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HIGH-SPIN STATES IN AND AROUNDDOUBLY-MAGIC NUCLEI�R. BrodaH. Niewodni
za«ski Institute of Nu
lear Physi
sRadzikowskiego 152, 31-342 Kraków, Poland(Re
eived April 26, 2001)The study of high-spin states in regions of doubly-magi
 nu
lei per-formed with the use of deep-inelasti
 heavy ion rea
tions is reviewed. Newand tentative results 
on
erning high-spin states in the 48Ca and yraststru
tures in 47Ca, 47K, 49Ca and 49S
 isotopes are presented. The statusof the high-spin state study in the region of 132Sn and 208Pb is outlined,in
luding dis
ussion of re
ently obtained results in the 208Pb 
ore and the206Hg two-proton-hole nu
leus.PACS numbers: 21.60.Cs, 23.20.Lv, 25.70.Lm, 27.40.+z1. Introdu
tionThe unusual ri
hness of the s
ienti�
 a
tivity of Professor ZdzisªawSzyma«ski, as well as his extraordinary 
harisma, made strong impa
t onthe nu
lear physi
s 
ommunity in Kraków. When I 
onsidered, whi
h wouldbe the most proper way to pay respe
t to the memory of our beloved friend,admired tea
her and great 
ompatriot, I 
ame to 
on
lusion, that being ex-perimentalist I should try to sele
t some ex
iting new experimental resultsfor the presentation at this 
onferen
e. In any experimental resear
h pro
essthere is an initial stage when new results are rather tentative and parti
u-larly their interpretation is very in
omplete. Signi�
ant part of my talk willbe devoted to su
h 
ases, however, I shall also present few results whi
h arealready well elaborated and published. This has two impli
ations:The unpublished new results 
ome from the data analysis of re
ent weeksand there was no time for any 
onsultation with other parti
ipants of re-sear
h. Therefore, I have to take my own responsibility in presenting thempubli
ly; the list of many 
o-authors who 
ontributed to these results is givenin the a
knowledgment.� Invited talk presented at the High Spin Physi
s 2001 NATO Advan
ed Resear
hWorkshop, dedi
ated to the memory of Zdzisªaw Szyma«ski, Warsaw, Poland,February 6�10, 2001. (2577)



2578 R. BrodaPresenting new results I shall indi
ate di�
ulties related to their inter-pretation and I shall emphasize our hope to get dedi
ated support fromtheorists. Su
h demonstration might be the best way to show how mu
hwe appre
iate su
h support and how mu
h we owe to Zdzisªaw for his her-itage, whi
h is so impressively represented by the a
tivity of Warsaw nu
learphysi
s theory groups.The high-spin state study has for many years been an important part ofnu
lear physi
s resear
h. It is fo
ussed mainly on 
olle
tive phenomena andinterplay between 
olle
tive and shell model aspe
ts of nu
lear stru
ture, no-tably the study of rotation of deformed nu
lei is one of the main obje
tives.In many 
ases also spheri
al nu
lei are studied, where high spins are a
-quired by the 
oupling of angular momentum of individual nu
leons and theyrast line is largely determined by the energeti
ally favored multi-parti
le
on�gurations. These studies have great impa
t on testing and improvingthe quantitative shell model des
ription. The extraordinary purity oftenobserved for su
h high spin states allows to extra
t important ingredientsfor shell model 
al
ulations. It is obvious that the doubly-magi
 nu
lei andtheir 
losest neighbors are the most appropriate obje
ts for su
h attempts.Yet, until re
ently, the experiments devoted to the high spin state studyof doubly-magi
 nu
lei regions fa
ed serious di�
ulties due to the la
k ofsuitable rea
tions populating these states in a way whi
h would enable oneto make su

essful spe
tros
opi
 analysis.The situation has 
hanged when large germanium multi-dete
tor arrayswere 
onstru
ted, providing thereby e�
ien
y and resolving power satisfa
-tory to unfold very 
omplex gamma 
oin
iden
e spe
tra. For several yearswe have been using these ex
ellent tools in high statisti
s gamma ray 
o-in
iden
e experiments performed with thi
k targets and various systems ofheavy ions 
olliding at energies ex
eeding by 10 to 20% the Coulomb barrier.Very 
omplex deep-inelasti
 rea
tions taking pla
e at these energies are usu-ally a

