<%

b ets dacome 4 Foes bacean

6° INCONTRO NAZIONALE DI
Nuove frontiere FISICA NUCLEARE

della fisica nucleare

fondamentale e applicata 26 | 28 Febhraio 2024
it RENTO
TIFPA

Sesto Incontro Nazionale di Fisica Nucleare

Nuclear physics at LNS:
recent results and future perspectives

Aurora Tumino
Head of the INFN-LNS Research Division

INFN

Istituto Nazionale di Fisica Nucleare




LNS past/present facilities

Thanks to the broad range of available beams and beam energies, LNS research spans a correspondingly broad range of physical problems
- Nuclear structure and dynamics
- Nuclear astrophysics

- Plasma physics :
- Medical physics and biophysics : - Nuclear “]-

- Astro-particle physics ' i 7 ° . | astrophysics
- Environmental physics 2

- Applications to cultural heritage Study OfnuTWﬁﬁer

under extreme conditions

Nuclear“reactlon The'C ATANA
10W energies irradiation hall

- Study (0] § éhargesmhange—
reactlons B

KM3NeT second phase is a research
infrastructure housing the next
generation neutrino telescopes. KM3NeT
will open a new window on our
Universe, but also contribute to the
research of the properties of the elusive
High energy neutrinos neutrino particles.

Multi-messenger astronomy
Y

Super Novae explosion Neutrino Oscillations Dark Matter
MeV GeV TeV

ARCA + ORCA
ORCA ARCA



... and the near future

LNS upgrade of their facilities to keep the pace of research in nuclear physics at the international level. After the upgrade, the intensity and variety of beams
will increase and new experimental setups will be made available to Users in 2024-25.

The POTLNS project aims /
at upgrading the LNS CS and . []S ; ==
beam lines to increase the p @ T [ / 1:1))A11:T1]1)1 Ol:?.r?rllms ?[t Ei’.i:",‘::fﬁ; NESTOR
intensity by about 2 orders of magnitude for ion UIINg an ihovative Decay
: . magnetic plasma trap, Obsarvation —va i
beams with mass number <= 40 and energies : c e Archasomelry .
between 1 for interdisciplinary =t
and fundamental Y. |
physics research, especially the study /=
Extraction by of B-decays under astrophysical
stripping conditions and opacities

KM3NeT is a research

infrastructure housing the next
Applications: generation neutrino telescopes. 2 -
- Inflight production of RIBs KM3NeT will open a new window New beams of
@ FRAISE on our Universe, but also contribute ‘He" and °He’, H,
- High intensity beams for the to the research of the properties of 1150, BN ..
study of ov2f decay (NMEs) the elusive neutrino particles. (hopefully °Ne...)

I-LUCE particle acceleration by laser-
1806+ @ 20 MeV matter interaction. Laser numbers:
1806+ @ 25 MeV 45 TW/23 fs/10 Hz. Accelerated :
1806+ @ 45 MeV beams: electrons, protons, light ions R
1806+ @ 60 MeV Energies: MeV/GeV in broad spectra e ] -‘ﬁﬂe
Intensities 10° — 10%2 | TP Ny 2 E2: nuclear and
40Ari3+ @ 45MeV Nuclear reaction studies through E1:radiaton warm dense matter
40Ar13+ @ 60MeV Coulomb explosion production




Next focus on physics cases
CHIRONE, NUMEN, ASFIN



CHIMERA - Charge Heavy lon Mass and Energy Resolving Array

Granularity

1192 telescopes
Si (300pm) +CsI(TI)

Geometry

RINGS: 688 telescopes 100-350 cm
SPHERE: 504 telescopes 40 cm

Angular range

RINGS: 1°<6<30°

Upgrade activities in progress

Identification
method

SPHERE: 30°<0<176°  94% of 4
AE-E

E-TOF

PSD in CsI(TI)

PSD in Si (upgrade 2008)

Experimental
observables

and
performances

TOF dt<1ns

dE/E  LCP (Light Charge Particles) =~
2%

dE/E HI (Heavy Ions) < 1%

Energy, Velocity, A, Z, angular
distributions

Detection
threshold

‘ ‘%'H;“ /) /ﬂ i

S1

Dynamical range : from fusion, fusion-fission to
multifragmentation reactions

(TANDEM & CYCLOTRON Beams)

Neew I bl 1.

/A for LCP

Development of a new
tagging system for RIBS
based on SIC technology
New cabling in CHIMERA
implementing differential
signal transmission



CHIMERA ancillary arrays

Motherboard

Patch Panel

- High energy and angular resolution (60, 6¢<0.1°)
- Low thresholds ( <1 MeV/A)

- Pulse-shape on first Si layer

- High counting rate (1KHz)

- Large Dynamic range (20MeV to 2GeV)

- Flexibility, Modularity, Trasportability:

coupling to 47 detectors or spectrometers

- Integrated electronics (GET)

- DAQ, new digital acquisition system

- 20 clusters

Feasibility studies for a new hodoscope for n, gamma and Charged Particles: EJ276(G) read by SiPM
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prototype of (4 x 4 x 4) 64 cells array

Detection Cell:

Scintillator + photosensor

VETO detector
DSSSD.

