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Chapter 1Introdu
tion
1.1 MotivationsOne of the most interesting regions in the nu
lear 
hart is that around the doublymagi
 100Sn and neighbouring nu
lei. This region has sin
e long been the subje
t ofmany experimental and theoreti
al investigations. There are several reasons whi
hmake it so attra
tive for nu
lear studies.The 100Sn is the heaviest self-
onjugate (i.e. with the same number of neutronsand protons), doubly magi
 nu
leus that is believed to have bound states. Theobservation of ex
ited states in 100Sn and its neighbours would make it possibleto determine single-parti
le and single-hole energy levels around the N = Z = 50doubly 
losed shell. This is 
ru
ial for testing the validity of various nu
lear models.Also, due to the fa
t that both protons and neutrons o

upy the same orbitals,enhan
ed residual intera
tions are expe
ted, whi
h may lead to important nu
learphenomena. At N = Z the 
harge independen
e of the nu
lear for
e may lead to a
ompetition between T = 1 n-p pairs and T = 1 p-p and n-n pairs. In addition n-ppairs 
an also have T = 0 and this would 
ompete with the T = 1 mode [1℄. Aninteresting feature is that the 100Sn lies very 
lose to the so 
alled proton drip-line,where the 'ex
ess' of protons (or 'la
k' of neutrons) is so large, that the nu
leus isnot bound any more with respe
t to proton emission. Indeed, the binding energyof the proton g9=2 shell in 100Sn was predi
ted to be only about 3 MeV in Ref. [2℄.An open question relates to how the proton orbitals are a�e
ted by the augmentedCoulomb repulsion due to the ex
ess of protons when approa
hing the region of veryneutron de�
ient nu
lei. Yet another aspe
t to investigate in this region is the onsetof deformation when adding more nu
leons to the 100Sn 
ore.Until very re
ently, most of the experimental information in this region has been



2 Introdu
tionobtained from �-de
ay studies, and from measurements of proton and � radioa
tiv-ity. With the advent of large 
-ray dete
tor arrays, the in-beam study of nu
lei farfrom the �-stability line has be
ome a reality. Cross se
tions of the orders of �band pb are now within rea
h. Nordball, in the Nordi
 
ountries, Euroball, inEurope, and Gammasphere in the U.S.A. are examples of su
h dete
tor systems.The primary goal was to in
rease the eÆ
ien
y and resolving power of the 
-raydete
tion by putting together a large number of Ge dete
tors and operating themin 
oin
iden
e (e.g. Eurogam). Then various types of an
illary dete
tors wereemployed together with the Ge dete
tors to enhan
e the rea
tion 
hannel sele
tion(e.g. Nordball). The newest arrays like Euroball, or the planned Exogam,will use a very large number (N>100) of (segmented) Ge dete
tors, 
ombined withpowerful sele
tive devi
es to a
hieve unpre
edented 
-ray dete
tion sensitivity.Prior to our work, very limited experimental information for neutron-de�
ientTe and Pd nu
lei in the vi
inity of 100Sn were available. Even-mass tellurium, xenon,and barium isotopes with N � Z a little above 100Sn (Z;N � 58) were predi
ted toexhibit spe
ially strong o
tupole 
orrelations [3℄, be
ause orbitals di�ering in totaland orbital momentum by 3~ approa
h the Fermi surfa
e for both neutrons andprotons, to whi
h the possibility of enhan
ed proton-neutron intera
tion is added.In the 
ase of the palladium isotopes, re
ent theoreti
al 
al
ulations [4℄ had predi
tedthat in the A � 100 Ru and Pd nu
lei it is possible to follow ground-state rotationalbands up to their terminations at and above spin I = 30~. Experimental informationon su
h phenomena would result in a better understanding of how the 
ompetitionof 
olle
tive and single-parti
le degrees of freedom will behave, while approa
hingthe proton drip-line. The vast lands
ape of nu
lear phenomena one expe
ts to berevealed in this region, 
ombined with the availability of the experimental tools werethe main motivations behind the work presented in this thesis.1.2 Resear
h programIn the framework of a program for in-beam studies by the Nordball 
ollabora-tion, our resear
h group in the Institute of Nu
lear Resear
h (ATOMKI), Debre
enparti
ipated in a series of experiments aiming at the produ
tion of previously un-observed very neutron de�
ient nu
lei 
lose to 100Sn, and the study of their stru
-ture. Spe
i�
ally, I was involved in the analysis and interpretation of the data fromtwo of su
h experiments, where I investigated the stru
ture of the neutron de�-
ient 108;109;110Te and 98;100Pd using the Nordball dete
tor system. The data from



1.2 Resear
h program 3the �rst Nordball experiment (the Te experiment) was prepared by the resear
hgroups of the Physi
s Department of the Royal Institute of Te
hnology (RIT), inSto
kholm and the The Svedberg Laboratory (TSL) of the Uppsala University. Thesubsequent data analysis with my major 
ontribution, leading to the presented re-sults for the 108;109;110Te nu
lei was performed in the ATOMKI in 
ollaboration withthe members of the mention resear
h group. For the se
ond Nordball experiment(the Pd experiment), I had the opportunity to be involved in the whole data prepa-ration in Sto
kholm and Uppsala sin
e the �rst moment, thanks to s
holarshipsfrom the RIT and TSL. During the preliminary and later data analysis I made asigni�
ant 
ontribution to the results obtained for the 98;100Pd nu
lei. For the studyof the 100Pd we have also used a data set obtained from a Eurogam II experi-ment, 
arried out in 
ollaboration with the Institut des S
ien
es Nu
l�eaires (ISN),Grenoble, Fran
e.In what follows, Chapter 2 des
ribes the main features of the types of rea
tionsused, the details of the experiments, the Nordball and Eurogam II dete
torassemblies, and the data analysis te
hniques employed in this work. Chapter 3brie
y deals with various theoreti
al models, that were used to interpret the obtainedexperimental results, in
luding the shell model, the intera
ting boson-fermion modeland the 
ranking model. Chapter 4 
ontains an overview of earlier studies, theexperimental results obtained in this work and their theoreti
al interpretation for108;109;110Te nu
lei and so does Chapter 5 for the 
ase of 98;100Pd. A summary of thenew obtained results is given in Chapter 6 and 7. Appendix A 
ontains a list of thepubli
ations on whi
h this thesis is based.



4 Introdu
tion



Chapter 2Experimental methodsThis 
hapter 
ontains the experimental basis of the work presented in this the-sis. The �rst se
tion introdu
es the me
hanism of the heavy-ion indu
ed fusion-evaporation rea
tions, widely used for 
-spe
tros
opy studies of nu
lei, e.g. farfrom the �-stability line. Then various 
hara
teristi
s of the dete
tor assemblies,employed in the experiments with su
h rea
tions are summarized. It is followedby a detailed des
ription of the performed experiments and the experimental se-tups, in
luding the 
on�guration of the spe
i�
 dete
tor systems we used. Sin
ethe major part of my own 
ontributions relates to the experiments performed withthe Nordball dete
tor system, more emphasis has been put on des
ribing thedetails of this multi-dete
tor array, its 
on�guration and the related experimentalte
hniques. An experiment with the Eurogam II spe
trometer gave additional in-formation to one set of the Nordball data, therefore a short des
ription of thatexperimental setup and data analysis methods is also provided, enough to under-stand the presented experimental results. The methods and te
hniques 
ommonlyapplied to analyse the huge amounts of data 
olle
ted by su
h large dete
tor arraysare �nally dis
ussed.2.1 Heavy-ion fusion-evaporation rea
tionsIn re
ent nu
lear stru
ture studies, heavy-ion indu
ed fusion-evaporation rea
tionsare mostly exploited to rea
h very high spin states in nu
lei and for nu
lear massregions with exoti
 neutron-to-proton ratios, e.g. very neutron de�
ient nu
lei nearthe double-magi
 100Sn nu
leus. In a fusion-evaporation rea
tion, the in
ident par-ti
le is 
aptured by the target nu
leus to form the 
ompound system. The heavierand the more energeti
 the proje
tile is, the more ex
itation energy and angular



6 Experimental methodsmomentum the 
ompound nu
leus will have. The de
ay of the 
ompound nu
leus(Fig. 2.1) pro
eeds mainly via neutron and 
harged parti
le emission. The relativeprobability of these de
ay 
hannels depends on the ex
ess or de�
ien
y of neutronsover protons.
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� �Figure 2.1: S
hemati
 illustration of the de
ay of the 
ompound nu
leus after aheavy-ion rea
tion. En
ir
led regions indi
ate the ex
itations of the residual nu
leiafter the emission of 3{5 parti
les (p).Neutron evaporation lowers the ex
itation energy of the intermediate system bythe neutron separation energy (�8 MeV), but takes away only little angular momen-tum (1~ on average). Charged parti
les need to over
ome the Coulomb barrier, andso must be emitted with higher energies. Parti
le evaporation takes pla
e until the



2.2 Dete
tor assemblies 7ex
itation energy is lowered to the region of one neutron separation energy or lessabove the yrast line of a given �nal nu
leus1. In this region, the de
ay of states tothe ground state of the nu
leus pro
eeds via 
-ray emission. At still high ex
itationenergies above the yrast line, the level density is high, and statisti
al dipole (E1)transitions, bringing the nu
leus towards the yrast line, dominate. Closer to theyrast line, the level density is lower and dis
rete 
-ray transitions 
an be resolved.In the experiments dis
ussed in this thesis neutron de�
ient proje
tiles were
ombined with neutron de�
ient targets to form 
ompound systems very far fromthe �-stability line, in the Z�N region near the doubly magi
 100Sn. In the de
ayof these extremely neutron de�
ient 
ompound nu
lei 
harged-parti
le emission be-
omes dominant over neutron evaporation. On the other hand, neutron evaporationtakes the system further away from the line of �-stability, thus leading to the mostexoti
 and interesting residual nu
lei. Su
h rea
tions are 
hara
terized by a largenumber of exit 
hannels (20-30) with 
ross se
tions in the range of 1-100 mb.2.2 Dete
tor assembliesTo study the 
-rays emitted during a fusion-evaporation rea
tion under the abovementioned 
onditions, spe
ial requirements must be set on the dete
tor system. Toextra
t the underlining physi
s from the 
omplex 
-ray spe
tra in the weakest -and hen
e the most interesting - rea
tion 
hannels is only possible with the useof eÆ
ient, high-resolution 
-ray spe
trometers, and spe
ial te
hniques should beapplied to preferentially sele
t 
-rays belonging to a parti
ular nu
leus. Some ofthe prin
iples and methods used to in
rease the performan
e and sele
tivity of the
-dete
tor arrays are dis
ussed below.The best energy resolution in 
-ray dete
tion so far is a
hieved with high-purity(HP) Ge dete
tors. The photopeak eÆ
ien
y of a Ge dete
tor, however, is normallynot so large (�30% of a 7.6 x 7.6 
m NaI(Tl) 
rystal at a distan
e of 25 
m). Typi
al
-ray spe
tra 
olle
ted with su
h a dete
tor 
onsist of dis
rete lines as well as of a
ontinuum ba
kground. The ba
kground asso
iated with Compton s
attering of
-rays 
an be greatly redu
ed by the use of a large dete
tor (Compton-supressionshield or CSS), surrounding the Ge dete
tor, the purpose of whi
h is to dete
t thes
attered photons. The signal from the CSS is then used to veto those unwantedevents, whi
h in
lude a 
-ray es
aping from the Ge dete
tor. The quality of a Ge1The yrast line is the sequen
e of all states that have the lowest energy for a given angularmomentum.



8 Experimental methodsdete
tor 
an be 
hara
terised by the ratio of the photopeak area to the total areaof the spe
trum. A good Ge dete
tor has a peak-to-total (P/T) ratio of �20% for1 MeV 
-rays. With Compton-suppression, the P/T ratio 
an be in
reased up to�60%.Furthermore, the sensitivity2 of a 
-ray spe
trometer 
an be substantially im-proved by using an array 
ontaining a large number of high-resolution, Compton-suppressed Ge dete
tors, and operating them to dete
t 
-rays in 
oin
iden
e. Therequirement that a 
-ray must be dete
ted in 
oin
iden
e with a spe
i�ed set ofknown 
-transitions 
an then be used to sele
t the events of interest. The moredete
tors the array has, the higher fold of 
-
oin
iden
e 
an be dete
ted, and thehigher the sensitivity of the array will be. However, one has to in
rease the numberof dete
tors N to very high numbers (N�50) in order to a
hieve a major in
reasein the dete
tion sensitivity [5℄.One may, instead of in
reasing the number of dete
tors, implement sele
tivedevi
es to generate a 
ondition that 
an enhan
e the 
-rays of interest over a vastnumber of unrelated 
-rays. For example, the emitted 
-radiation 
an be dete
tedin 
oin
iden
e with the evaporated neutrons and 
harged-parti
les. By knowing thenumber and type of parti
les emitted after the formation of the 
ompound system,the �nal nu
leus from whi
h the 
-rays originates 
an then be identi�ed. A 4� 
-ray
alorimeter, whi
h is able to measure the multipli
ity and the total 
-ray energy ofan event, 
an also be used to sele
t a spe
i�
 rea
tion 
hannel. This method is basedon the fa
t that di�erent rea
tion 
hannels has di�erent population distributions inthe ex
itation energy vs. angular momentum plane (see Fig. 2.1). By gating on themultipli
ity and sum-energy information it is possible to (roughly) separate 
-raysbelonging to di�erent residual nu
lei.The Eurogam II array, equipped with as mu
h as 54 
-ray Ge dete
tors, ap-plied the �rst approa
h to rea
tion 
hannel sele
tion, based on its large numberof Ge dete
tors. The optimum 
oin
iden
e fold for the array was 4. The se
ondapproa
h was exploited in the Nordball setup, where besides the 
-ray Ge dete
-tors, additional an
illary dete
tors were used to sele
t 
-rays belonging to a 
ertainrea
tion 
hannel. A 
omparison of these two arrays regarding the number and typeof the used dete
tors is given in Table 2.1.2The sensitivity of a 
-ray spe
trometer is related to the minimum intensity a 
-transition musthave, so that it 
an still be identi�ed in the spe
trum.



2.3 Experiments 9Table 2.1: Dete
tor setup of the Nordball and Eurogam II arrays.Array Ge dete
tors An
illary dete
torsNordball 15 
oaxial 21-element 
harged-parti
le dete
tor11-element neutron dete
tor30-element sum-energy+multipli
ity �lterEurogam II 30 
oaxial None24 
lover2.3 ExperimentsThe new nu
lear stru
ture information to be presented in this work are based onthe data obtained with the above mentioned dete
tor systems. Two experimentswere performed at the Tandem A

elerator Laboratory of the Niels Bohr Instituteat Ris�, Denmark, using the Nordball dete
tor array to investigate nu
lei, 
loseto the proton dripline in the vi
inity of 100Sn. Out of the several nu
lei, produ
edin these experiments, the stru
ture of the neutron de�
ient 108;109;110Te, and 98;100Pdwere studied by our resear
h group in the ATOMKI, Debre
en. In the 
ase of100Pd, data from another experiment 
arried out at the Vivitron a

elerator, IReS,Strasbourg by means of the Eurogam II spe
trometer, was also used. The detailsof these experiments are given below, while the major features of these dete
torsystems are the subje
t of subsequent se
tions.2.3.1 The Nordball experimentsThe Te experimentIn this experiment, the neutron de�
ient 108Te, 109Te and 110Te isotopes were studiedusing the 58Ni + 54Fe ! 112Xe rea
tion. A 10 mg/
m2 thi
k, self-supporting 54Fetarget, enri
hed to 99.8% was bombarded by a pulsed beam of 58Ni ions, a

eleratedup to Elab=270 MeV. The beam burst had a width of 10 ns, and the time betweentwo bursts was 160 ns. A total of about 420 million 
-
 
oin
iden
e events werere
orded on tape during this experiment. These 
-rays originated from a total of29 residual nu
lei, that were identi�ed in the experiment. The obtained populationpattern is shown in Fig. 2.2.The strongest rea
tion 
hannels involved the emission of 2-4 protons and none or1 � parti
les, and a

ounted for 74% of the total observed yield. Nu
lei populated
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hannels were observed, but no eviden
e for the population of 3n
hannels in this rea
tion was found. The weakest observed 
hannel was the 3�
hannel, leading to the 100Cd nu
leus, with a relative yield of 0.004%. This would
orrespond to a 
ross se
tion of about 20 �b.In this experiment ex
ited states of 102In [6℄, 106;107;108Sb, [7, 8℄, 108;109Te [9, 10℄



2.3 Experiments 11and 111I [11℄ were observed for the �rst time. Furthermore, the level s
hemes for themajority of the observed nu
lei were signi�
antly extended. Experimental resultsobtained for the 108Te, 109Te and 110Te [12℄ nu
lei are presented in Chapter 4 of thisthesis.The Pd experimentHigh-spin states of the neutron de�
ient 98Pd and 100Pd isotopes were studied inthis experiment using the rea
tion 58Ni+50Cr!108Te at a beam energy of 261 MeV.Two 50Cr targets were used during the experiment. The targets had a thi
kness of4.8 and 3.5 mg/
m2, and were deposited on Au ba
kings of thi
kness 11 and 19.5mg/
m2, respe
tively. The targets were enri
hed to 96.8%, the main 
ontaminantbeing 52Cr (3.0%).During the experiment, about 1.2�109 
-
 
oin
iden
e events were 
olle
ted over25 days of e�e
tive beam time. The total data volume stored on magneti
 tapes wasabout 300 GB. Thirty-one nu
lei were identi�ed in this experiment, with populationsranging from about 0.001% to 23% of the total yield. The 
losest nu
lei to 100Snthat 
ould be identi�ed were 99Cd [13℄, and 101In, for whi
h ex
ited states wereobserved for the �rst time in this experiment. New nu
lear stru
ture informationwas also obtained for 103;105In [14, 15℄, 101�103Cd [16, 17, 18℄, 98;99Ag [19, 20℄ and98;100Pd [21, 22℄. The population pattern of the residual nu
lei in this experimentis shown in Fig. 2.3. The strongest rea
tion 
hannel was the 4p 
hannel, leading to104Cd. The weakest 
hannel to whi
h 
-ray transitions were assigned was 99Cd witha relative yield of 0.008%. The highest observed 
harged parti
le multipli
ity was 6(6p,5p1�). The relative yields for the 98Pd and 100Pd nu
lei were measured to be1.9% and 2.5%, respe
tively. Experimental results for these two nu
lei are dis
ussedin Chapter 5 of this thesis.2.3.2 The Eurogam II experimentEx
ited states of the 100Pd nu
leus were also attained in a se
ond experiment, 
arriedout with the Eurogam II 
-ray spe
trometer. The main purpose of this experimentwas to sear
h for band terminations in 102Pd and neighbouring nu
lei. The highquality of the 
olle
ted data enabled to extra
t information for 100Pd in addition tothat of the Nordball experiment.The rea
tion used was 70Zn + 36S at 130 MeV beam energy. The zin
 target 
on-sisted of two sta
ked 440 �g/
m2 thi
k self-supporting 70Zn foils enri
hed up to 70%.
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Figure 2.3: Population pattern of the residual nu
lei from the 58Ni + 50Cr rea
tionat 261 MeV bombarding energy. The shaded squares indi
ate nu
lei investigated inthis work.A total of 6 � 108 4-fold 
oin
iden
e events were 
olle
ted with the Eurogam IIarray (the array will be des
ribed in Se
tion 2.5 below).Out of this experiment terminating bands were identi�ed, e.g. in 101�103Pd [23,24, 25℄ and 100�102Rh [26, 27, 28℄ isotopes. The results obtained for the 100Pd nu
leusfrom this experiment are presented in Chapter 5 of this thesis.



2.4 The Nordball array 132.4 The Nordball arrayThe Nordball multi-dete
tor array [29, 30℄ was built by the Nordi
 
ountries topursue 
-spe
tros
opy studies. The geometry of the array was a trun
ated i
osa-hedron, 
onsisting of 12 pentagonal and 20 hexagonal surfa
es, used to hold thedi�erent types of dete
tors. A photo of the Nordball array is shown in Fig. 2.4.

Figure 2.4: The Nordball array.In the experiments dis
ussed in this thesis the Nordball array was 
on�guredwith Compton-supressed Ge dete
tors, a 
harged-parti
le dete
tor array, a neutrondete
tor assembly, and a sum-energy and multipli
ity �lter. The s
hemati
 viewof the experimental setup is shown in Fig. 2.5. This setup, besides its high 
-raydete
tion eÆ
ien
y, provided an ex
ellent rea
tion-
hannel sele
tivity, due to the
ombined use of 
-ray, neutron and 
harged parti
le dete
tors. A detailed des
rip-tion of the spe
i�
 
onstituents of the array and that of the data a
quisition systemis given in the remaining part of this se
tion.
2.4.1 The Germanium dete
torsThe most important elements of the Nordball array were the Germanium 
-ray spe
trometers. In our setup, Nordball was equipped with 15 high-purity
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Figure 2.5: S
hemati
 view of the Nordball experimental setup.(HP) 
oaxial Ge dete
tors, pla
ed symmetri
ally around the target in three ringsof hexagons at angles 79Æ, 101Æ and 143Æ with respe
t to the beam dire
tion. Theangular positions of the Ge dete
tors are shown in Table 2.2.Ea
h ring 
ontained �ve equidistantly pla
ed dete
tors. The distan
e betweenthe dete
tors and the target was about 18 
m. The energy resolution of the indi-vidual Ge dete
tors was between 1.8 and 3 keV at a 
-ray energy of 1.33 MeV. Therelative eÆ
ien
y of the dete
tors varied between 20% and 40%. Ea
h Ge dete
torwas surrounded by a Compton-suppression shield made of 12 bismuth germanate(BGO=Bi4Ge3O12) s
intillator 
rystals [31℄. Thi
k metal absorbers were pla
ed infront of the BGO shields to avoid these being dire
tly hit by 
-rays.Table 2.2: Angular positions of the Ge dete
tors with respe
t to the beam axis inour Nordball 
on�guration.Ring � �I 142.6Æ 54Æ, 126Æ, 198Æ, 270Æ, 342ÆII 100.9Æ 54Æ, 126Æ, 198Æ, 270Æ, 342ÆIII 79.1Æ 18Æ, 90Æ, 162Æ, 234Æ, 306Æ



