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Single Part icle Sch -odinger Fluid and M oments

of I ner tia of Defor med Nuclei

A beð act We have appl ied the theoÇ of the single- paztick Sck odinger duid to the nuclear COIled ve

m uon of axial l y defbm ed nuclei . A eounter mtample d m azb iú ry number d independent nucleons in

the ani sotmpie han noÄ e osc il lator potenual a the equi l ibrium defomIaUon has been also e ven . Moreover ,
the F und Bu te- d the doubly even nuclei h É e SMd she11 30 Å , " Mg , 2' Si , ' 2s and 36Ar z e m m ô Ct-

d by Ell i ng the sisª e-pan icle statØ com µ onding to tbe poesible values of the Em ber of qum u d exci -

tauons ng , FEy , azzd n. . ACCOM ingly , the crm KKEg- model , the rig d-body model m d the eqd ibd m -

model moments d iBerm d the- e nuclei are calculated Ä h nctions of the oeeinator parametem hØz , htuy

and ² , whi ch m e ven h tem d the non deformed vd ue h d , depending on É e mass nEm ber A , É e
number of neum m N , the number of pmtom Z , and tbe defom ation pammetez p . 'IEe calculated va1¤

um of the cranking- model moments of inerm of them nuclei am M good ae eemeat wiÉ the cormspm ding
experimentd val ues and show that the considemd mdall y defonn ed nuclei may have oblate ± weH Ã pm-

h te shapes and that the nuclem M Mg is the only one wtEieh is H O l y deformed . Ä " rig d- body model and

the µ i librim -model moments d im t i a of h WO nuclei 20Ne and MMg am alm in good aF ement wiÉ

the corm sponding experimental values .

Sctu´ iù er auid , defom ed nuclei , moments of iE,ermKey woEÉ

I nt r oduct ion1

I t i s wel l k nown that th e shel l mod el exp lai ns many nuc lear pm p ert i es , bu t fai l s to accou nt the

laí e nuc l ear qu ad m p ole moments and sphem id al sh ap es whi ch many nuc l ei poeÊ 8 ¤ I t i s al so c l ea r

that such eE ect s cann ot be obtai ned fm m m y mod el wh i ch consid ers th e pai n vi se f l l l i ng of th e i ndi -

v id ual £É i t s of SH Ied cal poten t i al to be a good ap pm xi maHon to nuc l ear sk ud u Ó . Su ch l az¬ e eg ect8

cm on l y ar i se fm m COOEd i nates moti on of mm y nuc l eons . W e may charac teri ze such moti on by m -

SEEmi ng t hat th e paEt i d e mot i on m d É e sUEf ac e mot i on am coup les .

Bec ause th e sud ace i s d i st on ed a some moment , the poten Hal f el t by a part i c l e i s not sph er i -

cal l y sym m et ri c , th e pan i c les wi l l m ove i n orb i t s ap p rop r i at e to m aspher ical shel l - model poten t i al .

To m p m ss t he p an i c l e- SUEf ace cou p l i ng math em at i cal l y , i t i s neceÄ aÇ to i n t ro d uce some col l ect i ve
vaEt ab l es t o d esc r i be th e coopem Hve mod es of mot i on . 'n m si mp l er mod el has someti mes been cal l ed

th e coll ec t i ve mod el , and t he d i stOEt ed sh el l mod el the Im in ed model .
11Ee nuc l ear col l ec ti ve m tat ion l l j i s a top ic of the nuc lear stm c tu m theoÇ so me fl h y yeam ol d

wh i c h has F m stead i l y both i n th e Ø p h i sHcat i on d iu theory and i n th e range of data to whi ch i t

