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Chapter 1IntrodutionThe end of the 19th entury and the 20th entury were rih in new disoveries in the�eld whih today is alled \nulear physis" [1℄. In 1896 H. Bequerel disoveredradioativity in uranium, a fat whih proved that the atomi nuleus an hangeits form and emit energy. Radioativity beame an important tool for revealingthe interior of the atom. In 1898 the Frenh physiists P. Curie and M. Curie dis-overed the radioative elements polonium and radium, whih our naturally inuranium minerals. In 1911 E. Rutherford made his greatest ontribution to sieneand showed that the positive harge in the atom is onentrated in a very smallentral nuleus some 10000 times smaller in diameter than that of the atom. In1920, based on earlier studies of W. Wien (1898) and J. J. Thomson (1910) whoidenti�ed a positive partile equal in mass to the hydrogen atom, Rutherford a-epted the hydrogen nuleus as an elementary partile, alled proton. Twelve yearslater, in 1932, J. Chadwik disovered the neutron. Parallel with this disovery,the �rst ylotron was built in 1932 by E. O. Lawrene. This devie aeleratedhydrogen ions (protons) to an energy of 13000 eletron volts (eV). In 1935 I. Joliot-Curie and F. Joliot made the �rst arti�ial radioative isotope by bombarding 27Alwith �-partiles, whih onstituted an important step towards the solution of theproblem of releasing energy by the nuleus. Inspired by this work, in 1936 E. Fermiprodued arti�ial radioative isotopes by using neutrons. In 1939 L. Meitner re-ported that the uranium atom had been split into two parts after the bombardmentwith slow neutrons. The new phenomenon was alled �ssion. Already in 1937N. Bohr and F. Kalkar proposed that nulei an possess a olletive rotation asmotion. The olletive model and its relation to the single-partile motion was thendeveloped by A. Bohr, B. Mottelson, and J. Rainwater in the early 1950s. In 1955M. Goeppert Mayer and J. H. D. Jensen proposed the shell model, whih desribesthe struture of some atomi nulei, and in 1962 S. M. Poliakov disovered �ssionisomers the �rst superdeformed nulei. Also in 1962 the �rst -ray spetrum usinga Ge(Li) detetor was obtained.Sine then, great progress has been made in the understanding of the nuleusboth from experimental and theoretial point of view, and the advent of the latestgeneration of 4� Germanium detetor arrays suh as Gammasphere and Euroballhas allowed for more detailed and re�ned studies.1



High-spin states in N � Z nulei in the mass A � 60 region have been studiedin a series of experiments involving these \Big Arrays", whih were ombined withdediated harged-partile detetor arrays. The experiments have established welland superdeformed bands in some Ni, Cu, and Zn isotopes and established a newisland of superdeformation around partile numbers N;Z � 28 � 30. Moreover,some of these bands in the seond well of the nulear potential were found to deayby prompt partile emission towards spherial states in the orresponding daughternuleus, in ompetition to the expeted -ray deay towards the normally deformedstates in the �rst minimum of the same nuleus. Comparative studies of the observedhighly deformed band in 59Cu and the superdeformed bands in 58Cu and 60;61Znhave already been performed with di�erent theoretial alulations. On the otherhand, the deay-out proess of these bands have just started to be investigated andompared with similar deay-out proesses in heavier mass regions, and the theoryof prompt proton deay is still in progress.This thesis is about experimental nulear struture studies in the mass A � 60region, and fouses on the N = Z + 1 nuleus 59Cu. It is based on the followingpubliations:� Yrast Superdeformed Band in 59Cu1C. Andreoiu, D. Rudolph, C.E. Svensson, A.V. Afanasjev, J. Dobazewski,I. Ragnarsson, C. Baktash, J. Eberth, C. Fahlander, D.S. Haslip, D.R. LaFosse,S.D. Paul, D.G. Sarantites, H.G. Thomas, J.C. Waddington, W. Weintraub,J.N. Wilson, and C.-H. Yu.Phys. Rev. C62, 051301(R) (2000).� Prompt Proton Deays in 58;59CuC. Andreoiu, D. Rudolph, C. Fahlander, A. Gadea, D.G. Sarantites, C.E. Svens-son, and the GSFMA66 and EB98.02 ollaborations.Proeedings Pingst2000 - Seleted Topis on N = Z Nulei, June 2000, Lund,Sweden, Eds. D. Rudolph and M. Hellstr�om, KFS AB Lund, to be published.

1Paper I is reprinted with the permission of the opyright holder. Copyright 2000 by TheAmerian Physial Soiety. 2



Chapter 2General Aspets
2.1 SuperdeformationIn the shell model desription of nulei it is suggested that the nuleons move inspei� orbits with spei� energy and angular momentum in a similar way as theeletrons in the atom. The orbits form a shell struture, and two orbits are oa-sionally separated by large energy gaps. A ertain number of protons and neutrons�lls a major shell orresponding to the \magi" numbers for protons and neutrons(Z, N = 2, 8, 20, 28, 50, 82, 126, and 184). These nulei are alled \magi nu-lei". They are more stable than others, whih e.g. means that more energy isneeded to separate one of the nuleons from suh a nuleus as ompared to one ofits neighbours. The magi nulei have a spherial shape.By adding more valene nuleons above a shell losure, nulei start to beomedeformed. Historially, the onept of nulear shape appeared �rst in the desriptionof the nulei in the framework of the liquid drop model. The nuleus is desribed asa liquid drop, and it may present dynami deformation through surfae and volumevibrations around a spherial equilibrium shape, or it may have a stati deformationin whih it an rotate very fast. A typial deformed nuleus in the rare-earth regionhas prolate shape (lemon shape) with a quadrupole deformation of �2 � 0:2.The Nilsson sheme presented in Fig. 2.1 shows the single-partile energies ofthe neutron orbits versus the quadrupole deformation for nulei in the mass A � 60region [2℄. For spherial magi nulei, i.e., at no deformation, one an see thatthe energy gaps at neutron numbers 20, 28, and 40 are large. At a quadrupoledeformation of �2 � 0:2 the gaps disappear. The Nilsson diagram for single-partileenergies of a deformed nuleus is very di�erent from that of a spherial nuleus.Moving towards a larger deformation of �2 � 0:4 a new distint energy gap isformed orresponding to 28 neutrons [3℄. This orresponds to the spherial nuleusN = Z = 28 56Ni, whih thus is doubly-magi both at spherial and deformed shape.At an even larger deformation of �2 � 0:5 another gap is formed at neutron number30. This is the superdeformed \doubly-magi" ore for the N = Z = 30 system,i.e., for 60Zn [4℄.Superdeformation orresponds to an elongated shape with a major-to-minor axisratio of 2:1. The existene of superdeformed shapes in nulei was evidened for3
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β2 (quadrupole deformation)Figure 2.1: The neutron single-partile levels for the mass A � 60 region fromalulation using a Wood-Saxon potential versus quadrupole deformation, �2 [2℄.the �rst time in the atinide �ssion isomers [5℄, and it was theoretially explainedthrough the existene of a seond minimum of the nulear potential at very largedeformations [6℄. The �rst and the seond minima of the nulear potential, separatedby an energy barrier, are shematially illustrated in Fig. 2.2, whih shows thepotential energy of a nuleus versus deformation. The states in the seond minimumorrespond to very elongated or superdeformed shapes, whih in the atinides regionwere found to deay either by spontaneous �ssion or by -rays bak into the �rstwell of the potential.The experimental evidene for a superdeformed nuleus at high spin is the emis-sion of very fast rotational -ray transitions with regular energy spaing. Untiltoday more than 200 superdeformed rotational bands have been observed in di�er-ent mass regions of the nulidi hart, ranging from A � 190 nulei down to theA � 30 region. The �rst high-spin superdeformed band was disovered in 152Dy in1986 [7℄ in the mass A � 150 region and it was followed in 1989 by the disoveryof a superdeformed band in the mass A � 190 region in the 192Hg nuleus [8℄. Inthe mass A � 130 region the �rst superdeformed band was observed in 132Ce [9℄.The �rst superdeformed band in the medium-mass A � 80 region was observed inthe 83Sr nuleus [10℄. In the mass A � 60 region the �rst superdeformed band wasfound in 62Zn [11℄. Reently, a superdeformed band was reported in the A � 30region, namely in 36Ar [12℄.In Fig. 2.3 the dynamial moments of inertia, J (2) (see Chapter 5.2 for de�nition),are plotted as a funtion of the rotational frequeny for a few superdeformed bandsfrom di�erent regions of superdeformation. In order to remove its mass dependeneJ (2) was divided by A5=3. Evidently, the rotational frequeny inreases as the massdereases, and the dynamial moments of inertia vary within a narrow range. Their4



