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OverviewOur 
ontemporary nu
lear stru
ture resear
h has basi
ally three main fron-tiers. The sear
h for anti
ipated new phenomena requires to study "exoti
"or "extreme" states, where the ex
itation energy or the spin (and often thedeformation) or the isospin (the proton-neutron ratio) takes extreme values.Remarkable support of these �elds are all involved in the previous long rangeplans of the Nu
lear Physi
s European Collaboration Committee (NuPECC),whi
h indi
ates the importan
e of these �elds. As a Ph.D. student my maintopi
 was to examine nu
lei having extreme deformations [R1,R2,R3℄, however,in the last four years I parti
ipated in many experiments fo
using on subje
tsof both of the other two dire
tions [R3,R4,O2,O4,O5℄.Hyperdeformed statesThe re
ently developed, high e�
ien
y 4π germanium dete
tor arrays su
h asEUROBALL or AGATA have provided great fa
ilities and opportunities forthe high resolution study of nu
lear states asso
iated to extremely elongatednul
ear shapes. In the mass region of A ≈130 more than one hundred superde-formed (axis ratio of ∼ 2:1) rotational bands have been identi�ed so far. Inthis mass region the 
entrifugal for
e related to the fast rotating motion is re-sponsible for the large deformation that 
an be stabilized by the notable shelle�e
ts. Contrary to the observations of dis
rete superdeformed (SD) transi-tions, the identi�
ation of dis
rete γ rays from hyperdeformed (HD) nu
learstates having an axis ratio of ∼3:1 represents one of the frontiers of high-spin physi
s. Although a large 
ommunity with 4π gamma arrays have beensear
hing for HD states in very long experiments, no dis
rete HD states havebeen identi�ed so far. However, prominent stru
tures have been found in thequasi-
ontinuous γ energy region of many nu
lei implying the existen
e of su
hHD states in these 
ases. Unlike the mass region of A≈130, in the a
tinideregion, the appearan
e of �ssion resonan
es gives a spe
ial possibility for theidenti�
ation and examination of SD and HD states. In this mass region theformation of the SD and HD states 
an be explained by the appearan
e of ase
ond and a third potential well in the potential energy surfa
e whi
h hasbeen 
al
ulated by the shell 
orre
tion method introdu
ed �rst by Strutinsky.Observing transmission resonan
es as a fun
tion of the ex
itation energy
aused by resonant tunneling through ex
ited states in the third minimumof the potential barrier allows us to identify the ex
itation energies of theHD states. Moreover, the observed states 
ould be ordered into rotationalbands, with moments of inertia proving that the underlying nu
lear shapeof these states is a HD 
on�guration indeed. For the identi�
ation of therotational bands the spins and their proje
tions onto the nu
lear symmetry1



axis (K values) 
an be obtained by measuring the angular distribution of the�ssion fragments.The Experimental Nul
ear Physi
s Group of the Institute of Nu
lear Re-sear
h of the Hungarian A
ademy of S
ien
es (Atomki, Debre
en) togetherwith the Physi
s Department of the Ludwig Maximilians University (LMU,Mün
hen) have performed many su

essful experiments aimed at the betterdes
ription of the �ssion pro
ess and studying exoti
 nu
lear shapes for morethan one de
ade. I joined to these experimental 
ampaigns as a Ph.D. student.Cal
ulations for the potential energy surfa
es of the uranium isotopesindi
ated HD minimum at a large quadrupole and o
tupole deformation (β2 =

0.9 and β3 = 0.36) while the depth of the third well was estimated to be mu
hlarger than previously believed. In 
ontrast to the theoreti
al expe
tations aswell as to the 234,236U isotopes where sharp HD transmission resonan
es havealready been identi�ed, no 
lear resonan
e stru
tures have been observed sofar in 232U.The aim of our �rst experiment was to sear
h for su
h sub-barrier �ssionresonan
es in 232U and to assign the resonan
es to rotational bands via thedetermination of their rotational parameters (h̄2/2Θ) [R1℄. The experimentwas 
arried out at the the Tandem a

