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1. Beeoeuue 

B 3TOH pa6oTe Mbl np0A0n:>KaeM H3yqeHHe npou:eccoB 

pacceHHHJl B 0AH03JICKTp0HHblX CHCTeMaX / I ,21. 113 - 3a Bbl CO· 

KOH CTeneHH CHMMCTPHH KyJI0H0BCKoro B3aHMOACHCTBHJl B 

TaKHX CHCTeMaX 0Ka3blBaeTCJl B03M0)KHbIM ToqHblH pacqeT 

3JICKTP0HHOH 3HeprHH KaK il>YHKU:HH MC)K'bJIACPH0ro paCCT0Jl • 

HHJI, a TaK:lKe MaTpHqHblX 3JICMCHTOB, K0T0pble npeACTaB

JIJIIOT B3aHMOACHCTBHe pa3JIHqffbIX 3JICKTP0HHblX COCTOJIHHH. 

TaKHe pacqeTbl npHB0AJIT K CHCTeMe ypaBHCHHH MCT0Aa 

B03MYU{CHHbIX CTaU:H0HapHbIX COCTOJIHHH /aAHa6aTHqecKoe 

npeACTaBJICHHe/ AJIJI COOTBCTCTBYIOiu;eii 3aAaqH pacceJIHHJl 

HJIH 3aAaqu Ha CBJl3aHHble C0CT0JIHHJI. MbI HeAaBH0 DOApo6-

H0 o6cy:lKAaJIH TPYAH0CTH, K0T0pbie B03HHKaIOT npH HCD0JIL-

30BaHHH :noro npeACTaBJieHHJl 131. OAHaKO B 3TOH pa6oTe Mbl 

orpaHHqHMCJl np0CTbIM npH6JIH:lKCHHCM ABYX COCTOJIHHH, 

K0rAa 3TH TPYAH0CTH ne JIBJIJIIOTCJI npHHU:HDHaJibHblMH, a 

T0qH0CTb MCT0Aa 0CTaeTCJI BblCOKOH. liYAYT npeACTaBJICHbl 

pe3yJILTaThl pacqeTa npou:ecca 

/1/ 

-3 
AJIJI 3Hepruii 10 3B ~E~S 3B B cucTeMe u:eHTpa Mace. 

MeTOA D03B0JIJleT OAHOBpeMeHHhlH pacqeT ynpyrux ceqeHHH 

H ceqeHHJI nepe3apJ1AKH. IlpoH3B0AHTC.JI aHaJIH3 KOJie6aTeJIL

HOH cTpyKTYPhl 3THx ceqeHuii. 

PaHee / I/ Mbl HCD0Jib30BaJIH aHanoruqHoe npeACTaBJICHHe 

AJIJI pacqeTa npou:ecca nepe3apJ1AKH 

_D(1s)+p ➔ H(ls) +d, /2/ 

X0TJI B HaCTOJIIu;CH pa6oTe 6blna HCD0Jih30BaHa HHaJI M0AH

it>uxau;HJI MCT0Aa 4>a30BblX 4>yHKU:HH. 
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2. Ypaa11e11uJ1 u 060311a<leHUJ1 

3 ~ + a,n;aqa Tpex TeJI: npoT0Ha c MaccoH mp , µ - Me3oHa 
c Maccoii m 1 H 3JieKTpoHa c Maccoii me M0:>KeT 6LITL cBe,n;e
Ha B CHCTeMe ueHTpa Mace K ypaBHeHHIO Illpe,n;HHrepa C ra
MHJILT0HHaH0M 

1 H =- - ~.t + H 
2M tt o /3/ 

1 1 1 1 H =---~ ----+-o 2m 1 r 
1 

r 
2 

R /3a/ 

H npHBe,n;eHHhlMH MaccaMH 

1/M = 1/m P + l/m1 ; 1/m = 1/me + 1 / ( m P + m 1 ) • /36/ 

3,n;e CL r - pa,n;Hyc - Be KT OP 3JieKTP0Ha no 0THOIIIeHHIO K ueHT -
PY Mace H,n;ep, a R - pa,n;Hyc-BeKTop 0TH0CHTeJILHoro no

