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A concept of nuclear shell 

similarly to the a concept of 

structure has been developing 

atomic shells. A significant 

difference in formation of atomic and nuclear shells is that in 

atoms shells are populated with particles of the same type, namely 

electrons, while in nuclei particles of two types, neutrons and 

protons, populate shells, and between them there exists not only 

Coulomb interaction but also nuclear forces. As a result, magic 

numbers of atoms and nuclei are different though shell formation 

mechanisms are similar. Up to recently the observed analogy in 

formation of atomic and nuclear shells could not be considered 

complete because analysis of atomic ionization potentials revealed 

not only even numbers 2, 10, 18, 36, 54, etc., which characterize 

shell closure, but also small maxima at Z = 7, 15 and 33, These 

configurations correspond to half-population of p-shells and 

involve the maximum number of antisymmetric bonds between 

p-electrons. Thus, Coulomb repulsion is the smallest, which 

results in a stronger atomic ionization potential [l]. 

Some features of nuclear shell structure were defined more 

precisely in [2-5]. In [2) a mass formula was calculated on the 

asBumption of continuous mosaic nuclear energy_ surface and it was 

~hown that one must take into account not only magic but also 

submagic numbers, which must involve odd 33, 87, 89 and 101 in 

neutron shells. Possible existence of an odd magic spherical shell 

with N = 15 was inferred in [4]. They analysed separation energy 

S
2

n for a wide range of light nuclei. Grounds for identification 

of odd shells in nuclei can be both an increase in nucleon binding 

energy and a sudden drop in it after crossing the shell, which was 

observed in this very 

values of hindrance 

case. Later it was shown in [5] that the 

factors for magnetic dipole 1-forbidden 

transitions allow a similar conclusion about the magic character 

of the number Z = 15 (Fig. 1). The hindrance factors in Fig. 1 
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nuclei. Numbers in the_ plots. are _even nu_cleons .in even-odd 
_·-: . ',_ ;, I·, . : _· .. , ,, :,: ,." . ~:. ·_ . . . . . ,,. --... 

and_ odd:.even ~nuclei; 
:.r:· ••. 

,, 

·-✓.·• 
" ' ' . ' . . . ' - ~ · .. ;. "\ 
are·calculated•from the.data-of [6, 7] by Mo hkovsky:s method. _The-

statistical: factor. wa~ aiso taken. 'into:\·accou t· in~ ~he cal~ul~tion. 

. The. questi~>Il n~tura'1iy rir'i;es -~~ tb whe~her. t~ei-~ aie · ~~y' 
· ,_· ·;-···.•< ·-:- ~--··'"':(;_ ', •, _ 1.,. ·, •. ··-·--:. ,",. -~..,--.>? s· :_;_ • _·,:··-:•::• ~ .''-'• • '-,. , ,·,'. 

other arguments 'supporting.the _existence of.odd magicaL nurnbers,.in 
nucl~i .• : . A ; pheriomen~n _of .· c'oh~n;nt . shei1 ... closure:· erihanced~nf _: ,in 

eve~.:~ven nuci~i' due to .i.ntei;-rel.ation' of p~otor('and ·neutron 'shell~. 

i~ known~ A~ ver.Y clear ~x~mple :~f ,it' i~ 'pr~t:on s~b~hell ~losU:re 
146'., ,- ·' _ - ,· . _..,·:/' .. -.·- · .. ~ ;:·· :·~.-.·•' ~ . -~ ',.· .- ··_·,,,: -: '! . ·• , ,_ ·; 

in__ Gd with z = 6.4 _and N = 82. '!'his phenomenon is. also observed· 

',1.n light ~~~n.:even ~uclei with. Z •,;,, N ,'(A = j2:..'32): { 8 { That . is i.vhy .. 

it_ is 'na~ural~ t:o; ~ry to fi~d odd shell~ in odd-odd nu~lei with 

z,;;, N .. Th~re is- a'to~ai .of, 13 odd-odd, nuclei with expe~imentally 
• ·. · · · ·, · • · • . · ·, ._. z .. 6 · : 10 . • 1.i-' · 1a· · 

determined· S ,·· S, S ·, S -[9] .. They are H, .. Li, B, ·N, .F, 
22 · . .' 26 ., . 3'b . p34 . Zn 38. Zp 42 " 46, , . . 50 · · • ·. · ' . · 
. Na,. Al, . P, Cl, ,., K, , Sc, ... v and. Mn .. The, !lequence · of 

o"cGupying the orbitals -by, pr~tons and neutrons is the -same in all· 

these' nucleL It allows, one· to expect coherent enhancement of odd: 
' 