elerator of the Maier-Leibnitz Labora-tory (MLL) at Gar
hing employing the rea
tion 231Pa(3He,d) at a bombardingenergy of E = 38 MeV. In the experiment we determined the �ssion proba-bility of 232U as a fun
tion of the ex
itation energy. The ex
itation energy ofthe 
ompound nu
leus was determined from the kineti
 energy of the eje
tilesin 
oin
iden
e with the �ssion fragments whi
h was analyzed by a Q3D mag-neti
 spe
trograph. For the dete
tion of the �ssion fragments I 
onstru
tedtwo pie
es of low-pressure, position sensitive avanla
he dete
tors (PSAD) inATOMKI allowing for the determination of the �ssion fragment angular 
or-relation.Besides the thorium and uranium isotopes in respe
t to the hyperdeforma-tion of the double-odd nu
leus 232Pa is of great interest. The broad stru
ture ofthe �ssion resonan
es of this nu
leus have been studied so far only via the (n,f)rea
tion but the results of these experiments showed no 
on
lusive eviden
e forthe existen
e of a triple-humped �ssion barrier of 232Pa. The aim of our se
ondexperiment was to sear
h for HD rotational stru
ture in the �ssion probabilityof 232Pa applying the 231Pa(d,pf) rea
tion using the same experimental setupand te
hni
 as it was used in the �rst experiment [R2℄.The aim of our third experiment was to determine the width of the massdistribution of the �ssion fragments emitted from the previously identi�edwell-known HD states of 236U and to 
ompare it with the width asso
iated tonormal deformed nu
lear states. A possible sharpening of the mass distribu-tion 
ould be a dramati
 manifestation of the fa
t that the shell e�e
ts havea strong in�uen
e on the �ssion pro
ess. The experiment was performed at2



the Cy
lotron Laboratory of ATOMKI in Debre
en using the 235U(d,pf) re-a
tion, in whi
h the �ssion probability of 236U was measured as a fun
tion ofthe ex
itation energy. The kineti
 energy of the protons was measured by asplit-pole magneti
 spe
trograph while the �ssion fragments were dete
ted bytwo PSADs pla
ed 180◦ relative to ea
h other. This arrangement provided a
oin
iden
e dete
tion of both �ssion fragments 
oming from the same �ssionevent with the possibility of determining the mass di�eren
es based on Time-of-Flight (TOF) method. Meanwhile, the ex
itation energy of the �ssile nu
lei
ould be also derived from the measured kineti
 energy of the protons.Giant resonan
esUnlike the previous 
ases, the stru
ture of the giant resonan
es 
an be exam-ined at higher ex
itation energy (E∗
≈10-40 MeV), whi
h 
an serve us espe-
ially valuable information on the features of the nu
lear matter. On the otherhand, the same experimental te
hni
 (
oin
iden
e measurement with magneti
spe
trograph) 
an be used for these examinations.From all the giant resonan
es investigated so far, the isos
alar giant dipoleresonan
e (ISGDR) has remained one of the most interesting 
olle
tive vibra-tional modes of nu
lei. The �rst term of the isos
alar giant dipole transi-tion operator is asso
iated with a spurious 
enter-of-mass motion, so only thehigher-order terms lead to intrinsi
 ex
itation of the nu
leus. Ma
ros
opi
ally,the ISGDR 
an be des
ribed as a density os
illation (squeezing mode), whoseos
illator frequen
y is determined by the 
ompression modulus of the nu
leus.As a 
onsequen
e, the ex
itation energy of the ISGDR 
an be dire
tly relatedto the nu
lear in
ompressibility, a key term of the nu
lear equation-of-state,whi
h plays an important role in the theoreti
al des
riptions of astrophysi
alpro
esses and heavy ion rea
tions. The features of this resonan
es have onlybeen investigated by in
lusive experiments so far in whi
h the parameters ofthe resonan
es 
ould be determined with huge un
ertainty. The 
oin
iden
emeasurement of the dire
t parti
le de
ay of these resonan
es 
ould redu
e thisun
ertainty whi
h is originating from the large 
ontinuous ba
kground.In our fourth experiment we studied the proton de
ay of the isos
alar giantresonan
e of 208Pb with the rea
tion of 208Pb(α,α′p). The energy of the inelas-ti
ly s
attered α parti
les was measured by a QQD magneti
 spe
trograph (BigBite magneti
 Spe
trograph - BBS) while protons were identi�ed and their ki-neti
 energy was measured by a 2π dete
tor array 
onsisting 16 pie
es of Si(Li)dete
tor [R3,R4℄. The experiment was performed at the super
ondu
ting 
y-
lotron laboratory of the University of Groningen (The Netherlands).
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New s
ienti�
 results1. We observed sharp (∆E ≈ 30 keV) transmission resonan
es inthe �ssion probability of 232U in the ex
itation energy region of
E∗=4.2-4.85 MeV for the �rst time. We su

