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. 8 IlOCJICAHCC npeM51 3HalJHTCJibHO ycnJIHJIC51 HHTepec K HCCJICAOBaHHIO Me

xaHH3MOB renepau,nn y-KBaHTOB B npou,eccax CHJibHOro B3aHMOACHCTBH51. 8 <tm:-

3HKC Bb!COKHX :mepniii UIHpOKO o6cyiAaCTC51 nonpoc O TaK Ha3b!BaCMbIX «np51-

Mb!X» cpoicmax, ;He C~513aHHblX C pacnaAOM Jt
0 

-MC3~HOB ~JIH APYrHX npoMe)&y:

TO\JHbIX 'laCTHU., no-nHAHMOMY, nnepnhle noCTaBJICHHhlH ew,e B pa6oTe [ 1 ] B 

paMKax TCPMOAHHaMH\JCCKHX npCACTaBJICHHtt; BilOCJICACTBHH pa3BHTblH B [11 
DOAXOA 6bIJI YB513aH C npo6JieMOH B03M())l<HOro cyw;ecTBOBaHH51 KBapK-rJIIOOH

HOH nJia3MhI. B 6cmee TpaAna;uonnoii 51.ACpHoii q>H3HKe pe'lh HACT o TOpM03HhlX 

. y-KBaHTax, B03HHKalOllJ,HX 3a C\JCT nepepacce51HU51 HYKJIOHOB BHYTPH CJIO;>KHblX 

npOMC)KYTO\JHhlX CUCTCM, 06pa3yrow;nxc51 npu MP0-51.ACPHbIX H aApoH-51.AepHbIX 

CTOJIKHOBCHH51X. 

· 8 3TOU CB513H paccMaTpHBalOTC51 TaK;>KC B03MO)KH0CTH H3Y\JCHH51 napHbIX 

KOppeJI51U.Hii y-KBaHTOB c 6JIH3KHMH HMDYJihCaMH (anaJIOrH\JHhlX KOPPCJI51ll;H51M 

TO)KACCTBCHHbIX IlllOHOB,. 0 KOTOpbIX CM., HanpHMCP, o63opb1 [2,3 }) C ll;CJiblO 

IlOJIY'ICHH51 HHQ)OpMau,nu O npocTpaHCTBCHHO-BpeMCHHOH Kapnrne npo.u;ecca, 

- B 'laCTHOCTH, 0 pa3Mepax U AJIHTCJibHOCTH cyw;ecrnonamrn npoMe;>KyTO\JHblX 

CHCTCM [4,5 ]. C Apyroii CTOPOHbl, H3BCCTHO, \JTO BpCM51 )KH3HH KOMnayHA-51.ACP. 
. . 

MO)KHO onpCACJIHTb, H3Mep5151·3uepreTH\JCCKHH cneKTp TOPM03HOro H3Jiy\JCHH51 

6C30THOCHTCJlbHO K ABYXQ)OTOHHblM KOppeJI51ll;H51M [6, 7 ]. Ilo3TOMY npeACTaB

JI51CTC51 a;eJiecoo6pa3nhlM conMeCTHhlii anaJiu3 3Tnx ABYX CB513aHHhlX Me;>KAy co:. 

6oii nOAXOAOB. B nacT05Iw;eii pa6oTe Mb! ucCJieAyeM Hau6oJiee npocTOii CJiyqaif 
. ,"" ~ '" 

· TOPM03HOro H3JIY\JCHH51 npu ynpyroM pacce51HHH. 

1. TOPM03HOE 113JIY1JEHl1E 
11 .D,JIHTEJihHOCTh IlPO[(ECCA PACCESIH11.SI 

B pa6oTax ( 6, 7 ] 6b!JIU npoanaJIH3UPOBaHbl xapaKTCpHbIC oco6eHHOCTH TOp

M03HOro H3JIY\JCHHR, B03HHKarow,ero npn ynpyroM pacce51HHH, HAYW.CM 4epe3 

npOMC)KYTO\JHOe KOMnaynA-RApO. 113JIY\JCHHC C\JHTaJIOCb AOCTaTO\JHO M51rKHM, 

T.e. IlPCADOJiaraJIOCb Bb!IlOJIHCHHblM yCJIOBHe 

e = 7iw << E, (1) 

rAe E - KHHCTH\JCCKaR 3neprn11 CTaJIKHBaIOW,HXC51 qac:rnu., e - 3HeprH51 

y-KBaHTa. BblJio noKa3ano, \JTO OOhl\JHhlH BUA cneKTpa TOPM03Horo H3Jiy'leHH51 

H3MCH51CTCR IlpH 'laCTOTaX W _2: 1 /-r, rAC T - BpCMR )Kll3H~ KOMTiayHA-CHCTCMbl. 



' 
HcxoAHaSI HAeS1 6hUia 3aTeM pa3BHTa B nOCJieAyID~ux ny6JIHKaU:HSIX (8,9) - a 

'laCTHOCTH, npuMeHHTeJihHO K HHTepeCHOMY CJiy'lalO pacceSIHHSI Ha HyJieBOH 

yroJI. 

IlpeAnOJIO)KHM CHa'laJia, 'ITO nOMHMO (I) BbIIlOJIHeHhl TaK)Ke AOnOJIHHTeJih-

Hhle yCJIOBHSI 
wr 

WT <<l, - << l. 
C 

(2) 

3AeCh r - xapaKTepHaSI AJIHTeJibHOCTb npou:ecca pacceSIHHSI, r - xapaKTepHblH 

pa3Mep o6JiaCTH B3aHMOAeiicTBHSI CTaJIKHBa10~HXcS1 4aCTHU:. TorAa 3cpcpeKTHB

HOe Ce4eHHe TOpM03HOro H3JIY4CHHSI cpOTOHa C 3Heprueii: e npu pacCCSIHHH Ha 

yroJI 0 AaCTCSI Bhlpa)KCHUCM 
3 2 

e d a = 1/(E, 0)1 I ((A_ B), it)I 2, (3) 
dQdode 4.n21k 

B KOTOPOM f(E, 0) - aMilJIHTyAa pacceSIHHSI 6c3 H3JIY4CHHSI cpOTOHa, it - eAH

HH4HblH. BCKTOp B HanpaBJICHHH BbIJICTa cpOTOHa, do - 3JieMeHT TCJieCHOro yma 

B 3TOM HanpaBJieHHH, dQ - 3JICMCHT TeJICCHOro yrJia B HanpaBJieHHH pacCCSI-
➔ ➔ . 

HHSI. qTO KacaeTCH BeKTOpOB A" B, TO OHH onpCAeJISIIOTCSI cpopMyJiaMH KJiaCCH-

4CCKOH. 3JieKTpoAHHaMHKH: 
➔ 

➔ 

A= 
e1v1 }:-_, 

l=l,2 c - v,n 

➔ 
➔ e V 
B = L ____!!!___!!! 

111=1,2c - v it 
Ill 

(4) 

3ACCb HffACKCbl l H m OTHOCSITCSI K Ha4aJihHblM" KOHC4HblM 4aCTHU:aM, e - 3a-
➔ . ➔ 

PMhI 4aCTHU:, v - nx cKopocTn. Ilo CBOCMY CMhICJIY BCKTOp A cooTBCTCTBYCT 

3JieKTpoMarHHTHOMY H3Jiy4eHHIO npu MrHOBCHHOH OCTaHOBKC Ha4aJibHblX \Jae-
➔ . 

THU:, BCKTOp B - ananorH4HOMY H3Jiy4eHHIO npu MrHOBCHHOM BblJICTC KOHC4-

HblX \JaCTHU:. 3aMCTHM e~e AJISI AaJibHCH.lllCro paCCMOTpemrn, 4TO npH ynpyroM 
➔ ➔ 

pacccS1HHH <<BncpeA>> A= B. 
AMnJinTyAa H3JIY4CHHSI cpoToHa c cpuKcupoBaHHOii nOJIS1pH3au:neii: l, cooT

BCTCTByioiu:asi 3cpcpCKTHBHOMY CC4CHHIO (3), HMCCT BIJA ( l O] 

-➔ -~ F➔-f(E, 0) (Ax - Bx,. 
X 

(5) 

B MCPHOH cpH3HKC H B cpH3HKC BblCOKHX 3HCprui't pa3MCpbl KOMnayHA-SIACP 

H Apyrux npOMC)KYT04HblX CHCTCM AOBOJlbHO MaJibl H o6bJl{H0 BTopoe 113 HCpa

BCHCTB (2) BhlnOJIHSICTCSI C OOJiblllHM 3anacoM, B TO BpCMSI KaK nepsoe HepaBCH

CTBO MO)KeT 6h1Tb HapyweHo*. ECJIH MOMCHTbl OCT3HOBKH H BhlJICTa KOHe4HbIX 

*06 o6pa3oBaHHH KOMnayH;\-CHCTeMbl HMeeT CMblCJI ronopHTb, CCJIH T >>riv H, TeM 6onee, 

T > >r/ c. Il03TOMy Bbin0Jlltenne YCJI0Bl,111 wr/ C < < J He HCKJIIO•taeT B03M0lKII0CTH 11epane11crna 

WT ;: I 11nu ;\alKe wr > > I . 