2.4 The Nordball array 152.4.2 The an
illary dete
torsThe 
harged-parti
le dete
torsIn the studied fusion-evaporation rea
tions, due to the neutron de�
ient nature ofthe 
ompound systems, the most probable de
ay 
hannels favored 
harged-parti
leemission. Hen
e, the dete
tion of 
harged parti
les was 
ru
ial for the assignmentof 
-rays to a 
ertain residual nu
leus, based on its atomi
 number Z.The identi�
ation of emitted protons and �-parti
les in Nordball was a

om-plished by an array of 21 �E-type Si dete
tors (Si ball) [32℄. This array 
onsistedof 12 pentagonal, 170 �m thi
k sili
on wafers put together in a dode
ahedron shapeof 5
m diameter around the target and 
overing 90% of the 4� solid angle. Dis
rim-ination between protons and �-parti
les was possible based on the di�eren
e in theenergy deposited in the Si dete
tors.In a heavy-ion fusion-evaporation rea
tion, the evaporated parti
les are mainlyemitted in the forward angles due to the kinemati
al e�e
t, thus 
reating an in-
reased multiple hit probability in that dire
tion. In order to redu
e this proba-bility, a higher dete
tor granularity was required in the forward hemisphere. Thiswas a
hieved by ele
tri
ally subdividing some of the pentagonal wafers into smallerparts. The very forward pentagon was divided into �ve triangular dete
tors, andea
h of the �ve pentagons adja
ent to the very forward one was subdivided intotwo symmetri
al parts. The remaining six ba
kward pentagons were not divided.S
hemati
ally, this is illustrated in Fig. 2.6. The angular positions of the Si dete
torswith respe
t to the beam dire
tion are given in Table 2.3.Table 2.3: Angular positions of the Si dete
tors with respe
t to the beam dire
tionin Nordball. The dete
tor numbering 
orresponds to that of Fig. 2.6.Ring � Dete
tor numberI 23Æ 1, 2, 3, 4, 5II 57Æ 6, 7, 8, 9, 10III 78Æ 11, 12, 13, 14, 15IV 114Æ 16, 17, 18, 19, 20V 180Æ 21The target was pla
ed in the geometri
al 
enter of the Si ball. The very ba
kwardand the very forward pentagons had holes through whi
h the beam entered and
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b)Figure 2.6: S
hemati
 pi
ture of the Si dete
tor setup: a) forward dete
tors, b)ba
kward dete
tors. The beam axis passed through holes in the 
entral pentagons.exited the target area. Sin
e the beam was stopped inside the ball stru
ture, thewafers were prote
ted with aluminum and gold foils against radiation damage fromthe s
attered beam parti
les. These foils were very 
arefully 
hosen for ea
h rea
tion,so that no beam parti
les 
an enter the sili
on dete
tors, but an optimum thi
knessfor the penetration of protons and � parti
les was obtained. Due to the prote
tivefoils, the dete
tion eÆ
ien
y was strongly redu
ed to about 60% for protons and40% for �-parti
les.The neutron dete
torsThe number of neutrons emitted in 
oin
iden
e with 
-rays in the Ge dete
tors, andprotons or �-parti
les in the Si dete
tors, were measured by 11 liquid s
intillatorso

upying �ve hexagonal and six pentagonal positions in the forward hemisphere ofthe Nordball frame [33℄. This information was used to single out the exit 
hannelsasso
iated with neutron emission from a 
ertain 
harged-parti
le 
ombination.The thi
kness of the dete
tors was 15 
m and the distan
e between the target andthe dete
tor front fa
e was 18 
m. The liquid s
intillator 
ontainers were made of2 mm stainless steel and were �lled with BC501 organi
 liquid s
intillator. The �vepentagon-shaped neutron dete
tors had a volume of 2.57 l ea
h, while the volumeof the six hexagon shaped ones was 3.33 l ea
h. The total eÆ
ien
y of the neutronwall was �22%. Apart from the dete
tion eÆ
ien
y, another important parameterof the neutron dete
tors was the ability to dis
riminate between neutrons and 
-



2.4 The Nordball array 17rays. In our experiments eÆ
ient on-line separation of neutrons and 
-rays wasa
hieved by means of neutron-
 pulse-shape dis
rimination using the zero-
rossingte
hnique [34℄. The dis
rimination was further improved during the o�-line dataanalysis (see Se
tion 2.6).The BaF2 
alorimeterA 
alorimeter of BaF2 s
intillators (inner ball) [29℄ was used to enfor
e sele
tionof spe
i�
 rea
tion 
hannels, by measuring the 
-ray sum-energy and multipli
ityinformation. The 
alorimeter 
onsisted of 30 identi
al BaF2 
rystals pla
ed in theba
kward hemisphere of the Nordball frame, and forming a semiglobular shellaround the target with a thi
kness of 8 
m and an inner diameter of 12 
m. TheGe spe
trometers viewed the target through 
oni
ally shaped, 
ollimating holes inbetween the BaF2 dete
tors.The signal from the BaF2 dete
tors was used as the time referen
e for the wholesetup. The fast timing properties of BaF2 provided a time resolution of 500 ps fora pair of dete
tors and about 1.5 ns for the whole 
alorimeter.2.4.3 The data a
quisition systemStandard CAMAC and NIM modules were used to pro
ess the signals from thedete
tors and to provide a trigger for the data a
quisition system [35℄. A s
hemati
blo
k diagram of the ele
troni
s is presented in Fig. 2.7. The ADC and FERAmodules were read via the VME bus. The readout was performed when a validtrigger signal was generated, and was 
ontrolled by the so 
alled Event Builder unit.Data were sent via an opti
al link to a VAX 4000 workstation. Data was monitoredon-line on the workstation and, in parallel, written to EXABYTE magneti
 tapes.The full set of experimental parameters were written to magneti
 tape for ea
hvalid event generated in the data a
quisition system. The parameter list is shownin Table 2.4. A raw data event 
ontained several headers and a label identifying thedete
tor signal. The average length of an event was about 100 bytes.Trigger 
onditionsIn order to redu
e the load on the ele
troni
s and the data a
quisition system,and to sele
t only 'interesting' events from the point of view of the experiment, atrigger 
ondition was used. The trigger signal was generated by the ProgrammableLogi
 Unit (PLU), as a logi
al fun
tion of several input signals, 
oming from the
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Figure 2.7: Blo
k diagram of the Nordball ele
troni
 
ir
uit.Table 2.4: List of experimental parameters re
orded on magneti
 tape during theNordball experiments. Experimental Number ofParameters dete
torsGe energy and time 15Si ball energy and time 21Neutron energy, time of 
ight 11and zero-
ross-overBaF2 energy and time 30di�erent dete
tor modules. The logi
al operations performed on input signals werefully programmable. The trigger 
onditions used in our Nordball experiments arelisted in Table 2.5.The requirement of observing at least one 
-ray in the BaF2 
alorimeter had



2.5 The Eurogam II array 19to be in
luded in any Nordball trigger 
ondition, due to the fa
t that the BaF2dete
tors provided the time referen
e signal for all the setup.Table 2.5: Trigger 
onditions used in the Nordball experiments.Experiment Trigger 
onditionTe experiment (2Ge V 2BaF2)Pd experiment (2Ge V 1BaF2) W (1Ge V 1BaF2 V 1n)
Signal pro
essingThe energy signals from the Ge dete
tors were pre-ampli�ed, shaped, ampli�ed anddigitized in the 8k analog-to-digital 
onverters (ADC). The energy range of the ADCmodules 
orresponds to a maximum 
-ray energy of about 4 MeV. The readout ofthe Ge dete
tors was vetoed by the signals of the BGO Compton-suppression shields.A detailed des
ription of the Ge signal pro
essing is given in Ref. [36℄. The energysignals from all the other dete
tors were ampli�ed and fed into the Fast En
odingand Readout Charge ADC (FERA) modules, and further digitized, with 2k 
hannelresolution.Time signals from all dete
tors were digitized using Time-to-FERA Converters(TFC) and FERA modules. Individual signals were used as start signals for TFC,whereas the delayed logi
al OR signal from all the BaF2 
rystals was used as a
ommon stop. The maximum time window allowed between the start and stopsignals was 80 ns. Detailed TFC and FERA timing diagrams 
an be found inRef. [37℄.2.5 The Eurogam II arrayThe Eurogam II 
-dete
tor array was built by a Fran
e-UK 
ollaboration betweenIN2P3 in Fran
e and EPSRC in UK. Figure 2.8 shows a photography of the array.Eurogam II is des
ribed, e.g. in Ref. [38℄. Detailed te
hni
al do
umentation 
analso be found in the Internet at: http://nnsa.dl.a
.uk/Eurogam/do
uments/.2.5.1 The dete
tor arrangementThe Eurogam II 
-ray spe
trometer 
onsisted of 30 Compton-supressed Ge spe
-trometers from Eurogam I and 24 segmented, so-
alled 
lover dete
tors, for a total
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Figure 2.8: The Eurogam II array.of 126 Ge dete
tor elements. The large, 
oaxial Ge dete
tors were made of hyper-pure n-type 
rystals �70 mm in diameter and �75 mm in length. To a
hieve betterpa
king, the dete
tors were tapered over their front 3
m at an angle of 5.7Æ. The
oaxial dete
tors were pla
ed in rings of 5 and 10 dete
tors at the following angleswith respe
t to the beam dire
tion: 5 dete
tors at 158Æ, 10 at 134Æ, 10 at 46Æ and 5at 22Æ.The twenty-four 
lover type dete
tors were mounted in two rings near 90Æ withrespe
t to the beam dire
tion. Ea
h 
lover dete
tor 
onsisted of four 
oaxial n-typeGermanium 
rystals (Fig. 2.9) pa
ked together in a four-leaf 
lover arrangement andhoused in the same 
ryostat. The individual Ge dete
tors had 50 mm in diameterand 70 mm in length. The distan
e between opposite sides at the front fa
e was41 mm. Due to the segmentation of the 
lover dete
tor, the opening angle of ea
hsegment is redu
ed 
ompared to that of the full dete
tor, whi
h has a positive e�e
tby redu
ing the Doppler broadening of the 
-ray lines in the observed spe
tra. Thefour germanium 
rystals were operated in 'add-ba
k' mode, when the signals 
orre-sponding to events, where a 
-ray has been s
attered between adja
ent 
rystals weresummed together, giving a single signal from the whole 
lover dete
tor. The forwardand ba
kward dete
tors were 205 mm from the target, and the 
lover dete
tors were230 mm from the target. The total Ge 
overage of the solid angle is 40%, giving atotal photopeak eÆ
ien
y of �8% for the array.
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Figure 2.9: S
hemati
 view of the Eurogam II 
lover dete
tor.The Eurogam II array 
ould also be equipped with an
illary dete
tors, forexample the 54-element Cesium Iodide inner ball parti
le dete
tor (Diamant), butthis devi
e was not used in the experiment dis
ussed here.



22 Experimental methods2.5.2 Ele
troni
s and data a
quisitionThe Eurogam II ele
troni
s and data a
quisition system was based on the VXI(VMEbus eXtensions for Instrumentation) standard. The general ar
hite
ture ofthe Eurogam system is shown in Fig. 2.10 for the sake of 
ompleteness.
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Figure 2.10: The ar
hite
ture of the Eurogam ele
troni
s and data a
quisitionsystem. (taken from Ref. [38℄.)The VXI 
rates hosted the front-end ele
troni
s with highly integrated ele
troni

ards for the di�erent dete
tors. The VME 
rates were used for the histogrammers,the event builder and the data-storage interfa
e system. Experimental 
ontrol, real-time monitoring of data quality and event 
onstru
tion were performed using pro-
essors within VME. Interfa
es for the FERA bus and NIM ADC readout were alsoavailable to in
orporate data from an
illary dete
tors. System operation was 
on-trolled by a master trigger, that validated the operation of the VXI 
ards. Themaster trigger for an event was typi
ally related to the Ge multipli
ity (in the Pdexperiment 
oin
iden
e events were stored if at least four suppressed Ge dete
tors�red), but it 
ould depend on some other signal and, e.g. be validated by thean
illary dete
tors.



2.6 Data analysis 23The entire system was 
onne
ted by an opti
al-�ber link to workstations in the
ontrol room, where all the ele
troni
 parameters were set and monitored and wherethe data were re
orded on EXABYTE tapes. All 
omuni
ations between appli
a-tions within the data a
quisition system were based on the 
lient/server model usingremote pro
edure 
alls (RPC). A small number of server programs provided a

essto all the data a
quisition resour
es. These server programs were used to setupand 
ontrol the parameters of the array elements, e.g. dete
tor spe
i�
ations and
alibrations. Other servers were devoted to on-line data 
ontrol and analysis, e.g.display and analysis of histograms, and data sorting.
2.6 Data analysisThis se
tion des
ribes di�erent aspe
ts of the data analysis pro
edures, su
h asgain mat
hing and sorting, energy and eÆ
ien
y 
alibration of the Ge dete
tors,identi�
ation of rea
tion-
hannels, analysis of 
-
 and 
-
-
 
oin
iden
es, and 
-
dire
tional 
orrelations. The des
ription given is based largely on the Nordballexperiment, although te
hniques applied only to data from Eurogam II (e.g. linearpolarisation analysis) are also dis
ussed.The aim of the data analysis pro
edures was to 
onvert the raw data 
olle
tedduring the experiments into information having physi
al meaning, whi
h normallyended in a proposed level s
heme for the studied nu
leus. This usually in
luded:determining the 
-rays energy and relative intensity, identifying the �nal nu
leus,to whi
h they belong, and 
al
ulating the energy of the nu
lear levels, as well asassigning spin an parity to them. It was also possible to determine other nu
learproperties during the analysis of the experimental data, su
h as half-lives of states,transition probabilities and mixing ratios. Typi
al physi
al information that wereextra
ted from the experimental data during the analysis, along with the relatedte
hniques are listed in Table 2.6.Before starting the 
onstru
tion of any level s
heme, data needed to be preparedby a series of '
leaning' pro
edures, 
ommon to most nu
lear stru
ture experiments.These pro
edures involved the 
alibration of the Ge and an
illary dete
tors, gainmat
hing of the Ge and an
illary dete
tors energy and time spe
tra, and sorting of
oin
iden
e data into single 
-ray spe
tra, 
-
 matri
es and 
-
-
 
ubes, a

ordingto various 'gating' 
onditions.
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al quantities extra
ted from experimental data and the related dataanalysis te
hniques used in this work. See the text for a more detailed des
riptionof the spe
i�
 methods and te
hniques.Physi
al information Data analysis te
hnique
-ray energy and intensity single 
-ray spe
tra
-
 and 
-
-
 
oin
iden
esrea
tion 
hannel 
-ray and parti
le 
oin
iden
es
-ray intensity ratiolevel energy 
-
 and 
-
-
 
oin
iden
esenergy and intensity balan
elevel spin and parity angular and dire
tional 
orrelationlinear polarisation2.6.1 Preparation of dataGe energy and eÆ
ien
y 
alibrationEnergy and eÆ
ien
y 
alibrations of the Ge dete
tors were done using standardradioa
tive sour
es 56Co, 133Ba and 152Eu. The 
alibration data were 
olle
tedduring a few 
alibration runs and then analysed o�-line.In Nordball the energy response of the ADC modules was found to be highlynon-linear. For the energy 
alibration of the Ge dete
tors the following, empiri
ally
hosen fun
tion was usedE
(x) = a0 + a1x + a2x2 + a3x3 + a4px; (2.1)where E
 is the 
-ray energy, x is the 
hannel number and the a parameters aredetermined from the measurements with sour
es. In Eurogam II the Ge energy
alibration 
urve was of a linear 
hara
ter.In the analysis the eÆ
ien
y of 
-ray dete
tion as a fun
tion of the 
-ray energywas also determined. The relative eÆ
ien
y 
urves for the sum of all Ge dete
torsin Nordball and Eurogam II are shown in Fig. 2.11.Gain mat
hingInstabilities in the ele
troni
s used to 
olle
t and store the experimental data resultsin shift and gain 
hanges, whi
h have to be 
orre
ted for before useful spe
tra 
an
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Figure 2.11: The relative eÆ
ien
y of the Ge dete
tors in Nordball andEurogam II arrays. The Eurogam II array has a larger relative dete
tion ef-�
ien
y for high energy 
-rays.be 
reated. The aim of the gain mat
hing pro
edure was to 
he
k the data againstthese instabilities and to 
al
ulate the appropiate 
orre
tion 
oeÆ
ients, if needed.Nordball pro
eduresDuring the Nordball data analysis, the gain mat
hing 
oeÆ
ients were 
al
ulatedfor groups of dete
tors of the same kind using a new, automati
 method of shiftand gain 
orre
tion [39℄. Various presorting pro
edures were then applied to theraw data, resulting in a very 
ompa
t data format, suitable for fast sorting of 
-

oin
iden
e matri
es, and with all possible faulty events being reje
ted. Ea
h event
ontained the following information: Ge 
-ray energies, the multipli
ity of regis-tered protons, �-parti
les and neutrons, and 
ags indi
ating whether the Ge timesignal was 
onsidered to be prompt or delayed with respe
t to a two-dimensional,banana-shaped time gate. Some details of the pro
edures applied to various typesof dete
tors are given below following Ref. [37℄.A high pre
ision gain-mat
hing was done for the energy signals from the Gedete
tors. The energy response of the dete
tors was linearised using a fun
tion,
onsisting of a third-order polynomial and a square root term (see Eq. 2.1). AFWHM of about 3 keV was obtained at a 
-ray energy of 1.3 MeV in the Ge sumspe
trum.Charged parti
le spe
tra were gain-mat
hed for Si dete
tors pla
ed in equivalent
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t to the beam axis (the same ring). The dis
rimination betweenprotons and �-parti
les was based on the di�eren
e in the energy deposited in theSi dete
tors. Experimentally, it was done by setting gates or limits in the Si energyspe
tra. Energy spe
tra from di�erent Si dete
tors are shown in Fig. 2.12. Forthe dete
tors pla
ed at forward angles the proton peak situated at lower energies iswell separated from the broad high-energy bump 
orresponding to the � parti
les.At larger dete
tor angles the � bump moves towards the proton peak and almostdisappears under the proton peak in the most ba
kward dete
tor.The neutron energy, time-of-
ight (TOF) and zero-
ross-over (ZC) signals weregain mat
hed using a linear transformation for the energy signal, whereas a shift 
or-re
tion was used for the time signals. During the o�-line analysis, the dis
riminationbetween neutrons and 
-rays was signi�
antly improved by using a two-dimensionalgate on the ZC time versus TOF plane (see Fig. 2.13) [40, 41℄. With the help ofthis method misassignments of 
-rays for neutrons were redu
ed to �0.5%.Eurogam II pro
eduresA presorting pro
edure was also applied to the raw data from the Eurogam IIexperiment, after whi
h gain-mat
hed and 
ompressed data, 
ontaining only 'good'events was obtained. During this presort, the Ge energy was also 
alibrated, andset to a standard value of 0.5 keV/
hannel for all dete
tors. For the gain mat
hingand 
alibration of the Ge dete
tors a 152Eu sour
e was used.Sorting of E
-E
 matri
es and E
-E
-E
 
ubesIn the �nal step of the Nordball data preparation, the gain-mat
hed and 
om-pressed data were used to 
reate a set of two-dimensional, symmetri
 E
-E
 parti
le-gated matri
es in the following way: a given 
-
 matrix 
ontained only those 
-
events that were measured in 
oin
iden
e with a sele
ted 
ombination of the numberof dete
ted neutrons, protons and �-parti
les. The matrix, sorted by requiring x�-parti
les, y protons, and z neutrons is shortly referred to as the x�ypzn-gated ma-trix or simply the x�ypzn matrix. One-dimensional 
-ray energy spe
tra were also
reated for ea
h possible 
ombination of the measured neutron and 
harged-parti
lemultipli
ities.The higher 
-
oin
iden
e fold of the data 
olle
ted during the Eurogam IIexperiment, made it possible to 
onstru
t a E
-E
-E
 
ube for the analysis of the
oin
iden
e data. This 
ube was sorted by demanding that at least one of the 
-rays



2.6 Data analysis 27

Figure 2.12: Si ball energy spe
tra for di�erent dete
tor positions (rings).



28 Experimental methods

Figure 2.13: Neutron ZC vs. TOF matrix used for o�-line neutron-
 separation.in an event was within a sele
ted set of known strong transitions from the given �nalnu
leus (gated 
ube).2.6.2 Constru
tion of the level s
hemesSoftware toolsThe 
onstru
tion of the experimental level s
hemes was performed with the helpof the RADWARE software pa
kage written by D. C. Radford [42℄. The pa
kage
onsisted of two major programs ESCL8R and LEVIT8R for intera
tive graphi
alanalysis of two-dimensional and three-dimensional 
oin
iden
e data, respe
tively.The main input data to ESCL8R were the symmetrised 
-
 
oin
iden
e matrix,and the Ge eÆ
ien
y and energy 
alibration 
urves. The program allowed for fast
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tion of the 
-
 matrix, to set 'gates', i.e. spe
ify an energy win-dow for one of the axes and inspe
ting the proje
tion onto the remaining axis. Themain advantage of the program was that it provided the user not only with theobserved 
oin
iden
e results, but also with expe
tations, 
al
ulated on the basis ofthe proposed level s
heme. The level s
heme was displayed on the s
reen and 
ouldbe easily modi�ed using the graphi
al interfa
e to a

ount for the observed dis
rep-an
es. The optimum energy and intensities for the transitions in the level s
hemewere extra
ted by performing least-squares �ts to the two-dimensional matrix.The analysis of triple 
-
-
 
oin
iden
e data was done in a similar manner, withthe aid of the program LEVIT8R.Identi�
ation of rea
tion 
hannelsA major problem when looking for 
-transitions in nu
lei for whi
h no ex
ited statesare known is the assignment of the 
-ray transitions to a �nal nu
leus. In prin-
iple, knowing the number and type of evaporated parti
les (neutrons, protons,�-parti
les) emitted from the 
ompound nu
leus in 
oin
iden
e with a 
-ray, onemight be able to unambiguously assign that 
-ray to a spe
i�
 exit 
hannel. How-ever, due to imperfe
t dete
tion 
onditions, the eÆ
ien
y of the parti
le dete
tionfalls below 100%. In addition, several other phenomena make the a

urate treat-ment of neutron and 
harged-parti
le dete
tion even more 
ompli
ated. Amongthese e�e
ts, the following are the most frequent:� a neutron, a proton or an �-parti
le is undete
ted due to imperfe
t parti
ledete
tion eÆ
ien
y,� two protons, one proton and one �-parti
le, or two �-parti
les hitting the samedete
tor element are interpreted as one �-parti
le,� a proton is taken as an �-parti
le, and vi
e versa due to imperfe
t proton-�parti
le dis
rimination,� a 
-ray is taken as a neutron due to imperfe
t neutron-
 ray dis
rimination,� one neutron is dete
ted as two, due to multiple s
attering of neutrons betweenthe dete
tors,� an extra proton or �-parti
le is 'dete
ted', due to 
ross-talking between thedete
tors and/or in the ele
troni
s,
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-ray and parti
le 
oin
iden
es, un
orrelated events.All these unwanted e�e
ts 
ause that 
-rays emitted from a 
ertain residualnu
leus 
an be found in spe
tra 
orresponding to rea
tion 
hannels produ
ed bydi�erent number of evaporated parti
les. Nevertheless it is still possible to makeunambiguous assignment of 
-rays to a �nal nu
leus.A method used during the Nordball data analysis to assign parti
le multi-pli
ities to an unknown 
-ray transition was to analyse the intensity distributionof the unknown transition in spe
tra gated with di�erent 
ombinations of dete
tedparti
les. It 
an be shown under 
ertain assumptions that for a given parti
le type,let's say protons p, the intensity ratioI

xpI

yp �Mpin spe
tra gated with x and y number of dete
ted protons, respe
tively, is propor-tional to the number of emitted protons. This ratio 
an thus be used to distinguishbetween di�erent proton multipli
ities. The same method 
an be applied to �-parti
les and neutrons. In pra
ti
e, the intensity ratio of the unknown transitionis 
ompared to the intensity ratio of 
-rays of known parti
le multipli
ity in 
-rayenergy gated spe
tra, and the 
orresponding parti
le multi
iplities are dedu
ed. Anillustration of this method 
an be found in the dis
ussion of the experimental resultsof the Te experiment, Chapter 4, Fig. 4.2.Analysis of 
-
 and 
-
-
 
oin
iden
esTo aid in the 
onstru
tion of the level s
hemes of the studied nu
lei the parti
le-gated 
-ray spe
tra and two-dimensional 
-
 matri
es sorted from the Nordballdata, as well as the 
-
-
 gated 
ube sorted from the Eurogam II data, were used.In various 
ases, sin
e the events of interest were spread over several parti
le-gated
hannels, several 
-
 matri
es were summed up to in
rease the available statisti
s.The level s
hemes were built mainly on the basis of the 
-
 