EªEl ates . Ò 1e moet £en tm l param eter of col l ec t i ve m MUon is the moment of i nen i a of deformed
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EUBd ei l2Å ] . Co-- em ent l y , t h invÊ  " i on d tbe nod es r m m ç , d m e m u a æ æ ve d a k

for the vd i d i ty d the nuc l ear a m ctu m th eod e- -
11he quan tu m a ui d [61 i s eonsid e red Ø be eomp»etel y tm nspam nt i n tem al ly w i th respect to mot ion

or t he consti tuent paEt i c l es . and to re cei ve d i st u rb ances so l el y by way OAf su zt ac e defon tmt i£ne . It s

near i ncomp m si ba i ty comes about , not by pan ic le to pan i c l e push , " i n m o rd i nazÃ l i qu id , M t

by more su b t le mean s . h i s capaM e d col l ect i ve 0¤ei l l - 6 ¶ 8 , b u t i t i s th e wal l wh i ch ozp n im th ese

d i st uÉ an eü , nd EZt'Cl eon to nuc leon i nte ract i om . 0 ¤ci l lat i ons a per ienee a dam p ing , b ut th e mech -

an i sm of th e dam p i ng i s un l i ke that encoun tered i n ord i nar y l i q u ids . Ú 1e m u ti onal pm pert i es d the

quan tu m fh ai d am q u i te d iE em nt fm m those d ord i nar y fh Bi ds .

M om over , the stu d y d the vel oc i ty fK Ids for the m MUon al mot ion l ed to t he formu lat i on d the
so - cal l ed t he Seh m ed i nger n u i d i 7j . Si nc e th Sc hø d i nger fh zid theOE7 is a pØ gen t m independen t

pan i c l e mod el , th e cran k i ng model app m Ei zm Uon h r the veloc i ty f i eld a and the m omen ts d i EBen i a

p lay th e d omi nant m l e i n th i s th eoÉ ¤

h th e p rem nt paper we h ave ap p li ed th e th eoÇ d the si E18le pan i c l e Sc h ø d i nge r f I u id t o É e

nuc lear cOIl ed ve moti on and t o t he cal cul at i on s of the nuc l ea r moments d i nm t i a . A l so , m ex amp l e

was gi ven f or m arb i tr ar y n umb er of i ndependent pan ic l es i n t he an i sotm p i e ham m n ic oee i Mato r po -

ten t i al at th e eq u i l i b ri u m def om mUon . Momover , t he moments d i nen i a d the dou b l y even axi al l y
dd om md nuc lei i n th e s-d shel l : m N , M M g , é s , g s an d " A r m cal cu l ated ac co rd i ng Ø the

Þ ncepts of the si ngl e pE Hc le Seh¶ di nger n u id fo r both d the cm n k i ng mod el an d th e r i g d bod y

model . Ò 1e equ i l i b ri u m moments d i m n i a d these nu c l ei m al so cal cu l ated .

2
1E e pol® fonn d the ti me-dependent k ø singi e pazM e m ve hEEEd o-z Ê e m by Rd . [ Ê ,

f . M i f 1? ( F J ( t ) , s ) = Ú ( F J ( t ) ) Ð i - I E S z ( F J ( t ) ) - I l f z ( Á ( ¨ d t ' j , ( 2 . o

whetü a mpm enu some ti me-dependent col lecti ve param¤ m , S is a m l hmction and Õ i s a poei -

tive mal function . h the case of mMUon - the pammeter Á becomes the angle d mMUon , 8 . 112e

si ngleûpan icle Hami l tonian H is Á-dependent thmud E i ts potential and the time-dependent

sehEËdi nger equation

a
H ( F , p , Á ( t ) ) V z ( F , Á ( t ) , s) = i ¿ ÙJV z ( , , Á ( t ) , s ) ( 2 . 2 )

cm be separated into mal and imag nary pa¡ , by usi ne Eq . ( 2 . 1) , and as a EüSUIt tm equati ons

are obtai ned . 113e × rst is the continuity equati on

¬ - v + v - v p z - ¥ , ( 2 3 )

'  .¤ +1 ¤¤J EJ ». szd A " " Aaa --Äd hªF
wheÓ the density p = Õ Z and the i rrotati onal veloci ty fk ld v is defined by

v = - V S ,

'IEe 8eeond equation is

( H + Vä, ) Ç4 = edé . . ( 2 .6 )

Í ich is a znodiSed Sehzedi nger equati on thmud Ethe m diSed dym m d potenti al

i as 1 2}
V ® , = - M ! » - - v l . ( 2 . 7 )

Ö É a t 2 f

h addi t ion to the i nwMUonal velocity Eeld v , which has been resul t fmm the fhzid dynamical

( 2 .3 )

( 2 . 4 )

´ 2 . 5 )
i ÷ l n ( × / v ¤ ) .

