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], ruraHTCKHH AHllOllhHWH pe30HaHC AOCTaTO'IHO xo-
poruo H3Y'ICH C llOMOI.l.lhiO <iJoTOJIACPHWX peaKIJ;HH /I/.0AHa

KO B llOCllCAHCe BpCMJI HaH60llhlllHH HHTepec Bhl3hJBalOT 
pe3oHaHChi, oTnH'IHhie OT El-pe3onanca. Hx uccneAoBanue 

C llOMOI.l.lhiO <iJoTOJIACPHhiX peaKIJ;HH 3aTPYAHCHO B CHny 
npeo6naAaHHH B 3THX peaKu;HHX El-pe3onanca. 0AHHM H3 

HHCTpyMCHTOB AllJI H3Y'ICHHJI "HOBWX" rHraHTCKHX pe3o
HaHCOB CllY*HT Heynpyroe paCCCJIHHe 3llCKTpOHOB Ha HA
pax, llOAp06HO paCCMOTpCHHOe B pa6oTe f 2f.K HaCTOHI.l.ICMy 

BpCMCHH Y*C HMCCTCJI PHA 3KCnepHMCHTallhHWX pa6oT no 
paCCCHHHIO 3llCKTpOHOB C B036Y*ACHHCM ruraHTCKHX pe3o

HaHCOB B cno*HhiX HApax /eM., nanp., pa6oThi /3-5/ /. OA
naKo TeopeTH'IecKoe onucanue 3Toro npou;ecca npaKTH

'ICCKH BO BCCX pa6oTaX npOBOAHTCJI Ha OCHOBe npOCTCHlllHX 

<iJeHOMCHOnorHlJCCKHX MOACllCH AllJI nepeXOAHhiX llllOTHO· 

CTCH, nanpHMep, C HCllOllh30BaHHCM MOACllH Taccu. rpy-

60CTh ll0A06HWX MOACllCH He ll03BOllJICT npOBOAHTh AOCTa• 
TO'IHO CTpororo TeopeTH'IecKoro onucaHHH neynpyroro 
pacceHHHH 3neKTponoa, oco6enno npu 3HalJHTenLnwx nepe
AaHHhiX HMnynhcax. 

B AannoH: pa6oTe B paMKax DWBA npoBOAHTCH 
pac'leT AH<iJ<iJepenu;uanhnwx ce'leHHH neynpyroro pacceHHHH 

3neKTponoa c 3HeprueH: 60-105 M:JB AnH cnylJaH Ae<iJop· 

MHpoaannoro HApa 152 Sm. PaccMaTpuaaeTcH Bo36Y*Ae
nue El-, E2- H E3-pe3onancoa. BonHOBhie <iJyHKUHH 

H nepeXOAHhiC nnOTHOCTH, OllHChiBaiOI.l.IHC B036Y*ACHHe pe-
30HaHCHWX COCTOJIHHH, paCClJHTWBanHCh B paMKaX nony

MHKpOCKOllHlJCCKOrO llOAXOAa / 6 /. Panee TaKOH llOAXOA AllJI 

Ae<iJopMHPOBaHHhiX HACP no3Bonun xoporuo onuca Th <iJoTo
nornoll.lenue c B036Y*ACHHeM El-pe3onanca 171 H neKo
TOphie HHTerpanLnwe caoH:cTBa E2-u E3-pe3onancoa /B/ . 
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B pa6oTe, B qacTHOCTH, noKa3aHo, 'ITO c pocToM nepe-

.n.auuoro HMnynhca no.n.aBnBeTCB El-pe3ouauc no cpaB-

HeHHIO c E2-u E3-pe3ouaucaMH. 

