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Introdu
tionThe atomi
 nu
leus is a many-body quantum system in whi
h the o

urren
e of
olle
tive ex
itations is a 
ommon feature. Giant Resonan
es (GR) are an exampleof 
olle
tive modes in nu
leus. Their study over the years has provided useful infor-mation on the nu
lear stru
ture and on the e�e
tive nu
leon-nu
leon intera
tion, aswell as on the bulk properties of nu
lear matter su
h as the 
ompression modulusand the symmetry energy. In parti
ular, the understanding of the ele
tri
-dipoleresponse around the binding energy is presently attra
ting 
onsiderable interestsin
e the dipole strength distribution in that region a�e
ts the rea
tion rates inastrophysi
al s
enarios, where photo disintegration rea
tions are important. Inaddition, the E1 strength is expe
ted to provide information on the neutron skinand thus on the symmetry energy of the equation of state. The �rst eviden
e ofan a

umulation of low-lying E1 strength in heavy nu
lei, larger than that due tothe tail of the giant dipole resonan
e (GDR), dates ba
k to early 70's. However,only in re
ent years, experimental and theoreti
al investigations, on both stableand unstable nu
lei, revealed that this is a 
ommon phenomenon in most atomi
nu
lei. The a

umulation of E1 strength around the parti
le separation energy is
ommonly denoted as pygmy dipole resonan
e (PDR) due to the mu
h smaller sizeof its strength in 
omparison with the giant dipole resonan
e (GDR). The hydro-dynami
al model des
ribes this pygmy strength as asso
iated to the vibration ofthe neutron skin against the N = Z 
ore. From the experimental point of view,the PDR has been investigated systemati
ally in a large number of stable nu
leiwith the photon s
attering te
hnique. As the ele
tromagneti
 intera
tion of γ-raysis well understood, it allows model-independent derivation of absolute transitionstrengths. Additionally this method is very sele
tive to E1 transitions. Both instable and in exoti
 nu
lei, however, the use of an ele
tromagneti
 probe allows9



only for the measurement of the transition strength of the resonan
e. In orderto gain more insight in the stru
ture of the PDR, it is ne
essary to obtain moreexpli
it information also on wave fun
tions and transition densities. To this endone needs to measure the PDR with rea
tions where the nu
lear part of the in-tera
tion is involved. An interesting feature in the region of the pygmy resonan
ehas been observed in a number of di�erent stable nu
lei, by 
omparing results ofphoton-s
attering, (γ,γ'), and α-s
attering, , (α,α′γ), experiments. In parti
ular,it has been found that one group of states is ex
ited in both type of rea
tions,while another group of states at higher energies is only ex
ited in the (γ,γ') 
ase.These experimental �ndings are in qualitative agreement with di�erent phononmodels whi
h predi
t a low-lying isos
alar 
omponent dominated by neutron-skinos
illations and a higher-lying group of states with a stronger isove
tor 
hara
terasso
iated to the tail of the giant dipole resonan
e.In order to verify if this splitting is a 
ommon feature of the pygmy resonan
e,it is ne
essary to measure the PDR using di�erent hadroi
 probes in di�erent massregions. Therefore, an experiment has been performed at Legnaro National Lab-oratories (LNL) in Italy, aimed at the study of the gamma de
ay from high-lyingbound and unbound states in several nu
lei (124Sn, 208Pb and 140Ce). The reso-nan
e states were populated using inelasti
 s
attering of 17O heavy ions at ∼ 20MeV/u. The main aim of the experiment is the investigation of the mi
ros
opi
stru
ture of highly ex
ited dipole states below parti
le threshold (in the energyregion between 5 to 10 MeV), where pygmy dipole stru
tures are expe
ted to havea sizeable strength, espe
ially in neutron-ri
h nu
lei. The use of heavy ions inelas-ti
 s
attering at approximately 20 MeV/u to study highly ex
ited states is a goodtool when the measurement of the subsequent gamma de
ay is also performed withhigh resolution. For this reason, the γ-rays produ
ed during the de-ex
itation ofthe target have been measured using an array of highly segmented HPGe dete
tors(the AGATA Demonstrator) 
oupled to an array of 9 large volume LaBr3:Ce s
in-tillators (the HECTOR+ array) used to in
rease the dete
tion e�
ien
y for highenergy γ-rays. The dete
tion of the s
attered 17O ions and and the measurementof the ex
itation energy transferred to the target nu
leus was performed with twosegmented∆E-E sili
on teles
opes (pixel type), a prototype proje
t 
alled TRACE.The subje
t of this thesis has been the investigation of the nature of the PDR in10



124Sn nu
lei. In summary, in Chapter 1 Giant Resonan
e modes will be des
ribed,while in Chapter 2 the method used for the ex
itation of these 
olle
tive states willbe presented. The experimental set-up and the data analysis will be reported inChapter 3 and 4, respe
tively. Finally, the experimental results will be shown inChapter 5.
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Chapter 1Giant Resonan
esIn this Chapter we brie�y dis
uss the main aspe
ts whi
h are relevant for thestudy of the high-energy 
olle
tive vibrational modes. In parti
ular, we des
ribethe general properties of su
h states (se
. 1.1) and their de
ay me
hanism (se
.1.2). We then fo
us on a parti
ular type of 
olle
tive vibration 
alled Pygmy DipoleResonan
e (PDR), whi
h is the subje
t of this thesis, fo
using on the theoreti
almodels used to des
ribe this resonan
e and on the experimental investigations (se
.1.3).1.1 General FeaturesThe atomi
 nu
leus is a many-body quantum system in whi
h the o

urren
e of
olle
tive ex
itations is a 
ommon feature. Giant Resonan
es (GR) are an exam-ple of 
olle
tive modes in nu
leus. Their study over the years has provided usefulinformation on the nu
lear stru
ture and on the e�e
tive nu
leon-nu
leon intera
-tion, as well as on the bulk properties of nu
lear matter su
h as the 
ompressionmodulus, the symmetry energy, et
. Their main properties will be now re
alled,following [1℄ and [2℄.A Giant resonan
e 
an be interpreted as a high-frequen
y, damped, nearly har-moni
 vibration of the density or shape around the equilibrium of the nu
lear sys-tem. The vibration amplitude is small, only a few per 
ent of the nu
lear radius.A typi
al example of a giant resonan
e is shown in Fig. 1.1 where the absorption13



1.1. GENERAL FEATURES

Figure 1.1: The photo-neutron 
ross se
tion σ(γ, n) as a fun
tion of the photon energyfor 208Pb [2℄.
ross se
tion of photon energy for 208Pb is depi
ted.The experimental data are �tted with a Lorentzian 
urve fun
tion:
σ(E) =

σmΓ2
mE

2

(E2 − E2
m)2 + Γ2

mE
2

(1.1)where σm, Em and Γm are, respe
tively, the peak 
ross se
tion, the resonan
eenergy and resonan
e width. It has to be noti
ed the peak 
ross se
tion is relatedto the strength SR via a normalization fa
tor. Typi
ally, the 
entroid energy of agiant resonan
es lies well above the neutron separation energy (8-10 MeV), witha 
orresponding vibration frequen
y of ∼ 1021 Hz. Their width is of the order of2.5-5 MeV implying that after a few vibrations the resonan
e is already 
ompletelydamped owing to energy dissipation. The strength of a giant resonan
e is limitedby and generally 
lose to the maximum allowed by sum rule 
onsiderations: it 
an,indeed, be shown that in many quantum systems the sum of all transition strengthsfor a given set of quantum numbers is limited by basi
 properties of the system,whi
h would be for example the number of nu
leons A and the atomi
 number Zin the 
ase of a nu
lear system.As a giant resonan
e is a 
olle
tive motion of all nu
leons it has to be expe
tedthat whatever mode it 
orresponds to, its 
hara
teristi
 properties do not depend14



Chapter 1: Giant Resonan
eson the detailed mi
ros
opi
 stru
ture of the nu
leus but rather on its bulk stru
-ture. Indeed, giant resonan
es of various nature have been observed over the yearsthroughout the mass table and their parameters have been shown to vary smoothlywith the number of nu
leons A. Although it should be noted that the width of agiant resonan
e is also dependent on the mi
ros
opi
 stru
ture of the nu
leus, dueto dire
t parti
le emission and to the 
oupling to more 
omplex 
on�gurations.1.1.1 Classi�
ation of Giant-Resonan
e ModesMa
ros
opi
 Des
riptionThe �rst eviden
e of a giant resonan
e ex
itation was found in 1937 in a measure-ment of (γ, n) 
ross-se
tion in various target [3℄. The resonan
e was interpreted byGoldhaber and Teller [4℄ and Steinwedel and Jesen [5℄ as the ex
itation of a 
ol-le
tive nu
lear vibration in whi
h all the protons in the nu
leus move 
olle
tivelyagainst all the neutrons resulting in a separation between the 
enter of mass and
enter of 
harge thus 
reating an ele
tri
 dipole moment. This vibration is knownas the Giant Dipole Resonan
e (GDR) whi
h is ex
ited by ele
tromagneti
 dipole�eld of the photons. Many other vibrational modes are possible.Giant resonan
e modes 
an be 
lassi�ed a

ording to the multipolarity L, the spinS and the isospin T quantum numbers. A s
hemati
 view of the various type ofresonan
e for multipolarity ∆L = 0, 1, 2 is shown in Fig. 1.2� Ele
tri
 (∆S = 0) Isos
alar (∆T = 0) vibrations in whi
h the protons andneutrons os
illate in phase a

ording to a multipole pattern de�ned by ∆L =

0, 2, .... To �rst order the ∆L = 1 vibration 
orresponds to a translationalmotion of the nu
lear 
entre of mass and is thus not an intrinsi
 nu
learex
itation; however, there is a higher-order ∆L = 1 vibration as will bedis
ussed.� Ele
tri
 (∆S = 0) Isove
tor (∆T = 1) vibrations in whi
h protons os
illateagainst neutrons a

ording to a multipole pattern de�ned by ∆L. For thesame multipolarity, isove
tor modes have a higher ex
itations energy due toextra energy required to separate the protons from neutrons.� Magneti
 or spin-�ip (∆S = 1) Isos
alar (∆T = 0) vibrations in whi
h nu-
leons with spin up os
illate against nu
leons with spin down, again in a15



1.1. GENERAL FEATURES

Figure 1.2: Classi�
ation of giant resonan
es a

ording to the multipolarity, spin andisospin quantum numbers, taken from [1℄.multipole pattern given by ∆L.� Magneti
 or spin-�ip (∆S = 1) Isove
tor (∆T = 1) vibrations in whi
hprotons with spin up (down) os
illate against neutrons with spin down (up).Mi
ros
opi
 Des
riptionFrom a mi
ros
opi
 point of view giant resonan
es are 
ommonly des
ribed as
oherent superimposition of parti
le-hole ex
itations 
oupled to the same angularmomentum, spin and isospin of the resonan
e. The giant resonan
e state 
an beseen as resulting from the operation on the ground state of the nu
leus with aone-body operator:
|Ψλ,σ,τ

GR 〉 = Oλ,σ,τ |Ψg.s.〉 (1.2)where λ refers to the multipolarity of the resonan
e, σ its spin and τ its isospin,respe
tively. For example, the ele
tri
 isos
alar transition operator has the form:
Oλ,0,0

µ =

A
∑

i=1

rλi Yλµ(Ωi), λ ≥ 2 (1.3)16



Chapter 1: Giant Resonan
es

Figure 1.3: S
hemati
 pi
ture of E1 and E2(E0) single-parti
le transitions between shell-model states, taken from [2℄.where the summation runs over all nu
leons i.The qualitative features of giant resonan
es 
an be understood by 
onsidering as
hemati
 shell-model pi
ture.Fig. 1.3 shows a s
hemati
 pi
ture of E1 and E2(E0) single-parti
le transi-tions between shell-model states. The single-parti
le wave fun
tions in a subse-quent shells N, N+1, N+2, ... have alternating parity and an energy di�eren
e
∆E = ∆N × 1~ω = ∆N × 41A− 1

3MeV . The operator Oλ,0,0
µ 
an only indu
etransitions with ∆N ≤ λ while, be
ause of parity 
onservation, odd λ transitionsrequire ∆N = 1, 3... and even λ transitions ∆N = 0, 2... . Owing to the presen
eof a residual parti
le-hole intera
tion, a 
olle
tive state is formed whi
h is a 
oher-ent superimposition of all possible parti
le-hole states of a given multipolarity andparity.More a

urate mi
ros
opi
 des
riptions of giant resonan
es are obtained withmean �eld models and e�e
tive nu
leon-nu
leon intera
tions. The most 
ommonapproa
h is to des
ribe the ground state of the nu
leus with the Hartree-Fo
kmethod, generating a self-
onsistent mean �eld from the e�e
tive two-body inter-a
tion. The ground state is then a Slater determinant of a single-parti
le orbitalswhere all the states below the Fermi surfa
e are fully o

upied and all the statesabove are empty. One 
an then study the e�e
t of a small-amplitude density �u
-17



1.2. DECAY MECHANISM OF GIANT RESONANCEStuation, indu
ed by an external �eld, around the equilibrium 
on�guration. The�u
tuations 
an be des
ribed with the time-dependent Hartree-Fo
k equation, andin the small-amplitude limit one 
an derive the Random-Phase Approximation(RPA) equations, whi
h allow to diagonalize the residual intera
tion in the 
om-plete spa
e of 1p-1h (one parti
le - one hole) 
on�gurations. Se
ond order RPA
al
ulations in
lude 2p-2h to a

ount for the 
oupling of the resonan
e to more
omplex 
on�gurations. Other ex
itations of the RPA 
an be made to in
ludethe 
oupling to the 
ontinuum states (CRPA) or the e�e
ts of pairing 
orrelations(QRPA, quasiparti
le RPA).Mean �eld approa
hes have been very useful in des
ribing the properties of nu
leinear the β-stability valley; the improvement in experimental te
hnique, however,makes it possible to study nu
lei farther from stability, for whi
h Relativisti
 MeanField (RMF) approa
hes have been shown to be able to better reprodu
e the exper-imental data, in parti
ular regarding the spin-orbit term (whi
h is a parameter innon-relativisti
 approa
hes and is naturally derived from the Lagrangian in RMFapproa
hes). It is also possible to build a self-
onsistent Relativisti
 RPA (RRPA)on top of a RMF des
ription of the ground state, in order to study 
olle
tive vibra-tions in a relativisti
 framework. RRPA 
an be extended to in
lude the 
ouplingto 
ontinuum states (CRRPA), whi
h is very important with weakly bound exoti
nu
lei, and to in
lude the pairing e�e
t (QRRPA).1.2 De
ay Me
hanism of Giant Resonan
esAs mentioned before, typi
al range values of 
entroid and FWHM of giant reso-nan
es are 10-15 MeV and 3-5 MeV, respe
tively. Consequently, giant vibrationsgo only through few periods of ex
itation before relax one. The de
ay of a giantresonan
e is explained by di�erent me
hanisms, ea
h one 
ontributes to the totalwidth of the resonan
e. They 
an be 
hara
terized by whether the energy of thevibration es
apes the system, or it is redistributed into other degrees of freedomwithin the system. The 
ontributions to the total width Γ are:� Γ↓: damping width, 
aused by the 
oupling of the 1p-1h states of the giantresonan
e to more 
omplex 
on�gurations; it is the dominant 
ontribution tothe total width. 18



Chapter 1: Giant Resonan
es� Γ↑: es
ape width, whi
h a

ounts for the dire
t emission of parti
les, sin
ethe 1p-1h state lies above the parti
le emission threshold; typi
ally Γ↑

Γ ∼ 10−1� Γγ : photon emission width, whi
h is a mu
h smaller 
ontribution than thees
ape width be
ause the parti
le emission is favoured (Γγ

Γ ∼ 10−4)The damping of giant resonan
es is a prime example of how a well-ordered 
ol-le
tive ex
itation dissolves into a disordered motion of internal degrees of freedomin fermioni
 quantum many-body system. At the high ex
itation energy of the gi-ant resonan
e, indeed, there is a high density of 2p-2h 
on�gurations with the samespin and parity as resonan
e. The 1p-1h state 
an mix with 2p-2h states, whi
hin turn mix to 3p-3h states, in a pro
ess that goes up in a hierar
hy of 
omplexitythat ends in a state whi
h the ex
itation energy has been spread over all degreesof freedom and a 
ompound nu
leus is eventually formed.This s
heme implies a hierar
hy of time s
ales, 
orresponding to the lifetimes 
har-a
teristi
 for ea
h 
oupling step, and 
orresponding energy s
ales ranging from totalwidth of the resonan
e, of the order of some MeV, to width of 
ompound nu
learstates of the order of eV. The sear
h for experimental eviden
e of this pi
ture is along-standing problem.1.3 The Pygmy Dipole Resonan
eIn atomi
 nu
lei the isove
tor ele
tri
 dipole (E1) strength is almost 
ompletelyexhausted by the isove
tor giant dipole resonan
e (IVGDR), lo
ated in the energyrange between 10-20 MeV, whi
h has been investigated intensively using variousexperimental approa
hes [2, 6℄. A small fa
tion of a few per
ent of the total E1strength is exhausted by the so-
alled Pygmy Dipole Resonan
e (PDR), a 
on
en-tration of Jπ = 1− states around the parti
le threshold.In the re
ent years, the study of the PDR has attra
ted a great deal of interestin the nu
lear stru
ture 
ommunity not only driven by an understanding of theunderlying nu
lear stru
ture of this phenomenon, but has been further stimulatedby impli
ations to other subje
ts.One appli
ation of the PDR is based on a possible relation between its total strengthand the thi
kness of the neutron-skin [7℄. Thus, a better understanding of the19



1.3. THE PYGMY DIPOLE RESONANCEstru
ture of PDR provides an experimentally 
onstrained approa
h to determinethe neutron skin thi
kness of atomi
 nu
lei in a 
omplementary way 
ompared tothe others. The neutron-skin thi
kness itself is determined by the symmetry energyof the equation of state (EOS) and dire
tly linked to its parameters [8, 9℄. Sin
ethe EOS is a key ingredient in the des
ription of dense astrophysi
al obje
ts su
has neutron stars, experimental 
onstraints on the EOS are highly demanded.Another impli
ation of the PDR is its in�uen
e on rea
tion rates in the astro-physi
al r-pro
ess [10, 11℄ whi
h synthesizes about 50% of the elements heavierthan iron. The photon-absorption 
ross se
tion σγ is dire
tly related to the γ-raystrength fun
tion, whi
h is an important input in 
al
ulation of neutron 
apture
ross se
tion and the 
orresponding (n, γ) rates. How strongly this �nally in�u-en
es the distribution of the produ
ed elements in the r-pro
ess depends on theastrophysi
al s
enario. However, sin
e the relevant isotopes in the r-pro
ess areextremely neutron ri
h one has to rely on model 
al
ulations for the E1 strengthdistribution in these nu
lei.An overview on the theoreti
al models and the experimental investigations willbe dis
ussed in the following se
tions.1.3.1 Theoreti
al ModelsThe PDR 
an be des
ribed in the most simple way as an out of phase vibrationof a N = Z 
ore against a skin formed by the ex
ess neutrons. A �rst theoreti
alinterpretation of this ex
itation mode was given by a simple three-�uid hydrody-nami
al model whi
h involves 
lassi
al os
illations of the nu
leon �uids [12℄. Thethree �uids, here, are the protons, the neutrons sitting in the same orbitals as theprotons and the ex
ess neutrons. These led to two independent ele
tri
 dipole res-onan
es, one originating from the os
illation of all protons against all neutrons andan energeti
ally lower lying mode where only the ex
ess neutrons os
illate againsta proton-neutron saturated 
ore.In re
ent years, various mi
ros
opi
 approa
hes are used in
luding Hartree-Fo
k and Hartree-Fo
k-Bogoliubov plus (quasi-parti
le) random-phase approxima-tion (Q)RPA based on di�erent intera
tions [7℄, se
ond RPA 
al
ulations [13℄, the20



Chapter 1: Giant Resonan
es
Figure 1.4: E1 strength distribution in the region 
al
ulated up to 12 MeV for 116Sn(left) and up to 10 MeV for 140Sn (right) in RQRPA and RQTBA [11℄.quasi-parti
le phonon model (QPM) in
luding 
omplex 
on�guration [14℄, the ex-tended theory of �nite Fermi systems (ETFFS) [15℄, the Landau-Vlasov equations[16℄, the relativisti
 RPA or QRPA [17℄, the relativisti
 quasi-parti
le time-blo
kingapproximation [18℄, and the algebrai
 Intera
ting Boson Model [19℄. While the low-lying 
omponent of the E1 strength is observed in almost all 
al
ulations, the degreeof 
olle
tivity is under debate. For further details on these theoreti
al models referto [20℄ and to given referen
es.So far, the best des
ription of the experimentally observed low-lying dipolestrength in stable medium and heavy nu
lei is a
hieved in 
al
ulations within thequasiparti
le-phonon model (QPM). The �rst 1− state, the position, the totalstrength and the �ne stru
ture of the PDR are des
ribed very well in the widemodel spa
e in
luding up to three-phonon 
on�gurations. However, be
ause of thela
k of the self-
onsisten
y and the presen
e of the adjustable parameters, the ap-pli
ation of this approa
h to nu
lei with large neutron ex
ess remains questionable.Another su

essful tool for investigating the low-energy dipole response are ap-proa
hes based on the 
ovariant energy density fun
tional, �rst of all, the fully self-
onsistent relativisti
 quasiparti
le random-phase approximation (RQRPA) [21℄.The RQRPA supplemented with the 
oupling to low lying vibrations within therelativisti
 quasiparti
le time blo
king approximation (RQTBA) [18℄ in a fully 
on-sistent way enables one to reprodu
e the fragmentation of the giant dipole resonan
eas well as of the PDR and to des
ribe the dipole strength of the low-energy partof the spe
trum.Fig. 1.4 shows the E1 strength distributions for the stable 116Sn nu
leus and21