oin
iden
e relations,but also the energy and intensity balan
e was taken into a

ount. The RADWAREspe
trum analysis pa
kage, des
ribed elsewhere in this se
tion, was used to extra
tthe 
-ray energies and intensities from the 
oin
iden
e data.Matrix subtra
tion methodIn 
ertain 
ases during the 
oin
iden
e analysis, it was ne
essary to 
lean the 
-
matri
es from 
ontaminating 
-rays belonging to other residual nu
lei, by applying
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tion pro
edure [43℄. The method is based on the fa
t that, due toparti
le misdete
tion 
-rays belonging to a nu
leus formed with 
ertain number ofevaporated parti
les, 
an also be found in the 
-ray spe
tra or 
-
 matri
es gatedwith a lower number of the same type of dete
ted parti
les. This te
hnique allowedto generate '
lean' matri
es by appropriately subtra
ting from a 
-
 matrix gatedwith a 
ertain parti
le multipli
ity those gated with a higher parti
le multipli
ity,using experimentally determined subtra
tion 
oeÆ
ients. The subtra
tion 
oeÆ-
ients were obtained from the intensity ratios of known 
-rays in the 
ontaminatingand 
ontaminated matri
es.Below we illustrate the method through an example. We are interested in thenu
leus formed by the evaporation of two protons (2p 
hannel). One expe
ts to �ndmost 
-rays belonging to this nu
leus in the 2p-gated matrix. However, due to de-te
tion problems one will also �nd 
-rays 
orresponding to higher (>2p) multipli
ity
hannels in the 2p-gated matrix. To '
lean' this matrix one would pro
eed as follows(assuming the maximum observed proton multipli
ity is 6p): �rst we subtra
t the'normalized' 6p-gated matrix from the 5p-gated one. Then the 'subtra
ted' 5p ma-trix is subtra
ted from the 4p matrix with the 
orresponding normalisation and soon, up to the 2p-matrix. This method was su

essfully applied during the analysisof the 
-
 
oin
iden
e data from the Te experiment. The results obtained for the110Te nu
leus are shown in Fig. 2.14.The advantage of this method is that no expli
it identi�
ation of the 
ontam-inating nu
lei is needed. It 
an be done very fast if, instead of the 
-
 matri
es,the total proje
tion spe
tra are used during the subtra
tion. However, 
are must betaken when making linear 
ombinations of matri
es with low statisti
s.Analysis of 
-
 dire
tional 
orrelationsThe 
-
 
oin
iden
e data 
olle
ted with the applied dete
tor systems 
an also beused to investigate dire
tional 
orrelations between the emitted 
-rays [44℄, andmake assumptions on the multipolarity of 
-ray transitions.In the Nordball data analysis a simpli�ed angular 
orrelation method wasapplied for spin assignments. Two parti
le-gated E
1-E
2 matri
es were 
reated forthis purpose. The �rst E
1-E
2 matrix was sorted for 
oin
iden
e events in whi
hthe 
1 transition was dete
ted by a Ge dete
tors in the ring at 143Æ, and the 
2transition was observed at any angle. For the se
ond matrix, 
1 was required tobe dete
ted by a Ge dete
tor in rings at 79Æ or 101Æ, sin
e these two angles aregeometri
ally equivalent.
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Figure 2.14: Experimental spe
trum obtained in the 54Fe(28Ni,2p) rea
tion 
hanneland the 
leaned spe
trum for 110Te, after the subtra
tion. A ba
kground supressionof �3 orders of magnitude was a
hieved [43℄.The experimental information on the 
1 transition multipolarity 
an be extra
tedfrom the the angular 
orrelation ratioRang = I
1(� = 143Æ)I
1(� = 79Æ; 101Æ) ;where I
1(� = 143Æ) and I
1(� = 79Æ; 101Æ) are the intensities of the 
1 transitiondete
ted at � = 143Æ, and � = 79Æ or � = 101Æ, respe
tively. Spe
tra used todetermine the I
1 intensities are gated by the same 
oin
ident 
2 transition, observedat any angle, using the two matri
es mentioned above.A

ording to theoreti
al estimates for the Nordball geometry Rang � 1:5 
or-responded to stret
hed quadrupole (assuming 
omplete spin alignment of the initialstate), �I=0 dipole or �I = 1 mixed M1=E2 transitions, while the R�0.8 valueto stret
hed dipole or �I=0 highly mixed M1=E2 transitions [45℄. R�1.2-1.3 val-ues were reasonable for �I=0,1 mixed M1=E2 transitions, R�0.4-0.6 
orrespondedto �I=1 mixed M1=E2 transitions. These R values were in agreement with theangular distribution ratios obtained for transitions with known multipolarity fromdi�erent nu
lei populated in the present rea
tion. The dependen
e of Rang on thegating transition was weak, the variations of its value being smaller that the typi-
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al un
ertainty in the determination of Rang, thus it 
ould be negle
ted [37℄. Thisfa
t was used to in
rease statisti
s by gating on several transitions and summing upproje
ted spe
tra.The determination of spin values by this method requires less statisti
s than a fulldire
tional 
orrelation analysis (DCO), but, as shown by the above listed possibilitiesfor Rang, in some 
ases it may lead to ambiguous results. For instan
e, it is notpossible to ditinguish between a stret
hed quadrupole and a non-stret
hed dipoletransition. However, in 
ases, where the same state de
ays via several bran
hes, itgave the most probable spin assignment. In our analysis we only 
onsidered magneti
dipole and ele
tri
 dipole and quadrupole transitions.To determine the multipolarities of the transitions using the Eurogam II data,an analysis of dire
tional 
orrelations from oriented states (DCO) was 
arried out.For the DCO analysis the 
oaxial dete
tors in the ring at 22Æ and the 
lover dete
torsat about 90Æ were used. A non-symmetri
 E
-E
 
oin
iden
e matrix was 
reated forthe above pair of angles, and the DCO ratios:RDCO = I

(22Æ; 90Æ[gate℄)I

(90Æ; 22Æ[gate℄)were extra
ted for the transitions of interest. The RDCO values were also 
al
ulatedfor su
h a geometry with help of the G
orr program [47℄. A

ording to the for-malism of Ref, [46℄, stret
hed quadrupoles are 
hara
terized by RDCO values of 1.00and stret
hed dipoles by values of 0.70, when gated by a stret
hed E2 transition.Pure non-stret
hed dipoles (�I=0) were expe
ted to have RDCO ratios of 1.14.Linear polarisation analysisThe Eurogam II segmented 
lover dete
tors were used as Compton polarimeters tomeasure the linear polarisation of the 
-radiation. By 
ombining this informationwith angular distribution measurements, spin and parity assignments to nu
learstates 
ould be determined.The general prin
iple of the Compton polarimeter is that the probability ofCompton s
attering of in
ident 
-radiation through an angle  depends upon theangle between the s
attering plane 
ontaining  and the plane perpendi
ular tothe ele
tri
 ve
tor E of the radiation. The 
lover dete
tor a
ting as a Comptonpolarimeter utilises the Compton s
attering between adja
ent segments (Fig. 2.15).These events 
an be separated a

ording to whether the 'line' through the adja
entsegments is either parallel to the rea
tion plane (Nk) or perpendi
ular to it (N?).
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Figure 2.15: S
hemati
s of Compton s
attering between the segments of the 
loverdete
tor.Assuming that ea
h germanium 
rystal has equal eÆ
ien
y, the experimentallinear polarization P for the 
lover dete
tor, is determined by:P = 1QN? �NkN? +Nk ; (2.2)where Q is the polarisation sensitivity of the 
lover dete
tor. The dependen
e of Q,as a fun
tion of the 
-ray energy was taken from Ref. [48℄.Two 
-
 matri
es were 
onstru
ted from the 
oin
iden
e data 
olle
ting singlehits in any dete
tors of the 
lovers on one axis against added-ba
k double-hit s
atter-ing events on the other axis. In the �rst matrix those s
attering events are 
olle
ted,whi
h took pla
e perpendi
ular to the rea
tion plane, while in the se
ond matrixthose, whi
h took pla
e parallel to the rea
tion plane. The number of perpendi
ular(N?) and parallel (Nk) s
atters for a given 
-ray were obtained from spe
tra gatedon the single-hit axis of the respe
tive matrix by transitions in 
oin
iden
e with theanalised 
-ray.As an example, for pure �I = 2 ele
tri
 quadrupole and �I = 1 ele
tri
 dipoletransitions the expe
ted linear polarisation value P > 0, whereas for pure �I = 1magneti
 dipole transitions this value P < 0. For mixed (M1=E2) multipolaritytransitions the value P � 0, but may rea
h higher values as well. More details onthe formalism 
an be found, e.g. in Ref. [49℄.



Chapter 3
Nu
lear models
This 
hapter is devoted to those nu
lear models and their theoreti
al formalism,whi
h were used to understand the nu
lear phenomena taking pla
e behind theexperimental results presented in this thesis. Only the basi
 ideas of ea
h model arepresented, along with a 
ompilation of the most important formulae and expressions,but without attempting to go into the details of the mathemati
al formalism.The nu
lear shell model is one the most important tools aiming at des
ribingthe atomi
 nu
lei. It 
orrelates a vast amount of experimental data near magi
nu
lei su
h as nu
lear binding energies, ground state spins and parities, propertiesof ex
ited states, stati
 nu
lear moments and transition probabilities. The nu
learshell model is best suited to des
ribe nu
lei with few valen
e nu
leons outside the
lose shells. Far from 
losed shells, however, the numeri
al treatment of the modelbe
omes 
umbersome. In this thesis the stru
ture of 108Te and 98Pd are qualitativelydis
ussed in terms of the quasiparti
le shell model.To des
ribe the 
olle
tive features of atomi
 nu
lei a number of geometri
al andalgebrai
 models have been developed. Among the algebrai
 models, the intera
tingboson-fermion model has been parti
ularly su

esfull to the des
ription of the stru
-ture of odd-A nu
lei. This model has been used here to des
ribe high-spin states inthe odd 109Te nu
leus using the parti
le-vibration 
oupling limit.The geometry based 
ranking model aims at des
ribing high spin states in nu
lei.It 
ombines in the same formalism the des
ription of 
olle
tive and single-parti
le
on�gurations, whi
h are the two kinds of stru
ture that are most important in thevi
inity of the yrast line at high spin. The 
ranking approa
h has been used in thisthesis to des
ribe high-spin ex
itations and band terminating 
on�gurations in 110Teand 100Pd.



36 Nu
lear models3.1 The shell modelA detailed dis
ussion of the shell model and its appli
ations 
an be found in nu-merous textbooks, su
h as Ref. [50, 51, 52℄. Below we just brie
y present the mainideas of the model.The basi
 assumption of the shell model is that ea
h nu
leon inside the nu
leusmoves in a potential that represents the average intera
tion with the other nu
leonsin the nu
leus. The Hamiltonian of su
h nu
lear system of A nu
leons is given by:H = AXi=1 Hi = AXi=1 [Ti + U(ri)℄ ; (3.1)where Ti denotes the kineti
 energy operator of the i-th nu
leon and U(r) is usually aspheri
ally symmetri
 potential. The single-parti
le wave fun
tions are the solutionsof the single-parti
le S
hr�odinger equation[Ti + U(ri)℄��i(~ri) = e�i��i(~ri); (3.2)where �i stands for the quantum numbers of the state o

upied by the i-th nu
leonand e�i its single-parti
le energy.One of the 
ommonly used potentials (besides the isotropi
 harmoni
-os
illatorpotential, Fig. 3.1a) is the Woods-Saxon potentialU(r) = Uo1 + exp r�Roa : (3.3)where Uo denotes the depth of the potential well, Ro stands for the radius of thenu
leus and a is the di�useness of the nu
lear surfa
e. Typi
al values of the pa-rameters are: Uo = �50 MeV, Ro = roA�1=3, with ro = 1:2 fm and a = 0:7 fm.The single-parti
le energies obtained for the Woods-Saxon potential are shown inFig. 3.1b. Energy levels separated by a larger gap form a major shell. However, thenumber of nu
leons at the major shell 
losures do not agree with the experimentallyobserved magi
 numbers: 2, 8, 20, 28, 50, 82 and 126. This problem was over
omeby Mayer [53℄, and Haxel, Jensen and Suess [54℄, who added a strong spin-orbit termto the nu
lear Hamiltonian of the formUso = f(r)~l � ~s; (3.4)where f(r) is a fun
tion related to the potential U(r), s is the nu
leon spin andl is the orbital angular momentum. Their sum gives the nu
leon total angularmomentum ~j = ~l + ~s. The spin-orbit term modi�es the energy of the orbitals by
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Figure 3.1: Single-parti
le levels in the shell model: a) harmoni
-os
illator potential,b) Woods-Saxon potential, 
) in
lusion of the spin-orbit term, d) number of nu
leonsin ea
h orbital, e) its symbols and f) parity, g) number of nu
leons at shell 
losures.(Figure is taken from Ref. [51℄.)< �ljjUso(r)j�lj >= ( �12(l + 1) < f(r) >l; j = l � 12 ;12 l < f(r) >l; j = l + 12 (3.5)It was empiri
ally found that < f(r) >l � � 20�A�2=3 MeV , implying that thej = l + 12 level is lowered in energy with respe
t to the j = l� 12 orbital (Fig. 3.1
).The magi
 numbers of nu
leons, 
orresponding to the 
ompletely �lled shells areshown in Fig. 3.1g. They agree very well with the experiment. However, the orderingof the levels within the major shells might 
hange with the mass of the nu
leus. The
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lear modelsordering will also di�er between neutrons and protons, espe
ially in heavy nu
lei,due to the Coulomb intera
tion.3.2 The intera
ting boson-fermion modelThe IBFM is a generalisation of the Intera
ting Boson Model (IBM) of Arima andIa
hello [55℄ to odd-A nu
lei, where an additional single-parti
le degree of freedom(a fermion with angular momentum j) is introdu
ed and 
oupled to the system of s(L=0) and d (L=2) bosons, des
ribing the even-even 
ore. A boson is regarded asa 
olle
tive superposition of two fermion states, with the restri
tion that only thevalen
e nu
leons 
an 
ontribute to the 
reation of the boson. Thus, the number ofbosons in the 
ore is equal to the number of parti
le pairs outside the 
losed shell.In our IBFM des
ription, it is required that the number of bosons and fermions areboth separately 
onserved. A detailed des
ription of the model 
an be found, e.g.in Ref. [56℄.The HamiltonianThe Hamiltonian of the IBFM is taken as [57℄:H = HB +HF + VBF ; (3.6)where HB = �sn̂s + �dn̂d + XL=0;2;4 12p2L + 1 
L h(d+�d+)(L) � ( ~d� ~d)(L)i(0)+ 1p2 ~v2 h(d+�d+)(2) � ( ~d�~s)(2) + h:
:i(0) (3.7)+ 12 ~v0 �(d+�d+)(0) � (~s�~s)(0) + h:
:�(0)+ u2 h(d+�s+)(2) � ( ~d�~s)(2)i(0)+ 12 u0 �(s+�s+)(0) � (~s�~s)(0)�(0)is the Hamiltonian of the boson 
ore [55℄ andHF = Xj;m ~�j (
+jm~
jm); (3.8)is the quasiparti
le Hamiltonian of the odd nu
leon.



3.3 The 
ranked shell model 39The VBF term 
ontains the boson-fermion intera
tion, 
onsisting of an e�e
tivemonopole and quadrupole intera
tion, and an ex
hange for
e [57℄:VBF = Xj Aj h(d+� ~d)(0) � (
+j �~
j)(0)i(0)+ Xjj0 �jj0 hQ(2)B � (
+j �~
j0)(2)i(0) (3.9)+ Xjj0j00 �j00jj0 : h(
+j � ~d)(j00) � (d+�~
j0)(j00)i(0) :with Q(2)B = (s+� ~d + d+�~s)(2) + �(d+� ~d)(2) (3.10)In Eqs. (3.7-3.10), n̂s=(s+~s) and n̂d=(d+ ~d) are the s and d boson number oper-ators, (s+; ~s) and (d+; ~d) are the s and d bosons 
reation and anihilation operators,(
+j ; ~
j) are the quasiparti
le 
reation and anihilation operators, and the symbol (:)denotes normal produ
t.The 
oeÆ
ients Aj, �jj0 and �j00jj0 depend on the labels j; j 0; j 00 of the single-parti
le orbits whi
h 
an be o

upied by the odd fermion. The j-dependen
e of the
oeÆ
ients was estimated with the expressions:Aj = A0p5p2j + 1;�jj0 = �0p5 (ujuj0 � vjvj0) < j k Y2 k j 0 >; (3.11)�j00jj0 = �2�0 p5p2j 00 + 1 (ujvj00 + vjuj00)(uj00vj0 + vj00uj0) �� < j 00 k Y2 k j >< j 00 k Y2 k j 0 > :where v2j is the o

upation probability of the j orbit and u2j = 1� v2j .Limiting 
asesThe treatment of the odd nu
lei in the framework of the intera
ting boson fermionmodel is parti
ularly interesting when the Hamiltonian of the boson 
ore, HB, hasone of its three dynami
al symmetries, SU(5), SU(3) and SO(6). In those 
ases theIBFM leads to results very similar to those obtained in the following spe
ial 
ases:3.3 The 
ranked shell modelThe main 
onstituents of the model are outlined below.
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lear modelsTable 3.1: Limiting 
ases in the IBFM.HB symmetry Limiting 
aseI. SU(5) Parti
le plus vibration modelII. SU(3) Parti
le plus rotor modelIII. SO(6) Parti
le plus 
-unstable rotorThe single-parti
le potentialIn our 
ranked 
al
ulations it is assumed that the nu
lear mean-�eld is des
ribedby the deformed Woods-Saxon potential, and the same set of 'universal' parametersis used for a set of nu
lei [58℄. The nu
lear surfa
e is des
ribed by a non-axiallysymmetri
 shape with 
oeÆ
ients up to �4k and even multipoles. In the multipoleexpansion of the nu
lear radius R, the 
oeÆ
ients �ik are transformed into the usual�2, �4 and 
 degrees of freedom in the following way:�20 = �2 
os 
;�22 = �r12�2 sin 
 = �2�2;�40 = 16�4(5 
os2 
 + 1); (3.12)�42 = � 112�4p30 sin 2
 = �4�2;�44 = 112�4p70 sin2 
 = �4�4:The 
entral part of the potential is de�ned asV (r; �̂) = Vo1 + e r�Ra ; Vo = �Voo �1� �N � ZN + Z � (3.13)where Voo=49.6 MeV, �=0.86 (the plus sign refers to protons and the minus signto neutrons) and a=0.7 fm are the universal parameters. The general deformationparameter �̂ stands for the �2, �4 and 
 parameters de�ning the nu
lear shape.The spin-orbit potential has the formVso(r; �̂) = �� ~2M
�2 hrV 0(r; �̂)�~pi � � (3.14)where the spin-orbit strength �p=�n=36.0 MeV, ~p is the linear momentum operatorand � are the Pauli spin matri
es.The Coulomb term for protons has the form 12(1 + �3)V
, and is determined by a
harge (Z � 1)e distributed uniformly inside the nu
lear surfa
e.



3.3 The 
ranked shell model 41The parameter Ro = roA 13 of the shape parametrisation is di�erent for protonsand neutrons and for the 
entral and spin-orbit part of the potential:ro;n = 1:347 fm; rsoo;n = 1:32 fmro;p = 1:275 fm; rsoo;p = 1:32 fm (3.15)The 
ranking HamiltonianThe basi
 idea of the 
ranking model is to use a body-�xed 
oordinate system withrespe
t to the nu
lear potential and to for
e it to rotate, or in other words to "
rank"it [59℄.The Hamiltonian of the system in the body-�xed 
oordinates, rotating aroundthe x-axis with a �xed frequen
y ! (the 
ranking Hamiltonian) has the formH! = H0 � ~!Ix; (3.16)where Ix is the angular momentum proje
tion onto the x-axis, and H0 is the quasi-parti
le Hamiltonian in the laboratory system at !=0.The energy of the single-parti
le state i in the rotating frame is 
alled theRouthian and is given by the expressione!i = ei � !ix; (3.17)where ei is the single-parti
le energy in the laboratory system and ix is the 
ontri-bution of the state i to the total spin proje
tion Ix.Pairing 
orrelations are taken into a

ount by adding a two-body operator Hpairto the Hamiltonian, with a strength G:Hpair = �G Xi;i0>0(a+i a+�i ai0a�i0); (3.18)where a+i are the fermion 
reation operators a
ting on state i (and its time reversalstate �i).Total Routhian Surfa
esThe total Routhian of a nu
leus rotating at a frequen
y ! as a fun
tion of deforma-tion �̂ is obtained as the sum of the ma
ros
opi
 liquid drop energy, the Strutinskyshell 
orre
tion energy [60℄, and the pairing energy:E!(�̂) = E!ma
ro(�̂) + ÆE!shell(�̂) + ÆE!pair(�̂): (3.19)
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lear modelsEq. (3.19) 
an be rewritten in the following way:E!(�̂) = E!=0(�̂) (3.20)+ h< 	! j Ĥ!(�̂ j 	! > � < H!=0(�̂) >BCSi :In Eq. (3.20), E!=0(�̂) represents the total energy at zero frequen
y, while the termin bra
kets 
orresponds to the energy gain due to rotation.In the 
al
ulations, the total Routhian is minimised with respe
t to the quadrupoleshape parameters �2 and 
, whi
h are transformed into 
artesian 
oordinates X =�2 
os(
 + 30Æ) and Y = �2 sin(
 + 30Æ). The minimisation pro
edure is then per-formed for di�erent values of the hexade
upole deformation parameter �4. In thisthesis the uni�ed 
ode for 
al
ulations of Total Routhian Surfa
es (TRS), developedby Nazarewi
z et al was used.Experimental Routhians and alignmentIn this part expressions will be provided for various experimental quantities, whi
hare often used to 
ompare experimental results with the 
ranked Woods-Saxon 
al-
ulations.For a transition from an initial state of energy and angular momentum, Ei andIi, to a �nal state of Ef and If , the total Routhian E! in the rotating system is
onstru
ted from experimental quantities asE!(Ia) = Ei � Ef2 � ~!(Ia)�Ix(Ia); (3.21)where Ia is the average of Ii and If . The quantity Ix is the proje
tion of the totalangular momentum onto the rotational axis, de�ned as fun
tion of the measuredangular momentum I and its proje
tion on the nu
lear symmetry axis, K,Ix(I) = p(I + 1=2)2 �K2: (3.22)The experimental frequen
ies (de�ned through the relation dEdI = ~!) 
an also be
al
ulated for ea
h transition as~!(Ia) = Ei � EfIx(Ii)� Ix(If) : (3.23)The total Routhian E! and the spin proje
tion Ix are built up of both 
olle
tiveand single-parti
le 
ontributions. The single parti
le alignment i and ex
itation
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ranked shell model 43energy e0 in the rotating frame are 
al
ulated with the help of the Harris formulafor the moments of inertia of the ground-state band:J = Jo + !2J1: (3.24)A referen
e energy E 0g and spin proje
tion Ixg are then 
onstru
ted:E 0g(!) = �!22 Jo � !44 J1 + 18Jo ; (3.25)Ixg(!) = !Jo + !3J1: (3.26)The rotating-frame ex
itation energy e0, asso
iated with the ex
ited quasiparti
les,and their aligned angular momentum i are thus given bye0(!) = E! � E 0g(!); (3.27)i(!) = Ix(!)� Ixg(!): (3.28)
Terminating statesA terminating (aligned) state represents the end of a 
olle
tive (rotational) band,when the highest possible angular momentum for a spe
i�
 
on�guration is rea
hed.For valen
e parti
les in a j-shell, it is trivial to 
al
ulate the maximal spin, Imax;one parti
le will 
ontribute with j~, the next with j-1 due to the Pauli prin
iple,and so on.In the 
ranking model single parti
le ex
itations are des
ribed on the same foot-ing that 
olle
tive behaviour. By 
hosing the 
ranking axis.as the symmetry axis one
an a
tually 
al
ulate the energy, i.e. the frequen
y ne

esary to make parti
le-holeex
itations. Ea
h 
rossing in the quasiparti
le diagrams will then 
orrespond to thene

esary amount of energy (frequen
y) needed to make a new quasiparti
le ex
i-tation. This way favored states 
an be 
al
ulated and one 
an obtain the 
rossingpoint of non-
olle
tiv ex
itations versus 
olle
tive ones.
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Chapter 4Spe
tros
opy of 108;109;110Te nu
lei
4.1 Earlier studiesThe heavier Tellurium isotopes are spe
tros
opi
ally well known, but for the neutronde�
ient isotopes the experimental data were very s
ar
e prior to our work.The low-spin stru
ture of the ground-state band in 114Te and 116Te up to spin10+ and 8+, respe
tively, was established in Ref. [61℄. Their level s
hemes havebeen later extended to higher spins (see e.g., Refs. [62, 63, 64℄). The most re
entspe
tros
opi
 information on the 114;116Te nu
lei 
ome from Refs. [65, 66℄, whererotational bands up to I�=40+ were observed in a heavy-ion 
-spe
tros
opy exper-iment. Their stru
ture has been interpreted in terms of 'intruder' bands built onproton parti
le-hole ex
itations a
ross the Z=50 shell gap. Eviden
e for rotationalbehaviour at high spin has also been re
ently observed in 112Te [67℄, where the yraststates has been populated up to I�=22+, following heavy-ion rea
tions.In 
ontrast, none of the 108;109;110Te nu
lei had been studied in-beam before thiswork. Only half-lives of the ground states were previously known [68, 69, 70℄. Thesedata were obtained mainly from �-de
ay studies [71, 72℄ and from �-delayed protonand �-parti
le radioa
tivity work [73℄. The proton radio
tivity of 108Te using a morepre
ise, ele
trostati
 separation method was also studied in Ref. [74℄. In the 
ase ofthe 110Te isotope, the energy of its �rst ex
ited state had been determined from the�-de
ay of 114Xe by Tidemand-Petersson et al [73℄.Thus, the aim of our work was to get information on the ex
ited states of108;109;110Te using in-beam spe
tros
opi
 methods, and to investigate whether theirstru
ture follow the systemati
s of heavier Te isotopes, or there is any stru
tural
hanges when approa
hing the proton drip-line.
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tros
opy of 108;109;110Te nu
lei4.2 Experimental resultsIn this se
tion new experimental results obtained in this work for 108;109;110Te nu
leiare presented. The detailed des
ription of the experiment is given in Se
tion 2.3.1of this thesis.4.2.1 The 108Te nu
leusEx
ited states of 108Te were attained for the �rst time in our experiment. The 108Tenu
lei were produ
ed by the evaporation of 2 protons and 2 neutrons, or 1 �-parti
le,from the 
ompound nu
leus 112Xe. In the 1�-gated matrix only the strongest 664keV 
-ray, assigned to 108Te, was seen. Based on that, the relative intensity of this
hannel was estimated to be less than 1% of that of the 2p2n 
hannel. The 2p2n
hannel itself represented a weak rea
tion 
hannel with �0.1% 
ontribution to thetotal yield (see Fig. 2.2). In addition, the dete
tion eÆ
ien
y for two neutrons wasonly �5%. As a result, the de
ay of only a few hundred 108Te nu
lei was dete
ted.The strongest 
ontamination 
ame from the 1n 
hannels, due to double dete
tion ofneutrons s
attered from one dete
tor to another.In order to sele
t and enhan
e 
-rays belonging to 108Te the matrix subtra
tionmethod des
ribed in Se
tion 2.6.2 was applied. The proje
ted spe
trum of thematrix 
leaned for 108Te is shown in Fig. 4.1.

