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Nuclear astrophysics
is an extremely rich
field, strongly
correlated with many
other research fields
like neutrino physics,
astronomy, stellar
modeling and
cosmology.




Nuclear reactions shape the star evolution E
precise direct measurement at stellar energie
not an easy task!

Why?? Low cross sections...
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Typical thermal energies : 10-100 keV

The reaction can proceed only through the _




Charged particle induced reactions

Strong energy dependent cross sections..

in the Sun: T=1.5-107 K, KT =1 keV << Ecoul (0.5-2MeV)
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Direct measurements => Low background enviroment!!!
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aboratory for

Radio-frequency ion source
E beam ~ 50 - 400 keV
Protons: lax =~ 500 pA

He  : lhax = 250 pA

Energy spread ~ 100 eV
Long term stability ~ 5eV/h

ndergrouns

fLunaeNGs |
- | since 1991

- Inline Cockcroft Walton accelerator -
- ECR ion source
TERMINAL VOLTAGE (TV): 0.2 - 3.5 MV
Energy reproducibility: 0.01% TV
Energy stability: 0.001% TV / h
. . Beam currents :
Very stable, precise beam protons. : 500-1000 A
energy

_ 4He : 500-1000 pA
» High beam currents 12C+,12C+ : 150-100 pA



aboratory for ndergrouns

400 kV

» Imax ~ 250 pA

Energy spread ~ 100 eV
Long term stability ~ 5eV/h

LUNA® LNGS |
.. | since 1991

Very stable, precise beam
energy
High beam currents

- Inline Cockcroft Wz (\\(\% o
- ECR ion source \)(
TERMINAL \& (J‘O 0.2 - 3.5 MV
Energ (\é y.: 0.01% TV
AW 0.001% TV / h

; ‘e\ ents :

protons. : 500-1000 pA

4He : 500-1000 pA

12C+12C+ 1 150-100 pA




LUNA -400

Borexino

Adriatic
coast
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2021-24 H Burning : hot CNO, NeNa, MgAl pftps: / /luna. Lngs.infn. it

Under publication: Data analysis and paper preparation: Data taking:

12C/13C abundance ratio '
Abundance ratios of 80,170,160 Ne, Na isotopes abundances

v’ paper accepted by PRL v’ data taking phase

Speed of Ne-Na cycle ERC STGRERZAL anticorrelation in

globular clusters
v ; ELDAR
paper submitted to PRC -E v ready to start
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coast

Under publication: Data analysis and paper preparation: Data taking:

12C/13C abundance ratio '
Abundance ratios of 80,170,160 Ne, Na isotopes abundances

v’ paper accepted by PRL v’ data taking phase

Speed of Ne-Na cycle ERC STGRERZAL anticorrelation in

globular clusters
v ; ELDAR
paper submitted to PRC -E v ready to start




"*C(p,Yy)"°N and *C(p,y)™N




12C(p,v)"3N and 3C(p,y)"3N : astrophysice
scenarios

e "2C(p,y)"N and 3C(p,y)"3N cross sections constrain
the 12C/13C ratio in stellar enviroments

12C/13C can be measured directly and precisely from
absorption lines in stellar spectra and SiC grains from
metheorites => precise tests of stellar models

e Tracer of galactic chemical evolution and probe of
mixing processes in Red Giants and AGB stars:

¢ |n the solar system 2C/13C =89, while in nearby
molecular clouds ~ 68 =>'3C production in AGB stars from
4.6 Gyr ago ??

During RGB convective mixing 13C is pushes toward the
surface=>the ratio should drop to 25 : some stars show 2-
5 .. Extra-mixing??

12C(p,y)3N is one of the main sources of the solar CNO
neutrino flux, recently observed by Borexino through the
B+ decay of 3N. The 2C(p, y) rate controls the onset of
the cycle, before equilibrium, and radial profile of 3N-v
emission (present uncertainty 30%, needed 5%)




Status of the art

12C(p, y)13N : Q-value = 1.944 MeV, 13C(p, y)14N : Q-value= 7.551 MeV
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12C(p, V)N : at low energy
data points scatter by 30%,
bad agreement on
resonance energy

13C(p, V)**N: strong data
points scatter




Experimental approach: prc
activation method

Targets : 4 mm thick NatC disks and 8-15 keV thin targets of NatC and 99% enriched 13C powers evap .

on Ta backing

Two experimental campaigns:

- High energy resolution HPGe detector
(at 0° and 55° for angular distribution
studies)

Ep = 80 - 400 keV (step 10 keV)

Cross section from fit of primary Gamma
Peak Shape

- 4n-BGO detector (6 sectors in phi)
Ep = 65 - 400 keV (step 10 keV)
13C(p,Y)"N: Sum Peak Method (n =37%)
12C(p,Y)"3N: Activation Method, studied the

511 keV y coincidence for 3N-B* decay
(T1/2=10 min., T]=22%)

Polyethylene shielding

‘ Beamline

BGO reflective envelope

Al BB Target chamber

Target holder

Lead shielding




Astrophysical S-factor

LUNA: Highest precision measurement down to 65 — 70 keV
in laboratory frame i.e., within the Gamow energy region of
interest for AGB and, for the first time, RGB stars.

Results obtained with different experimental techniques: stat.

error 1 % (->10 % below 90 keV); Syst.: 7 — 8 %.

e 2C(p,y)"3N: ~ 25% lower than literature, 3C(p,y)"N: ~
35% lower than literature.

R-matrix fit to available S-factor data : the red with fixed
LUNA data (black symbols) and normalized literature data
(coefficients n in the legend), the blue with free
normalization also for the LUNA data. Uncertainties are
statistical only.

o Vogl PhD. (1963) (n = 0.76) %+ LUNA (HPGe)
Rolfs et al. (1974) (n = 0.77) - 0 deg {1 o LUNA (BGO)

o Rolfs etal. (1974) (n = 0.77) - 90 deg d

0 Burtebaev et al. (2008) (n = 0.75)

A Bailey etal. (1950) (n = 1.04)

v Lambetal. (1957) (n=1.18)

RGB (20 - 60 MK)
AGB (2

C(py)"°N

—— R-Matrix - LUNA Fixed ------ R-Matrix - LUNA Free
------- R-Matrix - DC ------- R-Matrix - 0.42 MeV
R-Matrix - 1.57 MeV

* LUNA (HPGe)
o LUNA (BGO)
v King et al. (1994) (n = 0.70)

SCPa)N

RGB (20 - 60 MK)
AGB (20 - 120 MK)

—— R-Matrix - LUNA Fixed ------ R-Matrix - LUNA Free
------- R-Matrix - DC ------- R-Matrix - 0.55 MeV
R-Matrix - 1.35 MeV




Reaction rate

computer the reaction rate respect to
NACRE and NACRE?2. M—
C(p,y) "N

The brown bar represents the 6" —=LUNA ==NACRE == NACRE2
temperature range of interest for RGB and
AGB stars.

Strong reduction of the uncertainty!
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Paper on astrophysical consequences in
preparation

Our revised reaction rates result in a
reduced C isotopic ratio at relevant

temperature for mixing effects in giant st PC(py)"N
stars. 5 S“=LUNA ==NACRE  ==NACRE2

NACRE : Nucl. Phys. A 656, 3 (1999)
NACRE2: Nucl. Phys. A 918, 61 (2013)







2ONe(p,y)?'Na and the NeNa cycle

The 2ONe(p,y)?'Na (Q = 2431.6 keV) reaction is the first and slowest reaction of the NeNa cycle

The 20Ne(p,y)?'Na impacts the production of neon and sodium isotopes!

RGB stars (Red Giant Branch)
AGB stars (Asymptotic Giant Branch)

O-Ne Novae

Massive stars A better understanding of this

~ _ cycle can help solving the puzzle
T — 005 1 GK of the Na-O anticorrelation in
Globular Glusters

NeNa cycle
Though the 23Na(p,y)?*Mg reaction, it links to MgAl cycle influencing also Mg and Al isotopes production
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Qe =2431.6 keV
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The 2°Ne(p,Y)*'Na
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Percentage of Total Rate

~— Subthreshold Resonance
R/DC—332 keV
-+ R/IDC—>2425 keV
— 366 keV Resonance
397 keV Resonance
=+ 1113 keV Resonance
- Hi-lying Resonances

Relevant contributions between
0.1 and 1 GK: the direct capture
(DC), the subthreshold resonance at
Er=-7KeV and the Ez=366 keV
resonance

S.Lyons et al PHYSICAL REVIEW C 97, 065802 (2018)

S-factor [keV barn]

Rolfs et al. (1975) +—A—
Lyons et al. (2018) —@—i
Lylons Fit e

0 200 400 600 800 1000 1200 1400 1600 1800
EcmslkeV]

