MexaHN3MBbI N3JIy9€eHUA B acTPOdU3UKe

I'masa I. TopmMo3HOIT 1 pEKOMOMHAIIMOHHBIN MeXaHU3MbI
§ 1. Topmo3HOIT MexaHU3M

1. ITocranoBka 3a1a4n. 3a1a49a, pacCMATPABAEMAas B 3TOM Iaparpade, OTHOCUTCA K TEOPHU HEYIIPYIHX CTOJKHOBE-
HUI, KOTJIA B PE3YJIbTaTe CTOJKHOBEHUS JBYX YaCTUIL, POXKIAETCA ele oHa dactuia — (horor. TopMosHoe usiydenue —
9TO U3JIyYEHUE 3apsija IIPU KYJIOHOBCKOM CTOJKHOBEHUN 3aPSAKEHHBIX 9aCTUl. JaCTUIBI CIUTAEM HEPEIATUBUCTCKUMU.

Bapaapl IBUKYTCA O TUIIEPOOIaM |, IOCKOIBKY 3TO JIBUKEHHE C yCKOPEHHEM, B KasK bl MOMEHT BPEMEHH U3/1yda-
10T 3JIEKTPOMArHUTHBIE BOJIHBL. /I HAX0XKIEHUS TOTO U3JIyUEHUs U €ro CIEKTPA HAJIO0 HANTH HANPSIKEHHOCTH MO,
a 3areM ux npeobpaszosanus @ypbe mo Bpemenu. BMecTo 3T0ro BoCnpousseieM npocToii BLIBoM, (pOPMYJIbI I CeUeHUsT
TOPMO3HOI'O H3JTyYeHNs, OCHOBAHHBIN Ha MOPAJKOBBIX OICHKAX. DTOT BBIBOJ, JaH, HAIIpUMEp, B Kaure 1. B. 3enpnoBuya
u 0. 1I. Paitzepa [9)].

MouraocTb mOMHOTO (BO BCEX HANPABJICHUSX) U3JIYyUEHUS ABUXKYIIErOCS TOYEIHOTO 3aPAIA B JUIOIHHOM IPUOJIU-
Kenuu jaercs dhopmydioit Jlapmopa [19]
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a TOYKO# OTMedaeTcsa TPOW3BOHAS IO BPEMEeHMU.
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JIMTONBHBI MOMEHT TaK2Ke MOYKHO BBIPA3UTH 9€pPe3 STH BEKTOPDI:
d=e[(Zy + Z) B+ m (Za)ms — Z1 [mn) 7). (5)

ITockoIbKy ABUKEHUE HEHTpa MaceC ABYX 4acTul, (PABHOMEPHOE U MPAMOJIUHEHHOE) He MPUBOAUT K U3JIyUEHHUIO, JI0-
CTATOYHO PACCMATPUBATH OTHOCUTEJLHOE JIBUXKeHuEe, T. €. B (1) Hamo noxcraBuTh

d=me(ZsJms — Z1 Jmi) . (6)

3nech W — yCKOpEHWe OTHOCUTEIHLHOIO ABUKEHUS.

U3 (6) BugHO, 9TO HE BCAKUE 3apsAabl MOTYT U3/Iy4aThb. B 9acTHOCTH, B3aMMOAEHCTBUE OJUHAKOBLIX YACTHUI HE
MIPUBOIUT K U3JIyIE€HUIO B JUIMOTHHOM HTPUOIHKEHUH.

Haunbombinit nHTEpEC MpeacTaBasgeT TOPMO3HOE HU3JIydUeHne IEeKTPOHA B MO/Ie HOHA. ByaeM canTaTh MOH BOIOPO-
JIOTIOTOOHBIM C HEKOMITEHCHPOBAHHBIM 3apsanom Ze. [lomoxum Zy = —1, Z; = Z. IlockoabKy Macca MOHA, 3HAYUTEIHHO
60JIbIIIe MACCHI JEKTPOHA, MOXKHO IIPUHATH, YTO IPUBEJEHHAS MACCA COBIAJAET C MACCOH 3JeKTPOHA (KOTOPYIO Mbl
Takke Oyzem 0603HAYATH IPOCTO MM1).

2. OneHKa W3IydaeMoii SHePrur. 3aKpenuM OTHOCHUTEILHYIO CKOPOCTh ¥ U MPHUIEJbLHOE PACCTOAHUE HAJIETAIOIIErO
snekrpona b. OCHOBHAsT YaCTh B3AMMOJEHCTBUS IPOUCXOUT TOI/A, KOIIA YaCTHUIIBI TOCTATOYHO OJIU3KEU APYT K JIPYTY.
B kagecTBe XapaKTEpHOrO PACCTOSHUS B3aUMOIEHCTBUST MOXKHO B3aTh b. Torma xapakTepHOe BpeMsi B3auMOISHCTBHUsI
wactut, t ~ b/v. XapakrepHas BeJUdUHA yCKOpeHus (cujia, Je/eHHAsd Ha MPHUBEJeHHYI0 Maccy) w ~ Ze?/(mb?).
[TonHoe n3nydenue 3a Bce BpeMs B3aUMOIEHCTBUS
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[IpounTerpupyem 3Ty BEJUYUHY MO BCEM MPUIETBLHBIM PACCTOSAHUIM, T. €. HAMJIEeM U3JIyYeHHe ¢ PABHOMEPHO pac-
MIPEIEIEHHOrO MOTOKA HAJIETAIOMINX 3JIEKTPOHOB. Hac Oyzer wHTepecoBaTh CHeKTp 3T0# BegwmduHbl. CHeKTpaIbHYIO
JIOTHOCTD u3Jydenus obosuadum dg/dw. Toraa

o0

q:/AEQWbdb:/j—Zdw. (9)
0
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3. Cuekrp uznydenus snekrpona. s naxoxaenus dg/dw cBsizkeM IpuneabHOe paccrosgaue ¢ 4acToroit. OcHOBHOMN
BKJIaZ, B IpeobpaszoBanme @yphe 10 BpEeMEHN Ha 9acTOTe w JAI0T 3HAYEHUs ¢, 1yisi KOTOphiX w it ~ 1. Ciemosarenbho,
YaCTOTA, HA KOTOPON B OCHOBHOM M3JIy4aeT YaCTULA C IIPUILEIbHBIM PACCTOAHUEM b, 110 NOPSAKY BEJIUYUHBL W ~ v /b.
[TosTOMYy OCHOBHOI BKJIa, B U3Jly YeHUE HA 9aCTOTE W JAIT YaCTULbL C IPULEJIbHBIM paccrosguueM b ~ v/w. Iloncrapisis
910 coorHomenue B (9) (B Tom unucie u B quddepennuan db), nomryanm

q~ /AE27rb3 dw/v. (10)
0

Orcioga HaxoIuM
dg 4w Z%e8 1 (11)
Nl —
dw 3 m2c3 v?
Ecu BuIBOAUTE (GOPMYITY TOUHO B paMKaX KIACCHIECKOH TeKTPOIWHAMHUKH, TO TOMTYyIATCA BLIPAsKeHNe, OTIAYa-

toweecs ot (11) MHOXKUTEIEM TOPsiAKA eAuHULbL. [IpUMepHO TaKOl 2Ke MHOXKUTEIb JAeT yIeT KBAHTOBOMEXaHUIECKUX
s dexros. OkoHuarensHo, Boipaskenne mis dg/dw moxkuo 3anmcars B hopme

dg 167 Z2e% 1

o = 3/3mE e 2 90 (12

3aech gec(v,v) — Tak Ha3bIBaEMbIi MHOXKUTENb LaynTa (wiu rayur-daxrop). Ero apryment v — obbiunas (He Kpyro-
Basl) 4aCTOTa, IPUMEHseMas, KAk IPaBuiio, B acrpodusuke. Besmuuny (12) takzke pacCuuThBAIOT HA €AUHUILY YACTOTHI
Vv, T. €. OJIaraioT

dq dg 327%27%€5 1

— =21— = —— v, V). 13

dv dw 33 m2c3 02 Gee (v, V) (13)
®@opwmyia (12) 6e3 muoxurens Layara 6oi1a BoiBenena X. A. Kpamepcom B 1923 romy.

Buecro (13) B dusuke yacro ucnosb3yercs Apyras BeldduHa, a uMeHHO, nquddepeHiuaibHoe cedeHrne TOPMO3HOIO
U3y YEHUS:

1 dgq
Beclv,v) = hvdv’

Ora BEJUYUHA PA3ZMEPHOCTH CM® ¢ TIPECTABIET COOON YHCI0 U3/Ty9aeMbIX (POTOHOB B pacdere Ha €IUHUILY YACTOTHI
U eJVHUILY BPEMEHU, eCJIN TaJaeT eAUHUIHBIH NOTOK (1 3JIeKTPOH Ha eIUHUIHYIO IIOMAAKY B €IUHUILY BPEMEHH) Ha,
onuy muiienb. Cornacuo dopmyite (13)

(14)

2

3272 725 1

Bee(v,v) = 33 m2cd ,UQthCC(U,V)-

(15)

Bennunna (13) orimmyaercst ot (15) meM, 9TO OHa JaeT U3Iy9IaeMyl0 SHEPTHIO, & He YUCIO (DOTOHOB.

4. Yepeauenue 110 ckopoctsim. Tenepb Bbipazkerue (15) MOXKHO yCpPeJHUTb N0 CKOPOCTSM HAJIETAIOLIUX JIEKTPOHOB.
[TouTn BCcerma MOYKHO CUYUTATH, YTO OHUM pACIpeeleHbl To MakcBemty:

47 v2m? m v?
S L S N 1
J(©) (2mmkgT)3/? €xp < 2kp T) (16)

Oueprust GOTOHOB € YacTOTaMu OT V 710 V + dV, HCIYyCKAEMBIX B €MHAIE O0BbEMA B €IMHHUILy BPEMEHH SJIEKTPOHAME
cO CKOpoCTsiME OT v 110 v + dv, paBHa A v Bec(v,v)dvnen™ f(v) v dv.

IMonmas Heprus, UCIycKaeMas BCEMU JIEKTPOHAMU, TIOJYYaeTCs MHTErpupoBanneM. B pesyabrare Haiizem Koju-
YECTBO 3HEPIHH, UCIYCKACMON euHnIel 00beMa 3a ¢IMHUIy BPEMEHH B IMHUYHOM MHTEPBAJE YaCTOT B €IUHUIHOM
TEJIECHOM yIJIE. DTa BEIMUNHA HA3BIBACTCHA M3JIyIaTEIbHON CIOCOOHOCTBHIO, UM 00BbEMHBIM KO3 MHUINEHTOM U3JTyde-
HUS €c.(v). Bo Bce HanpaBieHus uaiydaercs

4mecc(v) =nent hv / Bec(v,v) f(v) vdo. (17)

Umin



Hwuxuwnit npenen B uuTerpasie orpaxaer ToT (DAKT, 9YTO HE BCAKHUI JEKTPOH MOXKET H3JIyYUTh (POTOH GaCTOTHI V.
JeiicTBUTENBHO, TTOCTE WCHyCcKaHnust (POTOHA B ITOJIE MOHA CKOPOCTH 3JIEKTPOHA yMeHbInaeTcss. O003HAYMUM CKOPOCTh
9JIEKTPOHA MOCJIE U3TydeHus depe3 v'. ZlCHO, 9TO NOMKEH BBINOJHATHCS 3AKOH COXPAHEHUS SHEPTUH

mv?  m(v')?

5 = 5 + hv. (18)
CrpaBa m C1€Ba BEWIHMHBI MOJOKUTEILHDI, CJIEIOBATENHLHO CIPABEITINBO HEPABEHCTBO U > Umin = \/2 hv/m.

Nurerpan B (17) yunobuee BbIYUC/IATh, B34B B KadecTBe nepeMeHHOil unrerpupoanus v'. [Ipunumas Bo BHUMaHue
cooTHommenust Mexty auddepennuatamu ckopocreit vdv = v' dv' u snavenusmu bynxkmun Maxcsenna f(v)/v? =
f(")/(v")? exp(—hv/kg T), a Taxse BHIHOCS U3-TIOJl HHTErpaJia CpeHee 3HaYeHne MEOKUTe s LaynTa (KOTopblit c1a60o
3aBUCUT OT CKOpOCTI/I), HaXOJUM OKOH4YaTEJIbHO

3272 Z2%eb kg T hv
_ +
€cc(V) =nen v,T) exp | — . 19
CC( ) e 3\/3 C3 (QkaBT)3/2 gCC( I ) p kBT ( )
OKCIIOHEHINAIbLHBIH MHOXKHUTE/Ib ONPEIE/ISIeT XaPAKTEPHBIN IJIsT TOPMO3HOIO W3JIyYeHUsI TaK HA3BIBAEMBIN 3aBaJI TIO

qacrore. Ha puc. 1 orpaxken cmekTp Ko3(duinenTa TOpMO3HOrO U3IyUIeHUs I Psiia 3HAYEHU TeMreparypbl 0e3
yUIEeTa, TayHTOBCKUX MHOXKUTEJIEH.
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Puc. 1. Koaddurpear TopMO3HOT0 U3IydeHus €q. (V). Puc. 2. Ouenka muoxuress Layara ge.(v, T).

dopmyJia AJid IOJHOIO U3JIydeHus, T. €. BO BCEX 4aCTOTax, TaKyKe JIerKO BLIBOJUTCS, eCIM OISATh BLIHECTH Cpe/Hee
3HaYEHUE MHOKUTENS gee(v, T):

o0
3272 Z2% e (kg T)?
— — +
€CC(T) - /€CC(V)dV - ne n 3\/3 C3 h (Qﬂ'm k'B T)3/2 gCC' (20)
0
Ecin noacrauts B (20) 3HaYEHUSA BCEX HOCTOSHHBIX, TO HOJLY YHTCH
47 eee(T) = 1.42- 1072 Z2 T2 nen™ (2/cm ). (21)

5. Ilormnomenne. Haiimem cedenune mOrJIOMEHU. DTO MPOIECC, OOPATHBI TOPMO3HOMY W3JTyUYEHUIO: TPOJTETAIONTA
MHUMO MOHA JIEKTPOH MOTJIOMAeT (GOTOH, SHEPTHA KOTOPOTO J0OAB/ISIETCS K KWHETHIECKOM SHEPTUY JIEKTPOHA, COTJIACHO
sakony coxpanenus (18). Ho renepn HauasibHast SHEPrusi 3JIEKTPOHA MOKET ObITh IPOM3BOJIBHOI (HEPEJIATUBUCTCKON),
B 9aCTHOCTH, HYJICBON.

st BBIBOJA (DOPMYJIBI [IJTsT CEUEHUs MOTJIOMIEHUsT BOCIOIb3YeMCs OOBIIHBIM TpreMOM. [IpumMeM, 9TO BBIMTOIHAETCS
TIP. Kounnearpaiuu aromoB B cocrosanu TP ormerum 3Be3109KO#. 3anuineM yCIoBrUe JETAIbHOrO DATAHCA: YUCIO
GbOTOHOB, U3TyIaEMbIX €IUHUIEH 00beMa B €IUHUILY BPEMEHN,PABHO YHUC/TY MOIJIOMAEMbIX (DOTOHOB:

2

U%dy |:1 + C—B (t):| = nenjf(vl)dvlkcc BV(T_) dv. (22)

+
e f(v)dv 2hy3 " hv

3aech v 1 v’ CKOPOCTH EKTPOHA, YAOBIETBOPsAIONE cOoTHOmEHuO (18). MHOKUTE/b B KBaJAPATHON CKOOKE yUUTHI-
Baer BbIHYyKeHHOe u3iydenue. [logcrasus B (22) pacupexnenenue Makcsemta u dopmysy [lnanka, nomydum
dr 728 g A

_ _ 1014
= 3 imich s = 18010705 (23)
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2
k;cc(yl,y) = W?ﬂcc(vyy)




Ceuenre TIOMJIOMIEHUS TAKYKE MOYKHO YCPEIHUTH [0 MAKCBEIJIOBCKOMY PACHPEIETIEHUI0 CKOPOCTEH JIEKTPOHOB, HO
MIPOIIle HAMMKMCATH YCIOBUE JETAJBHOrO Dajianca, KOTopoe umeer Bua coorHomrenus Kupxroda—Ilianka:

2

+ — —_—
nen k'cc(V) T)BV(T) - ECC(V, T) |:1 + 2hv3

B0 (24)

OTK a
YA 1672 22¢5  kpT 1 72 1

8
33 ch (2nkaT)3/29cc(v,T)V =3.60-10° 5755

e (v, T) = / ke (0, ) f(0) o' = (25)

PasMepHOCTD CedeHUiT NOMVIOMEHUA kee — €M °, a KO3 dHUIMEHTA TIOIIOMIEHUA Olee = NeN kee — 1 / cm.

6. FayHTOBCKI/Ie MHOXKHUTEau. Muorue ABTOPBI OIIEHUBAJIA 3TN MHOXKHUTEJIN, UCXOAA U3 PA3JTINIHBIX Hpe,[HIOJIO)KeHHfI.

hv kT
31ech Ha puc. 2 BOCTPOW3BEIEHBI JaHHble KHUTH [52]. Vicmonb3oBaHbl 0003HAUEHUS & = et Yy = Z2B , TIe XH =
B XH

me* /2h* = 2n*me* /h? — sHeprus MOHM3AIH BOJOPO/IA N3 OCHOBHOTO COCTOSHIS.
Wcxons u3 BeIBeIEHHBIX (POPMYJ MOKHO MOJIYIUTh CedeHus (pOTOMOHM3AIMH U (POTOPEKOMOMHAIMH, ITO MBI CIe-
JlaeM B CaemyromieM maparpade.

§ 2. PekoMOUHAIMOHHBIA MeXaHU3M

1. Ceuenne pekombunanuu. Pekombunatius, roanee (poTOpEeKOMOMHAIIMS, — ITO MPUCOEUHEHUE HOHOM SJIEKTPOHA,
¢ ussydenueM (OTOHA M [IPEBPAIICHUE UOHA B aTOM (MM MOH MEHbIIeH crajuu uoHusauuu). PekoMOuHaLMs MOXKeT
MPOM30iTH KaK HA OCHOBHOW yPOBEHBH aTOMAa, TakK W HA BO30DYyKIEHHBbIE YpOBHM. B mocienneMm ciydae BCIeI 3a pe-
KOMOUMHAIMEeH MPOUCXOIAT KACKAIHbIE IIEPeXO/ibl HA YPOBHH, PACIOIOXKEHHBIE HUKEe, B PE3YJIbTaTe Yero M3JIydaioTcs
GOTOHBI B CIIEKTPAIBHBIX JIMHUASX.

B stom maparpade rem ke nTpubIMKEHHBIM CIIOCOOOM BBIBEIEM BBIPAYKEHUS JIsi CEUeHUsT PEKOMOWHAIIUU C 00pa-
30BaHUEM BOJOPOION0100HOr0 nona. CHOBa ciieyeM u3Ji0xKeHuio Kauru [9].

DHeprum JUCKPETHBIX COCTOSAHU{T BOIOPOAONO06HOTO HoHa E; = —Z2xpu/i?, rae i — riaBHOE KBAHTOBOE UHC-
70. IIycTh 3JIEKTPOH ¢ MOJIOKHUTEIBLHON dHeprueil mu? /2 mepexoauT B OJHO W3 CBSI3aHHBIX COCTOSHMIA 4. IIpm 3Tom
n3sydaercs (POTOH, YACTOTA KOTOPOIO ONPE/IEIseTCs 3AKOHOM COXPAHEHUs SHEPTHUH:

hw=""_p,. (26)

3akpenuM CKOPOCTD JIEKTPOHA v U OyIeM CYUTATh, 9TO JUCKPETHBIE YPOBHU PACIOJIOKEHBI OJIU3KO IPYT K APYTY,

TaK 9TO X HOMED MOXKHO PACCMATPUBATH KAK HEMPEPHIBHO M3MEHSIONIYIOCS TepeMeHHy. Torma MOXKHO HAMUCATH
muddepeHnmaIbHOe COOTHOITEHNE

dv __1dE 2w

di  hdi T hi3’

Cedenrie peKOMOUHAIMY TIOTYIMM, PACCMATPUBAS STOT MPOIECC KAK MPOIOJIKEHIEe TOPMO3HOTO M3y YeHUs HA JUC-

KpeTHbIE KOHEYHbIE COCTOsTHMA. [Ipy meificTBun 060X MEXaHU3MOB M3/Iy9Iai0OTCsS (DOTOHBI C YACTOTAMK OT V 10 V + dv,

(27)

KOJIN4EeCTBO KOTOPBIX — dl/ Ho npu pekombunauu noH NepexXoauT B COCTOSTHAE ATOMa C HHTEPBAJIOM AUCKPETHBIX

hv dv

ypOBHeii suepruu ¢ Homepamu ot i 10 i + di. [Tosromy no anasoruu ¢ (14) MOXKHO HaNUCATH CIELYIOIEe COOTHOIIEHHE:

1 dg, dv 27t Z%e0 1 1

hy dv di 3\/_ me3h i3 v2 ng( v),

/Bcz ('U V) (28)

rae gei(V) — COOTBETCTBYIONIMI MayHTOBCKUN MHOXKUTET.

2. NznygarenbHas cmocobHOCTh. Temeph HaiimeM, CKOMBKO SHEPTUU HU3IYUIACTCS [IPU PEKOMOMHAIUSX B €IMHUIE
obbeMa 33 eIMHUIY BPEMEHW B pacuere HA eJUHUIHBIA WHTEPBAJ YaCTOT W B €IUHUILy TEJIeCHOTO yria. [las sToro
3aKPEIUM He CKOPOCTh JIEKTPOHA, & HOMEDP YPOBHsI, HA KOTOPbIil npoucxoauT pekombunanus. Toraa coorromenue (26)
YCTAHABIUBAET CBI3b MEXK/Iy CKOPOCTBHIO JIEKTPOHA U 9aCTOTOH m3aydaemoro ¢gporona, npuiem mvdv = hdv. Hacrora
u3aygaemoro (hboToHa MOXKeT GbITh JII000i, HO He MEeHbINeH YacTOThl npeaesa i-Toil cepun v; = —E;/h, Tak uro npu
pPeKOMOMHAINY U3JIy9aeTCs HEMPEPHIBHBIN CIIEKTD 3a IpezesoM ¢-1oii cepuun. VI3 cka3aHHOrO ciiemyer, 9To

1
eci(v)dv = nen+hu4—ﬁci(u)vdvf(v). (29)
T
[MopcraBus Boipaxkenue Jis cedenus (28) u mis dyukuun Makcsesia (16), a Tak:ke y4drs CBsi3b CKOPOCTH JIEKTPOHA

u Jactorsl (26), Haiigem
2277t Z%e'm 1 1 hv 5 XH
3\/_ “Bnz 39l i(v )_(27rmk:BT)3/2 eXp < +2 >

(30)

€ei(v) = nen " kT 22kgT



®opwmybl (28) u (30) (6e3 muoxkuTeseli aynra) rakzke Obin nomydenst X. A. Kpamepcom. Muoxurens Taynra 3ana-
ercst mpubMKenHoi dbopmyoit [14]

w \Y? /2 Z%n
gei(v) ~ 1—0.1728 <Z2—XH> (72 T 1) . (31)

Hapsiny ¢ u3aygarenbHOM CTOCOOHOCTHIO YACTO MCIOIb3YeTCs MHTErpaibHAs BEIUIUHA, & UMEHHO, KOI(MDPUITHEHT
CTIOHTAHHON PEKOMOWHAIMHU. DTO YUCIO PEKOMOMHANNY B eIUHUIE 00beMa B eIWHUILY BPEMEHU

o0

Ay (T) = 2T / eci(y)% - / Bei () f (v)vdlv. (32)

nent

Vi

Ecnu BbiHECTH CpefHee 3HAYEHUE TayHTOBCKOIO MHOYKHUTEJS W3-TI0/, HHTErpasia, TO g Koadduimenta peKOMOUHAIINN
MOy YUTCsT TPUOIMKEHHAS (POPMYIa

995 74,10, | To: h; hv;
Ay (T) = - = E : — ). 33
ci(T) 3v3 h? i3 (2rmkpT)3/? 1 <]<;BT> exp (k:BT> (33)

3aecy Ey(x) — waTerpanbhas mokasaresibuas (yukuusa. Ha puc. 3 npencrasienst kpusble 3asucumoct Aq;(T) ot
TeMIepaTyphl.

Ig Aci (T) + 19 g kic (v)
4.0

10

35 i 4, i
3.0 E 1 2
1
25 2
3
S 4

2.0
15}

101

0.5 1 1 1
3.0 35 4.0 45 5.0 135 140 145 150 155 16.0

lgT lgv
Puc. 3. Koadpdunmenrst Ag;(T) npu ¢ = 1(1)10. Puc. 4. Koaddunmenrst kic(v) npu ¢ = 1(1)10.

3. Kospdunumenr nonnzaiuu. Cederre HOHU3ANNN HAXOAUTCS TOYHO TaK JKe, KAK U CEYeHUEe TOPMO3HOIO MOTJIONIE-
HHUS — U3 YCIOBUSA JAeTaJbHOro basmanca mpu TIP:

dv c?
dmnikic(v) By (T)H = nen™ f(v)vdvfei(v) [1 + WBV(T)] : (34)
Ipunumas Bo BHUMaHue bopMybl Bonbimana, Caxa (115 Bomopogonogobroro norna g+ = 1) u I[lnanka, nonyJdaem
1 ?m?v? 26rt _,etf'm 11
kic(v) = 7 hr (V) = 33 Wi_sﬁgci(’/)- (35)

OT1a oOKOHYaTe hHas (POPpMYITa CipaBeIInBa /1151 BOJAOPOIOMOI00HBIX HOHOB TIPH MMPOU3BOIBHBIX yeIoBusaXx. Hamomumm,
YTO BXOJAIAs B HEKOTOPBIE BEJIMYUHBI CKOPOCTh JIEKTPOHA J0JIKHA HAXOAUThCs U3 cooTHOImeHus (26), npudem, Kak
u Boie, dhopmyna misa ki.(v) cupasemusa npu v > v;. Ha puc. 4 nane rpaduku cedenus nornomenus ki.(v) s
i =1(1)10 B 32aBUCUMOCTH OT YACTOTHI B IPOU3BOIHHBIX OTHOCUTEIHHBIX €IUHUIIAX.

Coruacuo dopwmyie (35) Haubosiblire 3HAYEHUsT CEYEHUs MOIJIOUIEHHs 33 CYeT WOHU3AUUU HAOJIIONAETCS Y IOJIOB
cepwii, T.e. IpU V = v;, IPUYEM NIPH NOHU3AINN U3 ¢-T'0 COCTOSHUS OHO MPOMOPIHOHAIBHO %.

o0
I nonyderus Koadduupenta TOrIOMEHAs HA0 HAlTH cymmy qie(V) = Y. nikic(v), Tae v > v (,). Hamo-
i:io(l/)
MHUM, UTO BBICOKHE COCTOSTHUS HE OCYIIECTBJISIOTCS, XOTS 3/I€Ch 9TO 0OCTOATEILCTBO HE CTOJIbL CYIIECTBEHHO, KaK MPHU
BBIUMCJICHUN CyMMBI II0 COCTOSHIAM, TAK KAK PAI CXOIUATCA.
[Ipn BBIMOTHEHWW YCIOBHSA JIOKAJIHHOTO TEPMOSMHAMUYECKOTO PABHOBECHS, KOT/IA CIpaBeaanBbl (hopMyIbl Makc-
Besia, Bonbumana u Caxa (#o He ITnanka), KoabGUIMEHT NOTIOMEHUs 38 CYET UOHU3AMU TIPEJICTABIIIOT B TAKOM

JKe BUIE, 9TO W Qec: Qlic = NNt kic, TIE
6.4 74, 10
- _ 27 Z'me 9ei(v) L1 gkt

kic - .
() 33 i (2rmkpT)?/2 3 3° (36)

PasmeprocTb ki — cm?, a kic — cm®.



st mpuMepa MpUBeIeHbl IPAPUKH CIIEKTPATLHON 3aBUCHUMOCTH KOI(D(DUIMEHTOB MOTJIONIEHNST 38 CIET CBI3aHHO-
cBoboIHbIX mepexonoB (bound-free) ape(v)] = ajc (V) u moaHBIX Koadb duIHEHTOB MOTIIOMmEHNs A (V) = Qe (V) +ape(V)] 32
CYeT TOPMO3HOTO U PEKOMOMHAIIMOHHOTO MEXaHH3MOB, BBIYHCICHHbIE 6e3 yuera MHOKHATEeil ['ayHTa 11 60IbIMAHOB-
CKOI'O PaCIIpeJeJIeHus 110 COCTOAHUSM aTOMa BOJOPoaa U BbinonHenun hpopmyiibl Caxa. Jaubt 3nadenus 1g[ay ¢ (V) /n ]+
19 (puc. 5) u Ig[a(v)/(nen™t)] + 41 (puc. 6) nna remneparyp T = Ts - 105 K. Benwuunnr T yKazaHbl OKOJO KPUBbIX.
SIcHO BHIEH MUITOOOPA3HBIA XapaKTep 3aBUCHMOCTH OT YaCTOTHL.

a 7]
lglane(v)/n1] + 19 lglane(v)/n1] + 19
5
0L 10 T

—
_5:\-\.\.\0,7\,\,\’\’\

_ i\'\'\'\'\'\l\,\
10 705
g U DU hy
_20 L
-3r 1
_25 L
0.2 -4 r
_30 T T | | _ |

135 140 145 150 155 16.0 135 140 145 150 155 16.0 8%
Puc. 5. 3uauenus Ig[ans(v)/n1] + 19 mna T = Ts - 105, Ts = 0.2,0.3,0.5,0.7,1 (a) u T5 = 1,2, 3,4,6,10 (6).

Igla(v)/ (nen)] + 41 Igla(v)/ (nen™)] + 41
80 10

nr 0.1
60
50 -
40
30
20

10

o r N w A OO N © ©

0 1 1 1 1
135 14.0 14.5 15.0 15.5 16.0 135 14.0 14.5 15.0 155 160 lgv

Puc. 6. Bnauenus lg[a(v)/(nent)] + 41 gna T = Ts - 105, T5s = 0.2,0.3,0.5,0.7,1 (o) u Ts = 1,2, 3,4,6,10 (6).

[TpomopuroHAIBLHOCTE MOTJIOIIEHUS IIPY CBOOOTHO-CBOOOIHBIX U CBA3aHHO-CBOOOIHBIX TIEPEX0IaX OOPATHO TpeThei
CTEIeHN YaCTOThI UMEeeT BayKHbIe ciencTBusi. Hanpumep, HefiTpa bHbIN BOIOPO HEMTPO3PAYEH I U3y YeHUs C JJINHOMN

o
BOJIHBI, MeHbIel 912 A, n CcTAaHOBUTCS MPO3PAYHBIM TOJIHKO B PEHTTEHOBCKOM JHAIIA30HE.
@opMysbl 1715 KO3(DPUIMEHTOB MOTJIOMEHUST W W3JIy9eHus, TIPUBEICHHBIE B ABYX TepBbIX maparpadax, MMIpoKo
UCIIOJIb3YIOTCsl B TEOPUM 3BE3AHBIX aTMOC(hEp, ra30BbIX TyMaHHOCTeH u Apyrux o6bekros (cMm. [29]).

4. Pekombunanponnsie paauosnuauu (PPJI). 91o sinHumn, BO3HUKAIONIME NPU [IEPEX0IAX MEXK/y BHICOKUMU YPOBHsI-
MU aTOMOB. JIJIs1 HAXOMSIIUXCS HA TAKUX YPOBHSAX BHEITHUX 3JIEKTPOHOB TIOYTH HECYIECTBEHHO BHYTPEHHEE CTPOCHUE
ATOMHOI0 OCTATKA, UMEET 3HAYEHHE TOJBKO MACCA U 3aPsil. 3aps/ a1pa SKPAHUPYETCs OIU3KUMU K HEMY 3JIeKTPOHAMH,
TaK 9TO Pe3yJIbTUDYIOMUIl 3apsij] COBIAIAELT ¢ 3apsioM npoToHa. [lojie ocTarka B BBICOKOH CTEMEHBIO MOXKHO CUUTATH
KYJIOHOBCKUM. [109TOMY MOJIOXKEHUST JIMHUN PA3HBIX 3JIEMEHTOB C OJWHAKOBBIMU TJIABHBIMU KBAHTOBBLIMHU YUCIAMU CO-
CTOSIHWIT BHEITHErO 3JIEKTPOHA OJIU3KH: PA3JIUYIUs ONPEAEISIOTCS TOMBKO PA3IHINeM MACC S/IeP U BCJIEACTBHE ITOIO —
MPUBEJEHHBIX Macc. s onpeseieHHOCTH PACCMOTPUM 37€Ch JIMHUU aTOMa HauboJee pacnpoCTPAHEHHOTO JIeMEHTa
— BOZIOPOJIA.

B BbICOKO BO30YKIEHHBIX COCTOSHUSIX JIEKTPOH B CPEIHEM HAXOAWTCS HA JIOBOIBLHO OOJBIIOM PACCTOSHUHA OT
sapa. Cpennee pacCTOsSTHUE SJIEKTPOHA B COCTOSIHUM C TVIABHBIM KBAHTOBBIM YUCJIOM | U A3WMYTAJBHBIM | COCTABJISET
7i = 0.269[3i% — (I + 1)] A [2], Tax uTo mpum i = 1000 pasmep aToma Bomopona mocturaer &~ 1078105 = 1072 cm,
T. €. TAKON ATOM MOXKHO ObLIO ObI yBUIETH HEBOOPYKEHHBIM rTa30M. OIHAKO, OCYIIECTBIEHUIO COCTOSHUM C BBICOKUMU
YPOBHSIMU SHEPTUM MEIIAIOT COCEIHUE YACTHUIILI, TPUYeM YeM OOJIbIe WX KOHIEHTpalus N, TeM MEHBIIe HOMEp i,



MOCTIE/IHErO YPOBHSI, KOTOPBIN €IIe MOYXKET CO3/IACThCsI. DTOT HOMEP OMPENeIsercs U3 yCAOBUs PA3PYIIEHHs] BHICOKIX
YPOBHEI aTOMOB COCEIHUMU YACTUIAMU.

Howmep ig Ji1st aToMa BOIOPO/Ia MOXKHO OIPEIEUTh, HAIPUMED, OTOXKIECTBUB C HUM HOMED MOCIeIHel HalIbMepOoB-
CKO¥ JTMHWM, KOTOpas HADIIOJAETCA B CIIEKTPE PACCMATPUBAEMOrO OObEKTA.