2 M
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equati on , other veloci ty f ields Which satisfy the conti nui ty equa ion of the k hrod inger equm m Þ -

cur . Among these veloci ty fK Ids am the incompmssible veloci ty fh ld , tbe mgular velociw fl eld , the

F O-m ute veloci ty Eeld and the d gi d body veloci ty a eld . For rou ti ons - the rig-d body velociä Ôeld

v ng is dea ned by

VÖ = O x r . ( 2 .8 )

It i s seen that thi s veloci ty fleld i e i nemµ R m ble , regu lu and al eo d a geomet ri c type .

aah the adiabati c appEÉMEi n1at ion whem , Ù7ú 0 , the col lect ive k i netic enew of a nucleon m the

nucleus is gi ven by Ref . [ 8 ] ,

¸ = Â M j ½ ¤ ( O X F ) d r , ( 2 9 )

and the coll ecti ve kineti c energy T d the m clm s u e ven by

T = Â M j m ¤ ( O X M , ( 2 ò

wheÓ PT is the totaJ denMty di std bution of the macleuu, and h is the totd veloci ty f ield ,

3 Single Nucleon in the Harmonic Osci l lator Potent ial

112e si n gÔe pan i c l e wave h neHons fbr a nuc leon i n th e ave rage harm on i c oec i n ator potenHal of

t he nuc leus aEü e ven in the fom 1 of p rod uct s of t he th E@e one- di mens ional o@c i l l ator fu nct i ons gi ven ,

e z ò , etc ( 3 3)

H the b axi s is m m s d symmÉ 7 , m dIat eJg g Øy , the iEZMZEst m ew d the single pamcle

state is e ven by

Å . . = h zu z ( FB a + n y + 1 ) + h Et J z l FZ a + ¤ ) ( 3 4 )

É 2 1

h the adiabaHc appma mm o-z the r h. . ingie m zÀcle wave hand ion is appmxi mated by a sum

of two hmetions one of which is mal and the other is imag naÇ . 1Tze Emt h m uon , the quasi-aatie
wave hmCHon , which is the mal pM of the wave h nction satid es the qum -static Sch¶ dinger wave
equati on and the mmad hmcSion - the im g nary pu , m the aM -OMer ti me-dependent peauª atiozz

eorzection to the wave h nction and is g vm ¤ M a ¶ aboet the z-am by Rd . [ 8 ] ,

II z = £ » ´ j | La MEµUt
j h ak eI - × '

2 p½zá,

2 phg
(2.11)' 7T -

-

U. (eµUJ , ) ¶ ( Zµ, (3.1)-

-

{h JJþzr up(- © )m (3.2)

h Eq . (3 .2) ² ( e) is the Hermite poly-

q and g m deaned by

£jE K (3.5),az z
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whem LS is the b component of the singi p parti cle orbitd angul ar momentum .

cranking cOEZØCHon to the wave hmCHon m p li citl y , oM  ng

u . ( e M m( y , z ) = þ £ u . Á
, a L d Øydea .

{ e d J E u ¢ 4 ¤r 11Å : þ : ù, + 1) É 4 UV E

t J ( ny + 1) È Õ1È · + g J U y + 2}h z + ¨ , " UV E}

111e f unct i ons wi th sub sc ri p tS FEss ,

i s a measu m of the deformat i on of th e poten t i al .

