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B How did visible matter come into being
and how does it evolve?
® How do NNN forces impact structure a

reaction properties of nuclei? 2.
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The nuclear many-body problem

Nuclear

Spectroscopic

Transition
probability:

Nuclei are many-body quantal systems consisting on many nucleons, up to
300, resulting on a rich variety of guantum phenomena.
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Evolution of the Y spectrometers

History of the spectroscopy: Rotational band of '*¢Dy
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The technical development
has allowed us to reach a
deeper understanding of

the nucleus.
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The new magic number N=40

VOLUME 74, NUMBER 6 PHYSICAL REVIEW LETTERS 6 FEBRUARY 1995

N = 40 Neutron Subshell Closure in the %Ni Nucleus
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The increase of the %Ni 2+
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Evidence for a new nuclear ‘magic number’ from the
level structure of >*Ca
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LNL EXPERIMENTS: 20 exps, 148 days, 3500 hs
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More than 20 pub. Out of the physics

campaign, and counting ...

... one example for shell evolution/shape deformation
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m 25 HPGe
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Science Campaign: Fall 2015 - today
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Eff: 7.9% Eff. >10%
P/T: 59% P/T: ~60%




B Science campaign with

AGATA at GANIL (>20
physics Lols/proposals)
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TRANSFER

Evolution of the single-particle states

L. Coraggio, A.Covello, A. Gargano,
3.0

P.F.Bortignon, G.Colo,

fo Sizhypdss frr2 P3hor sz g3

N=82
shell gap

2.5

2.0

1.5

B Energy

m J" via AD

B Spectroscopic
factors - SPE

1.0
P

0.57 -

0.0 |
1335n 135Te 13]

Spectroscopic factors around and beyond magic nuclei
B D. Mengoni et (Uni. - INFN Pd)
SP@Sé
k=

M ||.Valiente-Dobon et al. (INFN LNL) l_l
BS.Leoni et al. (Uni. - INFN Mi)
exotic beams for science

B S.Pain et al. (ORNL)
B Lozeva et al.. (IPHC Strasbourg)
H ..




TRANSFER

Probe of the nuclear effective interaction

B SF - single particle energies

M 134Sn, 134Te - 7w, vv pairing term >

M 137Xe — vr tensor force tailoring

B Collective excitation from the core

B v, holes below 132Sn — erosion of shell closure?
Island of inversion?

B 128Cd, 130In - trimmer the interaction v, holes
configurations
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Coulomb Excitation

Nuclear shapes and collectivity
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Coulomb Excitation

Microscopic underpinning of collective model

B Shape (coexistence) expression of the quantum
mechanic nature of the nuclear mesoscopic system

B Hierarchy of nuclear models, with different “resolving
power” — bridging the gaps

M Collective properties from individual nucleon behaviour 5
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The DIPOLE response in nuclel

. - e Collaborations:
Long Standing Research Activity in MILANO Krakow. LNL, ...

Bl Astrophysics:
resonances Nucleosynthesis, Neutron

Stars
B Nuclear Structure:
Microscopic Nature
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Pygmy Dipole Resonance

(PDR) In Stable Nuclel

Heavy-lon Inelastic Scattering

B Pygmy Strength (E1):
1-3% EWSR isoscalar E1
M IS and IV Admixture

l A NEW OBSERVATION:
124Sn - QUADRUPOLE PYGMY!!

208PDb: E crespi, A. Bracco et al., PRL113 (2014) 012501

124SN: L. Pellegri, A. Bracco et al., PLB738 (2014)519,
L. Pellegri, A. Bracco et al.,, PRC92, 014330 (2015)

90Zr: F crespietal, PRC 91 (2015) 024323
140Ce: M. Krzysiek et al, PRC 93, 044330 (2016)

Hadrons and Nuclei

A. Bracco, F. Crespi, E. Lanza,
Eur. Phys. J. A51 (2015) 99



PDR in EXOTIC NUCLEI @ SPES

Inverse kinematics inelastic scattering

* Evolution of PYGMY Structure along isotopic chains: Sr, Sn, Te,
* RIB beam 10-20 MeV/A

