MexaHN3MbI U3JIy9€eHUA B acTPOpU3UKe

I'masa I. TopmMoO3HOIT 1 peKOMOMHAIMOHHBI MeXaHI3MbI
§ 1. Topmo3HOIT MexaHU3M

1. ITocranoBka 3a1a4n. 3a1a49a, pacCMATPUBAEMas B 3TOM I1aparpade, OTHOCUTCA K TeOPHU HEYIIPYIHX CTOJKHOBE-
HU, KOTJIa B PE3yJIbTaTe CTOJKHOBEHUS JBYX YaCTULL, POXKIAETCs elle oHa dacruia — dhoron. TopMo3HOe u3/ydenue —
9TO U3JIyYEHUE 3apsijia IIPU KYJIOHOBCKOM CTOJKHOBEHUU 3aPSAKEHHBIX 9aCTUl. JaCTUIbI CAIUTAEM HEPEIATUBUCTCKUMU.

Bapaapl IBUKYTCA 1O TUIIEPOOIAM |, IOCKOIBKY 3TO JBUKEHHE C yCKOPEHHEM, B KasKIblii MOMEHT BPEMEHH W31y da-
10T 3JIEKTPOMArHUTHBIE BOJIHBL. [/ HAX0XKIEHUS TOTO U3JIyUEHUs U €ro CIEKTPA HAJI0 HANTH HANPSIKEHHOCTH MO,
a 3areM ux npeobpaszoBanus Oypbe no Bpemenu. BMecTo 3T0ro BocnpousseeM npocToii BbIBo, (GOpMYJIbI JjIsl CeIeHUsT
TOPMOBHOI'O W3JlyY€HNs, OCHOBAHHBII Ha MOPAJKOBBIX OICHKAX. DTOT BBIBOJ, JaH, HAIIpUMEP, B Kaure 1. B. 3enbnoBu4a
u 0. II. Paitzepa [9)].

MouraocTb mOMHOrO (BO BCEX HANDPABJICHUSX) U3JIYyUEHUS ABUXKYIIErOCS TOYEIHOTO 3aPAIa B JUIOIHHOM IPUOJIU-
Kenuu jaercs dhopmydioit Jlapmopa [19]
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JIAMONbHBIN MOMEHT TAaK2Ke MOYKHO BBIPA3UTH 9€pPE3 STH BEKTOPDI:
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ITockosbKy ABUKEHUE [EHTPa MacC ABYX 4acTul, (DAaBHOMEPHOE U NPIMOJIUHEHHOE) He MPUBOAUT K WU3JIyUEHHUIO, J10-
CTATOYHO PACCMATPUBATH OTHOCUTEJLHOE JABUKeHue, T.e. B (1) Hamo noxcraBuTh

d=me(ZsJms — Z1 Jmi) . (6)

3nech W — yCKOpPEHWe OTHOCUTEIHLHOIO ABUKEHUS.

U3 (6) BugHO, 4TO HE BCAKUE 3aps/bl MOTYT U3/Iy4aTb. B 9acTHOCTH, B3aMMOAEICTBUE OJUHAKOBBIX JACTHUI] HE
[IPUBOJUT K M3JIYUEHUIO B JUIOIbHOM MPUOJINKEHHUH.

Haubomnpiuit narepec npeacrapisier TOPMO3HOE M3JIydU€HUE JIEKTPOHA B IIOJI€ UOHA. BygeM caurarh WOH BOIOPO-
JIOTIOTOOHBIM C HEKOMITIEHCHPOBAHHBIM 3apsanom Ze. [lomoxum Z, = —1, Z; = Z. IlockoabKy Macca MOHA, 3HAYUTEIHHO
60JIbIIIE MACCHL JIEKTPOHA, MOXKHO IIPUHATH, YTO PUBEJEHHAS MACCA COBIAJAET C MACCOH 3JIEKTPOHA (KOTOPYIO Mbl
Takxke Oysem 0603HAYATH IPOCTO M),

2. OneHKa M3/Iy49aeMoil SHeprur. 3aKpenuM OTHOCUTEILHYIO CKOPOCTh ¥ U MPHIEJbHOE PACCTOAHUE HAJIETAIOIIErO
snekrpona b. OCHOBHAsT 9aCTh B3AUMOIEHCTBUS IIPOUCXO/UT TOI/A, KOI/IA YaCTUIIbL TOCTATOYHO OJIU3KYU APYT K JIPYTY.
B kagecTBe XapaKTEpHOrO PACCTOSHUS B3aUMOIEHCTBUS MOXKHO B3aTh b. Torma xapakTepHOe BpeMsi B3auMOISHCTBIsT
vacrut, t ~ b/v. XapakrepHas BeJMdUHA yCKOpeHus (cujia, Je/eHHAsd Ha MPHUBEJEHHYI0 Maccy) w ~ Ze?/(mb?).
[TonHoe n3ydenue 3a Bce BpeMs B3aUMOIEHCTBU
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[IpounTerpupyem 3Ty BEJUYUHY [0 BCEM IIPUIETBLHBIM PACCTOSAHUIM, T. €. HAHJIEM U3JIydYeHHe ¢ PABHOMEPHO Pac-
MIPEIEJIEHHOrO MOTOKA HAJIETAIOMINX /IeKTPOHOB. Hac Oyzer wHTEpecoBaTh CHeKTp 3TO# BegumduHbl. CHeKTpaIbHYIO
WIOTHOCTD u3Jydenus obosuadum dg/dw. Toraa

o0

q:/AE27rbdb:/:—Zdw. (9)
0

0

3. Cuektrp uzinydenus snekrpona. s naxoxaenus dg/dw cBsizkeM npuuesbHoe paccrosgaue ¢ 4acroroit. OcHOBHOM
BKJIaZ, B IpeobpaszoBanme @yphe 10 BpeMeHn Ha 9acTOTe w JAI0T 3HAYEHUs ¢, 1yt KOTOpbix w i ~ 1. Ciemosaresnbho,
4aCTOTA, HA KOTOPON B OCHOBHOM M3JIy4aeT Y4aCTULA C IPULEIbHBIM PACCTOAHUEM b, 110 NOPAAKY BEJIUYUHbL W ~ v /b.
[TosTOMYy OCHOBHOI BKJIa/, B U3Jly YeHUE HA 9aCTOTE W JAIT YaCTULbL C IPULEJIbHBIM paccroguueM b ~ v/w. Iloncrasisis
510 coorHommenue B (9) (B Tom uucie u B auddepennuan db), momryaum

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

Orcioga HaxoIuM
dg 4w Z%e8 1 (11)
. —
dw 3 m2c3 02
Ecnu BuIBOIUTE (GOPMYIY TOUHO B paMKaX KIACCHIECKOH TeKTPOIWHAMHUKH, TO IOMTYyIUTCH BLIPAsKEHNE, OTIHYA-

toweecs or (11) mHOXKUTEIEM HOPsiAKA eAuHuLbL. [IpUMepHO TaKOM 2Ke MHOXKUTEIIb JAeT yYeT KBAHTOBOMEXAHUYEeCKUX
s derros. OkoHuaTenbHO, Boipaskenne mias dg/dw moxkuO 3anucars B popme

dg 167 Z?e% 1

o = 3/3mEd 2 90 (12

31ech gec(v,v) — Tak Ha3bIBaeMblil MHOXKHUTENb LayHTa (Wi rayaT-dakTop). Ero apryment v — obbruHas (He Kpyro-
Bas) 9aCTOTA, IPUMEHHAeMast, KaK [IPAaBuo, B acrpodusuke. Bemuaumny (12) rakke pacCUnTHIBAIOT HA €AUHALYY YaCTOTH
Vv, T.€e. IIOJIaraior

dq dg 327%7%€5 1

— =27 — = —_— v, V). 13

dv dw  3v/3 m2c3 02 Gee (v,V) (13)
®@opwmyita (12) 6e3 muoxurens Layara 6biia BoiBegena X. A. Kpamepcom B 1923 romy.

Buecro (13) B pusuke yacro ucnosb3yercs Apyras BeJuduHa, a uMeHHo, nquddepeHiuaibHoe cedeHrne TOPMO3HOIr0
3Ty YCHUS:

1 dg
Beclv,v) = hvdv’
2

OTa BeJMYUHA PAa3MEPHOCTH CMC IPEeACTaBIger coDOR YMC/I0 M3/IydaeMblx (DOTOHOB B pacdere Ha eJUHHUILy JaCTOTbI
U eJVHUILY BPEMEHU, eC/IN T1aJIaeT eAUHUIHbIH N0TOK (1 3JIeKTPOH Ha eIUHUIHYIO ILIOMAJAKY B €AUHUILY BPEMEHH) Ha,
onuy muinenb. Cornacuo dopmyite (13)

(14)

3272 728 1

Bee(v,v) = 3v3 m2 3 02 hu Gec (v, V).

(15)

Besmmanna (13) orimmgaercs or (15) meM, 9TO OHa JaeT U3Iy94aeMyi0 SHEPTHIO, & He YUCIO (DOTOHOB.

4. Yepeauenue 110 ckopoctsim. Tenepb BoipazkeHue (15) MOKHO yCpPeJHUTb N0 CKOPOCTSM HAJIETAIOLIUX JIEKTPOHOB.
[TouTn BCcerma MOYKHO CUUTATH, YTO OHUM pacIpeiesleHbl To MakcBemty:

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

Oueprust GOTOHOB C YacTOTaMu OT V J10 ¥V + dV, HCIyCKAEMbBIX B €UMHALE OObEMA B €IMHUILy BPEMEHH 3JEKTPOHAME
co cKopocTsME OT v 110 v + dv, paBHa A v Bec(v,v)dvnent f(v)v dv.

IMosnmas sHEprus, UCIycKaeMas BCEMU JIEKTPOHAMH, TIOJYYaeTCs MHTErpupoBanueM. B pesyibrare Haiizem Koju-
YECTBO SHEPIHMU, UCIYCKAEMON eJMHuIel o0beMa 3a eIUMHUIy BPEMEHH B IMHHYHOM MHTEPBAJE YaCTOT B €IUHUIHOM
TEJECHOM yIJIE. DTa BEIMUMHA HA3BIBAETCHA M3JLy4aTEIbHON CIOCOOHOCTBHIO, Nan 00bEMHBIM KO3 (MUIUEHTOM U3JTyde-
HUS €c.(v). Bo Bce HanpaBieHus u3iydaercs

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

Umin



Huxuwmit npenen B unrerpase orpaxaer TorT (DAKT, YTO HE BCAKHUI JIEKTPOH MOYXKET H3JIyYuTh (POTOH HIaCTOTHI V.
JeiicTBUTENBHO, MTOCIE NCHyCKaHus (POTOHA B ITOJIE MOHA CKOPOCTH 3JIEKTPOHA yMeHbInaeTcss. OO03HAYMUM CKOPOCTH
9JIEKTPOHA MOCJIE U3TydeHus depe3 v'. ZICHO, 9TO JO/KEH BBINOJHATHCS 3aKOH COXPAHEHUS SHEPTUH

mv?  m')?
5 = 5 + hv. (18)
CupaBa n CJ1€Ba BEJWIHHBI MOJOKUTEILHBI, CJIEIOBATENLHO CIPABEIJINBO HEPABEHCTBO U > Umin = /2 hv/m.
Nurerpan B (17) yunobuee BbIYUC/IATh, B35B B KadecTBe nepeMeHHoil uarerpupoanus v'. [Ipunumas Bo BHuManue
cootHomenust Mexkty auddepennuanamu ckopocreit vdv = v' dv' u snavenusmu bynxkmun Maxcsema f(v)/v? =
f(")/(v")? exp(—hv/kg T), a Takze BHIHOCS U3-TIOJl HHTErpaJia CpeHee 3HaYeHne MuOKuTe s LaynTa (KoTopblii c1abo
3aBUCUT OT CKOpOCTI/I)7 HaXOJUM OKOH4YaTEJIbHO

3272 Z2% eb kg T hv
GCC(V) = ne n+ 3\/3 C3 (27]'ka T)3/2 gCC(V7 T) eXp <_ kB T> - (19)

OKCIIOHEHINAIbHBIA MHOXKHUTE/Ib ONPEIE/ISIET XaPAKTEPHBIN IJIsT TOPMO3HOIO W3JIy9€HUsT TaK HA3BIBAEMBIN 3aBaJl IO
qacrore. Ha puc. 1 orpaxken cmekrp Kod(dduinenTa TOpMO3HOrO U3JIyUeHUs i Psiia 3HAYEHUi TeMreparypbl 0e3
yUeTa, TayHTOBCKUX MHOXKUTEJIEH.
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Puc. 1. Koaddurpenar TopMo3HOTo U3ty deHus €q.(v). Puc. 2. Ouenka muoxuress Layara ge.(v, T).

@opmyJia AJid [IOJHOIO U3JlydeHus, T. €. BO BCEX 4acTOTax, TaKyKe JIerKO BbIBOJUTCS, €CIM OIATh BLIHECTH CPe/Hee
3HaYeHue MHOKUTENS gee(v, T):

o0
3272 7% (kg T)?
_ — +
GCC(T) - /ECC(V)dV - ne n 3\/3 C3 h (27Tm kB T)3/2 gCC' (20)
0
Ecnn noacrasuts B (20) 3Ha9€HUS BCEX HOCTOSHHBIX, TO HOJLY YUTCH
47 eee(T) = 1.42- 1072 Z2 T2 non™ (2/cm ). (21)

5. Ilormomenne. Haiimem cedenune mOrJIomeHus. JTO MPOIECC, OOPATHBIN TOPMO3IHOMY W3JIyYEHUIO: TPOJTETAIONTA
MHUMO HOHA JIEKTPOH MOTJIONIAeT (POTOH, SHEPTHUst KOTOPOT'O JOOABIISAETCS K KHHETHIeCKO# 9HEPrUuH JIeKTPOHA, COTJIACHO
sakony coxpanenus (18). Ho renepn HauasibHast 9HEPrusi 3JIeKTPOHA MOXKET ObITh IPOM3BOJILHOI (HEPEJIATUBUCTCKON),
B 9aCTHOCTH, HYJICBOM.

st BBIBOZA (DOPMYJIBI [IJTsT CEUEHUs MOTJIOMIEHUsT BOCIOIb3YeMCs OOBIIHBIM preMoM. [Ipumvem, 9T0 BBITOIHSAETCS
TIP. Konnenrpaiuu aromoB B cocrostanu T/IP ormerum 3Be3109K0#. 3anuiineM yCaoBre JETaIbHOrO DATAHCA: 9UCIO
GbOTOHOB, U3TyIAEMbIX €IUHUIEH 00beMa B €IUHUILY BPEMEHN,PABHO YHUC/IY MOIJIOMAEMbIX (DOTOHOB:

2

U%d’/ |:1 + C—B (t):| = nenjf(vl)dvlkcc BV(T_) dv. (22)

+
nen, f(v)dv 2hy3 " hv

3aech v 1 v’ CKOPOCTH EKTPOHA, YAOBIETBOpsIONe cooTHOmenuo (18). MHoKuTE/b B KBaJAPATHON CKOOKE yUUTHI-
Baer BbiHykKIeHHoe u3iydenue. [logcrasus B (22) pacupeunenenune Makcseita u dopmysy Ilnanka, nomydnm
dr 728 gec A

_ _ 1014
= 3 i mich s = 18010405 (23)

v

2
kcc(vla V) = 871_77600(”; V)




Ceuenre TOMJIOMIEHUS TAKYKE MOYKHO YCPEIHUTH [0 MAKCBEIJIOBCKOMY PACHPEIEICHUIO CKOPOCTEH JIEKTPOHOB, HO
MIPOIIle HAMMKMCATH YCIOBUE JETAJBHOrO Dajianca, KOTopoe umeer Bua coorHomenus Kupxroda—Ilianka:

2

+ _
nen™ kee(V, T)B,(T) = €cc(v,T) [1 + S

B0 (24)

OTK a
YA 1672 22¢5  kgT 1 72 1

8
33 ch (27rkaT)3/29cc(v,T)y =3.60-10° 5755

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

PasMepHOCTb CedeHuUiT NOMIOMEHUA kee — cM 2, a KO3 dUIMEHTA IIOIVIOMEHUA Oee = NeN kee — 1 / cm.

6. Fa,yHTOBCKI/Ie MHOXKHUTEau. MHuorne ABTOPBI OIIEHUBAJIA 3T MHOXKHUTEJIN, NCXOJA U3 PA3JINIHBIX HpeﬂHOJIO)KeHHfI.

hv kT
31ech Ha pHC. 2 BOCIPOW3BEAEHBI JaHHble KHUTH [52]. Vicmonb3oBaHbl 0003HAUYEHUS T = T Yy = Zf , TIe XH =
B XH

me* /2h* = 2n*me* /h? — sHeprus MOHM3AIMH BOJOPO/IA U3 OCHOBHOIO COCTOSHIS.
Wcxons u3 BeiBeIeHHBIX (POPMYJ MOKHO IMOJIYIUTh CedeHus (pOTOMOHM3ANUH U (POTOPEKOMOMHAIMH, ITO MBI CIe-
JlaeM B CeyromeM maparpade.

§ 2. PekoMOUHAIMOHHBIA MeXaHU3M

1. Ceuenune pekombunanuu. Pekombunatius, roanee (poTOpeKOMOMHAIIMS, — ITO MPUCOEUHEHUE HOHOM JIEKTPOHA,
¢ ussydenueM (OTOHA ¥ [IPEBPALIEHUE UOHA B aTOM (MM MOH MEeHbLUell crajuu uoHusauuu). PekoMOuHauus MOXKeT
MpOM30iiTH KaK HA OCHOBHOW yPOBEHb aTOMAa, TaK W HA BO30DYyKIeHHBbIE ypOBHM. B mocienneMm cirydae BCIeT 3a pe-
KOMOUMHAIMEeH MPOUCXOIAT KACKAIHbIE IIEPeXO/ibl HA YPOBHH, PACIOJOXKEHHbIE HUKEe, B PE3YJIbTaTe Yero M3J1ydaioTcs
GOTOHBI B CHIEKTPAJIBHBIX JIMHUASX.

B srom maparpade rem ke nTpubIMKEHHBIM CIIOCOOOM BBIBEIEM BBIPAYKEHUS [IJIsi CEUeHUsT PEKOMOWHAIINU C 00pa-
30BaHKEM BOJOPOION0106HOr0 nona. CHOBa ciieyeM u3J10xKeHuto kauru [9].

DHepruu JUCKPETHBIX COCTOSAHU{T BOIOPOAONOI06HOrO HoHa E; = —Z2xyu/i?, rae @ — riaBHOE KBAHTOBOE UHC-
70. IIycTh 3JIEKTPOH ¢ MOJIOKHTEIBbHOM dHeprueil mu? /2 mepexoauT B OJHO W3 CBSI3aHHBIX COCTOAHMIA 4. IIpwm 3rom
n3iydaercs (POTOH, YaCTOTA KOTOPOI'O OIPE/IEIIeTCs 3AKOHOM COXPAHEHUs SHEPIHUH:

w=""_p,. (26)

3akpenuM CKOPOCTb JIEKTPOHA ¥ U OyIeM CIYUTATh, 9TO JUCKPETHBIE YPOBHU PACIOJIOKEHBI OJIU3KO IPYT K APYTY,
TaK 9TO X HOMED MOXKHO PACCMATPUBATH KAK HEMPEPBIBHO M3MEHSIONIYIOCS TepeMeHHyo. Torma MOXKHO HAMUCATH
muddepeHnraIbHOe COOTHOITEHNE
dv 1 dEl 2 2 XH
di  hdi T hi3’
Cedenre peKOMOUHAIMY TIOTYIMM, PACCMATPUBAS STOT MPOIECC KAK MPOIOIYKEHIE TOPMO3HOIO M3JIyY€HUs HA TUC-
KpeTHbIE KOHEYHbIE COCTOsiHMA. [Ipn neiicTBun 060X MEXaHU3MOB M3/Iy9Iai0OTCsS (DOTOHBI C YaCTOTAMK OT V 10 V + dv,

(27)

KOJIN4€CTBO KOTOPBIX — dl/ Ho npu pekombunanuu mOH NEPEXOIUT B COCTOSHAE ATOMA C HHTEPBAJIOM AUCKPETHBIX

hv dv

ypoBHeii suepruu ¢ Homepamu ot i 10 ¢ + di. [Tosromy no anasoruu ¢ (14) MOXKHO HaKUCATH CJIEYIOLIEe COOTHOLIEHUE:

1 dg, dv 27t Z%e0 1 1

hy dv di 3\/_ me3h* i3 v2 I/gm( v),

Bcz ('U V) (28)

rae gei(V) — COOTBETCTBYIONIMI MayHTOBCKUN MHOXKUTE/Tb.

2. UznygarenbHas cmocobHocTh. Temeph HaiimeM, CKOMBKO SHEPTUU U3JIYUIACTCS [IPU PEKOMOMHAIUSX B €IMHUIE
obbemMa 3a eIMHUIY BPEMEHW B pacudere HA €IWHWIHBIA WHTEPBAJ 9aCTOT W B €IUHUILy TEJIeCHOTO yria. [las sroro
BaKPEIUM HEe CKOPOCTb JIEKTPOHA, & HOMEDP YPOBHs, HA KOTOPbIi npoucxoaut pekombunauus. Toraa coornoumenue (26)
YCTAHABIUBAET CBsI3b MEXK/Iy CKOPOCTHIO JIEKTPOHA U 9aCTOTOH m3aydaemoro ¢gporona, npuiem mvdv = hdv. Hacrora
usaygaemoro boToHa MOXKeT GbITh J11000i, HO He MEeHbIIeH YacTOThl npejesa i-Toil cepun v; = —E;/h, Tak uro npu
peKoMOMHAIMY U3JIy9aeTCs HEIPEPHIBHBIN CIIEKTD 3a IpezesoM ¢-1oii cepuu. VI3 ckazaHHOrO ciiemyer, 9To

1
ei(v)dv = nen+hu4—ﬂci(u)vdvf(v). (29)
T
[MopcraBus Boipaxkenue jyis cedenus (28) u mist dyukuun Makcsesuia (16), a Takzke yurs CBsi3b CKOPOCTH JIEKTPOHA

u qacrorsl (26), Haiigem
2277t Z%em 1 1 hv 5 XH
3\/— C3h2 'L3 gCl( )W exp < + Z >

(30)

€ei(v) = nen " ksl 2%2kgT



@opwmybl (28) u (30) (6e3 muoxuTeseii Faynra) rakxke Obin nomyuenst X. A. Kpamepcom. Muoxurens Taynra 3ana-
ercst mpubIKenHoi dbopmyoit [14]

w \Y? (2 Z%xn
gei(v) ~ 1 0.1728 <Z2—XH> (1—2 L 1> . (31)

Hapsny ¢ uzaygarenbHOM CTOCOOHOCTHIO YACTO MCIOIb3YeTCs HHTErPaJbHAS BEJIUINHA, & UMEHHO, KOI(PDPUIHEHT
CIIOHTAHHON PEKOMOWHAIMHU. DTO YKUCIO PEKOMOWHANINY B eQUHUIE 00beMa B €IWHUILY BPEMEHU

o0

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

nent

Vi

Ecnu BbiHECTH CpeHee 3HAYEHUE TayHTOBCKOIO MHOYKUTEJS W3-110/, MHTErpajia, TO [Jisd Koadduimenra peKoMOrHAIIN
IOy YUTCsT TPUOIMKEHHAS (POPMYIa

9905 74,10, 1 7. hy; hv;
Au(T) = = il ' 33
ei(T) 3v3 AhP i3 (2rmkpT)3/? 1 <kBT> exp (k:BT> (33)

3aecy Ey(x) — waTerpasbhas mokasaresibuas (ynkuusa. Ha puc. 3 npencrasienst kpusble 3apucumoct Aq;(T) ot
TeMIepaTyphl.

lg Aei(T) + 19 lg kic (V)
40

10

35 i 4, i
30 E 1 2
1
25 2
3
L 4

2.0
151

10

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

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

3. Kospdpunumenr nonnsaiuu. Cedenre HOHU3ANNN HAXOAUTCI TOYHO TAK Ke, KAK U CEYeHUE TOPMO3HOIO ITOTJIONIE-
HHUS — U3 YCJIOBUsA JAeTaJbHOro dasmanca mpu TIP:

dv c?
dmnikic(v) By (T)H = nen™ f(v)vdvfei(v) [1 + WBV(T)] : (34)
Ipunumas Bo BHUMaHue bopMyJbl Bonbimana, Caxa (11 Bomopogononobroro nona g+ = 1) u [lnanka, nonydaem
1 ?m?v? 26rt _,etf'm 11
kic(v) = 7 (V) = 33 Wﬁ;gci(’/)- (35)

OT1a oOKOHYaTe hbHas (POpMYyIIa CripaBeIInBa /1151 BOJOPOIONOI00HBIX HOHOB TIPH MPOU3BOIHHBIX yeIoBusX. Hamomumm,
YTO BXOJIAs B HEKOTOPbIE BEJIMYUHBI CKOPOCTh JIEKTPOHA JA0JIKHA HAXOAUThC U3 cooTHOIeHus (26), npudem, Kak
u Bbie, dhopmyna i ki.(v) cupasemusa npu v > v;. Ha puc. 4 nanbl rpaduku cedenus noriaomenus ki.(v) ais
i =1(1)10 B 3aBUCUMOCTH OT YACTOTHI B IPOU3BOJIHHBIX OTHOCUTE/IHHBIX €UHUIIAX.

Coruacuo dopmyie (35) Haubosiblire 3HAYEHUsT CEYEHUs [OIVIOUIEHH 33 CYeT WOHU3ALMU HADJIIONAETCH Y IOJIOB
cepwii, T.e. IpU V = v;, IPUYEM NPH NOHU3AIUN U3 ¢-T'0 COCTOSHUSA OHO IMPOMOPIUOHAIBHO %.

o0
s nonydenus Ko3dduupenta IOrmomenns Hajo Hafitu cymmy qie(v) = Y- nikie(v), Tae v > v (,). Hano-
i:io(V)
MHUM, 9TO BBICOKHE COCTOSTHUS HE OCYIIECTBJISIOTCS, XOTS 3/I€Ch 9TO 00CTOATEIHLCTBO HE CTOJIbL CYIIECTBEHHO, KaK MPH
BBIYMCJIEHUN CyMMBI II0 COCTOSHIAM, TaK KK PAI CXOIUATCS.
[Ipn BBIMOIHEHWE YCIOBHSA JIOKAJIHHOTO TEPMOSMHAMAYECKOTO PABHOBECHS, KOT/IA CIpaBeaanBbl (hopMysabl Makc-
Besia, Bonbimana u Caxa (Ho He ITnanka), K03 UIMEHT NOIOMEHNs 38 CYET UOHUBAIMU IIPEJICTABJIIOT B TAKOM

JKe BUIE, 9TO W Qee: Qlic = NN ke, T

i (v) = 2074 Z4me'® gei(V) iie*Ei/kBT
YT 33 ch3 (2nmkpT)3/2 43 3 '

(36)

Pasmeproctb ki — cm?, a kic — cm®.



Jltst mpuMepa MpUBEIeHbl IPAMDUKE CIIEKTPAILHON 3aBUCHUMOCTH KOI(D(PUIMEHTOB OTJIONIEHNST 38 CIET CBI3aHHO-
cBoboIHbIX mepexonoB (bound-free) ape(v)] = ajc (V) 1 moHEBIX Koadb duIHEHTOB MOTIIOMmEHus (V) = Qe (V) +ape(v)] 32
CYeT TOPMO3HOIO U PEKOMOMHAIIMOHHOTO MEXaHHU3MOB, BBIYHCICHHbIE 6e3 yuera MHOKUTeeil [ayHTa 11 601bIMAHOB-
CKOI'O PaCIIPeJeJIeHus 110 COCTOAHUSM aTOMa BOJOPoa U BbinosnHenun hpopmylibt 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. Benuuunnt T yKazaHbl OKOJIO KPUBbIX.
SIcHO BHJIEH NUIOOOPA3HBIA XapaKTep 3aBUCHMOCTH OT YaCTOTHL.

a 7]
lglane(v)/n1] + 19 lglane(v)/n1] + 19
5
0 ¢ 1.0 T

— ]
-5 e —
-10 T ——— [ ]

705

i U By
_20 L
_25 L

0.2

_30 1 1 L L —_— | | |
135 140 145 150 155 160 135 140 145 150 155 16.0 87

Puc. 5. 3uauenus Ig[ans(v)/n1] + 19 mra T = Ts - 10°, Ts = 0.2,0.3,0.5,0.7,1 (a) u T5 = 1,2, 3,4,6,10 (6).

a 7]
lgla(v)/(nen™)] + 41 lgla(v)/(nen™)] + 41
80 10
70 o1
60 |
Ts
50 |

40

30

20

10

o N w A OO N © ©

0 1 1 1 1
135 14.0 14.5 15.0 15.5 16.0 135 14.0 145 15.0 155 160 lgv

Puc. 6. 3nauenus lg[a(v)/(nent)] +41 ana T = Ts - 105, T5s = 0.2,0.3,0.5,0.7,1 (o) u T5 = 1,2, 3,4,6,10 (6).

[IpomopuuoHAIFHOCTS MOTJIOIIEHUS IIPY CBOOOTHO-CBOOOIHBIX U CBA3aHHO-CBOOOIHBIX TIEPEX0/1aX O0OPATHON TPeThei
CTEIeHN 9aCTOThI UMeeT BaKHbIe ciiencTBus. Hanpumep, HefiTpaabHbIN BOIOPO, HENPO3PAYeH /Jis U3y YeHUsA C JJINHOM

o
BOJIHBI, MeHbIel 912 A, n cTaHOBUTCsSI MPO3PAYHBIM TOJIBKO B PEHTTEHOBCKOM JHAIIA30HE.
DopMysbl 17151 KO3(DPUIMEHTOB MOTJIOMEHUS W W3JIy9eHus, TIPUBEICHHBIE B ABYX NepBbIX maparpadax, MMupoKo
UCIIOJIb3YIOTC B TEOPUM 3BE3AHBIX arMocdep, ra30BbiX TyMaHHOCTeH u Apyrux obbekros (cum. [29]).

4. Pekombunanuonnsie paguosuaun (PPJI). 91o siuHuu, BO3HUKAIOLIME NPU [IEPEX0IAX MEXK/y BHICOKUMU YPOBHsI-
MU aTOMOB. [IJIs1 HAXOMSIIUXCS HA TAKUX YPOBHSX BHEITHUX 3JIEKTPOHOB TIOYTH HECYIECTBEHHO BHYTPEHHEE CTPOCHUE
ATOMHOI'0 OCTATKA, UMEET 3HAYEHHUE TOJbKO MACCA U 3aPsil. 3aPsi/L sa/Ipa IKPAHUPYETCs OJU3KUMU K HEMY 3JIeKTPOHAMH,
TaK 9TO Pe3yJIbTUDYIOMUI 3apsij] COBIAIAELT ¢ 3apsioM npoToHa. [lose ocrarka B BBICOKOH CTENEHBIO MOXKHO CYUTATH
KYJIOHOBCKUM. [109TOMY MOJIOXKEHUST JIMHUH PA3HBIX 3JIEMEHTOB C OJIMHAKOBBIMU TJIABHBIMU KBAHTOBBLIMHU YUCIIAMU CO-
CTOSIHWIT BHEITHErO 3JIEKTPOHA OJIM3KH: PA3JINYIUs ONPEAEISIOTCS TOMBKO PA3JIUINEeM MACC S/I€P U BCJIEACTBUE ITOrO —
MPUBEJEHHDBIX Macc. s OnpesesieHHOCTH PACCMOTPUM 3/€Ch JIMHUU aTOMa HauboJiee PaCIpOCTPAHEHHOIO JIeMEHTa
— BOZIOPOJIA.

B BbICOKO BO3DYKIEHHBIX COCTOSHHSIX JIEKTPOH B CPEIHEM HAXOAUTCS HA JIOBOJBLHO OOJBIIOM PACCTOSHHEA OT
sapa. Cpennee pacCTOsSIHUE JIEKTPOHA B COCTOSHUN C TVIABHBIM KBAHTOBBIM YHCJIOM | U a3WMYTAJIBHBIM | COCTABJISET
7i = 0.269[3i% — (I + 1)] A [2], Tax uTo mpu i = 1000 pasmep aToma Bomopona mocturaer ~ 1078105 = 1072 cm,
T. €. TAKOH aTOM MOXKHO ObLIO ObI yBUAETH HEBOOPYKEHHbBIM I1a30M. OIHAKO, OCYIIECTBJIEHUIO COCTOSHUNA C BBICOKUMU
YPOBHSIMU SHEPTUM MEIMIAI0T COCEIHUE YACTHUIII, TPUYeM deM OOJIbIe WX KOHIEHTpalus N, TeM MEHBIIEe HOMED i,



[OCTIE/IHErO YPOBHS, KOTOPBIN €I MOYXKET CO3/IACThCs. DTOT HOMED ONPENesercs U3 yCAOBHs PA3PYIIEHHs] BHICOKIX
YPOBHEI aTOMOB COCEIHUMHU JACTUIIAMU.

Howmep ig Ji1s aroMa BOJOPO/Ia MOXKHO OIPEIEUTh, HAIPUMED, OTOXK/IECTBUB C HUM HOMED MOCJIeHel HalIbMepoB-
CKO¥1 JIMHWM, KOTOpas HADJIIOJAETCA B CIIEKTPE PACCMATPUBAEMOrO OObEKTA.

