
Vol. 32 (2001) ACTA PHYSICA POLONICA B No 9
STRUCTURE OF N = Z NUCLEI FROM STUDIESWITH GASP AND EUROBALL�Santo LunardiDipartimento di Fisi
a dell'Universita' and INFNSezione di Padova, Padova, Italy(Re
eived Mar
h 16, 2001)Large 
-dete
tor arrays 
oupled with sele
tive an
illary devi
es has al-lowed to progress greatly in the nu
lear stru
ture studies of N = Z nu
leiup to relatively high spin. At GASP and Euroball a series of experimentshave been performed ranging from nu
lei 
lose to 32S to the mass A = 90region. The new data provide important information on the role of protonneutron pairing 
orrelation, on isospin symmetry and isospin mixing in nu-
lear states and, for lighter nu
lei, 
onstitute an ex
ellent test of the shellmodel des
ription of nu
lear 
olle
tive motion. Two examples of the workdone at Legnaro in this �eld are presented.PACS numbers: 21.10.Re, 23.20.Lv, 27.40.+z, 27.40.+e1. Introdu
tionThe study of high spin states in nu
lei has provided, during the last30 years, a wealth of information on the nu
lear many body system throughthe dis
overy of new phenomena whose interpretation has re�ned our 
om-prehension of nu
lear intera
tion. Only re
ently, with the advent of largegamma-ray dete
tor arrays, high spin states has be
ome a

essible and stud-ied in nu
lei with equal number of protons and neutrons (N = Z). Themeaning of �high spin� is of 
ourse di�erent here with respe
t to nu
lei lyingin the valley of stability where spins as high as I = 60 
an be rea
hed. Forheavy N � Z nu
lei, in view also of the experimental di�
ulties to populatethem, states with spin 8�10 are 
onsidered of �high spin�. The knowledgeof su
h levels 
an anyway give important information on fundamental prop-erties of nu
lei, su
h as proton�neutron (p�n) pairing intera
tion and the
harge independen
e of the nu
lear for
e. In the following, two experiments� 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. (2403)



2404 S. Lunardiwill be des
ribed whi
h allowed to identify for the �rst time ex
ited states upto I� = 8+ and I� = 11+ in the two nu
lei 88Ru and 50Fe, respe
tively. Inthe �rst one (the N = Z 88Ru nu
leus) the goal was to sear
h for a delayedalignment in the rotational ground-state sequen
e, that 
ould be a possiblesignature of p�n pairing 
orrelations. In the se
ond one (the N = Z � 250Fe nu
leus) the validity of isospin symmetry in nu
lei 
ould be tested in arotational sequen
e up to the ba
k-bending region.2. Delayed alignment in the rotational ground state sequen
esof N = Z nu
lei as a signature of p�n pairing 
orrelations:the nu
leus 88Ru.One of the strongest motivation for studying the N = Z nu
lei is given bythe possibility of eviden
ing e�e
ts of the p�n pairing intera
tion. We expe
tp�n pairing both with isospin T = 1 and T = 0 to 
ompete with the usualT = 1 like nu
leon pairing. The pairing between like nu
leons is extremelyimportant in nu
lei and has been extensively studied. In N 6= Z nu
lei itstrongly overweight the e�e
ts of the p�n pairing, due to the large numberof like pairs. In the N = Z nu
lei the p�n pairing should be relativelyenhan
ed, and it is likely that only here it will be possible to observe itse�e
ts on the nu
lear properties.It is mu
h dis
ussed in the literature how one 
an re
ognise the e�e
tsof p�n pairing. Sin
e this type of pairing (espe
ially the T = 0 one) ismore robust against rotation, it has been suggested that one of its possiblesignature might be a delay in the rotational frequen
y where the Coriolisfor
e begins to break the nu
leon-nu
leon 
orrelations (parti
le alignment).Su
h e�e
ts have been reported so far in 72Kr [1, 2℄ and 76Sr, 80Zr [2℄, andtherefore, it is important to investigate heavier nu
lei in this respe
t. Thequestion of �delayed alignment� in N = Z nu
lei has been dis
ussed theo-reti
ally and alternatively explained as due to the T = 0 or T = 1 part ofthe p�n pairing [3�7℄. One should ephasise, however, that the dis
ussion ofthe p�n pairing question has to be pla
ed in the more 
ompli
ated 
ontextof the 
omplex interplay of pairing 
orrelations, deformations, and angularmomentum.In order to investigate higher mass N = Z nu
lei, in
reasing experimen-tal di�
ulties are en
ountered. With the available (stable) target-proje
tile
ombinations they are populated with extremely small 
ross se
tions 
om-pared with the huge ba
kground 
reated by other rea
tion 
hannels. Dueto the low yield, the spe
tros
opi
 experimental information that 
ould beobtained for the heaviest N = Z nu
lei investigated so far is rather poorand 
onsists mainly of a few yrast levels observed through their 
-de
ay. Atpresent, the heaviest N = Z even�even nu
leus for whi
h some experimen-



