
ÚÐí Ú11Ú ß Ü ï í ë Ë ï í vel.¶ , No.11
2003ê 11Â EEGEE ENERGY PHYSECS AND NIJÁZAR PEWSZÁ ² , . , ¸ ò

COld guration-Dependent Bands in 16¢ i

ZHOU Xi² Hongl zl ) M Od umaZ X U Fd od Y . Tot ZHA NG Yu-Hu1

ZEE NG Yongl M . 140im mF A . o sd T . HaYalu wd y . Ha¥ ukawd T . Shizumd M . Susawa1124

H In-6tut- d Modem ph" ± , chine-e Aeade® d Sei¶ ± , u ,É ou 73÷ò , China)

2(Jµ m Atome Ez--zgy Rem zÊh Institute- Toka - h e ati 319¤1195, Jap-n)

3( Dµ atment d TeehMeal phy--es and MOE K£ Ib oe- ® ¤PEMª UrdV-E-tty, Bdjing 10ù 71, China)

4( Chiba h Ê tute d Technology- NE--M'" ' chih Z75́ Ón , Japm )

A M Ê" ' d EH4 i¡ 6êå B· .µ im En 3 s Ø ± ö 1Ç. R± e Ûìü'±½eÙ '± Ä d± imed d .ó»n1d EÓe çM i ô± d m úØ e i² dú e n Ñö Æ c ª o¶ En E d a éæ @n dÏ 7 £° £ µ t»e d b m d b Ä ed d × ª́ e 9 /n 2 -

[ 5 1 4 ] N iÈlhs -Ø0 n s t×aa Ee mm E×d a d¤ e eÙ @uµ P lhe d b am z×d b u i l t ¶ ² e h ' m imn ¥m × d eß r p r o t o n o z b i t a l ( n o m i n a l l y 1 / 2 ¤ [ 5 4 1 ] ) . 1 1 1e c m n k e d s h e l l n o d e l

c a i c d a i o m p r e s e n t c o d Á ª GEE- d e p e n d e n t d e f OET n a u o zu ² a t c a n e z p l m n É e d i g e Te n t b m d e m - - h 1g h q u e m c i e s . 11 Ee e x p e m zI e n t a l

9 / 2 - [ 5 1 4 ] b an d m l e R e s h o w s t h e l a r g e s t s i p a t u r e s p U t t i n g a t l o w s p i n a n o a g É e i m o m o d d m a g e R e i So t o p m . A h e r t h e d e m e n t

d a p a i r d t h e i 1312 n e u U @n s , d ze p h a s e d t h e sp l i t É Eg i s i n v e d e d w i t h a g i e z i E c a n d y m d u e e d m zp l i M d e . A d d i t i o n a l l y , a t h ze e -

q u a - i p M 6 c l e b a n d w a s o b e e r v e d an d a a e i e I e d Ø h b u a t l i k e l y ¹ ² e d n - [ 5 1 4 ] @ A E e o d g m u o n .

K e y W O E² EW t a u o n d b a n d s , £ £ , º , m " o n , c r a n k e d s h e l l m o d e l

1 Introduction

u e sy st emat i c stu dy of spectm ec op i es i n d d - Z i so -

topee cm p m vi d e 8pec i f k i nf or mat i on abou t t he i d m nee
of neu t ro n shel l fl l l i ngs on nuc l ea r l evel 8t ruetUEü [ 1- 3] -

Neu tzwn orb i t al a l l i ngs cm change nu cl ear deform at i onL

th e ch ar ac tem d qu Ø i neu tm n exc i tat i on s and t hem foÓ th e

fea tu res of spectm ec op i es . p mt i ed aEä , th ese chan ges cm

be dm mat t i n th e t ran si t ional mass re gi on . u e veÇ neu -

tm n deg d ent odd - Z n uc l ei i n t h e mass 170 m g on am l o -

cated on t he ou ter ed ge of t he d d om md m m eazt h nuc lei .