B cBsa3u ¢ 9TUM BO3HUKAET CIEAYIONIHI CIOCOO ONMpeeeHns KOHIeHTpanun 9actull N B acTpodu3ndeckux 00b-
ekTax. ZlcHO, 94TO pajmyc, KOTOPbIA elle MOXKEeT MMEeTh aTOM, HE MOJBEpPrasChb Pa3pylIeHUI0 OKPECTHBIMHU YaCTHIA-
MU, TPUOJUBUTETHHO OIpeaessiercs ycaopueM [N 7";'3* ~ 1. Tak Kak 3TO i, KaK IPABUJIO, JOCTATOIHO OOJIBIIIOE, TO

ri. ~ 1078i2 cm, Tak uTo N o< i, 5. Homep i, MOYKHO ONpese uTh U3 HAOIIOIeHN i, XOTS 3TO CAeIaTh He OUeHb MPOCTO
73-33 KOHEYHO! IMUPWHBL JIUHUN W CIUSHUSA UX Y Ipeesia 0aJIbMEPOBCKOI cepuu. ITa TPYIHOCTH yCyTyOISeTcs, eCiu
HEIOCTATOYHO pa3pernrenue cruekrporpada. B To ke Bpems ommubKa B HOMEpPE HA HECKOJIbKO €IMHUIL IIPUBEIET K OO/Tb-
I10# OMUOKe B KOHIEHTPAIWY, TaK KaK 3aBUCAMOCTb N OT i, OYeHb CHJIbHAs. 1eM He MeHee, KO, JIyUIlero crnocoda
HET, MpUX0auTca mpuberats K 3romy. Emre B 30-e roas Oblia BbiBeAeHa (opmya Nuarmuca—Temmepa, cBs3bIBaIONIast
N u i,. Ora popmysa 3aTreM MHONOKPATHO YTOYHSIIACD.

Hampuwmep, B crieKTpax 3Be31, i, MOPSIKA JECITKA, B CIEKTPAX TyMAHHOCTEH — /10 COTHH, & B CITIEKTPAX MEK3BE3]I-
HO Cpelbl JTOXOIUT 10 HECKOJbKUX coTeH. CTO/Ib BHICOKHE YPOBHU MPOSBISIOTCH HE B 0AJbMEPOBCKON Cepuu, a Mpu
Iepexoiax MeKy BBICOKHMH YPOBHSAMH, KOTOPbIE 00Pa3yi0T PEKOMOMHAIMOHHDBIE PAJUOINHIH.

Kak u3BecTHO, MHUM BOAOPO/IA, 00 bEIMHEHHBIE TEM, UTO Y HUX OOIINii HUKHUI yPOBEHB, 00pa3yoT cepuu. Kcim me-
PEXO0/1 MPOUCXOIUT HA, TEPBBIN YPOBEHB, TNHUHU MOMAIAI0T B Y @ 00/1aCTh, HA3BIBAIOTCS JIANMAHOBCKAMY U 0O03HAYIAIOTCST
L., Lg, L,,.... Bropas cepua — 0aabMepoBcKad — paclofaraerca B BuamMmoil obmacru, ee muamn Hy, Hg, H, .. ..
[TepBoie gBE cepuu BBIAEIEHBI TEM, YTO OHU OTIEJIEHBI IPYT OT APYra U OT APYrux cepuii. Bce ocTaabHbIE CEPUHU B TOM
WJIM WHOM CTENeHW MEepPEeKPBIBAIOTCS, a JJUHUU BBICOKUX CEPUil CHJIbHO MEPEMyTaHbI, TAK YTO MJI WX OTOXKIECTBJICHUS
HEOOXOAMMO TOYHOE M3MEPEHHe YaCTOThI WU IJIMHBI BOTHBI. B OT/iMdme OT mepBbIX cepuil JTUHUH, Y KOTOPBIX OOIIni
HIDKHAN yPOBEHB C IVIABHBIM KBAHTOBBIM YHCIIOM %, 0O603HadaoTCd Hit1o, Hiy25, Hitsy,. ... J1a mpuMepa yKaxew,
uro guEng Hig3, 0bpasyerca mpu mepexoze 103 — 100.

HaunbombIiyio BEpOSTHOCTD MTEPEX0/ia U, CIeI0BATETHHO, HHTEHCUBHOCTD HMEIOT MEPBbLIE JIMHUHU Cepuii. Y cepuii ¢
BBICOKIMN OOIMIMMW yPOBHAMM ¢ WHTEHCUBHOCTD JUHUU H;o B MATH pa3 Oombiie, 9eM y H;i 1, 1 B 100 pa3 Gombie,
geM y Hjys.. HYacTorsl nepBbIX JIUHAN CePuil MO2KHO BBIYUCJIUATH 1O POpMyJIe

2% + 1
vir,, = 3288052 LI (37)

(1+1)2
[Ipu ¢ mopsiKa HECKOIBKUX COTEH JIMHUW MOMAJAI0T B PAIUOIUAIA30H.

OitnmreiHOBCKMEe KOI(DDUIMEHTHI CIOHTAHHOrO nepexona A;4q ; Ipu GOJBUINX ¢ IPOIOPIMOHAIBHBL {~°, TaK YTO
J7IsI HAKOILIEHHST BJIOJb JIy9a 3aMETHOIO H3JIydYeHhs HEOOXOAMMO MHOTO ATOMOB, 9TO OCYIIECTBJISIETCS TOIBKO B KOC-
MHUYEeCKOM mpocTpaHcTBe. OJHAKO ONTHYECKHE TOIIMUHBI B 9TUX JIUHUIX BCE PABHO OYEHDH MAJIbI U PACCESHUs B HUX
HE MPOUCXOINUT.

Ha Bosmoxuocrs u Baxuocrs Habmogenuit PPJI ykazan H. C. Kapuawes [17] 8 1959 roay. Ou paccuurasn Bepo-
SATHOCTHU MEPEXOA0B st Irux juuuii. [lepsoie nabmonenus PPJI 6o nomyuenst B ®MTAH (nepexox 91 — 90) u Ha
Bonbmowm ITynkosckom teneckone (BIIP, nepexon 105 — 104) B 1964 roxy. B 1966 roxy Gbuiu obuapyxkenb: PPJI
reust U yIJieposa.

Yacro okaswiBaercs, uro PPJI momBepkeHbl Ma3epHOMY YCHJIEHHIO. DTO OObICHSETCH CIeayIommM obpasom. B
mexk3Besanoit cpene (M3C) B 3omax HII Bomopon, cuibHO noHu3oBaH. [louTn BCe HEHTpAJIbHBIE ATOMbBI HAXOMIATCS
Ha OCHOBHOM YPOBHE, HACEJIEHHOCTb BTOPOrO Ha MHOI'O IIOPSAKOB MeHbIle, 4eM OCHOBHOro. QHaKO, BCJI€ACTBHUE TOrO,
9TO CBODOIHBIE IEKTPOHBI 3D (HEKTUBHO B3AMMOIEHCTBYIOT C BRICOKUMHU YPOBHSIMU QTOMOB, OTHOCUTEIbHBIE HACEIEH-
HOCTHU BBICOKMX YPOBHEI OKA3bIBAIOTCH OJM3KK K PABHOBECHBIM, TO €CTh K OmpezenaseMbiM 1o dbopmyse BombimMana.
Bousiee Toro, yem Bbliie ypoBeHb, TeM 31a 6Ju30CTh cuibHee. [IpUUnHOll 9TOro siBiseTCs PABHOBECHOE (MAaKCBEJLIOB-
CKOE) pacIpe/ie/ieHre JIeKTPOHOB MO CKOPOCTSM, KOTOPOE JIOCTATOYHO OBbICTPO yCTAHABIUBAETCH NMPH KYJIOHOBCKUX
CTOJIKHOBEHUSAX.

O0603Ha4YKMM OTHOLIEHUE PeasibHON KOHIEHTPALXKA ATOMa BOJOPOJA B COCTOSHHUHM C [JIABHBIM KBAHTOBBIM YHCJIOM
K paBHOBeCHOH 4epe3 b;, Tak 4TO n; = b;n;. Benwuannn b; Ha3BIBAIOTCA MEH3€IOBCKAMN MHOXKHUTeIAMH. OHn ObLIN
BBezenbl JI. Mensenom [43] B cBsizu ¢ pacderamu 6aIbMEPOBCKOrO JEKPEMEHTA, TO eCTh OTHOIIEHHWH WHTEHCHBHOCTEH
0aTbMEPOBCKUX JIMHUIA.

SanunieM ypaBHEHHe epeHoca U3y deHns B JUHUN Hii14:

5

dI,

E = —nzkz(l/)f,, + C’ni+1

02
1+ WI,} . (38)

Koaddumment C' onpenesnsem, kKak BCEraa, MPUPABHIB MpaByio 9acTh ypasHenus npu T/IP k Hystio:

* * C2
ypaBHeHI/Ie IIepeHoca MnepenuineTcda B BUIae
dL, gi ni—i—l 2h1/3 gi
— = —n;k; 1-— I, i+ - 40
ds naki(v) < Ji+1 M * 2 gin1 it (40)



Broipaxkenwue, crosiiiiee B KPYIJIbIX CKOOKAX, MOXKET OBITH IIPEoOPaA30BAHO:

*
L O Mk g 90 M b b peyker
Jit1 N gir1 N b; b;

Oba mHOXKUTES B TIOC/HeHEM Bbipaxkennn Oiu3ku K 1. Paznoxkum ux no ¢opmyne Teitnopa:

bitv1 _ b+ Al —h hv
N = =1+ Adlnb; v/ksT 1 — .
b; b; +A(nby), kpT
Torma

1 - IR W A(lb).

git1 ni kT

(43)

Pacuersl HacemeHHOCTEH BBICOKUX yPOBHEH, IPOU3BEICHHBIE IIyTEM DEIIeHrs] YPABHEHUN CTAIMOHAPHOCTH, TOKA3AJIN,
49TO BTOpOE CiaaraeMoe B (43) MoxkeT ObITh GOJIbINE MEPBOrO, TO €CTh KOIMMOUIMEHT MOrJIONIEHUS MOXKET ObITh OT-
pULaTeIbHBIM, YTO U NpuBoAuT K MazepHomy 3ddexkry. Xora onruydeckue tosmuabl B PPJI neBeswku, st jauHun
OKa3bIBAIOTCs OOJIee MHTEHCUBHBIMU U DOJIEe y3KHUMU, 9eM IOJIy4aercs 110 TEOPUH, He YUUThIBAIIIEH Ma3epHoro 3¢-

dexTa.
Bonee nonpobuo o PPJI MoxHo npounrtars B kaure [15] u B snnukioneuu [31].



I'maBa 2. MarauTo-TOpMO3HOII MeXaHNU3M

§ 1. TeomeTpust U TEPMUHOJIOTUSA

1. IBukenne n uzmydenne 3apsaa. IlycTs 3apsa e maccoit m paBHOMEPHO ABHUKETCS MO OKPYYKHOCTU B HEKOTOPO
cucreme orcuera. IleHTp OKPYyKHOCTU HAXOAUTCH B HAYAJE KOOPIAWMHAT ITOM CHCTEMbBI M CIATAETCS HEIMOABUXKHBIM, TO
€CTh CHCTeMa OTCYeTa KECTKO CBA3aHA C HUM.

Ilo oxkpyxKHOCTM ABUXKETCA 3aps] BO BHEITHEM OJHOPOJIHOM MArHUTHOM TOJIe, €CIM HE YYUTHIBATHL U3JTyUeHUE
3apsijia U €C/Ii ero CKOPOCTh IEePIeHAUKYIdPHA MarauTHOMY mosiio. Ecium mmeercs cocraBigionias CKOPOCTH BIOIb
TOJIsT, TO TPAEKTOPUS 3apsi/ia — COUPAJb, TOUYHEE — BUHTOBAS JIMHUA. JTOT 0OJI€E CJIOXKHBINA CIydail pacCMOTPUM BO
BTOPYIO OYEPE/Ib.

W3menenvem suepruu 3apsga Mbl HpeHeOperaeM, TO €CThb CYATAEM, UTO 3apPsj HPUHYKIAET ABUTATHCI KAKAd-TO
TIOCTOSHHAS TI0 BeJIMYuHe cuja. Mbl 2Ke n3ydaeM ero n3JIydeHne, KOTOpoe He OTpaKaeTcs Ha, ABUKEHWH 3apsia. Tak
MOZKHO MOCTYTNaTh BBUJLY TOTO, YTO H3JIyUeHHUE 3apAa COCTABIAET MAJJIYIO JI0JI0 €ro SHEPIUuH.

N3nyuenue paccMarpuBaeMoro 3apsi/ia Wik COBOKYIHOCTH TAKUX 3aPsi/I0B HAZbIBAETCS MArHUTO-TOPMO3HbIM (UMEH-
HO MOTOMY, YTO 3apsAJdbl TOPMO3ATCA BCJIEJICTBUE UBJIYUYEHUA, U IO AHAJIOTUHN C TOPMO3HBIM M3JIydeHUEM 3apsAKeHHBIX
YACTHI, B 9JIEKTPUYECKOM MOJIE APYTHUX 3apsioB). Eciiu 3apsaapl HepeaTuBUCTCKUE WU YJIbTPAPEJATUBUCTCKHE, TO X
U3JIydeHue Ha3blBAIOT COOTBETCTBEHHO IUKJIOTPOHHBIM WUJIM CUHXPOTPOHHBIM, B /IMAIIA30HE IIPOMEXKYTOYHBIX dHEpPrui
TOBOPAT O TMPOIUKJIOTPOHHOM HU3JIy4YeHUN.

IlockombKy TiTaBHOE MBJIyUeHNEe JAIOT 3apsSAbl C HAUMMEHbIei Maccoil, B JaJbHEHIIIeM O/ CJIOBOM 3apsl TOIpa3y-
MeBaeM 3J/IEKTPOH.

2. CucreMbl OTCYETA. HpI/I U3y9YeHUNU MATrHUTO-TOPMO3HOTO HU3JIyYCHUd NPUXOJUTCA PAaCCMATPUBATL CIIEAYyIOIIne
CHUCTEMBbI OTCYeTa.

[. CobcrBennas cucrema OTCUETA 3apsijia. JTa CUCTEMa JBUKETCs BMECTE C 3apsi/IOM 0 OKpyxKHoctH. Ee ocu ne
MEHSIOT CBOMX HaIpaBjeHuii. B coOCTBEeHHOM cucTeMe OTCYeTa OMpPeIeeHO COOCTBEHHOE BpeMs ty.

II. Cucrema orcuera 3apsiaa (s1eKTpoHa). B 310il cucreme, Kak yKa3blBaJloCh BbILIE, JIEKTPOH PABHOMEPHO BPAalLa-
ercs (obpatiaercs) no okpyzkuocru. Hagasio koopausar 910il CuCcTeMbl COBMELIEHO C UIEHTPOM yKA3aHHOM OKPY2KHOCTH.
Bce BenmmamnbI, OTHOCAIIHECS K CHCTEME 3apsa, OTMedaeM WHIeKCOM e. BuernrHee smeKTpudecKoe Toie OTCYTCTBYET,

o

Ee = 0, a HANPAKEHHOCTb MATHUTHOIO MOJIsl HAIPABJIEHA 110 BEKTOPY €3, MEPIEHANKY/IAPHOMY IJIOCKOCTH BPALIEHHST
S

zapsana: H = H.€3 (cm. puc. 1).

Puc. 1. Bpamaromuiica Mo OKpYy:KHOCTH 3ap4l.

III. Cucremsr orcuera mostsi. Takux cuctem MHOTO. BymeM canTarh, 9T0 HaYaIa KOOPAWMHAT Y HUX BCEX PACIOTOKEHBI
Ha [PSMOM, MPOXOJIIEl Yepe3 MEeHTP OKPYZXKHOCTH BPAIIEHUS JIEKTPOHA M MEPHEH/IUKYJISPHON eif. DTU CHUCTeMbl
JIBUKYTCS OTHOCUTEJIHHO APYT APYTa BAOJIb MATHATHOIO [IOJIsl M KOOPAMHATHL MX CBsA3aHbI Ipeobpa3zoBanusmu JlopeHna,
KOTOPBIE €CTECTBEHHO Ha3BATh MPOIOILHBIMU.

W3 dopmysn npeobpazoBanus HAPSAKEHHOCTEH 1I0JIsi HEIIOCPEJACTBEHHO CJIEAYeT, YTO BO BCEX TAKUX CHUCTEMAX Ha-

MIPSI’KEHHOCTh BHENTHErO0 MArHUTHOIO TIOJIsI OHA W TA YK€, & BHEITHErO JIEKTPUIeckoro moss Het & = 0.

Bce BesmmauHbl, OTHOCSIIMECS K ITUM CHCTEMAaM, OTMedaeM UHAeKcoM f.

IV. Cucrema orcuera ucrogamka. VICTOYHUK MarHUTO-TOPMO3HOTO U3y YEHUS — ITO 00BEKT, B KOTOPOM B MArHUT-
HOM TIOJIE ABUKYTCS 3apsA/Ibl, 00pa3yomme KaKue-To IOTOKH Wi 0bsiaka. B mcTouHnKe BHIOMPAETCS CHCTEMA OTCIETA.
Ona TOXKE CBsA3aHA C MATHUTHBIM TOJIEM, TO €CTh 9TO OJHA W3 CHCTEM IOJis, U BHEIIHErO 3JIEKTPUIECKOrO IOJIs B



ueit mer. B 910it cucreme JOMKHO OBITH MPOM3BEIEHO YCPEIHEHHE 110 UMITYJIbCaM 1eKTPOHOB. CHucreMa MCTOYHHUKA
OTJIMYAETCA OT JIPYTUX CHUCTEM IOJIA T€M, YTO B Hell CpeJHUI MPOJOIbHBIN MMITYIbC 3JIEKTPOHOB PABEH HYJIIO.

V. Cucrema orcuera Habogaresss. CucreMa UCTOYHUKA IBUMKETCS OTHOCUTEILHO CUCTEMbI HAOJIIONATENISI C HEKO-
TOPOI CKOPOCTBIO.

MoKHO CYHTATH, YTO BO BTOPOHM M TPETheil CHCTeMaX W3/JIydaeT OJWH 3aPsil, B ABYX HOCIECIHUX H3Iy9Ial0oT HUX
ancaMOym. PaccMOTPUM KasKIyi0 U3 CHUCTEM IO OYEPEId, HO CHAYAJIA MEPEUUCIUM CKAJISPHbIE BEJTUYMHBI.

3. UuBapuanrsl. B 3a1a4e 0 3apsae B MArHUTHOM I10JI€ MMEETCsl HECKOJIbKO BEJIMIUH, KOTOPbIE 3AKPEIIAIOTC U He

U3MEHSIOTCS [IPU [EPEXOJE OT OJHON CHCTEMbl OTCYETa MO K JIPYTOil. DTO MPEKIe BCErO BEJUINHA HANPIKEHHOCTH

. eH.
MArHUTHOTO TOJIs BO BCex cucremax nonst H.. Eil cooTBercTByer m@KIOTpOHHAS 9acTOTa Wy = ——, rae e > 0 —
mce

3apsizl, 3EKTPOHA, a M — ero macca, u nepuox Ty = 27 [w,

Hainee, panuyc okpyxkuoctu R,, no koropoit obparraercs 3apsif, TakKe OIMHAKOB BO BCeX cucremax moss. U3
YKA3aHHBIX BEJIMYMH MOYXKHO 00pa30BaTh MPOW3BEIEHME Pa3MepHOCTH ckopoctu R.w, > 0, a takxke 6e3pa3MepHYIO
Besuauny Riw,/c > 0. Tak Kak HAIPIKEHHOCTH [0JIs U PAJAUYC OKPYZKHOCTU MOLYT ObITh IIPOU3BOJIbHBIME, TO BBE-
JIEHHBIE BEJIMYUHBI TAKXKEe MOTYT OBITH JIIOOBIME, TPUYEM CKOJIb YIOIHO OOJIbIIUMHU.

Eme ommoit nHBAPHMAHTHON BEINUMHON SBJISETCS COOCTBEHHOE BPEMS 3apsiia ty.

Hamomuum 31ech Buz npeobpazosanusd Jlopenna. Eciu Hekoropas cucrema orcaera aBuaKercs ¢ 6e3pa3mMepHOil CKO-
pocrbio V 10 OTHOMEHHIO K JIPYTOii CHCTEME OTCYETa, TPUIEM WX COOTBETCTBYIOIINE OCH KOOPAWHAT MapaJijIeIbHbI, TO
BpPEMEHHAs U IPOCTPAHCTBEHHbIE KOOPUHATHI IPOU3BOIBHOIO BEKTOPA @ B ABMKYIIelica cucreMe {ay, @' } BbIpaxKaiorcs
4yepes Te JKe BEeJMYUHbI B HEIOABUXKHOI {ag, @} dopmynamu

— —

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

Baece I' = 1/4v/1 — V2 — JIOpeHIEBCKHII MHOXKHUTEJb, COOTBETCTBYOMHN ckopocTr V. HerpymHo mpoBeputh, 9TO
ompeesurens npeobpaszosanus (1) pasen 1. @opmysibl 06paTHOro NpeodbpPa3OBaAHUs IOy YAIOTCs IIyTeM 3aMeHbl V' Ha

V.

4. Cucrema 3apsina. Beegem B 910l cucreme OpTOHOPMAJIbHbIN 6a3uc €1, €2, €3. IlycTb OKpYKHOCTD, [0 KOTOPOH
.

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

Te = T'e() = R, (€1 sin ¢ — €> cos @), (2)

rie ¢ = Wete, We — YIVIOBAadA CKOPOCTH OBMKEHHUA 3apAia MO OKPYKHOCTH, t, — BPEMS B CHCTEME OTCYeTa 3apAJa.
YerbIipexMepHBIN BEKTOD IIOJIOXKEHUST 3aPsiia
1, = {cte, Te}. (3)

Bespasmepubiii 4-uMny/ibe 3apaaa (Ujm, 9To TO KEe CaMoe, YeThIPEXMEPHAsi CKOPOCTD )

L= ldr, _ Ye dre
= cdt, c dte

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

rie Oe3pa3MepHasi CKOPOCTh BPAIEHUS 3aPAIa MO OKPYKHOCTH

3 _ 1 d’l?e R*w€

Be—EEZBe(€1005¢+5zsin¢); BeZT- (5)

Bespa3mepnasi sHEprusi JIEKTPOHA 7Y, BBIPAXKAETCS d4epe3 ero 0e3pa3MepHbIe CKOPOCTh (o U UMIYJIBC Ze B ITOU

CHCTEMEe OTCYETa OOBIYHBIM 00pa30M:
1
— — 2
ve_ﬂ_f\/uze. (6)
- B2
TOT MHOYKHUTEJIb CBSI3bIBAET COOCTBEHHOE BpEMs 3apsijia t, CO BDEMEHEM B CHCTEME OTCYUEeTa 3apsiia U, COOTBETCTBEHHO,
YIJIOBYIO 9aCTOTY OOpAIeHus 3apsga C MUKJIOTPOHHON YaCTOTOM:

te Wi
by = —, We=—, (7)
Ve Ve
TaK 9TO @ = Wete = Wi tx. Ilepuoapt oOpaienusi cBsi3aHbl TOYHO Tak Xke: To = TyYe. OTMETHM, 9TO XOTS BpeMsi t

OTHOCHUTCS K HEMHEPIHMAJBHON CHCTEMe OTCUeTa, OHO TeYeT PABHOMEPHO, TaK KaK MOJYJb BEKTOPA CKOPOCTHU 3apsaa
MTOCTOSTHEH.
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U3 (4) u (5) cuenyer, 470 XapaKTEPUCTUKU BPALIATEIHHOIO JIBUKEHUSI: MOYJIM UMILYJIbCA U CKOPOCTH, JOPEHIIEB-
CKMii MHOYKHATEIh W 9ACTOTA BPAINEHUS] — MHBAPWAHTHBI 110 OTHONIEHMIO K MPOM3BOIBHBIM TPOIOILHBIM MPeobpas3oBa-
nusM JlopeHna:

Ze = Yefle = R, w. _ Fe _ Ryt We = i (8)
e T Nele = T Yo VEFRW T T+ (R /)

BekTop yckopeHust u €ro BeJIMYnHa, 33JAI0TCs TPOCTHIMUA (hOPMYTAMU:

R,w?
T 9)

e

w, = {0,731[1}}, We = We(—€1 SIN @ + €2 CO8 P), We = fo CWe = R*wg =

IpUYEM BEJIMYUHA YCKODEHUS We TAKXKE SABJIACTCH WHBADUAHTOM, KAK U DPEIATUBHCTCKHI CKALAD w® = —ysw
2, 4

—Riwy.
Terneps pacCMOTPHM ONMCAHNE IBUKEHUSI 3aPSIA B CHCTEMAX IOJISL.

5. Cucrembl orcyera mosisi. MOXKHO CIUTATD, YTO BEKTOPBI €] U €2 y BCEX TAKUX CHCTEM OTCYeTa ODIIue, TAK KAK OHU
HE MEHSIIOTCSI TPU MPOIOJIBHBIX TIpeobpaszoBanusax JIopenia. BekTop €3, paccMaTprBaeMblii KAk 9aCTh 9€ThIPEXMEPHOTO,
M3MEHsIeT CBOIO [IJIMHY, HO Mbl Oy/eM BPEMEHHYIO YacTh ITOrO BEKTOPA BO BCEX CUCTEMAX II0JI UIHOPUPOBATH, a
IPOCTPAHCTBEHHYIO HOPMHUPOBATH HA 1, TAK YTO 3TOT BEKTOP TOXKE MOYKHO CUATATH HEM3MEHHBIM.

B kaxk0ii Takoil cucreme 3JeKTPOH PABHOMEDHO IBUXKETCS O BUHTOBOM juHUU. COCTABISMIONIYI0 Oe3pa3MepHOi
CKOPOCTHU 3JIEKTPOHA BJIOJIb HOJIst, TO €CTh €e MPOEKIMI0 Ha BEKTOD €3 0003Ha4uM (||, TaK 4TO

R
R

Bl = By & (10)
B orsimyme oT crporo moJIoXKHUTEebHON BEJIMYNHDL B¢ IPOEKIU BH MOKeT OBITDH IOIOKUATEIBHON U OTPUIIATETHHOII.

Coorsercrytomuit MuoxuTess Jlopenia onpejesnm, kak o6prauo: ) = 1 /+/1— ﬁ

YT00BI MOIYyYUTH BHIPAYKEHUE I BEKTOPA, OMUCHIBAIONIErO ABUXKEHUE 3apsA/Ia B CHCTEME TOJIs, HAI0 Mpeobpas3o-
Barb (3) no JlopeHiy u3 cucreMbl 3apsijia B CUCTEMY 10Jsi. Bropasi JBUzKeTCcs 110 OTHOLUIEHUIO K IEPBOI CO CKOPOCTHIO
—g||c. [IpomonbHOe mpeobpa3zoBaHue OTIIMIAETCA TEM, YTO €r0 CKOPOCTD IIEPIEHIUKYIAPHA IPeodpa3yeMoMy TpexmMep-
HOMY BEKTODPY T, HOITOMY PAJUYC OKPYKHOCTH, KOTOPas MOJIYYaeTCs [IPU ITPOEKTUPOBAHUSA TPACKTOPUU JIEKTPOHA
Ha IMJIOCKOCTD, MEePIeHIUKYIAPHYIO MOJI0, He U3MEHAETCA U

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

Taxum 0Opa3om, BpeMeHa B CHCTEMax MOJIs U 3apA/a CBA3aHBI JJOPEHIEBCKUM M MHOKHTETAME: b = Y| te = )| Velsx =
Yetx, TAK 9TO V¢ = || Ve- Paa@yCc-BEKTOp 3apsa B CHCTEME MO

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

paBeH CyMMe BEKTOPOB, OJINH U3 KOTOPBIX OTparkaeT 00paIleHne 0 OKPYKHOCTH, a APYroil — PABHOMEPHOE IBUKEHUE
B/IOJTb TIOJIA.
ITonnas Ge3pa3mMepHas CKOPOCTh 3apsiia,

AR s
B s B+ B (13)
Ee nepnenaukysipHas COCTABIISAIONIAS
ot - - . R*W dt
B1 = B1(€1 coswyty + Exsinwrty), B = L= B—% = & (14)
c dt¢ N
Ksazapar sToit ckopocTu
62
/3?=ﬂi+/3ﬁ=7—3+6ﬁ=(1—/3ﬁ)ﬂ3+ﬂﬁ, (15)
I

TaK 4TO JIOpeHH,eBCKI/Iﬁ MHOXKHTEJIb IIOJITHOTI'O JABUKEHHA 3apPpAdd

1 1 1
Ve = = - :'Ve'YH
VISB =g -st L Ja-8ha -6

PaBeH MPOU3BEICHUI0 MHOKHUTEIEH, COOTBETCTBYIONIMX OOPAIIEHUIO W JBUKEHUIO BIIOJb MO, YTO Y2KE 0TMEYaI0Ch.
YacToTbl obOpallieHns 3apsiia CBI3aHBI, KAK U BPEMEHA, a WMEHHO, JaCTOTA OOPAIIEHUs B CHCTEME MOJIsT PABHA
wr = we/ N = Wa /7e. TIoCKOJIbKY 9JIEKTPOH IIPOXOJMT [0 OJHOW U TOMN K€ OKPYKHOCTU Ha HJIOCKOCTHU, HA KOTOPYIO

(16)
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[POELUPYETCs €r0 TPACKTOPHsl, 4 BPEMEHa B CUCTEeMaX OTJIMYAIOTCHA HA MOCTOSHHBIE MHOMKUTEJIU, TO BEJIUYMHA apry-
MEHTa, TPUTOHOMETPHIECKNX PYHKIHH ¢ = Wit = Wele = (we/7|)tr = wrty ocTaeTca Hemsmennoit. [lepmon obpamenns
3apana B cucreme mons cocrapiager Ty = 2m/wy = (27 /we)y) = Twryr. TlpocToTa cBaAseil MeXKIy COOTBETCTBYIOMIHMMT
BEJIMYMHAMYU B PACCMATPUBAEMbIX CUCTEMaX OTCYETa OObACHAETCH TEM, YTO BCE JBUMKEHUs, B KOTOPbIE BOBJIEYEHb
3JIEKTPOHbI, BKJII0Yas OGPAIEHUE 110 OKPYKHOCTH, PABHOMEDHDIE.

BespasMepHBIil IMIYJIbLC 3JIEKTPOHA B CHCTEME TIOJISt

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

Ero neprieniukynsipaas oo 4acTb OCTAETCS HHBAPUAHTOM.
Onpenenum Tak HA3BIBAEMBIN MATI-YTOJI (¢, TO €CTh YTOJI MEXKIY CKOPOCTHIO JIEKTPOHA, B CUCTEME MO/ U HAIIPAB-
JIeHueM MarHUTHOI'O I10JId, TaK 4TO

B = Brcosa, B = Prsina. (19)

Tak Kak JOBUZKEHWE BIOJb MOJIS PABHOMEPHOE U MPSIMOJIWHERHOE, TO YCKOPEHNE BO BCEX CHCTEMAX TOJSA OTPEIeIs-
ercsa (popmynamu, anasorudnbivu (9):

w={0,77wr}, wr = Rwf = cBiws = C%/Bf sin a. (20)

WuaBapuanT
2

—w® = yfwi = Riw} = Wi Bf sin’ a. (21)
Ecmu mapsiny ¢ Bemwaunoit mosisi H, MOCTOSIHHBIM ITPUHAMAETCS PAIUYC OKPYKHOCTH R, TO MOXKHO CYHATATH,
YTO PACCMaTpPUBAETCS OJMH W TOT 2Ke 3JIeKTPOH. B majbHelimem Mbl Oy/eM CpaBHUBATL H3JIy4YEHUE 3JIEKTPOHOB C
3aKPEeIJICHHBIMHU BEeJINYUHaAMU CKOPOCTH /B n HI/ITLI—yFI[a, . CﬂeﬂyeT IIOMHHUTDL, YTO OHHU MOPyT OTHOCHUTBCA K Pa3JINIHBIM
9JIEKTPOHAM, TO €CTb 3TH 3JIEKTPOHBI MOI'YT OOPAIIATHC II0 PA3HBIM OKPY2KHOCTSAM U UMETh Pa3/iddHble CKOPOCTH BIOJIb
T10J1d.
e apyrue uHepuuaIbHbIe CUCTEMbBI PACCMOTPUM TIO3KE.

6. TlomHoe usnydenue u kiaccudukanus. Haiinem moHoe W3jIydYeHne 3JIeKTPOHA, JBUMKYINEroCs MO CIUPAJIU, TO
€CTb B CHCTEME I0Jisi, B BOJIHOBOH 30HE.

Kaxk u3BecTHO, peIITUBUCTCKUI 3apsij] N3JIyYaeT He TOJBLKO IHEPTHIO, HO U UMITYJILC, KOTOPBIE YHOCATCS U3JTy 4aeMOM
3apsiIOM JIEKTPOMATHUTHON BOMHON. [lepeHoc mMITysibca O3HAYAET, YTO IEHTDP PACXOMAIIEHCS CHEePUIECcKOil BOTHBI
CMEIAeTCsS B CTOPOHY JIBUXKEHUsT 3apsia. TeThIPpeXMEPHbIl BEKTOP U3JIy9aeMOr0 UMITYJIbCA IIPOHOPIHOHAIEH BEKTOPY
CMEIIEHNsT JIEKTPOHA, a KOI(DMUIMEHTOM MPONOPIHOHAILHOCTH ABJISETCS MOIIHOCTH U3JIyYeHUsI, KOTOpas B OOIIEM
ciaydae maercs (popmystoi

2 ¢?

3¢

roe w = 72{725117,117 + 7(51[}')5} — MPOCTPAHCTBEHHOMOMOOHBIH YeTHIPEXMEPHBIA BEKTOP yCKOpeHus. [las Harmero
ciydas 3TOT BeKTOp naercs dopmysoit (20), a ero kBaapar — dopmyJioit (21), Tak 9To

[w?], —w?=1%[w® — (G x @)%, (22)

I = 2¢* 5 0o 23
= g;wﬁfﬁf s G, (23)
SadurcupyeMm CKOPOCTh 3apAga U TEM CAMBIM BeJIMIWHbBI Jf, Jr U . 3aKPENUM TaKKE BEJIMYUHY HAIPSIKEHHOCTU
BHEIIIHEI'0 MArHUTHOIO MOJIs H, W PACCMOTPUM IIpeesbHbIe CIy4an, O KOTOPHIX I'OBOPUJIOCH BBIIIIE.
1) Hepenarusucrckuii npenesn. Ipu fr < 1 MuoxuTens v ~ 1 u

I~ 28 g2 g (24)
5 o WxPisin” o
OT0 U3JIyYEeHHEe HA3BIBAETCH, KAK YK€ NOBOPUIIOCH, IUKJIOTPOHHBIM.
2) YabrpapeasTuBucrckuil npenei. 3uech Sf & 1, 4 > 1, TaK 4TO B CJlydae CUHXPOTPOHHOIO U3JLyYeHus!