1.3. THE PYGMY DIPOLE RESONANCE
116Sn 140Sn(a)

(b)

(c)

(d)

(e)

(f)Figure 1.5: Proton e neutron transition densities 
orresponding to the most pronoun
edpeaks at low ex
itation energies at 8.94 MeV and 11.78 MeV for 116Sn (left)and 7.18 MeV and 10.94 MeV for 140Sn (right), respe
tively [11, 22℄. For
omparison the transitional densities in the region of the GDR for bothnu
lei in the RQRPA 
al
ulation are also given, see panels (
) and (f).very neutron ri
h 140Sn 
al
ulated in RQTBA and RQRPA [11℄. The low-lyingE1 strength, that is present also in 116Sn, is strongly enhan
ed and shifted tolower energies in the neutron ri
h 140Sn. This qualitative observation about theseparation of the PDR from the GDR in neutron-ri
h nu
lei is 
on�rmed by theanalysis of the transition densities in the energy region around 10 MeV, see Fig.1.5. The (a), (b) and (d), (e) panels of Fig. 1.5 exhibit the proton and neutronRQRPA transitional densities for the most pronoun
ed peak of the PDR region(a-d panels) and the lowest peak of the GDR region (b-e panels) for 116Sn and
140Sn, respe
tively. For 
omparison the transitional densities in the region of theGDR for both nu
lei in the RQRPA 
al
ulation are also given, see panels (
) and(f). As 
an be seen from Fig. 1.5(a) the neutron 
omponent, in 116Sn, obviouslydominate the transition density at the surfa
e, however, with a noti
eable protonmixture. In 
ontrast, Fig. 1.5(d) implies that proton 
omponent is fully suppressedat the nu
lear surfa
e in the pygmy mode of 140Sn, 
orresponding to the state at7.18 MeV. Figs. 1.5(b) and 1.5(e) show that the stru
ture of the RQRPA peaks
hanges drasti
ally when the ex
itation energy in
reases and the lower part of the22



Chapter 1: Giant Resonan
es

Figure 1.6: Strength fun
tion of the isove
tor (a) and isos
alar (b) responses of 132Snfor di�erent intera
tion [23℄.GDR region is rea
hed. Already the peaks at 11.78 MeV in 116Sn and at 10.94MeV in 140Sn exhibit a 
ompletely di�erent relative behaviour of the neutron andproton 
omponents. The two 
omponents are still in phase in the nu
lear interiorfor 116Sn, while they are not for 140Sn. For 116Sn, neutrons and protons are outof phase at the surfa
e with protons even dominating; whereas in 140Sn, protonsdo not 
ontribute to the surfa
e motion. Thus the (b) and (e) panels indi
ate thatthe states at these moderate ex
itation energies are no longer of pygmy type, butthey also do not yet exhibit the typi
al GDR stru
ture with protons and neutronsos
illating against ea
h other, depi
ted in (
) and (f) panels. For more details see[11, 22℄.Re
ently the isospin 
hara
ter of the low-energy dipole strength has been in-vestigated in di�erent 
al
ulations, partly stimulated by experiments on the PDRusing isos
alar probes. Fig. 1.6 shows the isove
tor (IV) as well as the isos
alar (IS)E1 strength fun
tions for RPA approa
h [23℄. The PDR (assigned to the lowest23



1.3. THE PYGMY DIPOLE RESONANCEenergy peak) is present in both the IS and IV strength fun
tion, whi
h shows themixed isospin nature of the PDR. Compared to the GDR the PDR is mu
h morepronoun
ed in the isos
alar 
hannel. This 
alls for experimental investigations us-ing 
omplementary probes with di�erent sensitivity to the isos
alar and isove
torstrength in order to verify this properties of the PDR. The experiment des
ribedin this thesis has this aim, a part from an investigation of the general properties ofthe PDR.1.3.2 Experimental InvestigationsThe most widely used te
hnique to study the PDR in stable nu
lei is the Nu
learResonan
e Fluores
en
e (NRF) [24℄. This method has been used, from the very be-ginning, in systemati
 studies in di�erent mass regions to investigate bound dipoleex
itations. The advantages of real photons as a probe are on the one hand thehigh sele
tivity to dipole-ex
ited states, i.e. nearly ex
lusively J = 1 states areex
ited in an even-even nu
leus. On the other hand the ex
itation me
hanism iswell known and in
ludes ex
lusively the ele
tromagneti
 for
e. Therefore, intrin-si
 properties like spin, parity or transition strength 
an be extra
ted from themeasured quantities (angular distribution, 
ross se
tion et
.) in model indepen-dent way. In 
ontrast to other parti
les used in s
attering experiments photons arealways fully absorbed in the ex
itation pro
ess. Consequently, to determine the ex-
itation energy the photon energy has to be either known from the very beginningor has to be extra
ted from the spe
tros
opy of the de
ay produ
ts. In parti
u-lar, sin
e for high ex
itation energies photo-disso
iation is the dominant rea
tion
hannel and neutron spe
tros
opy has no or very limited energy resolution in most
ases, a knowledge of the energy of the in
ident photon is ne
essary.To get a deeper insight into the stru
ture of the ex
itations, the use of thehadroni
 intera
tion to populate the states of interest is a valuable 
omplementarytool. One interesting approa
h is the inelasti
 s
attering of α parti
les of about30 MeV/u at forward angles. Due to their isos
alar internal stru
ture α parti
lesdominantly ex
ite isos
alar states via the hadroni
 intera
tion from ground states.However, 
ompared to the ele
tromagneti
 intera
tion, the hadroni
 intera
tion ismu
h less sele
tive. In 
ontrast to real or virtual photons whi
h favour ∆J = 1, 224



Chapter 1: Giant Resonan
esex
itations exhibiting strong ele
tromagneti
 transitions from the ground state, thehadroni
 intera
tion of α′s or protons populates, depending on the kinemati
s, aswell states with higher spins and show not trivial strength sele
tivity. These lim-itations 
ould be over
ome in experiments with γ-ray spe
tros
opy where, with a
oin
iden
e 
ondition between the α′s and γ′s, low-spin states 
ould be favoured.In addition the α− γ angular 
orrelation 
ould be analysed. The �rst experimenton 140Ce [25℄ revealed an interesting result. By 
omparing this experiment withphoton-s
attering experiments, a 
lear sele
tivity in the population of the PDRstates is observed. All E1 ex
itations below about 6.5 MeV dete
ted in earlierphoton s
attering experiments are observed as well in the (α, α′γ) experiment.However, in 
ontrast all the E1 ex
itations above this energy are missing in the
(α, α′γ) spe
tra, see Fig. 1.7. To ex
lude that the 140Ce is a spe
ial 
ase the
(α, α′γ) studies were 
ontinued on the N = 82 isotone 138Ba, the Z = 50 nu
leus
124Sn and the open-shell N = 52 nu
leus 94Mo. Whereas the fragmentation andthe detailed stru
ture of the E1 strength distribution observed in α-s
attering ex-periments varies from nu
leus to nu
leus the overall ex
itation pattern is alwaysquite similar. This di�erent ex
itation pattern 
an only be explained by the dif-ferent isospin nature of the two probes (isos
alar or isove
tor) or by their di�erentintera
tion zones within the nu
leus (whole nu
leus or surfa
e). Mi
ros
opi
 
al
u-lations show that this splitting re�e
ts a di�erent underlying stru
ture of the PDRstates: the low-energy states are of isos
alar nature and their transition density ispeaked on the surfa
e, while the high-energy states are of isove
tor nature and areasso
iated to a transition towards the IVGDR [26℄. To 
larify the situation furtherexperimental data using hadroi
 probes are obviously ne
essary.Another new experimental approa
h to investigate the PDR using hadron
probes is the inelasti
 s
attering of 17O at bombarding energies of about 20 MeV/u[27℄. This te
hnique is the one used in the experiment des
ribed in this thesis. A�rst experiment has been performed at INFN-LNL using the AGATA demonstra-tor and large volume LaBr3:Ce dete
tors for the γ-ray spe
tros
opy in 
oin
iden
ewith the dete
tion of s
attered 17O ions. Preliminary results on 208Pb indi
ate asimilar behaviour as observed in the (α, α′γ) experiments [27, 28℄. The nu
lei stud-ied with this te
hnique have been 208Pb, 90Zn, 140Ce and 124Sn. They have been
hosen sin
e they are all 
losed shell and 
onsequently good 
andidate to investi-25



1.3. THE PYGMY DIPOLE RESONANCE

Figure 1.7: Comparison of 
ross se
tion measured in the (α, α′γ) experiments (upperpart) with B(E1) strength derived from (γ, γ′) experiments (lower part) for
140Ce [29℄.gate 
olle
tive motions like PDR. In parti
ular this thesis work it is 
on
entratedon the study of the PDR in 124Sn sin
e it has been already investigated by (γ, γ′)and (α, α′γ) experiments. The 
ombination of these di�erent approa
hes promisesa mu
h more detailed understanding of the nature of the PDR in medium to heavynu
lei.

26



Chapter 2Inelasti
 S
attering of HeavyIonsHeavy ion rea
tions represent one of the most suitable instrument to investigatenu
lear stru
ture properties and nu
lear rea
tion me
hanisms. In the experimentdes
ribed in this thesis, inelasti
 s
attering of 17O beam at the energy of 20 MeV/uin the laboratory frame was used to populate highly ex
ited states in the targetnu
lei, in
luding the pygmy dipole resonan
e. In Se
. 2.1 a short overview of aprevious measurements employing the same te
hnique will be given. In Se
. 2.2the Distorted Wave Born Approximation (DWBA) will be presented, whi
h 
an beused to give a simple but e�e
tive theoreti
al des
ription of the inelasti
 s
atteringof heavy ions.2.1 Giant Resonan
es via Inelasti
 S
atteringAs dis
ussed in Chap. 1 giant resonan
es have been studied over the years withseveral di�erent probes. The use of heavy ions, 
ompared to the others probes, 
anprovide mu
h larger 
ross-se
tions and a better peak-to-
ontinuum ratio due to ade
rease of kno
k-out rea
tions 
ompare to protons [30℄. When using heavy-ions
attering to study giant resonan
es, it has to be taken into a

ount that angulardistribution of the 
ross se
tions for the ex
itation of nu
lear states are not verysensitive to the angular momentum transfer. This problem 
ould be over
ome by27



2.1. GIANT RESONANCES VIA INELASTIC SCATTERING

Figure 2.1: Inelasti
 s
attering spe
tra for a 208Pb target bombarded with an 17O (leftpanel) and a 16O (right panel) beam. The broad stru
ture in the highlightedregion of the 16O spe
trum is 
aused by proje
tile ex
itation and is 
om-pletely removed with the 17O beam be
ause of its low neutron separationenergy. Adapted from [30℄.dete
ting the de-ex
itation γ-rays in 
oin
ident with the s
attered ions, sin
e pho-ton sele
tion rules are very sensitive to angular momentum. Moreover a proper
hoi
e of proje
tile is a 
ru
ial point in the study of GR via inelasti
 s
attering ofheavy ions. Indeed proje
tile ex
itation and nu
leon pi
kup and subsequent nu-
leon de
ay 
ould be
ome a major sour
e of ba
kground, forming broad stru
turesuperimposed on those 
aused by target ex
itation [30℄. For these reasons the mostsuitable proje
tile for this type of experiment is the loosely bound 17O (Sn = 4.1MeV). In this way, if an ex
itation energy above Sn is transferred to the proje
tile,the neutron emission 
hannel be
omes dominant and the event 
ould be easily re-moved from the inelasti
 s
attering 
hannel. The di�eren
e between the ex
itationspe
tra of a 208Pb target, bombarded with an 17O (left panel) or 16O (right panel)beam is depi
ted in Fig. 2.1. As it 
an be 
learly seen in the 
ase of 16O the regionhighlighted in blue is dominated by proje
tile ex
itation.These spe
tra 
learly demonstrate that 
are must be exer
ised in the 
hoi
e ofthe heavy ion proje
tile used, and the energy of the ions should also be 
onsideredto ensure that the ex
itation energy region of interest is not 
ompromised by pro-je
tile e�e
ts. 28



Chapter 2: Inelasti
 S
attering of Heavy IonsAs mentioned in Se
. 1.3, an interesting feature in the region of the pygmyresonan
e has been observed in a number of di�erent stable nu
lei, by 
omparingresults of photon-s
attering and α-s
attering experiments. The use of an additionalprobe as the inelasti
 s
attering of 17O at 20 MeV/u whi
h has, similarly to alphaparti
les, a rather strong isos
alar 
hara
ter is expe
ted to add valuable informationon the quest of the nature of these low-lying E1 states.These experimental te
hnique has already been employed in the past in orderto study the γ-de
ay of the ISGQR of 208Pb [31℄ and the Coulomb ex
itation ofthe IVGDR [32℄.The experiment des
ribed in thesis is the se
ond of two experiments (for detailson the �rst experiment see [28℄). This experiment employs the same experimen-tal te
hnique des
ribed in [28℄ but 
an take advantage of improved experimentalsetup 
onditions. In parti
ular, the γ-ray dete
tion is performed with the AGATADemonstrator, and by an array of 9 large volume LaBr3:Ce s
intillator dete
torsnamed HECTOR+. The dete
tion of the s
attered ions is performed with twosegmented Si teles
opes, 
overing a large solide angle. For more details on theexperimental setup see Chapter 3.2.2 Distorted Wave Born ApproximationInelasti
 s
attering of heavy ions at intermediate energies (10 − 100 MeV/u) 
anbe well des
ribed within the Distorted Wave Born Approximation (DWBA). Themain features of the DWBA will now brie�y be re
alled, following referen
es [33℄[34℄.The main assumption of all distorted wave theories is that elasti
 s
attering andabsorption are the most important me
hanisms to o

ur when two nu
lei 
ollide.These phenomena 
an be des
ribed by the use of a 
omplex opti
al potential. Theelasti
 s
attering is then des
ribed exa
tly (within the limitations of the opti
almodel) and the other rea
tion 
hannels are treated as a perturbations.The 
ollision between two nu
lei 
an be seen as a wave pro
ess in whi
h a planewave (the proje
tile nu
leus) hits an absorbing target nu
leus 
reating a spheri
al29



2.2. DISTORTED WAVE BORN APPROXIMATIONs
attered wave. Consider the following binary rea
tion:
A+ a −→ B + b (2.1)where a is an in
oming beam ion, A is a target nu
leus, and the rea
tion prod-u
ts are a beam-like eje
tile b and target-like re
oil B.The system before the s
attering o

urs 
an be des
ribed by the following wavefun
tion in the 
enter of mass frames of referen
e
ψi = Nei

~kα~rαψaψA (2.2)where ψa and ψA are the wave fun
tions des
ribing the internal degree of free-dom of the two nu
lei, while ~rα anf ~kα are respe
tively
~rα = ~ra − ~rA (2.3)

~kα =
ma

~ka −mA
~kA

ma +mA
(2.4)It will be also 
onvenient to introdu
e the redu
ed mass

µα =
mamA

ma +mA
(2.5)After 
ollisions the total wave fun
tion will have a s
attered 
omponent for ea
hpossible rea
tion 
hannel, that is

ψtot = Nei
~kα~rαψaψA +

∑

β

ψscatt,β (2.6)The s
attered wave fun
tion is spheri
al, and has the form
ψscatt,β = Nfβ(θ, ϕ)

ei
~kβ~rβ

rβ
ψbψB (2.7)where the fa
tor fb(θ, ϕ) is 
alled s
attering amplitude and modulates the ampli-tude of the wave fun
tion as a fun
tion of the s
attering angle and the bombardingenergy, and ψb andψB are the wave fun
tions des
ribing the internal state of therea
tion produ
ts.Ea
h nu
leus moves away from the target with the relative velo
ity vβ therefore,sin
e the wave fun
tions des
ribing the relative motion and the internal states are30



Chapter 2: Inelasti
 S
attering of Heavy Ionsnormalized, the total parti
les emitted in a solid angle dΩ per unit time is just
vβ |Nfβ(θ, ϕ)|

2. Dividing by the in
ident �ux vα|N |2, one obtains the di�erential
ross se
tion for the rea
tion 
hannel β
dσβ
dΩ

=
vβ
vα

|fβ(θ, ϕ)|
2 (2.8)In order to give an expression for the s
attering amplitude, one has to �nd asolution of the time independent S
hrödinger equation of the form 2.6 and 2.7. Fora single parti
le of mass m (with no internal degrees of freedom) whi
h s
attersfrom a �xed potential U(~r) su
h equation is

[

−
~
2

2m
▽2 +U(~r)

]

χ(~r) = Σχ(~r) (2.9)where Σ is the total energy of the parti
le. Sin
e U(~r) may ex
ite one or boththe nu
lei involved in the rea
tion, one has also to 
onsider the nu
lear internalstates. The internal wave fun
tion ψa and ψA are solution of the S
hrödingerequations
Haψa = ǫaψa HAψA = ǫAψA (2.10)where Ha and HA 
ontain a kineti
 term and an intera
tion term. Adding, inthe 
enter of mass frame of referen
e, the Hamiltonian of the relative motion tothose 
on
erning the internal states, one gets the �nal S
hrödinger equation to besolved

(

Ha +HA −
~
2

2µα
▽2

α +Uα(~r)

)

ψtot = Eψtot (2.11)where E is the total energy of the system.The general solution of Eq. 2.11 has the form
ψtot =

∑

b,B

χb,B(~rα)ψbψB (2.12)Con
entrating upon the relative motion, ignoring the internal degree of freedom,one 
an �nd an integral solution of Eq. 2.9 whi
h allows to determine the s
atteringamplitude.A more detailed des
ription should in
lude also the internal states and therefore31



2.2. DISTORTED WAVE BORN APPROXIMATIONwave fun
tions of the form 2.12. The general solution of Eq. 2.9 is given by thein
ident plane wave plus the s
attered wave and it 
an be written as
χ(~k,~r) = ei

~k~r −
1

4π

∫

ei
~k|~r−~r′|

|~r − ~r′|
U(~r′)χ(~k, ~r′)d~r′ (2.13)Evaluating the previous equation at large |~r′| one obtains

χ(~k,~r) = ei
~k~r −

ei
~k~r

4πr

∫

ei
~k′ ~r′U(~r′)χ(~k, ~r′)d~r′ (2.14)By 
omparison with 2.7 one 
an determine the s
attering amplitude

fβ(θ, ϕ) = −
1

4π

∫

ei
~k′ ~r′U(~r′)χ(~k, ~r′)d~r′ (2.15)Of 
ourse, this is only a formal solution sin
e it 
ontains the unknown wavefun
tion χ(~k, ~r′). Some approximations are ne
essary in order to solve the equation.In the DWBA approa
h, it is assumed that the potential U 
an be written as

U = U1 + U2 and that the exa
t solution χ1(~k, ~r′) of Eq. 2.9 for U1 is known.Typi
ally U1 is the opti
al potential whi
h 
auses the elasti
 s
attering, while
U2 is the potential that indu
es non-elasti
 transitions, and 
an be treated as aperturbation.One 
an distinguish two types of solutions given by a plane wave plus a s
atteredwave in the exit 
hannel χ(+)

1 (~k,~r) and a plane wave plus a s
attered wave in theentran
e 
hannel χ(−)
1 (~k,~r). The two solutions are one the timing inverse of theother

χ
(−)
1 (~k,~r) = χ

(+)
1 (−~k,~r)∗ (2.16)The two waves are 
alled distorted waves. One 
an rewrite Eq. 2.14 by repla
ingthe plane waves with su
h distorted waves

χ(~k,~r) −→ χ
(+)
1 (~k,~r)−

ei
~k~r

4πr

∫

χ
(−)
1 (~k′, ~r′)∗U2(~r′)χ(~k, ~r′)d~r′ (2.17)The full s
attering amplitude is the sum of a 
ontribution given by U1, and aterm 
on
erning U2. Furthermore, if U2 is weak 
ompared to U1 one 
an approx-imate χ(~k, ~r′) with the solution χ