- Only a few measurements available
- No low energy data

LUNA GOALS

s Study of the Ecm = 366 keV resonance

* wy=0.1+0.02 meV (Rolfs et al. 1975)

* wy=0.0722 £ 0.0068 meV (Cooper 2019, Ph.D
thesis)

< Direct capture below 400 keV




Experimental setup

260 keV < E,< 400 keV
Natural Ne windowless

gas target (90.3% 2°Ne)
P =2 mbar

HPGe detectors:

» Relative efficiency 130%
» Relative efficiency 90%

Lead + copper shielding
Anti-Radon box




366 keV Resonance study

E. Masha PhD Thesis
Resonance scan

E,=392keV || —
. Calorimeter

e Pressure P =2 mbar

e Ep =386-399%eV 386 387 389 392

RESONANCE SCAN
Varying the beam energy, the resonance is
populated at different positions along the
target chamber, where the detectors has
different efficiency.

Yield [counts/100uC]

Detector n (center)
HPGe90%
HPGe130% 1 392 394 396 398

Beam energy [keV]

maximum yield
Energy loss

Position of the maximum
of the detection
efficiency

Resonance energy




Branching ratios from the high statistic runs
at the maximum detection efficiency:

Measuredy Rolfs et al 75

R->2425 keV 2425 -> 0

2798 -> 332

R-> 332 keV 4.0 + 0.2

2798 -> 0

Yield [a.u]

Resonance strength

LUNA

Rolfs et al. (1975)

0.110£0.002stat+0.005sys 0.11+0.02

Branching ratios and resonance strength
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DC->2425 keV

non resonant S-factor

Rolfs et al. (1975) +—4—i

Lyops et al. (2018) —4—

LUNA (2023) +—@—
R-matrix

90° S -factor
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[
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NACRE 1999
Iliadis et al. 2010
Lyons et al. 2018

LUNA 2022

Uncertainty more \
than halved at 0.2

GK!!!

paper submitted
o PRC

For a 5Mg, low metallicity TP-
AGB star: 2!Ne abundance
reduced by 26% respect to
NACRE

In O-Ne novae of 1.25M¢
accreting material at 2x10-10
Mo/year the production of Ne,
Na, and Al isotopes is reduced
by 5-40% , in particular 20%
reduction in the produced
22Na.




The future at LUNA-400

REACTIONS ALREADY ON THE GROUND, SEVERAL OTHER REACTIONS MAY BE MEA

The 400 kV accelerator will be moved in the
hall B, on the MV facility roo

Data taking or close to start:

motivation

Solar Neutrino and

IUR PRIN
. 2INe(p,y)22Na "N(p,7)1>0 core SSrdniS:geu H-

Ne, Na isotopes abundances 9 (p,7)Ne NeNa cycle in AGB
v’ data taking phase 19F (p, o) 160

 2Na(p,a)2Ne 240g(p,7)5Al Mg-Al cycle in AGB

ERC STG O/Ne anticorrelation in . .
ELDAR globular clusters First generation stars

10B(ct,p or d)
followed by:

e 27Al(p,0)%Mg First generation stars

6,7|_i (a’y)10,1 1 B




LUNA -400

Borexino

Adriatic
coast
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2021-24 H Burning : hot CNO, NeNa, MgAl pftps: / /luna. Lngs.infn. it

Under publication: Data analysis and paper preparation: Data taking:

° 12,13C(p,y)13,14N 170(p,,y)18F and 160(p,,y)17F ° 21Ne(p,y)22Na

12C/13C abundance ratio '
Abundance ratios of 80,170,160 Ne, Na isotopes abundances

v’ paper accepted by PRL v’ data taking phase

* 2Ne(p,y)*'Na « BNa(p,o)?Ne

Speed of Ne-Na cycle ERC STGRERZAL anticorrelation in

globular clusters
v ; ELDAR
paper submitted to PRC -E v ready to start




A MV machine to explore He and C burning

« Commissioning summer 2022
* Final authorizations end of 2022
» Scientific data acquisition started in June 2023

* 3.5 MV terminal voltage
 H, He, C+, C++ beams with high intensity

* Age of Globular Clusters and C production in AGB:

“N(p.y)**0  setup ready on first beam line:

PAC assigned 9 weeks of beam in 2023 starting from 06 2023

* Neutron sources:

22Ne(0,n)**Mg setup mouting 07 2023:

PAC assigned 3 weeks of beam in fall 2023 for a beam test

* He and advanced burning:

12C+12C fusion setup ready to be mounted beginning of 2024:

scientific presentation to PAC october 2023

S. Zavatarelli INFN (Genoa) - TAUP2023 Conference - Vienna




“N(p,y)'0 : an open issue

Reason of interest: speed of CNO cycle, Age of Globular Clusters, solar v

Er (MeV)

T e PHYSICAL REVIEW C 106, 065803 (2022) 3 HPGe detectors
10'35'"l'l'l'l""""': for angular

Runkle et al. (2005) . . . o
. Imbriani et al. (2005) 1 distribution

+ Lietal (2016) 7
< Wagner et al. (2018) T (EENIE
4 This work

—— standard fit

<=+ 6.17 MeV sub threshold state

dS/dQ (b/sr)

GS m : Counting rates expected for HPGe in close geometry

B. FRENTZ et al.
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There is the need to cover the energy window between
about 1.5 MeV down to 250 keV using the same detection

Energy (MeV)

setup, possibily to extend the study -> 50 keV @ LUNA-400 e ——




2ZNe(a,,n)%>°Mg : neutron source for weak s-J

threshold **Mg+n
N
=° —
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102 * Jaegeretal.
v Drotleff et al.

10 o Harms et al.
—— R-Matrix calculation
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« Many states can contribute to the cross section in the Gamow region
» Background on surface too high, no progress since ~20 years.
* Novel high-efficiency, energy sensitive detector array (*He+liquid scintillator).




12C+12C

Reason of interest: Carbon burning determines the final destiny of massive stars and ¢

stars in close binary systems.

Spillane et al. (2007)
= Jiang et al. (2018)
Tumino et al. (2018)
- Mukhamedzhanov et al. (2019)
+ Fruetetal. (2020)
4 Tanetal. (2020)
Renormalized to Tan et al. (2020)
-- Bonasera and Natowitz (2020)
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*
wn

. 12C+12C> Ne + a
12C4+12C> BNa + p
12C412C> Mg + n

1:5 2.0 25 3.0 35 4.0 4.5
Center of Mass Energy (MeV)

Direct measurements above 2.1 MeV (large scattering,

large uncertainties)
Only indirect measurements below 2.1 MeV (problems

with normalization and other discrepancies)
Very large uncertainty below 2.5 MeV

HPGe detector
1 cm copper
for suppression of
neutron induced
background

25 cm thick lead
for suppression of
y background
lead holder

Aperture
for targets [

replacement

and detectors

maintenance s

Automatic Hydraulic Elevator

for easy access to detectors ‘
and target area 2 Y measurement
setup

25 cm thick lead shielding, under production;

A 150% HPGe + 16 Nal detector as further active
shielding/anti-Compton;

Work ongoing on targets characterization in
collaboration with Legnaro Laboratory




Conclusions

v Recently the 20Ne(p,y)?'Na, "2C(p,y)'*N and 3C(p,y)'“N reaction has been studied by LUNA

v New results constrain the low energy extrapolations and have a direct impact on RGB,
AGB and Nova explosion scenarios;

v" New experimental campaigns are planned during 2023 and 2024 to improve our knowledge
on the NeNa cycle and therefore on the Globular Cluster anomaly, and on hot CNO and
MgAl cycles;

v' Scientific data taking has started in June at the MV accelerator;

v' New exciting physics is expected at the LUNA400 and MV facilities in LNGS in the future

years !
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Sun: ~15 MK

Massive Stars: ~ 100 MK
AGB:~30-100 MK Mg-Al cycle
Novae~100-400 MK BMg

| NeNa cycle:
AGB - HBB e slower reaction rate

jon

—— Ne-Na cycle respect to hot CNO

isNe Less relevant for
energy production
Important for
nucleosythesis : it
determines neon,
sodium and magnesium
isotopes abundances

Convective Envelope

CNO-lI

150

Hydrogen burning
cycles




NeNa cycle : astrophysical scenarios

Issue: peculiar chemical patterns measured in stars belonging to the most ancient
objects of our galaxy, the Globular Clusters (GC)

« Slemer et al 201

Ne-Na cycle

Na/O anti-correlation in GC

First-generation massive AGB stars, burning H throught the NeNa cycle indicated as
possible explanation of the observed anti-correlations in O-Na exhibited by the stars of
Galactic globular clusters. Very important to measure: and