2¢* 5 5.
I~ 3 W sin” o (25)
3 npuseaeHnbx GopMyJ1 BUIHO, YTO HUKJIOTPOHHOE H3J/IyYeHHE 3HAYUTEILHO CIabee CHHXPOTPOHHOIO, TAK KK B
HEePBOM CiIydae e MaJjo, & BO BTOPOM e BeJUKO. OIHAKO CTPOrO rOBOPS, U3/l 9€HUE MOXKHO HA3BIBATH CUHXPOTPOHHBIM
TOJIBKO, ECJIH MUTY-yIoJl He OYeHb Mas (uin He 6m30K K 7). Ecam e a mMeer mopsimok 1/4¢, To ecth @ = a7y, TO
corsacHo dopmyuie (25)

20 (26)
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N3iygenne B 3TOM ciiydae He 3aBUCUT OT 7Yy U HA3BIBAETCS PEISATUBUCTCKAM AUIIOIbHBbIM. To4HO Ta ke dopmysia
CIIPaBEJINBA, KOTJA T — & = (g /7Y¢. DTOT CIAYYan MO CYUIECTBY HE OTINYAETCS OT CIydasi MAJbIX MUTY-YIII0B, TPOCTO
3apsi/l ABUKETCS B CTOPOHY, IIPOTUBOIOIOXKHYIO HAIIPABJIEHUIO 10JIsi. BIipeib ero or/iejbHO HE PACCMATPUBAEM.

B npomerxyTodHbIX Ciydasix, KOrJa CKOPOCTh 3JIEKTPOHA YMEPEHHO PEISTUBUCTCKAs, TOBOPAT O THPOCHHXPOTPOH-
HoM m3nydennu. llomaepkuem erre pa3, 9TO W3TyUYeHUE TTOTHOCTHIO OTCYTCTBYET, €CITA CKOPOCTD 3JIEKTPOHA COCTABJISET
yros O wiu 7 ¢ HaIpaBJIEHWEM IO/, TAK KAK TOI/A JIEKTPOH JBUXKETCH BJIOJIb II0JI PABHOMEPHO, Oe3 yCKOpeHus, u
He u3jydaer.

§ 2. YriioBad 3aBUCHUMOCTD N3JIydeHUud OAWMHOYHOrI'O 3apdda B BOJIHOBOI 30He

1. MruoBeHnHbIe HAIPAKEHHOCTh W MHTEHCUBHOCTD. [IpuBesem cuadasa obirue GOpMyIIbl Ajid STUX BEJIUYUUH.
B BO/IHOBOIT 30HE BEKTOPHBINA MOTEHIMAJ ABUKYIIErOCs TOYEIHOTO 3aPsIa OIMpeaeisercs (popMyJIoi

-

i-c_F

= El——ﬁﬂ_” (27)

o L
rue 3 — 6e3pa3MepHas CKOPOCTh 3apsija, a i = R/R — ejuHuYHbIi BeKTOp Hanpas/ieHus Ha Habsrogaress. Bekrop
5

[ BBIYUCISIETCS B MOMEHT TaK HA3bIBAEMOIO 3aIa3/IbIBAIOIIErO BPEMEHH t1, CBA3aHHOIO CO BpeMeHeM HabJiojeHus ¢

PaBEHCTBOM
- ~ "R
c(t—t) = |B—7(t1)| = VR2 — 2RF+12 ~ R 1—;—2 : (28)

rje R — BeKTOp, coeInHSONIA GUKCUPOBAHHYIO TOUKY B 00JIACTH JBUKEHNUS 3apsiia, a (1) — painyc-BeKTop 3apsa,
UCXOIAIIMI U3 yKA3aHHON TOYKM (CM. puc. 2).

Puc. 2. Teomerpus uzmyuenuns.

.
C ygeroM Toro, 4T0 B BONHOBOI 30HE || € R = |R|, paBeHcTBO (28) 3aIUCBIBAETCS B BULE

R iiF
t=t+—— —, (29)
C C
TAK 9TO IpH 3aKperuieHHoM paccroguuu R nuddepeniuanst BpeMeH CBA3aHbI COOTHOIIIEHIEM
dt = (1 — @f)dt;. (30)

Hanporus, npu dukcupoBannoM MoOMeHTe HAOMIOAeHUs ¢ BPeMs BJIMSHUS 3apsija 3aBUCAT OT paccrosnus R u ero
IPAJUEHT HAXOAUTCS W3 TOTO JKe paBeHCTBa (29):
7 71
0=Vt + = — (@)Vty, Vt; = ————— (31)
¢ cl1—1p
HampsizkeHHOCTH CO3/1aBAEMOTO 3aPs/IOM B BOJIHOBOW 30HE 3JIEKTPOMATHUTHOIO MOJIst OIPEIEIAIOTCS CIIeLy FOIIUMU
dopmyramu. HampsKeHHOCTE MATHUTHOTO ITOJIS

HeVxizvnxod__f_1 04 (32)

E=Hxi=fx|—=x—|. (33)

&
Il
|



[To nanpszkernocTu Haxoaum BekTop [loitHTHHrA, TO €cTh TOTOK Jy4uucToit suepruu. OaHaKO HAC OyJeT HHTepeco-
BaTh HE MOTOK, KOTOPBIM PACCUYUTHIBAETCA HA €IWHUILY TJIOMIAJIN, & WHTEHCUBHOCTDH M3JIyUeHUsd, PACCUNThIBaeMas Ha
eauHUIly TesjecHoro yria. [losroMmy mHTEHCHBHOCTD B pacdere HA €IUHUILy BPeMeHH HaOJII0IaTe s

‘ 2 (it — Ak — @(1 — A2
4 4rc? (1 —iif)s

Yro6bl MHTErpaAJ IO BCEM HAIIPABJIEHUSAM JABAJI IIOJIHYIO MHTEHCUBHOCTH, 3ABUCHMOCTH €€ OT HAIPABJIEHUS CJIELyeT
PACCYUTHIBATD HA €IUHUILY BPEMEHU, CBA3AHHOIO C 3aps/IOM, TO €CTh Ha €JUHUILY BPEMEHHU ¢, JJid 9ero sejauduny (35)

t -
HaJ0 YMHOXKUTb Ha — = 1 — 713, 4ro maer

ot

W =W,

ot ¢ w(1—iif)* + 2(w) (B (1 — if) — (1 — B°)(71id)*
a_tl T 4xed (1 3 : (36)

2. NaTeHcnBHOCTD MATHUTO-TOPMO3HOTO n3Iydenus. B arom maparpade Bce pacCMOTpPeHne MPOU3BOIUTCS B OTHOI
u3 cucreMm nosis, nosromy omycruM uniexc f. Ins namero ciayuas sbibepem Bxoasuue B dopmyiy (36) BekTOpbI
CIeAYIONUM 00Pa30M.

IIycrs Habiromare/b HAXOAUTCS B IJIOCKOCTH BEKTOPOB €] M €3, YTO HE siBJISEeTCs OIPAHUYEHUEM, TaK KaK 3apsi,
BpAINAETCS W ero u3jydeHne mpu (PUKCHPOBAHHOM IIOJOXKEHHH HAOIOJATE T [0 OTHOIIEHWIO K HAMPABJICHHUIO OIS
OyJeT OJHUM ¥ T€M K€, HE3aBUCHMO OT a3MMyTa HaOMozaTe si. Bekrop HanpasieHnns Ha HAOIIONATE S XAPDAKTEPU3YeM
IIO3TOMY TOJIBKO IIO/IAPHBIM YIJIOM:

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

OcranbHble BEKTOPBI 33/1a10TCsi (DOpMyJIaMu, PUBEIEHHBIMU B NMPEIbLIyIneM maparpade. 3anuiiem ux B BUIE Hepe-
YHUCIEHUA TeKaPTOBBIX KOOPDIANHAT:

B = (BL Cos ¢7 BL sin d): BH): W= —UJ(SiIl ¢7 — CO8 d): 0) (38)
Haiinem npoussenenusi BeKTOpOB, BXosuue B 00uy0 (GopMyily AJisd HHTEHCUBHOCTU u3Jydenus (36):
nw = —w sin @ sin ¢, ﬁg: By cos® + B sin @ cos ¢, 311)’ =0. (39)

B kavecTBe OCHOBHBIX IEPEMEHHBIX BLIOGMPAEM MOJIHYI0 CKOPOCTD 3JIEKTPOHA, 3 ¥ MUTY-YIOJI (¢ COMJIACHO COOTHONIEHUAM
(19), Tak uro w = ¢fwsin a = cw,— sin b.

NurencuBHOCTD M3/TyYeHUs B BHIOPAHHOM HAIIPaBJeHUU Oyaer

Wb, ¢) = ﬁ 25_251 2(1[1 — B(cos @ cos a + sin @ sin a cos $)]2 — (1 — B?) sin® fsin® ¢
7 dre "2 [1 — B(cos B cos a + sin 0 sin a cos ¢)]° '

(40)

3. IIpenenbubie ciygan. PaccMorpum Te ke mpeaebHbe CIydan, 9TO U B IEPBOM maparpade.

1) 8 <« 1. Manyio Beqmuuny [ mosiaraeM paBHOI HYJIIO BE3/€, KPOME TOM, KBAIPaTy KOTOPOil MPONOPIUOHAIbHA
WHTEHCUBHOCTb, TAK 9TO
2
e . . .
W = —w?B%sin® a(1 — sin® fsin? ¢). (41)
dme
2) B~ 1,7 > 1. U3 dopmyast (40) BuaHO, 4TO BbIpaXKEHHUE, CTOsALICE B CKOOKAX B 3HAMEHATEJIEe, IIOYTU BCEr/a
6sm3k0 K equuune. OQHAKO OHO CTAHOBUTCH MaJibiM, Korzua 6 Giu3Ko K a, a yrosu ¢ 6iu30K K KparubiM 27 (Oyaem
CYUTaTh €ro OIM3KUM K HYJI0 ¢ = ¢ /). Homoxum rakke § = o + €, nue € = g9/, |e| < 1. Ilpusneras dbopmyssr
JIJIsl CHHYCOB U KOCHHYCOB CYMMBbI YIVIOB M pa3jaras 3Tu (DYHKIUHU [IPU MaJbIX apryMEHTAX, IOJIyIaeM

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

2 102
‘ € sin
= cose(cos® a + sin® acos @) — sine cosasina(l — cosp) ~ 1 — 5 Td)z. (42)
1
Paznocts 1 — B 06bramo ymuOXKA0OT HA 1 4+ f & 2 u npencraBasdior B Buge 1 — § = oz Takum 0O6pa3oM, BhIparKeHHe
Y
B KBaJIPATHBIX CKOOKax B 3HaMenarese (40) mosydaercs CepyomuM:
s 1 g L @ 1 2 222
1—nﬂ~2—72+5+sm a7:2—72(1+80+sm agy). (43)
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Yucmurensb mpeobpa3yercs aHAJIOTuIHO. B pe3ymbrare HAXOIUM

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

(44)

Takum 06pa3zoM MOYTH BCE U3JIyUYEHHE 3apsia WAET B HANPABJICHUH MIHOBEHHOIO [IBUXKEHWs 3apsa, a JAJeKuit
HaOJII0IATe b, PACIOIOKEHHBIN BOJN3HM KOHYCa C OChIO BJIOJb HAIIPABJIEHN TIOJIs U YIJIOM PACTBODPA ¢ OYJeT BUIETh
BCIIBIIIKY U3JIy4eHUs B TOT MOMEHT, KOIJIA 3apsifl, JBUMKETCs MPAMO HA HEro (KOHEYHO, C yUETOM 3ama3bIBaHUs I10
BpeMenu corsiacHo (29)). Takoe cBeueHne HAIOMUHACT MUTAHUE MAsKA UJIA CBETOBOIO CUI'HAJIA MOIUUENRCKON MAlUHbL.

s citydast BpallleHus! 3apsijia, 10 OKPYKHOCTH HAJIO MOJOXKUTh @ = /2 ¥ TOBOPHUTH HE O KOHYCE, & O MJIOCKOCTH.
OcoBbIM ciIy9aeMm OnsTh SABIAETCS MAJIOCTh yriia «. [1o10KnuM, Kak U BBIIIE, & = /7y, TOraa

2 22
W22 TR (45)
me F(1+4¢3)3

VYIJI0BYIO 3aBUCUMOCTD M3JIydeHUs onpezenser Gombiuas apodb B (40). OpHako, 3Ta 3aBUCUMOCTL HE OYEHb Ha-
rasiaaa. Kpome Toro, ecim cKOpocTh 3apsifia He MaJia, TO Ipubop Hab/o1aTe/ s He Oy/IeT perucTpupoBaTh MTHOBEHHOE
UBJIy4YeHre, a MPOM3BEIET YCPEIHEHNE 10 HEKOTOPOMY IIPOMEXKYTKY BPEMEHH, COAEPKAIIEMY MHOIO IEPUOJIOB BPAIIe-
Hus 3apsga. [losroMy u Mbl HaliZieM MHTErpaJl mno nepuozdy or sejaudusbl (40).

4. Narerpuposaunue 1no mepuomy. [1jis mosydenus mogHOro u3Jsy YeHus 33 MePUO/] Hy2KHO BbIYUC/IUTD B HHTEIPAJIA.
[IpuBenem nx.

27T 2T
/ de . 2+ B} / singdg w4+ 57 (46)
(1= Brcosg)?  (L— p2)5/2’ (1—Brcosg)> 4 (1—p})7/2
0 0
Y0066 BOCITOTB30BATHCA STUMHU HHTErPATAMHA, BBEIEM JIBA 0O03HATEHMST
Be =1— B cosBcosa, Bs = Bsinfsina. (47)

Tora HaI0 BBIHECTH U3 CKOOOK creneHu (3. U NpuHATH 31 = f5/fc. s MOITHOTO U3y YeHns 3a MePUOJ, MOy IUM, 9TO
oHO paBHO W /w, tie (w = wr)

W:/W(9,¢)d¢:e—2w36—2sin2a[ 248 1-f ., 4+A |-
c Ty (

T—gEprpE 4 (- gy
et LB, [ 262 + 32 1—p% 482 + B2 ]
_ : .

R AEE BT Sk

Bemmauna I, KoTOpas MpeACcTaB/IfeT KOJHUYECTBO JIyYHCTOH SHEPrHuH, IPOTeKalollell 3a eJIUHHUIy BPEeMEeHH BO BCeX
HaIpPaBJIeHUAX, CBa3aHa ¢ W/ coorHOIIEHneM

(48)

=2 /d%E = /Wsinede. (49)
2w w
0

IIpusenennyio cBsa3p mexkay I u W MOKHO mpoBepuThb IPsAMOI BBIK/IAAKON. s 3TOro B mHTErpase mo yriy Halo

CHENIATh IIOJCTAHOBKY
v+ fsinayey/1 — fZv?

= cosf = . 50
a Bsinav + vey/1 — 202 (50)
Paccmorpum onsiTh TE 2Ke MpeenbHbIe CIIydau.
ITpu nukmorponrom u3mydennn K 1, tak ato . =1, fs =01 =0m
— e ‘ ez ., . ‘
W = 4—w362 sin? a(2 — sin? ) = 4—wfﬂz sin? a(1 + cos? 6). (51)
c ¢

MHOXKHUTENb B CKOOKaX COBMAJAELT MO BUIAY ¢ WHAMKATPUCON Peses. TlogHas MHTEHCHBHOCTH MOJIYIA€TCs MPABUIHLHOMN:
- 2
T 2e” 5 9.9
I = [ Wsinfdf = - —f%w; sin” a. (52)
3c
0
CHHXPOTPOHHOE U3JTy9eHUe PACCMOTPUM OT/IEIBHO.
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5. Cunxporponuoe usnydenue 3a nepuo. [ycrs v > 1. Ilocse noacranoBku § = a4 € u 3aMeHbl € = £¢ /7y OUEHUM
BesnauHbl (47):

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

2
1 e? 1+ cos® agd + sin(2a)e
ﬁ + sin? a + cos® agy + 3 sin(2a)e = sin® a + i < ;; in(2a) 07, (53)
2 022
. — 2
Bs = Bsina(sinacose + cosasing) ~ sin® a — sin? a% + 3 sin(2a)e ~ sin? a — 2 %% 5 s;n( 04)60’7- (54)
Y

B o6enx GopMyIax ComepKaTCs OAMHAKOBbIE KOHEYHbIE CIaraeMble sin’ o i MONpPABOYHBIE CIATAEMBIE, CTPEMSIIIECH

K HYJIIO IPHU 7Y — 00, KOTOPbIE MOXKHO OTOPOCUTDH Be€3e, KpOMe 3HaMeHaTesell, Ky/1a BXOAUT PA3HOCTH OIEHUBAEMbBIX
BesmauH. [locsie moaCcTaHOBKY UX B Bbhipazkenue (48) molyduM Ipu HEe MaJIbIX

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

2,3 o
= —wyy’sina————7>.
4c¢ " (14£2)7/?

OrMeruM, 4TO PU MHTErPUPOBAHUM [IPEEJIbHOrO Bbipaxkenus (55) 1o @ = a + £, KOTOpoe BBUJLY COCPEJOTOYEHUs
UBJIyYeHUs B Y3KOM KOHYCE OKOJIO HMUTY-yIJjia U ObICTPOro yObIBAHUS WHTEHCUBHOCTH C YAAJEHUEM OT ITOrO KOHYCA
MOXKHO PACIPOCTPAHUTH TI0 £ HA BCIO BEIIECTBEHHYIO OCh, TIOIYYaETCS MPABUIHLHOE BBIPAYKEHUE I OJHOW WHTEHCHB-
nocru. JleiicrBuresibHO,

[— . sin o e? r 7/4 + 3¢3 2 e? .
:/Wsm0d9~ Wdep = 4—cw2 sin? ary? / (1/_'_7)772d6 = §?w272 sin? av. (56)

—00
€o ¥4

— g = ——:
V1+ed 0 V1— 22

HOCJIG,HHI/II'/,I HUHTETrpaJl BBIYUCIACTCA IIPU IIOMOIIIA 3aMEHBI HepeMeHHOﬁ UHTEIPUPOBAHUA Z —

00 1
T/4+3c3 2 8
/(1+ o de 1/1—2« (7+52)dz = . (57)
—00 0
Ecin yron a = ag /7y Mau, To Bee ciaraemble y BesandanH (53)—(54) omHoro mopsigka:
B2 B o 2, 2 0
Be = 22 Bs = 22 Be =1+ 2a5 + €5 + 20080, 5 = 2a0(ao + €o)- (58)

Bruipaxkenne myiss W nosrydaercst JOBOTHHO IPOMO3IKUAM

o o2 w2a2n?

W ~2—
e (142721 + (2ap + €0)?]

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

Takum 00pa3oM, CHHXPOTPOHHOE W3JIydeHWe 3a MEepuoj, WIET TaK K€, KAK U MTHOBEHHOE, TO €CThb B KOHYCHOM
CJI0e TOJIIMHOM Topsika 1/ OKOIIO KOHyca € yIJIOM pacTBopa «. Kaykaoe WHTerpupoBaHHe TTOHWMKAET CTENEeHb 7,
KOTOPOil MPOHOPIMOHAIBHA HHTEHCUBHOCTD: Y y MTHOBEHHOTO, y° — y M3/ TydeHus 3a nepuoj, y> — y mosHoro (Bo Bee
CTOPOHBI). DTO O0bACHIETCS MAJIOH MPOTAKEHHOCTHIO TIPOMEXKYTKOB MHTEPUPOBaHUs: Bce OHU mopsiara 1/v. Ecian
2Ke U MUTY-YTOJl UMEeEeT TaKOi MOPSAI0K, TO CTENeHb 7y ellle MOHUKAeTCA Ha JIBe eIUHUIIbI.

§ 3. CneKTp MarHNTO-TOPMO3HOTO U3JIyYeHUs B BOJTHOBOI 30HE

1. Xapakrep crekrpa. B arom maparpade HafiieM CIeKTp U3JIydYeHWs JEKTPOHa B MATHUTHOM II0JI€ B BOJHOBOM
27
3one. CHava/a pacCMOTpUM OOIIHUi CIydail TePUOIUIECKOTO ABUKEHNA 3apaaa ¢ mepuoaom 1 = —.
w
ITepuon T' paccuurhiBaeTcss MO BpeMenu BjusHus t1. Ho Kak JIerKo moka3aTh, B 9TOM CJIy9ae W MO BPEMEHU Ha-
Gurofiarestsi ¢ U3JIyYeHUE 3apsifla UMEET TOT Ke nepuos. JleificTBUTeIbHO, eC/ii OJIHOBPEMEHHO MPUOABUTH EPUO] KO
BpeMenu ¢, u KO BpemeHu t B pasencrse (29), rue 1nozx BeKkropoM 7(t1) 10Apa3yMeBaeTcs HePUOJMYECKHUN BEKTOD, TO
PABEHCTBO OCTAHETCS BEPHBIM.
Ilepuonudeckas pynxmusa packiaaapBaerca B psam Pypoe. ITosromy crmekTp mdiydeHus 3apsiia COCTOUT U3 OT-
JIEJIbHBIX PABHOOTCTOAIIMX APYr OT jpyra junawii. Hafinem mHTEHCHBHOCTH CHEKTpaibHBIX juHuil. s sToro Hao
ompenenTh KO3(hOUINEHT PA3JIOKEHN B Pl HAPSKEHHOCTH JJIEKTPUIECKOTO MTOJISA

> .
= > Ee ™, (60)
[=—00
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TO eCTb

T/ w
B== [ Bei“tqt (61)
2 '
—7/w
BBuy BemecTBeHHOCTH HAIPSI)KEHHOCTH JIOJI2KHO BBIIOIHATHCS COOTHOIIEHHUE E = Ef
Boruucnum unrerpas or E? 1o nepuouy:
T/2 T/2 - T/2 -
/ |E|?dt = / EE*dt= Y EE} / emilettiltqr = 7 N B, (62)
—T/2 —T/2 Li'=—o0 ~T/2 l=—00

I/IHTeraJI OT MHTEHCUBHOCTHU H3JIy4YCHHUA IIPEACTABIACTCA B BUIE

T/2 T/2 T/2 -
C 12 712 € 2 aRP)
= * = — E = — T E 5
/dt1W /Wdt =R / |EfPdt = R°T ) |E (63)
e —T/2 ~T/2 [=—o0

2. Koapduuuenr pazsoxenus. [logcrasisis B uarerpas (61) BbipakeHue HANPSIKEHHOCTU 4€Pe3 BEKTOPHbIA [10-
reHnpan (33) u BbIpakKeHHe jig oTeHImaa (27), moaydaem

N e 1 L=
El = ETTL X [n X .Zl] N (64)
rae 0003HAYEHO
T/2 o
> dt . d
| = / —_’ell“)et_i_" (65)
1—17j diy 1 - 73
—T/2

[Ipou3Bo/AHY0 MOKHO CYUTATH HE YACTHOM, TAK KAK BEKTOp [ 3aBUCHUT TOJIBKO OT t1.
IMoacrasum B dbopmyny (65) cBa3b Bpemenu ¢ co BpemeneM t; (29) u ca3b ux auddepennuanos (30), a 3arem
[IPOMHTEIPUPYEM II0 YACTIM:

T/2 - T/2
fl — / dtleilw(h—i-R/c—i"fi c)ditll%i_ig — —ilweile/c / eilw(h—?ﬁ/c)gdtl' (66)
—T/2 —T/2

BreunTerpasbHoe ciraraeMoe mpornajgaeT BCJIEACTBUE TMEPUOAUIHOCTH BEKTOPOB. [lomyuennas dbopMysia cropaBeiinBa
JJIst JTIODOTO MMEPUOANTIECKOro ABuzKenus. Jlaapire mepeiiieM K MarHuTO-TOPMO3HOMY 3Ty I€HHIO.

3. JIBUzKeHne M0 OKPY»KHOCTH. II0CKOIBbKY 3aps L IBHXKETCA TI0 OKPY>KHOCTH W BJIUSHUEM €ro U3JIy4eHU Ha, ero ¥kKe
JIBIZKEHNE MbI IpeHebperaeM, TO BCe BEJMYUHDI, CBA3AHHDLIC C 9THM IBIZKCHHEM, a HMEHHO, KOODAMHATLI 3apsAia, ero
CKOPOCTb, yCKOPEHHE, a CJIe0BATe/IbHO U HAIPAKCHHOCTH U3JIy9aeMOro UM 3JIeKTPOMArHUTHOIO IO/, IePHOIUIeCKIe
¢ mepuoaoM Te = 27 /we.

CHadasia pacCMOTPHM H3JIy4eHHE B CHCTEME 3apAia. UToObI He 3arpOMOXKAATh (POPMYJIbI, OILyCTUM HHIECKC € Y
BEKTOpa HAIIpaBJICHHA Ha HabJromaTesis fi U yrya, KOTOPBIA OH 0Opa3yer ¢ HAIIPABJICHHEM MAIHUTHOTO IMOJA. JTOT
BEKTOD IO-TIPEXKHEMY MOXKHO B3STh B IJIOCKOCTH BEKTOPOB €] U €3.

IMoncrasuM oOpMyJILI /I8 BXOAAMIUX B IIOAMHTErPAIbHOE BbIPAXKEHNEe BEKTOPOB s 3apaa, IBUXKYIIErocs II0
OKPY?KHOCTH:

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

_c
=
U clenaeM 3aMeny t1 = ¢/w.. Wurerpan (66) mepeiiger B
I = —il Bee "</ / (cos ¢, —sin ¢, 0)e’ ?7=5 M0, (68)
rme z = [ B sin 6.

Takum obpazom, Heobxoaumo Haditu aBa uHTerpaia. Oba oHU BbIpaykaroTcsi depe3 GecceseBbl (DYHKIUU HEPBOTO
poja

1 r . L r . S
Jl(z) - /ellcﬁ—zzsmg{)dd) — i /ezl(b—lzsmgtcosgbdd)' (69)
27 27l
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Bropoe npencrasienune momydaercs u3 MepBOro MHTErpUpOBaHueM 1o dactam. [Ipoussomnas or dyukiun Beccemns

T

JI(2) = —— / eilo=izsind gin Gig. (70)
2m
Urak, sBekrop (68) npunumaer Buj
> o 1 .
1y = —ilewf/eor (sz(z),u{ (z),0> : (71)

4. ®opwmya [lorra. Yrobsr Hanucars dopmyny s k03ddunnenTa pa3aokKeHne HANPIKEHHOCTH, HalIeM IBOii-
HbIE BEKTOPHBIE TPOU3BEIEHUsI OT IBYX KOOPANHATHBIX OPTOB:

7t X [7T x (1,0,0)] = #sinf — (1,0,0) = — cos e (i7), i x [ii x (0,1,0)] = —(0,1,0) = —&x(i). (72)
Takum obpasom, [-Tas cocraBisOLas HAIPAKEHHOCTU coraacHo dopmysam (64), (71) u (72) npeacraer B Buze
E = %ilwee”wéR/c [ctg 6.7 (2)@1(7) + e ] (2)E (1)) . (73)

BameTuM, 4TO HyJIeBas COCTABJISAIONIA PABHA HYJIIO.
IMoacraBus pesynbrar (73) B popmyay (63), nonyuum

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

s uarencusHocTu [-Toit juauu W, paccIuThIBaeMON HA €AUHUILY YACTOTHI, [OJIYy IUM

62

W/l = ? l2’w[, (75)

r7ie BBEIEHO €Il OJHO 0003HAUCHIE o ‘
wi = ctg? 6. J7(2) + B2 I (2). (76)

Hamomuwwm, aro apryment 6eccesnenoit dpyukiuu z = [, sin 6.
Dopwmya (75) nocur nazsanue (popmyJibt [lorra, kKoTopsiii ee Boiest B 1912 r. OHa nostydusia LUPOKOe NPUMEHEHUe
B Pa3/IUIHBIX 00/ACTAX (PU3UKH 1 B 0OCOOEHHOCTH B acCTPO(DU3UKE.

5. llonapusanus B nnnsax. Kaxkias auHug B ClieKTpe MarHUTO-TOPMO3HOI'O U3JLy 9€HUs [IPEJCTABIIAET CODOIl MOHO-
XPOMATUYECKYIO BOJIHY U K Heil MOYKHO MPUMEHUTH ODIIYI0 TEOPUIO mosigpu3aruu. Kak u Besikasg CTPOr0 MOHOXPOMATH-
9ecKast BOJIHA, ITU BOJIHBI [TOJIHOCTHIO TN TAYECKH MOJIsiPU30BaHbL. /151 TOro, 4robbl B 3T0OM yOEnuThCs, PACCMOTPUM
HAMPSKEHHOCTH JIEKTPUIECKOTO MMOJIsi B JIMHUU C HOMEPOM [, TO €CTh BEKTOD El. IlockoMbKY WHTEHCUBHOCTD JIMHUT
y HAC y2Ke Haii/ieHa, MOJIAPU3aUOHHbIE XADAKTEPUCTUKU MOXKHO HAXOJAUTH C TOYHOCTHIO JO MHOXKHTEss. B cornacuu
¢ dopmyioit (73) B NPUHATHIX [IOJSPU3ALMOHHBIX OPTAX [IOJSPU3ALMOHHAS MATPULA C TOYHOCTHIO A0 IIOCTOSHHOIO

MHOXKATENSA OyJIeT UMeTh BH/I
g ctg?0.J72(z) —ife ctg0.Ji(2)J](2) (77)
! iBe ctg8.J1(2)J; (2) B2 I (6) ’

a mapamerpbl CTOKCa ¢ OPABUJIbHBIM KOI(DDUIMEHTOM, TAKAM K€ KaK y WHTEHCUBHOCTH, onpenensdeMoit dpopmysioit

(75):
2 2
Q1 = S Pletg? 0, 72 (:) = B TP Ui =0, Vi = 25 5, ctg () 2). (79)

JIerko mpoBepuTh, YTO yeaoBKe NOMHON nonapusauun W72 = Q7 + V;? sbnonusercs.

TakuM 00pa30M, U3AYUICHUE B KAsKIOH MATHUTO-TOPMO3HON JIMHWW TMOJHOCTBIO MOMAPU3OBAHO U O0JAJAET KaK
JMHERHOM, Tak M KpyroBoil moisipr3anueii. B 0CHOBHO# MIOCKOCTH KpyroBas nossipusanus ucaesaer (ctgm/2 = 0), a
JIMHEHHAas CTAaHOBUTCA 1OHOM. Hanporus, npu HabI0QeHun BIOAL OCH BPAICHUs 3JIEKTPOHA, TO ecTh npu 6§ = 0 mwiu
0 = 7, moNApU3AKS MOJHOCTHIO KPyToBas. [Ipu 3TOM HAGIIONATENb BUIAT TOJILKO OJHY JIMHWIO, & UMEHHO, MEePBYIO
(I =1). [Ipa mocieqauxX yTBEPKICHAS BHITEKAIOT W3 CBOMCTBA 6eCCeeBbX (DyHKINA, BHIPAYKAEMOTO ACUMIITOTHIECKIAM
pasenctsoMm Ji(2) ~ (2/2)!/1! npu 2z — 0. O6a KpailHIX COCTOSHUSA TIOTAPUIAIME COTTIACYIOTCS C TeOMETPHell TBUIKEeHU T
U3JTy 9aOIIEro 3JIeKTPOHA.

6. Ilommoe m3nyvyenne B muanAX. [10THOE KOTUYIECTBO SHEPTUHN, U3IYy9aE€MOi B IMHUY, PABHO WHTETPAJTY TIO HAITPAB-

JIEHHUSIM OT MHTEeHCHBHOCTH (75), TO eCTh
™

Wl = QF/SinngWl. (79)
0
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[Ipu wHTErpUpPOBaHUE BO3HUKAIOT JABA MHTErPaJjia, KOTOPbIE COIIACHO (pOopMyIaM Teopun OecceneBbix (PYyHKIINM BbIpa-
Karorcs yepe3 dbyuknuu Beccens aBoitHOro (0 CpaBHEHUIO C HOMEPOM JIMHUU) MOPSIIKA, TaK 4TO

2

1
W, = 47T%l [Bejél(2ﬁel) - %/Jzz@lﬁey)dy} : (80)
0

MozxHO HafITH U MOIAPU3AMUIO U3JLyYeHus, UAYyIero Bo Bce cropoubl. [Ipu stom V; = 0, To ecTth Kpyrosasi moss-
puU3anus ncue3aeT BBUILY CUMMETPUYHOCTH MPABOIl M JIEBOH MOJAPU3AIINH, OCTAETCA TOIBKO JIMHEHHAd:

2

1
@ =tnt |susasa) + [ aCisndy (150 -2 | (s
0

B cnyuae nepensrusucrckoro 3apsana (I8e < 1) u3 npuseneHHbIx GOPMYJ C HOMOMIBIO y2Ke MCIOIb30BABILIErOCs
coornowmenus J,(z) ~ (2/2)"/T'(v + 1), z = +0 serko noay4nrsb

e l(l+1)
¢ (20 +1)!

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

TOJILKO MEePBbIe MUKJIOTPOHHBbIE JuHUK. [loBenenme crieKTpa CHHXPOTPOHHOTO U3JIyUeHUs 3HAYUTENHHO CToXKHee. EMy
Oy/IeT MOCBSAIIEH OTAEIbHBIN maparpad.