We introduce one si ngi e parameter d deformation S dea ned by Rd . [ 9 ] ,

i 2 8 } 2
Ø i = fo o l 1 + Ó ) = ü , ( 3 . 8 )

i 4 8 L
Ø : = Ø ; i 1 - Ó ) ¤ ( 3 . 9 )

Ç 1e condition of constant volume of the uncleus leads to
EOgfOyCOa = coast . ( 3 . 10)

Keeping this condition in the geneml eam together ì th Eq¤- ( 3 .8 ) and ( 3 .9 ) , Ä has to
depend on s m the following waf ' ) ,

£ i 4 2 16 31 "
Ø£ = zuo( 8 ) = Ø£( 1 - Ó 8 - Ð S ) , ( 3 1 1)

whm d is the í e d rod s ) for s d . 'ITze Í se d the omina or pm meter hd for nuclei ÷ ×

mass number A , number of neutEWES N and number of pmtons Z is e ven by Rd . [ 10 ] ,
" : = 38 .6A- m - 127 .OA-Ä + 14 .75A¤Ä ( N - Z ) . ( 3 . 12)

Another choice d the defom ation parameter is dd ned m fbllows[' ] :

3 / 5
= Ô Ù á - 0 95¬ ( 341ì µ

111e pm3meter p is d owed to vaI7 in the mage - 0 .5Osz p g 0 .50 .

4 C r a¡ in g M odel and Ri gsd B ody M om en ts of I n er a a

It is well knom tha the cm king model m Ä " d h em is dd ned by Rd . [ 11] ,
£ | j́ |L, |iµ|2

´ = 2Mh2 à ¡
" j t ej - et

We now exami ne the crank ing model moment of med ia in tern18 of the veloci ty f ields . Bohr mEd
Mottel son[1] show that for the haz nome oeci nator case ± the equi li br i um defonnati on , whem

and A is the mass number ,

body moment of i neÇ× ,

Z M ´ y ?

We note É a the crank i ng model moment d inezt i a ö and the d g d body moment d inert ia É ,

S.B.Domaz¥ » Ó ¸ ¨ © º å Í Î ä £ Ä ª ¯ ß ¿

We cm calculate the

(3.6)

FBy , azzd n z are d argu men ts g , É an d

40 , - OJa
Ò = - - - - - - -

EUy + aJS

C, mspecHvely , and

(3.7)

(4.1)

 (EÉÈ )t (4.2)-
-

the crank ing model moment of inert ia i s ident ical ly equal to the rigid

+ zi µ. (É 3)FÖ' - SL
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azªEequal oni y when the hz moni c o@cau tor is a the equil i bd um deformation . A t other defom a-
tions , they cm , and do , devi ate subetant id Iy fmm one anotherM] .

m e fd owi ng expm Sions for the cranking model moment of i neEt i a .Þ and the ri g-d body mo-
ment of ineEt ia Ú cm be easi ly obtainedM] ,

whem q i s the anisotmpy d the COZEf lgu ration which is denned by

and E i s the total single pan i cle eneEZY ,

AnalYa ng the experi mental data concenzing the p £und states of the nuclei m Ne ,
33s , and 36A r one cm easi ly al l the occupied oItHts by neutmns and pmtom and Ê a consequence ,

Eqs. ( 4 . 6 ) and ( 4 .7 ) can k easi l y calculated for these nuclei .

5 Results and Conclusions

h Table 1 we pmsent the cal culated values of the moments of inert ia of some doubly even de-
formed nuclei i n the s, d shell : m Ne , ZAMg , ´ Si , 32S and Â A r acCOEI Ung to the crm king model ,

É , , and the ri gid body model , ç , , Em . ( 4 .4 ) and ( 4 5 ) , together M É the vd ues d the defor -

mati on pm meter p and the m l lator PE anz¤ Ð . h Table 1 , also , ½ pm nt the experimental

Í m of the moments d inert i a Ú p d theee nuclei , obtm ed h m the low- lyi ng mtational spectra d
these nuclei [12) .