B cBs3u ¢ 3TUM BO3HUKAET CIEOYIONIHI CIOCO0 OMpeeeHs KOHIeHTpanun 9actull N B acTpOodu3nIecKux 00b-
ekTax. ZlcHO, 9TO pajmyc, KOTOPBIA ellle MOXKeT MMEeTh aTOM, HE MOJBEpPrasch Pa3pylIieHUI0 OKPECTHBIMHU YACTHUIA-
MU, TPUOJIUBUTETHHO OIpeaessiercs ycaopueM [N r?* ~ 1. Tak Kak 3TO i, KaK IPABUJIO, JOCTATOIHO OOJIBIIOE, TO

ri. ~ 1078i2 cm, Tak uTo N o< i, . Homep i, MOKHO ONpeseqnTh W3 HaOIIOeHNi, XOTS 3TO CAeIaTh He OUeHb MPOCTO
73-33 KOHEYHO! MUPWHBL JJUHUN W CIUSHUSA UX Y Ipeesia 0aJIbMepPOBCKOI cepuu. ITa TPYIHOCTH yCyTyOIsSeTcs, eCiu
HEJIOCTATOYHO pa3pelnrenue crekrporpada. B To ke BpeMms ommubKa B HOMEpPE Ha HECKOIBKO €IMHUIL IIPUBEIET K OO/Tb-
I10# OMMOKe B KOHIEHTPAIWMY, TaK KaK 3aBUCAMOCTb N OT i, OYeHb CHJIbHAs. 1eM He MeHee, KO, JIYUIIero crnocoda
HET, MpUXoauTcs mpuberats K dromy. Eme B 30-e roasl ObL1a BbiBeaena (opmyna Murmuca—Temmepa, cBs3bIBaIOIasT
N u i,. Ora popmysa 3aTeM MHOMOKPATHO YTOYHSIIACD.

Hampuwmep, B crieKTpax 3Be3[, i, MOPSIKA JeCITKA, B CIIEKTPAX TYMAHHOCTEH — /10 COTHH, & B CITIEKTPAX MEK3BE3]I-
HOM Cpenbl TOXOIUT 10 HECKOJbKUX coTeH. CTO/Ib BHICOKHE YPOBHU MPOSBISIOTCH HE B 0AJbMEDOBCKON Cepuu, a Mpu
epexoIax MeKIy BBICOKHMH YPOBHSAMH, KOTOPBIE 00Pa3yi0T PEKOMOMHAIMOHHbBIE PAJUOTNHIH.

Kak u3BecTHO, THUM BOAOPO/IA, 00 bEIMHEHHBIE TEM, UTO Y HUX OOIIWii HUKHUN yPOBEHB, 00pa3yroT cepuu. Kcim me-
PEXO0JI MPOUCXOIUT HA, TEPBBIN YPOBEHB, TNHUHU MOMAIAI0T B Y @ 00/1aCTh, HA3BIBAIOTCS JIANMAHOBCKUMY U 0O03HAYAIOTCST
L., Lg, L,,.... Bropas cepua — 0aapbMepoBcKad — paclonaraerca B BuamuMmoit obmactn, ee muann Hy, Hg, H, .. ..
[TepBhie gBE cepuu BBIAEIEHBI TEM, YTO OHU OTIEJIEHBI IPYT OT APYra U OT APYrux cepuii. Bce ocTaabHbIE CEPUU B TOM
WJIM WHOM CTEeNeHW MEePEeKPBIBAIOTCS, & JJUHUU BBICOKUX CEPUil CHJIBHO MEPEMyTaHbI, TAK YTO JJIA UX OTOXKIECTBJICHUS
HEOOXOAMMO TOYHOE M3MEpPEHHe YaCTOThI WJIN JJWHBI BOTHBI. B OT/MYMe OT MepBbIX Cepuil TUHUH, Y KOTOPBIX OOIINii
HIDKHAN yPOBEHDb C TVIABHBIM KBAHTOBBIM YHCIIOM %, obo3HaqaoTcd Hit1o, Hiy2s, Hitsy,. ... g mpumMepa yraxew,
uro smang Hig3, obpasyerca mpu mepexoze 103 — 100.

HanbombIiyio BepoSTHOCTD MTEPExoia U, CIeJ0BATETbHO, HHTEHCUBHOCTD NUMEIOT MEePBbIE JTUHUHU Cepuil. Y cepuii ¢
BBICOKIMM OOIMIMMW YPOBHAMM ¢ WHTEHCUBHOCTH JUHNN H;o B MATH pa3 Oombime, vem y H;i 1, n B 100 pa3 Gombie,
geM y Hjys.. YacToTsl IepBbIX JIUHAN CePUil MO2KHO BBIYUCJUATH IO POpMYyJIe

% + 1
vi,, = 3288052 'y, (37)

(1+1)2
[Ipu i mopsifKa HECKONIBKUX COTEH JIMHUW TOMAJAI0T B PAIUOIUAIAZ0H.

OitnimreiiHOBCKe KOI(MDDUIMEHTH! CIOHTAHHOrO nepexona A;y1 ; Ipu OGOBUINX ¢ TPOMOPIMOHAIBHBI {~°, TaK YTO
J7Isl HAKOILJIEHHS BJIOJb JIy9a 3aMETHOIO H3JIy9YeHHsT HeOOXOAMMO MHOTO aTOMOB, 9TO OCYIIECTBJISIETCS TOIBKO B KOC-
MHUYEeCKOM mpocTpaHcTBe. OJHAKO ONMTUYECKHE TOINUHBI B 9TUX JIUHUIX BCE PABHO OYEHDH MAJIBI M PACCESHUS B HUX
HE MPOUCXOINT.

Ha Bosmoxuocrs u Baxkuocts Habmonenuii PPJI ykazan H. C. Kapunawes [17] 8 1959 romy. Ou paccuurasn Bepo-
ATHOCTHU MEPEXOI0B st Irux junuii. [lepsoie nabmonenus PPJI 6o nomyuenst B ®MAH (mepexox 91 — 90) u Ha
Bonbmowm IMynkosckom teneckorne (BIIP, nepexon 105 — 104) B 1964 roxy. B 1966 roxy Gbuiu obmapyxkens: PPJI
remust U yraeposa.

Yacro okaswiBaercsi, uro PPJI momgBepKeHbl Ma3epHOMY YCHUJIEHHIO. DTO OObICHSAETCS CIEAyIOnmM obpa3om. B
mesk3Besanoit cpene (M3C) B 3omax HII Bomopon, cuibHO moHu3oBaH. I[louTn BCe HEHTPAbHBIE ATOMbBI HAXOMISATCS
Ha OCHOBHOM YPOBHE, HACEJIEHHOCTb BTOPOrO Ha MHOI'O IIOPSAKOB MeHbIle, 4eM OCHOBHOro. OIHaKo, BCJI€ACTBHE TOrO,
9TO CBODOIHBIE IEKTPOHBI 3D (HEKTUBHO B3AMMOIEHCTBYIOT C BHICOKUMHU YPOBHSIMU QTOMOB, OTHOCUTEIbHBIE HACEIEH-
HOCTHU BBICOKMX YPOBHEI OKA3bIBAIOTCH OJM3KN K PABHOBECHBIM, TO €CTh K OmpezenseMbiM 1o dhopmyse BombimMana.
Bosee Toro, yem Bbiiie ypoBeHb, TeM 3Ta 6Ju30CTH CuibHee. [IpUUUHOl STOro siBIsSeTCs PABHOBECHOE (MAaKCBEJLIOB-
CKOE) pacIpee/ieHre JIEKTPOHOB MO CKOPOCTSAM, KOTOPOE J0CTATOYHO OBICTPO YCTAHABIUBAETCS NMPH KYJIOHOBCKUX
CTOJIKHOBEHUSX.

O0603Ha4YKMM OTHOLIEHUE PeabHON KOHIEHTPALKKA aTOMa BOJOPOIA B COCTOSHHUHU C [JIABHBIM KBAHTOBBIM YHCJIOM
K paBHOBECHOH wepe3 b;, Tak uTO n; = b;n;. Benwunnnl b; Ha3BIBAIOTCA MEH3€JIOBCKAMN MHOXKHUTeIAMHU. OHn ObLIN
BBezenbl JI. Mensenom [43] B cBsi3u ¢ pacderamu 6aabMEPOBCKOrO JEKPEMEHTA, TO eCTh OTHOIIEHWH WHTEHCHBHOCTEH
6aTbMEPOBCKUX JIMHUIA.

SanunieM ypaBHEHHe TepeHoca U3y deHns B JUHUN H;i14:

5

dI,

g = —nlkl(l/)]—,, + C’I’Li+1

02
1+ WIV} . (38)

Kosddumment C' onpenensem, kKak BCerma, MPUPABHB MPaByio 9acTh ypasHenus npu T/IP k Hysio:

* * 02
YpaBHeHUe mepeHoca MepernuineTcss B BUIe
dr, Gi Mit1 2h® g;
¥ = —piks(v) (1= I, - 40
ds naki(v) < Ji+1 M * 2 gin1 it (40)



Bripaxkenwue, crosiiiiee B KPYIJIbIX CKOOKAX, MOYKET OBITH IPEoOPa30BAHO:

*
L 9 Mk g g0 Minbi oy b peyke
Jit1 N gir1 N b; b;

Oba mHOXKUTEIS B TIOC/TEIHEM Bbipaykennn Omu3ky K 1. Paznoxkum ux no ¢opmyne Teitnopa:

biv1 _ b+ Ab; —h hv
~—— =1+ A(lnb; v/ksT 1 — 22
b; b; +A(nby), e kT
Torma
i M h
1 - IR W A(lb).

gis1 ni kT

(43)

Pacuersl HacenmeHHOCTEM BBICOKUX yPOBHEH, MPOU3BEIEHHBIE ITyTEM DEIIeHrs] YPABHEHUN CTAIMOHAPHOCTH, TOKA3AJIH,
49TO BTOpOE caaraeMoe B (43) MoxkeT ObITh GOJIbINE MEPBOrO, TO €CTh KOIMMOUIMEHT MOrJIOMIEHUS MOKET ObITh OT-
pULATEIbHBIM, YTO W NPUBOAUT K MazepHomy 3dderry. Xora ontuydeckue tosmuabl B PPJI neBeswku, st jauHun
OKa3bIBAIOTCs OOIee MHTEHCUBHBIMU U DOJIEe Y3KHUMU, YeM IOJIy4aeTcs 110 TEOPUH, He YUUTHIBAMNIIEH Ma3epHoro 3¢h-

dexTa.
Bonee nmonpobuo o PPJI MoxHO npounrtars B Kaure [15] u B snnuktoneuu [31].



I'maBa 2. MarauTo-TOpMO3HOII MeXaHNU3M

§ 1. TeomeTpusi U TEPMUHOJIOTUS

1. IBmkenne u uzmydenne 3apsaa. [IycTs 3apsn e maccoit m paBHOMEPHO JBHUKETCS MO OKPYKHOCTU B HEKOTOPOIt
cucreme orcuera. LIeHTp OKPYKHOCTH HAXOAUTCS B HAYAJIE KOOPAMHAT ITOW CHCTEMBbI U CIUTAETCS HEMOABUKHBIM, TO
€CTh CHCTEeMa OTCYEeTa KECTKO CBA3aHA C HUM.

IIo oxkpyxKHOCTH ABUXKETCSA 3aps] BO BHEITHEM OIHOPOJIHOM MATrHUTHOM TIOJI€, €CIM HE YYUTHIBATL U3JTyUeHUE
3apsaa U eCIH ero CKOPOCTh MEPIEeHANKY/IAPHA MACHATHOMY TMOM0. ECIn MMeercss COCTaBJSIONAsA CKOPOCTH BIIOJD
TOJIsT, TO TPAEKTOPUS 3apsi/ia — CIUPAJb, TOUYHEE — BUHTOBAS JIMHUA. JTOT 0OJI€E CJIOXKHBINA CIydail pacCMOTPUM BO
BTOPYIO OYEPE/Ib.

M3menennem sHeprum 3apsga MbI IpeHeOperaeM, TO €CTh CIUTAEM, 9TO 3apsaj, MPUHYKIAET JBUTATHCI KAKAA-TO
TIOCTOSTHHAS TI0 BeJIMYUHE cuja. Mbl 2Ke n3ydaeM ero W3jydeHne, KOTOpoe He OTPaXKaeTcs Ha, IBUKEHWH 3apsaa. Tak
MOKHO MOCTYTaTh BBUIY TOTO, YTO M3JIyUeHHUE 3apsAaa COCTABIAET MAJJIYIO OO €ro SHEPTUH.

N3nyuenue paccMarpuBaeMoro 3apsi/ia Wik COBOKYIHOCTH TAKUX 3aPsI/I0B HAZBIBAETCS MArHUTO-TOPMO3HBIM (UMEH-
HO MOTOMY, UTO 3apsA7dbl TOPMO3SATCA BCJIEICTBUE MUBJIYUYEHU, U TI0 aHAJIOTUHN C TOPMO3HBIM M3JIyYeHUEM 3apsaKeHHBIX
YACTHUI], B 9JIEKTPUUECKOM MOJIE APYTHUX 3apsioB). Eciiu 3apsaasl HepeaaTUBUCTCKUE WIH YIbTPAPEIATUBUCTCKUE, TO X
n3JydeHne Ha3bIBAIOT COOTBETCTBEHHO NUKJIOTPOHHBIM WJIM CHHXPOTPOHHBIM, B AUAIMA30HE ITPOMEYKYTOUYHBIX JHEPTUN
TOBOPAT O TMPOIUKJIOTPOHHOM HU3JIyYeHUH.

[TockombKy TiTaBHOE MBIyUeHNE JAIOT 3apsSAbl C HAUMEHbIEe Maccoil, B TaJbHEHIIIeM O/ CJIOBOM 3apsl TOIpa3y-
MeBaeM 3JIEKTPOH.

2. CucreMbl OTCYETA. HpI/I N3y9YEeHUN MATrHUTO-TOPMO3HOTO U3JIyYCHUd MPUXOJUTCA PACCMATPUBATL CIIEAYIOUIne
CHUCTEMBbI OTCYeTa.

[. CobcrBennas cucrema OTCUETA 3apsijia. JTa CUCTEMa JBUKETCS BMECTEe C 3apsi/IOM 1Mo OKpyxKHocth. Ee ocu He
MEHSIOT CBOMX HaIpaBjeHuii. B cOOCTBEHHOM cruCTeMe OTCYeTa OMpPeIeeHO COOCTBEHHOE BpeMs ty.

II. Cucrema orcuera 3apsiaa (s1eKTpoHa). B a10il cucreme, Kak yKa3blBaJoCh BbILIE, JJIEKTPOH PABHOMEPHO BPAlla-
ercs (obparaercs) no okpyzkuoctu. Hagasmo koopausar 310l CUCTEMbI COBMEIIEHO C HEHTPOM yKA3aHHOM OKPYKHOCTH.
Bce BenmmuumHbI, OTHOCAIIMECST K CHCTEME 3apsiga, OTMeYaeM WHIEKCOM €. BuernrHee a1eKTpudecKoe Tojie OTCYTCTBYET,

o

Ee = 0, a HANPAKEHHOCTH MATHUTHOIO MO/l HANPABJIEHA 110 BEKTOPY €3, MEPIEHANKYIAPHOMY IJIOCKOCTH BPAIIEHHST
S

zapsana: H = H.€3 (cm. puc. 1).

Puc. 1. Bpamaromuiica Mo OKpY>KHOCTH 3apAI.

III. Cucremsr orcuera mostsi. Takux cucrtem MHOTO. BymeM caurarh, 9TO HAYaJIa KOOPAWMHAT Y HUX BCEX PACIOIOKEHBI
HAa MPSMOM, MPOXOJAIIEl Yepe3 MEHTP OKPYXKHOCTH BPAIIEHUS SJEKTPOHA M MEPHEHIUKYJISIPHON eif. DTU CHUCTeMbl
JBUYKYTCS OTHOCUTEJIHHO APYT APYTa BIOJIb MATHUTHOIO MOJIsi M KOOPAMHATHI MX CBsI3aHbI TpeobpaszoBanusamu JIopeHna,
KOTOPBIE €CTECTBEHHO Ha3BATh MPOJIOTLHBIMU.

W3 bopmyn npeobpa3oBanusi HAPSIKEHHOCTEH TOJIsT HETIOCPEJACTBEHHO CJIEAYeT, YTO BO BCEX TAKUX CHUCTEMAX Ha-

MIPSI’KEHHOCTh BHENTHErO0 MArHUTHOTO TIOJIsT OHA W TA YKe, 8 BHEITHEro JIeKTprudeckoro moss Het & = 0.

Bce BenmmauHbI, OTHOCSIIMECS K 9TUM CHCTEMAaM, OTMedaeM HHAeKcoM f.

IV. Cucrema orcuera ucrogruka. VICTOYHHK MAarHUTO-TOPMO3HOTO U3y YEHUS — ITO 00BEKT, B KOTOPOM B MATHUT-
HOM TIOJTE ABUXKYTCS 3apsA/Ibl, 00pa3yolme KaKiue-To IOTOKH Wi 06/Iaka. B MCTOUHNKE BHIOMPAETCS CHCTEMA OTCIETa.
Ona TOXKe CBsS3aHA C MATHUTHBIM TOJEM, TO €CTh 9TO OJHA W3 CHCTEM IOJis, U BHEIIHErO 3JIEKTPUIECKOrO MOJIs B



ueit mer. B 910t cucreme MOMKHO OBITH MPOM3BEIEHO YCPEIHEHHME 110 UMITYJIbcaM 371eKTPOHOB. CHcTeMa MCTOYHHUKA
OTJIMYAETCA OT JIPYTUX CUCTEM IOJIA TeM, YTO B Hell CpeIHUi MPOJOTbHBIN MMITYIbC 3JIEKTPOHOB PABEH HYJIIO.

V. Cucrema orcuera nHabmogaresisa. CucreMa MCTOYHUKA IBUMKETCS OTHOCUTEILHO CUCTEMbI HAOJIIONATENISI C HEKO-
TOPOI CKOPOCTBIO.

MoxKHO CYHTATh, YTO BO BTOPOH M TPETheil CHCTeMaX WM3/JIydaeT OAWH 3apsil, B ABYX MOCIEIHUX H3IydalOT HUX
ancaMOsm. PaccMOTPUM KasKIyI0 U3 CUCTEM MO OYEPEId, HO CHAYAJIA TEPEeUUCIUM CKAJISPHbBIE BETUYMHBI.

3. UuBapuanTsl. B 3a1a4e 0 3apsae B MArHUTHOM I10JIE MMEETCsI HECKOJIbKO BEJINYNH, KOTOPbIE 3aKPEeILISAIOTC U He

MU3MEHSIIOTCS [IPU [EPEXOe OT OJHON CHCTEMBI OTCYETa MO K JIPYTOil. DTO MPeKIe BCErO BEJUINHA HAMPIKEHHOCTH

. eH.
MArHATHOTO TOJIst BO BCex cucremax nonst H,.. Eil cooTeercTByer mukIoTpoHHAS 9acToTa wy = ——, rae e > 0 —
mc

3apsil JEKTPOHA, a M — ero Macca, u nepuop Ty = 27 [w,

Hainee, panuyc okpyxkuoctu R,, mo koropoit obparmaercs 3apsif, TaKKe OJMHAKOB BO BCeX cucremax moss. U3
YKa3aHHBIX BEJIMYMH MOYKHO 00pa30BaTh MPOUW3BEIEHME PAa3MEpPHOCTH CKopoctu R.w, > 0, a takxke 6e3pa3sMepHYIO
Besunduny Riwy/c > 0. Tak Kak HAIPIKEHHOCTh [OJIs M PAJAUYC OKPYZKHOCTU MOT'YT ObITh IIPOU3BOJIbHBIME, TO BBE-
JIEHHBIE BEJIMYUHDBI TAKKe MOTYT OBITH JIIOOBIME, TPUYEM CKOJIb YIOIHO OOJIBITAMHU.

Eme oxmoit nHBAPHMAHTHON BEINYMHON SABJISETCS COOCTBEHHOE BPEMS 3apsia ty.

Hamomaum 31ecs Buz npeobpasosanus Jlopenna. Eciu #HekoTopas cucrema orcaera aBuKercs ¢ 6e3pa3mMepHoOii CKO-
poctbio V 10 0THOMme O K JIPYTOii CHCTEME OTCYETa, TPUYEM WX COOTBETCTBYIOIINE OCH KOOPAWHAT MapaJijIeIbHbI, TO
BpPEMEHHas U IPOCTPAHCTBEHHbIE KOOPUHATHI IPOU3BOIBHOIO BEKTOPA @ B IBMKYIIelics cucreMe {ay, @'} BbIpaxKaiorcs
4yepes Te JKe BEeJMYUHbI B HEIOABUXKHOI {ag, @} dopmynamu

— —

} B} V(7
ay = L(ag — Va), d":d'—FaoV+(F—l)v V&’ : (1)

Baece T' = 1/v/1 —V?2 — JIOpeHIEBCKHI MHOXKHUTEJb, COOTBETCTBYOMmHI ckopocTr V. HerpynHo mpoBepuTh, 9TO
omnpeesurens npeobpazosanus (1) pasen 1. @opmysibl 06paTHOro MpeobpPa3OBaHUs IOy YAIOTCs IIyTeM 3aMeHbl V' Ha

V.

4. Cucrema 3apsna. Beegem B 910l crcreme OpTOHOPMAJIbHBIN Ga3uc €1, €2, €3. IlycTh OKPYKHOCTD, [0 KOTOPOH
~

JBUKETCS 9JIEKTPOH, JIEXKUT B IJIOCKOCTH BEKTOPOB €] U €2, & MaruuTHoe noje H = H., 3.
BamaguM paamyc-BeKTOp 3apsaa OTHOCHTEILHO IEHTPa OKPYKHOCTH B BHUJE

Te = I'e() = R, (€1 sin ¢ — €> cos @), (2)

e ¢ = Wete, We — YIJIOBAS CKOPOCTH JBUKEHUS 3aPsiIa MO OKPYKHOCTH, te — BPEMsi B CHCTEME OTCUETA 3apPsIa.
YerbIpexMepHbIil BEKTOP [OJIOXKEHUsI 3apsia
re = {cte, e} (3)

Bespasmepubiii 4-uMmy/ibe 3apaaa (UM, 9To TO KEe CaMOe, YeThIPEXMEPHAs CKOPOCTD )

. = 1dr, _ Ye dre
=& cdt, c dte

= {'Yeage}: Ze = 'Yege: (4)

rae Oe3pa3MepHasi CKOPOCTh BPAIEHUS 3aPsIa MO OKPYKHOCTH

3 _ 1 d’l?e R*WG

Be—zd—%zﬂe(éHCOS(ﬁ*‘é'zSin(ﬁ); BeZT- (5)

Bespa3mepnasi sHEprusi JIEKTPOHA 7Y, BBIPAXKAETCS depe3 ero 0e3pa3MepHbIe CKOPOCTh (o U UMIYJBC Ze B ITOU

CHCTEMe OTCYETa OOBIYHBIM 00pa30M:
1
— — 2
o= = = VItE (©)
- B2
OTOT MHOYKHUTEH CBSI3bIBAET COOCTBEHHOE BpeMs 3apsijia t, CO BDEMEHEM B CHCTEME OTCYEeTa 3apsijia U, COOTBETCTBEHHO,
YIJIOBYIO 9aCTOTY OOpAIEHus 3apsaa ¢ MUKJIOTPOHHON YaCTOTOM:

te Wi
by = —, We=—, (7)
Ve Ve
TAaK 9TO ( = Wete = Wi tx. Ilepuoapr obpalenusi cBsi3aHbl TOYHO Tak Xke: To = TyYe. OTMETHM, 9TO XOTS BpeMsi t,

OTHOCUTCS K HEMHEPIHMAJBHON CHCTEMe OTCUeTa, OHO TEYeT PABHOMEPHO, TaK KaK MOJYJIb BEKTOPA CKOPOCTHU 3apsia
MTOCTOSTHEH.
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U3 (4) u (5) cuenyer, 970 XapaKTEPUCTUKU BPALIATEIHLHOIO JIBUKEHUS: MOYJIM UMIIYJIbCA U CKOPOCTHU, JIOPEHIIEB-
CKMil MHOKHATEIh W 9ACTOTA BPAINEHWS] — WHBAPWAHTHBI TI0 OTHONIEHMIO K MPOU3BOIBHBIM TPOIOILHBIM MPeobpas3oBa-
nusiM JlopeHna:

Ze = Yefle = R, w. _ Ze _ Rt We = i (8)
e = YePe = Yoo VE+RW T /T+ (Raw]c)?

BekTop yckopeHust u ero BeIMYMHA, 33AI0TCs MTPOCTHIMUA (hOPMYTTAMU:

R,w?
T (9)

e

w, = {0,731[)’6}, We = We(—€1 SIN P + €2 COS P), We = fo CWe = R*wg =

OpUYEM BEJMYUHA YCKODEHUS W, TAKXKe SIBJISACTCS WHBADHAHTOM, KAK W DPENATHBHCTCKHI CKATLAD w® = —ysw
2, 4

—Rw;.
Tereps pacCMOTPHM ONMCAHNE IBUKEHUSI 3aPSIA B CHCTEMAX MOJISL.

5. Cucrembl orcyera mosisi. MOXKHO CIUTATD, YTO BEKTOPHI €] U €2 y BCEX TAKUX CHCTEM OTCYeTa ODIIue, TAK KAK OHU
HE MEHSIIOTCSI TPU MPOIOJILHBIX TIpeobpas3oBanusax JIopenia. BekTop €3, paccMaTpuBaeMblii KAk 9aCTh 4€ThIPEXMEPHOTO,
M3MEHsIeT CBOIO [IJIMHY, HO MblI Oy/JeM BPEMEHHYIO YacTh ITOrO BEKTOPAa BO BCEX CHUCTEMAX IIOJIs UTHOPHUPOBATH, a
MIPOCTPAHCTBEHHYIO HOPMHUPOBATH Ha 1, TAK UTO 3TOT BEKTOP TOXKE MOYKHO CUATATH HEM3MEHHBIM.

B kaxkmoii Takoil cucreme 3JeKTPOH PABHOMEDHO IBUMKETCS TO BUHTOBOM juHUU. COCTABISIONIYI0 Oe3pa3MepHOi
CKOPOCTHU 37IEKTPOHA BJIOJIb HOJIst, TO €CTh €e TPOEKIUI0 Ha BEKTOP €3 0003Ha4uM (||, TaK 4TO

R
R

B = By és. (10)
B orsim4me oT CTpOro moJIOXKHUTEIHLHON BEJIMYNHDL B¢ IPOEKIUS ,BH MOKeT OBITDH MOOKUTETBHON U OTPHUIIATETHHOIA.

Coorsercrytomuit MuoxuTeN b JIopenia onpejesmu, kak o6prauo: ) = 1 /+/1— ﬁ

YT00BI MOIYyYUTH BHIPAYKEHUE I BEKTOPA, OMUCHIBAIONIErO ABUXKEHUE 3aPsA/ia B CHCTEME TOJIs, HAI0 mpeobpa3o-
Barb (3) no JlopeHiy u3 cucreMbl 3apsijia B CUCTEMY I0Jisd. BTOpasi JBUZKeTCs [0 OTHOLIEHHIO K IEPBOI CO CKOPOCTHIO
—§||c. [IpomonbHOe mpeobpaszoBaHue OTIIMIAETCA TEM, YTO €r0 CKOPOCTDH IEPIEHIUKYIIPHA MPeodpa3yeMoMy TpexmMep-
HOMY BEKTODPY Te, HOITOMY PAJUYC OKPYKHOCTH, KOTOPas MOJIYdaeTCs MIPU TPOEKTUPOBAHUSA TPACKTOPUHU IEKTPOHA
Ha MJIOCKOCTD, MEePIEeHINKYIAPHYIO MO0, He M3MEHSAeTCd 1

re = {cte, 7t} = {7y cte, 7B €3cte + Te}- (11)

Taxum 0Opa3om, BpeMeHa B CHCTeMaxX MOJIA W 3apA/a CBA3aHBI JJOPEHIEBCKUM U MHOKHUTETAME: by = | te = )| Velsx =
Yetx, TAK 9TO V¢ = || Ve- Paa@yC-BEKTOp 3aps/ia B CHCTEME MO

7t = 7 (tr) = 7B cte + Fo(¢) = Bjjctr + Ru(@1 sin ¢ — & cos ¢) (12)

paBeH CyMMe BEKTOPOB, OJIUH U3 KOTOPBIX OTParXKaeT 00pAIleHne IO OKPYZKHOCTH, a APYTroil — pABHOMEPHOE IBUKEHUE
B/IOJTD TIOJIA.
IMonnas Ge3pa3mMepHas CKOPOCTh 3aPsiia,

. AR s
B s B+ 6L (13)
Ee neprnenaukyaspHas COCTABIIIONIAS
3 o 4. R.w dt
B = Bi(€r coswety + Exsinwyt), B = L = B2 = & (14)
c dt¢ ol
Ksazapar aToit ckopocT
62
B?=Bi+ﬁﬁ=7—3+6ﬁ=(1—ﬂﬁ)ﬁz+ﬁﬁ, (15)
I

TaK 4TO HOpeHHeBCKHﬁ MHOXKHTEJIb IIOJTHOT'O JABU?KEHHA 3apPpAdd

1 1 1
Ve = = - :’Ye'YH
VISB =g -s L J0-8ha -8

pPaBeH MPOU3BEICHUI0 MHOKUTEEH, COOTBETCTBYIONINX OOPAIIEHUIO W JBUKEHUIO BIIO/Ib MO, YTO Y¥KE OTMEYaI0Ch.
YacToThl obOpallieHns 3apsiia CBI3aHBI, KAK U BPEMEHA, 3 WMEHHO, JaCTOTA OOPAIIEHUs B CHCTEME MOJIsi PABHA
wr = we/ N = Wa /7e. TIocKO/IbKY 3JIEKTPOH IPOXOJMT [0 OJHOW U TON K€ OKPYKHOCTU Ha MJIOCKOCTHU, HA KOTOPYIO

(16)
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[POEUPYETCs €ro TPACKTOPHsl, 4 BPEMEHa B CUCTeMaxX OTJIMYAIOTCHA HA MOCTOSHHBIE MHOMKUTEJIU, TO BEJIUYMHA apry-
MEHTa, TPUTOHOMETPHIECKNX PYHKIHH ¢ = Wit = Wele = (we/7|)tr = wrty ocTaercsa memsmennoit. [lepwon obpamenms
3apanga B cucreme mona cocrapager Ty = 2m/wy = (27 /we)y) = Twryr. TIpocToTa cBaAseil MeXKIy COOTBETCTBYIOMIHMMT
BEJIMYMHAMYU B PACCMATPUBAEMbBIX CHCTEMAaX OTCYETa OObACHAETCS TEM, YTO BCE JBUMKEHUS, B KOTODPbIE BOBJEYEHbBI
3JIEKTPOHbI, BK/II0Yas OGPAIEHHe 110 OKPYKHOCTH, PABHOMEDHBDIE.

BespasMmepHBIil IMIYJIBC 3JIEKTPOHA, B CHCTEME TIOJIS

1dry  7edry e drg S
= - = - = = = = 17
= c dt, c dte c dtg {2, (17)
rie
Zr = 2)€3 + 21 (€1 coswrty + Exsinwrtr), 2 = B, 2L = BLYr = Ze. (18)

Ero neprieniukynsipaas 1Moo 4acTb OCTAETCS MHBAPUAHTOM.
Onpenennm Tak HA3BIBAEMBIN MATI-YTOJI (, TO €CTh YTOJI MEXKIY CKOPOCTHIO 9JIEKTPOHA, B CUCTEME MO/ W HAPAB-
JIEHUeM MarHUTHOI'O I10JId, TaK 4TO

B = Brcosa, B = Prsina. (19)

Tak Kak JOBWYKEHWE BIOJH MOJSA PABHOMEPHOE W MPSIMOJIWHERHOE, TO YCKOPEHHE BO BCEX CHCTEMAX TOJS OTPEIeIs-
ercsa (opmynamu, anasorudabivu (9):

w = {0,7f2wf}, wg = R*wf2 =cBiwr = C%/Bf sin av. (20)

NuaBapuanT
2

—w® = yfwi = Riw} = Wi ff sin® a. (21)
Ecmu mapsimy ¢ Bemwaunoit mosisi H, MOCTOSIHHBIM TPUHUMAETCS PAIUyC OKPYKHOCTH R, TO MOXKHO CYHATATH,
YTO PaACCMaTpPUBAETCS OJUMH U TOT 2Ke 3JIeKTPOH. B masjbHelimem Mbl OyeM CpaBHUBATL H3JIyYEHUE 3JEKTPOHOB C
3aKPpEeIJIEHHBIMU BEeJINYNHaAMU CKOPOCTH /8 n HI/IT‘{—yFJIa . CJIe,HyeT IDIOMHUTDH, YTO OHAU MOFyT OTHOCHUTHCA K Pa3JINIHBIM
3JIEKTPOHAM, TO €CTb 3THU 3JIEKTPOHBI MOI'YT OOPAIIATHCS 10 PA3HBIM OKPY2KHOCTSAM U UMETh Pa3iddHble CKOPOCTH BIOJIb
T10J14d.
JlBe apyrue nHepIUaIbHbIE CUCTEMbBI PACCMOTPUM TIO3¥KE.

6. TlomHoe usnydenue u kiaccudukanus. Haiinem moaHoe W3IydeHne 3JIeKTPOHA, JBUKYIIErOCs MO CIUPAJU, TO
€CTb B CHCTEMe II0Jisd, B BOJIHOBOI 30HE.

Kaxk u3BecTHO, peIITUBUCTCKUI 3apsij] U3JIyYaeT He TOJIHLKO IHEPTHIO, HO U UMITYJILC, KOTOPBIE YHOCATCS U3JTy 4aeMOi
3apsiIOM 3JIEKTPOMATHUTHON BOMHON. [lepeHoc MMITy/Ibca O3HAYAET, YTO IEHTP PACXOMAIIEHCS CHEePUIECKOil BOTHBI
CMEIIAETCS B CTOPOHY JBUKEHMS 3apsa. deTblpeXMepHbI BEKTOp M3J/Iy4YaeMOro MMILYJIbCA, [IPOIIOPIUOHAIEH BEKTOPY
CMEIIEHNs JIEKTPOHA, a KOI(DMUIMEHTOM MPOMOPIHOHAILHOCTH ABJISETCS MOITHOCTh M3JIyUEHUsI, KOTOpas B OOLIEM
ciaydae maercs (popmystoit

2 ¢?

33

roe w = 72{72515‘,13 + 7(31[)’)5} — MPOCTPAHCTBEHHOMOZOOHBIH YeTHIPEXMEPHBI BEKTOP yCKOpeHus. [las Harmero
ciydas 3TOT BeKTOp naercs dopmyoit (20), a ero kaapar — dopmyJioit (21), Tak 9To

[w?], —w?=1°[w? — (F x @), (22)

I = 2¢* 5 0o 23
= gzwﬁfﬂf S G, (23)
Badurcupyem CKOPOCTh 3apsAga U TEM CAMBIM BeJIMIWHbBI Jf, Yr U .. 3aKPENUM TaKKE BEJIMYNHY HAIPSIKEHHOCTU
BHEIITHEI'0 MArHATHOIO MOJsi H, ¥ PACCMOTPUM IIpeesbHbIe CIydan, O KOTOPHIX T'OBOPUJIOCH BBIIIIE.
1) Hepenarusucrckuii npenesn. Ipu fr < 1 MmuoxuTens v ~ 1 u

1~ 29 g2 g (24)
3 o WxPisin” o
OT0 U3IydeHHe HA3BIBAETCS, KAK YK€ NOBOPUIOCH, IUKIOTPOHHBIM.