* Liquid H, He and solid *3C targets, active target
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SPEs /

exotic beams for science\

International Collaboration ‘

Science campaign
B GANIL: 4 proposals
accepted
®m Orsay - IPNO :
6 proposals accepted
m 7 Lols at SPES




Conclusioni e prospettive

B SPES: opportunita unica per la fisica nucleare

Iltallana

B Rivelatori dedicati per SPES: GALILEO-AGATA),
TRACE-MUGAST, NEDA, LaBr_-PARIS

B Un ampio e ricco panorama di fisica atteso

B Grosse aspettative internazionali per ['avvio di
SRES

B Teoria-esperimento: due pilastri della Fisica

Nucleare
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Basics of nucleo-synthesis processes

Implications on nuclear astrophysics

thermonuclear burning processes in the cosmos

126 B Thesandr

processes produce
almost all heavy
elements (A>60)
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Evolution
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Solar abundances

Implications on nuclear astrophysics
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Nuclear Physics of the r- and s- process

transfer to constrain the n-cross section at SPES (.. decay)
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onhe-nucleon and cluster transfer at the

relevant astrophysics sites e— =-{

exotic beams for science\
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TRANSFER

Evolution of the single-particle states

Courtesy of A. Gargano

3.0
3.0

:: 2.5
2.0

Neutron ESPE (MeV)
1.5

2.5

2.0
Prot
1.5

n 4 B Energy

*— 1.0 m J"via AD
] - 0.5’\‘\0 B Spectroscopic

factors - SPE

0.0 w
. 0.0 w
133Sn 135Te 137Xe 133Sb 135Sb 137Sb

Spectroscopic factors around and beyond magic nuclei

B D. Mengoni et (Uni. - INFN Pd) l_.
M |.).Valiente-Dobon et al. (INFN LNL) SPES
=

B S.Pain et al. (ORNL)

B Lozeva et al.. (IPHC Strasbourg) I exotic beams for science




Nuclear Physics of the s process

transfer at the branching points (..} decay)
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The DIPOLE Response In Nuclei

Relevant in ASTROPHYSICS
(Nucleosynthesis, Neutron Sta

Relevant in

NUCLEAR STRUCTURE
(Microscopic Nature...)

Element Abundanc
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(_v,n\ reactions in STARS
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In recent years ...

GIANT DIPOLE
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GMY in STABLE NUCLEI

Heavy-lon Inelastic Scattering: a probe sensitive to the

LNL Campaign
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Si Telescopes (TRACE)+
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A NEW OBSERVATION:
124Sn - QUADRUPOLE PYGMY!!

Multitude of 2% discrete = I—_—_G_cs

Hadrons and Nuclei
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MY in EXOTIC NUCLEI - up to now

Relativistic Coulomb Excitation: high selectivity for E1

N FIRST Case - GSI: %8Ni

i (2005: EUROBALL Clusters + BaF2)

S PYGMY Strength: 5-9 %
: | EWSKR™ L ] IMealsuredl

e Analysis

—
. T

do/dE [mb/MeV]

—AC PDR strength L N\
~ 5 10 15 20 2 30 in NI isotope 5 10 1;[,\}1:\,]16 16 20

©
—

E (MeV)

. Primary Stak'= Beam fram.ST5

Production Target

) INC_O!VIIN_G
"R lon SELECTION identification OUTGOING
Scintillator 1 RS Identification
52 Degrader MUSICZ2 —
\ . LYCCA
"4 — RIB X Koeln-Lund
ﬁ, 'E-a ﬂa.?! | ‘HGATF* — Scintillator 3
&b, . LYCCA DSSDs
Bl‘s‘«:f.- LYCCA CsI

Secondary Tafget

Ragment Separator..\

2/



GMY in EXOTIC NUCLEI @ SPES

Inverse kinematics inelastic scattering
O RIB beam 10-20 MeV/A
O Liquid H, He and solid 13C targets

Evolution of PYGMY Structure along isotopic

chains: Sr, Sn, Te, ...
ES LOI:

lying dipole excitations via nuclear probes in exotic nuclei
3nza, D. Mengoni, F. Crespi, ....