(+)
1 (~k,~r) for U1. The 
orresponding amplitude32



Chapter 2: Inelasti
 S
attering of Heavy Ionsis
fDWBA(θ, ϕ) = f1(θ, ϕ) −

1

4π

∫

χ
(−)
1 (~k′, ~r′)∗U2(~r′)χ

(+)
1 (~k, ~r′)d~r′ (2.18)The generalized expression for the DWBA transition amplitude for a rea
tion

A(a, b)B is given by
fDWBA(θ, ϕ) = −

1

4π

∫ ∫

χβ(~kβ , ~rβ)
∗ 〈b, B|U2|a,A〉χα(~kα, ~rα)d~rαd~rβ (2.19)where χα and χβ are the generalization of χ1 des
ribing the elasti
 s
attering inthe entran
e and exit 
hannel respe
tively, while the matrix element 〈b, B|U2|a,A〉takes into a

ount the non elasti
 
hannels, 
onsidering also the internal stru
tureof the nu
lei parti
ipating in the 
ollision.2.2.1 Nu
lear PotentialThe nu
lear potentials dis
ussed in the previous se
tion are 
entral potentials rep-resenting the intera
tion between two nu
lei when they 
ollide. Su
h potentialsare made by the sum of the long range Coulomb potential, due to the presen
e ofprotons, and a short range potential due to the nu
lear for
e. The nu
lear potentialdepends on the nu
leon-nu
leon intera
tion whi
h 
an be parametrized by severalmodels. In a heavy ions rea
tion the nu
lear potential is given by the integral overall the intera
tions between nu
leons present both in the proje
tile nu
leus and inthe target nu
leus. It 
an be written as:

U(~R) =

∫ ∫

ρp(~rp)ρt(~rt)v(~rtr)d
3rpd

3rt (2.20)where ρp(~rp) and ρt(~rt) represent the proje
tile nu
leon density in the point ~rpand the target nu
leon density in the point ~rt, and v(~rtr) is the nu
leon-nu
leonintera
tion, with ~rtr = ~rt − ~rr , as shown in Fig.Typi
ally, U(~R) has a Woods-Saxon form whose depth (around -50 MeV fora single nu
leon potential) depends on the number of nu
leons and on the modelused to des
ribe the nu
leon-nu
leon intera
tion. The potential has a real part,that des
ribes the elasti
 s
attering pro
ess, as well as an imaginary part:
U(R) = V (R) + iW (R) (2.21)33



2.2. DISTORTED WAVE BORN APPROXIMATION

Figure 2.2: Coordinates of the integral Eq. 2.20.where V (R) is a Wood-Saxon potential with depth V , radius Rv = rv0A
1/3 anda di�usiveness av, and W (R) is the imaginary 
omponent of the potential, withdepth W (typi
ally a fra
tion of V ), radius Rw = rw0A

1/3 and a di�usiveness aw:
V (R) =

V

1 + e

R−Rv

av

W (R) =
W

1 + e

R−Rw

aw

(2.22)The imaginary part of the potential a

ounts for the absorption of the in
identwave 
aused by non-elasti
 pro
esses: in a heavy ion rea
tion there are many open
hannels, and if an internal ex
itation or a parti
le transfer o

urs, the system doesnot return to the entran
e 
hannel and the proje
tile is absorbed. This opti
al po-tential a

ounts for the dominant part of the intera
tion between the two nu
lei,and 
orresponds to the U1 term in the dis
ussion above. In order to 
al
ulate therea
tion 
ross se
tion for an inelasti
 s
attering pro
ess, however, it is also ne
es-sary to des
ribe the residual intera
tion that 
orresponds to the U2 term in thedis
ussion above.All DWBA 
al
ulations for our experiment were 
arried out with the FRESCO
ode [35℄, whi
h 
al
ulates virtually any nu
lear rea
tion whi
h 
an be expressed ina 
oupled-
hannel form. It 
an perform 
al
ulations for both heavy ion rea
tionsand light ions rea
tions, providing parti
le angular distributions for all the rea
-tion 
hannels. The basi
 ingredient for the elasti
 
al
ulations are the two-bodywave fun
tion and the opti
al potential, whi
h des
ribes the nu
lear intera
tionbetween proje
tile and target nu
lei. The e�e
tive intera
tion is given by the sum34



Chapter 2: Inelasti
 S
attering of Heavy IonsOpti
al potential parameters used in [36℄
Nucleus V R0 av W Rw0 aw

90Zn 40 1.15 0.671 26 1.15 0.671
208Pb 60 1.17 0.665 38 1.17 0.665Table 2.1: Opti
al potential parameters used in [36℄.of Coulomb potential and nu
lear opti
al potential. In the 
ase of inelasti
 ex
ita-tions, the FRESCO 
omputer 
ode uses a 
olle
tive model for the nu
lear part ofthe e�e
tive intera
tion. The deformation of the ex
ited level is also required. Inthe present work, the deformation of the ex
ited states of 124Sn have been 
al
u-lated using the tabulated experimental values of B(E, 0 −→ k), whi
h is 
onne
tedto the deformation (β) by the redu
ed deformation length (RDEF (k)):

RDEF (k, I −→ I ′) =
√

B(E, 0 −→ k) ∗
4π

3ZRk−1
(2.23)where R = 1.2A1/3.For more details on the inputs of the FRESCO 
ode used for our 
al
ulations seeAppendix C.The present model has been already tested in the 
ase of inelasti
 s
attering of

16O on 208Pb and 90Zn, [36℄. The 
ode used in this analysis was the PTOLEMY
ode. Fig. 2.3 and Fig. 2.4 show the experimental inelasti
 s
attering angulardistributions and the results of the DWBA 
al
ulations for 208Pb and 90Zn, re-spe
tively. As 
an be observed from these �gures there is a reasonable agreementbetween the experimental and 
al
ulated angular distributions for the ex
ited states
onsidered. In this analysis the opti
al model parameters were obtained by settingthe real well depth (V ) to a �xed value and allowing the imaginary well depth (W )to vary along with the radius (r0) and a di�useness (a) parameters. The real andimaginary radius and di�useness parameters were set to be equal. The Coulombradius parameters was 1.2 fm. The opti
al model parameters are reported in Table2.1. 35



2.2. DISTORTED WAVE BORN APPROXIMATION

Figure 2.3: Measured and 
al
ulated angular distributions for indi
ated states in 208Pb,[36℄.

Figure 2.4: Measured and 
al
ulated angular distributions for indi
ated states in 90Zn,[36℄. 36



Chapter 3
Experimental Set-UpThe experiment des
ribed in this thesis was performed in De
ember 2011, at theLegnaro National Laboratories (LNL), in Italy.The Giant Resonan
e modes have been ex
ited by inelasti
 s
attering of 17O ionsat 20 MeV/u, in the laboratory frame, on a 124Sn target (3 mg/
m2 thi
k, en-ri
hed to 99%). 17O has been 
hosen sin
e it is loosely bound (4.1 MeV), and thusit allows to have a γ-spe
trum mainly 
ontaining target de-ex
itation, parti
ularlyin the region of interest E∗ > 4.5 MeV.The beam was provided by the PIAVE-ALPI a

elerator system, with an average
urrent of 0.5 pnA. PIAVE is a super
ondu
ting radio-frequen
y quadrupole, andwas used as an inje
tor for the super
ondu
ting linear a

elerator ALPI.The dete
tion of the s
attered ions was performed with two∆E-E Sili
on Teles
opesmounted inside the s
attering 
hamber. The dete
tors used in this experiment arethe prototypes for the TRa
king Array for light Charged parti
le Eje
tile (TRACE)[37℄, a 4π array of segmented ∆E-E sili
on teles
opes, designed for the dete
tionof protons and alpha parti
les in experiment with fusion-evaporation and dire
trea
tions. A more detailed des
ription of this array is done in se
. 3.1.The γ-rays produ
ed during the de-ex
itation of the rea
tion parti
ipants have beenmeasured using an array of HPGe segmented dete
tors (the AGATA Demonstrator[38℄, see se
. 3.2) 
oupled to an array of 9 large volume LaBr3:Ce s
intillators, (theHECTOR+ array [39℄, see se
. 3.3) used to in
rease the dete
tion e�
ien
y forhigh energy γ-rays. 37



3.1. THE SILICON TELESCOPES

Figure 3.1: Pi
ture of the experimental setup, 
omprising �ve triple 
lusters of AGATA(in the ba
k of the pi
ture) and an array of 9 LaBr3:Ce dete
tors namedHECTOR+.A pi
ture of the experimental set-up is shown in Fig. 3.1; the AGATA Demonstra-tor dete
tors are in the middle, while the dete
tors around them are the LaBr3:Ces
intillators of the HECTOR+ array.A s
hemati
 view of the 
omplete experimental set-up is shown in Fig. 3.2. TwoData A
Quisition (DAQ) systems, des
ribed in se
. 3.4, were running in parallelduring the experiment: one for the AGATA Demonstator, based on NARVAL [40℄,and one for an
illary dete
tors, based on KMAX [41℄. The trigger 
onditions aredes
ribed in se
. 3.5.3.1 The Sili
on Teles
opesThe dete
tion of the s
attered 17O ions was performed with two segmented ∆E-Esili
on teles
opes. The ∆E dete
tors were 200 µm thi
k, 
orresponding to an en-ergy loss of about 70 MeV for an 17O ion of 340 MeV (20 MeV/u). The E dete
torswere 1 mm thi
k, enough to stop the 17O ions 
ompletely.Ea
h dete
tor is segmented in 60 pads of 4 x 4 mm2, for an a
tive area of 20 x48 mm2. The large a
tive area allows for a good solid angle 
overage, and thesegmentation for a higher 
ounting rate limit. Furthermore, the dete
tors have for38
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Figure 3.2: S
hemati
 view of the experimental setup, 
omprising �ve triple 
lustersof AGATA, an array of 9 LaBr3:Ce dete
tors named HECTOR+ and twoE-∆E Sili
on teles
ope of the TRACE proje
ts.ea
h pad a mu
h better energy resolution 
ompared to a non-segmented Sili
ondete
tor of the same total area: the ele
tri
al noise of a solid-state dete
tor is pro-portional to its 
apa
ity, whi
h is in turn proportional to the dete
tor surfa
e areafor a planar geometry.The dete
tors were mounted inside the s
attering 
hamber at ∼ 7 
m from thetarget, 
overing a solid angle of ∼ 100 msr per teles
opes and an angular range of
∼ 25°. An ad-ho
 adapter board was built, whi
h sele
ts the 32 pads 
losest to thebeam dire
tion and 
onne
ts them to the 
harge pre-ampli�ers and to the rest ofthe ele
troni
s: in this way, we redu
ed by a fa
tor of 2 the number of ele
troni
s
hannels needed, without losing e�
ien
y in the region of interest. Ea
h dete
torwas 
onne
ted to a 
ustom 32-
hannels 
harge preampli�er. The preampli�ers weremounted as 
lose to the dete
tors as possible. The preampli�ers were pla
ed on ametalli
 board to favour heat dispersion. The preampli�ers were under va
uum,and were 
onne
ted through high-density 
ables to a �ange and from the �ange toan a
tive 
ir
uit splitting the signals of ea
h into 2 standard �at 
ables. Ea
h ofthese 
ables was the input of a CAEN N1568 16-
hannel spe
tros
opi
 ampli�er,set with a shaping time of 2 µs. The output of the ampli�ers was then sent tothe CAEN V879 ADCs (Analog to Digital Converters) for data a
quisition. Ea
hampli�er 
hannel also had a built-in CFD (Constant Fra
tion Dis
riminator), thatwas sent to the CAEN V878 TDCs (Time to Digital Converters). Finally, the39



3.2. THE AGATA DEMONSTRATOR

Figure 3.3: Pi
ture of the Sili
on teles
opes pixels of the TRACE proje
t type insidethe s
attering 
hamber.ampli�ers also have a "OR" output that is the logi
al "OR" of all the 16 CFD
hannels, and is used to build the trigger 
ondition (see se
tion 3.5).The dete
tors were mounted on a me
hani
al support that allowed to 
hange an-gular position of both teles
opes with respe
t to the beam dire
tion. For ourexperiment the dete
tors were pla
ed at an angle of ∼ 9°measured in the 
entre ofthe �rst 
olumn of pads. The distan
e between the target 
entre and the ∆E de-te
tors was ∼ 7 
m. The dete
tors 
an be seen mounted in the s
attering 
hamberin Fig. 3.3.Two Peltier 
ells were pla
ed behind ea
h of the teles
opes in order to 
ool themto a temperature of about −25°. In order to guarantee a good heat transfer, thedete
tors were mounted in aluminium oxide PCBs (Printed Cir
uit Boards) andbrass di
es were used to �x the ∆E dete
tor to the E dete
tor. The hot side ofthe Peltier 
ells was in turn 
ooled by a refrigerant liquid kept at ∼ 10°by a 
hillersystem.3.2 The AGATA DemonstratorAGATA (Advan
ed Gamma Tra
king Array) is a European proje
t aiming at thedevelopment and 
onstru
tion of a 4π array for nu
lear spe
tros
opy studies. This40



Chapter 3: Experimental Set-Upkind of dete
tors is based on γ-ray tra
king, whose prin
iple is the re
onstru
tionof the sequen
e of intera
tions of ea
h γ-ray inside the array, in order to a
hieve agood suppression of the Compton ba
kground. As a 
onsequen
e high e�
ien
y isa
hieved, over
oming the limits of Compton-suppressed HPGe arrays.In the a
tual phase AGATA is 
omposed by 5 triple and 5 double-
lusters of HPGesegmented dete
tors, this 
on�guration was named AGATA Demonstrator. TheDemonstrator has started its 
ampaign in 2009, when test experiments were donein order to evaluate the performan
es of the tra
king algorithms in terms of energyresolution, e�
ien
y and Peak-to-Total (P/T) ratio. The physi
al 
ampaign, in-stead, has begun in February 2010, when the �rst in-beam measurement took pla
e;at that moment only 3 triple-
lusters were available. At the time of our experimenttwo triple-
luster was added to the existing set-up, resulting in 5 triple-
lusters fora total of 15 HPGe dete
tors.3.2.1 AGATA: Advan
ed GAmma Tra
king ArrayThe aim of the Advan
ed GAmma Tra
king Array (AGATA) proje
t [38℄ is the
onstru
tion of an array based on the novel 
on
epts of pulse shape analysis and
γ-ray tra
king with highly segmented Ge semi
ondu
tor dete
tors.The best geometri
al design has been deeply investigated, as des
ribed in [42℄; hereonly the main ideas and prin
iples are summarized.The �rst need was to have the best dete
tion e�
ien
y and solid angle 
over-age; an additional requirement in the 
on
eptual design of AGATA was to keep asu�
iently large inner spa
e inside the array in order to host an
illary instrumenta-tion, whi
h often is indispensable in the physi
s programme of AGATA. GEANT4simulations [42℄ were used to de
ide the best performing 
on�guration based ongeodesi
 tiling of a sphere with 12 regular pentagons and 180 hexagons. Owingto the symmetries of this spe
i�
 bu
kyball 
onstru
tion, three slightly di�erentirregular hexagons are needed (see Fig. 3.4); the three shapes are indi
ated bythe 
olours red, green, and blue. The dete
tors are grouped in 60 identi
al triple-
lusters, ea
h 
ontaining a red, a green, and a blue 
rystal (see Fig. 3.5); thepentagonal dete
tors are individually 
anned. The three dete
tors are pla
ed in-side a single 
ryostat and are 
ooled to 90 °K with a liquid nitrogen system. Thepreampli�ers for all segments and 
ore signals are also 
ooled to 130 °K.41



3.2. THE AGATA DEMONSTRATOR

Figure 3.4: S
hemati
 view of the full AGATA dete
tor; the di�erent 
olours representthe di�erent shapes of the dete
tors [38℄.

Figure 3.5: The AGATA triple-
luster: Te
hni
al drawing on the left and pi
ture of areal 
luster on the right 42



Chapter 3: Experimental Set-UpThe inner radius of the array is 23.5 
m. The total solid angle 
overed byHPGe material is 
lose to 80% and the photo peak e�
ien
y is as high as 50%for individual 1 MeV γ-rays. A key feature of AGATA is the 
apability to deter-mine the emission dire
tion of the dete
ted γ-rays with a pre
ision of ∼ 1◦. This
orresponds to an e�e
tive solid angle granularity of 5 · 104 (una
hievable with in-dividual germanium 
rystals) and ensures an energy resolution better than 0.5%for transitions emitted by nu
lei re
oiling at velo
ities as high as 50% of the speedof light. This value is only a fa
tor of two bigger than the intrinsi
 resolution ofHPGe dete
tors and is 
omparable with the values 
urrently observed at 10 timessmaller re
oil velo
ity.
3.2.2 High-Fold Segmented Dete
torsIn order to a
hieve a large tra
king e�
ien
y (see Se
tion 3.2.5), the positionswhere the γ-rays intera
t inside the dete
tor volume should be determined withan a

ura
y of ∼ 5 mm at an energy of 1 MeV. This 
orresponds to an e�e
tivegranularity of approximately 30000 voxels (the analogous of pixel in 3D) per Gedete
tor. While it is impossible to a
hieve su
h a granularity by a physi
al segmen-tation of the 
rystal, pulse-shape analysis methods (PSA) (see Se
tion 3.2.4) 
anprovide this position a

ura
y; a medium level segmentation of the outer dete
tor
onta
t is however required: ea
h dete
tor is then divided into 20 - 40 segments.The AGATA array is 
omposed by large volume 36-fold segmented n-type germa-nium dete
tors in the semi-
oaxial geometry, like the one depi
ted in Fig. 3.6. Thedete
tors are produ
ed by the Fren
h 
ompany Camberra and have a length of
90 mm, a diameter of 80 mm at the rear, and a tapering to a irregular hexag-onal shape with an angle of 10◦ at the front. The se
tor-wise segmentation goesthrough the middle of ea
h hexagonal side, the longitudinal segmentation formsrings of varying thi
kness, optimised for a uniform distribution of the γ-ray in-tera
tions. Be
ause of their 
omplexity and the need of pa
king them very 
loseto ea
h other, these dete
tors use the en
apsulation te
hnology developed for the
lusters of the EUROBALL array. 43



3.2. THE AGATA DEMONSTRATOR

Figure 3.6: S
hemati
 view of the 36-fold segmented, hexa
oni
ally tapered germanium
rystal, of the AGATA Demonstrator.3.2.3 Digital Ele
troni
sThe use of Pulse Shape Analysis (PSA) te
hniques obviously requires that theshape of ea
h pulse in the dete
tor is re
orded and pro
essed digitally. For thisreason, all 37 signals (36 segments + the 
entral ele
trode) from ea
h dete
tor aredigitised at 100 MHz immediately after the preampli�ers by high-resolution (14bits) fast ADCs. Using the digitized signals the energy, time and position of ea
h
γ-ray intera
tion are then extra
ted using digital pro
essing te
hniques. Thesedata are asso
iated with unique time-stamp and unique positional label whi
h willbe used by the data a
quisition pro
essors to asso
iate data produ
ed by the sameevent.Digital pro
essing allows to use �lters that have no analogue 
ounterpart su
has the Moving Window De
onvolution algorithm [43℄ to re
onstru
t the original
harge 
olle
tion by removing the e�e
t of the preampli�er response. A goodenergy resolution 
an be a
hieved with shorter shaping time; in this way the arrayis able to sustain a 
ounting rate per dete
tor 5 times higher than the "traditional"apparatus (50 kHz per dete
tor instead of 10 kHz).3.2.4 Pulse Shape AnalysisThe task of Pulse Shape Analysis (PSA) is to identify with high pre
ision the lo
a-tion of the individual intera
tion points and the 
orresponding energy deposits of a
γ-ray. There 
an be more than one intera
tion in one dete
tor segment and/or the44
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γ-ray 
an be s
attered to another segment of the same 
rystal or to an adja
entdete
tor or even a
ross the array. Simulations show that in order to rea
h a satis-fa
tory e�
ien
y, tra
king algorithms have to be provided with information on thegamma intera
tion lo
alization with a pre
ision of at least 5 mm.The parameters of interest (i.e. three dimensional intera
tion position, energy,time and a 
on�den
e in the quality of the determined �t) are determined by
omparing the dete
tor pulse shapes to a 
al
ulated referen
e basis, where ea
hsignal 
orresponds to a well-lo
alised single intera
tion point.The input data for the PSA pro
ess for an AGATA dete
tor 
onsist in 37signals Sj(E, t), with j = 0, 1, ..., 36, sampled at the output of the HPGe dete
torpreampli�ers (36 segments + 
ore). Sin
e the dete
tor response is linear, Sj(E, t)
an be written as the superposition of the signals asso
iated to the single hits ofthe gamma Sj(xi, yi, zi, t) weighted by their energy release Ei:

Sj(E, t) =
N
∑

i=1

EiSj(xi, yi, zi, t) (3.1)where N is the number of intera
tions inside the segment and E =
∑N

i=1Ei.In the 
ase where N = 1, Eq. 3.1 redu
es to
Sj(E, t) = ESj(xi, yi, zi, t) (3.2)Solving this equation means �nding the intera
tion point that better reprodu
esthe measured signal shape, by a 
omparison between the measured signal shape andthe set of shapes belonging to the signal basis. In order to a
hieve a good positionresolution, it is not su�
ient to 
ompare the net-
harge signal of a segment withthe basis, but the transient shapes in the neighbouring segments must also be
ompared to a basis for transient signals. If N>1, there is the added 
ompli
ationof disentangling the single intera
tions of ea
h segment, all with an unknown energydeposit and unknown position.The 
omparison of waveforms is a very 
hallenging task if performed in a naiveway, more so if a de
omposition of ea
h signal shape in multiple intera
tion pointsis needed, be
ause it requires a large quantity of memory and of CPU time; fastand e�
ient PSA algorithms are therefore needed. Many approa
hes to the "PSAproblem" have been proposed: adaptive grid sear
h [44℄, neural networks, matrixinversion [45℄, geneti
 algorithms [46℄, re
ursive subtra
tion [47℄, et
.45



3.2. THE AGATA DEMONSTRATORIn the experiment presented in this thesis, as in the whole LNL experimental
ampaign, it has been de
ided to use a grid sear
h algorithm be
ause it is the onlyone with pro
essing times small enough to be used in on-line a
quisition. A basi
assumption for this algorithm is that the size of a segment is small enough thatmultiple intera
tions inside the same segments 
an be negle
ted, so that the PSAis performed under the simpler 
ase of Eq. 3.2, i.e. N = 1. While it is known thatit is not a very realisti
 approximation, the e�e
t on the overall performan
e of thedete
tor has been found negligible [44℄.Independently of the 
hosen algorithm, the quality of the PSA also depends
riti
ally on the signal basis that is used for the de
omposition of the measuredshapes. There is a large e�ort in the AGATA 
ommunity to build an experimentalsignal basis [48, 49℄, but it is not yet available due to the long times needed tobuild up the ne
essary statisti
s while a
hieving a good pre
ision on the referen
epositions. The basis used at the moment is obtained via detailed 
al
ulations ofthe 
harge transport through the dete
tor [50℄, [51℄.The re
onstru
tion of the signal shape performed by PSA algorithms 
an alsobe used to in
rease the time resolution of a HPGe dete
tor, 
ompared with thatobtained with a 
ommon approa
h based on a 
onstant fra
tion dis
riminator.While su
h possibilities are under study [52℄, they were not employed for the presentanalysis.On
e the intera
tion points, with the 
orresponding energy and time, havebeen determined, the events have to be reassembled a

ording to their timestampsand a tra
king algorithm (see Se
tion 3.2.5) is applied in order to disentangle the
oin
ident intera
tion points and to determine the total energy and the emissiondire
tion of those γ-rays that have been fully absorbed in the germanium array.Absolute positions of the individual 
rystals and target position 
orre
tions enterat this stage.3.2.5 Gamma-ray Tra
kingThe aim of tra
king algorithms is to re
onstru
t the traje
tories of the in
identphotons in order to determine their energy and dire
tion. To do this, the algorithmsmust disentangle the intera
tion points identi�ed in the dete
tors and establish theproper sequen
es of intera
tion points. Tra
king algorithms 
an be divided into two46
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lasses: algorithms based on ba
k tra
king [53℄ and algorithms based on 
lusteringand forward tra
king [54℄. Both are related to the parti
ular properties of theintera
tion of photons with matter.Ba
k tra
king The ba
k tra
king algorithm [53℄ is based on the fa
t that thephotoele
tri
 energy deposition is almost independent from the in
ident photonenergy and is peaked around 100− 250 keV; it assumes that the intera
tion pointswithin a given deposited energy interval emin ≤ ei ≤ emax are the last intera
tion(in time) of a fully absorbed γ-ray; the algorithm then �nds the 
losest intera
tionto the photoele
tri
 one, it 
omputes the s
attering angle using the in
ident andthe s
attered energies and, �nally, it sear
hes for the other previous intera
tionsalong this dire
tion; su
h pro
ess is iterated until the dire
tion points dire
tly tothe target. This algorithm, however, was found to be less e�
ient and showed aworse P/T in the re
onstru
ted spe
tra [55℄, and was therefore not used for ouranalysis.Forward tra
king In the forward tra
king algorithm the �rst step is the identi-�
ation of 
lusters of intera
tion points that may belong to a single γ-ray. Lookingat the forward peaking of Compton s
attering 
ross-se
tion, 
lusters are identi�edas a set of intera
tion points with an angular distan
e ≤ θ0 between ea
h other(link algorithm) or with respe
t to a given point (leader algorithm).Se
ondly, ea
h 
luster is evaluated to determine whether it 
ontains all the inter-a
tion points belonging to a single γ-ray with the following 
riteria:1. If the intera
tion points satisfy the Compton s
attering formula, the tra
kingalgorithm uses the angle-energy relation of Compton s
attering to determinethe most likely s
attering sequen
e from the position and energy of the inter-a
tion points:
χ2 =

N−1
∑

j=1

Wj

(

Eγ′ − Epos
γ′

Eγ

)2

j

(3.3)where Eγ is the sum of the deposits from 1 to N − 1, and Epos
γ′ is the energyof the s
attered photons a

ording to the Compton s
attering formula. Fora 
luster of N intera
tion points, the N ! permutations are tested, and the
luster is de�ned as "good" if the χ2 is below a predetermined threshold.47



3.2. THE AGATA DEMONSTRATOR2. If the 
luster is 
omposed by a single intera
tion point and the energy sat-isfy photoele
tri
 
onditions, the algorithm 
he
ks the 
ompatibility between
γ-ray energy and intera
tion depth in the dete
tor. If the 
ompatibility isrea
hed, a Monte Carlo-like approa
h is taken to de
ide if to 
onsider theintera
tion point as an a
tual photoele
tri
 event or if to dis
ard it as anisolated Compton s
attering event.3. If there are two γ-rays of energy equal to 511 keV and an intera
tion pointin the middle with energy greater than 1022 keV, that is a pair produ
tionevent, the three energies are summed and 
onsidered as a single γ-ray.The algorithm tries to re
over some of the wrongly identi�ed 
lusters. Forexample, one type of in
orre
tly identi�ed 
luster 
omes from a single γ-ray beingseparated into two 
lusters. This γ-ray 
an be 
orre
tly identi�ed by tra
kingtogether all pairs of bad 
lusters. When the result gives a small χ2, the γ-ray isre
overed by adding the two 
lusters. The 
lusters whi
h do not satisfy any of theabove 
riteria are reje
ted, thus improving the P/T (peak to total) ratio of thespe
tra without the need for Compton suppression shields. If a large solid angleis 
overed with segmented germanium dete
tors, the 
ombination of PSA and γ-ray tra
king allows for a very high photopeak e�
ien
y together with a good P/Tratio. An example of the intera
tion 
lustering is represented in Fig. 3.7, where ahigh-multipli
ity event is 
onsidered: the 
oloured dots represent single intera
tionpoints of γ-rays inside a 4π dete
tor shell; the red 
ir
les 
orrespond to 
lusters ofintera
tion points identi�ed by the tra
king as belonging to a single γ-ray, whilethe green squares 
orrespond to 
lusters that are dis
arded.The forward tra
king algorithm is the basis for the Orsay Forward Tra
king(OFT) 
ode [55℄ and the Mars Gamma-ray Tra
king (MGT) 
ode [56℄, that areimplemented in the Narval 
ode for the experimental data; the last one is also usedfor GEANT4 simulations.3.2.6 The Demonstrator Phase of AGATA at LNLIt has been planned by the international 
ollaboration that the development ofAGATA will pro
eed in stages, with the 
onstru
tion of the full array pre
eded byan R&D phase aimed at building a subsystem of 5 triple 
lusters, 
alled AGATA48
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Figure 3.7: �World map� representation of Mγ = 30 events of Eγ = 1.0 MeV dete
tedin an ideal 4π HPGe shell and re
onstru
ted with the tra
king algorithm.Corre
tly re
onstru
ted transitions are grouped with red 
ir
les while greenre
tangles represent badly re
onstru
ted ba
kground events.

49



3.2. THE AGATA DEMONSTRATOR

Figure 3.8: Photo of the AGATA Demonstrator installed at Legnaro National Labora-tories.
Demonstrator array. The Demonstrator, together with its digital ele
troni
s, DAQ,has been installed at LNL in 2008 and operated in various physi
s experiments fromFebruary 2010 to De
ember 2011. The aim of the experimental 
ampaign of theDemonstrator is to 
on�rm the performan
es of the γ-ray tra
king algorithms inreal measurement. A pi
ture of the full Demonstrator is shown in Fig. 3.8. In a�
onventional� array of germanium dete
tors, a 
ollimator is pla
ed in front of ea
hdete
tor in order to minimize the s
attering of photons between di�erent 
rystals,therefore, only a small region around the target position is a
tually visible fromthe dete
tors. In the 
ase of the AGATA Demonstrator array, no 
ollimators arepresent, and thus it is possible to modify the pla
ement of the dete
tors relativeto the target position depending on the spe
i�
 measurement. In parti
ular, giventhe limited solid angle 
overage, it is feasible to pla
e the dete
tors 
loser to thetarget position 
ompared to the �referen
e� 23.5 
m distan
e of the full AGATAarray in order to 
over a larger solid angle. The simulated photo-peak e�
ien
yand P/T ratio as a fun
tion of the shift towards the geometri
al 
entre are shownin Fig. 3.9 for mono
hromati
 1 MeV γ-rays.50
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Figure 3.9: Photo-peak e�
ien
y (left) and peak-to-total ratio (right) of the AGATADemonstrator array for 1 MeV photons emitted from a point sour
e at rest[42℄.3.2.7 Energy ResolutionThe energy resolution is one of the main parameters 
hara
terizing the perfor-man
es of an HPGe dete
tor array. The response of AGATA segmented HPGedete
tors to γ-rays was measured in the energy range 2-9 MeV. The γ-rays be-tween 2 and 9 MeV were produ
ed using an Am-Be-Fe radioa
tive sour
e, see [57℄.This sour
e is 
omposed by a 
ore of 9Be and alpha-unstable 241Am and it waspla
ed into a 3 x 3 
m hole drilled in a iron slab of 7 x 7 x 20 
m and surroundedby a para�n wax in a 20 x 20 
m 
ylindri
al shape. When an alpha parti
le isemitted by the 241Am, there is a high probability that it is 
aptured by a 9Be,making a 9Be(α, n)12C rea
tion. The neutron are emitted with energies between
400 keV and 5 MeV and are thermalized by the multiple s
attering in the para�nlayer, whi
h serves both as moderator and as a shielding. The slow neutrons arethen 
aptured by the iron isotopes. Note that the 9Be(α, n)12C rea
tion 
an alsopopulate the 12C in its �rst ex
ited state, at 4.4 MeV; the gamma de
ay from thelevel is Doppler broadened be
ause of the 12C has a v/
 of 10 %. The Am-Be-Fesour
e is very useful be
ause the 54Fe(n, γ)55Fe rea
tion produ
es γ-rays up to 9MeV. This is one of the few ways to have su
h high-energy γ-rays without using ana

elerator. The relative energy resolution (i.e. FWHM

Eγ
) has been measured as afun
tion of the γ-ray energy. As 
an be seen from Fig. 3.10 the experimental datafollow the expe
ted 1√

E
trend (indi
ated by the dashed line). The empty bla
k
ir
les represent the data asso
iated to the single 
rystal; instead, the bla
k trian-51
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Figure 3.10: Energy resolution of the AGATA dete
tors is given for the Am-Be-Fe sour
edata. The empty bla
k 
ir
les represent the data asso
iated to the single
rystal; instead, the bla
k triangles represent the energy resolution for theadd-ba
k pro
edure [57℄.gle represent the energy resolution obtained by summing the energies dete
ted bythe 
rystals that �red in ea
h event (add-ba
k). The FWHM of the highest-energygamma line (i.e. 9297.8 keV) is 6.1 keV in the 
ase of the single 
rystal, and 7.6keV for the add-ba
k 
ase.3.2.8 E�
ien
yThe other most important property of a multi-dete
tor array is the dete
tion e�-
ien
y, whi
h 
orresponds to the total photo-peak absorption probability over the
4π solid angle. The dete
tion e�
ien
y depends on the energy of the γ-ray de-te
ted.The relative e�
ien
y of γ-ray dete
tion for the AGATA array 
an be obtained withsimulated and in-beam data. Sin
e a 
ru
ial point for the experiment des
ribed inthis thesis is the dete
tion of the high energy γ-rays, it was ne
essary to evaluatethe e�
ien
y of the tra
king algorithm and the add-ba
k pro
edure of the AGATADemonstrator [57, 58℄. Fig. 3.11 provides the γ-ray dete
tion e�
ien
y obtainedwith tra
king algorithm over the e�
ien
y obtained with the add-ba
k pro
edure asa fun
tion of the γ-ray energy in the energy range 2-15 MeV. The 15.1 MeV γ-rayswere produ
ed using the rea
tion d(11B, nγ)12C at Ebeam =19.1 MeV, while γ-rays52
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Figure 3.11: Ratio between the tra
king and add-ba
k dete
tion e�
ien
y as a fun
tionof γ-rays energy for experimental data [58℄.between 2 and 9 MeV were produ
ed using a Am-Be-Fe radioa
tive sour
e. As 
anbe seen the add-ba
k pro
edure seems to be more e�
ient at 15.1 MeV. Indeed,this pro
edure, in the 
ase of the 15.1 MeV γ-rays, resulted to provide four timesmore 
ounts in the full energy peak than the standard tra
king algorithm. This isdue to the fa
t that the 15.1 MeV γ-ray has multipli
ity 1, the level of ba
kgroundis low and that the tra
king algorithm was optimized in the energy range 0-4 MeVwhere Compton s
attering dominates; at 15 MeV the pair produ
tion is the mainintera
tion me
hanism instead [57℄. For these reason sin
e our physi
s 
ase involvethe measurement of high-energy γ-rays with �multipli
ity=1� 
ondition and level ofba
kground radiation is su�
iently low the used of the simple add-ba
k pro
edureis an e�
ient alternative to standard tra
king to produ
e the γ-rays spe
tra forthis experiment. The add-ba
k e�
ien
y 
urve of the AGATA array is shown inFig. 3.12; the e�
ien
y is extra
ted from simulated data [42℄.In order to give a 
lear overview on the performan
es of the AGATA Demonstra-tor array it is interesting to 
ompare it to an other HPGe dete
tor array, namedEXOGAM. EXOGAM is an array of 16 segmented Clover germanium dete
torsshaped in su
h a way that they 
an be 
losely pa
ked at a distan
e of ∼ 11 
mfrom the target. The 16 dete
tors are arranged in rings of 4 dete
tors at 135°, 8 at90°and again 4 at 45°with respe
t to the beam dire
tion. Ea
h segmented Clover53



3.2. THE AGATA DEMONSTRATOREnergy [keV℄ Tra
king E�
ien
y/Add-ba
k E�
ien
y [%℄2223 0.922612 0.863060 0.906016 0.707471 0.627630 0.657784 0.658992 0.569295 0.5615100 0.23Table 3.1: Ratio between the tra
king and the add-ba
k e�
ien
y data plotted in �g.3.11.

Figure 3.12: E�
ien
y 
urve of the AGATA array obtained from simulated spe
tra
reated with the add-ba
k pro
edure. [42℄54
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Energy [keV℄ Add-ba
k E�
ien
y [%℄584 9.11000 7.32000 5.13000 44000 3.35000 2.96000 2.57000 2.28000 2.09000 1.810000 1.611000 1.412000 1.313000 1.214000 1.015000 0.9Table 3.2: Add-ba
k e�
ien
y data plotted in �g. 3.12.
55
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Figure 3.13: Total gamma spe
tra for EXOGAM (top) and the AGATA demonstrator(bottom). Both spe
tra are without ba
kground subtra
tion.dete
tor 
onsists of four 
oaxial n-type germanium 
rystals (of 60 mm diameter and90 mm length) arranged in the 
on�guration of a four-leaf 
lover and housed in thesame 
ryostat. For more details on it see [59℄. In Fig. 3.13 the γ-ray spe
tra ob-tained for EXOGAM (upper part) and AGATA (lower part) are presented. Whilethe large EXOGAM e�
ien
y allows 
olle
ting more statisti
s, the mu
h betterpeak-to-total ratio and the very mu
h improved FWHM, for the AGATA Demon-strator lead to a spe
trum of very high quality. Peaks that are hardly resolvedwith EXOGAM at low energy are well separated by AGATA Demonstrator. Inaddition, the AGATA Demonstrator does not su�er from the Doppler broadeningeven at energies around 1 MeV, while �ner peak stru
tures already disappear at700 keV for EXOGAM. In Table 3.3 are reported the performan
es of the AGATADemonstrator and the EXOGAN array for a 1.3 MeV γ-ray and a target dete
tordistan
e of 10 
m for the AGATA demonstrator.56



Chapter 3: Experimental Set-UpAGATA Demonstrator EXOGAMPh-e�
ien
y [%℄ 7.5 18P/T [%℄ 65 45FWHM [keV℄ 3 15Table 3.3: Comparison of the AGATA Demonstrator and Exogam array.3.3 The HECTOR+ ArrayRe
ent studies have shown that a LaBr3:Ce s
intillator dete
tor gives an optimalenergy resolution for s
intillators (< 3% at 662 keV), an ex
ellent time resolution(<1 ns), a good e�
ien
y and a negligible variation of the light output with tem-perature. Furthermore, the study of the signal line-shape allows to dis
riminatebetween alpha parti
le and γ-rays, using Pulse Shape Analysis te
hniques [60℄.Thanks to the availability of LaBr3:Ce 
rystals in volumes larger than 1000cc, anarray based on these s
intillators (eventually 
oupled with HPGe dete
tors) will
onstitute an extremely performing, e�
ient, 
ost-e�e
tive and easy to handle arrayfor gamma spe
tros
opy experiments. Indeed the good energy resolution and highe�
ien
y allow the measurement of low and high-energy γ-rays in nu
lear physi
sexperiments in a wide energy range (0-40 MeV), as for example the measurementsof the gamma de
ay of the Giant Resonan
es. In addition the sub-nanose
ond timeresolution enables an extremely e�
ient reje
tion of ba
kground radiation not orig-inating from target position. Moreover thanks to the fast de
ay time 
onstant (16ns), these dete
tors 
ould be used with 
ount rates of hundreds of kHz.In the experiment des
ribed in this thesis, 9 large volume LaBr3:Ce dete
tors (ofthe HECTOR+ array) [39℄, were pla
ed around the AGATA Demonstrator array(see Fig. 3.14).The signal of ea
h HECTOR+ 
rystal was sent for its pro
essing to a 
hannelof a LaBrpro module [61℄. LaBrpro is a 
ustom spe
tros
opy ampli�er developedin Milan for the shaping of LaBr3:Ce signals; it has 16 
hannels and for ea
h ofthem it gives a �fast� and a �slow� outputs, 
orresponding to the fast and slow 
om-ponents of the signal, as well as a �time� output obtained by a Constant Fra
tionDis
riminator (CFD). 57
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Figure 3.14: S
hemati
 view of the installation set-up of the HECTOR+ array: the red
oloured dete
tors are 3.5”x8”, the gray one is 3”x3”.3.3.1 Energy ResolutionThe energy resolution and the e�
ien
y are 
ru
ial fa
tors in 
ase of high-energy
γ-rays measurement. Lanthanum bromide dete
tors allow 
lear separation of thefull energy from the �rst es
ape peak up to 25-30 MeV (whi
h was previously pos-sible only with HPGe dete
tors). For this reason, they are parti
ular suited inthe experiment des
ribed in this thesis. This means that this experiment 
ould beused as a 
ommissioning to study the performan
es of these dete
tors in an beamexperiments.Unfortunately the performan
es of LaBr3:Ce (3.5”x8”) 
rystals 
annot be easilys
aled from those of smaller ones [2℄, be
ause of possible self absorption or possi-ble in
omplete re�e
tions of the s
intillation light, 
ount rate e�e
ts, large PMTs,
rystal in-homogeneities and a mu
h higher sensitivity to high energy γ-rays. Forthese reasons, in order to 
hara
terize the HECTOR+ array for this experimentmono-energeti
 γ-rays from 1 MeV up to 22.6 MeV at Debre
en ATOMKI Labo-ratories (Hungary) have been measured. In the energy range used between 2 and9 MeV 
alibration sour
es have been used, e.g. 60Co, 133Ba, 137Cs, 152Eu, 88Yand an Am-Be-Ni sour
e. Mono
hromati
 γ-rays with energy above 9 MeV 
anbe obtained only with a

elerator-driven nu
lear rea
tions. The rea
tions used arereported in Table 3.4.Fig. 3.15 shows the FWHM energy resolution in the energy range between 1 and22.6 MeV obtained at the ATOMKI Institute, with one dete
tor of the HECTOR+58



Chapter 3: Experimental Set-UpRea
tion Eres γ-ray energy [keV℄
39K(p, γ)40Ca 1346.6 3904.4 5736.5

23Na(p, γ)24Mg 1318.1 1368.6 11584.8
27Al(p, γ)28Si 767.2 2838.7 7706.5

23Na(p, γ)24Mg 1416.9 2754.0 8925.2
7Li(p, γ)8Be 441 17619
11B(p, γ)12C 675 4438.0 12137.1
11B(p, γ)12C 7250 22600Table 3.4: Rea
tions obtained at the ATOMKI Institute are tabulated. The 
orrespond-ing proton energy and the γ-ray energies produ
ed are reported.array 
oupled to an a
tive voltage divider, developed by the ele
troni
 group ofINFN Milano and the analog ele
troni
s. As 
an be seen in Fig. 3.15 the energyresolution of the LaBr3:Ce dete
tors deviates from a stri
tly statisti
al behaviour,i.e. 1√

E
asymptoti
 
urve (dashed 
urve), in 
ase of high-energy γ-rays showingthat the energy resolution of LaBr3:Ce dete
tors tends to saturate at 
onstantvalue around 0.5− 1%. The 
ontinuous red line takes into a

ount this saturation
ontribution and it has the following expression:

ERFWHM =
√

400 + 0.625E + 28 · 10−6E2 (3.4)For more details see [39℄.A measured high-energy mono
hromati
 γ-ray spe
tra a
quired with one of the
rystal of the HECTOR+ array is shown in Fig. 3.16, it is possible to see the fullenergy peak and the �rst es
ape peak 
learly resolved.3.3.2 E�
ien
yThe absolute γ-ray dete
tion full energy peak e�
ien
y of a 3.5”x8” volume de-te
tors was estimated by means of the sum peak te
hnique [62℄. A 60Co sour
epositioned at a distan
e of 10 mm (±1 mm) from the dete
tor front fa
e was used.Fig. 3.17 shows the experimental results, together with the GEANT3 simulationresults (from 100 keV up to 30 MeV), very well in agreement with ea
h other.Fig. 3.17 shows the simulated e�
ien
y (performed with GEANT3) for a sour
epositioned at 200 mm from the dete
tor front-fa
e.59
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LaBr3:Ce 3.5" x 8"Figure 3.15: The FWHM energy resolution in the energy range between 1 and 22.6MeV obtained with one dete
tor of the HECTOR+ array. The dashed linerepresents the energy estimation based only on statisti
al and ele
troni
noise 
ontribution, instead the 
ontinuous red line represent the fun
tionof Eq. 3.4 that takes into a

ount the saturation e�e
ts present at high
γ-rays energy [39℄.