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

7. Umnynsce dorona. Insg nepexona m3 CHCTEMbBI 3aPAa B CUCTEMY IOJIs CBS2KEM XAPAKTEPUCTUKHU U3JIy9eHUS B
9TUX cucTeMax. Bce xapakTepucTuku (pOTOHOB CHAOXKAEM TEMHU K€ WHIEKCAMU, YTO W JIeKTpOoHHbE. Hampasienue
UBJIyYEHUsT XaPAKTEPU3YeM eJMHUIHBIMU BEKTOPAMH fle M Tif C COOTBETCTBYIOIIMMHE YIJIAMHU, & dHEPrun (POTOHOB HE
4aCTOTaMU, & BOJIHOBBIMU YMC/IAMU Xe U &f.

BBeziem 4erbipexMepHbIil BEKTOP UMITY/Ibca (To4Hee, BOJIHOBON BeKTOp) dorToHa . s GobIieil HarIsIHOCTH
OTMETHM TOT BEKTOP MHJIEKCaMu e U f, Korga ero cocraBJisiionye OTHECEHbI K COOTBETCTBYOMIEH CUCTEME OTCYeTa:

X = {%ea%eﬁe}, Xy = {%f,%f’ﬁ:f}. (83)

s Hux Jierko Hammcarh npeobpasoBanue Jlopenma. COOTHOIIEHE MEXKIY HYJIEBBIMU KOMIOHEHTAMY TaeT OOBIIHBIN
zakon Jlomrepa

Xe = XrY| (1- BH cosby), &= e (1+ BH cos ), (84)
U3 KOTOPOI'O BBITEKAET COOTHOLIECHNE
1
(14 B cos ) (1 — ) cos b) = ? =1- Bﬁ. (85)
I

[IpeoGpazoBanue HANpAaBIEHWH IIPOUCXOAUT B COOTBETCTBMM C 3aKOHOM abeppanuu, KOTOPBIA TAKXKE CIelyeT 3
npeobpa3oBanus Jloperia

Felle = ¢l + %f’YHBH + (’)/H - 1)33f€3(€3ﬁf), ®rilp = Pelle — 3ee7‘|ﬁ|| + (’)/H - 1)3eeé'3(é'3ﬁe). (86)
[Ipoekiyst Ha HalIpaBJIEHHE BEKTOPa €] JIAeT CBA3b MEXKJy CHHYCAMH &, Sinfe = &¢ sin ¢, Tak 4ro

sin O¢ sin e — sin 6,
’)/”(1 — BH Ccos 0f)’ f Y (1 + BH Ccos 06) ’

CoOTBETCTBYIOIIME PABEHCTBA JI/Is KOCUHYCOB MOJIY 9aI0TCs U3 IIPOEKIUK COOTHOIIeHNs (86) Ha OpT €3 WU U3 OCHOBHOI'O
TPUTOHOMETPUIECKOTO TOXK/IECTBA:

sinf, = (87)

COS 6f — BH

cosfe — cos e + B
1-— ﬂ” COS 9f’ f

1+ Bjcosbe (88)

cosfe =

Bsamviio obparnbre opmysr (87)—(88), kaxk n nmpeobpazopanue (84) JacToT, OTIMYAIOTCA 3HAKAME Tiepes (). Azumy-
TAJbHBIA YyIOMT ¢ BO BCEX PACCMOTPEHHBIX CHCTEMAX OJNHAKOB.
CoorHoutenns (88) MOXKHO HOJMYIHTh U U3 (85), €C/IM €ro NePenucarb B BAIE

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

IMpambiv auddepennmpoBanueM 000r0 U3 ABYX COOTHOIIEHWIH (88) MPOBEPAETCs, YTO CJIEAYIOIIUE JIEMEHTHI
obbema, TenecHoro yria u T.a.: &’ sinfd, @?sinfdfdg = x?d?n, de/® n d3@/x — aBigIOTCH PENATUBUCTCKUMU
MHBApPUAHTAMU. BBIMOIHIIOTCS PABEHCTBA, & Sin fe = ¢ sin b u &e.df. = rdfy, a TakKe

B 6
V1Bt =1+ 5 t8 5. (90)
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8. Cnekrp B cucremMax mois. B aroMm myHKTe mosryduM (DOPMYJIbl, OMUCBIBAIOIIME CIEKTP MArHUTO-TOPMO3HOIO
U3Iy9YeHUs B CIydae, KOra SJIEKTPOH ABUXKETCS MO CIHUPAJIH, TO €CTh B OIHOM m3 cucTeM mojs. s 3Toro 0606mumm
dbopmyany (75). IIpowe Bcero obobmaercs Boipazkenue Jijis aprymenTta becceseBbix (yHKIMIA:

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

/e ucrnosb3oBanbl obo3Hadernus (47). He cioxuee obobmaercs u Boipaxkenue (76):

cos B — B\ 2 .
wp = 'Yﬁ (#) Jl2(2) +53Jll2(2‘) , B” = frcosa, B1 = Prsina. (92)

C mpowusBemgeHHbIME 0DODIIEHUSIMEA MOYKHO 3aMKACATH BHIPAXKEHHUE [IJIsT 9€ThIPEXMEDPHOTO UMITYJIbCA, KOTOPBIA HECYT
doronsl B mHUE ¢ HOMepoM | B 3j1eMeHTe TenecHoro yria d2ng 3a nepuos spemenu Tr:

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

BrIpazkenne SIBHO PEIATHBHCTCKA KOBAPWAHTHO. BMecTe ¢ TeMm Tpwm mepexosie B CHCTEMY 3apsia OHO CBA3BIBAETCS C
Besmaunoit Wy, oupegessiemoii bopmyiioit (75) (onsrh npunuiiem uHAEKCHL € u f cOOTBETCTBYIOIIMM BeJUYUHAM ):

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

[TostBiieHne TUNTHIX MHOXKUTEJEN We U € O0bACHIETCH T€M, 9YTO Wi — 3T0 HE UMIIYJIbC, & SHEPIUsd, IPUIEM PACCINTAHHAL
Ha, €IUHUILY IACTOTHI.
O6wyio Gopmyay (93) Takxke MOKHO 3anucaTh B Buie, aHajgoruddom (94):

VVf wr
dpf = L =0 11 i) d? 95
4 c 1 _B” COSHf{ 7nf} ng, ( )

rae o6obmienue dopmynl (75)

62

f_ € 2 wi
Wi = cl V(1 = By cosp)?

(96)

Jononuurenbubie MHOKUTETH B (95) 00bIACHAIOTCS TEM Ke: I/Vlf — 3TO SHEPrusd, paCCUNTAHHASA HA €IMHUILY U3J1yIaeMOon

9aCTOTHI, & Elf — 3TO UMITYJIbC 3a mmepuon 1.
[TomuepkHeM, 9TO We U Wf — ITO YACTOTHI OOPAIIEHUS HTEKTPOHA B CHCTEMAX 3aPS/IA U MO, & & U & — BOJHOBbIE
BEKTOPbHI U3JIydaeMbIX (DOTOHOB B TeX Ke CUCTEeMAaX OTcYeTa. B mepBoil W3 HUX BBIIOIHSETCS COOTHOIIEHHE o =
We/¢€, BO BTOPOI 7K€ CBA3D YKABAHHBIX BEIUIMH OOJee CIOKHAdA, TAK KAK Wf = We /7|, & BOTHOBbIC BEKTOPbI CBA3AHBI
pasencrsoM (84). I[Tosromy dacrorbl JUHUI CHEKTPA U3Jy4YeHUs 3apsiad, ABUKYLIErOCs 110 OKPY?KHOCTH, OJMHAKOBbBI
BO BCEX HANPABICHUAX W PABHBI W] = lWe. 3aps, ABMKYMMIICA IO CIUPAJIH, U3Iy9aeT CIeKTP, JaCTOTHEI KOTOPOro
3aBUCAT OT HAMPABJIEHUS HA, HADJIOIATEIS:
caee WE W

Whe  Be B

CylecTBeHHOE OTJINYHE U3JLyYeHNs] TPU BUHTOBOM JIBUXKEHHUU 3aPs/ia OT CIydast ero ILIOCKOIO JBUYKEHUs 3aKJIIO-
vyaercsa B caepyouem. Popmysa (93) oupenensier uzsydenue 3a nepuoxa. OQHAKO nepuos mOJHOro 0bopoTa 3apsia
Tt = 27 /we w Hanmenbmit epuos (npu [ = 1), ¢ KOTOPBIM MPUXOAAT BOJHBI K HAOIIOJATENIO B 33JaHHOM HANDPABJIe-
uuu 27/ (ceer) = Tt fe, paszinuyatorcd. Bropoii u3 HUX 0puU OJMHAKOBBIX 3HAKAX COS (¢ U COS ff MEHbLIe IePBOro, TaK YTO
HaOIIOAATETb OyAeT BOCIPUHUMATDL OOJIbIIee KOMTUIECTBO YHEPIUH, UeM m3aydaer 3apsa. Hukakoro mapamokca 371ech
HET, TaK KaK 3apsil, IBUKYIINNCS HABCTPEdy HAO/IIOJATEIO0, CaM KaK ObI JOTOHSET CBOE YKe M3JTyYeHUE U CIIPECCOBBIBA~
er ero. Hamporus, npu ABrzKeHn# OT HAOIIOAATE TS U3y deHne OyaeT ociabIeHo, TAK 9TO B CPeIHEM 3aKOH COXPAHEHUSA
SHEpPIr'uu, KOHEYHO, BbloJiHAercsd. /leficrBuTe/ibHO, IIOJHBIA U3y YaeMblil B JIMHUU Y€TbIPEXMEPHBII UMILY/IbC B CHCTEME
sapsaga P} = {we.W;/c,0} conepKuT ToabKo HyJIeBYI0 KOMIIOHEHTY. B crcTeMe mosist HMITYJIbC HMEET COCTABIISIONLYIO TI0

o710, 160 cormacHo mpeobpasosamio Jlopenra P = (w. W/ o{, 7”6]} = (weW;/c)B

wh = leaey =1 (97)

» ITO MOXHO NPOBEPUTH HETIO-

cpeacTBeHHbIM mHTerpuposanuem. Eciu pacmpesesienve 3apsiioB W30TPOIHO, TO [PU YCPEIHEHUH 10 HAIPABIECHUSIM
NIPOCTPAHCTBEHHAA COCTABJIAIONIAA IPOIaI3eT.

§ 4. CueKTp CUHXPOTPOHHOTO U3J1yYEeHUSA

1. @yuknun Beccens. st BeiBoma HpopMysI, OMUCHIBAIOMIUX CIEKTP CHHXPOTPOHHOIO U3/TyI€HUs, IPUBEIEM KpaT-
KHUe CBeJIeHNs 0 OeccesieBbIX (MYHKIUSIX.
Beccenesa dynkuus (11epBoro posa) MoxKer ObITh ONPeIe/IeHa CXOAAIIMMCS Ha BCel KOMILJIEKCHOI IIIOCKOCTH Ps0M
o0

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

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

,d2J,(2)  dJ,(2)
2 v v
i dz2 tz dz

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

Yuco v HA3BIBAETCS MOPSIKOM yPaBHEHUS U (DyHKIUH.

JluneiiHo He3aBUCHMMbIMU penleHusiMu ypasBHenus Beccens sisnsiiorcs dbyukuun J,(z) u J_,(z), eciu ToibKo v He
nesioe uucyio. Bropoe Jymneiino nezaBucumoe pemenne (DyHKIUS BTOPOrO POJA) IMPEJACTABILIOT B BUAE CIEIyIOIeit
JIMHETHOM KOMOMHAIINN YKA3AHHBIX PEIeHuit

Ju(z)cos(mv) — J_,(2)
sin (7w v)

Y, (z) = , (100)

KoTopyio HasbiBatoT (pyuknueit Bebepa nin Heiimana. Ona ocraercst TMHEHHO HE3ABUCUMOI OT OCHOBHOM ¥ IIPU [EJTBIX
TOPSAIKAX.
Eciu B ypasuenuu Beccens (99) 3aMeHUTH NepeMeHHYIO z Ha § z, TO ypaBHEHUE epeiiieT B

d?w dw

2 2 2

22— +z—— (2" +v)w=0 101

S~ (2w =0, (101)
HazbIBaeMoe MOAMMpUIMPOBaHHbIM ypasHeHueM Beccensi. COOTBETCTBYIOIINE perennst HOCAT Ha3BaHUe MOIU(pUImIpo-
BanubIX (Gynkuuit Beccens. Ogua u3 Hux — 310 npocro dbyHkuus Beccess (OCHOBHAs) OT apryMeHTa, YMHOKEHHOTO
Ha MHUMYIO €IUHHAILY:

] ] © 1 2\v+2m
I(2) = e~im¥/2 ] (¢im/25) = - - (z . 102
@ =) = 3 () (102)

OmnsiTh, BTOPBIM DEINIEHUEM IIPU HEENbIX v MOXKeT Ciyxkuth I_,(z). Bomee ymobua npyras GyHKIMs, KOTOPYIO
Ha3bIBAOT pyHKIMeH MakmoHA b1
mly(2) — 1,(2)

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

(103)

Jjia Hee cupaBezjinBO PEKYyPPEHTHOE COOTHOIIEHNE, CBA3bIBAIOIIEE IPOU3BOAHYIO OT 3T0i (byHKImH C AByMs (DyHKIH-
AMHU C COCETHUMU HOMEpPaMu:

9K (2) = —K, 1(2) — Kyr1(2). (104)

HemnocpencrBento u3 mpeacTaBIeHnii B BUIE PSI0B BBITEKAIOT (DOPMYJIbI, XapaKTepu3yoiue moseaeHne byHKIuii
upu 2z — +0:

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

[Ipu nepexone K mocsieiHEMY BBIPAXKEHHUIO UCIIOJIb30BaHa (popMysia [10noaHEeHNsS raMMa-(DyHKINH.

=T()2" 27" (105)

2. Nnrerpanbubie npencrasienus. @yukuuu Beccens MoryT ObITh npe/iCcTaBIeHbI B BHUE ONPEIEIE€HHBIX HHTEerPa-
JIOB, C MIOMOIIHIO KOTOPBIX UX YI00HO MCCJIEOBATH U BHIYUC/IATH. [IpeacraBienue s pyHKIUU HEI0r0 NOPIIKa
s

1 . -
/ ezn¢—zz sin ¢d¢ (106)

T o

JIn(2)

JIOKA3bIBAETCsl HEIIOCPEICTBEHHON BBIKJIAIKOM, IIPM KOTOPOIl SKCIIOHEHTY HAJA0 Pa3J/iOKUTh B PsJ, IO CTEIeHAM z. AHa-
JIOTUYHO TIPEICTABJIEHIE MOAUMDUIIUPOBAHHON (DYyHKIMN
K

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

g dyaknun MakgoHAIbIA CIPABEIINBO TPEICTABICHUE
o0

Ko (2) = / =% Bt ch(y 1)dt. (108)

Wcxons u3 HEro mosiyduM acCUMNOTOTHKY 3TOi dbyHKIuUM mpu z — oo Merogom Jlammaca. st 3T0ro 3aMeHrM B TOKa-
3arese sxcnonenTsl cht = 1 + 2sh? (t/2) n npumem BO BHHMaHWe, 9TO TPH OONBIINX apIyMEHTaX z B MHTErpaJl JaloT

BKJIa/Jl TOJIBKO MaJible 3HAYCHHA t, TaK 4TO
o] o]

K,(2)=¢~ / e—22sh*(t/2) ch(vt)dt ~e™* / e 24t = 1/21672. (109)
z
0

0

Oco0blit uHTEPEC MpeacTaBisger acuMuToTuka GyHkuun Jy,(2), KOrga BeJIMKU U apTyMEeHT z ¥ MOPSJIOK ¥, MpUYeM
z < v. Ee mbi, cienysa kuure [30], nosyuum B nBa srana.

21



3. Ipubsnuxenue BKB musa J,(z). 3amenum B ypaBuenuu (99) He3aBUCUMYIO EDEMEHHYIO 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/v2 =1—-e2v, z=v\/1—-u2 (111)

Hamomawnwm, uto permernmne metronom BKDB ypasaenmns

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

T VI®

Merox BKB npuménum k ypasuenuto (110). Bxoasammii B hopMyty jijis pelieHns WHTErpasl JIerko BbIYUCISeTCs:

1—u ’

0 0
1.1
v:/udy:/\/l—e%dyziln +u—u (114)
y y

Torua pewenue ypasuenus (110) B npubsuxkenun BKB 3anumercs B Buze
J,(z) =u"2(CLe’ + Che™”Y). (115)
IMocrosinubie Cy u Co oupenenuM, ucxois u3 noseigenus Gynkuuu Beccesns okoso myns (105). IIpu Gosnbmmx

3HAYEHUSIX MOPAIKA V Ijis TamMMa-pyHKIuA Bocnojb3yemcs: dhopmysoin Ctupnuara. C apyroi ctopousl npu z — 0

oymer u ~1—2%/(2v%) - 1l,av~=In

2 22/(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) Julz) ~ Gy (ze) +C (21/) (116)
Orcrona naxonum, uro C; =0, Cy = 1/v/27v. Cienosarenbro,

Ju(z) = \/ﬁe_”. (117)

Kak 06bran0, pentenne meromom BKB menpumennmo, Korma v u, Caea0BaTe bHO, v 01n3Kn K Hyar0. Ho mosyueHube
acuMnTorudeckre (popMyJIbl MOKHO CYIIECTBEHHO YTOYHUTH, TAK, YTOObI OHU HE MMEJIH YKA3aHHOI'O HEIOCTATKA.

—1=1In —V. Torna
ze

4. ®opmyiet Jlanrepa. B ucxomnom ypasuenuu (99) caesaem (BTOpOit 3Tall BbIBOAA) CJIEAYIONIME 3aMEHBI HCKOMOI
byHukIME U ee aprymenTa:

F(v). (118)

3aMeHa MTPOM3BOIHOMN MOJTYYIAETCS IPU TOMOIIH (DOPMYJIBI

d dv du d 1 —z d u d
B i (R S el 119
dz dudzdv (l—u2 >UI/2d'U z dv (119)

Torma
dJ,(z) 1 -z 1w, 22 ,
=z2|-—»—F———-F'|=|——FF—VuF'). 120
T Z{ 2u3/2 vy Vu z 22 ub/2 Vu (120)
Ypasuenue mis Gyukinun F' nomydaercs 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 pEIIeHre MPU MAJIbIX U, IIOITOMY Ipeodpa3yeM ypaBHEHHE MMEHHO /i 9Toit obmactu. B
Hell MOXKHO MPUHATH, uTo v ~ u° /3. Toraa ypasuenue (120) MOKHO MepenucaTh TakK:

F" —V*F + ;—GU”F =0. (122)
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Ot ypaBHeHusi, KoTopoMmy yjoBiersopsier pewenue (117), nosyyeHHOe ypaBHEHUE OTJIMYAETCS OCJIEAHUM CJIArAeMbIM,
KOTOPOE BEeJTUKO TTPU MAJIBIX U.
Yrob6bl npusectu ypasuenue (122) K craHAapTHOMY BHJY, CAEJAEM €LIe OJHY 3aMEHY:

F(v) =vVvvG(vv). (123)
s BHOBb BBEICHHO (DyHKIMYM Oy IaeTCs yPABHEHUE

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

TO ecTh MoauduIMpoBaHHOe ypaBHeHne Beccenst nopsinka 1/3. Iosenenue perrenns npu 60abiux v corsacuo (117)
TAKOBO, 4TO HaJI0 BbIOpaTh B Kauecrse G dynxmuio Maxonanbaa K /3. Oxondarenbuo

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

Teneps snauenne J, (v) = /u3/3u[[(1/3)/m]272/3(vu?®/3)~1/% = [['(1/3)/x]2~2/331/6y~1/3 koneuno.
Hnst momyvenns npon3sonuoii ot hyukimuu Beccens J, (z) nocrarouno npomuddepeHnupoBaTh aCAMITOTHIECKY O
dbopmymy (125):

T(2) = VIO Kys(0v). (126)

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

5. Hampamjennoe usjiyyenve B JUHUSAX. [[PUMEHUM BBIBEJEHHbIE aCUMIITOTHKH K CIHEKTPY CHHXPOTPOHHOIO W3-
aydenus. CHadajia paccMOTPUM JBHXKEHHE 3apsifa 1o okpyxkuaoctu. Cuauraercs, 9410 e ~ 1, Yo > 1. Usnyuenue
COCPEIOTOYEHO B Y3KOM KOHYCE OKOJIO MJIOCKOCTH BPAIIEHUSI, TTO9TOMY [EeIec000pa3Ho BMECTO yriia @, MCIONb30BaTh
yron € = /2 — 6,. Torma OCHOBHOE M3JIyYeHNe WAET NPU MAJIbIX 3HAYEHUAX € = €0 /Ye K 1.

ITo aprymentry GecceneBbix MyHKuMA z = [, sin B npu Gosibimx [ HaxoauMm

: JIite
w= /1= 22/ = \/1 - B2sin? 0 = /T — B2 cos? :\/1—ﬂg+ﬂgsin25~\/1/73+52:%<<1. (127)
e

Jns manbix v emranna v ~ u® /3 = (1 +€2)3/2 /343, Cnenosarenso,

1+ et 1+¢el
D@ ~ 2 g (10 4+ 8% 392) i) ~ Ky (1014 <2302 (128)

n (ctgfe =tge ~e ‘
el =t pleg

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

Paccmorpum mpenenpubie ciaydan. O6e BenauHbl | U Y, OOIBITIHE.
1) | < 372. B aToM citydyae BTOpoe CjaraeMoe B KBaJpaTHBIX cKoOKax B (129) Gosblle MepBoro, Tak Kak y Hero
GoJIblile oOTpUIATEIbHAS cTeleHb Mastol Beauduibl. CornacHo dopmyne aug K, (z) u3 (105)

12/3
1+¢ed

2
W, ~ £31/39-2/312(2/3) (130)
C

[Ipy Taknx | WHTEHCHBHOCTDH HE 3aBUCHT OT 7e M PACTET MpOmNopironagbHo (2/3. TIpu sToM mponssogmas mo | Gecko-
HEYHA, TO €CTb POCT OBICTPBDI.

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

3) [ > 3v2. Ilpu Takux HOMepax juHHil 06e byHKimE Mak1oHaIb1a yOBIBAIOT SKCTIOHEHIMAIBHO, TaK e yObIBaeT
u Wy

2 2
e 1 | 142 2 [
Wy~ ——— =120 exp [ —2(14+£2)322 ). 131
l c 27r7e (1+5%)1/2 p< 3( 0) 3 ( )

e

UurencusHOCTb JiMHUIE GBICTPO BO3PACTAET ¢ HOMEPOM [ 110 3HaveHuil nopsaka vZ, o6pasys MIMPOKUH MAKCUMYM
Ha HOMepax | mopsaiKa 372, a 3aTeM KCIOHEHIUAIBHO yOBIBACT.

Takum 006pa30M, CIIEKTP CHHXPOTPOHHOTO U3JIyYEHUs WMEET COBEPIIEHHO APYTOil XapaKTep, UeM CIEeKTD IHKJIO-
TpoHHOrO. CHUHXPOTPOHHOE U3JIyUYeHHE PACHPOCTPAHSIETCS B y3KOM KOHYyCe BOJIM3HU ILIOCKOCTH, B KOTOPON BpAIAeTCs
3apsia. C pocToM 7 yroji, B KOTOPOM HIAET MAKCUMAJIHHOE KOJIMIEeCTBO U3J/Iy 9€HNUsI CYKUBAETCS, NHTEHCUBHOCTH CITIEKTPA,
yBennuuBaerca. Usayuenne uier B IUHUAX ¢ OOBITUME HOMepaMu | ~ 372 u, cleJ0BaTe/IbHO, Ha BHICOKMX 9aCcTOTaX
nopsaka lwy /ve ~ 3v2w,. IIpu 310M, TaK KAK PACCTOSHUE MEXK/Ly JIUHUAMH MPONOPIUOHAILHO 1/7e, TO JIMHUM pacHo-
JlaraloTcs Bce TecHee. Tak Kak BCJIEACTBUE U3JIyU€HUs JTUHUM UMEIOT KOHEUHYIO MIUPUHY (Y4TO MBI HE YIUTHIBAEM ), TO
CIEKTP CMHXPOTPOHHOIO U3JIy4eHUsi (DAKTUIECKU sIBJISETCST HEPEPHIBHBIM.

TupOIUKIOTPOHHOE M3y YeHUE SBIASAETCS IIPOMEXKYTOYHBIM MEXK/1y [UKJIOTPOHHBIM M CHHXPOTPOHHBIM, TO €CTh
C pOCTOM [, HEYKJIOHHO BO3PACTAET HAMPABJIEHHOCTHh W3JIy4eHWs, YObIBAHWE WHTEHCUBHOCTEH JIMHWI C HOMEPOM B
00JIaCTH CHJIBHOTO U3JIyYI€HHs TOCTEIIEHHO CMEHsIeTCsl BO3pACTaHUeM, a 3aTeM MaKCHMyM IepeMeIIaeTcss B CTOPOHY BCe
OOTBIIINX HOMEPOB.
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6. ITosioe uziydenue B aunusix. IIpounrerpupoBantas 1o HalpaBIeHUAM UHTEHCUBHOCTD jiuHuil (80) upu Gosbmx
HOMEPAX UMEET Te 2Ke CBOWCTBA, YTO U HALIPABJIEHHAH. 3/1€Ch BO BHEHHTEIPATIBHOM CIaraeMoM 4 = /1 — 2 = 1/, <

Lv~u?/3=1/373n

1 2l
! —_
Murerpail oneHuBaeTcs HECKOJILKO CloxKHee. B Hem cienaem 3ameny
1. 1+ u'?du’ uydy u'dy 1 vV1—-u"
_ 32,2 [ ! I 2 — = !
=+/1 Bey,v—Zlnl_u, u,dv—il_u — B3 = Bem,dy— AT do'. (133)

Torma mocse moaCTAHOBKHA aCHMHTOTquCKoﬁ dbopmyubr (125)

[ee)
1 v V1—u?
/le 2l,8ey dy ~ 71'— / JK1/3(2I’U,)Td’U,‘ (134)
e

!
1/3+3

[MTocne eme omHOM 3aMEHBI MEPEMEHHON WHTErpupoBanusa ' = 2[v’ WHTErpas mpuMeT Bus
1

o0
1
/JQ[(Qlﬂey)dy ~ % u,3 1 — UI2 K1/3 (135)
0 T

BBuny skcnonennuaabaoro yosiBanusd pyukmun MakaoHa baa mpu OOIbIINX apryMEeHTaX OCHOBHOM BKJIAJ B WH-
TerpaJi BHOCAT 3Ha4YeHWs ¢, nMerolye nopsigok 1 u menbire. [Tosromy cyuiecrBenHbl 3Hadenns v’ = x/2] < 1. B sroii
obmactu u' < 1 u v ~u'/3, Tak uro

1 [e%e}

1
Jo1 (21 Bey) K Ndz'. 136
O/2l Bey)d l7r\/§/ 1/3($)$ ( )

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

— 4 e2 l
e

Hakonern, Bocionb3yeMcst peKypPPEHTHBIM COOTHOIIEHUEM JIJTST (byHKuI/H‘/’I Maxnonasibaa (104) u OIy9uM OKOHYATE Ib-

HOE BbIparKeHue
e? 2[

Wi V3ol (55 ) (138)
e

Il MCIOJIb30BAaHO CTAHAAPTHOE ODO3HAadeHue i (PYHKIUU, OTPAXKAIOIIEH 3aBUCUMOCTD WHTEHCUBHOCTU H3JLy9€HUS
OT HOMEpPA JIMHUHU U JIOPEHIIEBCKOI'O MHOYKUTEJIA:

5 =g / Ko (') da. (139)

Ora dyHKIUA OLICTPO BO3pACTAET IIPU MAJIBIX apryMenTax, gocruraer Makcumyma f(0.29) = 0.92, 3arem sKCHOHEHIIH-
ajbHO yObiBaer. HTerpas or Hee

8w

f(z)dz = Ve

(140)

0\8

7. N3nydenune B JuHUAX B cucreMme mojsa. Acumnrorudeckue GOPMYJIILI IJIs 3TOrO CJIydasi TMHUITYTCS AHAJIOrMY-
HO HAIIMCAHHBIM BbIlIe. 31€Cb OMPAHUYUMCs UMEHHO CHUHXPOTPOHHBIM W3JLy4€HHeM, KOIJA IIUTY-yros (yrosa Meziy
HAIPABJIEHUE CKOPOCTU JIEKTPOHA U MAIHUTHBIM [OJIEM) (¢ HE MAaJl.

Ucxonum u3 dopmya (91), (92) u (96). Ilpu fr ~ 1, 9 > 1 aprymenr 6eccenenbix byHKUu 2 = l%, TaK 49TO
C

corytacao dopmyiiam (53) u (54)

we I PTE = IR = VB - B 1+egsina _ \/1+z—:(2)' (141)

Be ¢ sin? a ¢ sin o

ta BemmuuEa Mama, modtomy v ~ u/3 ~ (1 4 2)3/2/342sin® a. Aprymentom dbynximii MaxaoHamba CIyKUT
npousseenne [v. Ero Mbl mepenurmeM Tax, 9ToObI OH COIEPKAN U3JIy9aeMyl0 9aCTOTy, onpeneseMmyio dhopmyoit (97).
Jes0 B TOM, 4TO HabIIOAATE b U3MEPAET HHTEHCUBHOCTD Ha, ONPEIE/IeHHOM 9acTOTe U €My HeT Je/a [0 TOrO, KAKOMY
HOMEpY JMHUH OHA COOTBETCTBYeT. KpoMe TOro, Ha pa3jM4YHBIX HANPABIEHUAX CKOPOCTH 3apsafa TOH Ke dacToTe
COOTBETCTBYIOT pa3IM4HbIe HOMepa JuHHH. [I03TOMY 3aKpenuM MMEHHO 4aCTOTY M3JIyYeHHUs.

B acumnroruueckoit obsactu
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w=uw ~1 wzf , = sina. (142)
sin” « wr
Torna
1 4 £2)3/2
o~ fLEETT W e (143)

3Esina we

rae 3, . 3 ,eH. 3 ,eHy
we = gpwesine = oop

. 144
~ 2 e (144)
Yepes H_ | 0003HAYECHA IPOCKIINA HAPAXKEHHOCTH BHEIIHErO MATHATHOTO MOJId Ha, HAIIPABJIECHUE CKOPOCTH 3JICKTPOHA.
Yacro ncrnonb3yercs He KpYroBast, & 00bIYHAS YaCTOTa, TaK UTO wi/wWe = V| /Ve, THE Ve = we /2.

Acumnroruveckas (popma Boipaxkenus (96) [jisi SHEPIUU B JIMHUM B CUCTEME [0JI UMEET BHL

1-|—€0€ wl

VVZf ~ 2K1/3(f) (1+ 60)K2/3(f)

3 e yuw? 2 [ .2 72
372 ¢ w? — (1 +&7) [e0K7/5(8) + (1+50)K2/3(f) (145)

A2 '7f 2
4 wWe

Ilommas QHEPrud BBIYUCIACTCA TaK 2Ke, KaK W IIPpU KPYTOBOM JIBUZKCHUN. HBﬂyqaeMaH QHEPrud Ha €JUHUIHOM
HHTEpBaJi€ 9aCTOTbl B €JUHUILYy BPpEMEHN

E(w) ~ \/géw* sina f(x), (146)

rue renepb T = wy/we = w/we.

8. YcpemHenue 1o pacrupeeeHni0 SHEPTuil 3eKTPOHOB. OOBIYHO CYNUTAETCS, 9TO IJIEKTPOHBI PACIPEIETIEHBI TIO
UMTYJIbCAM U30TPOITHO, TO €CTh UX PACIpeeseHue 3aBUCAT TOIBKO OT MOJIYJS UMITYJIbCa WM, YTO TO YK€ CaMoe, OT
sueprun. [IpuHATO TaK)KE CIUTATH, YTO B PEIATUBUCTCKUX ACTPOPU3NIECKUX O0bEKTAX, TAKUX KAK JKeThbl AKTUBHBIX
A/1ep TAJTaKTUK, PEHTTEeHOBCKNE WCTOYHWKYU U JIP., PAcIpeesieHne Mo SHEPTUIM He MAaKCBEJJIOBCKOe, a CTEIIEHHOE, TO

€cThb
Ne(r) = Cs77, Am <7 < (147)
Jlaxke HIKHAA TPaHNIA He Majla, OOBIIHO Yy > 10. Koadbdunuent Cz onpenenserca ycioBneM HOPMAPOBKH
™M
Cs /fﬁdy =1. (148)
Yin

WaTerpan BEMUACTAECTCA MTPOCTO.

Habmomarens hbakTudecKkr BOCIPUHUMAET W3JIy9YEHUE TOJHKO TEX JJIEKTPOHOB M3 aHCAMOJIS, KOTOPHIE MBUKYTCSH
B €ro CTopoHy B y3KOM KoHyce. OBO3HAYUB yros MeXK/y HAIPABJIEHUEM Ha HAOIIOmATE/ss U MAPHUTHBIM IOJEM Yepe3
Q, MO2KHO CYUTATHh TOT yTOJI MUTY-YTJIOM U3JIyJaIONuX IeKTpoHOB. C Apyroil CTOPOHBI, B YKA3aHHOM KOHYCE HIET
MPAKTUIECKU BCA M3JIydaeMasi SHEPTUsi U OHA IOMAIaeT B MpubOpP, pa3perieHne KOTOPOro MeHbIe PACTBOPA KOHYCA.
[TosroMy B KadecTBe IHEpPruu, usJly4daemoil ancambieM JIeKTPOHOB, MOXKHO IPUHsATH Besmuuny (146), ycpeaHnenHyio

[0 PaCIpeesIeHHI0 IeKTPOHOB (147): Yot

E(w) = \/géw* sina Cg /7_/3d7f(m). (149)
Ym

Boraucium sxoggamuii croga unrerpas. CHagasa nogcraBuM B Hero Boipaxkenue (139) mia dyukuuu f(z) u cuenaem

2 2
3aMeHy NMEepPEeMEHHON WHTErPUPOBAHUS T = ) v = =Y 2712 bre ofo3Hateno w) = w, sin . [MomyuwmTcs
We 3w 3w
YmM 1 2“}/(3““-7:211) 3 (B*l)/z (o9}
Z(B) = / dem/ng (z')dz' = 3 / <2L;> mB/2m*3/2dmm/K5/3(m')dm’. (150)
Ym 2w/(Bwivd) z

Jis mpoCTOTHI 3aMEeHMM HUKHUI [pesesl BHeIHero narerpasia Ha 0, a BepxHuil Ha 00. ITOCKOJIBKY MOy YarOMIniics
MHTEerpaJl cXojaurcd, nobasjenue K HeMy uHrerpasos 1o Kycoukam [0,2w/(3wivé)] u [2w/(3wiy2),00) He J0IKHO
OTPA3HUTHCS CYUECTBEHHBIM 00Pa30M Ha €ro BeJUduHE.