2) YabrpapeasTuBucrckuii npenei. 3uech Sf & 1, 4 > 1, Tak 94TO B CJly4ae CUHXPOTPOHHOIO U3JIydYeHus

2¢? 5 5. 5
I~ 3 W sin” o (25)
W3 npuBeneHAbIX (GDOPMYJT BUAHO, ITO NUKJIOTPOHHOE M3JIy4eHUE 3HAYUTENBHO C1a0ee CHHXPOTPOHHOIO, TAK KaK B
HEepBOM CiIydae Be MaJjo, & BO BTOPOM e BeIUKO. OIHAKO CTPOrO rOBOPS, U3/l Y€HUE MOXKHO HA3BIBATH CUHXPOTPOHHBIM
TOJIBKO, ECJIH MUTY-yIOJl He OYeHb Mas (min He 61130k K 7). Ecam ke a mMeer mopsimok 1/4¢, TO ecth a = a7y, TO
corsacHo dopmyiie (25)

* Q- (26)
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N3nygenne B 3TOM ciiydae He 3aBUCUT OT 7Yf U HA3BIBAETCS PEISATUBACTCKAM MAUIOIbHBIM. To4HO Ta ke dopmysia
CIIPaBEJINBA, KOTJA T — @ = Qg /7¢. DTOT CIAYYaM MO CYUIECTBY HE OTINYAETCS OT CIy9asi MAJbIX MUTY-YIII0B, TPOCTO
3apsi/i ABUKETCS B CTOPOHY, IIPOTUBOIOIOKHYIO HAIIPABJIEHUIO 0JIsi. BIIpeb €ero oT/iesbHO He PACCMATPUBAEM.

B npomexyTodHBIX Ciydasix, KOrJa CKOPOCTh 3JIEKTPOHA YMEPEHHO PEISTUBUCTCKAA, TOBOPAT O TUPOCHHXPOTPOH-
HoM m3nydenuu. [lomaepkuem erre pa3, 9TO U3TyUIeHUE TTOTHOCTHIO OTCYTCTBYET, €CITN CKOPOCTD 3JIEKTPOHA COCTABJISET
yros 0 wiu 7 ¢ HaIpaBJeHWeM IO/, TAK KaK TOI/A JIEKTPOH JABUXKETCH BJIOJIb MOJIsS PABHOMEPHO, Oe3 yCKOpeHusi, u
He u3jydvaer.

§ 2. YriioBad 3aBUCHUMOCTb N3JIy4deHUud OAMHOYHOrI'o 3apdaJda B BOJIHOBOM 30He

1. MruoBeHHbIe HAIPAXKEHHOCTh W MHTEHCUBHOCTD. [IpuBenem cuadasa obimue pOpMyIIbl Ajid STUX BEJIUYNH.
B BOsTHOBOIT 30HE BEKTOPHBIN MOTEHIMAJ ABUKYIIErOCS TOYEIHOTO 3aPsA/Ia, OMpeaesisercss (pOpMyJIoi

-

i-c_F

= 51_—53’ (27)

- L
rue 3 — 6e3pa3MepHas CKOPOCTh 3apsija, a i = R/R — enquHuYHbIA BeKTOp HanpasieHus Ha Habiogaress. Bekrop
5

[ BBIYUCISIETCS B MOMEHT TaK HA3bIBAEMOIO 3aMa3/IbIBAIOIIErO BPEMEHH t1, CBA3aHHOIO CO BpeMeHeM HabJojeHust ¢

PaBEHCTBOM
_ ~ "R
ct—t) = |B—7(t1)| = VB2 — 2RF+12 ~ R 1—;—2 : (28)

rae R — BeKTOp, CoeINHSONINH (DUKCUPOBAHHYIO TOUKY B 00JIACTH JBUKEHNUS 3apsiia, a (1) — paanyc-BeKTop 3apsija,
UCXOJAIIMI U3 yKa3aHHON TOYKM (CM. puc. 2).

Puc. 2. Teomerpus uzmyaenus.

.
C ygeroM ToOrO, 4TO B BONHOBOI 30HE || € R = |R|, paBeHcTBO (28) 3amUCHIBAETCS B BUIE

R iiF
t=t; +—— —, (29)
C C
TaK 9TO NpH 3aKperuieHHoM paccrosuuu R nuddepeninanst BpeMeH CBA3aHbI COOTHOIIIEHIEM
dt = (1 — @f)dt,. (30)

Hanporus, npu ¢dukcupoBannoM MoMeHTe HAOIIOAEHUs ¢ BPEMsi BIMSHUS 3apsga 3aBUCAT OT paccrosnuss R u ero
IPAJMEHT HAXOANTCS W3 TOTO JKe paBeHCTBa (29):
7 71
0=Vt + = — (@A)Vty, Vt; = —————, (31)
¢ cl1—1p
HampsizkeHHOCTH CO3/1aBAEMOTO 3aPs/IOM B BOJIHOBOW 30HE SJIEKTPOMATHUTHOTO MOJIsl OTPEIETIAIOTCS CIIeLy FOIIUMU
dopmyravu. HampsKeHHOCTh MATHATHOTO ITOJISI

HeVxizvnxod__f_1 04 (32)

E=Hxi=fx|—=x—|. (33)

&
Il
|



[To nanpszkernocTr Haxoaum BekTop [loitHTHHTA, TO €CcTh MOTOK Jy4uucToit sueprun. OaHAKO HAC OyJeT HHTEpeco-
BaTh HE TOTOK, KOTOPBIA PACCUYUTHIBAETCA HA €IWHUILY TIJIOIIAJAN, & WHTEHCUBHOCTDH M3JIyUeHUs, PACCUNThIBaeMas Ha
eauHuIly TejecHoro yria. [loaToMmy mHTEHCHBHOCTD B pacdere HA €IUHUILy BPeMeHH HaOJII0IaTe s

2 (7 — Dk — (1 — A2
4 4rc? (1 —iif)s

Yro6bI MHTErpaJI IO BCEM HAIPABJIEHWSAM JABAJI TOJTHYIO MHTEHCUBHOCTH, 3ABHCHMOCTH €€ OT HAIPABJIEHUS CJIELyeT
PACCYUTHIBATD HA €IUHUILY BPEMEHU, CBA3AHHOTO C 3aps/IOM, TO €CTh Ha €IUHUILY BPEMEHHU ¢, IJId 9ero seauduny (35)

t -
HaJ0 YMHOXKUTb Ha — = 1 — 73, 4yro maer

ot

W =W,

ot _ e w(1—iif)* + 2(w) (B (1 — if) — (1 — B2)(7ib)*
a_tl T 4ned (1 3 : (36)

2. HTeHcnBHOCTD MATHUTO-TOPMO3HOTO n3Iydenusa. B arom maparpade Bce pacCMOTpeHne MPOU3BOIUTCS B OTHOI
u3 cucreMm nosis, nosromy omycruM uniexc f. Ins namero ciaydas sbibepem Bxoasuie B ¢dopmyiy (36) BekTOpbI
CeAYIONUM 00Pa30M.

IIycrs mHabiromare/b HAXOAUTCS B ILIOCKOCTH BEKTOPOB €] M €3, YTO HE SIBJISEeTCs OrPAHUYEHUEM, TaK KaK 3aps,
BpAINAETCS W ero M3jydeHne mpu (PUKCHPOBAHHOM IMOJOXKEHUH HAOIIOJATENsT M0 OTHOIIEHWIO K HAMPABICHHUIO OIS
OyJeT OJHUM ¥ TE€M YK€, HE3aBUCHMO OT a3MMyTa HaOMozaTe si. Bekrop HanpaB/eHns Ha HAOTIONATENS XapAKTEPU3yeM
IIO3TOMY TOJIBKO IIOIAPHBIM YIJIOM:

7l = €1 8inf + €3 cos = (sin 6, 0, cosh). (37)

OcranbHbIe BEKTOPBI 33/1a10TCsi (DOpMYJIaMu, IPUBEIEHHBIMU B MPEIbIyIeM maparpade. 3anuiiem ux B BHIE Tepe-
YHUCIEeHUSA TeKaPTOBBIX KOOPIANHAT:

6 = (BL Cos ¢7 BL sin ¢a 6“)5 W= —w(sin ¢7 — CO8 ¢v 0) (38)
Haiinem npoussenenusi BEKTOPOB, BXosuue B 00Ly0 (GhopMyily Jisd HHTEHCUBHOCTU u3Jydenus (36):
nw = —w sin @ sin ¢, ﬁﬁ: By cos® + B sin@ cos ¢, ﬁu? =0. (39)

B kavecTBe OCHOBHBIX IIEPEMEHHBIX BLIOGMPAEM MOJIHYI0 CKOPOCTH 3JIEKTPOHA, 3 ¥ MUTY-YTOJI (¢ COTJIACHO COOTHOUIEHUSAM
(19), Tak uro w = cfwsin a = cw,— sin b.

NureHcuBHOCTD M3/TyYeHUs B BHIOPAHHOM HAIIpaBJIeHUU OyIer

W(b,¢) = ﬁ 26—2si 2a[1 — B(cos @ cos a + sin @ sin a cos $)]2 — (1 — B?) sin® fsin® ¢
, dre "2 [1 — B(cos cos a + sin 0 sin a cos ¢)]° '

(40)

3. IIpenenbubie ciaydan. PaccMorpum Te ke mpeaebHbe CIydan, YTO U B TIEPBOM maparpade.

1) 8 <« 1. Manyio Benmuuny [ mosiaraeM paBHOI HYJIIO BE3/€, KPOME TOM, KBAJIPATy KOTOPOil MPONOPIUOHAIbHA,

HMHTEHCUBHOCTDb, TaK 9YTO
2

e . . .
W = —w?p%sin® a(1 — sin® fsin” ¢). (41)
dme
2) B~ 1,7 > 1. U3 dopmyast (40) BuaHO, 4TO BBIpAaKEHHUE, CTOsALIEE B CKOOKAX B 3HAMEHATEJIE, IIOYTU BCEr/a
6sm3k0 K equuune. OQHAKO OHO CTAHOBUTCH MAaJibiM, Korua 6 Gim3Ko K a, a yros ¢ 6iu30K K KparHbiM 27 (Oyaem
cYnTaTh €ro GIM3KUM K HYJI0 ¢ = ¢g /7). Homoxum takke § = o + €, rue € = g9/, |e| < 1. Ilpusnexas dbopmysisr
JIJTsl CHHYCOB U KOCHHYCOB CYMMBbI YIVIOB M pa3jaras 3Tu (bYHKIUH [IPU MaJbIX apryMeHTaX, MOJIyIaeM

cosf cosa + sin B sin a cos ¢ = cosa(cos acose — sinasine) + sin a(sin a cose + cosa sine) cos ¢ =

2 102
€ sin
= cose(cos® a + sin® acos @) — sinecosasina(l — cosp) ~ 1 — 5 T¢2' (42)
1
Paznocts 1 — B 06bramo ymHOXKA0OT HA 1 4+ f & 2 u mpencraBasior B Buge 1 — § = oz Takum 06pa3oM, BhIparKeHHe
Y
B KBaJIPATHBIX CKOOKaxX B 3HaMenarese (40) mosydaercs CemyomuM:
2 1 g’ Lo P 1 2, w2 2
1—715"’2—724‘5"‘5111 a7:2—72(1+80+sm agy). (43)
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Yucnmurenb mpeobpa3yercs: aHATOTHIHO. B pe3ymbrare HAXOIUM

W 262 5 . o 4 (14e2+sin? ag?)? — 4sin® ad?
~ 2—w; sin” ary SRR
TC (1 + &g + sin” agg)

(44)

Takum 00pa30M MOYTH BCE M3JIydUeHUE 3aPsiia UIAET B HAINPABIEHUM MIHOBEHHOI'O [BUYKEHWS 3aPsSid, a JAJEKH
HaOJII0IATeb, PACITOIOKEHHBIN BOJN3YM KOHYyCa C OChIO BJIOJIb HAIPABJIEHUS TIOJIs U YIJIOM PACTBOpa « OYIET BUIETHh
BCIIBIIIKY U3JIy4eHUs B TOT MOMEHT, KOTJIa 3apsifl JBUKETCs MPAMO HA HEro (KOHEYHO, C yUETOM 3ama3bIBAHUs TI0
Bpemenu corsiacHo (29)). Takoe cBeueHne HAOMUHAET MUTAHUE MAsKA UJIA CBETOBOIO CUI'HAJIA MOJIUUENRCKON MAIUHbL.

Jst corydast BpallleHust 3apsijia 10 OKPYKHOCTH HAJIO TOJOXKUTH @ = /2 ¥ TOBOPHUTH HE O KOHYCE, & O MIIOCKOCTH.
OcoBbIM cIy9aem OnsiTh SBASETCS MAJIOCTh yriia «. [1o10KuM, Kak 1 BHIINE, & = /7y, Toraa

2 22
W22 T (45)
me *(14¢3)3
VYIJI0BYI0 3aBUCUMOCTD U3JIydeHUs onpeaenser Oombinas apodb B (40). OxHako, 3Ta 3aBUCUMOCTL HE OYEeHb Ha-
rasana. Kpome Toro, eciim cKOpocThb 3apsiia He MaJjia, TO Ipubop HaOoIaTe/ s He Oy/IeT perucTpupoBaTh MTHOBEHHOE
UBJIy4YeHre, a MPOM3BEIET YCPEIHEHNE 0 HEKOTOPOMY POMEXKYTKY BPEMEHH, COAEPIKAIIEMY MHOIO IEPUOJOB BPAIIe-
Hus 3apsaga. [[03ToMy u Mbl HaliJeM WHTErpaJl mo nepuody or seauduss (40).

4. Narerpuposanue no mepuomy. [Ljis mosydenus mogHOro u3jly YeHrs 33 MEPUO/T HY2KHO BBIYUCIUTD Ba MHTETPAJIA.
[IpuBenem nx.

27T 27T
/ de . 2+ B} / singdg w4+ 5} (46)
(1= Brcosg)?  (L— p2)/2’ (1—Bicosg)> 4 (1—p})7/2
0 0
YT066I BOCIIOMB30BATHCSA STUMHU HHTErPATAMHA, BBEIEM /1B 0O03HATEHMST
Be =1— B cosfBcosa, Bs = Bsinfsina. (47)

Torma HaI0 BBIHECTH U3 CKOOOK creneHu (3. U NpuHATH 31 = S5/ fc. Jis MOIHOTO M3JIyYeHns 3a MePUO, MOy UM, Y9TO
oHo paBHO W /w, tie (w = wr)

Wﬁi/Wwwm¢:fw¥ﬁmﬁa[ 248 1-f ., 445 |-
c T (

T—g2prpE 4 (- g)PBe
_e? LB, [ 262 + 32 1—B% 482 + B2 ]
_ : .

R AL EE B CEy Sk

Bemmauna I, KoTOpas MpeACcTaB/feT KOJHYECTBO JIyYHCTOH SHEPrHuH, MPOTeKalollel 3a eJIUHUIy BPEMEeHH BO BCeX
HaIpaBJIeHUAX, CBa3aHa ¢ W cooTHOmeHneM

(48)

=2 /d?nE = /Wsinede. (49)
2w w
0

[Ipusenennyio cBs3p Mexkay I u W MOXKHO IpOBepuTh IPAMOI BBIKIAAKON. jisi 3TOro B MHTErpasie mo yriy HaIo

CHENATh IIOJICTAHOBKY
v+ fsinayey/1 — 202

= cosf = . 50
a Bsinav + vey/1 — 202 (50)
Paccmorpum onsTh Te ke mpenenbHbIe CIIyYau.
ITpu nukmorponnom u3mnydennn K 1, tak ato . =1, fs =01 =0m
N 62 62
W = 4—w362 sin? a(2 — sin? ) = 4—wfﬁ2 sin? a(1 + cos? 6). (51)
¢ ¢

MuoxkuTe/b B CKOOKAX COBINANAET MO BUILY ¢ uHIuKaTpucoii Peses. IloHag MHTEHCUBHOCTD TI0JIYYa€TCs MPABUILHOI:
7 2
T 2€ 5 9.
I = [ Wsinfdf = - —f°w; sin” a. (52)
3¢
0
CUHXPOTPOHHOE U3JIyYEHUEe PACCMOTPUM OTIEJIHHO.
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5. Cunxporpontoe usnydenue 3a nepuoi. [ycrs v > 1. Iocse noacranosku @ = a4 £ u 3aMeHbl € = £¢ /7y OUEHUM
BenIuHbL (47):

2
€
Be=1— Bcosa(cosacose —sinasine) ~ 1 — fcos® a + f3 cos? ag + = sin(2a)e ~

2
1 g2 1+ cos® agd + sin(2a)e
F + sin? a + cos® agy + 3 sin(2a)e = sin® a + i < ;’; in(2a) O’Y, (53)
2 0202
— 2
Bs = Bsina(sinacose + cosasing) ~ sin? a — sin? a% + 3 sin(2a)e ~ sin? a — 2 %% 5 s;n( 04)507. (54)
Y

B o6Genx GopMyIax ComepKaTCs OIMHAKOBBIE KOHEYHBIE CaraeMble sin’ o i MONpPABOYHBIE CIATAEMBIE, CTPEMSIIIEC

K HYJIIO IPH 7Y — 00, KOTOPbIE MOYXKHO OTOPOCUTDH Be3e, KpOoMe 3HaMeHaTes e, Ky/1a BXOAUT PA3HOCTH OIEHUBAEMbBIX
BesmauH. [locse moaCTaHOBKY UX B Bhipazkenue (48) mosyduM Mpu He MaJbIX o

— e ,sin’a { 3sin* ay® sina 5sin® ay” } e? 7/4+ 3e3 (55)
(1+e2)5/2sin®a 492 (14¢€3)7/2sin” «

2.3 o
= —wyy’sina————7>.
4c " (14£2)7/?

OTMeruM, 4TO IPU MHTErPUPOBAHUY MIPEIEJIBHOrO Bbipazkenus (55) 0o § = a + £, KOTOpoe BBUJLY COCPEJOTOYEHUs
MBJIyYEHUs B Y3KOM KOHYCE OKOJIO MHUTY-yIJjia U ObICTPOro yObIBAHUS WHTEHCUBHOCTH C YAAJEHUEM OT ITOTO KOHYCA
MOXKHO PACIPOCTPAHUTH TI0 £ HA BCIO BEIIECTBEHHYIO OCh, TIOIYYAETCS MPABUIHLHOE BHIPAYKEHNE I OJHOW WHTEHCHB-
nocru. JleiicrBuTeIbHO,

[— . sin o e? r 7/4 + 3¢3 2 e? .
:/W51n0d9~ Wdep = 4—cw2 sin? ary? / (1/+7)7;)2d5 = g;wff sin? av. (56)

—00
€0 ¥4

— g = ——:
V1+e2 0 V1— 22

[Tocnenuuit wHTETpPa BHIYUCISETCS TPU TTOMOIIYM 3aMeHbI TTepEMEHHON WHTErPUPOBAHUS 2z =

00 1
T/4+3e3 2 8
/(1+ o de Z/1—z (T+5:2)dz = . (57)
—00 0
Ecim yron a = ag /7y Mau, To Bee ciaraemble y BeanunH (53)—(54) omHoro nopsigka:
B2 B o 2, 2 0
Be = 22 Bs = 22 Be =1+ 2a5 + €5 + 20080, By = 2a0(ao + €0)- (58)

Bripaxkenne nyiss W nosy4daercst JOBOTHHO FPOMO3IKUM

o o2 w2a2n?

W ~2—
e (142)7/2[1 + (2ap + €0)?]

73 208 + (B2)°](1 + 5L + (200 +20)°] — ag[4(8)* + (B)°]).  (59)

Takum 00pa30M, CHHXPOTPOHHOE W3JIyYeHUEe 3a MEepUuoj, WIET TaK K€, KAK U MTHOBEHHOE, TO €CThb B KOHYCHOM
CJI0e TOJIIIMHOM TopsifKa 1/ OKOIO KOHyca € yriIoM pacTBopa «. Kaykjoe WHTerpupoBaHHe TTOHWKAET CTENEeHb 7,
KOTOPOil IPOMOPIHOHAIBHA HHTEHCHBHOCTD: Y* y MTHOBEHHOTO, y° — y H3/TydeHus 3a nepuoj, y> — y momHoro (Bo Bee
CTOPOHBI). ITO O0BACHIETCS MAJIOH MPOTIKEHHOCTHIO TIPOMEXKYTKOB MHTErPUPOBAHUs: Bce OHU mopsiara 1/v. Eciam
2Ke U MUTY-YTOJI UMeeT TaKOi MOPSAI0K, TO CTENeHb 7y ellle MOHWKAeTCA Ha JIBe eINHUIIbI.

§ 3. CneKTp MarHUTO-TOPMO3HOTO U3JIyYeHUsA B BOJTHOBOI 30HE

1. Xapakrep crekrpa. B arom maparpade HaiieM CIeKTp U3JIydYeHHs JEKTPOHa B MATHUTHOM T0JI€ B BOJHOBOM
27
3one. CHaUYaa PACCMOTPUM OOIIHI CIydail TePUOIUIECKOTO NBUKEHN 3apsaaa ¢ mepuoaom 1 = —.
w
Iepuon T' paccuuThiBaeTCS MO BpeMeHu BjusiHus t1. HO Kak JIerko mokasaTh, B 9TOM CJIy4ae W MO BPEMEHU Ha-
Girofiarestsi ¢ U3IyYeHUE 3apsiia UMEET TOT Ke nepuos. JleificTBUTeNbHO, eC/ii OJTHOBPEMEHHO MPUOABUTH MEPUOJ] KO
BpeMeHu ¢, u KO BpemeHu ¢t B paBercrse (29), rae moza BeKTopoM 7(t1) IOApa3yMeBaeTCs MePUOIMYECKHN BEKTOD, TO
PABEHCTBO OCTAHETCS BEPHBIM.
Ilepuonudeckas ¢ynxmus packiaagpBaercsd B psan @ypoe. ITosTomy cmekTp m3nydenus 3apsiia COCTOUT U3 OT-
JIETIbHBIX PABHOOTCTOSAIIMX APYr OT jpyra jauawii. Hafijem WHTEeHCHBHOCTH CHEKTpadbHBIX JuHuil. s 3Toro HaIo
ompeneuTh KoM OUIMEHT pA3JIOKEHN B PsiJl, HAPSKEHHOCTH JJIEKTPUIECKOTO MTOJISA

> .
= > Ee ™, (60)
[=—00
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TO eCTb

T/w
B== [ Bei“tqt (61)
2 '
—7/w
BBuay BelecrBeHHOCTH HAIIPSI?KEHHOCTH HO0JI?KHO BBIIOJIHATHLCS COOTHOIIEHUE EL, = Ef
BorunciuM unrerpas or E? 1o nepuoay:
T/2 T/2 - T/2 -
/ |E|?dt = / EE*dt= Y EE} / emlettiltqr = 7 N B, (62)
—T/2 —T/2 Li'=—c0 —T/2 l=—00

I/IHTeraJI OT MHTEHCUBHOCTHU H3JIyYCHUA IIPEACTABIACTCA B BUIE

T/2 T/2 T/2 -
C 12 712 € 2 712
= * = — E = — T E 5
/dt1W /Wdt =R / |EfPdt= - R°T ) |E (63)
_Tye —T/2 ~T/2 I=—c0

2. Koapduuuenr pazsoxenus. [logcrasisis B uarerpas (61) BbipakeHue HANPIKEHHOCTU Y€Pe3 BEKTOPHBIH [0~
reHpan (33) u BeIpakeHHe Jig IoTeHImaIa (27), moaydaem

_ e 1, L =
El = ET’I’L X [n X Il] N (64)
rae 0003HaAYEHO
T/2 o
> dt . d
| = / —_‘ellwet_i_“ (65)
1—17j diy 1 - 73
—T/2

[Ipou3BoAHY0 MOKHO CYUTATH HE YACTHOM, TAK KAK BEKTOp [ 3aBUCHUT TOJIBKO OT t1.
IMoacrasum B dopmyry (65) cBsa3b Bpemenu ¢ co BpemereM t; (29) u ca3b ux guddepennuanos (30), a 3arem
IIPOUHTEIPUPYEM TI0 YACTIM:

T/2 - T/2
fl — / dtleilw(tl—i-R/c—i"ﬁ c)ditll%;‘g — —ilwe““’R/c / eilw(tl—Fﬁ/c)gdt1_ (66)
T2 T2

BreunTerpasibHOe ciraraeMoe mpornagaeT BCJIEACTBUE TEPUOIUIHOCTH BEKTOPOB. [lomyuennast ¢hopMysia CrpaBeIInBa,
J7IsI JTIODOTO MEPUOINTIECKOro ABrzKenns. Jlaapime mepeiieM K MarHuTO-TOPMO3HOMY 3Ty IeHHIO.

3. JIBMzKeHue Mo OKPYy»KHOCTH. II0CKOMBKY 3aps L IBHKETCA TI0 OKPY>KHOCTH W BJIUSHUEM €ro U3JIy9eHU Ha ero ¥kKe
JIBIDKEHHE MBI IpeHebperaeM, TO BCe BeJMYUHDI, CBA3AHHLIC C 9THM IBIZKCHHEM, a HMEHHO, KOODAMHATLI 3apsaia, ero
CKOPOCTb, yCKOPEHHE, a CJIel0BATe/IbHO U HAIPSKCHHOCTH U3JIy9aeMOro UM 3JIeKTPOMArHATHOIO IO, IePHOIHIeCKIe
¢ mepuoaoM Te = 27 /we.

CHadasia pacCMOTPHM HM3JIy9eHHE B CHCTEME 3apAia. UToObI He 3arpOMOXKAATh (POPMYJIbI, OIyCTUM HHIEKC € Y
BEKTOpa HAIIpABJICHHA Ha HabGIomaTesd fi U yIrya, KOTOPBIA OH 0Opa3yer ¢ HAIPaBJICHHEM MAIHUTHOTO IMOJA. JTOT
BEKTOP TMO-TIPEXKHEMY MOXKHO B3SITh B MJIOCKOCTH BEKTOPOB €] U €3.

IMoxncrasuM opMyILI A1 BXOAAMUX B IIOAMHTErPabHOE BBIPAXKEHHEe BEKTOPOB s 3apaia, IBIZKYIIErocs II0
OKPY?KHOCTH:

i = (siné,0,cosh), 7 ﬁ(sin ¢, —cos $,0), Be = Be(cos ¢,sin @, 0), (67)

_c
=
U clenaeM 3aMeny t1 = ¢/w.. Vurerpan (66) mepeiiger B
I, = —ilBeelweF/e /(cos $, —sin ¢, 0)el! 9N g (68)
rme z = [ B sin 6.

Takum obpazom, HeobxoauMo Haditu aBa wHTerpaia. O6a OHU BbIpaykaroTcsi depe3 GeccesneBbl (DYHKIUU HEPBOTO
poaa

1 T . - T ) -
JI(Z) - /ezlqﬁ—zzsmqﬁdd) — i /ezl¢—zzsm¢cos¢d¢. (69)
27 2ml
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Bropoe npencraBierne momyvdaeTcs u3 MepBOro MHTErPUPOBaHUEM 1o dacTaMm. [IponssBomnast or dyukiun Beccemns

T

i il ¢p—izsin :
Ji(z) = —E/e to=izsing gin pdep. (70)
Urak, Bekrop (68) npunuMaer Buj,
- ) 1
— _j]oilweR/c -7l
7 ile 27 (—SinaJl(z),le (z),O) . (71)

4. ®opwmyia [lorra. Yrobsr HanucaTs Ghopmyny s k03dduUIneHTa pa3aokeHne HANPIKEHHOCTH, HalIeM IBOii-
HbIE BEKTOPHBIE TPOU3BEIEHUsT OT IBYX KOODIUHATHBIX OPTOB:

7 x [7 x (1,0,0)] = @sinf — (1,0,0) = — cos e (77), i x [ii x (0,1,0)] = —(0,1,0) = —&x(i). (72)
Takum obpasom, [-Tas cocraBisOas HAIPSXKeHHOCTU coraacHo dpopmyram (64), (71) u (72) npexacraer B Buze
B = %ilwee“wﬁR/c [ctg 6.7 (2)@1(7) + e ]} (2)E (7)) . (73)

BameTuM, 9TO HyJIeBas COCTABJISAIONIAS PABHA HYJIIO.
IMoacrasus pesynbrar (73) B popmyay (63), nonydum

T./2
C e2w2 ad
W.dt = 532 oy E > P etg? 002 (2) + BT (2)] =we Y Wi (74)
—T./2 e [=—00 =1

s narencuBHocTH [-TO# juHUE W), pacCIuThIBAEMON HA €AUHUILY YACTOTHI, MOJIYIUM

62

W/l = ? l2wla (75)

r7ie BBEIEHO €Il OJHO 0003HAYCHWE
wi = ctg? 6. T2 (2) + B2 I (2). (76)

Hamowmuwwm, aro apryment 6eccesnenoit dyukun z = [, sin 6.
Dopwmya (75) nocur HazBanue (popmyJibt [Ilorra, KoTopsiii ee Boiest B 1912 r. OHa nostydusia upoKoe NpUMeHeHre
B PA3IUIHBIX 00/MACTAX (PU3UKH U B 0OCOOEHHOCTH B acCTPO(U3UKE.

5. llonapusanus B munnsax. Kaxkaas auHug B CieKTpe MarHMTO-TOPMO3HOI'O U3JLy9€HUsI [IPECTABIIAET CODON MOHO-
XPOMATHYECKYIO BOJIHY U K Heil MOYKHO MPUMEHUTH ODIIYI0 TEOPUIO mossgpu3almu. Kak u Besikas CTPOr0 MOHOXPOMATH-
9ecKast BOJIHA, ITU BOJIHBI [TOJIHOCTHIO SJUTUITAYECKH MOJIsiPU30BAHbL. [l1s1 TOro, 9T00bI B 9TOM yOEAUTHCS, PACCMOTPUM
HAMPSKEHHOCTh JJIEKTPUIECKOTO MOJIsi B JIMHUU C HOMEPOM [, TO eCTh BEKTOD El. IlockoMbKY WHTEHCUBHOCTD JIMHUU
y HAC y2Ke Haii/IeHa, MOJSPU3AMUOHHBIE XAPDAKTEPUCTUKN MOXKHO HAXOIUTH C TOYHOCTHIO A0 MHOXKWTessd. B cornacuu
¢ dopmyiioit (73) B NPUHATHIX IIOJAPU3ALMOHHBIX OPTAX [IOJSPU3ALMOHHAS MATPULA C TOYHOCTHIO J0 IOCTOSTHHOIO

MHOXKUTEJIsT OyIeT UMeTh BUT,
g ctg? 0772 (z) —ifectg0.Ji(2)J](2) (77)
PN iBectg8i(2) i (2) Be () ’

a mapamerpbl CTOKCa ¢ OPABUJIBHBIM KOI(DMUIMEHTOM, TAKAM K€ KaK y WHTEHCHBHOCTH, onpenenseMoit ¢dpopmyoit

(75):
2 2
Q= % 2[ctg? 0, J2(2) — B2 J2(2)], Ui =0, Vi = 2% 1B, ctg By (2) ]! (2). (78)

JIerko mpoOBepuTh, YTO yCJI0BHE NOMHON nonapusamun W72 = Q7 + V;? Bbmonssercs.

TakuM 00pa30M, U3AYUICHUE B KAsKIOH MACHUTO-TOPMO3HON JIMHWM TMOJHOCTBHIO MOMSPU3OBAHO U OOJAJAET KaK
JMHERHOM, TakK M KPYroBoil mosnsipu3anueil. B 0CHOBHOI MIOCKOCTH KpyroBas nossipusanus ucaesaer (ctgm/2 = 0), a
JIMHeHHasdg CTAHOBUTCA IOMHOM. HanmpoTus, npu HaGIIOIeHAN BIOAL OCH BPAIEHUS 3JIEKTPOHA, TO ecTh npu 6§ = 0 mwiu
0 = 7, moNAPU3ANMS MOJHOCTHIO KPyToBas. [Ipn 3TOM HAGIIONATENb BUIAT TOJILKO OJHY JIMHWIO, & UMEHHO, MePBYIO
(I =1). [Ipa mocjegaAX yTBEPKICHAS BBHITEKAIOT W3 CBONCTBA GCCeIeBbIX (DyHKINA, BHIPAYKAEMOTO ACUMIITOTHIECKAM
pasenctsoMm Ji(2) ~ (2/2)!/1! mpu 2z — 0. O6a KpaiiHIX COCTOSHUS TIOTAPUIAIME COTTIACYIOTCS C TeOMETPHeH TBUIKEeHI ST
U3JTy 9aOIIero 3JIeKTPOHA.

6. ITommoe m3nydenne B muansAX. [1oaHOE KOTUYIECTBO SHEPTUHN, U3TYyIaAEMO B IMHUY, PABHO WHTETPAJTY TIO HAITPAB-

JIEHWSIM OT WHTEeHCHBHOCTH (75), TO eCTh
™

Wl = 27T/Sin9d0Wl. (79)
0

18



[Ipu wHTErpUpPOBaHWE BO3HUKAIOT JIBA WHTErpPajia, KOTOPbIE COIIACHO (pOpMyIaM Teopun OecceneBbiX (DYHKIINH BbIpa-
KaroTcs yepe3 dbyuknuu Beccens aBoitHOro (M0 CpaBHEHUIO C HOMEPOM JIMHUU) MOPSIKA, TaK UTO

2

1
W, = 47r%l [ﬂeJéz(%el) - %/Jzz@lb’ey)dy} : (80)
0

MozxHO HaITH U TOIAPUIAMUIO U3JLy9eHuUsl, UAYIIEro Bo Bce croponbl. [Ipu stom V; = 0, To ecTb Kpyrosasi mos-
pu3anus ncue3aeT BBUAY CUMMETPUYHOCTH MPABOIl M JIEBOH MOJISAPU3AIINH, OCTAETCA TOTHKO JMHEHHAd:

2

1
0 =tnt |sustasa) + [ sy (1050 -2) | (s
0

B ciyuae mepensrusucrckoro 3apsana (Ife < 1) u3 npuseneHHbIX GOPMYJ C HOMONIBIO y7K€ MCIONb30BABIIErOCs
coornommenus Jy,(z) ~ (2/2)”/T'(v + 1), z = +0 serko noay4nTsb

e I(l+1)
¢ (20 +1)!

e232-1-1
c (20+1)!
VIHTEHCMBHOCTH CIEKTPAJBHBIX JUHUA OBICTPO yOBIBAIOT C POCTOM HOMEPA, TAK 9TO (PAKTUIECKH OCYIIECTBIIAIOTCS

TOJILKO MEPBbIE MUKJIOTPOHHBbIE JuHUK. [loBeneHmne creKTpa CHHXPOTPOHHOTO U3JIyUIeHUsT 3HAYUTENHHO CToXKHee. Emy
Oy/IeT MOCBSAIIEH OTAEIbHBIN maparpad.