Figure 4.1: Total proje
tion spe
trum of 108Te obtained from the 
leaned 2p2n-gatedmatrix. Transitions labelled by C are known 
ontaminants.To 
on�rm the assignment of 
-rays seen in Fig. 4.1 to the 108Te nu
leus we



4.2 Experimental results 47measured the intensity ratios of these 
-rays in the proje
tion spe
tra of the un-
leaned matri
es, gated with di�erent numbers of dete
ted neutrons and protons,and 
ompared them with the average values obtained for 
-ray transitions of knownnu
lei (see Se
tion 2.6.2 for an explanation of the method). The intensity ratios ofthe three strongest 
-rays, the 625, 664 and 759 keV lines are shown in Fig. 4.2.

Figure 4.2: Assignment of 
-rays to the 2p2n+108Te rea
tion 
hannel (open 
ir
les)based on the 
omparison of their intensity ratios for di�erent neutron and protonmultipli
ity with those of known 
-ray lines (�lled 
ir
les).From the obtained I

2n=I

1n and I

2p=I

1p ratios we determined the numberof emitted neutrons and protons to be equal to 2 in both 
ases. Be
ause no �-parti
les were seen in 
oin
iden
e with the three strongest transitions, ex
ept fromthe very weak 
ontribution mentioned above, one 
ould unambiguously assign thetransitions to the 2p2n+108Te rea
tion 
hannel. All other 
-rays shown in Fig. 4.1were in 
oin
iden
e with these three transitions, and therefore were also assignedto the 108Te nu
leus. Energies, relative intensities and proposed multipolarites for
-rays assigned to 108Te are listed in Table 4.1.The sum of the 2p2n- and 2p1n-gated E
-E
 matri
es 
leaned for 108Te, was usedto analyse the 
oin
iden
e data. Besides the 
oin
iden
e relations, the intensitybalan
e dedu
ed from 
-ray intensities in the total proje
tion spe
trum and in thegated spe
tra were 
onsidered. The level s
heme of the 108Te nu
leus dedu
ed inthis work is shown in Fig.4.3.First of all, the analysis showed that the strongest line in the proje
tion spe
trum(664 keV) is a doublet. Furthermore, the three strongest 
-rays of 625, 664 and759 keV, having equal intensities within their un
ertainties, were in 
oin
iden
e withea
h other, and with all the other transitions labelled in Fig. 4.1. Their ordering
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Figure 4.3: The experimental level s
heme of 108Te obtained in our work. Only thosetransitions are shown in the level s
heme the pla
ement of whi
h 
ould be �rmlyestablish from the 
oin
iden
e analysis.was determined from the intensities in the spe
tra gated by higher lying transitions,whi
h is in agreement with the systemati
s of higher Te isotopes (see e.g., Fig. 4.11).The 897 and 830 keV 
-rays were in 
oin
iden
e with the three strongest ones, butnot with ea
h other, so they formed parallel bran
hes. Their pla
ement feeding the2048 keV was supported by the fa
t that the sum of their intensities a

ounted forthe intensity of the 759 keV line. From the gated spe
tra obtained for the rest of theobserved 
-rays only their 
oin
iden
e relations with the three strongest transitions
ould be established due to the very low statisti
s.For spin assignments the angular 
orrelation ratios Rang = I
(143Æ)=I
(79Æ; 101Æ)were extra
ted. The Rang values for the 625 keV and 759 keV transitions (seeTable 4.1), suggested that they are stret
hed E2 transitions. For the remainingthree transitions pla
ed in the level s
heme the un
ertainties in the Rang ratios weretoo large to unambiguously determine their multipolarity. Thus, the 2+ value for the625 keV state is well established, but the (4+) and (6+) values were only tentativelyassigned.Very re
ently, after the work presented in this thesis was published, new andhigher quality data for 108Te have been obtained in Ref. [76, 77℄ using the newestgeneration of dete
tor arrays Euroball and Gammasphere, respe
tively. Their�ndings have 
on�rmed most of the results presented in this work obtained with our



4.2 Experimental results 49Table 4.1: Energies, relative intensities, angular 
orrelation ratiosRang and proposedmultipolarities of 
-rays assigned to 108Te.E
 1 (keV) I
 (rel.) Rang I�i ! I�f625.1 100 1.62(28) 2+!0+664.12 100 (4+)!2+716.2 27(5)758.8 100 1.98(60) (6+)!(4+)795.5 38(3)804.0 38(3)830.2 45(3) (7; 8+)!(6+)897.1 58(2) (8+)!(6+)938.9 49(3)1038.4 41(3)1 Errors ranged between 0.1-0.5 keV.2 Doubletlimited statisti
s. In Ref. [77℄ a negative-parity band 
onne
ted by E1 transitionsto the ground-state band has also been measured.4.2.2 The 109Te nu
leusThe nu
leus 109Te was identi�ed for the �rst time in-beam in our experiment. The109Te nu
lei were produ
ed following the evaporation of two protons and one neutronfrom the 
ompound nu
leus 112Xe. The 
-rays assigned to 109Te appeared, however,not only in the 2p1n-gated 
-
 matrix, but also in the 1p- and 2p-, and in the 1n-,1p1n- and 2p1n-gated 
-
 matri
es. The number of 109Te 
 rays 
olle
ted into the 1p-and 2p-gated matri
es was about a fa
tor of 3 larger than in the 1n-gated matri
es.However, the spe
tra obtained from these matri
es were of lower quality, be
ause thehigh ba
kground originating from 
-rays of nu
lei produ
ed without the emission ofneutrons obs
ured the weak transitions of 109Te. Thus in the data analysis the sumof the 1n-, 1p1n- and 2p1n-gated matri
es were used. The 
ontaminating 
-ray linesof the other nu
lei present in this matri
es due to undete
ted protons, neutrons or �-parti
les from rea
tion 
hannels with higher parti
le multipli
ities were eliminated byusing the matrix subtra
tion te
hnique. Finally, some small 
orre
tions were madeto remove 
ontaminating transitions present be
ause of misidentifying �-parti
les



50 Spe
tros
opy of 108;109;110Te nu
leias protons, and arising from target and proje
tile ex
itations. The total proje
tionspe
trum of the 
leaned 
-
 matrix obtained this way is shown in Fig. 4.4, whereall labelled 
-rays belong to 109Te.
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Figure 4.4: Total proje
tion spe
trum of 109Te obtained from the sum of the 1n-,1p1n-, and 2p1n-gated 
-
 matri
es, after subtra
ting the 
ontaminating 
hannels.To 
on�rm the assignment of the 
 rays to 109Te the raW 
-
 matri
es were used.From the measured intensity ratios, the strongest 
-rays in Fig. 4.4 were assignedto the rea
tion 
hannel with the emission of two protons and one neutron, leadingto the nu
leus 109Te.The 
oin
iden
e analysis was performed mainly on the 
leaned, summed matrix,but all the 
oin
iden
e relations were also 
he
ked in the original, 2p1n-gated 
-
matrix. The energies and intensities of the 
-rays assigned to 109Te are summarizedin Table 4.2. They were dedu
ed from the total proje
tion spe
trum and from 
-gated spe
tra. The relatively large errors of the intensities were due to the estimatedsystemati
 un
ertainty 
aused by the matrix subtra
tion. Typi
al 
-gated spe
trafor 109Te are shown in Fig. 4.5.For the majority of the transitions 
-
 angular 
orrelation ratiosRang (see Se
tion2.6) were extra
ted from the experimental data, using the strong 494 and 98 keV
-rays as gating transitions. The values of Rang shown in Table 4.2.2 were used todetermine the angular momentum transferred by the 
-rays. In the 
ase of weaktransitions the ratios R had too large errors to draw de�nite 
on
lusions. Also, in



4.2 Experimental results 51Table 4.2: Energies, relative intensities, angular 
orrelation ratios Rang, and angularmomentum �I transferred by the 
-ray transitions assigned to 109Te. Suggestedspins and parities of the initial and �nal states of the transitions are given in thelast 
olumn. E
 I
 Rang �I I�i ! I�f(keV) (relative) (~)98.1(1) 46(15) 0.99(13) 1 (7=2+1 ) ! (5=2+1 )224.6(5) 5(2) (9=2+2 ) ! (7=2+2 )265.2(5) 5(2) (5=2+2 ) ! (5=2+1 )316.2(2) 11(2) 1.65(67) (11=2�1 ) ! (11=2+1 )326.1(1) 51(5) 0.75(10) 1 (11=2�1 ) ! (9=2+2 )398.7(1) 41(4) 0.80(12) 1 (11=2�1 ) ! (9=2+1 )424.5(5) 6(3) (9=2+1 ) ! (5=2+2 )494.3(1) 100 1.47(22) 2 (15=2�1 ) ! (11=2�1 )537.6(5) 5(2) (7=2+2 ) ! (5=2+1 )591.9(1) 40(4) 0.94(17) 1 (9=2+1 ) ! (7=2+1 )609.0(1) 99(9) 1.57(19) 2 (19=2�1 ) ! (15=2�1 )672.0(4) 13(2) 1.22(51) (37=2�1 ) ! (35=2�2 )674.2(2) 28(5) 1.61(29) 2 (11=2+1 ) ! (7=2+1 )695.2(1) 96(9) 1.57(20) 2 (23=2�1 ) ! (19=2�1 )760.1(3) 15(4) 1.43(40) (2) (15=2+1 ) ! (11=2+1 )763.0(2) 44(6) 1.51(25) 2 (9=2+2 ) ! (5=2+1 )839.3(3) 15(5) 0.84(23) 1 (37=2�1 ) ! (35=2�1 )848.7(2) 17(5) 1.46(39) (2) (35=2�1 ) ! (31=2�1 )853.3(5) 9(2) 1.48(48)877.0(4) 14(4) 1.63(47) (2) (33=2�1 ) ! (29=2�1 )889.5(1) 88(8) 1.47(19) 2 (27=2�1 ) ! (23=2�1 )895.9(1) 20(4) 1.00(39) (1) (29=2�1 ) ! (27=2�1 )933.9(1) 61(6) 1.60(24) 2 (31=2�1 ) ! (27=2�1 )974.2(3) 7(3) 0.95(35) (1)989.0(3) 16(3) 1.21(35)1015.9(2) 28(5) 1.88(41) 2 (35=2�1 ) ! (31=2�1 )1029.5(5) 6(3) 0.98(37) (1)
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Figure 4.5: Typi
al 
-
 
oin
iden
e spe
tra of 109Te obtained from the 
leaned2p1n-gated matrix. Transitions are labelled by their energy, in keV.



4.2 Experimental results 53the analysis it was assumed that �I > 0.The experimental level s
heme of 109Te is shown in Fig. 4.6. The 
-ray lines fromthe four lowest-lying states of the negative-parity band have nearly equal intensities.Their ordering was based on the assumption that they form a quasi-rotational band.The order of the higher-lying transitions was well established on the basis of the
oin
iden
e and intensity relations. For the positive-parity band, the order of the
-rays was determined by the intensity relations. The order of the 326 and 763 keVand the 399 and 592 keV 
 lines, having nearly the same intensities, is also supportedby the presen
e of the weak bran
hes (225, 538 keV and 425, 265 keV 
-rays). Inthese two weak bran
hes the more intense 
-rays in the gates, 
orresponding tohigher-lying transitions, were pla
ed at higher energy. The sum of the intensities ofthe 316, 326 and 399 keV 
-rays equals to the intensity of the 494 keV transition,so it seems that there is very little side feeding into the 1089 keV (11=2�) state.The ground state of 109Te was assigned I� = 5=2+ based on the systemati
sof light N=57 nu
lei [82, 83℄. The spin values assigned to the ex
ited states weremainly obtained from the measured angular 
orrelation ratios. The 98 keV groundstate transition and the 592 keV transition had �I = 1 
hara
ter and thus thesuggested spin values were 7/2 and 9/2, respe
tively, for their initial states. Positiveparity was proposed on the basis of expe
tations from the above mentioned system-ati
s. Similarly, the 763 keV ground state transition is most likely a stret
hed E2,whi
h suggested spin 9/2 and positive parity for its initial state. Both the 326 andthe 399 keV transitions had angular 
orrelation ratios Rang�0:8, 
onsistent withstret
hed dipoles, indi
ating that the 1089 keV state had spin 11/2. We have tenta-tively assigned negative parity to this state on the basis of the systemati
s of heavierTe nu
lei.The spin values of the negative parity band were well established up to spin35/2, sin
e its states were 
onne
ted by stret
hed E2 transitions. The large errorin the angular 
orrelation ratios of the weaker transitions did not allow for pre-
ise spin assignments for the higher lying states. The spin values in the side-bandabove 4673 keV 
ame from the dipole nature of the inter-band and the quadrupole
hara
ter of the intra-band transitions.The two lowest-lying transitions of the positive parity side band had stret
hedquadrupole 
hara
ter, suggesting 11/2 and 15/2 spin to their initial states. The 11/2spin assignment to the 772 keV level was in agreement also with the angular 
orre-lation ratios for the 316 keV and 674 keV transitions. The spin assignment of thestates at 538 and 265 keV were proposed on the basis of theoreti
al 
onsiderations.
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Figure 4.6: Proposed level s
heme of 109Te as obtained from the 54Fe(58Ni,2pn
)109Terea
tion. All the spin values are tentative, and are given relative to the assumedground state I� = 5=2+. The un�lled part of the 98 keV arrow reperesent theintensity of the 
onversion ele
trons, assuming pure M1 multipolarity.
The weakly populated positive-parity band was found to be yrast up to spin15/2. The reason why it was not highly ex
ited in the studied rea
tion might bebe
ause most of the feeding was gathered above spin 23/2 by the negative-parityband, and there was no mixing between the two bands due to their di�erent parities.



4.2 Experimental results 554.2.3 The 110Te nu
leusThe 110Te nu
lei were produ
ed by the evaporation of two protons from the 
om-pound nu
leus 112Xe. Due to imperfe
t proton dete
tion, 
-rays from 110Te wereexpe
ted to appear in the 0p-, 1p- and 2p-gated 
-
 matri
es, although not in thematri
es gated with any number of �-parti
les or neutrons. The one- and two-protongated matri
es 
ontain about the same amount of 110Te events, whi
h was 
onsistentwith an eÆ
ien
y of about 65% for dete
ting protons in the Sili
on dete
tors. Theobserved relative yield of 110Te was only 0.8% of the total yield in the rea
tion. Thestrongest 
-rays in the 0p-, 1p- and 2p-gated matri
es arise from nu
lei produ
ed inrea
tion 
hannels of higher proton multipli
ity. To sele
t only 
-rays belonging to110Te the matrix subtra
tion pro
edure was applied (see 2.6). The strongest 
-rayswhi
h remained in this matrix originated from nu
lei 
reated by the evaporation of�-parti
les in addition to protons. The � 
hannels were subtra
ted in a similar way.Contamination from neutron evaporation 
hannels were also subtra
ted. Althoughnot all 
ontaminating 
-rays 
ould be removed, the spe
trum be
ame signi�
antly
leaner as it is shown in the proje
tion spe
trum of Fig. 4.7.

Figure 4.7: Proje
tion spe
trum of 110Te obtained from the sum of the 1p- and2p-gated 
-
 matri
es, after subtra
ting the 
ontaminating 
hannels.The strongest peaks in the subtra
ted spe
trum were the 658 and 745 keV lines.In the original spe
trum they were only about 3% of the strongest peaks, while inthe 
leaned spe
trum the intensity of the strongest 
ontamination was of that order.Previously a 656 keV line was assigned as the 2+ ! 0+ transition in 110Te [73℄.



56 Spe
tros
opy of 108;109;110Te nu
leiThe intensity ratio of the 658 keV 
 ray in the 0p- and 1p-gated spe
tra, shownin Fig. 4.8, and the same intensity ratio of the 745 and 824 keV 
-rays, are found tobe 
onsistent with similar ratios for other known 
hannels where two protons wereemitted, e.g. the 1�2p 
hannel, leading to 106Sn. Sin
e these transitions are not in
oin
iden
e with neutrons or �-parti
les, they are unambigously assigned to 110Te.

Figure 4.8: Experimental intensity ratios for di�erent proton multipli
ities. Compar-isons with results obtained for known 
-rays (�lled symbols) 
on�rm the assignmentof the 658 keV transition to 110Te (open symbol).Typi
al 
-
 
oin
iden
e spe
tra obtained from the sum of the 1p- and 2p-gatedmatri
es are shown in Fig. 4.9. The proposed level s
heme of 110Te is shown inFig. 4.10. It was 
onstru
ted on the basis of the 
oin
iden
e relations, and on
on
lusions drawn from energy and intensity balan
es. The energies and intensitiesof the 
-rays are given in Table 4.3.The 658, 745 and 824 keV 
 rays were found to be in 
oin
iden
e with ea
h other,and were suggested to be the lowest-lying transitions of the ground-state band in110Te. Their ordering was established by the small intensity di�eren
es, as well as bythe 
oin
iden
e relations of the weak side-feeding transitions. The ordering of the813 and 767 keV transitions in band 2 
ould not be �rmly established, and it may
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Figure 4.9: Typi
al 
-
 
oin
iden
e spe
trum obtained from the sum of the 1p- and2p- gated matri
es.be reversed. The main 
as
ade of 
-rays (band 2) pro
eeded down to the 3737 keVstate, where the 
-ray intensity was distributed into three bran
hes. Three low-lyingside-band stru
tures were observed. In band 5 the 648 keV 
 ray was found to be adoublet. Also a 555 and a 714 keV transition were present in the 648 keV 
 gate,but they were too weak to be pla
ed unambigously in the level s
heme. The 994keV transition was pla
ed on top of the 6+ state at 2227 keV. It was in 
oin
iden
ewith the lines above the 8+ state at 3289 keV, but its 
oin
iden
e relation withthe higher-lying 1062 keV 
-ray line 
ould not be �rmly established, be
ause thegated 
oin
iden
e spe
tra were strongly 
ontaminated. Several weak 
-ray lines,with energies of 260, 574, 688, 762 and 1035 keV were observed to feed into thelower part of the level s
heme, but it was not possible to pla
e them unambigously.The spin values assigned to the levels were determined from the 
-
 angular
orrelation ratios They were determined for the majority of the transitions and areshown in Table 4.3. The 0+, 2+, 4+, 6+ and 8+ values of the ground state band(band 3) were well established. The 448 keV line is 
learly a stret
hed dipole, asis the 389 keV line. This suggested that the 3737 keV state has spin 9, on top ofwhi
h an E2 
as
ade is observed. We have tentatively proposed that the spin 9state has negative parity, based on the systemati
s of heavier even-A Te isotopes



58 Spe
tros
opy of 108;109;110Te nu
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Figure 4.10: Experimental level s
heme of 110Te dedu
ed from this work. The widthof the arrows are proprotional to the relative intensity of the transition.(see e.g. Fig. 4.11). The ratios Rang had in many 
ases large errors making the spinassignments of the side-band stru
tures diÆ
ult. No spin assignments were madeto the states in band 1. Also the spin assignments of band 5 are tentative. Its 1927



4.2 Experimental results 59Table 4.3: Energies, relative intensities, 
-
 angular 
orrelation ratios, and spinassignments of 
-rays assigned to 110Te.E
 a (keV) I
 Rang = I
(�=143Æ)I
(�=79Æ;101Æ) I�i ! I�f293.4 12(2) (6+)!6+389.4 21(2) 0.96(20) 9�!(8+)447.6 46(2) 0.78(10) 9(�)!8+513.1 8(2) 9�!(7,8,9)524.5 11(2) (5)!4+553.4 9(2) 4176!3622593.4 7(3) (19�)!(17�)618.2 65(4) 1.51(17) 11(�)!9(�)648.2 16(2) (7,8,9)!(6,7)648.4 16(2) (6,7)!(5)657.7 100 1.50(21) 2+!0+672.1 24(4) 2899!6+723.3 15(2) 3622!2899728.1 69(4) 1.70(21) 13(�)!11(�)744.7 91(5) 1.54(12) 4+!2+767.3 14(3) (19�)!17(�)786.3 58(4) 1.57(22) 15(�)!13(�)813.1 16(3) 17(�)!15(�)824.4 65(4) 1.35(22) 6+!4+826.7 20(3) (8+)!(6+)971.2 11(3) (21�)!(19�)987.1 13(2) (17�)!15(�)993.8 28(3) 1.12(24) (7,8)!6+1062.2 44(2) 1.31(23) 8+!6+1117.9 13(2) 1.24(56) (6+)!4+a The errors range from about 0.1 keV for the strongest linesto about 0.5 keV for the weaker ones.



