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§1. BeeOeHue. 06111ue (JopMyAbl 

B pa6oTe /I I 6LIJIH paccMoTpeHbi caoiicTBa MJirKoro 
TopM03Horo H3Jiy'leHHJI, conpoao)l{)\aiOll.lero ynpyroe pac
ceJIHHe B o6nacTH nepeKpbiBaiOil\HXCJI peJoHaHcoa. B Ha
CTOJill.leii CTaTbe pe'lb DOHAeT 0 HeKOTOpbiX OC06eHHOCTJIX 
3TOrO H3Jiy'leHHJI, B03HHKaiOil\HX UpH pacceJIHHH "BnepeA". 

KaK H B /I/ , 6yAeM C'IHTaTb, 'ITO 3HeprHJI y·KBaHTa 
H CYMMapHaJI 3HeprHJI pacceHBaiOil\HXCJI 'laCTHll B CHCTeMe 
ueHTpa HHepuuu E CBJI3aHbl ycnoaueM 

f/E « 1. /1/ 

llycTb Aanee 

lR/hc « 1, a/h « 1, /2/ 

rAe R - xapaKTepHblii pa3Mep o6nacTH B3aHMOAeiicTBHJI 
pacceuaaiOil\HXCJI qacTHll, a r - xapaKTepHaJI AJIHTeJibHOCTb 
CTOJIKHOBeHHJI. TorAa AJIJI 3~eKTHBHoro ce'leHHJI TopMoJ
Horo H3Jiy'leHHJI, conpoamKAaiOll.lero ynpyroe pacceJIHHe 
Ha UpOH3BOJibHbiH yroJI 0 , cnpaBeAJIHBO COOTHOWeHHe /2,3/ 

3 f_d_a_- 1 2 --> --> --> 2 
dodndf - (2rr)2hc if<E,O)I i[<A- B),n]l , /3/ 

.... 
B KOTOpOM f{E, 0) - aMDJIHTYAa pacceJIHHJI, n - eAHHH'IHbiH 
aeKTop B HanpaaneHHH BbiJieTa l}loToHa, do- 3JieMeHT Tenec
Horo yrna B 3TOM HanpaaneHHH, dQ - 3JieMeHT TenecHoro 
~rna a HanpaaneHHH pacceJIHiiJI. qTo KacaeTcJI BeKTopoa .A H 
B, TO OHH onpeAeJIJIIOTCJI no l}lopMyJiaM KnaccuqecKoii 3JieKT
POAHHaMHKH: 
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--> --> 
--> e.v. --> efvf 
A ~ 1 1 B == ~ 141 = -----

' -----. 
i=l' 2 c - ;; . ii f= l, 2 --> --> 

c - v f n 1 

3,1l;eCb HH)l;eKCbl i H f OTHOC.IITC.II K HaqaJILHbiM H KOHeqHhiM 
--> 

qaCTHUaM, e - 3ap.ll)l;bl qacT!U, V - HX CKOpOCTH B C.U.H. 

llo CBOeMy CMbiCJiy BeKTOp A OIIHCbiBaeTC.II KJiaCCHqecKoe 

3JieKTpOMarHHTHOe H3JiyqeH~e IlpH MrHOBeHHOH OCTaHOBKe 

IiepaHqHhlx qacTHU, aeKTop B - aHanorHqHoe HJnyqeHHe rrpH 
MTHOBeHHOM BbiJieTe BTOpHqHbiX qaCTHU. 

llpH BbiiiOJIHeHHH BTOporo H3 HepaBeHCTB 121 aMIIJIHTy)l;a 

f-E,O) rrpaKTHqecKH He JaBHCHT OT E; ecnH yKa3aHHoe 

HepaaeHCTBO HapywaeTC.II, aMIIJIHTy)l;a pacCe.IIHH.II 6biCTpO 

H3MeH.IIeTC.II C 3HeprHeH / 4/ .B pa6oTaX/S,6 / IIOKa3aHo, qTo 
a 3THX ycnoBH.IIX I rrpH BbiiionHeHHH rrepaoro H3 Hepa

seHCTB 121, a TaK)I(e HepaaeHcTaa I II I, BMecTo 131 cne
)];yeT HaiiHCaTL 

r,ll;e 

d3
a 

f----= 

dodildf 
-
1
-llf<E-f,e)l 2; 2 + lf<E,O)I 2 h2 

(277) 2 tic 

-->--> 

- 2abRef<E,O)f*(E-E,O)l, 

; ==[A,;], 
-> -> --> 
b = [B, n]. 

15/ 

PeanLHO 3HeprHIO E HHKOr,ll;a HenLJ.II cqHTaTL cTporo liJHK

CHpoaaHHOH, H 1103TOMy ceqeHHe 151 Ha,ll;O ycpe,ll;H.IITh 110 

HeKOTOpOMy HHTepaany ~E B OKpeCTHOCTH HHTepecyiOJUeH 

Hac 3HeprHH E 0 . 3Ty orrepauHIO Mbl 6y,ll;eM o6oJHaqaTL 

CHMBOJIOM < >E .EcnHiiJYHKUH.II f(E,O) ,ll;OCTaTOqHorna,ll;

Ka.ll, TaKoe ycpe)l;fteHHe IIpaKTHqeCKH He BJIH.IIeT Ha COOT

HOWeHHe 151. 0)l;HaKO HaC 6y,ll;eT HHTepeCOBaTL TaK)I(e cny-

qai, KOr ,na liJyHKUH.II f(E, 0) 6biCTpO H3MeH.HeTC.II Ha HHTep

sane ycpe.nHeHH.II I 4, 51. Tor.na ycpe,nHeHHoe ceqeHHe y)l(e 

He OITHCbiBaeTC.II 4JopMyJIOH 151. ECJIH BbiiiOJIHeHO ,nOIIOJIHH
TeJILHOe ycnoaHe 

f «~E «E, 161 

4 

TO 
2 2 --> --> 

<lf<E,O)I >E "' <lf<E-f,O)J >E, a aeKTOphlaH b 
o 'o 

Ha 

HHTepaane ~E rrpaKTHqecKH He H3MeH.IIIOTC.II. Cne,ll;oaa

TenLHO, 

d 3a 
<f > 

do.dild f Eo 
171 

Re<f(E,O}f*(E -£,0)>F 
1 

<lf<E,O)I
2
>E 1; 2+h 2-2l7h . 0

1. 
<277)