1Eé aeL M-me¡ d ×" rÉ d ² emdd aNe, S¤M¤, '¤ , as . ¬ ,.Ar .

h 2 h z a
N u el em p h d m eV I keV f k eV x z û I k eV { 0 1

õÀ ¥ü ü
20Ne O-n 11.88 276.04 305.40 ò9.90
20Ne 4 24 Ì " ¢ m a m .é

M Mg 0.39 11.m n 7.m 213.n 237."

24Mg - 0.44 1I -m zn .¸ ¸ 4.43

288 0.26 11.22 3213 6 1' 2.41 324.60

2 st - 0.B 11.2 330." 212.26

ns o.n 109 1 3' -47 163.« 371.72

22s - 0.n 10.« , e .38 179 .n

'®Ar o n 10 .62 371 91 138.96 374.55

36Az - 0.33 10.62 370 .n 1527 8

h Tabl e 2 ½ pmsent the cak ulated values of the equil i bri um moments d inen ia , Ú " ' for the
defontzed doubly even m eld in the s-d shel l : 20² , 24Mg , 2¤Si , 32S m d 36Ar together wi th the val -

ues of the deformation pammeter , p , at whi ch the cmnki ng model and the Et --d body nmdel mo-

ß Ü ï í ë Ë ï í (EfEP& NP) Ú 26í

Ú =þ d J(;¿ Yit OÐ ) +¿£ . ,¶ ,
i - í ± ú 1

û 2 ¡ r Ó = ! » » » I ( 1 + q ) + e ( I - q F1 .
Ø, U T abV ÉÒ - U F

(4.4)

(4.5)

ü Ó ? ¥ )
(4.6)q '

÷ (nzç )

ç (ns+Â)]z l hØAna¤+ np+ 1) +E (4.7)
MMg, ZS Si ,

-
-
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menu d inem am µ al , and the values d the omillator pm meter h d .
1h bte 2. EqØ² ± ï Ø ma mù ù d ô , ² d s¤² , " ñ® , ' a , ' s , . . . ¤ Ae-

NmM F bJi m-eV E ¨ Ç w d10 J lhz

-p -v.,

" Ne 024 11.m m .16 279.90

MM8 0 .36 11.m 212 .m z½ ."

2SSM O. 17 11.22 193 .60 324 .60

Ö £ . 14 10 .91 163 .30 3717 2

36AE O. 11 10 .642 140 . 10 374 .55

I t i s seen h om T ab l e 1 th at the c ah ul atd vah ms of th e moments of i nea i a d th e consi dered

n uc l ei acCOM i n g  th e mï zk i ng mod el by usi ng th e con cep ts d th e si n gi e - pa t i c le Seh]ø d i nger E u i d

am i n good aÁ em nt wi É th e corm pon d i ng exp em ental val u es . I t i s seen , al so , fm m T ab le 1
thM th e nu c l ei m N e , 22 Si , n s and 36 A r h ave near i y eq ual val ues of t h e d efoEÄ aZi on para meter 0 . 22

sg p g 0 2 7 ( or - 0 . 32 Ë ¬ Ë - 0 . 24 ) . T ab le l shows , al so t hat th e cal cu l ated val ues of t he m -

m en ts d i nmt i a m o,d i n g to t he r i gi d bod y mod el f or th e two nuc l ei 20 N e an d M M g m i n good

ag ü eEEZmzt wi t h t h e cOE m pond i ng exper i men tal val ues wh i l e th e c al cul ated val ues for th e th m e nuc l ei
n s i , n s an d 36 A r am not i n ae Ø ment w i É th e correspond i ng exp er i men tal val ues . M om over , i t h

seen fm m T ab l e l that , a CCOM ing Ø th e calcu l at ions , th e eonsi dem d dd on ned nuc l ei m y have Ob -

h  ± wel l Ø pm l ate deforn1at ion s . Ò 1e an al ysh d the quad m pol e m oments d t he £om i d em d nuc l ei
show that , amon g al l th e cOImi d em d nuc l ei , th e nuc leu s n Si may on l y have m ob l ate shape whi l e

the otuhem have p m lase defom m t i ons . F UEt h erm om , aCOOEd i ng to th e cal c u lat i on s t h e nu c l eus M M g i s

t he onI y one wh i ch i s h i d 1l y defom ed . I t m y be m m m asonab te  assu m d zat th i s nuc l eu s has a

t zt ax i al sh ape and not m m al sh ap e .