2. )1.u$$epeHU.Ha11hHhle Ce'leHHB B paMKaX MeTO,!J,a HC

Ka)f{eHHhiX BOJIH 19 I pacc .. IHThiBanuch c yqeTOM noTepu 

3HeprHH 3JieKTpOHa B BhiXO,!l,HOM KaHane Ha B036y)f{,!J,eHHe 

g.n.pa- MHllleHH. HcKa)f{eHue 3neKTpOHHhiX BOJIH y'IHThiBanoch 

c$epuqecKH- CHMMeTpH'IHOH 'laCThlO nnOTHOCTH pacnpe.n.ene

HHB 3apg,!l,a B OCHOBHOM COCTOBHHH, napaMeTphl KOTOpOH 

onpe)J.eneHhi H3 pa6oT no ynpyroMy pacceBHHIO 3neKTpo

HOB /lOI. Mhi He paccMaTpHBanu nonepe'IHOH qacTH B3aHMo

.n.eiicTBHB 3J1eKTpOHa C .ll,!l,pOM, BKJia,!J, KOTOpOH B ,!l,H<l>$epeH

U.HanhHOe Ce'leHHe pacceBHHB CTaHOBHTCB 3Ha'IHTeJ1hHhiM 

npH yrnax, npeBhllllalOILI.HX 150° .TaKHM p6pa30M, BCB HH

$opMaU.HB 0 CTpyKType B036y)f{,!J,eHHhiX COCTO.IIHHH CO,!J,ep

)f{HTC.Il B 3ap.ll,!l,OBOH nepeXO,!J,HOH nnoTHOCTH, KOTOpa.ll nony

qeHa "cBepTKOH" nepeXO,!J,HOH nnOTHOCTH, OTBe'laiOI.IJ.eH pac

npe.n.eneHHIO TO'Ie'IHhiX npOTOHOB, C rayCCOBCKOH $yHKU.Heii, 

y'IHThiBaiOI.IJ.eii pacnpe.n.eneHue 3ap.11.n.a B npoToHe. 

C yqeTOM ,!l,BH)f{eHH.Il U.eHTpa Mace HMeeM ,!J,JI.Il 3ap.ll,!l,O

BOH nepexo.n.Hoii nnoTHOCTH: 

p~=l(r)= ~ pt (r)- ~PLn(r), PLe=ll(r)=p~(r), 

r.n.e 

pp(n) (r) =<f\\Mp(n)(r)\\ i>, 
L LfL 

p(n) Z(N)o(r-r) " 
M (r) = I ____ C!... Y * (r ) 

LfL a r 2 LfL a ' 
a 

I i > H If> - BOJIHOBhle <l>YHKU.HH uaqanhHoro H KOHe'IHoro 

COCTO.IIHHH 'leTHo-qeTHOrO .ll,!J,pa, fL - npoeKU.H.Il MOMeHTa 

Ha OCb CHMMeTpHH .ll,!J,pa. Bo36y)f{,!J,eHHbie COCTO.IIHH.Il 'leTHO

'IeTHhiX .ll,!J,ep B HCnOJ1h3yeMOM nO,!J,XO,!J,e OnHChiBaiOTC.Il O,!J,HO

$oHOHHhiMH BOJIHOBhiMH $yHKU.H.IIMH, OCHOBHOe COCTO.IIHHe 

.IIBJI.IleTC.Il BaKyyMOM $OHOHOB. 0,!J,HO$OHOHHhle COCTO.IIHH.Il 

pacc'IHThiBanucb B paMKax RPA, B Ka'leCTBe ocTaTo'IHoro 
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B3aHMO,!J,eHCTBHB HCn011h30BaJIHCb $aKTOpH30BaHHhle H30-

CKanBpHble H H30BeKTOpHhle MY11hTHn011h- MYJihTHnOJihHhle 

CHJibl H napHble KoppeJIBU.HH. KOHKpeTHbiH BH,!J, ypaBHeHHH, 

OnHChiBalOILI.HX O,!J,HO$OHOHHhle COCTOBHH.Il, npHBO,!J,HTCH B pa-

6oTaX 16 •11 1. B pa6oTe 16 1 jc. 458/ nonyqeHo Bhipa)f{eHHe 

,!J,JIB MaTpH'IHOrO 311eMeHTa 311eKTpH'IeCKOrO nepexo.n.a C 

B036y)f{,!J,eHHeM o.n.Ho$oHOHHoro ypoBHJI. llpoBo.n.n aHano

rH'IHhle BhiKJia,!J,KH, nonyqaeM ,!J,JIH nepeXO,!J,HOH nJIOTHOCTH: 