2
tic 0 

<if<E,O)I
2

>Eo 

§2. TopMoaHoe uaAy'leHue npu pacce.RHUU 
"enepeo" 

B 3TOM cnyqae 

-+ ..... .... ~ 

A=B, a=h, 

H 4JopMyna 151 IIpHHHMaeT 6onee IIpOCTOH BH,Il;: 

3 
da 1 12->2 

f I f<E, 0) - f(E - f , 0) a • 
dodildf (2rr) 21\c 

IBI 

191 

EcnH aMrrnHTy)l;a f(E, 0) Me,ll;neHHO H3MeH.HeTc.ll c 3HeprH

ei, T.e. eCJIH MO)I(HO cqHTaTL,qTo f(E-f,O)== f{E,0);roTop

M03Hble KBaHTbl He o6paJyiOTC.II. H3BeCTHO, qTo xapaKTep 

JaBHCHMOCTH aMIIJIHTY,Il;hl f{E,O) OT 3HeprHH CB.II3aH C ape

MeHHhlMH xapaKTepHCTHKaMH rrpouecca pacce.HHH.II I 4 - 6 7 . 
Cna6a.11 JaBHCHMOCTh f(E,O) OT 3HeprHH COOTBeTCTByeT oqeHL 

MaJIOH BpeMeHHOH 3a)l;ep)I(Ke 1. llpH BbiiiOJIHeHHH BTOporo 

H3 YCJIOBHH 121 liJoTOHbl 3TY 3a,ll;ep)I(Ky "He 3aMeqaiOT". 

C ,ll;pyroi cTopoHbl, rrpH pacce.HHHH "arrepe,ll;" HarrpaaneHH.II 

,ll;BH)I(eHH.II CTaJIKHBaiOJUHXC.II qaCTHU TaK)I(e He H3MeH.IIIOTC.II. 

llono)l(eHHe, cne,ll;oBaTenLHO, TaKoe )l(e, KaK ecnH 6bl qac

THUhl B006IUe He pacceHBaJIHCh, a ,ll;BHraJIHCh IIp.IIMOJIHHeHHO 

H paaHoMepuo. EcTecTaeHHO, qTo TOPM03Hoe HJnyqeHHe 

B 3THX YCJIOBH.IIX OTCYTCTByeT. 
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--> 
.... e.v. .... 
A 2 --1

-
1
- B 

--> --> ' i=l, 2 c - v. n 
1 

2 
efvf 

141 
f=l,2 c- vrii 

3,IJ;eCb HH,IJ;ei<Cbl i H f OTHOC.HTC.H I< HaqaJILHblM H I<OHeqHLIM 
.... 

qaCTH.UaM, e - 3ap.H,D;bl qacT!U, V - HX CI<OpOCTH B C • .Q.H. 

llo CBOeMy CMLICJIY Bei<TOp A OIIHCLIBaeTC.H I<JiaCCHqeci<oe 

3JieKTpOMarHHTHOe H3JiyqeH~e IlpH MrHOBeHHOH OCTaHOBI<e 

IiepaHqHLix qacTHU, aeKTop B - aHanorHqHoe H3nyqeHHe rrpH 

r.t.rHOBeHHOM BLIJieTe BTOpHqHLIX qaCTHU. 

IIpH BLirronHeHHH BToporo H3 HepaaeHCTB 121 aMIIJIHTy.na 

C:.E,O) rrpai<THqeci<H He 3aBHCHT OT E; ecnH yi<a3aHHoe 

HepaaeHCTBO HapywaeTC.H, aMIIJIHTy,D;a pacce.HHH.H 6LICTpO 

B3MeH.HeTC.H C 3HeprHeH 141 .B pa6oTax1 5•61 IIOI<a3aHo, qTo 
a 3THX ycnoBH.HX I rrpH BLIIIonHeHHH rrepaoro H3 Hepa

BeHCTB 121, a Tai<)I(e HepaaeHcTaa I 11 I, BMecTo 131 cne

,IJ;yeT HaiiHCaTb 

r.ne 

d3
a 

(----= 

dodildf 
-
1

-llf<E-f,0)1 2; 2 + lf<E,O)I 2 b2 

(2 77) 2 tic 

-->--> 

- 2ab Re f<E, 0 }f*(E-E, 0) l, 

; = [A,;L .... .... --> 
b = [B, n]. 

15/ 

PeanLHO 3HeprHIO E HHI<or.na HenL3JI cqHTaTL cTporo 4>HI<

cHpoaaHHo8:, H II03ToMy ceqeHHe 151 Ha.no ycpe,IJ;H.HTL rro 

Hei<OTOpOMy HHTepaany LlE B OI<peCTHOCTH HHTepecyiOII.(eH 

Hac 3HeprHH E 0 . 3Ty orrepa.UHIO MLI 6y.neM o6o3HaqaTL 

CHMBOJIOM < >E .EcnH4JYHI<UH.H f(E,O) ,IJ;OCTaTOqHorna,n

Ka.H, Tai<oe ycpe.nfteHHe IIpai<THqeci<H He BJIH.HeT Ha COOT

HOWeHHe 151. O.nHai<o Hac 6y.neT HHTepecoaaTL Tai<)I(e cny-

qaB:, I<Or,IJ;a 4JyHI<UH.H f(E,O) 6biCTpO H3MeH.HeTC.H Ha HHTep

aane ycpe,nHeHH.H I 4, 51. Tor.na ycpe,nHeHHoe ceqeHHe y)l(e 

He OITHCbiBaeTC.H 4JopMyJIOH 151. ECJIH BbiiiOJIHeHO ,IJ;OIIOJIHH

TenLHoe ycnoaHe 

f «ilE « E, 161 

4 

TO 
2 2 .... --> 

<lf<E,O)I >E "' <lf<E-f,O)J >E, a aei<TopLiaH b 
o 'o 

Ha 

HHTepaane ilE rrpai<THqeci<H He H3MeH.HIOTC.H. Cne.noaa

TenLHO, 

d3a 
<f > 

do.dild f Eo 
171 

Re<f(E,O}f*(E -£,0)>F 
1 

<lf<E,O)I
2
>E l; 2+h 2-~b . 0

1. 
<277)

