte-
puaJje 3/JeKTpHYECKOe MoJe [O0BCIOAY PaBHO HYJIO, TO U AHBep-
reduus E Toxe paBHa HyJo, H mo 3akoHy ['aycca nioTHocThb 3a-
psila BO BHYTpeHHel 4yacTH NPOBOAHHKA oOpallaercsd B HYJb.

Ho ecan BHYTpH npoBoaHHKA He MOXeT ObITb 3apsloB, Kak
JKe OH BoOGlle MOXKeT ObIThb 3apsiked? UTo MBI HMeeM B BHAY,
KOrfa roBOPHM, YTO NPOBOAHHK «3apsixkeH»? I'me 3T 3apsagbr?
OHH HaxoJATCA Ha NMOBEPXHOCTH NMPOBOAHHMKA, Tle CYLLECTBYIOT
60/blIMe CHJIBbI, He Aaollie UM MOKHHYTb e€e, TaK YTO OHH He
BMOJIHE «CBOGOAHbI». Korna Mbl 6yaem u3yuyatbh GH3HKY TBEpAOCro
Tesla, Mbl YBHAHMM, 4TO H3OBLITOYHBIA 3apsan B J0O0M NPOBOAHHKe
HaXOOHTCA TOJbKO B Y3KOM CJlI0€ Yy NOBEPXHOCTH, TOJILUHHOH B
CpeAHeM B OAuH-ABa atoMma. [as HamMXx HbIHELIHUX UeJell A0-
CTaTOYHO NpPaBH/IbHO OGYyNeT rOBOPHTb, 4YTO JOOOH 3apsd, nomnas-
WHA Ha (MM B) MPOBOJAHHMK, COGHpAaeTCs Ha €ro MOBEPXHOCTH;
BHYTPH NPOBOAHHKA HHKAaKHX 3apsAO0B HeT.

Mkbl 3aMeyaeM TakXe, YTO 3JeKTPUUECKOE MOJle 803.4€ Ccamoll
NOBePXHOCTU NMPOBOAHUKA AO/MXKHO ObITb HOPMAJbHO K MOBEPXHO-
cti. KacateabHoil cocTaBaswuleil y Hero GbiTb He MoxeT. Ecau
6bl OHa MOMIBHJIACH, 3JEKTPOHbI ABHraJjHchb Gbl 8004b MOBEPXHO-
CTH; HET CHJI, KOTOpble CHOCOGHBI MOMEeLIaTh 3TOMY. DTO MOXKHO
BbIPa3UTb W HHAue: Mbl 3HaeM, YTO JIMHHH 3JeKTPHYECKOro MoJs
NOJIKHBI Bcerja ObITb HanpaBJeHbl NMONepeK 3KBHMOTEHLHAJIbHON
NOBEPXHOCTH.

IMpumensis 3akoH I'aycca, Mbl MOXKeM CBSI3aTh HaNPSXKEHHOCTh
nojsi y caMoil MOBEPXHOCTH NPOBOAHHMKA C JIOKaJbHOH NJOT-
HOCTbIO 3apsfa Ha MOBEPXHOCTH. 3a rayCCOBY MOBEPXHOCTb MBI

Due. 5.11. JaexTpuueckoe noae
Yy camoil eHewunell NOBEPXHOCTU
npogodnuka nponopPYUOHa6HO
NOKQRSHOU nogep x HOCTHOU NAOT-
HOoCcTu 3apsda.

I—e2ayccosa nosepxHOCTY, 2—10XAAb-
HAsA NAOTHOCT6 NOBEPXHOCTHO20 3Q-
pada T,
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npumMeM He6GOJbIIOH LUMIMHAPHUYECKHH CTaKaH, HamoJOBHHY MO-
TPYXXE€HHbIl B NPOBOJAHHK, a HANOJIOBHHY BBbIABHHYTbI H3 HEro
(¢ur. 5.11). Bkaan B o6wuit notok E naer Tonbko Ta yacte cra-
KaHa, KOTopasi HaXoNMTCS BHe NpoBoAHHKa. Torjga noJe y Ha-
PYKHOH MOBEPXHOCTH NMPOBOJHHKA PaBHO
Bue nposodruka:
g

E—= o (5.8)
rfie ¢ — A0KAAbHAS NOBEPXHOCTHAS MJIOTHOCTh 3apsiaa.

[ToueMy cJ0ft 3apsiAioB Ha NpPOBOJAHHKE CO3[aeT He TaKoe
noJe, Kak cJoil 3apsfoB cam no ce6e? HHaue roBopsi, noyemy
(58) BaBoe Goarvwme (5.3)? Ho Benp mbl He yrgepacdaru, 6yaTo
B NMPOBOAHHKEe HeT GoJibllle HHKAaKUX «APYrHX» 3apsaoB. B neil-
CTBHTEJBHOCTH A/l TOro, yToGhl B npoBoaHuKe E 6bl10 paBHO O,
B HeM 006s13aTe/IbHO NOJIXKHBI NMPHCYTCTBOBATb KaKue-TO 3apsifibl.
B HenocpencTBeHHOHl G6G/AH30CTH OT TOYKH P Ha MOBEPXHOCTH 3a-
psAbl AeHCTBUTENBHO CO2AaI0T NoJe Ejox = Gnox/28p KaK BHYTpH,
TaK U CHapyXH noBepxHocTH. Ho Bce nmpouke 3apsiaibl NpoBOJHUKA
cooflla «yCTpaHBAIOT 3aroBop», 4ToObl cOo3JaTh B TOYKe P [1o-
6aBOYyHOe NoJle, paBHOe No BedHuHHe E;ox. CyMMapHOe BHYTpeH-
Hee moJe ofpaulaercsi B HYyJb, a HapyXHoe YABaHBaeTcs:
2E nox = oleo.

§ 10. Hoane snyipu noaocru nposodnuxa

BepHeMcss Temepb K rnpoGJjeMe mycTOTe/N0ro pesepByapa —
NpOBOJHHKA, HMelollero BHYTPH noJocTb. B merasse noas Her,
a BOT ecTb JIH OHO B noaoctu? TlokaxeMm, 4To ecsaH MoaocTb ny-
cTa, TO MOJIsA B Heil ObITb He MOXeT, Kakosa 66t Hu bbiaa opma
npoBOAHHKAa HJAH moJaoctd (¢ur. 5.12). PaccmoTpuMm rayccoBy
NOBepXHOCTb, NOAOGHYI0 S Ha ¢ur. 5.12, KoTOpass OKpyKaer co-
6Ol MoJI0CTb, HO OCTaeTCs BCIOAY B BelllecTBe NPOBOAHHKA. Beroay
Ha MOBEPXHOCTH S moJle paBHO HYJIIO, TaK YTO MOTOKa CKBO3b S
ObITb He MOXET, H CYMMAPHbLi 3apsia BHYTPH S NOJKeH GbITh pa-
BeH HyJI0. 3aTeM MOXHO BbIBECTH H3 CHMMETPHH, UYTO Ha BHYT-
peHHeld NOBepXHOCTH cdepHyeckoilt 0GOJOYKH HET HUKAKO20 3a-
psana. Ho B Gosee ob6ueM cayyae Mbl TOMBKO MOXeM CKa3aTb, YTO
Ha BHYTpeHHell MOBEPXHOCTH NPOBOAHHKA HMeeTCsl paBHOe KOJIH-
YeCTBO MOJOXKHTE/JIbHOTO H OTPHLATe/]bHOro 3apsifoB. MoxeT
ObITb, OKaXXETCSl, YTO HAa OJHOH YacTH HMeeTCs NOJOMHTeNbHBIH
3apsi, a TAe-TO B JAPYroM MecTe — OTpPHUATENbHbIH (CM.
¢ur. 5.12)? Takue Bewn 3akoHoM ['aycca He HCKJIOYAIOTCA.

Ha camoM nene, KoHeuHo, nmoJyyaeTcsi, 4TO paBHble, HO MNpoO-
THBOMOJIOXKHBIE 3apslbl Ha BHYTPeHHell MOBEPXHOCTH HOJXKHBI
6Bl Gbl COCKOJIb3HYTb HABCTpeuy APYr APYry H YHHYTOXHTD
npyr apyra. Mbl MoxeM yGeaHTbCA B TOM, YTO OHH YHHUTOXKAT
Apyr Apyra, NpUMeHHB 3aKOH O paBeHCTBe HYJIO UHpPKyasuuH E
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Que. 5.12. Yemy pasno noare
8 nycroii n0A0CcTU Npeoo-
HUKQ npousgoasHoli Gopmot?

(anexTpoctaTuKy). IlycTh Ha KaKHX-TO 4acTsiX BHYTpeHHell mo-
BEPXHOCTH OKa3aJ/uch 3apsiibl. Mbl 3HaeM, 4TO ellle IAe-TO AOJXK-
HO NMPUCYTCTBOBATb PaBHOE KOJHYECTBO MPOTHBOMOJOXKHBIX 3apsi-
noB. Ho no6bie nuHuu noasi E HauMHalOTCA Ha MOJIOXHTENbHBIX
3apsilax MU KOHYAIOTCS Ha OTpHUATeNbHBIX (Mbl paccMaTpUBaeM
cJaydai, Korga cBOGOAHBIX 3apsanoB B noJaocTH HeT). IlpencraBum
cebe Tenepb KoHTyp I, nmepecekalmouuit MnoJocTb BAOJb JHHHH
CHJIBI OT KaKOro-TO NOJIOXHTEJNbHOro 3apsna K KakoMy-TO OTpH-
LaTelbHOMY M BO3BpallAOIUACA K HCXOLHOH TOUYKe MO Tesay Nnpo-
BogHMKa (cMm. ¢ur. 5.12). HHrerpan BHOJAb TAKOH JHHHH CHJ
B mpefe/ax OT MOJNOXHTEJbHOTO A0 OTPHLATENBHOrO 3apsija He
6bls1 Obl paBeH HYJIO, a HHTerpaJ Nno NyTH 4yepe3 MeTanas paBeH
Hya0, Tak Kak TaM E = 0. Tak uTo Mbl 6B HUMeaH

§E.ds 022

Ho kpuBosmHeinblil nHTerpan ot E no n1060My 3aMKHYTOMY KOH-
TYpy B 3/]eKTPOCTAaTHYECKOM IOJiIeé BCerfa paBeH HYJI0. 3HAYHT,
BHYTPH NYCTOH MOJIOCTH He MOXeT ObiTb HHKAaKHX MNOJeH, PaBHO
KaK He MOXeT ObITb HHKaKHX 3apAfl0oB Ha BHYTpeHHeH MOBepXx-
HOCTH.

3aMeTbTe, 4TO Mbl BCe BpeMsl MNOAYEPKHBAJH, YTO MOJOCTb
nycra. Ecnan nomectuts Kakue-To 3apsiibl B QHKCHPOBAHHBIX Me-
CTax MOJIOCTH (CKaxeM, Ha H30JsTOpe WM HAa HeGOJABLIOM Mpo-
BOJHHKE, H30JIMPOBAHHOM OT OCHOBHOIG), TO BHYTPH NOJIOCTH MO~
eyt 6bITb noas. Ho Toraa ona yxe He GyAeT «mycToOi».

MBI nokasajau, 4TO ec/H NoJIOCTb LEeJHKOM OKpYyXKeHa Npo-
BOAHHKOM, TO HHMKaKoe CTAaTHYECKOe pacnpelejeHHe 3apsaioB
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CHapyXH HHKOTJa He CO31acCT NoJs BHYTPH. ITO OCbACHAET NPHUH-
UMM «3aIIHTBI» 3JEeKTPHYECKOro 06OpyAOBaHMS, KOTOpOe mnoMe-
I1aeTcsl B MeTa/IMyecKylo KOopoGKy. B anekTpoctaTuke (HO He
B H3MEHSIOLIHXCA MOJASIX) MOoJs no o6e CTOPOHBI CHJIOWHON Mpo-
BoAsilleli 060/M0YKH MOJHOCTBIO He 3aBHCAT OJHO OT APYroro.

Tenepr BBl noOHHMMaeTe, noyeMy yaa/jocb NPOBEPHTb 3aKOH
KynoHna ¢ takoit TouHocTslo. PopMa mosoil 060JIOYKH He HMeaa
3HayeHusi. OHa BOBce He J0J12KHa Gblna GBITH KPYraoil, oHa Moraa
6biTb U KyGoM! Ecan 3akon I'aycca ToueH, To noJie BHYTpH Bceraa
paBHO Hya10. Bbl moHMMaeTe Tenepb, noyeMy Brno/JHe 6e30MacHoO
CuleTb BHYTPH BBLICOKOBOJIbTHOro reHepatopa Bau-ne-[paada B
MHJIJIHOH BOJbT, He 0O0sICh, YTO BAC YAAPHUT TOK, — Bac OXpaHsieT
cam Taycc!



Taaea 6

AJNEKTPHYECKOE NOJIE B PA3HbBIX
PU3HUYECKHUX YCJOBHSAX

§ 1. ¥Ypasuenus aaexrpocrarusecxozo
norexyuana

B 5Toil rmaBe Mbl pacckaxeM O MNOBeleHHH
9JIeKTPHUYECKOTO MOJsi B TeX HJIH HHBIX 06CTOS-
TeJbCTBaX. BBl mo3HaKOMHTeCh ¢ TeM, Kak BeleT
ce6s1 3/eKTpUUECKOe MoJie, U ¢ HEKOTOPHIMH Ma-
TeMaTHYeCKUMH MeTOAaMH, HCMONb3YeMBbIMH A5
onpeneseHus MoJs.

OTMeTHM 115 11ayaJja, 4YTO MaTeMaTHYeCKH BCS
3ajaya COCTOMT B pellleHHH ABYX ypaBHeHHi{ —
MaKCBeJIJIOBCKHX YpaBHEHHH 3/1eKTPOCTATHKH:

wa:%, (6.1)
VX E=0. (6.2)

®dakTHyecKH 06a 3TH YpaBHEHHS] MOXHO 00b-
eAMHNTb B 0JHO. M3 BTOpOro ypaBHeHHs cpa3y
Ke ciaeiyeT, YTO MoOJie MOXeT CYHTATbCA rpa-
NHEeHTOM HeKoero ckaasipa (cMm. ra. 3, § 7):

E=—Vo. (6.3)

DJleKTpHUeCKOe NoJie KaXXAO0ro 4acTHOrO BH-
Ja MOXHO, eC/IH HYXHO, MOJHOCTbIO ONHCaTb
C MOMOolIbI0 noTeHuuana noas ¢. duddepenun-
aJbHOe YpaBHeHHe, KOTOPOMY MOJIXKHO YAOBJET-

BOPATb ¢, noayuyutcs, ecaun (6.3) noacTaBHTb
B (6.1):

=_°

V.-Vp=— o - (6.4)

Pacxonnmocrb rpajlHeHTa @ — 3TO TO Xe, 4TO
V2, DeficTByiolllee Ha @:

. = V?
V V(p V(p_axz_l_ +022:
Tak yTo ypaBHeHue (6.4) Mbl 3anuuieM B BHAe

Vip=—-£, (6.6)

€

(6.5)

§ 1

§2

§ 3.

§ 4.

§ 5.

§ 6.

§7.

§ 8.

§9.

YpaBHeHus
3/leKTpocTaTHye-
CKOTo NoTeHuuana

AnexTpuueckmii
JAMNONb

3ameuanus
0 BEKTOPHBIX
ypaBHeHHAX

BunoabHuii
noTeHuMan
KaK rpaaneHT

JunoasHoe
npuoéaANKeHne

ANA  NPOU3BOJAbHOrO
pacnpeaeneHus

Monna 3apsKeHHbIX
NpOBOAHHUKOB

Merton
Hn306paxeHuii

Toueunnii 3apap
y nposcasuiei
NJ0CKOCTH

ToueuHblii 3apap
y nposoasuLei
cgepnb

§ 10. Konaencatopwi;

napannenbHbie
NJAACTHHLI

§ 11. TMpoGo#

NMpH BbLICOKOM
HaNPAXEHHUU

§ 12. UoHHbii

MHKpOCKON

Hosropure: ra. 23

(Bbin. 2) «Peacuanca
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Onepatop V2 Ha3biBaeTcsi JansnacHaHoM, a ypaBHeHue (6.6) —
ypaBHeHneM Ilyaccona. Becb npeaMeT 3/eKTpoCTaTHKH C MaTe-
MaTHYeCKOA TOYKH 3peHHsl 3aKJIOYaeTcsl NPOCTO B H3Y4YeHHH pe-
LIeHHH OAHOr0-eJHHCTBEHHOTrO ypaBHeHus (6.6). Kak Tonbko u3
(6.6) BBl HaligeTe @, nosie E HeMenseHHO moayyaercs u3 (6.3).

O6pa1uMcs cnepBa K 0co60My KJjaccy 3ajlay, B KOTOPBIX p
3agaHo Kak QyHKuus x, y, z. Takas 3ajaya moyTH TPUBHAJIbHA,
NOTOMY 4YTO peliaTb ypaBHeHHe (6.6) B obuieM cjyyae Mbl yxe
yMeeM. Mbl Belb MOKa3aJjii, YTO €CJH O B KaXJOH TOuKe H3Be-
CTHO, TO MOTeHLlHan B Touke (1) paBeH

o(y={L2%%, 6.7)

43’[80r|2

rae p(2)— nnotHocTb 3apsna, dVs;— 3neMeHT o6beMa B TOYKe
(2), a ri;— paccTosinve Mexay ToukaMu (1) u (2). Peueune
Judppepenyuarvroeo ypaBHeHus (6.6) cBesqocb K uHTezpupoea-
#ut0 no npoctpaHcTBY. PeueHne (6.7) HYXHO OTMeTHTb 0c060,
NOTOMY 4TO B (H3HKE YacTO BCTPeYalOTCA CHTYyallid, NPUBOAS-
IlHe K ypaBHEHHSM, KOTODble BHIIVISAAT Tak:

v? (ot uero-to) = (ueMy-TO elme),

u (6.7) sABAsIeTCS NPOTOTHNOM pellleHHs N06OH TaKoi 3anayu.

[TpoGnema pacuyera 3/1eKTPOCTAaTHYECKOTO NOJs, TaKuM oGpa-
30M, pellaeTcsl COBepLIEHHO YeCTHO, €CJAH TOJbKO MOJCKEHUS
BCeX 3apsiioB u3BecTHHl. JlaBailTe MOCMOTPHM Ha HECKOJLKHX
npuMepax, Kak AelcTByer 3Ta opmyaa.

§ 2. Jaexrpuueckuii ounoas

CHayasa BO3bMeM [Ba TOYEYHBIX 3apsiia +4g U —g, pasfe-
JeHHbIX npoMexyTkoM d. IlpoBeneM ocb z yepe3 3apsabl, a Ha-
4aJl0 KOODAHHAT MOMECTHM NOCPeldHHe Mexay HuMH (dur. 6.1).
Torpa no ¢opmyne (4.24) noTeHuMasn CHCTeMbl ABYX 3apsiioB
faeTcsl BbIpaXKeHHeM

(p(x’ Y, Z)=

__1 g + — :
4“8°[,\/(z_§)2+x2+y2 /\/(z+%)2+x2+y2]
(6.8)

Mbl He co6upaeMcsi BbINMCBHIBATH GOpPMYay AJs 3/]eKTPHYECKOTO
noss, HO BCeraa NpH XKeJaHHH MOXeM 3TO clenaTbh, Pa3 M
3HaeM noTeHuHnasa. Tak 4To 3agaya ABYX 3apsiloB pelleHa.
CyulecTByeT BaXKHBIH YacTHBIN cayyail 3Tol 3afauu, Koraa 3a-
pSLBI PacnosoxeHbl 6JH3KO APYr K APYry, HHEIMH CJI0BaMHU, KOrza
Hac HHTepecyeT noJie Ha TAaKHX PacCTOSIHHUSAX OT 3apsAAO0B, UTO MO
CPaBHEHHIO C HUMH NPOMEXYTOK MexAy 3apsjllaMH KaxeTcs He-
3HayuTeabHEIM. Takylo Tecnyio napy 3apsioB HasblBalOT Ouio-
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Pue. 6.1. Nunoars: dea
sapade +qu —q, yoa-
AcHHbLe OpYe oT Opyea Ha

paccroanue d. P(x,y, Z)

Aem. unoau BcTpe-
YalOTCA OYeHb 4YacTo.

«[lunonbHyl0» aH- )
TEHHY MOXHO 4acTo d1
npu6/IHXKEHHO  pac- y
CMaTpHBaTb Kak [JBa )

3apsja, pasje/eHHble
He6O/IbIIUM  paccTos- o
HHeM (ec/IM HAC He HH-
TepecyeT noJe y ca-
Mo# aHTeHHBI). (OGblY-
HO WHTepec MNpEeACTaBJSIOT aHTEHHBl ¢ OJsuxyujumucs 3apspaa-
MH; ypaBHEHHS] CTATHKH TOrja HeNnpUMeHHMbl, HO [/ HEKOTO-
pBIX llesleil CHHM BCe XKe NpeACTaBJ/sIOT BeCbMa CHOCHOe NpHGJH-
XKeHHe.)

BaxHee, noxaanyii, aunoau atoMHble. Ec/u B KakoM-To Bellle-
CTBe eCTb 3JeKTPHYeCKoe MoJe, TO 3JIeKTPOHbl M NPOTOHBI HCMbI-
THIBAIOT BJHSAHHE NPOTHBOMOJIOXKHBIX CHJ H CMellalTcs ApYyr oT-
HOCHTe/NbHO Apyra. Bbl MoMHuTe, YTO B NPOBOAHHKE HEKOTOpble
3J/IEKTPOHBI CBUralOTCA K NMOBEPXHOCTH, TaK YTO BHYTPEHHee moJe
o6paiaercss B Hy/b. B u304TOpe 3JIEKTPOHBI He MOTYT CHJBHO
pasoiTHCh, UM MellaeT NpUTAXKeHHe aapa. M Bce e OHH Kak-TO
cMmewaoTcea. Tak yto, XOTS aToM (MM MoOJeKyJa) H OCTaercs
HeHTpa/JbHLIM, BO BHEIHEM 3JIeKTPHUECKOM [MoJle BCe XKe BO3HH-
KaeT eJjle 3aMeTHOe pasjie/leHHe MOJIOXKHUTENbHBIX M OTpPHUATE/b-
HBIX 3apsi0B, H aTOM CTAaHOBHUTCS MHUKPOCKOMHYECKHM AHMONEM.
Ecan HaM HyXHO 3HATb MoJe 3THX AaTOMHBIX AHMOJel Mo6Ju3o-
CTH OT NpefMeTa OOGLIYHBIX pa3MepoB, TO Mbl HMeeM [eJo C pac-
CTOSIHUSIMH, OOJIBIUIUMH MO CPaBHEHHIO C MPOMEXYTKaMH MexAay
3apsaaMu.

B HekoTopbIX MoO/eKy/nax H3-3a caMoi MX GopMbl 3apsaabl He-
CKOJIbKO pa3fie/ieHbl Jaxe B OTCYTCTBHe BHeIUIHHX moJel. B Mo-
JleKyJe BOAbl, HalpuMep, HMeeTCsd OTpHLATE/bHBI 3apsal Ha
aToMe KHCJOpOoJa H NOJNOMHTENbHBIH 3apsil Ha 06OHX aToMax
BOAOPOJa, KOTOpbIe PacrnoJioKeHbl HecHMMeTpHyHO (¢ur. 6.2).
XoTb 3apsn Bced MOJIEKy/bl paBeH HYJIO, BCe XKe HMeeTcs pac-
npeje/jeHHe 3apsaa ¢ He6oAbIIMM Npeo6JafaHHeM OTpHLATE/b=
HOrO 3apsila Ha OJHOH CTOPOHE M MOJOXHTEJbHOrO — Ha APYToH.
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Due. 6.2. Morexyaa eodet H,0.

+

ATo pacnosoxeHue, KOHEYHO, He TaKOe MNpPOCTOe, KaK y ABYX
TOYEYHBIX 3apsi/i0B, HO €CJU CMOTPeTb Ha Hero H3jfaJjeKka, OHO
neHcTBYeT KakK aunoJb. Kak Mbl YBHAMM YyTb I03Xe, MOJe Ha
60/1bIIMX PAaCCTOSIHUAX HEUYBCTBHTENbHO K MEJKHM J€TajsM pac-
NOJIOXEHHS.

BarnsHeM Tenepb Ha noJe ABYX 3apSAOB NPOTHBOMOJIOMXHBIX
3HAKOB, paccTosiine d Mexay KotopeiMH MaJgo. Ecau d craHer
HyJleM, [Ba 3apaja COHAYTCH B OQHOM MecTe, ABa MOTeHLUHAsNa
COKpaTATCs, noJse ucue3HeT. Ho ecau CHH He COBCEM CJIHJHCH, TO
MOXKHO MOJIYYHTb Xopollee nmpHGJIHKEeHHe K NOTeHUuHaJay, pasJo-
XKUB caaraeMble B (6.8) B psiil No CTeneHsAM MaJioil BeJHYHHBI d
(no popmyae 6uHoMa HbioToHa). OcTaBasis TOJbKO NMepPBblE CTe-
neHH d, Mbl HanuueM

N2 _ o
Y106H0 0603HAYHUTDh
4=

(2—%)2+x2+y?zr2—zd=r2(1 __zr‘:_

Torna

H

1 ~ __]__ zl —id_ —'/2'
,\/(z_%)2+x2+!/2 /\/rz([__%l_)2 r (l 72 )

Pasnaras B GuHoMuaabHblil pan [1 — (2d/r?)]™: u oT6pacuiBas
YJeHbl ¢ BBICIUHMH CTeNeHsIMH d, Mbl MOJyYaeM

1 1 zd
F(1+55)
Ilogo6HO 3TOMY, H

1
NERE

Briuuras atu nBa 4JI€Ha, HMeeM aJd NnoTeHUHaa a

Lol
~7r 2 °re ).

1
O, Yy 2) = o = qd- (6.9)
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Due. 6.3. BexToprole 0603Ha42HUA
04a dunoas.

[ToTeHuuan, a 3Hauut, U MmoJe, sABJsIOLIEeCs] €r0 NPOH3BOAHOH,
NpPONOPUHOHANLHE §d — NPOH3BeleHHIO 3apsfia Ha pacCTOSHHSA
MeXAy 3apsfaMH. DTO NpPOU3BefAeHHE HA3bIBAETCs OUNOAbHbLM
MOMEHTOM TApHl 3apPsAl0B, H Mbl 0603HAYUM €ro CUMBOJIOM p (He
nyradre ¢ uMnysabcom!):

p=qd. (6.10)

YpaBHeHue (6.9) MOXKHO TaKxe 3amnucaTb B Bupae
1 cos 0

oW, ¥ D)=t (6.11)
TaK KaK z/r = cos 0, rie 0 —yroan MexAay OCbi0O AHMOJS H pa-
NHYyC-BEKTOPOM K Touke (X, Y, z) (cM. ¢ur. 6.1). I[Torenyuar nu-
nosst y6uizaer kak 1/r? npu GUKCHPOBAHHOM HamnpaBJeHHH (a y
TOYEYyHOro 3apsiia oH yObiBaeT xak l/r). Daekrpuueckoe nose E
aunoasi No3ToMy yGbiBaer Kak 1/rd.

Mp MoxxeM 3anMcaTh Haimly ¢opMyJy M B BEeKTOPHOM BHIE,
ecJ/IM cnpele]uM p, Kak BeKTOp, aGCOMIOTHAS BeJHYHHA KOTOPOTro
paBHa p, a HampaBJleHHe BEIGPAHO BAOJb OCH AMIOASA OT §_ K G4.
Torna

pcosO=p-e, (6.12)

rae e, — eIMHUYHBIA paguanbHblil BekTop (dur. 6.3). Kpome Toro,
TOYKY (X, Y, 2) MOXKHO 0603HauuTh GykBOH r. Mrak,
HunoabHell noTenyuan:
1 p-e I p-r

¢ ()= dne, 2 Amg, 0 ° (6.13)
dra ¢dopMmy.aa cnpaBeianBa AJS JHNOJS NPOHU3BOJBLHON OpHeH-
TaUHH U MOJIOXKEHHS, eCJH I — BEKTOpP, HanpaBJ/eHHbIA OT AHNOJSA
K HMHTepecywollell HaC TOYKe.

Ecan Hac uHTepecyeT 3/leKTpHYeCKOe MoJie AHUMNOJSA, TO HYXKHO
B35Tb rpaadeHT ¢. Hanpumep, z-koMnoneHTa noast ectb —0g/02.
Jinsg nunoJsi, OpUEHTHPOBAHHOTO BAOJb OCH 2, MBI MOXeM HC-
nosab3oBathb (6.9):

ﬂ____ﬁ( ) __p (1 _32
T 9z — 4mg, 0z \r’ ) 4mg, \7° )
HJIH

p  3cos?B —1
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Pue. 64. Baekrpuueckoe
noae Ounoaf.

E

A x- ¥ Y-KOMNOHEHTHl paBHbI
E.—_P 3zx p 3zy
X7 4mey 15 Y7 4mey 1S

W3 3THX ABYX KOMIOHEHT MOXHO COCTaBUTb KOMIIOHEHTy, nep-
NeHOUKYAAPHYIO K OCH 2, KOTOpasi Ha3blBaeTCs NOmepeyHoH KOM-
noHeuToit E;:

—_— 3 —— —
E,=AE+ E =35 2V +
HJ/IH

__p 3cosOsin0
Ey= 2 (6.15)

Ionepeynas komnoHenta E, JeXHT B MJIOCKOCTH Xy H Hanpas-
JleHa npsAMo ot ocu aunoas. IlosHoe noJe, KoHe4yHO, paBHO

E=A/E2+E2.

ITosie nunoas mMeHsercss o6paTHO NPONOPUHOHAJBLHO KY6y pac-
cTosiHus OT aunoJas. Ha ocu npu 6 = 0 oHO BABOe CHJIbHee, Y4eM
npu 6 = 90°. [1pu o6oux 3THX yriax sJeKTpHYecKoe noje obaa-
JaeT TOJIbKO Z-KOMMOHeHToi. 3Haku ee npu 6 = 0 u npu 6 = 90°
NpOTHBONOMOXHH (dur. 6.4).

§ 3. 3ameuanun o sexropnoix ypasnenusax

3aech, NoxaJnyi, yMeCTHO cie/1aTh oflllee 3aMeyaHHe, Kacalo-
1eecsi BEKTOPHOTO aHanu3a. XOTs ero TeOpeMbl H 10Ka3aHbl B 06-
1eM BH/e, OHAKO, IPHCTYNast K pacyeTaM W aHaJau3y KaKoH-JaH60
3ajlauH, CJelyeT C TOJKOM BbLIGHPaTh HampaBJieHHe OCeill KOOpIH-
HaT. BcnomHHTe, YTO KOrAa Mbl BBIYMCJSIIM MOTEHUHAJ HIOJSA,
TO OCb BbI6GMpa/achb He KaK MOMaJio, a Mbl HaNpaBHJH €€ M0 OCH
aunoas. JTO HaMHOro o6Jgeryusno Hamy 3apauy. Ilotom yxe
ypaBHeHHs OblIM NepenucaHbl B BeKTOPHOIl ¢popMe H cpa3y mepe-
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cTaJjH 3aBHCeTb OT BHIGOpA CHCTeMbl KoopAuHaT. Tenepb cTajo
BO3MOXKHBIM BbIOMPAThb KaKylo yroJHO CHCTeMy KOOpAHMHAT, 3Haf,
uyTo QopMy/sa OTHbIHe Bcerfa OyneT cnpaBeanuBa. BooOuwe Het
CMbIC/1a BBOAHTb NPOM3BOJIbHYIO CHCTEMY KOODAMHAT, 'le OCH Ha-
npasJ/eHbl NOJ KaKHM-TO CJI0XKHBIM YIJOM, €CJIH MOXHO B JAaHHOH
3ajaye BbI6paTh CHCTeMY MOJydYllle, a yXKe B CaMOM KOHIle BbIpa-
3UTb pe3y/abTaT B BHAe BeKTOPHOro ypaBHeHHs. Tak uTo crapaii-
TeCb HCNOJIb30BATb TO MPEHMYIIeCTBO BEKTOPHLIX ypaBHEHHH, YTO
OHM He 3aBHCAT HM OT KaKOH CHCTeMbl KOODJHHAT.

C apyroil CTOPOHBEI, €CJIH Bbl XOTHTe NMOACYHTATb AHBEPreHlHI0
KaKoro-To BeKTOpa, TO BMECTO TOro, yto6nl cMoTpeTh Ha V-E u
BCMNOMHHATD, YTO 3TO TaKoe, Jyuyllle pacnucaTb 3TO B BHAe

OE, + OE, 0E,

ox dy a0z °
Ecau Bbl 3aTeM BBIYHCJHTE MO OTAEeJbHOCTH X-, Y- H Z-KOMIIO-
HEHTHl 3JIEKTPHYECKOro mnoJsf M npoauddepeHuupyere, T0 noay-
YUTE€ HCKOMYIO OHBEPreHLHIO. Yacro npH 3TOM HCOBITBIBAKOT Ta-
KOe YyBCTBO, KaK 6yATO NPOU3OILJIO YTO-TO HEKPAaCHBOE — CJIOBHO,
pacnrcas BEKTOpD NOKOMIIOHEHTHO, IOTEpIeJH Heyadauy; BCe
BpeMs KaxeTcs, 6y11T0 BCe ﬂeﬁCTBHH Hajgo npoaenbiBaTb TOJIBKO
C BEKTOPHBIMH onepaTtopaMH V. Ho yacto oT HHX HEeT HHKAaKoro
npoky. Korna Bbl BnepBule CTaj/KHBaeTeChb C KaKOH-TO HOBOH 3a-
uaqeﬁ, TO, KaK NnpaBuJo0, NnoJie3HO pacnucartb BCe B KOMIIOHEHTAaX,
YTOOBI YAOCTOBEPHTbLCA, UTO Bbl MPABHJ/JIbHO NpeACTaBJsAETE ce6e,
4TO NPOUCXOAHMT. HeT HHUero HeKpaCHBOro B TOM, YTO B ypaBHe-
HHUS NOACTABJAAKTCA 4yHCJ/Jaa, H HET HHYEro HeNpHJHYHOro B TOM,
YTOOHI NnoACTaBJAATb NMPOHU3BOAHbIE HA MECTO MNMPHUYYAJHBBIX CHM-
BosoB. Hao6opoT, B 3TOM-TO H MNposiBJAseTCS Balla MYAPOCTb.
KOHe‘IHO, B CrnellMaJbHOM XYypHaJ/ie CTaTbsd 6y11€T BHITJA4€Tb TO-
pasgo npusitHee (fa U NOHATHee), eCJAH BCe 3aMHCAHO B BEKTOP-
HOM BH]E. Ho Tam Haao0 3KOHOMHUTDL elle U MeCTO.

§ 4. Qunoaonetii norenyuan xax zpaduent

MBI xoTen Gbl Temepb OTMETHTb JHOOONBITHOE CBOMCTBO dop-
mMyJabl aunoast (6.13). [ToTerunan MoXHO 3anucaTh TakXKe B BHIE

1 1
o=—7p-V(+) (6.16)
IeicTBUTENbHO, BBIYHCANWB IpafueHT l/r, BBl moJyunTe
1 r e
V(7)=—F=—1
u (6.16) cosnager ¢ (6.13).

Kak Mbl poraganucb o6 3ToM? MBI NPOCTO BCNOMHHJH, UYTO
e./r? yXe nosBasJOCh B (HOpMyJe AJS n0AS TOYEUHOTO 3apsaa
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Pue. 6.5. Morenyuar 8 touke P

y —Az OT To4eut020 3apada, noOH TO20

7/ /’p’ na Az nad nawaror xoopluuar,

Y/ paget noTenyuany e Toike P’

<, (na Az nuske P) rT020 e 3a-

/e pada, HO NOMeleHHO20 8 Hayaae
/4 Koopdunar.

Az

B YTO MOJIe — 3TO TPAajHeHT NOTEH{UAaAa, U3MeHSIOLerocss Kak
1/r.

CywecTByeT H u3uueckaa NpHYMHA TOTO, YTO JHMOJbHBIN
noTeHUHaJ 1 MoxeT ObITb 3anucaH B ¢opme (6.16). Ilycts B Ha-
YyaJo0 KOOpJAHHAT MNOMelLleH TouyeyHbIH 3apsan ¢. [loteHunan B
Touke P(x, y, 2) paBeH

49
Po= -

(MHoxureab 1/4meo onycTHM, a B KOHIle MBI €r0 MOXEeM CHOBa
pctaButhb. )Ecau 3apsix +¢ Mbl caBuHeM Ha paccTosiHHe Az, TO
noTeHuHa s B Touyke P uyTh H3MeHHTCH, CKaxeMm Ha Ag;. Ha
CKOJIBKO ke MMeHHO? Kak pa3 Ha CTO/IbKO, Ha CKOJIBKO u3me-
Huaca 6b0 OTEHUHAJ, ec 6 3apsil 0cTaguAu B NOKoe, a P cMme-
CTHJ/IH Ha CTOJIbKO Ke 8Hu3 (¢ur. 6.5) HMHaue rosops,

rae Az o3HayaeT TO Xe, 470 H df2. Bepa @¢ = q/r, Mbl moay-
yaeM A/ MOTEHLHaJ/la MOJMOXKHTEJNbHOrO 3apsaa

ot ()4, o

HOBTOPHﬂ Te XKe pacCyxaeHHs C NOTeHUHaJOM OTpHIaATe/b-
HOro 3apsiga, MOXXHO Hamnucatb

- d (—aq\d
.=+ (5%)5- (6.18)
A o6wmii noreHunan — npocto cymma (6.17) u (6.18):
9 a (1
=0, +o.=— 2 (L)d=—2 (7). (619
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[Ipu Apyrux pacnosioKeHHAX [AMNONA CMeLlEHHE [0J0XH-
TeJbHOr0 3apsila MOXHO H300pa3uTb BEKTOPOM Ary, a ypaBHe-
HHe nepex (6.17) mpeacTaBHUTb B BHIe

Ap, =—Vo,-Ar,

rie Ar BrnocsneacTBHM Hafo Gyner 3aMeHMTb Ha d/2. 3aBepluas
[l0Ka3aTe/bCTBO Tak, KaK 3TO OblJIO CAENaHO Bbllle, MBI MpHBe-
neM ypaBHeHue (6.19) kK BuLy

o= (Lo

3To To XKe ypaBHeHHe, yTo M (6.16). Hano Tosnbko 3ameHuts gd
Ha p M BCTaBHTb NOTEPSAHHBI MO AO0pore MHOXuTeab 1/4meg.
B3rasitHyB Ha 3TO ypaBHeHHe MO-HHOMY, BHAMM, YTO QMMOJNbHbBIH
noteHuuaa (6.13) MOXHO TONIKOBAaTb Kak

¢=—p- VO, (6.20)

rae ®g= l/4neor — noTeHuUMan eOUHUYHO20 TOYEYHOrO 3apsija.

XO0Tsl MOTeHLHa] [JaHHOTO pacnpefleleHHsl 3apsAdoOB Bceria
MOXeT ObITb HafileH NpPH NOMOUIM HHTErpMPOBAHHA, HHOTrAa
MOXHO cOepeub BpeMsi, NPUMEHHB KaKOH-HHOyab XHTPOYMHBIH
npueM. Hanpumep, Ha ncmomlb 4acTo NPHXOAMT NPHHLHM Hajo-
xeHus. Ecaiu HaM JaHo pacnpejesieHHe 3apsi0B, KOTOpPOe MOXKHO
COCTaBUTb H3 BYX pacnpefe/ieHHll C y>Ke H3BeCTHBIMH NOTEHIIHa-
JJaMH, TO MCKOMBI# NMOTEeHLHAaJ JNerko NOJNY4YHTb, NPOCTO CJOXKHB
yxe H3BeCTHble MexJy co6oii. Haw BeiBox dopmynn (6.20) —
OLMH M3 NPHMepOB NMDPHMEHEHHS 3TOro NpueMa.

A Bot u gpyroi. IlycTh umeercss cdepuueckasr MOBEPXHOCTD,
Ha KOTODOH MOBEPXHOCTHbI 3apsiJ pacnpeleseH NpONOPLHOHA/b-
HO KOCHHYCYy mossipHoro yrsia. MHrterpupoBaTh Takoe pacnpepe-
JleHHe — 3a/lauya, OTKPOBEHHO roBOps, He u3 NpuATHBIX. Ho Kkak
HM CTPAHHO, Ha NOMOIUb NMPHXOAUT NPUHUHMN HanoxeHus. [pen-
cTaBbTe cebe mWap ¢ 0JHOPOAHON 00BeMHOU NMJIOTHOCTBIO NMOJIOXKH-
TeJIbHBIX 3apAA0B U APYroii L&p C TaKOH XKe OAHOPOAHOH 06beM-
HO# IVIOTHOCTBIO 3apSAA0B, HO NMPOTHBOMNOJIOXKHOrO 3HaKa. [lepso-
HayaJjbHO OHM BJIOXKeHB APYr B Apyra, o6pa3ys HeHTpaJbHBIH,
T. e HesapsKeHHbli wap. Ecau 3ateM nosnoXuTenbHbIA 1ap
YyTb CMECTHTb MO OTHOLIEGHHIO K OTPHLaTe/bHOMY, TO HYTPO He-
3apsKeHHOTO l1apa TaK M OCTaHeTCsl He3apsiXKeHHBIM, HO Ha o[-
HOH CTOPOHE BO3HHKHeT HeGOJ/IbLIOH MOJIOXKHTeNbHBIH 3apsan, a
Ha MPOTHBOMOJIOXKHON — TaKOH e oTpuuaTe bHbll (¢ur. 6.6),
M ecan orHOcHTenbHOe CMellleHHe ABYX LIApOB MaJjo, TO 3TH 3a-
psAAbl 5KBHBAJIEHTHbl CYIIECTBOBAHHIO MOBEPXHOCTHOTrO 3apsna
(Ha cdepHyecKOil MOBEPXHOCTH) C MIOTHOCTBIO, MNPONOPLHO-
HaJbHOH KOCHHYCY MOJIIPHOrO yrJa.

Korana e HaM MOHAfOGHTCS MOTeHLHaJ 3TOrO pacmpegese-
HHUS, TO 6paThb MHTerpajbl He HYXHO. Mbl 3HaeM, 4TO NoTeHuHas
KaXXI0ro 3aps>KeHHOro 1lapa — B TOYKAaX BHe ero— CoBMajaeT
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Pue. 66. [ee pasHomep=
HO 3apsdjcennole cpeput,
8a0%ceHHble A pYe 8 Opyea
U caeeka  CMewjeHHbLe,
KEUBANSHTHbL HEO IHOP OO~
HOMY pacnpedeneHuto no-
8ePXHOCTHO20 3apada.

C MOTEHUHAJOM TOYeHHOro 3apsfa. A 1Ba CMeLleHHbIX Lapa —
BCE DPaBHO, YTO [BAa TOYEYHHIX 3apsia; 3HAYUT, HCKOMBIA MNOTEH-
LHal M eCTb KaK pa3 MoTeHLHas JHMOJs.
Takum nyTeM MOXHO noKasaTb, yTO pacnpefe/eHHe 3apsifoB
Ha cdepe paauyca a ¢ MOBEPXHCCTHON MJIOTHOCTBIO
= gyc0s 0
co3JaeT CHapyXH cdepbl Takoe ke NoJe, KaK H AHUNOAb C MOC-
MeHTOM
__ 4roga®
=—7.
MoxHo TakXe NoOKasaTb, uTO BHYTPH cephl MoJe MOCTOSHHO H
paBHO
G
E=_—
389 .
Ecan 6 — yroan ¢ nosOXHTeJNbHON OCBIO 2, TO 3JIeKTpHYeckoe
nose BHYTpPH cepbl HanpaB/ieHO MO oTpuyaresvtoli ocu z. Pac-
CMOTpPeHHBbI# HaMH NpHMep OTHIOAb He AOCYXKasi BbIAyMKa COCTa-
BHTeJA 3a7a4; OH HaM BCTPETHTCHA elle B TEOPHH AU3/JeKTPUKOB.

§ 5. Qunoavroe npubauxcetue 0aa npou3eonbHo2o
pacnpedesenusn

CTo/b e MHTEPECHO M He MeHee BAXHO MOJe AMMNOJA, BC3-
HHKalolee NpH Apyrux o6croAaTenabcTBax. [1ycTh y Hac ecTh Teso
€O CJIOXKHBIM pacnpeje/ieHHeM 3apsia, CKaXeM, KaK y MOJIeKYJbl
Boabl (cM. ¢wur. 6.2), a Hac HHTepecyeT TOJbKO MOJe BAaJH OT
Hero. MBI MoKaKeM, YTO MOXHO NOJYYHTb CPABHHTEJbHO MpO-
CTOe BbIpaXKeHHe [AJS MOoJeH, NPUroJHOe IJs PacCTOSHHE, MHOTO
60JbILIHX, YeM pa3Mepbl Teqa.

MEl MOKeM CMOTpeTb Ha 3TO TeJs0, KaK Ha CKOIJIeHHe Toueu-
HbIX 3apS0B §; B HEKOTOPO# orpaHuyeHHoit obaactu (¢ur. 6.7).
(ITo3xke, ecam noHanoGutcst, Mbl q; 3ameHuM Ha pdV.) Ilyckai
3apai ¢; ydaJeH OT HayaJjga KOOPAHMHAT, BBIGPAHHOIO rjie-TO
BHYTPH Tpynnbl 3apsiioB, Ha pacctosiive d;. UeMy paBeH NOTeH-
1Haa B TOYKe P, pacnoJioxKeHHOH rjae-To Ha OTJeTe, Ha paccTos-
HuHu R, MHoro GosbuleMm, yeM camoe Goabuoe u3 d;? TloTeHunan
BCEro Hallero CKOMJeHUs BbipaxKaeTcst GopMynoi

I g5
Q= 41'[80 ZT: (6.2‘)
13
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D ue 67. Bouuucrenue norenyuasra e rouke P, curono
yoaaennoll or epynnot 3apados.

rle r;— paccrosHue ot P 10 3apsiia g; (aauHa Bektopa R —d;).
Ecan paccrossHue or 3apsinoB a0 P (1o T0ukH HaGJIOAEHHS)
Ype3RbIYAaHHO BEJHKO, TO KaXXA0e H3 r; MOXHO NPHHATH 3a R.
Kax bt yleH B CyMMe CTaHeT paBHBIM ¢;/R, u 1/R MoxHO 6y-
JeT BBIHECTH K3-nojJ 3Haka cyMMbl. [loayuutcss nmpoctoit pesy.b-

TaT
b= 4neo Z 9= 4:r|:aoR (6.22)

rae Q —cymMapHelii 3apsip Tena. TakuM 06pa3oMm, Mbl yGemH-
JINCb, YTO M3 TOYEK, AOCTATOYHO YyAaJIeHHBIX OT CKOIJIEHHS 3a-
pPSA0B, OHO KaxeTcs MPOCTO TOYEYHBIM 3apSAAOM. JTOT pe3yaLTaT
B 0o0leM He OuYeHb YAUBHUTEJIEH.

Ho uTto, ecau nmo/soXHTEJNbHBIX M OTpPHLATE/NbHBIX 3apsANOB B
rpynne okaxertcs nopoBHy? CymmapHbill 3apsag Q rtoraa Gynmer
paBeH HYJIO. DTO He TaKoOil yX pelKHil cayyaill; Mb 3HaeM, 4TO
60/IbIIMHCTBO TeJ HeHTpaJbHOo. [eliTpasbHa MoJeKyaa BOAB, HO
3apsabl B Hefi pa3MellaloTcs OTHIOAb He B OAHOH TOuKe, TaK yTo,
npu6IM3HUBILKCH BIJIOTHYIO, MBI AO/KHBI GyieM 3aMeTHTb KakHe-
TO MPH3HAKH TOTrO, YTO 3apsaAnbl pasfeneHb. [as noTeHuuana
NPOHM3BOJILHOTO pacrnpeae/seHus 3apsaaoB B HEAATPAJbHOM TeJle MBI
HyXKaaeMcsi B NMpHOAHIKEeHHH, JNydyllleM, 4eM aaBaeMoe GopMyJso#
(6.22). YpaBHenue (6.21) mo-npexkHeMy TOAMTCSl, HO MOJaraTh
ri = R Gosbuwe Henb3si. [Ana r; HYXHO BbIpaX{eHHe MOTOYHeE.
B xopoueM npuGIHNKEHHH r; MOXKHO CYHTAThb OTJHYAIOLUHMCH OT
R (ecsun Touka P cunbHO yjnaneHa) Ha npoekuuio Bektopa d Ha
BekTop R (cM. ¢ur. 6.7, HO BBl LO/KHH TOJNBKO NPEACTABJATH
ceGe, yTo P HaMHOro JaJbllle, 4yeM MokKa3aHo). MHBIMH c/0Bamy,
ec/u e,— eHHHYHBLI BeKTOp B HampaBJjeHuH R, To 3a cuaenyto-
Ilee npUOAHXKEHHe K r; HYXHO NPHHATH

rimR—d;-e,. (6.23)
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He nam Beab HyXHO He r; a l/r;; OHO B HamieM npuGJIHKEHHH
(c yuetom d; < R) paBHO

1 1 d;-e, -
IToacraBuB 3t0 B (6.21), MBI yBHAMM, 4TO MOTEHLHAJ paBeH
1 Q d -e
(P=m(?+th%+...). (6.25)
i

MHorotoune ykasbiBaeT uJjieHbl BhICLIEro nopsiaka no d/R, KoTo-
DbIMH Mbl npeHeGperau. Kak ¥ Te ujieHbl, KOTOpble Mbl BLINH-
caJ/ii, 3TO NOCJeayIolHe YJjleHbl pa3JjoxeHus 1/r; B pan Tslnopa
B oKpecTHocTH 1/R mo crenensam d;/R.

IlepBoiil ynen B (6.25) Mbl yXKe NoJayuyuaH; B HeHTPaJbHHIX
TeJlax OH mpomapgaeT. BTopoit ujeH, Kak M y [AHNOJA, 3aBHCHT
oT 1/R?. JleHcTBUTENbHO, €CJAH MBI onpedesum

p=2 qd; (6.26)
KaK BeJIHYHHY, ONMHCHIBAIOLLYIO pacnpeje/eHuss 3apsiioB, TO BTO-
poil useH norteHuuanaa (6.25) oGpaturcs B

1 .
q) = —43'[80 pRgr » (6.27)

T. €. KaK pa3 8 OunoabHoull noTenyuas. BennuuHa p Ha3biBaeTcs
OilNONbHbLML MOMEHTOM pachpedeseHus. DTo 0006UleHHe HalIero
NpexHero onpejejeHHs; OHO CBOAUTCS K HEMY B YaCTHOM cJyyae
TOYEYHBIX 3aps]0B.

B wutore Mbl BBHISICHH/AH, YTO JOCTAaTOYHO [aJjeKo OT 206020
Habopa 3apsiloB MOTEHUHAJ OKa3biBaeTCsl AMMNOJbHBIM, JHIIb Obl
3TOT Ha6op Gbia B ueaoM HeiiTpaabHbiM. OH yGhiBaeT, Kak 1/R?,
N MeHsieTCs, KaK cos 0, a BeJHYHHA ero 3aBHCHT OT JMMOJILHOrO
MOMEHTa pacnpefe/jeHuss 3apsaoB. FIMeHHO mo 3Toi npuuyHHe
noss OMNoJied W Ba*XHbB; CAMH Xe no cebe napbl TOYeyHbLIX 3a-
pSIOB BCTpevaloTCs KpaiiHe peako.

Y MoJieKyabl BOABI, HanpUMep, AHNOJbHBII MOMEHT AOBOJIBHO
BeJIHK. DJIEKTpPHYECKOoe MoJe, CO3[aBaeMoe 3THM MOMEHTOM, OT-
BETCTBEHHO 32 HEKOTOpLle BaXXHble CBOHCTBA BOAb. A y MHOTHX
mMosekyJ, ckaxeM y CO,, AHNOABHBIE MOMEHT Hcue3aeT GJaro-
napst ux cummerpud. s TakUX MOJIEKYJ pa3foXKeHHe HYKHO
NpPOBOAUTL elle TOuyHee, OO CJelYIOLIHX 4YJeHOB IOTeHUHaJa,
y6uiBaloWKUX Kak 1/R? n HasbiBaeMBIX KBaJAPYNOJbHLIM NOTEHUHA-
NOM. DTH C1yYyau Mbl PacCMOTPHM MO3XKe.

§ 6. Ioas 3apaxcennolXx nPOBOOHUKOS

MEI NOKOHYMM Ha 5TOM C NPHMepPaMH TaKHX (H3HYECKHX 3a-
Jady, B KOTOPHIX pacnpefeneHHe 3apsa0B H3BeCTHO C CAMOro Ha-
uaja. Takue 3agauu pemaroTcss 6e3 0cOGBIX 3aTPYAHEHHH, B Xya-
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weM cayyae Tpebysi HeCKOIbKHX HHTerpHpoBaHuii. Temepb Mbl
o6paTuMCs K COBEPIIEHHO HOBOMY THNY 3ajay— ONpeaeJeHHIO
nosel BOJ/H3H 3apSXKEHHBIX NPOBOJAHHKOB.

[IpeacraBuM cebe, 4YTO KaKHe-TO 3apsibl, NPOHU3BOJIbHHIE MO
BeJIMyHHe Q, moMeiueHH Ha mpoBoAHHKe. Temepb yxKe Mbl He MO-
XeM TOYHO cKasaTb, rie oHu pacnosoxatcsi. OHH Kak-To pacre-
KyTcsi mo noBepxHocTH. Kak ke y3HaTh, KaK OHM Ha Hell pac-
npegenstcsa® Pacnpeaenutbcsi OHM [NO/MXKHBI TaK, 4TOGH MOTEH-
uMaJa BAOJb BCeH MOBEPXHOCTH OBl OOHMM H TeM xe. Ecau Obl
NOBEPXHOCTb He Obljla IKBHMOTEHLHAJbHOH, TO BHYTPH MPOBOA-
HHKa CYLeCTBOBAJO OBl 3/JE€KTpHYECKOEe MoJie W 3apsilbl BBLIHYX-
JeHbl OblH Obl ABHraThbCs 10 Te€X MOP, NOKa MoJe He HCue3Jo Obl.
O6wyo 3agayy TaKoro poja MOXHo Obli0 6bl pewatb Tak. Ilpea-
NOJIOXKHM, YTO pacnpejeneHue 3apAfOB TaKoe-TO, U pacCyHTaeMm
noteHunaa. Ecan oH okasbiBaeTcsi Ha MOBEPXHOCTH MOBCIOAY
OAMHAKOBBHIM, TO 3ajaya peweHa. Eciu Xe NOBepPXHOCTb He 3K-
BHMOTEHUHAJbHA, TO 3HAYHT, Mbl CJe/]aJ/H HeNpaBH/JAbHOE MNpea-
MOoJIOXKeHHe O pacnpeieNeHHH 3apsioOB; CAeJaeM HOBOe Mpeano-
JIOXKEeHHe M noctapaemcs, 4ToObl OHO Gbl0 ynauHee! Tak Mmoxer
npoao/xKaTbcst 6e3 KOHLla, pa3BC YTO BH 30pOBO HabbeTe PYKY
Ha TakKHX mpobax.

Bomnpoc o ToM, Kak AoraibiBaTbCs O pachnpefe]eHHsx, Mare-
MaTHuyecKH TpydeH. KoHeuHO, y npHpoABl €CThL BpeMs pellaTh ero;
3apAabl NPHTATHBAIOTCS M OTTAJKHMBAKOTCA A0 TeX nop, MoKa He
ypaBHOBeCATCsl B3aHMHO. A Koraa Mbl npoGyeM pelIMTb 3ajauy,
TO Kaxjas npo6a 3aHMMaeT TaK MHOIO BPEMEHH, YTO 3TOT METOA
oKa3bplBaeTcss oueHb rpoMo3akuM. Korma nmeercsi npou3BOJIbHBIA
CJI0OXKHBIH Ha60p NPOBOAHHKOB H 3apsA/0B, 3aa4a BeCbMa YCJOX-
HsAeTcs, H B OOLIeM cJydyae He MOXeT OBbITb pelleHa 6e3 creuu-
a/bHO pa3paGoOTaHHBIX YHCJEHHBIX METO4O0B. Takue YHCAEHHBIE
pacueTsl B HallW JHH BHIMOJHAIOTCA HA CYETHBHIX MALIHHAX, KOTO-
pble MOTyT BCe MOCYHTATb 33 HAC, €CJH Mbl MM OGBACHHUM, Kak
3TO CAeNaTh.

C apyroiéi CTOPOHEI, HMeeTCs MHOXECTBO MeJKHX NpaKTHYe-
CKMX CJayyaeB, B KOTODHIX, K HalleMy YyJOBOJbCTBHIO, yaaeTcs
NOGHTbLCSI pELIeHHs] KAKHM-TO NPSMBIM METOAOM, He COCTaBJss
nporpaMmMbl A5 MawuHel. Ha Hauwe cyacTbe, BO MHOTHX CJyyYasix
C NOMOILBIO TOTO HJHM HHOrO (OKyca MOXHO BBIXKAaTb OTBET H3
NPHPOAHL.

[TepBrii Takoit ¢Gokyc, KOTOPBIH MBI XOTHM BaM IOKa3aTh, CO-
CTOHT B HCNOJ/Ib30BAHHH YyXKe M3BECTHHIX pelleHHil 3ajau ¢ Quk-
CHPDOBAHHBIM DacnoJ/IOKeHHEM 3apsjO0B.

§ 7. Merod usob6pacenuil

Mbl onpesenudau noJe ABYX TOYeuyHbIX 3apsaoB. Ha ¢ur. 6.8
NMOKa3aHbl HEKOTOpHe JIMHMHM MO/ M 3KBHUNOTEHL HAaJbHble MO-
BEPXHOCTH, MOJYYeHHble M3 PacyeToB, MpHBeJeHHHIX B rJ. 5. Pac-
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Due. 68. Juruu nors u 3keuno-
TEeHYUAAbHOLE NOBepXHOCTU 08YX
To4eyHotX 3apR08.

CMOTPHM TeNnepb 3KBUIOTEHLH-
aabpHyto noepxuoctb A. Ilpeamno-
JIOXKHM, YTO MBI H3OTHYJIH TOHKHH
JIUCT MeTansa Tak, 4To OH B TOY-
HOCTH HaKJaJblBaeTcst Ha 3Ty Mo-
BepxHocTb. Ecsau ero pneiicTBu-
TeJbHO HANOXHUTb H YCTAHOBHTb Ha HeM MNPAaBHJIbHOE 3HayeHHe
NoTeHUHaJla, TO HUKTO He GyleT AaKe 3HATb, YTO OH TaM JIEXKHT,
NOTOMY YTO HHYEro OT €ro MOsIBJ€HHS He U3MEHHJIOCh.

A Tenepr B3rasiHMTe BHUMaTtesabHee! Ha camom-To nesne Mol
pellnJM 3afayy yxKe C HOBBIM YCJOBHEM: NOBEPXHOCTb H3OTHY-
TOr0 NMPOBCAHHMKA C 3aJaHHLIM MOTEHLHAJIOM MoMelieHa 6JH3 TO-
yeyHoro 3apsiaa. Ecau Ham MeTalIMYeCKHH JIMCT, YJ/10XKeHHBIH
Ha 3KBUMOTEHLHANbHYIO MOBEPXHOCTb, 3aMbIKaeTcsl caM Ha cebd
(uH TAHeTCS OYeHb JaJjleKo), TO MOJyyaeTcss KapTHHA, PaccMoT-
peHHas B ra. 5, § 10, koraa npocTpaHCTBO AeJHuTCst Ha ABe obJa-
CTH: OJlHAa BHYTPH, Apyras CHapy>H 3aMKHYTO!l NpOBOAsALLeH MO-
BepXHOCTH. TaM Mbl NMPHLIIH K BHIBOAY, YTO MOJS B 3THX ABYX
o6Js1acTaX coBeplLIeHHO He 3aBUCAT APYr OT Apyra. Tak uto He3a-
BHCHUMO OT TOr0, KakOBO MOJie BHYTPH 3aMKHYTOIO NPOBOJHHKA,
CHapyXH MoJie BCceraa ONHO H TO xe. MOXHO JaXe 3aMOJHUTH
BCIO CepALEBHHY MPOBOAHHKA NPOBOASILUM MaTepHaoM. Brixo-
IHUT, HAM Y[Ja/aochb HAaHTH MoJe NpH KOHPHUIYpalHH NPOBOAHHKOB
H 3apsaoB, H306pakeHHOH Ha ¢ur. 6.9. B npocTpaHcTBe BHe
NPOBOJHHKA NOJe KaK pa3 Takoe, KaK y ABYX TOYEYHHIX 3apsaoB
(cM. dwur. 6.8). BHyTpu npoBomHHKa oHO HyJab. M, Kpome Ttoro,
3JeKTpHYeCcKoe moJe, Kak 1 C/1el0BaJo 0XHAATh, Y CaMOil oBepx-
HOCTH NMPOBOJHHKA HOPMAJbHO K Hell.

HTtak, MBI MOXeM paccuMTaTh moJas Ha ¢ur. 6.9, BHuUHCAAA
nose, CoO3NaHHOE 3apsAAoOM ¢ M BoOOpakaeMbiM TOYEYHHIM 3apsi-
IOM —¢, MOMEIleHHHIM B MOJXOAsilleM MecTe. A ToueuHhIl 3a-
pAa, KOTOpHIH MBI MpefcTaBUaH cebe CYILECTBYIOIUHMM 3a NpPOBO-
IsLell MOBEPXHOCTBIO, TaK M Ha3biBaeTcsi 3apadoa-uzobpaxce-
HueM,

B KHurax MOXHO HaHTH AJMHHBIE MepeyHH pelleHHi 3aaauu
3JIEKTPOCTATHKU AJ151 THNepGOJMHYeCKHX MOBEPXHOCTEH U APYrHux
CJ0XKHBIX WITYK. Bac Mor/ao0 6B yaHMBHTB, KaK 3TO YyAaJochb pac-
CYHTATh NoJs 6/1H3 NOBEPXHOCTEH CTO/b yxKacHoi Gopmbl. Ho onu
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Due 69. [Toae sne nposod-
HuKa, U302HYTOZ0 80046 IKBU-
norenyuansnoli nosepxuoctu A
Ha npeduidyuiem pucyHke.

Mposvdnux

GBI paccuMTaHbl 3agoM Hanepea! Krto-to pemua mpocryio 3a-
nayy ¢ (UKCHPOBAHHBIMHM 3apsiaaMH. A 3aTeM OGHapyXHJ, 4TO
NOsABJSIIOTCS HEKOTOpble SKBHIOTEHIHaJbHble NOBEPXHOCTH HOBOH
¢opMbl, Hy M Hanucaa paboTy, B KOTOPOH yKasaJ, 4TO MOJs
CHapyXH NPOBOAHHKA TaKoi (PopMBI MOTYT ObITb H306paKeHbl
Tak-TO H TakK-To.

§ 8. Toueunolii 3apad y nposodaujeli nA0CKOCTU

B kauecTBe npocreiillero NpHMeHeHHs1 3TOrO MeTOAa HCMOJb-
3yeM IJIOCKYI0 3KBHIOTEHUHAJ/JbHYI0O MOBepXHOCTH B (cMm.
¢ur.6.8). OHa moMmoxKeT HaM pelMTb 3ajauy O 3apsige BOJH3H
npoBoAsillel NJOCKOCTH. [Jsi 3TOro 3ayepkHeM NPOCTO JEBYIO
yacTb (urypel. JIMHHM nOJS Hallero pelleHHs NOKa3aHbl Ha
¢ur. 6.10. 3ameTbTe, YTO MJAOCKOCTb 06/1ajaeT HY/JeBHIM MOTEH-
LlHa/oM, MOTOMY YTO OHAa HAaXOAHMTCH KaK pa3 Ha NOJNYTH MEXAY
3apsaaaMi. Mbl pelIHsn 3ajlayy O NOJIOXKHTeJIbHOM 3apsiie BOJIH3H
3a3eMJEHHOH MPOBOASILEH NJOCKOCTH.

Tak Mbl y3Ha/IM cyMMapHOe noJe, HO 4TO MOXHO CKa3aTb O
TOM, KaKOBH Te peaAbHbule 3apsiibl, KOTOpHE co3aaJ/au ero? Kpome
HaIUero MNOJIOXKHTEIbHOTO TOYEUHOTO 3apsjaa, HMH SBJAAIOTCA Ka-
KHe-TO OTpHUAaTeNbHble 3apsiibl, HaBejeHHblE Ha MNpoOBOAsLIeH
NJOCKOCTH H NPHUTSHYThie MOJIOXKHTENbHBIM 3apsAaoM (C KaKHX-TO
llasNeKkHx paccTosiHHi). Ho Temepb mycTh BaM 3aXOTeJIOCh y3HATb
(TO /I A9 TeXHHYECKHX LleJiel, TO JH NMPOCTO H3 MIOGONLITCTBA),
KakK pacnpefeseHbl 3TH OTpHLATe/bHblE 3apsAAbl MO NOBEPXHOCTH.
[ToBepXHOCTHYIO NJIOTHOCTb 3apsiia Bbl CMOXeTe Y3HaTb, HCNOJb-
30BaB pe3y./bTaT, NOJYYeHHbIl B I'. 5, § 6 npu nomowu TeopeMbl
Iaycca. HopmanbHas cocTaBasiiomas 3/71eKTPHYECKOro NoJs BoaJe
€CaMoro npoBOJHHKA paBHA MJOTHOCTH MOBEPXHOCTHOrO 3apsja
0, e/IeHHOM Ha €. Mbl MOXKeM y3HaTb NJOTHOCTb 3apsila B KaX-
NOfi TOYKe MOBEPXHOCTH, OTNPAaBJAASACh Ha3ad OT HOPMaJbHOH CO-
CTaBJsIIOILEH 3JeKTPHYECKOrO MOJsi Ha IOBEDXHOCTH. A ee MBI
3HaeM, NMOTOMY 4TO BOOGILEe HaM H3BEeCTHO NoJe B JI060H TOUKe.
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PaccMoTpHM TOYKY NOBEDPXHOCTH Ha pPacCTOSHHM p OT TOH
TOYKH, KOTOpasi pacrnoJ/oKeHa MNpPSIMO MNPOTHB MOJIOXKHTEJbHOrO
3apsaa (cm. ¢ur. 6.10). daekTpHyecKoe nose B 3TOH TOUYKE HOP-
MaJbHO K MOBEPXHOCTH M Hanpas/jeHO BHYyTpb Hee. CocraBJsio-
Masi noJisi NOAOKUTEAbHO20 TOYEYHOTO 3apsiia, HOpMaJjbHas K
MOBEPXHOCTH, paBHa
1 aq

4mey (a2 + 02)312 °

E,y=—

(6.28)

K Hefi Mbl [O/MXKHB N0GaBHTbL 3JEKTPHYECKOe IMOJe, CO3[aHHOe
OTpPHULATEJNbHBIM 3epKaJbHbBIM 3apSAOM. DTO YABOUT HOPMAaJbHYIO
COCTABJSAKOWYIO (M YHUYTOXKHT BCe NMPOYHE), TAK YTO MJIOTHOCTb
3apsila ¢ B MPOU3BOJILHOH TOYKe MOBCPXHOCTH GYyHeT paBHa

2aq
an(a + )"

[MpouHTerpupoBaB ¢ MO Bcell MOBEPXHOCTH, MBI CMOXeM IpOBe-
pUTb HallM pacyeTbl. Mbl [JO/2XHbl NOJYYHTb BeCb HaBeleHHbIH
3apan, T. e. —q.

Ewe onuH Bompoc: AeHCTBYeT /I Ha TOYEUHBIH 3apsii CHaa?
[a, notomy 4TO HaBeJeHHble Ha MJOCKOCTH OTpHLATeJbHbIE 3a-
pPAABl AOIXKHBI €ro NPUTHrHBaTh. A pa3 Mbl 3HaeM, KaKOBBI 3TH
NOBEPXHOCTHbIE 3apsabl [mo ¢opmyne (6.29)], To Moxem ¢ mno-
MOLLBIO HHTEr PHPOBAHHSA NMOACYHTATbL CHJY, AeACTBYIOUIYIO HA HaM
NOJNIOXKHTeNbHBIH 3apsad. Ho MbBl Beab 3HaeM TaKxe, 4TO CHJA,
JelCTBYIOUlass HAa Hero, B TOYHOCTH TaKasi, KakKoil oHa Obli1a Obl,
ec/qu Obl BMECTO MJOCKOCTH Obll OAHH TOJLKO OTPHLATENbHBIA
3epKaJbHbII 3apsl, MOTOMY YTO MOJA NOGJAH30CTH OT HUX B 060MX
cJayyasix OJMHAKOBLL. TOueyHbIH 3apsi] TeM CaMblM HCNBITHIBAET
CHJYy NPUTSXKEHHUS K IJIOCKOCTH, PaBHYIO

1 q°
F = Ines Qa7 * (6.30)

o (p)=¢&E ()= — (6.29)

Mbl onpenenuad 3Ty CUIAY OueHb Jerko, 6e3 HHTErpPHPOBAHHUS MO
OTpPHLATENbHEIM 3apsijaM.

§ 9. Toueunstii 3apad y nposodauyeii cghepol

A KakHe ellle MOBEPXHOCTH, KPOME MJIOCKOCTH, HMEIOT NpoO-
croe peutenne? Camas npocras u3 HuUX — cdepa. [TonpoGyem on-
pefe/HTb MOJs BOKPYr MeTaJ/nyeckKoil cdepbl ¢ TOYeUHBIM 3aps-
noM g B6.an3u Hee (¢ur. 6.11). Ilpugercs nouckath npoctyro ¢u-
3HYeCcKyl0 3ajauy, AJasi KOTopo#d cdepa ecTb 3KBHNOTEHIHANbHAS
noBepxHocTb. EcaM MBI mpocMOTpHM Te 3amauH, KOTOphle Yxe
pelleHbl, TO YBHAHMM, 4TO y NOJs ABYX HepaASHulX TOYEUHBIX 3a-
pAOOB OJHA M3 3KBUMNOTEHLHANbHBIX MOBEPXHOCTEH KaK pa3 H
ecTb chepa. Otrmetrum ceGe ato! Ecsin MBI Kak caeayet nopGepem
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Due. 6.11. Toueurolli 3a-

4] pad q Hasoour Ha 3azem-
b AeHHOi npogodaweli coe-
TR pe 3apade, KoTopsie co-
N\ g 30aror nose, Takoe e,
a kax Yy 3apsada-u3obpaxce-
—_ qg = -Tq HUR, NOMEUWEHHO20 8 YKa-

3QHHOLU ToHuKe.

7,

>}
ooy

~

noJioXKeHHe 3apsina-u3oGparkeHHst U HYXKHYIO ero BeJHYHHY, MO-
XeT GbITL, TOra Mbl M CMOXKEM NOJOTHAaTb SKBHNOTEHLHANbHYIO
MOBEPXHOCTh K HaweH cdepe. IT0 U BnpsMb MOXeT ObITb cle-
JIaHO, ec/I1 AeHCTBOBATDb M0 CJEAYIOLleMY peLenty.

[Tonoxx 1M, YTO BBl XOTHTE, YTOGH SKBHUIOTEHIHANbHAS NOBEPX-
HOCTb Oblja cdepoil paanyca a ¢ UeHTPOM, OTCTOSALIUM OT 3apsaa
g Ha paccrosinue b. [TomecTuTte H306pax<eHHe 3apsiia BeJUYHHbI
q’ = —q(a/b) ua paauyce, npoxoAsiueM uepe3 3apsii Ha pac-
crosiiuu a?/b ot uentpa. [Norennuan cheprel nycts Gyner HyJ/b.

MarteMaTH4YeCKH NMPHYHMHA COCTOMT B TOM, 4TO cepa ecTb reo-
MeTpHYecKOoe MeCTO TOYeK, OTHOIUeHHEe DPAaCCTOSIHHH KOTOPBIX OT
JIBYX AaHHBIX TouyeK moctosiHHo. Kak caeayer u3 ¢wur. 6.11, mo-
TeHLHaa B TOYKe P OT 3apsiioB § H ¢’ NMPONOpLHOHAJ/IEH CyMMe

9 4 494

r + ra

H 6y11e1' paBeH HyJHO BO BCeX TOUYKax, AJad KOTOpbIX
s q rn__ 4

=—— uu —=— .

rs r r q

Ecan Mbl moMmellaeM ¢’ Ha pacCTOSAHUHU a%/b OT UeHTpa, TO OTHO-
IIeHHE ry/r; PaBHO MOCTOsSIHHOMN BeauuuHe a/b. Torga ecan

’

%:—%, (6.31)
T0 chepa cTaHeT 3kBUNoTeHNHaablo. [loTeHnnan ee Ha caMmoMm
nene GyneT paBeH HYJIO.

A uto, ecau HaM noHano6uTcs chepa ¢ HeHYAEeBBHIM NMOTEHIHa-
aoM? Beab OH paBeH HYJIIO TOJMBKO TOrfa, KOrja ee cyMMapHHIH
3apsaj cAyualiHO OKaxeTcsi paBHHM ¢’! KoHeuHo, ec/n ee 3a3eM-
JUTb, TO HaBelleHHble Ha Heil 3apsibl OKa)XyTCsl B TOYHOCTH Ta-
KHMH, Kak Hago. Hy, a ecan oHa 3am30.1MpoBaHa M Mbl He CHab-
AMJM ee HUKaKuM 3apsgom? WUau cHabauau ee 3apsaoM Q +# g’?
Wn oHa HaxXOOMTCA NMOA HamnpsixKeHHeM, He pasubim Hyaw? Ta-
KHe BOMpPOCH pa3pewaroTcss ¢ xody. Bceraa Beab MoxHO npo6a-
BHUTbL B LeHTp cbepnl ToueuHw#l 3apsan ¢”. [lo npuHUKNy HajoXe-
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HHUsA cdepa Bcerja OCTaHeTCS SKBHIMOTEHLHANbHOH, a H3MeHHTCS
TOJILKO BeJHYMHA NOTEHLHaNa.

Ecan y Hac, ckaxeM, ecTb npoBoaswas ctepa, npexBapu-
TeJIbHO pa3psi)KeHHasi U H30JMPOBaHHAsl OT BCEro, H Mbl MOJHECIH
K Hel MOJOXHTe/NbHBIH 3apsil ¢, TO CyMMapHHI 3apsa cdephl
OCTaHeTCsl paBHBIM HyJ0. PelleHne MOXHO HailTH, B3fB TOT XKe,
YTO W mpexje, 3apsi-H3o6paxeHue ¢’ H BAOGABOK K HeMy 3apsj
B UEHTpe cdephl, TaKoOM, 4TO

¢"=—4q =59 (6.32)

IToast nosciony BHe cdepnl GyAyT MoaydaTbCsl HaJOXKeHHeM MO-
Jeil oT g, ¢’ u q”. 3apaua pelueHa.

Tenepb sicHO, uTO MexXay c¢epoll M TOYEUHHIM 3apsiiOM ¢
NOJIXKHA CYILEeCTBOBAaTh CHJa nputsiKeHusi. OHa He mnponapaer,
naxe ecau cdepa HeliTpasabHa, Ha Heil HeT HHKAKoOro 3apsaa.
Orkyna xe Gepercs nputsxeHue? Korna BH MOAHOCHTE K MPO-
BolAllell cepe NOMOKHTENbHBIA 3apsill, TO OH NPUTATHBAET OT-
pHLAaTe/NbHblEe 3apAAbl Ha GJAHXKHHI KOHell cdephl, MOJOKHTEb-
Hble e OCTaBJ/IsIeT Ha JaJjibHeM. A NMpHUTsAKeHHe OTPHLATENbHBIMH
3apsijaMH nepeBellMBaeT OTTAJKHBaHHE [OJOXKHTEJbHBIMH; B
HTOre ocraercs nputsxeHue, CHNY ero MOXKHO MPHKHHYTb, MOA-
CUMTaB CHJY, AEHCTBYIOUYI Ha ¢ B noJje, co3gaHHoM ¢’ u q”.
CyMMmapHas cujga paBHA CHJe NPHTSXKEHHS MeXIy 3apsifaMu
g v ¢ = —(a/b)g Ha paccrosunun b — (a?/b) naoc cuaa orran-
KHBaHua ¢ u 3apsina q” = + (a/b)q Ha pacctosiuuu b.

Ecau Bbl B geTcTBe /MIOGMJH pa3rasibiBaTh XKYpHaJ, Ha 06-
JI0KKe KOTOporo Gbl/1 MOKa3aH MaJjb4HK, Pa3rasAbiBAIOLHI XKYyp-
HaJl, Ha 006./102KKe KOTOpOro nokas3aH MaJjb4HK, pasrisiblBaloLluii
XYpHaJ, Ha 06J10KKe KOTOpPOro ..., TO Bac 3aHHTepecyeT H CJe-~
nywooulas 3ajgava. [IBe onuHakoBble cdeprl, ofHa ¢ 3apsaaom —+@Q,
a ppyras c 3apsgoM —Q, pacnoJioeHbl Ha HEKOTOPOM paccTos-
HHH Apyr oT Aapyra. KakoBa cusa NpHUTSXKeHHS MeXAy HHMH?
3agaua pellaercss nNpu NoMouwH GeCKOHEYHOrO KOJHuecTBa H30-
6paxenuit. [lepBoe npubaukaer Kaxaywo cdepy 3apsiaoMm B ee
uneHTpe. DTH 3apsiibl CO34al0OT CBOM H3006pakeHHsi Ha APYroii
cdepe. ¥ nzobpaxkeHuit B CBOIO Ouepelb €CTb CBOH H306paKeHUR
M T. A, HT O, H T. 1. PeueHne 3neco —Bce paBHO 4YTO KapTHHKA
Ha 06/0xKe. CXOHTCS OHO OYeHb OBICTPO.

§ 10. Kondencaropbi; napaanseavrble naacTunbt

Tenepr o6paTtuMcs K ApyroMy poay 3ajfau, CBA3aHHBIX C NPO-
BOAHHKaMH. PaccMoTpuM 1aBe WIHPOKHe MeTaJjMyeckHe NJa-
CTHHBI, NapaJJe/bHble MeXAYy cO00H M pasjelNeHHble Y3KHM (N0
CPaBHEHHIO C UX pa3MepaMu) npoMexyTkoM. Ilpeanonoxum, uto
AJIaCTHHBI Ha3/JeKTPH30BaHbl PaBHBIMH, HO NPOTHBONOJIOXKHBIMH
3apsaaamH.
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Mnowaés = A

+0
E % /| Duye 6.12. Maockuii ko=
)t + By T + + _Id dencarop.
772777777777 Z Z 771
—g/

3apsanbl OLHOM MNAAacTHHBL GYAYT NPUTArUBaThb K cebe 3apsiabl
LpYroii H MOTOM paBHOMEPHO pacnpenensTCcs Ha BHYTpeHHe# mno-
BepxHOCTH nJaacTuH. IlycTb noBepxHOCTHAas NJIOTHOCTb 3apsiOB
Ha nJaacTuHax 6yneT +o U —o cooTBeTcTBeHHO (¢ur. 6.12). U3
ra. 5 MBI 3HaeM, 4TO M0Jie MeXAY NJacTHHAMH PaBHO c/gg, a NoJe
CHApyXH nJuacTHH paBHO Hy/mo. [lnacTuHe o6aapgarT Hepas-
HBIMH NOTEHUHaJaMH @; U ¢ MXx pasHoctu V yno6HO pathb oco-
6oe MM, ee 4aCTO Ha3LIBAIOT «HAaNpsXKeHHeM»

o — =V

[HekoToprie 06o3HaualT GykBoi V norteHuuas, Mb Xe ero o6o-
3Hayuau OYKBOH @)

PasHocTh nortenumasoB V —sto paGora (Ha emHHHLY 3a-
psina), TpeGyemasi A/s NepeHoca He6GOJBUIOrO 3apsiAa ¢ ORHOM
NJacTHHBl Ha APYrylo, Tak 4TO

Y d

rie +=Q —cyMMapHbIi 3apsg Kaxpao# naacTHHb, A —ee mJo-
maab, d — weab MexAy NAaCTHHAMH.

Mbl BHOHM, YTO HamnpsKeHHe NMPONOPLHOHAJBHO 3apsay. dTa
nponopuHoHaJbHOCTL Mexay V u Q coGawonaercs ags JMOGHIX
IABYyX NMpPOBOJHHKOB B MNPOCTPAHCTBE, €CJAM HA OJLHOM H3 HHX
MMeeTcs MJIOC-3apsill, a Ha APYrOM paBHbIl €My MHHYC-3apsia.
PasHocTb moTeHUMANOB MeXIY HHMH, T. e. HanpspKeHHe, OKa-
3bIBACTCS MpPONOPUHOHAJbHON 3apsay. (Mbl npeanosaraem, 4To
BOKDYTr HeT HHKAKHUX APYTHX 3apsiioB.)

[Touemy Bo3HHMKaeT 3Ta mpomnopuHoHaabHOCTL? IlpocTo H3-32
npuHUHMNA HajoxeHHus. [1ycTh HaM M3BeCTHO pelleHHe AJS1 OLHOI
COBOKYMHOCTH 3apsiloB, a MOTOM Mbl HA/JOXHM Ha Hero Apyroe
TaKoe e pelileHHe. 3apsiabl yABOATCs, MOJS YABOSATCS, paGoTa
nepeHoca 3apsja OT TOYKH K TOYKe TOXe YyaBoutcs. [lo 3Toi
NpHYMHe Pa3HOCTb MOTEHLHAJOB ABYX TOueK MNPOMOPLHOHAMbHA
3apsy. B uacTHOCTH, pasHOCTb MOTEHLHANOB ABYX NPOBOAHHKOB
NponopuHOHadbHa HX 3apaaaM. DTy NPONOPLUHOHANBHOCTb KOrjaa-
TO PelIMJAH 3anuchbiBaTh MHaue. M cTanu nucats

Q=Cv,

rie C— NOCTOSIHHOE YHCJ0. DTOT KOSPPHLUHEHT NPONOPLUHOHAMb-
HOCTH Ha3BaJl eMKOCTbIO, a CHCTeMy [ABYX MPOBOAHHKOB —
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xondencaropom. Ilns Halero KOHAeHCATOpa M3 MNapaJJesbHbIX
nJacTHH

_BoA
C= d

(napasie/ibabie 06KJAAKH). (6.34)

dta ¢opMyna HeTOYHA, MOTOMY YTO MOJie B NMPOTHBOPEYHH C
HaUIMM NpeAnoJoKeHHeM Ha CaMOM [eJie He BCIOAY OJHOPOIHO.
[Tone He KOHuaercst cpa3dy Ha peGpax MJAacTHH, a MOXOXe CKOpee
Ha TO, uTO M300paxKeHo Ha ¢wur. 6.13. CyMMapHHIil 3apsan TOXe
paBeH He oA, Kak MBI NpPEANOJIOXHJH; CYILIECTBYeT MaJjleHbKas
nonpaBka Ha Kpaepoil 3¢p¢ekT. UToOb 3HATh, KAKOBAa OHA, HANO
TOYHee PacCUHTAThb MOJE H MOCMOTPETH, UTO NPOHUCXOAUT Ha KpasX.
DTo OyeHb CJOXHAs MaTeMaTHyecKas 3ajaua, OJHAaKO ee MOXHO
pelHTh NPH MOMOILH TEXHHKH, O KOTOPOH MBI, BIpO4YeM, FOBOPHTH
3aecb He GymeM. PacueTbl mOKasbIBalOT, YTO MJOTHOCTb 3apsi/iOB
BO3Jle Kpas MNJIaCTHH cJerka Bo3pacTaeT. DTO 3HAyHT, 4TO €M-
KOCTb MJAcCTHH 4yThb BhIle, 4yeM Mbl AyMmaJnu. [Xopouee npubiu-
JKeHHe A/ eMKOCTH MOXHO MOJyYHTb, €CJH B ypaBHeHuu (6.34)
NpPHHATb 3a A nJaowanb, KOTOPYIO umeau Obl MIAACTHHEL, eCH 6 HX
pacLIMPH/H Ha 3/g PACCTOSIHUSI MEXAY HHUMH.]

Mbl roBopHAIM MOKa TOJbLKO O €MKOCTH [ABYX NPOBOAHHKOB.
HMHorpa Jioqu roBopsiT O e€MKOCTH NpeaMeTa caMmoro no cebe.
Tak, roBopsT, uto eMKOCTb cepbl paguycom a ecTb 4meoa. Ilpu
3TOM NOApa3yMeBaeTcs, YTO BTOPHLIM MOJIOCOM sBaAseTca cdepa
6eCKOHeYHOro pajHuyca, T. €. 4TO eCJH Ha cepe nomelleH 3apsil
+Q, To NpOTHBOMOJNIOXKHLIM 3apsifoM —Q o6/anaer GeCKOHEUHO
6oabiiass cepa. MoXKHO rOBOPUTb TaKXKe O eMKOCTAX H TOrAa,
KOrJa NPOBOJAHHKOB TPH HJM GoJibllle TpeX, HO O06CYXAeHHe 3TOro
BONpPOca Mbl OTJIOXHM A0 JYYLIHX BPeMeH.

