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BBEAEHUE

Kypc gexnuit «Teopus maasMbly YNTAETCA B
Caukr-IleTep6yprckoM rocy 1apcTBeHHOM HOJNTEX HUUECKOM
yHuUBepcuTtete ¢ 1989 r. 414 cTyAeHTOB cieluaabHOCTH « Du-
3UKa MJIasMbl». IIpegmoJsiaraeTcsa mepBoHAUAJIbHOE 3HAKOM-
CTBO C OCHOBaMU (GU3UKH MJIA3MbI B paMKax KypcoB «Breme-
HUE B CIIeNTUATIBHOCTh», « OCHOBLI GUBUKY IIJAA3ZMBI» U «OJIe-
MeHTapHBIe MpoIlecchl B maasMe» . Kype Jeknuii paccuuTan
Ha JBa ceMeCcTpa U COAeP:KUT U3J0oKeHNe KNHETUKHY TLIa3MbI
¥ IPOIeCCOB MepeHoca (B IIepBOM ceMeCTpe ) M BOITPOCOB AWHA-
MUKW U paBHOBECHUSI IIJIa3MbI (BO BTOpOM ceMecTpe). Bomrpockr
pacipocTpaHeHHUA BOJH B IIagMe CUCTeMATHYeCKHU paccMaT-
puBaloTcs Ha Kadeape GUSUKY IIIa3MbI OTAEJAbHO, IIOSTOMY B
JTaHHOM Kypce pacCMOTPEHBI TOJIBbKO Te€ HU3KOUYACTOTHEIE BOJI-
HBI M HEYCTOMYMBOCTH ILJIa3Mbl, KOTOPbI€ TECHO CBA3AHEI C €€
IMHAMHUKOI 1 ITpoIleccaMu IepeHoca B Hell: MOHHO-3BYKOBHIE,
MTI'T u gpeiidpoBrie BoJIHBI. JlaHHBIN KYypC OTJIHYAETCA OT
GOJBIIUHCTBA KYPCOB JIEKITUII TT0 PU3NKe MJIA3MBI TEM, UTO
B HEM HM3JIaraloTcs ABJEeHHUA KaK B MOJHOCTHIO HOHU30BAH-
HOM IJIasdMe, TaK U B YaCTUUYHO MOHHU30BaHHOIi. [TosToMy OH
MOJKeT OBITH MOJIe3eH IMMUPOKOMY KPYTY CHeIlMaJuCcTOB, pa-
GoTaloIMuX B 06JIaCTH YIIPABJISIEMOTO TEPMOAAE PHOTO CHUHTE-
3a, GUBMKH Ta30BHIX Pa3pAAOB U APYTUX obJacTeii HUBKO-
TeMIlepaTypPHOU MIa3Mbl, pu3uKu noHocheprl, GU3UKU KOC-
MHUYECKOM MJIAa3MbI 1 T. 1. B cicKe JuTepaTyphl IpUBEAeHBI
B OCHOBHOM CCBHLIKH HA PYCCKOA3BIUHYIO IUTEPATYPY, I'Je pac-
CMOTPEHHI Te UJHN WHbIe BOMPOCHI JaHHOTO Kypca.

Aptop npusHatreiseH E. I'. Kaseepoiiu U. 10. Cennuenko-
BY 3a HeHHBIe 3aMeuaHus u U. @. PoxxkancKkoli 3a MOMOING B
TMOATOTOBKE PYKOMHCH K TTeUaTH.



nasa 1. KWUHETUYECKOE
YPABHEHUE

1.1. KWHETUHECKOE
YPABHEHUWE BOJIbLLMAHA

Cocrosanne naasme 001IeM ciIydae OINCHI-
BaeTcda HabopoM QYHKIMI pacnipeiesieHUA f (F,V,t) AJIsI BXO-
IAIMUX B Hee KoMOOHeHT. PYHKIUA paclpege/ieHusi HMeeT
CMBICJ ILJIOTHOCTH YACTHI[ B MIeCTUMEePHOM (azoBOM MPO-

CTpaHCTBe KOOPAMHAT 1 CKOPOCTEMH, a BeInunHa dn (F,T},t)
f dFdV mpencraBisieT coGO YMCIIO YACTHIL B 2IeMeHTe (a-
30Boro 00'beMa. MHIeKC MOKeT HyMepoBaTh KaK Pasind-
HbIe YaCTHUIIBI, TAK U Pa3INUYHbIe KBAHTOBBIE COCTOSHMS MO-
JIEKYJI, HOHOB UM aToMOB. Huke paccMaTpuBaeTCst KJIaCCH-
YyecKas HAeaJbHAS HepeJATUBUCTCKAA IaasMa. VsMeHeHNe
YpCJIa YaCTHUIIL B 3JIeMeHTe [leCTUMePHOro haszoBoro o6bemMa B
OTCYTCTBHE CTOJIKHOBEHHI CBA3AHO C IepeTeKaHneM «daso-
BOM JKHIKOCTH» B coceanue obacTu ¢hasoBOro IPOCTPAHCTEA
M OIKMCHIBAETCS [IECTHME PHLIM YPaBHEeHHEM HelIPe PEIBHOCTH

;oo
FoS U o
B daszoBoM mpocTpaHCTBE « KOOPAUHATAMMU » X; ABJSAIOTCA
3 mpocTpaHCTBeHHbIE KOOPAUHATHI 7; 1 3 KOMIOHEHTHI CKOPO-
ctu V;, a «CKOPOCTAMH» X; COOTBETCTBEHHO 3 KOMIIOHEHTHI
ckopocTu V, U yCKOpeHHUs Vl . Takum oGpasom, ypaBHeHUe
HeIpephIBHOCTH B Ha30BOM IIPOCTPAHCTBE HMEET BU I

;oo 3

— —(0W)
4

ro Ti(fVi) 0.

il
BTopoii uneH B JeBOI UaCTH IpeACTaBJiseT coboii AuBep-
TeHIINIO MIOTOKA B KOOPAMHATHOM IIPOCTPAHCTBE, a TPeTUi —
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ANBEPIeHIINIO IIOTOKA B IIPOCTPaHCTBE CKOpOCTeﬁ. yCKOpeHI/Ie
V. cBsizaHO C BHEIIHUMHU cuJgaMu, ﬂeﬁCTBmeHMH Ha yacTu-

i

my. B moasme

v Z0E v B &
m C
rae Z — 3apAAOBOe UHCJO; m — Macca; EFuB— HaIpA-

SKeHHOCTH 3JIEKTPUYECKOTO U MATrHUTHOTO IOJEM COOTBETCT-
BeHHO; m & — cuja TskecTu. KoopAuHATEI U CKOPOCTH SAB-
JAI0TCA He3aBUCHMBIMHY llepeMeHHBIMH, osToMy . V;/ r; = 0.
Tak kak cuna JlopeHIa nepneHANKYJIApHA CKOPOCTH, TO TaK-
Ke u Vi/ V., 0 um ypaBHeHHe HENPEePBIBHOCTHU IIPUBOAUTCS
K BUAY

A A (1.1)
nin ¢ r 14
' o f Ze = 1.5 3, [ =1
TV BV B a0 A

970 ypaBHeHME U3BECTHO KaK ypaBHeHHe Biacosa.

YpaBHeHUe BiiacoBa MOXKeT OBITH 3allMCAHO IJs1 JIOOBIX
00006 1IIe HHBIX KOOPAWHAT U UMITYIbCOB ¢, 1 p;. IIpu aTOM ypas-
HeHHe Bnacosa Buga (1.1) mosyduaercsa us ypaBHeHUS HeIIpe-
pBIBHOCTH B )a30BOM IIPOCTPAHCTBE C YUETOM COOTHOIINEHUA

¢;/ ¢ p;/ p; O,koTopoecaeayer us ypapHeHus ['aMuib-
ToHa:q; H/ p; p; H/ g;.

JleBasa yacTh ypaBHeHUs1 BJiacoBa mpefacTaBideT coboit
TOJHYI0 TpousBoAHYIO df /dt.[losToMYy B cTAIlMOHADHOM CJIY-
Yae, B COOTBETCTBUU c Teopemoii JInysumisa, GyHKIUA pac-
npefeJeHUA TMTOCTOAHHA BAOJb (PasoBoii TpaeKTOPUU YACTH-
1pl. OTcloqa caeayeT yTBepiKAeHNe, YTO B 6€CCTOIKHOBUTEb-
HOM cJiy4yae cTalnmoHapHad QYHKIIMA pacupeesieHUs eCTh
GYHKITNA NHTETPAJIOB IBUMKEHU .

VueT cTonmKkHOBeHN i1 n3MeHsAeT ypaBHenus (1.1), (1.2) Tak
Kak QYHKIIUA pacipelesieHUs mepecTaeT ObITh MOCTOAHHON
BIOJb (ha30BBEIX TPaeKTOPUii, — IPHU CTOJKHOBEHUSIX MEHA-
I0OTCS CKOPOCTH CTAJKHUBAIOIUXCS YaCTHUII, a TAKKe UX BHYT-
peHHee U 3apsaAoBoe cocTosAHUA. KuHeTnueckoe ypaBHeHHE B
o0ImeM cayuae MOKeT OBITh 3alIUCAHO B BUAE

af [ s f Ze = 1.5 21 [ -
G TV o E VBl g St, (1.8)

<¢‘\“
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Tle CTOJNKHOBUTEJNbHEIN WiieH St OMMUCHIBAE€T CKOPOCTDH M3Me-
HeHUA QYHKIIUY pacipeesieHIA 3a cUeT CTOJNKHOBeHUT. ¥ paB-
HeHue (1.3) Ha3HEIBAIOT KUHETUYECKUM YPaBHEHUEM , HJIX YPAaB-
HeHueM Boabiimana. CTOMTKHOBUTEIbHBIN YJeH MPeaCTaBIA-
eT coboi cyMMy

St St (F,1) (1.4)

Kamaoe caaraeMoe KOTOPO COOTBETCTBYET CTOJKHOBEHUAM
YacTHUIl JaHHOTO COPTa C YACTHUIIAMHU BCEeX OCTAJIBHBIX COP-
TOB, B TOM YHCJEe C YaCTUI[aAMU cOpTa. .

PaccMoTpuM caydaii yIpyrux CTOJIKHOBeHU I, KOTJa BHYT-
peHHIe COCTOSTHNUSA CTATKNUBAIOMINXCA YaCTHIT He M3MeHAIOT-
cdA 1Ipu yaape. Byaem cuutaTh, UTO B pe3yJabTaTe aKTa CTOJK-
HOBEHH# JBYX YACTHI[ COPTOB M. HX KOODAMHATHI He H3Me-
HSAIOTCH, & CKOPOCTH JI0 CTOJIKHOBEHUS V uV usMeHAOTCA
Ha sHaueHuss V u V 1mocie croaxkHoBeHuA. Kaskgoe cToOIK-
HOBEHIEe YaCTHIIHI CO CKOPOCTHIO V IIPHBOJUT K €€ YXOIy U3
sJeMeHTa 00hbeMa B IMPOCTPaHCTBEe CKOpoCTell dV .Tlonmoe
YHCJIO TAKUX YXOJOB IMIPHU BCEX BOZMOMKHBIX CTOJTKHOBEHUAX C
wacrumamu copra. ¢ nepexogamu V ,V .V ,V , npoucxogsa-
IMUX B eTUHUIY BpeMeHH! B eTUHUIE 00heMa Ipu GUKCUPO-
BAHHOM 3HaueHUH V , faetcs BBEIpAYKeHHEM

dQ drdV. [V (V)d /d )V V| av,
v

raied /d — puddepeHIIMAaIbHOE CeUeHNE PACCEAHNSA B Te-
JecHbIll yroa .KpoMe yxoaa cylmecTBYeT TakKe U IPUXOM B
BJIEMEHT 06'beMa IPOCTPAHCTEA CKOPOCTei dV B pesyubTare
CTOJIKHOBEHHUM C IIepexogaMu 174 V 174 ,V :

aQ dF [V (¥ )d /d )V V§ dvav.

vV

Cropoctn V u V IpH MHTErpUpOBAHUE HE SBISIOTCS
He3ABUCHMBIMH, & CBA3AHBI 3aKOHAMH COXPAHEHHA — IIPU
CTOJIKHOBEHHH YACTHI] CO CKOPOCTAMU V , V uacrunacopra

ZOJ/IKHA MOJNYIHTE ckopocTh V . IlepeiizeM B 5TOM MHTe-
rpaie K mepeMeHHBIM V , V , HCIIOJIB3YA TOT GAaKT, 4TO OT-
HOCHTeNbHAsA CKOPOCTh IIPY CTOTKHOBEHHAX COXPAHAETCH:
‘V ‘ V  V|. Iko6uan Taroro IIpeo0pasoBaHusA, KaKk 13-
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BECTHO U3 MeXaHUKH, paBeH equnaute: dV dV  dV dV . VYun-
THIBAs, YTO MHTerpupoBanne mo dV mIpoU3BOAUTCS TOJIBKO
BOJINM3Y JaHHOTO 3HAUeHUA V , HoJaydaeMm

dQ drdV [ (V) )d /d )V V| av.
4

O06bequHAS BRIpAMKeHN IJIA NpUXoJa 1 yXoaa, IMoayda-
eM [JIsI CTOJIKHOBUTEIHLHOTO UJIeHAa

St (1) (f [ixd /d)V V| av, (1.5

14

rae [ f (17 ), | f(V ). Boipaskernune (1.5) mpemcraBaseT
co6oi1 60JBIIMAHOBCK UM BU HHTETpaaa CTOJTKHOBEHUH.

Kunertnueckoe ypaBHenne Boapmmana (1.3) aBiasercd,
TaKUM 06pasoM, nHTeTrpo-auddepeHITNAIbHLIM YPAaBHEHUEM,
BKJIIOUAIOIUM B ce0s PYHKIUU pacHpeieIeHIA BCeX CTAIKH-
Balommuxcsa yacTuil. ITosTomy B 00I1ieM cayuae JOJKHA pernaTh-
cA cUCTeMa 3allelIAIINTNXCA YPaBHeHUM I BceX MYHKITUN
pactpenesnenusi. [Ipu BbIBOIe KWHETUUYECKOTO YPABHEHUA IIPeJ -
OJIArajoch, UTO CTOJKHOBEHHNE MMeeT TOUEeUHEIN XapaKTep,
IPU KOTOPOM MTHOBEHHO MEHSIIOTCSI CKOPOCTH YaCTHUIL, HO He
UX KOOPAUHATHI. ITO MPEITION0MKeHITe OIIPaBIAHHO, €CJIT CPe/i-
HAA MOTeHIIUATbHASA SHePTUA B3aNMOAENCTBUA IBYX YaCTHIL B
IIa3Me MeHbIe UX cpefHel SHePTruu XaoTHUeCKOTO IBUIKe-
HuAa T. 1A sapAKeHHBIX YaCTUIl CpeTHAA MOTeHIINATbHAS
SHeprus B3amMofelicTBHusA ecTh Z Z €2/ r , a cpejHee pac-
CcTOsIHHe MeXKJy JacTuOaMu r — mopsgka n /3, rge n —
KOHIIeHTpAIus aa3Mbl. [losToMy KpUTepuil IPUMEHUMOCTH
uMeeT BUJ

Z Z e?n'3/T <« 1,
T. e. IJIa3MAa JOJI3KHA OBITH JOCTATOUYHO rOopAYed U He CJAMIII-
KOM ILIOTHOI.

WHTeTrpaJ HEYIIPYTUX CTOJTKHOBEHU M MOKET OBITH ITIOCTPO-
eH aHAJOTHUYHBLIM 00pasoM. B obimieM Buae OH PeIKO UCIOb-
3yeTcsi, Kak MPaBUJIO, MPAKTUUECKN AHATUSUPYIOTCS TOJIBKO
HEKOTOpble HeYIIpPyTrue mpollecchl — BO30y:KIeHHNEe, MOHU3A-
MUA, peKOMOUHAINA, IPUUEM HCTOJIb3YIOTCI COOTBETCTBYIO-
e WHTEeTPaJbl IO CKOPOCTAM, BHIPAKEHUA AJA KOTOPBIX
TIpoIIe MOJIYUYUTh HeoCpe ICTBEHHO.



8 B. A. POXXAHCKWW. TEOPUA NJIASMbI

Jd omucaHusA yCpeJHEHHBIX XapaKTepUCTUK NCIIONb3Y-
0T MOMEHTHI GYHKIIMY pacupeaeaeHus:

M ViVi lVof GV, 0dV. (1.6)

Husxe nmpuseneHsl HanboJiee BajKHEBIE N3 HIX. KoHIIeHTpAa-
U YACTHIL:

n  fdv. 1.7
IlsoTHOCTE IOTOKA qacTHuIl gaeTCcA BEIPaAXEeHUeM
T nud  Vidv, (1.8)
rae ﬁ — HaIlpaBJIeHHad CKOPOCTE.

Cpe,Z[Hﬂﬂ QHEPIUA XaOTHUYECKOI'0 ABUMKEeHUA (,Z[J'Iﬂ O HO-
aTOMHBIX I{EICTI/II_I):

3
SarT
2" 2

rae BeJINUnHa T wmasbIBaeTCs TeMHepaTypof/’I.
IIstoTHOCTE TIOTOKA TeILIA:

¢ S 0V a RV od)idv. (1.10)

Mf dv, (1.9)

YacTrle CTOAKHOBEHHUA YACTHIL CTPeMATCA YCTAHOBHTH
JIOKaJIbHO MaKCBe IOBCKYIO DYHKIIMIO pacipe/eeHus:
n m WV u)
exp
2T /m )2 2T

i . (1.11)

B oTcyTcTBHE BHEIMTHUX CUJ B ONHOPOAHOI IIJaasMe B cTa-
IIIOHAPHOM COCTOSAHHUN KHHeTHYecKoe ypaBueHHe (1.3) cBo-
guTesa k yeaosuio St = 0. HeTpyawmo ybeiuThcs, UTo MaKCBeJI-
JIOBCKHMe PYHKIIUU paclipefiesieHUuA ¢ o6Imet TeMIlepaTypot u
HaIpaBJeHHOI CKOPOCTEIO 06 paIiaioT B HOJIb HWHTETrPaJ CTOMK-
HoBeHUI. J[leiICTBUTENIBHO, TIPHU ITOACTAHOBKE MAaKCBEJIJIOBCKUX
dyurnuit (1.11) B (1.5) obpamaerca B HOJIb BhIpaskeHHe
(ff f7),aro ciaeayer us 3aKoHa coxpaHeHUs SHePTHUH IIPHU
cTomKHOBeHUHU. TaKuM 06pasoM, MaKCBeJJOBCKAaA GYHKIIUA
pacipefiesieHAA COOTBETCTBYET TePMOIUHAMUYECKOMY PaBHOBe-
cuio. CyitecTByeT u 60Jiee CIIbHOE YTBEPIKIeHIE , M3BECTHOE KaK
H-teopema BoabliMaHa, — cHCTeMa YacTUIL, B OTCYTCTBHE CHUJI
CTPEMUTCS K TepMOANHAMHUYECKOMY PABHOBECHIO, a 3HAYUT,
K YCTAHOBJIEHIIO MaKCBEJJIOBCKUX GYHKIIUH paclpeieieHIA.
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1.2. UHTErPAJ1 CTOJIKHOBEHUI .
nPU KYNTOHOBCKOM B3AMMOLENCTBUUN

1.2.1. OBLWWUIA BUA OONONHUTENBbHOIO MNOTOKA
B NMPOCTPAHCTBE CKOPOCTEM

BOJ’II)I_IMaHOBCKaH (bopMa HHTerpaJsa CToOJIKHO-
BeHUI Hey/:[o6Ha AJIA OIINCAHU A KYJJOHOBCKOTO BSaPIMO,Z[efICT'
Bus. CBsI3aHO 5TO C XapaKTepoM KYJIOHOBCKHUX CTOHKHOBeHHﬁ,
IIPHU KOTOPHBIX paccedHUe O6y0J'IOBJ'IeHO B OCHOBHOM JAJIEKHNMH
CTOJKHOBEHUAMM U IIPOUCXOAUT HA MaJIbIe€ yIJIbI. Manasa se-
JUYNHA U3MEHEeHUA CKOPOCTH IIPHU pacCeadHHNHN MOMKET OBITH
HCIIOJBb30BaHa OJid YIIPOINMEeHUA 6OJ'II>I_IMaHOBCKOI‘O HHTEerpa-
Ja CTOJIKHOBEHHUM. I[eﬁCTBPITeJIBHO, IIP1 CTOJIKHOBEHUAX B
,Z[aHHbIﬁ QJIEMEHT (baSOBOI‘O obbemMa ImomagamT TOYKHW M3 CO-
CeTHUX O6J'IaCTeﬁ, — HMeeT MeCTO ITOUYTH HEeIIPEPHIBHOE Teue-
HUE «Q)aSOBOﬁ HKHUIKOCTH» . I[pyI‘I/IMI/I cJioBaMHn, CTOJIKHOBH-
TeJIbHBIN YJIeH MOYKHO 3aIlllcaTh B BUae MTUBEPIreHIINN HEKO-
TOPOT'O IIOTOKA B IIPOCTPaHCTBE CKOpOCTeﬁ:

St S (1.12)

IIpu 5ToM KHHeTHUYeCKOe ypaBHeHMe IIpumoOpeTaeT BUJ
YpaBHEeHNUs HEIIPEPBHIBHOCTHU B IMTeCTHUMEPHOM (PAa3sOBOM HPO-
CTPpaHCTBE U C YyU€TOM CTOJIKHOBEHWI. O6mee BhIpaKeHue aJd
IIOTOKA, O6YCJIOBJ'IeHHOI‘O CTOJIKHOBEHUAMMN, IMeEET B[ (1'[0 I10-
BTOpAIOITEMYCA HHAeKCY k moapasyMeBaeTcs CYMMHPOBaHMe)

. RSt
Y m’—f Djk%. (1.13)
3,1:[e01> OT6pOH.IeHI>I 60.]'[66 BBICOKHNE IIPOM3BOJHBIE IIO CKO-
poCTAM, TAK KakK HaPI6OIIbH.IPIﬁ BKJIaJ B IIOTOK gamoT 6JII/ISKI/Ie
o61acTu azoBOTro IMpoCcTpaHCTBa. BeanunHa ﬁ’jSt Has3bIBaeT-
Cs CUJIoNn ANHAMHAYECKOI'O TPEeHUA, a TEH30D Djk — TE€H30pOM
auddysun B IpocTpaHCTBe CKopocTel. [ CTOIKHOBEHUH C
HECKOJBKNMHA COPTaMM YaCTHUII
14 v,
7 7

Bennunnsr ﬁ}St u Djk CBs3aHBI C MapaMeTpaMu 3aJaun O
TOPMOMKEHNN <<1'IpO6HI>IX>> JacTHUuIj B CpeJie IIOJIE€BBIX Yac-
Tui,. . PaccMoTpuM 061aK0 «IPOOHBIX » YACTUI], MMEBIMTHX
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25 . B MOMeHT BpeMeHH { = 0 oguHa-
KOBYIO CKOPOCTE V' I}O . Cpen-
HsAfACKopocTh U nput = 0, coB-
nagaBmas c 1?'0 , C TedeHHEM
7, BpeMeHH yMeHbIIaeTcA H3-3a
- CTONKHOBeHUH. Ol HOBpeMEeHHO
*  W3-3a pacceAHUS HA IOJEBBIX

=

Vx YacTHIAX IPOUCXOIHT PACILIBI-

v BaHHe o6Jaka MpPOOHEIX dHAac-
Puc. 1.1 THI. CXeMaTHYeCKH SBOJIONHA

CxeMma pacIlIbIBAHUA obaaka obJiaka nokaszaHa Ha puc. 1.1

NMpoBHEIX YACTHIL -
B OJHOPOAHOHM IJiasMe B OTCYT-

CTBHE CHJI CKOPOCTh H3MEHEHHS CpeJHeH CKOPOCTH MOMKeT
65ITH ITpeobpasoBaHa K BHIY

z 1 Y ST G
ek PEAT o2 PG AW o TR
t t n i n - LY
MHTerpupys mo 4acTAM, YUYHTHIBAS, YTO [ 0 npu
V. ,mcoraacuo (1.13) ¥V 0, moayuaem
. L Fst s
M1 owgy BT 5 gy
t n / n m LA
FSt D. %
v g § £k, v (1.14)
n m Vi

Ilocne mogacTanoBKN B (1.14) GyHKEIUY pacnipejie/ieHUs B
suge [ |, , n (V Vp) nmeem

U; FS' D,
T‘:o m Vi® (19

PacnneiBadne o6iaxa npoOHBIX YACTHI[ B IPOCTPAHCTBE
CKOPOCTEH eCTECTBEHHO XaPAKTePH3OBATh TEH30POM JHCIIEp-
CHH ((V u); (v ﬁ),,). CpefiHee ol pejieIeHO COTJIACHO

(g) &fav/n.

IIpeobpasysa BeIpaKeHHe AJA AUCHEPCHH, TAK e KaK H
IIJIA cpeiHel CKOPOCTH, HalileM
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(v a0 w,)
t

2D,,. (1.16)

t. 0

Taxkum o6pasoM, cCHJIa IHMHAMUYECKOTO TPeHUA I*}St " TEH-
30p guddysuu Djk, a caefoBaTeJbHO, U CTOJNKHOBUTEIbHBIH
yJjeH, CBA3aHBI C MapaMeTpaMu 06JaKa MPOOHBIX YaCTHII.

1.2.2. TOPMOXEHUWE U PACNJIbIBAHUE
OBJIAKA NMPOBHbIX YACTUL,

Boruncium BeTnYMHBI, BXOAAITHe B JeBble yacTtu (1.15),
(1.16). CToIKHOBEHHUA YACTHUIl COPTA M . paccMaTpuBaeM
KaK aKT paccesiHUA B CHCTeMe IMeHTpa Macc Ha HeITOABUXKHOM
LEeHTpe C OTHOCUTEIbHOM CKOpocThio & V  V uInpuBeneH-
HOU Maccoim =m m /(m + m ). I3MeHeHNe CKOPOCTHU B
JabopaTopHOIi cucTeMe OTCUeTAa IIPHU STOM CBA3AHO C H3MeHe-
HHUEM OTHOCHUTEJIbHOM CKOPOCTH COOTHOIIEHUEM

_ m =
Vv ——— u".
m m
OTHOCUTEJIbHOE YNCJ0 aKTOB PAcCesTHUA B eIUHUITY Bpe-
MeHU C JaHHBIM IPUIEJbHBIM IapaMeTpoM . U a3uMyTajb-
HBIM YTJIOM  , IPUXOAAINEeecs Ha ONHY IPOOHYIO YACTHITY, €CTh

dn VudS f(V)VudS f(V)YVu dd.

YMHOMKAasI 9TO BhIpaskeHe Ha IpupalneHne ckopoctu . V
MHTETPUPYSA MO CKOPOCTAM ITOJEeBHIX YACTHUIL U IO ILJIOIMALN,
moJaydaeM

u; - .
— F(Vwdv, w

t. 0

u]?u’dS. a.17

7
AHaJTOTUYHBIM 00pa3oM

(v a0 ay)

f(VwsdV, w, ———  u uwu'dS. (1.18)

m m !
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TeH30pH W;, W, 32aBUCAT TOJIbKO OT OTHOCHTEJIbHOH CKO-
pocTH, TTOATOMY U3 COO0parkeHNM I TeH30PHOII MHBAPUAHTHOCTH

4t o (1.19)

.
j
w, —A, wy +B ——=C,
iy i j @ )

rae A, Bu C — cranapbl. BEIUMCANM 5TH TeH30PbI B CHCTEMe
oTcueTa, B KOTOPOIi BEKTOP OTHOCUTEABHOM CKOPOCTH HATIPAB-
JeH BIOJIb ocH 2. IsMeHeHNe OTHOCUTEIbHOM CKOPOCTH IIPH
paccesiHHM HA YTOJ B 3TOM CHCTeMe:

ul u’"sin cos ,
u’ u”sin sin. ,
u, u"(1 cos ).

,D;IIH KYJOHOBCKOTI'O BSaI/IMO,Z[efICTBPIH CBA3b MEXAY YIJIOM
paccedHNA U IPUIEJABHBIM ITIapaMeTPOM JaeTCA BEIDaKeHNeM

.
tgs =,
£y

rame pagunyc CHJIBbHOTO BSaHMOﬂeﬁCTBHﬂ I, OllpefeJisieTcsi Kak
Z Z e?
m (ur )2 :
Bblpamaﬂ N3MEHEeHHNEe CKOPOCTH 4Yepeas HpHHeHBHBIﬁ ma-
paMeTp, MoJaydaeMm

r r s
up 2u"—; 3 cos. ,
s
.o .
u’ 2u” 5 _gin. ,
2 2
s
2
r
ul  2u"—2—.

IToacTaBum st BeipaskeHusa B (1.17), (1.18). IIpu uurer-
PUPOBAHUU IO . TMOSBJAIOTCA PaCXOAAINHECST WHTETPAaJbI.
OTu MHTeTrpaJbl cjJeAyeT obpesaTh CBePpXYy IPU HEKOTOPOM
3HAUeHNWW = .., TAK KaK B IIJJa3Me KYJOHOBCKUHU ITOTEH-
muaja sSKpaHUPYyeTcA Ha PACCTOSIHUAX MOpAIKa Ae6aeBCKOTO
paguyca. Bribepem. ., =r,, IJe febaeBCKUH pagnyc onpee-
JIeH COTJIaCcHO

ma
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T
4 ne?’

7 (1.20)

ITonyualoImuecss HHTETPAJILI UMEIOT JOTAPUDMUUECKYIO
TOYHOCTD U COJIe PoKAT KYJIOHOBCKH T JorapudM — GOJIBITOE
yucJio mopaaka 10—-15:

= In(r,/r,). (1.21)
Bosee moapo6Ho mpo mpoleaypy obpesanuscum. [6]. B uact-
HOCTH, -
d
2 2 ’
0 s
max 3d
( (2 2y 22 1/2

ITocne uaterpupoBauuAB(1.17)u (1.18)mo. u. moayuaem

w (1 m /m) —2

7 4 (ur)3 >
u].’u,: 1
Wik L ik (ur)2 4 ur’
477"
L ==
m

I[IIH CKOpPOCTH U3MEHEeHNA Cpe,[[Heﬁ CKOPOCTH M AUCIIED-
CHUH1 NMeeM

r
m

1 L
( m_)4 (u r)3

u;

f(V)dv,

t. 0

(Va7 an) L, oy
. 1 uf (fr)g (VYdv. (1.22)

t. 0

CKOpOCTb n3MeHeHNA MOMEHTOB 60Jiee BRICOKOTO Imopan-

Ka <(T7 a),(V ), (V 12)]-> OKashIBaeTCsA B pas MeHbIIe.
Hcnonbsys cooTHOIIEHUA

rqa,r r
2yr kUil 1 u;

W u’ (ur)3 ’ V] u’ (ur)3 ’
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sanummeM (1.22) B Buge

u, m 1 TV)
_fto 1 m_)L 7]4— ‘17 I7‘dV s
V ),V i) 2 o .
< ; ) AN 4i v v av
t 0

(1.23)

Boiee xommaxTHO (1.283) MOXKHO MepenucaTh, BBEIs «IIO-
TEHITUAJBI»

"
= V@ av. (1.24)
8
«HOTeHI_II/IaJIbI» u CBA3aHBI MEXAY coboi COOTHO-
IMmeHnAMHA
v >
. , (1.25)

rge  — omeparop Jlamiaca B IpoCTpaHCTBE CKOPOCTEH. OTH
COOTHOINEHUA JIETKO MOAYUYUTh, Auddepeunupyd (1.24) oo
CKOPOCTSIM U HUCITOJNb3yA paBeHCTBA

1 -
v V|

1%

‘? ‘? ‘ T—= = |*
4
@Dopmyast (1.23) ¢ yueTom (1.24) MoryT OLITH IIepellnca-
HBI B BUJe

u]- m
e (1.26)
(v w0, ) 2
- - 2L TV (1.27)
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1.2.3. NOTEPN UMNYJNIbCA U QHEPIrMA
NMPOBHbIMUA YACTULAMU

ITosyueHHBIE BHIPAYKEHUA UMEIOT CAMOCTOATENIbHYIO TleH-
HOCTD, TaK KaK IO3BOJISIOT HAWNTH CKOPOCTh M3MeHeHUS UM-
MyJIbCca U 9HePTUH HPOOGHBIX YaCTHII, ABUKYIUXCS CO CKOPO-
cThI0 V B cCpefe MOJeBHIX YacTuI] copTa. . CKOPOCTh H3MeHe-
HuA uMnyabsca gaetcs (1.26). Haiimem, B yacTHOCTH, CKOPOCThH
M3MeHeHUA UMITYJIhCa 5JIeKTPOHA TIPU CTOJKHOBEHUH C MOHOM.
BygeM moJiaraTh CKOPOCTH 9JeKTpOoHa MHOTO GOJIbIlieil, ueM
CKOPOCTbH TOJIEBBIX MOHOB. Torzaa, mpeHebperas HOHHOMN CKO-
poCThIO B 3HAMeHAaTeJie MOABIHTeTPAJTbHOTO BhIpasKeHuA, MO~

aydaeM. ;= —n;/4 V,u
P 4 e*Z%n,
=< s e b 1.28
A — (1.28)

YacToTa , 3JeCh COOTBETCTBYeT XapaKTepHOMY BpeMeHH
TOPMOYKEHNUA 3JEeKTpoHa B HAaUAJILHBIM MOMEHT, KOTjAa Bce
5JIeKTPOHBI e1lle UMeIOT OJHY U TY Ke HauaJbHYI0 CKOPOCTh.
Bugmo, 4TO YacToTa CTOJKHOBEHHIT 06paTHO MPOIOPITHO-
HaJbHa Ky0y CKOPOCTH 5JIEKTPOHOB, T. €. TajgaeT ¢ POCTOM
CKOPOCTH, YTO TUHMHUYHO AJA KYJOHOBCKUX CTOJKHOBEHUI.
ITonp3oBaThCsa 9TUM YpaBHeHUEeM Ha 60Jiee TTO3THUX BpeMe-
Hax HeJb3dA, TaK KaK IPOUCXOJUT He TOJbKO TOPMOIKEeHHE,
HO 1 paccesiHMe YacTHIl. XapaKTepHoe BpeMsA pacCesasHUA dJIeK-
TpOHOB MOKHO HadTu u3 (1.27). Bribupasa HalpaBieHUe 2
BIOJIb CKOPOCTH 2JEKTPOHOB, TMeeM

(7 wp) (v 9.0 @)
i i
t 0 t O

(@ @, ﬁ)y>‘
t

t. 0

2 vz, (1.29)

BuaHo, 4To YacTOTa paccesiHUA OKa3bIBaeTCA BABOE 60JIb-
IIIe YaCTOTHI TOPMOSKEeHHU .

CKOpOCTh N3MeHEeHU A SHEPTUH YACTHUITHI MOYKET OBITH BBI-
YyucJieHA CAeIYIOIUM 00pasom:
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m 1 (7 a0 ﬁh)‘ T
<5V, mG : “
B,Z[eCI) HCIIOJIB30BaHO PaBEeHCTBO
((17 i), (V ﬁ)]) (vv;) a2
C yuetom (1.26), (1.27)

t

t 0

- mL[ Q@ m/m)V , ] (1.30)

t 0

BBI‘{I/IC.TII/IM, HalrpumMep, CKOpOCTh NSMEHECHNA SHEPIUN 11PN
CTOJIKHOBEHHNAX 3JIEKTPOHOB C NOHAMM. I/ICHOJIBSYH QJIEKTPO-
CTATHUYECKYIO aHAJIOTHUIO IJIA IIOTeHIIaJa ! I1I0JIA BHE ob1aka

pacupeleleHHBIX 3apsAfoB,. ; = —n;/4 V, Vi 4V$3 , TIOJIy -
yaem
2m
< e e —E o (1.81)

t 0 3

Taxum o6pasoM, XapaKTepHOe BpeMA U3MeHeHU 9HepTruu
3JIEKTPOHA OKaskIBaeTcs B m;/(2m,) pas 6oJbllle, 4eM BpeMA
H3MeHeHUA UMIIyJabca. B cayuae, ecoii CKOPOCTH YaCTHIL CPaB-
HUMBI, 113 (1.30) HeTpYyAHO MOJYUHUTH HECKOJIBKO D0JIee CIOMK-
HbIe BRIpAKeHUS.

1.2.4. CTONIKHOBUTEJIbHbIW YJEH
B ®OPME NAHOAY

BrIpaskad cuay TMHAMHUYEeCKOTO TPeHUA U TeH30p 1uddy-
3UM Yepes3 MOTeHIHUAJBI ¢ momoInbio (1.15), (1.16), (1.26),
(1.27), mosrydyaeM AJI ITIOTOKA B IIPOCTPAHCTBe cKopocTeti (1.13):

2
v [Py . (1.32)
i m v, V. V, V,
I/ICHOJIbSyeM cjaeAyIoInue COOTHOIIEeHUA:
1 J
— Yy, Lav,
v, 8 ",
2 1 .
- U,fdV. (1.83)

V.V, 8
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31ech BBeleH TEH30D

ko Uil
ik u’ (ur)3 : (1.34)
IlepBoe us coorunomenunii (1.33) caeayet us
I 5 W oo 1 Up, o1 f =
— —dV _fdV = 2fdV = ——U,dV,
Vi w @y’ 2 v, Y 2 v U
Cc yueToM .
v U; 1 Up 1 Ug
@y 2V, 2V,
BTopoe cooTHOMEHNTE:
1 ur —
—fdv
Vi Vi 8 V; ka
1 Uy o i3 1 >
—— EfdV — U,fdV.
8 v, u’f wl

IToacrasissa (1.33) B (1.82), moayduaeM IOTOK B IIPOCTPAaH-
CTBe CKOpPOCTeIi:
272 ,4
7 2 ZZ% f fr f f

ik av. (1.85)

7 m m V, m V,
CTonKHOBUTEJNbHEIN uieH B dpopMe JlaHZay ecTh MUHYC
OUBEPTEeHIIUS 3TOTO MOTOKA:
2 Z2Z%et rr f f

St U,
m v, vV, m V,

dv. (1.86)

1.3. YPABHEHUE

®OKKEPA — MJIAHKA

CronkHOBHUTEIbHEIN Y4leH B popme Jlangay oc-
TaeTcs JOCTATOUHO CJIOKHBIM. B HEKOTOPBIX 3a/jauaxX BO3MOK-
HO eTo jajbHelilllee ynpoimenue. K TaKUM cUTyaInusaM OTHO-
CHTCA ciaydail Majoif IpuMecH TAMeJBIX YaCTHUIL B ILJIaszMe C
Jerkumu noHamu. Ilycts f — GyHKIUA pacupefeeHUA TH-
SKeJIBIX HacTHII, an << 71 . ByfeM cuuTarh, UTO TKe Ible HOHBI
He BJIHNSAI0T Ha GYHKINIO paclpejeeHUA JeTKUX dacTur f ,
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a caMmy GyHKOUIO f mojaraeM MaKcBeJJIOBCcKoU. Ucmonb3ysa
ansi f M coorHolmeHue
f m

- V’
Vkaf

YIIPOCTUM HHTETPAaJ cToJNKHOBeHUI Jlangay (1.36). IIpeobpa-
3yeM IepBoe ciiaraeMoe:

Y
— U, L——av
v, moV,
U, Lv.rav UL, urav
v U wf A jT_(k uy)f dv .

J J

BTopoii 4ieH B 3TOM BhIpaskeHu’ obpalnaeTcs B HYJIb, TaK
KaK mMeeT MeCTO TOMKAECTBO

Uyul 0. (1.37)
Tax kax ‘V ‘ ‘V , TO ur V , IIOTOMY
7 = w ViV f =
U, Lviiav —— I T yrdv.

Bo BTOpOM ciaraeMoM UJieHBI ¢ j k& oOpallaioTcs B HYJb
(B cucTeMe oTCcUeTa, TAE OTCYTCTBYET CPEIHASI CKOPOCTh U’ ),
TMO3TOMY OCTaeTCA HHTETPAJ

fr, vy o . 4 m”

v, T 7 () 3y2 T
AnaloruuHBIM 06pasoM NpeobpasyeTcs U BTOpoe carae-
MO€ B CTOJIKHOBUTeJbHOM MHTeTrpase Jlangay (1.36). OxkoH-

yaTeJJbHO KMHETUYECKOE YpaBHEHNE C YIIPOINIEeHHBIM CTOJK-
HOBUTEJBHBIM YJICHOM NMEET CJ'Ie,Z[yIOH.IPIfI BUA:

n _V(f V).

df . s, T f
= —f —-1), 1.38
pr V( f - V) ( )
rae dacrora CTOJIKHOBeHI/Iﬁ - oImpeaeJjieHa COTJIaCHO
a2 m'/? 7272
- m en (1.39)
3m T3/2

Vpasuenne (1.38) HaswiBaeTcA ypaBHeHueM DoKKepa —
Ilnanka. B ogHOpPOAHOI TIJIa3Me B OTCYTCTBHE BHEITHUX CHUJI
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OHO ONHUCHIBAET pesaKcanuio f K MaKCBEeJJIOBCKON QYHKITUH
pacipegeneHus ¢ remneparypoun T :
3/2

Mo m exp m V?
2T 27’
3a xapaKTepHOe BpeMsd peiakcanuu | . JlelicTBuTe BHO,

JIETKO BUAETH, uto /M ofpalmaeT B HyJIb IPaByIo 9acTh ypaB-
HeHud (1.38). Ypasuenune Poxkepa — Ilnanka JuHeiiHOE 1
JIETKO pelrnaeTcs.

ITokaskeM, Kak c moMoInbio YpaBHeHuA Poxkepa — Ilaan-
Ka MOJKHO BEIUHUCJIUTD, HAITPUMED, ITOJBUKHOCTD MIpUMeceii —
KO9(pPUIUEHT ITPOTIOPITNOHATBFHOCTI MeKAY HaIlpaBJIeHHON
CKOPOCTHIO U JEeKTPUUECKUM ToJieM. B cTanmoHapHoii ogHO-
pOAHOI IIagMe, HaXOoAAMIeicA B 9JIeKTPUUECKOM IT0JIe, MMeeM

ZeEi~

_wr L1, (1.40)
m v Vv m vV '

VYmuoxkum (1.40) Ha Vou IPOUHTETPUPYEM IO CKOPOCTSIM.
HNuTerpupys mo uactaM, HaWgeM, YTO IIePBLIii UJIeH B IIPaBOH
YacT! OPOTOPIIMOHAJNEH MTOTOKY YacTuIl n U , a BTOpoii 06-
painaeTcs B HoJb. IHTerpas :ke ot neBoiiuactu faer Z n ek .
OKOHUYATENHHO
Z e

— (1.41)

i bE, b

Herpyano u monnocThio pemnuTh ypaBuenue (1.40). B go-
CTATOYHO CJAOBIX SJIEKTPHUUECKUX MOJSIX, KOT/Ja HAalpaBJeH-
Hasd CKOPOCTh MHOTO MeHbIIe TEILJIOBOI, MOMKHO HCKAThH pe-
IeHNWe B BHJe MaKCBEJIJIOBCKOM (JYHKI[MH ILIIOC MOMPaBKAa:
f=71™+ f.. IIpu 5TOM B INHeHOM IpuUGJINKeHIH B JIeBoii uac-
Tt (1.40) gocraTouHo moio:xkuTh [ fM, a B mpaBoii uactu
f f!, Tak Kak MaKcBeJUIOBCKas QYHKIUA paclpelejeHns
obpalliaeT IpaByIio 4acTh B HOJIb. HeTpyaHO MOJMYUNTE BhIpAa-
JKeHIe

i ’;i—(ﬁ VM, (1.42)

e HampaBJeHHasd cKopocTh gaetcd (1.41). Jlpyrumu ciaoBa-
MU, TIOJTHAA QYHKIIUA pacupefeJeHIA IIpeIcTaBaAeT coboi pas-
JIOKEeHHOE B pAJ CABUHYTOE MaKCBEJJIOBCKOE paclpeiesieHHe:
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m m ¥V u)
fon g exp o7
3/2
m m V2 m . =

OTMeTHM, UTO B 00IIeM cayuae GYHKIIUA pacupeaeeHUA
B 9JIEKTPHUUECKOM IT0JIe He UMeeT TaKOTro MPOCTOTO BHUAA.

1.4. YBETAOWWE 3SNNEKTPOHDbI
B MNOJIHOCTbIO
MOHN3OBAHHOMW MJIASME

IIpoananusupyeM GYHKIIUIO 3JIeKTPOHOB B O[T~
HOPOIHOM TJa3Me B OTCYTCTBHE MATHUTHOTO IOJSA B c1a00OM
5JIeKTPUUIECKOM TI0JIE:

3
E<<ED 467”’

b
Te
rle BesqnuuHy E, HasriBaloT nojeM [palicepa. 9To yciioBue
o3HayuaeT, UTO 3JeKTPpUUECKasa CUJIa MeHbIlle, UeM CHJIa Tpe-

HHUA, ﬂeﬁCTBmeaﬂ Ha OCHOBHYIO MacCCy 3JIEKTPOHOB C TEILJIO-

BBIMU CKOPOCTAME MOPAAKa Vi J2T, /m, :

4 net
2173 °
m;Vz,

(1.44)

enE<xnm, ,Vi, Vg, ~nm,Vy,

oTkyaa ciaeayetT (1.44). B o6paTHOM ciaydae GOJBINIUHCTBO
5JIeKTPOHOB HEOTPAHWUEHHO YCKOPseTCA, TaK KaK CUJAa Tpe-
HUS W3-3a MaJalolneil 3aBUCUMOCTH YaCTOTHI CTOJKHOBEHUH
OT CKOPOCTH HE MOYKEeT YPABHOBECHUTD 9JeKTPUUECKYIO CUIY.
IIpu BrimonHeHun ke ycaoBus (1.44) B pesKUM yCKOpeHUS
momnajaeT JUIMb HeGOoJbIIaA YacTh 9JeKTPOHOB, TaK UTO Y
GYHKIINT paclpefeneHus o6pasyeTcsa XBOCT, BEITSIHYTHIN B
HaIllpaBJeHUU E , puc. 1.2. OcHoBHas Macca 3JeKTpPOHOB
ONHUCHIBAETCA MAKCBEJJIOBCKOM QYHKITMEH pacTipeeJieHId, a
3a CUeT KYJIOHOBCKUX CTOJKHOBEHH I BOBSHUKAET MMOTOK 9JIeK-
TPOHOB B XBocT. Tak Kak 4Ync0 yoeramoiux 3J1eKTPOHOB MaJo
(KaK TOKa3aHO HUYKe — 9KCIOHEeHITHAJIHLHO MaJo), TO 3aJaUy
00 y6eraloImux 5JeKTPoHAX MOMKHO paccMaTpUBaTh KaK CTa-
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[UOHapHYIO. [lefiCTBUTENBHO, v
KOHIIeHTpAI[is OCHOBHOI dac-
TH BJIEKTPOHOB B 9TOM CJIydae
MeJJIEHHO YMeHbIIAeTCH NN /\
HOANUTHIBAETCA HEGOJBIIUM k/ V.-F
HOCTOSHHBIM HCTOYHUKOM.

OrpaHUYMMCS TEM, UTO HA-
AeM 4HCJIO 9JeKTPOHORB, MOMAa- Puc. 1.2
JaloMNX B eINHUITY BpeMeHHU B IIoBepXHOCTH MOCTOSAHHOM

6 o (pyHKHHH pacipepeqeHUuA B

pesxnMe yGeraHus, TO €CTh Hall- OTeKTPHICCKOM TOTe

JeM CTAIlMOHAPHBIA TMOTOK B
TIPOCTPaHCTBE CKOPOCTel B 00JIacTh OOJBIMNX 9HepTruii. Ku-
HeTHYecKoe ypaBHeHHe B 3JeKTPUUYECKOM IIOJie mMeeT BUJ

[ €E_f -y
om0 (1.45)

B mpocTpaHCTBe CKOpoCTeii BBeeM cdhepuuecKne KOOpAH-
HATBI C OCBIO Z BIOJIb E . Banumem BTOpOE ciiaraemoe B (1.45)
B BH/e (3aBUCHUMOCTH OT a3UMYTAJILHOTO yIJIa OTCYTCTBYET B
CUJY CHMMETPHUN 3a7aUN)

eE [ eE f sin f

m, V m, 8 Vv Ty )
eE cos 1 .
e —(VEF) —~ 2y .
m, V? V( N Vsin (7sin® )

JduBepTreHIINI0O CTOMKHOBUTEJIHHOTO TIOTOKA B IMIPOCTPaH-
cTBe cKopocTeli (TpeThe caaraemoe B (1.45)) Takske sanuinem
B chepuUeCcKUX KOOpAUHATAX:

1 —

e ! 1 7
Vsin (sin. 7).

2V

14 V2 V(V V)

BBegem ycpeaHeHHBIH IO yIJjiaM IIOTOK B IPOCTPAHCTBE
CKOpoOCTeIi:

YcpeaHUM KMHETHUEeCKOe YpaBHeHHe AJIA OBICTPBIX DJIeK-
TPOHOB IO yTJIaM, moJiaras cos 1, Tak Kak GyHKIIHA pac-
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npefeaeHusA GBICTPHIX 9JEeKTPOHOB CUJIBHO BBRITAHYTA BAOJD
"Hampasjgeuus E.MHWs(1.45)umeem

1

T ek 1
t V2

2 27V

w7 VD T 0. (L.46)

Vcpenuennasa QYHRIUS paclpefieieHus f [AOCTATOUHA
IS BEIYMCJICHUA WHTETPATBHOTO ITOTOKA B ITPOCTPAHCTBE CKO-
pocTeii. B cTOIKHOBUTEIHLHOM UJIeHE JOCTATOUYHO YUECTh JIUIH
CTOJIKHOBEHUS OBICTPBIX 9JIEKTPOHOB C MeIJeHHBIMH, pacipe-
JeJIeHHBIME 1Mo MaKceBeJTy, TaK KaK CTOJKHOBEHUS ¢ MOHA-
MU JAIOT MaJBIF BKJIAJ B IOTOK II0 S9HEPTUAM, a CTOTKHOBEHUA
OBICTPBIX SJEKTPOHOB MEXKAY COOO0M MpeHeOperKMMO MAaJIbI.

Coraacuo (1.35) KOMIIOHEHT MOTOKA OBICTPHIX 3JIEKTPO-

HOB B IIPOCTPAHCTBE CKOPOCTEH:

g2 ey ] M) MOV

! m, m, Vk m, Vk
2 et s Ty [
U, V.ffMV) =My )—-L- dv. 1.47
o Un VY0 e 0 ) (1.47)

Bpech ¥ — He cABMHYTaA MaKCBeJ/LIOBCKas PyHKIUS pac-
npegenenusd. IIpeo6pasyem mepBEIi YiIEH B 5TOM BEIPAXKEHUH.
B nepBoM NpuOAHMKEHNN OTHOCUTEIbHAS CKOPOCTDb COBIIALA-
eT CO CKOPOCTBIO GHICTPOrO 3IeKTpoHa "V, TeH30p U, ne
s3apucuT oT V W MHTerpaj obpalmaeTrcs B HOJb. B ciaegyoimem
npubamAKeHun, noaaraa u” V(1 V,V; /V?2), umeem

UnVil 1 (V )V
i ViViVi  ViViVe ViViVi  ViVh 8ViV; TR %
A V3 v oy e IOV

(1.48)

Hocne/:[Hee cjaaraeMoe Ii1pm MHTerpupoBaHU N COKpPaInaeT-
Cd C IIPpeAbIAYIIIUM YJI€HOM, TAK KaK

V.V,.V.V;
V2

3 LIM(V ydV

V2 D 76 -
3V—kz VP M(V )av V—kz 4 )sz(V v .
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IlepBrie :xe aBa ciaraembix B (1.48) oguuakossi. [TosTo-
MY ToJIydaeM
2T,

m 1;3 Vil

UVl T (V )dV
(4
Bropoii usnen B (1.47) npeobpasyeTcs aHATOTHUUYHBIM 00-
pasom. IIpu sToM Hajgo yuecTh, uTo V <<V, 1 pacKJaabIBaTh
TEH30P CKOPOCTei CIBUTOB C TOUHOCTHIO IO UJIEHOB MOPAAKA
(V )2. OKoHUAaTeJHHO NIOTOK B HAIIpaBJeHUN V:

7 T, f
P b,
rae ") 4 net
¢ mZV3

— YacToTa CTOJIKHOBEHIH 6I>ICTpOI‘O AJIEKTPOHA. ITocne ycpen-
HEeHHndA I10 yrjiaM

. - T, [
v e - I
v VT — (1.49)
ITonHBII TOTOK B IPOCTPAHCTBE CKOPOCTEMH, KaK caeayeT
us (1.46), ecTh
— = E —

S, ¥ 7. 1.50
L ! ( )
B nipeHebOpeskeHnN IPOoM3BOgHOIM o BpeMeHH u3 (1.46)
ciaefyeT coXxpaHeHNe HHTerpaJbHOTO ITOTOKA B IPOCTPAHCTBE
CKOpoOCTeIi: .
4 V2S, const #n,. (1.51)
31ech 71, — HCKOMOe KOJIMYECTBO BJIEKTPOHOB, yberaio-
IMUX B eIUHUITY BpeMeHU . ITO BEIpaKeHue SBIAeTCA ypaBHe-
HHUEeM AJA yepeAHe HHOM GYHKITNHU pacupedeneHusd. B 6espas-

MePHBIX IepeMeHHBIX

E Vm1/2 1/2
E.’ u 81/2
D T,

ypaBHeHmHe (1.51) umeet Buj

df u ud+ n.mg
au f Cu, C 16 2nez 12" (1.52)
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Pemenne ypasuennusa (1.52) gaeTca BrIpasKeHHeM

F P CF 2 au, F Aexp L2 u2).  (1.53)
o F(u) 2 "2
Mpu ii. O Pyuruus pacupegenenus f ). WssT1oro
YCJAOBUA HAXOAHUM KOHCTAHTY A:
3/2

m
A n < .
2T,
IIpu u dyuxmua F ,a f — orpaHWYeHa, TO3TO-
my orHomeHue f /F  0.OTciofa HaxoAuM KOHCTaHTy C:
3/2 4
ct Ygy 1 2 T. exp L(u_ u?) udu.

o F n m, 2 "2

I[aHHbeI HHTEerpaJl BEIUHNCAAEeTCA MeTOJOM IIepeBaJia. Ko-
JHUYECTBO y6era10mnx QJIEKTPOHOB IIPOIIOPITNOHAJIBHO

e (n (Ve )exp( Ep /4E). (1.54)

3pech. ( ) — HekoTopas 6espasMepHas cTeneHHasd QYHK-
U IapaMeTpa , KOTOpas He MOKeT OBITh OllpeieJieHa B paM-
Kax gaHHoTO MpubamKkeHus. [lemo B ToMm, uTo moJie [Ipaiicepa
TMPOTIOPIIUOHANBHO KYJIOHOBCKOMY JoTapudMy , KOTODHIi,
TakHUM 00pasoM, BXOAUT B MOKas3aTeJb 9KCIIOHeHTHI (1.54).
Tak Kak BeJuUnHa OIpeelieHa ¢ JoTapudpMUUEeCKON TOU-
HOCTBIO, TO IJIA HAXOMKASHUA HeoOXOAMMO BBRINTH 3a paM-
Ku sToro npubnmuennsa. Takum obpasom, popmyaa (1.54)
pelllaeT MOCTABJEHHYIO 3aJaUy C JoTapuPMHUUYECKO TOUHO-
CThIO.

Ecun snekTpudeckoe moJe 60Jbine, ueM moJie [Ipaticepa,
TO OCHOBHBIM MeXaHH3MOM reHepaluu OBICTPHIX 3JeKTPOHOB
ABJIAETCA TaK HA3bIBAeMBI 9D DEeKT JaBUHB — PasMHOMKeHUe
OGBICTPBIX 9JIEKTPOHOB 3a cUET OJIU3KUX KYJOHOBCKUX CTOJK-
HOBEHUU OBICTPHIX 5JEKTPOHOB ¢ TeIJAOBLIMH. [Ipu Takmx
CTOJIKHOBEHUAX OBICTPHIE 9JeKTPOHBI CO CKOPOCTSIMU HOPAT-
Ka CKOPOCTH cBeTa reHepUPYIOT HOBbIe OBICTPHIE BJIEKTPOHEI,
a TeMN TeHepalluu MPOIOPIIHOHAJTEH YiKe CYIMeCTBYIOMEeMY
KOJIMYECTBY OBICTPBHIX 2JeKTPOHOB. HacToTa CTONKHOBEHUH
LIS 9JIeKTPOHOB, ABUTAIOIMUXCA CO CKOPOCTHIO TOPATLKA CKO-
pocTu cBeTa, corJacHo (1.28) onpegeisieTcs KaKk
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4 e*n

(©) e (1.55)

Ecau sjekTpudecKkoe IoJje GoJblle, 4YeM KPUTHUYECKOe
(E.=Ep()
¢ D
4 é°n

E m,c?
e

[+

(1.56)

TO TaKWe 2JeKTPOHEI YACTh SHePTHUHU IMepefaloT MeAJleHHEIM
siekTpoHaM. Ilpu E > E, B pesKUM YCKOPEHHUSI MOT'YT Iepe-
XOQUTH 3JIEKTPOHBI cO cKopoctamu V>V, =c(E,./E)V/2. Tak
KaK KYJOHOBCKOE ceueHne o6paTHO MPONOPIHOHAILHO Ky0y
yrJjia paccessHHA U, cleJOBaTe]bHO, Ky0y IlepeJaHHOTO HM-
IyJbca, TO TAKHe 3JeKTPOHBI POKAAIOTCS B pe3yabTaTe pac-
CesTHUSA OBICTPHIX 3JeKTPOHOB C YACTOTOM

4 e'n
° m2y?

KonuuecTBO pOXKASHUM IO TOPAAKY BeJINYNHEI faeTcs (f, — He
3aBUCAINAS OT CKOPOCTH OTHOMe pHaA QYHKITNA pacupeae e HIA

OBICTPHIX 3JIEKTPOHOB)
(4

LAV fr ,c2 1)4 etn

2 \172 2
2¢* 'V m;

Vo

Ilonarasa 6I>ICTpI>Ie QJIEKTPOHEI paciipeeJJe HHBIMH PaBHO-

MepHO, TaK UTO UX KOHIeHTpalnus n, = Cfr, IIoJy4dyaeM C TOU-

HOCTBIO O YNCJIIEHHOTO KOBQ)(I)I/IHI/IGHTa KOJINYEeCTBO 6I>ICTpI>IX
QJIEKTPOHOB, POXKIAIOINMNXCA B eJUHNIY BpEMEHN:

e e Je)E/E, 1/@ ) (1.57)

Ob6pesatomuii MHOKUTENS (E/E —1) IOKa3kIBaeT, YTO Ja-
BUHHBI 3hdeKT uMeeT MOPOTOBHIN XapaKTep.

1.5. ®YHKUHNA
PACNPELEJIEHWUA SNNEKTPOHOB
B CNTABONOHU3OBAHHOW MNJIASME

OnucaHHBIN B IpeALIAYINeM pasfesie pakT, 4To
5JIEKTPOHBI B c1a00MOHN30BAHHOMN IJIa3Me SIBJSIOTCA MaJIOH
MpuMechio, TTO3BOJAET JUHEAPHU30BATh CTOJNKHOBUTEIbHBIN
YJieH W CYIeCTBeHHO YIIPOCTUTh KMHEeTHUEeCKOe YpaBHeHNe.
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CiabonOHM30BAHHOM HA3HIBAIOT MJIA3MY, B KOTOPOI BBITIOJ-
HsIeTCs HepaBeHCTBO

e K ono (1.58)
rae ,, — 3JeKTPOHHAsS 4YacTOTa CTOJKHOBeHHI (A4 onpese-
JIEHHOCTH OyAeM MOoJ ,, MOHUMATh YaCTOTY, COBIAJAIOITY IO
¢ (V) nopeamigymmero pasjgeina), a. .y 3J1eKTPOH — HeHTpaJb-
Has 4acToTa CToJAKHOBeHHUM. Ilpu sTom yeaoBusa (1.58) emme
HeJOCTATOYHO AJA TOTO, UYTOOHI 3JeKTPOHBLI MOKHO OBLIO
CUHUTATh MaJIOH MpuMechio. /[eJ10 B TOM, UTO N3MeHeHHe SHep-
TUH 5JeKTPOHAa IIPHU CTOJKHOBEHHUN C HeMTpAJbHLIMHU Yac-
THI[AMHU IPOUCXOAUT C YaCTOTOI

eN - eN eN eN s (1.59)

a 9HePTHU JIeKTPoHAa IIPHU CTOJKHOBEHUH C 3JeKTPOHAMHY 13-
MeHsieTCs 3a BpeMsi ~ ,! — HIpakTH4YecKH 3a OFHO CTOJIKHO-
Benue. [ToaToMy mIpeHeOpeUsh KYJOHOBCKUMHU CTOJTK HOBEHUA-
MU B cI1a00MOHN30OBAHHON IIJIa3Me MOMKHO JIHUINb MIPH JKeCT-

KOM YCJIOBUH
e € on- (1.60)

IIpoMeskyTOUHBIN caydait

NE K o (1.61)

TaKXe COOTBETCTBYET cJ1ab0MOHN30BaHHOM IjasMe, IIpuuyYeM
H3-3a YaCThIX MEMIJEeKTPOHHBIX CTOJMKHOBEHU I (byHKI_II/IH
pacipeneJeHnA 6IM3KAa K MAaKCBeJLIOBCKOIA.

1.5.1. IPUBJNINXEHUE fo,fl

IIycrs BrImostHeHO yeaoBue (1.60). M3-3a MaabIx moTeph
SHEePTHUH 3JIEeKTPOHA IPU CTOJKHOBEHUN C HEUTPATbHBIMHU Yac-
THIAMHY HaIlpaBJeHHAas CKOPOCTh 9JIEKTPOHA MaJia 1o cpaBHe-
HUIO ¢ XxaoTuuHoii. [TosToMy Majia M aHU30TPON U PYHKITUH
pacmpenenenusa. PYHKIUIO pacmipegesieHN IPU 9TOM €CTeCT-
BEHHO MCKAaTh B BUIe YOBIBAIOIETro pAa Mo chepuiecKUM rap-
MOHUKAaM:

f(F,V’t) . . flm(F’V’t)lem( ’ )’ (162)

Lom I
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rae KooPUIMEHTHI f;" 3aBHUCAT TOJBKO OT MOJYJSA CKOPO-
ctu. Chepudeckne GYHKIUHU BHIPAXKAIOTCS YePes MPUCOE -
HeHHBIE TTOJUHOMEI JIeskaHapa:
m m 5
Y™ B™(cos )exp(im ).
Ilepshie chepudeckue GYHKIUE UMEIOT BU
Y? 1, Y° cos, Y! sin (cos isin ).

OrpaHMYNMCSA MepPBLEIMHU ABYMA WieHaMu psaga. Torga (1.62)
MOJKHO 3alicaTh B BUIe

FEV Y,y LYV

% (1.63)
IToacrasum dyHKIUIO pacupenenerus (1.63) B KuHeTu-

YeCKOe YpaBHeHUE AJd 3JIEKTPOHOB N Hpeo6pa3yeM IIocJaeno-
BaTeJIbHO €TI'0 YJICHBI. I[J'Iﬂ IIEepBOTIO caaraeMoro nMeeM

[k oV §
- = —— 1.64
t t V t ( )
YeH c IpOCTPAHCTBEHHOU IIPOU3BOAHON IPUHUMAET BUJ
Vi V iy VRV V).
I/ICHOIIBSYH BEKTOPHOE COOTHOIIIEHIE
(FG) (F)a (G)F [F[ GII G FI,
IIoJy4dyaeM
— — V — —
Vil Vs 7V 2k (1.65)
OCTaJ‘IbeIe cJaraemMsnie HpeO6pa8y10TC§I aHaAJOTU4YHO.:
< 5 v B
m, c
cEV I
m,V V

vl
¢E = L e¢Efi e
m, v V)V m,Y m,c

[V Bl&. (1.66)
14
CToJIKHOBUTEILHBIIN UJIeH TaKsKe pasduBaeTcs Ha ABa cJia-
raeMbIX (JJIs1 OTHOPOJHOTO MOKOAIIerocs HEWTPaJIbHOTO Trasa):
0 1
SteN SteN SteN 4

3aBUCAIUX OT fo U f; COOTBETCTBeHHO. Y MHOKAsA KMHETHYe-
ckoe ypaBHeHue Ha (1/4 )d (d

— JJIEMEHT TeJIECHOTI'O yIJa
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B IPOCTPaHCTBE CKOPOCTEIi, OCh AJIS IPOCTOTHI MOKHO HAIIpa-
BUTH BAOJD f, ) U HHTETPUPYS IO yTaaM, oJdydaeM ycpeJHeH-
HOe ypaBHeHHUe:

eEV (K/V) eE
m, 3 14 m,V

YMHOMKAA KUHeTHYeCcKoe ypaBHeHMe Ha HAIpaBJAIOIHNe
rocuHycr V;/Vu(3/4)d mwunterpupysamnod ,moJydyaeMm TPU
ypaBHenusa. CKIambIBasg UX, MOJyUYaeM OJHO BEKTOPHOE ypaB-
HeHHe:

foV r
_tgffl

£ Sto,.  (1.67)

—f; Vot ;—Ei; mieC[B A1 (Stly).  (1.68)
BrIpaskeHue AJIA CTOIKHOBUTEIHHOTO UIeHAa, OTUCHIBAlO-
ero 3JeKTPOH-HeHATpadbHbIe CTOMKHOBEHU A, MOKHO TOJIY-
YUTh U3 001mero Bripaxkenus (1.5). IIpoine aTo caeaTh Hemo-
CcpelCTBeHHO, TToJaras HeMTpaJbHbIe YaCTHIIHI XOJOAHBIMHU U
noxosamuMucA. [leficTBUTeIbHO, TAK KaK OTHOCUTEIbHA CKO-
POCTH COBIAaeT CO CKOPOCTHIO BJIEKTPOHA, TO UHUCJIO « TPUXO-
JOB» MUHYC YHCJIO «YXOAOB» B eIUHUITY 06'hbeMa IIPOCTPAHCT-
Ba cKopocTeit uMeeT Buj (auddepeHITNATbHOE ceUeHNe pac-
cesTHUA AJIA KPATKOCTH 0003HAUUM )

St,ydV  ny (V, Wfd dV  ny (V, Wid dV.

CKOpOCTI/I QJIEKTPOHA 40 M IIOCJI€ CTOJIKHOBEHHNA CBA3aAHBI

COOTHOINMEHNUEM

v v 21 cos )2

my
Orclona caenxyet coorromnenue dV /V = dV/V. IlosTomy

_ 3 3 .
av viaavd Ylava Y .av.
% Ve

Bripaskasa dV uepes dV B mHTerpajie CTOJIKHOBEHUH,

nMeeM
3

Sty 1”,—N V4 (V,) Vi (V,)ld . (1.69)

Briuncium cHavasa CTOJNKHOBUTEIbHBIN ujaeH (1.69) B
IepBOM IPUOGJIMKEeHUH II0 m,/my. B 3TOM IpubImKeHNN
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V =V, nostomy u f, f,, Tak 4ro coraacuo (1.69) St%, 0.
Iloacrasasaa B (1.69) mompaBky flV/V, HOJYUUM

Sty nyVIi| [ (V, )eos (V, )cos 1d . (1.70)

31ech yroJ paccesHNs MeXIy BekropaMu V um V  060-
BHAUEH ,a , W , — YIJblBcQepUIeCKOl CHCTEME KOOD-
IWHAT BeKTOpoB V m V cooTBeTcTBeHHO. IlepeXoquM OT HH-
TErpUpPOBAHUSA MO YIJIaM paccesIHUA K SKBUBAJEHTHOMY HH-
TerpupoBaHUIO IO yrjiaM , . IIpeo6pasyeM mepBhIii UJeH B
MOABIHTETPAJIHHOM BhIpasKeHU . Pa3oKuM ceueHne pacces-
HUS B psA TI0 TToJanHOMAaM JlexkaHapa:

v,) w B (cos ).
k
HUcnoawbayem hopMyny AJd KOCHHYCA YIJIa MEKIY ABYMS

BEKTOpPaMU:
cOS  COS cOoSs sin sin cos( ).

CoryacHO TeopeMe CIOMKEeHNUA IJs chepuUecKuX QYyHKITH I

P.(cos cos  sin sin cos( ) P.(cos )P,(cos )
2 ' MP"‘(cos )P (cos )cos(m( ))
) T k ’

IIpu nuHTerpHpoBaHUN NeppBoro wiena B (1.70) B cuy op-
TOTOHAJBHOCTH IMOJNHOMOB JleskaHapa ocTaeTCs JUIIb

(V, ecos d cos2 d (4 /38) 4.

y,Z[O6HO IIepeIincaTh 3TO BhIDaKeHHe TOXe C YUeTOM OpPTO-
TOHAJIBHOCTH B BUJI€

(V, )cos d (V, )eos d

O6begunsAasg oba uiena B (1.70), monyuaem
Sty wDRV/V, (1.71)

rae
NV) nyV 1 cos ) (V, )Md 1.72)
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COBIIAJIAeT C TPAHCTIOPTHOM YaCTOTOM 3JIeKTPOH-HEMTPATbHBIX
cronkHoBeHui. [locse yepequenns ¢ secom 3V,/(4 V) umeem

(Sthy) O (1.78)

YTOOBI MONYYNTE OTIANYHOE OT HYJIA 3HaUeHue St0,, He-
06X0JMMO B CTOJIKHOBUTEILHOM uieHe (1.69) yuecTh 4IeHBI
nepBoro nopsjgka mo m,/my. Illogcrasiasiem f, B (1.69) u pac-
KJIaAbIBaeM HOABIHTETPATbHOE BhIpasKeHue B PAI:

Sty % [v? Vz]?(V‘*f0 yd . (1.74)

IToacTtaBnass B (1.74) sHaueHne V , moaydaem

2m, 1
my V V2

0 3
Sty Y2140 (1.75)

CronxHoBUTEeNAbHBIe WieHBI (1.73) u (1.75) HaxogATCA B
IpaBbIX YacTAX ypaBHeHUMN A7 fy U f; , KOTOPEIE IIO3BOJIAIOT
MOJIYUYUTh KOHKPETHbIe BHIPAsKeHUs AJA M30TPOIHOM W HAa-
TpaBJIeHHOM YacTell GYHKINYN pacupeaeeHn.

1.5.2. ®YHKUNA PACNPEOENEHUA
B 9NIEKTPMHECKOM NOJIE

Hajizem QyHKIINIO paclpegefieHusi 3JIeKTPOHOB B OJHO-
POAHOI MmaasMe, MIOMEINEHHOHM B CTAl[MOHAPHOE OJHOPOJHOE
5JEeKTPUYECKOE I10JIe B OTCYTCTBHE MATHHTHOTO I10JA. B aTOM
ciayudae ypasueHnus (1.73), (1.75) mpuobpeTaioT BUL

f eEV (L/V) eE ; 2m, 1

VYV
t m 3 V merl my V V2 v VIWV2ho
;o )
AoE b i (1.76)

Tax KaK ©MeeTCs JUITh OJHO BhIJeJIeHHOe HallpaBJIeHue,
TO 7?1 l E . Kaxk ciefyeT U3 BTOPOTO YpaBHEHMUs, BpeMA ycTa-
HOBJIEHUSA HANPaBJeHHOMN GYHKIIUY paclpeieieHUA COCTAB-
aseT ) ,T.e. IPOUCXOJUT IPAKTUUECKH] 34 OJHO CTOJIKHO-
BeHHEe W COOTBETCTBYeT BpPeMeHH peJslaKcallUU MMITYJbcAa.
B cranmoHapHOM COCTOAHUN

< eE fo

fi m—v 1.77)



1. KAHETUYECKOE YPABHEHWE 31

YpasHeHUe 14 f, HepeNnIneM B BULE

i 1 eE (AV®) m, 1

— 81453 1.78
t 3V2 m, 174 my Ve Vv eN( ) ﬁ) ( )
ITocse mogcTaHOBKU ]?1 nMeeM
o 1 e2E? Vi I
t 8VZmZ2 V NV)V
m, 1
€< = VWef . 1.79
ey % (1.79)

Penakcanua ¢yHrnun f, uMmeet suddysnoHHBIN XapaK-
Tep U 3a BpeMs HOpAAKA LMy /m, YCTAHABINBAETCA CTa-
nuoHapHas GQYHKINA pacupejenenuns. Ee HeTpyAHO HAWTH,
uHTerpupysa (1.79) upu f,/ t=0:

12
3miV 2 (V
i Aexp oMV () (1.80)

, €E’my

DYHKITUA pacipeesieHA 3JIeKTPOHOB OMPEAeISAeTCS Xa-
PaKTepoM 3aBUCUMOCTH YACTOTHI CTOJKHOBEHUI OT CKOPOCTH.
Ecusim vacToTa CTOMKHOBEHNUI HE 3aBUCHUT OT CKOPOCTH (TaKkas
CUTYyAaIusA uMeeT MecTo AJis He B ITUPOKOM AHUAIIa30He CKOPO-
creii), To us (1.80) caenyer

m, V2
fu Aexp aT, , (1.81)
rae 2 2
e‘Em
T -—— N, 1.82
“t 3m? EN ( )

B sToM cayuae GYHKIIUA paclpefeJeHusA ABIAETCA MaK-
CBeJLJIOBCKOII ¢ a¢pperkTuBHOU TeMnepaTtypoii (1.82). Tak kak
mpoIliecc Habopa sHePTrUU HOCUT TUdHY3MOHHBIHN XapaKkTep C
rospdpunuenrom guddysun Dy ~e?E2/(m?2 ,y) cormacHo
(1.79), To sa BpeMsa ,Lmy /m, CPeSHUI KBAIpaT CKOPOCTH
VZ~D, ,Amy/m,,acpefHasa SHePTU OKA3bIBAETCS OPSL-
Ka (1.82).

Bropoii ciy4dait cOOTBETCTBYeT HOCTOSAHHO A HE ITpode-
ra ,y.lIpu sTOM "YacTOTA CTONKHOBEHHN IIPOMOPIIUOHATbHA

cropoctu: ,(V)=V/ .y V.Coraacuo (1.80)



32 B. A. POXXAHCKWW. TEOPUA NJIASMbI

3mivt
f Aexp e’ (1.83)
4¢’E’m,, 2
N eN

DTo BRIpasKeHHe Has3BIBAloT GYHKIIHell paclpeleeHus

IlpoBecTalina. 3aBHCUMOCThL OT CKOPOCTH B 3TOM pacIlpeje-

JIeHHH Tropasfo cuibHee, UeM A MaKCBeJJIOBCKOH pyHKIIUN
pacIpeeeHHs.

1.5.3. BJINAHUE DNEKTPOH-3NTEKTPOHHbIX
CTONKHOBEHWU

IIpu ycnoBuu (1.61) MerksIeKTPOHHBIE CTOITKHOBEHUS
HAYMHAIOT OKa3hIBATh CYINTeCTBeHHOE BJAMUSIHIE HAa QYHKIIUIO
pacmpefiesieHUs 2JeKTPOHOB. B MpaBhIX YacTAX ypaBHeHUH
andafon f{ (1.67)—(1.68) moABAAIOTCA JOIOJHUTEIbHEIE CJIA-
raemsle St,,. JJoIoJIHNTEeIbHBIN CTOJIKHOBUTENbHBIN UleH B
ypaBHeHUU AJA f, UMeeT NOPAAOK ,,f,, B TO BpeMdA KakK
Sto ~(m, /my) .l - llosTOMY, IpU yenosun (1.61), raBHsIM
B IPaBOM YACTH TOTO YpaBHeHU:A ABJIsieTcA uieH St (f,, o).
[ He CAUIMTKOM CUJbHBIX 9JIEKTPUUECKUX MOJel U IJIaB-
HBIX TPAAWEHTOB WIeHBI B JeBoil uacTu (1.67) Masasl mo cpas-
HeHUIO C [, IOBTOMY pellleHUEM ypaBHEHUS AJs [, ABIIET-
cda dyHKIUA, obpalnaloinas B HOJb IpaByio YacTsb St (fy, fo) =
=0, T. e. MaKCBeJJIOBCKaA (QYHKIUA paclnpegeideHus fM,
B npaBoii ske yacTu ypaBHeHUS AJIA 7?1 (1.68) momoaHUTEND-
Hoe caaraemoe St,, ~ .

fi| MaJIo o cpaBHEeHMIO C <St;N>. Ilo-
5TOMY ypaBHeHHe AJs f, ocTaeTcsa HEM3MeHHBIM I IIO-TIPes-
HEeMY 7?1 BRIpakaeTcsd 4epes f, coraacHo (1.68), kyaa B xaue-
cTBe f, clexyeT IOACTABJIATh MAKCBEJJOBCKYIO DYHKIIMIO
pacipeesieHIA.

B HeoJHOPOIHOI TIJIa3Me 5TO YTBEPsKAeHUE CIIPaBe IJINBO,
ecJu XapaKTepHEIH MaciiTab HeOJHOPOIHOCTH L IIpeBOCXO-
AUT JANHY pefakcanun QyHKIINY pacHpeleneHus ;. Pemak-
canusa f, k fM npoucxoaut 3a ppems !, mosToMy muuHA ;
COOTBETCTBYET CMEIMEeHHUIO 3a CUeT CAYUAHHBIX Oy KIaHU 3a
5TO BpeMsi. BAOJh MArHUTHOTO IIOJS AT CAYUANHBIX OJIYIK-
JaHUH eCTh ,y, & MOIePeK MArHUTHOIO IIOJIA — JIApMOPOB-
CKUU paguyc 3JeKTpoHOB .. [loaTomMy

[

)1/2’ [ ce( eN/ ee)l/z‘

fH: eN( eN/ ee



1. KAHETUYECKOE YPABHEHWE 33

1.5.4. OBLLEE BbIPAXEHUE
Ang f,
O6G1riee peinenne ypapHeHus (1.68) 114 MeJIeHHBIX IPO-
IleCCOB UMeeT BU/

i v Jo eE T
MWV — —), 1.84
hoMo- 2 (1.84)
rae
eN ce
2 2 2 2 0
ce eN ce eN
Y ce eN
M 5 5 5 — 0 . (1.85)
ce eN ce eN
0 0 1/
3mecy ., =eB/(m, ). Ilpu ycrosun (1.61) byurnusa f,

6IM3KAa K MaKCBEJJJIOBCKOI.

1.6. KOBPDULMNEHTDI
NMEPEHOCA 3JIEKTPOHOB
B CNTABONOHU3OBAHHOW MNJIASME

IToToku YacTHIL U TEILJIa B CJIa0OMOHN30BAHHO M
miaasMe ¢ QyHKITHe M pacipeiesieHuA, 6JIN3KOM K MaKCBeJLJIOB-
CKOIi, MOTYT OBITH HaMeHbI HETIOCPEICTBEHHBIM HHTETPUPO-
BaHHeM (PYHKIHUH paclpelejeHHA. IIoTOK 5JeKTPOHOB
uMeeT BUJ

e

. ~ . V. - .
. ni, V(i ﬁT)dV % HvVeadv. (1.86)
0

Tak kak QyHKIUA f| ABIAAeTCS JUHeIHON pyHKIMeli rpa-
AUEHTOB KOHIIEHTPAIIUM, 3JIEKTPOHHOU TEMIIEpPATYPhl U TO-
TeHI[1aJjia, TO IIOTOK BJeKTPOHOB MOJKHO NepenncaTh B BUIe

~ ~ ~n
e D, n bEn D;n T,/T,, (1.87)

rae be — TeH30p audpdysuu, ﬁeT — TeH30p TepMmoaudpdysuu,
b, — TeHsop moaBu:KHOCTH. [ToacTaBisaa B (1.86) hyHKIIHIO fl ,
BHIpa*KeHHYIO Uepes f, (1.84), moayuaem ana f, 6aAu3KOH K
MAaKCBeJJIOBCKOI
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4 e 9
VAMV),dV,

“ BaT, Mo
-~ 4 4 -~
D, S veM)fav,

3n0
sr 4 e mVE g db, 1.88
D, 3n0V M(V)(—ZTe 2)fodV TedTe' (1.88)

Tensops! AuddYy3UH U MOABUIKHOCTH MOTYT OBITH BEIUKC-
JIeHBI A KOHKpeTHOM 3aBucuMocTH v,y (V). CoraacHo (1.88)
OHU CBS3aHEI MeXKY co00I cooTHOINeHeM DHHINTeTHA:

b, T, (1.89)
e

Y

IToTok Temaa:

V APV ik flTV)dV. (1.90)

. m,

2 5

ITosaras HanpaBJIeHHYIO YaCTh CKOPOCTH MaJIOH II0 cpas-
HEHUIO C TEIJIOBOH, IT0IydYaeM

q, sz VSEdv %nTﬁ (1.91)
0

IToTok Temsa MOKeT OBITH 3aNNCAaH B BUJE
_ - O
q. e I, ¢'nTu,, (1.92)

rge ~, — TEH30P TEILIOIPOBOAHOCTH, a ¢! — Ge3pasMepHBIH
Ter3op. [lepBhIii WieH 3JeCh OMUCHIBAET TEILJIOTIPOBOTHOCTD,
a BTOpoOe cJjlaraeMoe COOTBETCTBYET MOTOKY TelJa, 00yCJa0B-
JeHHOMY HaIlpaBJieHHOI ckopocThio. HapAay ¢ TeH3opoM Te-
IJIOTIPOBOMHOCTH BBOJAT TaKsKe TeH30P TeMIIE PATY POIIPOBOJ -
HOCTH ~, , KOTODEII CBsA3aH ¢ ~, COOTHOIIEHUEM

(1.93)

C nomormpio (1.84) Temsoper ~, (°,) u ¢T MoryT GBITH
BEIUNCJIEHB] A5 KOHKpeTHON 3aBucuMocTh (V). Hetpya-
HO MOKAa3aTh, Ipeobpasys (1.91), uTo OHI CBA3AHBI C TEH30pAa-

mu auddysun u repmoaucdpdpysun:
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—y

~ 8 . 35 # dDT A A a
— 2D, DI T ¢ D,D,1DT),
e 2”’ e n(z e e e dq-:z e e e )
ér DID,Y I, (1.94)
rie I— eIMHNYHBIN TeHzop. Kosddunmentrr suddysuu,

TepMoAudDOY3UN U TeMIIepaTypPOIPOBOJHOCTH ABJIAIOTCA Be-
JWUNHAMY OJHOTO IIOPAAKA.

Ecnu yacToTa CTOTKHOBEHHUH ) He 3aBHCHUT OT CKOPOCTH,
TO BHIpasKeHUA A4 KoapdunuenToB audpdysuu, Tepmoand-
dy3uUM, DOABUMKHOCTH U TeIJIOIPOBOJHOCTU CUJILHO YIIpOINAa-
torcsa. U3 (1.88), (1.94) monyuaem

1 ce/ eN 0
?e/ EN 1 ?e/ EN 1
ﬁ ﬁT E'\ §" Te ce/ eN 1 0
‘ ‘ e * 5 °¢ M, eN Ee/ EN 1 Ee/ EN 1 ’
0 0 1
(1.95)

B Tex cryuasax, korga sapucuMocTh (V) crnabast mau He
HYKHAa BHICOKASA TOYHOCTh BEIUUCIEeH U, TPUMEHSIOT TaK Ha-
3LIBAEMYIO 3JeMeHTapHYIO0 Teopuio (0OHA COOTBETCTBYET KBAa-
BUTHAPOANHAMHUYECKOMY MPHUOIUIKEHHUIO, CM. CJAEAYIOIYIO
raaBy). Ilpu sTom ucmosbayercs eipaskerne (1.95), B KoTo-
poe TofcTaBJeHA CpedHSIA TPAaHCHOPTHAS YacTOTA CTOJKHO-

BeHUN ,y(T) < N (V)> o VhdV /n. InscuasHOTO MAr-

HUTHOTO oA, > n(T) dopmyna (1.95) ocTaeTcst TOuHOM
Tpu JI000# 3aBUCUMOCTH YaCTOTHI CTOJKHOBEHU M OT CKOPO-
CTH, UTO JIETKO NMpoBepuTh ucxons us (1.88) u onpegeneHus
~(T). Belpaskenus g KoaddumnueHTOB 60JI€€ TOUHBIE, UeM
(1.95), aJ1s1 TPONBBOJHLHOM CTENMEHHON 3aBUCUMOCTH YaCTOThI
CTOJIKHOBEHUI OT CKOPOCTH HPpUBeJAeHBI B [7].

JJ15T MOHHBIX KO9(DDPUITMEHTOB MepeHoca OOBIYHO OTPAHM-
YuBaloTCA MPUOIMKEeHNEM SJeMeHTapHo Teopuu. B BasKHOM
caydyae HOHOB B COGCTBEHHOM rase KospdUITNeHTHI TepeHoca B
paMKax sjaeMeHTapHoii Teopuu gaiored (1.95) ¢ 4acTOTOM CTOMK -

HOBEHUH 32 . T 1/2
iN 312 E ny. (1.96)
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1.7. KWHETUMECKOE YPABHEHUE
B APEN®DOBOM MPUBJINXKEHWNA

B cuJbHOM MaTrHUTHOM ITOJIe YaCTO ObIBAET Iie-
JecoobpasHo mepeiiTu K ApeiidoBOMY MPUOIMMKEHNIO U pac-
cMaTpuBaTh a3 MeHTPOB JIAPMOPOBCKUX OKPYIKHOCTEI — Be-
OYIMUX TeHTPOB. BAoJIb MArHUTHOTO TOJIA BeAYIMHUIl IeHTD
IBUKETCSA CO CKOPOCTHIO, OJIM3KOM K MapaljaedbHOM CKOpO-
CTH YaCTULBL V|, a OTIepeK MATHUTHOTO IIOJIS [lePeMellaeTCs
¢ apetioBoOil cKOpPOCTHIO. BEIpaskenue AJs CKOpoCcTH Apelida
BeAyIIero MeHTpa YaCTUIIHI MoJAyYaeTca yepeJHeHUeM ypaB-
HEeHUA JBUKEeHUSI 1o OBICT PHIM BpAallle HUSAM IO MAaJIOMH JIapMo-
POBCKOII OKPYIKHOCTH cO cKopocThio V . IIpuBenem pesyib-
TaT 3TOoTO0 yepeaHeHUA [8]. CKOpoCcTh BeAYINETO IeHTpA:

meV?2
2eB

2
r Vih %(hroth)h é[E B] [k fB]
ch"2 S,
——hr (B R)A], (1.97)
eB
rae h B/B . 31ech BTOPOU UJieH B IpaBOiil YacTU IpeAcTaB-
JsieT coboii MOMpaBKy K MapajjeJbHONH CKOPOCTH, TPETHHN —
apetid monm AelicTBUEM BJIEKTPUUYECKOTO TOJIS, a ABa MocJIeT-
HUX WieHa — Jpelidbl, CBsA3aHHBIe C HEOJHOPOJHOCTHIO MAar-
HUTHOTO OJIA.
CropocTu n3MeHeHUA MapaslieJJbHON U e pHeHINKYJIAp-
HOM CKOPOCTEeH TaloTcA BIPAKeHUAMU
eEn V?
I 7 T2
emV2Y,

2eB

P
divh f(E[h (h )R]
Bii i i) Y Mot i
(f[()])wm( ),
. wv -V -

A7 qi v

14 2 divh 2B (hrotE)
v
2B

cmv"zvﬁ h Ok 1.98
W T'Ot( ). (. )

&V =~ B S
ﬁ(E[h f]) (Eh)(hroth)
Y Bl i yi

“2.5 (gD
PasnauuHbIe 4IeHEI B 9TOM BhIDAXKEHNHN, CBA3aHHBIC C 3JICK-

TPUUYECKHUM IIOJIEM, OTpaKarT pa60Ty QJIEKTPHUYECKOTIO II0JA
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OpH ABUMKEHUH BeIyINero IeHTpa BAOJb Hero n paboTy BHUX-
PeBOTO 5JIeKTPHUUECKOTO IIOJA HAJ YacTUIlel, Bpalaloineiicsa
IO JapMOPOBCKOM OKPYIKHOCTH. U/IeHbI, CBA3aHHLIE C HEOJ-
HOPOAHOCTHIO MATHHUTHOTO IOJA, OTPAMKAIOT N3MeHeHHIe MPo-
JOJBHOI 1 MOMePeYHO CKOPOCTH IPH COXPAaHeHNH MoIleped-
HOTO MAarHMTHOTO MOMEHTA U IIOJTHOM SHEepPruu.

B apeiiposoM IpHUOIHMIKEHNHT MOXKHO BBECTH (PYHKI[HIO
pacmpeeeHns BeIYIIUX IeHTPOB, 3aBUCSAINYIO OT IATH IIe-
PeMeHHBIX, TPeX KOOPAHMHAT BeAyINero IeHTpa, IPpogoJIbHOM
U TIOTIepeuHOM cKopocTH. OIIpee/inM ee TAKUM 006 paszoM, UTO
fdﬁdeV JaeT YMCJIO YACTHIl, KOOPAUHATHI BeAYIMUX I[eH-
TPOB KOTOPBIX JIEXKAT B COOTBETCTBYIOINEM 5JIeMeHTe 00'beMa
OATHMepPHOTo )a30BOTO MPOCTPAHCTBA. B OTCYTCTBHE CTOJIK-
HOBEHHNIM, pacCMaTpPUBAas TeUeHUS *KHUIKOCTH BeIYIMUX IeH-
TPOB B 3TOM IIPOCTPAHCTBE, MOXKHO MOJYUNTh AHAJIOT ypaBHe-
Husa Baacosa:
= f . f . f

— — V. — 0.
R 1 v % 0 (1.99)
9To ypaBHeHHe IpeAcTaBIsIeT cobo 6eCCTOMKHOBUTEb-
HOe KIHeTHYeCKOoe YpaBHeHNe B Jpeiid)0OBOM HPUOIHMKEHUH.
HpetidoBoe KMHETHUECKOE YpaBHEeHIE MOYKHO UCTIOJb30BATh
W B CTOJKHOBUTEJILHOM CAyUae, KOrJa MOXKHO IIpeHeOpeub
pasanumneM MeXKAY IOJ0MKeHeM YaACTHIbI U OJI0KeHIeM Be-

OYIMero meHTpa.

v
t



[nasa 2. YPABHEHUA NEPEHOCA

2.1. YPABHEHWA MOMEHTOB

Cucrema ypaBHeHUH AJIA MOMEHTOB QYHKITHHT
pacmpeiesIeHUA MOJAYyYaeTCA IToC/ie YMHOKEHU S KUHETHYeCKO-
TO YpaBHEHUS HA COOTBETCTBYIOINNE MPOU3BeAeHNA KOMIIO-
HeHT ckopocTeil ViV,..V, U mocienyomero HHTerpupOBAHN
o cKopocTsM. B pesyabTaTe mosyuaeTcsa 6ecKoHeUHAs eHoY-
Ka 3alleIIAIIMUXCA YpaBHeHU T MOMEHTOB. IlepBhie MATH U3
HUX TOJYYaloTCA yMHOKeHueM Ha 1, m V,um V2/2.

YMHOMKeHNEe Ha e JUHUITY U HHTeTPUPOBAHUE IO CKOPOCTIM
TMPUBOAUT K YPaBHEHHNIO HEIIPePHIBHOCTH

T . (2.1)
t

M#I paccMaTpuBaeM TOJABKO YIIPYTHe CTOJIKHOBEHUS, T10-
5TOMY B IPaBO¥ YaCTH UHTETPAJ OT CTOJKHOBUTEJIHHOTO UJIe-
Ha 10 CKOPOCTAM JaeT HOJb — OTCYTCTBYET POKIeHUE U TH-
G6enp yactuil. IIpum HaTUYNN HEYOPYTUX MPOIECCOB COOTBET-
CTBYIOINME WIEHBI MOTYT OBITH JOOABJIEHHI B MIPABYIO UaCTh.
VYpaBHeHHne HempepbiBHOCTH (2.1) omMCHIBaeT coxXpaHeHIe
yucJia 4acTHIl.

WnTerpupoBanme c Becom m V; IPUBOJUT K TPEM ypaBHe-
HUAM:

m ( tj Mjk) 7 en (Ej l[ﬁ B]]) R I (2.2)
X ¢

31ech MOMeHTHI GYHKITUHT paclpeaeaeHUA

M, ViV V[ (F,V,t)dV
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ompeaegeHbI corJiacHo (1.6). Beanunma

R, mYVStadv (2.8)

IIpejacraBJjadeT coboii CHNJIYy TpeHuA. Kak u cToIKHOBUTE IbHBIH
YJIeH, CHJIa TPpeHUud IIpeacTraBjideT coboit CYyMMY IIO HaCTHn-
Im;aM, C KOTOPBIMHU IIPOUCXOAAT CTOIKHOBEHM A

KomGuuupysa ypaBHeHue (2.2) ¢ ypaBHeHHEM HepPas3pbIBHO-
cru (2.1), pasfenss TEMIOBYIO CKOPOCTh B TeH3ope M ;, Ha

CKOPOCTHh XaOTHUYECKOI'O ABUKEHUNA U HaAIIPaABJE€HHYIO CKO-
POCTB, IIOJaYyUYaeM

mn(uju uj)
; k

Xp
. it 1l B .
5w Zen (E; li Bl) R, (2.4)
3aech
mn /= - .
T<(V i)) nT (2.5)

IIpeacraBJjideT coboit ImapnuajJdbHOe JaBJI€EHHNE, 4 BeJINUYNHa

ik kj

mn <(V] u j)(Vk uy) jk(V u )2/3> (2.6)

HAa3bIBAETCS TEH30POM BABKOCTH.

VYpasuenune (2.4) nuMeeT CMBICT YpaBHEeHUS ABUMKEHU.
JleBas ero 4acTh COIEP:KUT CYOCTAHIINATBLHY IO IPOU3BOAHY IO,
KOTOpas COOTBETCTBYET YCKOPEHMIO BHIAEJIEHHOTO 9JIeMeHTa
obbemMa cpenbl. [IpaBas yacTh eCTh CyMMa CUJI, TeHACTBYIOIITUX
Ha 3TOT 9JIeMeHT: TpaJueHTa MapIlinajJbHOTO AaBJIeHUI, AH-
BEepPreHIINU TeH30pa BASKUX HANPAKEHUI, 3JeKTPUUeCKON
cuJbl, cuiasl JlopeHiia u cuyabl TpeHus. BekTopHaa dopma
ypaBHeHHudd (2.4) nMeeT BUJI

mn[Lt @ )il

» “ Zen (E %[11 B) B. (27
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IIpu MHTeTpUPOBAHUY KUHETHUYECKOTO YpaBHEHNUA C Be-
com m V?/2 nonyuaeTca ypaBHeHNe 6ajaHca SHEPTHN:

mn , 38

_mn e Sy
: 2 2"
mn 5
TTuz EnT u; e q;
7
ZeEu;n Ru,; Q. (2.8)
31ech

mn /= - .= =
T u B0 u)) (2.9)

€CTh BEKTOD IIJIOTHOCTH IIOTOKA TeIlJa, a

o,
Q %t av (2.10)

€CTh CKOPOCTh TEeTLJIOBHIIEJIEHUSA B Pe3yJIbTAaTe CTOJTKHOBEHUIA.

Benuunia TemJIOBBIIeJIeHUS TaKsKe IpeACcTaBJIAeT coboit
cymMmMy: @ = @ . BuieBoiiuacTu ypaBHeHNs 6alaHca sSHep-
THH MepBHITi YJIeH NpeJAcTaBJIAeT cOO0M CKOPOCTh NUBMEHEeHUA
SHepTru’ eINHUIILI 00hbeMa, KoTopas BKJI0UaeT B cebsA sHep-
THIO HAMIPaBJIEHHOTO M TEILJIOBOTO ABM:KeHUA. BTopoii uwieH
CKJIAIBIBAeTCA U3 TUBEPreHITU N MOJHOTO MOTOKA SHEPTHUH:

mnr e 3,7 4 q
2 2
¥ paboTHI CHUJI JaBJIeHUS U BA3KOCTH:
Tj (p ik ik o,

B3ATHIX ¢ OOpATHHIM 3HAKOM. B pe3yabTaTe MOABJIAETCS KO-
sddumnment 5/2nepegn T . B npaBoii yactu ypaBHeHudAg (2.8)
KpoMe TeILTOBBIJeJeHIA @ colep:kuTeA pabora sjeKTpuue-
cKoTO moJia u pabota cuiibl TpeHusi. Cuna JlopeH1a He coBep-
maeT paboThl, TAK KaK OHA HePIeHINKYIApHAa CKOPOCTH, MO~
9TOMY COOTBETCTBYIOMIUHU UJeH OTCYTCTBYeT B (2.8).

YpaBHeHHe 6anaHca SHepPTruU MOKET OBITh CKOMOMHUPO-
BaHO C ypaBHeHHEeM HelIPePHIBHOCTH U C YpaBHeHHeM Oajamca
cui (2.7). B peaynbraTe ypasHenne (2.8) MosKeT OLITH IIepe-
TMHUCAaHO ellle B IBYX 9KBUBAJEHTHBIX BUIAX:
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3 3 _

nT i xkf i Q; (2.11)
3 _
_ u; _
nT u P qg Q. (2.12)
X

9Ty ypaBHEeHUA ONMUCHIBAIOT N3MeHeHe BHYTPeHHel sHep-
THH YaCTHUII U IPeICTABIAIOT co00ii ypaBHeHHA OaiaHca Telma.

IIporeaypy MHTeTPUPOBAHUA KHHETUUECKOTO YPaBHEHUA
MOJKHO IIPOJOJIYKATh, B pe3yAbTaTe UeTo MOJYyIUTCs 6ecKoHey-
Hasd cucTeMa ypaBHeHHI MoMeHTOB. Tak KaK oHa SABJsSeTCA
MPSAMBIM CJEICTBUEM KMHETUUYECKOTO YpaBHEeH! A, TO CIIpaBe-
JuBa Bcerga. OTHAKO MpaKTHUeCKOe ee MCIIOJb30BaHIe B 00-
meM cJiyuae HeBO3MOMKHO. [[eficTBUTEIbHO, YTOOKI OIIPEeIUTh
mpodUIbh KOHIIEHTPAIITNY U3 YpaBHeHUA HeTIPEPHIBHOCTH, HAJIO
3HATHh HANIPABJIEHHYIO CKOPOCTD U ; JJIA HAXOMKIEeHUA U U3
ypaBHeHUA 6aaHca CUJI HeoOXOUMO 3HATH JaBJIeHUEe p , BA3-
KOCTb  ;; W CHJIYy TPEHUA R ; B ypaBHeHHus GanaHca TeILIa
BXOJAT HOBBIe BeJIUUNHBI ¢ M U T. 1.

Y06k ciesIaTh CUCTEMY YPaBHEeHU M HeTIpe phIBHOCTH, Oa-
JaHca CUJI U SHePTuH (Temia) 3aMKHYTO, Heo6X0qNMO BRIpa-
3UTH BEAUUHUHBL 5, § , R u@ uepesn , i ,T uwuxmpo-
CTpaHCTBeHHbBIE Tpou3BoAHEIe. Takasa mpolleAypa BO3MOKHA
B THAPOANHAMUYECKOM HNPpUOIMIKEeHNN, KOTIa XapaKTepHbIe
TpOCTPaHCTBeHHBIE U BpeMeHHbIe MacINITa0kl JOCTATOYHO Be-
JHUKH, & CTOJTKHOBEHUA AOCTATOUYHO HacThl. KpuTepuem AB-
JSIeTCS MaJIOCTh JJIUHBI CBOOOTHOTO TIpobera  WJM JapMoO-
POBCKOTO pagnWyca MOHOB , IO CPaBHEHHIO C XapaKTepPHBIM
MacIITaboM H3MeHeHusA mapaMeTpoB mwiasMel L, = dlnn/dx !
(unmu Ly = dlnn/dx 'wuT.n.). XapakTepHoe BpeMsa JOJKHO
OBITHh BEJUKO II0 CPABHEHUIO CO BpeMeHeM Me KTy CTOJIKHOBe-
HuAME | miamobpaTHOH IIUKJIOTPOHHOM YacToToll 1. Dyek-
TpHUUECKOE MOoJIe TAKKe JOJIKHO OBITh MAaJIO JIs TOJTHOCTHIO HO-
HI30BAHHOM IIa3MFbl, HanlpuMep, £ << K, rae E,, — nouie [Ipaii-
cepa (1.44). B HeogHOPOAHOM MATHHTHOM IIOJie KPUTepUH
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OPIMEHHUMOCTH T'HAPOAUHAMUUECKOTO OIIMCAHNS MOXKeT OBITh
JKecTue, M3-3a Apeiida JapMOPOBCKUX OPOUT YCJIOBHE MMeeT
pug r<<L,,L;,Toe r— cMeIleHNe BeIYIIETO IEHTPA MEXKIY
cTONKHOBeHHAMU. OTAeJIBHOTO pacCMOTpeHIA TpedyeT 06JIacTh
BOJIN3H MATepHAJbHBIX TPAHHIL ILIA3MbI, I'le KOHIIeHTPAI[NA
YACTHI] CTPEMUTCS K HYJIIO U YMeHbIaeTca MacinTab L ; B 5TUX
obJiacTAX Beerfa TpedyeTesa KMHETHUECKOe PACCMOTPEHIE.

CoraacHo TepMHUHOJOTHH TEPMOJUHAMU KN HeOOpaTHMBIX
IpoleccoB BeIUUYuHBI R , ¢, B @ Ha3LIBAIOTCS TEPMO-
JUHAMHYECKUMH «IOTOKAMU» j,,, 8 GaKTOPHI, IPUBOAAINNE
K OTKJIOHEeHMIO oT paBHoBecuA. T ,T T ,u U mn

U, uy, 2 -

ik
Xy x; 3

HaBhIBAIOTCSA TePMOAMHAMUYECKUMHU «CUJIaMu» X,. Bemmun-
Ha W ;, H3BecTHa Kak Te€H30D CKOPOCTH CABUIOB. B ruaponu-
HAMHUYeCKOM HNPUOIMMKEHNUN «IIOTOKU» j, JUHEHHO CBA3AHBI
C «CHJIAMHU» X,, a MOocJeJHHUEe JUHEHHO BHIPAKAIOTCS Yepes
monpasBKy f! K MaKCBeJLJIOBCKOM (JyHKIMU pacIpe/eJeHns.
Ob1as TnHeliHasd CBA3b NMeeT BU/

Jn LipnXns (2.13)

n

a MaTpuna L, , HagsiBaeTca MaTpuneil koadHUMUEHTOB ITepe-

Hoca. Takum 06pasomM, UTOORI HANTH BXOAAINNE B yPAaBHEHUA
MOMEHTOB «IIOTOKH», HeOOXOJMMO BHIUMCIUTEL IMOTPABKY K
MAaKCBeJLIOBCKOM (pyHKIMHU paclpefeieHus f! um c ee momo-
b0 BHIYUCIUTD KOahDUITHEeHTHI IepeHoca. ¥ paBHEHUA MO-
MEHTOB C M3BEeCTHBHIMHU KoshdHuIImeHTAMHY HMepeHoca Ha3biBa-
10T OOBIYHO YPAaBHEHUAMH TIepeHocAa.

2.2. KOOODULUUNEHTbBI NEPEHOCA
B MNOJIHOCTbIO
MOHN3OBAHHOM MNASME.
METOA YENMMEHA — 9HCKOTA

ITokaxkeM, KaK BEIYUCIASIOTCS KO3 PUITHeHTHI
mepeHoca B IOJHOCTHIO HOHM30BAHHOM ILIazMe. 3apsg HOHOB
MOJIOMKHM JIJIS IPOCTOTHI efuHNIlel. BygeM ncKkaTh QyHKIIHIO
pacmpegesieHns B BUAE pAga

fofrn .., (2.14)
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rge f° — MakcBe/JIOBCKad QYHKIUA pachopefeleHusA (He
CIBUHYTAsA 3a cUeT HAIIPABJIEHHOMN CKOpocTH), a f1 — Manas
mompaBka. [IJid onpefe e HHOCTH PACCMOTPUM 9JIEKTPOHHYIO
GYHKITHIO pacTIpeie e HU.