normally
deformed

spherical superdeformed

P
ot

en
tia

l E
ne

rg
y

I II

Deformation

Figure 2.2: The potential energy of a nuleus versus the deformation.values approximately equal the moment of inertia of a rigid body of axial symmetrideformation �2 = 0:5 (dashed line).The nuleus dramatially hanges its shape when it deays from the superde-formed states towards the normally deformed states. The transitions onnetingthe states in the seond minimum with the states in the �rst minimum of the poten-tial (see Fig. 2.2) are alled the linking transitions. They de�ne the superdeformedband in terms of exitation energy, spin, and parity, and give important informa-tion about the deay-out mehanism of these bands. The linking transitions arevery hard to observe due to their low intensity. There are important peuliaritiesbetween the linking transitions in the mass A � 60 region with respet to heaviermass regions. For example, in the mass A � 190 the level density of the states inthe �rst minimum of the potential is high, the nuleus has more possibilities to de-ay, and the superdeformed states may be more strongly mixed with highly exitednormal states. In this ase one may expet that the deay-out proess is statistial.Usually, these linking transitions are strethed E1, whih means that they hangethe parity of the states, and the spin di�erene of the states is equal to one unitof angular momentum. On the ontrary, in the N = Z nuleus 60Zn the level den-sity of the states in the �rst minimum is relatively small, the transitions from thesuperdeformed states to the normally deformed states take plae with no hange inparity, and the spin di�erene is two units of angular momentum. It is suggestedthat the deay-out proess may be non-statistial [4℄.5
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26 27 28 29 30 31 32

27

28

29

30

31

32

26

Z

N

published well− or superdeformed bands

known unpublished well− or superdeformed bands

52

54

56

58

62

64

3a

2apn

60
2a

53 54
3a2p

55
3ap

56 57
2a3p

56

57
2a2pn

58 59
a4pn

60
a4p

59

59
2ap

60
a3pn

61
a2pn

62

61
a3p

55 57 58

58

63

2p2n

apn

a2p

59

60

61

62

63

64

65
2pn

3pn

4pn

5pn

60

61

62

63

64

65

66

6766

68

3p

5p

6p

N=Z

33 34

4p

N=Z

2a2p

ap
3p2n

33

34 Se

As

Ga

Ge

Cu

Ni

Co

Fe

Zn
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Chapter 3Experimental Methods
3.1 The Compound Nuleus ReationThe exited states of a nuleus an be populated in many ways aording to thepurpose of the study. One of the most useful tehniques to reah high-spin statesis by populating the nuleus of interest through the ompound nuleus mehanism.Figure 3.1 shows a shemati drawing of this proess, whih was suggested by N.Bohr and F. Kalkar already in 1937 [21℄.
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system, whih has a lot of exess energy, ools down by evaporating light partilessuh as protons, neutrons, and �-partiles leading to di�erent residual nulei. Thetime sale for this proess is of the order of 10�19 s. The residual nuleus is leftin a state at high exitation energy and high angular momentum and �rst deaysvia statistial -deay towards the yrast line. The yrast line is de�ned as the stateof lowest energy for a given angular momentum. Close to the yrast line the leveldensity is low enough to enable observation of emitted disrete -ray transitions ofthe nuleus towards the ground state. The nuleus reahes its ground state in about10�9 s. These disrete -rays are resolved in the experiment and give informationabout the nuleus of interest, whih is to be studied.3.2 Gamma Ray Detetion; Gammasphere
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to Z5. For typial Ge detetor, whih has a ylindrial shape, with diameter andlength of about 7-9 m an inident -ray with an energy of 1 MeV produes a full-energy peak with a resolution of about 2 keV. The detetion eÆieny of a singlegermanium detetor is rather limited by its size and it is generally ompared to theeÆieny of a 7.62�7.62 m NaI(Tl) detetor.The interation of  radiation with matter is desribed by three basi e�ets:the photoeletri absorption, Compton sattering, and pair prodution. In the pho-toeletri absorption the -ray energy is ompletely absorbed in the germaniumdetetor. In the Compton proess the -ray transfers only a part of its energy tothe eletrons in the rystal and part of the -ray energy may esape from the de-tetor. This results in a large, ontinuous bakground, whih an be suppressed bysurrounding the Ge rystal with BGO1 Compton-suppression shields (see Fig. 3.2).The peak-to-total ratio is improved by rejeting the -rays, whih are Compton sat-tered out of the Ge rystal. Normally Heavimet ollimators are plaed in front ofthe BGO detetors in order to derease false vetoes in high-multipliity events andto inrease the peak-to-total ratio at low energies. If the Heavimet ollimators areremoved from the BGO detetors the experiment an provide event-by-event -raysum-energy [23℄, multipliity measurements, and additional hannel seletivity bytotal energy onservation requirements [24℄ (see also Chapter 4.1).A ommon problem for heavy-ion experiments is the loss of energy resolutionof the -ray lines due to Doppler broadening. The -rays emitted in ight froma residual nuleus produed in a heavy-ion reation have an appreiable Dopplershift. The Doppler-shifted energy, E, is related to the unshifted energy E0 by thefollowing relation E = E0(1 + v os�) (3.1)where � is the angle of the emitted -ray with respet to the reoil nuleus diretion.It is assumed that the reoiling nuleus veloity v in the laboratory frame is smallompared to the veloity of light . For the thin target experiments the majorontribution to Doppler broadening of the spetrum peaks omes from the �niteopening angle of the detetor array. Sine the Doppler shifted -ray energy dependson �, the dependene of the broadening, �E is obtained by the partial derivativeof (3.1) �E = E0 v sin��� (3.2)where �� is the opening angle of the detetor as seen from the target. Aordingto Eq. (3.2) the Doppler broadening is maximum for � = 90Æ. This e�et anbe partially orreted for by segmenting the Ge detetors into two or more parts,thus reduing the opening angle of the detetor. Another signi�ant ontributionto the Doppler broadening omes from the veloity variation of the reoiling nuleidue to energy-loss straggling in the target. It means that the reoiling nulei havedi�erent veloity vetors due to interation with the target material. Aording toEq. (3.1) this e�et depends on os�, and it is maximum for the detetors sittingat 0Æ and 180Æ. To orret this e�et it is assumed that the reation takes plae1Bi4Ge3O12 13