IMepecrasum B (150) MOPAJOK WHTErPUPOBAHUS:

’
T

1 /3w, \B V2T y 1 /3w, \B V2T
=5 (%) [ [ =g (52) [ Rt [200Rar sy
0 T 0 0

BryTpennwuit cremnenHoi nHTErpaJI JIETKO Oepercs:

(B-1/2 F

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

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

/:z:“K,,(:z:)d:c:Q“_lF <“+;+”>r(”+l_”>. (153)
0

2

®yukuusa MakaoHasbaa 9eTHa 110 UHIEKCY V, TeM Ke CBOHCTBOM objaszaer wHTerpas or Hee. Iloacrasus (153) B
Bbipazkenue (152), nonaydum jjisi OLEHMBAEMOIO MHTErpaJia

(B-1)/2
1 (3w 38+ 19 36 -1
-7 () () () 150
U OKOH4YaTe/IbHOE Bpra,)KeHI/Ie JJI5A I/I3J1y‘{a.eMOf/'I 3HepFI/II/I
_ e? 1 (3w, \Y V2 735119 38 -1
- 3< (=L r (22 p (222, 1
Ew) \/gc‘“CBBH(w) < 12 > ( 12 > (155)

9. Ycpenuenue no nanpasieHusaM 0. [losydernHoe BbIpazkeHue Mpe/cTaBiser cob0il SHEPIUI0, U3/IyYaeMyo aH-
caMbJIeM 3JIEKTPOHOB B HAIIPABJIEHUU Ha HAOJIOATEIS, COCTABIISAIONIEM YIOI (v C HAIIPABJICHUEM HANPIKEHHOCTU Mar-
HATHOTO IOJIsT, KOTOPOe camuTaercs dhukcupoBanubiM. OqHAKO, KAK MTPABUIO, TPUOOPHI HE PA3PEIIAIOT OTAEIHHBIE 9aCTH
n3ny4daiomux obsacreit. Ha siya 3peHuns TakzKe IOMAIAIOT PA3JUIHbIE yIacTKA Takux obmacreit. Hampasierue moss
B UX IIPEJIETIAX MOYXKET MEHSThCs MPOU3BOJIbHBIM M HE M3BECTHBIM HaMm obpasom. IToaromy dacro mpuHUMAIOT Hpej-
MTOJIOYKEHUE, UTO TOJIE XA0TUIHO, TO €CTh €r0 HAIPaBJIEHWsS PABHOMEPHO PACIpEIEIeHbl M0 eaquaudHoi cdepe. Torma
[OJIy YEHHOE BBIPAYKEHUE JIJIs U3JIyIaeMOU SHEPIUK HAJI0 YCPEAHUTH M0 yriaaM «. [Ipu 370M BO3ZHHKAET MHTErpast

T w/2 1
% /sin(’g*'?’)/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(5+3)/4(1 )22 = %B <1 M) = ﬁr (B + 5) /T (B + 7) . (156)
0

ITocuie yepennenus (155) no HanpasjieHusM 0o ¢ yaerom unrerpasa (156) naxomum

e2 (w*)(/@’—l)/2 AB), (157)

?(w) =W

TJIe 3aBUCAIIAs OT MOKa3aTesst [ MOCTOSHHAST

F<B+5>

_ VT 52 Cs 38 +19 36 -1 4

A(ﬂ)—7362ﬁ+1r( 12 >F< 12 >F<ﬁ+7>'
4

WNmenHO 9TO BBIparkeHuwe OOBIYHO WCIIONB3YeTCs Mpu WHTeprperanuu Habsoaenuii. [lo HakjioHy HAOMIIOZAEMOTO
CHEeKTPa Cpa3y OompejessaeTcs NOKA3aTelb PACIPeIeIeHNs JIEKTPOHOB IO SHEPTUIM.

(158)

10. Ilnasmenssiii koren. B vagame 1970-x rogor C.A.Kannan u B.H.Ilutosuu [16] moka3zasm, 9ro y 3J€eKTPOHHOTO
ra3a, HaXOAMAIIEroCsd B IJIa3Me C MArHUTHBIM IT0JIEM M H3JLy4aloIlero MOCPeACTBOM CHHXPOTPOHHOIO MEXaHW3Ma, [PU
[TO/IBO/IE U3BHE SHEPIUU, KOMIIEHCUPYIOIIEH NOTepru Ha W3JIydeHue, U yCKOPEHWH YaCTUll HA [JIA3MEHHON TypOyJieHT-
HOCTHU YCTAQHABJIUBAETCH CTAIMOHAPHOE CTEIEHHOE paClpeeeHue 1mo dHeprusiM. [Ipu 3TOM mokasarean B CIEKTPax
U3JIyYeHUs] U DHEPIUM 3JIEKTPOHOB COIJIACYIOTCH Mexkay coboil B coorBercrBuu ¢ (popmysioii (157). BeiBox 6bur cue-
JIAH HA OCHOBE MOPSIJIKOBBIX OIEHOK. DTa CATyallds HOMy4YuMsia Ha3BaHWe “Mia3MeHHbiil TypOysieHTHbiil koren". Pac-
CMATPUBAJIOCH TaKKe BJIMsHIE KOMITOHOBCKOTO paccesiuusi. BrocieacTsun apropaMu [38] GbIIO MOy YeHO YHCIEHHOE
pererne cranuoHapHoro ypasuenus: tuna @okkepa—Ilianka, onpenensionero pacupeeienne JIeKTPOHOB C yIeTOM
BCEro CIIEKTPa MATHUTOTOPMO3HOIO U3JIyYEeHUs U NOMIOLeH!s (KAK CUHXPOTPOHHOIO, TAK U LUKJIOTPOHHOIO), KOMIITO-
HOBCKHUX TIOTEPh, & TAKXKE WHIKEKIINKA W BBIJIETA JIEKTPOHOB m3 obsracTu. Pacdersr moka3asin, 9TO CTENEHHOM CIeKTP
3JIEKTPOHOB CO3/IA€TCS TOJIBKO HA OY€Hb OOJIBIINX YHEPrUsiX, & HA MAJIbIX M YMEPEHHbIX 00Pa3yercs MAaKCBEJJIOBCKOE
pacmpesiesieHie ¢ TeMIIEPATY PO, ONPeieasdeMOoil COOTHOIEeHneM HHKeKmy u 1orepb. O630p pabor no 3ot npodieme
COAEPKUTCS B cTaThe [53)].

MarauTo-TopMO3HO# MEXaHU3M U, B YACTHOCTH, CAHXPOTPOHHOE U3JIyYeHHE UTPAIOT OYeHb DOJIBIIYIO POJIb B aCTPO-
dbwusuke, HA 9TO GBLIO OOparero BanManue W. C.I[IIknosckum [32]. VI3y4eHnIo 5TOr0 MeXaHW3Ma OBIIO TOCBSAIIEHO
OrPOMHOE 4HCIIO craTeil U psj Keur. W3ioxkeHne B 3TOM Kypce ciiefyeT B OCHOBHOM KHuram [19, 3], a taxzke 0630py
[39].

B cusibHOM MarHUTHOM MTOJIE SJIEKTPOHBI ABUKYTCS (DAKTUIECKU BIIOJIb CUJIOBBIX JinHMi mosisi. [Ipu 3TOM Tak)ke BO3-
HUKAET W3JIyJeHne, KOTOPOe TO-aHTINIHCKU HA3BIBAETCs curvature radiation, a B pyCCKOS3bIYHOM HAYIHON JIUTEPATYPE
— UB3TUOHBIM.

Ecnu xe mose HACTOIHKO CHJIBHO, 9TO HEOOXOAWMO YUIUTHIBATH KBAHTOBBIE 3(D(MEKTHI, TO IJIEKTPOH HENIB3S CUU-
TaTh CBOOOIHBIM, €ro Heprus KBauTyercd (yposuu JlaHmay), a U3JydeHue COIEPYKUT PE30HAHCHI Ha ONPENEJEeHHBIX
9aCTOTaX.
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I'maBa 3. KomnronoBckoe paccessHue

§ 1. OnucaEne KOMIOTOHOBCKOTO pacCesTHUS

1. KomnroHoBCKOe paccesHue u u3meHeHue suepruu (orona. Paccesinne u3ydeHus: 3JIeKTPOHAME, HA3BIBAEMOE
KOMIITOHOBCKUM, MI'DAET BAXKHYIO POJIb B (POPMHUPOBAHUU CIIEKTPOB Psifia 00bEKTOB B MeTarasakTuke, U3yd4aeMbIX
acTpodusnkamu. 370eCh JACTCS MOHITHEe 00 3TOM BUIE PACCESTHUA.

B 1923 roay A.KowmnToH omybauKoOBaJI CTaThio 00 OTKphITHN 3 deKTa, BIOCIEICTBUNA MOJIYYUBIIETO €ro UMs. 34
csoe orkpbiTue Komnron u ero obbsacaenne nomygusn Hobenesckyio npemuio no ¢usuke 1927 roma.

KowmnroHOBCKOE paccesiHre — 3TO aKT B3aMMOIEHCTBYS 3JIEKTPOHA U (POTOHA, B PE3YJIHTATE KOTOPOIO ITH JACTHIIHI
M3MEHSIIOT CBOU MMIIYJIbChI, SHEPTUHU W COCTOSHUS MOIsspr3amyy. [109ToMy 9acTo roBOpsT, YTO YACTUIBI TTOCTIE PACCe-
sSHUS — HE Te, 9TO ObLIH mepes paccesuueM. IloapobHoe onucanne (pU3MKU TOrO MPOIECCA U €r0 UCIOIb30BAHUS IIPU
HHTEepIpeTanuy HabIoIeHuit acTpodu3nieckux 00bEKTOB copepKuTcs B ob3opax [6, 26, 27].

[Iycts B3auMOmEHCTBYIOT (OTOH C MMITYJIHLCOM Kk W JIEKTPOH € UMIYJIbCOM p. Tlociae paccesiHus UX WMITYJIbChI

U3MEHSIOTCS U CTAHOBSITCSI PABHBIMHU COOTBETCTBEHHO k1 ¥ iy . DHEPIUM STUX YacTuIl ck, cpg, cki, ¢po1. st ummynncos
JIEKTPOHA, CIIPABEJIUBbL OObIYHbIE PEJIATUBUCTCKIE COOTHOLIeHUst [19]

po = Vm2c® +p?, por = \/mc? + pi. (1)

KomnroHOBCcKOMY paccesiHuio oTBedaror jase quarpammbl Deiinmana [1], npeacraBieHuble Ha puc. 1. DIeKTpOH
n300pazkaercs CILIOIIHOM nHuell, a ¢oToH BOaHKUCTOH. Bpems Teder cHudy BBepx. B3ammomeiicTBre MpOHCXOIUT B
TOYKAX, [Je BCTPEYAOTCS JIeKTPOHHbIE U (POTOHHbIE JIMHHU.

-

p1 k1 P k1
k 7 k 7

Puc. 1. /ITmarpaMMBl KOMIOTOHOBCKOTO PAaCCeSHHS.

OrmeruM, 910 CBOOOMHBIN JIEKTPOH HE MOXKET MOTVIOTATH WM U3JIy9uTh (DOTOH, TAK KAK MPU TAKUX MPOIECCAX
HEBO3MOKHO COXPaHEHNEe UMITYyJIbCa U SHEPTHUU.
HeszaBucumo or Buga nuarpaMMbl IPH PACCESHUN BBIMOIHIIOTCA Y€ThIPE 3aKOHA COXPAHEHUS

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

Bripasum BeKTOp MMITYJIbCA JIEKTPOHA MOCTE PACCESHUS Yepe3 OCTAaJbHBbIE W MOJCTABUM B PABEHCTBO, BbIPArKaIoIIee
3aKOH COXPAaHEHUs IHEPIUu:

po+k— ki = /m2e + (F+F — Fy)2. (3)
Bo3B0/s B KBaIpaT 1 COKPAIIAL, HOIyIaeM
kpo — k= kypo — k1 + kky — kky. (4)

00603HaUYNM KOCUHYCHI YIJIOB MEXKJIy TapaMu BeKTOpOB k u ki, k u P, k1 u p coorBercrBenHo depes u, ¢ u (. Torma
cooTHOIIeHwe (4) MepenuIercs B BUe

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

W3 Hero HaxoguTcs BEIUYNHA UMITYJIbCA (POTOHA TOCTIE PACCESTHUS

Po — G
ki=k . (6)
po — PG + k(1 —p)
PaccvoTrpum gacTHBIH citydail, KOTJa /10 paccestHus 3JeKTPOH mokouTces, T.e. p = 0. Torma pg = mc u

mc

=
me + kO(1 — po)
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hv

h
Bcnomuus, uro umnysibe dhorona k = P nepenuiieM dhopmydty (7) 4epe3 JjMHbL BOJIH

A =A%+ Ac(l = po)- (8)

[Tpu paccesanu poTOHA HA MOKOSAIIEMCST JIEKTPOHE YACTOTA (DOTOHA BCET/IA YMEHBINAETCS , U B 9TOM 3aKJII09aeTCS
sddexr Kommrona. [Ipu pg = 1, 1. e. npu paccesauu Brepes, paccessHHbiil (DOTOH mpoJieTaeT, KaK OYATO HE UCIBITAI
B3AUMOJICHCTBHSI, & JEKTPOH OCTAETCA HENOABUKHBIM. Pacceanue mo npsambiM yriioMm (ug = 0) maer ysenudeHue
JIJIVHBI BOJTHBI POBHO HA Ac. MaKCHMaJIbHOE YBeJIMYeHne A\ Ha JBE€ KOMITOHOBCKHE JJIMHBI BOJHBI JOCTUTAETCS, KOTIA
¢OTOH U3MEHSIET CBOE HAITPABJIEHUE HA IPOTUBONOMOKHOE. [Toreps sHeprun ¢poronom, HazbiBaeMast 3p@eKToM OTIadn,
MTPOMCXOIUT BCJIEACTBUE TIEPEIAYN UM YACTH CBOEr0 MMITYJIHCA, 8 3HAYUT W SHEPIHUH, MEPBOHAYAIBLHO MOKOSAIIEMYCS
9JIEKTPOHY, KOTOPBIN MPUXOIUT B JBUKEHUE.

Eciu s/1ekTpoH He CcTOsI HA MecTe, TO [PU PA3JIUIHOM COOTHOIIEHUH HANPABJIEHWI U BEJIMYUH UMITYJIHCOB Pearu-
pyrommx gacTuil (POTOH MOXKET KaK YBEJIMYUBAThH, TAK U YMEHbIIATH CBOIO SHEPIHUIO, HO 3TO yke He 3ddhexktT Kommrona
B YHCTOM BHIE, a cKopee cieactsue ddderra Jommepa. deificTBuTesbHO, MBI TOJKHBI TIEPEATH B CUCTEMY OTCYETA,
CBSI3AHHYIO C 3JIEKTPOHOM JI0 PACCesHUsi, KOTOPYIO MbI Oy/eM Ha3bIBATh Jlaboparopuoit. Tam ¢pOTOH yMEHBIIUT CBOIO
SHEPTHIO, a 3aTeM HaM HAJI0 BEPHYTHCS B MCXOMHYIO CUCTEMY OTCUYETa. B pe3yibrare Takux mepexoaoB (DOTOH MEHSET
cBOIO 3Hepruio BeaeacTeue adderra Jomrepa. Ogaaxko B acTpodU3MIECKOi TUTEPATyPe yBeIndenne sHeprun (OTOHOB
[IPY KOMIITOHOBCKOM PACCEsHUU WX SHEPIUIHBIMU JIEKTPOHAMU MPUHATO HA3BIBATH 00parHbiM 3ddexrom Kommrona.

KowmnTonoBckas mimHa BOTHBI OYeHb MaJja — €ifi COOTBETCTBYET dHEPrus, PaBHAA SHEPTUU TMOKOS JIEKTpoHa 511
k2B. IlosToMy yBeudeHue AJIMHBI BOJIHBI (DOTOHA TIPU PACCETHUN HA HEPEJISTUBUCTCKOM JIEKTPOHE 3aMETHO, TOJIHKO
€CJIH JIJIMHA BOJIHBL PACCenBaeMoro (poToHa He O49€eHb CyIIECTBEHHO OTJIMYAETCS OT KOMIITOHOBCKO#. ['Opsiune 3/1eKTpOoHbI
MOTYT TIepeIaTh 3HAUUTEIHHYIO OO0 CBOEH dHeprun (POTOHY U BBI3BIBATH NOPA3I0 OOIbINNE CMEIEHNs IJIMHBI BOJIHBI,
KOTOpBIE JIOCTYIHBI U3MEPEHUAM [IaKe B PAAUOAMana3oHe. PeIaTUBUCTCKUE YKe IJIEKTPOHBI CPa3y MEPEeBOIIT H3JIy-
YeHue U3 PAAUO B ONTHUIECKUN [IMANA30H, U3 ONTUYECKOrO — B PEHTIEHOBCKUil, U3 yabTpaduoseroBoro — B 00JacThb
raMMa-u3/1y YeHUS.

2. dddekTuBHOCTH KOMIITOHOBCKOTO paccesiiust. CpaBHUM KOMITOHOBCKOE PACCEsTHUE C TOPMO3HBIM MOIJIOIEHUEM .

Kospdunuent TopMo3HOro u3rydenus, Win, nHade, U3y IaTeIbHas CIIOCOOHOCTD BEIIeCTBA, — KOJUIEeCTBO dHEP-
U, U3TyIaeMOil equHuIeil 00bema 3a eqUHUILy BPEMEHU B €UHUIHOM TEIECHOM YTJIe MPU B3aUMOEHCTBUN JIEKTPO-
HOB, UMIIYJIbChI KOTOPBIX pAacIpeaeienbl cormacHo ¢gopmyre MakceBenia ¢ remueparypoit 1T', ¢ BOZOPOIONOA0OHBIME
MOHAMHU C 3aPsAJOM sapa Z, C TOYHOCTHIO JO MHOXKUTEA nopsaka 1 gaercs ¢popmyaoit Kpamepca (cum., Tnasy 1)

- 3272 728 ksT o—hv/ksT
33 3 (2rmkgT)3/2 '

9)

ec(v) =

3aech ne 1 nT — KOHIEHTPAIINH 3MEKTPOHOB U HOHOB, kg — MOCTOAHHAA BOMbIMaHa, ¥ — 9aCcTOTa, U3/TydeHNUs.
Hammmmem ypaBHEeHUE MepeHoca W3IYyYeHus ¢ yIeTOM TOPMO3HBIX MPOIECCOB W KOMITOHOBCKOTO PACCESTHUS:

ol

B = —(ac+ac)l +ec(l+n)+ec. (10)
3nech a. 1 ac — KOIPPUIMEHTHI 0CIAOJICHIS TPH TOPMO3HOM ITOTJIOMIEHNH W KOMIITOHOBCKOM PACCESTHUN COOTBET-
CTBEHHO, £ — KO3((DUIMEHT U3JIy4eHHs 3a CYET KOMITOHOBCKOIO pacCedHus, | W N — HHTEHCHBHOCTb M CPEIHUE
guca 3anoaHenust GoToHHbIX cocToguuii, I = (2hv?/c®)n, | — reomerpuyeckoe paccTosHue BAOIb Jy4a. YpaBHeHHe
MEPEHOCa MOYKHO 3AMUCATh U /I CPEIHAX YUCET 3AMOTHeHUS:

on
o = —(ac + ac)n + ne(1 +n) + nc, (11)
rue
C2 C2
Ne = W(‘:C, ng = WSC. (12)

ITpeanosoKum, 94TO BEIIECTBO W U3JIyYEHUE HAXOJATCA B COCTOSHUM TepMoauHamudeckoro pasuosecusi (TIIP).
Torna MHTEHCUBHOCTD U3JIy9YeHUs HE 3aBUCUT OT HampasjeHus u gaercd dhopmymoii [Tranka

2hv? 1
n no = ——m— -
2 0 0T ke T

Iy = (13)

Cuencreuem TIIP siBiisiercsi ycaoBue JeTajbHOro HGajiaHca, KOTOPOE BBIIOIHSETCS OTIAEIbHO JJis TOPMO3HOIO U KOM-
MITOHOBCKOT'O TTPOIIECCOB:
acng = ne(l +no), acng = nc. (14)

W3 mepBOTO COOTHOIEHNUsT BBhITEKaeT 3akoH Kupxropa—Ilramka

o = nee/kBT (15)
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He yTOoO4uHdAd 3eCbhb C/llara€Moro, OIKUCBIBAIOMIECrO U3J/IyYeHUue 3a CYEeT KOMIITOHOBCKOI'O pacCedHu#d, COCTaBUM OTHO-

81 . e?
menne kKoa(durnmenTon ocnabenusa. B kadecTBe cedeHus: paccesiHus BO3bMEM TOMCOHOBCKOE O = grj, Te = —-.
mc
Torma Ge3pa3mMepHOe OTHOIIEHNE
2
8T
Ne— | —5 _ . _
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 %7 33 3 (2rmkgT)3/?
_ 8kpT +
rae U = — CpelHssA CKOPOCTH JIeKTPOHOB. JIjisi BOJOPOIHOrO ra3a Haj0 HOMOXKUTh Z = 1 uw nt = n,.
mm

Ornomenue (16) npeaCTaBIeHO B BU/E IPOU3BEIEHUs GE3pa3MepHbIX MHOXKUTEIIEH, B 4aCTHOCTH, Tpousseienue nt A3
€CThb 9HCJI0O MOHOB B KyOWKe C JIMHOI pedpa, paBHOW JJIMHE BOJIHBI PACCENBAEMOTO U3y YCHUS.

W3 nosryuennoii ¢hbopMyIibl BUAHO, YTO PACCEsSHUE JIEKTPOHAMEU HIPaeT Dosiee CyIIeCTBEHHYIO POJIb 110 CPABHEHUIO
C TOPMO3HDBIM M3JIy4YeHHEeM IIPU HU3KUX KOHIEHTPAIUAX 3JIeKTPOHOB, BLICOKMX TeMIlepaTypax ra3a U MaJibIX JIIMHAX
BOJIH u3jydennsi. Kopode roBopsi, TOMCOHOBCKOE U KOMITOHOBCKOE paCCesiHre HeOOXOIMMO MPUHNMATH BO BHUMAHNE B
ropgA4MX pa3peKeHHbIX cpejlax, IpudeM KOMIITOHOBCKOE paccedHnue, T. €. pacCesdHue C U3MeHeHueM 9aCTOTbl U3J1y YeHusd,
CYILECTBEHHO TOr/A, KOI/IA CPEIHUE SHEPIUK JIEKTPOHOB 1/ uiiu (POTOHOB BEJIMKK HACTOJILKO, YTO CPABHUMBIL C SHEPrueil
MTOKOs 9JIEKTPOHA. B Takmx cpemax 3TO OCHOBHOM MEXaHW3M O0OMEHA SHEpTrHueil MEXKIy BeIIeCTBOM U W3JIyI€HUEM.

Ceuenrie KOMIITOHOBCKOI'O PACCESHUS B OTJIHMYHUE OT TOMCOHOBCKOIO 3aBHCUT OT YaCTOTHI PACCenBaeMoro poToHa, o
4eM I'OBOPUTCH B CJle/IyIOlieM IIyHKTe.

3. Ceyenne KOMITOHOBCKOTO PACCESHUsI. DTO CEYEHHE PACCIUTHIBACTCS, KAK YK€ NOBOPUIOCH, METOIAMU KBAHTOBOM
ssleKTpoauHamMuky [1], Koropas siBisiercs pejasaruBucrckoii reopueil. [losromy s 3amucu pesisiTUBUCTCKONO CeYeHUsl
KOMIITOHOBCKOT'O PACCESHUS BBEIEM DEJIATUBUCTCKAE 0003HAUEHUS 1151 HEKOTOPHIX BETUIUH.

Nmmysbe 9eKTPOHa 3aJaM YeTHIPEXMEPHBIM BEKTOPOM p = {po, P}, Tle HCHONB30BAHbI yKe MPUMEHSBIIHEC

oboznavenns. Anamorngno nmmyibe dborona k = {k, k}. YerpipexmepHoe ckajsipHoe nponssesenne pk = pok —pk. dus
JPYTHX BEKTOPOB OHO ONPEEIIACTCS TOUHO TAK K€, CO 3HAKOM MHIHYC [EPE;| TPeXMEPHBIM CKA/IAPHBIM IPOH3BE/ICHUCM.
B wacruocr, p? = pt — p? = m?c?, k* = k* — k? = 0: HMILyJIbC 37I€KTPOHA — BPEMEHHIONOOHDIH BEKTOP, & UMILYJIbC
dorona — HyseBoii.

CymectBennoit yactoio ceuenus Kireitna—Hummuasi—Tamma siBisiercst 6e3pa3MepHbIil JTOPEHIIEBCKUN HHBAPUAHT

Fe&)=/2-1+B, B=>1% (17)
A
31ech
€ = ph/m?C = Kme, & = pky /m?c = k) /me (13)

— Oe3pa3MepHbIe CKAJISIPHBIE TPOU3BEICHNUST UMIYJIHCOB YJIEKTPOHA, U (DOTOHA, PABHBIE COOTBETCTBEHHO DE3pa3ZMEPHOMY
Ke uMIyibcy hbOTOHA JI0 U TOC/Ie paccesanus B jgaboparoproil cucreme (rae p = 0). Bequuuna pg — 3T0 y2Ke UCIOJb-
30BaBIIHICA KOCUHYC yIJIa PACCesSHHUs B TOH 2Ke 1abOpaTOPHOM CHCTEMe OTCYeTa, KOTOPas sABISIeTCsI COOCTBEHHOM 1JTst
9s1eKTpoHa, 110 paccesuus. Coracuo (7) ero MOXKHO 3aIKUCaTh B BUJIE

po=1+7- ¢ (19)

Hanwucas ceuenue B Buie

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

ybexk1aeMcs, 9TO OHO B JIADOPATOPHOII CHCTEME MpEeCTaBJsier COOOM CyMMy D3JIEEBCKON HHAUKATPUCHI (CaraeMoe
pé + 1) ¢ nebobioit 1o6asKoil. Dra 106aBKa 3aBUCHT OT 4acTOT (POTOHA JI0 U 1OCHIE PACCEsiHUsl, HO HE 3aBUCUT OT UX
Hanpaniennii. Takum oOpa3oM, KOMIITOHOBCKOE pacCesiHie B JIA0OPATOPHO# CHCTEMe — 9TO KOMOWHAIWS PIJIEEBCKOrO
¥ U30TPOITHOTO PACCESTHUSI.

PazBepuyToe Boipazkenue st F' umeer Bu

(1 1\2 1 1 & &4
F“’f”—(z‘a) ”(2‘5)*5% @D

ITonHoe ceuenune paccesinust IIPEICTABIAETCH UHTEIPAJIOM, KOTOPBII BBIYUCIISAETCH:

2
o9 = 2;2 /F;It%d2w1 = 262 /Fflduo/d¢0 / Fd€1 —O'TSO(f), (22)
-1 §/(1+2¢)
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rue ¢o — a3umyT paccesHuHoro horona B JabopaToOpHOil cucreme, a So(€) — npodusib HOJHOro CeYeHus:

1+¢

arae) =

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

HOPMUPOBAHHBI ycioBueM so(0) =1 .

Mpbr roBopuin 00 OTHOKPATHOM B3aMMOJIEHCTBUHU TEKTPOHA W (PoTOHA. MHOrOKpaTHoe paccesHue, T.e. B3auMO-
JIeficTBUE JIEKTPOHHOrO U (POTOHHOTO Tra30B MOCPEACTBOM KOMIITOHOBCKOTO PACCESHUS ONMUCHIBAETCS KUHETUIECKUM
ypaBHEHHEM, KOTOPOe MbI C(hOpMyIMpyeM HEZXKeE.

§ 2. Kunerunueckoe YpaBHeHHue JJId KOMIITOHOBCKOI'O pacCedHUdA U €ro 9acCTHble ClIy4dau

1. PensituBucrckue 0O0O3HAYEHWS. YTIOMSIHYTOE yPABHEHHE SBJISETCS PEISTUBUCTCKUM OOOOIIEHWEM YypaBHEHUsI
Boabumana. s ero Hanucanusi moabepeM pesiaTUBACTCKHE aHAJIOIM BEJIMYMH, BXOALAINIMX B ypaBHeHue BosbuyaHa.

B ykazaHHOM ypaBHEHWHU, TOYHEE B MHTErpaJjie CTOJKHOBEHU, MPOU3BOAATCSI WHTEIPUPOBAHUS 10 UMITYJIHCAM 9a-
crun. OJHAKO TpeXMepHLIH 3JeMeHT 00beMa B IPOCTPAHCTBEe HMITYILCOB d3p He ABAeTCS PeTATHBUCTCKAM HHBA-
puanToM. Jjis No/yYeHus ero CKaJspHOro o0ODILEHUs OTKAazKeMCsd BPEMEHHO oT coorHolueHus (1) u Oyuem cuurarh
HYJIEBYIO COCTABJISIIOILYI0 9€THIPEXMEPHOTO UMITYJIbCA, JJIEKTPOHA Py HE3aBUCUMOM BemmanHOoil. Q49eBUIHO, 9TO MPOM3-
Besenue dersipex muddepenmanos d*p = dpod®p — cxanapuag Beqmunna. OT UCKYCTBEHHO BBEJICHHON HE3aBUCHMOM
KOODJMHATHL Po HaJ0 u36aBUTBHCH, T.€. B3d4Th 10 Hell unrerpas. Jdus ydera coorHowenus (1) BBegeM MHOXKHUTEIEM
WHBAPUAHTHYIO JeJbTa-QPyHKIWIO 0 (p2 — m2c2):

/6(22 —m202)d4p=d3p/dp06(p§—p2 _mzcz) _
= p [ am (s~ ViF ) (o + Vi ) =

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

N

[Ipu mpoBeneHnY BHIKIAIKY OBIJIO YITEHO, YTO B HYJIb B apTyMEHTe Je/IbTa~-(DyHKInu 00paIiaeTcss TOIbKO MHOKUTE b
C Pa3HOCTHIO, a MPU MEPEXOJIE K TIOCICAHEMY BbIPAYKEHUIO MHOKUTE/Ib C CyMMOM ObL yIpOINEH (3aMEHEH YBOEHHBIM
KODHEM) U BbIHECEH U3-110J] 3HAKA 9TO# (DYHKUMKU B 3HAMEHATE b, TAK KAK 3aMEHA [I€DEMEHHON MHTErPUPOBAHUS J1AET
TOT Ke pe3yabrar. B majpHeiiniem B 3HAMEHATEE BMECTO KOPHS [JIsi KPATKOCTH OyIeM MHCATh Py, CAUTAS COOTHO-

d3
mierve (1) BoimonHeHHbM. VTaK, peigaTHBUCTCKAM UHBAPUAHTOM SBJISIETCS OTHOIIEHHE ——, 9TO MOXKHO [POBEPUTH U
Po
HEIIOCPE/ICTBEHHO, IIPUMEHUB K HeMY peobpa3osanue Jlopenna.
d3k

Toumo Tax ke IIOKa3bIBACTCA, ITO I/IHB&DI/I&HTHOﬁ BEJIMYUHON SABJISIETCS OTHOIIIEHUE T OJId UMITyJIbCa (l)OTOHa.

dk .
IIpu 3TOM MHBApPUAHTHBI U JBA MHOXKHTEJS 3TONO OTHOIIEHWS, & NMEHHO % u k*d®w, rae & — eAMHUYHLIN BEKTOD

HAIIPaBJICHUS UMITYJIbCA (POTOHA: k= ki, a d%w — 3JIeMEHT TeJIeCHOIO yIJia, T.e. IJIOWAAM IIOBEPXHOCTH HA eUMHIYHO
cepe. [Jist gacTuIl ¢ He paBHON HYJIIO MACCOM MOKOS 9TO CBOMCTBO HE BBIMOIHSIETCS. Y KA3aHHBIM CBOMCTBOM 3JIEMEHTa,
obbema uMIyIbea dboTona 0bbsAcHAeTcs hopMa WHTerpaia B TomHOM cedennn (22), Tak Kak z7d%w; = E2dugdde =
d&1deyo.

Eme onny wHBapMaHTHYIO KOMOWHAIMIO HAJIO HANTH MJIs JIEBOM YaCTW KUHETHYIECKOTrO ypaBHeHus. B ypapBHenun

P = . .
Bonpmmana tam ctont —— + —Vif + FVf. Ha boToHb HUKaKIe CHIIBI He IefCTBYIOT, TaK YTO TOC/IeIHee CIaraeMoe
ot m

ue myxHo. Just nuddepennupoBanns HeoOXOIUM YeTbIpeXMEPHbBIH BeKTOP-rpajgueHT. OH J0/KeH ObITh B34T B BHIE

10 = 0 >
Y = —a,—v , TAK KaK CKaJspHOe mpom3BeieHne ero ¢ Bekropom dr = {cdt,dr}, r.e. drV = dta + diV
c

ecTb TONMHBIA auddepernra, THBAPUAHTHBI OTHOCUTEIBHO JI000r0 Mpeodpa30BaHus MEPEMEHHBIX, B TOM HYHCIE U

k O - k L=
JIopenteBckoro. MuBapuanToM, ciie1oBaTeIbHO, Oyaer npoussenenue kV = Py + kV = — (a + ch), KOTOpOe
c c

U SABJISETCH PEJIATUBACTCKAM O0DODOIIeHreM JieBOH dacTu ypaBHeHus BosbiMana ¢ yd4eroM TOro, 9ro CKOPOCTH CBeTa
mocTosiHHA. VIMEHHO Takas KOMOWHAIMS MPOU3BOIHBIX, KAK B KPYIVIBIX CKOOKAaX, CTOUT B JIEBOU YACTH ypaBHEHUsI
[IePeHOCa U3J1yYeHH .