2 

i 
. I 
I 
( 

43CTHU: B C.1.1;.H. pa3AeJICHbl HHTepBaJIOM BpeMCHH t, TO B03HHKaeT cpa30BOC 33-
➔ ➔ 

na3Ah1B3HHC, H BMeCTO pa3HOCTH BeKTOpoB (A - B) CJieAyeT nHcaTh 

➔ ➔ • 
A - Be1wt. 

. TorAa AJISI 3cpcpCKTHBHOro Ce4CHirn, npocyMMHpoBaHHOro no nOJISIPH33U:HSIM 

cpoTOHa, DOJIY4aCM BblpaX<CHHe 

3 (1/(E,0)1 2
)E 

; d a ) o ➔ ➔ iwt ➔ 2 
e(d.nd d E = 2... l((A-Be ),n]I. 

~~ 0 e o 4.n-nc 
(6) 

B cpopMyJie (6) npo113BeACHO ·ycpCAHCHHC no HCKOTOpoMy HHTCPBaJIY 

M < < E0 B OKpCCTHOCTH CPCAHett Ha4aJihHOH 3HCpruu.E
0 
*. 3TO CBSl3aHO C TCM, 

4TO caMo noHS1Tue <<BpeMeuu 3aACP)KKH>> t nMeeT CMhICJI TOJihKO npu pa.6oTe c 
HeMOHOXpoMaTH4CCKHM ny4KOM 4aCTHU:, o6JiaAalO~HX pa36poCOM H31IaJibHbIX 

3Hepruii: 

t::.E >> 1i/T, (7) 

a 3aBHCHMOCTb 3cpcpeKTHBHOro Ce'ICHHSI OT 3HCprHH He MO)KCT 6h1Tb B paCCMaT

pusaeMOH o6JiaCTH IlJlaBHOH.. KpoMe Toro, cpa30BblH. MHO)KHTCJib eiwt HMCCT on

PCAeJICHHOe 3H31IeHHC TOJlbKO npu YCJIOBHH, 'ITO nepHOA H3Jiy1IeHHSI T = 2.n/w 
BCJIHK no cpaBHCHHIO C HeonpeAeJICHHOCTblO t::.t - 'ft/ t::.E, C KOTOpoii:. cpHKCHpyeT

CSI MOMeHT CTOJIKHOBeHHSI, T.e. npn e < < t::.E (OTCTyilJleHue OT nOCJICAHCro HC

paseHCTBa Mhl o6cyAHM HHX<e). B 3Toii: cnTyau:un BpeMSI 3aAep)KKH t, Boo6tu:e 

roBOpSI, He SIBJISICTCSI OAHHaKOBblM AJISI BCCX aKTOB pacceSIHHSI, H CJieAyeT BBeCTH 

BCpOSITHOCTHOC pacnpCAeJICHHe BpeMeHH 3aACP)KKH P9(t),. HOpMHpoBaHHOe Ha 

CAHHHU:Y s HHTepBaJIC (0, oo) (CM. nOApo6Hee (8, 11,12 ]). IloCJie ycpeAHCHHSI no 

t cpopMyJia (6) AaeT** 

rAe 

d3a (l/(E,0)12)E 
e(--) = o (➔2 -.+2 ...,...... dQdode E

0 4
.n21ic a + o - 2ao .Ke ,p(e, 0)), 

➔ - ➔ ,+ ➔~ a = IA, n ], o = IB, n 1, 

(8) 

(4') 

*IlpH TaKOM ycpe;\!;!eH!1H M0lKHO C'IHTaTb, '!TO '13CTHIJ,bl J\BHlKYTCII C onpe;\CJieHHblMH CK0po

CTIIMH, T.e. napaMeTpbl A" B - KOHCTaHTbl. 

**PeayJibTaT (8)-(9) C COOTBeTCTBYIOlll,HMH O'leBH}\Hbl,.;H H3MCHeHHIIMH OCTaCTCII B CHJIC H 

J\]111 TOPM03H0ro !;!3JIY'leHHII, conpOBO>K;\3!0111,ero 11eynpyrne npou,eCCbl. B 'laCTH0CTH, BblpalKCHH.e 

(4) J\]111 neKTopa B C0;\Cp>KHT B 3TOM cny11ae cyMMHpona11ue no nceM K0IIC'lllb!M aaplllKCHHblM '13CTH

u,aM. TopMoanoe H3Jly11e1111e n npou,eccax Tuna a+ b ➔ c + R 0 + y ➔ c + d + e + y, r;\e R*-peao-

11auc, paccMaTpHnaJiocb pa11ee n pa6oTe [ 13] . 
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00 

cp(e, 0) =f Po(t) eif:tlfldt. 
0 

IlosrnJieuue B cpopMyJie (8) lLJleHa 

➔ ➔ 
00 

et 
2a ltR.e cp(e, 0) = 2a tf Po(t) cos (11)dt 

0 

(9) 

npHBOAHT K OTJIHlJHIO TOpM03HOro cneKTpa OT ero CTaH]J.apTHOro BHAa, COOTBeT

CTBYIOlll,ero MrHOBeHHOMY npou,eccy, KOr]J.a 3cpQ)eKTHBHOe CelleHHe 

d3a (1/(E, 0) I 
2
)£ 

(dQd d )E = 0 (➔- rt2 o e 
O 4 

2-e. a u, 
:n: nee 

(10) 

o6paTHO nponopU,HOHaJihHO 3Hepruu y-KBaHTa-:IlO]J.llepKHeM, lJTO C ytJeTOM 

<<BpeMeHHOH 3a]J.ep)KKH» cpopMyJia (10) cnpaae]J.JIHBa TOJibKO AJISI MSirKHX 

y-KBaH~OB C 3HeprmIMH e < < 'lt/r, r]J.e T - xapaKTepHaSI AJIHTeJibHOCTh npo

u,ecca pacceSIHHSI. 

Mo)KHO noKa3aTh (CM. (7,8, 11 )) , tJTO <PYHKU,HSI cp(e, 0), onpeAeJieuuaSI a co-

0TBeTCTBHH C (9) KaK KOMilOHeHTa <l>ypbe aepOSITHOCTHOro pacnpe]J.e.Jienm1 Bpe

MeHH 3a]J.ep)KKH, Bbipa)KaeTCSI TaK)Ke llepe3 KOppemIU,HIO aMilJIHTYA npu CMe-

11.l,eHHhIX 3Heprm1x: 

(j(E, 0)/(E - e, 0))Eo 

cp(e,
9
)= (1/(E,0)1 2)£ 

0 

(11) 

r}J.e CHMBOJI ( •••• )£ 'KaK Ii B cpopMyJiax (6) H (8)' 03HatJaeT ycpe]J.HeHHe no HH-
0 

Tepaany HatJaJihHhlx 3uepruu 

B OKpeCTHOCTH 3Hepruu Eo. 

ti 
ll.E > > - , ll.E > >e 

T 

Ilpe].lCTaBHM aMnJIHTYAY pacce}IHHSI a BHAe 

f(E, 0) = /
0
(0) + f(E, 0), 

(12) 

(13) 

r]J.e nepBbIII llJieH - aMilJIHTYAa <<MrHOBeHHOro pacceSIHHSI», HC 3aBHC}llll,aSI OT 

3Hepruu a HHTepaane ll.E, a BTopo11 tJJieH - aMnJiuTyAa pacce}IHHSI llepe3 npo

Me)KyTotJnoe COCTOSIHHe, pe3KO MeHSIIOlll,aSICSI C 3HCprneu B 3TOM HHTepaaJie 

(14 ]. TorAa cpopMyJia (8) npnHHMaeT BHA . 
3 

< 
d a ➔ rt2 ➔2 ;+z ➔......, ~ 

~ dQdode)E = (a1(0) (a - u, + ai(0) (a + b - 2a o Ke cp(e, 0)) ], (14) 
0 

r}.le Eo - 3HeprnSI KOMnayHA-CHCTeMhl, 

4 

a1(0) = 1/0(0)1 2 + 2Re (/4(0)(/(E,0))£ ), 
0 

(15) 

- 2 ai(0) = ( 1/(E, 0) I )E , 
- 0 

(f(E, 0)/(E - e, 0))E 
!f(e, 0) = ~ 2 o 

(1/(E, 0) I )E 
·o 

06)* 

(17) 

(3].lCCh YllTCHO, lJTO npu YCJIOBHH (12) (/(E, 0)\. ""(f(E - e, 0))E ). 
. ~ 0 

BaeACM Tenepb <PYHKU.HIO 

~ I 00 -/-1 
Po(t) = 2:n:T'l f i(e, 0)e 1i de. (18) 

-oo 

ConocTaBJICHHC .c (9) ·noKa3hlBaeT, lJTO Po(t) HMeeT CMhICJI aepoSITHOCTH 

pacna]J.a npoMC.)KYTOlJHOro COCTOSIHHSI B emrnuu,y epeMCHH B MOMCHT t. KoHK-' 

peTHhltt .. BHA Po(t) onpCACJISICTCSI CBOHCTBaMu npoMC)KyTotJHoro COCTOSIHHSI, 

KOTOphle npOSIBJISIIOTCSI B 3HCprCTHllCCKOH 3aBHCHMOCTH aMilJIHTYAhl pacceSIHHSI. 