Stru
ture of N = Z Nu
lei from Studies with GASP and Euroball 2405tal information on the ex
ited states exists is 84Mo [8℄. We have, therefore,performed an experiment to investigate the stru
ture of the next unknownN = Z even�even nu
leus, 88Ru.We have used the rea
tion 58Ni+32S with a 32S beam of 105 MeV deliv-ered by the Legnaro XTU Tandem. The target 
onsisted of a 1.1 mg/
m258Ni layer evaporated on a 10 mg/
m2 Au foil. The 
-rays were dete
tedwith the GASP array in its standard 
on�guration, i.e. with the inner BGOball. Given the expe
ted low 
ross se
tion of the evaporation 
hannel (2n)leading to 88Ru, six elements, out of the 80 of the inner ball, pla
ed in themost forward ring were repla
ed by six neutron dete
tors. Also the ISISsili
on ball was used with the aim of suppressing the strong 
harged parti
le
hannels through anti-
oin
iden
e setup. The data were sorted into di�erent
�
 matri
es in 
oin
iden
e with 
harged parti
le and neutrons. Gamma-raytransitions from the 2n 
hannel 88Ru are expe
ted to be best observed in a
�
 matrix sorted in 
oin
iden
e with the neutrons and in anti-
oin
iden
ewith the ISIS sili
on ball. After a 
areful analysis of the data four transitionshave been assigned to 88Ru, thus establishing its ex
ited states up to spin8+ [9℄. The relevant spe
tra whi
h resulted in the assignment of the fourtransitions to 88Ru are shown in Fig. 1.

Fig. 1. Sum of gates on the 616,800, and 964 keV transitions assigned to 88Ru in
�
 matri
es with di�erent 
oin
iden
e 
onditions on neutrons and 
harged par-ti
les and the �pure� 88Ru spe
trum (below) obtained as a di�eren
e of the twoupper spe
tra.



2406 S. LunardiThe estimated 
ross se
tion for the 2n 
hannel is in the range 5�10 �b.The level s
heme of 88Ru is presented in Fig. 2 in the 
ontext of the system-ati
s of the ground-state bands in the 80 to 90 mass region.

Fig. 2. The 88Ru level s
heme 
ompared with the yrast bands of neighbouringeven�even nu
lei.Going ba
k to the question of the �delayed alignment� as a signature ofthe p�n pairing, we have to 
onsider the behaviour of the yrast sequen
eat spin I � 8 where the nu
lei of this mass region are known to present aba
k-bending whi
h takes pla
e generally at the 8+ state (see Fig. 2), due to



Stru
ture of N = Z Nu
lei from Studies with GASP and Euroball 2407the alignment of a pair of g9=2 nu
leons. The plot of the kinemati
 momentof inertia versus the rotational frequen
y is shown in Fig. 3 for 88Ru and its
losest neighbours along the N = 44 and Z = 44 lines. It is striking in this�gure that only in 88Ru there is no sign of irregularity around ~! �0.5 MeV.The nu
leus 88Ru seems, therefore, to 
ontinue a trend already observed inother lighter N = Z nu
lei, sin
e in 72Kr, 76Sr and 80Zr no sign of suddenalignment has been observed up to even higher frequen
ies. Su
h a delayin the 
rossing frequen
y seems a 
ommon feature of heavy N = Z nu
leiand, although other interpretation may be possible, it 
onstitutes a strong
on�rmation of re
ent theoreti
al works where, in parti
ular, the �delay� isexplained in terms of the isos
alar T = 0 pair �eld [6, 7℄.

Fig. 3. Kinemati
 moment of inertia as a fun
tion of rotational frequen
y for theN = Z nu
leus 88Ru and its neighbours. Only in 88Ru there is no sign of up-bending or ba
k-bending, due to the alignment of g9=2 nu
leons.