60 Spe
tros
opy of 108;109;110Te nu
leikeV state 
an have spin 4, 5 or 6. Spin 4 is less likely, sin
e then one would expe
tan E2 transition to the 658 keV 2+ state. Spin 6 is also unlikely, sin
e then the1927 keV state would be yrast, and it would be strongly populated. We thereforeproposed spin 5 for this state. However, the assignments of the 2520 and 3347 keVstates in band 4 are fairly well founded. The Rang value for the 994 keV transitionis 1.12(24), but sin
e it is a 
omplex line it was diÆ
ult to draw any 
on
lusions
on
erning its multipolarity. We tentatively proposed spin 7 or 8 for the 3221 keVstate.In a re
ent experiment of Paul et al [79℄ performed in parallel to our work, thebetter quality of the data allowed to further extend the level s
heme of 110Te. Theresults of that work 
on�rmed most of the results presented in this thesis, although afew dis
repan
ies 
ould be found, spe
ially at highest spins, regarding the pla
ementof 
ertain levels and transitions. A new negative-parity even-spin band extendingpossibly up to I� = 20� was also observed in that work.4.3 Dis
ussion4.3.1 The 108Te and 110Te nu
leiThe 108Te nu
leus have one proton pair and three neutron pairs outside the 100Sn
ore, whereas 110Te has one more valen
e neutron pair in addition to 108Te. Hen
e,the low-lying states of these nu
lei are expe
ted to show vibrational behavior. Ourdis
ussion of the low-energy levels in the neutron de�
ient 108Te and 110Te will bebased on the systemati
s of heavier Te nu
lei. Fig. 4.11 shows the lowest-lyingpositive parity states and the �rst 9� ex
ited state in the even-even Te isotopes asa fun
tion of neutron number from N = 56 to N = 82. In the pi
ture the latestspe
tros
opi
 data for 108Te [76, 77℄ and 110Te [79℄ are also shown.To aid in the analysis the neutron single-parti
le levels of 110Te were 
al
ulatedusing a deformed Woods-Saxon potential, and are shown in Fig. 4.12 as a fun
tionof the quadrupole deformation �2. For qualitative arguments the diagrams 
an beused also for protons, keeping in mind that with 82 neutrons the �g7=2 orbital lieslowest in the shell, whereas with 50 neutrons the �d5=2 orbital lies lowest.At the magi
 number N=82 the 2+, 4+ and 6+ sequen
e of states has the typi
al
hara
teristi
s of the �(g7=2)2 multiplet. With de
reasing neutron number the 2+and 4+ states are lowered in energy, with a minimum around N=68, and in themiddle of the shell the spe
trum resembles that of a spheri
al quadrupole vibrator.
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Figure 4.11: Systemati
s of yrast states in the even-even Te isotopes as a fun
tionof the neutron number.This vibrational 
hara
ter appears to persist when going to the lighter Te isotopes,at least up to the 6+ state, but we expe
t single-parti
le 
on�gurations to startmixing in the wave fun
tions of higher-lying states.Within this pi
ture, the 2+ and 4+ states of 108;110Te are interpreted as mainly 1-and 2-phonon ex
itations, respe
tively, built on the [�d25=2℄2+;4+ 
on�guration. The(6+) state has probably both proton [�g29=2℄6+ and neutron [�d5=2g7=2℄6+ 
ontribu-tion. The energy gap between the (6+) three-phonon state and the (8+) state is inagreement with the systemati
s, but the (8+) state lies higher than expe
ted for thefour-phonon 8+ state. If we follow the 2+ { 8+ sequen
e, it �rst in
reases in energywith de
reasing neutron number due to the de
rease in 
olle
tivity, and �nally thesequen
e shows a very striking feature in the pronoun
ed lowering of these statesfor N<60.(Fig 4.11). The 
hange is most dramati
 for the 8+ state.At magi
 number N=50 we expe
t a �(d5=2)2 0+, 2+, 4+ multiplet, similar to the�(g7=2)2 multiplet at N=82. At N=52 the neutrons and protons o

upy the samekind of orbitals, forming isospin multiplets, with the well-known lowering of theT=0 singlet state, whi
h may 
ause dramati
 
hanges in the low-spin states. Thus,the lowering of the 2+ { 8+ sequen
e might be an e�e
t 
aused by this proton-
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Figure 4.12: Neutron single-parti
le levels for 110Te. The levels are labeled by theirNilsson quantum numbers [Nnz�℄
�.neutron intera
tion. The 10+ state is expe
ted to have a strong 
omponent ofthe �(h11=2)2 
on�guration. The energy of the 10+ state de
reases with in
reasingneutron number, whi
h in the spheri
al approximation simply may be understoodas the neutron Fermi surfa
e moving 
loser to the �h11=2 orbital (Fig. 4.12).To further investigate the stru
ture of the high-spin states in 110Te, the TotalRouthian Surfa
e (TRS) of the lowest lying positive-parity 
on�guration is shownin Fig. 4.13 at a rotational frequen
y of ~! � 0.31 MeV. In the 
al
ulations the de-formed Woods-Saxon potential in
luding the monopole pairing intera
tion was used,as des
ribed in Ref. [75℄. Two minima are observed, one along the prolate 
olle
tiveaxis and the other along the prolate non-
olle
tive axis. The 
al
ulated ground statedeformation has �2 � 0:15 and 
 � 1Æ. With su
h a relatively large deformation theneutron Fermi surfa
e lies 
lose to the low-
 h11=2 orbitals (see Fig. 4.12), and onewould expe
t to see a low-lying 9� state, involving the �h11=2 orbital, predominantly
oupled to a g7=2 neutron, but also a low-lying aligned �(h11=2)2 10+ state. Onlya 9(�) state at 3737 keV was observed in our experiment, whi
h is 
onsistent withthe systemati
s of the 9� states in heavier Te isotopes. The 10+ state has not beenobserved either in Ref. [79℄. Interestingly, however, the observation of the 9� and a10+ states in 108Te has been reported very re
ently by Lane et al [77℄. This may berelated to the fa
t that in 110Te the yrast line 
hanges parity at the 9� level.



4.3 Dis
ussion 63

-0.20

-0.10

0.00

0.10

0.20

0.30

0.00 0.10 0.20 0.30

X=β2cos(γ+30)

Y
=

β 2
si

n(
γ+

30
)

Figure 4.13: Total Routhian Surfa
e 
al
ulation for the lowest lying (�; �)=(+,0),va
uum 
on�guration at ~! = 0.31 MeV; two minima are seen: �2 � 0.15, 
 � 1Æand �2 � 0.15, 
 � 111Æ.If we 
rank the Woods-Saxon potential at �2 = 0:15 the quasi-neutron Routhi-ans of Fig. 4.14 are obtained. The lowest quasi-neutron orbitals are the negative-parity states E and F with signature quantum numbers � = �1=2 and � = +1=2,respe
tively. They 
orrespond to the �[550℄1/2� orbital (see Fig. 4.12). The low-est positive-parity orbitals are B, A, C and D with signature quantum numbers{1/2, +1/2, +1/2 and {1/2, respe
tively. They 
orrespond to the �[411℄3/2+ and�[413℄5/2+ orbitals or rather to a mixture of them. The lowest negative-parity two-quasiparti
le state is thus obtained by the BE 
on�guration. This gives rise to anodd spin-sequen
e 
onsistent with the experimental observation. The unfavouredeven-spin sequen
e from the signature partner AE lies at a higher ex
itation energythan the BE 
on�guration as indi
ated by the 
al
ulated large signature splittingbetween them. It has not been observed in our experiment. However, in the paralellstudy of Ref. [79℄ a negative-parity even-spin sequen
e has indeed been observed upto high spins, whi
h may be interpreted in terms of the AE 
on�guration.The aligned angular momentum ix and the experimental Routhians e0 of the
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Figure 4.14: Quasi-neutron Routhians for �2=0.15, �4=0.0 and 
=0Æ.yrast band has been plotted in Fig. 4.15 as a fun
tion of the rotational frequen
y~! using the pres
ription of Bengtsson and Frauendorf [78℄.The 9(�) band has an initial alignment of about 7.5 ~, whi
h in
reases to about14.5 ~ at I� = (21�), gaining 7 units of aligned angular momentum. The theoreti
alalignments of the bands 
an be estimated from the slope of the quasiparti
le orbitals(Fig. 4.14). For the BE 
on�guration ix � 7:5 ~ and the four-quasiparti
le neutron
on�guration BEFG is estimated to have ix � 15 ~, whi
h are very 
lose to theexperimentally measured alignments. On the other hand, the blo
ked FG 
rossingis 
al
ulated at ~!
 � 0.60 MeV, whi
h is mu
h higher than the experimentallyobserved frequen
y of ~!
 � 0.39 MeV (Fig. 4.15). However, the 
rossing frequen
ydepends on the deformation. An in
reased deformation moves the neutron Fermisurfa
e 
loser to the low-
 �h11=2 orbitals, whi
h de
reases ~!
. Nevertheless, thisdeformation e�e
t is 
al
ulated to be rather small, and 
annot a

ount for the largedis
repan
y between the 
al
ulated and experimental frequen
ies. Furthermore,it 
annot be the ab proton 
rossing, sin
e it is 
al
ulated both at a mu
h higherfrequen
y and with a mu
h smaller alignment gain. One possibility is that the 9(�)state is the �(h11=2g7=2) 
on�guration in whi
h 
ase the observed band 
rossing 
ouldbe the unblo
ked EF neutron 
rossing, whi
h is 
al
ulated to ~!
 � 0.40 MeV. Thisis, however, unlikely sin
e the �(h11=2g7=2)9� state is expe
ted at a higher ex
itation
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Figure 4.15: Experimental spin alignments ix and experimental Routhians e0 for thebands 2 and 3 of 110Te plotted as a fun
tion of ~! (
ir
les=band 3; squares=band 2).The Harris parameters used for the referen
e 
on�guration are J0=7~2MeV�1 andJ1=20~4MeV�3, and the value of the quantum number K used in the 
al
ulationsare 0 for band 3 and 3 for band 2.energy than the 
orresponding neutron 
on�guration. The explanation must besought elsewhere.It was some time ago predi
ted that o
tupole degrees of freedom are importantin the understanding of the stru
ture of the light Te isotopes with N�60 [3℄.We havethe situation that strong o
tupole 
orrelations are expe
ted for neutrons a
ross thed5=2-h11=2 gap (�l = �j = 3). However, with the onset of quadrupole deformationand in
reasing spin the h11=2 proton orbital is appro
hing the Fermi surfa
e, and onethus obtains a 
ombined proton and neutron 
ontribution to the o
tupole phonon.One might therefore speak in terms of deformation- and rotation-indu
ed o
tupolee�e
ts, whi
h might even lead to the onset of stable o
tupole deformation at highspin. Unfortunately, the 110Te 
hannel was too weak in our experiment to exploit this
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tros
opy of 108;109;110Te nu
leiinteresting possibility in more detail. However, the 9(�) state might 
orrespond toan admixture of a two-quasiparti
le 
on�guration with the o
tupole phonon 
oupledto the 6+ quadrupole vibrational state, bringing the 9(�) state down in energy. Thefa
t that the 9(�) state de
reases rather smoothly with neutron number, in 
ontrastto the 10+ state (see Fig. 4.11), also suggests that other than pure two-quasiparti
le
on�gurations may be involved. We therefore propose that band 2 is predominantlythe BE 
on�guration, with a possible admixture of an o
tupole phonon 
oupled tothe 6+ quadrupole vibrational state, and that the observed 
rossing is due to thealignment of the F and G neutrons, despite the in
onsisten
y of the 
rossing fre-quen
y with the 
ranking model. In support of our arguments, strong E1 transitionswere re
ently observed at high spins in 112Te [67℄, in 110Te [79℄, and in 108Te [77℄
on�rming the importan
e of o
tupole 
orrelations in light Te isotopes.The 9(�) state de
ays strongly to the (8+) state of band 4 via the 448 keV tran-sition. Its B(E1) value is about 30% larger than the B(E1) value for the transitionto the 8+ state of band 3. It indi
ates that band 4 may have strong 
omponentsof the �g7=2 or �h11=2 orbitals in its wave fun
tion, and its 6+ and 8+ state may bee.g. members of the non-aligned �(h11=2)2 multiplet. This resembles the situationin 108Cd and 110Cd, where the aligned �(h11=2)2 10+ state strongly de
ays into an8+ state, suggested to be a member of the non-aligned �(h11=2)2 multiplet [80, 81℄.As for band 1, band 5 and the state at 3221 keV there are several possibilities.The TRS 
al
ulation of Fig. 4.13 predi
ts a se
ond minimum along the prolatenon-
olle
tive axis, whi
h originates from the K=8+ �(g9=2)�2 
on�guration. Other
on�gurations expe
ted to give rise to low-lying low-spin states in 110Te are theneutron and proton (d5=2)2, (g7=2)2 and (g7=2; d5=2) 
on�gurations, and two brokenpair 
on�gurations, su
h as the deformed proton four-parti
le two-hole intruder
on�guration.4.3.2 The 109Te nu
leusThe 109Te nu
leus has one odd neutron in addition to the 108Te 
ore. On the basisof the systemati
s of light N=57 Cd and Sn nu
lei [82, 83℄ low lying d5=2, g7=2 andh11=2 quasi-neutron states and vibrational bands built on these states are expe
tedto dominate the low-energy part of the spe
trum. To make these expe
tations morequantitative we 
al
ulated the stru
ture of 109Te in the vibrational limit of theintera
ting boson-fermion model (IBFM).The Hamiltonian of the intera
ting boson-fermion model was that of Eq. 3.6. Theboson 
ore was treated in the SU(5) limit of the IBM, adequate for vibrational nu
lei.



4.3 Dis
ussion 67The maximum number of bosons was 4, 
orresponding to the four valen
e nu
leonpairs of the 108Te 
ore. The d-boson (phonon) energy Ed and the hexade
apoleboson-boson intera
tion strength C4, des
ribing to what extent the 4+1 state is pushedup relative to the energy 2Ed, were determined by adjusting them to the spe
trum of108Te, resulting in Ed = 0:62 MeV and C4 = 0:15 MeV. The parameter � des
ribingthe stati
 part of the quadrupole moment of the d-boson was dedu
ed from theB(E2;2+1 ! 0+1 ) and Q2+1 values of the 122;124Te nu
lei to be � = �1:0.The shell model spa
e 
onsisted of the s1=2, d3=2, d5=2, g7=2, and h11=2 subshells.The o

upation probabilities were estimated in the BCS model using the Kisslinger-Sorensen parametrization [84℄. The following values were adopted: V2(s1=2)=0.17,V2(d3=2)=0.05, V2(d5=2)=0.59, V2(g7=2)=0.28, and V2(h11=2)=0.06. The relevantquasiparti
le energies relative to the d5=2 state were 0.11 MeV for the g7=2 and 1.4MeV for the h11=2 orbital, obtained from the BCS 
al
ulations.The boson-fermion 
oupling strengths were �tted to the energies of the positiveparity states of 109Te. The monopole intera
tion strength was 35 keV, whi
h is atypi
al value in this mass region. The quadrupole-quadrupole intera
tion strengthwas 380 keV, 
orresponding to a weak parti
le-vibration 
oupling. The strength ofthe ex
hange intera
tion, whi
h takes into a

ount the mi
ros
opi
 stru
ture of thephonon and in this way simulates the Pauli prin
iple, was 800 keV.The 
al
ulated and measured level energies are 
ompared in Fig. 4.16, wherealso the main 
on�gurations of the 
al
ulated states are given. There is a good
orresponden
e between the 
al
ulated and experimental energies. A

ording to the
al
ulations the ground state is the d5=2 quasi-neutron state, and the �rst ex
itedstate is the g7=2 neutron ex
itation. Its low energy is in agreement with the BCS
al
ulations and also with the systemati
s in the sense that, in the N=59 nu
lei, the7=2+ state be
omes the ground state. The two 9=2+ states are the 9/2 members ofthe d5=2
2+1 and g7=2
2+ one-phonon multiplets, while higher spin positive paritystates have mainly g7=2
2+, 4+, 6+ 
on�gurations. The negative parity states arisefrom the 
oupling of the h11=2 neutron states to the yrast states of the 108Te nu
leus.It is interesting to 
ompare the vibrational bands built on the 7/2+ and 11/2�states. The energy of the �I = 2 
-rays, taking away one phonon energy from thesystem, was 
onsistently lower by about 160 keV in the negative parity band thanin the positive parity one. As both sets of states were interpreted as a quasiparti
le
oupled to the yrast states of 108Te, a possible explanation may be that the high-jintruder h11=2 neutron in
reased the moment of inertia (the average deformation)of the soft Te 
ore by polarization. On the other hand, the IBFM des
ribes well
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Figure 4.16: Comparison of the experimental levels with the theoreti
al 
al
ulationsbased on the intera
ting boson{fermion model. On the right hand side of the �gurethe main 
omponents of the 
al
ulated wave fun
tions are also given.this di�eren
e, but 
annot a

ount for polarization phenomena. A

ording to these
al
ulations, the way of parti
le{vibration 
oupling 
hanged. In this model, as in allrelevant parti
le{vibration 
oupling models, the parti
le is 
oupled to the 
ore via the
onventional quadrupole{quadrupole intera
tion, and via the ex
hange intera
tion,whi
h is applied to des
ribe the so 
alled j � 1 e�e
t [85℄. The e�e
tive strength ofthe quadrupole{quadrupole intera
tion is proportional to (U2 � V 2), while that forthe ex
hange intera
tion is approximately proportional to UV . Thus, in the 
ase



4.3 Dis
ussion 69of the nearly empty �h11=2 quasiparti
le state the quadrupole-quadrupole 
ouplingis dominant, while in the 
ase of the mu
h more �lled �g7=2 quasiparti
le state theex
hange for
e also plays a signi�
ant role. This may explain the above mentionedenergy di�eren
e in the two bands.
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Figure 4.17: Comparison of experimental and 
al
ulated spin Ix for the observednegative-parity band in 109Te.The highest spin expe
ted in IBFM is 27/2, as the 
ore has eight valen
e parti
les,enough for four phonons. However, the negative parity band is not terminatedat 27/2�. The 
lassi
al way to investigate the nature of the high spin states isbased on the analysis of the spin along the rotational axis, Ix = p(I + 1=2)2 �K2as a fun
tion of the rotational frequen
y ~!(� E
=2). Su
h a plot is shown inFig. 4.17. The experimentally extra
ted spin Ix was 
ompared to 
ranked Strutinsky
al
ulations, based on the deformed Woods-Saxon potential (see Se
tion 3.3).In the 
ranking model the �rst �h11=2 
rossing is blo
ked, due to the o

upation ofthat orbital. The small in
rease in angular momentum at ~! � 0:45 MeV 
oin
idedwith the 
al
ulated alignment of g7=2 neutrons. In addition there was a smoothalignment due to g7=2 protons, with a very large intera
tion (Fig. 4.17). However,
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tros
opy of 108;109;110Te nu
leithe total 
al
ulated angular momentum was smaller by �2~ than the experimentalone. A possible me
hanism for this dis
repan
y might be related to the vibration-rotation 
oupling, whi
h is beyond the s
ope of the 
ranking model. The 
ouplingto e.g. one aligned quadrupole phonon might thus be responsible for the abovedis
repan
y.At even higher frequen
y, ~! � 0:5 MeV, a pronoun
ed angular momentumin
rease was present in the data (Fig. 4.17). In the even-even isotope 112Te, a welldeveloped rotational band has been observed, based upon the proton h11=2 intruderorbital [67℄. In our 
al
ulations, a 
rossing with the �(h11=2)2 band was expe
ted too

ur around ~!�0.6 MeV. At that frequen
y, one also expe
ted the �rst unblo
kedh11=2 neutron 
rossing.Protons, as well as neutrons o

upying the h11=2 orbital strongly polarize thequadrupole deformation to larger values (from �2 = 0:14; 
 = 15Æ to �2 = 0:22; 
 =10Æ). The alignment gain at ~! = 0:5 MeV might thus be interpreted as a 
rossingwith the more deformed �(h11=2)2�(h11=2)3 
on�guration. A 
omparison of that
rossing with the one in the intruder band of the even-even Te-isotopes yields thatit takes pla
e later in the 
al
ulations than in the experiment. Sin
e, however, thepresent data were not followed to higher spin values, one has to be 
areful with ade�nite assignment, and the dis
ussion of the possible alignment at ~! = 0:5 MeVis therefore somewhat spe
ulative.



Chapter 5
Stru
ture of 98Pd and 100Pd nu
lei
5.1 Previous studiesPrior to our work, low-spin states of 98Pd had been investigated via EC-�+ de
ay of98Ag [86℄, and in a two-proton transfer experiment with the rea
tion 96Ru(16O,14C)[87℄. Later on, high-spin states of 98Pd were studied by Piel and S
har�-Goldhaber[88℄ using the 70Ge(32S,2p2n
)98Pd rea
tion. In that study positive-parity yraststates of 98Pd were observed up to spin 14~. A 
-ray transition of 720 keV tentativelyextended the level s
heme to angular momentum of 16~. In the experiment, 
-rayex
itation fun
tions, the angular distribution of 
-rays, and 
-
 
oin
iden
es weremeasured. The obtained results were 
ompared to shell model 
al
ulations [89℄, andto predi
tions from the variable model of inertia (VMI) model.In the 
ase of 100Pd, a level s
heme with a ground-state positive-parity band ex-tending to I�=14+ and two negative-parity bands was published in Ref. [90℄. Ex
ita-tion fun
tions, and 
-ray angular distribution and linear polarisation measurementswere performed using the 91Zr(12C,3n
)100Pd rea
tion. The observed states wereinterpreted in the framework of the intera
ting boson model (IBM), and also the ex-perimentally observed ba
kbends for the neighbouring odd- and even-A Pd isotopeswere 
ompared to 
al
ulations from a 'rotor plus two quasiparti
le' model. Duringthe 
ourse of our work, new results somewhat 
ontradi
tory to the previous oneshave been published by Tandel et al as a short note [91℄. The 66Zn(37Cl,p2n)100Pdrea
tion was used in 
ombination with an array of eight Compton-supressed Gedete
tors. On the basis of 
-
 
oin
iden
e data the level ordering in the negative-parity band was rearranged and a modi�
ation of the 
orresponding spin values wasproposed. These data were similar to the preliminary results from our Nordballexperiment, whi
h were presented in Ref. [92℄.



72 Stru
ture of 98Pd and 100Pd nu
leiThe heavier 102;104;106Pd isotopes have been extensively studied in the past using(HI,xn
) rea
tions (see, e.g. Ref. [90, 93℄. Quasi-rotational behaviour has beenobserved at high spin in these nu
lei in the form of 
olle
tive bands of positive-parity as well as negative-parity (even- and odd-spin) states. These states wereinterpreted as rotations of the 
ore built on two-quasiparti
le ex
itations involvingthe �d5=2, �g7=2 and �h11=2 
on�gurations. Very re
ent studies [24℄ have identi�edterminating bands in 102Pd, predi
ted in the 
ranking formalism [4℄.5.2 Experimental resultsIn this se
tion new experimental results obtained in our work for 98;100Pd nu
lei arepresented. In the 
ase of 100Pd, the results are based from both the Nordball(Se
tion 2.3.1) and the Eurogam II (Se
tion 2.3.2) experiments.5.2.1 The level s
heme of 98PdThe 98Pd nu
lei were produ
ed in our experiment after the evaporation of two pro-tons and two �-parti
les from the 
ompound nu
leus 108Te, representing �1.9% ofthe total rea
tion yield. Thus, for the 
-ray 
oin
iden
e analysis the 2p2�-gatedE
-E
 matrix was used. This matrix appeared to be relatively 
lean, and 
ontainedonly small 
ontaminations mainly from the 3p2� 
hannel (97Rh). Typi
al 
-raygated spe
tra obtained for 98Pd are shown in Fig. 5.1. Energies and relatives inten-sities of 
-rays, assigned to 98Pd from our experiment, as well as angular 
orrelationratios Rang, serving the basis for spin assignments, are listed in Table 5.1. We re
allthat for stret
hed quadrupole transitions Rang �1.5, whereas for stret
hed dipoletranstions Rang �0.8.In the analysis about 40 new 
-ray transitions were assigned to 98Pd, 
onsiderablyextending its previous level s
heme. The new level s
heme of 98Pd, dedu
ed fromour experiment is shown in Fig. 5.2. Our analysis 
on�rmed the previous resultsof Piel et al [88℄ for the positive-parity even-spin band up to spin 14~. However,in our level s
heme a hitherto unknown 926 keV 
 line was observed feeding the5071 keV 14+ level, instead of the previously thought 721 keV 
-ray, whi
h had tobe moved on top of the 926 keV one. In addition, the �721 keV 
-ray transitionwas found to be self-
oin
ident in our data set. The Rang ratio for the 721 and 926keV suggested these transitions were of dipole 
hara
ter, supporting the assignmentof I�=15+ and 16+ to the 6627 and 7349 keV levels, respe
tively. On top the 721keV line we pla
ed a 1160 keV 
-ray, possibly extending the sequen
e up to (18+).