ompanied by massive ex
hange of nu
leons and often produ
e nu
leithat 
annot be rea
hed in standard fusion evaporation pro
esses. Moreover,the �nal produ
t nu
lei are populated up to rather high spin states withyields whi
h enable one to 
arry out an yrast spe
tros
opy analysis in nu
leipreviously ina

essible for su
h study. The te
hnique is based solely on the
oin
iden
e data analysis of dis
rete gamma transitions emitted from theprodu
t nu
lei stopped in the target material; gamma transitions emittedin �ight remain unobserved due to the Doppler broadening. Within the lastde
ade numerous spe
tros
opi
 results were obtained on yrast stru
tures ofnu
lei lo
ated at and beyond the neutron-ri
h edge of the beta stability val-ley [1�5℄. Very early attempts were also made to sear
h for high spin statesin regions of doubly magi
 nu
lei [6�8℄. In this talk I shall fo
us on newresults obtained in regions of 48Ca, 132Sn and 208Pb doubly-magi
 nu
lei.



High-Spin States in and around Doubly-Magi
 Nu
lei 25792. High-spin states in the 48Ca 
ore nu
leus and lowest yrastex
itations in its 1 parti
le (hole) neighborsS
ar
e information on yrast states in the doubly-magi
 48Ca nu
leus andits 
losest neighbors 
omes predominantly from simple light parti
le s
atter-ing and transfer rea
tion experiments [9,10℄. Consequently, only very fewhigh spin states were identi�ed, often with tentative spin-parity assignmentsand approx. 10 keV a

ura
y for the ex
itation energy.Our new results 
ome essentially from the experiment performed withthe GASP array at the INFN Legnaro Laboratory, in whi
h the 1.2 mg/
m248Ca target ba
ked by a thi
k 208Pb material was bombarded with the 48Cabeam of 210 MeV energy from the ALPI Lina
 a

elerator. Earlier experi-ment performed by us with the EUROBALL array for the same symmetri
48Ca+48Ca system, but at mu
h lower beam energy of 140 MeV, did notshow any signi�
ant yields for the expe
ted deep-inelasti
 rea
tion prod-u
ts. Surprisingly, in spite of the 30 MeV ex
ess of the beam energy overthe Coulomb barrier, the gamma 
oin
iden
e data 
ontained only eventsarising from the fusion evaporation produ
ts, with a very small 
ontributionwhi
h 
ould be attributed to quasi-elasti
 peripheral pro
esses. On the otherhand the data from the additional 48Ca+208Pb experiment performed withthe Gammasphere array at the Argonne NL provided useful 
he
k of someidenti�
ations. In all, the data analysis of the 48Ca + 210 MeV 48Ca runprovided 
leanest and most signi�
ant results whi
h are presented below.In the analysis an important starting point was the pre-sele
tion of lowmultipli
ity (up to fold 7 ) events, whi
h 
ontained nearly all gamma 
o-in
iden
es of 48Ca-like produ
ts and reje
ted fully those arising from theZr, Y, Sr fusion evaporation residues, as well as redu
ed signi�
antly eventsoriginating from nu
lear rea
tions with unavoidable oxygen 
ontaminationin the target. The use of the �low-multipli
ity �lter� may sound paradoxi
al,as our aim was to sear
h for high spin states in the 48Ca and neighboringnu
lei, nevertheless su
h 
hoi
e turned out to be very pro�table to a
hieveour goal.The gamma 
oin
iden
e analysis of high spin states in the 48Ca 
orenu
leus was parti
ularly simple sin
e the level s
heme was well known in itslowest part. Fig. 1 shows the s
heme of yrast levels in the 48Ca in
luding newstates identi�ed from our data. All states lo
ated below 6 MeV ex
itationenergy were known previously. The energeti
ally favored simple parti
le-hole ex
itations are likely to dominate the stru
ture of these lowest lyingstates. The sequen
e of positive parity states with spin values I = 2; 3; 4; 5must involve largely the ex
itation of the f7=2 neutron a
ross the N = 28gap to the p3=2 shell. On the other hand the promotion of the proton a
rossthe Z = 20 gap, from one of the �lled s1=2 or d3=2orbital to the empty f7=2
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Fig. 1. Level s
heme of the 48Ca obtained in the 48Ca+ 210 MeV 48Ca experiment.shell, gives rise to negative parity states of whi
h the I = 3; 4; 5 are nearyrast states. Here, only the observation of the 758 keV gamma transition
onne
ting the 4� and 4+ states, and the suggestion of the 5+ spin parityassignment for the 5146 keV level, based on its strong yrast population andgamma de
ay, 
ome from the present work. All other states shown in theFig. 1 level s
heme are new; unfortunately they remain at present without