2
tic 0 <if<E,O)I 2

>Eo 

§2. TopMoaHoe uaAy'leHue npu pacceJIHUU 
"enepeo" 

B 3TOM cnyqae 

-+ .... ~ ~ 

A=B, a=b, 

H 4JopMyna 151 IIpHHHMaeT 6onee IIpOCTOH BH,IJ;: 

181 

3 
da 1 12 .... 2 11 f ----1 f(E, 0) - f(E - f , 0) a . 9 

dodild£ (277) 21\c 
EcnH aMIIJIHTy.na f(E, 0) Me.nneHHO H3MeHJieTc.H c 3HeprH

eB:, T .e. eCJIH MO)I(HO cqHTaTL, qTQ f(E-f, 0), f(E, O),TO TOp

M03Hble KBaHTbl He o6pa3yiOTCJI. H3aecTHO, qTo xapai<Tep 

3aBHCHMOCTH aMIIJIHTY,D;bi f(E,O) OT 3HeprHH CBJI3aH C ape

MeHHhiMH xapai<TepHCTHI<aMH rrpouecca pacceJIHH.H I 4 - 6 7 . 
Cna6aJI 3aBHCHMOCTh f(E,O) OT 3HeprHH COOTBeTCTByeT oqeHh 

ManoB: apeMeHHOH 3a.nep)I(I<e r. IIpH BblrronHeHHH aToporo 

H3 ycnoBHH 121 4>oTOHbl 3TY 3a.nep)I(I<Y "He 3aMeqaiOT". 

C .npyroB: cTopoHbl, rrpH pacce.HHHH "arrepe.n" HarrpaaneHHJI 

,IJ;BH)I(eHHJI CTaJII<HBaiOII.(HXCJI qaCTHU Tai<)I(e He H3MeHJIIOTCJI. 

IIono)l(eHHe, cne,noaaTenLHO, Tai<oe )l(e, I<ai< ecnH 6bl qac

TH.Ubl B00611.(e He pacceHBaJIHCh, a ,IJ;BHraJIHCh IIpJIMOJIHHeHHO 

H paaHoMepHo. EcTecTaeHHO, qTo TOPM03Hoe H3nyqeHHe 

B 3THX YCJIOBHJIX OTCYTCTByeT. 
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113 cKaJaHHoro BLITeKaeT, qTo npu pacce.IIHHH "snepe.u." 

DOCTO.IIHHLIH cl>oH, OTBeqaJOD.tHH "MrHOBeHHOMY pacce.IIHHIO" 

mo6oii npupo.u.LI /HanpHMep, noTeHuuanLHOMY pacce.IIHHJO/, 

He BHOCHT BKJia)J.a B 3cl>«1leKTHBHOe ceqeHHe TOpM03HOrO 

H3JiyqeHH.Il; reHepaUH.Il )J.OCTaTOqHo M.llrKHX y "KBaHTOB 

CB.Il3aHa TOJILKO C TOR qaCTbiO aMDJIHTY.D.LI f(E, 0 ), KOTOpa.ll 

6LICTpO H3MeH.IleTC.Il C 3HeprHeH. JTO 06CTO.IITeJILCTBO 

D03BOJI.IleT DpH 3KCDepHMeHTaJILHOM HCCJie)J.OBaHHH peJO· 

HaHCOB HJIH )J.pyrHX CXO)J.HLIX o6pa30BaHHH /HanpHMep, no

porOBLIX aHoManuii* I nonHoCTLJO ocso6o.D.HTLC.Il oT cl>oHa 

H OT HHTepcl>epeHUHH C cl>oHOM )J.a~e B TeX CJiyqaJIX, KOr)J.a 

HCCJie)J.yeMLie OC06eHHOCTH OTBeTCTBeHHLI TOJILKO Ja MaJiyiO 

qacTL 34>«lleKTHBHoro ceqeHH.Il pacce.IIHH.Il. 

ITo.u.qepKHeM, qTo npu pacce.IIHHH "snepe.u." TaKoe nono~e

HHe B03HHKaeT )J.JI.Il DpOH3BOJILHLIX HanpaBJieHHH HMDYJILCa 

cl>oTOHa **. 

§3. H3oAupoeaHH&zii pe3oHaHc 

B KaqecTse npHMepa paccMoTpHM MHoroKaHanLHoe pe-

30HaHCHOe pacceRHHe. fiyCTb H30JIHpOBaHHLIH pe30HaHC 

HMeeT yrJIOBOH MOMeHT f , a cl>oH COOTBeTCTByeT qucTO 

ynpyroMy noTeHuuanLHOMY pacceRHHJO. Tor.u.a aMDJIHTY.IJ.a 

ynpyroro pacce.IIHH.Il "snepe.u.", y.u.osneTBOPRJOD.ta.ll ycnoBHJO 

YHHTapHOCTH, ODHCLIBaeTC.Il H3BeCTHOH cl>opMyJIOH /CM., Ha· 

npHMep, /7 I/: 

* MLI 6naro.u.apHLI JI.H.Jianu.u.ycy Ja yqacTue B o6cy)I()J.e
HHH sonpoca o noporoBLIX aHoMaJIH.Ilx. 