Ä Eese nuc l ei are expec ted to k M h er sof t wi th respect to

p and y deforZEl at i ons . 1h erefom , th e shape- polar izi ng ef -

f eet8 of i nd i v i d ual nu c l eons cm be si Á i a c an t . N uc l ear

shapes cm k st ron gi y dep enden t on cod gu rat i on s an d

neu tm nuú em [ 14 . For l i e u od d - A R e i sotopes , the

pm ton F em 1i suEf ac e i s ± the top of th e h tII2 an d d m

subehel l s and c loØ to th e h m l n - [ 54 1 ] an d i mf2

1/ 2 + [ 660 ] i ntm der orb i t s[2¤3] . A lese defor med shap e i s

f av OE, d wi th t he 9 / 2 - [ 5 14 ] and 5 / 2 + [ 40 2 ] orb i ts oecu ¤

" " - O n the oth er han d , th e h m and i 13n orb i t s w i ú £
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= l n am strongi y down-sloping Ø a funct i on of deforma-

ti on . Ç Ee nucl eu s wi ll be driven towa d s larger defom a-

6011 Í en the dom -slopi ng orb its am Þ cupied by the m -

pai md pmton . h th is paper - we pmsem the eon6 81Ara-

Hon-dependent band stRECtu m i n 16¢ e .

'I Tm exc i ted states i n 16¢ e wem pop u l ated vi a the

MS m ( n s i , 1p2 10 14' Re m acti on . × Ee n s i beam was p m -

v i ded by th e t and em m ee k m tor at th e Japan A tomi c E ner -

Ò 1e taz¬ et i s m i sotop i -

U º Ò d 1 . 3 mgf c mz th i c k ness

Y- m y d etector ar ray

BGO an ti - Com pton ( A C )

111e exped mental

g Resea t h Insti tute ( JA ERO -
cal1y enEt ched MS m metal l i F

wi É a 7 . O IEEd enf Pb backi ng . A
comprising 12 HPGe ' s ± th

shields was used in the measuÓ menu .

i nfomzaSion and level scheme constmct ion have been de-

scribed i n detai l in Refs . [ 4 , 5 ] . 111e level scheme of
t69Re , includi ng thme mMUonaI bands , i s shown in

Fig . 1 . Ê Ee cmnked shel l model ( CSM ) is vew success-

h l in describi ng Me r -spin features l i ke band-cm- sing f IF
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Fig . 2 . EZÀacted d e m ent and m athi m enezgy for measó Ù
EWtati onal bands m 14' Re ( panels ( a ) and ( b ) , regpectively ) .

'IK labels m the legends indicate the bands  they am label ed M

Fig . 1 . Th e HE Ê rd mØ ee Parm a m m eho, À ' o h J0 2 "

Ú2 MeV - I u zd J 1 = 60 Í MeV - 3

Ü ¡ × È 22¤ Re Ä ª ¯ ø á ¹ é ¬ à Ø Ô Ð ¿ 985

B-ad 2

{37á }

tSSJ2}

{2¤12}

scheme of tØ Re .

qu en c ies , IWt at i onal al i p zed an gu l ar m omenta an d si p u -

tu m sp l i t t ings of many nuc lei . h OM er t 0 8tudy t he eEec t

of m t ati on on th e si ngle - p art i c l e moti on an d c om paIü th e

pm peEt ies of th e obeeR ed ro tat i onal ban d s to th e resul ts of

CSM caI cul ati on s , we must tm EEd om 1 the exp eri men tal ex -

c i tat i on m erg es and sp i n s i n to th e rotat i ng f ram e . ¡ 1e

qu asi paz× c l e d i e m Ben t an d Routh i an energy f or al i band s

obsm ed in 1¢ e m ext m eted an d pl ot t ed v s IWtat i oTEal

h equ eney h F i g . 2 .