eed to assign theseresonan
es to HD rotational states lying in the third well of the�ssion barrier.
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Figure 1: a) Fission probability of 232U as a fun
tion of the ex
itationenergy, b) experimental angular distribution of the �ssion fragments gatedon the resonan
es and the theoreti
al distributions 
al
ulated for di�erent
K valuesa) In order to des
ribe the rotational stru
ture of the observed reso-nan
es, I �tted �ve overlapping rotational bands with K=4 and K=5to the experimental �ssion probability with the same moment of iner-tia and with the same intensity ratio for the di�erent band members.During the �tting pro
edure the ex
itation energies of the band headsand the absolute intensities of the bands were treated as free parameterswhile a 
ommon rotational parameter 
hara
terizing HD nu
lear shape(h̄2/2Θ ≈ 2.1 keV) was adopted for ea
h band. As a result of the �t-ting pro
edure I obtained E∗ = 4080, 4402, 4468, 4651 and 4678 keV forthe ex
itation energies of the band heads using K value assigments of

K = 5, 4, 4, 5 and 4 for the rotational bands, respe
tively (Figure 1.a).The experimental angular distribution of the �ssion fragments was 
om-pared to the theoreti
al one. The theoreti
al distribution was 
al
ulatedby assuming K values that were used in the �tting pro
edure. The exper-imental and 
al
ulated values were in a very good agreement (Figure 1.b,thi
k, 
ontinuous line) whi
h also 
on�rmed my analysis of the ex
itationenergy spe
trum. 4
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Figure 2: a) Fission probability of 232U with the �tted analyti
al fun
tion(
ontinuous line) and b) the triple-humped �ssion barrier of 232U as aresult of the �tting pro
edureb) For the determination of the �ssion barrier parameters of 232U I de-du
ed an analyti
al expression for the �ssion probability that was �ttedto the overall stru
ture of our experimental �ssion probability (Figure2.a). Within the 
al
ulation, the opti
al model for �ssion was used,whi
h was extended to des
ribe the �ssion of the light a
tinides featur-ing a triple-humped �ssion barrier. As a result of the �tting pro
edurethe �ssion barrier parameters of 232U 
ould be dedu
ed. My result onthe depth of the third potential well (EIII = 3.2 ± 0.2 MeV) was in agood agreement with re
ent theoreti
al predi
tions and suggested that inthe 
ase of 232U �ssion pro
eeds via strong re�e
tion asymmetri
 shapes(Figure 2.b).
) Our new result on the inner barrier height of 232U (EA = 4.0 ± 0.3MeV) 
ontradi
ts to the previous experimental results. However, it �tsinto the systemati
 trend of the experimental �ssion barrier parametersof the uranium isotopes determined in the last few years: the data for theinner barrier heights EA reveal a 
lear, de
reasing trend with de
reasingneutron number within the isotopi
 
hain. This trend gives rise to expe
tso far unobserved short lived �ssion isomers in low-N a
tinide nu
lei dueto the in
reasing probability of ba
k de
ay to the �rst minimum withlower EA.d) Finally, we observed sharp �ssion resonan
e stru
tures at ex
itationenergy around E∗ = 5.0 MeV, whi
h resonan
es 
ould be assigned totransition states (low ex
ited states built upon the se
ond barrier) takinginto a

ount our new results on the �ssion barrier parameters of 232U.5



2. We observed the so far unresolved �ne stru
ture of the broad�ssion resonan
es of 232Pa that had been previously found in(n,f) rea
tion for the �rst time. We 
ould des
ribe this stru
-ture with four HD rotational bands having a rotational param-eter of h̄2/θ = 2.0+1.5
−1.0 keV [R2℄.
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Figure 3: a) Fit of the �ssion resonan
es of 232Pa with HD ro-tational bands, b) experimental and theoreti
al angular 
orrelation
oe�
ient (a2) in the fun
tion of the ex
itation energy, 
) χ2 anal-ysis of the �tting pro
edurea) We resolved the �ne stru
ture of the broad resonan
es in the �ssionprobability of 232Pa at ex
itation energies around E∗
≈ 5.75 and E∗

