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Chapter 1Introdu
tionThe end of the 19th 
entury and the 20th 
entury were ri
h in new dis
overies in the�eld whi
h today is 
alled \nu
lear physi
s" [1℄. In 1896 H. Be
querel dis
overedradioa
tivity in uranium, a fa
t whi
h proved that the atomi
 nu
leus 
an 
hangeits form and emit energy. Radioa
tivity be
ame an important tool for revealingthe interior of the atom. In 1898 the Fren
h physi
ists P. Curie and M. Curie dis-
overed the radioa
tive elements polonium and radium, whi
h o

ur naturally inuranium minerals. In 1911 E. Rutherford made his greatest 
ontribution to s
ien
eand showed that the positive 
harge in the atom is 
on
entrated in a very small
entral nu
leus 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 parti
le equal in mass to the hydrogen atom, Rutherford a
-
epted the hydrogen nu
leus as an elementary parti
le, 
alled proton. Twelve yearslater, in 1932, J. Chadwi
k dis
overed the neutron. Parallel with this dis
overy,the �rst 
y
lotron was built in 1932 by E. O. Lawren
e. This devi
e a

eleratedhydrogen ions (protons) to an energy of 13000 ele
tron volts (eV). In 1935 I. Joliot-Curie and F. Joliot made the �rst arti�
ial radioa
tive isotope by bombarding 27Alwith �-parti
les, whi
h 
onstituted an important step towards the solution of theproblem of releasing energy by the nu
leus. Inspired by this work, in 1936 E. Fermiprodu
ed arti�
ial radioa
tive 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. Kal
kar proposed that nu
lei 
an possess a 
olle
tive rotation asmotion. The 
olle
tive model and its relation to the single-parti
le 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, whi
h des
ribesthe stru
ture of some atomi
 nu
lei, and in 1962 S. M. Poliakov dis
overed �ssionisomers the �rst superdeformed nu
lei. Also in 1962 the �rst 
-ray spe
trum usinga Ge(Li) dete
tor was obtained.Sin
e then, great progress has been made in the understanding of the nu
leusboth from experimental and theoreti
al point of view, and the advent of the latestgeneration of 4� Germanium dete
tor arrays su
h as Gammasphere and Euroballhas allowed for more detailed and re�ned studies.1



High-spin states in N � Z nu
lei in the mass A � 60 region have been studiedin a series of experiments involving these \Big Arrays", whi
h were 
ombined withdedi
ated 
harged-parti
le dete
tor arrays. The experiments have established welland superdeformed bands in some Ni, Cu, and Zn isotopes and established a newisland of superdeformation around parti
le numbers N;Z � 28 � 30. Moreover,some of these bands in the se
ond well of the nu
lear potential were found to de
ayby prompt parti
le emission towards spheri
al states in the 
orresponding daughternu
leus, in 
ompetition to the expe
ted 
-ray de
ay towards the normally deformedstates in the �rst minimum of the same nu
leus. Comparative studies of the observedhighly deformed band in 59Cu and the superdeformed bands in 58Cu and 60;61Znhave already been performed with di�erent theoreti
al 
al
ulations. On the otherhand, the de
ay-out pro
ess of these bands have just started to be investigated and
ompared with similar de
ay-out pro
esses in heavier mass regions, and the theoryof prompt proton de
ay is still in progress.This thesis is about experimental nu
lear stru
ture studies in the mass A � 60region, and fo
uses on the N = Z + 1 nu
leus 59Cu. It is based on the followingpubli
ations:� Yrast Superdeformed Band in 59Cu1C. Andreoiu, D. Rudolph, C.E. Svensson, A.V. Afanasjev, J. Doba
zewski,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 De
ays in 58;59CuC. Andreoiu, D. Rudolph, C. Fahlander, A. Gadea, D.G. Sarantites, C.E. Svens-son, and the GSFMA66 and EB98.02 
ollaborations.Pro
eedings Pingst2000 - Sele
ted Topi
s on N = Z Nu
lei, 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 TheAmeri
an Physi
al So
iety. 2



Chapter 2General Aspe
ts
2.1 SuperdeformationIn the shell model des
ription of nu
lei it is suggested that the nu
leons move inspe
i�
 orbits with spe
i�
 energy and angular momentum in a similar way as theele
trons in the atom. The orbits form a shell stru
ture, and two orbits are o

a-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 nu
lei are 
alled \magi
 nu-
lei". They are more stable than others, whi
h e.g. means that more energy isneeded to separate one of the nu
leons from su
h a nu
leus as 
ompared to one ofits neighbours. The magi
 nu
lei have a spheri
al shape.By adding more valen
e nu
leons above a shell 
losure, nu
lei start to be
omedeformed. Histori
ally, the 
on
ept of nu
lear shape appeared �rst in the des
riptionof the nu
lei in the framework of the liquid drop model. The nu
leus is des
ribed asa liquid drop, and it may present dynami
 deformation through surfa
e and volumevibrations around a spheri
al equilibrium shape, or it may have a stati
 deformationin whi
h it 
an rotate very fast. A typi
al deformed nu
leus in the rare-earth regionhas prolate shape (lemon shape) with a quadrupole deformation of �2 � 0:2.The Nilsson s
heme presented in Fig. 2.1 shows the single-parti
le energies ofthe neutron orbits versus the quadrupole deformation for nu
lei in the mass A � 60region [2℄. For spheri
al magi
 nu
lei, 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-parti
leenergies of a deformed nu
leus is very di�erent from that of a spheri
al nu
leus.Moving towards a larger deformation of �2 � 0:4 a new distin
t energy gap isformed 
orresponding to 28 neutrons [3℄. This 
orresponds to the spheri
al nu
leusN = Z = 28 56Ni, whi
h thus is doubly-magi
 both at spheri
al 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 existen
e of superdeformed shapes in nu
lei was eviden
ed for3
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β2 (quadrupole deformation)Figure 2.1: The neutron single-parti
le levels for the mass A � 60 region from
al
ulation using a Wood-Saxon potential versus quadrupole deformation, �2 [2℄.the �rst time in the a
tinide �ssion isomers [5℄, and it was theoreti
ally explainedthrough the existen
e of a se
ond minimum of the nu
lear potential at very largedeformations [6℄. The �rst and the se
ond minima of the nu
lear potential, separatedby an energy barrier, are s
hemati
ally illustrated in Fig. 2.2, whi
h shows thepotential energy of a nu
leus versus deformation. The states in the se
ond minimum
orrespond to very elongated or superdeformed shapes, whi
h in the a
tinides regionwere found to de
ay either by spontaneous �ssion or by 
-rays ba
k into the �rstwell of the potential.The experimental eviden
e for a superdeformed nu
leus at high spin is the emis-sion of very fast rotational 
-ray transitions with regular energy spa
ing. Untiltoday more than 200 superdeformed rotational bands have been observed in di�er-ent mass regions of the nu
lidi
 
hart, ranging from A � 190 nu
lei down to theA � 30 region. The �rst high-spin superdeformed band was dis
overed in 152Dy in1986 [7℄ in the mass A � 150 region and it was followed in 1989 by the dis
overyof a superdeformed band in the mass A � 190 region in the 192Hg nu
leus [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 nu
leus [10℄. In the mass A � 60 region the �rst superdeformed band wasfound in 62Zn [11℄. Re
ently, a superdeformed band was reported in the A � 30region, namely in 36Ar [12℄.In Fig. 2.3 the dynami
al moments of inertia, J (2) (see Chapter 5.2 for de�nition),are plotted as a fun
tion of the rotational frequen
y for a few superdeformed bandsfrom di�erent regions of superdeformation. In order to remove its mass dependen
eJ (2) was divided by A5=3. Evidently, the rotational frequen
y in
reases as the massde
reases, and the dynami
al moments of inertia vary within a narrow range. Their4
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Figure 2.2: The potential energy of a nu
leus versus the deformation.values approximately equal the moment of inertia of a rigid body of axial symmetri
deformation �2 = 0:5 (dashed line).The nu
leus dramati
ally 
hanges its shape when it de
ays from the superde-formed states towards the normally deformed states. The transitions 
onne
tingthe states in the se
ond 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 ex
itation energy, spin, and parity, and give important informa-tion about the de
ay-out me
hanism of these bands. The linking transitions arevery hard to observe due to their low intensity. There are important pe
uliaritiesbetween the linking transitions in the mass A � 60 region with respe
t 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 nu
leus has more possibilities to de-
ay, and the superdeformed states may be more strongly mixed with highly ex
itednormal states. In this 
ase one may expe
t that the de
ay-out pro
ess is statisti
al.Usually, these linking transitions are stret
hed E1, whi
h means that they 
hangethe parity of the states, and the spin di�eren
e of the states is equal to one unitof angular momentum. On the 
ontrary, in the N = Z nu
leus 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 pla
e with no 
hange inparity, and the spin di�eren
e is two units of angular momentum. It is suggestedthat the de
ay-out pro
ess may be non-statisti
al [4℄.5
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Figure 2.3: Dynami
 moment of inertia J (2) divided by A5=3 versus rotational fre-quen
y for superdeformed bands from di�erent mass regions. The dashed line rep-resents the moment of inertia of a rigid rotor with quadrupole deformation �2 = 0:5.Taken from Ref. [11℄.Figure 2.4 shows the nu
lidi
 
