Nuclear Physics Mid Term Plan in
Italy

LNL - Session
egnaro, April 11th-12th 2022

Nuclear Physics
Mid Term Plan in Italy

h Light to medium-mass exotic nuclei

Sa ca cal®*Ca Ca 'Ca Ca

L Rk R

‘Al AL Al

: AlAL AL AL AL /S / ) ° °
0 M o e T 7<7n/.2 Simone Bottoni
Ne BN ' ”

K ik r— | Universita degli Studi di Milano and INFN

g

“Be| ‘Be

INFN

HHH|

Istituto Nazionale di Fisica Nucleare




The working group and contributions

Simone Bottoni Nuclear Physics Mid Term Plan in Italy — LNL Session

Marléne Assié
IJC Lab, Orsay, France

Carlo Barbieri
University of Milano and INFN, Milano, Italy

Riccardo Raabe l]

KU Leuven, Leuven, Belgium

Carl Wheldon

University of Birmingham, Birmingham, UK

Kathrin Wimmer
GSI, Darmstadt, Germany

CiNe
Bogdan Fornal Silvia Leoni

IF] Pan, Krakow, Poland University of Milano and INFN, Milano, Italy 9514 Mid Term Plan ¥€;?$Q




What about light and medium-mass nuclei?

Simone Bottoni Nuclear Physics Mid Term Plan in Italy — LNL Session

Study of light and medium mass nuclei

Synergy between
Comprehensive understanding of exp eriments and theory

nuclear structure and dynamics
from first principles

:
Different nuclear models
Nature of the nuclear forces and with different predictive powers
oY nuclear interactions
Shell Model calculations
Implications for stellar E. Caurier et al, Rev. Mod. Phys. 77, 427 (2005)\
nucleosynthesis

Density functional theories
G. Colo, Adv. Phys.-X 5, 1740061 (2020)

H. Hergert, Frontiers in Phys. 8, 379 (2020) /
f 2020 T L Ab initio methods
a6 =g V. Soma, Frontiers in Phys. 8, 340 (2020)
A Guided Tour of ZZ - ) . .
ab initio nuclear = Light and medium-mass nuclei:

Many-Body Theory 1
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State-of-the-art and perspectives of ab initio theory

Two pillars for ab initio nuclear theory

Learning Nuclar Forces from QCD Predictive and learning nuclear properties
p, n, 7 are the dominant d.o.f. = chial EFT forces Solve the (hard) few- and many-body problem

THE FUTURE OF NUCLEAR STRUCTURE:
CHALLENGES AND OPPORTUNITIES IN
THE MICROSCOPIC DESCRIPTION OF
NUCLEI

THE LONG-LASTING QUEST FOR N,
NUCLEAR INTERACTIONS: THE PAST,
THE PRESENT AND THE FUTURE

E frontiers Research Topics

EDITED BY: Luigi Coraggio, Saori Pastore and Carlo Barbieri

EDITED BY: Laura Elisa Marcucci

e
Annu. Rev. Nucl. Part. Sci. 65, 457 (2015 Nature Physics 12, 186 (2016) 'Q 1
- S Oxygen 80 ——— 5 AR
-130 |~ _ Ab-initio Method: Solve A- = | N
- obtamed in large many- body spaces : . 701 nucleon problem with g S §
— -140 L * Calculations based on — % 60} controlled apprtl)lximations § Z
> C — chiral NN and 3NF forces. Q 50k f’md syst(;rlnatlca y é“
L B ! Continuum not takeninto Q Improvable. «
% -150 L - account - £ 40 L
g _ < N g Realistic: BEs within 5% of
20 - m i t d starts fi . .
5 -160 - © MR-IM-SRG s ] v 30 ;X,\T ir;n;;r; and starts from | Polynomial scaling methods
5 - B IT-NCSM Tmga 80 S 20} (SCGE, CCM, IMSRG)
170 E ¢ SCGF o &2 -
E ¥ Lattice EFT E 10| INEN
180 - A cCC == AME 2012 0 : . . I .
I I T N T AN T N SN SN AN 1980 2000
16 18 20 22 24 26 28 Year e TI::slc:Iaale:\{:;?;Q

Mass Number A wave function-based methods ;
ass Numper (QMC, NCSM, HH) C. Barbieri nf @@



State-of-the-art and perspectives of ab initio theory
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Nuclear spectrosco : : : :
P Py Microscopic optical potentials
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Opportunities at Laboratori Nazionali di Legnaro
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Light beams at LNL
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Nuclear correlations
and nuclear forces
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y decay from near-threshold states 8 ||
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UC+n .