LaBr3:Ce 3.5'' x 8''

Egamma=17.1 MeV

Figure 3.16: The gamma spe
trum of the rea
tion 11B(p, γ)12C at 17.6 MeV. It is pos-sible to see the 
lear separation between the full energy peak and the �rstes
ape peak [39℄. 60
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Figure 3.17: Measured values of absolute e�
ien
y for a 
rystal of the HECTOR+ array,with a 60Co sour
e positioned at a distan
e of 10 mm (±1 mm) from thedete
tor on the right and at 20 mm on the left [39℄.In 
on
lusion, it has to be pointed out that even if the energy resolution of theses
itillator dete
tors is not good as the one of the AGATA dete
tors, it is enoughto resolve almost all the transitions in the PDR region. In addition, the used ofthe HECTOR+ array permits to in
rease the e�
ien
y for the dete
tion of γ-rayswith energy above 5 MeV. For these reasons, the used of the AGATA Demonstrator
oupled to the HECTOR+ array is a powerful tool to study the gamma de
ay fromhigh lying nu
lear states.3.4 The Data A
quisition SystemAs mentioned in Se
. 3.2.2, the ele
tri
al 
onta
ts of ea
h AGATA dete
tor are di-vided into 36 segments and the digitizers sample the pulses from ea
h segment at 14bits pre
ision with a frequen
y of 100 MHz; for every a

epted event, a pulse tra
eof 60 samples is extra
ted and a
quired. With a 
ounting rate of 50 kHz/
rystalthe data-�ow for ea
h dete
tor is therefore of the order of 100 MB/s (with zerosuppression). Furthermore, in order to have an online analysis, the PSA has tobe performed in real time for ea
h of the a
quired tra
es and tra
king algorithmsmust re
onstru
t the dete
ted γ-rays from the PSA information.This means that the Data A
quisition (DAQ) software for AGATA has to be ableto handle large quantities of data, 
ontrol a 
omputing farm for the PSA and tra
k-ing algorithms, and 
oordinate the �ow of information between the digitizers, the61
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Figure 3.18: Layout of the AGATA a
quisition system, NARVAL, [38℄.
omputing farm, and the disk server where all the data are written. All of this isperformed by a NARVAL-based DAQ software [63℄.The an
illary dete
tors (TRACE and HECTOR+) were 
ontrolled by an indepen-dent DAQ running on a KMAX environment [41℄, whi
h 
ommuni
ated with theVME 
rate via an opti
al �bres and with NARVAL via TCP/IP.NARVAL is based on a
tors 
orresponding to separate pro
esses that re
eive andsend out data at any stage of the data-�ow 
hain; a
tors 
ommuni
ate with ea
hother with a UNIX �fo if running on the same ma
hine or with a TCP/IP so
ketif running on di�erent ma
hines. There are 3 types of a
tors:� produ
er: they interfa
e with the hardware and read out the data;� intermediary: they perform operation on the data, re
eiving input and send-ing output from/to one or more other a
tors;� 
onsumer: they 
an only re
eive input from the other a
tors and store thedata to disk or a
t as histogrammers.From the point of view of NARVAL, ea
h AGATA dete
tor is 
onsidered as a sep-arate entity and the whole array may be 
onsidered as the aggregation of syn
hro-nized data supplied by the individual 
rystals. The syn
hronization is guaranteed62



Chapter 3: Experimental Set-Upby the AGATA Global Trigger and Syn
hronization (GTS) hardware with a 
om-mon 100 MHz digital 
lo
k.For ea
h AGATA dete
tor there is a produ
er a
tor reading the pulse tra
es fromthe front-end ele
troni
s; the tra
es are sent (together with the timestamp infor-mation) to an intermediary a
tor that performs the PSA and to a 
onsumer thatwrites them to disk; the PSA data from all dete
tors are sent to an intermediarya
tor that a
ts as event builder, mat
hing the data from di�erent dete
tors throughthe timestamp information. For the an
illary dete
tors, there is a produ
er a
torthat re
eives the data from the KMAX a
quisition, kept syn
hronized to the GTSvia the AGAVA (AGATA An
illary VME Adapter) module. The produ
er sendsthe VME data to a 
onsumer that writes them to disk and to an intermediary thatde
odes the VME words and sends only the a
tual data words to the event builder,dis
arding VME header and trailer words. The builder then mat
hes the an
il-lary data to the AGATA data and sends the event to another intermediary thatperforms the online tra
king. A s
hemati
 representation of the Data A
quisitionSystem is given in Fig. 3.18.3.5 Trigger ConditionsWhen a γ-ray is dete
ted in an AGATA 
rystal, a trigger request is formed andsent via the GTS to the trigger pro
essor, whi
h 
an validate the request (meaningthat all the information about the event are a
quired, written and pro
essed) orreje
t it. This software trigger 
an be used to make multipli
ity requirements onthe AGATA 
rystals, or to make a 
oin
iden
e between AGATA and the an
illarydete
tors via the AGAVA module.This way to pro
eed was not suitable for this experiment, be
ause a more
omplex trigger was needed. Therefore, a standard NIM ele
troni
s was used tobuild the master gate trigger and to send it via AGAVA as a trigger request to theDAQ system. The master gate is s
hemati
ally des
ribed in Fig. 3.19 and is thelogi
al OR of four 
onditions:� the 
oin
iden
e between TRACE and AGATA� the 
oin
iden
e between TRACE and HECTOR+� the TRACE s
aled-down singles (1/50)63
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Figure 3.19: S
hemati
 view of the trigger 
onditions used during the experiment. Thehardware and software 
omponents are put in eviden
e.� the HECTOR+ s
aled-down singles (1/250)where the AGATA trigger was made using the analog output of ea
h AGATAdete
tor (present for debug purposes), sent to a standard CFD modules and toa logi
al OR; the TRACE trigger was the OR of all the pads of the two E de-te
tors, taken from the ampli�ers; and the HECTOR+ trigger was the OR of allthe LaBr3:Ce dete
tors, taken from LaBrPro ele
troni
 ampli�er module [61℄. Theresulting trigger is s
hemati
ally des
ribed in Fig. 3.19.The 
oin
iden
e between TRACE and the γ-ray dete
tors was setup in su
h away that the gate opens when there is a signal in one of the E dete
tors. In thisway both types of 
oin
iden
e events (TRACE-AGATA and TRACE-HECTOR+)have a 
ommon time referen
e, sin
e in both 
ases the Master Gate is opened bythe TRACE E dete
tors.

64



Chapter 4
Data AnalysisA preliminary step of the analysis was the data redu
tion. The �rst part has beenfo
used on the presorting of the raw data. In order to obtain better performan
esof the Pulse Shape Analysis (PSA) and tra
king algorithm, the so-
alled �replay�of the data is needed. This means that the same pro
edure of performing PSA and
γ-ray tra
king on-line, i.e. during the experiment, has to be done o�-line, startingfrom the pulse shape of the HPGe AGATA dete
tors written to disk.After that the data redu
tion for ea
h dete
tors have been performed 
on
erningthe time and energy 
alibrations, drift 
orre
tion, eje
tion identi�
ation for Sili
ondete
tors and 
orre
tion of the Doppler e�e
t for γ-rays dete
tors. The �replay�pro
edure is des
ribed in se
. 4.1. The time spe
tra are shown in se
. 4.2. Theenergy 
alibration pro
edure for ea
h array and the drift 
orre
tion for the sili
ondete
tors are des
ribed in se
. 4.3. In se
. 4.4 the te
hnique for the identi�
ationof the eje
tile is depi
ted. The Doppler 
orre
tion for the γ-ray emitted in-�ightwas performed, see se
. 4.5.Due to the non-spheri
al geometry of the TRACE teles
opes a number of eventswere lost if 
onsidering only the standard ∆E-E 
ombination of pads. In order toin
rease the statisti
s other 
on�gurations of pads were 
onsidered, see se
. 4.6.At this point of the analysis only one more 
ondition has to be applied to extra
tthe �nal energy spe
trum of the gamma de
ay from the PDR region. In se
. 4.7the 
orrelation between the γ-ray energy and the ex
itation energy transferred tothe target nu
lei is des
ribed. In order to 
learly identify the gamma de
ay from65



4.1. REPLAY OF THE DATAthe PDR, a ba
kground subtra
tion was performed as shown in se
. 4.8.1. Finally,se
. 4.8 shows the γ-ray energy spe
trum of the PDR in 124Sn.In addition, sin
e the inelasti
 s
attering of 17O at 20 MeV/u is expe
ted to popu-late strongly the giant resonan
e region of the target nu
lei, the energy spe
tra ofthe inelasti
 s
attered 17O ions were investigated in se
. 4.9.4.1 Replay of the DataAs des
ribed in Se
. 3.2 the performan
es (i.e. energy resolution, e�
ien
y andP/T ratio) of the AGATA Demonstrator depend on the performan
es of the PSAand tra
king algorithms. During the experiment these operations are done in realtime by the NARVAL Data A
Quisition (DAQ) system (see also Se
. 3.4), but they
an also be performed after the experiment with a C++ emulator of NARVAL.This is possible be
ause the DAQ writes to disk a list-mode �le for ea
h dete
-tor, 
ontaining the digitized pulse signals from the segments and the timestampinformation for ea
h event; the emulator 
an pro
ess all these �les, running againthe PSA and γ-ray tra
king and mat
hing the AGATA and an
illary data. Thispro
edure is 
alled �replay�, be
ause from the point of view of the data pro
essingit is essentially a repetition of the experiment.In the 
ase of the present experiment, the replay was ne
essary in order to applya better 
alibration to the AGATA dete
tors segments (see Se
. 4.3.2), sin
e the
alibration used on-line was not very a

urate being based on a short run at thebeginning of the data taking. We 
ould also make use of improvements in the PSAthat were not available at the time of the experiment, su
h as the 
orre
tion forneutron damage (see Ref. [38℄ and referen
es therein).The replay was performed in two steps:1. The energy 
alibration was applied and the PSA was performed for all AGATAdete
tors. The original data, in
luding the pulse shapes of ea
h HPGe dete
-tor were �redu
ed� to only energy, position and time information; for all theevents they were saved to disk.2. The data from all the segments were merged and the tra
king was per-formed. The an
illary dete
tors were 
alibrated and data from the AGATA,HECTOR+ and TRACE arrays were 
ombined for ea
h event.66



Chapter 4: Data AnalysisThe advantage of this separation in two steps is that the PSA is a very longpro
ess, requiring a large amount of 
omputing power and memory: in the presentexperiment about one week was needed to perform the �rst step with 10 
omputersworking in parallel. The tra
king, instead, is a mu
h faster pro
edure and 
ould berepeated several times as we 
hanged parameters, without having to perform thePSA again.After the replay is 
ompleted, the user is given a list-mode �le in ROOT treeformat. For ea
h event, the �le 
ontains the list of re
onstru
ted gammas, togetherwith their energy, time information and the position of the �rst intera
tion, as wellas the data of the an
illary dete
tors re
eived from the VME 
rate. A sorting 
odewas developed for the analysis of the list-mode data.4.2 Time Spe
tra4.2.1 TRACE Time Spe
traDuring the experiment, a time signal was a
quired for ea
h pad of the Sili
ondete
tors by two VME Time-to-Digital Converters (TDCs). The TDCs workedin �
ommon start� mode: ea
h TDC 
hannel is started by the master trigger (seeSe
. 3.5) and is stopped by the delayed time signal of the sili
on pad. Note thatthis means that the start of all the TDCs is given by the E dete
tors in 
ase ofa TRACE-γ 
oin
iden
e. The timing of the Sili
on dete
tors is a�e
ted by thelarge spread in energy (and time of �ight) of the various rea
tion produ
ts. Fig.4.1 shows the time spe
trum obtained by gating on the 17O s
attering rea
tion
hannel for both one pad of the E, (a), and of ∆E, (b), dete
tors.For the rest of the analysis, all the TRACE spe
tra were gated on the timepeak of the E dete
tor.4.2.2 AGATA Time Spe
traEa
h γ-ray re
onstru
ted by the tra
king algorithm is asso
iated to a timestamp
TAGATA, whi
h measures the absolute time from the start of the Global Triggerand Syn
hronization (GTS) 
lo
k in steps of 10 ns. A more pre
ise information isgiven by the PSA, that uses a Constant Fra
tion Dis
riminator (CFD) to determinethe start time of the signal tCFD. The sum of these two values gives the dete
tion67



4.2. TIME SPECTRA
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tra for one pad of the E, (a), and ∆E, (b), Sili
on dete
tors underthe gating 
ondition that an 17O is dete
ted in the pad.
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Chapter 4: Data Analysistime of the gamma relative to the start time of the GTS, as reported in Eq. 4.1.
timeTT = TAGATA + tCFD (4.1)Figure 4.2 shows the AGATA time spe
tra, obtained by 
hoosing one of the 15dete
tors as a referen
e and by measuring the time di�eren
e between that dete
torand the other. A time walk of ∼ 10 ns was observed, as one 
an see in the (a)panel. This has been 
orre
ted by adding an o�set term during the se
ond step ofthe data replay (within the tra
king algorithm). The resulting spe
tra, after the
orre
tion, are shown in the (b) panel: here the spe
tra are aligned in less than 5ns, that is smaller than the time resolution of HPGe dete
tors (∼ 10 ns).In order to obtain useful physi
al information, however, the dete
tion time ofthe γ-ray must be 
orrelated to the dete
tion time of the 17O ions. This work, atthe �rst stage, is done by the Narval emulator, that 
reates spe
tra obtained as thedi�eren
e between ea
h AGATA dete
tor and the AGAVA (i.e. TRACE an
illarydete
tors) time stamp, in step of 10 ns. A better pre
ision 
an be obtained eitherby adding to the AGAVA timestamp the so-
alled "phase shift" tphase−shift andby in
luding the CFD information tCFD to the AGATA timestamp. The AGAVAphase-shift is a
quired by one 
hannel of the TDCs and measures when the VMEmaster gate was opened relative to the GTS 
lo
k, while the CFD information isextra
ted during the PSA, as mentioned before. The AGATA time relative to thetrigger time is then de�ned as follows:

tγ = TAGATA + tCFD − TAGAVA − tphase−shift (4.2)where TAGATA and TAGAVA are the timestamps for AGATA and for the an
illarydete
tors, as obtained by the Data A
quisition System.The spe
trum shown in Fig. 4.3 is obtained by 
al
ulating for ea
h γ-ray the timeinformation as given by Eq. 4.2.4.2.3 HECTOR+ Time Spe
traAnother time spe
trum useful for the analysis is obtained from the time di�eren
ebetween the trigger of the a
quisition and the HECTOR+ dete
tors, here indi
atedas tHECTOR+ . This information is given by the TDC, be
ause these modules69



4.2. TIME SPECTRA
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Figure 4.3: Example of time AGATA vs TRACE spe
trum 
onstru
ted following Eq.4.2work in �
ommon start� mode, meaning that ea
h TDC 
hannel is started by themaster trigger (see Se
. 3.5) and is stopped by the time signal of the 
orrespondingLaBr3:Ce dete
tor. Fig. 4.4 shows the time spe
tra of one of the HECTOR+dete
tors. The narrow peak 
entred at 300 ns 
orresponds to the 
oin
iden
esbetween the dete
tor and a 17O event in the TRACE array, while the tail to theright of the 
oin
iden
e is 
aused by neutrons as indi
ated in the �gure. The blueregions of the spe
trum is related to ba
kground events.4.3 Energy Calibration4.3.1 TRACESin
e there are no long-lived emitters of alpha parti
les with higher energy, theenergy 
alibration of 
harged parti
le dete
tors with radioa
tive sour
es is onlypossible up to a few MeV of energy. For this reason and sin
e the energy loss inthe E and ∆E dete
tors was known, the 
alibration where performed by �tting thepeaks related to the elasti
 peak in the ∆E and E pads. The s
aled down singleallows to have this information. From this pro
edure we extra
t the 
alibration
oe�
ients for ea
h pad of the ∆E and E pads. Fig. 4.5 shows the energy spe
trum71