In oEd er to have a deeper undemtandi ng of the bend
stm ctums in 149Re , we have pedom ed cranked-shel l - mod-

el ( CSM ) calculations by means of Total -Routhim -Sur -

face ( TRS ) methodM] in the tim e-di mensional defonna-

t ion A , A , y space . Ð 1e EEOEEaxial deformed W oods-SmE-

on ( WS ) potential [7] was emp loyed . Both monopole and

quadm pole pai d np [S] wem included . To avoi d the spur i -

ous pai r ing phase transit ion encountered i n the BCS ap -

pmach , we used the appmxi m te pazt id e number pmj ec -

ti on named the U pki n- Nogami paid ngW] . Ò 1e pai ri ng

eorzt lati on Ê dependent on mtationd frequency ( k u ) and

def omzati on . h OMer to i nclude such dependence in the
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band em- - ing takes place a hØ = 0 .27 MeV , wheE¢e the

ø in i n the al iÁ ment is about 10 . M . 11¢e A B neutron

cmesi ng is delayed by ú £" t 40 keV in band 1 compared

m É the stmnd y eoupled bandi si . Simi lar shihs have

been ob-erm d tbr the l n - [ 54 1] bm ds i n a lmF number

d odd- Z nuclei in thi s mm s mg £" m d em be qual ita-

Hvely a tr ibuted to the larger quadm pole dd bmmtion for
the 1/ 2 ¤ [ 54 1 ] cona gmØ ion i t- 31. whi ch hÄ a neÁ ti ve

slope in the Nil -- on d iag ams and thus dd ve the nucleus

towazd larger defommtion . TTEem- 6 cd calcul ati on predid -

d that the quadm pole deformatim A val ues wem 0 . 22
and 0 . 18 for the l n - [ 54 1] and 9/ 2 ¤¤ [ 5 14 ] eod eum -

tions , msped ively . Since the m utmn Fei nEi level , Ë , i s

above the hi d dy al ig Bable low- O i m neutron orb its , m

incmased deformation com ¤ponds to a i ncmam d qum n-

m tm eneEö , ð , for the i m qum meutm :

E w = J A 2 + ( Å. - Aw) 2 , ( l )

mSUIting in a delayed AB m ô n h ad emem t IE] . Rs -

4 displays that the neutmn A B em- - ing fmquency iEÄ " 

" ÷ × inemasing quadmpole dd om mtion .

4 . 2 Band M sed on th m - [ 514 ] Ø mEgur auon

Band 2 is KEa-od ated wiÉ the 9f2 ¤ [ 5 14 ] conf -Igum -

tion . It experiences a stmng backbend ing at hØ = 0 . 23

MeV wi th Á in d 10 . m in ali Á meat ( ½ Fig . 2 ) , coz--

Ó, pondi ng well to the A B neutma em-- ing m the 9f2 ¤

[ 5 14 ] bands d the nei 6 1bod ng d d- A Re i80topeeu .31 .

'ITze experimental neutm n A B croe- i ng fmqueney is well

repIoduced by the CSM cd ctElat ion m shown in Fig . 4 .

ö Ee TEES cal cul ation shown i n FIg . 3 is cormgpondi ng to
tbe 9/2 - [ 5 14 ] eod Á rat ion . u i ¤ cona gu muon is Ã d

± iow mtat ional fEüquencies wi É pd enti al mi ni mum ± P2

¤ 0 . 18 azzd y - - 100 . After the Srst band cmssi ng É e

predi cted nuclear shape is sti l l y soil m th the eneEw m n-

inm m a about the same quadrupole deformati on , but at

M Eall poeiti ve Ã defoEÓnat ion .