2 I LfL I 
ua{1 <() f a>Ea/1 

(r)la> ---------
- 2 2 

vN<E a.tr w ) 

p(n) Z(N) 
p L (r)= I </11Mp(nl 

a,f1 Lfl 

r,!J,e Ua{)=UaV/)+ ll{f"_a, Ua H Va - K03$$HU.HeHTbl 

KaHOHH'IecKoro npeo6pa3oBaHHH 6oroni06oBa, Eap - .n.Byx

KBa3H'IaCTH'IHaH 3HeprHH, N H Cd - HOpMHpOBO'IHhiH MHO

)f{HTeJib H 3HeprHH ,!J,JIH paCCMaTpHBaeMOrO $OHOHa, 

I L 
f "11 = _r __ (Y + (-lf Y ). 

yZ Lft L -/1 
KaK H3BeeTHo, npuBe,!J,eHHaH BepoHTHOCTh nepexo.n.a CBH-

3aHa C 3apH,!l,OBOH nepeXO,!J,HOH nJIOTHOCTbiO COOTHOllleHHeM: 

' 

00 

p L +2 I 2 B<EU=Ie(p
1 

(r)r dr . 
0 " 

3. )].JIH pacqeTOB 6hiJ10 Bhi6paHO .n.e$opMHPOBaHHOe .ll,!l,pO 
1

S
2Sm, CTpyKTypa KOTOporo paHee HeO,!J,HOKpaTHO HCCJie,!J,o

BaJiaCb B paMKaX HCnOJih3yeMoro noJiyMHKpOCKOnH'IeCKOro 

no.n.xo.n.a /eM., Hanp., pa6oThi lo- 8 / /. K TOMY )f{e,uMeiOTCH 

3KCnepHMeHTaJibHbie ,!J,aHHble no HeynpyroMy paCCCHHHlO 

311CKTpOHOB Ha 6JIH3KOM .ll,!l,pe I SO I\d, ruraHTCKHe pe3oHaH

Cbl B KOTOpOM MaJIO OTJIH'IaiOTC.Il OT pe30HaHCOB B 152 Sm . 
O.n.Ho'laCTH'IHhiH cneKTP pacc'IHThiBancg B noTeHU.HaJie CaK

coHa- By.n.ca c napaMeTpaMH H3 pa6oThl 1121. KoHcTaHThi 

H30CKaJI.IltHOrO MYJibTHnOJib-MYJihTHnOJibHOrO B3aHMO,!J,eH

CTBH.Il K onpe.n.enHJIHCh no HH)f{aiirnHM ypoBHHM. KoH

cTaHTa K \=1 onpe,!l,eJIHJiaCb H3 yCJIOBH.Il Bhi.IJ;eJieHHH ".n.yxo

BOrO" COCTOHHHB C HyneBOH 3HeprHeii 17/, a KOHCTaHThl 

H30BeKTOpHOrO B3aHMO,!J,eHCTBH.Il K)L, KaK H B pa6oTaX 17,81 , 
3a,!J,aBanuch cooTHorneHHHMH: K ~ K 6 =-1,2 ; K I I K 5 
= K ~I K J =- 1,5. 3TH cooTHOllleHHH Bhi6upanHcb H3 Tpe-

6oBaHH.Il npaBHJibHOrO OnHCaHH.Il nOJIO)f{eHHB H30BeKTOpHhiX 
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pe30HaHCOB. 0TMeTHM, 'ITO Mhl He HCnOJih3yeM npH OnHCa

HHH pacceHHHH 3JieKTpOHOB HHKaKHX HOBhiX napaMeTpOB, 

no cpaBHeHHIO, uanpHMep, c dloTonornomeuHeM /7/ /3a 

HCKJIIO'IeHHeM ynOMHHaBIIIHXCH napaMeTpOB pacnpe,ll,eJieHHH 

nJIOTHOCTH 3apH,ll,a B OCHOBHOM COCTOHHHH, KOTOphie H3BJie

KaiOTCH H3 He3aBHCHMhiX 3KCnepHMeHTOB/. 

