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MeTOA, KOTOp~M M~ BOCnOnb3yeMCA AnA HaXO*AeHHA Ok - ce4e
HHH B3aHMOAeHCTBHH k H TOnbKO k HYKnOHOB naAa~ero AApa B AApe
MHWeHH1 OCHOBaH Ha npeAnOnO*eHHH 0 He3aBHCHMOM B3aHMOAeHCTBHH 
HyKnOHOB CTanKHBa~HXCA AAep H CXOAeH C MeTOAOM B~4HCneHHA 
nonH~X HeynpyrHX Ce4eHHH B3aHMOAeHCTBHA AAep, HCnOnb30BaHH~M 
e pa6ore 1 11. 

PaccMOTPHM cronKHOBeHHe penATHBHCTCKoro AApa A
1 

c AAPOMA
2

. 

nnoTHOCTH AAeP PAl (r) H PA2 (r) HOPMHPOBaH~ Ha nonHoe 41-iCno 
HyKnOHOB: 

j p ( r)d3r = A. 
0 A /1/ 

HaM noHaA061-1TCA TaK*e 110AH04aCTH4HaA11 nnoTHOCTb pA, (r) AAPa ~, 
onpeAenReMaA KaK pA (r)/ A 1 • TaKoe ycnoeHoe 110AHOHyKnOHHOe RA

po" 6yAeT e AanbHeHwJM o6o3Ha4arbcA A' . Ecn~-1 AAPO A' ABI-1*eTcA 
BAOnb OCH Z /a npAMOyronbHOH CHCTeMe KOOPAHHaT/ C npH~enbH~M 
napaMeTpOM b OTHOCHTenbHO AApa-MI-1WeHH, pacnonO*e HHOrO B Ha4a
ne KOOPAHHaT, TO BepORTHOCTb npOXO*AeHI-1A 6e3 B3aHMOAeHCTBHR 
MO*HO 3an!-1CaTb TaK: 

W(b) = exp [ - o jjTA (y x2+y2 ) .T , {y(b-x)2 +y2) dxdy ) . 
-oo-oo 2 A 

/2/ 

3AeC b o - ce4eHHe HyKnoH-HyKnoHHoro B3aHMOAeHCTBHA, a TA "' 
TA, - ~YHK~HI-1 ron~I-1H~ RAeP A2 "'A ' cooree r cTBeHHO: 2 

oc 

TA2 (v x2+r) = f p (v x 2 ~ y2 + z2 ) dz . 
-oo A2 ----

TA,(y'(b-d+y2); f p (v(b-x)2 ~~+ z 2) dz. 
-oo A ' 
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Tene pb, npeAnonaraR, 4TO HYKnoHw RApa A1 B3aHMOAeH crey~r e RAPe 
A2 He 3aBHCHMO APYr or APYra, Mbl MO*eM 3an1-1carb ce 4eHI-1e ak 
B3aHMOAe HCTBHA k "' ronbKO k HyKnoHoB RAPa A 1 e RAPe A2 

A oo .k A -k 
o k =" ( k 

1
) f [ 1-W(b) J • fW(b) l 1 db 2

. /4/ 
0 

Ce4eHHe peaK~HH OR /T. e. Ce4eHHe, COOTBeTCTBy~~ee B3aHMOAeH 
CTBH~ xorR 6bl OAHoro HyKnOHa RAPaA 1 e RAPe A2 I onpeAeJ1RercR 
Bblpa*eHHeM 

t:
-

-
" 

·'T 

- urze 



UR =TT lfl-(W(b)]Alldb2. 
151 

npH 3TOM, KOHe4HO, Iak = (7R 
k 

nJlOTHOCTb p 6panaCb 8 

npH npOBeAeHHH 4HCJleHH~X pac4eT08 

p ( r) =- C
1 

exp (- J:) . 
a 

8HAe pacnpeAeneHH.A 

a2 = R~ms_ 
1,5 

r aycca AJ1.A .AAeP c A<30: 

rAe C1- HOPMHP0804Ha.A KOHCTaHTa, 
H~H paAHYC .AApa. An.A .AAeP c A>30 
pacnpeAeneHH.A ~ep~o~~-1 

a Rrms - cpeAHeKBaApaTH4-
nnOTHOCTb 6~na 83.ATa 8 8HAe 

p ( r) ~ ~ 

1 + exp .!..=..£__ 
t 

rAe C2- HOPMHP0804Ha.A KOHCTaHTa , a C H t - paAHYC nOJ108HHHOH 
nnOTHOCTH H napaMeTp AH~y3HOCTH COOT8eTCTBeHHO. 

napaMeTp~ R rms ' c H t, HCnOJlb308aHHble 8 pac4eTax. 83.AT~ 
H3 pa6oT 

12
•
31 H npH8eAeHbl 8 Ta6n. I. 