5.2 Experimental results 73Paralell to the 1160 keV various bran
hes were observed going to as high as 10.8MeV in ex
itaion energy, but no �rm multipolarity assignments 
ould be inferred forthese 
-ray transitions from our data. Our analysis 
orroborated also the pla
ementof the 1079 keV 
-ray depopulating the 5� level at 2620 keV. For the �rst time wehave observed a 
as
ade of stret
hed quadrupole transitions (the 759, 767 and 495keV lines) feeding this level.The angular momentum taken away by the 
-rays wasdedu
ed from their angular 
orrelation ratios Rang (see Table 5.1).The 11� state at 4642 keV was in turn strongly fed via a 
as
ade of three 
-raytransitions of 1342, 337 and 838 keV. Both the 337 keV and the 838 keV 
 lines wereassumed to be stret
hed dipoles. The 
hara
ter of the 1342 keV transition, based on

Figure 5.1: Gamma-ray gated spe
tra 
orresponding to 98Pd obtained from the2p2�-gated 
-
 matrix.
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Figure 5.2: Proposed level s
heme of 98Pd. Tentative spin and parity assignmentsare shown in parentheses.the measured angular 
orrelation ratio, might be either of a stret
hed quadrupole ora non-stret
hed dipole transition. Sin
e the 4642 keV level was rea
hed from thatat 5984 keV also by a pair of 
as
ades of two 
-rays ea
h, it is suggested that thespin di�eren
e between the two levels is 2~. The 1342 keV transition was thereforesuggested to be a stret
hed E2, and the level at 5984 keV was assigned spin 13~.



5.2 Experimental results 75The 11� state was depopulated not only throughthe above mentioned E2 
as
adeto the 2620 keV level, but also via an alternative bran
h 
onsisting of the 454 keV,the earlier observed 434 keV and the 979 keV 
-rays. The pla
ement of the 434keV transition is di�erent in our proposed level s
heme from that of Ref. [88℄ sin
eit was observed in the 8+!6+ 661 keV gate. The 
hara
ter of the 434 keV and454 keV transitions are those of a stret
hed dipole transition bringing the the totalangular momentum down to 9~. This means that the 979 keV transition should bea dipole. Its intensity ratio was, however, 
loser to that of a stret
hed quadrupole.The observed intensity ratio 
ould be understood if the 979 keV transition were amixed M1/E2 transition going from 9+ to 8+.The pla
ement of the rest of the 
-rays shown in Fig. 5.2 was well establishedby the 
oin
iden
e relations, and the suggested spin assignments were supported bythe measured angular 
orrelation ratios listed in Table 5.1.Table 5.1: Energies, intensities, angular 
orrelation ratios and spin assignments of
-rays assigned to 98Pd.E
(keV) I
 Rang I�i I�f82.2 25 (2) 0.79 (0.11) 12+ (11+)123.0 25 (1) 0.75 (0.07) (16+) (15+)165.9 26 (1) 0.60 (0.05)236.4 20 (1) 0.56 (0.07)247.8 29 (1) 0.76 (0.07)310.7 168 (2) 0.79 (0.02) (12+) (11+)336.9 177 (2) 0.79 (0.02)343.8 64 (1) 1.33 (0.05) (10+) (10+)376.4 26 (1) 0.38 (0.06)394.5 39 (2) 0.69 (0.06) (14+) (13+)434.1 45 (2) 0.89 (0.07) (10+) (9+)454.4 61 (2) 0.78 (0.06) (11�) (10+)478.2 43 (2) 0.65 (0.07)495.6 84 (2) 1.49 (0.08) (11�) (9�)518.9 47 (2) 0.88 (0.09)521.9 81 (2) 0.68 (0.04)544.8 53 (2) 0.56 (0.06)571.2 814 (7) 1.38 (0.02)652.4 18 (2) 0.81 (0.15) (11�) (10+)



76 Stru
ture of 98Pd and 100Pd nu
leiTable 5.1: 
ontinuedE
(keV) I
 Rang I�i I�f660.8 794 (7) 1.41 (0.02)678.6 902 (8) 1.45 (0.02)720.51 269 (4) 0.86 (0.02) (11+) 10+(16+) (15+)748.0 16 (2) 1.08 (0.27)758.5 90 (3) 1.49 (0.09) (7�) (5�)767.0 87 (5) 1.50 (0.18) (9�) (7�)768.7 43 (6) 0.85 (0.24) (15+) (14+)802.5 396 (5) 1.37 (0.03)838.5 70 (3) 0.73 (0.06)862.91 1000 (0) 1.38 (0.02) 2+ 0+872.1 701 (6) 1.46 (0.02)891.4 72 (3) 1.27 (0.09) (16+) (14+)912.7 50 (2) 0.78 (0.08)925.9 138 (3) 0.89 (0.04) (15+) 14+944.1 61 (3) 0.86 (0.09) (15+) (14+)979.22 50 (3) 1.62 (0.16) (9+) 8+992.4 51 (3) 0.84 (0.09)995.2 49 (3) 0.73 (0.08) (11�) 10+1017.4 95 (3) 1.12 (0.07) (13+) 12+1049.2 106 (3) 1.38 (0.08) (16+) 14+1078.6 86 (3) 0.70 (0.05) (5�) 4+1094.5 37 (3) 0.75 (0.10)1103.1 27 (3) 0.98 (0.20) (15+) 14+1160.3 59 (3) 1.25 (0.11) (18+) (16+)1182.9 126 (3) 1.43 (0.08) (14+) (12+)1253.2 346 (5) 1.39 (0.05)1266.5 59 (3) 1.25 (0.11)1342.1 99 (4) 1.30 (0.09) (13�) (11�)1456.9 26 (2) 0.98 (0.18)1647.5 30 (2) 1.28 (0.17) (16+) 14+1728.5 68 (3) 0.50 (0.05)1 Doublet. 2 See text.



5.2 Experimental results 775.2.2 The level s
heme of 100PdThe Nordball experimentIn this experiment, the 100Pd nu
lei were populated by the evaporation of 4 pro-tons and 1 �-parti
le from the 
ompound nu
leus 108Te. The relative yield of this
hannel was �2.5% with respe
t to the total observed yield. Thanks to the high
harged-parti
le multipli
ity of the events leading to 100Pd, leakages from highermultipli
ity 
harged-parti
le 
hannels represented only a few per
ents of the eventsin the 
orresponding E
-E
 matrix. The main 
ontaminant lines originated from the4p1�1n rea
tion 
hannel (one misdete
ted neutron), leading to 99Pd, and from the3p2�0n 
hannel (one �-parti
le dete
ted as a proton), leading to 97Rh. These 
on-taminants did not disturb the 
-
 
oin
iden
e analysis. Sample 
-ray 
oin
iden
espe
tra gated by the 876, 892 and 1089 keV transitions are shown in the upper partof Fig. 5.3.The multipolarities of 
-rays were determined using the simpli�ed 
-ray angular
orrelation analysis des
ribed in Se
tion 2.6.2. The energies, intensities and angular
orrelation ratios of 
-rays assigned to 100Pd are given in Table 5.2.Table 5.2: Energies, relative intensities and angular 
orrelation ratios for 
-raytransitions assigned to 100Pd from the 50Cr(58Ni,4p1�)100Pd rea
tion. The linearpolarisation values P were determined from the 70Zn(36S,6n)100Pd rea
tion. Theproposed spin and parity for the levels is also listed.E
(keV) I
(rel.) Rang P Ei(keV) I� ! If190.3(1) 16.1(7) 1.44(7) 1.37(99) 3178 8+ !8+209.3(2) 1.3(1) 0.89(19) 3231 7� !6(�)213.7(1) 0.5(1) 4093 9� !(8�)254.1(1) 0.3(1) 5707 14+ !13(+)261.6(2) 1.4(1) 3440 8+ !8+276.6(2) 3.2(2) 1.47(14) 4146 10+ !10+280.4(2) 1.5(2) 1.43(20) 2470 6+ !6+311.4(4) 0.3(1) 4946 11� !10(�)374.6(2) 1.4(1) 0.78(17) 5453 13(+) !(12)+450.7(2) 0.7(1) 0.77(30) 2505 5� !(4�)465.9(1) 6.8(4) 0.68(6) �0.30(34) 5918 14+ !13+479.4(1) 5.8(2) 0.63(15) �0.64(59) 6938 16+ !15+516.3(1) 1.6(2) 3022 6(�) !5�



78 Stru
ture of 98Pd and 100Pd nu
leiTable 5.2: 
ontinuedE
(keV) I
(rel.) Rang P Ei(keV) I� ! If526.5(1) 1.3(1) 5453 13+ !12+540.5(1) 1.3(3) 0.85(27) 6459 15+ !14+542.2(2) 0.6(1) 0.90(33) 4635 (10�) !9�591.2(2) 0.1(1) 5669 13� !(12)+614.3(2) 1.7(2) 0.65(12) 4054 9� !8+615.8(3) 0.4(1) 4761 12+ !10+626.4(2) 1.0(3) 7085 (16+) !15+626.9(3) 0.4(1) 5573 !(11)�633.8(1) 1.3(3) 4781 !10+638.5(2) 0.9(3) 2055 (4�) !4+647.8(1) 0.8(1) 0.78(35) 3879 (8�) !7�665.5(1) 100.0(67) 1.48(8) 0.73(20) 666 2+ !0+681.2(1) 3.3(1) 6135 !13(+)691.2(2) 8.7(5) 0.70(6) �0.69(38) 5453 13+ !12+706.4(2) 2.6(1) 7645 17� !16+717.5(1) 2.3(1) 4863 11� !(10+)726.0(1) 8.7(8) 1.55(16) 3231 7� !5�750.6(1) 85.5(60) 1.44(3) 0.61(19) 1416 4+ !2+752.4(1) 8.7(7) 6459 15+ !14+755.9(1) 0.2(1) 4635 (10�) !(8�)770.7(1) 1.0(1) 1.55(28) 4863 11� !9�773.2(1) 66.1(46) 1.47(3) 0.56(27) 2189 6+ !4+786.0(2) 1.9(1) 6704 15� !14(+)798.6(1) 53.2(36) 1.45(6) 0.61(40) 2988 8+ !6+805.8(1) 35.5(16) 1.41(5) 1.00(42) 5669 13� !11�809.4(1) 33.9(16) 1.51(5) 0.59(31) 4863 11� !9�822.8(2) 5.0(3) 1.64(15) 4054 9� !7�853.7(2) 1.6(2) 1.66(27) 4946 11� !9�857.4(1) 0.2(1) 3879 (8�) !6(�)861.8(2) 4.6(4) 1.44(10) 4093 9� !7�875.9(1) 27.4(13) 0.77(4) 0.96(19) 4054 9� !8+881.1(1) 38.2(26) 1.43(9) 0.60(30) 3869 10+ !8+892.4(1) 25.6(18) 1.44(12) 0.98(35) 4761 12+ !10+



5.2 Experimental results 79Table 5.2: 
ontinuedE
(keV) I
(rel.) Rang P Ei(keV) I� ! If907.9(2) 1.4(2) 0.87(31) 5669 13� !12+940.2(1) 36.8(15) 1.42(7) 1.01(33) 7645 17� !15�945.0(2) 15.2(9) 1.47(11) 0.81(68) 5707 14+ !12+967.0(1) 0.1(1) 1.58(44) 3022 6(�) !(4�)970.0(2) 1.1(1) 1.50(37) 3440 8+ !6+988.9(1) 14.2(6) 1.48(12) 1.10(70) 3178 8+ !6+992.4(1) 3.2(2) 5918 14+ !12+994.3(1) 1.9(2) 4863 11� !10+997.9(1) 0.6(1) 6704 15� !14+1006.5(1) 1.3(1) 6459 15+ !13+1032.0(1) 3.7(3) 7970 !16+1035.3(1) 35.5(15) 1.46(19) 0.81(35) 6704 15� !13�1042.0(1) 1.4(2) 3231 7� !6+1053.8(2) 2.0(3) 2470 6+ !4+1057.0(2) 3.9(3) 1.42(16) 4926 12+ !10+1065.5(2) 1.8(5) 4054 9� !8+1071.2(1) 37.1(21) 1.28(7) 0.79(42) 8716 19� !17�1089.3(1) 10.9(9) 0.77(9) 1.26(102) 2505 5� !4+1156.7(3) 2.0(3) 5918 14+ !12+1167.0(1) 2.6(3) 7085 (16+) !14+1209.1(2) 4.2(2) 1.52(29) 5078 (12+) !10+1231.8(1) 4.8(2) 1.47(36) 1.03(66) 6938 16+ !14+1365.0(1) 2.9(1) 8303 (18+)!16+1378.8(1) 2.8(3) 1.42(37) 7085 (16+) !14+1421.8(3) 3.4(12) 7340 !14(+)The Eurogam II experimentBased on the results from the Nordball experiment, the level s
heme of 100Pd hasbeen studied using the data from a Eurogam II experiment. The main purposewas to further elaborate on the high-spin part of the level stru
ture. For the analysisof high-spin states in 100Pd a 
-
-
 
oin
iden
e 
ube was 
reated by demanding thatat least one of the 
-rays in an event was in 
oin
iden
e with any of the transitionswith 665, 751, 773, 799, 876, 881, 892, 940, 989 and 1035 keV energies, representing
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Figure 5.3: Sele
ted 
-ray gated spe
tra of 100Pd from the 58Ni(50Cr,4p1�) and the70Zn(36S,6n) rea
tions.the strongest pure 100Pd 
-ray transitions. The 3D 
oin
iden
e analysis was 
arriedout with the help of the LEVIT8R program from the RADWARE pa
kage. A 
-ray spe
trum obtained from the 
-
-
 
oin
iden
e 
ube, and gated by the 940 and1071 keV transitions is shown in the lower part of Fig. 5.3.



5.2 Experimental results 81To determine the multipolarities of the 
 transitions their DCO ratios and linearpolarisations were extra
ted from the experimental data (see Se
tion 2.6.2). Theenergies, relative intensities, DCO ratios and linear polarisations P for transitionsabove the 7645 keV level assigned to 100Pd from the 70Zn + 36S rea
tion are listed inTable 5.3. Linear polarisation values for the stronger 
-rays lying at lower energiesare in
luded in Table 5.2.Table 5.3: Energies, relative intensities, DCO ratios and linear polarisation P for
-rays assigned to the de
ay of 100Pd states lying above 9 MeV from the 70Zn+36Srea
tion. The intensity of the 1071.2 keV transition has been taken as referen
e.E
(keV) I
(rel.) RDCO P Ei(keV) I�i ! I�f558.1(1) 7.0(10) 13502 (24+)!(23+)584.7(2) 4.3(10) 13205 25� !(24�)609.9(1) 17.4(9) 0.52(6) 11821 23� ! 22�799.3(4) 5.0(20) 12620 (24�)! 23�1071.2(1) 100.0(55) 1.01(5) 0.79(42) 8716 19� ! 17�1093.0(3) 6.5(17) 161051107.1(1) 26.1(9) 0.66(6) 11211 22� ! 21�1155.6(4) 12.2(21) 98721200.3(2) 15.7(21) 1.02(9) 11650 22+ ! 20+1293.0(1) 8.7(9) 12943 (23+)! 22+1351.0(1) 6.1(9) 128771384.0(1) 13.0(9) 1.06(19) 13205 25� ! 23�1388.0(1) 65.2(40) 0.91(6) 1.24(48) 10104 21� ! 19�1424.0(1) 7.8(9) 115281511.0(1) 14.8(9) 0.53(16) 15012 (25)!(24+)1581.9(3) 10.5(22) 116861716.9(3) 13.0(22) 11821 23� ! 21�1736.5(4) 17.6(19) 0.65(12) 1.19(115) 10451 20+ ! 19�1752.6(5) 8.6(16) 134391852.0(4) 7.8(10) 13502 (24+)! 22+



82 Stru
ture of 98Pd and 100Pd nu
leiLevel s
hemeThe new level s
heme of 100Pd, 
onsiderably extending the previous ones, is proposedin this work, and is shown in Fig. 5.4. The pla
ement of the levels and 
-raytransitions was strongly supported by the multitude of new 
-rays observed. The
onstru
tion of the low-energy part of the level s
heme was 
ompleted mainly onthe the basis of the Nordball data, while for the higher-energy part data fromthe Eurogam II experiment was primarily used. In spite of this, all the transitionspla
ed in the level s
heme were seen in both experiments. The spins of the stateswere dedu
ed from the measured Rang and RDCO ratios. From the polarizationanalysis the sign of the linear polarisation 
ould be determined for 23 transitions,making it possible to determine also the parity for most of the states. The di�eren
esfound between our level s
heme and previous ones, as well as the new results fromthis work are dis
ussed below.The ordering and multipolarities of 
-rays in the ground-state band, given inRefs. [90, 91℄ have been 
on�rmed. This band has been extended up to an ex
itationenergy of 8303 keV by adding a new, 1365 keV transition on top of the known levels.For this weak 
-ray, it was not possible to dedu
e any multipolarity, but as its energy
orresponds to the 
ontinuation of a quasi-rotational sequen
e, we have tentativelyassigned stret
hed E2 
hara
ter to it.Above the yrast 3869 keV 10+ level a non-rotational, less regular level stru
turehas also been observed, as it 
an be seen on the left hand side of Fig. 5.4. I�=10+spin-parity value is proposed for its initial level at 4146 keV. The Rang=1.47(14)ratio obtained for the 277 keV transition, allows both stret
hed quadrupole or non-stret
hed dipole 
hara
ter. An E2 assignment would make the 4146 keV stateyrast, whi
h should be mu
h more strongly ex
ited than it is, thus this option wasreje
ted. We proposed spins 13, 14 and 15 for the previously reported [90, 91℄levels at 5453, 5918 and 6459 keV, respe
tively, sin
e the 466, 479, 541 and 691 keVtransitions are stret
hed dipoles a

ording to their Rang ratios. Positive paritieshave been assigned to these states be
ause of the magneti
 
hara
ters of the 466,479 and 691 keV 
-rays dedu
ed from their linear polarisation values. The 5453 keVlevel de
ays to the yrast 10+ state via two more parallel 
as
ades of 
-rays with375+1209 keV and 526+1057 keV, respe
tively. The Rang values of the 1057 and1209 keV transitions indi
ate stret
hed quadrupole 
hara
ters for them, suggestingI�=12+ for the intermediate levels at 4926 and 5078 keV. The spin assignment to the5453 keV state is also 
on�rmed by the stret
hed dipole 
hara
ter of the 375 keV 
-ray, outdating the earlier [91℄ I=12 spin assignment for this level. The 7085 keV level
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Figure 5.4: Proposed level s
heme of 100Pd. The widths of the arrows are propor-tional to the observed 
-ray intensities. Below the 8716 keV level the intensitieshave been taken from the Nordball experiment, above that they have been takenfrom the Eurogam II experiment, normalized with respe
t to the intensity of the1071 keV transition.



84 Stru
ture of 98Pd and 100Pd nu
leide
ays to the 5707 keV 14+ state via the 1379 keV 
-ray for whi
h Rang=1.42(37)angular 
orrelation ratio was dedu
ed. Be
ause of the large un
ertainty of this valuetentative (16+) spin and parity values have been assigned to the 7085 keV state.The se
ond major band in the level s
heme, expe
ted to have negative parity, islinked to the ground state band at the 2189 keV 6+ and 2988 keV 8+ states mainlyvia the 876+989 and 876+190 keV 
as
ades through an intermediate 3178 keVstate. The Rang=1.44(7), 1.48(12) and 0.77(4) angular distribution ratios obtainedfor the 190 keV, 989 keV, and 876 keV 
 rays are 
onsistent with the �I=0 dipole,stret
hed quadrupole and stret
hed dipole nature of these transitions, respe
tively,in agreement with the previous results. Earlier, on the basis of linear polarisationmeasurements the 989 keV 
 ray was assigned M2 multipolarity [90℄. A

ordingto our linear polarisation data, the P=1.10 value for the 989 keV transition meansthat it has E2 
hara
ter. Similarily we obtained M1 multipolarity for the non-stret
hed 190 keV transition (P=1.37) and E1 for the 876 keV 
-ray (P=0.96).The multipolarities determined this way unambiguously indi
ate that the 3178 keVspin 8 state has positive parity, and the 4054 keV bandhead has 9� spin and parity.Another 
onne
tion between the two bands 
ould be established via the 2470 and3440 keV states. The 614+970+1054 keV 
as
ade 
onne
ts the 9� band head to the1416 keV 4+ state. The spin di�eren
e of 5 units 
an be over
ome by 
ombiningtwo stret
hed quadrupoles with a �I=1 transition. Sin
e the Rang=0.65(12) ratiofor the 614 keV transition ex
ludes the �I=2 possibility, spin 6 was assigned to the2470 keV level and spin 8 for the 3440 keV level.The order of levels in the negative-parity band up to 8716 keV is based onthe observation of several linking transitions between the levels of this and of theground-state band, namely the 706, 998, 908 and 994 keV lines. Be
ause of theknown spins and parities of the initial and �nal states, all the above mentionedlinking transitions are of stret
hed E1 
hara
ter, as well as the 718, 591 and 786 keVtransitions 
onne
ting the negative-parity band with other positive-parity states.Above the 8716 keV level, we observed several bran
hes of shorter or longer 
-ray
as
ades. Multipolarities of the most intense transitions 
ould be determined on thebasis of our DCO and linear polarisation results. E2 multipolarities were dedu
edfor the 1384 and 1388 keV 
-rays, and stret
hed M1 multipolarities for the 610 and1107 keV 
-rays. For the 1717 keV transition E2 multipolarity is assigned, sin
e it
onne
ts states with �I=2 spin di�eren
e. A

ordingly, I�=21�, 22�, 23� and 25�spin-parity values were assigned to the states at 10104, 11211, 11821 and 13205 keV,respe
tively. A pair of transitions with 799 and 585 keV is pla
ed between the 13205



5.2 Experimental results 85keV 25� and the 11821 keV 23� states. Spin (24�) was assigned to the intermediatestate, the energy of whi
h is un
ertain, as the order of these transitions 
ould notbe determined.The other longer bran
h is 
onne
ted to the 8716 keV 19� state via the 1737 keVtransition to whi
h stret
hed E1 multipolarity was assigned from its DCO and linearpolarisation values. Consequently, a positive parity stru
ture is expe
ted to be builton the 10451 keV level having I�=20+ spin and parity. The RDCO=1.02(9) ratioobtained for the 1200 keV 
-ray, suggests a stret
hed quadrupole 
hara
ter for it,resulting in I�=22+ spin and parity for the 11650 keV level. Sin
e the 1852 keVtransition is over
rossing the 1293+558 keV 
 sequen
e, stret
hed E2 multipolarity isassumed for it and stret
hed M1 for the over
rossed transitions, leading to I�=(23+)and (24+) for the 12943 and 13502 keV states, respe
tively. Due to the dipole natureof the 1511 keV transition, (25+) spin and parity was assigned to the 15013 keVstate. The transitions of the two shorter bran
hes feeding the 10104 keV level weretoo weak to determine their DCO ratios, thus no spins 
ould be assigned to the
orresponding new high-energy levels.A well developed low-spin band stru
ture 
onne
ted to the previously known 5�level at 2505 keV was revealed. The stret
hed quadrupole nature of the stronger726, 862, 823 and 771 keV transitions 
on�rm the 5, 7 and 9 spin assignments forthe 2505 3231 and 4093 keV states, respe
tively. The spin 5 value and the negativeparity of the bandhead is 
on�rmed by the positive P value of the stret
hed dipole1089 keV transition. The new 854 keV 
 line on the top of this sequen
e is astret
hed quadrupole transition on the basis of its Rang ratio, therefore I�=11� isproposed for the 4946 keV level. Ea
h state of this short band is 
onne
ted via apair of presumably dipole transitions to the members of the neighbouring weaklyex
ited stru
ture. The dipole nature of the 209 keV transition was determinedfrom its Rang ratio, suggesting 6(�) spin and parity for the 3022 keV state. Thelowest four states of this new stru
ture are 
onne
ted through 
rossover probablyE2 transitions, thus, (4�), (8�) and (10�) spins and parities were assumed for the2055, 3879 and 4635 keV states. These assignments are in agreement with the Rangratios obtained for some of the weak transitions within this stru
ture, but they havetoo high un
ertainty to dedu
e a 
lear 
on
lusion.