2408 S. Lunardi3. Coulomb energy di�eren
e in T = 1 mirror rotational bandsin 50Fe and 50CrThe 
harge independen
e of the strong intera
tion is a fundamental as-sumption in nu
lear physi
s. This introdu
es an �isospin symmetry� whi
hexperimentally has been observed in the nearly identi
al spe
tra of levelsin pairs of mirror nu
lei, i.e. nu
lei with inter
hanged number of neutronsand protons. Thanks to the improvements in dete
tion sensitivity, is hasbe
ome now possible to explore the isospin symmetry of the mirror nu
lei inthe 1f7=2 shell to very high angular momenta, allowing to test for the �rsttime this symmetry under rotational stress. With in
reasing Z, already formass A � 50, one of the mirror partners lies very far from stability whi
hmakes very di�
ult its experimental study. With Euroball 
oupled to then-wall we 
an do spe
tros
opy down to 
ross se
tions of � 10�b. This allowsto study ex
ited states in nu
lei lying even on the left of the N = Z linewhi
h is the 
ase of the N = Z � 2 50Fe nu
leus (see Fig. 4). This nu
leusis the mirror partner of 50Cr whose stru
ture is known sin
e more than 20years [10℄.
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Fig. 4. Part of the nu
lide 
hart along the N = Z line for mass A�50. The 50Fenu
leus with 26 protons and 24 neutrons is the mirror partner of 50Cr with 24protons and 26 neutrons.The energy spe
tra of mirror nu
lei, if the 
harge independen
e of nu
learintera
tions holds, are expe
ted to be equal; when small di�eren
es betweenenergy levels arise, these 
an be interpreted entirely in terms of Coulombe�e
ts. With the term Coulomb Energy Di�eren
e (CED) one indi
ates theenergy di�eren
e between levels in mirror nu
lei [11℄. The angular momen-



Stru
ture of N = Z Nu
lei from Studies with GASP and Euroball 2409tum dependen
e of CED has been investigated re
ently in series of nu
leiof the 1f7=2 shell allowing to study the spatial behaviour of the a
tive va-len
e nu
leons [11�14℄. As a 
onsequen
e, the smooth variation in the CEDre�e
ts in detail the 
hange as a fun
tion of spin of the nu
leus: from adeformed rotor (whi
h is typi
al of 1f7=2 nu
lei in the middle of the shell),through one or two parti
le alignment in the ba
kbending region, to an al-most spheri
al non-
olle
tive band termination state. Sin
e the Coulombenergy is due only to protons, it has been pointed out that when a J = 0proton pair re
ouples to another J 
on�guration, the Coulomb energy wouldde
rease [15℄. In fa
t, in the J = 0 
oupling the overlap of the wave fun
-tions (and, therefore, the Coulomb repulsion) is maximum. In an odd massnu
leus, the blo
king e�e
t due to the unpaired nu
leon, favours the align-ment of the other type of nu
leon pairs. When a proton pair in the f7=2shell 
hanges from a 
oupled J = 0 state to an aligned J = 6 state, therepulsive Coulomb intera
tion de
reases in the odd-neutron nu
leus while inits odd-proton mirror no Coulomb e�e
t is expe
ted when a pair of neutronsalign. Thus, at the ba
kbending the 
orresponding transition energy in theodd-neutron partner will be smaller than that in its odd-proton mirror.For the 
ase of even�even mirror nu
lei the experimental information isvery s
ar
e. Re
ently, some theoreti
al predi
tions have been reported forodd-even and even�even mirror nu
lei in the f7=2 shell in the framework ofthe 
ranked shell model [16℄.One of the better rotors in the f7=2 shell is the nu
leus 50Cr whi
hpresents a �rst ba
kbending around spin I = 10 [17℄. Di�erent explanationshave been given to this behaviour su
h as a 
hange of shape or a 
rossingwith a band based on an oblate deformation [18℄. Another des
ription interms of a band
rossing with a high-K band has been also suggested. Fromthe previous lifetimes measurements [19℄ performed at GASP, the groundstate deformed band seems to 
ontinue above the I = 8+ yrast state up tothe yrare I = 12+ state.To have the strongest test of the mirror symmetry in nu
lei and to lookfor an experimental �ngerprint of the nu
leon alignment at the ba
kbending,high spin states in the N = Z � 2 nu
leus 50Fe, in whi
h no gamma transi-tions were known previously, have been investigated. The 50Fe nu
leus wasprodu
ed in the rea
tion 28Si+28Si at 110 MeV bombarding energy, afterthe evaporation of one �-parti
le and two neutrons. The beam was deliv-ered by the XTU Tandem a

elerator of the Legnaro National Laboratory.The target 
onsisted of 0.8 mg/
m2 of 28Si (enri
hed to 99.9%) with a Auba
king of 15 mg/
m2. Gamma rays were dete
ted with the EUROBALLarray (Clovers and Clusters only), 
harged parti
les were dete
ted with theISIS sili
on ball (40 E��E teles
opes) and the neutrons with the NeutronWall.