Target/Source

,,,,,,, " 64 detection cells




Esperimento Hoyle-y
Misura del branching ratio dello stato di Hoyle del 12C e studio del livello a
9.64 MeV
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Figure 2.7: Two-step procedure for the triple-alpha process.

v «—: triple- a reaction

A.Raduta et al., PLB 705, 65 (2011)
G. Cardella ¢7 al., Nucl. Instr. and Meth. A 799, 64 (2015)
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LNS - CHIMERA&FARCOS Luglio 2019




Highlight 2023 — CHIRONE - Study of y-decay of excited '*C states

The y-decay of 12C levels above the particle emission threshold have a crucial role in the production of 12C in astrophysical
environments, and the Hoyle state is fundamental for the synthesis of 12C. Despite of the numerous studies in this field, there

is still a lot to understand.

The CHIRONE collaboration performed 4 fold
coincidence measurements with the results of
enhancement in both the 9.64 MeV level and the
Hoyle state y-decay yields. This last result can be
explained with the excitation of an Efimov state

Cardella G. et al.,

@,
PRC 104, 064315 (2021) EHbOY ©~©

Each couple of a
particles has a CM
energy like a 3Be -
level at 180 keV -
200 keV below the

Hoyle state

W RN G. Cardella, A. et al.,
40 50 Nuclear Physics A 1020
E, (MeV) (2022) 122395

New more precise measurements needed to confirm effects
on 12C creation in the universe — possible with FARCOS
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We will use a beam @ 40 MeV on '2C

(Tandem @LNS) measuring both particles and vy
rays with FARCOS telescopes

CHIMERA{ We take advantage of the 3
1 improved y-resolution with z
FARCOS (with respect to
CHIMERA) from 1 MeV
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N U M E N (NUclear Matrix Elements for Neutrinoless double beta decay)

Extraction from measured cross-sections of “data-driven” information on Nuclear Matrix Elements for all the

systems candidate for OvBf

Use of nuclear reactions (Double Charge Exchange reactions) to simulate in the laboratory the same nuclear

transition occurring in Ov3

OvBB decay half-life

(72 (07 - 0%))

Phase space factor . .
contains the average neutrino mass

1
— Ovﬂﬂ‘

M 0vsp

| m, U

Nuclear matrix element

K800 Superconducting Cyclotron

A challenging perspective
at LNS in nuclear science

MAGNEX magnetic specirometer

F. Cappuzzello et al., Prog. Part. Nucl. Phys.

128, 103999 (2023)




e 2010 Physics campaigns started

Current MAGNEX configuration

o

}
11,

Optical characteristics Measured values

Maximum magnetic rigidity 1.8Tm Achieved resolution

: Energy AE/E ~ 1/1000
Solid angle 50 msr Angle A8 ~ 0.2°
Momentum acceptance -14.3%, +10.3% Mass Am/m ~ 1/160
Momentum dispersion for k= - 0.104 3.68

(cm/%)



MAGNEX upgrade to sustain high rates while maintaining the current MAGNEX resolution and sensitivity

Future MAGNEX configuration
Future MAGNEX hall

Detector

T

o/
v

I
[ 1 [ 1
New Scattering i i
Chamber ) Dump EX{%LENG/
+
G-NUMEN
(gamma array)

Major upgrades

* New focal plane detector (gas tracker and pid wall)

* New gamma detector array (G-NUMEN)

* New exit beam lines and beam dump (for 0° measurements)

* New power supply to reach higher magnetic rigidity (from 1.8 to 2.2 Tm)

* Suitable targets




Maijor research field: indirect methods for nuclear astrophysics

& .ﬂ ‘N Trojan Horse Method g’ 3
i st

Basic principle: relevant low-energy two-body o from quasi-free contribution of an @
appropriate three-body reaction in quasi free kinematics

A+a—>b+B+s =2>=->-2> A+x—>b+B

a: X ® s clusters Quasi free mechanism

v only x - A interaction

v’ s = spectator (p.~0) %a

i X
Ea> Ecou™ NO Coulomb suppression @ )

NO electron screening [ >N‘
o

: . "
Eqt = Epo— By * (intercluster motion) Eqs=0 !
See for review:

. . R. Tribble et al., Rep. Prog. Phys. 77 (2014) 106901
plays a key role in compensating for the beam energy A. Tumino et al. Ann. Rev. Nucl. Part. Sci. 71 (2021) 346