B tJaCTHOCTH, eCJiu npoMe)KyTOtJHoe COCTOSittue nMeeT onpeACJICHHhlH yrJioeou 

MOMCHT (H30JIHp~BaHHhlH pe30HaHC (6,7,9.1, CHCTeMa nepcKphlBalOlll,HXC}l pe30-

HaHCOB [ 8, 11-13 )) , TO <PYHKU.HSI P 0( t) He 3aeucuT OT yrJia. 

2. TOPM03HOE 113JIYlJEHl1E 
IIPl1 YTIPYfOM PACCESIHl111 «BTIEPEJJ.>> 

Oco6bIH HHTepec npCACTaBJISICT TOpM03HOC H3JIYllCHHC npn ynpyroM pacce

SIHHH Ha HYJICBOH yroJI (9 ), KOrAa BhlilOJIHSIIOTCSI paBCHCTBa 

Tor].la cornacuo (14) u (18) 

➔ ➔ ➔ ,+ 
A= B, ·a= o. (19) 

. d3a .. ai(0) ➔2 oo ~ et 
e (dQd d )E = - 2 - a (1 - f P0(t) cos (-;;:)dt), (20) 

o e o 2:n: he o u 

r].le az<0) = ( 1/(E, 0) I 2) E • B 3TOH CHTyau,uu o6cy)KJJ.aeMaSI CB}l3b TOpM03HOro 
0 . . 

H3JiytJeHttSI c apeMeHHOH 3aACP)KKOH nposiBJISICTCSI oco6eHHO pe3Ko: nocTosiu-

*npu 0 11e111, 60JJblLIOH IICMOIIOXpOMaTWIIIOCTH 11y•1Ka DCJJH'IHHa a2(0) yMeHhmaeTCII KaK I/ M. 
a OTIIOCHTeJJbllhlH UKJJaA Q)Olla («Mn!OBCIIIIOl'O pacce1111u11,.) DOJpacTaeT. 
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HhlH QJOH, OTBelfa10111.uu' <<MmoeeHHOMY paccesrnttIO>> mo6oii npttpoAhl, a T3K)Ke 

HHTepcpepeHU.HSI C QJOHOM He BHOCSIT HHKaKoro BKJiaAa B TOpM03HOe H3Jiy4eHtte. 

Mhl BH,l\HM, 4TO TOpM03HOe H3JIY4CHHe nptt ynpyroM pacceSIHHH <<BncpeA>> B03-

HHKaeT TOJlhKO nptt HaJIH4HH epeMeHHOH 33,1\ep)KKH, a nptt OTCYTCTBHH 33,1\ep)K

KH OHO HC4e3aeT•. 

8 KalfeCTBe npttMepa pacCMOTPHM MHOl"OK3H3JlhHOe pe30H3HCHOe pacCCSIHHe 

6eccnHHOBhlX 43CTHU.. flyCTh H30JIHpoBaHHblH pe3oifaHC HMeeT YrJIOBOH MO

MeHT l, a QJOH cooTBeTcTByeT 4HCTO ynpyroMy noTeiJU.HaJihHOMY paccesiHttIO. 

B noM CJiylfae aMUJIHTyAa ynpyroro pacceSIHHSI «enepeA>> e c.u..u., YAOBJ1eTeo

psi10w.asi yCJIOBHIO YHHTapHOCTH, onpe,l\eJISieTCSI no cpopMyJie (CM., HanpttMep, 

[15]) 
I . 2io 

f(E, 0) = 2ik L (2L + I) (/'OL - I)+ 2/: I ree I 
L ~k .r· 

£ 0 - E- 12 
(21) 

3AeCh k - BOJIHOBOe 4HCJIO, 0 L "0 L- cpa3hl DOTeHU.H3JlhHOro'paccesrnttSI, KOTO

phle MO)KHO C4HT3Th He 33BHCSIW.HMH OT ::meprntt, Eo - DOJIO)KeHtte pe30HaHca, 

re H r-ero ynpyraSI H UOJIH3SI IIIHpHHb1.CpaBHHB3SI (21) H (18), noCJIC ycpeA-
~ 2 

HCHHSI eeJittlfttHhl 1/(E, 0) I no 3ttepreTtt4eCKOMY ttHTepeaJiy (£0 - t::..£1, 

£
0 

+ t::..£2), t::..£1 > > r, t::..£2 > > r, H3XOAHM B COOTBeTCTBHH C cpopMyJIOH (16) 

3cpcpCKTHBHOC Ce4eHtte o6pa30B3HHSI pe30HaHca: 

(
2/ + I) 2 r; 

ai(O) = 2n ~ rt::..£' (22) 

rAe t::..E = t::..E1 + t::..E2, k0 - eoJittoeoe 4ttCJio, cooTBeTcTey10w.ee 3Heprntt £ 0• 

8 CJiylfaC H30JIHpoB3HHOro pe30HaHca eepoSITHOCTh pacna,l\a 

P(t) = Ie-rt!n. (23) 

flOACTaBJISISI (22) n (23) e QJOPMYJIY (20), noJiylfaeM 

d3a -;2 (2/ + I) 2 r; e2 
e ( d0.dode)E

0 
= :rchc ~ rt::..E. r2 + e2. 

(24) 

MO)KHO noKa3aTh, \JTO pe3yJ1hTaT (24) OCTaeTCSI 6e3 H3MCHCHHH H npn HaJIHtJHH 

npSIMhIX Hepe30H3HCHhIX peaKU.HH (CM. [9 ]). ECJIH petih H,l\CT O pe30HaHCHOM 

paCCCSIHHH «BnepeA» HCnOJIS1pH30BaHHblX 4aCTHU. co CUHHaMH jl H j2, TO --... 

*CTporo l'OBOpll, cymeCTsyeT eme O~HII B03MOlKllbIH HCTO'IIIHK H3JJY'ICHHII, re11epHpyeMOf'O ca

MOH npoMeJKyTO'IIIOH CHCTCMOH. 51CHO, 'ITO H :no HlJJY'ICHHe qiaKTH'ICCKH CBIIJaHO c speMeHHOH 3a

~eplKKOH, 

6 

/, 

r 

t 
f 

d a a e 3 ➔2 (2J+t) 2 
r

2
e 

f dO.dode dE = (2j1 + I) (2j2 + l):rcllc ~ r(e2 + r 2)' 
(25) 

rAe J - noJIHhltt yrnoeou MOMeHT. 

TaKHM o6pa30M, CCJIH pacceSIHHe «enepeA>> npoHCXOAHT KaK 33 ClfeT MrHO

BeHHblX <<npSIMblX» npou.eccoe, TaK H 4Cpe3 npoMe)KyT04HOe COCTOSIHHe (KOMna

YHA-CHCTCMy), TOpM03HOe H3Jiy_4eHtte OK33hlBaeTCSI CBSl33HHblM TOJihKO co BTO

pbIM npou.eccoM. 3TO AaeT B03MO)KHOCTh 3KCnepttMeHTaJihHOro yCTaH0BJieHHSI 

cyw.eCTB0B3HHSI K0MnayUA-CHCTCMhl H HCCJie,I\OBaHHSI ee CBOHCTB A3)Ke B Tex 

CJIY43SIX, K0rAa OTHOCHTCJihH3SI eepoSITHOCTh ee o6pa30B3HHSI 0K33hlBaeTCSI Ma

JIOtt•. Bhnlle y)Ke 0TMe4aJIOCh, 4TO coo6pa)KeHHSI, CBSl33HHhle C «epeMeHHOH 33-

Aep)KKOH>>, HMeIOT CMhlCJI TOJibKO nptt AOCTaT04H0 OOJihWOM pa36poce HCX0AH0ro 

nytJKa (t::..E > 1i/r). no 3Ton nptttJniie; a TaK)Ke no APYrttM nptttIHHaM tJHCT0 Me~ 

T0AHtJeCKOro xapaKTepa, KpoMe tJ3CTHU., HCnhIT3BWHX pacceSIHHe «Bnepe,I\>>, 

BCer~a HMeeTCSI BO MH0ro pa3.00JihWe tJ3CTHU., He HCnhlTaBWHX HHK3K0ro pacce

SIHHSI. · Ba)KHO, 4TO n 3TH 4aCTHU.hl He C03A3IOT HttKaKoro cpoHOBOro H3JiytJeHHSI. 