4.3. ENERGY CALIBRATION
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Figure 4.4: Time spe
tra of one of LaBr3:Ce dete
tors of the HECTOR+ array, withrespe
t to the master trigger signal.of a ∆E (a) and E pad (b).On
e the ∆E and E dete
tors have been 
alibrated, it was possible to sum theenergy deposit in ea
h ∆E pad with the energy deposit in the E pad behind it,obtaining a measure of the Total Kineti
 Energy (TKE) of the ions stopped in ea
hpad of the teles
ope. Fig. 4.5(
) shows the TKE spe
trum measured in one pad.Drift Corre
tionDuring the 
ourse of the experiment, the leakage 
urrent passing through the de-te
tors has steadily in
reased due to the radiation damage 
aused by the s
atteredbeam. This e�e
t 
auses a gradual loss of the energy resolution and a variationover time of the energy gain for the di�erent pads.These e�e
ts 
an be 
learly seen in Fig. 4.6(a), where the TKE for one pad isshown in relation to the time (measured by the event 
ounter): the pad has a 
leardrift of the elasti
 peak energy, as well as a degradation of the energy resolution.In order to 
orre
t the drift, a �tting of the elasti
 peak every ∼ 5 millionevents have been performed. In this way a series of re
alibration 
oe�
ients havebeen obtained and used for an event-by-event 
orre
tion. The result is shown inFig. 4.6(b). The pad is the same of Fig. 4.6(a). Thanks to this 
orre
tion, there72
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tra for one pad of the ∆E, (a), and E, (b), Sili
on dete
torsunder the gating 
ondition that an 17O is dete
ted in the pad. The TotalKineti
 Energy spe
tra is shown in (
).
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4.3. ENERGY CALIBRATION
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(b)Figure 4.6: S
atter plot of the energy measured in one pad of the TRACE teles
opesversus the time of a
quisition. The (a) panel shows the pad with a 
lear driftover time, while the (b) panel shows the same pad after the drift 
orre
tion.
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 Energy spe
trum measured in the same pad before (in red)and after (in bla
k) the 
orre
tion for the gain drift.was a 
lear improvement in the energy resolution, see Fig. 4.7. The FWHM afterthe drift 
orre
tion was ∼ 2 MeV at 340 MeV.4.3.2 AGATAThe energy 
alibration of the AGATA dete
tors is performed during the �rst stepof the replay, together with the PSA. The 
alibration 
oe�
ient for ea
h segmentof the 15 dete
tors and for the 
ore ele
trode were 
al
ulated using 
alibration runsa
quired with an 137Cs, 60Co and 88Y sour
es. Fig. 4.8 shows the energy spe
trumused for the 
alibration.The front-end ele
troni
s for the AGATA dete
tors has two settings, one for lowdynami
 range (up to 4 MeV) and one for high dynami
 range (up to 20 MeV).In the present experiment, the 20 MeV range was used, although it is known thatthe segments show a non-linearity at high energies with this setting. While thise�e
t is not large enough to 
ompromise the performan
e of the tra
king algorithms,it 
an deteriorate the energy resolution of the re
onstru
ted γ-rays. Sin
e this non-linearity a�e
ts only the segments, and not the 
ore signals of the dete
tors, it ispossible to 
orre
t this e�e
t requiring in the tra
king algorithm that, for everyevent, the sum of the segment energies in a 
rystal is re
alibrated to be equal tothe energy measured in the 
ore. 75
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Figure 4.8: Energy spe
trum from 137Cs, 60Co and 88Y sour
es measured with theAGATA Demonstrator. The spe
trum has been obtained after re
alibratingsegment energies with the energy measured by the 
ore, for ea
h 
rystal.After this �rst 
alibration, the 
alibration 
oe�
ients were re�ned in order to
he
k the gain stability over the time. This was done by 
hoosing a set of referen
elines and 
omparing the measured energy with the known value, for ea
h 
rystaland ea
h run. A new linear 
alibration was applied and the 
oe�
ient of thelinear term was plotted, as shown in Fig. 4.9. The gain variation over the allmeasurement, that lasted one week, is less than 0.3 % indi
ating that the AGATAdete
tors were very stable.4.3.3 HECTOR+All the LaBr3:Ce dete
tors of the HECTOR+ array were 
alibrated in energy withstandard radioa
tive sour
es su
h as 137Cs and 60Co.A re
alibration for ea
h HECTOR+ dete
tors was ne
essary for the spe
tra takenduring the measurement, probably due to the higher 
ounting rate. This wasperformed by taking the energy spe
tra gated on the 17O s
attering 
hannel andperforming a �t on the de
ay from the �rst 2+ state to g.s. (
orresponding to a
γ-ray energy of 1131.69 keV) and on the de
ay from the �rst 3− state to the �rstex
ited state (
orresponding to a γ-ray energy of 1470.71 keV) of 124Sn. Fig. 4.10shows the energy spe
trum of the HECTOR+ dete
tors after the re
alibration with76
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�����

0

���n�Figure 4.9: The 
oe�
ient of the linear term of the re
alibration �t is plotted for ea
h
rystal and for ea
h run. The gain �u
tuations are within 0.3 %.Isotope Population [%℄
18O 9.1
17O 54.3
16O 36.6Table 4.1: Oxygen isotopes population.the 124Sn gamma-de
ay lines.4.4 Eje
tile Identi�
ationThe identi�
ation of the s
attered ions dete
ted in the TRACE array was performedwith the standard ∆E-E te
hnique. The ∆E-E te
hnique is appli
able when par-ti
les with kineti
 energy E0 pass through a �rst dete
tor, ∆E dete
tor, and arestopped in the se
ond one, E dete
tor. The partition of kineti
 energy E0 betweenthe two dete
tors is di�erent for di�erent parti
les, due to their di�erent stoppingpowers.A typi
al ∆E-E matrix obtained for one pad is shown in Fig. 4.11(a). A 
learseparation between ions from Boron to Fluorine is visible. In parti
ular a 
lear77



4.5. DOPPLER CORRECTION
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Figure 4.10: Energy spe
trum re
alibrated with 124Sn gamma-de
ay measured with theHECTOR+ dete
tors.mass separation 
ould be observed in Fig. 4.11(b) where the region of the oxygenisotopes is depi
ted and the relative population is reported in Table 4.1.The sele
tion of the events related to the 17O s
attering was performed byapplying a gate 
ondition on the energy loss of the ion. In parti
ular, the requestfor ea
h event was that the energy loss in one pad of the ∆E dete
tor and the TKEmust be inside of the bla
k solid line depi
ted in Fig 4.11(b) as well as the timesignal of the E dete
tor must be inside the self-
oin
iden
e peak, see Fig. 4.1, whileall the other pads were without signal.4.5 Doppler Corre
tion4.5.1 Doppler Corre
tion for the Target-like PartnerThe s
attering of the 17O beam transfers some re
oil kineti
 energy to the targetnu
lei. The amount of this re
oil energy 
an be 
al
ulated with simple kinemati
s
onsiderations, as shown in Appendix A.The speed obtained for the re
oil is of the order of 0.5% of the speed of light.78
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 Energy measured in one pad of theTRACE teles
opes versus the energy deposit measured in the ∆E pad.The (a) panel shows the full range of ions that were measured, while the(b) panel shows the separation between the oxygen isotopes.
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4.5. DOPPLER CORRECTION

Figure 4.12: S
hemati
 view of the dire
tion of the 17O ions (solid line) and of there
oiling 124Sn ions (dashed line) when an 17O has been dete
ted in theleft or right teles
ope.
While this value of β is quite small, it is enough to 
ause a shift of more than 10keV for high energy γ-rays. This 
an be seen 
learly if we 
ompare the γ-ray en-ergy spe
trum obtained in 
oin
iden
e with an 17O ion dete
ted in the left TRACEteles
ope with the one in 
oin
iden
e with the right teles
ope. Indeed, due to kine-mati
s in one 
ase the re
oil goes away from the AGATA Demonstrator, while inthe other goes towards it, as shown in Fig. 4.12.Fig. 4.13(a) shows the gamma de
ay from the �rst 3− ex
ited state, at anenergy of 1471 keV, of the 124Sn dete
ted in 
oin
ident with an 17O in the left tele-s
ope, blue spe
trum, and with an 17O in the right teles
ope, red spe
trum. Duethe short-lifetime of the state, the γ-ray is emitted when the 124Sn is still re
oilingand for that the two spe
tra are 
learly shifted.In order to perform a Doppler 
orre
tion for the re
oil, Eq. A.5 has been usedto asso
iate to ea
h pad of the TRACE teles
ope the velo
ity ve
tor of the 
orre-sponding re
oil, and kept a �xed value of v/
. The result of the Doppler 
orre
tionis shown in Fig. 4.13(b) for the 1471 keV line of the 124Sn.80
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(b)Figure 4.13: Energy spe
tra of the γ-rays in 
oin
iden
e with an 17O ion measured inthe left, blue spe
trum, or right, red spe
trum, TRACE teles
ope ((a)panel). The (b) panel shows the spe
trum after the Doppler 
orre
tion
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4.5. DOPPLER CORRECTION4.5.2 Doppler Corre
tion for the Proje
tile-like Eje
tileOne of the main 
hallenges of the next generation of gamma spe
trometers will bethe dete
tion of γ-ray emitted in-�ight by radioa
tive beams, in 
ondition of highba
kground and relativisti
 velo
ity. For this reason, it was interesting to studythe gamma de
ay from the proje
tile-like eje
tiles produ
es in our experiment asthey had a v/
 of the order of 20%.We 
hoose to fo
us on the 16O be
ause it has a very strong γ-ray line at 6129 keVwhere the Doppler e�e
t is larger and the ba
kground from the target lower.The Doppler 
orre
tion was applied using the well-known equation:
Ecorr = Elab

1− β cos θ
√

1− β2
(4.3)where Elab is the energy measured in the laboratory frame of referen
e, Ecorris the energy of the proje
tile frame of referen
e, and θ is the angle between theproje
tile velo
ity ve
tor and the γ-ray velo
ity ve
tor.For the γ-rays dete
ted by the AGATA Demonstrator, the dire
tion of the γ-rayvelo
ity ve
tor was determined by the position of the �rst point of the intera
tionthe AGATA Demonstrator. Tra
king algorithms are able to determine, for ea
hre
onstru
ted γ-ray, the �rst intera
tion point and its 
oordinates, whi
h are givenas a part of the output in the ROOT tree. The 
oordinates for the intera
tionpoints are given in the AGATA frame of referen
e.The dire
tion of the proje
tile velo
ity ve
tor was similarly determined by the posi-tion of the pad in whi
h the ion was dete
ted. In order to a

ount the un
ertaintiesin the position of the sili
on dete
tors, we performed an optimization pro
edure forthe position of the teles
opes. Starting from the design position, we have movedthem horizontally in a 1 
m x 1 
m large grid with step of 1 mm. For ea
h pointa �gure of merit that takes into a

ount the FWHM and the 
orre
t energy of the

16O line was evaluated. The pro
edure was applied for the data measured withthe 208Pb target that had the same geometries of the 124Sn. For the rest of theanalysis, we used the optimal positions found in this way as the referen
e positionof the TRACE teles
opes.The spe
tra obtained for the 16O gamma-de
ay are shown in Fig. 4.14 measuredin 
oin
iden
e with one pad of the TRACE teles
ope. The Doppler 
orre
tion82
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Figure 4.14: Energy spe
tra of the γ-rays measured in 
oin
ident with the 16O rea
tion
hannel, measured by one pad of the TRACE teles
ope, for the AGATADemonstrator before, bla
k spe
trum, and after, red spe
trum, the Doppler
orre
tion
was performed with the optimal position of the TRACE teles
opes and the fullinformation of the PSA and tra
king. A �xed value of β=0.203, 
al
ulated fromthe rea
tion kinemati
s, have been used. The Fig. 4.14 shows 
learly a markedimprovement in the energy resolution of the Doppler-
orre
ted spe
trum thanks tothe high position resolution of the AGATA dete
tors.The same pro
edure was applied for γ-rays of 16O dete
ted by the HECTOR+array. In this 
ase, the γ-ray velo
ity ve
tor was determined by the position ofthe 
entres of the 
rystals and the proje
tile velo
ity ve
tor in the same way de-s
ribed above. Fig. 4.15 shows the γ-ray spe
tra before and after the Doppler
orre
tion. Even if the 
orre
tion is limited by the not so good angular resolutionof the HECTOR+ array (ea
h dete
tors 
over an angle of about 20°at 25 
m fromthe target) there is a marked improvement of the energy resolution also in this 
ase.83
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(b)Figure 4.15: Energy spe
tra of the γ-rays measured in 
oin
ident with the 16O rea
tion
hannel for one of the HECTOR+ dete
tor. The (a) panel shows thespe
trum without Doppler 
orre
tion while the (b) panel is the spe
trumwith the Doppler 
orre
tion.84



Chapter 4: Data Analysis
Figure 4.16: S
hemati
 view of s
attered ion that lost its energy in a ∆E pads, markedwith a star, and that it stopped in the neighbour E pad of the �standard�E pad.4.6 Sili
on Neighbour Con�gurationsAs explained in se
. 3.1 the TRACE teles
ope was 
omposed by two segmentedsili
on dete
tors mounted inside the s
attering 
hamber. Due to the no-spheri
algeometry of these dete
tors and the rea
tion kinemati
s, we have noti
ed that ifwe 
onsidered only the �standard� ∆E-E 
ombination of pads, for whi
h a ∆E padis 
ombined with the E pad behind it, a number of �good� events would be lost.Indeed, the s
attered ions that lost their energy in a ∆E pads, are not ne
essarystopped in the 
orresponding E pad, as shown in Fig. 4.16. This e�e
t has to betaken into a

ount in order to in
rease the statisti
s of our experiment. For thesereasons, all the possible 
ombination of ∆E-E pads (named �sili
on neighbour�
ombinations) have been 
onsidered and we have veri�ed that the 
orresponding
∆E-TKE matrix made sense. In Fig. 4.17 are shown the results for a 
on�gurationof sili
on pads in whi
h a ∆E pad is asso
iated with the E pad dire
tly below the�standard� one. The green pad are the ones for whi
h the 
orresponding ∆E-TKEmatrix made sense, see Fig. 4.18. As 
an be seen from Fig. 4.18 ∆E-TKE matrixgenerated by this 
ombination of pads has the typi
al ∆E-TKE matrix shape. Alsoin this 
ase, a 
lear separation between ions from Boron to Fluorine is visible andthere is a good mass separation. It is 
lear that, if we think at the geometry and therea
tion kinemati
s, the only pads involved in the 
on�guration just des
ribed arethe ones, 
oloured in green in Fig. 4.17, in the bottom part of the two teles
opes.By 
onsidering all the possible sili
on neighbour 
ombinations, the statisti
s havebeen in
reased by approximately ∼ 20%.85
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Figure 4.17: Results for a 
on�guration of sili
on pads in whi
h a ∆E pad is asso
iatedwith the E pad dire
tly below the �standard� one. The green pads are theones for whi
h the asso
iated ∆E-TKE matrix made sense, see. 4.18
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Figure 4.18: ∆E-TKE matrix in the 
ase of a sili
on neighbour 
ombination of pads.
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Chapter 4: Data Analysis4.7 Correlation Between Gamma-rays and S
atteredIonsAs des
ribed in se
. 4.4, the TRACE array was used, in our experiment, to sele
tthe inelasti
 s
attering 
hannel of the 17O. Another key features of this array is thepossibility to used it with the AGATA or the HECTOR+ arrays in order to sele
ttransitions to a given state of the ex
ited nu
leus. This 
an be done 
orrelatingthe γ-ray energy, measured with the AGATA or the HECTOR+ array, with theex
itation energy transferred to the target nu
lei. This latter quantity 
an bemeasured as the Total Kineti
 Energy Loss (TKEL) of the proje
tile, that is thedi�eren
e between the Total Kineti
 Energy (TKE) measured in an event and theenergy 
orresponding to an elasti
 s
attering event.After the sele
tion of the inelasti
 s
attering 
hannel, see se
. 4.4, all the events 
anbe used to 
onstru
t a 
oin
ident matrix of the measured de
ay energy (EAGATA orEHECTOR+) versus the ex
itation energy (TKEL), see Fig. 4.19. In these matrix,
γ-ray transitions o

ur as horizontal lines thanks to the better energy resolution ofthe AGATA/HECTOR+ arrays 
ompared to the energy resolution of the TRACEteles
opes. The transition to a given state of the nu
leus are lo
ated on diagonallines. Hen
e, by applying diagonal gates on these matrix, de
ays into a de�ne�nal state of the nu
leus 
an be sele
ted and the 
orresponding γ-ray spe
tra 
anbe generated and analysed. Sin
e we are interested to sele
t the ground-statede
ays, a diagonal gates on these matrix have been performed, as shown by thediagonal regions in Fig. 4.19. It has to be noti
ed that, due to the not so goodenergy resolution of the TRACE teles
opes, the diagonal 
uts have a width of
±1 MeV. In prin
ipal this gating 
ondition should ex
lude both the gamma de
ayfrom higher lying states (see in the bottom right part of the matrix) and the γ-rays
orresponding to a random 
oin
iden
e with an elasti
 s
attering event (verti
alstru
ture in the top part of the matrix).Fig. 4.20 shows the energy spe
trum measured with the AGATA array, (a)panel, and the HECTOR+ array, (b) panel, under di�erent gating 
onditions. Thebla
k spe
trum is obtained without any gate 
ondition while the blue one is theenergy spe
trum of the γ-rays dete
ted in 
oin
iden
e with the s
attered 17O ion.Sin
e both spe
tra are normalized to the total number of 
ounts, it is 
lear howthe sele
tion of the 17O s
attering 
hannel enhan
es the intensity of the 124Sn87



4.7. CORRELATION BETWEEN GAMMA-RAYS AND SCATTERED IONS
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(b) HECTOR+-TRACE matrixFigure 4.19: S
attered plot showing the γ-ray energy of the 124Sn, measured by theAGATA array in the (a) panel and HECTOR+ array in the (b) panel,versus the TKEL, measured by the TRACE teles
opes. The diagonal gatefor the sele
tion of the ground-state de
ays is mark by the solid bla
k lines.
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Chapter 4: Data Analysistransitions. The red spe
trum is the energy spe
trum with the additional diagonalgate 
ondition as explained above. It is evident how the transition 
orrespondingto the ground-state de
ay of the 2+ states are further enhan
ed 
ompared to theblue spe
trum. Fig. 4.21 shows the level s
heme of the ground-state de
ays, redsolid lines, of 124Sn observed in our experiment. However, due to the poor energyresolution of the TRACE teles
opes, some gamma de
ays from higher lying statesare still present (i.e. Eγ=1471 keV, bla
k solid line in Fig. 4.21).
4.8 Gamma De
ay from the Pygmy Dipole Reso-nan
e4.8.1 Ba
kground subtra
tionDue to the limited energy resolution of the TRACE teles
opes, some gamma de
ayfrom higher lying states are still present in the γ-ray energy spe
trum generatedwith the diagonal gate des
ribed in se
. 4.7. In order to obtained an energyspe
trum free from these de
ays, a ba
kground subtra
tion has been performed.Sin
e this ba
kground 
omes from high lying states, we applied a diagonal gateon the γ-TKEL matrix in order to sele
t the de
ays from these states into the�rst ex
ited state at 1131.7 keV. In Fig. 4.22 are shown the diagonal gates for thesele
tion of the ba
kground marked by the solid bla
k lines in the γ-TKEL matri
esfor the AGATA array and the HECTOR+ array.Fig. 4.23 shows the energy spe
trum, in the energy range of the PDR de
ay,measured by the AGATA array ((a) panel) and the HECTOR+ array ((b) panel)gated on the ba
kground diagonal 
ut depi
ted in Fig. 4.22. As 
an be seen in theba
kground energy spe
tra no evident stru
tures are present and its de
ay seemsto be more of statisti
al exponential nature in the PDR region.The ba
kground spe
tra generated as des
ribed above have been subtra
ted tothe energy spe
tra of the ground-states de
ays, in order to obtain a 
lean energyspe
tra of the gamma de
ay from the PDR states. The results are shown in thefollowing se
tion. 89



4.8. GAMMA DECAY FROM THE PYGMY DIPOLE RESONANCE
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trumFigure 4.20: AGATA ((a) panel) and HECTOR+ ((b) panel) and energy spe
trum un-der di�erent gating 
onditions: the bla
k spe
trum is without any gate,the blu spe
trum is gated on the 17O s
attering 
hannel and on the 
o-in
iden
e peak of the time spe
trum, and the red one has the additionaldiagonal gates shown in Fig. 4.19.90



Chapter 4: Data Analysis

Figure 4.21: Level s
heme of the the ground-state de
ays, red solid lines, of 124Sn ob-served in our experiment, see 4.20 . Due to the poor energy resolution ofthe TRACE teles
opes, some gamma de
ays from higher lying states arestill present (i.e. Eγ=1471 keV, bla
k solid line)
91



4.8. GAMMA DECAY FROM THE PYGMY DIPOLE RESONANCE

TKEL [MeV]
-4 -2 0 2 4 6 8 10

 [k
eV

]
A

G
A

TA
E

0

2000

4000

6000

8000

10000

TKEL [MeV]
3 4 5 6 7 8 9

 [k
eV

]
A

G
A

TA
E

3000

4000

5000

6000

7000

8000

9000

(a) AGATA-TRACE matrix
TKEL [MeV]

-4 -2 0 2 4 6 8 10

 [k
eV

]
+

H
E

C
T

O
R

E

0

2000

4000

6000

8000

10000

TKEL [MeV]
3 4 5 6 7 8 9

 [k
eV

]
+

H
E

C
T

O
R

E

3000

4000

5000

6000

7000

8000

9000

(b) HECTOR+-TRACE matrixFigure 4.22: S
attered plot showing the γ-ray energy of the 124Sn, measured by theAGATA array in the (a) panel and HECTOR+ array in the (b) panel,versus the TKEL, measured by the TRACE teles
opes. The diagonal gatefor the sele
tion of the ba
kground is mark by the solid bla
k lines.
92