JI0:>KeHHH TH:>KeJihlX qacTHU. PacCTOHHHH 3JieKTP0Ha ,D;0 H,D;ep 

3a,n;aIOTCH BeJIHqHHaMH rl H r 2 • 
H3 6eCKOHeqHoro Ha6opa pemeHHH 3a,n;aqH ,D;BYX ueHT

P0B 

H0 ¢a(1;R)= Ea(R)¢a(r;R) /4/ 

MLI B03LMeM ,n;Ba:lJ sa (gerade) H 2pa (ungerade ), K0T0PLie 

B npe,n;ene R ➔ oo y,n;o6Hhl ,n;JIH npe,n;cTaBneHHH peaKUHH / 1/. 
,lJ;aJiee peIIIeHHe nOJIHOH 3a,n;aqH 

➔ ➔ 

HIP (R ,1) = E q, (R,r) /5/ 

Hll.{eM B BH,D;e 

➔ ➔ ➔ -: ➔ -

lJl(R,r)=tjJ 1(R)[¢g+¢u]/y2 + tfr 2 (R)[¢g-¢u]/y2. /6/ 

Ilo,n;cTaBJIHH 3T0 pa3JI0:>KeHHe B ypaBHeHHe /5/, HHTerpHpyJI 
no "3JieKTPOHHhlM" nepeMeHHhlM f' H np0H3B0,Il;H pa3JI0:>KeHHe 
no napuHaJILHhlM B0JIHaM, npHX0,Il;HM K CHCTeMe ,D;BYX pa
,D;HaJILHhlX ypaBHeHHH: 

4 

,, 

i' 

' I 
"'\,,. 

t 
i 
' ·t 

[ d2 . 2 
dR2 + kl -

f(f+J.L - ~ 
R2 lx1 -Kux1+~2X2+2q2dR 

/7/ 

d 2 2 f(f+l) dxl 
[---.. + k2 - __,_...;....;;;;.:;_ ] X = K X + K X - 2 Q -- • 

d R ~ R 2 2 22 2 -2 I I 12 d R 

K
11

(R)=M(W +W )+(K +K -K -K )/2 g u gg uu gu ug 

K (R} = M( W -W ) +(K -K +K -K )/2 
12 g u gg ug gu uu /8/ 

K (R}=M(W - W )+(K -K -K +K )/2 21 g u gg uu gu ug 

K
2 

fR ) = M ( W + W ) + ( K + K + K + K )/2 Z- g u gg uu ug ug 

Q (R}=-Q 12 i;u , 

MaTpHqHLie 3JieMeHThl K g•···K uu•Q onpe,n;eJIHIOTCH cJie-• g gu 
,n;yIOI.I.{HM o6pa3oM: ti 

Kij =<iJ-L'!J\I i> 
/9/ 

➔ 

R . 1 • .•• 
Qij = -R < 1 I -'V it I > ; 1, J = g, u 

OHH M0ryT 6b1TL Haii,n;eHhl npH peIIIeHHH 3a,n;aqH /4/ )];JI.II 

B0JIH0BhlX <i>YHKUHH <p g,Jr; R ) H co6CTBeHHhlX 3HaqeHHH 
/TepMOB/ w g,u (R) . H3 paBeHCTB /8/ H rpaHHqHhlX ycJIOBHH 
3a,n;aqH pacce.llHH.11 MO:>KH0 noJiy'IHTL BLlpa>KeHH.11 ,D;Jl.11 awnyn1,,-

C0B B KaHaJiax 

2 2 2 
k

1
=k

2
+(mp-m 1 )/(mp+m 1), k 2 =2ME. /10/ 

MaTpH'IHLle 3JieMeHThl /8/ B acHMnTOTH'leCKOH o6JiaCTH 
MOryT 6hlTL HaiiAeHbl aHaJIHTB'leCKH / 41 • 6yKea E o603H&-
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'-laeT 3HeprHIO CTOnKHOBeHHH, KpoMe Toro, Mbl BOCDOnL30-
nanHCL eAHHHD;aMH e == i\ = m = 1, 

CHCTeMa ypaBHeHHH /7 / c COOTBeTCTBYIOIUHMH rpaHH'-1-
HblMH ycnOBHHMH Il03BOnHeT paCC'-IHTaTL npou;ecc /1/. 
Hcnonb30BaHHblH HaMH MeTOA pac'-leTa BKnIO'-laeT B ce611 
TaK)Ke HeI<OTOpble 3KBHBaneHTHble npeo6pa3oBaHHJI 3TOH 
CHCTeMbl /I~ OAHaKO 3TH npeo6pa3oBaHHH, Bbl3BaHHble YA06-
CTBOM npH npoBeAeHHH '-IHCneHHblX pac'-leTOB, OKa3anHCL 
HeYA06HblMH, KOrAa Aeno AOWno AO cbH3H'-leCKOH HHTepnpe
TaD;HH pe3ynLTaTOB pac'-leTa. 