hart for the mass A � 60 region, whi
h is the mainfo
us of this thesis. The number of neutrons and the number of protons are given onthe x and y axis, respe
tively. TheN = Z nu
lei having the same number of neutronsand protons are indi
ated by the grey squares. Also the names of the elements liebeside their 
hain of isotopes. The numbers in ea
h square indi
ate the numberof nu
leons of the isotope, and below it the populating rea
tion 
hannel for ea
hisotope observed in one of the performed experiments (GS90) is shown. The �lled
ir
les stand for published well- or superdeformed bands, while the un�lled 
ir
lesstand for known but unpublished well- or superdeformed bands. In this mass region,a superdeformed band was �rst observed in the 62Zn nu
leus [11℄. It was followedby the observation of superdeformed bands in the N = Z nu
lei 56Ni [13℄, 58Cu [14℄,and 60Zn [4℄, and in the N = Z + 1 nu
lei 61Zn [15℄ and 59Cu. The superdeformedband in 60Zn represents the N = Z = 30 \doubly-magi
" superdeformed 
ore of theA � 60 mass region [4℄.These superdeformed bands belong to nu
lei in the (until re
ently) lightest massregion where superdeformation has been observed. They are very interesting be
ausethey are the fastest rotating nu
lei known (�h! � 1:5�2 MeV) and be
ause they areself-
onjugate (N = Z) or nearly self-
onjugate (N � Z), whi
h means that aspe
tssu
h as isospin T = 0 pairing 
orrelations might be important for their des
ription.Although most of the superdeformed bands in this region were linked to the normallydeformed states, only in the 60Zn and 59Cu nu
lei the superdeformed band have thespins and parities �rmly assigned. 6
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Figure 2.4: The nu
lidi
 
hart around the mass A � 60 region.2.2 Prompt Proton De
aysProton radioa
tivity and �-delayed proton de
ay are two well-known types of protonde
ays, whi
h have been observed for the �rst time in 1970 and 1976, respe
tively.One example of proton radioa
tivity from an ex
ited state in the parent nu
leus[16℄ is shown in the right panel of Fig. 2.5 [17℄. The I� = 19=2� state in 53Co hasa long lifetime (247 ms). It is 
alled an isomeri
 state. The �+ de
ay from thisisomeri
 state to the daughter nu
leus 53Fe is 
ompeting with proton de
ay into thedaughter nu
leus 52Fe, whi
h is a very weak bran
h (� 1.5%). The proton energyis Ep;
:m: = 1:56 MeV. The experiments whi
h eviden
ed these types of protonradioa
tivity are based on dis
rete-line spe
tros
opy. The �rst eviden
e for protonradioa
tivity from a ground state was dis
overed in 1981 for the 151Lu nu
leus intothe daughter nu
leus 150Yb [18℄.The pro
ess of �-delayed proton emission [19℄ is illustrated in the left panel ofFig. 2.5. The proton ri
h 53Ni nu
leus de
ays into states of high ex
itation energyand high level density of the daughter nu
leus 53Co. These low-spin states de
ayeither via 
-ray towards the ground state of 53Co, or by fast proton emission (usuallywith angular momentum l = 0) towards the ground state of 52Fe. This pro
ess ispossible be
ause the Q-window for the �+ de
ay is large (13.2 MeV) and the protonbinding energy of 53Co is small (1.6 MeV). The �-delayed proton emission spe
trumis quasi-
ontinuous.A new type of proton de
ay, so-
alled prompt proton de
ay, was observed for7
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Figure 2.5: Two di�erent types of proton de
ay previously observed in low-energynu
lear stru
ture studies: �-delayed proton de
ay from highly ex
ited low-spin states(left) and the proton radioa
tivity (right). Taken from Ref. [17℄.the �rst time in 58Cu [14℄. It is shown in Fig. 2.6, where also the states in the �rstminimum of the potential and the rotational band in the se
ond minimum of thepotential are illustrated. The band head in the se
ond minimum has most likelyspin and parity I� = (9+), and the band is assigned a 
on�guration involving oneproton and one neutron in the g9=2 orbital [�(g9=2)
 �(g9=2)℄. This band de
ays byboth 
-ray transitions towards the spheri
al states in 58Cu and by prompt (� < 1 ps)proton emission towards the spheri
al states in the daughter nu
leus 57Ni. A se
ond
ase of prompt proton de
ay was later established in the de
ay-out of a rotationalband in 56Ni into the ground state of 55Co [13℄, and re
ently two prompt protonde
ays from deformed states in 59Cu were observed, whi
h are the subje
t of thepresent thesis. Moreover, there is experimental eviden
e for a prompt dis
rete �de
ay from the deformed band in the se
ond potential well of 58Ni into the spheri
al6+ yrast daughter state in 54Fe [20℄.There are major di�eren
es between the `
onventional' proton emission pro
essesand these prompt proton de
ays [17℄:� The prompt parti
le de
ays 
ompete with 
-radiation, while the (ground orisomeri
 state) proton radioa
tivity 
ompetes with �+ de
ay.� The prompt proton de
ays 
arry an angular momentum of l � 4�h, while �-delayed protons are represented by s or p-waves (l � 0�h or l � 1�h).8
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Figure 2.6: S
hemati
 pi
ture of the prompt proton de
ay in 58Cu from the deformedband in the se
ond minimum of the potential into the spheri
al daughter state in57Ni. Taken from Ref. [13℄� The time s
ale is di�erent by several orders of magnitude. Proton emitterspossess typi
al half-lives in the mi
ro- to millise
ond range. �-delayed protonsare observable on a similar time s
ale but, the proton de
ay times are mu
hfaster, i.e., in the attose
ond regime (10�18 s). The prompt parti
le de
ays,however, seem to lie in the pi
ose
ond range (10�12 s).� There is a drasti
 
hange of nu
lear shape involved in the prompt parti
lede
ays. The initial states, situated at the bottom of the rotational bands,have a deformation of �2 � 0:4, while the �nal states are spheri
al shell-modelstates. For the 
onventional proton de
ays, the shapes asso
iated with theinitial and �nal nu
lear states are essentially the same.
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Chapter 3Experimental Methods
3.1 The Compound Nu
leus Rea
tionThe ex
ited states of a nu
leus 
an be populated in many ways a

ording to thepurpose of the study. One of the most useful te
hniques to rea
h high-spin statesis by populating the nu
leus of interest through the 
ompound nu
leus me
hanism.Figure 3.1 shows a s
hemati
 drawing of this pro
ess, whi
h was suggested by N.Bohr and F. Kal
kar already in 1937 [21℄.
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10-9 secFigure 3.1: Time evolution for 
ompound nu
leus formation and de
ay. Taken fromRef. [22℄.The beam 
onsists of nu
lei whi
h are a

elerated to energies of about 3-5 MeVper nu
leon. The proje
tile bombards a target foil, whi
h is made of enri
hed ma-terial of a spe
i�
 isotope. The two nu
lei fuse and form a 
ompound system. The11