OTCIOA3, Me)l(Ay npotJHM, CJieAyeT npttHU.HDHaJihHaSI B03M0)KH0CTI, HCn0Jih30Ba

HHSI ,l\3)Ke CHJihHO HeM0HOXpoMaTtttJeCKHX nytJKOB. K C0)KaJieHHIO, B 3KCnepn

MeHTaX no pacceSIHHIO Ha yroJI 0 ~ 0 yKa3aHHhle npettMyW.eCTBa HCtJe3aIOT; no

CK0JlhKY tJ3CTHU.hl, HCDhlT3BWHe MrH0BeHH0e pacceSIHHe, TaK)Ke reHepupyIOT 

T0pM03H0e H3JiytJeHne, ttrpat0w.ee p0Jih napa3HTH0ro cpoHa. flo3TOMY 3KCnepn

MeHTbl C pacceSIHHeM «enepeA» B npHHU.HDe DPCACT3BJISIIOTCSI OOJiee nepcneK

THBHblMH. flOMHMO peweHHSI TpaAHU.H0HHhlX 33A3tJ MepHOH cptt3HKH, TaKOH 

n0AX0A M0)KCT OK333ThCSI UOJie3HhIM H B OOJiaCTH cptt3HKH 3JleMeHTapHhlX qac

THU.. B KatJeCTBe 0,1\HOl"O H3 npttMepoe yKa)KeM Ha HHTeHCHBH0 o6cy)l(AaeMyIO H 

noKa OAH03HatJH0 He peweHHYIO npo6JieMy AHDpoTOHHhlX pe30HaHC0B (CM., Ha

npttMep, [ 16-:-19]). Ew.e 0AHH eonpoc, OCTaIOUJ.HHCSI 0TKphlThlM y)Ke e TCtJeHHC 

ABYX AeCSITHJICTHH, CBSl3aH C B03MO)KHhlM cyw.eCTB0BaHHeM HCKOTopoii AMH 

3cpcpCKTHBHOI"O CC4CHHSI ynpyroro paCCCSIHHSI, np0HCXOASIW.Cl"O 3a CtJCT npoMe-, 

)KYT0\JH0l"O CTaTHCTHtJCCKOl"O MCXaHH3Ma [20 ]. 3aMCTHM, \JT0 B 3T0M CJiyqae HC 

BH,l\H0 cenqac HHKaKHX Apyrnx MCT0AOB BhlSICHCHHSI CHTyau.nn. 

3. 3HEPfETMqECKMA IlOAXOA 

K OflMCAHMIO TOPMO3HOro M3JIYqEHM.SI. 

cnEKTP M3JIYqEHM51 nPM BOJibIIIMX qACTOT AX 

Pe3yJihTaT (8) c cpyHKU.Heii <p(e, 0), onpeAeJICHHOH corJiacHo (11), MO)KHO 

n0JIYtJHTh B paMKax 3HepreTHtJCCK0ro DOAX0Aa [7 ], eCJIH Bhlpa)KeHHC AJISI 3cp-

1-

*CymeCTBCHHO, 'ITO CKa3aHHOC OTHOCHTCII K npOMClKYTO'IHbIM COCTOllHHllM mo6oro THna. Pellb 

MOlKCT HATH, HanpHMep, 0 «speMeHHOH JaACPlKKe•.• CBIIJaHHOH C noporoBOH aHOMaJIHCH HJIH C 11e-

60J1bWHM 'IHCJ!OM nepepaccellHHH HYKJJOHOB CTaJIKHBalOutHXCII ll~ep. 
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<peKTHBHOro Ce'leHHSI TOPM03HOI"O H3JIY'ICHHSI MOHOXpoMaTH'ICCKHX 'laCTHU, B 

C.U,.H. 

d3a 1 
dQdode = 

4
.n:2nc I f(E - e, 0)a - f(E, 0)'ltl 

2 (26) 

ycpe}:\HHTb no ::mepreTH'ICCKOMy HHTepBaJIY 11.E" HCilOJib30BaTh npn6JimKeuuoe 

paBeHCTBO 

(1/(E-e,0)1 2)£ ::::(l/(E,0)1 2)£. 
0 0 

(27) 

KaK y)Ke r<>BOpHJIOCh, npn YCJIOBHSIX 02) <pyHKU,HH cp(e, 0) MO)KHO npn}:\aTb 

CMblCJI KOMnOHCHTbl <l>yphe BCpoSITHOCTHOI"O pacnpe]:\CJICHHSI BpeMCHH 3aACP)K

KH. BMeCTe c TCM Tpe6oBanue e < <11.E SIBJISICTCSI AOCTaTO'IHblM (XOTSI n ueo6si-

3aTCJibHhlM*) ]:\JISI cnpaBCAJIHBOCTH (27). B HTOre nepe6paChlBaeTCSI MOCT Me)l(Ay 

3HepreTH'ICCKHM H BpeMCHHblM onucaHHCM cneKTpa TOpM03HOI"O H3JIY'ICHHSI. 

PaCCMOTpHM nOBC]:\CHHe cneKTpa H3JIY'ICHHSI, conpoBO)l(AaIOI.IJ,Cro o6pa:m-:

Baune, n pacnaA npoMe)KyTO'IHOro COCTOSIHHSI C 3Hepmeii Eo, npn YBCJIH'ICHHH 

'laCTOThl y-KBaHTa. Cna'laJia 6yAeM C'IHTaTh, 'ITO e < <11.E n cnpaBCAJIHBa cpop

MyJia (14). 
<l>yttKU,HSI 

• 00 

(f(e, 0) = f Po(t)eietlt'tdt, (18') 
0 

BXO]:\SII.IJ,aSI B (14)' npn e < < 11/r 6JIH3Ka K C;!,HHHU,e, a npn e > > ll/r CTpCMHTCSI 

K uymo, T.K. nO]:\blHTerpaJibHOe Bblpa)KCHHC B (18') 6hlCTpo OCU,HJIJIHpyeT. B pe-

3YJihTaTe B HHTepecyIOI.IJ,CM nae CJiy'lae TOpM03HOro H3JIY'ICHHSI npn pacCCSIHHH 

d3a 
«Bnepe}:\>> BeJIH'IHHa e <aQdode>Eo C YBCJIII'ICHIICM 3Hepmn <pOTOHa OT 

E < < 1i/r AO e > >1i/r B03pacTaeT OT HYJISI AO 3Ha'ICHHSI 

. d3a ai(0)a
2 

e (dQd d >e = 2 ' <28> 0 e o 2n !le 

COOTBCTCTBYIOI.IJ,ero HeKorepeHTHOMY CJIO)KCHHIO H3JIY'ICHIISI AO o6pa30BaHIISI 

npoMe)KyTO'IHOH CHCTCMhl II nOCJie ee pacna]:\a. <l>opMyJia (28) OCTaeTCSI cnpa

BC}:\JIHBOH II npn BhlXO]:\C 3a paMKH YCJIOBHSI e < < 11.E BnJIOTb AO 3Hepmii 

. e - 11.E > > n/ T. D,eiiCTBHTeJihHO, npn YBCJIH'ICHHH 'laCTOTbl y-KBaHTa, KaK CJie

AYCT H3 (26)' BMCCTO (28) CJie;i,yeT nanncaTh 

*B '-laCTHOCTH, eCJIH f:..£ < q, r,!le q - :mepreTH'leCKHH HllTCpBaJI, pae110Mep110 3anoJmeHHhlH 

ncpeKpbIBaIOW.H~IHCII pe3011a11caMH I 13)' TO COOTHOwemte(27) MO}KeT HMeTb MeCTO H npH E > M, 

8 

,:,/· 

i) 
,·· 

I'' 

l 
~ 
:{ 

) 

d3a a (0)a2 

e (dQdode)E = ~ 2h (1 + K(e)), 
o .n; C 

(29) 

r]:\C 
(1.f(E-e,0)1 2)£ 

K(e) = _ o 

( 1/(E, 0)1 2) E 
0 

(30) 

Cornacuo cpopMyJie (21), AJISI H30JIHpoBauuoro pe3ouauca 

1.f(E, 0)1 2 
- 1/((Eo - E)2 + ¼ r2 ). 