* * fipH paCCe.IIHHH Ha yron (}-/= 0 TaK~e MO~HO )J.06HTLC.Il 
TOrO, qTo6LI DOCTO.IIHHa.ll qacTb aMDJIHTY)J;hl pacce.IIHH.Il HHKaK 
He BJIH.IIJia Ha TOpM03HOe HJJiyqeHHe/6/. ,LJ;JI.Il 3TOrO Ha)J.O 
perHCTpHpOBaTL He BCe }'"KBaHTLI, a TOJILKO Te, KOJOpj>le 
BLIJieTaJOT B uanpasneHHH, napanneJILHOM BeKTopy (A-B). 
JlerKO BH)J.eTL, qTo TOr)J.a a=b, H 34>«lleKTHBHOe ceqeHBe 
TOPM03HOro HlJiyqeHH.Il nponopUHOHaJILHO I f(E, (})- f(E -(' (} x·2. 

6 

1 2io L 2f + 1 1 
2ioe 

ee 
f(E, 0) = -- ~ (2L + 1)(e -1l+ ---

2ik L 2ik Eo - E - i !:_ 
2 

/10/ 

3.u.ecb k - BOJIHOBOe qucno, OL H oe - cl>aJLIDOTeHuHaJILHOro 

pacce.IIHH.Il, KOTOpLie MO~HO CqHTaTL He laBHC.Ili.UHMH OT 

3HeprHH, Eo - nono~eHHe pe30HaHca, re H I' - ero 

ynpyra.ll H DOJIHa.ll WHpHHLI. 

ITo.u.cTaBJI.Il.ll aMDJIHTY.IJ.Y /10/ B cl>opMyny /9/ H cquTaR 

r<< E H f << E' nonyqaeM 

d
3
a 

f----
do d!l df 

I~ 2 
e 

2 
(2rr) he 

2f + 1) 

2k 0 

1 1 2-> 2 
1----- - ------1 a , 

T T 
E 0 - E-T E 0-E+c- y 

/11/ 

r.u.e k - sonuosoe qucno, cooTBeTCTBYJOmee 3Hepruu E
0 

• 
0 -> 

,lJ.ng YlKOrO pe30HaHCa BeKTOp a MO>KeT cqHTaTLCR npaKTH· 

qecKH He laBHC.Illl{HM OT 3HeprHH. 0)J.HO H3 KOHKpeTHLIX 

npuMeHeuuii cl>opMynLI I 11/ MO>KeT 6LITL CB.IllaHo c BLI.IJ.e

JieHHeM y "KBaHTOB )J.OCTaToqHo 60JILWOH 3HeprHH, KOr)J.a 

( » r. B 3TOM CJiyqae cymecTBYIOT )J.Be o6nacTH 3HeprHH 

nepBHqHLIX qacTHU, B KOTOpLIX BepO.IITHOCTb o6pa30BaHH.Il 

y ·KBaHTOB OTHOCHTeJILHO BeJIHKa; HX DOJIO>KeHHe onpe.u.e· 

nReTCR ycnoBH.IIMH 

1 E - E 0 1 - f', 1 }<;0 + f - E 1 - r . /12/ 

,LJ;ng nepsoii Hl 3THX o6nacTeii npasa.11 qacTL nepecTaeT 

JaBHCeTb OT f, H HMeeT MeCTO cl>opMyJia 

3 
d a 

(----= 
do df! df 

1 

(2rr) 2 1'tc 

2f + 1 )2 

2ko 

r 2-> 2 
ea 

(E -E) 2 r T' 
0 + -· 4 

/13/ 
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C nOMO~biD KOTOpOH MO~HO onpe~enHTb nono~eHHe pe3o
HaHca, a TaK~e wupHHbl 1 H f'e, npuqeM ~ng Eo H 1 ~o
cTaToqHbJ OTHOCHTenbHble H3MepeHHJI. PerHCTpHpyeMble y
KBaHTbl MOryT OT6HpaTbCJI B ~OCTaToqHo WHpOKOM 3Hepre
THqeCKOM HHTepBane, yrnbl BblneTa TaK~e MOryT 6biTb 
npOH3BOnbHbiMH, TaK KaK yrnoBaH 3aBHCHMOCTb CBH3aHa 
TOnbKO C MHO~HTeneM -; 2 H MO~eT 6b1Tb nerKO yqTeHa * . 

B qacTHOCTH, ~nH 4rr-reoMeTpHH B ~opMyne /13/ BMecTo 
ii 2 cne~yeT nocne HHTerpauuu no yrny no~cTaBHTb 

~ 2 e~ 1+{3 1 e~ 1+p 2 . 
fa do=2rr{-(2ln----4f3 )+--(2ln--- 4{:i~l-

f31 1-(j1 l {32 1-1'32 

1'32 1 +f31 
-Arre e 1---[2{3 -<l-f32Hn---] + 

12f3(f3+f3) 1 1 1-{3 
1 1 2 1 

f3l 2 1+112 
+ ---- [2p -<1-{j Hn ]l, 

p2(p l + p2) 
2 2 1 - p2 

/14/ 

r~e {3 1 = v/ c, p 2 = v2 I c. Ecnu {31' f3 2 « 1, TO Bblpa:>KeHue 
/14/ ynpo~aeTcH H nepexo~HT B 

~2 8rr )2 
f a do = - (e 1{3 1 - e 2 P 2 • 

3 
/14 '/ 

Ecnu pe3oHaHc cnuwKoM yJoK, a 3HeprHH nepauqHbiX qacTHU 
~HKCHpOBaHa C nnOXOH TOqHOCTbiD, TO ~OpMyny /13/ cne
~yeT npOHHTerpHpOBaTb no HeKOTOpOMY HHTepaany ~E, 

y~OBneTBOpHIOIUeMy ycnOBHHM 

< » ~E » 1. 