- ' 

•~:~~;:::: H~-~-- ·~.~-..:--:::~~ ;; .,.~, '1;."'.t,ui,~ -...,~,1_H t~..-h--,~)5 { 
~ ...,r, .;,,,,u"' ;,..3C""~~,.:,..,._ .. I J _ r-... ~-~:\.:reu.b. :d\.. .. 1'-~,.~ .. o•t!~_t-~:?1 ~ · 
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~ -,~.&ri'S.._~: 

.-



-' 

shell ciosure in tl:ie 'n~cleus 'due· to substantial overlapping of 

\'iave' functions, of p~otons and rieutroris,of ,'the sa~e type.: Figure, 2 
slio;,_;s - iieparatiori ·. ~~er~ies . s , . ,_s ·, s~., s as a. functio'11 of 

, ··· . • ·, · . , - n _ . p · 2n ,,_ 

,.. A: .. ~ 

Sp. 

_11 19 21 ~ ~ _n 

nucleon-pair separation 

" 
llgl:it riuciei at Z =. N. . . 

:-......,:_ 

'Note that besld~s ,th~unaximum of; tlie function: s at N 
.·: .. ---•~:~•.' · .... _-. · .• -· . - . ;_ .•. -__ .· __ .. ~n. . ". _,. . " 
.. · is a· sharp change in '.S -. at·· Z }" 15,; which·. confirms• existence of; an 

,-, ... •::. ·:~,_-~-- ·.- '•.~- . ~p ... _. .. -·· \.i:: -·"'.:~~-.---- .. ,· __ .. · .. '_;_· ·.: •. __ ._.---::··: .-'.'.·-
,, odd. proton, shell; .The sudden drop in s , and ,s _:'_for the.· nucleus 

. ,·,_-,·-...·.,_'··.:•··.·.- .. · ... ··.:.,_-< -.. ·~.;;"···· .. · __ -· .. · · __ ,:'._;- .. Zn ... ·:· =-- ... ~P,-.~-'"- .-.:•·. __ ·. _ .. :, ',..·.'. 

with .. N,·:z __ = J~. isas large:'as:11s
2

P =~3.22, _MeV a~~ !1S2~ = 1.94M:V, ,· 
which. is-conunerisurate .with the· .nucleon pafr' separation energy foi:.<" 

· ,·_.· · .. ,,:. _ _ ' -_. ····· .. · :· ---; ~- ~ - .. -·' .: .. ·'--, ·.:·· .·-:'::-·. • .. > -40··:-··:· , .. · ·.: 
. ·even; shell cl_osure .. in ~light nuclei: For ,example, in · Ca l1S

2 
_is, 

••-• , • • •, • .• •• • • - .• • ' • .'"c '•,v~ :._."'' • •-. • • .• • • • ••• p - -. ) 
•'8.30 MeV and !1S is 9.09 MeV. Ever. more illustrative are N, Z =·1, · 
,._, • • /•• • 0 :, ~n: • a • '• ', •, • •. ,• , > •; •- > '. ,' .~ ,:: / •. : • T ,,,-',• ~: 

'shells_.:with ~herri,.'1S
2 

.ii.ft:.10 Mey.arid !1S
2
~is-4.67 Me_V,,which,is 

,, , •, , , :· " " p , ·, , , • .• , , , , ,,•,, .. _., 
coIUparable with nucl~on pair separati~n --. energies observe~ 'in 

doubly 'magic 'even-even' nuclei. A' 'comrm;in feature of :m:iclei _with. z ;N-' 
• ,. ~ :- <. . .' :· . ·'·• .. , .· • . • ., rr···,,. + ... : .. , ... 
= ··7 and· 15_'Sh!;llls is_ the ground state. spin.· I = ·1 -~ -whose 'value 