High-Spin States in and around Doubly-Magi
 Nu
lei 2581any spin-parity assignments. Nevertheless, it is 
lear that most of them arenear yrast states with spin values higher than I = 5 previously observedin the doubly-magi
 48Ca nu
leus. It is also 
lear that all of them mustinvolve two-parti
le two-hole 
ore ex
itations, whi
h is manifested by theirlarge energy separation from lower lying states.The 
oin
iden
e spe
trum obtained with the gate set on the most intense2+ !0+ 3832 keV transition, shown in Fig. 2, demonstrates the quality ofthe data. Apart from gamma lines representing transitions from higher lyingstates of 48Ca, as well as from another 48Ca rea
tion partner, other observedtransitions 
an be attributed to the 47Ca and 46Ca nu
lei produ
ed in more
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2582 R. Brodaviolent 
ollisions whi
h are followed by 
orrespondingly one- or two-neutronevaporation. Whereas the 46Ca transitions are well known, those arisingfrom the 47Ca are now identi�ed or 
on�rmed basing on previous knowledgeof this nu
leus. In the high energy part of Fig. 2 spe
trum the 2014, 3999,3933 and 3562 keV lines 
learly belong to the 47Ca and represent transitionswhi
h establish earlier observed levels [10℄. The observed gamma 
oin
i-den
es allowed to 
onstru
t a simple level s
heme of 47Ca as shown in Fig. 3.The previously known and unambiguously assigned levels at 2014 keV (3/2-), 2578 keV (3/2+) and 2599 keV (1/2+) are fully 
on�rmed and naturallyinterpreted as arising from 
orrespondingly promotion of an unpaired neu-tron to the p3=2 orbital above N = 28, and �lling of the f7=2 hole with d3=2and s1=2 sub-shell neutrons below N = 20. However, tentative spin-parityassignments suggested for other states arising from the 
oupling of the f7=2neutron hole with 48Ca 
ore ex
itations have to be questioned. Whereasthe 13/2+ assignment for the 3999 keV level seems to be likely, its ob-served gamma de
ay ex
ludes 5/2�,7/2�assignment for the 3933 keV state.The observed gamma bran
hing would suggest E1 (65 keV), M2 (437 keV),E3 (3999 keV) transitions, whi
h then assigns the 3933 keV state as 11/2�,
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High-Spin States in and around Doubly-Magi
 Nu
lei 2583and 
on�rms the earlier suggested 9/2� spin-parity for the 3562 keV level.Although the energies of higher lying states at 4403 and 4811 keV �t wellthose of the earlier observed levels, their suggested 1/2�, 3/2� assignmentsare 
ompletely ex
luded; the tentative 15/2 and 17/2 assignments are mu
hmore likely.Fig. 3 in
ludes also our new level s
heme of the one-neutron 49Ca nu
leus.The identi�
ation of the 3357 and 660 keV most intense transitions was basedon observed 
ross-
oin
iden
es with 47Ca, 46Ca and 45Ca transitions andabsen
e of any transitions from the 48Ca. The three lowest levels at 3357,3867 and 4017 keV are identi�ed with earlier observed states at energiessystemati
ally lower by approx 6 keV [10℄. Although there is little doubtthat this are the same states, the earlier suggested spin-parity assignmentshave again to be questioned. In parti
ular the 3/2� assignment for the3866 keV state is pra
ti
ally ex
luded. At this moment all assignments forearlier known states and for the new higher lying levels in 49Ca would behighly spe
ulative.In a similar manner we identi�ed transitions in the one-proton 49S
 andone-proton-hole 47K nu
lei for whi
h the previous experimental knowledgewas even less 
omplete [10℄. The level s
hemes established for both nu
leiin the present work are shown in Fig. 4. Whereas in the 49S
 only twolevels lo
ated at 3914 and 4046 keV energy 
an be attributed to previouslyobserved states, in the 47K only the lowest 3/2+ state at 360 keV was knownearlier.
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2584 R. BrodaIn summary of this part we emphasize the tentative nature of presentedresults. We also refrained ourselves from more detailed spe
ulations on spin-parity assignments and interpretation, whi
h will be more justi�ed whensupport from the quantitative shell model 
al
ulations is available. Theindependent e�ort to obtain su
h assignments from experiment is highlydesirable.3. Valen
e proton stru
tures in N = 82 isotones of the 132Snregion studied in spontaneous �ssion and in deep-inelasti
heavy-ion rea
tionsWithin a series of N = 82 isotones the neutron-ri
h end 
lose to thedoubly-magi
 132Sn nu
leus re
eived parti
ular attention in re
ent years.The gamma 
oin
iden
e measurements performed with large germaniumdete
tor arrays gave a

