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OUTLINE

* Nuclear spectroscopy observables
- Y-ray spectroscopy
- electromagnetic transition rates

Multi-nucleon transfer reactions

Sub-barrier fusion

« SPES: future
- direct reactions DISCLAIMER. _
- nuclear spectroscopy
- B decay » «Taste» of what will be done at LNL in 3-4 years

« Perspectives on the future

Nuclear astrophysics
> Specific points of collaboration with theoreticians
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The key instruments at LNL 2023-2027

» AGATA is a state-of-the-art y-ray tracking array
- high resolution y-ray spectroscopy
- lifetimes measurements: RDDS, DSAM: 1 ns — few fs

AGATA zero degrees
Neutron-deficient nuclei

AGATA coupled with PRISMA

. PRISMA{ "': Q
« Several thousands of hours of beam time/year:

- 20 experiments/year
Neutron-rich nuclei

Future (mid term): neutron rich ISOL beams from SPES
(AGATA-GRIT)
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Nuclear spectroscopy
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Spectroscopy in light nuclei

Yy from unbound states Molecular states
: o n-orbital

Courtesy of S. Bottoni
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» Models treating the coupling the continuum, like the

Shell Model Embedded in the Continuum (SMEC) > EDF models, cluster shell model
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Excited states in nuclei for shell structure
The N=50 shell gap (stable beams)

* Mass gap: from measured Sn values

* Quadratic behaviour of the shell gap

* Spectroscopic gap: from 5%,6%,7 levels
which are a gq/,-ds/, N=50 core excitation

What is the origin of the «gquadratic»
behaviour of the N=50 gap ?
What components of the nuclear interaction

can explain it ?
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Three-body force role in
creating magic gaps

» LSSM calculation breaking magic cores
» Hybrid models for core coupling ?
» Ab-inito method as a different approach
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Lifeti f ited levels in “ ' ic” lei (I
1ITetimes o1 excitead evels 1n semi-magic nuctiel
Shell evolution from lifetimes Shell structure beyond N=28
Black: KB3G
6 Red: KB3G modified to reproduce N=34 closure, 3-body interaction from L. Coraggio et al.
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» Need for LSSM, ab-initio, EDF calculations with em strengths.
» Hybrid models for core-coupling states ?
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Lifetimes of excited levels in “semi-magic” nuclei (Il)
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Shell structure around *°°Sn [ 33um 5 33um
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Excited states and lifetimes in N=Z nuclei
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« Deuteron transfer with 3He targets (3He,n)

« Excited levels, spectroscopic factors, em transition strengths

» Need for LSSM, ab-initio calculations with em strengths, with specific understanding of isospin breaking terms in
N=Z nuclei
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B(E2,E3) values in collective states

—— Neutron number N ——

Shape coexistence, deformation
"

Shape coexistence at N=50
Intruder states lowering in energy,

Kris Heyde and John L. Wood, Rev. Mod. Phys. 83 (2011) 4
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» EDF calculations with projection on angular momentum for odd
nuclei



- ol
Deformed open shell nuclei

Deformation in heavy nuclei
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Octupoles

Pear-shaped nuclei: Increased sensibility for EDM.

Theoretical models predict:
Existence of octupole deformation in light

acticinides, Coupling of quadrupole and octupole

deformations
9
. e
X "
E . o .
—_ . (495) weee (237) 4937 _;:J_>
” . Experimentally: i e T o
— ¢ . . . . 4754 -1 3
. Alternating negative parity band Parity wo L s " "
7 _ 207) 19
' . . doublets in odd-A nuclei Enhanced E1 o S -
— 5 . 1 18F —f— N - (18,,)__‘: — (17
e, 5 transitions Collective E3 transitions ] I R | .
N — —: ] _ R A
224Ra H350| ] ] 295.4 (14— 566.0 289.:11’)
3653 . 3618 247.1
nucleus molecule B L v
3279 ’ 2_13?)7 323 l—99'37‘) 996.1
L. P.Gaffney et al., Nature 497, 199 (2013) 10 —3 47 17__ 7 a0t _j(y
2857 = 2778 L
};E 495.8 iz 8;:25
H H H 12;%:4;532 ;%:;*496
» Need for EDF calculations to describe octupole, quadrupole deformation ; : |
230Th 234Th
90 90

Courtesy of A. Goasduff



Monstre 2023

Lifetimes after transfer reactions ()

Strong BE2 appearing!

419 . (132")

Example: 3°S(d,p)3’S s | oo
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Phys. Rev. C 37 (1988) 754 1 8A r S.F 165
R. Chapman et al., Phys. Rev. C 93 (2016) 044318

« Lifetimes fundamental to assess the collectivity of populated states
- intruder states
- core-coupled excitations (ex: 3- coupling) in two-step process
- mixing of single-particle states with deformed states
- B(M1) can give complementary information on SF

05
Doppler-corrected y energy [keV] B

%73 excitation energy [MeV]



N .