ITycte HaM Heo6X0AMMO HMeTb KOHAGHCATOP OueHb 6O0JbIIOH
€MKOCTH. BOJ/bIIYI0 eMKOCTh MOXKHO MOJNYUYHTb, B35IB OueHb 60Jb-
Iy NJIOINAAb U OYeHb MaJjblfi MPOMexyTOK. MOXKHO NPOMOXKHTD
aJIlOMHHHeBHIE JIEHTH NpO-
BOUIEHHOH 6yMmaroii u cmo-
TaTb HX B TpyOky. (Ilome-
CTHB ee B [M/acTMacCOBYIO
YNaKOBKY, Mbl MOJYYHM TH-
MHYHBI ~ paJHOKOHMeHca-
TOp.) 3aueM OHHM HYXHBHI?

D ue. 6.13. aextpuueckoe nose
Yy kpaee 08Yyx napasreabHulx
nAQcCTuH.

5 3ak, 194 129



OHu npurosHel AAs TOro, uto6H HakamauaTb 3apsn. Ecau 6ol
MBI 3aXOTeJ/lH, HanpuMep, co6paTh 3apsl Ha KAaKOM-TO 1lape, TO
€ro NOTeHUHaJ 6GLICTPO NOJACKOUHJ GBI, a BCKOpe Tak NOAHAJCSA OHI,
YTO 3apsiAbl CTaaH Obl CTeKaTb B BO3AYX, M OT llapa MochinajHch
6b1 HCKpHl. Ho ecau TOT ke 3apsig MOMeCTHTb BHYTPb KOHAEHCA-
TOpa 6O/bLIOH €MKOCTH, TO HampsixKeHHe 6/1M3 KoHAeHcaTopa Oy-
JeT OueHb MaJjibiM.

Bo MHOrux 3/1eKTPOHHHIX CXeMaX MOJe3HO MMeTb YCTPOHCTBO,
Cnoco6Hoe MOTJOIATh HJH BHAEAATH 60JbliHe KOJHYecTBa 3apsi-
IOB, 3aMeTHO He M3MeHsis NOoTeHuHas. BoT KoHaeHcartop (HJH
«eMKOCTb») — KaK pa3 Takoe ycTpoiicTBo. OH HMeeT MHOXKeCTBO
NPHMEHEHHH H B 3JIEKTPOHHBIX MPHGOpPaX M B CUETHBHIX MaUIHHaX.
Tam oH ucnosb3yercst A/ MOJydeHHs ONPeNe]eHHOrO H3MeHEeHHs
B Hampsi)KeHHH B OTBeT Ha TO HMJIM HHOe H3MeHeHHe 3apsja.
C nonoGHEIM NpHMEHEHHEM Mbl YyXKe MO3HAKOMHJHCH B BbIM. 2,
rJa. 23, Korja ONHCHIBaJH CBOHCTBA Pe30HAHCHHIX KOHTYDOB.

N3 onpenenennss C Mpl nosyyaeM, 4To €HHHLA €MKOCTH €CTb
KYyAoH[6oabT. DTy eAHHHUY Ha3BIBAOT TakKxe @apadod (¢).
A Brasaesunch B ypaBHeHHe (6.34), MBI BHAMM, YTO € MOXHO
BbIpa3uTb B ¢papadax/merp (¢/m); 3Ta efuHuua OOGBHIYHO H MPH-
MeHseTCs.

1
&0~ 355108 PIM

TunnuHbIe €MKOCTH KOHJEHCATOPOB JlexaT B HHTepBaJe oT | MHK-
poMuKkpodapanb (mxmkg) [mau, uto TO Ke caMmoe, 1 mukoda-
paas (1 n¢)] no munnudapan. HeGoabuine KoHaeHCAaTOpH Ha
HECKOJIbKO NMHKO(papal HCOOJb3YIOTC B BEICOKOYACTOTHHIX KOH-
Typax HacTpOMKH, a eMKOCTH MopsiKa COTeH HJH ThiCAY MHKPO-
¢apag Mbl HaxoouMm B cHJIOBHIX ¢uabtpax. Ilapa o6kaangok c
njomwanblo 1 cM2 ¢ npoMexKyTkom 1 mm HMeeT €MKOCTb MNpH-
MepHo | ng.

§ 11. IIpo6oii npu svicoxom nanpsaxcenuu

Cefiyac MBI KauyecTBeHHHIM 06pa3oM pacCMOTPUM HEKOTOphe
XapaKTePUCTHKH NOoJiell BOKPYr NPOBOJHUKOB. 3apsiUM 3JeKTpH-
4eCTBOM NMPOBOJAHMK, HO Ha ceil pa3 He cepuuecKuii, a Tako#, y
KOTOpOTO ecTb OCTpHe HJaM pebpo (HanpuMmep, B ¢opme, usobpa-
KeHHoil Ha ¢ur. 6.14). Toraa nose B 3TOM MecCTe OKaxeTcs Ha-
MHOro CHJbHee, yeM B Apyrux mecrtax. [IpuunHa B o6IHX yepTax
COCTOHT B TOM, YTO 3apAAbl CTPeMSATCSH KaK MOXHO LIMpe pac-
TeYbCsl MO MOBEPXHOCTH NPOBOAHHKA, a KOHYHK OCTpPHSI BCeraa
OTCTOHMT JaJlbllle BCEro OT CTaabHON noBepxHocTH. [ToaToMy uacTb
3apsA0B Ha NJacTHHe TeyeT K ocTpHio. OTHOCHTE/IbHO MaJgoe Ko-
AUYeCT80 3apafia Ha HeM MOXeT CO31aThb GOJbIIYI0 MOBEPXHOCT-
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D ue. 614. drexTputeckoe nose
Y 0CTpo2o Kpas NnpoBOOHUKQ
O4eHb 8eauKo.

HYIO NAOTHOCTb, a BHICOKas
NJOTHOCTb O3HAayaeT CHJb-
Hoe noJsie 6/IH3 NPOBOJHH-
Ka B 3TOM MecTe.

Boo6ue B Tex MecTax
NpOBOAHHKA, B KOTOPHIX
panuyc KpHBH3HBI MeHblIe,
noje OKa3blBaeTcsi CHJIb-
Hee. UYrto6nl  yGenurbes
B 3TOM, PacCMOTPHM KOMGHMHALHMIO M3 GOJbLIOH M MaJjeHbKOH
cdep, coexnHeHHBIX MPOBOAOM, KaK MOKa3aHo Ha ¢wur. 6.15. Cam
npoBoJ He GYJeT CHJbHO BJHATL Ha BHELIHHE NOJS; €ro Aejo —
ypaBHATL noTeHUHaabl cep. Bosse Kakoro mapa noJje OKaxercs
Gosiee HanpsixkeHHBIM? Ecsiu papuyc seBoro mapa a, a 3apsan Q,
TO €ro MOTeHLHaJ NMPHUMEPHO paBeH

—_1 Q

P = ey ot

(KoneuHo, Ha/snune OMHOTrO LIapa CKa)keTcsd Ha pacnpeieseHUH
3apsiioB Ha APYroM, Tak 4TO Ha CaMOM JeJie HH Ha OJHOM H3
HHX 3apsadH He 6yayT pacnpeneseHsl cuMmerphuHo. Ho ecaun Hac
MHTepecyeT JMIlb NMPHMepHas BeJHYHHA MOJsA, TO MOXKHO NOJb-
30BaTbcd (GOPMYJNOH AJs MNOTeHUHasa cdepHueckoro 3apsaa.)
Ecau Menbinmnit map paguycoMm b obnapaer 3apsiaioM ¢, TO €ro
NOTeH HaJ NPUMEPHO paBeH

—

P2= 4meg

[SYES

Ho ¢ = g2, Tak uto

a|o

=4
b

C ZIpyroii CTOPOHH, MOJe y NOBepPXHOCTH [cM. ypaBHenne (5.8)]
NpPONOPIUHOHAJBHO MOBEPXHOCTHOH NJOTHOCTH 3apsifa, Koropas
B CBOIO Ouepelb MPOMNOPLHOHA/JbHA CYyMMapHOMY 3apsify, AeJ/eH-
HOMY Ha KBaapart paauyca. [lonyuaercs, 4To

Eq _ Q/a* _ b 35

By qt* " a’ (6.35)
3HayuT, Y MOBEPXHOCTH MeHbuiell cdepbl moje Goabuwe. Iloas
0o6paTHO NMPONOPLUHOHAJbHE PajHycaM.
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Due 6.15. NMoae ocrpoxones-

HC2O npedmera MOHHO npubii-

JCeHHO  €4uTaTO NOAeM  deyx
@ chep 00URAKOBO20 NOTeHyUA.IM.
7,

lposonoyra

DTOT pe3ysnbTaT C TeXHHYECKOH TOYKH 3PEeHHS OueHb BaXeH,
NMOTOMY 4TO B BO3JyXe BO3HHKaeT mpoOoO#, ecaH noJe yepecuyp
Beauko. Kakoii-Hn6yab cBOGOAHBIH 3apsil B Bo3ayXxe (3/71€KTPOH
HJI1 HOH) YCKODsIeTCSl 3THM NOJIeM, H eC/IH OHO O4YeHb CHJbHOe, TO
3apaA MoXeT Hab6paTb A0 CTOJNKHOBEHHSI C aTOMOM TakKyl CKo-
pocTb, 4TO BHIIHGET M3 aTOMa HOBHIH 31eKTpPOH. B uTOore moss-
aAsietcsi Bce Goablie M GoJabile HOHOB. KX ABHMXKeHHe M cOCTaB-
JsieT HCKpY, MK pa3psa. Ecan Bam TpeGyercs 3apaauth Tesno 10
BLICOKOr'O NMOTeHIIHAaJa TakK, 4YTOOL OHO He pa3psiAH/IOCh B BO3AYX,
Bbl JOJKHBI OBITh YBEePEHH, UTO MOBEPXHOCTb TeJa rJjajkas, 4To
Ha HeM HeT MecCT, Iie MoJie 4epecyyp BeJHKO.

§ 12. Honnouii muxpockon

CBepXBLICOKOE 3JIeKTPHYECKOe MoJe, OKpyxKamwliee BCAKHI
OCTPHI BBICTYN 3aps:KeHHOTO NPOBOJAHHKA, INOJYYHJO HHTepec-
HOe npHMeHeHHe B oAHOM npu6ope. PaboTta uoxnHozo mukpockona
06yc/I0B/IeHa MOILHBIMH MOJISIMH, BO3HHKAIOUIMMH BOKPYTI MeTaJl-
JUYecKoro octpus *. YcrpoeH stot npubop Tak. OueHb TOHKas
UrJa, guaMeTp KOHuMKa KOTOpoil He Gosee 1000 A, nomewena
B UEeHTpe CTEeK/JsIHHOH cdepbl, M3 KOTOpOH BbIKauaH BO3AYX
(¢ur. 6.16). BHyTpeHHsAss moBepXHOCTb cepbl MOKPHITA TOHKHM
NpPOBOJSAIHM cJ0eM (1yopeclHpyIOLIEro BellecTBa, H MeXAy Hr-
JO# M ¢ayopecUHpPYIOUINM NOKPHITHEM CO3[aHAa OuyeHb BLICOKas
pPasHOCTb NOTEHLHAJIOB.

[TocMoTpuM cnepBa, uTo GyneT, €CaAH HrJaa MO OTHOIUEHHIO
K ¢ayopecuupyioluleMy 3KpaHy 3apsixeHa OTpULATebHO. JIMHUH
N0J/11 y KOHYHKA UIJbl CKOHLUEHTPHPOBAHBI OYeHb CHJIBbHO. DJeKT-
pHuecKoe moJjie MoxeT gocturatbh 40-10 6 Ha | cm. B Takux
CHJIbHBIX MOJAX 3/JeKTPOHBl OTPHIBAIOTCS OT MOBEPXHOCTH HIVIHI
M YCKOPSIOTCA Ha yyacTKe OT HIJIbl A0 3KpaHa 3a CyeT pa3HOCTH
noteHuHanoB. [JoCTUrHYB 3KpaHa, OHH BHI3LIBAIOT B 3TOM MeCTe
cBeueHHe (B TOYHOCTH, KaK Ha 3Kpalle TeJeBU3WHHOH TpPyOKH).

* CM. cratelo Miosnepa [E. W. Mueller, The field-ion microscope,
Advances in Electronics and Electron Physics, 13, 83 (1960)}.

132



Qayopecyupyrouyee
110K PoifTile

Due 6.16. Honnord mu-
Kpockon.

Meman-"
JUYECKOE 4
acmpue ;

g/ Jemns
CMERNAHHAS Konba

K saryymromy
Hacocy

[ * Baicoxoe Hanpamedte

DNeKTPOHH, NMpHIIEeAIIHe B aHHYI0 TOYKY (ayopecuupyromei
NOBEPXHOCTH, — 3TO, B OUeHb XOpOIIEeM NpPHGJIHMKEHHH, Te CaMble
3JIEKTPOHBI, KOTOpbHIe MOKHHYJH NPYroil KoHell paaHaJ/bHOH JH-
HHH 10J151, TOTOMY 4YTO 3JEeKTPOHH ABMXKYTCA BAOJb JHHHH noas,
COeMHSIOIHUX KOHYHK HIJBl ¢ MOBepXHOCThbIO cepbl. Tak uTo Ha
NOBEPXHOCTH MBI BHAMM CBOEro poaa H3o6paxKeHHe KOHYHKa
UIJbl. A TOuHee, MBI BUJIMM KapTHHY UCAYCKATEAbHOL CROCOOHO-
CTU NMOBEPXHOCTH HIJbl, T. €. JETKOCTH, C KOTOPOH 3J/1eKTPOHBl MO-
IYT OCTAaBUTb MOBEPXHOCTb MeTaJjluueckoro octpusi. Ecau cuaa
paspeuleHHsi JOCTaTOYHO BLICOKA, TO MOXHO PacCuUUTHIBaTh pas-
peluTb MOJIOXKEHHUS OTAeJNbHbBIX aTOMOB Ha KOHuMKe urab. Ho
C 3/IeKTPOHAMH TaKOro paspelleHHsi NOCTHYb Heab3sl MO cJje-
AYyOUIHM NpHYHHAM. BO-l'lepBbIX, BO3HHKAeT KBAHTOBOMeE€XaHHUe-
cKkass Au(paKUHA 3JeKTPOHHBIX BOJIH, H H300pakeHHe 3aTyMa-
HHUTCA. Bo-BTOpLIX, B pe3y/bTaTe BHYTPEHHero ABHXKEHHS B Me-
TaJjle 3JeKTPOHbl HMeloT He6O.IbLIYI0 NOMNepeyHyK HayaJgbHYO
CKOPOCTb B MOMEHT BHIDBIBAHHSl M3 HIJIBl W 3Ta CJayudailHas momne-
peyHasi COCTaBJAKOLIAS CKOPOCTH MNpHBEAET K pPa3MasbiBAHHIO
u3obpaxkeHus. B o6ueil cJ0XKHOCTH 3TH 3p(deKTH OrpaHHUHBAIOT
pa3pelIUMOCTh AeTaJell BeHYHHON mopsigka 25 A.

Ecan, oanako, Mbl mepeMeHMM 3HAK Hampsi)KeHHS U BNYCTHM
B KOJIOYy HEMHOro re/us, TO AeTaju paspelieHbl OyAyT Jyulle.
Korpa atom renusi cTajJKMBaeTcsi ¢ KOHYMKOM OCTPHs, MOLLHOE
noJie CpbiBaeT ¢ aToMa 3JeKTPOH, H aTOM 3apsikKaeTcsl MOJIOXKH-
TeJbHO. 3aTeM HOH Tre/Ms YCKOpsieTCs BJOJb CHJIOBOH JIHHHH,
noka He nonafer B 3KpaH. IlockoabKy HOH rejisi HeCpaBHEHHO
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Due 6.17. H3obpasxenue,
NOAYHUEeHHOEe UOHHOLM MUKPO-
ckonom.

TsXKeJee 3JeKTPOHA, TO U KBAaHTOBOMeXaHHuYeCKHe [IJHHBI BOJIH
y Hero HaMHOro MeHbllle. A ecaM K TOMY e TeMIepatypa He
OueHb BBICOKA, TO M BJHSIHHE TENJOBLIX CKOPOCTell TaKxe 3Hauu-
TeJIbHO cjabee, yeM Y ajgekTpoHa. M3o6pakeHne pasmasbiBaercs
MeHbILle U NoJIyyaeTcsa Kyaa 6oJiee pe3Koe H306paKeHHe KOHUHKA
urasl. C MUKPOCKONOM, paGoTalOLHM Ha NMPHHLHIE HOHHOH 3MHC-
CHH, yAanocb JOOHMTbCS YyBeJHYeHHs BHJIOTL A0 2000000 pas,
T. €. B JecATb pas Jyulle, Y4eM Ha JYYLIHX 3JEKTPOHHEIX MHKPO-
CKonax.

Ha ¢ur. 6.17 nokasaHo, uyTé ymanoch MOJYYHTH Ha TaKOM
MHKpOCKONe, NPHMEHHB BOabGpaMoBYyi0 Hray. LleHTpel aToOMOB
BOJb(ppaMa HOHM3YIOT aTOMBI Te/IHsl YYTh HHAYe, 4eM NMPOMEXYTKH
MexAay atoMamu Boabppama. PacnosoxeHne nateH Ha ¢ayopec-
LMPYIOIEM 3KpaHe NeMOHCTPHPYET PacCTaHOBKY OTOeibHbLX ATO-
M08 Ha BosbGpamoBoM ocTtpHe. [loueMy nsiTHa MMeIOT BHA KO-
Jlell, MOJKHO MOHAATb, €CJH NpeACcTaBUTb ceGe GO/BIIOH SLIMK, Ha-
OUMTHIA InapaMH, yJOXEHHBIMH B NMPSIMOYTOJIbHYIO CeTKy M obpa-
3YIOLIUMH TaKHM 06pa3oM KyOHYecKylo peuleTKy. DTH 1apbl —
Kak Obl aTOMH B MeTaJJje. Eciu BH H3 3TOTO sillHKa BHIpEXeETe
NpHMepHO chepHUYecKyl0 4acTb, TO YBHAHTE KapTHHY KOJel, Xa-
PaKTepPHYIO A/ aTOMHOH cTPYKTypol. MIOHHBII MHKpOcKon Brep-
Bble CHAaGAHJ/ YesI0OBEYeCTBO CPEACTBOM BHIAETb aTOMBHL. 3aMeya-
TeJbHOE [AOCTHXEHHe, lla ellle MOJyYeHHOe ¢ TaKHM MPOCTHM
npu6opom.
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Tarasa 7

ANEKTPHYECKOE MNOJIE B PA3HbLIX § 1. MeToant
PU3SHUYECKUX YCJIOBHUSAX (npoposxenne) gﬁgfﬂ;gfﬂ;&_

4YecKoro noag

§ 2. [symepHbie nons;

§ 1. Merodot onpedearenus ¢y;lmuuu woro
KOMNJIEKCHOT
9/1eKTPOCTATUHECKOZ0 NOAA hepementoro

B 3T0it rnaBe Mb NPOAOJKHM PacCMOTpPEHHE
XapaKTePHCTHK 3JeKTPHYeCKHX noJeil B pasauy- § 3 'ézggg‘:'""
HbIX yc1oBHsiX. CnepBa Mbl ONHIIEM OQHH H3 Hau-

TaHHBIX METOHOB Ta noJei

6osiee paspaborTa e 0110M pacueTa ! § 4. Konnonaneee
B NPUCYTCTBHM NPOBOAHHKOB. MBI He pacCUuTHl wacTHubl
BaeM, KOHEYHO, YTO 3TH YCOBEpIIEHCTBOBAHHBIE B 97EKTPOAHTE
MeToAbl GYAYT BaMM ToTyac ycBoeH. Ho Bam

JOJKHO GBLITb HHTEPECHO MOMYYHTh KaKOoe-TO MPefl- § 5. JnekTpocTaT-
CTaBJleHHe O XapaKTepe 3ajay, KOTOphle yJaeTcs yeckoe noae
pewraTb NPy MOMOUIM TeXHHKH, H3JaraeMoll B ceTkH

chelHaJbHbIX, 60J1ee T1yGOKHX Kypcax. 3aTeM MBI
npuBeeM [Ba NpHMepa, B KOTODHIX HeT HH 3a-
paHee GQHKCHPOBAHHBIX pacnpefeneHHH 3apsiloB,
HH pacTeKaHHs 3apsAAO0B NO MPOBOAHHKY, a BMe-
CTO 3TOro pacnpejefeHHe ONpelesiOT Apyrue
(HU3HYeCKHe 3aKOHHI.

Kak MEI BHIICHH/IH B I 6, 3ajaua 06 3JeKT-
pOCTaTHYECKOM [0Jle pellaeTcsi O4yeHb INPOCTO,
KOria pacnpeae/jeHHe 3apsfoB OroBOpeHO 3apa-
Hee; OCTaeTcsl TO/IbKO B3ATb HHTerpaJ. Korpa xe
HMMelOTCSl NPOBOJAHHKH, TO BO3HHKAIOT YCJ/O0XHe-
HHsl, IOTOMY 4TO pacnpefiejeHye 3apal0B Ha npo-
BOJIHHKAaX ¢ CaMOro Hayaja HEeH3BEeCTHO; 3apsjbl
BHIHYX/1€HBl CAMH pacnpeensTs ce6si No noBepx-
HOCTH NPOBOAHHKA TaK, 4TOObl BeCb NPOBOAHHK
npuobpes OAMHAKOBHIH MOTEHUHaJ. DTH 3afauu
TaK NPOCTO He PelIalTCH.

Mbl paccmoTpesin OGXOAHBIL NYTb pelleHHs
TaKHX 3a/1ay, NPH KOTOPOM CHayasa OTHICKHBAIOT
9KBHNOTEHUHAbHble [OBEPXHOCTH HEKOTODPOro
3alaHHOTO pacnpeje/eHHsl 3apsiloB M NOTOM
ONHYy H3 HHMX 3aMeHSIOT npoBojsllell NOBepx-
HocTblo. TaKHM MaHepOM MOXHO COCTaBHTb KaTa-
JIOT YaCTHBIX pelleHHH A/ NPOBOAHHKOB J0GOM
¢opmbl, naocKol, ceprueckoit ¥ T. n. HMcnosap- 135



30BaHHe H300paKeHui, oMHcaHnoe B IJ. 6, AB/AETCA MPHMEPOM
KOCBEHHOro cnoco6a peileHusi. Jpyroit Takoii cnoco6 Mbl OnuileM
B 3TOH riasBe.

Ecnn Hama 3ajnaya He OTHOCHTCA K TeM, AJsi KOTOPHIX FOfeH
06XOJHBIl NYyTh, NPUXOAUTCS pelllaTh ee B J06. MaTeMaTHUYeCKO
OCHOBOH TakKoro cmnoco6a pelleHHs 3ajay SBJASETCA pelleHHe
ypaBHeHus Jlanaaca

Vig=0 (7.1)

NpH yCJAOBHH, YTO MOTEHLUHAN ¢ Ha HEKOTOPO# rpaHuue (moBepx-
HOCTSIX NPOBOAHHMKOB) paBeH YCJOBJEHHOH KOHCTaHTe. 3aaauu,
CBsi3aHHbIE C pelleHHeM AH(@epeHUHANBHOrO ypaBHEHHS T0J,
YAOB/NETBOPAIOUIEr0 HEKOTOPHIM 2PAHUYHbIM  YCAOBUAM, HA3BI-
BAIOTCS 3aflauaMHU O epaHuyublx 3HaveHusx. OHU SBHJIMCHL Npe.-
METOM HHTEHCHBHOIO MaTeMaTHYeckoro Hayyenus. [as ca0x-
HBIX MPOBOAHHKOB OOWIHMX aHAJHTHYECKHX METOAOB DelleHHs HeT.
Haxe Takas mpoctasi 3ajava, Kak noJie 3apsiXKeHHOro MeTaJjllH-
YeCKOro LUHJIHHIPA C 3amastHHbIMH TOPLAMH — KOHCepBHOH GaHKH,
npeAcTaB/isieT OrPOMHble MaTeMaTHYeCKHe TPYAHOCTH. Ee MOXHO
pelwnuTh JMHLb NPUGAHKEHHO, YHC/JIeHHBIM MeTonoM. Eduncreen-
Hbui OOLIMA MEeTOA pellleHHs — YHCJ/EeHHBIH.

HMeeTcsi HECKOJIbKO 3ajay, B KOTOpHIX ypaBHeHue (7.1) Bce
ke pewaercda. K npumepy, 3agaya o 3aps:keHHOM NPOBOJHHKE,
HMeleM GopMy 3/AJMHNCOHAA BpallleHHs, MOXKeT ObTb pelleHa
C TMOMOLUIbI0 HEKOTOPHIX CrneluHaJbHBIX GyHKUHMiA. PeuleHue ans
TOHKOTO [IHMCKa TOrJa MOXHO MNOJYYHTb, GeCKOHeYyHO CIIIOLIHB
3//IUNCOUA. A GeCKOHEYHO BHITSIHYB TOT XK€ 3JJIMIICOHI, MOMYYHM
noJe 3apsiKeHHoit Mran. Ho Hajo noa4epkHYTh, YTO €AHHCTBEH-
HBHI# npsIMOii cnoco6, MpUMeHHMBIH BCIOAY M BCerga, 3To MNyThb
YHCJ/IEHHBIX PacyeToB.

3ajnayy 0 rpaHHYHbBIX 3HAYEHHSIX MOXHO TaKe pellath Ha
ee (hu3nYecKOM aHaJjlore. YpaBHeHHe Jlansnaca BO3HHKaeT BO MHO-
X (H3HYeCKHX CHTYalHsAX: NPH H3YYeHHH YCTaHOBHBLIErocs mno-
TOKa TenJ/a, 6e3BHXPEBOro TEYEeHHs KHMIAKOCTH, OTKJOHEHHH Yil-
pyroit MeM6paHbl. HacTo MOXHO COOPYAHTb (P3HYECKYIO MOJE/b,
SIBJSIOILYIOCS aHAJIOTOM pelllaeMOil HaMH 3JIeKTPHYeCKOH 3aJauH.
WiamepuB B Moze/u Be/IHUMHY, aHAJOTHYHYIO HHTepecyIOllel Hac,
MOXHO y3HaTb pelleHHe 3afaud. [IpuMepoM aHa/NOroBoOi TEXHHKH
ABJISIeTCS NMPHMeHeHHe 3JIeKTPOJHTHYECKOH BaHHBI [JI pelleHHs
NBYMepHBIX 3aJay 3JeKTpocTaTHKH. Pelenue ynaercs notomy,
yto AuddepeHUHaNbHOE ypaBHeHHe A5 MOTEHLHana B OAHOPOA-
HOH npoBoAsllell cpefle Takoe e, KaK U B BaKyyMe.

MiMmeeTcss MHOro ¢u3uuyecKHX 3ajay, B KOTOPHX (H3HuecKHe
NoJsi B KAKOM-TO OJHOM HanpaBJ/IeHHH He H3MEHSAIOTCH HJH 3THM
H3MEeHEeHHEM MOXHO NpeHeGpeub MO CPABHEHHIO C H3MEHEHHSAMH
B ABYX ADYTrHX HanpaBJ/eHHAX. Takue 3agayn Ha3blBAKT ABYMep-
HBIMH; [10J1e 3aBHCHT TO/NBKO OT ABYX KoopauHaT. CKaxeM, ec/u
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BAOJb OCH 2 NPOTAHYTb AJHMHHYIO 3apsi)KeHHYI0 NPOBOJOKY, TO
B TOYKAX HemojaJjieKy OT Hee 3JleKTpHYecKoe MoJie 3aBHCHT OT X
H Y, a He OT 2; 3ajaya AByMepHas. Tak Kak B ABYMepHbIX 3aia-
yax 0¢/0z = 0, oT ypaBHeHHe A/ @ B CBOGOJHOM NpPOCTPAHCTBE
MMeeT BHI ,

¢ , 0'v __

w3 +Wz_ =0. (7.2)
[TockobKy IByMepHOe ypaBHeHHe CPaBHHTEJbHO MPOCTOE, TO CY-
WIeCTBYeT LIMPOKHIl KJacc YCJOBHiH, B KOTOPHIX OHO pellaeTrcs
aHaNuTHYeCKH. [leficTBHTe/IbHO, CylleCTBYyeT MOryyas MareMaTH-
yecKasi TeXHHKa, CBA3aHHAasi C TeOpeMaMH TeOpHH QYHKUHI KOMM-
JIEKCHOr0 nepeMeHHoro. K uasoxensio ee Mbl cefiyac u mepeiaem.

§ 2. Meymepnole nors; pynkyuu KomnaeKcHozo nepemennozo
KomMmnJekcHass BeqMYHHA 3 onpeaenseTcs Tak:
t=x+1iy.
(He nepenyTaiiTe 3 ¢ KOOOpAMHATO!N 2; KOOPAHHATa Z He BCTpe-
THTCA B AaJjbHeiilleM, NOTOMY YTO 3aBHCHMOCTH NoJiedl OT 2 He
6yner.) Torma KaxXaoii TOY4Ke Ha MNJOCKOCTH (x, y) OTBeyaer
KOMIJIEKCHOE YHCJIO 3. MBI MOXKeM CYHTaTb § 0co6oi (KoMmJeKc-

HOIl) mepeMeHHOM BEJMUYMHON H C ee MOMOLIbIO 3aNHCHIBaTh OGHIY-
Hble MaTeMaTHyeckue ¢yHKUuH F(3). Hanpumep

F(3 =12,
HJH
1
FG3)= 7
HJH
F(3)=3logs
H T AO.

Ecau nana Hekoropasi onpefeneHHast ¢pyukuus F(3), To MOX-
HO MOACTAaBHUTb 3 = X -+ [y; NOJAYYUTC QYHKUHUA OT x U Y C Heil-
CTBUTEJbHOH MU MHHUMOH vactamu. Hanpumep,

=+ iy =x>—y*+ 2ixy. (7.3)
Jlio6yio ¢yHkuuo F(3) MOXHO 3amucaTb B BHAE CYMMBbl YHCTO

JeHCTBHTEJbHOH M YHCTO MHHMOM 4YacTeH, W Kaxjaas H3 udacTei
O6yaeT QyHKUHeH OT X U Y:

F@R=U(x, y)+iV(x, y), (7.4)
rae U(x, y) u V(x, y) — neiicTBUTeIbHbIE (QYHKUHH. 3HAUUT, U3
A060H KoMnJaeKcHO# (MYHKUMH F(3) MOXKHO NMpPOM3BECTH IBe HO-
Boie ¢yukuun U(x, y) u V(x, y). K npumepy, F(3) =3* naer
ABe GYHKUMH:

Ulx, p=x*—y* (7.5)

V (x, y) =2xy. (7.6)
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Mu nogowsn cefiyac K yAUBHTE/NBHOH MaTeMaTHYeCKOH Teo-
peMe, CTOJIb NpeKpacHOil, YTO J0Ka3aTeJbCTBO ee MPHAETCA OTJO-
XKHTb 1O COOTBETCTBYIOILEr0 MaTeMaTHyecKoro Kypca. (Ecin mbl
HayHeM 3apaHee NPHOTKPHIBATH BCe TaiHbl MaTeMaTHKH, OHA NO-
KaxeTcsi BaM MOTOM cKyuHoll.) Teopema 3Ta COCTOHT BOT B YeM.
Hns n060# «HOpMaabHOH» GyHKUMM (YTO 3TO TaKoe, MaTeMa-
THKH BaM 0GDbscHaT ayuuie) ¢yukuuun U u V asromaruuecku
YOOBJIETBOPSIOT COOTHOLIEHHSIM

ou ov
H
4 ou
=3 (7.8)

OTclona HeMea/eHHO cjenyeT, yTo Kaxnaas u3 ¢yukunit U n V
yAOBJETBOpsieT ypaBHeHulo Jlansaca:

a*u U
9x2 + 9y° =0, (7.9)
%V o

Cpasy BuAHO, uTOo aJas ¢yHkuui (7.5) u (7.6) 3TH ypaBHeHHA
BHINOJIHSIOTCS.

3Hauyut, Bceraa, OTNPaBUBLIHCH OT KaKOi YrogHo OOGBIYHOH
GyHKUHH, MOXHO NpuiTH K ABYM ¢yHkuusam U(x, y) u V(x, ¥),
KOTOphle 00e CYThb pellleHHs1 AByMepHOro ypaBHeHHs JlanJjaca.
Kaxpas ¢yHKuMs npeacTaBasieT HEKOTOPBIH 3JeKTPOCTaTHYECKHIT
noteHuuan. Jlrobas Boi6paHHas HaMu ¢yHkuHa F(3) o6s3aHa
CHabAUTb Hac pelleHHeM KaKOU-TO 3aflayd M3 3JeKTPOCTATHKH,
BepHee faxe 08Yyx 3ajay, MOTOMY 4YTO pelleHHeM SBJsETCS KaK
U, tak u V. Tak MOXHO BHIMHCATb CKOJbKO YrOAHO peLIeHHI:
NPOCTO HANPUAYMBIBaTh MHOXKeCTBO (YHKLHIl H OCTaHETCS TOJBKO
HalTH 3ada4u C TakUMH pelleHHsIMH. Takoil moaxond K 3ajgauyaMm
BMOJIHE AONMYCTHM, XOTb OH H NPOH3BOAMTCH 3aJOM Hamepein.

a5 npuMepa mocMOTpPHM, K KaKoi ¢M3HYecKo 3afaue MpH-
BeJeT Hac QyHKUHA F(3) = 32 M3 Hee MBI noJsyyaem JaBe MOTeH-
uxanabHble GYHKUHH (7.5) u (7.6). UToGH yBHIETH, KaKylo 3a1ayy
pewmaet ¢yHkuuss U, Mbl HaiifieM 3KBUNOTEHLHaJbHble MOBEPXHO-
cty, nonarass U paBHBIM NOCTOSTHHOMY uucay A:

P —yP=A.

10 ypaBHeHHe paBHOGOuHOHl rumepGoabl. IlepeGupasi pasHble
3HaueHusa A, Mbl noJyyaeM ceMeiicTBO runep6oJ, HayepuyeHHOe
Ha ¢wur. 7.1. Korna A = 0, To runep6oJibl BEIPOXKAAIOTCS B mapy
JHaroHanes, NpoXoAsillUX yepe3 HayaJo.

Takoe cemeiicTBO 3KBHMOTEHUHANbHBIX MOBEPXHOCTEH BCTpe-
YyaeTcsl B HECKOJIbKHX (PU3HUecKHX 3ajavax. B oaHOl M3 HUX OHO
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Due 7.1. dea cemeiicréa 0pTOZOHAALHOLX K PUBbLLX,
KOTOpble MO2YT npedCTABAAT6 COBOOU S3K8UNOTEHUUAAb=
Hble AuHUW 0BYMEPHOZO AeKTPOCTATU4eCKO20 NOAA.

n3o6pakaeT AeTaqu CTPYKTYpHI M0/ BO3Je TOYKH MeXAy ABYyMs
OJMHAKOBLIMH TOYEUHLIMH 3apsiaamu. B apyroil oHo H300paxaer
NnoJie BHYTPH NpPSIMOro yrJa, 06pa3oBaHHOr0 ABYMS MPOBO AAILUHMH
nJjockoctsaMu. Ecaun ecth aBa 3JeKTpola, H30THYTHIX TaK, Kak Mo-
Ka3aHo Ha ¢ur. 7.2, H UMEIHUX pasHble NMOTEHUHAJAb], TO NOJe
BHYTpH yraa C O6yaeT BBINJIAAeTh B TOYHOCTH TaK XKe, Kak moJe

/ﬂpaaoﬁﬂux +

uma. E um.a.
Pue. 7.2. Iore 8032 = \ b
Touku C Takoe e, Kak
Ha Que. 7.1,
Npo6oidrur —
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Pue. 7.3. Hore keadpynoarsrot
AUR3BOL.

[Tposodnur
p=+V

OKO0J/IO HauaJla KooopaAHHAT Ha ¢ur. 7.1. CnjouHble JHHHUH — 3TO
3KBHUNOTEHLHAJbHbIE MOBEPXHOCTH, a MepeceKalollle UX LITPHXO-
Bble — 3TO JHHHU noas E. B6.ausu octpusi uau BeicTynma 3JeKT-
pHuYeCKoe MoJie MOBBLILIAETCS, a BO3Je BMNAAHHbI HJIH OTBEPCTHS
OHO cJjabeer.

HafineHHoe HaMHu pellleHHe OTBeuyaeT TaKzxKe Trunep6oJinye-
CKOMY 3J1eKTPOAY, NOMELEHHOMY OKOJIO NPSAMOro yraa, uad ABYM
runep6osaM NPH COOTBETCTBYIOIIMX MOTEHUHa aXx. 3aMeTbTe, UTO
noje ¢ur. 7.1 umeer uHTepecHoe cBoiicTBO. CocraBasiowas X
aJeKTpHueckoro noJsi E gaetcs BbIpaxkeHHeM

Ey=—9%=—2

T. €. 3JIeKTPHYeCKoe MNoJie NPONOPLHOHAIbHO PAaCCTCSAHHIO OT OCH
KOOpAMHAT. DTOT $HakT Gbla HCMOJ/b30BaH, YTOGHI CO34aTh YCTPOH-
CTBO (Ha3biBaeMOe KBaApYyMOJIbHON JHH30H), Heob6xoxumoe s
¢$oKycHpOBaHHS MyYyKOB yacTHl (cM. BeO. 6, ra. 29, § 9). doky-
cupyiollee mnoJie 06bIYHO MOJYYAIOT C MOMOILBIO YeThIpeX Trumep-
60/IHUECKUX 3JIEKTPOJOB, H300paeHHbIX Ha ¢wur. 7.3. IlpoBoas
3[ech JIMHHH 3JeKTPHYECKCTO MOJs, Mbl NPOCTO NepeuepTHAH
¢ ¢wur. 7.1 ceMelCTBO IITPUXOBLIX KpUBLIX V = const. DTH nuHHK
JOCTaJUCh HaM coBepuieHHO GecnnaTtHo! Kpusbie V = const mep-
neHAUKyAapHbl K KpuBbiM U = const, kak 3To caenyer u3 ypas-
Henuit (7.7) u (7.8). Kak Toasko Mbl Bbi6HpaeM ¢yHKuHi F(3),
To nonyyaeM u3 U u V cpasy e 3KBHNOTeHUHAJbHble JHHHH H
JUHUHM noJsi. Mbl [aBHO 3HaeM, YTO MOXHO peLINTb Ha BHIGOP
06y M3 IBYX 3ajauy, CMOTPS MO TOMY, KaKOe CeMelCTBO KpH-
BBIX Mbl IPUMEM 33 3KBHIOTEHLHAJbHOE.
HpyruMm npuMepoM NOCAYKHT QYHKLHS

F=n/4. (7.11)
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Ecan mp Hanumem

rae
p=/x2+ 4
H
_ ¥
tgG_T,
TO

F@)= px/,ei9/2 p— p‘/: (COS % -+ isin %) ’
OTKyZa caenyer

2 2\Y2 /2 Vo 2
F@)= [W +i [_("2'}‘”22#] . (7.12)

Kpustie U(x, y) =A u V(x, y) = B, rae U u V B3saTbl u3
ypaBHeHHs (7.12), npoBenennl Ha ¢ur. 7.4. V1 3nech ToXe MOXKHO
Ha3BaTh HeMaJo cJyuaeB, ONHUCHIBaeMbIX 3THMH mnoaamMu. OaHH
M3 CaMbIX HHTEPECHBIX — 3TO NOJie Y Kpas TOHKOH NJACTHHKH.
Ecan nnnus B = 0 HanpaBo OT OCH y H306paKaeT TOHKYIO 3a-
PAXKEHHYI0 NUIACTHHY, TO JHHHH NMOJs 6JH3 Hee AAKOTCA KPHBBIMH
¢ pasiuuHbIMH A. Pu3uyecKasi KapTHHa nmokas3aHa Ha ¢wur. 7.5.

Duez 7.4. Kpusvie nocroannoix U (x, y) u'V (x, y)
ua ypasnenun (7.12).
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Due 75 Odaexrpuueckoe
nose 803.ae Kpasa ToHKOU 3a-
3eMAeHHOl NAGCTUHObL,

3a3emnenras
nAachuHg

HanbHeliine npuMepbl — 310 GYHKIHA

F()=3", (7.13)
Jamniasi HaM [oJie cHapyxcu NpsiMoro yraa, ¢yHKUHA

F(3)=1log 3, (7.14)
jpampouiasi noJje 3apsiXKeHHOH HUTH, H QYHKUHUA

F@)= (7.15)

n3obpaxatoulasi noJjie ABYMEPHOrO aHaJjJora 3JeKTPHYeCKOro OH-
noJss, T. €. ABYX MapaJjijleJbHbIX NPSIMbIX, 3aPAXKEHHbIX NPOTHBO-
MOJIOXKHBIM 3HAKOM M MOMeUleHHbIX BIJIOTHYIO APYT K ApYTY.

Bosbiie 3TUM BompocoMm B HalleM Kypce Mbl 3aHHMaTbCsl He
OyneM; Mbl JO/IXKHBI TOJIbKO MOAYEPKHYTb, YTO, XOTH TeXHHKa
KOMIJIEKCHBIX MepeMeHHBIX YacTO OKa3blBaeTCsl OYeHb MOIUIHOH,
OHA OrpaHHYeHa BCe e TOJbKO ABYMeDHBIMH 3afauaMmu; K TOMY
J)Ke 3TO BCe-TaKH KOCBEHHBIH MeTO..

§ 3. KoaeGanusa nrasmot

3aiimeMcsl Tenepb TakKHMH (H3HUECKHMH 3agayaMH, B KOTO-
pBIX MoJie cO03aeTcs He 3aKpenJieHHBIMH 3apsilaMH M He 3aps-
JaMH Ha NMPOBOASLLIHX NMOBEPXHOCTSAX, a coYyeTaHHeM 00OHX (ak-
tTopoB. MIHBIMH cs0BamMH, noJeM ynpaeJjflOT OAHOBPeMEHHO [ABe
CHCTeMbl ypaBHeHHil: 1) ypaBHeHHS 3JeKTPOCTATHKH, CBA3bIBAIO-
UHe 3/MeKTpHYECKOe NoJe ¢ pacnpeleieHdHeM 3apsanoB; 2) ypas-
HeHHs1 M3 Apyroil o6/aacTH (H3MKH, ONpelensiOllHe MOJOXKeHHe
HJIH [BHXKEHHS 3apsfioB B NoJe.

CnepBa Mbl pa3bepeM OOHWH QHHaMHYecKHil nmpuMep. B HeMm
JBHXKEHHe 3apsloB KOHTpoJHpyeTcs 3akoHamu Hblotona. Ilpo-
CTOil NpHMep TAaKOro MOJIOXeHHS Bellled HAGJIOAaeTCs B NJasMe,
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B HOHM30BAaHHOM rase, COCTOSLIEM H3 HOHOB H CBOGOAHBIX 3JIGKT+
POHOB, pacnpefejJeHHHX B KaKoi-TO 06/1acCTH NpPOCTPAaHCTBA.
HoHocdepa (BepxHHil c/0ll aTMOChepH) CJAYXHT NPHMEpOM Ta-
Koit nnasmbl. YabTpaduosaetoBeie ayyd CosHLA OTPHIBAIOT OT
MOJIEKYJ BO3AYyXa 3JIEKTPOHbBI H CO3JaK0T cBOGOAHbBIE 3JIEKTPOHBI
U HOHB. B nJsasme noJoxHTe/bHbHIE HOHBl HAMHOTO TsXeJee
3JIEKTPOHOB, TaK YTO MOXKHO NnpeHeOpeyb JBHXKEHHEM B Hell HOHOB
N0 CPaBHEHHIO C [ BHXEHHEM 3J1eKTPOHOB.

Ilycth ny 6yneT naOTHOCTBIO 3/EKTPOHOB B HEBO3MYLIEHHOM
paBHOBecHOM cocTOsiHHH. Tako#l e AOMXKHA ObITb M MJOTHOCTb
M0JIOXHTE/IbHEIX HOHOB, IOTOMY 4TO B HeBO3MYILEHHOM COCTOSIHHH
nnasma HefiTpaibHa. Tenepb n0MycTHM, 4TO 3/1€KTPOHBl KAKHM-TO
o6pa3oM BhiBeleHbl U3 paBHOBecusi. Uto Toraa noayuutcsi? Ecau
MJIOTHOCTb 3/1EKTPOHOB B KaKOH-TO 06J1acTH BO3pocJ/a, OHH Hau-
HYT OTTAJIKHBAaTbC H CTPEMHUTBLCSl BEPHYTbCSA B MpexHee MNoJoXe-
HHe paBHOBecus. JIBHrasicb K CBOMM NepBOHAYaJ/bHBIM MOJOXe-
HHAIM, OHH Ha6epyT KHHETHYECKYIO SHEPTHIO H BMECTO TOTrO, YTOOHI
3aMepeTb B PaBHOBeCHOH KoHHrypaunu, npockoyat Mmumo. Hau-
HyTcsl KoJgebaHuA. HeuTo mnoxoxee HabaopaeTcs B 3BYKOBHIX
BOJIHAX, HO TaM BO3Bpallaiouleil CHIOH O6blJIO AaBJeHHe rasa.
B nnasme BosBpamaiowmas cuaa — 3TO JefCTBYIOLlee Ha 3JIEKT-
POHBI 3/1eKTpHYECKOe MpPHTAXKEeHHe.

Yro6bl yNpOCTHTL pacCyxAeHHs, Mbl GyIeM 3aHUMATLCS TOJIL-
KO OJHOMEpHBIM [BHXEHHEM 3/IeKTPOHOB — CKaxKeM, B Hampas-
JeHun x. [lpeanosokum, YTO 3/€KTPOHBI, MEePBOHAYaJIbHO HAXO-
IHBLIHECS B TOYKe X, K MOMEHTY ! CMECTHJHCb H3 MOJIOXEeHHS
paBHOBecHsl Ha paccrosiHHe S(x, ). Pa3 oun cMecTH/IHCDh, TO MJIOT-
HOCTb HMX, BOoOOlle roBOps, H3MeHHJach. DTO M3MeHeHHe MOACYH-
Tathb Jjerko. Ecan nocMorpers Ha ¢ur. 7.6, To BHAHO, YTO 3J/EKT-
POHBI, BHaya/e HaXOAHBIIHECS MeXAY NJIOCKOCTAMH a u b, caBH-
HYJIHCb H Temepb HAaXOAATCA MeXAY naockoctsimu a’ u b’. Koau-
YeCcTBO 3/IeKTPOHOB MeXXAy a H b npexae GbJIO NPONOPLUHOHAJBHO
noAx; Tenepb TO se HX KOJNMYECTBO HAXOAMTC B MNpPOMEXYTKe

1

! /

Due 7.6. Qouxenue sortbt le—3s 5 +As
8 naasme. !
SAEKTPOHbL OT NAOCKOCTU @ CO8u- [
earorca K a’, a or b—«K V', )

X+ Az + As

|
|
]

143



wupuHoil Ax 4 As. T1notHOCTh Tenepb cTana

__ nolAx no
=¥ as 1+ (as/an) * (7.16)

Ecau n3aMeHeHHe NMIOTHOCTH MaJso, TO MOXHO HamucaTb [3ameHss
¢ nomou(bl0 6MHOMHANbHOrO pasfoxenus (1 +e)~! Ha (1 —¢)]

n=no(l—-£—i). (7.17)

YTo KacaeTcsi HOHOB, TO NPENNOJIOXKHM, YTO OHH He CABHHYJHCH
3aMeTHO ¢ MecTa (HHepUMsA-TO y HHX Kyaa GoJblue), Tak YTO
MJOTHOCTb HX OCTajach MNpexHeH, ny. 3apsi KaxKAoro 3JeKT-
poOHAa —¢,, U CpelHssl NJOTHOCTb 3apsiia B /00O TOuKe paBHa

P=—(n—no)4e,
HJH

o= o, o (7.18)

(3necp As[Ax 3anucano yepe3 nuddepeHuHasl).

Ilanee, ypaBHeHUss MakcBe/ja CBSI3BHIBAIOT C MJOTHOCTBIO 3a-
pPANOB 3/MeKTpHUecKoe moJe, B yacTHocTH,

V.E=-L%, (7.19)
&

Ecan 3amaya [JefiCTBHTe/NbHO OJHOMepHa (M HHKaKHX moJef,
KpOMe BbI3bIBa€MbIX CMeLleHHEM 3JeKTPOHOB, HEeT), TO Y 3JIEKT-
puueckoro moasi E ecTb omHa-eauHCTBeHHas cocrasjsiomas Ej.
YpaBHeHue (7.19) Bmecte ¢ (7.18) npuBemer K

L, _ Mde 05 (7.20)

dx € Ox
Hurerpupys (7.20), noayuyaem
E,="8¢ 5+ K. (7.21)

TocTosiHHas uHTerpupoBanust K paBHa Hy.10, notomy 4to Ex =0
npu s = 0.
Cuuaa, peiicTBylolas Ha cMeLleHHBIH 3/1eKTPOH, paBHA
2
noge
F,=— 5 (7.22)
T. €. BO3Bpallaoollas CHJla NPONOPLUHOHANbHA CMEILEHHIO § 3JeK-
TpoHa. JTO NpHBeJeT K TapMOHHYECKHM KoOJeGaHHSIM 3JeKTPo-
HOB. YpaBHeHHUEe JBHXKEHHs CMELUEHHOro 3JEeKTPOHA HMeeT BH[

m d’s _ "oqg
€ de2 €

s, (7.23)
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Orciona c/leayeT, 4TO § MEHSIETCS 0 FapMOHHYECKOMY 3aKOHY.
Bo BpeMeHU S MeHsieTCsi KaK COS w! WJH, €CJH HCINO0Jb30BaTh
3KCMOHEeHTY (cM. BBIN. 3), Kak

"t (7.24)
YacrtoTa KoJsebaHHil wp onpegensercs 3 (7.23):
g,
2= — (7.25)

14 eoltte *

DTo uMcJ0, XapaKTepusylolllee NJja3My, Ha3blBalOT COOCTBEH-
HOU 4acToTOl Koaebaruli naa3mot, WIH NAQ3MEHHOU 4acTOTOU.
Onepupysi ¢ 3/eKTpOHaMH, MHOTHe MPEANOYUTAIOT MOJYYaTh OT-
BeTHl B eJHHHLAX €2, onpeaeaseMbIX Kak

2
2 9.

¢’ == =2,3068 - 107 neroron - . (7.26)
J1€o
ITpu stom ycnoBuu (7.25) npeBpainaercs B
o 4me’ny
0= (7.27)

B Takom Bume 3Ty ¢$OpMyJy MOXKHO BCTPETHTb BO MHOTMX KHH-
rax.

Wrak, Mbl 06HapyXH/H, 4TO BO3MYLUEHHS] MJa3Mbl NPHBOAAT
K CBOGOAHBEIM Ko0J/le6aHHAM 3JIeKTPOHOB BOJIM3H MOJOXEeHHs1 PaB-
HOBeCHs C COOCTBEHHOH 4acTOTOH ®p, MPOMOPLHOHANBHOH KODPHIO
KBaJpaTHOMY H3 MJOTHOCTH 3JeKTpoHoB. IlnasmeHHBIE 3/1€KT-
pOHBI BenyT ce6s KaK pe3OHAaHCHas CHcTeMa, nojodHas omHMcaH-
HBIM B BHIN. 2, ra. 23.

DTOT cOGCTBEHHLII pe30HAaHC NJa3Mbl NPHBOAHT K HHTepec-
HbIM 3¢ ¢ekTam. Hanpumep, npH npoxoxaeHHH pafHOBOJH CKBO3b
HoHOC(epy 06GHapYK HBAETCS, YTO OHH MOTYT NPOHTH TOJBKO B TOM
cJyyae, eCJM MX 4acTOTa Bhbille NMJa3MeHHOH yacToThl. A HHaye
OHHM oTpaxawTcs o6paTHo. s cBSI3H ¢ MCKYCCTBEHHBIM CNyT-
HHKOM Mbl MCMOJb3yeM BLICOKHE YyacTOThl. Eciu e MBI X0THM
CBAI3aTbCA C PAaJMOCTAHLHEH, PACMNOJIOKEHHON I1e-TO 3a TOPH3OH-
TOM, TO HeOOXOAHMMBI YacTOTbl MeHbllHe, YeM NJa3MeHHas ya-
CTOTa, HHaye CHrHaJ He OTpa3uTCs 06pPAaTHO K 3eM.e.

Ipyroit wuHTepecHBI!i nmpuMep KoaeGaHHil MNJIa3Mbl Ha6Jo-
JaeTcd B MeTaqanax. B HUX COAEPXKHUTCA maa3Ma U3 NMOJOXKHTE/b-
HbIX MOHOB M CBOGOLHBIX 3/1eKTpoHOB. [l/MOTHOCTL 1y Tam oOuYeHb
BBICOKA, 3HAYHT, BeJHKa M op. Ho Kojse6GaHHS 3JIeKTPOHOB BCe
)Ke MOXHO OOHapyxHuTb. Benb, corjacHo KBaHTOBOM MeXaHHKe,
rapMOHHYECKHH OCUHJIATOP C COGCTBEHHOH 4acTOTOH wp o6Ja-
JaeT YPOBHSIMM 3HEpruH, OTIMYAIOIIMMHUCA APYr OT ApYyra Ha Be-
JIHYHHY fiwp. 3HAUHT, €C/H, CKaxeM, 06CTpe/IMBaTh 3JeKTPOHAMHU
aJIIOMHHHEBYIO (OJIbTY H OYeHb TOYHO M3MepSATb HX 3HEPTHIO MO
TY CTOPOHY ¢0JIbTH, TO MOXHO OXHAaTb, YTO BPeMEHaMH 3JEKT-
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poHbl OyAyT H3-3a KoJieOaHHH NJa3Mbl TepsATb KaK pa3 3HePrHio
hwp. Tak 370 M npoucxoaut. Bnepsble 310 siBJeHHe HaGJ104a10Ch
3KcnepuMeHTaJbHO B 1936 r. D/IeKTPOHBI C 3HePrusiMH OT He-
CKOJIbKHX THICAY 3/IeKTPOHBOJIbT, pacCeUBasicb OT TOHKOH MeTaJl-
Juyeckoit ¢ OJIbI'H UK NPOXOAsl CKBO3b Hee, TepPSJIH SHEPrHIo nop-
nusamMu. dpoekT ocraBajcs HenoHaThiM ao 1953 r., noka bom u
[Tafinc ™ He nokasa/u, YTO BCe 3TO MOXHO OGBSCHHTb KBAaHTO-
BbIM B0O30YXKA€HHeM NJa3Mbl B MeTaJlle.

§ 4. Koanoudneie wacruyer 8 3aexrpoaute

OGpaTumcst K Apyromy fiBJeHHIO, KOrja MeCTONOJIOXeHHe 3a-
psiA0B onpenessieTcsl NOTEHLHAN0OM, CO31aBaeMbIM B KaKOH-TO CTe-
neHu caMuMu 3apsanamu. Takoll sdpdekt cylmecTBeH AJs MoBeje-
HHUA KoauonaoB. KoJasonn — 310 B3BeChb MajieHbKHX 3aPsXKEHHBIX
yacTuyek B BojAe. XOTA 3TH YACTHUKH H MHKPOCKOMHYECKHe, HO
N0 CPaBHEHHIO C aTOMOM OHM BCe Xe OueHb BeqHKH. Ecan Obl
KOJIJIOWJHble YaCTHLBI He OblIH 3apsixKeHbl, OHH Obl CTPEMHJIHCH
KOaryJupoBaTb (CAHTbcA) B GosblMe KOMKH; HO, GynydH 3aps-
JKEHHbIMH, OHH OTTAaJKHBAIlOTC APYr OT ApPYra M OCTalTCA BO
B3BellleHHOM cOCTOsHWM. Ecain B Bofe pacTBopeHa elle COJb, TO
OHA AHMCCOLMHpPYeT (pacno/3aeTcs) Ha MOJIOXKHTEJbHbIE H OTpH-
nateabHble HOHbl. (Takoil pacTBOp MOHOB Ha3bIBaeTcsi 3JEKTpO-
autoM.) OTpuuaTenbHble HOHBI MPHUTSATHBAIOTCS K KOJJIOMAHBIM
yactuuaM (OyAeM CYMTATb, YTO MX 3apsifibl MOJOXHTENbHH), a
NOJIOXKUTEAbHbIE — OTTaJKuBaloTcsl. HaM Hy»XHO y3HaTbh, Kak
HOHBI, OKPY2Kalolllie KaXXAYI0 4acTHLY KOJJIOH[Aa, PacrnpeieseHbl
B NPOCTPAHCTBeE.

YToG6bl MbIC/AL Gblja SICHEE, pACCMOTPHUM TOJBKO OXHOMEpPHBIH
cayyaii. IlpeacraBum ceGe KOJIJIOHMAHYIO YacTHLY B BHAE OYeHb
6oJblIOro (Mo CpaBHEHHIO ¢ aToMoM!) 1Iapa; Torga Mbl MOXeM
Ma/lyl 4acTb ee MOBEPXHOCTH CYMTATh MJ0CKocThbio. (Booduue,
NbITasiCh MOHATb HOBOe sIBJEeHHe, Jyyllle pa3o6paThbCsl B HeM Ha
Yype3BLIYANHO YNPOLIEHHOH MOJAENH; U TOJLKO NOTOM, NMOHSAB CYyTh
npo6aeMbl, CTOUT 6paThcsl 3a 60Jiee TOYHLIE PaACUETHI.)

ITpeanonoxum, 4To pacnpeneieHHe HOHOB CO31aeT NJOTHOCTb
3apsaoB p(X) W 3/JeKTPHUECKHIl MOTEeHUHaa @, CBA3aHHbIE 3JIEKT-
pOCTaTHYECKHM 3aKOHOM V2@ = —p/ep, HIH B OJHOMEPHOM CJy-
yae 3aKOHOM -

9 _ 0
= (7.28)

Kak 6bl pacnpesenuauch HOHbI B TAaKOM I0Je, eCaH Gbl mo-
TeHLHaJ NMOJYHMHANCA 3TOMY YPaBHEHHIO? Y3HaTb 3TO MOXHO NpH
NOMOILIH NPHHUHMIOB CTAaTHCTHYECKOH MexaHHKH. Bonpoc B Towm,

* O HOBBIX pafoTax Mo 3TOMY BOMpOCY W OGHGAHOrpadHIO CM. B CTaTbe
C.J. Powell, J. B. Swann, Phys. Rev,, 115, 869 (1959).
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Kak onpefenyTb ¢, YTOOH BHITEKAIOIUAd M3 CTAaTHCTHYECKOH Me-
XaHHKH NJIOTHOCTb 3apsifia Toxe YAOBJeTBOpsina Gbl YCJOBHIO
(7.28)?

Cor/1acHO CTaTHCTHYECKOH MexaHuKe (cM. Boim. 4, ra. 40),
YacTHUB, npe6GbiBas B TENJ0OBOM DaBHOBECHH B MoJie CHJ, pac-
npefensiloTcsl TakK, YTO MJOTHOCTb 7 YacTUL € KOODAMHATOH X

naetcs ¢opmydaoi
n (x) = nge~U /T, (7.29)

rae U (x) —noteHuuanbHasi sHeprus, k — nocrosiiHass bosbuma-
Ha, a T — aGco/noTHAst TeMnepaTypa.

IMpeanonoxuM, 4TO y BCeX MOHOB OJHH H TOT XKe 3JeKTpHYe-
CKHH 3apsj, NOJIOXKHUTENbHBIH MM OTpUUaTeabHBI. Ha paccros-
HUH X OT IMOBEPXHOCTH KOJIJIOMAHOH YaCTHUBI MOJOXHTe/bHbIH
HOH OyaeT 06J1alaTb NOTEHLHAJbHOH 3SHeprHeii

U0 =g (x).
[T10THOCTbL MOJIOXKHTENbHBIX HOHOB TOrla paBHA

ny (x)= noe—qetv (x)/kT'
a NJOTHOCTb OTPHLATENbHBIX

n_ (x) = nge ™t 9e® WIET
CyMMapHasi nJ0THOCTb 3apsija

Pp=4(gelty —q.n—,

p = geno (69T — gt9¥ET)  (7.30)

IToacraBass B (7.28), yBUAHM, YTO NMOTEHUHA] ¢ NOJKEH YAOB-
JIETBOPATb YPaBHEHHIO

d’p _ qeo (,—q,0/kT
dx? - €o (e ¢

910 ypaBHeHHe pellaeTcsl B o6lleM BHJe [MOMHOXbTe 06e ero ya-
ctu Ha 2(dg/dx) v npouHTerpupyiTe no x], Ho, npogoJxas yn-
polwaTth 3ajauyy, Mbl OTPAaHHYMMCH 3/1eChb TOJbLKO MpeaesbHBEIM
c/JyYyaeM MaJsblX MOTEHUHAJNOB HJH BBICOKHX TeMnepatyp T. Ma-
JIOCTb ¢ OTBeuaeT pa36aBieHHOMY pacTBopy. [Toka3sartesnp 3kcno-
HEHTHl TOTJa MaJ, H MOXHO B3STh

HJIH

— P, (7.31)

™1 — | £ Il | (7.32)
VYpaBHeHnue (7.31) naer

o 2noq

dx? %kTe Q)(X) (733)

3ameTbTe, UTO Tenmepb B MPaBOil YaCTH CTOMT 3HaK mJaioc (pere-
HHe He KoJe6GaTe/IbHOe, a 3KCIOHEHIHAJbHOE).
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¢ D e 7.7. Hamenenue noren-
4 yuaia Yy NOBEPXHOCTU KO-
Z0UOHOU wacTuybl.
D—Qgebaesckan dauna.
] | 1
0 D 2D 3D z

O6uee pewenne (7.33) umeer BHA

@ =Ae~%D 4 Betx/D, (7.34)
rae
2__— €0kT 7 3
D T (7.35)

[Toctossnnele A u B onpepensitorcsi W3 N06aBOYHBIX YCJCBHA.
B Hamewm cayyae B 10MKHO GBITb HyJeM, HHAue NMOTeHUHAJ AJS
60.bIIHX X o6paTHTCS B GeCKOHeuHOCThb. MTak,

@ — Ae=#D, (7.36)

rae A —noreHunan npu x = 0 Ha MOBEPXHOCTH KOJJIOMQHOM ya-
CTHULBI.

[ToreHu an yGbiBaeT B e pa3 npd ynaaeHud Ha D (¢ur. 7.7).
Uucno Z HasbiBaercsi de6ae8ckoli OAUHOU; 3TO Mepa TOJLHHLI
HOHHOH O00O0/IOUKH, OKDYXaIOWel B 2JeKTPOJHTE KaXAYi0 60Jb-
WY 3apsAXeHHYI0 4acTHuy. YpaBreHne (7.35) yTBepKpaaeT, uTo
060/104Ka CTAaHOBHTCS TOHbIUE MO Mepe YBeJlHYeHHs KOHLUEHTpa-
ILMH HOHOB (fp) HJM YMeHbLICHHS TeMOepaTyphl.

[Toctosinnyo A B (7.36) /erko nosnyyuTh, €CAH H3BECTEH MO-
BEPXHOCTHBIH 3apAl ¢ HAa NOBEPXHOCTH 3apAXEHHOH YacTHUBI
Mbl 3HaeM, 4YTO

E,=—E,(0)= {; . (7.37)
Ho E 3To TaKXe rpagHeHT ¢
E,0)=—2% =44, (7.38)
OTKy[Zla nmoJyuyaercs
)
A= e—f (7.39)
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[ToacraBuB 3TOT pesynabtat B (7.36), MBI noayyuM (MOJIOKHB
x = 0), 4TO NoTeHUHAJ KONJOUIHOH YaCTHUBI paBeH

0(0)=22. (7.40)
3aMeTbTe, YTO 3TOT MOTEHIHAJ COBMajaeT C Pa3HOCTbIO MOTEH-
LHaJOB B KOHAEHCATOpe C NMPOMeXYTKOM D H NOBepXHOCTHOH
NJIOTHOCTBIO 3apsila o.

MBI cKa3aJ/i, 4TO KOJIJIOHAHbBIe YacTHLL He CJAHNAITCS BCJel-
CTBHe 3JIeKTPHYECKOro oTTajKkuBaHusa. Ho Tenepb MBI BHAMM, YTO
HeBllaJleKe OT MOBEPXHOCTH YaCTHUBI M3-3a BO3HHKaMOleHd BOKPYr
Hee HOHHOH 060JI0YKHM MmoJie cnajgaeT. Ecau 66 0060/04Ka cTana
NOCTaTOYHO TOHKOH, y YacTHU MOSABHUJCA Obl LIAHC CTOJKHYTbHCS
apyr ¢ apyroMm. Toraa oHH Gbl CJAMNJHMCb, KOJJIOHA Obl Oocagu/Cs
H BhInaJa M3 XHAKOCTH. M3 Haumero aHajau3a sICHO, 4TO MocCJ/e
N06aBJeHHs B KOJJOHA MOAXOASIIEro KOJHYECTBA COJIM HAa4YHETCH
BbIaJeHHe ocagKa. DTOT MPOLECC Ha3blBaeTcs «BLICAJHBAHHEM
KOJIJIOH1a».

Hpyroit HHTepecHBIi NpHMep —3TO BJMSAHHE paCTBOpPEHHs
COIM Ha ocaxjeHHe Geaka. Mosekyna ©Genka—3TO JJHHHAA,
cJOXKHass M rubkas uUenb aMHEHOKHcCJAOT. Ha Heli TaM u csM
HMMeITC 3apaibl, 1 BpeMeHaMHu 3apsl KaKoro-To OJHOro 3HakKa,
CKa){eM OTpHLATEJbHOr0, pacnpefensiercs BAOJb BCeH UEMH.
B pesysnbTaTe B3aHMHOrO OTTAJKHBAaHHSI OTPHLATE/bHBIX 3aPSA10B
GenkoBas Lenb pacnpsamasiercs. Ecau B pacTBope nmelorcs etue
ApYyTHe TaKHe XKe MOJIeKYJIbl-LeOYKH, TO OHH He CJAHNAITCA Me-
XKAY coOOH BCJeACTBHE TOro e OTTaJKHBaHusl. TakK BO3HHKaeT
B XKHIAKOCTH B3BeCb MoJieKyJ-uenoyek. Ho crout no6aButh Tyaa
COJIM, KaK CBOHCTBA B3BeCH H3MEHATCS. YMeHbIIHMTCS JebaeB-
CKasg [AJHHA, MOJEKYJbl HauyHYT cOJHXKATbCId H CBEPTHIBATHCS
B CNHpaJH. A ec/H COJMH MHOTO, TO MOJIEKY bl 6GeslKa HayHyT Bbl-
nagatb B ocagoK. CyulecTByeT MHOXECTBO JPYTHX XHMHYECKHX
AIBJIEHHH, KOTOpPblE MOXKHO MOHATb HA OCHOBE aHa/aH3a 3JeKTpH-
YeCKHX CHJI.

§ 5. daexrpocraruueckoe noae cerxu

Hanocslelok MBI XOTHM H3JIOXKHTb ellle OJHO HHTEpecHoe
CBONCTBO 3/IeKTPHYeCcKHX noJied. OHO HcmoJb3yeTcss B 3JEKTpH-
yeCKHX NpPHGOpAX, 3/JEKTPOHHBIX JaMnax W AJs APYrux UeJei.
Peub naer o moBefeHHH 3/eKTPHYECKOro noss 6/aM3 CETKH, CO-
CTaBJIEHHON M3 3apsiKeHHBIX npoBoJsoyek. YTo6 ympocTuTth 3a-
Jady, BO3bMeM IJOCKYIO CHCTeMY NapaJJelbHbIX NPOBOJOYEK
6eCKOHeYHOI JJIHHBI, TPOMEXYTKH MeXAy KOTOPHIMH OAHHAKOBBHI.

Ecan MBI mOCMOTPHM Ha noJie rae-TO BBICOKO Haj MJIOCKOCTBIO
NpOBOJIOYEK, Mepefl HAMH NpeACTaHeT OJHOPOAHOe 3JeKTPHYeCcKoe
noJie, Takoe, CJOBHO 3apsl pacnpefe/eH Ha MJIOCKOCTH PaBHO-
MepHo. Ilo Mepe npu6anKeHHS K CeTKe HAUHYTCH OTK/IOHEHHS OT
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bue. 7.8. Sksuno-

TeHYyuarbHbie nosepx-
TZ HOCTU HAO 00HOPOOHOU
PRl T LS L R S SR DO ceTKOl u3 3apajxer-

HbLX npoBoaoHeK.

o

npexHeil OJHOPOAHOCTH. MBI XOTHM OLEHHTb, HACKOJbKO OJIH3KO
OT CeTKH MOSIBATCA 3aMeTHble H3MeHeHHsl B moTeHuuase. Ha o¢uwur.
7.8 MoKa3aHO NpUMepHOe PacnoOXKEHHe SKBUNOTEHIHAJNbHBIX NO-
BEPXHOCTEH Ha pasHbIX pacCTOSIHUAX OT ceTkH. YeM OJ/HXKe K
ceTKe, TeM CHJbHee KoJeGanusi. [IBurasicb mapaJijesbHO ceTKe,
MBI 3aMeTHM, YTO NOJe U3MEHSAEeTC NepHOAHYECKH.

Mebl yxe 3HaeM (cM. BHIN. 4, ra. 50), uto n06Gas nepHoauye-
CKasl BeJIMYMHA MOXeT ObIThb NpeNCTaBjJeHa B BHIE CYMMBbI CHHYC-
HbIX BOJH (Teopema Pypbe). IlocmoTpum, Heab3s Ju HaATH
NOAXOASALYI0 KoJe6aTe bHYIO (QYHKUHAI, KOTOpas YAOBJAETBOPSET
HallHM ypaBHEHHSIM MOJS.

Ecau npoBo/ioukH /lexxaT B NJOCKOCTH Xy NapaJieibHO OCHY,
TO MOXHO MonpoGoBaTh HCNLITATh YJEHBl BHOA

¢(x, 2)=F,(2) coszﬁ%, (7.41)
Tle a— paccTOsiHHe MeXAY HUTAMH, a n— yucJao KoJeGaHHH.
(Mbl NpeanoJIOKUIH, YTO HUTH 3TH OYeHb NJIHHHblE, TaK YTO HH-
Kaknx M3MeHeHHHl no y He 3aMerTHo.) IlosHoe pelleHHe AOJXKHO
COCTOSITb M3 CYMMBI TaKuX useHoB npu n=1,2,3 ... . Uro6 no-
JYYUJICS NpaBHJbHBIH NOTEHUHAJ, OHO MOJXKHO B o6GsacTu Hal
CeTKOH (rae 3apsiioB HeT) MOAYMHSITHCS ypaBHeHHwo Jlanzaca,
T. €.

02 )
6_xq; + 022 =0.

UcnbiTeiBast 3TUM ypaBHeHUeM (yHKuuio ¢ u3 (7.41), mul no-
JyyaeMm
4n2n?

— 2 Fu(@cos 2 4 Lla o5 280 o, (7.49)

T. & Fn(2) DOMKHO YIOB/IETBOPATb YCJAOBHIO

e =1 F.. (7.43)

a?
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Hrak, 10/1KHO 6bITh
Fu= Ane—z/zo’ (7.44)

20=—. (7.45)
MH 06HapyXKuJaH, YTO ecaH HMeeTcs KoMmnoHeHTa Dypbe f-i
FapMOHHKH MOJIA, TO 374 KOMIGHEHTa AOJI)KHA yObIBaThb MO 3KC-
NOHEHTe C BBICOTOH, NMpPHYEeM XapaKTepHbHIM paccTOsIHHeM fB-
asietcst 2o = a/2nn. AMnauTyna y nepBoi rapMmoHukd (n=1)
yMeHbll1aeTcss B €2 pa3 (ouyeHb pe3Koe majeHHe) KaxXAablit pas,
KOrja Mbl yaa/asieMcs OT CeTKH Ha BeJIHUHHY OJHOTO NpOMexXYTKa
a. [Ipyrue rapmoHukH yObiBaloT eumle GbicTpee. Mbl BHAHM, YTO
yKe Ha pPaCCTOSIHUM B HECKOJIbKO @ CeTKa KaXeTcs MOYTH OJHO-
pPONHoOli, T. e. KoJebaHHA noas ouveHb MaJbl. KoHeyHo, Bcerna
OCTaeTCsl «HyJieBasi TapMOHUKa» MOJIst

(p0=—Fﬂz’

KOTOpasi U faeT OAHOPOJAHOe MoJe NpH Goaplunx 2. [Jasi MoJHOro
pelleHHsl HYXHO A00aBHTb 3TOT Y/eH K CyMMe 4YJeHOB BHAA
(7.41) ¢ F, u3 (7.44), npuuem Kaxkablii YJeH HALO B3STh C KO3d-
¢uuHeHTOM A,. DTH Ko3QdHUMeHTH BHIGHPAIOTCA TaK, YTOGHI
nocie nuddepeHIUpOBaHUS MOMYYHIOCH MOJe, COrJjacyilleecs
C MJIOTHOCTBIO 3apSIAOB A HA NMPOBOJOYKAX CETKH.

Pa3BUTBIM HAMH METOAOM MOXXHO OOBSICHHTB, MOYEMY 3JEKT-
pocTaTHyecKass 3allUTa C NOMOLIBIO CeTKH HHYYTb He XYXe
CIJIOIIHLIX JHCTOB MeTaaaa. [To/le 3a ceTkoit paBHO HYJIO BCIOAY,
3a HCKJ/IOYeHHeM INPOMeXYTKa y CaMoil CeTKH, He NpeBbIMIAO-
Ier0 no pasMepaM HECKOJNbKHX ee siseeK. Mbl BHAMM, YTO Mel-
Has ceTKa, KOTOpass HaMHOro Jierue M JelieBje CIJIOIUHON Mel-
HOli OGIUMBKH, BIOJIHE MPUrOAHA AJS 3aiHUTHl YYBCTBHTEJBHOTO
3JIEKTPHYECKOro OGOpYAOBaHHS OT BO3MYLIAIOIUKHX BHELIHHX
nones.



F'arasa 8

JNEKTPOCTATHUYECKASl 9HEPTHUA

§ 1. Saexrpocraruyeckan 3nepeus
3apsados. Odnopodnstit wap

OnaHO M3 caMBIX HHTEPECHBIX U MOJE3HbIX OT-
KPBITHIE B MeXaHHKe — 3TO 3aKOH COXpaHeHHf
9Hepruu. 3Hast GopMyJbl A8 KHHETHYeCKOH H
NOTeHLUHAJbHON 3HEePrHii MeXaHHYeCKOH CHCTEMBI,
Mbl CNOCOGHBI OGHAPYXKHBaTb CBA3b MeXAy CO-
CTOSHHSIMM CHCTeMbl B fBa pa3HbIX MOMeHTa
BpPEMEHH, He BHHKas B MOAPOGHOCTH TOro, 4TO
ADOHCXOAMT MeXAY 3THMH MOMeHTaMH. Mbl Xo-
THM OMNpEAEJNUTb Telnepb IHEPTrHIO 3J/EeKTPOCTaTH-
YecKHX CcHCTeM. B a3jieKTpHuecTBe COXpaHeHHe
SHePrHH OKaxKeTcsl CTOJb e MOoJe3HbIM A4 06-
Hapy>KeHHsl MHOTHX JI000NbITHBIX (aKTOB.

3aKoH, MO KOTOPOMY MeHSIeTCSl SHeprus MNpH
97eKTPOCTATHYECKOM B3aHMOAEHCTBHH, O4YeHb
DPOCT; Ha CaMOM JeJle Mbl ero yxe 00CYXAaJH.
[Tycte uMeloTcst 3apsiabl gy M ¢z, pasie/ieHHble
NPOMEXYTKOM rio. ¥ 3TOH CHCTeMBbl eCTb Kakas-
TO 3Heprus, NOTOMY 4TO NMOHaAoOHJIaCh KaKas-To
pa6ota, uyro6bl c6/MH3HTL 3apsaabl. Mbl noacyu-
ThIBAJH paboTy, NPOH3BOAHMYIO MPH COJNHKEHHH
NBYX 3apsAa0B ¢ GOJbLIOrO PacCTOSIHHA; OHA paBHA

9192
m. (8.1)
Mbl 3HaeM M3 NpHILHNA HAJOXeHHS, YTO eCJH
3apsAnoB MHOro, To ofbmas cuaa, QeHCTBYyIOIAs
Ha mo06oil M3 3apsAAoB, paBHa CyMMe CHJ, Aek-
CTBYIOILHX CO CTOPOHBI BCeX NMPoYUX 3apsanos. O1-
Clofla cJaellyeT, YTO MOJIHAsA 3HePrusi CHCTeMbl He-
CKOJIbKMX 3apsiloB €CTb CyMMa u4JIeHOB, BbIpa-
JKaKOUHX B3aHMOJEHCTBHe KaxXao#l napnl 3aps-
10B no otieibHocTH. Ecam ¢; M g; — kakue-10
JBa H3 3apAJ0B, a PacCTOAHHE MEXAY HHMH rjj
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§ 1L

§2

§ 3.

§ 4.

§ 5.

§ 6.

dnekTpocTaTuye-
cKas 3Heprus
3apanos.
Onxopoanuiii wap

AHeprua
KOHzeHcaTopa.

Cunbl, JmeilcTBYKILIME
Ha 3apsiKeHHble
NPOBOAHNKH

AnekTpocTaTu-
yeckas 3Heprus
HOHHOr0 KpHCTanana

AnekTpocTaTn-
yeckas IHeprua anpa

dHeprua B 3NEKTPO-
CTaTHYECKOM noje

AHeprua TOYEYHOrO
3apsana

Mlosropurs: ra. 4

(Bbin. 1)
«CoxpaHenune
IHeprumn»;

ra. 13 v 14 (Buin. 1)
«Padora

¥ NoTeHuHalbHas
aHeprua»



Pue 8.1. 3daexrpocraruuecxas

8Hepeus  CUCTemblL 4acTuy ecTod o
CYMMQ 3AeKTPOCTATUYECKUX IHep- o
euil Kasxdod napet. Oqi (o)
N (o]
\\
..
(e} O o \\lJ (o]
~ (o]
N
(o] (@) \\\
(o}
(o] fo) qj
o
(¢ur. 8.1), To sHeprus HMeHHO 3TOH mapbl paBHa
9:9;
ane r,, (8.2)
0" i

Toanas 3JIEKTPOCTATHYECKAasA 3HEPrus U ectb CyMMa SHCPFHﬁ BCe-
BO3MO2KHBIX nap 3apsijaoB:

aq; ‘I]
U= . (8.3)
; 43130 i
naphn

Ecan pacnpenenenne 3ajaercs NJIOTHOCTBIO 3apsaia p, TO CyMMY
B (8.3) HYXHO, KOHEYHO, 3AMEHHTb HHTErpaJjioM.

Mbl pacckaxeM 3aecb 06 3Hepruy ¢ ABYX Touek 3peHus. Ilep-
Basl — npumexerue MOHSATHS SHEPrHH K 3JeKTPOCTATHYECKHM 3a-
JlayaM; BTOpasi — pa3Hble cmocoObl OYeHKU BeJHUYHHbI 3IHEePrHH.
ITopoit nerye GbiBaeT MOACYMTATH BBINOJHEHHYIO B KAKOM-TO CJy-
yae paboTy, yeM OLUEHHTb BeJHYHHY CYyMMbl B (8.3) HJIH BEJHYHHY
COOTBeTCTBYIOIEro uHTerpaJja. Has o6Gpa3ua noacuutaeM 3Hep-
T, HeOO6XOAHUMYIO AJA TOro, 4ToObl cO6paTh M3 3apsA0B OJHO-
POJAHO 3apsKeHHBIH IIap. DHeprus 34ech eCTb He YTO HMHOe, KakK
paGoTa, KoTopas 3aTpauMBaeTcd Ha cobHpaHHe 3apsAaoB H3 Gec-
KOHEYHOCTH.

IIpeacraBbTe, YTO MBI COOpYyzKaeM Liap, Hac/JauBas NOCJeNO-
BaTeJbHO APYr Ha Apyra cdepHyeckHe caoM GeCKOHeYHO MaJoi
tonwuHbl. Ha Kaxnoi ctaguu mpouecca Mbl coGHpaeM HeGoJb-
110€e KOJIHYeCTBO 3JeKTPHYECTBA H pa3MelllaeM ero TOHKHM CJIOeM
oT r 00 r +dr. MBIl npogo/KaeM npouecc 3TOT 40 TeX Nop, noxa
Be noGepeMcst [0 3agaHHoro paguyca a (¢ur. 8.2). Ecan Qr—
3TO 3apsj L1apa B TOT MOMEHT, KOrja liap AoBeleH A0 paauyca
r, To pa6ora, TpeGyeMasi HAJs [QOCTAaBKH Ha wap 3apsga dQ,
paBHa

au =942 (8.4)

4meor
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Due 82. Inepeuro 00HO-
POOHO 3apAXceHHO20 UaAPQ
MOJMCHO paccyurars, 80o6pa-
3us8, 4TO e20 caenuau, no-
caedosarens HO Hacaaueasn
dpye Ha dpyea chepuueckue
caou.

Eciu nuoTHoCTb 3apsi;ma BHYTPH Iiapa ecTb p, TO 3apan Qr
paBeH

4
Q=p g
a 3apan dQ paseH

dQ=yp - 4nridr.
YpaBHenue (8.4) npeBpauaercs B
_ Awmp?ridr
du = dr (8.5)

[Monnast sneprusi, Tpe6yemasi Ha TO, YTOGbl HAKOMHTb MOJHbIN
Wwap 3apsinoB, paBHa uuterpany mo dU ot r=0 g0 r=a, 1. e.
4npa®
U= Tse, (8.6)
a eC/IH Mbl XKeJlaeM BbIPa3HTb pe3y/ibTaT yepe3 MOJHbIA 3apan Q
mapa, To
U=23_Q° (8.7)
5 4meoa :
DHeprusi NpomoOpuUHOHAJbHA KBaJapaTy MOJHOro 3apsaa H 006-
paTHO mpomopuHOHaJbHa paaHycy. MoxHO npeactaBuTh (8.7) H

Tak: cpeaHee 3HaueHue (l/r;;) mo BceM napaM TOYeK BHYTPH
wapa paBHO %/sa.

§ 2. nepeun xondencaropa. Cuavl, deiicTeytoujue
Ha 3apsajxcenHble nPOBOOHUKU

PaccmoTpum Tenepb 3Hepruio, TpefyeMylo Ha TO, uTo6 3aps-
IHTb KoHaeHcatop. Ecau 3apan Q Gbl1 CHAT ¢ OLHOH O6K/IadKH
KOH/leHCaTopa H nepeHeceH Ha APYrywo, To MeXAy OOK/JajiKaMH
BO3HHKaeT Pa3HOCTb MOTEHLHAJNOB, pPaBHaA

Q
V=4 (8.8)
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rae C — emkoctb KoHfeHcaTopa. CKOJNILKO paGoOThHl 3aTpayeHo Ha
3apsinKy KoHpaeHcatopa? IlocTynasi TouHO TaKk XKe, Kak Mbl MO-
CTyHaJ/JH C LIapoM, BOOGPa3HM, YTO KOHIEHCATOP YXKe 3apsikKeH
nepeHoCcOM 3apsiia ¢ OAHOH OGKJAAKH Ha OAPYryld MaleHbKHMH
nopuusimu dQ. Pa6ora, TpeGyemass naJs nepeHoca 3apsima dQ,

paBHa
dU=VdQ.
Bass V u3 (8.8), HanuueM
_QdQ
dU=—=.
Hau, unrterpupys or Q = 0 10 KoHeuHoro 3apsiga Q, moayyaem
1 Q2
=5 (8.9)

DTy 3HepPrHI0 MOXHO TaKxKe 3anucaTh B BHAE
1 2
—Leve (8.10)
BcrnoMuHasi, 4To eMKOCTb npoBoAsileii cdepwl (Mo OTHOIe-

HHUIO K GECKOHEYHOCTH) paBHa

chbepa = 43‘[80(1 y

Mbl HEMe[JIeHHO MOJyuYuM M3 ypaBHenus (8.9) snepruio sapsixKeH-
HOH cephl

1 & 8.11)

3TOo BHIpaXKeHHe, KOHEYHO, OTHOCHTCS TaKxXe W K 3HepruH TOHKOro
chepuneckoeo ca0s ¢ NONHBIM 3apsiioM Q; moayuaercs 5/g 3Hep-
THH 00HOPOOHO 3apaserHo2o mapa [ypaBHenue (8.7)].

[TocmoTpuM, Kak mpHUMeHsieTCSl MOHSITHE 3JIEKTPOCTATHYECKOIl
sHeprud. Paccmotpum nBa Bompoca. KakoBa cuna, nefictByrowmas
MexAy o6K/n1ankaMHu KoHaeHcatopa? Kakoii BpamartenabHbiit (Kpy-
TALMHA) MOMEHT BOKPYr HEKOTODOH OCH MCNBITHIBAET 3apsKeHHbIH
NPOBOJHHK B NMPHCYTCTBHH APYroro NpOBOAHHKa ¢ MPOTHBOMO-
JIOXKHBIM 3apaaoM? Ha Takue BOnpochl JeTKO OTBETHTb, NOJIb-
3ysicb HallWM BbIpaxeHueM (8.9) aJnsi aneKTpocTaTHYecKOH 3Hep-
rMH  KOHJeHcaTopa M NpPHHUHNOM BHPTYaabHOH paGoThl (cM.
Boin. 1, ra. 4, 13 u 14).