For systems M É odd pazt id e number , the siÁ aIure
dea ned b7 Áf = 1/ 2 ( - 1) J- ln ( favoE, d sip BattEm ) is l ow-

emd in energy ÷ × m peet M h a " = 1/ 2 ( - 1) ¨ tm( m -

favored ) eiP Eature . wtzem the angul ar momentum d the

odd pen ick is expÓgsed by j . ö Ee si e mture spl i tt i ng A e

is defmed æ the d iEerence in emerg es a a gi ven mtat ion-

d h qE,ency for the pai r of siÁ atum paztm m . Fig . 5 pm ¤

Ü ¡ × " z-- Re 987¬ à Ø Ô Ð ¿

m u p l o u d t h e s i Á a u m s p l i t u n p f o r t b e 9 / 2 ¤ [Ê 5 1M4 ]

bM. nMd s i n t h e lHi d Et o d d - A R e nmt ' ed lhØWedó it [Ø2LÔ.JÉ3L . ¨ , d d a" e d "d [ u

Ś ( fÇ ) = [ ¨ - E ( I - 1 ) 1 Å [ E ( I + 1 ) -

E ( I ) + E ( I - 1 ) - E ( I - 2 ) ] , ( 2 )

H e r e E ( I ) i s t h e l e v e l e n e r g y d s t a t e I z S ( I ) Ê d b m t l y

p m P o m o n a l t o t h e s i P Ea t u m s p l i t t i n g A e , h zt EEM F i f l e d

b y a p p m x i m a t e l y a h c t o r o f t w o . ' I T Ee m i s a c l e a r e n e r g y

s p l i t t i n g b e t w e e n t h e t w o s i e za t u m a t l o w h q u e n c i ü ,

a zzd d e r t h e i l sn n e u t m n d i e m Be n t t h e p h a s e o f s i P Ea t u r e

s p l i t t i n g i s i n v e n d w i É a m u c h r e d u c e d a m p l i t u d e ( se e

t h e i n s e t s o f F i g . 5 ) . A s s h o w n i n F i g . 5 , t h e e x p e r t -

m e n t a l l y o b e e n e d s i g Ea t u m s p l i t t i n g i n t h e v e Ç n e u t m a -

d e f l c i e n t i s o t o p e s i s u n e x p e c t e d l y l a EÃ e , É 1d i n c m a s e 8

r a p i d l y m É d e c Ó Ä i n s n e u b u n n u m b e r . ' I E e s i p a Eu r e

s p l i t t i n g Ø M d E U a b o u t 3 0 k e V i s o b s e rv e d ó l o w s p i n s

i n §' R e .

µ

Ì
Ê

20 25
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Fig s . × , za z e , Ã Ö S ( F ) ¤ ¤ h mem -, d spbz t fae ú

9n ¤ [ 5 14 ] M Ed- h t' - 17ç t e . Ò 2e fII l ed m d op e22 ¤ymbole-

eÔ ' " ' d &o tbe t avm d m d m fam ¤ü d me za m e- - E, .p ee-

ti ve17 ¤

S i F at u r e sp l i t t i n g d t h e m e r g eg i s e om i d e E, d ge n -

e r a l l y Ä a c o n se q u e n e e o f t h e m i x i n g o f th e O = 1 / 2 o r -

b m i n t o t h e w a v e h m et i o m , d u o Ø th e C o r m l i s i M em e -

t i o n - S i n ce th e p M o n h m i l ev e l l i e s h i gh i n th e h u n

m b - b e l l i n R e m ot op ee m t h a p M ¶ n u n² e r o f 7 5 , t h e

m i x i n g of th e O = 1/ 2 Ø m p o n e n t s i n t o t h e w a v e f u n c t io n 8

sh o u l d b e v e ® sm a l l fo r m a x i a l l y µ m n et r i e n u c l e a r

sh a p e . A si g n a u m sp l i t t i n g d o e , n o t n ee es s± t l y i m p l y a

t r i a n a l n u c l ea r sh a p e - b u t th e ºEBa e zi t u d e d A e c o u l d o f -

f e r a c l u e f o r p o- - h i e y d e f o m za t i oa . I t i s w e l l k n o w n t h a t

t h e m ae zH EEd e d s i F astm s p l i t t i n g i s e x p e c t ed t o b e v e Ç
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dependent on mveml pmpeEt ies such as the nuclear defor -