W, ~ 4m (1B)%, Q, ~ 4x (1B3:)%. (82)

7. Umnynsce dorona. nsg nepexona m3 CHCTEMBI 3aPAa B CUCTEMY IOJIsI CBS2KEM XAPAKTEPUCTUKHU U3JIydIeHUS B
9TUX cucTeMax. Bce xapakTepucTuku (pOTOHOB CHAOMKAEM TEMHU K€ WHIEKCAMU, YTO W JIEKTpOoHHbE. Hampasienue
UBJIYyYEHUsT XapaKTePU3yeM eJMHUIHBIMU BEKTOPAMHU fle M Tif C COOTBETCTBYIOIIMMHE YIJIAMHU, & IHEpPrun (POTOHOB HE
4aCTOTaMU, & BOJTHOBBIMU YHMCIAMU Xe U &Ef.

BBezem 4erbipexMepHbIil BEKTOP UMITY/Ibca (TodHee, BOJIHOBON BeKTOp) doToHa . s GObIieil HATISAIHOCTH
OTMETHM 3TOT BEKTOP WHIEKCAMHU e U f, KOrja ero coCTaBJIsiioNe OTHECEHbI K COOTBETCTBYOMIEH CUCTEMEe OTCYeTa:

X = {&eaaeﬁe}, Xr = {%f,%f’ﬁ:f}. (83)

s Hux jierko Hammcarh npeobpasoBanue Jlopenma. COOTHOIIEHE MEXKIY HYJIEBBIMU KOMIOHEHTAMY TaeT OOBIYIHBIN
zakon Jlomrepa

®e = XrY| (1- BH cosby), &= e (1+ BH cosfe), (84)
13 KOTOPOI'O BBITEKAET COOTHOLIECHNE
1
(14 B cos ) (1 — ) cos b) = ? =1- Bﬁ. (85)
I

IIpeoGpazoBanue HANPABIECHWHA IIPOUCXOAUT B COOTBETCTBUM C 3aKOHOM abeppanuu, KOTOPBIA TAKXKE CIeIyeT W3
npeobpa3oBanus JlopeHia

Felle = ¢l + aéf’)/H,BH + (’)/H - 1)&3f€3(€3ﬁf), ®rily = Pelle — aﬁe’)/Hﬂ” + (’YH - 1)&3683(83ﬁe). (86)
[Ipoekiyst Ha HaIpaBJeHHE BEKTOPa €] JaeT CBA3b MEXKJy CHHYCAMH &, Sinfe = &¢ sin ¢, Tak 4ro

sin O¢ sin e — sin 6,
’)/”(1 — ’BH cos 0f)’ f Y (1 + ’BH cos 08) ’

CoOTBETCTBYIOIIME PABEHCTBA JIJIs KOCUHYCOB MOJIY 9aI0TCs U3 TIPOEKIAK COOTHOIIeHNs (86) Ha OpT €3 WU U3 OCHOBHOI'O
TPUTOHOMETPUYIECKOTO TOXKIECTBA!

(87)

sinf, =

COS 6f — BH

cosfe — cos e + B
1-— ﬂ” COS Gf’ f

1+ Bjcosbe (88)

cosfe =

Bsamviio obparabre opmyer (87)—(88), kak n nmpeobpasopanue (84) JacToT, OTIMYAIOTCA 3HAKAMY Tiepes, (). Azumy-
TAJIBHBIA YTOM ¢ BO BCEX PACCMOTPEHHBIX CHCTEMAX OJNHAKOB.
CoorHomutenns (88) MOXKHO HOJMY4IUTh U U3 (85), €C/IM €ro Nepenucarb B BAIE

cos B — cos b — ) cos b cos Oy = —f3. (89)

IMpambiv auddepennmpoBanueM 000r0 U3 ABYX COOTHOIIEHWN (88) MPOBEPAETCs, YTO CJIEAYIONINE JIEMEHTHI
obbema, TenecHoro yria u T..: &’ sinfdf, #?sinfdfdg = x?d®n, dee/@ u d3@/x — aBAAIOTCH PENATUBUCTCKUME
MHBApPUAHTAMU. BBIMTOIHIIOTCS PABEHCTBA, & Sin e = ¢ sin b m &.df. = rdfy, a TakKe

Be 0
V1= Brte s =/1+ 58 5. (90)
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8. Cnekrp B cucremMax mois. B 3ToM myHKTE MOSIyduM (DOPMYJIbI, OMUCHIBAIOIIME CIEKTP MArHUTO-TOPMO3HOIO
U3Iy9YeHUs B CIydae, KOra JIEKTPOH ABUXKETCS M0 CIUPAJIH, TO €CTh B OJHOM u3 cucTeM mojs. s 3Toro 06006mmm
dbopmyny (75). Ipoie Bcero obobmaercs Boipazkenue Jijis apryMmenTa 6eccesieBbix by HKIMIA:

sin ¢ B sin arsin O Bs
2=1hm (L —=Bjcose) 1—fPrcosacosty B .

rJie ucnosb3oBanbl obo3Hadenus (47). He cioxHee obobmaercs u Beipaxkenue (76):

cos By — B\ 2 .
wp = 'Yﬁ (#) JZQ(Z) —l—BiJlIQ(Z) , B” = frcosa, B = Prsina. (92)

C mpowusBegeHHbIME 0DODIIEHUSIMEA MOYKHO 3AMUACATH BHIPAXKEHUE [IJIsT YeThIPEXMEPHOTO UMITYJIbCA, KOTOPBIA HECYT
dboToHbI B IHUE ¢ HOMepoM | B 3j1eMeHTe TenecHoro yria d2ng 3a mepuosn spemenu Ty

£ e’c 2,212
dB = Jl %fd neEeWi . (93)
e

BrIpazkenne sIBHO PEIATHBUCTCKA KOBAPWAHTHO. BMecTe ¢ Tem Tpm mepexosie B CHCTEMY 3apsiia OHO CBA3BIBAETCS C
Besunaunoit Wy, oupeneinsiemoii bopmyiioit (75) (onsrh npunuiiem UHAEKCHL € U f cOOTBETCTBYIOIMM BeJUYUHAM ):

2 2 2
e‘c ec ,w W . W .
dP} = < Paeld’nez,w = —5 12 =2d%ne—{1, e }w; = —WF{1, e }d?ne. (94)
A e e ’ [ ’
w? w2 2 ¢ ¢
e e

[TostBiieHMe TUNTHIX MHOXKUTEJEN We U ¢ O0bACHsSIETCH T€M, 9YTO W) — 3T0 HE UMIIYJIbC, & SHEPIUs, IPUIEM PACCINTAHHAL
Ha, €IUHUILY TACTOTHI.
O6yo Gopmyry (93) Takxke MOXKHO 3anucarTh B Buie, aHagorudHom (94):

VVf wr
dpf = L =1 11 7 d? 95
¥ 2l c 1 _B” cosﬁf{ >nf} ng, ( )

rae obobuienune dhopmynl (75)

62

f_ € 2 wi
Wi = cl V(1 = By cos )2

(96)

JononuurebHbIe MHOKUTETN B (95) 00 bACHAIOTCS TEM Ke: I/Vlf — 3TO 3HEPrusd, pACCUNTAHHASA HA €IMHUILY U3J1yIaeMOon

9aCTOTHI, & Elf — 3TO UMITYJIbC 3a mepuom 1.
[TomuepkHeM, 9TO We W Wf — ITO YACTOTHI OOPAIIEHUS HTEKTPOHA B CHCTEMAX 3aPS/Ia U MO, & 8B U & — BOTHOBbIE
BEKTOPBI U3TydaeMbIX (DOTOHOB B TeX Ke CHCTEeMAaX OTCYeTa. B mepBOi W3 HUX BBIMOIHSETCS COOTHOINEHUE o =
We/¢€, BO BTOPOI K€ CBA3D YKABAHHBIX BETUIHH OOlee CIOKHAdA, TAK KaK Wf = We /7|, & BOTHOBBIC BEKTOPBI CBA3AHBI
pasencrBoM (84). [TosTomy YacToThbl JIMHUI CHIEKTPA U3JyYeHUs 3apsija, ABUKYIIErOCs 110 OKPYKHOCTH, OJMHAKOBBI
BO BCEX HANPABICHUAX W PABHBI W] = lWe. 3aps, ABMKYMUIICA IO CIUPAJH, U3IydaeT CIeKTpP, YaCTOTHEI KOTOPOrO
3aBUCAT OT HAMPABJIEHUS HA, HAOIIOIATEIS:
Cee WE W

Whe  Be  mBe

CyliecTBeHHOE OTJINYHE U3JLy9YeHNs] TPU BUHTOBOM JIBUXKEHHUU 3aPs/ia OT CIydast ero ILIOCKOrO JBUYKEHUs 3aKJTIO-
yaerca B caenyoumem. Popmysa (93) onpenensier uzsnydenue 3a nepuoxa. OQHAKO nepuo mMOJHOro 06opoTa 3apsaia
Tt = 27 /we v Hanmenbmit epuos (npu [ = 1), ¢ KOTOPHIM MPUXOAAT BOJHBI K HAOIIONATENIO B 33JaHHOM HAMPABJIe-
uuu 27/ (ceer) = Tt fe, paznuuatorca. BTopoii u3 HUX Npy OJMHAKOBBIX 3HAKAX COS (v U COS ff MEHbIIIe IePBOro, TaK YTO
HaOTIOAATETh OyAeT BOCIPUHUMATL OO/IbIee KOMUIEeCTBO SHEPIUH, IeM M3aydaer 3apsa. Hukakoro mapamokca 371ech
HET, TAK KAK 3apsil, IBUKYIINNACS HABCTPEdy HAOIIOIATEI0, CaM KaK ObI JOTOHSIET CBOE YKe M3JTyIeHUE U CIIPECCOBBIBA~
er ero. Hamporus, npu ABMzKEeHUM OT HAOIIOAATE ST U3y deHne OyaeT ociabieHo, TaK 9TO B CPeIHEM 3aKOH COXPAHEHUS
SHEpPI'uH, KOHEYHO, BbIoJHAeTCHA. [leficTBUTe/IbHO, IIO/HBIN U3J1yYaeMblil B JIMHUU Y€TbIPEXMEPHBII UMILY/IbC B CHCTEME
sapsaga P} = {weW;/c,0} conepKuT ToabpKo HyJIeBYI0 KOMIIOHEHTY. B crcTeme mosist UMITYJIbC NMEET COCTABIISIONLYIO TI0

o710, 160 cormacHo mpeobpasopamiio Jlopenra P = (w. W/ o{, 7||@|} = (weW;/c)B

wh = leaey =1 (97)

> TO MOXKHO MPOBEPUTH HETO-

cpeacTBeHHbIM mHTerpupoBanueMm. Eciu pacmpesesienne 3apsiioB W30TPOIHO, TO MPU YCPEIHEHUH 10 HAIPABICHUSIM
NIPOCTPAHCTBEHHAA COCTABJIAIONIAA IPOIaIaeT.

§ 4. CueKTp CUHXPOTPOHHOTO U3JyYeHUS

1. @yuknun Beccens. st BeiBoma (GopMyI, OMUCHIBAIOMIUX CIEKTP CHHXPOTPOHHOTO HU3/yYI€HNs, IPUBEIEM KpaT-
KHe CBeJIeHNs 0 OeccesteBbiX (DYyHKIUSIX.
Beccenesa dynkuus (epBoro posa) MoKeT ObITh ONPeIe/IeHa CXOAAIIMMCS Ha BCeil KOMILJIEKCHOI IIIOCKOCTH PsiI0M
o0

m 1 z v+2m
T ()= (-1) (o +1+m) (5) : (98)

m=0
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Baecw I'(z) — ramma-byuskuus. Pyuxuus J,(2) sBiasgercs pelienueM ypasHenus Beccesist

d?J,(z)  dJ,(2)
2 v v
2T +e dz

+ (22 =1vH)J,(2) =0 (99)

Yucmo v HA3BIBAETCS MOPSIKOM yPABHEHUSA U (DyHKIUH.

JluneiiHo He3aBUCHMbIMU pelleHusiMu ypaBHenus Beccens spasiiorcs dbyukuuu J,(z) u J_,(z), eciu ToibKo v He
nesioe uucyo. Bropoe sneiino HezaBucumoe pemenne (HyHKIUA BTOPOTO POJA) MPEJACTABJILIOT B BUAE CIEAyIOIeit
JIMHETHOM KOMOMHAITNN YKA3AHHBIX PEIeHunit

Jy(z)cos(mv) — J_,(2)
sin (7 v)

Y, (z) = , (100)

KoTOpyio Ha3biBatoT (pyuknueit Bebepa nian Heiimana. Ona ocraercst TMHEHHO HE3ABUCUMOI OT OCHOBHOM ¥ IIPU [EJTBIX
TTOPSAIKAX.
Ecinu B ypasuenun Beccens (99) 3aMeHUTH TepeMeHHYIO z Ha ¢ z, TO ypaBHEHUE TepeiieT B

d?w dw

2 2 2

22—+ z——(2°+v)w=0 101

S~ (2w =0, (101)
Ha3bIBaEMOe MOIMMpUIMPOBAHHBIM ypasHenueM Beccensi. COOTBETCTBYIOIINE perenust HOCAT Ha3BaHUe MOIU(pUIIpO-
BanubIX (Gynkuumit Beccens. Ogua u3 aux — 310 npocro dbyHkus Beccesns (OCHOBHAs) OT apryMeHTa, YMHOKEHHOTO
Ha MHEMYIO €IUHHAILY:

, , > 1 z\vt2zm
I(2) = e~im¥/2 ] (¢im/2) = - - (z . 102
@ =R = 3 (5) (102)

OnsiTh, BTOPBIM DEIIEHUEM IMIPU HElENbIX U MOXKeT Ciyxkuth I_,(z). Bomee ymobua npyras GyHKIMs, KOTOPYIO
Ha3bIBAOT pyHKIMeH MakmoHATbIA:
mly(2) — 1u(2)

Ky(2) = 2 sin (7w v)

(103)

s Hee crpaBeInBO PEKYPPEHTHOE COOTHOIIEHNE, CBSI3bIBAIOIIEE TPOU3BOAHYIO OT 3TOi (DYHKIMU C ABYMs (DyHKIH-
AMU C COCETHUMHU HOMEpaMu:

9K (2) = —K, 1(2) — Kyi1 (2). (104)

Hemnocpencreento u3 mpeacTaBIeHnii B BUIE PSI0B BBITEKAIOT (DOPMYJILI, XapaKTepu3yomue moseaeHne byHKIuii
npu 2z — +0:

z\v 1 T (z/2)7"
Ju(2) ~ I, (2) ~ (5) NOESN Ky(2) ~ 2T(1 = o) sin(mr)

[Ipu mepexone K mocsieiHEMY BBIPAXKEHHUIO WCIIOJIH30BaHA (POpMYyJIa TOMOIHEHUS raMMa-(DyHKINHA.

=T)2" 27" (105)

2. Unrerpansubre npencrasienus. @yukinun Beccenss MoryT ObITh Mpe/iCTaBIeHbI B BUE ONPEIETEHHBIX HHTErPa-
JIOB, C MOMOIIBIO KOTOPBIX UX YI00HO UCCIIEOBATH M BBIYUC/IATH. [IpeacTaBienue st pyHKIUU HEJIOr0 TOPIIKA
s

1 . -
/ ezn¢—zz sin ¢d¢ (106)

Jn(2) = 5=
2w
—T
JIOKa3bIBAETCs HEIIOCPEICTBEHHON BBIKJIAIKOM, IIPM KOTOPOHl SKCIIOHEHTY HAA0 Pa3JjO:KUTh B PsJ, IO CTEIeHsaAM z. AHa-
JIOTUYHO TIPEICTABJIEHIE MOAUMDUIIUPOBAHHON (DYyHKIMN
s

I(z) = l/e_z Sin? cos n gdep. (107)

™
0

g dyaknun MakgoHAIbIA CIPABEIJINBO TTPEICTABICHUE
o0

Ky (2) = / == Dt ch(y 1)dt. (108)

Wcxons u3 HErO MOMyYUM ACUMNOTOTHKY 3TO (yHKIMM mpu z — oo Merogom Jlammaca. st 3T0ro 3aMeHrM B TOKA-
3arese sxcnonenTsl cht = 1 + 2sh? (t/2) n mpuMem BO BHHMaHWe, 9TO TPH GONBIINX apryMEHTaX z B WHTErpaJl JaloT

BKJIa/Jl TOJIBKO MaJible 3HAYE€HHA t, TaK 4TO
o] o]

K,(z)=¢~ / e22sh*(t/2) ch(vt)dt ~e™* / e 24t = 1/21672. (109)
z
0

0

Oco0biit uHTEPEC MpeacTaBIsger acuMiToTuka GyHkuun Jy, (2), KOrga BeJIMKU U apTyMeHT z U MOPSJIOK ¥, MpUYeM
z < v. Ee mbi, cienysa xuure [30], nosyuum B aBa 3ramna.
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3. Ipubmnuxenue BKB musa J,(z). 3amenum B ypaBuenuu (99) He3aBUCUMYIO IEPEMEHHYIO z HA Y 10 (DOPMYyJie

z =ve¥ < v,y <0. Torna ypaBuenue nepeiiaer B
d2J,
dy?

—v*u?J, =0, (110)

rae 0003HAYEHO

u=+1-22/12 =1—-e2v, z=v/1—-u2. (111)

Hamomuwnwm, uto permenne meronom BKDB ypaBuenus

d?w 9
MMeeT BUT
1
w ot [ )z (113)

T VTG

Merox BKB npuménum k ypasuenuto (110). Bxoasammii B hopMyty jijid pEIIeHns WHTErPaJl JIErKO BHIYUCISETCH:

1—u ’

0 0
1.1
U:/udy:/\/l—e2ydy:§1n +u—u (114)
y y

Torua pewenue ypasuenus (110) B npubsuxkenun BKB 3anumercs B Buze
J,(2) =u"2(CLe’ + Che”?Y). (115)
IMocrosinubie Cy u Co onpenenuM, ucxois u3 nosenenus Gpynkuuu Beccens okoso wysns (105). Ipu Gomnbomx

3HAYEHUSIX MOPSAIKA V [Jis TaMMa-(pyHKIuA Bocnojab3yemcs: dhopmysoir Ctupnuara. C apyroi ctopousl npu z — 0

oymer u ~1—22/(2v%) = 1l,av~ =In

2 z22/(2v?)
zZ\" 1 z\v 1 e\ 2v\"” ze\V
()~ (2 (2 — (&Y )~ (2 =y 11
Ju(2) (2) P(v+1) (2) V2Tv (y) Jul2) ~ Gy (ze) +C (21/) (116)
Orcrona naxonum, uro C; = 0, Cy = 1/v/27v. Cienosarenbho,

Ju(z) = \/ﬁeﬂ”’. (117)

Kak 06sran0, pentenne meromom BKB menpumennmo, Korma v u, Caea0BaTeIbHO, v 013Ky K Hya10. Ho mosyueHHbIe
acuMnTorudeckre popMyJIbl MOKHO CYIIECTBEHHO YTOYHUTH, TAK, YTOOBI OHU HE MMEJH YKA3aHHOTO HEIOCTATKA.

—1=In —V. Torna
ze

4. ®opmyet Jlanrepa. B ucxomnom ypasuenuu (99) caenaem (BTOpOit 3Tam BbIBOJAA) CIEAYIONIME 3aMEHBI HCKOMOI
dbyukIME U ee aprymenTa:

F(v). (118)

3aMeHa MTPOM3BOIHOMN MOJTYYIAETCS IPU MOMOIIH (DOPMYJIBI

d dv du d 1 —z d u d
B g (. S el 119
dz dudzdv (1—u2 )’LLI/2dU z dv (119)

Torma
dJ,(z) 1 -z 1w, 22 ,
=z2|-—»—F———-F'|=|——FF—VuF'). 120
T Z{ 2u3/2 2y Vu z 22 u5/2 Vu (120)
Ypasuenue mis Gyskinun F' omydaercs TakuM:
2 2 2
2 z z 2y 1—w” 9

F"—I/ F——W (5;+4U>—— 1 u (S—U)F (121)

Ham mHamo yTOYHUTH HAIlle pelleHrne MPH MAJbIX U, IOITOMY Ipeodpa3yeM ypaBHEHHE MMEHHO s 3Toit obmactu. B
Hell MOXKHO MPUHATH, uTo v ~ u° /3. Toraa ypasuenue (120) MOKHO MepenucaTh TakK:

F" —V*F + 35—61;*2F =0. (122)
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Ot ypaBHeHusi, KoTopoMmy yjoBierBopsier pemenue (117), nosydyeHHOe ypaBHEHUE OTIMYAETCS MOCJIEAHUM CJIArAeMbIM,
KOTOPOE BEeJTUKO TTPU MAJIBIX V.
Yrob6bl npusectu ypasrenue (122) K craHZapTHOMY BHLY, CAEJIAEM €LIe OJHY 3aMEeHY:

F(v) =vVvuvGvwv). (123)
751 BHOBDb BBEJICHHO# (DyHKIMY MOy 9IaeTCs yPABHEHUE

22G"(2) + 2G'(z) — (1/9+ 2*)G(z) = 0, (124)

TO ecTh MoanduIMpoBaHHOe ypaBHeHne Beccenst nopsinka 1/3. Iosenenue perennst npu 60abimux v corsacho (117)
TAKOBO, YTO HaJI0 BhIOpaTh B Kadecrse GG dynxmuio Maxmonanbaa K /3. Oxondarenbno

Jo(2) = \/%Kl/g(y v). (125)

Tereps snauenne J, (v) = /u3/3u[[(1/3)/m]272/3(vu?®/3)~1/% = [['(1/3)/x]2~2/331/6y~1/3 koneuno.
Inst momyvenns mpon3somuoii ot dhyukmuu Beccens J),(2) nocrarouno npomuddepeHnupoBaTh ACAMITOTHIECKY O
dbopmymy (125):

T(2) = S TTKys(rv). (126)

Buauenue J! (v) = [[(2/3)/7]2=1/3371/61=2/3] takxe xomeumo.

5. Hampamjennoe usjiydenve B JUHUSAX. [[PUMEHUM BBIBEIEHHDBIE aCUMIITOTHKH K CIEKTPY CHHXPOTPOHHOTO W3-
aydenus. CHadajia pacCMOTPHUM JBHXKEHHE 3apsifa 1o okpyxkuoctu. Cuaurtaercs, 910 e ~ 1, Yo > 1. Usnyuenue
COCPEIOTOYEHO B Y3KOM KOHYCE OKOJIO IMJIOCKOCTH BPAIIEHUSI, TIO9TOMY IeJIec000pa3Ho BMECTO yriia @, MCIONb30BaTh
yron € = /2 — f,. Torna OCHOBHOE M3JIyYeHNe WAET MPU MAJIBIX 3HAYEHUAX € = £g/Ye K 1.

ITo aprymenty GecceneBbix MyHKuMA 2z = [, sin B, npu Gosibimx | HaxoauMm

1 2
w= /1= 22/ = \/1 - B2sin? 0 = /T — B2 cos? :\/1—6§+6§sin25~\/1/7§+52:7\’;_80<<1. (127)
e

Jns maneix v esrauna v ~ u® /3 = (1 +£2)3/2 /343, Cnenosaremso,

V1+eg 2\3/2 /.3 , 1+¢3 2\3/2 /9.3
B@) ~ X (14 ) 302) i) ~ Sy (10 4+5)° /397 (128)
u (ctgfe =tge ~¢)

Wy ~ 51214'_5%

Pt (8K (10 )2 /302) + (L )R (1045 /302 ] (129)

Paccmorpum mipenesnbabie ciaydan. O6e BeTUIUHBI [ 1 e OObINTE.
1) | < 372. B aToM ciTydyae BTOpoe CjaraeMoe B KBaJpaTHBIX cKoOKax B (129) Gosblle MepBoro, Tak Kak y Hero
GoJblie OTpHIATEIbHAS CTeleHb Masoi Beamdutbl. CornacHo dopmyne ansg K, (z) u3 (105)

12/3
1+¢e2

2
W, ~ £31/39-2/312(2/3) (130)
C

[Ipy Taknx | WHTEHCHBHOCTDH HE 3aBUCHT OT 7e M PACTET Mpomopironagbuo (2/3. TIpi sToM mpomssogmast mo | Gecko-
HEYHA, TO €CThb POCT OBICTPBHIA.

2) [ ~ 3v2. Oynkuun Makaonanbaa nopaaka 1, a W, nponoprmonanbha 12 /43 ~ 972,

3) [ > 3+2. Ilpu Takux HOMepax juHHil 06e byHKIE Mak1oHaIb1a YOBIBAIOT SKCTIOHEHIMATIBHO, TaK Ke yObIBaeT
u Wp:

2 2
e 1 | 142 2 [
Wy~w——— =120 axp [ —2(14+2)322 ). 131
l c 271_76 (1+5(2))1/2 p< 3( O) 3 ( )

e

NurencuBHOCTD JiMHUI GBICTPO BO3PACTAET ¢ HOMEPOM [ [0 3HaueHuil nopsiaka yZ, o6pasys MIUPOKUH MAKCUMYM
Ha HOMepax | mopsaiKa 372, a 3aTeM KCIOHEHIHATBHO yOBIBACT.

Takum 006pa30M, CIIEKTP CHHXPOTPOHHOTO U3JIyYEHUs WMEET COBEPIIEHHO APYTOil XapakTep, UeM CIEeKTD IHKJIO-
TpoHHOrO. CUHXPOTPOHHOE U3JIyUYeHHe PACHPOCTPAHSIETCS B y3KOM KOHyCe BOJIM3H ILIOCKOCTH, B KOTOPON BpAIaeTCs
3apsia. C pocToM 7, yroji, B KOTOPOM HIET MAKCHMAJIBHOE KOJIMIECTBO U3J/Iy YeHNUsT CYKUBAETCS, HHTEHCUBHOCTH CITEKTPA,
yBesnunBaercs. U3aydenne uier B IUHUAX ¢ OOBITUME HOMepaMu | ~ 32 u, cieJoBaTebHO, Ha BHICOKMX 9acTOTaxX
nopsaaka lwy /Ye ~ 3v2w,. IIpu 3T0M, TaK KAK PACCTOSHUE MEXK/Ly JUHUAMH MPOMOPIHOHAILHO 1/7e, TO JMHUM pacHo-
JIaraloTcs Bce TecHee. Tak Kak BCJICACTBAE W3JIyU€HUs JTUHUM UMEIOT KOHEUHYIO MUPUHY (YTO MBI HE YIUTHIBAEM ), TO
CIEKTP CMHXPOTPOHHOIO U3JIydeHUsi (DAKTUIECKU SIBJIIETCS HEMPEPHIBHBIM.

TupOIUKIOTPOHHOE H3/Ty9YeHUE SBISETCS IIPOMEXKYTOYHBIM MEXK/y [UKJIOTPOHHBIM W CHHXPOTPOHHBIM, TO €CTh
C POCTOM [, HEYKJIOHHO BO3PACTAET HAMPABJIEHHOCTHh W3JIy4eHWs, YObIBAHWE WHTEHCUBHOCTEW JIMHWI C HOMEPOM B
00JIACTH CHJIHHOTO U3JIYYeHHs TOCTEIIEHHO CMEHSIeTCs] BO3PACTAHWEM, & 3aTeM MaKCHMyM TepeMelIaeTcsi B CTOPOHY BCe
OOTBIIINX HOMEPOB.
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6. ITosiroe uzmydenue B aunusix. [IpouaTerpupoBantas no HapaBIeHUsIM UHTEHCUBHOCTD jiuHuil (80) npu Gosbumx
HOMEpAax UMeET Te 2Ke CBOWCTBA, YTO 1 HAIPABJICHHA. 3/IeCh BO BHEHHTEIPATIBHOM CIaraeMoM 4 = /1 — 2 = 1/, K

Lv~u?/3=1/373n

1 2l
! —
Vurerpai oneHuBaeTcs HECKOJILKO ClIOXKHee. B HeM cjenaeM 3aMeHy
1. 1+ u'?du’ uydy u'dy 1 vV1—-u"
_ 12,2 r__ ! I 2 — = !
=+/1 Bey,v—2ln1_u, u,dv—il_u — B = Bem,dy— T do'. (133)

Torma mocse moaCTAHOBKHA aCHMHTOTquCKoi/’I dopmyabr (125)

S
1 v! V1—u?
/JQ[ 2l,8ey dy ~ 71'— / JKI/E;(QZ’U’)Td’U" (134)
e

!
1/3+3

[Mocne eme omHOI 3aMEHBI MEPEMEHHON WHTerpupoBanusa ' = 2[v’ WHTErpas mpuMer Bum
1

o0
1
/JQl(Qlﬁey)dy ~ % u’3 1 — Ul2 K1/3 (135)
0 T

BBuny skcnonennmanbaoro yosBanusd pyukmun MakaoHa baa mpu OOIbIINX apryMEeHTaX OCHOBHOW BKJIAJ B WH-
TerpaJl BHOCAT 3Ha4YeHWs &, nMerolnue nopsiiok 1 u menbire. [Tosromy cyuiecrBennsl 3Hadenns v’ = x/2] < 1. B sroii
obmactu u' < 1 u v ~u'3/3, Tak aro

1 [e%s}

1
Jo1 (21 Bey) K Ndz'. 136
0/2l Bey)d l7r\/§/ 1/3(55)35 ( )

IMoacraBus ouenku aByx caaraembix B opmyiy (80), HOJIyLII/IM

— 4 e2 l
e

Hakomner, Bocionb3yeMcst peKypPPEHTHBIM COOTHOIIEHUEM JIJTsT (byHKm/If/i Maxnonanbaa (104) u mOIyduM OKOHYIATE -

HOE BbIparKeHue
e> 2[

Wi~ V3oauf (55 ) (138)
e

IJle MCIOJIb30BAHO CTAHIAPTHOE ODO3HAadeHwe /i (PYHKIUU, OTPAXKAIOIIEH 3aBUCUMOCTD WHTEHCUBHOCTU HW3JLy9€HUsT
OT HOMEpPA JUHUHU U JIOPEHIIEBCKOTO MHOYKUTEJIA:

D) =g / Ks s (') da. (139)

Ora dyHKIUA OHICTPO BO3PACTAET MIPU MAJIBIX apryMeHnTax, gocruraer Makcumyma f(0.29) = 0.92, 3arem sKcnoHeHIH-
ajpHO yObiBaer. HTerpas or Hee

8w

f(z)dz = Wk

(140)

0\8

7. N3nyuenune B JUHUAX B cucreMme mojsa. Acumnrornyeckue GOPMYIILI IJIsi 3TOrO CIyYasi THUITYTCS AHAJIOTMY-
HO HAIMCAHHBIM BbIlIe. 31€Cb OMPAHUYUMCs UMEHHO CHHXPOTPOHHBIM H3JIy9€HHEM, KOIJA IUTY-yrosi (yroa MezKiy
HAIPABJIEHUE CKOPOCTHU JIEKTPOHA U MAIHUTHBIM [OJIEM) (¢ HE MAaJ.

Ucxonum u3 dopmya (91), (92) u (96). IIpu fr ~ 1, 9 > 1 apryment GecceneBbix byHKUuA 2 = l%, TaK 49TO
C

cormacao dopmynam (53) u (54)

= T PTE = IR = VB - B  1+egsina _ \/1%‘83‘ (141)

Be ¢ sin? o ¢ sin a

dTa BemmumHa Mama, modtomy v ~ u/3 ~ (1 4 2)3/2/342sin® a. Aprymentom dbynximii MaxkaoHambaa CIyKUT
npousseerne [v. Ero MbI mepenurreM Tak, 9ToObI OH COIEPIKAN U3IydaeMylo 9aCTOTy, onpenenseMyio ¢hopmyoit (97).
Jleno B TOM, 4TO HabIOAATEb U3MEPAET HHTEHCUBHOCTD Ha ONPEIE/IeHHOM 9acTOTe U €My HeT Je/a 0 TOrO, KAKOMY
HOMEpY JWHUH OHA COOTBETCTBYeT. KpoMe TOro, Ha pa3jMYHBIX HANPABIEHUAX CKOPOCTH 3apsaia TOH Ke dacToTe
COOTBETCTBYIOT pa3JIMdHbIe HOMepa JuHHi. [I09TOMY 3aKpenuM UMEHHO 9aCTOTY MU3JIyYeHHUs.

B acumnroruveckoii obsactu
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2 1="sin%a. (142)
sin® v W

w=uw; ~1
Torna (14 53)3/2 »
3ygsina we
e 3 3 et 3 ,eH)

We = 5%20.:* sina = 5%2 — sina = N (144)

~1 (1+€2)%?, (143)

Yepes H | 0003HAUCHA IPOCKIINA HAPAXKEHHOCTH BHEIIHErO MATHUTHOTO MOJId Ha HAIPABJIECHHE CKOPOCTH 3JICKTPOHA.
Yacro ncrnonb3yercss He KPYroBast, & 00bIUHAS YaCTOTa, TaK UTO wi/We = v [Ve, THE Ve = We /2.
Acumnroruveckas dopma Boipaxkenus (96) [jisi SHEPIUU B JIMHUM B CUCTEME [OJI UMEET BHL
2.2 2 2
L+ege’ wy 3 e 5

2
Wi ~ e B1/5(€) + (1 +€5) K3 /5(8) BEL(+ ) [3K75(6) + (L + ) K3 (6)] . (145)

32 ¢ w? 42 ¢ Ty
TMomHast SHEPrUsl BBIYUCIAECTCS TAK K€, KAK W TPU KPYTOBOM JBHKEeHWH. VI3JydaeMas SHEPTUS Ha eIAHATHOM
UHTEpBAaJIe YACTOTHI B €JMHUILY BPEMEHU

2
E(w) ~ V3< o, sina f(xz), (146)
rze renepb T = wy/we = w/we. ¢

8. YcpemHeHue 1Mo pacrIpeeieHni0 SHEPTuil 37eKTPOHOB. OOBIYHO CYNUTAETCS, U9TO JIEKTPOHBI PACIPEIETIEHBI TIO
UMTYJIHCAM U30TPOITHO, TO €CTh UX PACIpeIeeHue 3aBUCAT TOIBKO OT MOJIYJS UMITYJIbCA WU, 9TO TO YKE CaMOoe, OT
sueprun. [IpuHATO TaK)Ke CIUTATH, YTO B PEIATUBUCTCKUX ACTPOPU3NIECKUX 00bEKTAX, TAKIX KAK JPKeThl AKTUBHBIX
A/Iep TAJTaKTUK, PEHTTEHOBCKNE WCTOYHWKYU U JIP., PACIpeeeHne Mo SHEPTUIM He MAKCBEJJIOBCKOe, a CTEIIEHHOEe, TO

ecTh
Ne(1) = Cs77, Am <7 < (147)
Jlaxke HIDKHAA TpaHNIA He Majla, OOBIIHO Yy > 10. Koadbdunment Cz onpenensercs ycioBneM HOPMUPOBKH
Y™m
Cs /fﬁdy =1. (148)
Y

WaTerpasn BEIMUCTAECTCA MTPOCTO.