Ta6nHua I 

napaMeTpbl pacnpeAeJleHH.A nnOTHOCTH .AAeP 12 •31 , HCnOJlb308aHH~e 

TO, ecTeCT8eHHO, AOJlmHbl 83.ATb U a(7~N l3aMeTHM 1 4TO npH ynpy
rOM pacce.AHHH naAa~~ero HyKnoHa ero 3HeprH.A npaKTH4eCKH He 
MeH.AeTc.AI. Pe3yJlbTaTbl pac4eT08 napu~anbH~x 8epO.ATHOCTe.:1 
W k = uk I uR • cpeAHHX 4Hcen e3aHMOAe.:icT8y~~Hx HyKnOHOB < k > 
H AHcnepcl-1.:1 41-'!Cna 83ai-1MOAe.:ic T 8Y~~Hx HYKJ10H08 D~ = < k2 > - < k> 2 

All .A 83aHMOAe.:icT 81-1.::1 .AAeP 4 He c .AAPaMI-1 Li , C , Ne , Al , Cu 
1-1 Pb npH8eAeH~ 8 Ta6n. 2. 3Ha4eHH.A uNWt H u~N npH HMnynbce 
HYKJ10H08 14~51 r3Bic 83.AT~ COOT8eTCT8eHHO pa8H~MH 42 H 28,5 M6 
I no AaHH~M pa6oT / 4,5 / I. 

Ta6n1-1ua 2 

Bepo.ATHOCTI-1 W k = uk I ~uk 83aHMOAei1cTBH.A k H TOJlbKO k HYKJ10H08 
4 He 8 .AApax, 8~4HCJleHHble no ll>OpMyne I 41 I CM. TeKcT I 

c (7~~ = 42 M6 1-1 (7 ~nN= 28,5 M6. npH8eAeHbl TaKme < k > =I kWk 

H o2 =<k 2>- < k :... 2 
k 

Li c Ne Al Cu Pb 

wl 
6-t.t 0 ,49 0 , 59 0 ,36 0 , 33 0,25 0, 1? 
6' .... 0 , 58 0, 44 0, 41 0 , 5? 0, 29 0 ,18 

- -
o+-t 0 , 28 0 ,24 0, 22 0, 20 O, I? O, II 
5 i n 

B pac4eTax W2 

iiAPO 
Rrms c 

4 He I ,63 

6Li 2,45 

12c 2,46 
20 Ne 

3,00 

27 Al 3 , 05 
63,5 Cu 

4, 20 0,545 
207 Pb 

6, 48 0 , 545 

Bonpoc o TOM, KaKoe Ce4eHHe HyKnoH - HyKJlOHHOro 83aHMOAeHCT8H.A 
lnonHOe HJlH Heynpyroel HaAO noACTa8Jl.ATb B ll>OPMYJlY 141 AJ1R 4HC
JleHHOro pac4eTa napuHaJlbHbiX Ce4eHHH , pewaeTC.A 8 3a8HCHMOCTH 
OT TOro, 4TO M~ XOTHM HaHTH. ECJlH Hac HHTepecyeT pacnpeAene
HHe no 4HCJ1y HYKJ10H08 8 30He CTpHnnHHra naAa~ero RApa, TO tot 
U=UNN · 3To COOT8eTCT8yeT npeACTa8neHH~ 0 CTpHnnHHr08biX 
HYKJlOHax KaK 0 4aCTHUax, He HCnb1Ta8WHX 8 RApe -MHWeHH HHKaKOrO 
83aHMOAeHCT8H.A. EcnH *e Mbl xoTHM 3HaTb pacnpeAeneHHe no 4Hcny 
HYKJ10H08 naAa~~ero RApa , HCn~Ta8WHX Heynpyroe 83aHM0AeHCT8He, 

2 

Wa 

w4 

< k> 

02 
k 

0 ,29 

6~ 0 ,1? 
sin u , L 
---

6-tot u ,06 

6' ; .. O,uS 

6 t.t 1,80 
6;" 1 ,64 
-

6'1-.t O, b6 
6; .. 