2410 S. LunardiEvents were 
olle
ted when at least: (a) three Ge dete
tors plus oneneutron dete
tor �red in 
oin
iden
e or (b) two Ge dete
tors �red and oneneutron was identi�ed in 
oin
iden
e in the Neutron Wall. Data were sortedin 
�
 matri
es in 
oin
iden
e with 
harged parti
les and neutrons. Forthe identi�
ation of 
-lines 
andidates to belong to 50Fe, we have looked atspe
tra taken in 
oin
iden
e with neutrons, with only one �-parti
le and inanti-
oin
iden
e with protons. Six transitions have been found, in mutual
oin
iden
e with ea
h other, whi
h satisfy all 
onditions to be in 50Fe. The
oin
iden
e spe
trum shown in Fig. 5 
orresponds to a sum of gates on thesetransitions.
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Fig. 5. Summed 
oin
iden
e spe
tra with gates on the transitions of the groundstate bands of the two mirror nu
lei 50Fe and 50Cr. Gates are set on transitionslabelled by *.In the same Fig. 5 (a) 
oin
iden
e spe
trum (with gates on all the relevanttransitions) is shown also for the mirror nu
leus (50Cr) produ
ed in the samerea
tion after �2p evaporation. The 
omparison of the two spe
tra illustrates
learly the rapid de
rease of population for nu
lei lying far from stability.From the present data a 
ross se
tion of around 15 �b is estimated for the50Fe nu
leus.



Stru
ture of N = Z Nu
lei from Studies with GASP and Euroball 2411From the 
oin
iden
e data and the transitions intensity a level s
hemehas been built for 50Fe whi
h is shown in Fig. 6 together with the one ofthe mirror nu
leus 50Cr. Spin and parity assignment for levels in 50Fe arebased on the great similarity of the two level s
hemes of Fig. 6. The energydi�eren
e among levels is ranging from few keV to a maximum value of�40 keV, to be 
ompared with absolute values of energy up to 7 MeV. This
on�rms, in a �rst approximation, the validity of the mirror symmetry whi
his 
onne
ted to the 
harge independen
e of the nu
lear for
e. Su
h smallenergy di�eren
es whi
h, as stated above, 
an be understood as Coulombe�e
ts are plotted in the right part of Fig. 6 as a fun
tion of spin as CED(I) =E�Fe(I)�E�Cr(I).
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Fig. 6. Ground state bands in the two T = 1 mirror nu
lei 50Fe and 50Cr (left)and the Coulomb energy di�eren
e (CED) 
al
ulated as the di�eren
e in relativeex
itation energy at ea
h spin (right).The behaviour of the CED 
an be explained in the following way: aneutron pair is aligning at I = 8+ in 50Fe while a proton pair aligns in50Cr; at spin I = 10+ a se
ond alignment of the other type of nu
leon pairso

urs, a proton pair in 50Fe and a neutron pair in 50Cr. The data is onlyqualitatively des
ribed by 
ranked shell model 
al
ulations of Ref. [16℄. Re-
ent full pf shell model 
al
ulations, on the other side, reprodu
e with greatpre
ision [20℄ the shape and the absolute value of the CED 
urve depi
tedin the right part of Fig. 6. The fa
t that su
h small energy di�eren
es areunderstood and reprodu
ed with high a

ura
y in 
al
ulations is signi�
antof the importan
e of mirror symmetry in nu
lei.



2412 S. LunardiThe experimental data presented in this talk are the result of the work,from the data taking to the data analysis, of many 
olleagues who are mem-bers of the GASP and Euroball 
ollaboration. I would like to thank inparti
ular N. Marginean, D. Bu
ures
u and S. Lenzi for providing me withthe material and helping in the preparation of the talk.REFERENCES[1℄ G. de Angelis et al., Phys. Lett. B415, 217 (1997).[2℄ S.M. Fis
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