EZ1ati on , paztng , and shel l i l l l ingi 14] . For example , de-

cmasi ng nuclear quadm pol e defonnat ion A cm meul t in

m incmased si Á atuÓ spi tt ing si nce in the lowest OM er
[ 14 )A e i s p m P o m o n a l t o ( ¬ 2 ) - 2 0 + l i f p a r i n g i s n e d m t e d

u e incm sed sig zatum spl itm g m pl i tu¤ for the li d Eter

Re i sotopes seem themfom to be explai ned in ternm of the

decreasing nuclear quadm pole defom ation Ø ind icated by

the theoÓt ical calm l ation[15j . However , ehangi ng the

pai d ng gap , quadrupole deformati on p2 , and hexadeea-

pol e defornmUon E4 in large interval s , the pan i c1e-mtor

and Cm t ed shel l - model calcul at ions adopti ng m axid ly

symmetri c nuclear shape show tha the pmd iet ed ma8 1i -

tude of the si gnatuIY© spl i tt i ng is neveEt hel ess much less

than the obeerved value in the neutmF den eient

isotopeg[16] . 11¢us , i n OM er to mproduce the l azüe sig m-

tum spl itti ng in the 9/ 2 ¤ [ 5 14 ] bands in li 6 1t Re iso-

topes , a mechani sm leading to enhm eed mixing m É m

O = 1/2 orbi t is needed . Ú 1e mpid incEÄ se of signatum

spl itti ng wiÉ decreasing neutmn number in the bands Ä -

sociated wiÉ the same quasipmton cmdl g Eration stmngi y

sum ests that the obeeEVed tmnd is due to the nuclear

shape change of the even-even com . I t seem masonabl y

to poetulate that i t is the enhanced monaxi al ly sym m trie

shape wi th decreasing the neutmn number that causes the

exper imental l y obsew ed increasi ng sig u tum spHtti ng - h -

deed , the TRS calcul ati ons as shown in Fig . 3 show ener -

gy mi nimum m th negative Ã deformation at low f requen-

cies , and the incmasing Ã 8ohness wi th decEÃasing neu-

tmn number for odd--A Re isotopee cm al so k predi cted .

R . Bengtsson et d . [17; pointed out that the poeit i ve

y def ormat ion may cause signature i nvemion in the cod -Eg-

uration of Ðh tm Û Í i ?" ' when the al i p ed neutmns

coul d pmduce a posi ti ve Ã deformation . A fter the i 13n

neutmn al iÁ ment the pmdi eted nuclear shape , as shown

in Fig . 3 , i s y soh wi É the enerÅy mi nimum a apparent

poeHi ve y defom atioE1. Ç EeEÉEf oze , the obeeEYed inversion

d 8ignatum spl i tti ng wi th smd ampl i tude at hi d I f requen-

cies Eni d u i ndicate É a the y dd vine fome of the al iÁö d

i Im neutmns , faw ring poeit i ve dimeti on , i8 8tmnger than

that d the st mngl y coupled h IIn pmMn faw ring negm ve

y val t¡ and th is m o t result in a nuclear shape wi th

8mal l posi t ive Ã defortnati on .

" Ð 'ß Ü ï í ë Ë ï í (EEP& NP)