system, whi
h has a lot of ex
ess energy, 
ools down by evaporating light parti
lessu
h as protons, neutrons, and �-parti
les leading to di�erent residual nu
lei. Thetime s
ale for this pro
ess is of the order of 10�19 s. The residual nu
leus is leftin a state at high ex
itation energy and high angular momentum and �rst de
aysvia statisti
al 
-de
ay 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 dis
rete 
-ray transitions ofthe nu
leus towards the ground state. The nu
leus rea
hes its ground state in about10�9 s. These dis
rete 
-rays are resolved in the experiment and give informationabout the nu
leus of interest, whi
h is to be studied.3.2 Gamma Ray Dete
tion; Gammasphere
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Hevimet
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Hemisphere
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Gamma-ray
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Figure 3.2: Ge dete
tors from the Gammasphere array. Taken from Ref. [22℄.The main tools for nu
lear 
-ray spe
tros
opy are germanium (Ge) dete
tors.Germanium is a semi
ondu
tor material whi
h has a good energy resolution in de-te
ting 
-rays, due to the small ionization energy ne
essary to ex
ite an ele
tronfrom the valen
e band into the 
ondu
tion band. The 
-rays are more eÆ
ientlydete
ted by high-Z materials be
ause the photoele
tri
 
ross se
tion is proportional12



to Z5. For typi
al Ge dete
tor, whi
h has a 
ylindri
al shape, with diameter andlength of about 7-9 
m an in
ident 
-ray with an energy of 1 MeV produ
es a full-energy peak with a resolution of about 2 keV. The dete
tion eÆ
ien
y of a singlegermanium dete
tor is rather limited by its size and it is generally 
ompared to theeÆ
ien
y of a 7.62�7.62 
m NaI(Tl) dete
tor.The intera
tion of 
 radiation with matter is des
ribed by three basi
 e�e
ts:the photoele
tri
 absorption, Compton s
attering, and pair produ
tion. In the pho-toele
tri
 absorption the 
-ray energy is 
ompletely absorbed in the germaniumdete
tor. In the Compton pro
ess the 
-ray transfers only a part of its energy tothe ele
trons in the 
rystal and part of the 
-ray energy may es
ape from the de-te
tor. This results in a large, 
ontinuous ba
kground, whi
h 
an be suppressed bysurrounding the Ge 
rystal with BGO1 Compton-suppression shields (see Fig. 3.2).The peak-to-total ratio is improved by reje
ting the 
-rays, whi
h are Compton s
at-tered out of the Ge 
rystal. Normally Heavimet 
ollimators are pla
ed in front ofthe BGO dete
tors in order to de
rease false vetoes in high-multipli
ity events andto in
rease the peak-to-total ratio at low energies. If the Heavimet 
ollimators areremoved from the BGO dete
tors the experiment 
an provide event-by-event 
-raysum-energy [23℄, multipli
ity measurements, and additional 
hannel sele
tivity 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 nu
leus produ
ed in a heavy-ion rea
tion have an appre
iable 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 respe
t to the re
oil nu
leus dire
tion.It is assumed that the re
oiling nu
leus velo
ity v in the laboratory frame is small
ompared to the velo
ity of light 
. For the thin target experiments the major
ontribution to Doppler broadening of the spe
trum peaks 
omes from the �niteopening angle of the dete
tor array. Sin
e the Doppler shifted 
-ray energy dependson �, the dependen
e 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 dete
tor as seen from the target. A

ordingto Eq. (3.2) the Doppler broadening is maximum for � = 90Æ. This e�e
t 
anbe partially 
orre
ted for by segmenting the Ge dete
tors into two or more parts,thus redu
ing the opening angle of the dete
tor. Another signi�
ant 
ontributionto the Doppler broadening 
omes from the velo
ity variation of the re
oiling nu
leidue to energy-loss straggling in the target. It means that the re
oiling nu
lei havedi�erent velo
ity ve
tors due to intera
tion with the target material. A

ording toEq. (3.1) this e�e
t depends on 
os�, and it is maximum for the dete
tors sittingat 0Æ and 180Æ. To 
orre
t this e�e
t it is assumed that the rea
tion takes pla
e1Bi4Ge3O12 13



in the middle of the target with an e�e
tive beam energy. In this approximationthe energy and velo
ity of the 
ompound nu
leus 
an be determined. The thirdsigni�
ant 
ontribution to the Doppler broadening is due to the emission of theevaporated parti
les (see also Chapter 3.3).The granularity of a multidete
tor system refers to the possibility to lo
alizeindividual 
-rays and its ability to redu
e the probability that two 
-rays hit onedete
tor in the same event. In heavy-ion rea
tions, whi
h often give rise to high
-ray multipli
ity events, a high granularity of the dete
tor setup helps to distin-guish double hits. To obtain both a high resolution, a high granularity, and a higheÆ
ien
y it is thus ne
essary to 
ombine many Ge dete
tors into a large 
-ray array.Gammasphere [25℄ is one su
h big 
-ray dete
tor array. It is presently situatedat the Lawren
e Berkeley National Laboratory in U.S.A. The 
omplete geometry ofGammasphere 
onsists of 110 Ge dete
tors pla
ed in a spheri
al shell, ea
h of thembeing en
losed in a BGO Compton-suppression shield (see Fig. 3.2). A large numberof dete
tors is two-fold segmented. Gammasphere has a full-energy peak eÆ
ien
yof 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 spe
trometer, presently situated at\L' Institut de Re
her
hes Subatomiques Strasbourg" (IReS), Fran
e. It 
onsists of239 germanium dete
tors grouped in 15 
luster dete
tors, 26 
lover dete
tors, and30 individual germanium dete
tors. A 
luster dete
tor 
onsists of seven individu-ally en
apsulated germanium dete
tors. Ea
h of these dete
tors has an eÆ
ien
yof about 60% relative to a 7.62�7.62 
m NaI(Tl) dete
tor at a 
-ray energy of1.33 MeV. Ea
h 
lover dete
tor 
ontains four separate germanium 
rystals pa
kedtogether in a four-leaf 
lover arrangement. The energy resolution of ea
h 
rystalis about 2.1 keV at 1.33 MeV. The photopeak eÆ
ien
y for ea
h 
rystal is about21% relative to a 7.62�7.62 
m NaI(Tl) dete
tor. The relative eÆ
ien
y of the in-dividual germanium dete
tors is about 65-80%. Ea
h of these types of dete
tors issurrounded by a BGO anti-Compton shield in order to take 
are of the Comptons
attering e�e
t. The 
lover and 
luster dete
tors have the property that the en-ergies of the Compton s
attered 
-rays registered in neighbouring 
rystals 
an bere
overed to total absorption events. When the energy of a 
-ray is deposited in twoneighbouring Ge dete
tors, then the energies 
an be summed up, so that the energyin a large number of events 
an be determined. Thus the eÆ
ien
y of the 
ompositedete
tor approa
hes that of an individual 
rystal with the same volume. As a resultthe Compton ba
kground is redu
ed, the peak to total ratio is enhan
ed, and thephotopeak eÆ
ien
y is in
reased. The Euroball array is stru
tured as follows: the 30individual germanium dete
tors are sitting at forward laboratory angles, the 
loverdete
tors are pla
ed in two rings in the 
entral se
tion, and the 
luster dete
tors aresituated at ba
kward angles.
14



3.3 Proton and Alpha Dete
tion; Mi
roball.The 
ompound nu
lei produ
ed on the proton ri
h side of stability tend to de
ayba
k towards the valley of the line of stability by emitting protons and �-parti
lesrather than neutrons, sin
e the Coulomb barrier for these nu
lei is lower than normaland the binding energy of neutrons is large. In heavy-ion indu
ed fusion-evaporationrea
tions far from stability a large number of exit 
hannels are populated. Some ofthem have very small 
ross se
tions. One of the most important tasks is to sele
t aspe
i�
 
hannel by gating on the evaporated parti
les. For this purpose, an
illarydete
tors are used to measure light evaporated parti
les in 
oin
iden
e with 
-rays.