Habmromarens hakTu9ecKkn BOCIPUHUMAET U3JIyYEHHE TOJHKO TEX JJIEKTPOHOB M3 aHCAMOJIS, KOTOPHIE IBUKYTCS
B €ro CTopoHy B y3kOoM KoHyce. OB03HAYUB yroa MeXK/y HAIIPABJIEHUEM Ha HAOIIOmATe s U MAPHUTHBIM TOJEM 9epe3
Q, MOXKHO CYUTATH TOT yTOJI MUTY-YTJIOM U3JIyJaIONuX 31eKTpOHOB. C Apyroil CTOPOHBI, B YKA3aHHOM KOHYCE HIIET
MPAKTUIECKHU BCS M3JIydaeMasi SHEPTUsi U OHA IMOMAIaeT B MPpUOOpP, pa3peleHne KOTOPOro MEHbIe PACTBOPA KOHYCA.
[TosToMy B KauecTBe IHEpPIruu, usJjydaemoil ancambieM 3JIeKTPOHOB, MOXKHO IPUHATH BesmuuHy (146), ycpeateHHyo

M0 PACIpeesIeH 0 IeKTPOHOB (147): ar

E(w) = \/giw* sina Cs /7_Bd7f(a:). (149)
Ym

Boruucium Bxoggamuii croga unrerpasi. CHadasa nogcraBuM B Hero Bbipakenue (139) mia dyukuuum f(z) u cuenaem

. w 2w _, 2w /s .
3aMeHy MepEeMEHHON HHTErPUPOBAHUA T=— = —— °, 7 = 1/ ——x~ /%, ryie 0603Ha9€HO w| = w, sin a. [Tomyawmrcs
We 3w 3w
™M [e’e] 1 2w/(3wJ_’szn) 3WL (Bfl)/Z 0
Z(B) = /7*5d7m/K5/3(a:')dm' =3 / <2—> mﬁ/%*?’/zdxm/K5/3(m')dx'. (150)
w
Ym z 2w/(Bwivd) z

Jst mpoCTOTHI 3aMEeHMM HUYKHUI Mpesesl BHelHero narerpasia Ha 0, a BepxHmii Ha 00. ITOCKOJIBKY MOy Yaromniics
MHTErpaJl CXOiuTcd, nobaBjenne K HeMy uHTerpaos 1no Kycoukam [0,2w/(3wivé)] u [2w/(3wiv2),00) He J0IKHO
OTPA3HUTHCA CYIECTBEHHBIM 00PAa30M Ha €ro BeJU9uHE.

IMepecrasum B (150) MOPAIOK WHTErPUPOBAHUS:

’
T

1 3(JJL (B-1)/2 < < 1 3CUJ_ (6-1)/2 s
=5 (%) [ [ =g (52) [ Rt [200ran sy
0 T 0 0

BryTpennwuit cremeHHo#i WHTErpaJ JIETKO Oepercs:

(B-1/2 F

_ L (3w (B+1)/2

Z(B)= 511 < o ) /m K5 3(z)de. (152)
0
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Teneps Bocnosb3yeMcs uarerpaiom 2.16.2.2.; npuseseHHbIM B cipaBodHuke [28]:

/m“K,,(:n)da::Q”_lF <“+;+">r<“+l_">. (153)
0

2

®yukuusa MakmoHasbaa 9eTHa 110 WHIEKCY V, TeM Ke CBONCTBOM oOjasjaer wHTerpas or Hee. Ilomcrasus (153) B
Boipazkenue (152), nonaydum jjisi OLEHMBAEMOIO MHTErpaJa

(B-1)/2
1 (3w 38+ 19 36 -1
-7 () () () 150
U OKOHYaTeIbHOE Bpra}KeHI/Ie JJIA I/ISJIY“I&GMOP’I 3HepFI/II/I
_ €2 1 (3w, \Y V2 733119 38 -1
- 3< (=L r(2Z22 ) p (222, 1
Ew) ‘/gc“cﬁ,8+1<w> < 12 ) ( 12 ) (155)

9. Ycpenuenue no HanpasieHusaM 0. [loydeHHoe BhIpaKeHue MMPe/ICTABIAeT COD0il SHEPTHUIO, U3/IyIaeMyOo aH-
caMbJIeM 3JIEKTPOHOB B HAIIPABJIEHUU Ha HAOIIONATE IS, COCTABIISAIONEM YIOI (v C HAIPABICHUEM HANPIKEHHOCTH Mar-
HUTHOTO IMOJIsT, KOTOPOe cuuTaercs hbukcupoBanubiM. O qHAKO, KAK MPABUIO, TPUOOPHI HE PA3PEIIAIOT OTAEIHHBIE 9aCTH
n3ny4daomux obgacreit. Ha siyd 3peHuns TakzKe MOMAIAIOT PA3JIMIHbIE yIACTKHA Takux obmacreit. Hampasierue mosns
B UX TIPEJEIAaX MOMXKET MEHSThCs MPOW3BOJILHBIM M HE M3BECTHBIM HaMm obpasom. IToaromy dacTo mpuHHMAIOT Hpej-
MTOJIOYKEHUE, ITO TOJIE XA0TUYHO, TO €CTh €r0 HAIpPaBJIEHWs PABHOMEPHO PACIPEIEIeHbI Mo eauHudHoi cdepe. Torma
MOJTy YEHHOE BBIPAYKEHUE JJI U3JIyIaeMOU SHEPIUH HAJI0 YCPEJAHUTH MO yriaaM «. [Ipu 3T0M BO3ZHHKAET MHTErpast

T w/2 1
% /sin(BH)/2 ada = / sin®t1/2 ada = /y(5+3)/2(1 - yz)fl/zdy =
0 0 0

2’ 4 2 4 4

DN | =

1
/t(6+3)/4(1 )22 = %B <1 M) = ﬁr (’8 + 5) /T (ﬂ + 7) . (156)
0

IMocae ycpennenus (155) no HanpasjieHusM nojisd ¢ yaeroMm uarerpasa (156) nHaxomum

e2 (f.u*)(ﬁ—l)/2 AB), (157)

?(w) =W

TJIe 3aBUCAIIAS OT MOKa3aTesst [ MOCTOSHHAS

F<6+5>

_ VT 52 Cs 38 +19 36 -1 4

A(B)—T3626+1F< 12 >F< 12 >F<6+7>'
4

NmenHO 3TO BBIparKeHWe OOBIYHO WCIIONB3YeTCs Mpu WHTeprperanuu Habmonenuii. [lo HakjIoHy HAOMIIOZAEMOTO
CHEeKTpa Cpa3y OmpeesseTcs MOKA3aTelb PACIPeaeIeHus JIEKTPOHOB IO SHEPTUIM.

(158)

10. Ilnasmennsiii koresn. B vagame 1970-x rogor C.A.Kannan n B.H.Ilutosuu [16] moka3zasm, 9o y 3J€eKTPOHHOTO
ra3a, HaXOAMAIIEroCs B IJIa3Me C MAarHUTHBIM ITOJIEM W H3JIy9aloIlero MOCPeACTBOM CHHXPOTPOHHOTO MEXaHW3Ma, [MPU
[TO/IBO/I€ M3BHE SHEPIUH, KOMIIEHCUPYIOIIEH NOTepru Ha W3JIydeHue, U yCKOPEHWH YaCTHUll Ha [JIA3MEHHON TypOyJeHT-
HOCTHU YCTAQHABJIMUBAETCH CTAIMOHAPHOE CTEIEHHOE pAaClpeeeHne 1mo dHeprusiM. [Ipu 3TOM moKa3aTean B CIEKTPax
U3JIyYeHUs] U SHEPIUM 3JIEKTPOHOB COIJIACYIOTCH MexKay coboil B coorBercrBum ¢ (popmy.ioit (157). BeiBox 6bur cue-
JIAH HA OCHOBE MOPSIJIKOBBIX OIEHOK. DTa CUTyallds MOMY4Ynjia Ha3BaHWe “Mia3MeHHbIdl TypOyneHTHbiil koren". Pac-
CMATPUBAJIOCH TaK’Ke BJIMsIHIE KOMIITOHOBCKOTO paccesiuusi. BrocieacTsun apropaMu [38] GbIIIO MOy YeHO YHCIEHHOE
perierre cranroHapHOTO ypaBuenus: tuna Pokkepa—Ilianka, onpenensionero pacupeae/ienne JIeKTPOHOB C YIeTOM
BCEro CIIEKTPa MATHUTOTOPMO3HOIO U3JIyYEeHUs U NOMIOLIeH sl (KAK CUHXPOTPOHHOIO, TAK U HUKJIOTPOHHOIO), KOMIITO-
HOBCKHUX TIOTEPh, & TAK¥Ke WHIKEKIINKA W BBIJIETA JIEKTPOHOB m3 obsiacTu. Pacdersl moka3asiy, 9TO CTEMEeHHON CIeKTpP
SJIEKTPOHOB CO3/IA€TCs TOJIBKO HA OY€Hb OOJBIINX YHEPrUsiX, & HA MAJbIX M YMEPEHHBIX 00Pa3yercs MAaKCBEJJIIOBCKOE
pacmpesesieHie ¢ TeMIIEPATY PO, ONPeneaseMoil COOTHOIeHneM WHKeKmy u 1orepb. O630p pabor mo 3ot npobieme
COAEPKUTCS B cTarhe [53].

MarauTo-TopMO3HOM MEXaHU3M U, B 9ACTHOCTH, CAHXPOTPOHHOE U3JIyYeHHe UTPAIOT OYeHb DOJIBIIYIO POIb B aCTPO-
dbwusuke, Ha 9TO GBLIO OOparero BanuManue WM. C.I[IIknosckum [32]. VI3yd4eHnio 5TOr0 MeXaHW3Ma OBIIO TTOCBSAIIEHO
OrpOMHOE YKo craTeil u psj kKeur. W3ioxkeHne B 3TOM Kypcee ciiefyer B OCHOBHOM KHuram [19, 3], a Taxske 0630py
[39].

B cusibHOM MarHUTHOM MTOJIE JIEKTPOHBI ABUKYTCS (DAKTUIECKU BIIOIH CUJIOBBIX JInHUI moJisi. [Ipw 5TOM Tak)Ke BO3-
HUKAET W3JIyJeHne, KOTOPOe TO-aHTINIHCKU HA3bIBAaeTCs curvature radiation, a B pyCCKOS3BIYHOM HAYIHON JIUTEPATYPE
— UBTUOHBIM.

Ecnu xe mosie HACTOIHKO CHJIBHO, 9TO HEOOXOAWMO YUIHUTHIBATH KBAHTOBBIE 3(D(MEKTHI, TO SJIEKTPOH HENIB3S CUU-
TaTh CBOOOIHBIM, €ro SHEprus KBauTyercd (ypoBuHu JIaHmay), a U3JydeHue COIEPIKUT PE3OHAHCHI HA ONPENeJEeHHBIX
9acTOTaX.
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I'maBa 3. KomnroHnoBckoe paccessHue

§ 1. OnucaEne KOMIOTOHOBCKOTO pacCesTHUS

1. KomnroHOBCKOE paccesHue u u3MeHeHue suepruu (orona. Paccesinne u3ydeHus: JEKTPOHAME, HA3BIBAEMOE
KOMIITOHOBCKUM, MI'PAET BAXKHYIO POIb B (POPMHUPOBAHUU CIIEKTPOB Psifia 00BEKTOB B MeTaramakTuke, U3yd4aeMbIX
actpodusrkamu. 30ech JACTCS MOHITHE 00 3TOM BUIE PACCESTHUA.

B 1923 roay A.KowmnTon omybauKoBaJI CTaThio 00 OTKphITUN 3 deKTa, BIOCIEACTBUNA TOIYYUBIIETO €ro UMs. 34
cBoe orkpbiTue KomnTon u ero obbscuenne nomygusn Hobenesckyio npemuio o ¢pusuke 1927 roma.

KowMnroHOBCKOE paccesiHre — 9TO aKT B3aMMOIEHCTBYS 3JIEKTPOHA U (DOTOHA, B PE3YJIHTATE KOTOPOTO ITH YACTUIIHI
U3MEHSIIOT CBOU MMITYJIHChI, SHEPTUHU W COCTOSTHUS MOIspu3amyu. [109ToMy 9acTo roBOpST, YTO YACTUIBI TTOCTIE PACCe-
sSIHUS — He Te, 9TO ObLIH mepesn paccesuueM. [loapobHoe onucanne (pU3MKU ITOrO MPOIECCA U €r0 UCIOMb30BAHMS TIPU
MHTEepIpeTanun HabIoIeHnit acTpodu3ndeckux 00beKTOB coiepKuTes B ob3opax [6, 26, 27].

IMycTh B3aUMOmEHCTBYIOT (OTOH C MMITYJIHLCOM Kk W SJIEKTPOH C UMIYJIbLCOM p. Tlociae paccesiHus UX WMITYJIbChI

U3MEHSIOTCS U CTAHOBSITCSI PABHBIMHU COOTBETCTBEHHO k1 ¥ iy . DHEPIUM STUX YaCTuIl ck, cpg, cki, cpg1. st ummynncos
9JIEKTPOHA, CIIPABEJIUBbI OObIYHbIE PEJIATHBUCTCKUE COOTHOLIeHUs [19]

po = V/m2c® +p?, por = \/m?c? + pi. (1)

KomnroHoBcKOMY paccesiHuio oTBedaror jase quarpammbl @eiinmana [1], nmpezcraBieHubie Ha puc. 1. DJIeKTpoOH
n300paskaercs CILIOIIHOM nHuel, a ¢OoToH BOIHKUCTOH. Bpemsi Teder cHudy BBepx. B3ammomeiicTBre MpPOHCXOIUT B
TOYKAX, [Je BCTPEYAOTCS JIeKTPOHHbIE U (POTOHHbIE JIHHHU. .

P k1 171 k1

- -

k 2 k 2
Puc. 1. /lmarpaMMBl KOMIOTOHOBCKOTO PAaCCESTHUS.

OrmeruM, 910 CBOOOMHBIN IJIEKTPOH HE MOXKET MOTVIOTUTH WM U3JIy4YUTh (DOTOH, TAK KAK MPU TAKUX MPOIECCAX
HEBO3MOKHO COXPaHEHNe UMITYyIbCa U SHEPTHUH.
HeszaBucumo or Buga nuarpaMMbl IPH PACCESHUN BBIMOIHSIIOTCA Y€ThIPEe 3aKOHA COXPAHEHUS

po+k=po1+ki, P+Ek=p+k. (2)

BrIpaszum BEeKTOp MMITYJIbCA JIEKTPOHA MOCTE PACCESTHUS Yepe3 OCTAJbHBIE W TOJICTABUM B PABEHCTBO, BbIPAKAIOIIee
3aKOH COXPAaHEHUd SHEPrUuu:

po+k— ki = /m2e + (74 F — Fy)2. (3)
Bo3Bo/s B KBaIpaT U COKPAIIAL, HOIyIaeM
kpo — k= kipo — k1 + kky — kky. (4)

00603HaUNM KOCUHYCHI YTJIOB MEXKJIy apaMu BeKTOpOB k u ki, k u P, k1 u p coorBercTBenno depes u, ¢ u (. Torma
coorHomIenue (4) mepenuInercs B BUIE

k(po — p¢) = ki[po — pl1 + k(1 — p)]. (5)

W3 HEro HaxomuTCs BEIUYNHA UMITYJIbCA (POTOHA TOCTIE PACCESTHUS

Po — ¢
ki=k . (6)
po — PG + k(1 —p)
PaccvoTrpum gacTHBIN citydail, KOrJaa /10 paccestHus 3JIeKTPOH mokoutced, T.e. p = 0. Torma pg = mc n

mc

=
me + kO(1 — po)
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h
Bcenomuus, uro umnysibe dhorona k = Pl nepenuteM dhopmydy (7) depe3 JjMHbL BOJIH

A=A+ A (1 = po).- (8)

ITpu paccessaru poTOHA HA MOKOSAIIEMCST JIEKTPOHE YACTOTA (DOTOHA, BCET/IA YMEHBINIAETCS , U B 9TOM 3aKJII0YALTCS
sddexr Kommrona. [Ipu pg = 1, 1. e. npu paccesanu Brepes, paccesiHHbIil (DOTOH MPOJIETAET, KAK OYATO HE MUCIBITAI
B3AUMOJICHCTBHS, & JEKTPOH OCTAETCA HEMOABUKHBIM. Pacceanue mos npsambiM yriioMm (ug = 0) maer ysenudeHue
JIJIVHBI BOJTHBI POBHO HA Ac. MaKCHMAJIbHOE YBeIMYeHne \ Ha JBE€ KOMITOHOBCKUE JJIUHBI BOJHBI JOCTUTAETCS, KOTIA
¢OTOH N3MEHSIET CBOE HAIIPABJIEHUE HA IPOTUBONOIOKHOE. [Toreps sHeprun ¢poronom, HazbBaeMast 3G@PEeKToOM OTIadn,
MTPOMCXOIUT BCJAEACTBUE TIEPEIAYN UM YACTH CBOEr0 MMIYJIHCA, 8 3HAYUT W SHEPIHUH, MEPBOHAYAIBLHO MOKOSAIIEMYCS
9JIEKTPOHY, KOTOPBIN MPUXOIUT B JBUKEHUE.

Ecnu smekTpon He cTosi Ha MecTe, TO MPU PA3JIUIHOM COOTHOIIEHUHM HANPABJIEHWI W BEJIMYUH UMITYJIHCOB Pearu-
pytomux gacTull (POTOH MOXKET KaK YBEJIMYNBAThH, TAK U YMEHbIIATH CBOIO SHEPIHUIO, HO 3TO yike He 3ddexkt Kommrona
B YHCTOM BHIE, a cKopee cienctsue ddderra Jommepa. JeficTBUTEIbHO, MBI TOJXKHBI TIEPEATH B CUCTEMY OTCYETA,
CBSI3AHHYIO C 3JIEKTPOHOM JI0 PACCesHHsI, KOTOPYIO MbI Oy/IeM Ha3bIBATh JlaboparopHoit. Tam ¢OTOH yMEHBIIUT CBOIO
SHEPTHIO, 3 3aTeM HaM HAJI0 BEPHYTHCS B MCXOIHYIO CUCTEMY OTCUYETA. B pe3yibrare Takux mepexonoB (DOTOH MEHSET
cBOIO 3Hepruio BeaenacTeue adderra Jomrepa. OgHaxko B acTpodU3MIECKOI TUTEPATYPe YBeIndenne sHeprun (hOTOHOB
[P KOMIITOHOBCKOM PACCEsTHUU WX SHEPIUIHBIMU JIEKTPOHAMU MPUHATO HA3BIBATH 0OparHbiM 3dderTom Kommrona.

KowmnronoBckas miwHa BOTHBI OYEHb MaJja — €fi COOTBETCTBYET dSHEPrUs, PaBHAA SHEPTUU TOKOS JIEKTpoHa 511
k2B. TlosToMy yBenudueHue IJIMHBI BOJTHBI (DOTOHA TTPU PACCETHUN HA HEPEJISTUBUCTCKOM JIEKTPOHE 3aMETHO, TOJIHKO
€CJTH JIJTWHA BOJIHBI PACCEMBAEMOro (POTOHA HE OYEHD CYIIECTBEHHO OTIMYAETCS OT KOMIITOHOBCKO#. [Opstane 3,1eKTpoHbI
MOTYT TIepeIaTh 3HAUUTEIHHYIO OO0 CBOEil 3Heprun (POTOHY U BBI3BIBATH TOPA3I0 OOIbIINE CMEIEHNs TIJINHBI BOJIHBI,
KOTOpBIE JTOCTYIHBI U3MEPEHUAM [IaKe B PAAUOAMana30oHe. PeIaTuBUCTCKAE YKe SJIEKTPOHBI CPa3y MEePEeBOIIT H3JIy-
YeHue U3 PAAUO B ONTHUIECKUN [MANA30H, U3 ONTUYECKOrO — B PEHTIEHOBCKUil, U3 yIbTpaduoIeToBoro — B 00JacCTh
raMMa-u3/Ty YeHUS.

2. dddekTuBHOCTH KOMIITOHOBCKOTO paccesiius. CpaBHUM KOMITOHOBCKOE PACCEsTHUE C TOPMO3HBIM MOTJIOIEHUEM .

Kospdumnument TopMo3HOro u3mydeHus, Win, nHade, U3ydaTeabHas CIIOCOOHOCTD BEIIeCTBa, — KOJUIEeCTBO dHEP-
U, U3JTyIaeMOil equHuIeil 00bema 3a eqUHUILy BPEMEHU B €UHUIHOM TEJIECHOM YTJIe MPU B3aUMOJEHCTBUN JIEKTPO-
HOB, UMIIYJILCHI KOTOPBIX pAacCIIpeaeenbl cormacHo gopmyre MakceBenia ¢ remueparypoit 1T', ¢ BOZOPOZOMOA0OHBIME
HOHAMHU C 3aPsiZioOM apa Z, C TOYHOCTHIO JO MHOXKUTENA nopsaka 1 gaercs ¢popmysoii Kpamepca (cum., Tnasy 1)

S 32m% Z%eb ksT o—hv/ksT
33 3 (2rmkgT)3/? '

9)

e.(v) =

31ech ne 1 nT — KOHIEHTPAIINH 3MEKTPOHOB U HOHOB, kg — MocTOAHHAA BOmbIMaHa, ¥ — 9acTOTa U3TydeHNns.
Hamwmmem ypaBHeHUE MepeHoca U3IyYeHus ¢ yIeTOM TOPMO3HBIX MPOIECCOB W KOMITOHOBCKOTO PACCESTHUS:

ol

B = —(ac+ac)l +ec(l+n)+ec. (10)
3nech a. 1 ag — KOIPPUIMEHTHI 0CIaOJCHNS TPH TOPMO3HOM IMOTJIOMIEHNH W KOMIITOHOBCKOM PACCESTHUHA COOTBET-
CTBEHHO, £ — KO3 (DUIMEHT U3JIy4YeHHs 3a CYeT KOMITOHOBCKOIO pacCedHms, | W N — HHTEHCHBHOCTb M CPEIHUE
guca 3anoaHenust GoToHHbIX cocToguuit, I = (2hv?/c®)n, | — reomerputeckoe paccTosHue BAOMb Jy4a. Y paBHeHHe
MEPEHOCa MOYKHO 3aMUCATh U /IS CPEIHUX YUCeT 3aMOTHeHUS:

on
o = — (e + ac)n + ne(1 +n) + ne, (11)
riue
2 c
Ne = 2h_’/35(:7 nc = 2h’/350- (12)

ITpeanooKum, 94TO BEIIECTBO W U3JIyYeHUE HAXOIATCA B COCTOAHWM TepMoamHamudeckoro pasaosecusi (TIIP).
Torna MHTEHCUBHOCTD U3JIy9YeHUs HE 3aBUCUT OT HampaBjeHus u maercd dpopmymoi [Tranka

2hv? 1
n no=——w——7--
2 0 0T ks T _

Iy = (13)

Crencreuem TIIP siBiisiercst ycaoBue JeTajbHOrO HGajiaHca, KOTOPOE BBINOIHSAETCS OTIAENbHO JJis TOPMO3HOIO U KOM-
MITOHOBCKOT'O TTPOIIECCOB:
acng = ne(l +no), acng = nc. (14)

W3 mepBOro COOTHOIEHNUsT BBhITeKaeT 3akoH Kupxropa—Ilnramka

o = nee/ kBT (15)
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He yTO4YHAA 3JeChb ClIara€cMoro, OIUCBIBAIOMIEr0o U3/IyYeHue 3a CYET KOMIITOHOBCKOI'O pacCedHud, COCTaBHM OTHO-

8 e?
menne kKoapunrenTon ocnabennsa. B kagecTBe cedeHus paccessHus BO3bMEM TOMCOHOBCKOE O = grg, Te = —5-.
mc
Torma Ge3pa3mMepHOe OTHOIEHIE
2
8T
N [ —=— _ _
ac NeTT 3 \me2 7372 he 9349 10°2 1 (16)
ac npeet/ksT 2 43272 728 ksT T entAd Z2e2 0 7 ¢ Z2(ntX3)’
nen
2h3 77 33 3 (2mmkgT)3/2
_ 8kpT T
rae v = — CpeIHss CKOPOCTH MeKTPOHOB. JIjisi BOJOPOIHOrO ra3a Haj0 NOMOXKUTH Z = 1 u nt = ne.
mm

Ornomenue (16) npeaCTaBICHO B BH/E TPOU3BEIEHHs GE3pa3MePHbIX MHOXKUTEIEH, B 4aCTHOCTH, Tpousseenue nt A3
€CTh YHCJI0 MOHOB B KyOWKe C JIMHOI pedpa, paBHON JJINHE BOJHBI PACCENBAEMOTO U3y YSHUS.

W3 nmosyuennoii ¢hbopMyIsIbl BUAHO, YTO PACCESHUE IEKTPOHAMHU MIPAeT Dojiee CYIIeCTBEHHYO POJIb 110 CPABHEHUIO
C TOPMO3HBIM HM3JIy4YeHHEeM IIPU HU3KUX KOHIEHTPAIUAX 3JIeKTPOHOB, BHICOKMX TeMIlepaTypax ra3a U MaJibIX JITMHAX
BOJIH u3jydenusi. Kopode roBopsi, TOMCOHOBCKOE W KOMIITOHOBCKOE pacCesiHre HeoOXOIUMO MPUHNMAThH BO BHUMAHNE B
ropda4MX pa3pekKeHHbIX cpejlax, IpudeM KOMITOHOBCKOE paccedHue, T. €. pacCesdHue C U3MEeHeHueM 9aCTOThI U3J1y YeHusd,
CYILECTBEHHO TOT/A, KOIJ/IA CPEHUE SHEPIUK JIEKTPOHOB 1/ uiiu (POTOHOB BEJIMKK HACTOJILKO, YTO CPABHUMBI C SHEPrueil
TOKOS 3JIEKTPOHA. B Takmx cpemax 3TO OCHOBHOM MEXaHW3M O0OMEHA SHEpTrueil MeyKIy BeIIeCTBOM U W3JIyIEeHUEM.

CeueHrie KOMIITOHOBCKOT'O PACCESTHUS B OTJIMYHUE OT TOMCOHOBCKOIO 3aBUCUT OT YACTOTHI PACCEnBAEMOro hOoToHA, O
4eM I'OBOPUTCH B CJle/IyIOIIeM IIyHKTe.

3. Ceyenne KOMITOHOBCKOTO PACCESTHUsI. DTO CEYEHUE PACCIUTHIBACTCS, KAK YK€ NOBOPUIOCH, METOIAMU KBAHTOBOM
sseKTpoauHamMuky [1], Koropasi siBiasgercs pejasaruBucTckoii reopueil. [losromy jyis 3amucu pesisiTHBUCTCKOTNO CeYeHHst
KOMIITOHOBCKOT'O PACCESHUS BBEIEM DEJISTUBUCTCKUAE 0DO3HAUEHUS [IJIsT HEKOTOPHIX BETUINH.

Nmmnysbe 5eKTpOoHa 3aJaM 9eThIPEXMEPHBIM BEKTOPOM p = {pg, P}, TIe MCIONB30BAHbI y¥Ke MPUMEHSBIIHECS

oboznavenns. Anamorngano nmnyibce dborona k = {k, k}. YerpipexmepHoe ckajsipHoe mponssesienne pk = pok —pk. dus
JIPYTUX BEKTOPOB OHO OINPEJIESETCS TOIHO TaK 2Ke, CO 3HAKOM MHUHYC II€PEJ TPEXMEPHBIM CKAJISIPHBIM IIPON3BEICHIEM.
B wactuocrn, p? = pt — p? = m?c?, k* = k* — k? = 0: HMIIyJIbC 37T€KTPOHA — BPEMEHHIOAOOHDIH BEKTOP, & UMITYJIbC
dorona — HyseBOiA.

CymectBennoit yactbio ceuenus Kireitna—Hwummuasi—Tamma siBisiercst 6e3pa3MepHbIil JTOPEHIIEBCKUN HHBAPUAHT

FE&)=12-1+B, B=>1% (17)
A
31ech
€ = ph/m? = Kme, & = pky /m? = k) /me (18)

— Oe3pa3MepHbIe CKAJISIPHBIE TPOU3BEIEHNST UMITYJIHCOB JIEKTPOHA, U (DOTOHA, PABHBIE COOTBETCTBEHHO DE3pa3ZMEPHOMY
Ke uMIryibcy hbOTOHA JI0 U TOCTIe pacceanus B jgaboparoproil cucreme (rae p = 0). Bequuuna pg — 3T0 yKe UCIOJb-
30BaBIIHNICA KOCUHYC yIJIa PACCeSHUs B TOH 2Ke J1abOpaTOPHOM CHCTEMe OTCYeTa, KOTOPasl sIBISIeTCST COOCTBEHHOM IJTst
ss1eKTpoHa, 10 paccesuus. Coracuo (7) ero MOXKHO 3aIKUCATh B BUJIE

po=1+7- ¢ (19)

Hanwucas ceuenue B Buze

F(&&)=pg+1+B-2, (20)

ybexk1aeMcs, 9T0 OHO B JIADOPATOPHOIl CHCTEME MpEeACTABJseT COOOM CyMMy D3JIEEBCKON HHIUKATPUCHI (CaraeMoe
pé + 1) ¢ nebombioit 1o6aBKoil. DTa 106aBKa 3aBUCHT OT 4acTOT (POTOHA JI0 U MOCHIEe PACCesiHUs, HO HE 3aBUCHT OT UX
Hanpaniaennii. TakuM oOpa3oM, KOMIITOHOBCKOE paccesiHie B JIA0OPATOPHO# CHCTEME — DTO KOMOWHAIWS P3JIEEBCKOrO
¥ U30TPOITHOTO PACCESTHUSI.

PazBepuyToe Boipazkenue st F' umeer Bu

(1 1\2 1 1 & &4
F“’“‘(E‘E) ”(5‘5)%7*2 @D

ITonHoe ceuenune paccesinusi IPEICTABISAETCA UHTEIPAJIOM, KOTOPBII BBIIUCIISIETCS:

2
oo = 2T£2 /F:U%d%ul = 262 /Fgldpo/d¢0 / Fd€1 —O'TSO(f), (22)
-1 §/(1+2¢)
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rue ¢o — a3uMyT paccesHHoro horoHa B JabOPaTOPHOiL cucreMe, a So(€) — npodusb MOJHOro CevYeHus:

1+¢

arage) =

s0(€) = 8—‘2’2 [4+ <£—2— %) In(1 + 2¢) + 2¢2

HOPMUPOBAHHBI yciosrem so(0) =1 .

Mpbr roBopuin 00 OTHOKPATHOM B3aMMOJEHCTBHH 3TEKTPOHA W (POTOHA. MHOrOKpaTHOe paccesHue, T.e. B3auMO-
JIefiCTBHE JIEKTPOHHOrO U (POTOHHOTO Ta30B MOCPEICTBOM KOMIITOHOBCKOTO PACCESHUS ONMUCHIBAETCH KUHETUIECKUM
ypaBHEHHEM, KOTOPOe MbI C(hOpMyIMpyeM HUZXKE.

§ 2. Kunernueckoe YpaBHeHHEe JJId KOMIITOHOBCKOI'O pacCcedHUdA U €ro 9YacCTHble ClIydau

1. PensituBucrckue 0O03HAYEHVS. YTIOMSIHYTOE yPABHEHHWE SBJISETCS PEISTUBUCTCKUM OOOOIIEHWEM YypaBHEHUs
Boabumana. s ero Hanucanusi moabepeM pesIaTUBACTCKUE aHAJIOIM BEJIMYWH, BXOALAIIAX B ypaBHeHue Bosbumana.

B ykazaHHOM ypaBHEHWHU, TOYHEE B WHTErpaJjie CTOJKHOBEHU, MPOU3BOAATCI WHTEIPUPOBAHUS TI0 UMITYJIHCAM Ya-
crun. OJHAKO TpeXMepHLIH 3JeMeHT 00beMa B IPOCTPAHCTBE HMITYILCOB dp He ABAETCS PeTATHBUCTCKHM HHBA-
puanToM. Jjisd nosyueHus ero CKaJsapHOro o0ODILEHUs OTKAzKeMCs BPEMEHHO oT coorHolnenus (1) u Oymem cuurarh
HYJIEBYIO COCTABJISIIOILYIO 9€THIPEXMEPHOTO WMITYJIbCA, SJIEKTPOHA, Py HE3aBUCUMOM BenmanHoit. Q4YeBUIHO, 9TO MPOM3-
Besenue gerbipex muddepenmanos d*p = dpod®p — cxanapuas Beqmunna. OT UCKYCTBEHHO BBEJEHHON HE3aBUCHMOM
KOODJMHATHI Py HaJ0 u36aBUTBLCH, T.e. B3dTh 10 Hell uHrTerpas. Jus ydera coorHomenus (1) BBemem MHOXKHUTEIEM
WHBAPUAHTHYIO JeJIbTa-(QyHKIWO 0 (p2 — m202):

/6(32 _m262)d4p:d3p/dpg6(p(2)—p2 _mzcz) _
= [am (( ~VIF ) (s + Vi ) =

:d3p/dp06 ((po—\/p2+m2cz) 2\/p2+m202):$ (24)

N

[Ipu mpoBeneHUY BHIKIAIKY OBIJIO YITEHO, YTO B HYJIb B apTyMEHTe Je/IbTa~(DyHKINN 00paIiaeTcss TOIBKO MHOKUTE b
C Pa3HOCTBIO, a MPU MEPEXOJIE K TTOCIEIHEMY BBIPAYKEHUIO MHOKUTEIb C CyMMOM OB yIPOIIEH (3aMEHEH YIBOEHHBIM
KODHEM) ¥ BbIHECEH U3-110J] 3HAaKa 3TOH (DYHKLUMKM B 3HAMEHATE b, TAK KAK 3aMEHA IePEMEHHON MHTErPUPOBAHUS AET
TOT Ke pe3yabrar. B majpHeiiiiem B 3HAMEHATEE BMECTO KOPHS [JIsi KPATKOCTH OyIeM MHUCATh Py, CAUTASA COOTHO-

d3
merve (1) BoimonHenabiM. VTak, pegTHBUCTCKAM HHBAPUAHTOM SBJISIETCS OTHOIIEHUE ——, 9TO MOYKHO [POBEPUTH U
Po
HEIIOCPEICTBEHHO, IPUMEHNB K HeMy peobpa3osanue Jlopenra.
d3k

Toumo Tax ke MIOKA3bIBALTCA, ITO HHBapHaHTHOﬁ BEJIMYUHON SBJISIETCS OTHOIIEHUE T OJId UMITYJIbCa (i)OTOHa.

dk
IIpu sTOM MHBAPUAHTHBI U JBA MHOXKWTEJS 3TOCO OTHOIIEHWS, & NMEHHO & u k*d?w, rae & — eAMHUYHLIN BEKTOD

HaIpaBIEHU UMITYIbCA (POTOHA: k= ki, a d2w — 3/IeMEHT TeJIeCHOro yIJia, T.e. IJIOMA/IM IIOBEPXHOCTH HA eUHIYHOIM
cepe. st gacTuIl ¢ He paBHON HYJIIO MACCOU MOKOS 9TO CBOMCTBO HE BBIMOIHSIETCS. Y KA3aHHBIM CBOMCTBOM 3JIEMEHTa,
obbema umIyIbea dboTona obbsacHaeTcs dhopMa WHTerpaia B TomHOM cedenny (22), Tak Kak z7d%w; = E2dugddy =
d&1deyo.