[TpuMeHuM 3TOT MeTOn AJIS ONMpeleNeHHs CHJBI, AelCTBYIOILEN
MeXay ABYMsI oGKJaAKaMH MJOCKOro KoHAeHcaTopa. Ecau Mbl
npeACcTaBHM, YTO NMPOMEXYTOK MeXAy NMJacTHHAMH pacluHpHICA
Ha HeO6OJbINYIO BeJHYMHY Az, TO TOraa MexaHHyecKas pa6oTa,
NpOM3BOAMMAs HM3BHe MAJS TOro, 4ToGbl DPa3nBHHYTb OOK/JIAdKH,
6b11a GbI paBHa

AW =F Az, 8.12)
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rae F—cuna, peficteylomasi Mexay o6kaagkaMu. dta paboTa
06s13aHa ObITb PAaBHOH M3MEHEHHIO 3JEKTPOCTATHYECKOH 3Hepruu
KOHJIeHCaTOpa, eC/JH TOJbKO 3apsill KOHAeHcaTopa He H3MEHHJCH.

CornacHo ypaBHeHHI0 (8.9), 3Heprus KoHAeHcaTopa NEpBO-
Haya/JbHO Obliia paBHA

1l

2 Cc*
HameHeHHe B 3HEpPruu (ec.rm MBbl He AOoNyCKaeM H3MeHEeHHs BeJH-
YHHBI 3ap9111a) TOrjaa paBHO

1 1
AU =5 QA (). (8.13)
IMpupaBuusasa (8.12) u (8.13), nonyuaem
_@ 1
Fae=%0(7). (8.14)
YTO MOXKET TaKxe GbITb 3aHCaHO B BHAE
—_ @

SIcHo, sta cuia 3nech BO3HHKAaeT OT MPHTSXKeHHs 3apsiloB Ha
06KJ/1aflKaX; Mbl BHIUM, OAHAKO, 4YTO 3a6OTHTbCH O TOM, KaK TaM
OHM pacnpeje/ieHbl, HaM Heyero; eJHHCTBEHHOe, YyTO HaM HYX-
HO, — 3TO yuyecTb eMKocTb C.

Jlerko nOHATb, Kak 0606WHTb 3Ty HAE0 Ha MNPOBOAHHKH
NPOH3BOJILHON (OPMBI M Ha MPOYHE COCTABJISIOIIHE CHJbL 3ame-
HUM B ypaBHeHHH (8.14) F Toi cocTaBjsiollell, KOTOpasg Hac HH-
TepecyeT, a Az — MaJblM CMellleHHeM B COOTBETCTBYIOIlEM Ha-
npaB/eHud. Mau ecau y Hac ecTb 3JeKTpoj, HacaxKeHHbIH Ha Ka-
KYI0-TO OCb, H Mbl XOTHM 3HaTb BpalllaTe/JbHbIi MOMEHT T, TO 3a-
nuileM BHDPTYaJ/bHYI0 paGoTy B BHAe

AW =1 A0,

rae AO — HeGosbLIOH yrJoBoit noBopoT. Koneuno, teneps A(1/C)
JO/MKHO GbITh H3MeHeHHeM 1/C, oTBeualowum noBopoTy Ha A6.

%,
¢ 2

Dbuz. 83. Uemy pasen epawa-
TeAbHOLI MOMEHT, OelicT8Yrouul na
nepemennbll Kondeuncarop?
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Takum cnoccGom Mbl MOXKeM ONpefeHTh BpalllaTe/bHbIi MOMEHT,
AefICTBYIOLMI HA MOABHXHbIE MJACTHHBI NePeMEHHOr0 KOHAeHca«
TOpa, moxa3aHHoro Ha ¢ur. 8.3.

BepneMcsi K yacTHOMY CJy4alo NJIOCKOrO KOHJEHCAaTOpa; Mbl
MOXeM B3Tb (GOpPMyJay AJs €eMKOCTH, BbIBeNEHHYIO B IVl 6:

1 d
T = %A’ (8.16)
rae A —nsowans Kaxnoi o6kaaaku. Ecau npomexyTtok yse-

JHYHTCA Ha Az, TO
A (L) — Az
c - 8014 ‘

W3 (8.14) Torma caenyer, yTo CHJIa NMPHTSKEHHS MeXAY ABYMA
oOKJaiKaMH paBHa
B
F= e - (8.17)
Barasivem Ha ypaBHenue (8.17) noBHHMaTe/nbHee H MOLYyMaeM,
Helb3s JIM CKa3aTb, KaK BO3HHKaeT 3Ta cuaa. Ecau 3apsam Ha
OfHOH M3 OOK/JIaf0OK Mbl 3anuileM B Bufe

Q=0A4,
TO (8.17) MOXHO GyneT nepenHcaTb Tak:
1 ¢
F=?Q‘;’ .
Hau nockoabky mose Mexay nJjacTHHaMH paBHO
g
Eo—?o',
TO
1
F =35 QE,. (8.18)

MoxHo O6blJ10 cpa3y porafaTtbcs, YTO CHJa, AeHdCTByOUAsa Ha
OIHY U3 MJacTUH, GyfeT paBHa 3apsany Q 3TOH NIACTHHBI, YMHO-
)KEeHHOMY Ha mnoJe, AeHcTBYyloulee Ha 3apsaa. Ho uto yauBaser,
TakK 3TO MHOXHTe b !/,. [eao B ToM, 4To Eg— 3T0 He TO moue,
KoTopoe Oelictéyer na 3apsabl. Eciu Boo6pa3uTh, 4TO 3apsia Ha
NOeepXHOCTH NJIACTHHBI 3aHHMAaeT KaKOH-TO TOHKHH CJOH
(¢ur. 8.4), To mose GyaeT MeHSTbCS OT HyJsi HA BHYTpPeHHeH
rpaHuue caos g0 Eo B mpoctpaHcTBe cHapy:xH nuactuH. Cpen-
Hee MoJe, JeHCTBYIOllee HAa NMOBEPXHOCTHbIE 3apsibl, paBHO Ey/2.
Bor otuero B (8.18) cTouT MHOXHTENb !/,

Bbl nonxHBI 06paTHTb BHHMaHHe HA TO, YTO PacCUUTHIBAS
BUPTYyaJbHYI0 pPalbOTy, Mbl NPedNOJIOXKHJH, YTO 3apsil KOHIEH-
caTopa NOCTOSIHEH, Y10 KOHJEeHCATOp He OblJ 3JIeKTPHYECKH CBS-
3aH ¢ JpYrHMH npeaMeTaMH M NOJIHbIHA 3apsii He MOT H3MEHSATbHCS.
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due 84. More y nosepxuoctu
NpPOBOCHUKA XeHAeTCA OT HYaa 0o
Ey=0a/ey, Ko20a nepecewen caoli
nosepxnocTro2o 3apsada.

1—npoeodawas naactTung, 2—caroi no-
8epXHOCTHOR20 3apada,

I~

Wm/é
N

| E,

A Tenepr mycTb MBI NPEANOJNOXKHJ/H, YTO NMPH BHPTYAJbHBIX
fepeMelleHUsIX KOHAEHCATOp MOAAEPXKHBAETCS MPH MOCTOSIHHOH
pa3HOCTH NoTeHUHa 0B. Torga Mbl JOJKHB GblaM Gbl B3SiTh

1
U=+CV?
u BMecTO (8.15) MBI 6B HMMeau

FAz =% V2AC,

4YTO MPHUBOJHT K CHJle, PaBHOH MO BeJHYHHE TOH, yTo Obl1a MOJY-
yeHa B ypaBHeHuu (8.15) (rak kak V' = Q/C), Ho ¢ npoTHBOMNO-
JIOXKHBIM 3HaKOM!

KoneuHo, cuaa, aelicTBylolwas MeXAy naacTHHaMH KOHIeHca-
TOpa, He MeHsleT CBOIl 3HaK, KOrja Mbl OTCOeJHHSIeM KOHJEeHCaTop
OT MCTOYHHMKA 3JeKTpHuecTBa. Kpome Toro, Mbl 3HaeM, 4yTO ABe
NJ1aCTHHBI C PA3HOUMEHHBIMH 3JIEKTPHYECKHMH 3apslaMH A0/ KHbI
nputaruBatbes. [IpHHUMN BHPTYya/bHON paGOThHl BO BTOPOM CJy-
yae GbIM NpHMeHEH HeNnpaBHJbHO, Mbl He NMPHHAJH BO BHHMaHHe
BHUPTYaJbHYIO paGoTy, NPOM3BOAMMYIO HCTOYHHKOM, 3apsiKalo-
(MM KOHJ€HCcaTop. DTO 3HAUYHMT, YTO AJS TOrO, YTOGBI YAepXKaTb
NoTeHUHaN NpH MOCTOIHHOM 3HaueHHH V, Korja MeHsieTcs eM-
KOCTb, HCTOYHHK 3/€eKTPHYECTBA AOJKeH CHaGAMTb KOHAEHCaTop
sapsagoM VAC. Ho stor 3apsa moctynaer mpm noTeHuuane V,
TakK 4To paboTa, BHINOJHAeMasl 3JeKTpHYeCKOH CHCTeMOH, yaep-
XHBawllell 3apal nocTosiHHbIM, paBHa V2AC. MexaHuueckast pa-
6ota FAz naroc 3Ta 3nekTpuyeckasi pa6ora VZAC BmecTe npu-
BOASIT K U3MEHEHHIO MOJIHOH 3Hepruu KowuaeHcaTtopa Ha !/;V2AC.

ITosToMy Ha MexaHHYecKyl0 paboTy, KaK U Mpexje, MPUXOAHTCA
FAz = —1[,V2AC.
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§ 3. Jaexrpocraruueckas 3nepzusn UOHHO20
Kpucraasa

PaccMOTpUM Tenepb npHMeHeHHe MOHATHA 3JEKTPOCTaTHYe«
CKOIl HEPruH B aTOMHOH ¢H3HKe. Mbl He MOXeM 3anpocTo H3Me-
pATb CHJIBI, JefCTBYIOIIHE MeXJ1y aTOMaMH, HO 4acTO Hac HHTe-
pecyeT pa3HHIA B 3HEPrHsX ABYX PacCTaHOBOK aTOMOB (K MpH-
Mepy, 3Heprusi XMMHYeCKHX H3MeHeHHI1). Tak Kak aTOMHbIE CHJIbI
B OCHOBEe CBOEH — 3TO CHJBI 3JEeKTpHYecKHe, TO H XHMHYeckas
3Heprusl B IJIaBHOH CBOell 4acTH— 3TO NMPOCTO 3JEKTPOCTaTHYe-
CKasi 3Heprus.

paCCMOTpPlM HanpHMep, 3/1eKTPOCTAaTHYECKYI SHEPTHIO HOH-
HOH peweTkd. MoHHBIR KpucTaaa, Takoi, kak NaCl, cocTout Hu3
NOJIOXKHTE/IbHBIX H OTPHLATEJNbHBIX HOHOB, KOTOPble MOXHO CYH-
TaTb XXecTKUMH chepaMu. OHH 3JIeKTPHYECKH NDPUTATMBAIOTCH,
NOKa HE CONPHKOCHYTCS; 3aTeM BCTYymaeT B [eJ0 CHJAa OTTaJKH-
BaHHs1, KOTopas GBICTPO BO3PAacCTaeT, eCJH Mbl MonbiTaeMcs: COJIH-
3UTb HX TeCHee.

Jas nepBoHayanbHOrO MpuOGAHXKeHHsT BooOGpa3uM cebe COBO-
KYMHOCTb XKeCTKHX cdep, NpeACTaBJAIOIHX aTOMbl B KPHCTa/je
cosii. CTpoeHHe TaKOH pelleTKH OblJIO ONpefesneHO C MOMOLIbIO
InGpaKUHH PEHTTeHOBCKHX Jyuel. DTta peletka KyGuueckas —
YTO-TO BPOAE TpexMepHOH waxmaTHOH NocKH. CeueHue ee H3006-
paxeHo Ha ¢ur. 8.5. [IpomMexyTok Mexay HoHamu 2,81 A (uau
2,81.10-2 cm).

Ecan Hawe npeacraBieHne 0 CHCTeMe NPaBHIbHO, Mbl JOJIXKHBI
yMeTb NpOBEpHTh €ro, 3alaB CJelYIOLUHH BONPOC: CKOJIbKO MOHa-
NOGHTCS 3HepruM, 4To6bl pa3bpocaTb 3TH HOHBI, T. €. MOJHOCTLIO
pasfle/IUTh KPHCTAJJ Ha HOHBI? DTa SHepPrus A0JKHa GbITb pPaBHA
TENJ0Te HCNapeHHs COMH IJIIOC SHeprus, TpeGyeMas /s AHCCO-
LUHaUHH MOJIeKysq Ha HoHbl. [lonHas sHeprus pasgenenus NaCl

000 oe*e'
iBeaaes
L&QQQQ
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Due. 85. I[Tonepeunoii
pa3pe3 kpucraaia coau
8 Macwrabe HecKONbKUX
aromos.

B 9eyx nepneHouKyAspHBLX
K nAOCKOCTU pucynka cewe-
Husax 6yder Taxkoe e wax-

MATHOE PAcCnoAONeHUE UOHOB
Na u Cl (cm. sovin. 1, gue. 1.7).



Ha HOHBI, KaK cJeldyeT H3 omnbiTa, paBHa 7,92 ss ma moaexyay.
[Tonb3ysacy Kosadpduurentom nepesona

1 96=1,602-10"" 9x

H yuc/OoM ABoraapo (KOJHYeCTBO MOJIEKYJ B IpaMM-MOJIEKYJe)
Ny=16,02 - 10%,
MOXKHO MpPeACTaBUTb HEPrHIO UCMAPEHHs1 B BHIe
W =7,64. 105 dxc/moxs.

HsnobienHas eqyHulla 3HEPrUH, KOTOPOH MOJb3YIOTCs (H3HKO-
XHMHKH, — KHJIOKanopus, paBHas 4190 dx; tak uyto | 38 Ha MoO-
JIEKYJ/1y — 3TO BCe paBHO 4TO 23 kkaa/moae. XUMHK cKa3an Obl
nosTomy, 4to 3Heprusi auccounauuy NaCl paBHa

W = 183 xxaa/mones.

MoxeM /M Mbl MOJYYHTb 3Ty XHMHUECKYIO 3Hepruio TEOpPeTH-
YeCKH, NMOACYHMTHIBAS,, CKOJNbKO paboTsl MOHALOOHTCA [Js1 TOrO,
4yTOGHl pacmoTpowiHTh KpHCcTaan? [lo Haulelt TeopuH oHa paBHa
CyMMe MNOTeHUHaJbHBIX 3Hepruil Bcex nmap uoHoB. Ilpome Bcero
cocTaBUTb cebe npelacTaBneHHe 06 3TOI 3HeprHH, BoIOpaB KakoOM-
TO OAMH HOH H NMOACYHMTAB €ro NOTEHLHAJbHYIO 3HEPTHIO N0 OTHO-
IIEHHIO KO BCEM MPOYUM HOHAM. DTO AACT YOBOEHHYIO SHEPTHIO Ha
OJHH HOH, NOTOMY YTO 3Heprusl NPHHALJEXHT napam 3apsioB.
Ecan HaMm HyXHa sHeprusi, CBsi3aHHasl C OAHHM KaKHM-TO HOHOM,
TO MBI 0JI2KHBI B35iTh moaycymmy. Ho Ha camoM fene HaM HyxxHa
SHepPrus Ha MOAEKYAY, colepalllyl0 ABa HOHA, TaK YTO BbIYHC-
JNfleMasi HAMH CyMMa NpSMO AacT HaM 3HEPrui0O Ha MOJeKyJay.

OHeprus HOHA MO GTHOLIEHHIO K ero G/HxKaiilleMy coceay pas-
Ha —e*/a, rie  €® = q’[4me,, a @ —MPOMEXYTOK MeXAy LeH-
TpaMH HOHOB. (Mbl paccMaTpHBaeM OJHOBaJIeHTHble HOHBL) JTa
sHeprust paBHa —>5,12 38; MBI yxKe BHAMM, UTO OTBeT MoJydaeTcs
NpaBHJBHOrO nopsiika BeaHuyHHbl. Ho HaMm eule npeactouT nox-
CYuTaTh GECKOHEeYHBIH pAJ 4J/eHOB.

HauHeM co cJloXKeHHs1 3HePrHil BceX HOHOB, JeXalllX No nps-
moil. CyuTasi HOH, oTMeueHHbIH Ha ¢ur. 8.5 3HaukoM Na, Hamwum
BblleIeHHbIM HOHOM, CnepBa pPacCMOTPHM Te HOHBI, KOTOpBIE Jle-
KaT HAa OAHON ¢ HUM ropu3oHTaqu. Tam ecTb ABa OaMKalUIKX
K HeMy HOHa XJ0pa C OTpHUATeJbHBIMH 3apslaMH, Ha paccros-
HMH a oT Na Kaxzblil. 3aTeM HAYT ABa MOJOXHTEIbHBHIX HOHA Ha
paccrosHusix 2a u T. A. O6o3Hayas 3Ty cymMy sHepruii Ui, Ha-
nuiieM

b= (-tri-irie )=
== (l— gty =g+ ) (8.19)
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Psan cxonurcs MeaJieHHO, TaK YTO YHCJEHHO €ro OLEHHUTb TPYIHO,
HO H3BECTHO, YTO OH paBeH In 2. 3Hauur,

2 _ e?
Ul——Tan——l,BSGT. (8.20)
Tenepbr nepeitnem Kk OGJauxKalillefi JHHUM, [PHUMBIKaKOWeH

cBepXy. Bumxkaiimuii HOH OTpHLaTe/leH U HaXOAHTCSA Ha paccTosi-
HUM . 3aTeM CTOAT [Ba MOJIOXKHTENBLHBIX Ha PacCTOSHHAX 4/2a.
Caenyomas napa—Ha paccToannn 4/5a. cienyomas — Ha
A/10a u 1. 1. 1ns Bceit MMHHHK nmoJyyaeTcs psif

e? 1 2 2 2
Tttt ) (8.21)
Takux JuHHEA weTeipe: Bblllle, HUXKeE, ChNepefd H C3alu. 3aTeM
HMEKTCA 4YeTbipe JIHHHH, KOTOpbIEe SABJSAKTCA 6JHXKAHUIUMH 1O
AHaroHaJqu, H T. 4. H T. A.

ECJ'IH Bbl TE€pneJIMBO NpPOH3BEAETE NMOACYETHl O/ BCEX JUHUH
H 3aTE€M BCe€ CJIOKHTE, TO YBHAHTE, YTO HUTOI TAKOB:

e?
U=—1747—.
a
3To uHca0 HeMHOro Goablie TOro, 4yro Gbla0 moayyeHo B (8.20)
/151 MepBoH JIMHUHU. Y4YHTHIBas, uTo e%/a — —5,12 98, Mbl moay-
4YUM
U=— 28,94 3s.

Haw orser npu6ausutenvHo Ha 10% Gosblie sKcnepUMeHTaNbHO
Habawoaaemoit sHeprud. OH MOKa3blBaeT, YTO Hallle NpeacTaBJe-
HHEe O TOM, YTO BCS pelleTKa CKpenJsercss 3JeKTPHYECKHUMH Ky-
JIOHOBCKHMH CHJIaMH, B OCHOBE CBOell NpaBH/IbHO. Mbl BrepBhle
NOJIyYH/IH cneuHdHYecKoe CBOACTBO MaKPOCKOMHYECKOro Belle-
CTBa M3 HalIMX MO3HaHHil B aToMHOI ¢usuke. Co BpeMeHeM Mbl
no6beMmcs ropa3ao GoJbiuero. O6macTe Haykud, npobylomias no-
HATb NoBeleHHe OOJbLIMX MacC BellleCTBA Ha $3blke 3aKOHOB
aTOMHOrO NOBeJNeHHs, Ha3blBaeTCsl Gu3uxod T8epdoeo Teaaq.

A Kak Xe ¢ omHOKo#i B Hawux pacyerax? [louemy oHH He 10
KOHUA BepHbI? Mbl He y4/JHM OTTaJKHBaHHe MeXIy HOHaAMH Ha
6JIM3KHX pPaAcCTOSIHUAIX. DTO Belb He COBEPLIEHHO XKeCTKHe cdephl,
TaK 4To, c6JHu35icb, OHH HeMHoro cnJwowuBarTcs. Ho oHH He
OueHb MSIFCKHE H CIJIIOIIHUBAIOTCS CaMylo 4yTouKy. Bce xe kakasi-
TO 3HEprus YXOAMT Ha 3Ty AedopMalHIo, H BOT, KOrja HOHbI pas-
JIeTalOTCsl, 3Ta 3HEPrusi BLICBOGOXK AaeTcsi. DHeprus, KoTtopas Ha
caMoM feJie HyXHa AJs TOro, 4To6bl PasBeCTH BCe HOHBI BPO3b,
YyTb MeHbllle TOH, KOTOPYIO Mbl BLIYHC/HJH; OTTAJKHBaHHE NOMO-
raet npeojoJieTb 3JeKTPOCTaTHUECKOe NMPHTSIKeHHe.

A ecTb 1M BO3MOXHOCTb KaK-TO NPHKHHYTb [10JIO 3TOTO OT-
TaJKuBaHus? Jla, ecau Mbl 3HaeM 3aKOH CHJbI OTTaJKHBaHHs1. Mbl
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elle He yMmMeeM NOKa aHaJH3HpOBaTb JeTaJH MeXaHH3Ma OTTaJ-
KHBaHHs, HO HEKOTOpOe NpeAcTaBJieHHe O ero XapaKTepHCTHKax
Mbl MOXEM MOJYYHTb H3 MAaKPOCKOMHYECKHX H3MepeHui. Hame-
PSSl CoHUMAEeMOCTb KPHUCTAN/1a KaK LeJ0ro, MOXKHO MOJYYHTb KO-
JMYecTBEHHOe MNpeACTaBJeHHe O 3aKOHe OTTaJKHBaHHSl MeXAy
HOHAMH, a OTCIOa — O €ro BKJaajae B 3Hepruioo. Takum nyrem
O6bl10  OOGHapy»XeHo, 4YTO BKJald 3TOT [AOJXEH COCTaBJSATh
1/9,4 4yacTe BKJaga OT 3JEKTPOCTATHYECKOTO MPHUTSIXKEHHsA H
HMeTb, eCTeCTBEHHO, NMPOTHUBOMOJIOXKHBIH 3HaK. Ecan aToT BKIan
MBbl BBIYTEM M3 YHUCTO 3/1€KTPOCTATHYECKOH 3HEPrHH, TO MOJYYHM
ISl 3HepruM [HCCOLMAalMH Ha MoJekyay uucao 7,99 as. 1o
HaMHOro OJHXe K HabJalogaeMoMmy pe3yJabtaty 7,92 3s, HO Bce
ellle He HaXOAMTC B COBepLIeHHOM cor/aacHH. EcTb ewe oaHa
Belllb, KOTOPYIO Mbl He Y4/H: Mbl He CAe/]a/]H HHUKaKUX Jonylle-
HHIl O KHHEeTHYeCKOH 3Hepruu kKosebGaHuil Kpucrajna. Ecau cpe-
J1aTb NONpPaBKy Ha 3TOT 3¢ (deKT, T0O cpa3y BO3HHKHET OYEHb XO-
polllee corjacHe ¢ KCnepUMeHTaJbHONH BeNHYHHON. 3HAUHUT, HAUIH
npeacTaB/€HHsl NPaBHJbHBI: IV1aBHbIM BKJal B 9HEPTHIO KPHCTaJ-
a3, Takero, Kak NaCl, siBasieTcs1 3/1€KTPOCTaTHYECKHM.

§ 4. JaexTpocraruseckan uepaus adpa

OGpaTtuMcst Tenepb K APYroMy NpHMepy 3JeKTPOCTaTHUYECKOM
SHEpPruM B aTOMHOH (H3HKe — K 3JeKTPOCTaTHYECKOH 3HEeprHH
atToMHoro sjapa. Ilpexkne ueM 3aHATbCS 3THM BOMPOCOM, Mbl
JNOJIKHBl PacCMOTpPeTb HEKOTOpble CBOHCTBA T€X OCHOBHBIX CHIJI
(Ha3pIBaeMbiX SIEPHBIMH CHJIAaMH), KOTOPble CKPEMJsOT Mexny
co6oii npoTOoHbI ¥ HellTpoHbl B sape. [lepBoe BpeMs mocJ/ie OTKphI~
THSl ilep —H MPOTOHOB C HEHTPOHAaMH, KOTOpble HX COCTaB-
JS0T, — Ha1eA/J11Cb, YTO 3aKOH CHJ/IbHOH, He3/eKTpHYecko#l yacTu
CHJIBI, NeHCTBYIOULEH, HaNpUMep, MEeXAY OJHHUM NMPOTOHOM H ApY-
ruM, 6yaer HMeTb KaKOH-HHOYyAb MPOCTOH BHA, NMOAOGHBIH, CKa-
XeM, 3aKOHYy OoOpaTHBIX KBaApaToB B 3JekTpuuecTBe. Ecau 6bl
yAaJ0och ONpefe/uTb 3TOT 3aKOH CHJ H, KpOMe TOro, CuJ, Ae#-
CTBYIOUIUX MeXJy MPOTOHOM H HEHTPOHOM H MeXIy HeHTPOHOM
H HeHTPOHOM, TO TOrJ4a MOXHO 6bl10 6bl TEOpEeTHYECKH OMHCAThb
BCe MOBeJeHHe 3THX YacTHLU B sjapaX. ITostomy Hauana pasBopa-
4HBaTbCsl 00JblIasi NPOrpaMMa H3yYeHHs pacCesiHHsT NPOTOHOB
B HafeX[e OTbICKaThb 3aKOH CHJI, AE€ACTBYIOIHX MEeKAY HHMH; HO
nocje TPHAIATHJIETHHX YCHJIHH HHYEro MPOCTOTO He BO3HHKJIO.
Hakonunjaca 3aMeTHBIl Garax 3HaHMH O cHJAaX, AeHCTBYIOLIUX
MeXJy MPOTOHOM H NMPOTOHOM, HO NMPH 3TOM OOHAapYyXKHJOCb, YTO
3TH CHJIbI CJIOKHBI HaCTOJbKO, HACKOJbKO BO3MOXHO ce6e mpen-
CTaBHUTh.

[Tox cioBaMH «CJ/0XKHBI HAacTO/IbKO, HAacKOJbKO BO3MOXKHO»
Mbl IOHHMAae€M, YTO CHJIbI 3aBHCAT OT BCeX BENHUYHH, OT KAKHX OHH
MOTJ/IH Gbl 3aBHCETD.
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b ue 86. Cura e3aumoded-
creun 08yx NPOTOHOE8 3asucut

OT 8CeX MbLCAUMbLX hapamMeTPos8.

e e
Bo-nepBhIx, cuaa He Npo- (?
cTasi (YHKUHA pacCTOSHHSA
Mexay npotoHamu. Ha 3,,__\ €
6OJIbIIMX PACCTOSIHUAX cy- 7~ b -~ )
LIeCTBYeT MNpPHUTSIXKEHHe, Ha ¢

MEHbLIHX — OTTaJKHBaHHE.

3aBUCHMOCTb OT paccTos-

HHSl — 3TO HEeKoTopas CJoXHasi (YHKLHS, BCe ellle He OYeHb XO-
pOIIO H3BecTHas,

Bo-BTOpBIX, CH/Ia 3aBHCHT OT OpHEHTAlUHMH CNHHA MNPOTOHOB.
VY npoTOHOB ecThb CNHH, a ABa B3aHMOJECHCTBYIOIHX NMPOTOHA MO-
r'yT Bpauartbcs A1M60 B OLHOM H TOM Xe, JHGO B MPOTHBOMOJIOXK-
HbIX HamnpaBJeHHsiX. M cujia, Korjga cnuHbl mapaJJesbHbl, OTJH-
yaercsi OT TOro, 4To ObIBaeT, KOrja CHHHbI aHTHNApaJJenbHbl
(¢ur. 8.6,a u 6). PazHuua Benuka; npeHebpeub €0 Heab3sl.

B-TpeTbHX, cH/a 3aMeTHO HM3MeHsieTcsl, CMOTpPS MO TOMY, na-
paanesen UM HeT NPOMEXYTOK MeXAy NPOTOHAMH HX CNHHAM
(pur. 86,8 u &) HAM Ke OH UM nepneHOUKyAspeH
(¢ur. 86.a u 6).

B-ueTBepTHIX, CHJa, KaK U B MarHeTU3Me, 3aBHCHT (M Jaxe
3HAYUTE/bHO CHJIbHee) OT CKOpPOCTH npoTtoHoB. M 3ta ckopocr-
Has 3aBUCHMOCTb CHJIbI OTHIOAb He PeJSITUBHCTCKHIl 3 ¢eKT; OHa
BeJHKa Aa)ke TOraa, Koraa cKOpocTH HaMHOTO MeHblle CKOPOCTH
cBeta. BoJee Toro, ata yacTb CHJIBI 3aBHCHT, KPOMe BeNHYHHBI
CKOpOCTH, H OT Apyrux Beweil. CKaxeM, KOria NpoTOH ABHXKETCA
HeBJaJiekKe OT [PYroro npoTOHa, CHJAa MEeHseTcs OT TOro, COBMa-
naeT JH opOHTa/JbHOE NBHXKEHHE MO HanpaBJ/EHHIO CO CIIHHOBHIM
BpaweHuem (¢ur. 8.6,0), uau 3TH ABa HanpaBJ/IEHHs1 TPOTHBO-
nosoxHel (¢dur. 8.6,e). DT0 TO, YTO Ha3bIBaeTCsd «CNHH-OPGH-
TaJIbHOH» YacTbIO CHJIBL.

He B MeHbulell cTemeHH CJOXKHBIH XapaKTep HMEIOT CHJIBI
B3aHMOAEHCTBHA NMPOTOHA C HEHTPOHOM H HEHTPOHA C HEHTPOHOM.
o cero aHA Mbl He 3HaeM MexaHH3Ma, ONpelesIOILero 3TH
CHJIbI, He 3HaeM HHKAaKOro MpocToro cnoco6a HX MNOHSATh.

BrnpoueM, B 0HOM Ba)XHOM OTHOLIEHHH silepHbIe CHJ/BI BCe XKe
npouwje, yueM MoOrJH Gbl GbITb. f0epHble CHJBI, NEHCTBYIOLIHE Me-
KOy IBYMs HeATPOHAMH, COBNAfalT C CHJAMH, AEHCTBYIOLIHMH
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io6r | 10,56 D ue 8.7. Inepeerudeckue YposHu

Yio.26 10.32 ] 1006 adep B u C! (snepeuu 8 Mas).

987 9,73 —992 ——— OcHosnoe coctoanue C' na 1,982 Mas
soLue, yem TO He COCTOAHUE B,

9,19 _9.28

8,92 HLSQ_E ______

.57 Fg,43 25

7,99 8,10

7,30 230

6,76 657 6.90 o

635649 MEeXAY NMPOTOHOM H HeHTPOHOM,

H C cHJaMH, NeHCTBYIOIIMMH Me-
Koy aByms nporoHamu! Ecau B

5,09 487 HEKOTOpPOi CHCTEME, B KOTOpOH

446 432 HUMeITCA 4pa, Mbl 3aMeHUM Heil-
TPOH MOpPOTOHOM (H Hao6oport),
TO sn0epHble 83aUMO0eliCT8US He
uaMmeHstcst! «®PyHnameHTasbHas

214 NpHYHHA» 3TOrO0 PaBEHCTBA HaM

' 2,00 He M3BECTHA, HO 3TO MpOsiBJIEHHE
BA’KHOrO NMPHHIKNA, KOTOPBIA MO-
XKeT GbITh pacIIMpPeH Ha 3aKOHHI
B3aHMOJeHCTBHS JPYrHX CHJAbBHO

B3aHMOAEHCTBYIOIIHX YaCTHLL, Ta-
B" \1,9&/ c" KHMX, Kak n-rzlesoﬂbl M «CTpaH-
Hble» YacTHIBL

IT0T ¢GakKT mnpeKpacHO WJJIIOCTPHPYETCS  PacroJioXKeHHeM
yPOBHEH 3HepPrHH B MOXOXHX sapax. PaccMOTpHM Takoe s1po,
kak B! (6op oauHHagLaTb), cocTosillee M3 NSATH NPOTOHOB H
IecTH HEHTPOHOB. B siipe sTu oAMHHaANATh YacTHL B3aHUMOAel-
CTBYIOT JPyr C Apyrom, coBepiass KaKoOH-TO 3aMbIC/JIOBaThIH Ta-
Hel. Ho cyumiecTByeT Takoe coueTaHHe BceX BO3MOXHBIX B3aHMO-
AefACTBHH, KOTOpoe 06JajnaeT sHeprueil, HaHHH3IWIEH H3 BO3MOXK-
HbIX; 3TO HOpMaJbHOE COCTOSIHHe SApa, H ero Ha3blBalOT OCHOS-
tom. Ecoiv 4po BO3MYTHTL (CKaXKeM, CTYKHYB MO HeMY BLICOKO-
SHePrHYHbIM NPOTOHOM HJIH elle KaKOH-TO 4acTHIeil), TO OHO MO-
KeT nepeiTh B n060e 4HC/IO APYrMX KOHPHrypauui, HasblBae-
MBIX 8036YHOEeHHbIMU COCTOAHUAMU, KaX0€ H3 KOTOPLIX OyaeT
ob6JafaTb CBOEH XapaKTepHCTHYECKOW 3Hepruel, KOTopas Bbille
9HEPrMH OCHOBHOTO cOCTOfIHHA. B HcciepoBaHusiX mo saepHOH
¢usnke, ckaxeMm NPOBOAMMEIX C reHepatopoM Bau-ne-T'paada,
SHEPIrHH H Jpyrve CBOHCTBA 5THX BO30GYX/JEHHBIX COCTOSIHMH Onm-
pefeJsiloTcsl 3KCMNepHMeHTaNbHO. DHEepruu NsATHAAlAaTH HaHHH3-
HIHX H3 H3BECTHBIX BO3OYXAeHHbIX cocTosiHuil B!l nokasanbl Ha
ONHOMEpDHOH cXeMe B JeBOil mnoJioBHHe ¢ur. 8.7. T'opu3oHTa/b
BHH3Y MNpPeACTaBJsieT OCHOBHOe cocTosiHue. [lepBoe BO36YXKIeH-
HO€ COCTOsIHHE MMeeT 3Hepruio Ha 2,14 Mss Bhille, yeM OCHOB-
Hoe, caenylowee — Ha 4,46 Mas Bbllle, yeM OCHOBHOe, U T. A. Hc-
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clleoBaTe/M NMBITAIOTCS HAaHTH OGbsCHEHHe 3TOH NOBOJIbHO 3amy-
T4HHOM KapTHHBl YPOBHEH 3HEPrHH; MOKa, OJHAKO, HET elle MoJ-
HOH oOllell TeOPHH TAaKHX IAEpPHbIX YPOBHEH 3HEPTHH.

Ecaun B B! 3aMeHuTb OQMH M3 HEATPOHOB NPOTOHOM, MOJY-
uurca sAApo u3otona yraepoaa Cl!l. DHepruu LiecTHaguaTH HH3-
IIMX BO30YXKAEHHBIX cocTOsiHUM sigpa C!! Toxke GbINM H3MepEHHI;
OHHM mnoKasaHbl Ha ¢ur. 8.7 cnpaBa. (llITpuxamMH npoBeaeHbI
YPOBHH, I/ KOTOPBHIX 3KCepHMeHTa/]bHas HHpopMmauHs Haxo-
NMTCSl MOJ BONPOCOM.)

Fnsaas Ha ¢ur. 8.7, Mbl 3aMeuaeM nopasuTenbHoe nogobue
MeX1y KapTHHaMH ypoBHell aHepruun oGoux sifep. IlepBble BO3-
O6YyXAeHHbBIe COCTOSIHMSI HaXxoQsTcs MNpHMepHo Ha 2 Mass Bhinle
OCHOBHOro. 3aTteM HMeeTcsl IIMpPOKasl Weab IMHpHHOR 2,3 Mas,
oTjensioulass BTopoe BO36YKAEHHOE COCTOSHHE OT MepBOro, 3a-
TeM HeGosblION cKauyoK Ha 0,5 Mas mo tperbero ypoBHs. [ToTom
onATb GOJIbIION CKAaYOK OT YeTBEPTOro 10 MATOr0 YPOBHS, HO
MeXAY NSATHIM M LIeCTHIM y3KHil nmpoMmexyTok B 0,1 Mss. U rak
nanee. IlpumepHO Ha JecsiTOM YpOBHe COOTBeTCTBHeE, BHAMMO,
nponajaert, HoO ero Bce elle MOXHO OGHApYKHTb, €C/H MOMETHTb
YPOBHH APYIHMH XapaKTepHCTHKaMH, CKaXeM HX MOMEeHTaMH Ko-
JIHYeCTBA [ABHXEHHSA, U TeM, KaKHM Coco60M OHH TepsioT CBOH
N30BITOK SHEPTHH.

Brneuatasiowee nogoGue KapTHHBI YPOBHell 3HEpPrHH sAaep
B! u C"'—orHiogb He mpocto coBnageHue. OHO CKpHIBaeT 3a
co6oil HekoTOpHIil ¢H3HuecKHH 3akoH. M JefcTBHTeNbHO, OHO
NOKa3biBaeT, YTO Aaxe B CJOXHBIX YC/JOBHSIX fipa 3aMeHa HeH-
TPOHAa MPOTOHOM Ma/JO YTO H3MEHHT. 3TO MOXET 3HauYHTb JHILIb
TO, YTO HEeHTPOH-HEHTPOHHbIE H MPOTOH-MPOTOHHbIE CHJBI JOJ/KHBI
OGBITb NOYTH OAHWHAKOBBIMH. TOJIbKO TOrga Mbl MOTLJIH Gbl OXH-
NaTb, 4TO sfepHble KOHQHrypallHH M3 NATH NPOTOHOB H 1IeCTH
HeHTPOHOB COBMAAYT ¢ KOMOHHaLHeil «NATb HEHTPOHOB — IUECThb
NPOTOHOB».

3aMeTbTe, YTO CBOHCTBA 3THX sJep HHYero He roBOPAT HaM
O HeATPOH-NPOTOHHBIX CHJAX; YHCJIO HEHTPOH-MPOTOHHBLIX KOM-
6uHauuil B 060HX AApax oAHHakoBo. Ho eciu MBI cpaBHMM 1Ba
ApYrHX sapa, Takux, kak C'* ¢ ero wectblo NpOTOHAMH H BO-
ceMbio HellTpoHaMu H N!4, B KOTOpPOM U TeX, H APYTHX MO CEMHU
HWITYK, TO BHIIBUM B 3HepPreTHYeCKHX YPOBHSX TaKOe Xe COOTBeT-
cTBHe. MOXKHO BbIBECTH 3aKJIOYeHHe, UTO p— p-, 1 — - H p — A-
CHJIBI COBMAAalOT Mexay coGoit BO Bcex AeTansX. B 3akoHax
SlepPHbIX CHJ1 BO3HHK HEOXHMJaHHBI NMpHHUHN. XOTSA CHJBI, Jefi-
CTBYIOLIHE MEXAY Kax[Joil mapoil siAepHbIX YacTHL, OYeHb 3amy-
TaHbl, HO CHJIBI B3aHMOJEHCTBHA s JI060H H3 TpeX MbICAMMBIX
nap OfHH H Te Xe.

OnHako ecTb M KakHe-TO cjabble oTanuus. TouyHoro coorseT-
CTBHSl YDOBHell HET; KpoMe TOro, ocHoBHoe coctosiine C!! o6Ja-
naeT aGCoOMOTHON 3Heprueit (Maccoil), kotopass Ha 1,982 Mas
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Bblllle OCHOBHOro coctosiHusi Bll. Bce mpoumne ypoBHH TOXe NO
a6CoNIOTHO BeJqHYMHEe 3HEeprHH Bbllle HAa TaKoe xe yucao. Tak
4YTO CHJIBI HE COBCeM TOYHO paBHbEl. Ho MBI M Tak Xopouwo 3Haew,
4TO NOAHAA BeJHUYHHA CHJ He COBCEM OJMHAKOBA; MeXIy ABYMs
NPOTOHAMH [AEHCTBYIOT JAEKTpUHecKue CHJbl, Belb KaXKAblil H3
HHX 3apsKeH MNOJNOMHTENIbHO, a MEXAYy HEeATPOHAMH TaKUX CHJI
HeT. MoxeT 6bITh, pa3anyue Mexay B!l u C!l o6bsicHsieTcs Tem
¢baKToM, YTO B 3THX [BYX CJydYasix pa3J/IHuYHbBl 3JeKTpHUYECKHE
B3aUMOJECTBHA MPOTOHOB? A MOXeT, H Oocranlascsi MHHUMAab-
Has pa3HHUA B YPOBHAX BBI3bIBAeTCSl 3JeKTPHUECKHMH 3ddek-
tamu? Pa3 yxX sfepHble CHJBI TaK CHJBHBEI 10 CPABHEHHIO C 3J€eK-
TPHYECKHMH, TO 3JeKTpHuecKHe 3Q@eKThl MOrau Gbl TOJbLKO CJer-
Ka BO3MYTHTb 3HEPrHH ypOBHeil.

UTo6bl MpOBEpHTh 3TO NpeACTaBJ/eHHE HJH, Jyullle CKa3aTh,
yTOGH!l BHIICHUTb, K KAKHM CJIeCTBHAM OHO MpHBeJeT, Mbl ClepBa
pacCMOTPUM pas3HHULY B SHEPrHAX OCHOBHBIX COCTOSIHHH OGOHX
spnep. Uto6el Moaenp Oblja COBCEM MPOCTOH, MOJOXKHM, UYTO
fpa — 3TO Wapbl paauyca r (KOTOPbIA HYXXHO OMpeNeNHThb), CO-
nepxauie Z npoTtoHoB. Ecan cuutaTh AApo mwapoM ¢ paBHO-
MepHO pacnpefeseHHbIM 3apAJ0M, TO MOXKHO OKHIAATb, YTO 3JI€K-
TpocTaTHYecKas sHeprus [u3 ypaBHeHus (8.7)] okaxercsi paBHO#

3 (Zqe)*

U=3W, (8.22)
rie ge— 3JeMeHTapHbIN 3apsia nporoHa. M3-3a Toro, uto Z paBHO
ans B! nstn, a gas C!Y' miecTH, 3JeKTPOCTAaTHYECKHE 3SHEPrUH
OyAyT pa3Ju4yaTbCs.

Ho npu TakomM MasoM Ko/JHYecTBE NPOTOHOB YypaBHeHHe
(8.22) He coBceM npaBuabHO. Ecan MBI nopcuMtaeM 3JeKTpHue-
CKYIO 3HepTHIO B3aHMOJeHCTBHA BCeX Map MPOTOHOB, pacCMaTpH-
BaeMbIX KaK TOYKH, NPHMEPHO OJHODOAHO pacnpeiejeHHble MO
napy, TO YBHAMM, 4TO BeJHuHHY Z2 B (8.22) npuaercss 3aMeHHUTb
Ha Z(Z—1), TaK yTo 3Heprus GyneT paBHa

32(z—1q: 32z@Z—)eé

U= 5 4mesr 5 r . (8.23)
Ecnu u3BecTeH paguyc fiapa r, Mbl MOXeM BOCHOJIb30BaTbCS BhI-
paxeHueM (8.23), uToGbl onpeneuTh Pa3HULY 3JEKTpoCTaTHYe-
ckux sHepruit sgep B!! u C!'. Ho nponenaem o6paTHoe: M3 Ha-
6/1101aeMO Pa3HHULbI B 3HEPTHAX BBLIYHCAMM pafHyC, CUMTas, YTO
BCS CYIIeCTBYIOINAs Pa3HHLA MO NPOHCXOXKAEHHIO — 3J1eKTpoCcTa-
THYecKas.

B o6wem 310 He coBceM BepHo. PasHocTb sHepruit 1,982 Mas
IBYX OCHOBHBIX cocTosHHit B!l u C!! BKJKOYaeT 3HepruH nokos,
T. e. 3Heprun mc? Bcex uactul. Ilepexoas ot B!! k C!l, mb 3a-
MelllaeM HEATPOH NPOTOHOM, Macca KOTOPOTO YyThb MOMeHbIIE.
Tak uro yacThb pasHOCTH 3Hepruil — 3To pa3HHUA B Maccax Io-
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KOsl HeHTpoHa M mnpoToHa, coctaBaswowmas 0,784 Masg. Ta pas-
HOCTb, KOTOPYIO Haf0 CPaBHHUBATb C 3JIeKTPOCTAaTHYECKOH 3Hep-
rueii, TeM cambelM GoJbliue 1,982 Mag; oHa paBHa

1,982 4- 0,784 =2,766 Mae.

[MogcrtaBus 3Ty sHepruio B (8.23), aast paguyca B'! uan CU
NOJYYHM

r=312-10"" cn. (8.24)

HWmMeet au 3T0 yHca0 KaKoil-HHGYAb cMbica? UToGel 310 Npo-
BE€pHTb, CPaBHUM €ro ¢ APYrHMH olpeae/Jl€eHUAMH paAHyCOB 3THX
anep. Hanpumep, MoXHO ompenenHTb pafHyc siapa HHade, Ha-
6J1l011aﬂ, KaK paccenBaeT OHO 6blCprle yacTuub. B Xo4e 3THX
Pl3MepeHI/ll'/'l BBISICHHJIOCb, UTO NAOTHOCTb BellecTBa BO BCeX fAn-
pax NpMMepHO OAHHAKOBA, T. €. HX 00beMbl NMPONOPLHOHAJBHLI
YHCJy colepKalHuXxcsi B HUX yacTHU. Ecau yepe3 A 0603HauyuTh
YHCJI0 NTPOTOHOB U HEHTPOHOB B sape (YHC/I0, OYeHb GJIH3KO Mpo-
NnopuHOHAJIbHOE €ro Macce), TO OKa3bIBaeTcs, 4TO pajauyc sapa
AaeTcs BbIpaKeHHeM

r=A"r, (8.25)
rae

ro=12-10"" cm. (8.26)

M3 3THX H3MepeHHHl Mbl MOJY4YyuM, 4TO paauyc sapa B!' (uam
C!') ponmkeH ObITb MPUMEPHO paBeH

r=0,2-107%)an)"=2,7-10"" cu.

CpaBHHUB 3TO ¢ BhipaxeHHeM (8.24), MBI yBHAMM, YTO HalIH
NpeanoNoxeHHs: 06 3/JeKTPOCTaTHYECKOM NPOHUCXOXKAEHHH pas-
HULBl B 3Heprusx B!' u C!!' He cTosb HeBepHHI;, pacXoxieHHe
enBa au gocturaer 159% (a 3To He TaK YK CKBEPHO AJsi MEePBOro
pacueTa no Teopuu sgpal).

[TpuuynHa pacxoxneHHs, nMo Bcell BepPOATHOCTH, COCTOHMT B
caenytouleM. CorsiacHo HallleMy HbIHelIHeMY MOHUMaHHIO s]ep,
YyeTHOe KOJIHYeCTBO epHbIX yacTHl (B cayyae B!l marb HeliTpo-
HOB C NATbIO NPOTOHAMH) oGpa3yeT CBOero pona 060404KyYy; Korna
K 3ToH o6Gosouke poGaBJsieTcsl ellle OJHAa 4YacTHUA, TO BMeCTO
TOro, yToObl MOTJOTHTbCH, OHAa HayHMHaeT 06palaTbCA BOKPYT
o6osouku. Ecan 310 Tak, 10 A8 A06aBOYHOrO MPOTOHA HYXKHO
B35ITb Jpyroe 3HaueHHe 3JeKTpocTaTHuyeckoHl 3Hepruu. HyxHa
CYMTaTh, YyTo U36bITOK 3Hepruu C!' Hag B!'! kak pas paBeH

Z (2= ,
2 4nega '€

T. €. paBeH 3HepruH, HeoOXOAHMOH ANA TOro, YTo6bl CHAapyXKH
06O/IOYKH MOSIBUJICS ellle OJHH MPOTOH. DTO YHCJIO COCTaBJseT
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5/¢ BelMUHHbI, MpeacKa3biBaeMoit ypaBHeHHeM (8.23), Tak uyTo
HOBOe 3HauyeHHe paguyca GyneT paBHO °/¢ oT (8.24). OHo Ha-
MHOrO Jyyllle COrJiacyeTcsi ¢ MPSAMBbIMH H3MepeHHSMH.

Coraacue B uudpax npuBOoAMT K ABYM BbiBoaaM. [lepsoui:
3aKOHBI 3/eKTPHYeCTBAa, BHAMMO, AEeHCTBYIOT M Ha CTOJb MaJblX
paccTosiHuAX, Kak 10~18 cm. Bropod: mbl y6ennauch B 3aMeya-
Te/IbHOM COBNAJeHHH — HeaJ/leKTpHYecKasi 4acTb CHJ B3aHMOXeM-
CTBHSI HPOTOHAa C NPOTOHOM; HEHTPOHA C HEeHTPOHOM M NPOTOHA
C HeHTPOHOM OJHHAaKOBa.

§ 5. Fuepeun 8 aaexrpocraruueckom noae

PaccMoTpuM Tenepb apyrue cnoco6bl nmoacueTa 3/4eKTpoCTaTH-
yecKol sHepruH. Bce oHM MOryT ObITb MOJYyYeHbl M3 OCHOBHOTO
cooTHoweHust (8.3) cymMmupoBanueM (no BceM mapaM) B3aHMHBIX
SHeprufl Kaxkaol napel 3apsapoB. [Ipexkiae Bcero Mbl XOTHM Ha-
nucaTh BbipaKeHHe [ SHEPTHH pacnpepaesneHus 3apsamos. Kak
06bIYHO, CYMTaeM, YTO KaXKABIH 3jeMeHT obbeMa dV coaepkut
B cebe anemeHT 3apsana pdV. Torna ypasuense (8.3) 3anumercs
Tak:

_ oo @)

v=5 | 2ge2avav, (8.27)
Bee npo-
CTpPaHCTBO

OGpaTHTe BHHMaHHUe Ha NOsBJeHHe MHOXHTeas ![,, OH BO3HHK
13-3a TOTO, YTO B ABOitHOM HHTerpaJie no dV; u no dV, kaxnas
napa 3/1eMeHTOB 3apsaa cuyuTaJgach aBaxael. (He cymecrtsyer
yaoOHOH 3anUCH HHTerpaJa, B KOTOPOH Kaxjas mapa cyMTagach
6Bl TOILKO MO OAHOMY pa3y.) 3aTeM 3aMeTbTe, UTO HHTerpaJ no
dV, B (8.27) — 3to npocto noreHuuana B touke (1), T. e.

fav, 128 —qq),

4rmeer2

TaK yto (8.27) MOXHO 3amHcaTh B BHJE
1
v=3{eemav.

A Tak kak Touka (2) nmpH 3TOM BbINaja, TO MOXHO HamHUcaTb
npocTo

1
U=?Swd% (8.28)

DTo ypaBHeHHe MOXHO HCTOJKOBaThb Tak. IloTeHuuaJbHas
SHeprus 3apsga pdV paBHa NpOH3Be/IeHHIO 3TOro 3apsiaa Ha mo-
TeHUHaJ B TOH Ke TOuKe. Bcsi sHeprus mosTomMy paBHa HHTer-
pany ot @pdV. Ho, Kpome 3TOro, ecTb MHOXKHTeab !/o. OH Bce
ene Heo6XOQHM, MOTOMY 4YTO 3HEPrHH CYHTAIOTCS [ABaXAbL
B3anMHas sHeprus ABYX 3apsii0B paBHAa 3apsifly OLHOTO H3 HHX
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Ha MOTeHNMa/J APYroro B 3TOH TouKe. Mau 3apspy Apyroro Ha
noTeHUMaJ OT nmepBoro Bo BTOpoi Touke. Tak yro mas ABYX TO-
YeyHBIX 3apSA0B MOXHO HamucaThb

U=q9 (1) =g gz

uau
= 9) =g, —1_,
U=q9(2)=q, eI
OGpaTuTe BHHMaHHe, YTO 3TO K€ MOXKHO HamucaTb U Tak:

U= 1.9 (1) + 49 ). (8.29)

MHterpan B (8.28) oTBeuaeT CJ0XKeHHIO O06OHUX CJaraeMblX
B CKOOKax BblpaxkeHHsi (8.29). BoT 3aueM Hy»KeH MHOXHTEJDb !/s.
HuTepecen u Takoill Bonpoc: rae pasMellaercsl 3JeKTPOCTaTH-
yeckasi sHeprus? [IpaBaa, MOXKHO B OTBET CIIPOCHTh: a He BCe JH
paBHO? EcTb s1n cMblcal y Takoro Bompoca? Ecan umeercs mapa
B3aHMOJEHCTBYIOLINX 3apSAA0B, TO HX COYeTaHHe 06/1ajaeT HeKo-
TOopolt sHepruell. Heyxennm HyXHO HenpeMeHHO YTOYHATH, YTO
JHeprus COCpefoTOYeHa Ha 3TOM 3apsje, HJIM Ha TOM, HJH Ha
06GOHX cpa3y, HIH MexXAy HUMHU? Bce 3TH BONPOCH JIMIIEHB! CMbIC-
Jla, NOTOMY YTO MBI 3HaeM, YTO Ha CaMOM JeJle COXpaHseTcs
TOJBKO MOJHas, cyMMapHas 3Heprus. [lpeacraBneHne o ToM, uTO
SHeprusi cocpefoToyeHa ede-To, He Tak yxe Heo6XOIMMO.

Hy a Bce e npeanojoxum, 4To B TOM, YTO 3Heprus Bceraa
COCpeloTOYeHa B KaKOM-TO ofpejesleHHOM MecTe (nogoGHo Ten-
JIOBOil 3HEpPPHH), NEHCTBHTENbHO cmbica ecTo. Torma Mbl MOTJIH
Obl Halll MPHHLUI COXPAHEHHUS] SHEePTHH PaACUUPUTb, COENHHHB €ro
C HJeeil O TOM, UTO €CJH B KaKOM-TO oGbeMe 3HepPrus MeHseTcCH,
TO 3TO H3MeHeHHe MOXHO yuecTb, Ha6/I04asi MPUTOK HJAH OTTOK
3Heprun H3 o6bema. Bel Beib MoOHMMaeTe, YTO Hallle MepBOHa-
ya/JbHOEe YTBepXKIEeHHe O COXPaHEHHH 3HeprHH Mo-npexHeMy Oy-
NeT MPeBOCXOJHO BLINOIHATLCA, €CaH KaKasf-TO 3Heprus mpona-
JeT B OJHOM MeCTe H BO3HHMKHET rje-TO AaJjeKo B Jpyrom, a B
NpOMeXyTKe MeXJAy 3THMH MeCTaMH HHYero He CJAyYHUTCH (HH-
Yero— 3TO 3HAYMT He CJAYUYHTCA KaKHX-IHOO siBJeHHH 0co6oro
poaa). [ToaToMmy MBl MOXeM MepelTH Tenepb K paclIMpeHHIO Ha-
IIMX HAed o coxpaHeHMH sHepruu. HasoBem 3T0 pacmmpenue
NPHHUHIOM /0KAAbHO20 (MECTHOro) coXpaHeHus sHepruu. Ta-
KOH NpHHUHMN MNpoBo3ryamag Obl, 4TO 3Hepruss BHYTpPH Ja1060ro
JaHHOrO o6beMa H3MeHsleTcs JHIIb Ha KOJMHMYeCTBO, PaBHOE MNpH-
TOKY (MM yOblaH) 3Hepruu B o6beM (MaH H3 Hero). U peficTBu-
TeJbHO, TaKOe JIOKa/JbHOE COXPaHeHHWe 3SHepruH BNOJHE BO3-
MoxHo. Ecau sTo Tak, To B HalleM pacnopsikeHHH OyaeT Kyna
6oJlee neTaJbHBII 3aKOH, YeM NPOCTOe YTBepXKAeHHe O COXpaHe-
HHHM MOJIHOM 3HepruH. M, KakK oKasbiBaeTCs, B NPHpOAe IHepaus
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Duez 8.8. Kawdoul asaement
o6vema dV = dx dy dz 8 arek-
TPU4ecKoMm nose cooepacur e cebe
anepeuro (eof2) E2dV.

OelicT8UTeAbHO COXPAHAETCA AOKAABHO, 8 KaxXOom mecTe no-
PO3Hb, H MOXHO HamucaTb (GOpMYyJibl, MOKAa3bIBAalOLLHeE, Ile 3Hep-
THg COCPelloTOYeHA M KaK OHa mepeTeKaeT ¢ MeCcTa Ha MeCTo.

HmMeeTcs n ¢pusudeckud pe3oH B Tpe6OBaHHH, YTOOH Mbl GblJH
B COCTOSIHHH yKa3aTb, IJle HMeHHO 3ak/alouyeHa 3Heprusa. Ilo Teo-
pUH TATOTEHHs BCfAKass Macca ecTb HCTOYHMK TpaBHTAllHOHHOrO
NpuTAxKeHHs. A no 3akoHy E = mc? Mbl TakXe 3HaeM, 4TO Macca
M 3Heprusi BHOJIHe paBHOUEHHB Apyr apyry. Crajo 6bITb, BCA-
Kasi 3Heprusa sBJIsieTCS] HCTOYHHKOM CHJabl TAarotenusa. M ecaum 6
Mbl He MOIVIM y3HATb, [le¢ HAXOAMTCSA SHepPrHsi, Mbl Gbl He MOIIH
3HaTb, Ie pacnoJiokeHa macca. Mbl He MoOrJH Obl CKa3aTb, Tie
pasMellalTCcs HCTOYHHKH NoJs TAroTeHHs. M Teopusi TAroreHus
ctaJjla Obl HEMOJIHOH.

KoHeuHO, eclH MBI OrpaHHYMMCS 3JI€KTPOCTATHKOH, TO CMO-
co6a ysHaTb, rae cocpefloToyeHa 3Heprus, y Hac HeT. Ho nosnas
CHCTEMA MAaKCBeJ/JIOBCKHX YpaBHeHHH 3/IeKTPOJHHAMHKH CHaGIUT
Hac HecpaBHeHHO OoJsiee noJHOH HHpoOpMainHell (XOTA M Toraa,
CTPOTO roBOPsi, OTBET A0 KOHIla onpefesneHHbIM He ctaHert). [loa-
poGHee Mbl 3TOT BONPOC pacCMOTPHM Mo3xe. A ceiluac npuseaem
JIMIIb P€3YJIbTAT, KaCalolHACA YacTHOTO c/1y4as 3J1eKTPOCTaTHKHA.
OHeprus 3ak/lOyeHa B TOM NMPOCTPAHCTBE, IAe HMEETCs 3JeKTPH-
yeckoe noJsie. ATo, BUAMMO, BIOJHE PAa3yMHO, IOTOMY 4YTO H3BecT-
HO, 4TO, YCKODASCb, 3apsiibl H3JYyYyalOT 3JeKTPUYECKHE MOJI.
M korpa cBeT MM PaaMOBOJIHBI PAcnpPOCTPAHAKTCA OT TOYKH K
TOYKe, OHH nepeHocAT ¢ coboil cBo sHepruw. Ho B 3THX Bo/aHax
HeT 3apsapoB. Tak 4To 3Heprui0 Xxotesocb Gbl pa3MewlaTb TaM,
rie ecTb 3/IEKTPOMATHUTHOE MoJie, a He TaM, Ile eCTb 3apsiH,
cospatoure 3To nose. Takum 06pa3oM, Mbl OMHCHIBAEM 3HEPTHIO
He Ha s13blKe 3apsoB, a Ha sA3bIKe co3laBaeMblX UMH noJel. [eii-
CTBHTEJ/IbHO, Mbl MOXEM MNOKa3aTb, 4TO ypaBHeHHe (8.28) wucaen-
HO COBMajgaer ¢

U=%SE-Edv. (8.30)

170



I1y GopMyny MOXKHO TOJNKOBaTh, FOBOPS, YTO B TOM MecTe Mpo-
CTPaHCTBA, I'le MPHCYTCTBYeT 3JIeKTpHUYECKOe MoJe, COCpefoTo-
yeHa WM 3Heprus; NAOTHOCTb ee (KONHYeCTBO 3HEPrHH B edHHHUE
o6beMa) paBHa

__ & . 80E2
—fp.p=52 (8.31)

dta upes uanwctpupyercs ¢ur. 8.8.

Yro6el noka3zath, yTo ypaBHeHHe (8.30) corsacyercs ¢ Ha-
IIMMH 3aKOHAaMH 3/MeKTPOCTATHKH, HayHeM C TOro, YTO BBeaeM
B ypaBHeHHe (8.28) cooTHolIeHHe MexAy p H @, MOJYyYeHHOe
B I 6

= — g V2.
[Tonyunm

——2 g V2 dV. (8.32)

PacnucaB NMOKOMIOHEHTHO MNOABIHTErpajdbHOe BHIpAXKEHHE, MBI
YBHIAHM, 4TO

%y
2 —
PV = (P(0x2+0y2+022

=5 (038) ~ (G + 55 (0 3) -~ (&) + & (e 3) — () =
=V (V) — (Vo) - (Vg).  (8.33)

A Haw uHTerpas sHepruil Torga paseH
=259 - (Ve)av — 2 [ V- (oVg)av.

C nomoutblo TeopeMbl 'aycca BTopoil HHTerpas MOXHO NpeBpa-
THTb B MHTErpas Mo MOBEPXHOCTH:

V. (¢Vg) dV = g (@V9) - n da. @ 34)

O6bem IToBepxHOCTD

DTOT HHTerpa/] Mbl NOACYHTaeM AJs TOrO cayuas, Korga no-
BEPXHOCTb NMPOCTHpPaeTcss A0 GeCKOHeYHOCTH (TaK 4TO HHTerpaJg
no o6wvemy ofpalllaeTcsi B HMHTerpaJ Mo BCEMY NPOCTPAaHCTBY),
a Bce 3apsabl pacnoJioKeHbl Ha KOHEYHOM PacCTOSIHHH ApYr OT
apyra. Ilpowe Bcero 3To caenartb, B3IB MOBEPXHOCTb Cdeprl Or-
POMHOIO pajMyca ¢ LeHTPOM B HayaJje KoopauHar. Mpl 3HaeM,
yTO BAA/JH OT BCeX 3apsAfoB ¢ H3MeHseTcss Kak 1/R, a Vg kak
1/R2. (1 paxe ObicTpee, eciM CyMMapHbBIH 3apsag Hyab.) Ilao-
ImWajab Xe MOBEPXHOCTH GoJbLIOi chepbl pacTeT TOMbKO Kak R2
TaK 4TO HMHTerpa/ Mo NOBepXHOCTH YGHIBaeT Mo Mepe BO3pacTa-
Hua paguyca chepor kak (1/R) (1/R?)R? = (1/R). Hrak, ecau
Halle HHTerpHpOBaHHMe 3aXBAaTHT €060 BCe MPOCTPAHCTBO
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(R—00), To noBepXxHOCTHBIN HHTErpas 06PATHTCS B HYMb, H MBI
O06HAPYXKHUM

U==% S (Vo) - (Vo) dV =2 S E-EdV. (8.35)

Bce npo- Bce npo-
CTPaHCTBO CTPaHCTBO

Mt BHAHUM, YTO CYLIECTBYET BO3MOKHOCTb NPeACTAaBHTb 3HEPrHIO
NNPOHU3BOJIbHOTO pacnpene/leHusa 3apaaoB B BHAE HHTerpaJia oT
MVIOTHOCTH 3HEPTrHH, COCpellOTOquHOﬁ B 1nouJe.

§ 6. Inepaun Toueunozo 3apnda

HoBoe cooTHouieHne (8.35) roBopHT HaM, YTO Jaxe Yy OTAe/b-
HOTO TOYEYHOro 3apsila g HMeeTcsl KaKas-TO 3JeKTpocTaTHYecKas
sHeprus. [loJsie B 3TOM ciyyae JaeTcsi BbIpaxKeHHeM

E=-1

dmer? ’
TaK 4YTO MJIOTHOCTb SHEPIHH Ha pPacCTOSIHHM r OT 3apsiia paBHa

eE: _ q?
2 T 32m%ert °

3a 371eMeHT 06beMa MOXHO NMPHHATH chepHUYECKHH CJOH TOJLH-
Hoil dr, mo naowaau paBHblil 4nr2. [TonHast sHeprus Gyner

00
_ q _ g2 1 1="
U= omdr=—gt+ - (8.36)
r=0

BepxHuit npepen r — oo He NPHBOAKT K 3aTpyaHeHusM. Ho
pas3 3apsii TOYEYHBIH, TO Mbl HaMepeHbl HHTErpHPOBAaTh 0 CaMOTO
Hyas (r=0), a 3To o3Hayaer GeCKOHEYHOCTb B HHTerpaJe.
YpaBHenue (8.35) yTBepxaaer, 4TO B MoJie OAHOTO TOYEYHOrO
3apsila COAepXKHTCS GEeCKOHEYHO MHOTO 3HEPrHH, XOTSl HayaJu
MBI C MPeACTaBJ/eHHSI O TOM, YTO SHEPrHSl HMeeTCs TONBKO Mexdy
TOYEYHHIMH 3apsnamH. B Hamy nepBoHayanbHylo ¢opMmy aas
SHEPrHH COBOKYMHOCTH TOYeYHBIX 3apsinoB (8.3) MBI He BKJIO-
YUY HHKAKOH 3HepPruM B3aUMOJAEHCTBHUSA 3apsia ¢ caMHM cOGOil.
UYro xe moToMm cayuyujocb? A TO, 4TO, Nepexoas B ypaBHEHHH
(8.27) K HenpepbIBHOMY pacnpefeseHHIO 3apsiioB, Mbl 3aCYHTbI-
BaJIM B OOLYIO CYMMY B3aHMOAEHCTBHE BCAKOTO OECKOHEYHO Ma-
4020 3apsijia co BCeMH NMPOYHMH GeCKOHEeYHO MaJjbIMH 3apsaaMHu.
Tor ke yueT Besacs M B ypaBHeHuu (8.35), Tak uTO, KOrga MBI
NpHUMeHsleM ero K KOHe4HOMY TOYeUYHOMY 3apsily, Mbl BKJOYaeM
B HHTerpaJ/ 3Hepruio, Kotopas noHanoOumach Gbl, yToGbl HaKo-
NUTh 3TOT 3apsii M3 OGeCKOHeyHO ManblXx yactell. M nefACTBH-
TeJIbHO, Bbl MOTJIM 3aMeTHTb, YTO pe3y/bTarT, CJelyOHi U3 ypas-
HeHHs1 (8.36), MBI MOrau OBl MOJIYYHTb TaKkKe M3 BbIpaXKEHHS
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(8.11) nns sHepruu 3apsikeHHON cdepbl, YCTPEMHB ee paiaHyc
K HyJI0,

MBI BbIHYXA€HBl NPHATH K 3aKJIOYEHHIO, YTO NpeacTaBJeHHe
0 TOM, OYATO 3Heprusi cOcpeJOTOYeHAa B MOJle, He COrJacyercs
C NpeAnoJIOXKeHHEM O CYIIEeCTBOBAHMH TOYEYHBIX 3apsaaoB. OJHH
NyTh NPeooJeHHs 3TOH TPYAHOCTH — 3TO TOBOPHUTh, YTO 3JEeMeH-
TapHbHe 3apsibl (TakHe, KaK 3JEKTPOH) Ha CaMOM JeJie BOBCE
He TOYKH, a HeGoJiblHe 3apsiAOBble pacnpepeieHusi. Ho MoxHO
rOBOPHTb ¥ 06paTHOE: HEeMPaBHJLHOCTb KOPEHHTCA B Hallle# Teo-
pPHH 3JIEKTPHYECTBAa Ha OYeHb Ma/blX PAaCCTOAHHSX HJAM B HalleM
NpeiCTaBJeHHH O COXPAaHEHHH 3HePrHH B KaXJOM MecTe Io-
po3Hb. Ho kax[nas Takas Touka 3peHHs] BCe PaBHO BCTpeyaercs
¢ 3aTpyaHeHusMH. M ux HHKOraa ellle He yaaBaJjoch NpeooJIeTh;
CYLIeCTBYIOT OHH H no celt aeHb. HemHoOro nosxe, korga Mbl mno-
3HAaKOMHMCSA C HeKOTOPBIMH [OMNOJHHUTEJbHBIMH NpeNCTaBJeHHS-
MH, TaKHMH, KaK HMIYJbC 3JeKTPOMAarHHTHOro noJs, Mbl GoJee
HO}.IpOﬁHO NoroBOpHM 00 3THX OCHOBHBIX TPYAHOCTAX B HalleM
NOHHMaHHH NPHPOHI.



Taaea 9

SJEKTPUYECTBO B ATMOC®EPE

§ 1. Fpaduent aaexrpuueckozo
norenyuanra 8 armocdepe

B OoGBIYHBIH feHb Hal NyCTHIHHOH paBHHHOM
HJIH Hall MOpeM 3J/IeKTpHYeCKHH NoTeHUHaa Ino
Mepe MOABbEMAa BO3pacTaerT ¢ KaXIbIM MeTpOM
npumepHo Ha 100 8. B Bo3nyxe HMMeeTcs1 BepTH-
Ka/bHOe aneKkTpuueckoe mone E BeanuuHo#
100 8/m. 3Hak noJas OTBeyaeT OTPHLATENBHOMY
3apsay 3eMHOiH MOBEPXHOCTH. DTO O3HAYaeT, YTO
Ha yJ/HLle MOTeHLHaJ] Ha ypOBHe Balllero HOca Ha
200 s BbllE, YeM MNOTEHLHaa Ha ypoBHe NATOK!
Mo2xKHO, KOHeyHO, cnpocuTh: «[TouemMy 6bl He mo-
CTaBUTb Mapy 3J]eKTPOAOB Ha BO3lyXe B MeTpe
Jpyr OT Apyra M He Hcmosab3oBaTb 3TH 100 8 nas
3/]IEKTPHYECKOTrO OCBEILeHHSA?» A MOXHO W yaH-
BUTbcsA: «Ecau Odedicreureabno mMexay MOHM HO-
COM M Moeil NAITKOH UMeeTcs Hanpsxkenue 200 s,
TO MOYEMYy Ke MeHsl He yfapsieT TOKOM, KaK TOJb-
KO sl BBIXOXY Ha YJaHLY?»

CnepBa OTBeTHM Ha BTOpoOil Bompoc. Bame Te-
J10 — JOBOJILHO XOpOIUMi NmpoBOAHHK. Korma BHI
CTOMTEe Ha 3eMJe, Bbl BMecTe C Helo oGpasyeTte
9KBHMOTEHLHANbHYIO MOBepPXHOCTb. OGLIYHO 3K-
BHUNOTEHIHA/bHbIE TOBEPXHOCTH MNapaJe/bHbl
3emae (¢ur. 9.1,a), HO Korga Ha 3eMJie OKasbl-
BaeTeCb Bbl, TO OHM CMeILAIOTCs, U MOJe HauHHa-
€T BBLIT/AfeTb NPHMEPHO TakK, KaK MOKa3aHO Ha
¢ur. 9.1,6. Tak uTO Pa3sHOCTb MOTEHUHAJIOB Me-
XKy Ballefi MaKyIIKOH M NATKAaMH NMOYTH paBHa
Hymo. C 3eMJM Ha Bally TOJIOBY NEpPeXOAsT 3a-
psiabl H M3MEHSAIOT noJje BOKpyr Bac. YacTh u3
HHUX paspsiXXaeTcs HOHAMHM BO3[yXa, HO HOHHBIH
TOK OYeHb MaJl, Beflb BO3AYyX MJOXOH NPOBOHHK.

Kak e H3MepuTb TaKoe moJe, pa3 OHO HC-
Kaxxaercst OT BCero, yto B Hero nonanaetr? Mme-
eTCsl HeCKOJbKO cnoco6oB. OauH cnocob— pac-
NOJIOXHTb H30/IMPOBAHHBIH NPOBONHHK Ha KaKOMH-
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3/ eKTPHUUYECKOTO
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B aTmocdepe
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Tokn B atmocdepe
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TOKOB B aTMocdepe

§ 4. Tpo3n

§ 5. Mexanusm
pasnencHus
3apanos

§ 6. Moauuns
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Due. 9.1. Pacnpedesenue norenyuaaa.
a—Hnad 3emaell; 6 —0K0A0 4en08eKA, CTOAW,E20 HA POBHOM MecTe.

TO BBICOTE Haj 3eMJeil M He TporaTb ero A0 TeX Nop, Noka OH
He npHoGpeTeT moTeHLHaa Bo3ayxa. Ecanm nopoxpate N0BOJBHO
[NOJro, TO Jaxe NpPH OYeHb MaJjioii NMPOBOJHMMOCTH BO3AYyXa 3a-
psaBl CTEKYT C NMPOBOAHHKA (MJH HAaTeKyT Ha Hero), ypaBHSB
€ro nMoTeHLHaJ C MOTeHLHAJOM BO3AyXa Ha 3ToM ypoBHe. Toraa
Mbl MOXEM ONYCTHTb €ro K 3eMmJjJe M H3MepHTb H3MeHeHHe ero
noteHuuana. [dpyroit 6osee GLICTPBIH coco6 — B KayecTBe MNpoO-
BOJHHKa B3fiTb BelepKO BOJbl, B KOTOPOM HMeeTcsi HeGosbluast
Teub. BeITekas, BOJa YHOCHUT H3JIHILEK 3apsiaa, H BelepKO ObICTPO
npuoGpeTaer NoTeHUHaJ Bo3ayxa. (3apsiabl, Kak Bbl 3HaeTe, pac-
TeKaloTCs MO0 MOBEPXHOCTH, @ KalJH BOAB — 3TO YXOASIIHE «KyC-
K1 noBepxHocTu».) IloTeHLHan Beapa MOXHO H3MEPHTb 3/eKTPO-
MeTpoM.

HmeeTcs ewe cnoco6 mpsMOro H3MepeHHs 2paduenta NOTeH-
unaJja. Pas cymecrByeT sqeKTpHyeckKoe nose, TO 10/1xeH ObITh H
NOBEPXHOCTHBII 3apaa Ha 3eMmiae (0 = gkE). Ecan Mbl nomectum
y NOBEPXHOCTH 3eMJH IJIOCKYI0 METaNJAHYeCKYIO NJAacTHHKY A
M 3a3eMJUM ee, TO Ha HeHl MOABATCA OTpPHUATe/]bHble 3apsibl
(pur. 9.2,a). Ecau 3arem npuKpLITH NJACTHHKY IpYyroii 3aseM-
JIEHHOH MPOBOAAILeH KPLILKO# B, TO 3apsiibl NOABATCS yXKe Ha
Kpbllike B, a Ha naacTHHKe A HcyesHyT. Ecav Mbl n3mepum 3a-
psia, mepeTeKaloIIMi ¢ NAacTHHKY A Ha 3eMJi0 (CKaxeM, C mo-
MOILbIO Fa/lbBaHOMeTpa B IeNH 3a3eMJSIOLIero nposoga) B TOT
MOMEHT, Koraa A 3aKpblBalOT KpPLIIIKOH, TO Mbl HaiifeM N0Jo0T-
HOCTb IOBEPXHOCTHOTO 3apsina, GeiBLIETO Ha A, a 3HAYHUT, U 3J1eK-
TpHYECKoe noJe.

PaccmoTpeB cnoco6bl H3MepeHHUs1 3JeKTPHYECKOTO M0Js1 B aT-
Mocdepe, IPONO/KHM Tenepb ero onucanue. MaMepenns npexnie
BCero MNOKasblBalOT, YTO C yBeJHYEHHEM BBHICOTH! IOJ€ NpPOAOJ-
JKaeT CyUlecTBOBaTb, TONbKO CTaHOBHTCS c/abee. Ha BricoTe npu-
MepHO 50 Km none yxe ene-ejle 3aMeTHO, TaK 4TO GoJbluas 4acTb
H3MeHeHHs NOoTeHUHaaa (MHTerpaJa ot E) npuxomurcs Ha MaJjible
BBICOTHI. Besi pa3sHOCTb MOTEHIHMAJIOB MeX 1y NOBEPXHOCTHIO 3eMJIH
¥ BepxoM aTMocdepr paBna noutu 400000 s,
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Pue 92. 3azemiennHas meTasrudeckas naa-
cTutka obaadaeT Tem e NOBEPXHOCTHOIM 3a-
pados, uro u 3eman (a); ecau naacrunka npu-
KpbiTa céepxy 3a3eMACHHbIM NPOBOOHUKOM, HQ
neti 3apada ner (6).

§ 2. JaexTpuyeckue Toxu 8 armochepe

[TomuMo rpagnenta moTeHUHada, MOXKHO H3MepATb H APYTyio
Be/IHYHHY — TOK B aTMmocdepe. [110THOCTL ero mMana: yepe3 Kax-
OBl KBaJpaTHBII MeTp, NapaJJenbHblii 3eMHOH MOBEPXHOCTH,
npoxoaut okoJso 10-% mka. Boaayx, no-BuauMomy, He Haea/IbHBIH
M30/11TOP; M3-3a 3TOH NMPOBOJHUMOCTH OT He6a K 3eMJe BCe BpeMs
TeyeT caabblil TOK, BbI3blBaeMbli OMHCAHHBIM HaMH 3JIEKTpHUe-
CKHM TnoOJeM.

[Touemy aTmoctepa umeer npoBoguMocTb? IToToMy uTO B Hei
cpeau MOJeKyJa BO3[yXa MNONajalnTcs HOHB, HanpHMep, MoO.Je-
KyJbl KHCJIOpOJa, NOpOil CHaGXeHHble JIMIIHMM 3JeKTPOHOM, a
Nopoii JNHIIEeHHble OJHOTO H3 CBOMX. DTH HOHBI He OCTAIOTCS OAH-
HOKHMH; GJsarofapsi CBOeMy 3J/eKTPHYECKOMY MOJII0 OHH OGBIYHO
cobupator 6,113 ce6s1 apyrue mMoJaekyanl. Kaxablfi HOH TOrpa cra-
HOBHTCS MaJleHbKHM KOMOYKOM, KOTODbIHi BMeCTe C JPYrHMH Ta-
KHMH Xe KOMOYKaMH apeiipyeT B moJe, MeQJeHHO [JBHrasich
BBepX HJIM BHH3, CO3]aBasi TOK, O KOTOPOM Mbl OBODHIH.

OtKyna xe Gepyrcsi uonbt? CnepBa AyMaJsH, YTO HOHBI CO3-
JNaloT pajHoaKTHBHOCTL 3eMuu. (BbI10 H3BECTHO, UTO H3JyuyeHHE
pafAMOaKTUBHbIX BelleCTB Je/jaeT BO3AYX MPOBOASLIMM, HOHH3YS
MOJIeKyJibl BO3fyxa.) YacTHubl, BHIXOAfULIHE M3 aTOMHOro $Apa,
CcKaxeM f-/yuH, IBHXKYTCA TaK ObICTPO, YUTO OHH BBIPLIBAIOT 3J1€K-
TPOHBI Y aTOMOB, OCTaBJ/Ifl 3a cOGOi AOPOXKY M3 HOHOB. Tako#
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B3rJ/151/1, KOHEYHO, NpeanoJjaraer, YTo Ha GONbIUKNX BHICOTAaX HOHH-
3auHsa JO/MKHa Obljla Obl CTAHOBHTLCA MeHbllle, NOTOMY YTO BCfl
PaauOaKTHBHOCTb — BCe CJeAbl pajus, ypaHa, HaTpus U T. 0. —
HaXOAHUTCSA B 3€MHOH NbIJH.

Uro6bl NpOBEPHTDb 3TY TEOPHIO, PU3HKH NMOAHHMAMHUCh HA BO3-
NYUIHBIX Iapax M u3Mepsan nonusdauuio (Iecc, B 1912 r.). Bol-
SICHHJIOCH, YTO BC€ NPOHCXOAMT KaK pa3 Hao60pOT — HOHHM3aLHA
Ha enuHuLy o6beMa ¢ BoicoToil pacrer! (IIpu6op Gbla mMoxox Ha
u3o6paxeHHbIl Ha ¢ur. 9.3. [IBe naacTHHBI NepUHOAUYECKH 3apsi-
XaJHuch N0 noteHuuana V. BcaencTsBue mpoBOAMMOCTH BO3AyXa
OHH MeJJeHHO pa3psiKaJHucb;, ObLICTPOTA pa3psAKH H3MepsJaach
3JIEKTPOMETPOM.) IDTOT HEMOHATHBIN pe3y/bTaT OblJ CaMbIM MO-
TPSICAIOIUM OTKPBITHEM BO BCeil HCTOPHH aTMOC(EepHOro 3/eKT-
puuectBa. OTKpbITHE OBIJIO CTO/b Ba)XHO, YTO MOTpeGOBanO BhI-
Je/leHHsl HOBOH OTpac/qH HayKH — QHU3HKH KOCMHUYECKHX Jyued.
A camMo aTmocdepHOe 3/1eKTPHYECTBO OCTAJOCh Cpely SIBJEHHH
MeHee yaMBHTeNbHbIX. MOHM3alKs, BUAHMO, OPOXKAanach YeM-TO
BHe 3€eMJIH; MOHCKH 3TOr0 He3€eMHOr0 HCTOYHHKA MPHBEJH K OT-
KPBITHIO KOCMHYeCKHX sydell. Mbl He OyaeMm cefiyac roBOpPHTb O
HHX M TOJBbKO CKa)XeM, YTO HMEHHO OHHM MOJAepKHUBAIOT CHabxKe-
HHe BO3yXa HOHaMH. XOTS HOHBI NMOCTOSIHHO YHOCSITCSl, KOCMHYe-
CKHe YacTHLBbI, BPbIBAACb H3 MHPOBOrO NPOCTPAHCTBA, TO H MA€JO
COTBODSIIOT HOBblE HOHBI.

UTo6bl GLITb TOYHBIMH, MBI AOJXKHBl OTMETHTb, YTO, KpOMe
HOHOB, COCTaBJIEHHBIX H3 MOJeKyJ, ObIBAlOT H [pyrHe copTa
HMOHOB. MeJ/byalilive KOMOYKH MOYBLI, MOJOOHO Yype3BbIYAiHO TOH-
KM YacTHYKaM NblJIH, NJ1aBalOT B BO3AyXe M 3apsxkaioTca. Ux
MHOrla Ha3blBalOT «AapaMu». CKaxeM, KOrga B MOpe mJjellyTcs
BOJIHBI, MeJKHe Gpbi3ru B3jeTaloT B Bo3ayx. Korga rtakas Ka-
neJjbKa MCNAPHUTCS, B BO3JyXe OCTaeTCs MJaBaTh MaleHbKHH KpH-
craaauk NaCl. 3areM 3TH KpHCTa/l/JMKH MOTYT NMpHBJeEYb K cebe
3apsabl U CTaTb HOHAMH; MX Ha3bIBAIOT «OOJbIIHMH HOHaMH»,

Mausble HOHBI, T. €. Te, KOTOpble CO3al0TCA KOCMHYECKHMH Jy-
yaMH, caMble noaBHxKHble. F3-32 TOro, 4To OHH OYeHb MaJbl, OHH
ObLICTPO MPOHOCSITCA MO BO3AYXY, CO CKOpPOCTbi0 OKoJo 1 cm/cex
B noae 100 8/m, uau 1 g/cm. Boablune U TsAXKeable HOHBI JBH-
XKyTca Kyaa MmepnneHHee. Oka3biBaeTcs, 4TO €CJH «sAep» MHOTO,
TO OHHM NepexBaTHIBAIOT 3apsiibl OT Ma/ablX HoHOB. Torga, mo-
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CKOJIBKY «G0JiblIMe HOHBI» ABHXKYTCA B MOJe OYeHb MeMAJeHHO,
o6uasi npopoAHMOCTh yMeHbluaercsi. [loaToMy npoBoauMOCTb BO3-
AyXa BecbMa NepeMeHYHBAa — OHA OYeHb 4YYBCTBHTEJbHa K ero
«3acopenHocTu». Han cymeit storo «copa» MHOro 6oJbme, yeMm
HaJ MOpeM, BeTep MOAbLIMAeT C 3eMJH Nblab, 1a U YeJOBeK TOXe
BCSAYECKH 3arpsi3HsieT Bo3ayX. HeT HHuero yaHBHTE/JBHOrO B TOM,
4TO AeHb OTO [JHf, OT MOMEHTa K MOMEHTY, OT OJHOIO MecTa
K ApyroMy mnpoOBOAMMOCTb 6JIH3 3eMHOH MNOBEPXHOCTH 3HAYH-:
TebHO MeHsleTcs. DJIeKTpHuecKoe MoJe B Ka)XAOH TOUKe Hap
3eMHOH NOBEPXHOCTBIO TOXe MeHseTcsd, NOTOMY YTO TOK, TeKy-
IUHA CBEPXY BHHM3, B Pa3HbIX MecTaX NMPUMEpPHO OJHHAKOB, a H3-
MeHEeHHs MPOBOAMMOCTH y 3€MHOH MOBEPXHOCTH NMPHBOAAT K Ba-
pHauHUsaM noJas.

[IpoBogumocTh BO31yXa, BO3HHKaloUlasi B pe3yJabTaTe gpeida
HOHOB, TaKXe GBICTPO yBeJHYHBaeTcs ¢ BbicoTOi. [Ipoucxoaut
3T0 MO ABYM NpHYHMHaM. Bo-nepBhIX, ¢ BHICOTOH pacTeT HOHH3a-
LMsl BO31yXa KOCMHYeCKHMMH ay4aMu. Bo-BTOphIX, N0 Mepe nape-
HHSl TIJIOTHOCTH BO3/AyXa yBeJqHYHBaeTcsi CBOGOAHBIA mpobGer Ho-
HOB, TaK YTO [0 CTOJKHOBEHHS HM yjAaeTcsl Aanblie NPOHTH B
3JleKTpHUeckoM moJse. B uTore Ha BHICOTE MPOBOAMMOCTb pe3KO
NOJACKaKHBaeT.