Chapter 4: Data Analysis
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kground diagonal 
uts shown in Fig. 4.22.
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4.9. GIANT QUADRUPOLE RESONANCE4.8.2 Pygmy Dipole Resonan
e De
ayAs mentioned in se
. 1.3, the PDR is 
omposed by a number of dis
rete statesof Jπ=1− nature, whose dominant de
ay 
hannel is towards the 0+ ground-state.In order to measure the gamma de
ay from the PDR, the 17O inelasti
 s
attering
hannel have to be sele
ted, a gate on the time spe
trum have to be performedas well as request that the γ-ray energy have to be equal to the TKEL withindete
tor resolution, as explained in se
. 4.7. In order to subtra
t the Compton
ontinuum and the es
ape peaks present in the energy spe
tra, a pro
edure named�unfolding� 
ould be applied to the experimental energy spe
trum, see AppendixB. Unfortunately, in our 
ase, this pro
edure 
ould not be applied due to the lowstatisti
s in the PDR region but it has been applied on the other nu
lei measuredin our experiment (208Pb, 90Zn and 140Ce). However, a ba
kground subtra
tion,as des
ribed in se
. 4.8.1, have been performed. Furthermore, sin
e the typi
allifetime of these states is of the order of femtose
onds, a Doppler 
orre
tion forthe re
oil has been also applied (see se
. 4.5.1). Fig. 4.24 shows the γ-ray energyspe
trum of the 124Sn in the PDR de
ay region obtained with these 
onditionfor the AGATA ((a) panel) and the HECTOR+ ((b) panel) arrays. As 
an beseen from these spe
tra, a large fragmentation of the dipole strength is observedand for this reason the 
lear identi�
ation of the transition is di�
ult, only thestronger transitions 
an 
learly be identi�ed. The 
oloured lines mark the energyat whi
h PDR transitions have been measured with photon ([64℄) and alpha ([65℄)s
attering experiments. The blue and red lines 
orrespond to known E1 transitionswe observed (the dashed ones when the identi�
ation is not 
lear).It has to be noti
ed that the stru
ture of the γ-rays from the PDR measuredby the two γ-ray dete
tor arrays is similar. Note that the e�
ien
y at high energyis higher for the LaBr3:Ce dete
tors but still the states in this region are notpopulated. This 
on�rm that the states above 7 MeV are not populated via inelasti
s
attering of 17O.4.9 Giant Quadrupole Resonan
eSin
e the inelasti
 s
attering of 17O at 20 MeV/u is expe
ted to populate stronglythe giant resonan
e region of the target nu
lei, it was interesting to investigate94



Chapter 4: Data Analysis
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ribed in the text.
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4.9. GIANT QUADRUPOLE RESONANCEResonan
e Multipolarity Energy [MeV℄ FWHM [MeV℄ISGQR 2 12.3 3.1ISGMR 0 14.0 3.8Table 4.2: Multipolarity, 
entroid energy and FWHM of the IsoS
alar Giant Monopoleand Quadrupole in 124Sn taken from [66℄.this ex
itation in our experiment. The energy spe
tra of the inelasti
 s
attered
17O ions are expe
ted to show strong peaks above the separation energy. Indeedthe ex
itation energy transferred to the target is measured by the Total Kineti
Energy Loss (TKEL) of the proje
tile, that is the di�eren
e between the TotalKineti
 Energy (TKE) measured in an event and the energy 
orresponding to theelasti
 s
attering event.Fig. 4.25 shows the ex
itation spe
tra in the Giant Resonan
e region for the 124Sn.The bump arising from the ex
itation of the giant resonan
e region is 
learly visibleand it has been �tted with a simple Gaussian to show that the 
entroid energymeasured in our experiment is 12.4 MeV and it is 
lose to the known energy of theISGQR (12.3 MeV). The width is, however, larger (4.8 MeV) then the predi
tedone (3.1 MeV) this is probably due to the fa
t that the ISGQR is not the only giantresonan
e to be populated in the rea
tion and the peak in Fig. 4.25 
ould be theresult of the partial superimposition of more than one resonan
e. The referen
evalues are reported in Table 4.2.
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Figure 4.25: Energy spe
trum of the s
attered 17O ions measured with 124Sn target.The peak is due to the population of the ISGQR.
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Chapter 5Experimental ResultsFollowing the pro
edure des
ribed in 
hap. 4, the experimental results of the exper-iment des
ribed in this thesis are given and dis
ussed in this 
hapter. In parti
ular,the determination of the mutlipolarities of the PDR transitions is des
ribed in se
.5.1 and a 
omparison of the measured intensities of the observed transitions tothe B(E1) value reported in literature has been, also, performed in se
. 5.2. Fur-thermore a determination of the di�erential 
ross se
tion of the PDR transitions ispresented in se
. 5.3.5.1 Determination of The MultipolaritiesAs dis
ussed in se
. 1.3 the Pygmy Dipole Resonan
e is a 
on
entration of Jπ=1−states around the parti
le threshold. The investigation on the multipolarties ofthese transitions has been performed taking advantage of the angular distributionof the emitted γ-rays.The angular distribution asso
iated with an ele
tromagneti
 transition from astate |Ji〉 to a state |Jf 〉 is given by:
W (θ) =

∑

mj,µ

|〈Jimiλµ|Jfmf〉|
2P (mi)Zλµ(θ) (5.1)where P(mi) is the population probability of ea
h magneti
 
omponent mi of theinitial state, and Zλµ(θ) is the angular distribution of the photons of multipolarity99



5.1. DETERMINATION OF THE MULTIPOLARITIES
λ with 
omponent µ, whi
h 
an be 
al
ulated exa
tly (see [67℄). In absen
e ofspe
i�
 
onstraints all the possible magneti
 substates m are equally populated,so there is no alignment. In some 
ases, as in the present of magneti
 �elds orin the 
ase of states formed in nu
lear rea
tions, some substates are sele
ted ina privileged way, therefore giving a 
ertain alignment to the nu
lear spin. Theex
ited states formed in nu
lear rea
tions are generally oriented with respe
t tothe beam dire
tion and the degree of orientation depends on the formation pro
essand on the rea
tion me
hanism. For these reasons we expe
ted a 
ertain degree ofalignments in our experiment.Exploiting the position sensitivity of the AGATA Demonstrator and TRACEarrays it is possible to obtain almost 
ontinuous angular distributions. The AGATADemostrator has been treated as a 
ontinuous HPGe dete
tor and for ea
h γ-raythe angular position of the �rst intera
tion point with respe
t to the re
oil dire
tionhas been 
onsidered.Qualitatively, the multipolarity 
an be identify by 
omparing the γ-ray energyspe
trum gated on the angular distribution of the emitted γ-rays. Indeed, if weput a gate on the angular distribution, see Fig. 5.1, it is possible to identify the E1and E2 
omponent in the γ-ray spe
tra. Fig. 5.2 shows the 
omparison between the
γ-rays spe
tra of 124Sn in the PDR energy region. The red spe
trum is gated on 65°-115°angular range in order to enhan
ed the E1 transitions while the blue spe
trumis gate on 0°-65°and 115°-180°angular range to enhan
ed the E2 transitions. ThePDR transitions are 
learly enhan
ed in the red spe
trum, showing as expe
ted anE1 behaviour.The same analysis des
ribed above has been also performed with the HECTOR+array. In this 
ase the angular range has been de�ne as the angle between the re
oildire
tion and the 
enter of the LaBr3:Ce 
rystals in whi
h the emitted γ-ray hasbeen dete
ted. Fig. 5.3 shows the spe
tra obtained by gating on di�erent angularrange as des
ribed above. The PDR region shows an E1 
hara
ter also in this
ase but thanks to the PSA and tra
king algorithms a mu
h better dis
riminationbetween the E1 and the E2 
omponent is a
hieved with the AGATA Demonstratorarray.In order to better evaluate the multipolarity of the PDR transitions we de
ided100



Chapter 5: Experimental Results

HFRLO,>GHJ@Figure 5.1: Expe
ted angular distributions for an E1, red dashed line, and E2, bluedashed line, transition. The highlighted blue and red region represent theangular gate used to enhan
ed the E2 and E1 transitions respe
tively.
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5.1. DETERMINATION OF THE MULTIPOLARITIES
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Figure 5.2: γ-rays spe
tra of 124Sn in the PDR energy region measured with the AGATADemonstrator. The red spe
trum is gated on 65°-115°angular range in orderto enhan
ed the E1 transitions while the blue spe
trum is gate on 0°-65°and115°-180°angular range to enhan
ed the E2 transitions.
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Figure 5.3: γ-rays spe
tra of 124Sn in the PDR energy region measured with theHECTOR+ array. The red spe
trum 
on
erns the angular range 65°-115°inorder to enhan
ed the E1 transitions while the blue spe
trum 
on
erns theangular range 0°-65°and 115°-180°to enhan
ed the E2 transitions.102



Chapter 5: Experimental Resultsto fo
used on the events dete
ted by the AGATA Demonstrator array, thanks tothe better position sensitivity a
hieved with this array. We 
onsidered the angularrange between 0°and 180°and we simulated the e�
ien
y for ea
h angle of a γ-rayat the energies needed for our analysis. We have then measured for ea
h angle theintensity of the di�erent transitions in the 124Sn spe
trum and the results havebeen divided by the e�
ien
y at the 
onsidered energy. In this way, the angulardistribution for ea
h transitions of interest has been extra
ted, see Fig. 5.4. In(a) panel the known E2 transition from the �rst 2+ ex
ited state at 1132 keV tothe ground state is depi
ted with blu squared and the bla
k 
ir
les represent theangular distribution of the region between 4 and 5 MeV that has several known 2+states. In (b) panel the known E1 transition at 1471 keV from the �rst 3− ex
itedstate to the �rst 2+ ex
ited state at 1132 keV is depi
ted with red squared and thebla
k 
ir
les represent the angular distribution of the PDR region between 6 and7 MeV. As 
an be noti
ed all the angular distributions follow the expe
ted trend.It has to be pointed out that, due to the low statisti
s of the re
oil dete
ted in theleft pad of the TRACE teles
opes, the angular distributions between 90°and 180°isdominated by statisti
al �u
tuations.The ratio between the number of 
ounts in the 65°-115°angular range over thenumber of 
ounts in the 15°- 65°angular range for di�erent transitions has beenevaluated. Fig. 5.5 shows these ratio: the horizontal red region 
orresponds to E1expe
ted angular distribution and the blue one to E2 distribution. As 
an be seenfrom Fig. 5.5 the PDR region shows, as expe
ted, an E1 behaviour.5.2 Dipole StrengthThe investigation of the angular distribution des
ribed in se
. 5.1 of several energyranges up to 9 MeV 
learly proves the E1 
hara
ter of the strength in the PDRregion. As mentioned in se
. 1.3, while almost all Jπ=1− states have been ex
itedand observed up to 6.8 MeV in (α, α′γ) [65℄, as well as in (γ, γ′),[64℄ rea
tions, theintensity drop o� signi�
antly for higher energies in the 
ase of (α, α′γ) rea
tion.Between 7 and 8 MeV only a few states are ex
ited in the 
ase of α-s
atteringexperiments while a high 
on
entration of Jπ=1− states with large B(E1)↑ valueshas been observed in (γ, γ′) experiments. This splitting of the dipole strengthhas been observed in di�erent nu
lei and 
ould be explained as a di�erent under-103



5.2. DIPOLE STRENGTH

(a) E2 angular distribution

(b) E1 angular distributionFigure 5.4: Absolute angular distributions for di�erent E1 ((b) panel) and E2 ((a) panel)transitions of 124Sn. 104



Chapter 5: Experimental Results
���

�

Figure 5.5: Ratio between the number of 
ounts in the 65°-115°angular range over thenumber of 
ounts in the 15°- 65°angular range, measured with the AGATADemonstrator, for di�erent transitions of 124Sn. The horizontal red region
orresponds to E1 expe
ted angular distribution and the blue one to E2distribution.ling stru
ture of these low-lying E1 states. The low-energy group of states has astrong isos
alar 
omponent while the high-energy group of states has a strongerisove
tor 
omponent. In order to better understand this phenomenon the 
ompleteground-state de
ay spe
trum, measured with the AGATA Demonstrator and theHECTOR+ arrays, has been dedu
ed in bins of 100 keV width after subtra
tingthe 
ontribution of random 
oin
iden
e and the feeding from the ex
ited states asdes
ribed in se
. 4.8. The results are shown in Fig. 5.6 and 
ompared to the oneobtained in the (α, α′γ) experiments, in pink, and in the (γ, γ′) experiments inblue. The low-energy part, below 7 MeV, of the resonan
e is equally ex
ited byheavy ions, alphas and photons, while the high-energy part, above 7 MeV, is weaklyex
ited by ions and alphas. The strength in peaks for the two di�erent energy re-gion, below and above 7 MeV, is shown in Fig. 5.7. Also from this �gure, it 
ouldbe dedu
ed that the strength measured in the (γ, γ′) experiment are almost equalin both energy ranges, whi
h it is not the 
ase in our experiment and in the (α,
α′γ) experiments. We 
an therefore say that the inelasti
 s
attering of 17O at 20MeV/u was su

essfully used to measure the gamma de
ay from the PDR states of105



5.3. DETERMINATION OF DIFFERENTIAL CROSS SECTION
γ-ray energy [keV℄ Multipolarity B(Eλ)↑ [W.u.℄1131.7 E2 9.03214.4 E2 1.53761.8 E2 0.35500-7000 E1 0.227000-9000 E1 0.08Table 5.1: Known B(Eλ)↑ used for the 
ross se
tions 
al
ulation performed with theFRESCO 
ode as des
ribed in Appendix C. The data were taken from [68℄and [64℄.

124Sn, and that the results point to the presen
e of a splitting of the PDR similarto what has been observed with the (α, α′γ) te
hnique.5.3 Determination of Di�erential Cross Se
tionAs already mentioned, by 
omparing results of photon, alpha and heavy ions s
at-tering experiments, a 
lear sele
tivity in the population of these PDR states hasbeen observed. It is thought that this splitting re�e
ts a di�erent underlying stru
-ture: the low-energy states are of isos
alar nature and their transition density ispeaked on the surfa
e, while the high-energy states are of isove
tor nature and areasso
iated to a transition towards the IVGDR. While the photons in the (γ, γ')experiments intera
t with the nu
leus as a whole based on the ele
tromagneti
 in-tera
tion, the heavy ions in our experiments are predominately isos
alar hadroni
probes with an intera
tion lo
ated at the surfa
e of the nu
leus. Be
ause of thedi�erent intera
tion depth of the probes within the nu
leus, the ex
itation of thestates with di�erent radial transition densities is strongly a�e
ted. In order to bet-ter understand the 
hara
ter of these states, the ex
itation 
ross se
tions 
al
ulatedwith the FRESCO 
ode and the 
ross se
tions measured in our experiment havebeen 
ompared.The 
ross se
tions for the given kinemati
 
onditions have been 
al
ulated with theFRESCO 
ode, see Appendix C, based on the known B(Eλ)↑ values, reported inTable 5.1.In prin
ipal, the di�erential 
ross se
tions obtained from the DWBA 
al
ulation106
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( QH H
 (a) AGATA array

 

( QH H
 (b) HECTOR+ arrayFigure 5.6: Complete and in peaks ground-state de
ay spe
trum, measured with theAGATA Demonstrator ((a) panel) and the HECTOR+ ((b) panel) arrays,in bins of 100 keV (depi
ted in green). The blue and the pink graphi
s arethe strengths measured in photon and alpha-s
attering respe
tively.
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(b) HECTOR+ arrayFigure 5.7: Ratio of the strength in peaks evaluated in the two energy region, belowand above 7 MeV, for the three experiments.
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Chapter 5: Experimental Results

Figure 5.8: Experimental 
ross se
tions for the elasti
 s
attering measured in (17O,
17O'γ) experiment, bla
k 
ir
les. The dashed line represent the 
al
ulated
ross se
tion with the FRESCO 
ode.should be 
ompared to the experimental 
ross se
tions, obtained from the spe
traas

d2σ

dEdΩ
=

Nγ(E)

ǫ(E)NbeamNtargetdΩ
(5.2)where Nγ(E) is the number of the γ-rays measured at an energy E, ǫ(E) is theabsolute e�
ien
y of the γ-ray dete
tion array at the energy E (whi
h should takeinto a

ount also the angular distribution of the γ-rays), dΩ is the solid angleof the TRACE pads, Ntarget is the number of the target nu
lei per unit surfa
eand Nbeam are the number beam nu
lei that passed through the target duringthe whole measurement. Unfortunately, the latter term 
ould not be evaluated,be
ause no 
alibrated faraday 
up was available for use as a beam dump. For thisreason we have normalized the values of the experimental 
ross se
tion in the 
aseof the elasti
 s
attering on the 
ross se
tion value 
al
ulated with the 
ode. Thisnormalization fa
tor has been used for the 
al
ulation of the 
ross se
tion of theother states of interest. Fig. 5.8 shows the Elasti
 over Rutherford 
ross se
tion asa fun
tion of the s
attering angle. The experimental results have been normalizedto the 
al
ulated 
ross se
tion in this 
ase.In order to prove the reliability and the a

ura
y of our 
al
ulation the 
ompari-109



5.3. DETERMINATION OF DIFFERENTIAL CROSS SECTIONson between the experimental and the 
al
ulated 
ross se
tions for di�erent ex
itedstates has been evaluated. It has to be pointed out that all the experimental 
rossse
tions have been 
orre
ted for the intrinsi
 e�
ien
y of the AGATA array and forthe 17O-γ angular 
orrelation. The un
ertainties given for the 
ross se
tions takeinto a

ount the un
ertainties due to the statisti
s, the angular 
orrelation (10%)and the AGATA array e�
ien
ies (10%). The ex
ited states 
onsidered were all2+ states at 1131.74 keV, 3214.36 keV and the sum of two states at 4528.8 keV and4604.6 keV.As explain in se
. 2.2.1 the deformed potential model was used with the FRESCO
omputer 
ode in the Distorted Wave Born Approximation (DWBA). Nu
lear tran-sition potential for angular momentum transfer L are assumed as:
HN

L (r) = −δV (L)
dV (r)

dr
− iδW (L)

dW (r)

dr
(5.3)In our 
al
ulations, the real and the imaginary deformation length are assumedequal: δV (L) = δW (L) = δL. The Coulomb intera
tion is represented in the formof a multipole expansion between a point 
harge and a uniformly 
harged spherewith radius Rc, and 
an be written as:

Hc
L(r) =

4πZpe

2L+ 1
[B(EL) ↑]

1/2







rL/R2L+1
c se r < Rc

1/rL+1 se r > Rcwhere Zp is the atomi
 number of the proje
tile and the B(EL) ↑ is the 
hargemultipole moment. This model assumes that the deformation length of the tran-sition potential is equal to that of the nu
lear density distribution. The massmultipole moment 
an then be expressed as
B(L) ↑= δ2L

[

3A

4π
RL−1

]2 (5.4)if a uniform distribution with radius R is assumed. It is possible to expressthe mass multipole in terms of the rL radial moments of the neutron and protontransition densities as follow
B(L) ↑= |Mn +Mp|

2 (5.5)110



Chapter 5: Experimental ResultsSin
e B(EL) ↑= |Mp|
2, it follows
∣

∣

∣

∣

Mn

Mp

∣

∣

∣

∣

=

[

B(L) ↑

B(EL) ↑

]1/2

− 1 (5.6)whi
h is an indi
ation of the isospin 
hara
ter for the ex
itation. For multipoleswith L ≥ 2, the deformation length δL 
orresponding to 100% of the isos
alarenergy-weighted sum rule (EWSR) is given by the relation
δ2L = 2π~2

L(2L+ 1)

3mAEx
(5.7)where m is the nu
leon mass, A is the mass number, and all the strength isassumed to be lo
alized at an ex
itation energy Ex. The magnitude and shape ofthe di�erential 
ross se
tion are dependent upon the magnitudes of nu
lear andCoulomb amplitudes as well as their relative phase. For more details on the modelsee [34℄ and [69℄. In the analysis des
ribe in this thesis, the di�erential 
rossse
tion for the 2+ states was 
al
ulated using the B(E2) ↑ known from literatureand reported here in Table 5.1. In order to verify the performan
es of the FRESCO
al
ulations, the 
ross se
tion for the �rst 2+ state has been evaluated with di�erentvalues ofMn/Mp. As 
an be observed from Fig. 5.9(a) the best value forMn/Mp is

N/Z in agreement with the pure isos
alar nature of this state. Sin
e the 
al
ulationsseem to be sensible to the value ofMn/Mp, for all the other 2+ states the FRESCO
al
ulations have been performed with the value Mn/Mp = N/Z a

ording to thenature of these states. Sin
e the B(E2) ↑ of the states at 4.5-4.6 MeV has notyet been measured we de
ided to used the B(E2) ↑ of the highest 2+ state knownup to now (3761.83 keV). Due to the nature of these states the B(E2) ↑ of theex
ited states at 3761.83 keV has to be almost similar to the real one for the twostates 
onsidered in our 
ase. Fig. 5.9 shows the experimental 
ross se
tion for theknown E2 transitions of the 124Sn. It is 
lear from Fig. 5.9 that the di�erential
ross se
tions 
an be well reprodu
ed by DWBA 
al
ulations using the deformedopti
al potential model transition densities. In addition the experimental data are
learly in agreement with the 
al
ulations remarking that the pro
edure used forthe normalization is 
orre
t. In parti
ular even the 
al
ulated 
ross se
tions for thetwo states around 4.5-4.6 MeV seem to reprodu
ed the experimental data 
orre
tly,thing that validate our assumptions about the B(E2) ↑ used. It has to be noti
edthat it is the �rst time that these E2 γ-rays transitions have been measured with111