Eme onny wHBapMaHTHYIO KOMOWHAIMIO HAJIO HANTH [JIs JIEBOM YaCTW KUHETHYIECKOTO ypaBHeHus. B ypapBHeHun

P = . .
Bonpmmana tam cront —— + —Vif + FVf. Ha boToHs! HUKaKme CUIIBI He IefCTBYIOT, TaK YTO TOCHIEIHee CIaraeMoe
ot m

ue myxHO. st nuddepennmpoBanns HeOOXOIUM YeThIpeXMEPHbBIH BeKTOp-rpagueHT. OH J0KeH ObITh B34T B BHIE

10 = 0 >
Y = —a,—v , TAK KaK CKaJsipHOe mpom3peneHne ero ¢ BekropoMm dr = {cdt,drF}, me. drV = dta + d*V
c

ecTh TOMHBIA auddepernra, THBAPUAHTHBI OTHOCUTEIBHO JI000r0 Mpeodpa3oBaHus MEPEMEHHBIX, B TOM YHCIE U

k O - k L=
JIopeHteBckoro. MuBapuanToM, ciiemoBaTeibHo, Oyaer npoussenenne kV = ot + kV = — (a + ch), KOTOpOe
c c

U SABJISETCH PEJIATHBUACTCKAM O0DOOIIeHreM JieBOH dacTu ypaBHeHus BosibliMaHa ¢ y4eroM TOro, 9To CKOPOCTH CBeTa
mocTOsTHHA. VIMEHHO Takas KOMOWHAIMS MPOU3BOMHBIX, KAK B KPYIVIBIX CKOOKAX, CTOUT B JIEBON YACTH ypPaBHEHUs
[IepeHOCa U3JyYeHH .

PenaruBucrckuMu vHBapUaHTAMU SIBJIAIOTCS Oe3pa3MEPHbIE CPEIHUE YUCIa 3AMOTHEHUS (DOTOHHBIX COCTOSHUM.
Hanpuwmep, B ciydae somonnenus TP sro cpeamee umcio maercs dbopwmynoit [lnanka (13), koropas HamucaHna B
CHCTEMe OTCYeTa, CBA3aHHONW ¢ (DOTOHHBIM Ta30M U HA3BIBAEMOM COILyTCTBYIOIIEH, T.€. B TaKOil, B KOTOPOI CpemgHmit
UMITYyJI6C (POTOHOB PABEH HYJIIO.
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DyHKUMIO pacnpeesenus 37IeKTPOHOB fo(fF) Takke OyeM cuuTarh CKasasapoM. Mbl IpUMEM, Y4TO 3JIEKTPOHBL KMEIOT
PEIATUBUCTCKOE pacmpeenenne MakcBesaa, KOTOPOe B COMYyTCTBYIOMIEH crucTeMe OTCYeTa 3a0aeTcsd (POopMyJIoil

Jolpo/me) = fupo/me),  fun() = e ™, (25)
2
rae y = k:B—T’ a K ,,(y) — dbyuknus Makngonassaa. [losgsmernne 31oit HyHKIMN €CTh CIEACTBUE YCIOBUS HOPMHUPOBKH
e
4 T
=5 [P aepmerp =1 (26)

0

Tenepb MBI UMeeM BCe, 9TOOBI HAIIMCATH KUHETHUYECKOE yYpaBHEHUE 11 KOMIITOHOBCKOT'O paCCeaHnd.

2. PenaruBucTCcKOE KHHETHYECKOE YPABHEHNE KOMIITOHOBCKOTO paccesaud. [Ipn Hamucanmm 3Toro ypaBHEHUS MPU-
HAMAETCs, YTO JIEKTPOHHBIN ra3 PeJsTUBUCTCKAN, HO HE BBIPOXK/IEHHBIN, TaK 4rTo 3amper [laysm He ydurhiBaercs.
DoTOHHBIH 2Ke ra3 MOKeT ObITb YaCTUYIHO BBIPOAKJIEH, U IIO3ITOMY HEOOXOAWMO YUUTHIBATH BHIHYKIEHHBIE EPEXO/IbI.

-

JJia cpemHux Yucest 3amojiHenus cocroanuii GpoTouos n = n(7,t, k) B TOUKe I B MOMEHT BPEMEHU ¢ C UMITYJIbLCAMU
OKOJIO k ypaBHEHHE UMEeT BU/L

—ﬁm%?/@d%l 4’k
2 Po Po1 ki

ENVn = o(p+k—p —E)F(& &) [fe(Pn(l+n11) = fe(p) (1 +n)nn], (27)

npuyeM i KPATKOCTU He YKA3bIBAIOTCs apryMeHTbl n U 0b6o3uadeno nyy = n(F,t, ky).
IepBoe ciaraeMoe B KBaJAPATHBIX CKOOKAX B ypaBHeHuu (27) cooTBeTcTBYeT OCJAabIEHUI0 IPU PACCESHUHU, 8 BTOPOE
— u3aydennto. VHTErpasbl 6epyTCs MO MMITYJIHCAM JIEKTPOHOB 0 U TOCTIE PACCETHUs U MO UMITYyJIhCaM (DOTOHOB,

YYACTBYIOIIUX B MPOIECCE PACCESHUST BMECTE ¢ (POTOHAMU C UMITYJIHCOM k. Jenbra-pyHKIMS 0TPayKaeT 3aKOHBI COXPa-
Henus (2) 1 103BOJISET B3ATh Y€ThIPEXKPATHBIA HHTErPAJI, TAK YTO OCTAHETCH UHTErpaJl [0 NATH IIePEMEHHbIM, KaK U
B UHTETrpaJie CTOJIKHOBEHUT BOJIBI_[MaHa.

Pengarusucrcku KoBapuaHTHOE ypaBHeHue (27) MOKHO paCCMaTpUBaTh B JII000# cucreme orcyera. Haubosee ya06H0
9TO AejlaThb B CUCTEME, CBA3aHHOH C JIEKTPOHHBIM r'a30M, KOTOPpad Ha3bIBACTCA COHyTCTByIOHlef/'I HpI/I mepexoae B 3Ty
CUCTEMY MBI 0663pa3MepI/IM BCE HAII BEMIHHBL. I/IMHyJIbeI n sHeprun (POTOHA U MEKTPOHA, Oymem obo3HadaThH HE3-
pa3MEepHBIMHU BEJIMYNHAMM, MMOJOKWB k = mce, k= mexdd, pop = mey, p=mcZ = mczQ p =mcz = me{v, 7}, k=
mez = me{x,xd} U COOTBETCTBEHHO BEJIMYKMHBL C UHAEKCOM 1: 1 = ki /mc u 1. 1. IIpuMem TakKke pessiTUBUCTCKYIO
KBAHTOBYIO CHCTEMY EIWHUIl, B KOTOPOil mocrosiiHas IlmaHka, CKOPOCTH CBETA M MACCa MEKTPOHA MPUHUMAIOTCI B
Ka4ecTBe OCHOBHBIX equHUIl: fi = ¢ = m = 1. B 3101 cucTeMe eamHuIa IIIMHBI — KOMIITOHOBCKAS JJIMHA BOJIHBI fi/m ¢,

saeprun — m c2, qacrorbl — m c? [k, uvmnyabca — m . Knaccuueckuit pagmyc 31eKTPOHA COBNAJAET ¢ MOCTOSHHOM

TOHKOH CTPYKTYPHI Te = €%/mc? = e /he = 1/137.036, a 3aps/ s/1eKTpoHa paBeH e = /T, = 1/1/137.036.
B comyrcrByioweii cucreme ypasuenue (27) 3alMCbIBAETCS TaK:

2 3 3 3
‘ (%“ﬁ) n=-3 %df dmfl5(z+z—zl—zl)F(ﬁ,&)[fe(?)n(l +n11) = fo(Z) (L +n)naa],  (28)

rae renepb n = n(F, t,x,d), n1y = n(F,t,z1,d1). K ypaBuenuto (28) Hano 106aBUTh PAHUYHBIE U HAYAIbHbBIE YCJIOBUSI.
3aMeTuM, 9TO BeJIUINHA,
E=zz=1a(y—200) = 2,2, = 21(n — 2161 ) (29)

COBITaJAET ¢ J4acToToit (porona x mpu z = 0 u ¢ gacroroit xy npu z; = 0. [Iponssenenme
G=z2 =z(n —21dh) =212 = 21 (7 — 261 ) (30)

00J1a7aeT TPOTUBOMOJIOKHBIM CBOWCTBOM.
Teneps mepeiiieM K YaCTHBIM CJIydasM [€OMETPUHU CPEJIbl U PACIPEIEeHUs JIEKTPOHOB.

3. [Tnockas arMocdepa TErIoBbIX 3JIEKTPOHOB. PACCMOTPUM 3BOJIIONUIO CIIEKTPA U3/Iy YeHUs B ILIOCKONAPaJLIeTbHO
CpeJie, 3alONHEHHOW MaKPOCKOIMYECKU HEIOJBHKHBIM 3JEKTPOHHBIM Ta30M C KOHUEHTpamuel Jactun ne. Cucrema
0TCYeTa, CBA3AHHAS CO CPEJOM, U SBJISIETCA COMYTCTBYIOIIEH 3JIEKTPOHHOMY ra3y.

Paccmorpum ciydaii, KOrga 3J€KTPOHBI UMEIOT PeJIATUBUCTCKOE MAKCBEJJIOBCKOE pactpenesneane fy (), onpene-
asiemoe opmyaoit (25). Toraa

() = fu()e?0 = fy(y)evlETm), (31)
VYpasuenwe (28) misa TAKOTO CIay9as NOCTE B3ATHS HHTETPATA MO Z] TEPETUIIETCS B BUIE
0 2 A3z &
—+&V)n —T—ene azan Od(y+z—yi—xz1)F(& &) fm(y) [n(1+n11) — efy(zf““)(l + n)nu] ) (32)
ot 2 YY1 *1
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Ypasuenue (32) MOKHO 3amucarhb no-gpyromy. He Borauciisisa uaTerpasa mo &y, OTAIMM UHTErPAJIbL 10 UMIYJIbLCAM
9JIEKTPOHOB, OT KOTOPBHIX (POTOHHBIE (DYHKIMY HE 3aBUCAT. TOra ypaBHEHUE 3AMUINETCSI B BUIE

<E()3t +wV> = —U?Tne/xldml /delR(x,xl,,u) [n(l +n11) — e V@1 4 n)ngy | (33)
0

3aech BHyTpeHHHMIT ABOIHOIN MHETErpasn Gepercs 1o BCeM HANPABIEHWAM BeKTopa Wi, a R(z, 1, ) — dyskuus nepe-
PACTIPEJIEIEHNS TI0 9ACTOTAM W HATPABJICHWSIM.

Oyuxumsa R(x,x1, j1,) BHIPAKAETCA I€PE3 CEUEHNE KOMIITOHOBCKOTO PACCEestHIs M (DYHKIMIO PACTIPEIETCHUS SITEK-
TPOHOB 1O HeprusaM. Paznuanbie Hopmysibr 41 910f GyHKuME 661N MOy 9eHbl HeCKOAbKUME aBTopamu. CChlaKy HA
ux paboTHI U MOJHBIH BBIBOL 3THX (HOPMYIT COIEpKUTCs B crarhe [25] u o630pe [46].

MHOXKUTEND, CTOAMINI CpaBa B ypasaenun (33) npu n, ssaserca kodbdummentom ocnabmenust (MOTIOMEHns) 3a
CYeT KOMITOHOBCKOrO paccesnns. Ero npoduib, kak u GyHKIUsS MepepacipesesieHns, NPeCTABIAeTCs NHTErPATIOM
[0 PACIPEIETICHUIO UMITYJILCOB IEKTPOHOB:

1

sate) = 1 [ a0 2600 = o

()/f““m+a 0@(y+2)) + (7 - 2’sola(r=2))].  (34)

Crioco6 9HCIeHHOrO BBIYUCIEHUS 9TOTO KOIDDUIMEHTA, TPU JTIOOBIX TeMIepaTypax JeKTPOHOB U JIIOObIX 9acTOTax &
JlaH B cTarsbe [23].

Kunerunueckoe ypapuenue B Buze (33) no hpopme cOBIALAET C ypaBHEHUAMU, KOTOPbIE U3y YAI0TCs B TEOPUY IIEPEHOCA
n3nydenns. Tor ¢pakr, 910 PYHKIHUS IepepacipeseieHns 3aBUCUT He OTAETLHO OT HAMpPaBIeHU (DOTOHOB /10 U MOCITE
paccesiHusi, & TOJIHKO OT YTIJIA PACCESHHs arccos (i, OTParKaeT M30TPOIUIO CPEbI, /i€ JIOKAJIHBHO HeT BBIIEJIEHHOTO
HAIPABJICHUSI.

4. OiHOPOIHOE GECKOHEYHOE TPOCTPAHCTBO. IIPEIIoIoKuM, 9TO TENI0BO JIEKTPOHHBIN Ta3 0JHOPOJHO 3AIIOIHIET
BCE MPOCTPAHCTBO W B 3TOM MPOCTPAHCTBE HAXOAWTCS W3OTPOITHOE, OJHOPOIHOE MOJIE H3IyYeHNsI. DICKTPOHBI B (POTOHBI
B3aUMOJICHCTBYIOT 9epe3 KOMIITOHOBCKOE paccesHre. TeMIiepaTypa, 3JIeKTPOHOB MOJICPKHBAETCA MOCTOAHHON KaKIM-
TO MEXaHW3MOM.

B Ttakom ciydae cpearee 9MCIO 3amoaHeRnst (POTOHHBIX COCTOSTHUI 3aBUCAT TOJIBKO OT ABYX IMEPEMEHHBIX: YACTOTHI
u BpeMeHu, tak 4ro n = n(z,t) u ny; = n(zy,t). Jra BearMUnHA ONPEUESIAETC YPABHEHUEM

on(z,t)
ot

8| =

/ (z1,z)n(z,t) (1 +n(z1,t)) — R(z,z1)n(z,t) (1 +n(z,t) |z de;. (35)

3nech OyHKIMSA TepepacIpeieeHns, yCPeIHEHHAs 10 HAMPABICHUIM:

1

R@wﬂz%/ﬂ%%wﬂw (36)

-1

Beipaxkenus gjig Hee JAOTCH B cTarbsx [25, 46].

Ypasuenne (35) CTAHOBUTCS OIPEIETCHHBIM, €CJIH K HEMY JOOABUTL HadaIbHOE YCIOBHE, T.e. 3a1aTh n(z, 0).

W3 ypaBuenns (35) BbITEKaeT yC/IOBHE COXPAHEHHUs 9UCTA (POTOHOB, TAK KAK MX UYHCJIO HE MEHSIETCS [IPU PACCESHUH.
HeiicTBuTenpHO, TOCTe yMEOKeHUs (35) Ha T° W MHTErPUPOBAHUSA MO BCEM YACTOTAM CIPABA TOTYJAETCH TBOHHOM
HHTErpaJi, CAMMETPUYHBIN OTHOCHTEILHO YaCTOT MAJA0IIEr0 W PACCESTHHOTO (DOTOHOB, M TIO9TOMY DABHBIN HYJIIO, TaK

qTOo
00

dNy

5 = 0, Ny = /an(w,t)dx, (37)
0

= 7m2n(m,t)dm = 7m2n(a:,0)da:. (38)

O6paTI/IMCH K IpeaeJbHBbIM CIIyYasdM MPUBEIACHHBIX ypaBHeHHﬁ, KOTTa pacupezeieHue 3JIEKTPOHOB IO UMITYJIbCaM
MaJIO OTJIUYIAETCA OT HEPETATHBUCTCKOI'O MaKCBEJIJIOBCKOI'O.

U, c/IeJ0BaTesbHO,

5. Hepenstusucrckuit npenes. IlycTsb, Kak u B IpeIbIAyINEM MYHKTE, SJIEKTPOHBI U (DOTOHBI 3AMOJIHSIIOT OHOPOIHOE
U M30TPOIHOE MPOCTPAHCTBO U IIPU TOM 3JIEKTPOHHBIA ra3 ciaabo pesdTUBUCTCKUil (IOYTH HEepPeNsiTUBUCTCKUIA), a
Hojle M3JTydeHHs He OYeHb YKeCTKOe, TO eCTh BBRIIOMHMIOTCA HepaseHncTsa kT <« mc? mw hv < mc?, 9To o3Hadaer,

YTO CpeIHHE 3HEPTUuu JIEKTPOHOB N CbOTOHOB 3HAYUTEJIbHO MEHBIIE dHEPTUN ITOKOA SJIEKTPOHA. Yrobsr IpPpOU3BECTU
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npesebHbIil nepexon y = me? /kgT — 00, HaM HaJI0 Hepeonpe e uTh 6e3pa3sMepHbIe JacTOThI (POTOHOB M HMITY.ThCHI
ssekTpoHoB. [Tomoxum xy = hv/kpT, T.e. Gyaem w3MepsTh sHepruu (HbOTOHOB B CpenHWX (MO MOPSAKY BEJINYNHbI)
SHepruax 371eKTpoHoB. HoBas 6e3pa3mepHass 9acToTa CBA3aHA CO CTAPO COOTHOMIEHWEM Ty = yx. st TOro 9TobbI
BbISICHUTb, KAK HY?KHO HEPEHOPMHUPOBATH UMILYJIbChl JIEKTPOHOB, 3aMeTHM, 4TO 1pu y — oo byukuus Ko(y) ~
/7 /2ye Y (1+15/8y). [Ipu 3TOM MOIHBIE SHEPIUH 3TEKTPOHOB OIU3KU K UX SHEPruaM mokos: v = v/ 1+ 22 ~ 1+422/2.
CanenoBaresibHo, 6€3 y4era MONPABOYHOIO CJIAraeMoro mopsiiaka 1/y

3/2 2
)~ (52) " eremn ), (39)

YT0GHI 3TO pACTPEIETIEHNE TIEPEIITIO B HEPEJIATHBICTCKOE MAKCBEIITIOBCKOE, HAJIO IOJIOKUTE 21/y/2=2y v Z\/y /2 = Z.
910 paBHOCUIBLHO 3aMeHe P=mcy/2/yZ;. Takue ke 3aMeHbl cAeIaeM U [JId BEJUYUH C MHIEKCOM 1.

Pazsoxknm 1o crenensivm 1/y < 1 Bce Bxogsiue B ypapHenne (35) COMHOXKHUTENHN, YAEPKUBAsT HYJIEBYIO W JIBE Mep-
BBIX CTEIeHN OTHOCHTENILHO 1/ /Y- TTockonmbKy cMmemnenne 9aCcTOThl PU PACCEeTHUN Ha HEPENATHBICTCKUX 3JIEKTPOHAX
MaJIio, TO B IPEITOI0KEHNN JOCTATOTHON TVIAIKOCTH CPEIHEr0 UNCIa 3AIOTHEHNS MOYKHO PA3I0KHUTD U 9Ty (DYHKIIHIO.
[Ipu sTOM aprymenToM mosydaroieiics GyHKIun OygeM CIYNTaTh HE T, KAK PAHbINE, & Ty. s TOIydeHus: TOM Ke
TOYHOCTH, YTO U JIJIsT BCEX OCTAJIbHBIX BEJIUYNH, HAJIO yUIeCTh caaraembie B popmyie Teitsiopa co BTOpOi TpOU3BOIHOMN.
OcranbHble MHOXKUTENH, CTOsIEE TP AudDepeHInaiax mepeMeHHbIX, I0 KOTOPbIM BeJIeTCs HHTErPUPOBAHKE, TOXKE
paCKJIaZLbIBaIOTCH. BBI“II/ICJII/IB I/IHTeraJIbI 10 HaHpaBJIeHI/IHM, HOJIqu/IM ypaBHeHHe

on oone 1 0 [ 4 ,  On
gn _ Jolte 2 7 A 4
ot y 1zl 0y [mt <n Tt &rt)} (40)

9TO ypaBHEHWe, MPU BBIBOJE KOTOPOTO MPEIMTOJIAraeTCsi MAJIOCTh U3MEHEHWS SHEPTHH YaCTHUIBI B PE3yJIbTaTe B3au-
MOJEHNCTBHUsI, B pe3yabTaTe d9ero WHTerpaJ CTOJIKHOBEeHMH mpeobpasyerca B audepeHnuaabHblil oneparop, B ooImeit
TEOpUr KWHETUYIECKUX ypaBHEeHUi HasbiBaercs ypasuenueMm tuna Pokkepa—Ilianka.

6. Komnronusanus. DTUM CI0BOM HA3BIBACTCS ponece GOPMUPOBAHUSA CIIEKTPA U3JLy 9€HUS B XO/Ie MHOTOKPATHOTO
KOMIITOHOBCKOT'O DACCesHus U ero pesysbrar. Kak mpaBuio, paccMarpuBaeTcs BOMIONUS CIEKTPA OT MATKOro K Gosee
skectkoMy. JTnst oneHKM (b hEKTUBHOCTH 9TONO MPOIECca OIEHNM M3MEHEHHe MaJIof 4acToThl (DOTOHA.

[Iycrb Markuit GoToH ¢ 4acTOTOl T pacceuBaeTcs HepelaTuBUCTCKUMHU 31ekTponamu ¢ 22 < 1. Torya, Kak MOKHO
noka3sarh [27, 46] , OTHOCHTENHHOE U3MEHEHHE ero YaCcTOThI

2o (41)

DTO COOTHOIIEHNE MOYKHO MPEACTABUTH KaK auddepeHnaaibHoe YPABHEHNE

dx 4
— =z- —z% (42)
du Yy
[Tpouseonmas 3mech Gepercs mo 6Ge3pa3sMEPHOMY ONTUIECKOMY PACCTOSHUIO, COBNAJAIOMIEMY C YUCIOM PACCESAHUI.
VYpasuenue (42) saBnagerca ypaBHeHueM BepHyJIIN U ero perieHue JIErko HaXOAUTC:

1 —aufy | LY auyy
e A e Y 43
A R (e (43)

[TepenvcanHoe B BeWYMHAX Ty W ¢ = u/y OHO BBIMJISINT MPOIIE:

e4t
P R — (44)

W W3 HEro BHJHO, 9TO NPU MAJBIX TU U yMEPEeHHBLIX f 9acTOTa PACTeT IKCIOHEHIHAIBHO. 3aTeM POCT 3aMeIaAeTca u

9aCTOTA, Ty CTPEMUTCSA K CBOEMY ACHMITOTHYIECKOMY 3HA4YeHWIO 4. MBI yBUAMM, 9TO TOYHOE 3HAYEHHWE 3TOTO MPeIesa,
paBHO He 4, a 3.

Hasee paccmorpum pemenusi ypasuenus (40) u ero o6obumenus (35), 6osiee TOYHO ONUCHIBAIOIIME MHOMOKPATHOE
paccesiHue.

§ 4. Pentenus KMHeTUYECKNX ypaBHEHMIA

1. Ypasuenne Komnaneiitia u ero csoiicrsa. B srom maparpade omnycrum UHIEKC t y 9acTOThl (BBEIEHHBINH 715
TOTO, 4TOOBI OTJMYATH YaCTOTY, U3MepsAeMyio B eqununax kgT'/h, or wacrtorbl, u3mepsemoii B eaununax mc?/h) u
Oy IeM MHucaTh IPOCTO I.
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VYpasuenue (40) 3a cuer BbIGOpA eAMHMIBI U3MEPEHUsI BPEMEHH, PDABHON Y/0(Me, IPUBOJUTCH K yPABHEHHIO 03

mapaMerpoB:
on 10 on

OTO ypaBHEHHE ONHCHIBAET BPEMEHHYIO IBOJIONUIO OJHOPOJHOIO U M30TPOITHOTO TTOJIST U3JIYUIeHUsT B DECKOHETHOM
OJIHOPO/IHOM ¥ U30TPOITHOM ITPOCTPAHCTBE, 3AMOJHEHHOM PABHOBECHBIM HEPEISATUBUCTCKUM M HEBBIPO2KIEHHBIM JJI€K-
rpounbiM razoM. Ouo 6bu10 BoiBeneno A. C. Komnaneiiuem B 1952 roay (ony6iukosano [18] B 1956 nocse paccekpeuu-
BaHUSA) U HOCUT €rO UMSI.

VYpasuenne Kommaneiina B pa3MepHbIX BeJIMYMHAX 3AMMCHIBAETCS CIIEAYIONIUM 00Pa30M:

O (t) _ oone h 9 [ (kBTT 20 )+ ni(t))] - (46)

ot me v2 Ov

Baech ny, (t) = n(xy,t) = n(z,t). B nansueiimem n3ydaem 310 ypasHenue B popme (45).
3 ypaBHEHHS TAK K€ KAK U U3 BBITEKAET 3aKOH COXpaHeHus uuciaa Ghoronos. leiicrBurenbHO, mocte
Usy 45), 35), ,
yMHOMKeHHs ypapHenus (45) Ha x2 U WHTErpUPOBAHUSA TI0 BCEM 9acTOTaM TIOTydaeM

=00

%Z:ﬂn( 0762{ <—+n+n>}dx:{x4<%+n+n2>]: =0. (47)

=0

Mo:KHO IOKa3aTh, YTO KaxK/0€ M3 TPeX CIaraeMblX B KPYIJVIbIX CKOOKaxX IpaBoil dactu ypaBHeHust Kommnazeiina
ONHUCHIBALT OTAEIBHBIN 3(PPEKT, a UMEHHO: CIaraeMoe ¢ mpou3BomaHoii — apdexr domaepa, n — adpdexr Komnromna,
a n? — BBIEYKIEHHOE paccesHue.

YpaBuenue (45) HeJMHEHAHOE U, K COXKAJIEHUIO, TOUYHBIX AHAJIUTUYECKUX pelleHuii He uMeer. B pasunoe Bpems Gbliu
HAIEHbI TOYHbIE PEIIeHUs yPaBHEHU, Mooy daonmxcs u3 (45), eciiu oTOpOCUTh OIHO WU JBA CJIATA€MbBIX B KPYTJIBIX
CKODKax, T.e. mpeHebpedub omHuM u3 yka3auubx 3¢ dexkron. [IpuBesem Bce aTu pemieHus.

2. Jluneitnoe ypasuenue n dyukuus ['puna. [Ipu mebosnbmmx qucnax 3amonuerus N <K 1 MOXKHO HE YYUTHIBATH
BBIHY’K/IEHHOE paccesHie W B ypapHernn (45) orbpocuts n?. YpasHenue nepefier B IuHefHOe:

e L2 oG]

Jlist TuHEeRHOrO ypaBHEHUsT MOYKHO ONpenenuTh (PYHKIN0 ['prHa, BRIPAXKAIOILYIO JI000e pelreHne depe3 HadaIbHOe
pacmpeneenne pOTOHOB:

(o0}
/G (z,z1,t)n(xy,0)dz;. (49)
0
@ynknus [puna yaoBIeTBOPSET TOMY K€ ypasHEHUIO (48):
0G(z,z1,t) 1 0 [, (0G
ot “ 2oz " \ oz +a (50)
C HAYAJIBHBIM YCJIOBUEM
G(z,21,0) = 6(x — x1). (51)
Nurerpas (38) asist 9100l (byHKUMK IEPEXOAUT B
/xQG(m,ml,t)dx =z (52)

0

®Oyukuysa G(z,x1,t) Obuta naiinena A. C. KommaneiineM nyrem pasiioxkenus no coOcTBeHHbIM (bynkuuaM (c. b.)
orneparopa npapoii yacru ypasHenus (48). IToxpobublii BbiBOi ee Merogom npeobpasosanus Jlamiaca npuBeieH B

T

crarbe [21]. TIpu t — oo dyuKms 'punra cTpeMuTcs K 53}%6_ , TAK YTO pelleHns JuHeHHOro ypapHenus Kommaneina

o0
1 _
UMEIOT TIPEJIEIbHYI0 CTaloHapuyio hopMy B Buze dyukimu Buna n(z, 00) = ¢ ¢ [ n(z1,0)zidz,. TeiicTBurensro,
0
dyuknus Ce™" ymnoBIETBOPsiET YPABHEHUIO TOXKIECTBEHHO NpH 006X kK03 dunmentax C'.
Oyukiusa r2n(z,00) uveer MakcumyM npu z = 2. Cpegmee 3Ha4eHHE YACTOTBHI 10 BUHOBCKOMY DAaCHPEICIEHHTO
pasuo 3. Coornorrenune (38) BoInonmHsAeTca 1 pu ¢ = 0o. JIjia cpaBHEHUs] HAIIOMHUM, 94TO corsiacuo ¢dpopmyse [lianka

MaKCHMYM DacIIpefieSieHus 9uciaa, (poToHOB 2 /(e — 1) nexur npn x = 1.59362426014, a cpegusis yacrora paBHA
2.70117803292.

T
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G(z,0.1,t) G(z,1,t)

2r t 0.02
10 05 02 01

0 = = 0 L
0.00 0.05 0.10 0.15 020 “o0 05 10 15 2.0

xr xr

Puc. 3. Osomonust byskuuu Ipuna G(z,z1,t) upu 1 = 0.1 (a) u z; =1 (6).

6
2G(z,10,t)

100
90
80} 0.001

701 0.005
b 60 t
0.01

10 0502 0.1

0 = S
0.0 05 1.0 15 20 25 3.0 0 2 4 6 10 12 14

Puc. 4. dsomomns byukmun 2G(z, z1,t) mpu 1 =1 (a) m 1 = 10 (6).

B crarbe [22] 6pun BBIUmCIEHSI C. b., BXOAsIMe B hopMyiry mias GyHkiyn I'puna, n cama sra dbyukuus. Ha puc. 3
u 4 upezcrasiienbl ee rpaduku coorserctsenno npu x1 = 0.1, 1 u 10, orpakaomue yka3aHuble Bbiime cBoiictsa. [Ipu
3TOM Ha pHcC. 3 JaHa HerocpeacTserHo dbynkuus ['punHa, a Ha puc. 4 maerca nmpoussenenue z2G (z,xq,t).

3. Iuddysuonnoe penrenne. Ecam or6pocuTh 1Ba craraeMbX n B n2, 9T0 JOIYCTHMO IIPH MAJBIX JaCTOTaX, TO

oy Jalonieecs ypaBHeHue

M = ii {mfla_"] (53)

ot 20z Ox

TOXKE $BJII€TCs JIMHEHHbIM U Jyisd Hero onpenenserca (Gyukuus [puna rem ke paBencrBoM (49), uro u Bbie. IToz-

CTaHOBKaMH & = e% %Y, t = y c obpaTHbIME UM Yy = ¢, u = 3t + Inz ypasHenue (53) mpuUBOAMTCHA K YPABHEHUIO
Aubdysuun

9*n _ On

ou? Oy’

CootsercrByiomast GyHKIwsa ['puHA B UCXOIHBIX MTEPEMEHHBIX

(54)

1 1 z 2
Gag(z,21,t) = ———exp | —— | In — + 3¢ . 55
ait(z, 1, 1) e /nt p 4t< o ) (55)

Takast dopma Gyukuun I'puna Geita nmonydena 4. B.3expnosuuem n P. A. CronsieBbiM [56]. MoxkHO mOKa3arh, 4To
dbyukuusa (55) asiserca npenenom obmel dbyHkmu, onpeaenaemMoi ypasaeauem (50), 0pu MaJIbIX 4aCTOTAX.

Ucnonb3ys nuddysuonnyio dbyuxuuio [puna (55 ), aBropsl crarbu [7] moKa3asu, 4To MIAHKOBCKUI CIIEKTD MAJIbIX
9aCTOT Tpeobpa3yercs B HAOOp MIIAHKOBCKAX CITEKTPOB € TEMIEPATYPaMU U3 HEKOTOPOTO WHTEPBAJIA.

4. Permenne CTAIMOHAPHOTO JIMHEHHOTO ypapHeHns. ECnm moe u3aydennst He 3aBUCUT OT BPEMEHW, TO ypaBHEHHUE
(45) nepexonur B cranuoHapHoe JuHeiinoe ypasaenue Komnaneiina

1a [@A (j—z +n>} 0, (56)

9TO ypaBHEHUEe CPa3y CBOIUTCS K YPABHEHUIO TEPBOTO MOPSIKA

dn 02
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O61iee pelienye NOTy4YeHHOrO JUHEHHOrO ypaBHeHus
x
n==Ce *+Coe™™ / e”
B

/ dZE’
()t

(58)

3nece B > 0 — Hekoropoe ducyio. Bropoe pemenue mmeer cMbIcs TOIBKO npu & > . B3are f = 0 Hesnb3s1, Tak KaK 3Ta
dbyukuus npu z — 0 crpemurcs K 6eCKOHEYHOCTH TaK CUIIbHO, 4To uHTerpaJ (38) He cywecrsyer. [lepsoe ke perierne
OTMCHIBAET pacmperesnenne BuHa, T.e. mMpaBUIbHOE CTAIMOHAPHOE pereHre. Bropoe pelnerune HaI0, MO-BUAUMOMY,
oTOPOCHUTH KaK HEe(pU3UIECKOe.

Peuienue Heoguopoauoro ypasuenus suaa (56), T.e. CTALMOHAPHOIO YPABHEHUS C UCTOYHUKAMU

m_g% {w‘l (j—’; + nﬂ - f(@) (59)

MOZKHO MCKATh METOJO0M BapHUalU MPOU3BOIBHBIX MOCTOAHHBIX, OJJHAKO €ro MOXKHO TOJYyYUTH TOpa3J0 TTPOIILE. HpO—

WHTEerpupyeM ypasHenwne 1o z ot 0 1o x:
dn 1 [
0

Permerwne mosryuuBierocs JInHERHOrO ypaBHEHUS IPEJICTABIISAETCS MIOBTOPHBIM HHTEI'PAJIOM

’

x , x x x ,
n(zx) = e*z/ezrd—m/xff(ml)dml = e*z/xff(ml)dml/ezl dz . (61)
0 0

Cok (x")*
0

1

®yuxuusa [puna, onpegensiemas Gpopmysioi, anaaoruauoii (49):

n(z) = / G, 20) f(w1)da, (62)
0

YAOBJIETBOPAET YpPaBHEHUIO
1d[,[/dG
?@ |:.77 (a +G>:| —6(37—5[71) (63)

1 MOXKET ObITH npeacraBji€eHa B ABHOM BHJIE

(64)

, T1 > .

B gacTHOM CiTydae CTEEHHOTO CIeKTpa UCTOUHUKA f (1) = 2% pernenne BRIPAsKAETCS depe3 BBIPOXKICHHYIO TUIED-
reomMerpuveckyio dyHkmo [21] :

x
3 , T 17
e Pyt 1,0) ~ g TR (65)
x

e

n(z) = ————
e(z+3) T es
+3

Ha puc. 5 npuBenenst rpaduky perrenuii 1718 HEKOTOPBIX 3HAYEHUN 2.
5. Pemenune nenuddysuonnoro ypasuenus. Hazosem Tak ypasHeHnue, KOTOpOe Hojydaercs u3 ypasHenus (45),
€CJTM B €r0 KPYIJIBIX CKOOKAX OTOPOCUTH TPOU3BOIHYIO MO YACTOTE, OMPEAEISIONIYI0 JaCTOTHYIO uddy3uio GOTOHOB.

