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1. B B E .U E H l1 E 

l1ccne.ClySI o5rune cuo:itcTaa SI.Cl8pHbiX peaKuHtl a5nH3H Hx rropora, BnrHep o5Hapy

'"Hn1 
11 

B 1948 •n ro.Cly, ttTo rrosmneuue HOBotl peaKUHH corrpoaom.(laeTCSI aHoMan bHbiMif 

lf3M8H8HifSIMif B SH8pi'8Tif'l8CKO:it 38BifCifMOCTH C8'18HHSI yrrpyi'OI'O ·p8CC8SIHHSI B o5na~Tif 

IIOpora, HM810lUHMH tPOpMy Y3KOI'O llll'IK8, 0.ClH8KO STO S1Bn8Hif8 OCTanoCb H838M8'18HHbJM 1 

IIOCKOnbKY CaM 8BT0p yTaepm.(lan, 'ITO B8nlf'IHH8 8HOM8nHJt HH'ITO)!{H8 1 B CBSI3H C '18M 

· onu He rrpe.ClcTaanHIOT rrpaKTHttecKoro HHTepeca. l!Hwb tJepe3 .ClecHTb neT rroporoabJe 
. /2/ 

8HOM8nHH CHOBa rrpHBneKnH K ce5e BHHM8HHe rrocne TOI'O, K8K Ea3b IIOK838n 1 'ITO 

uccne.Cloaanue ux .ClaeT B03MOmHOCTb rronytteHHH 5oraTotl 'uH¢opMaunu o rrpoueccax 

pacceHHifH H cao:itcTaax. yqacTayrorunx a pacceSIHHH ttacTHU, Pa5oTa Ea3SI nocnymnna 

TOnttKOM K HattaBWeMyCH BCKOpe HHTeHCifBHOMY TeopeTH'l8CKOMY uccne.ClOB8HifiO rroporo

BbJX; aHoManu:it, a pe3ynbTaTe KOToporo a TetteHue .ClByx-Tpex neT 5binH n3ytteHbi ace 

I1p8KTHtteCKH B8)!{HbJe BOI1p0Cbi 1 CBSI38HHbl8 C STp:it o5naCTbiOo 

Uenb HaCTOSIIUero o53opa - II03HaKOMHTb ttnTaTenSI c ocHOBHbiMH pe3ynbTaTaMH 

. /1-14/ /15-!20/ 
IlpOBe.(leHHbiX .ClO H8CTOSIIU8I'O apeMeHH T80p8THtteCKHX If SKCIIepnMeHTanbHbiX 

uccne.CloaaHu:it rroporoabiX aHoManult, l13nomeHue 5y .(leT rrpoae.CleHo Ha ocHoae tPYHlla

MeHTanbHoro IIOHSITHSI M8TpHUbl pacceSIHHSI ( S ":"M8TpHUbJ} 0 npu STOM Mbl He rrpe.(liTO

naraeM y 'lHT8TeiiSI 3H8KOMCTB8 C TeopueJt S • -MaTpHUb! 1 B CBSI3H C qe~. rrepBaSI rna

aa o53opa rrocaSIIUeHa paccMoTpeHuro Tex aorrpocoa STolt Teopuu, KOTOpbze Heo5xo.ClHMbi 

.ClnSI Hawero. H3nomeHHH. 

11. _MATPI1UA PACCEHHI1H 

.UnH yrrporueHHH 3arrucn ¢opMyn Mbi 5y.CleM acro.Cly, KpoMe oco5o oroaopeHHb!X 

cnyqaea 1 OIIyCK8Tb 3H8KH CYMMHpOB8HHSI If HHTei'pHpOBaHHSI ( f ). rcnoana-

illHCb1. 'ITO HanHttHe B tiJopMynax HeMOI'O (.ClBOliHOI'O) HH.(l8KCa IIO.(lpa3yMeaaeT CyMMH

pOB8HH8 rro ueMy a cnyttae .ClHCKpeTHoro crreKTpa H HHTerpnpoaanne - a cnyttae nerrpe-

pbianoro crreKTpa (narrpnMep1 I~ fJ Q {Jy= ~{J Q {Jy 
. fJ . -

). 

3HattKOM • Mbl 5y.CleM ·o5o3HattaT:b orrepaunro KOMIIIIeKCHOI'O COIIJlSimeHHSI1 

+ . 
3HattKOM - apMnToaa corrpHmeHHH. HarroMHHM 1 ttTo MaTpHUbl o+ If B H83b!BaiOT-

CSI apMnToao-conpSimeHHbiMH 1 ecnn ( B+) a"' B*a • 
. a~-' ~-'a 
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.lJ.m1 0603Ha'leHJHI BOnHOBOlt <!JyHKUiili l(la (x) CHCTeMbl 1 OllliCbiBaeMOlt H860p0M 

KBaHTOBbiX 'lUCen a U aaaUCSIWelt OT Ha6opa llepeMeHHblX X 1 Mbl UCIIOnh3yeM BeKTOp

/21/ 
Hbllt <!JopManH3M .lJ.upaKa : ' 

< x I a > a '~'a ( x ) 

a 6y.ll9M Ha3b!BaTb UH.ll9KCOM COCTOSIHHSI1 X HH.ll9KCOM llpe.acTaaneHuSI. VIHor.aa Mbi 

6y.lleM ollycKaTh HH.lleKc 11pe .acTaaneHHS1 1 BBO.llSI .anSI OIIHCaHHSI cocTOSIHHSI aeKTOP I a> • 

np!i IIOMOW!i WTpuxa ( HallpHMep, a1 U a ) Mbl 6y .ll9M paanu'laTb Ha6opbl KBaHTOBbiX 

senU'lliH 1 O.llHHaKOBbiX 110 Ha3BaHHI0 1 HO pa3nli'lHbiX 110 BenH'lHHe, 

no.a CKan,SipHbiM llpO!i3B9.lleHH9M .llBYX BOnHOBblX <!JyHKU!ilt < x I a> u <x I fj > 

Hnli .aayx B9KTopoa I a > " I fj > Mbi 6y.aeM IIOHHMaTh aenH'lHHY 

< fj I a>""< fj I x ><xI a> a 'I'~ (x) 'I' a (x) , ( 1.2) 

3.aecb CyMMHpOBaHiiE;l Hnli liHTerp!ipOBaHH9 llpOBO.ll!iTCSI 110 

neHHSI X 

HeMoMy ·HH.lleKcy npe.acTaa-

MaTpH'lHbilt sneMeHT onepaTopa L 

B STHX 0603Ha'l9HHSIX 11pHHUMaeT BH.ll: 

L r.{"<f31L Ia> 
al-' • 

L a a 'I'* (x) L 'I' (x) 
al-' fj a 

(2.2) 

nocne,aHIOIO <!JopMy 3aiiHCU MO)KHO HCIIOnb30BaTb B Ka'leCTBe YHHBepcanbHOlt KaK ,anSI 

MaTpH'IHbiX sneMeHToa, TaK u .anSI aonHOBbiX ¢yHKUHlt, aaMe'laSI, 'ITO <{J I ·a>= <'fj Ill a> • 

r.ae 1 - e.aHHH'lHbilt o11epaTop. 

CHMBOn o(a,fj) Mbl 6y.aeM HCITOnb30BaTh .llnSI 0603HaqeHHSI 0 -<!JyHKUiili 

0 (a -•fj) B cnyqae HellpepblBHOrO ClleKTpa HnH CHMBOnOB KpoHeKepa Oa{3 B cnyqae 

.llHCKpeTHoro CII9KTpa. HaiiOMHHM, 'ITO 0 - ¢yHKUHSI Ollpe.aenSieTCSI, KaK 

+oo .., , x•O 
8 (x) "' I 0 , x .,& 0 f 8 (x) dx"" 1, a CHMBOnbi KpoHeKepa -

l,a=fj 
0 afj= I 0 , a.;. fj 

II 2·.2. OcHOBbi TeopHH llpe.i:lcTaaneHHlt 

..... 

npe)K,ae. "leM HaqaTb. li3nO)K9Hiie o6welt TeOpH!i MaTpHUbl paCC9SIHHSI 1 HanOMHHM 

'IHT8T91110 OCHOBHble Cae,aeHHSI H3 TeOpHH llpe.llCTaaneHHlt 1 KOTOpbie IIOH8.ll06SITCSI HaM 

B .aanbHeltweM. 
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) 

Coniacuo o6ruuM rrpunuurraM KS.BHTOBoli MexanuKu, BepOHTIIOCTb o6uap,Y:>K9HUH Toro, 

'ITO CliCT9M8 0 OllliChiB89M8H J:l860pOM KB8HTOBhiX 'IHCen a 
0 

H8XOL1HTCH B COCTOHHH!i C 

Ll8HHhiM. 3H8'19Hii9M HH.Ii9KC8 rrpe.OCTaBneHUH X . ( H8llpliM9p
0 

K00p.QHH8Tbl .X ) 
0 

orrpe'-

.aenHeTcH KBa.apaToM Mo.aynH cooTBeTCTByiOrueli ·Bonuoaoli cpyHKUHH < x I a > • 4T06hi 

H8liT!i BepOHTHOCTb 06Hapy:>KeHUH K8Koli-nu6o cpH31i'!eCKOli · B9nH'!HHbl q 

meli CliCTeMy. HY:>KHO pa3nO:>KHTb <X I a> rro co6CTBeHHbiM cpyHKUiiHM 

orrepaTopa sToli BenH'!IiHhl: 

<xla>=~xlq><qla>. 

, xapaKTepH3yiO

< X I q > 

(3.2) 
J.1cKoMaH BepoHTHOCTh orrpe.aenHeTcH rrpu aToM KBa.apaToM Mo.aynH Benu'!UHhi <q I a> , 
HBnHIOlU9liCH 0 ITO orrpe.aeneHUI0 0 BOnHOBOli cpyHKUHeli CHCT9Mbl B q - rip9.QCT8Bn9HiiH, 

CooTBeTCTBeuuo, <·x I a >ecTh. BonuoaaH cpyHKUiiH B x -rrpe.acTaBneuuu, CooTuo

meuue ( 3,2) OriHCbiB89T T8KiiM 06p830M rrpeo6p830B8HHe BOnHOBOli cpyHKUHH CHCT9Mbl 

li3 x . -rrpe.acTaanenuH B q -rrpe.acTaBneuue rrpu rroMOlUH cj:JynKuuli rrpeo6pa3oi:Ja-

HiiH <·x I q > • 3aMeTuM, 'ITO cpyHKUHH o6paTnoro rrpeo6pa30B8HHH <.q I :X>. coBrr8.a8-

eT C <'x 1·q >"' 0 'ITO BHLlHO H3 ( 1,2), 

npu rrepexo.ae OT o.auoro rrpe.acT8BneHHH K .apyroMy rrpeo6p83,YIOTCH H orrep8TOphi, 

cf>opMyny 9TOI'O rrpeo6p830B8HHH MO:>KHO rrony'IHTb 0 liO.QCT8BHB ( 3,2) B ( 2,2): 

<{J I L I a>=<{J l·q, ><.q'l L I q><'q I a> (4.2) 

CooTnomeHHH ( 3,2) H ( 4.2) 6y .ayT B .U8nbnelimeM '18CTo H8MH · ucrronb30B8ThCH, 

§ 3,2, Orrpe.aeneriue S -M8TpHUhi 

38.08'18 orr~C8HHH rrpoueccoa p8cceHHHH '18CTHU a o6rueM cny'l8e Mo:>KeT 6biTh 

ccpopMynHpOB8H.8 Cn9Ll,YIOlUHM o6p830M: H8'18nbH09 COCTOHHHe H9B38HMO.Q9JlCTB,YIOlUHX 

'18CTHU OliHCh!B89TCH BOnHOBOJl cpyHKUHeJl 'l'j (-.,.;) (orrpe.aenH9MOJ1
0 

K~K· rrpe,aen rrpH 

tO-+ -•oo ) 0 I'.Qe i ,- H9KOT0pbilt H86op KB8HTOBhiX 'IHC9nj B pe3ynhT8T9 p8CC9H-

HHH COCTOHHH9 CHCT9Mbl H3M9HHnOCbj BOnHOB8H cpyHK¥HH KOH9'1HOI'O COCTOHHHH (rrpH 

t-+ + 00 'l'f ( + 00
) X8p8KTepH3,Y9TCH H860pOM KB8HT0Bb!X 'IHCen f , B 06-

. lU9M cny'l89 OTnH'!HOM OT rrepBOH8'18nhHOI'O H860p8j 38.08'18 p9W9H8; eCnH ,YCT8HOBileHO 

COOTHOlUeHHe, CBH3h!B8IOIUee Me:>K.Q,Y C06oJt H860pb! H . f 

npu peiUeHHH ,YK838HHOJ1 38,U8'1H BeCbM8 rrnO.UOTBOpHb!M HBnHeTC.II BB9.QeHHe Oll9p8-

TOp8 0 rrpeo6p83,YIOlUei'O H8'18nhHOe COCTO.IIHHe l.i > B Konequoe I r > 
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lf>=Sii> 
x) 

(5.2) 

:3ToT on epaTop. H83biBaeTcst MaTpuuelt paccestHHst unH S -MaTp.uuelt. Vlsy'leHue o6mux 

CBOltCTB S -MaTpHUbl n03BOnsteT yCT8HOBHTb OI"p8HH'IeHHSI 1 H8Kn8.llbiB89Mble H8 npouec

Cbl pacceHHHSI 38KOH8MH COXp8H9HHSio 

CMbiCn aneMeHTOB S -MaTpHUbl CT8HOBHTCSI 0'19BH.l1HbiM 1 ecnH B K8'1eCTB9 Ha-

qanbHOI"O COCTOSIHHSI B3S!Tb COCTOSIHH9 lq> c onpe.oeneHHOlt aenH'IHHOlt ( q
0 

) 

K8KOlt-HH6y.llb .llHH8MH'IeCKOfi nepeMeHHOlt q 

.llBIOT c KoaciJcpHuHeHTBMH paano.meHI{st If > no 

• Tol"'.oa a;JeMeHTbi S -MaTpHUbl coana-

I q > u, cne.ooaaTenbH0 1 Kaa.opaTbl HX 

Mo.oynelt Is I 1 
o o0 

onpe.oenstiOT aepostTHOCTb nepexo.oa B peaynbTBTe paccestHIIst H3 

COCTOSIHHSI C q
0 1 B COCTOSIHHe C q 

§ 4.2. YHHTapHoCTb s -MBTE_IIUbl 

Pa3nO.mHM 1 COI"nBCHO (5.2) 1 BOnHOBbl9 cPYHKUHH KOHe'IHOI"O COCTOSIHHSI 

no aonHOBbiM cPYHKUHstM naqanbHOI"O cocTostHHst I q > -oo 

Ia>+., =Saqlq>_, 

nepelt.oeM K conpst:.HIDHHbiM aenH'IuHaM: 