3. Pe3yA&ma111&1 u 06cyxoe11uJ1 

Ce'-leHHe o6pa30BaHHJI MIOOHiUI B OCHOBHOM COCTOJIHHH 
Mu( 1 s ) npHBeAeHo Ha puc. 1. Pe3KHii DOA'LeM ce'-leHH.ff 
npH Manblx k HanoMHHaeT,, 1/ V 3aI<oH", KOTOpblii, OAHaKo, 

BCTynaeT B cuny nHWL TOrAa, KOrAa B ce'-leHHe AaeT BKnaA 
TOnbKO s -eonHa. B AeHCTBHTenLHOCTB, B 3TOH o6naCTB 
3Heprnii BKnaA B o6pa30BaHBe MIOOHHJI AaIOT HeCKOnbKO 
napu;HanbHblX Bonn. XapaI<TepHblH MHHHMYM HMeeT MeCTO 
npu k 2 = 0,35. ,l].anee cneAYIOT ocu;unnnu;uu op6HTHpoeaHHn. 
3TO MO)KeT 6b1Tb ycTanoeneHO npH IlOMOID;H puc. 2, Ha 1<0-
TOPOM AaHbl npHMepbl 3cbcbeKTHBHblX aAHa6aTH'-leCKHX no
TeHu;Hanon vr (R)=2MW (R)+r(r+l)/R 2 • CeMeHCTBono-r g,u g,u 
TenunanoB V AnH e > 5 He HMeeT CTPYKTYPhl, HO IlOTeH-e u -
uuanhl V o6naAaIOT JIPKO Bblpa)KeHHbIM u;eHTpo6e)KffbIM 
6apLepo:A AnH 1 ~ f ;5 17. 3acbHKCHPOBaB BenB'-IHIIY e , 
Mbl MO)KeM HaiiTH 3HeprHIO 1<nacCB'-1eCKOro op6HTBPOBallHJI 

E op6 ' a 3aTeM onpeAenBTL 3Ha'-1e1rne COOTBeTCTBYIOID;ero 
HMnynLca op6uT11poea11HJI k f = y'2M E

0 6 . B ma6A. 1 npu
neAeHbI 3Ha'-leHHH k e H a6cu;HCCbl 3Kc¥peMyMOB B ce'-leHHH 
nepe3apHAKB a ex• 0:3 Ta6nuu;bl cneAyeT Ka'-leCTBe11Hoe 
noATBep)l(Aenue 11awero npeAnono)KeHBH. AnanorH'-IHbIH aua
nH3 HBnHeTCH 3Ha'-IHTenLHO 6onee y6eAHTenbHblM An.II peaK
UBB /2/, '-ITO cneAyeT H3 ma6A. 2, KOTOpag IlOCTpoeua TeM 
)Ke o6pa3oM, '-ITO H ma6A. 1. ,l].n.JI e = 45 B cnyqae peaKu;HH 
/2/ u An.fl e = 18 AnJI peaKD;BB /1/ u;e11Tpo6e)KHL1H 6apbep 
BC'-le3aeT, 110 ero cneA 11e1<0Topoe apeMH npo.11an11eTc.11 B 
ce'-leHBH nepe3apnAKH B BHAe ocu;unn11u;uii paAyru /S/ 
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Ta6Auija 1 (H+ µ+) 

yrnOEO~ MOMeHr 1 II 12 I3 14 IS I6 I7 I8 

K~accHqecKHn HMnyn~c 
I.OS' I.23 I.37 I.53 I.69 I.86 2.05 opo11r11pOE8Hl1ll k f 

(pHC. 2) 

aocuHcca aKcrpeuyua - I.25 I.38 I.58 I. 72 I.92 2.I2 2.25 u (pHc. I) ex 

Ta6AUija 2 (D+p) 