≈

5.9 MeV. In order to des
ribe the rotational stru
ture of the observedresonan
es, I �tted four overlapping rotational bands to the experimental�ssion probability. Energies of the band heads as a result of the �ttingpro
edure are the following: E∗ = 5.72, 5.74, 5.82 és 5.9 MeV with K =

3, 2, 3 and 3, respe
tively (Figure 3.a).b) I analyzed the experimental angular 
orrelation data by �tting it witheven Legendre-polynomials up to fourth order: the angular 
oe�
ients a2and a4 were determined for the most prominent stru
tures parametrizedby a series of rotational bands with K value assignments. The theoreti
al�ssion fragment angular 
orrelation was 
al
ulated (a2 as a fun
tion ofthe ex
itation energy) for the rotational bands using the same K valueassigments as in the �tting pro
edure and it was 
ompared to the ex-perimental a2 points (Figure 3.b). The theoreti
al and the experimental6



values were in a very good agreement, whi
h also 
on�rmed my resultson the identi�
ation of the �ssion resonan
es. Thus, the transmissionresonan
e stru
tures around 5.7 and 5.9 MeV 
an be interpreted as HDrotational bands.
) I determined the rotational parameter to be h̄2/θ = 2.0+1.5
−1.0 keV basedon the χ2-analysis of the �tting pro
edure (Figure 3.
).d) In the experiment we also measured the ex
itation energy of the low-lying ex
ited states of 232Pa. More than �fty new ex
ited states wereidenti�ed at ex
itation energy below 800 keV meanwhile.3. We determined the width of the mass distribution of the �s-sion fragments emitted from the well-known HD states of 236U,whi
h was 
ompared to the width related to the normal de-formed states. We have not found any signi�
ant di�eren
esbetween the two widths.
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For 
omparision the width of the mass distribution gated by the ex
ita-tion energies higher than the �ssion barrier (E∗>6.0 MeV) was also deter-mined (Figure 4.b). I obtained the following widths: σexp
HD = 6.97 ± 1.65amu and σexp

ND = 9.01 ± 0.97 amu. The mass resolution was dedu
ed tobe σkis =6.6±0.5 amu from the 
omparision of σexp
ND to the width estab-lished previously and taken from the work Müller et al. (σi = 6.14±0.07amu).b) Considering the mass resolution the two widths were dedu
ed to be

σHD = 2.24±3.58 amu and σND = 6.1±0.65 amu. Due to the large errorbars, whi
h mainly 
omes from the poor statisti
s of the experiment, thisdi�eren
e 
annot be 
onsidered as a 
on
lusive eviden
e for a sharpeninge�e
t.4. Proton de
ay 
hannels of the ISGDR of 208Pb were observed forthe �rst time, the bran
hing ratios of the dire
t-de
ay 
hannelsfrom the ISGDR in 208Pb to the hole states in 207Tl have beendetermined.a) The bran
hing ratios of the dire
t-de
ay 
hannels from the ISGDR in
208Pb to the hole states in 207Tl were 
ompared to the theoreti
al val-ues for both de
ay bran
hes and showed a rather satisfa
tory agreementwithin the statisti
al un
ertainties (Table 1.).b) The experimental angular distributions of the ISGDR strength weredetermined and 
ompared to the 
al
ulations performed with DWBAusing the 
ode CHUCK. A χ2-analysis of the �ts for the angular dis-tributions of the ISGDR unambiguously 
on�rmed the L=1 
hara
terin both de
ay bran
hes. The �tted 
entroid energy of the ISGDR, afterproper de
onvolution of transmission probabilities and Ex-dependen
e ofthe ex
itation 
ross se
tion, is Ex=22.1±0.3 MeV, and the �tted widthis Γ=3.8±0.8 MeV.
) The angular distribution of the high-lying bump is 
onsistent with an
L = 2 transition. If this is true, then this high-lying bump 
ould possiblyassigned to the overtone of the isos
alar giant quadrupole resonan
e.Its ex
itation energy and width are 26.9±0.7 MeV and 6.0±1.3 MeV,respe
tively, very 
lose to the previous 
al
ulations.�nal state bµ(%) (present work) bµ(%) (theory)3s1/2+2d3/2 2.3±1.1 1.231h11/2+2d5/2 1.2±0.7 0.83Table 1: Bran
hing ratios for the proton de
ay of ISGDR of 208Pb8
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