in the middle of the target with an e�etive beam energy. In this approximationthe energy and veloity of the ompound nuleus an be determined. The thirdsigni�ant ontribution to the Doppler broadening is due to the emission of theevaporated partiles (see also Chapter 3.3).The granularity of a multidetetor system refers to the possibility to loalizeindividual -rays and its ability to redue the probability that two -rays hit onedetetor in the same event. In heavy-ion reations, whih often give rise to high-ray multipliity events, a high granularity of the detetor setup helps to distin-guish double hits. To obtain both a high resolution, a high granularity, and a higheÆieny it is thus neessary to ombine many Ge detetors into a large -ray array.Gammasphere [25℄ is one suh big -ray detetor array. It is presently situatedat the Lawrene Berkeley National Laboratory in U.S.A. The omplete geometry ofGammasphere onsists of 110 Ge detetors plaed in a spherial shell, eah of thembeing enlosed in a BGO Compton-suppression shield (see Fig. 3.2). A large numberof detetors is two-fold segmented. Gammasphere has a full-energy peak eÆienyof about 9% at a -ray energy of 1.3 MeV, and a full width at half maximum betterthan 2.6 keV at the same energy.Euroball [26℄ is the European -ray array spetrometer, presently situated at\L' Institut de Reherhes Subatomiques Strasbourg" (IReS), Frane. It onsists of239 germanium detetors grouped in 15 luster detetors, 26 lover detetors, and30 individual germanium detetors. A luster detetor onsists of seven individu-ally enapsulated germanium detetors. Eah of these detetors has an eÆienyof about 60% relative to a 7.62�7.62 m NaI(Tl) detetor at a -ray energy of1.33 MeV. Eah lover detetor ontains four separate germanium rystals pakedtogether in a four-leaf lover arrangement. The energy resolution of eah rystalis about 2.1 keV at 1.33 MeV. The photopeak eÆieny for eah rystal is about21% relative to a 7.62�7.62 m NaI(Tl) detetor. The relative eÆieny of the in-dividual germanium detetors is about 65-80%. Eah of these types of detetors issurrounded by a BGO anti-Compton shield in order to take are of the Comptonsattering e�et. The lover and luster detetors have the property that the en-ergies of the Compton sattered -rays registered in neighbouring rystals an bereovered to total absorption events. When the energy of a -ray is deposited in twoneighbouring Ge detetors, then the energies an be summed up, so that the energyin a large number of events an be determined. Thus the eÆieny of the ompositedetetor approahes that of an individual rystal with the same volume. As a resultthe Compton bakground is redued, the peak to total ratio is enhaned, and thephotopeak eÆieny is inreased. The Euroball array is strutured as follows: the 30individual germanium detetors are sitting at forward laboratory angles, the loverdetetors are plaed in two rings in the entral setion, and the luster detetors aresituated at bakward angles.
14



3.3 Proton and Alpha Detetion; Miroball.The ompound nulei produed on the proton rih side of stability tend to deaybak towards the valley of the line of stability by emitting protons and �-partilesrather than neutrons, sine the Coulomb barrier for these nulei is lower than normaland the binding energy of neutrons is large. In heavy-ion indued fusion-evaporationreations far from stability a large number of exit hannels are populated. Some ofthem have very small ross setions. One of the most important tasks is to selet aspei� hannel by gating on the evaporated partiles. For this purpose, anillarydetetors are used to measure light evaporated partiles in oinidene with -rays.

Figure 3.3: Shemati drawing of the 4� CsI array Miroball. Taken from Ref. [27℄.Miroball [27℄ is suh an anillary detetor whih detets light harged partilesemitted from the reation proess. It onsists of 95 CsI(Tl) elements plaed in 9 rings(see Fig. 3.3) in a 4� geometry, and it was designed to �t inside the Gammaspherearray. The 9 rings of detetors over the angles between 4:0Æ and 171Æ relative tothe beam. Due to the motion of the reoiling nulei, the emitted partile will beregistered mostly in the forward diretion in the laboratory frame. Therefore, inorder to inrease the granularity of the Miroball array, the two most forward ringsof detetors were plaed at larger distanes from the target.Protons and �-partiles are disriminated in Miroball by pulse shape tehniques[27℄. From eah Miroball element three signals are of interest: time, energy, andharge ratio. The harge ratio is a parameter whih is determined by the fat thatthe sintillations produed in the CsI(Tl) material have two deay omponents. The15