Kak Buano u3 ypasnenuss Komnaneiina B dopme (46), 370 MOXKHO CenaTh NPU JOCTATOYHO HU3KOW TeMieparype
SJIEKTPOHHOrO Tra3a. Y PABHEHUE MPUMET BT

on(z,t) 1 0 9
ot 220z [a:4 (n—l—n )] . (66)

910 ypaBHeHHE 00JIaJAET CBOWCTBOM aBTOMOIEIHLHOCTH, 8 UMEHHO JIJIsl €r0 PEIeHUH BBIMOIHSAETCS COOTHOIIEHUE MO-
J100usT: TpU MPOU3BOIBHOM ¢ >
n(az,at) = n(z,t), (67)
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-3 I I I I

0 2 4 6 8 i)
Puc. 5. CranuonapHble pelreHns JIMHEHHOr0 ypPaBHEHNS [IPU HEKOTOPBIX
TMOKa3aTedaX CTeleHN JYaCTOTHOM 3aBUCUMOCTH MCTOYHUKA.

T. €. OJJMHAKOBOE M3MEeHeHHe MaclITaba 4acTOT U BpeMeHU He U3MeHsIeT PelleHH.
IMockosnbKy ypasHenue (66) — epBOro mopsiJika, PemaeM ero MeToI0M XapaKTePUCTUK. Y DABHEHUs, OlIPeIeJIOlIue
xapakTepucTuku (66), 3aMUChIBAIOTCS TaK:

dz dn
dt = — = .
22(1+2n)  3z(n+n?) (68)

[lepBbIME HHTErPAIaMH yPABHEHHH XapaKTE€PUCTHK SIBJISIOTCA CIeLyomue KoMOuHAmun nepeMennerx: 2B = C* u
4Ct +2'2F($,271/?), rne B = n + n?,

]
Flob) = [ =2 (69)
— JJINIITUYECKUN UHTErpaJl IePBOro poja, a
¢ =¢(B) = Qarctg(2_1/28_1/4). (70)
Perrenne, yaoBIeTBOPSIONIEe HAYAILHOMY YCIOBHIO, MOYKHO 3allMCATh B HEsIBHOM Buje [21]
_ F(¢0,271/*) —F(¢,27'/?)

t 25/2C ’

(71)

re ¢o = 6(Bo (o)), Bo(x) = n(w, 0)[1 +n(,0)], € = aBY4(x) = woBy/" (w).

Ecnu B HAIIEHHOM PEIIeHNU CIATATh, 9TO 1 > 1, T. €. Yuciia 3amonHeHnsa (POTOHHBIX COCTOSHHI BEJUKH W BBIHY-
JKIEHHOE DACCEsTHNE UTPAET ONPEIeIISIONLYIO POJb, TO, MOACTABIB TIPEIeIbHbe Bhipakenus B ~ n?, ¢ ~ 21/2n~1/2 «
1, F(¢,27 /%)~ ¢, cBenem pemenne (71) x

1 1 1
b= 2 |zon(ze) zn(z)]’ (72)

Oro pewenue, noiaydennoe A.B. 3enbaosudem u E. B. Jleuuem [8], yuoBiersopsier ypaBHeHHO

% - Qan% = 4zn’. (73)

Ha puc. 6, B3grom u3 crarbu [21], m0Ka3aHO, KAK IBOJIOLUOHUPYET HadasbHbil cuektp n(z,0) = ze™*

ypasHenuio (66) u ero pemtenuio (71).

C TedeHMEM BPEMEHHM CIIEKTDP CMEINAETCs B CTOPOHY HH3KUX YACTOT, TPUYEM CTAaHOBUTCS Bee Kpyde. C HEKOTOPOro
MOMEHTA, CIIEKTD ONPOKH/BIBAETCS, ITO OKA3BIBAETCS BO3MOXKHBIM M3-33 HEABHOrO BUAA Demenusd. [Ipwamua Takoro
He(DU3NIECKOro MOBEJAEHNS CIIEKTPA B TOM, ITO KOT/A HHTEHCUBHOCTD M3/Iy9€HUs OY€Hb PE3KO MEHSETCS C 9aCTOTOH,
HeJIb3st peHebperaTh Mpou3BoAHON B ypasHennn Kommaneiina, HecMoTpst Ha Masiblii koadduiment npu Heit. Kpome
TOrO, W CAMO 9TO YDABHEHHE CTAHOBUTCS HEAJEKBATHBIM, TAK KAK IIPH €r0 BBIBOJE IPEAIIONATaIach BO3MOXKHOCTD
pasnoxenns uarencusroctu 1o Gpopmyse Teitnopa, Koropas oTCyTcTByeT npu GOIBIION TPOU3BOLHON 10 YACTOTE.

Tor ke apderT Bo3HWKaeT B periennn (72), 9TO MOXKHO MOKa3aTh M 0€3 BhIUMCIEHHUi. JleficTBUTEIbHO, OMHO U3

COIJIaCHO

dx
yDaBHEeHUil XxapakTepucTuk ypasHenus (73) riacut: T —22%n, T.e. CKOPOCTb M3MEHEHHS YAaCTOTHI & CO BPEMEHEM

OTPHUIIATEIFHA U MPOMOPINOHAIbHA BeJimunHe 1. [[09TOMy dYeMm BbIlie TOYKA HA KPUBOI DEIeHWs, TeM ObICTpee OHa
MPOJABUTAETCS B CTOPOHY MEHBIITUX YaCTOT.
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Puc. 6. Pemenns nenuddysnonsoro ypasuenuns.

Dddexr nepexsecra crekTpa MHTEPIPETHPOBAJICH aBropamu [8] Kak IOsBI€HHE YJAAPHON BOJIHBI B YaCTOTHOM
CreKTpe m3jaydenus. [lJis BBISCHEHHUsI €r0 PeaibHOrO CMBIC/IA HEOOXOIWMO TOIYYWTh DEIeHus 0e3 MpeHeOpesKeHus
IIPOU3BO/IHON 110 YaCTOTE UIA TOYHOI'O UHTEIPAJILHOIO yPAaBHEHUHA, YTO BO3MOXKHO TOJIBKO YUCJIEHHO.

7. DBOMIONMST OJHOPOIHOIO MOJIsl U3/IydeHus. TUCIeHHbIE PElleHrsl MHTErpaJIbHOrO ypaBHenus (35) nmpu MakCBeJi-
JIOBCKHUX JIEKTPOHAX C HA3KOU TEeMIepaTypoii 6e3 yuera BIHYKIEHHOTO PACCESTHUS MOJTHOCTHIO COBITAJIN C PEITIEHUSIMU
JNUHeHOro ke ypaBHenusa Kommaneiina. HgymupoBaHHoe paccesHue, MPUBOIAINee K HEIUHEHHOCTH ypaBHEHNH, 00-
HApPYKUBAET TaKWe OCOOEHHOCTH PEeIeHuil, KOTOPhIE TOJIHKO Yra bIBAJIMCH TTPU PACCMOTPEHUHN MPEIEIbHBIX CIIydYaesn,
00CY K JABIINXCS BBIIIIE.

Koneuno, npu pernennn HenwHeiHOro ypasuenusi KoMmaneiiia HUKaKux MepexsecToB He BO3HUKAET. Bvecre ¢ Tem
pererns 00/1aa0T HEKOTOPBIMU OCOOEHHOCTSIMU.

Jles0 B TOM, 9TO peIleHusi JTUHEHHBIX YPABHEHUU TPU MPOU3BOJBHBIX HAYAJIBHBIX PACHpEIeeHusX (HhOTOHOB IO
SHEPIUSM, IIPU KOTOPBIX MOJHOE 9rci0 (POTOHOB KOHEYHO, 00s3aTEIbHO SBOIONUOHUDPYIOT K PABHOBECHOMY BHHOB-
CKOMY CIEKTpPY. DTO He BCEra OCYIIEeCTBJISETCS M0 OTHOIIEHWIO K HeJIMHEHHBIM ypaBHEHUsM. [IJId HUX MpemebHbIM
SIBJISIETCS pacrpesesienne boze—diiHmTeiina, HO COTJIACHO STOMY PACIPEAESEHHIO TOHOe YNUCI0 (POTOHOB HE MOXKET
OBITH MPOU3BOILHBIM. JleficTBUTEIbHO, TIpefebHOe Oe3pa3MepHoe CpeIHee YUCI0 3AMOTHEHNsT (POTOHHBIX COCTOSTHUM

MMEET OrpaHWIeHne
T 2dz T r?dw
/ w g/ = 2.4041138. (74)
exp(z —p) — 1 exp(z) — 1
0 0

Eciu Benmuuna unrerpana (38) ayis HauaabHOro pacupezesenus Ny IPEBOCXOAUT TY IPAHHULY, TO IPEAEIHHOrO Pac-
pejiejieHns He CyIleCTBYeT.
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Puc. 7. dBomonusa nenbraobpa3HbiX HAYAIbHBIX CIEKTPOB:
a — upu Ny = 10, 6 — pu Ny = 50.
Ha puc. 7 nmpencrapiens Tpaduku GyHKIIN 2>
HUSAX, IMATUAPYIOIIUX J€IbTa-(DyHKIIUAIO:

n(z,t), BeIurcaeHHON B pabore [24] npu HAYAIBHBIX PACTIPEIETe-

Ny 2.2
n(z,0) = ——e~(x—21)7/e7, 75
(0= 2 (75)
IIpu pacuerax 6pasiocy 3uadenue € = (.01. Eciim mpu Ny < 1 perienusi HeJIMHEHHOTO yPAaBHEHUS WUMEIOT TOT Ke

XapaKTep, 9YTO U Ha PHUC. 4, TO C YBEJIMUYEHUEM JTOTO [TapaMeTpa CUHTYISIPHOCTD PEIIeHN, BBIPAKAIOMIASICA B KDY TU3HE
CIEKTPA U CKOPOCTH €ro MPUOIMKEHNs K OCH OPAUHAT, BO3PACTAET.
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Puc. 8. DBosonus CTeleHHO-I0KA3aTe/IbHBIX HAa4aIbHbIX CIEKTPOB (76):
a — upu Ng =1, 6 — mpu Ny = 50.

Ha puc. 8 u3 Toii ke paboThl [24] moka3aHa SBOMONHUS CIEKTPA M3JIYIEHUS TPU HAYAIBHBIX PACIPEIETIEHISIX

8Ny _
n(z,0) = ——mze 2", (76)
3
Ecmu Ny = 1, HUKakux OCOOEHHOCTEH B MOBEJEHWM PEIIeHUs He BO3HUKAET: OHO ILJIABHO BOJIOIMUOHUPYET K Pac-
npeaeneanio boze—ditumreiina. Hanporus, npu Ng = 50 ¢ npubiukKeHueM K OCH OPJUHAT BO3HUKAIOT BBICTYIIBI,

HAMIOMUHAIOIIME YIApHBIE (PPOHTHI WU KBA3WIMHWY. PelreHns TOYHOr0, MHTErpajJbHOTO YPABHEHUsT JEMOHCTPUPYIOT
yKa3aHHbIE siBJIEHUs elrne B OObIlell cTerneHu, 4eM mosydeHHbie B npubmmkenun Komnaneiina.

31eCh MbI IPUBEJIH PEIIEHUs YPABHEHUH, YIUTHIBAIOIIAX TOTBKO KOMITOHOBCKOE paccesinue. Koredno, HeobX0auMOo
MPUHAMATH BO BHUMAHWE U JPYTHe MEXaHU3MbI U3JIyY€HUs U TOrJIoneHus (poronos. Hampumep, TopMO3HOM MeXaHU3M,
€ KOTOPBIM CPABHUBAJIOCH KOMITOHOBCKOE paccesaue B § 1, momkeH 3G (HEKTUBHO MONIOMATH (POTOHBI MAJIBIX YACTOT
¥ IPensTCTBOBATH WX HAKOILIEHUIO. Pe3yIbTupyoniuil ClieKTp mpu 3TOM [I0J2KEH ObITh IIAHKOBCKHM.

B zaksrouenne ykaxkeMm 00bEKThI, B KOTOPBIX OCYIIECTBIISIOTCS YCIOBUS I OOJIBIION POIM KOMIITOHOBCKOTO Pac-
cedHUs.

§ 5. Actpodusndeckue o6beKTHI C OOJBIINOI POJIbI0 KOMIITOHOBCKOTO PACCeTHUSA

1. JI>KeThl W3 aKTUBHBIX siep rajakTuk. Kak mokaspiBator Habmonenus [41, 47|, W3 aKTUBHBIX s7€p TaJaKTHK
(ASIT), B 1EHTPe KOTOPHIX HAXOMUTCs YepHas Jpipa maccoit B 108 + 10° Mg, npoucxoasaT BBIGPOCH! OY€HL FOPSAYEro,
TTOJIHOCTHIO MOHM30BAHHOTO BeIeCTBa, Ha3biBaeMble mkeramu. Camas pacmpocTpaHeHHAsT MOIETh yKeTa — CTPYys,
COCTOSIIIIAST U3 CIYCTKOB C PA30THAHHBIMU 0 PEJIITUBUCTCKUX CKOPOCTEH 3IeKTPOHAMHE, SHEPTUU KOTOPBIX MTPEBOCXOIAT
MX SHEPTHIO TIOKOS B JCCATKH U COTHHU pa3 (3HePrus MOKOs 3/IeKTPoHa cooTercTByet Temneparype 6-10° K). B crycrkax
TpHCyTCTBYeT c1aboe MarHuTHOE TMoJIe HATTPSyKeHHOCThIo opsaaka 1078 I'c. D1exTporsl B MArHUTHOM MOJIE W3/IyHYaroT
CHHXPOTPOHHBIM MeXaHU3MOM (bOTOHBI B pauoananasomne. Vznydenubie (pOTOHBI PACCEMBAIOTCST TEMHU JKe SJIeKTPOHAMH
¥ CHJIBHO YBEJIMYUBAIOT CBOIO SHEPIUIO, MMePexoisd B Oosiee SHEPIUIHYIO YACTh CIIEKTPA, B ONTHUKY, PEHTIEHOBCKUI U
raMMa-JINama30Hbl. DTOT MEXAHU3M Ha3bIBAETCS CHHXPOKOMNITOHOBCKMM (mo-aurmuiicku Synchrotron Self-Compton).

OOBIYHO TPUHUMAETCS, 9TO PACIPEEIEHUE JTEKTPOHOB [0 UMITYTHCAM U30TPOITHO, & 110 SHEPrUusM CTEIeHHoe Y~ &
¢ xapakTepHbiMU 3HadeHusiMu Yy nopsiaka 10-100 u Gosiblire BIJIOTH 10 HEKOTOPOIO IMIPEIEIbHOIO 3HAYEHUs] SHEPTHH.
Tora CHHXPOTPOHHOE M3JIy<eHHe TOXKe HMEeT CTENeHHOil CIeKTp, mpomopruonambuerii v~ (@~ 1/2 (cu. Tmasy 2). B
pe3yJsibTaTe IefCTBUS KOMIITOHOBCKOIO MEXaHW3Ma B PEHTI€HOBCKOM [IMAMA30HE CIIEKTPAa KOMITOHW30BAHHOTO H3JIy-
YeHUs BO3HUKAET Tak Ha3biBaeMbiil 6amn (bump), T.e. rop6. Ha Gosee BbICOKMX 94acrorax SHEPIUU JIEKTPOHOB HE
XBATAE€T ¥ TaM WHTEHCHBHOCTH CIEKTpa OBbICTPO cmazaer (3aBaJj cmekTpa). deMm Jablie MPOCTUPAETCsS CTENeHHOM
CHIEKTD 3JIEKTPOHOB, T€M Ha GOJIbLIMX YaCTOTAX [POMCXOAUT 3aBAJL (B XKECTKOM PEHTI'€HE WJIM B raMMa-JAUAlla30He).

DHeprus MEKTPOHOB MEPEXOJAUT K POTOHAM, KOTOPbIE TOKUIAOT IzKeT. [ moaaepKanus CBeYeHrsi HeoOX0IuMa,
MTO/IKAYKa, SHEPTUN JIEKTPOHHOMY ra3y. VIMeeTcsi HECKOJIBKO MoJesell Takoil MOoAKaduKi. Bo3MoyKHA HenpepbhIBHAS WH-
JKEKIUs PEJIATUBUCTCKIUX 3JIEKTPOHOB UJIM UX YCKOPEHWE KAKUM-HUOYAb MexaHu3MOM. VICTOYHUKOM 3HEPIUu siBJISETCs
saapo ranakTuku (central engine). Ha nporsizkeHuu 3aMeTHOr0 BpeMeHU CyIIECTBYET CTALMOHAPHbIA PEXKUM CBEYECHUSI.

2. HeliTpoHHBIE 3Be3/bI U YepHBIE JbIPHI B JBOMHBIX CHCTEMaX. B TaKMX cucTeMax IIPOUCXOJUT MePeTeKaHue Belle-
cTBa ¢ OOBIYHON 3BE3/IBI HA KOMIAKTHYIO, B PE3YJIbTATE Yero BOKPYT MOCIenHell 06pa3yercss akKPeIMOHHbIi auck [33].
Teopusi aKKPEIHOHHBIX MCKOB M3JI0XKEHA BO MHOI'MX KHWIaxX, HANpUMeD, B [36].

Buyrpu amcka Temmeparypa o4eHb OOMbINasi, TaM FOPAYMi 3JEKTPOHHBIA a3 paccemBaeT (POTOHBI, M3JTydaeMble
KaKAM-HUAOYIb MEPBUYHBIM MEXAHU3MOM: CHHXPOTPOHHBIM, TOPMO3HBIM WJIW JIBONHBIM KOMITOHOBCKUM. PaccessHHbe
(bOTOHBI MOTYT POXKIATH 3JIEKTPOH-TIO3UTPOHHBIE MAPHI, B CBOIO OYEPEIh AHHUTHIAPYIOMAE W JAIOMHIe (DOTOHBI IS
HOCJIeIY OIIUX KACKA/IHBIX IIPOLECCOB PACCesHUs, POKICHU U aHHUIUIALuK nap [37].

KowmnroroBckoMy paccessanio 06s3aH0 1 (POPMUPOBAHAE CIMEKTPA AKKPEIUPYIOMAX BEIIECTBO HEATPOHHBIX 3BE3.
U 9epHBIX AbIp [5].
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13 nonsapHbIx obacreil 3Be37, OKPY2KEHHBIX ITUCKAMH, BBIOPACHIBAIOTCA JPKEThI, MACIITA0 KOTOPBIX 3HAYHTEIHHO
MenbIe, ueM B caydae A YD, tak Kak mMacca HEATPOHHON 3BE3IbI MW YEepPHOH IBIPHI 34eCh Mopsaka Macchl ComHma.
MoOKHO JyMaTh, OZHAKO, YTO ABJCHHs, nporcxondamue B Al u B IBOHHBIX CHCTEMax, MOZOOHDBI, TAK YTO HU3y9CHHE
BHYTPUTAJTAKTUICCKUX JZKETOB, KOTOPbIE HAXOAATCH ropa3fo OjuzKe K HaM K 60ojIee JOCTYIIHBI JJis HaOJIIOAeHuH, 10-
Moraer moHaTh nmpupoay aktuHOCTH AL, HexoTophe aBTOPHI IBOWHBIE CUCTEMBI C BHIOPOCAME BEIIECTBA, HA3HIBAIOT
MHHUKBa3apaMu. IIpobiemaM o6pa3oBaHns, CTPOCHUS M CBEYEHUS JIMCKOB H JIZKETOB U3 HUX IOCBAIIEHBI MHOTHE CTAThU
cOOPHUKOB, HEKOTOPbIE U3 KOTOPBIX MbI yrnioMmutamnu [33, 53].

3. PenrrenoBckue mcrodnuku. Ileperekanne BemecTBa MOXKET IMPOUCXOAWTH W B ABOHHON cHCTEMe C OOBITHBIMU
3Be31IaMU, eCJIM OIHA, M3 HUX 3AIOJIHSeT CBOIO mojocTh Pomma. Torma mHa BTOpOi obpa3yercs: ropsidyee MsTHO, JAIOIIee
DEHTIEHOBCKOE M3JLyYeHre, KOTOPOe UCIIbITHIBAET KOMITOHOBCKOE paccestue [11].

4. Topsiure KOPOHBI AKKPEIMOHHBIX TUCKOB. AKKPEIMOHHBIE TUCKH 00PA3YIOTCs OKOJI0 KOMIAKTHBIX O0bEeKTOB (Heil-
TPOHHBIX 3BE3J] WM YEPHBIX AbIP 3BE3[HBIX MACC) WM BOKPYI YE€PHBIX JbIP B UEHTPE raJaKTHK. BelecrBo IucKoB
BO BHENIHHX WX YaCTAX WMeeT TeMIepaTypy mopaaxa 10° K, T.e. qacTumsl Tam HepelaTusucTckie. OJHAKO KOPOHBI
TaKUX JMCKOB, T.e. boee pasperkeHHbIe WX 060109KM, nMeioT Temmeparypy 10°+ 1019 K (amamormuano, smekTpomst
B xopore Connia, Temneparypa nosepxnoctu koroporo 6000 K, umeior temneparypy nopsgaka 10° K). Mexanusmbt
HarpeBa BEIECTBA KOPOHBI MOTYT OBIThH AHAJIOTUYHBI TEM, KOTOphIe AeiicTByioT Ha CosHIE.

Koponb! qucKOB 0YeHb TOHKHE, TaK YTO B HUX PACCEMBAETCS TOJHKO MaJiasd J0JIS W3JIyUeHUs, UIAYIIEro OT JUCKA.
OnHako paccessHHOE M3TyYeHUe OKA3bIBAETCsl B PEHTIEHOBCKOM U raMMa-IWanal3oHe, TIe ero 0 paccesHusi He ObLIO
COBCEM W TJIe OHO CTAHOBUTCS JOCTYMTHBIM HABIIONEHUIO, TaK KakK (POTOHBI TaM OYEHb SHEPrUYHBI [49)].

Heob6xoquMo npuHIMATh BO BHUMAHWE B3aNMHOE BJIMSHAE KOPOHBI U JIMCKa, IpYT Ha Apyra [48]. CpaBHUTEILHO Msir-
kue (Y®) oroHbl qucka, 1omnaas B KOPOHY U PACCEUBAACH PEIATUBUCTCKUME JIEKTPOHAME, IPUOOPETAIOT BOJIbIILY O
SHEPrHuio U CITOCOOHOCTh POXK/IATh Maphl. B CBOIO Ovepenb paccestHHOE B KOPOHE M3JIyYeHne YaCTUYHO BO3BPAINAETCS B
JINCK W PA30rpPeBaeT ero.

5. PenukroBoe uznydenne. CorsacHo Moenn ropsiaeit Beenentoil Ha paHHUX dTarax ee 3BOJIIONNN OHA UMeJIa OUeHb
BBICOKYIO TEMITEPATYPY, TAK 9TO BEIIECTBO ObLIO MOTHOCTHIO MOHM30BAHO, & W3JIy4YEHHE HAXOIUJIOCh B PABHOBECUU C
BemecTBOM. CHeKTp u3/ydeHus ObLI YUCTO MIAHKOBCKUM. HECKOIBKO MPOIECCOB BO3MYIIAJIM ITOT CriekTp. B ompeme-
JIEHHBIE 3TIOXYW OCTHIBAHUs BCeIeHHOW MPOM30IIIN AHHUTWIAININAS BEIIeCTBA U AHTUBEIECTBA, & 3aTEM DPEKOMOWHAIIMS
9JIEKTPOHOB ¢ aroMaMmu. B xoje paciimpenus U, KaK CJIe/ICTBHE, OCThIBAHUS BEIIECTBO U u3aydeHue paziaenuinch. Q-
HAKO M3JIyueHNe BCE BPEMsi OCTABAJIOCH C OOJIBINOI TOYHOCTHIO MIAHKOBCKUM. OHO JOINJIO A0 HACTOSIIETO BPEMEH! B
BUJie pesuKToBOro usaydenus (PU), uau MUKPOBOTHOBOIO KOCMUYECKOTO (hOHA.

ITocne smoxu pekoMOMHAIIIH 0OPA30BAIKCH KPYITHOMACIITAOHBIE CTPYKTYPhI BCemeHHo!: TaJJakKTUKA U CKOILIEHUS
rajakTuk. [Ipu 3Trx nporeccax TakKe BhIAEIAIACh 3HAUNTEIbHAS SHEPTUs. TaM, rae 00pa30Banch TEPBUIHBIE CTPYK-
TYPBI, U3TyUEeHNE TOTYIUIIO TOMOTHUTENHHBIN BKJIA] SHEPTUN U BO3SHUKJIN JIOKATbHBIE OTKJIOHEHUS OT TEIJIOBOTO CITeK-
rpa. C redeHreM BpeMeHr OTKJIOHEHUS JTOKATLHON HHTEHCUBHOCTH OT CPEHEH 3aMbIBAIUCH [IPU PACCESTHUN HA SJIEKTPO-
HaX, HO BCE YK€ KAKMe-TO MCKAYKEHHUsI B MPOCTPAHCTBEHHOM DACIPEIETIEHUN W3JIyIeHus, KOTOPOe Ternepb HaOJI0IAeTCst
B pPaIUOINANA30HE KAK PEIUKTOBBIN TemaoBoit (o ¢ Temmeparypoit 2.7 K, mOKHBI OCcTaThcsa. Pacder 3aMbIBaHUs
¥ OCTATOYHON aHWU30TPONUHU PEIUKTOBOTO W3JIy9eHUs MPEICTaBJIsAeT OONBINON nHTEpeC Ay Kocmosoruu. Vckarkenust
CIEKTpa W WX JAJbHEHIast SBOIONNS B 3HAYUTEIHHON CTEMEeHW TaK»Ke OmpenensioTcs paccesaneM. [Ipu pacderax
HCKayKeHWii CreKkTpa mpuMeHsieTcs: ypaBHenne Kommaneiina |7, 13, 54]. ckaskenns uzorpornun PU u ero crekrpa 1o
TEOPeTHYEeCKIM OIEHKAM COCTAaBJSIOT B HacTosmee BpeMsa 10~° or unrencusnoctu PU.

JBurKkeHNst NEPBUYHBIX CTPYKTYD BCesleHHO# MOTyT MOpoXKaaTh MONspu3anuio nsiaydenns [35]. Oxnmaemas cre-
HeHDb ToIaApu3anuy Bo3Mymenmit PU nocturaer 10 %, T.e. 1078 or mmrencusrocTr camoro PU. B macrosimee BpeMs
TeXHUYECKUe BO3MOXKHOCTH AIMMAPATYPhI B PAIUO-TUAIA30HE MIOAOIIIN K TOMY YPOBHIO, KOTOPbIH TO3BOJIUT HAOIIOAATH
BCE 3T SBJICHUS.

6. Topstumii Ta3 B CKOMJICHUSIX TAJAKTUK. V3 HAOIIONeHU KOHTHHYYMa, U JIMHUH B PEHTTEHOBCKOM 06JIaCTH CIIEKTPA,
CTIeyeT, UTO B GOTATHIX CKOIJIEHHAX TAJAKTHK MMEETCS TOPAYM JIeKTPOHHBIN Ta3 ¢ TeMIepaTypoil mopaaka 108 K.
Macca ra3za cpaBHAMA € MACCOH COCTABJISIONIMX CKOIJIEHHE TATTAKTAK. JTOT ra3 PACCEMBACT MUKPOBOTHOBOE PEJTUKTOBOE
uznyuenue (PU) u capuraer ero CnekTp B CTOPOHY OO/IbIIMX 4acTOT. POTOHBI MOMYYAIOT JOMOJTHUTEILHYIO, XOTs
HE OYeHb OOJIBIIYI0 YHEPrui0, TAK YTO HA MaJIbIX JJIMHAX BOJIH W3JIyYEHWE YCUJIUBAETCs, a Ha 0ojiee JJIMHHBIX —
ocyiabaisiercsi. 9o sBienue HasbiBaercs dbdekrom Cronsesa—3enbaosuya [10]. O630p HabiogaTebHBIX JAHHBIX U
reopun 31oro 3ddekra npeacrasieH B padore [51].

XapakTep UCKasKeHUsI CIIEKTPa OTPAKAET TaKYKe MEKYJSIPHOE JIBUKEHUE CKOTLICHUS MO0 OTHOIIEHUIO K PEJIMKTOBO-
My (GOHY. DTO K€ [IBUKEHHE MOXKET CO3/ABATH MOJSPUAIUIO PACCESTHHOrO n3aydeHus. HabmroaeHus Xoa n3MeHeHu st
criekTpa u nojspusanuu PU mo Tesry He oveHb NaeKUX CKOTUIEHUH MOYKET TO3BOJUTD BHISBUTEH PACIPEIETICHUS TIOT-
HOCTH, TEMIIEPATYDHI ¥ MAKPOCKOIIMYECKOH CKOPOCTH JIBUKEHWsI SJIEKTPOHHOTO Ta3a B CKOMIeHusx [50, 55].

7. Ipyrue 06bekThl. KOMITOHOBCKOE pacCcessHue UrpaeT 3aMeTHYIO POJIb U B PAfe 00HEeKTOB, OTIMYHBIX OT yKa3aH-
HbIX Beime. Hanmpumep, Mexx3Be3aHoe u3nydeHne B [alakTHKe PACCEMBAETCA SHEPIMIHBIMU JIEKTPOHAMA KOCMUIECKHAX
aydeii [45]. D10 usiyueHune CUIbHO HEM3OTPOIHO, TaK KAK UAET B OCHOBHOM OT raJlakKTH4ecKoil miockocru. Ero npeo6-
Pa30BaHME B YKECTKUE JUATTA30HBI MEITAET U3YUEHNIO U3JIy9YeHUsT TEX KE JUANA30HOB KOCMAYECKOTO MPOUCXOKICHUS.

PaccuuTbiBatoTcss Momenn 3Be31HbIX aTMOCKhEP € YIETOM KOMITOHOBCKOTO PACCESHHSI PEHTTEHOBCKOTO W3JTyIeHHS
HEKOTOPOr0 BHEIIHErO UCTOYHUKA, HAIIPUMED, AKKPEUUOHHOrO qucka [40].

B pabore [20] moka3zaHo, uyTo HenuHeHHbIH (MHAYIMpOBaHHbIH) 3¢ dekT KommnroHa ciocobeTByeT HArpeBy BelecTsa
pHemHux obosouek Al u mynbcapos.
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I'maBa 4. YepeHKOBCKOE U MEPEXOTHOE M3JIydEeHUE

§ 1. IloTeHmuUaJbl 3apda/ia B AUSIEKTPUKE

1. Bapsan B audnekrpuke. 3aydenne YepeHKOBA, TO €CTh CBEYEHUE 3apsa, JABUKYIIErOCS B IUIIEKTPUKE, OBLIO
orkpbiro actmpanTom C. . Basumosa I1. A. Yeperkosbim B 1934 1. [Touru cpazy ke U. E. Tammom u . M. ®pankom
ObLTa, MOCTPOEHA Teopusi TOro cBedenwusi. B 1958 r. um Tpoum ObLna npucyxkiaeHa HobeneBckas nmpemusi o dbu3mkKe,
TaK Kak 3(M@EKT moJyInsI MUPOKOe MPUMEHEHNE B CUETINKAX (POTOHOB.

Kak wu3BecTHO, paBHOMEPHO JBMKYyInuiicss 3apsia He uziaydaer. OJHAKO, eCIU CKOPOCTh 3apsjia B JIUIIEKTPUKE
MTPEBBINIAET CKOPOCTH CBETA B ITOM [IWIJIEKTPUKE, TO BO3HUKAET HEKOTOPOE M3JIydYeHWe — IJIEKTPOMATHUTHAS BOJIHA,
aHaJIOTMYHAs KUJIeBOI BOIHE KOPabhJisi, HIyIIero ObICTpee CKOPOCTH PACITPOCTPAHEHHST BOJIH B BOJIE, MJIN YIAPHOI BOJIHE
B BO3/IyXe OT CAMOJIETA, JIETSIIero ObICTPee CKOPOCTU 3BYKA. 3IECh JAETCS KPATKOE OMUCAHUE MEXaHU3Ma CBEYCHWS
Yepenkona.

ITycTh B IWAIEKTPUKE TOKA3ATENh TPEJOMICHUS n = /¢ > 1. Bymem cuuraTh, 9TO JUIIEKTPUK OTHOPOIEH, TO

ectb € = n? = const. Torna ckopocTh cBeta B Takoil cpese ¢ = ¢/n < c. [IycTb 3mexTpon (3apsam —e) JBUKETCH ¢
MTOCTOSTHHOM CKOPOCTHIO ¥, TAKOH, UTO ¢1 < v < ¢. Torma mioTHOCTH ero 3apsifa U TOKa OyIyT
p(th) = —66(F—ﬁt), .T(ﬁt) :p(F)t) v. (1)

ITpumem Jjisi IPOCTOTHI, YTO CKOPOCTH 3JIEKTPOHA HAIIPABJIEHA BIOJIb ocu z, To ectb ¥ = v (0,0, 1). [Torepsimu s1ep-
TUU HA W3JIyJYeHUe MpeHeOperaeM, TO eCTh CIUTAEM, UTO KTO-TO TSHET 3JIeKTPOH ‘3a BepeBouky'. Haiimem u3mydenue
TAKOTO 3apsna. Haunem ¢ moTeHImaIos.

2. Torermmanr. IToTeHIMAIBI ONPEIETAIOTCA OOBITHBIMA HEOTHOPOIHBIMA BOTHOBBIMA YPABHEHUSIMA
1 02 A 47
3 am p=—"r
2 ot? e’

1 0% - Ar

c

ITockonbKy ¢ 1 1 IOCTOSAHHBL, TO JOCTATOYHO HANTH CKAJIAPHBIA IOTEHIHA ], KOO IPSAMOI IOACTAHOBKOI JIEIKO IIPOBe-
PUTH, UTO
— TL2

A:?cpv. (3)

BBuy oceBoii cumMerpuu J0CTATOYHO HANTH MOTEHLUAJIbL B IIOCKOCTH 2. Bo3bMmem TouKy Habaonenus ¥ = (z,0, z),
MIPUYEM MOXKHO OTPAHUYIUTHCS paccmoTperueMm ¢ > 0 u z > 0. 3ama3abIBaionuil mOTEHIHAI JaeTcst (POPMYJIOin

(7 1) = 1 / PP ty) L (4)

|7 — 7|
ITpu 5TOM, KaK OOBIYHO, JOJPKHO BBIMOIHATHCA COOTHOIICHHE
|7 =7 =c1 (t —t1), (5)

BBIPAKAIOIIEE TOT (PAKT, 9TO BIMSHHUE 3apsA]a HA TOYKY HAOIIOIEHUS PACIPOCTPAHSETCS ¢ KOHEYHON CKOPOCTBIO Ci,
CJIEOBATEIHLHO B MOMEHT BPEMEHH ¢ HA TOYKY 7 OKAYKET BJIMSHNE COCTOSAHUE TUIOTHOCTH 3apsfa B TOYKE | B MOMEHT
BPEMEHN 1.