PenaruBucrckumu vHBapuaHTaMU SIBJIAIOTCHA Oe3pa3MEPHbIE CPEIHUE YUCIa 3AMOTHEHUS (DOTOHHBIX COCTOSHUI.
Hanpuwmep, B ciyuae somonnenus TP sro cpeamee umcio maercs dbopwmynoit [lnanka (13), koropas HamucaHa B
CHCTEME OTCYeTa, CBA3aHHONW ¢ (DOTOHHBIM Tra30M U HA3BIBAEMOM COILyTCTBYIOIIEH, T.€. B TaKOil, B KOTOPOI cpemHmit
UMITyJI6C (POTOHOB PABEH HYJIIO.
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DyHKUMIO pacupeaesieus 31eKTPOHOB fo(fF) Takke OyaeMm cuurarh CKaaapoM. Mbl IpUMeEM, 4T 3JIeKTPOHbL KMEIOT
PEATUBUCTCKOE pacmpeaenenne MakcBesaa, KOTOPOe B COMYTCTBYIONIEH crucTeMe OTCYeTa 3a1aeTcsd (OopMyJIoin

Folpo/me) = fupo/me),  fun() = e ™, (25)
2
rae y = kB—T’ a K ,,(y) — dyuknua Maknonassaa. [logsmernue 31oit HyHKIME €CTh CIEACTBUE YCIOBUS HOPMUPOBKH
e
4 T
5 [P aoepmerp =1 (26)

0

Tenepb MBI IMEeeM BCe, 9TOOBLI HAIIMCATH KUHETHYIECKOE yYpaBHEHUE I KOMIITOHOBCKOT'O paCCeaHnd.

2. PenaruBucTCcKOE KHHETHYECKOE YpaBHEHNE KOMIITOHOBCKOTO paccesaud. 1Ipn Hanmucanmm 3Toro ypaBHEHUS MPH-
HAMAETCsl, YTO JIEKTPOHHBIN ra3 PejsTUBUCTCKAN, HO HE BBIPOXK/IEHHBIN, Tak 4ro 3amnper [laysm He ydurbiBaercs.
@oroHHBIH 2Ke ra3 MOXKeT ObITb YaCTUYHO BBIPOAKJIEH, M [I09TOMY HEOOXOAMMO YYUTHIBATH BbIHYKIEHHBIE IEPEXO/IbI.

-

JJia cpemHux Yucest 3amojiHenus cocroanuii Gpororos n = n(7,t, k) B TOUKe I’ B MOMEHT BPEMEHU ¢ C UMITYJIbCAMU
OKOJIO k ypaBHEHHE UMeeT BU/L

_§m2c2/@d3pl 4’k
2 Po Po1 ki

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

upuYeM i KPATKOCTU He YKA3bIBAIOTCs apryMeHTbl n U 06o3uadeno nyy = n(F,t, ky).
ITepBoe ciaraemoe B KBaAPATHLIX CKOOKAX B ypaBHenuu (27) coorBercrByer 0cjaabieHuio IPU PACCesiHUU, 8 BTOPOe
— m3aydenuto. VHTErpasbl 6epyTcs MO MMITYJIbCAM JIEKTPOHOB 0 U TOCE PACCEAHUsT U MO HUMITyJIhCaM (DOTOHOB,

YYaCTBYIOIIUX B MPOIECCE PACCESHUST BMECTE ¢ (POTOHAMHU C UMITYJIHCOM k. Jenbra-byHKIMS 0TPaXKaeT 3aKOHBI COXPar-
Henus (2) 1 103BOJISIET B3ATh Y€ThIPEXKPATHBIA UHTErPAJL, TAK YTO OCTAHETCs UHTErpaJl [0 NSTH IePEMEHHbIM, KaK U
B UHTETrpaJie CTOJIKHOBEHUI BOJIbI_[Ma,Ha,.

Pengarusucrcku KoBapuaHTHOE ypaBHeHue (27) MOKHO pacCMaTpuBaTh B JI000# cucreme orcyera. Haubosee ya06H0
9TO AeJjiaTb B CUCTEME, CBA3aHHOH C JIEKTPOHHBIM ra30M, KOTOPpAad Ha3bIBACTCA COHyTCTByIOHleI‘/'I HpI/I nmepexoae B 3Ty
CUCTEMY MBI 0663pa3MepI/IM BCE HAIIM BEIMIHHBL. I/IMHyJIbeI u sHeprun (POTOHA U MEKTPOHA, Oymem obo3HadaTh HE3-
pPa3MEepHBIMHU BEJIMYUHAMU, MMOJOKWUB k = mce, k= mexdd, po = mey, p=mcZ = mczQ p=mcz =me{v,7}, k=
mez = me{x,xd} U COOTBETCTBEHHO BEJIMYKUHBL C UHAEKCOM 1: 1 = ki /mc u 1. 1. IlpumMem TakKke pessiTUBUCTCKYIO
KBAHTOBYIO CHCTEMY EIWHUIl, B KOTOPOil mocrosinHas IlmaHka, CKOPOCTH CBETAa M MACCa MEKTPOHA MPUHUMAIOTCS B
Ka4ecTBe OCHOBHBIX equHUIL: fi = ¢ = m = 1. B 310ii cucTeMe eauHuIA JIMHBI — KOMIITOHOBCKAS JJIFHA BOJIHBI fi/m ¢,

saeprun — m c2, qacrorbl — m c? [k, umnyabca — mc. Knaccuueckuit paguyc 3/1eKTPOHA COBIAJAET ¢ MOCTOAHHOMN

TOHKOH CTPYKTYPHI Te = €%/mc? = e /he = 1/137.036, a 3aps/ sneKTpoHa paseH e = /T, = 1/1/137.036.
B comyrcryroweii cucreme ypasuenue (27) 3alUCbIBAETCH TAK:

2 3 3 3
v (%“ﬁ) n=-3 %df dm”fl5(z+z—z1—zl)F(f,&)[fe(z‘:‘)n(l +n11) = fo(Z) (1 +n)nua],  (28)

rue renepb n = n(7, ¢, x,d), n1y = n(F,t,z1,d1). K ypasuenuio (28) Hano 106aBUTh IPAHUYHBIE U HAYAJIbHbBIE YCJIOBUSL.
3aMeTuM, 9TO BeJIUINHA,
E=zz=1a(y—200) = 2,2, = 21(n — 2161 () (29)

COBITQJAET C J9acToTOoit (porora x mpu z = 0 u ¢ gacroroit xy npu z; = 0. [Ipoussenenme
S=z2z; =z(n —21dh) =212 = 21(y — 261 () (30)

00J1a72eT TPOTUBOMOJIOKHBIM CBOWCTBOM.
Teneps mepeiiieM K YaCTHBIM CJIy4YasM [€OMETPHUHU CPEJIbl U PACIPE/IEIEHUs SJIEKTPOHOB.

3. I[Tnockas arMocdepa TerIoBbIX 3JIEKTPOHOB. PAcCMOTPUM 3BOJIIONMIO CIEKTPA U3/Iy YeHUs B ILIOCKONAPaJLIebHON
Cpe/ie, 3alOJHEHHONW MaKPOCKOIMYECKH HEIIO/BHKHBIM JEKTPOHHBIM Ta30M C KOHUEHTpamuel Jacrtun ne. Cucrema
0TCYeTa, CBA3AHHAS CO CPEJOM, U SBJISETCSA COMYTCTBYIOIIEH 3JIEKTPOHHOMY ra3y.

Paccmorpum ciydail, KOrga 3J€KTPOHBI UMEIOT PeJIATUBUCTCKOE MAKCBEJJIOBCKOE pacupenesnenue fy (), onpemue-
asiemoe ¢popmyaoit (25). Torza

() = fu()e?0 = fy(y)evlETm), (31)
VYpasuenwe (28) mis TAKOTO CIy9as NOCTE B3ATHS WHTETPAJA [0 Z] TIEPETUIIETCS B BUIE
0 2 A3z &?
—+&V)n —T—ene azin O(y+z—yi—x1)F(& &) fm(y) [n(1+n11) — efy(zle)(l + n)nu] ) (32)
ot 2 YY1 T
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Ypasuenue (32) MOKHO 3anucarb Ho-gpyromy. He Bblunciisis unTerpasa mo &y, OTAIMM UHTErPAJIbL 10 UMILYJIbLCAM
9JIEKTPOHOB, OT KOTOPBHIX (DOTOHHBIE (DYHKIMK HE 3aBUCAT. 10Or1a ypaBHEHUE 3AMUINETCSI B BUIE

<§t +WV> = —U?Tne/:cldxl /d2w1R(x,x1,,u) [n(l +n11) — e Y@ (1 4 n)ngy | (33)
0

3aech BHyTpeHHumIT ABOIHOI nHTErpasn Gepercs 10 BCeM HANPABJIEHMAM BeKTopa Wi, a R(z, 1, ) — dynkuus nepe-
PACTIPEIEIEHNs TI0 9ACTOTAM W HAIPABJICHWSIM.

Oyuxumsa R(x,x1, 1,) BHIPAKAETCA 9€PE3 CeUeHNe KOMIITOHOBCKOTO PACCestHust U (DYHKIMIO PACTIPEIETCHUS JITEK-
TPOHOB 110 Heprusim. Pasnuunbie Hopmysibr 41 910# GyHKumm 61 nomyvensl HeckoabKuMu apropamu. Cepliky Ha
ux paboTHI U MOJHBIHA BBIBOJ 3TUX (HOPMYIT COIEPKUTCS B crarbe [25] u o630pe [46].

MHOXKUTEND, CTOAMINI CpaBa B ypasaenun (33) npu n, ssaserca kodbdumpmentom ocnabnenus (MOTIOMEHns) 3a
CYeT KOMITOHOBCKOrO paccesnus. Ero npoduib, kak u (HyHKIUs nepepacipeseseHns, IPeCTaBIgeTcs NHTErPAIOM
II0 PACIPEIETICHUIO UMITYJILCOB IEKTPOHOB:

1

) = 1 [ a0 2600 = o

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

Criocob 4rCIeHHOrO BBIYUC/IEHUS 9TOT0 KOIPDUIMEHTA, IPU JTOObIX TeMIepaTypax JeKTPOHOB U JIIOObIX 9acTOTax &
JlaH B cTarsbe [23].

Kunerunueckoe ypapuenue B Buze (33) 1o hpopme coBuaJaeT ¢ ypaBHEHUAME, KOTOPbIE U3y YAI0TCs B TEOPUY IIEPEHOCA
n3nydenus. Tor ¢pakr, 910 PYHKIHU IepepacipeseieHus 3aBUCAT He OTAEIbHO OT HAMpPaBJIeHu (DOTOHOB /10 U MOCITE
paccesiHusi, & TOJIBKO OT YIJIA PACCESHHs arccos /i, OTParkaeT M30TPOIHUIO CPEJIbI, IJie JIOKAJbHO HeT BbIIEJEHHOrO
HAIIPABJICHUSI.

4. O HOpOIHOE GECKOHEYHOE MPOCTPAHCTBO. IIPEIIooKuM, 9TO TENI0BOI 3JIEKTPOHHBI Ta3 0JHOPOJHO 3AIIOIHSIET
BCE MPOCTPAHCTBO U B 3TOM MPOCTPAHCTBE HAXOAUTCS H3OTPOITHOE, OJHOPOIHOE MOJIE W3y YeHNsI. DIEKTPOHBI B (POTOHBI
B3aUMOJICHCTBYIOT 9epe3 KOMIITOHOBCKOE paccesHre. TeMiepaTypa 3/JIeKTPOHOB MOJICPKUBAETCA MOCTOAHHON KaKUM-
TO MEXaHW3MOM.

B takom ciydae cpearee 9MCIO 3amoaHeRnst (POTOHHBIX COCTOSTHUI 3aBUCHAT TOJIBKO OT ABYX IEPEMEHHBIX: YACTOTHI
u Bpemenu, tak 4ro n = n(z,t) u ny; = n(z1,t). Jra BearUUHA OLPEUESIAETC YPABHEHUEM

on(z,t)
ot

8| =

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

3nech OyHKIMSA TepepacIpeIe/ieHns, yCPeIHEHHAs 10 HAMPABICHUIM:

1

R@wﬂz%/ﬂ%mwﬂw (36)

-1

Beipaxkenus ajig Hee Jaiorcs B crarbax [25, 46].

Ypasremnue (35) CTAHOBUTCS OIpPeIETEHHBIM, €CJIH K HeMY JO0OABUTL HadaIbHOE YCIOBHE, T.e. 331aTh n(z, 0).

W3 ypaBuenus (35) BbITeKaer yC/IOBHE COXPAHEHHUs YUCIA (POTOHOB, TAK KAK MX YHCJIO HE MEHSETCS [IPU PACCESHUY.
HeiicTurenbho, nocie ymaoKenus (35) Ha T° M MHTErPUPOBAHUSA MO BCEM YACTOTAM CIPABA MOTYYAETCH TBORHOM
HHTErpaJl, CAMMETPUYHBII OTHOCHTEIBHO YaCTOT MAJA0IIEro U PACCESHHOTO (DOTOHOB, U TIO9TOMY DABHBIN HYJIIO, TaK

qTOo
00

dNy

X5 = 0, Ny = /x2n(:c,t)dx, (37)
0

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

O6paTI/IMCH K OpeaeJbHBIM CIIyYasdM NPUBEIACHHBIX ypaBHeHHﬁ, KOTrJa pacupezeieHue 3JIEKTPOHOB O UMITYJIbCaM
MaJIO OTJINYAETCA OT HEPEJATHBUCTCKOI'O MaKCBEJ/1JIOBCKOI'O.

U, CJIeJ0BaTesbHO,

5. Hepenstusucrckuit npenes. IlycTs, Kak u B IpeabIIyIIEM MyHKTE, SJIEKTPOHBI U (DOTOHBI 3AMOJIHSIOT OHOPOIHOE
U M30TPOIHOE [IPOCTPAHCTBO U IIPU TOM 3JIEKTPOHHBIA ra3 ciaabo pedaTUBUCTCKUil (IOYTH HEepPensiTUBUCTCKUI), a
Hojle U3JIydeHHs He OYeHb KEeCTKOe, TO eCTh BBRIIOAHMIOTCA HepasencTsa kT < mc? mw hv < mc?, 9ro osHadaer,

YTO CpEeIHHE 3HEPIUuu SJIEKTPOHOB N (bOTOHOB 3HAYUTEJIbHO MEHBIIE dHEPTUN IIOKOA SJIEKTPOHA. Yrobbl IPOU3BECTHU
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npesebHbiil nepexon y = me? /kgT — 00, HaM HaJI0 HePeonpee/uTh 6e3pa3sMepHbIe JaCTOThI (POTOHOB M HMITYIbCHI
ssekTpoHoB. ITomoxum xy = hv/kpT, T.e. 6yaem u3MepsTh 3Hepruu (HBOTOHOB B CpenHWUX (MO MOPSAKY BEJINYNHbI)
sHepruax 371eKTpoHoB. HoBas 6e3pa3mepHass 9acToTa CBA3aHA CO CTAPOH COOTHOMIEHWEM Ty = yx. Jljiss TOro 9Tobbl
BbISICHUTb, KAK HYKHO HEPEHOPMHUPOBATH UMILYJIbChl JIEKTPOHOB, 3aMeTHM, 4T0 1pu y — oo byukuus Ko(y) ~
/7 /2ye Y (1+15/8y). [Ipu 3TOM MOIHBIE SHEPIUK 3TEKTPOHOB OJIU3KU K UX SHEPruaM nokos: v = v/ 1+ 22 ~ 1+422/2.
CaenoBaresibHo, 6€3 ydera MONPABOYHOIO CJAraeMoro nopsiiaka 1/y

3/2 2
)~ (52)  erem ), (39)

YT06BI 5TO pACTIPEIETIEHNE TIEPEIITIO B HEPEIATHBICTCKOE MAKCBEIIJIOBCKOE, HAJIO IOJIOKUTE 21/y/2=2zy v Z\/y /2 = Z.
910 paBHOCUIBLHO 3aMeHe P=mcy/2/yZ;. Takue ke 3aMeHbl cAeIaeM U [l BEJUYUH C MHIEKCOM 1.

Pazmoxkum 1o crenensim 1/y < 1 Bce Bxogsue B ypapHerne (35) COMHOXKHUTENH, YAEPKUBAs HYJIEBYIO W JIBE Mep-
BBIX CTEIeHH OTHOCHTENILHO 1/ /Y- TTocKONbKy cMemenne 9aCTOThI IPU PACCEeTHUN Ha HEPENATHBACTCKUX 3JIEKTPOHAX
MaJIio, TO B IPEINOI0KEHAN JOCTATOTHOM TVIAIKOCTH CPEIHEr0 UNC/Ia 3AI0OTHEHNS MOKHO PA3JI0KHATD U 9Ty (DYHKIIHIO.
[Ipu sTOM aprymenToM mosyvaromeiics GyHKIuA OygeM CIUTaTh HE &, KAK PAHbINE, & Ty. JlJIsi TOIydeHus: TOM Ke
TOYHOCTH, YTO U JIJIsT BCEX OCTAJIbHBIX BEJIMYUH, HAJIO yUIeCTh caaraembie B popmyiie Teistopa co BTOPOi TPOU3BOIHOMN.
OcranbHble MHOXKUTENH, CTOsiIEE TPH AuddepeHInaiax IepeMeHHbIX, 10 KOTOPbIM BEJAEeTCs HMHTErPUPOBAHKE, TOXKE
paCKﬂaﬂbIBaIOTCH. BbILII/ICIH/IB I/IHTeraJIbI 110 HaHpaBJIeHI/IHM, HOJIyLII/IM ypaBHeHI/Ie

on  oone 1 0 [ 4 ,  On
gn _ golte 2 7 A 4
ot y 1zl 0xy [xt <n Tt 83&)} (40)

9TO ypaBHEHWE, IPU BBIBOJE KOTOPOTO MPE/MTOJIAraeTCsi MAJIOCTh U3MEHEHWS SHEPIWH YaCTHUIBI B PE3yJIbTare B3au-
MOEHCTBHUsI, B Pe3yabTaTe 9ero WHTerpaJ CTOJIKHOBEeHMM npeobpasyerca B muddepeHnuaabHblil oneparop, B ooImeit
TEOpUU KMHETUYECKUX ypaBHEHUi HasbiBaercs ypasuenueMm tuna Pokkepa—Ilianka.

6. Komnronusamuus. DTUM CI0BOM HA3BIBACTCH pOLece (GOPMUPOBAHUS CIIEKTPA U3JLy Y€HUS B XO/Ie MHOIOKPATHOI'O
KOMIITOHOBCKOI'O PAcCesHud U ero pesysbrar. Kaxk npasuio, paccMarpuBaercs BOIIONUs CIEKTPA OT MArKOro K Gosiee
skectkoMy. J1s oteHKH 3B GMEKTHBHOCTH 9TONO MPOLECCa OIEHUM M3MEHEHHe MaJIoi 4acToThl (DOTOHA.

[Iycrb markuit GoTon ¢ 4acTOTOll T pacceuBaeTcs HepeiaTuBUCTCKUMU 3iekTponamu ¢ 22 < 1. Torza, Kak MOKHO
nokasarb [27, 46] , oTHOCHTENBHOE U3MEHEHHE er0 YaCTOThI

2o (41)

DTO COOTHOIIEHNE MOKHO MPEACTABUTH KaK AuddepeHnajibHoe yPaBHEHNE

dx 4 .
— =z- —z% (42)
du Y
[Tpouseonmas 3mech Gepercs mo 6Ge3pa3sMEPHOMY ONTUYECKOMY PACCTOSHUIO, COBNAJAIONIEMY C YUCAOM PACCESAHUI.
Ypasuenue (42) sBiagercsa ypaBHeHueM BepHyJIIM U ero perieHue JIErko HaXOJAUTCs:

1 —aufy | LY auyy
e A e Y 43
A T (3)

[TepenucanHoe B BeIWYMHAX X M ¢ = u/y OHO BBIMISAINT MPOLIE:

e4t
P R — (44)

¥ U3 HEro BHJHO, 9TO NPU MAJIBIX TU U yMEPEHHBLIX f 9acTOTa PACTeT SKCIOHEHIHAIBHO. 3aTeM POCT 3aMe/IAeTca u

9aCTOTA, Ty CTPEMUTCSA K CBOEMY aCHMITOTUYIECKOMY 3HA4YeHmIO 4. MBI yBUANM, 9TO TOYHOE 3HAYEHHE 3TOTO MPeIesa
paBHO He 4, a 3.

Hasee paccmorpum pemenusi ypasaenus (40) u ero o6o0wenus (35), 6osiee TOYHO ONUCHIBAIOIIME MHOIOKPATHOE
paccesiHue.

§ 4. Pentenuss KUHeTUYECKNX ypaBHEeHMIA

1. Ypasuenne Komnaneiita u ero csoiicrsa. B srom maparpade onycrum uHIEKC t y 4acToThl (BBEIEHHBIH s
TOrO, 4TOObI OTJMYATH YACTOTY, U3MepsAeMyio B eqununax kg1'/h, or wacrorbl, usmepsemoii B eaununax mc?/h) u
Oy/IeM MHUCATh IPOCTO I.
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Ypasuenue (40) 3a cuer BbIOOpA eAMHUUBI U3MEPEHUsI BPEMEHH, PDABHON Y/0(Me, IPUBOJUTCH K YPABHEHHIO 03

mapaMerpoB:
on 10 on

OTO ypaBHEHHE OIHCHIBAET BPEMEHHYIO IBOJIOIHUIO OJHOPOJHOIO U M30TPOITHOTO TTOJISI U3JIyUIeHUs] B DECKOHETHOM
OJIHOPO/IHOM U MU30TPOITHOM IIPOCTPAHCTBE, 3AI0JHEHHOM DABHOBECHBIM HEPEIATUBUCTCKUM M HEBBIPO2KIEHHBIM JJIEK-
rpounbiM razoM. Ouo 6bu10 BoiBeseno A. C. Komnaneiiuem B 1952 roay (ony6iukosano [18] B 1956 nocse paccekpeuu-
BaHUS) U HOCUT €rO UMSI.

Ypasuenue Kommaneiiia B pa3MepHbIX BeJIMYMHAX 3AIMCHIBAETCS CIIEAYIONUM 00Pa30M:

O (t) _ oone h 9 [ (’“BTT W0 )+ @(t))] - (46)

ot me v2 Ov

3aech ny, (t) = n(xy,t) = n(z,t). B nansueiimem u3ydaem 310 ypasaenue B popme (45).
3 ypaBHEHHS TAK K€ KAK U U3 BBITEKAET 3aKOH cOxpaHeHus uuciaa Ghoronos. leiicrBurenbHo, mocie
Usy 45), 35), ,
yMHOKeHus ypapHenus (45) Ha o2 U MHTErpUPOBAHUSA TI0 BCEM 9acTOTaM TOTydaeM

=00

%O/Ooa?n( 0762{ <—+n+n>}dx:{x4<%+n+n2>]: = 0. (47)

=0

Mo2KHO IOKa3aTh, YTO KaxKJ/0€ M3 TPEX CJaraeMblX B KPYIVIbIX CKOOKax NpaBoil dactu ypasHenusi Kommnazeiina
ONHUCHIBAET OTAEIbHBIN 3(PeKT, a UMEHHO: CIaraeMoe ¢ mpou3Boauoit — apdexr domaepa, n — adpdexr Komnromna,
a n? — BBIEYKIEHHOE pacCcesHue.

Ypasuenue (45) HeJMHEHAHOE U, K COXKAJIEHUIO, TOUYHBIX AHAJIUTUYECKUX pelleHuil He uMeer. B pasnoe Bpems Gbliu
HalIEHbI TOYHbIE PElIeHus ypaBHEHUH, moaydaonmxcs u3 (45), eciiu oTOPOCUTH OIHO WU JBA CJIArA€MbIX B KPYTJIBIX
CKODKax, T.e. mpeHebpedb omauM u3 yka3auubix 3¢ dexkros. [IpuBemsem Bce sTu pemreHus.

2. Jluneitnoe ypasuenue n dyukuusa ['puna. [Ipu mebosnpmmx ducnax 3amnonuerus N < 1 MOXKHO HE YYUTHIBATH
BBIHY’K/IEHHOE paccesiHie U B ypapHernn (45) orbpocuts n?. YpasHenue nepefiier B IHHeHHOE:

e L Lo (%))

st muHeHOro ypaBHEHUsT MOYKHO OmpeneuTh (MyHKIno ['pruHa, BRIPAXKAIOILYIO JII000e pelreHne depe3 HadaIbHOe
pacapeneenne pOTOHOB:

(oo}
/G (z,z1,t)n(xy,0)dz;. (49)
0
@ynkmus [puna yaoBreTBOpseT TOMy ke ypasHeHUO (48):
0G(z,x1,t) 1 0 [ ,(0G
ot ~ 2oz " \ oz +a (50)
C HAYAJIBHBIM YCJIOBUEM
G(z,21,0) = d6(x — x1). (51)
Wurerpas (38) asist 9100t (byHKUMKU HEPEXOAUT B
/xQG(x,xl,t)dx = (52)

0

DOyukuysa G(z,x1,t) Obuta naiinena A. C. Kommaneiinem nyrem pasiioxkenus no coOcTBeHHbIM (bynkuuaM (c. b.)
oneparopa npasoii yacru ypasHenus (48). IToupobublii BbiBOzi ee Merogom npeobpasosanus Jlamiaca npuseieH B

T

crarbe [21]. IIpu t — oo dyuKrms 'punaa crpeMuTcs K E.r%e_ , TAK YTO pelleHns JuHeHoro ypapHenus Kommaneina

o0
1 _
UMEIOT TPEIEJIbHYI0 CTaloHapHyio dopMy B Buze dyukimu Buna n(x, 00) = 3¢ ¢ [ n(z1,0)zidr,. JeiicTBuTensro,
0
dyuknus Ce™" yaoBIETBOPsIET YPABHEHUIO TOXKIECTBEHHO IpH 006X kK03 dunuentax C'.
Oyukiusa r2n(z,00) umeer makcumyM npu z = 2. Cpegnee 3Ha4€HHE YACTOTBI 10 BUHOBCKOMY DPACHPE/ICIEHUTO
pasuo 3. Coornorrenue (38) BoInonHsAeTca u pu ¢ = 0o. JIjisa cpaBHEHUs] HAIIOMHUM, 94TO corsiacuo ¢dpopmyse [lianka

MaKCHMYM PACIIpee/ieHns 9ucaa (pOTOHOB 2 /(e* — 1) nexur npu x = 1.59362426014, a cpegusis Jacrora paBHA
2.70117803292.

T
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G(z,0.1,t)

40r

30r

20

10+ 0.05

0.00 0.05 0.10 0.15

Puc. 3. Osomonus dyuxkuuu Ipuna G(z,z1,t) upu z = 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 01

0 =
0.0 05 10 15 20 25 3.0 0 2 4 6 8 10 2 14

B crarbe [22] 6bn BBIYncIeHs! C. ., BXOAsume B hopMyiry mias GyHkiun I'pua, u cama sra dbyaknus. Ha puc. 3
u 4 upezcrasiiensl ee rpaduku coorsercrsenno npu r; = 0.1, 1 u 10, orpaxkaomue yka3aHabie Boiie coiictsa. [Ipu
3TOM Ha pHC. 3 JaHa HerocpeacTserHo dbynkuus I'punHa, a Ha puc. 4 maerca npoussenenue z2G (z,xq,t).

3. Iuddysuonnoe penrenne. Ecam orbpocnTh IBa ClaraeMbIX 1 # n?

[oJ1y 4alolieecs ypaBHeHue

, 4TO JOIyCTUMO IIPU MaJjlbIX 4acTOTax, TO

M = ii {méla_"] (53)

ot 2 0x Ox

TOXKE $BJIETCs JIMHEAHbIM U Jyisd Hero onpesensercd Gynkuus puna rem ke pasencrsom (49), uro u Bbiue. ITog-

CTaHOBKaMH & = e% %Y, t = y c obpaTHBIME UM Yy = ¢, u = 3t + Inz ypasHenume (53) mpuBOAMTCHA K ypPABHEHUIO
Aubdysuu

9*n _ On

ou? Oy’

CootBercrByiomast GyaKiwsa ['puHa B UCXOIHBIX TEPEMEHHBIX

(54)

1 1 z 2
Gag(z,21,t) = ————exp | —— | In — + 3¢ . 55
ait ( 1,1) Y P 4t( o ) (55)

Takast popma Gyukuun I'puna 6bita monydena 4. B.3expnosuuem n P. A. CronsieBbiM [56]. MoxkHO moKa3arh, 9To
dbyukuusa (55) asiserca npenesom obiel dbyHkmu, onpeaenaemoi ypasaeauem (50), 0pu MaJIbIX 4aCTOTAX.

Ucnonb3ys nuddysuonnyio dbyuxuuio puna (55 ), aBropsl crarbu [7] m0Ka3asu, 4rTo MJIAHKOBCKUI CIIEKTD MaJIblX
9aCTOT Tpeobpa3yercs B HAOOp MIIAHKOBCKAX CIIEKTPOB C TEMIEPATYPaMHU U3 HEKOTOPOTO MHTEPBAJIA.

4. Pemmenne CTAIMOHAPHOTO JIMHEHHOTO ypapHeHns. ECIn mose u3aydennst He 3aBUCUT OT BPEMEHH, TO ypABHEHHUE
(45) nepexonur B crauuoHapHoe juHeiinoe ypasuenue Komnaneiina

1 d [ 4 /dn
— — =0. 96
z? dz [a: (dx +n>} (56)
DTO ypaBHEHHE CPa3y CBOAUTCH K YPABHEHUIO MEPBOrO MOPSIKA
dn 02
dn G2 57
dz o zt (57)
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O6uiee pelenye NOIy4YeHHOrO JIMHEHHOIO ypaBHeHus
x
n==Ce *+Cee™™ / e’
B

/ d:l?’
()"

(58)

3neck B > 0 — Hekoropoe ducsio. Bropoe pemenue umeer cMbics TOJIBKO npu & > 3. B3are f = 0 Hesib3s1, Tak KaK 3Ta,
dbyukuus upu  — 0 crpemurcs K 6eCKOHEYHOCTH TaK CUIIbHO, 4T0 unTerpaJ (38) ne cywecrsyer. [lepsoe xxe penienue
OTMCHIBAET pacmpeiesnenre BuHa, T.e. mpaBUIbHOE CTAIMOHAPHOE pereHrne. Bropoe peinerune HAIO0, MO-BUAUMOMY,
oTOPOCHUTH KaK HE(PU3UIECKOe.

Peutenue neoguopouoro ypasuenus suaa (56), T.e. CTALMOHAPHOIO YPABHEHUS C UCTOYHUKAMU

;12% {x4 (j—z + n)} - (@) (59)

MOZKHO MCKaTh METOJO0M BapHUalN MPOU3BOIBHBIX MOCTOAHHBIX, OJJHAKO €ro MOZKHO TOJYyYUTH TOpa3/J0 IPOIIIE. HpO—

uHTErpupyeMm ypasHenue 1o z ot 0 1o x:
dn 1 [
0

Pemmenue mosryuusinerocs JnHEHOr0 ypaBHEHHUS [IPECTABIIAETCH [IOBTOPHBIM HHTEI'DAJIOM

’

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

Cok (")t
0

x1

®yukuysa [puna, onpegensemas Gpopmysioii, anaaoruguoii (49):

n(z) = / Gz, 21) f (21)da, (62)
0

YAOBJIETBOPAET YPAaBHEHUIO
1d[,[/dG
;@ |:J,' (a +G>:| —(5(.1'—:131) (63)

1 MOXKeT ObITHb npeacraBjeHa B ABHOM BHJIE

(64)

, T1 > .

B gacrHOM Cilydae CTEneHHOro ClHeKTpa UcTodHuKa f(2) = 2® pelieHue BbIPazKaeTcs 4epe3 BbIPOKICHHYIO MHIED-
reoMeTpHuiIecKyio dyHkimio [21] :

x
3 , T 17
P+ 1,0) ~ g FEHD) (65)
xX

)

n(e) = ————
®e(z+3) T es
+3

Ha puc. 5 npuenens: rpaduky perrenunii 11 HEKOTOPBIX 3HAYEHUN 2.
5. Pewenue nequddysuonnoro ypasuenus. Hazosem Tak ypasHenue, Koropoe nosydaercs ud ypasaenus (45),
€CJTV B €r0 KPYIJIBIX CKOOKAX OTOPOCUTH MPOU3BOIHYIO MO YACTOTE, OMPEAEISIONIYI0 JaCTOTHYIO uddy3uio GOTOHOB.

Kak Buano u3 ypasnenus Komnaneiina B dopme (46), 970 MOXKHO CAenarb NPU JOCTATOYHO HU3KOW TeMieparype
SJIEKTPOHHOIO ra3a. Y PABHEHUE IPUMET BU/L

on(z,t) 1 0 9
ot 2oz [:r;4 (n+n )] . (66)

910 ypaBHeHHE 00JIaJAET CBOWCTBOM aBTOMOJEIHLHOCTH, 8 UMEHHO JIJIsl €r0 PEIIeHUH BBIMOIHSIETCS COOTHOIIEHUE MO-
J100usi: 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. CranponapHble pelreHns JIMHEHHOr0 ypaBHEHN [IPU HEKOTOPBIX
MOKa3aTedX CTelleHd JaCTOTHOM 3aBUCUMOCTH MCTOYHUKA.