�rst one has a time response less than 1�s (fast omponent) and its shape dependson the partile type deteted. The seond omponent has a time response of 7�s(slow omponent) and its shape is independent of partile type deteted. These twoomponents determine the harge ratio between the early and late part of the pulsewhih is thus used to distinguish between partile types. The front surfae of eahdetetor is overed by absorbers to stop the elastially sattered heavy-ion beamswhih otherwise would damage the CsI(Tl) detetors.
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Figure 3.4: Two-dimensional spetra from the Miroball detetor element 29 situatedin the fourth ring. The three ombinations of signals from Miroball determine thepartile identi�ation. See text for details.Figure 3.4 shows six two-dimensional spetra from the 29-th element of Miroballsituated in the fourth ring. The proton spetra are shown in the �rst row and the�-partile spetra in the seond row. We impose a triple two-dimensional gatingproedure. The spetra () and (f) in Fig. 3.4 are already gated by the two two-dimensional gates set in the matries `energy vs. ratio' and `energy vs. time'. Thespetra (a) and (d), and (b) and (e) are orrespondingly gated by the other twotwo-dimensional gates. This is done in an iterative fashion until a lear separation(Fig. 3.4) is obtained. The solid-line losed ontours are the �nal gates for pro-tons and �-partiles used in the analysis. In panel () and (f) one learly sees thedi�erene in harge ratio for protons and �-partiles. This fat provides a goodseparation between the two types of partiles and represents the �rst step in the16



partile disrimination proedure. In panel (a) the solid-line ontour enloses theseleted protons, and in the dashed elliptial ontour are either two-proton pile-up ordeuteron events. The solid-line ontour in panel (a) eliminates the eletroni noiseor remaining ambiguities left from the two other gates. In panel (d) the �-partilesseleted in the solid-line ontour reah higher energies than the protons. The dashedirle and the arrow outside the solid-line ontour indiate eletrons and/or leakingprotons whih are eliminated. The panels (b) and (e) give indiation about theprotons and � partiles detetion time. The events from the next beam pulse lie inthe dashed ellipti ontour.The Miroball detetor determines the energies and angles, and hene the mo-menta of the emitted harged partiles event-by-event. The momentum of the re-oiling nuleus an then be found and thus the angle between the reoiling nuleusand eah Ge detetor an be determined. This is used for \kinemati orretion"of the -rays emitted in ight, whih allows for a more preise determination of the-ray energies. The alibration of the Miroball detetor is typially done using abeam of protons and �-partiles with energies of 12 and 48 MeV. The beams areelastially sattered on 197Au and inelastially sattered on 12C and the produedpeaks are used for alibration. For the bakward detetors the alibration is donewith an � soure with 6.051 and 8.785 MeV lines.3.4 Neutron Detetion; Neutron Wall.In a fusion-evaporation experiment the ompound nuleus an emit also neutrons.Evaporated neutrons are preferentially emitted in the forward diretion due to thekinemati fousing. They barely interat with high-Z materials. Therefore, theyare deteted in big liquid sintillator detetors. In onjuntion with Gammasphere15 liquid sintillator neutron detetors were used in two of the below presentedexperiments, replaing the Ge-detetors loated in the three most forward rings.This array an provide information about the number of the emitted neutrons toidentify -ray transitions belonging to a spei� nuleus.3.5 ExperimentsHigh-spin states in the residual nuleus 59Cu were populated in three experimentsperformed at Lawrene Berkeley National Laboratory (GS54 and GS90) and at Ar-gonne National Laboratory (GSFMA66), U.S.A. The �rst two experiments were thesoure of information for the observation of the yrast superdeformed band in 59Cu,and the third experiment revealed the prompt proton deays from the rotationalsuperdeformed bands. The main harateristis of the experiments are summarizedin Table 1, but there are some details whih should be mentioned.In the GS54 experiment the target onsisted of a 0.42 mg/m2 layer of 28Si,whih was evaporated onto a 0.9 mg/m2 Ta foil. The Ta foil faed the beam,thus reduing the energy to 136 MeV. In this reation the ompound nuleus was64Ge, and 59Cu was populated in the 1�1p hannel. The event trigger required the17
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σrel ~6%Table 1. Charateristis of the experiments performed to study 59Cu.detetion of either three -rays or two -rays and one neutron. A total of 2 � 109events were olleted.So far, the major soure for the analysis of the level sheme of 59Cu has beenGS90. The total ross setion for the 28Si + 40Ca reation at a beam energy of125 MeV is � � 1 b. The relative experimental ross setion for 59Cu (in thisreation populated in the 2�1p hannel) is �rel � 5% and for 58Ni is �rel � 9%.The trigger event required oinidenes between at least two Ge detetors and oneneutron detetor or between three Ge detetors and 2.7 � 109 events were reorded.Due to the smaller number of evaporated �-partiles the GS54 experiment populatedthe 59Cu nuleus at higher exitation energies and angular momenta than the GS90experiment. The 1�1p hannel orresponding to 59Cu in the GS54 experiment hada higher degree of ontamination from the 1�2p hannel orresponding to 58Ni inomparison with the GS90 experiment. Therefore, the GS90 experiment was morefavorable than the GS54 experiment to analyze 59Cu. Both GS54 and GS90 hadneutron detetors in the experimental set-up. However, the hannels orrespondingto 59Cu did not involve neutron evaporation. Therefore, the neutron detetors werenot used in the data analysis.The GSFMA66 experimental set-up did not involve neutron detetors. There-fore, the number of Ge detetors was higher. It used the same reation as in the GS90experiment but the beam energy was smaller, whih means that the low-spin stateswere more populated. It also led to a smaller ross setion for 58Ni, whih is the ma-jor soure of ontamination for 59Cu. The GSFMA66 experiment provided 8 timesmore statistis than the GS90 experiment and the event trigger required at least four-rays being deteted. In the GS90 and GSFMA66 experiments the Heavimet ol-limators were removed from the Gammasphere detetors to provide event-by-event-ray sum-energy [23℄, multipliity measurements, and additional hannel seletiv-ity by total energy onservation requirements [24℄. Following GSFMA66, the energyand eÆieny alibration of the Gammasphere detetors were done using 56Co, 60Co,88Y, 152Eu, 113Sn, 137Cs, and 228Th -ray soures. This extensive alibration givesthe response funtion of Gammasphere inluding the Miroball detetor.18



Two more experiments were performed to explore nulei in the mass A � 60region. They are summarized in Table 2.
Euroball GSFMA42

36Ar +    Si28

beamE           =148MeV

Thin target   Backet target

Neutron Wall

ISIS 40 Si E−E∆

15 Clusters

Euroball     26 Clovers{

20 neutron detectors

Si−strip telescope

Microball 

24Mg +    Ca40

beamE           =96MeV

Gammasphere (87 Ge)