Figure 3.3: S
hemati
 drawing of the 4� CsI array Mi
roball. Taken from Ref. [27℄.Mi
roball [27℄ is su
h an an
illary dete
tor whi
h dete
ts light 
harged parti
lesemitted from the rea
tion pro
ess. It 
onsists of 95 CsI(Tl) elements pla
ed in 9 rings(see Fig. 3.3) in a 4� geometry, and it was designed to �t inside the Gammaspherearray. The 9 rings of dete
tors 
over the angles between 4:0Æ and 171Æ relative tothe beam. Due to the motion of the re
oiling nu
lei, the emitted parti
le will beregistered mostly in the forward dire
tion in the laboratory frame. Therefore, inorder to in
rease the granularity of the Mi
roball array, the two most forward ringsof dete
tors were pla
ed at larger distan
es from the target.Protons and �-parti
les are dis
riminated in Mi
roball by pulse shape te
hniques[27℄. From ea
h Mi
roball element three signals are of interest: time, energy, and
harge ratio. The 
harge ratio is a parameter whi
h is determined by the fa
t thatthe s
intillations produ
ed in the CsI(Tl) material have two de
ay 
omponents. The15



�rst one has a time response less than 1�s (fast 
omponent) and its shape dependson the parti
le type dete
ted. The se
ond 
omponent has a time response of 7�s(slow 
omponent) and its shape is independent of parti
le type dete
ted. These two
omponents determine the 
harge ratio between the early and late part of the pulsewhi
h is thus used to distinguish between parti
le types. The front surfa
e of ea
hdete
tor is 
overed by absorbers to stop the elasti
ally s
attered heavy-ion beamswhi
h otherwise would damage the CsI(Tl) dete
tors.
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Figure 3.4: Two-dimensional spe
tra from the Mi
roball dete
tor element 29 situatedin the fourth ring. The three 
ombinations of signals from Mi
roball determine theparti
le identi�
ation. See text for details.Figure 3.4 shows six two-dimensional spe
tra from the 29-th element of Mi
roballsituated in the fourth ring. The proton spe
tra are shown in the �rst row and the�-parti
le spe
tra in the se
ond row. We impose a triple two-dimensional gatingpro
edure. The spe
tra (
) and (f) in Fig. 3.4 are already gated by the two two-dimensional gates set in the matri
es `energy vs. ratio' and `energy vs. time'. Thespe
tra (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 �-parti
les used in the analysis. In panel (
) and (f) one 
learly sees thedi�eren
e in 
harge ratio for protons and �-parti
les. This fa
t provides a goodseparation between the two types of parti
les and represents the �rst step in the16



parti
le dis
rimination pro
edure. In panel (a) the solid-line 
ontour en
loses thesele
ted protons, and in the dashed ellipti
al 
ontour are either two-proton pile-up ordeuteron events. The solid-line 
ontour in panel (a) eliminates the ele
troni
 noiseor remaining ambiguities left from the two other gates. In panel (d) the �-parti
lessele
ted in the solid-line 
ontour rea
h higher energies than the protons. The dashed
ir
le and the arrow outside the solid-line 
ontour indi
ate ele
trons and/or leakingprotons whi
h are eliminated. The panels (b) and (e) give indi
ation about theprotons and � parti
les dete
tion time. The events from the next beam pulse lie inthe dashed ellipti
 
ontour.The Mi
roball dete
tor determines the energies and angles, and hen
e the mo-menta of the emitted 
harged parti
les event-by-event. The momentum of the re-
oiling nu
leus 
an then be found and thus the angle between the re
oiling nu
leusand ea
h Ge dete
tor 
an be determined. This is used for \kinemati
 
orre
tion"of the 
-rays emitted in 
ight, whi
h allows for a more pre
ise determination of the
-ray energies. The 
alibration of the Mi
roball dete
tor is typi
ally done using abeam of protons and �-parti
les with energies of 12 and 48 MeV. The beams areelasti
ally s
attered on 197Au and inelasti
ally s
attered on 12C and the produ
edpeaks are used for 
alibration. For the ba
kward dete
tors the 
alibration is donewith an � sour
e with 6.051 and 8.785 MeV lines.3.4 Neutron Dete
tion; Neutron Wall.In a fusion-evaporation experiment the 
ompound nu
leus 
an emit also neutrons.Evaporated neutrons are preferentially emitted in the forward dire
tion due to thekinemati
 fo
using. They barely intera
t with high-Z materials. Therefore, theyare dete
ted in big liquid s
intillator dete
tors. In 
onjun
tion with Gammasphere15 liquid s
intillator neutron dete
tors were used in two of the below presentedexperiments, repla
ing the Ge-dete
tors lo
ated in the three most forward rings.This array 
an provide information about the number of the emitted neutrons toidentify 
-ray transitions belonging to a spe
i�
 nu
leus.3.5 ExperimentsHigh-spin states in the residual nu
leus 59Cu were populated in three experimentsperformed at Lawren
e Berkeley National Laboratory (GS54 and GS90) and at Ar-gonne National Laboratory (GSFMA66), U.S.A. The �rst two experiments were thesour
e of information for the observation of the yrast superdeformed band in 59Cu,and the third experiment revealed the prompt proton de
ays from the rotationalsuperdeformed bands. The main 
hara
teristi
s of the experiments are summarizedin Table 1, but there are some details whi
h should be mentioned.In the GS54 experiment the target 
onsisted of a 0.42 mg/
m2 layer of 28Si,whi
h was evaporated onto a 0.9 mg/
m2 Ta foil. The Ta foil fa
ed the beam,thus redu
ing the energy to 136 MeV. In this rea
tion the 
ompound nu
leus was64Ge, and 59Cu was populated in the 1�1p 
hannel. The event trigger required the17



0.42 mg/cm
2

σrel =5%

Gammasphere (82 Ge) 

Microball + 15 neutron detectors

E          = 125 MeVbeam

28Si +    Ca40 28Si +    Ca40

E          = 122 MeVbeam

Ar +    Si36 28

beamE          = 143 MeV

σrel =3%

40CaTarget Ca40Target :  0.5 mg/cm 2

Microball 

Target 28Si: :

Gammasphere (82 Ge) 
Microball + 15 neutron detectors

Gammasphere (103 Ge) 

GS90

α

GSFMA66

 0.5 mg/cm
2

α
CN: CN: CN:64 68 68Ge Se Se

α Channel: 2    1pChannel: 2    1p

GS54

Channel: 1    1p

Trigger: 1n2    γ , γγγ γγγγTrigger: Trigger: 1n2 γ ,γγγ

σrel ~6%Table 1. Chara
teristi
s of the experiments performed to study 59Cu.dete
tion of either three 
-rays or two 
-rays and one neutron. A total of 2 � 109events were 
olle
ted.So far, the major sour
e for the analysis of the level s
heme of 59Cu has beenGS90. The total 
ross se
tion for the 28Si + 40Ca rea
tion at a beam energy of125 MeV is � � 1 b. The relative experimental 
ross se
tion for 59Cu (in thisrea
tion populated in the 2�1p 
hannel) is �rel � 5% and for 58Ni is �rel � 9%.The trigger event required 
oin
iden
es between at least two Ge dete
tors and oneneutron dete
tor or between three Ge dete
tors and 2.7 � 109 events were re
orded.Due to the smaller number of evaporated �-parti
les the GS54 experiment populatedthe 59Cu nu
leus at higher ex
itation 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 in
omparison with the GS90 experiment. Therefore, the GS90 experiment was morefavorable than the GS54 experiment to analyze 59Cu. Both GS54 and GS90 hadneutron dete
tors in the experimental set-up. However, the 
hannels 
orrespondingto 59Cu did not involve neutron evaporation. Therefore, the neutron dete
tors werenot used in the data analysis.The GSFMA66 experimental set-up did not involve neutron dete
tors. There-fore, the number of Ge dete
tors was higher. It used the same rea
tion as in the GS90experiment but the beam energy was smaller, whi
h means that the low-spin stateswere more populated. It also led to a smaller 
ross se
tion for 58Ni, whi
h is the ma-jor sour
e of 
ontamination for 59Cu. The GSFMA66 experiment provided 8 timesmore statisti
s than the GS90 experiment and the event trigger required at least four
-rays being dete
ted. In the GS90 and GSFMA66 experiments the Heavimet 
ol-limators were removed from the Gammasphere dete
tors to provide event-by-event
-ray sum-energy [23℄, multipli
ity measurements, and additional 
hannel sele
tiv-ity by total energy 
onservation requirements [24℄. Following GSFMA66, the energyand eÆ
ien
y 
alibration of the Gammasphere dete
tors were done using 56Co, 60Co,88Y, 152Eu, 113Sn, 137Cs, and 228Th 
-ray sour
es. This extensive 
alibration givesthe response fun
tion of Gammasphere in
luding the Mi
roball dete
tor.18