B kuHeTHUYeCKOM YPaBHEHUH

eyl e plyp kog
i r m c 174

TJIABHBIMHU YJIEHAMHU SABJSIOTCS CTOJKHOBHUTEJIbHBLINA YUJIeH H
YJIE€H ¢ MAarHUTHBIM IIOJIEM, & OCTAJIbHBIE€ YUJ/JI€HBI CcOoAeprKaT
MAaJIOCTh, TaAK KaK 2JIEKTPHUUYECKOe I10JI€ N I'PagueHThl MaJkI, a
IIPOITECCHI IIpeAIIoJgaralTca MeIJICHHBIMHU. MaxcBeagoBcKas
GYHKIHEA pacipefeieHUA o0palaeT B HOJb 3JeKTPOH-2JIeK-
TpOHHbIﬁ CTOJKHOBUTEJbHBIN UJEH:

St (12,f2) 0, (2.15)

e

a HepereCTHbIﬁ CTOJIKHOBUTEJJbHBIN 4JIeH COMEPKHUT MAaJIBIN
ImapamMeTp — OTHOIIIE€HNEe MacCC me/mi. Tak kak MaKCBeJJIOB-
CKas Q)YHKI_II/IH pacnpegesJieHUA 3aBUCUT TOJIBKO OT MOAYJIA CKO-
pocTHn, TO OHa o6pa1_uaeT B HOJIb 1 YUJIeH C MAIrHUTHLBIM IIOJIEM:
% V B ];; 0. (2.16)
ITosToMy mompaBKy f! HeO6XOAUMO yAEPIKUBATD B CTOJIK-
HOBUTEJIBHOM YJIeHE 1 YIeHe C MAarHMTHBIM IIOJIEM, & B OCTaJIb-
HBIX « MaJIBIX» YWJIeHaAX JOCTaTOYHO yaepxaThb TOJIBKO 7(;20 .B pe-
3yJbpTare nMeeM

A I - N

t r m, V m,c 14
Stee(f;zo’f;zl) Stee(f;zl’f:zo) Stei(f;z’f;)' (217)

31ech B 3JIEKTPOH-2JIEKTPOHHOM CTOJIKHOBUTEJIHHOM UJIe-
He TpoBefieHa JuHeapusanua. KoHIeHTpanusa u TeMIiepa-
Typa B MAKCBEJJOBCKOM GYHKIIUY pacupeaeaeHU SBIAIOT-
¢ GyHKIUAME BpeMeHu. IIponsBOAHEIE OT HUX TIO BpeMe-
HHU MOXKHO BHIPA3UTh Uepe3 MPOU3BOJHBIE OT KOOPDAMHAT C
TIOMOIIbIO YPaBHEHU I MOMEHTOB, B3ATHIX C COOTBETCTBYIOIEH
rounocThio. IlosyunBieecss ypasueHnune aiasa [} saBadgeTcs
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JUHEeUHBIM HHTETPO-AuddepeHIINATbHBIM YpaBHeHIEeM. Pe-
IIUB €70, MOKHO HaliTH f! Kak QYHKIMIO TepMOIUHAMUYE-
CKHUX CHJ, a 3aTeM, BEIUHUCJASA C €e MOMOINHIO TepMOJANHA-
MHUYecKHe TOTOKH, MOYKHO MOJYUYHUTh KO3(PPUITHeHTHI Tepe-
Hoca.

ITokaskeM, KaK peajin3yeTcs 5Ta IIporpaMMa JIJIsi 0O JHOPO/I-
HOM MB30TePMUUYECKOM IJAa3Mbl 6€3 MAaTHUTHOTO IIOJIA, IIOMe-
IMeHHOM B MOCTOSIHHOE OJHOPOAHOE 3JeKTpHUeCcKoe IIoJe.
HaumeM ¢ mpeobpasoBaHUA MePeKPECTHOTO CTONKHOBUTEb-
HOTO WJIeHAa:

g 2 Ujk(fefi fife)dv, (2.18)

ei
m, 1/] m, Vk m, Vk

W3-3a MajgoCTH OTHOINEHUA MacC NOHHYIO QYHKITNIO pac-
npegenaeHu B (2.18) MOKHO IIOJIOKUTH MaKcBeJLToBcKoi. Tak
KaK OTHOCHUTEJbHAA CKOPOCTDH OJIM3KA K CKOPOCTH 3JIeKTPO-
HOB, TO B IEPBOM IPUOIMHKEHIN Uy, =V, oe

, V.V,
k k
v, = —LZ (2.19)
I V V3

CoxpaHAA ¢ TOYHOCTHIO J0 M, /M; TOIBKO BTOPOH UJIeH B

(2.18), mocie MHTETPUPOBAHUS ITOJIyUaeM

4
St_Zen_ 1.

ei P ik
mZ V; V.

) (2.20)

BrruncanM cHaYaIa CUAY TPEHUS B TAK HA3hIBAEMOM KBAa-
SUTHAPOIUHAMUYECKOM IMPUOIMIKEHN N, KOT1a 3JIEKTPOHHAS
GYHKIIHA pacipeieieHUs IIPeAIIoaraeTcs MaKCBeJIOBCKOH,
CIBUHYTO! Ha BeJIMYUHY U, U; U (B CHCTeMe OTCUETA, I'Ae
MOHHAS HAIpaBJeHHAaA CKOPOCTh paBHa HyJ0). Ilosaras

Teav),

e

L fPa

UCIIONB3Y A TodIecTBO V, V), = 0, umMeem

2 net

e

RS m/VSt,dVv V—rAVy 7(;;01217)]&7
k

Vi
2 4 . .
’71,79 V-, fOu, )dv.

e 7
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C Y4eTOM COOTHOINIEHUA

Vi 2V
nmMeeM 1/] V3
R m,n i, (2.21)
e
i 42 ne' . (2.22)
3 m}z/sz/z

— ycpeaHeHHAA YacTOTA CTOJKHOBEHHU M 5JIeKTPOHOB. UncieH-
HBII KoadduuenT B Beipaskenuu (2.21) paBeH eguHHUIE. ITO
cJeJCTBUEe MpeIoJOMKEeHNsI 0 MAaKCBEJJIOBCKOM XapaKTepe
GyHKIINT paclpelesieHusi. B peanbHOCTH *Ke GYHKIUA pac-
npefeaeHUSA 9JIEKTPOHOB He ABJSIETCA CABUHYTOM MaKCBeJ-
JIOBCKOM, TaK KaK 6oJiee 6bICTPhIe 2JeKTPOHBI CTATKUBAIOTCA
pexke, ueM GoJjiee MeAJIeHHEIEe, TTOATOMY QYHKIIUA pacipese-
JeHusA 1eopMHUPOBAHA U BRITAHYTA B HAIpaBJeHUU IPOTHUB
3JeKTpUUeCcKOoro noJid. B pesyiabraTe uncieHHBIT KoahdUITH-
€HT B CHJIe TPEHUA OKa3bIBaeTCA IMTOUTH BABOE MeHbIIIE.

YTo6H IPaBUJIbHO BEIUUCIUTDL CUNY TPeHUS, NepelieM
B CHCTEMY OTCUEeTa, IBUMKYINYIOCA CO CcpelHel CKOPOCTHIO
53JIeKTPOHOB i,, U IpOU3BeaeM pasbueHne 3JIeKTPOH-NOHHO-
T'O CTOJKHOBUTEJHHOTO UJeHA:

Stee(feo’fel) Stee(fel’feo) Stei(fe’ﬁ)

@ f{; Stei(fe’f; fl) (223)

e

B 571eKTPOH-NOHHOM CTOJKHOBUTEIHHOM UYJeHe J00aBJIeH
u BbIuTeH uwieH St,;(f,,f; ) ,Tae f — uoHHaA QYyHKIMA pacmpe-
JeJIeHNUsT, CIBUHYTAS TAKUM 00pa3oM, UTOGHI CpeIHSSI CKOPOCTh
HMOHOB COBIIAJIA CO CPeJHel CKOPOCTHIO AJIeKTPOHOB. IIpu aToM
B mpasoi dactu (2.23) posuuraer ciaaraemoe St (f,.f, 1),
KOTOpOE CO/IeP3KUT MaNylo BeIUUUHY f f U BKOTOPOM, CJie-
IOBATEJbHO, MOKHO IOJOKUTE [, [.OHO COAEeDPKUT MAJOCTh
m,/m;. Honpasry [! uinem B BUIE

frofo ). (2.24)
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Ioacrapasiem (2.24) B (2.23). OuneKTpuduecKoe moJje B
(2.28) BEIpaskaeM Uepes CUAY TPeHU U3 ypaBHeHUA 6alaHca
CU.J 1A daeKTpoHoB enE R, . "nen St,(f°,f ) mpeobpasy-
eM caeayooiuM obpasom. CoriacHo (2.20)

4 e*n
St (12, 1) WT(ijkaeo),

ele i

rae rjaBHasd 4acTh TeH30Ppa OTHOCUTEJIBHBIX CKOpOCTeﬁ BbI-
YHUCJIeHAa OTHOCHUTEJIBbHO HOHOB, NMEIOIIINX CKOPOCTH i:

ik (V] uj)(Vk uk).

R IR
v g v 4
V.
Yunroipas, uro Vi, (V, w,) Om 1} %, moJIyqaeM
i
4 e*n -
St (f°,f === _Vuf.
B L
B peasyapTarte (2.23) npeobpasyeTcsa K BUAY
4 ne* Vi 0 (ée?i R;i) 710 2.95
Iee( ) Iei( ) mng V3 f:z nTe Vﬁz . ( ° )

Cuia TpeHus pasbuTa Ha IBa cJaraeMbIX:
D DO D1
Rei Rei Rei ‘
Bermunna R? (2.21)06ycinoBiaeHa MaKCBeLIOBCKOM hyHK-
nueii pacnpegeseHns f° , CABUHYTOMN OTHOCUTEIHHO HOHOB Ha

BEeJIMYUHY 1 . BTopasa yacTh CHJIBI TPEeHUA BhIZBaHA IIOIPAB-
Kol (2.24):
Ry, mVI,( MV. (2.26)
31ech
Iei( ) Stei(ﬁzo ’f; ),
L.(C) St(f2,1 ) St.(f 1) (2.27)
Vpasuenmne (2.25) mpeacrasasaeT coboii muHTerpo-audde-
peHIMAIbLHOE YpaBHeHNe AJA MOTMPaBKU K PYHKIIUK pacape-
JIeJIeHUS.

M#I mostaraeM, 4TO KOHITEHTpAIlUA, TeMIIepaTypa 1 cpef-
HsA CKOPOCTH (paBHAA HYJIO B ©36paHHOUN cHCTEeMe OTCcUeTa)
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ompeenAioTcA HyJIeBoii QyHKIHel pactipeneaeHus. [losTomy
TMoIpaBKa JOJKHA YAOBJIETBOPATH CIAeAVIOMUM YCJIOBUSIM:

0 dv 0, V2 dV 0, V22 dV 0. (2.28)

W3 coobpaskeHU BeKTOPHON MHBAPUAHTHOCTH pelleHne
HIMeM B BUIe AV )ﬁV.
®yurnuio A(V?) yoobHO HCKaTh B BH/e pas3IoXeHUs IIO
noJmHOMAM Jlareppa:
m, m,V?

e qLl?(x), x —&—. (2.29)
e k1 27’6

A(V?2)

ITosuuomsl Jlareppa (CoHuma) mpeacTaBiasAioT coboi op-
TOTOHAJBHBIE MOJMHOMBI, KOTOPBIE YIOBJIETBOPAIOT YCIOBUIO
OPTOTOHAJIBHOCTH:
xmexp( DI (0L @dx LR (2.50)
0 p:

IlepBrie ABa mOJMHOMA UMelOT 3HaueHusa L 1, L

m 1 x.Pasmoxenne B (2.29) maunHaeTcsi ¢ k= 1, 4T0OBI
obecrneunTh yeaosue (2.28). Ymuoxkasa (2.25) Ha
1/2

myv2 -
< dv
2T

e

VL/?

4 m
15n T,
M UHTETPUPY A IO CKOPOCTAM, TToJyUaeM 6€CKOHEeUHYIO CHCTe -
My anrebpandecKuX ypaBHeHHU

@, a)4 4ok 1,2.. (2.31)
rae a,;, 4, — 06e3pasMepHbIEe MATDHUIIBL:
G e LRV L, L@V dv;
4 m, .32 3/2 >
G T L@V I, PV dv. (2.32)

ei e

Matpunsia,, u a,, npuBeaeHH B pabote [9]. O6priBad psax
(2.29) u orpaHmumBaAcCh NepBHIMU noamuHomamu Jlareppa,
MOJKHO PeIllnTh KOHeUHYIO alrebpandueckyio cucremy (2.31)
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¥ HalTH K0oadPUIUEHTHI @, a CIeA0BATEIHHO, U IONIPABKY K
GbyHKIINT pacupeaeaeHnA.
BrIunciieHHAS ¢ YU€TOM HMOMIPABKY CUJIAa TPEHUS HMeeT B

R, R° R. 0,561nm, , (i, u). (2.88)

AHaJIOTUYHBIM o6pa30M BBIUYUCJIAIOTCA OCTaAJIbHBIE «IIOTO-
KH» U «CHUJIBI» B O6H.IeM cJayuae.

2.3. CBOJKA PE3YJIbTATOB
414 NoJIHOCTbIO
MOHN3OBAHHOMW MJIASMbI

IIpuBemeM CBOAKY pe3yJbTATOB OJA IOJHO-
CThI0O HOHM30BAHHOM IJIa3MbI, HOJYUEeHHBIX B paboTe Bparun-
ckoro [9]. OrpaHmymnMcs ciaydaeM OJHO3aAPAJHBIX HOHOB Z 1
¥ CHJIBHOTO MATHUTHOTO MOJAA  ,, > ;, = ;.

Cuia TpeHHUS COCTOUT U3 IBYX UacTeli:
R, R R" RT. (2.34)
IlepBas uacTh CUJIbI TpeHNA RY cBsI3aHA C OTHOCHTEIbHOM
CKOPOCTHIO 3JEKTPOHOB ¥ MOHOB:
R* nm, 0514, u), 4 U, u,. (2.35)
YacToTa 3JeKTPOH-NOHHBIX CTOJIKHOBEeHI corJiacHo (2.22):
42 net

3 jpl/eps/e’ (2.36)

e

ei

TIe KYJOHOBCKUI Jorapudm:

23,4 1,15lgn 3,451gT,, T, 50¢V;
23,4 1,15lgn 2,311gT,, T, 50eV.

B BBRIpaskeHue 411 KYJIOHOBCKOTO JorapudMa KOHIeHTpa-
U0 cjaeAyeT MOACTaBIATH B equunIilax CGS, a Temmepary-
Py — B 9JEeKTPOH-BOJIBTAx. Bropas wacTh cuibl TpeHus RT
Ha3bIBAETCS TEPMOCHUJION M 3aBHCUT TOJHKO OT TpajueHTa
5JIeKTPOHHOM TeMIIePATY PhI:

3nei

R” 0,71n T, 5 (2.37)

| b

ce
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IToToK Temia MOHOB MMeeT BU/

send) B
2 eB B

T

i

4 a0 T (2.38)

rage KOBQ)Q)I/ILII/IGHTBI TEIIJIOIIPOBOJHOCTH BAOJb U IIOIIEPEK Mar-
HHUTHOTO IIOJIA:

3,9nT, 2nT,
g 2, (2.39)
m; i mi &
a 4acTOTa MOH-MOHHBIX CTOJKHOBEHUIA:
i i%. (2.40)
3 m; T,

HOTOK TeIllJia 3JIEKTPOHOB COCTOUT U3 IBYX tIaCTeI‘/JI:
i, 7 G* (2.41)
d. 4. 42 .

IToTok, 06YCIOBAEHHEBIH TEIIOIPOBOHOCTRIO, IMEET BHU/

. 5cnT, B
qr ATV T, 2 °B B T, , (2.42)
rie
3,16nT, 2nT, .,
g e e d (2.43)
My o M, ce

BTOpaH qacTh 3JIEKTPOHHOI'O IIOTOKA TeIlJla BEI3BaHAa OT-
HOCHUTEJIbHO CKOPOCTHBIO:

8nT, B .
2 “ B

ce

g¢ 0,71nT,d, : (2.44)

HcTouHUKM U CTOKH TeILIa IIpeacTaBJaAdAIOT Cco0O TeILIo-
obmeH MEeX Ay 3JIEKTPOHaAMHW U MOHAMM M OXOYJIeB Harpes,
KOTOprﬁ IIPUCYTCTBYET TOJBKO B 3JIEKTPOHHOM YJICHE:

Q@ @ ="

Q Ri Q. (2.45)

TeHsop BASKUX HaHpﬂD}QeHI/Iﬁ COCTOHUT U3 ABYX YyacTen:

3m,

n . (Te Tl)’

T oca g (2.46)
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HepBaﬂ qacTh 3aBHCHUT OT CKOpOCTeﬁ, a BTopad 4acThb —
OT MOTOKOB TeILia. B OTCYTCTBHE MaArduTHOTI'O IIOJIA II€pPBO€E
caaraeMoe mMeeT BU /L

-g u; u 2 _
L oW LD 2 G4, (247

B cuinHOM MarHUTHOM HoJte (Z || B):
z Osz 4
7 (] 1
?(Wxx Wyy ) ?(Wxx Wyy) 3ny »

Y TO(Wxx Wyy ) Tl(Wyy Wxx) 3ny b4

u u 3
1ny T(Wxx Wyy )’

xy yx
U U

Xz 2x 2Wx2 4Wy2’

U U

Ve W, W (2.48)

KosdduiueHTH BAZKOCTH AJIA MOHOB:

o 0,96nT,/ 4,
nt,
il 0’3—2_’ i2 4 il»
nT;
i85 o i 2 3. (2.49)

ci

L1 57IeKTPOHOB BASKOCTH OOBIUHO HecyIecTBeHHa. BTo-
pas 4acTh TeH30pa BA3SKUX HANIPSIKEeHUI CTAHOBUTCA CYyIIe-
CTBEHHOI1, KOT/Jja IOTOK TeIla ¢; CTAaHOBUTCA mopAaka nTu;;
COOTBETCTBYIOIINE BhIpaskeHUA npuBeaeHsl B [10]. Baskoct-
HOe TeILIOBBIIeJIeHIe CBA3aHO B OCHOBHOM C MOHAMM; eTo TJIaB-
Has 4acTh:

V. Vv,
Qi p—— = Ve % o9 Ve (2.50)
x, 8 x y z

YucaeHHbIE KO3GhGUINEHTH I CIYyYaeB MHOTO3aPAJHBIX
WOHOB ¥ IPOMEXKYTOUHBIX 3HAUEHHUI MATHUTHOTO IO IPH-
Beaeusl B [9]-[10].
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2.4, KOOODULUUNEHTbI NMEPEHOCA
B MOJIHOCTbBIO _
MOHN3OBAHHOM MJIASME.
KAYECTBEHHOE PACCMOTPEHWE

IIpoananusupyeM KaueCTBEHHO IOJYUYEHHEIE
pesyabTaTH A1 KoahUITNEeHTOB IIepeHoca.

2.4.1. CUJIA TPEHUA, OBYCJIOBJIEHHAYA
OTHOCUTENIbHOU CKOPOCTbIO. TEPMOCHIJIA

OLeHKY AJIA YaCTH CHJIBI TPpeHNA RY , CBASAHHOM C OTHO-
CUTEJIFHOM CKOPOCTHIO, HECTIOMKHO BEIUNCIUTH KAk N3MeHEeHHE
HMIIYJIbCa BJIEKTPOHA OTHOCUTEIbHO NoHAa m, (i, U;) 3aBpeMs
MeKAY CTOJKHOBEHUAMH !, YMHOKeHHOe Ha KOHIIeHTPAIIHIO
3apsKeHHBIX YacTHIl 1. [IJIA ABMKeHUI HoTlepeK MarHuTHOTO
oJIA PYHKITHUA paciipeesieHus 5JIeKTPOHOB 6113Ka K MaKCBeI-
JIOBCKOM, CIBUHYTOM Ha BeJIWUYUHY U , TAaK KaK BpallleHue Mo
JApMOPOBCKOM OKPY/KHOCTH YMEHbBIIAeT aHN30TPOIINIO PYHK-
muu pacupegenenusi. [lompaBKu comepskaT MaJoOCTh MOPATKA

i/ cer IIOSTOMY TIOTIEPEYHAA YACTH CUJIBI TPEHUSA COBIIAZAET C
CUJIOM TpeHUSA B KBASUTUAPOANUHAMUUYECKOM TPUOIUKEHUN
(2.21). B nupomoanbHOM Ke HaIlpaBJeHNH M3-3a NCKaKEHUSA
GYHKIIUY paclipefee HU MOABISAETCA YNCHAeHHBIN Koaddu-
IMUeHT U CUJa TPeHUs OKA3bIBAeTCA IMOUTH BIABOE MeHBIIE.

BTopas uyacThb CHUJILI TPeHUS, TPOMOPIIUOHANLHAS I'PAAHeH-
Ty 3JIEKTPOHHOMN TeMIIe paTyphl, H3BeCTHA KaK TepMocu.ia. [1o-
SABJIEHNE 3TOM CHJIBI CBA3aHO C 3aBUCHMOCTbHIO YACTOTHI CTOJK -
HOBEHUII OT CKOPOCTH HPHU KYJOHOBCKHX CTOJNKHOBEHHAX.
PaccMoTpuM 3JeKTPOHEI ¢ HYJIEBOM CpelHe CKOPOCTRIO,, CTAM-
KUBAaIOIMUecA C HeIOABUKHBIMHI

MOHAMU B IJIazMe 06e3 MArHUT- T2
HoTO moJisa. IToToku sJeKTpO- R. R
HOB Uepes e ITMHUIHYIO TLI0IIAa- -— —
KY, PAcIIOJIOMKEHHYIO IIPU 2 = 2, // R
(puc. 2.1), HaIpaBJIeHEI B IPOTH- /
BOTIOJIOKHEIE CTOPOHBI M PABHEI A

n nVy (Vy; — TenjaoBas
cKopocTh). Tak KaK 5JeKTPOHBI e 20, z
TIPH CTOJTKHOBEHUAX TEPSAIOT UM- Ae Ao

IIyJbC, IIOABJAIOTCA ABE CHUJFBI, Puec. 2.1
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. TIPOTIOPIIMOHATBHBIE COOTBETCTBYIO-

® ‘Iel TReT muwm motokam B, R. mnVy ,
3 lT; JelicTBYyIOIINEe Ha MOHEI. B miasme ¢
m OJHOPOMHOII TeMIIepaTy poii 1 MIOT-
W > HOCTBIO 5TH CHIIBI cbanaHCUPOBAHBI

! M cyMMapHas cuja paBHa HYJIO.

i x=x, B npucyTcTBUH e rpaJueHTa 3JIeK-

TPOHHOM TeMIIepaTypPhl 9JIeKTPOHBI,

TepecekaloIue MIOMIAAKY, ITPUXO-
IAT 13 o6JaacTeil ¢ pasHOIl TeMIepaTypoi, OTINYAIONeics Ha
Beanuuny  T,=(dTe,/dz) ,, TAe ,— AJIUHA CBOGOZHOTO IPO-
6era. [Tostomy R, R_uBo3HUKAeT HecOalaHCUPOBAHHAA CUJIA.
Ecau, HanmpuMep, TeMIlepaTypa 3JIeKTPOHOB CIIpaBa 60JbIIle, TO
M3-3a TOTO, YTO KYJOHOBCKAA YaCTOTA CTOJIKHOBEHUIT magaeT C
pocTOM CKOpocCTH, cuiia R Mensbine, uem R . B pesyibpraTe Bo3-
HUKaeT HecOalaHCUPOBAHHAA CHUJIA, BRITATUBAIOIIAA NOHBI B IO~
pAUyIo o6acTh. BetmunHa 9Toi CUJIBI:

Puc. 2.2

RT me(:l”fi TV, n%. (2.51)

ITo TpeThemy 3aKkoHY HbIoTOHA TaKast ke CUJIa C HPOTUBO-
TTOJIOSKHBIM 3HAKOM e ICTBYeT Ha 5JeKTPOHBI.

ITomepek CUJIBHOTO MATHHUTHOTO TOJA 3JIEKTPOHBI Bpa-
MIAIOTCS IO JIapMOPOBCKO I OK PYKHOCTH, U TIOSTOMY HecOasIaH-
CUpOBaHHAsA CHJIa BOSHUKAET B HAIIPABJEHHUNU, HOMEePEeUHOM
K TpaAmeHTy TeMmmOepaTypsI (puc. 2.2). Tak KakK 3JeKTpo-
HBI IPUHOCAT UMITYJIbC C PACCTOSHU M TOPAIKA JaPMOPOBCKO-
ro pagmyca . ,,, TO pasjuuue B TeMIEPATypax COCTABISIET

T,=(dT,/dz) ..Anamornuso (2.51)Ha HOHHI JeliCTBYeT CHIa

B
= T, 2.52
5 L (2.52)

a Ha 3JJeKTPOHBI — TaKad e CuJja C IIPOTHUBOIIOJOM HBIM
3HAKOM.

2.4.2. NPOBOAMMOCTDb

B ogHOpoAHOM maasMe 63 MAaTHUTHOTO TIOJIS WUJIH BIOJD
MATHUTHOTO TIOJA 3JIeKTPpUUecKoe I0Je YPaBHOBEINBAETCA
cuJoi TpeHusi. B pesyibTaTe BOBSHHKAET TOK, BEJIUUYNHA KO-
Toporo corJyiacHo (2.35) ecTh
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i B (2.53)
rJe CIUTIepOBCKAas IPOBOJUMOCTS:
ne?
e (2.54)
0,51m, .,

Tak Kak yacToTa KYJOHOBCKHX CTOJKHOBEHWUI ITPOIOP-
IMUOHAJbHA KOHIIEHTPAIIUY 3apsAsKeHHBIX YaCTHUIL, TO MIPOBO-
JIUMOCTD TTOJTHOCThIO MOHM30BAHHON IJIa38MbI He 3aBUCHT OT
KOHITeHTPAITUH U OTIpeesieTcA 3JeKTPOHHOM TeMIle paTypoi,

I T?/2,OTMeTHM, YTO B OTJIUYUE OT CAYdYAs YACTHUHO HO-
HHU30BAHHOM IIJIa3Mbl B IOJHOCTHIO MOHM30BAHHON ILIaszMe
OTCYTCTBYET IIOHATHE HOABUKHOCTH — ypaBHeHHUe (2.53) mo-
3BOJISET ONpeJeJUTh JUIIh OTHOCUTEJbHYIO CKOPOCTh 2JIeK-
TPOHOB M MOHOB, HO HE CAMHU 5TH CKOPOCTH. JTO CBABAHO C
OTCYTCTBHEM BHIIeIeHHOI CHUCTeMBI OTCUeTa, CBA3AHHOI B
c1a00MOHN30BAHHOM IJIasMe ¢ HeMTPaJIbHBIM Ta30M.

B auTepaType uacTo BBOAUTCA BeanuuHa = ne?/(m, ,;),
KoTopas, OJHaKO, He ONpeAesasieT pealbHYI0O MMPOBOAUMOCTD
IJIa3MBbI MIOTIepeK MAarHUTHOTO moJid. JleficTBUTEeIbHO, OJHO-
PO HOE BJIEeKTpHUUYECKOe TT0JIe, MPUJIOKeHHOe TTIoepeK MarHuT-
HOTO, BCerja MOYKHO 00paTUTh B HOJIb B COOTBETCTBUN C IPe0s-
pasoBanmueM JIOpeHI|a 3a CUeT IepPeXoja B CHCTEMY OTCUETA,
IBMKYINyIocs co ckopocthio ¢[E B]/B”. IlostoMy ogHOpPOA-
HOe 3JeKTpUUYecKoe MoJie B MTOJHOCThIO MOHMB30BAHHOM TJIas-
Me BOOOIe He BHI3HIBAET TOKA B IMTOTIEPEUHOM HAIIPABJIEHUN.
B sTOM CcMEBICJIe mOTIepeYHAasA IPOBOJUMOCTD IMTOJHOCTHIO HOHM -
30BaHHOII MJIa3MbI paBHA HYJIIO, TaK e KaK PaBHBI HYJIIO TO-
mepevHbie (B HATIPABJACHUH SJIEKTPUYECKOTO TIOJA) TOIBUMK -
HOCTH 5JIEKTPOHOB 1 MOHOB.

2.4.3. NMOTOK TENNA.
TENJONPOBOAHOCTD,
KOHBEKTUBHAY YACTb
IToTok Temsa, KaK W CUJia TPeHUs, COCTOUT U3 ABYX Uac-
Teii. IlepBad yacTh ABAAeTCA JUHeHHOU QYHKITNE rpagueH-
Ta TeMOepaTyphl U o6ycJIoBJeHa TeIJIONpoBogHOCTHIO. OHa
uMeeT BUJ

¢ T 2T, (2.55)
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OlleHKa KOMIIOHEHT TeH30pa TeIJIOIPOBOJHOCTH =~ W TeH-
30pa TeMIepaTypoIpOBOJHOCTH ~ BJOJb W IOIepeK MarHuT-
HOTO TIOJIA MTPOU3BOAUTCA TAK Ke, KaK U AJA YaCTHUIHO HOHHU-
30BaHHOM ILIa3MHbI. [[maroHaJ bHbIe KOMIIOHEHTHI TEH30 DA TEM-
mepaTypornpoBOAHOCTH IO HOPAIKY BeIUUNHBI OIIeHUBAIOTCA
KaK cpeIHII KBaApaT CAyUYalHbIX Oy KIAHNH, YMHOMKEHHBII
Ha 4aCcTOTY CTOJKHOBeHHUIi. Baoas (B oTCyTCTBUE) MArHUTHO-
T'O MOJA

el 2 ei’ il 12 ii* (256)

Tax kKak AJIUHBI Hpo6era AJIEKTPOHOB M1 MOHOB IIPDHU CpaB-
HHUMEBIX TeMIlepaTypax e€CThb BEJUYMNHBI OJHOTI'O IMIOpAJAKAa, TO

o/ i M /m, — TIPOJOJIBHASA TEIIOHPOBOSHOCTD BJIEK-
TPOHOB HaMHOTI0 6oJIbIne noHHOH. [lonlepek MArHUTHOTO OJIA
YaCTHUIIHI IIPX CTOJIKHOBEHUAX CMeIaloTCsI Ha BeJINUNHY JIap-
MOPOBCKOTO paguyca, I03TOMY

2 2
e ce ei’ i ii* (257)

CooTHollleHNE MOTIePeUHBIX K0ahGUITMEeHTOB TeMIlepaTy-
pompoBogHOCTH oGpaTHOe — ; / , +/m;/m, . OleHKH TIO-

TOKOB TeIlJIa B HAIIpaBJIEHUU I'PAANECHTOB TeMIIepaTyphI Jer-
KO IIOJy4YarnTCcd KaK pasHOCTH TEIIJIOBBIX IIOTOKOB, IIPDMHOCH-
MBIX C JJIMHBI Hp06eI‘a HJIN JIApMOPOBCKOTI'O pajguyca. B,Z[OJII)
MATHHUTHOTIO I10JIA
dT
a2y ¢y 9y e T nVp ——

a moIepex .
2
qg q q no., T ne -

B MarumTHOM MOJIe MOSABJISIOTCS TaKXKe XOJIJIOBCKHE IIO-
TOKHU TeILla, COOTBETCTBYIOI[He HeJHATOHAJIbHBIM KOMIIO-
HEeHTAM TeH30pa TEeNJONPOBOAHOCTU. BIoJb ocH y BO3HU-
KaeT HecOalaHCHPOBAHHLIA MOTOK TeIllJa depes BJIeMeHT
mioigagu. OJHOCTOPOHHUM MOTOK TellJja, MepeceKalo[uii
IJIOIAAKYy, uMeeT nopagok nV,T, a ero Hec6asaHCHUPOBAH-
HadA 4acTh gaeTcs oueHkoil nV, .dT/dx. B pesynabrare gia

JQJIEKTPOHOB

) T
r e p 7. (2.58)
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XoJJTOBCK UL MMOTOK TEILJIA MOHOB MMeEeT ITPOTHUBOIOJIOMK -
HbIii 3HaK. [IoTOK Tema (2.58) mepneHAUKYAApeH rpafueHTy
TEeMIIePATY PhI, HO9TOMY B OTHOPOTHOM MATHUTHOM MOJIE U TIPH
TMOCTOSAHHOM KOHIEHTPAIITUHY eT0 TUBEePTreHIINs paBHA HYJIIO,
TO €CTh 3TOT MOTOK He HPUBOAUT K M3MEeHEHHUIO TeMIIepaTy-
pBI. B HEOAHOPOAHOM sKe MATHUTHOM ITOJIe [UBEPTEHIUS XOJI-
JoBCcKoTo moTokKa (2.58) oTamnuyHa OT HYJsA, UYTO Ha A3BIKE
npetid)oB COOTBETCTBYET AMBEPTEHIIUY KOHBEKTUBHOTO TIOTO-
Ka Telljia, CBA3AHHOTO ¢ MepeMeleHneM BeAYINMUX IeHTPOB
YacTHII.

1 9JIeKTPOHOB B JOMOJIHEHNE K TeIJIOMMPOBOJHOCTHO-
MY MOTOKY CYIIeCTBYeT IMOTOK TelJa, CBA3aHHBLINA ¢ OTHO-
CHUTEIBHOU CKOPOCThIO, G2 B (2.41). Tak ske KaK U y TePMO-
CHJIBI, eT0 TIPOUCXOKJeHNe CBA3AHO C 3aBUCHUMOCTHIO Yac-
TOTHI CTOJAKHOBEHUH OT cKopocTu. McKakeHne QYyHKIIUHA
pacupefesleHUA SJIeKTPOHOB IO CPAaBHEHUIO CO CABUHYTON
MaKCBeJJIOBCKOM (QYyHKIIMel paclpefeeHUS TIPUBOAUT K
TOMY, UTO B OTCYTCTBUE MATHUTHOTO MOJA GOJBITUN BKJIAT
B OTHOCHUTEJbHYIO CKOPOCTH i BHOCAT 3JEKTPOHEI ¢ 60JIb-
MUMHU CKOPOCTAMU. B pesyabTaTe moABIAeTCA MTOTOK TeII-
aa g ~nT,u .

MexaHU3M BOSHMKHOBEHUA MMOTOKA TeIIJIa ITOTIePeK MAar-
HUTHOTO IIOJIS UJIIOCTPUPYyeTcd Ha puc. 2.3. Cuna Tpenud,
CBSI3aHHAA C OTHOCHTEJIbHONM CKOPOCTHIO, TOPMOSHUT BJEK-
TPOHBI, Bpalaloniuecda MO JapMOPOBCKOM OKPY:KHOCTH,
IIPU MOJOKUTENBHBIX 3HAUYEHUAX Y, M YCKOPAET — IPHU OT-
pUIATEeIbLHBLIX 3HaUeHUAX. Ilpu 5ToM coBepItaeMad paboTa
m, U, ., IPHBOAHUT K TOMY, 4YTO BHEPrHusd 5JIeKTPOHOB, Ilepe-
CeKaloIuX IUIOMAAKY CBEPXY, y
MeHbIlle, YeM 9HepTuA dJIeK-
TPOHOB, MepeceKalonuXx IJao-
MaaKy CHU3Y. ¥ MHOKAs pas-
Juune B SHEPIuAx m, i, .,
Ha MOTOK YacTuil nV,, momy-
yaeM OIEHKY ITOTOKA TeIlia B
HAIPABJICHUH YJ:

x=x,
~ nTe ) E i (2.59) Puc. 2.3
e e B : : TenmoBrigeneHue

ce NIPH CTOJIKHOBEHUAX
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2.4.4. TENNOBbLIAENEHUY NPU CTOJIKHOBEHUYX
Kak nsBecTHO, IIPU CTOJKHOBEHUH JIETKOI YACTHUIIHI C THA-
JKeJIoM mepegaeTcsA NOJS SHePTUHU HOPAIKA OTHOIIIE HUS Macc.
ITosToMy, olleHUBAasA JOJIO SHEPTHUH, epeJaBaeMyIo OT SJIeK-
TPOHOB K WOHaM, kak (3/2)n(T, T,)saspemsa ,'m;/m,,no-
JydaeM IJ TelJoobMeHa

m,
= (T, T)).
m n el( e 1)

i

Q

YseH, OTBETCTBEHHEIN 3a TEeIJIOOOMEH, IPUCYTCTBYET B
ypaBHeHUX GasiaHca TelJia AJIA MOHOB U 3JIEKTPOHOB C pas-
HBIMHY 3HAKAMH.

Ygen Ri, KOTOPHINA UMeEeTCA TOJIHKO B YPAaBHEHU U BJIEK-
TPOHHOTO TEeIJIOBOTO 6ajaHca, COCTOUT U3 ABYX dacTei. Cia-
raemoe Rl mpeicTaBigeT coBoil JKOYIEBO TEILIOBBILEIE-
HUe, eT0 MOJKHO TlepellncaTh B BU/Ie

o g
pig A 1 (2.60)
Il

BHaK BTOpoOro ciaaraemoro, RTi , MOXET GBITH IOJOMKMU-
TeJbHBIM UJIN OTPUIATEJIbHBIM, COOTBETCTBYIOIEE TETJIOBRI-
JIeJieHUe ABJIAEeTCSI 00 paTUMBIM.

2.4.5. BA3KOCTb

fIBIeHMNe BABKOCTH CBSI3aHO C IMepPEeHOCOM MMIIYJbCA.
IIycTh, HaIpuMep, B OTCYTCTBHE MATHHUTHOIO IOJIA U I'Pajgu-
eHTa TeMIlePaTyPHI CPe/THAS CKOPOCTD U, MEHSETCS B HAIIPAB-
JEeHHNN X. AHAJOTMYHO MOTOKY TEILJIA PA3HOCTH OJHOCTOPOH-
HUX IOTOKOB UMIyJIbca nVr i, ¢ paCCTOAHUSA NOPAAKA I HBI
cBOOOAHOTO IMpobera COCTABJISET

du,
xy  xy  xy MAVp u, mnVp T
A kosdduine HTa BAZKOCTH TMEEM OTCIOIa OIIEHKY
oy o dﬁ’ o ﬂ (2.61)
dx

B BhIDaKeHue AJd KOBQ)Q)I/IHI/IGHTa BA3KOCTH MOHOB BXO-
AT HOH-MOHHAaA yacToTa CTOJ'IKHOBeHPIfI, IIO3TOMY
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o My ). (2.62)
ITogcranoBka (2.61) B ypaBHeHHIe OaaHCca CHJI AJI HOHOB
(2.4) npuBoaUT K YypaBHeHUIO 1udPy3um:

u
¥ D Y
t x2

c kosdhdunmentom gupdysuun D =T,/(m; ;). Takumobpasom,
BA3KOCTb COOTBETCTBYET AupPy3UU MMIyAbCca B HaIlpaBJe-
HUY IpajueHTa CKOPOCTH. AHAJOTHYHBIM 06pa3oM IIPOUCXO-
JUT MepeHOC U APYTUX KOMIIOHEHT CKOpocTH. B obimem cay-
Yyae TeH30D BASKHUX HAIPAMKEHUI HPOMOPIIMOHATEH TEH30DY
cropocreii caBuros (2.46): ;= — (W;,. Tensop W, spnsieT-
€ CHMMeTPHYHBIM TeH30POM C Hy IeBbIM caefoM W, = 0. ITot
TeH30p oOpaInaeTcs B HyJib, €CJIU IJIa3Ma BpalnaeTca KaK Ie-
Jgoe U [~ 7] wiam pactAruBaeTcs Kak Iejoe U ~7 . Kommo-
HeHTHI TeH30pa BA3KOCTH, BRI3BAHHBIE IOTOKAMH TeILIa, HMe-
10T TOT K€ MOPSITOK BeJINUNH, ecan ¢ nT u .

B cuspHOM MarHUTHOM IIOJIE BA3KOCTH HMeeT 60JIee CIIOMK-
HEIH xapakTep. KOMIIOHEHTH TeH30pa BIBKUX HATIPAMKEeHUH,
cogepraimnue KOapPUIMUEHTHI | U 5, COOTBETCTBYIOT YMEHB-
IIEHWIO Iara caydyaHbIX Oy KIAHUN ToNepeK MATHUTHOTO
IOJSsI 1O BeJIWUYHUHEI JIADMOPOBCKOTO paguyca. KOMIOHEHTHI
JKe, cofepiraliye KospPUIUEeHTH ;U ,, HE 3aBUCAT OT Uac-
TOTHI CTOJKHOBEHWI M AHAJTOTMYHEI XOJJIOBCKUM YJIeHAM B
IIOTOKeE TeILIa.

2.5. YPABHEHUE 019 SHTPOMUK
OHTpONUA, MPUXOAAITAACA HA OTHY 3apsasKeH-

HYIO HyaCTHUIy, HAIIpMepD Ha OJINH 2JIEKTPOH, IMeE€EeT BHU/]

s, glnTe Inn const. (2.63)

YpaBHeHUE IS SHTPONUHU 9JIEKTPOHOB SIBJSAETCA CJIEICT-
BHEeM ypaBHeHHIT GaJsialca TellJia U YpaBHeHUA HeIPepPLIBHO-
CTH JJIA BJEeKTPOHOB:

ns
t

e

(s,ni, q—e) % er (2.64)
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e poKIAeHHNEe 2HTPOIINKY B € TUHHUILEe o6beMa eCcThb

1
2

JleBasa yactp ypaBHeHusa (2.64) onmucriBaeT M3MeHEHUE
SHTPOTINHU BO BpeMeHH, IepeHoC SHTPOINN B IPOCTPAHCTBE U
mepegauy SHTPONNHU noHaM. UcIonb3y A BhIparKeHUA IJI5I CUJIBI
TpeHUs, MTOTOKA TelJia U BA3SKOCTH U3 pasfeJa 2.3, mepemnu-
meM poskJeHue SHTPOIIUH B BU/e

Too 5 (LY 5 LY

T,, G, InT, Ri 7 ,;,W. (2.65)

PR
JiooF 1
— 3 eOWejkWejk' (2.66)
I
I/IS 9TOI'0 BBIPAXEeHUA BUJAHO, UYTO POMKACHUNE 3HTPOIINN
€CTh CYIIECTBEHHO IIOJOXXHUTEJIbHAA BeJINUNHA. I[J'Iﬂ HNOHOB,

aHaJIOTU4YHO, UMeeM

ns; 4, @
5 o Hiy X 2.67
— (s;nu; T T, i» ( )
T iH( ) i (T 1 W W, (2.68)
g 7; 14 7; i 9 i0 "Vije VVijk .

YpasHeHUe GasaHCca CYMMAapPHOM SHTPOIINHU SN = §,1 + S;1

nMeeT BU/
ns

(s,nu, snu; ;{—e ﬂ)

1 1, 3m (T, TY
T T m LT

e Q@ ( (2.69)
Ecin xapakTepHble BpeMeHa IepeHoca Tellja 3a cUeT Tel-
JIOIIPOBOAHOCTH M TEILIOBBIACJCHNSA BeJINKH II0 CPABHEHHIO C
XapaKkTepHBIM BpeMeHeM U3MeHeHNUA KOHIIEHT ALY U TeMIIe-
paTyphl, TaK UYTO AUCCUNATHBHBIMH IIPOIleCCaMi MOKHO IIpe-
HeOpeub, TO MpoIlece ABJAAeTcA aanabaTudyeckum. Ilpu sTom
YPpaBHEHUS AJIS SHTPONNHU 3JIEKTPOHOB M HOHOB YIIPOIMAIOTCS:
ns ~

. (nsu) O. (2.70)

9To ypaBHeHHe NMeeT TaKoH ke BHU[, KaK U ypaBHeHUE
HEIPEePLIBHOCTH, IIOSTOMY BEJWUHMHBI 7S U 711 U3MEHAIOTCSA
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OJMHAKOBO, a cJIeJOBATEeIbHO, NX OTHOINEeHIEe — SHTPOIHUA —
coxpansercsa. Komouuupys (2.70) c ypaBHeHHEeM HeIIpepPhIB-

HOCTH, IIoJIy4daeM

S —
— @ x o (2.71)
TaKI/IM o6pa30M, IIpn a,Z[I/Ia6aTI/I‘IeCKI/IX ABHXEHUAX 3HTPO-
IINA COXpaHAeTCA BAOJIb HAIIPABJIEHUA IBUKEHNA, a cJIeaoBa-

TeJbHO, COXPaHAEeTCA U BeJIUNUNHAa:
T%2 /n  const. (2.72)

TepMoAMHAMHUYECKE «ITOTOKM» M «CHJBI», OOCYKIaB-
muecs B pasgetie 2.1 u cBsAsaHHbIe cooTHoImeHueM (2.13), Ha-
3BIBAIOTCSA COMPAIKEHHBIMH, €CJIH

]mxm'
m
N3 (2.66), (2.68) u (2.69) BUAHO, YTO CONPSIKEeHHBIMU
ABAAIOTCA «IOTOKHM» ¢ , B, ;,Q@ u«cmapi». T /T, i,
1/2W 4, (T, —T)/(T,T;)coorBeTcTBeHHO. [l KUHETUUECKUX
ske koo dUIUeHTOB L, , CBA3BIBAIOIINX «IIOTOKU » U «CHJIBI»
corgacuo (2.13), BEIDOJIHAETCA COOTHOIMEHNE

Lyn(B) Ly, ( B),

KOTOpOe ABJIAETCA CJeACTBHEM OOINMero MpUHITHNIIA CUMMET-
puu KMHeTHYeCcKUX Koaddurnuentos Ousarepa.



[nasa 3. KBASUHEUTPAJIBHOCTb
n CJIoU
NMPOCTPAHCTBEHHOTIO
3APAA

3.1. YCTAHOBJIEHUE
KBASUHEUTPANBHOCTU

Miasma sensercs KBasMHeHUTpPaJIbHOM CpeIoi,
TO €CTh KOHIEHTPAIIUY 3apSIsKeHHBIX YaCTHUIl, YMHOMKeHHEIEe
Ha 3apAf, IJd HOJIOKUTENbHBIX W OTPUIATEILHO 3apAMKeH-
HBIX YACTHUI] COBIIAAAIOT C BRICOKOM TOUHOCThIO0. B cTammonap-
HOM cJIyuae 3TO cJjieyeT m3 ypaBHenudA IlyaccoHa, KOTopoe
JIJIsT OMHO3aPAAHBIX MOHOB UMeeT BUJ

E 4 e(n, n). (8.1)

HeiicTBUTEIHHO, OIleHUBASA MOTEHITUAT B ILJ1a3Me Kak 1 /e,
n3 ypaBHeHus Ilyaccoma nmeem

n |- L7

i ™ 19

ol 412 4 el?

rae L = Inn ! — xapakTepHBIi MacIITab N3MeHeHIS KOH-

HmeHTpanuu. PaszgeanB pasHOCTh KOHIEHT AU Ha JI00VIO 13
KOHIleHTpaIiii, IoJay4YaeM yCJIOBHEe KBasHUHE ATPATbHOCTH:

pu ne|

T n 2

Taxum obpasom, IJaasMa ABJIsIeTCA KBAa3MHENTPAJIbHOM,
ecJin febaeBCK UM paJuyc 3HAUNTEJIHHO MEeHbBITE ee XapaKTep-
HBIX pasMepoB. ITO YCJOBHWEe HapylIaeTcs BOJM3U TPAHWUI]
IJIasMbl, Toe L yMeHbINnaeTcsa. B o6beMe ke MIasMbl OO BIYHO
peliaioT KBasuHeUTpaIbHbIe YPABHEHUS, U3 KOTOPHIX HaXo-
JUTCA CaMOCOTJIaCOBaHHOE 9JIeKTPUUeCcKoe ToJie, 00ecIeyun-
Balolllee KBasMHENTpaTbHOCTh. IIIOTHOCTE 3apsaaa, KoTopas
OTBETCTBEHHA 3a (hopMHUPOBAHIIE CAMOCOTJIACOBAHHOTO BJIEK-

<« 1. (3.2)
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TPUUECKOTO MOJIS, MOKET OBITH IIPH HEOOXOJUMOCTH OIlpeie-
JeHa us ypaBHeHus [Iyaccona. B pAge caydaeB, HanmpuMep OIpu
TMPOTEeKAHUN Yepes IIasMy TOKAa, TOTeHITNAJ B IJIa3Me MOKeT
CYIIeCTBEHHO MPeBOCXOAUTE 3HaueHne T /e. B sTom cayuae B
KpuTepuil KBasuHeTpasbHOCTH (3.2) BX0oAuT 3 peKTUBHBIHA
nebaeBCKUE paguyc, B KOTopoM BesqmuunHa T /e saMeHeHa Ha
COOTBETCTBYIOIYIO BeJINUNHY ITOTEHITHAJIA.

IIpoaHnanusupyeM Telephb, Kak IPOUCXOAUT IIPOIlece ycTa-
HOBJIEHUS KBAaSUHEHTPAJIbHOCTH, €CJIH B ILJIa3Me CO3JaHbI pas-
JHUYHBIE He KBa3UHENTpaIbHbIe BOSMYIEeHNA KOHITeHTpAIUi
5JIeKTPOHOB U MOHOB. AHAJIN3 ITPOBeIeM Ha IIpuMepe MPOCTOH
c1a00MOHN30BAHHOM MJIa3MbI 663 MATHUTHOTO TIOJSI, COCTOMA-
meti m3 9JIeKTPOHOB, OMHO3AaPSAAHBIX MOHOB OJHOTO COPTa U
HeNTpalbHBIX YacTuIl. UcXomHO ABJIAETCA CHCTEMA YpaBHe-
HU U HeTIPePHIBHOCTH AJIA SJIEKTPOHOB 1 HOHOB, Ky ITOCTaB-
JeHbI BhIpaskeHne IJs MOTOKa 5JeKTpoHoB (1.87) m aHamo-
TUYHOEe BhIpaskeHue IJIsI HOHOB:

n,

. (D, n nb ) I R, (3.3)
n.
- (D, n nb ) I R (3.4)

Mp#I momaraem 3ech TeMIIEPATYPhI YACTUIL IOCTOSTHHBIMH,
TaK 9TO TepMoAudPy3usa oTCyTCTBYeT. UJIeHBI B IIPABBIX Yac-
TSX OMUCHIBAIOT TMApHBIe POXKAeHMe U rubesib YacTuIl. B oT-
CYTCTBHUE MArHUTHOTO I10JI KO PUINeHTHI AN(pHYy3UM U 101~
BUKHOCTH ABJAIOTCA CKAJIAPAMU, IPNYEM B COOTBETCTBUH C
cooTtHoIneunmeM ditumreiina D /b =T /e. Cuctema (3.3),
(3.4) pomxua OBITH AOoHOJHeHAa YpaBHeHneM Ilyaccona (3.1).

IIpoaHanusupyeM IIPOIECC YCTAHOBJIEHMSA KBa3UHEMT-
PaJbHOCTH AJIA cIydasi MaJbIX BOZMYIeHUii. n,, n; co3gaH-
HBIX Ha ¢oHe OJHOPOAHON IJIa3MBI C KOHIeHTpalueii n, =
= n, = n,. JJuneapusyem cuctemy (3.1), (3.3), (3.4):

n,
t (D e n, ng be ) H
?i (D; n; ngb ),

4 e(n, n). (3.5)
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WimeMm pellielne B Buge nuTerpaia @ypne:

- 1 T 7

n (r,t n ; exp(ikr)dk,
(,) 2 ) 7 €xXp(ikr)
(Ft) —L  exp(ikF)dk.

@2y
IToacrasnaa s (3.5), umeem

# D2 n. bongk® -,

n

ik
—tl Dikz nﬂ; binokz W

K2 . 4 e(n; np). (3.6)

ITomcTaBUM BBIpaskeHHe AJA MOTEHITMATA U3 TPeThero
ypaBHeHus: (3.6) B mlepBhIe ABa U OyAeM HCKATH 3aBUCHMOCThD
OT BpeMeHU B BU[e, IpomopIinoHaibHoM exp(—i t). [Toayumus-
mascs cucTeMa aaredpanuecKux ypaBHeHUi nMeeT HETPUBH-
aJbHOE pelleHne, eCJU ONpeieTUTe b paBeH HyJI10. IIpu aToM
uMeeM IBA KOPHS:

. iD,/r?; , ikD,1 T,/T), (8.7)

rae nebaesckuii paguycr, = (T./4 ne?)!/?, O6mee pemmenne nme-
eT BUJ
Crexp( i 1t) Cy( i 1),

(b,C, /b )exp( i 1) Co( i ,i). (3.8)

IIpu BEIBOZE yuTeHO, uTOo D, > D, 11 kr; < 1. Koaddumnu-
eHTH C,, C, onipefeasioTcA U3 HAUAJAbHBIX YCIOBUIA:
0 0
G ngoong
0 0 0
C, n: bC, /b, n. ni,

rae n(?’ﬂ; n,;; (0).

Bpemsa !« ,!, mosTomy mpomecc pelaKcanuy BO3MY-
IeHW ¥ IIPOUCXOANUT B ABe cTraauu. Ha mepBoii, 6bICTpOIi, CcTa-
I¥H 32 BpeMs HOpAAKa !, ToecTh 3aBpeMa Juddysun sJIeK-
TPOHOB Ha MacIuTab mopsaaka AebGaeBCKOTO pajmyca, Iepe-

cTpamBaeTCA BOSMYIII€eHNE KOHIeHTpaIu 3JIEKTPOHOB, B TO
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BpeMdA KaK NOHHaA KOHIEeHTPpaAIlnA IPaAaKTUYEeCKN HEe N3MEHA-
erca. B KOHIIe 9TOH crTagnu yCTaHaBJINBaeTCdAd paBeHCTBO

n,= n;, TakuM o6pa30M, YCTaHOBJIEHUE KBaBHHeﬁTpaﬂbHO'
CTHU IIPONCXOAHNT 3a TaK Ha3bIBacMO€ MaKCBEJIJIOBCKO€E BpeMd:

M rdz/De (4 e) 1’ (3'9)

rae ,= enb, — 3nMeKTpOHHAA IPOBOJUMOCTE. BTOPOIi KOpeHb

5 COOTBETCTBYET COBMECTHOI HBOJIIOIUY SJIEKTPOHOB U HO-
HOB 3a cUeT aMOUIoJIAPHOM Auddysun, pacCMOTPEHHOM B cJie-
ayioimeit raaBe. IIpoliecc yecTaHoBJAeHUA KBasuHeHTpaJIbHO-
CTH IPOMCXOAUT 34 CUET MOABUKHOCTH B BOSHUKAIOIEM CaMO-
COTJIACOBAHHOM 2JIEKTPHUUECKOM I0JIe, a He 3acueT Tuddys3un.
HelicTBUTENbHO, IpeHebperad TUPDYSUOHHBIMHY UIeHAMHT B
ypaBHeHuu (3.5), BRIUNTAA BTOPOE YpaBHeHHe N3 MepPBOTO U
TOACTABJAS MOTeHITNAJ U3 ypaBHeHUs [IyaccoHa, moayuaeM

(my  ng)
t
TO €CTh peJiaKcallulo K KBaSHHeﬁTpaﬂbHOMy COCTOAHHUIO 3a
MAaAKCBEJIJIOBCKOE BpeMdA.
yCTaHOBJIeHI/Ie KBaSHHeﬁTpaﬂbHOCTH 3a MaKCBeJIJIOBCKOe
BpeMdA IIPOUCXOJAHUT B IIJIasMe C 4YaCcThIMH CTOJIKHOBEHUAMH,
Korga M eN > 1. B O6paTHOM cJIyuae BOSHHKAIOT IIJIadMeH-
HEIE KOJ'Ie6aHI/Iﬂ, KOTOPEIE 3aTeM 3aTyxXxaloT, TaAK YTO KBasu-
HeﬁTpaﬂbHOCTb yCTaHaBJINBaeTCA 3a BpeMA eZ{f .

D,r,2( n;  ng), (3.10)

3.2. BECCTOJIKHOBUTEJIbHbIA CNOW
NPOCTPAHCTBEHHOIO 3APALA

B6smsu MaTepraJIbHBIX TOBEPXHOCTE M HApyIIIa-
eTcs MpUbIMKeHe KBASUHEUTPATbHOCTH U OJHOBPEMEHHO CTa-
HOBUTCSA HETIPUMEHUMBIM I IPOJNHAMUYECKOe OITMCaHe T1a3-
MBI, TaK KaK XapaKTepHBIN MaciiTad nsMeHeHIUA KOHIeHTpAa-
muuL = Inn !crpemuTcs K Hymio. 3Jech BOSHHKAIOT CJION
TIPOCTPAHCTBEHHOTO 3apsiia Cc padMepaMHu IMOpAIKa Ae6aeBCKo-
To pagmuyca, 60Jiee TOUHBII TepMUH — pasMep cJiod. [IpoaHa-
JHU3UPYeM cHAYaJa CTPYKTYPY TAKOTO CJIOSI B OTCYTCTBHE MAr-
HUTHOTO HOJIA AJs caydasi, Korja IJIUHBI CBOOOTHOTO TTpobe-
ra 9JIeKTPOHOB M MOHOB MHOTO 0OJIBITIE pasMepa CJIos.
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IlycTh, OAJA ompemeJeHHO-
CTH, CTEHKA 3apAMKeHa OTPpUIa-
TeJIHHO OTHOCUTEJIHHO ILJIa3MBI.
B6snsu cTeHKU, Ha PacCToOs-
HUU mopAgKa n1ebaeBCKOTO pa-
IMyca, PacIioJIOMKeH IOJOMKH-
TeJHHO 3apSyKeHHBIN CJIOH IIpo-
Q[ CTpaHCTBeHHOTO 3apsana (puc.
3.1). Hanwiie Ha MacInTabe 1o-
pAAKa IJIUHBEI CBOOOIHOTO HpO-
Gera MPUTATUBAIOIUXCA YaCTHI],
HAXOAUTCA TaK Ha3bIBAeMBbIN
Ipeacol, KOTOPHIN pasmelisa-
eT CJION U KBasuHeUTpaIbHYIO
mJIasMy, rjie MpUMeHUMO THAPOJMHAMHUUYECKOe OTHCaHUe.
OIeKTPOHBI U MOHEI, MOTIAaBIN e HA TPAHUITY CJIOA, BeAyT cebsa
mo-pasHoMy. OHBI YCKOPAIOTCA B CJIOE, TTIO3TOMY BCe MOHEI,
JeTAINe B HATIPABJIeHUN CTeHKH, Ha Hee MOMAAaloT. SHAUN-
TeJbHAA JKe YaCTh 9JIEKTPOHOB OTPaKaeTCsA OT 3alupaloIero
TIOJIA CJIOA U BO3BPAIMAETCS B IJ1a3MY, M TOJIBKO caMble sHep-
THYHBIE JOCTUTAIOT CTeHKHU. YTOGH MOHATH, KaKk popMuUpyeT-
cA 9JIeKTpoHHAaA GYHKIINA paclpefejeHusa, pacCCMOTPHUM 3a-
Jauy o ImpoJeTe 3JeKTPOHOB Uepe3 KOHJeHCATOP C TOPMO3A-
UM 3JIeKTPUUECKUM ITOJEM.

Lot
\ npedcrotl

Q Puc. 3.1

w

3.2.1. 9JIEKTPOHbl B KOHOEHCATOPE
C TOPMO34LLUNM NONIEM

PaccMoTpUM KOHIEHCATOD C TOPMOSSIIITUM II0JIEM JIJIA SJIEK-
TPOHOB U IeperagoM MoTeHIuada = (  — HOJIOKHUTeJbHAA
BeamunHa). IIycTh ciipaBa HaJaeTaloT 3JIeKTPOHEBI, MMEIOI e
MAaKCBeJLJIOBCKYIO QYHKITNIO paclpefeleHUA OIS IMOJOMKH-
TeJbHBIX 3HaUeHUM cropocteii V., (puc. 3.2). HacTs saeKTpoO-
HOB OTpaskaeTcs OT 3allMpPaloIero MoTeHITNAaIa U Bo3Bpalna-
eTcsd Hasal, a YacTh IIPeoJoJeBaeT mepemnaj MoTeHITnada u
OKas3bIBaeTCA cjeBa OT KOHAeHcaTopa. B cTalimoHapHOM CJIY-
yae B OTCYTCTBUE CTOJKHOBEeHUN GYHKIIUA paclpeesieHUA
B COOTBETCTBHUU C TeEOPeMOH JIMYyBUNISA AONKHA COXPAHATH-
cs BOOJBb TpaeKTopuH dacTuil. OTciofa ciaeayeT yTBepKIe-
HHUe, YTO B 0E€CCTOJIKHOBUTEJbHOM cJyuae CcTallmoHapHAasA
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GYHKIIUA pacupeesieHNA eCTh GYHKITUA HHTETPAJIOB IBUMKE-
Hus. Taxk Kak Opu IBUKEHUN COXpaHAeTCA MoJIHaA SHePTUA
siaekTpoHa E = m,V?/2 e ,To QyHRIUA pacupegeeHUS TaK-
JKe ToJIKHA OBITh GYHKITHell 5TOM BeJIMUNHBI.

AQ

fM
“~—0
—°

I
Fr++++

Puc. 3.2 <

IIycTs cipaBa GQYyHKITUA pacTpegesieHUA A YacTHIl, Jie-
TANTUX HAJIEBO, MaKCBeJLJIOBCKAA (MoaoKuM 3aech. = 0):

1/2
me

@ Tyro

mV?2

X

o - (3.11)

fv, 0 /™ A p

nostomy f = fM(E). IIpeogo ieTh TOPMOSAMNIL IOTeHITNAT

MOTYT 3JIeKTPOHEI C sHepruei 6onbmeit, ueM V, /2¢  /m,,
IpUYeM 5JIeKTPOHBI CO CKOPOCTHIO V, TOpPMOBATCA A0 HYJIEeBOH
crkopoctu. Takum ob6pasoM, cjeBa OT KOHJeHCaTOpa AJIS Jac-
THII, JIETSINUX B IIOJIOKUTEIbHOM HAIIPABJICHNUN X,

2
mb/® mV,

€ X
Te @ T2 exp 2T, 3.12)

CieBa ot KOHJeHcaTopa HEeT YaCTHuIl, JeTAIINX B OTpUIla-
TeJbHOM HaIlIpaBJIeHUH,

f (V,<0)=0. (3.13)

f(V, 0) Aexp

CmpaBa ’Ke IPUCYTCTBYIOT OTPaKeHHbIE 9JIEKTPOHBI C KH-
HeTHYecKol sHeprueii MeHbINeH, 4eM ¢ =, U OTCYTCTBYIOT
5JEeKTPOHBI ¢ OONbINel SHeprueil — OHU IIPOJIeTE N Yepes KOH-
neHcatop. I[TosTomy

1/2 2
m, mV,
A < exp ., V. Vi
fv, 00 (2 T)y:? 2T, V.| . (3.14)

0, V.| %
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HaxkoHell, BHYTpH KOHAeHCaTOpa

ml/2 mV?: e (x)
V, 0) A—° e MoV © )
fin ( ) ET)" exp 5T,
ml/2 merz e (x)
[w(Ve 0) AW Xp T ’ |Vx| Vo
fm(Vx 0) 0’ |Vx| VO’
2
Vs —( ). (3.15)
m

OTMeTHM, YTO KOHIIeHTpAIUA 9JIeKTPOHOB Jaske cpaBa
OT KOHJeHcAaTOpa He COBIAaAaeT ¢ A, a UMEeHHO OKa3bIBaeTCA
MeHbIe A. JleficTBUTENbHO, MHTETPUDPYS GYHKITHIO pacHpe-
pemennsd (3.12), (3.14) mo cKOpoCTAM, HOJydYaeM

n %[1 erfJe  JT.1, (3.16)

rme Q)yHKI_II/IH OINOOK ompeaeJsyieHa CorjgacHo
z

erf(2) 2 exp( #2)dt.

v

ROHHeHTpaHI/IH 9JIEKTPOHOB BHYTPH KOHAEHcCaATOpPA:

iy %[1 erfyJe( )/ T, ]exp(;—). (3.17)

Ecin mepenag nmoreHnuaia > T,/e LoCTaTOUHO BeJIUK,
TO Ha3aJ OTPAXKAIOTCS MOUTH BCe 3JIeKTPOHBI, QYHKI[HSI O M-
60k B (3.16) 61usKa K e AUHUIIE, I MOYKHO CUNTATh, UYTO 1, = A.
IIpu sTOoM, HAUMHAS OT MPABOI ILJIACTHHEI, KOHIIeHTPAIIHIA
cajzaeT Bray0h KOHJeHcaTOopa 1o 3aKoHy Boabpnmana:

n, n exp(;—). (3.18)

e

B To :%e BpeMsA BOJIM3U JEBOI MJIAaCTUHBI KOHIEHTPAIUA
(3.17) He cooTBeTCTBYET 6OIBIIMAHOBCKOMY paclpee e IO,
TaK Kak 3iech MaJio OTpakeHHBIX YacTuil. B uacTHoCTH, ClIe-
Ba OT KOHJAeHCaTOpa KOHIIEHTPAIUA B cooTBeTcTBHH ¢ (3.12):

n %exp( eTe)'
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3.2.2. MNOTOKU HACTUL, U DHEPI'MA
HA MATEPWUAJIbHbIE NOBEPXHOCTH

HeTpyaHo Temepb BEIYUCIUTH MOTOKHW YACTHUIL U SHEPTHUH,
ToTafaloI e Ha CTeHKY ¢ TPAHUIIHI ¢10sd. TaK KaK ITOTOK 3JIeK-
TPOHOB COXPAaHAETCs, TO €T0 MOYKHO BHIUUCIANUTE, HATIPUMED,
HUCIIOJIB3Y A MaKCBEJIOBCKYIO GYHKIUIO pacupegenennsd (3.11)
IS TIOJIOMKUTEJIbHBIX CKOPOCTel Ha TpaHUIle cJos (Ha mpa-
BOIi OOKJIaAKe KoHIeHcaTopa). BKJaj B MOTOK HA CTEHKY JAlOT
5JIeKTPOHBI, S9HEPTUI KOTOPHIX MMPEBOCXOAUT € . .

A T, e
e VifdV, ——.|-%exp( —). (3.19)
v, J2 \m, T,

970 ke BBHIpasKeHHEe MOYKHO MOJYUYUTDH, MHTETPHUDYS II0-
TOK ¢ QpYHKIHeH pacupeaeaenns (3.15) B61usu cTeHKH, IIPH-
YyeM MHTETPHPOBATH CJAeAYeT IO BCEM IOJOMKUTEIbHBIM CKO-
poctsam yactui. Eciau mepeta moTeHITuAaga B CJIoe 3HAYUTEIb-
HO 6osbine, yeM T,/e, TaKk YTO MOKHO IPeHEOPEUDb OTINUNEM
GYHEIuT omuboK oT eqfuHUIIE B (3.16), TO IOTOK 3JeKTPO-
HOB Ha CTeHKRY (n, n,)

n, |T, e
e \/z_’/m exp( T)' (8.20)

IToTOK MOHOB HA CTEHKY MOJKHO HOJIYYHTH, €CJIH IPeAIo-
JIOXKUTDH, YTO BCE MOHBI Ha IPAHUIIE CJIOS MMEIOT OJHY CKO-
POCTB 1), HATIPABJIEHHY IO K cTeHKe. B cayuae T, >> T, sT0 nipe-
HOJIOXKEeHe CIIPABEAJINBO, KAK 00CY K AaeTCsA HUKE , HOHBI Ha-
6upator suepruio T,/2 3a cueT yCKOPEHUS B IPeJCJIOe, TAK
uto uy = (T,/m;)}/2. IIoTOK NOHOB Ha IPAHIIIE CJIOS COBIALAET
C IOTOKOM HOHOB Ha CTEHKY, TAK KAK BCe HOHBI yCKOPSAIOTCSA B
T0JIe CJIOSA U MPUXOAAT Ha cTeHKY. [loaToMy

;= nGUg. (3.21)

IIpu BBLIYMCJ/IEHUH TIOTOKA SHEPTHUH cJiefyeT pasjnduaTh
TMOTOK 9HEPTUHU, MPUXOASAINUNA HA CTEHKY, U TOTOK, YXOIA-
MU 13 IJIa3MbI, — OHU He cOBIaaaloT. [IoTOK 9Hepruum sJiek-
TPOHOB HA CTEHKY IIPOIIE BCeTO BEIUNCIUTD, NCIIONb3Y I QYHK-
nuio pacupegenenns (3.15) s6ausu crenku. IIpu sToM Heob-
XOAMMA HOoJIHAA TpexMepHasa GYHKITUA pacpeaeaenns. [[asa

>T,/e
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2 3/2
m,V o sy

o ey

2
(m, V2 2e )
= dv,av,dv, 2T, .. (3.22)
2T,
IIpu BEIUNCIEHNN IOTOKA SHEPIUH NOHOB CJIEAYeT YUeCTh,
YTO MOHKI B CJIO€ YCKOPSAIOTCA U UX KUHETHYECKAasd DHePrus

exp

yBeJHWUMBaeTcA Ha Bequuuuy e . C ydueToM HabpaHHOI B
IIpejcioe KUHeTHYecKoli sHepruu T,/2, nMeeM
qg=(€ +T,/2),. (3.23)

IToToku sueprum (3.22), (3.23) HenocpeACTBEHHO BBLI3BI-
BalOT HATPEB CTEHKU.

YTO6HI BEIYUCIUTD IOTOK SHEPTUH 3JIeKTPOHOB HA TPaHM -
1Ie ¢Jo4 q,,, YXOAAIMNN N3 IJIA3MbI, CJIeTyeT IPOUHTETPUPO-
BATh MOTOK SHEPTHUH IO CKOPOCTAM OT cKopocTu V,, 10 6ecKo-
HeuHOCTH. B pesyabTaTe

q.,,=(e . +2T)) .. (3.24)

IToTok 5Hepruy MOHOB (;,, HOKUAAIOIMNUH IIa3My, €CTh
(B IpeAIIOJIOKEHU T MAJIOW MOHHOM TeMIIepaTy phl)
1
dis ETe i (3.25)
BuaHo, 4TO MTOTOKH SHEPTUU 3JeKTPOHOB M MOHOB, B OT-
JHUYHe OT HOTOKOB TeIlJIa, He COXPAHSIIOTCA B CJIOE, IPOUCXO-
IUT ImepepacupeieneHne SHePTUU MEXKIY 3JIeKTPOHAMHU U MO-
HaMHU 34 cUeT paboThl, COBePIIaeMOil 9JIeKTPUUECKUM HOJIeM
ciaosa. OTMeTuM, UTO IPHU yueTe KOHEUHO MOHHOI TeMIlepa-
TYPHI IOTOK 9HEPTHUH NOHOB CYIeCTBEHHO BO3pacTaer.

3.2.3. BOJZIbT-AMMNEPHASA
XAPAKTEPUCTUKA CJ104.
ANABAKOLWWN NOTEHUWAN

I[J'Iﬂ MHOT'UX 3ajga4d Q)PISI/IKI/I IIJIa3MBIL HeO6XO,Z[I/IMO NMETHb
CBA3b MEXKAY IIepenaaoM IIOTeHITNAaJIa B CJIOe IIPOCTPAHCTBEH-
HOT'O 3apdAjga U TOKOM, TeKYIIIUM Ha CTEHKY. ITO COOTHOIIIE-
HHEe, KOTOPOE€ HA3hIBAIOT BOHBT'aMHepHOfI XapaKTepHCTHKOﬁ
CJIOSA, UCITIOJB3YyeTCA KaK I'PaAHNYHOE YCJIOBHE IIPDU OIIpeaeie-
HHUU paclipeaeJeHNA IIOTEeHIIaJIa B o6 beMe ILIA3MBI. I[J'Iﬂ Gec-
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CTOJIKHOBUTEJIHHOTO CJIOSA BHIPAKeHWe AJS BOJBT-aMIle pHOI
XapaKTepUCTUKU cJos cieayetT us (3.20), (3.21). llpue > T
TOK HA CTEHKY

e

1/2 1/2
i en e 1L T oxp € (3.26)
5 . .
mi \/ 2 me Te

Ecuiu TOK Ha CTEHKY OTCYTCTBYET, TO CTEHKA OKAa3hbIBaeTCs
3apsKeHHON OTPUIIATEILHO OTHOCUTEIHHO IIJIa3MFbl, a TIepena
TMIOTEeHITNAJIA B CJIOE COOTBETCTBYET ILIaBaOINeMy ITOTeHITHAIY .
Iloa miaBaloOIMUM MOTEHIIMAJIOM HAXOJUTCS M30JMPOBaHHASA
OBEePXHOCTL, MOMeIlleHHAs B I1asMy. B coorBeTcTBuu ¢ (3.26)
BeJIMUMHA ILJIaBaloINero moTeHIMala JaeTcs BhIpaskeHHeM

1/2

m.

Te 1
fl ?ln 2— . (3.27)

T,

e

Taxum o6 pasoM, IIaBAIOI NI HOTEHITNAJ COCTABIAET Be-
JUYNHY nopAfka Heckoabkux T,/e (4 BogopoAHOI mias-
MBI, HanipuMep, nopagka 3T, /e).

3.2.4. CTPYKTYPA CJ104.
KPUTEPUN BOMA
HatifeMm Teneph pacupefejieHre IIOTeHI[AJa B CJIOE C OT-
pullaTeIbHBIM IlepellafoM IIOTeHIIHAaa. PaclipefeleHne mo-
TeHI[HaJa B cJIoe ONIMChIBaeTcA ypaBHeHHneM Ilyaccona:

d2
dx?
Bygem mpubImKeHHO CUNTATD, UYTO IPAHUIIA «ILIagMa —
CJIOM» pe3Kasd, U Ha 9TOU rpaHUIle, pacHooKeHHON mpu x = 0,
ILIasMa KBasuHeHUTpaJbHA N, = N; = N, U BJIEKTPUUECKOe I0Je
otTcyTcTByeT. KOHIIeHTpaIusa 2JeKTPOHOB B CJIOE, COTJIAacHO
(3.18), magaeT B COOTBeTCTBHH C GONBIIMAHOBCKHM pacIiipeje-
JeuueM. KoHIleHTpaIusa Ke MOHOB MOXKeT OBITH HalieHa 13

YCJIOBUA coXpaHeHNA moTokKa (mosaraem. (x = 0) =0):

1/2
2e

;o gy m(x) ug - (3.29)

4 e(n, n). (3.28)

ROHHeHTpaHI/Iﬂ HOHOB B CJIO€ IIaaeT, TAK KaAK OHH YCKOPA-
I0OTCA B 3JIEKTPUYECKOM IIOJI€, HO 3JICKTPOHHAA KOHIIeHTPpaInA
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JOJIKHA TTaJaTh CUJIbHee, YTOORI 00eCTIeUNTD MOJIOKUTETbHBI I
IpoCcTpaHCTBeHHBIN 3aps. ¥ pasuenue Ilyaccona (3.28) npu-
obGpeTaeT BUJ

d? e
4 en, exp(=—
dx? > exp(

U
T @ 2e jmy - %0

B 6e3pasMepHBIX ITepeMe HHBIX

e x . T
7—,87 rd’ d 4 nsez’
d? 1
e exp( ) a o (3.81)

rae  , mug /2T,.

WccaenyeM xapaKTep pellleHUS IPU MAJbIX 3HAUSHUAX . .
PackiagbsiBas IpaBylo UacTh B paf, noaydaem (1 T, /miug) .
IIpocTpaHCTBEeHHEBI 3apA, KOTOPOMY OIPONOPITHOHATBHA IIpa-
Basg yacTh (3.31), cTpeMHUTCs K HYJIIO Ha TPAaHUIlE CJIOS, IIPH-
yeM 3HAK ero 3aBUCHUT OT BeJIUYUHEHI Uy. Bean uy < (T,/m;)!/2,
YTO COOTBETCTBYET OTPUIATEIHHOMY IPOCTPAHCTBEHHOMY 34a-
pany, To pemmenne ypasHeHud Ilyaccona (3.31) umeer Koge-
GaTeqbHBIN XapaKTep U He yAaeTcA MOCTPOUTD pellleHue, Co-
OTBETCTBYIOINlee OTPHUIlaTEILHOMY IMepenajy MOTeHIHaJa B
cJjoe U, cJaeIoBaTeNbHO, MMOJOKHUTEIFHOMY ITPOCTPAHCTBEHHO-
my sapsany. Ecau ke u, (T,/m;)"/2, To cyliecTByeT MOHOTOH-
HOe pellleHne, COOTBETCTBYIOINee MOTeHITHATY. ¥ CIOBHE

o (T,/m;)'> (3.32)

H3BeCTHO KaK Kputepuii Boma.

Pasnenenue Ha cJIOH U IJIa3My ABJIAETCA, KOHEUHO, YCJIO-
BHEIM. B peasibHOCTH IJIa3Ma U CJIOH IIJIaBHO MePeXOJAT AIPYT B
IpYyra 3a cueT CYIeCTBOBAHUA MPECI0s C MAacIITaboM AU HBI
CcBOOOAHOIO Mpobera IpUTATNBAIOINUXCS YacTuIl,. Besnunna v,
3aBUCUT OT KOHKPETHOM IJIa3MeHHON 3aJaul W XapaKTepa
CcTOJMKHOBeHU. [[JIs ee TOUHOTO OIpeeTeHUsI HEOOXOaUM KH-
HeTuuecKkuil ananus. Takoil aHAMIN3 JaeT 3HAUEHUE U, OJIU3-
Koe K

uy=(T,/m)"2. (3.83)



3. KBASWHENTPANIBHOCTb U CJIOW MPOCTPAHCTBEHHOI O 3APSOA 71

HOKaﬁQeM, KaK 3aTo cJjieayeT u3 YIIPOIIEeHHOT'O TUAPOANHA-
MHAYECKOI'O OITNCaHuA. PaCCMOTpI/IM OJHOMEDPHOE CTalluOHAap-
HO€e TeUeHHe IIJIasMBblI K TPaHHUIIE. CKJIa,Z[I)IBaH YPaBHEeHUA 6a-
JJaHca CHJI AJIA 3JIEKTPOHOB U HOHOB HpeHe6peI‘aﬁ SJIEKTPOH-
HOMI I/IHepLIPIeﬁ u BﬂeKTpOH'HeﬁTp&HBHBIMH CTOJIKHOBEHUAMMN,
nMeeM B IIJiasMe

du, d(p, p;)

m;nu, dx — m; wU; (3.34)
WJIH, C YYeTOM YPABHEeHNS HePa3PBIBHOCTH JJIsI HOHOB:
2
c? du;
@ E)E N (8.85)

8meck ¢, = (dp/d )V/?2 — cropocTh 3BYKa B ILIasMe, p =
=p,+tp;;, =nm; Uz ypaBHeHUus: (3.35) BUIHO, YTO MOHKI
YCKOPAIOTCS IO CKOPOCTH 3BYKa, IPU KOTOPOU B YpaBHEHUH
nMeeTCcs 0COOeHHOCTh U YCKOpeHHe obparlnaeTca B 6ecKOHeY -
HOCTb (B peasIbHOCTH YCKOpeHUe oCcTaeTCsA KOHEUHBIM U IIPO-
HCXOAUT Ha TocJeAHel AamHe cBoGogHOTO mpobera). B pac-
cMaTpuBaeMoM Hamu caydae T, >> T, sHaueHUe ¢, COBIALAET
¢ BeJIUUYHHON u, (3.33).

VpasHenue (3.31) npeacTasiset coboii aHAIOT YpaBHEeHUS
HrioToma. YMHOMadA obe ero yacTu Ha d /d ¥ WHTETpUpPYH,
moJydaeM 9

=2 w() o (3.36)

rjie «IMOTeHIHAIbHAS SHepTIUA», N3BeCTHAS KaK IOTEeHI[NAJ
CargeeBa, eCcTh
W( )=1-exp(— )—2 o / (+D2+2 ,. (8.37)

Pemenue (3.36) gi1sa. ,=1/2 umeer BUA

1 d ,
V2, 2 )2 2 exp( )

(3.38)

IIpu GonpImuX Tepelagax MOTEHIIMAJNA B cJioe, Iojaras
> 1, uMeeM paclpefiesieHHe TOTeHINAJNa, COOTBETCTBYIO-
mee 3akony Yaitnpga — JleHrmiopa:
95/4
3

3/4, (3.39)
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IToacTaBiAs MOJHBIN epelal IOTEHITHATA U Pa3Mep CJIOA
B (3.39) u mepexols K MCXOTHBIM MepeMeHHBIM, IIOJIyYaeM
CBA3H MEXKAY PAa3MepoOM CJIOA 1 MepelafoM IIOTeHITnAaa B HeM:

95/4 e 4

w g Ta (3.40)

Taxum o6pa30M, pasMep CJIO0A OKa3bIBaeTCA IIOPAAKA Je-
6aeBCKOTO paguyca. B cJayuae CJI0d, OTTAaJIKUBalIero noOHkeI,
aHaJIn3 IIPOBOAUTCA aHAJIOTHUYHO.

3.3. BAUSHUE  _
9NIEKTPOHHOW SMUCCUN.
ABOMHOMN COWA

CTpyKTypa 6eCcCTOIKHOBUTEIBHOTO CJIOS H3Me-
HSIEeTCS, eCJIN MOSBJAETCA JOTIOJHUTENIbHBIN MOTOK 5JIEKTPO-
HOB CO CT€HKH, BLIBBAHHBIN TepMOSMHUCCHEN NJIN BTOPUUHON
5JIeKTPOHHOM sMuccueit. [IycTh SMUTHUPYIOTCS 3JI€KTPOHBI C
MAaKCBeJIJIOBCKOM QYHKITHel pacipeieIeHUA U TeMIIe paTypoii
T,., KOTOpas mpegIoaraeTcsi HAMHOT'O MeHbINeH, YeM TeM-
nepaTypa ILIasMeHHBIX 5J1eKTpoHOB T,,. OrpaHuYuMCA CiIy-
yaeM ILIABAIOINEro MOTeHITHAaa CTEHKH.

OMUTHUPYEMBIE 2JIEKTPOHBI YACTUYHO HEHTPATU3YIOT TIOJIO-
JKHUTeJbHBIN MPOCTPAHCTBEHHEIN 3apAJ CJIOA, TAKUM 00pas3oM
TMOHMU:KAasA Tepela] HOTeHITHANAa B CJIoe U YBeJIMUUBAs IMTOTOK
TOPSAYNX 2JEeKTPOHOB IIJIa3MbI Ha cCTeHKY. [[J14 HeGoaBITOTO
IIOTOKA XOJOAHBIX BJIEKTPOHOB . HMEEeM YCJIOBUE OTCYTCT-
BUS TOKA:

(P(Zj,)' Ge eh ec i (3'41)
o0—> «—01,

@j «@1® Toe MOTOKU , U ; oIlpefelie-

G HBI coryiacuo (3.10), (3.21). Co-

or L oTHoImeHue (3.41) onpeaender

> 1mepena] HNOTeHIIHMANA B CJIOE

5 Kak QYHKIHIO SMICCHOHHOTO
IOTOKA ..

fa® HanpHelIee yBeandeHne

IIOTOKA XOJOJHBIX SJIEKTPOHOB

Puc. 3.3 IpuUBOAUT K GOPMUPOBAHUIO
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BOJIN3M CTeHKY 06JIACTH OTPUIIATEIHHOI'O IIPOCTPAHCTBEHHO-
ro 3apsja, KOTOPBIH YaCTHUYHO 3aIMpaeT IIOTOK XOJIOZHBIX
2JIEKTPOHOB. BO3HMKAaeT Tak Ha3bIBAeMBIil «BUPTYaJIbHBIN
KaToJ» U PopMHUpyeTCcs ZBOMHOM CI0M ¢ MEUHMMYMOM IIOTEH-
nuaaa B6ausu saexTpoga (puc. 3.3). OTpuilaTeJbHBIN HPO-
CTPaHCTBEHHBIN 3aps/ M OTPUIIATE IbHBIH Ile pelia/| TOTeHIIAa -
Jla OTPAHUYHMBAIOT IIOTOK XOJOAHBIX 3JIEKTPOHOB, TaK UYTO
TOJILKO UACTh IIOTOKA ., (e(c)) nomnajgaeT yepes ABOMHOI cI0ii
B masmy. Ilepenaj noreHnuana = ™ MeXXJy CTEHKOMN U MH-
HUMYMOM IIOTE€HITMAJIA CBA3aH C IOTOKOM XOJIOJHBIX 9JI€KTPO-
HOB, IONAJAIOIINX B IIJIa3MY, COOTHOIIEHUEM

. _
@ exp( e ™M/T,),

MO3TOMY BeIMUMHA = ™" [oJI3kHA GBITh MOPSAKA HECKOIBKHUX
T,./e.Tak kak T,. < T,,, To IepenajoM moTeHnuaga = ™" mo
CPaBHEHMIO C IlepellajoM IOTeHInauta . B JBOMHOM cJoe Me-
SKJY IJIa3MOM M CTEHKOM MOXKHO IIpeHeOpeUb.

B xBoiiHOM ci10€ HeoOX0oAMMO pemiaTh ypaBHeHue Ilyaccona:

d? /dx*=4 e(n,+n,. n). (3.42)

KoHITeHTpalinu YacTHII B TIPaBOM YaCTH BEIPA3UM Kak PyHK-
U0 moTeHIuada. MoHHAasA IJIOTHOCTDH MO-TIpekHeMY Ompeje-
Jaseteda (3.29), rae n, — KOHIEHTPAIINS NOHOB HA IJIa3MeHHOM
TpaHuUIEe ABOITHOTO cJosi. KOHIeHTpaIua ropaunx 9JeKTPOHOB
JToJIKHA OBITH OTICaHAa 6oJiee aKKYPaTHO, YeM 60JIbITMaHOBCKOE
pacmpeneneHne, Tak KaK Mepenaj IOTeHITHAa B ABOHOM CJIoe
CyIlleCTBEHHO MeHbIlle TJaBalolmero moTeHIuama. I[losTomy
HaJO HCIIOJb30BaTh (PpYHKIINIO pacipegeneHud (3.5), (3.6).
CoruacHo (3.7)

ne ) FAexp( ML erff ™)L (3.48)

rae =-e /T,,. XoJoLHEIe 2JIeKTPOHBI YCKOPSIOTCS B JBOI-
HOM cJIoe, TIOSTOMY B IpeHebpeskeHNH UX HauadbHOI sHeprueii
(min)

T,

ec

1 Teh ( (min) )

(3.44)
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rae n,( ™M) mpeacrasaseT coboil KOHIEHTPAIHIO XOJIOJHEIX
5JIEKTPOHOB B MUHHMYMe IIOTEHI[MAJNA, OHA CBSA3aHA C IIOTO-
KOM XOJIOJHBIX 5JIEKTPOHOB COOTHOIIEHHEM

Wurerpupyem ypaBHeHnue Ilyaccona ¢ yueTom ToTo pak-
Ta, YTO HA TPAHUIIAX JBOMHOTO CJOS 3JEeKTPpUUeCKoe moJe 06-
palrmaeTcs B HOJIb:

1 min Tec
o Moo (i), [~ee (3.45)

min)
(e, Nee m)d 0. (8.46)
0
Komb6uuupys s1o yciaosue ¢ (3.43)—(3.44) u BrIpasKeHHEM
IJIS KOHIleHTpanuu noHoB (3.29), ncmoab3ys yeIoBUe HYyJIEBO-
ro Toka (3.41), npuHUMAasA BO BHUMAHNE YCJIOBUE KBA3UHENT-
pajibHOCTH N, + N,., = N, Ha ILJIa3MeHHOM CTOpOHe, IOJyINM
ypaBHeHHe AJIA Iepelaga MOTEHIINANA B JBOMHOM CJIoe TIPH
TJIaBaloIeli cTeHKe:

L oerf( = )1 a) mud 2T,
) ) a T 1 3 a1,
1 4
voon (3.47)

eh m;u,

rae 5 e . /T, 3mech MBI IpeHeOperJn 4WiIeHAMH, COTep-
swamumu (m,/m;)V2. Daa T,, > T, c yaeTom KpuTepus Boma
miu(z) T,, noayuaem . ;= 0,95. BugHo, uTo nepemnaj IoTeH-
muajia B IBOMHOM cJioe, BOSHUKAIOINEM IIPHU CUJAbHON 9JIeK-
TPOHHOM 9MUCCUH, JeHAICTBUTEIHHO CYIIECTBEHHO MOHMMKAET-
csl IO CpaBHEHHIO C IJIABAIOIMNM HoTeHI[amoM (3.47).

JBOIiHBIE CJIOM MOTYT BOSHUKATH He TOJHKO BOJIU3U DMU-
THPYIOIETro 3JIeKTPOa, HO U B PA3JIUUYHBIX APYTHUX CUTYaIlH-
X, B YaCTHOCTH, HA TPAHUIIE pas/esa IBYX pPasIMUHbIX JIa3M,
TaK YTO UX POJIb B QU3UKe MIa3Mbl QyHIAMEeHTATbHA.

exp( fl

3.4. CNO B MATHUTHOM MOJIE

CTpyKTypa cJI0s AJA HOPMAaJIbHOTO UJIH MTOYTH
HOPMAJIPHOTO K MTOBEPXHOCTH MATHUTHOTO MOJIS HE M3MeHsI-
eTcs o CPaBHEHUIO ¢ cUTyaliueii 6e3 MArHuTHOTO MOJIS, B TO
BpeMA KaK AJA HAKJOHHOTO MJH MapasijieJbHOTO MOBEPX-
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HOCTH MATrHHTHOTO IIOJISI CTPYKTYpa
CJI0s CYIeCTBeHHO MeHseTcs. Ilpu- | |
YnHa 3aKJI0YaeTcs B CJHEAYIOM[eM: o
ecyn me0aeBCKHI paguyc MeHbIIE,
YyeM JIAapMOPOBCKIE PaANyChl YaCTHII, —®
TO BOJIH3U CTEHKH oOpasyeTcs Tak
Ha3bIBA€MbII MATHUTHBIN NpeCI0OM
(puc. 3.4) pazMepoM HOPSAAKA JaPMO- R
poBCKoro paguyca. Jlas orpuiiareib-
HO 3apsKeHHOU CTeHKHU 5TO JIAPMO-
POBCKHUH paguyc HOHOB.

PaccmoTpuM OGINYI0 CHTYAITHIO B HAKJIOHHOM MATHHTOM
moje, o0pasywineM yroa. co cTreHKoii. Ha paccrodanuu mo-
PASKA HOHHOTO JapMOPOBCKOTrO PAANYCA HOHBI MONAZAIOT Ha
OTPHUIATENBHO 3aPAKEeHHYIO CTEHKY 3a BpeMs IIOPsiAKa 00paT-
HOM UKJIOTPOHHOM uacToTel. ,!. Ilpuarom ux pyHKIMHU pac-
IpeJeIeHusi CHIBHO OTJINYAIOTCSA B 3aBMCHMOCTH OT TOTO, Ie-
PeCeKaloT MJIN He IIepeceKaloT UX opOnuTHI cTeHKY. Ha opbu-
Tax, HepeceKaloINuX CTEeHKY, KOHIEHTPAIINA HOHOB IIajJaeT,
Tak KakK 9TH OPOUTHI IOIIOJHAIOTCSA 3a cueT GoJiee MeJJIEHHOTO
IIpUXO0Ja HOHOB BAOJb MAarHUTHOTO moJsi. Ilo Mepe mpuliium-
JKeHHUS K CTeHKe KOJIMYEeCTBO OPOUT, MepeceKAIOMUX CTEHKY,
pacTreT, a KOHIIeHTpaIllid Ha HUX YMeHbIaeTcsi. BOanau cren-
KU Ha FPaAHUILE CJI0s IPAKTHYECKH BCe OPOUTHI HOMOJIHIIOTCS
3acueT MPUXO0Ja HOHOB BI0Jb MATHUTHOTO IMoJsi. KoHIleHTpa-
uuio n, 3JeCh MOYKHO OIeHUTh, IPUPABHUBASA TEIJIOBOM II0-
TOoK noHOB n(T/m;)!/2, HOpMAAbHON KOMIIOHEHTE HOHHOTO
MOTOKA, MpUXoAInero us miasMel: n(T/m;)!/%sin. . B peayius-
TaTe KOHIIEHTPAIUA 1, nsin Ha rpaHUIE CIIOS OKA3hIBAET-
cA CYINeCTBEHHO MeHbINel, YeM Ha BHEIIHeH rpaHuIle Mar-
HHUTHOTO npeacosi. Oco0eHHO BeJINK IIe pelaj KOHIEHT Al
B IIpejicjiOe MPHU MAJbIX yIJjaxX . , KOrJa CUJIOBAasl IMHHUS I0U-
TH MapajjiejbHa CTeHKE.

SJIEKTPOHHI B IIpejic/I0€e 3alePThI, U MPOPUIb ITOTEHI[HA-
Jia 3eCh COOTBETCTBYeT GOJABIIMAHOBCKOMY paciipe/e/Ie HUIO
751 3JIEKTPOHOB. Ilepemnas moTeHInaia B rpeciaoe Io3TOMY
suauutesen: = (T,/e)lnn/n,=(T,/e)ln(sin 1 ). Pacuet
mpod A KOHIEHTPAIIUY BHYTPHU HPEICTI0s HJOBOJBHO CJIO-
JKeH, TAK KaK JJIs 9TOro HeOOXOAMMO pellaTh KMHETUYECK VIO

cnof

o)

MarHMTHBIA npeacno

Puc. 3.4
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sagauy. TeM He MeHee HeTPYIHO cOpMYIUPOBATH BOJBT-aM-

MePHYIO XapaKTepHUCTHUKY CcJ0s U Ipefc]os BMecTe, OTCUH-

THIBas Iepelaj IOTeHIHANA IO CTeHKH OT BHeIIHell rpaHu-

bl Opejgcaos. HopMaJabHBIH IOTOK 5JIeKTPOHOB HA CTEHKY

IpeAcCTaBIseT cobol MIPoeKII0 MTOTOKA BIOAb MATHUTHOTO

MOJIA:

nsin. Eexp( e_)

© T Am T

IIoTOK MOHOB B CTAIIIOHAPHOM CIyYae COXPAHAETCS I COB-

mnagaeT ¢ HOpMaJIbHOH KOMIIOHeHTOI IIOTOKA Ha IpaBoii rpa-
HUIle MATHITHOTO IIPeCJI0s:

(3.48)

. T,
; nsin =% (3.49)
m;

CropocTh noHOB B (3.49) cooTBeTcTBYyeT KpuTepuio Boma.
BousbT-aMIiepHasa XapaKTepUCTHKAa OKasbiBaeTcA, TAKUM 00-
pasom, o6obinennemM (3.26):

1/2 1/2

j ensin L L T o (3.50)

mi \/2_ me 7We
IIpu ouens MaJIBIX YIJIaX HAKJIOHA 3TO BhIPasKeHHNe, O HA-
KO, CTAHOBUTCS HENPUMEHUMBIM. /leJ0 B TOM, YTO IIpU Ma-
JBIX yTJIaX . 3alloJiHeHNe OPOUT HOHOB, e PeCceKAaloIMnX CTEH-
KY, IPOUCXOAUT HE 3a CUET IPUXOAA MOHOB BAOJb MATHUTHO-
T'O TIOJIs, a 3a cUeT Iepexoa MOHOB ¢ OPOUT, He TTepeceKaloIux
CTEHKY, B pe3YyJIbTaTe HOH-HEUTPAThHBIX 1 MOH-UOHHBIX CTOJIK-
HoBeHui. IIpu sToM OpOUTHI, TepeceKaloIe CTEHKY, OCTa-
IOTCA MOYTH IIYCTHIMU, TaK KAaK BpeMsA «ONMYCTOINEHUA» (YXO-
Ia Ha CTeHKY) cocTaBisieT !, a BpeMd samonHeHmss — L.
IIoTok MOHOB Ha CTEHKY paBeH IMOTOKY MOHOB Ha BHIXOAAIINE
Ha cTeHKY op6uThl. ITocie THU# MOTOK MO MOPAAKY BEJIUUNHBI
OIleHUBaeTCA Kak
; (3.51)
Tounoe BRIpaskeHHe Aad nmoToka (3.51) KaKk B 4acTUYHO,
TakK U B MOJHOCTHIO MOHN30BAHHOM IIJIasMe MOKHO HaliTu B [7].
Takum obpaszoM, BOALT-aMIIepHasaA xapakTepuctuka (3.50)
cIipaBeJJuBa IIpU yrJjax HakJoHa > ;/ . llpu mMeHbImUX
yrJjiax HaKJOHa aHaJIn3 CTAHOBUTCA 6oJiee CIAOMKHEIM [7].

n

ci i*



[nasa 4. ANDDYINA YACTUYHO
MOHU3OBAHHOM MNMJIASMbI
BE3 MATHUTHOIO Nong

4.1. YPABHEHMWE .
AMBUNONAPHON ANDDYIUN

PaCCMOTpI/IM TIPOCTYIO (COCTOAINYIO M3 NOHOB
OJHOTO COPTA U SJEKTPOHOB) MJIA3MY C TOCTOAHHBIMHY U OTHO-
POAHBIME TeMIlepaTypaMu uacTuil. HefiTpaabHEIN ras TaKsKe
mpeAriosaraeM OJHOPOAHBIM. BhIOepeM cHCTeMy OoTCUeTa, B
KOTOpOIl HeHTpalbHBIN ras mokomTca: uy = 0. Ucnoasaysa
ycJa0BUe KBasMHeUTpaabHOCTH, u3 (3.3)—(3.4) mosryuyaem uc-
XOAHbIe YPABHEHUS IS OTpeeeHNA KOHIIEHTPAIIUX U TIO-
TeHIHAJA:

(D, n nb, ) I R,

H—|§ H—|§

(D, n nb ) I R (4.1)

IloTeHMan McKIAOYAETCA U3 3TOM CUCTEMBI YpaBHEHHU.
VYMHoO:xas epBoe ypaBHeHUe Ha b;, a BTopoe Ha b,, CKJIaIbI-
Bas MepBOe U BTOPOe YpaBHEeHU, IOJyUaeM YpaBHeHMEe aMOu-
noasapHoi nuddysun:

—’Z D, n I R (4.2)

Kosdppuinment amounonapuoii guddysnn:

D,b, D,
D el i17e .
¢ b, b

e i

(4.3)

C y4eTOM COOTHOIEe HUA DUHINTe THA TMeeM

D, D,1+T.,/T). (4.4)
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VpaBHeHNe aMOUTOJSAPHON TP Yy3UHN TO3BOJISIET HANTH
pacipefesieHre KOHIIEHTPAITUX HE3aBUCUMO OT paciipejelie-
HUs noTeHInana. [Ipu 3ToM HeOOXOAUMO 3aJaTh TPAHUYHOE
ycJIOBHe Ha OTPaHUYMBAIOIIHUX MATePHATIbHBIX ITOBEPXHOCTSIX.
I 5TOr0 MOCTYIIUM CJIEAYIOITUM 06 pasoM: IMTOTOK MOHOB Ha
TpaHuile MPpUCTeHOUHOTO CJIOSA, KaK 00CYKIaJIOCh B IPEIBIIY -
meti TyaBe, HOJIKEH OBLITH TMOPAIKA n T, /m,.C npyroii
CTOPOHEI, 9TOT JKe TIOTOK B ILJIa3Me OTIpe e s1eTCsI aMOUIIO AP
Holi suddysueii u coraacHo (4.2) nD,/L, rne L — xapak-
TePHBII pasMep IJIa3Mbl, a 7 — KOHIeHTpAIluA BHYTPH ILI1a3-
mbl. [IpupaBHUBAA MTOTOKH, MOJIyUYaeM OINEHKY JJI KOHIIEH-
Tpanuy Ha rpaHune ciaos ( ;y — JJHHa cBoOOJHOro mpobera
HOHOB):

n,/n. /L1 (4.5)

ITosTOoMYy pH pellieHNHN YpaBHeHUA aMOUTIOIAPHOM aAud-
dysuu Ha rpaHuUIle CO CTeHKON MOMKHO CUMTATh KOHIIeHTpA-
U0 HyJeBOM, TaK YTO TPAHUYHOE YCIOBHUE €CTh

n ,=0. (4.6)

PacnpepeseHne moTeHITnaa HalieM, BLIUUTAA OJHO ypaB-
HeHmue B (4.1) us gpyroro. IIpu sTom moaydaeM paBeHCTBO JTH-
BepreHInil MOTOKOB YACTHMII:

4.7)

e i
HUJIN YCJIOBHNE OTCYTCTBUA NUBEPITeHIIN N IIJIOTHOCTH TOKA:
i o. (4.8)
,I[J'Iﬂ IIoTeHIINaJa nMeeM YPaBHEeHHUE
[nb.+b) 1= [(D. D)) n] (4.9)

IToTennuain, KOTOpPHIH YAOBJIETBOPAEeT ypaBHeHHnIo (4.9),
MOJKHO TIPEACTABUTH B BUAE CYMMBI

= ¥ . (4.10)

[s

HuddysnonHas yacTh HoTeHIuaNa 4 olpelelseTcs Ipa-
JUEHTOM KOHIIEHT paIliH IJIa3Mbl H COOTBETCTBYET DABEHCTBY
IIOTOKOB 3JIEKTPDOHOB M MOHOB . , ;. PaBeHCTBO NOTOKOB
nMeeT BUJ

-D, n+bn  ,=-D; ntbn , (4.11)
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OTKYJa HAaXOIMNM

D
d p

e

e D, Inn const ann const. (4.12)
e

b

i
BTOpaH YacTh II0OTeHIIuajga ,COOTBETCTBYeT IIPOTeKaHUIo
CKBO3HOTI'O TOKaA 1 YAOBJETBOPAET YPABHEHHNIO

[n(b,+b,) ,]=0. (4.13)

9Tu ABJIEHUS paCCMOTPEHBI B TJIaBe 6, 3leCh JKe MBI OTpa-
HUYUMCSA CAyYaeM OTCYTCTBUSA CKBO3HOTO ToKa . . = 0. B sToM
cayuae moreHIuaa (4.12) coorBeTcTByeT 60JIBIIMAHOBCKOMY
pactpeeseHUIO AJIA 9JIEKTPOHOB.

Puc. 4.1 6
Ilonapusanusa cTrycTRA MIa3MBbl a
B IIpoliecce aMOUIONAPHOH - - - <,
mucpdysun: - i - - j +
a—j=0, =, 0—[goOolHUTeIbHAL >

nondpusanud. ., BEI3BaHHAA TOKOM.

Ionapusanusa MOJOKUTEILHOTO BOSMYINEHUSA KOHI[EH-
Tpalluu IIpuBefeHa Ha puc. 4.1a. PusnyecKuii MEXaHU3M BO3-
HUKHOBEHUA TAKOM MOJAPUIAIUU COCTOUT B CJIEYIOINEM:
5JeKTPOHEI ¢ 60AbINUM KosddurimeHToM AUdPY3UN CTPEMAT-
cAa auddyHIIPOBATH ¢ 60JbINOM cKOpocThio. [Ipu sTOM 13-3a
Tpe6oBaHMA KBABUHEUTPATHHOCTH BOSHUKAET 3JeKTPUUECKOe
moJie, TOPpMO3sAIee JEKTPOHBI M BhIPABHUBAIOINEE TOTOKU
3JeKTpOoHOB M MoHOB. Tak kar D, > D;, To BJIeKTpHUUECKOe
moJie TIOYTH HAIEJIO TOPMO3UT 3JIEKTPOHBI, M BOBHUKAIOI M
TIOTEHITUAJ COOTBETCTBYET 6OJIBIIMAHOBCKOMY paciipee e HUIO
AJd anekTpoHOoB. IloTok HoHOB BodpactaeT B (1+7T,/T;) pas
IO CPAaBHEHUIO C YHUIIOJSPHBIM (IIPM OTCYTCTBUHU 3JIEKTPH-
YecKUX moJei) Anddy3noHHBIM IOTOKOM MOHOB JJO BEJIUYHN -
HBL D, n.Takum o6pasoM, SBOJIONUS KOHIIEHTPAIUH,
onuchiBaeMas ypaBHeHUEeM aMOUMONAAPHON quddysuu, mpo-
UCXOAUT C PABHBIMH MOTOKAMMY 3JE€KTPOHOB ¥ MOHOB.