IlpoBOASI B (30) ycpeAneune no HHTepBany (E0 - l:l.E
1
, E

0 
+ 11.£

2
), rAe 

11.EI >> r, 11.£2 >> r, noJiyllaeM 

··.• . 1 1 . 2(11.£2 - e) 
K(e) = - + - arctg-·-

2 .n: r (31) 

Mb1°BHAHM, 'ITO npn suepmsix y-KBanTa e < l:l.E2, (l:l.E2 - e) >> r 3Ha'lenne 

K(e) Mano OTJIH'laeTcsi OT e;i,nunu,hl. OAttaKo B o6nacTH 111.£2 - e I - ,r Ko3<p<p11-

u,neuT K(e) CTaHOBHTCSI 3aMeTHO MCHbllle C;J,HHHU,bl. HaKoueu,, CCJIH e > l:l.E2 H 

(e - /1.£2) > > r, BCJIH'IHHa K(e) 6JIH3Ka K HYJIIO. Ilpn 3TOM 

(0 ➔2 
d3a a2 )a 

e (dn.d d >e = 2 ' · <32> ~~ 0 e o 4.n: he 

'ITO B ABa pa3a MeH&Uie 3Ha'leH11S1 (28). B o6cy)l(AaeMoii c11Tyau,n11 n3nyqeu11e 

<pOTOHa nepBll'IHblMII 'laCTIIU,aMH ·npHBCJIO 6hl K HX BblXOAY H3 pe)KHMa pe30-

uaucuoro pacceSIHHSI. Ilo3TOMY H3JIY'ICHHC OKa3hlBaeTCSI CBSl3aHHblM TOJlbKO C 

KOHC'IHblMH 'laCTHU,aMH, BhlJICTaIOI.IJ,HMH nOCJie pacna]:\a pe3ouauca. B YCJIOBHSIX 

)KC npHMCHHMOCTH cpopMyJihl (28) K yKa3aHHOMY BKJiaAy H3JIY'ICHHSI 'laCTHU, 

noCJie pe30HaHCHOro pacceSIHHSI A06aBJISICTCSI paBHbIH no BCJIH'IIIHe BKJia]:\ H3Jiy-

'ICHHSI 'laCTHU, AO pacceSIHHSI. . 

· C y'leroM cooTHOUieunii (29) u (31) Mhl MO)KeM ttanncaT& 6onee 001.IJ,yro no 

cpaBHeHHIO c (25) q,opMyny AJISI cne~Tpa TOpMo3noro HJJiy'leHHSI npu ynpyroM 

pe30HaHCHOM pacceSIHHH: 

d3a -;2 
e(dQdode)E

0 
= (2j

1 
+ 1) (2j

2 
+ 1).n:1tc X 

(
2J + 1) 2 r;e2 . (3 1 2(/1.£2 - e)) x --- ------'------ - + - arctg --~--

2ko f(~El + ~£2) (e2 + r2) 4 2n r . 
(33) 
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' 3 

OTMeTHM pe3KYIO 3
1

aBl1Cl1MOCTb BeJll1'111Hbl E <aia:ae>Eo OT 3Hepnm cpOTOHa B 

ABYX HenepeKpb1BalOW.11XCSI OOJlaCTSIX E - r 11 I fl.£2 - EI - r, pa3AeJieHHhlX HH

TepBMOM fl.£2 - r•. 

Bblllle pellh lllJia O TOpM03HOM 113.nylleHl111, conpoBmKAalOW.eM ynpyroe pac

CeSIHHe 3apsi)KeHHblX llaCTHU. C pa36pocoM HallaJlbHOii 3Hepru11 ll.E > > r B OKpe

CTHOCTH pe30HaHCHOii 3Heprnu Eo. B03MO)KeH H Apyroii 0OAXOA, 003BOJ1SIIOW.11U 

onpeAeJll1Tb xapaKTep11CTHKl1 pe30HaHca B 3KCnepuMeHTax C MOHOXpOMaTHl{e-

CKHMl1 llaCTHU.aMl1, HallaJlhHaSI 3Heprnsi KOTOpblX £0 OOJlhlllC 3Hepr11u pC30HaH

ca (9 ). TTycT&e0 = £0 - E0 > > r. TorAa, KaK CJ1CAY~T 113 cpop~yJ1 (21)" (26), 

cneKTP TOpM03HOro H3J1YllCHl1SI npu pacCCSIHHH <<BDCPCA>> 11MCCT <POPMY JlOpeH

u.eBCKOii J1HHl111, Ill11p11Ha KOTOpoii paBHa Illl1p1rne pC30HaHca. ECJIH 3apSl)KCH

HblC llaCT11U.hl pacce11Ba10TCSI Ha yroJl, OTJllfl{Hbltt OT HYJISI, Ta )KC C0CKTpaJlhHaSI 

J111Hl1SI C 3Heprneii E 11 IllHp11HOU r npoSIBJlSICTCSI Ha 0OCTOSIHHOM cpoHC, COOTBCT

CTBYIOlll.CM (<MrHOBCHHOMY>> pacceSIHHIO. B CJlyllae pacCCSIHl1SI <<BDCPCA>> HCnOJ1Sl

p1130BaHHblX llaCTHU. co cn11HaMH jl 11 j2 (cp. C (25) H (33)) HaXOA11M 

2 2 
d3a (21 + l) re l ➔2 

E --- = --------- • . a . (34) 
dQdode t 67l2ttck~(2j

1 
+ l) (2j2 + l) ( e - e

0
)2 + r2 / 4 

HuTerp11poeaH11e Bhlpa)KeH11si (34) no cneKTPY 11JJ1YllCHHS1 AaCT 

d a d _ e (21 + l) ➔2 
( 

3 ) r2 
2 

f e dodQde e - &rttcrk2 (2j
1 

+ l) (2j2 + l) a · 
0 

(35) 

C ylleTOM HCMOHOXpoMaTH'IHOCTl1 pacceuBalOW.11XCSI llaCT11U. cneKTpaJlbHaSI JlH

HHSI 113J1YlleHl1SI Ylll11pS1eTCSI B COOTBCTCTBl111 C pa36poCOM 3HeprnH ll.E. 51cuo, 'ITO 

np11 3TOM 11HTerpaJlbHaSI 11HTeHCHBHOCTb BblXOAa y-KBaHTOB no-npC)KHCMY on

PCAeJISICTCSI no cpopMy J1e (35). ECJ111 3Heprn11 ncpe11llHhlX llaCTHU. 3aKJ110'ICHhl B 

HHTcpeanc (£
0 

- ll.E/2 , £
0 

+ ll.E/2), To uopMHpoBaHtthlii Ha CAHHHU.Y cncKTP 

y-KBaHTOB 6yACT 11MCTb B11A 

*Yrnoaoe pacnpe,11eJiem1e <f>OTOHOB He 33Bl1Cl1T OT 11X :rnepnrn 11 onpe,11e.mieTC!I TOJlbKO MHO>Kl1-

TeJieM a2
• CorJiaCHO (4) 11 (4'), B C,1(.11, CTaJIKl1BalOll\11XC!I 11aCTl1¥ 

➔2 I e, v, e2v2 I . a = - sma, 
c - v

I 
cos a c + v

2 
cos a 

r,11e a - yroJI Me>K,11y 11MnyJibCOM y-KBallTa 11 l1MnyJibCOM O,!IIIOH 113 Ha•taJibllbtx tJaCTl11(. 

IO 

\;j ... -11 
j: 

:~ 

l 

1 • t1 
l 
l 

L(e - e0) 
W(e - Eo) = ll.E ' 

1 2(/l.E/2 - e + e0) 2(M/2 + e - e0) 
L( e - e0) = Ji ( arctg r + arctg r ) • 

(36)· 

JlcrKO B11ACTh, 'ITO L(e - eo) =:: I npu YCJIOBHH (ll.E/2 - IE,- Eo') > > r; CCJIH 

)KC (le - Eol -.AE/2) >> r, TOL(e - Eo):::: 0. 

MO)KHO AYMaTh, 'ITO o6cy)l(AaCMblH MCTOA 11MCCT 3KCnepHMeHTaJlbHblC npc

HMYlll.CCTBa np11 11CCJ1CAOBaH11H AOJlfO)KHBYlll.HX COCTOSIHHH, nOCKOJlhKY B03HH

KaCT Y3KaSI cnCKTPaJlhHaSI Jll1Hl1SI, yKa3blBalOlll.aSI Ha nOJlO)KCHHC OCOOCHHOCTH, 

H K TOMY )KC HCT ueo6XOAl1MOCTl1 B OT6ope O'ICHb MSlrKHX y-KBaHTOB, 3HCprnH 

KOTOpbIX TPYAHO 113MCp11Tb C AOCTaTO'IHOU TO'IHOCThlO. 