I8 !9 20 2! 22 23 24 25 26 27 28 29 I 45 46 

ke I.45 I.56 I.67 I.79 I.9! 2.03 2.IS 2.28 2.40 2.53 2.66 2.80 5.48 

nonoJKeH11e - I.57 I.65 I.79 I.88 2.02 2.IO 2.24 2.35 2.52 2.66 2. 74 I s.26 5.6 
p 

aKcrpe11toE 
(p11c. I 

..., 
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Puc. 1. Ce'lettue o6pa3oeaHUJI Mu{ls) Me3oamoMa /nepe-
3apJ10Ku/ e peaK14uu /1/ /HUJICHJIJI KpueaJ1/ e cpaettettuu 
c ce'lettueM 06pa3oeaHUJ1 H(ls) e peaK14uu /2/ /eepxHJIJI 
KpueaJ1/. HMny11bc k = 9,5 v1E[3B ]011J1 eepxtteu Kpueou 
u k 2 = 3, 7yE[3B lo11J1 ttuxtteu Kpueou. YKa3aHbl y211oeb1e Mo-
MeHmb1 op6umupoeattuJ1. 

¼e(R) 

... 

R 

Kz 
20 

V~(R) 

0 
5 R 

Puc. 2. Aoua6amu."fcKue 3<P<DfKmue
Hb1e nom~Hij~Q/lbl V g,u = 2MW1 g,u + 
+f(f+l)/R2• 'V (R) 011J1 l~f ~17 uMeem 
14eHmpo6eJ1CH~fu 6apbep, Ha eepwutte 
Komopozo, k e , npoucxooum op6umu
poeattue. <PopMa nomeHZJUa11a V g(R) 
npueooum maKJICe K noJ1e11eHu10 opeo-
11a. 



-" 

B uenoM CHTYaUHJI npe,ncTaBnJ1eTcJ1 ,noaonLHO caoeo6pa3-
HOH, T .K. C OAHOH CTOpOHhl KBa3HKnacCHtfeCKHH pactJeT 
OKa3LIBaeTOJI HeCOCTOJITenhHhlM ,nnJI o6nacTH op6HTHpo
BaHH.H /5/, a c ,npyroii - KnaccuqecKHH ananH3 :noro HBne -
HHJI nO3BOnJleT o6'bJICHHTb H npe,ncKa3aTb HCKOTOpbie oco-
6eHHOCTH TOtfHOro KBaHTOBOMexaHHtfeCKoro pactfeTa. 

C POCTOM 3HeprHH CTOnKHOBCHHJI ocuunnJIUHH BblpO)K
,naIOTC.H H KPHBaJI cetJeHH.H .noaonbHO nnaBHO y6LrnaeT. 3To, 
no- BH,nHMOMY, .non)KHO npo,non)Ka TbCJI .no 3HeprHH OTKpbITHJI 
KaHana o6pa30BaHHJI aTOMa BO,nopo,na B B036y)K,neHHOM 
COCTOJIHHH H( n = 2). Cne,nyeT TaK)Ke OTMeTHTh, tfTO npoee
,neHHhlH aHanu3 anonHe no,nxo,nuT H ,nnJ1 cetJeHHJI nepe3a
pJ1,nKH peaKUHH /2/. 

CetJeHHe ynpyroro pacceJ1HHJ1 B KaHane Mu(ls) + p ,naHo 
Ha puc. 3. MO)KHO O)KH,naTb, tfTO ocuunnJIUHH, KOTOpble npo
JIBnJIJOTCJI 3,necb, JIBnJIIOTCJI KBaHTOBhlM aHanoroM 3cl><liCKTa 
opeona/ 5/. ,IJ.nJ1 npoaepKu ?Toro npe,nnono)KeHHJI Mhl pac
CtfHTanu tl>aJOBhle c.neuru o g ""o (f) Ha noTeHuuanax V ~ ,nnJI 
k = 1,4 u k = 2,3, KOTopble cooTBeTCTBYIOT .nayM coce.n-