Ecau ke yepes maasMy MpoTeKaeT TOK, TO BOSHUKAET J1O-
OOJHUTEJbHAA NOJAPU3aAIUA, NPpUBeJeHHAA Ha puc. 4.16.
HeiicTBuTENBHO, B OfHOMepHOM cayuae us (4.13) caeayet

. j/ne®, b), (4.14)
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rIe f — coxpaHsiomuiica Tok. [TosToMy sJeKTpuUecKoe moJie,
CBA3aHHOE C IPOTeKaHWeM TOKA, TIaJaeT BHYTPH OO UTETb-
HOTO BO3MYINleHUA KOHIIeHTpaluu. IIpoTekanne Toka, O4HAKO,
B cJIyuae IIPOCTOM ILIa3MbI, cofieprKaliieii MOHBI OJJHOTO COpTAa,
He BJNAET HA SBOJIOIHI0O MPodUIAa KOHIEHTpAIlUK, KOTOpas
OIHMCHIBAETCSA ypaBHeHHeM aMOuMoJsapHoM auddysun (4.2).

4.2. NPUMEPbI PELLUEHNA
ANDODY3NOHHbBIX 3ALAY

4.2.1. PACNAL HAYAJIbHOIMO BOSMVYLUEHUA
B BEBrPAHU4YHOU NNABME

PaccMoTpuM pacmaj IpoOU3BOJHLHOTO HAYAE-
HOTO BosMyIneHusa. Uimem pelieHne ypaBHeHUA

—’Z D, n 0 (4.15)

C TPAHUYHBIMHY YCIOBUAMMU:
n(r )=n,,. (r )= 0.

B kauecTBe HaUAJHLHOTO yCJa0BUS BhiGepeMm I'ayccos mpo-
duib:

n(#,t 0) exp( r2/a?), (4.16)

3/243
rae N — TOJIHOe UHMCJIO YacTHIl, BHeCeHHOe B ILa3My. Perre-
HUe UINeM B BUe nHTerpaga dypoe:

n(7,t) n; exp(ikr)dk. (4.17)

1
@2y

IToacTtasnsas (4.17) B (4.15), monyuaeM ypaBHeHHe AJIs
Dypre-obpasa:

L Dm0, (4.18)

OTKY A
n;  n;(0)exp( D, k?t).

BosMmyIneHne KoHIeHTpaInu coraacuo (4.17):

n;(0)exp( D k2t)exp(ikr)dk.  (4.19)
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IIpumensia obpaTHoe TpeobpasoBaHne Dyphe

n; . n(Ft)exp( ikF)dr (4.20)

K HaYaJbHOMY BO3MYINeHHIO KoHIleHTpanuu (4.16), HaliteMm
n;(0) Nexp( a®k?/4). (4.21)
IToacrasnasna (4.21) B (4.19) u uaTErpupys, MOJIYINM

N r2

eXx .
72(a2 4D,typ/2 Y @ 4Dt

n(#,t) 4.22)

Pemenne (4.22) coorBeTcTBYeT AU PHY3NOHHOMY PACIIIBI-
BaHMIO HaUaJILHOTO BoaMyeHusi. Ha BpeMeHax GOJBINTNX, UeM
a?/4D,, XxapaKTepHEI MacIITab HeOZHOPOJHOCTH PACTET KaK

\J4D,t , ee KOHIIeHTpAIINA TafaeT KaK ¢ /2, 4To cOOTBeTCTBY-
eT coXpaHeHHIO IOJMHOTO YHUc/Ia YacTHI.
IloTeHIUAN IJIa3Mbl OTHOCHUTEIBHO GeCKOHEUHOCTH JIeT-
KO BBEIUHUCJINTD, HCIOJb3Ys 60IbIMAHOBCKOE paclpeeeHue
IJISI 9JIeKTpoHOB (4.12):
T, n n,

Zeln
e ngy

(4.23)

4.2.2. NOJIOXXWUTEJIbHbIA CTONB
FAS0BOro PABPHAAA

Haiigem cramuoHapHBIH Tpoduab KOHIleHTpaIlnu B bec-
KOHEeUYHOM IMUJINHAPE paguycad, B KOTOPOM HCTOUHUKOM ILIAas-
MBI SIBJSAETCS NOHU3AIUS 9JIEKTPOHHBIM YIapOM, a 3apsiskeH-
HbIe YaCTHUITHI YXOAAT HA CTEHKY B pe3yJbTaTe aMOUIIOJIAD-
HOM auddysun. B mpenebperkennn peKoMOMHAIMel Gadanc
YaCTHUI] ONTMCHIBAETCA YPaBHEHUEM

%%(rDa ‘é—’;) nZ. (4.24)
Beanuuna Z mpeacTaBiisgeT coboii UMCJIO aKTOB MOHM3A-
IIUH B eIUHUITY BpeMeHH’, IPOU3BOAUMBIX OMHUM 3JIEKTPOHOM.
VYpaBuenue (4.24), nonmoaHeHHOEe I'PAHUYHBIM yCJIOBHEM
HacTeHKax muiauHapa n(r = a) = 0 u ycaoBueM orpaHUYe HHO-
ctu ipu v = 0, mpeacTaBaAeT coboii sagauy [lITypma — Jiny-

BILJLJISI HA COOCTBEHHBIE (byHKI_II/II/I n cobcTBeHHBIE 3HAUeHUA. Tak
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Kak (4.24) apiasieTcd ypaBHeHueM BecceJsi, To ero peiieune,
orpaHWYEHHOE B HYJIe, BEIpaskaeTcd uepes dyukiuio Beccens:

n(r) n(0)J,(rJZ/D,). (4.25)

HyJIeBoe IT'PaHUYHOE YCJIOBHE HA CTEHKAaX NUJNHAPA OIIpe-

JessdeT BeJIUUUHY Z:
(2,42 D,
9 >

z (4.26)

a
TIe 4Yucyo 2,4 cooOTBETCTBYET IepBOMY KopHIO GYHKIIUY Bec-
ceJsdA. [Ipyrue KOpHU MIPUBOAAT K OTPUITATEJIbHBIM 3HAUCHU-
SAM KOHIIEHTPAITUH IIJa3Mbl U HE COOTBETCTBYIOT QUBUUESCKH
ocMbICIeHHOMY pemennio. [Ipoduab KOHIIEHTPAIIUN, TAKUM
00pasoM, OTIMCHIBAETCS BHIPAXKeHUEM

n(r) = n(0)Jo(2,4r/a). (4.27)

HOTeHI_II/IaJ'I IIJ1a3dMbl COOTBETCTBYET 6OJII>I_IMaHOBCKOMy
pacnpegeJIeHHUIO OJId 9JIeKTPOHOB:

%ln[n(O) /n]. (4.28)

Ilepemaj moTeHIIHATA = MeXKAY HEHTPOM M CTEHKOM COCTO-
UT U3 ABYX cJaraeMbpIX — Ilepellajfa MOTEHIHANA B ILIasMe K
mepelafa MOTeHIUANA B coe. Ilepeliaj moTeHITHAIA MY e H-
TPOM U FpaHHUIEe CaA0s:

e nfn(0)/ 7,1,

ol
Ilepenag moTeHIIMANMa B CJIoOe HAXOAUTCS U3 YCJIOBUSA pa-
BEHCTBA MOTOKA 3JIeKTPoHOB (3.20) 1 OTOKA HOHOB HA CTEHKY:
n, T/
sh e 2 m )1/2 (a) :
e i
IloTok MOHOB Ha CTeHKY, HCIIONb3Y4 (4.27), BEIpA3UM Ue-
P€e3 KOHIIEHTpAINIO B IIEHTPE:

2,4D,1(0
(@) 22O g ), (4.29)
B pesyiabTaTe nmMeeM
T, T} ?q
pl sh ?ln 7mi/2Da y (430)

rfe YynuciaeHHbIN Kosdhdunuent = 2,4J,(2,4)(2 )2 =3,1.
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4.2.3. AUDDY3UOHHbIN
PACNAL NNA3MbI

Pacmang miasMbl B TpeHe6GpeskeHNN peKoMOUMHAaI el B
OTPaHMYEHHOM IUJIUHPEe AJNHOU L 1 pagmycoM a OIUCHIBa-
eTcd ypaBHenueM (4.15) c HyIeBLIMY 'PAHUYHBIMHU YCJIOBHUA-
MU Ha cTeHKax. PellleHune mojydaeTcsa MeTOAOM pasfieaeHUSA
TmepeMeHHBIX U UMeeT BUJ

n(r,z,t)  Apexp( t/ p)Jo( pr/a)sin(j z/L), (4.31)
ik 1
rae IIoCTOAHHAaA paciiaga
1 D, j*°?
w @ I?
a Koo PUIIeHTHI A, OIIpe/leIAI0TCA HAYATbHEIMY YCIOBIAMU.
Tak Kak [OCJeJOBaTeJbHOCTh KOpHeil pyHKmuu Beccena
6I)ICTpO BO3pacrTaeT, TO Ha BOJIBINNX BpeMeHax B IIJIasMe ycTa-
HaBJIHNBaeTCsA OCHOBHAaSA /:[Hd)d)ySI/IOHHaH monga.:

n(r, z,t) = n(0)exp(—t/ {1)J(2,4r/a)sin( z/L). (4.33)

, (4.32)

4.2.4., ANODYINOHHbIN 30HA,

JJIA ITMarHoCTUKHY IJIa3MHEI MU POKO UCTOJIb3YIOT N3Mepe-
HI€e BOJbT-aMIIepHOI XapaKTepUCTUKH 30H a — HeGOIbIIIOTO
5JIeKTPOia, TIOMeMeHHOTo B maasMy. Byaem mojaraTh, 4To
IJIUHBI CBOGOJHOTO Mpodera 3JeKTPOHOB 1 MOHOB 1 TOJIUHA
CJI0S MeHbIIe pazMepoB 3ouaa. Takoii 30HA HasbkIBaeTcs Aud-
G y3UOHHBIM (Caydaii 60JbIMNX AJUH CBOOOTHOTO Tpobera co-
OTBETCTBYET JJEHTMIOPOBCKOMY 30HAY). IIpoduab KOHIIEHTpA-
uu Bousu nuddy3nOHHOTO 30HAa OMMUCHIBAETCSA YpaBHEHEM
aMOumnoaapHoi nuddysun, KOTopoe B OTCYTCTBUE HOHU3AITAN
¥ peKOMOMHAITNY CBOJUTCA K YpaBHeHHUIO Jlamiaca:

n=0 (4.34)
€ TPAaHUYHBEIMU YCIOBUAMHU
n =0; n(r ) = ny.

Hunsa chepuueckoro soHga pagumyca a peimieHue (4.34),
yIOBJETBOPAIOINEe rPAHUYHBIM YCIOBUAM, €CTh
n=nyl a/r). (4.35)
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IIpu GosbmIOoM OTpHUIlATEIHPHOM IIOTEHIIVIANE 30HAA 3JEK-
TPOHHBIY TOK HA 30H/] paBeH HYJIO. DJIeKTPUYECKOe II0JIe B
IaasMe 3alIupaeT 3JeKTPOHHI U YBeJINYNBAeT NOHHBIH IIOTOK
10 BeJIUUMHBI Qi D, n.Hcnoassysa npopuns (4.35), naii-
JeM IIOTOK Ha MoBepxHOCTH 30HAa ;(a)= D,n,/a. YMHOXKAA
IIOTOK Ha IJIOINaJb 30HAA M Ha 3apsAj 3JeKTpPOHA, IOJIYIUM

HOHHBINI TOK HaCBhIIeHUA:
sat
I 4 en,D,a. (4.36)

I soHaa 60Jee CIOKHOMN GOPMEI BhIpaskeHne IJIA TOKA
HACHIIEeHUSI MOKHO MOJYUHUTD, NCIOJb3Y 9JeKTpocTaTHye-
CKYIO aHAJIOTHI0. 3aJlaua 0 HaXOXKAe HUH Tpod s MOTeHITHuA -
Ja BOJIM3W yeAMHEeHHOTO MeTAJJINUYeCKOTO Teja TaKiKe OIH-
chIBaeTcsA ypaBHeHHeM Jlamiaaca ¢ TOCTOAHHBIM HOTEHITNATIOM
HAa TIOBEPXHOCTH MIPOBOAHUKA. MOHHBIN TOK HACHITIEHUA IIPO-
TMOPITMOHAJNIEH HOPMAJHLHOW KOMIIOHEHTE TpaJueHTa KOHIleH-
Tpanuu (MOHHOTO TTOTOKA), IPOMHTETPUPOBAHHOTO IO TTIOBEPX -
HocTHu 30HAA. IHTerpaJs *ke Mo MOBEPXHOCTH HIPOBOTHUKA OT
rpafreHTa NOTeHIINANA B 9JIeKTPOCTaTUUeCKOIl 3ajaue mIpo-
TMOPITMOHANIEH 3apAAY IPOBOAHUKA, T. €. €T0 9JeKTPUUEeCKON
emirocTu C. [TosToMy MOHHBIH TOK HACHITITEHU S Ha 30H/ BRIpa-
JKaeTcA Yepes ero eMKOCTh:

I5 4 en,D,C. (4.37)

BripaskeHue AJIA €eMKOCTH IPOBOJHUKA, HMeoIero ¢op-
MY BJIIUIICOMA BpallleHNA C MOJYOCSIMH d, d, b, IPUBEIEHO,
Hanpumep, B[11]:

b2 a?
Arch(b/a)’

2 2
va® b® ., (4.38)

arccos(b/a)’

b a,

a, a b.

AHaJTOTUYHBEIM o6pa30M BBIUNCJIAETCA 1 BJIeKTpOHHBIﬁ TOK
HAaCHIIMEeHNA. HpI/I GONBIMNX MOJOMKHUTEIbHBIX IIoTeHIInajgax

30HIA
I3% 4 enyD,(1 T /T,)C. (4.39)



[nasa 5. AUDDYINUA YACTUYHO

WOHU3O0BAHHOW NNA3MbI
B MATHUTHOM MNOJIE

5.1. AUdDY3INA U NOABNXHOCTb
B MArHUTHOM MNOJIE

MCXO,Z[HBIMI/I YpaBHEHUAMHU AJA ONMHUCAHUA
audysun MIa3MbI C IOCTOSTHHBIMHY TEMIIEPATY PaMHU 9JIEKTPO-

HOB ¥ HOHOB B MATHUTHOM II0JIe BJSIOTCSA YpaBHEeHUA Hepas-
PBIBHOCTH AJIsI 3JeKTPOHOB M MOHOB ¢ MoToKaMu Buga (1.87):

(ﬁe n I;en ) I R;

s als

(D, n bn ) I R. (5.1)
Tenzoprl AuMOY3UN U TTOJBUKHOCTH 6y IeM UCIIOJIH30BATH

B OpubIMKeHNHN 3JIeMeHTapHOi Teopun (1.95). Ux zaBucu-

MOCTB OT BeJIUYMHBI MAaIrHUTHOTO MOJIA IPpUBeeHa Ha puc. 5.1

Hcmorb30BaHBI CJIeAYIOITEe 0003HAUSHTA:

x ce . x ci .

e ’ i
eN

iN

Puec. 5.1
3aBHUCHMOCTD IoIlepey-
HBIX Koa(pUUeHTOB
1uddysun
OT MATHUTHOTO IIOJIS:

1 — sMeRTPOHHET
roapbunueHT fudpdysuun;
2 — WOHHEBIH KO3PPUTTHEHT.
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C pocToM MArHMTHOTO IIOJIS BHAUYajle JOCTHUTaeTCA 3HA-
yenue x, = 1. IIpu x,> 1 rosddunuent gudbdysun D,
D, /(1 x2) HaumHaeT cnagaTh Kak B 2. ['oBopsT, 4TO IpH
5TOM 5JIeKTPOHBI 3aMarHnieHnsl. Tak Kak BeJIMUNHA X; << X,
To Ipu x, = 1 nomepeunsiii KoshdunuenT Juddysun HOHOB
IpaKTUUYeCKH paBeH IIPOAOJbHOMY KoappuiueHty audpdy-
suu. Ilpu ganpHelIeM yBeIUUYEeHUN MATHUTHOTO IIOJIA DU
x,x; =1 1 paBHBIX TeMIlepaTypax 3JeKTPOHOB ¥ MOHOB UX II0-
mepeuHble Kosdpdunuentsl guddysun cpaBauBaoTca. Ilpu
5TOM 3HaueHue x; << 1. Ilpu

x,x; > 1 (5.2)

MOHHBIN ITomepeuHbIil KoagdunueHT auddysnn CTAaHOBUTCA
GoJIbIlle 5JIeKTPOHHOTO (TaKoe ke HepaBEeHCTBO B CHJIY COOT-
HOINeHUA DUHINTeiHA IMeeT MEeCTO U AJIS HOABUKHOCTE) 1
TOBOPSAT, YTO IJIa3Ma CTAHOBUTCA 3aMarHuueHHoii. U, Hako-
Hell, IpH x; >> 1 3aMarHN4eHHBIMYU CTAHOBSTCS WOHLI 1 UOH-
HBINM molepeduHbId KoaddunnenT 1uddysun HAaUYNHAET cHa-
JaTh C pPOCTOM MarHUTHOTO I0JIA Kak B2,

O6cyaumM pus3HIeCKHUI CMBICII KO3 PUIeHTOB JudPysun
U IOABMKHOCTHU B CHJILHOM MAarHUTHOM II0Jie, KOTJa 3J1eKTpo-

HBI U MOHEI 3aMarHudeHbl. B Tersope gudpdysun ( =i, e)
D D 0
D D D 0 (5.3)
0 0 D,

AuaroHaJbHbIe IollepeuHble KoaphunmenTsl andpdysuu B
CHJIBHOM MATrHUTHOM IIOJI€ PABHBI

D — ~ 2 . (5.4)

Takum obpasoM, momepeuHble KospPUuIueHTs Juddy-
3UHU 3apPAMKEHHBIX YaCTHUIL OKa3hIBAIOTCA MOPAIKA IPOU3BeE-
JeHUs KBajgpaTa JIJapMOPOBCKOTO paguyca (KBajpaTa mara
CAy4YalHbIX OJOYKIAHWI) U YAaCTOTHI CTOJNKHOBEHHN ¢ HeM-
TpajaMHu.

HeauaronaspbHble KOMIIOHEHTHI TeH30pa AUGDDYZUH B CUITH-
HOM MarHuTHOM IT0JIe He 3aBUCST OT YaCTOTHI CTOJIKHOBEHUA:
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cT
eB
CooTBeTCTBYIOMI U IOTOK,
KOTOPHIM HA3HIBAIOT XOJJIOB-
CKUM WHJN JIUAMATHUTHBIM,
HamlpaBJeH MepIeHAUKYJIAP-
HO TPafueHTy KOHIeHTPAINI
(puc. 5.2). Ero BeanunHy MOMK-
HO OIIeHUTH KaK TeIJIOBY IO CKO-
pocTh 3apAsKeHHBIX YACTHIL,
YMHOKeHHYIO Ha Pa3HUITY B UX < vn

) (5.5) LA

0|0

O

olo V'A

7

OO0 s

KOHII€eHTpaIuAX Ha MacITabe '
JJApMOPOBCKOTI'O paamyca. Ha- Puc. 5.2 DA
IIpUMEpP, €CJHu rpaiueHT KOH- XosmoBckHue (AUAMATHUTHEIE)
IleHTpallu HallpaBJIeH BAOJb IIOTOKHU SHeKTpOHOBuI/I HNOHOB
U JUaMarHuTHBIN TOK
ocH| X, TO
dn dn
+p 4.y, an 5.6
y dx T ¢ dx ( )

B OJHOPOJHOM MArHUTHOM IIOJI€ XOJIJIOBCKHNE IIOTOKH HE
IIPUBOIAT K HNSMEHEeHNIO KOHII€EHTPpaAIInu. Hepr,Z[HO IIOKa-
3aThb, 4YTO

(D n) (D n), (5.7)

rme rZ[I/IaI‘OHaJ’II)HI)II‘/JI TEeH30p DY OIIpeaeJieH COorJiaCcHO

D 0 0
Do 0 D 0 .
0 0 D,

JuddysnoHHbIE XOJTOBCKUE TOTOKHM B OJHOPOJAHOM MAar-
HHUTHOM II0Jie, TAKUM 00pasoM, BHIIAAAIOT U3 CICTEMEI YpaB-
HeHHii (5.1). PasHoCTb XOJMJTOBCKUX ITOTOKOB MPUBOAUT K IIO-
ABJIEHUIO TUaMaTrHUTHOTO ToKAa. /71 3aMarHuueHHBIX NOHOB
U 9JIEKTPOHOB

S oy T T
i e e ) D [B n] (5.8)

JduaMaruiuTHBIA TOK YMeHBINaeT BAKYYMHOe MariuTHOe
moJie, IpPUUYEM BO3MYIMeHNe MATHUTHOTO ITOJSI OKAa3hIBAeTCA
mopsaKa
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B_ 8 nl T)

B B2
B manbHelinieM MBI 0y geM moJjiarath. << 1 1 mpeHebperaTh
BOSMYIIN€EHUEM MArHUTHOI'O IIOJIA, BBISBAHHOI'O TOKaMHM IIO
IjiasMe.
He,Z[I/IaI‘OHaJII)HI)Ie KOMITIOHEHTHI TEH30POB IIOABUXHOCTHN
B CHJIBPHOM MATHHUTHOM IIOJI€ OAMHAKOBBI OJIA 3JIEKTPOHOB N
HNOHOB:

(5.9)

b <. (5.10)

CoOTBETCTBYIOITHUI XOJIJIOBCKHUI ITOTOK - nc[E B]/B2
mpeAcTaBJaAeT co60il COBMECTHHIH Apeiid) 3JeKTPOHOB U HO-
HOB B CKPEeINeHHBIX TMoJAX. OTMEeTHUM, UTO MTIOTOKH 3apAKeH-
HBIX YACTHUI] COBIIAJAl0OT TOJHKO B ClIyuae 3aMarHUYEeHHBIX
HWOHOB, IPH x; << 1 HOHHKIIN XOJJIOBCKUI MOTOK 3HAUNTEIHHO
MeHbIIIe COOTBETCTBYIOIIETO SJIeKTPOHHOTO IIOTOKA.

JumaroHaabHbIe ToHepedHbIe K0ahPUITIeHTH TeH30Pa oI -
BUIKHOCTH, Kak 1 Aud¢y3noHHBIe, B CHJIbHOM MATHHUTHOM
moJie TTPOTIOPIMOHANIbHEI YaCTOTE CTOJTKHOBEHUIA:

e
b m—ﬁ (5.11)

CooTBeTCTBYIOINNE MOTOKHM MOMKHO MHTEPIPETHPOBATH
Kak apeiid, BRI3BAHHLIN cuJIoN TpeHuA (puc. 5.3). OnexTpu-
YecKoe I0Jie, HAIIPaBJIeHHOE BIOJb OCH I, BEI3EIBAET COBMECT-
HBIH Apeiid MOHOB U 3JEKTPOHOB BAOJb OCH X CO CKOPOCTAMHU
U, = U,, = cE/B. 13-3a CTOIKHOBEHUH C HeIITpaIaMU BOSHH-
KaeT cHUJa TPpeHWs, AelcTByoIasd IPOTHB cKopocTH R , =
=-m n yu y.OHa, BCBOIO OUepe]b, BEI3BIBAET Apelid 3aps-
JKeHHBIX YaCTHIl B HAIIPABJIeHUU 5JeKTPUUECKOTO TOJIA CO

g ‘e @3

e,

_¢E
@ » Uoy = B
() > — Riy Puc. 5.3
U, _CE IIoTOK B HANIPABJIEHUM DICKTPU-
B YeCKOTO I0JIA KakK Apeiid mo

) 4

I[ef[CTBPIeM CHJIBI TPEHUA
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ckopocThio U , = —¢R y/(neB). B pesynbTaTe B HallpaBJIeHAH
SJIIEKTPUYECKOTO IIOJIS BOZHUKAET NOTOK , =nb E c moa-
BusKkHOCTBIO (5.11). Tak Kak moH-HelTpaabHAT CHUJIA TPeHUA
3HAYUTEJIbHO O60JbINe 3JeKTPOH-HeHTpalbHOI, TO B 3aMarHu-
YeHHOM IJIa3Me MOTOK MOHOB B HAIIPABJIeHUU 9JIEKTPUUECKO-
TO MOJIA OKA3hIBAETCA 3HAUMTEJNHbHO OOJIbINE 9JIEKTPOHHOTO.

B manpHelieM, 3a OTHUM UCKJIIOUYEeHUEM, MBI Oy eM pac-
cMaTpuBaTh TOJbKO 3aMarHnYeHHY IO IJIasMy.

5.2. OOHOMEPHAA ANDDYINA
B MArHUTHOM MNOJIE

5.2.1. ANDPDPY3UNUA NONEPEK
MArFrHUTHOro non«

OaHoMepHasA TudPysus momeper CUIHHOTO Mar-
HUTHOTO MOJs Toxoska Ha auddysuio 6e3 MAaTHUTHOTO MHOJIA,
MeHAIOTCS JUIH POJIA YaCTHIT, TAK KaK B 3aMarHUUYe HHOI IJ1as-
Me MOABUKHOCTh MOHOB 3HAUUTENHHO OOJIbINE, YeM TOABUK-
HOCTD 9J1eKTpoHoB. Tak ke, Kak u 6e3 MAarHUTHOT'O TTOJIA, YMHO-
sKasd IlepBoe 13 ypaBHeHU! (5.1)Hab; ,BTOpoe —Hab, U cKJa-
ILIBAdA UX, MOJIyUYaeM ypaBHeHUe aMOUTIONApHO T tuddysun:

T p

- Do n I R (5.12)

rae kosddunueHT aMOuIOAApHON Auddysnn
De bi Di be
“ b b

i

T;
D D, 1 Fe). (5.13)

e
B oTcyTcTBHE TOKA MO ILIasMe MOTEHITNAT HAXOAUTCS U3
YCJIOBUSA paBeHCTBA IMOTOKOB M COOTBETCTBYeT OOJIBLIIMAHOB-

CKOMY pacmpeejIeHHIO IS HOHOB:
d Mlnn const Elnn const. (5.14)

b, b, e

MgI BUAUM, YTO, B OTJHUME OT CJAYyYasi OTCYTCTBUA MAT-
HHUTHOTO II0JI5, HOJOKUTEeJbHOE BO3MYINeHe KOHIIeHTpaIlni
MIa3MblI 3apsAXKeHO OTPUIATEIHHO, 4 CAMOCOTJIACOBAHHOE
3JIeKTpUYECKOe I0JIe VAEPKHUBAET HOHBI H YCKOPSIET 3JeKTPO-

HBI, BEIpaBHUBaA IIOTOKH.
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5.2.2, OAHOMEPHAY OUDDYIUA
noa NnPOU3BOJNIbHbLIM YoM
K MAFHUTHOMY Mnontko

ITycTe KOHIEHTPAIUA TLIA3MEl 32aBHCHT TOJBKO OT KOOP-
AWHATH , & TPaJNeHT KOHIeHTPanmun o0pasyeT yroa cC Mar-
HUTHBIM moJieMm (puc. 5.4). ¥106HO BBECTH HOBYIO CHCTEMY
koopauHar (x, , ) BMecTo HcXoaHol (x, Yy, 2), rjle ock z na-
palnenbHa MarHuTHoMYy nomio. Hosaa cucreMa KOOpJHHAT
ToJIy4aeTcsA M3 CTAPOH BpallleHWeM BOKPYT OCH X, IIO3TOMY
TeHB30DPHI AU(PDYIUHA U TOABUIKHOCTH B HEH HMeIOT BHJ

D ADA ;b AbA, (5.15)
rae 1 0 0
fi 0 cos sin

0 sin cos

— omepaTop HOBOPOTA BOKPYTI ocH x . B HOBOII cHcTEeMe KOOP-
AuHAT TeHsop guddysuu

Puc. 5.4

Onnomepnaa audpysusa n” ana << << 3
cTpeIKAMHM oKa3AHLI MOTOKH YacTHI
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D D,, cos D,, sin
D D,, cos D cos®  Dysin? (Dy D )cos sin
D,, sin (Dy D )cos sin Djcos®> D sin?

(5.16)

31ech BeJMUNHEI DH’ D nu ny COOTBETCTBYIOT KOMIIOHEH-
TaM TeH3opa (5.3). AHaJTOTHUYHYIO GOpPMY MMeeT U TEH30P IO -
BUsKHOCTH. UcXomHAA cuCcTeMa YpaBHeHUI B HOBOI cCHUCTEME
KoOpAmHAT UMeeT BU/

- — D b n— I R, (5.17)
rae . =i, e. Kak u paHee, HcKJIIOUAs 3JIeKTpUUYeCcKoe IoJie,
IIOJYUYNM

n 2 n

— —1D( —1 I R, (5.18)
rie =cos ,

D 2 De bi Di be

(*) —

{{Dy® D. @ by > b A 2]

[Dy2 D, 1 by ® b @ 2
(B By > . b )1 ' (5.19)
IIpodunap moTeHIUAIA HAXOAUTCA N3 YCIOBIUS PABEHCTBA

IOTOKOB B HAIIPABJEHUH

(Dy Dy * (D, DA ?)
(bg by) ? @ b HA ?)
Vpasuenue (5.18) umeeT BujA ypaBHEeHHS aMOUIOAAPHOLI

auddysun. OHO, OTHAKO, HE MOJKET OBITH IMTOJYUEHO ITPUPAaB-
HUBAHWEM IOJHBIX MOTOKOB 3apAMKeHHBIX YaCTHII,

Inn const. (5.20)

el i||?
e i I[pyI‘I/IMI/I cJIoOBaMHu, gaXe B OTCYTCTBHE BHeIJIHeI‘HO
TOKAa B HAIIPABJIEHNHN B IIJIa3dMe CYIeCTBYET TOK BAOJIb OCH
O6CY,Z[I/IM Q)HBquCKHfI MeXaHnu3M (POpPMHPOBAHUS IIOTO-
KOB YacCTHII. Ecin rpageHT KOHIeHTPpaIn IIOYUTH II€ePIIeH-
AUKYJIAPeH MAarHUTHOMY IIOJI0, TAK YTO BBIIIOJIHEHO YCJIOBHE
<< o, THe
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o= 1(b; /beu)l/z’ (5.21)
TO

D( ?=D(*=QQ+T/T)D, *>+D, (1= ?)]. (5.22)

B sTom cayuae koadpdunuent guddysuu B 1+7;/T, pas
6oJbllle, YeM YHUNOJAPHBIN KoaddunuenT guddysun D,
B yvactHOCTH, TpM = 0, KOTJa rPpafueHT KOHIEHTPAI[UY CTPO-
ro NMepHNeHAUKYIAPEH MArHUTHOMY MOJII0, KOo3dhdUIIueHT
(5.22) coBnagaet c KoaddpunueETOoM aMOuImoAApHON AP DY-
sun (5.13). IlIpu << norennuai (5.20)orpunaTtesieH, Tak
KaK BJEeKTPOHBI MeHee MOABUIKHBI. DJIEKTPUUYECKOE II0Je
YCKOPSET 3JEKTPOHHI, a paclpeejIeHUE IOTEHITNATIA COOTBET-
CTBYyeT GOJIBIIMAHOBCKOMY paclipefieIeHUIo IJsd moHoB. Kak
ciaenyet us (5.22), cyiecTByeT KPUTUUYECKHUH YTOJ

o= (b, /b)'2. (5.23)

Oas <, ajaerTpoHbI 1udPYyHAUPYIOT B OCHOBHOM IIOIIe-
PEK MarHUTHOTO MoJisd 1 Koadduinuent guddysuun (5.22) mpak-
THUYEeCKH COBIIAfAET ¢ KO3 UIHMeHTOM aMOUIIOIAPHON AudPy-
3uu nonepex MarauTHoro 1o (5.13). C gpyroii CTOpoHLI, IpHU
yriax ,<< << ) JIEKTPOHBI JBUIKYTCA B OCHOBHOM IIapaJ-
JeapHO B 1 koaddunuent suddysuu D( 2) mpesrlmaeT 1o-
mepeuHbIi KosdduimeHT amMOunoadpuoii gauddysun. MoHBI
JKe B 000uX cayuadx TUPPYHAUPYIOT MPenMYIeCTBE HHO TI0-
mepeK MarHUTHOTO TI0JIA, TAK KaK NX YHUNIOJAPHBIA Kosdhdu-
nueHT D, D; . B pesyisibTaTe IOTOKU 3JIEKTPOHOB U MOHOB
BJOJb U IIOTIEPEK MATHUTHOTO ITIOJIA COBEPIIEHHO Pa3JIHUYHBI.

Hns 6onpmux yriaos >  MeXKAY IpaJjueHTOM ILJIOTHO-
CTH W HaIpaBJIEHUEM, NMepPHNeHAUKYIAPHBIM MarHUTHOMY
moaio, Kosdduiuert audpdysuu (5.19) cBoguresa K

D( ?)=D( =Q+T,/T)HD; 2+ D; 1~ ?)], (5.24)

npu sToM AudPysusa KOHTpoAupyeTcss moHamu. IloTeHIiman
upuT, T,;cooTBeTCTBYETOOIBIMAHOBCKOMY PACIIpEeIEeHNIO
IJs1 5JeKTpoHOoB. Temepdb 2JeKTPOHBI ABUMKYTCSA B OCHOBHOM
BIOJNH B, B TO BpeMs KaK HAIPABIEHNE HOHHOTO IOTOKA 3a-
BHUCHUT OT COOTHOMIEHUA MeXKAY SHAUEHUAMH U IIapaMeTpa

i = (b; /biH)l/z' (5.25)
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Onasa sHauenuiti < ; HOH-
HBII IOTOK OOGYCJIOBJIEH B OC-
HOBHOM IIOIIEPeUYHBIM ABUIKE-
HUEeM, B TO BpeMs KakK B o0part-
HOM cJIy4ae MOHBI ABMKYTCS B
OCHOBHOM BJIOJb B.

IIpu cienmanbHOM yTIJiIe

e=(D; /D V2= o(T;/T)'"?

el

VHUIIOJSAPHbIE KO PUILUEeHT L
anddysuu cpaBHUBAIOTCS:

D, =D, =D,,

e

AndpPy3uoHHBIe IIOTOKU B HAa-
IpaBJIeHNU IpajueHTa KOHIIeH-
Tpanuu TaKkKe paBHLI U, CJIe0-
BaTeJIbHO, 2JIeKTpUUeCcKOe oJie

D( 1)
D (I

-1
10 7

M. “’IO Ly i
. -1
0 100 197 100 n

Puc. 5.5
®yurnusa D( 2) (cnmomrnas
auuua) gaa T,=T;, x, = 103,
x; = 10. IlyHKTUP — pasIuUYHBIE
ANNPOKCUMAI MU

1— (5.22); 2 — (5.24); 3 — (5.27).

oTcyTcTByeT. Ilpu a3TOM, HECMOT-

pA Ha TO UTO rpaJueHT KOHIEHTPAITUY TTOYTH ITePIeHANKYIA-
PeH MATHUTHOMY I10J110, Koaddunuent D( %) Teneps pasen D; ,
TO €CTh OKAa3hIBaeTCs GOJIBINNM, YeM IMOIlePeYHBIA aMOMIIO-
JApHBIH KoshdunuerT (5.18). 3aBucumocts D( 2) npusege-
Ha Ha puc. 5.5.

Tak xak B ABYX IpeledbHBIX caydaax = 0; 1 ucxoguas
cucTeMa YpaBHEeHHU CBOAUTCA K OJHOMY ypaBHeHHIO aMOHu-
moJiApHOM auddysun, To BOSHUKAET BOIPOC, HE MOMKET JIU
auddysud Mo yrJIoM K MAarHUTHOMY IIOJIIO GBITH OTTHCAHA TIPO-
CTHIM AaHU3OTPOITHBIM YpaBHEHUEM aMOUTIONAPHOM Auddysun:

t " (Da" ||n) (Da n) I R)

rae KoshdunueHTs onpeaeaeHsl corJiacuo (4.3)u (5.13). Ox-
Hako ypapueHHe (5.26) MOYKHO IIOJNYUYUTH, IPEIIIOJTOMKHUB O -
HOBPEMEHHO . = ; H ; » 9TO TpebyeT HEMOTEeHII A"
HOTO 5JeKTpuUecKoro moasa. [[as ogHoMepHOU 3agaduu ypaB-
HeHHIO (5.26) cooTBeTCTBYET

D(*=D, *+D, 1~ 2.

n (5.26)

(5.27)

9TO BRIpasKeHNEe CUJIBHO OTJINYAETCS OT IPABUIBHOIO BBI-
paxxenus (5.19), ocobeHHO B 00J1aCcTH o (puc. 5.5).
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Tox BOOJIb HOBerHOCTeﬁ HOCTOSAHHON MJIOTHOCTH BLIUKC-
JAeTCA B COOTBETCTBHUMU C

j en[ (D, D, >>Z nk, b )1 (5.28)

IloacraBnaa BerIpaskeHue AJisA moTennuanaa (5.20), moiry-
yaeM

enD,(1 T;/T,)b, sin cos p

bycos® b sin?

(5.29)

Tox o6paimaeTca B HoJab ipu. =0, /2.

5.3. ANDDY3NA BOSMYLLEHNA
B BE3rPAHNYHOU NJNTASME

Paccemorpum quddHys3uio MaoTO BOSMYIEHUA

7 HA TOCTOSAHHOM OJHOPOHOM (pOHE 1, B 6e3rpaHNUHOI IIas-

me. Ilomoskum pgiaa npoctothl T, = T;. UcxogHEIMU ypaBHe-

HUAMHT O] omucaHusa Aud@GY3UH IIasMBI ¢ TOCTOAHHBIMHE

TeMIlepaTypaMu 3JeKTPOHOB ¥ MOHOB B MATHUTHOM IIOJIE SB-
Jd10TcA ypaBHeHus (5.1) B OTCYTCTBUE HCTOUHUKOB

(D, n bn ) O. (5.30)

I'paHUYHBIE YCJAOBUSI UMEIOT BU/
) ng,  (F ) O.
Br16e peM HauaIbHOE BO3MYINleHIE B BU/E AeJbTa-QYyHKITNN:

n(7,0) N. (7).

n(r

JInneapusyem ypaBHeHue (5.30):

=&
>
>

t

s

(D, n bny, ) O. (5.31)

BygeMm uckaTh pellieHue B Buje NHTeTpaoB Pyphe:
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- 1 TN T
n(r,t) W n; exp(ikr)dk,
; exp(ikr)dk.

ITocne moacranoBku B (5.31) moayumM ypaBHeHHe AJA
dypre-rapMOHHUK:

n; o n
—t k ek n,; nokbek e
n,; A gl
L kDR n; nokbk ;. (5.32)
Ero permenne ecTs
kDt KDk m
P Rk Kbk Mo
n; ()  n;(0)exp[ D(k)t], (5.383)
rae
D(h) Z2EDFEDE opy 2 (5.34)
kD kE ED.E
3nech =cOs — KOCHHYC yIJa MesKJy HalpaBJeHHeM
BEKTOpa kK U MATHHUTHBIM IIOJIEM: kB /(kB). Kosddumueur
D( 2)coBnagaetc (5.19):
2D, % D, (1 »ID;2% D, A 2
o . 2Dy @ 2D, a9

(Dy Dy 2 (D, DA 2
BOSMyH.IeHI/Ie KOHII€HTPpaAIIUM JaeTCA BhIPaAXKEeHHUEM
(7, 1) % explik? D( )tldh.  (5.36)

PaszobneM MHTeTpAaJ MO kE Ha Tpu o6JIacTH MHTETPUPOBA-
Hus. B mepBoii 061acTH BEKTOD k mourn HepHeHANUKYIAPeH
MarsuTHOMY IoJio: << (. B »T0i1 00sacTu, Kak yxe 006CyxK-
AaJIoch B IIpeabIAYyINeM pasaete, KosdpduiuueHT JudpdPpysun
(5.85) umeeT mpocToii Buj (5.22):

D(?) D,(?* 2[Dy* D, QA ?)] 2[Dyk} D, k*].
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B unrerpasne (5.36) nmepeiijleM K MHTEerpupoOBAHUIO B Je-
KapToOBHIX KOOPAUHATAX U, IpeHeOperas MaJbIMU HOTIpaBKa-
MH, paCIIpOCTPaHUM WHTeTpUpoBaHUe A0 6eckoHeunocTr. Che-
JaeM TaKiKe 3aMeHy ITepeMeHHBIX:

Z 2Dy/D. M2, k. k.(Dy/D, )/

B HOBBIX TTepeMeHHBIX MHTETpas CBOAUTCA K MWHTETpATy
(4.19), KOTOPEHI JIeTKO BhIuncasAeTcsa. TakuM o0pasoM, BKJIAT,
obnactn << ,cocTaBisieT (B UICXOZHBIX IlepeMeHHBIX)

Nexp[ 2?/8D,t (x* y*)/8D, t]

162 3/2153/21)1"/21)

BTopoii BKJIaJ B HHTErpanmo k gaet obiaacts 1> > 0-
B sToit o6macTu KoshpuiiueHT JuPPY3UT UMeeT BUS,

D(?) D(? 2D, D, (1 )] 2Dk D, k1.

(5.37)

B nnTerpasie mo k£ o6JacTh MHTETPUPOBAHUS (C TOUHOCTHIO
IO MAaJIBIX MOMPAaBOK) MOXKHO PpacpoCTPpaHUTD A0 HyJad. [le-
Jas aHAJIOTHUUYHYIO 3aMeHy Te peMeHHBIX

¢ 2(Dy/D, }/?, k, k,(Dy/D; }/?

¥ BEIYMCJIAS UHTErpai, HalijeM, 4To BKJaag obiaactu 1 > >
COCTABJISET

Nexp[ 2*/8Dyt (x* y*)/8D, ]
1642 ¥/23/2D/% D,

Haxownelr, aHaIN3 BKJAAA OT 00JIaCTH o IOKa3bIBaeT,
YTO 5TOT BKJAJ COCTABJISET BeJINUNHY OPAJKA N h, Tae

(5.38)

N
. 5.39
1642 3/2t3/2Del||/2Di ( )

9TOT BRJIAJ IpeACTABJIIET COO0M MAIYIO MOIPABKY B IeH-
Tpe HEOAHOPOIHOCTH.

Takum 00pasoM, BO3MYINeHNe KOHIIEHTPAIIUY IPEICTAB-
JseT co0oi CYyMMY

n(#,t) n¢ n' O(nyh). (5.40)

AHaJMOTUYHBIM o6pa30M BBIUHNCJIAETCA 1 IIOTEeHITAJ:
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N Dy DA %7
2)» b ? b @ ?)n
explik? D( 2)k*t|dk. (5.41)

IIpusTom BobyacTn <<, IPeIsKCIIOHEHITUAIbHBIN MHO-
skuTens paBeH —T /e, a B obimactu 1 > >> ( 5TOT MHOMKHUTEID
paBeH T'/e. B pesysbTaTe MHTETPUPOBAHUS ITOJIYUAEM

(7,t)

o T2 T o). (5.42)
en, en, e

Cormacuo (5.40) BoamyIlleHNe KOHIIeHTpAI[NU IIpeCTaB-
JsieT coboii CYMMY ABYX rayCCOBBIX MPOodHIe — «3JeKTPOH-
HOTro» n° U «HOHHOTO» 1!, a IMHHUM IIOCTOSHHON KOHIIeHTpA-
AU TIPeICTABJISAIOT COO0M CYePIIOSUITHIO JBYX 3JIIUIICOUOB,

puc. 5.6. IloTeruang npuBeaeH Ha puc. 5.7.
dusnvecKkad IPUIYNHA HEOOBIUHOTO TTOBEIe HUA PeIeHn A
COCTOWT B CJIEAYIOIEM: 2JEKTPOHBL, HMEIOI[e HAuGOIbIIYIO
TIOABUKHOCTD BAOJIb B, crpemsarcs nuddyHanposaTs BIOIb
MATHHUTHOTO 1T0Js1. IIpu 9TOM BIOJIb MATHUTHOTO IO BOZHHU-
KaeT oTpUIATEeJbHBIN moTeHIIUAJ. [loTlepeK Ke MarHUTHOTO
moJisA HamboJiee TOABUKHBIMHY YaCTHITAMHU SIBJISAIOTCSA UOHHI 1,

Z A

2

7

7

o
Y o2
-

2

N

0.02

1 1 h x’,)i
1 2 x3y -
Puc. 5.6
JInHUYU TOCTOAHHON KOHIIeHTPalUN Puc. 5.7
n(r,t)/ n(0,t). 3uauenuda x,= 30, OxBunorennuaitu. Iorennnan
x;=0,3; E‘B ; PACCTOSIHUSA BhIpasKe- B exmaunax T n(0, t)/en,
HBI B efuHunax (8 Dyt)!/2. O6ractu ocTajbHble 0603HAUEHHUA

obeTHEeHUA 3alITPUXOBAHEL. aHaJOTWUYHHI puc. 5.6.
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COOTBETCTBEHHO, MOTEHITNAJ HoTiepeK B mojoskuTeseH. B pe-
3yJbTaTe BO3HUKAET HOTeHIINAJ KBAAPYIIOJAbHOTO THUIIA, N30~
OpasKeHHBIN Ha puc. 5.7, ¢ ceJJI0BOI TOUKOII B Hauaje KOOp-
auuar. Tak Kak . (r )=0, To Ha ocH 2z IPU 2 = Z, BO3HU-
KaloT MUHUMYMBI IOTEHITAJA, a IoMlepeK MATHUTHOTO MOJISA
mpu. = (. +/(x* y?)dopMupyercsa MAKCHMYM IHOTEHIIHA-
aa. Uz-3a yecaoBus . (r ) = 0 sJaeKTpUUYeCKOe II0JIe He MO-
JKeT BCIOAY YAEP:KUBATH 3JI€KTPOHBI BAOJb MATHUTHOTO IOJIA,
a MOHBI — TOIepeK MoJiA. B pesyabTaTe 9JIeKTPOHBI M MOHBI
IuGOYHAUPYIOT MPAaKTHUUYECKU He3aBUCUMO APYT OT Apyra,
dbopMUPYA JBA HE3ABUCUMEBIX 3JIIHIICOUAA. HacTUIILI IPyTo-
TO 3HAKA He MOTYT HPUHTH B 9THU 3JJINUIICOUABI N3 Havaaa Ko-
OpAMHAT M3-3a MaJOoll MOABUMKHOCTHU. I[03TOMY 5JeKTPOHBI
¥ MOHBI JOJIKHBI IPUNTH, COOTBETCTBEHHO, B «MOHHBIN» U
«3JIEKTPOHHBII» SJIJIUIICOUIBI TION JeMCTBUEM CAMOCOTJIACO-
BaHHOTO moJiA u3 ¢GoHOBOI miuIasMbl. B ¢doHOBOM mIasme, co-
OTBETCTBEHHO, JOIKHBI GOPMUPOBATELCA 00JIacTH 06e THEHUA
(3almTpuxoBaHHBIEe 00JIACTH Ha pHc. 5.6) ¢ MIOHMKEHHOMN KOH-
HeHTpaIuei GoHoBOI IL1asMbl. PasMep sTux o0JIacTeii cocTas-
nsietr Benmuuny (8D,t)'/* Baoas Bu (8Dyt)'/? momepexk B.
WoHbI U3 9TUX obJiacTell YXOAAT MO AeiCTBUEM SJIeKTpHUYe-
CKOTO OIS HOIePeK B B 5JIeKTPOHHBIN «3JINIICOM» , A BIEK-
TPOHBI BAOJIb B — B « HOHHBII» ssuaumcons. [Ipu 5ToM B mias-
Me TeKYT BUXPEeBbIe TOKH « KOPOTKOTO 3aMBIKAHUA» , KOTOPHIE
¥ obecleunBaIOT YCKOPEHHYIO, MPaKTUYeCKH YHUTIOJAPHYIO,
aAnddpysnio HeOJHOPOAHOCTH.

¥Yron , OTHOCUTEJHHO MATHUTHOTO IIOJIS, IOJ KOTOPHIM
dopmMupyioTea obaacTy 06e THeHU S, MOYKHO OIIeHUTD, IPUPAaB-
HSAB BpeMsI JBIPKeHIS HOHOB [IONepeK B Iox AeiicTBHEM 2JIeK-
TpuUYecKoro mois,. 2/(b;, . ), Ko BpeMeHH JBHKeHHUA 3JeKTPO-
HOB BOJb B, 2?/(b, ). Monyuaem = /z=(D; /D,)"".

IToTeHITMAT UMeeT KBaAPYHOJLHBIN XapakTep 1 Ha 60Jb-
IINX PACCTOSHHUAX JOJIKeH cIafaTh Kak r °. Tak Kak gBuske-
HUe YaCTHUIl BAAJH OT 3JIIUIICOUIOB IPOUCXOAUT B OCHOBHOM
moj AeficTBUeM 3JeKTPUUEeCKOTO I0JIS, TO AUBEePreHIITUN Mo~
TOKOB OKa3bIBAIOTCS MOPALKA I’ 9, a BO3MYINeHIe KOHIleHTpa-
UK cIIafaeT ¢ PACCTOSHUEeM Kak. n. t/r°.

BrluncauM BO3MYINEHHUS KOHIEHTPAIMKU W MOTeHITHANAa
BAAJIH OT 3JIIUIICOUAOB. [[JIA 3TOTO B YCJAOBUU PABEHCTBA AU~
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BEpTeHINII MOTOKOB ﬂe h ﬂi , KoTopoe caenyet us (5.30),
npeHebpeskeM MaJbIMU WieHamu nopsaka D, /D; u D,/D,.
Bregem HOBYIO IepeMeHHYIO. U QYHKIIWIO COIJIACHO

=z(b; /b))%, = (T/e)ln(n/n). (5.43)

el

Tor,aa YCJOBHUE paBE€HCTBA ,Z[I/IBepI‘eHI_II/Iﬁ IIOTOKOB CBOJHT-

Cs K B
ad n ) L o (5.44)

Vpasuenue (5.44) npeacrapaseT coboii ypaBHeHnne Ilyac-
coHa. IloIHBIN «3apAm» :

T
2 en,

Q nd dxdy O. (5.45)

«JINTOJILHBIN MOMEHT» TaKsKe paBeH HYJIIO U3 coobpaske-
HUHU cuMMeTpuu. « KBagpymoabHBITI MOMEHT» JaeTcA BhIpa-
JKeHueM

T 2 N
M 92 42 2 d dxd o~ 5.46
( S )2 en, ne axey en, ( )
a KBaJpYIIOAbHEIM OTeHITHA
2 42 2
2° = ¥y (5.47)
2 (2 %2 g2y
Ha 6onpmux paccTOAHHAX = , IOPTOMY B MCXOTHBIX
IepeMeHHEIX HMeeM BHe 3J/IINIICONI0B:
) NT o2 2cos?  sin? ) (5.48)

. b4
2 enygr® ( Z2cos?  sin? )/2
rie — YIoJiC OChIO Z.

BosmylmeHne KOHIIEHTPAIINH HaliieM, HallpuMep, U3 HOH-
HOTO YpaBHEHH S, B KOTOPOM YUTEM TOJbKO HOHHYIO IIOIIepeu-
HYIO HOJBMXHOCTD B 3JIeKTPUUYECKOM II0JIe:

n
— (b n ) b ong . (5.49)
Iloacrasaasa nmorennuai (5.48), Halinem

 NTD, t
n(r,t) fl{)
ar
12cos?2  36cos? sin‘2 / & (9/2)sin? /3. (5.50)
(cos?  sinZ / 2)%/2
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Bripaxenune (5.50) omucriBaeT Bo3MyIlleHHe KOHIIEHTPA-
Y BHE SJIJIUICOUIOB. BUAHO, UTO IpH yIaax o BO3MYy-
ImeHuWe KOHIEHTPAIUU OTPHUIATEJbHO, TAK UTO B (POHOBOM
IJIasMe e iCTBUTEJIHbHO BOSHUKAIOT 00J1acTH 00eJHEeHIA.

IIpu yBeIWUeHN M BOBMYIMEHUA KOHIEHTpAIUKU 06JacTH
o0eTHEeHUA YIIYOJIAIOTCS, U IPU 6OJBIIIOM BO3MYITIeHU U KOH-
IMeHTpaIuu MeXaHW3M KOPOTKOTO 3aMBIKAHUA MO (hOHOBOM
mIasMe cTaHOBUTCA HesddekTuBeH. B Ipemesie oueHn 60b-
IMUX BO3MYINeHN T, KoTAa raybuHa objacTeit obefHeHUS cTa-
HOBUTCS MOPSIKA Ny, OCHOBHAA YAaCTh SJIEKTPOHOB U MOHOB
HCXOJAHOTO BO3MYIeHuA TuddyHAUPYET COBMECTHO 1 9BOJIIO-
IUA 9TOM YacTHM ONHWCHIBAETCS YpaBHeHHEeM aHHB0TPOITHON
aMbutnionsapuoi auddysunu (5.26). JIuimp HeboIABITAA YACTh
YaCTHUIL pacIJIbIBAETCA YHUIIOJSIPHO U YXOAUT B «3JeKTPOH-
HBIN» U « HOHHBII» 5JIHNCONABI. Bosee mogpo0HO 0 HeTnHeH-
HOM 9BOJIOIUY BO3MYINeHu cM. B [7].

5.4. ANdDY3NA B INJIASME,
OrPAHMYEHHOW CTEHKAMU

IIpoaHanusupyeM pacnaj MIasMbl B 6aJlyIoHe C
IUSJIeKTPUUECKUMHU CTeHKaM U JJANHOM L 1 pafnycoM a ¢ OChIo
2, mapajieJabHOl MarHUTHOMY moJIio. IIycTh HauadbHOE pac-
mpefejieHNe KOHIEHTPAIIUHN TIJa3dMbl 06JagaeT asuMyTalb-
HOM cUMMeTpuei, a B OCTAILHOM HPOM3BOJbHO. 'pDaHUUHBI-
MH YCJIOBUAMHU HA TUIJEKTPUUECKUX CTeHKAX KaMePhI IBJIA-
I0TCSA YCIOBUA

n(z=0,L)=0, n(r=a)=0;
Jz=0,L)= (2=0,L), ,(r=a)= ;(r=a). (5.51)

Mo:kHO BHIAEJUTDH YETHIPE XapaKTepHBIX BpeMeHHU aud-
¢ysuu BIOJIH U IOMIepeK MAarHUTHOTO MOJIA 51 3JIEKTPOHOB U

MOHOB: 12 22
I "2p (2.42D
B samarnuvenunoi miasme , > ; m | <<
BygeMm HasbIBaTh OBLICTPHIMHU ITPOIECCHI, TPOUCXOASIINIE
3a BpeMeHa ;= max( ., ; ). Takue OGBICTPBIE IIPOIECCHI OIIM-

CBHIBAIOTCSA YPABHEHUSAMH, B KOTOPBIX MOJKHO ITpeHeOpeun nud-

(5.52)
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Q)YSI/Ieﬁ HNOHOB BAOJIb MATHUTHOTO ITOJIA U 3JIEKTPOHOB IIOIIe-
PEK IIOJIA:

—(Dy =z nb,, —),
z z z
1

Z—rD, X b n—o). (5.53)
r. r r r

H—|§ H—|§

3a Majble BpeMeHa MOPAAKA . ; MeJJeHHEIe B JaHHOM Ha-
TMpaBJeHUHN YaCTHUITHI, HOHBI BJOJb MATHUTHOTO ITOJIS U SJIeK-
TPOHBI — IMOTIepeK MATHHUTHOTO IIOJS, He YCIeBAlOT BHIUATH
Ha cTeHKY. [ToaTOMYy, B CHJIY OTCYTCTBHUA TOKA HA CTEHKY, U
OOTOKM APYTUX YACTHUIL HA CTEHKY Ha 9TOU CcTaAuM ; OT-
CYTCTBYIOT:
Jz=0,L)= y(z=0,L)=0,
. (r=a)= ; (r=a)=0. (56.54)
Haiigewm pemenne (5.54) npu yeaosuu (Ipu o0paTHOM He-
paBeHCTBe pellleHne CTPOUTCA aHAJIOTHYHBIM 00paszoM)

<< . (56.55)

g

B sToM cayuae KasKIbIM M3 UJIE€HOB B IPABOI YacTH SJeK-
TpoHHOTO ypaBHeHH:A (5.53) OoJbilie, UeM YJIEHBLI B IPaBOit
YacTH MOHHOTO ypaBHeHUs1. Tak KaK IMpaBble YaCTH 3TUX ypaB-
HeHU ¥ paBHBI, TO WIEHHI B IPaBOM YacTH 3JeKTPOHHOTO YpaB-
HeHUA IMTOUTH HalleJI0 KOMIOeHCUpPYIoT ApyT Apyra. CooTBeTcT-
BYIOMIU MMOTEHITHAJ SIBJASAETCS GOJBIIMAHOBCKUM IJIA SJIeK-
TPOHOB: T

flnn (r), (5.56)

rae (r) — mpousBoJbHAasA QYHKIIUA paauyca. [I[pomuTerpu-
pyemM (5.58) 1o z mo aianHe 6annoHa. Tak KaK IOTOK 3JIEKTPO-
HOB Ha TOpPIleBble CTEeHKH paBeH HYJIIO, (5.54), To mosyuaem

My,
N, N,
L a mymp 2L b Ny—1, (5.57)
t r r r
L
rae Nl ndz . TaK KaK 3a BpeMeHa f JacTHUIbI HE YXO-

0
OAT Ha TOPIEBBIE CTEHK U, TO corJiacHO (5.57) Benuunua N, =

= const(¢) coxpaHsaeTCa U MOKeT OBITH BIYHNCIEHA IO Hauyadb-
HOMY TIpOod U0 KOHIIEHTPAITNNI:
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L
N,(r) n(r,z,t 0O)a.
0
W3 ycooBus paBeHCTBA HYJIIO IPABO YacTH MOHHOTO ypaB-
HeHusd B (5.57) 1 0OTCYyTCTBUSA IMIOTOKA HOHOB Ha GOKOBYIO CTEH-
Ky HaligeM
T, T,

InN;, const. (5.58)

IloacraBnsasa natigenusiii moreuiuai (5.56), (5.58) B ypas-
HeHHe O noHOB (5.53), uMmeeMm

n

t

(5.59)

N -

—ra n/mp, 2oy T T, 0Ny

VYpasuernne (5.59) onucriBaeT 3BOJIIONNIO MIPOPUIA KOH-
IeHTpaIuu Ha BpeMeHax ; - IIpu 5TOM IPOUCXOTUT IIEpPE-
cTpoiika mpodusid BHYTpH OasiToHa 6e3 BHIXOJa YACTHI Ha
cTeHKHU. B KoHITe 9TOH 6BLICTPOM CTaUH YCTAHABINBAETCS IIPO-
$UIbL KOHIEHTPAIlUHU, COOTBETCTBYIONI M = 0. Coraacuo
(5.59) B KOHIIe OBICTPOIL CTAANN UMEEeM

n=N(r)f(z).

i

IIpoussoapHyIo GYHKIUIO f(2) HaligeM, IPONHTETPHPOBAB
5TO BhIpaskeHHe Mo pagnuycy U BBeIsa

Ny(2) 2 nrdr 2 n(r,z,t O)rdr,
0 0
La La
N 2 nrdzdr 2 n(r,z,t O)rdzdr.
00 00

B pesysbTaTe B KOHIIE OBICTPOI CTAINT YCTAHABINBAETCA
pacipeesieHIe
N, ()N, (2)
N
CooTBeTCTBYIOINEE paclipeieieHue HOTeHITATIA HAileM U3
(5.56), (5.58):

(5.60)

2lnN2 Elan const. (5.61)
e e

Taxkum o6pasoM, Ha BpeMeHax ; YCTaHABINBAIOTCSA IIPO-
duiu (5.60), (5.61) 3acueT mepepacnpeesieHUA HOHOB I 9JIEK-
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TPOHOB BHYTPU 00'beMa TP’ CO- 1zB
XpaHeHNU uHTerpamoB N, N, u
nostHoro yncaa yactuiy N. Ilpn- O @ O
Mep TaKOIi mepecTPOUKY IpUBe-
men Ha puc. 5.8. IIpu sTom mo
IJIasMe MPOTEeKAaloT BUXPEBEIE ©
TOKHM KOPOTKOTO 3aMBIKAHUI,
aHAJIOTUYHBIE PACCMOTPEHHBIM L
B IPeIBIAYINEM pasjeJie.
Ananus caydas > J
TMPOBOAUTCA AHAJTOTUYHO U TAK- =) e
JKe TPUBOAUT K HOpoduaam DT —@
(5.60), (5.61).
Ha Bpemenax, G6GOJbITHX @ O
4eM . ;, HeOOXOJHMO YIHNTHIBATD
BBIXOJT YACTHUIT HA CTEHKH U pe-

ImIaTh IIOJIHYIO CUCTEMY YpPaBHE- a
i (5.50). IIpu sToM B Kaue- Pnc. 5.8

CxeMa 3aMBbIKaHUs IIOTOKOB
CTBe HAYaAJBHOI'O YCJIIOBUA CJIe- 9JIEKTPOHOB U MOHOB IIPH

oyeT BEIOpaTh paclipefielleHHe  AUPPYysHH B JU5IEKTPHYECKOM
6angone Ha BpeMeHax 7

KoHIeHTpanuu (5.60), KoTopoe

ABJIAETCA MpoM3BeAeHeM PYHKITUI oT r u 2. [TosToMy u pe-
IeHne AJIA KOHIeHTPAIIuU MOYKHO NCKATh B BUIe IPON3Bee-
HUY AByX QYHROUHE oT r u 2: n = ny(r)ny(z), a norennuan —
BBuge. = 4(r)+. 4(2),koropriiinput = 0coBuagaetc(5.61).
Pemmenne MeTOOM pasiesieHUS MMepeMEeHHBIX JaeT

n ABJo( ,r/a)sin( jz/L)exp( t/ 4) (5.62)
ik 1
rIe
1 .
— @ T,/T)Dy( j/Ly @ T,/T.)D, ( ,/af.
ik
IIpoduns xoumenrpamnuu (5.62) copmagaeTr ¢ pelneHneM
ypaBHeHUS aHUBOTPOIHOI aMOuIoNapHo quddysun:
n
—~ 1 Dy D, n).
Ha Bpemenax . > ; IPOMCXOAUT COBMECTHHIH yXOa uac-
THIT 13 00beMa Ha CTeHKY, a BpeMs pacliajia IJIasdMblI ollpee-

JIsIeTCsl HANMEHBIIUM U3 HAauOOJIBIINX BpeMeH , = min( 4, ; ).
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Taxum o6pasoM, pactiaj IMIa3Mbl B TU9JeKTPUUYECKOM 6at-
JIOHe TIPOMCXOIUT B ABe craauu. Ha mepBoii, OBICTPOI, cTa-
IOUY 38 BpeMeHa IOPAAKA. ; yCTaHaBAuBaeTca Ipoduisb (5.60)
u3-3a fudPy3un 3JeKTPOHOB BAOJb MATHUTHOTO IIOJIS, a HO-
HOB — TIOTIepeK IT0JIs 6e3 BhIX0a YacTHIl Ha cTeHKY . ITo mias-
Me TIPH 9TOM IIPOTEeKAIOT BUX peBhle TOKU KOPOTKOTO 3aMbIKAa-
HudA. Ha Bropoil, MeJIeHHOI, CTAANN 3a BpeMeHA , IPOUCXO-
JUT COBMeCTHAsA aMOumoaapHaa 1udysus 4acTUIL Ha CTeHKH,
a mpopuJIb KOHIleHTpanuu onnuckipaercd (5.61).

B Gasstone ¢ MeTAIIUUYECKUMH CTeHKaMU BO3MOYKHO 3a-
MBIKAHWEe TOKOB Mo cTeHKaM. [Ipu 5TOM yXOI YaCTHIL U3 00'h-
eMa [IPOUCXOJUT 3a BpeMsi ;= max( ., ; ), T. €. Topas/o ObI-
cTpee, UeM B GaJsIoOHE ¢ AUSJNEKTPUUECKUMH CTeHKaMu. ITO
ABJIeHNe M3BecTHO KakK «3pdert CaiimoHa». MameHsasa ma-
IpsAKeHNe MeXAY TOPIEeBRIMH W OOKOBHIMHU IJacTHHAMU,
MOKHO U3MEeHSTh BpeMs paclafa IaasMel oT . ; o . Coort-
BETCTBYIONINE BBRIPpAYKEHUS IJs Mpoduaeil KOHIEHTPAITUN U
TMOTeHITHAJA TIPUBEeHEI B [7].

5.5. AUDDYSUOHHbINA 30HA
B MATHUTHOM MNOJIE

B marauTHOM moJie paboTa AuMOY3UOHHOTO
30HJa, paCCMOTPEHHOTO B pasfene 4.2, cyImecTBeHHO HU3Me-
HsieTcs. IIpexk e Bcero, B CUIBHOM MArHUTHOM IIOJIe ABUKe-
HUe 3apAKeHHBIX YaCTHII BOIN3 W MaJie HbKOTO 3JIEKTPOoJa MO-
JKeT OBITH OTIMCAHO C TOMOMIbIO TPAHCTOPTHHIX (THAPOAMHA-
MHUUYECKNX ) ypaBHeHNUI, JasKke ecJIn IJIUHA CBOOOIHOTO Mpobera
TpeBHIIIaeT ero pasMephbl. Huke 0yaeT mokasaHo, UTO KPH-
TepHueM IPUMeHUMOCTH THAPOJUHAMUYECKOTO OMIMCAHUSA AJIA
5JIEKTPOHOB (IIPpM BBLIYUCJECHUN, HATIPUMED, SJIeKTPOHHOTO
TOKA HACHIIMEHUA) ABJIACTCA YCIOBUE

X a, (5.63)

Tlle a — MOOMePeUHbI IO OTHOINEHWI0O K MATHUTHOMY IIOJIO
pasMep 30HAA, a  ,, — JIADMOPOBCKUI pagmyc SJIeKTPOHOB.
IIpruymHA COCTOUT B TOM, UTO JJsI MOJIOKUTEJIHbHO 3apAKeH-
HOTO 30HJa KOHIIEHTPAIINA TJIa3Mbl BO3MYINaeTCA HA OUYeHb
GoJsblIOM paccTosiHMM [ =a ./ .y = ax, BAOJb MAarHUTHOTO
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TIOJIA U YCJIOBHME MPUMEHUMOCT ! Ha JJINHY CBOGOJHOTO ITpobe-
ra .y <</ aBTOMAaTHYeCKHU cOBIagaeT ¢ ycaosueM (5.63).

IIpodusnm KOHIEHTPAIMHN U TOTEHITNAJA OMUCHLIBAIOTCA
CHCTEeMOM YpaBHeHUI:

- (ﬁ;n I;enﬂ ) O,

(D, n bn ) O, (5.64)
C TPAHUYHBIMH ycJOBUAMHU n(7F ) ny; (F ) 0. Ona
cayJasi 3JIeKTPOHHOTO TOKA HACHIIEHNA ITOTEHITHA SIBJISAET-
cA 60IBIIMAHOBCKUM JJid noHOB ¢ = —TIlnn/n,, uTo cooTBeT-

CTBYET OTCYTCTBUIO HOHHOTO TOKA HAa 30HA. IIpH 9TOM sJIeK-
TpoHHOE ypaBHeHnue B (5.64) npuHuMaeT BUJI

D 2
e —r-X D,—2 0. (5.65)
r r r 22
IIpocTriM peoGpasoBanueM Koopaunat 2 = z(D, /D,)"/?
5TO ypaBHeHHe CBOJNUTCS K ypaBHeHHIo Jlamnaca:

n=0. (5.66)

30H] B B /e 5JIUIICON A BpallleHNUs ¢ IOJAyocsIMu d, d, b B
HOBBIX KOOpJAHHATAX IIpeBpalaeTca B JUCK C IOJYOCAMH d,
a, b/x,. Takum o6pasom, 3agada CBOAUTCA K PACCMOTPEHHOI
B r1aBe 4 3ajade 414 30HIa 6e3 MAarHUTHOTO moJsA. Perenne
HUIMeTcA B 3JAUNTHYECKUX KOOPAHUHATAX, KOTOPhIe B HCXOJ-
HBIX IIepeMeHHBIX UMeIOT B,

2

x2 32 22
1. 5.67
a?@ ) b2 «x2) ( )

ROHHeHTpaHI/IH OIINChIBaAeTCA BEIDAKEeHNEM

2
e

arctg
n(#) n,1 n®) ng 1 —-°2— | (5.68)
arctg

e

rae ,=b/ax,. N3(5.67) qelficTBUTEILHO CIEAYET, UTO MACIITAD
BO3MYII[eHHs BAOJb MATHUTHOTO IOJIA €CTh || =a ./ .y =ax,.
IIpu ycaosum b << ax, pasMep obegHeHHOI 006JaCTH BAOJH
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MATHUTHOTO TOJA HAMHOTO 00JIbIMle MPOJOJHHOTO pasMepa
30HA.

OIeKTPOHHBIN TOK HACBHIMMEHUA B IpeobpasoBAHHBIX KO-
opImHATax coBmajgaeT ¢ BuIpaskeHueM (4.39), npuueM eMKOCTD
JHCKAa ¢ MaJIeHbKOU NPoJoJIbHOM noayockio b/x, ects C =2/ .
IIpu mepexoje B UCXOAHbIe TTIepeMeHHbIe CIeAYeT YIeCTh, UTO
TOK HACHIINeHUA TaKsKe MpeobpasyeTcs. B pesyabTaTe uMeeM

I3 8engax,(1 T,/T.)D, . (5.69)

Boabimoit mpoaoabHEIN pasMep BO3MYINMeHHOM o6JacTu,
OTKYyJa cobmpaeTcs 5JeKTPOHHBIN TOK, HAKJIAABIBAET CHUJIb-
Hble OTpaHMYeHUA Ha MOIepeuHbI pasMep 30HIa. JluarHo-
CTHKA SBJSAETCS He BO3MYyLaloIlei, ecan /| << L, rpe L — xa-
paxkTepHBIH pasMep IJAa3Mbl BAOJH MATHUTHOTO IIOJSA. ITO
TpeboBaHme B 3aMarHM4YeHHOI IJIadMe YacTO OKAa3bIBAeTCA
HeJIETKO BHITIOJTHUTD.



nasa 6. YACTUMHO NWOHU3OBAHHA4
NMNIASMA C TOKOM

6.1. MJIASBMA C TOKOM
BE3 MATHUTHOIO Nong

Kax noxasano s paszetie 4.1, B mpocToii m1Ias-
Me, COCTOSAINEeN 13 9IeKTPOHOB U MOHOB OJHOTO COPTAa, B OT-
CYTCTBHUE MAarHUTHOTO MOJIA TPOTeKaHe TOKA He IPUBOAUT K
M3MeHeHUIO XapaKTepa 5BOJIOINNU BosMymeHusi. Cucrema
ypaBHeHuii (4.1) cBoagNTCA K YpaBHEeHHUIO aMOMTIOJIAPHOM A1ch-
dysun (4.2) u Ipu IPOTeKAHU T TOKA B IJIa3Me JIU I MOABJIA-
eTcs IOIMOJHHUTENAbHOE 3JIeKTpuueckoe moJe (4.14), mpomop-
IMUOHAJIBHOE TOKY.

Cutyanusa IpuHITHITATHHO MeHAETCS, €CJIH B IIagMe TIpu-
CYTCTBYIOT ABA WJIHU 0OJIBINIe COPTOB MOHOB. PaccMoTpuM of-
HOMEPHYIO 3BOJIIOINI0O MHOTOKOMIIOHEe HTHOM I1JIa3MbI, COEp-
JKAIYIO p 3apAKeHHBIX YaCTHIl, KOTOPAs OMUCHIBAETCS CHC-
TeMOU ypaBHeHU N

T o2 zZnbE) o
t X X
Ze _(De Re beneE) 0;
t X
r1
n, Zn, (6.1)

1

Tle UHAEKC COOTBETCTBYET COPTY HOHOB. ' paHMUYHEIE yCJIO-
BUS AJIs cucTeMEl (6.1) uMeloT Buj

n (x ) n%

n,(x ) nos

E(x ) E, O. (6.2)
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IToceaHee ycaoBue 03HAYAET, UTO HA 6€CKOHEUHOCTH CY-
IeCcTBYeT sJIeKTpUUecKkoe noje FE,, KOTopoe obecleUnBaeT
mpoTeKaHue TOKA j.

BrrunTada ns saeKTpoHHOTO ypaBHeHUA B (6.1) cymMmmMy moH-
HBIX ypaBHeHUI, MOJYUUM YCJIOBUE PaBeHCTBA TUBEePTreHITUH
TIOTOKOB YaCTHUIT MU f 0 . B ogHOMEpPHOM cayUae 5TO yCJIOo-
BUE COOTBETCTBYET COXPAHEHHIO TOKA:

r1 p1
j eE,[b,ny  Z2b n'®1 eE[b,n,  Z%b n ]
1 1

n,

p1 n
D Z —x]. (6.3)
1

e[D,

Bripakas saexkTpuueckoe moje us (6.3) u moacTaBiisisa B
HOoHHBIe YpaBHeHUA (6.1), moIyuuM cucTeMy YpaBHEeHUH A
KOHIIeHTPAIIUH MOHOB:

r1
g onom, 2% )— 207
t x p1
! (b, Z%b)n
1
p1 n
(D, D)YZ ——
n 1 x
— D-— Zbn 0. (6.4)
x x p1
(b, Z2b)n

1

B mpocToii miaasMe ¢ 0fHO3aPATHBIMA HOHAME OJTHOTO COP-
Ta p = 2 BTOPOI WieH B JeBOIl YacTH obpaInaeTcs B HOJMb, TaK
KaK cyMMa B 3HaMeHaTeJe IIpocTo paBHa (b, + b;)n, u cokpa-
IaeTcs ¢ YHNCJAUTeJIeM, 1 ypaBHeHUe (6.4) mepeXoaAuT B ypaB-
HeHMe aMOunoaapuoii gudpdysun (4.2). B mrasme ke ¢ 60J1b-
UM YHCJIOM HOHOB 9TOT UJIeH coOXpaHaeTcs, U POHOBOE SJIeK-
Tpudeckoe noJje E, B 3HAUYNTEJILHON CTEIIeHU OIpeesseT
5BOJIIOIINIO0 HEOAHOPOAHOCTH. [J0aTOMY CHUTyaIusi MPOCTOM
TJIa3MEI ABJSIETCA BRIPOKICHHOM.

IIpoananusupyem peineHne cucTeMbI (6.3) B Tak HasLIBae-
MoOM ApetihboBoM MPpUGIUIKEHNN , KOTAAa SJeKTpuuecKoe moJe,
CBsABAaHHOE C IPOTeKAHUEM TOKA, ABJIAETCSA JOCTATOUHO CHIb-
HBIM, TaK YTO BHITIOJHEHO HePABEHCTBO
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E, > T/(eL), (6.5)
rae L — xapaKTepHBIH HIpoCcTpaHCTBeHHEII MacITab. B sTom
cayudae mpolieccamu nuddysun (TpeTuii UieH B JIeBOM YacTH
(6.4)) mosxHO TpeHebpeub. OTpaHUUYNMCA CAYUYAEM ABYX COP-
TOB HOHOB 1 m 2 ¢ Z; , = 1. B gpefidhoBoM NpubIHAKEHIHN CHC-
TeMa ypaBHeHuii (6.4) c yuerom by , << b, ©MeeT POCTOM BU

xn n

—’? b Egng— n o,
n n,

_tz byEgng —

xn n

0. (6.6)

6.1.1. MAJIbIE BOSMYLLUEHUA

Haiigem pemnenne cucteMmsl (6.6) B apeiidhoBoM mpubim-
JKeHUH B cJIyUae MaJIbIX BO3MYIMEHU N KOHIeHTPAIlu U HOHOB:

n n n® n «nd

Hinem pelneHne IuHeapu30BAHHLIX ypaBHenuiu (6.6) B
BUAe UHTeTpasa Pyphe:

1 , ,
n o(x,1) 3 M exp(ikx i t)dk.

ITogcTaHOBKA B JMHEAPU30BAHHYIO CHUCTEMY YpaBHeHUH
(6.6) mpuBOAUT K aaredpamuyecKoii cucTeMe ypaBHeHII OTHO-
CHUTEJNBHO N, U. Ny,. IIpupaBHUBaAA ONpeJeJUTENb K HYJIIO,
HalifieM ABa KOpHA:

bnd bynd
, 0, 2 EOM v (6.7)

0 0
k n) ng

u Dypbe-00pasbl BOZMYINEHNH KOHIIeHT pallin:
b 0
() —29 ([ 1y (0) 1y, (0)by /b1
b1n2 bzn1

[ 72, (0) = m;(0)ng /nPlexp( ikVY)};

b 0
Pop () ——22 ([ my(0) gy (YD /by]

bing  byny
[ 7z(0) 1y, (0)n) /ndlexp( ikVi)). (6.8)
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BosMmyIneHna KOHIEHTPAINY IPEACTABISAIOT cO00I Helo-
JBUIKHYIO U ABMKYINYyIocs yacTu. IlepBas us HUX COOTBETCT-
BYEeT HYJIEBOII YaCTOTE ;, a BTOPasA COOTBETCTBYET BO3MYIIE-
HUAM KOHIIeHTpamuu oG0MX COPTOB, IEPEMEINAIOINUXCS CO
CKopocThio V.

SBienne pacnpocTpaHeHNA BOSMYINE€HU Ml KOHIIEHT DA
HAaBhIBAETCA « AMOUIIONIAPHOM MOABMIKHOCTHIO» , & CKOPOCTH V'
M3BECTHA KAK «CKOPOCTH AMOUIIONIAPHON MOABUKHOCTH » .

IIycTh B HAUAIBHBIM MOMEHT BpeMEHH B ILJIa3Me UMeIOTCS
TOJIBKO HOHBI copTa 2, Tak 4To 1Y 0, a HavaabHOEe BOSMYIIe-
HIe COCTOHUT TOJBKO U3 HOHOB copTa 1: . ny(x, + =0)=0. To-
rjaa, yerpemasasa B (6.8) n) . 0, noxyuaem

Ny, (1) n, (0)exp( ikb Eyt),
1oy (£) nlk(O)’;—jn exp( ikby Eot)]. (6.9)

B HNCXOOHHBIX IIEPEMEHHBIX

n(x,t)  n(x b Eyt),
ma(,t) P m(at 0) w0, (6.10)
1

CooTBeTCTBYIOIM e PO UIN KOHIIEHTPAIINY IIPpeACTaBIIe-
HBI Ha puc. 6.1.

CunjomHasA JINHNA — WHKEKTHUPOBAHHBIE MOHBI, IITPUX-
NYHKTUPHAA TUHUA — (GOHOBBIE MOHBI, IYHKTUDP — KOHIEHTpA-
11 3JIeKTpoHOB. CoOTHOIIeHNe MOABMKHOCTE: by = 2b, << b,.

B HauanbHBIN MOMEHT BpeMeHI WHYKeKTHPOBaHHbIE HOHBI
HaxXoJATCS BOJM3M Hadaja KOOPAMHAT, a BOZMYIIeHHe KOH-
neHTpanuu GOHOBBIX NMOHOB OTCYTCTBYeT. BosMyIneHue nH-
JKeKTHPOBAHHBIX HOHOB IlepeMelnaeTcA C IOCTOSHHOM CKOPO-
ctbio by E,, TO €eCTh JBUKETCA B HEBOZMYIIIE HHOM 3JIEKTpUYe-
ckoM noJje. Masoe 'ke BO3MYIIleHUE 2JIEKTPHYECKOTO IO B
a

Puec. 6.1
Masrble BO3MYIIEHUA KOHIIEHTPAI M’
> B ILIazMe C TOKOM. TH:KEeKTUPOBAHBI
0 nonsl copra 1 ¢ M'ayccoprim npodu-
JIeM M IIOJIYIIUPUHOMH @ B IIa3My
¢ )OHOBLIMY MOHAMHU copTa 2:

<

g — HaYaJNbHEIH MOMEHT BpeMeHU; § —
MoMeHT BpemeHu t = 5a /(b E,).
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JUHENHOM TPHUOJNKEeHUN MPUBOIUT K HepepacupeaeeHuIo
TOJMHKO POHOBBLIX MOHOB. Ha MecTe MCXOTHOTO BOBMYIMEHUA
dopmupyeTca NUK POHOBHIX MOHOB, AaMILIHUTYAA KOTOPOTO
GoJIbITIe MU MEeHbIIE HCXOAHOTO, B 3aBUCUMOCTH OT OTHOIIIE-
HUS DogBUKHOCTeH b, /b,. Bropoe oTpuiarteirHoe BO3MyIIe-
HUe KOHIeHTpaInu GOHOBBIX MOHOB TOH JKe aMILIUTYABI CO-
TMPOBOKAAET MUK MHKEeKTHPOBAHHBIX MOHOB. OTMEeTHM, UTO
B YACTHOM cayuae b, = b, IBUKYyIleecd BO3MYIIleHe KOHIeH-
TpaIuu 3JIeKTPOHOB OTCYTCTBYET, TaK KaK MOJOKUTEIbHOE U
OTpHUIATEeIbHOE BO3MYIIEHUA HHKEKTUPOBAHHBIX 1 (DOHOBHIX
MOHOB MOJHOCTHI0O KOMIEHCHUPYIOT APYT Apyra. McxomHoe ke
BO3MYIIMeHNE 9JeKTPOHHON KOHIEHTPAIINH IPOCTO MOKOUT-
¢, YTO COOTBETCTBYET PeINeHUIO AJIA MPOCTOH MJIa3MbI, KOTO-
poe ommchIBaeTCs1 ypaBHeHHeM aMOUMOJIAPHON Auddysuu.
B mpeiipoBoM npubINKEHUN 9TO 03HAUAET OTCYTCTBIE KaKOM-
Jaubo spoiioniuu. TakuM obpasom, farke B cayUuae COBIIAJeHUA
TMOABUMKHOCTEH MHKEKTUPOBAHHBIX 1 (DOHOBHIX MOHOB HMeeT-
cA IBUKYIMUICA CUTHAJ, KOTOPBIHM MOKHO OOHAPYKHUTH, €CJIH
nmpupoaa POHOBBIX U MHIKEKTHPOBAHHBIX MOHOB PAa3IMUHA.

B o61meM ciryyae MHOTHX COPTOB MOHOB IIPOU3BOJILHOE BO3-
MylIneHue pacuagaeTcsa Ha (p — 1) CUTHAJIOB, OMUH 13 KOTOPBIX
HETOIBUIKEH.

6.1.2. HEJIMHENHAS 2BOJIOLUS

IIpoaHanaupyeM HeIMHEHHY IO SBOJIIOIIIO Ha IIPOCTOM IIPH-
Mepe, KOra IIOABMXHOCTh (POHOBEIX HOHOB copTa 2 mpeHelpe-
smuMo Mana: by, =0. Torga, monaraa B (6.6) n, nJ const u
n? 0, nogydyaeM ypaBHeHNe I HHXEKTHPOBAHHBIX HOHOB:

4 4
— Vv — 0, .
L V) (6.11)
rae V(n,) — HeaumHeHHas CKOPOCTh aMOUTIOJISIPHOTO Apelida:
b E,(nd)?
Vny) it Sl N WA )
(m 3y (6.12)

VYpaBuenune (6.11) onuchkiBaeT pacupocTpaHeHHe IIPOCTOH
HeJUHENHOM BOJIHEI U TMeeT pellleHue:
n, = nq(x — V(n,)t). (6.13)
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a W 6 Puc. 6.2
DBOJION U HeJIUHEHHOTO
HauaapHOTO I'ayccoBa nmpoduasd
HHKEeKTUPOBAHHBIX UOHOB B
mwIasMe C HeIOJBUIKHBIMHA
(OHOBLIMY MOHAMMU

a — HavanbpHEI npobuns; 6§ — £ 15
nocie GopMUPOBAHUA CKAUKA KOHIeH-
Tpanuu.

-l 0 1 ny xia

A pyrumMu cIoBaMu, KasKAasa TOUKAa HaYaJbHOTO TPod A
WHKEeKTHPOBAHHBIX NOHOB CO 3HAUEHNEM 72, ABUMKETCA CO CBO-
el ckopocTsio V(n,). Kak cinegyer us (6.12), Touku npoduisa
¢ 6oubImeii KOHIeHTpaIueii IBUMKYTCA ¢ MeHbIe CKOPOCTHIO,
MO3TOMY THepeAHuil GPoHT MPOPUIA pacTATUBAETC, a 3a1-
HUU cTaHOBUTCA Kpyue (puc. 6.2). C TeueHueM BpeMeHU pop-
MHUPYeTCSA MHOTO3HAUHBIN HIpoduJab KOHIIEHTPAIIUH, YTO AB-
JsieTcsA cJeACTBUEM UCIIONAb3yeMOTo ApeidoBOTO IPULIUIKE-
HUs. OTO SBJeHNEe TOI jKe IPUPOARI, UTO 1 ONMIPOKUABIBAHIE
BOJIH B OOBIYHOM I POAUHAMUKE.

BespasMepHas ILIOTHOCTb 7; 1, /nJ; BpeMs t th E, /a;
aMILIUTYJa HAYaJbHOrO BO3MYINeHuA r"*(t 0) 2.

JLJ1A moTyYeHUA PU3UUECK U OCMBICJIEHHOTO pellle HUA He-
00x0AUMO yuecTh AuMPY3NOHHBIE UWIEHBI B UICXOTHOM cucTe-
Me ypaBHeHuii. [leficTBUTEILHO, B IpOIlecce SBOJIIOIUH TIPO-
UL CTAHOBUTCA Kpydue W PopMUDPYeTCA Pe3KUU mepemaj
KOHIeHTpanuu — AudPysnoHHBI CKAaUOK, I'/le HepaBeHCT-
BO (6.5) HempuMeHuMO. XapaKTepHbIH MaciiTab gudpdysu-

OHHOTO CKauKa
L T
eE
COOTBETCTBYeT OasiaHCcy ANMHY3MOHHOTO U MOJEBOTO UICHOB B
(6.4). Ero moso)keHne, KaK U B THAPOANHAMUKE, HAXOANUTCA U3
«IIpaBuJIa IIoInaaei» . Ha MHOTO3HAUHOM IIpod e MPOBOJUT-
cdA BepTUKaIbHASA JUHUA TaK, YTOOBI ILIOIIATN O] MHOTO3HAY-
HBIM pellleHWeM M oA mpoduJgeM ¢ PaspbIBOM COBIIAJANH
(puc. 6.2). ITpu sToM 0becieun BaeTCs COX paHeHIe IIOJIHOT'O YIHC-
Jia YacTHII, a TTOJIOTasd YacTh IMOJIYUYUBIIIETOCA PasphIBHOTO IPO-
buaa KOHIeHTPAIINHT ABJIAETCA PellleHueM, TaK KakK IJd Hee
BBITIOJIHEHO HepaBeHCTBO (6.5). CKopoCcTh MepeMelleHU S CKaY-
Ka TaKk'Ke HaXOAUTCA U3 YCJIOBUA COX paHeHUA YHNCJIA YACTHIIL:

(6.14)
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w () 1(my )’
nom

rge | =n.b;E — HOTOK YacCTHI, a BeJIHUYUHEL 7, , N, COOT-
BETCTBYIOT 3HAUYEHUSAM KOHIEHTPALMH CIIpaBa M cJeBa OT
CKauyKa COOTBETCTBeHHO. CTPYKTYpPy CKauKa MOXKHO IIOJY-
YUTh, KAK U B THJPOJUHAMUKE, epelifis B CHCTeMYy OTCUeTa,
JBIKYINYIOCA CO CKOPocThIo W, U cBeAs NCXOJHBIE YpaBHe-
HUSA B YACTHBIX IIPOU3BOAHLIX K OOBIKHOBEHHEIM AuddepeH-
IUAJIbHBLIM YPABHEHUSIM.

(6.15)

6.2. MNA3SMA C TOKOM
B MArHUTHOM MNOJIE

6.2.1. OAHOMEPHA4 3BOIOLNSA

B MargsuTHOM IOJIe ABJeHIe aMOUIIOJJISIPHOI
MOJBMXHOCTH BOSHIKAET JaKe B IIPOCTOI IIJIa3Me ¢ HOHAMU
OJHOTO copTa. PacCMOTPHUM 5BOJIIOIHIIO IIJIA3MBI B TOH ke reo-
MeTPHUH, YTO U B pasfeiie 5.2, Korja KOHIEHTPAIINA MJIA3MbI
3aBHCHUT TOJBKO OT KOOPAUHATEI , 00pasyioleii yroJa. ¢ Mar-
HHATHBIM IToJieM. IIyecTh mpHu 5TOM MMeeTCs IPOM3BOJIbHOE o-
HOBOe€ 3JIEKTPHUYECKOe II0JIe EO. Hcxoaubie ypaBHEHNA B CUCTe-

Me KoopauHAaT (x, , ), aHAJOTHUYHO pasaenay 5.2, UMeIoT BUJ,
2 _—_p b n— b, n— b n—
t x
I R, (6.16)
rae =i, e, a KOMOOHEHTHI TeH30POB AUGPPY3HUH U IO BUMK-

HOCTH cOOTBeTCTBYIOT (5.16). 'paHnuHOE yCa0BUE AJISA MIOTEH-
nuajaa nMeeT 6oJee oOIMUIT BUI:

(7 ) E,. (6.17)

OTMeTHM, YTO KOMIIOHEHTHI SJIeKTpHuUecKoronoasa £ n E,

He 3aBUCAT OT KOOPAWHATHL U COBHAJAIOT ¢ JOHOBHIMHU 3HA-
yeHnamu: £ =E;, u E,=E,,. 9To clleAyeT U3 YCIOBUS IO~
TEHI[UAJIbHOCTH 3JIeKTpuueckoronona: £/ = E/ =0
u E,/ = E / x=0.91eKkTpuueckoe 110Jie B HallpaBJIeHNUU
HCKJIIOYAETCS TaK Ke, Kak 1 B pasfeie 5.2, YMHOMXKAas ypas-
HeHNA COOTBETCTBEHHO Hab, u b, U cKkIaAbIBasd, MOJAYIAEM
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2 —D(» V(»HE IR (6.18)

raeV ( 2)ecTh KOMIOHEHT BeKTOpa:
V()
[bg 2 b (1 IBE, b2 b 0 2PE
by bp * (B b HA ) '

Taxum 06 pasoM, BO3MYIeHNe KOHIIEHTPAITN T KpoMe Tud-
dysuu UCTHITHIBAeT aMOUIONIAPHEIN apeiid. Kak caeayeT us
(6.19), ecaau poHOBOE JIEKTPUUECKOE II0JIe JIEXKUT B IIJIOCKO-
ctu ( , ), To CKOpOCTh aMOUMIOJIAPHOTO Apeiidha obpalmaeTcsa
B HOJIb, €CJIM OCh TIapaJiieSibHa WIH MePIeHANKYIsIpHa Mar-
HUTHOMY TIOJIIO, HO OTJIUYHA OT HYJIA IPU IPOU3BOJbHOM YTJIe
MeKY OChI0 W MArHUTHBIM IToJeM. AMOUIIONAPHA JKe Mo -
BU’KHOCTH, BRIZBaHHAA IoseM E , AJs 3aMarHn4eHHbBIX HO-
HOB IIPOCTO COOTBETCTBYET Apeiidy B CKPEINeHHBIX IMOJAX.

AeKTpuUecKOe MoJie B HAIPaBJAeHUN HaXOAUTCA BRIUHU-
TaHNeM HOHHOTO 1 5JIeKTPOHHOT'0 YPaBHEeHU I U ITOCTAe VIO M
HHTerpupoBaHmeM mo . Bemumuuna E comep:xut guddysu-
OHHYIO YaCTh U YaCTh JUHENHYIO 110 GOHOBOMY IIOJIIO Eo .

(6.19)

6.2.2. 3BONOLUMUSA
MAJIOIro BOSMYLUEHUA
B BEBrPAHUYHOU MNNA3ME
HeognomepHasa 5BOJIONHUA MAJOTO BO3MYIMEHUA 7 Ha

IIOCTOSTHHOM OJHOpOoAHOM (hOHe 77, B Oe3TpaHUUYHON IIIasMe
MpU HAJIUUYUHU (HOHOBOTO SJIEKTPUUECKOTO TOJA EO KavyecT-
BEHHO OTJIMYaeTcA OoT AUMPys3uu, paccCMOTpPeHHON B pasfie-
Jge 5.3. UcxoaHble YpaBHEHUS AJSA KOHIIEHTPAIINU U BO3ZMY-
IeHHOTO MOTEeHITNAJA TellePh UMeIOT BU],

n (ﬁe n I;en l;enE'O) o,

i 13 i

Tt
_;l (D. n bn = bnE) O (6.20)

C TeMHU Ke TPAaHUYHBIMHA YCJIOBUAMMU:

n ) ng, (7 ) O.
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Pemenne mnaeapusoBanHoi cucTeMsl (6.20) c HaYaIbHBIM
ycaoBueM B Buje geabTa-yHrmuu = n(r#,0) N () meTomom
@ypbe TPUBOAUT K BHIPAKEHHUIO

n(#,t) explik(F V( 2)t) D( 2)k2tldk, (6.21)

)
rie BeJUYHHA 17( 2) ompegeieHa corJyacHo (6.19). AHanus
5TOTO WMHTETpaJia TMOKAa3hIBaeT, UTO MCXOAHOE BO3MYIIMeHUe
KOHIIEHTPAIIUHY C TeUeHeM BpeMeHHU pasAeasieTcs Ha ABUIKY -
muecsa crycTku [7]. IIpumep Takoii 9BOJIONUHT A Caydasd,
Korja 9JIeKTpUUecKoe IMoJie MePIeHIUKYIAPHO MATHUTHOMY
oJI0, IpuBeieH Ha puc. 6.3. UcxoaHoe BosMyIeHne pas/e-
JsieTcs Ha JBa CTYCTKAa, CKOPOCTH KOTOPHIX OJU3KH K CKOPO-
CTAM HMOHOB U 5JE€KTPOHOB B (GhOHOBOM 5JEKTPUUESCKOM II0JIE
(puc. 6.3a). Bosuukamoinasa B IIa3Me IIOJSIPU3AIUA IPUBO-
IUT K PACTAKEeHHUIO 9JIeKTPOHHOTO CTYCTKA BAOJh MATHUTHO-
ro noJsdA. Ilogmepskanne KBasMHEHUTPATbHOCTH, KAK U IPHU
auddysun, oCyIecTBIAETCS 34 CUeT TOKOB KOPOTKOTO 3aMbI-
KaHUA 1o TIa3Me U BOSHUKHOBeHUA B GOHOBOII IIasMe obJiac-
Teil obeTHEeHUsI, KOTOPHIe ABUKYTCA BMECTe CO CTYCTKAMH.
BoJubiioe ucxoaHoe BO3MYINeHHUe, Korga (PoHOBOI MJIA3MBI

a

& B

Puc. 6.3
OBOJIION M BOBMYIEHNS KOHIEHTPAIUY B cIyuyae E, B AId
MaJoro (a) ¥ cuiIbHoro (6) BosMymenusa: OO, u OO, — Hanpasie-
HU JBUMKEHUS CTYCTKOB; 3AlITPUXOBAHLI 06J1aCTH 061 HeHU
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HeJOCTATOUHO IJISI HOAMep:KaHusa KBasuHeNTpaJIbHOCTH, B
OCHOBHOM IIOKOHUTCS, HO eT0 mepudepuiiHblie YaCTH UCIBITHI-
BaioT Apeiid (puc. 6.36). B peaybTaTe IPpOUCXOIUT HeJIMHEH-
HOe pacTsisKeHe NCXOMTHOTO CTYCTKA.

6.2.3. DPPEKT BOCCTAHOBJIEHUA
NPOBOANMOCTHU

B sTOM paszesie MbI pACCMOTPHUM IIPOBOAUMOCTH B CJIa00OM
MarsuTHOM IIoJe X,X; << 1, Ip¥ KOTOPOM ILIazMa ABJIAETCH
He3aMarHuueHHOMH. B To ke BpeMA MarHUTHOE II0JIe OCTaeTCA
JOCTATOYHO CUJIbHBIM, UTOOBI OBIIN 3aMATHUYEHHBIMHU DJIEK-
TpOHHI x,>> 1. B Takoil niasMe momnepedyHas IOJBUMKHOCTH
3JIEKTPOHOB 3HAYNTEIHHO MEeHBbIIIE ITPOAOJIbHOM 3JIeKTPOHHOM
HNOABMAKHOCTH b, << b,), HO, B OTJINYHE OT IPEABIAYIIUX CIIY-
YaeB, IOIlepevyHas MOABUKHOCTh MOHOB MaJia [0 CPaBHEHUIO C
IoTepeyHON SJIeKTPOHHOM MOABMIKHOCTRIO b, << b, . Takasa
cUTyalus TUIINYHA, HAaIpuMep, AJd maasMmel Ml renepaTo-
POB UM HUXKHEH noHOChEDHI.

PaccmoTpuM TeueHUMe IJIa3MBI B KaHase, OTPAHUYEHHOM
6eCKOHEUHBIMH AUSJIeKTPUUECKUMH cTeHKaMu. Ilapaiieinn-
HO CTeHKAM B HAIIPABJEHUHU X, MONEePEeK MarHuUTHOTO TOJIH,
OPUJIOKEHO 3JeKTpUUYeCcKOe II0JIie EO (puc. 6.4). 'panuuHOE
YCJI0BUE HA ANSJEKTPUYECKUX CTEHKAaX COOTBETCTBYET OTCYT-
CTBUIO TOKA B HampasaeHun y: j, 0. McxoxHoe sieKkTpuye-
ckoe moJsie E, BHIBHIBAeT He TOJHKO TOK B HAIIPABJIEHUHU X, HO
U XOJUIOBCKUI TOK 3JIEKTPOHOB B HampaBjieHuu y. Illostomy

Ty mwasMa oI pU3yeTcs, KaK Mo-

KasaHo Ha puc. 6.4, u BOSHUKA-

€T JOTIOJTHUTEJIHLHOE TI0JIE TIOJIA -
pusanuun Ey. Honnble moToKHM
KaK B HANIpaBJEHUU X, TAK U B
HaIpaBJIEHUH Y, IPeHeOpesKu-
MO MaJIbl U He JaloT BKJIAJ B
TOK. /{714 mpoCTOTHI MBI IIpe-
HebpexxeM Takke TuPPy3HUOH-
HBIM BJIEKTPUUYECKHUM IOJIEM
Puc. 6.4 (mopaaka T/eL) 1io cpaBHeHHIO
HOHHPHBaHHH IIIa3dMBI B KaHajae ¢ IIoJIeM EO- TOI‘,Z[a BOZHHUKIIIEE

C JU3JIEeKTPUUYECKUMHU CTeHKaMU
B HezaMarHU4YeHHOH IlasMe B II-IadMe 2JIEKTPHUUYECKOE II0JIe
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Ey MOJKHO HAUTHU U3 YCJIOBHUA OTCYTCTBUA HOPMaJBHOT'O K CTE€H-
Ke TOKa:

j, e( b, nE, b nE)) O. (6.22)
ITose Ey , HarimeHHOe U3 (6.22), oTpUIlaTeAbHO:
E,=Eb, /b, . (6.23)

Tak Kak 2JIeKTPOHLI 3aMarHuiensl, Tob, /b, > 1 u noJse
TMOJIAPUBAINY OKA3hIBAETCA 3HAUNTENHHO 60JbINe HCXOIHO-
ro mous E,. llone nmosspusanun E, BEISEIBaeT Apeiid aJek-
TPOHOB B HAIIPABJEHUHU X, KOTOPHIM, BMeCTe C HeOOJbIIUM
TOKOM, BEI3BAHHEIM IoseM K, onpeneisaeT MOJHBIHN TOK:

j. enb, E, enb, E, enEy(b} /b, b, ) enb,E,.(6.24)

IddeKTUBHASA IIPOBOIUMOCTD, T. €. KO3PPUIUEHT IpO-
HMOPIUOHAIHLHOCTH MeKAY IIJIOTHOCTHIO TOKA U IIPUJI0KEeHHBIM
5JIeKTPUYECKHUM ITOJIEM, TAaKUM 00pasoM, COBIIATaeT ¢ MPO-
JOJIbHOI IIPOBOJUMOCTHIO I eb KX

f
ie= iEo= |Eo- (6.25)

Jdpyrumu cjoBaMu, IpOBOJUMOCTE IOIlepeK MarHUTHOTO
IIOJISI «BOCCTaHABJIKUBAaeTCA» U COBIIaJaeT ¢ IPOBOJUMOCTHIO B
OTCYTCTBHe MarHUTHOIO IoJsA. IIpu ToM OCHOBHOI BKJIaJ B
o deKT BoccTaHOBIEHHUS IIPOBOJUMOCTH BHOCHUT IIOJIe IIOJS-
pusanuu, KoTopoe B X, pa3 IPeBOCXOAUT HCXOJHOe IIoJe H
BBIBBIBAET XOJIOBCKHUI TOK 9JIeKTPOHOB.

ITonyueHHBIH pe3yabTaT ABJAsAETCA HPSAMBIM CJeJCTBUEM
TPaHUYHOTO yCJI0BUA j, = 0 Ha MaTepruaIbHBIX IOBEPXHOCTAX.
B n1poTHBOIIOIOMKHOM ciIydae MeTAaLINYeCcKUX IOBepXHOCTel,
HAKOPOTKO 3aMKHYTBIX MeK Ay cob0ii, TOK B HallpaBJIeHUHU § MO-
SKeT cBOGOJHO Teub U 5ddeKT BOCCTAHOBJIEHNUA IIPOBOJUMOCTH
OTCYTCTBYeT. DJIeKTpUUecKoe I1oJle NOoAApH3alli [IpU 5TOM He
BO3HUKAaeT, 1 TOK BJOJIb OCH X ecTh IIpocTo j, = enb, E,. Hapany
¢ AByMd IIpeJieIbHBIMY CIy4asgMU PA3OMKHYTHIX [TIOBepXHOCTEeH
= 0 ¥ KOPOTKO3aMKHYTBIX ITOBEpXHOCTEM Ey = 0 BOBMOKHBI,
KOHEYHO, U IIPOMeKYTOUHBIe cy4al KOHeUHOI'O COIIPOTURIIe-
HHsA, MOAKJIOUeHHOTO MeKAY ILIacTUHAMU. 3aBUCUMOCTb (-
(heKTUBHOI IPOBOAMMOCTH IIJIA3MBI OT BeJIMUNHEI COTIPOTHUBJIE-
HUSA HATPY3KH JIETKO PacCUNTHIBAeTCS aHAJIOIMYHBIM 00pasoM.



nasa 7. MEPEHOC 3
CUJ1IbHOUOHN3OBAHHOM
MNA3MbI MONEPEK
MATHUTHOr o nong

7.1. KJJIACCUHECKASA ANDDYINA
NONHOCTbO MOHN3OBAHHOW MNJTASMbI
NOMNEPEK MAFTHUTHOTO nond

npemae BCETo MPOAEeMOHCTPUPYEM, UTO 9BO-
JIOIHS TTOJHOCTHIO MOHMB0BAHHOM MJIA3MBI BIOJE (B OTCYTCT-
BHe) MATHUTHOTO TIOJIS He ABJIAeTcA Tuddysnonuoii. [l sTo-
TO CJIOXKUM ABA YpaBHeHHUA OanaHca CHUJ AJA 3JeKTPOHOB U
O HO3aPATHBIX MOHOB:

m,n d(Ze p, enE R,;
mn@ p, enE R,. (7.1)
1 dt 1 e

OMeKTpuUeCcKUe CUJIbI U CUJIBI TPEHUA IIPH CIOKEHUH CO-
KpallaloTcs, Tak 4To, IpeHebperad 9JIe KTPOHHOM nHe pIiue,
moJry4aeM -

mn ., (7.2)
TJe MOJHOe JaBJeHue p = p, + p;.

VpasHeHue (7.2) onuchkiBaeT pacipocTpaHeHNe BO3MY-
IMeHUs CO CKOPOCTHIO MOPAIKA CKOPOCTH 3BYKa. JleficTBu-
TeJbHO, OIleHUBAasd NHEPIUIO KAK minVi2 /L, rne L — xapak-
TepHBIN MacmiTab, u nojnarad p p/L, moxyuaem V;, c,=
=[(T,+ T,)/m,;]'/2, rae c, — ckopocTb 3ByKa. JluHAMUKA TTOJI-
HOCTHI0O HOHM30BAHHOM TIJ1a3MBI 6e3 (BJ0JIb) MATHUTHOTO TOJISA
paccMoTpeHa B rJiaBe 9.