T. €. OJMHAKOBOE M3MEeHeHHe MacllTaba 4acTOT U BpeMeHU He U3MEeHseT PelleHH.
IMockosbKy ypasHenue (66) — 1€pBOro mopsi/IKa, PEIIaeM ero METo0M XapAKTEPUCTUK. Y DABHEHUs, OLIPeJeJIOLIue
xapakrepucTuku (66), 3aM1ChIBAIOTCS TaK:

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

[lepBbiMu wHTErpasaMu ypaBHEHUII XaPAKTEPUCTUK SBJLIOTCH CJEAyIOIre KOMOMHAINN MePEeMEHHBIX: 2B =C*n
4Ct + 22 F(¢,271/?), rne B = n + n?,

]
Flob) = [ =2 (69)
— JJINIITUYECKUN UHTErpaJl IePBOro poja, a
¢ =¢(B) = 2arctg(2_1/2B_1/4). (70)
Perrenne, yIoBIeTBOPSIONIEE HAYATLHOMY YCIOBHIO, MOYKHO 3allHCATh B HEsIBHOM Buje [21]
_ F(¢o,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 HAIiZEHHOM PEIIeHNU CYUTATh, 9TO 1 > 1, T. €. Yuciia 3aloNHeHnsa (POTOHHBIX COCTOSHUI BEJUKH W BBIHY-
JKJIEHHOE DACCEsTHIE UTPAeT OIPEIeIISIONLYI0 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) an(z)]’ (72)

9ro pewenue, noiaydennoe A.B. 3enbaosudem u E. B. Jlepuuem [8], yuoBiersopsier ypaBHeHUIO

% - 2:[;271% = 4zn’. (73)

Ha puc. 6, B3grom u3 crarbu [21], 0Ka3aHO, KAK BOJIOLUMOHUPYET HadabHbiil cuekrp n(z,0) = ze™®

ypasuenuio (66) u ero pemenuio (71).

C redeHHEM BPEMEHHM CIIEKTDP CMEIIAETCs B CTOPOHY HU3KUX YACTOT, IPUYeM CTaHOBUTCS Bee Kpyde. C HEKOTOPOro
MOMEHTA, CIIEKTD OIPOKH/BIBAETCS, ITO OKA3bIBAETCH BO3MOXKHBIM M3-33 HEABHOrO BUAA Pemenusd. [Ipuwamna Takoro
He(DU3UUECKOro MOBEAEHUS CIEKTPA B TOM, YTO KOI/A MHTEHCUBHOCTDH WU3/1y4€HU: OY€Hb PE3KO MEHSETCS C 9aCTOTOH,
HeJIb3s peHebperaTh Npou3BOAHON B ypasHennn Kommnaneiina, HecMoTpst Ha Masiblii koadduipent npu Heil. Kpome
TOro, W CAMO 9TO YPABHEHHE CTAHOBUTCS HEAJEKBATHBIM, TAK KAK IIPH €r0 BBIBOJE IIPEAIIONAraaach BO3MOXKHOCTD
pasnoxenns unrencusaocru 10 Gpopmyse Teitniopa, koropas orcyrcrByer npu GOIBIWION IPOU3BOLHOMN 110 YaCTOTE.

Tor ke apdekT Bo3HMKaeT B perrennn (72), 9TO MOXKHO MOKa3aTh M 0€3 BBIUHCIEHUI. JleficTBUTEIbHO, OTHO U3

COIJ1IaCHO

dx .
yDaBHeHuUil XxapakTepucTuk ypasHenus (73) rsiacut: T —22%n, T.e. CKOPOCTb M3MEHEHHs YaCTOThI & CO BPEMEHEM

OTpHUIATEIbHA U MPOMOPINOHAJbHA Besimanne 71. [[09TOMy Yem BbIme TOYKA HA KPUBOU pEIeHWs, TeM ObICTpee OHa
MIPOJBUTAETCSA B CTOPOHY MEHBIITUX YaCTOT.
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Puc. 6. Pemrenuns nenuddysunonnoro ypasuenuns.

Dddexr nepexsecra cuekrpa MHTEPIPETHPOBAJICH aropamu [8] Kak IOsdBJIeHHE YJAAPHON BOJIHBI B YaCTOTHOM
CHeKTpe m3jydenusi. [lJis BBISCHEHHUsI €r0 PeaJbHOr0 CMBIC/IA, HEOOXOIMMO TOIYyYUTh DEIleHus 0e3 MpeHeOpe:keHus
[IPOU3BO/IHON 110 YaCTOTE WA TOYHOI'O UHTEI'PAJILHOI'O yPAaBHEHUHA, YTO BO3MOXKHO TOJILKO YUCIEHHO.

7. DBOMIONMST OJHOPOIAHOIO MOJIsl U3JlydeHus. TuCIeHHbIE PElleHrs] MHTErpaJIbHOrO ypaBHenus (35) npu MakCBeJ-
JIOBCKUX JIEKTPOHAX C HA3KOU TeMIepaTypoii 6e3 ydera BbIHYKIEHHOTO PACCESTHUS MOJTHOCTHIO COBITAJIN C PEITEHUSIMU
JUHeHHOro ke ypaBHenusa Kowmmameiina. HgymupoBaHHOe paccesHue, MPUBOIAINEe K HEJTUHEHHOCTH ypaBHEHUH, 00-
HapPYKUBAET TaKue OCOOEHHOCTH DPEeIeHuil, KOTOPhIE TOJIHKO Yra bIBAJIMCH IIPU PACCMOTPEHUHN MPEIEIbHBIX CIIyd9aes,
00CY K JABIINXCS BBIIIIE.

Koneuno, npu pernennn HenmaeiHoro ypasuenusi KomManeiia HUKaKux mepexjecroB He BO3HUKAeT. Bvecre ¢ Tem
pererns 00/1aa0T HEKOTOPBIMU OCOOEHHOCTSIMHU.

Jlesi0 B TOM, 9TO peIIeHUsi JTUHEHHBIX YPABHEHUU TPU MPOU3BOJBHBIX HAYAJIBHBIX pACHpeaeseHusx (hOTOHOB IO
SHEPI'USM, IIPU KOTOPBIX MOJHOE 9ruCi0 (DOTOHOB KOHEYHO, 00:3aTEIbHO SBOIONUOHUPYIOT K PABHOBECHOMY BHHOB-
CKOMY CIEKTPY. DTO HE BCEra OCYIIEeCTBJISETCS M0 OTHOIEHWIO K HEJIMHEHHBbIM ypaBHeHUsM. [IJIg HUX MpenebHbIM
SIBJIsIETCST pacipesesieHne boze—diiHinTeiiHa, HO COTJIACHO STOMY PACIIPEIESIEHHIO MTOHOe YUCI0 (POTOHOB HE MOXKET
OBbITH MPOU3BOIbLHBIM. [leficTBUTEeIbHO, TIpenebHOe Oe3pa3MepHoOe CpeIHee YUCI0 3AMOTHEHNsT (POTOHHBIX COCTOSTHUM

MMEET OrpaHuIeHne
T 2dx T ?dw
/ x g/ = 2.4041138. (74)
exp(z —p) — 1 exp(z) — 1
0 0

Eciu Benmuuna unrerpana (38) ayis HadaabHOro pacupezesenus Ny IPEBOCXOAUT TY IPAHULY, TO IPEAEIbHOrO PaC-
[pejiejieHus He CylleCTBYeT.
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Puc. 7. dBomonusa genbraobpa3HblX HAYAIbHBIX CIEKTPOB:
a — upu Ny = 10, 6 — mpu Ny = 50.
Ha puc. 7 nmpencrapiaens Tpaduku DyHKIIN T2
HUSAX, IMUTUPYIOIIUX J1€IbTa-(PYHKIIUIO:

n(z,t), BeIUMCIeHHON B pabore [24] npu HAYAIBHBIX PACIPEIEse-

Ny 2.2
n(z,0) = —— e~ (@—z1)7/e7, 75
(0= 2 (75)
IIpu pacuerax 6pasiocy 3uadenue € = (.01. Eciim nupu Ny < 1 pernienunsi HesMHEHHOTO ypPaBHEHUS MMEIOT TOT Ke

XapaKTep, 9YTO U Ha PUC. 4, TO C YBEJIMUYEHHEM JTOT'O [TapaMeTpa CUHIYIAPHOCTD PEIIeHN, BBIPAKAIONIASLCHA B KDY TU3HE
CIEKTPA U CKOPOCTH €ro MPUOIMKEHNS K OCH OPAUHAT, BO3PACTAET.
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Puc. 8. DBosonus CreleHHO-II0KA3aTe/IbHbIX HAa4aJIbHbIX CIEKTPOB (76):
a — upu No =1, 6 — mpu Ny = 50.

Ha puc. 8 u3 Toii e paboThl [24] moKa3aHa BOMONHUS CIEKTPA M3JIyIEHUS TP HAYAIBHBIX PACIPE/IEIEHIIX

8No .
n(z,0) = ——ze 2*. (76)
3
Ecmu Ny = 1, HuKakux OCOOEHHOCTEH B NOBEJEHUM PEIIEHUs HE BO3HHUKAET: OHO IJIABHO BOJIOMUOHUPYET K Pac-
npezpeseanio boze—ditnmreiina. Hanporus, npu Ng = 50 ¢ npubinkKeHueM K OCH OPJUHAT BO3HUKAIOT BBICTYIIBI,

HATMOMUHAIOIIME YIApHBIE (PPOHTHI WU KBA3WIMHWY. PereHns TOYHOr0, MHTErpajIbHOTO YPABHEHUsT JEMOHCTPUPYIOT
yYKa3aHHbIE siBJIEHH: elrne B OobIiel cremneHu, 4eM mnosydeHHbie B npubamkenun Komnaneiina.

3/1eCh MbI IPUBEJIH PEIIEHUs YPABHEHUH, YIUTHIBAIOIIAX TOIBKO KOMITOHOBCKOE paccesinue. Kornedno, HeobX0aumMo
MPUHAMATH BO BHUMAHWE U JPYTHe MEXaHU3MbI U3JIyY€Hus U TorjoneHus horonos. Hampumep, TopMO3HOM MexaHU3M,
€ KOTOPBIM CPABHUBAJIOCH KOMITOHOBCKOE paccesiaue B § 1, nomkeH 3G HEKTUBHO MOMIOMATH (POTOHBI MAJIBIX YACTOT
Y IPersTCTBOBATH WX HAKOILIEHUIO. Pe3ybrupyoniuil ClieKTp npu 3TOM [I0J2KeH ObITh IIIAHKOBCKHUM.

B zaksrouenne ykaxkeM 00bEKThI, B KOTOPBIX OCYIIECTBIISIOTCS YCIOBUSA I OOIBIION POIM KOMIITOHOBCKOTO Pac-
cedHHUd.

§ 5. AcTpodusndeckue o6beKTHI C OOJBINOIl POJIbI0 KOMIITOHOBCKOTO pAaCCeTHUSA

1. JI>KeThl W3 aKTUBHBIX siep rajakTuk. Kak mokaspiBator Habmwomenus [41, 47|, U3 aKTUBHBIX sA€p TaJaKTHK
(ASIT), B ueHTpPe KOTOPHIX HAXOAUTCs YepHas Jpipa maccoit B 108 + 10° Mg, npoucxogar BbIGPOCH! O4€HL FOPAYEro,
MTOJIHOCTHIO MOHM30BAHHOI'O BEIECTBA, Ha3biBaeMble mxkeramu. Camasi pacmpocTpaHeHHAsi MOJEIb JyKeTa — CTPYys,
COCTOSIIIIAST U3 CIYCTKOB C PA30THAHHBIMU /10 PEJIITUBUCTCKUX CKOPOCTEH 3IeKTPOHAMHE, SHEPIUU KOTOPBIX TPEBOCXO/IAT
MX SHEPTHIO TIOKOS B JIECATKH U COTHU pa3 (3HePrus MOKOs 3/IeKTpoHa cooTsercriyer Temneparype 6-10° K). B crycrkax
MpHCYTCTBYeT cTaboe MarHuTHOE TMoJIe HATTPSKeHHOCThIo opsAaka 107% I'c. D1eKTporbl B MArHUTHOM MOJIE W3/IyHYaroT
CHHXPOTPOHHBIM MeXaHU3MOM (DOTOHBI B pajuoanana3one. Vzaydennbie (pOTOHBI PACCEMBAIOTCS TEMH JKe SIeKTPOHAMHI
¥ CHJIbHO YBEJIMYMBAIOT CBOIO SHEPIUIO, IePexXoid B Oosiee SHEPIUYHYIO YACTh CIIEKTPA, B ONTHUKY, PEHTIEHOBCKUI U
raMMa-IHala30Hbl. DTOT MEXAHU3M HA3bIBAETCS CHHXPOKOMNITOHOBCKMM (mo-aHrmuiicku Synchrotron Self-Compton).

OOBIYHO TPUHUMAETCS, 9TO PACIPEEJIEHUE JITEKTPOHOB [0 UMITYJIHCAM U30TPOITHO, & 110 SHEPrUusM CTEIeHHoe Y~ &
¢ xapakrepHbiMu 3HadeHusiMu Y nopsiaka 10-100 u Gosblize BIJIOTH 10 HEKOTOPOIO IIPE/IEIbHOIO 3HAYEHUs] SHEPIHH.
Torja CHHXPOTPOHHOE H3JIy<eHHe TOXKe HMEeT CTENeHHOi CIeKTp, mpomopruonambueii v~ (@~ 1/2 (cu. Tmasy 2). B
pe3yJsibraTe 1efiCTBUS KOMIITOHOBCKOI'O MEXaHW3Ma B PEHTI€HOBCKOM [MAIA30HE CIIEKTPA KOMITOHM30BAHHOI'O H3JLy-
4YeHus BO3HUKAET Tak Ha3biBaeMmbiil 6amu (bump), T.e. rop6. Ha Gosee BbICOKMX 4acrorax SHEPIUU JIEKTPOHOB HE
XBATa€T ¥ TAM MHTEHCHBHOCTH CIEKTpa ObICTPO cmazaer (3aBaJi cmekTpa). e masiblie MpOCTUPAETCS CTENeHHOMN
CLIEKTDP JIEKTPOHOB, T€M Ha OOJIbLUIMX YaCTOTAX [POMCXOAUT 3aBAJL (B 2KECTKOM PEHTI'€HE WJIM B raMMa-JAUalla30He).

DHEPrus EKTPOHOB HEPEXOAUT K POTOHAM, KOTOPbIE TOKUIAT JzKeT. [y nojaepKanus CBeYeHrsi HeoOX0uMa
MO/IKAYKa, SHEPTUH JIEeKTPOHHOMY ra3y. VIMeeTcsi HECKOJIBKO MOJesiell TaKoil MOoAKaduKi. Bo3MoKHA HelnpepbIBHAS WH-
JKEKIUs PEJIATUBUCTCKHUX JIEKTPOHOB UJIM UX YCKOPEHUE KAKUM-HUOYAb MexaHu3MOM. VICTOYHUKOM 3HEPIuu siBJISeTCs
saapo rasakruku (central engine). Ha nporsikenuu 3aMeTHOr0 BpeMeHH CyLIECTBYET CTALMOHAPHbIA PEXKUM CBEYECHUSI.

2. HeliTpoHHBIE 3B€3/bI U YepHBIE JbIPHI B JBOMHBIX CHCTEeMaX. B TaKMxX cucreMax IIPOUCXOJUT NePeTeKaHue Belle-
cTBa ¢ OOBIYHON 3BE3/IBI HA KOMIIAKTHYIO, B PE3YJIbTATE Yero BOKPYT MOCIenHell 06pa3yercs akKPeIHOHHBI aucK [33].
Teopusi aKKPEIHOHHBIX JMCKOB M3JI0XKEHA BO MHOI'MX KHHUIaX, HAOpUMeD, B [36].

Buyrpu amcka remmeparypa o4eHb OO/IbIIas, TaM FOPAYMA 3JEKTPOHHBIA a3 paccemBaeT (POTOHBI, H3JlydaeMble
KaKAM-HAOYIb MEPBUYHBIM MEXAHU3MOM: CHHXPOTPOHHBIM, TOPMO3HBIM WJIM JBONHBIM KOMITOHOBCKUM. PaccessHHbIe
(bOTOHBI MOT'YT POXKIATH 3JIEKTPOH-TIO3ATPOHHBIE MAPHI, B CBOIO OYEPEIh AHHUTHIAPYIOMNE U JAIOMHIe (DOTOHBI IS
HOCJIeLYOLIUX KACKA/IHBIX IIPOLECCOB PACCesdHUsd, POKICHU U aHHUIUIsALuK nap [37].

KomnroroBckoMy paccessanio 00s3aH0 1 (POPMUPOBAHAE CIMEKTPA AKKPEIUPYIOMUX BEIIECTBO HEATPOHHBIX 3BE3.I
U 9epHBIX AbIp [5].
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13 nonsapHbIx obaacreil 3Be37, OKPY2KEHHBIX TUCKAMH, BBIOPACHIBAIOTCA JPKEThI, MACIITA0 KOTOPBIX 3HAYHTEIHHO
MenbIe, 9eM B caydae Al Tak Kak Macca HEATPOHHON 3BE3bI MW YE€PHOH JBIPHI 31eCh Mopsaka Macchl ComHma.
MOzKHO JymMaTh, OZHAKO, 4TO ABJeHHs, nporcxoadmue B Al u B 1BOHHBIX CHCTEMaX, MOZOOHDBI, TAK YTO HU3y9CHHE
BHYTPUTAJIAKTUICCKUX J2KETOB, KOTOPbIE HAXOAATCH ropa3fo OJuzke K HaM K 60jIee JOCTYIIHBI JJis HaOJIOAeHUH, 10-
Moraer MmoHaTh npupoay aktuHocTH AL HexoTOphe aBTOPHI IBOWHBIE CUCTEMBI C BHIOPOCAME BEIIECTBA, HA3HIBAIOT
MHHUKBa3apamu. IIpobiemaM o6pa3oBaHus, CTPOCHUS ¥ CBEYCHHUS JIMCKOB K JIZKETOB U3 HUX IOCBAIIEHbI MHOTUE CTAThU
COOPHUKOB, HEKOTOPbIE U3 KOTOPBIX Mbl yrnioMmunanu [33, 53].

3. PenrrenoBckue mcrodnuku. Ileperekanne BemecTBa MOXKET IMPOUCXOANTb W B ABOHHON cucTeMe ¢ OOBITHBIMU
3Be3/1aMU, €CJIM OJIHA, M3 HUX 3AIOJIHSEeT CBOIO mojocTh Pomra. Torma mHa BTOpOi 0Opa3yercs: ropsdee MsATHO, JAIOIIee
PEHTIEHOBCKOE M3JLyYeHre, KOTOPOe UCIILITHIBAET KOMITOHOBCKOE paccesuue [11].

4. Topsiure KOPOHbI AKKPEIIMOHHBIX TUCKOB. AKKPEIMOHHBIE TUCKH 00Pa3yI0TCs OKOJI0 KOMIAKTHBIX OObEeKTOB (Heii-
TPOHHBIX 3BE3J] WM YEPHBIX AbIP 3BE3/HBIX MACC) WM BOKPYI YE€PHbIX JbIP B UEHTPE laJaKTHK. Belecrso JucKoB
BO BHENIHHX UX YACTAX WMeeT TeMIepaTypy mopaaxa 10° K, T.e. qacTumsl TaMm HepelaTusucTcKue. OJHAKO KOPOHB
TaKnUX JMCKOB, T.e. boee pasperkeHHbIe WX 0007109KM, nMeioT Temreparypy 10°+101°% K (amasormuano, smeKTponbi
B xopore Connia, Temneparypa nosepxuoctu koroporo 6000 K, umeior temneparypy nopsska 10° K). Mexanusmbt
HarpeBa BEIECTBA, KOPOHBI MOTYT OBITh AHAJIOTWYHBI TEM, KOTOpbhIe AeiicTByioT Ha CosHIE.

Koponb! 1ucKOB 0YeHb TOHKHE, TAK YTO B HUX PACCEMBAETCS TOJHKO MaJiasd J0JIS W3JIyUeHUs, UIAYIIEro OT JUCKA.
OaHAKO paccessHHOE W3JTyYeHUe OKA3bIBAETCsl B PEHTIEHOBCKOM U IaMMa-IMalal3oHe, TJIe ero J0 paccesdHusi He ObLIO
COBCEM U TJIe OHO CTAHOBHUTCS JOCTYMHBIM HABJIIONEHHUIO, TaK KakK (POTOHBI TaM OYEHb SHEPIUYHBI [49)].

HeobxoquMo npuHAMATh BO BHUMAHKE B3aNMHOE BJIMSHIAE KOPOHBI U JIFCKa, IpyT Ha Apyra [48]. CpaBHUTEILHO Msr-
kue (Y®) oroHbl qucka, 10mnaas B KOPOHY U PACCEUBAACH PEIATUBUCTCKUME JIEKTPOHAMU, IPUOOPETAIOT HOJIbILY IO
SHEPruio U CIIOCOOHOCTh POXK/IATh Mapbl. B CBOIO Ovepeb paccesiHHOE B KOPOHE M3JIydYeHne YaCTUYHO BO3BPAINAETCs B
JIUCK W PA30rPEeBAET ero.

5. PenukroBoe n3mydenue. CorsracHo Mmozesu ropsyaeii BeesrleHHoM Ha paHHUX dTAaX €e SBOIIONUN OHA UMEJIA OYeHb
BBICOKYIO TEMIIEPATYPY, TAK 9TO BEIIECTBO ObLIO IIOIHOCTHIO MOHM30BAHO, & W3JIydYEHHE HAXO/UJIOCh B PABHOBECUU C
BemecTBoM. CreKTp u3/ydeHus ObLI YUCTO MIAHKOBCKUM. HECKOIBKO MPOIECCOB BO3MYIIIAJIM ITOT CriekTp. B ompeme-
JIEHHBIE STIOXW OCTHIBAHUs BCeeHHOM MPOM30IIN AHHUTUISANINAST BEIIeCTBA U AHTUBEIIECTBA, & 3aTEM DPEKOMOMHAIIMS
9JIEKTPOHOB ¢ aromMamu. B xose paciimpenus U, KaK CJIe/ICTBHE, OCThIBAHUS BEIIECTBO U u3aydeHue pasienuinch. Q-
HAKO M3JIyYE€HUE BCE BPEMs OCTABAJIOCH C OOJIBIION TOYHOCTHIO MIAHKOBCKUM. QHO JIOIIIO O HACTOSIIETO BPEMEHU B
Bujie pesiukToBoro usaydenus (PU), uau MUKPOBOIHOBOIO KOCMUYECKOrO (HOHA.

IToce smoxu pekoMOHHAIIIH 0OPA30BAIUCH KPYITHOMACIITAOHBIE CTPYKTYPhI BCemeHHoM: TaJakKTUKA U CKOILIEHU
rajakTuk. [Ipu 3Tux nporeccax TakKe BhIIAEIAIACH 3HAUUTEIbHAS dHEpTrUusd. TaM, riae 00pa30Banch IEPBUIHBIE CTPYK-
TYPBI, U3TyIeHNE TOTYIUIIO TOMOTHUTENHHBIN BKJIA ] SHEPTUN U BO3HUKJIN JIOKAJIbHBIE OTKJIOHEHUS OT TEIJIOBOTO CITEK-
rpa. C reveHreM BpeMeHr OTKJIOHEHUST JIOKATbHONR HHTEHCUBHOCTHU OT CPEHEN 3aMbIBAJIUCH [IPU PACCESHUN HA JJIEKTPO-
HaX, HO BCE K€ KAKMe-TO MCKAYKEHUs B MPOCTPAHCTBEHHOM PACIPEIETIEHUN W3JIyIYeHus, KOTOPOe Ternepb HabJII0aeTCst
B pauOIMANa30He KAaK PEIUKTOBBIN TemaoBoi (o ¢ Temmeparypoit 2.7 K, mOKHBI OCcTarThcsa. Pacder 3aMbiBaHUs
¥ OCTATOYHON aHU30TPONUHU PEJIUKTOBOTO M3JIy9€HUs [PEJCTaBJIAeT OObIION nHTEpec Ajsd Kocmosoruu. Vckarkenus
CIEeKTpa W WX JAJbHENITast SBOJIONNSA B 3HAYUTENIHHON CTEMEeHW TaK:Ke OmpenensioTcs paccesameM. [Ipu pacderax
HCKayKeHWii CreKkTpa mpuMeHsieTcss ypaBHenne Kommaneiina [7, 13, 54]. ckaskenns uzorpornun PU u ero crekrpa 1o
TEOPETHYEeCKIM OIEHKAM COCTABJSIOT B HacTogmee BpeMsa 10~° or unrencusnoctu PU.

JIBurKeHNst NEPBUYHBIX CTPYKTYD BCesleHHO# MOTyT MOpoXKIaTh MoNspu3anuio nsiaydenns [35]. Oxnmaemas cre-
HeHDb ToIapu3anuy Bo3Mymenmit PU gocturaer 10 %, T.e. 1078 or umrencusrocTr camoro PU. B macrosmee BpeMs
TeXHUYECKNE BO3MOXKHOCTH AIMAPATYPbhI B PAAUO-IUAIIA30HE IIOAOIILIN K TOMY YPOBHIO, KOTOPbIH [TO3BOJIUT HAOIIOAATH
BCE 3T SBJICHUS.

6. Topstumii Ta3 B CKOMJIEHUSIX TAJAKTUK. V13 HAOIIOAeHU KOHTHHYYMa, U JIMHUH B PEHTTEHOBCKOM 00J1aCTH CIIEKTPa,
CTIeyeT, UTO B GOTATHIX CKOIJIEHHAX TAJaKTHK HMEETCS TOPAYMil JIeKTPOHHBIN Ta3 ¢ TeMIepaTypoil mopaaka 108 K.
Macca ra3za cpaBHAMA € MACCOH COCTABJISIONIMX CKOIJIEHHE TAJTAKTUK. JTOT ra3 PACCEMBACT MUKPOBOIHOBOE PEJTUKTOBOE
uznyuenue (PU) u capuraer ero cnekTp B CTOPOHY OO/IbIIMX 4acTOT. POTOHBI MOMYYAIOT JOMOJIHUTENHHYIO, XOTs
HE OYEHb OOJIBIIYI0 YHEPrUi0, TAK YTO Ha MaJIbIX JJIMHAX BOJIH W3JIyYEHWE YCUJIUBAETCs, a Ha 0ojiee JJIMHHBIX —
ocsiabuisiercs. 9o spienue HasbiBaercs dbdekrom Cronsesa—3enbaosuya [10]. O630p HabirogaTe/bHbIX JAHHBIX U
reopun 31oro 3ddekra npeacrasieH B padore [51].

XapakTep UCKayKeHUsI CIIEKTPa OTPAKAET TaKYKe MEKYJSIPHOE JIBUKEHHUE CKOTICHUS [0 OTHOIIEHUIO K PEJIMKTOBO-
My GoHY. DTO K€ IBUKEHHE MOXKET CO3/ABATH MOJISPUAIUIO PACCESTHHOrO n3aydenust. HabmromeHus Xoqa n3MeHeHu st
criekTpa u nojspusanuu PU mo Tesry He 0YeHb MaJIeKUX CKOTLIEHUH MOYKET TO3BOJUTD BHISBUTH PACIPEIETICHUS TIO0T-
HOCTH, TEMIIEPATYDHI ¥ MAKPOCKOIINYIECKOH CKOPOCTH JBUKEHWsI SJIEKTPOHHOTO Ta3a B CKOMJIeHusX [50, 55].

7. dpyrue 06bekThl. KOMITOHOBCKOE paccessHue UrpaeT 3aMeTHYIO POJIb U B Psfe 00bEKTOB, OTIMIHBIX OT yKa3aH-
HbIX Boime. Hanpumep, Mexx3Be3aHoe u3nydeHne B [aJakTuke pacCeMBaeTCst SHEPIrUIHbIMU JIEKTPOHAMU KOCMUIECKHIX
aydeii [45]. D10 usiyueHue CuIbHO HEM3OTPOIHO, TaK KAK UAET B OCHOBHOM OT raJlakKTU4ecKoil miockocru. Ero npeob-
Pa30BaHME B YKECTKUE JUATTA30HBI MEITAET U3YUCHHIO M3JIy9IeHUs TEX K€ JUANA30HOB KOCMHYECKOTO MPOUCXOK ICHUS.

PaccuurbiBatorcs Mogenn 3Be3HbIX aTMOC(hEP € yIETOM KOMITOHOBCKOIO PACCESHUsSI PEHTTEHOBCKOTO W3JIyIeHHS
HEKOTOPOI'O BHELIHEI'O UCTOYHUKA, HAIIPUMED, AKKPELUOHHOIO JuckKa [40].

B pabore [20] moka3zaHo, 4To HemuHeHHbIH (MHAYIMpOBaHHbIH) 3ddexkT KomnroHa ciocobeTByeT HarpeBy BelecTsa
paewmHux obosiouek Al u mynbcapos.
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I'maBa 4. YepeHKOBCKO€E U MEPEXOTHOE M3JIydEeHUE

§ 1. IloTeHmuaJIbl 3apdaa B AUSIEKTPUKE

1. Bapsan B audnekrpuke. 3aydenne YepeHKOBA, TO €CTh CBEYEHUE 3aPsa, JABUKYIIErOCSd B IUIIEKTPUKE, OBLIO
orkpbiro actmpanTom C. . Basuiosa I1. A. Yepenkosbim B 1934 1. [Touru cpazy xe U. E. Tammom u . M. @pankom
ObLTa, MOCTPOEHA Teopusi 3TOro cBedenusi. B 1958 r. um Tpoum ObLia npucyxkiaeHa HobeneBckas nmpevusi o dbusmke,
TaK Kak 3M@PEKT mosydusI MUPOKOe MPUMEHEHNE B CUeTINKAX (POTOHOB.

Kak wu3BecrHo, paBHOMEPHO JBMKYyInuiicss 3apsig we usiaydaer. OHAKO, €Clu CKOPOCTh 3apsjia B JIUIJIEKTPUKE
MIPEBBINIAET CKOPOCTH CBETA B ITOM [IMIJIEKTPUKE, TO BO3HUKAET HEKOTOPOE M3JIydYeHWe — IJIEKTPOMATHUTHAS BOJIHA,
aHaJIOTMYHAs KUJIEBOIl BOIHE KOPabJisi, M/IyIIero ObICTpee CKOPOCTH PACIIPOCTPAHEHHSI BOJIH B BOJIE, MJIN YIAPHO BOJIHE
B BO3/lyXe OT CAMOJIETA, JIETSIEro ObICTPee CKOPOCTU 3BYKA. 3JIECh JAETCS KPATKOE ONMUCAHUE MEXAHU3Ma, CBEYCHWSI
Yepenkona.

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

ectb € = n? = const. Torna ckopocthb cBeta B Takoil cpeje ¢ = ¢/n < c. [Iyctb snexTpon (3apsan —e) JBUKETCH ¢
MTOCTOSTHHOM CKOPOCTHIO ¥, TAKOH, 9TO ¢1 < v < ¢. Torma mioTHOCTH ero 3apsiia U TOKa OyIayT
p("?:t) = _66(77_17”7 ﬂfat) :p(Fat) u. (1)

ITpumem Jyisi IPOCTOTHI, YTO CKOPOCTH 3JIEKTPOHA HAPABJIEHA BIOJIb ocu z, To ectb ¥ = v (0,0, 1). [Tlorepsimu suep-
TUU HA W3JIyJIeHUe MpeHeOperaeM, TO eCTh CIUTAEM, UTO KTO-TO TSHET 3JIeKTPOH ‘3a BepeBouky'". Haiinmem usimydenue
TAKOTO 3apsna. Haunem ¢ moTeHImaios.

2. Tlorermmagnr. IToTeHIUAIBI OMPEIETAIOTCA OOBITHBIMA HEOTHOPOJHBIMU BOJTHOBBIMA Y PABHEHUSIMHE
1 02 A 47
3 am p=—"r
2 ot? e’

1 0% - Ar

c

[TockonbKy ¢ 1 1 IOCTOSHHBL, TO JOCTATOYHO HANTH CKAJIAPHBIA IOTEHLIMA ], nOO IPAMOI [IOACTAHOBKOI JIEIKO IIPOBe-
PUTH, UTO
— TL2

A:?cpv. (3)

BBuay oceBoii cummerpuu J0CTATOYHO HANTH MOTEHLMAJIbL B IIOCKOCTH 2. Bo3bMmem Touky Habaonenus 7 = (z,0, z),
MPUYEM MOXKHO OTPAHUYUTHCS paccmoTperueMm ¢ > 0 u z > 0. 3anma3abBaronuil mOTeHIHAI JaeTcsd (POPMYJIOit

o7ty = 1 / PP ty) L (4)

|7 — 7|
ITpu 5TOM, KaK OOBIYHO, JOJYKHO BBIMOJIHATHCA COOTHOIICHHAE
|7 =7 =c1 (t —t1), (5)

BBIPAKAIOIIEE TOT (PAKT, 9TO BIAMSAHHUE 3aPsA]a HA TOYKY HAO/IOJEHUS PACHPOCTPAHSETCS C KOHEYHON CKOPOCTBIO Ci,
CJIEIOBATEIHLHO B MOMEHT BPEMEHH ¢ HA TOYKY 7 OKAYKET BJIMSHNAE COCTOAHUE TUIOTHOCTH 3apsfa B TOYKE 7| B MOMEHT
BPEMEHN 7.