Ha puc. 1 noKa3aHhi nepexo.n.uhle 3apx.n.oBhie nnoTHOCTH 

,ll,JIH B036y:>K,ll,eHHH HeKOTOphiX ypoBHeH pa3JIH'IHOH MY Jib

THnOJihHOCTH. Bee nepeXO,ll,Hble nJIOTHOCTH HMeiOT MaKCH

MYM ua rpaHHUe H,ll,pa, HO Be,ll,yT ce6H no-pa3HOMY BHYTPH 

nero. II pH 3Ha'IHTeJihHhiX nepe.n.aHHhiX HMnynhcax BHYT

peHHHH tiaCTh nepeXO)J.HOH nJIOTHOCTH HrpaeT cymecTBeHHYIO 

pOJih. 

Ha puc. 2 noKa3aHhi KBa.n.paThi dJopMdJaKTopoB F 2(q) = 

da daMOTT _ 
dil I dU JJ.JIH B036y:>K.n.euux ueKoTophiX ypoBHeH. 

<I>OpMdJaKTOphi )J.aiOT )J.OnOJIHHTeJihHYIO B03MO:>KHOCTh H,ll,eH

THdJHKaUHH MYJihTHnOJihHOCTH COCTOHHHH, TaK KaK )J.JIH BCeX 

6JIH3KHX no 3HeprHH ypOBHeH O)J.HOH MYJihTHnOJihHOCTH COB

na)J,aJOT yrJihl, COOTBeTCTBYIOmHe MaKCHMYMY dJopMdJaKTO

pOB. 

~ 
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Puc. 1. IlepexoOHbJe 3apJI008bJe nAomHocmu OAJI eo36yx
oeHUJI OOHOrPOHOHHbiX COCIIIOJIHUU: 1/ Lfl =11, 'I= 1 ' E = 
= 15,7 M3B; 2/LfL=22, 'I= 1 , E = 26,1 M:JB; 3/LfL=31, 
'I=O , E = 6,8 M:JB. 
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Puc. 2. Keaopambl ,PopM(jaKmopoe OAJI eo36yxoeHuJI :JAeKm-
poHaMu omoeAbHbJX ypoeHei1 e 152 Sm. 

Harnx.n.uoe npe.n.cTaBJieHHe o pacnpe.n.eneunH CHJihl rH

raHTCKHX pe30HaHCOB )J,aeT npHBe)J.eHHaH BepOHTHOCTh B03-

6y:>K)J.eHHH pe3ouaucHhiX ypoBueii. Ha puc. 3 noKa3aHhi yc

pe.n.ueuuhle no 3HeprHH B036y:>KJJ.eHHH npHBe.n.euuhle BepoxT

uocTH .n.nx El-, E2- H E3-pe3ouaucoB B x.n.pe 
152 Sm . 

Y cpe)J.HeHHe npHBe)J,eHHhiX BepOHTHOCTeH ~JIH OT ,ll,eJihHhiX 

ypOBHeH npOBO)J.HJIOCh, KaK H B pa6oTaX / 7 ,S/, C nOMOll{hiO 

BeCOBhiX dJyHKUHH Jlopeuua, napaMeTp ycpe)J.HeHHH paBeH 
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1 M:JB. 0TMCTHM, 'ITO 3TOT CB060.D.Hhlll napaMeTp HC CBH-

3aH C lllHpHHaMH pe30HaHCOB, KOTOphlC COCTaBnHIOT 5-7 M:JB, 
u onpe.nenHIOTCSI pa36poco:M 113- 3a .ne!ltopMauun H.npa ue

CKOnhKHX COTCH pe30HaHCHWX COCTOHHHH /B )J.aHHOM cny

qae - o.nno!ltononHhiX/. YKa3aHnoe 3Ha'leHne napaMeTpa 

ycpe.nHcHHH ucnonh30Banoch .nnH Toro, 'IT06hi nony'IHTh 

)J.OCTaTO'IHO nnaBHhlC KpHBhie, HC HCKa)Ka.ll HCTHHHOII lllllpH

Hhl pe 30HaHCOB. 