C, 6I 

0 ,26 0, 25 0 ,25 0 ,19 0 ,16 

0 ,21 0 ,21 0 ,20 0 ,18 0,!3 

u ,2J 0,20 0 ,20 O,d 0,15 

0 ,1? 0 ,21 o , c? 0 , 40 0, ':>9 

0 ,10 0 ,14 0,20 0 , 31 0 , 51 

2 , Ib 2 ,2? 2, 41 2,?3 3,14 

1 ,96 2 ,0? 2, 23 2 , 54 2 ,99 

I , 21 1 , 54 I , 44 I , 50 1 , 36 

I , u4 l , I? I ,52 I ,45 1,39 

Hcnonb3y.A AaHHble Ta6n.2 1-1 npeAnono*eHHe o pa8eHCT8e nonHbiX 
Ce4eHHi1 npOTOH-npOTOHHOrO H HeHTpOH-npOTOHHOrO 83aHMOAeHCT8HH, 
HeTPYAHO nOJly4HTb pacnpeAeJleHHe no 3ap.AAY 8 30He CTpHnnHHra 
naAa~~ero RApa: 
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W(z CTp .. O)cj-W2 +}Ws+W 4 , 

( 1 2 1 W z = 1) --W1 + -W2 +-W 3 CTP 2 3 2 
!61 

1 1 
W(zcTP=2) .. 1fwl +6 W2 

BHAHO /pHc. 1/, 4TO peaynbTaT~ pac4eTos Hennoxo cornacy~TCR 
c 3KcnepHMeHTanbH~MH AaHH~MH 161 . 

anR cpasHeHHR paC4eTOB c 3KCnepHMeHTanbH~MH AaHH~MH 1 7 1 
no 

MHOl4<eCTBeHHOMy pol4<AeHH~ OTPH~aTenbH~x nHOHOB s He+ A saaHMo
AeHCTBHRx paccMOTPHM sonpoc o HOPMHpost<e. B paMt<ax paccMaTpH
saeMoro npH6nHl4<eHHR MOl4<HO npeAnOnOl4<HTb , 4TO CPeAHRR MHOl4<eCT
BeHHOCTb pOl4<AeHH~X nHOHOB nponop~HOHanbHa cpeAHeMy 4HCny HyK
nOHOB, HCn~TaBWHX Heynpyroe B3aHMOAeHCTBHe. no3TOMY COnOCTas
neHHe peaynbTaTOB pac4eTa cneAyeT npOBOAHTb B HOpMHPOBKe /Kat< 
3TO CAenaHO e 171 I Ha a Prod -ce4eHHe pOl4<AeHHR XOTR 6~ OA
Horo nHOHa. Ha PHC.2 npHBeAeHa 3aBHCHMOCTb CPeAHeH MHOl4<eCT BeH
HOCTH < n_> OTPH~bH~X nHOHOB / 7/ OT pac4eTHOrO 3Ha4eHHR < k> 
cpeAHero 4HCna HyKnOHOB 4 He, HCn~TaBWHX Heynpyroe B3aHMOAeH
CTBHe. BHAHO, 4TO 3KcnepHMeHTanbH~e AaHH~e Hennoxo onHc~ea~T
CR 3aBHCI-IMOCT b~ < n _ > =C• <k>, npH4eM K03$clM~IoleHT C B npeAenax 
OWH6KH COBnaAaeT CO cpeAHeH MH0l4<eCTBeHHOCTb~ OTPH~aTenbH~X 
nHOHOB B HyKnOH-HyKnOHHOM B3aHMOAeHCTBHH, paBHOH 0,64+0,06 
/no AaHH~M 15 •81 /. -

,AnR O~eHKH AHCnepCI-111 0 At A 2 pacnpeAeneHHR no MHOl4<eCT BeH
HOCTH pOl4<AeHH~X B CTOnKHOBeHHRX RAep A1 1-1 A2 nHOHOB M0l4<HO 
~o~cnonbaosaTb <t>opMyny, B~Tet<a~~Y~ H3 npeAnonol4<eHHR o HeaaeH-

CHMOM B3aHMOAeHCTBHH HyKnOHOB: 

0.6 

0. 