CaMa MJIOTHOCTb 3JIEKTPHYECKOr0 TOKa B BO3AYXe PaBHA BCETO
HEeCKOJIbKHM MHKPOMHKpOaMmnepaM Ha KBaapaTHBIH MeTp, HO
Belb Ha 3eMJ/e OuyeHb MHOr0 TaKHX KBaJApaTHHIX MeTpoB. Becb
9J/JIeKTPHYeCKH TOK, AOCTHTAOWU#A 3eMHOH NMOBEPXHOCTH, paBeH
npuMepHo 1800 a. IDTOT TOK, KOHEUYHO, «MOJOKHUTENEH» — OH Ie-
peHOCHT K 3eMJle MOJNOXHTe/bHBI 3apsaa. Tak uro moayuaercs
Tok B 1800 a nmpu nanpsikenun 400000 g. Mowmuocts 700 Msr!

IIpy TakOM CHJBLHOM TOKe OTPHUATEJbHBIH 3apsaf 3eMau JoJ-
XeH Obla O6bl BCKOpe HCHe3HYTb. PaKTHYeCKH MOHano6Ha0Ch OBl
TOJIbKO OKOJIO MmoJiyyaca, uTo6bl pa3paautb Bcio 3emawo. Ho ¢ mo-
MeHTa OTKpPHITHA B aTMocdepe 3/eKTPHYECKOro MOJf MPOLLIO
Kyzna Goablle nosyuaca. Kak ke oHo aepxurca? YeMm nognep-
>KHBaeTcsl HanpsikeHHe? M mexay uem H yem oxo? Ha oapHom
sJekTpose 3eMJs, a 4TO Ha aApyroM? Takux BOMpOcOB MHO-
XKeCTBO.

3emJs1 3apsixKeHa OTPHIIATeNbHO, a MOTEHLHAJ B BO3AyXe INO-
noxuteqaeH. Ha poctatouyno 60/b010#1 BHICOTe MPOBOAHMOCTbL TakK
BeJIMKa, YTO BEPOSITHOCTb M3MEHeHHH HampsixKeHHd MO TOPH3O0H-
TaJ/ M CTAaHOBHUTCS paBHOM HyJ/0. Bo3ayx npn Tom maciuirabe Bpe-
MEeHH, 0 KOTOPOM cefyac MaeT peub, GaKTHYCCKH HpeBpallaeTcs
B NPOBOAHHK. DTO NPOHUCXOAMT Ha BEICOTE OKoJO 50 xm. ITO
elle He TaK BBICOKO, KaK TO, YTO Ha3bIBAlOT «HOHOC(epoil», Tae
UMeeTcsl oyeHb 00J/bIIOe KOJIHYECTBO HOHOB, 06pa3yeMblX 3a CyeT
¢orosdpdekta OoT conHeyHbIX Jayuel. [las HawMX Leseft MOXKHO,
ob6cyxast CBOHCTBA aTMOC(HEPHOro 3JeKTPHYeCTBa, CYHTATh, YTO
Ha BbICOTE npuUMepHO 50 K# BO3AYX CTAHOBUTCH AOCTATOYHO MPO-
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BOMSILUMM H TaM CYyLIeCTBYeT NMpaKTHYeCKH nposoaswas cdepa,
M3 KOTOpO# BbITeKaloT BHH3 TOKH. [los0xeHne men M306paxKeHO
Ha ¢ur. 9.4. Bonpoc B TOM, KaK JepXHTCA TaM MOJIOXHTEe/bHbIH
3apsan. Kak oH HakauuBaercs o6paTHo? Pa3 OH cTekaeT Ha
3eMJa10, TO AOJKEH Xe OH KaK-TO NepeKayHBaTbcsi O6GPaTHO?
Hoaroe BpeMsi 3T0 GbIIO OQHOI H3 IMIaBHBIX 3aragok aTMmocgep-
HOTO 3/1eKTpPHYeCTBa.

Jlio6as uHdopmManus Ha 3TOT CYeT MOXKeT AaTh KJ/KOY K 3a-
ragke HJH No KpaiiHeii Mepe XOTb YTO-TO COOOWIHTHL O Heil. Bor
ONHO MHTEDECHOe fIBJIEHHe: eClH Mbl H3MepseM TOK (a OH, Kak
Mbl 3HaeM, YCTOHYMBee, YeM IPaJHEHT NOTeHIHaNa), CKaxeM Hal
MopeM, H NpH TILATeJbHOM COGJIIOLEHHH NPelOCTOPOXKHOCTEH,
OyeHb aKKypaTHO BCe ycpefHsieM H H306aBJ/sieMCsl OT BCAKHX OLIH-
60K, TO Mbl OGHAapyXXHBaeM, 4TO OCTAIOTCS BCe Xe KaKHe-TO Cy-
ToyHble BapHauuu. CpeHee MO MHOrMM H3MepeHHAM Hajl OKea-
HaMH o6JajaeT BPeMeHHO!H BapHallMeli NDHMePHO TaKOH, KaKas
nokasaHa Ha ¢ur. 9.5. Tok MensieTcsi npu6/IH3UTeIbHO Ha +=15%
M JOCTHraeT HanGoJblIero 3HaueHHs B 7 4acoB Beyepa MO JIOH-
noHcKoMy BpeMeHH. CaMoe CTpaHHOe 31ech TO, UTO, 20e ObL 8bL HU
uamepsaau TOK — B ATNAHTHYECKOM /M OKeaHe, B THXOM /1M HJH
B JlenoBHTOM, —ero yacbl MHK GBIBAIOT TOraa, KOrja 4ackl B
Jlondone nokasbiBaloT 7 Beuepa! [loBciogy BO BceM MHpe TOK
Jocturaer Makcumyma B 19.00 mo JIOHAOHCKOMY BpPeMEHH, a MH-

E(a/m)
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nm+

100+
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TOYHAA eapuayus epadu- 90
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HumMyma — B 4.00 no Tomy ke BpemeHH. MIHBIMHM cJOBaMH, TOK
3aBHCHT OT alGCOIOTHOIO 3eMHOrO BpeMeHH, a He OT MeCTHO20
BPeMeHH B TOuKe HalJiofeHHsl. B 04HOM OTHOIIEHHH 3TO Bce Xe
He TaK yX CTPAHHO; 3TO BIOJHE CXOAMTCA C HAlUUM MNpejcTaB-
JleHHeM O TOM, YTO Ha CaMOM BepXy HMeeTC OYeHb GoJbllas
rOpH30HTa/bHasl NMPOBOAHUMOCTb, KOTOpPash M HCKJIOYaeT MeCTHbIe
M3MeHeHHs Da3HOCTH MOTEHLUHAJOB MexAy 3eMJel H BepXoM.
Jlto6ble M3MeHeHHs1 MOTeHLHaJa AOMXKHBE GbITb BCEMHPHBIMH, H
Tak OHO H ecTb. MTak, Temepb MBI 3HaeM, 4TO HanpsixKeHHe
«BBEpPXy» C H3MeHeHHeM abCOJNIOTHOTO 3eMHOr0 BpeMeHH TO No-
AbIMaeTcsi, To najgaet Ha 15%.

§ 3. Mpoucxoxcdenue Toxoe 6 armocepe

Tenepb HyXHO OTBETHTb Ha BONpPOC 06 HCTOYHHKe GOJIbLIMX
OTpHIIATe/bHBIX TOKOB, KOTOpble J0/2KHBI Te4b OT «BepXa» K 3eM-
HOH MOBEPXHOCTH, 4TOOLI MOAJAepKaThb ee OTpHLATE/NbHBIH 3apan.
I'ne xxe Te GarapeH, KoTopble 3TO AenaloT? «Bartapes» mokasaHa
Ha ¢ur. 9.6. DTo rposa uau BepHee MoJaHHH. OKasbiBaercs,
BCIBILIKH MOJIHHI He «pa3psKaloT» TOH PasHOCTH NMOTEHLHAJOB,
0 KOTOpOH MbI TOBODH/IH (M KaK MOrJo Obl Ha MepBbI B3ras[
nokasatbcs). MoJIHUM CcHabxcaoT 3eMJI0 OTPUYATeAbHbIM 3aps-
noM. Ecaiv Mbl yBHQ/IH MOJIHHIO, TO MOZKHO MOCHOPHTbL Ha AecATb
MPOTHB OJHOrO, YTO OHa NpHBesa Ha 3eMJI0 GOJbllIOe KoJHdYe-
CTBO OTPHUATEJbHBIX 3apAnoB. FIMeHHO rpo3bl 3apsaxaT 3eMJ1i0
B cpefiHeM ToKoM B 1800 a snekTpuyecTBa, KOTOpOe 3aTeM pas-
psixkaeTcsi B pailioHaX ¢ xopolueil norogoi.

Ha 3emae kaxable cyTkH rpeMuT okosao 300 rpos. Ux-to u
MOXKHO CYHTaThb TeMH 6aTapesiMH, KOTOpble HAKayHBAIOT 3J/€KT-
pHYECTBO B BepXHHe CJOH aTMOC(hephl H COXPaAHAIT Pa3HOCTb NO-
TEHLHaJOB. A Temepb YuTHTe reorpa¢Hio — noJyaeHHble TI'PO3bl
B Bpasuaun, tponnueckne —B Acdpuke H T. A. YueHble caenaju
OLEHKH TOro, CKOJIbKO MOJHHI eXeCeKyHIHO ObeT B 3eM.JlIo;
HYXXHO JIH TOBODHTb, YTO HX OLEHKH 6oJiee HJIM MeHee COrja-
CYIOTC C H3MepeHHSMH Pa3HOCTH MOTeHLHaJoB: ofulas cTeneHb
rpo30BOH [eATeJbHOCTH NOCTHraeT Ha Bcedl 3eMJse MaKCHMyMa
B 19.00 no soHaoHcKOMY BpeMeHH. O JHAKO OLEHKH TPO30BOIi aes-
TeJbHOCTH [ejaTb OYeHb TPYAHO; clenaHbl OHH GbIIH TOJNBLKO
nocae TOTo, Kak CTaJjJ0 H3BECTHO, YTO TaKHe BapHallHH AOJKHBI
cyuectBoBaTb. TpyAHOCTb 3aKaloyaeTcss B TOM, YTO B OKeaHax,
Jla ¥ MOBCIOAY B MHpe He XBaTaeT HaG/IONeHHH, HX MaJjo, YTOOHI
TOYHO YCTaHOBHTb YHca0 rpo3. Ho Te yueHble, KOTOpble nyMaloT,
YTO OHH «BCE€ YY/H NPAaBH/IbHO®», YBepsAIOT, YTO MaKCHMyM nes-
TeAbHOCTH npuxoautcs Ha 19.00 no rpuHBHUCKOMY cpeqHeMY Bpe-
MeHH.

Uto6bl NOHATb, KaK pa6GoTalT 3TH GaTapeH, nomnpobyem pa-
306paTbcst B rpose noray6xe., UTo npoHcXOAHT BHYTPH TpO3bi?
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Due. 96. Mexanusm, cosdarouuli atexTputeckoe noase armocpepol.

OnuueM rpo3y Tak, Kak ee cedyac npeacrasasiior. Korga Mbl
BHHKaeM B HeOGbIKHOBEHHOE SIBJIEHHe NPHPOAbI (a He B 3TH CTOJb
H3SUIHO HaMM pa3o6GpaHHble HiaeanbHble cepbl H3 HOeaJbHBIX
NPOBOJHHKOB, MOMEILEHHBIX BHYTPH APYrux cdep), Mbl OTKphI-
BaeM, YTO He TaK Y MHOTO 3HaeM. A 3TO Bce OueHb HHTEPECHO.
I'po3a He ocTaBaseT 4e/0OBeKa paBHOAYLIHBLIM: OHAa NYraeT ero
HJIH BOCXHUlaeT; B o6uleM BO3GyxXaaeT B HeM KaKHe-TO YyBCTBa.
A Ttam, rge B nmpHpoae MNOSIBJIAIOTCA YYBCTBA, OOGBIYHO Cpasy
BCIJILIBAET M CJIOXKHOCTb MPHUPOABI U €e TaHHCTBEHHOCTb., HeT Hu-
KaKoil BO3MOXHOCTH TOYHO OMHCATb, KaK MPOHUCXOAMT rpo3a, Mbl
noka mano o6 aTom 3HaeM. Ho MBI Bce e nonpoGyeM HeMHOXKO
pacckasaTb O TOM, YTO NPOHCXOMHT.

§ 4. I'posvt

Ilpexxne Bcero caenyeT cka3aTb, YTO OOGbIYHAsE IPO3a COCTOMT
M3 MHOXEeCTBa «siyeeK», TeCHO MPHUMBIKAIOUWHUX APYr K APYry, HO
noyTH He3aBHUCHMBIX. ITo3TOMy pa0OCTaTOYHO mnpoaHa/H3HpPOBATH
onHy u3 Hux. Ilom «sueiikoii» MBI noapadymeBaeM 06J1acThb
(MMeroly0 B TOPH3OHTA/bHOM HanpaBJ/leHHH OTPaHHYEHHYIO NpPO-
TSXKEHHOCTb), B KOTOPOH MPOHCXOIAT BCe OCHOBHBIE MNPOLECCHI,
OGBLIYHO HMMeeTCsl HECKOJIbKO siueeK, pacroJioKeHHbIX OlHa BO3Jje
IpYro#, a B KaXXAOH H3 HHUX TBOPHUTCSA NMPHUMEPHO OJAHO M TO XKe,
pasBe YTO C HEKOTOPHIM cABHroMm BO BpeMmeHu. Ha ¢ur, 9.7 B uge-
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Due 98. Temneparypa armo- 1
chepor.

a—craruyeckaa armocgepa; b —
aduabaruyeckoe oxaamdenue cyxozo
8030yxa; c —aduabaruieckoe 0XAAK~
OeRue 84axHO020 8030yxa; d —eAaax-
Hblll 8030Yyx C KAKOU-TO npuMecsto
OKpYyaarowe2o 6030yxa.

Temnepamypa

Bbicoma

aNM3MpOBAHHOM BHAe MNpeAcTaBJaeHa fvyeflka B HayaJ/bHbIA ne-
puoa rpo3bl. OKasbiBaeTcs, YTO B BO3AYyXe B HEKOTOPOM MecTe
M TNpH HEKOTOPBIX YCJOBHSIX (MBI HX BCKODe ONHILEM) Cylue-
CTByeT BOCXOAAUWIHA TOK, BCe O6oJiee yOLICTPSAIOUIHHACA no Mepe
noabema. Tenabll U BaaXKHBI BO3AYyX CHH3Y NOALIMaeTcsl, OCThI-
BaeT M KOHAeHcHpyeT Baary. Ha puCyHKe KpeCTHKH O3HayaroT
CHer, a TOYKH — A0X b, HO MOCKOJIbKY BOCXOASILHH TOK 1OBOJBHO
BeJIMK, a KaneJbKH OYeHb MaJibl, TO Ha 3TOH CTalHMH HH CHer, HU
NOX/Ab He BbIMAfaloT. DTO HayaJbHas CTAj1Hs, M NMOKAa 3TO ellle
He HacTosillasi rpo3a, B TOM CMbIC/e, YTO BHM3Yy BoOOlle He BHAHO,
4yTOGBl 4TO-HHOYAb nmpoucxoauao. ITo mepe Toro kak Tenabiii Bo3-
NyX noabIMaeTcsl BBepX, B fiuefiky NpHObIBaeT BO3AYX CO Bcex
CTOpPOH (BecbMa Ba)kHOe OOCTOSITENbCTBO, KOTOPBIM JOJrO npe-
HeOperaau). Tak 4To mogbIMaeTcss He TOJBKO TOT BO3AYyX, KOTO-
pblit GBI BHH3Y, HO M KaKoe-TO KOJHYeCTBO JPYroro BO3qyXa —
C pasHbIX CTOPOH.

Ortyero Bo3ayx BOT Tak noaHumaercs? Kak Bbl 3HaeTe, Ha-
BepXy BO34yx npoxJaaHee. CoJiHIEe HarpeBaeT no4gy, a BOJSHOH
nap B BepPXHHX CJOSIX aTMocdepbl H3/ayyaeT TenJjo BBepX; MNO-
3TOMY Ha GOJbIIMX BBICOTAX BO3AYX XOJIOAHBIH, @ BHH3Y TeNJbli.
Ber MoxeTe ckasaTb: «Torana Bce oueHb mpocto. Tenuwii Bo3aayx
Jerye XOJO0JHOTO; MO3TOMY BCf 3Ta KOMOHHAUHS MeXaHHYeCKH
HeyCTOHYHBa, W Tenabll BO3AYyX NMoaHuMaeTca». KoHeuHo, ecau
TeMmepatypa Ha pa3HbIX BbICOTAX pa3Has, TO BO3AyX OelcTsu-
TeAbHO Tepmoouxnamudecku HeyctoituuB. [IpenoctaBieHHBIN ca-
mMoMy cebe Hajgoaro, BeCb BO3[YX NPHMeT OJHHAKOBYWO TeMIe-
patypy. Ho oHn He npenocraBseH camomy cebe; Becb AeHb CBe-
THT coJiHlle. Tak uTo npo6aemMa KacaeTcsi He TOJbKO TepMOJHHa-
MHYECKOro, HO H mexanu4ecko2o paBHOBecHs. IlycTb MBI Hauep-
THJH, Kak Ha ¢ur. 9.8, KPUBYIO 3aBUCHMOCTH TeMNepaTyphbl BO3-
AyXa OT BLICOTH. B OOBLIYHBLIX YCJOBHAX noJsaydaeTcsi yObIBaHHe
N0 KpUBOH THMA @; MO Mepe nNoabeMa TemnepaTypa nanaeT. Kak
XKe aTMocdepa MoxeT ObIThb ycroduuoi? Ilouemy Gbl Tenmsnomy
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BO3JyXy NpOCTO He MOAHATBCA K XOoJa0AHOMY? OTBeT COCTOHT
B TOM, 4TO ecJqH Obl BO3AYX HayaJ NMONHHMATbCS, TO AaBJjeHHe
B HeM ymnaJio Gbl, H, pacCMaTpHBas ONpeles]eHHYI0 MOPLUHIO MOI-
HUMalollerocs BO34yXa, Mbl Obl yBHAEJNH, 4TO OHa aguabGaTuue-
ckn pacmupsercs. (Tenso He yxoauao Obl M3 Hee M He NpPHXO-
AHJ0 Obl, NOTOMY 4TO HM3-3a OFPOMHBLIX pPa3MepOB He XBaTH/O Obl
BpeMeHH A/s 6OJbLIMX Nepenau Tensa.) Mrak, nopuus Bosayxa
npH noabeMe oxsaajnurcsa. Takod agvabGaTHYeCKHH Mpollecc NpH-
Bes1 Obl K TaKOH 3aBUCHMOCTH TeMNepaTypa — BLICOTA, KaK MOKa-
3ano kpuBod b Ha dur. 9.8. JlroGoit BO3ayX, NOJHMMAKOLLHIICA
CHH3Y, OKasaacsa Obl x0400Hee, 4yeM TO MeCTO, Kyjfa OH Hanpas-
asetcs. Tak 4To TenJoMy BO31yXy CHH3Y HeT pe30Ha HATH BBepX;
ecaH Obl OH BCMHJBII, TO OCTHLI Obl M CTajJ X0J04Hee TOr0 BO3-
lyxa, KOTOpLII yXXe TaM eCTb; OH OKasaJcsl Gbl TsxeJsee 3TOro
BO31yXa, H eMy Obl 3axoTesqocb cpa3y o6paTHo BHH3. B xopo-
LIMHA, SICHBIH JeHeK, KOTrja BJAaXXHOCTb HeBeJHKa, YCTAHABJIH-
BaeTcs KaKad-To ObICTPOTAa najeHHA TeMnepaTypbl C BLICOTOH, H
3Ta ObICTPOTA, BOOGLLE FOBOPs, HHXKE «MAKCHMaJbHOrO0 YCTOHYH-
BOTO nepenajaa», npeicTaBaseMoro Kpusoi b. Bo3ayx Haxonutcs
B YCTOMYMBOM MeXaHHYeCKOM paBHOBECHH.

Ho, ¢ apyroii cTopoHbl, ec/ii Mbl BO3bMeM BO3AYLIHYIO AYeHKY,
COepKallyl0 MHOro BOASIHBIX MapoB, TO KpHUBas ee aauabaTu-
YeCKOro oxJaxJeHHs 6yaeT coBceM apyrofi. Ilpu pacmmpenuu u
OXJlaXKJeHHH 3TOH AYeHKH BOJASHOM nap HayHeT KOHAEHCHPO-
BaTbCA, a NMPH KOHJEHCAUHH BhifeaseTcsa Tenao. [lostomy Baax-
HBbIHl BO31YX OCTBHIBaeT He TaK CHJ/bHO, KaK CyXoH. 3HAUHT, Koraa
BO3[1yX, BJ/IaXXHOCTb KOTOPOTrO Bbllle CpeJHeH, HayHeT NOJHH-
MaTbCsl, ero TeMmnepaTypa OGyaeT cJeloBaTb KpHBOH ¢ Ha
¢ur. 9.8. Cnerka oxsaxpnasicb NpH noabeMe, OH BCe XKe OKa-
XKeTcsl TellJlee OKPYIKaIOLIero ero Ha 3Toi BeicoTe Bo3ayxa. Ecau
UMeeTcsl 00/1aCTh TeMNJOrO BJAXHOrO0 BO3AyXa H OH NOYeMY-TO
Ha4yHHaeT MOAHHMATLCHA, TO OH BCce BpeMsl GyaeT OCTaBaThCA Jerye
H Tenjee OKPYXKAalollero BO3ayXa H Mo-npexHeMy OyaeT BCHJbI-
BaTb, OKA He JOCTHIHET OTPOMHBIX BBICOT. BOT TOT MeXxaHH3M,
KOTOpLI 3acTaB/sieT BO3AYyX B IPO30BOH AyeHKe MOJHHMATLCA.

B TeueHHe MHOrHX JleT HMeNHO TaK OOBACHS/IH TPO30BYIO
AyeilKy. A 3aTeM H3MepeHHs NMOKa3aJ/H, YTO TeMnepaTypa o6/aka
Ha pa3/JHYHBIX YPOBHAX HajA 3eMJieli He TaK BBHICOK3, KaK 3TO
cnenyetr M3 kpuBoil c. IlpuunHa B TOM, 4YTO, KOrja <mysblpb»
BJIAXXHOTO BO3yXa BCNJbIBaeT, OH YHOCHT C cO6Oi BO3LYyX H3
OKpyxalolleil cpeabnl H oxaaxpaercs Hm. KpuBas «Temnepa-
Typa — BbICOTa» NOX0xa 60Jbllle Ha KPHBYIO d, KOTOpas ropasno
6/11Ke K NepBOHAYaJbHOH KPHBOH @, HeXeJsHu K C.

Ilocnie Toro Kak omHcaHHash KOHBEKLHs Hadajlacb, momnepey-
HbIHl pa3pe3 rpo30BOil siyefiKH BBHINIAQMT yXKe TakK, KaK NOKa3aHo
Ha ¢wur. 9.9. 3To Tak Ha3biBaeMas «3pesaas» rposa. B Heill peii-
CTByeT OYeHb CHJ/bHAasf TAra BBepX, AOCTHrampllass Ha 3TOH cTa-
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auu BeIcOT B 10—15 km, a uHorma u Bbiule. I'pO30BOil KyNoJ
C MpPOHCXOAslleHl B HeM KOHAeHcallMell TPOMO3JAMTCS Hald Bceil
06/1a4HO# TPsiflofi ¢ GLICTPOTOH, fOCTHTralouel o6biyHO 60 Km/uac.
[To mepe TOro Kak BOAsIHOM Map MOAHHMAETCss U KOHAEHCHpYyeTcs,
BO3HHKAIOT KPOXOTHbIE KaMe/bKH, KOTOPble GLICTPO OXJaXAalTCs
[0 TeMnepaTypbl HHxe Hyas. OHH OJKHBI 3aMep3HYTb, HO Ze-
JIaloT 3TO He Cpa3y — OHH «nepeoxJjaxpaawTcsi». Boma, na wu
NpYyrHe >KHAKOCTH OGBIYHO JIeTKO OXJaXAaloTC HHXKe CBOeH
TOYKHM 3aMep3aHHsl, He KPHCTaNMU3YysCh, €C/H TOJIbKO BOKPYr HeT
«sfep», KOTOpble HeOOXOAHMBI, YTOGBl Hauya/Jachb KpHCTaJJHu3a-
uus. TosbKO ec/i MMeOTCS MeJKHe KDOIIKH BellleCTBa, Hamojo-
6ue kpuctanankoB NaCl, kaneJbKH BOABI MpeBpaTATCS B JbJIHH-
kH. Torpa paBHOBecHe 6yaeT NPHBOAMTH K HCHApeHHIO Kamejb
H POCTY KpHCTaJ0B JbJa. MiTak, B KaKoii-TO MOMeHT HauHHaeTcs
BHe3anHOoe HCYe3HOBeHHe BOAbBI H ObICTpOoe 06pa3oBaHHe Jbja.
Kpome Toro, Moryr mpoucXoAHTb NpsSIMble COydapeHHs BOASHBEIX
KanesjeK M JbJHHOK — CTOJKHOBEHHS, B KOTOpHIX MNepeoxJax-
JeHHasi BOJla, NPUKOCHYBIIHCH K KPHCTAJJIHKY J/bAa, MTHOBEHHO
cama Kpuctaanuayetcsi. Ctajo 6biTh, B KAKOH-TO MOMEHT pa3BH-
THs1 06/laka B HeM MPOHCXOLHT ObICTPOe HAKOIMJEHHe KDYMHBIX
YacTHIL JbJa.

M Korna oHM CTaHYT AOCTAaTOYHO TSIXKeJBIMH, OHH Ha4yHYT na-
JlaTh CKBO3b BOCXOISIIHN BO3AYX, H6O OHH CTaJH CJAHIIKOM Trpy3-
HBIMH, 4TOOBI TAra Morsaa Hx HecTH. [lapas, oHM yBJ/ekyT 3a co-
60it HeMHOro Bo3fyxa. HaunHaeTcss npoOTHBOTOK BO3AyXa — BHH3.
W nerko noHsATb, 4TO, KaK 5TO HH CTPAHHO, pa3 ye NPOTHBO-
TOK HauyaJ/csi, TO NpPeKpaTHTbC OH He cMOXeT. Bosayx Tenmepb
MOJIHBIM XOAOM NMOMYHTCS BHH3!

[TocmoTpuTe: KpuBas d ua ¢ur. 9.8 (MCTHHHOe pacmpenese-
HHe TeMnepaTyp no BbIcOTe o6GJlaKa) He TaK KpPyTa, KaK KpHBasi
¢ (oTHOCAIMAsiCA K BJAXHOMY BO3AYXY). 3HauHT, KOrja HauHeT
najaTh BJaXHBI BO31YyX, €ro TeMmnepatypa GyleT MNOBBIIATHCS
nOo KpPHBOi1, COOTBETCTBYIOlLeil KPHBH3HE JHHHH C, T. € NPH A0-
CTaTOYHO CHJIbHOM MaJCHHH OKaXKeTCs Husce TeMmepaTyphbl OK-
pyKawouero Bo3ayxa (Kak 3TO BHAHO M3 KpuBo# e). U B Mo-
MEHT, KOT1a 3TO CJYUYHUTCS, OH OKa)KeTcs NJIOTHee OKPYXKaloUlero
BO31yXa, NnajeHHe CTaHeT HeOTBPATHMLIM.

Ho BBl ckaxere: «Yx He BeuHoe /H 3T0 ABHKeHHe? CnepBa
roBOPU/IOCh, YTO BO3AYX NO/XKeH MOAHHMAaTbCA, a KOrjga Bbl ero
NOJHSJIH, TO OAHHAKOBO Y6eAHTeNbHO NPHHHMAaeTeCh AOKa3bIBaTh,
4TO €My IO0JIOXKeHO mnaxaTtb». HeT, 3T0 He BeuHoe ABHXKeHHE.
Koraa noJioxkeHune HeyCTOAYHBO M TeNJblil BO3AYX BHIHYXIEH NMOJ-
HHUMaTbCs, TOT A, eCTeCTBEHHO, YTO-TO JAOJKHO ero 3amecTHTb. He
MeHee BEPHO W TO, YTO CNYCKAIOWHACA XOJOAHbIH BO3AYyX Obl/ Obl
B COCTOSIHHH 3HepreTHYeCKHM 3aMeCTHTb TenJblil Bo3ayx. Ho moii-
MHTe, YTO TO, YTO CNYCTH/IOCH BIIH3, —3TO yXe He TOT BO3AyX,
KOTOpHIH GBIl BHauaJe, JlaBHHe pacCyXIeHHs, B KOTOPHIX LlJa
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peub 06 H30/HpPOBAHHOM 0OJaKe, cnmepBa MOAbIMaBlueMcs, a 3a-
TEeM ChycKamwlulemcs, cofepxKaJju B cebe Kakylo-To 3aragky. Hy-
JKeH Obl1 1O0XKIb, YTOObI OoGecnevyuTb COycK, a 3TOT Cnoco6 Gl
maJio npasaonogo6ed. Ho Kak To/NbKO BB MOHSJH, YTO K BOCXO-
JAleMy BO3AYyXy NpHMellaH BO31YX, ObIBIUH{ BHayaJe Ha TOH
BbICOTE, OTKYy/Ja HayaJjacb TAra, TepMOJHHaMHuecKHe coobpaxe-
HHA MOKAaXyT BaM, YTO MafeHHe XOJIOAHOrO BO3JyXa, NepBOHa-
Yya/JbHO MJaBaBIUero Ha GOJMbIUMX BLICOTAX, TOXe BO3MOXKHO. DTO
H 00DbACHAET KapTHHY aKTHBHOH I'PO3bl, NpeNCTaBJEHHYIO cCXeMa-
THYeCKH Ha ¢ur. 9.9,

Korpa Bo3ayx NOXOAMT NOHH3Y, M3 HHXKHell 4yacTH TyuH Ha-
YHHaeT HMATH A0XAb. Bno6GaBoK, AOCTHTHYB 3eMHOH NOBEPXHO-
CTH, OTHOCHTEJIbHO XOJIOAHBIA BO3JyX pacTeKaeTcs BO BCe CTO-
pOHbI. 3HAUYHT, mepea CaMoil rpo30i HauyHMHAeTCs XOJIOQHBIH Be-
Tep, Npenynpexpaamuuii Hac o npexacrosuel 6ype. Bo Bpewms
camoil 6ypH Hab.J0falOTCA pe3KHe M BHe3anHble MOPLIBBI BETPA,
o6saKa Kny6atcs 1 T. 1. Ho B ocHOBHOM cnepBa cyuecTByeT TOK,
TeKyUlHi BBepX, MOTOM NMPOTHBOTOK BHH3 — KapTHHA, BooGlle ro-
BOpsl, OYeHb CJOXHas.

B To ke mMruoBeHHe, KOrja HauyHHAIOTCS OCAaAKH, BO3HHKaeT
M NpPOTHBOTOK. M1 B TOT e camblif MOMeHT OGHapyXXKHBalTCsH
aJleKTpHYeckHe siBjeHHss. Ho npexxne yem onHcaTb MOJHHIO, MBI
3aKOHYMM paccKa3oM O TOM, YTO TBOPDHTCS B TpPO30OBOH siueiKe
yepe3 nmosayaca HJH, cKaxeM, yepe3 yac. OHa BBINIAAHMT TakK, Kak
nokasaHo Ha ¢uwur. 9.10. Tsira BBepx npekpaTH/aach — 6oJbllle HeT
TenJoro BO3JyXa, H MOAAep:KHUBAThb ee HeyeM. Kakoe-To Bpems
elle Npoao/IXKAaKTCSA OCaAKH, MOCJeJHHe KameabKH BOAbl NafaloT
Ha 3eMJ10, Bce CTAHOBHUTCHA CMNOKOHHee, XOTA 4acTb JbAHHOK elle
octajach B Bo3ayxe. Ha Go/bliMX BbICOTax BeTpbl AYIOT B pas-
Hble CTOPOHBI, NMO3TOMY BepX IPO30BOH Ty4yH OOBIYHO HAyHHaeT
NpUHUMATb BHJ HaKOBaJbHU. flueiike mpuulesn KoHell.

§ 5. Mexanusm pacnpedenenusn sapados

Tenepb MBI XOTHM 06paTHTBCS K OGCYXKAEHHIO CaMOH BaXKHOH
/11 Hac CTOPOHBI Je/la — K BO3HHKHOBEHHIO 3J/IeKTPHYEeCKHX 3a-
panoB. PasHoro pona skcnepuMeHTHI, BKJIOYas MOJeThl CKBO3b
rpo3oBoOi GPOHT (MHJOTH, COBepllIalOlIHe HX,— HCTHHHBIE Xpa6-
peusbr!), BBIICHHJH, YTO pacnpejie/eHHe 3apsioB B TI'PO30BOH
siyefike HanoMHMHaeT H3o6paxeHHoe Ha ¢ur. 9.11. Bepxymka
rpo3bl 3apsi)KeHa MOJIOXKHTEeNbHO, a HH3 — OTpHIlaTe/NbHO, 32 HC-
K/IO4eHHeM HeOOJIbIIOrO y4yacTKa MOJIOXKHTe/IbHbIX 3apsioB B
HMXKHell YacTH Ty4YH, NPHYHHHBLIErO HeMaJso 3a6OT HccJleJoBaTe-
asaM. HUKTO He 3HaeT, moyeMy OH TaM MNOSIBASeTCS M HACKOJbKO
OH BaXKeH, TO JIH 3TO BCEero JIMIIb BTOPHYHBIA 3(PPeKT MmosoxKH-
TeJbHOTO JOX1s, TO /U CyllleCTBeHHast 4acTb BCEro MeXaHH3Ma.
Ecan 6 3aToro He GbIJIO, BCe BHITJISAEN0 GBI 3HAYHTENbHO MpoLle.
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Pue. 9.11. Pacnpedesenue siekTpudecrea 8 co3pesuieli 2po3ceoli
aqelike.

F—UEHTD noAOXUTeAbHbLX pA3pAd0s; 2—uyeHTP OTPULATEAbHbLX  3apadoe;
3 —ob6aacte orpuyaresbHoeo Jdomdn; 4—HebOAbWOL UEHTD nNONOWUTENLHOZO
sapada e obracTu cuarvHoeo Aomds.

Bo BcsikoM cjayyae mnpeHMYLIeCTBEHHO OTpPHUATeNbHBIH 3apsn
BHH3Yy H NOJIOXKHTe/NbHbI/I HaBEPXY — 3TO KaK pa3 Takoe pacrho-
JIOXKEeHHe MOJI0COB GaTapeH, KOTOpoe MOXeT 3apsfHTb 3eMJIo
oTpuuaTtenbHo. [loJsoXHTeNbHBIE 3apsAabl HaXOAsATCA Ha BLICOTe
6—7 km Hap 3emaedt, rae Temnepatypa gocturaetr —20 °C, a or-
pHlaTeNbHble — HAa BbicoTe 3—4 kM, W Temnepatypa Tam oT 0
1o —10°C.

3apsina HHXHell 4acTH TyuH XBaTaeT Ha To, YTOGH cO31aTb
MeXAy Hell U 3eMJell pa3HocThb noreHuuasosB B 20, 30 u pgaxe
100 MaH. 8 — HecpaBHeHHO GoJble, yem Te (0,4 MJH. 8 nepenaja,
KoTopble OBLIBAIOT MexXAay «He6om» M 3emJjed npu sicHOM HeGe.
OTH OrpoMHBIE HANpsXKEHHsT NPOGHMBAIOT BO3AYX H CO34AIOT TH-
raHTCKUi rposoBoit paspsaa. Ilpu npo6Goe oTpuuaTenbHbIA 3apsn
C HHJKHell 4aCTH Ty4H NMepeHOCHTCSl 3Hr3araM MOJIHHH Ha 3eMJIo,

A Tenmepb Mbl B HECKOJIbKHX CJIOBaX OMNHIIEM CTpPOEHHe MOJ-
Huu. Tlpexne Bcero MMeeTcss HacTOJbKO GOJbLIOH mepenaj mo-
TeHLHAJOB, UTO BO3ayX npo6uBaeTcad. MosHUs ObeT MeXAy oaHO#
4acTblO Ty4yH H JPYrOH, HJH MeXAy ONHOH Tydeill H ApYro#, HJH
mMexay Tyueil M 3emaeil. C KaXknoifl He3aBHCHMOH BCNBIIIKON —
C KaX[AbIM y1apOM MOJIHHH, KOTOpbIH Bbl BHAUTE, ¢ HebeC HHU3-
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Due. 9.12. Crpys 6006t ¢ 3aekTpu-
Yeckum noaem, co30aHHbIM 864U3U
Hacadku wiaauea.

K odonposody

Bepraercs 20—30 xkyaoH 3nekTpHyecTBa. MIHTepecHO, CKOMBKO Ke
BpeMeHH TpaTHT Tydya Ha BoccTaHOBJeHHe 3THX 20—30 xy.aoH,
yXOASHX C MOJIHHeH? DTO MOXHO BBIICHHTb, M3Mepss BAAJH
OT TYYH 3JIeKTpHYecKoe MoJie, BbI3bIBA€MOE AHMOJbHBHIM MOMEH-
toM Tyud. [lpH TakHX H3MepeHHMsX Bbl BHAMTe BHe3aNHbIi cnap
no/ast MpH yaape MOJIHHHM, a 3aTeM 3KCIOHeHIHa/bHbIH BO3BpaT
K NepBOHAYa/bHOMY €ro 3HauyeHHIO C XapaKTepHOH BpeMeHHOH
NOCTOSAHHOM MOpPsIAKA 5 cex, HeMHOro MeHSIUeNHcs OT caydas K
cayyalo. 3HayHT, rpose JOCTAaTOYHO 5 ceK, YTOObl BOCCTAHOBHTD
Bechb cBOH 3apsia. Ho 3To, KOHeuHO, He O3HayaeT, YTO oyepeaHast
MOJIHHSl YAapHT TOYHO Yyepe3 5 ceK, MOTOMY UTO MeHSIeTCSl H reo-
MeTpHs Tyy M Apyrue ¢akTopbl. Benblluky caeayoT apyr 3a apy-
rOM HeperyJspHoO, HO CYUleCTBEHHO TO, YTO BO3BpallleHHe K Ha-
YalbHBIM YCAOBHAM BCerfia NPOHCXOAHT NpUMepHO 3a 5 cex. Cie-
JIOBaTe/JIbHO, B IPO30BOH [OMHAMOMAlUHHE TeyeT TOK NPHMEpHO
B 4 a. A 310 o3HayaeT, uTO J106asi MOAe/b, NPHAYMaHHasA A/
00bICHEHHS TOro, Kak rpo30BOil BHXpb TeHepHpYeT 3JjeKTpHuye-
CTBO, AO:KHA ObITb OYEeHb MOLIHOH — 3TO AOJMKHA ObITb OrpoM-
Hasi ObICTpOAeHCTBYOIAsA MaXxHHa.

[Ipexxne uem ABHHYTbCS JaJblie, paCCMOTPHM KOe-4YTO, MOYTH
HaBepHsIka He HMelollee HHKAaKOrO OTHOLUEHHS K H3/araeMomy
npeaMeTy, HO TeM He MeHee caMo no cebe JMOGONBITHOE, TaK KAk
3TO JE€MOHCTPHpYeT BJIHSIHHE 3/IeKTPHYeCKOro noJsi Ha BOAsIHbIe
Kanau. Mbl rOBOpHM, YTO 3TO MOXET H He HMeTb OTHOILUEHHS,
NOTOMY 4TO CBSI3aHO C ONBITOM, KOTOPBIfi MOXKHO Npoje/aTh B Ja-
60paTOpHUH CO CTPYHKOH BOABI H KOTOPBHIH NMOXa3blBaeT [J0BOJbHO
CHJIbHOE JeHCTBHe 3/1eKTpHYeCTBAa Ha KaneJbKH. B rpose xe HeT
HHKAKHX BOJSIHBIX CTPYH; TaM NMPOCTO HMeeTCs Ty4da CKOHAEHCH-
pPOBAHHOTO J1bAa H Kanejb BOAH. Tak YTO BOMpOC 0 MeXaHH3MaXx,
NeHACTBYIOUMX B rpo3e, Mo BCeil BepOSITHOCTH, HUKAK He CBSI3aH
CO BCeM TeM, YTO BBl YBHIHTe B TOM MpPOCTOM OINbITe, KOTOPHI
MBI XOTHM onucaTb. HacaauTe Ha BONONpPOBOAHBIN KpaH LIJIAHT
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C CYXKeHHBIM KOHLIOM M HampaBbTe CTPYIO BOJAbI H3 Hero mojn Kpy-
ToIM yraom (¢wur. 9.12). Boaa 3a6beT TOHKOH cTpyiiKo#l H, Be-
pPOATHO, HauyHeT pa36pLI3ArHBATbC MeNKHMH KaneabKamHu. Ecau
nomnepek CTPyH HaBeCTH 3JeKTpHUYeCKoe noJe (CKaxXeM, 3apsiKeH-
HOil nanouko#t), To ¢popma cTpyu uaMmenurcs. Ilpu caabom sJaek-
TPHYECKOM MoJe Bbl YBHAMTE, YTO CTpPys pa3bHBaeTcss Ha He-
CKOJIbKO OOJIBIUMX KaMneJb, a NPH CHJABHOM NoJe CTpys pa3bpbi3-
rHBaeTCsl Ha MHOrO-MHOrO Me/ab4yafLIMX Kanesaek, ropasno 6oJee
MeJKHX, ueM mnpexnae*. ¥ c/ja6oro 3/eKTPpHYeCKOro MoJs ecTb
TeHeHUHs BOCNpensiTcTBOBaTb JApOO6JEHHI0 CTPYH Ha KamJjH, a
CHJ/IbHOE, HaNnpoOTHB, CTPEMHTCSl pa3Apo6HTb MOTOK.

Atu 3¢pdeKTb, NO BCcell BUAHUMOCTH, MOXHO OODBSICHHTbL CJle-
nyowum o6pa3om. Korga us maanra 6beT Boga M Mbl MPHJIO-
XHJH nonepek HeGoJbIIOE NOJe, TO OAlla CTOPOHA CTPYH MOXKeT
3apAAHTbCA 4yTb-yyThb GoOJlee MOJOXKHTE/IbHO, a Apyras — 4yTb-
uyTb Gosee oTpHuaTeabHo. M mortom, Korma cTpys ApoGHTCH,
KanJjH ¢ OJHON CTOPOHBI CTPYH MOTYT CTaTh MOJIOXKHTeJNBHO 3a-
pSKEeHHBIMH, a C ApYroi#i — OTpHLATeJbHO 3apsixKeHHbBIMH. OHH
HayHyT NPUTATHBATBLCS H 3aXOTAT CJAHBaATbC B 6GoJjlee KpynHbIe,
yeM npexnae, Kanau. CTpys He OyaeT CHABHO Apo6uthesi. Ecam
ke MNoJe yBeJIMYUTb, TO 3apsil Ha KaXaoH OTAe/bHOH KanJe cTa-
HeT O4eHb GOJIbIIHM, H cam 3apsifl GyAeT CTPeMHTbCA H3MeJb4yaTb
Kanau (u3-3a ux oTrankuBaHusa). Kaxknas Kaneiabka pasaenutcs
Ha 6GoJlee MesKHe (M TOXe 3apsiXKeHHble), OHH HAYHYT OTTaJIKH-
BaTbCHA, U NOCHMIIOTCA Opb3rH. MTak, npH HapacTaHHH noJs
cTpyiika Apo6HTcsi Bce MeJ bye. EQMHCTBeHHOe, YTO HaM XOTe-
Ja0ch GObl MOAYEPKHYTb, — 3TO YTO NPH HEKOTOPHIX OGCTOSITENBLCT-
BaX 3JIeKTpHYeCKOe MOJie MOXeT CHJABbHO CKa3blBaTbCA Ha Kan-
aax. TouHbli MexaHH3M TOro, 4T NPOHCXOAHT B rpo3e, HeH3Be-
CTeH, H coBceM He 00s3aTeNbHO CBA3bIBaTb €r0 C TOJBKO YTO
ONMHCaHHBIM. Mbl BKJ/IIOUHJ/IHM 3TO ONHCAHUE JHIIb AJs1 TOTO, YTOGHI
Bbl OLIEHHJH CJOXHOCTb SIBJIeHHH, KOTOpble MOTYT HrpaTbh pOJib.
Ha camMom nene HH y KOro M3 yuyeHbIX HeT TeODHH, OCHOBaHHOH
Ha TaKoOM MNpeACTaBJ/eHHH.

Mbl xoTenn O6bl NMpPHUBECTH [Be TeOpHH, H30OpeTeHHble AJs
06bsICHEHHs1 pa3fieneHHsi 3apsigoB B rpose. OGe OHH OCHOBaHBI
Ha NMpeJCTaBJ/JeHHH O TOM, YTO Ha Najamllell yacTHle J0MXKeH cy-
I1ecTBOBaTb OAHH 3apsl, a B BO31YyXe — NPOTHBOMOJOXHbIH.
Torpa npu aBHKeHHMHM najaoouwel yacTHUbl (BOAB HJAH Jbaa)
CKBO3b BO3/lyX BO3HHKaeT pasje/leHHe 3/JeKTPHYECKHX 3apsifoB.
Bonpoc To/bKO B TOM, OTYero HauMHaeTcs ajeKTpusauus? OpaHa
H3 CTapeHIUHX TeOpHHl — 3TO TeopHs «Apob/aeHHs Kameab». Kro-
TO KOrfla-TO OOHapy2KHJI, YTO eC/H B NOTOKe BO3JyXa KanJju Apo-
6sTCA Ha 4acCTH, TO CAMH OHH 3apSXKAIOTCS MOJIOXKHUTENbHO, a BO3-

* Yno6ubit cnoco6 uabaionaTh pasMmep Kanedb — JaTb BOAE NajfaTh Ha
6osbuicli npotHBeHb, OT KpynHbIX Kaneab Apo6b 6yieT rpoMue.
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Nadarouas
kanaz Due. 9.13. Teopus Y. Buascona

E 0 pa3deaenuu 3apa0o8 8 2p0o3080t
TYde.

“®
bonetuue Uors!

AyX — OTpHLATe/bHO. ¥ 3TOH TeOpHH eCTb HECKOJLKO HeaocTart-
KOB, CaMblii Cepbe3Hbli H3 KOTOPbIX — YTO 3HAK MOJYy4YaeTcs He
ToT. Kpome Toro, B Goablueil 4acTH rpo3 yMepeHHOro nosica, co-
NpOBOXKJaeMblX MOJHUSIMH, OCaJKH Ha GOJIBIIHX BHICOTaX GBLIBAIOT
He 8 sude BOIbI, a B BHIEe Jbla.

M3 ToJbKO 4TO CKa3aHHOro cJaelyeT, YTO ecaH 6 Mbl MOTJIH
npeacTaBuTh cefe cnocob caenaTb Tak, YTOOB BepX H HH3 KamJH
OblJI  Ha3JIeKTPH30BAHbI NO-PAa3HOMY, H e€CcaH 6 Mbl YCMOTpeaH
KaKoH-TO pe30H A5l Kaneab pa30UBaTbCi B OBICTPOM MOTOKe
BO3/lyXa Ha HepaBHble YacCTH — GOJbIIYIO BIepelH, a MEeHbIIYIO
nosaau (Hy, CKa)keM, M3-3a ABHXEHHA CKBO3b BO3AyX HJ/H H3-3a
Yero-To nogoGHOro), To M y Hac MNOosABHJAach Obl CBOS TeOpHs
(otnuyHas oT Bcex Hu3BecTHbIX!). Torma H3-3a COMpPOTHBJEHHS
BO3/lyXa KpyMHble KaNnJ/H NpH MajeHHH OTCTaBaJu Gbl OT MeJKHX
M BHILJIO Obl pa3feneHHe 3apsaaoB. Kak BHAHTe, MOXXHO M3MbILI-
JSITh J106ble BO3MOXKHOCTH.

OpnHa M3 caMbIX OCTPOYMHBIX TEOpHI, BO MHOroM 6oJiee yaOB-
JNeTBOpUTe/bHAsA, YeM TeopHus ApoOsilUMXCA Kameab, NpHHalje-
XKHUT Buabcony. OnuceiBass ee, Mbl, Kak H cam BuabcoH, 6yaem
FrOBOPHTb O KamJsiX, XOTsl BCe 3TO OTHOCHTCS B paBHOH Mepe H
Ko abay. IlycTb y Hac uMeeTcss BoAsiHaA Kame/bKa, majaiouias
B 3JIeKTpHYEeCKOM noJsie HanpsixkeHHocTbio 100 8/m K oTpuua-
TeJbHO 3apsiXKeHHOH 3eMJe. ¥ KanJju NOSIBUTCS HaBedeHHBIH MH-
NOJIbHBIA MOMEHT — MOJIOKHTEe/bHbII 3apsAJ BHH3Y, OTpHUATeNb-
Hbelil HaBepxy (¢ur. 9.13). Kpome 3Toro, B Bo3ayxe HUMeOTCH
«apa», 0 KOTOPbIX Mbl yXe TOBOPHJIH, — GOJbliIHe HETOPOMNJIHBO
nBHKyulecss HOHBL. (BbICTpble HOHBI He OKaXyT 34eCh 3aMeTHOro
BausaHus.) Ilpeanonoxum, yro Ha cBOoeM NMYTH BHH3 Kanjs NpH-
6aH3Hn1achk K GoabumioMy HOHY. Ecanm oH cam mosoxuTeseH, To
MOJIOXKHUTEJIbHBI 3apAf HM3a KanJu OTTOJKHET ero, U OH OTOil-
netT B cTopoHy. Tak 4To, cO6CTBEHHO, KanJ/s Jaxe He CONpHKOC-
HeTc ¢ HUM. Ecau xe HOH npHOGAM3HTCH K Kanje CBepXy, OH
MOXKET MPUTAHYTbcA K Hell. Ho kKanas nagaer ckBo3b BO3AYX, H
BO31YX NPOHOCHTCS MHMO Hee BBepX, YHOCH ¢ cOGO0H HOHBI (ecJH
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TOJMBKO OHH [BHXYTCS AOCTaTOYHO MedaeHHo). Tak uto moJo-
XHTeNbHble HOHBI He yCMeBalOT KOCHYTbCA BepXYLIKH Kan/au. Bce
3TO OTHOCHTCH, KaK BHJAHTE, TOJbKO K KPYNHBIM, MaJOMNOJBHX-
HbIM HOHaM. Ilo/sloKHTeNbHEIE HOHBI TAKOTO COpPTa He CMOTYT CO-
npHKacaTbCsd HH C HHXKHeH, HM C BepXHeH MOBepPXHOCTbIO JeTs-
wei KaneabkH. Ho korma xpynHble, MeaneHHbIe, OTPUYATEAbHOLE
HOHBI BXOAAT B COMPHKOCHOBEHHe C KanJje#, OHa UX MPHTATHBaeT
K ceb6e u 3axBaThiBaeT. Ha KanJje HakanauBaercsi oTpHIlaTe/lb-
HbIHi 3apsaj (3HaK 3apsfa onpefenseTcss HCXOAHOH pPa3HOCTBIO
noTeHUHaNOB Bcell 3eMJH H noJydyaeTcs Kak pa3 TOT, Kakoidl HaMm
HyXeH). OTpuuaTeabHbIH 3apsa OyneT nepeHeceH KamjasMH B
HHXKHIOIO 4acTb TYYH, a MNOJNOXHTe/dbHble HOHBI, GpOlLIeHHble MO
npopore, 6yayT CAYTHl K ee BepXYIIKe Pa3/JHYHbIMH BOCXOASLIHUMH
norokamH. TeopHs BBITIAAHT AOBOJNLHO MHJIO H, BO BCSKOM CJy-
yae, JaeT NMpaBH/bHble 3HaKH. K Tomy Ke OHa He 3aBHCHT OT
TOro, Tpaj /M y Hac MJH Kanau poxAs. Mbl yBuaum, Koraa Oy-
JeM H3yyaTb MOJSIPH3aLHI0 QU3JNEeKTPHKOB, YTO CO JIbJAHHKaMH
JO/XKHO MPOHUCXOAHUTb TO XKe camoe. ¥ HHX TOXe B 3JIeKTpHue-
CKOM moJie 6yAyT MOSIBJATLCA HAa KOHLAX MOJIOXKHTEJbHblE H OT-
puunaTenbHble 3apAAbL.

OnHaKo H 3Ta TeopHs OCTaBJ/IsieT KaKHe-TO HeSICHOCTH. Bo-nep-
BBIX, CYMMapHBIH 3apsj rpo3bl o4yeHb BeJHK. [loBO/IbHO GHICTPO
BeCb 3anac 6O0JbLIMX HOHOB pacxolyeTcs. BUIbcoH H ApyrHe Bhl-
Hy>XAeHbl OBblIH NpPeANOJIOXKHTb, YTO CYyIIEeCTBYIOT A06aBOUHbIE
HCTOYHHKH 60/bIIHX HOHOB. KaK TONIbKO HauMHaeTcs pa3jeJieHUe
3apAno0B, pa3BHBAKOTCA OYE€Hb CHJIbHBIE 3JIEKTpHYECKHE MOJs, H
B 3THX MOJAX MOTyT ObITb MecTa, Ile BO3AyX HOHu3yeTcs. Ecam
TaM HMeeTCs CH/IbHO 3apsiKeHHas TOYKa HJIH JI060H He6O/bIIOH
06beKT HanofoOHe KangaH, TO OHH MOTYT CKOHUEHTPHPOBATb BOK-
pyr cebs moJie, AOCTaTO4YHO GOJbllOe A8 TOro, 4ToGbl BO3HHK
«KHCTeBOH pa3psai». Korga uMeercsi 10CTaTOYHO CHJbHOE MOJe,
CKa)keM MOJIOXKHTeJ/bHOE, TO 3JeKTpOHbl 6yayT nomajaTb B 3TO
noJje H ycneBaTb HabupaTb MeXAY CTOJNKHOBEHHSIMH O6O0JIbLIYIO
ckopocTb. OHa GyneT TakoH BBICOKOH, YTO, Momajfas B aTOMbI,
3JIEKTPOHEI 6YAyT CPLIBAaTh aTOMHble 3JEKTPOHB C HX OGOJIOYKH,
OCTaBJIsAsl NO3aAH cebs MOJIOXKHUTENbHbIe HOHBl. DTH HOBbHIE 3JIEKT-
POHBI TOXe HabepyT CKOPOCTb H, CTOJKHYBIIMCh, MOPOASAT elle
6oJsblle HOBBLIX 3JeKTpoHOB, [Tpou3oiigeT cBoero popaa uenHas
peakuHs, HJH J1aBHHa, BbI3bIBaKOWAsi OLICTPOE HAaKOMJeHHe HOHOB.
[TonoxxuTenbHble 3apsabl OCTAHYTCS HeBJaJeKe OT CBOMX MpeX-
HHX MeCT, TaK 4YTO YHCTBII 3(¢eKT cOoCTOMT B pacnpeieneHHH
NOJIOXKHTEJIbHBIX 3apAdOB B obaactH BOKpyr HCXOlIHOl';l TOYKH.
ITpu 3ToM, KOHeYHO, CHJBHOE MOoJle HCYe3HET H NPOLECC 3aMperT.
TakoB xapakrep KucteBoro paspsina. He uckaioyeHo, uto nons
B TPO30BOH Tyye MOTYT QOCTHYb TAaKOil BeJHYHHLI, YTO CKOJBKO-TO
TaM KHCTeBHIX pa3psloB NeHCTBHTENbHO BO3HHKHET; MOTYT TaKxke
ObITb W Apyrve MeXaHM3Mbl MOHH3alHH, BKJIOYaeMble, eBa Hauy-
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HeTca rpo3a. Ho HMKTO TOYUHO He 3HaeT, Kak oHH AeiicTBy10T. Tak
4TO I0-HACTOAUleMY A0 KOHIA MPOHCXOXKAeHHe MOJHHH He Mo-
HATO. MBI 3HaeM TOJbKO, YTO MOJHHH OBIBAIOT OT TpO3bl (M
3HaeM, KOHEYHO, 4TO rpoM GbIBaeT OT MOJIHHH — OT TemJOBOH
3HepruH, BHICBOOOXKAaeMOl NpPH BCOBILIKE MOJIHHH).

Ho no kpaiiHeil mepe Mbl MOXeM XOTb OTYaCTH MOHSTb MpO-
HCXOXAeHHe aTMocepHOro saekTpHuecTBa. M3-3a Toro, uto BO
BpeMs TFpO3bl CYIIEeCTBYIOT BO3JYIIHble TeYeHHs, HOHBI M KanJu
BOJAbl Ha JbJHHKAX — MOJNOXKHTeJNbHbBlE H OTpHLATeJbHBIE 3aps-
Abl — pasaensitotcs. IlonoxuTeNbHbIe 3apsabl YHOCATCS BBepX, K
o6sn1ayHomy Kynoay (cm. ¢wur. 9.11), a oTpuuaTebHble NpH Yyaa-
pax MOJIHHHM CcKaTbiBaioTca Ha 3emJio. IlosoxuTenbHble Tak H
OCTalOTCs Ha BepXylllKke 06/1aKa, BXOAAT B BLICOKHe CJIOH XOPOLLUO
NPOBOJSILEro BO3ayXa U pacxoasaTcss Hal Bcelt 3eMmaeil. B pafio-
Hax, Tie AepXKHTCA fICHas MOroja, MoJoXHTelbHble 3apsAbl B
3TOM CJ/I0e MelJIeHHO NepeBOASITCS K 3eMHOIl NMOBEPXHOCTH HOHa-
MH B BO3[yXe — HOHaMHM, 06pa30BaHHbLIMH TO JH KOCMHYECKHMH
JyYaMH, TO JM BCMJECKAMH BOJIH M AesTeJbHOCTBIO yYeJoBeKa.
Atmocpepa —3To GecnpepblBHO JeHCTByMOIlast 3JeKTpHYecKas
MallHHal

§ 6. Moanusa

[lepBoe cBHAETENLCTBO O TOM, YTO MPOHCXOAMT NPH BCIBILIKE
MOJIHHH, ObLIO MOJy4YeHO B (OTOCHMMKAX, CAEJaHHBIX KaMepoH,
KOTOPYIO [epXKaJi pyKaMH M NepeMellaJd NpH 3aKPHITOM 3a-

D ue. 9.14. Crumok acnoiurky
MOAHUU, cOerannbll Kamepoll
wBoiic*,
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Due 9.15. O6pasosanue
cTyneruarozo audepa.

X AR T F
3emns

TBOpe, Halle/JHBasCh Ty[Aa, Ile OXHIAa/jacb BCHBIIKA MOJIHHH.
[TepBrle nosnyueHHble TakuM cnocoGoM ¢ororpa¢uu SIBCTBEHHO
NoKa3aJ/H, YTo OGBLIYHO yaapbl MOJHHH — 3TO NOBTOpHbBIE pas-
pALbl O OAHOMY M ToMy xe nyTH. [To3dxe 6bl1a H306peTeHa Ka-
Mepa «boiic», B KOTOpoii dge NHH3bl CMOHTHPOBAHHEI Ha OBICTPO
Bpawawuemcs aucke nox yriaom 180° apyr k apyry. Mso6paxe-
HHe, 1aBaeMoe KaXX[oil JHH30M, IBHKETCS MoMnepeK MJEeHKH, Kap-
THHA pa3BepThbIBaeTcsi BO BpeMeHH. EcjH, ckaxewm, yaap MNOBTO-
pHJCSl, TO Ha CHHUMKe nosiBATC GOK O GOK ABa H300paKeHHs.
CpaBHHuBasi U306paxKeHHs1 OT OOeHX JIMH3, MOXHO BBHISICHHTb pas3-
JHYyHble JeTaJH BpeMeHHOH mocJefoBaTeNbHOCTH Bembluek. Ha
¢ur. 9.14 nokasaH CHUMOK, CllelaHHBIA TaKOH KaMepoi.
Pacckaxem o MosnHuM moapoGHee, XOTS Mbl M He NOHHMAaeM
TOYHO, KaK OHa AelHCTByeT. Mbl XOTHM [1aTb KaueCTBeHHOe OMNHCa-
HHe TOTO, Ha 4TO 3TO NOXO0¥e, HO Mbl He GyneM BXOAHTb B JeTajlH
TOTO, no4emy TNPOHUCXOAHT TO, 4TS, MO-BHAHMOMY, MPOHCXOMHT.
OnuieM OGBIYHBIA CAy4all TYYH C OTPHLATENbHBIM [IHOM, BHCS-
wei Hax paBHHHONH. Ee nmoreHunan HamMHoro GoJ/lee oTpHUaTeNeH,
yeM 3eMHas MOBEPXHOCThb NMOA Hel, TaK YTo OTpPHIaTeJbHble 3JeK-
TPOHBI OyAYT YCKOPATHCA NO HampaBJeHHI0 K 3emJje. A mpoHCXo-
IMT 3[eCb BOT yTO. Bce HauMHaeTcst co CBeTALlerocs KoOMKa, Ha-
3bIBAaEMOr'0 «CTYNeH4aTbiM Juaepom». OH He TaKoH spKHH, Kak
camMa BCNbIIKA MOJHHH. Ha CHMMKax MOXHO BHAeTb BHaudaJe
HeGOJbIIOe CBET/NOe MSTHBILMIKO, BHIXOAsSUEEe H3 TYyYd H OYeHb
GbICTPO KaTsillleecsi BHH3 co ckopocThio 1/6 ckopoctu cBera! Ho
OHO MpPOXOAMT Bcero okoJso 50 # M ocraHaBauBaercs. Cuaenyer
naysa okoJso 50 mkcex, a 3aTeM NPOHUCXOIZHUT CJeAYIOIUMI IIar.
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Due 9.16. Ob6parnas morHuA
MYUTCA no caedy, NPOAOKHEeH=
HOMY audepom.

TATAT R A AT TR

M 3a HuM cHOBa may3a, a mocJje HOBBI wWar u T. 4. Tak, war 3a
marom, NATHO ABHXeTCq K 3eMJe, N0 MyTH, NOX0XeMy Ha TO, 4TO
H3obpaxeHo Ha ¢ur. 9.15. B nugepe umMeroTcss OTpHUATENbHbIE
3apsabl M3 TY4YH; Becb CTOJ6 MOJOH OTPHLATE/bHOTO 3JeKTpHye-
ctBa. Kpome Toro, Bo3nyx HauMHaeT HOHH30BaTbC GBICTPO JBH-
XKyWHUMHCA 3apsaaamH, o6pa3yloWHUMH JHAep, TaK 4YTO BO3dyX
BOJIb OTMEYEHHOro NYTH CTAHOBHTCA NpOBOAAIUHM. B MOMeHT,
Korja JHAep KOCHeTCS TPYHTa, MOJYydYyaeTcsl NMpOBOAsLlas «Mpo-
BOJIOKa», KOTOpasi THeTCs 10 CaMOH TY4YM H NMOJHa OTpHUATeNlb-
HOro 3JjekTpuuectBa. Tenepb, HakOHel, OTpHUATE/bHBIH 3apsan
MOXeT 3aNpocTO yApaTh H3 TyyH. [lepBbIMH 3aMeualoT 3TO 3JeKT-
POHBI, HAXOAAILHECS 8 CAMOM HU3Y JHAepa; OHH COCKAKHBAIOT Ha-
3eMb, OCTaBHB M03aJH cebGs MOJOMHTENbHbIH 3apsif, KOTOPHIH
NPUTSATHBAaeT HOBble OTpHUATe/NbHble 3apsifbl M3 BBICIIMX yacTeil
JHlepa; OHH TOXe BLIBAJHBAIOTCH Ha3eMb M T. 1. B KOHLe KOH-
OB BeCb OTpHLLATENbHBIN 3apsd 3TOH 4aCTH Ty4yH OLICTPO H 3Hep-
THYHO COEXHT Mo 3TOMY KaHaJay BHHU3. Tak 4yTO MOJHHSA, KOTOPYIO
Bl 8uduTe, GbeT OT 3eMJau 88epx (¢wur. 9.16). H, meiictBuTebHO,
3TOT OCHOBHOH pa3psl — camas sipKkas YacTb pa3psila — Ha3bl-
BaeTcsl obparnol scnvuukod. OHa M BbI3bIBaeT sipKoe CBeueHHe
H Bblle/NeHHe Tenaa, KOTopoe, NPHBOAS K GHICTPOMY pacIIHpeHHIO
BO3AyXa, MPOM3BOAUT I'POMOBOH yaap.

Tok B nuke moanuu gocturaer 10000 a W YHOCHT OKOJIO
20 kyaOH 3JeKTpHYECTBA.

Ho mbl eme He koHunan. CnycTss HeGOJIBILOH NpPOMEXYTOK
BpEMeHH, MOXeT OblTb, B HECKOJNBKO COTbIX CeKyHAbl, koraa o00-
paTHasi MOJIHHSI yXe HcCue3Jla, BHH3 NMHKHpyeT HOBbII aupep. Ho
Ha 3TOT pa3 yxe 0e3 nays3, 6e3 ocTaHOBOK. Tenepb ero HMeHYIOT
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«TeMHBIM JIHAEPOM», H BeCb NYTb CBEpPXY JNOHH3Yy OH MPOXOIHT
onaHuM 6pockoM. OH MYHTCA Ha BCeX Napax B TOYHOCTH MO Npex-
HeMy cJjefy, NOTOMY YTO BAOJb CJlela XBaTaeT OCKOJIKOB aTOMOB
U1 TOro, 4yTo6bl 3TOT MYyTb OKa3aJ/Cf CaMbiM JErKHM H3 BCex
nyTeii. HoBblit nuaep CHOBa MOJIOH OTPHLATEJIbHOrO 3JEKTpHYe-
ctBa. M B MrioBeHHe, Korga OH KacaeTcsi MOYBH, — Tpax! — mo-
ABJIsgeTcss o6paTHAsi MOJIHHSA, KaTswascsa no Tomy xe nyTH. M Bl
BUAHTe, KaK MOJIHHSI GbeT elle pas, H elle pas, u eue. [lopoi
6blBaeT TONBLKO OJHMH-ABA yjAapa, BpeMeHaMH MNATb HJH AECATb
(oaHaxkabl Bugean 42 paspsifa no OJHOMY H TOMY Xe KaHaaly),
HO Bcerga ObICTPO CJeAYIOIIHX OAHH 32 APYTHM.

Bpemenamu Bce eule 6oJee yciaoxHsercs. CKaxewm, nocae oj-
HOH M3 OCTAHOBOK JHMJep MOXeT HauyaTb BeTBHTbCsl, 06pa3oBaB
0ge cTyneHbkH — 06e HAYT BHH3, HO He COBCEM B OJHOM Hampas-
JeHHH (cM. ¢ur. 9.15). UTo 3aTem cayuyuTcsi, 3aBHCHT OT TOroO,
KOCHeTCSl /1M OJHA M3 BeTBeH 3eMJH HaMHOro paHblle APYroH.
Ecau na, 1o spkas o6paTHas MOJHHA (BCHBILIKA OTPHLATEJb-
HbIX 3apfJ0B, pa3rpyKaeMblX Ha3eMb) NMPOKJaabiBaeT cebe nyThb
88epx BIOJIb BETBH, KOTOpast KOCHY./1aCb 3eMJIH, a KOTla Ha CBOeM
NyTH BBepX JOCTHraeT M MPOCKAKHBaeT Haya/jo APYrod BeTBH, TO
KaXercs, YTO sipKas MOJIHHA ObeT 8HU3 MO 3TOH Apyroi BEeTBH.
[Touemy? IloToMy 4TO OTpHLATENbHOE 3JEKTPHUYECTBO CChHINMAETCs
Ha 3eMJI0, H 3TO BbI3bIBaeT BCIBILIKY MOJHHH. DTOT 3apsj HauH-
HaeT ABHraTbCsi B HayaJ/e BTOPHYHOH BeTBH, MOCJEeAOBaTe/bHO
OMOPOXKHAS ee JajbHeHIIHe YYacTKH, TaK YTO KaxKeTcs, 4yTo sp-
Kas MOJIHHS NpOKJ/JaAblBaeT ce6e NyTb BHHU3 MO 3TOH BeTBH B TO
Xe camoe BpeMs, KaK OHa IBHXKeTcs BBepX. EcsH, ogHako, ofHa
M3 3THX N06aBOYHBLIX BeTBell Jujepa AOCTHTHET MOYBBI MOUTH
BMeCTe C CAMHUM JIHAEepPOM, TO NMOPOH MOXKeT CJAYYHTbCSH, YTO TeM-
HoLE nuaep NMOBTODHOH BemblIKK M36epeT ceGe NMyTh No BTOPO#H
BeTBH. Torga Bbl yBHAHMTE MePBYIO [VIaBHYIO BCNBbIIIKY B OJHOM
MecTe, a BTOPYI — B JpYyroM. JTO — BapHaHT NepBOHAYaJIbHbIX
npeacTaBJ/JeHHUH.

Kpome Toro, Haue onucaHHe yepecuyp YympollaeT siBA€HHS Y
camoii 3emHOlt moBepxHocTH. Korma cTyneHuaThlit nMaep OKa3sbl-
BaeTcs npumepHo B 100 # oT MouBbl, TO OTTYAa NOAHHMAETCS €My
HaBcTpeuy paspsa. [lo-Buaumomy, moJie CTaHOBHTCS TaKHUM CHJIb-
HBIM, YTO MOXKET HauaTbCs pa3psaj KucTeBoro THna. Ecau, K npu-
Mepy, B 3TOM MeCTe eCTb KaKOH-TO BBHITSAHYTHIfi mpeaMeT (AOM
C OCTpHEM Ha Kpbllle), TO NpH NPHOIHXKEHHH JHAepa NOJsA TakK
HapacTalT, YTO HayHHaeTCsd pa3psifi ¢ 3TOTO OCTPHS, KOTOPLIH
NOCTHraeT Juaepa. MoaHusa cTpemMHTCsl OHTb Kak pa3 B TakHe
OCTpHA.

To, 4To MOJHHS ObeT B BLICOKHe MpeAMeThl, MO-BHAHMOMY,
OblJ10 M3BECTHO AaBHLIM-AaBHO. M3BecTHO BhicKa3biBaHHe ApTa-
6aHa, coBeTHHka Kcepkca. ApTabaH gaeT cBOeMy TOCNOJAHHY CO-
BeT OTHOCHTEeJ/IbHO MpeAnoJaraslierocss NoXoAa Ha rpekos, HMeB-
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1iero LeJbio 6pOCHTh BeCh MU3BECTHBIN TOrla MHP K HOraM Mnepcos.
OH roBoput: «Barasnu, kak bBor mMosnHMsAMH cBOMMH Bceria mo-
paxkaeT KPYNHBIX XXHBOTHBIX M He IO3BOJSIET UM CTaHOBHTbCS
Jep3KHMH, a CylleCTBa MeHbLUIMX pasMepoB He pasipaxaioT
Ero. M kak monuuu Ero mapatoT Bcerna Ha caMble GoJblIHe AOMa
H caMmble BBICOKHe AepeBbsi». M 3aTeM OH 00bBsiCHSIeT NPHYHHY:
«Tak, oueBuaHo, OH NIOGUT YHHXKATb BCE, YTO BO3HOCHT ce6sl».

Kak Bbl aymaeTe — cefiyac, Korja y Bac ecTb [pPaBHJbHBIHA
B3I/ Ha MOJIHHIO, NIOPaXKAIOILYI0 BHICOKHE AepeBbs, CMOIVIH JIH
6bl Bbl 1aBaThb KOpOJSIM COBETHl MO BOEHHBIM BompocaMm ¢ 60Jb-
weil MyapocTblo, ueM Aenan 3to Aprta6an 2300 ser Hasaad?
CKaxute UM, yTO6 OHM He BO3HOCHJH ce6si! Y Bac TOJNBKO 3TO
BBIHIET He CTOJIb MO3THYHO,



rarasa Io

AHINEKTPUKH

§ 1. Quaaexrpuseckans nponuyaemocts

Cefiyac mbl pa3bepeMm elle OAHO XapaKTepHOe
CBOHCTBO MaTepHH, BO3HUKAIOULlee NOJ BJHSAHHEM
3JIeKTpHYecKoro nojs. B oaHoit u3 nmpeabiaymux
r7laB Mbl PacCMOTpe/]H MOBelJeHHE NPOBOOHUKOS,
B KOTOpPHIX 3apsilbl NOJ BJHSHHEM 3JeKTpHye-
CKOro noJissi cBOG0OAHO TeKYT B TaKHe YyYaCTKH, 4TO
noJjie BHYTPDU MPOBOJHHKA OOpallaeTcss B HYJb.
Teneps Mbi GyaeM roBopuTh 06 u3044TOpAX, T.E€.
TaKUX MaTepHaJsax, KOTopble He NPOBOAAT 3JeK-
TpuyecTBo. CHauasna MOXHO OblJO Gbl MOAYMaTb,
YTO B HHX BooOlle Huyero He npoucxoaut. Ho
Qapageil ¢ NOMOLILIO MPOCTOrO 3JEKTPOCKONA H
KOHJeHCaTopa, COCTOSILero M3 ABYX NapaJJedb-
HbIX MJACTHH, OOHApyXHJ, 4TO 3TO He TaK. Ero
OMBIT MOKa3aJ, 4TO €CJH MeXAy MJAaCTHHAMH IO-
MeCTHTb U30JATOP, TO EMKOCTb TAKOrO KOHAeHca-
Topa yeeauuurcs. Korpa H30a4TOp LEeHKOM 3a-
NOJIHAET NPOCTPAHCTBO MeXAYy MNJAaCTHHAMH, eM-
KOCTb BO3pacTaeT B % pa3, NMpHYeM X 3aBHCHT
TOJMBKO OT CBOHCTB H30JIMPYIOLLEro MaTepHaJja.
HM3sonupyroune matepHasbl HasblBAOT TaKXe Ou-
dAeKTpukamu; TOTAA MHOXHTE/Ib % XapaKTepH-
3yeT CBOMCTBA [AM3JEKTPHKAa W HasbiBaeTcs Ou-
daeKTpuueckol nporuyaemoctsro. [uaneKkTpHue-
CKasi NMpPOHHUAEMOCTb BAaKyyMa, KOHeYHO, paBHa
e MHHLe.

Hama sapaya tenepb COCTOMT B TOM, YTOGLI
00 BbACHHUTD, NOYeMy BOOGLIe BO3HHKAeT 3JIeKTPH-
yecKuit 3¢pdekr, pa3 U30JATOPHl PAKTHUECKH SAB-
JSI0TCA M30/19TOPaMH M He NMPOBOAAT 3JIeKTpHYe-
ctBa. HauHem ¢ s3kcnepumeHTanbHOro ¢akra, 4to
eMKOCTb yBeJ/JHYUBAeTCs, H NOMbITaeMcs pa3ob-
paTbcs, YTO XK€ TAM MOXKeT NpPOoUCXoauTb. Pac-
CMOTPHM MJIOCKHH KOHJeHCaTop, Ha MPOBOASIUHUX
NJacTHHAaX KOTOPOro MMEKTCS  3apsifibl, CKaXKeM,

—

§

§ 2

§ 3

s

§4

§ 5

Nuanektpuueckan
NPOHHUUAEMOCTD

BekTop
noaspusauuun P

Moaspusauuounbie
3apaanl

YpaBHeHus
NEeKTPOCTATHKH
ANA  AUINEKTPHKOB

Moas u cuanl
B NPUCYTCTBHH
AH3JEKTPUKOB
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Oteos posodrux

D ue. 10.1. Taockuil xondencarop ¢ OusdreKTpPuKC M.
HToxazans auruu noas E.

Ha BerHel'/'l nJacTuHe OTpHIlaTeJbHble, a Ha HHXKHEH — IOJI0XKH-
TeJIbHbIE. nych paccTogHue MexXXAy nJaacTHHaAMH paBHO d, a nJjo-
Wajab KaxXJa0H MJacTHHBI A. KaK Mbl MOKa3aJih paHblie, eMKOCTb
paBHa

SQA

c=24, (10.1)
a 3apad H noTeHuuag KOHJI€HCATOpa CBs3aHbI COOTHOWIEeHueM
Q=cV. (10.2)

Hanee, skcnepuMeHTaNbHbIH HAKT COCTOHT B TOM, YTO €CJH Mbl
MOJIOXKHM MeXAy NAacTHHAMH KYCOK H30/IHpYIOLlero MaTepHaJja,
HanpuMep cTek/]a WM MJEKCHIJaca, TO eMKOCTb Bo3dpacTeT. JTo,
pasymeercsi, 0O3HayaeT, yTo MpPH TOM XKe 3apsfe MOTeHIHaJ CTaJa
MeHblle. Ho pa3HOCTh noTeHUHANOB eCTh HHTErpaJ OT 3JeKTpHue-
CKOroO MoJisl, B3ITHIH nonepek KOHJeHCAaTopa; OTCIOAA Mbl JOJIKHbI
3aKJIOYHThb, YTO 3JIeKTPHYECKOE M0Je BHYTPH KOHOAeHcaTopa cTaJjo
MeHbllle, XOTS 3apsiibl JIACTHH M HE M3MEHHJIHCh.

Ho kak moxeT 310 6biTh? Ham usBecTHa Teopema I'aycca, ko-
Topasi YTBepXJAaeT, YTO MOJHBI NOTOK 3J/eKTPHYEeCKOro mnoans
NpsIMO CBSI3aH C HaXOAALMMCH BHYTpPH Oo6beMa 3JeKTPHUECKHM
3apaaoMm. PaccmoTpum Bxonsimyio B TeopeMy [aycca nosepx-
HOCTb S, H306paxkeHHyl0 nyHKrHpom Ha ¢ur. 10.1. TTockoabky
3/IeKTpHYECKOe MoJie B MPHCYTCTBHH [IH3JEKTPHKA yMeHbllaeTcs,
MBI 3aKJ/I0YaeM, YTO MOJIHBIH 3apsiJ BHYTPH MOBEPXHOCTH HOJKEH
Tenepb OGBLITH MeHblIE, YeM A0 BHeceHus: uzoastopa. Octaercs clie-
JaTb €JHHCTBEHHBIH BLIBOJ, YTO HAa MOBEPXHOCTH [AH3JEKTPHKA
JNOJ/IXKHBl HaXOAHThCS MOJIOXKHUTeNbHble 3apsaabl. Pa3 noje ymeHb-
IIHJIOCh, HO BCE XK€ He 06PaTH/I0Ch B HYJb, 3HAYHUT, 3TOT MOJIOKHU-
TeJbHBI 3aps] MeHbIle OTPULATEJbHOTO 3apsfifia B MPOBOJHHKE.
Hrak, siBJeHHe 3TO MOXKHO OGBSCHHUTD, €CJAH Mbl MOHMEM, NOYEeMy
Ha OJHOH MOBEPXHOCTH IH3JEKTPHKA, MOMEIIEHHOTO B 3JeKTpHye-
CKOe 1noJie, HHAYUHPYEeTCs MOJIOXKHTEJbHBI 3apsil, a Ha Apyroi —
OTpHUATEeNbHBI,
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Due 10.2. Ecau nomecTurs NAACTUHKY NPOBOOHUKA BHYTPO
naockoz2o KkoHOeHcaropa, HagedeHHble 3apAdel 06pPATAT noae
8 npogodHuKe 8 HYAb.

Bce Gbi10 6bl MOHATHO, ecay Gbl peub IJIa O NPOBOJAHHKE.
ITyctb y Hac 6bl1 Gbl, HanpUMep, KOHAEHCATOP, PACCTOSIHHE Me-
KAy nJacTHHaMH KOTOPOro paBHO d, H Mbl BCTABHJH Obl MeXAy
3THMH NJaCTHHAMH He3apsiKeHHbIl NPOBOJHHK TOJIIHHOA b
(¢ur. 10.2). dnekTpuueckoe moJjie HHAYUHPYET MOJIOXKHTENbHbIN
3apsAd Ha BepXHel MOBEPXHOCTH M OTPHLATENbHbIH 3apAA Ha HUXK-
Hell NOBEPXHOCTH, TaK YTO B pe3y abTaTe MoJe BHYTPH NPOBO .-
HHKa noramaercs. Bo Bcex OCTa/NbHBLIX MecCTax MoJie TakKoe Xe,
Kakoe Oblj0 6e3 MPOBOAHHKA, MO3TOMY OHO PaBHO NOBEPXHOCTHOMH
NJIOTHOCTH 3apAfiOB, Je/IeHHOH Ha £g; HO paccTOsiHHe, N0 KOTOPOMY
MBI [OJI2KHBI HHTErpUPOBAaTh, UTOOB! MOYYUTb HanpsikeHHe (pas-
HOCTb NMOTEHLHAJOB), CTAJN0 MeHbllle.

Hanpsxenue paBHO

(1)
V=—(d—b)

OkKoHyaTe/IbHOEe BbIpaXKeHHe M5 eMKOCTH noxoxe Ha (10.1),rne
d HYXHO 3aMeHHTb pasHocTbio (d — b):

80‘4

C=am—war "

(10.3)

EMKocTb yBenuyu/jach B HEKOTOpOe YHMCJAO pa3, 3aBucsllee OT
b/d, nonn o6beMa, 3aHATOrO NPOBOAHHKOM.

D uel103. Moders Ousarex-
TPUKQ;, MaseHbKUe Nposeon-
wue wapuku, 6CTasaexHble
BHYTPbL UGEaNbHOZO U3O0AR-
Topa.
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Orcioga MBI noJyyaeM Moge/b TOrO, YTO NMPOHCXOAHT B [H-
3/leKTPHKaX: BHYTpPU MaTepHasa HMeEETCs MHOMXKECTBO MeJKHX
NpoBOASAILHUX c/10eB. Befa Takoit MofeH COCTOUT B TOM, UTO B HeH
JOJI)KHA HMETbCS BbIleNleHHast OCb — NMEPHNeHAHKYJIsAD KO BCEM
cJosIM, a y GOJBLIMHCTBA [AM3JEKTPUKOB TaKOH OCH HeT. ITy
TPYAHOCTb, OAHAKO, MOXHO YCTpPAHHTb, NPENNOJOXHB, 4YTO BCe
M30/IUpYIOIlKe MaTepHaJbl CcoAepxaT MaJjeHbKHe NpPOBOASALLIHE
IIAapPHKH, OTAeJeHHble OAHA OT Apyroil usoasitopom (¢wur. 10.3).
IMosiBneHne QH3NEKTPUUECKOI NPOHHUAEMOCTH TOTa 06 bSCHSETCS
JAedCTBHeM 3apsA0B, MHAYUHPYEMbIX B KaXXA0M llapuke. B 3ToM
H COCTOMT OfHA M3 CaMbIX NepBbIX (PH3HUECKUX MOAeNed AH3/eK-
TPHKOB, NpeAJoXeHHasi AJsAg OOGBSICHEHHS $BJeHHS, KOTOpoe Ha-
6monan ®apaneit. TouHee, mpeanoaaranochb, 4YTo KaxKAbll aToM
MaTepHaJa eCTb HJeaJibHbli NPOBOAHHUK, H30JMPOBaHHBIA OT
OCTaJ/bHbIX aTOMOB. [lua/jeKTpHuecKass MPOHHLAEMOCTb % TOraa
JoJ1KHa Obljla onpeaensaTbcs foJeit Toro o6beMa, KOTOPBIH 3aHu-
MaloT npoBoasuiHe wapuku. Teneppb, oaHaKo, MOJb3YIOTCA APY-<
rol MOAeJbIO.

§ 2. Bexrop noaspusayuu P

[Tpomo/nxkuB Hauwl aHaau3, Mbl OGHApPYXHM, YTO HAES O NMPOBO-
ASIIHX M HeNpOBOJSILIMX y4yacTKax He TaK yX cyllecTBeHHa. Jlo-
6ot M3 MaJleHbKHX IIapUKOB JeHCTBYeT KaK AMNOJb, MOMEHT KO-
TOpOro co3jfaeTcs BHEWIHHM noJeM. s noHHMaHHUs AM3JEKTDH-
KOB CYIIEeCTBEHHOH sB/sieTCA HAes O TOM, YTO B MaTepHaJje BO3-
6y>K1aeTcsl MHOXECTBO MaJjieHbKUX aunoJeil. IloueMy ouu BO3-
6y 1alTca — TO JH NOTOMY, YTO B MaTepHaJje ecTb NpOBOIdA-
IHe MIAPHKH, TO JNH MO KaKHUM-1HO6O NpPyruM npuyuHam — aGco-
JIIOTHO HeCYL1eCTBEHHO.