86 Stru
ture of 98Pd and 100Pd nu
lei5.3 Dis
ussion5.3.1 The 98Pd nu
leusThe stru
ture of the positive-parity yrast states of 98Pd has been theoreti
ally in-terpreted by Sau et al [89℄ by 
onsidering the 
oupling of four proton holes below100Sn to two neutron parti
les above 100Sn, in a highly-trun
ated shell model spa
e.We shall base our dis
ussion of the newly observed stru
tures in 98Pd (see Fig. 5.2,on the shell-model 
al
ulations of Ref. [89℄, on the systemati
s of heavier even-APd isotopes [88, 90, 93℄, and on qualitative arguments.The low-lying positive-parity yrast states of 98Pd up to 6+ have been satisfa
torydes
ribed in terms of the �d5=2g7=2 and the �g27=2 
on�gurations. At and abovethe 8+ state g�49=2 proton ex
itations are predi
ted to have signi�
ant 
ontribution.If we follow the evolution of the positive-parity ground-state band up to higherspins we may note that at the 8508 keV level with I� = (18+) it has an abruptend via the 1160 keV transition (although this band extends to higher ex
itationenergies via other parallel bran
hes). In 100Pd (see next Se
tion) we observe asimilar behaviour for the ground-state band that also ends at spin 18+. However,the proposed 
on�guration of this highest energy state in 98Pd must be di�erent fromthat of 100Pd, be
ause there are only two valen
e neutrons in this nu
leus. Now,note that 18+ state is the maximally aligned state for the [�(g7=2; d5=2)2�g49=2℄18+ and[�g27=2�g49=2℄18+ 
on�gurations. This qualitative reasoning just indi
ates that we maybe in presen
e of band termination in 98Pd. More pre
ise answer 
ould be givenonly on the basis of shell model 
al
ulations.The observed negativ-parity 
as
ade extending to a maximum spin of 11~ mostlikely 
orresponds to the sequen
e of the proton 4-quasiparti
le states built on the�g�39=2�p�11=2 
on�guration. The same stru
ture has been tentatively observed in 100Pdin this work (see Fig. 5.4) and in heavier even Pd isotopes [93℄. Sin
e the energyof the 5� state, serving as bandhead, shows very small varian
e with de
reasingneutron number, it is reasonable to assume that there is no 
ontribution from neu-tron ex
itations to this state. The model spa
e for negative parity-states, usingthe �g�39=2�p�11=2 
on�guration is exhausted at 11�, therefore a new negative paritystate of the same or of higher spin must either involve the �h11=2 orbital or be a6-quasiparti
le state 
orresponding to the �rst 2+ state (neutron ex
itation) in 102Sn
oupled to the proton 4-quasiparti
le 11� state. The most plausible interpretation,
onsidering the ex
itation energy, seems to be that of a 6-quasiparti
le state involv-ing the �d5=2 
on�guration. The dedu
ed energy gap of about 1300 keV between



5.3 Dis
ussion 87the 4-quasiparti
le and 6-quasiparti
le states is also reasonable, taking into a

ountthat the 2+ state in 102Sn was re
ently measured to lie at an ex
itation energy of1472 keV [94℄.For the sequen
e of positive-parity states formed by the 979, 434 and 454 keV
-ray transitions, we have not found any de�nitive interpretation. The experimentalobservation that the 979 keV transition is probably a mixed M1/E2 transtion woulde.g. be possible if the 
on�guration of the 9+ state were the yrast 8+ state 
oupledto a 2+ ex
itation.5.3.2 The 100Pd nu
leusColle
tivity, alignment and band terminationAt a �rst glan
e, 100Pd is quite similar to its heavier neighbours. Similarly to 102Pd[24℄, at low spin the yrast states form a rotational-like band stru
ture with positiveparity and �=0 signature. This band extends over several transitions up to spin 18,while many other positive-parity states, linked with 
-transitions to ea
h-other andto the yrast band evolve in the spin 10 - 16 region. Also in analogy with the levels
heme of 102Pd three negative-parity bands appear at low and intermediate spins.However, in 
ontrast with the 
ase of 102Pd, only one of them is seen above spin 12.This band, whi
h be
omes yrast above spin 17, is strongly populated up to the 21�state above whi
h the population intensity spreads out on several de
ay-paths. Thefeeding of the two other negative parity bands are 
onsiderably weaker.To gain a better understanding of the stru
ture of 100Pd, we have performed
ranked Woods-Saxon Strutinsky 
al
ulations (see Se
tion 3.3). The energy in therotating frame of referen
e (the total Routhian) was minimized with respe
t to thequadrupole shape parameters 
 and �2 with hexade
apole (�4) variation. Pairing
orrelations were treated by means of the Lipkin-Nogami method and 
ontainedboth monopole and quadrupole 
omponents. More details on the method 
an befound, e.g. in Ref. [96℄. To investigate the possibility of o
tupole 
orrelations,we also minimized the Total Routhian Surfa
e (TRS) with respe
t to �3; �2, withhexade
apole variation, but restri
ting to axial symmetri
 shapes.To enable assignment of TRS 
on�gurations to the experimentally observedbands, the experimental ex
itation energies of the well developed bands relativeto a rigid-rotor referen
e were 
ompared with the relative energies 
al
ulated forthe quasiparti
le va
uum (va
) and for the lowest-energy two-quasiparti
le 
on�g-urations, as shown in Fig. 5.5. There is a good qualitative agreement between the
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ture of 98Pd and 100Pd nu
leiobserved and 
al
ulated 
urves in their relative positions, in their slopes at highspins, and in the pla
e of the 
rossing between bands 1 and 2. These agreements
orroborate the assignment of the TRS 
on�gurations to the observed bands. Toguide the eyes, we use the same symbols in Fig. 5.5 for the observed bands and forthe TRS 
on�gurations assigned to them.
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al (bottom) devia-tions of the band state energies from that predi
ted by the rotational model for arigid body. Theoreti
al deviations are 
al
ulated for the region of band terminations.



5.3 Dis
ussion 89In order to reveal the quasiparti
le stru
ture of the TRS 
on�gurations shownin Fig. 5.5 we have plotted the Woods-Saxon 
ranked shell model Routhians ofthe low-lying quasiparti
le states as a fun
tion of the rotational frequen
y ~! (seeFig. 5.6). In these 
al
ulations we assumed a nu
lear shape 
hara
terized by �2=0.14and 
=0, whi
h are typi
al values for the lowest energy bands in the TRS 
al
ula-tions. A

ording to Fig. 5.6 the lowest energy positive-parity quasineutron states
orrespond to the [420℄1/2 and the [422℄3/2 Nilsson orbitals originating from the(d5=2; g7=2) subshell, while the lowest negative-parity quasineutron states are the[550℄1/2 orbitals originating from the h11=2 subshell. On the proton side the lowestlying positive and negative parity orbitals 
orrespond to the [413℄7/2 g9=2 and to the[301℄1/2 p1=2 states, respe
tively. The [413℄7/2 proton orbitals show a 
rossing at~! �0.4 MeV whi
h 
orresponds to the alignment of a g9=2 proton pair. This is the�rst (lowest frequen
y) predi
ted alignment in this nu
leus. The alignment of the[550℄1/2 neutrons takes pla
e well above this frequen
y, at ~! �0.55 MeV a

ordingto the 
al
ulations.It 
an be seen from Fig. 5.5 that the experimental positive-parity ground-stateband (band 1) with �=0 signature is yrast up to spin 17, where it is 
rossed by thenegative-parity �=1 signature band (band 2). Above the 
rossing spin, band 1 isseen only up to spin 18 while band 2 is observed up to spin 25. The 
al
ulated lowest-energy �(va
)
�(va
) 
on�guration and the �(va
)
�(�; 1) 
on�guration show verysimilar behaviour. The �(va
)
�(va
) 
on�guration has positive parity and �=0signature, and it is 
al
ulated to be yrast up to spin �19 where it is 
rossed by thenegative-parity �=1 signature �(va
)
�(�; 1) 
on�guration. These 
on�gurationsare predi
ted to terminate at spins 22 and 25, respe
tively. A

ording to thesesimilarities between the behaviour of the two observed and the two 
al
ulated bandswe assign the �(va
)
�(va
) TRS 
on�guration to band 1 and the �(va
)
�(�; 1)
on�guration to band 2. These assignments are also supported by the similar slopesof the experimental and the 
orresponding 
al
ulated ex
itation energy 
urves forthe two bands.Based on the above assignment, the ground-state band does not 
ontain quasi-parti
le ex
itations at low rotational frequen
ies. At ~! � 0.4 MeV an alignment ofa pair of g9=2 protons takes pla
e. As shown in panel (a) of Fig. 5.7, the frequen
y ofthis alignment is in good agreement with that of the experimental alignment. Abovethis abrupt alignment the TRS 
al
ulations predi
t the gradual alignments of the(d5=2; g7=2) neutrons and the se
ond pair of g9=2 protons, whi
h drive the shape ofthe nu
leus towards smaller �2 and larger 
 values. Due to these alignments the
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Figure 5.6: Cranked Woods-Saxon quasiparti
le Routhians for protons (top) andneutrons (bottom) 
al
ulated for 100Pd as fun
tions of rotational frequen
y ~!.Solid (dashed) and dotted (dashed-dotted) lines 
orrespond to positive (negative)parity states with signature � = +1=2 and � = �1=2 (� = �1=2 and � = +1=2),respe
tively. The labels indi
ate the asymptoti
 quantum numbers of the Nilssonstates to whi
h the Routians 
orrespond at ~! = 0.band looses its 
olle
tive nature and the single-parti
le 
hara
ter of the ex
itationbe
omes dominant. At around spin 22 the 
al
ulated �2 value is 
lose to zero andthe 
al
ulated 
 value rea
hes 60o 
orresponding to non-
olle
tive spheri
al shape
hara
teristi
 for band-terminating states, where the total spin of the nu
leus isbuilt up solely from the spin of the aligned single-parti
les.



5.3 Dis
ussion 91This spin 22 value is the maximal spin whi
h 
an be built from the four g9=2proton holes and four (d5=2; g7=2) neutrons. The highest observed spin in this bandis 18 (the state at 8303 keV), whi
h is below the expe
ted terminating spin by fourunits. As for the stru
ture of this state, it is highly probable that it 
orrespondsto the maximally aligned �(g7=2; d5=2)4�g29=2 
on�guration as the break-up of these
ond proton pair takes pla
e around the maximal available angular momentum ofthe smaller subspa
e.
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h (MeV)Figure 5.7: Ix versus rotational frequen
y for the ground state band (a) and for thenegative parity side-band (b) of 100Pd (solid lines). The theoreti
al values (dashedline) are taken from the TRS 
al
ulation.Band 2 
orresponds to the �(va
)
�(�; 1) TRS 
on�guration. At low frequen
y,a

ording to Fig. 5.6, this 
on�guration is built up from the two-quasineutron ex
i-tation in whi
h the � = �1=2 signature bran
h of the [420℄1/2 (d5=2; g7=2) orbital is
ombined with the � = �1=2 signature bran
h of the [550℄1/2 h11=2 orbital. A

ord-ing to the TRS 
al
ulations, this 
on�guration, similarly to the 
ase of the ground-state band, also undergoes the �rst g9=2 proton alignment, the gradual (d5=2; g7=2)neutron alignment and the se
ond g9=2 proton alignment. The observed and 
al
u-lated alignments of this band are shown in panel (b) of Fig. 5.7.At spin 25 the band is predi
ted to rea
h the maximum angular momentumwhi
h 
an be built from the single-parti
le spins of the four g9=2 protons and �ve
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ture of 98Pd and 100Pd nu
lei(d5=2; g7=2) neutrons plus one h11=2 neutron. At this spin the 
al
ulated shape isagain 
hara
terised by small �2 value and 
=60o. In the experiment a strong E2
as
ade goes up to spin 21 whi
h, similarly to the 
ase of the 18+ state in band 1,
ould 
orrespond to the �(g7=2; d5=2)3h11=2�g29=2 
on�guration 
ombining the maxi-mally aligned neutron 
on�guration with one aligned proton pair. The presen
e ofthe �=1 side stru
ture above that state may result from the 
ompeting g7=2 andd5=2 neutron 
on�gurations that 
an 
ouple to similar angular momentum states.A

ording to the good agreement between the behaviour of the observed band andthe 
al
ulated 
on�guration, the highest energy state of band 2 at 13205 keV withspin 25 
orresponds probably to the [�(g7=2; d5=2)3h11=2�g49=2)℄25� terminating state.This assignment is also supported by the fa
t that, in spite of the relatively strongfeeding of this state, no 
-transitions 
ould be found to the 25� state.The 
on�guration of the negative-parity 
oupled band (band 3) 
annot be deter-mined unambiguously from the present data. Negative parity 
oupled bands 
an beformed either by the 
ombination of the � = +1=2 signature bran
h of the [301℄1/2p1=2 and both signatures of the [413℄7/2 g9=2 proton orbitals or by the 
ombinationof the � = �1=2 signature bran
h of the [550℄1/2 h11=2 and the two signaturesof the [422℄3/2 g7=2 neutron orbitals. As seen in Fig. 5.5, TRS 
al
ulations pre-di
t the two-quasiproton 
on�guration at an ex
itation energy 
lose to the assigned
on�guration of band 1 in a

ordan
e with the experimental �ndings. This assign-ment is favoured for very small deformation be
ause in that 
ase the proton p1=2quasiparti
le energy is 
loser to the Fermi level than the neutron h11=2 quasiparti
leenergy. However, neither the 
al
ulated rotational frequen
y nor the 
al
ulated spinranges agree satisfa
torily with the observed frequen
y and spin ranges for band3. Another argument against this assignment is the observed abrupt alignmentof the band at the ~!=0.4 MeV rotational frequen
y. A

ording to Fig. 5.6 thisfrequen
y 
orresponds to the �rst g9=2 proton alignment whi
h is blo
ked for theabove 
on�guration. We note here that Fig. 5.6 is 
al
ulated for �2=0.14, but forsmaller �2 values the 
al
ulated alignment frequen
ies would in
rease. Alternatively,similarly to the 
ase of the negative-parity bands in 102Pd [24℄, band 3 
ould 
orre-spond to the above mentioned �(h11=2; g7=2) two-quasineutron 
on�guration, whi
hassignment would be supported by the observed alignment, too. This 
on�gurationhas the same TRS 
on�guration as assigned to band 2 and to its signature partner�(va
)
�(�; 0). Note, however, that we 
al
ulated only the lowest-energy bands forea
h TRS 
on�guration, therefore this 'higher-energy' 
on�guration is not des
ribedin our 
al
ulations.



5.3 Dis
ussion 93The strongly mixed stru
tures in the spin 10� 16 region on the left-hand side ofFig. 5.4 may easily 
orrespond to similar 
on�guration than that of band 1 in thesame spin region, i.e. �(g7=2; d5=2)4 
oupled to an aligned proton pair, but with dif-ferent distribution of the neutrons in the �(g7=2; d5=2) subshell. Consequently, these
on�gurations would 
orrespond to 'higher-energy' bands of the same TRS 
on�gu-ration, but, as mentioned above, they are not des
ribed in the present 
al
ulations.This s
enario is, however, qualitatively supported by the experimental observationof many 
ross-linking transitions among these levels and those of band 1 and amongthese levels themselves. In analogy with the level s
heme of 102Pd, we propose thatband 4 
orresponds to the 
on�guration 
ontaining an aligned pair of h11=2 neutrons.The high-energy high-spin band (band 5) probably 
orresponds to four- or more-quasiparti
le ex
itation. From the present data, however, one 
annot unambiguouslyde
ide whi
h of the positive-parity 
on�gurations are observed. For positive parity,the maximal spins available in the subspa
e with one h11=2 neutron 
an be a
hievedat the [�(g37=2h11=2)�(g39=2p1=2)℄24+ and the [�(g27=2d5=2h11=2)�(g39=2p1=2)℄25+ 
on�gura-tions. The observed 13502 keV and 15013 keV states 
ould 
orrespond to these
on�gurations. However, the terminating state of the �(g27=2d5=2h11=2)�(g39=2p1=2)
on�guration is 
lose in energy to the terminating state of the �(g27=2h211=2)�g49=2
on�guration whi
h terminates at I = 28~, so the observed highest-spin states ofband 5 
ould 
orrespond to this other 
on�guration, either. Note, that o
tupole
orrelations, will mix the two di�erent 
on�gurations.Re
ent studies on high-spin band terminations in A�100 Pd, Rh and Ru nu
lei[24, 28, 95℄ have shown that 
on�guration dependent 
ranked Nilsson-Strutinsky
al
ulations reprodu
e reasonably well the relative positions and terminating spinsof di�erent bands observed at high spin (� 15� 20~), where the pairing intera
tionis assumed to play a minor role [97℄. We 
al
ulated the terminating states with the
ranked Woods-Saxon potential. Here, pairing 
orrelations are treated fully self-
onsistently, implying that the intera
tion with states above the terminating stateis taken into a

ount. The slope of the positive and negative parity bran
hes arereprodu
ed rather well as is the 
rossing between the two bands, giving 
on�den
eto the position of the h11=2 neutron shell. However, the terminating I� = 25�~state is lower in energy in the 
al
ulation than in the experiment. The reason forthis dis
repan
y needs further investigation. It may re
e
t the fa
t that the pairingstrength is not determined appropriatly, whi
h is re
e
ted espe
ially in states ofhigh seniority [98℄.
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ture of 98Pd and 100Pd nu
leiO
tupole 
orrelationsThe study of o
tupole 
orrelations in atomi
 nu
lei is an interesting subje
t, sin
ethe question of stable and dynami
 deformations is always under debate and inaddition, strong o
tupole 
orrelations are observed only in sele
ted regions of thenu
lear 
hart [99℄. In the very light Xe-Ba region, strong o
tupole e�e
ts have beenpredi
ted, related to the fa
t that the Fermi surfa
e is between the h11=2 and d5=2
on�guration for proton and neutron numbers N=Z=56(54) [3℄.The �ngerprint of the o
tupole vibrations would be a low-lying 3� state, whi
h is
learly absent in our level s
heme. However, as dis
ussed in Ref. [100℄, the ex
itationof h11=2 neutrons may indu
e some o
tupole 
orrelations, related to the fa
t thatthe deformed g7=2 Woods-Saxon orbit has a strong d5=2 
omponent and hen
e, theex
itations into the h11=2 orbit are favoured by 
oupling to the o
tupole phonon.Strong �I=1 E1 transitions may serve as indi
ators of o
tupole 
olle
tivity.The E1 operator 
onne
ts states from two di�erent shells, implying that they arealways very hindered. The a
tual single-parti
le hindran
e fa
tor 
an be obtainedfrom the known lifetimes of single-parti
le E1 transitions in the region. In our 
ase,the single proton E1 transitions are hindered by a fa
tor of 1{3�10�6 in odd Ag andIn isotopes, while the single neutron transitions are hindered by a fa
tor of 1{2�10�5in odd Cd isotopes. These are the numbers 
ompared to whi
h the enhan
ement
an be dedu
ed.Although we have not measured the lifetimes of the states, the B(E1) values
an be estimated for the E1 transitions linking the negative and the positive paritystates. Taking the quadrupole deformation for the negative parity band from theTRS-
al
ulations, the lifetime of its members 
an be 
al
ulated. The redu
ed E1transition probabilities 
an then be obtained from the I
(E1)/I
(E2) bran
hing ratiosusing the following expression:B(E1; I!I � 1)B(E2; I!I � 2) = 11:3�106 E5
(E2)E3
(E1) I
(E1)I
(E2) �fm�2� ; (5.1)where the energies of the 
-rays are given in MeV. The B(E2) values were 
al
ulatedas B(E2; I!I � 2) = 516�Q20j < JiK20jJfK > j2; (5.2)where the K=1 and Q0=2 eb values obtained from the predi
tion of the TRS forthe negative parity band were used. The dedu
ed B(E1) probabilities are given inTable 5.4.It 
an be seen from Table 5.4 that at the bottom of the band the hindran
efa
tors are a few times 10�5, while for spin 17� it 
an rea
h 10�4. As the negative



5.3 Dis
ussion 95Table 5.4: The redu
ed E1 transition probabilities in 100Pd estimated from bran
hingratios 
ompared to known values in 117;119Cd.Nu
leus E
(keV) I�i ! I�f B(E1)(W.u.)100Pd 994 11� !10+ 1.5(3)�10�5718 3.9(3)�10�5908 13� !12+ 1.4(3)�10�5591 5.1(4)�10�5998 15� !14+ 1.6(4)�10�5786 3.2(4)�10�5706 17� !16+ 1.2(2)�10�4117Cd 205 2.0(2)�10�5220 9.4(9)�10�6119Cd 199 1.1(1)�10�5213 9.4(2)�10�6parity band is based on the �g7=2h11=2 
on�guration, these values are to be 
omparedwith those obtained for the Cd isotopes. It means that the observed E1 transitionsare only slightly enhan
ed, if they are enhan
ed at all, at the bottom of the band,while they may be enhan
ed up to a fa
tor of 10 already at the middle of the band.This low value of enhan
ement means that there is 
ertainly no permanent o
tupoledeformation in 100Pd, at low spins, but at higher spins some o
tupole 
olle
tivitymay develop. The development of o
tupole softness with in
reasing spin 
an befollowed in Fig. 5.8, where the �2 � �3 � �4 total Routhian surfa
es are shown. Asdis
ussed previously, the ground state band starts out at a rather modest quadrupoledeformation and in the pro
ess of proton alignment it 
hanges the shape of thenu
leus to be
ome spheri
al. This shape 
hange is asso
iated with an ex
ursion intothe �3 deformation plane, shown in Fig. 5.8. This �3 softness re
e
ts the mixing ofthe h11=2 and d5=2 neutron 
on�gurations whi
h may 
ause the enhan
ement of theE1 transitions. Note that the presen
e of o
tupole 
orrelations will alter also thepossible terminating states s
heme.
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Chapter 6SummaryIn this thesis I have studied the stru
ture of the very neutron de�
ient 108;109;110Teand 98;100Pd nu
lei by means of in-beam 
-ray spe
tros
opy. The obtained exper-imental results have been interpreted in the framework of various nu
lear models.As a result, our experimental and theoreti
al knowledge of these nu
lei has been
onsiderably enhan
ed.In addition, it has been proved that in-beam 
-ray spe
tros
opy based on large 
-dete
tor arrays in 
ombination with an
illary dete
tors, is one of the most powerfultools today to experimentally study the stru
ture of atomi
 nu
lei far from the�-stability line.In the enourmous experimental work I was aided by a large group of physi
ist,taking part in the international resear
h program. I have played a major role in thea
hievement of the results whi
h form part of this thesis, namely: the preparationand analysis of the experimental data, the evaluation of the experimental results,and their theoreti
al interpretation.In what follows, I give a summary of the main results obtained for ea
h nu
leistudied in this thesis.6.1 Neutron de�
ient Te nu
leiThe neutron de�
ient 108;109;110Te nu
lei were studied in-beam using the 54Fe +58Ni rea
tion at 270 MeV beam energy. From the 
ompound nu
leus 112Xe, theyoriginated by the evaporation of two protons and the emission of two-, one- or noneutrons, respe
tively. The dete
tion of the evaporated parti
les and the emitted 
-rays was performed with the Nordball dete
tor array, equipped with 15 Compton-suppressed HPGe dete
tors, a Si ball of 21 �E-type 
harged-parti
le dete
tors, a