---------- 18721
BT 1595 Possible measurements
0Beral T 12013
- "Be+a 2+ 8318 o
07654 jo STEEEREEEE oo + papn BC+o 8965 . . . .
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Onset of collectivization and clusterization %—8-9-6 ; M“V7.6zz 2o W r
. . . 8.6641 . e
Strong impact in nuclear astrophysics Thra hso |
52+ — —EQE;I;
° o ° ° E’ﬁ - <2
Limited information from y spectroscopy: s — Ty
very weak y branchings < 103 - 32 =180 +n pu
e 0L e 5957 Mev
Shell Model Embedded in the Continuum (SMEC) 12 aa |l
J. Okotowicz, M. Ploszajczak, W. Nazarewicz, Fortschr. Phys. 61, 66 (2013) 2.124 MeV
— e v
8 . . r . — =325 T=1/2 L
2 ¥ *  Open quantum systems 11g  eweriment s 190 200
éE 6 1 > upper limit < 31073
& * Prediction of narrow resonances Fusion reactions with stable beams + “C
— 4 F
3 * Enhanced E/M transition probabilities AGATA + TRACE/GRIT
R 2r 14 SE LA / N '\‘\//\\
N . , 2%
. C|. Couplings with the continuum = i
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Particle and y decay from a-cluster states
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a-cluster structures relevant for nuclear astrophysics .
Possible measurements

Nuclear states close to

Break -out from the CNO cycle .. . .
a-emission thresholds Resonant scattering with
}; weak decay branchings ~ 1073 EXOTIC and stable beams
*Na | *Na
S -~ 197] Three states close to the Reaction kinematics event-by-event (TPC)
= alpha-decay threshold

/‘/‘F k;//w[: ®F M. Wiescher, et al., Prog. in Part. & Nucl. Phys. 59, 51 (2007) 150(a’al)

142 150 180 70 Beam 11 ,
L - 150 Tentative a structures v C(a,a’)

M. Wiescher, et al., Annual Rev. Nucl. Part. Sci. 60, 381 (2010) No angular uncertainty at 0°
Clusterization in medium-light nuclei Solid *He and “He thin targets

Next developments: 2’Ne and ?'Ne

21Ne Molecular OCtuPOle deformations A. Fernandez et al., Materials and Design 186, 108337 (2020).
Identification of octupole bands 2INe inelastic scattering

weak and fast y branchings < 103 ACTIVE

C. Wheldon, et al., Eur. Phys. J. A 26, 321 (2015)

Cluster shell model

Octupole structure doesn’t emerge easily from calculations
R. Bijker and F. Iachello, Nucl. Phys. A 1010, 122193 (2021)

CINF
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Role of 3-body forces in C and O nuclei 11 ”
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ab initio No-Core-Shell-Model Calculations .
C. Forssen et al., J. Phys. G: Nucl. Part. Phys. 40, 055105 (2013). POSSlble measurements

NN NNANNN Sensitivity to 3-body forces

0370 ps  0.08 ps

Deep-inelastic reactions with 180

NN NN+NNN

@ 4079 3w 4136 4+ 22ps  llps « 198Pt thick target and degrader
2517 : e
« AGATA to achieve enough sensitivity
217 By 7 532 2517
_'_
15 ps 2+ 1762 22 ps 2 ! 1585 » Advantages from PRISMA upgrade
1762 C 1585 C 3 T—
16 18 %2500 —_— ;3%st 16C
04- 0 O+ 0 o _— 80fs
500 200 160 AGATA+VAMOS 10003—
ML — deep-inelastic experiment s
— 20 NN __ NCSM E
:‘_ 300 MBPT ] M. Ciemata, S. Ziliani, F.C.L. Crespi, =
?‘ i —_ ::\ S. Leoni, B. Fornal, A. Maj, etal.,
& 200/ IMSRG b NN Phys. Rev. C 101, 021303(R) (2020) AGATA + PRISMA
+
P -
NNN r 20 - (\
100~ >/ , ™~ nesm | development of lifetime measurement ' i INFN
| Conventional y E i p . . .
spectrometers techniques for deep-inelastic reactions

| - \ "
2395(1) 2214 2218 " Nuclear Physics Q
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Molecular orbitals and di-neutron correlations
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o orbital
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Dleza) ] Relativistic Energy
Molecular bonding Density Functional theory
J. -P. Ebran, E. Khan et al., Phys. Rev. C 90, 054329 (2014)

Sensitivity to inelastic cross sections

 Transition strength from 7t- to o-type molecular states
* Di-neutron configuration 2 alphas +2n (113/,)?
2 alphas + 2n(m2) (Tt3/2)

E, [MeV]

E, = 5.95 MeV

Possible measurements

0 20 40 60 80
Bc.m. (degree)
Furumoto et al, PRC104 (2021).