[ToueMy mnoJie [NOMKHO HHAYUMPOBATb [HMNOJbHbIE MOMEHT
y aTtomMa, XOTSl aTOM He SIBJSETCS NPOBOASIILMM LIapuKoM? Mbl
0o6CyAHM 3TOT BONpOC ropasjgo nogpoGHee B CJjelyloulell raase,
KOoTOpasi OyAeT NMOCBSIEeHAa BHYTPEHHEMY MeXaHHU3MYy AH3JIEKTpH-
YeCKHX MaTepHaJioB. A cefiyac MBI JafAuM JHIb OJUH NpHMeED,
TO/IbKO YTOGBI MPOMJIIOCTPHPOBATH BO3MOXKHBI MeXaHH3M. ATOM
HMeeT AP0 C NOJOXHTeJbHBIM 3apsiOM, OKpPYyXeHHOe OTpHLa-
TeJbHBIMH 3J/1eKTPOHaMH. B ssnekTpuueckoM moJe sapo NPUTATH-
BaeTCsl B OJHY CTOPOHY, a 3/eKTpPOHb B Apyryio. OpOutbl uau
NJIOTHOCTH BEPOSTHOCTH 3JIEKTPOHOB (H/HM Kakasa-nmubo apyras
KapTHHA, HCMOJ/b3yeMasi B KBAaHTOBOI MeXaHHKe) HeCKOJIbKO HCKa-
KawoTtess (pur. 10.4); ueHTp THAKECTH OTPHULATENbHBIX 3apsAA0B
cMecTUTCS U Gosblle He GydeT COBMAAaThb C MOJOXHTEJbHBIM 3a-
pAaoM saapa. Ml yxe o6CyxAaau Takoe pacnpeje/neHue 3apsia.
Ecau B3rnsHyTh Ha Hero u3pganeka, To nofoGHasi HelTpaJjbHas
KOHQUrypauuss B nepBoM NpHOJMXKEHHH SKBHBaJEeHTHa MaJjeHb-
KOMY JHIOJIO.
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Dua 104. Pacnpedesenue 31ex-
TPOHOB ATOMO 8 BAEKTPUUECKOM
nose  ¢Q6u2QeTCa  OTHOCUTEAbHO
Adpa.

Pacnipedesietiue 1EXMPoKoE

Ecan none He yepecuyp BesHKO,
€CTeCTBEHHO CYHTaTb BeNHYHHY HH- 4
AYUHMPOBAHHOrO AHMOJBLHOTO MOMEH-
Ta nponopuuoHaabHoi mnomo. Hua-
Ye roBOps, He6O/NbLIOE N0Jle CMECTHT
3apsabl 4yTb-4yTh, a Gosee CHJbHOE
noJje pas3jBHHET HX AaJbllle — MPO-
NOpLUHOHAJ/BLHO BelIHUHHE N0J15, oKa
CMellleHHe He CcTaHeT 4Yepecyyp
GoabwinM. Jlo KOHUa 3TOH TIJ/1aBhl
Mbl 6yaeM CYHMTaThb, YTO JUMOJBHbIH |
MOMeHT B TOYHOCTH MNpPOMOpI{HOHA-

JIeH MOJIo.

[IpeanonoxuM Tenmepb, YTO B KaxKAOM aTOMe 3apsiabl § pas-
lesleHbl NPOMEXKYTKOM O, Tak 4yTO & ecTb AMNOJbHBIH MOMEHT
ofiHoro atoma. (Mel numem §, notTomy uTo d yXKe HCNOJIb30BaHO
A1s1 0603HaUeHUS pacCTOsIHUA Mexay njactuHamu.) Ecau B enu-
Hulle o6beMa umeeTcs N aTOMOB, TO OUNOAbHBLE MOMEHT 8 elu-
Huye o0vema paBeH Ngd. DTOT AMNONBHBII MOMEHT B eJHHHIE
o6bema Mbl 3anuiieM B Buae Bekropa P. Her neo6xoaumoctn
nofYepKUBaTb, YTO OH JIEXHT B HANpaB/leHHH BCeX OTAeNbHbIX
OHUIONBHBIX MOMEHTOB, T. €. B HaNpaBJieHHH CMelleHHs 3a-

panoB §:
P=Ngd. (10.4)

E

Boo6ue rosopsi, P 6yneT MeHSATbCSI B QH3JEeKTPHKE OT TOUYKH
K Touyke. Ho B kaxpmoii Touke P nponopuuoHaseH a/jeKTpuye-
ckomy noaio E. KeHcraHTa nponopuHOHaAbHOCTH, KOTOpas onpe-
NensieTcsl TeM, HacKOJNbKO JIerKO MOXHO CMeCTHTb 3JIeKTPOH, 3a-
BHCHT OT COpTa aTOMOB B MaTepHuale.

O TOM, YTO [efCTBUTE/NBHO ONpeae/sieT NMOBedeHHEe 3TON KOH-
CTaHThl U CTeNeHb ee MOCTOAHCTBA A GOJIbLIMX MOJel, a TaKxe
0 TOM, 4TO NMPOMCXOAMUT BHYTPH Pa3HbIX MaTepHAJOB, Mbl IOrOBO-
PUM no3xe. A nmoka Mbl NMPOCTO NpPeANOJIOXNKHM, YTO CyLIeCTBYeT
KaKOH-TO MeXaHH3M, 6/1arojaps KOTOPOMY HHAYUHPYeTCs QUNOJb-
HbIi MOMEHT, NMPONOPUHOHAJbHBIA 3/4eKTPHYECKOMY NOJMIO.
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§ 3. Hoaapusayuonnsie 3apadet

[TocmoTpuM Temepb, 4TG maeT 3Ta MOAe]b AJsl KOHAeHcaTopa
C au3JjeKTpukoM. PaccMoTpuMm cHayasa JMCT MaTepuana, B Ko-
TOPOM Ha eJHHHUY O06beMa NPUXOAMTCA AHMNOJbHbLIH MoMeHT P.
ITonyunutcs am B pesysabraTe B CpefHeM Kakasi-HUGYIb MJOT-
HOCTb 3apsanoB? Her ecau P noctosHen.

Ecain nonoxurtenbHble H OTpHLaTeNbHble 3aPAAbl, CMelleHHbIE
OTHOCHTEJIbHO ApYyr ApYyra, MMeloT OJHYy U Ty Xe CPEAHIOI MJIO0T-
HOCTb, TO caM (PaKT HX CMelleHHs He NMPHUBOAMT K NOSBJIEHHIO Cy M-
MapHOTro 3apsifa BHyTpH o6beMa. C Apyroil CTOpoHsI, ecau 6bl P
B OAHOM MecTe Obla Oo/blle, a B APYroM MeHblle, TO 3TO O3Ha-
yano 6bl, 4TO B HeKOTophle 06/acTH monaJio 60Jblie 3apsiloB,
YeM OTTyAa BHILIIO; TOrAa Mbl Gbl MOIVIH MOJYYHTb OGBEMHYIO
NJI0THOCTb 3apsifia. B cayyae njockoro KoHaeHcaTopa MpeanoJo-
XHuM, yto P — BesnuHHA NOCTOSIHHAs, MO3TOMY A0OCTATOYHO Oyaer
TOJMBLKO NMOCMOTPEThb, YTG MPOUCXOAUT Ha MoBepxHocTAX. Ha oaHoil
MOBEPXHOCTH OTpHLATeNbHble 3apsabl (3/MeKTPOHBI) 3(QeKTHBHO
BLIABHHYJ/IHCb Ha DacCTOAHHe §, a Ha ApYroii MOBEPXHOCTH OHH
CABHHYJ/IHCb BHYTpPb, OCTaBHB MOJIOXKHTe/NbHble 3apsAbl CHapYXH
Ha 3¢dekTHBHOM paccTosiHHH 6. Bo3HMKaeT, KaK MOKa3aHo Ha
¢ur. 10.5, noBepXHOCTHAsi MJIOTHOCTb 3apsA0B, KOTOpYIO Mbl Oy-
JeM Ha3blBaTb NOAAPUSAYUOHHbIM 3APACOM.

ITOT 3apsA MOXHO MOACYHUTATH CieaylouwuMm o6pasoMm. Ecau
njowaab MJIacTHHKH paBHa A, TO YHCJO 3JEKTPOHOB, KOTOpOe
OKaXXeTC Ha MOBEPXHOCTH, ecTb npou3dBeneHne A u N (uncaa
3/]1eKTPOHOB Ha elHHHLY o6beMa), a TakKxe cMelleHus: §, KoTo-
poe, Kak Mbl Npeano/araeM, Hanpab/JeHO NepneHAUKY/SAPHO K MO-
BepxHOCTH. [lo/HBEII 3apsAn MONy4yHTCS YMHOXEHHEM Ha 3apsj
3/IeKTPOHA ¢e. UTOOB HAHTH MOBEPXHOCTHYIO MJOTHOCTb MOJSApPH-
3allHOHHBIX 3apS0B, HHAYLUHPYEMYIO Ha NOBEPXHOCTH, pa3iesuM
Ha A. BennunHa noBepXHOCTHOI MNJIOTHOCTH 3apsiioB paBHa

Gnon = N g.0.

Ho oHa paBHa kak pa3 gsauHe P Bekrtopa moasipusaumuu P [¢op-
myaa (10.4)]:

Gnon = P. (10.5)

+ + + + + + + + +

LT !
BEE T T 1p o x|
! !
—————————————————— -

Due 10.5. uarekTpuk 8 00HOPOOHOM nose.

JlorosmuresoHole 3apadet CMECTUAMICO HA PACCTORKUE O OTHOCUTeA6HO
oTpULATE AbHBLX,
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IloBepxHOCTHAsl MJIOTHOCTb 3apsilOB paBHA MOJASAPHU3AUHH BHYTPH
MaTepuana. [loBepxXxHOCTHBIH 3apsi], KOHEYHO, HAa ONHOH MOBepX-
HOCTH NOJIOXKHTe/eH, a Ha APYroi oTpHuaTeJIeH.

[IpeanosoxuM Tenepb, YTO Hallla MJAACTHHKA CJAYXHUT AHIJEK-
TPHKOM B NJIOCKOM KOHJeHcaTope. [laacTunbt KOHaeHcaTopa Tak-
)Ke HMMelT HOBEpPXHOCTHbIH 3apaa (KOTopblii Mbl 0603HAYUM
Ocpo6, MOTOMY YTO 3apsiibl B MPOBOAHHKE MOTYT ABHIATbCSl «CBO-
604HO» Kyna yroaHo). KoHeuHo, 3TO TOT caMblit 3apsA, KOTOPBIH
MBI COOOLIHMJIM KOHAeHcaTopy npHu ero 3apsinke. Ciaelyer nox-
YEPKHYTb, YTO Opox CYILECTBYeT TOJbKO 6/1arofapsl Ocmos- LCJH,
pa3psAnHuB KOHAEHCATOp, YAAJIHTb OcpoG, TO Omon TAKXKe HCYESHET,
HO OH He cTeyeT MO NMpPOBOJIOKe, KOTOPOH pa3psiKalOT KOHJAEHCa-
TOp, a yiJleT Hasal BHYTDb MaTepHaJ/a, 3a CueT peslaKCalUHH IO+
JpH3alUMH B AU3JIEKTDHKe.

Tenepp Mbl MOXeM NpuUMeHHUTb Teopemy I'aycca K noBepxHo-
ctu S, usobpaxenHoit Ha ¢ur. 10.1. dnekTpuueckoe nose E B an-
3JIEKTPHKe PaBHO NOAHOI NMOBEPXHOCTHOH MJIOTHOCTH 3apSAOB, e«

JIEHHOH Ha go. O4eBHAHO, YTO Omon M Ocrog HMEIOT pasHble 3HAKH,
TaK 4To

E— Oceo6 — Onon . (106)
€
3aMmeTbTe, uTo nose Ey MeXAy MeTa//H4yeCcKOH NJACTHHOH H
NOBEPXHOCTbIO AM3JMeKTPUKa GoJblie moJsi E; OHO cOOTBeTCTBYET
TOJIBKO Gcpo6. HO Hac 31ech HHTepecyeT moJie BHYTPH AH3JEKTPH-
Ka, KOTOpoe 3aHHMaeT MOYTH Becb OGbeM, e€C/IH NH3JEKTPHK 3a-
NOJIHSIeT MOYTH BeChb MPOMEXYTOK MexAy nJjacTHHaMu. Mcnosb-
3ya ¢opmyay (10.5), MoxKHO HamucaThb
EF— s —P (10.7)
)
M3 3Toro ypaBHeHHs MBI He MOXeM ONpPeNe/]HTh 3JeKTPHYECKOe
noJie, Noka He y3HaeM, yeMy paBHo P. 3pmech Mbl, ofHaKo, npel-
nosaraem, yto P 3aBucut or E u, 6osee Toro, nponopuuoHasbHO
E. 9Tta nponopunoHalbHOCTb OGBLIYHO 3aMHCHIBAETCS B BHIE

P = yeE. (10.8)

[TocrosinHas y (rpeyeckoe «XH») Ha3bIBaeTCs OUINEKTPUHECKOU
BOCNPUUMHUBOCTLIO AH3JEKTpHKa.
Torpa Bbipaxenue (10.7) npuoGperaer BuA

Ocpo6 |

E=—S°% ___ 10.9

g 149’ ( )

OTKyAa Mbl moJyyaeM MHoOXuTe b 1/(1 -4 %), nokasbiBalowuii, BO
CKOJBKO pa3 yMeHbIIHJOCH MoJIe.

Hanpﬂmeﬂne Me)Kny JIaCTHHAMH €CTb HHTerpa.J OT 3JIEKTPH-

4YyeCKoro nouJsd. Pa3 noJie OAHOPOAHO, HHTErpa.J CBOAHUTCA NPOCTO
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Due. 106. Koauvecreo 3apsda,
npouwedurez 4epe3 areme~T 86006pa-
ocaemol nosepxHocTu 8 Judaek-
TpuKe, NPONOPYUOHANGHO KOMNO-
wenre P, HopmaabrOli K noeepx-
HnocTu.

K npoussefieHnio £ u paccrosiHus Mexay naactuHamu d. Mur no-
JyyaeMm

_ _ Ocaopd
V=Ed= g (1+%)"

[Tonubiit 3apAl KOHLeHCAaTOpa eCTb Gemosd, T@K YTO €MKOCTD,
onpegensieMass ¢opmyJoii (10.2), okasbiBaeTcst paBHoil

__eA(l4+y) __ xed
C= 7] =—

(10.10)

Mbl 06BACHHAN fBJAeHHe, HabJawoaaBlleecss Ha onbiTe. Ecau
3aMOJHHTb NJOCKHH KOHAEHCATOp AM3JEeKTPHKOM, €MKOCTb BO3-
pacTaeT Ha MHOXHTeJb

=147, (10.11)

KOTODBIH XapaKTepudyer CBOWCTBAa [JaHHOro Mmatepuana. Haime
OObSCHEHHE OCTAaHeTCs, KOHEYHO, HEMOJHBIM, MOKa Mbl He 00b-
SICHUM (2 3TO Mbl CHe/aeM MO3XKe), KaK BO3HHKaeT aTOMHas Mo-
JAApU3aLHs.

O6paTtuMmcs Tenepb K 4yTb GOJiee CJ0XKHOMY CJy4ar — KOrjia
noasipusauuss P He Bciony oauHakoBa. Mbl yxe TOBOPHJH, 4TO
ec/M MOoJApH3alis HeMoCTOsIHHA, TO BOOOLle MOXeT BO3HHKHYTb
00beMHast MJIOTHOCTb 3apsifia, MOTOMY YTO C OJHOH CTOPOHHI B Ma-
JIeHbKHI1 3Jl1eMeHT o6bema MOXeT BOHTH OoJibllle 3aps0B, YeM
Boliiner ¢ apyroi. Kak onpenenntb, CKOJIBKO 3apsiioB TepseTcsd
UM npro6peTaeTcsl B MajleHbKOM oGbeMe?

ITogcuntaem cHayana, CKOJbKO 3apsiioB NMPOXOAHT Yepe3 BO-
o6paxaeMylo MJIOCKOCTb, Korga Martepuan nogaspusyercsa. Kouau-
4yecTBO 3apfiia, Npoxojsfilee Yepe3 MOBEPXHOCTb, €CTb NpPOCTO
P, yMHOXeHHOe Ha MNJOllafAb MNOBEPXHOCTH, €CJH MOJASpH3aL U
HanpaBsJieHa MO Hopmaau K noBepxHocTu. Pasymeercs, ecau no-
JSIpH3aLUsA KacaTeAbHa K NMOBEPXHOCTH, TO yepe3 Hee He NPOHIET
HHU OJHOro 3apfja.

[Ipoponkas npexxHue paccyaeHus, Jerko MOHATb, YTO KOJIH-
4yeCcTBO 3apsiaa, npoluejllee yepe3 Ja0GOH 3/JeMeHT NOBEPXHOCTH,
NpONOpUHOHAIbHO Komnonente P, nepnenduxyasproli K nosepx-
Hoctd. CpaBHum ¢ur. 10.6 u 10.5. Mbel BuUAHM, YTO ypaBHeHHe
(10.5) B o6uieM cayyae AOMKHO GbITh 3aMHCAHO TAK:

Cuoa=P N (10.12)
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Ecan Mbl uMeeM B Buay BooGpakaeMblii 3JeMeHT MOBEPXHO-
CTH BHYTPU [M3JEeKTpHKa, TO PopMyaa (10.12) paer 3apan, Ko-
TOPHIA mpolesn 4Yepe3 MOBEPXHOCTb, HO He MPHUBOAHT K pe3yJb-
THPYIOIlEeMY MOBEPXHOCTHOMY 3apsily, NOTOMY 4YTO BO3HHUKAIOT
PaBHble U NPOTHBOMOJIOXKHO HampaB/eHHble BKJAaabl OT AH3J/eKT-
PHKa no o6e CTOPOHBI MOBEPXHOCTH.

OnHako cMellleHHe 3apsOB MOXET NPHBECTH K NOSIBJEHHIO
06vemHoL NAOTHOCTH 3apsifoB. [ToNHBIN 3apsif, BHLABHHYTHIA U3
o6beMa V 3a cuer noJisipu3auuH, €CTb HHTErpaJ/ OT BHelIHell HOD-
MaJbHOll cocTaBasiomed P no moBepxHocTH S, OXBaTbiBalolleH
o6beM (¢ur. 10.7). Takoit xe H3nulIeK 3apsAJ0B NPOTHBOMOIOXK-
Horo 3Haka ocraercss BHYTpu. OGo3nauas cyMmMMapHBI 3apsid
BHYTPU V uepe3 AQuoua, 3anuuem

AQuop= — S P-nda. (10.13)

S

Mbl MoxeM oTHecTH AQpox 3a CYeT 06BEMHOro pacnpeneseHus
3apsifia ¢ MIOTHOCTBIO Pgox, TAK YTO

AQuon= | proa V.. (10.14)
14

KoMGuunpys o6a ypaBHeHusl, noayyaem

[ prondv =—{P-naa. (10.15)
v S

Mbl noayynau pa3HOBHAHOCTb TeopeMbl I'aycca, cBs3bIBalo-
IlyI0 MJOTHOCTb 3apsia NOJsIPH30BAHHOTO MaTepHaja C BeKTO-
pom noaspusauuu P. Mbl BHIHM, 4TO OHa cOr/acyeTcsi ¢ pe3yJb-
TaTOM, MOJYYEHHBIM [J/151 MOBEPXHOCTHOrO MOJSPH3ALHOHHOIO 3a-
pAfa WM XKe A5 AM3NEeKTPHKA B NJIOCKOM KOHAeHcaTope. YpaB-
Henve (10.15) ¢ rayccoBoii moBepxHOCTbIO S, H306paKeHHOHl Ha
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¢wur. 10.1, naer B npaBoil YacTH HHTerpaJ/ No NMOBEPXHOCTH, pas-
Hbllt P AA, a B n1eBO# yacTu 3apsiil BHYyTPH 06'beMa OKa3biBaeTCs
Omor AA, TaK YTO Mbl CHOBa moJyyaeM ¢ = P.

TouHo Tak e, Kak Mbl Je/naju B cayyae 3akoHa ['aycca ans
3/]1eKTPOCTaTHKH, Mbl MOXeM nepeiiTh B ypaBHeHuu (10.15) Kk
nuddeperyHanbHoil GopMe, MoJb3ysch MaTeMaTHYeCKOH Teope-
moi I'aycca:

§P-nda=§V-PdV.

Mbl nonyuaem
Paox=—V-P. (10.16)

Ecan noJqsipu3anusi HeOJNHOpOAHA, e€e AHBEPreHLHsA onpene-
JsieT NOABJAWYIOCA B MaTepHaJe pe3y/abTHPYIOULYKO JIOTHOCTb
3apsaos. HO}.I'-lepKHeM, YTO 3TO COBCEM HaAcCTOAU{AAA NJOTHOCTL 3a-
pAnOB; Mbl Ha3blBaeM €€ «MNOJIApDHU3AIlHOHHBIM 3apsAaOoM», TOJIbKO
4TOOI NMOMHHUTb, OTKyJa OHA B34Jach.

§ 4. Ypasnenus arexrpocraruxu
045 0u3neKTpuKos

HaBaiiTe Temepb CBAXEM NOJyYeHHLIE HAaMH pe3yJbTaThl C
TeM, YTO Mbl YyXKe y3HaJu B 3jJeKTpocTaTHKe. OCHOBHOE ypaBHe-
HHe MMeeT BUA

V.E=2, (10.17)

€

rae p — NJIOTHOCTb 8Cex 3JeKTpHueckHX 3apsanoB. [Tocko/bKy yc-
JeIUTh 3a NOJSPU3aAUHOHHBIMH 3apAaaMH HeNpocTo, yaoGHO pas-
6utb p Ha aABe yacTH. OGO3HAYUM CHOBA Ye€pe3 pPgox 3apANHI,
NosIBJASIOLIMECT 33 CYeT HeOJHOPOAHON NOJAPH3aLHH, a OCTalb-
HYI0O 4acTb HA30BEM pPcpos. OOBIYHO pepos O3HAYaET 3apsf, CO06-
IlaeMblil MPOBOAHUKAM HJ/IH pacnpeiejeHHbll H3BeCTHBIM 06pa3oM
B npocTpaHcTBe. B 3ToM cayyae ypaBuenue (10.17) npuobGperaer
BHI

V.-E= Pcro6 + Pnon — pceos — V- P
€9 &g !
HJTH

V. (E+—) Bt (10.18)
ypaBHeHPle aJs potopa oOT E, KOHe4YHO, He MeHseTCAa:
VXE=0. (10.19)

IMoacraBasis P u3 ypaBHeHus (10.8), nonyuaem GoJee mpocToe
ypaBHeHHe:

Vo[l +0)E] =V (xE) =22, (10.20)
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IT0 M ecTb ypaBHEeHHS 3/71eKTPOCTATHKH B MPUCYTCTBHH AH3JEKT-
pukoB. OHH, KOHEYHO, He NAIOT HHYEro HOBOTO, HO MMEIOT BHI,
6oJiee YAOOGHBIH A/151 pacyeTOB B TeX CJYydYasiX, KOTAA Pemos H3-
BECTHO, a noaspusauus P nponopuuonanbvua E,

3aMeTbTe, YTO Mbl He BBITALIWJIH KOHCTAHTY» AH3JEKTpUUE-
CKOM NpPOHHLAEMOCTH % 3a 3HAaK AMBEPreHUHH. DTO MOTOMY, 4TO
OHa MOXeT He ObITb BCIOAY oAuHakoBOH. Ecain ona nosciony oau-
HaKOBa, TO €€ MOXHO BbIAe/JHTb B KayeCTBe MHOXHTeNs H ypaB-
HEHUS CTAHYT B TOYHOCTH OOBLIYHBIMHM ypaBHEHHSIMH 3JIEKTPOCTa-
THKH, TJ1€ TOJNBKO Pcpos HYXKHO MONEINTb Ha %. B HanucaHHOM
HaMH QopMe ypaBHeHHs roaArcs B oblieM c/ayyae, KOrjga B pas-
HBIX MEecCTax MOJI pachnosoXKeHbl pasHble NHIJIEKTPHUKH. B Takux
c/yyasix pelIMTb YpaBHeHHA HHOrja OblBaeT OuYeHb TPYIHO.

3aech caeqyeT OTMETHTb OAHH MOMEHT, HMEIOLIHH HCTOpHYe-
CKoe 3HayeHue. Ha 3ape poxaeHus sJeKTpuyeCcTBa aTOMHBIH Me-
X2aHHM3M noJisipu3alHuy He OblJ elle H3BECTeH W O CYLIeCTBOBAHHH
Poon He 3HAMH. 3apAN Pcpos CUMTAJICH PAaBHBIM BCeil MJIOTHOCTH
3apsinoB. Uto6bl npuaaTh ypaBHeHHsIM MakcBeJa npocToi BHI,
BBONMJHK HOBHII BekTOp D Kak nuHefinyio kom6uHauuio E u P:

D =¢E 4 P. (10.21)

B pesyabrate ypaBHeHusi (10.18) u (10.19) 3anuceiBaauch B
OYeHb NMPOCTOM BHJE:

VD =0pcss, VXE=0. (10.22)

MoxHO au ux pemnutb? TONbKO KOrga 3afaHo TpeTbe YpaBHe-

Hue, csasbiBatoulee D u E. Ecau cnpaBennuBo ypasHenue (10.8),
TO 3Ta CBfI3b eCThb

D = ¢o(1 + %) E = xeoE. (10.23)
l'[ocnenHee YpaBHEHHE OObLIYHO 3anUChHIBaeTcsA Tak:
D—:¢E, (10.24)

rae €— ellle OJHA NMOCTOsSIHHAS, OMHCbIBAIOLlas AH3JMEeKTpHUYECKHE
cBoiicTBa MaTepuanoB. OHa TaKxe Ha3blBaeTcsl «NpOHHUIIae-
MocTbio». (Temepb Bbl MOHHMaeTe, MOYeMy B HALIMX YpPaBHEHHAX
NOSABUJIOCH gy, 3TO KPOHHLAEMOCTb NMYCTOrO MPOCTPAHCTBA».)

OueBHAHO,
e=uxegy={(1 4+ %) &. (10.25)

Ceiluac Mbl paccMaTpHBaeM 3TH BelllH YXKe € JPYroi TOYKH
3peHHs,, a HMEHHO YTO B BaKyyMe BCerja HMelOTCS CaMble MpO-
CThle YPaBHEHHA, H €CJH B KaxXAOM CJyyae yyeCTb BCe 3apsjbl,
KakoBa Obl HH OblJla NPHYHHA UX BO3HHKHOBEHHA, TO OHH BCerjaa
crnpaBeAaHBbl. Bbiaenss yactb 3apsiaoB JAu60 H3 COOOpaKeHHH
yao6¢TBa, 160 MOTOMY, YTO MBI He XOTHM BHHKaTb B JeTaJjH
npouecca, MB BCerja MOXeM MNpPH XKeJaHWH HanucaTb ypaBHEHUs
B JI060i1 yno6HOil A4 Hac ¢dopme.
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Cnenaem eme oaHo 3ameyanue. YpaBHeHue D — eE npen-
cTaB/asieT coGOii MOMBITKY omucaThb cBoiicTBa BewectBa. Ho Be-
LECTBO HCKJ/IOYHTEJNbHO CJ0XHO MO CBOeil NpHpOAe, H MOAOGHOe
ypaBHeHHe Ha caMoM Jaene HenpaBuabHo. Tak, ecan E crano-
BHTCA oOueHb 6osbiwivM, D nepectaeT GHITb HMPOMNOPLHOHANbHBIM
E. B HeKoTOpbIX BellecTBaXx NPONOPUHOHANBbHOCTb HapyllaeTcs
yXe INpH JOCTAaTOYHO cnabbix noJsx. Kpome Toro, «KoHcTaHTa»
NpONOPIUHOHAIbHOCTH MOXeET 3aBHCETb OT TOro, HacKOJbKO Gbl-
ctpo E mensiercs co Bpemenem. CiefoBaTenbHO, ypaBHEeHHe Ta-
KOr0 THMa ecTb HeyTo BpOAe NpPHO/IMXKEHHOro ypaBHeHHs THNA
3akoHa ['yka. OHO He MoxeT ObITb I'1y6OKUM, PyHAaMeHTa/lb-
HbIM ypaBHeHHeM. C Apyroil CTOpPOHBI, Hallu OCHOBHble YpaBHe-
Hug pas E (10.17) u (10.19) BuipaxaioT HauGo/ee noJaHOe H
I1y60KOe MOHMMaHHe 3JeKTPOCTaTHKH.

§ 5. oaa u cunvt 6 npucyrcreuu udrexTpukos

Mbl noKaxeM ceiiyac psj JOBOJbHO OGLIHX TeOpeM 3JeKTpo-
CTaTHKH J/151 TeX CJy4yaeB, KOTJa HMEIOTCH AH3JeKTPHKH. Mbl yxe
BHAEJ/H, UTO €MKOCTb MJ/IOCKOr0 KOHJeHCaTopa npH 3aNoJIHeHHH
€ro Au3JeKTPUKOM YBEJIHYHBaAeTCs B ONpefleseHHOE YHCJ0 paas.
Ceilyac MOXHO MNOKa3aTb, YTO 3TO BePHO M/ eMKOCTH /0601
¢Gopmbl, ecin Bca 06/1acTb BOKPYT ABYX NPOBOAHHKOB 3alO/IHEHA
OJHOPOAHLIM JIHHEHHBIM AH3JeKTPUKOM. B oTcyTcTBHE AH3/IEKT-
pHKa ypaBHEHHs, KOTOpble TpeOyeTcsl PeUIHTb, TaKHe:

V-|30="°T‘*::6 u VXE;=0.

Korana uMeercss nu3jeKTpHK, MepBOe H3 3THX ypaBHeHHH H3Me-
HSeTCSs, U Mbl MOJyYyaeM

v-(uE)=p;+°0°° u VXE=0. (10.26)

Hanee, nockoabKy Mbl CuliTaeM % BCIOQY OJHHAKOBOM, MOCJeNHHE
IBa ypaBHelilMs MOXHO 3amucaTb B BHIe
V. (E)=52% u VX (xE)=0. (10.27)
CnenoBatenbHo, aas xE noayuawoTcs TaKue e ypaBHeHHS,
Kak ana Eo, u Torna oHu wumetot peumedne xE = Eo. [dpyrummu
C/I0BaMHy, NoJie BCIOQY B % pa3 MeHblle, YeM B OTCYTCTBHE IH-
sneKTpuKa. I[10CKO/IbKY pa3HOCTb MOTEHUHAJOB eCTb JHHeHHbI
HHTErpaJj OT MOoJisl, OHa YMEHbUINTCH BO CTOJBKO e pa3. A Tak
KaK 3apsj Ha 3/]eKTpojax KOHAeHcaTopa B OGOHX cayyasix TOT
)Ke caMblil, To ypaBHeHHe (10.2) roBopuT, 4TO €MKOCTb B MNpH-

CYTCTBHH BCIOy OJKOPOJHOrO AM3JEKTPHKA YBeJIHYHBAETCH B
pas.
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3agaguMmcs Tenepb BONPOCOM, KaK B3aMMOJEHCTBYIOT IBa 3a-
pPSXKEHHBIX NpPOBOJHHKA B AM3JeKTpuKe. PaccMoTpuM Xuakui
NH3JeKTPHK, MOBCIOAY OAHOPOAHBIH. Mbl yXe BuAeNu paHblie,
YTO OAMH M3 cnoco60B HAaHTH CHNY — 3TO NpoaudPpepeHUHPOBATH
SHeprHi0 MO COOTBETCTBYIOLlEMY paccTosHuio. Ecau 3apsaawe Ha
r(lj)OBOIIHPlKaX pPaBHBI M MPOTHBOMOJIOXKHBI MO 3HaKy, TO 3HEprus

= Q2/2C, rage C— ux eMmkoctb. C MOMOWbIO MpPHHUHKNA BHP-
TyaJbHOH paboOTHl J1106ast KOMIOHEHTA CHJbl MOJyyYyaercd HeKo-
TOpHIM aupdepeHLHPOBAHNEM; HaNpHUMeD,

px=_%_z=__zi(%), (10.28)

[TocKoMbKY nu3/MEKTPUK YBeJNHUYHBAaeT eMKOCTb B % Pas3, BCe CHJIbI
YMerbwAaTcs B TaKOe Xe YHCJIO pas.

OnHako Bce 3To He Tak npocto. CKasaHHOe CHpaBelJIHBO,
TOJbKO €C/M AHIJEKTPHK XHAKHH. JIlo6oe mnepeMmelleHHe Mnpo-
BOJHHKOB, OKPYXE€HHbIX TBEpPAbIM JAH3JNEKTPHKOM, H3MeHseT YcC-
JIOBHSl MeXaHHYECKHX HaNpsKeHHH B JH3JEKTPHKE H €ro 3JeKT-
pHYecKHe CBOHCTBA, a TaKXe HECKOJbKO MeHseT MEeXaHHYeCKYIo
SHeprui0 Au3JeKTpuKa. [IBHXKEHHe NMPOBOAHMKOB B XKHAKOCTH He
MEeHsIeT CBOHCTB XKHMAKOCTH. )KHAKOCTb MepeTeKaeT B ApPYyroe Me-
CTO, HO ee 3JIeKTpUYECKHE CBOHCTBA OCTAIOTCH HeH3MEHHBIMH.

Bo MHOrMX cTapbiXx KHHrax mo 3/]eKTPHYeCTBY H3JO0XEeHHe Ha-
YHHAETCH C «OCHOBHOrO» 3aKOHa, MO KOTOPOMY CHJla, AEHCTBYIO-
mas Mexnay AByMs 3apsilaMH, ecTb

F=_9192_ (10.29)
4megnr? ’

a 3Ta TOYKa 3pEeHHus a0bCoOIOTHO HenpuemJeMma. BO-l'lepBle, 3TO
He BCerjga BE€pHO; 3TO CnpaBeAJHBO TOJbLKO B MHpE, 3anoJiHeH-
HOM XXHIAKOCTbIO; BO-BTOpBLIX, TaK MNOoJydaeTcCs JIHIb AJ5 no-
CTOAHHOTO 3HA4Ye€HHA %, 94TO AJ4 OOJIbILIHHCTBA peaJabHbIX MarTe-

pHaNoB BBIMOJHAETCA MPHOJHKEHHO.
Topa3po Jierue HayyHaTh CO BCerfa CNpaBeANHBOro (4 He-
NOABUXKHBIX 3apfu1013) 3aKOHa KyJ'IOHa AJst 3apsaoB B saKkyyme.
Yo ke NMPOMCXOAMT C 3apsigaMu B TBepaoM Tese? Ha 3To
TPYAHO OTBETHTb, MOTOMY 4YTO Aaxe He BIOJIHE SICHO, O 4YeM HuaeT
peub. Ecau BH BHOCHTe 3apsiabl BHYTpPb TBEpAOro IIHSJICKTpﬂKa,
TO BO3HHKAKT BCSKOro pona apaBJeHHA H Hanpsi>keHHs. Bbl He
MOXKeTe CYHUTaThb pa60Ty BPlpTy&JleOﬁ, He BKJIIOUHB CHOJAa TaKXxe
MeXaHHYeCKYI0 3HEprHIo, H606X011HMy10 JAJd c2KaTtua TeJqaa, a OT-
JIHYUTb OAHO3HAYHbBIM 06pa30M 3JIEKTPHUYECKHE CHJBI OT ME€XaHH-
YyeCKHX, BO3HHKAWOUIHX 3a CcYeT CAaMOro MartepuaJa, Booblule ro-
BOpA, OU€Hb TPYAHO. K CYacTblO, HHKOMY Ha caMOM JieJe He ObI-
BAa€T HYXHO 3HaTb OTBET Ha HpCllﬂO)KeHHblﬁ BOMNpoOC. I/IHOP}la
HY2XKHO 3HaTb BE&JHYHHY HaTﬂ)KeHHﬁ, KOTOpbl€ MOryT BO3HHKHYTb
B TB€pAOM TeJe, @ 3TO MOXXHO BBIYHC/IHUTD. Ho pe3yJabTaThbl 31€Cb
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OKa3bIBAlOTCA TOpasfo CJOXKHee, 4eM MNpPOCTOH OTBET, NOJyYeH-
HBI HaMH [AJs XKHIKOCTe.

HeoxnaaHHO c/10XHOIl OKa3biBaercsi caeayiowas npoGaema
B TeOpHHM AHM3JIEKTPHKOB: MOYeMy 3apsiKeHHoe Teso moaGupaer
MaJleHbKHe KYCOYKH Au3J/eKTpuka? Ecsu Bbl B CyXoil AeHb npuye-
chiBaeTech, TO Ballla pacyecka NOTOM Jerko OyneT noaGuparh
MaJleHbKHe Kycoukn 6ymaru. Ecau B He BayMaJ/uch B 3TOT BOM-
poc, TO, BepOSITHO, COYTEeTe, YTO Ha pacyecKe 3apsabl OLHOTO
3HaKa, a Ha 6ymare nportusonosoxHoro. Ho 6ymara Beab 6blaa
CHayaJ/la 3JleKTpHYeCKH HeHTpaJbHOH. Y Hee HeT CyMMapHOro 3a-
psaa, a oHa Bce e nputaruBaercs. [lpaBpa, uHoraa GymMakKu
NOACKAaKHBAIOT K pacyecke, a 3aTeM OTJ/eTAlOT, Cpa3dy Xe oTTaJ-
KuBasicb oT Hee. IlpuunHa, KOHeuyHO, 3ak/wOuaercsi B TOM, 4TO,
KOCHYBIIHCb pacyeckH, Gymara cHsijla C Hee HEMHOT'O OTPHUATeNb-
HBIX 3apsAnoB, a OJHOHMMeHHble 3apsibl oTTaidkuBawTca. Ho 3to
BCe ellle He JaeT OTBeTa Ha NepBOHayaJ bHBIl Bompoc. Ilpexne
BCero, noyeMy 6yMaxKKH BooOlle NPHTATHBAIOTCA K pacyecke?

OTBeT 3ak/a0YaeTcss B MOJASAPH3AUUM JHIJIEKTPHKA, MOMeLlleH-
HOTO B 3JIeKTpHYecKoe noJie. Bo3HUKAIOT No/sipH3allHOHHBIE 3a-
psinbl 0GOMX 3HAKOB, NMPHTATHBaeMble U OTTAJKHBaeMble pacyec-
Koil. OgHaKo B pe3yabTaTe MOJYYaeTcsl NPUTSAXKEHHe, NOTOMY 4YTO
nose no6/JH30CTH OT pacyecKH CHJbHee, YeM BJaJH OT Hee, Belb
pacyecka He GeckoHeuyHa. Ee 3apsapn sokanusoBaH. HeiitpanbHblil
KycoueK GyMaru He MPUTSHETCS HM K OAHOH M3 napaJJelbHbIX
NJacTHH KOHAeHcaTopa. M3MeHeHHe noJst cocTaB/sieT CylLlecTBeH-
HYI0 YaCTb MeXaHU3Ma NMpPHUTAKEHHUS.

Kak nokasano Ha ¢ur. 10.8, nusneKTpuk Bcerga CTpeMHTCSH
u3 obaactu cjaboro noas B o6JacTb, rie noje cuiabHee. B neil-
CTBHTE/JbHOCTH MOXHO N0Ka3aTh, YTO CHJIA, AeficTByIOLlas HA Ma-
Jiple 06'beKThl, MPONOPLHOHANbHA TPaJHEeHTy Kgadpara 3JeKTpH-
yeckoro noas. [Touemy oHa 3aBucHT oT KBajpata noas? Ilotomy
4YTO HHAYUHPOBaHHbIE MO/NSAPH3ALHOHHBIE 3apsiibl MPONOPIHO-
HaJ/IbHBl MOJIAM, a AJS JaHHBIX 3apsAf0B CHJ/bl NPONOPLHOHAJbHB
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Due. 10.9. Cuana, deiicteyroujan Ha OudreKTPuK 8 nao-
CKOM KOHOEeHCaTope, MOXCET ObiTé BbLYLUCAEHA C NOMOUbIO
30K0HA COXPAaHeHUA IHepauU.

nomato. OfHaKO, KaK Mbl yXKe YKasblBaJH, pe3yAbTupyrowas cuia
BO3HHKaeT, TOJNbKO eclH KBaJpaT noJas MeHseTcss OT TOYKH K
ToyKe. Clie0BaTeNbHO, CHJA NpPONOpIHOlIaNbHA TpaAHeHTy KBal-
para noas. KoHcTaHTa NponopuuoOHaNbHOCTH BKJ/IOYaeT NMOMHMO
BCEro npoyero eule AM3JeKTPHYECKYIO NPOHHLAeMOCTb AaHHOro
Tesla M 3aBHCHT TaKxe OT pa3MepoB U GOpPMBHI TeJa.

EcTb eme ogHa Gauskas 3agava, B KOTOPOH CHJa, AeHCTBYIO-
uas Ha AM3JEeKTPUK, MOXKeT GbITh HaiineHa ToyHo. Ecaiu Mbl BO3b-
MeM IJIOCKUM KOHIeHCaTop, B KOTOPOM MJHMTKA JH3JMEKTPHKa 3a-
ABHHYTa JHIIb yacTHYHO (¢ur. 10.9), TO BO3HHKHET CHJ/1a, BIBH-
raipoulas Au3JeKTpUK BHYTpb. [IpoBecTH neranbHoe ucc/ienoBaHHe
CHJBl OYeHb TPYAHO; OHO CBSI3aHO C HEOJQHOPOAHOCTAMH MNOJS
BGJIM3U KOHLOB OH3JeKTpHKa WM nuaacTuH. OQHAaKo ecad Mbl He
HHTepecyeMcsl AeTaJIIMH, a NMPOCTO HCMNOJNb3yeM 3aKOH COXpaHe-
HUSA 3HEPTHH, TO CHUJY JIETKO BHIYHCAUTb. MBI MOXeM ONpeNeNHTh
CHJY C NMOMOLIbI0 paHee BbiBeAeHHOH ¢GOpMyJabl. YpaBHeHHE
(10.28) 3KkBHBaJEHTHO TaKOMY:

2 oC
Fo=eT =42, (10.30)

HaMm octa/noch TOMbKO HalTH, KaK MeHseTCsl eMKOCTb B 3aBHCH-
MOCTH OT MOJIOXKEHHS MJIMTKH QU3JEeKTPHKaA.

[Tycth mosHast AMMHA MJAcTHH ecTb L, winpuHa ux paBHa W,
paccTosiHMe MeXAY NIAacTHHAMH H TOJIUMHA AH3JMeKTPHKA paBHa
d, a paccTosiHMe, Ha KOTOpOe BABHHYT AM3JMEKTpPHK, ecTb X. EM-
KOCTb €CTb OTHOILEHHe MOJHOr0 CBOGOMHOro 3apsila Ha MNJacTH-
HaX K Pa3sHOCTH MOTEHIHAJOB MEXAY NAacTHHAMH. Bbllle Mbl BH-
IeJd, YyTO NMPH AAHHOM noTeHUHase V NOBEPXHOCTHAs MJIOTHOCTH
CBOGOAHBIX 3apAfOB paBHa xgyV/d. CaenoBaTenbHO, MOMHBIA 3a-
pAL MJIacTHH paBeH

eoV

Q=22 2w 4 2L (L —nW,
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OTKyJa Mbl HaXOAHUM €MKOCTb

=27 (ux+ L —x). (10.31)

C nomombio (10.30) mosnyuaem
V2 EoW
F_,,=—2- g (e—1). (10.32)

Ho nosb3bl OT 3TOr0 BhIpaK€HHsI He OYeHb MHOrO, pas3Be TOJBKO
BaM NOHano6GHTCA ONpefe/HTh CHJAY HMEHHO B TaKHX YCJOBHfX.
Mul  XoTeaM JuIIb MNOKa3aTb, YTO MOXKHO moAyac H3Gexarb
CTPALIHBIX OCJIOXHEHHH NpH Onpeje/eHHH CHJI, AeHCTBYIOIHKX Ha
JM3/1eKTPUKH, €C/H NMOJMb30BAaThCS dHeprued, Kak 3To GbLIO B Ha-
cToslllleM CJyYae.

B HameM uH3/0XXeHHH TEOPHH OH3/NEKTPHKOB Mbl HMEIH JIe/10
TOILKO C 3/IEKTPHUECKHMH SIBJIEHHSIMH, NPHHHMas KakK ¢akT, uTo
NoJIsipU3alusl BellleCTBA NPONOPLHOHANbHA 3/1€KTPHYECKOMY NOJIIO.
IToyeMy BO3HMKaeT Takas NPONOPLHOHAAbHOCTH — BOMpPOC, Mpel-
CTaBJSAIOUIKH, MOXKaayh, eule O6ONbLIHA HHTepec a5 (HU3HKH.
CTOHT HaM MOHSITb MeXaHH3M BO3HHKHOBEHHS JH3JIEKTPHYECKOH
NPOHHIIAEMOCTH C aTOMHOH TOYKH 3peHHs, KaK MBI CMOXeM HCe
N0/Ib30BaTh U3MepPeHHs JU3JeKTPHYeCKOH MPOHMLIAeMOCTH B H3-
MEHSIIOIUHMXCS YCAOBHAX AJS MOJYYEeHHS HNOAPOOGHBIX CBeNeHHH O
CTPOEHHH aTOMOB H MOJIEKYJ. DTH BONMPOCH OYAYT YaCTHYHO H3-
JIOXKeHbl B C/eAyoLlel riase,



Fﬂasal’

BHYTPEHHEE YCTPOMCTBO
AHINEKTPUKOB

§ 1. Moaexyasapnoie dunoau

B 3Tolt rmaBe Mbl MOrOBOPHM O TOM, MoYeMy
BEIeCTBO ObIBaeT AM3JEKTPHKOM. B npeabiaymiei
rlaBe Mbl YKasblBaJig, YTO CBOMCTBAa 3J/IeKTpHYE-
CKHX CHCTEM C IH3JeKTPHKaMH MOXKHO Gbl10 OBl
TNOHATH, NMPEINOJIOKHB, YUTO 3JeKTPHYECKOE NoJe,
NEeACTBYS Ha AM3JeKTPHK, HHAYyLUHPYET B aToMax
IHNONbHLIH MOMeHT. MIMeHHO, ecan 3JeKTpHye-
ckoe nosie E uHAyuupyer cpenHHit IHNOJbHBIHA
MOMEHT B eluHHIe o6BheMa P, TO AH3/leKTpHUe-
CKasi MPOHHIaeMOCTb ¥ NAeTCsl BbIpAXKEHHEM

£
30E )

x— 1= (11.1)

O npuMeHeHHX 3TOTO BbIPaXKeHHSI MBI yXKe
TOBOpHUJIM; cell4ac XKe HaM HYXHO O0OGCyAHTbL Me-
XaHH3M BO3HMKHOBEHHS NOJIAPH3aLlUH BHYTpH Ma-
TepHa/la noj AeHCTBHEM 3J/IEKTPHUECKOro noJs.
HauneM ¢ camoro mpocrtoro npuMepa — nmoJspH-
3alMH ras3oB. Ho naxe B razax BO3HHKAIOT CJ0XK-
HOCTH: CYILIeCTBYIOT ABa THma rasoB. MoJeky.bl
HEKOTODBLIX ra3oB, HampHMep KHCJOpPOAa, B KaxK-
LOH MoOJIeKyJle KOTOPOro MMeKTCcsl [Ba CHMMeT-
PHUYHBIX aTOMa, JHIIeHbl COGCTBEHHOrO JHMOJIb<
HOro MoOMeHTa. 3aTO MOJIeKYy/abl APYrHX Tras3oB,
BpOJe BOASIHOTO napa (y KOTOPOro aToMbl BOZLO-
pola M Kucjopoaa o6pasyloT HeCHMMETPHYHYIO
MoJleKyany), 06JafalOT NMOCTOSIHHBIM 3JeKTpHue-
CKHM IHNOJBHBIM MOMeHTOM. Kak Mbl oTMeuasn
B I 6 H 7, B MOJIEKyJle BOASIHOTO mapa aTOMBI
BOJOPOAA B CpellHeM HMeEIOT MOJIOXKHTe/bHbIHA 3a-
psid, a aToM Kucaopoaa— orpuuartenabHbiii. Ilo-
CKOJIBKY ILeHTPbl TAXKECTH MNOJIOXHTeJNBHOTO H
OTpHLATE/NbHOTO 3apsilOB He COBMAJalOT, TO pac-
npejeJeHHe BCero 3apsila B MoJieKyJje o6GJjanaer

§ 1

§2

§ 3.

§ 4.

§5

§ 6.

§ 7.

MouneryanpHubie
zunoan

ANeKTPOHHAR
noaspu3auus

Moaspubie
MONEKYJbI;
OpHEHTAUNOHHAR
noaspusauns

AnekTpuyeckue
noas B NycToTax
AH3NEeKTPUKA

JnanekTpuyeckan
NMPOHUUAEMOCTh
KHAKOCTEI;
topmyaa
Knay3unyca —
Moccotti

Tsepable
AHINEKTPHKH

CerHeroanekTpu-
4eCcTBO; THTAHAT
o6apus

Moeropurs: ra. 31

(Buin. 3)

«Kak Bo3Hukaer
rnokasarefb
npenomieHus»,
ra. 40 (Boin. 4)
«TMpuHunnbI
CTATHCTHYECKOMH
MEeXaHHUKH»
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Due. 11.1. Morexyaa kucao-
poda ¢ HYyaeBulMm QUNOAbHOLM
momenTOM (B) U Mosexyaa
8006l C NOCTOAHHBIM QUNOAL=-
HOLM MOMEHTOM Pq (6).

Yenmp
+ u- 30pa008

NHNONbHBIM  MOMEHTOM.
Takas MoJsekysa Hasbl-
BaeTcsl noAspHoil MoJe-
KyJoil. A y Kucaopona

Po  BCJeACTBHE CHMMETPHH

Yenmp MOJIEKYJ/IBI LEHTD TsXKe-
- 34ps006 CTH H MOJIOXKHTEJNbHBIX, H
Yenm OTpHLATENBHBIX 3apsiioB
+ sapsdos OAHMH U TOT XKe, TAK 4YTO

5 3TO HENnoAAPHAS MOJEKy-

ja. OHa, npaBaa, MOXeT

CTaTh JHMMOJIEM, eC/IH €€ TIOMECTHTb B 3J1eKTpHUecKoe noJe. Popmul
3THX [BYX THNOB MOJeKyJ HapHcoBaHbl Ha ¢ur. 11.1.

§ 2. aexrpotinan noaapusayusn

3afiMeMcsi CHayala noJsipu3alliell HeNoJsPHBIX MOJeKY.l.
Haunewm ¢ npocreiillero cayyass OAHOATOMHOro rasa (Hampumep,
reausi). Korma atom Takoro rasa HaXoQHTCA B 3J€KTPHYECKOM
noJie, 3J1eKTPOHBI €ro TSAHYTCS B OJHY CTOPOHY, a f1pOo— B ApY-
rylo, Kak nokasaHo Ha ¢ur. 10.4 (ctp. 203). XoTss aTOMbl HMEIOT
OyeHb GOJIBIIYIO XECTKOCTb MO OTHOLIEHHIO K 3J1eKTPHYECKUM CH-
JlaM, KOTOpble MBI MOXE€M MPHJOXHTb K HHM Ha ONbITe, LEHTpHI
3apsil0B 4yTob-4YyTh CMELAIOTCS] OTHOCHTEIBHO APYr Apyra U HH-
JYyUHpYeTCs AHIIONbHbIA MOMeHT. B clabblXx nossx BeqHYHHA CMe-
I{eHUS, a CJeJOBaTeNbHO, U AHMINOJBHOIO MOMEHTa MPONOpLHO-
Ha/bHA HaNpsXKEHHOCTH 3JeKTpHueckoro noJsi. CMelleHHe 3JIEKT-
POHHOrO pacnpefle/leHHsl, KOTOpoe MPUBOAUT K 3TOMY THNY HHAY-
IIHPOBAHHOTO AHMMOJBHOIO MOMEHTA, HAa3bIBAETCH IAEKTPOHHOL
neaspusayuelt.

Mbl yxe of6cyxaanu BO3JeHCTBHE 3/MeKTPHYECKOro Noas Ha
atoM B . 31 (Bbim. 3), Korga 3aHMMaJlUCh TeOpHeH MoKa3aTess
npenomJaeHusi. [lonymaB HemHoro, Bbel cooGpasuTe, 4TO TeNepb
HYXKHO clenaTh TO e, YTO U Toraa. TonbKo Tenmepb Hac 3a6OTAT
noJisi, He MeHsIoUHecs CO BpeMeHeM, TOra Kak NoKa3saTe/b Npe-
JNOMJIeHHs! OblJ1 CBA3aH C NMOJSIMH, 3aBHCSALIHMH OT BpeMeHH.

216



B ra. 31 (Bein. 3) Mbl npeanosaraji, 4To MEHTP 3/J€KTPOHHOTO
3apsfla aTOMa, NOMEIleHHOro B OCHHJJMpYIOllee 3/]eKTpHUecKoe
noJie, NOJUHHsETCA YPaBHEHMIO

2
mLX 4+ maodx=g,E. (11.2)
[TepBblit u/MeH — 3TO NpoH3BeleHHe MacChl 3JeKTPOHa Ha €To
yCKOpeHHe, a BTOPOH — BO3Bpallamuas c1aa; cnpaBa CTOHT CHJA,
IefcTBylolasi cO CTOPOHBI BHELUHEro aJeKTpHyeckoro noJas. Ecau
3JIEKTPHYECKOE MOoJle MeHSIETCSl C YaCTOTOH ®, To ypaBHeHue (11.2)
JIonycKaeT pelleHHe e
ge
x——m((og_@?). (11.3)
HMelolllee pe30HAHC NPH ® = wo. Korga paHblle MBI HALLIH 3TO
pelleHHe, TO HHTepNpeTHPOBA/JIH 9 KaK 4acTOTy, NMPH KOTOPOH
aTOM [MorJouaer CBeT (OHa JeXHT JM60 B ONTHYECKoi, nHGO B
yJabTpad HoaeTOBOH 06JacTH, B 3aBUCHMOCTH OT atoma). Has Ha-
WeH 1enH, OOHAKO, JOCTATOYHO CJyyasi MOCTOSIHHBIX NoJed, T. e.
® = 0; nosToMy Mbl MOXeM NpeHeGpeuyb YJEHOM C YCKOpPEHHeM
B (11.2) u nonyuaem cmeueHue

x=2E (11.4)
moj

OTCEOJla Haxoaum JlPll'lOJleblﬁ MOMEHT p OOHOro atoma
2
q.E
p—rd X = —-, l l .5)
P={qe ) (

0

B Takom moaxome OMNOJIbHBIE MOMEHT p NeHCTBHUTENbHO MPOMOP-
LLHOHAJIEH 3JIeKTPHYECKOMY MOJIIO.
OG6bI4HO NuLIYT
p =agE. (11.6)

(CHoBa g BowIO Mo ucTOpuyeckKMM npuunHam.) IlocTosHHas «
Ha3blBAETCH NOAAPU3YEMOCTHLIO aTOMa M HMeeT pasMmepHocTb L3,
9T0 Mepa TOro, HaCKOJIbKO JIEFrKO HHAYLUHPOBATh 3/€KTPHUECKHM
noJieM AMNOJbHBIA MOMeHT y atoma. CpasHuBas (11.5) u (11.6),
noJyyaeMm, 4TO B Hallell NPOCTOH TEOPHH

2 2

. 4ne
=t =T (11.7)

eom(l)o mﬁ)o

Ecan B enunuue o6bvema comepxurcss N aTomMoB, TO noaspH-
3allus (AHNOJbHBIH MOMEHT elHHHUB 06beMa) Aaercst GopmyJ/oh

P = Np = Nag(E. (11.8)
217



O6mwenunsisi (11.1) u (11.8), nonyuyaem

P
x— =5 =Na, (11.9)

uau B cuay (11.7)
w—1= . (11.10)

C nomombio ypaBHenust (11.9) MoxHO npeiackasaTb, 4TO AH-
3JIeKTpHUecKasi NMPOHHLAeMOCTb % Pa3/HYHBIX ra3oB [NOJXHa 3a-
BHCETb OT MJIOTHOCTH ra3a W OT Pe30HAHCHOH YaCTOTHI .

Hama ¢opmyaa, koHeuHo, Julib OYeHb TpyGoe npubamkeHue,
NoTOMYy YTO B ypaBHeHHH (11.2) wmbl BOCNOJb30Ba/IHCh MOZEJbIO,
HrHOpHpYIOllell TOHKOCTH KBaHTOBOH MexaHuKdU. Hanpumep, Mbl
CYMUTAJIH, YTO aTOM HMeeT TOJIbKO OJHY PE30HAHCHYIO YacToTy, TO-
rfla KakK Ha caMoM jeJse WX MHoOro. UtoGnl mo-HacTosilEeMY BbIUKC-
JIUTb MOJISIPU3YEMOCTb aTOMOB, HYXKHO BOCMNOJIb30BAThCA MNOCJ/EN0-
BaTe/JbHOH KBAaHTOBOMEXaHHUYeCKOH TeopHeid, OXHAKO M KJaccHue-
CKUH MOAXOJ, H3/0XEHHBIH Bblllle, 1aeT BIOJHE Pa3yMHYIO OLLeHKY-

[TocMoTpUM, CMOXKEM JIH Mbl MOJYYHTb NMpPaBHJAbHBIA NMOPSAOK
BEeJHYHHBl AM3/1eKTPHYeCKOH MPOHHLAEMOCTH KaKOro-Hubyinb Be-
uectBa. Bosbmem, K npumepy, Boaopol. Mbl yxe OHeHHBa/IH
(Bbim. 4, ra. 38) sHepruioo, HEOGXOOMMYIO IJs1 MOHH3AUHH aToOMa
BOJOPOAA, U MOJYYHIH NPUOIHKEHHO

E~Lmet (11.11)

Ins ouelky co6CTBEHHOM YACTOTHI Wy MOXKHO MOJIOXKHTb 3Ty 3Hep-
THI0 PABHOH fiwp— HEPTHH ATOMHOTrO OCLHAJIATOPA C COOCTBEH-
HOI YacToTol wo. [Tonyuaem

met

[/

Wy &

20| —

IMoab3ysce stoit BeanunHo# B ypaBHenun (11.7), Haxomum s.ek-
TPOHHYIO MOJISIPU3YEMOCTh

~16a[ T (11.12)

me?

Benuuuna (fi2/me?) ectb paguyc OCHOBHOK opGuTHl aTomMa Bopa
(cm. BbIm. 4, 11, 38), pasubiit 0,528 A, [1pu HOpMaJbHBIX 12BJEHHH
u temneparype (1 arm, 0°C) B rase Ha 1 cm® npuxoautcs
2,69-10" atomoB, u ypaBHenune (11.9) naer

w=14(2,69-10") 167 (0,528 - 107%)> =1,00020. (11.13)
I/I3MepeHHaﬂ Ha OMNbITe AU3JEKTpHYeCKad NPOHHLAEMOCTb paBHa
Hoxen = 1,00026.

218



Buaute, Halla TeopHsi MOYTH MpaBHJ/bHA. JIyullero Heob3st GbLIO
H OXHJaTb, MOTOMY YTO H3MEpeHHS NPOBOJHJHCH, KOHEYHO, C
OOBIYHBIM BOAOPOAOM, 06/1aJal0UIHM ABYXaTOMHBIMH MOJIEKYJ/1aMH,
a He OJMHOYHBIMM aTomMamH. He cieayer yauBasiTbCsi TOMY, YTO
NoJIAPH3aLUsl aTOMOB B MOJIEKYJ/le He COBCEM TaKasi, KaK MoJsipH-
3alHA oTAeNbHBIX aToMOB. Ha camoMm mene mosekyasipHblit apdekr
He cTo/b BeJHK. TOUHOe KBAHTOBOMEXaHHYeCKOe BLIYHMCJEHHE Be-
JIMYHHB o JJ11 aTOMOB BOAOpOJA JaeT pe3yJabTaT, MpeBbIlIAlO-
wuit (11.12) npumepHo ua 129% (Bmecto 16; nosywaercs 18m),
NO3TOMY OH npeAcKasbiBaeT AJs1 AH3JEKTPHUECKOH NPOHHLaeMO-
CTH 3HadYeHue, 60/1ee 6/M3KOe K Hab/aoaeHHOMY. Bo Bcsikom cay-
4yae, COBepLIEHHO OYEBHOHO, 4YTO Halla MoJeab AH3JEKTPHKaA
BIOJIHE XOpOollla.

Eme onna nposepka Haweil Teopun. ITonpo6yeM NpHMeHHTb
ypaBHenue (11.12) Kk atromam c 60Jbliell YaCTOTOH BO3GYXKAEHHS.
Hanpuwmep, uto6bl 0oTo6GpaTh 3/1€KTPOH y renus, Tpebyercs 24,58,
TOrZa KaK [Js HOHH3alUWH Bojopoaa HeoGxoaumbl 13,5 4. Ilo-
3TOMY MbI NpPEANOJOXKHM, YTO YaCTOTa MOTJIOLUIEHHS ®o AJS Feaus
JO/KHA OBbITh MPUMEpPHO B ABa pa3a 6oJblie, yeM AJ5 BOAOPOAA,
a a J0/IXKHa OBbITb MeHbllle B yeThipe pa3a. Mbl oxuiaaem, 4TO

Kromnn 2 1,000050,

a SKCﬂepPlMeHTaJleO noJiyyeHo
Kremns = 1,000068,

TaK 4TO HAlM rpy6ble OLEHKH MOKa3blBAKOT, YTO Mbl Ha BEPHOM
nytH. Mrtak, MBl MOHSJM [OH3/MeKTDHYECKYIO NPOHHLAEeMOCTb He-
NOJIIPHOTO ra3a, HO TOJNBKO KayeCTBEHHO, MOTOMY YTO MOKa MbI
elle He MCMOJIb30BaJH NMPaBH/IbHYI0 aTOMHYIO TEODHIO JBHKEHHS
aTOMHBIX 3JIEKTPOHOB.

§ 3. Hoaapnste morexyaol; opueHTayuorHAA
noaapusayus

Tenepb paccMOTPHM MOJEKyJay, 006/1a4alollyi0 MOCTOSHHBIM
JAUNOJbHBIM MOMEHTOM pPo, HallpuMep MOJIeKyay BoAbl. B orcyt-
CTBHE 3/1€KTPHYECKOro MoJjsi OTAeJbHble AHMOJH CMOTPAT B pas-
HbBIX HanpaBJ/eHHAX, TaK YTO CYMMapHbli MOMEHT B elHHHLEe
o6bema paBeH Hyaio. Ho ecau NpHIOXKHTB 3/MeKTpHYECKOe MOJe,
TO Cpa3y Xe NpPOHCXOAST [Be BellH: BO-NepBbIX, HHAYUHpYeTCs
n00aBOYHbI AMMONbHbIE MOMEHT H3-3a CHJ, AeHCTBYIOLIHX Ha
3/IeKTPOHBI; 3Ta YacCTb MPUBOAMUT K TOH Ke CaMOH 3JeKTPOHHOH
NOJNSIPU3YEeMOCTH, KOTOPYIO MBI HAIIMHU [/ HENoJsipHON MoJe-
KyJbl. [Ipy oueHb TOYHOM HcCJeOBAHHH 3TOT 3PP eKT, KOHeYHO,
HY2KHO YYHTBHIBaTb, HO Mbl noka npeHeOpexeM uM. (Ero Bcerna
MOXHO [06aBHUTb B KOHLe.) Bo-BTOpBIX, 3/€KTpHuecKoe moJie
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Due 11.2. B 2a3e nosapHoLx MOAeKYA OTOeabHble MOMEHTbL OpU=
EHTUPOBAHLL CAYYAlHbIM 00PA30M, CPEeOHUL MOMEHT 8 HebOoAbWOM
o6veme pasen Hyao (a); nod OelcTeuem 3AeKTPUHECKO20 NOAR
8 cpedHeMm BO3HUKQET HeKOTOpOe BuicTpausarue mosexya (6).

/g/~e~.

\3\4-9"
N

CTPEMHTCS1 BHICTPOHTb OTAe/NbHBle AHMMOJH, CO31aBasi pe3y/bTH-
pylolHii MOMEHT B eaAuHuue o6bema. Ecan Gbl B rase BHICTpOH-
JUCb BCe [MMOJIH, MoJspu3auus Oblja Obl OYeHb GOJBWIOH, HO
3TOro He MpoUcXoauT. [1pu OGBLIYHEIX TeMmepaTypax M HanpskKeH-
HOCTSIX MOJA CTOJKHOBEHHSI MOJEKYJ NpPH HX TelMJOBOM [BHXKe-
HHH He MO3BOJIIOT UM KakK cjelyeT BhCTpoutbcs. Ho HekoTopoe
BLICTPaHBaHHe BCe XK€ NPOHCXOJHT, a OTCIJa H HeGoablias Mno-
aspuzauua (¢ur. 11.2). BosHukaloowmas noaspusanus MOXeT
ObITb MOACYHTAHA METONAMH CTATHCTHYECKOH MeXaHHKH, ONMHCaH-
HbiMd B 1. 40 (BBIN. 4).

Yro6bl HCMO/b30BAaTh 3TOT METOA, HYXHO 3HAaTh 3HEPrui0 AH-
noas B 3JeKTpuueckoMm noJe. PaccmMoTpum aunoab ¢ MOMEHTOM
Po B 3JeKkTpuueckoM noae (¢ur. 11.3). DHeprus nonoXKHTeNAbHOro
3apsina paBHa q@(l), a 3Heprus OTpHUATENBHOrO ecTb —qP(2).
OTciona nojayyaeM 3Hepruio AHNONS

U=qe(l)—qp (2) =qd - Vg,
U=—po: E=— p,E cos?H, (11.14)

HITH

rae O —yron mexny po v E. Kak u caenoBano oxuaath, sHeprus
CTaHOBHUTCSA MeHbllle, KOTJa AHMNONHM BBLICTPAMBAIOTCSH BAOJb NOAS.

Tenepp ¢ momowbi0 MeTONOB CTATHCTHYECKOH MeXaHHKH Mbl
BBISICHHM, HAaCKOJIBKO CHJbHO AHMNOJH BhICTpauBatorca. B ra. 40
(Bbin. 4) MBI HalIH, YTO B COCTOSIHHM TEIMJOBOIO PaBHOBECHH
OTHOCHTE/IbHOE YHCJ/IO MOJIEKYJ C MOoTeHUHaaAbHOol sHeprueit U npo-
NOPLUHOHAJILHO

e-UIHT, (11.15)
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Due 11.8. SHnepeuna O0Ounoas po
8 noase B pasna — po- E. E

(1)
+q
d

“9%2)

rae U(x, y, 2) — noteHunanbHasi 3Heprusi Kak (YHKUHS MOJO-
xKeHus. Onepupysi TeMH Ke apryMeHTaMH, MOXHO CKa3aTb, YTO
eC/H MNOTeHUHaNbHAs SHeprusi Kak (QYyHKUHUS Yyeaa HMeeT BHJ
(11.14), To yuc/a0 MOJIeKYys noA yraoM 6, mpuxonsileecss Ha edu-
HU4HbLE TeaecHbll yeoa, nponopunoHansto exp(—U/RT).

[Tonaras yucno MoJeKy/n Ha eIMHHYHBIH TeJeCHBIH yroJ, Ha-
npaBJeHHbIX NOJA YIJ0M 0, paBHEIM 7 (0), HMeeM

11(0) = ngetPeE cos kT (11.16)

Hnsi oGbIYHBIX TeMnepaTyp M moJeil NOKa3aTeJb 3KCIOHEHTH
MaJ, H, pasjarasi 3KCMOHEHTY, MOXHO BOCMOJ/Ib30BaTbCsl NPUGIH-
XKEHHBIM BhIpaXKeHHeM

n (@) =no (14 2£522)., (11.17)

Haiipem n, npounterpupoBas (11.17) no Bcem yriam; pesyabTtat
JNo/xKeH ObITb paBeH N, T. e. UHCJAy MOJIeKy/ B eqUHHLe oObeMa.
CpenHee 3HayeHHe c0s© npH MHTErPHUPOBAHHH MO BCEM YriaM
€CTb HYJb, TaK YTO MHTErpaJl paBeH NMPOCTO Ny, YMHOXKEHHOMY Ha
NOJIHBIN TesecHBIN yroa 4m. [Tonyyaem

N (11.18)

no—m

W3 (11.17) BugHo, uto BROAL moas (cos 6 = 1) Gyner opues-
THPOBaHO GoJiblile MOJEKYJ, 4eM NpOTHB noJs (cos 8 = —I1).
[Toatomy B n060M MajoM o6beMe, coaepKalleM MHOTO MOJIEKY,
BO3HHKHET CyMMapHbIH AMMOJbHBIH MOMEHT Ha elHHHUY 06beMa,
T. e. noaspusauus P. Uro6bl BHIYUCAHTL P, HyXHO 3HaTb BEKTOD-
HYI0 CYMMY BCeX MOJIEKY/sIDHBIX MOMEHTOB B eJHHHIle 0GbeMa.
Mbl 3HaeM, 4To pe3yabTaT GyAeT HanpasJeH BRoab E, mostomy
HYXKHO TOJIbKO NMPOCYMMHDOBAThb KOMIOHEHTHl B 3TOM HampasJe-
HUH (KOMIMOHEHTbI, NepneHAuKyaspHele E, npu cymmupoBaHuu ja-
AYT HYJb):

P=_ ) Pa€os 0;,

ITo eannuy-
HOMy 06bemMy
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Mbl MOXKeM OLeHHTh CYMMY, NPOHHTErpPUPOBAB MO YIVIOBOMY pac-
npenetennto, TedecHblit yros, orsevalowuit 0, ects 2m sin 0d6;
oTclona

n

P={n(8) pycos 6 2nsin6 do. (11.19)
0
[Toacrasasis Bmecto n(0) ero Bhipaxenue u3 (11.17), umeem

T

P=—%S (l + ’;:f cose)pocosed(cose),
0

YTO JIEFKO HHTETPHUPYETCA U NMPHBOJMT K CJeNYIOIEeMY pe3yabTaTy:

__ NpiE

P=——. (11.20)

[Tonspusanua nponopuuoHaibHa noaio E, nostomy aus/iektpu-
YyeCKHe CBOHCTBa OyayT oGbiuHble. KpoMe TOro, Kak Mbl H OXH-
naeM, mnoJspu3aunus o6GpaTHO NPONOPUHOHAJIbHA TeMIepaType,
NOTOMY 4TO npH GoJlee BLICOKHX TeMmnepaTypaXx CTOJKHOBEHHs
GoJibllle pa3pywaloT BHICTPOEHHOCTb. JTa 3aBucuMmocTb Buaa 1/T
Ha3blBaercst 3akonom Krwopu. KBaapaT NocTOSIHHOrO MOMeHTa Pg
NOsIBJSIETCS NO CJAeAyHollell NPHYHHEe: B JAHHOM 3JeKTPHYECKOM
noJie BLICTPAMBAIOLlAs CHJIA 3aBHCHT OT Py, a CPeJHHH MOMEHT,
BO3HHMKAKOIWHA npH BBICTPAMBAaHHM, CHOBA MNpPONMOpLHOHAJNEH Po.
Cpenuuit vHAYUHPYEMBI/i MOMEHT NPONOPUHOHA/EH pE.

Teneps nocmorpum, Hacko/abKo xopouwo ypaBHeHue (11.20)
corsacyercsi ¢ skcnepuMeHToM. BosbMeM BoasHoil nap. [Tockoabky
Mbl He 3HaeM, YeMy PaBHO Py, TO He MOXeM NPSIMO BBIYHCAHTb H
P, Ho ypaBHenune (11.20) npeackasbiBaeT, yTO x — | fo/XKHaA Me-
HATbCS 06pAaTHO NPONOPHHMOHAJIBLHO TeMNepaType, H 3TO HaM CJe-
AyeT NMPOBEPHTH.

M3 (11.20) noayuyaem

P Np}

®— == gear’

(11.21)

TaK 4To ¥ — | J0/1:KHA MEHSITbCS NPSAMO MPONOPHHOHAJ/IBHO IJIOT-
HocTH N U 06paTHO MPONMOPHHOHAILHO aBGCOJIIOTHOM TeMmepaType.
JuaneKTpHueckass NpoOHHIIaeMOCTb Gbljla M3MepeHa NpPH HeCKOJIb-
KHX 3HayeHHsX [NaBJIeHHs W TeMnepaTypbl, BbI6PAHHBIX TaKHM 06-
pa3oM, YTOObl YHCJIO MOJIEKY/ B elHHHIle 06beMa 0CTaBa/nOCh MO-
CTOSIHHBIM *. (3ameTuM, 4TO, ecH Obl BCe H3MepeHHs BBHINOJHSA-

*Sdnger,Steiger, Gdchter, Helvetica Physica Acta, 5,200 (1932).
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2e-1 | | /
/
P ue 114. Hanepennvie anae- /
Hus OusrexTpuyeckoil nponuyae- 0,004 /
MOCTU 800AHO20 napa npu He- +
CKOAbKUX TemnepaTtypax. +/

I
+
i

|
N
|

0,003

JMCh NpPH NMOCTOAHHOM AaB- ., / _
JIeHHH, YHCJIO MOJeKyad B /

elMHule o6beMa yMeHblla- /
JIoCb Obl JIMHEHHO C TMOBHI- /
IIeHHeM TeMIepaTtypel, a /
% — 1 uamenanach 6o kak 0007
T-2, a ne kak T-1.) Ha ¢ur. ,//
11.4 ™Mbl OTI0XHJIH H3Me- /
peHHble 3HaYeHHA x — | KakK | '
¢ynknuio 1/T. 3aBucuMoCTb, 0 0,001 0,002 0,003
npenckasbiBaeMasi opMy- T (oK)

Jlgir'x (11.21), BbInOJ?ziﬂ%Tgﬂ ., ()

Xopolo,

EcTb ellte onHa 0cO6eHHOCTL AH3JEKTPHYECKOM MPOHHIIAEMOCTH
NOJISIPHBIX MOJIEKYJ — €€ M3MeHeHHe B 3aBHCHMOCTH OT YacCTOThHI
BHellIHero noJsi. baarogapsi ToMy 4YTO MOJEKYJ/bl HMET MOMEHT
MHepPLHH, TAXKeJbIM MOJeKynaM TpebyeTcs onpelesleHHOe BpeMs,
4yTOOb NOBEPHYThCsl B HanmpasJ/eHuu nons. [lostomy, ecan ucnonb-
30BaTh YaCTOThl M3 BepXHell MHKDOBOJHOBOH 30HBI HJH H3 ellle
6oJiee BLICOKOH, MOJNSPHBIA BKIajJ B AH3JEKTPHYECKYIO MPOHHIae-
MOCTb HauHHaeT CnajaTh, TaK KaK MOJEKYJ/bl He yCNeBalT CJe-
JOBaTb 3a NnojieM. B npoTHBOMO/I0XKHOCTL 3TOMY 3J/IeKTPOHHAS NO-
JISIPH3YEMOCTb BCe ellle OCTaeTCsl HeH3MeHHOM BIJIOTb QO ONTHYe-
CKHX 4aCTOT, MOCKOJIbKY MHEPLHS 3JIeKTPOHOB MeHbIIle.

T
\«
!

§ 4. Jaexkrpudeckue noasn 8 nycrorax
duanexTpuka

Tenepb Mbl nepexoauM K HHTEPECHOMY, HO CJIOXHOMY BOIpPOCY
0 IH3JeKTPUYECKOH MPOHHLAEMOCTH MJOTHBLIX BellecTB. Bo3bMew,
HanpuMmep, XKUAKHUH TeJHil, HIN XUAKUH aproH, W/JW elle Kakoe-
HUOYIb HemoJspHOe BelllecTBO. MBI MO-peXHeMy OXHAaeM, 4TO
y HHX eCTb 3JIeKTPOHHAas nmoaspu3yemocTb. Ho B nioTHBIX cpenax
3HaueHHe P MoxeT ObITb Be/JHMKO, MO3TOMY B NOJe, AefiCTBYyIOlLee
Ha OTAe/bHbI aTOM, BKJal OyAeT NaBaTh NOJISIpH3allUs aTOMOB,
HaxoAfillUXc MO coceAcTBY. Bo3HHKaeT Bompoc, uyeMy paBHO
3JleKTpUYeCcKoe rnoJe, AefiCTBYIOllee Ha OTAEJNbHbBIH aTOM?
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Pue. 115. [Tosre enyrpu weau,
goLpe3annoli 8 OuaaeKTpuke, 3a-
sucur or ee opmol u opuenra-
yuu.

Boo6pasure, uto Mexay
NJacTHHaMH KOHJeHcaTopa
HaxoAuTcsl KHAKOCTb. Ec-
JU NJaCTHHBl 3apsiKeHHl,
OHHM CO37aAyT B XHAKOCTH
3JleKTpHueckoe mnose. Ho
KaxXIblH aTOM HMeeT 3a-
paabl, W nonaHoe mnoje E
ecTb CyMMa OGOHX 3THX
BKJag0B. JTO HCTHHHOE
31eKTPHYECKOE noJle B KHAKOCTH MeHsIeTCl  OYeHb-OYeHb
6bICTPO OT TOYKH K TouKe. OHO upe3BHIYAHHO BeJNHKO BHYTPH
aToOMOB, 0COGeHHO BGJIM3H SApa, H CPABHHTE/JBHO Majo MexXIy
aToMaMH. PasHOCTb MOTEHLHAJOB MeXAY NJAaCTHHAMH eCTb HHTe-
rpajg ot 3toro nosaHoro noas. Ecaum Mbl npeHe6GpexeM BceMu
OLICTPLIMH M3MeHEHHsIMH, TO MOXEeM MpeACTaBUTb ceGe HeKoe
cpednee anekTpuyeckoe nose E, pasHoe kKak pa3 V/d. (MMeHHo
3TO MoJle Mbl HCINOJIb30BAJK B Npeabiaylleil r1aBe.) JTO moJie Mbl
JO/IXKHBI ceGe NpeACTaB/sATb KaK CpellHee MO NPOCTPaAHCTBY, CO-
JepxKalleMy MHOTO aTOMOB.

Bbl MoxeTe moayMaTh, YTO «CPefHHH» aTOM B «CpPefHeM» MNO-
JIOJKEHHH NOYYBCTBYeT HMeHHO 3TO cpeiHee noJte. Ho Bce He Tak
NpoCTO, U B 3TOM MOXHO Y6elHTbCs, NPeJCTaBUB, YTO B AHI/IEKT-
pHKe HMeIOTCSl OTBepCTHA pa3Hoil ¢opMbl. [Tpeanonoxum, 4tTo Mbl
BbIpe3aJ/i B NOJSPU30BAHHOM JH3JeKTPHKE LeJb, OPHEHTHPOBaH-
Hy10 mapaaneabHo noaioo (¢ur. 11.5,a). Tlockoabky Mbl 3HaeM,
yto V X E =0, To auHeilnblii uurerpan ot E Baosap kpusoit T,
HanpaBJ/eHHOH TaK, KaK mokasaHo Ha ¢ur. 11.5,6, nomkeHn GbITh
paBeH HyJato. [losle BHYTpDH IleIH QO/MXKHO AaBaTh TaKOH BKJaf,
KOTOpHBIl B TOYHOCTH MOTacHT BKJaj or moJs BHe wWenaH. [TosaTomy
nose Eg B LeHTpe A/JHHHOI TOHKOMH IeaH paBHO E, T. e. cpeaHemy
3/1eKTPHYECKOMY NOJIIO, HAHJAEHHOMY B JH3JEKTpHKe.

PaccMoTpum Temepbp ApYyrylo iejb, NMOBEPHYTYIO CBOEH IIH-
pPOKoOil CTOpPOHO#H nepneHAuKyasipHo E (¢dur. 11.5,8). B atom cay-
yae nmose Eg B mwenn He coBnamaet ¢ E, moToMy uYTo Ha CTeHKax
IeNH BO3HHKAIOT MNOJsIpH3aLHOHHble 3apsiabl. [IpHMeHHB 3aKOH
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Iaycca k nosepxHoctu S, H3o6paxeHHo# Ha ¢ur. 11.5, 2, Mbl Ha-
X04HM, uTO noJie Ey 8HYyTpu ujeau naercst BolpaXKeHHEM

Ey=E++, (11.22)

roe E, KaR u paHblie, — 3JleKTpHUECKOe MNOJIe B JH3JEeKTPHKe.
(l'ayccoBa noBepXHOCTb OXBaTbiBaeT NOBEPXHOCTHBIH NOJsApH3a-
UHOHHBIH 3apAl Omox = P.) Mbl oTMeuaau B ra. 10, uto gE + P
yacTo o6o3HavaloT yepes D, nostomy gy = D, paBHO BenHuHHe
D B nuaneKTpHKe.

B paHHMI nepHOA HCTOPHHM (PH3HMKH, KOTrjJa CYHTAJNOCh OYeHb
BaXXHBIM ONpeJe/siTb KaXKAyl0 BeITHYHHY NPAMBIM 3KCIeDHMEHTOM,
¢H3HKH OblIM OYeHb JOBOJbLHBI, 0OHAPYXHB, UTO OHH MOTYT OmNpe-
JeJHUTh TO, YTO moHuMaloT noa E u D B au3/eKTpHKe, He noJasas
B TNpoOMexyTKax Mexay artomaMmH. CpenHee nosae E uHc/eHHO
paBHo moJaio Eg, H3MepeHHOMY B IlesH, nmapaaaenbHOH moailo. A
nosie D Mor/io 6bITh H3MepeHO ¢ noMolbio Ey, HalineHHO# B wWeaH,
neprneHAUKYJAspHOi nomo. Ho HHKTO 3TH moJas HHKOrja He H3Mme-
pAa (TakuM crnoco6OM BO BCKOM cJydae), TakK 4YTO 3TO OJHA M3
MHOTHX 6eCn/oAHbIX npobJem.

B 60/blIMHCTBE XKHAKOCTEH, He CAHIIKOM CJO0XHBIX N0 CBOEMY
CTPOEHHIO, KaXXAblii aTOM B CpeJHeM TaK OKpyXXeH ApPYruMil arto-
MaMH, 4TO MOXHO C XOpolleil TOYHOCTBIO CYHTATb €ro Haxons-
wuMca B cgepuueckol nosoctu. 1 torpa Mbl cnpocuM: «Yemy
paBHO noJse B chepHYecKoil noJjocTH?» MBI 3aMeyaeM, 4TO BbIpe-
3aHHe cdepuyecKoil ABIPKH B OQHOPOJHOM NOJIIPDH3OBAHHOM [H-
3JIeKTPHKEe PaBHOCHJILHO OTGpaCbIBAHHIO IIApHKa H3 MOJASIPH30-
BAHHOrO MaTepHaJa, TaK 4TO Mbl MOXeM OTBeTHTb Ha 3TOT BO-
npoc. (Mbl QOMXKHBI NpeaCcTaBHTb ceGe, YTO moasipH3aUus Oblia
«3aMOpOXeHa» N0 TOro, Kak Mbl BbIpe3aaH AbIpKy.) OpHako B
CHJY MNpHHUHNA CYMepnosHUHMHM MNoJe BHYTPH AH3JeKTpHKA, IO
TOro KaK OTTyAa OblJ BBIHYT LIapHK, eCTb CyMMa MmoJeil OoT Bcex
3apsnoB BHe oObeMa IapHKa M mnojaeil OT 3apANoB BHYTDH
noJisipu3oBaHHoro mapuka. CienoBaTesNbHO, €C/H MoJe BHYTPH

NN
S X
NN\

I

Due. 116. [Mose 8 ao6oii Touke A OussexkTpuKa MOMKHO
npedcrasutres 8 esude cymmol noan chepudeckol OvipKu U
noan cgepuueckozo exaadbLma.
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D ue. 117. Saekrpuueckoe noae
00HOPOOJHO NOAPUIVBAHHO20 1A=
flone dunons puka.

CHAPYKU

ONHOPOMHOTO JH3JEKTPHKA
Mbl Ha3oBeM E, To MoXHo
3anucaTthb

E= Enupxa + Emapm(;
(11.23)

rae Epsipka — noJie B AbIPKE,

! a Ewapax — nose B oqHopoa-

E P HO MO/NSIPH30BAHHOM ILIAPH-

: ke (¢ur. 11.6). IMoae onHo-

POAHO  NOJISIPH3OBAHHOTrO

IapHKa nokasaHo Ha ¢ur. 11.7. DnekTpuueckoe noje BHYTpPH
IapHKa OAHOPOJHO H PaBHO

Emapnk= - 3L80 . (11 .24)
C nowmowsio (11.23) nonyuaem
P
Ewpxa=E+3—80. (11.25)

Ilone B cdepuueckoit nosoctu Gosblile CpeAHEro noJs Ha BeJH-
uynHy P/3eo. (Cdepuyeckasn abipka gaeT noJe, Haxoasieecs Ha
/3 nyTH oT mosst mapaaJieJbHOH WeaH K MOJIO MeprneHauKyasip-
HOH LuesH.)

§ 5. Huarexrpuseckan nponuyaemocrs scudrxocreil;
¢opmyaa Kaaysuyca — Moccorru

B KHIKOCTH MBI OXHAAeM, YTO MOJe, NOASPH3YIOLlee OTAeb-
HBIH aToM, cKopee moxoxe Ha Epupxa, 4eM npocto Ha E. Ecau
B3:ITb Epmpka M3 (11.25) B KayecTBe noJisipusyiolero nonas, BXo-
asuwero B (11.6), To ypaBHenue (11.8) npuobperer BuA

P=Nag, (E+5-). (11.26)
HJIH v
a
P=T—_—(MSOE. (11.27)
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BcnoMuHas, yto x — | Kak pas paBHa P/eoE, nonyyaem

w—l=—e (11.28)

I — (Na/3)
YTO OnpefensieT AHINEKTPHYECKYI0 NMPOHHUAEMOCTb XKHAKOCTH X
yepe3 aTOMHYIO MOJASIpH3YeMOCTb o. DT0 ¢popmysa Karaysuyca —
Moccorru.