98 Summaryneutron wall of 11 liquid s
intillators, and an inner ball of 30 BaF2 
rystals. Theobtained experimental data was sorted into parti
le-gated E
-E
 matri
es, fromwhi
h the level s
hemes of the studied nu
lei were dedu
ed, mainly on the basis ofthe 
oin
iden
e relations, and 
-ray energy and intensity balan
e. The spin values ofthe ex
ited states were inferred using a simpli�ed 
-
 angular 
orrelation analysis,whi
h is sensitive to the angular momentum transferred by the 
-rays.The present work 
onstitutes the �rst in-beam study of these nu
lei. No ex
itedstates of 108;109Te were known prior to our work and for 110Te only the energy ofthe 2+!0+ ground- state transition had been dedu
ed from the �-de
ay of 114Xe.The new experimental results obtained in this work for 108;109;110Te are summarisedbelow:� Ten new 
-ray transitions have been assigned to 108Te, and the level s
hemeof this nu
leus has been 
onstru
ted up to spin 8~. The I� = 2+ value forthe �rst ex
ited state in 108Te is well established, but for the other states thespin assignments are only tentative, based on the systemati
s of heavier Teisotopes.� The proposed level s
heme of 110Te was extended up to I� = (21�) and 8.5MeV in ex
itation energy. Energies, relative intensities and spin values werededu
ed from the experimental data. The low-lying states of the ground-stateband formed a positive-parity sequen
e up to spin 8+. Above that level, a
as
ade of stret
hed quadrupole transitions has been observed on a band head,whi
h was suggested to have I� = 9(�). At spin about 17~ a band 
rossing(ba
kbend) was observed.� The low-lying 2+, 4+, 6+ yrast states of 108;110Te were suggested to be mainlyvibrational phonon ex
itations. The negative-parity band in 110Te was inter-preted as built on the �g7=2 
 �h11=2 two-quasiparti
le 
on�guration. Cal
ula-tions performed in the framework of the 
ranked shell model gave a quadrupoledeformation �2 � 0:15 for the ground state of 110Te. The model explained theobserved 
rossing as the alignment of two h11=2 neutrons, but failed to predi
tthe 
rossing frequen
y. Sin
e only quadrupole and hexade
apole deformationparameters were in
luded in the 
al
ulations, this was interpreted as an indi-
ation that other degrees of freedom, like o
tupole 
orrelations 
ould play animportant role in high-spin ex
itations of light Te nu
lei.� A new level s
heme of 109Te has been obtained extending up to 6716 keV in



6.2 Neutron de�
ient Pd nu
lei 99ex
itation energy and 
ontaining about 30 new 
-ray transitions. Energies, rel-ative intensities and multipolarities have been dedu
ed for these transitions.A strongly fed, negative-parity band has been observed up to a well estab-lished spin 35/2, with states 
onne
ted by stret
hed E2 transitions. A weaklypopulated positive-parity band was also observed up to spin 15/2.� The stru
ture of 109Te was dis
ussed in the parti
le-vibration limit of theintera
ting boson-fermion model (IBFM). A

ording to the 
al
ulations theground state is the d5=2 quasi-neutron state, while the positive-parity ex
itedstates involved the members of the �d5=2
2+ and �g7=2
2+, 4+, 6+ mutiplets.The negative-parity band was interpreted as the 
oupling of the h11=2 neutronstates to the yrast states of the 108Te 
ore. Above the IBFM spin limit of 27/2~,the experimentally observed in
rease in angular momentum at ~! � 0:45 MeV
ould not be totally reprodu
ed by the alignment of g7=2 neutrons in 
rankedStrutinsky 
al
ulations. The dis
repan
e was tentatively explained as due tovibration-rotation 
oupling.6.2 Neutron de�
ient Pd nu
leiHigh-spin states of the neutron de�
ient 98Pd and 100Pd isotopes were studied withthe Nordball array using the rea
tion 50Cr + 58Ni at a beam energy of 261 MeV.For the analysis of the high-spin part of 100Pd, data from the rea
tion 70Zn(36S,6n) at130 MeV beam energy, obtained with the Eurogam II spe
trometer was also used.Parti
le-gated E
-E
 matri
es from the Nordball data, and a 
-gated E
-E
-E

ube from the Eurogam II experiment were 
reated to 
onstru
t the level s
hemesof the studied nu
lei. For spin and parity assignments 
-
 angular 
orrelation data,and in the 
ase of 100Pd, DCO ration and linear polarisation data were used.In this work, the previously known level s
hemes of 98Pd and 100Pd have been
onsiderably extended to high-spin, and new stru
tures has been observed for the�rst time in these nu
lei. The new experimental results obtained for 98;100Pd aresummarised below:� About 40 new 
-ray transitions have been assigned to 98Pd, extending its pre-vious level s
heme to 10.9 MeV. Energies, relative intensities and the angularmomentum, taken away by the 
-rays have been dedu
ed from the experimen-tal data. Our analysis 
on�rmed the previous results for the positive-parityeven-spin band up to spin 14~, above that level a modi�
ation and extension of



100 Summarythe band was proposed. A maximum spin of 18~ and positive-parity was ten-tatively assigned to a level at 8508 keV. Based on qualitative arguments, thislevel was interpreted as a mixture of the [�g�49=2�g27=2℄18+ and [�g�49=2�g7=2d5=2℄18+terminating 
on�gurations. For the �rst time we have observed a sequen
e ofnegative-parity states starting at the 5� level at 2620 keV. This stru
ture upto I� = 11� has been interpreted as the 4-quasiparti
le states of the �g�39=2�p�11=2
on�guration. For the negative-parity state, observed above spin 11~, it is sug-gested to be a 6-quasiparti
le state, 
orresponding to the �rst 2+ state (neutronex
itation) in 102Sn 
oupled to the proton 4-quasiparti
le 
on�guration.� About 50 new 
-ray transitions have been assigned to 100Pd, extending its levels
heme up to �16 MeV in ex
itation energy and �25~ of angular momentum.Previous spin and parity assignments have been reviewed on the basis of 
-rayangular 
orrelation, DCO ratio and linear polarisation data. It has been foundthat a level at 4054 keV in 100Pd has I� = 9�, 
ontradi
ting the assignment of8� from a previous study. A negative-parity odd-spin sequen
e built on thisstate has been established up to I� = 25�. Ele
tri
 dipole (E1) transitions
onne
ting the states of this negative-parity band and the positive-parity statesof the ground-state band have been found to persist up to spin 17�. Twointer
onne
ted negative-parity sequen
e of states have been observed at low-spin, having a 5� and a tentative 4� states as bandheads. Above the yrast10+ level a non-rotational, less regular level stru
ture has also been found.� Comparison of the high-spin states of 100Pd with 
ranked Woods-Saxon 
al
u-lations has yield that the negative-parity band 'terminates' at spin 25� with the[�(g7=2; d5=2)3h11=2�g49=2)℄25� maximum spin alignment. The [�(g7=2d5=2)6�g29=2℄22+terminating 
on�guration is also predi
ted for the positive-parity band. How-ever, in our data, the highest observed spin had maximum at spin 18+, whi
his the maximum spin available before the break-up of the se
ond proton pair.Finally, the observed enhan
ement of E1 transitions between the positive- andnegative-parity bands has been thought to reveal signs of o
tupole 
orrelationsin 100Pd at high spins.6.3 Perspe
tivesThe results obtained in this work and in the referen
es listed in Appendix B makeme feel optimisti
 that with the experimental devi
es and te
hniques available today



6.3 Perspe
tives 101and the future devi
es already under 
onstru
tion, nu
lear physi
ists will graduallybe rea
hing nu
lei further away from the �-stability line, and up to even mu
h higherspins than we do now.A few events 
orresponding to the Z = N doubly magi
 100Sn nu
leus have beenre
ently observed in proje
tile-fragmentation experiments [101, 102℄. Eviden
e forex
ited states in the two-valen
e neutron 102Sn nu
leus has been reported in Ref.[94℄. I have no doubt that ex
ited states in the 'holy grail' of nu
lear physi
s, the100Sn will be observed in-beam in a few-years time.In Europe, mu
h e�ort is being put onto the 
onstru
tion of the next generation
-spe
trometer Exogam (see, e.g. [103℄), planned to be used with SPIRAL, aradioa
tive beam fa
ility at GANIL. Not only will Exogam be a highly eÆ
ientspe
trometer (the relative eÆ
ien
y of dete
ting 1.3 MeV 
-rays will be � 20%),but it has been designed to make full use of the sele
tive power of an
illary dete
torsas well. Leading physi
ists of our resear
h group at the ATOMKI, have joined theExogam proje
t, and amongst other a
tivities, are building an array of 
harged-parti
le CsI dete
tors with its 
orresponding ele
troni
s for use at Exogam. (Imyself have had the opportunity to take a
tive part in the �rst phase of this dete
tordevelopment, but that work does not form part of this thesis.)
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Chapter 7�Osszefoglal�asJelen �ertekez�esben az er}osen neutronhi�anyos 108;109;110Te �es 98;100Pd atommagokszerkezet�et vizsg�altam in-beam 
-spektroszk�opiai m�odszerekkel. A kapott k��s�erletieredm�enyeket k�ul�onb�oz}o magmodellek seg��ts�eg�evel �ertelmeztem. Ennek eredm�enye-k�eppen, ezen atommagokra vonatkoz�o ismereteink mind k��s�erleti, mind elm�eletiszempontb�ol jelent}osen b}ov�ultek. Egy�uttal, bizony��t�ast nyert, hogy a seg�ed de-tektorrendszerekkel ell�atott �osszetett 
-spektrom�eterek a �-stabilit�asi s�avt�ol t�avoles}o atommagok k��s�erleti kutat�as�anak egyik leghat�ekonyabb eszk�oze. A k�ovetke-z}okben munk�amnak a vizsg�alt atommagok szempontj�ab�ol legfontosabb eredm�enyeitfoglalom �ossze.A kollekt��v munk�at ig�enyl}o m�er�esek a nemzetk�ozi kutat�asi programban r�esztvev}ot�arsszerz}ok seg��ts�eg�evel t�ort�entek. Jelen �ertekez�esben le��rt m�er�esekb}ol nyert ada-tok feldolgoz�as�aban, �es a k��s�erleti eredm�enyek kimutat�as�aban, tov�abb�a a k��s�erletieredm�enyek mag�zikai �ertelmez�es�eben, valamint az al�abb felsorolt eredm�enyek el�e-r�es�eben meghat�aroz�o szerepem volt.7.1 Neutronhi�anyos Te atommagokAz er}osen neutronhi�anyos Te izot�opokat a 54Fe + 58Ni neh�ezion reak
i�oban �all��tottukel}o, 270 MeV bomb�az�o energi�an�al. A 108;109;110Te izot�opokat �ugy kaptuk meg, hogya 112Xe k�ozbens}o magb�ol k�et proton, s k�et, egy vagy nulla neutron p�arolgott el.A kil�ep}o r�esze
sk�ek �es 
-sug�arz�asok azonos��t�as�at a 15 db Compton-elnyom�asoshipertiszta (HP) Ge detektorb�ol, 21 db �E-t��pus�u Si t�olt�ottr�esze
ske detektorb�ol,a neutronok detekt�al�as�at szolg�al�o 11 db folyad�ek sz
intill�atorb�ol �es egy 30-elemesBaF2 krist�alyg�omb 
-kalorim�eterb}ol �all�o Nordball detektorrendszerrel v�egezt�uk.A r�esze
ske-gamma t��pus�u koin
iden
ia esem�enyekb�ol "kapuzott" E
-E
 m�atrixokat



104 �Osszefoglal�as�all��tottuk el}o, a kil�ep}o r�esze
sk�ek sz�am�ara �es t��pus�ara megk�ovetett olyan kapuz�asifelt�etelekkel, melyek az egyes reak
i�o 
satorn�aknak feleltek meg.A 108;109;110Te atommagok n��v�os�em�ait a��gy kapott 
-
 koin
iden
ia adatok alapj�an�ep��tett�uk fel. A gerjesztett �allapotok spin �ert�ekeinek meghat�aroz�as�an�al egy egysze-r}us��tett 

 sz�ogkorrel�a
i�os anal��zis eredm�enyeit haszn�altuk fel.A 108;109;110Te atommagokra vonatkoz�o { az �ertekez�esemben bemutatott { ered-m�enyek ezen magok legels}o in-beam m�odszerekkel val�o tanulm�anyoz�as�ab�ol sz�uletetteredm�enyek. Ezel}ott a munka el}ott a 108;109Te magok egyik gerjesztett �allapota semvolt ismert. A 110Te izop�ot eset�eben is 
sak a 2+!0+ alap�allapoti �atmenet energi�aj�attudt�ak meghat�arozni a 114Xe mag �-boml�as�anak vizsg�alat�ab�ol.A 108;109;110Te atommagokra vonatkoz�o �uj tudom�anyos eredm�enyeket az al�abbiak-ban foglalom �ossze.� A 108Te atommaghoz 10 �uj 
-�atmenetet rendeltem hozz�a, �es fel�ep��tettem ezenmag 8~ spin �ert�ekig terjed}o niv�os�em�aj�at. Bizonyoss�aggal meg�allap��tottamaz els}o gerjesztett �allapot I� = 2+ �ert�ek�et a m�ert sz�ogkorrel�a
i�os h�anyadosalapj�an. A t�obbi n��v�ora javasolt spin �ert�eke a nehezebb Te izot�opok szisztem-atik�aj�an alapul.� A 110Te n��v�os�em�aj�at I� = (21�) spin �ert�ekig �es 8.5 MeV gerjeszt�esi energi�aig�ep��tettem fel. A m�ert k��s�erleti adatokra alapozva meghat�aroztam a magn��v�oinak energi�aj�at �es spin �ert�ek�et. Az alap�allapoti s�av ala
sonyan fekv}o�allapotai pozit��v parit�as�uak 8+ spin �ert�ekig. Efelett a n��v�o felett, egy negat��vparit�as�u s�avot �gyelt�unk meg, amely egy 9(�) n��v�ora �ep�ul. K�or�ulbel�ul 17~ spin�ert�ekn�el egy s�avkeresztez}od�es volt meg�gyelhet}o.� A 108;110Te magok ala
sonyan fekv}o 2+, 4+, 6+ yrast �allapotai szerkezetelegink�abb vibr�a
i�os fonon-gerjeszt�esnek felelnek meg. A 110Te atommag negat��vparit�as�u s�avj�ahoz a �g7=2 
 �h11=2 k�et-kv�azir�esze
ske kon�gur�a
i�ot rendelt�uk.A kurblis-h�ejmodell sz�amol�asok alapj�an a 110Te alap�allapota �2 � 0:15 de-form�a
i�oval rendelkezik. A meg�gyelt s�avkeresztez}od�es k�et h11=2 neutron spin-j�enek a forg�asi tengely ir�any�aba t�ort�en}o be�all�as�aval �ertelmezhet}o, a keresztez}o-d�es frekven
i�aj�at azonban a modell nem adta meg pontosan. Mivel a sz�amol�asokban
sak kvadrup�ol �es hexadekup�ol deform�a
i�os param�etereket haszn�altunk, arralehetett k�ovetkeztetni, hogy m�as szabads�agi fokok, mint p�eld�aul az oktupolkorrel�a
i�ok, jelent}os szerepet j�atszhatnak a k�onny}u Te magokban magas spin}ugerjeszt�esekben.



7.2 Neutronhi�anyos Pd atommagok 105� A 109Te atommaghoz t�obb mint 30 �uj �atmenetet rendelt�unk, �es fel�ep��tett�ukezen mag �uj n��v�os�em�aj�at Ex=6716 keV gerejszt�esi energi�aig. A k��s�erleti ada-tokra alapozva meghat�aroztuk a 
 �atmenetek pontos energi�aj�at, relat��v in-tenzit�as�at �es az �altaluk elvitt impulzusmomentumot. Meg�gyelt�unk egy E2t��pus�u intraband �atmenetekb}ol �all�o er}osen gerjesztett negat��v parit�as�u s�avot35/2 spin �ert�ekig. Egy m�asik, gyeng�ebben gerjesztett pozit��v parit�as�u s�avot15/2 spin �ert�ekig siker�ult azonos��tanunk.� A 109Te magszerkezet�et a k�ol
s�onhat�o bozon-fermion model keret�eben t�argyal-tuk. A sz�amol�asok alapj�an a 109Te alap�allapota a d5=2 kv�azineutron �allapot,a pozit��v parit�as�u gerjesztett �allapotok pedig a �d5=2
2+ �es �g7=2
2+, 4+,6+ multipletek tagjai. A negat��v parit�as�u s�avot h11=2 neutron �allapotok �es a108Te t�orzs yrast �allapotai 
satol�od�as�aval �ertelmezt�uk. A 27/2~ spin felett,ami az IBFM alapj�an sz�amolt legmagasabb spin �ert�ek, a ~! � 0:45 MeV-n�el meg�gyelt spin-n�oveked�est 
ranked Strutinsky sz�amol�asok alapj�an nemlehetett �ertelmezni k�et neutron spinbe�all�as�aval. Az elt�er�est val�osz��n}uleg avibr�a
i�o-rot�a
i�o 
satol�od�asa okozza.7.2 Neutronhi�anyos Pd atommagokA 98Pd �es 100Pd magas spin}u �allapotait a 50Cr + 58Ni neh�ezion reak
i�oban 261MeV bomb�az�o energi�an�al vizsg�altuk a Nordball detektorrendszer seg��ts�eg�evel. A100Pd magas spin}u �allapotai anal��zis�en�el a 70Zn(36S,6n) reak
i�ob�ol az Eurogam IIspektrom�eter seg��ts�eg�evel nyert k��s�erleti adatokat is haszn�altuk.A vizsg�alt magok n��v�os�em�aj�anak fel�ep��t�ese 
�elj�ab�ol, a Nordball adatokb�olk�ul�onb�oz}o sz�am�u �es t��pus�u r�esze
sk�evel koin
iden
i�aban m�ert 
-
 esem�enyeket t�arol�ok�et dimenzi�os m�atrixokat, m��g az Eurogam II adatokb�ol egy kapuzott 
-
-
 koin-
iden
ia 'ko
k�at' hoztunk l�etre, ahol kapuz�asi felt�etelk�ent, a 100Pd leger}osebb 
-�atmeneteivel val�o koin
iden
i�at k�ovetelt�uk meg. A n��v�ok spinj�et �es parit�as�at 
-
sz�ogkorrel�a
i�os anal��zis, DCO ar�anyok �es line�aris pol�ariz�a
i�o adatok alapj�an hat�aroz-tuk meg.Munk�am eredm�enyek�ent a 98Pd �es 100Pd magokr�ol kor�abban ismert n��v�os�em�akatjelent}osen kiterjesztettem, �uj szerkezeteket �gyeltem meg benn�uk. Az el�ert eredm�e-nyeket az al�abbiakban ismertetem..� K�ozel 40 �uj 
 �atmenetet azonos��tottam a 98Pd atommagban, �es fel�ep��tettemegy, az eddigin�el teljesebb n��v�os�em�at 10.9 MeV gerjeszt�esi energi�aig. A k��s�erleti



106 �Osszefoglal�asadatokra alapozva meghat�aroztam a mag n��v�oinak energi�aj�at, a 
 �atmenetekrelat��v intenzit�as�at �es az �altaluk elvitt impulzusmomentumot. A feldolgoz�assor�an meger}os��tett�uk a pozit��v parit�as�u p�aros spin}u �allapotok a n��v�os�em�abant�ort�en}o kor�abbi elhelyez�es�et 14~ spin �ert�ekig. Efelett a n��v�o felett a kor�abbieredm�enyek m�odos��t�as�at �es kiterjeszt�et javasoltuk. Az 8508 keV-es �allapotra18~ spin �es pozit��v parit�as hozz�arendel�est javasoltuk. Kvalitat��v megfontol�asokalapj�an a sz�oban forg�o �allapot a [�g�49=2�g27=2℄18+ �es a [�g�49=2�g7=2d5=2℄18+ s�avlez�ar�okon�gur�a
i�ok kevered�es�eb}ol eredhet. El}osz�or ebben a munk�aban �gyelt�unkmeg egy, az 2620 keV-es 5� spin}u n��v�ora �ep�ul}o, negat��v parit�as�u s�avot. AzI� = 11� �ert�ekig a s�av szerkezete egy n�egy-kv�azi-r�esze
sk�es �g�39=2�p�11=2 kon-�gur�a
i�oval ��rhat�o le. A 11~ spin f�ol�ott a legval�osz��n}ubb egy olyan 6-kv�azi-r�esze
sk�es kon�gur�a
i�o, ahol az 102Sn els}o (neutron) 2+ �allapot�ahoz egy 4-kv�azir�esze
sk�es proton gerjeszt�es 
satol�odik.� K�ozel 50 �uj 
 �atmenetet azonos��tottam a 100Pd atommagban �es fel�ep��tettemannak 16 MeV gerjeszt�esi energi�aig �es �25~ impulzusmomentum-ig terjed}on��v�os�em�aj�at. A k��s�erleti adatokra alapozva meghat�aroztam a mag n��v�oinakenergi�aj�at, a 
 �atmenetek relat��v intenzit�as�at �es az �altaluk elvitt impulzusmo-mentumot. Adataink alapj�an a 4054 keV-es �allapothoz egy�ertelm}uen I� = 9��ert�eket rendelt�unk hozz�a. Az erre az �allapotra �ep�ul}o negat��v parit�as�u s�avot25� spinig �gyelt�uk meg. Elektromos dipol (E1) �atmeneteket mutattunk kiezen negat��v parit�as�u s�av (17�-ig) �es a pozit��v parit�as�u alap�allapoti s�av k�z�ott.Tov�abb�a meg�gyelt�unk k�et ala
sony spin}u, 
satolt negat��v parit�as�u s�avot,melyek egy 5� �es egy val�osz��n�leg 4� �allapotra �ep�ulnek. Sz�amos { szab�alytalann��v�oszerkezetet alkot�o { pozit��v parit�as�u n��v�ot azonos��tottunk a 10+ yrastn��v�on�al feletti energi�akn�al.� A 100Pd magas spin}u �allapotait a 
ranked h�ejmodell sz�amol�asokkal �ertelmezt�uk.Az �osszevet�es eredm�enyek�ent a negat��v parit�as�u s�av 25� �allapot�an�al s�avlez�ar�as�gyelhet}o meg a maxim�alis spin be�all�as�u [�(g7=2; d5=2)3h11=2�g49=2)℄25� kon-�gur�a
i�o r�ev�en. A pozit��v parit�as�u s�avra is ki lehetett mutatni a [�(g7=2d5=2)6�g29=2℄22+m�asik s�avlez�ar�o kon�gur�a
i�ot, de a k��s�erletileg meg�gyelt maxim�alis spin �ert�ek18+ volt. Ez a legmagasabb el�erhet}o spin, ha a m�asodik proton p�ar m�eg nemhasadt fel. A pozit��v �es negat��v parit�as�u s�avok k�oz�ott meg�gyelt feler}os�od�ottE1 �atmenetekb}ol arra lehetett k�ovetkeztetni, hogy az oktupol korrel�a
i�okmeghat�aroz�o szerepet j�atszhatnak a 100Pd magas spin}u �allapotainak szerkezet�eben.
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