PeJynbTaT HMeeT BH~ 

* Ilocne~Hee 3aMeqaHHe He OTHOCHTCH, KOHeqHo, K Y'lO
MHHYTOMY B npe~bl~yiUeM npHMeqaHHH cnyqaw, KOr~a qac
THUbl pacceHBaiDTCJI Ha yron () .j, 0, a HMnynbCbl perHCTpH
pyeMbiX y-KBaHTOB napannenbHbl BeKTopy (A-B). 

8 

.f 

' 

I 

d3 
f<--a-dE 

dodfld< 

2 

_1_(2f+ 1)2 ~;2 
2 rr'ttc 2k o 1 

/15/ 

~pyroH B03MO~Hb1H cnoco6 HJyqeHHJI Y3KHX pe30HaHCOB 
OCHOBaH Ha H3MepeHHH 3HepreTHqecKOrO cneKTpa TOpM03HbiX 
y -KBaHTOB B o6naCTH E - l .J1HTerpaUHH ~OpMynbl /11/ no 
3HeprHH nepaHqHbiX qacTHU npHBO~HT K Bbipa~eHHID 

2 
d

3 
a 1 U + 1 2 

[' e 
f<----dE= --(---) --

dodild< rrtic 2k 0 1 

( 2 .... 2 
-----a * 
€2+12 ' 

/16/ 

C nOMO~biO KOTOpOrO TaK~e MO~HO onpe~enHTb [' H r e. 

Ilo~qepKHeM, qTo COOTHOWeHHJI /11/ - /16/ OCTaiDTCJI 
6e3 H3MeHeHHH H npH Hanuquu npHMbiX Hepe30HaHCHbiX 
peaKUHH. Mo~Ho noKaJaTb, qTo B 3TOM cnyqae BMecTo 
/10/ cne~yeT HanucaTb 

1 . 2~1 
f(E 0> = ---l (2L + 1HSL -1>+ --

, 2i k
0 

L 2k
0 

[' e 2it/J 
e 

E -E .1 0 -I--
2 

/17/ 

r~e I SL I < 1, a t/J - nocToHHHaH ~a3a, y~e He CBH3aHHaH 
Henocpe~CTBeHHO C ~a30H pacceHHHJI e -aonHbl /eM. Ilpuno
:>KeHHe/. O~HaKo H3 cKaJaHHoro paHee HCHO, qTo npu nw6biX 
KOHKpeTHbiX 3HaqeHHJIX nOCTOJIHHbiX BenuqHH 'SL H t/J no
cne~HHe HHKaK He BnHHIDT Ha npouecc reHepauuu y -KBaH
TOB npu pacceHHHH "anepe~". Cne~oaaTenbHO, ponb ~oHa 
nonHOCTbiO HCKnJOqaeTCH, H pe30HaHCHbie napaMeTpbl npo
HBnHJOTCJI B qHCTOM BH~e. 

*CM. TaK:>Ke pa60TbiJ5:6T: 3aMeTHM, qTonpH E>>f' Bbl
pa:>KeHHe /16/ a~aoe npeablwaeT peJynbTaT /15/. ~nH 
cornaCOBaHHJI o6eHX ~OpMyn HY:>KHO K /15/ ~o6aBHTb TaKOH 
~e HHTerpan no o6nacTH IE 0 + E - E I - 1 
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§4. 3pUKCOH06CKUe r/JAYKTflya~UU 

06paTHMCJI Tenepb K TOpM03HOMY H3Jiy'IeHHIO, CBJI3aH· 
uoMy c 3PHKCOHOBCKHMH !llnyKTyauuJIMB /1, 5/. Hcxo.nuaJI 4lop
Myna /7/ nepexo.nuT npu pacceJIHHB "snepe.n" B 

d3a 
<£----> 

dodP. dt Eo 

_,2 2 
2a l <I f(E,O>I > F 

0

-

(2rr) 2nc 
/18/ 

- Re< f(E, 0) f*(E - f, 0)> E l . 
'o 

llyCTh aMTIJIHTy_na pacceJIHBJI co_nep:>KHT, KpOMe !llnyKTyHpyiO· 

meii qacTu, eme u nocTOJIHHoe cnaraeMoe. Tor.na, KaK no
Ka3auo B pa6oTe /l /, npu pacceJIHBH ua yron 0 /o 0 senuquua 

d 3a 
<t ' dodf!dt / Eo 

TaK:>Ke co.nep:>KHT .nononuuTeJihHoe cna-

raeMoe, He 3asucJimee oT (. B npuuuune, 3To ue MewaeT 

B3MepeHHIO napaMeTpOB 3pBKCOHOBCKHX !llJIYKTYaUHH, HO 
MO:>KeT DpHBeCTH K ueo6xo.nHMOCTH CBJihHOrO yBeJIH'IeHHJI 

cTaTHCTBKH, ecnu yKa3aHHhlii qneu .nocTaTO'IHO senuK. Pac

ceJiuue "snepe.n" o6na.naeT B 3TOM CMhiCJie npeuMymecTBOM, 

3 d (T 

TIOCKOJihKy BeJIB'IHHa <t ----->, B _naHHOM CJiyqae 
dodf! dt l< o 

paccMaTpHBaeMOH TIOCTOJIHHOH KOMTIOHeHThl He co_nep:>KHT. 
llpe_nnOJIO:>KHM, 'ITO HMeeTCJI H30JIBpOBaHHhiH pe30HaHC 

co cpasuuTeJihHO 6onhwoii wupuuoii I' B c yrnoBhiM MOMeH

TOM f Ha 4loue MHO:>KeCTBa 6onee Y3KHX B O'IeHb CHJihHO 

nepeKphiBaiOIUHXCJI pe30HaHCOB C yrJIOBhiMB MOMeHTaMH, 
OTJIB'IHhiMB OT C. qTO MO:>KHO Tor_na CKa3aTb 0 TOpM03HhiX 

y ·KsauTax, o6pa3yiOmuxcJI npu pacceJIHBB "snepe.n"? B 3TOM 
cnyqae, aMTIJIBTy.na pacceJIHHJI 