Two more experiments were performed to explore nu
lei 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. Chara
teristi
s of the new experiments performed to study 59Cu.The Euroball set-up involved at that time 26 
lover dete
tors and 15 
lusterdete
tors. It was 
oupled to the 4� Si ball ISIS [28℄, whi
h 
onsists of 40 �E-E-teles
opes, and the dedi
ated Euroball Neutron Wall [29℄. The main goals of theexperiment were to determine the lifetimes, the spins, and the parities of the nu
learstates belonging to the deformed bands asso
iated with the prompt parti
le de
aysin 58;59Cu and 56;58Ni.The Argonne (GSFMA42) experimental set-up 
onsisted of the Gammaspherearray involving 87 Ge dete
tors together with Mi
roball and four highly segmented�E-E-Si-strip teles
opes repla
ing the three most forward rings in Mi
roball. Italso involved 20 neutron dete
tors. We expe
t it to be 10 times more sensitive tothe observation of the prompt dis
rete-energy proton or �-lines, and to be able toextra
t more pre
isely the energies and the bran
hing ratios for the weak parti
lede
ay bran
hes.The GSFMA42 experiment is presently being analyzed and is not part of thepresent thesis. Results from the Euroball experiment 
on
erning the 58Cu nu
leusare presented in the se
ond part of Paper II. The respe
tive data analysis wasperformed by Dr. D. Rudolph.
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Chapter 4Analysis
4.1 SortingThe data 
olle
ted during the experiment are stored on EXABYTE tapes and lateron sorted o�-line using adequate programs. After a presorting pro
edure, whi
hredu
es 
onsiderably the data volume, the sorting pro
edure starts. This implies thatthe 
hannel of interest is sele
ted by gating with the proper number of evaporatedparti
les. The events are sorted into symmetrized E
-E
 matri
es and E
-E
-E

ubes.A 
-ray multipli
ity and 
-ray sum-energy spe
trometer 
onsist of a 4� multide-te
tor array of 
-dete
tors. Gammasphere has the attributes of su
h a spe
trometer,if both the Ge and BGO dete
tors 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 multipli
ity measurements for a givenevent 
an be made by 
ounting the number of the individual dete
tor elements,whi
h re
orded a 
-ray above an instrumental threshold. The resulting number isthe fold, k, whi
h 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 dete
tors, whi
h is proportional to Etot. This allows for an additionaltwo-dimensional gate H versus k, the so-
alled Hk-gate.The Mi
roball dete
tor measures the sum-energy of the parti
les, Epart, in the
enter-of-mass system. The total parti
le energy versus total 
-ray energy plot (i.e.,the Epart versus H) should show a straight line, be
ause the ex
itation energy ofthe 
ompound nu
leus 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 es
aped the dete
tion in Mi
roball. 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, afa
t whi
h allows largely to eliminate the 
ontamination from 58Ni in the 
hannel
orresponding 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 sele
t eventsfrom one parti
ular rea
tion 
hannel, whi
h belongs to a spe
i�
 isotope, and provideba
kground suppression. 21
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Figure 4.1: Gamma-ray spe
tra obtained from the GS90 experiment: (a) total pro-je
tion, (b) 2�1p-gated total proje
tion, (
) 2�1p-Hk-gated total proje
tion. Seetext for details. 22



Figure. 4.1 shows three 
-ray total proje
tion spe
tra obtained from the GS90experiment. A total proje
tion is obtained by proje
ting the 
ontent of a E
-E
matrix on one axis. Panel (a) shows a 
-ray total proje
tion with no parti
le gate,i.e. 
-rays 
orresponding to all nu
lei populated in rea
tion are present. The numberof the 
ounts in this spe
trum 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 proje
tion spe
trum, while panel (
) shows a 2�1pHk-gated 
-ray total proje
tion spe
trum. The di�eren
es are obvious. First, one 
anobserve that in the spe
trum 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-parti
legate 
orresponds to 59Cu nu
leus. Sele
ting 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 S
hemeThe useful format for analysis is to sort the data in E
-E
 matri
es and E
-E
-E
 
ubes with appropriate parti
le gates applied. By setting 
-energy gates inthe matri
es on one axis and observing the 
-lines in 
oin
iden
e, the level s
hemeof the nu
leus is built. The high-spin level s
heme 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 ex
itation energy of Ex = 5722 keV [30℄. The present level s
heme of 59Cuwas enlarged up to spin and parity I� = 57=2+ at an ex
itation energy of Ex =31:96 MeV, and it 
onsists of eleven di�erent stru
tures. The band sequen
ies in thelevel s
heme are labeled with numbers to fa
ilitate their des
ription. The stru
tures1 to 6 are dis
ussed in Paper I and II, but the results of the stru
tures 7 to 11 havenot yet been published. The superdeformed band 1 and 6 are also named B1 andB2, respe
tively, in order to be 
onsistent with the previous partial level s
hemespublished in Paper I and II.To redu
e the 
ontamination from other (strong) rea
tion 
hannels, spe
tra withthe same 
-gate but di�erent parti
le gates 
an be subtra
ted from ea
h other toobtain 
lean spe
tra. 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 whi
h belongs to 58Ni. Figures 4.3(a) and (b) respe
tively,show the 2�1pHk- and 2�2pHk-gated spe
tra in 
oin
iden
e with the 1900 keV 
-ray transition. The spe
trum in Fig. 4.3(b) is normalized with a fa
tor of 0.37, whi
his obtained from the ratio of the intensities of the 1005 keV transition in spe
trum (a)and (b). The normalized 2�2pHk-gated spe
trum is subtra
ted from the 2�1pHk-gated spe
trum, and the result is shown in Fig. 4.3(
). The improvement is observedby 
omparing the transitions belonging to 59Cu, whi
h now are stronger. The 
-raytransition at 1005 keV belonging to 58Ni disappeared.23
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Figure 4.3: Three 
-ray spe
tra in 
oin
iden
e with the transition at 1900 keVobtained from the GS90 experiment: (a) 2�1pHk-gated, (b) 2�2pHk-gated, andfor (
) a fra
tion of (b) was subtra
ted from spe
trum (a). See text for details.25



Figure 4.4 shows four 2�1pHk-gated 
-ray spe
tra from the GS90 experiment.The transitions in the spe
trum of panel (a) of Fig. 4.4 are in 
oin
iden
e withthe 328 keV line, whi
h is situated at the bottom of the right bran
h of band 3.It depopulates the state at an ex
itation energy of 8154 keV. The 328 keV line is
oin
ident with the 575, 728, 821, 935, 1036, 1302, 1549, 1757, 1971, and 2147 keVlines, whi
h are well represented in this spe
trum. The transitions at 2105 and2923 keV 
onne
t the 7826 keV state in band 3 with two states in band 4 at 5722and 4903 keV, respe
tively. The transitions in the spe
trum shown in Fig. 4.4(b) arein 
oin
iden
e with the 361 keV line, whi
h depopulates the same 8154 keV stateas the 328 keV line. The 361 keV line at the bottom of the left bran
h of band3 is 
oin
ident with the same 
hain of transitions as the 328 keV line, ex
ept thetransitions at 2071 and 2891 keV, whi
h 
onne
t the state at 7793 keV in band 3with the same two states at 5722 and 4903 keV, respe
tively. From spe
trum (a) and(b) we 
an say that the 328 and 361 keV lines are not 
oin
ident with one another,but both are 
oin
ident with the 575 keV line, whi
h is the strongest line in thesespe
tra. The next step is to look at transitions 
oin
ident with the 575 keV line,whi
h are illustrated in the spe
trum in Fig. 4.4(
). Our assumption is 
orre
t andwe 
an see that the 575 keV line is 
oin
ident with the lines at 328 and 361 keV.The transitions at 2071, 2105, 2891, and 2923 keV, whi
h 
onne
t band 3 and 4 arealso in 
oin
iden
e with the 575 keV line. The strongest transition in 
oin
iden
ewith the 575 keV line is the 728 keV line, whi
h is the next transition in band 3.The spe
trum 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 
oin
iden
ewith the 575 and 728 keV lines. In this manner, band 3 was 
onne
ted with band4, and its ex
itation energy was extended till 16031 keV. The same pro
edure wasused to extend the entire level s
heme in Fig. 4.2. The analysis is based also on a2�1p-gated E
-E
-E
 