ITomepek ske MATHUTHOTO MOJIA 3BOJIIOIUA TOJHOCTHIO HO-
HHU30BAHHON IIa8MHEI, TaK JKe KaK U AJA YacCTUYHO MOHU30-
BaAHHOM ILJIa3MbI, HOCUT AUMPPY3NOHHEIN XapaKkTep. ['pagueHT
JaBJeHU MoTepek MAarHUTHOTO MOJISA YPABHOBEIIINBAeTCA CH-
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Jgoii JlopeHiia, a paguagbHas CKOPOCTh OKA3hIBAeTCI 3HAUM-
TeJbHO MeHbINle 3BYKOBOM, TaK UTO MHepIiUeil B ypaBHEHUH
GasiaHCca CHJI MOXKHO IpeHedpeus.

PaccmoTpum auddysnio B 6eCKOHEUHO JIUHHOM IUJIUH]-
pe, TTOMeIeHHOM B CHJIbHOE OMHOPOIHOEe MarHuTHOE ToJIe, a-
pasneabHoe ocH 2. [IyeTh KOHIeHTpAIlUA U TeMIepaTypa Iias-
MBI 3aBUCAT TOJHKO OT pagmyca. ¥ paBHeHHuA OaJjiaHca CUJ B
npeHeOperKeHUN WHepIlnel W BA3ZKOCTHIO mMMeloT BuUI (pas-
mena 2.3)

De en %[ﬁe B] nm, ei(ﬂ’e ﬁl) %n;i [g Te] 0’
pioen  THg Bl nm, @, @) 37E T .
(7.8)

CKJ’Ia,Z[I)IBaH YpaBHEeHUA GayaHca CHlJI, ImoJjJyvdyaeM yCJIOBHUe
paBHOBeCHA:

P %[f' B], (7.4)

rae p=n(T,+ T;) — noJsiHOe faBJjieHUe I11a3MbI. COTIacHO 5TO-
MY ypaBHeHUIO I'paJleHT IOJHOTO AaBJIeHNs ypaBHOBeIINBA-
eTcs cuJoili JIopeHna, BosHIKAalOINel N3-3a IPOTeKAHUS AHa~
MarsuTHOTro Toka. MexaHu3M ero GopMUPOBAHUS OOCY KA~
cd B IIaBe 5. BeIpaskasi TOK depes MarHATHOe IT0JIe C IOMOMIBIO
ypaBHeHus Makcsenna B (4 /¢)j, HaxoguM
2
B? By
p <— const —- (7.5)
8 8’
rae B, — BaKyyMHOe MarHHTHoOe noje. Kak ciegyeT us sToro
COOTHOIIIEHNA, TaKOe paBHOBeCcHe BO3MOXKHO, €CJIN

-8 p/B?<1. (7.6)

IIpu sTOM AeiicTBUTEIHHO MOYKHO TpeHedpeusb HHepIueit, a
MATHUTHOE HoJe ¢Jabo BO3MYITEeHO ANaMATHUTHBIMU TOKaMH.

CrpoekTupyeM ypaBHeHNs 6ananca cui (7.3) Ha paguaiib-
HOe HalpaBJeHHNe:

e ,,d_en, p oo,

dr enW
dp; d en
ar Ty oW B 0. (7.7)
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PagmnanbHasA cujia TpeHUS OTCYTCTBYET, TaK Kak paguaib-
HbIe CKOPOCTH 3JeKTPOHOB U MOHOB TOJKHBI COBIIAfaTh, 00-
paTHOe 03HAYAJIO 6BI IPOTEKaHMe TOKA B paAnaJbHOM HaIpaB-
JeHUH, UYTO HeBo3MokHO. He maeT BKJIaJ B paguaibHBIi 6a-
JIaHC CHJI ¥ TEPMOCHJIa, KOTopasd HalpasJeHa II0 a3uUMYTy.

AzuMyTaabHbIe CKOPOCTH YacTHIIL coTJiacHo (7.7):

_c dp, cd
Ye eBn dr Bdr ¥ Vo,
Y“i CBndr Bdr "¢ Vo- (7.8)

9TH CKOPOCTH COCTOAT M3 ABYX caaraeMbixX. IlepBrie cia-
TAeMBI€ U, U,; COOTBETCTBYIOT AUAMATHUTHOMY IIOTOKY SJIEK-
TPOHOB M MOHOB, CBA3AHHOMY C JIADMOPOBCKHUM BpallleHueM
YacTHUIL, B HEOJHOPOAHOM 1yIasMe. JluaMarHUTHBIHN ITOTOK 06-
cysKaaJicsA B pasgetie 5.2 a5 YaCTUYHO MOHMBO0BAHHOM T1JIa3-
MbI. BTOphIe cilaraeMble IpeACTaBJAIOT COG0I COBMECTHBIN
Ipeiid 2JIeKTPOHOB U MOHOB B CKPEIeHHBIX PaTualbHOM 9JIeK-
TPUUYECKOM U IIPOAOJIHLHOM MAaTHUTHBIX IOJIAX CO CKOPOCThIO V).

AsuMyTanbHad TPOeKITNA YpaBHeHN M OajaHca CHJI faeT

en 3n , dT,

en., g _ )y S aldle

c uer nme er (ue ul ) 2 e dr

ey B nm, ,(u, u) 3n 4 dT, (7.9)
c

2 dr

IToacTaBasas pasHOCTb A3UMYTAJNLHBIX CKOpocTei us (7.8),
moJry4aeM

ce

sze ei dp 3 ei C dTe
e?B?n dr 2 _ eBdr

Uer Uiy U, (7 10)

PagumanbsHBIE CKOPOCTH 3JIEKTPOHOB I HOHOB OKa3bIBAIOT-
csA B 5TOM HPUOJMIKEHUN PABHBIMHU U He 3aBUCAIIUMHE OT Be-
JUYHUHBI PaJNaIbHOTO 3JIEKTPpUUYecKOTO noasd. MHoraa roso-
pAT, UTO, B OTJIUYHNE OT CAYyUYaAS YACTUIHO MOHNU30BAaHHOM IJIas-
MBI, IEPEHOC B MOJHOCTHIO MOHN30BAHHO IJIasdMe SABJIAECTCA
aBTOMATHYECKH aMOUIIOISIPHBIM.

PagmanpHylo CKOPOCTH UACTHUI] MOXKHO MHTEPIPETUPO-
BaTh KakK Apelid moj AeilicTBueM cuJibl TpeHus (puc. 7.1).
JelicTBUTENHHO, HA MOHBI U SJIEKTPOHBI JeHCTBYIOT a3UMY-
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TaJbHbIE CUJLI TPEHUA, CBABAH-
HbIe C BCTPEUYHBIMHU JUAMAaTHUT-
HBIMHM CKOPOCTSAMMY, a TAK¥Ke C TEP-
MOCHJIO. OTHU CHUJBI BBIBBIBAIOT
apeid yacTul mo pagmuycy co cko-
pocraMu u,; = cR;, /(eBn) gasa uo-
HOB u u,, = —cR,; /(eBn) — puaa
9JIeKTpoHOB. Tak KaK 1o TPeTheMy
saxoHy HrioToHa cuiIbl, JeHCTBYIO-
e Ha 3JeKTPOHBI U MOHBI, OJAM-
HAKOBBI 110 BEJIMYNHE U PA3JTIUIHBI Puc. 7.1
o 3HAKY, a 3HAKU 3apAJ0B TaKKe CKOFMPOMHaMmeC}me i
POCTH YACTHUI B IUIUH]
pas3JnuvuHbI, TO U, = U;,. pe IOJHOCTbIO NOHN30BAHHOM
Yro6EI HAWTH paguaJbHOE m;aﬂsol\f:;j o R
sJeKTpUUYeCKoe ToJie, HeoOXo -
MO YYeCTh IIOIIPaBKM, CBA3aHHBIE C BA3ZKOCThIO. Tak Kak asu-
MyTaJbHasA CKOPOCTh HOHOB 3aBUCHUT OT pagnyca, TO B a3UMY-
TaJbHOM HaIlpaBJIEHUU Ha NOHBI e MICTBYET BA3KAaA CUJIA, BBI-
3BaHHAaA paAWAJbHBIM I'PAJUEHTOM a3UMYyTaJIbHONH CKOPOCTH
u; / r.BoTcyTcTBHe rpajiieHTa HOHHOM TeMIIepaTyphl COOT-
BETCTBYIOINIAA CUJIA, coryacHo (2.48), naeTca BeIpaskeHUEM

() a 111(,«% ). (7.11)
dr rdr
AmnajornuHas cuia, gelicTByIolnas Ha 5JIeKTPOHBI, IIpe-
HeOpexxumo Masia. JJomogHNTeNbHAS a3UMyTaJdbHasA CHJA,
JeMCcTBYIOIIAs TOJBKO HA MOHBI, IPUBOAUT K MOSABJICHUIO JO-
MOJHUTEIbHON pagnalbHOM CKOPOCTH HOHOB U, CAeLOBaTe b-
HO, K paJuaJbHOMY TOKY:

. 1 d 1d dp;
e 14 g i
Ir B2dr lrdr r(E, endr

) . (7.12)

Tak kaxk B HEOJHOPOIHOI IIazMe paguaJbHBIA TOK HOJI-
*KeH OBITh paBeH HY.JII0, TO YCTAHABJINBACTCA paJlaabHOe dJIeK-

TpHUYECKOe II0JIe:

T, dlnn
g, -i¢nn
= (7.13)

COOTBETCTBYIOINEe OOJIBIIMAHOBCKOMY pacIipefeeHnIo I
nOoHOB. B miasMe ¢ HeOJHOPOAHOM MOHHOM TeMIIepaTypou
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B (7.13) mosABAseTCA JOIOJIHUTEILHOE CAaTraeMoe, I POIOPI[HO-
HaJbHOE TPAANEeHTy MOHHOM TeMIlepaTyphl, BHIBBAHHOE BS3-
KOCTHIO, CBA3aHHOM C MOHHBIM ITOTOKOM TeILIA.

PaguanpHyio cKopocTh (7.10) MOsKHO IIepenuncaTh B BIUAE

dn D 1dT, dT,

U Dndr T, T, 2dr dr’ (7.14)
rie koapdpunueut gupPpysnn
2
D c me ei(Te 7’1)' (7-15)

e?B?
IIepssorit unen B (7.14) coorBeTcTBYeT AUMPPY3HOHHOMY

TOTOKY, & BTOpPOI ujeH onuckiBaeT TepMmoauddysno. Kosd-
dunueHT 1uddysun COOTBETCTBYET IIPOCTOM OIleHKE

D~ 2 (7.16)

ce ei

— mopsifKa KBajgpaTa JapMOPOBCKOTO paamWyca 2JIeKTPOoHA,
YMHOKEHHOTO Ha YacTOTY CTOJIKHOBeHUI. Kosdhdunment gud-
dy3um okasbIBaeTCA NOPSAJKA 3J1eKTPOHHOTO KoaddunmeHTa
TeMIIePATy POIIPOBOJHOCTA U B (m;/m,)!/? MeHbIlle HOHHOTO
KosddummeHTa TeMIIepaTypoIpoBogHoCT. OTMETUM, YTO
UOH-UOHHFIE CTOJIKHOBEHNUS He NPUBOAAT K Auddysuu.

B mosHOCTHIO MOHMB30BAaHHOI IJIa3Me, B OTJIUYNE OT CJIY-
Yyasg YaCTUYHO MOHM30BAHHOM MJIA3MBbI, OTCYTCTBYET IIPOBO-
AUMOCTH IIOIIEPEK MArHUTHOTO IoJd. [eficCTBUTENRHO, SJIEK -
TpUUECKOe TOJie BHISHIBAET JIUIIb COBMECTHHIN Apeiid 2JIeK-
TPOHOB 11 HOHOB B HAIIPpABJIEHUN E B, IIPpU 9TOM He BOBHUKAET
CHUJIBI TPpeHUSA, Apeiid mox AeicTBUEM KOTOPOW M ABJSAETCA
ONPUYNHOM MOABUKHOCTH B YACTUYHO MOHNB0BAHHOM IJIa3Me.
Tok B HanpaBJeHNHU 3J€KTPUUYECKOTO IIOJIS BO3MOYKEH JINIIb
B HEOJHOPOTHOM 3JEeKTPUUECKOM MOoJIe, B 3TOM CJIyuae OH 00y-
CJIOBJIEH BA3KOCThIO, KaK HaAllpuMep, Tok (7.12).

OcobGeHHOCTRhIO KJaccuuecKol nuddysuu moieper Mar-
HUTHOTO MOJS SABJsAeTCA TOT paKT, uTo KosddunuenT aud-
dys3uu NpomopINoHAJIeH KOHI[eHTpanuu, TaK KaK 4acToTa
9JIEKTPOH-MOHHBIX CTOJIKHOBEHU U MPONOPIIMOHAIbHA KOHIIEH-
Tpanuu. Y papHeHue JudHYy3UN IOITOMY ABIAAETCA HEJTMHE -
HbIM. B n3oTepMuuecKkoii miasmMe OHO MOKeT ObIThH 3alIUCAHO
B BUJE
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_n n2 0,
t
22 ZelEm)A(T, T)
D 2m 5 PR . (7.17)

OcobennocTu AUGPY3UHU B MOJHOCTHIO MOHM3OBAHHOM
IJIasMe IPOUJIIOCTPUPYEM HA IpUMepe aBTOMOIEeJIbLHOTO pe-
menusd (7.17). PaccMoTpuM OJHOMEpPHBIH ILTOCKHIT cayuaii.
BygeMm uckaTh aBTOMOJeJbHOE pellleHne B BUAe

n(x,t) t a(); x/t . (7.18)
Ilepeiizem Kk mepeMeHHLIM , ¢:
n . dn
il t 1 t 1 ==,
t d
d2n2 a 2 dzﬁ,z
dx? d?’

YpaBHeHUEe AUDPDPY3UU CBOAUTCA K OOBIKHOBEHHOMY Aud-
depeHITIATbPHOMY YPaBHEeHUIO, €CJIN CTEIIeHU ¢ B MIEPBOM U
BTOPOM WeHaX ypaBHeHuA (7.17) coBnmagaioT, OTKyIa MOJY-
yaeMm yciaosue = 2 — 1. Eime ogHO COOTHOINIEHNUE CIIEAYET U3
YCJIOBUSA COXPaHeHUA IMTOJHOTO YHCIA YaCTHIL:

ndx const t nd ,

oTkyga. = — .Takum obpasom,

. n(x,t) tl%ﬁ(x/tl/:”). (7.19)

@®Oyurnug ii( ) yaoBiieTBopAaeT OoObIKHOBeHHOMY Amudde-
peHIIMaNbHOMY YPaBHEHHTIO:
d?n? dn
d? 3d
Ero pemenne ecTh
N 1 5
n() (@ ).
12
B ncxoaHBIX MepeMeHHBIX pellleHue yIo0HO 3aIlucaTh,
BHIPA3WB KOHCTAHTY MHTETPUPOBAHNIA YePe3 OTHOIMeHUE ABYX
KOHCTAHT:

0. (7.20)

co|

a2 x2 tg/g 7.21
e 12 #1/342/3 @ a® t2/3)' (7.21)
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CorJlacHO MOJYUYeHHOMY PeIllleHWIo KOHIleHTpaIusa obpa-
IaeTcA B HOJIb Ha KOHEUHOM PACCTOSIHUM , B MOMEHT BpeMeHHU
t = {, KOHIleHTpanusA obpalaeTcsa B HOJb IPHA X = d. OTO 06-
CTOATEJNHCTBO SBJSAETCA CJieJCTBHEM TOoTro daKkTa, UYTO Koad-
dunuent auddysun cTpeMUTCSI K HYJIIO IPU YMEeHbITEHUN
KoHIeHTparuu. C TeueHHeM BpeMeHH XapaKTepHBII MacIITab
KOHIIeHTpAIINN pacTeT Kak ¢!/, a KoHmeHnTpanus, cooTseTcT-
BeHHO, IafaeT Kak ¢!/, AHaIOrnuYHLEIM 06pa3soM MOKeT OBITh
TMOCTPOEHO pellleHNe U B IUJINHIPUUECKOMN TeOMeTPUH.

7.2. NEPEHOC NPUMECEM
B NOJIHOCTbIO
MOHN3OBAHHOW MNJIASME
NOMNEPEK MAFTHUTHOTO nond

PaccMoTpuM mpuMech TAKeEIbIX MOHOB C KOH-
IeHTpanueil n; U 3apAA0BbIM YKCJIOM Z B NUJIUHAPHUYECKO
TeoMeTpHUH, TAKOU JKe, KaK B OpeAbIAyIeM maparpade. Kon-
IEHTPAIN IO OCHOBHBIX OJHO3aPSATHBIX MOHOB 6y IeM 0603HAUATh
n;. OCHOBHAA cUJIa TPeHUS, JeHCTBYIOIAasA Ha HOHBI IPUMECH,
CBA3aHA CO CTOJKHOBEHUSAMHU C OCHOBHBLIMY MOHAMM, TPEHUEM
JKe 00 9JIEKTPOHBI MOXKHO mpeHebpeub. I[Ipu sToM, TaK Kak
m; << m;, TO CHJIa TPEHUSA, CBA3AHHAA C OTHOCUTEJIbHOM CKO-
pPOCTHIO, U TEPMOCHJIA UMEIOT TOT sKe BUJ, UTO M [JS 9JIeK-
TPOH-UOHHBIX CTOJKHOBeHNIH (cp. ¢ popmyaamu pasgena 2.3):

i mmy W Up),

®

DT 3 ir (B
> R;; L = Tl
B U 2 g B
pi
172
42 7?2 n, 7.99
§ o P (1.22)
3ym,T;
AsumMyTaibHBIE IOTOKHU HMOHOB
/N zUpl ¥
A OpHUMeCH IIOJIYYAIOTCA U3 paguaib-
/ HOTO ypaBHeHHA OajaHca CHJI Tak
Ry JKe, KaK AJS OCHOBHBIX MOHOB:
Puc. 7.2 u ¢ de c d V.
TuapoguHAMUUECK e T pI 0
CKOpPOCTHU OCHOBHEIX MOHOB eZBnI dr B dr

u npuMecei (7.23)
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JduaMaruuTHble MOTOKU OCHOBHBIX MOHOB U MOHOB IIPH-
MecHu MOoKas3aHbI Ha puc. 7.2. [Ipu yenaoBuu

|d1nni|>>|1 dlnn,|
ar |7z ar | (7.24)

JAnaMarHUTHAA CKOPOCTh HOHOB IMIPUMECH 3HAUNTETHHO MEHb-
e ANaMATHUTHOI CKOPOCTH OCHOBHBIX MOHOB. IlosTOoMYy B
IJIasMe ¢ OJHOPOAHOM MOHHOI TeMIIepaTypod cHuJa TpeHUSA
BHI3BIBAET Apetich MOHOB MPUMECH BHYTPD IIJIa3MEeHHOTO IITHY -
pa. B ob1meMm ke ciyduae ypaBHeHHE asuMYyTaJbHOTO OaJjiamca
CILI AJ1A IpuMecH ¢ yuetoM (7.23) u (7.8) umeer Buj,

0. (7.25)

eZn; 3n i dT,
P u,B mm; o (w  up) 9 dar

ci
s IIocJeJHEero YpaBHeHUA HAXOANM pa,[[PIaJIbeIﬁ IIOTOK
HMOHOB IIPUMECH:

1r - Nrig,
nm, 2T, 1 dn, 1 dn; 1dT,
Ze?B2  n;, dr Zn; dr 2 dr

. (7.26)

IToToxk (7.26) numeer andpPy3HMOHHYIO M KOHBEKTHBHYIO
yacTtu. I[Ipu yeaosun (7.24) npakTHUYeCKH BeCh IIOTOK IIpHMe-
CHU ABJAETCS KOHBeKTHUBHBIM M HaIlpaBJeH BHYTDPD MJIa3MeH-
HOTO IMHYypa. B oTCyTCTBUE MCTOYHHUKOB M CTOKOB IPHUMECH
O6ynmetr cobupaThcA B IIeHTPe 0 TeX MOP, MOKAa IMOTOK He o6pa-
THUTCS B HOJIb. CTAITMOHAPHBIN TPODUIL KOHIEHTPAITUY IPU-
MeCH OKAa3bIBAeTCS YPE3BHIUANHO MTKUPOBAHHBIM:

n; An’T, %/2 (7.27)

Pa,[[PIaJ'IbeIﬁ IIOTOK MOHOB IIPMECH He IIPUBOJAUT K IIOAB-
JIEHNIO JOITOJTHUTEJIBPHOTO 2JIEKTPHUYECKOI'O IIOJIA. I[eﬁCTBPI'
TeJIbHO, TAK KaK asMMyTaJIbHBI€ CUJIBI TPEHUA RiI u RIi oT-
JUYalTCcd SHaAKOM, TO

Z, = (7.28)

ir*

BosuukamoIimunii TpoTUBOTOK OCHOBHBIX MOHOB B Z pas
GoJIbIlle IOTOKA MOHOB IIpUMecH. B pesyabTaTe paguaabHBINA
TOK paBeH HYJIO U HAJWUYKe IpUMeceil He BAUSIET Ha BeJIUUHU-
HY CaMOCOTJIACOBAHHOTO SJIEKTPUUECKOTO MOJIA.
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7.3. HACTUHHO NOHN3OBAHHAY MNJIASMA
C HEOQHOPOJHOU
KOHUEHTPALWUEN HEUTPANOB

Bounee ciio:XHBIM 00K TOM SIBJIAETCA HEOJHO-
POAHOCTH YACTHUUYHO HOHM30BAHHOMN IJIA3MBI, VAEPKHUBAEMOM
MATrHHTHBIM moJieM. B oTamume oT raaBeI 5, 6yJeM CcUHTATh
HeHTpaJabHBLIN Iasd CHJbHO HeogHOopoAaHLIM. Ilox meiicTBueM
rpajueHTa JaBJIEHHNA a3 CTPEMUTCSI CBOOOAHO PACIIN PUTHCA
CO CKOPOCTAMH MOPSAAKA CKOPOCTH 3BYKa. OIHAKO yaKe IIPH BeCh-
Ma HeGOoJIBIIOM CTelIeHY MOHU3AITHH TaKOoe pacIilinpeHne B CTOIK-
HOBHUTEJILHOM ILIazMe MOKeT OBIThH OCTAHOBJIEHO 3a CUeT B3au-
MOJeHMCTBIA TOKOB IO ILIa3Me C BHEIIHUM MArHHTHBIM IOJIEM.
IIpoananuasupyem gud@ysuio c1aboHOHN30BAHHOTO IIHY -
pa maasMbl, OpHEHTH POBAHHOTO BJOJIb MATHHUTHOTO MOJIsA. By-
JeM CUMTATDH BRIIOJHEHHELIM JBAa YCJIOBUs. Bo-IIepBHIX,

-8 p/B2 <1, (7.29)

I'le Telleph B OTJIUYHe OT pasgena 7.1 p=py, + p, + p; — moJi-
Hoe IaBJeHHEe, ABIAAIONeeC CYMMOI NapiuaabHbIX AaBJIeHUH
HeHUTpanbHBIX YACTHII, 9JI€KTPOHOB U HOHOB. Bo-BTOPHIX, 6Y-
JeM CUHUTaTh, YTO AJUHA CBOGOJHOTO ITpobera HEHTPAJIOB OT-
HOCHUTEJIbHO CTOJIKHOBEHUU C HOHAMHU ,; MEHBINEe XapaKkTep-
HOTO pasdMepa HeoTHOPOAHOCTH L:

ni << L. (7.30)

ITokaxkem, 4TO IPH BRIMIOJTHEHU Y 9TUX ABYX YCJIOBUM HETI-
TpaJbHBIN ras yaep:KUBAETCA 3a CUET B3aMMOJeCTBUA Mar-
HHUTHOTO I0JIS ¢ He6ONAbIMUM KOJTNUESCTBOM 3apAKeHHBIX Uac-
THII, a 3BOJIOIUA KOHIEHTPAIlUU HEUTPAIbHBIX YACTUI] HO-
cut 1udpy3noOHHLIN XapaKkTep.

YpaBHeHUs GajlaHca CUJ IJs1 HeHTPAIbHBIX U 3apssKeH-
HBIX YaCTHUI] UMEIOT BUJ (BA3KOCTHIO U 3JIEKTPOHHOM NHEPITH-
eli mpemeOperaem)

0 Pe enE Rei ReN %[ﬁe B]’

av, 55 B e B
m;n dt p; enE R, Ry T[ul BJ;
mNnNdﬁ py Ry, Ry, (7.31)

dt
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CryaaapiBas TpU YpPaBHEHHUS, OJAyUYaeM

dvy av, 17 3
nd 21j Bl 7.32
(myny dt m;n dt) P C[] 1 ( )
Venosue npenedpeskeHnsa HHePI[Hel o3HAYaeT, UTO
1,7 3
p ;[J B]. (7.33)

BrIpakas TOK Uepes3 MAarHUTHOE II0Jie C TTOMOIIbIO ypaB-
Heuuns MakcBesaa, IPUXOAUM K ypaBHeHNIo (7.5) 1 yCIOBHIO
paBHOBecHus (7.29). B 5To ycaoBHe BXOAUT TellepPh AaBJeHUe
HeliTpaJbHOTO rasa. B miaasMe ¢ MaJoii cTelleHbI0O HOHU3AITA T
5TO HEPaBEHCTBO ropasio sKecTue, YeM aHAJOTUUHOe HepaBeH-
cTBO (7.6) B MOJTHOCTHIO HOHU30BAHHOI ILJIasMe.

MexaHusM yCTAaHOBJEHUA PpaBHOBECHUS IPOAHATN3UPYEM
n3 ypaBHeHNH 6anaHca cuia (7.81). YuTeMm ToIbKO caMyio 601b-
MIYI0 CUJAY TPeHUA MeXXKIy HoHAMHU 1 HeliTparaMu. Pagmanb-
Hasd IpoeKIuA 6aslaHca CUJI I HeMTpaJbHBIX YaCTHUIL B IIpe-
HeOpekeHUN HHepIHell gaeT (TepMOCHJON IIpeHeOperaem)

de R

dr ‘Nir
rJie 4acTOTa CTOJIKHOBEHUM = y; n(V >Ni npomopnuoHaJdbHA
KOHIIeHTpAaIlUU 3apAKEHHBIX YacTHuIl. PagmaibHasa CKOPOCTh
MOHOB MOJIOXKEHA PaBHOI HYJIO, 3TO YCJIOBUE SABJAETCA CJIEM-
CTBUEM OTCYTCTBUSA pagMaJbHOTO TOKAa B maasme. Pagmanb-
HasdA CKOPOCTH HeHTpaJIoB coraacHo (7.34) pasHa

Mmynly Nilnrs (7.34)

1 dpy (7.35)

o nimy <V >Ni dr

IIpu yecaosun (7.30) a3Ta CKOPOCTH MaJia II0 CPABHEHHIO CO
CKOPOCTHIO 3BYKAa U IIPOIIECC SBOJIIOINY HEHUTPASIOB HOCHT Tuc-
G y3UOHHBIN XapaKTep.

W3 asuMyTadbHOTO Gasiarca CUJI IS HOHOB U OTCYTCTBUSA
paAuaJbHOM HOHHOM CKOPOCTH ciaedyeT yciaosue R,y =0, 10
€CTh a3UMYTaJbHbIE CKOPOCTH MOHOB M HeUTPAJIOB JOJISKHBI
COBIIAAAThH:

Uy =u; . (7.86)
HNs pagnaJdbHOTI'O fasaHCca CHUJI AJId NOHOB IMeeM
dp; en
L E. —u B R, 0. .
dr ent, ¢ u; iNr (7 37)
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PagmanbHas cuaa TPpeHUSI MeXKAYy MOHAMY 1 HeUTpaiaMu,
coryacuo (7.34), ypaBHOBEIIINBAeTCS IPaJHeHTOM AaBJICHIS
HeliTpaaos. [TosTomy us (7.87) moayuaem

1 B dp

B Lu endr’ (7.38)

r c i
Vpasuenmne (7.38) cupaseaanpo npu J060i COBMECTHOM
A3UMYyTaJbHOI CKOPOCTH MOHOB 1 HeliTpasoB. B oTcyTcTBUE
KaKUX-Iu00 CUJI, PACKPYUHUBAIOIIHUX IIJIa3My 1 HeUTpaabHbBIH
ras B a3UMYyTaJbHOM HaNlpaBJeHHUH, 9Ta CKOPOCTH obpalmaeT-
¢ B HOJIb 3a cUeT MeMCTBUA BA3SKOCTH. B pesyabTaTe ycTanas-
JUBaeTCA paguaabHoOe TMoJe:
dp
endr’
HaIpaBJIeHHOe OT Imepudepruu K IMeHTPY. ITO IoJe BO MHOTO
pas Goubiiie, yeM 1oJie (7.13), 13-3a MaJIol cTelleHN NOHN3a-
UM, ecaun py > p;. Bosabimoe pagmanbHOe mOJe BBHI3HIBAET
apetid 5JIeKTPOHOB B a3UMYTAJIHHOM HAIIPaBJIeHUH, KOTOPHIE
¥ CO3JAI0T a3UMYTANbHLINA TOK (7.33) IIpu MOKOAINXCA HO-
Hax. YUeT 5JeKTPOoH-HeHTPpaIbHOTO TPeHUA MIPUBOIUT K AO-
TMOJTHUTENbHON COBMECTHO KJaccuuecKol nudPysun siek-
TPOHOB U MOHOB, OMMCAHHOI B pasgese 7.1.

(7.39)

r



naga 8. APEW®OBBIE BOJIHbI
W TYPBYNIEHTHbIA NEPEHOC

8.1. APEA®OBbIE BOJHbI
B HEOJHOPOAHOW NJTASME

B HeOJHOPOAHOM ILTazMe B MATHHTHOM IIOJIe
MOTYT PACTIPOCTPAHATHLCS BOJHEI IIONepeK MAarHHTHOTO OIS,
CBA3aHHEBIE C HEOJAHOPOAHOCTHIO TTApAMeTpPOB IJIasMel. Pac-
CMOTPHUM IIOJIHOCTHIO HOHH30BAHHYIO ILIA3MY C HROTHOPOIHOIT
KOHIeHTpanuell BJoJb ocu x, ny(x) (puc. 8.1). OgHopogHoe
MATHHUTHOE IOJIe MepHeHIHKYISAPHO IpajueHTy KOHII@HTpAa-
IHHN ¥ HATPABJEHC BAOJEL ocH 2. TeMmepaTypsl 3apayKeHHBIX
yacTur 6yaeM cCIUTATh MocToAHHBIMH T, ; = const(x). PaccmoT-
pPUM BOSMYIIeHHe KOHIIeHTPAIUH [IepHOJUYEeCKOe B0 I U 2!

n' = A(x)exp(—i t+iky + ik.2). (8.1)

Bynem paccmaTpuBaTh 3aa9y B TAK HABKIBAEMOM JIOKAb-
HOM NpPHOJMKEHNH, T. e. OyAeM CIHTATh, YTO XapaKTe PHEIH
MaciiTad HeBOSMYIIEHHOH IJIa3Mbl B HAIIPABJIEHHUH X YIOB-
JeTBOpser ycaosuio k L, = 1.
MacimTab BOZMYNIIeHHSI B Ha-
OpaBiIeHHH X ToXKe BeJdHK, U
eClH BHITIOJHHATE pasiosxeHHe
Dypbe 110 X, TO k, << k. B 10 310
BpeMs JOoJIKHO GBITH k! L

.

|
IlycTs fimHA BOJHEI B HATIPAB- / /:xg
JeHHH 2 AOCTATOYHO BEJIHKA, / L Va(x)

Tak 4to k. < k,. B TO ke Bpe- ‘
MA JJHUHEBE BOJH B HAaIIpagpJe-
HHUH I U 2 JOJHHBI 6BITH BOb- Puc. 8.1

. IMoBepxXHOCTH MOCTOAHHOM
e COOTBETCTBEHHO JIaAPMOPOB KOHIEHTPAIHH IPH PACIIPOCT Pa-
CHOTO paJHyCca HOHOE H IJHHBI HeHHH Apeildopoil BOIHLL
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npob6era, YTOOHI 6H1J10 MPUMEHUMO THAPOIUHAMUYECKOE OTIH -
camme.

IIpogosbHasi KOMIIOHeHTA 6anaHca CHJ IJA 5JeKTPOHOB
B MePBOM IPUOIMIKEHUN (B MpeHeOpesKeHNN 3JIeKTPOHHON
MHepIInel u CUJION TpeHN ) CBOAUTCA K paBEHCTBY TpaJueHTa
5JIeKTPOHHOTO AABJEHUA U TTPOJOJTHHOM 9JIeKTPUUECKO CUIIHI,
YTO COOTBETCTBYET GOJNIBIIMAHOBCKOMY pACIIpeAeIeHUIO AJIA
5JIeKTPOHOB:

1 Eln .
e n, e n,

TaxuMm 06pasoM, MOJOKHUTENIbHOE BO3MYINeHNe KOHIEH-
TpaIlii COOTBETCTBYET IOJOMKUTEIHLHOMY BO3MYIIEHHUIO I10-
TeHITHAJIA, a OTPpHUIlaTeJbHOE BO3MYINeHIe KOHIIEHTPAIluH 3a-
pssKaeTcsa orpunareabHo (cM. puc. 8.1). 'pagueHT MOHHOTO
JaBJIeHUA U 9JeKTPUUECKOe MOoJie BHI3LIBAIOT IBUKEHHNE MO-
HOB BJOJIE MATHUTHOTO ITOJIA. ByneM, oqfHAKO, CANTATE, UTO IIPO-
JOJIBHOE CMelTleHre MOHOB 3a BpeMsA | MaJIo 10 CPABHEHMHIO C
k,!; coorBercTBYIOINUII KpUTE pUil IpUBeaeH Huke. CooTBeT-
CTBEHHO, ITPOJOJLHBIM IBUKEeHIIEeM NOHOB IIpeHebperaem.

ITonepeunble ske CKOPOCTH 9JIEKTPOHOB ¥ MOHOB IIPEICTAB-
JA10T coboii (B mpeHebpeskeHNN HOHHOI MHepIneii) apeiid B
CKPEIeHHBIX 9JIEKTPUUeCKOM ¥ MATHUTHOM IIOJISIX U JHuaMar-
HUTHBIE CKOPOCTH

i C[E‘l B] ¢T,[ n' B]

ne n' T, n!

(8.2)

¢ B2 en,B2
'l B ' 1

@ clE 2B] Tl ”2B]. (8.8)
B enyB

JduBepreHIna JTUaMATHUTHBIX IMOTOKOB B OJHOPOJIHOM
MATHUTHOM MoJIe paBHA HYJIO, TIO9TOMY B YpaBHeHUA Hempe-
PBIBHOCTH TAlOT BKJAJ TOJIHbKO CKOPOCTH ApeiicdoB:

Ueg Ujq Ug C(p (8.4)

VYureM cBOMCTBO HeCIKUMAaeMOCTH APeiipOBRIX ABUKEeHU
B OMHOPOJAHOM MATHUTHOM IIOJIE:

E B
% 0. (8.5)
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9To PaABE€HCTBO HETPYAHO IIPOBEPUTH HEIIOCPEACTBEHHO AJIA
IIOTEHIITNAJBHOTO 3JIEKTPHUYECKOTI'O ITIOJIA. HOBTOMy YpaBHeHUE
HEeIIPEePBhIBHOCTHU IIPDUHUMAET B[
n

=2 4 n o (8.6)
JInHeapusys »To ypaBHeHHe, IOJydYaeM
dny
int ul =2 0. ]
gy (8.7)

Cornacuo (8.4) u}, cE,/B ik, '/B.IlogcTaBass BEI-
pakeHue Aad moTeHiuaia (8.2), moayuaem us (8.7) guciep-
CUOHHOE YpaBHEHHE:

cT, dlnn,
d Y eB dx

Beanunna ,HasbIBaeTcA ApelihoBoii HaCTOTOI!.

Taxum 06pasoM, BOSMYIeHNE KOHIIEHTPAIIN T UCITHITHIBA-
eT KoJiebaHuA ¢ Apeiid)oBOii UACTOTOM U MepeMeIaeTcs B Ha-
IIpaBJeHUH Y ¢ (ha30BOI CKOPOCTHIO

. (8.8)

v, o_d cT, dlnn,

Pk, eB dx (8.9)

KOTOpPAas COBIAfaeT cO CKOPOCTRIO AUaMarHUTHOIO Apeiida
3JIeKTPOHOB. YacTHUILI 2Ke B BOJHe IepeMelNaloTcsa 3a cueT
Apeiida B sIeKTpUIECKOM moJte £, B HATIPABJIEHUH X, UTO HA
dboHe HEOTHOPOTHON IMIOTHOCTHU Ny(x) MPHBOJTUT K PACIPO-
cTpaHeHHUIo ApeiidoBoil BOMHEI B0 iy. YacTOTa BOIHEI OKa-
3BIBAaeTCS UMCTO BeIMecTBeHHOMH, TaK KaK sIeKTpHUecKoe
none E} u apeiid wactun ul, cEj/B cpBunyTH 1O dase
Ha /2 OTHOCHTeIbHO BO3MYINeHUS KOHIeHTpanuu. IlosTo-
MY KOHIIeHTpaIliA H3MeHseTCA B y3J1aX, UTO IIPOABISeTC KaK
IepeMellleHne BOJHEI IJIOTHOCTH BAOJEL ocH y. B HampaBbe-
HNH Z BOJHA TaKxe paclpocTpaHseTcs ¢ ¢aszoBoil CKOPOCTHIO
V= /b

IlpuBeeHHEIIl BhIINe BHIBOJ CIIPaBe JHB IPU BEITIOJIHE-
HNU cJeyIOomero HepaBeHCTBA:

e, (8.10)

JleBasa uacTh HepaBeHCTBa II03BOJIAEeT HpeHe6peqb IIpo-
,Z[OJ'IBHOfI CKOPOCTBIO MOHOB B YPaAaBHEHHUU HEIIPEPBIBHOCTH,
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a mpaBas yacTh obeclieunBaeT yCTaHOBJIeHIE 60JIbITMAHOBCKO-
TO pacupeieseHUA AJA 9JIeKTPOHOB U MO3BOJISET MpeHeOpedh
I POIOJIbHOI 3JIeKTpoHHOM nHepiiueii. Iloacrasasasa apeiido-
BYIO 4aCTOTY B JIEBYIO UacTh HepaBeHcTBa (8.10), moisyuaem
ycJIOBHE

k, <k, /L. (8.11)

y ci

Tak Kak JapMOpPOBCKWII pagmyc MOHOB << L., To aTo
yCJIOBHTE MOJKeT OBITH BHITIOJHEHO TOJLKO IIPH BeChMa MaJIbIX
3HAUeHUAX k, << k,. llpu HapylIeHWU JeBOil 4YaCTH HEpaBeH-
cTBa (8.10) momepeuHoe IBUKeHUE YACTHUIL CTAHOBUTCSA HeCy-
IeCTBeHHBIM IO CPABHEH IO C IPOAOJIbHBIM U ApetidhoBas BOJI-
Ha MepexXoAUT B IPYyTol BuA KoaebaHnii — MOHHO-3BYKOBYIO
BOJIHY, KOTOpasd 6yaeT paccMoTpeHa mosauee. OTMeTHM TaK-
JKe, UTO ecJIM TaK HasbiBaeMad aJb(PBeHOBCKAS CKOPOCTH
c, = (B%/4 nym,)!/? okaswsiBaeTcsi MeHbIIE TEILIOBOM CKOPOCTH
9JIEKTPOHOB, TO MpaBad YacTh HepaBeHcTBAa (8.10) mepexoquT
B OoJiee xecTKoe ycjaosme ,/k, << c,. B obGpaTrHoM ciyuae
npetidoBas BOJHA MEePEXOIUT B alb(PBEHOBCKYIO BOJIHY, KO-
Topas TaKksKe OyIeT MpoaHATN3WpOBaHa Mo3Hee.

IIpu BBIBOAE MBI IO YMOJUYAHUIO MPEAMOJIarajan, YTO B
mJIasMe OTCYTCTBYET HeBO3MYIIeHHOe SJIeKTPUUYeCcKoe ToJe
B HampaBJeHHHU HeoAHopomHocTu. Ha camMom meje Takoe
moJie CYIeCTBYeT 1 B IIJasMe C OJHOPOAHOM TeMIepaTypoii
naetcd BeipaskeHueM (7.13) (ana niockoi reomerpun E, =
= (T;/e)dlnn,/dx). 910 moJie BRIZHIBAET Apei( ImIasMBI KaK
1eJIOT0 BAOJIb OCcU Y co cKkopocThio Vy = —cE,/B. YactoTa (8.8)
mpeacTaBideT coboii HacTOTy KoJiebaHUil B HETMOABUIKHON
mjasMe, C y4eTOM JKe JApeticda miaasMbl

a TRV, (8.12)

T. e. BOSHUKAET JONIJIEePOBCKUN CABUT YacTOoThl. PasoBas
cKopocTh (8.9) TaKksKe BRIUHMCJIEHA OTHOCUTEJIHHO JBUKY I ETi-
cA TIa3MbI, B JIabopaTopHO Ke cucTeMe paszoBas CKOPOCTH

o(T, T)dlnn,

V 4y
0 eB dx

W (8.13)

BO3pacTaeT M MO-TIpeKHEeMY HallpaBJieHa B CTOPDOHY AMaMar-
HUTHOTO Apeiida 571eKTPOHOB.
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8.2. JJ,PEVIQJOVBO-JJ,VICCVII'IATVIBHAH

HEYCTONYMUBOCTb

Tax kax uacToTa ApeiidOBHIX BOJIH, HaAWIeH-
Has B OIpeIbIAYINEM pasjelie, MOJYUYHJIACH UHCTO BellleCTBEH-
HOI, TO HeOGXOAMMO YUeCTh MAaJible OTOPOINeHHbIe YJIEHEI,
YTOOKI PEUINTh BOIPOC O TOM, pacKauMBaeTCs TAKas BOJHA
WK 3aTyxaeT. MBI yuTeM IMPOAOJbHYIO CHIY TPeHHA MY
5JIEKTPOHAMHM M MOHAMH WM HHepINio MOHOB. Ilo-mpekHeMy
IIPOBeJEM PACCMOTPEHNE B BMMKYINEHCS B HAIPABJIEHUH I CO
cKOpoCThIO V|, ccTeMe OTCcUeTa, B KOTOPOIl HEBO3MYIeHHOE
5JIEKTpHUUYECKOe II0JIe OTCYTCTBYET.

IIpomoIbHYIO CKOPOCTh 3JEKTPOHOB HalAeM 13 YpaBHeHU S
IpPOAOJBLHOTO OaslaHca CUA A 3JeKTPOHOB (IIpoJ0JabHOI CKO-
POCTBIO MOHOB IIO-IIpesKHe MY IpeHebperaeM B COOTBETCTBHUH C
ycaoBueM (8.10)):

Te—’; enE, 0,51nm, ,u, O. (8.14)
IMocie TMHeapU3ATNHE UMeEM
ik, T,n' iken, ' 0,51n,m, ,ul, O, (8.15)

OTKYJa IpoaOoJbHAaA CKOPOCTH 2JIEKTPOHOB

s 1

1 ik,T, nt e 3.16

Y  0BIm . T (8.16)
b4 My o Ny e

KoMmnoneHT ke CKOPOCTH 2JIEKTPOHOB B HallpaBJIEHHUHU X

3a BhIYETOM ,Z[HaMaI‘HHTHOﬁ CKOPOCTH IIO-TIPEeXXHEMY IIpeaCcTaB-

aseT coboii gpeiid B CKpelleHHbIX MOJIAX:
2 1

L ick,

edx B

JII/IHeapI/ISOBaHHoe YpaBHEeHUNE HEIIPEPBIBHOCTHU AJIA 3JI€K-
TPOHOB TeIlePphb C YUETOM HpO,Z[OJ'IbHOfI CKOPOCTH 3JIEKTPOHOB
nMeeT BUJ

u ) (8.17)

1 dng
edx dx

IlogcTaBasisi B 5TO ypaBHeHNe BRIPAMKEHUS AJS CKOPO-
creii (8.16) u (8.17), moayuaem

i n' iknyul, u 0. (8.18)
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KT, n' . ORT, el

j_ete € 0. (8.19
"0.51m, ., ng ¢ '051m, , T (8.19)

e

I[J'Iﬂ HMOHOB ITPOJOJIFHYIO CKOPOCTE IToJiaraeM HyJIeM ulH =0.
HonepeqHylo JKe CKOPOCTh HaxXOoJANM M3 JINHEAPpHU30BaAHHOI'O
YPaBHEHHUA IIOIIEPEUYHOTO GaJyiaHca CHJI:

~1

mom, L T n' engE' Lngl@l Bl (8.20)

B npenebpekeHnn nHepIiueii CKOPOCTh HOHOB COOTBETCT-
ByeT obpallleHHIo B HOJb MpaBoii uacTtu (8.20) u npeacTapias-
eT coboii, coraacuo (8.3), cyMMy AuaMaArHUTHOMN CKOPOCTH U
ckopoctHu apeiida. Ilocie moacramoBKu ckopocTu (8.3) B JIe-
ByI0o uacTh (8.20), YMHOKHB IIOJYUYUBINeeCA YpaBHeHNEe BeK-
TOPHO Ha B, MOXKHO HAMTH CKOPOCTH MOHOB B CJIELYIOIIEM
OpUOIHIKeHUH:

@ e [E' B] ¢2m, E!
B? eB% t
_¢Ti[ n! Bl ¢m; T, n!
enyB? e2B2 t n,

(8.21)

I[I/IBepI‘eHI_II/Iﬂ IIOTOKOB, CBA3aHHBIX C ITIOCJIEITHUMU IBYMA
yJeHaMu, paBHa HYJIIO, IIO3TOMY B YPaBHEeHHNE HEIIPEPBIBHO-
CTH AJIA MOHOB BXOJHUT TOJIBKO CKOPOCTH /:[peI‘/’IQ)a:

; 1
” ick, )
idx B ’
e2m, E} i ¢2m, c2m,
ul i Y i El i k 1 . (8. 22)
W eB? it eB2 "V eB2 VY

IToacrasnsas (8.22) B imHeapu30BaHHOe YpaBHeHHUe Hellpe-
PBHIBHOCTH IJISA MOHOB,

. d .

i nt uildx% ik,noty, O, (8.23)
moJaydaeM

n! kjce?mT, 1

—_ - — 0. 8.24

no d esz Te ( )

Cucrema ypasuenuii (8.19) u (8.24) uMeeT HeTPpUBHUAJD-
HOe pellleHUe, ecJU ee ONpeAeuTe b paBeH HYyJIo. [Ipupas-
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HHUBasA HYJIIO OIIpeJeJINTEJNb, IIoJIyHyaeM JUCIIEPCUOHHOE YpaB-
HeHUue:

2 2 2
kz ce ci kz Te . kz ce ci

B e a g (g,
k20,51, mo051, ' “k2051, (8.29)

BTOpHIM 4JIEHOM B CKOOKAX B I'HAPOAMHAMHYECKOM IIPH-
6MsKeHUH TIPH YCAOBUH k, . << 1 MoxxHO mpeHe6peus. Bro-
Is1 0b03HaYeHne

ﬁ ce ci (8 26)
* k2051,
IIepelinimneM JUCIIEPCUOHHOE YPaBHEHINE B BU e
2yi —i, ,=0. (8.27)

IIpoananusupyeM gBa NpefedbHBIX caydas > , I
s << ;. B mepBoM ciydae aAucnepcUOHHOe YypaBHeHNE NMeET

KOpHH . .
1 a L2/ o o i (8.28)

IIpu maneix

2= @+, /2)% (8.29)

B o6oux caydasax mepBhIil KOpeHb COOTBETCTBYET HEYCTOM-
YWBOCTHU, MHKPEMEHT HapacTaHuA

3/ s; s>> d»
(4 /2V% < . (8.30)

B HauGosiee NHTEPECHOM ciIyuae ca60CTONKHOBUATEIbHOM
IIa3MBl > , WHKPEMEHT SBJsSeTCs MAJBIM IO cpaBHe-
HUIO ¢ BellleCTBeHHOM YacThio 4acTOTH 4. IIpu yMeHBbIIe-
HUH 9aCTOTHI CTOJKHOBEHUH, KOTJa AJIWHA Ipobera sJeK-
TPOHOB CpaBHUBaeTCH ¢ AJauHOM Boauw k,(T,/m, )2/ ,, 1,
OTHOIIEHVE MHUMO YaCTH YaCTOTH K BellleCTBeHHOU OUeHb

Mano: 4/ 4~ o/(k(T,/m) 22 % <1.

Takum obpasoM, IpHU yUueTe CTONKHOBeHUI ApeiidoBas
BOJIHA, paCCMOTpPeHHAaA B IPeALIAYINEM pasjietie, HapacTaeT
c uakpemeHToM (8.30). Pusnveckas KapTUHA PA3BUTHA He-
YCTOWUYMBOCTH COCTOUT B CJAEYIOIEM: B OTCYTCTBHE TIPOAOIb-
HOM CUJILI TPEHUSA BO3MYINMeHNe MOTeHIIHAaJa COBIamaeT IO
dase c Bo3MyIlleHIEeM KOHITEHTPAIINH, & BO3MYIIeHUE 3JIeKTPH-

YeCKOTO MOJs U Apetich YacTHUIl BAOJb OCH X CABUHYTHIHa /2.
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ITosTOoMy HapacTaHNe IJIOTHOCTH MPOUCXOJUT B Y3JIaX BOJTHBI
U ee YacTOTa OCTaeTcs BellecTBeHHOM. IIpu yueTe »ke CHJIBI
TpeHUs MOABAAETCSA CABUT (as MeKJy BO3ZMYIEeHUAMH II0-
TeHI[HNAJNAa U KOHIEHTPAIIUU U, COOTBETCTBEHHO, CABUT IIO
dasze BO3MYIEHUA 3JIEKTPUUECKOTO IO OTHOCUTEAHHO BO3-
MYIeHUA KOHIeHTpamum oTjindaercsa or /2. [losTomy B 06-
JaCTH MAKCHUMYMOB BO3MYINMEeHNSA KOHI[EHTPAI[UH BCce BpeMs
OPOMCXOAUT HapacTaHHe ILTOTHOCTH 3a CUET IOIepPeuHOTO
Ipeiida yacTHUI] Ha HEOJHOPOAHOM (POHE, UTO IPOABIAACTCS
KakK HeyCcTOMUYMBOCThb. OTMEeTHM, UTO B 1abopaTopHOIi cucTe-
Me OTCUeTa K BeIl[eCTBEHHOM YACTH YACTOTHI IO-TNIPEKHEMY
J00aBasAeTCA JOMIJIEPOBCKUMI CABUT kyVO, CBSI3AHHBIN C IBH-
JKeHHeM ILIa3MbI 110 AeficTBreM (JOHOBOTO 3JIEKTPUUYECKOTO
OJIS.

8.3. YHUBEPCAJIbHAA
HEYCTOUYMNBOCTb

B ci1ab0CTONKHOBUTENALHOM IJaasMe, KoTaa
IJIMHA cBOOOLHOrO mpobera 3JeKTPOHOB ImpeBocxoxut k!,
rTuApoAnHaMHUUYeCcKoe IPUOINIKeHNe, PACCMOTPEeHHOe B Ipe-
IBIAYIEM pasieJtie, mepecTaeT OBIThH IPUMeHUMEIM. TeM He
MeHee B 6€CCTONIKHOBUTENLHON IMasMe ApeiipoBble BOJHBI
TaKsKe HeYCTOMUYMUBEHI, IPU 9TOM aHAJOTOM CHUJIBLI TPEHUS SAB-
adeTcsa saryxanue Jlangay, a cCOOTBeTCTBYOIIAA HEYCTOMYM-
BOCTH Ha3hIBaeTCsA YHUBepcalIbHON. BocmosbsyeMcesa A1 aHa-
JH3a 9JeKTPOHHON KOMIOHEeHTH KUHETHYECKUM YpaBHeHIEM
B ApetipoBoM mpubamKeHnn (cM. pasgen 1.7). B ogHopogHOM
MATHUTHOM II0Jie BeAYyIMHue MeHTPhI YacTHIl ApeiidyIioT B mo-
MepPevYHOM SJeKTPUUECKOM MOJIe W UCIBITHIBAIOT MPOJOJbHOE
aeuskenne. [losTomy ypaBHernue (1.99) 014 3J1eKTPOHOB HMe-
eT IIPOCTOI BUJ,

t z B2 m, V.

z

Foy, L dAEBL , eh [ g (8.31)

B npasoii yacTn HEOOXOAUMO COXPAHUTD CTOJKHOBUTEIb-
HBIH 4JIeH, HeCMOTPS HA TO, YTO CTOJIKHOBEHHUS BeChbMa PeIKH.
Byazem uckats peinenune B suje f = f, + 1, rae f, — HEBO3-
MyIneHHadA QYHKINSA paclpeesieHns, COOTBETCTBYIOI A He-
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OJJHOPOJHOMY IIPODUIIIO KOHIIEHTPAIIUN 1o(x), af'  exp(—i ¢+
+ ik,y + ik,2) — Manas nonpasra. JInHeapnusys KHHETHUECKOE
ypaBHeHUE AJIA 9JIEeKTPOHOB, UMeeM

CE;ILE) eE} 1o
B x m, V,

Bnecy E! ik ! — sJeKTpHUecKoe II0Je BOJHBI. JidA
CTOJIKHOBUTEJHHOTO UJeHa BEIOepeM YIIPOIeHHOe MOeJIbHOe
npeacraBiaenne St! = — f1. Ha camoM feJjie CTONTKHOBUTEIb-
HBIHM UJIeH UMeeT BU] MHTerpaa cTolKkHoBeHni Jlangay, oxa-
HAKO OKas3hIBaeTCHA, UTO OT BUIa CTOJKHOBUTEJIHHOTO UJIeHA U
BEJIUYNHBLI Pe3yJbTaT He 3aBUCUT BBUAY CTPEMJIEHUS YaCTO-
ThI CTOJTKHOBeHHUH K HyJ110. U3 (8.32) nMeeM O14 IONPaBKT K
GYHKITNHT pacpeeJeHUsI

! Cky ]LE) ekz ]LE)
BV, i B x m, V,

i f'OikV,f Stl.  (8.32)

1! ) (8.33)

DYHKIIUA paclpeeeHUsI UMeeT BelleCTBeHHYI0O U MHU-
My1o uacTh. [lepenuimem MoKk uTEND B (8.33), YMHOMKHB YHC-
JUTEJb U 3HaMeHaTeJ b Ha KOMILJIEKCHO COMPAMKeHHOe 3HaUe-
HUe, B BUJe IBYX CJIAraeMbIX:

1 k,V, i)
BV, i ( RV.? (P ( EVLPE ()P

3meck = +i .HMHKpeMeHT B YyHHUBepcaIbHOI HEYCTOM-
YWBOCTH 3HAYNTEJHbHO MeHbIIIe BellleCTBeHHOM YacTu Jac-
ToThl . ClaaraeMbie TO-pasHOMY BeAyT ceba BOJIM3U pes3o-
HaHcHOM Touku = k_.V,. IlepBoe BelllecTBeHHOE cIaraeMoe
obGpailaeTcs B 3TOM TOUKe B HOJb U MPH Ou 0 anTu-
CUMMETPHUYHO OTHOCUTEJHHO Pe3OHAHCHOM ToUuKHu. BTOpoe ke
MHUMOe cJlaraeMoe TIpHu Ou 0 Mmajo BCiOAy, KpoMe
OKPEeCTHOCTH Pe30HAHCHOI TOUKH, T/ie OHO CTPeMHUTCA K Oec-
KOHEYHOCTH. ITU 0COOEHHOCTHN MPOABJSAIOTCA MPU BHIUMCJIE-
HUY MaKPOCKOTHNUYECKHNX BeJIMUNH. BelllecTBeHHAsI YaCcTh BO3-

MYINeHNs KOHIeHTPAIii MpH Ou 0 paBHa HHTerpa-
JIY, BBIYUCJI€HHOMY B CMBICJI€ I''IaBHOT'O SHAYEHU A
1 ck k ~

Re(n!) V.P. v ho ke hogyav . (8.34

RV, B x m, V,
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Tax xak dyacTora mopaaka apeiipoBoii, TO, B COOTBETCT-
Buu c yciaosueM (8.10), mosaraem << |V, u —-RkV, EV..
CooTBeTCTBEHHO

cky fy e B

1 —
1 R
Re(n') V.P. FRE e T dv,dvV . (8.35)

Bri6bupas B KauecTBe HeBO3MYIIEHHON PYHKIIUH pacHpe-
JeJIeHUST MAaKCBEJJIOBCKYIO GYHKIINIO pacupeeIeHUA, Oy -
yaeM, UTO mepBoe caaraemoe B (8.35) obpalrjaeTca B HOJb B
CUJIY HEUETHOCTH ORI HTETPAILHOTO BhIpaskeHus1. Bo BTopoM
cnaraemoMm fo/ V,=-m,V_f,/T,, mosTOMYy 0COOEHHOCTDH HC-
YyesaeT, U MHTETPAJ JIETKO BHIUHUCJISIETC:

1

Re(n') eT—no- (8.36)

e

Taxum o6pa30M, BeIlleCTBEeHHAaA 94aCTh BOSMYIIE€HNA KOH-
IoDeHTpannuyu COOTBETCTBYeET 6OJII>I_IMaHOBCKOMy paciipengeJje-
HHUIO JJIA 3JIEKTPOHOB.

HpI/I BLIYNCJICHU N MHHUMOW YacTHu BOSMYIII€HUA KOHIICH-
Tpanuu sSaMeTHUM, UYTO IIOJABIHTEI' PAJIbHaA (I)yHKI_II/IH nMeeT pes-
Kuit MaAKCHMYM B OKPECTHOCTH peSOHaHCHOﬁ Touku. IToaTo-
MYy 3HAYeHUe HO,Z[bIHTeI‘paJIBHOfI Q)yHKI_II/II/I 3a HCKJIYECHNEM

Pe3OHAHCHOTO MHOMKUTENA MOXKHO 6patb ipu V, = /k_:
Im(n')
v hock b av,dv
2 2 2z :
( BV ( ¥ B x m V., .
(8.37)

Yunureisas, ato

( V.2 C 2 ° |k

IIoJy4dyaeM

el \/m_e
Tm(n!) Te\/;m( 2 n. (8.38)
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PesonancurbIil MEHOMKUTEND B (8.33) ipu Ou 0 mpu-
HSTO 3aIllMCHIBATh B BUAE
1 1 .
P P( PR ) i ( kV). (8.39)

Takas sanuch 03HAYAET, UTO HHTETPAJIBI C TAKUM MHOMK -
TeJeM clieyeT OpaTh CJAeAYIOIMUM O0pa3oM: ¢ MEPBHIM cJa-
raeMbIM B CMBICJI€ TJIABHOTO 3HAUEHU A, a CO BTOPHIM cJiarae-
MBIM — C . -QYHKITHEH.

OroHuYaTeabHO, 00 beanHsAsd (8.36) u (8.38):

el , \/m_e
nl T z\/;m( ) 1. (8.40)

PesyabTaT He 3aBUCHUT OT YACTOTHI CTOJNKHOBEHUIT, UTO
ompaBIbIBAET BEIOOD MOI€JILHOTO CTOJTK HOBUTEJIHLHOTO UJIeHa.
Muumasa nmonpaska B (8.40) BosHMKaeT 1M3-3a TPeHUA peso-
HAHCHBIX YaCTHII O BOJIHY — SIBJeHNe, N3BECTHOE KaK «3aTy-
xaHue Jlangay».

[ mosyuyeHuA UCIe PCUOHHOTO YpaBHEeHUA HeoOXoau-
MO HAHTH CBA3Db MEKIY BOSMYITIeHUAME KOHIIEHTPAI[UH U TI0-
TeHITHAJIa TaKKe U 13 MOHHOTO YpaBHeHUA. Tak KaK MIPOJOJIb-
HBIM IBH)KeHHEM HMOHOB B cuJIy HepaBemcTBa (8.10) MoKHO
npeHebpeub, TO ypaBHeHHUe AJA HOHOB COBIIAaeT C YPABHEHHU-
eM THApOJHHAMHUYeCKOro npudanxenns (8.24), moryueHHO-
TO B IpeBIAyINeM pasfese. [IpupaBHUBAA K HYJIIO ONIpeAen-
TeJb CUCTeMblI ypaBHeHHH (8.24), (8.40) u yuuThIBasg, 4TO
MHHUMAas MOTIpaBKa K 4YacToTe MaJja, mojJaydaeM

\/_ d kiczmiTe
5 — <1. (8.41
S RNELm OB (8.41)

2,2
kjc*mT,
e?B?

a(

MakcuMaIbHO BO3MOKHBINT MHK PEMEHT JOCTUTAETCS MIPHU
k, , lupasen / ,~ ,/(k,2T,/m,)<1. Oupesronana-
eT ¢ yMeHbIleHHeM k,. Takum 06pasoM, B CI1a0OCTONKHOBH-
TeJILHOM pesKuMe ApetidoBasi BOIHA SBJIIETCA HEYCTONUMBOM C
MHKPEMEHTOM, MaJILIM ITO CPaBHEHHIO ¢ ApetidoBO YaCTOTOM.
Ha rpanune npumMeHuMoOcCTU npu k, ,; 1 uHKpeMeHT (8.41)
IepexoAuT B IepBoe u3 BhipakeHui (8.30).
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8.4. HEYCTOWYNBOCTU, BbISBAHHbIE
rPAAUEHTOM TEMNEPATYPbI

PaccMoTpeHHBIE B IPeABIAYIEM pasaee peii-
($OBBIe HEYCTOWYMBOCTH MMEIOT AOCTATOYHO MAJBIM WHKDE-
MEHT, KOTODHIH CYI[eCTEEHHO MeHbIIe Jpef(oBOi YaCTOTHI.
IMosTomy GoJiee ONMTACHBIMY SIBJASIOTCA HEYCTOWYNBOCTH, BhI-
3BaHHBIE TPAJUEHTOM TeMIIEPATy Pbl. PACCMOTPHM HOHHO-TEM-
nepaTypHYO ApelidoBy0 HEYyCTOMYMBOCTE, BRISBAHHYIO TpAa-
AUEeHTOM WOHHOM TeMIepaTyphl, KOTOpad B 3HAYUTENbHON
CTeTleHW OTBETCTEEHHA 34 MIe PEHOC YACTHUIL U SHEPTHH B yCTAa-
HOBKAX JIJISl yIIPABJIAEMOTO CHHTE3A.
1A IPOCTOTHI pACCMOTPUM CUTYAIUIO, KOTa HMEEeTCs
TOJBKO TPAJMeHT HOHHON TeMIIepaTy Phl, & TPAJUEHTHI KOH-
NEeHTPAIMA W 3JeKTPOHHOMN TeMIepaTyphl OTCYTCTBYIOT:
dT? /dx 0, dny,/dx dT?/dx 0. IlokaskeMm, 4TO B 9TOM
cllyuyae pacKauMBaeTCA WOHHAA JpeiidoBOo-TeMIepaTypHAasd
HEYCTOWYMBOCTb, YACTOTA KOTOPOI JIEKHUT B TUATIASOHE

kT, T)V2/m? «| |<k,ce 'B'(dT,/dx

Kak u pamee, momepeuHas AJUHA BOJHBI YIOBJAETBODAET
YCJIOBHUIO MPUMEHUMOCTH THUAPOAUHAMUUYECKOTO OMUCAHUSA
k, . < 1. Ilnasmy 4s TPOCTOTEL OymeM cumTaTh GECCTOMNK-
HOBUTEJHHOI.

B 5T0i1 BosTHe momepeuHbIi Apeiid) MOHOB B BO3MYIIE HHOM
moTeHIHAe Ha (hoHe HEOJHOPOAHOTO PO UJIA HOHHOM TeM-
mepaTyphl IPUBOAUT K BO3MYINEHNIO HOHHON TeMIlepaTyphl.
BosHuKaIOMui MIpU 9TOM IIPOJOJbHBIN IpafueHT TaBJIeHUA
BBI3BIBAET JBUKEeHNE HOHOB BJOJHh MATHUTHOTO TOJIS, KOTO-
poe, B cBOIO ouepeqb, BO3MYITAeT KOHIEHTPAINIO 1, BCAE-
cTBUE 6OJIBIIMAHOBCKOTO paciipeie IeHUs 9JIeKTPOHOB, TIPH-
BOJUT K BO3MYINEHUIO TTOTeHITNAAa. ¥ paBHeHUE AJIS HOHHON
TeMIepaTyphl BeibepeM B Buje (2.12), B KOTOpoM oTOpoIIe-
HBI AUCCUIMATHBHBIE cJaraeMble, CBA3aHHEBIE C TeIJIONPO-
BOJHOCTBHIO U TEIJIOOOMEHOM, HIPU STOM COOTBETCTBYIOIHIE
BpeMeHa IpejIoJaraloTcs GOJBINMUMHE 10 CPABHEHHIO ¢ . L.
Nmeem

n— @@ )T T, 4 O (8.42)
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JII/IHeapI/ISOBaHHI)Ie YpaBHEeHUA HEIIPEPHIBHOCTH, GayaHca
IIPOJOJIBPHOI'O MOMEHTA U TeIlJia OJId HOHOB NMEIOT B/

i n' iknyul O,

i nOmiuilz ikz(nOTil aniO) ikzeno 1’
1 4T0
C .
. 1 s i

i n,T}! ikny——
! Y B dx
C yueToM 6OJIBIIMAHOBCKOTO paclpefeIeHus JJIsI SJIeK-

TPOHOB

ikn,Toul 0.  (8.43)

1 el

0
n, Te

(8.44)
moJsiyuaeTcA saMKHYTasi cucTeMa ypaBHenuii. [I[pupaBuusasa
K HYJIO ee OTIpeleIUTeJIb U YUUTHIBAsA, UTO

kAT, T2 /m’® <|

b

ImoJgydaeM JUCIIEPCUOHHOE YpaBHEHHUE:

3 k2 Te 2 c dlnTl

“m, YeB dx

) (8.45)

VYpaBuenue (8.45) uMeeT ofUH BeIlleCTBEHHBIN 1 BA MHH-
MBIX KOPHS, IIPH 9TOM OAWH M3 MHUMBIX KOpHEH COOTBETCT-
BYyeT HHKPEeMeHTY
1/3

J3 2T, c|dInT,

2 °m YeB| dx

) (8.46)

Bojee moagpoOHBIM aHAMNS IJIS IIJIa3Mbl, B KOTODPO TIpH-
CYTCTBYET KaK IpalueHT NOHHOM TeMIepaTyphl, TaK 1 Ipaju-
€HT KOHIIeHTPaIluH TOTO *Ke 3HaKa, AaeT cJeaylolnee YCIOBUe
pacKauKy MOHHO-TeMIIepaTypHOUN HeyCTOMUNBOCTH:

dInT,

P dnn % (47

AmBanornuHas HeyCTONUNBOCTD, BEI3BaHHAA I'PagleHTOM
5JeKTPOHHOM TeMIIepaTyphl, HA3bIBaeTCs 3JIeKTPOHHO-TeMIIe-
paTtypHoii. B oTsinune oT HOHHO-TeMIle paTy pHOI HEYCTOMYUH -
BOCTY OHA SIBJISIETCS MeJIKoMAacIITabHoM k, ; > 1 ¥ BBICOKO-
YaCTOTHOIM: |>> kE (T, T,)'/2/ml’?. Bstoii BoaHe mo Boasi-
MaHY pacIpejeleHBI HOHEI, TaK KaK UX JIJADMOPOBCKUM pagnyc
IIPeBOCXOAUT MOIIePeYHYIo JJIUHY BOJIHHI:
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n! el

g 0 . (8.48)
Hisi 31eKTPOHOB ke k, ., << 1 U UX IolepeyHOe ABUKe-
HUe Mo-TIpesKHeMY IIpeIcTaBJIAeT coboii 1petid B CKpeIeHHBIX
mosAx. JInHeapusoBaHHbIe YpaBHeHUA HeIpepbIBHOCTH, 6a-
JaHca MIPOgOJLHOTO MOMEHTA U TeILIa AJ5 9JIeKTPOHOB COBIIA-
paioT ¢ (8.43) c samMeHOI nHAeKca «i» Ha «e». UHKpeMeHT He-
YCTOWUYHMBOCTH MOJYUAETCA aHAJOTUUHO CAYUAIO MOHHO-TEM-
mepaTypHOU HEYCTOHUYMBOCTH U PABeH

B ., T . ¢ldnT|"?
o B m, kyE dx (8.49)

2

Tak ke KaKk U B IpPeABIAYINEM cJydae, HEYCTONUYMBOCTD
pPaACKAYMBAETCSH IIPU YCIOBUU
dInT,

—c 2. 8.50
¢ dlnn ( )

8.5. TYPBYJIEHTHASA ANDDY3NA
noa AEMCTBMEM CJTYHAUHbBIX
ANEKTPUYECKUX NOJIEU

Passutne HeycroitunBocTeii ApetihoBOi MpUPO-
IBI IPUBOIUT K TIePeXOay MJIa3MbI B TypOYyJIeHTHOE COCTOSAHIE
¥ IepeHOCY YaCTHUIl, S9HEePTUHU U MOMeHTa MollepeK MarHUTHOTO
moJsa. PaccMOTpHM 9TOT IIpollece Ha IpuMepe YHUBePCATbHOM
HeycToumBocTH. Tak KaK MHKPeMeHT 5TOH HeyCTOMUYNBOCTH
BechbMa MaJl II0 CPaBHEHHIO C BeIeCTBEHHOM YacThIO YaCcTOTHI,
KoTopasi 6JimsKa K ApeiidoBoii yacToTe, TO MOMKHO BOCTIOJIH30-
BaThCA KBASUINHEMHBIM IpubamKeHueM. [Ipu sToM ogHOBe-
MeHHO CYITeCTBYeT MHOTO BOJIH, B ITIEPBYIO OUepeb BIUAIONTNX
Ha cpeAHIo PYHKIINIO pacipelie/ieHNUs, U3MeHEeHUS KOTOPOH
TMPUBOAAT K HACHIIMEHWIO HEYCTOMUMBOCTH paHbIIle, YeM CTa-
HET CYINeCTBeHHBIM B3anMOJeICTBUE BOJTH MeKAY COBOTi.
Kak u B IMHeWHOM ciiy4yae, aHAJN3 IPoBeleM Ha OCHOBE
KUHEeTUYECKOTO YpaBHEeHUA AJI 9JIeKTPOHOB B ApetidhoBOM IIpHu-
OIIM)KeHUN: L
N v [ clE B] f ek,
t 7 oz B? .
DYHKINIIO pacipefieeHUA IpeJCTABUM B BUIe

f
o St (8.51)

z
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0 fl.
rrrs
' foexp( i ;t ikF)  fexp( i ;t ikr), (8.52)
k k
rje aMILIETYABL [; W3-3a MAJOCTH WHKPEMEHTAa SIBIAIOTCS
MeIJIEHHO MeHSIOIUMICS IO CpaBHEHUIO C ‘ 1;1‘ bYHRITIAMET
Bpemenu. @yuknua f° ycpefHeHa o BpeMeHN Ha BpeMeHax,
GOJIBITTUX ‘ 1;1 , U TIO TIPOCTPAHCTBY Ha PACCTOAHUAX, MHOTO
GOJIBITTNX AJMH BOJH. AHAJOTHYHO AJIA MOTEHITHANA
1 , Sy , -
ko exp( i ;t ikr) i zexp( i ;t ikr). (8.53)
P P
Cymmuposanue B (8.52) u (8.53) mpoucxoauT Imo moJio-
SKUTEeJHLHBIM U OTPHUIlATENbHBIM 3HaueHuAM k . Tak Kak 1mo-
TeHI[HAJ BellleCTBeHEH, TO . ; 7 - Ilpu nuHeapusanuu 6y-

. ¢[E B]
aeM HpeHe6peI‘aTb HEJINHEWHOCTHIO B WJIeHaAX ———— f n
Bz
eE, f N
———, TO €CThb 6y,1:[eM HpeHe6peI‘aTb HeJINMHEeVHBIM B3aNIMO-
me z
/I[eﬁCTBI/IeM Pa3InYHBIX MOJ B CHJIY MaJIOCTH UX AMILJIUTYA.

B nuneiinoM npubaniKeHUH, KaK cJieyeT U3 paccMoTpe-
HUusA B pasgese 8.3:

I; Cky ﬁ) €k2 ]LE)

‘ 8.54
f;e 7 k21/2 i 7 i B X m, 1/2 ( )

YpaBHeHUE OJA MeAJeHHO MeHAlMmelica GYHKIINU pac-
npefeeHEns f° HalieM U3 ycpeZHeHHOTO ypaBHeHHs (8.51):

fy [c[E* B] ,\ [eE! ft
— (= —= St). 8.55
t Bz ! m, V, (s1) ( )
IIpu yecpegnennu B ypaBHeHNH (8.55) IBOMHBIX CYMM THIIA

L AI;BIE eXp(lET' i I;t Et)’
k Ek

it Et)exp(ilgr i

yuTeM, 4TO COXPAHSIOTCA TOJIbKO IpousBefeHuaA c k k.
IIpu aTOoM corsacHo (8.41) POz 7- UMeem
2

=N

li) kZ ce Czky ‘

" ZkyCQTZfO (St). (8.56)
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VYpasuenune (8.56) onucriBaeT 3BOJIIOIINIO yCpedHEeHHON
GbyHKIINT pacupeaeaeHnA.

BoamyIneHusa moTeHITHATA IIPU 9TOM PaCTyT ¢ HeJIUHeH-
HBIM HHKPEMEHTOM ;, KOTODBIN 3aBUCHUT OT QYHKIIUHU pac-
npepesnennd f,. HennHe MHBIN HHK PEMEHT OTJINYAETCS OT JIN-
HeliHOTO BhIpasKeHHusd (8.41), BRIUYNCIEHHOrO AJIsI MaKCBeJI-
JIOBCKOI pyHKIIUU pacupeeseHusa. OcTaBasasa B GopMyaax
pasaena 8.3 GbyHKIINIO pachpeleJeHUsA 9JeKTPOHOB IMPOU3-
BOJILHOM, TTOJYUUM

_ (%) i L Cky hh ek, Iy
k en, B x m, YV,

( ; RkV,)dV,dV . (8.57)

Buj yecpegHeHHOM GYHKIUY paclipe e IeHUA 31K TPOHOB [
ompenenseTcA OalancoM Meskay auddysueii B MpocTpaHCTBe
CKOPOCTeH AJA Pe30OHAHCHBIX YACTHUIL U CTOJKHOBUTEIbHBIM
yiaeHoM. [uddysus Mo CKOPOCTIM CTPEMUTCSA CTIAAUTD PYHK-
U0 pacupefeseHus (adderT GOPpMHUPOBAHUS IIJIATO), & CTOJK-
HOBEHUA CTPEMATCA MaKCBEJJIN30BaTh QYHKITHIO pacipegesie-
HudA. Pemenue (8.56) mossondaeT HaliTH £, U, CI€JOBATENbHO,
HeJMHeWHBINH NHKPeMeHT ;. MuTerpupys (8.56) mo ckopo-
cTaAM ¢ yueToM (8.57), monyuaeMm ypasHeHNne 1uddysun:

ny ny

0, (8.58)
t x x
¢ koappunueHTom gudpdysnmn
czkz‘ 2.‘ .
> JR A 3 (8.59)

Jns mouoB BKJAaJ B Auddy3HUIo AlOT Hepe3oHaHCHBIE Yac-
Tunbl. Haubosee mpocTo BhIpaskeHue AJaA AudPy3UOHHOTO
MOTOKA MOHOB IOJIyUaeTCA ycpelHeHUEeM 3JeKTPUUECKUX
IpetidoB B HANIpaBJIeHN U TpafueHTa KOHIIEHTPAI[UH:

. AN L (8.60)
B x

IIpu TakoM ycpeAHEeHHUH BKJIAJ B MOTOK AAIOT BO3MYIIe-
HUS KOHIIEHTpPAIlNu, CABUHYTHIe 0o ¢dase HAa BeJIUUYNHY /2
OTHOCHUTEJHFHO BOSMYINEHU M MoTeHITnaNa. UCIIoIb3ysA BEIUKC-
JeHusA paspetia (8.3) ¢ mpousBoJbHOI (HeMAaKCBeJIJIOBCKOI)
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dbyHKIIMel pacnpelesieHUA, MOoJaydaeM, UYTO KoohPUITUEHT
auddysuu B Beipaskennn (8.60) coBnagaer ¢ KospPHUITHEHTOM
auddysun B (8.59).

[ IpyTUX TUIIOB HEYCTOMUMBOCTEI, C GOJIBITUM HHKPE-
MeHTOM, KBasuJIMHeHOe IpubInKeHe HeIIPUMEeHNMO, TaK
KaK CTAHOBUTCS CYINeCTBEHHBIM HeJMHeIiHOe B3amMoaeicT-
BHe MKy MOJaMU, KOTOPOe OIIpeieasieT CIIeKTP KoaebaHui.
Tem He MeHee MCTIOJIb3YyeM KBasuJINHeIIHOe BEIpasKeHUe MJIA
rpyboii BepxHeiil olieHKHN KoadhdUITMeHTOB mepeHoca. Ilpesn-
TMOJIOXKHUM, YTO MOJAA ¢ HAubOabINel AJUHON BOJHBI JaeT OC-
HOBHOII BKJIAJ B IepeHOC, ¥ OCTABUM OJHO I'IaBHOE caaraeMoe
BcymMe (8.59). AMILIUTYAY KoJeOaHWiT OCHOBHOM MOJBI Olle-
HUM Kak k,n; ~dny /dx. B oToMm caydae, Korga cOGCTBEHHBII
TpafueHT KOHIEHTPAIIUY B BOJIHE CTAHOBUTCSA ITOPAIKA CpeI-
Hero rpaJueHTa KOHIIEHTpaIluN, Ha TpaJueHTe KOHIeHTPaIluu
BOJIHEI pacKaumnBaloTcA 6oJee MeJKoMAacITabHbIe KoaebaHnus,
oT6upas sHEPTUIo Y OCHOBHOI MOJBI, IIPU 9TOM OCHOBHASA MOIa
HacbeimaeTcs. IloacTaBiisas o1y omeHKY B (8.59), ocTapasaa B
CyMMe OJHO cjlaraeMoe W YYHWTHIBas, uTo N /ny. e ; /T, u

7~ 4> IOJyYaeM OLleHKY Kos(pdunuenra suddpysnn:

D~k2 ;. (8.61)

OTY *Ke OIeHKY MOXKHO IOJYUYHUTh, CUNTAS, YTO MHKPEMEHT
OCHOBHOM MOJBI j; KOMIIeHCHpyeTcsa AudPy3HOHHBIM 3aTy-
XaHUEM Dkf, ABIAAIONIUMCS pe3yJAbTATOM Pa3BUTHUS BCEro
CIIeKTpa KoJe0aHmid.

HaubGonpmuii 3 BO3ZMOMKHBIX KoohdunueHToB sudpdy-
3UU AJISI MOABI APeihoBOTO THIIA TTOTYYAETCS AJIA AJIUHBI BOJI-
HBI IIOPsSIfKA XapaKTepHOro pasMepa miasmel kL 1, rxe
L =|dInn,/dx|["}, n nHKpeMeHTa IOpAJKAa BelllecTBeHHOII uac-
TH 4acToTHl. B sToM caydae, mosarags ;~ 7~ 4> HMeeM

D~DB ﬂ (8.62)
eB

9ot KosdduimenT 1uddysnun n3BeCcTeH KaKk 60MOBCKH I
kKoappunuenT 1UPPy3un 1 ABJIAETCA MAKCUMAJIbHO BO3ZMOMK -
HBIM 1751 gpeitdoBoil TypOyeHTHOCTH. [[JId pacueTa Ke pe-
asbHOTO AU Y3MOHHOTO MOTOKA B OGIIEM CJIyUae HeOOXOAUM
pacueT crieKTpa KoJiebaHuii ¢ y4eToM HeJHNHeIHHOTO B3anMOo-
AeHCTBUSA MeXKAY MOAaMU.
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8.6. BJINAHUE LULMPA MATHUTHOIO NOJA

HA PASBBUTUE HEYCTOUHYNBOCTEN

ITup (e peK peleHHOCTS ) CUJIOBLIX IUHUH Mar-
HHUTHOTO IT0JIsI, BOOGIIE TOBOPS, TTOJaBJIAET PA3BUTHE HEYCTOM-
yupocTeli. [IpoananmsupyeM ero BAUAHNE Ha IpUMepe He-
yeToliumBocTel ApeiidoBoil nmpupoabl. OnpegeiuM BHaUYAE
IMIUp B IJOCKOM reomMeTpuu. PaccCMOTpUM MarHUTHOE IOJIe
BHUA - . _
B B.(x)e, B,(x)e,. (8.63)
Taxoe MarHuTHOE TOJE CO3AAETCSI TOKOM

iy, j.(x)e,,

KOTOPHIH CBSI3aH ¢ MATHHUTHBIM IOJeM ypaBHeHHAMHU Mak-
ceenna — B,/ x=4pj,/cu — B,/ x=4pj,/c. Bce Bosmyine-
HUA B BOJIHE IO-TIPEKHEMY UMEIOT BUJ

=A(x)exp(—i t+iky+ ik z). (8.64)

Tak kak MAarHUTHOE TOJIE TIOBOPAUYNBAETCS B IPOCTPAHCT-

Be, TO, pPaCKphIBad CKAJSIPHOE IPOU3BeIeHUE
kB kB kB, kB,
moJry4yaeM
kB, E/B,

IlycTh Ipu HEKOTOPOM 3HAUEHUHU X, IIPOJOJbHAA JAWHA
BOJIHBI CTpeMHUTCA K 0eCKOHEeUYHOCTH Ej(xo) = 0. 910 ycaoBue
MOJKeT SOCTUIATHCS, €CJIH BeJUYUHE k, U k, IMeIOT pasHble
3HAKU. PasjiokuM BeJUYHHY k| B pAL BOJIM3U 3TOI TOUKH,

cUmTasA AJsI MPOCTOTHI, YTO BJOJb OCU X N3MEHSIETCA TOJIbKO
noxne B, npuuem B, < B, u B,/B 1:

d(B, /B)
X

(8.65)

) by ——(x x). (8.66)

BBegeMm xapakTepHBI MacIinTad L nsMeHeHUA mapaMeT-
POB IJIa3MEI BJOJH OCH X (Hampumep, L = |d1nn0/dx|’1) U oIIpe-
JeJIUM IIUP MAarHUTHOTO HOJISA COTJIACHO

- [YB/B)

= (8.67)
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Torga

ky(x) k,” (x0)= (8.68)

IITup siBAAETCS XapaKTepPHCTHUKOIN caMOTo MAarHUTHOTO
moJiAg. B To ke BpeMsi OT HETO 3aBUCHUT AJIHUHA BOJHBI BOZMY-
eHnA BAOJb MAaTHUTHOTO IO,

B nuiauHIpUUYeCKO TreOMeTPUH IMUP MOKHO BBECTH aHAa-
JOTHUYHBIM 06pasoM. IIycTh BOSMYINeHUA UMEIOT BU/T

=A(r)exp(—i t+im +ik,z2), (8.69)

B B.,e, B (r)¢ umortpaamyca3saBHCHT a3UMYTaJbHBIN KOM-
TMOHEHT MATHUTHOTO MoJiA B . A3uMyTalbHOMY BOJHOBOMY
Yucay cooTBeTcTByeT B = m/r. COOTBETCTBEHHO
kB, (m/r)B
B(r) B .
B61m3u pesoHaHCHON MAarHUTHOM ITOBEPXHOCTH Paguycary,
rae kj(ry) = 0, mapasieabHBIH BOTHOBOI BEKTOP

(8.70)

r K
R(r) k. () —2, (8.71)
rae IMup orpeaesjaeH CorJiacHO
- ,d(B /rB
r2 %. (8.72)

B O6H.IeM ciayuae, Korga o6a KOMIOOHEHTa MATHHTHOTO
II0OJIA 3aBHUCAT OT HpOCTpaHCTBeHHOﬁ KOOpAHWHATHI, NMEeM

By(x) k(X)) (o) 72
k kyBZ/B kZBy/B,
- B2d(B,/B.)

T Ea—r (8.73)
— A4JA IIJIOCKOH reoMeTpun n
~ ror
ki(x) k() (1) e
0

E EBZ/B k,B /B;

- 2B2d(B /rB,)

B T (8.74)

— oA I_II/IJII/IH,Z[pI/I‘IeCKOI/I reoMeTpHuu.
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IITup MATHUTHOTO IMOJA IPUBOIUT K CTAOUIN3AIINT BO3MY -
meHni. [leificTBUTENBHO, IPM CMEIEHNUHN OT MATrHUTHOM IO-
BEPXHOCTH TapaJljieJbHOe BOJHOBOE UMCJIO HAUMHAET PEe3KOo
BOBpACTarTh, a AJIMHA BOJHBI BOIb B — yMeHbmaTses. Ha
HEKOTOPOM PACCTOSAHUM OT pe30HAHCHOI MAarHUTHOM ITOBEPX-
HOCTH TapajijieJbHoe BOJHOBOE UHCJO AOCTUTAeT 3HAUCHUSI
kﬂmax, IpU KOTOPOM BOJIHA MepecTaeT HapacTaTh. [IJId YHUBED-
caJIbHOM nan ApeiidhoBo-TeMIepaTypHOH HeYCTOMYNBOCTH MakK -
cUMaJIbHOE 3HAUEeHHE k"max COOTBETCTBYeT HepaBeHCTBY (8.10):

max
R

IIpu GosbINUX 3HAUEHUAX IPOAOJIHLHOTO BOJIHOBOTO BEK-
Topa moliepevuHoOe ABUKEeHNe NOHOB B ApeiidoBoii BOJIHE CMe-
HSIeTCS UX MPOJOJLHBIM IBUKeHUEeM U ApelicdoBas BoJHa IIe-
pectaet cymectBoBaTh. CoraacHo (8.68)

kmaXL
S — (8.76)
k,

Bennmumua Ha3BIBaeTCs «00JacThIo JOKAIU3AUN He-
YCTOHYMBOCTH BOIM 3 pe30HAHCHOM IOBEPXHOCTH » . BHe sT0M
obJiacTy BOJIHA He HapacTaeT, a saryxaeT. [lofcTaBAsa sHAUe-
HUe k“max (8.75) u BrIpaskenue 414 ApeiidoBoit uacToTHI (8.8),
nonaraa T, T;, nosydaem

(8.75)

i (8.77)

OTa olleHKA CIIpaBeAJINBA AJIS JOCTATOUHO GOJIBINOrO MInpa,
Korga. << L, To ecTh g4 B i/ L

B mouJie ¢ cHJIBHBIM ITHPOM MOSIBJISETCS HOBBIM XapaKTep-
HBII MacIiinTab  BMecTo L B HanpaBJIeHHH NCXOAHOM HEOIHO-
poxaHoCcTH x. B pesyibTaTe JOKAIbHOe NMpHOIHIKEeHHNe, pac-
CMOTpPeHHOe B MPeABIAVINUX pasgeiax, Korja aMILIATYAA
BOJIHEI IIpeIIoJiaraeTcs ILIaBHON QPYHKI[He X, cIIpaBe JIn-
BO TOJIBKO [JIsi KOPOTKUX BOJIH E, > 1. MakcuMaubHas gjiu-
Ha BOJIHBI BJIOJIB lJ OIIPEESIeTCA YCIOBUEM

Erin 1. (8.78)

Boaee AJUHHBIE BOJIHBI B MArHUTHOM IIOJI€ C CHJIBHBIM
IMNUPOM HEe paCKadynuBaloTCA.
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OrpannueHne Ha JJUHY BOJHBI IPUBOAUT U K YMeHbIIIe-
HHUIO TYpOYJAEeHTHBIX K03(hMUITMEeHTOB mepeHoca. Mcmoansy-
eM (8.61) s onleHKH KoaddUITEeHTAa HOHHON TeMIIe paTypo-
TIPOBOJIHOCTH, CBSI3AHHOTO C MOHHO-TeMIIepaTypHOI Apetido-
BOI HeycToitumpocThio. IlogcTaBasas k;nin (8.78) u . (8.77),
moJjaras HHKpeMeHT MopsaaKa ApeiidoBoii 4aCcTOTHI, OJyUaeM

i~ﬂ~—“. (8.79)
eB L

KosddunmeHT mOHHOI TeMIePATyPOIIPOBOJHOCTH OKAa3hI-
BaeTcA B /L pas MeHbIlle 60MOBCKOTO Koo duiuenTa. B or-
Juyne oT 50MOBCKOTO, OH 00paTHO MPONOPIMOHAIeH KBaJpa-
Ty MariuTHOTO TOJIA M 3aBUCHUT OT XapaKTepHOTO MacIiiiTaba
M3MeHEeHUS mapaMeTpoB maasMbl L. Takoil THII 3aBUCUMOCTHI
H3BeCTeH KaK THPOOOMOBCKH . OTMeTHM TaKKe, UTO IJIs NOH-
HO-TeMIIepaTypHOMH ApelihoBOi HEYyCTOMUNBOCTH KO3hPUITH-
eHT 1uddysuu sSHAUNTEILHO MeHbIIe KoadduIine HTa NOHHON
TeMIIEPATy POIIPOBOAHOCTH M3-3a 60JIHIIMAHOBCKOTO pacipeie-
JIEHUS 3JIEKTPOHOB B 3J€KTPUUYECKOM II0JIE€ BOJIHEI.

1 51eKTPOHHO-TEMIIepATypHOI ApeiidhoBOi HeyCcTONYN-
BOCTH MaKCHMaJbHOE 3HAUYEHUE MapajjeJbHOTO BOJHOBOTO
BEKTOPA OIPEAETAETCS YCIOBUEM

N (8.80)

m,

HOBTOMy AJA Hee obiacTh JORaJHU3allul 3HAYNTEJIBHO
MEHBbIIIE:

~ce, (8.81)

CoOTBEeTCTBEHHO, OIleHKA AJA KoshPUIiMeHTa 5JIe KTPOH-
HOU TeMIepaTypPonpoOBOJHOCTH €CTh

L e (8.82)
eB L

IIpy HaNMUYNHU CUIBHOTO MUPa MAaTHUTHOTO TOJIA JIOKATb-
HBII aHAJIN3 HEYCTOMYMBOCTEH, pACCMOTPEHHBIN paHee B 9TOH
rJaBe, mepecTaeT OBITH HPUMEeHUMBIM. /lelficTBUTENbHO, Xa-
paKTepHBIH MaciTab n3MeHeHIA aMILTUTYI5I BOJHBI B HATIPAaB-
JeHUHU X TlepecTaeT OBITh OOJBIMUM MO CPABHEHUIO C AJIUHON
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BOJIHBI B HANIIPDABJIEHUHU Y, IMOSTOMY BJIEKTPUUECKUE MOJA U
TMOJSIPUBAIMOHHBIE TOKYM NOHOB BIOJb X U BAOJb [ CTAHOBAT-
csA OMHOTO TopAAKAa. JIuBepreHIinsa OpoJoJbHOTO MOTOKA MO-
HOB MeHsIeTCsl OT Masoro npu k. 0 sHaueHHs 10 3HAYeHUH,
TMPUBOJAINNX K 3aTyXaHWIO BOMHBI Ipu X . . [IpucTporom pac-
CMOTPEeHHUH BO3MYIeHHUA Mo-IpeKHeMy nuyTca B suge (8.1),
HO YpaBHEHUSA CBOJATCA K OOBIKHOBEHHBIM AuddepeHITnaNb-
HBIM YpaBHEHUAM OTHOCUTEJIHHO X.

ITokaskeMm, Kak TaKoU IMOAXOM pealusyeTca IJs Apelido-
BOTi BOJIHBI B 6€CCTOJIKHOBUTEIHHOM IJIa3Me B OTCYTCTBHE I'pa-
JMeHTa TeMIIe paTy pbl, COOTBETCTBYIOIel YHUBepCATbHOM He-
YCTOWUYMBOCTH B TIoJIe 6e3 mupa. B ypaBHeHU N HeIIpePHIBHO-
CTH JAJISI MOHOB B oTjinuue oT (8.23) yuTeM IOJMAPU3aITNOHHBIH
TMOTOK BAOJIb X U MIPOJOJbHYIO CKOPOCTH HOHOB:

, , ik,c ' dn,

i nt molql(x)uil|| de;

, c?m, , c2m; d? 1
-1 kgnoﬁ 1 2 no eB2 de 0. (8.83)

Ms1 yuan, 4To XapaKTepHBIN MacITab n3MeHEeHUS aMILIHT -
TYAbI BOJHEI MAJ 0 cpaBHeHHUIO ¢ L. 31ech kH(x) JUHEHO Me-
HsAeTcs BOJIM3M Pe30HAHCHOM MOBEPXHOCTH B COOTBETCTBUU
¢ (8.68). IIpogoapHYIO CKOPOCTh HOHOB HalileM U3 YpaBHeHUA
npogoabHoro 6ananca cuu (T, > T)):

i nomiuil|| iky(x)T,n'. (8.84)

Eitie omHa cBA3H BO3MYINEHNN KOHIIEHTPAIIUHW M HOTEH-
umaja HaXOAUTCS U3 3JeKTpoHHOTO ypaBHeHud (8.40). IIpe-
HebOperxeM BHaUale MEIMOM yacThio B (8.40), KoTopas cBsA3a-
Ha ¢ saTyxauuem Jlaugay. Torga n! = (e /T, )n, coorBeTcT-
ByeT GOJIBIIMAHOBCKOMY pacmpefeieHUIO AJS 3JeKTPOHOB.
Komouaupys (8.84) u (8.83), moayuaem

,d2 1 R, 2(x x,)?

¢ dx? m, 2I2

1 k22 4 1 0, (8.85)

Tle JapMOPOBCKUI paJuyc onpeesieH COTJIacHO

i (Te/mi)1/2 (mic/eB)'
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3aMeHOU ITepeMeHHbBIX

~ 1/2
X X9 g4

exp(i /4) (8.86)

ci
ypaBHeHHue (8.85) cBoauTcsa K ypaBHEHNIO KBaAaHTOMEeXaHUUe-
CKOT'0 OCITUJLIATOpA:

@ 2E 2)1! o, (8.87)
dx?
rge sHeprusd OCINJAJIATOpAa:
E % —~ 1 k2% -2 (8.88)
CO6CTBeHHBIe 3HaAUYeHuA 3Heprum, KaxKk mnaBeCcTHO,
E n % n 0,1,2.... (8.89)

W3 (8.88) u (8.89) HaxoauM ypaBHeHNIE IJI YACTOTHI, KOP-
HH KOTOPOTO JJIA He CAUITKOM OOJBIMTUX 3HAUEHU I 11 eCTh

Re d/(1 B2 2)
Im . @n 1). (8.90)

CobcTBeHHbIe QYHRIIUN BHIPAXKAIOTCA Uepe3 IOJUHOMBI
Opmuta H ,:

'=H,( )exp( ?/2). (8.91)
CobcrBennble GYyHKIUY coriacHO (8.90) cnabo zaTyxaioT.
IIpu x cobGcTBeHHBIE PYHKITUY OCITUJIIUPYIOT
, x2
1y exp( i—2 5 2A) (8.92)

Cct

¢ XapaKTepHBIM MacIiTabom ., / “1/2 Tak kak ©MeeTCs MHH-
Mas MompaBKa K 4acToTe, TO COOGCTBeHHBIe PYHKIITUHU PacXo-
aATcsa. YTo6bI yCTPpaHUTD PACXOIUMOCTh, HEOOXOIMMO YUECTh
JOTOJTHUTEJIbHBIN UJIeH B 5JeKTPOHHOM ypaBHEeHUH, MIPUBO-
OAIMNNA K pacKauyKe YHUBepcaabHOM HeycToHMUYnBOCTH. TaKkoi
aHaIW3 OPpUBOAUT K AuddepeHITNATLHOMY YPaBHEeHAIO, KOTO-
poe MOKHO HCCJIeIOBATE JUINE YncJeHHO. IIpu 5ToM OKa3bI-
BaeTcs, UTO ApelidoBhIe BOJHEI B MOJIe C CHJIbHBIM IITUPOM 34-
TyXaloT. AHAJOTHUYHBIM 06pa3oM HccieayioTesa u apetidoBo-
TeMHOepaTypHbIe BOJHB. OHHU OCTAIOTCA HapacTAOIUMHU TP
yeaosum k, 1.



nasa 9. AUHAMUKA MNMOJIHOCTbIO
MOHN3O0BAHHOM MJIASMbI
BE3 MATHUTHOIO NoJ4

9.1. MOHHbIX 3BYK

B THAPOANHAMUUECKOM IPUOIAMMKEHUN IOJI-
HOCTBHIO MOHM30BaHHAs IJIa3Ma B OTCYTCTBHE MPHUMece OII-
ChIBAETCS CHCTEMOU YpaBHEeHUH IIepeHOoCa, pPACCMOTPEHHOI B
riaaBe 2:

n nu O,
t
m ndst P " ZenE R,
3 dT _ u; _
SV " T u P xk] i Q. 9.1)

CrJaaabiBasi ABa YpaBHeHUA Oajamca CHUJI AJIA 9JIeKTPOHOB
¥ MOHOB M NpeHeOperas 5JeKTPOHHON MHePIMeH W MOHHOMN
BSIBKOCTBIO, MMOJyUaeM ypaBHeHHe cyMMapHoTo 6aJiaHca CHI,
B KOTOPOM OTCYTCTBYIOT 3JeKTPHUUECKOE MoJIe U CUJIA TPeHUS:

du;
dt

31ech cyMMapHOe AaBaeHUe p = p, + p;. [IpeHebpekeHne
MOHHOI BA3KOCTHIO IO CPABHEHUIO C TPAfMEHTOM JaBJIeHUA
ompaBIaHHO, eCJH AJNHA CBOOOAHOTO Mpobera MaJia o cpas-
HEHHIO ¢ XapaKTePHBIM pasMepoM HeOJHOPOAHOCTH L, UTO AB-
JseTCsA YCIOBUEM IPUMEeHUMOCTH THAPOANHAMUYECKOTO OTIH -
CaHUS MJIA3MBI.

Kak ormeuanoch B riaaBe 7, ypaBHeHHe (9.2) mo3BoJseT
OIeHUTDh XapaKTepHYI0 CKOPOCTh, KOTOPasA BO3HUKAET B He-
OJHOPOIHOI MOJHOCTHIO MOHM3OBAHHON IJIazMe. JTa CKO-

nm, p. (9.2)
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pocts mopaara u; [(T,+ T);/m;]"/? u 3aBuCHT OT KOHKDeT-
HOIi 3ajaun. PaccMoTpuM BHauaje BOJIONMNIO MAJLIX BO3-
MYIeHNIii KOHTIeHTPAIN B 6e3TpaHNYHOII 0JHOPOAHOI ILIa3-
Me KOHIeHTPAIUH 17, B B30TepMHUYecKoM caydae. [IycThb Bee
BeJIMUNHEI 3aBHUCAT TOIbKO OT KOOPAUHATH 2. ByJeM nckath
KOHIIeHTPAINIO ¥ HOHHYIO I POANHAMHIYECKYIO CKOPOCTh B
BHe
n n, n', w ul,

nl~exp( i t ikz), ul ~exp( i t ikz). (9.8)

I3

JImHeapusysa ypaBHeHUe HENPEPHIBHOCTU AJA MOHOB U
ypaBHeHIe cyMMapHoOTo 6GanaHca cui (9.2), moaydaeMm

i n' ikuln, O,
i myngu}l ik(T, T)n' O. (9.4)

VYenoBue copmecTHOCTH cucTeMbI (9.4) IPpUBOAUT K JUC-
TIEPCHOHHOMY COOTHOIEHUIO

(9.5)

(9.6)

Beanunnma C, Ha3bIBaeTCsI CKOPOCTHIO MOHHOTO 3BYKaA. Bo-
Jee o61.uee OIlpegeJIeHruEe CKOPOCTH MOHHOTI'O 3BYKa.:

cg Z—p, 9.7
rge. = nm;. J1o Belpaskenue npu T, ; = const copmagaerc (9.6).
Taxum 06pasoM, BOZMYINe HIEe KOHIIEHTPAIUY PACIIPOCTPAHA-
eTcs corJacHo (9.5) ¢ mocToAHHOM $aszoBO CKOPOCTHIO, COB-
magaloIneil co CKOPOCTHIO 3BYKA, a 3HAK « » COOTBETCTBYET
pacipocTpaHeHHUIO B OJHY MJIHU APYryio cTopoHy. IIpu sTom
JUCIIEPCUS, T. €. 3aBUCUMOCTh (ha30BOI CKOPOCTH OT AJIUHBI
BOJIHBI, OTCYTCTBYET.

Kaxk ciaefyeT u3 COBMECTHOTO PACCMOTPEHUA SJIeKTPOHHO-
TO U HOHHOTO YpaBHeHNII HeIIPePHIBHOCTH, B OTCYTCTBHE TOKA
Yyepes MIa3My U, = U; = U, T. €. 3JIEKTPOHBI ¥ MOHBI ABUIKYT-
cs coBMecTHO. Cuja TpeHUA MesKIy HUMHU paBHA HYJIO, a U3
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ypaBHeHHNsA OaJaHCca CHJI AJIs 3JeKTPOHOB HMeeM 60IbIMAHOB-
CKOe pacIipefieleHHe JJIsI 3JeKTPOHOB:
T, T, n!
' tn(n/ng) 72—0 (9.8)

Ilono:knTeNbHBIE BOZMYINEHNsI KOHIeHTPalu 3apske-
HBI TOJIOKHUTEJbLHO, a OTPHUIlaTeJbHEIe — OTpPHUIlATeJbHO.
SeKTpHYecKoe IMOJe, COOTBETCTBYIOINee G0IbIMAHOBCKOMY
MOTEeHIIHANY, YAeP>KHBAeT 3JeKTPOHLI OT pazberanns u obec-
MeYnBaeT OJHHAKOBYIO CKOPOCTh 3JIeKTPOHOB M HOHOB B HOH-
HO-3BYKOBOMH BOJIHE.

Ecnn xapaKTepHOe BpeMsi, THIINYHOE [JIsI HOHHO-3BYKOBOM
BonHBl ! = (kc,)"!, MaJo 10 CPAaBHEHUIO C AUCCUIIATUBHBIMHU
BpeMeHaMH — BpeMeHeM 3JeKTPOHHOI M MOHHOM TeILIoIIpo-
BogHocTH (k2 ,;)"! 1 BpeMeHeM Temtoo6meHa (2m, ,;/m;) !, TO
HOHHEIN 3BYK sABIseTcA agnabaTndeckuM. B sTom cayuae co-
XpaHseTCsa SHTPOIINS e JUHUIILI 00hbeMa S, TeMIIepaTy Phl 3JIeK-
TPOHOB I HOHOB MeHsAIOTcAKak T, ; n??, amonHoe naBieHne
kak p n®/3. Cucrema (9.4) B o6ImeM cay4yae HMeeT BH

i n' ikuln, O,
, .. dp

m. E—tnl 0. 9.9
i yming ik—on (9.9)

3aKoH AUCHepCHUHU Hmo-Iipe:kHeMy nmMeeT Buj (9.5), a cko-
poCTh 3BYKa B afnabaTuuecKoOM caydae

dp
Cq 5. const (910)
d
HaKOHeH, BO3MOMKHA CUTyannnud, KOorga BpeMA -1 MaJo

II0O CPABHEHHUIO CO BpeMEHEM HNOHHOI TEIIJIOIIPOBOJHOCTH H
BpeMeHeEM TeHJ’IOO6MeHa, HO BE€JINKO IIO CPaBHEHHIO CO BpeMe-
HEeM BJIeKTpOHHOfI TEeIIJIOIIPOBOAHOCTMH. Takxasa cuTyanmda Mo-
JKeT BOSHUKHYTH 13-3a BeChMa GOABIIMOH BJIeKTpOHHOfI TEeIlJIO-
IIPOBOJAHOCTH. B sTom ciayudae HUOHHBIN 3BYK ABJAETCA agnua-
GaTHUYECKHUM II0 HOHAM U HN30TEPMHUYECKHUM IIO 2JIEKTPOHAaAM, a
CKOPOCTB 3BYKAa JaeTCA BEIDaKeHNeM

(9.11)
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Tak KaK Yy HOHHOTO 3BYKa OTCYTCTBYeT AUCIIEPCHUSA, TO
€CTh BOJITHBI JTI000M JINHBI pACTIPOCTPAHAIOTCA C OTHOM U TOM
JKe CKOPOCThIO, TO C TOM sKe CKOPOCTHIO PACTIPOCTPAHAETCS U
BO3MYIIeHNe MPOU3BOJILHON POPMBI, KOTOPOEe MOMKHO pas-
JOXKUTH B mHTerpasa Pypbe Ha OTAedbHBIE BOJIHBI. [losTOMY
obIree pellieHNe JHHeapU30BaHHBIX ypaBHeHn (9.1), (9.2)
uMeeT BUJ
n'=7(z —ct)+ fo(z + c,t). (9.12)

9TO MOKHO TNPOAEMOHCTPHPOBATH U HeIIOCpPeACTBEHHO,
3amucaB NCXOMHBIE JINHeapn30BaHHbIE YPaBHEHUS B BUe

1 1
n u;
SLCH L I
: T ’
1 1
U; 2. N
2", (9.13)
o ¥z
=0
-a 6 a z
t<alc,
0 z
t=alc
2a 0 2a z
t>alc
0 z
Puc. 9.1

Pacna/:[ IIPAMOYTOJJBEPHOTO BOSMYI€HUA
Ha ABa IBUAKYINUXCA BOSMYyI[CHUA TMOJOBUHHOM aMILIIUTY Bl
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IIpoauddepeHIINPOBAB IepBOE YpaBHEeHHE IO BpeMeHH, a
BTOpOE — IO KOOPAMHATE, U BEIUNTAA OJAHO U3 APYTroTro, IIPH-
XOJAHUM K BOJTHOBOMY YPaBHEHHIO:

2,1 1 20

22 2 2

0, (9.14)

pellleHHeM KOoTOoporo ABjasdeTcs (9.12).