THM applied so far to more than 30 reactions, such as °Li(p,a)3He, “Li(p,a)o, 2H(d,p)3H, 2H(d, n)3He, °B(p,a)’Be,'1B(p,a)®Be,



Recent result

nature > communications physics > articles > article

Article | Open Access | Published: 18 May 2023

Coulomb-free 1Sy p - p scattering length
from the quasi-free p + d = p + p + nreaction
and its relation to universality

Aurora Tumino &, Giuseppe G. Rapisarda, Marco La Cognata, Alessandro Oliva,

Alejandro Kievsky, Carlos A. Bertulani, Giuseppe D'Agata, Mario Gattobigio,

Giovanni L. Guardo, Livio Lamia, Dario Lattuada, Rosario G. Pizzone, Stefano

Romano, Maria L. Serqgi, Roberta Sparta & Michele Viviani




Charge independence and charge symmetry

After removing the electromagnetic interactions, the NN force between nn, np, pp are almost the same

Charge independence: equality between pp/nn force and np force

Violation: associated to the mass difference between charged and neutral pions
(identical nucleons exchange a neutral pion, a neutron and a proton may exchange both a neutral and a charged pion)

Charge symmetry: equality between pp and nn forces

Charge symmetry breaking: mainly attributed to the up-down quark mass difference
Its validity is supported to some extent by an approximate equality of binding energies of isobar nuclei.

Charge symmetry breaking manifested in the s-wave scattering lengths, ay, that determine the low-energy behavior of NN
scattering.

anp directly determined from experiments

app ot directly accessible from experiments because of Coulomb effects = need to remove them theoretically to reveal the
strong interaction contribution to the scattering length

a,, hot directly accessible from experiments because of the absence of neutron targets.

... We propose an innovative way to determine a,, -2



Two-hody cre 1 from THM data

Red line: HOES p-p cross section

THM p-p cross-section from the p+d—>p+p+n quasi free reaction Black line: OES p-p cross section

Coulomb effects appear suppressed

a)

® o present data
A x previous data from [15]

o (barn)

Calculated HOES p-p cross section:

Ao HOES
)

i
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® weighted average
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A. Tumino et al. PRL 98, 252502 (2007)
A. Tumino et al. PRC 78, 64001 (2008)
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nature > communications physics > articles > article C = 1.822e —02+2]85 04 Table 1 Numbers of low energy parameters.
i i N N THM THM
Article | Open Access | Published: 18 May 2023 ! NN am) Fo (fm) a ™ (im) o (fm)
1 i np —23.08+0.02 2.77 £0.05 053
- - i ' pp ~173%0.4 2.85+0.04 —18.17+933 fm 2.80+0.05 fm
Coulomb free. So p - p scattering length . - i P T
from the quasi-free p + d-> p + p + nreaction 0 Cotre s o s
° ° ° ° — a = -1.817e+ 011237261
and its relation to universality . s
2 L
Aurora Tumino &, Giuseppe G. Rapisarda, Marco La Cognata, Alessandro Oliva, E A1 i !
Alejandro Kievsky, Carlos A. Bertulani, Giuseppe D'Agata, Mario Gattobigio, ® 2 i i i
Giovanni L. Guardo, Livio Lamia, Dario Lattuada, Rosario G. Pizzone, Stefano 2 Pl 0596 — 0
i r0 = 2.801e + 00%4333¢ 293
Romano, Maria L. Sergi, Roberta Spartd & Michele Viviani © P
Vv 1=
E-F |1
= .
60r - — — nE
: From the s-wave effective-range expansion, the i b
: : d P
50l conventional tool to analyze NN scattering data at | P T T N N A
low energies S N R A
] C a (fm) r0 (fm)
40N kcotd = l 1 k2 . . . . .
= | Coto = g + 27°0 Notice: the NN s-wave phase shift 6 contains all short range effects, including
_§ 30 the electromagnetic ones. This means that the present analysis of the HOES
\b/ iy 4m cross section allows direct access to the short-range p-p interaction as a whole,
ol WE ey L 22 )2 4+ k2] withits peculiar ag,and ro values.
a 278 : .
We propose a new paradigm: to assess the charge symmetry breaking of the
(0 S e short-range interaction as a whole, in line with the current understanding that, at
a fundamental level, the charge dependence of nuclear forces is due to a
8% 02 04 06 0.8 difference between the masses of the up and down quark and to electromagnetic

interactions among the quarks.



We can exploit universal concepts to better interpret the results, now that Coulomb effects have been removed from
the p-p system.

Notably, in the universal window the dynamics is largely independent of the details of the interaction. It is
dominated by the long-range behavior allowing for a description based on few parameters.

We construct a two-parameter Gaussian NN interaction with fixed range, valid for s-wave in the spin singlet channel

ez
V() = Voe /76 4 20

with NN = nn, np, pp and e?,, = e? and zero otherwise
the Gaussian form selected to represent the short-range interaction is not relevant, other choices are acceptable as
well

Table 1 Numbers of low energy parameters.