Complex Excitations
around Doubly Magic systems

Complex, collective excitations dominate
Low Lying states in DOUBLY MAGIC Nucl

2+ 3-,4%t ... PHONONS

The Structure of Nuclei with
one or two valence particles
is influenced by

Particle-PHONON couplings  g—
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In Recent years ...
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In Recent years ...
FISSION

+ 235U: n + 241

New “HYBRID” Model FEEDING of the ISOME

Developed' uo to 25/2+
CORE Excitations Included N W P

From Lifetimes (23/2+) A8Adex
135Gp = 235n + 1m

(21/2+)—¢ 4733+x
21/2+
& VA & O
+
() ® o

208 318
B(M1) [W.u.] 72e \166(3)us ¥ ¥ pEmn
0.24 mmmp 752r X062 4465 135 4526

273 162 168_15/2-{ 4360

0.004—}13’2+ 11101 4302 | 13/2-163 4297

11/2+ 4192

Not Simple
Configurations

NO 419 4297
SHELL MODEL 219 1830
is Possible:
too large e b
configuration B
space

I
1510 505

0.6

04 ] Il
0.2 { it
D_L.J_L._.-J._I_‘ I.‘ (TN | T 1

9/2+ 11/2+ 13/2* 15/2+ 17/2+ 19/2+ 21/2* 23/2+ 125/2*
Spin




rther .... @ SPES

STUDY OF NUCLEI
1 and 2 nucleons away
from 1325n

>FACUSQN g NG
: I A)

excitations

= New Hybrid Model

S -L&intillators (

=10N PDIiNanN

128 132 136 128 132 136 128 132 136 128 132 136

MASS MASS

-~
1

n n 1 n
Ny
125Cd 126Cd}ﬁcd 128Cd 125Cd LSO(?‘ L31C‘ 135!'&‘
438 __-I ,\ .\’

1214g 12247 1734z 1244z 12547 1264 121@3{28‘% BZQAgIlSOAg

N=82

74 76 75 g4

AGATA/GALILEO + Si Telescopes
SPES LOI:(TRACE)

Structure of Sb and Te nuclei

120Pd 121Pd 122Pd 125Pd 124Pd
46

o (or t) tagging

"/' | ~20

@ n —




ar Structure of r-process nuclei, beyond
I o

73 sssr 1— 7-15GK N, = 10® cm®
— T=1.0GK N, =10% cm®

Z3RL) S0RE | SR 26RL. S TRE
’f

SFKT FOET SEET

FSET

F45e

g
g
3
£
g
2
o

)

86fz  BThs {8)’&3 la9,°«.s e Flas fass

ety

zack  336c de 87(3: 280e | 9Cc g P0Ce
_Smf %Glmubshell ] Only masse:
N =595 6 : I : 6I0 6I5 TIU ?I5 SIO 85

neutron number

B2 =15} I I =rs

B-decay half-lives and
neutron em|55|on probabilities

2000 n -

1500

E2")) [keV]

1000

500

K-8-e

0 | | | | | | | | | | | | | |

38 40 42 44 46 48 50 52 54 56 58 60 62 64
N




“On closed shells in nuclel”

PR75, 1969 (1949) & Jensen et al.,

Mayer et al., PR75 1766 (1949)
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http://upload.wikimedia.org/wikipedia/commons/4/43/Maria_Goeppert-Mayer.gif
http://www.britannica.com/EBchecked/media/12081/J-Hans-D

Isospin symmetry: Mirror energy differences

Mirror Energy Differences MED, difference in
excitation energies between isobaric analog states.
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M. A. Bentley and S.M Lenzi Prog. Part. Nucl. Phys. 59, 497 (2007)
A. P. Zuker et al., PRL 89, 142502 (2002)



New island of inversion
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Core polarization

Effective charges take into account the core
polarization, that can be understood in
terms of the coupling between the particles
and the collective oscillations associated
with deformations of the core.