Monstre 2023

Lifetimes after transfer reactions (ll)

« Intruder states towards the N=20, N=28 islands of inversion
-> B(E2) and B(M1) to detect sudden appearance of deformed bands

« Neutron/proton transfer: interaction with the other fluid may also induce collectivity to be probed
with electromagnetic decay

» Large- scale phenomenological shell-model calculations (sometimes well-established Hamiltonians)
for both S.F. and em strengths (effective charges in exotic nuclei)

» «Cutting-edge» calculations (for example: ab-initio methods) for S.F. and B(E2), B(M1) strengths

» Projection of ab-initio methods into the shell-model space ?



PDR, GDR, GQR, ISOMIX (stable nuclei)

The particle decay from GR states

O GR particle decay via detection of gamma rays from residual nuclei (high efficiency of
AGATA allows to determine the entry point after particle emission)
40Ca, 24Mg and Ni isotopes.

O Isospin mixing in N=Z nuclei
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» Need for EDF calculations, microscopic approaches like RPA calculations for resonances and their decay

Courtesy of F. Crespi
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Multi-nucleon transfer
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Two-nucleon transfer reactions are among the best tools to
investigate correlations

60~ . 116
[ Ni + " "Sn
« Heavy ions: simultaneous comparison of a single-nucleon .

transfer and a pair transfer (nn, pp and/or np) 107

« Studies at energies near and below the Coulomb barrier by o

using inverse kinematics. In the case of neutrons, an alf 107
appropriate choice of the system (Qgs~Qopt~0) allows to i \ '
transfer mainly to the gs (Q-value matching). i . @
G. Potel et al, PRC 103 (2021) 107 |

« The experimental transfer probabilities have been well
reproduced, for the first time with heavy ions, in absolute value 1074 L . " . )
and slope, by microscopic calculations. D [fm]

D. Montanari et al., PRL 113

« Data have been interpreted as a manifestation of a nuclear
052501 (2014)

Josephson effect, with Cooper pair tunnelling between the
superfluid nuclei -> A specific gamma ray associated with the
oscillating motion of a neutron pair is predicted

Courtesy of L. Corradi
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Requests for theorists in connection with multinucleon transfer reactions
> Differential and total cross sections for multinucleon transfer channels in heavy systems from above to well
below the Coulomb barrier, for the ground state to ground state transitions and transitions to excited states

» Microscopic treatment of pair modes, for both neutron and proton transfer, and their contribution to the
description of the main experimental observables (A, Z distributions, cross sections, Q-values)

» Gamma ray strength and gamma-ray angular distribution associated to the nuclear Josephson effect for
heavy systems

» Possibility to extract the neutron density distribution in neutron-rich nuclei starting from cross section
measurements performed at sub-barrier energies
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Sub-barrier fusion
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Heavy-Ion fusion excitation functions far below the barrier

the hindrance phenomenon

: ' ' ' ' ' p— The existence of fusion
10° | hindrance in the light heavy-
: ion systems of astrophysical
10" | interest is not well established
5 g nor understood
S 107 | o 12C 4 2\ CC calculations performed with the
. code CCFULL, requiring the
2 — CC2 4" rot . .
0 S no coupling information on the nuclear
- : structure of the two colliding nuclei

7 8 9 10 11 12 13 14
E__ (MeV)
A.M.Stefanini et al., EPT Web of Conf. 279, 11013 (2023)

» The physics underlying the hindrance phenomenon is not yet clarified. Recent theoretical developments imply the
influence of the Pauli exclusion principle, or an adiabatic approach where the ion-ion interaction evolves from a two-body

to a one-body potential.
C.Simenel et al., PRC95, 031601(R) (2017)

Courtesy of A. Stefanini. G. Montagnoli T. Ichikawa, PRC92, 064604 (2015)
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Direct reactions
(SPES-future)

From 78Ni to 132Sn

>
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Shell evolution
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Direct Reaction Theory
Example: 4°Ar(3He,d)

E of
« Ingredients of a typical DWBA calculation: o
. . . . . 2 “E L=2d3/2
- Optical potentials : phenomenological or first-principle ? wE o
1024, 10°E n +

- Overlap: Wood-Saxon wave function or from theory ?

- Structure input: spectroscopic factors

L)

233248333333
A 3

T
=
o
4

D. Brugnara

> A coherent theoretical scheme between reaction theory and shell structure
(example: three-body effects on structure/reaction)

» New methods (es: ab-initio) extened to heavy nuclei (132Sn) for both reaction and nuclear spectroscopy
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Nuclear Spectroscopy with SPES beams

Cluster Transfer Reactions for 132Sn region
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130Sn + 1 + 1v
13280 + 11 + 1v

132Gp =
134G =

+1n + 1v

AX+7Li 2 (AX+t) +

>AX+q)+t

» Calculations for core coupling:
LSSM, EDF ?