rm,m = r 1m,m + f 2 <E,O>, 

r_ne f 1 (E, 0) • 6peiiT • BBrHepOBCKaJI aMTIJIBTy_na, a f 2<E, 0) • 

aMTIJIBTy.na pacceJIHBJI ua nepeKphiBaiOUUIXCJI pe3ouaucax, 
co_nep:>KamaJI B COOTBeTCTBBB C /1, 4/ HeKOTOpoe TIOCTOJIHHOe 
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CJiaraeMoe, COOTBeTCTBYIOIUee .nu!llpaKUBOHHOMy pacceJIHBIO, 
u cnaraeMoe c 6blcTpo B3MeHJIIOmeiicJI cnyqaiiuoii 4la3oii. 
B 3<WleKTBBHOe Ce'IeHBe TOpM03HOrO H3Jiy'IeHBJI TIOCTOJIHHOe 
cnaraeMoe, KaK JICHO H3 /9/, ue sxo.nuT. H3 !llopMyJihl /18/ 
cne.nyeT, 'ITO B paccMaTpusaeMhiX ycnoBBJIX 

d 3
a d 3a (l) d 3a (2) 

<( > =<f----> + <f > 
dodf!df F: o dodf! df F: o do df! df Eo 

/19/ 

DpH'leM nepBhiH 'IJieH COOTBeTCTByeT H3Jiy'IeHHIO, CBJ13aHHOMY 
TOJihKO C B30JIBpOBaHHhiM pe30HaHCOM, a BTOpOH - TOJihKO 

C nepeKpbiBaiOIUBMHCJI pe30HaHCaMH. 06e KOMTIOBeHThl TOp· 
M03HOrO HlJiy'IeHBJI llpOCTO CKJia_nbiBaiOTCJI, BHTepcbepeHUHJI 

OTCYTCTByeT *, llyCTh :.meprBJI perBCTpupyeMbiX y·KBaHTOB 
f COTIOCTaBHMa C BeJIB'IBHOH BHTepBaJia KOppeJIJIUBB L\ ; 
Tor.na 

( « r , f 
1 
(E, 0) "" f 

1 
(E - f , 0) 

d 3a (l) 
H <f >E "' 0. 

dodfldf ~o 

Cne.nosaTeJihHo, B 3TBX ycnoBBJIX reuepauuJI y·KBaHTOB 
o6ycnosneua TOJihKO nepeKphiBaiOmBMBCJI YlKHMB peJouau· 

CaMB. )l;JIJI 6onee >KeCTKBX y·KBaHTOB, KOr_na 1\<<f - r , 
d

3
a (l) v d 3

a (2) 
'IJieH <£---->F: =/ 0, a BTOpOB 'IJieH <f---->E ne· 

do df! df 'o do dDdf o 

pecTaeT JaBHCeTb OT 3HeprBB t, TIOCKOJihKY B 3TOM CJiyqae 

2 < f 2<E, 0> f~(E - t , 0>> F = I < f 2 <E, 0>> F I • B BTore BhiJICHJI· 
0 0 

* llpu o6bi'IHOM pacceJiuJIB: I 6e 3 reuepauuu y - KBaHTOB/ 
HMeeT MeCTO BHTeP!llepeHUBJI Me)l(_ny pacceJIHBeM Ha BlOJIB· 
POBaHHOM peJOHaHCe B .nu!llpaKUBOHHOB 'IaCTh pacceJIHBJI 
ua nepeKphiBaiOUUIXCJI pe3ouaucax. Cxo.nua11 HHTeP!llepeuuu• 
BOJHBKaeT u npu reuepauuu y ·KsauToB, ecnu pe'lh u.neT 
o pacceJIHBH ua yron ()=!0. O.nuaKo npu pacceJIHBB "snepe.n" 
BHTeP!llepeHUBB BeT npOCTO TIOTOMy, 'ITO TIOCTOJIHBaJI .nu· 
!llpaKUBOHHaJI KOMTIOHeHTa BOo6me OTCYTCTByeT. 
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e:rcs B03M0)1(HOCTL pa3,IJ.enLHOrO H3y'leHHJI o6eHX KOMIIO· 

HeHT y ·H3nyqeHHJI. 

§5. AonoAHUIIfeAbHble 3aMe'laHU.R 

CKa3aHHoe o6 H3ny'leHHH y-KaaHTOB IIPH pacceJIHHH 

"a11epe.u." cne.u.oaano 6LI .D.OIIonHHTL oueHKoii aenH'IHHLI llo

npaBO'IHLIX qneHOB, B03HHKaiOIUHX llpH pacceJIHHH Ha ManLIH 

yron 0 f. 0. O.u.HaKo TaKyiO oueHKY HenL3JI llpOH3BeCTH B o6I.QeM 

BH,IJ.e, noCKOnLKY OHa CHnLHO 3aBHCHT OT pa3nH'IHLIX KOHKpeT

HLIX o6cToJITenLCTB. Ceifqac MLI 3aMeTHM TonLKO, 'ITO 11ocne 

ycpe.u.ueHHJI no a3HMyTanLHOMY yrny o6cy)I(.IJ.aeMLie 11o11paBKH 

llpOIIOPUHOHanLHLI ()2, T.e. MoryT 6LITL C,IJ.enaHLI ,IJ.OCTaTO'IHO 

ManLIMH ,IJ.a)l(e llpH He O'leHL ManLIX (). 

MO)I(HO Ha,IJ.eJITLCJI, 'ITO H3nO)I(eHHLie BLIWe C006pa)l(eHHJI 

CIIOC06HLI IIOCny)I(HTL OCHOBOH ,IJ.nJI COOTBeTCTBYIOI.QHX 3KCIIe

pHMeHTOB KaK B o6naCTH JI,D.epHOH I!IH3HKH, TaK H B I!IH3HKe 

3neMeHTapHLix qacTHU. B qacTHOCTH, pe'IL MO)I(eT H.IJ.TH o6 

YTO'IHeHHH IIOnO)I(eHHH H WHpHH pe30HaHCOB, B03HHKaiOI.QHX 

IIPH paccesHHH qacTHU BLICOKoii 3HeprHH, KaKoBLie llapaMeT

PLI H3BeCTHLI ceiiqac B pB:,IJ.e cnyqaeB C llnOXOH TO'IHOCTLIO. 