<·a 'I = <.q'l S* , 1 +"" _.., ·a q 

I a>+co 

(6.2) 

(7.2) 

CqcTaaua H3 (6.2) u (7.2) cKanstpuoe npoHaae.oeuHe H eocnonbaoaaawHcb ycnoaHeM 

OpTOHOpMHpOB8HHOCTH BOnlJOBbiX cPYHKUHlt 

nonyqaeM 

HnH B M8TpH'IHOlt aanHCH: 

<'all a>·= 8 ( al' a ) ' 

S*r 
a q 

S ·=8(a1 a) 
aq ' " 

+ SS =I • 

(8.2) 

(8.2) 

(10.2) 

r.oe I - e.oHHH'IHBR MBTpHua. S - MaTpHua, TBKHM o6pa30M 1 oKaaanacb apMHToao

conpsnKeHHoA co caoelt _o6paTHOR MaTpHuelt, T.e. yHHTapHoll. · 

x) CooTHOWeHHe { 5.2) cne.oyeT nouliMaTb1 KBK npe.oenbuoe npH t .. - "" , t .. + "" • . 0 



------------~~~~~~~---

0 

Ycnoaue (9,2) HaKna.nbmaeT onpe.neneHHYIO CBH3h Ha aMnnuTy.nbi uepoHTHocTe.ll: 

pasmPmbrx npoueccoa, onHcbmaeMbiX aneMeHT8MH S -MaTpiiUbi, B qacTHOCTH, aepoHTHOCTH 

nepexo.noa H3 COCTOHIIHH q
0
> _

00 B COCTOHHHH He HBllHIOTCH llOllHOCThiO 

He38BHCHMbiMII: 

(11.2) 

CooTHow mme ( 11.2) ·abrpamaeT co5ofi coxpaHeHI!e aepOHTHOCTII, 

Ylii!T8p!IOCTh S -MaTpi!Ubl HBllHeTCH ee cpyH.naMeHT8llhHblM CBOHCTBOM
1 

npi!BQ-

.LlSJlUIIM K 50llhillOMy 'II!Clly npaKTI!'IeCKI! B8)!{!1biX Cne.nCTBII.il: II 0C05eHHO B8)!{HbiM. llpH 

8H8ll1!3e nopOI'OBbiX 8IIOM8llH.il:, B CBH31! C :3TI!M none3HO npocne.nHTh, 113. K8KHX OCHOB

HbiX IIpi!HUI!IlOB KB8HTOBO.il: MeX8111!KH BbiTeKaeT :3TO CBOHCTBO S -MaTpi!Ubl, 

KaK usaecTHo 1 a ocHoay KBaHToaoti MexaHI!KH nonome11 npUHUIIII cynepnosuuu11, 

YTBepm.naiOIUH.il: 1 'ITO COCTOHHI!e CI!CTeMbl B .Ll8HHOM npe.ncTaaneHUII MO)!{eT 5h1Th Olli!Ca-

110 Ha5opoM 'Hesaai!CI!MbiX co5cTaeHHbiX aonHOBbiX cpyHKUH.II: I ·q >~ 
1 

cooTaeTCTBYIOllli!X 

onpe.neneHHblM 3H8'IeHJHIM .Lli!H8Mif'!eCKO.il: IIepeMeHHOlt q 
• 0TciO.na cne.nyeT, 'ITO 

np01!3BOllhHaH aonHoaaH cpyHKUIIH CIICTeMbi I a > 

cynepii0311UIIH :3TIIX ~~~KUII.il:: 

MomeT 5biTh npe.ncTaaneHa KaK 

la>=lq><q Ia> (12.2) 

YMHOmHa ( 12.2) CKanHpHo ~~~ <·q/1·. nonyqaeM: 

< q1 la>"'<.q 1 iq·>·<q Ia>. 
Ho cornaC!IO IIpi!HUI!ny cynepii031iUI!Iil KOacpcpi!UifeHTbl <'q I a>' He38BiiCMMbl If, cne.noaa

TenbiiO, co5cTaeHHhie cpyHKUIIII I q > opToroHanhHhi ( 8.2). nocKOllhKy ycnoaMe ( 10.2) 

BbiTeKaeT lf3 OpTOI'OH8llbHOCTI! C05CTBeHHbiX cpyHKUI!.il: ( 8,2) 
1 

Mbl llpi!XO.[li!M K B~IBo.ny 
1 

'ITO CBO.ii:CTBO YHIIT8pHOCTii S -MaTpliUbl HBllHeTCH Henocpe.nCTBeHHblM Clle.[lCTBiieM 

npuHuuna cynepnosuuuu, 

§ 5,2, YlHTerpanbi .LlBJr)KeHMH If S -MaTpMU8 

Yl3 OIIpe.neneHUH S - M8TpiiUbl (5,2) Bli.UH01 'ITO 0118 KOMMyTMpyeT C I'8Ml!llh
x) 

TOH1i8HOM • 0TCIO.[l8 cne.nyeT, 'ITO S -MaTpuua KOMMyTHpyeT C onepaTOpOM lli050I'O 

x) s HI 1> = s E I 1>', E I 'f> H s I i > = H II>= E II> 
I I I 

r.ne E'1 , E 1 - co5cTaeHHbie 3HaqeHuH onepaTopa aaeprMM, B cuny coxpaHeHUH aaeprMu 

B npouecce pacceHHUH S H I i > = H S I i > npu npousaonhHhiX I i >., H S H- H S = 0 • 
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HHTerpana .llBH:lK9HHSI q H noaTOMY MO:lK9T 6biTb O.llHOBpeMeHHO C HHM npHB9.ll9Ha K 

.qnaroHanbHOMY BH.llY• TaKHM o6pa30M 1 ecnH B Ha6op KBaHTOBbiX 'IHCen, OnHCbiBaiOI.l.lHX 

COCTOSIHHe
1 

BXO.llSIT HHTerpanbi . .llBH:lK9HHSI 1 TO S -MaTpHUa no HHM .llHaroHanbHa: 

< q 1, a' IS I 'a, q >·=<'a 'IS 41 a> 8 ( q!, q) • (13.2) 

npHM9H9HH9 9TOrO Ba:lKHOrO COOTHOW9HHSI n03BOnSieT onpe.llenHTb1 KaKHe orpaHH'l9HHSI 

HaKna.llbiBaiOTCSI 3aKOHaMH COxpaHeHHSI Ha B9p0SITHOCTH paanH'IHb!X nepeXO.llOB 1 OnHCbJBae-

Mb!X S -MaTpnuen. 

nocne TOr0 1 KaK Mbl Bb!SICHHnH OCHOBHb!e CBOiiCTBa S -MaTpHUbl 1 ycTaHOBHM 

CBSI3b ee c aKcnepnMeHTanbHO onpe.llenSieMoA aennqnuoa - nonepe'IHbiM ceqeHHeM. 

§ 6.2. nonepequoe • C9'19HH9 

KaK 6hinO noKaaaHo B § 3.2, aepoSITHOCTb nepexo.lla B aa.llaHHOM KaHane peaKUHH 

onpe.llenSieTCSI KB8.llp8TOM MO.llyng COOTB9TCTBYIOW9rO sneMeHTa S -MaTpHUbl 0 lfT06bi 

nepeATH K nonepeqHoMy ceqeHnro (a .llanbHeiiweM Mbl 6y.lleM ncnonb30BaTb TepMHH 

'ceqeHHe') 1 Hy:lk.HO OTH9CTH STy BepOSITHOCTb K 9.llHHH'IHOMy BpeM9HHOMy HHTepaany. 

npe.llBapnTenbHO ynpocTHM S -MaTpnuy. B cnny aaKoHa coxpaHeHHSI sHeprHH 

S -MaTpHua HM99T .llHarouanbHblA BH.ll B npe.llCTaBn9HHH 1 r.lle 9HeprHSI E BXO.llHT 

B Ha6op KBaHTOBbiX 'IHCen, 3a.!laiOWHX COCTOSIHHe CHCT9Mbl (CMo ( 13.2)): 

< E1 , £ 1 ·s 11, E, >·=<" £ 1 S8 II > 8 < E1 , ·E, > • 

3.ll9Cb j H f - HH.rt9KCbl HaqanbHOro H KOH9'1HOrO COCTOSIHHii 1 BKniO'l8IOWH9 B ce6SI 

CnHHbl qacTHU H HX np09KUHH 1 HanpaBneHHSI .llBH:lK9HHSI D H 0603Ha'leHHSI 'ISCTHU (HH.lleK-

Chi KaHana). npoHHTerpHp~BaB KBa.llpaT MO.llyng HanHCaHHOrO BhlW9 sneMeHTa S -MaT

pHUbl no E f H paa.llenHB Ha apeMeHHOA HHTepaan, uaxo.llHM aepoHTHOCTb nepexo.lla 

B 9.llHHHUy BpeM9HH: 

w ... _l_ I< £1 S8 1 i >F 
2111i 

(14.2) 

HopMHPYH w Ha DOTOK nepBH'IHbiX 'laCTHU H HCKniO'laSI KaHan, COOTB9TCTByiOWHA 

nepeXO.lly B COCTOSIHHe, TO:lK.ll9CTB9HHOe nepBOHaqanbHOMy 1 nonyqaeM C9'19HHe: 

u < i ~ n = 41Tl-K
1 1 < r 1 S8 -II i > 11 .. (15.2) 

3.ll9Cb ~ - .llnHHa aonHhl .lle' SpoiinH, .lleneHHasr ua 211 • 
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CooTHowemre ( 15.2) ycTaHaammaeT B ,o5rueM BH.lle CBSI3b ceqeHHSI c sneMeHTaMu 

5 -MaTpHUbl~ JlnSI HaXO>K,lleHHSI Ce'I9HHSI1 COOTBeTCTByiOWero KOHKpeTHOi!' nOCT8HOBKe 

onbiTa1 5 - MaTpuuy 1 aa.oaHHYIO Ha5opaMH H f 1 Hy>KHO npeo5pa30BaTb B 5 -

MaTpHUy1 aa.oaHHyiO Ha5opOM H3MepSieMbiX B OnhiTe BeJlH'IHH. TaK
1 

HanpuMep
1 

C nOMOWbiO 

<PyHKUHH npeo5paaoaaHuSI <; I e' m > = yfm ( -; ) 
5HTanbHhiil MOMeHT H ero npoeKUHSI, a . Yfm (-;) 

f H m - op-

- lli8pOB8H <i:JyHKUHSI1 Bbi'IHCJ1SI9TCSI 

q ( o' . -J.' > .llH<fJ<jlepeHUHaJlbHOe Ce'!eHHe ~ .llilSI Cily'I8SI pacceSIHHSI .llBYX '18CTHU C 

f H m B aa.oaHHhiil TenecHhiil yron: 

u( 0
1

, ¢1 )==rr~:~l Iy'2f+i <'(}',¢'If ';m'><f' ,m'l S8-llf ,·O>I 2 (16.2) f . 
( na.oaroruHtl ny'IOK HanpaaneH no ocH z ) • 

§ 7 .2. CBH3b Me>K.oY pasnH"'HbiMII KSHanaMH peaKunH. · , 

CeqeHHH 0 COOTB9TCTByiOWHe pa3JlH'IHbiM K8HanaM peaKUHH) He HBJlSIIOTCSI He38BHCH

Mb!MH BCJle,llCTBHe CBH3H 1 HaKJla,llbiB89MOt! YHHT8pHOCTbiO S. -MaTpHUbl ( CM.<jJOpMyny 

( 11.2) ). PaccMOTpHM 3TOT aa>KHbii!: .llilH Hac aonpoc 5onee no.opo5Ho Ha cpaaHuTenbHO 

npocTOM npHMepe pacceSIHHSI 5eccnHHOBhiX qacTHU.· B 3TOM cnyqae HHTerpanaMH .llBHme-

HHSI SIBJlSIIOTCSI . E f H m 1 IIO KOTOpbiM 

ee HMeeT BH.ll ( CM. ( 13.2) ) : 

. s:·f,;, 8(f,f') 8-(m,m 1
) 8 (E,E 1

). (17.2) 

a - HH,lleKC KaHana. 
ss.e,m 
a 

- . -sf 
B .ll8JlbHet!weM Kp8TKO 0503H8'1HM KaK a 

1 I 
no,llCT8BHB ( 17.2) B ( 16.2) II npOHHTerpHpOB8B no (} • ¢ • nonyqaeM ceqeHHe ynpyro;;;. 

ro ( a= s · ) H Heynpyroro a= a ) pacceSIHHSI: 

ua ;.rr?.2 !.(2f·+l >I Sf -8 1" I a as (18.2) 

J-Io B CHJly YHHTapHOCTH s -MaTpHUbl I sf I" = 1-·1 sf I' 
" . H 

a =rr1..2 I(2f+1)1Sf -11 2 

s e s (19.2) 

(20.2) 
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CaR3b Me;K.ciy ceqeunRMH u n u O'i8BIH1Ha. Oua oco6euuo uurnnJJ.Ha B cnyqae, 
• a . 

KOrJJ.Il BenH'iHHbl Se Jl8HCTBHTenbHbl. npu 9TOM ynpyroe paCC8SIHll8 llOnHOCTbiO 
• 

onpeuenneTcR ueynpyruM paccemmeM: 

y ;;f = 1 - \1 1 -·uf . (21.2) 
s a 

3JJ.ech 
ur 
a -napuuanbHOe C8'i8Hll8 ( 'ineH cyMMbl ( 18.2)) 0 JJ.eneHHOe H8 TT 1(2 ( 2 f + 1 ) 

8 061UeM cnyqae CBSI3b C8'i8HHH He CTOnb npocTa, 110 OCHOBHOH pe3ynhTilT OCTaeT

CSI TeM )Ke: neynpyroe paccennue acerJJ.a conpoBO)KJJ.aeTCR ynpyruM paccennueM • .Lleii

CTBuTenbuo, o6paTHBlUHCb K cpopMyne ( 11.2) 1 BH)J.IIM 1 'iTO ecnu liM88T M8CTO ueynpyroe 

paccenuue H 1 cneJJ.oBaTenbH0 1 OJJ.HH unu necKOnhKO ueJJ.narouanbHbiX aneMeHTOB S -

MllTpHUbl OTnH'IHbl OT nynR 1 TO Bcne)J.CTBH8 yHHT8pHOCTH S -MaTpHUbi ee JJ.Haronanb-

Hbl8 aneMeHTbl no MOJJ.ynJO M8Hl->1Ue 8)lliHHUbl 1 li C8'i8Hlle ynpyroro pllCC8SIHHSI He pllBHO 

uynJO. 