Table 2. Charateristis of the new experiments performed to study 59Cu.The Euroball set-up involved at that time 26 lover detetors and 15 lusterdetetors. It was oupled to the 4� Si ball ISIS [28℄, whih onsists of 40 �E-E-telesopes, and the dediated Euroball Neutron Wall [29℄. The main goals of theexperiment were to determine the lifetimes, the spins, and the parities of the nulearstates belonging to the deformed bands assoiated with the prompt partile deaysin 58;59Cu and 56;58Ni.The Argonne (GSFMA42) experimental set-up onsisted of the Gammaspherearray involving 87 Ge detetors together with Miroball and four highly segmented�E-E-Si-strip telesopes replaing the three most forward rings in Miroball. Italso involved 20 neutron detetors. We expet it to be 10 times more sensitive tothe observation of the prompt disrete-energy proton or �-lines, and to be able toextrat more preisely the energies and the branhing ratios for the weak partiledeay branhes.The GSFMA42 experiment is presently being analyzed and is not part of thepresent thesis. Results from the Euroball experiment onerning the 58Cu nuleusare presented in the seond part of Paper II. The respetive data analysis wasperformed by Dr. D. Rudolph.
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Chapter 4Analysis
4.1 SortingThe data olleted during the experiment are stored on EXABYTE tapes and lateron sorted o�-line using adequate programs. After a presorting proedure, whihredues onsiderably the data volume, the sorting proedure starts. This implies thatthe hannel of interest is seleted by gating with the proper number of evaporatedpartiles. The events are sorted into symmetrized E-E matries and E-E-Eubes.A -ray multipliity and -ray sum-energy spetrometer onsist of a 4� multide-tetor array of -detetors. Gammasphere has the attributes of suh a spetrometer,if both the Ge and BGO detetors are onsidered. If the Heavimet ollimators infront of the BGO shields are removed, Gammasphere an determine the  multipli-ity (M) and total -ray energy (Etot). The multipliity measurements for a givenevent an be made by ounting the number of the individual detetor elements,whih reorded a -ray above an instrumental threshold. The resulting number isthe fold, k, whih is proportional to M. The measurement of the total emitted-ray energy, H, of the event is made by summing the observed signals in all Geand BGO detetors, whih is proportional to Etot. This allows for an additionaltwo-dimensional gate H versus k, the so-alled Hk-gate.The Miroball detetor measures the sum-energy of the partiles, Epart, in theenter-of-mass system. The total partile energy versus total -ray energy plot (i.e.,the Epart versus H) should show a straight line, beause the exitation energy ofthe ompound nuleus is nearly onstant. For the 2�1p-hannel orresponding to59Cu the main ontamination omes from the 2�2p-hannel orresponding to 58Ni,when one proton esaped the detetion in Miroball. In the Epart versus H matrixfor the 2�1p-hannel the ontribution from the 2�2p-hannel lies on another linebelow the one orresponding to the 2�1p-hannel. The two lines are di�erent, afat whih allows largely to eliminate the ontamination from 58Ni in the hannelorresponding to 59Cu. These two two-dimensional gates set on the matrix H versusk, and Epart versus H are alled \Hk gating". The Hk-gate helps to selet eventsfrom one partiular reation hannel, whih belongs to a spei� isotope, and providebakground suppression. 21
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Figure 4.1: Gamma-ray spetra obtained from the GS90 experiment: (a) total pro-jetion, (b) 2�1p-gated total projetion, () 2�1p-Hk-gated total projetion. Seetext for details. 22