C11euuanLHO MO)I(HO yKa3aTL Ha Hccne.u.oaaHHe T.H. "JI.u.epHLix 

H3o6ap" /eM., Hallp., /B-13/ /, IIOCKonLKY a 11poueccax 6e3 

TOpM03HOrO H3nyqeHHJI HX o6pa30BaHHe 06LI'IHO COIIpOBO)I(

,IJ.aeTCJI O'leHL 6onLWHM Hepe30HaHCHLIM I!IOHOM. 

B CBJI3H c B03MO)I(HLIMH llpHMeHeHHJIMH a o6nacTH Tpa

.D.HUHOHHOH JI,IJ.epHOH I!IH3HKH OCTaHOBHMCJI TaK)I(e KpaTKO Ha 

ponH 3neKTpOHHOH o6ono'IKH aTOMOB /5/. B MOMeHT CBOero 

B03HHKHOBeHHJI KOMIIayH,IJ.- B:,D.pO MrHOBeHHO IIOnyqaeT HM

llynLc, paBHLIH HMIIynLCY llepBH'IHOH 'laCTHULI, TaKOH )l(e 

110 BenH'IHHe HMIIynLC TepJieTCJI llpH IIOCne,IJ.yiOI.QeM paCIIa,Ae 

KOMIIaYH.D.- JI,IJ.pa. Ka)I(.IJ.LIH H3 3TH X .u.ayx 11ocne.u.oaa TenLHLIX 

TOn'IKOB MOr 6LI, B llpHHUHIIe, llpHBeCTH K HOHH3aUHH aTOMa 

3a C'leT "CTpJIXHBaHHB:" KaKOrO-TO KOnH'IeCTBa 3neKTpo

HOB / 14/.0,IJ.HaKO B HHTepecyiOI.QHX HaC ycnOBHJIX 3TOT 3~eKT 
llpaKTH'IeCKH He llposanseTcJI. B caMoM .u.ene, llpHIIornoi.Qe

HHH llpoToHa, HMeiOI.Qero KHHeTH'IeCKYIO 3HeprHIO Ep"' 10 M3B, 
JI.D.POM c aTOMHLIM HOMepoM A "' 100 llocne.u.Hee llpHo6peTaeT 

-3 c CKOpOCTL V "'1 ,4• 10 • 3Ta BenH'IHHa Mana 110 cpaBHeHHIO 
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CO CKOpOCTLIO ,IJ.a)l(e BHeWHHX aTOMHLIX 3neKTpOHOB, H "CTpJI

XHBaHHJI" npaKTH'IeCKH He npOHCXO,IJ.HT. 

llpu A "'10 CKopocTL s.u.pa y)l(e .u.ocTaTO'IHO aenHKa, H 

"CTpB:XHBaHHe" MOrno 6LI HMeTL MeCTO, HO 3,IJ.eCL cne,IJ.yeT 

HMeTL B BH.D.Y, 'ITO apeMJI )I(H3HH nerKHX KOMIIayH,IJ.· JI,D.ep 

O'leHL Mano 110 cpaBHeHHIO C BpeMeHaMH, xapaKTepHLIMH 

.u.ns HX 3neKTpoHHLix o6ono'leK. B 3THX ycnoausx .u.aa o6cy)l(

.u.aeMLIX nocne,IJ.OBa TenLHLIX TOn'IKa CnHBaiOTCJI B e,IJ.HHLIH 

TOn'IOK C CYMMapHOB llepe,IJ.a'leH HMIIynLCa, KOTOpaJI BenHKa 

npu pacceJIHHH Ha 6onLwoii yron, HO paaHa Hymo 11pu pac

cesHHH "anepe.u." /l 5/. Cne.u.oaaTenLHO, H B 3TOM cnyqae 

HHKaKoro "CTpJIXHBaHHJI" HeT. 

B pe 3YJILTa Te MLI llpHXO,IJ.HM K 3aKniO'IeHHIO, 'ITO B reHe

paUHH TOpM03HLIX y·KBaHTOB yqacTByeT He B:,D.pO caMO no 

ce6e, a aecL aToM B uenoM. 0TCIO.IJ.a cne.u.yeT, 'ITO B l!lop

Mynax /4/ 3aps.u. s.u.pa Ze cne.u.yeT 3aMeHHTL Ha aenH'IHHY 

e(Z- F(c)), B KoTopoii F<<)- aTOMHLIH l!lopMI!IaKTop. Ecnu 

pe'IL H,IJ.eT 06 H3y'leHHH 3pHKCOHOBCKHX l!lnyKTaUHH, TO 

3KCnepHMeHTLI C TOpM03HLIM H3nyqeHHeM MOryT ,IJ.aTL HOBYIO 

HHI!IOpMaUHIO llpH 3HeprHH y - KBaHTOB IIOpJI,IJ.Ka HeCKOnLKHX 

K3B, Kor.u.a Tpa.D.HUHOHHLie MeTO.IJ.LI nepecTaiOT 6LITL 3~eK
THBHLIMH. B 3THX ycnOBHJIX aTOMHLIH l!lopMI!IaKTOp .F(f) 6nu-

30K K Z, T .e. TOPM03Hoe H3ny'leHue BLI3LIBaeTCJI TOnLKo 

nepBH'IHLIMH 3apJI)I(eHHLIMH 'laCTHUaMH. 

H3nyqeuue y·KBaHTa collpOBO)I(.IJ.aeTcs OT.D.a'leii, KOTo

pas MO)I(eT npHBeCTH K HOHH3aUHH aTOMa, ecnH HMIIYnLC 

OT.D.a'IH nepe.u.aeTcJI O.IJ.HOMY H3 3neKTPOHOB. BepoJITHOCTL 

3Toro npouecca cTpeMHTcs K HyniO, Kor.u.a F(c)_,z, T.e. 