Vl3 cpopMynbl ( 11.2) Bll)J.HO T8K)K8 1 'iTO cyUl8CTByeT II 6onee 06148SI CBSI3b M8)KJlY 

pa3nH'iHbiMH K8HanaMH peaKUHH - npouecc, npoTeK810lUHH B O)J.HOM ll3 K8H8nOB 1 0Kil3bi

Bil8T BnHRIIH8 (unu MO)K8T OKa3biB8Tb BJlllSII!ll8 ) Ha npoueCCbl 1 npOT8Ka!OlUH8 BO BC8X 

JJ.pyrux Kananax. 3Ta CBSI3h npeJJ.cTaanneT co6oii cneuucpuqecKoe KBanToao-Mexanu'le-

cKoe S!Bnenue, Bb!T8Ka101U88 H3 3aKOHlf COXp8H8HIISI aepOSITHOCTII (yuuTapHOCTll S -

MllTpllUbl )
1 

u, KllK OTMe'iaJlOC b B § 4.21 8CTb uenocpeJJ.CTB8HH08 CJ18JlCTBll8 cpynJJ.aMeHTanb· 

noro npuuuuna cynepno3HUHH. 

J-13M8H8Hil8 aenU'illllbl C8'i8HHSI OJJ.HOr'O 113 KaHanOB peaKUHH C pOCTOM 9H8pr'Ull 

coy JJ.apeHHSI JJ.On)KH0 1 B CUny CKa38HHOr'O Bbllll81 BJlllSITb 118 9H8preTH'i8CKYIO 38BHCH-

MOCTb C8'i8Hll.it JJ.pyrHX KaHaJlOB. Hau6onee SipKO 9TO llpORBnReTCSI B6Jlll3ll nopora HOBOr'O 

Klmana, rJJ.e poeT ceqeuun npoucxoJJ.HT oco6euno 6biCTpo. B nocneJJ.HeM cny'iae ao3nu-

KBIOT xapaKT8pllbl8 OC068HIIOCTH B 9HepreTH'i8CKHX 3aBHCIIMOCTSIX C8'i811Hfi CTapblX Kalla-

noa - noporoBbie auoMamn~:. BnJJ. aTHx anoManun cywecTaenllbiM o6pa3oM 3aaucuT oT 

TOr'0 1 HaCKOnbKO. 6b!CTp0 "OTKpbiBaeTCSI .. HOBbiH Killian C pOCTOM 9UeprHH coy )lapeHHSI, 

noaToMy npemJJ.e '18M nepexo.aHTb K onucanu10 pa:JnH'iHbiX noporOBbiX auoManufi, Mbi 

pacCMOTpHM o6utue 38KOHOM8pHOCTH 1 onpe)lellSIIOlUHe pOCT C8'i811HSI B6llll3H nopora, 
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lll, 3HEPrETYIYECKAH 3ABYICYIMOCTb CE'LlEHYIH 

BEnvr3vr noPorA 

§ 1.3, ABYX'IBCTI'I'IHhie peaKUIIII 

noBe.UeHIIe CetJeHIISI B5nii31I UOpora B CBMOM 05llleM SII.Ue 5binO fiCCne.nosaHO 
/1/ '. . 

BHrHepoM , Mbi orpaHII'IIIMCH KatJec:rseHHhiM paccMo:rpeHIIeM a:roro ·sou poe a, CHatJana 

5y.neM upe.nuonara:rb1 'ITO BCE/ yqacTBYIOllliie B peaKUIIII tJaCTIIUhi aneKTPII'IeCKII Helt:rpanb"" 

hoi,· 3<j:J<}:leKThl, CBSI3aHHble C KynOHOBblM B3BIIMO,UeHCTSIIeM 'IBCTIIU, 5y .UyT paCCMOTpeHbl 

B KOHUe rnaBbl, PeaKUIII0 1 npoTeKBIOlllyib npii CTOnKHOSeHIIII .nsyx 'IBCTHU1 Mbl 5y.neM 

HB3b!BaTb n "":'IBCTH'IHOfi 1 ecnii OHB UpHBO.UHT K o5pB30SaHIIIO n -'laCTHU, 

PaccMoTpiiM .nsyx'lacTH'IIIhie peaKUHH, upe.nc:rasnHIOllliie ·HaH5onbWHlt HHTepec c 

TO'IKII GpeHIIH uoporoBhiX aHoManHlt. BenH'IIiHa ce'leHHH TBKOfi peBKUIIH s5nii31I nopora 

En Onpe.nenSieTCSI CTBTIICTU'IeCKIIM BeCOM 1 npOUOpUIIOHBnbllhiM B HepenSITHSIICTCKOM 

cny'lae IIMnynbCy p STOpii'IIIbiX 'IBCTilU B CIICTeMe UeHTpa IIHepUIIII- (c,U,II,) II Ksa.n

paTOM MO.nyng MBTpii'IHOrO aneMOHTB nepexo.na . \If """'l 1 r.ne f - Op51ITanbHhlit 

MOMeHT BTopu'IHbiX 'laCTIIU, Cne.nosa:renbH0 1 ·aHepreTII'IecKaH 3BSIICIIMOCTb ce'leHIISI 

s5nii31I uopora HMee:r BII.n: 

c/ (E)--... p2 f+t-(E-E )l+v. 
a u 

npii 3HepriiSIX 1 5nii3KIIX K noporosofi, peBKUIISI UpOTeKa9T 1 S OCHOBHOM 1 

HIIII ( eCnii _ 9T0 He 3anpeme110 KaKIIMII-nH50 3BKOHaMII COXpBH9111ISI ) 1 II 

a 0 (E)-y'E-E a' - u 

(1.3) 

S s 

(2.3) 

TaKIIM · o5pa3oM, .nsyx'laCTH'IHhilt KaHan "OTKpbiBae:rcg" B .TO'IKe uopora sHeGanHo, c · 

6eCKOH9'1HOlt npOII3BO.UHOlt da.,/dE (eM, piiC, 1), npii f >0 Ce'ISHIIe He 

upe:repueaae:r IIGnoMa ,a TO'IKe uopora, soGpac:rae:r unas·Ho c poc:roM aHepr1III 1 a 5ec-

KOHetJHhlfi CKa'IOK IIMeeT M9CTO niiWb S f ""0H npOII3SO.UHOlt OT Ce'leHIISI, 

§ 2,3, Tpex'laCTII'IHhre peaKilHII 

B o5meM cny'lae, .nnH n -'laCTII'IHoll: peaKUIIH_, c:raTHCTH'IeCKIIll: sec upouopuHo
x) 

HaneH p ~n • .5
1 

r.ne p m MaKCIIManbHb!ll: IIMUynbC O.UHOll: 113 BTOpii'IHbiX 'laCTIIU , npii 

n =3 CTaTHCTII'IeCKIIll: sec onpe.nenSieTCSI <}:laKTOpOM p 4 
m 

x) 3neMeHT <j:Ja30BOrO 05'beMa, UpOIIHTerpiipOBaHHb!ll: UO IIMUynbCaM BC9X 'laCTIIU 

11 SbipameHIIll: 'lepe3 p 1 upouopuiioHaneH p 3 "·- 3 ( -3 soGHIIKae:r s ciiny GaKoHa 

coxpaHeHIIH nMnynbCa). f>aG.neniis ero Ha E ""'mP' 1 uony'laeM c:raTIICTII'IeCKIIll: sec 

pJn-1 ,m 
m 

/ 



Oa · 

5o. 

Puc. 1. 

14 

En £ 

En· £ 

3aBHCHMOCTb ceqeHHH HOBOrO KaHana .a OT aaeprHH E B6nH3H nopora • 

.[lsyxqaCTHqHaH petlKUHSI: 1- f '"0, 3- fa .. 1, 4- . f • 0, KynOHOBO npHTSI>Ke

HHe, 5- f •0, KynOHOBO OTT8nKHBaHHe. TpexqaCTHqHaSI peaKUHSI: 2-
f
12 

• f~ •0, J:IBe qaCTHUbl B KOHeqHOM COCTOsiHHH CHnbHO B3aHMOJ:IeR.;.. 

cTBYIOT npH ManoA aaeprHH (cnyqalt (5.3) ). 
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KoHe'IHOe cocTO.IIHHe TpexqacTH'IHOit peaKUHH 6y .a eM onHChiBaTb KBaliTOBbiMH '!He-

C12 - OTHOCHTEMbHhlil: opolfTanbHblH MOMenT .LlByX BTOplf'IHblX 

'!aCTHU 1 a e, MOMeHT TpeTbefi 'laCTifUhl OTHOCHTenbHO ueHTpa lfHepUiflf, npH 3TOM 

e12 + e . 
MaTpH'IHhlil: aneMeHT nponopUHOHaneH p . 3 

1 ecnH '18CTHUbl B KOH9'1HOM COCT051-. m 

Hlflf He B3aHMO.Ll9itCTBJIOT1 If 

e 
1:l 

B Herrocpe.acTneuuott onlf30CTH OT nopora cymeCTBeHeH nH!llb nepexo.a c 

e =o 
3 

uo,o (E).-.... (E- En. )2 • 
a 

(3.3) 

(4.3) 

.!J.ng .apyrux nepexo.aos xapaKTepHhl rrapaoonuqecKue sasucuMoCTH 6onee BhiCOKott 

cTerreHu: uZ,~ (E)"-( E- En )
3

, ut,o (E)"'-( E- E ) 4 If T • .a. 
a a n 

VIs cpopMynhl '( 3,3) cne.ayeT, 'ITO llpH ni06biX e Tp9X'I8CTif'IHblt1 KaHan , OTKpbi-

BaeTcg" nnanHo, B TO'!Ke nopora ucnbiThiBaeT CKa'IOK numb BTopag (unu eme oonee Bhico-

Kag) llpOH3BO.LlHa51 OT Ce'!eHH51 1 If B OTnlf'!lfe OT .LlBYX'IaCTif'IHOit peaKUiflf 3TOT CKa'IOK KOHe-

'!eH, 

OooomeHue usno>KenHoro Bhlllle Ha cnyqalt eme oonhlllHX n 
O'leBH.LlHO, 

Cne.ayeT saMeTHTh B saKniO'IeHne, 'ITO oecKoHe•mhrfi CKB'IOK npOH3Bo.anofi a Toq

Ke nopora .LlByX'I8CTH'IHOit peaKUiflf HMeeT MeCTO nHWb B aocTpaKTHOM Cnyqae, KOI'.Ll8 

B3aHMO.LleitCTBHe .LllllfTC51 09CKOHe'IHO .aonro, '18CTHUhl aocOniOTHO CT80ifllbHhi
1 

If CHCTeMa 

rronHOCThiO usonupoaaHa, B peanhHo 
BCTpeqarolUHXC51 cnyqagx TO'!Ka rropora He noKa-

lllf30B8H81 COI'naCHO COOTHOWeHHIO Heonpe.aeneHHOCTefi, If 3HepreTH'IeCK851 38BHCifMOCTb 

Ce'!eHHS! He HMeeT H3nOM8, D03TOMY OTnH'!Ife 3HepreTH'IeCKifX 38BifCHMOCTeit Ce'!eHHit 

.LlBYX'I8CTH'IHOit If Tp9X'I8CTH'IHOit pe8KUHfi HOCHT nHWb KOnH'!eCTBeHHhlit X8p8KTep, 

§ 3,3, Ponb B381fMO.LleitCTBif.ll B KOHe'IHOM COCTOS!Hiflf 

8 HeKoTOphiX peaKUH.IIX 3HepreTH'IecKa.ll saBHCHMOCTh ce'!eHH51 sonusu rropora 

MO~eT Ob!Tb CylUeCTBeHHO lf3MeHeHa BCne.acTBHe B381fMO,aeiiCTBH51 '18CTHU B KOHe'IHOM 

COCT051Hiflf, npHMepOM T8KOfi pe8KUiflf. S!Bn.lleTC51 rrpouecc Oopa30B8Hif.ll 11 -Me30HOB 

HyKnOH8MH: 

N+N-+ N+N+11. 
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B KOHe'IHOM S - eoeTOSI.HHH npnae.oeHHOit Bb!u.ie peaKIIHH HyKnOHbi eHnbHO B3a!IMO.Ilefi-

e,TByiOT npH · ManbiX SHepi'HSIX1 Be{Ie,lleTBHe 'lei'O SHepreTH'IeeKaSI 38BHeHMOCTb Ce'leHHSI 

a6nnsn .nopora HMeeT BH.Il He. "' ( E- En)
2

, a 

u o, o (E) ...... ( E - En) 
2 

a €+ E-E:"" n 
(5.3) 

r .oe .€ SHeprHH ypoaHH ( peanbHOro nnn anpTyanbHoro), BenH'IHUa € M8,'18,H 

ee'leHHe (5,3) epSBHHTenbHO 6bieTpO pacTeT e SHeprneit B o6naeTH 1 He CnHWKOM 6nus-

KOit K nopory, H3MeHSISieb KSK ( E -_En ) • PaecMOTpeHHhiii HBMH npnMep saHHMaeT 

npoMe:lKyTO'IHOe MeeTO Me)KJlY. eny'IBSIMH JlBYX'I8CTH'IHOH H TpexqaeTH'IHOit ( CB060.IlHOJ1) 

peaKunell ·(eM. pne, 1). 