B KauecTBe IpuMepa pacCMOTPUM SBOJIOIUIO IPAMOYTOJIb-
HOT'0 BO3MYIIeHUs KOHIIeHTPAIlNN, HMeloInero Buj n! = A npn
—a 2z awun'=0BHesToro IpoMesxyTKa (cM. puc. 9.1). Ha-
YyaJabHasA CKOPOCTh BOSMYIEHUI KOHIIEHTPAITUH TIpeaIoara-
eTcs paBHOU HyJI10. Takoe BO3MYINeHNe MOYKHO TIPeICTAaBUTH B
BHie CYMMBI ABYX BO3MYIIEHU I IOJOBUHHOM aMILIUTY IbI, IPH-
yeM, B cooTBeTcTBHE C (9.12), BO3SMYINIEHUA IBUIKYTCA CO CKO-
poctamMu c,. C TeueHMeM BpeMeHH BO3MYIIleHIE paclagaeTcsa
Ha JBa ABMIKYIMUXCA B pasHbIe CTOPOHBI curHaJa (puc. 9.1).

WoHHBII 3BYK MOYKET pacipoCcTPaHATHCA U B 6eCCTONKHO-
BUTEJLHOM IIJa3Me, eCJU 3JIEKTPOHHAA TeMIlepaTypa sHauH-
TeJIFHO IIpeBocXoAuT noHHyo T, >> T,. B aTOM ciiyuae MOKHO
paccy:KaaTh caeqyiomuM o6pas3oM: COTJAacHO ypaBHeHHIo Ga-
Jamca CUJ AJA 9JIEKTPOHOB SJeKTPpUUeCKOoe ToJie YPaBHOBEIIH -
BaeT rpaJueHT 5JeKTPOHHOTO AaBjenusa. [TosToMy B ypaBHe-
HUU 6anaHca CUJI AJA NOHOB 2JIeKTpUUeCcKas CUIa JOMUHUDPY-
eT, a JaBJIeHWeM MOHOB M X BA3KOCTHIO MOMKHO IpeHe6peUs.
B pesyabTaTe, 3aMeHsAA B ypaBHeHHH Gajamca CHUJ AJSA UOHOB
5JeKTPUYECKYIO CUJIY Ha TPAfUeHT 3JIeKTPOHHOTO AAaBJeHUI,
OPpUXOAUM K ypaBHeHHIO (9.2), B KOTOPOM HPUCYTCTBYET TOJb-
KO 2JIEKTPOHHOE JaBJeHUe:

‘Zj .. (9.15)

CropocTh 3BYyKa ke coBmagaetT c (9.6). IIpu cpaBHUMBIX
TeMOepaTypax NOHHBIN 3BYK CUJIBbHO 3aTyXaeT IO MeXaHUu3My
Jlangay, 3gech HeOOXOAUM KUHETHUYECK U MMOAXO/.

Ocoboro paccMOTpeHUA TpebyeT cayuail, KoTaa JJanHa BOJI-
HBI BOSMYIeHHUs TMopAaKa nebaeBckoro pagmyca. IIpu stom
OTCYTCTBYET KBa3MHEeUTPATbLHOCTh U HEOOXOIMMO MCIIOJIb30-
BaTh ypasHeHue Ilyaccona. IIpoaHanusupyeM 3Ty CUTYAIHIO
JJis 6eCCTOJIKHOBUTENbHOM minasMel npu T, > T,. Ucxonnasa
cucTeMa ypaBHeHUH:

nm,
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n.

i 7. 0’
; (nt;)
n
e 71 0
t (neue ) k3

di; =
m;n; d—tl en,E,

0 T, n, enkE,

E 4 e(n, n). (9.16)
W3 s1eKTPpOHHOTO ypaBHeHHUA bajiamca CUJI cJaeayeT 60JbII-
MaHOBCKOe pacnpefesenne siaekTpoHos = (T,/e)ln(n,/n,),

Tge n, — HeBOBMYINeHHAasI KOHIeHTpAInA KaK 5JeKTPOHOB,
TaKk U WoHOB. M3 MOHHOTO ypaBHeHHUA GaJjiaHCa CUJI MMeeM

di; .
miniW T, n,. JIuHeapusoBaHHaA CHUCTeMAa YpPABHEeHUM
HepasphIBHOCTH MOHOB, YPaBHEeHH M 6alaHca CHJI M YpaBHEHUA
IIyaccoHa B OMHOMEPHOM CJAyUae UMeeT B

i n! iknyul O,

e 1T, nl/ng,

i mnoul  ikT,nl,

21 4 e(n' nb). (9.17)

Hcknaovasa MOTEHIIUAT U CKOPOCTH MOHOB, MPUXOAUM K
cucTeMe YpaBHEHUM ¢ IBYMsA HEM3BECTHBIMH OTHOCUTEILHO
nl, n!. IIpupaBHNBAA K HYJIIO OIpefeTUTENb HTOI CHCTEMBI,

ImoJgydaeM JUCIIEPCUOHHOE YpaBHEHHUE:
2,2
2 k Cs

TR (9.18)

rae 2 T, /(4 nye?). Bugro, uTo B 061eM ciydae 3BYKOBEIe
BOJIHBI 00JIagaloT AucHepcueii — asoBas CKOPOCTh 3aBUCHUT
OT AJIWHBI BOJHBI. [Ipu GOMBITTNX IMHAX BOJIH 3aKOH JHUCIIEP-
cuu (9.18) nmepexoaut B (9.5), a npu MaJbIX IJHUHAX BOJH
kr; «1 yacToTa He 3aBUCHUT OT AJINHBI BOJHEI U COBIIALAET C
MOHHOU MJIa3MeHHOM YacTOTOM’:

(9.19)
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9.2. HEJIMHEWAHAS LUHAMMUKA.
ABTOMOAEJNIbHbIE PELLEHWA

IIpoaHanuaupyeM HeJIHHEHHYIO 5BOJIOIHIO B
MOJHOCThIO MOHM30BAHHOI MJasMe B CHTyalll, Korjga Ha-
YyaJibHbBIe padMephbl HEOAHOPOJHOCTH HeCcyIlleCTBeHHBI. B aTOM
ciy4dae pellleHHs PAa3JIHYHBIX 3aJa4 YAAeTCs IMIOJYUYNUTh C II0-
MOII[BI0O ABTOMOJAEJIbHOTO MOAXO0Aa, KOTJAa KOHIEHTpaAlusd 1
THAPOAVMHAMHYECKAA CKOPOCTh HOHOB HINYTCS KaK QYHKITHHI
OJHOII aBTOMO/eJIbHOI IlepeMeHHOII. PaccMOTpUM B KauecTBe
OIpHUMepa OJHOMEpPHOe pacIliupeHne IIa3Mbl B BaKyyM (PoHO-
BYIO mLaasMy Majoil miaoTHocTH). IlyeTs ipu z = 0 pacmoJio-
SKeH HCTOYHHK yacTnuil, ] N (). IIpu aToM n1a3Ma pacTeka-
eTcs B 06e CTOPOHBI OT HCTOUHHKA B MOJOMKUTEALHOM I OT-
pHuLaTeJIbHOM HAIIPaBJIeHUAX 2. BOIM3N NCTOUYHUKA YACTHI]
yCTAaHABJMBAETCS CTAIMOHAPHBIN NPOoPUIb KOHIIeHTPAI[UH,
OPH 3TOM MOTOK ILJIa3Mbl HAXOJUTCA HHTEeTPHUPOBAHHEM
YpaBHEeHNS HelpephIBHOCTH II0 00.1aCTH BOJIHM3N NCTOUHHNKA:

2 (z 0) Idz N.

PaccmoTpumM cHauajsia usorepMudeckuii cayuaii T, = const,
T,> T,.Taras curyanusa MOKeT PeaJn30BaThCA IPU PACIIIN-
PeHUHU B IJIA3My MaJioii IJIOTHOCTH 34 CUEeT OUeHb GOJIBINON
TEIIOTIPOBOJHOCTH 9J€KTPOHOB, MMOTOK TEILIa KOTOPBIX KOM-
meHcupyeT paboTy, 3aTpauuBaeMylo Ha pacIlupeHHe IJas-
MbI. B ypaBHeHUAX (MHAEKC Y THAPOIUHAMUYECKOM CKOPOCTH
HMOHOB OMTyCKAaeM)

n  (nu) 0:
t z
nm(% uty 2 (9.20)
t z z
nepeigeM K mepeMeHHOM = z/{. KOHIIeHTpamusa u CKOPoCTh

MOHOB TpefmoJiaraioTcd GYHKIIUAME TOJbKO oT : n=n( ),
u = u( ). [IpousBogHEIE TTPEOOPA3YIOTCS CAE VIO UM O0pa3oM:

. _d 1 4,
t td t d’
d 1d
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B HOBBIX TIepeMeHHEIX cucTeMa ypaBHeHUH (9. 20) uMeeT BU

dn d(nu)
d d

du du sdn

== u== c2 ==, 9.21

P p) 5 g ( )
31ech NCIIOJIB30BAHO OIpeeaeHne CKopocTn 3ByKa (9.7).

Bripaskas ns mepBoro ypaBHeHUS Ipou3BOAHYIO du/d mmoa-

CTaBJIASA BO BTOpOEe YpaBHeHHe, ToJiyuaeM (3HAK BRIOpAH AJIA

TeueHUA BAOJIb IIOJIOKHUTEJIFHOI'O HAlTpaBJIeHN A OCH Z)

u=c,+. . 9.22)

0;

n(

B nzoTepMuuecKoM caydae CKOPOCTh 3BYKA IMOCTOSHHA,
nosTomy du/d =1, u An1s KOHIEHTPAIIUN UMEEM

dn n
2 oo, 9.23
e (9.23)
OTKYAa
n  Aexp( C—). (9.24)

s
B ncxoaHBIX mepeMeHHEBIX ¢ yueToM ycoBusa nu(z = 0) =
= (z=0)=n/2noxyuyaem

C ODexp( 2y, u e, 2. (9.25)
A c,t t

Taxkum o6pasoM, KOHIIEHTpAITUA 5KCIOHEHITUAJIBHO CIIa-
JaeT ¢ MacmTaboM c,f, a CKOPOCTh HMOHOB JIMHEIHO pacTeT ¢
paccTosAHUEM.

B agumabaTnuecKoOM clIyuae CKOPOCTD 3BYKa (9.7) 3aBUCHUT
oT koHnenTpanuu kak n'/3(p. n%?). Coornomenne (9.22) gna
THAPOIMHAMHUYECKOI CKOPOCTH HO-TIPesKHEeMY CIipaBeAnBo. 13
BTOpOro ypaBHeHUs (9.21) HaxoauM OGINYIO CBSA3H MEMKIY U U 1:

dn
u 057- (9.26)
BroinmosiHsAs mHTerpupoBaHUe W HCHoaAb3ysA (9.22), moay-
yaeM 3
n n, 1 2 ,
dc, (no)t
u e(n) 2. (9.27)
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3aech nge,(ny) = (z=0).B aguabaTuyeckoM ciyuae KOH-
meHTpaIug obpalaeTcs B HOJIb Ha KOHEUHOM PacCTOAHUH, a
CKOPOCTH OCTAETCA OTPAHNUESHHOM.

Hcmonb3yA TOJYyUeHHBIE pellleHusA, MOKHO, HAIIpUMED,
TMpoaHAIU3UPOBATH 3a1aUy O paciajie MPon3BOJbHOTO HAUATb-
HOTO pasphiBa. IlycTh B HAUATHHBIA MOMEHT BpeMEeHU UMEJICA
pasphIB KOHIEHTPAITUH

n(z 0)=n,,
n(z>0)=0. (9.28)

OrpaHnYUMcS H30TepMUUecKUM caydaeM. Torga pelieHne
KOHCTPYyHUPYeTCs Ha OCHOBe cooTHoImeHui (9.22)—(9.24). Pe-
IIeHne , COOTBETCTBYIOIEEe HaYaJIbHOMY ycaoBuio (9.28), ume-
eT BUJ,

z z
n  ngexp( s 1), u ¢ ¢ c
8

n ngy, u O, z . (9.29)

IIpoduns koHIeHTpauu IpuBeaeH Ha puc. 9.2. Ilnasma
us obnactu —c,d <z <0 c TeueHUEM BPeMeHH BHITEKAET HAa-
TIpaBo, a BJIEBO CO CKOPOCTHIO 3BYKA pacIIpoCTpaHsAeTCs BOJHA
paspsiskeHus. B To ke BpeMA KOHIleHTpanusA npu 2 = 0 ocTa-
eTcs MOCTOAHHOM 1 paBHOi n(z = 0) = nyexp(—1). AHasorud-
HO CTPOUTCA pellleHre U B afnabaTuuecKoM cayuae.

n=ny =0

n=nyexp(-1)

1
z==-¢yl 0 4

Punc. 9.2
Pacnaj HauaabHOTO paspuiBa (IyHKTHD).
C TeueHMeM BpeMeHH IjIazMa (CIJIONIHAS KPUBasi) BEITeKAeT HAIIPABO,
a cJieBa BOBHUKAET BOJHA PaspsasKeHUs
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9.3. MPOCTbIE HEJIMHEWHBIE BOJIHbI.
OMNMPOKUAbIBAHWUE

OpHoMepHbBIe 6eTyIue BOJTHBI, KOTOPHIE ABJIA-
I0TCSI aHAJIOTaMU JUHEeMHBIX MOHHO-3BYKOBBIX BOJH, 9BOJIIO-
IUOHUPYIOT 6oJiee CIOKHBIM obpasoM. Byaem uckaTh yacT-
HOe pellleHHWe cHCTeMbl ypaBHeHui (9.20) B Buge Oeryimeii
BOJIHBI. B 9TOM ciyuyae Bce pusuuecKre BeIUUUHBI B BOJHE
(KOHITeHTpAaIlus, AaBJieHUe, THAPOAUHAMIYECKasA CKOPOCTh)
ABJIAIOTCI GYHKITUAME OT (2 — Vi), IpuueM CKOPOCTh pacipo-
cTpaHeHuA V, B OTJIHYME OT JUHEHHOTO cayYasi, 3aBUCUT OT
aMmanTyAbsl. Tak Kak KOHIEeHTpalusa, TaBJeHrue U THAPOI-
HaMHYeCKasaA CKOPOCTh PACIPOCTPAHAIOTCA COBMECTHO, TO
OJHU BEeJMUYUHHBI ABJIAIOTCA PYyHKIUel Apyrux. Mcmoabaysa
5TOT (paKT, MepenuilneM ypaBHeHNe HeIIPEePhLIBHOCTH B BHUIE
( =mn)
d( u)
t d oz
3aech mpousBeieHre . u cuuTaeTcs byHKIuel. . B ypasHe-
HUU ke OasaHca CHUJI

(9.30)

i z z

L o,u1pog (9.31)

BRIpAa3WM AaBJjeHMe Kak GyHEKHUIo u: p/ z=(dp/du) u/ z.
YpaBHeHHE [JIA CKOPOCTHU IPH STOM HpeobpasyeTcs K BUAY

u 1dp, u
—~ (u _E)_z 0. (9.32)
Beanuunb1 V( ) dfj “) B(9.30)uV(u) (u l%) B (9.32)

IIPeICTABASIOT CO00M CKOPOCTH PACIIPOCTPAHEe HUS ILIOTHOCTH
¥ TUIPOAMHAMUYECKON CKOPOCTH COOTBETCTBeHHO. Tak Kak
5TH BeJUYHHBI PACIPOCTPAHSIIOTCA COBMECTHO, TO HOJMHO
6w1Th V( ) =V(u), oTRyaa

d( u)
d

YuauteiBasg, uro dp/du c2d /du, TOe CKOpOCTH 3BYKa
ompejeaeHa coriacHo (9.7), us (9.33) umeem

‘é—” S (9.34)

1dp
(u du)' (9.33)
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nin
CS
u —-d . (9.35)

Bripaskenue (9.35) gaet saBucumocTsd u( ), Tak KaK CKO-
POCTh 3BYKAa ABJAETCA U3BECTHOM PYHKITHEH IIJIOTHOCTH, CM.
paszget 9.1. CKOpOCTh JKe pacupoCTpaHeHU I

Vi)y=Vu)=u c,.

M&I BUAWM, YTO CKOPOCTH TlepeMeleHnA ToUeK mpoduia
IJIOTHOCTH He ABJSEeTCA MOCTOAHHOM, KaK B JUHEHHOM CJIy-
Yyae, a 3aBUCUT OT BeJIUYUHBI MJIOTHOCTH. [Ipoduab IIOTHO-
cTH, coryacHo (9.30), onucriBaeTCA BRIpAKeHIEeM

= (z-V( )t (9.36)

I[pyI‘I/IMI/I CJIOBaAMHM, KaXXjgad TOYKa UCXOJHOTO Hpoq)I/IJIH
IIepeMeniaeTcAa C TOCTOAHHOU CKOPOCTBhIO, HO BEJINUYNHA CKO-
pocCTH ITepeMeIl€eHNA SaBUCUT OT SHAYECHU A IIJIOTHOCTH. B CJIy-
yae, HaripuMmep, HSOTepMH‘IeCKOﬁ IJjiasMblI, Korjga ¢, = const:

V() e¢,In— ¢, (9.37)
0

rie , — HOPMUPOBOYHAs KOHCTaHTAa, HAIpUMep 3HAUeHUe
IJIOTHOCTH Ha 6eCKOHEeUYHOCTH. BUIHO, YTO TOUKHU TPodui,
COOTBETCTBYIOINE GOJIBIMEH IMIIOTHOCTH, PACTIPOCTPAHAIOTCA
GpICTpee, KaK 3To MoKasaHo Ha puc. 9.3. C TeuenueMm BpeMe-
HU TIpoduAb IIJIOTHOCTH CTAHOBUTCSI MHOTO3HAUHBIM, T. €.
TMPOMCXOAUT oNpoKkuAbiBanue. Hedusuueckuii MHOro3HaY-
HBIT TpodUJIb BOSHUKAET U3-3a HeyUueTa TUCCUITATUBHBIX Wiie-
HOB, B YACTHOCTH MOHHOM BA3KOCTH, B HICXOAHBIX YPAaBHEHHU-
sax. TeMm He MeHee peaJbHBIH TPOGUID IJIOTHOCTH MOSKET OBITH
MpubJINKeHHO ITOJYUYeH U B paMKaX ypaBHeHN’I, He colepKka-
IMUX BA3KOCTD, C MMOMOINBIO «IpaBuJa Imaolmaaeti». IIpose-
JIeM BepTHUKAJbHYIO JUHUIO, KaK MToOKa3aHo Ha puc. 9.3 — Tak,
YTOOHI ILJIOIA U 3aIlITPUXOBAHHBIX 00JacTeli 6bIIN OAUHAKO-
BeIMU. Torga mpoduIb INIOTHOCTH, MTOKA3aHHBINA CILIONTHON
JuHueH, 6yAeT ABIATHCA pellleHneM, TaK KaK COCTOUT M3
IJIABHOTO YU4aCTKa, KOTOPHIHM COOTBETCTBYET UCXOAHBIM YpaB-
HEeHUAM, U paspbiBa. IloJHOE YHCIO YACTHUII O TAKUM IIPO-
dugemM coxpaHaeTCA U PABHO UCXOAHOMY umcay dactuil. Ha
nepeaueM G poHTe TPOodUIIA IJIOTHOCTH 00pasyeTcsa yaapHasa
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p(+=0) p(o)

v

Puc. 9.3
DBONIONUSA TPOCTO HeJITMHeHHOUW BOJIHEI

BOJIHA, KOTOPAs IMOJHOCTHIO aHAJOTMYHA YIApPHOM BOJIHE B
OOBIUHOM TIAPOSNHAMHUKE.

Kak 1 B rufipofuHaMuKe, YTOOBI HCCIAEJOBATh CTPYKTYPY
yIApHOM BOJHBI, HEOOXOANMO HepPelTH B CHUCTEMY OTCUeTa,
IBUKYINYIOCS BMECTE C BOJIHOM, U YU4eCTh HOHHYIO BA3KOCTD.
IIpoduap KOHIEHTPAINA IIPU 3TOM HAXOAUTCSA U3 PelleHns
CHCTEeMBbI O0BIKHOBEHHBIX AuddepeHIINAIbHLIX YPaBHEeHNI, a
XapaKTepHas IMUPUHA GPOHTA OKA3bIBAETCA MOPALKA JINHBI
cBobogHOrO Ipobera. OAHAKO AJIsS GOJBINTNX AJHUH CBOGOIHOTO
npobera BO3HUKAET CYIleCTBEHHOE OTJINYNE OT OO BIUHOM ' -
poanuHaMuku. Ecan qanHa npo6era mpeBbIiaeT gebaeBCKUH
pagmyc, To CTPYKTypa GpoHTAa yAAPHOII BOJIHEI OIpeAeasieTcsa
He JuccHUmanueii, a HapylleHneM KBasuHeTpaabHocTH. Ilpnu
5TOM BO3ZHHKAIOT TAaK HasbIBaeMble 6eCCTONKHOBUTEIbHEIE
yIapHbIe BOJHBI, AJs AHAJN3a CTPYKTYPhI KOTOPBIX HE06X0-
JUMO pelllaTh KNHETHYeCKNe YPaBHEeHUA COBMECTHO C ypaB-
HeuneM Ilyaccona. KoHIleHTpanusa HOHOB Ha PPOHTe TAaKOM
yIApHOM BOJIHBI OCIIIIINPYET.

9.4. HEJINHEMAHBIE
MOHHO-3BYKOBbIE .
BOJIHbl C AUCNEPCUEMN

Henuneiinble o6pasoBaHUs ¢ XapaKTepHLIMH
pasMepamMu MopAIKa 1e6aeBCKOT0 pagnyca UMeIOT eJIbIi P
ocobeHHOCTell o cpaBHEHUIO ¢ KBa3MHENTpaIbHBIMHU HEJIUHE -
HBIMH BOJTHAMM, PACCMOTPEHHBIMHU B TPeABIAYINEM pasjetie.
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OddeKTH AUCIIePCUN, KOTOPHIe B JUHEHHOM NPpUGIUIKEHUN
BO3HHMKAIOT B TOM cJyuae, MOTYT IIPHU OIpeJeSIeHHBIX YCJIO-
BHUAX KOMIIEHCHUPOBATEH HeJimHeliHble 3hdeKTHl U OCTaHABJIU-
BaTh ONMMPOKUALIBAHIE BOJHBI. PaccMOTPHUM 5BOJIOIHUIO TAKOT'O
o6pasoBaHUA B 6eCCTOMKHOBUTEIHHOM CJIyUae B IPUOIUIKeHUHT
XOJOAHBIX HOHOB. ICXOMHBIMU SIBJSIOTCS OJHOMEPHEIE YpaB-
HEeHUS:

n
0 T.— ne—,
z

— 4 e(n, n,). (9.38)
BygeMm uckaTh pellieHne B Bue JOKAJN30BAHHOTO BO3BMY-
MeHnsA, PaCIPOCTPAHAIONEroCcA ¢ MOCTOAHHOMN CKOPOCTHIO,
TaK YTO BCe BeJIMUNHBI ABJAIOTCSA GYHKIIHNEH OT Tepe MeHHO I
(z=Vi#): = ()= (z-Vi).Borauuue orcaydasa, pacCMOT-
PEeHHOTO B IPebIAYINEM pasfeiie, CKOPOCTh PacCIIPOCTpaHeHIA
OyleM CUMTATh MOCTOAHHOM M He 3aBUCAINEH OT BEJIUUNHBI
BOBMYIIeHUI.
YpaBHeHHNe HETIPePHIBHOCTH AJIA MOHOB IMpeodpasyeTcs K
BUIY

dn;, d(nu;)
V—= —t 0. 9.39
d q ( )
Ero uaTerpupoBaHue AaeT
n;(u; — V) =const = —n,V. (9.40)

31ech IPeAIToIaraloTcA BRITTOJTHEHHBIMHE CJIe VIOl e rpa-
HuuHble yeaoBusa: n,( )=n( )=ny,u uy,( )=0. YpaBHeHHUe
GaJiaHca CHUJ IJIS HOHOB B HOBBIX ITIepeMEeHHBIX UMeeT BUJ
du, du, d

— uo) e O (9.41)

m(V

ITocre HHTETPUPOBaAHNA NMEEM
2

ml.(”?i wV) e O. (9.42)
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KomncTaHTa HHTETrpHPOBAHUSA BHIOpaHAa ¢ YUeTOM TpaHUY-
"Horo yeyoBua . ()= 0. U3 kBagpaTHOoro ypaBHeHHusa (9.42)
HAXOIUM

w, V JVZ 2¢ /m,. (9.43)

Bribupas 3HAK «—» B pellleHNH U KOMOMHHUPY (9.43)
¢ (9.40), monyuyaeM KOHIIEHTPAIINIO HOHOB KaK PYHKIIHUIO IO-

TeHIIuaJa:

Ve 2 /m,

Uz YpPaBHEeHUA GaJsiaHca CHUJI AJIA 2JIEKTPOHOB Haﬁ,[[eM CBA3b
KOHIIEeHTPaAIINN 3JIEKTPOHOB C HpOd)I/IJ'IeM IIOTeHIIHuaJa:

(9.44)

e
n, ng exp(T—). (9.45)

Haxoumern, mocae mogcramoBku (9.44) u (9.45) B ypaBHe-
uue [lyaccoma moayuaem
d? 14

[
—— 4 enylexp(—~) ——
az e

9To ypaBHeHHe coBianaet ¢ (3.20), HO MBI HITIEM pellleHue,
YIOBJETBOPSIOIEe IPYroMy rpaHuYHOMY yeaoBuio ( )= 0.
BBegeMm Ge3pasMepHBIe Iepe MeHHbIE:

e ~ T,
T PRI e
T, T 4 nye

B HOBRIX IIepeMeHHbIX YPaAaBHEeHHUE HyaCCOHa nMeeT B

a 1
d? a2 /M2

1. (9.46)

3pecs M =V/c, — unuciao Maxa. BBoas moTeHIIUAILHYIO
9HEPrUio, TaK YTO NpaBas yacTh paBHa —dU/d , uMmeeMm

U( )=—exp( )-MX1 2 /M?)V2+1+ M2 (9.48)

BrI6Op KOHCTAHTHI HHTETrpHPOBaHNA cOOTBeTcTBYeT U( )=
= 0. IIpu ManbIX 3HAUYEHUAX . IOTEHIIHMAJbHASA SHEePTUA O -
chIBaeTcsA apaboJIoii:

uc)

2 2

2 M ©-49)
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Ecau M > 1, To npu MaJbIiXx IIOTeHIWAJbHASA SHEPTUA
oTpunaTeabHa U yObIBaeT (puc. 9.4). C pocToM . IIOTEHIIH-
aJlbHasA SHEePTHUsa Bo3pacTaeT, IPOXOAUT Yepe3 HOJb U CTaHO-
BUTCS TOJOMKUTEJNbHOM. [lelficTBUTENbHO, HAIIPUMED, KOTAAa
KBaJpaTHBIN KOopeHb B (9.48) obpalaeTcsa B HOJIb:

U(M?/2) =1+ M2 — exp(M?2/2).

Ecioun M < 1,6, To 3T0O 3HaUeHH e MOJOKUTENLHO. [losTOoMY
mpu M < 1,6 moTeHIuaIbHAA SHEPTUA UMeeT BUM, IPUBeIeH-
HBIM Ha puc. 9.4. 3gech  ,,, COOTBeTCTByeT KopHIo U( .. )=0.

Byaem uckats peienne (9.47), cOOTBeTCTBYIOIIEe HYJIe-
BOMY ypoBHIO 9Hepruu E = 0 ipu ycioBuu

1<M<1,6. (9.50)

HCHOJ’IBByﬂ MeXaHNYECKYIO aHaJOTnIo ( COOTBETCTBYET
BpeMEeHMH, a — KoopjamHare I{EICTI/II_ILI), 3aMeTHuM, 4YTO pelrne-
HIle mMeeT KoJebaTelbHBIN XapakKTep, nNIpudyeM B obaacTu

U

Pnc. 9.4
IIpodpurs
TMOTeHIAATBHO I
SHEPTUHU IPHU
1<M<1,6

cpmax

NPy
—

Puc. 9.5
~ HMonHo-3ByKOBOMH
COJIUTOH
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0 vacTuIta MpoBoAUT 6eckoHeuHOe BpeMs. IIpoduis mo-
TeHITHAJIa OMMMCHIBAETCS YPaBHEeHUEM, COOTBETCTBYIOITUM 3a-
KOHY COXpaHeHUA SHEPTHUH:

1d_
2 4 ’
W UMeeT BUJ, N300 parkeHHBIN Ha puc. 9.5. IIpoduas moreH-
muasga [aeTcsa HHTerpajaoM
~ d
\/ 2 exp( ) M2(1l 2 /M2)}/2 1 M2

(9.51)

PernieHne mpecTaBasaeT co0oii JOKATN30BaHHOE BO3MYIIe-
HUe TOTeHIHAaa, ABUKYINeecs ¢ MOCTOAHHOM cKOpocThio V.
Taxoe o6pasoBaHue HA3bIBAIOT COMUTOHOM. Bee Touku comm-
TOHA ABUIKYTCSA C OMUHAKOBOI ITOCTOAHHOI CKOPOCTHIO, 4 caM
COJINTOH cOXpaHsAeT cBoio popmy (9.51). CKopocTh ABUIKEHUA
COJIUTOHA 3aBUCHUT OT €T0 aMILJIUTYAHI, 9Ta CBA3b HAXOIUTCA
us cooruormeHud U( =0, oTKyza

max)

M( ,..) [exp( max) 1P 9.52)
2[e)(I)( max) 1 max]
XapakTepHBII pasMep COTUTOHA TMeeT MOPAAOK Aebaes-
CKOTO pajuyca, TaKk KaKk  N3MepseTcd B efMHNIAX Je6aeBCKOo-
ro pagmyca, aMILIUTYAa IOTeHIInalda nMeeT nopagok T,/e,
a4 CKOPOCTH ABUKeHUA ABJsIeTCA CBepX3ByKoBoii. Takum 06-
pasoM, B OTJIHMYHE OT IMPOCTHIX HEJIWHEHHBIX BOJIH, CYINECT-
ByeT pellieHNne B BUJe COJIUTOHA, KOTAa JUCIepPCUuAd KOMIIeH-
cupyeT HenuHelHble 5PdeKThI. COTUTOHBI CYMECTBYIOT B
amanasoHe unceg Maxa (9.50). MakcumaabHasg CKOPOCTh
pacmpocTpaHeHHUA COJUTOHaA cooTBeTcTByeT M = 1,6, mpu
5TOM COOTBETCTBYIOMIAA HANOOIBINA IpedeabHAd aMILJIUTY -
Ia conuToHa coriacHo (9.52) pasua . in 1.3, IIpu Goab-
mux yucjaax Maxa u GOJMBIMTHUX aMIUIUTYAAaX COMUTOHHBIX pe-
meHui He cymecrsyeT. [Ipu M =1,6 m .~ ™ 1,8 xBagpar-
HBII KopeHb B (9.48) o6palmaeTcs B HOJb, a IPH eIife OOJIbIIMIX
3HAUEHUAX TepsaeT cMbIcJ. PU3nuUecKH 9TO 03HAYUALT, UTO IIPH
GOJIBIMTNX AMILIUTYAAX AUCTePCHUOHHEIe 3 dEeKTHl He MOTYT
CKOMIIEHCHPOBATh HEJMHEMHOCTh U HeJWHEeNHbIe BO3MYIIe-
HUS JOJISKHBI ONPOKUIBIBATHCS.



masa 10. MATHUTHA4
rMaPOANHAMUKA

10.1. YPABHEHWUS MAFHUTHOM
rmaPoaANHAMUKN

B marsntHOM MOSE cHCTEMA ypaBHeHUI mmepe-
HoCca JJIs KOHIEHTPAIU U ¥ THAPOAUHAMUYECKUX CKOPOCTEH B
npeHeOpekeHUN HHEPITHEH 9JIeKTPOHOB UMeeT BUJ

0] p, enk %[ﬁe Bl R,

“Z;i p, enE %[fii B] R. (10.1)

nm,

IIpeanosnaraercs, 4To CBA3h JaBJeHUA U KOHIIEHTPAIINHU
W3BeCTHA W JaeTcA, HAIpUMEp, afnabaTuuecKUM 3aKOHOM,
KOTODHII 3aMeHAeT ypaBHeHUA Oaslatca sHeprun. cXogHbIe
YpaBHEHUS NHAYE HA3BIBAIOTCA YPABHEHUAMU ABYX K UIKOCT-
HOUM MarHmTHOU ruapoaunHaMuku (MI']L).

IIpeo6pasyem cucTeMy YpaBHEeHUHN ABYXsKUAKOoCTHOM MT'JT
TaKUM 00pasoM, 4ToOI B HOBOII cCTeMe YpaBHeHUI OTCYTCT-
BOBAJIN BJEKTPHUUYECKOE IIOJIE M TOKH 110 TIazMe. BHavase ciio-
JKHUM JBa ypaBHeHHUA 6anaHca CHJI, IIPH 9TOM 3JeKTPpHUUIeCKOe
moJie W CUJIa TPEHUSA MCUE3al0T, ITIOITOMY C YUETOM BBIpaske-
HUA [JI5A IJIOTHOCTH TOKA | en(u; u,) uMeeM

du; 1.+ 3
nmiw p C[] B]. (10.2)
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970 ypaBHeHHe MOYKHO MHTEPIPETUPOBATH CIASAVIOIUM
o6pasom. Ha mnasmMy Kak IeJjioe JeMiCTBYIOT JBe CUJBI: CYM-
MAapHBIN TpaJueHT AaBJeHuA u cuia JlopeHita. OHM BHI3BIBA-
0T YyCKOpeHHe TJa3Mbl, KOTOpoe MPaKTHYeCKH COBIIAAAET C
YCKOpPEeHHEeM HOHOB, TaK KaK CYMMAapHBIH HMIYJIbC IIOYTH COB-
majgaeT ¢ UMIYJAbCOM MOHOB M3-3a WX OOJIBINON Macchl. Boc-
moJib3yeMcA ypaBHeHHeM MaKcBeJLia:

g 47 LE
c c t

IIpu MeqIeHHBIX IIpolleccax, KOTOPbIe paccMaTpPUBAIOTCA
HUKe, TOCJETHUM UWJIeHOM B MpaBoil yacTu (TOKOM cMele-
HUA) MOKHO TpeHebpeusn. [leficTBUTENbHO, C YIETOM TOTO, UTO
ckopocTh apelida paBHa u = cE /B, oTHOIIeHUE

1 El, g _ EL_u

—«x1
¢t Bet 2

/

MaJIo. HOBTOMy YpaBHeHHUe Makcsesia nmeeT BUJ

B 47;. (10.3)
IToacrasaasa (10.3) B (10.2), monyuaem
di; 1 ~ =

nmiW p 1 [[ B] Bl (10.4)

HCHOJ’IBByeM COOTHOINMEeHMNE

Il BIBl (B)B ; B

u npeobpasyeM ypaBHeHHe cyMMapHoTo 6anaHca cuia (10.4) K
BUIY
Bz
8
BTopoit uieH B mpaBoil yacTH M3BECTE€H KaK I'pajUeHT
«MarHUTHOTO JAaBjeHUsA». MarauTHoe gaBienne B2/(8 ) mo-
GaBysgeTcA K Ta30KMHETHUECKOMY JAaBJIEHUIO U BEI3HIBAET YCKO-
peHUe IJIa3Mbl B HEOJHOPOJAHOM MarHuTHOM moJie. [locimegamii
JKe YJIEH B IIPaBOii YaCTU CBA3aH C KPUBU3HOM CUJIOBBIX JIMHUH
MAarHUTHOTO IOJIs, €ET0 Ha3hIBAIOT « HATAMKEHNEM CUJOBBIX JIN-
Huil». [loguepkHEM, OHAKO, YTO 3TO JUINH (hopMa peCTAB-
JeHUuA pes3yabTaTa, QUUUYECcKH Ke 00e 5TH CUJBI ABJIAIOTCA

. 1 — —
Rhatr B — . 10.5
nm;,— 1 (B )B ( )
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nposBiaeHHeM cHJIbl JIopeHIla, BRI3BAHHOM TOKAMH IO ILIA3-
Me, IPOTEKAIOIMUMHU MMoNepeK MarHUTHOTO MOJIs.
Y100BI OMYUYUTE ellle OJHO YpaBHEeHNe, BRIPAZHUM SJIEK-
TpHUeCcKOe II0Jie 13 YpaBHeHNA OajiaHca CHJI AJIsI 3JeKTPOHOB:
1. 57 R
“Pe Ly Bl . (10.6)
en ¢ en
Brruncaum potop oT obeux uacteii (10.6). C moMombio
ypaBHeHusaA MakcBeJsiia JieBas 4acTh HIpeobpasyeTca K BUAY

- 1 B
E =2,
c. t
Tenepb ImocJaeaoBaTeJIbHO npeo6pa3yeM cJjaraeMsnie B IIpa-

BOU YacTH IIOJIYUHUBIINErocA YPaBHEHUA:

L Lo wmn 1)
en e

HUcnonbayda dopmyay (a5) a b a b, HaligeMm

P 1 n gy (10.7)
en e n

Bropotii uneH mpeobpasyeM caeayIOInM 06pasom:

L m B 1 @Bl . IG/m Bl
> Bl -~ I BynBl.  (108)
c 4 e

B TpeTheM useHe TpeHeOpeskeM TepPMOCHJION, KOTOpas
BJIUSAET Ha MeJJieHHble TuddysuoHHbIe NBUMKeHNA. Omucanue
TOCJEeHUX CIeAYEeT IPOBOAUTE C TIOMOIIBIO MCXOTHOM CUCTEMBI
ypaBHeHmit AByx:kuaKocTHOIT MT'/I (10.1). OcTaBmyocd 4acTs
CHUJIBI TPeHUS, CBA3AHHYIO C HATIpaBJAeHHOM CKOPOCTH, TIePEIT-
mem B Buge B Inej, rme ~ 1 — TeH30p, OGpATHBII TEH3OPY

IIPOBOMMOCTH .~ , UMEIOIeMY KOMIIOHEHTEI 1= ne?/(0,51m, ;)
u =net/(m, ,). AMeem
(R/ney  C'H ;S C' B). (109

Taxum o6pasom, mpeobpasosaHHoe ypaBHeHne (10.6) npu-
BOJIUTCS K BUAY
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By wB & B/n B
t en 4 e

&£ ~1 B . (10.10)

Pasgenum Tenephb obe YacTH CyMMapHOTO ypaBHeHUA Oa-
aamca cuJg (10.4) Ha KOHIIEHTPAIIUIO U BodbMeM poTop. Ilpe-
obpasyeM WJieH, cofiepKalluil MATHUTHOE TOJIe:

1 1 P di; P
i L BB m !
[7” (T T m— & m [ &g . (10.11)

HpI/I IIOJIYUEHHNH IIOCJAECJHErOo cjaraeMoro UCIioJb30BaHO

coormomenwme [[  #] 4] (@ )y % u?.

Kom6uuaupysa (10.10) u (10.11), moayuaem

— B2 5 @ BT 4] EinoT)
t e e ' en

c? . _
& 1 B . (10.12)

., mc _
B cunpHOM MaruiuTHOM HOJIe BeJIMYNHOM L u;, MOMR-
e

HO TIpeHebpeyub 1Mo cpaBHEHNUIO ¢ B, TapaMeTpoM ABJIAETCA OT-
"HomeHnue (u;)/L =cm;u;/(eBL)<<1,rge L — xapaKkTepHBIN
pasMep mJaasMbl. JIpyruMHu CJIOBAMU, JaPMOPOBCKUN paguyc
MOHOB, BEIUMCJEHHBIN MO HATIPABJEHHON CKOPOCTH, JOIMKEH
65ITh MaJ o cpaBHeHnIo ¢ L. ITostomy ypasHenue (10.12) B
CUJBHOM MATHUTHOM IIOJIe YIIPOIAaeTCs:

H-‘U:Jx

— 2 —
@ Bl —Ln T1 3 (' B). (10.13)

BTopoii useH B IpaBoi YacTu NPOABJIAETCA B caydae, Ko-
rIa TpafueHThl KOHIIEHTPAIINY U MOHHOM TeMIlepaTyphl He
KosnuHeapHbl. He 6yaeM aHaausupoBaTh TaKKWe CUTYAITUN U
ONYCTUM COOTBETCTBYIOI U UJIeH.

3anuiiieM B OKOHYATEeJIbLHOM BHe TPpeobpasoBaHHYIO CHC-
Temy ypaBueHuii (10.1), omyckad ypaBHeHIe HEIPePLIBHOCTH
IS 9JIeKTPOHOB (MHAEKC ¥ MOHHOIM CKOPOCTH OIyCcKaeM), 0-
TMMOJIHEHHYIO YCJAOBUEM aAnabaTuIHOCTH:
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B =y (,'2 ~ 1 =
. [u B] 1 B,
dii B2 1 -
et 2 = (B )B,
nm; P 7 (B )
p p(n). (10.14)

9Ta cucTeMa YypaBHEeHUU HA3BIBAETCA « YPaBHEHUAMH O~
"HOoxkugKOocTHOU MTI'[I». IIpu TakoM moagxo/ie I1a3Ma paccMaTt-
puBaeTcA Kak efuHadA cpega (SKUIKOCTh), MMeloInas cpeIHIo 0
CKOPOCTH U , OTOXKJECTBIAAEMYIO C HOHHOM CKOPOCTHIO, IIJIOT-
HOCTb == myn, gasuaenue p=n(T,+ T,;), c koTopoii cBA3aHO
MATHUTHOE oJie, IPOoABJIAoINeecs KaK MArHUTHOe JaBJieHIeE,
¥ CUJIa, BRI3BAaHHAA KPUBU3HOM CUJIOBHIX JUHUI MAaTHUTHOTO
moJid. ¥ paBHeHUS OAHOKUAKOCTHOM MT']I yAoOHBI AJ1s1 pelre-
HHUS [eJIOTOo KJIacca 3ajjay, 4acTh U3 KOTOPHIX MPOAHATN3UPO-
BaHa HIKe. B To 'Ke BpeMs cileflyeT UMeTh B BUIY, UTO B ypaB-
HeHMAX ogHOKUAKOCTHON MI'] OTCYyTCTBYIOT BJIEKTPUUECKIE
MOJIA U TOKW U MO3TOMY YacTo pusmuecKas WHTePIpeTaInsa
pellieHnii saTpyaHeHa U AJA aHadu3a TpebyeTcs Bo3BpaT K
cucTeMe ypaBHeHUM AByxskugrocTHOM MI'I.

Kak merpyaHo BugeTh u3 BToporo ypaBHeHusd (10.14), B
MATHUTHOM TIOJIE€ HAPAIY CO CKOPOCTHIO 3BYKA MOABJIAETCS eIle
OJHA XapaKTepHAas CKOPOCTh ¢, KOTOpAas Ha3hIBAeTCS aabd-
BEHOBCKOI1:

B2

T (10.15)

Cq

HelicTBUTENbHO, OIleHUBAA JIEBYIO UACTh BTOPOTO YpaBHe-
uua B (10.14) kak nm;u?/L, rge L — xapaKTepHBII MacITad,
ampaBylo uacTh — Kak B%/(8 L), moayuaemu c,.

10.2. BMOPOXEHHOCTb N CKUH-3S®®DEKT

CpaBHUBAas BTOPOM UJIeH B IIPABOM YAaCTH IIepP-
Boro ypaBHeHHuA B (10.14) ¢ YWIeHOM B JIEBOU YACTH, MOJYUNM

xXapaKTepHOe BpeMs:

4 I?
T (10.16)
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KOTOpOE M3BEeCTHO KaK CKuHOBoe BpeMaA. Ha BpeMeHax, MeHb-
MUX CKUHOBOTO BpeMeHH’, MOKHO TpeHebpeusb nuddysnuoH-
HBIM cJaraeMbIM B YPaBHEeHUN AJISI MAarHUTHOTO 1oJiA B (10.14):

B

- [i B . (10.17)

9To ypaBHeHNe HAZLIBAETCA «YPABHEeHNEM BMOPOKEHHO-
cTu» . [lokaskeM ciaeayiolee yTBepiKAeHNE: IPU ABUIKEeHUAX
moiiepeK NPAMOTO MATHHUTHOTO MOJA COXPaHAeTCS BeJIHUN-
Ha B/n. [leficTBUTENbHO, IYCTh MAarHUTHOE II0JIe HATIPABJIEHO
BJIOJE OCH 2, a JBUKeHNe JIa3MbI IPOUCXOANUT IIOMEePEeK Mar-
HUTHOTO IIOJIA B IJIOCKOCTH X, Y. Toraa ypasuenue (10.17)
npeobpasyeTcs K BULY

B (Bu,) (Bu)
t x y

0. (10.18)

KomM6uHUDPYA 9TO YpaBHeHHE ¢ YypaBHeHNEM HETIPePHIBHO-
CTH JJIA KOHIIeHTPAIIUHU

_n (nux) (nuy)

0, (10.19)
t x y
mosry4yaeM
d(B/n) (B/n) . \B
at " 72 ); 0. (10.20)

Tarxum o6pasoM, B TeX 00JIaCTAX, Te MJIa3Ma CKUMAaeTCsA
¥ ee KOHIIeHTPAIUs BO3PACTAEeT, BeIUUNHA MATHUTHOTO MOJIA
TaKsKe MIPOTOPIIMOHAIBHO HapacTaeT. [[pyrumMmu cioBaMu, CU-
JIOBBIe JUHUHM MATHUTHOTO MOJIA KaK ObI BMOPOXKEHBI B TLIA3-
MY U CKUMAIOTCS U PACXOAATCA BMecTe ¢ Heil. DusndecKuii
MeXaHW3M BMOPOKEeHHOCTH CBA3AH C 9JIEKTPUUECKHUM TTOJIeM,
KOTOpOe, CorJIacHO ypaBHeHHI0 MaKcBeJa, BOSHUKAET TIPHU
M3MeHeHWH MarHUTHOTO IT0JIsI BO BpeMeHU. BuxpeBoe siek-
TpuyecKoe IoJie BHI3hIBAeT Apelid YacTHUIl B CKPEIMeHHBIX

E B mossix, 4To IPUBOIHT K CIKATIIO MJIN PASPEIKEeHIIO IIA3-
MBI, TPOTIOPITHOHATHPHOMY U3MEeHEeHUIO BeTNUNHBI MATHUTHO-
ro moJis. OTMeTHM, YTO cOXpaHeHWe BeJWUYNHBI B/n mmeer
MEeCTO TOJHKO MPU ABYMEPHBIX ABUMKEHUAX IMOMEpPeK MPAMO-
TO MATHUTHOTO II0JISA, B 00IMeM ke cJIyuae 9BOJIONNA MarHuT-
HOTO TOJIS OMuckIBaeTes o61uM ypaBHermem (10.17).
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B cayuae, Korja ABMKeHHMEM IMJIA3MbI ITOMEePEK MarHUT-
HOTO IIOJISI MOMKHO IpeHebpeub, Mmeppoe ypaBHenue B (10.14)
MpUHUMAET BU _

p o

b ~ 1 B.
A B . (10.21)

B IIPOCTOM CcJay4uae, Korga IpoBOANMOCTS IIOCTOAHHA 1 HE
3aBHUCHUT OT KOOPANHAT, NMeeM

B < p (10.22)
t 4

Vpasuenmne (10.22) mpeacTasisieT coboii ypaBHeHHe Tu(-

¢dysuu ¢ KoapdpunuenToMm audpdpysuu MAarHUTHOTO MOJIA:
Dy 462 . (10.23)
Vpasueune (10.21) unu ;ke yuporrmeHHoe ypasHenue (10.22)
onuckiBaeT Auddy3noHHOEe MPOHUKHOBEHUE MATHUTHOTO TOJIA
B Iasmy. Il poaHanusmpyeM MeXaHU3M TAKOTO MPOHNUKHOBE-
HUA Ha IIPpUMepe 3a/lau’ O IEPECTPOMKE TOKA U ITOJAOUaTIbHO-
TOo MAaTHUTHOTO II0JIS B TOKaMaKe. B uanHgpuuecKoi reoMeT-
puu ypaBHeHnmue (10.21) gaa momongaabHOTo (A3UMYTAJIBHOTO)

MATrHUTHOTO IIOJIA NMeeT B[

B 2 1 (rB)

t4r"rr

(10.24)

B npasyio yacTh BXOAUT IIPOJOJIbHAS IPOBOAUMOCTD | =
=ne?/(0,51m, ;). CorsiacHo 5TOMY YpPaBHEHUIO IePECTPOHKA
TOKa TMPOMCXO/JUT 32 CKUHOBOe BpeMsa =4 a®/c?, rae a —
paauyc mHypa. IIpeanososkum, HaIpuMep, 9TO B ILJIA3Me MT'HO-
BEHHO BO3pacTaeT MOJIHEIN TOK I o1 3HaueHus I 1o I,. BEauane
pacnpefejeHHe IIOTHOCTH TOKA IIO IMHYPY COOTBETCTBYET 3a-
koHyOma:j, ji= |E; |E..B cranuoHapHOM COCTOSIHIY 3JIeK-
Tpudeckoe E, MocToAHHO BO BpeMeHU U He 3aBUCHUT OT pajuyca,
IIO3TOMY paAuajibHOE paclpefiesieHre TOKA OIpejessieTca pa-
JUATBHBIM IIpodueM IIPOBOJUMOCTH, KOTOpas IPONOPIINO-
HasbHa T)*/2, TIpH 5TOM TOK Te4eT B OCHOBHOM B LIEHTPAIbHOM
ropsadeii yactu mHypa. Takum o6pasoM, 3HasI paJuajbHOe pac-
npejieJieHYe TeMIIepaTyphl, HETPYAHO HAWTN BeJIUYUHY U IIPO-
$uas TOKA U3 YCIAOBUA

2 rjdr 1. (10.25)

0
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BuauaJie paciipefiesieHue MOJOUATHHOTO MATHUTHOTO TTOJISA
B%(r)cooTBeTCcTBYeET O6palneHMIO B HOMIB IIpaBoii yactu (10.24),
a moJIouAaJIbHOE TToJe Ha TpaHuIle MMHYpa ompeaeisgeTcs 3Ha-
YeHHEeM MOJHOTO ToKa:

21,
"

Korga moJsHbIi TOK Bo3dpacTaeT, MTHOBEHHO BO3pacTaeT U
moJIoOuJabHOE TOJIe Ha TpaHuile mHuypa. JdanbHelmasa sBo-
JIOTIHA MOJOUAATIHFHOTO MATHUTHOTO OIS M CBA3aAHHOTO C HUM
ypaBHeHueM MaKcBeJJja IPOJOJHHOTO TOKA OIMpemesdeTcsa
ypaBHeHHneM (10.25) c HauaJIbHBIM YCJIOBUEM

B%(a) (10.26)

B (r,t 0) Bor), roa;
B%a) ﬂ, roa. (10.27)
ca

Tak Kak B MepBLIil MOMEHT BpeMeHH MOJIONTadbHOEe Mar-
HUTHOE MoJie CKAUKOM BO3pacTaeT IpHu ¥ = d, TO AOTIOJHUTEb-
HBIH TIPOAOJILHBIN TOK cocpeqoToUeH B 6eCKOHEUHO TOHKOM
cJoe BOIM 3 rpauuilel mHypa (puc. 10.1). IIporerkanie Tako-
ro ToKa obecnmeunBaeTCsi CKAYKOM TPOJOJbHOTO MHAYITUPO-
BaHHOTO 3JIeKTpudeckoro moJisa. C TeueHHWeM BpeMeHH TOK
MpOHUKAET BHYTPDh Ha PacCTOSHNE CKUH-CJIOS, IMMUPHUHA KO-

Toporo pacteT Kak . ~./(c?/4 )t. Ha aToM sxe macmTabe

MeHAEeTCA U IIOJIONITAJBbHOE MarHuTHOE II0JIe. HepeCTpof/’IKa
TOKa 1 IIOJIONAAJIBPHOTO MAarHUTHOT'O II0JIA SAKaHUYHNBaeTCA HaA

Puc. 10.1
CKUHUPOBAHHBI
PoUIE MIOTHOCTH
TOKA IPU GBICTPOM
YBEeJIUUEHUU IIOJTHOTO

TOKa a r




176 B. A. POXXAHCKWW. TEOPUA NJIASMbI

BpeMeHax { > _, U HOBHII Ipo(UJIb TOKA IOBTOPAET CTAPHIH,
HO caM TOK CTAHOBUTCA 6OJbIIE Mo a0COIOTHOM BeJIMUNHE.

B ob1meMm cayuae, KOTJa MATHUTHOE TI0JIe MPOHNKAaeT B TBU-
JKYIMYIoCA IJIasMy, cJAeIyeT MoJb30BaThCA OOIUM YpaBHEHH -
eM IJd MarHuTHOro noiad B cucteMe (10.14).

10.3. MATHUTOTMAPOANHAMWUYECKHWE
BOJIHbI

IIpoamanusupyeM oJHOMEPHEIE BOJHBI, KOTO-
pble BOSHUKAIOT B paMKaX CUCTEMbI YPaBHEeHU OJHOMKUAIKO-
CcTHOM MarHuTHOU rugpoanHaMuku (10.14) B 6ecCTOIKHOBU-
TeJbHOM maasMe. ByaeM uckaTh TaKkoe pelleHmne 9ToH cucTe-
MBI, B KOTOPOM BCE€ BEJIUUYHHBI SBJIAIOTCA QYHKIUAMU OT
KOOpAMHATEHI 2 U BpeMeHH ¢, a cJeJoBaTeJbHO, APYT OT Apyra.
OTMeTHM, UTO HANIpaBJieHHe MATHUTHOTO II0JIS HE COBIAaaaeT
C OChIO 2. ¥YpaBHeHNe, COOTBETCTBYIOINee afnabaTuIecKoMy
MpUGJINIKEeHNIO, 3alNINeM KaK YCJOBUE COXpPaHeHUA SHTPO-
nuu ds/dt = 0, a B ypaBHeHU U AJA MATHUTHOTO MOJIA IpeHes6-
peskeM YIEHOM, COe PsKAIUM ITPOBOAUMOCTE. CricTeMa ypaB-
HeHnii (10.14) B ofHOMEPHOM cJIyuae IPUHUMAET BUJ,

ux u ux BZ Bx

t oz 4 z ’

u u B
Moy, M B B

t z 4 z

B, B

u, u, u, Bx Bx Y Y 1 P 0’
t z 4 z 4 z z
B p ¥ g % B

t z z (10.28)
& Bﬁ B Y, u—2 0

t 2z Y 2z ’

B, 0,

t
P c? Ye uz—p 0,

i z z
S uz—s 0.

i z
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B npeamnociieaeM ypaBHeHI M HETIPEPBIBHOCTH JJIS MOHOB
mepexoAuM K IIPOU3BOAHBIM OT AABJEHHUS C MOMOINBIO COOT-
HOIIeHU

P 2P dp

2
RN C RN
t d 5. const t 5 t’ = d 5. const =

c: 5
W3 ypaBHeHUA AJA 2. KOMIOHEHTa MATHUTHOTO IOJIS
B,/ t =0ciaenyet, uTo BeauunHa B, He 3aBUCHUT OT BpeMeHH.
Uz yciaoBusizke B (), KOTOpPOE BOZHOMEPHOM CJIydae MpH-
HuMaeT Bua B,/ z =0, nonydaeMm, uTo BeauunHa B, He 3aBu-
CUT M OT KoopamHaThl 2. TakuM o6paszoM, MPOEKIIUA MAar-
HHUTHOTO II0JISI HA OCh Z OCTaeTCs MOCTOSAHHOM B Mpollecce pac-
npoctpanenusa MI'Jl-Boanri: B, = const. OcTanbHble ceMb
ypasHenui (10.28) OTHOCHTENBHO CEMH BeIUYUH U, U,, U,
B,, B,, p, s HEOGXOAMMO pelaTh COBMECTHO.
3anuileM CUCTeMY YpaBHeHUI B MATPUUYHOM BHE:

— Z()— o, (10.29)

rie — BEKTOD B CEMHMEDHOM IPOCTpaHCTBe, = (U, U,
v, B,, By, P> 8), aZ( ) matpuia:

B
0 0 = 0 0 0
uz 4
B
0 0 o : 0 0
uz 4
B
Z() 0 0 9w fx e 1 9. @0.30)
B, 0 B, u 0O 0 0
o B B, 0 uw 0 0
0 0 c? 0 0 u O
O 0 0 0 0 0 u

z

ByZeM HCKATh pelleHUS B BUe JUHEHHEBIX BOJH, TO €CTh
IpeJCTAaBUM BCe BeIUUNHBI BBUZe = ©+ ! rgesextop !
COOTBETCTBYeT MaJIBLIM BO3MYIIeHUAM. JInHeapusyeM ypaBHe-
"Huze (10.29):

1 1
— 2 )— o (10.31)
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JIJIg IPOCTOTHI BEIOEPEM CHCTEMY OTCUETAa, B KOTOPOM OT-
CYTCTBYET HEBO3MYINeHHAas CKOPOCTh BAOJb ocu 2, U, =0
OTCYTCTBYeT HEBO3MYINMeHHOEe MATHUTHOE IIOJie B HampaBJie-
Hun y, B, = 0. IlocinenHee ycaoBue JOCTUraeTCs MOBOPOTOM
CUCTEMBI KOOPAUHAT OTHOCUTENbHO ocH 2. [Ipu sToM MaTpu-
ma Z( ) yupoimaeTcs:

o 0o o P o oo
4
o 0 0 0 B: o 0
4
Z(%% 0 0 0 fx o L1 o. (10.32
B, 0 B, 0 0 00
O B 0 0 0 0 0
0 0 ¢ 0 0 00
o 0 0 0 0 00

1

Himem BekTOP B Buge !=Aexp(ikz—1i t). Toraa us

(10.31) umeem

ZA=VA, (10.33)
rae V= /k — daszoBas ckopocTh BOJIHKI. ¥ paBHeHue (10.33)
mpeAcTaBaAeT coboil 3afgauy ompeaesieHUsI cCOOCTBEHHBIX UH-
ceJ 1 cobecTBeHHBIX BeKTopoB MaTpullel Z( °). [IpupasHuBasA
HYJIIO OTIpeIeINTe D

det(Z-VI)=0, (10.34)

rme I— eINHNYHaA MaTpuiia, 1rmojgy4dyaeM CEMb COOCTBEHHBIX
qacToT.
HepBbIe JABe 13 HUX COOTBETCTBYIOT &HBQ)BGHOBCKOI‘;I BOJIHE:

V,= cyucos . (10.35)

3xech anbdBEeHOBCKAsA CKOPOCTD C, OIIpejesieHa corJac-
HO (10.15), a mpeacTaBiiseT cobOi yroa MeXAy HaIllpaBJe-
HHEM paclpocTpaHeHUA BOJHBI 2 M MATHUTHBIM IToJeM. 3Ha-
KH ¢ » COOTBETCTBYIOT IBYM BOJHAM, PACTIPOCTPAHAIOITUMCS
B IPOTHUBOIIOJOMKHEIE CTOPOHEI, TO €CTh GUBUUESCKH TOMY sKe
THUITY BOJHBI. BTOpEIe ABe hasoBbie CKOPOCTH COOTBETCTBYIOT
GBICTPOMY MATHUTHOMY 3BYKY:
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2 2 \/ 2 2)2 402 02 5 /2
cs ¢ c c ¢4 c? cos
Ve A s (¢4 28) A5 . (10.36)

@PaszoBEIe CKOPOCTH Me/JIeHHOTO MATHUTHOI'O 3BYKa JaI0T-
cs BEIpasKeHUEM
2 a2 2 a2)2 2 02 0 ogl
5 ¢ \/(CA 2y 4cic;cos

Vs : . (10.37)

1/2

ITocneausasa ¢pasoBasd CKOPOCTH COOTBETCTBYET SHTPOMU M-
HOU BOJIHE:
Vy=0. (10.38)
3aBUCUMOCTH )a30BOIT CKOPOCTH PA3JIUYHBIX THIIOB BOJH
OT yIJia ¢ MATHUTHBIM TIOJeM HPUHATO M300paskaTh Ha Aua-
rpaMMe, KOTopas HasbIBaeTcsa ¢daszoBol moasapoi (puc. 10.2).
BupgHo, uTo anb¢dBeHOBCKAA BOJHA PAaCIPOCTPAHAETCA B OCHOB-
HOM BJOJIb MATHUTHOTO ToJisA, ipu = 0, -dasoBasi CKOPOCTh
aTb()BEHOBCKOM BOJHBI COBIAAAET C aJIb(PBEHOBCKOM CKOPOCTHIO
V4, =c,, aTonepek MAaTHUTHOTIO 11014 ee (pa3oBasi CKOPOCTH PaB-
Ha HYJII0. BRICTpas MarHuTo3BYKOBAas BOJIHA PACTIPOCTPAHAET-
cA Kak BAOJb, TaK U MOIepPeK MarHUTHOTO IMoJisd. B cuabHOM
MAarsUTHOM IOJIe ¢, > ¢, ee (a3oBasdg CKOPOCTH COBIAJAET C
aTb(PBEeHOBCKOM CKOPOCTHIO HE3aBUCHMO OT YTIJ1a C MATHUTHBIM
mosieM. TpeThsi MOJa HasbIBaeTCA MeAJeHHBIM MATHUTHBIM
3BYKOM. OTH BOJHBI PacIpPOCTPAHAIOTCA B OCHOBHOM BJOJb
MATHUTHOTO IIOJIS ¥ B CHJIBHOM MATHUTHOM IIOJIE C, >3 ¢, IPU
=0, -das3oBasg CKOPOCTh TaKOI BOJHBI COBIIAAeT CO CKOPO-
CTHIO HOHHOTO 3BYKa c,. Pa30Basi CKOPOCTE SHTPOIINHHOMN BOJI-
HBI paBHA HYJIO.

Vs B.6=0

Puc. 10.2
dazopad moaapa
nasga MTIT Boan
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CobOcTBeHHBIE BEKTOPA, KOTOPhIe COOTBETCTBYIOT YKAa3aH-
HBIM MoJaM, UMeIoT Buj (anma 0 < < /2)

A4 [0, c4,cos, 0, O, B, 0, 0],

Vyc? sin cos B.V?
AF W) 0’ VF) V2 Vz’ 0’ Csz’ 0 >
2 o 2
as Yséasincos o 0 BV o0 aog
VZ Ve Ve v2
A® [0, 0, O, 0, O, O, 1]. (10.39)

KoMnoHeHTHI COGCTBEHHBIX BEKTOPOB IMTOKA3HIBAIOT, KaKHe
BEeJIUYMHBI BO3OYKIeHBI B TOM MJIM MHOM MOJe, a TaKiKe KaK
OHU cooTHocATcsA. Tak, HampuMep, B albGBEHOBCKOM BOJIHE
BO30OYKIEeHBI CKOPOCTh I MATHUTHOE II0JIe BJOJIb OCH Y, a BCe
ocTaJbHBIe ITApaMeTPhI OCTAIOTCA IMocToAHHBIMHU. [Ipu aTOM
u, /B, c¢icos /B).

O6cynum pusndecKre IPOIecchl B Pa3JIMYHBIX MOAaX AJIsA
OPOCTHIX BapMAHTOB pacIpOCTpaHeHWA BOJHBI. HauHeM c
anbhBEHOBCKOM BOJHBI, PACIIPOCTPAHSAIOMIEeNCa BJOJb Mar-
HUTHOTO monadA, = 0. IlycTh uMeeTca sJaeKTpUYECKOE II0JE,
HamnpaBJIEHHOE BJOJb OCH X, IEPHUOJAMUYECKOE BO BPEMEHU U
npocrpanctee El ~exp( i ¢t ikz). OTO HOJe BBISBIBAET Apeiid
YacTHUI[ B CKPEMIEHHBIX MOJAX BAOJHh OCH Y CO CKOPOCTHIO
ul ¢El / B,. OgHOBpEeMeHHO BO3HUKAET HOJIAPHA3AINOHHEII

Y
TOK MOHOB BIAOJIb OCH X:

2 1 2
4 noetm; EL ;e gy

10.40
Ix B . B ( )

9TOT TOK CO3MaeT MATHUTHOE TOJe B; B COOTBETCTBUH C
ypaBHeHHeM MaKcBeJLia:

: By cik
it 4L—Zy %B;. (10.41)

HepeMeHHoe BO BpeMEeHHN MaArHmuTHOE II0JI€, B CBOIO OuUe-
penb, co3dmgaeT BUXPeBOe 3JIEKTPUUYECKOe II0JIe:

B! 1
— i B} ¢ i ikcEL. (10.42)
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HUckniouasa us ypaBHeHHN
(10.40)—(10.42) TOK 1 9JIeKTpH-
YecKoe IoJjie, MoJIyuaeM

2 R2(c%)  (10.43)

— 3aKOH AUCIIEPCUH JJIA aIb(-
BEHOBCKOIT BOJTHBI.

Hpeiid uactui B anbdse-
HOBCKOI1 BOJIHE IPOUCXOAUT Ha
¢doHe OTHOPOTHOI KOHITEeHT pa-
IUU MJIa3MbI, ITOATOMY BO3-
MYIeHUH KOHIeHTpaIluu He
BO3HMKaeT. BoaMyIeHHBIMH
BeJMUNHAMHU ABJIAIOTCA CKO-
pocTh u; ¥ MATHUTHOE IoJIie
B; , IpUYeM HX OTHOINEeHHe,
kKak caenyet us (10.40), (10.41),
ects uj /B) ¢4 /B,, uto co-
OTBETCTBYET O0IEeMY BhIpaske-
HUIO AJI51 COGCTBEHHOT'O BEKTOpA
anbdBeHOBCKOM Moawl (10.39).
IlomepeuHas CKOpOCTh Apeli-
da, TakuM 06pa3oM, CIBUHYTA
mo ¢ase Ha ¢ BOBMYINEHUA
MarguTHoro nmoJs (puc. 10.3).
Besnuwnia jike cMellleHU IJIa3-
MBI u;dt cIBUHYTA TI0 hase
Ha /2.

IIpoaHanusupyeM TaKUM
sKe obpasoM OBICTPYIO MArHHU-
TO3BYKOBYIO BOJIHY, KOTopas
pacmpocTpaHsdeTcAa IMOMepeK
MATHUTHOTO ITOJIS B HaIpaBJie-
HUU 2, = /2. OCHOBHOE Mar-
HUTHOE TI0JIe HATIPAaBJIeHO BAOJIE
ocu x (puc. 10.4). IIpustom6y-
JeM TOoJIaraTh BHIMMOJHEHHBIM
ycioBue ¢, >> ¢,, TO eCTh 0y-
JeM CUMTATh MATHUTHOE MoJie

181

Puc. 10.3
dazopad moasapa
nasga MTIT Boan

X Bx

Puc. 104
BosaMyleHre MATHUTHOTO IIOJISA
¥ KOHIeHTPAIUH I1JIa3 Mbl
IIPU pacIpocTpaHeHUHN
6BICTPONl MATHUTO3BYKOBOM
BOJIHBI
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AOCTATOYHO CHJIBFHBIM. HYCTI), KaK W B IIPpeAbIAYINEM CJIY-
yae, NMeeTCdA 2JIEKTPUYeCKOe I10Jie, HallIpaBJeHHOe BIOJb
OCH Y, IIepUOANYECKOE BO BPEMEHHU U IIPOCTPaAHCTBE:

E} ~exp( i t ik2).

I petid maasMbl IPOUCXOIUT BAOJDL OCH 2 CO CKOPOCTHIO

1 1
u, ck,/B,,
a IoJISIPU3AIIMOHHEIN TOK AaeTcs BEIpAXKeHHUEM
2 El 2
. Noctmy . noctmy
J; 0 h i y 0 - lE;. (10-44)
B t B

ITOT TOK IIPUBOAUT K BOSMYIII€HNIO MAarHUTHOI'O IIOJIA B

HAIIpaBJIeHUH X: )
4 ¢ By cik

i =Rt .
o B (10.45)
KOTOPOE cO3aeT IepeMeHHOe JIEKTPUUYEeCKOe IoJe:
1 El
L Bl c—Y ikcEl. (10.46)
i z

N3 (10.44)—(10.46) monyuaeM JucIepCcuOHHOE YpaBHeHHE,
cosmagaorree ¢ (10.43). Takum o6paszom, OGhICTpas MATHUTO-
3BYKOBas BOJIHA pacHpoCTpaHseTCA ¢ alb(pBEHOBCKOI CKOPO-
CTh10. XapaKTep BO3MYIIEHN I NJLIIOCTPUPYETCA CXeMAaTUYeCK T
(cMm. puc. 10.4). B BoiHe BO3MYIIeHO MArHUTHOE MOJIe, IIPUYeM
CUJIOBBIE JIMHUHU OcTaloTcsa nNpAMbIiMu. Kak ciregyer us (10.44)—
(10.45), ckopoCThb YaCTHUIL HAXOAUTCS B (pase C BOZMYINEHIEM
MAarHMTHOTO HoJs, npudem ul /Bl ¢$ /B, B coorBeTcTBUH C
o6muM BeipakeHneM (10.39). KouneuTpanusa B BoJHe, KaK
clefyeT M3 ypaBHeHMS HeIpephIBHOCTH [ n' iknyul O,
TaKiKe BosMylneHa, npuueM n!/n, Bl/B,. Ilocnegnee co-
OTHOIIIEHNE ECTh CJHIEACTBUE YPABHEHUSA BMOPO-
skeHHocTu (10.17) u coxpaHeHUA OTHOINeHUs B/n mpu
ABUMKEHUAX ITOTIEPEK MATHUTHOTO MoJis. OHO TaKsKe COOTBET-
CcTBYeT cobcTBeHHOMY BeKTOopy (10.39).

BricTpas MaramTo3ByKOBasd BOJIHA, PACTIPOCTPAHAIOINA -
Cd IoTIepeK MarHUTHOTO II0JIA, HAITOMUHAET NOHHO-3BYKOBYIO
BOJIHY, B KOTOPO POJIb AaBJIeHUS IIJIa3MbI UTPAeT MArHUTHOE
nasiaenne B2/8 . JleficTBUTEeIbHO, alb(MBEHOBCKAA CKOPOCTh
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moaydaeTcs, ecJu B CKOPOCTH MOHHOTO 3BYKA 3aMeHUTH
IaBJieHNe MJIAa3Mbl MATHUTHBIM JaBJIeHUEM, a BO3SMYIIeHIe
MAaTHUTHOTO IOJIS COOTBETCTBYET BO3MYIIEHUIO AABJIEHUS
B NOHHO-3BYKOBOM BoJIHe. B npenene ¢, << ¢, ObICTPHIN Mar-
HUTHBIN 3BYK HepPeXOAWUT B MOHHO-3BYKOBYIO BOJIHY, KaK
ciaeayet u3 (10.39). BricTpada MarHuTo3ByKOBasa BOJHA,
pacmpocTpaHAOIaAcA BAOJb MATHUTHOTO MOJIA, IPeJCTaB-
JsfAeT coboii arbOBEeHOBCKYIO BOJHY € APYTOI MOJMApU3aIine.
IIpu 0 B BEIpaKeHHHU JJs1 cOOCTBeHHOro BekTopa AF mep-
BBIM M YeTBePTHIM KOMIIOHEHT PacXOAsATCA KaK |, TaK Kak
Vi V2  cisin® uB,= Bsin .OcTanpHble YIEHH OCTAIOT-
cAd KOHEUHBIMHU U UMY MOKHO MpeHeOpeub. OTHOIIEHNTE Ke
e PBOTO U Y€ TBEPTOTO UJIEHOB cooTBeTcTByeT Ul /Bl ¢4 /By,
T. €. COOTBETCTBYET alb(PpBEHOBCKOI BOJIHE, Y KOTOPOM BOZMY -
meH X-KOMIIOHEHT MarHuUTHOTO TOJIA, a ABUMKeHHe IJIa3MbI
TaKsKe IPOUCXOIUT B HATIPABJICHUHN X.

MeaienHas MAarHuTO3BYKOBasA BOJHA, PACIPOCTPAHAIO-
masicsi BAOJb MATHUTHOTO TI0JISA, B CHJIBHOM MarHuTHOM TIOJIe
COOTBETCTBYET MOHHO-3BYKOBOIi BOJIHE.

SHTpoNUMHAA BOJHA COOTBETCTBYET BO3MYIMEHUIO SHTPO-
MUY IPU HeBO3MYIIeHHOM OJIHOM AaBiaeHuu. IlycTs, Hampu-
Mep, UMeeTCsl MOJIOKUTENbHOEe BO3MYIMeHNe KOHIIEHTPAITUT
nl(z) m orpunmaTenpHBIe Bo3MyImeHUuA Temnepatyp Tl(z) m
T!(z) rakme, uro n'/n, (T} TY)/(T? TP°). Tax kak Bo3-
MYIlleHHe AaBJIEHUS OTCYTCTBYeT, TO TaKoe BO3MYINeHUE B
OTCYTCTBHE JUCCUMNATUBHBIX IIPOIleCcCOB OyIeT ocTaBATHCA B
TOKOe HeOTPaHNUYEHHO JOJITO, KaK CJIeyeT U3 Y PaBHEHUI CyM-
MapHoro 6ayaHca cui. B To ske BpeMsA SHTPOIHUA, IPOTIOPIHO-
HaJbHAs ln(ﬂi—/z /1), B TakoM 006pasoBaHUU BO3MYINeHA.

MT I-BOHEI 3aTyXAalOT N3-3a TUCCUTIATH BHBIX IPOIIECCOB.
Kpome Toro, cylecTByeT U cueludmniyecKkuii 6€CCTOIKHOBH-
TeJbHBIT MeXaHU3M 3aTyXaHUA N3-3a HeTIPePhIBHOM 3aBUCH-
MocTHu $ha3oBOM CKOPOCTH OT KoopAuHAT. Il ponLiocTpupyeM
5TOT MeXaHU3M Ha MpuMepe aabhBeHOBCKOI BOJIHBI, PACIpo-
cTpaHdApIneiica BA0OJIb MATHUTHOTO TOJIA BO |Z BHeOxHOPOA-
HOM TJas3Me ¢ KOHIIeHTpAIluel, 3aBUCAIIeil OT KOOPAUHATHI
x. U3 ycimoBus paBHoBecus (7.5) caeayeT, 4TO B TaKOI ILIazMe
BEINIOJIHEHO COOTHOINeHUe p,+B2%/8 = const(x). Ecim . <1,
TO MarHUTHOE II0JIe BOBMYINeHo cinabo B B, 1 3aBUCUMOCTbH
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aJIb(pBEeHOBCKOII CKOPOCTH OT KOOPAMHATLI X CBSA3aHAa, B OC-
HOBHOM, C HEOJHOPOAHOM KOHIIeHTpAI[ueli:

ca(x) BZ/4 mny(x). (10.47)

PaccMoTpUM JOKAJM30BAHHBIN IO X HMaKeT aJbdBEHOB-
CKUX BOJIH, B KOTOPHIX BO3BMYIIEH J-KOMIIOHEHT MATHUTHOTO
moJiA:

B, b(x)exp(—i t+ ikz). (10.48)
dazoBasi CKOPOCTh alb(PBEeHOBCKOM BOJIHH /k = c, 3aBU-
CHUT OT X, ITO3TOMY BOJIHBI, UMeloInue mpu 2 = 0 oJNHAKOBYIO
dasy, mpu 60JBIMUX 3HAUEHUAX 2 pasonayTcs mo dpasam. Tak
KaK B 9KCIIepUMeHTe BceTAa MIPOUCXOIUT YCpeJHeHHe IIo mPo-
CTPAHCTBY, TO YCpeAHeHHOE TI0 KOOPAMHATE X 3HAUeHUe BO3-
MYII[eHHOTO MATHUTHOTO HOJA JOJIMKHO CTPEMUTHCA K HYJIIO
BcJieICTBUe pasberanud BOJH 1o ¢dasaM. 9TO MPOABIAETCA
Kak addeKTuBHOE 6€CCTOJIKHOBUTEIbHOE 3aTyXaHue albd-
BEHOBCKMX BOJH, XOTS peajJbHOTO AMCCUIIATHUBHOTIO 3aTy-
XaHUA He IPOUCXOAUT. [leficTBUTETHbHO, PACCMOTPHUM CPeJ-
Hee B HEKOTOPOM HHTEpBaJie 2 BO3MYINeHNEe MATHUTHOTO
moJiA:
1" 1"
< By> 5 B,dx 5 b(x)exp( i t ikz)dx. (10.49)
x x

Tak kak (x) = kcy(x), To epeiifeM B 5TOM HHTerpaJe K
MHTETPUPOBAHUIO TIO

{ B) %ikz) b( Yexp( i tyd ,  (10.50)

rae

b(x( )
d /dx’

HNuTerpupysa (10.50) mo wactam, moaydaem

b( ) (x ),

<By> ex;;(ikz)

b( Jexp( i B 1 db( )

- — —exp( i t)d . (10.51)
it it
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IIpomomoxas mpollecc MHTETPUPOBAHUA IO YACTIM, HOJY-
YUM PAJ 0 OO pATHBIM cTeTieHAM ¢. [Ipu ¢ BCe WJIEHEBI 3TO-
ro pAga obpalmaioTcsa B HOJb U < By> TaKKe CTPeMUTCA K
HYJIIO, TAK YTO MIPOUCXOJAUT 3aTyXaHUe CpeJHero BO3MYINeH-
HOTO MATHUTHOTO IOJIS.

10.4. HEJIMHEAHBIE
MArHUTOrMAPOANHAMUYECKWUE
BOJIHbI

B ob6imenm cayuae HeJIWHEeMHbBIE BOJHBI OIMUCHI-
BaloTcsa MaTpudHLIM ypaBHeHneM (10.29). HaiigeM B m1ocKo-
ctu (2, t) AMHIN
z= (1), (10.52)
KOTopble HazbIBaloTCcsA xapakTepuctukamu (puc. 10.5). Ha ka-
JKAOI Takolil IMHUY BeJIWUYWHA  OTpefessaeTcAd HauaJbHBIMU
YCJIOBUSAMU U COXpaHAeTcA, a 3HAUeHNe BHE XapaKTepUCTH-
KM He MOJKeT OBITh HalileHO 1o 3HaUeHWI0O Ha XapaKTepu-
cTuKe. BeIpasuM npousBoOgHBIE / zmu / tdepes mpomus-
BOJIHYIO IO HOPMAaJIHM K XapaKTepucTuKe  / 1 U IPOUBBOJI-
HYIO BIOJb XapaKTepUCTUKU / S:

o 1 |4
t 1 vz s 1 vz
o |4 1
z Jtve s iveon
3xecyV =d /dt — TaHTeHC yrja HAKJIOHA KacaTeJbHOM! K

KpuBoii z= (¢). [logcTaBaAA 3T COOTHOINEHUS B YpaBHe-
"Hue (10.29), moayunm

z VI)—n Vz I)—s- (10.54)

(10.53)

90

Puc. 10.5
XapakrTepUCTURA
B IIOCKOCTH (1, 2) ]
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ITo ompenmeseHNI0O XapaKTepUCTUKK 3HAUeHNe  BHE Xa-
PaKTepUCTUKU He MOKeT OBIThH OIpeiesieHO 0 3HAUEeHUIO
Ha Hell, TOSTOMY BeJHMYMHA / n He MOKeT OBLITH HalgeHa
n3 (10.54). Ha xapakTepuctuke / s= 0. CiegoBaTeybHO,
MaTpuiia, obpaTHas marpuile Z — VI, He JOJKHA CYIIECTBO-
BaTh. OTcioa MTOJyUYaeM COOTHOIIeHIe

det(Z-VI)=0, (10.55)

HOJHOCTBIO coBnagaloinee ¢ (10.34). Kax u B InHeTHOM CJIy-
Yyae, MOJAYyYaeTCcs 7 THIOB MPOCTHIX BOJIH U 7 Ga3oBhIX CKOPO-
creitd (t)/dt =V.OTauunue COCTOUT B TOM, 4TO MaTpumnaZ( )
(10.30) zaBuCHUT OT BeJIMUUHLI , U mosTomy V =V( ). Tak
KaKk coxpaHseTcsA Ha XxapaKTepHUCTHKe, TO 3HaueHue V 1o-
CTOSAHHO HA XapaKTepUCTHUKe W XapaKTepUCTUKA SIBISETCA
npAMoi auHueii. B To Ke BpeMs TaHTeHC yrJja HaKJOHA pas-
JHWYeH AJA PasHBIX XapaKTepUCTUK, T. €. CKOPOCTh PacImpo-
CTpaHeHUs BOJHBI 3aBUCHUT OT AMILIUTYIbI.

IIpomeMoHCTPUPYEM OCOGEHHOCTH paclpoCTpaHeHU IPO-
croii HesmHeHOM MI'/l-BOTHBI Ha MIpUMe Pe HEJTMHEMHO anbd-
BEHOBCKOI BOJHEI, pPACTIPOCTPAHAIOIMEHCsS BAOJIb> MATHUTHO-
ro noss. IlycTs B BOJIHE BO3MYIeHBI KOMIIOHEHTH U, u B,.
Kak craeayet ms obimero aHaamnsa pasgena 10.3, MmarauTuoe
none B, B o4HOMePHOI1 BOJIHE OCTaeTCA HOCTOAHHBIM. BTopoe
u nAaToe ypaBHeHuA cucTeMbl (10.28) npuHIMAaIlOT BUJ,

u, B, B,

v v o,

t 4 z

B

/B A (10.56)
t z

Hetpyano ybeauThbecs, UTO pellleHHWE CHUCTEMBI ypaBHe-
Huii (10.56) coBiagaeT ¢ pelie HUSIMH CUCTEMbI

By v By 0
t z ’
u u
¥y vy o, (10.57)
t z
ecJu
Bz
V ¢y z_, (10.58)
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Wz tperbero ypaBueHus cucteMmsl (10.28)

B, B, 1d
2y vy 14p
1 - - (10.59)
ciaenayerT
Bz
P S—y const. (10.60)

Taxkum o6bpasoM, TaM, I'fie BO3pacTaeT MarHuTHOe IIOJIe,
BOBpoOCIliee MArHNUTHOe AaBiieHHe (Ipu 3ToM B, = const) BbI-
TeCcHsEeT IJIa3My, YMEeHbINAasA ee Ta30KMHETHYECKOe AaBJIeHIe 1
IUIOTHOCTH. AJTb(pBeHOBCKAasI cKopocTh (10.58) mpomopiinoHaib-
Ha Y2, a ¢ yueToM agmabaTuduecKoil saBucumocTtu p . /3
BeauunHa V. p %% T.e. c pocToM maBieHHS CKODOCThH pac-
mpocTpaHeHUA MagaeT u HaobopoT. [TosToMy o6acTH BOJTHEBI
¢ 6OJIBIMTUM MATHUTHBIM ITOJIEM PacIIpoCTpaHAIoOTCA GBICTpee,
YyeM 00JacTH ¢ MEHBIIUM MATHUTHBIM TOJIEM, B pe3yJbTaTe
Yero MPOUCXOAUT OTMPOKUIbIBaHNE ATb()BEHOBCKOI BOJHBI.

Bo BTOpOM ImpuMepe pacCMOTPUM HeJMHEeHHYI0 OBICTPYIO
MATHUTO3BYKOBYIO BOJHY, PacCHpOCTPAHAIOINYIOCA IMOIepeK
MarHuTHoro noid B,. Tak Kak Ipu moNepeYHBIX ABUKEHUAX
coxpaHAeTcA BeIUUnHA

b & const, (10.61)

TO YpaBHeHUE GanaHca cuI BOOJIBb 2 y,Z[O6HO IIeperiucaThb B Buae

u, u, 1 B 1p 1p
: T 8 z z z’ (10.62)
rie b2 2
p p ]

VYpaBuenune (10.62) coBMecTHO ¢ ypaBHeHHUEM HeIlpe PhIB-
HOCTH COBIAAET C YPABHEHUAMH JJIA HeTUHEMHBIX HOHHO-3BY -
KOBBIX BOJH (cM. pasaen 9.3), c 3ameHoii p Ha p . BosHa pac-
IIpocTpaHsieTcd ¢ alb(pBEeHOBCKOM CKOPOCTHIO (IpH C, = ¢,), K
KOTOPOM HaZ0 f06GAaBUTH CKOPOCTD CPEIbI:

/d /b2 [bB
Viou, ¢4 ¢y dL < Va1 (10.63)

Tak KaK CKOPOCTh PacIIpOCTpPaHeHUs BOJHBI TIPOIIOPITHO-
1/2
HaJbHA Bx/ , IPOUCXOIUT OTIPOKUIBIBAHNE BOJTHBI.
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10.5. MATHUTO3BYKOBBIE BOJIHbI
C AUCNEPCHUEN

ITokaskem Ha IIpumMepe HeJINHeMHBIX MAarHUTO-
3BYKOBBIX BOJIH, YTO I B MAI'HUTHOM IIOJI€ CYIIIECTBYIOT pellie-
HHA TUIIA COIUTOHOB, KOTOPHBIEC PACIIPOCTPaAHAIOTCA IIOIIEPEK
MATHUTHOTIO II0JIA, HEe PacCIlJIbIBadACh. O,Z[HaKO, B oTJINUHE OT
HNOHHO-3BYKOBBIX COJIMTOHOB, KOTOPBIE IIOJIYUYAIOTCA IIPU yUe-
Te OTKJIOHEHHNA OT KBaSHHeﬁTpaJ’IBHOCTH, MArHuTO3BYKOBEIE
COJINTOHHBIC PEINIEeHUA IIOABJAITCA IIPU YUeTe NHEPIITNHU 3JICK-
TPOHOB. HYCTI) MAaArHUTHOE IIOJI€ HalIpaBJIEHO BAOJIb OCH 2, a
BOJIHA JBUMETCHA IIO X CO CKOPOCTBIO V, IIpu4YeM 6y,1:[eM HNCKAaTh
TaKHnue pelmeHnA, IIpu KOTOPBIX V = const u He 3aBHCHUT OT aM-
IIJIUTYABI BOJHBI, T. €. BC€ BEJINYNHEL 6y,1:[eM HNCKAaTh B BUE

= (x-V?).

Byaem ncxoanTh n3 ypaBHeHUH ABYX:KRugkocTHOM MI'/I B
npeHebpesKeHNN CTOJIKHOBEHUAMHY 1 TeMIepaTypaMu YacTHII.
Ilepexoasa B ypaBHEeHUSIX HETIPEPHLIBHOCTH AJIA SJIEKTPOHOB U
HMOHOB

n () (10.64)
t x
K mepeMeHHOII = x — Vi, uMeeM
dn d(nuxei)
= —== 0. 10.65
p 4 ( )
Uurerpupya (10.65) u moaaraa n( ) = n, u

)= 0, moaydaem

—V)=—n,V. (10.66)

u

xe,i(

n(u

xe,i

W3 ypaBHeHUU HeMPePHIBHOCTHU CJEAYET, UYTO CKOPOCTH
5JeKTPOHOB U MOHOB B HAIPABJEHWW X COBIAJAIOT: U, =
=u,, = u. KOMIIOHeHTHI ypaBHeHHsI GasiaHca CHJI IIOCJIe 3aMe-
HBI IepeMeHHBIX IpeobpasyioTcs K BULY

duxei
me,i d—,(uxe,i V) ieEx + guye,iB,
Yye,i e
Mei—g  (rey V) FeEy —Uy;B. (10.67)
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OJIEKTPUYECKUE Y MAarHUTHBIE IIOJIS CBABAHBI YPaBHEHUEM
Makcpeana E 1/¢) B/ t, KOTOpOe MpH Iepexoje K me-
pemenmoii = x — Vi uMeeT BUJ,

dE, v aB (10.68)
d cd
Wnrerpupysi u yuunThisas, 410 E ( )=0u B( )=
= B,, HaX0auM
v
E, (B B). (10.69)

Ipyroe ypaBHeHne MakcBesia B 4 /c)f naetr
gi Uge) (10.70)

CriaabpiBas xX-KOMIIOHEHTHI 6ajaHca CHJ JJIA 3JIeKTpo-
HOB 1 noHOB B (10.67), yuursiBadg u,, = u,;=u U m; > m,,
moJy4yaeM

m, (u V)‘Zl—” C(u, uy)B. (10.71)

ye

Kombuaupyem sto ypapHenue ¢ (10.70) u c ypaBHeHHEM
"HenpepbiBHOCTH (10.66), monyuaem

du B dB

nV— - .
m;n, 4 4 d (10.72)
ITocsie MHTErpUPOBAHUSA HMEEM
B2 B2
S (10.73)
8 m;n,V

CJIOoKUM Teneph ABa Y-KOMIIOHEHTA ypaBHeHUA GalaHca
cui (10.67). Ionyuum myu,, +mu, =0, 0TRyJa cliesyer

u u,;. (10.74)

ye yi

JdpyrumMu caIoBaMu, BO3MYINTeHe MATHUTHOTO TOJISA B BOJI-
He cosJaeTcsd TOKOM 5JIEKTPOHOB, M TOKOM moHOB B (10.70)
MOk HO IpeHeOpeusb. [lofcTaBIsAsa 2JIeKTPOHHYIO CKOPOCTB U, ,
BHIpAKEeHHYIO Uepes MTPONU3BOIHYI0O MATHUTHOTO TIOJISA 13 ypaB-
HeHUs (10.70), Bo BTopoe ypasuenue (10.67), nCIoIb3ys CBA3H
9JIEKTPUYEeCKOTo n MarHuTHoro moJeit (10.69), BripaskeHue
aas kounenTpamuu (10.66) u coornomnenne (10.73), moayua-
eM ypaBHeHHUe AJA MAarHUTHOTO ITOJIA:
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24 dqB B? B} B? B
Vd d 8 mn)V 8 myn,V
(B> Bj)
———= V B VB,. 10.75
8 m;n,V 0 ( )
3aecs maciuTabd
4 2
N i L (10.76)
pe m,

ompefiesigeT XapaKTepHBIN IPoCTPaHCTBEeHHBINA pasMep BO3MY-
meHuA. OTY BeJUUUHY HaA3HIBAIOT 0€CCTOJKHOBUTEJIbHBIM
CKHUH-cJIoeM. ¥ MHOKas 00e uactu ypasueHusd (10.75)nadB/d
M UHTETPUPYHA, TOJTyUaeM

9 2
dB B2 B2 (B2 B2y

2 @b 0_ — 07 VB B,)? t.
d 8 m;n,V 16 nym, ( 0)” cons

(10.77)

BrifepeM KOHCTAHTY HHTErpHUpPOBAHUSA PABHOM HYJIIO, TO-
rga Ha 6eckoHeuHOCTH, rIe B = B, npousBoguasa dB/d = 0.
M3 (10.77) umeeMm

8 B B, [ (B B
1 . 10.78
d B2 B? 1 16 m;n,V?2 ( )
8 m;n,V?

@azoBBIe KPHUBLIE OJA STOTO Caydas NpUBeAeHBI Ha
puc. 10.6. UckoMoe COINTOHHOE pellleHre COOTBETCTBYET Ha-
pacTaHMWioO MATHUTHOTO OJSA OT 3HaueHus B, go B, ., (BeTBb
dB/d > 0) u panpHelilleMy najeHuIo moJjs ot B, .. Ao B,

dB
ag

By B, B

Puc. 10.6
dazoBble KpUBLIe B iockoctu (B, dB/d. )
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(BetBbdB/d 0). BTouke makcumymadB/d = 0, oTkyzaa co-
raacuo (10.78)

(10.79)

9TO COOTHOIIIEHNE JaeT CBSA3h MEeXKAY CKOPOCThIO MATHUTO-
3BYKOBOTO COJIUTOHA U €T0 aMIIIUTYJoM. @opMa COTUTOHA MO-
JKeT OBITh HalifieHa JajdbHeHImuM mHTerpupoBaHuem (10.78).
IIpumep coluToHaA TPUBeeH Ha cXxeMaTHdyecKoM puc. 10.7.
BBegem anbdBeHOBCKOE Uuncao Maxa:

M v V4 nym,
Ca B, ’

His manvix BosMymeHuii B B, CKOpPOCTH COJUTOHA
CTpeMHUTCA K alb(BeHOBCKOI cKopocTH, Tak uto M . 1. Ilpm
yBeJIMUeHU N aMILTUTYAbI Bo3pacTaeT U umcyio Maxa B COOT-
BercTBuH ¢ (10.79) 1o Tex mop, moKa sHamMeHaTe b B (10.78)
He o6paTuTcA B HOJb. KpuTuueckoe MakcuMaJIbHOe 3HAUECHIE
MAarHHTHOTO II0Js, Kak caeayeT us (10.78), (10.79), cooTseT-
ctByeT B, ,, =3B, uM = 2. IIpu sToM Ipou3BOJHAsI B MAKCH-
myme dB/d (puc. 10.7). Takum o6 pazoM, MATHUTO3BY -
KOBBIE COJIMTOHBI MOTYT CYIIECTBOBATH B JUAaNa30oHe albdBe-
HOBCKUX umnceJ Maxa:

(10.80)

1 M 2. (10.81)

IIpu GonbInmux sHaUeHUAX unces Maxa sdpdeKThI, CBA3aH-
HbIe C 9JIeKTPOHHOI WHepIiueil, He MOTYT OCTAHOBUTH OIIPO-
KHIbIBaHWE W BO3HHUKAIOT 0eCCTOIKHOBUTENbHEIE yIapHBIE
BOJIHBI.

B

1<M<2

Puc. 10.7
MarauTo-3ByKOBOH COJINTOH



nasa 11. AMUHAMUKA NNASMEHHbIX
NMYY4KOB U CrYCTKOB
B MATHUTHOM NOJIE

11.1. ABUXEHUE NJIASMbI
NOMNEPEK MAFTHUTHOTO nond
B BAKYYME

PaCCMOTpI/IM TJIa3MeHHBIH CTYCTOK, ABUMKY-
muiica npu ¢ = 0 momepek MAarHUTHOTO TOJIA BAOJb OCH X CO
cropocThio iU, (pumc. 11.1). M3 ypaBHeHUA 6ajaHca CHJI A
5JIeKTPOHOB CJIeAYeT, UTO TaKoe ABMKeHe TPOUCXOTUT U3-3a
€ro MOJAPUBAINH B HAIPABJIEHUH I, IPUUEM

. cl[E, Byl

Uy ——(He
B2

Hdpyrumu ciaoBamMu, ABHIKEHHE CTYCTKA HPOHCXOIUT 34

cueT gpeiida B CKpEINeHHBIX SJeKTPUUECKOM M MATHHTHOM

mosiAx. UToOhI MpoaHANIU3UPOBATh TalbHelilllee MBUKeHNE
CTYCTKAa, paCCMOTPHUM CyMMAapHOe ypaBHeHHe HajaHca CHUJI

(11.1)

y

v (@

Puc.11.1
Ilonsapusanus Crycrra,
JBUMKYIETOCS MOIEePer

MAargvuTHOTO IIOJA + + + +
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(B mpeHeOpeskeHNN 3JeKTPOoHHOII mHepiiueii) (10.2). YMmuo-
skas obe YACTH BEKTOPHO Ha B , HOIyYNM AJIA IJIOTHOCTH TOKA
B py OB
I g B
IlepBoe ciaaraemoe IpeacTaBIAeT coOOM AMAMATHUTHBINA
TOK, TUBEePTeHIIUA KOTOPOTO B OJHOPOAHOM MAarHUTHOM II0JIe
paBHa HyJ 0. BTOopoe ciaraeMoe COOTBETCTBYET MHE PITHOHHO-
MYy UJH TMOJAPU3AINOHHOMY TOKY. Eciiu crycTOK B cpefHeM
TOPMOBHUTCSA, TO ITOT TOK JOJKeH OBITH HAIIpaBJIeH BePTUKAb-
Ho BHHU3. OJHAKO TaKas CUTyallus HeBO3ZMOKHA, TaK KaK 3TO
TIPOTUBOPEUUT YCIOBUIO

(11.2)

i o. (11.3)
ITosTOoMYy BepTHUKAJBHBIN TOK OTCYTCTBYET M, COOTBETCT-
BeHHO, HHepIIuA obpalmaeTcsa B HOJb. CTYCTOK sKe ABUMKETCA
PaBHOMEPHO U IPAMOJIUHEWHO co cKopocThio U, (11.1). C Tou-
KU 3peHNSA OTAeJIbHBIX YACTHUIL 3TO O3HAYAET, YTO cuJja JIopeH-
na uyB/c, cTpeMAmAaAca OTKJIOHUT 3apAKeHHYIO YaCTHITY B
BEPTUKAJTHLHOM HAIIPABJEHUH, KOMIIEHCUDYETCA BePTHUKAIbD-
HBIM 9JIEKTPHUECKUM TOJIEeM EO .
9TOT pesyJabTaT, CTPOTO TOBOPA,
CIIpaBeJINB AJIA CTYCTKA, CUILHO
BBHITAHYTOTO B HATIPABJEHUN ABHU-
JKeHHUA X, KOTAa 9JeKTPUUeCcKoe X
moJie BHYTPHU CTYCTKA HMpaKTHUe-
cKu omHOopoaHo. Eciau ke pasme-
pPBI CTYCTKA BAOJb HATIPABJIeHUI X
¥ I CPABHU MBI, TO CKA3EIBAETCS He-
OTHOPOAHOCTD SJEKTPUUECKOTO
TOJIsT, KoTOpasAd HApPAIY C ABUKEeHU -
€M CO CKOPOCTHBIO i, , IPUBOJUT K
gedopMaIlil CTyCcTKAa (CM. HUMKe).
IInasMeHHBIN CTYCTOK, ITIOMe-
IMeHHBIN B TIOJie CUJBI TAMKECTH
(puc. 11.2), B MAarauTHOM MOJIe
JOTOJHUTEJbHO TOJAPUIYETCA.
,I[eI‘/’ICTBIxITeijHo, n3-3a gpelida no- HnaBMIe’I"{‘IC{'HIf}‘CZWCTOK
HOB IIO4 A€ICTBHEM CHJIBI TAMECTH B II0JI€ CHUJIBI TAMKECTH

¥

@ ®

+ 4+ + +
1

mg
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B HaIlpaBJIeHUN [m;d B] BOSHHKAaET TOK HOHOB B OTpHUIIATEIb-
HOM HalpaBJIeHUH OCH X:

. cnm;g

e (11.4)

BruagoM 27€KTPOHOB B 9TOT TOK MOYKHO ITpeHeOpeys, TaK

KaK CKOPOCTH COOTBETCTBYIOIIETro Apelida B m;/m, pa3 MeHb-
me. Tox j,, IPHBOAUT K MOJAPH3AINH CIYCTKa. BosHuKaw-
Iiee 3JIeKTPUYECKOe I10JIe BBI3bIBAeT IPOTUBOTOK j,, KOTOPBIX
TOJIKeH KOMIeHCUPOBATh TOK j,

jpx=jgx‘ (11‘5)

B monHOCTRIO HOHM30BAHHOI ILJIA3Me U OJHOPOITHOM 2JIEK-
TPHUYESCKOM II0JIe TaKoOH IIPOTUBOTOK IIpeACTaBJAET coboii 10-
J'IHpPIBaI.IPIOHHBIfI nJan PIHepI.IPIaJIbeIfI TOK, CBABAHHBIN C U3-
MEeHEHNEM 2JIEKTPHYECKOTI'O II0JIsd BO BPEMEeHH:

- c2nm, E
Ip Tl_t (11.6)
9To BRIpAKeHNe COOTBETCTBYET BTOPOMY CJAraeMoMy
B (11.2), ecau yuecTs, 4TO U, C[E B]/Bz, U B OJHOPOJHOM
aJIeKRTpudeckoM nose di, /dt U,/ t. 3 (11.4)—(11.6) cne-
IyeT, UTO 3JeKTpHUYeCKOoe IIoJie BAOJh OCH X PACTeT JUHENHO
CO BpeMeHeM
g, Bt (11.7)
c
BospacTailoiiiee BoO BpeMeHH 9JIEKTPHUUECKOe ITOJIEe BhI3HI-
BaeT Jpeiid CryCcTKA BHI3 CO CKOPOCTHIO

vV, —* gt (11.8)

YTO COOTBETCTBYET MAJeHUIO CTYCTKA C yCKOpeHNeM ¢ g. Kak
¥ B IPeIBIAYINEeM ciydae, HEOAHOPOIHOCTh 9JIeKTPUUECKOTO
TOJIA IPUBOJAUT K €T0 AOMOJHUTENbHOM fedopMaIiui.