ube, whi
h is able to provide spe
tra generated by summingdouble gates in multiple 
ombinations.The next step is to assign the spins and parities for the new states in the levels
heme. The assignment of the multipolarities of 
-ray transitions 
an be done usingdire
tional 
orrelations from oriented states (DCO ratios) [31℄. For this purpose, theGe dete
tors in Gammasphere were grouped into two \pseudo" rings labeled `30Æ'(15 dete
tors at 142.6Æ, 148.3Æ, and 162.7Æ) and `83Æ' (25 dete
tors at 79.2Æ, 80.7Æ,90.0Æ, 99.3Æ, and 100.8Æ) [3℄. A 2�1p-gated E
 � E
 matrix with 
-rays dete
tedat 30Æ sorted on one axis and 83Æ on the other axis was 
reated. From this matrixDCO-ratios RDCO were extra
ted [31℄ a

ording 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 stret
hed E2 transitions were used for gating. For observed stret
hed �I = 2transitions RDCO � 1:0 is expe
ted, while pure stret
hed �I = 1 transitions haveRDCO � 0:6. However, �I = 1 transitions 
an show deviations from the expe
tedvalue 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 spe
tra with 
 rays dete
ted 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 spe
tra obtained from a 2�1p-gated E
-E
 matrix with
-rays dete
ted at 30Æ sorted on the x-axis and 83Æ on the y-axis. The two spe
traare generated by gating on the 1188 keV 11/2� ! 7/2� transition. The bla
kspe
trum is obtained by gating on the y-axis and proje
ting the events onto thex-axis. The grey spe
trum is produ
ed in the opposite way. The 1399 keV linehas a stret
hed �I = 2 
hara
ter, whi
h 
an already be seen by observing that the1399 keV peak has basi
ally the same intensity in both spe
tra (RDCO � 1:0). Thevalue of a RDCO ratio is obtained by �tting the peaks present in ea
h spe
trum,dividing their intensities and then 
orre
ting the result with the 
-ray eÆ
ien
y.The spe
tra shown in Fig. 4.5(b) are obtained in a similar way as des
ribed above,but they are gated on the 1574 keV 15/2� ! 11/2� transition. The transitions at914 and 951 keV are stret
hed �I = 1 transitions. The peaks in the grey spe
trumat 30Æ have higher intensities than in the bla
k spe
trum at 83Æ. If the transitionshave a mixed E2=M1 
hara
ter, the RDCO ratios have values whi
h deviate fromthe expe
ted value of RDCO � 0.6. For example, this is the 
ase for the 2585 keVline as des
ribed in Paper I. This implies that the 2585 keV line does not 
hangethe parity of the states whi
h it 
onne
ts.4.3 Superdeformed StatesHow 
an one prove that a band is superdeformed? Be
ause of the high 
olle
tivityand high transition energies of superdeformed bands in the mass A � 60 region,the lifetimes of the states are mu
h shorter than the maximum time it takes for there
oiling nu
leus to pass through the thin target (t � 170 fs). Almost the entireband thus de
ays while the nu
leus is slowing down in the thin target. This leads to28



additional Doppler shifts of the peaks in the 
-ray spe
tra of Ge-dete
tors at forward(50Æ) and ba
kward angles (130Æ), be
ause the Doppler 
orre
tion is performed withan average velo
ity of the re
oils after the target. The observation of su
h shifts isan ex
ellent tool to prove that the transitions a
tually belong to a superdeformedband [32℄.
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Figure 4.6: Two gamma-ray spe
tra in 
oin
iden
e with the 1433 keV transition at(a) 130Æ and (b) 50Æ dete
tor angles. Note the in
reasing additional Doppler shiftsof the transitions belonging to the superdeformed band with in
reasing gamma-rayenergy.Figure 4.6 shows two spe
tra in 
oin
iden
e with the 1433 keV transition ofband 1 in the Ge-dete
tors at 130Æ [panel (a)℄ and 50Æ [panel (b)℄. One 
an see thatthe transitions belonging to the superdeformed band are shifted. The transitionswhi
h do not have any shifts (marked with stars) are de
aying from states whi
hlive longer. These states are the normally deformed states.A systemati
 analysis of these shifts is 
alled the fra
tional Doppler shift method[32℄. It is des
ribed in Paper I for the 
ase of band 1 in 59Cu. The measurements ofthe fra
tional Doppler shifts and dedu
ed F (�) values for the transitions in band 1were based on the spe
tra in Fig. 4.6. The states towards the top of the band de
ayfaster than states at the bottom of the band. This is illustrated by the in
reasingadditional Doppler shift of the transitions in the band with in
reasing 
-ray energy.Band 1 is best �t by Qt = 2:24� 0:40 eb in the spin range 29/2-49/2 �h (see PaperI).
29



4.4 Linking TransitionsIt is very important to observe experimentally the linking transitions whi
h are
onne
ting the superdeformed band with the normally deformed states. They aretypi
ally very weak, only a few per
ent relative to the transitions of the superde-formed band. They allow to de�ne the ex
itation energy, the spin, and the parityof the superdeformed band. Band 7 in the level s
heme of 59Cu in Fig. 4.2 is anexample of a band whi
h has not yet been linked.
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Figure 4.7: (a) Gamma-ray spe
trum from the GS90 experiment generated by gatingon the 4315 keV transition. It shows the 
-ray transitions in band 6. (b) Gamma-ray spe
trum from the GS90 experiment generated by summing all double gates seton the transitions in band 6, showing the two linking transition of band 6 at 4315and 4931 keV.Figure 4.7 shows two 2�1p-gated 
-ray spe
tra obtained from the GS90 exper-iment. The spe
trum in Fig. 4.7(a) is in 
oin
iden
e with the 4315 keV line andshows the superdeformed band 6, ex
ept for the 1145 keV line. The 1145 keV lineis not 
oin
ident with the 4315 keV line, as they both depopulate the same levelat an ex
itation energy of 13129 keV. The spe
trum in Fig. 4.7(b) is generated bysumming all double gates set on the transitions belonging to band 6, and showsthe two linking transitions of band 6 at 4315 and 4931 keV. The 4931 keV line is
oin
ident with 1145 keV and 
onne
ts the bottom of band 6 with the 7053 keVstate.4.5 Prompt Proton De
aysThe intensity of the superdeformed band B1 in 59Cu relative to the 1399 keV lineground-state transition is about 30%. About half of this intensity is 
arried by theobserved weak linking transitions. The missing intensity of the linking transitionsfrom the superdeformed states in 59Cu was partially re
overed into the promptproton de
ay from this band towards the normally deformed states in the daughter30



Ep (MeV),c.m.

0

50

100

150

200

250

300
C

ou
nt

s 
pe

r 
ch

an
ne

l

Ep,c.m.(MeV)
20

0

50

100

150

200

250

300

350

400

450

2 4 6 8 200 10 12 14 16 18 2 4 6 8 14 160 10 12 18

C
ou

nt
s 

pe
r 

ch
an

ne
l

(a) (b)
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Figure 4.8: (a) Two proton spe
tra obtained from a 2�2p-gated E
-E
-Ep;
:m: 
ube,double gated with 
-ray transitions belonging to band B1 (top panel) and bandB2 (bottom panel). Normalized evaporation spe
tra of the protons following thefusion-evaporation rea
tion are overlaid.nu
leus 58Ni. The strong dire
t eviden
e of prompt proton de
ay in 59Cu (see alsoFig. 2. in Paper II) are proton spe
tra obtained from the 2�2p-gated E
-E
-Ep;
:m:
ube. The spe
trum in Fig. 4.8(a) is the sum of spe
tra gated by the 1433, 1600,2242, 2611, and 3004 keV transitions. A peak-like stru
ture at the proton energy ofEp;
:m: = 2:0(1) MeV appears. The overlapping spe
trum represents the normalizedtotal proje
tion of the E
-E
-Ep;
:m: 
ube. The shape of the total proje
tion re
e
tsthe expe
ted distribution of the proton energies following the fusion-evaporationrea
tions. The normalized evaporation spe
trum of the protons was subtra
tedfrom the spe
trum of the protons in 
oin
iden
e with the transitions belonging toband B1. The new spe
trum revealed a proton peak at Ep;
:m: = 2:0(1) MeV. Theexplanation of Fig. 4.8(b) is similar, but it illustrates the proton peak asso
iatedwith band B2 at Ep;
:m: = 2:5(1) MeV. The analysis was done in the same manneras des
ribed for band B1. The data used in this analysis are sorted in 2�2p-gatedE
-E
 matri
es without Hk-gates be
ause we do not want to eliminate the eventsbelonging to the 59Cu nu
leus, but to observe the proton emission into 58Ni. Theprotons are only dete
ted in the �rst forward rings of Mi
roball. Beyond the fourthring of Mi
roball, the laboratory energy of the proton peak starts merging into theenergy threshold of the Mi
roball CsI dete
tor.More eviden
e for the prompt proton de
ay arises from the investigation of a2�2p-gated E
-E
 matrix with and without an additional restri
tion for the protonof Ep;
:m: < 3:0 MeV in the 
ase of band B2. The explanation is similar for band B1,but the proton energeti
al restri
tion was Ep;
:m: < 2:7 MeV. Figure 4.9 shows 
-ray spe
tra with the proton energeti
al restri
tion imposed. The energy restri
tioneliminates 88% of the evaporation protons with energies in ex
ess of 3.0 MeV forband B2 and shows into whi
h spheri
al states in 58Ni the protons asso
iated withband B2 are de
aying. In the spe
trum in Fig. 4.9(b) one 
an observe the transitionsbelonging to band B2 in 59Cu and 
-ray transitions belonging to 58Ni are marked31
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Figure 4.9: Gamma-ray spe
tra obtained from a 2�2p-gated E
-E
-E
 