§ 4,3, BnnHHue KynoHoaa asanMo,nelleTBHH 

npn HSnH'IHH y 'laCTH!I B KOHe'IHOM eOCTOSIHHH aneKTpH'IeeKHX 38pSI.IlOB, HX_npHTSI

.)KeHHe nnn OTTaJ:IKnaaHne. HaMeHSieT noae.oenne 'ee'leHHH a6nnau nopora, B pH.oe enyqa

ea, KaK 6y.lleT IIOKa3aHO B .oanbHeitWeM 1 STO H3MeHeHHe eyrueCTBeHHO Bn~HeT Ha xapaK· 

Tep noporosoll aHoMannn, 

Eenn sHaKH sapH.IlOB 'la.fTHU O.llHHaKOBhi 1 TO scne.oeTane OTTanKuaaHIHI 'laeTH!Ihi 

6b!CTp0 liOKHJlaiOT o6naCTb B38HMO.IleJ1eTBH.II, H eeqeHHe BbnH3H nopora OK83b!BSeTeSI 

He6onbWUM, B enyqae .oayx'laeTH'IHOit "peaKunn, npoTeKaiOrueit a S -coeTOHHHH) aTo 

npHBOJlUT . !t He'le3HOBeHHIO H3nOMa B SHepreTH'IeeKOit 3aBHei!MOeTH .Ce'leHHSI ( eM,pHe,1 ) • 

Hao6opoT, ecnn qacTHUbl aneKTpn:qeeKH npHTSII'HBSIOTCH, TO oeo6eHHOeTb B TO'IKe nopo

ra eTaHOBHTCSI erue 6onee cytueeTBeHHOit - B03HHK8eT eKS'IOK B eaMOM ee'leHHH 

(eM,pHe, 1 )~ 

1Y. nOPOf'OBblE AHOMAm1H B D.BYX'-IACTH'-IHbiX PEAKUH.RX 

§ 1,4, Ca.llsb ee'leHnll ynpyroro n Heynpyroro paeceHHHit 

KaK 6hinO noKa3aHo B npe.llbl.llYIUGit rnaae, .onH .llBYX'IaCTH'IHb!X peaKuHll xapaK:

TepeH oeo6o 6biCTpbil1 poeT eeqeHHH e aHeprnell a6nH3H nopora, EeTeeTBGHHo. O)KHJlaTb, 

'ITO B03MylU9HHSI1 B03HHKaiOIUHe B .llPYI'HX KaHan ax peaKUH~ 1 6y .llYT Han6onee 3Ha'IHTenb

Hbl HM9HHO B STOM enyqae, 

PaeeMOTpHM ynpyroe paeceHH~e .oayx qaeTHII (nH.oeKc KaHana a= s ) B6~H31f 

nopora Hbsoro KaHana Heynpyroro paeeeHHHH (a= a) , .llnii npocTOTbi eHaqana nono-
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X<HM 1 'ITO CIIHHbl BCeX 'I£1CTifll paBHbl Hymo If 'ITO KynOHOBO B3£1JJMO.OeilcTBI!e OTCyT

CTByeT. Cor naCHO cpopMynaM (} ~3) If ( 15.2) 1 :;meMeHT S - M£1Tpl1Ubl~ COOTBCTCTByiO-

Jlllfil KaHany a , HMeeT a6nuaH nopora BII.O 

(1.4) 

r.ae /2 he - KoscpcpuuHeHT. nponopuHoHanhnocTu,He aaaucHmult OT p • Bocnonb-

aoaaamHc b ycnOBJfeM YHHTSpHOCTJf ( 11.2) 

I s!1' + I s!l
2 

= 1 

Se 
H£1XO.QHM sneMeHT 8 1 KOTOpbll\ Mbl .OnH KpaTKOCTJf 0603H£1'1JfM B ·.aanbHeltWeM, K£1K 

se 
( 2.4) 

(npH ManbJX p ) • OTc10.aa: 

(3.4) 

ct>aaa lle(f>)' .aonmHa t'ibJTb .aeltcTBHTenhHoll H HHX<e nopora npH MHHMbJX p 

IIOCKOnhKY T£1M II MeeT MeCTO TOnbKO ynpyroe pacceHHJfe If 1109TOMy I s e I = l 
lf3 ycnOBHH YHHT8p110CTH. 

B6nuaH nopora, npH ManbJX 

KpOMe nepBOJl. npH 9TOM 

p 1 MOX<HO npeue6pe'lb BCeMH CTeneHHMH p 

2180 2 
S 0 

"' e ( 1 - b
0 

p ) H e > o . (4.4) 

B Ka'lecTne ¢aa Be a.aecb 6epyTcH aHa'leHHH Be (p) npH p = 0 , T£1K KaK a cHny 

aHanHTH'IHOCTH .¢YHKUHH Be (p) ee paanomeHHe B pH.a no p He co.aepmHT nepnoll 

CTeneHH ( K£1K H .apyrHX He'leTHblX CTeneHelt ) p 

BbJpaaHM .aHcpq:lepeuuHanhHoe ceqeHHe ynpyroro pacceHHHH u • ( E, 9') qepea 

HanHcaHHbie BbJWEi sneMeHTbl S -MaTpHUhi. Bocnonb3yeMcH .anH 9Toro cpopMynoll 

( 16.2). B cnyqae pacceHHHH t'ieccnHHOBbJX 'I£1CTHU S -MaTpHua HMeeT BH.O ( 17.2). 
no.QCT£1BHB ee 8 ( 16.2), H£1XO.QHM! 

u < E, 9' > = X 1 I < 2 e + 1 > < s e - 1 > Pn < cos 9' > 1 
2

• 
• . 4 . e t ( 5.4) 
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Y!crro1Ib30BaB pa3no:»eeHHe sr no HMITY1IbCy p ( 4.4) H 'aBe.aH aMrrnHTY .ay pacceg-

imH f.(E,O')=-ie''X(B,O)ya
8
(E,O'} , IIonyqaeM 

a. ( E, 0 ') = I £
8

( E, 0')- ~ b: e 
2 10

o p 1
2 

0TCJO,Ua HaXO.UHM 1 OT6paCbiBaH qneH -p2 

a (E,O')=a (En,O')- y~O'} a(E-E )sin[28 -x(Eri,0')] 1 E;::,Err. (6.4) 
• • 2 m'( a n o . 

3,aeCb Mbl BOCII01Ib30Ba1IHCb 'teM, qTO B61IH3H rropora 

2 I ol2 2 2 a
8

=rr.:l: S., =2rr~ h 0 p 

2 
C TOqHOCTb!O ,UO qneHOB - p 

§ 2,4, c:t:>opMa aHoMaliHH 

·' 

Yl3 cpopMynhi ( 6,4) BH.UHo, qTo BhiWe rropora II MeeT MecTo CIIeuHcpHqecKoe 

.aorronHHTellbHOe ynpyroe pacceHHHe, C ToqHoCTbJO .ao 3HaKa ceqeHHe aToro pacceg

HHH H3M8HSI8TCSI B OKOliOIIOporOBOH 061IaCTH C pOCTOM 9HeprHH COBepWeHHO TaK :»ee 0 

KaK H ceqeHHe Heyiipyroro pacceHHHH. a., , cne.ayH 38BHCHMOCTH 

XO.USI K TQqKe IIOpora CBepxy C 6eCKOHeqHofi IIpOH3BO,UHOH, 

vE-E H IIo.a-
II 

0,aH8KO BliHSIHHe HOBOrO KaHana He orpaHHqHBaeTCSI H3MeHeHHe·M yiipyroro pac

ceHHHSI B o6naCTH Bb!We IIOpora, AMIIliHTy,aa yiipyroro paCC8SIHHSI HB1ISI8TCSI 8H81IHTH

qeCKOH cpyHKUHefi p 0 qTO IIpHBO,UHT K CBS13II Heyiipyroro IIpouecca C pacceSIHIIeM 

H HH:»Ce rropora. Bcne.acTBHe 8H81Ili:THqHQCTH s e cpopMyna ( 2.4) OCTaeTCSI CIIpaae.anii-

BOll II IIpii MHHMbiX p 0 TO eCTb IIpii E < E • noaTOMY CBSI3b ceqeHHSI a ( E' 0 ') 
rr • 

HH:»ee IIopora c ceqeHHeM a II MeeT BH.U, aHanOrHqHbiH ( 6.4): 
ll 

ya(E ,0') 
·a (E~O')=a (E ,0')- • II a(IE-Enj)cos[2o-x(Fn,O')], E~Err.(7.4) 

8 e II t'J -.>£ " 0 . • 

0TCIO.U8 BH,UHO, qTQ HH:»Ce IIOpora ceqeHHe ,UOII01IHHTe1IbHOrO paCC8SIHHSI cne,ayeT 38BH-

CHMOCTH VEn-E , llO,UXO.USI K TQqKe rropora CHH3Y C 6eCKOHeqHofi IIpOH3BO.UH0!1, 

c:t:>opMa IIOpOrOBOft 8HOM81IHH OIIpe,aengeTCSI 3H8KOM OTHOCHTellbHOH cp83bl 

.f=2o
0
-x(EII,O') • EcnH O<'.f<.Y,rr • To1 KaK BII.UHO.II3 (6,4) H (7,4), ceqe-

HHe ,UOll01IHHT81IbHOrO pacceHHHSI yMeHbWaeTCSI C IIpH61III:»C8HHeM K TOqKe IIOpora· K8K 
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CBepxy, TaK H CHH3Yo AHOManusr B 9TOM Clly'!ae HMeeT Bli.ll OCTporo UH'IK8
1 

Hanpaa-

lleHHOro BHH3 0 npu 
suax BToporo qneua B (6.4) u (7.4) nono-

)KHTelleH, B TO'!Ke nopora B03HHK8eT nuq·oK, HanpasneHHb!H BBepx. 8 OCT8llbHb!X .llByx 

cnyqasrx , ~" ~ .; .:£; " 

CTyneHbKH ( CM.pHC~ 2) • 

I{ 
8HOM8liHH HMeeT ~OpM~ 

AuanorH'!HbJM o6paaoM pewaeTcsr aa.lla'!a o6 anoManuu B auepreTn'!ecxoii aasu-

CHMOCTH HHTerpanhuoro ceqeuusr a
8 

(E) ( T.e. ceqeuusr a ( E, () ') 
s 

rpuposauuoro no ()' ). no.llcTaaua B ~OpMyny .llliH ceqeuusr a
8 

(E) 

MeHTb! S -MaTpHUh! a6nusu nopora ( 4.4), nonyqaeM: 

Iilii{ 

npu E :).. En·, 

npu E ~· En 

, npoHHTe-

( 19.2) ane-

(8.4) 

3aMeTHM 1 'ITO B paCCMOTpeHHOM Clly'!ae 8HOMaliHH HMeeT BH.ll liH60 nH'!Ka
1 

HanpaaneHHoro BBepx (cM.puc • .2a) - npu 1 0~ ~0,<·~" u "~ 8
0
.:{3/277, 

nu6o "cnycxaroweiicsr" cTyneHhKH (cM.puc. 2r)- npu ~ 17~80~" u 3/277~·'0~2" . 
.llaa .llpyrux BH.lla 8HOMMHH (cM.puc.26 u 2s) He ocywec-x:ansrroTcsr. Ceqeuue .llonon

HHTenhHoro ( aHOMallbHOrO) pacceHHHH1 OriHCbiBaeMoro HHTepciJepeHUHOHHb!M '!lie HOM B 

cPOpMyne (8.4), BCer,lla HMeeT OTpHUaTellbHhiii 3HaK B o6naCTH Bb!We nopora. TeM 

CaMbll,i npoHCXO.llHT CBoeo6paauasr KOMneucauHH 6biCTporo pOcTa Ce'!eHHH HOBoro K8Ha-

a )' 3a C'leT yMeHbWeHHH Ce'leHHH CTaporo KaHana a . a ). 
• 

0cTaHOBHMCH 118 noc[Iel:(HeM Bonpoce HeCKOllbKO riO,llp06Hee. npu6aBHB K OOeHM 

'laCTHM paBeHCTB8 (8.4) BeliH'IHHy 
1 nonyqaeM, 'ITO nonuoe ce'leHHe 

B5liH31i nopora Clle.llyeT 38BHCHMOCTH 

u, (E)= a, (E )+a (jE-E IY I cos 2oo npH E~En 
n a n sin 28

0 
npK E ~·En 

x) a "'a +a ' . .. 

a 
'. 

x) 

(9.4) 
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0TCID,lla BII,llHO, 'ITO B 9H9pi"9TII'I9CKOfi saBIICIIMOCTII ITOllHOI"O' C9'I9HIISl MOI"YT IIM8Tb 

M9CTO anoMalliiii BC9X 'I9Tb!p9X TUITOB 1 np1IB9,ll9HHb!X na puc.' 2.: IT01JO)KIIT91Ihllblfi 

ITII'IOK !<{ TT .{ 0 ~·X TT 
0 

) 
1 

OTpiiUaT91IhHbifi. ITII'IOK (• 

HIIMaiOLUaSlCSl"' ll "cnycKaiOLUaSlCSl" c:ryneHbKII ( 

) , . "no.z:x- • 

H' 

TaKIIM o5pa30M
1 

ynOMSlHyTaSl BbiLUe KOMIT9HCaUIISl HOCIIT pas'nH'IHblll xa~akTep 
' ' 

B saBIICIIMOCTII OT TOI"O, KaKOBa B8111I'IIIHa cpa3bl 00 : B O,llHOM cnyqae OHa MO)K9T 

5biTh Manoii, II nonnoe ceqeniie 

( nanpiiMep, npii ~ rr ~· o ~· ~ rr 

(J 
,f 

5biCTpo pacTeT Bbill!~ nopora, B .z:xpyroM *e 

) MO)K9T IIM9Th M9CTO ,lla)Ke "nepeKOMIT9HCaUIISl~ 
' 0 

npiiBO.llSlLUaSl K yMeHhLUeHIIIO ce'IeHIISl a, c pocTOM snepriiii. B nocne.z:xneM cny -. ' 

qae SlBneniie np1Io5pe:raeT napa.z:xoKcanhnhlii xapaKTep ceqeniie peaKUIIII na.z:xaeT (!) 

BCne,llCTBH9 TOI"0 1 'ITO OTKpbiBaeTCSl HOBblll Kanan. 

§ 3.4. Benii'Inna anoManH.It 

ct>opMynhi ( 6.4) - ( 9.4) cnpane.z:xniiBbi B Mano.lt oKpecTHOCTII nopora, onpe.z:xenge

.Moil: HepaBeHCTBOM: 

l xl n <'< 1 (10.4) 

r.z:xe K ,.,. - BOnHOBOfi B9KTOp; · fl - np1IB9,ll9HHaSl Macca BTOpii'I-

HbiX qacTIIU, a R npii 5onbLUIIX 3Ha'I9HIISlX ( E- E ) 
n 

neo5xo.Z:XIIMO y'IIITbiBaTh 5onee BbiCOKue qnenbi pasno*eHIISl sneMeHTOB S -MaTpiiUbl 

ITO p . • 3.z:xecb CTaHOBUTCSl cyLUeCTB9HHblM U3M9H9HII9 cpas oe 1 II .z:xng U3Y'I9HIISl none

,ll9HIISl ceqeniiSl a nne o5nacTu, onpe.l:lenSleMOil: nepanencTBOM ( 10.4), Tpe5yeTcSl npu-
• . /.10/ 

Meneniie .z:xpyriix MeTo.z:xon - nanpnMep, pasBIIToro B pa5oTe : MeTo.z:xa, ocnonannoro. 

na HcnonbsonaHIIH .z:xHcnepcuoHHbiX cooTaowenli:fi. 