OKOH'laTenhHhiC pe3ynhTaThi npe.ncTaBneHhi ua puc. 4, 
r.ne noKa3aHhi ycpe.nuenHhie, KaK H ua puc. 3, .nu!lt!ltepen

uuanhHhiC CC'ICHH!I B036y)K)J.CHH.ll ruraHTCKHX pe30HaHCOB 

B I SZSm 3nCKTPOHaMH C 3HeprHHMH 63,4; 75 II 105 M:JB. 
ConocTaBnenue pe3ynhTaToB pac'ICTOB B cnyqae E 0 = 

64,3 M:JB, 0 = 93° c 3KcnepHMCHTanhHhiMH .naHHhiMH 

10 
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Puc. 4. ,[(u(J¢epeHfiUaA&Hble ce'leHUJI pacce.RHUJI 3AeKmpo
H08 c 8036yJKoeHueM 2u2a1tmcKux pe3oHaHC08 8 152 Sm 
/cnAOIUH&Ie AUHUU/. 3KcnepwweHmaA&Hble oaHHble /noKa-
3QHIJI nyHKmupoM/ 83JI111bl U3 pa6om&rl3/ OAJI l50Nd u pa6o
mbi!V- oA.R l65Ho. 
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.D;JI.H 6JIH)I(aiimero 'leTHo-qeTHoro .H.D;pa 150 Nd no3BOJI.HeT 

C.D;eJiaTb BbiBO,lJ; 0 TOM, 'iTO HCllOJih3yeMoe MO.D;eJibHOe OllH

CaHHe pe30HaHCOB .D;aeT npaBHJlhHOe COOTHOUieHHe Me)I(.D;Y 

F 1- H H30CKaJI.HPHhiM E2- pe 30HaHcaMH I a6comoTHLie 3Ha

'ieHH.H ceqeHHH .D;JI.H 150 Nd He 6LIJIH onpe.D;eneHLI :JKcnepu

MeHTaJibHO /3/ /. ,lJ.OCTaTO'iHO .HpKO llpO.!IBJI.HeTC.!I B .D;aHHOM 

cnyqae H H30BeKTOpHhiH E2-pe3oHaHc. 

fiOJIO)I(eHHe H .D;pyrHe xapaKTepHCTHKH rHraHTCKHX pe3o

HaHCOB MOHOTOHHO H3MeH.HIOTC.!I llpH nepeXO.D;e OT .!I.D;pa K 

.!I.D;py /l,?,B/, ll03TOMY HCCJie.D;OBaHHe CBOHCTB pe30HaHCOB 

B O.D;HOM .!I.D;pe, KaK 3TO C.D;eJiaHO B HaCTO.!II.QeH pa6oTe, 

ll03BOJI.HeT npe.D;CKa3~BaTb HeKOTOp~e CBOHCTBa pe30HaH

COB a .D;pyrHx .H.D;pax Toil )l(e o6nacTH. H3 conocTaaneHH.!I 

pe3yJibTaTOB paC'ieTOB .D;JI.!I 
152 Sm C 3KCnepHMeHTaJibH~MH 

.D;aHHbiMH .D;JI.!I 
165

Ho B cnyqae Eo= 75 M:JB, e = 75°BH.D;

HO, 'ITO llpH .D;aHHOM nepe.D;aHHOM HMllYJibCe HMeeTC.!I He

llJIOXOe COrJiaCHe B a6COJIIOTHbiX 3Ha'leHH.!IX Ce'leHHH, He

CMOTp.!l Ha HeKOTOpoe pa3JIH'IHe a TOMHOrO Bee a H.D;ep. 

B 3TOM CJiyqae TaK)I(e Ha6JIIO.D;aeTC.!I npaBHJibHOe COOTHo-

UieHHe Me)I(.D;Y El-H E2 -pe3oHaHcaMH. 