ess to study yrast stru
tures of most interestingisotones produ
ed in the spontaneous �ssion of 248Cm or 252Cf nu
lei. Thedetailed stru
tures revealed re
ently for the two- and three-valen
e proton134Te and 135I isotopes [8,11℄ provided basi
 knowledge of empiri
al two-bodyintera
tions used in the shell model 
al
ulations. In an earlier 
omprehen-sive shell model analysis, whi
h in
luded all available data in the series ofN = 82 isotones, Wildenthal 
onstru
ted the full Hamiltonian [12℄ whi
hdes
ribed 
onsistently observed yrast stru
tures. With the new experimen-tal input 
oming from the study of the 134Te, 135I and 136Xe isotones [13℄J. Blomqvist made further re�nement of this Hamiltonian. One of impor-tant results of this e�ort was the detailed quantitative predi
tion of theyrast stru
ture of the �ve-valen
e proton 137Cs isotope, whi
h at the timewas 
ompletely unknown experimentally. The 137Cs 
annot be rea
hed inany fusion evaporation rea
tion and its extremely small produ
tion yield inthe spontaneous �ssion pro
ess 
ontributes to di�
ulties in spe
tros
opi
study of this isotope. We used the data from our Gammasphere 
oin
iden
eexperiment 136Xe +232Th [4℄, where the 137Cs 
ould be easily identi�ed as aprodu
t of deep-inelasti
 one-proton transfer rea
tion. The detailed analysisrevealed a very transparent s
heme of the 137Cs yrast levels extending to the5.5 MeV ex
itation energy and maximum spin value of 31/2 [14℄. Ex
ept forthe two states, whi
h 
ould be attributed to the neutron 
ore ex
itations, allother states re�e
ted one-to-one 
orresponden
e with yrast levels 
al
ulatedtheoreti
ally by 
onsidering only the 
oupling of �ve valen
e protons. Thespe
ta
ular quantitative agreement of the experimental ex
itation energieswith the ones 
al
ulated prior to experiment, gave 
lear-
ut 
on�rmationof the suggested spin-parity assignments and demonstrated the predi
tivepower of the semi-empiri
al shell model approa
h. The high intrinsi
 a

u-ra
y of su
h trun
ated shell model is illustrated by the root mean square



High-Spin States in and around Doubly-Magi
 Nu
lei 2585deviation between the experimental and 
al
ulated energies, whi
h was es-tablished to be less then 23 keV.The detailed information on the neutron-ri
h N = 82 isotones studymay be found in referen
es quoted in this se
tion. Spontaneous �ssion spe
-tros
opy provided also many other interesting results on high-spin statesin simple shell model nu
lei lo
ated in the region of the doubly-magi
132Snnu
leus e.g. [15,16℄.4. New high-spin states in the 208Pb 
ore andin the two-proton hole 206Hg nu
leusThe use of deep-inelasti
 heavy-ion rea
tions in the gamma spe
tros
opystudy gave also a