HepanencTBO ( 10.4) orpaHH'IIIBaeT o5nacTh, r.z:xe npoHcxo.z:xHT cnAUIIcpii'IecKoe, 

nocgmee ynHBepcanhHbiH xapaKTep H3Menenne c~'IeHHSl yn~yroro pacceSlHIISl, o5ycnon-
, ... ~. 

neHHOe o5LUHMH ITOpOI"OBblMII oco5eHHOCTSlMII OTKpbiBaiOLU9I"OCSl KaHana, KOTOpoe Mbl 

H nasbmaeM noporonoil anoManiiefi. Bne aToll 'o5nacTII TepMIIH "anoMa~ag" "Tep~eT 
CMbicn, s.z:xech nMeeT MeCTO .o56I'IHOe pacceimile · "ynpyroe o-r' neynpytoro" ~ .z:xng 

OITIICaHIISl KOTOpOI"O Tpe6yeTCSl y)Ke 3HaHII8 KOHKpeTHb!X CBOfiCTB npoueCCOB pacceSlHHSlo 
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II 4.4. AHOManun Bbicoxoro nopSI.oxa 

Ecnn no xaxnM-.nu6o npulfuHaM HHTeHcuaHocTb S -nepexo.oa a HOBOM xaHa-

ne Mana, TO B6JIH3H nopora CT8HOBSITCSI Cy1UeCTB9HHbiMH nepeXO.llbl B COCTOSIHHif C 

6onee BbiCOKHMH MOMeHT8MH f • npa f>O aHepreTHlf9CK8SI 38BifCHMOCTb CelfeHHSI 

( CMo II 1.3), 
q.(E)-(E-En)f+Y, 

yme He npeTepneaaeT aanoMa 8 TOlfKe nopora, u aHoMBJIHSI a ceqeHuu (J He 
• 

B03HHK8eTo 

8 TOlfKe nopora HMeeT M9CTO H3JIOM f -ott npOH3BO.llHOtt H 6eCKOHelfHhltt 

cxaqox ( f+l )-ott npouaso.ouott oT ceqeuatt ueynpyroro pacceSIHHSI. no anano-

run co cnyqaeM f '" 0 MO)KHO 38KJ110lfHTb, lfTO DpH STOM .llOJlmHa HM9Tb MeCTO 

8HOMBJ1I{H B f -oR DpOH3BO.llHOlt OT Ce'teHHH ynpyroro pacceSIHHSI, HM9101U8SI 

QJOpMy DHlfK8 HJlH CTyDeHbKH (CMo puc. 2). 

Y. nOPOrOBblE AHOMAnHH B TPEXY:ACTHY:Hb!X PEAKUH.HX 

II 1.5. 06 aHoManuH 8 aHepreTHlfecxoR aa8HCHMOCTH ce'teHHSI 

B cnyqae TpexqacTHlfHOA peaxuuu ceqeHue 

paCT8eT B6JIH3H DOpora, CJle.OySI 38BHCHMOCTH 

m 
(]a (E) -. ( E - En ) 

(]a · cpaBHHTenbHO Me.oneHHO soa-

r.oe m - uenoe qucno (eM. rn. Ill ). B OTJIH'tlfe OT .osyxlfaCTHlfHOlt peaxuuu paa-f . . 
nomeHue aneMenTa S no p ('( 1.4)- (4.4)) yme He co.nepmuT qneHa, nponop-

UHOHBJlbHoro P , H aHOM8JlHSI 8 SHepi'eTHlfEiCKOA 38BHCHMOCTH C9lf9HHH (Js He 

B03HHK89Te 

0 2.5. AuoManHH 8 aHepreTH'tecxax cnexTpax 

BaaHMO.l19ACT8He lf8CTHU B KOH9lfHOM COCTOSIHHH TpeXlf8CTHlfHOA peaKUHH 

MOm:IT DpHBeCTH K DOH8Jl9HHIO 8HOM8JlHH HeCKOJlbKO HHOrO THDB, lf9M o6cym.oaa-

1UHACH pauee. 

PaccMoTpHM .onSI onpe.oeneHHOCTH~ TpexqacTHlfHYIO peaxuHIO o6paaosaHUSI rr -
M930HOB: 
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p +. P ... n + P + IT+ , (1.5) 

npu 9HeprHH Bh!We 587,5 MaB CTaHOBHTCSI B03MO>KHOit peaKUHSI o6pa30BaHHSI .ll.BYX 

(2.5) 

KOTOpyiO MO>KHO paccMaTpH!laTe KaK npoTeKaiOWyiO B .ll.B9 c:a,ll.HH cHa'tana 

ocyWeCTBnSI9TCSI peaKUHSI ( 1.5) 1 a aaTeM HeitTpOH H npoTOH B3aHM0.0.9il:CTBYIOT: 

(3.5) 

npu cpHKCHpOBaHHOit 9HeprHH coy.o.apeHHSI nepBH'tHh!X UpOTOHOB H 3a,ll.aHHOit 

9HeprHH IT+ -M930Ha B3aHMO.Il.9itCTBH9 Heil:TpOHa H npOTOHa B KOH9'tHOM' COCTOSIHHH. 

peaKUHH (1.5) MO:>KHO paCCMaTpHBaTe KaK ynpyroe pacC9SIHH9 H9itTpOHa Ha npOTOH9 

npH onpe.o.e·ne.HHoit nonHoll: aHeprHH CHCT9Mhi HeitTpoH-npOTOH Enp • EcnH yMeHe-

WaTe 9H9pi'HIO 

KOTOpOit noporOBOft 9H9pi'HH 
11 

OTKphiBa9TCSI"' HOBbiil: KaHan, 9KBHBaneHTHblll: Heynpyro

My paCC9SIHHIO ( 3.5) B KOH9'tHOM COCTOSIHHHo 8TOT KaHan "OTKph!Ba9TCSJ~ C 6eCKOHe't

HOll: npOH3BO,Il.HOit 1 ~'i'O npHBO.Il.HT K UOSIBneHHIO 3aM9THhiX aHOManHit B KaHane ( 1.5). 

PaccMoTpeHHhiit cnyqail: aHanOrH'teH B03HHKHOB9HHIO aHOManHil: B .o.ayx'taCTH'tHOit 

peaKUHH1 ToneKO pone aHeprHH coy.o.apeHHSI E a.o.ece HrpaeT aHeprHSI IT -MeaoHa. 

E" 1 a pone ce'teHHSI u (E)- .O.Hcp~peHUHaneHoe ce'teHHe d2u (E ,0)/dO dE • 
IT IT IT 

noporOBhl9 aHOManHH B 9H9pi'9TH't9CKHX CU9KTpax MOI'YT HM9Tb M9CTO !10 MHO-

I'HX peaKUHSix: P + P ... Ao+·x++.p a6nnaH nopora A0 +p ... !.0 +p 

y + p ... p + 2 "0 
a6nHaH nopora 

Y1. Bnvi.HHVIE PA3nWIHblX ct>AKTOPOB HA ct>OPMY 

AHOMAnVIVI 

ll 1.6. HannqHe HeCKOneKHX KaHanoa HH>Ke nopora 

.l].o CUX nop Mhl paCCMaTpHBanH cpaBHHTenbHO npOCTOA cny'tait1 KOI'.Il.A HH>K9. 

nopora HOBOI'O KaHana OTKpbiT nHWe O,ll.HH KaHan - ynpyroe paCC9SIHH9o nony't9HHbl9 

npH aToM peayneTaThi HeTpy.o.Ho o6o6WHTe Ha cnyqait, Kor.o.a HH>Ke nopora Hoaoro 
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KaHana peaKuHsr npoTeKaeT no HeeKonbKIIM paanH'IHbiM KaHanaM. TaKoB&I, HanpuMep, 

npoueeew paeeesrHHH 7T . -Me30HOB Ha llp0TOH8X 

,-+ p .. ,-+ p ' 
(1.6) 

, -+ P .. , + , + ... + N ' 
(2.6) 

,-+ P .. Ko + Ao 
(3.6) 

s6nuau nopora peaxuuu 

,-+ p .. K 0 .f. Iq 

(6onee no.ctpo6ao Mbi o6ey.ctHM aTo_r enyqaa a § 5.6). 
(4.6) 

Kax OTMeqanoeb B § 7.2, yHHTapHoeTb S -MaTpHUbl llpHBO.llHT K eBH3H 

a.e TonbKO · ynpyroro H Heynpyroro paeeesrHHH1 Ho H K 6onee o6!lleA essraH mo6oro 

KaHana peaxuHH c mo6wM .ctpyrHM. 0TeJO.cta ene.ctyeT, 'ITO peaxoe HaMeHeHHe eeqeHHSI 

aosoro ·xaaana, HMeJOillee MeeTo s6nuax ero nopora, .cton>KHo npHBO.llHTb K nosrsne

HHIO aaoManua _so aeex xaaanax peaxuuu, npoTeKaJOillHX npu aToll aaepruu. nosreHHM 

exa3aaHoe swwe · aa npHMepe peaxuua ( 1.6)- (4.6). Pa.ctu npoeToT&I uanomeausr 

6y.cteM nonaraTb npu aToM, 'ITO enuaw seex qaeTHU paBHbi HynJO. Tor.cta yenosue 

YHHT8pHOeTH ( 11.2) npHHHMaeT BH.ll: 

1Stl 2 +ISei;+ISti'+IS 1'·1, 
l 2 J a 

r.cte HH.ctexeaMH xaaana a •1,3,3,a npoHyMeposaa&I npo~eee&I ( 1.6)- (4,6), Tax 

KaK I ~.Ill" 
1 

nuaeaao aasueuT o'l' · P s6nuau nopora (eM. ( 1.4)), · 1-o" see ocTanbH&Ie 
0 

MaTpJf'IHbie aneMeHTbl Sl, .2, J . T8K>Ke HBnSlJOTeSl nHHellHblMH qJyHKUHHMH HMnynbCa 

H HMGIOT BH.ll (4.4). noene.ctaee, KaK 6&mo noxaaaao B § 1.4, npHBO.llHT K nosrsne

HHIO aHOManHA BO BC9X peaKUHSlX ( 10 6) -. (306). 

§ 2.6. AaoManHH a enyqae .ctayx paenonomeHHbiX psr.ctoM noporos 

K paeeMOTpeHHOMy B npe.ct&I.llYilleM naparpmpe eny'laJO aenoepe.cteTseaao 

npHMWKaeT H 15om:ie eno>KH&IA, xor.cta noporu .ctnyx Kaaanoa paenono»eeH&I no eo

ee.cteTBy .ctpyr C .llpyrOMo no.ct06Hoe HMeeT MeeTO B npHB9.llHHHOM Bb!We llpHMepe 

paceeSlHHH 7T -Me30HOB Ha llpOTOHax1 r.cte B6nH3H OT nopora peaKUHH (4.6) 
1
-Ha 

paeeTOSlHHH ( 1.0 :!:,1,6) Mas aaxo.ctHTesr nopor .ctpyroa peaxuuu: 
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B3aHMHOe BnHSIHH9 aHOManHli Ha'IHHaeT CKa3b!BaTbCSI TOr.aa, KOr.aa paCCTOSIHH9 

Mem.ay 11oporaMH E111 -.E 11 .2 

HepaaeHCTBOM ( 10.4). Ecnn 

6nH3KO K wnpnHe aHoMannli A , 011pe.aenSieMoli 

9TCSI H93aBHC.HMO.li0 npH COBI1a.Q~HHH .OBYX 11oporoa, TO ecTb 11pn IE - E ·'I <<A nz . 11.2 . 

HMeeT MecTo o.aHa, "cyMMapHaSI" aHoMannSI. B 11poMe:»<:yTO'IHOM .cnyqae 11poncxo.anT 

caoeoopaaHaSI "HHTep¢epeHUHSI" aHOMannli, a He npocToe Hano:»<:eHne nx. nocne.aHee 

CBSI38HO C . H3M~H9HH9M 110pOrOBOli 38BHCHMOCTH O.OHOrO KaHana 110.0 Bn.HSIHH9M .apy

roi'01 coce.aHero KaHana. npn aToM paanomeHne (4.4) 'cnpaae.annao nnwb .B. cpaBHH

,TenbHO ManoA oonaCTHe 

II 3.6. BnHSIHHe KynoHoaa aaanMo.ae.ttcTBHSI 'laCTHU Ha <PopMy aHoMannA 

3neKTpH'I9CK09 11pHTSI:»<:9HH9 HnH OTTanKHBaHH9 'laCTHU B KOH9'1HOM.COCTOSIHHH 

OTKpb!BaiOIUerOCSI KaHana peaKUHH H3M9HS19T SHepreTH'I9CKYIO aa~HCifMOCTb C9'19HHSI 

aT9ro KaHana u a6nnan nopora (cM.pnc. 1 ). CooTB9TCTB9HH? H3M9HSieTcsr H <Pop-

" 
. Ma aHOManHit B .apyrHX KaHanax peaKUHHe CT9119Hb STOro H3M9H9HHSI onpe.aenSI9TCSI 

·B9nH'IHHOit SHeprHH KynOHOBa B3aHM0.09.liCTBHSI ~(K= z
1

z.2e.2j r 1 r.ae r 

paccTOSIHHe Me:»<:.ay qacTHUaMH1 11pHMepHo }laBHoe pa.anycy aaanMo.ae.ttcTBHH R • Ec-

nn STa SHeprHS11 COCTaBnSIIOIUaSI ~ 1 MaB1 CyiUeCTB9HHO MeHbWe WHpHHbl aHOMa-, 

nHH1 011pe.aenSieMOit ( 10.4) 1 TO <lJopMa aHOManHH Mano H3M9HSI9TCSI. J.13M9H9HH9 aaTpa-

· rnaaeT. nnw b oonacTb t r.ae SHepreTH'I9CKaSI 3aBHCHMOCTb 

ceqeHHSI .cTaHOBHTCSI oonee 11naaHoA, 'leM ecnu obi qacTHUbl obmH aneKTpnqecR:n He.tt-

TpanbHbl. 

no.aooHbl.lt cnyqait HM9.9T M9CTO Ha noporax peaKUHA oopaaoaaHHSI OOlibWHHCTBa 

aneM9HTapHbiX 'laCTHU, . .anSI KOTOpb!X aHOManHSI HM99T WHpHHy "' 10 Maa. f;\miSIHH9 

KynOHOBa B3aHM0.09ilCTBHSI OC009HHO Mano, ecnH O.OHa H3 • oopa3y10LUHXCSI '18CTHU. HM99T 

+ 
. Manyro Macey (Ha11pHMep1 B .p98KUHH P + P ... d +' 1t ); 110CKOnbKy WHpHH8 8HO-

ManHH1 KaK an.aHo .H3 ( 10.4), oi'i.lla~Ho 11ponopunoHanbHa 11pnae.aeHHoA Macce .P. • 

Ecnn wnpnHa, onpe.aensH~MaSI ( 10.4) ... aHa'IHTenbHo MeHbwe, '19M ( 
k 1 TO Kyno-

HOBO B38HM0.09ilCTBH9 npaKTH'I9CKH nonHOCTbiO crna:»<:HB89T 8HOM8nHIOe nocne.aHee 

HM99T M9CTO BO BC9X SI.09pHbiX pe8KUHSIX1 .anSI KOTOpb!X xapaKTepHa ManaSI WHpHH8 

( 10.4) ;.. oKono 0,1 Maa. 
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§ 4.6.· AHoManuu B cnyqae o6paaoBaHHH HecTa6unbHhiX 'laCTHU 

Ecnu OllHa H3 'laCTHU1 o6paayiOIUHXCH B HOBOM KaHane, H9CTa6HnbHa
1 

TO TO'IKa 

nopora He noKanuaoBaHa 

He HCrrhiThiBaeT usnoMa npu 

H SHepreTH'IeCKaH 3aBHCHMOCTb Ce'19HHH HOBOrO KaHana 

E=E 
n (eM, TaK:me .3aMeqauue B KOHUe § 2.3). 3To 

rrpHBO.llHT K H3MeHeHHIO <}lopMbi aHOManHHo 06naCTb . SHepruA, . r .lle STO H3MeHeHHe 

cywepTBeHH0 1 onpe,llenHeTCH nonywupuu;A r ypOBHH HecTa6HnbHOit 'laCTHUhi
1 

TO 

ecTb BenH'IHHotl: 1i IT 1 o6paTuoA BpeMeuu :muauu 'laCTHUhi T • Ecnu aTo BpeMH 

Mano H f' npeBbiWaeT WHpHHy ( 10.4), TO aHoManug nonHOCTbiO crna:mHBaeTCH
1 

§ 5.6. AuoManuu B peaKUHHX c y'laCTHeM 'lacTuu, o6na.llarowux cnHHOM 

BonbWHHCTBo HaBeCTHhiX peaKuHA B o6nacTu :BhiCOKux auepruA npoTeKaeT c yqa

CTHeM aneMeHTapH~X 'laCTHU1 CrrHH KOTOpbiX 0Tl1H'IeH OT HynH. 8 STHX peaKUHSIX TaK

:me B03HHKaiOT aHOManHH Ha nopore HOBOro KaHana, O.llHaxo, pacwu<}lpOBKa HX CTaHo

BHTCH oonee Cl10)KHOA1 '!-9M .llnst 6eccrrHHOBbiX 'laCTHUo 

Oocne.llHee CBH3aHO C TeM, 'ITO S -MaTpHUa
0 

HMeiOWaH BeCbMa npoCTOit BULl 

( 17.2) B cnyqae 6eccnHHOBhiX 'laCTHU, npuoepeTaeT. cno:mHyro CTpyKTYPY npu uanu'IHH 

y 'laCTHU CrrHHOBo Opu STOM HHTerpanaMH .llBHJKeHR.H HBl1H.IOTCH y:me He op6uTanbHhiA 
. ~ 

MOMeHT .H ero npoeKuust, a nonHhiA MOMeHT J H. ero .npoeKuust \f ,u S - MaT-

puua HMeeT Bu.a.: 

S
1

8 (1, J ') 8 (\f, M') B(E, E') . 