Hust Togeqnoro 3apsija obwas dpopmysia (4) nepenuinercs B Buie

e d>r,
Ft) = —— [ 6(f1 —Ut1) 5=, 6
olrit) = =55 [ o —n) e (©
a cooTHoIenne (5) mepeizer B
|f’—17t1|:cl (t—tl). (7)

Ilorenmnmans n3nydenns YepeHKoBa HAXOAATCS AHAJTOTUIHO MOTeHIaIaM JInerapa—BuxepTa. MbI mosryanm BeIpa-
JKEHUsI JJIs1 IOTEHITHAIOB He(POPMATbHBIM CIOCOOOM, OTKA3ABIINCH OT TOYEIHOCTH 3apana. IlycTb ero mpoTsaKeHHOCTD
paBHa a. Bkjaja B uaTerpas (4) Jal0T TOYKH 71, B KOTOPBIX B MOMEHT ¢ HAXOAUTCs HAII 3apsi. [Ipu 3aKperieHHbIX
t; ypasuenue (5) onuceiBaer cdepbl paguyca ¢ (t — 1) — cdepor Biugnug. Yem panbiie ¢ < t or ¢, TeMm GobIie
pamuyc cdepbl, ¢ BO3pacTaHWEeM t; PaauyC yMEHbIIAETCA W mpu t; = t cdepa CTICUBACTCA B TOYKY, TO €CTb CXEeMa
pacCyKIeHuil Ta K€, 9TO U MPU BBIBOAE (HOPMYJI /i OOBIYHBIX MOTEHIMAJIOB TOYEIHOrO 3apsana. OIHAKO, UMEITCS
CYIIIECTBEHHbBIE OTJIMYUS, TOITOMY PACCMOTPHUM TMOJAPOOHO KMHEMATHKY MIPOIECCA.

3. MomenTo Bimnsaaus. Beegem 0603HATEHNA

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

Bosseus (9) B KBaspar u pa3peiius pe3ysibrarT OTHOCUTENbHO t — t1, MOJLY UM

(X9 +Y
t—tf = —2 o~ 10
1 v2 — c% ) (10)
riae

V2= (X7)? - (v —cf) X2 (11)

IIpu v < ¢; Besmuuna Y Bcerpa BewecrBeHna, Tak Kak (11) ecrb cymMMa ABYX HEOTPULATENLHBIX CJaraeMbiX. B aTom

CJIydae MOMEHT BJIMAHUA TOJIbKO OJINH tf, A3JIy4eHUs HeT.
s HAC mpeicTaB/IsieT WHTEPeC ciaydait v > ¢, Toraa Y BemecTBeHHO He npu Beex t. Haiimem, npu kakux t 3Tta

BEJINYUHA, BelecTBenHa. ZlcHo, 9ro JomKHO ObITh X ¥ < 0, Tak Kak WHaYe 33 CYET BHEKOPEHHOTO CJIaraeMoro 0ymer
t —t; <0, a Tpebyercsi, 4T0b6b1 ObLIO t — t; > 0, OO HTPUYMHA JOJIZKHA [IPEIIECTBOBATD CJIE/ICTBUIO.

4. Konyc Yepenkosa. ITomoxum X 7= Xv cosa. Torma ycmoBre BeeCTBEHHOCTH Y 3aIAIMIETCSA TaK:
YZ = X?0? cos®a — (v* —cf) X2 = X2 (¢} Jv? —sin® @) > 0. (12)
OTciofa ce/IyeT, 9To ycIoBHe BhIOTHsAeTCs mpw sin’ a < ¢ /v? wm
sina < ¢ /v, (13)
U, TAK KaK yroJI (¢ TYIOi, TO OH JOJKEH yJOBJIETBOPATH YCJIOBUIO

T>a>T— Q. (14)

—

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

Konyc (14) nasbisaercsa konycom Uepenkosa. Bce uziyuenue 3apsijia HAXONUTC BHYTPU 3TOIO KOHYCA.
IIpumaB BO BHUMAaHHUE, 9TO
S
X =(z,0,z —vt), (16)

Haiimem
z—uvt T

e vt_)27 sina = (17)

cosa = .
VaZ+ (z—ovt)?

Tak Kak KOCHHYC OTPHUATENEH, TO Ut > z — 3apsaf yles Aanblie Touku Habmogenus. [loacraBus BbIpaxkeHne s
cunyca u3 (17) B mepasencrso (13), moaydum

c1 (vt—2z) > Jv2—cla (18)

" KaK CJIeJCTBUE OIEHKY CHU3Yy BpEeMEHU H&6J’[IO,H6HI/IH U3JTy9IeHUA:

z v2 — 2
t>pr =2 VT4, (19)
v vey

Ka.K CJI€e, eT us3 10 nMeeTcd JABa MOMEHTa BJINAHUA 3apdJa HAa TOYK H3.6JIIO CHUA. OHI/I O603Ha‘{eHI)I ti IpuiemM
) 1

3HaKu GepyTcs B COOTBETCTBUU €O 3HaKamu nepex kopuem B (10), tak uro ¢ — ti" >t—1t, ti" <t.
s HaXOXK/IeHUsi BBIPAXKEHUI /i NOTEHIMAJIOB HY?KHO 3HATH IIPOEKIUU CKOPOCTH 3apsJa HA HAIPABJIEHUE HA
HaOJTIOATE IS, TO €CTh HAMPAB/ICHUE U3/IyYeHNsS B MOMEHTHI BJIASTHUS.

5. ITpoekmuu ckopocTu Ha HanpajeHue usiydennsi. O603HAYNM BEJIMYUHY ITON MPOEKIUU Yepes3

X+

+ -]
v =0 —¢ 20
F=iE (20)

a TaKzKe BBEIEM BCIIOMOTATEJIbHBIC BEJIMIUHBI
vt —z v 5 3
y=—— q=—, f=Vy - (¢*-1) (21)
xr C1
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B s1ux 0003HaYeHKSAX KUCIIOIB30BAHHBIE HAMU PpaHee BEeJIMYIMHDBI BbIPazKalO0TCAd C/IeayI0IuM 06pa30M:

L rqy+f
X=- Y = t—tf=21=7 22
0 Ty, azf, T (22)

L= TU
UXf:ﬁ(yiQf)- (23)
Kpowme toro, u3 (16) u (9) nonygaem

5 _ 1 1 ayFf
X =22(1+¢y?), — = = ) 24
W) ==t "2+ (24)

U3 (18) Bbirekaer, uro y > +/q? — 1. IIpunumMas BO BHUMAHKUE BbIIUCAHHBIE COOTHOLIEHUS, HAXOAUM
L xv ayFf gty f

=—(y+ = . 25
Ux q2_1(y qf):c(y2+1) Uy2+1 ( )

Jljis1 onpeiesienns 3HAKA IPOEKIUIT CKOPOCTH Vi 0CTaTouHO BhIpasKenus (23), OJHAKO HPOIIE UCXOJUTD U3 BHIPAXKEHUS
(25). TIpoeknus v npu Beex t Gombie ¢p. [Ipoeknus ke BO BTOPOii MOMEHT TlepecedeHus oOpalllaercs B HyJb MpU
Y = ¢, upu y < ¢ OHA NOJIOKUTEJIbHA, IPK Y > ¢ — oTpunaresbua. Bennunna y npu GUKCUPOBAHHBIX 2 U T HAIPIMYIO
CBs3aHA CO BpeMeHeM HaOJIIOeHus .
Takum 00pa3oM, KAPTUHA, MPOXOXKIEHUS 3apsiaa depe3 cdepy Bausiaus Takosa. Jlo ¢ < t*, coOTBeTCTBYIOIIErO
y =y* = \/q? — 1, m3nyquenns nmer. Korma t mocturaer sHaveHus t*, 3aps B IUHBIA MOMEHT ti" = t] JIMNIb KacaeTcs
cepot Biusnug. B sror momenr vE = ¢;. Eciu Moment nabmogenus ¢ > t* npoexius v > ¢, TO €CTb B MOMEHT
MEPBOTO MEepPeCedeHrs 3apsa] BCerna Norousier cdepy Bausans. B MoMenT BTOpOro nepecedenns npu 1/q2 — 1 < y < q,
To ectb npu t* <t < tp = z/v + :E/Cl IIPOEKIIMsl CKOPOCTH 3aKJ/4eHa B Hpejenax c¢; > v, > 0, rak 4ro cdepa
porouder 3apaz. Ilpu ¢ > ¢y npoeknua v, < 0. 10 03HAYAET, YTO 3apax U cdepa JBUKYTCA HABCTPEUY APYT APYTY.
Mowmenry t = t. = (z + £ yc)/v, e
2 2, 2
qg +1 z T vi+c]
Yo = —m=—=; le = —+ ——=—== > 1o > 1", (26)

-1 Y

orBevaer JOCTUXKEeHUe poekuueli vy Beauuunbl —c. Hakonen, u3 (25) caenyer, 4ro npu t — 400, TOrga u y — +00,
MTPOEKITNN U;(t CTPEMATCA COTBETCTBEHHO K .

6. Haxoxxmenune norennuaios. [10CKOMbKY CKOPOCTH 3apsiga OOIbIe CKOPOCTH YMEHBIEHNs paanyca chepbl BJIu-
saHust, 3apan HaroHser ee. CHadasa OH mepecekaer cdepy w3BHE, a 3areM w3HyTpu. llepeceveHne M3HYTPU MOKET
[IPOUCXOUTH, KAK MbI BUJIETH JIBYMs CIIOCODAMU.

Mo:kHO cUMTATh, YTO BHAYAJE 3aPsi/l IABUKETCS TPAMO HA HAOIIOJATE ST CO CKOPOCTBhIO vy = vy > 0. Bemencraue
JBUKEHVS 3apsaa cepa BIusHAS Oy IeT 9yBCTBOBATH €r0 HA, MPOTIKEHNN PACCTOSHUsI, HE PABHOTO . O003HAYNM 3TO
paccrosinue b. 3a onHO U TO xKe BpeMs cdepa npoitaer paccrosgaue b, a TOrOHAIONMA ee 3apsiji — paccrosiHue a + b,

TaK 4TO
a+b b b 1 (27)
vo ¢ a vgfep—1
Koryia 3aps u cdepa BiAMsHUS JBUXKYTCS HABCTPEUY JPYD JIPYry, CKOPOCTh 3apsijia vg = —vl > 0 — 310 npoexuus
BEKTOpa ero CKOPOCTH Ha HaIpaBJIeHHe He Ha, a oT Habmomarend. B atoMm ciaydae
a-b b b 1 (28)
vo ¢ a vofer+ 1

Takoe 2Ke COOTHOIIEHHE IIOTyHYaeTCs U B TOM CIydae, ecau cepa JOroHser 3apsaj, TAK ITO BAPUAHTBI NPOXOXKICHHS
3apsga depe3 cdepy Mpu BTOPOM TEPECeYeHUN He BIIMSIOT Ha OKOHYATENbHBI Pe3ysbrar.
3amedvasi, 9TO MONyUYeHHbIE OTHOIIEHNS He 3aBHCAT OT pa3Mepa 3apsifia, TO eCTh CIPABEIJIMBLI U sl TOYEYHOTO
3aps/ia, Mbl MO’KEM BBIYUCAUTH UHTErpaJl, BXOAAuii B (6), BbIHECS 32 3HAK HHTEIDAJIA MHOXKUTEIH NPH 0-DYHKIUAX
U BOCIIOJIb30BABIIUCE (27) 1 (28):
e 1 1 1 1

_e [ PR 29
4 2 X vl e -1 X7 —vi /e +1 (29)

n

Toacrasus ciona Beipazkenus it X = u vE u3 (24) u (25), a Takrke NpUHAB BO BHEMAaHKE onpeenerus (21), nosydum

OKOHYaTEJIbHO

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

7. IlpowsBomnbie OT MOTeHIUAIOB. [[OCKOMBKY B BbIpaKeHUs I HANPIKEHHOCTEH BXOIAT MPOU3BOIHBIE OT MO-
TEeHIIUAJIOB, Hali/leM CHadaja 3TU MPOU3BOIHBIE.
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Coruacuo (30) noreHumMasIbl 3aBUCAT OT BPEMEHU U KOOPJIMHAT TOJIIbKO Yepe3 BeJauduHy Y, KOTOpas Olpee/isercs
dbopmymamu (11) u (8). I[TosTomy Halinem mpousBOAHBIE OT 9TOH Bejmdubbl. [Ipomie HaYaTh € €e KBaApaTa, KOTOPBIi
MOXKHO 3allICATh B BHJIE

YZ=cl(z—wt)? — (v? - )z’ (31)
Torma
VY2 = 2(X5)7 —2(0% — )X =20 x (F x X) 4+ 263X = 2(—(v? — 2)z,0, (2 — vt)), (32)
oY? " . . .
e —2(X0)v? +2(0* — ) XT = =261 X7 = —F(VY?) = —2¢3 (2 — vt)v. (33)
CirenoBaresibHO,
- Fx (@xX)+AEX Oy =
S L= 34
Vo =—p 7 ' B TV (34)
U3 cBsA3M BEKTOPHOTO U CKAJISPHOrO NOTEHIHANOB (3) mosydaercs
04 ¥ ,0p g 2w T g
I A=— 35
- =22 = L2 ¥y), VA= Ty, (3)
> 2
VXAZEMXW—”?%(&—(;%)WX (36)
Jlerko mpoBepuTh, 4ro yciaopue JIopeHna cobiomgaercs
n20p =- n2dp n?dp
I A VA= _ 2 . 37
c Ot * c Ot c Ot (37)

Tenepsb y HAC €CTh BCe JJIsT HAXOKIEHUS XapaKTEPUCTUK CO3aBAEMOTO 3aPAIOM TIOJIS.
§ 2. Uznydyenne YepeHKOBaA M €0 CIHEKTP

1. ITone u uznyvenne. [lo HPOU3BOAHBIM OT MOTEHIIMAJIOB IIPOCTO HANTU BBHIPAKEHUS [JIsi HAIPSIKEHHOCTEH MOJIs.
HanpsKeHHOCTh 3/IEKTPUIeCKOTO OIS

2
Fe-vp- 19 _ 2 m%e - - )% - g Xn)] = -2 (02 — )X, (38)

MaraurHas HaIIPpA>XKEHHOCTDb
2
_ - - ne - .
H=VxA=—FExXxU (39)
c

MIEPIEHIUKYIIPHA TEKTPUIECKON 1 00e OHIU OPTOrOHAIBHBI BEKTOPY PACIHPOCTPAHEHUsT U3JIyIEHHUsI, TO eCTh BEKTOPY
ITo#taTHHTa

= c = - -
S=—FExH=S5L 40
I (40)
Te >xe HANPSXKEHHOCTH B KOOPIMHATAX
N 2 2 _ 2 . 2 2 _ .2
E= o (00,2 — vt), H = == =2(0,2,0), (41)
a BEKTOP NOTOKa U3JIy4YeHUA
22 .2 2
S = %UYTCIQ:(Z —vt,0, —x). (42)
O4eBUIHO, 9TO BEKTOPHI
- (z—0t,0,— X
= M, ~Z . (0,1,0) (43)

X

06pas3yoT MpaByio TPORKY OPTOB.

Kak yxke ormevanoch, 10 MOMeHTa t = t* m3aydenus 3apdia HeT. B MomenT ¢ = t* BenuuwHa Y U, 3HAYUT,
3HAMEHATE/N y MOTEHINAJIOB U HAMPSKEHHOCTEH O0pAIAiOTCs B HYJH, TAK 9TO CAMH 9TU BEJUYUHBI OECKOHEUHBI.
[Tocie 3TOro MOMEHTa HANPSAKEHHOCTH HeNpepbiBHbI M 1Mpu Gombmux ¢ yGbisaior, kKak 1/t?, a sexrop IloftnTunra,
kak 1/t*. Obpamenue nonsa B 6€CKOHEUHOCTh ABJIAETCA CJIEJCTBUEM TOTO, YTO NPHU BbIBOJE (OPMYJ HE yUUTHIBAIACH
JIVCIIEPCHs, TO €CTh MOKA3ATE b MPEJIOMJIEHUS] CAUTAJICS TTOCTOSHHBIM.
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2. CuekTp 4epeHKOBCKOro u3Jtydenus. s HaXOXK AeHUs XapaKTePUCTUK CHEKTPa HeOOXOAUMO HalTH peodbpa3oBa-
nust @ypwe or Hanpsizkernocreit. Hagnem ¢ morennuasios. [IpeobpasoBanue @ypbe OT BeMIWHBI, 00PATHON Y, JIETKO
BBIpazKkaercsd depe3 pyHKIuo MakIoHAIbIA

> dt 1 . & . : d 1 . .
/ eWt— = —e“‘"/”/ exp <zw\/v2 — cfi> v — ewr VK, (—zwﬁvQ - C%i> ) (44)
¢ Y c1v 1 vey w2 —1 v vey

*

Takum obpaszom, nHTErpaJi Beipaxkaercs depes dpyukimu Beccens. OqHako, Jgydiie He UCIOIb30BATH 9TO SIBHOE BbI-
paKeHwue, & OCTABUTDH €r0 B BUJE WHTETPAJIA, UYTO MO3BOIAET yIeCThb aucnepcuio. CKaIsIPHBIA M BEKTOPHBIN TOTEHITHAJIBI
[IPEJCTABJISIOTCS HHTErPATIOM

1 2ec; [ . .,dw o0 xu du -~ n?
o(Ft) = 5=— e Wt giwz/v exp | iwy/v? — @ — | ———, A = — 0. (45)
21 n oo c1v 1 veL uz —1 c
COOTBETCTBEHHO [J HAIIPA?KEHHOCTEA MOMydalOTCsS TAKHE K€ HHTErpasbl. I s/eKTpruaecKoii

- 1 2ec; [ _. . dw ; o . S TU du =
o _ iwt iwz/v 2 _ 2 [ 4
E(F,t) = praaecall BN —cwe /1 exp (zww/v e e ) T E(w,u) (46)

o
U aHAJIOTMYHBIA /1J1si MAPHUTHOM HAIPszKeHHOCTHU ¢ BecoBoii pyukuueil H (w,u). s 3rux BecoBbix DYyHKLUIE HAXOAUM
MIPUA MOMOIIYM BBIPDAXKEHUI HANPAKEHHOCTEN! depe3 IMOTEeHIINAIIbI

- 1 2e wAv? =3 W n? .
E(w,u) = | =Y Ly, 0,i— | + —(0,0,v)iw| =
2 n v c1 v c
. ew v? — 2 v: -2 Cew JuE = v? — 2
=—i— u,0, ——— = —i—— u, 0, (47)
™2v c1 c? ™m2v c1 c1

i MarHuTHOM HAIPAKEHHOCTH

. 2 f2 _ 2
Hwu)= —"§x <z’f u2—c%c1u,o,i%> =i VY T 1,0). (48)

m™m2v ¢ v

Haxkoner, aist Bektopa IlofinTunra Haxomum

c e*w? -2 1

47 m2n2vic & w?-1 2

S(w,t) =

3. Uznyvaemas momunocTsb. Bennynna usnyvaemoii MOIIHOCTYA PABHA [OTEPsIM SHEPIrUU BHEIIHUX CHJI HA TO, YTOObBI
"TaHYTH 3aps 38 BepeBOUKY'", M MOXKeT ObITh HalimeHa mo hopMmyse

W=-— /jE"d3r = —e/vEZd3r6(m)5(y)6(z —ut) =

D)
Cl

:—ev/6 y)6(z — vt)d®r / ww(z/v— t)dw/ *—;ﬁ exp zz}—l 1—v—2u X

Cew v —c2 e v [ c
X lT 5 = Y dww 1-— —2 Sgn( ) = 2 wll-— - dw
TNAY ct me 2 c* Jo v

IIpu nopcranoske Boipaxkenusi (46) nepemennas u OblLia 3amenena na u/z. B unrerpase no gacrore ocrasiieH ObLi
TOJIBKO CHHYC TI0 COOOPAXKEHUSIM IETHOCTH.

CoBepIleHHO OYEBHUIHO, 9TO TOCIEIHUI WHTErpaJj TPU MOCTOSHHBIX U U €] PABEH OECKOHETHOCTH, 9TO HE MMEeT
buU3UIECKOrO CMBICTA U OTPAXKALT HEAJEKBATHOCTD HAILIUX MpeAnoinoKenuit. Ha camom Jiese € u ciieo0BaTeIbHO MOKa-
3aTeJIh MPEJOMJIEHHUS N 3ABUCST OT 9aCTOTHI. [Ipn GOMBITHX 9aCcTOTAX W CKOPOCTH CBETA B BEIIECTBE €1 ~ C, & B PEHTTEHE
MOXKeT ObITh Jaxke ¢; > ¢ (npeobpasoBanue @ypbe or nepeaarodnoil GyHKIUK (w) U UrpaloNias POJIb MOKA3ATEIst
upesiomsienus Beaunuuna 1(w) Menbiue egunauipl). [losromy unTerpas no yacrore Hago 6parTh He 10 DECKOHEYHOCTH, &
JI0 HEKOTOPOTO Wax, KOTOPOE ONpPEIeseTcs yeaoBueM n(wmax(v)) = ¢/v = 1. Torga pesynbrar (50) nepenwuriercs B

BIIIE
ey [Wmax(v) c?
= — l1———— ) dw. 50
2 e () (50)

®opwmyita (50) nocur nassanue dbopmyssl Tamva—®paHka, KOTOPbIE €€ TIOJIY YUIIH.
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§ 3. IlepexoagHoe uU3aydeHNE

1. IIpupoma uzmyvenus. Ecim 3apsa ABUKETCA C MOCTOAHHON CKOPOCTHIO, HO HE B BaKyyMe, a B CpeJie, OH MOYKET M3-
JIy9aTh, TarKe KOTJa ero CKOPOCTh MEHBINE CKOPOCTHU CBETA B 3TOM cpeze. Ha Takyio BO3MOKHOCTH 00paTH/I BHUMAHUE
B.JI. Tuns6ypr u 1. M. ®paux B 1946 roay [4]. 31y yenue Bo3HUKAET, €C/IU HA [IyTU 3aPsi 1A U3MEHSIOTCS CBOMCTBA Cpe-
ae1. IlepBoHATAILHO pACCMATPUBAIOCH U3y YEHNE TIPU TTEPEX0/IE 3aP/Ia U3 CPEIbl C OJHUMU ONTHIYECKIMHU CBOUCTBAMHA
B Cpeay CO CBOWCTBAMU, OTJIMYHBIMKU OT CBONCTB MEPBOH. 3areM ObLIO YCTAHOBJIEHO, 9TO MPWUYMHON BO3HUKHOBEHUSI
M3JIy YeHUsT MOYKeT ObITh U IIABHOE M3MEHEHNE CBOWCTB CTAIMOHAPHON CPE/IbI B/IOIb TPAEKTOPHUH 3aPAIa, U U3MEHEHUE
3TUX CBOMCTB cO BpeMmeHeM. [Ipm HEMOHOTOHHOM W3MEHEHUN ONTUYECKUX CBOMCTB, HATPUMED MEPUOTTIECKOM, MOYKET
MTPOUCXOIUTH W PACCESTHNE, TO €CTh 00PA30BAHNE OTPAYKEHHBIX BOJIH. BCe 3TW MeXaHU3MBI IO TPAIUINAN HAZBIBAIOTCS
[1ePeXO/IHbIMU.

31ech MBI PACCMOTPUM MPOCTEHINHN CIIydail Tepexoa 3apsaa W3 OJHONW OJHOPOMHON MOTyOeCKOHEUHOM Cpenbl B
JAPYTYIO OTHOPOIHYIO Ke CPey, P! YCJIOBUU, YTO CKOPOCTD 3apsi/ia MepIeH UKy IapHa Tpanulle pa3aena. 3moxenne
BesieTcs 110 KHure [3].

IlycTs 3apan ¢ ABUKeTCA BIOJIb OCH ANILINKAT CO CKOPOCTHIO v > (. /119 HEro mI0THOCTH 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)

VpaBHeHue HEPA3PHIBHOCTH, KOHEYHO, BBIIOTHIETCS.

[TnockocTh Ty pasiensger nBa HOIYNPOCTPAHCTBA, 3AMOJHEHHDBIX JIMIIEKTPUKAME C PA3JIMIHBIMEU ITIOCTOSHHBIMU
kodd dbunreHTaMu 1U3TeKTpUYecKoi mponunaemoctn: £ nupu 2z < 0 u ey npm z > 0. Ha rpanune sta BesnyunHa
TEPIUT CKAYOK.

2. OcHoBHBIE ypaBHeHUsI. 3anuiieM ypaBHerusi MakcBesa jijisi Takoi curyanuu. B KaxKJI0M 13 HOJIypOCTPAHCTB
3TU ypaBHEHUS UMEIOT BHU/L

- - . . €9E 4n_, - - 10H
H= E=4 H=—-4+2"7 E=—-—. 2
VH =0,V 7p,V X ot VX 7 (52)

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

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

19 (edE 4r e O’E  4r a7
S iy | e R R 53
cOt \ c Ot + ¢’ c2 Ot? c2 Ot (53)
Orcrona ¢ yyerom cBsa3u miorHocreii (51) nosyuyaercs ypaBHenue

e O°E , le 7 0p
——-—-AE=—-47|=-Vp+—=—]. 54
2 ot? W(a p+02 6t> (54)

3. IIpeobpa3zoBanus @ypbe. Pa3ioxkuM mIoTHOCTE 3apsi/ia U JIEKTPUIECKYI0 HANPS)KEHHOCTH B HHTErpaJibl Dypbe
10 BpEMEeHU U 110 KOOpJIMHATaM T U Y:

p(7,t) = /ﬁ(w,z)ei(mx””*myy*”t)daexdaeydw, E(Ft) = /E(aex,aey,w,z)ei(ae’““eyy*“’t)daexdaeydw. (55)

[Ipeobpa3oBanue ITOTHOCTA TOKA JIETKO BBIYUCISETCS:

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

Tak kax 0OJIbIITE BCErO MBI Oy/I€M UMETh JIEJI0 C IPOeKIuei BeKTopa F Ha ock z, obo3uaynm E, = E. [Ipou3Bognyro
1o z Gygem orMedarsb WITpUxoM. Y pashenue (54 s npeobpa3oBaHus ITOM IIPOEKLUUK TOLJA IPUMET BUJL

1
—c%w2E + (22 + @2)E — E" = —4x (gz% - C%zw) 5. (57)

Ypasuenue (57) MOKHO [EPEIUCATH TAK:

2 ; 2
" w 9 _ Amiwg c ;
el +€(C—2€—%L>E——m (€—v—2> elwz/v, (58)

roe &1 = |&81], &1 = (&, ®y,0). 3aBECEMOCTH IPeOOPA3OBAHMUIL OT TACTOTHI W ONPEAENISIeT BPEMEHHYIO, & OT &| —
IIPOCTPAHCTBEHHYIO JUCIIEPCUU.
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Haiins E = E,, MOXKHO OIIPEIE/INTh U MPOeKIun BekTopa E Ha miockocTs. B gacTtHOCTH, Hanbostee mpocTo MOy IUTh

nx KoMbuHanuo F, = éLE’L = anEX + aeyEy. U3 Broporo ypasaenus B (52) ciemyer, 94To

4
iBp+E = ?” p. (59)

Ha rpanune Cpela JOJI2KHbL OBITH HENIPEPbIBHBI HOPMaJIbHbBIE COCTAaBJIAIOININE MHAYKIHNN U TaHM€HIuaJIbHbIEe COCTaB-
JIAI0OINE HAIIPAZKEHHOCTH, 3alIUIIeM 3TN yCJIOBUA JIJId HpeO6pa3OBaHHﬁ:

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

4. Pewenus ypasuenuii. Hacruoe peuienue ypasuenus (58) ONUCHIBAET [0JI€ CAMOIO 3apsi/ia:

4mq(1 — * [v3e)

Bl =
w(2m)3(e — 2 /v? — &% 2 Jw?)

eiwz/v' (61)

Pemmenust onHOPOIHOTO ypaBHEHUS [IPEJACTABIIAIOT CBOOOIHBIE BOIHDBI, TO €CTh U3JIyYCHHE:

By = dmq Cieii(wz/c)./s—aei(:?/w?' (62)

= w2

Bnecy amnuTy bl Cr 6e3pa3MepHbI.
Kombunanus TaHreHIua bHbIX KOMIOHEHT HAXOIUTCS U3 COOTHOmIeHus (59):

2  E4 w ®2 2
L (Bp)t = Foe- i? E.. (63)

El =— S —
® w e —c2 /v’

XapakTep HAIMCAHHBIX PEIICHUH 3aBHCUT OT COOTHOLICHHS MEXKIy KO3(D(MUIUEHTOM AU3IEKTPUIECKON IIPOHUIIAC-
MOCTH €, TapaMeTpoM & | 1 9acToroil w. Ecim e < @2 ¢? /w?, To nokasarenu B 9KCMOHEHTax B (62) BEIIECTBEHHBI, IIPH
z > 0 HeOOXOIUMO B3ATh OTPUIATENbHEIHA, a 1pd z < 0 — IOIOXKUTE/NbHBIA OKA3ATE/IM, TAK YTO PEIICHUs OIMUCHIBAIOT
3aTyXamuye OT I'PaHUIIbl BOJIHDI. Ta.KI/Ie BOJIHBI BCEr'/la BO3MO2KHBI IIDX OIIPEEJIEHHbIX 3HAYCHUAX W U & , HO OHU HaC
HE I/IHTepeCyIOT. OTBJIe“IeMCH MbI U OT BO3MOXKHDBIX peHleHI/II‘/'I, OIIUCBIBAIOIUX BOJIHBI BJIOJIb IIJIOCKOCTHU pPa3Jejia CPE.
HakoHel, eciu Ha TpaHUIE HET pa3pbiBa U BBINOIHAETCA cooTHOMeHue € = n? > ¢ /v?, rae n — nokasare/b MpesoM-
JIEHUS, TO 9TO 03HAYAET, YTO CIPABEIJIUBO yCJIOBUE CYLIECTBOBAHUs U3/ydeHus depeHkosa v > ¢/n. B wacruocru, u3
(61) cpaBHUTEIHHO JIEMKO MOXKHO TOMy4uuTh hopmysy Tamma—®Ppanka (50).

2 .2 2
xic c
5. Ammuryaer Boia. Tenepb npumem ycsioBust :2 <ex < X JIJIsI BBIMOJTHEHUS KOTOPBIX HEOOXOAMMO, ITOObI
w
O6p10 — > v. IlepexoaHoe u3ydeHre pacIPOCTPAHSETCA OT TPAHUIILI PA3IEsa CPeld, TO eCTh MPU MTOJIOKUTEIbHBIX

XL
anmmkarax B dpopmyiax (62) mamo 6parh IIIOC, & IPU OTPUNATENILHBIX — MUHYC.
st cokparennsi GpOpMyJT BBEIEM 0O03HATEHMST

3:%, g:%, re =\/zs — 2, sizsi—%— 2:—%(1—Bri)(1+6ri). (64)

Banumiem rparugnbie yciaosus (60), 3apaHee COKpATUB HA OOIIUI MHOKUTEb BBLJEJIUB [eJIyI0 4acTh Y BO3-

m™q
w(2m)3’
HUKAIOIIUX ILp06eI71 CO 3HaMEHaTe/IAMU S4 B IIEPBOM PAaBEHCTBE U COKPATHUB Ha 06[[[1/1171 MHOZKUTEJIb ILp06eI71 BO BTOPOM:
2 <-2 <-2 C2
——e (C_.=>——-¢,Cy, ——+r_C_.=—"——r;C4. 65

Uckmiouasa mo odepean aBa MCKOMBIX KO3 UIneHTa, Haiiaem

Cep—el B 1— By —fre

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

, C-= De  1+4+pry 1-p5292 7

(66)

rne D =eir_+e_ry.

6. [Ipenenbubie coryuan. Eciu 3apsa HepeaatuBucTkmii, 7o ecth § K 1, T0 0062 K03 duimenTa MaJjibl 1 Ipu YCIOBUH,
9TO AUIEKTPUIECKUE MPOHUIAEMOCTH € HE OY€Hb PA3JIMYAIOTCs, OJHOIO MOPSIIKA:

_ &4 —E—
Cy =0¢ Der (67)

47



CwibHOE U3JIyYeHHe BO3HUKAET HA BBICOKMX YaCTOTAX, €CJIU 3apsj yJIbTPApe/siTUBUCTCKUl, MpUYeM, KaK 00bId-
HO 79 TaKWUX CAydaeB, U3JydeHue UIeT Y3KUMU IMyIKaMU B OMpPE/IE/IeHHBIX HampaBIeHusX. /leficTBUTeTbHO, TyCTh

B ~ 1,y = 1/4/1 -2 > 1. Ha BbICOKMX YacCTOTaX MOYTH BCErJA ONPABJAHO HCIONb30BaHHe (DOPMYIBbI IS -
SJIEKTPUIECKON IIPOHUIIAEMOCTH, KOTOPast XapaKTepHa s auciepcuu B mwiadme. Mol npumem sty dopmysty, npudem
HCII0JIb3yeM ODO3HAYEHHE IIJIA3MEHHON 9aCTOTHI:

w? [dme3n,
P e
e=1l-—, wp= e (68)

Beemem Ge3pa3MepHbIe BeJIMYMHBI, UMEIOIINE MOPSAI0K 1, BhIIEJINB MHOKHUTED Y:

0 03
(= LLC_ gsinez —0, w = _u;;,i% ex ~1— —j: (69)
w w o + Y
R )
7o
B o 1+63+0%
~1—B+2—72(Qpi+00)~T. (70)

Hucurenu nociaeqaux apobeii B bopmysax (66) npu NpUHATHIX OPEANOIOKEHUIX MOXKHO 3ameHuTh Ha —1 y Cy u Ha
1y C. IloacraBisis Bce 3TO B yKa3aHHbIE (DOPMYJIBI, MOy THM

L v 63 o e -0t 62 _ .
1+65+ Q4 1+65+9Q-7 7 7 1+ +0. 1+ +02)

Cy (71)

AMnyuTyna BOJIHBI, HAPABJIEHHOM B CTOPOHY JIBUKEHUsT 3apsija KOHEUHA, a B MPOTUBOMOIOXKHYIO CTOPOHY — MaJia.
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