'd~pends· on''the type. ~f :( 1 +l )--c's ... +s ') ;bond:• A ~i~ilar typ~- ·b~nd 
-· ..•. - : ... -.. ; . ·38· :.~:· ___ ·: .-,--~-- p .... ·n:; P:·. • , -- -·. :_·, ... --
exists•. in the, K .. nucleus with iZ ,N ·_ =· _19. With• this. number oL 

nu~le~ns, : separation} ~~ergies S 
0
-~nd . S ~: .. f~ature a · smiili 'maxi~um: 

,- ·., · ,•, ·· .· ·, ·-< ' · ·, · · · :· n :· .. • · P ' 45· · · · · · 
.Of. special interest are z, N =. 23, shells. The V'. ground state ~spin 

1
7
h = . c/ 'i~ deter~iri~d by 't:h~. config~ration (~2sfl' =, 1/2+ a~d 

;· ·,-· ---1 ,.,,: _;. +. , ... . .·. · , · t· ' ., .- . • . , . · ' • 
. ( v2s) · · = l/.2 .. Since . proton and · neutron . 1f shells are only 

, , , , , ·, , , , , 7/2 , " - ' : •• 
. half..:populat~d ·in this. case,· one can. expect 'this nucleus' to be 

~.-: . -.. :._' - r; ,_, , , . , ' ."i -- ,.'. I - - .• -~ • - ; .- •. .' • 

deform_ed. _Supporting evidence_ for <it might· be_ the existence· of-. a 

deformation;regio~· for~Ne, Na~· M~; Al, P ,nuclei ,with. N" > ,20. :' 

~oteworthy'is'also a smail n{aximum ln·l:)inding energies:a~ z,~=11, ~~ 
\\'hi~h, a:s.', in the, pre"ious case,. :might-, be. due to. ri~clear 

~eforrriati~n, 'caus'ed . by , the ,ld. ·subshell . being h~lf:.::~op;lated •. 
,5/2 •, : ... -: ,"· , , ·;,·, , , . 

·, 
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.. -- . . .:..:_ I' • ,_. ·, ,- • • • , . ~ . . • ., - •.• 

:': Abrupt changes •.in separation, energies· s , .. S , S ,. S ··for· these 
· - , ·_ . . - · _ · •. . . ,., : ;, . ; _ -~- n _, · p • _., 2n . 2p • 

·shells·':are.:_as · 1arge as 1-2 MeV. Another _.point in· .favour. of 

existence of odci sh~lls iat· Z,N. =. 1i· and i9 is·~ in~rease in 

.. -hindrance fac£~rs F(Ml) , of .i-for~idd;n 'Ml tr~msitio'ns ~t: thEi's~ 
- l . . . . . : .. ·.~ . ·, ·,' ·: .. ·_.. ·-.. . •. . '.. - . -

. values (Fig; .·l) ... 'The nuclei'•in .question belong ·to the ·group:.of 

.·.· 1ight -nuclei whose.:, nuciear' properti~s . are mainly deter~ined: by -

two-:-£article int;i~ctions in sd , shells;, Ear Her observed ariomalies 

ln ~
2
ni~t··.N· ;= ~s/a~d_N :=:19/-20. [!.Oc-12] :w~re ge~~ra:11y··.expiai~ed 

by calculations . within--'the> unified e;hell model, [ 13-:is]; .which 

'cori~icfer~ pi-o~~;tiei of 'iigh1:: nucii~i in, th:e . entfr~ ,sd 'spa~e', ~f 

. sh~ll~~odel · w~~e f~~ctions .. ( 0d . -.ls· .. -0d :) . ·.It' ~as - ~h~wn that 
. · · ,• · .,.,, ,· .. ·., · · ·' 5/2 ·.·1/2 3/2 , ,· ,, 