h i s seen f ro m T ab le 2 that t he val ues of th e equ i l i b r i u m moments of i ned i a of t he two nuc l ei
m N e an d M M g aÓ in good Þ ÷ m nt ÷ × th e cOETesp ond i ng ex ped m enta l val ue@wh i l e th e equ i l i b Ei -

u m moments of i nen i a d th e oth er thm e nuc l ei am not i n good ag eeRBent ì th th e com spond i ng ex -

peri mental val ues . I t i s n © eÝp eeted t o obta n good m SUIt s for th e equ i l ib ri um mom ents of i ner t i a

m th such a si mp l e model si nce th em am many eg ect s w h ic h mu st b e t ak en i nto consi derat ion .

A mon g t hese aEYE:
( i ) 'IE e moments of imed i a of d efom ed nuc le i c m be mm SEEm d fm m the l evel stm cu lm OAf m ta-

t ional ban d s . c d cu l ad ons based on t he pu m Sind e- pan i cl e mod el dev i ate f m m th e ezp ed men tal val -

ues . E pai r i ng i s inc lu ded , t heow an d exped m n t m in mu ch better aF ement .

( i i ) N uc lei whoee mass n um bem do not devi ate ¼ ® much f rom the c l osed sh el l cod l gum t i on

stay , ± l east i n t hei r g u m d state , sphed cal l y symm et r i c . F i l l i ng mom EEtzeleom i nto th e 8hel l , j ust
± th e ease f or the two nuc l ei n s i and n s , one en tem a m Si on i n whi ch nuc l ei und er go ra p i d chang -

es i n defom 1at ion , m ac hi ng i ts maxi mu m vd u e i n th e mi dd l e of th e shel l .

( i i i ) h the nei å b om ood d c l osed shel l even nuc l ei , a l ow- lm g l evel w i t h aÖ 11l ar mom F

tum 2 an d posi t i ve par i ty i s fbu nd . ì lese level s cm k i n teip m ted nei ther Ø IUMUon al nor Ø si ngl e -

par t i cl e exc i t ati ons . h fac t , th ey are v i bm u onaI i n ch ar acter , hav i ng a st ron g i ntem lay ÷ × pai r in g

co rEÉEl at i ons .

T o unders tan d al l t hem p henomena w e have t o tak e i n to acc ou n t th e eon Ãl at i om due to th e

8hod -m n ge p × t d t he nuc l eon - nuc l eon i nteract ion .

R esul ts for th e m i ni mu m eneEÍ H M Ee e- Foc k sd u ti on M showed th at the two nuc l ei n s i and

ó S exh i b i t el l i peo idal m i n i m , i . e . th ese sol ut i ons do not poesess axi al sy mmd É ¤ " Ee mai n fea¤

S.B.Domaz¥ » Ó ¸ ¨ © ¦ å Í Î ä Á Ä ª ¯ ß ¿ 841
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tum d th e- e resu l ts i s th e l ar ge Á p wh ich app em i n th e si ns le¤p arHch ea ezè ¹ ± th e d om e d a

stÓ el l - tb e ö Ô M ueed b y tbe m z- d t sp l i t ti ng bet ½ en th e 1 ä an d 1 d ; Ä b she l l s , " É a

tm vaEd s the en d d tb e sd - sh el l i t has eoa si d erab l y d i mi n i sh ed .

7³ e a ushor gcould l i ke Ø sha rds the Fý ee j br h u m l ta b le commeFESS m zd d i m esioFU -
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