NN aN(fm) ry (fm) aTHM(fm) roHM (fm) a'(fm) ry (fm) Vo(MeV)
np —23.08+0.02 2.77+0.05 —23.74£0.02 2.80+0.08 —29.90
pp ~173+0.4 2.85+0.04 —18.171323 fm 2.80+0.05 fm ~17.6+0.4 2.85%0.09 —29.08
nn ~189+04 2.75+0.11 ~18.6+0.4 2.85+0.08 —29.22

Current accepted values of a and ry parameters, (N superscript stands for “nuclear”) for n-p, p-p and n-n scattering compared with those obtained in this work (“THM" superscript). In the last three
columns, the values and the corresponding strength V, obtained with the Gaussian characterization are given. The sr superscript stands for “short-range” (nuclear + EM).




The universal window shows the location of the different NN systems

using the numbers here obtained: the coordinates are given by 04 o -

deuteron

[X, y] = [ro/as, ro/a]

With ag given by 1 — ! lﬁ

2
ag a 2ap

ro/a

From low-energy effective range plus S-matrix pole equation

Interestingly, they lie on the curve y = x — 0.5x? verifying the correlation as
above.

The NN systems are well determined by the corresponding experimental values, and have a precise position along the
y(x) curve.

Using the property highlighted here that the systems move along the universal curve, it is possible to reduce the model
dependence in the determination of the scattering parameters as produced by the short-range part of the interaction
without discriminating between nuclear and electromagnetic.



Laser-cluster scenario

THE COULOMB EXPLOSION PARADIGMA
The interaction of ultra-short laser pulses with an expanding gas
mixture at controlled temperature and pressure inside a vacuum
chamber causes the formation of plasmas with multi-keV temperature.
These energies overlap with the typical temperatures of stellar
environments where thermonuclear reactions occur, thus making this
paradigm a perfect scenario for nuclear astrophysics research.

[ step1]

Clusters are irradiated by high intensity laser pulse
(~107~10'8 W/cm?).

[ step21

Laser pulse energy is first absorbed by electrons via
heating mechanisms such as rapid collisional heating.

Density ~ 1018 atoms/cm3
10°-107neutrons per shot

Example: deuterium-deuterium fusion
d+d— 3He(0.82MeV) +n(2.45MeV)

d+d— p(3.02MeV) + t(1.01MeV)

d +3He — p(14.7TMeV) + *He(3.6 MeV)

Nuclear fusion from laser-cluster interaction

D, gas tank

Supersonic Nozzle (high backing pressure)

s .
Clnti//ator e
I..
I step3 ] 4 ‘
Electrons escape from the cluster and leave positive {
charge build-up on the cluster. £ ® High power
2 N , laser pulse in
N . . .
/ / ; ¢ o R. .;1 \"\
/ Te N2 \
. Step 4. e X .'?'(' o .:" + Most of the laser pulse energy is
The cluster “explodes” and deuterons acquire multi-keV ] . B | absorbed by the atomic clusters.
kinetic energy. deuterium ions .,.5.’., . .. e f’ltl:os:c:ﬁ gﬁifrﬁéﬁfﬁ?‘lﬁa‘; .
. o \ @ o> 4 / .
Kinetic Energy < 102 keV \ ¢ °% "o n; - DD fusion occurs, and 2.45MeV

\

fusion neutrons are produced.

e



PHYSICAL REVIEW C

covering nuclear physics

This method will open the way for a new approach to

study nuclear astrophysics reactions such as:
Highlights Recent  Accepted Authors Referees Search Press About deuterium- deuterium

- deuterium-3He

Model-independent determination of the astrophysical .S factor in - proton-lithium
laser-induced fusion plasmas _ proton-boron
D. Lattuada, M. Barbarino, A. Bonasera, W. Bang, H. J. Quevedo, M. Warren, F. Consoli, R. De Angelis, P. 12C 12C

Andreoli, S. Kimura, G. Dyer, A. C. Bernstein, K. Hagel, M. Barbui, K. Schmidt, E. Gaul, M. E. Donovan, J. B. - -

Natowitz, and T. Ditmire _ 160_160

Phys. Rev. C 93, 045808 - Published 19 April 2016
- and much more....
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SUMMARY

Nuclear physics at LNS covers a broad range of physical cases
Many experiments (CHIRONE, NUMEN, ASFIN) are focused on the CS and on the TANDEM

Nuclear astrophysics is a key research fields, from dark matter to multimessenger astronomy, with a strong
connection with international laboratories

Waiting for the CS beams, the Tandem program for the next years is very broad and full of exciting and highly
competitive physical cases

THANK YOU FOR YOUR ATTENTION