Ecmu Na oueHb Maso, Kak, HanpuMep, A/ raza (moToMy 4YTo
TaMm MaJa njaotHoctb N), 1o uneHoM Na/3 MOXHO npeHeGpeub no
CpaBHEHHIO ¢ 1, U Mbl MoJlyyaeM Hall CTapblil pe3y./bTaT — ypaB-
HeHue (11.9), T. e

% — 1= Na. (11.29)

[ aBaiite cpaBHuM ypaBHeHHe (11.28) c HekOTOpBIMH 3KcmepH-
MeHTaJ/JbHbIMH naHHbIMH. CHaya/ja CTOMT OGpaTHTbCA K rasam,
IJIT KOTOPbIX M3 H3MepeHHH X MOXHO C MOMOUIbIO YpaBHEHHA
(11.29) nafiTh 3HaueHue o. Tak, gasa aucyabbuaa yraepoaa npu
HyJ/IeBOil TeMmepaType no LIeJlbcmo NH3JIeKTPHYEeCKasi NpOHHIlae-
mocTb paBHa 1,0029, rak uto Na = 0,0029. I1noTHOCTDb rasa Jerko
BBIYHC/IMTb, @ MJOTHOCTb XKHAKOCTeH MOXHO HalTH B CHPaBOYHH-
Kax. [1pu 20°C noTHOCTH »kuakoro CS, B 381 pas Bhillle NJIOTHO-
cty rasa npu 0°C. dto 3Hauut, yto N B 381 pa3 Gosblie B xHuA-
KOCTH, YeM B rase, a oTcloga (ecJau ciejaTb [JONyuUleHHe, 4YTO
MCXONHasi aTOMHas NOJAPH3yeMOCTb AHCy/abdHAa yraepoma He
MeHsIeTCsl IPH er0 KOHJAEeHCALHH B XKHAKOe COCTOsIHKe) No B XKHI-
Koctu B 381 pas Goabue 0,0029, uau pasHo 1,11. 3aMeTbTe, uto
Na/3 cocraBasier noutu 0,4. C nOMOWIbK 3THX YHCeJ MBI Mpen-
CKa3blBaeM, YTO BeJIMYHHA [JHIJEKTPHUYECKOH NPOHHILAEMOCTH paB-
Ha 2,76, YTO [JOCTAaTOYHO XOPOLIO COrJacyercsi ¢ HalJI0JeHHBIM
3HaueHHeM 2,64.

B ta6a. 11.1 Mbl npHBOAUM P IKCNEPHUMEHTAJbHBIX JaHHBIX
no pa3HbIM BellleCTBaM, a TaKXe 3HAUEeHHS [AH3JeKTPHUECKOH

Tabauya 11.1 @  BBIYHUCIEHUE JAW3JIEKTPHYECKOM IMPOHHULIAEMOCTH
JKUIKOCTEM M3 JUSJIEKTPUYECKOM IMPOHHLAEMOCTH

TA3A
Ta3 XXugkocts

B g g g 3

el ecTso g g = 2
£ g g g s | 8
g S| E 5| 2| £ 2
CS, 1,0029 0,0029 0,00339 | 1,293 | 38l I,11 2,76 12,64

A 1,000523 | 0,000523| 0,00143 | 1,19 832 | 0,435 | 1,509 | 1,507

CCly 1,0030 0,0030 0,00489 | 1,59 325 | 0,977 | 2,45 |2,24
Ar 1,000545 [ 0,000545| 0,00178 | 1,44 810 | 0,441 | 1,517 1,54

* InotHocTb xUaAKOCTH/[IAOTHOCTD rasa.
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NPOHHLAEMOCTH, BBIYHCJAEHHOH, KaK TOJNBKO 4YTO OBIIO OMHCAHO,
no ¢opmyne (11.28). Cornacue Mexay ONBITOM H TeOpHell A
aproHa M Kucaopoga paxe Jayquwe, yeM aas CS,, u He cTOsb XO-
polilee A5 YeTBIPEXXJODHCTOro yriepoaa. B uenom pesyabTaThl
NnoKa3bBaloT, uTO0 ypaBHeHHe (11.28) paGoraer c xopouleit TOy-
HOCTbIO.

Haw BuiBon ypaBHeHnus (11.28) cnpaBedyMB TONBLKO /51 4€K-
TPOHHOL NOJAAPHU3ALUH B XKHUAKOCTAX. [/ MONSIPHBIX MOJEKyJ
Bpoge H,O oH HeBepen. Ecan npoBecTH TakHe e BBIYHCJ/IEHHS
A5 BOAbl, TO AJs1 Now nojayynm 3HayeHHue 13,2, yTO O3Hayaert, yTo
JIH3/JeKTpHYeCKash NPOHHLAEMOCTb 3TOH XHIKOCTH OTPUYATEAbHA,
TOraa Kak ONbITHOe 3HaueHHe x paBHO 80. [eso 3pech CBA3aHO
C HeMpaBHJbLHOH TPAKTOBKOH NOCTOSIHHBIX aunoJei, 1 OH3arep
yKasaJsl npaBHJ/bHBI cnoco6 perleHus. MbBl He MOXeM ceffyac
OCTaHABJAHBATbLCA Ha 3TOM BONpOCe, HO eCJH OH Bac HHTepecyeT,
TO noapo6HO 3TO o6cyxKpaerca B KHHre Kutrens «Bsenenue B
¢$HU3HMKY TBepaoOro tenas *.

§ 6. Teepdvie dusarexTpuxu

O6patumcs Temepb K TBepAbIM TejaM. [lepBEIfi HHTepecHbI
¢ aKT OTHOCHTEJNbHO TBEPABIX TeJ 3aK/AIOYaeTcsl B TOM, UTO Y HHX
ObiBaeT MOCTOSIHHASl MOJsAPH3allusdg, KOTOpas CyLIeCTBYeT maaxe
1 Ge3 MpHJIOXKEHHS BHeLIHero sJjeKTpuHueckKoro noas. Ilpumeps
MOXHO HaiiTH y BellecTB THMA BOCKA, KOTOPBIH CONEPXKHT AJMHH-
Hble MOJIeKYJbl C MOCTOSIHHBIM JHNOJbHbIM MOMeHTOM. Ecan pac-
TONMHTb HEMHOTO BOCKY M, OKa OH ellle He 3aTBepreJ, HAJOXKHTb
Ha Hero CHJ/bHOe 3JeKTpHYeCKoe MoJie, YTOOb JUNOJbHbIE MOMEHTHI
YaCTHYHO BBLICTPOMJ/IMCH, TO OHHM OCTAHYTCS B TAKOM MOJOXEHHH
H [ocJle TOro, Kak BOCK 3aTBepaeeT. TBepaoe BelllecTBO 6yner
o6J1aaTb MOCTOSIHHON moJsipH3alllHell, KoTopasi OCTaeTcsi U B OT-
cyTcTBHe moasi. Takoe BelleCTBO Ha3bIBAeTCS 31€KTPETOM.

Ha noBepxHOCTH 3/1eKTpeTa pacno/ioXeHbl NOCTOSIHHbIE MO0JA-
pH3aLHOHHbBIE 3apAabl. DJEKTPET NPEACTABASET COGOH 3JEKTPH-
YecKHH aHaJ/JOr MarHUTa, OAHAKO MOJIb3bl OT HEero ropa3fo MeHb-
e, MOTOMY YTO CBOGOAHbIE 3apsiibl BO3AyXa MPHUTATMBAIOTCH K
€ro MOBEPXHOCTH M B KOHIe KOHLOB HeHTpa/H3ylOT noaspu3a-
LIHOHHbIE 3apsAabl. DJEKTPET «pa3psxKaercsd» H 3aMeTHOrO BHell-
Hero noJisg He co3iaer.

[TocrosiHHast BHYTpeHHsA mosasipu3auusi P BcTpeuaercs U y He-
KOTOPBIX KPHCTAJ/L/IHYeCKHX BelleCTB. B TakuX KpHucTajjax Kax-
nasi sJeMeHTapHas sueiika pelleTKH o6GJaflaeT OJHMUM U TeM Xe
NOCTOSIHHBIM AHMNONbLHBIM MoMeHTOM (¢ur. 11.8). Bce aunoau

* Hmeerca nepesoa: Y. KuTTeann, «Bpesende B ¢u3uky TBepmoro
Tena», M, 1962. — f1pu.u. ped.
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HanpasJ/leHbl B OHY CTOPOHY Ja)Ke B OTCYTCTBHE 3JI€KTPHYECKOro
nossi. MHOrHe CJI0XHble KPHCTaJJbl 06/1afal0T TaKoH MOJsipH3a-
uued; o6bIYHO Mbl 3TOTO He 3aMeyaeM, MOTOMY YTO CO3/laBaeMoe
MMH BHElIHee 1oJie, KaK H Y 9/1eKTPeTOB, Pa3psKaeTcsl.

Ecsn, oaHako, BHYTpeHHHe QHMNOJbHBIE MOMEHTBI KpHCTasaa
MEHSIOTCA, TO BHellHee MOJe CTAHOBUTCA 3aMETHBIM, NMOTOMY 4YTO
671y 1alol e 3apsAabl He YCNeBaloT co6paThcs H HEHTPAIH30BaTh
no/iIipu3alHOHHble 3apsabl. Ec/aM QM3/1eKTPUK HAXOAHTCA B KOH-
JeHcaTtope, CBOGGAHbBIE 3apsiibl HHAYLUHPYIOTCA Ha 3JeKTpoaax.
MoMeHTBl MOT'YT, HanpHMep, H3MEHHTbCS BCJEACTBHE TENJIOBOrO
paclUIMpeHHUsl, ecJd HarpeTb AH3JeKTpHK. Takoilt sp¢ekt Hasbl-
Baercs NuUpoIAeKTpU4ecT8oM. AHAJIOTMYHO, eCJH MEHSITb Hamnps-
XKeHHs B KpHCTasje, cKaxeM, crufas ero, To MOMEHT MOXeT
CHOBa HEMHOIO H3MEHMTBCH, U TOrAa OGHapyXHUTCA caabblil aJek-
TpUYeCKHll 3¢ (eKT, Ha3biBaeMblil Nbe3031eKTPU4ECTEOM.

Hns Kpucraanos, He 06JafaloIIHX MOCTOHHBIM MOMEHTOM,
MOXHO DPa3BHTb TEOPHIO AHM3JEKTPHUECKOH NPOHHUAEMOCTH, KyJa
BKJ/IIOYaeTcsl 3JeKTPOHHAsl NOJsIpU3yeMOCTb aToMmoB. [lenaertcs
3TO NMOYTH TaK Xe, Kak Aas Xuakocrell. Hekotopble KpucTanabl
MMeOT BHYTPEeHHHe MOMEHTbl, W BpallleHHe HX TaKXXe BHOCHUT
BK/Iajd B x. B MOHHBIX KpHcTa/naX, Takux, kak NaCl, Bo3HHKaeT
TaKXXe UOHHAA NnoAApu3yemocTs. KpucTaaa COCTOMT M3 MOJIOXKH-
TeJbHBIX H OTPHLATEJNbHbIX HOHOB, PACMOJIOXKEHHbIX B LIAXMAaTHOM
HOPSIKE, U B 3/1IeKTPHYECKOM M0JIe NOJ0XKHTEIbHble HOHBI TAHYTCS
B OJHY CTOPOHY, a OTpHUAaTeJbHble —B ADYrylo; BO3HHKaeT pe-
3yJbTHPYIOILlee CMelLlleHHe NMOJIOXHTEJNbHbBIX H OTPHUATENbHBIX 3a-
pPAAOB, a cJefoBaTe/bHO, U o6beMHas moaspu3aunus. Mbl MOrM
Gbl OLLEHHTb BEJHYHHY MOHHOI MOJIIPH3YEMOCTH, 3Hasl XECTKOCTb
KPHCTAJJIOB COJH, HO Mbl He GyaeM ceffyac OCTaHaBJHBaTbCA Ha
3TOM BOMpOCE.

4@,

s W ®
sOROREO

Ol ®
s ORO

cXe] @@ .
_ ®® @D .
Due 118. Crcxmuas xKpucraa-
AULECKAR peuwieTka MooceT
UMET6 HOCTORKHY IO BHYTPEHHION ClICARCICARCICARCICREC)E

roaapusayuro P. - -
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§ 7. Ceeneroanexrpusecreo; ruranar 6apus

Mpbr onuumeM 3pech 0cOObIH K/acc KpPHCTaJ/IO0B, KOTOpHIE,
MOXHO CKa3aTb, NMOYTH CJAYy4YaHHO 06/1afalOT «BCTPOEHHBIM» IO-
CTOSIHHBIM 3J/1eKTPHYeCKUM MoMeHTOM. CHTyalHsl 3[1eCb HAaCTOJb-
KO KDHTHYHa, 4YTO, €C/H CJlerka yBe/HYHTb TeMMepaTypy Bbille
HeKOTOpPOH, KPHCTaJ/1 3TOr0 KJjacca COBCeM NnoTepsieT NOCTOSAHHBIN
moMeHT. C Apyroil CTOpOHEI, eC/i CTPYKTypa KpuUcTaaaa 6/aH3Ka
K KyOHYecKOH, TaK YTO 3JIeKTpHYeCKHe MOMEHTHl MOTryT pacno-
JlaraTbCsl B Pa3HbIX HampaBJ/eHHAX, MOXHO OOHApYXHTb 6OJblIHe
H3MeHeHHs1 MOJIHOTO MOMeHTa MNpH H3MeHeHHH NPHJIOXKEHHCTO
3/IeKTPHYeCKOro moJsi. Bce MOMEHTBI nepeBepTLIBAIOTCA B Ha-
npaBJieHHH MOJsl, H Mbl noJydaem Goabwol sddekrt. BetecTsa,
ob6sanaroiine Takoro posa NOCTOSHHBIM MOMEHTOM, HasblBalOTCS
cecHeTOodNeKTpuKamu *,

Mbl xoTenu Gbl OGBSICHHTL MeXaHU3M CerHeTO3JIeKTpHYecTBa
Ha 4aCTHOM NpHuMepe KaKoro-HuGy b CerHeToaJeKTpPHYECKOro Ma-
Tepuaja. CerHeTos/eKTpHuecKHe CBOHCTBA MOTYT BO3HHKAaTh He-
CKOJIbKHMH NYTAMH; OAHAKO Mbl pa3fepeM TOJIbKO OQHH H3 HHX
Ha NpuMepe TauHCTBeHHOro THraHata Gapus (BaTiO;). 1o Be-
1ecTBO 0o6JafaeT KPUCTAJJHYECKOH pelleTKON, OCHOBHAas s4yeli-
Ka Kotoporo usoGpaxeHa Ha ¢ur. 11.9. Oxka3biBaeTcs, UTO Bhille
HekoTopoit Temneparypel (a umenno 118°C) tutanar Gapus —
OObLIYHBIA AH3JEKTPHK C OTPOMHOM AH3JEKTPHYECKOH NpOHHIIae-
MOCTbIO, @ HIKe 3TOH TeMNepaTyphbl OH HEOXHAAHHO NpHoOpeTaeT
NOCTOAHHBIH MOMEHT.

ITpu BbIUHCTEHHH NONAPH3aLMH TBEPABIX TeJ Mbl JOKHBI CHA-
yajla HaWTH JIOKaJbHble MOJSI B Ka’KJOH 3/7eMeHTapHO# fueike.
Ilpuuem p/151 3TOro HYXKHO BBECTH NOJS CaMOil MOJIsPU3aLHH, KaK
3TO Jenajoch B cayyae XKHAKOCTH. Ho KpucTala — He ogHOpOA-
Hasl 2KHAKOCTb, TAK YTO Mbl He MOXEM B3ATb B KauecTBe JIOKaJ/lb-
HOTrO MoJsl TO, 4TO Mbl HAalIJIH B cepuyeckoil abipe. Ecau Mbl cne-
JaeM 3TO OJIsl KPHCTaJ/ja, TO OKaXeTcs, YTO MHOXHTeJb 3 B
ypaBHeHuu (11.24) cnerka usmeHutcs, Ho HeHamHoro. (asa mpo-
CTOro KyGHYeCKOro KpHCTaj/a OH paBeH B TouHOocTH !/3.) Ilo-
3TOMY NpPeANoJNOXHM B HalleM NPeABAPHTeIbHOM OOGCYXIEeHHH,
YTO 3TOT MHOXHTeAb Aasi BaTiO; geiicTBUTeNbHO paBeH !/s.

Hanee, xorna mMbl nucanu ypaBHenue (11.28), BaM, HaBepHoe,
ObL10 MHTEPECHO 3HaTb, YTO CJAY4HTCA, ecau Neo cTaHeT GoJblue 3.
Ha nepBuiit B3rasig BelUYHHA % AO/MKHA Obl CTaTh OTpPHLATE/b-
Ho#i. Ho Takoro HaBepHsika HC MoxeT ObiThb. IlocmoTpum, yTO
npou3oiijier, ecqd B KaKOM-HHOYAb onpenej]eHHOM KpHCTaJJe Mo-

* Ilo-aHTIHIICKH CcerHeTO3AeKTPHYecTBO Ha3miBaeTcs ferroelectricity( dep-
DPO3MEKTP HYECTBO); 2TOT TePMHUH BO3HMK MO aHAaMOTHH ¢ (eppoMarHeTH3IMOM:
HaJIHYyHe CMOHTAHHOrO MOMEHTa (3JMEKTPHYECKOro B CerHeTa3JeKTPHKax, Mar-
HHTHOTO B ¢eppoMarHeTHKax), ToukH KiopH, rucrepesuca u 1. n. Onnaxo ¢usu-
uecKass MPUPOAA STHX TFPYNN SABJEHHI COBepLIeHHO pasiuuHa. — [put. ped.
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Due. 11.9. Saemenrapran
aqeiixa BaTiO;.

ATOMbL 8 OelcCTBUTEAbHOCTU 30 0A-
HAOT 604bWYI0 4ACTb NPOCTPAHCTBA;
noKaszanvl TOABKO nNOAONHEHUA ux
YeHT poa.

CTeneHHO yBeJMYHBAaThb 3Ha-
uyeHue «. [lo mepe pocta o
pacTeT M moaspH3alMs, CO-
31aBas GoJblilee 10KaJJAbHOE
none. Ho yBennuuBueecs
JIOKaJ/IbHOe TMoJie  3anoJs-
pusyet atom eue GoJblile,

A+ 2+ 2~
JOMOJIHUTE/ILHO  YCHJIHBas oTi O Ba ZN)
caMO  JIOKa/JbHOe  ToOJe,
Ecan atombl gocTaTouHO
«MOJAaTAUBLI», MpoOlUecc MNpPOAOJJIKAaeTCsd; BO3HHKAeT  CBOEro
poma oGpaTHas CBs3b, NpHBOAsWlAs K Ge3yNepKHOMY POCTY
noasipu3auuu (ecau NpeanoJoXKHTb, YTO MOJSPH3aUHUS KaXAOTO
aToMa yBe/JHYHBAeTCs NMPOMOPLUHOHAIbHO MOJIO). YC/NI0BHe «pas-
roHa» BosHuxaeT npu No = 3. [lonsipusauusi, KoHeuHo, He OG-
pamaercd B GeCKOHEYHOCTb, IIOTOMY YTO MpPH CHJbHBIX MOJAX
NPONOPLUHOHANLHOCTb MEXAY HHAYUHPOBAHHbIM MOMEHTOM H
3/MeKTPHYECKHM [OJIeEM HapyulaeTcd, TaK 4TO Hamu (opmyJabl
CTAHOBATCA HeNpaBHJbHBLIMHU. A MoJydyaeTcsl TO, 4TO B peLIETKY,
0Ka3blBaeTcsi, «BCTPOeHa» GoJblasi BHYTPEHHSAT CaMONpPOH3BOJIb-
Has noJsipu3auus.

B cayuae BaTiO; Bno6aBoK K 3/eKTPOHHOH NOJsIpH3aLlHH
HMeeTcsl JOBOJIbHO 60./bllasi HOHHAf NoJspu3auus, oOycJ/0BJeH-
Hasl, KaK IpeanoJaraioT, HOHaMH THTaHa, KOTOpble MOTYT cJlerka
CABHraTbCsi BHYTPH KyOHuecKoH pemeTku. Pelerka compoTus-
JaseTcst GOMbIIUM CMelleHHsIM, TaK YTO MOH THTaHa, nepeMecTHB-
IIKCh Ha He(OJ/bIIOE PACCTOsIHHE, 3aTOPMa*KHBaeTC M OCTAHAB-
auBaetrca. Ho rtorpa y Kpucranamdeckoit peweTkd o6pasyeTtcs
NOCTOSIHHBIA AHMONbHBIH MOMEHT.

Y GOoNbLIHHCTBA CETHeTO3/JeKTPHUECKHX KPHCTaMJNOB TaKas
CHTYyalHsl NeHCTBHTENbHO BO3HHKAET MPH BCeX NOCTHXHMbBIX TeM-
nepatypax. OnHako TuTaHat 6apus mpeacTaBasieT OCOOLIl HHTe-
pec: OH TaK Je1MKaTHO YCTPOeH, YTO NpH MaJjelleM yMeHblie-
HUM No MoMeHT «BbicBOGoxaaercsi». [Tockombky N ¢ nosbiue-
HMeM TeMNepaTypbl yMeHbluaeTcs (BcaeacTBHe TemJoOBOro pac-
LIHPEeHHs), TO MOXHO H3MeHATb No, MeHss Temnepatypy. Huxe
KPHUTHYECKOH TeMmepaTypbl MOMeHT cpa3y o6pasyeTcs, U TOraa,
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HaKJaablBasi BHelIHee MoOJe, MOAAPH3AUMIO JErKo NMOBEPHYTb U
3aKpenuTb B HY>KHOM HampaBJIeHHH.

ITonpo6yem paso6paTbcst B mpoucxoasiuieM 6oJee MOAPOGHO.
HasoBem Kpurtuueckoit Temnepatypy I, npu KoTtopoii No. paBHO
B TouyHocTH 3. Ilpu yBeauyeHHH TemnepaTypbl 3HaueHHe N He-
MHOTO YMeHbllaeTcsl BCJAeACTBHe paclliupeHHs peleTkH. ITockoub-
Ky pacluMpeHHe MaJjlo, MbI MOXE€M CKa3aTb, YTO BOJIM3H KPHTH-
YeCKOH TeMmepaTyphl

No=3—p(T —T,), (11.30)
rae Pp— ma/nasi KOHCTAHTa, TOTO Ke MOPsiJKAa BeJHYHHBI, YTO H
KO3Q]HUHEHT TemoBOro pacliHpeHus, T. e. oOKoao 10-5—
— 1076 2paod-1. IoacraBass ato B BeipaxeHue (11.28), noayyaem

3—B(T —T,)

n— ="

B(T —T¢)3

[Tockoabky Mbl cuntaem Beauunny B (T — T.) maJaoil no cpas-
HEHHIO C e[lHHHIlell, MOXKHO 3anucaTb NPHOAHKEHHO

9
K—lzm. (11.31)

DTO, KOHeYHO, crpaBelauBO ToAbKO aas T > T.. Mbl BHAUM,
YTO eC/JM TeMmepaTypa 4YyThb Bbillle KPHUTHYECKOH, TO BeJHYHHA
% orpoMHa. M3-3a toro, utro No Tak 6JM3KO K 3, BO3HHKaeT rpo-
MaaHblil 30 deKT ycuaeHHs W AM3JIeKTpPHYeCKaji NMPOHHLAEMOCTb
Jgerko gocruraer BeauuuHsl oT 50000 go 100000. OHa TOXKe Bechb-
Ma 4YyBCTBMTeJbHa K TeMnepatype. I[Ipu yBennueHuu Temnepa-
TYpbl AM3JeKTpHYecKash NMPOHHLAEMOCTb YyMeHbllaercsi 0OGpaTHO
NpONOpUHOHAJIbHO TeMnepaType, HO B OTJIHYHE OT JHNOJBHOTO
rasa, rge pasHocTb x — | o6paTHO MpomnopuUHOHAJ/bHA abCOANT-
HOU TeMnepaType, Y CErHETO3JeKTPHKOB OHa MeHsieTCsi 06paTHO
NPONOPUHOHANbHO Pa3HOCTH MeXAY aGCOJMIOTHOH H KPHTHYECKOM
TeMIepaTypaMH (3TOT 3aKOH Ha3biBaeTcs 3axkoHom Kropu—
Beiicca).

UTo moJyuaercs, KOrja Mbl MOHHXKaeM TeMNepaTypy AO KpH-
THYyecKoro 3HaueHus? Ecan KpHcTaannyecKasi peumreTka COCTOMT
U3 3JeMeHTapHbIX fAYeeK Buia, n3o6paxeHHoro Ha ¢ur. 11.9, To,
OUYEeBHJHO, MOXHO BbIGPATb LENOYKH HOHOB BJO/b BePTHKAJbHBIX
auHui. OQHa M3 HUX COCTOHT MONepeMeHHO M3 HOHOB KHcCJ0poaa
¥ THTaHa. MIMeloTcsl W Apyrue LenoykH, cocrosimue JHGO H3 HO-
HOB Gapus, JUGO M3 HOHOB KHCJOPOAA, HO PaCCTOSIHHS MeXQy
HOHAaMH BAOJb TaKHX JHHHH OKasbiBaoTcs GoJgbuie. Hcnosab-
3yeM MNpoCTyI0 MoJenb, BOOOPa3HB psil HOHHBIX LEMNOYeK
(¢ur. 11.10,a). Broab nenoykd, KOTOPYIO Mbl 11a30BeM TJIaBHOI,
paccTosiHie MeXAY HOHaMH PaBHO @, YTO COCTABJSET NOAOBUHY
NOCTOSIHHON peLIeTKH; NOnepeyHOe PacCTOSAHHE MeXAYy OQHHAKO-
BbIMH LleMOYKaMHU paBHO 2a. B mnpoMmexyTke HMelOTcs MeHee
NJIOTHbIe LEeNOYKH, KOTOpble Mbl NMOKa He O6ydeM paccMaTpHBAaTh.
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UTo6el HEMHOrO YMPOCTHUTHL HAlll aHAMHU3,
NpeAnoJIoXKHM elle, YTO BCe HOHBI IJaB-
HOM 11eNOYKH OIMHAKOBHL (YMpolleHHe He
OYeHb 3HayHuTe/bHOE, MOTOMY UTO BCe
BaxKHble 3 deKkThl ellle ocTaHYTcs. ITO
NPOCTO OJHAa H3 XHUTPOCTeHl TeopeTHue-
ckoit ¢usuku. CHayaja pelwalT BHAO-
H3MeHeHHYI0 3ajauy, MOTOMY 4YTO TaK B
nepBHIfl pa3 ee Jerye MOHsATb, a 3aTeM,
pa3o6paBuIHCh, KaK BCe MPOHCXOAMT,
BHOCSAT BCe YCJIOXHEHHS.)

[TonpoGyem Tenepb BBLIICHHTb, 4YTO
OydeT NpoUCXOAMTb B Hallell Mojean.
[TpeanonoxuM, 4TO OUNOJBHBIH MOMEHT
KaXJ0ro MOHA paBeH p, U NYCTb Mbl XO-
THM BBIYHCJIHTb MoJe BOJHM3H OLHOTO H3
HOHOB B lenouyke. Mbl AOMXKHB HAaHTH
CyMMY noJiefi OT BCeX OCTaJIbHbIX HOHOB.
CHauyaJsla BBIYHCJAMM MOJe OT AMNoJeH
TOJIbKO B OJHOH BepPTHKaJbHOH LenoukKe;
006 OCTaJbHBIX lleNOoYKax NOroBOPHUM MO3-
iKe. [lose HA pacCTOSIHUHU r OT JAUMOJA B
HanpaBJ/leHHH BAOJIb €ro ocH gaercs ¢op-
MyJ0i |

— 2p
= Tnes 17 (11.32)

Insi Touku B6AM3H NI060T0 HOHA NpoO-
YyMe JMNOJH, PACNOJNOXeHHble HAa OAHHA-
KOBOM pacCTOSIHUH KBepXy H KHH3Y OT
Hero, JalT NoJs B OLHOM H TOM Xe Ha-
npaBJ/ieHHH, NOITOMY A/As1 BCeH LeMoukH
noJyyaem

Euenoqna=
__Pr 2 2,2 4,2 _
" 4ng, ad (2+—é_+ 27 +G4 + )_
0,383
= (1133

He npencrasJisieT 60Jb1I0ro Tpyaa noka-
3aTh, 4TO ecau Obl Hama Mofeab Gblna
nofo6Ha KyGHUeCKOMY KpHCTaaly, T. €.
ecsu Obl cJenyiollast HAeHTHYHAsl JHHHUSA
NpOXoAu/Ja Ha pPACCTOSIHUH @, YHCJO
0,383 npespatusoch 6b B '/3 (~0,333).
IlpyruMH cJI0BaMH, ec/IH 6bl COCeHHe JH-
HHH TNpPOXOJHMJH Ha PAacCTOSIHHH @, OHH

R R

—O

- OB O O ——O->

2a

¢

—O

—e->—e->—e—>

Modearu

7]
Due 11.10.
Ce2HeTo3AeKT puKa.

a — QHTUCE2HETOINEKTPUK ;
6 — HOpMaAbHbLL Ce2HeTOoIneK=

TpuK.
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BHOCHJ/IH Obl B Haly cymmy Bcero aHwb — 0,050. OgHako caenyio-
masi rj1aBHas 1eNnoYyKa, KOTOPYIO Mbl PAacCMOTPHM, HaXOQMTCSl Ha
paccTosiHUM 2a, M, KaK Bbl NOMHHTe H3 IJ. 7, moJe, CO3laBaeMoe
nepHOAHYECKOH CTPYKTYpOHi, CnafaeT ¢ PacCTOSIHHEM 3KCIOHeH-
unaabHo. [To3TOMYy 3TH JHMHHM BHOCAT B CYMMY ropa3fo MeHb-
me— 0,050, ¥ MBI MOXeM mnpocTo npeHeGpeub BCEMH OCTaJlb-
HBIMH LleNoYKaMH.

Tenepb HYXHO BBISICHHTb, KaKOBa AOJIKIIA ObITb MOJsAPH3Ye-
MOCTb o, YTOObl MPHBECTH B JeficTBHe MeXaHH3M pasroHa. Ilpen-
NOJIOXKHM, 4TO HHAYUHPOBAaHHBIH MOMEHT p KaXXAOro aToma lie-
NMOYKH B COOTBETCTBHH C ypaBHeHHeM (11.6) npomopuuoHaneH
JdeficTByouleMy Ha Hero noJwo. ITosasipusyioulee noJe, peHcTBYIO-
mee Ha aToM, Mbl noaydaeM H3 Eyepouxa € NOMOLIBIO GHOPMYJIbI
(11.32). Utak, Mbl HMeeM ABa ypaBHeHHS:

p = a&yEuenouxa
H
0,383 p

Etenoua = e ?3'
HMmerorcs nBa pemenus: Korga £ u p o6a paBHBI HYJIO H Korja
E ¥ p He paBHBI HYJIIO, HO NPH YCJAOBHH, 4TO

ad

0,383 *
Takum oGpa3om, ecau o aocTuraer peaunuuHb a®/0,383, ycranas-
JIMBAaeTCs IOCTOSIHHAsl NoOJsipH3allusi, MNoAJdepXKHBaeMas CBOUM
COGCTBEHHBIM MOJeM. DTO KPHTHUYECKOEe PaBEHCTBO AOJIKHO [0-
CTHraThCsl A/ TUTaHaTa Gapusi Kak pa3 npH Temnepatype Te.
(3amertbTe, UTO ecau Gbl MONSIPH3YEMOCTb o Obla1a GOJiblile KPHTH-
YeCKOro 3HayeHHs A/ C/1abblX NOJel, TO OHAa YMeHbIUHTCS NpH
6OJIbIIMX MOMSX H B TOUKE PaBHOBECHS YCTAHOBHTCS MOJYYeHHOe
HaMH paBeHCTBO.)

Hass BaTiO3 npomexyTtok a paBed 2-10~% cm, mostomy Mbi
JO/XKHBI OXHMAAaTh 3HaueHHs o — 21,8:10~2¢ cud. Mb MoXeM
CPaBHHUTb 3Ty BEeJHYMHY C H3BECTHBHIMHM BeJHYHHAMH NOJsSIpH3Ye-
MOCTH OTAeNbHbIX aToMmoB. as kucaopoma a = 30,2-10-24 cmsd,
(Mbl Ha BepHoM nytu!) Ho ans turaHa o = 2,4-1072 cmd.
(Caunwkom Majo.) B Haulelt Mogenn HaM, BUAHMO, c/lelyeT B3SThb
cpeaHee. (Mbl MorJu Obl pacCYMTAaTb CHOBA LEMOYKY AJs Mepe-
MEX alOLUIHXCS aTOMOB, HO pe3y/abTaT Gbin Gbl NOYTH TaKOH XKe.)
Hrak, acpens = 16,3-10~2% cm3, 4TO HeJOCTATOYHO BEJIMKO A
YCTAHOBJIEHHS NOCTOSIHHON NOJISIpPH3allHH.

Ho nopoxaure! Mbl Beab N0 CHX NOp CKJIAaAbIBAa/JIH TOJABKO
3JIEKTPOHHbIE MOJSPU3YEMOCTH. A eCTb ellle H MOHHAs MOJIsipH3a-
IHs, BO3HHKAlOLas H3-3a CMellleHHs1 HOHa THTaHa. OAHaKo no-
TpeGyeTcsi HOHHAS MOJASAPH3YEeMOCTb BeauuuHoit 9,2-10-24 cmd.
(Bosnee TouHOe BHIUMC/EHHE C Y4eTOM MepeMeXKaIoUIHXCsl aTOMOB
NoKas3bIBaeT, 4YTO Ha caMoM jJeJe TpeGyercs aaxe 11,9-10-24cud).
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Uto6bl noHsitb cBoiictBa BaTiOj, Mbl AOJXKHBI MPEANOJOXKHT,
4YTO BO3HHKAaeT MMeHHO TaKas HOHHas MOJSIpH3YeMOCTb.

[ToueMy HOH THTaHa B THTaHaTe GapHsi HMeET CTOJMbL GOMbLIYIO
HOHHYIO MOJSPH3yeMOCTb, HeH3BeCTHO. BoJjiee TOro, HenoHsITHO,
noyemMy MNpH MeHbIIHX TeMnepaTypax OH MOJAPH3yeTC OJMHA-
KOBO XOpOILO M B HanpaBJleHHH AHAroHa/ju Kyb6a M B HampasJje-
HUHW [UaroHaJ/u rpaHu. Ecau Mbl BbIYHCAUM AeHCTBHUTE/bHbIE pas-
Mepbl 1apuKoB Ha ¢ur. 11.9 u nonpobGyeM HaifiTH, OOCTAaTOYHO
JH CBOGOJHO THTaH [epXKHTCsl B KOpoOKe, 06pa30BaHHOll cocel-
HHUMH aTOMaMH KHcJopoAa (a 3TOro XoTejoch Obl, MOTOMY 4TO
Torga ero Golo Obl JIETKO CABHHYThL), TO MOJYYHTCS COBCEM MpO-
THBOMOJIOXKHBIH 0TBeT. OH CHAHT OYeHb MJAOTHO. ATOMBI 6Gapus
JepXKaTcsd HaMHOro cCBOOOJHee, HO €C/IH CYHTATb, YTO 3TO OHH
NBHXKYTCSl, TO HHYero He mnoJayuyutcsl. Tak 4To, KaK BHIHTe BO-
NpOC COBCEM He $SICEH; OCTAIOTCs ellle 3arajkH, KOTOpble OYeHb
XoTeJioch 6Bl pasragarh.

Bo3Bpamasch K Hawel npocroii mogean (cMm. ¢ur. 11.10,a),
Mbl BUIHM, YTO MOJEe OT OJHOH LEeNnoYKH OyaeT BbI3bIBAaTh MOJSIPH-
3aLHI0 COCeIHEN LENOYKH B NPOTUBONOAONHOM HANPABAEHUU. DTO
3HAYHT, YTO, XOTA Kaxjad lenoyka OyaeT 3aMOpOXKeHa, Mo-
CTOSIHHAsl MOJiApH3alHs B efHHHLe o6beMa GyaeT paBHa HyJio!
(BHewHHe 3/eKTpHUYECKHe MPOSIBAEHHS TYT He BO3HHKAH Obl, HO
MOXHO Oblj10 Obl HaGJOaaTh onpenejeHHble TePMOAMHAMHYECKHe
3¢pdekTh.) Takue cHCTeMbl CYLIECTBYIOT M Ha3bIBAIOTCA OHHU aH-
TuceeHeroarekTpukamu. IlosaTomy Hame o6bscHeHHe GaKTHYECKH
OTHOCHJ/IOCh K aHTHCerHeTos/jekTpukaM. OQHaKoO B JelCTBHTeJb-
HOCTH THTaHAT GapHusl YCTPOEeH OueHb MOXOXe Ha TO, YTO M3006pa-
)KeHo Ha ¢ur. 11.10,6. Bce KHC/IOpPOAO-THTAHOBbIE LENOYKH roO-
JSIpH30BaHbl B OJHOM HaNpaBJleHHH, NOTOMY YTO MeXAY HHMH
NOMelATCsA NPOMeXYTOUHble [1eNOYKH aToMoB. XOTs aTOMbl B
3THX Lenoykax IMoJsIpH30BaHbl He OYeHb CHJIBHO M He OYeHb
TEeCHO PacnoJloXKeHbl, OHH BCce-TaKH OyLYT HEMHOIrO NOJ/sIpH30BaHbI
B HampaBJ/leHHH, AHTHUNApaJ//elbHOM KHCJAOPOAO-THTAHOBBIM Iie-
noukaM. HeGonbuine noasi, cosgaBaemble y cJaefylouiell KHCJIO-
pONO-TUTAHOBOH LEMOYKH, 3aCTaBAT ee MOJiIPH30BaThCA MapaJ-
nenbHo nepBoil. [Toatomy BaTiO; Ha camoM pene cerHeTO3JeKT-
PHK, M MPOH3011I10 3TO GJaaronapst aToMaM, HaXOASIHUMCS B Npo-
MexXyTKe. Bol MoXeTe crnpocuTb: «A 4YTO Xe mosydyaercss ¢ mps-
MBIM B3auMMojeHcTBHeM Mexay naByMs uenoukamMu O — Ti?»
BcnomHuM, ogHaKo, 4yTo npsiMoe B3auMoOAelicTBHe YObIBaeT C pac-
CTOSIHHEM 3KCNOHEHIHAa/NbHO; AefCTBHe LENOYKH U3 CUAbMHbLX AH-
noJseit Ha paccTossHUM 2a MOXeT GbITb MeHbllle AeHCTBHS LeNOoYKH
caabplX AMNoJiel HA pacCTOSHHH a.

Ha 3ToM Mbl 3aKOHUMM AOBOJIBHO MOJAPOGHOE H3JOXKEHHe Ha-
LIMX CErOJHSIIUHUX MO3HAHUHA O JH3JIEeKTPHYECKHX CBOHCTBAX ra-
30B, XHAKOCTeH M TBEPABIX TeJl.



Frrasa 12

AJIEKTPOCTATHYECKHE AHAJIOTHH

§ 1. Odunaxoseie ypasnenus — odunaxosoie
pewenusn

Bcs undpopmauus o pu3HYecKOM MHpe, NpPH-
o6peTeHHasi CO BpeMeHH 3apOXAEHHS HAyyHOTO
nporpecca, MOMCTHHE OTPOMHA, H KaXKeTCs MOYTH
HEBEpPOSITHBIM, YTOGBI KTO-TO OBJajes] 3aMeTHOM
yactblo ee. Ho,pakTHueCKH QH3HK BNONHE MOXKET
NOCTHYb O6LHe CBOHCTBA ()H3HYECKOrOo MHpa, He
CTaHOBSICb CMELHAaNHCTOM B KaKOH-TO Y3KOH 006-
aactd. Tomy ecTb Tpu npuuuHsel. ITepsas. Cyiue-
CTBYIOT BeJHKHe NMPHHUHNBL, NTPHMEHHMbIE K JIIO-
ObIM ABJIEHUAM, TakKHe, KaK 3aKOH COXpaHeHHs
3Heprul W MOMeHTa KoJauyecTBa ABHXKeHHs. Iay-
60KOoe MOHHMaHHe 3THX NPHHUHMMNOB MNO3BOJSAET
cpa3sy nocTH4Yb OYeHb MHOrHe BellH. Bropas.
OKa3blBaeTCs, YTO MHOTHe CJIOXKHble SIBJEHHS,
KakK, HanpuMep, C)KaTHe TBepAblX TeJ, B OCHOBHOM
06YCJIOB/IHBAIOTCS 3/1IeKTPHYECKHMH H KBaHTO-
BOMEXaHHYeCKMMH CHJIaMH, TaK 4TO, MOHAB OC-
HOBHble 3aKOHBI 3/IEKTPHYECTBAa U KBAHTOBOH Me-
XaHUKH, MMeeTCs BO3MOXHOCTb MOHATb MHOTHe
SIBNI€HHsI, BO3HHKAIOIHE B CJOXKHBIX YCJOBHSAX.
Tperva. Hmeercs 3ameuatenbHefilllee coBnafe-
HUe: ¥pasHenus 0As camobix PA3HbLX (u3U4ecKux
YCA08ULL 4ACTO UMEIOT 8 TOYHOCTU O0O0UHAKOBOLLL
sud. icnosnb3oBaHHbIE CHMBOJIbI, KOHEYHO, MOTYT
ObITb Pa3HbIMH — BMeCTO OAHOH OYKBBI CTOHT
apyrasi, HO MaTeMaTHyeckass ¢opMma ypaBHeHHH
OflHA U Ta Xe. DTO 3HAYUT, YTO, H3YYUB OJHY O6-
JlacTb, Mbl Cpa3y MoJyyaeM MHOXKeCTBO NpPSIMBIX
M TOYHBIX CBEJEHHH O DelleHHAX YpaBHeHHH aas
Apyroi o6JsacTu.

Mpbl 3aKOHYHM/IH 3J1eKTPOCTATHKY H CKOpPO Ie-
pefiieM K H3YyYeHHIO MarHeTHaMa H 3JeKTPOJH-
HaMuKH. Ho mpexpe xoTtesnock 6Bl MOKasaTh, uTo,
M3Y4YHB 3JIEKTPOCTATHKY, Mbl OJHOBPEMEHHO Y3-
HalH O MHOTMX APYTHX sIBJeHHAX. MBI yBUAHM,
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YTO YpaBHEHHs 3JEeKTPOCTaTHKH (GHUIrypHUpYIOT M B psife APYTHX
obnacteit ¢usnku. IlytreM npsamMoro nepeHoca pelieHHii (OAHHA-
KOBble MaTeMaTHYeCKHe yDaBHEHHS [OJXKHbl, KOHeyHo, HMETb
ONMHAKOBbIe pellleHHs) MOXHO pellaTb 3a4aud M3 APYrux o6.a-
cTeil ¢ TOM XKe JIerKOCTbIO (MJH C TAaKHM Xe TPYNOM), Kak H B
3JIEKTPOCTaTHKeE.

YpaBHeHHS] 3/1eKTPOCTAaTHKH, KaK Mbl 3HaeM, TaKHe:

V. (xE) =28, (12.1)
VX E=0. (12.2)

(Mbl nHmeM ypaBHeHHS 3/J€KTPOCTATHKH B NPHCYTCTBHH AHIIEKT-
PHKOB, yTOGBI yyecTb o6wwHil cayyail.) To xe ¢u3anyeckoe coaep-
)KaHHe MOXeT ObITb BHIPAaX€HO B [pPYroil MaTeMaTHYeCKOiH
tdopme:

E=— Vg, (12.3)

V. (xVg) = — Lepos | (12.4)

€9

M BOT cyThb nmena 3akJ/iuyaercs B TOM, YTO CYLIeCTBYeT MHOXe-
cTBO (H3HYecKHX npob/eM, NI KOTOPHIX MaTeMaTHYeCKHe ypaBb-
HEHHUsI UMEIOT TOYHO TaKoH e BuA. Ciofla BXOAHUT moTeHuHasn (¢),
rpajgveHT KOTOPOro, YMHOXEHHBII Ha CKaJaspHYI0 QYHKUHO (%),
MMeeT [HBEpreHUHIO, PpaBHYI JAPYrod CcKaJsapHO# (YHKUHH
(-0/e0).

Bce, 4yTO HaM H3BECTHO H3 3/EKTPOCTATHKH, MOXHO HeMel-
JIEHHO NepeHeCTH Ha ApYro#l o6bekT, H Hao6opoT. ([IpuHuUHN, KO-
HeyHO, pa6oTaeT B 06e CTOPOHBI: €C/IH HU3BECTHB KaKHe-TO Xapak-
TEPUCTHKH APYroro o6beKTa, TO MOXHO HCIO/b30BaThb 3TH CBe-
JeHHs1 B COOTBETCTBYIOIeH 3ajaye MO 3JeKTpocTaTHKe.) Mbl pac-
CMOTpDHUM psil NMPHUMepOB M3 pa3HbIX obJjacTed, Korga HMeKTCs
ypaBHEHHS TAKOro BHA.

§ 2. Ilotok rtenaa; To%euHbLl UCTOMHUK 66/U3U
6ecxoneunoli naockoll zpanuyst

Panee Mol yxe o6cyxnanu (ra. 3, § 4) norok tenaa. Boo6pa-
31Te KYCOK KaKOro-To MartepHana, Heo6s3aTelbHO OJHOPOIHOrO
(B pasHbIX MeCTax MOXeT ObITb pa3HOe BelleCTBO), B KOTOPOM
TeMInepaTypa MeHseTcss OT TOYKH K Touke. Kak ciaenctBue 3THX
TeMnepaTypHBIX H3MeHeHHil BO3HHMKAaeT MOTOK Tensaa, KOTOPBIH
MOXHO 00603HauuThb BekTOopoM h. OH npeacraBJasieT co60it KoJu-
YeCTBO TEMJIOBOH 3HEPrHH, KOTOPOE MNPOXOAMT B €JHHULY Bpe-
MeHH yepe3 eIHHHYHYIO NJIOIAAKY, NePNeHAHKYISPHYIO MOTOKY.
HuBepreHuus h ecTb CKOpOCTb yXoA4a Tensa H3 [aHHOTO MeCTa
B pacueTe Ha eIHHHLY oGbeMa:

V. h = Ckopocts yxoaa Tenna na efnuuny o6bema.
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(Mbl MoOraHM, KOHeyHO, 3amucaTh YpaBHeHHe B HHTErpaJjibHOM
BHIle, KaK MBI NOCTyMNaJH B 3JeKTPOJHHAMHKe ¢ 3aKOHOM Tlaycca,
TOrfga OHO BbIpaxkajo Obl TOT (AKT, YTO NMOTOK Yepe3 MOBepX-
HOCTb paBeH CKOPOCTH H3MEeHEeHHMsl TeN/IOBOH 3Hepruu BHYTPH Ma-
TepHana. Mbl He 6yaeM 6oJbllle NepeBOAUTb YpaBHEHHs1 M3 QH(-
¢dbepeHuHaNbHOH GOpPMBI B HHTerpasbHyI0 W 06paTHO, 3TO AenaeT-
cl TOYHO TaK Ke, KaK B 3J/IeKTPOCTaTHKE.)

CKopocTb, C KOTOpPOH Temnsao0 nor/ollaeTcss HJAH pPOXKAAeTcs B
pasHbIX MecTax, KOHeYyHo, 3aBHCHT OT ycJoBuit 3agauu. [Ipeamno-
JIOXKUM, HalpHMep, YTO HCTOYHHK Tel/ja HaXOLHTCA BHYTPH MaTe-
puajsa (BO3MOXKHO, PafAMOAaKTHBHbIH HCTOYHHK HJHM CONPOTHBJe-
HHe, Yepe3 KOTOpce npomnyckaloT Tok). O6o3HauyuM yepe3 S Ten-
JIOBYIO 3HEpruio, NPOH3BOAMMYIO 3THM HCTOYHHKOM B eAHHHLe
o6bema 3a | cex. Kpome TOoro, MoryT BO3HHKHYTb NOTepH (HJH,
Hao60pOT, [ONOJIHUTE/bHOE pOXKIelHe) TeNJOBOH 3HEPTrHH 3a
CYeT nepexoaa B APYrHe BHAbl BHYTpPeHHell 3HEPrHH B [aHHOM
o6beMme. Ecan u— BHYTpeHHsi1 3Heprus B eAMHHUEe 06beMa, TO
—du/dt GymeT Toxe HMrpaTb pOJIb «MCTOYHHMKa» TeMJOBOH 3Hep-
run. Utak, umeem .

u
Vih=s———. (12.5)

Mebl He coGupaeMcsi 3ech 006CYxKAaTh MOJHOe ypaBHEeHHe, Be-
JHYHHB B KOTOPOM H3MEHSIOTCS CO BpeMeHeM, MOTOMY YTO Mbl
NpPOBOJHM aHAJIOTHIO C 3JeKTPOCTATHKOM, Ile HHYTO He 3aBHUCHUT
OT BpeMeHH. Mbl pacCMOTPHM TOJIbKO 33134l C NOCTOAHHbIM NO-
TOKOM TenAaa, B KOTOPbIX MOCTOSIHHblE MCTOYHHKH CO34al0T CO-

CTOsIHHE paBHOBeECHA. B Takux caydasax
V.-h=s. (12.6)

HyxHO HMeTb, KOHeuHO, ellle ONHO ypaBHeHHe, KOTOPOe OMH-
CbIBaeT, KaK MOTOK TeyeT B pa3HEIX MecTaXx. Bo MHorux Bellle-
CTBaX NMOTOK TemJsa NMPHMePHO NMpPONOPLHOHA/NEeH CKOPOCTH H3Me-
HEHHsl TeMIepaTyphl C MOJOXKeHHeM: 4eM G6oJbllle pa3HOCTb TeM-
nepartyp, TeM Gosblile NOTOK Temja. Mbl 3HaeM, 4TO 8eKTOP NO-
TOKa TenJa NpomopLHOHa/JeH rpaaHeHTy TeMneparyphl. KoucraH-
Ta NPONOPLHOHAJBHOCTH K, 3aBHcsllas OT CBOHCTB MaTrepHaJa,
Ha3bIBaeTCs KOIPPUYUEHTOM Tenaonpo8ooOHOCTU

h= — KVT. (12.7)

Ecan cpoiicTBa MaTtepHa/sa MeHSIOTCS OT TOYKH K TOUYKe, TO

K = K(x, y, 2) n ecTb pyHKUHUs1 nonoxeHus. [YpaBHeHue (12.7)

He cToJb ¢yHAaMeHTaJbHO, Kak (12.5), Bbipaalolee coxpaHe-

HHe TeN/IOBOH HepPruH, NOTOMY YTO OHO 3aBHCHT OT XapaKTepHHIX

cBoficTB BewecTBa.] [loacrasnsst Temepb ypanHeHue (12.7) B
(12.6), nonyuyaem

V. (KVT)=—3s, (12.8)
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Pue 12.1. ITotok Tenara 8 caywae
YuauHopuueckol cummeTpuu (a) u
COOTBEeTCT8YIOWAR 300a%a U3 IieK-
rpu«ecrea (6).

YTO B TOYHOCTH coBmajaer mno ¢opme
¢ (12.4). 3adauu ¢ nocroanHeim nOTO-
KOM Tenaq U 3ada4i 3AeKTPOCTATUKU
oduraxkossl. Bexktop notoka Ttensa h
cootBeTcTBYyeT E, a Temneparypa T co-
OTBeTCTBYeT ¢. Mbl yxKe OTMeuaJiy, 4To
TOYEYHbIH TeNnJOEBO# MCTOYHHK CO3AaeT
noJjie TeMmmepatyp, MeHsiolleecss Kak
1/r, ¥ mnoTok Temsaa, MeHSIOWHHACS,
KakK 1/r2 DTo0 ecth He Gosee YeM mpo-
CTOH mnepeHOC yTBepPXKAEHHH 3/eKTpo-
CTaTHKH, YTO TOYEYHBIH 3apsa AaeT Mo-
TeHUHaJa, MeHsIoWHMiics, Kak l/r, u
3JIeKTPHYECKOe N0JIe, MeHsilolleecs, Kak
1/r%. BooGle Mbl MOXeM peluarth cTa-
THCTHYECKHE TEN/OBble 3aJa4YH C TOH XK€ CTeMeHbIO JEerkKoCTH, Kak
1 3a]a4H 3/1eKTPOCTaTHKH.

Paccmorpum npoctoit npumep. ITycTh nMeercss uuaHHAp C pa-
NHYycoM a npu TeMmnepartype T, moajepIKHBalOILeHCs 3a cyeT re-
HepauuH Tenna B UMJAHHApPe. (3TO MOXeT GbITb, CKaXeM, NPOBO-
JIOKa, MO KOTOPOH TeueT TOK, HJAHM TpyOKa ¢ KOHAeHcalHell mapa
BHYTPH UHMJAMHADPA.) LIMAHHADP NOKPBLIT KOHLEHTPHYECKOH OGLIWB-
KON M3 H30JIMPYIOILEro MaTepHasa ¢ TenJonpoBoAHOCTbiO K.
ITycTh BHewwHUH paauyc H30JSL MU paBeH b, a B Hapy»XHOM IMpo-
CTpaHCTBe moanep:xuBaercss temneparypa T, (¢ur. 12.1,a). Ham
HYXKHO OnpejenHTb CKOPOCTb NOTEPH TenJja NPOBOJNOKOH WM ma-
ponpoBoAOM (BCe PAaBHO YeM), NIPOXOASIIUM MO LEHTPY LHJIHHApA.
[TycTb nosHOe KosMHuecTBO TenJia, TepsieMOro Ha JJiMHe TpPYGh L,
paBHO G, ero-To Mbl U XOTHM Ha#TH.

Kak Hapo pewartb Takylo 33pauy? ¥ Hac ecTb auddepeHuUH-
ajibHble ypaBHEHHS, HO NMOCKOJbKY OHH TaKHe XKe, KaK B 3JIEKT-
poCTaTHKe, TO MaTeMaTHYeCKOe pellleHHe HX HAaM YXe H3BECTHO.
AnanoruyHasi 3ajlaua 3/eKTPOCTATHKY OTHOCHUTCSI K MPOBOLHHKY
pagMycoM a npH NnoTeHUHanse @i, OTAEJEHHOM OT APYroro npoBoj-
HHKa pajuycoM b mpu moTeHLHaje g, C KOHIIEHTPHYECKHM CJI0EM
NH3JeKTpHKa Mexay HuMH (¢ur. 12.1,6). danee, nocKo/bKy no-
TOK Tensa h cooTBeTcTByeT sjaekTpuueckomy noJwo E, To Hama
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HCKOMas BeJHYHHA G COOTBETCTBYET MOTOKY 3JIEKTPHUYECKOrO
noJisi OT eJHHHYHON AJHHBI (APYrHMH CJOBAMH, 3JIEKTPHYECKOMY
3apsny Ha elMHHUIle AJHHBI, NeJeHHOMY Ha gy). MBI peliann 3Jek-
TPOCTAaTHYECKYIO 3ajady ¢ nomoubio 3akoHa ['aycca. Hamy 3a-
a4y O MOTOKe TenJa GyaeM pellaTb TAKHM e CIOCOGOM.

M3 cumMerpuu 3agaun Mbl BHAMM, YTO h 3aBHCHT TOJBKO OT
pacctosinua a0 ueHtpa. [loatoMmy Mbl OKpyxHM Tpy6Ky raycco-
BOil MOBepXHOCTbIO — LMJAHHAPOM AauHO# L n paauycom r. C no-
MO 3aKoHa I'aycca Mbl BBIBOOMM, YTO NOTOK TenJja h, yM-
HOXEHHbIl Ha MJoIaab MOBEPXHOCTH 2nrL, fnonxeH GbITh paBeH
NOJHOMY KOJIMYECTBY Te€MJd, POXAAaeMOMY BHYTPH, T. €. TOMY,
4TO MBI Ha3Baau G:

G

2nrLh =G, wwm h=<_7 . (12.9)
[Totok Tensa nponopuHOHaJ/IeH TpajHeHTy TeMnepaTyphl
h=—KVT,
HJH B 1aHHOM cJy4ae BeJqHyHHa h paBHa
dT
h - K d—r .
BMmecre ¢ (12.9) 3to naer
dT G
ar =_23'E—KLr . (12.10)
HUuterpupys ot r = a 1o r = b, nosyuaem
G b
T2—T1=—mlﬂz. (1211)

Paspeumas otHocutenabHo G, HaxoauM
2anKL (T, —T,)
In (b/a) :

70T pe3yJbTaT B TOYHOCTH COOTBETCTBYeT (opMyJe A5 3apsaa
ILMJIMHAPHYECKOrO KOHAeHcaTopa:

G= (12.12)

_ 2aeol (9 — @3)
Q= In (b/a) =

3anayd OAMHAKOBble H HMEIOT OJHHAKOBbIe pelileHUs. 3Hasl 3JeK-
TPOCTaTHKY, Mbl TeM CaMbIM 3HaeM, CKOJIbKO Teln/a TepsieT H30-
JiupoBaHHas Tpyoba.

Paccmotpum ewe onud npumep. IlycTb Mbl XOTHM y3HATH MO-
TOK TelJ/a B OKPeCTHOCTH TOYEYHOrO HCTOYHHKA, P acloJI0XKeHHOTro
Heray060KO NojJ MOBEPXHOCTbIO 3eMJH HJH Ke BOJIM3H NMOBEPXHO-
cTH 60JIbLIOrO MeTasJMyecKoro npeaMera. B kauecTBe J10Ka/au-
30BaHHOrO0 MCTOYHHKA TenJsa MoxeT ObITb M aToMHasi 6omba, Ko-
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Topast B3opBa/ach MOA 3eMJel M NpeacTaBJsieT CO60H MOIIHbIH
HCTOYHHK TenJa, HJH Xe He6OJblIOH HCTOYHHK PagHOAKTHBHOCTH
BHYTPH XKeJle3HOro 6/10Ka — BO3MOXHOCTeil OYeHb MHOTO.

PaccMoTpHM HaeanH3HpPOBaHHYIO 3ajayy O TOYEYHOM HCTOY-
HUKe TenJia, MOUIHOCTb KoToporo (, Ha paccTOSHWM a NOA Io-
BEPXHOCTbIO GeCKOHEYHOH OAHOPOAHOH cpelbl ¢ KO3 PHUHEHTOM
TenJjonpoBoaHocTH K. TensonpoBoaHOCTbIO BO3AyXa Haja MOBepX-
HOCTBIO cCpebl Mbl NpeHeOpexeM. Mbl XOTHM onpeaeuTb pacnpe-
JeeHHe TeMnepaTypbl Ha NOBEPXHOCTH cpeabl. Hackoabko ro-
psyo 6yner MpsAMO HaJ MCTOYHHKOM M B pa3HbIX MecTax Ha Mo-
BEPXHOCTH?

Kak xe pemutb 3Ty 3agauy? OHa noxoxa Ha 3agauy no sjek-
TPOCTAaTHKe, B KOTOPOH HMEITCA ABa MaTepHa/ja C pa3HOil IH-
3/1eKTPHYECKOH MPOHHLAEMOCTbIO % MO 06Ge CTOPOHBI OT pasje-
Jasouleli HX rpaHuubl. 3aecb 4yTo-TO ecThb! Bo3moxHO, 31O mo-
X0Xe Ha TOYeYHbIi 3apsal BGJAHM3H TPAaHHUbI MeXAY AH3JEeKTpH-
KOM H NPOBOAHHMKOM HJH 4TO-HHOYIb Bpome 3Toro. IlocMoTpuM,
4YTO MPOUCXOAMT BG/M3H rpaHuilbl. PHU3HUeCKOe YCJOBHE COCTOHUT
B TOM, YTO HOpMaJ/bHasi cocTaBasoowas h Ha MOBEepXHOCTH paBHA
KYA10, TOCKOJbKY Mbl NMPeNNOJIOKHIAH, YTO NOTOKA M3 6J0Ka HeT.
Mbl 10/MXHBI 3afaTh BOMPOC: B KaKOH 3/eKTPOCTATHYECKOH 3a-
naye BO3HHKaeT yCJIOBHe, YTO HOPMaJbHAash KOMNOHEHTAa 3JIeKTpH-
yeckoro noas E (npexpcrasasioulast co6oit aHanor h) paBHa Hyaio
y noBepxHocTH? HerT Takoii!

ITO OJMH M3 TeX CJyyaeB, K KOTOPBIM CJelyeT OTHOCHTbLCS
¢ oCTOpOXKHOCTbIO. 1o pu3puecKUM nNpHYHHAM MOTYT ObITb OMNpe-
lleleHHble OTDAaHHYeHHs] TeX MaTeMaTHYeCKHX YCJIOBHH, KOTOpble
BO3HHUKAIOT B KaKoOM-JAuGo cayuyae. [ToaTtomy ecau Mbl npoaHanu-
3upoBaJH JH(¢epeHUHaNbHOE ypaBHeHHe TOJbKO A/ HEKOTO-
pBIX OrpaHHYeHHBIX NMPHMEPCB, TO BMNOJHE MOXeM YNYCTHTb PAX
pelleHHil, BO3HHKAIOWMUX B APYrHX ¢H3HYeCKHX ycJoBHusX. Ha-
npuMep, HeT MaTepHaJ/a, 06J1afalOUIET0 AH3JeKTPHYECKOH MNpo-
HUIaeMOCTbIO, PaBHOH HYJ/I0, a TemJIONpPpOBOAHOCTb BaKyyMa
paBHa Hymo. [TosToMy HeT 3/MeKTpOCTaTHYECKOrO aHajora upe-
aJIbHOTO TeMJ0H304ATOpa. Mbl MOXeM, OJHAaKO, MOMBITAThCA HC-
noJib30Barth Te xe MerTodel. [lonpobyem 8006pas3ursy, 4To NpoU3o-
10 Obl, ecay Obl AH3JEKTPHUYECKAsh NPOHHLAeMOCTh Obi1a paBHA
Hymo. (Pasymeercs, B peanbHbIX YCJAOBHSIX AHM3JeKTpHYecKasi
NpOHHLAeMOCTh HHKOrjga He o6pailaercs B HyJab. Ho Moxer
npeacTaBUTbCA CJy4al, Korja BelleCcTBO HMeeT OYeHb 60AbULYIO0
JAH3/MEeKTPHYECKYI0 MNPOHHLAEeMOCTh, TaK YTO [AH3JIEeKTPHYECKOH
NPOHHIIAeMOCThIO BO3JyXa BHe Cpelbl MOKHO npeHebpeub.)

Kak e HaliTH 3/MeKTpHUeCKOE NoJe, y KOTOPOro HeT COCTaB-
Jgdoulel, nepneHAHKY/AspHOH K mnoBepxHocTH? IHaue roBops,
TaKoe MoJe, KOTOpOe BCIOAY KacareAbHO K NMOBepXHOCTH? Bl 3a-
MeTHTe, 4YTO 3Ta 3agaya o6paTHa 3ajaye O TOYEYHOM 3apsae
BO6/M3K npoBoasiwleii NjaockocTH. Tam HaM HYXHO ObLJIO NOJe,
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nepneHOUKYAsprOe K OBEPXHOCTH, IOTOMY YTO MPOBOAHHK BCIOAY
HaxoAHJ/CA NMPH OJHOM H TOM XKe 3HaYyeHHH NoTeHUHAJa.

B 3agade 06 3/eKTpHUECKOM MOJie Mbl NPHAYMaJH pellelHe,
BOOGPAa3HB 3a NPOBOASILEH NJIOCKOCTbIO TOYeYHbIH 3apsal. MOXHO
BOCMOJ/Ib30BATbCSI CHOBa 3TOH e Hpaeel. IlonbiTaeMcs BbIGpaTh
TaKoe «M300pax<eHHe» HCTOYHHKa, KOTOpoe aBTOMaTHYeCKH o6pa-
uiaJno 6bl B HYJ/1b HOPMAJIbHYIO KOMIIOHEHTY NoJsi B6JIH3H NOBepX-
Hoctu. PemleHne nokasano Ha ¢ur. 12.2. DnekTpuyeckoe u3obpa-
XXeHHe MCTOYHHMKA C TeMm e 3HAKOM W TOH XKe BeJHUYHHBbI, HaXo-
nsillleecss HA PacCTOSIHHHM @ HAaj NMOBEPXHOCTHIO, JaeT MoJe, ropH-
30HTa/IbHOE MOBCIOAY Yy NOBepXHOCTH. HopMa/bHble KOMMOHEHTHI
0T 060HX HCTOYHHKOB B3aMMHO YHHUTOXAIOTCS.

Hrtak, Hama 3agaya o motoke Tensaa pewena. TeMmnepartypa
BO BCeM MPOCTPAHCTBe OAMHAKOBA MO HEMOCPEACTBEHHOHN aHa/lO0-
THH C MOTEHUHaJOM OT JBYX OAMHAKOBBIX TOYEYHBIX 3apsl0B.
Temnepatypa T Ha pacCTOSIHHH 7 OT OJJHOTO TOYEYHOrO HCTOYHHKA
G B GeCKOHeYHO!l cpefle paBHa

G
T = (12.13)

(9710, KOHEUYHO, NMOJHOCTBIO AHAJNOTHYHO ¢ = G[4meor.) Temmepa-
Typa TOYEYHOro HCTOYHHKA H, KpOMe TOro, ero H300paKeHHs
paBHa

G G
T= ey + KT, (12.14)
drta dopMysa faer HaM TeMmepaTypy Bcioay BHyTpH GJoka. He-
CKOJIbKO H30TepPMHYeCKHX MOBepXHOCTel nmpHBefeHO Ha ¢wur. 12.2,
ITokasaHnbl Takxe JHHHH h, KO-

[
\ -
« NNl TOpbIE MOXKHO MOJNYYHTh U3 BbI
NS A paxenuss h = —KVT,
SN : i s B camoM Hauase MBI HHTe-
N \\\:\\ L/,_/’// /,/‘0 pecoBa/JHCh pacnpenejgeHHeM
] \\\_,3 Tk TeMIepaTyphl Ha NOBEPXHOCTH.
ol ~~ae__ N7 I TOYKM Ha NOBEPXHOCTH,
/
al
K
T=const h
/

D ue. 12.2. I[orok rensa u uso-
TepMmbl Y TOHeYHO20  UCTCHHUKA
Tenaa, pacnonoHerHo20 Ha PaccTcAa-

- T HUL @ nod NOBePXHOCTbIO Teaa
Temnepamypa ¢ xopowei TenionposodHOCTsIO.
nosepxrocmu BHe Tesra noka3ahHo MHUMoe u306p03’ce'

| [ Hue UcTto4Huka.
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HaXOAsWeHCs Ha PACCTOSHUH p OT OCH, r| = ry =4/p> + @’, Cile-
JOBaTeJbHO,

126
4K Ap?+ a2

Ata QyHKUHS TaKxke U306paxeHa Ha ¢wur. 12.2. EctecTBeHHO, 4TO
TeMNnepaTypa NpsMO HaJ UCTOYHHKOM BBHIlIe, YeM BJAJH OT Hero.
Takoro poma 3amauu yacTO NPHXOAMTCS pellaTh reopHu3MKaM.
Teneps MBI BHAMM, YTO 3TO Te e caMble 3aJayH, KOTOphHE MBI
peulaju B 3JeKTpPHYECTBE.

. (12.15)

Tﬂa NOBEPXHOCTH

§ 3. Haranyraa membpana

PaccMoTpum Tenmepb coBceM apyryioo o6aactb pu3HKH, B KO-
TOpOf TeM He MeHee MBI MPHAEM CHOBa K TOYHO TaKHM XKe ypaB-
HeHHsIM. Bo3bMeM TOHKYIO pe3HHOBYIO MJeHKYy — MeMGpaHy, Ha-
TAHYTYIO Ha 60J/bIIYI0O TOPH3OHTAJ/IbHYI0O paMy (Hamomo6GHe KOXH
Ha GapaGane). HaxmeM Ha MeMGpaHy B OJHOM MecTe BBEpX, a
B apyroM — BHu3 (¢dur. 12.3). CmoxeM au MB onucatb ¢HopMmy
noBepxHocTH? IlokaxeM, Kak MOXHO pelIMTb 3Ty 3ajauy, Koraa
OTKJIOHEHHSI MeMOpaHB He OYeHb BeJHKH.

B n.eHke aefCTBYIOT CHJBbI, MOTOMY YTO OHa HaTsAHyTa. EcaH
caenaTb B KaKOM-HHOYAb MecTe MJEHKH He6OJ/bIIOH paspes, TO
nBa Kpasi paspe3a pasoiigytcsi (¢ur. 12.4). CnenoBaresbHo, B
NJeHKe HMEeeTCsl NOBEPXHOCTHOE HATAJNCeHue, aHaJOTHYHOe OJHO-
MCDHOMY HaTsI)KEHHIO pacTAHyToH BepeBKH. OnpenenuM BeJH-
YHHY NOBEPXHOCTHOI'O HATSXKEHHS T KaK CHAY Ha eOuxuyy 0autet,
KOTOpas KakK pa3 yjaep:Kaja Obl BMeCTe [Be CTODPOHHI pa3pesa
(cM. dur. 12.4).

[IpeanosoxkHM Tenepb, YTO MBI CMOTPHM Ha BepTHKaJ/bHOE
nonepeuyHoe ceyeHue MeMGpaHbl. OHO GyaeT HMeTb BHA HEKOTO-
poii KpHBOM, noxoxel Ha H3o6paxeHHyl0 Ha ¢ur. 12.5. Ilycrts
U — BepTHKaJbHOE cMellleHHe MeMGpaHBl OT ee HOPMaJbHOTO NO-

Due 12.3. Tonkan pesuro-
8af naenKka, HATAHYTAR Ha
yuaundp (neuro epode 6a-
pabana).

Kakoi doomer 6yder nosepx-
HOCTb, ecAl nAeHKly HPUNOGHATL
8 Totke A u onycrury 8 Totke B?
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N\ 7, \\

\< N\ Dbue. 124. HoeepxnocrHoe
HaTaNenue T HATAHYTOU pe-
3UHO0B0U NAeHKU ecT6 cuaa,
OTHeCeHHaR K eQuruye OAUHbL
U HanpasaeHHAs hnephneHOu=
\ KYAAPHO AUHUU pa3pe3a,
\ . 4
\T \ T\Q\\

JIOXKEHHsI, 8 X U Y — KOOPAMHATH B TFOPH30HTAJbHON IJIOCKOCTH.
(ITpuBeneHHoe ceueHHe nmapaJJesbHO OCH X.)

Bo3bMeM HeGoJblIOH KYCOUEK MOBEPXHOCTH AJIHHON Ax M miu-
puHoit Ay. Ha Hero neficTBYIOT CHJ/IB BCJ1eACTBHE NOBEPXHOCTHOIO
HaTAXEHHs BAOJb Kaxjgoro Kpas. Cuaa Ha ctopoHe 1 (cMm.
¢ur. 12.5) Gyner paBHa TjAy W HanpaBJeHa MO KacaTeJbHOH K
NOBEPXHOCTH, T. €. NOJ YrioM 0; Kk ropusoHTanu. Baoap cTopoHhl
2 cuna Gyner paBHa T,Ay M HanpaB/eHa K MOBEPXHOCTH MOJX yr-
aoM 0. ([TopoGHble cuabl 6yAyT H Ha ABYX OPYrHX CTOPOHAX Ky-
COYKa, HO Mbl noka 3a6yneM o HuX.) PesyabTupylowas cujia or
CcTOpOH | u 2, neficTBylOHIas Ha KYycOuYeK 88€px, paBHa

AF =v,Aysinf,— 1, Aysin0,.

M bl OrpaHHYHMCS paccCMOTpPeHHeM MaJblX HCKaXKeHHiH MeMGpaHHI,
T. €. Maablx U32u008 U HAKAOHOS8: TOrJa MBI CMOXeM 3aMeHHTb
sin ® Ha tg 0 ¥ 3anucaTtb Kak Ou/dx. Cuaa npu 3THX YCJOBHSIX
JaeTcst BbIpaKeHHeM

AF— [72 g—‘;)z — 1 (%)l] Ay.

BennunHa B CKOGKax MOXeT GHITh C TeM Xe YCIeXOM 3amHcaHa
(mns Manabix Ax) Kak

d du )
A a—) Ax;

Due. 12.5. Honepeunoe
cedenue u30eHYTol NAeHKU.




Toraa 5
0 u
AF =7 (5% ) AxAy.

HUwmeercss u ppyroit Bkaag B AF OT cHl Ha OBYX APYTrHX CTO-
pOHaXx; MOJHBbIH BKJ/aj, OYEBHIHO, pPaBeH

AF=[;—x(r%l;—)+%(t%)]AxAy. (12.16)

Hckpusienns puadparmMbl BBHI3BAHBI BHELIHHMH  CHJaMH.
ITycte | o03HayaeT HanpaBJ/IEHHYIO 88epX CHIY HQ EOUHUYHY:O
naowadky NJaeHKH (CBOEro poaa «AaBJeHHE»), BOZHHKAIOWYIO OT
grewnux cua. Ecan MeM6paHa HaxoaHTCsl B PaBHOBeCHH (cTarTu-
Yeckudl caydail), TO CHJa 3Ta JO/KHA YPAaBHOBELIHBATbCA TOJb-

KO UYTO BLIYHC/EHHOH BHYyTpeHHe#l cusoi [ypaBHenue (12.16)).
Huaye ro.ops,

AF
f=—Feas"
YpaBHenue (12.16) Torga MoxeT GbITb 3aMMCAHO B BH[E
f=—V-(1Vu), (12.17)

rae noa 3HakoM V MBI Tenepb moapa3yMeBaeM, KOHEYHO, ABYX-
MepHBIE onepaTop rpaguenta (0/dx, d/0y). ¥ Hac ecTb audde-
peHUHaJbHOE YypaBHeHHe, CBs3biBalollee # (X, Y) C NPHJIOKEH-
HBIMH CHIaMH [(X, y) M NOBEpPXHOCTHBIM HaTs)KeHHeM MJIeHKH
t(x, y), KOTOpoe, BOOGILEe TOBOPSi, MOXET MEHATLC OT MeCTa
K MecTy. ([ledopmauuu TpexMepHOro ymnpyroro teja TOXe MOA-
YUHSIIOTCS TAKUM YPaBHEHHSIM, HO Mbl OTPaHHYHMCS ABYXMEpPHBIM
cayyaeM.) Hac Gyzner vHTepecoBaTb TOABKO Clyyal, KOrja Hars-

J)KeHHe T NOCTOSIHHO mo Bceil naeHke. Torpa emecto (12.7) MBI
MOXKeM 3aNnucaThb

__ 1
Viu=—1, (12.18)

CHOBa MBI NMOJIYYHJH TaKoe XK€ ypaBHeHHe, KaK B 3JIEKTpO-
ctatHke! Ho Ha celt pa3 OHO OTHOCHTCA K OBYM H3MepeHHSM.
CMellleHHe U COOTBETCTBYET ¢, a f/T COOTBETCTBYeT p/go. [ToaTOMY
TOT TPYH, KOTOPbI Mbl MOTPATHJH HAa GeCKOHeUHble 3apsKeHHble
MJIOCKOCTH, HJH MapaJjljelbHble NpoBoAa GOJBbIIOH AJHHEL, HJIH
3apsiKeHHble LUHIHHADPLI, NPUTOAHTCA [/ HATAHYTOH MeMOpaHHI.

[Tpeanosoxum, Mbl MOATArMBaeM MeMOpaHy B KaKHX-TO TOU-
KaX Ha omnpejesNeHHYIO 8biCOTY, T. €. HUKCHPYyeM BeJHUHHY U B
psne ToueK. B anekTpHuecKOM c/yyae 3TO aHAJOTHYHO 3aJaHHIO
OnpefleIeHHOI0 NOTeHyuara B COOTBETCTBYIOIUMX MecTaX. Ha-
npuMep, Mbl MOXEM YCTPOHTb MOJIOXKHTENbHHIH <«HOTEHLHAJ,
ecJ/iM nogonpeM MeMGpaHy npeaMeTOM, KOTOPHIi HMeeT TaKoe e
ceyeHHe, KaK W COOTBETCTBYIOIUHI LHAHHIPHYECKHH NpPOBOAHHK.
Ecan, ckaxeM, Mbl nofgonpeM mMeMGpaHy KPYIJbIM CTEPXKHEM, MO-
BEPXHOCTb npuMeT Gopmy, H3o6paxeHHYyI0 Ha ¢ur. 12.6. BricoTa
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Pue 126. [lonepeutoe
ceweHue HATaHyTou pesu-
HO80U naexku, nodnepToii
KpYeaslm CTepacHe M.

DyHKyUa U (x, y) TQ xe, 94TO
u rorenyuas @ (x, y) or o4eHs
AAUHHO2O 3apAN2HHOZ0
CTepxHa.

U MMeeT TaKOH e BHJ, KaK 3/]1eKTPOCTaTHYECKHI MOTeHUHaa @
3apsKEeHHOTO UHJIMHApHYecKoro cTepxHs. OHa cnmapaer, Kak
In(1/r). (Hakaox noBepxHOCTH, KOTOPHIH COOTBETCTBYET 3JIEKT-
puueckomy nouo E, cmapaer, kak 1/r.)

HarsaHyTyro pe3HHOBYIO NJEeHKY 4acTO HCHOJb30BaJH AJIs pe-
IIeHHS CJIOXKHBIX 3/4eKTpudecKux 3ajay 3KCnepUMeHTaNbHbIM My-
TeM. AHasorus ucnosab3yercs B o6paTHylo cTopoHy! [asi nogb-
eMa MeMOpaHbB Ha BBICOTY, COOTBETCTBYIOLYIO NOTeHLHanaM
Bcero Ha6opa 3/eKTPOLOB, NOJACTAB/AIOT Pa3Hble CTEPXKHH H IO-
JOCKH. 3aTeM H3MepeHHs1 BHICOTHl AAIOT 3JMeKTPHYeCKHH MOTeH-
11MaJ B 3/MeKTPOCTAaTHYeCKOH 3afaye. AHAMOrHsl MPOBOAHTCA JaxKe
eile nanbwe. Ecin Ha MeMOpaHe MOMECTHTb MaJleHbKHe IIAapHKH,
TO HX JBHXXEHHe NMPHMEPHO CXOxKe C [BHXKEHHEM 3JeKTPOHOB B
COOTBETCTBYIOILEM 3J/1eKTpHUecKOM noJe. TakuM cnoco6oM MOXKHO
BOOYHIO MPOC/JEJHTh 32 ABHXXEHHEM «3JEKTPOHOB» MO HX TpaekK-
TCPHAM. IDTOT MeToj OblJ HCMO/Nb30BAH AJs NPOEKTHPOBAHHA
CJIOXKHOH CHCTeMbl MHOTHX (OTOYMHOXHTeJbHHIX TpyOoK (Ta-
KHX, HanpHMep, KakHe HCNOJAb3YIOTCH B CILUHTHJ/LISALLHOHHOM CYeT-
YyyKe MJH [0Js1 ynpaBJ/eHHs nepefHUMH (papamu B aBTOMAILHHe
KaaMJ1aK). MeToa Hcrosb3yeTcss H 10 CHX NOP, HO €ro TOYHOCTb
He OouyeHb BesuKa. [ljsi Goslee TOYHBLIX pacyeToB Jyylle HaXOAHTb
noJjie YHC/JAEHHBIM MyTeM C MOMOLIBIO OOJBIIHX 3JEeKTPOHHBIX
BHIYHCJ/IHTENbHBIX MaLIHH.

§ 4. udppysua neiirponos;
cepunecku-cummerpudtoll UCTOYHUK
8 00HOPOOHOI cpede

IlpuBenem ewle oaMH mpHMep, NAIOIUHMH YypaBHeHHe TOrO Xe
BHJa, HO Ha ceil pa3 oTHocsitleecs: K auddysuu. B ra. 43 (sbim. 4)
Mbl paccMoTpenH AH(¢y3HI0 HOIIOB B OAHOPOAHOM rase v audpoy-
3HMI0 OJHOrO rasa ckBo3b apyro#. Temepb Bo3bMeM Apyro# npu-
Mep — nupy3HI0 HelITpPOHOB B MaTepHaJe THna rpagputa. Mul
BbiOpaau rpa¢uT (pa3HOBHAHOCTb YHCTOrO Yraepoaa), MOTOMY
4YTO YrJepoj He mnorJowaeT MelJeHHBIX HeliTpoHOB. HeHATpoHH
nyTelwecTBYIOT B HeM cBo6oaHO. OHH npoxoaaT no mnpsMoil B
cpelHeM HeCKOJbKO CaHTHMETDOB, Npexie 4YeM pacceloTcs Ai-
pOM H OTKJOHATCS B CTOPOHY. Tak 4TO ecqH y Hac ecTb 60JbIIOH
KYCOK rpaduTa TONUIHHONH B HECKOJbKO METPOB, TO HEHTPOHH,
HaXOJHBILHeCsl CHayaJ/a B OJHOM MecTe, OynyT nepexoaHTb B ApY-
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Due. 12.7. HedrpoHst pcadaroTcs 00HOPOOHO 8HYTPU cPhepobl pa-
Quyca a 8 6oaswom epadurceom 6aoke u OuPPyndupyror napyicy.
M aorHocTo HeiiTpoHce N noaywena kax QPyrkyus r, paccroanus or
yeHTpa UCTOYHUKA.

Cnpasa noxkaszana 9AeKTPOCTATUYECKAA AHAAO2UA: OOHOPOOHO 3ApPANZHHAA
cgepa, npuuem N coorsercreyer @, a J coorsercreyer E.

rue Mecta. Mbl OmuilleM HX YyCpeiHeHHOe MOBeJeHHe, T. €. HX
cpedHuil noTok.

IMycts N(x, y, 2) AV —uucj0 HeHTPOHOB B 3J/1eMeHTe 06beMa
AV B Touke (X, y, 2). [IBHXKeHHe HEHATPOHOB MPHBOAHMT K TOMY,
4yTO oaHH mokuaawT AV, a apyrue nonaaatT B Hero. Ecau B og-
HOIl 06J/1acTH OKa3blBaeTCsd HeHTPOHOB 6oJiblue, YeM B coceJHeH,
TO OTTyjJa MX GYAeT mepeXoaHTb BO BTOPYIO 06J1acTh GOJblile, YeM
Hao6opoT; B pe3yJbTaTe BO3HHKHeT MoToK. IloBTOpsia aoka3sa-
Te/JbCTBa, NMpHBeJeHHble B I'J. 43 (BbN. 4), MOXHO OnNHcaTh MNo-
TOK BeKTopoMm mnoToka J. Ero kKoMnoHeHTa J, ecTb pe3yJbTHpYIO-
llee YHCIO HEHTPOHOB, MPOXOASILIMX B €JIHHHLY BPeMeHH yepe3
€MHHYHYIO NJIOWAAKY, MEPNEeHAHKYASIPHYIO OCH X. MBI MOJMyYHM
TOr1a

1, =—D&, (12.19)
rae Koagpouunet qudpdysun D naercs B TepMHHAX cpefHelt CKoO-

POCTH U M CpelHeli AJHHH CBOGOAHOro mpoGera ! Mexay CTOJIK-
HOBEHHSIMH:

1
D—alv.
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BekTtopHoe ypaBHeHHe aas J MMeeT BHI
J=—DVN. (12.20)

CKOpOCTb, ¢ KOTOPOH HEHTPOHBHI MPOXOAAT yepe3 HEKOTOPHIH
37eMeHT NoBepXHOCTH da, paBHa J-nda (rae n, Kak OGbLIYHO, —
eMHHYHBIH BeKTOp HopMaau). Pe3ayabTHpylomuil noTok u3 ase-
MmeHTa obvema TOorga paBeH (MOJb3ysicb OOBLIYHEIM TayCCOBBIM
JqokasateabctBoM) V-JdV. DToT noToK npHBOAHJ GH K yMeHbllle-
HHUIO YHC/1a HelTpoHOB B AV, ecan HeldTpPOHH He TeHepHPYIOTCS
BHYTpH AV (c nomolbio Kakoii-HuGyab siaepHoil peakuun). Ecan
B 06'beMe NMPHUCYTCTBYIOT HCTOYHHKH, NPOH3BOAsALIHE S HeHTPOHOB
B elMHHLly BpeMeHHU B eHHHLEe 00beMa, TO pe3y/abTHPYIOLLHI NOo-
ToK u3 AV 6yner pasen [S — (ON/9df)] AV. Toraa nonyuaem

V.J=S_%_}:,, (12.21)
Kom6unupysa (12.21) u (12.20), nonyuaeM ypasrenue ouggy-

3uu HelTpoHOo8
oN

V.(— DVN)—S——OT. (12.22)

B cratuueckom cuayuae, korma ON/Of — 0, MBI CHOBa HMeeM
ypaBHeHHe (12.4)! Mbl MOXeM BOCNO/b30BATbCSl HAalLIMMH 3Ha-
HHAMH B 3JIEKTPOCTaTHKe A/ pelleHHsi 3agay no AHGPysuu
HeliTpoHOB. [laBaiiTe XXe pelwHMM Kakylo-HHOyab 3apnauy. ([Toxa-
Ay#, BBl HeOyMeBaeTe: 3a4em pellaTb HOBYIO 3ajauy, €CJaH Mbl
yxXe pelIMIH BCe 3ajayd B 3JjekTpocraTuke? Ha 3ToT pas Mul
MOXeM pelluTb ObicTpee UMEHHO MOTOMY, YTO 3JEKTpPOCTaTHye-
CKHe 3afiauH 0eliCT8UTEAbHO Yce peuienbl!)