3a.llaHHbiM 3Ha'leHHSIM J H M 
OTBeqaeT Ha6op 3Ha'leuua op6uTanbHoro u cnuHo-

Bb!X :MOMeHTOB1 CUO:meHHeM KOTOpbiX MO:lKeT 6h!Tb nony'leH MOMeHT J •. OoaTOMy S I 

SIBnHeTCH MaTpuueJt, BH.ll KOTOpOJl ycno:mHHeTCH. no Mepe yBel1H'19HHH CrrHHOB 'laCTHUo 

.ScnH BCe CrrHHbl J)aBHhl Hynro 1 TO rrOpH.llOK S -MaTpHUbl CTBHOBHTCH paBHbiM e,llH-
81 sf . 

uuue · u · 
9 

ecTb npocTo qucno, xaK 6hmo noKaaauo pauee ( I 7.2). 
I • . 

CooTHoweHue, Bhipa:marowe~ cegab ceqeuuH u S .-MaTpHUhi npu noMowu 

KOa<}l<}lHUH9HTOB BeKTOpHoro Cl10:lKeHHH MOMeHTOB ( KOa<}l<}lHUHeHTOB Kne6wa-)i(op.llaHa) 
1 

CnHWKOM rpOM03.llKo, 'IT06bi. ero MO:lKHO 6binO aHanuaupoBaTb B o6weM: ~U.lle~ Pac

CMOTPHM B Ka'leCTBe cpaBHHT9l1bHO rrpOCTOrO rrpHMepa cny'latl: pacceHHHH 'laCTHU CO 

CrrHH8MH 1 p8BHbiMH 1/.2 H 0 (TaKOBhi 0 B 'laCTHOCTH
1 
p~aKUHH ( ~~~) 1 ';(.{3:(}) H ( 4.6) ), 

0yCTb 'IBCTHUbl B KOHe'IHOM COCTOSIHHH o6na,llaiOT TeMu :me CtiHHaMI!:. no CHX nop npH 
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onpe.oenennn an.oa S - MaTpHUbl Mbi ncnonb3oaann TOnbKO 38KOHbi coxpaHeHnH ::mep-

rnn, nMnynaca n nonHoro MOMeHTa ... B 3anace" y uac ocTaeTCH ewe 38KOH coxpaHe

HHH 'leTHOCTH ( pe'lb H.QeT· TOnbKO 0 CIWbHbiX B38HMO,OeJ1CTBHSIX 1 r.oe 'leTHOCTb COXpa-

HSieTCSI) H o6paTHMOCTb .OBH:>KeHHSI 50 epeMeHH (ToHo TeopeMa B38ItMHOCTH .QnSI S 

MaTpHUbi: 

Bocnonh3yeMCR nepBbiM H3 aTnx 38KOHOB. B cuny coxpaHeHHH nonHofi 'leTHOCTH 

CHCTeMbl 

(5.6) 

ecnu BHyTpeHHSISI qeTHOCTb npH pacCeSIHHH He MeHSI9TCSI ( H8ilpHMep1
1 B peaKUHH ( 1.6)) 1 

H e e, 
-(-1) =(-1) (6.6) 

npH H3MeHeHHH BHyTpeHHefi 'leTHOCTHo0CT8HOBHMCSI 118 nepBOM cnyqae. l-13 ( 5.6) 

cne.oyeT
1 

'ITO £, MO:>Ke1'· OTnH'l8TbCSI OT £ TOnhKO H8 K8Koe-nn6o 'leTHOe 'lHCnOo 

Ho 1 C ,apyrolt CTOp0Hbl 1 H3 38KOH8 coxpaHeHHSI nonHOI'O MOMeHT8 BbiTeK8eT1 'ITO 

e· = e !, 1 HnH e· = e • HecciBMeCTHMOCTb nepaoro .H3 STHX paeeHCTB 

c ycnoaneM ( 5.6) npnao.onT K o6parueHnro B Hynh aneMeHTOB 
/ 

S -MaTpHUbi 1 CBSI38H-

HhiX c nepexo.oaMn H e .. • e -1 

npH 38L18HHOM 

e 
J OCT8IDTCSI B03MO:>KHblMH nHIUb ,058 nepeXOL18 6e3 H3MeHe-

£=J+Yz .. e'=J+Yz e ... J _, Yz .. e ' = J _, Yz • 

TaKHM o6pa30M 1 B paccMoTpeHHOM · cnyqae s -M8TpHU8 HBnHeTCSI M8Tpnuelt BTOpOI'O 

nopH.OK81 L1H8I'OH8nbHOlt no £ 

. S "' S 1' e 8 ( J, J ') 8 ( M, M ') 8 (e. ,e ' ) 8 ( E, E ' ) • (7.6) 

Ecnu HMeeT M9CTO TOnhKo ynpyroe · pacceHHHe1 To acne.ocTBHe yHnTapuocTH 

s -MaTpnuht IS 1 'e 1
2

= 1 " . s1·e,..e 218J.e • To ecTb oi<a3btsaeTcR BC?3MomHbiM 

aaecTH <Pa3bi pacceHHHR1 auanorn'lHbie <Pa3aM Be ynpyroro pacceHHHH 6eccrrnHOBbiX 

qacTnu. Hannqne 

He TOnbKO OT e 
CflHHBI T8KHM o6pa?OM 1 npneeno K TO My 1 'ITO <}l8Sbl CT8l1H 38BHC9Tb 

1 HO H OT J 

'·lToobi Bbtpa3HTh HHTerpanbHoe ce'leune u qepe3 S J,e Hymuo, cornacuo ll 6.2, 

nepeltTH H3 npe.OCT8Bn9HHSI 1 OflHCbiB8eMOI'O H860p0M ( cM.Il 6.2), B npe.ocTaeneune1 

38.08HHoe ua6opoM j, \1 • CooTBeTcTsyrow·aH <PYHKUHH npeo6pa3onaHHH ecTh Koa<P<PH-

uneHT Kne6wa-.IK.op.oaHa <J,\t I :Yz' :, Yz. e, 0 > • Ycpe.OHifB no HanpaeneHHSIM cnnHon, 

nonyqaeM: 
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u. = "; f I<~+ 1 > 1 s.e+ ~. e- 11 ~; e 1 s.e _,~.t 11 '1 • (8.6) 

Llnsr onpeLienelm·sr ·LIHf}JcpepeHuHanhHoro ceqeHHSI HY*HO LiononHHTenhHO npeo6pa-

soaaTb S -MaTpHuy npH noMOIUH cpyHKUHH npeo6pasoaaHHSI <'8~¢ 1·e , m >. 
(eM. § 6.2). TaK KaK npoeKUHH OpOHTanbHOro MOM9HT8 .m B paCCMaTpHBa9MOM 

cny'lae He COXp8HSI9TC.II 1 TO· m M0)!(9T npHHHMaTb L1B8 3Hil'I9HH.II (a KOH9'1HOM 

COCTOSIHHH): m ' ... Q • ecnH npoeKUHH cnHHa He K3M9HH9TCH
1 

11 I in' I ;,1 
1 

ecnu 

npoHCXOLIHT pacceHHKe c nepe6pocoM cnuHa. CooTB9TCTBeHH01 LIHcpcpepeHuKanbHOe 

C9'19HH9 6yLieT npeLICTaaneHo wapOBhlMH cpyHKUH.IIMH Yem{9_', ¢') .. ('(}',. ¢.'1 e. m'> 
uyn.aaoro 11 nepaoro nop~LIKa: 

a.< e '> = I g. < e '> '1 ' + l.h. < e '> I :' , (9.6) 

rLie 

g (O~= ...5..._ '£1(f+l)(Se+~.e-1)+e (Se-~.e-1)1Re(cos8') 
• 2i [' • • . (10:6) 

H 

h.((J~ 2~ f<sf+~.e -s;-·~.e >P!1J(cosO') (11.6) 

9CTb aMnnKTYLlhl paCC9.11HH~ 093 nepeopoca H C nepeopOCOM CIIKHa1 COOTB9TCTB9HH0
1 

a p~l) (cos (J '.) "": npKC09L1_HH9HHa.ll cpyHKIIH.II ne)KaHLtpa 1-ro IIOp.IILIKao . 

YcTaHoBHB CBH3h ce'leHHH c S -MaTpKII9lt 1 Mhl M0)!(9M nepe:llTH K paCCMOTpe- . 

HHIO aHOManK:ll TaK )1(9 1 KaK 9TO LtenanOCb B §§ 1,4 .H 2.4. OnpeLtenKM CBSI3b M9)KLIY 

.sneM9HT8MH S -MaTpKUhi1 BXOLI.IIIUHMH B (8.6)- ( 10.6) H M8Tpii'IHhlMH sneM9HTaMH
1 

COOTB9TCTByJOIUHMH HOBOMy KaHany ( Sa ). 0op830BaHK9 HOBhlX 'laCTKII B 9TOM 

Ka~ane s6nM3K nopora npoTeKaeT, .B ocHOBHOM, B S -cocTosm.MK, 11
1 

CfieLiosaTenhHo, 

J •1/2 •.. TaK )1(91 KaK H. B cny'lae 09CCIIKHOBhiX 'laCTHU ( § 1.4·), MaTpK'IHhllt 9n9M9HT 

Hosoro KaHana H3M9HH9TCH :eon~sKI nopora nponopn.KoHanhHO '1/P 

l s~.o, . .l''''b ~ 
a ·1 "' v 2 P • (12.6) 

800THOW9HK9 yHKTapHOCTH CBSI3hiBa9T ero C sneMeHTOM S -MaTpllllhi
1 

COOTB9TCTByJO

lUKM ynpyroMy paCC9.11HHI0 1 II npKBOLIHT K nHH9ltHO:ll 3aBHCHMOCTH 9TOrO sneMeHTa OT 

KMnynhca p , .aHanorK'IHOlt (4.4): 

~.e ,s~.e< 1 -b2 p). S. "'e 
' . (13.6) 
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OeTanhHhie sneMeHThi S - MaTpliUhi s6nu3u nopora noeTOllHHhi: 

(14.6) 

3H8'19Hllll e Onpe.aenSIIOTeSl e y'leTOM 38KOH8 eoxpaHeHUH 'l9THOeTH (eM 0 ( 5.6) ll 

(6.6) ). Tax, eenu BHyTp9diiSlll qeTHOeTb B pe3ynhT8Te paeeeSIHHSl He li3M9HS19TeS11 TO 

e .. o 

llonyqeHHhill pe3ynhT8T SIBnSieTeSI seebMa o6muM. He TOnbKO B paeeMoTpeHHOM 

enyqae, HO u npu npou3sonhHbiX enuHax qaeTuu yenosue yHuTapHoeTu seer.aa npuso

.OHT K nHH9ltHOlt 38IIHCHMOCTH OT HMnynhC8 P pll.08 M8Tpli'1Hh!X sneM9HTOB 1 OllHChl

B8IOlllliX paeceSIHue II cTapoM xaHane s o6naeTH nopora Hosoro xaHana. Hanuque 

)!(e T8KOlt 38BHCH,MOCTH Bhl3b!B8eT1 K8K 6bJnO UOK838HO paHee 1 UO.RBneHHe 

s6nu3u nopora. 

8HOManHll 

lloeKonhKY see HaMepSieMbie B onhiTax xapaxTepueTHKH npouecca paceeSIHHSl 

Bblp8X<aiOTeSl qepe3 sneMeHThl S -MaTpHUhl 1 TO 8HOM8nllll B SHepreTH'leCKOlt 38BH-

ei!MOeTH liMe JOT MeeTO .Onll Be ex H3M9pSleMbiX senH'lliH ( Ce'leHHlt, UOnllpli38UHlt 1 KOp

pensiUIIll nonSipu3aunll u T • .a.). 

llpose.aeHHOe BhiWe paeCMOTp9HUe 8HOManult B~pe8KUHS1X THU8 (3.6) UOK83biB8eT1 

.,TO B 38BHCHMOCTH OT TOro, H3MeHSleTeSl HnH He ·H3MeHSieTCSl npu pacceSIHHH BHyTpeH-

HSlll 'l9THOCTb 'l8CTHU1 nHHellHO 38BHCS1T OT p pa3nH'lHbie sneMeHTbl S -MaTpHUbl 

(c pa3ml'lHb!Mll e ). TaxuM o6pa30M, H3y'leHrie 8HOM8nHll U03BOnSleT ycTaHOBHTh 

aHyTpeHHIOIO qeTHOCTh HOBhiX qacTuu ( HanpuMep, OTHOCuTenhHYIO 'leTHOCTh. I H A -

runepOHOB .B peaKUllllX (3.6) 1 (4.6)) nyTeM onpe.aeneHHSl senH'lHHbl op6HTMhHOI'O 

MOMeHT8 1 Upll KOTOpOM npOHCXO.QHT 8HOMMhHOe p8CC9SlHHeo AHan~I'H'lHbiM o6p830M 

npu H3BeeTHOM CUHHe O.QHOlt H3 BTOpll'lHbiX 'l8CTIIU MO:lKeT 6b!Tb nony'leHa OUeHK8 

BenH'liiHbl CUIIH8 .apyroli BTOpll'lHOlt 'l8CTHUbi
1 

HanpHMep1 IC -Me30H8 B pe8KUIIII (3.6). 