JBukeHNe TIIa3MEeHHOTO CTYCTKa B HEOJHOPOAHOM Mar-
HUTHOM II0JI€ AHAJOTHUYHO ABUIKEHUIO B TI0JIe CUJIBI TSIKECTH.
PaccMoTpuM B KauecTBe IpUMepa MarHUTHOE ToJie Topa (To-
ramakra) B = ByR,/R (puc. 11.3). B TakoM HeOZHODPOJZHOM
MATHUTHOM IIOJIe 3apsAMKeHHbIe YaCTHUIILI UCIILITHIBAIOT Bep-
TUKAJIbHBIN Apeiid:
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e
J 2
yo i (11.9)
7y e,BR '
rae T/H’ — CEKOPOCTH OTACJBbHBIX YaCTHII. HepBoe cjaarae-

MO€e 31eCh BBI3BAHO CHHOﬁ, BI)ITaJIKI/IBaIOH.Ieﬁ JapMOpPOBCKHUe

® y
g
B
X
Ty «— VB
E

Ry

\ H ©) —

| +4+++

Pnc.11.3
VcropeHHe IIa3MEeHHOTO CI'yCTKA B HEOJHOPOJHOM MATHUTHOM II0JIe

oq

-3,6 -1,65 0,5 2,5 4,5 6,5 8,6 10,56 12,56 14,5

1T 1T 1 1T 1T 1T 17 17 17T 17T 7T T 1T T T
2,5 — —2,5
0,5 — —0,5
-0,5 — —-0,5
Y | —
-1,5 —-1,5
-3,5 — —1-3,5
-5 1 Ll i-5,5
-3,5 -1,5 0,5 2,5 4,5 6,5 8,5 10,56 12,5 14,5
X
Puc. 11.4

HOBerHOCTI/I TMOCTOAHHON KOHIOCHTpanuu A IIJIasMeHHOTO CI'yCTKa
B HCOJHOPOAHOM MarHUTHOM IIOJI€E. MomeHT BpeMeHH { 4
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KPYKKHU B 06J1aCTh cJIabOoTO MAaTHUTHOTO II0JISI, a4 BTOpOoe cJa-
raeMoe CBSI3aHO C MEeHTPOOEKHOM CUJION 13-3a KPUBUSHEBI CH-
JIOBBIX JIMHUN MATHUTHOTO moJid. [[pefid 97eKTPOHOB U MO-
HOB HAIIpaBJIeH B pasHble CTOPOHEI U3-3a PA3HOTO 3HAKA 3aps-
Ia, TO3TOMY BO3HUKAET BePTUKAJILHBIN TOK. Ero Bemuuuny
MOJIYUUM, YCPEAHUB BBHIpasKeHUA AJA CKopocTeil apeiida c
MaKCBeJIJIOBCKOM byHKIIHell pacmipeele HUA:

2en(T, T)
BR )

OTMeTHM, UTO AUBEPTEeHITHUA 3TOTO TOKA, 00YCJIOBJAEHHOTO
apetidoM BeIYIMUX IeHTPOB JIAPMOPOBCKUX OPOUT, COBIIaa-
eT ¢ AuBepTreHInell TMaMariuTHOTO TOKA, KOTOPHIH OTICHIBA-
eTcsd mepBuIM caaraeMbIM B (11.2). Toxk (11.10) goskeH 6BITH
cKoMIIeHCHpoBaH npotusoTokoM (11.6). B pesyabTaTe BosHH-
KaeT BepTHUKaAJIbHOE 3JeKTPpUUeCcKoe IoJie, pacTyliee Bo Bpe-
MeHHU, KOTOPOE BBLIZBIBAET Apeid crycTKa IpOTUB rpagueHTa
MATHUTHOTO MOJIA C YCKOPpeHUeM

2T, T)

— 11.11
¢ — R ( )

iy e (ViyfM VM)V (11.10)

B o6mem cayuae, ¢ yueTOM peasibHOM (OpMBI CTYCTKA, €T0
IUHAMHUKA oIlpeAesideTca cuctemMol ypaBHenni (11.2)—(11.3).
CunraeM, 4TO B IEpBOM HPUOIUKEHUN CKOPOCTH 5J€KTPOHOB
¥ MOHOB COBHAAlOT M MPeACTABJAIOT co00M apeiid B cKpe-

IeHHBIX ONAX: 4, 4; c[E B]/B?. Beeaem GespasmepHble

IIepeMeHHBbIEe:
X x/a Yy y/a
i tg/a)/2; ~ ¢ /(Ba*2gV?), (11.12)
raie a — XapaKTeprIﬁ pasMep CrycTka, — IIoTeHIIXaJ, a

ycKopeHue g ompeaeseHo coryacHo (11.1). Torga us (11.2)—
(11.3) moamyuaem

~ o~ ~ o~ Inn
— J(, — J(, 1 — 0, (11.13
; ( ) ; ( ) Inn i ( )

Te omepaTop J olpeeseH Kak

J(, ) —— ——
() x Y
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YpaBHeHHNe HENPEepPLIBHOCTH B Oe3pasMepHBIX IepeMeH-
HBIX UMeeT BUJ,

—;3 J(,n) O. (11.14)
3,1:[ec1> YUTE€HO, YTO B OMJHOPOAHOM MaArHuTHOM IIOJIE
[E B]/B? 0,

a MOTIpaBKaMM’, BOSHUKAOIMUME Tpu AuddepeHIIUPOBaHUN
B, mpI mpeHebperaem. YpasueHune (11.14)onuceiBaeT JBHMKE-
HUe IJIa3dMBbI BJOJb SKBUIIOTeHITHANe . UKncaeHHOE pellleHne
cucreMbl ypaBHenui (11.13)—(11.14) noxassiBaeT, UTO CI'y-
CTOK JeHCTBUTEJbHO ABHIKETCA ¢ ycKopeHueM (11.11) B Ha-
TmpaBJIeHUH X, a ero dopMa HaOMHUHAET IManKy rpuba, Tak
KaK BePXHASA U HIKHAA YaCTH B AUIIOJHHOM MOTEeHITHATE Ha-
YMHAIOT ABUTAThCA B O0paTHOM HampaBiaeHuu (cM. puc. 11.4).

11.2. TOPMOXEHWE NMJIASMEHHOW CTPYU
B ®OHOBOMW NJIASME

PaccMoTpuM Temeph JUHAMHUKY ILJIA3MBI, MH-
JKeKTHUPOBAHHOM ITOoMepeK MAarHUTHOTO MoJIs1 B POHOBYIO T1Ia3-
My. J1Jis IpoCTOTHI 6yAeM CUUTATh, UTO pasMep CTyCTKAa B Ha-
IpaBJIeHUH WHKEKITNU X 6eCKOHeUeH, T. €. B HAIIPABJICHUHT X
MHIKEeKTHUpOBaHa CTPYS IIasdMbI, ABUKYINasAcsa pu ¢ = 0 co
CKOPOCTBIO U, (cM. puc. 11.5). KoHIleHTpanusi IJIa3MEbI B CTpye
n;(y, z) HaMHOTO 60JbINE, YeM KOHIEHTPAIIU OKPYKAIOIeH
¢OHOBOI ILIA3MBEI 77;, & Macca HOHOB CTPYH My, BOOOIIle I'OBO-
pd, oTANYaeTCA OT MACCHI HOHOB (poHOBOI myiasmbel m;. UH-
JKeKTHpPOBaHHASA IJ1a3Ma B OJHOPOJHOM MAarHUTHOM MOJIE TI0-
JAPUBYeTCA B HAIPABJIEHUHU I, KAK 9TO 00CYKIATIOCH B IIpe-
ABIAYINEM pasjee, M BOSHUKAET IoJie EO, YAOBJIETBOPSIOIIEE
cootHoIneHuo (11.1). OgHako ns-3a Haanuus GoHOBOI ILIA3-
MBI 9TO 3JEeKTpUUecKoe IIoJie pacipocTpaHsaeTcs B o6e cCTopo-
HBI BIOJIb MATHUTHOTO MOJIA B BUJe alb(pBeHOBCKOI BOJHEI.
IIpu sToM Ha bpoHTEe aNbhBEHOBCKOI BOJIHBI SJIEKTPUUECKOE
moJie HApacTaeT U BO3HUKAET IMOJSIPU3aAIlMOHHEIN TOK B Ha-
IIpaBJEeHUH [, KOTOPHIA KOMIIEHCUPYET TOK B HANIPABJIEHUN Y
BHYTPHU CTPYU, BOSHUKAIOIIHUH 13-3a ee TopMoskeHHnsA. CxeMa
3aMBbIKAHHUSA TOKOB IpHUBeeHa Ha puc. 11.6.
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=

y&

—= U

Q72772227

Puc. 11.5
CTpy4d IJIasMbl, JBUMKYI[AIC
npu ¢ = 0 momepek MAarHUTHOTO
TI0JIS1 CO CKOPOCTBIO i

z

E

Puc. 11.6.
Cxema 3aMBIKAHUSA TOKOB
1m0 GOHOBOM IIaszMe IMpHu
HHKEeKIUHU CTPYH HONepek
MATHHUTHOTO HOJdA npu 2 > 0.
IIpu oTpUIATEIbHBIX 3HAUSHUAX
Z KapTUHA CUMMETPUYHA.

B. A. POXXAHCKWW. TEOPUA NJIASMbI

Haiignem sakoH TopMoOXKe-
HUA CTPYU IPU YCIOBUH Uy <K
<< ¢y,rHec, = B/(4 nym; )% —
aab(hBeHOBCKAsA CKOPOCTH B pO-
HOBOI 11asMe. Ilpu BpImoTHE-
HHUH 3TOTO YCJIOBUA BO3MYINEH-
HOe MArHMTHOE IIoJIe B alib(d-
BEHOBCKOII BoJIHe MaJjo: B,

v, B/ec, << B, TaKk 4TO MAar-
HHUTHOE II0JIe MOYKHO CUHUTATh
HEeBO3MYIIIEHHBIM. PacmpocTpa-
HeHUe aJb(BEHOBCKOW BOJHBI
BHE CTPYHU ONMCHIBAETCS BOJI-

HOBBIM YPaBHEHHEM:
2 2

Uy 2 Uy .
2 4 27
2 B?

5 —. 11.15
4 4 mn, ( )
BuayTpu cTpyu uMeeM aHa-
JIOTHYHOe ypaBHeHHe:
2
u

X
nymy 72

B> ur  (11.16)
4 22
IIpounrerpupyem (11.16)
BAOJB 2 OT 2, A0 2y, TA€ 2, BBI-
GepeM TaK, YTOOBI OBLIO BHITIOJI-
HEeHO yCJIOBUE

@ 2 KLy cut,

rlie @ — XapaKTepHLIN pasMep
CTPYH BAOJb MATHUTHOTO IOJIS.
HasTux paccTosSHISIX CKOPOCTH
ILIa3MBbl 1, MOYKHO CUNTATH He
3aBUCAINEHN OT 2, TAK KaK Xa-
PaKTepHBIH MacInTab ee M3Me-
HeHUs conajgaet ¢ L,. Ilocie
WHTET pUPOBAHUS NMEEM



11. ANHAMWKA NJASMEHHBIX MYYKOB 1 CTYCTKOB B MATHHMTHOM NONE 199

2 0

2 2
u, B? u,
2 4 z| '

20

M, (11.17)

rae
20
M, mn;dz mn;dz (11.18)
20
— HHTerpaJbHas Macca WHXeKTUPOBAHHBIX MOHOB, IPUXO-
JsImasicsa Ha eIUHUIY AAnHEbL. Mcnoabsysa cuMMeTpuio, orpa-
HUYUMCS 00JIaCThIO ITOJIOMKUTEJIbHBIX 3HAUEHUH 2. YCTpeM-
asaaz, 0, noaydaem

M; . (11.19)

9To COOTHOINEeHNE MPeJACTABIAET COO0M rPpaHNUYHOE YCJIIO-
BUe AJis1 ypaBHenus (11.15), onucrIBaoInero pacupocTpane-
HUe anb(BeHOBCKOI BOJHBI B poHOBOI mrasme. HauanbHoe
JKe ycJoBHe:

uy,, 2 0

i, (11.20)
0, z O

Tak Kak pellleHHne BOJHOBOTo ypaBHeHuA (11.15) ecTh
u,=u(z cut), TOo, C yIeTOM I'PAaHUYHOTO M HAYAJIHLHOTO
yCJIOBUH,

2

u, Uyexp (2 cat) 2 eyt

_B*
2 Mc3

u, O 2 cut. (11.21)

X

IIpodunas ckopoctn (11.21) npusegex Ha puc. 11.7. Buz-

HO, UTO poHOBAA IJIa3Ma YBJIEeKaeTCs CTPyeil B HAIIpaBJIeHUHU
x Ha MacmrTabe z = c,¢. [Ipu 5ToM BOJIHA YBJIeUEHNA IPEACTAB-
JsieT coboit GPOHT, paCIIPOCTPAHSIIONTUIICA BJOJIb> MATHUTHOT'O
TOJIA ¢ ab(PBEHOBCKOM CKOpocThio. CKOPOCTH caMOM CTPYH CO-
oTBeTCcTBYeT 2 = 0 U SKCHOHEHITHAJILHO CIIafaeT coO BpeMeHeM:
1, (0,t) ugexp( t/ 4)) 4 2];[721%. (11.22)
PusnuecKuil CMBICI IOCTOSAHHON BpeMeHHU , COCTOUT B
cieAyIolleM: HHTerpaJbHasa Macca poHOBOI IJIa3MbI HA eH-
HUIY JJIWHBI, YBIEKaeMOU cTpyeil 3a BpeMs ,, COCTABJIAET
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Uy

u(0,1)

c4l 4

Puc. 11.7
IIpoduas cropocTn GOHOBOI MIAZMEI
B PUKCUPOBAHHBIM MOMEHT BpeMeHU

CIeAVIOIYIO BeJIUUYNHY (C YUIETOM MOJIOKUTENIbHBIX M OTPU-
maTeJbHBIX 3HAUEHUN 2):

Mi( ) =2z nm;=M,. (11.23)

Hpyrumu cioBaMu, 3a BpeMA , B JBUKeHIEe BOBJIeKAaeTCA
HHTeTrpadbHasa Macca (POHOBOM IJIasMbl, paBHASI HHTETpab-
HOM Macce cTpyHu. 3a 9TO sKe BpeMsA CKOPOCTh CTPYH CYIeCT-
BEHHO YMeHbITaeTcs.

Tak KaK sJeKTpUUecKoe oJie, BEI3hIBalolee Apeiid mias-
MBI co ckopocThio (11.21) no paccTossuuii 2z = c,t, 9KCIOOHEH-
IIUATBHO CIIafaeT CO BpEMEHEM, TO BAOJb OCH I TEUET OTPHUIA-
TeJbHBIM MOJAPU3AINOHHBIN TOK (cM. puc. 11.6). Uure-
TpaJIbHBIN TOK (AJIA ITOJOKUTEIbHBIX 3SHAUSHHH 2) IT0JYYaeTCsa
MHTErpUpPOBAHUEM BIOJb MATHUTHOTO ITOJIA:

I I, I,

cat g E 5

cA(nym; nmmy

(mr mmy) By g, © E,(z 0), (11.24)
o B? t 2 ¢y

rae E(z=0)= uoBc lexp(—t/ ,). UHTErpajJbHbIi TOK COCTO-

HUT U3 ABYX OZMHAKOBHIX 4acteii. I[lepBas uacTs I, monmyuaert-

sl 3a CUET MHTErPUPOBAHMUS IO CTPYe, npu atoM E, Gepercsa
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npu z = 0, a uaTerpaJ ot n,;(z)m; gaet M;/2. Bropoii Takoii
ske BRJan I, gaeT mHTerpan mo GoHOBOH HmaIa3Me ¢ yUETOM
(11.21) u coorrHomenus E, = u B/c. ITOT TOK TeUeT B obG.aac-
Tu 0 < z < ¢, t. Tok I fo3keH 3aMBIKAThCA IPOTHBOTOKOM B IIO-
JIOXKUTEJILHOM HAaNPABJIEHUN OCH Y, KaK CIeqyeT U3 ypaBHe-
HHUA HeIIpe phIBHOCTH A4 ToKa. IlosToMy Ha GpoHTe alb(dBe-
HOBCKOIi BOJIHEI, I'Jle (OHOBAS I1JIa3MAa YCKOPSAETCS OT HY JIeBOI
CKOPOCTH 0 3HAUEHUSA U, JOJKEH CYIIeCTBOBATDH IIOJOMKU-
TeJbHBIN TOK I, = —I. Pasgenum Tenepb HHTeTpaJbHBIE TOKH
mo-ApyromMy. BeIJeInM OTAeIbHO MHTETPAIbHBIN TOK CTPYH:
. < E (z 0) (11.25)

¢ 4, Y )
¥ PaBHBII eMy HHTeTrpaAJbHEINA TOK 110 (GOHOBOII MIasMe C yue-
TOM TOKAa Ha GpoHTe aIbPBEHOBCKOI BOJTHEI:

o2

Ly I Iy 45
A

E,(z 0). (11.26)

ITocimegumii TOK MOXKeT OBITH 3aIlICAH B BHE

2
Iy wE,z 0 w 4CCA, (11.27)
TJe BeJIUUYNHA 1y HA3bIBaeTcA anb(hpBeHOBCKOM IIPOBOJUMOCTHIO.

Hdpyrumu cioBamu, oHOBAS ILJIa3dMa C PACIIPOCTPAHSIO-
mieiica B Hell alb(hBeHOBCKOM BOJHOU SKBUBAJeHTHA COIPO-
TusaeHno (11.27) (cieayeT IOMHITE, UTO TAKOI JKe TOK TeUeT
¥ ¢ IPYTOI CTOPOHBI CTPYH IIPU OTPUIATENbHBIX 3HAUEHUAX 2).
IlouaTue anbBeHOBCKOII mpoBOAUMOCTH (HOHOBOI MJIa3MBbI
MOJKeT OBITh MCIIOJb30BAHO B CAMBIX PasHOOOPA3HBIX 3aja-
yax GUSUKY [JIa3MBI.

PaccMoTpeHHBIE BBIIIE PEITEHNA IPUMEHNUMEI, €CJIU CKH-
HOBOE BpeMs JOCTATOYHO BeJnKO. COOTBETCTBYIOINEE YCIOBIE
uMeeT BU]

40—2"» " (11.28)
rge a — TOMNepeuHBIN pasMep CTycTKa MJu cTpyu. B o6pat-
HOM cJIydYae 3JIEKTPUUYECKOE II0JIE CTAHOBUTCS MOTEHI[UAJD-
HBIM U PACHpOCTpaHeHUE MOJAApU3aAnuu B GOHOBYIO ILJIAZMY
umeeT 1udPy3UOHHLIN XapakTep ¢ Koapdunueurom audpdy-
sun D c% .



masa 12. PABHOBECUE MJIASMbI
B MATHUTHOM NOJIE

no,a paBHOBecHeM ILIA3MbI OyAeM MOHMMATD
TaKoe ee COCTOAHME, KOTJa CKOPOCTH TeUeHUH B Hell MaJIbl O
CPaBHEHHIO CO CKOPOCTHIO 3BYKAa MU C aJb)BEHOBCKOM CKO-
pocThio. B 9ToM cayuae MOKHO IpeHeOpeub WHepITHUe B ypaB-
HeHNHN cyMMapHoro 6ananca cuia (10.2) mo cpaBHeHHIO ¢ Tpa-
JUEeHTOM JABJIEHUA:

p Ilj Bl (12.1)

970 ypaBHeHNEe Ha3bIBAETCS ypaBHeHNEeM paBHOBecHsa. OHO
03HAYAET, YTO I'PAANEHT CYMMAapPHOTO TaBJIeHUA YPaBHOBEIIeH
cuioii JIopeHI11a, BOSHUKAIOINEH ITPU B3aNMOAe ICTBUH CAMOCO-
TJIACOBAHHBIX TOKOB M MarHUTHBIX ITOJIel B miasMe. Y paBHe-
Hue paBHOBecusd (12.1) ciaegyeT JOTOJIHUTE ABYMS YpaBHEHUA-
mu MakcBesia:

4L[ B}, B o. (12.2)

C yueToMm ypaBHeHu# MakcBesia ypaBHeHe paBHOBECUA
MOJKeT OBITH 3alIMCAHO B BUJE

» B 1s)HE (12.3)
8 4

IlepBHIii UIeH B IPaBOii YaCTH MOYKHO MHTEPIIPETUPOBATH
KaK rpaJfleHT MarHuTHOTO JaBJeHU, a BTOPOil UJeH — KaK
«HaTsKeHNe» MAaTHUTHBIX CUJIOBBIX JUHUH, OH BHI3BAH KPH-
BU3HON MATHHTHOTO IoJjsA. ¥ paBHeHud (12.1)—(12.2) uan
(12.8) aBasioTcs NICXOHBIMH A AHAJIN3a IPOobJIe MbI pAaBHO-
Becusd. [loguepKkHEM elIre pas, UTO B paBHOBECHH B ILJIa3Me OC-
TAlOTCA Pa3iINUYHbIe TeUeHNA, CBA3aHHbIe U He CBA3aHHBIE CO

CTOJIKHOBEHUAMH.
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12.1. O HEBO3MOXHOCTWN PABHOBECU4A
BE3 BHELUHEFO MArHUTHOro nond

ITorkaxkeM, UTO paBHOBecHe TOJHKO 3a CUET
BHYTPEHHHUX TOKOB, IPOTEKAIOIKUX II0O ILJIa3dMe, T. €. B OTCYT-
CTBUE BHEIIHETO MArHUTHOTO IIOJIS, CO3/IaBaeMOT0 TOKAMH B
00MOTKAaX, HeBO3MOKHO. IIpeamosokuM obpaTHoE, TO €CTh
6yaeMm cuntaTh ypasueHue (12.3) BrIIoTHeHEBIM. BBegeM TeH-
30p MATHUTHBIX HATSAKEeHUIA:
B2 1

ik Pk g i 4_Bin- (12.4)

CyuetTomycaosusi B 0 ypasuenme (12.3) mpeobpasy-
eM K BUAY

ik, (12.5)

ITpeobpasyeM cieaylommuii nHTerpaa 1Io 6eCKOHEUHOMY
006BeMy, KOTODBIH BKJIIOUAeT U ILJIAZMY, U 00J1aCTh BHE ILIA3MBI:
ik g
x,—2dV  Ox; ,dS, —- ,dV. (12.6)

Xk Xk

CorsacHo (12.5) JeBast 4acTh 3TOro COOTHOLIeHHA odpa-

maeTca B Houb. [losToMy Tak Kak x;/ x,=. ;, IMeeM

4dV Ox; ;,dS,. a2.7

Ilocsie mocTAHOBKY BEIPAXKeHUA A1 ;, (12.4) moxydaem

@p Eyav o By BB 45 qzs)
8 8 4

JleBasd yacTh 9TOTO paBeHCTBA ABJAETCA KOHEUHOM U II0-
JOKUTEIbHON BeJINUYNHOM. B IpaBoil yacTu MHTETpUPOBaHIe
BeJleTCs IO IJIOIIAA, OTPAaHNYNBAIOIe i 6eCKOHeUHBIH 00h-
eM. JlaBjeHHe MJIa3Mbl Ha 9TOI MOBEPXHOCTH PaBHO HYJIO.
Ecim MarHuTHOe IoJie co3aeTcAd TOKaAMHU MO IJasMe, TO Ha
feCKOHeUHOCTH MATHUTHOE oJIe clIafaeT KaK 7 ° (JUIOIbHBIH
xapakTep) uianu 6sicTpee. IIo9TOMYy TOBEPXHOCTHBINM MHTETPAJT
B mpasoii yactu (12.8) obpaimaercs B Hoab. Takum oOpasom,
paBeHcTBO (12.8) He MOKeT GBITH BLIIIOJIHEHO, a CJIeJOBATEIb-
HO, IIpeAIoJioKeHe O TOM, uTo ypaBHenus (12.3), (12.5)
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CIIpaBeJJINBBI, HE COOTBETCTBYET ﬂeﬁCTBHTeﬂbHOCTH. Takum
o6pa30M, AJA YyaAep:RaHuA IIJIasMbl B MATHUTHOM IIOJIE Heobxo-
ANMO MaroHuTHOe I10J1e, CO3JaBaeMO€e BHEIIMTHUMU TOKaM1, B3an-
MO,Z[eﬁCTBPIe MEXAY KOTOPHIMHN KOMIICEHCHUPYETCA MeXaHnuue-
CKUMHU CHJIAMHU BHEIIIHETIO NCTOYHHUKA TOKA.

12.2. PABHOBECHUE MNMWHYA

PaccMmoTpumM 6eCKOHEUHBIH ILIa3MeHHBIN HIHYP,
TMOMeIeHHbINT B MAarHUTHOE MOoJIe, HAIlpaBJeHHOe BIOJb OCH
mHypa. BAoJab ocu MHypa MOMKeT TaKsKe ITPOTEeKaTh TOK, KO-
TOPBIH CO3AaeT a3UMYyTaTbHOE MAarHUTHOe ToJie. Takoil ImHyp
Ha3oBeM NUHUYeM. Bce mapaMeTphl MJIa3Mbl B HUHYE He 3aBU-
CAT OT MIPOAOJIHLHOM KOOPAMHATHI 2 M A3UMYTAJbHOTO yIJIa U
ABJIAIOTCA TOABKO QYHKIUAME paguyca r. ¥ papHeHne Mak-
cBesuia B 0 HM3-3a OTCYTCTBHS BABUCHMOCTH OT Z K B
MUINHIPUUYECKHUX KOOPAUHATAX CBOAUTCA K COOTHOITEHUIO
r 1d(rB,/dr), orkyaa B,r = const. I3 orpaHUYeHHOCTH B HYJIe
ciIefyeT, UTO paguajdbHOe MATHUTHOE T10JIe B IUHYE OTCYTCT-
Byet: B, = 0. TakuM 06pa3oM, B IUHYE UMEIOTCA IPOJOJIbHEIE
¥ a3UMyTaJlbHbIe MATHUTHBIE TIOJISA, KOTOPhIE CO3AAI0TCA, CO-
OTBETCTBEHHO, Aa3UMYTAILHBIM U MMPOJOJbHBEIMHU ToKaMu. M3
ypaBHeHuA MaKcBeJL1a B (4 /c)j umeem

Lde . Ld(rB)
4 dr P T ar

3,11ec1> HCIIOJIB30BaHO o61.uee COOTHOIIIEHNE:

< G (Azhy)
( Ay o L),
hih, x;

(12.9)

Bennuunna e;;, — abCcoONIOTHO AaHTUCHMMETPUYHEIHN TeH30D,
KOMIIOHEHTHI KOTOPOTO MEeHSIOT 3HAaK IIPH IIepeCTaHOBKE JIIO-
OBIX JBYX MHIEKCOB H paBHBI 1 B ciayuae BceX Pa3JIMUHBIX
WHIEKCOB 1 HYJIO JJI COBOAJAIONMUX NHAeKCOB. Koadduiu-
eHTH JlaMe Jiia NUINHAPUYeCKUX KoopAuHAT A, =1, h =7,
h,=1. YpaBHeHHe paBHOBECHUA JJI MNHYA CBOIUTCA K BUAY

dp 1

—(j B, ji.B). .
T LGB LB) (12.10)
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IToacrasaasa miaoTHocTs Toka u3 (12.9), moayuaem

dp 1dB? B d(rB)
dr 8 dr 4 r dr 0. (12.11)

HCHOJ’IBSyﬂ COOTHOINIEHNE MY asuUMyTaJIbHBIM MaramT-
HBIM IIOJIEM U TOKOM, IIPOTEKAKINNM BHYTPpH JaHHOI'O paauyca,

2I(r)

, I(r) j.2 rdr,
0
ypaBHeHHe paBHoBecusd (12.11) MoKkHO 3amncaTh B Buae
dp 1 dB? 1 dI?
dr 8 dr 2 c2r2 dr

B

0. (12.12)

Taxum obpasom, ypaBHenus (12.11) uau (12.12) mouHo-
CThIO OTIMCHIBAIOT PaBHOBECHE MJIA3MEHHOTO ITHYPA B MATHUT-
HOM TIOJI€E.

PaccMoTpuM yacTHBIE CIyUan paBHOBecuA. [L1asMeHHBIH
MIHYP, B KOTOPOM OTCYTCTBYET IIPOJAOJIbHBIN TOK, Ha3hIBAETCA
TaTa-nuH4YeM. BHem j,=0u B = 0, a ypaBHeHHle paBHOBecCH,
mocJie UHTeTPUPOBAHUSA IO PagUyCy, CBOAUTCA K YCJIOBHIO

2 2

Bz BO
8 8"’
rme BO — IIPOOOJIbHOE MaArHmMTHOE II0JIe BHe IIJIasMEeHHOTIO

MHYypa. 9TO paBeHCTBO MOKeT OBITH BHITIOJHEHO, €CJIH Ia-
pameTp

(12.13)

8 p
B
0
B nmpoTuBHOM caydae paBHOBecHe HEBO3MOMKHO, TaK KaK
JaBJeHNe IJIa3MbI He MOXKeT OBITH ypaBHOBeIeHo cuoi Jlo-
peHIia, a MIa3MeHHBIN IMHYDP pasjeTaeTcA CO CKOPOCThIO TO-
pAIKAa CKOPOCTHU 3BYKAa, KAK B OTCYTCTBHE MAaTHUTHOTO IOJIA
(cM. raaBy 9). IIpu BrinonHeHnu ke ycaopus (12.14) paBHo-
BecHe yCTaHABJMBaeTCA aBTOMATHYECKH 34 CUeT BO3HUKHO-
BEHUS a3UMYTAJILHOTO TNaMATHUTHOTO TOKA, BOSHUKAIOIIETOo
B HEOJHOPOJHOM IJIasMe 3a CUeT JJapMOPOBCKOTO BpalleHUA
YaCTHUI[ B MATHUTHOM T1oJie. J[MaMarHUTHBIN TOK YMEeHbIIaeT
MATHHUTHOE IIoJie BHYTPH IJIa3MeHHOTO IITHYpa, TaK UYTO ypaB-
HeHHe (12.14) okasbIBaeTCsA BHIMOJHEHHEBIM.

(12.14)



206 B. A. POXXAHCKWW. TEOPUA NJIASMbI

B oTsinume OT To9TAa-IUHYA B 3€T-TTHHYE IPOAOJHLHOE MAar-
HUTHOe II0Jie OTCYyTCcTBYeT B, = 0, a ciegoBaTeIbHO, OTCYTCT-
BYeT U fumaMarHuTHBIN TOK j = 0. [laBaeHMe I11a3MbI Yy paBHO-
BeImuBaeTcs cuoii JlopeHiia, BLI3BaHHOU B3anMOAeICTBHEM
TMPOJOJBHOTO TOKA C CO3JaBaeMbIM MM MATHHTHBIM IIOJIEM.
Coruacuo (2.12)

dp 1 dI2
- ——— 12.15
dr 2 c%r? dr ( )

VMHOM«KUM 06e wactu (12.15) Ha r® U IpoOMHTErpHUpPyeM
OT HYJIA A0 paguyca IIHypa a. B jieBoii YacTu BHIIOJIHUM UH-
TerpUpOBaHUE IIO YACTSIM:

a d a
r2 2P g 2 rpdr.
dr
0
B pesypTaTe HOJIyUNM HHTeTpaIbHOE YCIOBHE PABHOBECHS:
2@
—Z 2 rpdr a?, 12.16
52 pdr (p) ( )

0
KOTOpOEe CBSI3BIBAET MOJHBIN TOK B IIHYPEe CO CPeTHUM AaBJie-
HHeM MaasMbl. TakuM o6pasoM, YTOOHI yAep KaTh MJIasMeH-
HBIT MIHYD B OTCYTCTBYME BHEIMTHETO MATHUTHOTO MOJISA, TIO HEMY
HeOOXOAUMO IPOMYCTUTh TOK B COOTBETCTBUU C YPaABHEHH-
em (12.15) uau (12.16).

12.3. MOBEPXHOCTHbIE
BEJINYUHDI

B ycTanoBKAaX O yaepsKaHUA IJIa3MbBI B Mar-
HHUTHOM IT0JIe KJIIOUEeBLIM ABJISIETCA MOHATHE MATHUTHON MO-
BepxHOCTH. MBI 6yIeM paccMaTPpUBATDH CUCTEMY BJIOSKEHHBIX
TOPOUJATbHBIX MATHUTHHIX MTOBepXHOCTel. CUIoBast IUHUA,
JeKalnasa Ha TaKOM MOBePXHOCTH, MO0 3aMBIKAeTCs caMa Ha
cebs, 60 S3pTOAUUECKH 3aOJHAET BCIO MATHUTHY IO IOBEPX-
HoOCTh. B moceaHeM cayuae cHJIOBasA JUHUSA IPOXOIUT CKOJb
yroaHo 6JU3KO K JII00OH 3aaHHOM TOUKe MATHUTHOM ITOBEPX-
HocTu. MarHuTHBIe JKe MOBEPXHOCTH, HA KOTOPBIX CHJIOBAS
JUHUA 3aMKHYTA, ABJIAIOTCA BbIJeJJeHHBIMHY 1 Ha3bIBAIOTCA pe-
30HAHCHBIMU ITOBEPXHOCTAMHU. B yecTaHOBKax ToKaMaK UMeeT
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MEeCTO TOPOUAATIbHAS CHMMETPHUA, TO €CTh BCe BEJIUUNHBI He
3aBUCAT OT TOPOUAATHLHOTO yrJia. [IpuMep THITHYHBIX MATHUT-
HBIX TOBePXHOCTEI B TOKaMaKe IIpuBeJeH Ha puc. 12.1.

Ha kpaio miasMbl CHJIOBBIEC JUHUM CTAHOBATCA He3aMK-
HYTHIMHU M BBLIXOAAT HA MaTepuajlbHble MOBEePXHOCTH; JIH-
HUSA, KOTOpas pasaeaseT 00JIaCTH ¢ pa3HOM TomoJoTrneii mar-
HUTHOTO TI0JIs1, Ha3hkIBaeTCcsA cemrapaTpucoii. BHyTpu cemapar-
PHCHI BJIOKEeHHBIE OHA B APYTYIO MATHUTHBIE TOBEPXHOCTH
OXBAaTHIBAIOT CHJIOBYIO JUHUIO, KOTOPAad Ha3hIBAeTCS MArHUT-
HOI ochio. KpoMe TopouganbHO CHMMETPUYHBIX KOHPUTYpAa-
U CYITeCTBYIOT elfle U 60Jiee CIOKHBIe MAaTHUTHBIE JIOBYIII-
KM, — HaIpuMep, cTeJIapaTophl, ob6Jagalolue BUHTOBOM
cuMMeTpueii. BuHTOBOII cuMMeTpHei 06.J1a1al0T M MATHUTHEIE
oCTpoBa B TOKaMaKe, KOTOPhle MOTYT BOBHUKATH BOJIM3H pa-
IMUOHAJIBHBIX MATHUTHBIX TOBEPXHOCTEH; 9TH ABJICHUSI OYAYT
paccMOTpeHEI moaske. [Toka ke MBI OTPaHUYMMCS paccMoTpe-
HHEM TOPOUAATHLHO CHMMET PUUHBIX BJIOKEHHBIX APYT B APY-
ra MAarHUTHBIX TIOBEPXHOCTEI.

J1s omcaHuA paBHOBECH S B TAKOM CUTyalluu Y I00HO HC-
MOJIb30BaTh TaK Has3hbiBaeMble MOBEPXHOCTHBIE BeJHUYMHEI,

®

a

3aMKHVTBIC NNOBEPXHOCTHU

MarHuTHas OCb

OTKPLITBEIC TOBEPXHOCTHU

"

i
cemnaparpuca,
i X-TouKa

JHUBEPTOPHLbIE MJIACTHHBI

Pnc. 12.1
CeueHre MATHUTHBIX IOBEPXHOCTEeH TokamMakra,
COOTBETCTBYIOI[ee (PUKCHUPOBAHHOMY TOPOUNAILHOMY YTy
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KOTOphIe ABIAAIOTCSA QYHKIIUEN TOJHLKO MAarHUTHOI MOBEepX-
"HocTH. IlepBoii MOBe pXHOCTHOM BeJIMUNHOM ABJIAECTCA TOPOH-
JaJBHBIN MATHUTHBIHA IOTOK UYepes ceUeHUe Topa:

r  BdS, (12.17)

Sy

Tle MHTeTpUpoBaHUe IPOBOAUTCS ITO TOPOUTATbHOT IO A -
ke (puc. 12.2). [IpyrumMu cioBaMu, BeJIMUNHA , OpeACcTaB-
JsieT co0o¥ MOTOK TOPOUAATHLHOTO MATHUTHOTO IIOJS Yepes
TopouJaIbHOe ceueHNe MarHUTHOI moBepxHocTu. Coriac-
Ho ypaBHeHHI0 B 0 uTeopeme 'aycca mOTOK MATHHTHO-
TO TOJIA Uepes 3aMKHYTYIO MATHUTHYIO MOBEPXHOCTh PaBeH
Hyao. ITosToMy TOTOK Uepe3 OJHO TOPOHWIANbHOE ceueHme
paBeH MOTOKY Uepes Apyroe TOpoUJaIbHOE CeUueHNe, TaK KaK
BMeCTe ¢ MATHUTHO MOBEPXHOCTHIO OHU 00pa3yIoT 3aMKHY-
TYI10 IOBEPXHOCTh, 4 MTOTOK Yepes3 MarHUTHYIO MMOBEPXHOCTh
paBeH HYJIO, TaK KaK OTCYTCTBYeT KOMIIOHEHT MAarHUTHOTO
MOJIA, HOPMAJbHBIH K MAaTHUTHOM IMMOBEPXHOCTH TIO OTIpeeJie-
HHIO IocJe He.

ITosonaanbHBIN MOTOK IpeAcTaBJisgeT coboil TOTOK MAar-
HUTHOTO IIOJIA Yepes MOBePXHOCTDh, HATAHYTYIO BHYTPHU TOpA,
B «IBIpKe oT OyOnKa» (puc. 12.2):

BdS. (12.18)

Sp

Pnc. 12.2
TopouganbHoe U MOJOUAATBHOE CEUSHUS TOPa
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I

Pnc. 12.3
Paziuunble BaApUAHTHI BEIGOpA MOJTOUAATBHBIX TOBEPXHOCTEH

Ha puc. 12.3 nupuBefeHsl pasJuyuHble BapuaHThl BRIOOpA
TMOJIONAANbHBIX MOoBepxHOCTe!. [IoTOK MATHUTHOTO TOJIA Ue-
pes KaykIoe U3 TAKUX CeUeHUI OMMHAKOB, TaK KaK JBa ceue-
HHUS BMeCTe ¢ COOTBETCTBYIOMIUMH YacCTAMH MATHUTHOM TO-
BEPXHOCTH 00pas3yioT 3aMKHYTYI0 TOBEPXHOCTh, a ITOTOK Ue-
pes yacTHM MATHMTHBHIX MOBepxXHOCTell oTcyTcTByeT. Takum
00pasoM, HOJIONAATBHBIN ITOTOK TaKKe ABJIAETCA MOBEPXHO-
CTHOM BeJIMYMHOM.

IToBepXHOCTHOM BEIMUYMHON ABJAETCA U MMOJHOE AaBJe-
HUe IIasMbl p. Tak KaK MBI IpeHeOperaeM HHEPITUATLHBIMHU
wieHaMmu, T0 B p O, 1. e. naBIeHUe JOJIKHO OBITH BEIPOBHE -
HO BAOJIb CHJIOBOI JUHWUHU, a CJeJOBATEJbHO, TOJKHO OBITH
TMOCTOAHHBIM Ha Bcell MATHUTHOM ITOBEPXHOCTH.

W3 ypaBHeHnusa paBHoBecus (12.1) p [f B]/c ciaeny-
eT, YTO TaK KaK p HaIpaBJieH IO HOPMAaJHW K MarHUTHOMN
TMOBEPXHOCTH, TO OTCYTCTBYEeT KOMIOHEHT TOKAa, HOPMAJIb-
HBIM K MATrHUTHOM IOBEPXHOCTH (9TO YTBEpIKAeHUE Tepe-
cTaeT OBITH CIPpaBeIJUBHIM IIPHU yUeTe BA3KocTH). B mpeHe6-
pesKeHUH JKe TUCCUNATUBHBIMU HpolleccaMy U MHepITue i JIu-
HHUU TOKA, KaK 1 CUJIOBHIe JUHUYM MATHUTHOTO TOJA, JIeXKAaT
Ha MATrHUTHOI mMoBepXxHOoCTH. TaKk Kak AJ4 IJIOTHOCTH TOKAa
BBITIOJIHEHO ypaBHeHUe HeIIPepPhIBHOCTH f 0, To, KaK u
JIJI MATHUTHOTO MOJA, TOK Yepes 3aMKHYTYI0 TOBEPXHOCTh
paBeH HyJII0. [IosTOMY, YUNTHIBAA, UTO TOK Uepes YacTH MAar-
HUTHON MOBEPXHOCTH OTCYTCTBYET, MOYKHO, aHAJOTHYUYHO
MAarHUTHOMY IIOJIO, BBECTH ellle ABe MMOBEPXHOCTHLIE BEJIH-
YU HBI:
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I, jdS (12.19)

St

— MOJIHBIHA TOPOUAAJBHBINA TOK BHYTPHU TAHHOW MarHUTHOM
TMOBEPXHOCTH, U
I, jdS (12.20)
Sp
— TMOJHBIH TOJION AT LHBIN TOK Uepes Moo TaabHoe ceueHne.
Ha mMarauTHOII MOBEPXHOCTH OIIpejeieHa BeJNUYWHA (¢,
KOTopas Ha3bIBaeTCA 3aIllacoM yCToHUmMBOCTH. 1A 3aMKHY-
TOM CHJIOBOM JIMHWM BeJUUYMHA ¢ PAaBHA OTHOINEHUIO UHUCJA
000pOTOB N2 BAOJIb OKPYIKHOCTH G6OJBINOTO paguyca (60JabIno-
MYy 00X0AY) K UHCJY OGOPOTOB M BAOJH OKPYKHOCTH MAaJIOTO
paauyca (ManoMy o6Xoay) o0 3aMBIKAHUA: ¢ = n/m. [lada ap-
TOAMYeCKON CHJIOBOI IMHUH cJeyeT 6paTh mpeaes OTHOIIe-
HUS Opu 6eCKOHEYHOM UHce 06X00B:

..n
q rlzlmﬁ' (12.21)

IIo caMOMYy ollpeJieJIEeHUIO ¢ sIBJseTCS HOBerHOCTHOﬁ Be-
JNYUNHON. HOKa)}QeM, qToO 3aIac YCTOfI‘{PIBOCTPI TaKMXe MOXeT

~——a¥,

.k

p

Puc. 12.4
TopouganbHbIi ¥ MOJOUAAILHBIN MOTOKM MEKY JBYMS COCeTHUMHU
MATHUTHBIMH IIOBEPXHOCTAMH. 371e6Ch . — TOPOUAAJBHBIN yTroJr,

- IIOIIOI/II[aIII)HI)Iﬁ yroJj, TpeTbda KOOpAHUHAaATa COOTBETCTBYET
HOpMaJJau K MAaTHUTHO I IIOBEPXHOCTH.
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OBITH BHIpAsKeH KaK MPOU3BOIHAS TOPOUIATHHOTO ITIOTOKA IO
TTOJION TATHHOMY
d p
7 4
P
Jis goxasaTelbCcTBA PACCMOTPUM cHAUYAJJA YACTHBIN
caydaii ¢ = 1. PaccMoTpuM 06J1aCTh MEKAY ABYMSA MArHmT-
HBIMHU TTOBEPXHOCTAMMU, KOTOPHIE pPadBepHeM B IIJIOCKOCTH
(puc. 12.4). TopoumaabHBIil ¥ TMOJOUJANBHBIN YIJILI U3Me-
HAIOTCA B AuamnasoHe (0, 2 ), TaK 4TO JeBLIA U HPaBbI TOPIBI
mapajiejenuIeia cCKJIeeHbI MesK 1Y coboii. TpeTha KoopauHATA
HampaBJieHa IO HOPMAaJIKU K MarHUTHOM moBepxHocTH. Tak Kak
mocjie OAHOTO 00X0a TI0 HMOJIOMAATHPHOMY M TOPOUIATILHOMY
YTJIy CUJIOBasA JIMHUA 3aMbIKaeTCs caMa Ha cebs1, TO OHa JOJIMKHA
JesKaTh Ha IlepeMbIuKe (He 0643aTebHO IIJIOCKO), 3aIlITPUXO0-
BaHHOI Ha puc. 12.4. I[ToTox MAarHUTHOTO II0JIA Yepes 3Ty Iepe-
MBIYKY OTCYTCTBYET, TaK JKe KaK 1 uepes OJMIKHIO U Jajb-
HIOIO YacTh MAarHUTHHIX ITOBepxHocTel. [TosToMy, paccMaTpu-
Basi 00'beM, OTpAaHUUYEHHBIN ITePeMbIUKOI, ITepeaHel 1 3aJHe i
YacTAMU MarHUTHOM ITOBEPXHOCTH, HUKHeI 1 TpaBoii TopIie-
BOM T'paHSAMH, MBI 3aKJII0OUAEM, UTO MOTOK Yepesd HHUKHIO
TpaHb paBeH MMOTOKY Uepes IMPaByIio TOPIEBYIO rpaHb, TO €CTh
d p= d ,. 3HAK ¢«MHHYC» YYWUTHIBAeT TOT aKT, YTO IIPH
mepexofie K 6oJiee BHEIIHUM MATrHUTHBIM HOBEPXHOCTAM TO-
pouganbHBIT MATHUTHBIN ITOTOK PACTeT, a MOJOUAATBHBIN —
nagaet. Takum ob6pasom, 8151 ¢ = 1 coorHomenue (12.22) Br1-
moJHeHO. B caydae ¢ = n/m ToponganbHBIN IIOTOK Yepes TOP-
IeBYIO TpaHb BO3PACTAET B 1 pa3, UTO COOTBETCTBYET UUCITY
mepeceueHnil CUIOBOM JUHNHT A0 3aMBbIKAHUSA, a Yepe3 HUMK-
HIOIO I'paHb — B m paas, cooTBeTcTBeHHO (12.22) ocTaercsd cupa-
BeIIUBBIM. VI, HaKOHeIl, B IIpeesie AJId 3proAudecKoi CUuIo-
BOI TMHUMU MO-IIpesKHeMY BBIITOJIHEeHO cooTHoImeHne (12.22).

) (12.22)

12.4. YPABHEHUE
re3AA — LWAGPAHOBA

®opmMa IPOM3BOJBHBIX MATHUTHBIX MOBEPX-
HoOCTell AJIA caydas TOPOUAAIbHOM CHMMETPHUHM ONTHUCHIBAET-
cd ypaBHeHMEM PaBHOBECHS, B KOTOPOM GUTYPUPYIOT TOJb-
KO MOBEePXHOCTHBIE BeJUUYUHEI. PaccMOTpeHMe MpoBeaeM



212 B. A. POXXAHCKWW. TEOPUA NJIASMbI

\__/ R
Puc. 12.5

Llnnnl-mpnqecxaﬁ CHUCTeMa KOooOpAHuHAaT:

R — GonbImiolt paguyc; — TOPOUTANBHBIR yIoa.

B MUIHHIPUUYECKOI cUCcTeMe KoopauHart, (R, ,z)usobpakeH-
HoM Ha puc. 12.5. KoopauHaTta R mpeacTaBasieT coboii 60b-
Io# paguyc, a — TOPOUIAJbHBIN YroJ, OT KOTOPOTo He 3a-
BUCAT HUKaKWe BeIUUYNHBI. TouKa Ha MArHUTHOM MMOBEPXHO-
CTH ONKUCHIBAETCA, TAKUM 06pasoM, mapoi koopauHat (R, z).
MarauTHOe ToJie TIpeCTaBJIsIeT CO00 CYMMY ITOJOUAATHLHO-
To Bpn TOPOUTATHHOTO BT MAIHUTHBIX IoJeii: B Bp BT.
ITosonaasibHOE MAaTHUTHOE TI0JI€, B CBOIO OUepelb, MMeeT ABa
KOMIIOHEeHTA: Bp BZ BR' IonmonganbHBINT MAarHUTHBIH II0-
TOK , IIO OIIpe/IeJIeHUIO PaBeH
R

2 RB.dR, (12.23)

0
OTKYyJga cjaeayeT COOTHOIIIeHHue

1 P
B Lt (12.24)

Wurerpupys ypaBHeHne B 0, KOTOpOe B IHJIMHIPU-
YeCKUX KOOPAMHATAX MUMeeT BUJ
B, 1

= —5(RBy) 0, (12.25)
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BhIDpasuM U paJnaJIbHYIO IIPOCKIINIO MAIrHUTHOTO IIOJIA Yepeas
HOJIOPI,Z[aJIbeIﬁ IIOTOK:

R
1 B 1
B - 2Rd — 2 12.26
" R,z RdR 573 ( )
ITononganbHBIN TOK IP 3amuIneM B BUOe
R
I, 2 Rj,dR. (12.27)

0

HuddepeHITUPYA IO BepXHEMY HpeAesy, UMeeM, aHAJO-

ruuHo (12.24): I

. 1 p

L 12.28

L TR R ( )

Tak kak j 0, TO KaK U JJIs MATHATHOTO IIOJIS, AMeeM
CBA3b, aHamoruuHyIo (12.26):

R .
) 1 j, 1 1,

= RdR — 2. 12.29
Ir R,z 2 R :z ( )

Topom:[aﬂbHoe MAaArdHuTHO€ I10JIe BhIpa3duM UYUepes IIOJOU-
,Z[aJ'IbeIﬁ TOK U3 HHTETPAJBbHOI'O YPABHEHNA Maxcsesia IIpn
o6xo,1:[e II0 KOHTYPY B TOPpONAaAJbHOM HallpaBJIeHUN:

21,
5 (12.30)
,D;IIFI TOpOPI,Z[aJ'IbHOfI IIJIOTHOCTH TOKAa nMeeM
. c 5 c BR Bz
-~ B -~
I3 4 2z R
c 2 1 c
r r

8 2R 22 FE 7 R geg ¢ (123D

31ech omepaTop HamoMuHaeT omepartop Jlamiaca:

2 1

22 R R R

3anuileM Teleph pagnalbHYI0 KOMIIOHEHTY ypaBHeHUA
paBHOBecHUA:

p 1,. )
£ (G B, iB). }
o C(J . J.B) (12.32)
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IToacTaBmM B IpaByIo YaCTh KOMIIOHEHTHI MATHUTHHIX II0-
Jei u IIoTHoCcTe ToKoB: (12.24),(12.28),(12.30)u (12.31), a
JIeBYIO UacTh IIpeobpasyem corsiacto p/ R=(dp/d 20,/ R).
Cokpaiias o6e 4aCcTH HA BeJIUUHHY P/ R, mosmyuyaem

16 3R2d_p ﬂﬁ
P d , ¢2d ,
9To ypaBHeHNUE N3BeCTHO KaK ypaBHeHue I'paga — Illad-
paHoBa. PeleHnem ero ABiasgeTca QyHKIIUA P(R, z), a ycJao-
Bue (R, z)=const ompenesnser ypapHeHNe, CBSA3BIBAIOINEE
KOOPAMHATHI TOUEeK JAHHOW MarHumTHOI moBepxHocCTH. Pe-
muTth ypasHenue I'paga — IladpaHosa MOXKHO, ecIu 3aJaHBI
dyurmuup( )ul,( ,), KOTOpHIEe U ONpeResIoT GOpPMY Mar-
HUTHBIX moBepxHocTeit. [locienHue moabupaioTcsa, YTOORI
MOJIYUHJIOCH sKeJlaeMoe paBHOBecue. BHe mIasMe HHOTO IITHY-
pa ypasHenue I'paga — IlladpparHoBa mMeeT BUJ,

,=0. (12.34)

(12.33)

Ha rpaHulle miasMeHHOTO IMHYypa pellieHne YpaBHEeHUSA
(12.33) ,; u pemmenne ypasHenus (12.34) ,, JOMKHEL OBITH
CITUTHI BMECTE C TTPOU3BOIHBIMYU IO HOPMAJIH:

, — & el (12.35)

BeJ’II/I‘II/IHy IIOJION AAJIBHOTO MArHUTHOI'O ITIOTOKAa y,Z[O6HO
OTCUHUTHIBATEH OT MATHUTHOM OCH. HpI/I 9TOM BBOJAT BEJIMUYNHY

0 (12.36)

P P’

rae g — IOJIOUJAJBHBIH IIOTOK, COOTBETCTBYIOI UL MATHUT-

HoM ocu. BesmunHa ob6parlaeTcsa B HOJb HA MATHUTHOT ocH
M HapacTaeT K cemapatrpuce. [ Hee TaKsKe BBIMOJHSIETCA
ypaBHeHue I'paga — Illagpanosa.

IIpuBegeM mMpocToOi MpUMep pacueTa paBHOBecudA. Iloyo-
sxuM dp/d =const u dI?/d = const, npuuyeM KOHCTAHTHI
BBEIOEpEM CIaeAYIOMIM 00 pasoM:

dp a o 8 2dI? b o

16 3 —=— N
d R} c2 d R2
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Tor/:[a IIPOCTOE pellleHne YPpaBHEHUA paBHOBECHUA NMeEET B

4 1 2 2y,2 @ 1. po 2)2
Ry — E(bRO R?)z T(R REY.
0
B touke R= R, u z = 0 nosouganbHblli notok =0, sTa
TOUKA COOTBETCTBYET MOJIOMKEHHIO MATHUTHOI ocu. Boausu
MmarguTHoli ocu npu B R, mosydaeM

_ %(b nzt @ DE Ry LY (12.37)

0 R 2 R

Takum o6pa30M, MAaATrHUTHEBIEC IOBEPXHOCTH B 2TOM IIpHUMeE-
pe nMeT (bopMy QJIJINIICOB, OXBAThIBAIOINMNX MAIrHUTHYIO OCh,
IIOJIYOCH KOTOPHEIX OIIPpeAeJIAIOTCA BeJINUYNHAMH a4 1 b.

12.5. UHTErPANIbHOE YCJ1IOBUE
PABHOBECUA NMNA3MbI
B TOKAMAKE

YToO6HI JIyUIlle TTOHATDH, KAK OCYIMeCTBIAETCA
paBHOBecue B TOKaMaKe, PACCMOTPHM TOKaMaK C KPYTJBIM
ceueHnuneM. [IycTh mocaeHASA 3aMKHYTasA MAaTHUTHAA MOBEPX-
HOCTH UMeeT paguyc a. OTpaHHuUUMCSA caydaeM 60JbIIOTO ac-
TIeKTHOTO OTHOIINeHUSI, KOTJa
% «1, (12.38)
rae R — GoabIioii pagmyc IMHypa, HalIpuMep, COOTBETCTBYIO-
U HeHTPY mocjiefHeil SaMKHYTO MATHUTHOI IOBEPXHOCTH.
IIpu ycnosuu (12.38) B HyJIeBOM HPHUOIHMKEHNH TOP MOKHO
paccMaTpuBaTh KaK IMTUJAUHAP, a TopougadbHble 3hdHerTh —
Kak MaJble monpaBku. C Takoil TOUHOCTHIO MOYKHO He AeJaTh
PasIUUnA MeKIY OOJIBITTUM PaguycoM IeHTpAa ITHY pa UK 60JTh-
UM PaguycoM KaKoii-I1nb0 TOUKN MArHUTHOM MOBEPXHOCTH.

IIpoaHanu3upyeM CUJBI, JeHiCTBYIOIINE HAa IJIa3MeHHBIH
IIHYD B 1eJioM. B HyJeBOM (IIUIUHAPUUECKOM ) TPUOIMKEe HUN
BCe CHJIBI IeMCTBYIOT B HAMPABJeHUH MAJOTO paguyca ILias-
MBI, 9TO TaK HA3hIBAEMOE « paBHOBECHE IO MAJIOMY Paguycy».
B sToM npubanskeHUH BHITOJHEHO pacCMOTPEeHHOE paHee ypaB-
HeHne paBHoBecus (12.11) nim (12.12). UaTerpupys (12.12)
¢ BecoM r? 10 BceMy IHYPY PajUyCa a U BLIIOJIHAA HHTeTPH-
poBaHHUeE IO YaCTAM, MOJyUaeM
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B: [B? IZ
(p) = d L“). (12.39)
8 8 2 c2q2
31ech
( 1 B? 1 B?
p) — 2 rpdr, —— 2 rp——dr, (12.40)
a? 8 a2 8
0 0
rae I11oJie Bi — 3TO TOpomAgaJIbHOE€ MaArHuTHOE II0JIe BHYTPpH
IIJIaSMEeHHOTI'O IITHYypPa, KOTOPOEe COOTBETCTBYET IIOJIO BZ B ITH-
JUHAPE; II0JIe Be — TopomagaJIbHOE€ MarHUTHOE II0JI€ B BAKYY-

Me (cooTBeTcTBYeT oJiio B, B (12.12)); I, — moyHEBIH TOpOU-
TaJbHBINA TOK.

Vpasuenne (12.39) npeacrasiseT coboii mHTerpajibHOE
yCJIOBHTE paBHOBECHS IO MAJIOMY pPaguycCy.

B cuiy Toro, UTO B TOpe 9JIeMEHT IJIOIAAKN Ha BHeITHeH
cTopoHe 6oJIbINle, UeM Ha BHYTpPeHHell, B HEM, B OTJHUYNME OT
MUJINHAPA, BOSHUKAIOT CHJIbI B HalpaBJeHUH GOJBINOTO pa-
auyca. OTH CHUJBI coepsKaT Maublii nmapameTrp a/R. Uute-
TpaJbHBIN GaJaHC 5THUX CUJ Ha3bIBaeTCA PaBHOBECHWEM IO
GoJpIioMy paguycy. UTo6bl HANTH 5TU CHUJIBI, PACCMOTPUM
BUPTyaJbHbIe TIepeMelleHnus IMHypa B HalpaBJeHUN 60Jb-
IIOTO paguyca M BEIUUCINM COBepIlaeMyio paboTy A U MOTeH-
nuaabHylo smepruio W = —A, samaceHHyo B muype. Torga
cuja, IeficTByOIasi B HalpaBJieHN ! GOJIBIMTOTO pagnyca, eCTh
F=—- W/ R.

IToTeHMaNbLHAA SHEPTHUS MIHYPaA U CUJIa B HAIPaBJIeHUN
BHeEIITHEeTo 06BO/Ia CBSIBAHBI C TPeMSA Pa3JIUUHBIMHU (haKTOpaMu:

W=W,+W,+ W, (12.41)

IlepBas yacTh MOTEeHIIMAJIBHOUW SHEPTHU WP cBA3aHa C
MOJHBIM JaBJIeHIEM ILTA3Mbl M Pa3JIHUNEM BO BHYTPEHHEM 1
BHelllHeM o0Bojgax Topa. IIpu mepeMeleHMH MJIa3MeHHOTO
IIHYpa B HAIIPaBJIeHU N BHeIIHeT0 0680 a IPOUCXOJAUT ero pac-
ImupeHue u coBepinaercsa pabora. CooTBeTCTBYIOIAs IIOTEH-
nuaabHAA SHepPTrus:

W, pdV 2 2a’R(p), (12.42)
acuJja:
w
F, —RP 2 2a%(p). (12.43)
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Bropas cuia cBssaHa ¢ B3aUMOJelCTBHEM TOKOB, TeKY-
IMKUX II0 MHYPY B TOPOUAAILHOM HAIpaBJIeHUN, UJIN, SPYTH-
MH CJIOBAMH, C B3aUMOJeICTBHEeM TOPOUAIBHOTO TOKA C TO-
JIOUAANBbHBIM MarHUTHEIM noJieM: j B,. [loTennnanbHas anep-
I'us B3aUMOJAEICTBUA TOKOB: \

w, LIz ga)
2c
rge L — MHIYKTHBHOCTH ILJIA3MeHHOTO IMHYpa. Beamumua
MHAYKTHUBHOCTH [IJIS TOPA ¢ pacipefeIeHHBIM TOKOM N3BeCT-

Ha 1 paBHa

L 4 R[In8R/a) 2 1/2], | (B2)/Bi(a). (12.45)

, (12.44)

3zech B,(a) — nononjanbHOe MArHUTHOE [I0JIe HA TPAHU-
e MJIa3MeHHOTO ITHYpa, a cpeiHee ollpeieIeHO TaK ke, KaK
B (12.40). CMecTuM WIHYP II0 OOJBIITOMY paguycCy, IPH STOM
MarHuTHHHA noTok (a) = I;L/c gosxeH COXpAaHUTHCHA, a TO-
pouganabHBIN TOK — U3MeHUThCA. [[oTeHITHATHLHYI0 9HEPTHIO
ymoOHO IepenucaTh B BUIe

(@)
W, (12.46)
COOTBeTCTBYIOH.IaH cuJja:
w, 212  8R b
— — = . 12.47
FI R const C‘z In a 1 2 ( )

TpeTbH cuJja cBdsaHa C B8aPIMO,Z[eﬁCTBHeM IIoJIONJaJdbHO-
'O TOKa 1 TOpOongaJbHOI'O MAarHUTHOT'O IIOJIA jPB . CooTBeTcCT-
ByoIinad IIoTeHIInaJlIbHad SHEePIrud:
2 2
Bi Be
g4V g—dv. (12.48)

Vi Ve

Wg

31ech WHTETPAJIHI OepyTcs Mo 00beMy IMHYypa U o0JacTH
BHe ITHYpa cOOTBeTCTBeHHO. IlepemuineM 5TO BHIpayKeHHE B
BUE

B2 B2 B2
Wy ° dv . ° av
v v 8 v 8 8
B2 B2
const 2 2g2R({—— 2 ). (12.49)

8 8
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IlepBoe caaraemoe 3fiech IpeaCTaBJsIET cOO0I MHTETpaJ
OT JaBJIEHHUSI BAKYYMHOTO MArHUTHOTO IIOJIA IO BCEMY 06he-
MY U MOSTOMY ABJAETCA KOHCTaHTOM. BTOpoil ke MHTeTpaJ
JHUHENHO 3aBUCHUT OT 0OJIBINTOTO pagumyca. Cujia B HalpasJie-
HUHU GOJIBITIOTO pagnyca paBHa

B2 B2
n, Vo og g B <_> (12.50)

R 8 8

IIpeo6pasyem mpasyio yacTs (12.50), HCIIoab3yA yCIOBHE
paBHOBecH 1o MaJioMy paguycy (12.39):

Fy 2 2a2(p) ﬁ. (12.51)

o2
C10:xuM Tellephb Bce Tpu cuibl (12.43), (12.47)u (12.51):
F, F, F; Fp

21 8R 3 I 2c*(p)
" 2 1z

3
= 12.52
. (12.52)

2 a

Cuna Fj BRITAJKHUBAeT IJIa3MeHHBIH ITHYD B HAIIpaBJe-
HIH BHeIllHeTo 06Boga. UTo6HI yaepsKaTh [1J1a3My B paBHOBe-
cHH, HeobXOANMO IPUJIOKUTE K INTHYPY AONOJHUTEJIbHYIO
Berpeunylo cuiny F,  Fp. UTo0BI cO3HATh TAKYIO CUILY, yAED-
SKUBAIOMIYIO ILIa3MeHHBIH ITHYP, B ILJIaszMe cO3IaloT BepTH-
KaJbHOE MATHUTHOE I10JIe By, 3a cUeT IPONyCKAHUS TOKA B CIIe-
OUaJbHBIX 06MOTKax. B pesyabTaTe BsauMogeicTBIIS BepTH-
KaJILHOTO MOJIS C TOPOUAAIBHBIM TOKOM, TeKYIII M IIO ILIasMe,

IIOABJACTCA CHAJIa

1

R, 1By 2 R

¢
Besnnuuza BepTUKAIBHOTO IOJA HAXOJUTCA U3 YCIOBUA
F, Fy:

I;B,. (12.53)

I S8R 3 I 2 c%a*(p)
B, L8R 354 2% (1254
"R a 22 Iz (12.54)

Hocne/:[Hee cilaraeMoe B CKOOKaXxX M3BEeCTHO KaK «beTa To-

KOBOEe»: 9 02a2<p> 8 <p>
17 B} (a)

(12.55)
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Puc. 12.6
dopmupoBanre X -TOUKN Ha BHYTpeHHeM 06BoJle TOKaMaKa IIpH pocTe . ;.
CTpeJKaM¥ IIOKA3aHO HAIPABJIEHUE MOJOUAATLHOTO MATHUTHOTO II0JIs
B pasHBIX 06JIaCTAX.

U TIpeJICTaBJISIEeT COOOM OTHOIMEHNE CPpeJHETO TaBJIeHUSI MJIas-
MBI K JaBJEeHUIO MMOJIOUTATbHOTO MATHUTHOTO ITOJIA.
PasmoBecHe MJIa3MeHHOTO ITHYPA BO3MOYKHO He IIPH JIO-
60M sHaUeHUHU ;. JeHCTBUTENIHLHO, H3-3a TOTO, YTO BEPTUKAJIE-
HOe yIIpaBJAlolliee MATHUTHOE TI0JIe CKJIAIbIBAETCA C TTOJIOM-
JaIbHBIM MArHUTHEIM ITOJEM, CO3aBA€MBIM TOPOUAATbHBIM
TOKOM, Ha BHYTpPeHHEeM 00BOJe CyMMapHOe MOJOUAAIbHOE
MAarHuTHOe IToJie oOpalmaeTcs B Hoab (puc. 12.6). Touka, B
KOTOPOIi 5TO MPOUCXOAUT, HasbiBaeTcA X -TOUKOM, a TUHUS,
Ha KOTOPOI HaXoAUTCs X -TOUKA, HashbIBaeTCA ceapaTpUCOi.
CemapaTtpuca paseJjseT 00JacTH ¢ pa3InuHOI TOMoJIoTHeit Mar-
HUTHOTO noJsA. IIpu HeGOMBINNX 3HAUYEHUSIX ; BEPTUKAIBHOE
moJie Majo u X -ToOuKa HaXoAUTCA BHe MJIa3MeHHOTO ITHYpa, Tae
chafalolree KakK 1| MOJOUAAJILHOE TI0JIe TOKA CPABHUBAECTCSA C
BepTUKAJBHBIM ITosieM. C yBesnueHNeM 3HaUeHHUs  ; X -TOUKa
CIBUTAETCSA B HANPABJCHUHU ILIA3MEHHOTO ITHYpa W paBHOBE-
cue CTAaHOBUTCA HEBO3MOJYKHEIM, TaK KaK IJIasMa HauMHAeT
YXOAUTh BAOJDb CHUJIOBHIX JUHHUIN MATHUTHOTO MoJiA. MaKcH-
MAaJIbHO BO3MOXKHOMY 3HAUEHHIO ¥ cOOTBETCTBYeT yCJIOBLeE
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21
B, =L. .
V' ea (12.56)
OTcrona cienyer
2R 8R 38 |
max 1 =z 1, 12.57
d a n a 2 2 ( )

9To 3HaUeHHe ['¥ COOTBETCTBYeT IIpeje]bHOMY IO paB-
HOBECHIO 3HAYEHUIO = ; IJ5 TOKAMAKOB KPYIJIOTO CEeUeHUAd.
IIpu nsMmeHennu GbopMbl CeUeHNU, HATIPUMED TIPH yBeJaHuUe-
HUH BBITAHYTOCTH, 3HaUeHHe P** MOMKeT OKasaTbcsa 60JIb-
e, yeM 3HauYeHHe, KOTOpoe AaeTcs BhIpakeHumeM (12.57).

12.6. PABHOBECUE NJIASMbl
B TOKAMAKE C MATHUTHbIMU
NOBEPXHOCTAMMU,
BJIN3KUMU K KPYTOBbIM

IIpoananusupyeMm Tenepb GOpMYy MAarHUTHBIX
TOBepPXHOCTEl B TOKaMaKe, eCJIU ceueHne 6JU3KO K KPyTroBO-
My. Bygem nckaTh paBHOBecHe, B KOTOPOM MArHUTHBIE TTOBEPX-
HOCTH TIPEACTABJIAIOT COOOM CHCTEMY BJIOMKEHHBIX OKPYIKHO-
CTel, IIeHTPHI KOTOPBIX CMeIleHbI OTHOCUTEIHHO ITEHTPA OKPY K-
HOCTH, COOTBETCTBYIOIEl MocJeTHell 3aMKHYTOH MATrHUTHON
noBepxHocTH (puc. 12.7). BygeMm o6o3HauaTh 6OJBINONH paguyc
LeHTpa nocjefHell 3aMKHYTOM MArHUTHOM IToBepxHOCTU — R,),
a GOJILIION pagmyc IPOU3BOJIHHOM TOUKN MATHUTHOM MOBEpPX-
HocTu — R. BenwumHa r — paguyc MarHUTHOM MOBEPXHOCTH,
OTCUMUTBHIBAEMBIN OT ee IeHTpA, AJA HocjelHell 3aMKHYTOM
MATHHUTHOI MOBepXHOCTHU r = a. CMellleHne IeHTpa JaHHON
MATHHUTHOI TMTOBEPXHOCTH OTHOCHUTEJBHO IEHTpPA MocJeqHel
3aMKHYTOM MAaTrHUTHOM IIOBepXHOCTH obosHauuM . (r), 5Ta Be-
JNYUHA YMeHbIIaeTcs ¢ pocToM 7, npuueM . (a) = 0. Besqmun-
HY (7) HaspIBaloT madpaHOBCKUM cABUTOM. Ilo-ipeskHeMY
HUCIIOJIb3yeM MPUbInKeHe MAJTOM TOPOUIATHLHOCTIH

é«l. (12.58)

TopouaalbHOe MATHUTHOE TIOJIe B TOKaMaKe 06 paTHO Ipo-
TMOPITMOHATHLHO GOJIBITIOMY PagUyCy:

0
B, %. (12.59)
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<— A(r)

Ry

Puc. 12.7
IlagpaHOBCKOE CMEIleHHEe KPYTOBLIX MATHUTHLIX IIOBEPXHOCTEH

ds

Y
N

Punc. 12.8
DJIeMeHT IJIOIAAY MEXKY ABY M GJIUZKUMUA
MATHATHBIMH IOBEPXHOCTSMHA

3necs BY — TopomialbHOe IOJe B LeHTpe IocJjeaHeil
3aMKHYTOM MarHUTHO MoBepXHOCTH. MUCIIONB3Y s reOMeTpH-
YecKoe coOTHoIleHue R = R, + rcos , sanummem (12.59) B Buge

By

By (1 cos )

Bl cos ). (12.60)
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HOJ’IOI/I,Z[aJII)Hoe MAaArHUTHOE IIOJIe 6y,1:[eM HNCKAaTh B aHaJIO-
TUMYHOM BHgeE:

B, Bl  (r)cos ). (12.61)

Benuuuny (r), kak u. (r), OpeJACTOUT HANTH U3 ypaBHe-
HUS paBHOBecusA. OTH PYHKIIUU He ABJISIIOTCA He3aBUCUMBI-
Mu. YT00BI HANTH CBSA3Hh MEXKAY HUMU, pAaCCMOTPHUM JABE CO-
ceHUe MarHUTHBIE MOBepXHOCTH. IIycTh d — paccTosHue Mo
HOpMAaan MeXKAy HuMHu (cM. puc. 12.8). Beanunnad saBucur
OT TOJIOUAATHLHOTO yTJa U MmadpaHOBCKOTO CABUTA:

d dr cos d (1 cos %)dr. (12.62)

OJIeMEHT Ijonraamn dSP MEeXAY COCeJHUMHN MAarHUTHBIMN
IIOBEPXHOCTAMMU, Uepea3 KOTOprﬁ IIPOXOOAUT HOJIOPI,Z[aJIbHBIfI
IIOTOK, PaB€H

d
dS, 2 Rd 2 Ry(1 cos )1 cos W)dr

2 Ry[1 ( ‘Zl—)cos 1dr. (12.63)

r
M=l npeHe6peraeM KBaApATHUYHBEIMU Io  uwieHaMmu. Ilo-
JIOI/I,Z[aJII)HI)Iﬁ IIOTOK MEXAY COCeJHNMMU IIOBEPXHOCTAMU €CTH

d
d , B,dS, B cos )2 R,[1 ( W)cos 1dr

2 RBY 1 ( ‘;—r)cos . (12.64)
Tak Kak MOJIOUAATLHBIN ITOTOK €CTh MMOBEPXHOCTHASA Be-
JUYWHA, TO IpUpamenue d , He 3aBUCHUT OT IIOJOUATBHOTO
yria. ITosToMy, mpupaBHUBaAA HYJIO KO9DDPUIIMEHT mepe]
cos , IOJYy4YaeM COOTHOINEeHIe
d_
dr
ChnpoeKTupyeM Tellepb ypaBHeHHe paBHoBecus B ¢Gop-
Me (12.3) Ha HamTpaBJaeHHe IO HOPMAaJIH K MATHUTHOM MOBEPX-
HOCTH:

( 1. (12.65)

a Z—rcos )%(p g—z) h(lzi)B. (12.66)
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3mech B — eIVMHUYHBINA BEeKTOP, HOPMAJbHBINA K MATHUT-
HOU MOBEPXHOCTH, a4 IPH BRIYHCJICHNH IIPONU3BOAHOI 10 HOP-
MAaJIH HCIIOJIb30BAHO COOTHOINEHIE

d
— —@1 =—co0s ),
r dr
KoTopoe caeayetr us (12.62). PazoObeM omepaTop B mpaBOii
YacTH! Ha YeThIpe cllaraeMbIX:

(B )B (B; )B; (B, )B; (B; )B, (B, )B,. (12.67)

IlepBoe cIaraemoe B IpaBoi YacTM, B COOTBETCTBHUH C OTIpe-
JeJleHUeM paguyca KPpMBUSHBI IIJIOCKOM KPUBOM, IpeACTaABIIA-
eT coboi BEKTOP, HAIIpaBJIEHHBIH BIOJIb GOJIBITIOTO pagnyca:

2

B, B, LLR kB, B, oI
(T)T F, (T)T fCOS. (12.68)

Bropoe ciaraemoe B mipaBoii uactu (12.67) (Bp )BT apen-
cTaBJIsAET co60iT BEKTOP B TOPOUAATHLHOM HAIIPABJICHUH U HE TMe-
eT IPOeK (1M Ha HOPMaJIb K MarHUTHOM mosepxHocTH. Tperbe
caaraeMoe (BT )B TIpeCTaBaAsgeT cOO0M MOTONAATbHBIN BEK-
TOP U TaKsKe He UMeeT IPoeKITNK Ha HOPMAaJIb K MAaTHUTHOM I10-
BepxuocTHu. I[Tocaenunii BekTop B (12.67) HanmpaBJieH BAOJIb MAa-
JIoTO pagmnyca K IeHTPY, TaK UTO

. _ B2
h(B, )B, - (12.69)
C yuetom (12.68) 1 (12.69) mpeobpasyeTcs K BUAY
d d, B 1 B} B}
1 & sy B L 2r 2o .
( drcos )dr(p ) 1 R cos - (12.70)

IlepeHeceM MaJible WIEHBI IOPAIKA , COAepIKaIIe CoS ,
B IPaBYIO UaCTh:
B? B2 g4 B

d., B b5 d by
ar? 8 T TR arir S 127

Ilpu sTOM B mocJefHeM uieHe Beanunna d(p B2/8 )/dr
3aMeHeHa Ha BIZ) /(4 1), 4TO COOTBETCTBYET IUIUHAPUUECKO-
My (HyJeBOMY IO IIapaMeTpy ) IpuOJanskeHmnio. B JeBoii uac-
T (12.71) KpoMe UJIeHOB HYJIEBOTO MOPAJKA II0 . IIPHUCYTCTBY-
10T ¥ YJIeHBI, TPOTIOPIUOHATLHEIE COS , KOTOPBIE MOJYUYaIOTCs
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TpH TMOACTAHOBKE TOPOUAATIHHOTO U MOJOUTATHHOTO MATHUT-
Horo mmoJs B Bufe (12.60) u (12.61). Takum o6pazom, Kpome
ypaBHEHUS paBHOBeCHUA HYJI€BOTO MPUOIMKEHU A

d (B2, (BpY
art? 3 g O
HMeeT MeCTO ypaBHeHHe ITePBOTo IPUOINKeHUA, KOTOPOE Mo~
JydaeTcs MpUPaBHUBAHUEM K HYJIIO KO9(pPUITUEeHTA TTPH COS
B (12.71). Uctionbsys cooTHoImeHne (12.65) 1 ypaBHeH1e HY-
JIEBOTO MPUOIMIKEHUA, TMEeEeM

(12.72)

d (poyed_y 8ridp 2r
dr(r(BP dr R, dr R,

IToce MHTETpUPOBAHUSA IO MAJIOMY PagUyCy:

(BO)2. (12.73)

d 8(p P) B}, (12.74)
dr (BY)? R,’ )

rae

2 rp(r)dr, Elz, Lz 2 r(Bg)zdr.
r

0 0

BennumHa cMeIlleHWsI MATHUTHBIX HOBEPXHOCTel, KaK
cnegyet us (12.74), saBucut ot napamerpa. ;(12.55). Besnn-
ynHa d /dr oTpuIiateabHa, TaK KaK IIPH cOagalolneM Mo pa-
auycy naBieHuun p p. Takum obGpasoM, 60Jee BHYTPpeHHUE
MATHUTHbBIE TTOBE PXHOCTH CUJIbHee CMeIeHbI Hapy Ky, B COOT-
BeTcTBUU ¢ puc. 12.7. Cama BesnunHa madpaHoBCKOTO CABH-
ra (r)moayuaercs nHTerpupoBanuem (12.74). 3uas madpa-
HOBCKH I CABUT, HETPYAHO pacCUMUTATh U MOJIOUTaIbHOE MAar-
HHUTHOe moJe ¢ momoInbio (12.61) u (12.65).

- 1
p

7"2

12.7. CUCTEMblI KOOPAUHAT .
419 MATHUTHbIX MOBEPXHOCTEW
NPON3BOJIbHOWN POPMbI

I[J'Iﬂ OIINCAaHNA IIJIadMBI B MAarHUTHBIX JIOBYIII-

KaX C TIPOU3BOJBHBIMHN MAI'HUTHBIMHU IIOBEPXHOCTAMMY UCITOJIb-

3YIOTCA CliIeIuaJbHEIE CUCTEMBI KOOPpAMHAT. y,Z[O6HO BBECTH

TaK Ha3bIBaceMFbI€ ITOTOKOBBIE KOOPAHUHATHI, XapaKTepPHU3yIO-
Imune IoJIOKEeHN e TOUKHN Ha MaI‘HHTHOﬁ IIOBEPXHOCTH

x=(a, , ). (12.75)
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3aech BeJUUNHA @ ABJIAETCA JIO60I MOBEPXHOCTHOM Be-
JUYUHOMN U HyMepyeT MArHUTHYIO TOBEPXHOCTh. JIJIsi KpyTro-
BBIX MATHHTHHIX MOBEepPXHOCTEeIl B KauecTBe a MOYKEeT OBITh
BHIOpAH MaJIbIil paguyc TokaMaka. KoopauHATBI #  COOT-
BETCTBYIOT ITOJIOUAATILHOMY U TOPOUAATIHLHOMY YTJIaM U MEHA-
oTca B uHTepBaie 0, 2 . 3HAKK KOOPAHHAT M BBLIOpPAHEI
TaK, YTOOBI A1 KPYTJIBIX MATHUTHBIX MTOBEPXHOCTEHN WM Ma-
JIOHM TOPOUAATHLHOCTH OHU COBIIAJANN C HATIPABJICHUAMHU M-
JUHAPUYECKNX KOOpAUHAT nuHYa u 2 (cM. puc. 12.1). Ecan
TMIOTOKOBBIE KOOPAMHATH M3BECTHBHI KaK GYHKIIUHU JeKapTo-
BBIX KOOPAMHAT, TO KOBAPUAHTHBIE 1 KOHTpaBapuaHTHEIe 6a-
3UCHBIE BEKTODBI OTIpeJeJIeHbI COTJIACHO

é  xi, 6 7/ xl. (12.76)

B sTux KoopamHaTax KBajgpaT aJeMeHTa AJHUHBI JaeTCdA

BhIDaXeHHueM X
di2 = g, dx'dx”, (12.77)

Tae MeTpuduecKkne KoapDUIUEHTH g, €;6,. OJIeMeHT 00beMa:
v Jgdx'dx?dx?,
Jg 6 616, ([ = x2] x%)! detg,. (12.78)
IomonHUTEeIbHEIE COOTHOIIEHUA:
éer ., & AJgl ! x 2] (12.79)

IIpou3BOILHBIN BEKTOP PACKJIAIbIBAETCS 10 6a3MCHBIM BEK-
TOpaM: - ) ) - o
A At Ale; A, Aeé; A Aét.  (12.80)

ITokaskem, 4TO AJIA CUJIOBOII JIMHUHU, JieKallleil HA Mar-
HHUTHOM IOBEPXHOCTH, MATHHTHOE IIOJEe MOXKeT OBITH Hpej-
CcTaBJIeHO B BHUJE

= 1 1 1
B 2—[ 1] 2—[ 2] 2—[ a 1, (12.81)
rie i(a)u ,(a) — IOBepXHOCTHBIE BeJIMUUHLI, a (a, , ) —

nepuognueckas GyHKIIUA H .
HeiicTBUTEIbHO, BEKTOD, HE MMEIOIMNNA KOMIIOHEHTHI
BIOJIb a, MOXKHO IIpeJCTABUTH B BUIE

B x[a 1yl a 1 (12.82)
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N3 ycaosusa. B 0 ciaexyer cooTHOINeHUe
x/ y/ 0. (12.83)
CrenoBaTenbHO, BEIUYUHEI X U [ MOKHO BBIPABUTH Uepe3

O HY e PUOANUECKYI0O QYHKITHIO:

x xy(a) Zi—, ¥ (@ Zi_. (12.84)

IToacraBnass sTo Beipaskenue B (12.82), monyuaem (12.81),
ecJim 0603HAUUTD

1la Ld 2
x,(a) 2 da’ Yo(a) 2 da (12.85)
dyarnusa (a, , )IOMKHA YIOBJIETBOPATH JOIOJHUTEIh-

HOMY YCJIOBHUIO OTCYTCTBUA TOKA, HOPMAJbHOTO K MAaTHUTHOM
MMOBE PXHOCTH, KOTOpOe 00Cy i AaIoCh B pasgee (12.3):

ja 1 Bla [~ [B a]l 0. (12.86)

HeTpyauo y6eIUThCS, YTO BEJIMUNHBL ;M 5, COBHAJAIOT

C TMIOJIOUJAJHbHBIM U TOPOUJATbHBEIM MATHUTHBIMHY MIOTOKAMHU
p» 1 7 Yepes NMOBEPXHOCTH, nsobparkeHHble Ha puc. 12.2.
s aToro Heo6xoauMo mpouHTerpuposath (12.81) mo Topou-
JaJILHOM 1 TOJIOUAaIbHOM MoBepXHOCTAM. IIpu aTOM yuTeM, UTO

BdS O0©AdL, BdS 0Adl,, (12.87)
S, Sy
rae l,, ly — KOHTYpPHI, OXBAThIBAIOI[ME TOPOUANBHOE U IO~
JougabHOE ceueHHMe COOTBETCTBEHHO, a A — BEKTOPHBIH
TMOTEeHITNAJ.
HelicTBUTENbHO, BEKTOPHBIN MOTEHIINAJ, COOTBETCTBYIO-
muii (12.81), MoskeT OBITH IIpeJCcTaBJIeH B BUIe

leil Ziz Zla d, (12.88)

rae d — npousBoabHad QpyHKnuA. Ilogerasinsas (12.88) 8 (12.87)
¥ YUYUTHIBAA, UTO

o dl, o diy 2, O adl,y, O dl, o dl, 0,
o ddl,; 0, (12.89)
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IojgyiaeM ;= p 2= T TaK 4YTO MarHuTHOE II0JIe

B Ll , 141 » 15la 1 (1290

B of6imem ciaydae yrioBble KOOPAHMHATHI MOMKHO BHIOpATh

CIeUATbHBIM 00pasoM, TaK YTOORI 0. Takme KoopauHA-

ThI HA3BIBAIOTCA IIOTOKOBBIMHU KOOpANHaATaAMM C BBINIPAMJICH-

HBIMH CHJOBBIMHU JUHUAMIN. B HUX MarHuTHOe II0Jie mMeeT

nmpocToii Buf (3TH KOOPAMHATHI, BOOOINE rOBOPA, MOTYT OBITH
He OPTOTOHAJIBHBIMMA ):

= 1 1
B 2—[ r 1 2—[ r ] (12.91)
BamnieM ypaBHeHHe CIIOBO IMHIH B 9THUX KOOPANHATAX:
d
4 4 (12.92)
B B

Bripakas moouganbioe B mrtopomganbHoe B Mar-
HuTHBIe moad us (12.91), moayuaem, 4T0
d B d p/da d ;

4 B , 12.93
d B d ,/da d , 1 (12.93)

T e 3alac yCTOMUNBOCTH ¢ olipefeieH coryacHo (12.22). Tak
KaK 3arac yCTOHYUBOCTH SIBJAETCS MTOBEPXHOCTHON BeJIUYN-
HOM, TO CUJIOBAsA IMHUSA B BLIOPAHHBIX KOOPAUHATAX SABJSET-
cs IIPAMOIA.

B TokamMake TaKo# BEIGOP OPTOTOHAJIBHBIX KOOPAUHAT SIB-
JsieTcs ecTecTBeHHBIM. O603HaUNM 00 paTHbIe TPAgUe HTHI:

oL, Lo, L
a | |

"

Herpyano Bugets, utro 2 = R, rae R ecTh TeKyllee 3HAUE-
Hue 6OJBITIOTO paguyca, TaKk Kak IIPHU MHTeTPUPOBAHUN BIOJb
TOPOUJAJIBHOTO KOHTYpa dl, foaskHO noaydaTtbesa 2 (12.89).
B coorBercTBUM C (12.91) Qusmueckme KOMIOHEHTHI MATHUT -
HOTO TIOJIA:

, h ) (12.94)

d ,/da
B B Pi,
» 2 Rh,

B B, %. (12.95)
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BeauuuHa h [OJA KPYTJIbIX MATHUTHHIX MMOBEPXHOCTEMH
MePeXoAUT B MaJIbiii paguyc r. B obImeM ke caydae BeJIUUH-
HEI h,, B MOTYTOBITH 3aJaHBI, HATPUMED, YHUCIEHHO, AJII KOH-
KpeTHOI ¢GOpMbI MATHUTHHIX HoBepxHocTeil. [uddepeHiu-
aJbHBIE OTIePATOPHI U MHTETPAJIBI IPHU 9TOM OTIpeeJIeHHI B CO-
OTBETCTBUH C OOIMUMHU TIPABUIAMH.

Eciu nosongaabHbIil MATHUTHBINA IOTOK ~ OTCUUTHLIBAET-
cs1 ot ocu coryacHo (12.36), To

| 1

B 5 151 » ) (12.96)
d /da d p/da

e /24 e r/%% 12.97

B B, 3 Rh,’ B B 5 h,h ( )

12.8. BECCMNNOBOE PABHOBECUE
N KAHOHMYECKWUE NMPO®UNN
B NMUHYAX

B page caydaeB, Korja MarHUTHOEe AaBJIeHUe
TJIa3MBI MAJIO TIO CPABHEHHUIO C aBJIeHeM MAarHUTHOTO IO,
B IJIasdMe MOTYT BOBHHMKATH TAK Has3bIBaeMble 6eCCHUJIOBBIE
paBHOBecHBIe KOHGUTYpAIIUK, KOTJa B ypaBHEHUHU PaBHOBE-
CHUS MOMKHO MOJIOXKUTh p = 0. Toraa us ypaBHeHUS pPaBHO-
Becusa (12.1)u (12.2) umeem

4i[[ B] B]] o, (12.98)

OTKygacgaeayer

B B. (12.99)
Huoxke MBI TOKaXKeM, YTO BeJIMUNHA He 3aBUCHUT OT MAar-
HHUTHOTO MMOJIsi. ¥ TaKoii 6ecCHUI0BOII MATHHUTHON KOHPUTypa-
MU TOK TeueT BAOJHh MATHUTHOTO IOJS, a IJIOTHOCTh TOKA
IpomopIinoHANbHA BeIHNUNHEe MAarHUTHOTO MoJiA. BeccuioBoe
paBHOBecHe peasiM3yeTcsA B CAMBIX PA3JUUYHBIX KOHDHUTYpAa-
IUAX, B YaCTHOCTH O0OHAPYKeHO, UTO 6€CCUIIOBOE paBHOBeCHE
BO3HHKAaeT B MHHYAX, KOTJA a3UMyTaJbHOEe W HMPOJOJbHOE
MATHHUTHBIE TOJIA OTHOTO MOPAIKA.
PaBHoBecue muHYA B O0IEM cJyUae ONUCHLIBAETCA ypaB-
"HeHuamHu (12.11) u (12.12), comepsKaluMu ABe IIPOU3BOJIb-
Hele pyuknuu B (r)u B (r). IlokaskeM, 4TO JONOJTHUTEIbHOE
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ycJoBHe, CBSA3aHHOEe ¢ MUHUMHU3AIINeH 5HePTruu MarHuTHOTO
TIOJIA IPU COXPaHeHN N ClieMU(pUUeCKOM BeINUNHBI, Ha3bIBae-
MO CIUPAIbHOCTHIO, TPUBOAUT K PABHOBECHIO 6€CCUJIOBOTO
Tuia (12.99). CoorBeTcTByIoMne npoduin Ha3bIBAIOTCA Ka-
HoOHMYecKuMHu. CIIMpaJbHOCThIO HA3BIBAETCA HMHTETpPaAJ IO
006beMy, OTPAHNUYEHHOMY 3AMKHYTOI CHJIOBOI TPYOKOI:

K ABdv, (12.100)

rie A — BeKTODHBIN HOTEHINAI.
B n1asMe ¢ 6eCKOHEUHOM IPOBOAMMOCTBIO 3TOT MHTETPaJI
COXpaHAeTCA, TO €CTh SABJAETCA UHTETPAJIOM ABUMKEHU.
HokaskeM 3TO yTBep:KIAeHHUE AJSA 3aMKHYTON CHJIOBOU
TpyOru. [Jig foKasaTeJIbCTBA ePeITUINeM

K (AdI)(BdS), (12.101)

rae S — ceueHHe CHJIOBOH TpyOKM, a dl — 5JIeMeHT AJIMHBI
BIOJIb CUJIOBOU JiMHHUN. Tak KaK MarHUTHBLIA moToK BdS B
TpyOKe coOXpaHaeTCs, TO HeoOXOAHNMO JOKAa3aTh, UTO

d

2 Adl 0. 12.102
4 ( )
IIpeoGpasyem

d i A 5o s
9 Adl 3 V. )A dl AWl YW. (12.103)
3aech HUCIOJH30BAHO COOTHOINEHUE df/dt (Z )17. s
ypaBHEeHHUA A MAaruuTHoro moJs (10.14) opu clenyer
—‘;‘ v B] (12.104)
rae Mpom3BOJbHAS cKaIApHadA byukiua. [logcraBum

(12.104) B (12.103). Yuursipasa [I7 B]df 0 u KOMOHUHHUPYSA
ocTaBINIHeCHd UJIeHbI, HalgeM

% Adl  di (AV ) o. (12.105)
PagencTBo HyJilo cefyeT us TeopeMsl CTOKCa U COOTHO-
meHus [ Aav )] o.
MsI mokasaau, YTO CIIUPATBHOCTH COX paHAETCA IJIT 3aMK-
HyTOU cuaoBoii TpyOKu. IIpu KOHeUHOI IIPOBOJMMOCTH 3TO
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yTBep:KAeHHNe, BOOOIIE TOBOPS, He MMeeT MecTa, Tak KaK CH-
JIOBBIE IMHU U MOTYT Mepe3daMbIKaThcA. OHAKO IPU BHICOKOM
TIPOBOAMMOCTH OB IIasA CTPYKTYpPa MATHUTHBIX TI0JIe i1 MeHsAeT-
cA He CUJIbHO, W MPUOIUKEHHO MOMKHO CUHTATH, UTO MHTE-
rpai (12.100) coxpaHAeTcA IPpU UHTeTPUPOBAHHUU IIO BCEMY
o0beMy miaasMbl. [Ipu 3ToM cIupaIbHOCTD Mepepaciperesid-
eTcsd MeXXKAy TPyOKaMu, a moJIHas CyMMAa COXPaHsIeTCs.

Haiigem xoudurypammnio MarHuTHOTO IOJIS, COOTBETCT-
BYIOMIYI0O MUHIMYMY 5HEePTrUM MAarHUTHOTO MOJIA IPHU coXpa-
HEeHHUU CIupaIbHoCTH. [ 5TOTO HeoOX0oAUMO HAallTH MUHHU-
MyM QYHKITHOHANA:

Bz
L ¢-dv K, (12.106)

roe — HeompeAeJeHHBIN MHOMKUTeab Jlarpamka. U3 yeuo-
BUS paBeHCTBa HYJIO Bapuanuu pyHKIuoHanda L = 0 moay-
yaeM

[4£ A (AB)Jav o. (12.107)
C Y4eTOM COOTHOINMEHUA
(AB) A[ Al BA Al A] BA (12.108)
nepenuinem (12.107):
[(4£ Ay A BAlV 0.  (12.109)
IIepBrIii UaeH B MOABIHTET pAIbLHOM BEIPAMKEeHNH IIpeobpa-
3yeM, UCIOJb3Ys (POPMYJIy BEKTOPHOTO aHAJAM3a:
ab 4 b b ad.

Tax kKak HHTerpaJj OoT JUBEepreHnmnmn o6pamaeTCﬂ B HOJIb,
TO IUMeeM

(4£ Ay A BAdv 0. (12.110)

Tak kak BapuaIuA IPOU3BoJIbHA, TO ypaBHeHue Jlarpamixka:

(4£ A) B o (12.111)
nJin

45 2 B. (12.112)
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BBogsa koHcTanTy =8 , mpuxoauM K ypaBHeHHIIo (12.99)
151 6€CCUIIOBOI MATHUTHON KOHGUTYpaIlun.
B npoexnuax ypasHenue (12.99) umeeT Buj,

1drB

T dr B,
dB, p (12.113)
dr

IlogcTaBiasA B IepBOe YpaBHEeHNE a3UMyTaJbHOe IoJe B ,

M3 BTOPOTO YPaBHEHU MPUXOAUM K ypaBHeHnio Beccesa:
1d - dB,
rdr dr

) 2B, 0. (12.114)

Taxum O6paBOM, KaHOHHUYECKHe HpOd)I/IIII/I KOMIIOHEHT MAar-
HHUTHOTI'O IIOJA JAIOTCA (I)yHKI_II/IHMI/I Beccemna:

B.=ByJ,( 1),
B =ByJ,( 7). (12.115)

Pacnpepenenne moJeit mpuBeaeno Ha puc. 12.9. Tor
daKT, YTO IPOJOJLHOE MATHUTHOE IIOJIe CIIafaeT OT IeHTpa

BS: Bz

By

\ 2
Pnc. 12.9

KaHoHUYecKUe pajualbHble TPOoQUIN
IIPOJOJLHOTO ¥ a3UMYTATBHOTO MATHUTHBIX II0JIeH B TUHYE
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K mepudepun MHYypa, CBA3AH C CHIBHLIM a3UMYTAJbHBIM IO~
JeM — BeJIMKA asuMYTaJbHas COCTaBASIIONad TOKA, TeKyIIe-
TO BAOJH CUJOBOM Juuuu. PopMma mpodusieit 3aBUCUT OT MAa-
pameTpa a, TAea — paguyc ImHypa. BeiununHa a cBasaHac
OTHOIMTEHUEM IIOJHOTO MPOJOJHLHOTO TOKA K TOPOUAATIHLHOMY

MATHHUTHOMY IIOTOKY:
4 al

¢ 7

a

) (12.116)

IIpu yBesnyeHU U HapaMeTpa « MpoduJIn CTAaHOBATCA 60-
Jee MUKUPOBAHHLIMU, MIPHU 3HAUEHUHN d = 2,4 MPOAOJIbHOE
MATHHUTHOe IoJie o0palaeTcAd B HOJb HA TpaHHUIle IMHYpAa, a
npu a > 2,4 mpoJoJbHOEe MATrHUTHOE ToJie Ha mepudepun
mHypa MeHsdeT 3HaK. KamoHmueckue mpoduam (12.115) u
s¢ddeKT obpaleHuA MOJA XOPOIIO COOTBETCTBYIOT SKCIIePH-
MeHTaJbLHBIM PO UM, HAOII0JaeMbIM B MIHYAX C 00 palieH-
HBIM HOJIEM.



nasa 13. MPOLLECCbI MEPEHOCA
B TOKAMAKAX

Pasnosecue mirasme e osnauaer OTCYTCTBUSA
B Heli TeueHM T BAOJH U MOIIePEeK MATHUTHBIX ITIOBePXHOCTEIl;
COOTBETCTBYIOIINE CKOPOCTH AOJIKHEI JIUINE OBITh MAJBI IO
CpaBHEHMIO CO 3BYKOBLIMHU 1 alb()BE€HOBCKUMH CKOPOCTSIMH.
B sT0i1 ri1aBe MBI HpoaHATIN3UPYEeM TaKHe TeUeHU A Ha IpHUMe-
pe ToKaMaKa M, B YaCTHOCTH, HAMJeM MOTOKH YACTHII, TeIlIa
W MOMEHTA IMoMe peK MAarHUTHBIX MoBepxHocTei. [ToToku 511,
BBRI3BAHHbBIE IIAPHBIMH KYJIOHOBCKUMU CTOJIKHOBEHUSIMH, I10-
JAYUHJIN HasBaHHe HEOKJACCHUYECKHX, 4 COOTBETCTBYIOII e
K05 PUIHeHTHI IIepeHoca HA3hIBAIOTCS « HEOKJIACCHUYECKHU MU
rKosddunmeHTamMu neperoca». IIpucraska «Heo» 3JeCh OT-
paxkaeT ToT JAKT, UTO IMOTOKHM BBEIUHUCISIOTCS B CJIOMKHOI
reOMeTpHUH, IO CYTH JKe Aejia, paccCMaTpHBaeMblie B 9TOI
rjiaBe MOTOKH ABJAAIOTCA KJIACCHYECKHMM, B OTJIHYHE OT
TypOyJIeHTHOTO IIepeHoca, IIPIMePhl KOTOPOTO O0CY K JATNCH
B riaase 8.

Ananmns Aag MATHHUTHBIX IMOBEPXHOCTell MPOU3BOJILHOM
¢$OPMBI cJIeAyeT MPOBOAUTD, HCIIOJIb3Ys CHCTEeMY KOOPANHAT,
paccMOTpPeHHYIO B IpeAbIAyIneM pasgenae. UToObl YIPOCTUTH
N3J0KeHNe, HIe MBI 0yIeM pacCMaTpHUBATh CAMBIHM IPOCTOMH
BApHAHT KPYTOBBIX MAIrHUTHBIX IIOBEPXHOCTEH, a B KOHIIE I'JIa-
BRI OYIYT HpHUBEAEHBI U O0INNe BHIPAXKEHHNS, CIIpaBe JINBhIe
IJIS MATHHUTHBIX II0OBE PXHOCTEH IIPOU3BOILHOM GOPMEI.

IToka xe BRIOEpeM IPOCTEHINYI0O MOAENh MATHHUTHOTO
MOJISA, COOTBETCTBYIOINYIO CAYYAI0 MAaJoil TOPOUIATBHOCTH

<< 1 ¥ KPYTroBBIX MATHUTHBIX MOBepXHOCTeli. Bribepem Go-
Jee IIPOCTOoe, UeM B pasgeiie 12.6, MofeabHOE MATHHTHOE IOJIE:



234 B. A. POXXAHCKWW. TEOPUA NJIASMbI

_ B
1 cos )
B, B Bj(1 cos) . By,
By, (B (BYY,

r/R,. (13.1)

B, BY1 cos ),

IIpm TakoM MOJAEeJIBLHOM NIpPEACTABJIEHUU BeJHMUYMHA . =
= BP/BT He 3aBHCHUT OT HOJOUAAJLHOro yriaa . Bygem moJa-
ratb. << 1, Tak uTo BI‘,’ /B,. B KauecTBe KOOPAMHATEI d,
XapaKTepusylolneil MAarHUTHYIO TOBEPXHOCTh, BhIGepeM Ma-
JbIt paguyc r. KoopauHaTel , MO-TIPEXKHEMY COOTBETCTBY-
IOT ITOJIOUAAJIFHOMY 1 TOpouAadbHOMY yIJaIy (puc. 13.1). Oie-
MEHT AJUHBI:

diz dr? r2d 2 RZ(1 cos Yd 2, (13.2)
a KOMIIOHeHTHI MeTpHYeCKOr'o TeH30pa paBHBI
g, 1, g r% g RZ1 cos . (18.3)

By/:[eM moJjgaraTh JJapMOPOBCKHU pajulyc IOHOB  ; JOCTa-
TOYHO MaJIbIM, TAK 4YTO BBIIIOJIHEHO HEPABEHCTBO

/()<< 1. (13.4)

970 ycaoBWe, Kak MpaBU- !
JIO, BBITIOJIHAETCS B TOKaMa-
kKax. JlapMopoBCcKUii paguyc u
TeIJIOBas CKOPOCTH OIlpeeie-
HBI KaK

=~ 2

1/2
2T, /m; "
g T /N

(13.5)

Ry

MaKpOCKOHI/IquKI/Ie BeJIN-
YHNHBI 6y,11eM IIpeaACTaABJATH B Puc. 13.1
BUae pajga 1o MaJoMy riapamMeT- CucreMa KOOPAUHAT C KPYTOBBI-
Py, COlepIRALEMY MAUTBIN MHO- MH MArHUTHBIMH IIOBEPXHOCTSA-

MU, ACIIOJb3yeMas JJId aHAJIn3a
SKHUTEJIb . IIPOIIECCOB IIepeHoca




13. NPOLIECCHI NEPEHOCA B TOKAMAKAX 235

n(r, )=ny(r)+nir, )...;
Tj(r’ )= TOj(r) + le(l”, )eur s
(r, )= oM+ 1(r, e
uy(r, )= uyo(r) + u (r, ... (13.6)

31ech e pPBLIi UJIeH PA3JIOoKeHUA COOTBETCTBYET ITUJINH/T -
pudecKOMY NMpuOINIKEHNUIO U He 3aBUCHUT OT MOJOUTATBHOTO
yrJia, a BTOpPO# WieH JUHeeH Mo mapamMeTpy . OTMeTHM, UTO
TeMOepaTyphl YaCTHIT, KOHIIeHTPAIINA U TOTEHITNAJ, B OTJIH-
Yyye OT MOJHOTO JAaBJIEHUS, He SBJIAIOTCA IMOBEPXHOCTHBIMHU
BeJIMYMHAMU U 3aBUCAT OT TMOJOUAAJHLHOTO yIJja . 3Iech Be-
JUYWHA ( IPeACTABJIAET cOO0M cCpeAHMII MOTEeHIINAN HAa MAar-
HUTHOH IIOBEPXHOCTH, & BEJMYMHA U;, COOTBETCTBYET CPeJ-
Hell CKOPOCTH ILJIA3MBI (MOHOB) BIOJIb CHJIOBBIX JUHUM MAar-
HHUTHOTO HOJIA.

13.1. TMAPOAWHAMMUYECKUA PEXUM
(PEXXMM MOUPLLUA — LUJTIOTEPA)

IIpoamanusupyeM BHaUade T'HIpPOJHHAMUYE-
CKHI pesXnM, B KOTOPOM AJIMHA CBOGOAHOTO IIpobera 4acTHI]
MaJia II0 CPABHEHHUIO C OJHOM AJIMHOMN 06X04a CHJIOBOM JHHIH
B TOPOHUJAIBLHOM HAIIpABJICHNN:

P qR. (13.7)

30eCh ; s o o TaKoll pesKUM peasusyeTcs IpU He-
0oJBININX TeMIlepaTypax B MaJIbIX TOKaMaKaxX HJN BOJIHU3N
cenapaTpuCH B COBpeMeHHBIX YCTAHOBKaX. B 3TOM perxmuMe
IaasMa OIHUCHIBAeTCA CUCTEMOM I'HAPOAMHAMWYECKUX ypaB-
HeHUH, IPUBeJIEHHHIX B IJIaBe 2, YTO II03BOJIAET OTHOCUTEb-
HO IIPOCTO UCCJIeJJOBATH XapaKkTep IepeHoca.

13.1.1. KAHECTBEHHbIE OLLEHKHW

Hpem/:[e yeM IIepeXOoaIuTh K PEIeHUIo r'mApoainHaMMNye-
CKHUX ypaBHeHI/Iﬁ, IIpuBeJeM KaYeCTBE€HHEBIC OII€EHKHN IIOTOKOB
JacTum mu Tellia, O6YCJ'IOBJ'IeHHI>IX TOPONOAAJIBHOCTEIO. Hau-
HEeM C OII€HKHN BO3SMYII€HUA TeMIIepaTyphl Ha MarHuTHON
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TMOBEPXHOCTH. DIEKTPOHBI U MOHBI B HEOJHOPOJAHOM MaTrHUT-
HOM TI0JIe TOKaMaKa HUCIBITHIBAIOT BePTUKAJIBHBIN Apeiid co
ckopoctsamu (11.9), HanTpaB/IeHHEIMH BBePX 1 BHU3 COOTBET-
cTBeHHO. CKOPOCTH, YyCpeHeHHbBIE IO MAKCBEJJIJIOBCKOM QYHK-
IUU pacipefeJeHns1, 1al0TCa BEIparKeHueM

ZCTJ-

Ugj m- (13.8)

IIpu 5ToM BO3HHKAIOT BEePTHUKAJbHBIE MMOTOKHM BEeAYIUX
IIeHTPOB U TeUeT BEPTUKAJIbHEIN TOK Beaymux meaTpos (11.10):

2en(T, T))
le BR

C moTokamMu BeAyIMUX EHTPOB CBA3aHbI 1 BEPTUKAJIbHBIE
TMOTOKH TETLIa NOHOB U 3JIEKTPOHOE: ¢,; = (5/2) T{nu,;). B mnas-
Me ¢ HeOJHOPOAHOU TeMIepaTy poil AUBEPTEHIIUA BTUX MOTO-
KOB OTJIMYHA OT HYJIA, YTO IIPUBOANUT K BO3MYIIEHUIO TEMIIE-
paTyp 4acTHIl HA MArHNTHOI ITIOBEpXHOCTHU. B pesyibTaTe 1Mo-
ABJSETCA IOTOK TeIJa BJOJb CUJIOBBIX JIMHUH MarHUTHOTO
moJisA, OOYCJAOBJJEHHBIN TEIIONPOBOIHOCTHIO, NUBEPTEHITUA
KOTOPOTO KOMIIEHCHUDPYET AUBEPTEHIINIO BEPTUKAJIBHOTO IIO-
ToKa Temya. COOTBeTCTBYIOIMUIL 6adaHc nMeeT BUJ (UHCIEH-
Hble KO3} PUINEeHTHI OIyCKAEM )

(13.9)

enoTs; Ty
eB,R,r r?