Figure. 4.1 shows three -ray total projetion spetra obtained from the GS90experiment. A total projetion is obtained by projeting the ontent of a E-Ematrix on one axis. Panel (a) shows a -ray total projetion with no partile gate,i.e. -rays orresponding to all nulei populated in reation are present. The numberof the ounts in this spetrum is very high. The peaks are very broad and they anbarely be used for gating. The strongest peak at 1315 keV mostly belongs to 64Zn(�rel � 12%), while the peaks at 954 and 1177 keV belong to 62Zn (�rel � 12%).For omparison, the peaks at 914 and 1399 keV belonging to 59Cu (�rel � 5%) andat 1005 and 1454 keV belonging to 58Ni (�rel � 9%) are shown. Panel (b) showsa 2�1p-gated, -ray total projetion spetrum, while panel () shows a 2�1pHk-gated -ray total projetion spetrum. The di�erenes are obvious. First, one anobserve that in the spetrum in Fig. 4.1(b) there are more events, but the strongesttransitions at 1005, 1454, and 2668 keV belong to 58Ni, although the 2�1p-partilegate orresponds to 59Cu nuleus. Seleting the Hk-gate orresponding to 59Cu(Fig. 4.1.()), the ontribution of 58Ni in the 2�1p hannel is suppressed and thetransitions belonging to 59Cu at 914, 951, 1399 keV are dominant.4.2 Level ShemeThe useful format for analysis is to sort the data in E-E matries and E-E-E ubes with appropriate partile gates applied. By setting -energy gates inthe matries on one axis and observing the -lines in oinidene, the level shemeof the nuleus is built. The high-spin level sheme of 59Cu is shown in Fig. 4.2.Previously, high-spin states in 59Cu were known up to spin and parity I� = 17=2�at an exitation energy of Ex = 5722 keV [30℄. The present level sheme of 59Cuwas enlarged up to spin and parity I� = 57=2+ at an exitation energy of Ex =31:96 MeV, and it onsists of eleven di�erent strutures. The band sequenies in thelevel sheme are labeled with numbers to failitate their desription. The strutures1 to 6 are disussed in Paper I and II, but the results of the strutures 7 to 11 havenot yet been published. The superdeformed band 1 and 6 are also named B1 andB2, respetively, in order to be onsistent with the previous partial level shemespublished in Paper I and II.To redue the ontamination from other (strong) reation hannels, spetra withthe same -gate but di�erent partile gates an be subtrated from eah other toobtain lean spetra. An example is shown in Fig. 4.3. The 1900 keV -ray transitionis one of the transitions belonging to the superdeformed band 1 in 59Cu, but thereis also a 1900 keV line whih belongs to 58Ni. Figures 4.3(a) and (b) respetively,show the 2�1pHk- and 2�2pHk-gated spetra in oinidene with the 1900 keV -ray transition. The spetrum in Fig. 4.3(b) is normalized with a fator of 0.37, whihis obtained from the ratio of the intensities of the 1005 keV transition in spetrum (a)and (b). The normalized 2�2pHk-gated spetrum is subtrated from the 2�1pHk-gated spetrum, and the result is shown in Fig. 4.3(). The improvement is observedby omparing the transitions belonging to 59Cu, whih now are stronger. The -raytransition at 1005 keV belonging to 58Ni disappeared.23
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Figure 4.4 shows four 2�1pHk-gated -ray spetra from the GS90 experiment.The transitions in the spetrum of panel (a) of Fig. 4.4 are in oinidene withthe 328 keV line, whih is situated at the bottom of the right branh of band 3.It depopulates the state at an exitation energy of 8154 keV. The 328 keV line isoinident with the 575, 728, 821, 935, 1036, 1302, 1549, 1757, 1971, and 2147 keVlines, whih are well represented in this spetrum. The transitions at 2105 and2923 keV onnet the 7826 keV state in band 3 with two states in band 4 at 5722and 4903 keV, respetively. The transitions in the spetrum shown in Fig. 4.4(b) arein oinidene with the 361 keV line, whih depopulates the same 8154 keV stateas the 328 keV line. The 361 keV line at the bottom of the left branh of band3 is oinident with the same hain of transitions as the 328 keV line, exept thetransitions at 2071 and 2891 keV, whih onnet the state at 7793 keV in band 3with the same two states at 5722 and 4903 keV, respetively. From spetrum (a) and(b) we an say that the 328 and 361 keV lines are not oinident with one another,but both are oinident with the 575 keV line, whih is the strongest line in thesespetra. The next step is to look at transitions oinident with the 575 keV line,whih are illustrated in the spetrum in Fig. 4.4(). Our assumption is orret andwe an see that the 575 keV line is oinident with the lines at 328 and 361 keV.The transitions at 2071, 2105, 2891, and 2923 keV, whih onnet band 3 and 4 arealso in oinidene with the 575 keV line. The strongest transition in oinidenewith the 575 keV line is the 728 keV line, whih is the next transition in band 3.The spetrum in Fig. 4.4(d), gated on the 728 keV transition, on�rms that the 328and 361 keV lines depopulate the same level, and that they are both in oinidenewith the 575 and 728 keV lines. In this manner, band 3 was onneted with band4, and its exitation energy was extended till 16031 keV. The same proedure wasused to extend the entire level sheme in Fig. 4.2. The analysis is based also on a2�1p-gated E-E-E ube, whih is able to provide spetra generated by summingdouble gates in multiple ombinations.The next step is to assign the spins and parities for the new states in the levelsheme. The assignment of the multipolarities of -ray transitions an be done usingdiretional orrelations from oriented states (DCO ratios) [31℄. For this purpose, theGe detetors in Gammasphere were grouped into two \pseudo" rings labeled `30Æ'(15 detetors at 142.6Æ, 148.3Æ, and 162.7Æ) and `83Æ' (25 detetors at 79.2Æ, 80.7Æ,90.0Æ, 99.3Æ, and 100.8Æ) [3℄. A 2�1p-gated E � E matrix with -rays detetedat 30Æ sorted on one axis and 83Æ on the other axis was reated. From this matrixDCO-ratios RDCO were extrated [31℄ aording to the given formulaRDCO(30-83;1; 2) = I(1 at 30Æ; gated with 2 at 83Æ)I(1 at 83Æ; gated with 2 at 30Æ) : (4.1)Known strethed E2 transitions were used for gating. For observed strethed �I = 2transitions RDCO � 1:0 is expeted, while pure strethed �I = 1 transitions haveRDCO � 0:6. However, �I = 1 transitions an show deviations from the expetedvalue due to quadrupole admixtures i.e., non-zero Æ(E2=M1) mixing ratios (M2admixtures into E1 dipoles are not likely). DCO ratios for some -ray transitionsare shown in Table 1 of Paper I. 26
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Figure 4.5: Two 2�1p-gated -ray spetra with  rays deteted at 30Æ sorted on oneaxis and 83Æ on the other axis, gated on (a) 1188 keV 11/2� ! 7/2� line and (b)the 1574 keV 15/2� ! 11/2� line.In Fig. 4.5(a) are two spetra obtained from a 2�1p-gated E-E matrix with-rays deteted at 30Æ sorted on the x-axis and 83Æ on the y-axis. The two spetraare generated by gating on the 1188 keV 11/2� ! 7/2� transition. The blakspetrum is obtained by gating on the y-axis and projeting the events onto thex-axis. The grey spetrum is produed in the opposite way. The 1399 keV linehas a strethed �I = 2 harater, whih an already be seen by observing that the1399 keV peak has basially the same intensity in both spetra (RDCO � 1:0). Thevalue of a RDCO ratio is obtained by �tting the peaks present in eah spetrum,dividing their intensities and then orreting the result with the -ray eÆieny.The spetra shown in Fig. 4.5(b) are obtained in a similar way as desribed above,but they are gated on the 1574 keV 15/2� ! 11/2� transition. The transitions at914 and 951 keV are strethed �I = 1 transitions. The peaks in the grey spetrumat 30Æ have higher intensities than in the blak spetrum at 83Æ. If the transitionshave a mixed E2=M1 harater, the RDCO ratios have values whih deviate fromthe expeted value of RDCO � 0.6. For example, this is the ase for the 2585 keVline as desribed in Paper I. This implies that the 2585 keV line does not hangethe parity of the states whih it onnets.4.3 Superdeformed StatesHow an one prove that a band is superdeformed? Beause of the high olletivityand high transition energies of superdeformed bands in the mass A � 60 region,the lifetimes of the states are muh shorter than the maximum time it takes for thereoiling nuleus to pass through the thin target (t � 170 fs). Almost the entireband thus deays while the nuleus is slowing down in the thin target. This leads to28



additional Doppler shifts of the peaks in the -ray spetra of Ge-detetors at forward(50Æ) and bakward angles (130Æ), beause the Doppler orretion is performed withan average veloity of the reoils after the target. The observation of suh shifts isan exellent tool to prove that the transitions atually belong to a superdeformedband [32℄.
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4.4 Linking TransitionsIt is very important to observe experimentally the linking transitions whih areonneting the superdeformed band with the normally deformed states. They aretypially very weak, only a few perent relative to the transitions of the superde-formed band. They allow to de�ne the exitation energy, the spin, and the parityof the superdeformed band. Band 7 in the level sheme of 59Cu in Fig. 4.2 is anexample of a band whih has not yet been linked.
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Chapter 5Disussion
5.1 Con�guration of the Superdeformed BandsIn the Nilsson sheme, illustrated in Fig. 2.1, eah level an be oupied by twoneutrons. The protons oupy the same orbitals in a similar proton single-partilelevel diagram. At zero deformation for 56Ni the levels are �lled up to the f7=2shell. It means eight neutrons and eight protons above the doubly-magi ore 40Ca.At a deformation of �2 � 0:4 the �lling of the single-partile levels is hanged bythe upsloping of the [303℄7/2 orbit and downsloping of the [321℄1/2 orbit. Thetwo neutrons from the [303℄7/2 orbit will oupy the [321℄1/2 orbit, leading to twoneutron holes in the f7=2 orbit and two neutrons in the p3=2 orbit. One an observethat the g9=2 orbit is the �rst available orbital to add neutrons at the deformed shelllosure at partile number 28. For a N = Z nuleus, the protons oupy the sameorbitals as the neutrons. The on�guration of the deformed band in the N = Z = 29nuleus 58Cu is thus four holes in the f7=2 orbit four partiles in (fp) shell, whihonsists of the 2p3=2, 1f5=2, and 2p1=2 orbits, and two partiles (one proton and oneneutron) in the g9=2 orbit. The superdeformed band in 59Cu has two neutrons andone proton in exess of 56Ni, so these three partiles will oupy the g9=2 orbit.In general, the on�gurations of the superdeformed bands belonging to the massA � 60 region are expeted to have the leading omponent f�47=2 
 (fp)4 
 gA�569=2(A-56 is the number of nuleons in exess of 56Ni) with respet to the doubly-magi56Ni N = Z = 28 spherial ore. Due to the limited number of valene partiles, thelow-spin states of 59Cu an be interpreted in the spherial shell-model framework asin the other neighboring nulei [33℄.5.2 Theoretial ComparisonsThe disovery of the superdeformed bands in the mass A � 60 region in di�erentNi, Cu and Zn isotopes has allowed us to ompare the features of the superdeformedbands in 58;59Cu and 60Zn. The input parameters for simple ranking model alu-lations [34, 35℄ are spins, exitation energies of the states in the band of interest,and the projetion of the angular momentum on the symmetry axis K. The angular33