Inelastic excitation of 19Be SPES beam

o 10Be(a,a’) or °Be(d,d’)
probing molecular states
y detection needed

1%Be(p,p’)
probing di-neutron correlations
y detection needed

Same technique with MC

AGATA + GRIT
CRYOGENIC TARGET

Nuclear Physics
\ Mid Term Plan in Italy




Two-proton Giant Pairing Vibrations

Simone Bottoni Nuclear Physics Mid Term Plan in Italy — LNL Session
T o : Possible measurements
/ﬁ ...... 2 Superconductive phase
ﬂ C\}g ________________ 1;3"’ » (®*He,n) reactions with stable C beams + C
 O-O— ermi surjace . o e . .
0% oo Collective mode 0* Two-proton Giant Pairing vibration

coherent superposition of 2p-2h

e Narrower due to the Coulomb Barrier

| ‘ Predicted Energy B L
protons E~ 10-20 MeV / Width: T = 1-2 MeV L=0 angular distribution from scattered n
in heavy systems » Trigger on the 2p decay
neutrons

R. Broglia, Phys. Lett. B. 69(1977) 129 M. Assié et al Eur. PJA 55 (2019) 245

M.W. Herzog Phys. Rev. C 31, (1985) 259.
o NEDA + GRIT
nn GPV not observed in heavy nuclei with (p,t) reactions
continuum effect (low | state dominant with low centrifugal barrier): CRYOGENIC
TARGET

too wide to be observed

Possible signature of nn GPV identified in light C isotopes

F. Capuzzello et al., Nat. Commun. 6, 6743 (2015)



Resonances in light proton-rich nuclei 14 ||
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Giant monopole resonances in light deformed nuclei

1 I 1 I I I r 1 [T TrTDTrTT T T T T T T T T T .
24Mg 160 [ () ® Expt. Data ] 160 | ¢ Expt. (Present) 4 2881

> -
2 B oot > Expt. (Texas A&M)
E I Theory (Sphencal) % —— Theory [SVbes] ]
£ 140 | Theory (Deformed) =120 ——— Theory [SKM"]
e | ] € \
] - - \
=1 =
%,3 S 80r ‘ +\\‘
e % Y ﬂ:‘z
= a0} \ r‘{;}; -
2 IR
2 —Ll‘ﬁf&w L j*“w el
10 20 30 40 10 15 20 25 30 35 40 45
E, (MeV) E, (MeV)

Y.K. Gupta et al., Phys. Lett. B 748, 343 (2015)  T. Peach et al., Phys. Rev. C 93 064325 (2016)

Nuclear incompressibilit

Effects of deformations

Energy Density
Functional theory « Fragmentation of ISGMR
U. Garg and G. Colo, » K=0 couplings with L=2

Prog. Part. Nucl. Phys. 101 (2018)

1 . 1.
Left of N=Z nuclei |27 Astrophysical interest

@ @ Path of the rp-process
Resonant excited states

22Mg 23Mg 24Mg

* Impact on capture rates
T N1

R.K.Wallace and S.E.Woosley, Astr. J. 45, 389 (1981)

Possible measurements

Elastic and inelastic scattering in
inverse kinematics with SPES

26Si(a,a’)
* Inelastic scattering

e Low momentum transfer

Recoil

24’25A1 (Prp ’) Resonance proton

region "\

* Resonant scattering

Bea

« Large CM angles

ACTIVE
TARGET

Possible coupling
with y detections o e

R. Raabe 4 QG
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Approaching the Island of Inversion at higher spins
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o -8-®- 0+ 2p2h g

e E . oo o oy Anomalies towards N=20 .
k " Non-standard ordering of orbitals POSSlble measurements

oM ee Inversion of spherical and . .
g @ O deformed strachures Multi-nucleon transfer reactions

K. Wimmer et al., Phys. Rev. Lett. 105, 252501 (2010)

“Invé;rsion”
o 00 0F 0pOh . 0% 2p2h
d -0 Mg o

monopole part of tensor interaction

iLoi=-112 @ ' A6 | o “Iw fpshent
; j=1+12 O @ .
J>.p—f—’_m;n. - \ . Tracking shape changes
Monte-Carlo Shell Model

m j. + j> attractive, more bound \
20

m . + > repulsive, less bound sy 25 1dy dsp 251 1d3p)