31ech B KauecTBe XapaKTepHOTO palnalbHOTO MaciiTaba
BBRIOpaAH MAaJIBIA paguyc r , a B KAaUeCcTBe XapaKTePHOTO Mac-
mrada BAOJH MATHHUTHOTO IOJIA — AJUHA CUJOBON JIMHUK
mpu o6xofe mo 6oapmomy paguycy r/. = gR. CooTHOIeHUE
(13.10) ¢ yueTOoM BHIpAKEHHUS AJISI MOHHOM TEILJIOMPOBOIHO-
ctu ( 5 nT;/(m; ;)) TO3BONAET OLEHUTH BO3MYINEHHNE TEM-
mepaTyphl HA MArHUTHO IOBEPXHOCTH:

L, i 4

2
TOj : cj : cj

(13.10)

) (13.11)

BoamyineHrne MOHHON TeMIIepaTypPhl MOJOKHUTEIHHO Ha
HUKHeN YacTh MArHUTHOM MOBEPXHOCTH M OTPHUIIATEIHHO
CBEPXY, OJA 2JeKTPOHOB JKe HaobopoT — BepXHUM 06BOJ
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gi a 6

PS

I
I
I
I
I
i
; Ju
I
:
2 2
i
1
1
1
1
1
]
'
I
I
I
I
I
Puc. 13.2 Punc. 13.3
Cxema GOpPMHUpPOBAHHIS CxeMa 3aMBIKAHUA TOKA:
cpeJHero TellJIOBOTO a — TIJIOCKOCTE MAJIOro cedeHund: | — BepTUKAID-
IIOTOKA UOHOB HEIW TOK, 2 — TONOUAANBHAA MPOeKIUA PO~
yepes MATHUTHYIO MONBHOTO TOKA; § — 3aMBEIKAHUE TOKA BAOJIE CH-

IIOBEPXHOCTDH JNOBOY IUHUHU.

HeMHOTO ropsuee BHyTpeHHero (puc. 13.2). B nepsom npubin-
JKeHHWH IO BepPTHUKAJILHBIN MOTOK Tellja dYepe3 BePXHUU U
HUKHUI 06BOJ OMUHAKOBH U CPeJHU M IMTOTOK Yepe3 MarHUT-
HYI0 TIOBEPXHOCTD paBeH HYJI10. B cieayiomeM ke mpubanske-
HHUH IO , M3-3a BO3MYINEeHUA TeMIIepaTyphl Ha MarHUTHON
TMOBEPX HOCTH, TIOTOK TEILJIAa MOHOB Uepe3 HUKHIOI TTOJOBUHY
MATHHUTHOI MMOBEePpXHOCTH OKAa3bIBaeTCA OONBIMTHUM, YeM Yepes
ee BEpPXHIOIO TTIOJIOBUHY . B pesyJibTaTe mojaydaeTcsa HEKOMIIEH-
CUPOBAHHBIN ITOTOK TEILIA:

cn'Ty; nyTy;
(o)) mm T b 1= (18.12)

DTOT NOTOK B ¢ pas MPeBOCXOAUT TEILJIOBOH MOTOK B MpS-
mom nunuHAape (¢ ;=— ; dTy;/dr), IpUBe/leHHBIN B raaBe 2.
BosmylneHne 5J1eKTPOHHON TeMIIe paTyPHI B /M, /M, pas MeHb-
e, YeM BO3MYINeHNe NOHHOI TeMIle paTyphl U3-3a 60JBIINONH
TMPOJOJBHOM 9JIEKTPOHHOM TeIsIompoBoaHoCcTH. IlosTOoMYy U
5JIeKTPOHHBIH MMOTOK TeILIA, yCpeJHeHHBIH 10 MATHUTHOI 110-
BEPXHOCTH, B /M, /M, Pas MeHbIIle HOHHOTO B COOTBETCTBHUH
c(13.12).

Beprukanpusiii Tok (13.9), Tak ‘Ke Kak 1M MOTOK TeIlJja,
3aMBIKAeTCs MPOJOJAbHBIM TOKOM. CxeMa 3aMbIKAHUA TOKOB
npuBegeHa Ha puc. 18.3. IIpogoabHBIN TOK, 3aMBIKAIOII U Bep-
THUKAJIbHBIA TOK, HazbiBaeTca TokoM IIdupima — Illaiorepa,
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OH MMeeT pas3JindHbIe HalIpaBJIeHNA Ha BHYTPDEHHEM W BHEIII-
HEeM O6BO,Z[aX TokamMaka. UTobsl OII€HUTH €I'0 BeJINUNHY, IIPpU-
PaBHAEM JUBEPIeHIITNHN PAAUAJIFHOIO 1 IIPOAOJBHOT'O (,Z[I/IBep'
T'eHIINIO eTo HOJIOI/I,Z[aJIBHOﬁ HpoeKI_lI/II/I) TOKOB:

P .ps
BRr Ji /7, (13.13)
OTKYIa
:ps _ 4P
ji B (13.14)

IIpupm-maoTepoBCK Uil TOK OKA3BIBAETCA B ¢ pas 60Jb-
IIe TUaMarHUTHOTO TOKA.

13.1.2. TENNOMNPOBOAHOCTb

BrIunc/InM Telleph BO3MYINeHIe HOHHOM TeMIIepaTyphl Ha
MATHHTHOM IIOBEPXHOCTH U3 YpaBHeHNs GamaHca Teraa. Mosk-
HO IIOKAa3aTh, HCIIOJIb3Y s IMOJYUYeHHbIE HIKE BRIPAXKEHUA, UTO
YJIeHBI, COJepKallilie HAllpaBJIeHHbIe CKOPOCTH B YpaBHEeHU N
TEIJIOBOTO fajaHca, MaJIbl 110 CPABHEHHIIO C TEILIOIPOBOJHO-
CTHBIMH ITOTOKaAMU. BygeM TaksKe IIpeAIo araTh, 4YTo BBIOI-
HEHO COOTHOINEeHUE

cei J1T7

r Vp
KOTOpoe ofecHeYynBaeT MAJOCTh BO3MYINEHN TEMIIePATyPhI
Ha MarHHUTHOM moBepxHocTH. IlpeHebpeskeM Tak ke TeILI000-
MEHOM C sJIeKTpoHamu. IIpu 5ToM cTarmnoHapHOe ypaBHeHHE
GajiaHca TeILIa HOHOB CBOAUTCSA K

1, (13.15)

g O (18.16)
TJe IIOTOK TellJla ¢; ompefeJeH coryaacHo (2.38)—(2.39):
~ 5 cnT., B
g i o5 5 T (18.17)

a KOBQ)Q)I/IHI/IGHTBI TEeIIJIOIIPOBOAHOCTHN BAOJB U IIOIIEPEK Mar-

HUTHOTO MOJIA 3.9nT onT
b 1 I 1
1 — i 5 (13.18)
m; ; m.
IIpenebpeskeM MaIOii IOIIe peUHOIl TEILIOIIPOBOJHOCTRIO I

MAaJIBIM paJuaJbHBIM IIOTOKOM TeIlJIa, CBA3aHHBIM C TPETHbUM
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cjaaraeMbIM, Torga B BbI6paHHI>IX KoopAnmHaTrTax ypaBHeHHE
GanaHca TeIllia MIOHOB MMeeT BUO

1 \/g
B 0. 13.19
\/g— \/g—ql ( )

Coruacuo (13.17) monoungaabHbI IOTOK TeIlIa

5cnT,(1 cos )dT, 2Ty,

%3 eB, dr 7 (18.20)

3aech mepBoe caaraeMoe IpeacTaBaAaeT coboii KoCcoM mo-
TOK TellJia, CBSI3AHHEBIM ¢ BpallleHHeM II0 JapMOPOBCKUM
OKpYysKHOCTAM (cM. riaaBy 2). B HeogHOPOAHOM MArHUTHOM
ToJIe eT0o TUBEPTEHITNA OTJINYHA OT HYJIA U COBIIAJaeT C JUBep-
TeHITuel BepTUK AJILHOTO IIOTOKA TeTla Be Y IUX IeHTpoB. BTo-
poe ciaaraemMoe IpeicTaBIAeT CO00H TOJIONTATBHYIO TPOEKITHIO

MPOAOABHOTO ( gy il 7—“ ) moroka temna. U3 (13.19) cie-
IyeT, 4TO

JE
~———¢q; const( ). (13.21)
JE
JInmeapusysa (13.20), (13.21) u npupaBHUBAA YJI€HBI IIEP-
BOTO TIOPAAKA IO , COlepIKaIie Cos , MoJaydaeM

Ty engThy; dTy,
. i 5Cllor oi oo 13.22
L eB, dr 08 ( )
OTKyAAa
T, (7, ) 5%&5111 (18.23)

eBO il 2 dr

BosmyimeHne HOHHOM TeMIIe paTyphl UMeeT MAaKCUMYM Ha
HUXKHEeM 06BO/le Topa U MO MOPAAKY BEJIUUNHBI COOTBETCTBY -
etr omneHKe (13.11). Ilpu ycaosum (13.15) sT0 BO3MYyIMEeHUE
JelicTBuTenbHo Mayo: T,;/T,; < 1.

Wcnonpsys BeIpakenue AJA T,;, MOKHO BRIYUCJINTH TO-
pouganbHYIO 106aBKY K paluaJbHOMY IIOTOKY TelJia, yepen-
HEeHHYIO IT0 MATHUTHOM NoBepxHocTu. CpegHee Mo MTOBEPXHO-
CTH OT BeJIMYUHEI f eCTh

() %Of\/g_\/g_d d, (13.24)
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rae maomangb MarHUTHOU IIOBEPXHOCTH S AaeTcdA BEIpaXXeHHueM

S oJg Jg dad. (13.25)

g BeIOpaHHOUN HpoCTOil MOZeNNW MATHUTHOTO IHOJA
S =4 2rR,, a BEIpasKeHUe AJIS CpeHEro II0 I0OBe PXHOCTH [IPH-
HUMAaeT BU]

{ry ZlOf(l cos )d . (13.26)

VYcpenHeHHBIN pagualbHBIN MOTOK TEIlJIa MOHOB:

(@) 50,04 cos )

2 2
1" 5eneTy Ty A cos )2d ZL

Ty
; —2(1 d .
2 2B r ! r( cos )

(13.27)

3aech TOMOTHUTEJAbLHEIA MHOXKUTEND (1 + cos ) moABIA-
eTcA M3-3a MOJIONTAaNbHONW 3aBUCUMOCTH MATHUTHOTO TOJIA B
sHaMeHaTesge. [Ipu BHIUMCIEHUN TIOTOKA BCe WJIEHBI, COlEep-
JKalmue npousBegenus n, u T,;, a Takxke ny, u Ty, obparnaiorcsa
B HOJIb TIPH YCPEIHEHNH IO MATHUTHOM MMOBEPXHOCTH, TaK KaK
cofiep:KaT IpousBeeHUA Buga sin cos . OrbpachiBas MaJibie
wieHsl n3 (18.27), mosyuyaeM BhIpaskeHHe [ IOTOKA TeIlaa,
HalinenHoe [IladppaHOBBIM:

0

daTy,
; 1,62 1) , —2%. 13.28
(@) @6 1, =2 (13.28)
3aech YUTEHO, UTO
25¢2n2T2
_25¢"n7T" 1,6.
26232 il i

Taxum o6pasoM, MOTOK TeIlIa, CBIZAHHBIN C TOPOUAATE-
HOCTBIO (mepBhIii uwieH B (18.28)), okaswiBaetca B 1,6¢% pas
GoJibllie TTOTOKA TeIlJa B MPAMOM IMUJIUHApPe (BTOPOI UJeH B
(13.28)). IToToK Tenia MOHOB, CBA3AHHBIN C TOPOUAATLHOCTHIO,
OBLJ BLIUMCJIEH KaK YCPpeIHEeHHBIN KOCOM MMOTOK TelJia, COOT-
BETCTBYIOIUH MocaegHeMy ciaaraemomy B (13.17), pusuue-
CKU K€ OH COOTBETCTBYET BepTUKAJIbHOMY MMOTOKY TEILJIa Be-
IYIMUX IeHTPOB, YyCPeJHeHHOMY IO MAaTHUTHOM MMOBE PXHOCTH
C YUYeTOM BO3MYIIEeHUA TeMIIepaTyprl Ha Heil. OTMeTHM, UYTO
TJIaBHAA TOPOUAATHHAS YaCTh MIOTOKA TeIlJIa KBaApaTHuYHA IO . .
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13.1.3. TEHEHUA NMNA3MbI
HA MATHUTHOUW NOBEPXHOCTMU,
BO3MYLUEHUA KOHLEHTPALUA
W NOTEHUMANA

PaBHoBecHbIe TeueHN MJIA3MBI HA MATHATHO IIOBEPXHO-
CTH Haﬁ,[[eM U3 YpaBHEHNA HEIIPEPBIBHOCTHM

1 NE 1 JE
——— =Ny, —F—=—— =Ny 0. (13.29)
V& T Em JE Vg
PagunaabHasg CKOPOCTh YACTHII MOy YAETCS M3 MOJTOUAATE-
HOU MpOeKINN ypaBHeHHSA OajaHca CHJ B HpeHeOpe KeHUN
BSA3KOCTHIO I HHEPITHeii:
1 ¢ Dy;

. . 13.30
Yir Byr enByr ( )

Mz mpeHebpersin 3iech MepIeHAUKYJIAPHON CUI0OM Tpe-
HUA, KOTOPAs HPUBOAUT K KJIACCUUECKOMY PAANATHHOMY TU(-
¢ y3UOHHOMY ITOTOKY B IIUJINHADE, PACCMOTPeHHOMY B TJIaBe 7.
Tak KaK BO3MYINeHUS HA MATHUTHOM MOBE PXHOCTH MAaJbI, TO
BKJIQJOM PagUaIbHBIX ITOTOKOB B YpaBHeHUe HeTIpe phIBHOCTH
MOKHO ITpeHeOpeub. B 9ToM Mok HO yOoeUTHCSA, TTOJCTABUB II0-
JyYeHHbIe HUKe BLIPAKeHUA AJIA BO3MYINEHUN TaBJIeHUA U
noteunuaia B (13.10). ITo sToi ke mpuUUKNHe IIpeHeOperkeM
BO3MYINTeHUEM KOHIIEHTPAIIUY B YpaBHeHNHU HEIPEePhIBHOCTH
u 3amenuM (13.29) Ha

0. (13.31)

=N
Je Jg !
I/IS pagunaJbHOTO 6aJ1cha CHJI nMeeM

cE. B, c dp;

. £y, —7 13.32
“i B, B, tir e;nBy dr’ ( )

rme u]-T — TopomgaJbHadA CKOPOCTH YaCTHII. MosxHO BI)I6paTI>
ABa IPYIUX HaAIIpaBJIeHUA — IIapajJljieJIbHOE U INePIEeHINKY -
JAPHOE MAarHUTHOMY IIOJIO, IPUYEM IIEePIIEHAUKYJIAPHOE Ha-
IIpaBJIeHHUE JIEKHUT Ha MarHuTHOU IIOBEPXHOCTH. Tor,z[a pagm-
aJIbHBIN GaaHC CUI IIPUBOJANT K COOTHOIIIEHN IO
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B, o dn,
/ B e¢nB dr

Vo u (13.33)

pi*

IlepBoe cnaraemMoe 3fiech IpeAcTaBisAeT coboii Apetid B pa-
INATHLHOM 2JIEKTPUUYECKOM IIOJIe, a BTOpoe cjlaraeMoe — Aua-
MarHuTHbBIN apeiid. IlepBoe u TpeThe caaraemoe B (13.32) mpea-
CTABJAIOT cOBOM MPOEKIUIO TTePIEHANKYIAPHON CKOPOCTH Ha
ToJon AATbHOEe HAaIpaBJeHNe U B CUJIY MAJIOCTH MOJIOUAATHHO-
TO MATHUTHOTO ITOJIA 9TH BeJIUUUHBI IPAKTHUYECKH COBIIAAAIOT C
Vo u u,;. [IpogonbHas CKOPOCTh TaKoke IPOEKTUPYETCS Ha I10-
JougaabHOe HaIlpaBJeHHe, IPUUEeM IPOJOIbHASI U TOPOU AT -
Has CKOPOCTH MOUTH COBIIAAAIOT (BKJIA B TOPOUAATBHYIO CKO-
POCTBH JlaeT TaKJKe MaTblii KOMIIOHEHT oT u; ). IloaTomy ¢ xo-

polreii TOUYHOCTHIO
u; =Vot . uytuy,. (13.34)

N3 (13.31)caeayer

\E
—“——u; const( ). (13.35)
R

ITocne moacramoBkm (13.34)

cE ¢ dp;
e g 2
B, enB, dr ( cos )
u; (1 cos ) const( ). (13.36)

HpI/IpaBHI/IBaH YJIEHEI IIEPBOT'O IIOPAJAKA II0 . , UMEeeM

cE, c dej
B) enB) dr
(7"(1 cos ). (13.37)

u(r, ) 2 cos (7"(1 cos )

u;ﬁs
31ech BeJIUUNHA (7" mpeacTaBasaeT coboii cpeHION, He 3a-
BHUCAMIYIO OT yIJa , COBMECTHYIO MapaseIbHYI0O CKOPOCTh
5JIeKTPOHOB 1 MOHOB, IIPUUEM C pacCMaTPUBAe MO TOUHOCTHIO
(7" Uy. Ml npeHe6peraeM Takske OTJUYMEM B CPETHUX CKO-
POCTAX 9JIEKTPOHOB U MOHOB, CBA3AHHBIM C ITIPOTEKAHUEM CPeJ-
HEeTo ToKa Mo IJIasMe.
IIepBoe ciaraemoe u;ﬁs mpeacTaBJiAgeT coboii TaK HasbIBae-
MbId moToK Ildupina — Ilaorepa. IlapanienbHBIN IIOTOK,
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MPOHOPITNOHANBHBIN TPafNeHTy JaBJeHUA, 3aMbIKaeT AHA-
MATHUTHBIE TOTOKHU, AUBEPTEHIIUSA KOTOPBIX B HEOTHOPOIHOM
MATHUTHOM II0Jie OTJIMYHA OT HYJS, UJIH, Ha A3bIKe BeAYIUX
IEHTPOB, 3aMbIKaeT BePTUKAJbHBIN Apeiid BeIyIuX IeHTPOB.
AHaJOTUYHBIN UJeH CBA3AH C MOJOUAAIBLHLIM BpallleHUeM
IJIa3MBI B CKPEIMEeHHBIX 3JeKTPUUYECKOM U HEOJHOPOJAHOM
MATHUTHOM MOJIAX, AUBEPTEHIINA KOTOPHIX TaK)Ke OTJIUUYHA
oT HyJid. Bropoe ciaraemoe B (13.37) cBsizaHO co cpeHEli CKO-
POCTHIO TOPOUAATBHOTO BpallleHusA MaasMbl. M3-3a ToTO, UTO
IO AAb BHEIITHero o6Boga Topa 60abIle, UeM ILI0Ialb BHYT-
pemHero 06Boia, MapaJaedbHass CKOPOCTD Ha BHEITTHEM 00BO/Ie
OKa3hIBaeTCsI MeHbIIe, YTOOBI 06eCTIeUnTDh YCIOBUE u; 0.

BriunTasa mapajaiaelbHYIO CKOPOCTD 3JeKTPOHOB U3 MOH-
HOM CKOPOCTH, TTOJyUaeM BbIpaskeHue AJA ToKa [Idupina —
IInoTepa: d
i 2 L—};cos , (13.38)
cooTBeTCTBYyIOIIee olleHKe (13.14). 3gech p = p,, + py; — HOJI-
HOe JaBJieHNUe TJIa3MBbl.

WN3-3a OTHOCUTEJHHONW CKOPOCTHU 9JEKTPOHOB U HMOHOB
BIOJIb MATHHUTHOTO IIOJS BO3HMKAET MPOJOJbHAA CUJa Tpe-
HHUSA RZ" 0,51m, e]'"PS /e. KpoMe Hee cyImecTBYeT ellle U Tep-
MOCH.JIa, BRI3BaHHASA BOZMYIIeHNeM 9JIeKTPOHHOM TeMIlepaTy -
pHI Ha MArHUTHOIT moBepxHocTH. Bosmymmenue T, HAXOAUT-
cd, KaK ¥ BO3MYINeHne HOHHOM TeMIepaTyphl, U3 YCIOBUSI

g o, (13.39)

Tle TOTOK TelJia 9JeKTPOHOB COAEP:KHUT MOIOJHUTEIbHBIN
YJieH, MPOTMOPIUOHANBbHBIN NQUPII-IITIIOTEPOBCKOMY TOKY
(cM. riaBy 2 (2.44)):

qe Y S

5cnT, B
a¢cnt, 5
2 eB B €

0,71T,jfS /e. (13.40)

BosMyimeHune 9JeKTPOHHOMN TeMIIe paTyphl UMeeT BU [

dTo. 1,427110dp°. (13.41)

dr

enyTy, 1
eB, 2

el

T (7, ) o
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OwHo B (m;/m,)'/? pas MeHbIIle BOSMYIeHNA HOHHOM TeM-
mepaTypsl. [IpogoapHas TepMocHIa paBHA

BRI, 071 T./r .

B pesysbTaTe cyMMapHas CHJIa TPEHUS:

B Ry Ry
2 2T
c0Toe g 559T0e 414 L 9Po oo (13.42)
eBy ar ny, dr

YpaBHeHHUA OPOJOJABHOTO GaslaHca CHJI A5 3JIeKTPOHOB U
MOHOB MMeIOT BUJ (MHepIiuel 1 BA3KOCTHIO IpeHebperaemM)

T
TOe li no %i eno %—1 R" 0, (13.43)

1 n 1 T
T, -1 el
0i ny -

eng 1L R 0. (13.44)

B sTux ypaBHeHUSX CHJIa TPeHUA U TpafUeHT 3JIeKTPOH-
HOTO AaBJeHUs, 00YCIOBJACHHBIN BO3MYINeHUEM 9JIeKTPOHHOM
TeMIepaTypsl, B (m;/m,)!/2 pas MeHbIle OCTATBHBIX UJIEHOB,
MO3TOMY, IpeHeO peras UMHU, HOJIyIaeM

e Ty (18.45)

Toe no Toe Toi
BosMmyIeHne KOHIIEHTPAI[IH MOJIOMKNUTEIBHO Ha Be pXHeii
YacTH MATHUTHOM MOBEPXHOCTH, a MOJOUIAILHEIN IpajleHT
MOJIHOTO JaBJIeHU S, BRI3BAHHOTO I'paJHeHTOM KOHIIeHTPAIIHH,
YpaBHOBEIIHBAET TPagUeHT AaB-
JIeHNS, CBSI3AHHOI'O C BO3MYIIeHH-
eM HMOHHOII TeMIlepaTyphl. B pe-
Eq E, 3yJIbTaTe IOJIHOE AaBJeHHE P = D,
He BO3MYVIIEHO U SABJSAETCSA II0-
BepPXHOCTHOM BEeJIUYMHOMN B COOT-
BETCTBUI C Pe3yJIbTATAMHU, IOJIY-
— YeHHBIMH B IIpeAbIAYINeii riase.
Puc. 13.4 BosMyImeHne IOTeHIIHATA B pac-
Honon;{anm—[oe SJIEKTpHUYECKOE CManHBaeMOM HpI/I6JII/IJ{QeHI/II/I

II0JIe ¥ BEI3BAHHBIE UM ApeHd Bl
YacTHUIL COOTBETCTBYET pacCIipelleJICHHUIO
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BoabmMmaHa, IIpH 3TOM BO3MYIIeHIe MTOTEHITHAJNA, TaK Ke KaK
M BOBMYINeHNEe KOHIEHTPAIINU, MOJOKUTEJIbHO B BepXxHel
YacTH MarHUTHOI moBepxHocTHu (puc. 13.4). ITorougansHoe
5JIeKTpUYeCKoe MoJie Ha BHeIHeM 00BOJe OTPHUIATeJHHO, a
Ha BHYTpeHHeM 00BOJe — ITOJOYKHUTEJbHO, a BHIBHIBAeMBbIN
STHUM ToJieM Apefid maasMbl Ha BHeITHeM 00BOie HAIpaBJIeH
BHYTPb MArHUTHOM TTOBEPXHOCTH.

13.1.4. MOTOKUN HACTUL

Huddysua naasMbl B TOKaMaKke HOCUT XapaKkTep cBoeos-
pasHOii KOHBEKIINH — PagUAIbHBIN MOTOK YACTHIL IpeJaCTaB-
JsieT co0oM ycpeJHEeHHBIN MO MATHUTHOI MMOBEPXHOCTH KOH-
BEKTUBHBIA MOTOK. M3 puc. 18.4 MOXKeT CIIOKUTHCS BIIEYAT-
JeHHne, YTO yCpeJHEeHHEIN MOTOK HaIpaBJaeH BHYTPb, TaK KaK
BHEIMHU 06BOJ Topa 60JIbINle BHYTpeHHETO0. ITO, OTHAKO, He-
BEPHO, TaK KaK MOJIHBIM MMOTOK MOIlepeK MarHuTHOM IMoBepX-
HOCTH COAEPsKUT BePTUKAILHBIN Apetid dacTuil (moJouanb-
HO-HEeOJHOPOHYIO UACTh PAANATHFHOTO TUaMATHUTHOTO ITOTO-
Ka). B mepBoM mpubiam:xeHNH HOJHBIN yCpeJHeHHBIHN IIOTOK
YyacTHuIl obpaimaeTcsa B HOJb H3-3a TMOUYTH GOJIBIIMAHOBCKOTO
pacupegenenns (13.45). YToGwI HOIYUHUTE OTJANUYHOE OT HYJIA
3HaUeHWe MMOTOKA YaCTHUIl, cJAeAyeT COXPAHUTH B YPaBHEeHUHU
MpOJOJbHOTO GajaHca CUJ Bce UJeHbI. [leficTBUTENbHO, CO-
raacHo (13.30) pagnaabHBINA IIOTOK 3JeKTPOHOB:

. nu

cn 1o cn Pe (13.46)
Byr e;nBpr ’

er

Hcmonb3yA MPOAOJbHBIN HalaHc CHJ AJSI 9JeKTPOHOB
(18.43), monyuaem
CR"
e ——-
eB,
9TO 3Ke COOTHOINEHME JIETKO OJYUYNUTD, IPOEKTUPY A YpaB-
HeHHe 3JeKTPOHHOTOo fajaHca CuJ Ha TOPOUAaIbHOe HAllpaB-
Jenne. B oToM cayuae nuMeeM 6aymaHe Mexk Iy cuioii JlopeHia
eB, ,/cuToponganvHoi cuinoil Ry R). llogcrasss (13.42)
B (13.47) v BHIIIONHASA yCpeAHEHIe II0 MAarHUTHOM ITIOBe pXHO-

CTH, ImoJgaydaeM

(13.47)
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« e>> Lz %(1 cos )d

2
2 2

Ro€ e od 431 dpo 1 199%0c  (13.48)
e2B2 ny dr dr

TToToK uacTuil, Tak ke KaK U MMOTOK TeIlia, B ¢2 pas 60Jb-
e IIOTOKA YacTUI] B IpsaMoM ruanHape (7.10):
2
nycem, 1 de 3 dTOe
e?B? n, dr 2 dr

OdpderTuBHLIN KosddunuernT guddysun

Dy (( o))/ /( dinng/dr)

okaswiBaeTca B (m;/m,)'/? pas meHbIne, yeM KoadpumuenT
HMOHHOI TeMIIepaTypoIpOBOJHOCTH

o ((a))/( 8/2n,dT;/dr),

MpUYeM IMOTOK YACTHUIL He ABJIETCA YUCTO AUPPYSUOHHBIM.

IToTok MOHOB B pacCMATpHUBAeMOM IPUOIMKEHUN COBIIA-
JaeT ¢ IMOTOKOM 3JIeKTpoHOB. [leticTBuTensHo, m3 (13.80) u
(13.44) monyuaem ;= cRH/(eBP) n ,= ,, TaK KakK o0a II0TOKa
BBIPAsKAIOTCA Uepes OAHY U TY sKe IPOJOJbHYIO CUNY TPEHUA B
cooTBeTcTBUHU C (13.47). 1715 BEIUNCIEHUA K& aMOUTIOJIAPHO-
TO 9JIeKTPUUECKOTO MOJA, KaK U B cayuae MPAMOTO MUJIUH]-
pa, HaJgo yuecTh BA3KHe UWIEHHI B ypaBHeHUHU OaJsiaHca CHJI.

13.2. PAODWANIBHOE
ANEKTPUYECKOE MNOJIE,
NONOUAANIBHOE
N TOPOUAAJIbHOE BPALLIEHUE

YTo6H MPOAHATN3UPOBATH palualbHOE DJIEK-
TpHUecKoe IT0Jie U BpallleHue TIa3Mbl B TOKaMaKe, HaJlo YUeCTh
BSIBKOCTH M MHEPIUIO B YpaBHEHUAX OaslaHCca CHJT, IPUYEeM AJIA
TIPOIOJbHBIX CKOpOCTeTi, MAJBIX IO CPABHEHH IO CO CKOPOCTHIO
3ByKa, INIaBHBIMHU ABJAIOTCA BASKWE CUJBI. YUTeM HOHHYIO
BSIBKOCTH B CYMMAapHOM ypaBHe HUH ITPOAOJILHOTO Gajiamca CUJI
(uHAEeKC i AJA KPATKOCTH OITyCKAaeM):

14 ( ﬂ||)|| 0. (13.49)
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B oTanune oT npubaNKe HUA MpeAbIAYINEeTo pasjaea, moJ-
HOe JaBJieHNe YiKe He SBJISeTCA MIOBEPXHOCTHOM BeJIUUNHOI.
B TeH30pe BAZKOCTH JOCTATOUHO YUECTh TOJAbKO IPOAOJIBHYIO
BSIBKOCTEL |. OTa 4acTh TeH30pa BA3KOCTH, CBA3aHHAA C KO-
sddUNEeHTOM ,, IpUBeJeHa B IJaBe 2 IJIA OZHOPOJHOTO
MAaTHUTHOTO IIOJIs, MapajIeIbHOTO OCH 2. B IpON3BOILHOM
MarHUTHOM II0JIie M3 COO0pakeHN il TeH30PHOM MHBApPHAHT-
HOCTH TeH30pP HPOJOJbHOM BA3KOCTH MOXKET OBITh 3alIICAH B
BHUJE

B B 1
B B 38

3,1:[ec1> Pa3HOCTH INapaJlJIeJIbHOI'O U IEePINEeHINKYJIAPHOTO
rZ[aBJ'IeHI/II‘/JI CBdA3aHa C TeH30PpOM CKOpOCTeﬁ CABUI'OB U IIPOU3-
BOOHBIMM OT HOHHBIX TEIIJIOBBIX IIOTOKOB:

(p p) (g P ) (g P ). (13.51)

B coorBeTcTBUH C (2.47)—(2.48) mepBoe ciaaraemoe, KOTO-

1 (P X ). (18.50)

poe onpeaesdeT KOMIIOHEHT Qllr, nMeeT BU/J

3 EW By

5 o g Wirpgo (13.52)

(m pY
e TeH30p cKopocTei cABUToB (2.47) B feKapTOBBIX KOOPIHU-
HaTax:
U; u 2 .
w, —L = 2 . 4 13.53
/ x, x; 38 ik ( )
Bropasiuacts (pj p ) aHAJOTHYHEIM OGpasoM BhIpasKa-
eTcA yepes MOTOKM TellIa.
VMHOMKHNM ypaBHeHIe IPOA0JIbHOro 0ananca cui (13.49)

Ha BEJINYUNHY Bmu YCpeaHUM IIO MarHuTHOU IIOBEPXHOCTHU C
BECOM JE JEnE &
(B p) (B 7)) o (13.54)

CpeaHee Mo 00'beMy MEKAY ABYMSA COCEJHIMH IIOBE PXHO-
CTSIMH 37eCh, B oranune oT (13.24), onpeaeieHo cOrIacHoO

(f) ofgd d /ofgd d . (13.55)
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IIepBoe ciiaraemoe B (13.54) oGpaimaeTcs B HOJIb, TAK KaK
(55) { 6B (b 5)
( (oB)) opBaS/ogd d 0.  (13.56)

3ech HCIOAB3OBAaHO yeioBne B 0, a MHTETpaJ 1o 06'b-
eMy CBOAUTCA K MHTEeTPUPOBAHUIO IO COCETHUM MATHUTHBIM
TMOBEPXHOCTSAM, MIOTOK MATHUTHOTO ITOJIA Yepe3 KOTOphIe OT-
cyTcTByeT. TakuM o6pasoM, yepeJHeHHBIN 6aaHc CUJ BAOJb
MATHUTHOTO TIOJIA UMeeT BUJ

(B ) o (13.57)

IIpeoGpasyeM CpeAHIO0 BSI3KOCTH, MCHOJb3YA IMPOCTHIE
JeKapTOBBI KOOPAUHATHL X, :

(B ) <(Tk"lk)> <||ik f;>

B nmepBom caraeMoM (B; |ix)/ x, coraacHo (13.50) mpo-
TOPIIMOHAIBHO B u mosTOMY mepBoe caaraemoe obparma-
eTcs B HOJIb, a BTOPOe peobpasyeM ¢ yUeTOM COOTHOIMeHU I

B B,
B B 3”6

) (g P ﬁ—B

B;
i, (A PIE B x,

Takum o6pasoM, ypaBHeHIE (13.57) OpUHUMAET BUJ,

B ) <(p p")g B> 0. (13.58)

BI)I‘II/ICJII/IM qacTh TEH30pa BA3KOCTH, CBA3aHHYIO C HEO/ -
HODOJHEIMHE cKopocTamu. C yuetom  u; O,
o py 2 Bw, B
I 2 B R

L

U, _
3 o( r—" w, sin U sin ). (18.59)

3aech mocaeHMe JBA YWieHA CBA3AHEI C M3MeHeHueM KpH-

BOJIMHEMHBIX KOOPAWHAT B IIPOCTPAHCTBE U IPOIOPIIUOHATb-

\/gi/ . lloacTaBasasa BrIpaskeHUA AJIS MOJOUIATHLHON

¥ IPOJOabHOM cKopocTeit (13.84) 1 (13.87), ¢ yueTOM COOTHO-
ImeHuA (B/B) B B, sin /r, monyuaem
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3 2 ¢cE. Ty, n ¢ Ty
2RZ °° BY enBY r eBY r

U, . (13.60)

quT BA3KOCTH, CBHSaHHOﬁ C IIOTOKOM TeIlJia UOHOB, IIPpN-
BOJHUT K BBEIPAXXEHHUIO
B )

Ty, n c Ty
T
eB)

3 2 cE,
2R? °7 BY) enB) 1

g, . (18.61)

31ech YncIeHHBIH KoahPUITNeHT B 3aBUCHUT OT CTEIIEHU
CTOJTKHOBUTEJHHOCTH IJIA3MbBI, B pACCMATPUBAEMOM THAPOTH-
HaMuYecKoM peskuMe k= 3,1 [13].
Venosue (13.57) npuBOAUT K BHIPAXKEHHIO AJI HEOKJIAC-
CHUYECKOTO PAANATHLHOTO 9JIEKTPUUECKOTO OJ:
Ty, Ty, —
Pt by B

) (13.62)

Taxum o6pasoM, paguaibHoe sJIeKTpUUecKoe IoJie, 0o pa-
malplnee B HOJb YCPeAHEHHYIO TMPOJOJAbHYIO HOHHYIO BS3-
KOCTB, COCTOUT U3 ABYX uacTeli. [IlepBbie ABa WieHa, IPOIOP-
IMUOHAJbHBIE TPaJUeHTaM KOHIIEHTPAIIUN U MOHHOI TeMIlepa-
TYPHI, IJ5 CHAAAIONINUX TI0 PAIUYCY IIJIOTHOCTH U TeMIIePaTyPhI
COOTBETCTBYIOT OTpHUIIATEJIbHOMY (HAIpaBJIEHHOMY OT II€pH-
depun K IeHTPY ILIa3MBI) 3JeKTpuuecKkoMy moJio. ITocien-
Hee JKe cJIaraeMoe CBSA3aHO0 C TOPOUJAIbLHEIM BpallleHueM ILIas-
MeHHOTO MHypa. [[JIa TopougaJdbHOTO BpallleHusl B HAIIpaB-
JeHUHU TOKa I0 IIasMe (B BBRIOpaHHOI cucTeMe KOOpAHHAT
TMOJIOKUTEJNHHOTO) COOTBETCTBYIOIIMUI BKJIA B paguabHOe
5JIeKTPUYECKOe TI0Je MOJIOKUTENeH. JTO MocefHee caarae-
Moe MOJKeT OBITh MHTEePIPeTUPOBAHO KaK MOABJeHUE JOIIOJ-
HUTEJbHOTO 3JIEKTPUUECKOTO OIS Bg U, mipu mepexojie B JBU-
IKYIYIOCA C TOPOUJANbHOM cKopocThio Uy Uj cucremy oT-
cueTa B COOTBETCTBUH ¢ IIpeobpasoBamueM JlopeHriia. OTMeTuM
TaKsKe, YTO CPeIHAS MOJOUATbHAA CKOPOCTh NOHOB B COOT-
BeTcTBUH C (13.32) 3aBUCHUT TOJIHKO OT I'pagueHTAa HOHHOM TeM-
mepaTyphi:
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= c Ty
g (@1 kT)a—r- (13.63)
B oranune oT Hee BeIMUYNHA U; BABUCHT OT CKOPOCTH TO-
pouaaJbHOTO BpallleHusd, B coorBeTcTBuH ¢ (13.33).
CKOpPOCTH TOPOUJAIHHOTO BpallleHnA IJIa3Mbl HAXOJAUTCA

13 YPaBHEHUA GanaHca CHI B TOpOonJaJIbHOM HaIlpaBJECHUM:

. R av
iB, ( 7P nm=Z (13.64)

Podt

31ech WieH B IPaBoOii YaCTH CHUMBOJIMYECKH OTPAXKaeT pa-
IUAIbHBIN TTepeHOC TOPOUAAIHLHOTO MMITyJhca. B pealbHOM
CUTyaIlu’ TaKOM MOTOK ABJSIETCS TYpOYJEeHTHBIM, TaK KaK
COOTBETCTBYIOIU T HEOKJIACCUUESCKU M ITOTOK MaJi. B mpuHIu-
e aHaJOTHUYHBIN YIeH BXOAUT U B YpaBHEeHHE MPOJOJHHOTO
Gasmancacui (13.54), ofHAKO OH OKA3bIBAETCS MAJIBIM II0 CPaB-
HEeHHIO C IIPOJOJLHOM BA3KOCThIO. B (13.64) ke 3TOT UJieH co-
XpaHeH, TaK KaK ycpeJHeHHAasA M0 MATHUTHOM MOBEPXHOCTH
TopouAaNbHAA BA3SKOCTH, KaK IMTOKa3aHo HUMKe, obpalaeTca
B HOJIb. 3aMeTHUM, UTO, B OTJIUYIME OT PACCMOTPEHHOTO B IIpe-
IBIAYINeH riaaBe MAealbHOTO cAydasi, MPHU yueTe BA3KOCTH
BO3HUKAET PAANAJbHBINA TOK, TaK YTO JUHUU TOKA He JeKaT
GoJIbIlle HA MATHUTHON MOBEPXHOCTH. B TO ke BpeMs JOJIK-
HO OBITH BBLIIOJIHEHO YCJAOBHE AaMOUMIOJNSIPHOCTH, T. €. YCJIO-
BHUe OTCYTCTBHS CPpeJHETO PaAnualbHOTO TOKA Yepe3 MarHUT-
HY10 MMOBEPXHOCTh:

((j,)) 0. (13.65)

Venosue ambumosisspHocTH coriacHo (13.64) IpuBOAUT K

YPABHEHUIO
C _tdt \\ (13.66)
B, B,

ITokaskeM, UTO UJIeH B JeBOI yacTu obOpalmaeTca B HOJb.
B KpuBoJIMHEeHHLIX KOOpAUHATAX
\E
I _N® (18.67)

Ne oo
\/g—ll /—gg :

1

«C @
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PaS,Z[e.TII/IM TOPONJAJBHYIO BASKOCTHh Ha IIOJIOMJAJBHOE
MAaArHUTHOE€ I10JIe 1 YCPeAHUM IIO MarHuTHOU IIOBEPXHOCTHN:

«C P

B,

%Oﬁ—%u Ve (g dd

L " Ve Je g dd. (13.68)

S” B, Jeg ¢

IIpousBemenune Bp,/g,,g mpejcTaBiasgeT co00i BeaIUUM-
HY, IPOIO PIUOHANABHYIO IIOJONAATBHOMY MATHUTHOMY IIOTO-
Ky MeXJYy COCeJHHMH MATHHTHBIMH IIOBEPXHOCTAMM, KOTO-
pHIii He 3aBUCHT OT IIOJOMJATbHOM KOOPJMHATEI I MOXKET ObITh
BBIHECEH M3-TI0J MHTerpaja. Y UUThIBas COOTHOIIeHIe

Je Je.g g,

[OCJIe MHTErPUPOBAHUS B IEPBOM CJIATAEMOM II0 YACTSM IIO-
Jy4aeM, 4TO HEePBBIA M BTOPOI YJIEHBI KOMIEHCHDPYIOT APYT
ApyTa, TaK u4To

«C

R R S ) )
e (13.69)

P

Tak kak mpu ycpeaaeHun B (13.66) uieH ¢ TopougaibHON
BSIBKOCTHIO TOXKIECTBEHHO obOpaliaeTcsi B HOJb, TO YCJIOBUE
aAMOUTIIOIAPHOCTH CBOTUTCA K BUIY

. avp

L dt
731) 0. (18.70)

970 ypaBHeHHE U OMpefesisaeT MPpoduIb TOPOUAATHLHOTO
Bpammenud. Eciiu Ha 1asMy AeificTBYyeT cuJia B TOPOUAATIHLHOM
HaNpaBJIeHNH, HATIpUMED HIpHU HeHUTpadbHOU WHKEKITUU, TO
COOTBETCTBYIOINMUIT WIeH JOJ:KeH OBITH Ho0aBjeH B MPaBYIO
YacThb.
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13.3. HEOKJIACCUYECKWIA NEPEHOC
B BECCTOJIKHOBUTEJIbHbIX
PEXWUMAX

TpaeKkTOpHH OTAEIbHBIX YACTHI]

B paspesxeHHOH I1agMe, B KOTOPOR ;> R, OCHOBHOM BRIA/]|
B ITe PEHOC BHOCAT YACTHUIIHI C MAJBIMY ITPOJOIEHBIMU CKOPOCTSA-
Mu. PaccMoTpuM KauecTBEHHO XapaKTep UX ABMKEHUA B TOKA-
Make. B MAarHUTHOM IT0JIe COXPAHAeTCA MOTHAA SHEePTUA YaCTH-
npl E = mjV2/2 —€; W MATHUTHBIII MOMEHT mjij /2B.
IIpomoabHAsi CKOPOCTh YACTHUITHI BRIpasKaeTcs uepes 3TH Be-
JUYNHBI:

2
1 \/EE e, B. (18.71)

IIpu amannse MOYKHO TIpeHebpeusb ci1aboil 3aBUCUMOCTBIO
MOTEeHI[NATA OT TMOJOUAAILHOTO yrJja. ¥ paBHeHUSA, KOTOPHIE
ONUCHIBAIOT O6€CCTONKHOBUTEAbHOE IBUIKEHIE YACTUITHI, HMe-
10T BU]

ar Vi Bm

= sin ,
dt LR
V& Bm,;
r% m%;?]cos Vy Ve (13.72)

¢j

IIepBrie ciaraeMble B mpaBbIX uyacTax (18.72) mpeacras-
JISTIOT cOBOT TPOEeKITN Y BePTUKAJIBHOTO Apeiida BeJyIMuX MeH-
TpoB uacTtuil (11.9) B HeogHOPOJHOM MAarHHTHOM II0JIe Ha pa-
InajabHOe W MOJOMIalbHbIe HaNpaBJIEeHUSA COOTBETCTBEHHO.
Cnaraemoe V) ABJIsIETCS NOJOUATBHOM IPOSK I IapaI-
JIeJIBHOM CKOPOCTH, a BeInUnHa V, COOTBETCTBYET IOJIONAATE"
HOMY Apeiidy B CKPEIeHHBIX 9JIeKTPUIeCKOM U MAarHUTHOM
mosAx. PasaenuB ofHO ypaBHeHHNEe HaA APYyroe, MOKHO MOJIY-
YUTH ypaBHEeHUE TPACKTOPUN.

TpaexkTopuu 1 COOTBETCTBYIOT MOJIOKUTEJIbHOMY (BIOJH
TOKa B TOKaMaKe) HaNpaBJeHUIO MapajeJbHON CKOPOCTH
V> 0, a TpaekTOpHU 2 — OTPHULIATENBHOMY (IPOTHB TOKA)
HaIpaBJeHUIO apaieabHO’ ckopocTn V) < 0.

XapakTep ABUIKEHUS UACTHUIL CYIECTBEHHO 3aBUCHUT OT
BeJUYUHBI MPOAONbHOM cKopocTu V. Ecim mpomonbHas u
TmoTepevHasi CKOPOCTH OJAHOTO MOPAAKa (HaTpuMep, MOPAIKa
TEIJIOBOM CKOPOCTH), TO M3MeHeHHe MPOAOJHLHOM CKOPOCTH
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6

v,

T gi

Puc. 13.5
IIpoekI UK TPACKTOPUH NMPOJETHLIX YaCTHI],
HAa IJIOCKOCTL MAJOTO CeUCHU:

a4 — HOHBEI; 6 — DJIEeKTPOHEI .

BIOJH TPAeKTOPHH, BO3HHKAaIOIee coraacHo (13.71) usz-za
HEOJHOPOAHOCTH MATHUTHOTO II0JIA, MaJo. B aToM caydae uac-
THUIIA COBEPINAaeT MOJHBIN 060POT MO MOJOUAATHLHOMY YIJIY.
Takas uacTuIla Ha3bkIBaeTcA MpoJieTHOH. TpaekTopuU ITPOJIET-
HBIX YaCTHUIl HpHUBeleHBl Ha puc. 13.5. UoH, umelomuii Ha
BHeImHeM 00Bo/ie B TouKe O MOJIOKUTEIbHYI0 CKOPOCTh, ABHU-
raeTcs B HANIPaBJAeHWM IIPOTHUB YACOBOM CTPEJIKM 1 OJHOBDE-
MeHHO CMEeITaeTCs o PaTuyCcy 3a cUeT BepTUKAJIBHOTO Apetida.
Takr Kak gpelid V,; HaIpaBJeH [Js1 HOHOB BHU3, TO B BEpXHEMH
YacTH TPAeKTOPUU MOH OTKJOHAETCA BHYTPh MATHUTHON IIO-
BEPXHOCTH, 4 B HUKHEHN YaCcTH TPAaeKTOPUHU — HAPYKY OT MAar-
HUTHOI MOBepXHOCTHU. B pesybTaTe eTo TpaeKTOPUS OKA3hIBa-
eTcsl 3aMKHYTOI 1 JlesKallel BHyTPY MAarHUTHOM MTOBEPXHOCTH
(puc. 13.5a). UoH, nMeloIuii Ha BHeITHeM 00BOJe OTPUIlATEb-
HYIO CKOPOCTb, OTKJIOHAETCA HAPYKY OT MATHUTHOI ITIOBEPXHO-
ctu. [l7s 5MeKTPoHOB Apeiid V,, HampaBieH BBepX, MO3TOMY
TPaeKTOPHUSA BJEKTPOHA, UMEIOMIETO B TOUKe O MOJIOKUTEILHYIO
CKOPOCTH, HAXOJUTCA CHAPYKH OT MAarHUTHOI MIOBEPXHOCTH, a
TPAeKTOPUS 9JIeKTPOHA, HMEIOIAasa OTPUIATEIbHYI0 CKOPOCTD,
HaXOAUTCA BHYTPU MATrHUTHOI moBepxHocTH (puc. 13.56).

Cpeniee pagmaibHOe cMellleHne OTHOCUTEIbHO MATrHUT-
HOM TTOBEPXHOCTH MOKHO OIIeHUTH COTJIACHO

r.=V

i gj bj*

(13.73)
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Spech 6ayHc-yacTOTA

i
r

npeAcTaBiseT coboii yacToTy (06 paTHOE BpeMs) o6opoTa ac-

THIBL B HOJOUJAILHOM HallpaBaeHNH. JlJ14 dacTHIl ¢ TeILlo-

BBIMH CKOPOCTAMU

vy Y
e (13.74)

bj

N L/ ML (13.75)
7 gi bj ¢BR VTj ¢’ :

rjie U,; — BePTUKAIbHBIN Apeiid N1 TeTnoBoi yacTuIlsl (13.8).
Mps1 npenebperau Briaagom V, c¢T/eB no cpaBHEHHUIO C TIO-
JIOUANTBHON MPOEKI[NEeH TEMIOBOM CKOpocTH . Vi, Tak Kak
BBITIOJIHEHO ycJioBue (13.4).

O6cyauM Temeph XapaKkTep ABUKEeHUA YACTHUIL, KOTOPHIE
Ha BHeIHeM 00BO/Ie UMEIOT MaJIyIO IPOJOJbHYIO CKOPOCTD.

TpaexkTopuu 1 COOTBETCTBYIOT HMOJIOKUTEJIbHOMY (BIOJD
TOKa B TOKaMaKe) HaIpaBJeHHUIO MapayjelbHON CKOPOCTH
V>0, aTpaekTopun 2 — OTPULATEIHHOMY (IIPOTUB TOKA) Ha-
[IPABJEHUIO MapasieabHol ckopoctu V) < 0. Ilososxkum BHa-
yase V, = 0. Cornacuo (13.71) npu ZBMKEHNU B MOJIOUTATE-
HOM HaIlpaBJeHUHU MPOAOJIbHAA CKOPOCTh YACTUITHI YMEHbITIA-
eTcsd, TaK KaKk MarHUTHOE II0Jie Bo3pacTaeT B HaNpaBJIeHUU
BHYTpeHHero o6Bojaa. JJs mMpoJIeTHON YacTUIIHI M3MeHeHne
HEeBEJIUKO — MOpPsAKa V|, B TO BpeMs KaK [JIsl MaJbIX [IPO-
JOJBHBIX CKOpOCTell MpodoabHAasI CKOPOCTh obpaliaeTcs B
HOJIb, TO €CTh BOSHUKAeT TOUKa moBopoTa. TpaeKTopusa Ta-
Koi1 yacTuiikl nmMeeT popmy 6aHaHa (puc. 13.6), a camu yac-
THUITHI HA3HIBAIOTCA «3alePTHIMU » I «0aHaHOBLIMH » . IOHHI,
HMeloIe Ha BHeIMHeM 00BOJe IOJOMKUTEIbLHYIO CKOPOCTD,
cMeIaloTesa BHYTPh MArHNTHOW moBepxHocTu (puc. 13.6a).
ITocie TOUK Y TOBOPOTA MOHKI JIETAT B HAIpABJIEeHUY BHEIIIHe-
ro 06BOa U MIPOJOJISKAIOT CMeIaThCcAa BHU3. B HI K Hell yacTn
TpaeKTOPUU MOHBI OTKJOHAIOTCS HAPYIKY OT MATHUTHOMN I10-
BEPXHOCTH U BO BTOPOIl TOUKE MOBOPOTA IIPOUCXOIUT ellle OJHO
u3MeHeHHNe HapaBJeHUA CKOPOCTH. B pe3ysbTaTe IpoeKITuA
TpaeKTOPUH HA IVIOCKOCTh MaJIOTO CeUeHUS MMeeT BU 6aHaHA.
WoHbl, mMelolue Ha BHEIIHEM 00BOJe OTPHUIlATEIbLHYIO CKO-
poCTh, CMeMaloTCA HAPYKY OT MarHUTHOM moBepxHocTu. Tpa-
eKTOpHUY DAaHAHOBBIX 5JIEKTPOHOB IIpUBeAeHBI Ha puc. 13.66.
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ge

Vy

Puc. 13.6
IIpoekI UK TPACKTOPUH 3alIePTHIX YACTHUI HA INIOCKOCTL MAJIOT0 CeUCHU:

a4 — HOHBEI; 6 — SJMEeKTPOHEI.

a 6
Puc. 13.7 Vo
TpaerTopusa —
zamepToi 0
YaCTUIBI:

a4 — BOTCyTCTBUE pa-
NUATBHOTO SJIEKTPU-
YeCKOro [OJId TPaeK-
TOpUA 3AMKHYTa; § —
PasoOMKHyTAd TpaeK-
TOPUA C YIETOM pasu-
ANBHOTO 9JEKTpUYe-

I
1
I
1
I
1
I
1
]
1
I
1
]
1
)
1
]
I
I
1
1
]
1
]
1
]
1
]
1
]
:
CKOTI'0 I10Ja4d. :

OJMeKTPOHBI, UMEIOIINE MOJOKUTEIBHYIO CKOPOCTH B ToUuKe O,
HAXOMATCSA CHAPYKH OT MAaTrHUTHOM IMMOBEPXHOCTH, & 9JIEKTPO-
HBI ¢ OTPUIATEIbHBIMHA CKOPOCTAMH — BHYTPH MaTrHUTHOMN
noBepxHocTHU. TpaeKkTopuUs YacTuIl B ipocTpancTBe npu V, =0
COOTBETCTBYeT puc. 13.7a.

Haiinem HanboJbIliee 3HaAUEHTE BeINYNHBI TapaJlyie IbHOM
CKOPOCTH, TIPU KOTOPOIi UacTuIla eltie sBJiAeTcA 3amepToii. [Ipu
5TOM TOUKA MOBOPOTA HAXOAUTCSA HAa BHYTpeHHEeM 00BOJIE B 5K-
BATOPHAJILHOM IJIOCKOCTH. SamnuineM cooTHoIeHue (13.71) gasa
TaKoIl YaCTHUITHI HAa BHEIITHeM U BHYTPeHHeM 00BOoIax:

il

Y max \/i E e]_ ]_Bmin R 0 \/i E e]_ ]_Bmax
m; m;

(13.76)
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rae Bmin, BmaX — gpayeHMA MATHUTHOTO IIOJIS HA BHEITHEM U
BHYTpeHHeM 00BOJAaX COOTBETCTBeHHO. MCKII0Uasd SHEPTHIO
YaCcTHUIIBI, ITOJAyUaeM

2 .
max ) max ) min 3
v — ;B B N2V (18.77)
il m]-

I[J'Iﬂ JacTuli ¢ TeHJIOBOﬁ BHepPI/IefI JacTuiia aBJadAEeTCd 3a-
HepTOﬁ, €CJIn BeJINUHHAaA HapaJ’IJ’IeJ’IBHOﬁ CKOPOCTH JICHUT B
AamnasoHne

0 Vy 2V (13.78)

JLJ1s1 3aepTHIX YaCTHIL CO CKOPOCTAMHU MOPAAKA TEILJIOBO
CKOPOCTH cMellleHe OTHOCHTEIbHO MATHUTHOM II0OBE PXHOCTH
" MupHuHA 6aHaHa JaloTCsd OLEeHKOM:

A e
Tj

XapaKTep ABUKEHNA HpOJ'IeTHOI/I tIEICTI/II_IBI He MeHsdAeTCs

CYIIECTBEHHO IpH yueTe IoJoMAanbHoro E B  xpeiida co

CKOPOCTBIO VO’ TaK KaK 3Ta CKOPOCTH MaJia II0 CPaBHEHHIO C

VTj‘ I[IIH 3allepThIX JKe YacTUuIll CUTyalnnd MeHdAeTCA. N3-3a

PagnaJbHOTI'O 3JIEKTPUYECKOTI'O II0JAd KHHETHNYECKAaA 3HePpruAa

YaCTHUIILI MEHSIETCSA IPH CMEIleHWH II0 PaguyCcy, IMO3TOMY
(13.76) npuHUMAaeT BUJ

(13.79)

V.max 2 E e]_ out j_Bmin ,

\/mi E ¢ i Bmx (13.80)

rie . °%, " — gHauYeHUs IOTeHIUAJa Ha BHeINTHeM U BHYT-
peuHeM 06BOAAX. YUHUTHIBAST, UTO

out in ,__,VOB VOBq\/i] (13.81)

pacKJabIBasi HOAKOPeHHOe BhIpaskeHue B psax 1o Vy/. Vi, mo-
JYYHUM yCJIOBUE 3alePTOCTH IJI YaCTHUITHI HA BHEITTHEM o6BoIe:

0 Vy Vo V2V (13.82)
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Taxum o6pasoM, 4aCTHUIIA, CKO-
pOCTh KOTOPOIi Ha BHeITHEeM O0BO-
e YIOBJETBOPAET TAHHOMY YyCJIO-
BUIO, UMeEeT TOUKY ITIOBOPOTA, 1 IIPO-
eKITUA ee TPAeKTOPHUHT Ha TNIOCKOCTh
(r, ) mo-mpesxkHeMY WHMeeT BU[J
6amaHa. B To 'Ke BpeMs B cpefHeM
mapajjeabHasa (MJIU TOPOUIATD-
HafA) CKOPOCTHh OCTaeTcs KOHeU-
Holi, mopsaaka —V,/ . IlosToMy B
TOpOUIANbHOM HAIIpaBJeHUH Tpa-

Punc. 13.8
€KTOPpHNA YaCTHUIIbl pasOMKHYTAaA " PazoMkrHyTasa TpaeKTOpUS
IPOUCXOAUT TOPOUIATLHAS Mpelec- HoHa B TOPOUJATLHOM

SJIEeKTPUYECKOM IIOJIe
CHUA YacTHUIHEI CO CKOpPOoCcThio —V/.
(puc. 13.706).
dpeiid ¥Yaiipa

B 6aHaHOBOM pe)kuUMe MMeeTcs clellnduuecKoe ABJIe-
HHEe — COBMECTHBIN Apelidh 9JeKTPOHOB U MOHOB K IEHTPY
IJIa3MeHHOTO IMTHY pa, 00yCJIOBJIEHHBI N TOPOUAATHHBIM 9JIe K-
TpudecKuM nojeM E ;. Yuet E; IPUBOAUT K TOMY, UTO TPAEK-
TOPHUA YACTHUIL B IJIOCKOCTH (7, ) OKa3bIBaeTCs HEe3aMKHY-
Tol (puc. 13.8). HacTunpl (MOHEI), UMelOINe Ha BHEITHEM
00BO/Ie MMOJIOKUTEIBHYIO CKOPOCTH, YCKOPAIOTCA 9JIeKTpHYe-
CKUM MHOJIEM B BepXHel YacTH TPaeKTOPUHU U MOJIYUAIOT JA0-
MOJHHUTEJbHYIO SHEPTHUIO mjVjﬁ/Z. ITosToMy M3MeHsAeTCS
MoJIOXKeHHe TOUKH IMOBOPOTAa, B pe3yabTaTe HUero YacTHIia
mpoJeTaeT AOMOJHUTEJbHOE PACCTOSIHHME B MOJOUTATHHOM
HaIlpaBJIEHUH , 0THOBPEMEHHO CMeIaAch 3a CUeT BePTUKAIb-
HoTo Apeiidha BHYyTph MAarHUTHOM oBepxHOCTH. Ha BHyTpeH-
Hell 4acTH TpaeKTopuu noje E, TOpMO3UT JBUIKEHHNE YACTH-
IbI, KOTOpasA Telephb He AOJETAeT A0 TOUKHU IMOBOPOTA IPHU
E,=0. B peaynpTaTe yacTuia cMeliaeTcsi BHyTpb UCXOJHOMU
MAaArHUTHOI moBepXHocTHu. CKOPOCTH yCcpeaHeHHOTO Apelicdha
MOJKHO OIEHUTH CJeAYIONNM 00pa3oM: H3MeHeHHe cpeJHero
paamaJbHOTO CMEIMeHUS YacTUIIbI . ( 7') CBSA3aHO C U3MeHeHHU-
eM cpeIHel CKOPOCTH:

e Vi

, (13.83)
Vii Vi
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rie BeanuuHa V), oGycjoBieHa paGOTOH 2JeKTPUIECKOTO

noiud ek, £
eEr, r

v, :
T m; v

(13.84)

IToToK, cBA3aHHEIN ¢ AperidoM ¥Yoiipa, C YIETOM MAaJIOTO
n/n-~ J KonmuecTBa GAHAHOBBIX YACTHIL IMEET BH/

<< >)~\/_n ( 17) e (18.85)

Kombouaupysc(13.84) u (13.85), mogcTaBiaasa B KauecTBe
napaJijieTbHON CKOPOCTH BeTU4YuHy . Vr;, moJaydaem

{( N~ \/_nBC—pET. (13.86)

3HaK «—» COOTBETCTBYeT HampaBJieHUIO Apeiida ¥Yaiipa
BHYTDbD IIJIa3MeHHOTO MHY pa. AHAJIN3, OCHOBAaHHBIN Ha pele-
HUY KNHETHYECKOTO YpaBHeHN, TOKAa3kIBaeT, UTo Apeiid ¥ aii-
pa OTMHAKOB [JIsI 3JeKTPOHOB U HOHOB.

Onenkn Kod(¢pPpUIMEeHTOB MepeHoca B peskuMe IIaTo

B sTOM peskmuMe mapaMeTp CTOJNKHOBUTEIHHOCTH YAOBJIE-
TBOpSAET HEPABEHCTBY

8/2 V—;qR 1.
j

A pyrumu cjaoBaMu, AJHUHA CBOGOTHOTO IIpobera YacTHII, B
OTJIHNYNE OT PACCMOTPEHHOM B pasaeie 13.1, GoJbllle JANHBI
o6xoaa gR. OxaspIBaeTcdA, YTO IIPU STOM OCHOBHOM BKJAX B
TIepeHOC BHOCAT YACTHUITHI C MAJBIMHU IPOAOJIbHBIMY CKOPOCTS -
mu. I[Ipu BHITIOJIHEeHUH JIe BOTO HepaBeHCTBA CKOPOCTH UX, O
HAKO, He HACTOJBKO MAaJIbl, YTOOBK HEOJHOPOAHOCTH MATHUT-
HOTO TIOJIST MOTJIA CYINeCTBeHHO N3MEHUTDH TOTIOJOTHIO TPpaekK-
TOPpUii, TO eCTh BKJIAJ B TIePEHOC BHOCST IIPOJIETHBIEC YaCTHITHI
C MAJIBIMHU TTOJOUAATBHBIMHU CKOPOCTSIMH.

OreHUM KO3hPUIIMEHT TEeMIIepaTypPOIPOBOTHOCTH Kak
cpeAHUI KBagpaT OTKJOHEHUA OT MATHUTHOM TMOBEPXHOCTH
MeKIY CTOJKHOBEHUSIMHU, YMHOMKEHHBIN HA YaCTOTY CTOJK-
HOBEHUH:

je (13.87)

MHoOXUTEJNb 7/n YUYUTHIBAeT OTHOCUTEJIBbHYIO TOJIO

YaCTHUIl C MAJBIMHU TMOJOUTAJIbHBIMU CKOpocTAMU. MaJsbie
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moJIou TadbHBIE CKOPOCTH COOTBETCTBYIOT M MAJIBIM HPOJOb-
HBIM CKOPOCTSAM, TaK KaK MBI CUNTAEM BBLIMOJHEHHBIM Hepa-
BencTBo|V,| <. V;, KoTopoe skBuBamenTHo (13.4)mpue ,. T,
ITosTomy
n/n V/Vy;. (13.88)
B kauecTBe ;ff B omleHKyY (18.87) cneayeT moACTaBAATH
YacTOTY CTOJNKHOBEHNIT, KOTOpasd COOTBETCTBYET N3MEeHEHHUIO
mapaJiieIibHON CKOPOCTH HA BeJIHWUYHMHY TOPIAKA ee caMOM.
O1eHUTH ;ff MOJKHO, MCXOMs U3 Toro daKTa, YTO KYJIOHOB-
CKHe CTOJKHOBEHUA MPeICTABJSIIOT cO60T TocaeJoBaTe IbHBIE
paccesiHUA Ha MaJble YIJIbI, IpUUYeM ABUIKEHHNE YACTUIIHI B
TIpOCTPaHCTBE CKOPOCTEI MMeeT XapaKTep CAYUaANHBIX 0Ty -
naHuii. [Ipupaimmenne moie pedHOM CKOpocTH coryiacHo (1.29)
uMeeT BUJ

(V; P~ Vit (13.89)

J1s 9acTUITHI, UMeIoIeil TTOJIHYIO0 CKOPOCTD MTOPAAKA TET-
JIOBOU ckopocTu V; Vi M Manyio mapaiielbHyI0 CKOPOCTb,
MoCcJeHASA CYyIleCTBeHHO MeHsAeTca nipu  V; V. CooTset-
cTByIoIlee BpeMs ¢ (V]-H/VTj)z/ j» & adderTUBHAS YacTOTa

L N— (13.90)
LV VP

Cpe/:[Hee OTKJIOHeHWEe OT MAarHUTHOU IIOBEPXHOCTHU AJA
HpOJ’IeTHOfI qaCcTHUIbI C MaJou HapaJ’IJ’IeJ’IBHOﬁ CKOPOCTBIO

T, ¢
-~ . (13.91)
' eBR Vj

IToacraBasas (13.88), (13.90) u (13.91) B (138.87), nmoay-

qyaeM
9 2
eT. “r2 Vy; = 2
J 7 7
o~ . 13.92
' eBR  :(Vyy (4299

OTo BeIpaskeHue pacxopgurcainpuV,  0.OnHAKO C yMeHb-
ImeHueM V]-H GayHc-uyacToTa =T/ VJ‘H nagaet, a addeKTUB-
Hasa yacToTa cToJikHOBeHHUM (13.90) pacreT.

ITosTOMY cyIlleCTByeT MUHUMAJIbHOE 3HAUEeHNE MPOI0b-
HOM CKOPOCTH Vjﬁ‘in, COOTBETCTBYIOINEE ; ;?ff. IIpu MeHB-
el CKOPOCTH TPaeKTOPHUHU YACTHUI[ PaspyIIaloTcA 3a cUeT
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CTOJIKHOBEHUIT, Mperke UeM coBepInaT oguH obopoT. M3 ycio-
BHSA 4 ;ff nmMeeM
min - yz oo VP (13.93)
il Ti i
ITosaras, 4To rJIaBHBIN BKJIA] B TEMIIE PATYPOIIPOBOTHOCTh
,Z[aIf)T CKOPOCTH IIOPAIKA jr"nin , moacraBJss (13.93) B (13.92),
HakfeM OKOHYATEeIHHO:
y q* giVTj'
i r :
TTonyuuBInuiica KosdGUITHEHT TeMIIepaTy POIIPOBOAHOCTH
He 3aBUCHUT OT YACTOTHI CTOJKHOBEHUI, TIO9TOMY COOTBETCT-
BYIOIIU peKUM Ha3hIBAETCA PEKUMOM IIJIATO.
Onenku K0P PUIHEHTOB MTepeHoca B 6AaHAHOBOM peskuMe
IIpu MadBIX YacTOTaX CTOJKHOBEHU, KOTAA BHITIOJHEHO

HepaBeHCTBO

(13.94)

V—T’qu 3, (18.95)
ckopocTh (13.93) ctaHOBUTCA MEHBIIE \/_VT]-. B sTom caryuae
OCHOBHOM BKJIAJ B MepeHOC BHOCAT OaHAHOBBIE YACTHIIHI C
OPOAOJLHBIMHU XapaKTe PHEIMU CKOPOCTAMHU V]-” ~ \/—VT]-. Hosa
OIeHK U K09 PUIMEHTA TeMIIe pPATY PO POBOTHOCTH B 6aHAHO-
BOM peKHMe BocIoJbayeMmcsa ¢opmynoit (13.87), B koTopoit
TOJIOXKUM n/n~ \/—VT]-, OTKJOHEHHUE OT MATHUTHOM IOBEPX-
HocTH coraacHo (13.79) r; q /\/_, a 5pPeKTUBHYIO Yac-

TOTY CTOJIKHOBEHU I OIIEHUM KaK ;ff i/ - llonyuaem

j~£2 fj i (13.96)

CrenyeT, OMHAKO, UMETh B BUY, UTO B AEHICTBUTEJIHHOCTH
JIeJio obcTouT GoJiee CJIOMHO — OCHOBHOI BKJAJ B IepPeHOC
JaloT 3alepThie U OKOJIOTIPOJIETHRIE YACTHUIIHI U3 Y3KOI mepe-
XOAHOI 006JIacTU B IMIPOCTPAHCTBE CKOPOCTEl, pasaesdiomeii
TpaeKTOPHUN C Pa3IUUHOMN TOOJOTHE.

Bo Bcex pacCMOTpPeHHBIX pekuMax KoahUITNeHT TeMIIe-
paTyponpoOBOAHOCTH AJIs MOHOB OKABBIBAETCA B ~4/m; /m, pas
GOJIBITUM, YeM [JIS 9JIEKTPOHOB. 3aBUCHUMOCTD Ke OT YacTo-
Thl CTOJIKHOBEHUU MJIIOCTpuUpyeTcs puc. 13.9, rae pasHble
y4acTKU KPUBOU cOOTBETCTBYIOT hopmyiam (13.28), (13.94)
u (13.96). Takada TeMIepaTyponpoOBOIHOCTH HA3EIBAETCA HEO-
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Li

3
2
1
VTfE) 83;3 V. NG) Vi
Is r
Puc. 13.9

HeoraaccHuyeckasa HOHHAA TeMIEepaATypPONpPOBOIHOCTE:

1 — Gapanopsiil pesmum; £ — pesmum oaaro; 8 — pessuM [Ipupmia — Mlnorepa.

KJaccHyecKkoii. B 6aHaHoBOM pe:kuMe KoadPUIIHeHT HeOKIac-
CHYeCKOI TeMIIe pATypOIIpOBOJIHOCTH B /2 pa3 GombIe, ueM
B pesknMe [Idbupma — llaoTepa, a IpH IPOMesKYTOYHEIX Uac-
TOTAX CTOJKHOBEHHII (pesKUM ILIATO) MepeHoC He 3aBUCHT OT
YacTOTHI CTOJKHOBEHHIA.

13.4. GYHKUMSA
PACMPEOENEHUA HYACTUL
B BECCTOJIKHOBUTEJIbHbIX
PEXUMAX

Pesxum nmaaTo
HcexoaAapIM A aHAMAH3A ABASETCA KHHETHUECKOE ypaB-

HeHUe B peiidoBoM NMpUOIHKEeHHH, pPACCMOTPEHHOE B pasjie-
e 1.7:

i 5 f fi fi
D Beldy Paethe e B 18.97
t T p Ay Vi ' ( :

I[.J'I.FI TOKaAMaKa CKOpPOCTh BeIYINETro HeHTpa YacTHIIBIL

Vi ;2[ Bl Vy, (13.98)
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rje BepTUKAJbHBIN Apeiid B HeoJHOPOJHOM MATHHUTHOM II0JIE,

B cooTrBeTcTBHUU C (11.9), .
Loy v
i e]-BR

HNsmenenune npoaoibHON U IIOMepedYHON CKOPOCTEel B CO-
OTBETCTBUH ¢ o0IMuMHu popMyaamMu pasgesa 1.7:

(13.99)

. ) V2 : sin V,V.
v, Y . sin 0", (13.100)
il m; r 2 r
v, sin Va¥; _ sin VoV (13.101)
/ r 2 r

IlepBoiti unen B (18.101) u Bropoii wiewn B (138.100) cBsasza-
HBI C COXpaHeHNeM MarHHTHOTO MOMEHTa mjij /2B B
HEeOTHOPOAHOM MATrHUTHOM moJie. Hampumep, mepBbIil WieH
B (13.101) HeTpyAHO HMOJYUYNUTH CIAeAVIOITUM o6pasoM (mpu
V,=0):

av, d 2B

! dy dt r m; il
2By ;. 1 sin ViV;
T, )V

7

Ilepssiii uaen B (13.100) BpI3BaH U3MeHEeHHEM IIPOJOJb-
HOM CKOPOCTH 3a cUeT paboThI MTOJOUAATHLHOTO SJIEKTPUUECKO-
TO MOJISA, UMeOIero IPoeKINIo Ha mapaJijielbHOe HAallpaBJe-
Hue. ITocaegune unensl B (13.100) u (13.101) o6ycimoBIeHBI
H3MeHeHHeM CKOPOCTH 3JeKTpuUecKoro Apetida B HEOTHOPO -
HOM MarHUTHOM IIOJIE.

DYyHKINIO pacpeeeHNA OyAeM UCKATh B BUe

firs )= Folr) + f1r, ... (18.102)

3Iech HeBO3MYINeHHAS QPYHKIIUA paclpefeeHus Ipes-
CTaBJIAET CO60ﬁ MAaKCBEJIJIOBCKOE pacIiipeaeJieHe, CABUHYTOE
Ha BeJINUYNHY cpeJHeN CKOPOCTH:
7 \2 2
ny m;(Vy U mV,

i’
ex . 13.103
@ Ty, /m )2 " 2T, o, )

ij(r)
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JII/IHeapI/ISOBaHHoe KHNHETHUYECKOEC YPAaBHEHNE NMeeT B/

ki ¢ To; To;
v i 1 1oj i 2y w00
C Vi Vo’r Br r eBr( VJ'") s
e 4 by 1my VP 2
VAW, 1y
m;r Vy rT, sin. ( 2 J||) oo;
m; . _ ij
- sin - Uj——/; ihj (13.104)

T, 2

B,Z[eCI) CTOJIKHOBUTEJbHBIN UJIeH 3aMeHeH YIIPOIMeHHBIM
BhIDa*KeHHneM, TaK KaK B rZ[aJ'II)HeI‘/JIIJ.IeM qacToTy CTOJIKHOBE-
HIU MBI YCTpEeMHUM K HYJIO. Kommnexcuoe peneHnne KNHETHU-

YEeCKOTI'0O YpaBHEHHUA NaeTCA BEIpaKeHUEM

s i (& 1 f;)j i (_

hy Vi Y i]-[Br r eBr

Vi) expti )1
f r

¢ L Jojimy . v? —
exp(i )ij((T Vjﬁ)Vo o U||)]-

mpr Vy rT
(13.105)
|+t Vi ]-)’1 paszobbeM Ha BeIeCTBEeHHYIO

Bemunuuny (.
¥ MHUMYIO YaCTH:

J\

1
Vi Vo i
1 L
2 2 2 2
(Vi Vo 5 CVy VX
Yerpemssaa ;. 0 uy4MTBIBAs, YTO IPH MHTETPHPOBAHUH
IO CKOPOCTAM TJIABHBIH BKJIAMA B MHTETPAJ BO BTOPOM cJiarae-
MOM JaiOoT pe3oHaHCHBIe cKopoctu V) = —V,/ , mepenuinem

(13.106) B Buae
1

1 .
V.7, P - .7, i Vy Vo. (13.107)

7 7

. (13.106)

970 BEIpasKeHHe 03HAUAET, UTO IPU WHTETPUPOBAHUH IO
mapaJaebHBIM CKOPOCTAM HeOOXOAMMO BLIUUCJIUTE ABa MH-
TerpaJjia. [IepBbIii HHTETPAJ BBIUYNCAAETCA B CMEICJIE TJIABHO-
TO 3HAUEHUA, 4 BTOPOU HHTEeTpaJ COAEPIKUT AeIbTa-PpyHKITHIO
U JaeT TOT JKe pe3yAbTaT, UYTO U BLIUMCJIeHNe TIPU MAJBIX 3Ha-
YeHHUAX YaCcTOTHI CTOJIKHOBeHUH B (13.106).
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OKOHYATEIbHO BeIlleCTBEHHAS YaCTh BOZMYIIEeHHON QyHK-
nuu pacupejenenns f; Re(fj;) onpejenserca kak

1 ~
i P - 7 Vy Vo — Ahj,  (13.108)
rie
A e 1 em; V7 2
4 m, ( V, - r) e,B 2 Vijeos —
i il cj i
m. V2 2 _
T]'cos [(# Vjﬁ)V0 # Upl- (13.109)

i

Haiigenmnasa GyHKIUA pacipeiesie HUS MTO3BOJIAET BLIUNC-
JUTH BCe MAKPOCKONMMWUYeCKHe BeJUUYUHBI. Tak, Hampumep,
TPOOJbHASA CKOPOCTh

2
Y e hiVyV; dvydv; (13.110)
0
COBIAJAEeT C THAPOAUHAMIYECKHUM BhIpaskeHueM (13.37). ITo-
JouAATbHOE 3JIeKTPHUUYECKOe TToJIe HAaXOIUTCS U3 YCJIOBUA KBa-

SHHeﬁTpaJIBHOCTH:

hedV,  h.dV, (13.111)

\/7T08 1 em?Ty/? sin
Y N2 el T, /T, eB,

dlnn, e d, eB, dInTy,
dr T, dr Ty, ro

OTKYIa

(13.112)

0, 0,5

PaamnanabHoOe 9JIeKTpUYeCKOoe TT0JIe HaXOAUTCS U3 YCIOBUA
(13.58). Brruncasasa npogoJbHOe U IMOoIIepevyHoe JaBJaeHue 1Oo-
HOB COTJIaCHO

miVi2
pi 2

HaiigeM, uTo (13.58) BrimonmeHO, ecan

mlI/lﬁ _ R
Py 2 —5—FudVi f.dV,, (18.113)

ETOin151%i
" en r e r

BYU,. (13.114)
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HpI/I 9TOM BOSMYIIIeHNe IIOTeHIIHaJJIa:
\/7T0e 1 em/?Ty/? sin dInT,,
! 2 el T,,/Ty eB, dr

BosMyIneHnA KOHIIEHTPAIUY U MOHHOM TeMIepaTyphl a-
torcs (13.45).
PagmnaiabHBIN TMTOTOK YACTHUIL MOKET OBITh BBIUYHCIEH CO-

rJIacHO << j >>

em; (V2 /2 Vjﬁ)sin ¢ L )
i eBr eBr o izl

. (18.115)

(13.116)

B nepsom npubaukeHunn 1o napamerpy (m;/m,)!/ on 06-
palllaeTcs B HOJb, TaK KaK WIEHEI, COAepPKAaIie IOoJOHATb-
HOe pJIeKTpHUeCcKoe IToJe, CKOMIeHCHPOBAHEI 6eCCTOTKHOBH-
TeJbHOII YacThIo YHKIUK paclpe/eleHns, TaK UTO

()

. em; (V2 /2 Viﬁ)sin R
av, Vo V) “Br ifoi

0.

(18.117)

BTO, KaK 1 B IruiapoJnHaAMNYECKOM peXnume, eCTh CJe/CT-
BUE 6OJ'II>I_IMaHOBCKOI‘O pacipeneJeHnA YaCcTHUIL C GONBIIHMHI
IIPOAOJBbHBIMHU CKOPOCTAMM B ITOJIONJAJIBHOM 2JIEKTPUYECKOM
moie. B ciaeaynIiiemM HpI/I6JII/IDiQeHI/II/I IIOTOK MOHOB COBIIazaeT
C MIOTOKOM 3JIEKTPOHOB M IIO IMIOPAAKY BEeJIMUYNHBI:

) (- 2o, (13.118)

r r

YTo6H MOJYUYHUTH TOUHOE BHIPAXKeHWe MPHU BLIUMCICHUU
TMOTOKA, HeOOXOAUMO yUecTh oTanune GyHKITUT paciipeaee-
Hus f,, OT MaKCBEJJIOBCKON, BOGHUKAIOINee M3-3a IIPOTEKa-
HUS TOKAa Mo IiaszMe. IToT 3ddeKT obcyKaaeTea HUMKe TSI
6aHAHOBOTO pesKUMA.

IIpu BRIUMCAEHUN HOHHOTO TEILJIOBOTO IIOTOKA Uepes3 Mar-
HUTHYIO TIOBEPXHOCTH 1o hopMyJie
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((aus))

em, (V2 /2 V2)sin
A i c 1
eBr eBr (o i)

av,(v2 Vi)

(13.119)

MOMKET IIOKa3aThCHA, UTO IIOJIONJAJIBHOE 2JIEKTPHUYECKO€ I10JIe
AaeT BKJIaa B COOTBeTCTByIOH.II/Iﬁ IIOTOK. O,Z[HaKO ciaenyer
HNMETh B BUAY, UTO IIOJIONAAJIBHOE IIOJIE€ COBepPIIMaeT pa60Ty,
TaK KaK UMeITCA HQ)I/IpH.I'H.U'IIOTepOBCKI/Ie IIOTOKN NOHOB,
KOTOPEIE MEHAIOT TeIlJIOBOI IIOTOK Ha BEJINYNHY

(@) ((S—tnay)). (13.120)

B uTore, Tak ke Kak u [J MOTOKA YACTHUIL, MOJOUIATb-
HOe 3JIeKTPpUUeCKoe ToJIe ¥ YaCTUILHI ¢ GOJIBIMTUMHU TTOJOUTATb-
HBIMU CKOPOCTAMHU He JAalOoT BKJAAA B Pe3yJbTUPYIOIHUH mMO-

<<Qi>> <<Qi1 Qi2>>

. m. em; (V2/2 Vi)sin
v, (Vo VPSR VH———————Af ).

il

(13.121)
C yueTom (13.114)

2szi2T03i/2 dTOi
{(a:) 3\/; eE Mg (18122)

BanaHoOBBIN pe:EuM

PaccMoTpuM KaduecTBEHHO, KaK BRITJIAAUT GYHKINA pac-
npefenenus dyactum. IIpu ;. O yHENUA pacupefeneHuns
ecThb GYHKI[NA HHTETPAJIOB ABUIKEHUA U COXPaHAeTCA BIOID
TpaekTopun. [Ipu sToM, n3-3a pa3INUYNA B TOMOJOTHUAX Tpa-
eKTOpUH, PYHKIUA pacupegesieHUS YACTHUI] B HEOTHOPO-
HOU IJIa3Me UMeeT Pa3pPhIB IPOU3BOJHOM. YUeT CTOJIKHOBE-
HUU IPUBOJUT K CTJIAKUBAHUIO IepeXoaHOI obmacTu. MoHHI,
JeTAIre HAa BHeITHeM O0BOJe B MOJOKUTEILHOM HaIlpaBJe-
HUW II0 6aHAHOBOI TPAEKTOPUM, IPUXOAAT B 5Ty TOUKY U3
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BHYTPEHHUX obacTeii. HOBTOMy KOJINYECTBO TAKHUX HOHOB
IIPEBOCXOAUT KOJINYECTBO HOHOB, JIETAIIINUX B OTPUIIATEJIBHOM
HaIIpaBJIEHUH, HA BEJUYUYNHY

dny;
n, ~ d;(»)l r, (13.123)
rje mupuHa 6aHaHa r; gaetcs omnenkoii (13.79). Caenosa-
TeJBHO, B 06acTu sanepreix yactun Vy V5 /. \/_VTi mnpo-

us3pogHasI GYHKIUN pacupeaeseHusa f;/ Vi > 0 (puc. 13.10).
IIpousBoaHada GYHKIINY pacpefeJeHUA B 9TOH 06JaaCTH MO-
JKeT OBITH HalifleHa U3 OIleHKHU

n f;~ % \/7VTi'

n T (13.124)

ViH Vi Vo/ f

O6MeH MMIYJAbCOM B pe3yJbTaTe CTOJNKHOBeHUI Hambo-
Jaee 3¢ HeKTUBHO MPOUCKOIUT MENKY 3aIle PTHIMHU U ITPOJIETHBI-
Mu yactunamu. [losTomy moHHass GYHKIUA paclpeesieHUs
JOJIKHA OBITH ITOXO03KA Ha MaKcBeJJIOBCcKYyio (ipu dT,;/dr =0
IPOCTO coBIafgaeT ¢ Heit). Mcmonap3ysa 3To 0o6CTOATENHCTBO,
3aMeHHUM

f; fim; T fim; T
7 7V U 7 Vo Up-
i Vi Vo i Vi Yo/ !
(13.125)
fi
iﬂ é Vi/ Vi
1OV e
Puec. 13.10

CDYHKILI/IH pacupeneqieHUA UOHOB B 6aHAHOBOM pexumMe
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—

S0 | e VelVre
L @V, FVe
Pnc. 13.11

CDYHKILI/IH pacnpeneqieHUA 3JCKTPOHOB B 6aHAHOBOM pexumMe

Kombunupysc(13.123) u (13.124), naiigem Beauunny V.
CooTBeTcTBYIOIEE paguaIbHOE 9JIeKTPUUECKOe TI0JIe TP 9TOM
noaydaeTcs mopaaka (13.62), kak 1 B Apyrux peskuMax.

Takum o6pasom, TpeboBaHme TOTO, YTOOBI PYHKIUSA pac-
npefeneHusa OblJa, ¢ OAHOM CTOPOHBI, OJM3KOM K MaKCBeJI-
JIOBCKO (TOUHee roBops, obpaliajia B HOJIb 00YCIOBIeHHBIHN
CTOJIKHOBEHUAMH TTOTOK MOHOB B IIPOCTPAHCTBE CKOPOCTEl),
a ¢ APpYro# CTOPOHKI, COXpaHAIach BJOJb TPAeKTOPUM B 06-
JacTH MaJIbIX CKOPOCTeil, onpeessieT 3JeKTpUUecKoe MoJie.

Beprukanpusniii. B apeiid 57IeKTPOHOB HAIpaBJieH BBEPX,
moasToMy B6msu —V,/ GoMblIle 3JIeKTPOHOB C OTPUIIATEIHHEIM
3HaUYeHMeM CKOPOCTH U ITPOU3BOAHAA QYHKITUY pacupeae e HIA
31ech OTpHUIlaTea bHA. B TO 'Ke BpeMsA Ipu GOJBIMTNX SHAUCHUAX
mapaJLieJIbHOM CKOpoCcTH MYHKITHS paciipee e HAA 9JIeKTPOHOB
JOJIKHA MePeXOIUTh B MAKCBEJJIOBCKYIO, TIPUBA3AHHYIO K HOH-
HOM 3JIEKTPOH-MOHHBIMH CTOJKHOBeHUAMHU. B pesyiabTaTe
GYHKIIUA pacupefeseHNsA 9JeKTPOHOB UMeeT BUJ, IPUBEICH-
HbIN Ha puc. 13.11. UaaoMbl GYHKIIUYT pacipeneae HUSI COOT-
BETCTBYIOT MEPEXOAy OT 3aIlePTHhIX YACTHUI[ K MPOJETHHIM.
3amepThie 9JeKTPOHBI HMEIOT HAIPaBJIeHHYIO CKOPOCTH OTHO-
cuTenbHO MOHOB mopaAaka cT,/ eBr (cauutaem T, T; T).
C yueToM UX JOJIH ~ J or 0011Iero YncJIa 3JIeKTPOHOB IIO IJIas-

Me IIPOTEKaeT TOK
jy~no ¢Ty /. eBr, (13.126)
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3aBUCAIINI OT IpaJueHTOB KOHIIeHTpaInii, 3JIeKTPOHHOMN 1
HOHHOI TeMIiepaTyp. KpoMe TOro, €CTh TOK j;), BOSHUKAIOUIAN
M3-32 CTOJIKHOBEHU I MesK/IY 3alIePTHIMHU U IPOJIETHBIMHY 3JIEK -
TPOHAMHM, KOTOPHIE CMEIaloT Bce Teio GYHKITNHT pacipeeie-
HUS OTHOCUTEJLHO NOHOB. V3 GaJialica cuJ TpeHUS

m, eijZH/e —m, eele/enO 0 (13'127)

HOJIy4aeM, UTO j;|  Jyj- O6a TOKa OKA3BIBAIOTCSA OJJHOTO IIOPSIJ-
Ka 1 00pasyIoT OYyT-CTPSII TOK j,, KOTOPBIH 3aBUCHUT OT I'Paju-
€HTOB KOHIIEHTPpAIlUH U TeMIlepaTyp dacTuil. [To mopAIKy Be-

JNYUHBI jB~n0\/7€T0/, eBr. (13.128)

ByT-cTpsm TOK HampaBJeH BAOJb TOKA IO ILJIasMe.

OcobenHOCTH PYHKIIUH pacTipegeeHuA 3JeKTPOHOB IIPHU-
BOAAT M K YMEHBINEHNIO OOBIYHOTO TOKA IPOBOJUMOCTH, BHI-
3BAHHOTO BUXPEBBHIM TOPOUTANBHBIM 9JIEKTPUUECKHUM TTOJIEM.
Tak KaK samepThie YaCTHITHI He YUACTBYIOT B IIpoIlecce IIPOBO-
JMUMOCTH, TO NEO

i @ V), (13.129)

rie. — YHUCJIEHHBIN KO3 PUIIIEeHT.

13.5. YPABHEHNAA BANAHCA YACTWUU U TENNA

HpI/IBe,Z[eM AJA CIIPABKH allIlIPOKCUMAITMOHHEIE

BhIDaKeHnA, ClIpaBeJIUBEIE OJIA BCeX PEHUMOB CTOJIKHOBHU -

TeJIBHOCTHA. CTOJ'IKHOBPITeIIBHBIﬁ ImapamMeTp OoInpeaeJnM KakK
1/2

im;' "qR

B (13.130)

IToTok yacTHUIl UMeeT BHUJ,

(N =

2no Tyom,c? dinT, .
1 engv 2 (KllAe KlZT)’

A din(nTy,) 5dInTy,, Ty din(nTo,) 1 ky dInTy, |
¢ dr 2 dr Ty, dr 1 22 dr ’
2 Kignoy 5 —Ep, (13.131)

N
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rge
3 2
1 eCmn X bm n

1/2 3/2
1 a e bmu e 1 cmi'i €

0
K mi K mi

pmamunotl go2,

Kms Kr?ra 3
172
(1 Cng e 3f2)(1 Aypg g bm3 e)

3HaueHNA K05 dHUIIMeHTOR IPHUBeAeHEI B TabIHIIE.

o
mit mn mn mn

OJIeKTPOHHBIN IOTOK TeMJa:

5 2ngN T2m,c? dInTy,
(( 9)) E(( ))TO? ezgg. 2 K,A, Ky dro
KEIBROTOe\/_BOLET' (13.132)
IIpogoBLHEIH TOK:
, J Tc dInT,,
h no_—B; K34, Ky dro Er(L Ky ).
(13.133)

HMoHHBIN MOTOK TemJa:

(@) 30 N7

noN T2mye? | dinT, 5 1 k
2K, ezgé 2 dro Tg,—(( )> 9 ﬁ .(13.134)
3aechk

3
K, 0,66 1 LTLY (13.135)

1 1,03 '% 031 , 1 074 ;%2
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Heoxmaccuueckoe pagnaJibHOE 3JIEKTPpHUYECKOe II0JIe:

E, Tun oy 1T pog (13.136)
en . r (4 r
rae
1/2 2 3
Ep 0,17 1’0152i 815 ° (13.137)
@ 0,7 /% 2%
ypaBHeHI/Ie 6aJ1cha JyacTHUuIl, MeeT B[
n, 1
— r{() I R (13.138)

rme IuR— YJI€HEBI, OIINCHIBAKOINNE POXKIACHHNE 1 YHUYUTOME-
HHE YacCTHuIl.
ypaBHeHI/IH GanaHca Telaa:

3 (oTo) 11 iig ) %(( NWlhoe Qe

2 t rr
T
%(”oito) %_r r{(a.)) %« WT,,  @. (18.139)

Hctounuku B IIPABBIX YACTAX B OTCYTCTBUE NOIIOJTHUTEJIb-
HOT'O Harpesna.:

Q jEr Q eEr<< >>,
Q Q eE({ ) (13.140)

31ech BeJUUNHA § MpeAcTaBaseT coboil TeII00OMeH MeskK-
Iy 5JeKTPOHAMHK W MOHAMM:
me

Q 3_=n (T, Tio)s (13.141)

a BeJIMYnHa Er — JJEeKTPpHUYEeCKOe II0JI€ B ,Z[BPIJRyH.IefICH C TO-
pOPI,Z[aJIbHOfI CKOPOCTBIO CHCTEME OTCUEeTAa:

Ty n

fp L Tor

E E. BT
ro T PRl ey T r

(13.142)
JOTIONIHUTEIbHBIE YJEeHBI B MPaBbIX YaCTAX YpPaBHEHUI
GasiaHca TeIlsla HpeCTaBASAIOT coboii paboTy paguabHOTO
5JIeKTPUUECKOTO TOJISA, OCTAIbHBIE PAOOTHI SJIEKTPUUYECKUX
noJiell ¥ CHJIBI TPeHUSA YITeHBI IIPKM BEIYMCIEHAR g
Crenyer mmMeTh B BUAY, UTO B peaJIbHOM TOKaMaKe Typ-
OyJieHTHBIe MOTOKW YaCTHUI[ M TellJa MOTYT 3HAUUTEJIbHO



272 B. A. POXXAHCKWW. TEOPUA NJIASMbI

TMpPEeBOCXOAUTH HeOKJIacCUUecKle 3HaUeHUs. B ocobeHHOCTH
5TO OTHOCHUTCA K MOTOKAM YACTHUIL M 9JEeKTPOHHOMY IOTOKY
Temaa. B sTom ciryuae sug ypaBHenui (13.138)u (13.139) co-
xpaHsaeTcA. McKIloueHNe MOKET COCTABAATH BhIpakeHue IJIA
paboTHI JIeKTPUIESCKOTO TIOJIA, TAK KaK YacTh paboThI 9JIeK-
TPUUECKOTO TOJSI U CUJIBI TPeHUA MOXKeT OBITh YUTeHa IIPH
MHTEeTPUPOBAHUY IO MATHUTHOM MOBE PXHOCTH.

B cayyae MAarHUTHBIX TOBEPXHOCTEIT TPOU3BOJIbHOM OP-
MBI HeoOXOUMO TepelTHn K MOBEPXHOCTHHIM KOOpPAMHATAM,
onmcaHHEIM B pasfaene 12.7. JIokanbHoe ypaBHeHUe HeIpe-
PBHIBHOCTH B 3THX KOOpAUWHATAX UMEET BUJ

L ] I R, (13.143)

Tt g a b,
rae JE h,h h . YMHOMKHUM 5TO ypaBHeHUe Ha \/5 U IIPOUH-
TEerpupyeM IT0 TOJOUATHHOM U TOPOUTAaNbHO KOOpAMHATAM.
Cunras B IepBOM IPUOIUIKE HUY KOHITEHTPAIIHIO TTOCTOSTHHO M
BJOJIb MATHUTHOM IMTOBEPXHOCTH, IOJYUYNM B IEPBOM UJIeHE B
JI€BOM yacTu

(Oygn,d d )
\/——f —IV (@},

rae V — o6beM BHYTPHU JaHHOUN MArHUTHOM ITOBEPXHOCTH, a
npousBogHaa V (a) — o6beM MeXKAY COCeTHUMU MATHUTHBI-
MU TIOBepXHOCTAME. Bo BTOpOM WJjieHe moJsiyuaeTcA MOJHBIN
TMMOTOK Yepes3 MATHUTHYIO TTOBEPXHOCTL. ¥ MHOKHUB U pasje-
JauB ero Ha V (a), lepenuiineM BTOpoe caaraeMoe B BU/e

Je -
0% dd V (a)< a>.
3mech CKOOKH « » O3HaAUalOT yCcpelHeHHEe IO 00beMy
(13.55). B pesyabTaTe ycpeJHeHHOEe YpaBHeHHIe banaHca yac-
THI IPUHUMAET BUJ,

IV (@n] —IV@( a)] V@l R). (18.144)

B kauecTBe HOBerHOCTHOfI KOOpPAWHATHI d MOXXHO, B Ua-
CTHOCTH, BbI6paTb SKBUBAJEeHTHBIN paguyc MarHUTHOM IO-
BepxHOCTH . , OHpe,Z[eJIeHHbIﬁ qyepes TOpOH,Z[a.HbeIﬁ MAaTrHUTHBIN
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IOTOK COIJIACHO 2B r. Torga (13.144) npunumMaeT
BUJ

=V Onel —v O™ )1 V(OU R). (18.145)
J1a RpyTJIbIX MarHUTHBIX IOBepxHOCcTEr . =7r, V(r) r

u (13.145) mepexoaut B (13.38).
YpaBHeHU 6asaHca Tella B o0IeM cayuae:

s OWTl viygg, ) 3 ) vOR,

2 t
8 [V ()neTo] ” 5/
S = VOGS )T VOR.

(13.146)

BpraJReHI/Ie AJA JIOKAJBbHOT'O pajuaJbHOTI'O 3JEKTpHU4ue-
CKOTI'O ITIOJIA:

Ty; 1 dlnn 1 dInT, B
L k Ly —(BV,) . .
¢ e (ha da "h, da ) B < "> (18.147)

E



[nasa 14. YCTOWYMBOCTb NJIA3MbI
B MATHUTHOM NOJIE

B 5roit rase paccMOTpeHBI BOTIPOCHI YCTOHYH -
BOCTH ILJIa3MbI B IPEAMOJOKEHUH, UTO BBHITIOJHEHBI YCIOBUA
paBHOBeCcHUA B MAarHUTHOM moJie. HanboabImyio oacHOCTD AJISA
MATHUTHOTO VIePoKaHuA MPeACTABIAIOT KPYIHOMACIITA0OHEIE
MarHuToTruipoaunHaMuuyeckue Heyctounsoctu (MI'/1), KoTo-
pbIe MOTYT OBITH olTucaHbl B pamkax MI'/[-ypaBuennii. Cye-
CTBYeT U IeJIbIH PAL IPYTUX HeyCTOMUNBOCTE, CBA3aHHBIX C
KOHEUYHOU IMTPOBOAMMOCTHIO IIJIa3Mbl 1 €€ HeOJHOPOJHOCTHIO.
K TakuM HeyCTOMUYMBOCTAM OTHOCATCSA, B UaCTHOCTH, Apeii-
¢doBBIE HEYCTOMUYMBOCTH, IPOAHAIN3UPOBAHHEIE B TJaBe 8.
Ilepswrii kinace MI'[[-HeycTOoMuMBOCTEI BO MHOTOM aHAJIO-
THUYeH HeYCTOMUYMBOCTH B SKUIKOCTH, C KOTOPOU M HAUHeM pac-
CMOTpeHHe.

14.1. HEYCTOMYNBOCTb P3JIES — TEAJIOPA
B XNAOKOCTH

PaccMOTPUM KUIKOCTDH B TIOJI€ CHJIBI TAMKECTH

(puc. 14.1). IlycTh IJIOTHOCTD *KUJKOCTH = ( MeHsETCA C BHI-

coToli, = ,(2). B paBHOBeCHUU cUJIA TAXECTH JOJKHA OBITH
ypaBHOBellleHa IPaJNeHTOM JaBJICHUS:

% 08 O. (14.1)

ITorkaxkeM, 4TO paBHOBecHe ABJSAETCI HEYCTOWUMBEIM,

ecJIn ILUIOTHOCTD JKUAKOCTH HapacTaeT ¢ BBICOTOM (Tskesas

SKUIKOCTD Ha JIeTKOoIi). B aToM cayuae pasBuBaeTcsa HeyCTOM-

unBocTh Panesa — Teiinopa. O6paTHasd ke CUTyaIlUs ABJISIET-

cA ycToliunBoli. PusmuecKad NMPUUNHA HEYCTOMYMBOCTH
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Vpo

p=const

Puc. 14.1
Tamenasa sKUJKOCTEL Ha JeTKOH HeyCcTOHUMBA:
HeyCTOWUUBOCTL Pasea — Tasitnopa

CcBsA3aHA C TeM, YTO IPU BO3HUKHOBEHUU TePHUOJUUYECKOTO B
HaIpaBJIeHUHU [ BOSMYINEHHUA IIJIOTHOCTH TAMKEIas JKUAKOCTh
«IIPOAABJNBAETCA» BHUS, a JIeTKas «BCILILIBaeT» HaBepX, B
pesyJbTaTe Uero MaJioe BoaMyIneHue HapacTaeT. Tak, Hampu-
Mep, BBLIMBAETCA BOJA U3 TIepeBEepPHYTOTO CTaKaHAa.

OBOJIONUA MAJBIX BO3SMYIIEHU OMUCHIBAETCS CUCTE MO
ypaBHeHHUU Jilaepa:

7 @y p & (14.2)

BosmyImeHHbIe BeJINYNHBI 6y JeM HCKATh B BH/e BOJIHBI:

' (exp( it iky),
“(exp( i t iky),

pl (@exp( i t iky). (14.3)
AMILIUTYABI BO3MYIeHNH SBIAIOTCSA 3feCh HeM3BeCTHO

dbyHKEIMEH KOOpANHATH 2. JImHeapusoBaHHas cucrema (14.2)
uMeeT BUJ 1
z

lzl

2
i ouy ikp',
1
i oyl P g (14.4)
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Bpra?EaeM u.zl/ U3 IIepBOTI0 YpaBHEHHUA U IIOJACTaBJIAECM B

TpeThbe, a 3aTeM BhIpaskaeM p! 3 TpeThero ypaBHeHHs U IOJ-
cTaBJseM B IlocJie[jHee ypaBHeHne. BeipaxkaeM. ! ma Broporo
ypaBHEHUS U TaKsKe IIOJCTaBJIsIeM B MocJelHee YpaBHeHHeE.
B pesyabTaTe mosyuaeMm
2 dodhy yaco o g4y (14.5)
dz dz dz

YacTHad Mpou3BOAHAS 3Mech 3aMeHeHa Ha IMOJHYIO, TaK
KaK aMILINTYAa CKOPOCTH 3aBUCHUT TOJBKO OT 2.

Jia GUKCHPOBAHHOTO BOJHOBOTO BeKTOpa k£ ypaBHeHHe
(14.5) coorBeTcTBYyeT 3amaue IlITypma — JImyBuiia Ha cob-
CTBeHHBbIe QYHKIUKU W COOCTBEHHBIE 3HAUEHUSA C COOTBETCT-
BYIOIIUMU TPAHUYHLIME ycaoBuaMu. Ha rpamunax z=0, L
YCJIOBUSA COOTBETCTBYIOT 3aKPeIIeHHOM UK CBOOOAHOM I'pa-
HUIIE:

ul(z 0,L) O;
1

du;z_0,L) o (14.6)
dz

IIpoamanusupoBaTh YCTOMUMBOCTH MOJKHO, He pelmas
ypaBHeHUe, CIeAYIOMUM 00 pasoM. ¥ MHOMKIM 00e UaCTH ypas-
Henusd (14.5) Ha KOMILIEKCHO-CONPSIREHHOE 3HaueHNe (1)) u
TMIPOUHTETPUPYEM BIOJIb 2 IO Beeii o6racTu. JIeByio uacTh mpo-
MHTETPUPYEM IO YACTAM, IIPHA 3TOM BHEeMHTETrpaIbHBI UIeH
obparraeTca B HOJb AJA JI0O60TO THUIIA TPAHUYHBIX YCJIOBUIA.