01 

4 

0 2 2 2 0 2 
A A = < k > ' D N N + < n >N N ' k 

1 2 

W(Zcrp) 

_,/' 
// 

_,/' 
_,:"'' 

t
_,/'/ W (ZtTp •0) 

J--/ 
} ·-.. .><./...._............ W( Zc:yp•2) ~, I --~---~-----

At 
10 20 so 100 200 

171 

PHc. 1. BepoRTHOCTH noRe
neHHR B 30He CTpHnnHHra 
aaPRAOB 0, 1 11 2 e He+A 
B3aHMOAeHCTBHRX. 3t<cne
PHMeHTanbH~e 3Ha4eHHR 

- AaH~e pafioT~ ' 6 
n~o~HHH - paC4eT no <t>Op
MynaM /6/- CM. TeKCT , 

~ 

~ 

PHc.2. 3aeHCHMOCTb cpeA
HeH MHOl4<eCTBeHHOCTH <n > 

OT~H~aTenbH~X nHOHOB 
I~ - AaHH~e no He +A 
eaaHMOAeHCTBHRM 171 I 
oT pacc4~o~TaHHoro cpeA
Hero 4 HCna < k > HyKnOHOB 
4 He , HCn~TaBWHX Heyn
pyroe B3aHMOAeHCT BHe. 
~ - cpeAHRR MHOl4<eCTBeH
HOCTb OTPH~aTenbH~X nHO
HOB B HyKnOH- HyKnOHHOM 
B3aHMOAeHCTBHH / 4 ,51, 

npRMaR nHHHR - < n _> 
.. 0,64 · < k >. 

2 

<nrr) 

( K ) 

2 3 

3Aecb < n >NN~o~ DNN - cpeAHRR MHOl4<ecTeeHHOCTb H AHcnepCHR pac
npeAeneHHR no MHOl4<eCTBeHHOCTH nHOHOB B HyKnoH- HYKnOHHOM B3aH
MOAeHCTBI-IH. 0TMeTHM, 4TO npHMeHRTb $0pMyny /7/ AfiR pac4eTa 
AHCnepCHH OTPH~aTenbH~X nHOHOB, BO~e rOBOpR, Henb3R, Tal< 
Kat< Ha- aa cy~eCTBeHHO OTnH4a~eHCR CPeAHeH MHOl4<eCTBeHHOCTH 
OTPH~aTenbH~X nHOHOB B pp- H nn-e3aHMOAeHCTBHRX nOHRTHe 
DNN cTaHOBHTCR HeonpeAeneHH~M /T04Hee, e 3TOM cny4ae DNN 
He RBnReTCR nOCTORHHOH eenH4HHOH, a 3aBHCHT OT aTOMH~X BeCOB 
cTanKHBa~~HXCR RAepl. TeM He MeHee <t>opMyna 171 AaeT rpy6oe 
OnHcaHHe 3KCnepHMeHTanbH~X 3Ha4eHHH / 7/ AHCnepCHH pacnpeAene
HHR no MHOl4<eCTBeHHOCTH /p~o~c.J/. 