T K I | L1 |
Otsuka et a S 0214161820 8 10 12 14 16 18 20
N V4

Island of Inversion at higher spin 26Mg+238U @7 MeV A
- - & P Approachmg N=20 w7 o —ry
Origin of collectivity z — 3 ; Ne |
Y spectroscopy 10} o ]
Mixing of multi-particle-multi hole configurations * Lifetimes E o} i 7
30 * Advantages from oL : |—| ]
Mg | e —— PRISMA upgrade ot L |_||—| Lol UL
s e azgs 4 - . 7 28 29 30 \
| L e AGATA + PRISMA
1 \ sl | 75_|£) :5; - Galel:r;‘ Mg, with Al subtracted
2+ B 1481 / 9185 L 1459 ‘6721):81168199:5
1481 % 500 1000 1500 2000 & o - . = Nuclear Physics
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e A. N. Deacon, et al., Phys. Rev. C 82 (2010) 034305.c
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Proton excitations and 0* states in Ar isotopes
A
mmm; Evolution of nuclear structure along Z=18
4+ K. Nowak. K. Wimmer et al., Phys. Rev. C 93, 044335 (2016)
", Y. Utsuno, T. Otsuka et al., Phys. Rev. C 86, 051301 (2012)
| N.._ 0%, . a+
0* O -........., _o0 ........ _é
4+ . 4t
y N 4- +
0 2 4
+ + o 0+ o* 0+ o* + of +
exp. SDPF-MU exp. SDPF-MU exp. SDPF-MU exp. SDPF-MU exp. SDPF-MU
38Ar 40Ar 2Ar 44Ar 46Ar

Emergence of shape coexistencej

50

600

500 -

400

300

B(E2),, [¢*fm*]

200

100

Discrepancies with standard
shell-model interactions

S. Calinescu et al., Phys. Rev. C 93, 044333 (2016)

40t

Full symbols: experimental data
Empty symbols: extrapolated data
Symbols + line: theory

ot M
Q o X,
<o /e
oo +¥te, 02 Cr
A b

- L’ﬁ’:ri,‘,f‘ ‘xﬁAAAéAiTﬁ v

¢ R i
/O @@\ e
2 ey \%,;M@ Ti

16 18 20 22 24 26 28 30 32 34 36 38
N

Two-particle overlaps
possible with ab-initio
V. Soma, C. Barbieri et al.,

Eur. Phys.]J. A 57,135 (2019)

Possible measurements

(1*C,10) two-proton transfer reactions

070 (e 180) 58N

d0/d0Y mb/sr

M. Bernas et al., Phys. Lett. B, 113 279 (1982)

AGATA + GRIT

Sensitivity to transferred
angular momentum
Study of 2p-2h proton strength

Study of 0+ states

Search for shape coexistence
* ydecays + lifetimes

* EO decays
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Summary and list of priorities 19
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y decay from
near-threshold states

Particle and y decays from
a-cluster states

Role of 3-body forces
in C and O nuclei

Molecular orbitals and
di-neutron correlations

Two-proton giant
pairing vibrations

Resonance in
proton-rich nuclei

Approaching the Island of
Inversion at higher spins

Proton excitations and 0+ states
in Ar isotopes

Ww/

Onset of collectivization and
clusterization

Breakout of CNO cycle

Molecular octupole deformations

Sensitivity to 3-body forces

Molecular bonding

Superconductive phases

Nuclear incompressibility
Path of rp-process

Origin of collectivity

Emergence of shape coexistance

STABLE

EXOTIC
and
STABLE

STABLE

SPES

STABLE + *C

SPES

STABLE

14C
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6Li(°Li,p)'B
13C(7Li,p)190
7Li(14C,p)2°0*

1C(a,0!)

150(a, )
21Ne inelastic

180 deep inelastic

10Be(a, o)

10Be(p,p’)

AC(Hen)

26Si(or, o)
24-25A1(p’p’ )

Multi-nucleon transfer

22Ne,26Mg’3OSi

Two-proton transfer

ACa(14C,160)

AGATA + GRIT

ACTIVE TARGET
and
AGATA

AGATA+PRISMA

AGATA + GRIT+
CTADIR

NEDA+

GRIT

ACTIVE TARGET

AGATA+PRISMA

AGATA + GRIT

A/C

A

C

B/C

A
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