veloity of the rotation is de�ned as!(I) = 1�h dE(I)dIx (5.1)where Ix is the omponent of the angular momentum along the axis of rotation. Therelation between Ix and the total angular momentum isIx = qI(I + 1)�K2 � q(I + 1=2)2 �K2 (5.2)For disrete variation of E(I), the rotational frequeny beomes!(I) = 1�h E(I + 1)� E(I � 1)Ix(I + 1)� Ix(I � 1) (5.3)whih reets the disrete nature of the angular momentum I. The kinematialmoment of inertia J (1) is expressed as the �rst derivative of the energyJ (1) =  2�h dE(I)d(I2x) !�1 = �h Ix!(I) (5.4)and the dynami moment of inertia J (2) is expressed as the seond derivative of theenergy, whih gives \the urvature" of the E(I) lineJ (2) =  1�h2 d2E(I)dI2x !�1 = �h dIxd!(I) : (5.5)The relative alignment i(!) is de�ned as the di�erene between the atual yrastangular momentum Ix(!) and an auxiliary Iref(!) whih is alled the referenerotor i(!) = Ix(!)� Iref(!): (5.6)In our alulations the referene rotor was the 58Cu nuleus.In the Cranked Nilsson Strutinsky (CNS) approah the total energy is desribedas a sum of the liquid drop energy and the shell orretion energy. This approahprovides a good desription of the many-body problem. In CNS alulations forthe mass A � 60 [36℄ the Nilsson potential with standard set of parameters is used.Pairing orrelations are not taken into aount at high angular momentum. Theon�gurations an be spei�ed not only by the number of partiles in the orbitalsof di�erent parity and signature, but also by the number of partiles in di�erentN -shells. These alulations were performed by Professor I. Ragnarsson.The ranked relativisti mean �eld (CRMF) theory [37℄ was also employed fortheoretial omparison with the experimental data. In the relativisti mean �eld(RMF) theory the nuleus is desribed as a system of pointlike nuleons representedby Dira spinors and oupled to mesons and to the photon. The nuleons interatby the exhange of several mesons, namely, the salar meson � and three vetorpartiles: !, � and the photon. CRMF theory is a fully self-onsistent theory.34



For 59Cu the NL3 interation [38℄ was used. These alulations were performed byDr. A. V. Afanasjev.In the Hartree-Fok mean-�eld theory the nuleons move independently fromeah other in an average potential with a large mean-free path. The nuleon-nuleoninterations that are of zero-range in oordinate spae but at the same time aredensity- and veloity dependent are alled Skyrme e�etive interations. The the-oretial Hartree-Fok alulations [39℄ in Paper I are based on the SLy4 fore [40℄.They were performed by Professor J. Dobazewski.Figure 5.1 shows the kinematial moments of inertia for the rotational bands in58;59Cu and 60Zn. The top panel presents the experimental kinematial momentsof inertia obtained from equations (5.3) and (5.4). Starting from 58Cu, whih hasone proton and one neutron in the g9=2 orbital, the moment of inertia inreases for59Cu, whih has one proton and two neutrons in the g9=2 orbital. The addition ofone more proton in the g9=2 orbital orresponding to 60Zn inreases the moment ofinertia even further. This inrease in J (1) is due to an inrease in deformation. Thedeformation driving harater of the g9=2 orbital is niely illustrated and one anobserve that 59Cu is plaed in between 58Cu and 60Zn.In the bottom panel the experimental values of 59Cu are ompared with theoreti-al preditions. They are in very good agreement, espeially for the CNS preditions.None of the theoretial alulations inlude pairing, and thus are realisti only atrelatively high spin. The HF approah overestimate the moment of inertia, whihmight be improved when standard T = 1 pairing orrelations are taken into a-ount. The omparison of the dynami moments of inertia J (2) for the 58;59Cu andthe 60;61Zn nulei for several olletive bands (see Fig. 3, Paper I) shows also that thequadrupole deformation of these bands inrease with the number of g9=2 partilesinvolved in their on�gurations. There is a smooth inrease of �2 from 0.37 to 0.51,when going from 58Cu to 60Zn.The study of N � Z nulei ould eluidate the role of neutron-proton pairingorrelations, sine both types of nuleons involved in the band on�gurations oupythe same orbitals. The dynami moments of inertia J (2) of the N = Z nulei 60Znand 58Cu were ompared with the reently observed neighboring N = Z + 1 nulei61Zn and 59Cu. The simultaneous alignment of the g9=2 protons and neutrons in 60Znreveals a band rossing at a rotational frequeny �h! � 1 MeV. The investigationof 59Cu did not reveal the expeted neutron alignment present in 60Zn. Like inthe odd-neutron neighbor 61Zn, it is either absent or shifted to lower frequenies.This e�et may be attributed to T = 0 pairing, possibly inuened by a hange ofdeformation determined by the number of the g9=2 partiles involved in the bandon�gurations.5.3 Linking Transitions and Deay-Out Meha-nismThe linking transitions may not only provide the exitation energies, de�nite spins,and parities of the superdeformed bands but will give information about the deay-35
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out proess. 59Cu is the seond nuleus in the mass A � 60 region whih has asuperdeformed band fully haraterized with exitation energies, spins, and pari-ties. In the �rst ase, 60Zn, the ompetition between E1, M1, and E2 deay-outtransitions may be inuened by the suppression of isosalar dipole transitions. Thestrethed E2 harater of the linking transitions and the low level density of thestates in the �rst minimum suggest that the deay-out proess is non-statistial forthis N = Z nuleus [15℄.The deay-out in the mass A � 60 region di�ers substantially from that whihhas been observed for the superdeformed bands in the merury region [41℄. In themass A � 190 region the linking transitions have provided a onsistent desriptionof the deay-out of superdeformed bands as a statistial proess governed by theweak mixing of the superdeformed states with the surrounding sea of hot normallydeformed states separated by a potential barrier [41℄. In suh a proess one expetsa highly fragmented deay mostly by dipole transitions.Also in the mass A � 130 region a number a highly deformed bands deay-outthrough strethed E2 transitions. In these nulei a onsiderably mixing of the highlydeformed (�2 � 0:3� 0:4) and normally deformed (�2 � 0:2� 0:3) bands to whihthey deay is understood in terms of their similar deformations and the preditedabsene of a barrier between them at the deay-out point.An alternative explanation for the sudden deay-out of the superdeformed statesin the mass A = 150� 190 region is related with the transition from order to haos[42℄. The haos in the nuleus sets in as the exitation energy inreases. For exam-ple, the states lose to the yrast line are regular, while the states at an energy of6-7 MeV above yrast are haoti. As it was explained before, the superdeformed andnormally deformed states are separated by a barrier and the deay-out takes plaewith a dramati hange in nulear shape. The wave funtions desribing the twotypes of shapes are very di�erent. The superdeformed band sees a surrounding ofnormally deformed states whih harater hanges from order to haos, as the angu-lar momentum dereases. The deay-out is onneted to a tunneling proess whihours through large amplitude vibrational oupling in the quadrupole diretion. Bythis proess the wave funtion desribing the superdeformed state piks up a smallfration of states with normally deformed harater, while the barrier envelop havestrongest ouplings. This implies that the deay is restrited to our between su-perdeformed and normally deformed states with a speial harater. This ouplingbetween the normally deformed states and superdeformed states forms a \doorwaystate" for the deay-out proess. By the additional oupling between the normallydeformed states the tunneling strength-funtion spreads out, and the deay fromthe superdeformed state an our to a multitude of normally deformed states. Itmay expet that the deay-out of the superdeformed band is related to the onset ofhaos among the normally deformed states, whih enhanes the deay-out proess.59Cu is a N � Z nuleus, in whih the deay-out from the superdeformed bandtakes plae through one step strethed E2 transitions and E1 transitions. The leveldensity of the states in the �rst minimum of the potential is higher than in thease of the N = Z = 30 nuleus 60Zn. Also the intensity of the superdeformedband in 59Cu is not ompletely reovered by the linking transitions and the prompt37