Yll. 8KCf1EPVIMEHT AnbHOE VI3Yl.J.EHVIE AHOMAnVIJ/1 

§ 1. 7 • .LloeTynHaSl IIH<)JOpM8UHSl 

floporosbie aHoManHII npe.acTaBnlliOT · 6onhwoll IIHTepec He TOnhxo xax 9K30TH-

' 
'l9CK09 KB8HTOBO-M9X81IH'l9CK09 SlBn9HHe 1 HO rnaBHhiM o6p83<;IM UOTOMy 1 'ITO 9KCnepH-

M9HT8nhHOe 1!3Y'l9HHe HX OTKpb!B89T HOBble 6oraTbi9 B03MO:lKHOCTII nony'leHHSI IIH<)Jop

M8UHH 0 CBOltCTB8X II B~811MO.Q9ltCTBHSIJI 'l8CTHU. 
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noSICHHM STO H8 p8CCM0Tp8HHOM paHee npHMepe pacceSIHHSI 6eccnHHOBb!X 'l8CTHU 

(eM. 0§ 1.4, 2.4). Kax 5HL1HO Ha cpopMyn (6.4) H (7.4), HaMepeHHe aHoManHH noaso

nSieT onpe.aenHTb TPH aenH'lHHhl B TO'lKe nopora: ceqeHHe (HnH nonHpHaauHro, xopp~-

nSIUHIO nonS1pH38UHtl H To.a.), sin[28
0

-·x(E ,0')] H cos[28 -x(E. ,0')] 
. 1 . n · o n 

5M8CTO O.OHOtl - B "o6hi'lHb!X" SKCnepHM8HT8X 1 r.ae H3M8pS18TCSI TOnbKO C8'18HH8 1 

nonS1pH38UHSI H T.Ll. no H8tl.08HHb!M B TO'IKS nopora BenH'lHH8M MO)KHO nocTpOHTb 

cj:Jyu'x~Hro yrna o' ;·'; "···-

ei[x(En ,0')-28o ]v'u (E ,0') = e-2i8~f·(E ,0') 
• n • n 

KoTopaSI onpe.aenHeT . aMnnHTY .ay pacceSIHHSI I. (En , 0 ') .• PaanomeHHe 9TOtl 

cpyHKUHH 8 pSI.a no nonHHoMaM nemaH.apa noasonHeT pewHTb Taxyro aamHyro aa.aaqy, 

xax npose.aeHHe cpaaoaoro aHanHaa. 

HaMepeHHe_ aHOMMHH _a HHTerpanbHOM HnH _nonHOM ceqeHHHX noaaonSieT, KaK 

BHLlHO H3 (8.4), ( 9.4 ), onpe.aenHTb cpaay 80 B TO 'IKe nopora. 

8 6onee CnO)KHhlX cny'l:8SlX1 KOr.aa CnHHhl 'l:8CTHU He p8BHbl Hynro1 HCCne.OOB8HH8 

noporOBhlX 8HOM8nHtl XOTSI H He L188T B03MO)KHOCTH nonHOCTbiO BOCCT8HOBHTb 8MnnH

TfLlY pacceHHHH1 o.aHaxo aHa'l:HTenbHo o6ner'l:aeT rpoMoa.axyro aa.aaqy cpaaoaoro aHa

nHaa. Hapg.ay c STHM 1 KaK 6&mo rroxaaaHo B § 5.6, HayqeHHe aHoManHtt noaaonHeT B 
4 • 

pS1Ll9 cny'l:89B c.aenaTb onpe.aeneHHhl9 38Kn10'1:9HHSI 0 CnHH8X H 'ISTHOCTH yqacTBYIOWHX 

B peaKUHSIX 'l:8CTHU. 

nopOrOBb!e 8HOMMHH SIBnHIOTCSI 06HnbHb!M 1 HOI K comaneHHI01 Tpf.OHOLlOCTynH.b!M 

HCTO'l:HHKOM HHcpOpM8UHHo l1ay'l:eHH9 9THX ·8HOManHJl Tpe6yeT Bb!COKOti SKCnepHM8HTanb

HOA TO'l:HOCTH 1 KOT0p8H: 3H.l1'1HTenbHO npeBb!W88T TO'l:HO?Tb1 LlOCT~rHyTyiO npH npoae

iteHHH · "o6&I'l:H&rx" axcnepHMeHTOB no H3MepeHHid ceqeHHtt. B 6onbWHHCTBe cnyqaea 

Tpe6yeM09 yaenH'l:9HHe TO'l:HOCTH nemHT B npe.aenax OT 10 . .00 100. 8 CBH3H C 9THM 

nHWb B C8M09 IIOCne.aHee apeMSI CTanH npe.anpHHHM8TbCH IIOnhlTKH 9KCnepHM8HTanb

.HOrO HCCne.OOB8HHH IIOpOr()BhlX 8HOManHtle 

0 2. 7. 3KcnepHMeHThl npH Manhlx aHeprHHX 

CywecTaoaaulte · noporoB&IX aHoManKA .anepa&Ie· 6&mo o6HapymeHo npH Hccne.ao

aaHHH s.aepHhlX p·eaK.UKA !I o6nacTH MM&IX aHeprHtt. B 1954 ro.ay 3HHHC H XeMMeH-

/15/ . . . 
LlHHrep 38M9THnH He60nbWfiO H9MOHOTOHHOCTb B 9HepreTH'l8CKOti 38BHCHMOCTH 

LlHcpcpepeHUKSnbHOro C9'1:8HHH pe8KUHH ynpyroro p8CCSSIHHH; 
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p+T-+ p+T (1. 7) 

B 00118CTH nopora 9H.OOT9pMH'1.9CKOit peaKUHH 

P + T -+ n + He 
3 

(2.7) 

E"' 1 Maa ). O.oHaKo aBTOphi He ohxnn yoe)!{.oeHhi B .oeltcTBnTellbHOM cywecTao-
n 

BSHIIH STOlt H9MOTO~HOCTII BC119.0CTBH9 conyTCTBOBSBWIIX OUbiTY 3H8'111T911bHb!X CIICTe-

M8TII'l9CKIIX norpeWHOCTeit, H911309)!{Hb!X npll npOB9.09HHII 113MepeHHit B 00118CTH CTOllb 

MSllhiX aHeprnA. 

Eonee yoe.QIIT911bHbie .OOK838T911bCTB8 cywecTBOBSHHSI nopo_rOBbiX SHOMalliiA 

cne.ooaano HCKSTb np11 cpaBHHT911bHO BhiCOKolt aHeprnn. TaKolt 9KCnepnMeHT obill 

· I 161 
BhmonHeH B 1956 ro.oy Monn6eproM , nay'laBWHM ynpyroe pacceHHne npoTOHOB 

HS lliiTIIH: 

L. 7 L' 7 p+l-+p+l. (3.7) 

Ha nopore peaKUIIII 

r p + Li 
7 

-+ n + Be 7 
(4.7) 

( En .. 2 Maa) HM ohm o6Hapy*eH 'leTKnlt yaKnit n!l'IOK (cM.pnc.3) B aHepreTn'le

cKolt 38BHCHMOCTH C9'19HIISI peaKUIIH (3. 7) t .OOCTnraBWHit "' 20% OT B91111'111Hbl ceqe

_HIIS!o ¢opM8 HSit.OeHHOit 8HOM8111111 XOpOWO On11Cb!B89TCSI cPOPMY118MH (6.4), (7.4). no-

-12 
naraH pa.onyc BaanMo.oeltcTBnSI R paBHhiM .. 10 eM, nonyqaeM na oueHKn ( 10.4), 

'ITO wnpuHa aHOMSllHR h'<<. 0,5 Msa. 3Ta oueHKa cornacyeTCH c aKcnepnMeHTSllb

HO Halt.oeHHOit wnpnHolt h"' 70 KsB. 

§ 3. 7 • OKCnepiiM9HTbl B 00118CTH Bb!COKHX 9Heprll!t 

V!CC119.00B8HII9 noporOBbiX 8HOM81111it B 00118CTH Bb!COKIIX 9Heprnit npe.QCT8B11SI9T 

OCOObllt IIHTepec,. TSK KSK HSpSI.OY C B03M0)!{H0CTbiO U011Y'l9HifSI .QOU011HIIT911bllOit 

IIHcPOPMSHHH 0 npoueccax paCC9SIHIISI 1 OHII OTKpb!BSIOT HOByiO B03M0)!{1l0CTb UOIICKOB 

ne naBeCTHhlX panee qacTnu. B TO'IKe nopora Kanana, CBSiaannoro c o6paaoBanHeM 

HOBOit '18CT11Ubl 1 .QOll)!{llbi IIM9Tb M9CTO 8HOM811HH B CTSpb{X K8H8118X. peaKUHII, 06Hapy,.

)!{9HII9 n HayqeHne ci:JopMbi aTnx aHoManHA noaBonnno Obi onpe.oennTb TaKne BamHhie 

xapaKTepnCTIIKII HOBOit '18CTHUbl 0 KSK CUIIH 1 '19THOCTb, Macey. 
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PHc. 3, 3aaHCHMOCTb. _.oa¢¢epeHuHanbHoro ceqeHuH a. ( 90°) peaKUHH (3, 7) 

oT sHeprHH npoToHa Ep a o6nacTH nopora peaKUHH ( 4, 7). nopor 

YKB38H CTpenKOit, 
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3KcnepnMeHTbi no.ao6uoro Tuna 6bmH BbmonueHbi a 1959 ro.ay c uenbiO o6aa
/9 17/ 

py)KeHIHI runoTeTH'IeCKOrO p 0 -Me30H8 1 
1 KOTOpblfi MOr 6bl o6p830B8TbCSI B 

peaKunu 
rr- + p ... p 0 + n. 

B STOll. pa6oTe 6bin8 HCClle.OOB8H8 npH OOMOWH CUHHTHllllSIUHOHHbiX CtteT'IHKOB 3Hepre-
·-: 

THtteCK8SI 38BHCUMOCTb cetteHUSI pe8KUHH ynpyroro paCCeSIHHSI 'IT -Me30HOB H8 npo-

TOHSX B HHTepaane aaepruA TT -MeaoHOB 140~360 Maa. B npe.aenax TO'IHOCTH 

9KCnepUMeHT8 ( "' 3-4%) HHK8KIIX 8HOM8llHfi He ·6blll0 o6uapy)K9HO. 

B Cll9.0YIOW9M ro.ay 6bllllf npe.anpHHSITbl OOHCKH 8HOM8llHH B 3HepreTH'I9CKOil. 
/18/ • 

3aaucnMOCTH _nonuoro ce'leHHSI P- P pacceSJHHSI a HHTepaane aueprnA 490":"640Ma~. 

HecMoTpSI ua TO, 'ITO a aTux onb1Tax1 6naro.aapSI npuMeHeHHIO .aucpcpepeuuuanhHOll 

UOHH38UHOHHOll K8Mepb1 6blll8 .OOCTifrHyTa TO'IHOCTb "' 0,1%, HHK8KHX 8HOM8llHH1 

CBU.QeTellbCTBYIOWHX 0 CyWGCTBOB8HHH HOBOll '18CTHUbl llH60 CBSI38Hl!OrO COCTOSIHHSI 

" TT -MeaoH+H,YKnou"' (c Manon auepruell caSJau), He o6uapy)Keuo. 

He 6b1no uaii.aeuo T8K)Ke auoManuii (a npe.aenax TO'IHOCTH = 2%) npu uccne.ao-

B8HHH SHepreTU'IeCKOll 38BHCHMOCTH peaKUHH 

575+650 Maa
1191

• 

p + p ... d + TT+ a o6nacTn aueprull 

/20/ 
npe.aaapnTenbHble .aaHHble • yK83biB810ll.IHe H8 B03MO)KHOCTb cyll1eCTBOB8HHSI 

aHOM3llHH B 3HepreTn'leCKOH 38BHCHMOCTH .aucpcpepeHUH8llbHblX'• cetteHHA peaKUHA 

(5.7) 

a paAoue nopora peaKuun 

(6.7) 

( CM, § § 1.6 H 5.6) 
1 

6blllH nOlly'leHbl He.QSBHO npH. 06llytteHHH .OByXMeTpOBOll )KH.QKO-

BO.OOpO.OHOll KaMepbi TT-· -MeaoHaMn BblCOKoA auepruu, B aToll pa6oTe uayqanoch 

uaMeueune yrnoaoro pacnpe.aeneHHSI a peaKunn (5,7) c yMeHhW9HHeM aueprun 

rr--Meaouoa u .6bmO o6uapy)l{euo, 'ITO a TOttKe nopora yrnoaoe pacnpe.aeneuue no'ITH 

H30TpOnHo, B TO BpeMSI K8K BbiW9 H HH)Ke nopora OHO BbiTSIHYTO H838.Q, 

YlaMeueuue yrnoaoro pacnpe.aeneHHSI nMeeT xapaKTepHbiH .anst noporoBbiX auo

Mannll BH.O yaitoro IIH'IK8 (eM. pnc,4). llJnpnHa 3TOrO IIH'IK8 COCT8BllSieT ., 1 Maa . 

B cornacnH C OUeHKOll ( 10.4 ), 06pawaeT H8 ce6SJ BHHM8HHe HeO)KH.Q8HHO 60llb.IJ.l8SI 
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PH c. 4, Yrnoaoe pacnpe.neneHHe A 0 -runepOHOB B peaKUHH ( 5, 7). no· OCH 

op.nHHaT OTno:»<eHa aenH'IHHa acHMMeTpuu 'T/ yrnoaoro pacnpe.neneHusr, 

onpe.n~nsreMasr KaK OTHoweHue "Haaa.a/anepe.n" ( T,e, OTHOWeHue qacen 

0 0) A 
0 

-rHnepoHoa, neTHWHX a HHTepaane yrnoa 90- 180 u 0- 90 · npH 

paaHbiX 9HeprHsrx 11- -MeaoHoa E , CTpenKolt yKaaaH nopor peaKUHH ( 6, 7), . 1T 

...... ~~"'--------- ~ --- - --~--~----~~----------~- ---·--,-- ~~~~- ~------
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senuquua ua5mo.aaeMoro g<}JcpeKTa. AuoMamlll ·B uuTerpanbHOM ceqeuuu B 3Toi1 pa6oTe 

, nc o5uapymeuo. Ecn11 cywecTaosauue auoManHH B .aucpcjJepeuuHanbHOM ceqeu11u 6y

.ueT a .uanbneiiweM no.uTsepm.ueuo, TO 113yqag ee, MO)!<IIO 6y.ueT onpe.uenHTb OTuo-

cuTenoHY!O qeTHOCTb A 11 ~ r11nepouos (eM. § 5,6). 