HHM MaKCHMyMaM B ynpyroM cetJeHHH. 1-faBeCTHO, tfTO no
Teuuuam.i TaKoro THna npuao,nJIT 1 3~eKTY opeona B ceqe -
HHH pacce.11HH.ll a- I. (2 f + 1) sin2 o ,nnJI COOTBeTCTBYIOil\eH 
o,nHoMepHou: Ja,naqu 161. ,IJ.n.11 k=l74 pactJeT .nan o (5) = 
= 20 t 375"" 13 7 H .nn.11 k = 2,3 , o (7) .. 17,237"" 11 2 , B \otJKax 
MaKCHMYMOB tl>YHKUHH O g(f}. taKHM o6pa30M, nonO)KCHHC 
MaKCHMYMOB opeona B cetJeHHH o,nHOMepHOH 3a,natJH coa
na,naeT C nono)KeHHCM MaKCHMYMOB B cetJCHHH pacceJIHHJI 
Mu(ls) Ha npoTonax .nn.11 TOtfHoro peweHHJI 12,5/. 3To 
no,nTeep)K,naeT Hawe npe,ncKa3aHBe. 

Ynpyroe cetJeHBe H3 puc. 3 npBMepno B TPB pa3a 
6onbwe cetJeHBJI a 06pa3oaa11BJ1 Mu(l s) aTOMOB B3 puc. 1. 

ex 
CetJeHBe a 6L1no BhltfBcneHo B pa6oTe /7 I no nop.H,nKy ex 
BenBtfBHLI. Pe3YilbTaT 3TOB pa60TL1,nn.11 aenBtfBHLI cetJeHBJI 
CT ex- l0-15cM 2 ue npoTHBopetJHT uawBM pactJeTaM, o,nHaKo 

.Bx )Ke ouenKa JJ.n.H nono)KeHH.11 MaKCHMyMa /unu nyqwe 
MHHHMyMa/ a cetJeHHB 6e3 y'leTa ocuunn.11uui, Emai'S,5 3B, 
OKa3anacb JIBHO 3aBLIWeHHOB. CneJJ,yeT cneuuanbHO OTMe
TBTb YJJ.HBBTenbHO CBnbHYIOHHTepq>epeHUBIOABYXKauanhHOH 
CBCTeMLI ,nn.Jl npouecCOB / 1/ u /2/, KOTopaJI npHBO,nBT K 
no.11aneHBIO :noro MBHBMyMa. 
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f 2 .3 kz 4 5 
Puc. 3. Ce11e11ue ynpy2020 pacce1111u11 Mu {ls) Ha npo111011ax. 
lI0AoJ1Ce11ue 3KcmpeMyMoe 11a pucyHKe coomeemcmeyem no
AoJ1Ce11u10 3KcmpeMyMoe 11eAe11u11 opeoAa DA.JI nome1111uaAa V (R). 

g 
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Ynpyroe, ce'-leHHe pacceHHHH 11 + Ha aToMax ao.n;opo.n;a 

aBTOMaTH'-leCI<H nonyqaJIOCb npH peweHHB CHCTeMbl ypaa

HeHHH /7/, 3To ce'-leHBe HMeeT CJIO)KHYJO CTPYKTYPY c He· 

perynHpHbIMH MaKCHMyMaMH H MBHBMyMaMH. no nopH.n;Ky 

BeJIH'-IHHbl OHO B cpe.n;HeM 60JibWe ynpyroro ceqeHBH H3 

puc. 3 npoueHTOB Ha 10. 

4. 3aKA101.1eHue 

MbI Ha.n;eeMCH, '-ITO no.n;po6HbIH pac'-leT pacceHHBH a 

,npoCTblX CHCTeMax THna /1/ BJIH /2/ IlO3BOJIHT pa3BHTb 

aHaJIHTHl.feCKBe MeTO,D;bl ,D;JIH Bbl'IHCJieHBH ce'-leHBH npB 6onee 

CJIO)KHblX 3a.n;a'-lax. 3Ta Ha.n;e)l(.!J;a 3Ha'-IHTeJibHO yKpennHeTCH, 

ecJIH eme pa3 HanoMHBTb, 'ITO npoCTbie '-IBCTO KJiaCCH'-leCKBe 

apryMeHTbl OKa3bIBalOTCH none3HbIMB B cnyqae ,D;OBOJlbHO 

TOHKHX KBaHTOBbIX pacqeTOB. 
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