ITycte uMeercst 60K MaTepHaJsa, B KOTOPOM HeATPOHH (CKa-
KeM, 33 CUeT Je/leHHs1 ypaHa) poXJaloTcs paBHOMepHO B chepH-
yeckoi o6aactu paguycoMm a (¢dur. 12.7). Mbl xoteau 6bl y3HaTh,
yeMy paBHa MJIOTHOCTb HellTpOHOB moBciloay? Hacko.bko onHo-
pOJHAa MJOTHOCTb HEHTPOHOB B 06J/1aCTH, Ile OHH POXAAKOTCSH?
YeMy paBHO OTHOLIeHHe HeHTPOHHOH MJOTHOCTH B LIEHTpe K Hel-
TPOHHO/ NJOTHOCTH HAa MOBEPXHOCTH 06J1acTH poxaeHHs? OTBeThHl
HalTH Jerko. [110THOCTL HEHTPOHOB B HCTOUIIHKe Sy CTOHT BMe-
CTO MJIOTHOCTH 3apsiIOB p, MO3TOMY Hallla 3ajaya Takas Xe, Kak
3amaya 06 0qHOPOAHO 3apskeHHOH cdepe. Haititu N — Bce paBHO
YyTO HAHTH NOTeHUHan . Mbl yXe HallJX NMOJs BHYTPH H BHe
OJIHOPOJHO 3apsiKeHHOH cdephl; A/ MOJYYeHHS NOTEHLHala MHI
MOXKEeM HX MNpOoHHTerpupoBaTb. BHe cdepb mnoTeHuHan paseH
Q/4meor, rae nonubiit 3apsaf Q naercs oTHoweHueM 4madp/3. Cae-
JOBaTeJIbHO,

pa®
Peremn = m- (1223)
st BHYTpEHHHX TOYEK BKJAAA B moJie AAIOT TOJMbKO 3apsab Q(r),
Haxojswuecst BHYTpH cdepbl paguycom r; Q(r) = 4mrdp/3, cae-
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LOBaTeJIbHO,
E=F (12.24)

_380.

Ilone pacter snuHeftHo ¢ r. UHTerpupys E, nonyyaem ¢:
—— o
Pouyrp = 66, ~+ KoucranTa.

Ha paccTosinun paanyca @ Qpgems AO/KEH COBNAAATb C Ppuyrp,
MO3TOMY MOCTOsSIHHAsi JOJXKHA ObITb paBHa pa?/2e. (Mbl npeamno-
JlaraeM, 4To MOTEeHLHAJ ¢ paBeH HY/aI0 Ha OO/JbLIMX PACCTOSAHUAX
OT HMCTOYHHKA, a 3TO A/s HeHTpPOHOB OyaeT oTBeyaThb oGpalle-
HHI0O N B Hyab.) CJenoBaTenbHo,
— P (f2_ 1~
Peuyrp = 3¢, 9 5 ) (12.25)
Tenepb MBI cpa3y e HalileM NJOTHOCTb HelTPOHOB B Ha-
weit aMdpdy3HoHHOH 3agaue

S 3
N sneuwn = 3g_r (1226)
H
S ( 3a? 2
Naww=-35 (5 — %) (12.27)

Ha ¢ur. 12.7 npencraBnena 3aBucumoctb N OT r.

YeMy ke Tenepb paBHO OTHOLUEHHe MJOTHOCTH B LIEHTpe K
MJIOTHOCTH Ha Kpalo? B ueHtpe (r = 0) OHO mMpomoOpLUHOHAJBHO
3a%/2, a Ha Kpalo (r = a) npomopuUHOHAJbHO 2a%/2; NO3TOMY OT-
HOlLlleHHe MJoTHOcTell paBHO 3/2. OQHOPONHEII HCTOYHHK He faeT
OJHOPOAHO!N NJIOTHOCTH HeHTpPOHOB. KaK BHJHTe, HAILH NO3HaHHUS
B 3JeKTPOCTaTHKe [JalOT XOPOIIYIO 3aTPaBKy N5 H3yuyeHHs ¢u-
3UKH si1epHbIX PeaKTOpOB.

Ouddysna urpaet 60/blIyI0 poJb BO MHOTHX (H3HYECKHX
o6crosaTenbcTBax. [IBHXKeHHe HOHOB yepe3 XHAKOCTb MM 3JIEKT-
pPOHOB Yepe3 MOJYyNPOBOAHHMK NOAYHHAETCS BCe TOMY Xe ypaBHe-
HHIO. Mbl CHOBa M CHOBa NPHXOAHMM K ONHHM H TeM e YypaBHe-
HHUSIM.

§ 5. Be3suxpesoe Teuwenue xcudkocTu;
ob6rexanue wapa

PaccmoTpuM Tenmepb mpuMmep, Mo CYlIeCTBY, He TaKoOil yX Xo-
pOLIHil, MOTOMY YTO YpaBHeHHs, KOTOpble Mbl OyaeM HCMOJAb30-
BaTb, Ha CaMOM Je/e He OMHCBHIBAIOT HOBbIH OOBEKT MOJHOCTbIO,
a OTBeYaloT JIHUIb HEKOTOPLIM HAeaJH3HPOBaHHBIM YCJOBHAM. JTO
3ajgaya 0 TedeHuu 800vi. Korga Mmbl pas36upanu cayyail HaTsiHy-
TOH MJIeHKH, TO HallH ypaBHEHHs NpeNCTaBJAJNH NpPHOJHXKeHHe,
cnpaBel/HMBOe JHIIb A maabix oTkaonenui. Tlpun paccmorpe-
HHH TeyeHHs BOAbI Mbl npuberHeM K npHOGJIHKEHHIO Jpyroro
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pona; Mbl JLOJKHBI NPUHATbL OrpaHHYelHs, KOTOpHe, Booblle ro-
BOpS, K OOLIYHOI BOfe HeNnpHMeHUMBI. MBI paz6epeM TOJILKO CJTy-
Yyall MOCTOSIHHOTO TeYeHHS HEeCHumMaemoli, Heea3Kol, AutenHoLl
sasuxpenuli XuakoctH. [ToToM Mbl OfiHMlIeM TeueHHe, 3a7aB eMy
cKopocTh v(r) Kak ¢yHKuio noJoxeHus r. Ecau nBuxeHHe mo-
CTOSIHHO (eMHCTBEHHBIH CJy4ai, OJs1 KOTOPOrO HMeeTcCs 3JeK-
TPOCTAaTHYECKasi aHaJOTHsl), V He 3aBHCHT OT BpeMeHH. Ecan p —
MJOTHOCTb XHAKOCTH, TO PV — Macca XKHAKOCTH, Mpoxoisilas B
e/ MHHLYy BPeMeHH uepe3 efHHHYHYIO mJjowaaky. M3 3akona co-
XpaHeHHsl BellleCcTBa AMBEpTeHlHs pv, BooOlle roBopsi, paBHa H3-
MeHeHHIO CO BpeMeHeM MacChl BelleCTBa B eauHule o6beMa. Ml
npeanoJoKHM, 4YTO NMPOLECCHl HENPEepPLIBHOIO POXKIAEHHS HJH yHH-
YTOXeHHs1 BeulecTBa OTCYTCTBYIOT. CoxpaHeHHe BellecTBa Tpe-
6yer toraa, uto6el V-pv = 0. (B npaBoil yacTH NO/XKHO GblI0
6bl CcTOATH, BoOGlle roBopsi, —Op/df, HO NMOCKOJILKY Halla XHA-
KOCTb HeCXHMaeMa, TO p MeHATbCA He MoxeT.) Tak Kak p mno-
BCIOAY OJMHAaKOBO, TO €r0 MOXHO BBIHECTH, H Hallle ypaBHeHHe
3anuueTcst NpocTo
V.v=0.

UynecHo! CHOBa mosyun/aach 3JaeKTpocTaTHka (6e3 3apsiaos);
ypaBHeHHe coBceM noxoxe Ha V-E = 0. Hy He coBcem! B anek-
TpoctaTtuke He npoctro V-E = 0. Ectb 0dsa ypaBHenus. OgHo
ypaBHeHHe ellle He [aeT HaM BCero; HYXXHO [OMNOJHHTe/bHOE
ypaBHeHHe. UTOObI MOJIYYH/IOCH COBMajeHHe C 3JeKTPOCTaTHKOI,
y Hac rot oT v pomxeH 6bla O6bl paBHATbCA Hysto. Ho nas Ha-
CTOSILIUX XKHAKOCTeHl 3TO BoOOIle He TaK. B 6o/ablIHHCTBE HX
06bIYHO BO3HHMKAIOT BUXpH. Clle10BaTeNbHO, Mbl OrpaHHYHBAEMCH
cjayyaeM, Korja UHMPKYJsLHS XKHIKOCTH OTCyTCTByeT. Takoe Te-
yeHHe YacTo Ha3bIBAOT be3suxpesvin. Kak 6bl TO HH 6bl10, NpH-
HUMasl HalIH NPeANoJIOXEHHs, MOXKHO npedcrasuTs cebe Teue-
HHe XHAKOCTH, aHaJOTHYHOe sJeKTpocTaTHKe. MTak, Mbl Gepem

V.v=0 (12.28)
VX v=0. (12.29)

Mbl XOTHM MOAYEPKHYTb, YTO YCJIOBHS, MPH KOTOPHIX TeyeHHe
JKHIKOCTH NOJYHHSETCS STHM ypaBHEHHSIM, BCTPevaloTCsl BecbMa
HeyacTo, HO BCe-TakKH GBbIBAlOT. ITO AOJIKHBI GBITH CJyYyaH, KOraa
MOBEPXHOCTHBIM HaTsXKeHHeM, CXKHMaeMOCTbIO H BA3KOCTbIO MOX-
HO npeHeGpeyb M KOrjJa TeuyeHHe MOYKHO CUYHTaTb Ge3BUXPEBLIM.
STH yCJOBHS BLINOJMHSIOTCS CTOJb pPeaKo A5 OOBIYHOH BOMABI, YTO
matremaTHK JIxkoH ¢oH Hefiman ckasan no moBoay Tex, KTO
aHaausHpyert ypaBHeHHsa (12.28) u (12.29), uto OHM H3yHalOT «CY-
xylo Boay»! (Mbl BO3BpaTHMCSl K 3ajlaue O TEYEHHH XKHIKOCTH
6oJsee noaApo6HO B Bbim. 7, 1. 40 u 41.)
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ITockoabky V X v = 0, TO CKOPOCTb «CYXOH BOJbI» MOXHO Ha-
nucaTh B BH/e IpajHeHTa OT HEKOTOPOro 110TeHLHaaa

v—=—Vy. (12.30)

KakoB ¢uanueckuit cmbica P? Oco60 MOJE3HOTO CMbIC/AA HeT.
CKOpOCTb MOXKHO 3amucaTh B BHAe rpajHeHTa NOTeHLHaJa Npo-
CTO NOTOMY, YTO TeueHHe Ge3BuxpeBoe. [To aHajoruu ¢ 3/ekTpo-
CTATHKOIl ) Ha3bIBAETCS NOTEHYUAAOM CKOPOCTel, HO OH He CBf-
3aH C MOTEHLHANbHOH 3Heprueil Tak, Kak 3TO moayyaeTcss AJs Q.
[TockoabKy AHMBepreHuHs v paBHa HYJIO, TO

V. (Vi) = V2p = 0. (12.31)

[ToTeHunan ckopocTeil P NOAYHHSAETCS TOMY Xe AHPepeHLHAb-
HOMY YpaBHEHHIO, YTO H 3JIeKTPOCTATHYECKHH NOTeHLHaa B Ny-
cToM npoctpaHcTBe (p = 0).

IlaBaiite BhIGepeM KaKylo-HHOyab 3ampauyy o Ge3BHXDeBOM Te-
YeHHH M MOCMOTPHUM, CMOXKEM JIH Mbl PelUHTh ee H3YYEeHHBIMH Me-
TogaMHu. PaccMoTpuM 3apauy o lape, nagarmomieM B XKHAKOCTH.
EcaM oH [OBHXeTCH C/AHIIKOM MeNJEHHO, TO CHJBl BS3KOCTH, KO-
TODBIMH Mbl mpeHe6perand, GyayT cyulecTBeHHbl. Ecau oH aBu-
JKeTCH CJAHIIKOM GBICTPO, TO CJeJ0M 33 HUM O6yAyT HATH MaJjieHb-
KHe BUXPH (TypOGyJeHTHOCTb) H BO3HHKHET HEKOTOpas LIMPKYJs-
uus Boabl. Ho ecan wap aBHxeTcs M He depecuyp OLICTPO, H He
yepecyyp MeAJeHHO, TO TeyeHHe BoAb Oyner 6oJjee HJIH MeHee
OTBeYaTb HALIMM NpPeANOJJOXEeHHAM, H Mbl CMOXeM ONHcaTbh [BH-
XKeHHe BOJbl HAlIHMH NMPOCTHIMH YPaBHEHHSIMH,

Yno6Ho onuchiBaTb MNpoOLECC B CHCTeMe KOOpAHMHAT, CKpen-
AeHHOU ¢ wapom. B 3TOH cHCTeMe KOOPAMHAT Mbl 3aJaeM BOMPOC:
KaK TeyeT BOJA OKOJIO He-
NOABHXKHOIO  I11apa, ecJH
Ha O6OJIBIUMX PpacCTOSAHHAX
TeyeHHe opHopoaHo? MHa-
ye roBOps, €CJH BJaJH OT
mapa TeyeHHe BCIOAY OJH- BAv
HakoBo? TeueHHe BOJIH3H
wapa Oyner HMeTb BHJ, L
NOKa3aHHbIMl JIMHHSIMH TIO-

D ue. 12.8. [Toae cxopocreli 6e3-
suxpegozo obTexkanus cepol
HUGKOCTHIO,
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ToKa Ha ¢ur. 12.8. DTH 1HHUM Bcerpa, napaJJjeJbHble v, COOT-
BETCTBYIOT JIHHHSIM HampsiXKeHHOCTEH 3JeKTpHYecKoro mnoJs. Mbl
XOTHM MOJIYYHTb KOJIHYeCTBEHHOe OMHCaHHe MOJs CKOPOCTeH, T.e.
BbIpaXKeHHe [J1s1 CKOPOCTH B /060N Touke P.

MoXHO HaHTH CKOPOCTb Kak rpafHMeHT OT W, MNO3TOMYy CHa-
ya/ja ompeaenHM MOTeHUHaa. Mbl XOTHM HalTH MOTeHIHaJ, KOTO-
pblit yaoBaetBopsin Obl Bctoay (12.31) mpu caeayrowux aByx yc-
JIOBHAX: 1) TeueHHe OTCYTCTBYeT B cepHuecKoii obsacTH 3a mo-
BEDXHOCTBIO 11apa; 2) TeyeHHe MOCTOSIHHO Ha OOJIbLIHX PaccTos-
HUsIX. UTOOBI BBINOJIHAJNOCH NEepBOe OrpaHHYeHHe, KOMIOHEHTA V,
nepneHHKyJasApHAs MOBEPXHOCTH Ilapa, [O/MXKHA o6palarscs
B HyJb. DTO 3HAYHT, YTO OW/0r = 0 npu r = a. 115 BEINO/NHEHHS
BTOPOI'O OrpaHHYeHHs HYXHO HMeTb OY/0z = vo Bcloay, TAe
r > a. Ctporo roBopsi, HET HH OJHOH 3/eKTPOCTaTHYeCKOH 3a-
JayH, KoTopasi B TOYHOCTH COOTBeTCTBOBaJsa Obl Halleil 3amaue.
OHa ¢daKTHYeCKH COOTBeTCTBYeT cepe C HYyse80i NH3IeKTpHYe-
CKOll NMPOHHIAeMOCTbIO, MOMeIleHHOH B OJHOPOAHOE 3JeKTpHye-
ckoe moJse. Ecaim 6b MBI MMesH pellleHHe 3ajaud Aas cdepsl ¢
JH3/1eKTPHYeCKOil NPONHILAEeMOCTbIO X, TO, MOJOXHB % = 0, He-
MeJJIeHHO pelnaH Obl Hally 3ajgauvy.

Mbl paHblle He pa3o6paJjH TaKylo 3JeKTPOCTaTHYECKYIo 3a-
nayy BO BCeX MoApOOGHOCTAX; AaBaiiTe caenaeM 3To cefiyac. (Mol
MOr/H Obl Cpa3y pellUTb 3aayy O XKHAKOCTH C V H ¢, HO OyaeM
no/b30BaThcst E M ¢, NOTOMY 4TO MPHUBBLIK/IH K HHM.)

3apgauya CTaBHTCS TaK: HAaHTH TaKoe pelleHHe ypaBHeHHS
V2 =0, yto6bl E = —V¢ paBHsJ0Ch MOCTOAHHOH, cKaxeM E,g,
ans 60abWKMX ¢ U, KpOMe TOro, yToObl paguaabHas koMnoHeHTa E
6bl1a paBHa HyJai0 npu + = a. MHaue rosops,

LN P (12.32)

or r=a

Hawa 3ajgaya BK/AlOYaeT HOBBIH THN TPAHHYHBIX YCJOBHH —
Korga J¢/0r MOCTOSIHHO, a He TOT, KOrla MOTEeHUHa] ¢ NOCTOsIHEH
Ha NMOBEPXHOCTH. DTO HEMHOXKO apyroe ycaosHe. [loayuutb or-
BeT cpa3y HeJserko. [Ipexne Bcero Ge3 mapa ¢ Obl1 Obl paBeH
—Eyz. Torpa E Gblio 6bl HanpaBJ/ieHO MO 2 H MMeno Gbl BCIOAY
NOCTOSIHHYIO BeJHYHHY E,. Mbl yXxe HcciefoBaaH cJaydyail JH-
3/1eKTPHYECKOro 11apa, noJspu3anus BHYTPH KOTOPOTrO OAHOpOA-
Ha, M HallJH, YTO MoJie BHYTPH MNOJIAPH30BAHHOTO llapa OJHO-
pPONHO, a BHe ero OHO COBMajaeT C NOJeM TOYEYHOro AHUMOJS,
pacmoJsioxkeHHOro B LeHTpe mapa. [laBafite HanHueM, 4TO HCKO-
MOe pellleHHe eCTb CYNepno3uilUsi OJHOPOAHOrO MOJS MJKC MoJe
aunoas. IloteHunan aunonas (cM. ra. 6) ectb pz/4meord. Hrak,
MBI npejnoJaraeM, 4To

¢=—E@+Zﬁﬁ. (12.33)
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ITockoabKy nose gunoJas cnapaet, Kak 1/r% 1o Ha Goabuux pac-
CTOSIHMSIX Mbl KakK pa3 HMeeM nose E, Hame npeanoJnoxenue
aBTOMAaTHYeCKH YAOBJETBOPsieT cHOpMYJHPOBAHHOMY BhIlle BTO-
poMy ycaoBuio (ctp. 252). Ho uTo HaM B3dTb B KauyecTBe CHJbI
aunoas p? Jas oTBeTa Mbl AO/KHBI HCNOJb30BaTh APYroe ycJjo-
BHe [ypaBHeHue (12.32)]. Mbl po/mxHb npoauddepeHUHPOBATE @
no r, HO, pa3yMeeTcs, 3TO HYXXHO cielaTb NPH NOCTOSHHOM YrIJe
0, noaTomy ynoGHee BbIpa3HTbh CHayaJa ¢ 4epe3 r U 0, a He yepe3
2 u r. [lockosabKy 2 = rcos 6, To

o =— Eyrcos 0+ 220 (12.34)
PaguanbHas cocrasastowmas E ectb
-9 4 Eycos0+ g;;’sr‘j . (12.35)

OHa pomxHa ObITH paBHa HYJ/IO NpH r — a s Bcex 0. D10 Gyner
BBINOJIHEHO, €CJ/IH

p = — 2ngya’E,. (12.36)

3aMeTbTe XOpOLIEHbKO, YTO ecau Obl 06a 4/jeHa B ypaBHEeHHH
(12.35) 3aBucean Gbl OT O MO- pa3HOMy, TO Mbl He CMOTJIH Obl Bbl-
6paTh p Tak, uto6n (12.35) o6pawanoch B HyJb NPH r = a A4
Bcex yraoB. Tor ¢akr, 4To 3TO MOJYYH/IOCH, O3HAYAET, YTO MBI
6bl1H MyApbl, HanucaB ypaBHeHHe (12.33). KoHeuHo, Korga Mbl
JNOTaAblBaNuCh, Mbl 3arasiiblBajii Bhepen; Mbl 3HaJ/H, UTO MOHa-
NOOHUTCA ellle OOHH 4JleH, KOTOPLIA Obl, BO-NepBbIX, YAOBJETBOPSJI
VZ¢ = 0 (a060e neficTBHTe/bHOE NOJe YIOBJETBOPSieT 3TOMY),
BO-BTOpLIX, 3aBHCeJ OT c0S 0 M, B-TPeTbHX, cnagaa Obl K HYJIO
npu 6oabmux r. Ilone aunons — eHHCTBEHHOE, KOTOpPOE Y1OB-
JleTBOpsieT BCeM TpeM TpeGOBaHHSM.

C nomoulbio (12.36) Haw noteHuHas npuoGpeTaeT BHA

@ = — E,cos e(r+2L:2). (12.37)

PeweHue 3afaun 0 TeueHHH XKHAKOCTH MOXKeT GbITb 3aMHCAHO
npocTo:

as
1p=—vocose(r+? . (12.38)

Otcrona npsamo Haxoaurcs v. Boabuie Mbl He GyneM 3aHu-
MaTbCs 3THM BONPOCOM.

§ 6. Oceeumyenue; pasrnomepnoe
oceewjerue nAOCKOCTU

B srom nmaparpade mbl ofpaTHMcs K coBceM Apyroil ¢pusu-
YyeCKOH npo6/eMe — Mbl BelJb XOTHM MOKa3aTb 060JIbIOE Da3HO-
o6pasue Bo3moxHocTell. Ha aToT pa3 MB npomenaeM Koe-4To,
YTO NPHBENET HAC K uHTezpaay TOTO Xe COpPTa, YTO Mbl HAIUJH
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Due. 12.9. Ocseujennocrs [, NCB2PXHOCTU PABHA dnepeul U3-
Aydenun, nadaroujell 8 eouruyly 8pemenu HA eOUHUUHYIO nAao-
wadky nosepxHOCTU.

B 3Jjektpoctatuke. (Ecau nmepen HamH CTOMT MaTeMaruuecKas
3ajfaya, NpHBOAALLAs K HEKOTOPOMY HHTerpaJy, a HHTerpas 3TOT
y>Ke 3HAaKOM HaM Mo ApYyro#l 3ajaue, TO KOe-4TO O ero CBOHCTBax
HaM H3BecTHO.) Bo3bMeM npuMep M3 TeXHHKH ocBellleHus. ITycTb
Ha DAacCTOSIHHH @ Haj MJOCKOCTbIO HMeeTcsl KaKOH-TO HCTOYHHK
cBeta. Kak OyneT ocBellaTbCcsl MOBEPXHOCTb? YeMy paBHa 3Hep-
rUsl M3JyueHHs, Majamoulas Ha eIHHHUYHYIO MJOILMAAKY MOBepXHO-
CTH 3a enuHuUy BpeMeHu (¢ur. 12.9)? Mb npeanosaraem, 4to
HCTOYHHK CcepHUeCKH-CHMMETPHYHBIA, TaK UYTO CBeT H3Jyyaercs
OIMHAKOBO BO BCeX HampabjeHHsX. Toraa KoJHYecTBO H3JyyeH-
HO{l SHepruH, Npoxosllee yepe3 eJHHHUHYIO MJAOLIALKY, nepreH-
OUKYAAPHYIO TIOTOKY CBeTa, MeHseTcss 06paTHO NPOMOPLHOHAJBHO
KBaapary paccrosiiusi. OueBHJHO, YTO HMHTEHCHBHOCTb CBeTa B
HanpaBJ/leHHH HOPMAJIH faeTcsl TakoH ke GOpMYJIOi, YTO H 3jeK-
TpHUYeCKOe noJie OT TOYEYHOTrO HCTOYHHKA. Ecau cBeTOBbBIE nyuH
najapoT Ha MOBEPXHOCTb MOJ YrJaoM 6 K HopMaJH, To [, 3Heprus,
najgawouas Ha eGUHUYHYO NA0Ua0KYy MOBEPXHOCTH, YMeHbLIAETC s
B COS 0 pas, MOTOMY 4YTO Ta Xe 3Heprus najaetr Ha MNJowWaab
B 1/cos 0 pa3 Gosbuiyio. Ecain MBI Ha30BeM CHJy Haliero HCTod-
Huka S, toraa [,, OCBELIEHHOCTb NMOBEPXHOCTH, pPaBHa

I,="re n, (12.39)

rae €-— eJUHHUYHBIA BEKTOpD B HampaB/JeHHH OT HCTOYHHKA, a
n — eJHHHYHAs HopMaJjb K moBepxHocTH. OcBelieHHocTs [, co-
OTBETCTBYET HOPDMaJIbHOM KOMIIOHEHTE 3JIEKTPHUYECKOro MoJs OT
TOYEYHOr0 HCTOYHHKA C 3apsiaoM 4meeS. YuuTbiBas 3T0, Mbl BH-
IOUM, 4TO AJs1 J06Goro pacnpeneseHdsi HCTOYHHKOB CBETa MOXHO
HaHTH OTBET, pellasl COOTBETCTBYIOILYIO 3a71a4y 3J/1€KTPOCTATHKH.
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Mb1 BHIYHC/ISIEM BepTHKAbHYIO KOMIIOHEHTY 3/1eKTPHUECKOTO M0JIs
Ha MJOCKOCTH OT pachnpejeseHHst 3apsiaoB TOYHO TaKHM e 06-
pa3oM, KaK [/ HCTOYHHKOB cBeTa *.

Paccmortpum takoit npumep. Ham Heo6XxoauMo aasi KaKoro-to
3KCNepHMeHTa YCTPOUTb TakK, 4TOGHI CTOJ OCBellla/jcsi paBHOMep-
HOo. Mbl pacnosnaraeM ANHHHBIMH TpyGKaMH (JyopecleHTHBIX
Jlamn, H3/1y4yalollMX paBHOMepHO Mo Bcell cBoelt AnHHe. Ham cTon
MOXHO OCBEeTHTb, Pa3MecTHB (JyopecClLeHTHble TPYyOKH NpaBHJb-
HBIMH pAJlaMH Ha MOTOJIKE, KOTOPbIi HAXOJHTCA Ha BBHICOTE 2
Hajp cto/oM. YeMy NO/KHO ObITb paBHO HauGOJblee paccTosi-
HHe b oT TpyOGKHM 00 TpPYOKH, €CJH Mbl XOTHM, 4YTOOBI NOBEpX-
HOCTHOE OCBellleHHe Obl1I0 PaBHOMEPHBLIM C TOYHOCTBIO JO OMHOH
ToicAyHOH? Ortger: 1) HainuTe 3JeKTpHUeCKoe mnoJse oT HaGopa
PaBHOMEDPHO 3apsXKeHHBIX MPOBOJOB C MNPOMEXYTKOM MeXIy
HHMH, paBHBHIM b; 2) noacuMTaiiTe BepTHKAJbHYI0 KOMIOHEHTY
3J/1eKTPHYeCKOro noJs; 3) onpeaenuTte, yeMy JOJKHO ObITb PaBHO
b, 4yTOGBl BOMHHUCTOCTH MOJSA Obl1a He GOJblle OJHOH THICSAYHOMH.

B ra. 7 Mbl BuAeaH, 4TO 3JeKTpHUeCKOoe MmoJie OT psfa 3aps-
J)KEHHBIX NMPOBOJOB MOXeT ObITb MPEACTaBJEHO B BHIOE CYMMbI
4/IeHOB, KaXXAbll M3 KOTOpPHIX JaeT CHHYCOHAAJbHOEe H3MeHeHHe
noJisi ¢ nepHoaoM b/n, rae n —ueJjoe yucao. AMnanryaa ao6oro
M3 3THX YJIeHOB JaeTcsi ypaBHeHHeM (7.44):

Fﬂ — Ane— 2:rmz/b_

Hawm HyXHO B3s1Tb TONBKO cJaydaih n =1, pa3 Mbl XOTHM noJay-
YUTb M0JIe B TOYKAX, He CJHMIIKOM OJH3KHUX K mpoBogaM. UrToOwl
MOJNYYHUTh MOJHOE pelleHHe, HAM ellle HYXHO ONpeleHTb Ko3d-
¢uuneHTH Ap, KOTOpbIE MBI [OKAa He HAIUJH (XOTS OHM HaxXo4sT-
cd npsIMbIM BbluucJeHHeM). [ToCKO/IbKY HaM HYXHO 3HAaTb TOJIb-
KO A|, TO MOXHO OLI€HHTb €ro BeJHUYHHY, CUMTAs ee PaBHOH cpen-
Hell BeJHYHHE MOJsA. DKCMOHEHLIHANbHbI MHOXHTENb TOr4a aaer
HaM Cpa3y OTHOCUTEAbHYrO aMNAUTyAy H3MeHeHuil. Ecau MBI Xo-
THM, 4TOGBl 3TOT MHOXHTeJb Gbl1 paBeH 10~3, To b okasbiBaeTcst
paBHeiM 0,91 z.

Ecsn npoMexyTok Mexay JamnaMu cieaath paBHBIM 3/, pac-
CTOSIHHSl 10 NOTO/Ka, SKCMOHEHLHAJNBbHbII MHOXHTeJb TOraa Gy-
net paBed 1/4000, n Mbl UMeeM ¢aKTOp HaleXHOCTH 4, Tak 4TO
Mbl MOXeM OBbITb BMOJIHE YBepeHbl, YTO OCBellleHHe OyaeT mo-
CTOSIHHBIM C TOYHOCTbIO A0 OAHOH ThiCA4HOH. (TouHOe BbIuHCJe-
HHe MOKa3blBaeT, yTo A; B A€HCTBUTEJILHOCTH B ABa pasa 6oJblie
cpelHero noJas, TaK 4TO TOYHBIH oTBeT GyaeT b = 0,8 z.) He-

* TIocKOJIbKY MBI TOBOPHM O HEKO2ePeHTHbLX HCTOUHHKAX. UHTEeHCUBHOCTW
KOTOPHIX BCerga CKJAALIBAIOTCA JHHEHHO, TO 3JIeKTPHYeCKHe 3apflbl B aHaJo-
THYHOi 3ajaue Bceraa GYAYT HMeTb OJHHaKOBble 3HaKH. CJefyeT yuecTb, yTo
Hallla aHaMOrus NMpUMEHAETCA TOJbKO K CBeTOBOil 3Hepruu, majaiwolleil Ha no-
BePXHOCTb HENMpPO3PayHOil MJIOCKOCTH, MO3TOMY Mbl AOJMKHBI BKJIYHTb B HHTE-
rpaq JHIIb HCTOYHHKH, H3JIy4aloulHe HajJ MOBEPXHOCTbIO (KOHEYHO, He Te, KO-
TOpble PacnoJoKeHbl MOA MOBEPXHOCTLIO!),
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MHOI'O HeOXHAAHHO, YTO [J5 CTOJb PaBHOMEPHOrO OCBelleHHs
LOMYyCTHMBbIH NPOMEXYTOK MeXAay TpyOKaMM oKa3sajcsi TaKuM
GOJIbIINM.

§ 7. «Pyndamenrarsvroe edurcTeo» npupodot

B sToiirn1aBe MBI XOTeJM NMOKa3aTh, YTO, H3yyas 3JeKTPOCTa-
THKY, Bbl OJHOBPDEMEHHO YYHTeCb ODHEHTHPOBATLCS BO MHOTHX
Bonpocax GH3HKH H YTO, NOMHA 06 3TOM, MOXKHO BBIYYHUTb MOUYTH
BCIO QH3HKY 32 HECKOJIBKO JIET.

Ho B KoHue, ecTecTBeHHO, HampallMBaeTcs BONPOC: nouemy
ypasHeHus O0AS Pa3HbLX ABAEHUL CTOAb NOX0xHU? MBI MOTJH Obl
CKasaTb: «B 3TOM nposBasercs ¢yHIaMeHTaJbHOEe € JHHCTBO MpH-
poabl». Ho uto 3t0o 3Hauut? Uto moes0 661 03HAUaTh Takoe 3a-
siBleHHe? DTO MOrJjo Obl MPOCTO O3HAYyaTh, YTO YpPaBHEHUS O/
pas3HbIX sIBJEHHH MOXO0XH; HO TOrAa, KOHEYHO, Mbl He JajH HH-
Kakoro o6bsicHeHusl. «DyHaaMeHTaqbHOE €AHUHCTBO» MOrJO Gl
03HayaThb, YTO BCe C/e/JaHO H3 OJHOr0 M TOTO Xe MaTrepHaJa, a
NOTOMY MOQUMHSIETCA OJHUM M TeM e ypaBHeHHAM. 3BYYHT Kak
HemnJjoxoe OOGbSICHeHHe, HO AaBaliTe NOPa3MBICAHM. DJeKTpocTa-
THYeCKHH NCTeHUHaJ, AHOPY3Hs HeHATPOHOB, NMOTOK Tem/a — He-
yXe/aH Mbl NeHCTBHTEJbHO HMeeM [Jes0 C OJHHM H TeM Xe Ma-
TepHasoM? MoxeM /M Mbl B CaMOM JeJle NpeACTaBUTb cebe, UTO
3JIEKTPOCTATHYECKHH MNOTEHUHAN Qu3u4ecKu WAEHTHYEH TeMmIe-
patype WJHM NJOTHOCTH 4yacTHL? HaBepHsiKa ¢ He coscem To e
camoe, uTO TemjcBas 3Heprus uvactuu. CMeuleHne MeMGpaHBI
SIBHO He noxooce Ha TeMnepatypy. C Kakoil xe cTaTu Torga 3uech
nposiBasieTcsi «byHIaMeHTaJbHOe eIHHCTBO»?

BoJiee npucranabHblil B3rasa Ha PU3HKY pasHbIX BONPOCOB MO-
Ka3blBaeT, UTO YPaBHEHHs] HAa CaMOM feJseé He UJEHTHYHBL. ¥Ypas-
HeHHe, HalAeHHOe HAMH A/ AWP(Y3HH HEHTPOHOB, BCEro JHLIb
npHOGJHXKEeHHe, KOTOpPOe OKa3blBaeTCcsi XOPOLUMM, eCJH HHTepe-
cylolllee Hac paccTOsiHMe BeJHKO MO CPAaBHEHHIO C JJIMHOH CBO-
6onHoro mpobera. Ecau 6bl Mbl npuraspennch NoBHHMAaTejbHee,
TO yBHAeaH Obl, KaK OBHXYTCA OTHAeJbHble HeHTpOHBHL. Pa3sy-
MeeTcsl, JBHXKeHHe OJHOro HeHTPOHA M rJajKiue H3MeHeHHs, Ko-
TOpble Mbl MGJYy4YyaeM NpH pelleHHH AH(GepeHUHAJbHOIO ypaB-
HeHHs, BellH pasHble. [JJuddepeHunanbHoe ypaBHeHHe — 3TO NPU-
6/112KeHHe, TOTOMY UTO MBI COYJil, YTO HEATPOHBI I1alKO pacnpe-
JleJieHbl B NPOCTPAHCT8e.

Moxert GbITb, 8 3TOM M COCTOMT pasragka? MoxeT GbITb, 06-
llee BCEeM SIBJEHHUSAM €CTb NPOCTPAHCTBO, T€ PAMKH, B KOTOpble
BnoxeHa ¢uauka? Iloka Bce MeHsieTcss B NpOCTpaHCTBe AOCTa-
TOYHO NJIABHO, BAXXHBIMH (aKTopaMH, BXOOSUIMMH B PaccMoOT-
peHHe, OYOYT CKOPDOCTH HM3MeHeHHs BeJHYHH B 3aBHCHMOCTH OT
NoJI0oXKeHHs B NpocTpaHcTBe. BoT mouemy y Hac Bcerga noay-
yaeTcsi ypaBHeHHe ¢ rpagueHToM. [IpousBoaHble 00A%HbL NOSIB-
JISITbCS B BHIAE TpajHeHTa MM AHBepreHlHH; 3aKOHbI (QU3HKH He
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3Q8UCAT OT Hanpasaenus, MO3TOMY OHH [OJXKHBI BbIpaXXarbCs
B BHJEe BEeKTOPOB. YpaBHEHHS 3JIeKTPOCTATHKH — 3TO NpPOCTEH-
IIMe BEKTOpHble YpaBHEHHs, BKJ/IOYAIOLWHE TOJIbKO MNPOCTPAHCT-
BeHHble TNPOH3BOJHbLIE BeJHYHH, KOTOpble MOXHO BooGlIe 3amnH-
catb.JIto6as apyras npocras npo6aeMa — HIH YNPOUIEHHE CAOXK-
HOH mpoG/eMbl — 0J2KHA ObIThb NOX0Xa Ha 3JeKTpocTaTHKy. O6-
MM AJS BCeX HAlIMX 3ajay sIBJIseTCA TO, YTO OHH CBSI3aHbl C
RPOCTPAHCTBOM, H TO, UTO Mbl UMUTUPYEM NMO-HACTOSILIEMY CJOXK-
Hble SBJEHHS MPOCTHIM AHGdepeHUHANbHBIM ypaBHEHHEM.

OTclona BO3HHKAeET ellle OMH HHTepecHBIH Bonpoc. A He crnpa-
BeJIMBO JIM 3TO YTBepKAeHHe H A/151 YDABHEHHI 9AeKTPOCTATUKU?
MoxeT ObITb, U OHH TOAATCH TOJbKO KakK CriaaeHHas MMHTAaLHA
Ha caMoM feJse ropasno 6oJsee cJOXHOro MHKpomupa? M peasnsb-
HbIi MHD COCTOMT M3 MaJ/leHbKHX X-OHOB, KOTOpble MOXHO P a3JH-
YHUTb TOJBLKO Ha 4pe38ui4aiiH0 MasblX paccTOSIHHAX? A mpoBoas
Hallh H3MepeHHs, Mbl Bcerga Hab/aoaaeM Bce B TaKOM rpy6Gom
Macwtabe, 4TO He MOXeM YBHIeTb 3TH MajeHbKHe X-OHbI, BOT
noyeMy Mbl H NPHXOAHMM K nH(}p¢epeHUHAJbHBIM YDAaBHEHHAM?

Hama coBpeMeHHas HanGoJsiee nonHas TeOpHs 3JeKTPOAMHA-
MHKH [eiCTBHTe/JbHO OOHAapy>XHBaeT TPYJHOCTH HA OYEHb MaJbIX
pacctosiuusx. [TosToMy B npHHUHNE BO3MOXHO, YTO 3TH ypaBHe-
HHS1 IPeACTaBASAIOT co00li CriaxKeHHble BepcHH yero-to. OHU OKa-
3bIBAIOTCA NMPaBH/IbHBIMH Ha DacCTOSAHMAX BNJAOTH A0 1014 cm,
HO 3aTeM OHH HAaYMHAIOT BBHIIVIAJETb HeMpaBH/AbHLIMH. BO3MOXHO,
YTO CYyLLeCTBYeT MOKa ellle He OTKPHITHIA «MeXaHH3M» H 4YTO Je-
Talu BHYTPEHHEro CJOXHOI'O YCTPOICTBAa CKPLITHI B ypaBHEHHSX,
HMEeIOUHX IMaAKHH BHA, KaK 3TO MOJYYaeTcss B «IJaAKOH» nHO-
¢y3un HeittponoB. Ho HHKTO ewe He cymen c@opMyJ/HpOBaThb
yCneurHoi TeopHH, Kortopas O6bl pafoTana TakHM o6pa3om.

Kak 3To HH cTpaHHO, OKa3biBaeTcs (MO NpHYHHAM, B KOTO-
pHIX MBI ellle He pa3o0paJjHuch), YTO KOMOHHAUMA pensiTHBH3MA H
KBaHTOBOH MeXaHHKH, HACKOJbKO MBI HX 3HaeM, MO-BHAHMOMY,
sanpewjaeT NpHAyMbIBaAHHE ypaBHeHHH, QYHAaMeHTA/JIbHO OTJHY-
HbIX OT ypaBHeHusi (12.4) W B TO ke BpeMsl CBOGOAHBIX OT MpPO-
THBOpeuHil. 3aMeTbTe: He H3-3a PaCXOXIEHHil C 3KCNepHMEHTOM,
a oT eHYyTpenrux npotusopequdi. Takux, Kak, cKaxeM, nmpeacka-
3aHHe, 4YTO CYMMa BepOSITHOCTeH BCeX BO3MOXKHBIX HCXOJOB CTa-
HeT He DaBHOH eJMHMLE HJ/IH YTO HEPTHH OKa3bIBAlOTCA KOMI-
JIEKCHBIMH YHCJ1aMH, HJIH ellle KaKoH-HUOyap yenyxu. Hukto ele
He CO3/1a/1 TEOPHH 3JeKTpHuYecTBa, B Kotopoii V2@ = —p/ey no-
HHUMaJoch Obl KakK CrjaxeHHoe NpHOJHXKeHHe K GoJjee ray6o-
KOMY MeXaHH3My H KOTOpas He NpHBOAH/IA Obl B KOHEYHOM cyeTe
K Kakomy-an6o abcypay. Ho Hago cKasaTb, YTO NpaBHJbLHO TakK-
Xe H TO, UTO MPEANOJIONKEHHE O CNpaBeAJHBOCTH V2 = —p/ep
0Jsi JIOOBIX KAK YrOAHO MaJjblX PacCTOSIHHH TOXe MNPHBOAHT
K OHKOMYy abcypay (3/1eKTpHyeckasi 3Heprusi 3JleKTpoHa OecKo-
HeyHa) — abCcypay, OT KOTOPOro IIMKTO ellle He CyMeJ H36aBHTbCA.
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Tarnasa 13

MATHHUTOCTATHKA

§ 1. Maznurnoe noane

Cuna, aelcTBylOLlast Ha 3JIEeKTPHUYECKHH 3a-
P, 3aBHCHUT He TOJbKO OT TOro, rie OH Haxo-
IHUTCS, HO MU OT TOro, C KAaKOH CKOpPOCTbI OH
aBuxKeTca. Kaxkpas Touka B npocTpaHCTBe Xa-
pakTepH3dyeTcst ABYMSl BEKTODHBIMH BeJHYHHAMH,
KOTOpbI€ OMnpee/sioT CHAY, AeHCTBYIOIYIO Ha
n060i1 3apan. Bo-nepBhiX, HMeeTcsl 3aeKTpude-
cKas cuaa, fapwas Ty 4acTb CHJBI, KOTOpas He
3aBHCHT OT [ABHXeHHs 3apsaa. Mbl onuchiBaeM
ee C nomoulbio sneKTpuyeckoro noas E. Bo-BTo-
pBIX, ecTb ellle J06aBOYHAsy KOMIOHEHTA CHJbI,
HasblBaeMas MA2HUTHOU CuAol, KOTOpasi 3aBUCUT
OT CKOPOCTH 3apsifia. DTa MarHUTHasi CHJa HMe-
eT YAMBHTEJbHOE CBOHCTBO: B /OGO JaHHOMH
TOYKe MPOCTPAHCTBA KaK HanpasieHue, TaK U ge-
AUMUHQ CHJIBI 3aBHCSIT OT HANpaBJeHHS [IBHXKe-
HHMS 4YacCTHLBl; B KaXIbli MOMEHT CHJa Bcerga
nepneHAMKy/1sipHa BEKTOPY CKOPOCTH; KpOMe TO-
ro, B /M060M MecTe CHJa BCerja nepneHaHKy-
JIipHa onpedeneHHOMY HANPABAEHUIO 8 NPOCT-
parcree (¢ur. 13.1), u, HakoHel, BeJHYHHA CHJIBI
NPONOPUHOHAJNLHA KOMNOHEHTe CKOpPOCTH, Mep-
NEeHAHKYJIAPHOH 3TOMY BblieJeHHOMY HampabJe-
Huo. Bce 3T cBOHCTBa MOXHO OmHcaThb, €CJH
BBECTH. BEKTOp MarHutHoro moJs B, Kkortophiii
onpefeJsieT BblleJeHHOe HanpaBJ/ieHHe B MpPOCT-
paHCTBE H OLHOBPEMEHHO CJYXHT KOHCTAHTOH
NPONOPUHOHAJbLHOCTH MEXAY CHJIOH H CKOpO-
CTblO, H 3amHcaTb MAarHHTHYI CHJYy B BHIE
gv X B. TlonHas snekTpoMarHuTHasi cuaa, Jei-
CTByIOWlAass Ha 3apsij, MOXeT Torga GbITh 3anu-

CaHa Tak:
F=gq(E + v X B).

Ona naswiBaetcs cuaoil Jlopenya.
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§ 3.

§4.

§ 5.

§ 6.
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§ 8.

MaruuTtHoe noae

AnekTpuueckuit
TOK;
coXxpaHeHue 3apaaa

MarnuutHaa cuna,
AedCTBYIOIAA HA
TOK

MaruutHoe noJae
NOCTOAHHOr O TOKa;
3akoH Amnepa

MaruutHoe nonae
npaMoro nposoaa
W CONeHOuAa;
ATOMHBIE TOYKH

OTHOCHTENLHOCTD
MArHATHLIX

W 31IEKTPHYECKHUX
nonei

MpeoGpa3osanue
TOKOB M 3apsfos

Cynepnosunuus;
npasuiao npasoil
PyKH

Hosropurs: ra. 15

(Bbin. 2)
«Cneunaabhasn
TeopHsa OTHOGH=
TEeJbHOCTHY



due. 13.1. 3asucawan or cko-
pOCTU KOMNOHEHTA Ccuabl Ha Oéu-
acywudca 3apad HanpasieHa nep-
neHoUKYAApHO V U 8exkTopy B.

OHa nponopyuoHAAbHA TaKxce KOMNO-
HeHTe Vv, nepneHouKkyaapHoid B, T. e.
v sin®.

MArHHUTHYIO CHJYy MOXIIO JIeTKO NPOAEMOHCTPHPOBAThb, €C/aH
NOJHECTH MarHHT BIJIOTHYIO K KaToAHOH Tpy6Ke. OTK/JIOHeHHe
3JIEKTPOHHOrO Jly4a YKa3blBaeT Ha TO, YTO MArHHUT BO30YXKAaeT
CHJIBI, NeACTBYIOLUIHMEe HA 3JEeKTPOHb! NMeplneHAHKY/IAPHO HanpasJe-
HHIO HX ABHXXeHHsi (Mbl y2ke 06 3TOM roBopuJH B BHN. I, ra. 12).

Enunuueit marHutHoro noas B, oueBHaHO, siBAseTcsd | Hblo-
TOH-CeKyH[Ja, Ae/JeHHbIl Ha KYJOH-MeTp. Ta Xe eAMHHIa MOXeT
ObITh HaMmUCaHa KaK BOJIbT-CEKyHAA Ha KBaapaTHblil MeTp. Ee Ha-
3bIBAIOT ellle 8ebep Ha K8adpaTHbuul meTp *.

§ 2. Jaexrpuueckuii Tox; coxpanenue 3apada

[Tonymaem Temepp 0 TOM, MoYyeMy MAarHHTHble CHJBI Jefi-
CTBYIOT Ha NMPOBOAA, MO KOTOPHIM TeyeT 3/eKTpHuecKHil ToK. i
3TOr0 Onpeje/uM, YTé MOHHMAETCS MOA MJOTHOCTbIO TOKa. DJlek-
TPHYECKHIl TOK COCTOHMT M3 ABHXKYIUHUXCH 3/]eKTPOHOB HJIH APYTHX
3apsa0B, KOTopble 06pa3yioT pe3yJ/bTHpYIOLlee TeueHHe, HJH MO-
TOK. Mbl MOXeM NpeACTaBHTb NMOTOK 3apsiiOB BeKTOPOM, Ompe-
AeN[IOUHUM KOJMHYeCTBO 3aps0B, KOTOPOe MPOXOAHT B €IUHHLY
BpeMEHH yepe3 eAMHHYHYIO NJIOWIAAKY, NepneHAHKYJSAPHYIO MO-
TOKY (TOYb-B-TOYb KaK MBI 3TO JeJ1a/IH, ONpefesis NOTOK Tennaa).
HasoBeM 3Ty Be/qMUHHY NAOTHOCTbIO TOKA ¥ OGO3HAYMM ee Bek-
TopoM j. OH HanpaBJieH BROJb ABHXeHHA 3apanoB. Ecam B3dATb
MaJIeHbKYIO MJIOWAaAKY Aa B 1aHHOM MeCTe MaTepHana, TO KOJH-
YeCTBO 3apfAJ0B, TeKyllee Yepe3 MJOWAAKY B eJHHHLY BpeMeHH,

paBHO
j-nAa, (13.2)

T/le N — eIMHHYHBII BEKTOD HOPMaJH K Aa.

[TnoTHOCTL TOKa cBA3aHa €O cpelHell CKOPOCTBIO TeYeHHs
3apsnos. [IpeanonoxuM, 4To MMeeTcsl pacnpejeseHHe 3apsioB,
B cpelHeM Apeilidyromux co ckopocTbio v. Korma ato pacnpene-
JleHHe NpPOXOAMT Yepe3 3J/eMeHT moBepXHocTH Aa, To 3apaa Ag,

* Wau, ropoue, — recaa, — [Tpum. ped.
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Pue. 13.2. Ecau pacnpedere-
Hue 3apado8 ¢ NAOTHOCT6IO O
08uMeTCsa €O CKOPOCT6!IO V, TO
KoauxecT8o 3apada, npoxodauee
8 eduHuyy epemeHu wepe3 naO=-
wadky Aa, ecte pv-n Aa.

npoxoAsuuii yepe3 Aa 3a BpeMsi Af, paBeH 3apsay, coiepxalue-
Mycsl B napaJJejenunefe ¢ OCHOBaHHeM Aa M BbICOTOH vAf
(¢ur. 13.2). O6bem napaJaJenenunena ecTb NpoH3BeleHHe NMpPOeK-
UMK Aa, nepneHAHKYJApHO# K v, Ha vAf, a yMHOXas ero Ha
NJOTHOCTb 3apsAA0B p, noayyaeM Ag. Takum oGpasom,

Ag=pv -nAaAt.
3apsl, NpOXOAAIIHH B eJHHHLY BpeMeHH, TOrAa paBeH
pv-nAa, oTKyJaa nojsydyaem
j=pv. (13.3)
Ecau pacnpesneneHHe 3apsiioB COCTOHT H3 OTHAeJbHBIX 3apsi-

J 0B, CKaXeM 3JIEKTPOHOB C 3apsAAOM ¢, ABHXKYUIHXCA CO cpezu-leﬁ
CKOPOCTBIO Vv, TO IIJIOTHOCTb TOKa paBHAa

j= Ngv, (13.4)

rie N — yucJs0 3apsifoB B eAHHHIE 06beMa.
[TonHOEe KO/MNMYeCTBO 3apsAa, MpOXOoAsillee B e AHHHIY BpeMeHH
yepe3 KaKylo-TO MOBEPXHOCTb S, HA3bIBAETCS IAEKTPUUECKUM TO-

kom I. OH paBeH HHTerpajsy OT HOPMaJbHOil COCTABJSKOILEH M0-
TOKa 10 BceM 3JeMeHTaM noBepxHocTH (¢ur. 13.3):

1=Sj-nda. (13.5)
S

j n

i j
SN
é) Que. 133. Tox I uepes nceepx-
HocTs S pasen S j-nda,

Tosepxrocms S
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d uez 134. Hureepaa or
j.n no 3amknyrod no-
8epXHOCTU paseH CKOPOCTU
U3MeHeHUR NOAHO20 3a-
pada Q 8xyTpu.

Tok I u3 3aMKHyTO#l moBepXHOCTH S mpeacTaBaseT co60i CKO-
poOCTb, C KOTOPOH 3apsiabl MOKHAAaT 06beM V, oKpyXeHHBIH no-
BepXHOCTbIO S. OMH U3 OCHOBHBEIX 3aKOHOB $M3HKH TOBOPHT, UTO
AeKTpudecKuUll 3apad HeyHuuTONaem; OH HUKOTAA He TepsieTcs
H He co3sjaercsl. DJeKTpHYECKHe 3apsilbl MOTYT NepeMellaThCs
C MecTa Ha MecTO, HO HHKOTrJla He BO3HHKAIOT U3 Huyero. Mul ro-
BOpHM, 4TO 3apad coxpansercsa. Ecnu u3 3aMKHYTOH MOBepXHOCTH
BO3HHKaeT pe3y/]bTHPYIOILHHA TOK, TO KOJHYECTBO 3apsna BHYTPH
JO/IXKHO COOTBETCTBEHHO yMeHbInaThest (¢ur. 13.4). [Tostomy Mbl
MOXK€eM 3amHcaTh 3aKOH COXpaHeHHs 3apsia B TaKOM BHJe:

S j ‘nda=— Tddt‘ (Qany-rp)- (13.6)

Jlio6as
3aMKHYTas
TNOBEpXHOCTh

3apﬂﬂ BHYTpH MOXHO 3ailMCaTb Kak 06 beMHBIH HHTErpaJ oT
NJIOTHOCTH 3apsnaa

QBHy'rp= S pdv' (13'7)
BHY"I"DH S

[Mpumensia (13.6) k masomy o6bemy AV, MOXKHO yuyecTb, 4TO
uHTerpasa caesa ectb V-jAV. 3apsan BHytpu pased p AV, no-
3TOMY COXpaHeHHe 3apsifia MOXHO ellle 3aMHCaTb H Tak:

v.j=_%g. (13.8)

(onsate Teopema I'aycca u3 martematuku!).

§ 3. Maenurnan cuaa, delicTeyrouwyas Ha TOK

Tenepb MBI QOCTAaTOYHO MOATOTOBJIEHBI, YTOGHI OMNpeaeNUTb
CHJMY, NeHCTBYIOIYIO HAa HaXOASUYIOCS B MarHUTHOM TI0Jie NPOBO-
JIOKY, 10 KOTOpO# HAET TOK. TOK COCTOMT U3 3apsilKeHHBbIX YaCTHI,

261



AL Ddue 13.5. Maznurnan cura na
npo8oAOKY ¢ TOKOM PABHA cym-
Me cur HA OTdensHble OBUNCY=-

— — Wuecs 3apaoet.
\l / G 07— I
" qVv
oo A | =
V4
F
a
NBHXKYIIHUXCS [0 NPOBOJIOKE
B co ckopocTbhio V. Kaxnablit
/ AL / 3apsa 4yBCTBYeT Monepey-
/ / HYIO CHJY
\ ,’ —— / I F=qv><B
\ / j /, —
b e ! (¢ur. 13.5,a). Ecau B enn-
4 HUYHOM O0O6bEMe TaKHX 3a-
/;/AF / psimoB umeercsi N, TO HX
YHUCJO B MajJoM oObeMme
o BHYTpH npoBoJioku AV paB-

Ho NAV. Tlonnas MarHur-
Hasa cuna AF, peiictByomass Ha o6beM AV, ecTb cymma cHa Ha
oTJe/bHble 3apsaabl

AF= (N AV)(gv X B).
Ho Ngv Benb Kak pa3 paBHO j, Tak uTo
AF=j X BAV (13.9)

(¢ur. 13.5,6). Cuna, meiicTByrowasi Ha eaMHHLY o6beMa, paBHa
iXB.

Ecan no npoBoJsioke ¢ nomepeuHbiM ceyeHHeM A paBHOMEpHO
MO CeYeHHIO TeyeT TOK, TO MOXHO B KayeCTBe 3/71eMeHTa o6beMa
B3Tb UHAHHADP ¢ ocHoBaHueM A u aauHoit AL. Toraa

AF=j X BAAL. (13.10)
Tenepb MoxHO jA Ha3BaTb BekTopoM Toka I B mpoBoJoke. (Ero

BEJIMYHHA €CTb 3JIEKTPHUYECKHIl TOK B NPOBOJIOKE, a €ro Hampab-
JleHHe COBMNajfaeT ¢ HanpaBJeHHeM npoBoJokH.) Toraa

AF=1XBAL. (13.11)

Cuna, neficTBylolas Ha eJHHHUY NJHHBI NPOBONOKH, ecTb 1 XX B.
9710 ypaBHeHHe COAEPXKHT BaXKHbIl pe3yabTaT — MarHHTHas
CHJa, eHCTBYIOLAas Ha NPOBOJIOKY H BO3HHKaKOWasA OT ABHKEeHHS
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B Hell 3apsil0B, 3aBUCHT TOJNBKO OT MOJIHOTO TOKa, a He OT BeJlH-
YHHBI 3apsifia, MEPEHOCHUMOro KaAOoH yacTuuell (M Laxe He 3a-
BHCHT OT ero 3Haka!). MaruutHasi cuna, QeficTByiomas Ha Opo-
BOJIOKY B6JIM3H MarHuTa, Jerko OGHApYKHUBAETCS MO OTKJOHEHHIO
NPOBOJIOKH MpPH BKJIOYEHHH TOKA, KaK GblJI0 HAMH OMHCAHO B T4, |
(cM. ¢ur. 1.6, ctp. 20).

§ 4. Maznurnoe noae nocroanuozo Toka;
3akon Amnepa

MbI BHaesH, YTO HAa NPOBOJIOKY B MarHHTHOM MOJle, CO3/1aBae-
MOM, CKaxeM, MarHuToM, AeficTByeT cusna. M3 3akona o ToMm, uToO
JeHCTBHe paBHO NPOTHBOAEHCTBHIO, MOXKHO OXHAATb, YTO, KOrjia
no MpOBOJIOKE NpPOTeKaeT TOK *, BO3HHKaeT CHJa, AelCTBYIOLAs
Ha HCTOYHMK MArHUTHOTO MOJf, T. €. Ha MarHuT. Takue cHJBI AeM-
CTBHTE/IHO CYLLECTBYIOT; B 3TOM MOXHO y6eqUTbCSl MO OTKJIOHe-
HHIO CTpe/IKH KoMmmaca BGJH3H NPOBONOKH ¢ ToKOM. [lanee, Mbl
3HaeM, YTO MarHHTbl HCOLITBIBAIOT J€fCTBHE CHJ CO CTOPOHBI ApY-
THX MarHMTOB, a OTCIOJa BbITEKaeT, YTO KOrJa MO NPOBOJIOKe Te-
YyeT TOK, TO OH CO3/laeT COGCTBEHHOe MarHHTHOe moJie. 3HauyHT,
JBHXYILHeCs 3apsabl co30a0T MarHuTHoe noJe. [TonbiTaemcs nmo-
HATb 3aKOHbl, KOTODHIM MOAYHHSIOTCS TaKHe MarHHTHble MOJIA.
Bonpoc craBHTCA Tak: faH TOK, KaKoe MarHMTHOe MoJie OH CO3-
pact? OTBeT Ha 3TOT BOMNpOC Gbl MOJYyYeH IKCIEePHMEHTaJbHO
TpeMsl ONbITAMH H MOATBEPXKAEH GJeCTAIUHM TeOpeTHYECKHM [0-
Ka3aTeabcTBOM AMnepa. Mbl He GyneM OCTaHaBJIHBaThCA Ha 3TOH
MHTEPEeCHOIl HCTOPHH, a NPOCTO CKaXeM, YTO GOJIbLIOe YHCJIO0 KC-
NepUMEHTOB HAarIAAHO MOKa3aJo CNpaBelJHBOCTb YypaBHeHHH
MakcBenna. Mx Mbl M BO3bMeM B KayeCTBe OTIPAaBHOH TOYKH.
Onyckasi B ypaBHeHHSX YJ/IeHbl C MPOM3BOAHBIMH MO BpeMeHH, Mbl
no/syyaeM ypaBHEHHS MA2HUTOCTATUKU

V.B=0 (13.12)
VXB=-L. (13.13)

DTH ypaBHEeHHs CHpaBedJIHBbl TOJbKO NPH YCJAOBHH, 4YTO BCe
NJOTHOCTH 3/eKTPHYECKHX 3apsiloB H BCe TOKH MOCTOSIHHBI, TaK
YTO 3JeKTpHYeCKHe M MarHuTHble N0/ He MEHSIOTCA CO BpeMe-
HeM — Bce N0J1 «CTaTHYeCKHe».

MoO2XKHO TYT 3aMeTHTb, YTO BEpHTb B CYILEeCTBOBAHHE CTaTHYe-
CKOI'0 MarHHTHOTO 110.151 LOBOJIbHO OMACHO, NOTOMY 4TO BOOGIIE-TO
U1 MOJIy4YyeHHs] MarHHTHOTO MOJS1 HYXHBl TOKH, @ TOKH BO3HH-
KaloT TOJBKO OT ABHXYLIHXCA 3apsanoB. CienoBaTe/bHO, «MarHu-

* Tlotom Mbl YBHAHM, YTO TaKHe NPEANOJIOM €HHA, BooQUle FOBOPS, He-
NPaBHABLHBL A/ 3JEKTPOMArHHTHBIX CHal

263



TOCTaTHKa» — ToJbKO npuGamxkeHne. OHa cBsi3aHa ¢ 0OCOGHIM
cjyyaeM [HMHaMHKH, KOTAa JBHXKeTCs 604buloe 4UCAO 3apsfioB,
KOTOpble MOXKHO NPHGJHXEHHO OMHCBHIBATH KaK NOCTOAHHbLI NO-
TOK 3apsinoB. ToNbKO B 3TOM c/lyyae MOMKHO FOBOPHTb O MJOTHO-
CTH TOKa j, KOTOpasi He MeHsieTcsl CO BpeMeHeM. BoJjiee TouHO 3Ty
o6JsacTb c/aeqoBajo Gbl Ha3BaThb M3yueHHEM [OCTOSIHHBIX TOKOB.
[Tpenmonaras, 4To Bce Mo NOCTOSIHHBI, MBI OTOpachiBaeM YJ/eHbl
c OE/0t n OB/dt B mosHbIX ypaBHeHHsiXx MakcBensa [ypaBHeHHs
(2.41)] ¥ nonyyaeM aBa HanmuCaHHBIX Bbille ypaBHeHus (13.12) u
(13.13). 3aMeTbTe Takxke, Y4TO MOCKOJAbKY NHMBEpPreHLUHsT pPOTOpa
Ji060ro BeKTopa Bcerja HyJb, To ypaBHenue (13.13) TtpeGyer,
yto6bl V-j = 0. B cuay ypasuenus (13.8) 3to BepHO, TO/IBKO
ecau dp/dt = 0. Ho Takoe MoxeT GwiTh, ecau E He MeHsieTcs co
BpeMeHeM, C/el0BaTeNbHO, HAllH NMPeANONOXKeHHsT BHYTPEHHe CO-
rJ1acoBaHbl.

Ycnosue, uto V-.j =0, o3HayaeT, 4TO y Hac MOryT ObITb
TO/IBKO 3apsiibl, TeKyllHe MO 3aMKHYTHIM nyTaM. OHH MOryT, Ha-
npuMep, Teub MO NPOBOAAM, O6pa3yIOLIHM 3aMKHYThIe MeETJH, KO-
TOpble Ha3nBaloTcA Yenamu. llenn MmoryT, KOHeuyHo, comepKarb
reHepaTtopbl HJH GaTapeH, MOAAep:KHBalolHe TOK 3apspoB. Ho
B HHX He [OJ/KHO GbITb KOHNEHCAaTOPOB, KOTOphHle 3apsiKaloTcs
uau paspsxaworcs. (Mbl, KOHeYHO, paclIMPUM TEOpPHIO, BKJIOY:iB
nepeMeHHble MOJISI, HO CHAayaJa Mbl XOTHM B35iTb GoJiee MpoCTOH
cayyail NOCTOSIHHBIX TOKOB.)

OGpatumcs Tenepb K ypaBHenusim (13.12) u (13.13) u mno-
CMOTPHM, 4TO OHH O3HauyaloT. [lepBoe roBOpHT, 4TO AHMBEpreHUHUs
B paBHa Hymo. CpaBHHBasi ero € aHaJOrHYHbBIM YpaBHeHHeM
3/]1eKTPOCTaTHKH, no KotopoMy V-E = p/eq, MOXHO 3aK/IIOYHTD,
YTO MArHHUTHOTO aHaJ/lora 3/]eKTPHYEeCKOro 3apsiia He CylLlecTBYeT.
He GriBaeT maenurHbix 3apa0os8, U3 KOTOPBIX MOTJH GBI HCXOAHTD
auHuu B. EcaM roBopHTb O «JHHHAX» BeKTOpHOro moJas B, To oHu
HHUrJe He HAayMHAIOTCS M HHUTAe He okaHuuBawTca. Ho rtoraa or-
KyZla e OHHM GepyTcsi? MarHHTHble NOJS <«NOSABJSIOTCA» 8 npu-
CYTCTBUL TOKOB; pOTOP, B3ATHIH OT HHX, MPONOPLHOHAJNEH MJOT-
HOCTH TOKa. Koraa ectb TOKH, eCTb M JIMHHH MarHMTHOrO MOJs,
o6pasyouiye neTau BOKpYr ToKoB. [TockoabKy auHuu B He uMeroT
HH KOHLa, HH Hayazaa, OHH 4acTO BO3BpAalLAIOTC B HCXOLHYIO
TOYKY, 06pa3ysi 3aMKHyThle neTid. Ho Moryt Bo3HHKHYTb H 6o-
Jlee CJIOXKHbIe CJyyaH, KOrjaa JHHHM He NMpeACTaBasloT co6oll npo-
cThiX nereb. OfHaKo Kak Obl OHM HH IIJIH, OHH HHKOrja He HC-
XOAAT U3 ToyeK. HHKaKHX MarHUTHBIX 3apSL0B HHKTO HHKOrJa He
Haxoaua, nostomy V-B = 0. 3T0 ke yTBepxKaeHHe cpaBelJHBO
He TOJIbKO [IJ1S1 MAarHMTOCTATHKH, HO CIPaBeANHBO 8ce20a — faxe
I/ AHHAMHYeCKHX noJed.

Cpsi3b Mexay noseM B u Tokamu gpaercs ypaBHeHueM (13.13).
[TonoxkeHue 3mech coBceM ApYyroe, B KOpPHe OT/IHYHOE OT 3JeK-
TPOCTAaTHKH, rae y Hac 6bl10 V )X E = 0. 310 ypaBHeHHe O3Ha-
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D ue. 13.6. KontypHoii unrezpaa
OT TAH2eHUUAaAbHOU COCTABARIO-
wei B pasen nosep xnocTHOMY
UHTe2paay OT HOP MAALHOU COCTA~
aasroueti sekropa (V X B).

4aJjo, YTO JHHefiHbli HHTerpaa oT E no mo6oMy 3aMkHyTOMY
NyTH paBeH HYJIO:
E.-ds=0.
ITo nerne

MBI nolyYH/IH 3TOT pe3yabTaT ¢ nomolublo Teopembl CTOKca, co-
TJIaCHO KOTODPOH HMHTerpaJ mo Jo60My 3aMKHYTOMY NyTH OT Af0-
6020 BEKTOPHOIO MO/ paBeH NOBEPXHOCTHOMY HHTerpaay orT
HOpPMaJ/IbHOHl KOMIOHEHTBHl pOTOpa 3TOro BeKTopa (HHTerpana Oe-
peTcs no /o060l NOBEPXHOCTH, HATSHYTOH HAa JaHHBIA KOHTYp).
[MpumeHsas 3ty e TeopeMy K BeKTODY MarHHTHOIO MOJS H HC-
nosab3ys o603HaYeHHs, NMOKa3aHHble Ha ¢ur. 13.6, moayyaem

§B.ds= | (VXB)-nda. (13.14)
r s
Haiins rot B u3 ypasHenus (13.13), umeem
1
@B‘ds=ﬁgj.nda. (13.15)
r S

Hurerpaa ot j no S, cornacHo (13.5), ectb nosHblil TOK I uepes
noBepxHocTb S. [10CKOJIbKY A/ NOCTOSIHHBIX TOKOB TOK 4epe3 S
He 3aBHCHT OT ¢opMbl S, ecau OHa orpaHuyeHa KpuBoil I', To
OGLIYHO TOBOPAT O «TOKe uYepe3 3aMKHyTylo mnerao I'». Mu
HMeeM, TaKUM 006pa3oM, o6uIHil 3aKOH: UUpPKyJasauus B no mo6oi
3aMKHYTOH KpHBOH paBHa TOKy [/ CKBO3b MNETJIO, JeJeHHOMY
Ha goc*:
ICKBOSBF
SB-ds=—. (13.16)

8002
r

DTOT 3aKOH, Ha3biBaeMbll 3aKoHOM Amnepa, UrpaeT TaKyl Xe
poJib B MAarHHTOCTaTHKe, KaK 3aKoH ['aycca B 3JeKTpocTaTHKe.
Oaud auwb 3aKkoH AMnepa He omnpefeasieT B uyepe3 TOokH; Mbl
JOJIKHBI, BooGlle roBopsl, HcmoJb3oBaTh Takxe V-B = 0. Ho,
KaK Mbl yBHAHMM B cJjefyiolleM naparpade, oH MoXeT GbITb HC-
No/ab30BaH /51 HaXOX/JEHHS MOoJiA B TeX OCOOLIX CJayyasix, KOTO-
pble 06/1a4al0T HEKOTOPOH NPOCTON CHMMeTpHeil.
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§ 8. Maenutnoe noae npamozo nposoda
u coaenouda; aromuoie TOKU

MoxHO noKasaTh, KaKk NMoJab30BaThCs 3aKOHOM AMnepa, onpe-
Je/1MB MarHUTHOe noJe BOMM3H npoBoaa. 3afaalM BONpPOC: YeMy
paBHO MmoJ/le BHe NJHHHOrO MpPSIMOJMHEHHOro NMpPOBOAA LHJAHHIADPH-
YecKoro cevyeHuss? Mbl cejaeM OJHO NpEANOJOXeHHe, MOXET
ObITb, He CTOJb YX OYeBHIHOe, HO TeM He MeHee NpaBHJ/bHOE:
JUHHH noas B unyT Bokpyr nmpoBoaa mo okpyHocTH. Ecau Mbl
cleslaeM TaKoe MNpPEANoJOXeHHe, TO 3aKOH AMnepa [ypaBHeHue
(13.16)] roBopuT Ham, KaKoBa BeJIHYMHA moJs. B cuay cumme-
TpHH 3ajauk nose B HMeeT ogHHAKOBYIO BeJHYHHY BO BCeX TOY-
KaX OKPYXHOCTH, KOHLEHTpHYeCKoil ¢ mposomoM (¢ur. 13.7).
Tornpa MOXHO Jlerko B3siTb JNHHeHHbIH HHTerpaa ot B-ds. OH
paBeH npocTo BeaHuHHe B, yMHOXEHHOH Ha A/NHHY OKPYXXHOCTH.
Ecan paamnyc OKpyHOCTH paBeH r, TO

@B-ds=B-2:rtr.

[TonHbI TOK yepe3 MeTJ/IO eCTb NPOCTO TOK / B NPOBOAE, MO3TOMY

B.omr =1,
&¢C
HJIH {
21
B 4nege? r (13.17)

Hanpsi>keHHOCTb MAarHUTHOro MoJst cnafaet 06paTHO MPOMNOPLHO-
HaJbHO 7, pacCTOAHHIO OT ocH npoBoaa. Ilpu Xenanun ypasHe-
Hue (13.17) MoxHO 3anucaTb B BeKTOpPHOH ¢opMe. BcnomuHas,
uto B HanpaB/ieHO nepneHAMKyY/AspHO Kak I, Tak H r, UMeeM

_ 1 2l X e,
B= e — 5= (13.18)

Dduz. 137. Maznurnoe
noae 6He OAUHHO20 npo-
6oda ¢ Toxkom 1.
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D ue. 13.8. Maznurnoe noae daunnoco coirerouda.

Mbl BIZENHIN MHOXHTENDb |/41e0c2, NOTOMY UTO OH 4acTo mo-
sinsiercsi. CTOMT 3amOMHHTb, 4TO OH paBeH B ToyHocTH 107
(B cucreme eaunuu CH)*, notomy uto ypaBHenue Buga (13.17)
HcHoJb3yeTcsl Qs onpedeseHus eAUHHULB TOKa, amnepa. Ha pac-
crosHid | M ToK B | a co3maeT MarHMTHOe moJie, paBHOE
2.10-7 gebep/m2.

Pas Tok co3paer MarHuTHoe moje, To OH GyneT AefiCTBOBATb
C HEKOTOPOH CHJIOH Ha COCeAHHH MpPOBOA, MO KOTOPOMY TaKxke
NpoXoaMT TOK. B ra. 1 MBI onMcbiBaJM NPOCTOH ONBIT, MOKa3bl-
BAIOU K CHJBI MeX1y ABYMsS NPOBOJAMH, IO KOTODHIM TeYeT TOK.
Ecau npoBoaa napaJijie/ibHbl, TO KaXXAblil U3 HUX MeplNeHaHKYas-
peH noawo B gpyroro mpoBoma; Toraa npoBoga GyayT OTTaJKH-
BaTbCs HJM NPHTArHBAaTbCA APYr K Apyry. Korma TokH TekyT
B OJIHY CTOPOHY, NpPOBOAAa NPHUTATHBAIOTCS, KOrAa TOKH NMPOTHBO=-
NOJIOXKHO HamnpaBJleHbl, — OHH OTTAJKHBAIOTCS.

BosbMeM apyroit npuMep, KOTOpHIH TOXe MOXXHO NpoaHa/lu3u-
poBaTh C NOMOILBbIO 3aKOoHa AMmepa, ecau elle 106aBUTb Koe-Ka-
KHe cBelleHHs1 0 xavaKrtepe noas. IlycTb uMeercsi QJHMHHBIA mpo-
BOJ, CBEPHYTHIH B TYryl0 COMpaJb, CedeHHe KOTOPOH NMOKa3aHO Ha
¢ur. 13.8. Takass cnupaab HasbiBaeTcs coaerHoudom. Ha onbite
Mbl Ha6ul0qaeM, YTO KOrja QJIMHA COJIEHOMAA OYeHb BeJHKa 10
CpaBHEHHIO C 1HaMeTpPOM, TO MOJle BHe ero OueHb MaJjao Mo cpas-
HEHHIO ¢ moJleM BHYTpH. Mcnoab3ys ToNbKO 3TOT GaKkT H 3aKOH
Amnepa, MOXXHO HaHUTH BEeJHYHHY NOJISI BHYTpH.

ITockoabKy moJie ocraercss BHYTpH (M MMeeT HYJeBYIO AHBep-
TeHLHIO), ero JIMHHH JOJ/KHBI MATH NapaJjljlelbHO OCH, KaK MokKa-
3aHo Ha ¢ur. 13.8. Ecau 310 Tak, TO Mbl MOXEM HCNOJb30BaTh
3aKOH Amnepa aJs1 NpsIMOYroJibHON «KpuBOH» I' Ha pucyHke. dTa
KpHUBasl MPOXOAMT paccTosiHMe L BHYTpH coJ/leHOHAa, T'Ae NoJe,
CKaxeM, paBHO By, 3aTeM HaeT moA NpsIMBIM YIJIOM K MOJIO H

*) OTo M ecTb MAarHWTHas NMPOHHLAeMoCTb MycToThl. CM. nmpHMeyanHe Ha
c1p. 67. — ITpum. ped,
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D ue. 13.9. Maznurnoe noae ene
conernouoa.

———

Conernoud BO3BpaulaeTcss Hasaa 1o

BHellHel o06J1acTH, rae no-

JeM MOXHO npeHe6peyb.

JIuHeiliHblt HHTerpan ot B

BJOJIb 3TOH KPHBOH paBeH

B TOYHOCTH ByL, u 310 HOJ-

XHO paBHATbCs 1/goc,? yM-

HOXXEHHOMY Ha NOJIHBIH TOK

BHyTpn I, T. e. Ha NI (rge N —u4HC/0 BHTKOB COJIeHOHAA Ha
anuHe L). Mbl nMeem

NI
B()L == m .
Han e, BBOASI N — YHCJ0 BUTKOB HA eQuHuyYy OAUHbL COJNEHOMAA
(tak uto n = N/L), Mbl nosyyaem
nl

Urto mpoucxoaut ¢ JuMHHAMH B, Korma oHM noxoasit 1o KoHua
cojeHonna? Ilo-BuaMMOMY, OHH Kak-TO pacxoAsTcs H BO3Bpa-
1 alTcsi B coleHoun ¢ apyroro KoHua (¢ur. 13.9). B TouHocru
TaKoe e noJie HaG/aloqaeTcss BHe MarHUTHON nanoukd. Hy a 4ro
gte Takoe MarHuT? Hawu ypaBHeHHs roBopAT, uTo noJe B Bo3-
HHKaeT OT NMPHCYTCTBHS TOKOB. A Mbl 3HaeM, YTO OGBIYHbIE Xe-
JNe3Hble 6pycku (He 6aTaped M He reHepaToOpbl) TOXe €O34alOT
MarHuTHele noas. Bel Moran 6bl 0XHAATb, 4TO B NMPAaBOH YacTH
(13.12) nam (13.13) nposxkHbl ObliM Gbl OBITH ApYrHe 4YJeHBI,
npencTaBJsOLIHe «NJIOTHOCTb HAMAarHHYEHHOTO KeJse3a» HJH Ka-
Kyl0-HHO6Yab nonobHylo BeanuuHy. Ho Takoro unenHa HeT. Haa
TEOpHS TOBOPHT, UTO MarHUTHbIe 3 (PeKThl XKeJle3a BO3HUKAIOT OT
KaKHX-TO BHYTPEHHHX TOKOB, yXKe YYTeHHBIX 4J/IeHOM j.

BelecTBO ycTpOeHO OYeHb CJIOXKHO, €CJIM pacCMaTpHBaTh ero
¢ ray6oKOH TOYKH 3peHHsA; B 3TOM Mbl yXe yOeaHJHCb, Korja
NbITAJUCh MOHSITb AH3JEKTPUKH. UTOGbI He MpepbiBaTb HAILEro
H3JI0XKEeHHS], OTJOXHM NOAPOOGHOe O6GCYXIeHHe BHYTPEHHEero Me-
XaHH3Ma MarHMTHBIX MaTepHaJ/JOB THNa Kenaesa. [loka npuaercs
NpPHHATH, YTO J11060# MarHeTH3M BO3HHKaeT 3a CYeT TOKOB H 4TO
B NOCTOSIHHOM MarHuTe HMelTCs MNOCTOSIHHble BHYTpPeHHHe TOKH.
B cayuae xe/e3a 3TH TOKH CO3[alOTCSl 3JIeKTPOHAMH, Bpalllawo-
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IIUMHCA BOKPYr cOGCTBEeHHBIX oceill. KaxAblli 3/eKTPOH HMeeT
TaKO#l CNHH, KOTOPHIA COOTBETCTBYeT KpPOLIeYHOMY LHPKYJ/IHPYIO-
meMy ToKy. OnMH 3/1eKTPOH, KOHEYHO, He AaeT GOJILLIOTO Mar-
HHTHOTO NOJIsA, HO B OOBIYHOM KYyCKe BellleCTBa COAep:KaTcs MHJ-
JHapAbl H MHJJMHApAbl 3/71eKTPOHOB. OGbLIYHO OHH BpallalOTCA JI0-
6bIM 06Gpa3oM, Tak 4YTO CYMMapHblil 3¢deKkT Hcue3aeT. Y IHBH-
TeJbHO TO, YTO B HEMHOTHX BellleCTBaX, NOAOOHBIX XKese3y, 60/b-
11asi yacTb 3JEKTPOHOB KDPYTHTCA BOKPYr oOceil, HanpaBJleHHBIX
B OJJHY CTOPOHY, — y KeJe3a ABa 3JeKTPOHA H3 KaXJOro atoma
NPHHUMAIOT y4yacTHe B 3TOM COBMEeCTHOM [ABHXKeHHH. B Maruute
uMeeTcsl 60JbIIOE YHCJIO 3J/1eKTPOHOB, BPALIAOIIHUXCA B OJHOM
HanpaBJ/leHHH, H, KaK Mbl yBHAHM, HX CyMMapHbiii 3QPeKT 3KBH-
BaJileHTeH TOKY, LHPKYJ/HpPYIOlLleMy MO MOBEPXHOCTH MarHura.
(9T0 oueHb MOXOXe HAa TO, YTO Mbl HAIJIH B AH3JEeKTpPHKax, —
OZHOPOAHO MOJISIPH30OBAaHHBIN [H3/1eKTPHK SKBHUBAJEHTeH pacrnpe-
JeJleHHIO 3apsaoB Ha ero noBepxHocTH.) IloaTomy He cayuaiiHo,
4YTO MarHMUTHas naJjoyka 3KBHBaJIeHTHA COJNIEHOUAY.

§ 6. OTHoCuTeAbHOCTO MA2HUTHOIX
u gneKTpudeckux noaaet

Korpa Mbl cka3anu, yTo MarHMThas cuJa Ha 3apsjJ npomnop-
LIHOHA/IbHA eTr0 CKOPOCTH, Bbl, HaBepHoe, noaymaau: «Kako# cko-
poctu? Ilo oTHoweHHIO K KaKoi cHcTeMe oTcyera?» M3 onpene-
JNeHust B, naHHOro B HayaJjle 3TOH r/aBbl, HA CaMOM JeJe SICHO,
YTO 3TOT BeKTOp OyleT pa3HbIM B 3aBHCHMOCTH OT BbIGOpa CH-
CTeMBl OTCYeTa, B KOTOPO#l Mbl onpefenasieM CKOPOCTb 3apsifOB.
Ho Mbl HHuero He ckasaau O TOM, Kakasl XXe CHCTeMa NMOLXOLHUT
A/ onpefieleHHs1 MarHUTHOTO MOJl.

OkasbiBaeTcsi, YTO TOAMTCA 40004 HHepLMa/JbHasg CHCTeMa.
Mbl yBHAMM TaKXe, YTO MAarHeTH3M M 5/1eKTPHYECTBO — He He3a-
BHCHMBIE BelllH, OHH BCeraa AOJ/KHbI ObITh B3AThl B COBOKYMHOCTH
KaK OOHO NOJIHOe 5/1eKTPOMarHuTHoe noje. XoTs B CTaTHYECKOM
cayvyae ypaBHeHHs MakcBensa pasfefsiloTcs Ha JBe OTAeNbHble
napel: oJHa napa AJf 3JeKTpHYecTBa H OJHA A/ MarHeTH3Ma,
6e3 BUAHMOH CBSI3W MexX]y O6GOMMH MOJIIMH, TEM He MeHee B Ca-
MO/ NMpHpPOAe CYILeCTBYyeT O4YeHb IyGoOKash B3aHMOCBS3b MeEXAY
HMMH, BO3HMKawllas H3 NpPHHUHMNA OTHOCHTeabHocTH. McTopH-
YeCKH NPHHLHI OTHOCHTE/JbHOCTH Obl1 OTKDHIT MoOCJ/e ypaBHeHHH
MakcBenna. B geficCTBHTe/NbHOCTH e HMEHHO H3y4yeHHe 3J/1eKTpH-
yecTBa H MarHeTH3Ma npHuBe/O DHHIITeHHA K OTKPBITHIO NpPHH-
uMna oTHocure/bHOCTH. HO mocMoTpuM, YTO Hallle 3HaHHe NpPHH-
LIMNa OTHOCHTeJIbHOCTH MOJACKaXKeT HaM O MAarHUTHBLIX CHJAX, eC/IH
NPEANONOKHTb, YTO NPHHUHN OTHOCHTE/JBHOCTH NpHMeHHM (a B
NeiCTBHTE/IBHOCTH TaK OHO H €CTb) K 3JIeKTPOMAarHeTH3MYy.

Japaiite mogymMaeM, 4TO MPOH30HAET C OTPHUATEIbHBIM 3apsi-
JloM, JIBHXYILHMCS CO CKOPOCTBIO Up NapaJe/ibHO NPOBOJIOKe, MO
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D ue. 13.10. Baaumodeicreue nposoroKu ¢ TOKOM U 4acTuysl ¢ 3apadom q,
paccmarpusaemoe 8 Q8YX CUCTemax KoOpOuHaArT.
a—eg cucreme S nokourca npogoasoxa; 6 —a cucreme S’ noxourca 3apaad.

Kotopoit TeueT Tok (¢pur. 13.10). ITocrapaemcs pasoGpaTbes
B NMPOHUCXOASILEM, HCMOJb3YA ABe CHCTEMbl OTCYeTa: OfHY, CBA3aH-
HYI0 ¢ NMpoOBOJIOKOM, Kak Ha ¢ur. 13.10,a, a apyrywo — ¢ yacTtu-
1e#, kak Ha ¢ur. 13.10, 6. Mbl 6yneM Ha3bIBaTh NMePBYIO CHCTEMY
oTcyeta S, a BTOpylo S’.

B cucteme S Ha yacTHly SIBHO [efCTByeT MarHMTHasi cHJja.
Cusa HanpaB/aeHa K NpPOBOJIOKe, MO3TOMY, €CAH 3apsily HHYEro
He MelllaeT, ero TPaeKTOPHS 3arHeTcsl B CTOPOHY npoBoJsoku. Ho
B CHCTeMe S’ MArHMTHON CHJIBI Ha YacCTHLY GBITH HE MOXET, No-
TOMY YTO CKOPOCTb YacTHUbl paBHa Hyao. UTo Xe, caenoBaTedb-
HO, OHa TaK H GyJeT CTOSITb Ha MecTe? YBHAMM JIH Mbl B PasHbIX
cucTeMax pasHble BellH? [IpHHLMD OTHOCHTE/NLHOCTH YTBEPXKAAET,
yTo B cHcTeMe S’ Mbl yBHAeau Gbl TOXe, KaK yacTHUA NpHOGJIH-
XaeTcs K npoBOJIOKe. Mbl JOJIXKHBI MOMBITATLCA MOHATH, MOYEMY
Takoe MOrJio 6bl NPOH30HTH.