4.3
Band based poØ bty on the d n - [ 514 ]

conngEzra60EE

Û VAE

As shown in Fig . 2 , band 3 has the large- t al i p zed an -

gular momentu m wi th a val ue of about 8 . 5 h a low spi ns -

112e d ie mEent was ded uced by aseumi ns a band - bead K val ue

d 4 .5 3 tbe d e m ent i n suc h hi6 1¤spi n levels i s expected Ø

k less i ni1ueneed by t he unceEt ai nty d the K val ue . u is

bÉ 1d shows an upbend at hØ ô 0 . 31 MeV , and them is no

sip u tum sp li tÀng up to th e hi ghest level obeew ed . h vi ew of

such a l arge ali gnment , band 3 must be based on a COIf Egum -

ti on of at least th me quasi m rt id es . Ò 1e band cmm ng hy--

quency of hfZJ H 0 . 3 1 MeV i s much hi gher than the A B neu-

m n cmesing m ö e neighbod ng nuc lei [2A IS- 20] , i ndi cati ng

that band 3 i nvol ves m h m neutm n . A one- m agipaEt i ck oc -

cupat ion of the l owest Í i u n state woul d i nh i bit th e normal

Í i u n al i gn ment hwm occuETi ng at th e expected rotaHonal hü -

queä y . U i s wel l - k nmm bl oc id ng eEect cm be see n i n odd -

N nuc lei t lm us hout the m re -eaEt h ree on - I nspect i ng the lev -

el stm c tum i n the nuc lei am mzd m Re[ 18 21] , we pm poee

that band 3 ie l i kely h sed on the d n - [ 5 14 ] @ Í AE eona e -

UE3 6 0n . Hem , A ( Ð = + , Á = + 1/ 2 ) and E ( Ð = - , Á =

+ 1/ 2 ) am the convent i onal Crank ed SIzeII M odel orb i ts h -

bel l i ng the lowest cons gu m ti ons i n the Í i m and Ä n h m

subebel l s [ 18] , respecu vel y . The A and E OE43its were ob --

sew ed at veÉ low exc i tati on eneEg es at the neighbod ng odd-

N nuc lei [ 19.18¤21] ; the AE conEgurat ions wem al so M ent is ed

± exciMUon eneEÂ es around 1 . 6 M eV i n tbe neighbor ing
evezv even nuc lei [ 18- 21] , whi ch are compam ble ÷ × the

band - head energy d band 3 . 'ITEm , the d / 2 ' [ 5 14 ] Û Í AE

COIf 1gurati on woul d k m pect ed to k energet ical l y favomb le

i n m Re . Most of t he al i Á ment in band 3 woul d k conï but -

ed by the Í i m quasi par6c le , wh i le the m t might be assod -

ated wi th the other two quasipazt i d es . Ò 1e upbend at hØ "

0 .3 1 M eV may h caused by t he Bc neutm n al iÁ ment be-

cause the cmesi ng f req uency i s si mi l ar to dmee for the Bc

neutron al i F EEZents obm w ed in the nuc lei am und
16' Re [ 18- 21] .

For 16¢ e , the i tsn m utmn ai i Á meats have been ob -

sew ed in the I n -- [ 54 1] and 9/ 2 - [ 5 14 ] bands a hzo =

0 2 7 and 0 . 23 MeV , " ' ped ively . Ú 1e digemnee be-

tween the crossi ng h quencies cm be interpmted in term
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d shape d ects since tk digerent pmton mbits × , or dif¤ Hon may cats" sF atum invemion in conagumuon d

fem t nuclear shapes - 'ITEm is a quh large enezg spl it- d m Û Í iLr2. system tics d the siF ature spl itting for

ting between the two siÁ atun s d tbe 9/2 - [ 514 ] band at dze W2 ¤ [ 514 ] bands a M spin M the l i® t odd- A Re

low fEªEm end es, m d d er the i urz neutron al iÁ ment the isotopeM USSesu that the nucleus becomes mom Ã soa and

phase d sig mtum spl itting is inÄ rted wiÉ a much m¤ has laE¬° Ã defoÐaatiozz wtdle decreasing the neutron

duced am litude . 131e TRS calculations show th± the number - By referTing to th level stzÉBettam in the nuclei
9/2 - [ 514 ] conagura ion ten²  have nonmtial shape amund IeFRe , it Ê propoeed that the thme--quasipanicle

÷ × EZSSauve Ã values at low fmm eneies, and aher the band is l ikely built on É e d n - [ 514 ] Û Í AE co-zs em -

i IM EZetamn al ig zment the pmdieted poei tive y defom a¤ HOZE.
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