2 ~ 0 -(<nt.>-<n.>~~ 

......-o-o__o--
o 

10 LO so 

6 
t 

100 zoo 
A 

PHc.3. aHcnepCHR pacnpeAeneHHR no MHO
l4<eCTBeHHOCTI-1 OTpH~aTenbH~X nHOHOB B 
4He+A B3aHMOAeHCTBHRX B aaBHCHMOCTI-1 OT 
A MI1WeHH. 2- AaHH~e pa6oT~ 1 7 ~ f'HH~o~R -
pac4eT no <t>opMyne 171- CM. TeKcT . 
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np~MeH~M paccMOTpeHHOe np~6n~~eH~e AnR npeACKa3aH~R HeKo
TOPbiX xapaKTep~cT~K "t.~eHTpanbHbiX11 a3a~MOAei1cTe~i1 RAep. Kp~Te
p~eM 11t.~eHTpanbHOCT~11 /eM., Hanp~Mep, '9' I RanReTcR OTCyTcT
e~e 6t.~cTpblx ~parMeHTOB e 30He CTp~nn~Hra RApa-cHaPRAa. B co
oTaeTCTa~~ C 3T~M MO~HO BBeCT~ Ce4eH~R "t.~eHTpanbHOr011 B3a~Mo
Aei1CTB~R: u(Zqr0), KOrAa HeT 3apR~eHHbiX ~parMeHTOB, ~ a(N<jJ= 0), 
KOrAa HeT H~KaK~X ~parMeHTOB RApa-cHapRAa B 30He CTp~nn~Hra. 
Ha ~opMyn~>~ /4/ cneAyeT 

u(Z<jl = O)= 11 j [ 1-W(b)l
2

db 2
• 

0 

a (N <jl. O) = 11 j r 1- W(b)) Adb2 , 
0 

/8/ 

rAe Z ~ A- 41-1cno npoToHOB ~ HyKnOHOB e RApe-cHaPRAe. B Ta6n. 3 
np~eeAeH~>~ pe3ynbTaT~>~ pac4eToe ce4eH~i1 no ~opMynaM /8/ AnR RAPa 
12C. a3a!-1MOAei1cTBYIOtllero c C .Ne ~ Al B~AHO, 4TO ce4eH~R 

11 1.1€HTpanbHbiX11 B3a~MOA€HCTB~i1 6biCTPO paCTyT C POCTOM A 2, 4TO, 
Bnp04€M, ~HTY~T~BHO anonHe nOHRTHO . 0TM€TI-1M, 4TO pe3ynbTaTbl 
paC4€Ta C€4€H~H 111.1€HTpanbHbiX11 B3a~MOA€HCTB~H B€CbMa 4yBCTB~ 
TenbHbl K B~>~6opy cpeAHeKaaApaT~4Hblx paA~ycoe RAeP. TaK, ~3MeHe
HHe Rrms AnR yrnepoAa ecero Ha 5% np~BOA~T K ~3MeHeH~ro a(Z<P~) 
6onee 4eM Ha 20%, a o('N <P ~) - 6onee 4eM Ha 50%. 

Ta6n~1.1a 3 

Ce4eH~R /M6/ "t.~eHTpanbHbiX 11 

B3a~MOAei1CT B~H 0' (~=0) ~ a(N cp--0) 
/CM. TeKCT/, Bb14~Cn€HHble no 
¢QpMynaM /8/ AnR CTOnKHOB€H~R 
12c c c . Ne . Al. 

a(Z<jr-0) 

a(N <jl=O) 

c 

38 
8,3 

Ne 

97 
37 

Al 

167 
89 

HeTPYAHO nony4~Tb Ka4eCTBeH
Hoe npeACKa3aH~e OTHOC~TenbHO 
CBR3H A~Cnepc!-1~ ~ CP€AHero 
3Ha4eH~R 4~cna PO*AeHHbiX n~o

HOB AnR 11 1.1€HTpanbHbiX11 B3a~Mo
AeHCTB~H. KaK noKa3~>~Ba~T pac4e
Tbi,BblnonHeHH~>~e AnR a3a~MOAei1cT
B~R 12 C + Ne. Aa*e np~ OT6ope 
''ueHTpanbHbiX11 coyAapeH~i1 no 
OTCyTCTB~~ 3aPR*€HHbiX ~parMeH
TOB 8 30H€ CTp~nn~Hra 12C CPeA-

Hee 4~CnO B3ali1MOAeHCTBYIOUI~X Heynpyro HyKnOHOB < k> =o 8,5. a A~c
nepC~R Dk =1,4. nocKOnbKY DNN "<n>NN . TO B ~pMyne /7/ 4neHOM 
<n >~N Di MO~HO npeHe6pe4b /ecTecTaeHHO, 4TO np~ OT6ope 111.1eHT
panbHbiX11 no OTCyTCT8~~ 8Cex ~parMeHT08 Dk 6J..Aer e111e M€Hb
we/. nonaraR<n > =C·<k>. nony4aeM DA A - < n>1 2 ,4TO ~YUiecT-

AIA2 "·1 2 A1A2 
BeHHO OTn~4aeTCR OT aHanor~4HOH 3a8HC~MOCT~ 8 COyAapeH~RX 
113neMeHTaPHbiX11 aAPOH08, rAe D - <' n> . 