BepHeMcCsl K HallleMy aTOMHOMY ONHCAHHIO NMPOBOJIOKH, MO KO-
TOpOi HaeT TOK. B o6bIYHOM NpOBOLHHKE, BpoLe MelH, 3JeKTpH-
yeCKHe TOKH BO3HHKAIOT 3a CYeT ABHXKEHHS YacTH OTPHLATEIbHBIX
3/1eKTPOHOB (Ha3blBaeMbIX 3/eKTpOHaMH MNPOBOAHMOCTH), TOraa
KaK MOJOXHTe/bHble filepHble 3apsilbl H OCTaJ/bHble 3/1eKTPOHBI
OCTalOTCA 3aKpenJieHHbIMH BHYTpH MartepHaJa. IlycTb nioTHOCTb
3/1eKTPOHOB NMPOBOAMMOCTH €CTb p_, @ MX CKOpPOCTb B CHCTeMe S
ecTb V. [1/I0THOCTb HEMOABHKHBIX 3apsiAOB B CHCTeMe S ecTb P4,
YTO JOJ/IKHO GbITh PaBHO p_ C OGpaTHBIM 3HAKOM, IOTOMY YTO MBI
6epeM He3aps:KeHHYI0 NPOBOJIOKY. [10aToMy BHe NpOBOJIOKH 3J1€eK-
TPHYECKOTO MOJS HeT, H CHJIa Ha [ABHXKYILYIOCS YacCTHLY paBHA

npocTo
F =gV X B.

Hcnonbsys pe3yabTaTt, HailjeHHbIH HaMu B ypaBHeHuu (13.18)
/11 MarHUTHOrO MOJSI HAa PAaCCTOSIHHH r OT OCH NPOBOJIOKH, MBI
3ak/aloyaeM, 4YTO CHJA, AeACTByOLAdA Ha YacTHLY, HanmpasJeHa
K NPOBOJIOKE M paBHA MO BeJIHYHHE

_ l 211]00
F= 4msec? 1
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C nomouweto ypaBHeHu#t (13.3) u (13.5) Tok I Moxer 6LITh
3anucaH kKak p4vA, rae A — nJouwanb NonepeyHoro ceyeHUst npo-
BoJ10KH. Torpna

1 290, Avy,
4meoc? r *

F= (13.20)

Mbl Mora Gbl NMPOAOJIKHTL pPacCMOTpeHHe OGIUero cayyas
NPOU3BOJIbHBIX CKOPOCTElN U H Uy, HO HHUYTb He XyXKe GyaeT B3AThb
YACTHBIA CJydYal, KOTAa CKOPOCTb Up 4aCTHUbI COBNagaeT CO CKO-
pPOCTbIO U 3JeKTPOHOB npoBoauMocTH. [losToMy MBI 3anuuiem
U = up, 4 ypaBHeHue (13.20) npuoGperter BHA

g p, AV
 ome, r 2

(13.21)

Teneps o6paTHMCsl K TOMY, YTO MPOUCXOQHT B cucteMe S’, rae
YacTHUA MOKOUTCS M NpPOBOJIOKA GeXHT MHMO Hee (BJIEBO Ha
¢ur. 13.10,6) co ckopocTbio v. [Tos10KHTebHBIE 3aPAAbI, ABHKY-
1Hecst BMeCTe C MPOBOJIOKOH, CO31afyT OKOJIO YacCTHLbI HEKOTOPOe
MarHuTHoe noJe B’. Ho uacthua Tenepb nokourcs, Tak 4To Mmae-
HUTHAA cuJa Ha Hee He aeilcTByer! Ecau M BO3HMKaeT Kakasi-To
CHJa, TO OHa AO/MKHA MOSIBUTHCHA 33 CYET 3/1eKTPHYECKOro noJs.
BeixoauT, 4TO ABHXKYLlasics MPOBOJIOKA CO3[aeT 3JeKTPHYECKOe
noJje. Ho oHa MoxeT 3To caesaTh, TOJMBKO €CJIH OHA KaXeTcs 3a-
pAsceHHOU; NOMXKHO NONYyYaThbCs TakK, YTOObl HeHTpaJbHast NPOBO-
JIOKa C TOKOM Ka3aJsachb 3apsKeHHOH, eciHM ee NPHUBECTH B ABH-
KeHHe.

HyxHo B 3TOM paso6partbcsi. Ilonpo6yeM BBIYHCIAHTBL MJOT-
HOCTb 3apsi0B B MpPOBOJIOKE B cucteMe S’, NoJb3yschb TeM, UYTO
Mbl 3HaeM O Heil B cucteMe S. Ha nepBblii B3rasg MOXHO 6blIO
6bl MOAYMaThb, YTO MJOTHOCTH OJHHAKOBEI, HO U3 IJ1. 15 (BbIim. 2)
MBI 3HaeM, 4TO NPH nepexofe OT OAHON CHCTEMBbl K ApYroil AJHHBI
MeHSII0TCS, CJel0BaTeJbHO, 06beMbl TaKxe H3MeHsiTcA. [lockoab-
Ky NAOTHOCTU 3apsAfOB 3aBUCAT OT 06beMa, 3aHHMaeMOro 3apsi-
JaMH, NJIOTHOCTH OYAYT TaKkKe MeHATbCS.

[Mpexxae yeM ompeaenuTb NJOTHOCTH 3apsiioB B cHcTeMe S/,
HYXKHO 3HaTb, YTO MPOHCXOAHUT C 3JEeKTPHUECKHM 3apsdom Tpyn-
Nbl 3J1eKTPOHOB, KOrjpa 3apsfbl ABHXKYTCA. Mbl 3HaeM, 4TO Ka-
KyIascss Macca 4acTHUbI NpHOGpeTaeT MHOXHTeb 1/4/T — v?[cZ.
IMpoucxoaut sm uyro-HuGynb nogoGHoe ¢ ee 3apsigoM? Hertl 3a-
pAdbl. HUKOTAA He MeHATCA He3aBHCHMO OT TOTO, ABHXKYTCS JH
OHHM HJH HeT. MiHaue Mbl He MOIJIM Obl Ha6/ai0naTh Ha OMbITE CO-
XpaHeHHe MOJIHOTO 3apsija.

BosbmeM KycOK BellecTBa, HampuMep NpPOBOAHHKA, H NyCTb
OH BHauyase He3apsikeH. Tenepb Harpeem ero. IlockoabKy Macca
3JIeKTPOHOB HHasl, YeM y NMPOTOHOB, CKOPOCTH 3/1eKTPOHOB H Mpo-
TOHOB H3MeHSTCS no-pa3HoMmy. Ecan Gbl 3apsm yacTHUB 3aBHCeJ
OT CKOPOCTH 4YaCTHLBI, KOTOpas ero NnepeHOCHT, TO B HarpeTom
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Nnowads A 0 - Mnowads A

¢

Due. 13.11. Ecau pacnpedenrenue 3apANEHHOIX HACTUY uUMeeT HNAOTHOCTS
3apados Pg, TO C TOYKU 3PeHus CucTemsl, OBUNCYUelica ¢ OTHOCUTeAbHOU

CKOPOCT610 V, NAOTHOCT6 3apadce Oyder pasna p=po/V1 — v?/c2

KyCKe 3apsiibl 3/71eKTPOHOB H NMPOTOHOB He OblAM Gbl CKOMIIEHCH-
poBanbl. Kycok MaTepua/ia npH HarpeBaHHHM CTaHOBHJCS Gbl 3a-
psAXeHHbIM. Mbl BHJe/NH paHblie, YTO OYeHb MaJoe H3MeHeHHe
3apsAfa y Kaxaoro M3 3JeKIrpoHOB B KYCKe NpHBeJO Obl K OrpoM-
HbIM 3/1eKTpHuYecKMM noasMm. Huuero momoGHOro HHKorga He Ha-
6/110712J10Cb.

Kpome TOro, MoXHO 3aMeTUTb, YTO CpeJHfIsT CKOPOCTb 3JeK-
TPOHOB B BellleCTBe 3aBHCHT OT €ro XMMHYecKoro coctaBa. Ecuau
6Bl 3apsil 3JEKTPOHA MEHSJICS CO CKOPOCTbIO, CYMMapHBIH 3apsij
B KyCKe BellleCTBA H3MeHsJCs Obl B XOAe XHMHUYECKOH peaKLHH.
Kak u paHblie, nmpsiMoe BblYHMC/IeHHE MOKa3bIBaeT, YTO Jaxe CO-
BCeM MaJjasi 3aBHCHMOCTb 3apsja OT CKOPOCTH mnpHBeaa Obl
B NPOCTEHIIHX XMMHYECKHX peaKUHAX K OrpoMHbIM noasm. Hu-
Yyero NoXxoxKero He Ha6./1101a/10Cb, H Mbl NPHXOAHUM K BBIBOAY, YTO
3/eKTPHYECKHi 3apsi OTAeNbHOH 4YacTHLB He 3aBHCHT OT CO-
CTOSIHMA JBHXKEHHS! HJIH MOKOS.

Hrtak, 3apsaa uacTHubl ¢ ecTb MHBapHaHTHas CKa/asipHas Be-
JHUYHHA, He 3aBHCALLASA OT CHCTEMBI OTCYeTa. DTO O3HAYaeT, 4TO
B /060 cHCTeMe MJOTHOCTb 3apA0OB Y HEKOTOPOro pacmnpejeJe-
HHUSl 3JIEKTPOHOB NPOCTO NPONOPLHOHANbHA YHCJAY 3J/eKTPOHOB
B enuHHLe o6beMa. HaM Hy>XHO TOJBKO yyecTb TOT (pakT, 4TO
006beM MOXMCEeT MeHSTbCSl H3-32 PeNSTHBHCTCKONO COKpalleHHs
PacCTOsHHA.

[IpuMeHHM Tenepb 3TH HAeH K Hallel ABHXKYILEHCSH MPOBO-
aoke. Eciu B3siTb mpoBOJIOKY A/nHHOH Lo, B KOTOpPO# INIOTHOCTb
HenoOBuUXCHbLX 3apSNlOB eCTb Po, TO B Heil GyaeT coaepxKaTbCs
noaublil 3apsaa Q = poLoAo. Ecam Te Ke 3apsabnl  ABHXYTCS
B JpYroi CHCTEMe CO CKOPOCTbIO U, TO OHH Bce GyAyT HaXOAHTLCA
B KyCKe MaTepHaJsa MeHbuiel NIHHBI

L=LOVI - (13.22)

HO TOro. ke ceueHuss Ao, MOCKOJbKY pa3Mepbl B HanpaBJ/eHHH,

nepneHAUKy/sIPHOM ABHXKeHHIO, He MeHstoTcss (¢ur. 13.11).
Ecau uepe3 p 0603HayuTh NJAOTHOCTb 3apsilOB B CHCTeMe, Tle

OHM JBHXYTCS, TO NnoaHblil 3apaa Q 6yner pLAo. Ho ato momxuo
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ObITH TaKxXe paBHO poloA, nmoToMy uTO 3apsin B JOGOI cHCTeme
OIMHAKOB, cJeaoBaTeabHo, pL = polo, uau ¢ nomowpio (13.22)

L (13.23)

p=——
v
\/‘-?

ITa0THOCTb 3apsiOB ABUXKYIIEACS COBOKYNHOCTU 3aPsiIOB MeHsIeT-
csl TaKuM e 006pa3oM, Kak M peJsiTHBHCTCKash Macca YacTHLBL

[TpyuMeHHM Tenepb 3TOT pe3yJbTaT K MJIOTHOCTH MOJIOXKHTEIb-
HBIX 3apsiloB P4 B Hallefl NPOBOJIOKe. DTH 3apsiabl MOKOATCS
B cucteMe S. OnHako B cucTeMe S’, rie NpoBOJIOKa ABHXKETCS
CO CKOPOCTBIO 0, MJIOTHOCTDb MOJIOXHTEJNbHbIX 3aPSAA0B CTAHOBHUTCSA
paBHOH

A — (13.24)

Orpuyartenvrole 3apsabl B cucTeMe S’ MOKOATCS, NOITOMY HX
MJOTHOCTb B 3TOH CHCTEMe eCTb «NJOTHOCTb MOKOSi» po. B ypas-
HeHun (13.23) pp = p’, MOTOMy YTO HX MJIOTHOCTb 3apsiiOB
paBHa p’  ec/lH npog0.0OKa TMOKOHMTCS, T.e. B CHCTeMe S, Tie CKO-
pOCTb OTpHUATENbHBIX 3apsifoB paBHa v. Toraa aas 3/1eKTPOHOB
NPOBOAHMOCTH MbI NOJiyyaeM

o’
R (13.25)
V-
HITH
pi=p_V1 — 2. (13.26)

Tenepb MbI MOXeM MOHSITh, NOYeMy B CHCTeMe S’ BO3HHMKAIOT
3JIeKTpHYECKHe MOJsi: MOTOMY YTO B 3TOH CHCTeMe B NPOBOJIOKe
MMeeTCsl pe3y bTHPYIOLLas NJIOTHOCTb 3apsiaoB p’, naBaemas ¢op-
MyJ10H

r__ ’
p'=p +ol.
C nomouwtsio (13.24) u (13.26) umeeM

[MockosbKy nokosimasicst MpoBOJOKA HeHTpaJbHA, p— = —p4, NO-
JyyaeMm

 — e, (13.27)

Hamia ABHXKYyLlasiCA MNpOBOJOKA 3apsi2keHa IOJO2KHTEJNbHO H
JNOJIXKHA co3naBaTh noge E’ B TOYKe, rae HAXOAHTCA BHelNIHAA
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NoKOslAsACA YacTHua. Mbl yXe pelllaqd 3JeKTPOCTaTHYECKYIO
3afayy 06 OAHOPOAHO 3apsXKEHHOM ULMJIHHApe. DJEKTpHYeCcKoe
1noJle Ha PacCTOSIHHH r OT OCH LMJIHHAPA eCTh

. oA 0, Av?c?

oneor 0
0 23’180" 1— -z
[4

Cuana, neficTByIoIas Ha OTPHLATE/bHO 3apsXKEHHYIO YacTHUY, Ha-
npaB/eHa K MpoBoJOKe. MBI HMeeM CHJY, HalpaBJ/eHHYI0 OJHHa-
KOBO B 06GeHMX CHCTeMaX; 3JeKTpHuecKasi cHia B cucreMe S’ Ha-
npaBJ/eHa TaK XXe, KaK MarHuTHas cHJa B cHcTeMe S.

BenuunHa cuabl B cucteme S’ paBHa

A 2/p2
=t 0f_ e (13.29)

9me, v |
T

CpaBHHBasi 3TOT pe3yJabTaT AJas F’ ¢ HawHUM pe3yabratoM aas F
B ypaBHeHuHu (13.21), MBI BAIMM, YTO BeJHUYHHBI CHJ C TOYKH 3pe-
HHUS [BYX Habaonarteneli noyTH oauHakoBhl. TodHee,

1 — 2=

No3TOMYy AJII MaJjblX CKOpOCTel, KOTOpble Mbl paccMaTpHBaeM,
00e CHJBl OAHHAKOBBL. MBI MOXeM cKa3aTh, YTO MO MeHblIe#H
Mepe A5 MaJablX CKOPOCTeli MarHeTH3M H 3JeKTPHUYeCTBO CYTb
NpPOCTO «JBe pa3Hble CTOPOHBI OAHOH U TOH Xe BelllH».

Ho okasbiBaeTcsi, yTo BCe OGCTOMT Aaxe ellle Jaydlle, 4YeM
Mbl CKa3aad. Ecau npHHATL BO BHMMaHHe TOT GakKT, YTO CuUAb
TaKXe npeo6pasylOTcsa NMpH nepexoje OT OAHOH CHCTEeMH K Apy-
roit, TO OKaxercs, yTo o6a cnoco6a Hab/aOAEHHs 3a NPOHCXOAS-
IHM AAIOT Ha CaMOM [eJ/le OJHHaKOBble (u3uueckue pe3yJbTaThl
npH 11060 CKOPOCTH.

YTo6bl 3TO yBHAETb, MOXHO, HampHMep, 3afaThb BOMPOC: Ka-
KO momnepeyHblit HMNY/AbC NPHOOPETET 4acTHLIA, HA KOTOPYIO B Te-
yeHHe HeKOTOpOro BpeMeHd JeHcTBOBaja cuna? Mbl 3HaeM u3
BbIN. 2, IJ1. 16, 4TO MomepeyHbIl HMMYJ/bC YaCTHUBI JO/MKEH GBITh
OJHH H TOT Xe KaK B cucTeMe S, Tak ¥ B cucteMe S’. O603HauuM
nonepeyHyi0 KOOpAHHATy y W cpaBHuM Ap, u Apy,. Mcnoabsys
pe/SITUBUCTCKH nNpaBH/IbHOe YypaBHeHHe aBHxeHHR F = dp/dt,
MBI OXHAaeM, YTO 3a BpeMs Af Haula yacTHua npuobpeTeT nome-
peuHblil uMnyJabc Ap, B cHcTeMe S, naBaeMblil BhIpaX<eHHeM

(13.28)

Ap,= F At. (13.31)
B cucteme S’ nonepeyHuii uMnyanc GyaeT paBeH
Ap,=F A, (13.32)
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Duye. 13.12. B cucreme S naor-
HOCT6 3apsadoe ecTo HYab, @ NAOT-
HocTo ToKka paswa j. Ecre TOAbKO
smazrurnoe noase. B cucreme S’
nAoOTHOCTG 3apados paena o,
a naornocre Toka j'. Maznursoe
noae 3decs pasno B’ u cywjecrsyer
daexTpuneckoe nose E’,

Mbsl ponxcHbl cpaBHHBaTh Ap, u Apy,

KOHEYHO, [1J/151 COOTBEeTCTBYIOIUHMX HH-
TepBaJ/oB BpeMeHH At u Af’. B BhIN. 2,
ra. 15, Mbl BHIEJH, YTO HHTEpBaJbl
BpEMeHH, OTHOCALHecA K ABHXYUIeH-
Cfl YacTHLe, KaXyTcsl OAuUHHee UHTep-
BaJOB B CHCTeMe MOKOS YacCTHILHL. 5

[TockoibKy Hama yacTHua mepBOHa-

YyaJbHO 6blJ1a B NOKOe B CHUcTeMe S’, TO MBI OXHAaeM, 4TO I/
Maabix At

At=—2" (13.33)

H BCce moJayuyaercsi BeqHkoJenHo. Cornacuo (13.31) u (13.32),

ap,  Fal

Apy  FAL’

v ecau ckomGuuupoBath (13.30) u (13.33), To 3TO OTHOWwEHHE
pPaBHO elMHHIE.

BoT ¥ BBIXOAHT, UTO MBI MOJyYaeM OAHMH H TOT Xe pe3yabTarT,
HEe3aBHCHMO OT TOro, aHalH3HpyeM /M MBI ABHXeHHe JeTslleH
pPAAOM C NMpPOBOJOKOH YacTHLUBl B CHCTeMe NOKOSl MPOBOJIOKH HJIH
B CHCTeMe NMOKOsS 4acTHUbl. B mepBoM cuayuae cuiaa Oblja YHCTO
«MarHHTHO», BO BTOPOM — YHCTO «3JeKTpHuecKoil». O6a cnocoba
HaGJoaeHHsl moKa3aHbl Ha ¢ur. 13.12 (xoTsi BO BTOpO# cucTeMe
ellle ecTb U MarHuTHoe noJse B’, oHO He BO3JefCTByeT Ha Hemo-
IBHXHYIO 4acTHLY).

Ecan 6ol Mbl BHIGpaAJH ellle OJHY CHCTeMy KOOpPAHHAT, Ml Obl
HallJu HeKyw apyrywo cMech noseil E u B. Daektpuueckue u
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MarHUTHblE CHJIBI COCTaBJSIIOT YaCTH 00H020 (H3HYECKOro siBJe-
HHUSl — 3JIeKTPOMArHUTHOTO B3aUMOAelHCTBHA yacTHU. Pasnenenue
3TOro B3aMMOJAEHCTBHS Ha 3J/eKTPHYECKYI0O H MarHHUTHYI 4acTH
B 0OJIbILIOH CTeNeHH 3aBHCHT OT CHCTEMBI OTCYeTa, B KOTOPOH Mbl
OonucbIBaeM B3aHMojeHcTBHe. Ho nojiHOe 3/M1eKTpOMarHHTHOE OMNH-
CaHHe HHBApHAHTHO; 3JIeKTPHYECTBO H MarHeTH3M, BMecCTe B3fl-
Thle, COTJIAacYylOTC C NPHHLUHIOM OTHOCHTE/NbHOCTH, OTKDHITHIM
DHHIITEHOM.

Pa3 anekTpHyeckHe U MarHUTHbIE N0/ NOSABJSIOTCS B Pa3HbIX
COOTHOUIEHHAX NPH H3MEeHEeHHH CHCTeMbl OTCYeTd, Mbl JOJKHbI
NpOSIBAATL OCTOPOXHOCTb B o6paiteHuu ¢ noasMu E u B. Ecan.
HanpuMmep, Mbl TOBOPHM O «JauHHAX» E uau B, To He HYXHO npe-
yBe/MYHBaAThb PeaJbHOCTb HX CYyllecTBCBaHNA. JIMHHH MOryT Hc-
Ye3HYTb, €CJH Mbl 3aXCTHM YBHAETb HX B JPYroil CHCTeMe KOop-
auHaT. HanpuMep, B cucTeMe S’ UMEIOTCS JMIHHHH 3/1€KTPHYECKOTO
NoJisl, OJHAKO Mbl He 8UOUM HX «JBHXYIIHUMHCS MHMO Hac CO CKO-
pocThio v B cucTeMe S». B cucreme S aHMHHE 3/MeKTpHYeCKOro
noas HetT BooGue! [ToaToMy GeccMBIC/IEHHO TOBOPHTL 4TO-HHGYIb
Bposne: «Korga s gBHralo MarHuT, OH HeceT CBOe moJie ¢ cOOOH,
no3TOMY JIMHHH noJs B Toxe aBuxyTcsa». HeT Hukakoro cnoco6a
caenaTh BOOOLEe OCMBICJEHHBIM NOHATHE O «CKOPOCTH JBHXY-
HIUXCH JRHUH NOJST».

[Tonst cyTh cnoco6 onucaHHsi TOro, 4TO NPOHCXOLHT B HeKo-
TOpOH TOYKe npocTpaHcTBa. B wactHocTH, E u B roBopsiT Ham
0 cHJaX, KOTOpble OYAYT defcTBOBATh Ha ABHXKYLIYIOCA YAaCTHLY.
Bonpoc «uemMy paBHa cHJa, QefCTBYIOIAs Ha 3apsij CO CTOPOHBI
Osusicyujeeocs MarHUTHOTO MOJSA?» He HMeeT CKOJIbKO-HHOYAb TOY-
Horo cojgepxanusi. Cuaa naetrcs BeanunHamu E u B B Touke 3a-
psna, v popmyaa (13.1) He M3MeHHTCS, eCaH ucTourux nonei E
nin B nBHxceTcs: (M3MeHSITCS B pe3yJbTaTe ABHXKEHHSl KaK pa3s
3HaueHuss E u B). Haule maTtemaTHyecKoe OMmHCaHHE OTHOCHTCS
TOJBKO K NOJAM KaK QYHKUHAM X, Y, 2 H £, B3ATEIM 8 HEKOTOpPOLl
UHePYUAAbHOL CUCTeMe OTCHeTa.

[loaanee MbI Gyaem rOBOPHTH O «B0AHE 3JeKTPHYECKOro H
MaTHUTHOTO NoJei, pacnpocTpaHsmlleics B NPOCTPaHCTBE», Ha-
npuMep o cBeToBoii BosHe. Ho 3To Bce paBHO, YTO TOBOPHTH
0 80/He, Gerylleil no BepeBKe. Mbl NpH 3TOM He HMeeM B BHAY,
YTO KaKasi-HHOYAb 4YacTb 6epesKku [JBHXETCS B HamnpaBleHHH
BOJIHBI, a NOApa3yMeBaeM, 4YTO CMeW,eHUe BePeBKH MOABJsETCS
CHaya/a B OLHOM MecCTe, a 3aTeM B ApPYroM. AHaJOrHYHO AMA
3/1eKTPOMAarHUTHOH BOJIHBI — CcaMa 804HA pacnpocTpaHseTcs,
a BeJIMYHHA MoJiell U3MeHaeTcs.

Tak uyro B GyayweM, Korga Mbl — HAM KTO-HHGYAb elle —
6yneM TOBODHTb O «ABHXKYILEMCA» MOJie, Bbl JOMKHbBI MOHHMATb,
4TO peub HAEeT MPOCTO O KOPOTKOM H yNOGHOM crmocofe OmHCaHHs
M3MEHSIOILErocs noJjs B onpefieeHHbIX YCAOBHAX.
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§ 7. Ipeo6pazosanue To%08 U 3apados

Bbl, BeposiTHO, GblH 06€CMOKOEHBI CAENaHHBIM HaMH ynpolre-
HHeM, KOrja Mbl B3SIIM OJHY H Ty e CKOPOCTb V A YaCTHIbI
M 3/1eKTPOHOB NPOBOAHUMOCTH B NMpoBoJIoOKe. M0OXHO Gbl10 GBI Bep-
HYTbCS Ha3ajd M CHOBA NpojenaTh aHAJHU3 C ABYMS Pa3HbIMH CKO-
pOCTAMH, HO Jierde NpoCTO 3aMeTHTb, YTO MJAOTHOCTb 3apsifa H
TOKa fIBJSIOTCS KOMIIOHEHTaMH uYeThlpeXBeKTopa (CM. BHIN. 2,

17).

Mbl BHaenH yXKe, UTO €CJH Po €CTb MJOTHOCTb 3apsilOB B HX
CHCTEeMe [OKOfl, TO B CHCTeMe, I'Jie OHH HMEIT CKOpPOCTb V, MJIOT-
HOCTb paBHa

B 3Toii cucTeMe WX NJOTHOCTb TOKa eCTb

v
02
-
H,aﬂee, Mbl 3HaeM, 4YTO 3Heprusa U u HMNYyJibC 4YacCTHLbLI P,
[lBH)KyUIEﬁCﬂ CO CKOpPOCTbIO V, 1AlOTCsA BbIpaXeHHAMH

moc?
Y e Ay o
1 =2 1 —
c? c?

rage mo— ee Macca nokos. Mel 3HaeMm Takxe, uto U u p o6pa-
3YIOT peJIITUBHCTCKHH uyeTbipexBekTOp. Ilockonbky p H j 3aBu-
CAT OT CKOPOCTH V B TOYHOCTH, Kak U U p, TO MOXHO 3aKJIOYHTb
YTO p M j TAKHE KOMIOHEHTHl PeJIATHBHCTCKOTO YeTHIpeXBeKTOpa.
STO CBOHCTBO eCTb KJ/IOY K OGLIEMY aHa/JM3y M0Js MPOBOJOKH,
IBHXKYUleHcs ¢ JIOO0OH CKOPOCTbIO, H Mbl MOrJH Obl €ro HCrHoJb-
30BaTh, €c/aH Gbl 3aXOTe/qH pelIHTb CHOBA 3afayy CO CKOPOCTHIO
YaCTHLBI Vo, He PaBHOH CKOPOCTH 3/1eKTPOHOB NPOBOJHMOCTH.

Ecau Ham nyXHO mnepeBeCTH p M j B CHCTeMY KOOPAHMHAT,
JBHXYVILYIOCS CO CKOPOCTbIO 4 B HampaBJ/leHHH X, TO Mbl 3HaeM,
YTO OHH npeoGpa3yrOTCsd B TOYHOCTH Kak ¢ u (x, Y, 2); NO3TOMY
MBI HMeeM (CM. BHIN. 2, I'J. 15)

X = x—utu2 , j;= ix—u02 ,
1-= 1—-=
A5 A1
r__ v
vy=9 =1y (13.35)
2 =2, ]2=]2)
= t— ux/c? — 0 —ujx/c® uje/c?

owr’ ’
Vi-E A-E
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C nomombi0 3THX ypaBHeHHH MOXHO CBSI3aTb 3apsiibl H TOKH
B OJHOM CHCTeMe C 3apsjAaMH H TOKaMH B Apyroil. BasiB 3apsabi
M TOKH B KaKOH-TO CHCTeMe, MOXKHO PEIUHTb 3/JeKTPOMarHHTHYIO
3ajlayy B 3TOi CHCTeMe, MOJb3YsACb YypaBHeHHMsIMH MakcBesaaa.
Pesynbrat, KOTOpBI Mbl MOAyuHM 041 Osudcenus wactuy, Gyaet
OJIHKM H TeM e, He3aBHCHMO OT BHIOPaHHOH CHCTEMBI OTCYeTa.
[Tosxe Mbl BepHeMCsl K PeJITHBHCTCKHM NpeoGpa30BaHHSM 3J€K-
TPOMArHHTHBIX MoJieH.

§ 8. Cynepnosuyus; npasuaso npasoii pyxu

Mbl 3aKOHYHUM 3Ty rJaBy elle [lByMﬂ 3aMe4YaHHsMH Mo BOHPO'
CaM MArHUTOCTATHKH. HepBoe: HallH OCHOBHbLIE€ YpaBHEHHA /A
MAarHUTHOIO noJsd

V.B=0, VXB= CL

280

JuHefiHpl o B ¥ j OTo 03HayaeT, YTO MPHUHUMN CYNepPHNO3ULUH
(HanoxeHHs) NpPHAOXKHMM M K MarHutHoMmy noJio. Ilose, co3aa-
BaeMoOe JBYMs pa3HbIMH NMOCTOSIHHBIMH TOKaMH, eCTb CyMMa co0G-
CTBEHHBIX MOJIEH OT KaXJAO0ro TOKa, AeHCTBYIOLLEro Nno OTAeJbHO-
ctu. Hame BTOpoe 3aMeuaHHe OTHOCHTCA K MNpaBHJ/JaM MNpaBoH
PYKH, C KOTOPLIMH MBI y2Ke CTaJKHBaJMHUCh (NpaBHJ/O NMPaBOH PYKH
A MarHHTHOTO NOJsl, CO34aBaeMOro TOKOM). Mbl yKasbiBaJaH
TaKXe, YTO HaMarHHYHWBaHHe XKeJIe3HOr0 MarHuTa OOBSCHSAeTCs
BpallleHHeM 3JeKTPOHOB B MaTepnaJe. HanpaBJ/ieHne MarHuTHoro
N0/ Bpallalollerocsi 3/MeKTPOHa CBSA3aHO C OChIO ero BpallleHHs
TeM XXe caMbIM npaBujoM npaBoil pyku. Ilockonbky B omnpepne-
JsIeTCsl NpaBUJ/IOM ONpeje/eHHON PYKH (C MOMOLUBIO JIHGO BEKTOp-
HOro npou3BeeHus, AnGO poTOpa), OH HA3bIBAETCH AKCUAALHbLM
BeKTOpoM. (BekTophl, HanpaBJ/ieHHe KOTOpPbIX B MPOCTPAHCTBE He
3aBHCHT OT CCBIJIOK Ha JIEBYIO MJIM MPaBYIO PYKY, Ha3bIBAKOTCA no-
aspaoimy BeKTopaMu. HanpuMep, cMellleHue, CKOpOCTb, CHJa H
E — nossipHble BEKTOPHI.)

Dusuvecku Habaodaemble BENUUMHBI B 3JEKTpOMarHeTH3Me,
OHAKO, He ¢B8A3aHbl ¢ NpaBo# wnJauM seBoil pykoi. M3 ra. 52
(Bbim. 4) Mbl 3HaeM, 4TO 3JeKTPOMArHHTHbIE B3aMMOJEHCTBHS
CHMMeTpPHYHbl MO OTHOIIEHHI0 K oTpaxeHHwo. Ilpn BbluMcaeHHH
MAarHuTHBIX CHJ MeXAy [AByMsi HaGopaMH TOKOB pe3yabTar
BCerja MHBAapHAaHTEH MO OTHOIUEHHIO K mepeMeHe pyK. Hamm
ypaBHeHHusl, He3aBUCHUMO Or YCJOBHA INpaBOH pYKH, MNPHBOAAT
K KOHEYUHOMY pe3yJbTaTy, YTO MapaJjnebHble TOKH NPUTATH-
BAIOTCSl, a MPOTHBOIOJOKHBIe — oTTaJkuBawTcsa. (Ilonpobyiire
BBIYUCJUTD CHJY C MOMOLIBIO «IpaBuJa JeBoil pyku».) Ilpursixke-
HHe WJM OTTaJKHBaHHe eCTb NOJspHBIA BekTop. Tak nosyuaercs
NOTOMY, YTO NMPH ONUCAHHH JAIOGOro MOJHOrO B3aHMOAEHCTBHS Mbl
no/b3yeMcsl NpaBHJ/IOM NpPaBoil PYKH ABaXAbl — OJHH pa3, YTOOHI
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HaiiTu B H3 TOKOB, a 3aTeM, uToObl HaHTH CHJY, OKa3bIBaeMyIo
noJjeM B Ha BTOpOIt TOK. [IBa pasa noab3oBaThcsl NpaBHJAOM Npa-
BOH pYKH—BCe pPaBHO, YTO [Ba pa3a MO/Jb30BATbCA NPABHJIOM
neBoit pykH. Eciv 6bl Mbl YCJOBHAHCH NepeiiTH K CHCTeMe J1eBOH
pYKH, BCe HallK noias B H3MeHH/H Obl 3HAK, HO BCe CHJBI HJH
(uto, moxKanyi, HarasiqHee) HabaioqaeMble YCKOPeHHS OGBEKTOB
He U3MEeHHJHCDH OBl

XoTsi (H3HKH HeqaBHO, K CBOeMY YAMBJEHHIO, OOHapyXKHJH,
4TO He 6Ce 3aKOHBI NPHPOAB! BCErAa HHBAPHAHTHBI O OTHOIUEHHUIO
K 3epKa/bHbIM OTpaXXeHHSM, TeM He MeHee 3aKOHbI 3JeKTpoMmars
HeTH3Ma 006/afaloT 3TOH ¢(yHAAMeHTaJbHOH CHMMeTpHeH.



l‘.aaaal4

MATHUTHOE MNOJIE B PA3HBIX CJ/IYUAAX

§ 1. BexropHoui norexyuan

B sr0ii rnaBe Mbl NpONOMKHM Pas3roBop O
MarHHTOCTaTHKe, T. €. O MOCTOSIHHBIX MarHHUTHBIX
NOJISIX M NOCTOSIHHBIX TOKaX. MarHuTHoe moJje H
3/eKTpHUeCKHe TOKH CBfI3aHbl HAlIHMH OCHOB-

HbIMH ypaBHEHHSAMH:
V-B=0, (14.1)
c2v><B=eLo. (14.2)

Ha 3TOT pa3 HaM HyXHO pellHTb 3TH ypaBHe-
HHsl MaTeMaTHYeCKH caMbIM obujum o0bpason,
a He CCbIIATbCAl HA KakKylo-HHOYyAb 0COOYIO CHM-
MeTPHIO WJIH Ha HHTyHUHIO. B 3jekTpocTaTHke
Mbl HAlJIK NPSAMOH CMOCO6 BLIYHCJEHHA MO0J,
KOrja H3BeCTHBI MOJIOXKEHHs BCeX 3J/eKTPHUYECKHX
3apsiloB: CKaJsSpHBbIl NMOTeHUHaa ¢ QaeTcs Mpo-
CTO HHTErpaJjioM Mo 3apsilaM, Kak B ypaBHEHHH
(4.25) Ha cTp. 77. Ecau 3aTeM HYyXHO 3HaTh
3/MeKTpUYecKoe MoJe, TO ero noJayvarmt audpode-
peHuHpoBaHHeM ¢. Mbl nokaxeM ceHyac, yToO
015 HaxoxJeHHs noas B cywecTByer aHa/orHy-
Hasi Mpoleaypa, eclH H3BeCTHa MJIOTHOCTb TOKa j
BCeX IBHXKYUIHXCS 3apsiloB.

B snekTpocTaTHKe, Kak Mbl BHAeaH (M3-3a
Toro, 4yto rot or E Be3ne paBeH Hy.10), Bceraa
MOXHO npeactaBuTh E B Buae rpaagneHTa ot cKa-
asipHoro noast ¢. A Bot rot or B xe se3de paBeH
HyJ/l0, NO3TOMY INpeACTaBHTb €ro B BHIe rpa-
AueHTa, BooGlle roBopsi, HeBO3MOXxHO. OaHako
oJusepeeryus B Besne paBHa HyJI0, a 3TO 3Ha-
YuT, YTO MBI MOXKeM MnpeacTaBuTb B B Bume po-
TOpa oT Apyroro BekTopHoro noas. M6o, kak Mol
BHAeNH B IUI. 2, § 8, nuBepreHuus poropa Bceraa
pasHa Hyaw. CjlenoBaTe/qbHO, Mbl BCerja MoxeM
Bbipa3uTh B uepe3 mnose, KoTopoe Mbl 0603Ha-

yuM A:
B=VXA. (14.3)
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I/IJ'IH, pacnucbiBasi KOMINOHEHTHI:

0A 0A

Bx-_"(VXA)x: ayZ_ Ozy'
A 0A

B,=(V X A), =2 _ 0z (14.4)
04y 04,

B,=(VXA), =——
3anuce B = V X A rapantupyer BbuinmosHeHue (14.1), mortomy

4yTO 0053aTEeAbHO
V.B=V-(VXA)=0.

[Tone A Ha3bIBaeTCst BEKTOPHbIM NOTEHYUAAOM.

BcnoMHHM, 4TO cCKaJ/fpHbI NOTEeHLHal ¢ OKa3blBaeTcsi He
NOJTHOCTBIO onpeaedeHHbIM. Ecin MBI HalK A/ HEKOTOPOH 3a-
Jlayd MOTeHUHaJ ¢, TO BCerja MOXHO HallTH CTO/b Xe XOpOIIHH
Apyroii noTeHUHaa ¢’, 106aBHB NOCTOSHHYIO:

o =¢+C.

HoBrlil moTeHuunan ¢’ naet Te e 3JeKTpHYECKHe M0JIsl, TOTOMY
uto rpagueHT VC ecTb Hyab; ¢ W ¢ OTBeualOT OJHOH H TOH Xe
KapTHHe.

TouHO Tak e y Hac MOXeT ObITb HECKONbKO BEKTOPHBIX MO-
TeHUHaJoB A, MPUBOASUIMX K OLHHM H TeM XKe MarHUTHBIM MO-
aaM. OnsiTb-TakH, NOCKOJIbKY B mosnyuyaerca u3 A nuddepenuupo-
BaHHeM, TO npu6GaBieHHe K A KOHCTAaHTbl He MeHsieT (H3HKH
nena. Ho pas A csoGoma Gosbuie. MBIl MOXeM [06aBHTb K A
J060e noJie, KOTOPOe eCTb rpajiHeHT OT HEKOTOPOro CKaJspHOro
noJisi, He MeHssl NpPH 3TOM (HU3MKH. DTO MOXKHO MOKa3aTb CJeaylo-
muM o6pasom. Ilyctb y Hac ectb A, KOTOpoe B KaKOH-TO peasb-
HOl 3ajaye naeT npaBuJbHOe nose B. CnpalnBaercs, npu KakHX
YCJOBHSX APYroil BeKTOpHbI moTeHuunaa A’, 6yayud moacTaBJeH
B (14.3), naet 1o ace camoe nose B. 3uayut, A n A’ umelot onu-
HaKOBbLIH pOTOP

ay

B=VXA'=VXA.
VXA —VXA=VX(A"—A)=0.

Ho ecan porop BeKkropa ecTb HYJb, TO BEKTOD J0JeH OBITb rpa-
JLHEHTOM HeKOTOPOro CKaJspHOro moJs, CKaxeM 1, TaK u4TO
A’ — A = V4. 310 03HayaeT, 4TO ec/aU A ecTb BEKTOPHbI NOTEH-
LlHaJ, OTBeYaIOILHil JaHHOM 3ajaye, TO NPH JIOGOM

A=A+ VW (14.5)
TaKxXe 6yﬂeT BEKTOPHBIM NOTEHUHAJNOM, B OJIMHAKOBOH CTeNeHH

VAOBJIETBOPSIOIMM JNaHHOH 3ajaye M NPHUBOAAILMM K TOMY Xe
noawo B.

[Tostomy
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OGbryHO GeIBaeT ynoGHO yMEeHbLIUTb «CBOGoAy» A, Hak/aaibl-
Basi Ha Hero NMpoH3BOJILHO HEKOTOpOe [Jpyroe ycjaoBHe (NOYTH Ta-
KHM Xe 006pa3oM Mbl CYHTAJH YAOOGHBIM — AOBOJIBHO YacToO —
BLIOMpATb MOTEHLUHAJ ¢ PaBHbLIM HYJIO Ha OGOJBIIHX PacCcTos-
HHUAX). MBl MOXeM, HanpHMep, OTPaHHYHTb A, HAJIOXKHB Ha Hero
TaKoe YCJOBHe, YTOGBI AHBepreHuuss A ueMy-HuGyab paBHsJIACh.
Mbl Bcerna MoxeM 3TO caenath, He 3aaeBas B. Tak noayuaercs
NoTOMY, 4TO, XOTst A’ H A HMelOT OAMHAKOBHIH DOTOp U [aloT
OlHO U To e B, oHu BoOBce He 06s13aHbl MMeTb OJHHAKOBYIO IH-
seprenuuto. B camom pene, V-A’ = V.A 4 V%p, u, noabupas
COOTBETCTBYIOLLee ), MOXKHO npuaath V-A’ jn060e 3HaueHHe.

Yemy caenyer npupaBHaTh V-A? BbiGop nosxeH o6ecneuutb
HauGoJiblllee MaTeMaTnyeckoe ya06CTBO H 3aBUCHT OT Hallell 3a-
nayu. ast maenurocraruku Mbl ciiesaeM NpoOCTOl BbIGOP

V-A=0. (14.6)

(IToroM, Koraa Mbl mepeiileM K 3/]eKTPOAHHAMYKe, Mbl H3MEHHM
Haw BbIGOp.) HTak, Hauwe noaHoe onpepesneHue * A B NaHHbIH
mMoMeHT ecTb VX A= B u V-A =0,

Yro6bl MpPHBLIKHYTH K BEKTOPHOMY MOTEHLHAMY, MNOCMOTpPUM
CHayaJla, YeMy OH paBeH A/ OJHOPOJHOrO MarHHTHoro moas B,.
BriGupas ocb z B HanpaBJeHHH Bo, MBI JOMXKHBEI HMETh

04, 04y
b=y == =0

04 04
By=%r =5 =0 (14.7)
Bz— Ox ay —Bo.

PaccmaTtpuBasi 3TH ypaBHeHHs, Mbl BUHM, 4YTO OAHO H3 803MOX-
HblX DelleHHH eCTb.

A, = xB,, A,—0, A,=0.
HUanu ¢ Tem xe yCexXoM MOXKHO B3sTb
Ay= —yBy, A, =0, A,=0.
Eme onto pelueHHe eCTb KOMOHHaUus nepBbIX ABYX:
1 1
Ax= _"é_yBOr Ay="2—JCBo, Az=0. (14.8)

flcHo, uTo ans Kaxpmoro noass B BekTopHbll moTeHuHana A He
€/IHHCTBEHHbI}; CYILEeCTBYeT MHOrO BO3MOXHOCTEH.

* Hamwe onpenenenne Bce eule He NOJHOCTbIO 3anaeT A. Urto6wnl 3andaHue
6blI0 eOUHCTBEHHBLM, Mbl NOJ/DKHBI Gblu Gbl YTO-HHGYAb CKadaTb O MoBede-
HUH noia A Ha Kakoi-nu6o rpaHuue wiM Ha Gosnblwux paccrosaunax. Muorpa
6biBaeT ya06HO BHIGpaTh, Hanpumep, noJe, cnagamilllee K HYMIO Ha GOMbwHX
paccrosHusax.
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Kj
D ue. 14.1. 00nopodHoe maznuT-
Hce nose B, nanpaesenroe no
ocu z, COOT8eTCT8YeT 8eKTOop-

i
nomy notenyuary A (A= Br'[2), I \A Ay
KOTOpbLE — 8pawceTcs  80KpYe? |
ocu 2. U4,

' —paccroarue o ot 2.,
e
r v
‘\’
A
A —

Tpetbe pewenue [ypaBuenne (14.8)] o6napaer psimoM uHTe-
pecHbIX cBoicTB. [ToCKOIbKY X KOMNOHEHTa NpPONOPLHOHAJbHA
—Y, a Y-KOMIOHEeHTa NMpONopUHOHAaAbHA X, TO BeKTop A fo0J-
XeH ObITb NepneHAHKYJsipeH BEKTOPY, NMPOBeAEHHOMY OT OCH 2,
KOTOpbIfi Mbl 0603HAayUM r’ (LITPHX O3HAYaeT, UTO 3TO He 8EeKTOP
paccTosiHusi oT Hayasna). Kpome Toro, BeqnunHa A npomnopuHo-
HanabHa 4/x% F y? W, ciefoBaTe/bHO, NponopuxoHaabHa r’. Ilo-
3ToMy A (1J151 OQHOPOJHOrO MOJsA) MOXKeT GbITb 3aMHCAHO NPOCTO

A=5BXr. (14.9)

BekropHblit noTeHunan A paBeH no BennuuHe Br'/2 u Bpamaercs
BOKPYT OCH 2, KaK nokasaHo Ha ¢ur. 14.1. Ecau, HanpuMep, noJse
B ecTb noJie BHYTpPH cOJleHOHZA BJOJb €r0 OCH, TO BeKTOPHbIH
NOTeHLHaJ UHPKY/IHPYeT TOYHO TaKHM e 06pa3oM, Kak H TOKH
B COJIEHOH[eE.

BeKTopHbIfi MOTeHLHA OJHOPOAHOrO MOJsI MOXeT ObITb MOJaY-
YyeH U ApPYruM cnocoGoM. Llupkyasiuus A Baoab J11060# 3aMKHY-
Toil neTan I' MoxeT GBITH BblpaXKeHa Yepe3 NOBEPXHOCTHBIH HH=
terpan or VX A ¢ nomoumblo TeopeMnl CTOKca [ypaBHeHHe
(3.38), ctp. 63]

§A-ds= S (VX A)-nda. (14.10)
r Buytpu T
Ho unTterpan cnpaBa paBeH moToKy B CKBO3b meTJ/io, NO3TOMY
@A-ds= g B - nda. (14.11)
I Buytpa I

283



Hrak, uupkyasuwa A BROIb 8CsaKkO( NeTAd paBHa NOTOKy B
CKBO3b Nera. Ecay Mbl BO3bMeM Kpyriayko neriio paguyca r’
B MJOCKOCTH, NepneHAHKY/19pHO OfHOpOAHOMY noato B, To no-
TOK OyJeT B TOUHOCTH paBeH

nir’’B,

Ecan BoiGpaTh  Hayasno OTCYeTa B LEHTpe MNETIH, Tak yto A
MOXXHO CYHTaTb HanpaBJ/JeHHbIM MO KacaTelbHOH M (yHKUHEH
TOJILKO OT 7/, TO LHPKYJALUS GyaeT paBHa

@ A . ds=2nr"A=nr'?B.

Kak ¥ paHbllle, nonyyaem
Br’
5 -

B To/bKO 4TO pa3o6paHHOM MpHMepe Mbl BHIYHUCASEM BEKTOp-
HbIH MOTEHLHa] M3 MAarHHTHOrO NoJjs; OGBIYHO NOCTYNawT Hao6o-
poT. B c/l10XHBIX 3amayax BCerga npolle HaiiTH BEKTOPHBIA MO-
TeHUHaJ, a 3aTeM yxXe M3 Hero HalTH MarHuTHoe moJe. Ceiluac
Mbl MOKaXKeM, KaK 3TO MOXHO C/1e/1aTb.

§ 2. Bexropnoti noTenyuan 3a0aHHOIX TOKOS

Pa3 B onpenensiercsi TOKaMH, 3HauuT, H A Toxe. Mbl XOTHM
Tenepb BbIpa3uTb A uepe3 TokH. HauyHem ¢ Hamero ocHOBHOro
ypasHeHns (14.2):

VX B=-1,
€0
OTKyJa, KOHe4HO, cleflyeT
VX (VX A)=-1. (14.12)

&

10 YpaBHeHHe AJid MAarHHTOCTAaTHKH, OHO MOXOXe€ Ha ypaBHEeHHE

V.Vp=—- 2 (14.13)

€0

L1 3EKTPOCTATHKH,

Hame ypaBHenue (14.12) anasi BeKTOpPHOro mnoTteHuHasa cTa-
HeT elle GoJiee MOXOXHM Ha ypaBHeHHe OJd ¢, €CJdH NepenH-
catb V X (V X A), ucnosb3ysi BeKTOPHOE TOXKIECTBO [CM. ypaB-
netue (2.58), ctp. 44)

VX (VX A)=V(V-A)— V2A, (14.14)

INockonbky Mbl BbiGpanu V-A = 0 (u Temepb Bbl BHAHUTE, MO-
yeMy), ypasHeHHe (14.12) npuoGperaeT BUa

VA=—_]

goc? °

(14.15)
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Due 14.2. Bexropuoii
norenyuar A 8 rtouke |
onpefenseTca UHTe2palom
no asaemenran toka jdV
80 acex Toukax 2.

DTo BEKTOpHOE ypaBHEHHe, KOHEYHO, PacnajaeTcs Ha TPH ypas-
HEHHUA

9 ix 0 iy 9 jz
VA, =——, V4, =——, VAZ=——8—, (14.16)

goc? ? ¥ g cc?

M Ka)[J0e W3 3THX ypaBHeHHH maTemaTuvecku UOEHTUYHO YpaB-
HEHHIO
Vp=—L, (14.17)
&
Bce, 4TOo MBI y3Hanu O HaxOX/JIeHHH MOTeHUHana A/ H3BecT-
HOTO p, MOXHO HCMOJNB30BaTh AJ HaXOXAEHHS KaXAOH KoMmNo-
HeHTHl A, Korjga u3BecTHO j!
B ra. 4 mbl Buaeau, uTo oflllee pelleHHe YpaBHEHHS 3JeKTpO-
crathku (14.17) umeer BHA

1 p(2)dV,
¢ ()= 4negp S ry ’
Torna Mbl HeMeJIEHHO MoJyyaeM ofllee pelieHue aas Ay:
1 ix(2)dV
Ay (1) =y | 22022 (14.18)

H aHagaoruyHo aasd A, u A,. (Pur. 14.2 HanoMuUHaeT BaM O npH-
HATBIX HaMH 0603HauyeHUsiX 0as ri2 U dV,.) Mbl MOXeM 06benu-
HHUTb BCe TPH pellleHHs B BEKTOpPHOI popMe:

A(l)=— S“Q"”’Z. (14.19)

4mec? ro

(Bbl MOXeTe MpH KeJaHUH NMPOBEPUTh NPAMBIM AU epeHLHpo-
BaHHeM KOMIOHEHT, YTO 3TOT HHTerpaJ yaoBJerBopsieT V-A = 0,
nockoabky V-j = 0, a nocienHee, KaKk Mbl BHUIENH, JOJKHO Bbl-
MOJIHATBCS AJ51 MOCTOSIHHBIX TOKOB.)
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Mebl umeem, TakuM 0o6pa3oM, oOUIHI MeTON BLIYHC/AEHHSI Mar-
HHUTHOTO MOJIS OT MOCTOSIHHBIX TOKOB. [IpMHUHMN TaKo#: X-KOMIO-
HEeHTa BEKTODHOrO NOTeHLHaJa, BO3HHKaWass OT TJIOTHOCTH
TOKa j, TOYHO TaKasl ke, KaK 3JeKTPHYECKHH MOTeHLHAJ @, KO-
TOpBI Obl1 Gbl CO3/aH MJOTHOCTHIO 3apsiaoB p, PaBHOM ji/c2, H
aHa/JOTHYHO ANS Y- H 2-KOMMNOHEHT. (DTOT NpHHUMN AeHCTBYeT
TOJIBKO AJ51 A€KapTOBbIX KoMmnoHeHT. Hanpumep, «paguanbHas»
KOMIOHeHTa A He CBs3aHa TaKHM e 06pa3oM C «pafHa/ibHON»
KoMmnoHeHToil j.) HMrtak, M3 BeKTOpa NJOTHOCTH TOKa j MOXKHO
Halith A, noab3yscb ypaBHeHusamu (14.19), T.e. Mb Haxoaum
KaXX[yl0 KOMNOHEeHTY A, pewast TpH BooGpaKaeMble 3J1eKTpPOCTa-
THYeCKHe 3alayd AJs pacnpefeeHuil 3apsaga o = jx/c2, ps =
= jy/c* u p3 = j,/c?. 3areM Mbl HaxoguM B, BBIUMCJHMB pasHble
npoussoanbie oT A, Bxoasmue B V X A. HemHoro csoxuee, ueM
B 3JIEKTPOCTATHKeE, HO naes Ta xe. Ceilyac Mbl NPOHIIIOCTPUPYEM
TEOpHIO, BLIYHCJHB BEeKTOPHBIA NOTEHLHAJ B HECKOJIbKHX YaCTHBIX
cayyasx.

§ 3. Ipamoii nposod

B KauecTBe nepBOro npHMepa CHOBA BBIYHCJIHM MOJe NPSIMOTO
npoBOJa, KOTOpPOe Mbl HAXoQMJH B NpeAblaylleM naparpade,
nosab3ysicb ypaBHeHHeM (14.2) u cooOpaKeHHIMH CHMMETDHH.
Bo3bMeM A/MMHHBIN MPSAMOH NPOBOA pajaHyca g, MO KOTOPOMY Te-
YyeT MNOCTOSAAHHbIA TOK /. B oT/HuMe OT 3apsAga B NPOBOJHHKe
B C/yyae 3/1eKTPOCTATHKH NOCTOSHHBIA TOK B MpOBOJE pacnpepe-
JileH paBHOMEpPHO MO MonepeyHOMy ceyeHHio nposoaa. Ilpu Takom
BbI6Ope KOOpAMHAT, KaK MOKa3aHo Ha ¢Hr. 14.3, BeKTOp MIOTHO-
CTH TOKa j HMeeT TOJIbKO
2-komnoHeHnry. o Bennunne
OHa paBHa

N

o=  (14.20)

na?

AN
7S NNETNNNS

BHYTPH MNpPOBOAA H HYJIO
BHe ero.

SO

Due, 14.3. Haunnotid yuaun-
dpuseckuii npogod ¢ 0O0HOPOO-
HOUi NAOTHOCT®IO TOKa j, Hanpa-
eaennbL 80046 Ocu 2.

AOCNNNNN

NN
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[Tocko/ibKYy je M j, 06a paBHBI HyJ/IO, TO Cpa3y K€ NOJyYHM
Ay;=0, A,=0.

Yro6bl noayuutb A,, MOXHO HCNOJbL30BaTh Hallle pelleHHe /st
3JIeKTPOCTATHYECKOTO MOTEHLHasa ¢ OT MPOBOAA C OJHOPOAHOM
MJIOTHOCTBIO 3apsiga p = j,/c%. [lna Touyek BHe GECKOHEYHOro 3a-
PSJKEHHOrO IHIHHAPA 3/eKTPOCTATHYECKHH MOTEHLHaN paBeH

A Inr/,

23‘[80

¢=—

rie r’ = A/x2F 1, a A — 3aps/ Ha eMHULY AJHHBI, PaBHBI na’p.
CnenoBaTenbHo, A; 1OMXKHO GHITH paBHO

IOAs TOYeK BHe [JIHHHOTO NMPOBOJAA C PaBHOMEPHO pacnpefeleH-
HbIM TOKOM. Ilockoabky ma?j, = I, TO MOXHO TaKXe HanmucaTb

A= —=L . (14.21)

2meoc?

Tenepr mMoxHO Hafitu B, moaeaysice (14.4). M3 wectn mpo-
M3BOAHBIX OT HYJIS1 OTJIMYHH TONMBKO ABe. [Tonygaem

— 1 0 P I A

Bx - 231:8002 6_[/ ln r= 2“8002 r/z ’ (14.22)
__ 1 0 R e

By= e 35 N = Grerem 77 (14.23)

B,=0.

Mbl noslyyaeM TOT XKe pe3yJbTaT, 4TO H paHblle: B 06xoauT mpo-
BOJ MO OKPYXHOCTH H MO BeJHYHHE pPaBeH

B=—1_ 2 (14.24)

4me c? r

§ 4. Jaunnod corenoud

Eme npumep. PaccmoTpum onaTb GeCKOHEUHO AJHHHBIHA coJle-
HOHJ C TOKOM MO OKPYXHOCTH, paBHbIM n/ Ha eJHHHUY NJHHBI
(Mbl cunTaem, 4TO HMeeTCs A BHTKOB INDOBOJIOKH Ha eJHHHIY
IJIMHBI, HeCYUIMX KaXHOblif TOK [, u npenebperaeM HeGOJNbUINMH
3a30paMH MeXay BUTKaMH.)

TouHo Tak e, Kak Mbl BHIBOJHJH «TOBEPXHOCTHYIO IMIOTHOCTh
3apsafa» g, onpeiejuM 3[eCb IOBEPXHOCTHYIO MJIOTHOCTb TOKa»
J, paBHY10O TOKYy Ha eJHHHLE AJHHBI O MOBEPXHOCTH COJIEHOHIA
(4TO, KOHEUYHO, €CTh MPOCTO CpefiHee j, YMHOXEHHOe Ha TOJILIHHY
TOHKOH HaMOTKH). Besuuuna J 3pecp paBHa nl. DTOT nosepx-
HOCTHBII TOK (¢ur. 14.4) nMeeT KOMIOHEHTHI

Jy=—1UIsing, [f,=Jcosep, J,=0.
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i8]

1
|' | Duez 144. [Harunneti cosrenoud
! ! c noeep xHOCTHOU NAOTHOCTb10

roka J.
y
// J Jy

/ N ) Mbl nonkHBI Tenepb HaiiTH A
[ é i \ AJf  TAKOro pacnpeneneHHst

[ \--[--] [ = TOKOB.
\ \\./ / IMpexne Bcero Haigem Ax
N /%' B TOYKaX BHe CO/IeHOM]A. Pe-
~_|__ 3y/bTaT TaKoH e, KaK ajeK-
TPOCTaTHYECKH i MOTEHIHAJ/ BHe
UHJMHAPA C MOBEPXHOCTHBIM

I 3apsiioM:
0= 0,Sin @,

rie 6o = —J/c2. Mbl He pelwaJu cayyail TakKoro pacnpeneneHus

3apsga, HO JeJlaJli HeuTo Noxoxee. DTO pacnpeneleHHe 3apsaa
5KBHBAJ/IEHTHO ABYM #eCTKUM UMJIHHAPAM, COCTOSLIHM M3 3aps-
[OB, OOHH M3 MOJIOXKHTEJbHbIX, APYTrOfl H3 OTpHLATENbHbIX, C Ma-
JILIM OTHOCHTEJIbHBIM CMellleHHeM HX oceil B HanpaBJeHHH y. [To-
TeHLHa/] TaKo# mapbl LHJIMHAPOB NpPOMNOPLHOHANEH NMPOH3BOXHOH
MO ¥ OT MOTeHLHaNa OLHOrO OAHOPOAHO 3apsI)KEHHOrO LHJHMHJAPA.
MbI, KOHEYHO, MOXK€eM BBIYHC/IHTb KOHCTAHTY NpPOMOPLHOHAJBHO-
CTH, HO MOKa He GyAeM BO3HTbCS C 3THM.

[MoTeHuHan 3apsiKEHHOTO LHMJAMHAPA NpPONOpLHOHaJdeH lnr’;
NOTeHIHaJ/l napbl TOrAa paBeH

dlnr’ gy
P~ oy ~— r'?°
Hrak, Mmbl 3HaeM, 4TO
Ai=—K 7 (14.25)

rae K — HekoTopan KoHcTaHTa. Paccyxkiaasi TOYHO TakK ke, Hall-
AeM
X

Ay=K 7. (14.26)
XoTs Mbl paHblle TOBODHJM, YTO BHE COJIEHOHAA MAZHUTHOZ0
nossl HeT, Tenepb Mbl HAXOAHMM, YTO noje A cyllecTByeT H LHp-
Ky/1HpyeT BOKpPYr ocu 2z (cM. ¢ur. 14.4). BosHukaer Bompoc:
paBeH JIH HYJIIO ero poTop?

OueBuaHo, By u By paBHH HYJIO, a

e (5 2) = (=) =

| 2x2? 1 2y?
=K(,»—z—w+ 7 —5)=0.

r
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Hraxk, MarHuTHOe noJie BHe OYeHb QJIHHHOTO COJIEHOMAA AelCTBH-
TeJIbHO PABHO HYJIO, XOT® BEeKTOPHBIH MOTEHUHAJ HYJIO He paBeH.
Mbl MOXeM NpPOBEPHTb Hall pe3y./bTaT, NPHOETHYB K APYrHM
coo6paKeHHsIM. LIMPKy/ sIHA BEKTOPHOrO NOTeHLHana BOKpPYr
COJIEHOMAA JOJ/KHA PaBHATbCSA MOTOKY B BHYTpPH KaTyluKH [ypas-
Heune (14.11)]. Llupkynauuss paBHa A-2;mr’ HIH, NOCKOJBKY
A = K/r’, ona paBHa 2nK. 3aMeTbTe, UTO LHMPKYAAUHUSA He 3aBH-
cur or r’. Tak u no/MkKHO GbITh, ecain B BHe coseHonaa orcyT-
CTBYeT, MOTOMY 4YTO MOTOK eCTb NPOCTO BennunHa B emyrpu co-
eHonaa, yMHOXeHHast Ha na?. OH OfMH M TOT XKe A/ BCEX OK-
py#xHOCTel ¢ paguycoM r’ >> a. PaHblile MBI HallJH. YTO MOJe€
BHYTPH paBHO nlfepc?, MOSTOMY MBI MOXEM ONpeleHTb KOH-
craHry K:

— 2
2nK =mna vl
U
nla?
&oC

ViTak, BeKTOpHBIl MOTeHLHAN CHAPYICU UMeeT BeNHUYUHY
nla? |
U Bcerfa neprneHAUKyJ/sipeH BeKTOpy r’.

Mbl rOBOpH/IH O COJIEHOHAANBHOM KaTylllKe M3 NMPOBOJIOKH, HO
TaKoe Ke 1noJie Mbl MOTJin Obl C031aTh, Bpallasi AJUHHBIA UHAHHIAD
C 3JIeKTPOCTaTHYeCKHM 3apsiioM Ha noBepxHocTd. Ecam y Hac
eCTb TOHKHH LUW/IMHAPHYECKHH CJ0# paauyca @ C NOBEPXHOCTHBIM
3apsaaoM ¢, TO BpallleHHe UHJAHHApa obOpa3yeT MNOBepPXHOCTHHIH
ToK J = ou, rie v = aw — CKOPOCTb MOBEPXHOCTHOrO 3apsija.
BHyTpu unauHapa toraa 6yaeT MariHutHoe moJe B = caw/eoc.

Tenepp MOXHO nocTaBuTb HHTepecHbii Bompoc. IlpeanoJo-
XHUM, YTO NepneHAHKY/ISIPHO K OCH UHJHHAPA MBI NOMECTH/H
KOPOTKHIl 0Tpe30K npoBoaoKH W oT ocH 1O MOBEPXHOCTH H MpH-
Kpenu/au ee K LUHIMHADPY TakK, YTO NPOBOJIOKA BpallaeTCs BMecCTe
¢ HUM (¢wur. 14.5). D1a npoBOJIOKA ABHKETCS B MAarHUTHOM MoOJe,
Tak 4To cuaa v X B npuBener K TOMy, YTO KOHLBI MpPOBOJOKH
3apaasaTca (oHu GyAyT 3apsxaTbca 0 Tex nop, noka noJe E 3a-
psaoB He ypaBHOBecHT cuabl v X B). Ecau unmnunnp 3apsixen
NOJIOXKHTENbHO, TO KOHeLl NPOBOJIOKH BO6JAH3H OCH OGyleT HUMeTb
oTpuuaTeJbHbIl 3apaa. M3mepsas 3apsaa Ha KOHLe NPOBOJIOKH, Mbl
MOr/H Obl ONpefe/uTb CKOPOCTb BpauleHHsl cucTeMbl. Mbl nosy-
yuau Obl «YIrJ10BOH CKOpocTeMep» (HJIH «YrJ0BOH CHTOMETpP») !

Ho BB, HaBepHO, 3acOMHeBaeTech: «A 4TO, €C/M s caM Ie-
peifiny, — CKaxeTe Bbl, — B CHCTeMy KOOpPAHHAT BpallalolLerocs
uuavnHapa? Tam 3apsiKeHHbIH LUMAHHAD NMOKOMUTCS, a s 3HAKO U3
3/1eKTPOCTAaTHYECKHX YPaBHEHHH, YTO BHYTPH LH/IHHAPA HHKAKOIo
noJsi He 6yder, He GyNeT U CHJbI, TOJKalOWel 3apsaabl K LEHTPY.
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! | Due. l4.§. Bpawarowuiica 3a-
| | pRxcernoll  yuaundp cosdaer
8rYTPU cebA Ma2HUTHOE noze.

Koporkas nposoaoxa, saxperienrnas
60oab paduyca, 6pauyGAcL 8mecTe
€ YuAuRdpoMm, npuobpeTaeT HA caouUx
KOHYAX EHOYHUPOBANHblE 3aD AL,

[losaTomMy 3aecb 4TO-TO He
tak?» Her. Bce npaBuibHoO.
«OTHOCHTE/IbLHOCTH Bpalile-
HUsA» He cyuecTByeT. Bpa-
IamIasncst  CHCTeMa — He
MHeplLHaJbHas cHCTeMa, H
3aKOHbl (H3HKH B Hell Apy-
rue. Mbl JIO/XKHBl NOJbB30-
BATbCsi ypaBHEHHSIMH 3J€K-
TPOMarHeTu3aMa TOJBKO B
MHepUHAJbHBIX  CHCTEMaXx
KOOpIMHAT.

Bulio 6bl 310poBO, eciH Gbl CMOIJM H3MepHTb aGCONIOTHOE
BpallleHHe 3eMJH C MOMOLLLIO TAaKOIO 3apsKeHHOro LMJIHHAPA,
HO 3¢ deKT, K HeCcuacTblo, HACTOJbKO MaJjl, YTO €ro HeBO3MOXKHO
Habal0aaTh Jaxe C MOMOIIbIO CaMbIX TOHKHX COBPEeMEHHBIX NpH-
6opos.

§ 5. Hoare manenvrodi nerau; maznuriowi dunorsd

Bocnosnb3yeMcsi MeTOAOM BEKTOPHOTO NOTeHUHana, YTOObI
HAaNTH MarHUTHOE MoJie MaJleHbKoil neT/u ¢ TokoM. Kak oGuiuHo,
noj CI0BOM «MaJjleHbKasi» Mbl NPOCTO NOApa3yMeBaeM, YTO Hac
MHTEpecyloT MoJsi TOMbKO Ha GOJbIIHX PAcCTOSHHSIX NO CpaBHe-
HHIO ¢ pa3MepoM netau. Kak Mbl yBuauM, ao6asi neteqnbka npej-
cTaBasieT COOOH «MAarHUTHBIA AMNOJb». DTO 3HAYMT, YTO OHa
co3llaeT Ma2HUTHOe moje, NOAOOHOE 3/eKTPHYECKOMY MOJI0 OT
3/1eKTPHYECKOro AUMOJS.

Bo3bMeM CHaya/sla MpsAMOYroOJIbHYIO NMET/I0 H BbIGepeM OCH KO-
OpAHMHAT, Kak moka3aHo Ha ¢ur. 14.6. TokoB B HanpaB/JeHHH Z
HeT, mo3tomy A, paBHO Hya10. EcTb TOKM B HanpaBJieHHH X MO
o6eHM CTOPOHaM NpPsAMOYroJbHHKA, AJHHA KOTOPHIX a. B Kaxaoi
CTOpPOHe MJIOTHOCTb TOKa M TOK OJHOPOAHHbL. [losTomy pemenue
A1t Ay B TOYHOCTH NoA0GHO 3/]EKTPOCTATHYECKOMY MOTEHILIHaay
OT ABYX 3apsixKeHHbIX nmajouek (¢wur. 14.7). [TocKosbKy ma/nouku
HMeIOT NPOTHBONOJIOXKHBIE 3apsAldbl, HX 3JeKTPHUeCKHH MOTeHIHal
Ha GO/BLIMX PACCTOAHHAX eCTh KaK pa3 AHMNOJbHBIA MOTeHIHaJ
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Due 146. Mpanoyzorsnan npogosounan neran ¢ Tokom I.
YeMy pasHo MA2HUTHOe noae 8 Touke P? (R > a u b).

(cM. ra. 6, § 5). B Touke P Ha ¢ur. 14.6 noteHuHan paseH

1 p-ep
0= (14.28)

rjae p — AUNOJbHBIH MOMEHT pacnpefejeHus 3apsanos. B nannom
cjyyae [AMNOJbHBLIH MOMEHT paBeH MOJHOMY 3apsly Ha OMHOMH
naJjiouke, YMHOXKEHHOMY Ha pacCTOSIHHe MeX1y HHMH:

p=Aab. (14.29)

JunonbHbIi MOMEHT CMOTPHT B OTPHLATEIbHOM HampaBJeHHH Y,
No3TOMYy KOCHHYC yrjia Mexay R u p pasen —y/R (rae y — Ko-
opauHara P). Utak, Mbl HMeeM

—__1 haby
= 4ngg R2 R*
3aMensis A Ha I/c?, cpasy xke nojyuyaeM Ax:
Iab y
A== R (14.30)
e
¥
| f
/
b// i
Due 147. Pacnpedesenue ji [ /’ x
8 NPOBOAOHHOL neTae C TOKOM, u30- a
6panennoi #a Que. 14.6. tH+r++ o+
Jr™
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P ue. 14.8. Bexropnuii noren-
Uuan MmMorensKol NETAU C TOKOM,
pacnoaoxennol 8 Hauaise Koop-
A Ounar (8 naockoctu xy).
IToae maenurHozo dunoas.

/’3’ C nomowsbio Tex Xe pac-
CYXeHHI1:

A,=120 *  (14.31)

T 4meec? RI

>
T

CHoBa A, NMpOMOpPUHOHAJb-
HO X, a A, MpoMopLUHOHA/Ib-
HO —Y, TaK YTO BEeKTOPHBIN MOTeHUHaJ (Ha GONBLIHX PacCTOSHUAX)
HIEeT N0 KPYry BOKPYr OCH 2, UHPKYJIHUPYs TaKHM ke 06pasowm,
Kak Tok I B merse (¢ur. 14.8).
Bennunna A nponopuuoHnasasHa lab, T. . TOKY, YMHOXEHHOMY
Ha MJoLaAb NMeTJH. DTO NMPOU3BeNeHHe HA3bIBAETCA MACHUTHbIM
OunonbHoLM MOMEHTOM (MM YaCTO MPOCTO «MArHHTHBIM MOMEH-
TOM>») meT/d. Mbl 0603HAaYHM €T0 Yepe3 p:

n=Ilab. (14.32)

BeKTopHbIl noTeHUHa] MaJieHbKOH MNJOCKOH MneTeJbKH 4060i
¢bopMbl (Kpyr, TPeYroalbHUK H T. 1.) TaKxXe JaeTcs YpaBHEHHSIMH
(14.30) u (14.31), ecn 3ameHuts lab Ha

p=1 " Mrowmans nerau. (14.33)

MbI npepocTaB/sieM BaM NpaBO 3TO A0Ka3aTh.

Hamemy ypaBHeHHIO MOXHO NpHAaTh BeKTOPHYIO popMy, ecau
Onpefe/uTb BEKTOp W KaK HOpPMaJb K MJOCKOCTH METJAH C NOJO-
XHUTeIbHBIM HanpaBJ/eHHeM, OnpefensieMblM MO NMpaBHAy MpaBoii
pyku (cm. ¢ur. 14.8). Torna MOKHO HanHcaThb

1 |
A mXR _ X ep (14.34)

T 4mepc?  R3 47eC? R?

Ham eme nyxHo Haittu B. [Toab3ysach (14.33) u (14.34), a Tak-
xe (14.4), nonyuaem

B——2_® _x__ 3z (14.35)
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(moa MHoOrotouueM Mbl MojApa3yMeBaeM p/4meqc?),

) y 3yz
By=— —_— .= )= ... ==,
a 3 5
: R R (14.36)

B.=% )= = (g—%).

KomnoHeHntsl nosnst B BeayT ce6si TOYHO TakK »Ke, KaK KOMIO-
HeHTH noJs E aas gunoJsi, OpHeHTHPOBAHHOTO BAOJb OCH Z [CM.
ypaBHeHus (6.14) u (6.15), a Takxke ¢ur. 6.5, ctp. 115]. Bot no-
yeMy Mbl HasblBaeM IMeTJIO MarHuTHbiM aunoseMm. CJ0BO «AaH-
noJib» B MPUMEHEHHH K MArHUTHOMY MOJIO HEMHOTO 3aMyThIBaeT,
MOTOMY YTO HeT OTAENbHBIX MAarHHTHBIX «NOJIIOCOB», COOTBET-
CTBYIOILMX 3/JeKTPUYEeCKHM 3apsinaM. MarHHTHOe «JHMOJIbHOE
noJie» CO3laeTcs He ABYMSl «3apsifiaMH», a 3JeMeHTapHOH neTse
C TOKOM.

B o6ueM-To 10BOJBLHO JI0GONBITHO, YTO, HAYaB C COBCEM pas-
HbIX 3aKOHOB, V.E = pfeg u V X B = j/eoc?, MOXHO mnpHiiTH
K noJso ofHoro M toro xe Buaa. [louemy tak moayuyaercs? Ilo-
TOMY YTO QHMOOJIbHBbIE MOJS BO3HHKAIOT, TOJbKO KOrja Mbl Haxo-
NHUMCSl 1a/1eKO OT BCeX TOKOB M 3apsjoB. Toraa B GoJblueil 4acTH
npoctpaHcTBa ypaBHeHHusi 1151 E u B oguHakoBbI: y 060UX IHUBep-
reHIHs U poTop paBHbl Hyao. CieqoBaTesbHO, OHH JAlOT OJQHH
U Te xe pewleHusi. OQHAKO UCTO4HUKU, KOHOHUTYPALHIO KOTOPBIX
Mbl OMHKCHIBAaEM C MOMOIIbIO JHNOJIbHBIX MOMEHTOB, () H3HYECKH CO-
BepLIEHHO pa3jHYyHbl. B OHOM cayyae 3TO LHPKYJIHDPYIOUIHI TOK,
a B ApYroM — napa 3apsioB, OAMH Haja, a APYrod noxa MJo-
CKOCTBIO METIH JJ/151 COOTBETCTBYIOLLETO MOJIS.

§ 6. Bexropnoii norenyuan yenu

Hac yacTto HHTepecyeT MarHMTHOe MNoJe, CO3[4aBaeMoe LeMNblo
NpOBOJOB, B KOTOPOH AHAMeTp NMPOBOJAA OYEHb MaJl N0 CPABHEHHIO
C pa3MepaMH Bcell cHcTeMbl. B Takux ciyuasX Mbl MOXeM ymnpo-
CTHTb YpaBHEeHHs I/l MAarHHTHOTO MOJS.

Hnsa ToHKoro nmpoBoga 3/JeMeHT O6GbeMa MOXKHO 3amnucaTb
B BHJIE

dV =S ds,

Duye 14.9. [daa rtonkod nposo-
aoku jdY To sce camoe, wro u [ ds.
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D ue 14.10. Macnurnoe nose npo-
8o0a mooxceT OolT6 NOAY4eHO UHTe-
2puposatuem no eceil yenu.

rle S —nuowWwanb NONEPeyHOro CevyeHHst NMpoBoga, a ds — sJe-
MeHT pacCTOsfIHHSl BIOJb NPOBOJIOKH. B caMoM pene, MOCKOJBKY
BEKTOp dS MMeeT TO XKe HamnpaBiaeHue, 4to U j (pur. 14.9), u Mbl

MO2KeM MNpeanoJyqo2KuTb, 4TO J MOCTOAHHO MO JllOﬁOMy JaHHOMY
CE€YEeHHIO, TO MOXKHO 3anHcaTb BEKTOpHOE ypaBHeHHE

jdV = jS ds. (14.37)

Ho jS — kak pa3 To, yTo Mbl Ha3biBaeM TOKOM [ BO BCeM Mpo-
BOJie, TAK YTO Halll HHTErpaJ AJsl BeKTOPHOro noteHnyana (14.19)
CTAHOBHUTCS paBHBLIM

A(l)= 1 S 1ds,

2
4neyc

(14.38)

I

(¢ur. 14.10). (Mb npeanosnaraeM, 4to / OQHO M TO Xe BAOJb
Bcero KoHtypa. Eciu ecTb Hecko/abKO OTBeTBJE€HHI C pas3HBIMH
TOKaMH, TO cJleAyeT, KOHeYHO, GpaTb COOTBETCTBYIOLIHH TOK
B Kax/0il BeTBH.)

Kak u paHbllle, MOXXHO HaliTh noJe ¢ nomouwsio (14.38) nuto
nNpsAMbIM HHTErpHPOBaHHEM, JHGO0 pellast COOTBETCTBYIOMLYIO 3J1€K-
TPOCTAaTHYECKYIO 3ajauy.

§ 7. 3axon Buo — Casapa

B Xome H3yuyeHHs 3/1eKTPOCTATHKH Mbl HAlJIH, YTO 3JEKTPH-
yecKoe MOJie HM3BECTHOrO pacmpejesNeHHs 3apsioB MOXeT ObITb
noJlyyeHO cpa3dy B BHAe HHTerpaJa [ypaBuenue (4.16)]

E(l)= 1 S p(2) e, dV,

2
47e, ri

Kak Mbl BHae/aH, BHIYMCJAHTD 3TOT HHTerpaJ (a MX Ha caMOM feJe
TPH, MO OJHOMY Ha KaXAYI0O KOMIOHEeHTy) OGBIYHO OblBaeT TPYA-
Hee, YeM BBIYMCJHMTb HHTErpaJ AJs NOTeHLHaJ/a H B3ATb OT HEro
rpajHeHT.

ITonoGHbIl HHTErpan CBsI3bIBa€T U MAarHUTHOE MOJIe C TOKaMH.
Mbl yxe uMmeeM uHrterpasa agas A [ypaBueHue (14.19)], mMbl Mo-
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JKeM NOJIYYHTb HHTerpat u aJas B, ecan BosbMeM poTop OT 06Genx
yacTei:

B(l)—V\<A(1)—-V><[4m - S 1241, (1439

Iz

A Tenepb MBI JOJIKHBEI GbITb OCTOPOXKHBEL. OnepaTop poTopa O3Ha-
yaeT B3siTHe Npou3BOoAHBIX OT A(l), T. e. OH #eficCTBYeT TO/IbKO Ha
KOODAHHATH (X1, Y1, 2;). MoxHOo BHecTH omepatop V )X mnon HH-
TerpaJ, ec/d MOMHHUTb, UTO OH AEACTBYET TOJLKO Ha MepeMeHHbIe
CO 3HAaYKOM |, KoTopble MOSIBJAIOTCS, KOHEYHO, TOJBKO B
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BennuuHa B cko6Kax ecTb NMPOCTO X-KOMIIOHEHTA OT

iXrp _ jXen
3 . %
Ty D)

Takne e pe3yabTaTbl NOJYYAOTCA M A5 APYrHX KOMIOHEHT,
H Mbl HMeeM

I .' (Q)Xe|2
J— ‘/ 4.4
B(l)— 0 ) 12 d 2+ (l 2)

Hurerpan naet B cpa3y uepe3 usBecTHble TOKH. ['eomeTpHs 3nech
TOYHO TaKas e, Kakas H3o0paxeHa Ha ¢Hur. 14.2.

Ecan TOKHM TeKyT TO/MIBKO MO TOHKHM MNpPOBOLAM, MBI MOXeM,
Kak B npeablayueM naparpade, HeMeAJ/JeHHO B3Tb HHTerpaJ mno-
nepek nposoaa, 3aMeHuB jdV Ha Ids, rae ds — 3JeMeHT AJHHBI
nposona. Toraa, noab3ysace o6o3HaueHusiMH ¢ur. 14.10, umeem

B(1)=— —— | L (14.43)

4ngoc? 2,

(3HaK MHHYC MOSIBASIETCS MOTOMY, YTO Mbl H3MEHHJ/H MOPSAOK
BEKTGPHOro np0H3BeﬂeHHﬂ.) 310 YpaBHEHHE AJ1 B HasbiBaercs
sakornom Buo — Casapa B yecTb OTKPBHIBIIMX ero yuyeHblX. OH
naet GopMyJy A/ NPSMOrO BBIYHC/AEHHSI MAaTHUTHONO MOJS, CO3-
AaBaeMoro npoBofiaMH C TOKOM.
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BeposiTHO, Bbl yauBHaKcb: «KaKoil e HNPOK OT BEKTOPHOro
noTeHLHaJ/a, eC/IM Mbl MOXeM cpa3y HaliTH B B BHAe BeKTOpHOro
HHTerpasna? B KoHlUe KOHLOB A ToXe omnpeae/isieTcsl TpeMs HH-
Terpa/jaMHu!» F3-3a BeKTOPHOro npoH3BeJeHHst HHTerpaansl a1 B
OGLIYHO CJIOXKHee YCTpPOeHBl, KaK 3TO BHAHO H3 YpaBHeHHs
(14.41). Kpome TOro, nocko/bKy HHTerpaJbl A/ A MOX0XH Ha
3JIeKTPOCTaTHYeCKHe, TO HaM He HaJ0 HX BbIYHCAATH 3aHOBO. Ha-
KOHell, Mbl YBHAHM, YTO B GO/lee TPYAHbIX TeOpPeTHYECKHX BOMpO-
€ax, TaKHX, KaK TeOpHs OTHOCHTENbHOCTH, B COBPEMEHHOM H3JI0-
KeHHH 3aKOHOB MeXaHHKH, BPOJe MPHHIIMMNA HaHMeHblUero aei-
CTBHSA, O KOTOpOM OyaeT paccka3aHo no3dxe, B KBAaHTOBOH Mexa-
HHKe, BEeKTOPHBIH NOTeHIIHaJ HrpaeT BaXHYIO pOJb.
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BHUMAHUIO YUTATEJEM!

B u3dameavcmee «Mup»
CKOpO 8brxo0um u3 newamu

Ulsapy K., I'oaedgapd T. Moucku 3akoHOMepHOCTEil
B usngeckom mupe. IlepeBos ¢ auramiickoro, 1977,
22 a, 1 p. 80 k.

B oCHOBY KHHIA ITOJIOXKEH Kypc JeKIuit no ¢uamke, KOTOpbiit
Gbl1 MPOYHTAH CTYAEHTaM ryMaHHTapWbiX ¢aryabretoB Kaaudgop-
Hulickoro yuuBepcutera. [Toab3ysicb MaTeMaTHKOH JHIUB B 06BEME
cpeaHeil IKOJb, aBTOPbl CyMeJH KHBO H HaIlIAKHO OGDBACHHTH
HanGosiee QyHAaMeHTa/bHble ¢H3HuecKHe ¢GaKThl, DTOMY crmocoG-
CTBOBa/Jla METOAHKA H3JI0XKEeHHs, KOTJa OrpoMHoe pa3HooObpa3ue
$H3NYECKHX ABJIEHHIl CBOAMTCA K HEGO/NBILIOMY YHCJY 3aKOHOB CO=-
XpaHeHHs. YCBOEHHMIO MaTepHala CHocoGCTBYeT TaKXe YNayHbli
noaGop 3KCMepHMEHTOB, KOTOpble YHTaTeNI0 NpeaJiaraeTcsi Npoje-
Nath caMoMy.

Kuury ¢ uutepecoM npouTyT caMble LIHPOKHE KpYrH uHTaTe-
JIeil — CTyJeHThl By30B M TeXHHKYMOB, B KOTOpbIX (H3HMKa He
fBAseTCA NPOdHIHpYIOlLell AHCLHIVIHHON, MpenoaaBaTe/]id H yuya-
IMecss CpefHHX IUKOJ, a TaKXe Te, KTO CaMOCTOATENbHO XKesaeT
yray6uTh CBOH 3HaHMA B 06GJIaCTH COBPEMEHHOMN (PH3HKH.



H3oameaocmeo «Muap»
comosum K newamu

Ppaysngpeavdep I'., Xenau 3. CyGatomunaa ¢usuka.
IlepeBon ¢ aurauiickoro, 1977, 42 a., 3 p. 25 k.

H3sectuble amepukanckue yuewnle I. ODpaysudensaep u
. XeHaH NpeanpHHAJH MNONBITKY paccKasaTb O COBPEMEHHOH
¢u3MKe aTOMHOrO sApa H 3JEMEHTAPHBIX 4YaCTHL, MHHHMAJbHO
HCNOJB3Ys CJIOXKHBIH MaTeMaTHYeCKMH anmapart TeopeTHyecKoi
¢usuku. Marepnan u3naraercs JErkHM, OCTPOYMHBIM S3BIKOM,
6oraTto HJAJIOCTPHPOBAl OPHTHHAJNbHBIMH PHCYHKaMH.

HIupokuit Kpyr yutateneit — ot HH3MKOB-TEOPETHKOB 1O CTY-
JIEHTOB €CTeCTBEHHBIX H TeXHHYeCcKHX (aKy/bTeToB, a TaKiKe Bce
Te, KTO Xxote 6bl B KOPOTKHil CPOK MPHOGpeCTH OPHEHTALHIO B CO-
BPEMEHHOH TeopeTHyeckoi ¢u3nKe, ¢ GOJBLLUINM HHTEPECOM H Y[O-
BOJIbCTBHEM NPOYTYT 3TY KHHTY.
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