Hust Togegnoro 3apsiza obwas dpopmysa (4) nepenuinercs B Buie

e d>rq
Ft) = —— [ 6(Ff1 —Tt1) 5——-, 6
olrit) = =55 [ o —n) e (©
a cooTHorenne (5) mepeizer B
|F—17t1|201 (t—tl). (7)

[Torenmmann: nznydennss YepeHKOBA HAXOAATCS AHAJTOTUIHO MOTeHIaIaM JInenapa—BuxepTa. Mbr moryanm BeIpa-
JKEHUs JJIsT TIOTEHITHAIOB He(pOPMATbHBIM CIOCODOM, OTKA3ABIINCH OT TOYEIHOCTH 3apaAaa. IIycTh ero mpoTsaKeHHOCTD
paBHa a. Bkyaja B uaTerpas (4) Jal0T TOYKH 71, B KOTOPBIX B MOMEHT #{ HAXOAUTCSA HAII 3apsii. [Ipu 3aKperIeHHbIx
t; ypasuenue (5) omuceiBaer cdepsl paguyca ¢ (t — 1) — cdepor Biuanua. Yem panbiie ¢ < t or ¢, TeM GobIIe
pamuyc cdepbl, ¢ BO3pacTaHWeM t; PaguyC yMEHBIIAETCA W HpHu t; = t cdepa CTACUBACTCA B TOUKY, TO €CThb CXEeMa
PaCCyKIeHUil Ta ¥Ke, 9TO U MpU BBIBOAE (OPMYJI /i OOBIYHBIX MOTEHIMAJIO0B TOYEIHOro 3apsana. OIHAKO, UMEITCS
CYIIIECTBEHHbBIE OTJIMYUST, TOITOMY PACCMOTPUM TOJAPOOHO KMHEMATHKY MIPOIECCA.

3. MowmenTn Bimsaansd. Beegem 0603HAUEHMA

X=r—0t, Xy =7F—0t, =X +0(t—t). (8)
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Torza (7) MOXKHO IEpenucarh TaK
[Xi| =X+ 0 —t1)] =ci(t = ta). 9)

Bossens (9) B KBazpar u pa3peiius pe3ysbraT OTHOCUTEIbHO t — t1, MOy IUM

—~(X0)+Y
t—tf = ——2 o~ 10
1 v2 — c% ) (10)
rae

V2= (X0)? - (v?—c}) X2 (11)

IIpu v < ¢; Besmuuna Y Bcerga BemecrBeHna, Tak Kak (11) ecTb cymma ABYX HEOTPULATENLHBIX CJAaraeMbiX. B aTom

CJIydae MOMEHT BJIMSHUA TOJIBKO OJIMH tf, A3JIy4YEHUs HeT.
s HAC mpeACcTaB/IseT WHTEPeC Ciaydait v > ¢1, Toraa Y BemecTBeHHO He npu Beex t. Haiimem, npu kakux ¢ 3Ta

BEJINYUHA, BelecTBeHHa. ZcHo, uro JomKHO 6bITh X ¥ < 0, Tak Kak WHaYe 33 CYET BHEKOPEHHOTO CJIAaraeMoro Oymer
t —t; <0, a Tpebyercsi, 4T0b6b61 ObLIO t — ¢ > 0, OO TPUYMHA JOIKHA [IPEIIECTBOBATD CJIEICTBUIO.

4. Konyc Yepenkosa. ITomoxum X 7= Xwv cosa. Torma ycmoBue BeecTBEHHOCTH Y 3aIUIMIETCS TaK:
Y? = X?0? cos®a — (v* —c]) X2 = X2 (¢} /v —sin® @) > 0. (12)
OTcioma ce/IyeT, 9To ycaoBme BhIoTHsAeTCs mpw sin’ a < ¢ /v?
sina < ¢ /v, (13)
U, TAK KaK YIoJI (& TYIO, TO OH JOJZKEH yJIOBJIETBOPATH YCJIOBUIO

T>a>T— Q. (14)

—

I'paHndHOe 3HAYEHWE YIUIa MKy BeKTOpaMu X W ¥ ONMpeIessiercsi OCTPBIM YIJIOM (i, TIPHYEM
— 2
tgag = c1/y/v? — 5. (15)

Konyc (14) nassisaerca konycom Uepenkosa. Bce uziyuenue 3apsijia HAXOJUTCA BHYTPU 3TOIO KOHYCA.
IIpumaB BO BHUMAaHHUE, UTO
S
X = (2,0,z —vt), (16)

Haiimem
z—uvt T

e vt_)Q’ sina = (17)

cosa = .
VaZ+ (z —ovt)?

Tak Kak KOCHHYC OTPHUIATENEH, TO Ut > z — 3apsaj ylmes Aaablie ToYku Habmogenus. [loacraBus BbIpaxKeHne s
cunyca u3 (17) B Hepasercrso (13), momydnm

c1 (vt—2z) > Jv2—clz (18)

" KaK CJIeICTBUE OUEHKY CHU3Yy BpEeMEeHU Ha6JIIO,ZLeHI/I$I NU3JTy1IeHUA:

z v2 — 2
t>pr =24 VT4, (19)
v vey

KaK CJ1€e, eT U3 ].0 UMeeTCd JIBa MOMEHTa BJINAHUA 3apdJa Ha TOYK Ha6JIIO CHUA. OHI/I O603Ha‘leHbI ti IIpuniemM
) 1

3HaKu GepyTcs B COOTBETCTBMU €O 3HaKamu nepex Kopuem B (10), tak uro ¢ — ti" >t—1t, ti" <t.
s HaXOXK/IeHUsT BBIPAXKEHUH I NOTEHIMAJIOB HYKHO 3HATH IPOEKIIUU CKOPOCTH 3apsiJa HA HAIPABJIEHHE HA
HaOJTIOATE IS, TO €CTh HAMPABICHUE U3JIyYeHNS B MOMEHTHI BJIUSTHUS.

5. ITpoekmuu ckopocT Ha HanpasyieHue usaydenns. OG03HAYUM BEJIMUUHY ITON MPOEKIUU Yepes3

X+

+ -]
v =0 — 20
F=iE (20)

a TaKzKe BBEIEM BCIIOMOTATEJIbHBIC BEJIMIUHBL
vt —2z v 5 3
y=—— q=—, f=Vy —(*-1) (21)
xr C1
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B s1ux 0603HaYEHKSAX UCIIOIB30BAHHBIE HAMU PpaHee BEeJINYINHBI BbIPazKalOTCA CJIeIyIOIUM O6p3.30MZ

L2 rqyEf
X=- Y = t—tf =— 22
v ryw, clmfa 1 1 q2_17 ( )

L2 TvU
UXf:ﬁ(yiQf)- (23)
Kpowme toro, u3 (16) u (9) nomyuaem

1 1 ayFf
X2=22(1+¢y?), — = = ) 24
W) 2 ==t "2+ D) (24)

U3 (18) Bbirekaer, uro y > +/q? — 1. IIpunumMas BO BHUMAHKE BbIIUCAHHBIE COOTHOMIEHWSs, HAXOAUM
+__zV ayFf gty f

=— (y+ = . 25
Ux q2—1(y qf)x(y2+1) Uy2+1 ( )

Jlj1s1 onpe iesieHns 3HAKA, IPOEKIIIT CKOPOCTH Vi 0CTATOMHO BhIpasKenus (23), OJHAKO HPOIIE UCXOJUTD U3 BHIPAXKEHUS
(25). TIpoexiusa v mpu Beex t Gombine ¢p. [Ipoeknus ke BO BTOPOii MOMEHT TiepecedeHus obpalllaeTcs B HyJIb MpU
Yy = ¢, upu y < ¢ OHA NOJIOXKUTEJIbHA, IPK Y > ¢ — oTpunareiabua. Bennuunna y npu HGUKCUPOBAHHBIX 2 U T HAIIPIMYIO
CBs3aHA CO BpeMeHeM HaOJIIOIeHus .

Takum 00pa3oM, KAPTUHA, MPOXOXKIEHUS 3apsaa depe3 cdepy Bausiaus Takosa. Jlo ¢ < t*, cOOTBETCTBYIOIIErO
y=y* = \/q? — 1, m3nyuenns nmer. Korma t mocturaer 3sHaveHus t*, 3apsai B €IAHBIA MOMEHT ti" = t] JIMNIb KacaeTcs
cepot Biusnug. B sror moment vE = ¢;. Ecium Moment nabmogenns ¢ > t* npoexius vy > ¢, TO €CTb B MOMEHT
MIEPBOTO TEepeCceveHns 3apsal BCerna norousier cdepy Bausans. B MoMenT BTOpOro mepecedenns npu 1/q2 — 1 < y < g,
1o ectb npu t* <t < tp = z/v + m/cl [IPOEKIHsl CKOPOCTH 3aK/4YeHa B Hpenpenax c¢; > vy > 0, tak 4ro cdepa
porouder 3apaz. Ilpu ¢ > ¢y npoeknusa v, < 0. 10 03HAUAET, YTO 3apaz U cdepa JBUKYTCA HABCTPEUY APYT APYTY.
Mowmenry t = t. = (z + 2 yc)/v, e

2 2, 2
qg +1 z T vi+c]
Yo = === le = —+ ——=—== > 1o > 1", (26)

-1 L Y

orBeYaer JOCTHXKeHUe Mpoekiueli vy Beauuunbl —c;p. Hakonen, u3 (25) caenyer, 4ro npu t — +00, TOorga u y — +00,
TTPOEKITNH vf CTPEMATCA COTBETCTBEHHO K +u.

6. Haxoxxmenune nmorennuaios. [10CKOMBKY CKOPOCTH 3apsiga OOIbIe CKOPOCTH YMEHbBIEHN paanyca chepbl BJIU-
saHust, 3apsan HaroHser ee. CHadasa OH mepecekaer cdepy wW3BHE, a 3areM u3HyTpu. llepeceveHne M3HYTPU MOKET
MIPOUCXOIUTDH, KAK MBI BUJIETH JIBYMs CIIOCODAMHU.

MoyKHO cunTaTh, YTO BHAYAJE 3apsi IBUKETCS TPSMO Ha HAOJIIOZATENs CO CKOPOCThIO vy = vy > 0. Beiencreue
JBUKEHVS 3apsaa cepa BIUsSHUS OyIeT 9yBCTBOBATH €r0 HA, MPOTSIKEHNN PACCTOSHUs, HE PABHOTO ¢. O003HAYMM 9TO
paccrosinue b. 3a onHO U TO XKe BpeMs cdepa npoitaer paccrosguue b, a TOTOHSAIONME ee 3apsii — paccrosinue a + b,

TaK 4TO
a+b b b 1 (27)
vo ¢ a wvgfep— 1
Koryia 3apsa u cdepa BAMsHUS JBUXKYTCS HABCTPEUy JPYT JIPYTy, CKOPOCTh 3apsijia vg = —vi > 0 — 310 npoekuus
BEKTOpa ero CKOPOCTH Ha HaIpaBJIeHHe He Ha, a oT Habmomarend. B atoMm ciaydae
a-b b b 1 (28)
vo ¢ a wvoler+ 17

Takoe Ke COOTHOIIEHHE TIOTyHYaeTCs U B TOM CIydae, ecan cdepa JOroHsAeT 3apsal, TAK ITO BAPUAHTHI NPOXOXKICHHST
3apsga depe3 cdepy mpu BTOPOM TEPECeueHNr He BIMSIOT Ha OKOHYATENbHBIN De3ysIbTar.
3amedvasi, 9TO MONyUYeHHbIE OTHOIIEHNs He 3aBHCAT OT pa3Mepa 3apsifia, TO eCTh CIPABEIJIMBLI U sl TOUYEYHOTO
3aps/ia, Mbl MO’KEM BBIYUCIUTH WHTErpaJl, BXOAAmii B (6), BbIHECS 3a 3HAK HHTErDAJIA MHOKUTEIH NPH 0-DYHKIMAX
U BOCTIOJIB30BABIIUCE (27) u (28):
e 1 1 1 1

_e [t PR 29
4 20X we -1 X7 —vije+1 (29)

n

Toacrasus ciona Bipazkenus 1t X = i vE u3 (24) u (25), a Takrke NpUHAB BO BHEMAaHKE onpeenenus (21), morydum

OKOHYaTEJIbHO

26011 - U 2
= - = . 30
Y P (30)

7. IlpousBomnbie OT MOTEHIUAIOB. [IOCKOTBKY B BbIpayKeHUs IS HAMPIKEHHOCTEH BXOIAT MPOU3BOIHBIE OT MO-
TEeHIIUAJIOB, Hali/leM CHadYaja 3TU MPOU3BOIHBIE.
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Coruacuo (30) moreHUMAIIbI 3aBUCAT OT BPEMEHU U KOOPJIMHAT TOJIILKO Yepe3 BeaU4YuHy Y, KOTOpas Olpeesisiercs
dbopmymamu (11) u (8). ITosTomy Haligem MpOU3BOAHBIE OT 3TOH BemduHbl. [Ipomie HaYaTh ¢ ee KBAApaTa, KOTOPBIi
MOXKHO 3aIlACaTh B BHJIE

V2=l (z—wt)? — (v® - )z (31)
Torma
VY2 = 2(X5)7 —2(0% — )X =20 x (7 x X) + 262X = 2(—(v? — 2)z,0, (2 — vt)), (32)
oY? " . . .
e —2(X0)v* +2(0* — ) XT = =261 X7 = —F(VY?) = =23 (2 — vt)v. (33)
CirenoBaresbHO,
- Fx (@xX)+AEX Oy =
S - = 34
Vo =—p 7 ' B TV (34)
U3 cBsA3M BEKTOPHOTO U CKAJISIPHOTO MOTEHIHANOB (3) mosydaercs
04 ¥ ,0p gz 2w T g
oI A=- 35
C =22 = L2 i¥y), VA= ¥y, (3)
> 2
VXA:gn2XV<p—n?£2(U2—C%)17XX (36)
Jlerko mpoBepuTh, uTo ycaoeue JIopeHna cobogaeTcs
n20p =- n2dp n?dp
T A VA= _ . 37
c Ot * c Ot c Ot (37)

Tenepnb y HAC €CTHh BCe JJIsT HAXOKIEHUS XapaAKTEPUCTUK CO3aBAEMOTO 3aPAIOM TIOJIS.
§ 2. Uznyuyernne YepeHKOBa M €ro CIEKTP

1. ITone u uznydvenne. [lo TPOU3BOAHBIM OT MOTEHIIMAJIOB MPOCTO HANTU BBHIPAKEHUS [JIsi HAMPSI)KEHHOCTEH MOJIs.
Hanps:KeHHOCTh 3/TEeKTPUIeCKOTO TOJTS

2
Fe-Vp- 19 _ 2 m%a) -0 - )% - a0 = -2 (02 — )X, (38)

MaraurtHas HaIPpA>XKEHHOCTDH
2
_ - N ne - .
H=VxA=—FExXxUu (39)
c

MIEPIEHIUKYIIPHA TEKTPUIECKON 1 00e OHU OPTOrOHATBHBI BEKTOPY PACIHPOCTPAHEHHUsT U3JIyUEHHUsI, TO eCTh BEKTOPY
IToitaTHHTa

= c = - -
S=—FExH=S5L 40
T (40)
Te >xe HAMPSXKEHHOCTH B KOOPIMHATAX
N 2 2 2 . 2 2 _ .2
E= e (00,2 — vt), H = == =5(0,2,0), (41)
a BEKTOP MOTOKa U3JIy1YeHUA
22 .2 2
S = %v)fiﬁclm(z —vt,0, —z). (42)
Od4eBUIHO, YTO BEKTOPHI
- (z—0t,0,— X
= w, ~2 . (0,1,0) (43)

X

06pa3yoT mpaByio TPORKY OPTOB.

Kak yxke ormeuanoch, 10 MOMeHTa t = t* m3aydenust 3apgaia HeT. B mMoment ¢ = t* BemuuwHa Y U, 3HAYUT,
3HAMEHATE/N y MOTEHINAJJOB U HAMPSKEHHOCTEH O0pAIArOTCa B HYJIH, TAK 9TO CAMH 3TH BEJUYUHBI OECKOHEUHHI.
[Toce 3TOro MOMEHTa HANPSAYKEHHOCTH HeNpepbiBHbI W 1Mpu Gombmux ¢ yGbisaior, Kak 1/t2, a sexrop IloftnTunra,
kak 1/t*. Obpamenue nons B 6€CKOHEYHOCTh ABIAETCSA CJIEJCTBUEM TOTO, UTO TPHU BBIBOJE (GOPMYJ He yUUTHIBAIACH
JIMCIIEPCHs, TO €CTh MOKA3ATE/ b MPEJIOMJIEHUs] CAUTAJICS TIOCTOSHHBIM.
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2. CrekTp 4epeHKOBCKOro w3ty denus. [ HaXOXK AeHus XapaKTePUCTHK CIEKTPa HeOOXOAUMO HalTH mpeobpa3oBa-
nusi @yphe or Hanpsizkernnocreit. Hagnem ¢ morennuasios. [IpeobpasoBanue @ypbe OT BeIMIMHBI, 00PATHOM Y, JIETKO
BBIpazKkaercsd depe3 pyHKImo MakIoHATbIA

o dt 1 . &0 d 1 .
/ et = — —e“"z/”/ exp <iw\/v2 - c%i> S — ewrV R, (—iwﬁvQ - c%i> . (44)
. Y c1v 1 vey uz —1 vey vey

Takum obpaszom, HHTErpaJ Beipaxkaercsa depe3 dpyukimu beccens. OqHako, Jydine He UCIOIb30BATH 9TO SIBHOE BbI-
palKeHwue, & OCTABUTH €r0 B BUE WHTETPAJa, IYTO MO3BOIAET yIeCTh aucnepcuio. CKaIsIPHBIA M BEKTOPHBINA MTOTEHITHAJIBI
MIPEJICTABISAIOTCS HHTErPATIOM

Lo L2eer [ dw g, [0 S 27U du N
p(F,t) = Sy 7006 q—ve : exp | iwy/v _Clvcl ﬁ,A—?vga. (45)

COOTBETCTBEHHO [IJIsT HATIPSIZKEHHOCTEH MOy IA0TCs TAKAE YK€ MHTErPAIIbl. [IJIst 3IeKTPUIeCcKO
- 1 2ec; [ . ,dw . > . TU du =
E(rt) = o——5 e Wt = piwz/v exp | iwy/v? — 3— | ———=E(w,u) (46)
21 n o c1v 1 vey u2 — 1

R
U aHAJIOTMYHBIA /1J1s MAPHUTHOM HANPszKeHHOCTHU ¢ BecoBoii pyukuueil H (w,u). s 31ux BecoBbix DYyHKIUIE HAXOAUM
IPU MOMOIIN BBIPAXKEHUI HANPSAKEHHOCTEN depe3 MOTEHIINAIIBI

2 2

— 1 2e w2 —¢ W n .
E(w,u) = | =Y Ly, 0,i— | + —(0,0,v)iw| =
2 n v c1 v c
. ew v? —c? v:—c? Cew JuE—c v? —c?
=—i— u,0, ——— = —li— u, 0, (47)
™2v c1 3 ™2v c1 c1

i MarHuTHOM HANPSAKEHHOCTH

R 2 2 _ a2
Hwu)= —"ix (if w2 — eiu, 0 %) =i VY T 1,0). (48)

m™m2v ¢

Haxkoner, ainst Bektopa IlofinTunra Haxogum

c e -2 1

47 m2n2v3c & w?-1 2

S(w,t) =

3. Uznygaemas momuiHocTh. Bennynna u3myvaemMoii MOITHOCTYA PABHA MOTEPsIM SHEPIUU BHEIIHUX CHJI HA TO, YTOObBI
"TaHYTH 3aps 32 BepeBOUKY'", M MOXKeT ObITh HalimeHa mo hopMmyse

W=— /jE"d% = —e/UEZdBT(S(:r)é(y)é(z —ut) =

D)
Cl

Z—ev/5 y)d(z —vt)d’r / tw(z/v= 1t)df.u/ i_mQ exp zz}—l 1—v—2u X

Cew v —c? c? ev [ c
X lT 5 = Y dww 1-— —2 Sgn( ) = 2 wll-— - dw
TNAv ct me 2 c* Jo v

IIpu nozpcranoske Boipaxkenusi (46) mepemennas u OblLia 3amenena Ha u/z. B unTerpase no gacrore ocraBieH ObLil
TOJIBKO CHHYC TI0 COOOPAYKEHUSIM YETHOCTH.

CoBepIleHHO OYEeBHIHO, YTO TOCTEIHU WHTErpaJj TPU MOCTOSHHBIX U U €1 PaBeH OECKOHEYHOCTH, UYTO HE MMEeT
buU3UIECKOrO CMBICTA W OTPAXKALT HEAJEKBATHOCTh HAIIUX MpeAnonoKenuit. Ha camom Jiese € u c/ieJo0BaTeIbHO MOKa-
3aTeJIh MPEJIOMJIEHUS N 3ABUCST OT 9aCTOTHI. [Ipn GOMBITHX 9acTOTAX W CKOPOCTH CBETA B BEIIECTBE €1 ~ C, & B PEHTTEeHe
MOXKeT ObITh Jaxke ¢; > ¢ (npeobpasoBanue @ypbe or nepeaaTodnoil GyHKIUY &(w) U Urpaloias POjib MOKA3ATEIs
upesiomyienus Beanuuna 1(w) Menbine egunauibl). [loaromy unTerpas mo yacrore Hago 6paTh He 10 DECKOHEYHOCTH, a
JI0 HEKOTOPOTO Wmax, KOTOPOE ONPEIENseTcss yeIoBueM n(wmax(v)) = ¢/v & 1. Torga pesyabrar (50) nepenmriercs B

BUIIE
ey [Wmex(v) c?
= — l1——— ) dw. 50
2 e () (50)

®opwmyita (50) nocur nassanue dbopmyssl Tamva—®@panka, KOTOPbIE €€ IOy YUIIH.
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§ 3. IlepexoagHoe U3IydeHUE

1. IIpupoma nzmyuenns. Ecium 3apsa IBUXKETCA C TOCTOAHHON CKOPOCTHIO, HO HE B BaKyyMe, a B CpeJie, OH MOYKET M3-
JIy9IaTh, TarKe KOTJA €ro CKOPOCTh MEHBINE CKOPOCTHU CBETA, B 3TOM cpee. Ha Takyio BO3MOKHOCTH 0OpaTH/IN BHUMAHNE
B.JI. Tuns6ypr u 1. M. @paux B 1946 roay [4]. 31y yenune Bo3HUKAET, €C/IU HA [IYTU 3aPsiIa U3MEHSIOTCS CBOMCTBA Cpe-
ae1. [lepBoHATAILHO pACCMATPUBAIOCH U3y YEHUE TIPU TTEPEXO/IE 3aPJIa U3 CPEIbl C OJHUMU ONTHYECKUMHU CBOMCTBAMHU
B CpeIy CO CBOWCTBAMU, OTJIMYHBIMYU OT CBONCTB MEPBOH. 3areM ObLIO YCTAHOBJIEHO, YTO MPWYWHON BO3HUKHOBEHUSI
M3JIyYeHUs MOYKeT ObITh U IJIABHOE M3MEHEHHEe CBOWCTB CTAIMOHAPHON CPE/IbI BIOIb TPAEKTOPHUH 3aPAIa, U M3MEHEHUe
3TUX CBOMCTB cO BpeMmeHeM. [Ipu HEMOHOTOHHOM W3MEHEHUN OMTUYECKUX CBOMCTB, HATPUMED MEPUOTTIECKOM, MOYKET
MTPOMCXOIUTH W PACCESTHNE, TO €CTh 00PA30BAHNE OTPAYKEHHBIX BOJIH. BCe 3TW MEeXaHU3MBI IO TPAIUINNN HAZBIBAIOTCS
[IePex0/IHbIMU.

31ech MBI pACCMOTPUM MPOCTEHINHN CIIydail Tepexoa 3apsaa W3 OJHONW OJHOPOMHON MOyOEeCKOHEUHOM Cpenpl B
JPYTYIO OTHOPOIHYIO K€ CPey, TPU YCJIOBUU, YTO CKOPOCTD 3apsiIa MEePIeH UKy IIpHa TpaHulle pa3aena. 3moxenne
BesieTcs 1o KHure [3].

IlycTs 3apan ¢ ABMKETCS BIOJIb OCH ANILINKAT CO CKOPOCThIO v > (. /111 HEro mIOTHOCTH 3apsAna U TOKa,

p(7,t) = qd(F — Tt) = ¢6(x)d(y)d(z — vt), J(F,t) = Tp(F,t) = qu(0,0,1)6(x)d(y)0(z — vt). (51)

VYpaBHeHne HePa3PhIBHOCTH, KOHETHO, BHITIOIHACTCA.

IInockocrs Ty pas3genser aBa MOJIYIPOCTPAHCTBA, 3AIIOJHEHHBIX AUIJIEKTPUKAMHU C PA3JIMYHBIMHU IIOCTOSHHBIMU
kodd dbunmeHTaMu 1UITeKTpUtIecKoi mponunaemoctn: £— npu 2z < 0 u ey npm z > 0. Ha rpanune sta BesnmunHa
TEPIUT CKAYOK.

2. OcHOBHBIE ypaBHeHUsI. 3anuiieM ypaBHerusi MakcBesa st TaKoi cuTyanuu. B KaxKI0M 13 MOJIyIpOCTPAHCTE
3TU ypaBHEHUS UMEIOT BHU/L

- - . . e9E 4r_, - - 10H
0= E=4 H=—-4+27 E=—-—. 2
VH =0,V 7p,V X e e A T (52)

Y m a4 o L 4r - L 10H 10 - =
E)Y=V(VE) - AE=2Vp- AE = S - 29 xH=

V x(VxFE)=V(VE) EVp V x 5 cath

19 (edE 4r e O’E  4rd7
S iy | e R R 53
cOt \ c Ot + ¢’ c2 Ot? c2 Ot (53)
Orciona ¢ yyerom cBsa3u morHocreii (51) nosydaercs ypaBHenue

e O°E . 1w T Op
——-—-AE=—-47|=-Vp+—=— ). 54
2 ot? W(s p+02 875) (54)

3. [Ipeobpa3zoBanus @ypbe. Pa3ioxkuM mIoTHOCTE 3apsiia U JIEKTPUIECKYI0 HANPS)KEHHOCTHh B HHTErpaJibl Dypbe
10 BpEMEHU U 110 KOOpJIMHATaM T U Y:

p(7,t) = /ﬁ(w,z)ei(mxzﬁeyy*“t)dwxdaeydw, E(7t) = /E(aex,wy,w,z)ei("’e"”myy*“’t)daexdwydw. (55)

[Ipeobpa3oBanme IOTHOCTH TOKA JIETKO BBIYUCISIETCS:

~ q —i(@xztaeyy—w q iwz /v
plw,z) = K /6(m)6(y)6(z—vt)e (@xzteyy—wt) qpdydt = W@ /v, (56)

Tak kax 0OJIbIITE BCErO MBI Oy/I€M UMETh JIEJI0 C TPOeKIuei BekTopa F Ha ock z, obo3uaunm E, = E. [Ipou3Boguyo
1o z GygeMm orMedarh WITPUXOM. Y paBHenue (54 st mpeobpa3oBaHus 3TOM IPOEKLUUK TOLJA IPUMET BUJL

1
—C%WQE + (@2 + @2)E — E" = —4x (gl% - c%zw) 5. (57)

Ypasuenue (57) MOKHO [EpENUCATH TAK:

2 ; 2
" w 9 _ Amiwg c :
el +5<C—25—&l>E——m (5—v—2> elwz/v, (58)

roe &1 = |81], &1L = (&, ®y,0). 3aBUCEMOCT IPEOOPA3OBAHMUI OT TACTOTHI W ONPEAENIIET BPEMEHHYIO, & OT &| —
IIPOCTPAHCTBEHHYIO JUCIIEPCUH.
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Haiins E = E,, MOXKHO OIIPeIE/INTh U MPOEeKIun BekTopa F Ha miockocTs. B gacTHOCTH, HanboIe€e mpoCTo MOy IUTh

nx KoMbuHauo F, = éLEL = &XEX + %yEy. U3 sroporo ypasuenus B (52) ciemyer, 4To

4
iBp+E = ?" p. (59)

Ha rpaHune cCpea OJOI2KHbI OBITH HENIPEPBbIBHBI HOPMaJIbHBIE COCTABJIAIONINE MHAYKINH U TaHMeHIOUaJIbHbIEe COCTaB-
JIAI0IINE HAIIPAZKEHHOCTH, 3alUIIeM 3TN yCJIOBUA JIJId HpeO6pa3OBaHI/IIL/'IZ

E—E—|z:0 = 5+E+|z:0: (Eae)—|z:0 = (Eae)+|z:0- (60)

4. Pemenus ypasuenuii. Hacrnoe peuienue ypaBuenus (58) ONUCHIBAET MOJIE CAMOIO 3apsiia:

4mq(1 — * [v2e)

Bl =
w(2m)3(e — 2 /v? — &% 2 Jw?)

eiwz/v- (61)

Permerunst omHOPOIHOTO ypaBHEHUS PEJACTABIISAIOT CBODOIHBIE BOIHDBI, TO €CTh U3JIyYCHHE:

By = dmq Cieii(wz/c),/s—aeiCZ/w2_ (62)

= w2n)?

Bnech ammuTy bl Cr 6e3pa3MepHbI.
Kombunanus TaHreHIa bHBIX KOMIIOHEHT HAXOIUTCA U3 COOTHOmIeHus (59):

22  E4 w ®2 2
L (Bp)t = Fo\e- ; E.. (63)

El =— S
® w e —c2 v’

XapakTep HAIMCAHHBIX PEIICHUH 3aBHCUT OT COOTHOLICHHUS MEXKIY KO3(DQMUIUEHTOM AUAIEKTPAIECKONR IIPOHAIIAC-
MOCTH €, TapaMeTpoM & | 1 JacToroil w. Ecim & < &% ¢? /w?, To nokasarenw B 9KCMOHEHTax B (62) BEIIECTBEHHBI, TP
z > 0 HeOOXOIUMO B3ATh OTPUIATENbHEIHA, a Ipu z < 0 — MOIOXKUTENbHBIA MOKA3ATEIM, TAK YTO PEIICHUS OIMUCHIBAIOT
3aTyXalmuye OT I'PaHMUIIbl BOJTHBI. TaKI/Ie BOJIHBI BCETr'/Ia BO3MOZKHBI IIPDX OIIPEAEJIEHHbIX 3HAYCHUAX W U & , HO OHU HaC
HE I/IHTepeCyIOT. OTB.He‘IeMCH MbI U OT BO3MOXKHDBIX peH_IeHl/If/'I, OIMUCBIBAIOIIUX BOJIHBI BJIOJIb IIJIOCKOCTHU pPa3Jejia CPE.
Hakomel1, ec/li Ha TpaHUIE HET pa3pbiBa W BBIMOIHAETCA cooTHOMeHue € = n? > ¢ /v?, r1e n — nokazare/b TpeIoM-
JIEHUS, TO 3TO O3HAYAET, YTO CIIPABEIJIUBO yCJIOBHE CYLIECTBOBAHUs U3JydeHus UepeHkosa v > ¢/n. B wacruocru, u3
(61) cpaBHUTEIHHO JIEMKO MOXKHO TOMy4uuTh hopmysy Tamma—®panka (50).

2 .2 2
xic c
5. Ammuryaer Bona. Tenepb npumeMm ycioBust ;2 <ex < X JIJIsI BBITIOJTHEHUS KOTOPBIX HEOOXOIUMO, ITOObLI
w
6p10 — > v. IlepexoaHoe u3ydeHre pacIpPOCTPAHIETCS OT TPAHUIILI PA3Iesa CPeld, TO eCTh MPU MTOJIOKUTEIbHBIX

XL
anmmkarax B dpopmyiax (62) Hamo 6paTh MIIOC, & MPU OTPUNATEILHBIX — MUHYC.
st cokparennsi GpOpMyJT BBEIEM 0O03HATEHMST

,3:%, g:%, ry =+\/zs — 2, sizsi—%— 2:—%(1—ﬁri)(1+,@ri). (64)

Banumiem rparugnbie yeiaosus (60), 3apaHee COKpATUB HA OOIIUH MHOKUTED BBLJEJIUB [eJIyI0 9acTh Y BO3-

m™iq
w(2m)3’
HUKAIOIMIUX LLpO6ef/'I CO 3HaMEHaTe/IAMU S4 B IIEPBOM PAaBEHCTBE U COKPATHUB Ha 06]]_[1/1171 MHOZKUTEJIb LLpO6ef/'I BO BTOPOM:
2 <-2 <-2 CQ
——e (C_.=>——-¢,Cy, ——+r_C_.=—"——r; C4. 65

Uckmiogasa mo odepenn ABa MCKOMBIX KO3 UIMEHTa, HaiimeM

Cep—el B 1— By —fre

C. — _ep—e- B¢ 1-p%_+Pry
+ Dey 1-pr_  1-p%3%

, O-= De  14+pry 1-p5292 7

(66)

rneD =eir_+e_ry.

6. [Ipenenbubie cryuan. Eciu 3apsn HepeaaTuBucTkuii, To ecth § K 1, T0 062 K03 duimenTa MaJjibl 1 TpU YCIOBUH,
9TO AUIEKTPUIECKUE MPOHUIIAEMOCTH € HE OYE€Hb PA3JIMYAIOTCS, OJHOTO MOPSIIKA!

_ &4 —E—
Cy =0¢ “Der (67)
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CusibHOE U3JIy4YeHre BO3HUKAET HA BBICOKMX YaCTOTAX, €CIU 3apsj yJIbTPAape/siTUBUCTCKUl, MpudeM, KaK 00bId-
HO 79 TaKWUX CAy9aeB, U3JTydeHUe UIET Y3KUMU TMyIKaMU B OMPEIE/IEHHBIX HampaBieHusX. /leficTBUTeTbHO, TyCTh

B ~ 1,y = 1/4/1 -2 > 1. Ha BBICOKMX YacTOTaX MOYTH BCErJA ONPaBJAHO HCIONb30BaHne (HOPMYIIbI IS -
IEKTPUIECKON MMPOHUIAEMOCTH, KOTOPas XapaKTepHa i JUCIePCHr B maa3me. Mbl mpuMeM 3Ty pOpMyILy, MpHIemM
HCIOb3yeM ODO3HAYEHNE TIA3MEHHON 9aCTOTHI:

w? [dme3n,
P e
e=1l-—, wp= — (68)

Beemem Ge3pa3MepHbIe BeJIMYMHBI, UMEIOIIIE MOPSI0K 1, BBIIEJINB MHOKHUTED Y:

0 032
(= Lic_ gsinez —0, w = —Lgi’y, ex ~1— —;t (69)
w w ¥ + Y
SR )
v
B o 1+63+0%
~1—ﬂ+2—72(9pi+00)~T. (70)

Yucnurenu nocaeqaux apobeii B hbopmysax (66) mpu NpUHATHIX TPEINOIOKEHUAX MOXKHO 3aMeHuTh Ha —1 y Cy u Ha
1y C4. IloacraBisist Bce 3TO B yKa3aHHbIE (DOPMYJIIBI, MOy UM

L v 63 C e -0t 62 _ .
L+65+ Qs 1+65+9Q-7 7 4 1+ +0. P+ +0%)

Cy (71)

AMnuTya BOJIHBI, HAPABJIEHHON B CTOPOHY JIBUKEHUS 3apsia KOHEYHA, a B MPOTUBOMOIOKHYIO CTOPOHY — MaJia.
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