ube. Theyare sums of spe
tra double gated with 
-ray transitions belonging to band B1 (toppanel) and band B2 (bottom panel). At least one proton has to have the energyEp;
:m: < 2:7 MeV (band B1) and Ep;
:m: < 3:0 MeV (band B2).with 
ir
les. The transitions at 700 and 957 keV indi
ate that the proton emittedfrom band B2 populates the yrast 7� state in 58Ni. The spheri
al state in 58Ni at9883 keV, depopulated by the 957 and 700 keV lines mat
h also with the energydi�eren
e between the ex
itation energies of band B2 and the energies of the emittedproton. In the spe
trum in Fig. 4.9(a), one 
an observe the transition belonging toband B1 in 59Cu and 
-ray transitions belonging to 58Ni marked with bla
k 
ir
les.The transition 937 keV indi
ates that the proton emitted from band B1 feeds theyrast 8+ state in 58Ni. A relaxed energy restri
tion of Ep;
:m: < 4:0 MeV revealed alsothe 537 keV transition whi
h was expe
ted to support the presen
e of the 937 keVline.The intermediate stages des
ribed in this paragraph 
omplete the detailed de-s
ription of steps followed for the veri�
ation of the prompt proton de
ays done inPaper II.
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Chapter 5Dis
ussion
5.1 Con�guration of the Superdeformed BandsIn the Nilsson s
heme, illustrated in Fig. 2.1, ea
h level 
an be o

upied by twoneutrons. The protons o

upy the same orbitals in a similar proton single-parti
lelevel 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-parti
le 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 o

upy 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 shell
losure at parti
le number 28. For a N = Z nu
leus, the protons o

upy the sameorbitals as the neutrons. The 
on�guration of the deformed band in the N = Z = 29nu
leus 58Cu is thus four holes in the f7=2 orbit four parti
les in (fp) shell, whi
h
onsists of the 2p3=2, 1f5=2, and 2p1=2 orbits, and two parti
les (one proton and oneneutron) in the g9=2 orbit. The superdeformed band in 59Cu has two neutrons andone proton in ex
ess of 56Ni, so these three parti
les will o

upy the g9=2 orbit.In general, the 
on�gurations of the superdeformed bands belonging to the massA � 60 region are expe
ted to have the leading 
omponent f�47=2 
 (fp)4 
 gA�569=2(A-56 is the number of nu
leons in ex
ess of 56Ni) with respe
t to the doubly-magi
56Ni N = Z = 28 spheri
al 
ore. Due to the limited number of valen
e parti
les, thelow-spin states of 59Cu 
an be interpreted in the spheri
al shell-model framework asin the other neighboring nu
lei [33℄.5.2 Theoreti
al ComparisonsThe dis
overy 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 
al
u-lations [34, 35℄ are spins, ex
itation energies of the states in the band of interest,and the proje
tion of the angular momentum on the symmetry axis K. The angular33



velo
ity 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 dis
rete variation of E(I), the rotational frequen
y be
omes!(I) = 1�h E(I + 1)� E(I � 1)Ix(I + 1)� Ix(I � 1) (5.3)whi
h re
e
ts the dis
rete nature of the angular momentum I. The kinemati
almoment 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 se
ond derivative of theenergy, whi
h 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�eren
e between the a
tual yrastangular momentum Ix(!) and an auxiliary Iref(!) whi
h is 
alled the referen
erotor i(!) = Ix(!)� Iref(!): (5.6)In our 
al
ulations the referen
e rotor was the 58Cu nu
leus.In the Cranked Nilsson Strutinsky (CNS) approa
h the total energy is des
ribedas a sum of the liquid drop energy and the shell 
orre
tion energy. This approa
hprovides a good des
ription of the many-body problem. In CNS 
al
ulations forthe mass A � 60 [36℄ the Nilsson potential with standard set of parameters is used.Pairing 
orrelations are not taken into a

ount at high angular momentum. The
on�gurations 
an be spe
i�ed not only by the number of parti
les in the orbitalsof di�erent parity and signature, but also by the number of parti
les in di�erentN -shells. These 
al
ulations were performed by Professor I. Ragnarsson.The 
ranked relativisti
 mean �eld (CRMF) theory [37℄ was also employed fortheoreti
al 
omparison with the experimental data. In the relativisti
 mean �eld(RMF) theory the nu
leus is des
ribed as a system of pointlike nu
leons representedby Dira
 spinors and 
oupled to mesons and to the photon. The nu
leons intera
tby the ex
hange of several mesons, namely, the s
alar meson � and three ve
torparti
les: !, � and the photon. CRMF theory is a fully self-
onsistent theory.34



For 59Cu the NL3 intera
tion [38℄ was used. These 
al
ulations were performed byDr. A. V. Afanasjev.In the Hartree-Fo
k mean-�eld theory the nu
leons move independently fromea
h other in an average potential with a large mean-free path. The nu
leon-nu
leonintera
tions that are of zero-range in 
oordinate spa
e but at the same time aredensity- and velo
ity dependent are 
alled Skyrme e�e
tive intera
tions. The the-oreti
al Hartree-Fo
k 
al
ulations [39℄ in Paper I are based on the SLy4 for
e [40℄.They were performed by Professor J. Doba
zewski.Figure 5.1 shows the kinemati
al moments of inertia for the rotational bands in58;59Cu and 60Zn. The top panel presents the experimental kinemati
al momentsof inertia obtained from equations (5.3) and (5.4). Starting from 58Cu, whi
h hasone proton and one neutron in the g9=2 orbital, the moment of inertia in
reases for59Cu, whi
h has one proton and two neutrons in the g9=2 orbital. The addition ofone more proton in the g9=2 orbital 
orresponding to 60Zn in
reases the moment ofinertia even further. This in
rease in J (1) is due to an in
rease in deformation. Thedeformation driving 
hara
ter of the g9=2 orbital is ni
ely illustrated and one 
anobserve that 59Cu is pla
ed in between 58Cu and 60Zn.In the bottom panel the experimental values of 59Cu are 
ompared with theoreti-
al predi
tions. They are in very good agreement, espe
ially for the CNS predi
tions.None of the theoreti
al 
al
ulations in
lude pairing, and thus are realisti
 only atrelatively high spin. The HF approa
h overestimate the moment of inertia, whi
hmight 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 nu
lei for several 
olle
tive bands (see Fig. 3, Paper I) shows also that thequadrupole deformation of these bands in
rease with the number of g9=2 parti
lesinvolved in their 
on�gurations. There is a smooth in
rease of �2 from 0.37 to 0.51,when going from 58Cu to 60Zn.The study of N � Z nu
lei 
ould elu
idate the role of neutron-proton pairing
orrelations, sin
e both types of nu
leons involved in the band 
on�gurations o