§ 4. 7. 05 auoManHH a p-p pacceSIHHH a o6nacTH nopora o6paGosauHSI " -MeGona 

Cpe.a11 npoueccos, npe.acTaBnSI!OWHX nuTepec c ToqKH GpeuHSI Hccne.aosanHSI 

noporOBb!X aHOM8nHi1, OC050e MeCTO 38HIIM8eT peaKUIISI ynpyroro pacCCSIHIISI npOTOHOB 

p+p->p+p 

B5nJI311 nopora .LlBYX<l8CTI!qHQH peaKUIIII o5p830B8HHSI 

p + p -> d + 11+ • 

(7.7) 

(8.7) 

ManaS! senHqHHa noporosoii 3HeprHH ( E n = 288 M3B), .aocTynuag MHOrHM cospeMeH

HhiM yCK0pHTenSIM 1 Bb!COK8SI IIHT8HCIIBHOCTb JIMe!OWIIXCSI H8 3THX yCKOpllTengX nyqKQB 

npOTOHOB1 He05XO.LlHMaSI .anSI .LlOCTH)!{eHI!SI Hy)KHOH TOqHOCTH 113MepeHHH1 5naronpHS!T

CTByeT ·npoBe,LleHH!O HCCne,LlOB8HHSI 3TOH 8HOM8nllll, 0TMeTHM -x;aK)!{e1 qTo o5nerqa!Q

U1HM 3KCnepHMeHTbl o5CTOSITenbCTBOM SIBnSieTCSI H Cp8BHHTenbHO 50nbWag U1llpllH8 

Q)!{!f,Lla8MOH aHOM8nHH 1 qTO CBSI38HO C OTHOCHTenbHO Manoti BenllqHHOH M8CCbl 1T -

MeGOHa ( CMo § 3-6) • nocne.auee .aenaeT ·TaKme HecyweCTBeHHbiM KynoHOBO .B38HMO

.LlefiCTB.lle qaCTHU B peaKUHH ( 8. 7) 1 KOTOpOe B cny<we Manoii illllpllHbl 8HOManHH MOrna 

5bi crna.anTb auoManH!O. 

Ylccne.aosaHHe auoManHn 8 o5nacTH nopora peaKunH ( 8. 7) .aaeT 803MO)KHOCTb 

cpaGy onpe.aenHTb o.any HG <}JaG ynpyroro p - p -pacceSIHIISI ( CM,HH)Ke) H ycTpa-

HHTb TeM C8Mb!M CyWeCTBY!OWY!O B H8CTOS!Wee 8p8MSI H80,LlH03HaqHOCTb <}Ja3080ro 

auanll38 pacceSIHHSI npOTOHOB, 

K comaneun10, auoManHSI B peaKUHH (7. 7) ne MomeT 5hiTb 5onbwoi1. C8SIGauo 

3TO C T8M 1 qTQ XOTSI peaKUHSI (8.7) npoTeKaeT seCbM8 JIHTeHCU8H01 HO o5pa3y!OWUeCSI 

B Heii qaCTUUbl pa3neT8!0TCSI npeliMyWeCTBeHHO B P -cocTOSIHHn. KaK 5bmo noKaGa-

no B rnaee 1 Y, HaH5onee cywecTseuubie anoManHH CBSIGaHbi n11w h c npoueccaMH, 

npoTeKa!OWIIMII 8 HOBOM KaHane npll e'=O 
/22/ 

1 ceqeu11e )Ke 3Toro npouecca 8 

uaweM cnyqae cpasHHTenhHO ue8enHKO :. 

0 ( ) ·27 aa .. 0,15 p/m 11 c .10 cM2, (9.7) 
3.aech m - Macca 1T -Me30Ha0 

l1 
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.llmi OUeHKH 8enH'IHHbl aHOMamm 8 SHepreTH'IeCKOlt 3a8HCHMOCTH HHTerpanbHOrO 

Ce'leHHH pea~UHH (7o) 80CUOnb3yeMCH cpopMynolt (8o4)) HO yqTeM 1 'ITO CUHHbl 'laCTHU 

He pa8Hbi Hymo, onpe.a.enH8 "aHoManbHyro" cpaay pacceHHHH HCXO.llH H3 3aKoHa cox-. . . . 

paHeHHH 'leTHOCTH 1 KaK STO 6bin0 C.llenaHO 8 §5o6o TaK KaK CUHHbl .a.eltTpOHa H TT -

Me30Ha pa8Hbl 1 COOT8eTCT8eHHO, e.O.HHHUe H HyniO, TO nonHbilt MOMeHT KOHe'IHOrO co-

CTOHHHH Uplf e• = Q pa8eH e.O.HHHUe ( .a.eltTpOH HaXO.llHTCH npeHMyUleCT8eHHO 8 

S -COCTOHHHH) o 4eTHOCTb KOHe'IHOrO COCTOHHHSI C08na.a.aeT C qeTHOCTbiO TT -Me-

30Ha H OTpHUaTenbHao 4eTHOCTb HaqanbHOrO COCTOHHHH TaK>Ke .lJ.On>KHa 6bJTb OTpH

uaTenbHOlt, H cne.ll08aTenbH0 1 f -He'leTHOe 'IHCno. npH J "' 1. e.O.HHCT8eHHbiM 

803MO>KHbiM Ha'lanbHbiM COCTOHHHeM 8 peaKUHH ( 7 o 7) 1 .a.onycKaeMbiM ~pHHUHUOM 
3 . 

riaynH 1 SI8nSieTCH COCTOHHHe C f =1 : p • ¢aaa pacceHHHH 8 STOM COCTOHHHH 
I . . 

u .a.on>KHa cpurypupo8aTb 8Mec'i'o 

x) 
aHOManHH 

80 8 cpopMyne ( 8.4), onpe.a.enHIOWelt cpopMy 

/23/ 
no.a.cTaBHB B (8.4) aenH'IHHy o,,l ' Halt.a.eHHYIO CTannoM H .ap. 

0 
1,1 

0 ,.. -12°) '· H 83H8 8 Ka'leCTBe pa.a.HyCa 83aHMO.lleltCTBHH KOMUTOHOBCKYIO .llnH-
l,l " -29 2 

Hy 1T -Me30Ha 1 nonyqaeM, 'ITO BenH'IHHa aHOManHH COCTaBnSieT OKOnO 3o10 CM 1 

TO eCTb pasHa npHMepHO 0,1% OT HHTerpanbHOrO Ce'leHHH ynpyroro pacceSIHHSI (7.7). 

3.Ta aenH'IHHa XOTH H O'leHb Mana, HO BnOnHe .llOCTyiT.Ha cyweCTBYIOUlHM MeTO.llSM 

/18/ 
H3MepeHHSI 

TaK KaK cpaaa ol,l pacnono>Keaa 8 qeTBepTOM KBa.a.paHTe, TO aHoManHH, cor

nacHO cpopMyne ( 8.4) 1 HMeeT 8H.ll HeCHMMeTpH'IHOlt "cnyCKaiOWeltCH" CTyneHbKH ( CM. 

puc. 5). 

B aHepreTH'IeCKOlt >Ke aa8HCHMOCTH nonHoro ceqeHHH ( 9.4) .a.on>KeH Ha6nro.a.aTb

CH Ulf'IOK1 HanpaaneHHbilt BHH3 (cM.pHC. 5) • 

xf-----~ -- ( ) · 
CooTHOWeH!fe 8.4 onpe.a.enSieT aHoMan!fiO B ceqeH!flf · pacceHHHH 6eccn!fao-

BbiX qaCTHU H 1 CTporo rOBOpH 1 aenpHMeHHMO .a.nH cny'ISH pacceSIHHSI. 'laCTHU 1 o6na.a.a-

10UlHX CUHHOM. 0.a.HaK01 H3MeHeHHH1 C8H3aHHbJe C UOH8n9HHeM CUHHOBo: OKa3bJ8aiOTCH 

8 paccMaTpH:saeMOM npHMepe uecymecTeeHHbiMH. <PopMyna, onpe.a.enHIOUlaH cpopMy 

aHOManHH 8 SHepreTH'IeCKOlt 3a8HCHMOOTH CeqeHHH p-p p8CC9SIHHH1 OTnlfqJeTCSI OT 

(8.4) nHWb MHO>KHTeneM nape .a. BTOpbiM 'lneHOM CyMMbJ 1 paBHblM 3/4. 3.a.ecb. cpaK

TOp 3 803HHKaeT ua-aa cTaTHCTH'IeCKoro 8eca ( 2J +1) paccMaTp!faaeMoro cocTOHHHSI 
3

p 1 a cpaKTOp }/4 eCTb cne.O.CT8He ycpe.a.HeHHH UO· paanH'IHbiM CUHH08biM COCTOSI-
1 . . 

HHHM 8 cnyqae HenonHplf308aHHhlX ny'IKa If MHUl9Hlf. 
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Puc. 5. noporOBble 8HOM811HH B ce'leHHH pacceSIHHSI npOTOHOB: a - B HHTerpallbHOM 
ceqeHHH ynpyroro pacceaHHSI2 u.._ , 6- 8 nona oM ce'!eHHH. Ut • 81.1 =- 12° 1 

uo =0
1
15 (p/ m11 c).I0-27 CM ~ !,;TpenKolt yKa3aH nopor peaKUHH p-f!p,..d+IT+ 

(En '"287 1 9 Maa). KpHBBSI 1 cooTBeTCTByeT u 0 (o6pa3oaaHHe Me30HOB 
TOllbKO B S -COCTOSIHIIH)., Kp!fB8SI 2 - nonHO~ Ce'leHHe, BK1110'18101Uee B Ce6SJ 
Ce'leHHSI o6pa30BaHHSI Me30HOB B. COCTOSIHHSIX H C 6onee Bb!CO~HMH MOMeHTaMH 1 

a. TaK:me ceqeaue TpexqacTH'IHOlt peaKUHH p + p ... p + n +" , nopor 
KOTopoA pacnono}Kel! npH E •292,6 Maa. 
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AHOManHSI B HHTerpanbHOM C9'19HHH OKasanaCb HH'ITO.>KHOtl B paCCMOTp9HHOM 

BbiWe cny'lae acne.acTBHe Toro, 'ITO H ce'leHHe ao 
II , H "aHOM8nbHag" cpasa 

H9B9nHKHo Bonee y.ao6Hb!M B SKCD9plfM9HTanbHOM OTHOW9HHH MO.>K9T OKa38TbCSI 

0 

Hccne.aoaauae aHoManaa HEl B HHTerpanbHOM, a B .aacj:Jcj:JepeuuaanbHOM- ceqeuan. B 
x) 

1,1 

STOM cnyqae B03MO.>KHa HHTepcpepeHUH.II Manot! cpasbl 

cpasotl ( auanOI"H'IHaSI KHTepcpepeHUHif M9.>K.Oy 0 
0 

H X 

81 , 1 c KaKotl-:-nH6_o 6onbwon 

, CM 0 (6.4), (7,4)), 'ITO 

MO.>K9T npHB9CTH K aHOManHH 1 .OOCTHI"aiOWefi H9CKOnbKHX npoueHTOB OT B9nH'IHHbl 

C9'19HH.II paCC9.1IHH.IIo J1HT9pcpepeHUlfOHHb19 'lneHbi CYW9CTB9HHbl B o6n8CTH yrnoB, 6nHs-
O 0 · 

KHX K 0 H 180 1 I".09 ·H cne.ayeT B nepay10 0'19p€!.Ob DbiTaTbC.II HCK8Tb 8HOManHHo 

npoae.aeHHaSI 

cj:Jasa 8 , TaK (8 
BbiWe oueHKa aenH'IHHbi aHOManHH HBnSieTcSI npa6nH)I<9HHotl. KaK 

1,1 . M9HbWetl Mepe) H C9'19HH9 ao MOI"yT B .09i!CTBHTenbHOCTH 

3Ha'IHTenbHO OTnH'IaTbC.II OT DpHH.IITblX HaMH, nosTOMy BnOnHe B03MO.>KH0
1 

'ITO HaWa 

OU9HK8 8HOManHH CYlU9CTB9HHO 3aHH.>K9Ha (una, 'ITO 6blnO 6bl MeHee DpHSITHO, 3aBbi

WeHa). MaKCHManbHo aosMo.>KHyiO senn'IHHY auoMa:fiHH MO)KHo nony'IHTb ns (8.4), 

nonO)KHB 0 = arccos (1- l/y2) ""67° • e STOM cnyqae 8MDnHTy.aa aHOManHH 

II 

1,1 

COCTaBn.II9T (J-2)% OT HHTerpanbHOI"O C9'19HH.II p8CC9.1IHHSI
1 

ecnK DpHHS!Tb .On.II a 0 

BenH'IHHY: ( 9. 7) • . II 

' Y 111. 3 a K n 10 'I e H H e 

3axaH'IK~aSI o6sop, X9_Tenocb 6bi erue pas no.aqepKHYTb
1 

'ITO HOBaSI o6nacTb 

KCCne.aoBaHHtl !) cpH3KKe 'laCTHU BbiCOKOtl SH9pi"HH 1 OTKpbiBW8.1IC5I .B CB.II3H C 06Hapy-

.>K9HH9M .IIBn9HH.II nopOI"OBOtl. 8Ho'Mamm, TaRT B Ce6e HCKniO'IHTenbHO 6oi1aTbl9 B03MO.>K-
. "·· 

• 
HOCTH H3Y'I9HH.II npoueccoa_pacceSIHH.II H CBOt!CTB sneM9HTapHbiX 'laCTHU. B PH.09 cny~ 

'laea 9TH B03MO.>KHOCTH HBn.IIIOTC.II YHHKanbHbiMH 1 HanpHMep
1 

yCTpaHeHHe H90.0H03H8'1-

HOCTH cj:Jasoaoro auannsa. 

TeopeT~'Iecxoe Hccne.aoaauae HBneHHH noporoaon aHoManHH cetl'lac_, no cyrue

CTBy, y.>Ke saaepweuo. B SKCnepHM9HTanbHOM .>Ke H3Y'I9HHH aHOManHtl c.aenaHbi nHWb 

nepBbie warH. Cne.ayeT O.>KK.08Tb1 'ITo a 6na.>Katlwee speMSI sTa o6nacTb no.aaeprHeT.;. 

C.II CaMOMy HHT9HCHBHOMy SKCD9pHM9HTanbHOMy HCCne.aoaaHHIOo 

B 3aKni0'19HKe nonbSYIOCb cny'laeM no6naro.aapHTb A.J1.Bas_g H n.H.nana.ayca 
sa MHOI"O'IHcneHHbie .aacxyccKa. 

;r-
npa nepexo.ae OT . .OHcpcpepeHUHanbHOI"O K _ HHT9I"panbHOMy C9'19HHIO STa HHT9pPepeu

UH.II 9CT9CTB9HH01 HC'IesaeT. 
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