: abrupt ~hange in', the 'o·separation energy : S . is determined 
• ,_·. _. . - .. ·• ·-,>··, .- _.··· .. ··: ··<: .-.:: . .--,,_., ·_;·· ·.· ,:_- _. -._' ~n .. : ·- . - . ,. -
· cornpetJ,tion: of vario}ls, ·two-,particle·: interactions. The ;attractive 
:t~o-pa:rticle ,· . i~te~a~ticin , · ( 0d '·-Od ) , . ( 0d ., -1~ , ) '.,. 
· ,.• · · . ·, ,, · ·. 5/2 : 5/2 , · ', 5/2 ,, ., 1/2 ,J=2 r ., 

which dominates at'.·N ~-- 15, gives way "to ·repuls'ive 

two::..:particle--int~ra:~u'~n (0d· -ls·. ) ,:· at 1/ = 16 •. · The :-.;.rioma:ly 
;:. ,,. , ·, · ,',, : , · .' , , : · .. •, ·" · , . · . ·;_ 5/2 · 1/2 J=3 · , , , · ' . , . · , : . , , 

around ·:N · =. 19~ .. 20. for. neutron-rich. Na and Mg isotopes can be due 
·. - .·.··,·,. -._,- · .. _. __ -_ -.~ ,: .··/'•_ ' ', ·. 1--,-. ~-- ',-:,.--:-. ~ ~- '_. ·,"" • ' . . • 

.. Jo inversion of the lowest fp and sd orbits ( 16 J. · " . , : It: ii ~f i'nte'rest 'to 'c~;ry ,o~t calciuiaticm·s: for' odd~odd 'Ught 

nu~fei :at'·z';;; __ ~--•.within ·-the'.•U~ified, shell 'sd, ~;del iri ~rd~r-, to ·find;·. 

the ~ipe of twoC:particle internctfo~ during forma.tion~ ~f -~he .. 
: obsei:v~d odd >shells·. . . . . . . . .. · • . -- . 

This, 'odd shells ar·!;l • 'obs.erved in odd'...ocid 'light 'r;uclei\ ~t z, N, 

, 7, i 1,' ls,·: 19 ,' 2'i becai'ise :of.~possible' coherent 'sliell closure 

enha~ceme~_t. T~e ., Z,N '= ~ i1 ~rid ·23_ sb.~lls ·. a/e:,most :p;ob~bly 

:deformed., The °z,"N.=·7 and-15. shells-ar~ ,·si~ilar to.the 'atomic 

. shells -~itli<tlle sa~~, in~gi,c numbe~s and' ~;;~?be sp.heri~aL --- · 

~•· /, 
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Mopo30B B.A. E6-94-252 
HelleTHhle npOTOHHhle ll ile:uTpOHHhle o6oJI01IKH B JierKHX Mpax 

Ha ocHoBe amUitt3a 3Ha1IeHn:u 3Heprn:n oT~eJieHH.sI HYKJIOHOB n nap HyKJio­
HOB Sn, Sp, S 2n n S 2P B He1IeTHO-He1IeTHhIX JierKnx Mpax 6h1Jlo o6HapyX<eHo, 
lJTO BCJie~CTBHe B03MOX<HOI'O KorepeHTHOI'O ycWieHH.sI 3aMhIKaHH.sI 060JI01IeK 
Ha6mo~aIOTC.sI He'leTHhle 060JI01IKH npil Z, N = 7, 11, 15, 19, 23. Ilpn 3TOM 
o6oJIO'lKHZ, N = 11 n 23 cKopee Bcero OTHOC.sITC.sI K KJiaccy ~ecpopMnpoBaHHhIX. 
O6oJI01IKll z, N = 7 ll 15 amlJIOrn:lJHhl 060JI01IKaM C TaKHMll )Ke Marn:'leCKHMll 
lIHCJiaMH B aTOMaX n ~OJIX<Hhl 6h1Tb ccpepn1IeCKHMll. 

Pa6om BhlnOJIHeHa B Jia6opaTOpnn MepHhIX npo6.n:eM OlUIIil. 

IlpenpHHT 061.e~HHeHHOI'O HHCTHT)'Ta ll~epHbIX HCCJie~oBaHHH. J:J:y6Ha, 1994 

Morozov V .A. E6-94-252 
Odd Proton and Neutron Shells in Light Nuclei 

It is shown by analysis of nucleon and nucleon pair separation energies 
Sn, SP, S 2n, S 2P in odd-odd light nuclei that odd shells are ·observed at Z, N = 
= 7, 11, 15, 19, 23 as a result of coherently enhanced shell closure. The 
Z, N = 11 and 23 shells are most probably deformed. The Z, N = 7 and IS 
shells are similar to shells with the same magic numbers in atoms and thus must 
be spherical. 

The investigation has been performed at the Laboratory of Nuclear Prob­
lems, JINR. 
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