4 . .ll,BOAHOE TOPMO3HOE 113JIY1IEHl1E 

TTPH YTTPYrOM PACCE51HHl1 «BTTEPE.ll,» 

11 BPEM51 )Kl13Hl1 TTPOME)KYTO1IHOrO COCTO51Hl151 

TTycTb np11 paCCCSIHl111 po)l(AalOTCSI ABa TOPM03HhlX <POTOHa C 3HCprHSIMH £ l H 

06o 
➔ ➔ u 

£2. 3Ha'IHM nl H n2 CAHHl1l{HblC BCKTOpbl BAOJlb HanpaBJlCHHH HX HMnyJlhCOB. 

fiyACM C'IHTaTh, 'ITO BhlnOJlHCHbl YCJ10B11SI 

ll.E>>nir, ll.E>>el, ll.E>>E2· (12') 

YllHTblBasi, KaK H npu BblBOAC <POPMYJlhl (6)' cpa30BOC 3ana3AhlBaHHC, uaXOAHM 

d5a 
EE(-----) -

l 2 dQdo
1
do

2
de

1
de

2 
E

0 
-

= 
(1/(E,01 2

) . . Eo ➔ ,wt'-,• 2 ➔ iw/.,. 2 
4 2 2 - I a

1 
- c o

1 
I I a2 - c o2 I , 

16Jr Ii C 

(37) 

rAC w 1 = e 1 Iii, w2 = ez!"-, 
.... ➔➔ .,.. ➔➔ 
a1 = (A, n1), o1 = (B, n1), l = l, 2. (4") 

IlOCJlC ycpCAHCHHSI Bhlpa)KCHl1SI (37) no pacnpCACJlCHHIO BpCMCHH 3aACP)KKH 

Po(t) HMCCM 

. d5a ) 
elez(dQdo1do2de1de2 Eo = 

(1/(E, 0) 12)£ 
0 { ➔2 2 

167l4112c2 (al + zti) (il} + zti2) -
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~ ~ 

- 2(a.
2

+ ~
2)(a./½) f Po(t) cos(w2t)dt - 2(a.}+ "/J',})(~~) f Po(t) cos(w 1t)dt + 

0 0 
~ 

+2(~~)('½7½)f P0(t) (cos([(w I +w2)t)+cos [(w I -w2)tl)dt}. (38) 
0 

MbI B~HM, lJT0 cneKTp ABOHHOro T0pM03H0ro H3JiylJeHHSI onpeAeJISieTC51 pea.nh

HOH tJaCThlO BBeAeHHOH pauee cpyHKIJ.HH ~(e, 0) (CM. cpopMyJihl (9) " (11))' B351-

TOH npu 11eThlpex 3~a11euu51x apryMenTa: e = e1, e = e2, e = e1 + e2 u 

e = e1 - e2• Ilpu pacceHuuu <<BnepeA», K0rAa ~ = ~, '½ = 7½, Bhlpa)Keuue (37) 
. . 

cyw.ecrneuuo ynpow,aeTcH: 
2 . 

d
s (1/(E,O)l)E ~ 

< 
a ) o ➔2➔2I J ele2 dnd d d d E = 4 2 2 al a2 1- Po(t)cos(w1t)dt-

~.: ol o2 el e2 o 4n Ti c o (39) 
~ 1~ 

-JP0(t)cos (wi)dt+ 2 J P 0(t)(cos [(w 1 +w2)t]+cos [(w I -w2)tl)dt}. 
O O . 

JlerKO B~eTb, lJT0, KaK H B CJ1y11ae H3JIY'leHHSI 0AH0ro cpoToua, nOCT051HHblH 

cpou, COOTBeTCTBYIOW.HH «MrH0BeHH0MY» pacce51HHIO, ue AaeT HHKaKoro BKJiaAa 
B ABOii:uoe TopMoJuoe HJJ1y11euue, conpoeo)I(Aarow,ee ynpyroe pacceHuue «nne-· 

peA>>. IlpeACTaBJIHSI aMDJIHTYAY paccesiuusi/(E,0) B e~e (13) u BbIAeJIHH B cpyu-

KU.HH pacnpeAeJieHHSI p o(t) lJaCTb p o(t), KOTOpasi UHTepnpeTHpyeTC51 KaK Bepo-

51THOCTb pacnaAa npoMe)KyTOlJHOro COCTOSIHUSI B eAHHUIJ.Y BpeMeHU (CM. cpopMy
Jlhl ( 17) u ( 18)), Mbl MO)KeM nepenucaTh BhlpaX<eHue (39) n BHAe 

Ls O ➔2➔2 ~ 
a-a ai( )al a2 ~ 

elei(dQd d d d )E = 4 2 2 /1 - f Po(t) [cos (wit)+ cos (wil) ]dt + 
ol o2 el e2 o 4n h c o 

1 ~ 
+ 2 J P0(t)[cos ((w I + w 2)t) + cos ((w I - w2)t) )dt}, <40> 

0 . 

rAe ai(0) - ce11euue o6pa30BaHUSI npoMeX<yT04HOro COCTOSIHHSI, BX0ASIW.ee B 

cpopMyJiy (20). B CJiy4ae U30JIUpoBaHHOro pe30HaHca C BpeMeHeM )Kll3HH 

'f = 1i/r cneKTP ABOHHOro TOpM03HOro U3Jiy4eHU51 npll pacceSIHIIII «BnepeA>> 

IIMeeT B~ 5 (0)➔2➔2 
d a a2 al a2 

e e (-----) =---Il-
l 2 dQdo 1do2de1de2 E0 4n41i2c2 l + w2·r2 

I (41) 

_ 1 +.!.( 1 + 1 ) 
1 + w~r2 2 1 + (w

1 
+ w 2}2-r2 1 + (w

1 
- w 2}2-r2 }· 

3AeCh n COOTBeTCTBHH c (25) 

12 

2 r2 

(
21 + I) e . l 

ai(O) = 2n 2ko ·r~E· (2j
1 
+ 1) (2j

2 
+ 1). 

(42) 

Pattee 6blJIO noKa3aHO, 4TO B 3HepreTll4CCKOM cneKTpe TOPM03HOro H3JIYtJe

HHSI B03HHKalOT aHOMamrn npu 4aCTOTax w - 1/T. CXOAHble aHOMaJIHH HMelOT 

MCCTO II AJISI AByxcpoTOHHhlX KOPPeJISIU.IIH. OAHaKO uau6oJiee HHTepeCHOH SIBJISI

CTCSI o6JiaCTb BhlCOKIIX 4aCTOT, KOrAa 

w
1
r >> I, w2r >> I. (43) 

TorAa cpopMyJia (40) AaeT 
➔2➔2 

dsa - ai(O)al a2 (t + .!.. 1 ) . (44) 
e,ei(dQdolo2de 1de/E0 - 4n4Tt2c2 2 1 + (w

I 
- w

2
)2-r2 

TTpu npo113BO;hHOM 3aKOHC p~cona~1~0(MCX<YT~4HOro COCTOSIHHSI l 
d a ai( )a, a2 I ~ 

etei(dQd d d d )E = 4,i2 2 I +-2J Po(t)cos [(wt -w2)t)dt. 
ol o2 el e2 o 4n c o 

TaK11M o6pa30M, np11 yCJioeuu (43) napuble KoppeJisiu.uu cpoTOHOB 

TOJihKO o-r pa3uocrn 11acTOT. ECJin lw I :_ w 21-r >~I , TO 

dsa ai(0)~23i2 
e e (------) - ----

1 2 dQdo
1
do2de

1
de2 E0 - 4n411.\·2 

(45) 

3aBHCSIT 

(45') 

LI.aJihHCii:lllnii: attaJin3 yAo6Ho npoeecTu B paMKax 3ttepreTH4CCKoro nOAXO

Aa, O6o6w,aH peJyJihTaThI CTaThH 17 ), ueTPYAHO noJiy4HTh cpopMyJiy AJIH cneK

Tpa H3JIY4CHHSI ABYX y-KBaHTOB npu ynpyroM pacceSIHHH 4:aCTHIJ. C cpllKCHpoBaH-

uoii: 3Heprneii:: 
5 d a 1 ➔➔ ➔➔ 

ete2dnd d d d = 4 2 2 I/(£ - el - e2, 6) (AX1) (AX2) -
~.: 0 1 °2 el e2 16n Ii c . (46) 

➔➔ ➔➔ ➔➔ ➔➔ ➔➔ ➔➔ 2 
-/(£- el, 0) (Ax1) (Bx2) -f(E- e2' 0) (Ax2) (Bxi) +f(E, 0)(Bxi) (Bx2) I , 
~ ➔'. ' ➔ ➔, . 

rAe x 
1 

11 x
2 

- BCKTOpht noJisipuJau.un ncpeoro u BToporo cpoTonoe, A u B onpe-

AeJISIIOTCSI corJiaCHO (4). ECJIH Bhlpa)KCHHC (46) ycpeAHHTh no HHTepaa.ny ~E, 
YAOBJICTBOpSIIOIIJ,eMy yCJIOBHSIM (12')' H npocyMMHpoBaTh no nOJISIPH3aIJ.IISIM 

o6o11x cpOTOHOB, Mbl C Y4CTOM (9) H (I I) npHXOAHM K cpopMyJie (39). 
CorJiaCHO (46) H (13), npn paCCCSIHHH «BnepeA» 3cpcpeKTIIBHOe Ce4enue 

ABOHHOro TOpM03HOro H3JIY4CHHSI nponopu.nouaJihHO 

- - 2 1/(E- eI - e2, 0) -J(_E- e
1
, 0) -/(£- e2, 0) + f(E, 0)1 , (47) 
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- ' 
rAe f(E, 0) - 6blCTpo MeHSIIOlll.3SICSI C 3Heprnett ll3CTb aMnJIHTYAhl pacceSIHHSI 

<<BnepeA>>, OTBel!alOUJ.3SI BKJI3AY npoMe>KyTOllHOro COCTOSIHHSI. ECJIH T3KHM npo