JIJ15 4aCcTOTHI HOJAydYaeM
do
g ——
2 dz

o 1 du;2

k2| dz

12
z

ull dz

) (14.7)

2

1
z

dz

Tax Kak Bce BeJWUYMHBI 3a MCKJIIOUEHHEM ITPOU3BOTHOM
d °/dz mosoxATENbHEI, TO 3HAK YACTOTHI 3ABHCHUT OT 3HAKA
npouasogHoii d °/dz. Ecanu maoTHOCTs MOHOTOHHO HapacTa-
eTBgonb zu d °/dz>0 npu Bcex z, To KBaJpaT 4aCTOTHI OTPH-
mareaen: 2<0.BosToMciayuae = i ,IpuYeM KOpeHb =i
COOTBETCTBYET pacKauke HeycToliumBocTu. B oGpaTHOM Cay-
yae 4acTOTA BeIlleCTBEHHA M TaKoe paBHOBeCHEe YCTOMYMBO.
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s kopoTkux BoJaH B > 1, rie  — xXapaKTepHBIN Mac-
mTab usMeHeHHUA IIoTHocTu = |dln ©/dz|[!, us (14.7) cae-
myet

g 4’ 1! ® dz
2 dz_— (14.8)
O Wl dz

B sToM cayuae HHKpeMeHT HapacTaHNsa HEYCTOHUYNBOCTH
Psnea — Teitnopa npu d °/dz > 0 okaspIBaeTcA HMOPAAKA
~J&/ . Ecnu cobcTBeHHbIe QYHKITNH CUIBHO JJOKATHN30BA-
HBI, TO €CTh XapaKTepHBIN MacmTad X M3MeHeHHs CYImecT-
BEHHO MeHbIe ,T0. o4 d °/dz MOKHO BHIHECTH M3-TIOJ WH-

TerpaJsja, u
Jg/ . (14.9)

YTo6H HANTH TOUHOE 3HaUeHNEe HHKPEeMeHTa U cOOCTBEeH-
Hble GyHKIUA il , BoOIeM ciiydae Heo6XOAMMO pelllaTh ypas-
HeHue (14.5). ITokaskeM, KaK CTPOUTCS pellleHNe Ha IIpuMepe
sKcmoHeHInanbHOTO Ipoduasa. = (0)exp(z/ ). IlycTs rpa-
HUYHBIE YCJIOBUSA COOTBETCTBYIOT 3aKpeIJIeHHOI TrpaHHIle:
ul(z 0,L) 0. YpaBuenme (14.5)cBogurcs K

2,1 2 g1
5 d?u;] dul
dz? dz

HNmem pemenne B Buge ul Aexp(bz), rie KOMILIEKCHOE
yucio b = b, + ib,. Ilocae nogcTaHOBKY UMeeM

2
22 2ibb, b)) — (b, iby) k2 2 £) 0. (14.11)

22 S o. (14.10)

Tak Kak Ha IpaHHIIaX CKOPOCTh obpalnaeTcsa B HOJb, TO
b,= n/L, rge n — 1meJjoe uncygo. Tak Kak 4acToTa BelleCT-
BeHHA, TO, IPUPABHUBAA K HYJIO MHUMbIE UJIEeHBI, HAXOAUM
b, =-1/(2 ). XaparTepucTuiecKkoe ypaBHeHIe IPUHIMAET BUJ

2
207 b)) —b K2 £) o, (14.12)

OTKYyJa HAXOOINM MHKPEMEHT HGYCTOfI‘{PIBOCTI/I:

2 2 kg 1

(14.13)

5"

1 n
B — =
4 2 L
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BermecTBeHHBIE COOCTBEeHHBIE QYHKITUHT IIPU 9TOM

ul Csin%exp( z/2 )coskyexp( t). (14.14)
B uacTHOCTH, AJI KOPOTKUX BOMH kB > 1, e/ .

14.2. XXEJTOBEKOBAf
HEYCTOU4YUBOCTb MNJA3MbI

B moHOCTHIO MOHM30BAHHOM IIJIazMe B MAar-
HHUTHOM MOJIe CYITEeCTBYeT HeYCTOHUYNBOCTh, AHAJOTHUHAA He-
yeroiiunBocTH Pasess — Teitnopa as skugroctu. OHa BLISHIBA-
eTcA KaK CUJION TAMKECTH, TaK U HEOAHOPOIHOCTHIO M KPUBU3-
HOM CHUJIOBBIX JUHUH MATrHUTHOTO MOJA. OTY HEYyCTOMYNBOCTD,
OTHOCAINYIOCA K KJiaccy HeycToiumBocteii Panes — Teitno-
pa, Ha3bLIBAIOT JKeJIOOKOBOI MJIN TepecTaHOBOUHOI HeyCTOM-
YU BOCTBIO.

IIycTs miIasmMa HAXOJUTCS B MATHUTHOM II0JIE, TTapaJiieb-
HOM ocH x, B | x, a cuna TaxecTu HampaBiIeHA BAOJb OCH Z.
IlnasMa HAaXOAUTCSA B pABHOBECHUH, TaK UTO

% m;n,g ng/c 0. (14.15)

OrpanmuuMcs cIydaeM MaJbIX . , KOTjJa MAarHUTHOE TI0JIe
MOJKHO CUMTATH MOCTOAHHBIM M He 3aBUCAINUM OT 2. TOK B
HaNpaBJeHUN Y MpeAcTaBIAET cOO0I CYMMY AMaMarHUTHOTO

z
Vl’l()

o™

>
E
e
> N
/ E
ﬂ Z42] ——
© y
> «—
B Je
Puc. 14.2

ITonapuzanusa Bo3sMyI[eHUH PN KeToO6KOBoOI HeyCTOHUUBOCTH
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TOKa W TOKA J9 , BBI3BAHHOTO U0l Tsaskectu. Tok j§ cBAsan
¢ apetidoM MOHOB (9JIeKTPOHHBLIM ApeiipoM MOIKHO IpeHes-
pedb m3-3a MAJIOM MAacChl): jg cm;gn, / B.

MexaHU3M pasBUTHUSI HEYCTONUMBOCTH AJA KOPOTKHUX
BOJIH, 00JIACTH JOKAJIM3AIUN KOTOPBHIX BAOJb 2 3HAUNTEJIb-
HO MeHbIlle XapaKTepHbIX Pa3MepOB IJIa3Mbl, HJJIIOCTPUPY-
ercsi Ha puc. 14.2. IIpu HaIuYUK NepHOAUUYECKOTO IO i BO3-
MYIeHUA KOHIEeHTPAIINU MOSBJISIeTCA BO3MYINEHHBIH TOK
j emynl'g/B. YT0O6HI ero CKOMIIEHCHDPOBATh, BOSHHUKAET
HapacTalolllee BO BpeMeHH 3JeKTpuuecKoe IMoJe, BhI3bIBalo-
mee MOJAPUBAINOHHBIHM TOK B ITPOTUBOIIOJIOK HOM HAIIpaBJIe -
c2nom; E, <
g - Huas kopoTkux BoaH yciaosue  j O
CBOJIHUTCA K PABEHCTBY HYJIO BO3MYINeHHOTO TOKa B HAIpaB-
JIEHUH J:

HUM: [

emnlg  c2ngm, Ej
B B2 t
Mexauuam GopMUPOBAHUA BIEKTPUUECKOTO IO TIOJHO-
CTBIO AHAJIOTHUYEH PACCMOTPeHHOMY B pasiese 11.1 MexaHu3-
My TOJAPU3ANUE CTYCTKOB. DIeKTPUUECcKoe TI0Jie BhI3hIBAeT
BePTUKAMbHBIH Apeiid MIasMbl cO CKOPOCTBIO

ul  ¢El/B. (14.17)

i

0. (14.16)

JInHeapnsoBaHHOe ypaBHeHNE HEIIPePEIBHOCTH C y4€TOM
Hec)KHMaeMOCTH ApelidoBrIXx moTokoB (. ([E B]/B?) 0)
uMeeT BUJ

1
Lt u;LZO 0. (14.18)
Mg posmymenuii Buga (14.3) us (14.16) umeem
; 1
g BEn (14.19)
c n,

TTogctaBasas (14.17)u (14.19) B ypaBHeHIe HelIpephIBHO-
ctucydetom n!/ t=-i n!, moxydaem
5 dlnn,
dz
IIpu dlnn,/dz > 0 niasma HeyCTOHUYNEBA C ”HKPEMEHTOM

NETR (14.21)

) (14.20)
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rage = |dlnn,/dz|['. B o6paTHOM ciyuae UacTOTA BellleCTBEH-
Ha U IJIa3dMa yCTOHYnEBa.

B ob6meM ciryuae pasBuTHE $KeJOOKOBOH HEYCTOIUYNBOCTH
OIIMCHIBAETCS CUCTEMOM ypaBHEHUIA:

2 na, o,
t
2 na, o,
t
nm, du, enE ‘i, B] mng
1 dt D; o [ ing,
p, enkE %[ﬁe B] o. (14.22)

BripasuM nomnepeuHyIo CKOPOCTh U3 YPaBHEeHUI 6aiaHca CUII:

5 CLE Bl  p, B]

e B? enB?
~ clE Bl ¢l p Bl emlB di/dt] cmld Bl (14 5a
: B2 enB? eB? eB?

Tak KaK AUBEPreHINA AUAMATHUTHBIX IMOTOKOB B OJHO-
pPOAHOM MATHHUTHOM IIOJIe paBHA HYJIIO, a ApeiidoBhie TOTOKH
HeC:KUMaeMbl, TO YpaBHeHNe HeNPePHIBHOCTH AJA 3JeKTpPOo-
HOB CBOIHUTCA K

—’Z iy, n 0, (14.24)

rae ig c[E‘ B]/B2 — CKOpocCTh apeticha. Bribupasa B kaue-
CcTBe BTOpOTO ypaBHeHusaA . j 0, moaydaem

em,[B diy, /dt] cm,[g B]

" B B2
B mosisipu3alimioOHHOM TOKe yuTeHa B MepBOM HpubImiKe-
HHUH TOJBKO CKOPOCTH 9JIeKTpuUecKkoro Apetida. JIuHeapuso-
BaHHOe YpaBHeHHe HellpephIBHOCTH copnagaeT ¢ (14.18) c yue-
ToM (14.17). JIuneapusoBanHoe ypaBHeHue (14.25) umeeT BU

0. (14.25)

1 2  El 2nom,; E}
cmng cnom; Sy, Cnomy Er g (14 96)

7
Lk ( B B2 t -4 B2 t

Hckniouas BosMyIieHre KOHIEHTpaIuy ¢ momMoInsio (14.18),
moJIy4uaeM AJIS BOSMYIIeHHOTO TTOTeHITNAaIa YpaBHeHIe
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1

2%(%‘2—2) E*(n, ? gdd—';") L (14.27)

9TO ypaBHeHHe coBmaaaeT ¢ ypaBHeHueM (14.5), onuchbi-

BaIOMIUM HeyCTOMUYnBOCTDL Pases — Teiinopa B sKUAKOCTH, 1

aHaAJN3 Ha YCTOMYMBOCTH IIPOBOJUTCA TaK Ke, KaK B IIPeAbI-
AYIIEeM pasjeJie.

Taxum o6pasoM, IMJIasMa B MATHUTHOM IT0Jie HeYCTOWUM-
Ba, €CJIHM CUJAa TSAMKECTHU HallpaBJieHa IIPOTHUB IpaJueHTa KOH-
neHTpanuu. B peanbHOM 1aasMe ropaso 6oJee BarKHYIO pOJab
urpaet 3pdbeKTUBHASA «CUJIA TAKECTN »,, CBI3aHHAA C HEOHO-
POAHOCTHIO MATHUTHOTO TOJISI U KPUBU3HOUW CUJIOBBIX JIMHU U
MarguTHoro moJis (ecM. raaBy 11). Tak, B TokamMaKe 5To 3¢h-
dexTHBHOE YCKOpeHNUe gaeTcs BuipakerHuem (11.11). Mukpe-
MeHT HeyCTOHUnBOCTHU ocTaeTcd nmopAaka (14.21) c sameHoii g
Ha 5d(PeKTUBHOE YyCKOPEHHUE:

2T, T)
g W (14.28)

IIpu pasBUTHH KeJOOKOBOI HEYyCTOMUNBOCTH AJHNHA BOJI-
HBI BJJOJIb MATHUTHOTO TI0JIA CTpeMUTCA K 66CKOHEeUHOCTH, TAK
YTO pasBUBAIOIHEC BO3MYINEeHNA NMeIOT POpMY KeJIOGKOB.
IITup MAarHUTHOTO TIOJIS MOAABIAET KeJOOKOBYIO HeyCTOH M-
BOCTb. JleficTBUTEIHHO, MO A, KOTOPAs IPpU KaKOM-JIu00 3Ha-
4YeHNU z uMeeT k= 0, Ipu APYTHX 3HAUeHUsAX z uMeeT k| 0.
IIpu 3TOM MOJIOXKUTENBHBIE U OTPUIIATEIbHBIE BO3MYINEHUS
NOTEHIINATIA «3aKOpAaYMBAOTCA», TAK KaK JIeXKaT Ha OJHOMN
CHUJIOBOU JINHUH.

B MarHmTHBIX JIOBYINIKAX C 3aMKHYTHIMHU CUJIOBBIMHY JIN-
HUAMU 3 deKTUBHOE YCKOPEHNE MOXKET MEHATH 3HAK Ha pas-
HBIX yYacTKax CUJOBOU JUHHUM. B TokaMaKe, HaIpuMep, Ha
BHeIMHeM 00BO/le KPUBU3HA U IPAJUEHT MATHUTHOTO II0JIS CO-
OTBETCTBYIOT pacKauyKe HEYCTOHYMBOCTH, TOTIa KAK Ha BHYT-
peHHeM 06BOe sHaKU 3¢hPHeKTUBHOTO YCKOPEHUA U TpaieH-
Ta KOHIIEHTPAINU COBIALAIOT, YTO XapaKTePHO AJIA YCTONYM -
BOTO paBHOBecHs. UTOOBI TpoaHATU3UPOBATh YCTOHUYNBOCTD
B 9TOM CHUTYalliH, pACCMOTPHUM CHJIOBYIO TPYOKY B ILTazMe C
MaJbpiM. . TpybKa ¢ MIasMoi CTPEMUTCS YBEJINUYUTH CBOM 00'h-
eM U IepeMeCTUThCA B 00JIaCTh, T/ie ee 060'beM MOJKET BO3pacTH.
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IIpu TakoM mepeMeIle HUY He JOJIMKHO ITPOU30NTH UCKPUBJIE-
HUS TPYOKH, TaK KaK IIPU 3TOM Bo3pocJia 6bI MATHUTHASA SHEP-
THUsA, a 3SHAYUT, U MOJHAS SHePTUA CUCTEMBI.

JJd 3aMKHYTOM CUJIOBOM JUHUH 00HeM CHJIOBOM TPYOKHU
paBeH

dl dl
14 Sdl O0BS— — .
@) @) B @) B (14.29)
rle — MAarHUTHBIN DOTOK B TpyOKe, KOTOPKIIT cOXpaHseT-

CcA BOOJbB pr6KI/I 1 He MeHAEeTCA BO BpeMeHH. OHpe,Z[eJII/IM

BeJINYNHY

dl
U o%.
0% (14.30)

i He3aMKHYTOM CUJIOBOM JUHUM, JeKalleil Ha MaraHuT-
HOM TTOBEPXHOCTH,

1 dl
U lim = %, )
lim — & (14.31)

rae n — uucjo o6opoToB. Tak KaKk TpyOKa CTpeMUTCA YBEJIH-
YUTH CBOII 00HeM, a CIeI0BATEeJIbHO, U IIPOMOPIUOHATIBHYIO
eMy Beauuuny U, To BeaumuuHa —U ABJIsSETCA aHAJIOTOM II0O-
TeHIHAJbHOMN sHeprun. UuTerpana U ABAsIeTCS TOBEPXHOCT-
HOM BeJIWMUYMHOI, KaK M IOJIHOe TaBJeHHUe MJIadMBbl, TIO9TOMY
MOKHO cuuTaTh p = p(U). IIpu HEGOMBITTOM CMEIeHUH TPYO-
K1 6e3 HCKPUBJIEHU U3MeHeHIe ee 06'heMa B COOTBETCTBHUH C
(14.29)pasuo. V/V = U/U.HU3MmeHeHMe JaBJeHUA B HEll IpH
agmabaTuuecKoM IIpollecce:

p=-5/3p V/V=-5/3p U/U.

B6ansu TpyOKHU JaBiaeHHe OKpYysKapei JOHOBOM I1aas-
MBI TaK:Ke MeHsAeTcAa. Ucnonbayd cBaAsb p = p(U), numeem

dp
U U £ U. 14.32
p( ) p U ( )
Ecau maBnenmne GOHOBOI ILTAa3MBI pacTeT OBICTpee, UYeM
IaBijieHHe B TpyOKe, To TpyOKka OyJeT BoaBpallleHa B PaBHO-
BeCHOe€ COCTOSAHHUE. TaKI/IM O6pa80M, ycJJaoBue YCTOfI‘IPIBOCTPI:

dp  5p

= 3o (14.33)
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O6pIuHO IpaBoit yacTbio B (14.33) MOMKHO HmpeHebpeub,
0coGeHHO BOJIM3 U TPAHUIIEI IJIA3MEI, IOSTOMY YCJIOBHE YCTOM-
YHUBOCTHU CBOIUTCA K

d
P 0.

avu

Jdpyrumu caioBaMu, IasMa yCTOHUNBA, €CJIN BHYTPH ILIa3-
MBI, TZle faBJeHNUe Bo3pacTaeT, Beanunna U Tak:ke uMeeT MaK-
cumyM. Tak Kak B 5TO¥ obJlacTH MATHUTHOE IIOJieé MeHbIIe,
YyeM CHApPY KU, TO TOBOPSAT, UTO IMJIadMa JOJIKHA HAaXOAUTHCA B
«MArHUTHOM aAMe». OTMETHUM, UTO B TOKaMaKe «MArHUTHASA
AMa» CYIIeCcTBYeT n3-3a 1madpaHOBCKOTO CABUTa BHYTPEeHHUX
MATHUTHBIX TIOBEPXHOCTEI HAPYIKY B 00JIaCTh MEHBIIIETO MAar-
HUTHOTO moJid. [losToMy B IJIasMe TOKaMaKa KeJJOOKOBas
HeYCTOMUYMBOCTDH He Pa3BUBAETCH.

CymmecTByeT, OTHAKO, MOAUMUKAIIUA *KeJOOKOBOU He-
YCTOMYMBOCTH — TaK HasbIiBaeMasi 6aJlsIoHHAs Mojga. Bosmy-
meHnA 0aJJTOHHOTO THUIIA He TMOCTOSHHBI BJOJb CUJIOBOM JIN-
HUH, UX aMILIUTYaa 60JbIle Ha BHEITHEM 00BOle TOKaMaKa B
ob6JiacTy HebJIATONPUATHON KPUBUSHEI, IJle HEYCTOMUYNBOCThH
CTPEeMHUTCS PasBUBATHCA, U MeHbBINle HA BHYTpeHHEeM 06BOIe,
Tlle HeYCTOMYMBOCTh MOJaBJAeTCA. BalloHHas HeycToHuH-
BOCTH PaA3BMBAETCS NMPU KOHEUHOM AABJEHUHU MJIA3MBI U HO-
CHUT MOPOTOBHII MO JaBJAeHUIO XapaKkTep.

(14.34)

14.3. AUCCUNATUBHBIE MOAWDUKALINN
XXENNOBKOBOW HEYCTOW4YMBOCTH

14.3.1. HEYCTOMYUBOCTb P3JIES — IEVIHOPA
B YACTUMHO MOHU3OBAHHOMWM NJA3ME
B yacTUYHO MOHM30BAHHOM IJIa3Me B MArHUT-
HOM TIOJIe CYITeCTBYET NTUCCUTATUBHBIN aHAJOT »KeJJOOKOBOM
HeycTolunBocTHu (HeycTouuBocTu Pajsesa — Teiimopa). OHa
TaKsKe BBI3bIBAETCA KaK CUJON TAMKECTH, TaK W HEOJAHOPO -
HOCTBHIO M KPMBU3HOM CUJIOBBIX JUHUHM MATHUTHOTO TOJIA.
PaccmoTpum reomeTpuio, peacTaBiaeHHYIO Ha puc. 14.2,
¥ IIPOBeieM aHAJNS B JIOKAJIbLHOM MPUOINKeHNN. Bymem cun-
TaTh IJIA3MY 3aMarHUYeHHOM, TaK UTO BHITIOJHEHO YCJIOBUE
x,%; > 1 (cM. rimaBy 5). B yacTuuHO MOHM30BAHHOI miaszMe
cuja TSKeCTH, TaK ke KaK M B IMOJHOCTHIO MOHHB30BAHHON
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I11a3Me, BhI3bIBaeT TOK BAOJb OCH Y. HpI/I HaJN4YHUU IIepuogm-
YEeCKOTO II0 [ BOSMYIINeHUsI 3TOT TOK paBeH

iL b mnlg. (14.35)

Ecnu moHEI TOXKe 3aMarHWYeHHI, X; >> 1, To X0JJI0BCKAas
TIOABMXKHOCTD b; = ¢/B 1 3TOT TOK COBIAZAET C TOKOM B IIOJI-
HOCTBhIO MOHM30BaHHOI mIasMe. B oT/iiMune OT MOJHOCTHIO
MOHW30BAHHON MJIa3MbI 5TOT TOK KOMIIEHCHUPYeTCA He MOJA-
pUBAIMOHHBIM TOKOM, 8 HFOHHBIM TOKOM ITPOBOAUMOCTH, €CJAH
YacTOTA CTOJIKHOBEHI M JOCTATOUHO BesinKka. BmecTo (14.16)
nMeeM

1 1
b, mn'g engh, E, O. (14.36)

ITpeneGperaem auddpysnoHHBIM TOKOM en'D; k2, uTo cpa-

BeIJINBO IIPH YCJOBUH (IJId 3aMAarHUUYeHHBIX MOHOB)

TE?
<1, (14.37)
N3 (14.36) HaxoguM BO3MYIIle HHOE 3JIeKTpHUUeCcKoe IIoJIe:
ob pl
E} mgb n' (14.38)
e b n,
W3 ypaBHeHNA HeIpepLIBHOCTH AJ1A 9JIeKTpoHOB (14.18) ¢

yueroM (14.17) moayuaem

;8 dinny (14.39)
N dz
IIpu dlnn,/dz > 0 nnasma HeyCTONYNEBA C UHKPEMEHTOM
g . (14.40)
iN

HeycrotiunBocTh Pasnesa — Teitnopa B yacTHYHO MOHU30-
BaHHOI IJIa3Me OTBETCTBeHHA, HAIIPUMED, 32 PasBUTHE IIy-
3bIpeil IJIa3MbI B 9KBATOPUAJIBHOM 00JIaCTH HOHOCHE PHI.

14.3.2. XXEJIOBKOBASl HEYCTOW4YMBOCTb MNJIABMblI,
KOHTAKTUPYIOLLLEU
C METANNYECKMMWU CTEHKAMMU

Eciu mosmHOCTHIO HOHN30BaAHHAS IIJIa3Ma OorpaHHNYeHa Me-
TaJJINYeCKNMHU CTEHKaMM, INIePIeHINKYJIAPHBIMY MAarHunTHO-

MY IIOJIIO, TO IIOJIAPHU3aIlNA IIJIa3MBI B 3HAYNTEJIHbHOM CTeIIeHN
«3aKopaunBaeTCA» . O,Z[HaKO Jgaxxe B 6ecCTONKHOBUTEABHO
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miIasMe u3-3a 3 GeKTUBHOTO CONTPOTUBIAECHUA IPUCTEHOUHO-
TO CJIOSA OCTAeTCA MOJIAPU3AIUA, IPUBOAAINAA K PA3BUTHIO
HEYCTOUUYMBOCTH.

B HanpaBiieHNU i BOSMYII€HHEII TOK HO-TIPeKHEMY AAeT-
ca BeipaskenueM (14.35). UuTerpupysa ypaBHeHUE i o
BJOJIb OCH X TIO Bceti 00J1acTH, OTpAaHUUYeHHOMN CTeHKAMH, TIpe-
moJiarasi CHMMETPHIO TI0 X, ToJydaeM

ik[;, 2]'"1 0. (14.41)
3aech L
I %8 gy 8 A 14.42
¢ mB o e m,B ( )
—_— HHTeI‘paHBHBIﬁ BOSMyH.IeHHBIfI TOK, a ]"1 — IIJIOTHOCTBH

TOKAa, BBITEKAIOIero Ha CTeHKY ITpu X = L. YTo6bI 06ecieunTh
BHITEKAHIEe TOKOB HA CTeHKY, MOTEHIINAJT BOJIM3H CTEHKHU BO3-
MyInaeTcs. BosMyleHme MOTeHITHAIA COOTBETCTBYET BOJIbT-aM-
HepHOH XapaKTepUCTHUKe MPUCTeHOUHOTO ¢Jiod (3.26). Cunrasa
HeBOBMYIEHHBIN ITOTEHITHAJ IJIABAIOIINM U3 JINHeapu30BaH-
HOTO ypaBHeHHA (3.26), Haligem

. el
]"1 en,C, = (14.43)

rae ¢, = (T,/m;)!/?2 — ckopocTh 3ByKa, a i, — KOHIleHTpalis
IJIa3Mbl BOJIU3U cTeHKHU. M3-3a BRICOKOI ITPOBOAUMOCTH 3TO
BOZMYIIeHNE TTepeiaeTCA B IIA3MY B0 MATHUTHOTO TIOJIA U
He 3aBUCUT OT x. [lomosmHnTENIBLHO K ToTeHITuany (14.43) B mnas-
Me CYIIeCTBYeT 60JbIIMaHOBCKUI nmoTeHNNal ;= (T,/e)lnn,
KOTOPHIii 06ecIieunBaeT MPOJOAbHEIH GaIaHC . BhIsBaHHBIH
UM Apetid B CKPEIeHHbIX MOJAX ABJIAeTcA Oe31nBepre HTHBIM
¥ He JaeT BKJaJa B ypaBHeHUe HeIlIpe PHIBHOCTH.
VYpasuenune HenpepbiBHOCTH (14.18) umeeT Buj

| ick 1dn 0
e (14.44)

ITonaraem JAJisi IPOCTOTHI, UTO HEBO3MYITeHHAS KOHIIEHTpA-
nusi GaKTOPUIYETCA Ry = g, (X)7,(2), TAK UTO |dlnn,/dz| " =
He 3aBHCHUT oT x. Torga, Tak Kak. ! = const(x), npoduis Bo3-
MYIIeHUA B HAIIPABJIEHUH X MOBTOPAET Npoduis ny(x). Kom-
6unnpysd (14.41)—(14.44), nonxydaem
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L dlnn0
Lpo 2
Zk csg iz (14.45)
rae
L
(T, /m)' 2

Lx nde / ng, ci
0 ci
IIpu dlnn,/dz > 0 nnasma HeyCTONYNEBA C UHKPEMEHTOM
g 2 ¢
T R E L

(14.46)

14.3.3. TPABUTAUNOHHO-ANCCUMNATUBHASA
XXEJIOBKOBASl HEYCTOW4YMBOCTb

OTMeTHuM, UTO CYIECTBYeT ellle AUCCUTATUBHASA MOA U U-
KaIus *KeJoOKOBOI HEYCTONYMBOCTH, CBA3aHHAA C KOHEUHOM
TMPOBOAMMOCTHIO TIJIa3Mbl BIOJH MATHUTHOTO MOJSA U KOHeY-
HOH AJIMHON BOJIHEI BAOJID B.91a HeYyCTOWYHBOCTD Peanusy-
eTCsl, eCJIM 2KeJIOOKOBasl HeyCTOUYNBOCTS ¢ k) = 0 He pasBuBa-
eTcs, HO MMeIOTCs JIOKaJAbHEIe YCJIOBUA IJIA MOJAPU3AIUN
IJIa3MbI, HATpUMep HebaaronpuATHaAd KPUBU3HA MATHUTHO-
TO ToJA. AHAJIN3 ee TIPOBOAUTCA aHAJOTHUUHO MPEIbIIY UM
caydasiM, IPHU 9TOM B 6aaHCe TOKOB YUUTHIBAETCS ITPOAOID-
HBIH TOK IPOBOAMMOCTH. Pe3yabTupyloInasa uacToTa ompee-
JsieTcsa U3 ypaBHEeHUA

s e 20 (14.47)

rae 9
kx ci ce

g
, X , g, (14.48)
k20,51

(W]

IMpu . << , uMeeM OOBIYHYIO 3KeJOOKOBYIO HeyCTOMUN-

s

BOCThH, alIpu = == P

2
< . (14.49)

14.4. QHEPTETUYECKMA NPUHLMKN

B marauToruapoanHaMuueCcKOM TEOPUH YCTOM-
YHUBOCTHU MOYKHO c(hOPMYJIUPOBATH OOITU I ITPUHITUIT, OCHOBAH-
HBIN Ha 5HepPreTHUYECKUX coobpaskeHnAX. BBeJeM cMelneHIe
TJIa3MBI COTJIACHO
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t
(7, ¢ )dt,
0

(14.50)

rge iu(r,t) — CKOpPOCTH 3JeMeHTa o6'beMa IPU PasBUTHH He-
YCTOUYMBOCTH.

IIpeoGpasyem JuHeapusoBaHHbIe ypaBHeHusa MIII, uc-
moJIb3yd cMellleHue. JInHeapm30BaHHOE YpaBHeHUE JIJIS Mar-
HUTHOTO MOJIA B OTCYTCTBUHU CTOJKHOBEHU M MMeeT BU

%1 [@' B°]. (14.51)

Nuperc «0» oTHOCHMTCA K PABHOBECHBIM 3HAUYEHUAM Be-
JUYNH, a UHAEKC «1» COOTBETCTBYET BOSMYINEHHBIM BEJIUUM -
HaMm, u° 0. Uarerpupysa(14.51)mo Bpemenn ot 0 10 ¢ 1 yun-
THIBasA, uTo Bl(F,¢ 0) 0, Hoaydaem

Bl(#,¢) [ B°]. (14.52)

3amuiinem YpaBHEeHUA GanaHca TeIlLIa AJA 2JIEKTPOHOB "
HNOHOB B a,Z[I/Ia6aTI/I‘IeCKOM HpI/I6J'II/IJ}QeHI/II/I:

3 (uT)
2 t

CriaasiBas 1Ba ypaBHEHUS, IOJYUNM CyMMapHOe ypaBHe-
Hue GayaHca TelLaa:

(%nTﬁ) nT i@ 0. (14.53)

3 p 3 . _
°r 2 0. 14.54
2 ¢ (Zpu) p u ( )
Hocne JUHeapusanmun
3P 8.4 o 5 o 1 14.55
27 ¢ 2u 2p ut 0. (14.55)
Hocne HHTETPUPOBaAHHUA IIO BPEMEHHN C YUE€TOM
p'(F,t 0) O
nMeemM - 5
p'(7,t) p° §p° (14.56)

Haxkomnerli, mpeob6pasyeM ypaBHeHHe cyMMapHoOTo GaJiaH-
ca cuJI:
du 1 21D
== - B] B].
= p 41l BB (14.57)
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ITocre JUHeapusanmnumn

o @ o 7
t 2
pt LIl BBl M BBl (14.58)

ITocne moacTamoBKHM B mpaByio yacTh (14.52) u (14.56)
moJry4aeM
0? F(O). (14.59)

FO) ( p° %po ) %[rotlg’o rot[  B°]]

4L[rot rotf B°] B°]. (14.60)

VYpasuenne (14.59) MOJHO HHTEe PIIPETHPOBATE KAK Y PaB-
Henue HpioToHa, a omrepaTop F( ) IpeAcTaBJIsieT coboii cuiy,
BHISBIBAIOIMYIO CMeIlleHNe dJeMeHTa ITasMbl. ¥ MHOKHM obe
yacTu ypasueHud(14.59)Ha M IpoMHTErpupyeM o oobeMy:

2z 0(ﬂ)2 Al
O dF —~ Td?’ F( )dr. (14.61)
Beanuuna .
0( )2 R
K 5 dar (14.62)

ABJIAETCA KMHETHUECKOM sHepTHueil, CBA3aHHOI ¢ pa3BUTHUEM
HeycToitunBocTtu. Mcmoabsys (14.60), MoKHO mOKAa3aTh, YTO
HHTerpaJ B mpaBoit yactu (14.61) yaoBiaeTBOpsAeT CBOMCTBY
CaMOCOTIPSIKEeHHOCTH |

“FO)dF F()dr. (14.63)

OTciofa ciaeAyeT COOTHOIIEeHIE
TFO)ar %—t “BC)dF (14.64)
C yueToMm sToro cooTHoInenusi (14.61) nepenuiiieM B BUIe

—& w) o, (14.65)
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rae
w % TR (14.66)

Benanuuna W uMeeT cMBICT U3MeHeHUS MOTEHINATbLHOM
sHepruu cucteMbl. Ecim s Kakoro-imbo BHUAA cMeIeHUH
W < 0, To moTeHIUANbHAA sHeprusa K HapacTaeT 1 pasBuUBa-
eTcs HeycToliumBocTh. Eciu sxe W > 0 g4 miob6bIX cMelne-
HUH, TO paBHOBECHE ABJISAETCSI yCTOWUNBEIM. TakuMm ob6pasom,
SHePreTUYEeCKUI MPUHIHUII TTO3BOJISIET CBOAUTE AHAJU 3 YCTOM-
YHWBOCTHU K aHAJIMU3Y 3HAKA BeIUUUHB W.

14.5. BUHTOBASYl HEYCTOWYMBOCTb

Ecau gnsa »xelo6KOBOM HEYCTOMYMBOCTH HC-
TOUHUKOM 5HEePTHHU ABJSIETCA TEIJIOBAA 9HEePrud, TO IIPH pas-
BUTHHU BUHTOBOUM HEYCTONUYMBOCTH SHePTeTUYECKUM pesep-
ByapoM CJOYIKUT 9HePTUSI MAarHUTHOTO MoJd. PaccMoTpuM
HeCKOJBbKO IMIPOCTHIX IPUMEPOB BUH-
I 1opoii meycroiiumBocTH.

IIycTs nuMeeTcss O€CKOHEUHBIN I1H-
JUHIP, BREITAHYTHIN BAOJb ocu 2. Ilo
IJIa3Me IPOTeKaeT TOK, a MPOJoJIbHOe
MATHUTHOE I0JIe OTCYTCTBYET, TAK UTO
TJ1a3Ma IpeAcTaBJIsAeT co00i paBHOBEC-
HBIN 3eT-TIMHY, PACCMOTPEHHBIH B TJIa-
Be 12. Takoi nuHY MOKeT OHITH He-
Bo YCTOHUYMB OTHOCUTEIHHO PATNATbHBIX

BOSMYITEHM:

=A(r)exp(—i t+im +ikz),(14.67)

rae m =k r — IeJ0€e YHUCJIO BCJIEJCT-

BUE IIepUOAUYHOCTH I10 YTJIOBOI KOOP-

auHaTe. CMeIeHNE 3JIeMEHTA TJIa3MbI

3ech IIPOUCXOANT B pagMaIbHOM

HamrpapieHuu. Ilpu m = 0 BosMyIeHHe

a3UMYTAJIbHO CUMMETPUYHO U MMEET

xapakTep IepeTskek (puc. 14.3). B 06-

Bosiﬁixjoi‘gane JacTHU MEePeTAKKH, TAe paguyc IHY-
IepeTaKeR B 3eT-IINHYUE pa YMeHbIIIaeTCd, a3nmMyTaJbHOE
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MaTHUTHOE TToJie HapacTaeT, TaK KakK MOJHBINA TOK I coxpaHsd-
eTcs n HaTpaHune muEypaB  r L. [losToMy BozpacTaeT U cuia
Awmmnepa, mpomopruoHaabHasi IB , KoTopas CKUMAaeT IaasMy
M IPUBOAUT K HapacTaHUIO BodMmymenuii. [Ipu sToMm HapacTa-
eT U JaBJieHUe IJIa3Mbl BHYTPH MEePETAKKIN, HO He TaK CUJIb-
HO, TaK KaK MOYKeT BIpaBHUBATHCS BJIOJIb ITHYPA.

YTo6H MCCaAeIOBATh BUHTOBYIO HEYCTOMUUBOCTE ¢ m = 0
KOJIMYEeCTBEHHO, BOCIOJb3yeMCsA SHEePreTUUeCcKUM MIPUHITH-
moM. ByaeM cuuTaTh, UTO MUHY MO PAAUyCy OTpaHUYEeH Me-
TANAUYIECKOM CTEHKOM, YTOOBI UCKJIIOUUTD U3 PACCMOTPEHUA
BaKyyMHYIO 00JacTh. ¥Yeiaosue W > 0 yerofiunBoctu (14.66)
IS pagfuabHBIX BO3MYyIeHni ¢ m = O yopormnaetrca. MHTer-
pupyd mo yacTAM, mepenurtiem (14.66) B Buge

50Bg “\2 Bg szdpo Bg =
R e AT -
(14.68)
31ech
- li(,« ).
rdr

BBI,Z[eJ'II/IM B IIOABIHTETIPAJBbHOM BBIPDAM({€HUU HOJIHBIH

KBagpar: 2

B
B2 . —
wooSp 0y — 1 aF
3 4 25030
3P 4
B2 *
r 0o B2
T 24 B 0 (14.69)
4@0373 r dr 2 r
3P 4

IlepBhIti MHTETPAJ HOJIOKUTENEH, TTIOSTOMY HepPABEeHCTBO
(14.69) BRImONHsAETCH, €CJAN BTOPOH MHTerpaJ TaKiKe II0JIO-
JKHUTeJIeH, YeMy COOTBETCTBYET YCJIOBUE

dp® 10/3
o _/5 (14.70)
pear 4 s

rae 8 p°/BZ. Takum ob6pasom, HepaseHCTBO (14.70) mpex-
cTaBJIsgeT coboii ycJIoBHMe YCTOMUYMBOCTHU AJIA MOAbI ¢ m = 0.
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IIpogosbHOE MArHUTHOE HOJE CTAOUIN 31 - B,
pyet moay m =0, Tak KaK CHUJOBBLIC JUHUU /]\
COKMMAIOTCSA BMECTe C ILIasMOil 1 MarHuTHOE
JIaBJieHNe, CBA3AHHOE C TIPOJOJHHBIM IIOJIEM,
HapacTaeT. I[Ipu 3TOM, OJHAKO, MOJKET pacKa-
ynBaThess Moga m = 1. PaceMmoTpum, KaK mpo-
HMCXOJUT PA3BUTHE HEYCTOWYNBOCTH I = 1 1J1sA
TOHKOTO ITHY Pa ¢ TOKOM, IOMEIIeHHOTO B ITPO-
JTOoJIbHOe MarHUTHoe ToJie. IIpu BosMyIleHN!-
ax ¢ m =1 mAyp usrubaercd, KaK MOKa3aHO
Ha puc. 14.4. IIpu sTOM m3-3a TOTO, YTO TOK
TeueT BJOJb ITHYPA, TIOABISIETCA a3UMYyTATb-
Has COCTABJAIONIAA TOKA U paAuaJIbHAasd CHJIa 'Y]
Jlopenna j B,/c, koTopasi U IPUBOAUT K Ha- Prc. 14.4
pacTaHWIO BO3MYINeHWI. BesnunHa asuMy- HeycroitumpocTs
TaJbHOTO TOKA 3aBUCHUT KaK OT paguaIbHOTO “;gﬁ}‘zg;’;;i{%:
CMeIeHus, TaK 1 OT Iara CIIMPaJIu 1o 2. ¥ paB- ¢ TOKOM
HeHUe pagmaibHOTO 6ajaHca CUJ UMeeT BUJ
2
Z? %j B, %j"sz . (14.71)
Orciofa cieyeT BhIpaskeHUe AJIA MHKPEeMeHTa HeyCTOo-
YHUBOCTMH:
e . (14.72)
BrIpaskas TOK Uepes co3iaBaeMoe UM a3uMyTaJlbHOe Mar-
HUTHOE ToJIe, TToJIyuaeM

%“ 2 ka'’?, (14.73)

rie a — paguyc mHypa, =B /B_,ac,=B,/(4 . )V/? —ampd-
BEHOBCKAaA CKOPOCTh, paccunTanHasd 1o nouio B,. Takum 06-
pasoM, xapaKTepHOe BpeMsA PasBUTUA BUHTOBOI HeyCcTOHUH-
BOCTH OTIpe e IsAeTCs alb(PBEHOBCKUM BpeMeHeM B OTJINUHE OT
JKeJOOKOBOII HEYyCTOMUMBOCTH, T ONPeAeAI0IMUM ABIAET-
csA BpeMsA, COOTBETCTBYIOINee CKOPOCTH 3BYKA.

Y1061 HANTH KPUTEPUI YCTONUYNBOCTH PeaJbHOTO IIHY-
pa ¢ TOKOM KOHEUHOII TOJNIIUHBI OTHOCUTEJIbLHO MOJALI i = 1,
paccMOTpHUM CJeAYIONYyIo YIPOIMeHHYI0 MOJAeb: MyCTh Ha
TIa3MeHHBIH ITHY P HAJI0KeHO BUHTOBOE BOZMYIMeHHUE, KOTOPOe
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He n3MeHseT ero hopMbl. PaccMoTpuM JBa TOTIepeUHBIX ceve-
HUS ITHYpPa, OTCTOAINUX APYT OT Apyra Ha YeTBepPTh AJIUHBI
BOJHEI (puc. 14.5). IlycTh npu HeKoTopoM sHaueHuu z = 0
MIHYpP cMeInaeTcA BJeBO (IYHKTHD), TOTJa HA PACCTOAHUU
z= /4 cMelleHNe IMIHYpa TOJKHO OBITH HaNpaBJIeHO BHUS.
PaccMoTpuM cuUTyaluio, KOTAa Ha PACCTOAHUU 2 = /4 cujo-
Bas JUHUSI IPOBOPAUYMBAETCS B A3UMYTAIbLHOM HAaIPpaBJIeHUH
Ha yroJ, 6oabIinuii, uem /2. Tak KaKk MarHUTHOe MOJieé BMO-
POSKeHO B IJIa3MY, TO CUJIOBAsA JUHUA OTHOCUTEJHHO IeHTpa
BO3MYINeHHOTO IMTHYpa (IYHKTUP) IPOBOPAUNBAETCS B a3UMY -
TAJIbLHOM HaIpaBJeHUHU Ha TOT ke yroJ. B To ke BpeMsA OTHO-
CUTEJLHO IeHTPa HeBO3MYINEHHOTO IMTHYpa CUJIOBAA JUHUA
TpoBOpauMBaeTcsa Ha 60JbIMui yroa. YTo6s o6ecIeYnuTs Mo-
BOPOT Ha GOJBINNI YT0JI, A3UMYTaIbHOE MAaTHUTHOE MOJIe Ha
BepxHel cTopoHe MHYPa JOJKHO BO3PACTH IO OTHOIMEHUIO K
paBHOBecHOMY 3HaueHUIo. [Ipu 5ToM yBeqMmuuBaeTCA U MAar-
HUTHOE JaBJieHWEe, KOTOPpOe YBeJWUNBaeT cMelleHue MHYypa
BHU3, UTO ¥ IPUBOAUT K JaJbHeHINIeMy HapacTaHUIO HeyCTO-
yuBocTHU. B o6paTHOM ke caydae, KOT/Ia CUJIOBAs JTUHUA MIPO-
BOpaumBaeTCA HA JJauHe /4 HAyTOJI,
MeHBIIUHN /2, mHYp ycTouuns. Ompe-
JeJINM 3amac YCTOMUYMBOCTH AJA IH-
JUHAPUYECKOTO MHypa KaK

B,2 ¢ B.ka
@) == (14.74)

Torga ycioBue yCTOMYMBOCTH IITHY -
pa COOTBETCTBYET

g>1. (14.75)

9ToO HepaBeHCTBO M3BECTHO KaK
ycaoBHe yerounBocTu Kpyckama —
ITagpanosa.

Hnsa moasl m 2 mpoBejeM cJie-

AyIOlllee paccysKJeHWe: pa3sBepHEM Puc. 14.5
CMelreHNe CeUeHIH

TOBEPXHOCTD IITHYPa B IIPAMOYTOJb PONCTONo TLIASAGHIOro

HuK (puc. 14.6). Och opamHAT COOT- LIHypa, OTCTOAIIUX Ha

_ /4, IpU pasBUTUUA
BeTCTBYeT KooOpamnmHaTe 2, a OChb abc BUHTOBOM HeyCTONUMBO-

nuce — asuMyTaidbHOMY yray . Pa- ctucm =1
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Puc. 14.6
JIVHUY OCTOSAHHOM (paszbl paguajlbHOTO CMeI[eHUs
¥ CHUJIOBBIE IUHUHU MATHUTHOTO IOJS B IJIOCKOCTH (2, ).
Curyanus COOTBETCTBYET PA3BUTHIO HEYCTONUMUBOCTH.

IuaJbHbIe BO3MYIMEeHUA CMEIaloT IPaHUIly ITHYpa, o6pasysa
pudIeHYI0 IOBEPXHOCTE, N300 paskeHHYIO Ha puc. 14.6. Bme-
cTe ¢ paguaJIbHBIMU BOSMYIMEHUAMH II0 pafuyCcy cMelllaeTcsa
¥ IPOJOJIbHBIT TOK. Bo3MyIeHUA IJIOTHOCTH TOKA Ha TIOBEPX -
HOCTH IMHYpa IPUBOAAT K MOABJEHUIO PAANAIHLHOTO KOMIIO-
HEeHTa MarHUTHOTO moja B!, IlepeMeHHOe BO BpeMeHH pajn-
aJbHOEe MArHUTHOE TOoJie HABOAUT BUXPEBOe BJIEKTPUUECKOe
moJie. B cuny BBICOKO# MPOBOJMMOCTH ILJTa3MbI 9TO HaBeJeH-
HOe 3JIEKTPHUUYeCKOe T0JIe JOKHO OBITh TPAKTUYEeCKH ITePIIeH-
UK YIAPHLIM MATHUTHOMY IIOJII0. OTO MOJIe U BHI3LIBAET CMe-
ImeHne 3JeMeHTa IJIa3Mbl II0 paguycy usa-za apeiida B cKpe-
IMeHHBIX MOoaAX. CBA3H MeKAY cMellleHueM U BO3MYIIeHneM
MarHUTHOTIO MHOJsA AaeTcs coraacHo (14.52) cooTHoIlmeHneM
B! ~iB, ki (EB, mB /a). BaTOM BRIpaskeHNH 3HAK PaJ-
AJbHOTO MATHUTHOTO MOJSA AOJI’KeH OBITh OTpHUIlaTEeJIeH —
TO €CTh COOTBETCTBOBATH CMEIMEHNIO TOKAa HAPYXRY. [ pyru-
MU CJIOBAMH, HaBeJeHHOe TIoTlepeuHoe 3JeKTpuuecKoe moje
JOJIJKHO BRISBIBATH Apeiid MIasMbl HAPYKY, YBEIUUNBAS CMe-
menne (puc. 14.6). B o6paTHOM ciydae ILIazMa YCTOMUMBA,
TaK UYTO KpuTepuil ycroiiuuBocTu nMeeT Buj ¢>m. Ecau nu-
JUHIAP UMeeT KOHeuHYIo AnuHy L, Tok =2 n/L. B uacTHOCTH,
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IJidg Topa paguyca R BennunHa k= n/R. B aTom ciyuae ycio-
BUE YCTOMUYMBOCTHU UMEET BUJ,

B
4 m (14.76)
n

q(a) B R

Venosue (14.76) gom:xHO UMETh MECTO HA TpaHUIlE IIMHY-
pa. Ecyin miioTHOCTH TOKA IMTIOCTOAHHA IO IITHYPY, TO A3UMYTAJb-
HOe ToJIe INHEHHO PACTET C paJUyCcoM U 3HAUEHUE ¢ IOCTOSAHHO
mo MHYpy. B sTOM MogenpHOM cayuae yeaopue (14.76) mosxeT
OBITH BBRITIOJIHEHO BO BeceM oO0beMe ITHYpa. Ilpu aio6om Gosee
pearucTuuYHOM Hpoduae ToKa sHaUeHUe 3alaca YyCTOHUHUBO-
CTH 3aBUCHUT OT paguyca. [Ipu 5ToM BHYTPH IITHY pa CYITECTBY-
€T MHOTO MOBEPXHOCTEM C paJuycoM ¥ = F,,,, HA KOTOPBIX

q(rey) (14.77)
n

CooTBeTCTBYIIOIE MATHUTHBIE MOBEPXHOCTH HA3BIBAIOT-
csA pe3OHAHCHBIMYU MATHUTHBIMH MoBepxHocTAMHU. Ha camoit
pe3oHAHCHOI MATHUTHOUN MOBEPXHOCTH BUHTOBAA MojJa Hel-
TpaJIbHO YCTOMUMBA, & C Pa3HBIX CTOPOH OT Hee M3-3a 3aBUCH-
mocTu ¢(r) ycaoBue ¢(r) > m/n c ofHON CTOPOHEI BHIIIOJIHSIET-
cd, a ¢ AIPYTroii CTOPOHEI He BHITIOJHAETCS. ¥ CTOMYUBOCTH B
5TOM cJIyuae 3aBUCHUT OT CKOPOCTH M3MeHEeHH 3amaca yCTo-
YHUBOCTH O PAAUYCY, TO €CTh OT BEJIUUNHBI ITUPA MATHUTHO-
T'O MOJIS.

JJA OlleHKHM HeoOXOAMMON BeJWUYHUHBI IMHUpa IpUBEIeM
caenyiolliee YIIPOIMIeHHOEe paccy:KIeHNMe: pacCMOTPUM MOAY,
JIOKAJMB30BAaHHYIO OKOJIO pe30HAHCHON MArHUTHOM MOBEPXHO-
ctu. BosmyIneHne aBaeHNs IPU cMelneHuAX coracHo (14.56)
ectb p! — dp/dr. C BoaMyllleHuEeM JaBJeHNUSA U KPUBU3HOMN
CHJIOBBIX JUHUH Ry =rB_/B cBsAszaHa ZecTabUIN3UpYIOMIas
cuia:

)
F WR_S’ (14.78)
KOTOpas CTPeMUTCS BEITOJKHYTH ILIasMy HaApysKy. OTa ciiIa
YPaBHOBEININBAETCA HATAKEHNEM CHJIOBBIX JII/IHl/Iﬁ, CBsi3aH-
HBIM c ux JedopManueii. CTabuansupyomas ciujia oneHNBa-

€TCA KaK

(B )B _iBA5

F.
2 4 4

(14.79)
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Hcnonbayem cooTHomeHne (14.52) B! ~iB, B m paano-
’keHHe k| B pAJ BOIM3U PE3OHAHCHOM MATHUTHON MOBEPXHO-
ctu(8.71) B(r) k. (r 7,;)/Tys »The . — BBeJEHHBII B IJla-

Be 8 mup marauTHoro nois. [lonarasa k (r—r,,,) 1,unsycio-
Busa F, = F, noaydaem
dp/dr B 2
322/8 B2 r : (14.80)

970 HepaBEeHCTBO N3BECTHO KAK KPUTEPHUM YCTOMUYNBOCTH
Caiigema. U3 Hero cieayeT, UTO IMUP MATHUTHOTO TOJA 9(-
¢dbeKTHUBHO HOAABJISET HEYCTOWUMBOCTH, JIOKAJIMN30OBaHHEIE
BOJIM 3 Pe3OHAHCHBIX MATHUTHBIX TIOBePXHOCTEl. AHAJIOTMY-
HBIT KpuTepuii Mepche MOsKeT OBITH IOy UeH AJIA TOPOU AT b-
HOI TeOMeTpHUH.

14.6. TUPUHT-MOAA

Kak norkasaHo B npeasiayinem pasaeie, MI'JI-
HEeYCTOMYHNBOCTH, JJOKAJIM30BAHHEIe BOJM3U Pe3OHAHCHBIX MAar-
HUTHBIX TOBepXHOCTel, cTabuansupyoTea mupom. OaHAKO
BOJIM3Y Pe3OHAHCHBIX MATHUTHBIX MTOBEPXHOCTEI MOYKET pas-
BUBATLCA HEYCTONUYMBOCTE, CBA3aHHAA C M3MeHeHUeM TOIIO-
JIOTUY MATHUTHOTO TOJIA, TaK HasbkIiBaeMasa TUPUHT-Moa. Ee
CyIlleCTBOBAHME CBABAHO ¢ KOHEUHOM MPOBOIMMOCTBIO T1J1a3-
MBI BOJIM3U pPe30HAHCHBIX MATHUTHBIX ITOBEPXHOCTEM U TIPHU
ee pasBUTHUH BOJMBY 9TUX MOBE PXHOCTEII BOSHUKAIOT MArHUT-
HBIe OCTpPOBA — 00JIACTHU C APYTOoil TOMOJIOTHE MAarHUTHOTO
oM.

X

B,’(x)

Puc. 14.7
HeBosMyl[eHHOEe MATHUTHOE I0JIe BOIU3U HEHTPATLHOTO CI0A



296 B. A. POXXAHCKWW. TEOPUA NJIASMbI

IIpoaHanusmpyeM pasBUTHE TUPHUHT-MOJILI HA HMpUMepe
ILIOCKOTO cJios IaasMel (cMm. puc. 14.7). IIycTh ocHOBHOe He-
BO3MYINEHHOEe MATHUTHOE TIOJIe B;’ (x) HampaBJIeHO BIOJb OCHU
Y, & BeJINUYNHA €70 3aBUCUT OT KoopAuHaTh! x. IIpu x = 0 mar-
HUTHOE TI0JIe 00 paIaeTcs B HOJb, YTO COOTBETCTBYET HEMTpAaJIb-
HoMY cJjoio. Takoe moje cosgaeTcss TOKOM

;0 0
iz (¢/4) Bj(x)/ x.
PasHOBecHOe cocTOAAHNE ONUCHIBAETCSI COOTHOIIIeHNEM

pO
—~— B2 o. (14.81)

PaccmoTpum mepmogmueckoe BAOJb OCH Y BO3MYIeHHE
MarauTHoro mousa Bl ~exp( i t iky). 3aBUCHMOCTB OT KO-
OpAMHATHI Z OTCYTCTBYeT. Ilpu sTOM M3-3a yeaoBus B 0
BO3MYIIEHBI 002 KOMIIOHEHTa MAarHUTHOTI'O II0JISA, KOTOPhIEe CBA-
3aHBI COOTHOIIIEHHEM

1
lix ikB! 0. (14.82)

Braasau oT pe3oHAHCHOI MATHUTHOM ITOBEPX HOCTH CUJIOBEIE
JAUHNIN narubaioTes, Kak mokasaHo Ha puc. 14.8. IlepemeH-
HOe MarHuTHOe IT0Jie HaBOAUT BUX peBOe 3JeKTpUUeCcKoe MoJie
BIOJIb 2:

1 B! E!l
c t y

) (14.83)

Tax xax THUPUHI-MOJda ABJAETCA anepnoanqecxofx’l u Be-
IMeCTBEeHHaA 4aCThb YaCTOTHI OTCYTCTBYET, TO 2JIEKTPHUUYECKO€E

T >
uy! B
lu

Puc. 14.8
@DopMUPOBAHUE MATHUTHOTO OCTPOBA
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moJie CABUHYTO 10 (pase HA /2 OTHOCUTENHHO BO3MYINMEHUA
Bl . 9merTpudecKoe oJie BEIBHIBAET Apeiidh) MIa3MbI BAOJIb OCH

X CO CKOPOCTHIO
E!
1 Clhi;

u

X B.l(l)

CropocTh apefida maasMbl HallpaBieHa K HeHTpaIbHOMY

CJIOI0 TaM, Tle CHJIOBbIE JIMHUHU CKUMAIOTCA, U OT HETO TaM,

Tle CUJIOBBIE TUHUH PACXOMSATCA.

B6msu HeATPATBHOTO CJI0S CKOPOCTh (14.84) cTpeMuTcs

K 66CKOHEUYHOCTH, TaK KaK HeBO3MYIIeHHOE MATHUTHOE TI0JIe

obpaIraeTcsa B HOJb. 3/ieCh HEOOXOAUMO YyUeCTh KOHEUHYIO

I POBOAUMOCTD ILIa3MbI 1 BMecTO (14.84) ncmoan3oBaTh ypaB-
HeHHe 6ajaHca CHJI IJs1 3JeKTPOHOB BAOJE OCH 2:

. (14.84)

ul BO
E! % i, (14.85)
rae I L 0,51m, ,;/ne?. TlpomonbHEIe TOKU TEKYT B TOH-

KoM cJioe BOamsu x = 0, Te MarHUTHOe ToJe obpalmaeTcsa B
HOJIb, 1 CO3aI0T MATHUTHYIO KOHQUTYPAIINIO C 3aMKHYTHIMHA
CUJIOBBIMHY JUHUAMHU — MaTHUTHEIe ocTpoBa. [lefiCTBUTENb-
HO, IIOJIOKUTeILHOe BOZMYIIe HHOe MarHNTHOoe 1oje Bl B6ian-
31 x = 0 yBOAUT CUJIOBYIO TUHUIO B 06JACTh MOJOMKUTETbHBIX
sHaueHu x. [To Mepe cMeleHNA MO X TMOABIAETCA HEBO3MY -
IeHHOe MArHUTHOE II0JIe BJOJIb OCH I U CUJIOBAA JIUHUA YXO-
IuT Baosb Y. Ilpu sToMm nsmMensieTcs ¢pasa BOSMYIIEeHHOTO IO
Bl ucunoBas IMHEA HAYWHAST CMEIAThCA K ILIOCKOoCTH X = 0
¥ 3aTeM B 00JIaCTh OTPHUIIATENbHBIX 3HAUEHUH X. 3JeCch HeBO3-
MYINeHHOe MarHuTHOe IoJie MeHAEeT HalpaBJeHe U YBOIUT
CHJIOBYIO JIMHWIO B HanpaBieHuu —y. Paza Bosmyimenusa Bl
ONATH MEHAETCS U B pe3yJabTaTe CUJIOBAsA JUHUSA COBepIIaeT
moJHBIIT 060poT, 06pasysa MATHUTHBIH ocTpoB (puc. 14.8).
Bpganu ske oT HeHTpPaJabHOIO CJIOS BO3MYyINeHHOe moie Bl
JUINH TepopMHUPYET CHJIOBYIO JUHNIIO, He BHI3LIBASI M3MeHe-
HUA ee TonoJsiorun. JInHusA, pasaesndionas 3aMKHYThIe U pa-
30MKHYTHIE CUJIOBBIE JUHUYM MATHUTHOTO TOJIA, HA3BIBAeTCA
celrapaTpHUCOIi.

B6ausu HeHTpaabHOTO CJIOA JNHeapu30BaHHOE YpaBHeHIE
Gasamca cuJ nMeeT BUJ (BOZMYINeHUAMHE IIJIOTHOCTH U JaBJie-
HUS TIpeHebGperaeM)
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ul 1. 1.
O—tx ;];Bg ;];)B;. (14.86)
JBUKeHNS MJIa3Mbl cUUTaeM HecKuMaeMbIMu (i 0 ):

Uy

ikul 0. (14.87)

JIluHeapmsoBaHHOe ypaBHeHHUE AJA MATHUTHOTO TOJA
(10.14) upeoGpasyeTcd K BUAY

2 0 2p1
"4 ( Bzx E2Bl). (14.88)
X

9To ypaBHEHUE COAEPIKUT MAJBLINT KoadhdUuIueHT mpu
crapimneii mpousBoaHO. Baanu oT HeHTpaIbLHOTO CJI0A IOCTIe ] -
HUH YieH B MPaBOM YacTHW HeCYINeCTBeH, a MPU OpubInsKe-
HUU K HeMY BTOpas MPOU3BOIHAA CTAHOBUTCA OOJBINOM, TaK
uto unen Bl/ t kKommeHcupyeTcsa GOJNBITON BTOPOM MIPOU3-
BogHoM 2Bl/ x?, yMHOMEHHOM Ha MaJIbli Koaddunuent °.
IIpu KpyOoHOMACIITAOHOM PACCMOTpPEHUHU BTOpAasA MPOM3BOJ-
HasA OT BeJIUYUHbI Bl TepnuT paspeiB, B TO BpeMsl KaK B pe-
AJHLHOCTH IepBas MIPOU3BOAHAA PE3KO MeHsIeTCA BHYTPH TO-
TPAHUYHOTO CJIOA IMUPUHOH 2 . BBegeM BeIMUNHY

dB! dB!

dxx( ) dx

B . 1R0
tx iku; B)

0

( ) /B:(0). (14.89)

Benuunma  ompefeisgeTcs pellleHHWeM BHeITHeH 3agaun
C COOTBETCTBYIOIIUMHY I'PAHUUYHBIMHU YCIOBUAMU.
BHYTpH Ke MOTPAHUYHOTO CJOA OMEeHUM BTOPYIO IIPOU3-
BOIHYIO: 2 g1 B
ER e
2

(14.90)

x

BygeM cuuTaTh, YTO B IOTPAHUYHOM CJIO€ BCe TPH UJieHA B
ypaBHeHnu (14.88) ogmoro mopsgka. Beoass mHKpeMeHT He-
YCTOUUYMBOCTH , MOJYUUM OIEHKY

¢ 0 2Bl
Bl - 1 2 (14.91)
N3(14.90)—(14.91) umeem
c2 0
~— (14.92)

4
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E1mte oiHO COOTHOINIEHNE MEKAY MHKPEMEeHTOM U IMHUPH-
HOM TIOTPAHUYHOTO CJIOSA MOYKHO TIOJYUHNTh U3 YpaBHeHU 6a-
namca sHepruu. CoraacHo ypasHenuio (2.8) ckopocTh name-
HeHUA SHePTUH UOHOB (B HAIlleM cJIydae peub UAeT O KUHeTHYe-
CKOM 5Hepruu) onpeaensdeTca paboToll 9IeKTPUUECKOTO TTOJIsA.
Byaem cuntaTh, 4TO AJAWHA BOJTHEI BO3MYITEHUA MHOTO O0JIBITIE
pasmMepa caos:

B < 1. (14.93)

Torga us ycamoBus HecxkuMmaemocTn (14.87) ciaegyert, 4TO

‘u;‘» ‘u}c » 8 CKOPOCTh M3MeHeHUA KMHEeTUUEeCKONH SHEepPTUH C
yuetoM (14.87) okaspIBaeTcs MOpAIKA
13)2 13\2

o W) o () (14.94)
2 2(k Y

IIpupaBHuBaeM 5Ty BeJNUNHY K paboTe 3JeKTPHUUYECKOTO
monsi A enElul. Tak Kak MBI CUHTAEM, YTO BCE BEJIUINHEL B
(14.85) ogmoro mopaaka, o E} ~u, B) /¢, a paGoTa

A jlulBY/ec. (14.95)

YuursiBas, 4TO TOK CBSI3aH C BOosMyIeHneM MaroiuTHOI'O
II0JISI COTJIacCHO
2p1 1
].1 _ ¢ Bx ~ CBx
>
4k x2 4k

(14.96)
IIoJaydaeM, 4TO
Bl

4 k

A ul BY. (14.97)

Torga, npupasuusas (14.97) u (14.94), nonydaem

ul Bl
Oﬁ] —ulBy. (14.98)

OneHnM 3/1eCh HEBO3MY e HHOE MATHUTHOE T0JIe KaK
BY~(BY) . (14.99)
Moacrasnas B (14.98) onenky B, ~ku,B) ~ku,(B)) ,

KoTopad ciaenyet us (14.88), u uckamodasa cKOpoCcTh, HaliieM
[(B)) Pk ?®
~ 5 o .

2

(14.100)
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Komb6uuupys (14.99)c (14.92), monyuaeM BhIpasKeHUe A5
MHKPEeMeHTa HeyCTOMUNBOCTH

[(Bg)]2/5k2/5( )4/5( 0)3/566/5
(4 )4/5 ( 0 )1/5
O6osmaunm XapaKTepHHﬁ pasMep M3MEHEHHNA IIapaMeT-

POB IIJIa3MbI BAOJBb OCH X KaK Lnu BBeaeM JBa XapaKTePHBIX
BpeMEHNn:

. (14.101)

L LA 2 4
Y

(14.102)

A

rge , — aab¢BEeHOBCKOE BpeMd, a
Torga

— CKHHOBO€ BpeMAA.

s
FRA (14.103)

TakuM 06pasoM, XapakTepHoe BpeMsA PasBUTHUA THPUHT-He-
YCTOHYNBOCTY OKA3bIBAETCSA TPOMEIKYTOUHBIM MEKIY OBICTPHIM
aIb(PBEHOBCKUM BpeMeHeM U MeAJIe HHBIM CKUHOBEIM BpeMeHeEM.
IIMupuHy DOTPaAaHUYHOrO CJIOSA MOMKHO ITOAYyUYnTh u3 (14.92):

—~ A« (14.104)

TupuHT-MOJa 5KCIOHEHIINAIbHO HapacTaeT I0 TeX Iop,
MOKa pasMep OCTPOBA He CTaHeT MOPSAAKa , IOcJe 3TOTO Cy-
IMeCTBeHHBIMHU CTAHOBATCS HeJnHeTHbIe 53O deKThI. B muanH-
Ipe UM Tope TUPUHT-HEYCTOMUMBOCTHh MOKET pasBUBATHCA
BOJIMBY pe30HAHCHHIX MATHHUTHBIX IIOBEPXHOCTEH g =m/n
(mogpobGHee cM. ri1aBy 15). B TokaMaKe TaK ke CYIIIECTBYET TaK
HasbIBaeMasa HeOKJacCHUYeCcKas THUPUHT-MOJAA, CBA3AHHAA C
mepepacupefeaeHueM IpodUIsa 6yTCTpe-TOKa N3-3a BOSHUK-
HOBEHHS OCTPOBA.

14.7. TEOAE3UKO-AKYCTUYECKAA MOJA
N SOHAJIbHbIE TEHEHUA

B TokamMake BO3MOYKHEI cieIudunuecKue KoJe-
6aHMA BO3MYIIEHUH IIJIOTHOCTH, TTOJIOUIATBHOM U TapaJliieIb-
HOM CKOPOCTEI, a TaKKe paguaIbHOTO 3JeKTPUUECKOTO MOJIA,
H3BeCTHEIE KaK reojesnKo-akyctTuueckas moaa (I'”AM). Pac-
CMOTPUM TaKue KoJebaHus Ha MpUuMepe TOKaMaKa ¢ KpYTJIBIM
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ceueHmueM B npoctoii reomerpuu (13.1). IlycTs Hapsany co cTa-
IMUOHAPHBIM 5JEeKTPUUYECKHUM IIOJIEM, KOTOPOe OMHUCHLIBAETCA
BeipaskenueM (13.62), B mmasMe uMeeTCA BOZMYINeHHOE paIu-
aJbHOE BJeKTpHUUecKoe ToJe, MePuoJuUYecKn H3MeHIOIeeca
Bo BpeMeHHU. COOTBETCTBYIOIIUM BO3ZMYINMEHHBIN ITOTEHITHAJ

&(r) AS(r)exp( i t) (14.105)

He 3aBUCHUT OT MOJIOUJAJTbHOTO YIJa U UMeeT IMIPOU3BOJIbLHBIN
MacImTab mo paguycy. BosmylinmeHHOe paguaabHOe MoJe

E§ d §/dr

BBI3BIBAET MOJIOUAAIBHOE BpAIlleHUE TJIa3MBbI (JIOTIOJTHNTEIb-
HO€ K OCHOBHOMY) CO CKOPOCTBIO VOG cEg /B. CooTBeTcT-
BYIOII[HE TIOJIONJaIbHbIE TIOTOKHW HA3BIBAIOT 30 HAJIbHBIMH I10-
TOKaMM 110 AaHAJIOTUH C 30HAJBHBIMHI TEUEeHUAMU B aTMocde-
pax mJjaHeT.

B HeOZHOPOJHOM MArHUTHOM I0JIe AuBepreHnua VI o1-
JUYHA OT HYJIA, YTO AOJI)KHO IIPUBOAUTH K IIOABJIEHUIO TIOTO-
KOB IIJIa3MBbI BJOJb CUJIOBBIX JIUHUI MarHUTHOTO MOJIA, aHa-
JOTHUYHBIX NPUPII-IIIIOTepOBCKUM moToKaM (puc. 14.9). 9tu
TOTOKH B OTJIMYME OT NPUPII-IINITIOTE POBCKUX IEPUOIUUECK U
MeHSAIOT CBOE HalpaBJIeHHUE, a aMIIJIUTY/Ja UX IIPOIOPINOHAIb-
Ha cos . IIpogosibHAsI CKOPOCTH COOTBETCTBEHHO

uf() ufcos , (14.106)

Te BeJIMUNHA TaKKe TTePUOII-

YecKHU MeHseTCsS BO BPeMeHN. m%>0
B cBo10 ouepennh, mapasienab-

HbI€ TIOTOKHU MOJIYKHBI BHIZHI-

BaThCA MPOJOJBHBIM IpagueH-

TOM JaBJeHHUA, MOSTOMY Ha

MAaTHUTHOUM ITOBEPXHOCTH CY-

IecTBYeT MepUuogUYeCKoe BO3-

MyIlleHre KOHIeHTpaIluu, Ipo-
TMOpIMOHANTbHOE sin :

n¢ ng¢sin . (14.107)

G
u)” ®

G
1231 <0

Puc. 14.9

_ IlonouganbHble CKOPOCTH
Taxum O6pa80M, BO3MY 1 BO3MYIIeHUA KOHIEHTPAIL U

IMeHHoe paJlaJIbHOE 3JIEKTPHU - B Teo/Ie3MKO-aKyCTHUeCKol Moje
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YyecKoe MoJie mMeeT MoJOuJaJdbHOoe BOJIHOBoe unciao m =0, a
BO3MYINeHUA KOHIEHTPAIIUY U MapajljieJbHOM CKOPOCTH CO-
oTBeTCTBYyIoT m = 1.
YpaBHeHUEe HETIPE PHLIBHOCTH UMEET BUJ,
Coe Mo Y 2 G o
i nf ——sin =n,Vfsin 0, (14.108)
r r

Tle BTOPOM WeH mpeAcTaBiIAeT cob0oii AUBEPreHITNIO TOJOU-
JaIbHOM OPOeKITNH MapajjeIbHOTO IOTOKA, a TPeTHH YJIeH —
IUBEPTeHIINIO TTOTOKA, CBA3AHHOTO C TMTOJOUAATLHBIM Bpallie-
HHUeM. ¥ paBHeHNe IPOAOJILHOTO GasiaHca Cua:

i minoui‘ﬁ cos un{” cos . (14.109)

IIpeanosaraeM, 4To TeMIlepaTyphl IIJIa3MbI He BO3MYIIe-
HBI N3-3a 00JIBIIOH IPOAOJIBHOHN TEIJIONPOBOTHOCTH 3JIEKTPO-
HOB U CHJILHOTO TeIJI000MeHa.

1 onpeeeHNs BOZMYIIEHHOT'O PaANaJIbHOTO 9JIeKTPH-
YeCKOTo IT0JIA Heo0XO0AMMO ypaBHeHMe OasaHca ToKa. B uacTt-
HOCTH, JOCTATOYHO BOCIIOJIb30BATHCSA PABEHCTBOM HYJIIO TOKA,
NIPOMHTETPUPOBAHHOTO 110 MAaTHUTHOM IMoBepxHOCTH. Beaenct-
BYIEe BO3MYIIleHNA KOHIIEHTPAIINY HA MAarHUTHOU IIOBEPXHOCTH
BO3HHMKAET OTJIMYHBIN OT HYJIsI yCPeJHEeHHBIHN TOK , CBSI3AHHBIH C

B gpeiidpom uacTHIL:
2
(rg) 2rR %n{? sin d
0
4 2re(T, Tong
B

Ero xoMneHCHpPYeT HOJISIPUIANNOHHBIN TOK, CBIZAHHBIN

C M3MeHeHHEeM 3JeKTPHUUECKOr0 II0JIA BO BpEMeHH:

) (14.110)

G
(1) 4 2rR%L;’. (14.111)
N3 ycaosua <<I B>> <<IP>> 0 nmeem
@ ye o (14.112)
r ng

roe Cs \/ (Te 71L)/nll .
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N3(14.108)—(14.109) umeeM A1A aMIJIUTY:

a . u?
i 4 I 2_1/0G 0,
nO r r
2 a
jue S M (14.113)
1l ron,

IIpupaBHUBasA K HYJI0 oIpeAeauTenb cucTeMsl (14.112)—
(14.113), mosry4aeM AU CIIEPCHOHHOE YpaBHeHHeE IJI YaCTOThI
KoJiebaHmii:

2
c 1
2 s 1
72 (2 qz). (14.114)

B paccmoTrpennom npubam:xkennn '”AM nmMeeT BelljecTBEH-
HYIO 4aCTOTY MOpAAKa 6ayHc-4acTOTHI MOHOB. IIo coBpeMeH-
HBIM TpefacTaBaeHuAM I'AM MokeT packauMBaThCA M 3aTy-
XaTh 3a cUeT HeJUHeHHOTO B3auMoAeicTBUA ¢ ApeiihoBHIMHU
BOJTHAMH, HAXOASICh C HUMHU B TUHAMHWYECKOM PABHOBECHUH.




nasa 15. MATHUTHBIE OCTPOBA
U CTOXACTU3ALNGA
MATHUTHOr O nong

15.1. MATHUTHbIE OCTPOBA

Kax mur BUIeJU B TIpeabIAyINei rjiase, B pe-
3yJbTaTe PA3BUTHUA THPUHT-HEYCTOMUYUBOCTH B IIJIa3Me BO3-
HHUKAIOT MaruuTHEIe ocTpoBa. Takad ske KOHDUTYypaIusa Mar-
HUTHOTO TOJIA MOKeT OBITHh CO3/]aHA U 34 CUeT BO3MYINeHUH
MATHUTHOTO TOJISA, BRI3BAHHBIX TOKAMHY BO BHEIITHU X ITPOBOJ-
HHUKaxX. PaccMOTpUM CTPYKTYpPY MArHUTHBIX OCTPOBOB, BO3-
HHUKAIOIUX 34 CYeT TOTO WJIN APYTOTO MeXaHU3Ma, 6oJee mMoI-
pob6uo. IIycTh HeBO3MYIlle HHOE MATHITHOE IOJIe Bg (x) numeet
TOT JKe BHJI, UYTO U B IpeAbIAyineM pasfgeie (cMm. puc. 14.7),
T. e. MeHsAeT 3HaK 11pu x = 0. B6sausu x = 0 moJie MeHAeTCA O
JUHENHOMY 3aKOHY:

BY(x) (BY)=x. (15.1)

B ob1em ciayuae KpoMe IMOJSA Bg (x) cymecTByeT U Mar-
HHUTHOe ToJje BY, mpuueMm AJA MPOCTOTH OyAeM IIOJATATH
B;’ (x) < BY. Byaem cumTaTh BO3MyIIeHHOe MATHHTHOE II0JIe
CTAIMOHAPHBLIM (CO3JaHHBIM BHEIMTHUMHU MPOBOAHUKAMMT) U
3aJaHHBIM B BUJe CYMMBI TapMOHUK:

1 , ,
B,  Bjexp(iky ik,z). (15.2)
ky’kz

Ecnu mose BY 0, To BcencTBue yeaoBus . B 0 mox-
HO BBECTH IMOTOKOBYIO PYHKIIHMIO AJIS MOJHOTO MATHUTHOTO

II0JIA:

B, — B, — (15.3)
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Hada oqHOM rapMOHMKM C BEIMEeCTBEHHOM aMILIUTYAOU
Bl B:sink,y
x 2 y 1 0 5 B
0 E(By)x ——cosk,y. (15.4)

ky

IIpu sTOoM caeyeT UMETh B BUAY, YTO BO3MYIIEHEI 00a KOM-
[IOHEHTA MArHUTHOTO HOJs Bl u B;, Tak Kak BeauuuHa Bl
3aBUCHUTOT x. JIuHUA = constcoBnagaeT c CUIOBOU INHUE
MarauTHoTO moJis (puc. 14.9). IleificTBuTEeIbHO, BJOJb 9TOM
auaund =dx [ x+tdy / y=0,oTrkygacyderoMm(15.3)
cJIefyeT COOTHOINEeHIe —Bydx + B.dy = 0, koTopoe coBIIagaeT
c ypaBHenueM cuopoi suuuu. Coraacuo (15.4) B X-Touke
Ha cemapatpuce ¢ Koopgunatamu x =0,y =0

0 ﬁ-
ky
B O-Touke Ha cemapaTpuce ¢ KoopamHaTtamMu x = W /2,

y= /k,

(15.5)

gy W° Bp 15.6
0 2( y) 2 ky ’ ( )
rae W — makcuMaJdbHAs MHUPpUHA cenaparpuckl. U3 (15.5)—
(15.6) momyuyaeM BhIpaskKeHMe AJIA MU PUHLI OCTPOBA:
1/2
w 4 kiko . 15.7)
4 (By)

Ecau nmose BY oTIMYHO OT HYJISI, TO CHJIOBAS JUHUA MAar-
HHUTHOTO TOJIA B OCHOBHOM JBUKETCA BIOJh OCHU 2, 4 TIPOeK-
YA KOHIIA CUJIOBOM JUHUM B IIOCKOCTH XY IJISA OJHOU rap-
MOHUKI ¢ k, = 0 BeJeT cebs1 Tak ke, Kak npu BY 0, obpasys
BOJIM3U TIockocTH X = 0 MarHUTHBIE ocTpoBa. Ecau Ke rap-
mMonmka Bl B;exp(ik,z ik,y) UMeeT KOHEUHEIe BOJHOBEIE
BeKTOpa k, U k., TO BBIJIEHHON ABJIAETCS IIOCKOCTD X = X,
rIe pasza BO3MYINMEHUS OCTAETCSA ITOCTOSAHHOM BIOJIb HEBO3MY -
IeHHO# cuijoBol suHUN. IloBepXHOCTh X = X OyAeM Ha3bI-
BaTh pesoHaHcHOH. Pasza k,z + k,y = 0 moCTOAHHA BAOIB IPsi-
MOH 2z = —(ky/kz)y. VYpaBHeHUe Ke HEBO3MYINEHHOI CUJIOBOM
JnHNN uMmeeT Bug 2z yB? /(Bg) x,. ComocTaBisas ABa BEIpa-

JKeHHudA, IIoJydaeM
Y
0 : 15.8
k,(BY) (15.8)
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i N N
N N

N N N
N T~ T~ —

Puc. 15.1
MarauTHble OCTPOBa BOIM3Y PE30OHAHCHBIX MATHUTHBIX IIOBEPXHOCTEH

BoJurHOBBIE BEKTOpPA MOTYT COBIIaAaTh MU OTJIUYATHCS O
3HAKY, TaK YTO X, MOKET IPUHNMATH KaK IIOJIOKUTEJIbHEIE,
TaK U OTpHUIlaTeIbHbIe 3HAUCHUS.

Paccyskpas Tak ke, kak giasi B 0, MOMKHO IOKAasaTh,
YTO BOJIMBYM Pe3OHAHCHBIX TIOBEPXHOCTE CUIOBAs JUHUS Mar-
HHUTHOTO MMOJIA HAaBUBAaeTCA HA HEBO3MYIIEHHYIO CUJIOBYIO JIH-
Hulo. [ HabIogaTe s, e peMeInalonerocs B0 HeBO3ZMY -
IeHHOTO MATrHUTHOTO TI0JIA, KOHEeIl CUJIOBOI TMHUHN 06pasyeT
ocTpoB. IIpoHCXOOUT 5TO 3a CUET UBMEHEHNS [J-KOMIOHEHTA
MATHUTHOTO TIOJIA MIPU CMeIlle HUY CUJIOBOU JMHUH IO X U U3~
MeHeHUs1 passl BosMynenus Bl . Eciu cupoekTupoBaTh Kpu-
BYI0, ONMCHIBAEMYIO CHUJIOBOM JUHMEH BOKPYT HEBO3MYINEH-
HOIi CUJIOBOH IMHU U, HA IIJIOCKOCTD XY BAOJb HEBO3ZMYIITEHHO-
TO MArHUTHOTO ITOJIA, TO TTOJYUYUM KapTUHY, IPUBEeJeHHYIO HA
puc. 15.1. [IlupuHa ocTpoBAa MO-MPe’KHEMY JaeTC BRIpAsKeHU-
eM (15.7). Eciin nMeeTcsi MHOT'O PA3JIMUHBIX TAPMOHIK BO3MY-
IMeHHOTO MATHUTHOTO IOJISA, TO B IJIa3Méeé BOSHHUKAEeT CHCTEMA
OCTPOBOB, IPUYEM KA KIBIH OCTPOB BOSHUKAET OKOJIO CBOeI pe-
30HAHCHOM MarHUTHOMU MMOBEPXHOCTH B cooTBeTcTBUM C (15.8).
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B ocecuMMeTpUUHON MATHUTHOM KOHMUTYpAIIUH ,, HATIPH-
Mep B TOKaMaKe, MarHUTHBIE OCTPOBA BO3HUKAIOT AHAJIOTHY-
HBIM 06pasoM BOJIM3UW Pe30HAHCHBIX MATHUTHBIX MOBEPXHO-
creii. [TyeTh 414 KPYTABIX MATHUTHBIX MIOBEPXHOCTEI MMeeT-
cs BOBMYINIeHHOE palnajdbHOe MATHUTHOE T0JIe:

1 . .
B,  B,,exp(im in ). (15.9)
m,n
PeszoHaHCHBIME SABJISIOTCS MoBepxXHOCTH (14.77)
m
A(tes) (15.10)
Poab MeHsIOIIEeT0CA BAOJh OCH X TOJIA Bg HUTpaeT MOJIOU-
JadbpHOe MarHUTHoe moje B°, maMeHsIloImeecs Io pajgmycy.
BBegeMm q06aBKY K HEBO3MYIMEeHHOMY IMOJOMIAJBHOMY MAar-
HUTHOMY TOJIIO:

B° B°(r) B°(r,), (15.11)
KOoTOopas CBA3aHa C COOTBETCTBYIOIMUM IIOTOKOM:
BO ) (15.12)

3aech, B orsimune otT (12.91), BenmunmHa 2 BKJIIOUeHA B
MMOTOKOBYIO GyHKIIIIO. PesoHamcHasa rapMoHIKa 06pasyeT Bo-
KPYT HEBO3MYIEHHON CHUJIOBOI JUHUU OCTPOB M3-3a 3aBUCH-
MOCTH HoJionganabHoro moJisa (15.11) ot paguyca, aHAJIOTHYHO
IIoCKOMY cayuaio. IIpu 9ToM cuiaoBas JUHUSA B ITPOCTPAHCT-
Be 00BUBAETCS BOKPYT HEBO3MYIINeHHOM CUI0BOIi TuHuK. BBe-
aeM o aHajgoruu ¢ (15.3) gyis ogHoii rapmouuku (15.9) moro-
KOBYIO PYHKITHIO, KOTOPAs COOTBETCTBYET MOJHOMY (BKJIO-
Yyasg BOZMYIIEHHOEe) MATHUTHOMY TOJIIO:

= (r)t+ ,cos(m —-n). (15.13)

Benuunse ky + k_z B IJIOCKOM CJIyUae COOTBETCTBYeT (asza
m —n .Ilome B! momyuaercs kak

1
B (15.14)
r( /D
Rax 1 B IIJIOCKOM cJIy4uae, pa3JIO UM IIOTOK B PAJ B6J'II/ISI/I
peSOHaHCHOﬁ MaI‘HPITHOﬁ IIOBEPXHOCTMH:

1d?
(rres )

5 gz U Te,)*  pcos(m n ). (15.15)



308 B. A. POXXAHCKWW. TEOPUA NJIASMbI

I[eﬁCTByﬂ, KaK 1 B IIJIOCKOM cJy4dae, I1oJydyaeM

1/2
B, | ¢

w —mr L . (15.16)
mB |rq

B o6mem caydae paguaabHble BOZMYIIEHNA MATHUTHOTO
TIOJIA IPUBOAAT K BOSHUKHOBEHHIO CCTEMbI MATHUTHBIX OCT-
POBOB BOJIM3M Pe30HAHCHBIX MArHUTHHIX ITOBEPXHOCTEMH, mMO-
JoKeHNe KOTOPHIX AaeTcs BhIpaskeHmeM (15.8) B miIockom
ciaydae u (15.10) B MUINHAPUUECKOM CJIyUae.

15.2. CTOXACTUYECKAS HEYCTOWYNBOCTb
n ANddY3NA CUNOBbLIX JIMHUUN
MAFHUTHOIrO nNong

B curyanuu, korga nMeeTcs HECKOJIBKO rap-
MOHMK BO3MYINEHHOTO MAarHUTHOTO IIOJIsSI AOCTATOYHOH aM-
NJIUTYABI, MATHUTHOE II0JIE MOJKET CTATh CTOXACTUYECKHUM.
JL1s1 9TOTO HEOOXOUMO, YTOOHI pACCTOAHME MEK Y COCeHU-
MU MATHUTHBIMU OCTPOBaAMHU X, ‘xo(ky,kz) %o (ky,k,)| (mnu
Tros |rres (m,n) r,(m,n )| B IIUJINHIPUYECKOM caydae) 6bII0
MeHbIIIe TN PUHBI OCTPOBA. DTO YCJIOBUE CTOXACTHUYHOCTH U3~
BeCTHO KaK Kputepuii Yupukosna:

% Wik,,k) W (ky,kz)'

2
Kak mokasaHo HUMKe, YpaBHeHIe, OMICHIBAIOIee CMellle-
HIe CHJIOBOM TMHINM MATHUTHOTO MOJIA B paANaJIbHOM HAIIPAB-
JeHNHN, S5KBUBAJIEHTHO ypaBHeHNI0 Hpl0TOHA, TOSTOMY MOMK-
HO HCIIOJb30BaTh GOPMAJIN3M, PA3BUTHII B MexaHuuke. O0cy-

OHUM Ka4eCTBEHHO COOTBETCTBYIOINE Pe3yIbTATHI.
PaccMoTpuM ITyYOK CHIOBHIX JUHUI, 00 pasyOIuX MATHUT-
HYI0 TPpYOKY. ByaeM ABuUraThcs BJOJL CUIOBOI JUHUK, 0603HA-
YHB HPOMAeHHOe pacCcToAHUe [ 1 OTMeUasi TeKyIIee IOJIOXKeHHe
KOHIIA CUJIOBOI IMHHUH B ILTOCKOCTH , IIePIIe HAUKYIAPHOI CHIIO-
Bout auunu. Ilycrs ipu [ = 0 MHOKeCTBO KOHIIOB CHJIOBBIX JIH-
HU OpeAcTaBASIOT coboil KpyskoK (puc. 15.2a). Ecau xpure-
puit YupHuKoBa He BBIMIOJHEH, TO CeUeHNe CUIOBOM TPYOK U IIpH
yBeJInueHnH [ OCTaeTCs IPUMEPHO TAKHUM JKe, HeCKOJIbKO Aedop-
MHPYSACH M3-32 IPUCYTCTBUSA BO3MYIIEHHOTO IOIIePeYHOTO MAar-
HUTHOTO moJs. IIpu BRIMOJMHEHNH Ke KpuTepusd YupHKoBa

(15.17)
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a 6 B

O

Puc. 15.2
HMedopmanusa ceueHNd CUIOBOI TpyOKRU
C paccTosAHUEM BJOJb MATHUTHOMN CUJIOBOI JIMHUM:

a — ucxopnHoe cedenue npu ! = 0; § — HAYANO PAZBUTHA CTOXACTHUUECKOHN HEyCTORYUM -
Boctu [ > L ; 6 — croxacrudeckue Gy RIAHUA CUJOBEIX NTUHUEA npu [ >> L.

XapaKTep ABUKEeHUA KOHIIOB CUJIOBOM JIMHUM B TIOIIePeUHOM
IJIoOCKOCTH MeHsieTcsA. CoryiacHO OGINel Teopuu ABUKeHUe
CTaHOBUTCS HEYCTOMUMBEIM (9TO YTBep:KIeHIE N3BECTHO KaK
TeopeMa Koamoroposa — Apuoabga — Moasepa). CyiiecTBy-
eT Tak HasbIBaeMasi KOJIMOropoBckad AjuHa L., Takas, 4To
npul > L, cuioBble TNHUY HAUUNHAIOT SKCIIOHEHIINATBHO pac-
XOAUTHCA. ITO ABJEHNUE U IPeACTaBasIeT co00M cToXacTuye-
CKYIO HEYCTOMYMBOCTh. 3aTeM HAUNHAETCA CTOXaCTHUUYeCKAasa
auddysus — caydailHple OJYyKIaHUA KOHIIOB CUJIOBBIX JIH-
HUI B monepeuyHoi mjaockocTu. IIpu sToM ceueHue cuIOBOM
TPpYOKHU CHJIBHO JedopMHUpPyeTCA, paCTATUBAACH B OJHOM Ha-
TMPaBJEeHUH U CIKUMASCh B APYTOM HAIIpaBJIeHUH, TAK KaK ILJIO-
maab ceueHUA TPYOKHU JOJISKHA COXPAHATHCS, UTO CAeAYET U3
coXpaHeHUsA MaruuTHOro motToka (puc. 15.26). Ilpu ganbpueii-
eM yBeJWYeHU U MYTH [ BAOJIb CUJIOBOM JIMHUN CeUeHHUE CHU-
JIOBOII TPYOKM IpuoOpeTaeT CAOKHEIN BU, TTOKA3AHHBIN Ha
puc. 15.26. JIninHa «pyKaBOB» BO3pacTaeT, a MX TOJIIHNHA
yMeHbIIaeTcs, obecmeunBasi coxpaHeHne o0Iel oA n.

Cpeguuii kBagpaT cMeleHUA B MOIepeUHOM HAampaBJie-
HUH, B YACTHOCTH B MHTEPECYIOINeM Hac HAIPaBJAeHU N X, IIPH
!> L, nponopiiuoHaeH AJKUHe [ B COOTBeTCTBUU CO caydali-
HBIM XapaKTepoM Oy KAaHmii:

(( ) 2D, (15.18)

rae BeqnunHa D, Has3pIBaeTCA KOB(DPUIIMEeHTOM CTOXaCTHUE-
cKoit auddysun CUIOBBIX JUHUH MAaTHUTHOTO ITOJIA.

YTo6BI CBA3ATH BeINUNHY K09(hOUITHEHTA CTOXaCTHIeCKOM
auddysuu ¢ BO3MYIeHHBIM MATHUTHEIM IIOJIE€M, PACCMOTPHM
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BHaUaJie ypaBHeHNe CUJIOBOM JUHUHU B IPUCYTCTBUU BOZMY-
ImeHni. ¥ paBHEHUS CUJIOBOM JIUHNH UMEIOT B,

dx B, dy & x (15.19)

di B’ di B a’
rae a B? /(Bg) . UuaTerpupysa sTopoe ypaBHeHUE, AJd CUJIO-
BOM nuHUU, koTopad npu l = 0 coorBeTcTByeT x =x, M Yy =0,
nMeeM x

x,l

v "a

Q=

x dl. (15.20)
X0

s ogHOM rapMOHUK Y BO3MYINEHNA, YAOBJIETBOPSIOIIEH

yeaoBuio (15.8), mocie moactamoBku (15.20) B dhasy Bosmy-

IeHus ua mepporo ypasHenus (15.19) monxyuaem
x

Ky
exp(l; x dl). (15.21)

*o

dx Bi
dl B

ITokasxem, uro ypaBHenue (15.21) skBUBaJIeHTHO ypaB-
HeHuio HrioToHA B 3ajlaue O ABUIKEHUU 3apsisKeHHON YacTu-
1Bl B TOJIE TIPOJOJHLHOM BOJHBI. [JIs TTepHuoguYeCKOil BOJHBI
ypaBHeHUE ABUIKEHUS YaCTUILI UMeeT BUT

d?x dV e
—5 - —Eocos( t kx). (15.22)
dt dt m

Ilepetizem B cucTeMy oTcueTa, ABHKYINYIocA ¢ (ha3oBoOm

CKOPOCTHIO BOJIHBI:

x Et X. (15.23)
B aBuskyimeiica cucreMe oTcueTa
‘fl—‘; %Eo cosk% %Eo cos(k Vdt). (15.24)

VYpasuenne (15.24) skBuBajeHTHO ypaBHeHuio (15.21),
npuyeM repeMeHHEbIe B (15.21) caeayomum o6pasoM COOTBET-
CTBYIOT IePpEMEHHBIM B 3ajaye O ABUKEHUHN YACTUIIHI B IOJIE
BOJIHBI:

5. B; e ky
It x V; — —Ey,; — k. (15.25)
B; m a

Kak usBecTHO, XxapaKkTep ABUKEHUS YACTUIHI 3aBUCUT OT

ee sHepruu. Ecam kmHeTHUECKAA SHEPTU S YaCTUIIHI B JBUMKY -
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e

N— —— ~
X
\/\_/\/_\
Punc. 15.3

Daszopas mirockocTs (V,%)

meficsa BMecTe ¢ BOJHOM cHCTeMe OTcUeTa Maja, TO YacTHUIla
ABJIAETCA 3aXBaueHHOM 1 KoJIebJIeTCca MesK Ay TopoaMu MMOTeH-
nuaia. Yacruiia c 60abII0I KNHETHUYECKOM 9He prueii ocTaeT-
¢S MMPOJIeTHO, IpUUeM CKOPOCTh e IPOMOAYJINPOBaHA 3a CUET
MMOTeHI[MAaaa BOJHB. PagauuHbIil xapakTep ABUMKe HUS UIIIO-
cTpupyeTrcs ¢paszoBoil maockocThio (puc. 15.3). 'paununasa
CKOPOCTH, KOTOPAs COOTBETCTBYET cellapaTpuce, HAXOAUTCA
W3 YCJIOBUS me/Z 2e ax> OTKYJAA

1/2 1/2
5 e ek
1 2 max 0 , .
f - T~ (15.26)
a mupnHa cernmapaTpuchbl:
N
vV 2V, 4 m—; . (15.27)

@Dopmyaa(15.27) cooTBeTCTBYET BRIPAMKEHHIIO AJIs U PH-
HBI ocTpoBa (15.7) ¢ yueTom cooTBeTcTBuA (15.25).

Eciu Ha 3apAKeHHYIO YACTHIY OeliCTByeT HeCKOJbKO
BOJIH, TO Ha (a30BO MJIOCKOCTH BOSHUKAET HECKOJBKO 30H
GUHUTHOTO ABUKEHUA, COOTBETCTBYIOIHUX 3aXBaTy IMOJeM
PasHBIX BOJH, IUPHUHOM (15.27). IIpu mepeKpLITHH 3TUX 30H
IBUKeHNEe YaCTUIIHI CTAHOBUTCA CJIYUaHBIM. B sTOM cayuae
B COOTBETCTBUHU C 3PTOAMUYECKON Teopueil onmucaHue OTHOMN
YaCTHUITHI 9KBUBAJEHTHO ONMMCAHUIO aHCAMOJISA YaCTHIL C TI0-
MoInbio GYHKIIUU pacupefeaenud. CooTBeTCTBYIOIee KUHe-
THYecKoe YpaBHeHUe UMeeT BU /T

f [ eE* f
= V= S0, (15.28)
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rIe MaJioe JIeKTPUUeCcKOoe IoJie IPeJCTAaBIIET COO00H CyMMy
TapMOHUK:
1 . .
E' E,exp( i ,t ikx). (15.29)
3
B kBasunuHeHOM IpUOINKEHUN UIEM pellleHNe B BULe

£ Mt fexp( i ¢ ikx). (15.30)
3
Ilpu kBasHINHe THOM TTOAX Ol TpeHefperaloT B3anMogeii-
CTBHeM rapMOHMK I YUNTHIBAIOT JIUIIE BO3AeiicTBIe BceX BOJH
Ha dyEEIHIO f°.
B nuHeiiHOM HpuUOIMMKeHUN KHHeTHUYeCKOe ypaBHeHHe
CBOAUTCSA K YPABHEHNIO AJIA TADMOHUK:

. . ek, fO
kV —k 1 .
(i, V), i (15.81)
OTKYJAAa clelyeT
el 0 1

- 15.32

e 7 ( )
3aech, B cooTBeTcTBUU C (8.39),
1 _ p_ 1 i (, k).  (15.33)
. RV . BV

Ypasrenne a1 f° moaydaeTcs Ipyu yueTe B KHHETHIECKOM
ypaBHeHHnu (15.28) KBagpaTUUYHBIX YJIEHOB U MOCJeAYIOIEM
yCpeIHEeHHUHU IO IPOCTPAHCTBY:

fo eEl fl
—_ _— 15.34
t m V ( )

IIpu ycpegHeHUHN B ABOMHOM CYMMWMPOBAHWHU OCTAIOTCSH
TOJLKO UJIeHEI ¢ B = —k m MHuMAasa 4acTb (15.33) (cM. TaKKe
paszgen 8.5):

2
0 e || 0
_— = _ kRV)— . .
v s (s B (15.85)
970 ypaBHeHHe MpeACTaBJsAeT coboii ypaBHeHUe AUPDY-
3UU B IIPOCTPAHCTBE CKOPOCTEN ¢ KBa3UJINHEMHBIM Koadhdu-
nmueHTOM aucdysum:
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e|E,f

D 5 (. EV) (15.36)

R

Huddysua B IpocTpaHCTBE CKOPOCTEHM CTPEMUTCA yCTa-
HOBUTH IJIaTO Ha GYHKIUU paclupelesieHUA B obJacTu, rie
€CTh Pe30HAHCHI.

Hcmobay st aHAJOTHIO MeXKY CTOXACTUUYeCK UM JBUKeHU -
eM 3apAYKeHHOM YaCTHUIIHI B TOJIe MHOTUX BOJIH U IBUKeHUEM
KOHIIA CHJIOBOM JIMHUM MATHUTHOTO IOJA MPH TePEeKPLITUU
MAarHUTHBIX OCTPOBOB, BBeleM [JSA OMUCAHUSA IMOCJEIHETO
GYHKIINIO pacpefeeHNs [ B IJIOCKOCTH, IEPIEHIUKY JIAD-
HoOIi cuiioBoii anuuu. Ilo ananorum ¢ (15.36) c yueTom cooT-
BercTBuUs(15.25) ypaBHeHMe AJIA ILJIOTHOCTH CUJIOBRIX JIMHUHA
JOJIJKHO UMETh BUJ ypaBHeHUA TuPPysun:

o B:f
L x (B?Y

Ry sk

52 587

Ya’ x

(%

z

riae KoadpPUITHEHT cToXacTHYecKOM U Py3Uun CUIOBHIX JUHHUHA
JaeTcAa BEIpaKeHUEM 9
D 1B
st 012
(B2)

ky ok,

x
(k, Ek,=). (15.38)
Ya
AHAJIOTUYHO B TOPOUAAJBHOU reOMETPHUH C YUETOM COOT-
"Homenusa. (n/R—mB /rB )=R (n— m/q)umeeM
2
b p/Bual
w B (nom/g). (15.39)
m,n
Kosdpdumnuent croxactuueckot audpdysun nuMeeT pasmMep-
HOCTH IJIUHEI 1 OIIpeeisdeT CpeJHUI KBaapaT CMeIlleHUus CH-
JIOBOM JINHUU B IOIIe peUHOM HAIIPABJIEHUH B 3aBUCHMOCTH OT
OpoiifeHHON IJMHBI B cooTBeTcTBHU C (15.18).

15.3. MEPEHOC B CTOXACTU4YECKOM
MAFHAUTHOM NOJE

Anddysna cuaoBoil TMHAN IPUBOAUT K MOSB-
JEHUIO cToXacTuueckux KoaddunmeHToB nepenoca. OeHNTH
rKoadgpuinenT gucddysun IpodHOH YaCTHIIEI, HAIIPHIMEp 3JIeK-
TpoOHA, MOYKHO cJIeAyIoIuM o6 pasoM. IIycTs AnHa CBOGOTHOTO
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BJEKTPOHA ., OOJbIIE, YeM KOJIMOTrOpPOBCKas AauHAa L.
B sTOM cayuae 9JIeKTPOH CBOGOHO JIETUT BAOJb CUJIOBOI JIH-
HHUH, OTHOBPEMEHHO CMeINasch MOoMepeK MArHUTHOTO IOJSA
BMecTe ¢ Hell. [TommepeuHoe cMellleHNe CTAHOBUTCS HeoOpaTH-
MBIM TOJBKO MOCJE€ CTOJKHOBEHHUSA, B pe3yabTaTe KOTOPOTO
BeAYIIU I MEHTP JaAPMOPOBCKOI OKPYIKHOCTH 9JeKTpoHa cMe-
maeTcA Ha BeJIMUUHY MOPAAKA 9JIeKTPOHHOTO JapMOPOBCKO-
ro pagmyca. . [lepBoHAYaNBHO 9IeKTPOH OBLI « pasMa3aH» II0
cuI0BOH TpyOKe paamyca . Ilpu I > L, nonepeduHoe cedeHHe
CILJIOBOM TPYOKU IIpHobpeTaeT BUJ, IOKA3aHHKIN Ha puc. 15.2,
mpuYeM HOTIePEeUHbIN pasMep «PyKaBOB» CTAHOBUTCA MeHbIIE

o+ IIOSTOMY IIPH CTOJIKHOBEHU Y JIEKTPOH IEPEXOANUT B COBCEM
IPYTyIo TpyOKY 1 «3a0BbIBaeT» O CBOEM MCTOPUH, B pe3yJIbTaTe
Yero ABUKEeHIe CTAHOBUTCA HeoOpaTUMBIM. TaK KaK 3a BpeMs ¢
3MeKTPOH IpoJieTaeT Anuny [ = V|, To B coorBeTcTBHU C (15.18)

<( x)2) 2D,,Vit, (15.40)
u KosddurumeHT uddysun npobHOI YaCTHIHI:

D,..,=D,V,. (15.41)

3aMeHAsa ImapajgJeJbHYIO CKOPOCTH 2JIEKTPOHOB Ha Cpe/-
HIOIO TEIIJIOBYIO CKOPOCTB, IIOJYUYNUM OIIEHKY IJIA BJIeKTpOHHOﬁ
TEMIIEPATYPOIIPOBOAHOCTH B CTOXaCTUYECKOM MariuTHOM ITOJIE:

,=D, V.. (15.42)

OTO BBIpa’KeHMe M3BeCTHO Kak dopmyiaa Peuectrepa —
Poszeunbiiora.

Kosdppunuenr nuddysuu B CTOXaCTUUECKOM MATHUTHOM
oJie 3HAUYNTEJAbHO MeHbIIle — OH OIlpefesideTcs ABU KeHUEeM
HMOHOB BJOJIb CHJIOBOM JUHUN, CKOPOCTb KOTODHIX B (m;/m,)!/2
MeHbIIle, YeM CKOPOCTH 3JIEKTPOHOB. B IjiasMe BOSHHUKAaeT
aMOMIOJIAPHOE BJIEKTPUUECKOE ToJIe, KOTOPOe TOPMO3HUT 3JIEK-
TPOHBI, & Pe3YJbTUPYIOMUI aMOUTIOIAPHBINA KoshdHuIImeHT
AnPPYy3UM MOMKHO OIEHUTH KaK

D=D,c, (15.43)

rae ¢, +(T, T,)/m; — CKOPOCTH HOHHOTO 3BYKA.

B cayuae, Korja cToXacTuUecKoe MArHUTHOE MOoJIe co3a-
eTcs 3a cUeT PasBUTOIN TYpPOYJeHTHOCTH, OIMEeHUTh Koaddhu-
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IIHEHTHI lepeHoca MOMKHO clieVIouM o0pasoM. B ypaBHeHUM
IJIsI MarauTHoro 1moJist (10.14)

2] - 2 -
B mB £ ¢ B (15.44)
7 4
OIleHIM 6eCCTOJIKHOBI/ITeJIBHyIO IIPOBOAMMOCTD KaK
ne?
o (15.45)
rie — XapaKTepHas dacToTa TypOyIeHTHOCTH. X apaKTepHBIH

MacinTab oIeHuM KaK MacinTab, Ha KOTOpPOM HapyIaeTcsa BMO-
POSKEHHOCTbD, T. €. Bce TpH uJjeHa B ypaBHenuu (15.44) craHo-
BATCA OAHOTO TopAAKa. CpaBHUBAS MEePBHIN 1 TPeTUI UJIEeHBI

2
M, (15.46)
4 ne® 2
moJIyuyaeM XapaKTepHBIN MacITal:
-, (15.47)

pe
rae 4 ne?/m, sileKTpPoHHAA IJIa3MeHHAdA 4acTOTA.
MacmTab HasbiBaeTcsA 6€CCTOIKHOBUTEIbLHBIM CKHMH-CIOEM.
[ TokaMaKa ToJIOMK UM, UTO CHJIOBAs JUHUA OTKJIOHAETCA
Ha BeJIMYUHY Ha KOJMOTOPOBCKOM JJMHe, KOTOpas B TOKAa-
Make nopAgka gR, oTkyaa
B,;/B~LR. (15.48)
peq

IloacTaBasasa a1y omeuky B (15.42), (15.39), moayuaem
OMEHKY 9JIEKTPOHHOI TEIJIOTIPOBOJHOCTH B CTOX ACTHYECKOM

MATHUTHOM IIOJIE:

AV,

. X (15.49)
2¢*R

970 BHIparKeHUe, U3BeCTHOe KaK popmyaa OKaBhI, Ipes-
CTaBJIAET COOOU ONEHKY SJeKTPOHHOUN TeMIIepaTypOIIPOBO -
HOCTH B CTOXaCTHUECKOM MAarHUTHOM IOJIe TIPX PA3BUTOM MAar-
HUTHOU TypOyeHTHOCTH. [IpHU 9TOM KO9dDPUIIUEHT TeMIIepa-
TYPOIPOBOJAHOCTH OOpATHO IPOHOPITHOHAJNIEH KOHIIEHTPAITUH
¥ He 3aBUCHUT OT BeJIMYNHBI MATHUTHOTO II0JIs. B peaibHOCTH,
OJHAKO, TAKOI YPOBeHb MATHUTHOMN Ty POYJIEHTHOCTH, ITO-BU-
IUMOMY, He JOCTUTAETCA.
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