Bblwe y~e r080p~nOCb 0 TOM, 4TO np~8eA€HHbiH Me TOA paC4eTa 
OCHOBaH Ha npeAnOnO~eH~~ 0 He3aB~C~MOM 83a~MOAeHCT8~~ HyKnOHOB 
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RApa-cHaPRAa H RApa-M~WeH~. 3TO, B 4aCTHOCTH, 03Ha4aeT, 4TO 
eepoRTHOCTb B3a~MOAei1cTB~R HyKnoHa ~3 A1 a RAPe A2 He 3ae~c~T 
OT Toro,e3a~MOAei1cTsy~T 8 A2 ~n~ HeT ocTanbHble HYKnOHbl RAPa A1 . 

TaKoe npeAnono~eH~e paayMHO np~ A1<<A2 . KorAa ~e A1=A2 ,cneAo
eano 6bl y4~T~>~BaTb TO o6cTORTenbcTao, 4To HyKnOHbl RAPa At MOryT 
B3a~MOAei1CTBOBaTb C HyKnoHaM~ A2 , y~e ~Cnb1Ta8W~MI-1 83a~MOAei1-

CT8~e /T.e. B3a~M0Aei1CT8~e MO~eT ~AT~ np~ APYrOi1 3Hepr~~ B CHC
TeMe t.~eHTpa Mace ~. cneAOBaTen bHO, c APYr~M~ ce4eH~RM~ ~ MHo-
*eCT8eHHOCTRMH/. Ha napt.~~anbH~>~e eepoRTHOCTH Wk 3TO, no-
BHAHMOMy, c~nbHO He noenHReT: nonH~>~e 1-1 Heynpyr~e ce4eH~R ~3-

MeHR~TCR C 3Hepr~ei1 AOBOnbHO MeAneHHO, HO H3MeHeH~e 8 cpeAHei1 
MHO*eCTBeHHOCT~ MO*€T 6b1Tb 6onee 3Ha4~TenbHbiM. AnR Ol.leHK~ 

anHRHHR 3Toro 3~eKTa 6~>~n~ npo8eAeH~>~ pac4eTbl AnR He+A 83aHMo
Aei1CT8HR 8 npeAnono~eHH~, 4TO HyKnOH Ka~AOrO RAPa MO~eT B3aHMO
Aei1CT80BaTb Heynpyro He 6onee OAHOro paaa. ApyrHM~ cno8aM~, 
3TO 03Ha4aeT, 4To noTepR HyKnOHOM ~Mnynbca np~ HeynpyroM CTOnK
H08eH~~ npHBOAHT K H€803MO~HOCT~ B n08TOPHOM 83a~MOAeHCT8~~ 
PO*AaTb n~OHbl - HyKnOH Bb16t.~eaeT ~3 ~rpt.~. PeaynbTaTbl pac4eT08 
/oH~ np~BOAHnHcb TaK~e a 1 11 I noKa3~>~8a~T, 4To cpeAHee 4~cno 
Heynpyro B3a~MOAeHCTBY~UIHX HyKnOHOB np~ 3TOM yMeHbwaeTCR /no 
cpa8HeHHn CO 3Ha4€H~RMH, np~BeAeHHbiMH 8 Ta6n.2/ Ha 10% AnR 
He+Li 83aHMOAei1cTe~i1, Ha 4% AnR He+C 83a~MoAei1cT8~i1 
~ C AanbH€HW~M POCTOM aTOMHOrO Beca M~WeHH pa3H~I.Ia 6b1CTPO HC-
4€3aeT. 

AeTop 6naroAapeH H.H.Bopo6beeoi1 aa npo8eAeHHe pac4eTo8 
Ha 3BH ~ A.H.ronox8acTo8y ~ ~.H.Wa6enbcKoMy 3a none3Hble o6cy~
A€HHR paccMoTpeHH~>~X 80npoco8. 
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