Nuclear Structure, Bohr and Mottelson.
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JJVD et al., PRL102, 242502 (2009).
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Heavy-ion binary reactions as a tool for detailed gamma
spectroscopy in exotic regions: Univ. Mi (I), INP Krakow
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Structure of Sb nuclei around 32Sn as a testing
ground for realistic shell model interactions INP
Krakow (PL)
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s-process nucleosynthesis and stellar n-flux

Stellar nucleosynthesis: the s process
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s-process nucleosynthesis and stellar n-flux
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A “Desired” reaction

“Surrogate” reaction
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The Surrogate Nuclear Reactions
approach is an indirect method for
determining XS of CN reactions
difficult to measure directly.



r-process nucleosynthesis

The origin of elements
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r-process nucleosynthesis

Estimated Final Abundances With Uncertainties
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r-process sensitivities

LOlI ORNL (USA)
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LOlI ORNL (USA) Surrogate method

| r Constraint of DSD n- .. B A
3000 o i i : 3:;»,,, o T
; J i ﬂl; capture via '¥Sn(d,p) . ™
;:i 2000 IU“ IR i H [ % _— : 1\:
5—, n R B A T &

'265n(9Be,8Be) I24Su.::j - 0% .W LW
J lwﬂﬁ WM 1285 (9Be, 8Be) ‘ n(d,p) 1 | o

1305 ("Be, SBe) 82 A 126Sn(d,p

il

N ) 0.10
l:‘< 1ta11 1I:u‘12v \,[ VL) 1 E—: |8F(d ) |32S (9B BB ) ' 3\] | IZSSn (d P) E [MeV]
o P n(’Be,°Be ,630 k
26A1(d,p) £ aidp) o) A% s (dp) N
= r 5 r >
FWHM ~ 75 keV || 5 3w p)
(CoM) = 0.
30-
: 20 ‘
19Be(d,p) 5 e — | o foyA
- i 2 "“ 20 neutron number N 0 A DU T . . ST ot B
e El-lljsg (=080 F  — CH89) z\ H 25 2 45 14 45 0 05 1
of Ds=or4) " f - KD Be(d,t) Q-value (MeV)
50 2 |0Be(d,p) B o L e O I
40 : 134Te(d p) 1
= 20 Freeamaae T B _ [v — = _
120 Nl £ ©2Ge(d,p) ; N EE)
PN R o 1 é

of (c)\ « | Transfer reactions to ‘U 511 —;

i HH L

’ 15 (?I?ﬂanng?degre;;o) “ ® ConStra i n N
capture cross sections (direct =




ar Structure of r-process nuclei, beyond

SPES LOI: SPES Beams on 238U target
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ONE OF THE CHALLENGES: REFLECTION ASYMMETRIC
NUCLEI AND STATIC ELECTRIC DIPOLE MOMENT

i
HEATED
ARGLIMENT

mama Ay

THI AGE OF
THE HRARY

il

The lopsided nuclei, described today (May 8)
in the journal Nature, could be good
candidates for researchers looking for new
types of physics beyond the reigning
explanation for the bits of matter that make
up the universe (called the Standard Model),
said study author Peter Butler, a physicist at
the University of Liverpool in the United
Kingdom.

The findings could help scientists search for
physics beyond the Standard model, said
Witold Nazarewicz. An electric dipole
moment would provide a way to test
extension theories to the Standard Model,
such as supersymmetry, which could help
explain why there is more matter than
antimatter in the universe.



ONE OF THE CHALLENGES: REFLECTION ASYMMETRIC
NUCLEI AND STATIC ELECTRIC DIPOLE MOMENT

V Spevak, N Auerbach, and VV Flambaum related to Q,
PR C 56 (1997) 1357 ~ PiT-violating n-n interaction
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energy

Schiff moment: S =-2
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L 0 R

energy splitting of parity doublet octupole deformation
J DobaczewskKi (Trento 2010) 10 = Schiff moment enhanced by ~ 3 orders of
i maghnitude in pear-shaped nuclei
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