ess to new yrast stru
tures of many nu
lei lo
ated in theregion of the doubly-magi
 208Pb [17,18,19℄. Already in the early stage ofour thi
k target gamma 
oin
iden
e experiments several new high spin states
ould be observed in the 208Pb itself [7℄. They were uniquely identi�ed assimple parti
le-hole ex
itations, whi
h extended up to the highest spin 14�state at 6.744 keV, arising from the 
oupling of the j15=2 neutron parti
lewith the i13=2 neutron hole. The 
ontinued experimental e�ort identi�edeven higher spin states, in
luding the 28 ns isomeri
 state of yet unknownorigin, and ni
ely 
ompleted the level s
heme below the 14� state [20℄.In the data obtained from the new experiment 48Ca +208Pb des
ribedalready in Se
. 2 rather favorable population of high-spin states in the 208Pbnu
leus was observed. The sorting of triple gamma 
oin
iden
e events whi
hinvolved two-prompt and one-delayed (100 to 600 ns) gamma transition al-lowed 
lean sele
tion of prompt 
oin
iden
es between transitions lo
atedabove the 10+ 500 ns isomer in 208Pb. The gamma proje
tion spe
trum ofthe matrix obtained by setting gates on four most intense transitions belowthe 10+isomer is shown in Fig. 5. Apart from the well known transitions aris-ing from the 48Ca, 47Ca, 46,Ca and 45Ca rea
tion partner produ
ts this spe
-trum represents the 
leanest and highest statisti
s data for the 208Pb high-spin states, ex
eeding in quality anything we obtained before. Presently,the analysis is in progress and I may only brie�y announ
e our expe
tationsbased on results obtained in this initial phase. Below the 14�state evenmore detailed stru
ture was found, in
luding the expe
ted 12� state of the�j15=2i�113=2 multiplet family. As 
ompared to the earlier knowledge, abovethe 14� level mu
h more 
omplex level s
heme emerges, whi
h is more inline with expe
tations based on the shell model 
al
ulations. The presen
eof the 28 ns isomer is 
on�rmed and its pla
ement as well as its de
ay ismu
h better established. Moreover, new high spin states are identi�ed abovethe 28 ns isomer and the range of the presently observed spin-value may beestimated as extending up to I = 26. The spin-parity assignments and
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Fig. 5. Gamma proje
tion spe
trum of prompt 
oin
iden
es for transitions lo
atedabove the 10+ isomeri
 state in the 208Pb.more pre
ise shell model 
al
ulations pose 
hallenging questions for futureinterpretation of the observed new stru
tures.The brief summary of new results obtained in our study of the 206Hgnu
leus [21℄ is probably an appropriate and attra
tive topi
 to 
lose my re-view of high-spin state investigations in the regions of doubly-magi
 nu
lei.The long-lived 2.2 �s isomeri
 state 5� of �(h�111=2 s�11=2) stru
ture was forlong time the highest spin state known in the 206Hg isotope. In many of ourexperiments involving the 208Pb target we observed the population of thisisomer; yet, any e�orts to identify higher spin states failed. The sear
h wasmainly fo
ussed on the identi�
ation of the expe
ted 10+isomeri
 state of
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 Nu
lei 2587parti
ularly pure �h�211=2 stru
ture. The 208Pb+238U experiment performedat the ATLAS a

elerator at the Argonne NL with the Gammasphere ar-ray made our sear
h su

essful. The 1.6 �s repetition time of the pulsedbeam gave a satisfa
tory time spa
e to dete
t delayed 
oin
iden
es a
rossthe 5� isomer and to identify 
ru
ial transitions of the 206Hg pre
eding theisomer. The 
omplete analysis established the 206Hg level s
heme whi
h isshown in Fig. 6. The expe
ted 10+isomer was unambiguously lo
ated andits 92(8) ns half-life allowed to determine the e�e
tive 
harge of 1.60(7)efor the h11=2 proton hole. The subsequent analysis of delayed 
oin
iden
eswith transitions below this isomer identi�ed several new states of yet higherspins. Rather straightforward interpretation of these new states is indi
atedin Fig. 6. The suggested 13- assignment of the 6067 keV level seems par-ti
ularly interesting, sin
e this state 
ould be yet another example of thedis
ussed re
ently [22℄ 
ore o
tupole vibrational states, this time 
oupled tothe two aligned h11=2 proton holes.
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2588 R. Broda5. Con
lusionThe deep-inelasti
 heavy ion rea
tions used in thi
k target gamma 
o-in
iden
e experiments opened an a

ess to spe
tros
opi
 study of high-spinstates in the doubly-magi
 nu
lei and their 
losest neighbors. We reviewedbrie�y main results obtained re
ently with this te
hnique in regions of 48Ca,132Sn and 208Pb doubly-
losed shell nu
lei, in
luding few 
ompletely freshand tentative results. Parti
ularly those new results might be 
hallengingto theory and experiment. Dedi
ated theoreti
al 
al
ulations, as well as ex-perimental e�orts aiming at spin-parity assignments should help to 
larifythe interpretation of observed yrast stru
tures.The author expresses his sin
ere gratitude to all 
ollaborators who 
on-tributed to any of the presented results. The new tentative �ndings in
ludedin this presentation will demand further 
ooperative e�ort leading to futurepubli
ations validating these results. The authors group involves:B. Fornal, J. Wrzesi«ski, W.Królas, and T. Pawªat � H. Niewodni
za«skiInstitute of Nu
lear Physi
s, Kraków, Poland,D. Bazza
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