upythe same orbitals. The dynami
 moments of inertia J (2) of the N = Z nu
lei 60Znand 58Cu were 
ompared with the re
ently observed neighboring N = Z + 1 nu
lei61Zn and 59Cu. The simultaneous alignment of the g9=2 protons and neutrons in 60Znreveals a band 
rossing at a rotational frequen
y �h! � 1 MeV. The investigationof 59Cu did not reveal the expe
ted neutron alignment present in 60Zn. Like inthe odd-neutron neighbor 61Zn, it is either absent or shifted to lower frequen
ies.This e�e
t may be attributed to T = 0 pairing, possibly in
uen
ed by a 
hange ofdeformation determined by the number of the g9=2 parti
les involved in the band
on�gurations.5.3 Linking Transitions and De
ay-Out Me
ha-nismThe linking transitions may not only provide the ex
itation energies, de�nite spins,and parities of the superdeformed bands but will give information about the de
ay-35
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out pro
ess. 59Cu is the se
ond nu
leus in the mass A � 60 region whi
h has asuperdeformed band fully 
hara
terized with ex
itation energies, spins, and pari-ties. In the �rst 
ase, 60Zn, the 
ompetition between E1, M1, and E2 de
ay-outtransitions may be in
uen
ed by the suppression of isos
alar dipole transitions. Thestret
hed E2 
hara
ter of the linking transitions and the low level density of thestates in the �rst minimum suggest that the de
ay-out pro
ess is non-statisti
al forthis N = Z nu
leus [15℄.The de
ay-out in the mass A � 60 region di�ers substantially from that whi
hhas been observed for the superdeformed bands in the mer
ury region [41℄. In themass A � 190 region the linking transitions have provided a 
onsistent des
riptionof the de
ay-out of superdeformed bands as a statisti
al pro
ess governed by theweak mixing of the superdeformed states with the surrounding sea of hot normallydeformed states separated by a potential barrier [41℄. In su
h a pro
ess one expe
tsa highly fragmented de
ay mostly by dipole transitions.Also in the mass A � 130 region a number a highly deformed bands de
ay-outthrough stret
hed E2 transitions. In these nu
lei a 
onsiderably mixing of the highlydeformed (�2 � 0:3� 0:4) and normally deformed (�2 � 0:2� 0:3) bands to whi
hthey de
ay is understood in terms of their similar deformations and the predi
tedabsen
e of a barrier between them at the de
ay-out point.An alternative explanation for the sudden de
ay-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 nu
leus sets in as the ex
itation energy in
reases. 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 de
ay-out takes pla
ewith a dramati
 
hange in nu
lear shape. The wave fun
tions des
ribing the twotypes of shapes are very di�erent. The superdeformed band sees a surrounding ofnormally deformed states whi
h 
hara
ter 
hanges from order to 
haos, as the angu-lar momentum de
reases. The de
ay-out is 
onne
ted to a tunneling pro
ess whi
ho

urs through large amplitude vibrational 
oupling in the quadrupole dire
tion. Bythis pro
ess the wave fun
tion des
ribing the superdeformed state pi
ks up a smallfra
tion of states with normally deformed 
hara
ter, while the barrier envelop havestrongest 
ouplings. This implies that the de
ay is restri
ted to o

ur between su-perdeformed and normally deformed states with a spe
ial 
hara
ter. This 
ouplingbetween the normally deformed states and superdeformed states forms a \doorwaystate" for the de
ay-out pro
ess. By the additional 
oupling between the normallydeformed states the tunneling strength-fun
tion spreads out, and the de
ay fromthe superdeformed state 
an o

ur to a multitude of normally deformed states. Itmay expe
t that the de
ay-out of the superdeformed band is related to the onset of
haos among the normally deformed states, whi
h enhan
es the de
ay-out pro
ess.59Cu is a N � Z nu
leus, in whi
h the de
ay-out from the superdeformed bandtakes pla
e through one step stret
hed E2 transitions and E1 transitions. The leveldensity of the states in the �rst minimum of the potential is higher than in the
ase of the N = Z = 30 nu
leus 60Zn. Also the intensity of the superdeformedband in 59Cu is not 
ompletely re
overed by the linking transitions and the prompt37



proton de
ay. It means that more linking transitions might be expe
ted, whi
h sofar are unobserved. Their observation would help to give more information aboutthe de
ay-out me
hanism, about the mixing of the superdeformed states with thenormally deformed states, and the transition from order to 
haos.5.4 Prompt Proton De
aysPrompt monoenergeti
 proton and � de
ay lines were observed in the mass A � 60region in the de
ay of high-spin states situated in a deformed se
ondary minimumof the nu
lear potential into spheri
al states of the 
orresponding daughter nu
leus.They 
ompete with 
-ray emission towards normally deformed states in the �rstminimum of the same nu
leus.This pro
ess is a

ompanied by a dramati
 
hange in the nu
lear shape whi
hhas not yet been a

ounted for from a theoreti
al point of view. One of the �rstattempts was done by P. Talou [43℄ by using a time-dependent approa
h based onthe numeri
al solution of the time-dependent S
hr�odinger equation for the promptproton de
ay from a deformed se
ond minimum in 58Cu into an ex
ited state in57Ni. The advantage of this dynami
al approa
h in 
omparison to other stationaryapproa
hes is that it allows the study of problems where the intera
tion potential istime-dependent. The time-dependen
e of the nu
lear deformation and of the single-parti
le potential are 
onsidered to follow a linear behaviour, while the nu
leusgoes from its initial 
on�guration to the �nal one. As expe
ted, the tunnelingprobabilities and the de
ay rates for di�erent time-dependent s
enarios depend onthe time-dependent single-parti
le potential. The tunneling angular distributionwith respe
t to the z-axis strongly depends on deformation.In order to 
ompare the 59Cu prompt proton de
ay with theoreti
al interpretationin the framework of the stationary S
hr�odinger equation, either the proton de
aywidth or the lifetime of the initial state involved in the de
ay-out pro
ess should beknown. We hope to determine the angular distribution of the protons with respe
tto the angular momentum axis from the analysis of the GSFMA42 experiment.Even if the �rst step towards a theoreti
al understanding of this 
omplex parti
lede
ay pro
ess was done, further and more realisti
 
al
ulations are ne
essary.
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Chapter 6Con
lusions and OutlookThe level s
heme of 59Cu was greatly enlarged and the yrast superdeformed band wasidenti�ed. This band was fully 
hara
terized by ex
itation energy, spin, and parity.It was also 
ompared to similar bands of 58Cu and 60Zn, both from theoreti
al andexperimental points of view. Among the depi
ted bands of the level s
heme, ase
ond superdeformed band was also observed, linked to the normal deformed yraststates and 
hara
terized by ex
itation energy, spin, and parity. In addition ninemore stru
tures were observed in 59Cu.Both superdeformed bands were found to de
ay via prompt proton de
ay towardsspheri
al states of the daughter nu
leus 58Ni, in 
ompetition with 
-ray emissiontowards low-spin spheri
al states in 59Cu. The protons asso
iated with these bandshave energies of 2.0 and 2.5 MeV, and feed the 8+ and 7� yrast states of 58Ni withbran
hing ratios of 4% and 16%, respe
tively.The mass A � 60 region is a very 
omplex region, and a large variety of nu
learstru
ture phenomena 
an be experimentally investigated, explained, and 
omparedwith theoreti
al models. Figure 6.1 s
hemati
ally presents some interesting phe-nomena whi
h already have been studied. They range from shell-model states nearthe doubly magi
 
ore 56Ni towards the deformed and superdeformed bands, whi
hmay rea
h termination or may de
ay via prompt parti
le emission with a dramat-i
al 
hange in the nu
lear shape. The three N = Z nu
lei 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 nu
lei.In the superdeformed band in 59Cu the last state at 31961 keV has spin and parityof I� = 57=2+, while the maximum possible spin whi
h 
an be 
reated from sevenvalen
e parti
les and four holes is Imax = 65=2�h. It means that only two transitionsare missing from the band termination, if we take into a

ount the quadrupole
hara
ter of the band. It will be very interesting to observe the superdeformed bandtermination in 59Cu.The theoreti
al des
ription of the prompt parti
le emission is still not satisfa
-tory, and experimental information 
on
erning the states involved in the de
ay-outpro
ess is still la
king. Con
erning the 59Cu nu
leus it will be interesting to inves-tigate more 
arefully the details of the two prompt proton de
ays, su
h as morepre
ise bran
hing ratios, de
ay times as well as the �ne stru
ture of the potential.39
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Figure 6.1: S
hemati
 illustration of some nu
lear stru
ture e�e
ts studied re
entlyin the mass A � 60 region. Taken from Ref. [44℄.These will help to understand the me
hanism of the de
ay-out pro
esses. The high-spin level s
heme of 59Cu for sure 
an be more extended and the new bands need a
omplete analysis.
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