Me>KyTOl!HblM COCTOSIHHeM SIBJISleTCSI H30JIHpoBaHHblH pe30H3HC C :JHeprnett Eo, 
TO/(E, 0) HMeeT 6pettT-BHrttepoBcKyio ¢oPMY, n nOCJie ycpeAtteunsi (47) no HH

TepBaJIY ttallaJihHhlX 3Heprnn (£0 - 11£1, E0 + 11£2) cneKTP ABYX y-KBaHTOB 

npn 3Heprnsix e 1 =::: e2 =::: e > > r n pa3HOCTH 3Heprntt I e 
1 

- e21 < < 11£1 + 11£2 
npHHHMaeT B~ 

tfa ) = 
e,ei(dQdo,do2de,de2 Eo 

l ) 
➔2➔2 ----=-~-;:::::!,, 

- ai(O)a, a2 (l + 2K(e) + K(2e) + 2K(e) l + [(e, - e2)2;r2 I - 16Jr4112c2 

(48) 

rAe K( e) n ai(0) onpeAeJISIIOTCSI no ¢opMyJiaM (31) n < 42) COOTBeTCTBeHHO. Jler

KO B~eTb, l!TO B o6JiaCTH 3Heprntt y-KB3HTOB 2e < /1£2, (/1£2 - 2e) >> r 3Halle

HHSI K(e) H K(2e) 6JIH3KH K eAHHHU.e, TorAa H3 ¢oPMYJib1 (48) CJieAyeT pe3yJib

TaT (44), cooTBeTCTBYIOUJ.HH OAHHaKOBOMY BKJiaAy KBaApaToB MOAyJiett Bcex l!e

Tblpex aMOJIHTYA, . BXOASIUJ.HX ~ Bblpa>KeHne . (47). TaKHM o6pa30M, 

COOTHOilleHHSI (44) H (45) OCT3IOTCSI B CHJie H npn HapymeHHH BTOporo H TpeTb

ero HepaBeHCTB (12') Bi:tJIOTb AO 3Heprntt e, =::: e2 -11£. 

ECJIH 2e > /1£2, 2e - /1£2 >> f, HOB TO X<e BpeMSI e < /1£2, /1£2 - e >> f, TO 

K(2e) =::: 0, a K(e) =::: l. B 3TOM CJiyllae aMnJIHTYA3 f(E - e, - e2, 0) 6JIH3Ka K 

HYJIIO, "DOA 3H3KOM KB3ApaTa MOAYJISI B Bblpa>KeHHH (47) OCTalOTCSI TOJlbKO TpH 

aMOJIHTYAhl, B peJyJihTaTe ¢opMyJia (44) JaMettsieTcsi Ha 

3 0 ➔2➔2 

e e ------ - ----'-- l + - · ------ (49) d
5
a 0 i( )a, a2 ( 2 l ) 

I i<dQdo1do2de 1de/E0 - 16Jr4h2c2 3 l + (w, _ w
2
)2-r2 · 

Mbl BHAHM, l!TO eCJIH 3HeprnS1 npoMe>t<yTOllHOro COCTOSIHHSI (pe30Hauca) Jie>KHT 

BHYTPH paccMaTpHBaeMoro HHTepBaJia HallaJibHblX 3Heprntt H BblDOJIHSIIOTCSI yc

JIOBHSI (43), 33BHCHMOCTb napHblX KOppeJISIU.HH ¢oTOHOB OT p33HOCTH tJ3CTOT 

nMeeT crpyKTYPY 
00 . 

R12 = l + A J P(t) cos [(w
1 

- w2)t)dt, 
0 

(50) 

rAe K03q>q>nu.ueHT A B yJKOH o6JiaCTn 3Heprntt y-KBaHTOB MeHSieTcsi OT 3ua11e

HHsi: A·;;,, 1/2 AO 3HalleHHSI A= 2/3. ECJIH >Ke e > /1£2, (e - /1£2) » r, TO 

K(e) =::: K(2e) :::: 0, B ¢opMyJie (47) OCTaeTCSI TOJlbKO OAHa aMOJIHTyAa/(E, 0), n 

Mbl npHXOAHM K pe3yJihTaTy, B l!eThlpe pa3a MeHbmeMy no cpaBHeHHIO C (45'). 
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TTepeiiAeM Tenepb K CHTyau.un, KOrAa 3HeprHSI pacceHB3IOUJ.HXCSI tJaCTHU. 

£
0 

> E0 , npnlleM e
0 

= £0.:.. E
0 

» r. TorAa B cooTBeTCTBHH c (47) B ·cneicTpe 

ABOHHOro "i-opM03HOro H3JiylleHHSI MO>KHO Bb(AeJIHTb ABe HenepeKpb1Ba10w;HeCS1 

o6JiaCTH. B nepBott H3 HHX 

d5a 
e,e2 dQdo

1
do

2
de

1
de

2 

r2 
. Q➔2➔2 e 2 ' 
= a, a2 )2 + r /4 (eo - el - e2 

(2J + 1)2 

Q= 64.n41z2c2k~(2i1 + 1)(2i2+ l)' 

(51) 

(52) 

l!TO COOTBeTCTByeT JIOpeuu.eBCKOH JIHHHH AJISI CYMMapHOH 3HeprHH ABYX ¢oTo

HOB. 

EoJiee HHTepecuoii: SIBJISieTcsi o6JiaCTh cneKTpa I e 
1 
+ e

2 
- e

0 
I >> r, B KOTO-

poii: 

. 5 I l l d a - Q➔2➔2r2 r + r ----=-~-;--- _ a
1 

a
2 

. 
e,e2 dQdo 1do2de 1de2 e e

0 
- e

1 
+ iI e

0 
- e2 + lI 

2 

(53) 

06o3H3l!HM 

e +e2 =·e -ei, I . ' /112 I e = 2 (54) 

l l 
el =e+2/112' e2=e-2/112' delde2=dedl112· 

TorAa 

(55) 

ECJIH HHTepecoBaTbCSI pacnpeAeJieHHeM TOJlbKO no pa3HOCTH 3Heprnii y-KBaH

TOB, TO Bblpa>t<eHHe (53) CJieAyeT npoHHTerpupoBaTb no e npn (pHKCHpoBaHHOM 

3HalleHHH /112· 3To AaeT* 2 

J 2 l 2 ( tf a l ➔2➔2 re ( I ) (e - -4 /112) dQd d d d de= 4.nQa, a2 Y l + 2 • 0 1 °2 el e2 · · l + (111/r) (56) 

0TCIOAa CJieAyeT' l!TO B paccMaTpHBaeMOM CJiy11ae KOppeJISIU.HH ABYX <Poro

HOB OnHCb1B3IOTCSI ctx,pMy JIOH 

l 
R =l+--- 22· 

12 I + (wl - w2) T 
(57) 

* HHTerp11poaa1111e npOBO,IHTCII B yKa38HHOH o6JJaCTH cneKTpa no HHTepaa.ny (Emin, Emax), r,1e 

(Emax - EO - IA12I) >> r, (eo - IA12I - Emin) >> f, (Emin - eo/2) >> r; B OCTllJlbHOM npC,ICJlbl HH

TCrp11pOB8Hl1!1 npoH3BOJlbHbl. 
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. .slCHO, 'ITO COOTHOWeHHSI (56) " (57) OCTalOTCSI 6e3 H3MeHeHHSI" C y11eTOM HCMO-

HOXpoMaTH'IHOCTU paccenBalOllJ,HXCSI llaCTUIJ.. KaK y)Ke f'OBOpUJIOCh, npu pa3-

6poce ::meprnu l!.E >> h/r Mhl MO)KeM BBeCTU q>yHKIJ.UIO pacnpeAeJieHHSI MOMeH

TOB pacnaAa, H C 3TOH TOllKH ~eHHSI npaBylO llaCTh (57) MOX<HO 3anncaTh KaK 

l + ¾ f e-th 
cos [(w

1 
- w 2)t Jdt. . (58) 

0 

Ilpn npoH3BOJlhHOH CTPYKType npoMe)KyTOllHOro COCTOSIHHSI BMeCTO (53) HMCeM 

d5a 
"1"2' dQdo

1
do

2
de

1
de

2 
= 

➔2➔2 
al a2 ~~ . 

16Jr41i2c2 IJ(Eo - "1' 0) + ft.Bo - "2' 0) 12 (59) 

H IlOCJle HHTerpnpoBaHHSI no cyMMapHOH 3Hepruu ABYX y-KBaHTOB noJiyllaeM 
00 

R 12 '= l + Re y5'(e 1 - e2, 0) = l + J P(t) cos [(w 1 - w 2)t Jdt, (60) 
0 

rAe, KaK H npe)KAe, B c0rJiaCHH C ( 17) " ( 18)' P( t) eCTh HOpMHpOBa1rnoc pacnpe

AeJieHHe MOMeHTOB pacnaAa npoMe)KyTOllHOro COCTOSIHHSI. 