,IJ.nJI ,IJ.OCTaTO'IHO MB:rKHX Y "KBaHTOB C HHM MO)I(HO He C'IH

TaTLCJI. HOHH3aUHJI MO)I(eT 6LITL TaK)I(e BLI3BaHa HeiiOCpe.u.

CTBeHHLIM KynOHOBCKHM B3aHMO,IJ.eHCTBHeM llepBH'IHOH 3apB:

)l(eHHOH 'laCTHULI C 3neKTpoHaMH Toro aTOMa, Ha .!I,IJ.pe KOTO

poro IIPOH30wen aKT yllpyroro pacceJIHHJI. no IIOPJI.D.KY 

e 2 2 
BenH'IHHLI COOTBeTCTBYIOI.QaJI BepOJITHOCTL paBHa (~) Z 

r,IJ.e V - CKOpOCTL 'laCTHULI; ,IJ.nJI He CnHWKOM 6onLWHX Z 3Ta 

BenH'IHHa Mana, H B llepBOM llpH6nH)I(eHHH eiO MO)I(HO llpe

He6pe'IL. 

OcHOBHoe 3aTpy.u.HeHHe B 3KCIIepuMeHTax c TOPM03HLIMH 

Y-KBaHTaMH o6ycnoaneHo Manoii aenH'IHHOH 3~eKTHBHoro 
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ce<teHHJI. O.nHaKo B HacTOJII.Qee apeMJI TaKue 3KCIIepuMeHTLI 
BIIOnHe peanhHhi, 6onee Toro - OHH Y*e llpoao.nunHCh KaK 
B cPH3HKe 3lleMeHTapHbiX <taCTHI.J;/CM., Hallp., /16/j, TaK H B 
JI,nepHOH cPHJHKe/17/,xoTJI u 6e3 Clleu;uanbHoro BLI,neneHHJI 
co6LITHH, CBJI3aHHhiX c pacceJIHHeM "a11epe.n". 

flpUAOJICeHUe 

,lJ;nJI o6ocHoBaHHJI ciJopMynhl I 17 I aocllonL3yeMCJI o6I.QHM 
Bblpa*eHHeM ,nnJI aMIInHTy,nhi pacceJIHHJI "a11epe.n" 

f<E, 0) = -
1- I (2L + 1 )(~(E)- 1). 

2 i k L 
/1/ 

3.necb SL (E)- .nuaroHanbHbiH 3neMeHT S -MaTpHu;hl, oTae<taro
I.QHH axo,nHoMy KaHany c yrnoBbiM MoMeHTOM L<l SL <E) I 'S_ 1) . 

B pe 30HaHCHOH o6nacTH Mhl MO*eM llpeHe6pe<th 3aBHCHMO
CTbiO ciJoHa OT 3HeprHH H Bbi,nenHTb 6peHT- BHrHepOBKHH 
qneH. llpH 3TOM 

1 2f +1 -
f<E,O> =--I <2L+l><SL-l)+ <Se<E>-V, /11/ 

2ik L ;bf 2ik 

r,ne 8 f (E) - ,nuaroHanbHbiH 3lleMeHT 8- MaTpHI.J;hl, HMeiOI.QeH 
CTpyKTypy 

A 

A A G 
s + i . r 

p Ea-E -12 
/III/ se <E> 

.. 
Ma TPHI.J;bl s e H G ' BXO,nB~He B I I II I' He 3aBHCBT OT 3Hep
rHH, llpH<teM MaTpuu;a G ciJaKTOPHJyeTcJI, T .e. HMeeT 
paur I /18/, H3 Tpe6oaaHHJI T-HHBapHaHTHOCTH cne.nyeT, 
'ITO o6e MaTpHu;hl Sp H G CHMMeTpH<tHhl. C y<teToM caou
CTBa ciJaKTOPH3yeMOCTH 3neMeHTbi G HMeiOT au.n: 

G =A A mn m n' I IV I 
r.ne Am H An - KOMIIneKCHhle aenH<tHHhl. Ycnoaue yHHTap
HOCTH llpHao,nHT K TOMY, 'ITO ciJoHoaaB MaTpuu;a Sp JIBnBeTcB 
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YHHTapHoii, a BenH'lHHhi Am H An y,noaneTBOpJIIOT paaeHCT
BaM/19/ 

I lA 1
2 

=Irn=f', An= IAin<~o)nm n n n m L 
IV/ 

JlcHo, 'ITO A H A HMeiOT CMhlcn aMIInHTy,n pac11a.na pe-m n 
30HaHca 110 KaHanaM m H n ,cooTBeTCTBeHHO. Kaa.npaTbl 
Mo.nynB aMIInHTy,n, oqeau.nuo, coa11a,na10T c 11apu;uanLHbiMH 
WHPHHaMH pac11a.na pe3oHaHca. TaKHM o6pa3oM, 

2it/J 
1 - 1 f'ee 
-<Se<E>-1>=7""<Sp-V+ .r, 

E - E- 1-o 2 

/VI/ 

r,ne [' e - llapu;HanbHaB WHpHHa pac11a,na 110 BXO,nHOMY KaHany 
/yllpyraJI WHPHHa/, a t./1- ciJa3a aMIInHTy,nLI pac11a.na 110 axo.n
HOMY KaHany, CBB3aHHaB C B3aHMO,neqcTBHeM B KOHe'lHOM 
COCTOBHHH . EcnH 3TO B3aHMO,neHCTBHe CBO,nHTCB K IIOTeH
I.J;HanbHOMY pacceBHHIO, TO t./J == 0 f /CM. ciJopMyny /10//. 
C y<teToM I VI I cpa3y llonyqaeTCB Bblpa*eHHe I 17/ .nnB 
aMIIllHTy,nbi pacceBHHJI a11epe.n". 
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