proton deay. It means that more linking transitions might be expeted, whih sofar are unobserved. Their observation would help to give more information aboutthe deay-out mehanism, about the mixing of the superdeformed states with thenormally deformed states, and the transition from order to haos.5.4 Prompt Proton DeaysPrompt monoenergeti proton and � deay lines were observed in the mass A � 60region in the deay of high-spin states situated in a deformed seondary minimumof the nulear potential into spherial states of the orresponding daughter nuleus.They ompete with -ray emission towards normally deformed states in the �rstminimum of the same nuleus.This proess is aompanied by a dramati hange in the nulear shape whihhas not yet been aounted for from a theoretial point of view. One of the �rstattempts was done by P. Talou [43℄ by using a time-dependent approah based onthe numerial solution of the time-dependent Shr�odinger equation for the promptproton deay from a deformed seond minimum in 58Cu into an exited state in57Ni. The advantage of this dynamial approah in omparison to other stationaryapproahes is that it allows the study of problems where the interation potential istime-dependent. The time-dependene of the nulear deformation and of the single-partile potential are onsidered to follow a linear behaviour, while the nuleusgoes from its initial on�guration to the �nal one. As expeted, the tunnelingprobabilities and the deay rates for di�erent time-dependent senarios depend onthe time-dependent single-partile potential. The tunneling angular distributionwith respet to the z-axis strongly depends on deformation.In order to ompare the 59Cu prompt proton deay with theoretial interpretationin the framework of the stationary Shr�odinger equation, either the proton deaywidth or the lifetime of the initial state involved in the deay-out proess should beknown. We hope to determine the angular distribution of the protons with respetto the angular momentum axis from the analysis of the GSFMA42 experiment.Even if the �rst step towards a theoretial understanding of this omplex partiledeay proess was done, further and more realisti alulations are neessary.
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Chapter 6Conlusions and OutlookThe level sheme of 59Cu was greatly enlarged and the yrast superdeformed band wasidenti�ed. This band was fully haraterized by exitation energy, spin, and parity.It was also ompared to similar bands of 58Cu and 60Zn, both from theoretial andexperimental points of view. Among the depited bands of the level sheme, aseond superdeformed band was also observed, linked to the normal deformed yraststates and haraterized by exitation energy, spin, and parity. In addition ninemore strutures were observed in 59Cu.Both superdeformed bands were found to deay via prompt proton deay towardsspherial states of the daughter nuleus 58Ni, in ompetition with -ray emissiontowards low-spin spherial states in 59Cu. The protons assoiated with these bandshave energies of 2.0 and 2.5 MeV, and feed the 8+ and 7� yrast states of 58Ni withbranhing ratios of 4% and 16%, respetively.The mass A � 60 region is a very omplex region, and a large variety of nulearstruture phenomena an be experimentally investigated, explained, and omparedwith theoretial models. Figure 6.1 shematially presents some interesting phe-nomena whih already have been studied. They range from shell-model states nearthe doubly magi ore 56Ni towards the deformed and superdeformed bands, whihmay reah termination or may deay via prompt partile emission with a dramat-ial hange in the nulear shape. The three N = Z nulei 56Ni, 58Cu, and 60Zn inthe mass A � 60 region allowed the investigation of paired band rossings and itsinterpretation in terms of pairing orrelation in N � Z nulei.In the superdeformed band in 59Cu the last state at 31961 keV has spin and parityof I� = 57=2+, while the maximum possible spin whih an be reated from sevenvalene partiles and four holes is Imax = 65=2�h. It means that only two transitionsare missing from the band termination, if we take into aount the quadrupoleharater of the band. It will be very interesting to observe the superdeformed bandtermination in 59Cu.The theoretial desription of the prompt partile emission is still not satisfa-tory, and experimental information onerning the states involved in the deay-outproess is still laking. Conerning the 59Cu nuleus it will be interesting to inves-tigate more arefully the details of the two prompt proton deays, suh as morepreise branhing ratios, deay times as well as the �ne struture of the potential.39
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