5. IlPOCTPAHCTBEHHO-BPEMEHHMI CTPYKTYPA 

IlAPHhlX KOPPEJI51U,J1tl TOPMO3HhIX <l>OTOHOB 

Bhlllle Mhl IlOKa3aJIH, 'ITO eCJIH 3HepruSI pacceuBalOllJ,HXCSI llaCTHU. 60JihWe 

pe3oHaHCHOH, To npu pacceSIHHH Ha HyJieBott yroJI KoppeJISIU.HH ABYX H3JIYllCH

HhIX q>OTOHOB HMeJOT CTPYKTYPY (50) c K03q>q>uu.neHTOM A = 1. TaKaSI )Ke 3a

BHCHMOCTh OT pa3HOCTH llaCTOT, (3HepruH) xapaKTepHa AJISI HHTCpq>epeHU,HOH

HhIX KoppenSiu,nii TO)KAeCTBCHHhlx 6o30HOB B MOAeJin OAHOllaCTHllHhIX ncTol!HH

KOB. 3TO COBDaACHHe He. CJiyllaHHO: B paccMaTpHBaeMhIX yCJIOBHSIX AJISI 

onncaHHSI napHhlX KOppeJISl~HH y-KBaHTOB MO)KHO npuMeHHTh TOT )Ke npo

CTpaHCTBeHHO-BpCMeHHOH IlOAXOA (CM. (2 ]) . D:ettCTBUTCJlhHO,· npou.eccy U3Jiy

l!eHHSI ABYX Q)OTOHOB npn pacceSIHHH «BnepeA» l!epe3 npoMe)KyTOl!HOC COCTOSI

HHe B o6cy)KAaeMOH CHTyau.uu OTBellalOT ABe aJihTepHaTHBHhle B03M0)KH0CTH: 

a) H3JIYllaCTCSI Q)OTOH C l!aCTOTOH WI B HanpaBJiemrn ;ti' llaCTHIJ.hl (<IlODaAa-

JOT B pe30HaHC>>, a 3aTeM llepe3 BpeMSI t B pe3yJihTaTe pacnaAa KOMnayHA-CHCTC

Mhl H3JiyllaeTCSI Q)OTOH C llaCTOTOH w2 B HanpaBJieHHH it2; 
. ➔ 

6) H3JIYllaeTCSI Q>OTOH C llaCTOTOH w2 B HanpaBJICHHH n2' llaCTHIJ.hl <<IlODaAa-

lOT B pe30HaHC>>, a 3aTeM llepe3 BpeMSI t B pe3yJihTaTe pacnaAa KOMnayHA-CHCTC-
lhn u ➔ 

Mhl H3JIYllaeTCSI 'f'VTOH WI C llaCTOTOH B HanpaBJieHHU nl. 

C YllCTOM q>a30B0f'O 3ana3AhlBaHHSI COOTBeTCTBYIOI.IJ.HC aMDJIHTYAhI nponop-
iw t iw t 

IJ.HOHaJihHhl e 2 H e 1 , a BepoSITHOCTh H3JIYlleHHSI 
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w ~ ~ 2af I ci"'/ + ciw,t 1
2 

= 2,(1.'il}( I + cos [(wl - w2)t]). (61) 

IloCJie ycpCAHCHUSI no BpCMCHH 3ana3AhlBaHHSI t npHXOAHM K Bhlpa)KeHHJO (60) 
AJISI ABYXQ>OTOHHoii KoppCJISIU.H0HHOH QJYHKU.HH. 3aMeTHM, l!To KoppenSiu,uu He 

u lhn ➔ ➔ 
3aBHCSIT OT HanpaBJieHHH BhIJICTa 'f'VTOHOB n I U n2' 3TH HanpaBJieHIISI onpeAeJISl-

o6 
➔2➔2 

JOT TOJlhKO BCJIHllHHY w.ero MHO)KHTCJ1SI a, a2. 

IlpCAnOJIO)KHM Teneph, l!TO BTOpoe HepaBCHCTBO (2) HapywaeTCSI n AJIHHa 

BOJIHhl y-KBaHTa nopSIAKa 'HJIU MCHhllIC pa3MCpoB o6pa3ylOUJ,CHCSI CHCTCMhl. Tor

Aa CJICAYCT YllCCTh, l!TO OCTaHOBKa HallaJlhHhIX l!aCTHU." BhIJleT KOHellHhlX npo

UCXOASIT B pa3HhlX npocTpaHCTBeHHhIX TOllKax, pa3AeJICHHhlX HeKOTOphlM eeK

TOpoM 't: MO)KHO AyMaTh, l!TO 3TO npHBOAHT K AOnOJIHHTCJ1hHhIM CABttraM q>a3 
iw f iw f 

aMnJIHTYA, TaK l!TO MHO)KHTCJIH C I H e 2 B q>opMyJie (59) 3aMCHSIIOTCSI COOT-
i(w t-rrj i(w t-trj ,.. ,.. 

BCTCTBCHHO Ha C 1 1 H ~ 2 2 , rAC Kl H K2 - BOJIHOBhIC llUCJla Q)OTOHOB. 

B pc3yJihTaTc ABYXQJOTO~Hasi KoppeJJsiu.uoHHasi q>yHKU.Hsi npuHnMaeT BUA 

R
12 

= l + f P(r'; t) cos ((w 1 - w 2)t - (k';- 't;)'rjd3~t; (61) 
' ,' -

-+ ' ' ,:_ -+ 
rAC P(r, t) - 3aKOH pacnpCACJICHUSI r U t. Bhlpa)KCHHC (61) nepexOAHT B (58), 
eCJin I k'; - k'; I << l/ R, rAc R -:- pa3MCphl npoMC)KYTOl!HOH cucTeMhl. ECJiu )Ke 

I k'; - 7½ I - l IR, ABYXQJOTOHHhIC KoppCJisiu.uu 3aeucS1T OT HanpaBJICHHH BhIJle

Ta Q)OTOHOB. 

Ll:JISI A0Jlf'O)KHBYW.HX, KOMnayHA-CHCTCM CJiyllaHHl>!C pacnpeACJICHUSI tH f 

MoryT CTaTh He3aeucnMhlMH. TorAa P(r'; t) = U(rjP(t). ECJitt P(t) 3aAaCTCSI B ett

AC (23), a npoCTpaHCTBCHHOC pacnpCAeJieHHC 

l -'?'/2R~ U(r) = 
2 213 

e , (62) 
('lnR) 

TO q>opMyJia (59) AaCT I 2 ,.. ,.. 2 
- 2 R (K1-11) n 

C T--R =I+ 22' -T. 
12· l +(w

1 
-w

2
) T · 

(63) 

11cnoJih3YSI Q>OPMYJihl Tuna (63), MO)KHO B npHHU.ttne HCCJICAOBaTh He TOJih

KO apeMeHHYJO, HO u npocTpaHCTBCHHo-epeMCHHYIO CTPYKTYPhl npou.ecca reHe

pau.m1 TOpM03HhlX y-KBaHTOB. K CO)KaJICHHIO, o6JiaCTh npuMeHHMOCTH COOTHO

WCHHSI (63) AOBOJlhHO Y3Ka. IlOMHMO Toro, l!TO pellh UAeT TOJlhKO O ABOHHOM 

TOpM03HOM H3JIYllCHHH nptt pacceSIHHH «BnCpCA>> H npeAnOJiaraeTCSI cyw.eCTBO

eaHHC KOMnayHA-CHCTCMhl, CllHTalOTCSI TaK)KC BhlilOJIHCHHhlMH ABa npoTHBOilO

JIO)KHhlX no CBOCMY CMhlCJIY yCJIOBHSI: y-KBaHThl AOJIX<Hhl 6h1Th AOCTaTOllHO MSlr

KHMH (liw << E ' CM. ( l)) " BMCCTC C TCM AOCTaTOllHO )KeCTKHMH 
KHII 

( k :;: I/ R). TeM HC Mcnee o6a Tpe6oeatiuSI MO)KHO coeMecTHTh B CJiyllae pacceS1-
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HHSI TSDKeJlblX HOHOB. HanpnMCP, nyCTh ABa HOHa C A - 50 o6pa3ylOT KOMna
YHA-SIApo c paAnycoM R ~ 5 Q)M. 3TO 03Ha•taeT, l{TO AOJJ)KHhl pemcTpnposaThCSI 
y-KBaHTbl c ::mepmeu c > 40 M::>B, KoTopyio MO)KHO cqnTaTh AOCTaTOl{HO MaJJou, 
eCJJn ncxoAHasr KHHeTnqccKasi ::>Hcpmsr E I. A> 20 M::>B. Opn ::>TOM cy~ecT-

. KHII 

seJiH!);B03paqacT TaK)KC ~eKTHBHOe ceqcune reHepaQHH ABYX TOpM03HhIX y
Kllautoe, npariopQliOHaJJhHOC '2'4. 

. I '. . . : . 

AsTOl)bl 6J1aroAapn1>1 P .JleAHHQKOMY, IO.A. Tposrny n C.A.Xopoaoey aa no-
J1ean1>1e o6cy)KAettnsr; 
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