» Hybrid models to describe
particle coupling to collectivity

» Reaction theory

L. Coraggio, A. Covello, A. Gargano, N. Itaco, PRC 80, 021305(R) (2009)
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B decay



Monstre 2023

B(GT) distribution and neutron emission

 Gamow-Teller doorway states

B d e Cay fo r N = 5 0 S h e I I St ru Ct ure typical “one-step” emission processes

S1/2

S1/2

S1/2

. [
- ./.i d5/2 - d5/2 —_— —,“— d5/2
g7/ e GT decay breaks the N=50 - ] ~
B o [0 fen | o[ oo
. core Py =1 Pya P
ds/ e Large Qvalues (>10 MeV) in B adhdl ey | O e | P e | o
. . 52 5/2 - 5/2
%) neutron-rich nuclei make GT
- ;)2 f0
Py decay possibile " 7 b
If’3/2
32 * B(GT) (energy; Strength) neutron-neutron proton-neutron proton-neutron
£ probes theoretical models particle-hole “collision” particle-hole “collision”  particle-particle “collision”
7/2
8Ni core
B2 A excited configuration after GT * SPES 1* beams (> 101 pps):
single(quasi)-particle GT transition
transitions
S1/2
N\ il —— —ee— dy, 78-80Cy, 78-827n 80-87Gg, 80-87Ge, 82-89Ag,
states
- back spin-flip — o | —o0—|g- 94-102RPp
¥ tat -
- cha(la Si)larized gl/z E1 partners
— 3/2 .
states e e | —[f.  available » B(GT) calculations:
tr/2 . . - LSSM
all involve high ¢(£ >2) neutron - ab-initio ? EDF ?

transitions — inhibited
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Nuclear astrophysics
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Nucleosynthesis up to the Iron peak Neutron r and s process
« 120412C VIA THE 20Ne(a,0’)2°Ne RESONANCE « Neutron capture cross sections:
SCATTERING ’ - (d,p) reactions as surrogate
* [ decay data
- 160+160 WITH SUGAR JET TARGET - half lives

- B-delayed neutron emission
- neutron/gamma emission competition

Major reaction sequences:

160)+160) . 326* IS+ +1.45 MeV  (5%)

P4 p+7.68 MeV  (56%)

78 79 80 82 83 84 85 86 87
2 : 32 | Ge| Ge| Ge Ge| Ge| Ge| Ge| Ge| Ge 5-10%
ptd—241 MV (5%) | /o
s = 349 3 |"Ga “Ga|“Ga| “ca| “Ga| “Ga - 10-15%
BSi+ a+9.59 MeV.  (34%) - >15%
30 "Zn ®Zn “2zn | ®2zn | *zn | *zn
plus recapture of n,p,d,a z
29 |“cu "cu "cu|®cul "cu| "cu|Pcu| cu
Main products: 28 | "Ni [ Ni | "Ni |7Ni | TN “Ni -“Ni “Ni
ZBSi,3ZS (900/0) and some 33'343,35'37C|,36~33AI’, 39,4'|Kv 40.42Ca
27 nCo 7‘Co 15Co 77Co nCo 79Co “Co MCo uCo
Courtesy of A. Caciolli 46 47 48 49 50 51 52 53 54 55

R. Surman, M. Mumpowgr, J. Cass, A. Aprahamian,
Proceedings of the Fifth International Conference on ICFN5,

» Theory linking nuclear observables to astrophysical abundances Sanibel IStand, Florida, USA. 4 — 10 November 2012

(what observables to look at?)
» Reaction theory for light nuclei (what models ? Cluster ?)
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Summary

» Theoretical calculations for nuclear spectroscopy:

- both «traditional» and «innovative» methods

- light and heavy nuclei

- N=Z and neutron-rich systems

- even and odd systems

- electromagnetic observables and Gamow-Teller

» Reaction theory for experiments:
- from phenomenological to microscopic calculations
- coherence with structure
- direct process and pair transfer

Collaboration essential for:
- experimental programme definition
- experimental data interpretation
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Direct reactions for shape coexistence/transition
around N=60
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Lifetimes after direct transfer reactions

* Plunger or DSAM techniques after (d,p), (d,t) reactions

. , Possible reactions:
* How collective are the states populated by the transfer reaction ?

- Beam intensity >10° pps
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Theoretical development plan:

* New theoretical developments to link nuclear Hamiltonian to QCD
- calculation method which also provides uncertainties

* Precision measurements of observables for a meaningful comparison with theory:
- electromagnetic and nuclear interaction observables
- measuring transfer cross sections with the sensitivity requested by models

Mid-term experimental plan : «designer nuclei»
e Shell-evolution around N=50:
- U, Pb fusion-fission with AGATA+PRISMA-Plunger
- SPES 1* B decay GT strength with B-decay station
- SPES beams with AGATA+ SPIDER-GRIT-Cryotarget CTADIR- Plunger

e Shape coexistence and deformation around N=60-N=80
- SPES 1+ B decay EO and fast-timing with B-decay station- SLICES
- SPES beams with AGATA+ SPIDER-GRIT-Cryotarget CTADIR- Plunger

* Shell-evolution around N=82:
- SPES beams with - AGATA+ SPIDER-GRIT-Cryotarget CTADIR- Plunger S Q

- Active target | @v