H3 conocTaaneHHH pe3ynLTaToa pac'leToa .D;JIH Eo = 

105 M:JB, e = 75° c .D;aHHbiMH pa6oTbl /4/ .D;JI.!I 165Ho MO)I(HO 

C.D;eJiaTb BbiBO,lJ; 0 TOM, 'ITO H B 3TOM CJiyqae HellJIOXO OllH

C~BaeTC.!I cooTHomeHHe Me)I(.D;Y E1-u E2 -pe3oHaHcaMH/xo

TH a6COJIIOTHhie 3Ha'leHH.!I Ce'leHHH .D;JI.!I 165 IJo llpH TaKHX 

nepe.D;aHH~X HMllYJibCaX Cyi.QeCTBeHHO OTJIH'laiOTC.!I OT nony

'ieHHbiX B .D;aHHoii pa6oTe/. Ba)I(HO, 'ITO a nocne.D;HeM 

cnyqae CHJILHO no.D;aaneH El -pe3oHaHc no cpaaHeHHIO c 

E2- H E3-pe3oHaHcaMH. H3oBeKTOPHLiii E3 -pe3oHaHc cHnL

HO Bbi.D;eJI.HeTC.!I KaK OT.D;eJibHbiH llHK B paiioHe 35 M:JB. 
Bo acex onHcaHHhiX npoueccax 'leTKO Bhi.D;eJI.HIOTC.H H HH3Ko

ne)l(ai.QHe aeTBH E2- H E3 -pe3oHaHcoa, 'iTO Ha6nro.D;anocL, 

HanpHMep, a pa6oTe /5/ .D;JIH H.D;pa 181 Ta. llpe.D;aapHTenLHLie 

paC'ieT~ llOKa3aJIH, 'iTO npH ei.Qe 60JibUIHX nepe.D;aHHbiX 

HMllYJibCax, HanpHMep, .D;JI.!I Eo = 160 M:JB H e = 75 ° ' 

E3 - pe3oHaHc cyi.QeCTBeHHO npeo6na.D;aeT Ha.D; E2- H, TeM 

6onee , El -pe3oHaHcaMH. O.D;HaKo a :JTOM cnyqae, no

BH.D;HMOMY, Ha.D;O BKJIIO'iHTb B paCCMOTpeHHe H B036y)I(

.D;eHHbie COCTO.!IHHH, COOTBeTCTBYIOI.QHe E4 -pe30HaHCy. 
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TaKHM o6pa3oM, aa)I(H~M npeuMymecTBOM pacce.HHHH 

3JieKTpOHOB .!IBJI.HeTC.!I B03MO)I(HOCTb aHaJIH3HpOBaTh BKJia.D; 

B ceqeHHe peaKUHH npH pa3H~X nepe.D;aHHbiX HMllYJibCaX OT 

pa3JIH'iHhiX MYJILTHllOJihH~x pe3oHaHcoa. 3To oco6eHHO aa)I(

HO .D;JI.!I 3KCnepHMeHTaJibHOrO HCCJie.D;OBaHH.!I pe30HaHCOB 

BLICUIHX MYJihTHllOJihHOCTeii. B pa6oTe 6hlno noKa3aHo, 

'iTO llOJIYMHKpOCKOllH'ieCKHH llO.D;XO.D; ll03BOJI.HeT npaBHJlbHO 

onHCLIBaTL ao36y)I(.D;eHHe El- H E2 -pe3oHaHcoa. lihlna 

TaK)I(e noKa3aHa B03MO)I(HOCTh Hccne.D;oBaHHH E3 -pe3o

HaHca. B .D;aJILHeiimeM pacceHHHe JJieKTPOHOB MO)I(eT 6LITh 

3~~eKTHBHO HCllOJib30BaHO .D;Jl.!l TeopeTHqeCKOrO HCCJie.D;o

BaHH.!I HH.D;HBH.D;yaJibH~X oco6eRHOCTeH pe30HaHCOB B pa3-

JIHl{H~X H.D;pax. Pa3BHTHeM HCllOJih30BaHHoro TeopeTH

qect<oro OllHCaHH.!I peaKI..{HH MO)I(eT fihiTb yqeT aHrapMO

HH'iHOCTH npH pacqeTe pe30HaHCH~X COCTO.!IHHH • 

B 3aKJIIO'ieHHe xoTHM no6naro.D;apHTh B.r.conoaLeaa, 

Jl.A.Manoaa H r .H.A~aHacbeBa 3a none3Hbie o6cy)I(.D;eHH.!I. 
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