5.3. DETERMINATION OF DIFFERENTIAL CROSS SECTION
γ-ray energy dσ

dΩkeV mb/sr5600-5800 0.585800-6000 1.226000-6200 0.956200-6400 0.506400-6600 0.426600-6800 0.456800-7000 1.227000-7200 0.197200-7400 0.107400-7600 0.998000-8200 1.44Table 5.2: Cross se
tions for the ex
itation of Jπ=1− states in 124Sn via inelasti
 s
at-tering of 17O.an hadroni
 probe.Unfortunately, in the energy region of the PDR, statisti
s were insu�
ient for aquantitative analysis of the di�erential 
ross se
tion of ea
h single transition. Forthis reason the PDR transitions have been divided in two energy regions, below andabove 7 MeV, and the 
ross se
tions integrated in these energy regions have beenevaluated. Fig. 5.10 shows the results in the two energy regions. The FRESCO
al
ulations were performed using the sum of the B(E1) ↑ of the 1− states mea-sured in the (γ, γ') experiment, [64℄. In Fig. 5.10 the Coulomb and total 
rossse
tions 
al
ulated with the FRESCO 
ode are reported. As 
an be observed theexperimental 
ross se
tions for PDR transitions are larger 
ompared to the ex-pe
ted 
al
ulated 
ross se
tions, espe
ially for the low-energy states remarking theisos
alar nature of these transitions.The di�erential 
ross se
tions for the identi�ed Jπ=1− states, integrated in binsof 200 keV, have been evaluated at the s
attering angle θ17O,Lab=13°. Fig. 5.11shows the 
ross se
tions for the ex
itation of Jπ=1− states in 124Sn via inelas-ti
 s
attering of 17O measured in our experiment together with the experimentalsensitivity limit. The relative data are reported in Table 5.2.112



Chapter 5: Experimental Results

(a) 1132 keV

(b) 3214 keV

(
) 4.5 MeVFigure 5.9: Experimental 
ross se
tions for the E2 transitions of 124Sn measured in (17O,
17O'γ) experiment. The dashed line represent the 
al
ulated 
ross se
tionwith the FRESCO 
ode. 113



5.3. DETERMINATION OF DIFFERENTIAL CROSS SECTION

(a) PDR integrated region: 5.5 - 7 MeV

(b) PDR integrated region: 7 - 8.5 MeVFigure 5.10: Experimental 
ross se
tions for the PDR transitions below ((a) panel) andabove ((b) panel) 7 MeV of 124Sn measured in (17O, 17O'γ) experiment.The dashed line represent the 
al
ulated Coulomb 
ross se
tion with theFRESCO 
ode, based on [64℄.114
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�

������e�	�
�

����Figure 5.11: Cross se
tions for the ex
itation of Jπ=1− states in 124Sn via inelasti
s
attering of 17O. The dashed bla
k line represents the sensitivity limit.In this analysis the experimental energy-dependent sensitivity limit, based onthe ba
kground present in the spe
tra, has been evaluated with the following 
on-dition for the minimum peak area as follows:
A ≥

1

2p2
+

√

1

4p4
+

2B

p2
(5.8)where A in the peak area, B in the ba
kground and p the relative un
ertaintyof the peak area, p =

∆A

A
that it is required to be smaller than p ≤ 0.7 to bea

ounted for the analysis. Fig. 5.12 reports the same plot 
ompared to the 
rossse
tions measured in the (α, α′γ) experiment [65℄, pink plot, and the B(E1) ↑strength distribution obtained in the (γ, γ') experiment [64℄, blue plot. It has tobe pointed out that the 
ross se
tion measured in the (α, α′γ) experiment it refersto a s
attering angle of θα=3.5°.In order to evaluate the nature of these Jπ=1− states, the ratio of 
al
ulatedex
itation 
ross se
tions and the measured 
ross se
tions is de�ne as:
ξ =

(
dσ

dΩ
)Calculated

(
dσ

dΩ
)experiment

(5.9)115
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Figure 5.12: Cross se
tions for the ex
itation of Jπ=1− states in 124Sn via inelasti
s
attering of 17O, green plot, 
ompared to the 
ross se
tions measured inthe (α, α′γ) experiment [65℄, pink plot, and the B(E1) strength distributionobtained in the (γ, γ') experiment [64℄, blue plot. The dashed bla
k linerepresents the sensitivity limit in our experiment.
116



Chapter 5: Experimental ResultsFig. 5.13 shows this ratio ξ. The (a) panel shows the ratio measured for theobserved transitions integrated in the two energy regions below and above 7 MeV.The (b) panel shows the ratio measured for the observed transitions integrated inbins of 200 keV. In both panels the ratio for the states at 4 MeV is reported. Theaveraged value is 9% for the energy region between 5.5 and 7 MeV and 30% above 7MeV. These results point out that the 
ontribution of the Coulomb ex
itation in ourexperiment is negligible and the ex
itation of the Jπ=1− states is dominated by thenu
lear intera
tion. In addition the results shows the di�erent underling stru
tureof this PDR states, more isos
alar for the low-energy part and more isove
tor forthe high-energy one.Furthermore the ratio ∆ de�ne as:
∆ =

(
dσ

dΩ
)experiment − (

dσ

dΩ
)Calculated

(
dσ

dΩ
)experiment

(5.10)have been evaluated and 
ompared to the one measured in the (α, α' γ) experiment[65℄. In this 
ase if the states is pure isoscaler the ratio ∆ will be equal 1 otherwiseif the ratio is equal to 0 the states is pure isovector. Fig. 5.14 shows the ratio
∆ in (17O, 17O' γ), left panel, 
ompared to the one for (α, α′γ) experiment [65℄,right panel. The ratio ∆ has been evaluated for the observed transitions integratedin bins of 200 keV. As 
an been seen, even this plot underling the more isoscalarnature of the observed transitions in our experiment as it has been observed in the(α, α′γ) experiment.
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���

������e�	�
�

����(a) PDR integrated in the two enery region: 5.5-7 MeV and 7-8.5 MeV
���

������e�	�
�

����(b) PDR integrated in bin of 200 keVFigure 5.13: Ratio ξ of the 
al
ulated and measured 
ross se
tion in (17O, 17O' γ). The(a) panel shows the ratio measured for the observed transitions integratedin the two region below and above 7 MeV. The (b) panel shows the ratiomeasured for the observed transitions integrated in bins of 200 keV. Inboth panels the ratio for the states at 4 MeV is reported.118
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���

������e�	�
�

���

������e�	�
�Figure 5.14: Ratio ∆ in (17O, 17O' γ), left panel, and in (α, α′γ) experiment [65℄,right panel. The ratio ∆ has been evaluated for the observed transitionsintegrated in bins of 200 keV.
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Con
lusionThe understanding of the ele
tri
-dipole response around the binding energies ispresently attra
ting 
onsiderable interest sin
e there are still many open questionsregarding its nature. For this reason, an experiment aimed at the study of the
γ-de
ay from high-lying bound and unbound states in several nu
lei (124Sn, 208Pband 140Ce) has been performed at Legnaro National Laboratories (LNL).The giant resonan
e modes have been ex
ited by inelasti
 s
attering of 17O beam at20 MeV/u. The gamma-de
ay from su
h high-lying states has been measured withthe AGATA Demonstrator array 
oupled to an array of 9 large volume LaBr3:Ces
intillator dete
tors, named HECTOR+. In order to identify the rea
tion 
hannel,the beam like-eje
tiles have been measured, in 
oin
iden
e with the γ-rays, by twosegmented sili
on teles
opes prototypes of the TRACE proje
t mounted inside thes
attering 
hamber.The analysis des
ribed in this thesis has been fo
used on the studies of the PygmyDipole Resonan
e in the 124Sn nu
leus.Thanks to the 
orrelation between the γ-ray energy and the ex
itation energytransferred to the target nu
leus it has been possible to identify the gamma de
ayof the PDR states to the ground state. The multipolarity of the observed gammatransitions has been determined with remarkable sensitivity thanks to angular dis-tribution measurements and it has been shown that the γ-ray spe
trum in the 5-8MeV energy range is dominated by E1 transitions, 
onsistently with the resultsof previous NRF experiments. Additionally, even it was not the main subje
t ofthis study, the gamma de
ay from the Jπ=2+ states and their 
orresponding 
rossse
tions have been investigated sin
e these states have not yet been measured withhadroni
 probes. The experimental data have been 
ompared to the 
ross se
tion
al
ulations performed with the FRESCO 
ode in DWBA approximation based on121



(γ,γ') data in literature.Con
erning the gamma de
ay from the PDR states, the measured intensities andthe di�erential 
ross se
tions have been 
ompared to the ones measured in (γ, γ')and (α, α′γ) experiments. Similarly to what has been found using the (α, α′γ)rea
tion, even in this 
ase the results seem to indi
ate that there are two groupsof states one with a more isos
alar 
hara
ter and the other with a more isove
tornature. We 
an therefore say that the inelasti
 s
attering of 17O at 20 MeV/uwas su

essfully used to measure the gamma de
ay from the PDR states of 124Sn,and that the results point to the presen
e of a splitting of the nature of the PDRsimilar to what has been observed with the (α, α′γ) te
hnique. This observationrepresents further eviden
e for the splitting of the dipole response of the atomi
nu
lei whi
h has been observed up to now also in 140Ce, 138Ba and 208Pb. This isthe �rst time su
h an e�e
t has been measured in a di�erent mass region and withheavy ions as a probe.A deeper understanding of the nu
lear stru
ture properties of the low lying dipolestrength and of the Giant Quadrupole Resonan
e requires systemati
 studies, in dif-ferent region of masses. Con
erning the stable nu
lei the next experiments shouldbe fo
used in di�erent mass region (Zn, Sn, Ce, and Ba isotopes) in order to betterunderstand the properties of this resonan
e as a fun
tion of the mass. The ex-perimental set-up should be improved with respe
t to the energy resolution of theSili
on teles
opes that 
an allow a better identi�
ation of the ground state de
ay ofthe PDR states. In addition the γ-ray e�
ien
y dete
tion should be improved byusing the HECTOR+ and AGATA array in their 
omplete 
on�gurations. Finally,the experimental te
hnique used in this work 
ould be also used at future fa
ilities(su
h as SPES), in order to study the stru
ture of the PDR in more neutron-ri
hsystem in inverse kinemati
s at 20 MeV/u with solid, weakly bound targets su
has 13C.
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Appendix ABinary Rea
tion Kinemati
sThis appendix will dis
uss the kinemati
s of a binary intera
tion of the type:
a+A −→ b+B (A.1)where a is an in
oming beam ion of mass ma and velo
ity ~va, A is a target nu
leusof mass mA, at rest in the laboratory frame of referen
e, and the rea
tion produ
tsare a lighter, beam-like eje
tile b with mass mb and velo
ity ~vb, and a heavier,target-like re
oil B with mass mB and velo
ity ~vB .In se
. A.1 the expressions in the laboratory frame of referen
e for the quantities ofeq. A.1 are 
al
ulated. Furthermore, formulas for the transformation of quantitiesbetween laboratory and 
entre-of-mass frames of referen
e are given in se
. A.2.For simpli
ity, only 
lassi
al kinemati
s have been 
onsidered, negle
ting relativisti
e�e
ts.A.1 Laboratory Frame of Referen
eFig. A.1 shows a s
hemati
 view of the bynary rea
tion in the laboratory frameof referen
e. The assuming that A is at rest, the laws of energy and momentum
onservation imply that:
Ka = Kb +KB (A.2)and

mava = mbvb cos θb +mBvB cos θB

mbvb sin θb = mBvB sin θB
(A.3)123



Figure A.1: S
hemati
 view of a binary rea
tion in the laboratory frame of referen
e.where the angles θb and θB are de�ne in Fig. A.1; Ka, Kb and KB are thekineti
 energies of a, b and B respe
tively; Q is the Q-value of the rea
tion, that isthe di�eren
e between the initial and �nal mass of the system:
Q = (ma +mA −mb −mB)c

2 − Eex (A.4)where Eex is the ex
itation energy transferred to the internal degrees of freedomof either nu
lei. From eq. A.3, it is very easy to 
al
ulate that
tan θb =

sin θb
√

maKa

mbKb
− cos θb

vB = vb
mb sin θb
mB sin θB

(A.5)Making use of eq. A.2 it is also possible to 
al
ulate the relation between Kb and
θb for a given values of Q and Ka, but that is outside of our interest.A.2 Centre-of-Mass Frame of Referen
eIn experimental nu
lear physi
s, all observations take pla
e in a referen
e framethat is at rest in the laboratory, referred to as the laboratory frame of referen
e.From the theoreti
al point of view, however, the motion of the 
entre of mass isof no 
onsequen
e for the properties of a nu
lear rea
tion. It is then often more
onvenient to use a moving 
oordinate frame in whi
h the 
entre of mass of the124



Figure A.2: S
hemati
 view of a binary rea
tion in the 
entre-of-mass frame of referen
e.two 
olliding nu
lei is at rest, 
alled the 
entre-of-mass 
oordinate system. In the
entre-of-mass frame of referen
e, see Fig. A.2, both nu
lei are moving towardsea
h other with equal and opposite momenta:
mav

′
a = mAv

′
A (A.6)where v′a and v′A are proje
tile and target speed in the 
entre-of-mass system. If

vCM is the speed of the 
entre of mass in the laboratory frame of referen
e, thenby de�nition of 
entre of mass one has
vCM = va

ma

ma +mA
(A.7)meaning that the velo
ities of a and A in the 
entre-of-mass system are:

v′a = va − vCM = va
mA

ma +mA

v′A = vA − vCM = −vA
ma

ma +mA

(A.8)After the 
ollision, b and B move in opposite dire
tion in the 
entre-of-mass frame,due to momentum 
onservation, as shown in Fig. A.2; their dire
tion forms anangle θc with the dire
tion before the 
ollision (that is the beam dire
tion). Thisimplies that
mbv

′
b = mBv

′
B (A.9)125



where v′b and v′B are the speeds of b and B in 
entre-of-mass system, related to thespeeds in the laboratory system by:
v′b cos θc = vb cos θb − vCM

v′b sin θc = vb sin θb
(A.10)It should be noted that, if the Q-value is non-zero, the velo
ity of the 
entre ofmass 
hanges between the initial and �nal state, with the relation:

vCM,f = vCM,i
ma +mA

mb +mB
(A.11)Typi
ally, however, the Q-value is only ∼ 10−3 − 10−5 of the total mass of thesystem and we 
an assume vCM,f

∼= vCM,i. Using eq. A.10 one obtains the relationbetween the angles in the laboratory and 
entre-of-mass systems:
tan θb =

sin θc
cos θc + γ

(A.12)where γ is the ratio of the velo
ities of the 
entre of mass and of the parti
le b inthe 
entre-of-mass frame of referen
e:
γ =

vCM

v′b
=

√

mamb

mAmB

Ka

(1 + ma

mA
)Q+Ka

(A.13)The se
ond equality has been derived using eq. A.2.
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Appendix B
UnfoldingAs mentioned in se
. 3.2, the use of tra
king algorithms 
an greatly improve theP/T ratio of the AGATA Demonstrator 
ompared to traditional HPGe arrays.Unfortunately, a sizeable fra
tion of the measured spe
trum still 
orresponds toCompton-s
attered γ-rays. For this reason, it is possible to apply the Comptonunfolding te
hniques implemented in the RADWARE software pa
kage and de-s
ribed in [70℄, whi
h we will now brie�y re
all.The main idea of the unfolding pro
edure is to subtra
t the Compton 
ontinuumasso
iated to ea
h photopeak through a de
onvolution of the dete
tor responsefun
tion. The spe
trum is s
anned starting from the highest energy, and for ea
h
hannel the ba
kground is 
al
ulated with the assumption that only photopeak
ounts are left in the bin and subtra
ted. This requires an a

urate knowledge ofthe dete
tor response as a fun
tion of the primary photon energy. The responsefun
tion 
an be measured with mono
hromati
 γ-ray sour
es only at sele
ted ener-gies, so that a dedi
ated te
hnique is ne
essary to interpolate and extrapolate theresponse fun
tion at all the other energies. In parti
ular, the te
hnique des
ribedin [70℄ divides the Compton ba
kground in 3 
omponents, 
orresponding to theba
ks
atter peak, the 
ontinuum, and the Compton edge. When interpolating theexperimental data, ea
h 
omponent is transformed smoothly as a fun
tion of en-ergy. The response fun
tion also takes into a

ount the intensity of the �rst andse
ond es
ape peak, whi
h are taken as 1 
hannel large so that as the photopeakis s
anned, two es
ape peaks with the same shape and width are subtra
ted.127
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Figure B.1: Energy spe
trum for a γ-ray of 6 MeV obtained with the simulation 
odedes
ribed in [42℄.In our 
ase, the response fun
tion of the AGATA Demonstrator was 
omputedwith the GEANT4 simulation 
ode developed by E. Farnea [42℄ for various photonenergies, going from 1 MeV to 15 MeV. The GEANT4 
ode gives as an output a�le 
ontaining all the intera
tion points for ea
h primary event; this �le was usedto perform the tra
king on the simulated data with the MGT 
ode [56℄, whi
h isthe same we used for the experimental data. Fig. B.1 shows energy spe
trum fora γ-ray of 6 MeV obtained with the simulation 
ode des
ribed in [42℄.We tuned the parameters of the unfolding algorithm on the energy spe
trummeasured with the AmBe-Ni sour
e, sin
e it is important for us to perform thepro
edure 
orre
tly at high energies. The results of the unfolding pro
edure isshown in Fig. B.2 for the AmBe-Ni spe
trum: the bla
k spe
trum is the original,the red spe
trum is after the unfolding. The Compton shoulder and �rst es
apepeak of the large peak at 4.4 MeV is not 
ompletely removed, probably be
auseof the large width of the line (whi
h is Doppler broadened, see 4.5). The bluearrows indi
ate the es
ape peaks. The unfolding pro
edure 
leanly removes boththe Compton 
ontinuum and the es
ape peaks.This pro
edure 
ould be applied to the experimental energy spe
trum in order tosubtra
t the Compton 
ontinuum and the es
ape peaks still present. Unfortunatelyfor the 124Sn the statisti
s in the PDR region were insu�
ient and too fragmented128
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Figure B.2: Energy spe
tra measured with the AGATA Demonstrator for the AmBe-Ni
omposite sour
e, before (in bla
k) and after (in red) the unfolding pro
e-dure. The blue arrows indi
ate the es
ape peaks that with the unfoldingpro
edure are 
learly removed.to applying the ufolding pro
edure. Anyway, this pro
edure has been applied onthe other nu
lei measured in our experiment (208Pb, 90Zn and 140Ce).
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Appendix CFRESCO Computer CodeAs mentioned in Chap. 2, all the inelasti
 s
attering 
ross se
tion 
al
ulations forour experiment were performed in the DWBA approximation by the FRESCO 
ode[35℄. The inputs required by the 
ode are:� the entran
e and exit 
hannels of the rea
tion� the beam energy� the energy, spin and parity of the ex
ited state� the depth, radius and di�usiveness for both the real and the imaginary partof the opti
al potential� the nu
lear deformation parameter (related to RDEF(k))� the Coulomb deformation parameter (related to B(Ek))� the range of s
attering angles (in the 
entre-of-mass frame of referen
e) forwhi
h to perform the 
al
ulationsThe parameters used for the 
al
ulation of the di�erential 
ross se
tion arereported in Table C.1 and C.2.Fig. C.1 shows the input of the FRESCO 
ode for the 
ross se
tion 
al
ulationfor the population of the PDR states in 124Sn with an 17O beam at 20 MeV/u. Thegeneral variables refers to the numeri
al parameters used in the 
oupled 
hannel131



Proje
tile and Target parametersNu
leus Atomi
 Weight Atomi
 Number Spin and Parity
17O 17 8 5

2

+

124Sn 124 50 0+Table C.1: Proje
tile and target parameters for the inelasti
 s
attering of 17O+124SnOpti
al potential parameters
V Rv0 av W Rw0 aw50 1.16 0.67 32 1.16 0.67Table C.2: Opti
al potential parameters for the inelasti
 s
attering of 17O+124Sn.
al
ulations: thmin and thmax indi
ate the angular range, in the 
enter-of-massframe, used for the 
al
ulation, thinc is the angular in
rement; jtmax indi
ates thenumber of partial wave 
onsidered; rmatch is the maximum distant for the integra-tion. In the �masses and states� part, the proje
tile and target ions 
hara
teristi
sare de�ne 
on
erning the masses, the ground and ex
ited states. The last part ofthe input �le is fo
used on the de�nition of the Coulomb and Nu
lear potentialsand the deformation parameters.The di�erential 
ross se
tions for the population of the PDR states in 124Sn atthe beam energy used in the experiment (20 MeV/u) are shown in Fig. C.2. Thehighlighted red region shows the angular range 
overed by the Sili
on Teles
opedete
tors during the experiment.It has to be pointed out that the 
al
ulations performed with the FRESCO 
odewere in 
omplete agreement with the ones performed with the PTOLEMY 
ode.
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Figure C.1: Input �le of the FRESCO 
ode for the 
ross se
tion 
al
ulation in DWBAfor the population of the PDR states in 124Sn with an 17O beam at 20MeV/u.
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��Figure C.2: Cross se
tion 
al
ulation with the DWBA approa
h for the population ofthe 1− states in 124Sn with an 17O beam at 20 MeV/u. The red regionindi
ates the angular range 
overed by the TRACE array
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