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Explosive nucleosynthesis underground: recent LUNA measurements at the Bellotti IBF

Direct measurements are challenging

Counting rate = beam flux 1075 pps (150 pA for 1* beams)
X
target nuclet areal density 10"® atoms/cm?  (often smaller)

Corbet's Couloir, Jackson Hole Mountain Resort
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Direct measurements are challenging

Counting rate = beam flux 1075 pps (150 pA for 1* beams)
X
target nuclet areal density 10"® atoms/cm?  (often smaller)
X

Cross section 10736 cm? (often smaller)

Corbet's Couloir, Jackson Hole Mountain Resort
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Direct measurements are challenging

Counting rate = beam flux 105 pps
X
target nuclei areal density 107° atoms/cm?
X
Cross section 10-36 cm?2
X
detection ef ficiency 10"

(150 pA for 1" beams)
(often smaller)
(often smaller)

(often smaller)

Corbet's Couloir, Jackson Hole Mountain Resort
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Direct measurements are challenging

Counting rate = beam flux 10" pps
X
target nuclei areal density 107 atoms/cm?
X
. | cross section 1036 cm2
My ¥' X

detection ef ficiency 10"

(150 pA for 1" beams)
(often smaller)
(often smaller)

(often smaller)
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Corbet's Couloir, Jackson Hole Mountain Resort

Nuclear Physics in Astrophysics XII

& a few counts/da

Cluj-Napoca, 7-11 September 2026


https://en.wikipedia.org/wiki/Corbet%27s_Couloir

Explosive nucleosynthesis underground: recent LUNA measurements at the Bellotti IBF

Direct measurements are challenging

Counting rate = beam flux 1075 pps (150 pA for 1* beams)
X
target nuclei areal density 10" atoms/cm?  (often smaller)
X
Cross section 10-3¢ cm? (often smaller)
X
detection ef ficiency 10" (often smaller)

a few counts/day

underground laboratories
can shield our detectors!
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Corbet's Couloir, Jackson Hole Mountain Resort
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Underground laboratories
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“Explosive” measurements performed by LUNA

Wotivation ___|Reaction _|Past____|resent__|Future___

18F and the 511 keV emission in the first hours of nova

>N abundance in novae emissions and grains

Sodium production in nova and 1275 keV line of 2Na

26| ground state, and the nova share of the 1809 keV emitters

27Al destruction in nova

Carbon ignition: thermonuclear supernovae and superbursts

Neutron source: weak s process and explosive shell burning

O(p,y)'8F
N(p,y)'®O

*°Ne(p,y)*'Na
?'Ne(p,y)**Na
22Ne(p,y)**Na

2*Mg(p,y)>Al
>>Mg(p,y)*°Al

?7Al(p,y)?2Si
77Al(p,a)**Mg

12C+12C

22Ne(a,n)*Mg
?2Ne(,y)**Mg

LUNA 400 kV
LUNA 400 kV

LUNA 400 kV
LUNA 400 kV
LUNA 400 kV

LUNA 400 kV
LUNA 400 kV

Bellotti IBF

LUNA 400 kV

LUNA 400 kV
LUNA 400 kV

Bellotti IBF

Bellotti IBF

| will focus on LUNA measurements at the Bellotti lon Beam Facility
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Inline Cockcroft Walton accelerator
TERMINAL VOLTAGE: 0.2-3.5 MV

Beam energy reproducibility: 0.01% TV or 50V
Beam energy stability: 0.001% TV / h

Beam current stability: <5% /h

——

H"beam: 500 - 1000 pA

He" beam: 300 - 500 pA

—

= C*beam: 100- 150 pA

C*™ beam:50 ppA
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Beam Energy calibration and stability using 2Al(p,y) resonances
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Beam current stability of the 3.5 MV Singletron <%

Bellotti lon Beam Facility

Maximum deviation of beam intensity: < 5% / h Credits: Matthias Junker
E [ —
2 660— ; %
e EE i L]
. s
Gal — o g
a beam i §
Beam energy 1 MeV 600l |
Beam Intensity on target 615 pA P RO ™ T -._"
Test duration 4 h 600 — -
Beam current variation < 1%/h N -
580 — T
SED_—l 1 | 1 | | | 1 | 1 1 | 1 1 | | 1 | 1 1 | 1 1 _|
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More information in
Sen et al., https://doi.org/10.1016/j.nimb.2018.09.016
Junker et al., https://doi.org/10.3389/fphy.2023.1291113
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LUNA at the Bellotti lon Beam Facility

“N(p,y)™>0O > writing ongoing >
22Ne(o,n)*°Mg - analysis ongoing =
12C+12C > data taking ongoing -
22Ne(a,y)?*Mg - starting in October -

federico.ferraro@Ings.infn.it
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perfect commissioning measurement,
useful for calibration purposes too

SHADES
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, 3 High-Purity Germanium detectors allow for
a very high energy resolution
¥

| close/far geometry
| 5 .

reduced summing-in effect
sensitivity to angular distribution




Explosive nucleosynthesis underground: recent LUNA measurements at the Bellotti IBF

The very first measurement at the Bellotti IBF: '*N(p,y)'°O

Credits: Alessandro Compagnucci

GOALS
* Accelerator commissioning

* Cross-section measurements over a
wide-energy range

* Angular distribution measurements

e Measure weak transitions

SETUP

* Single HPGe at 55° in close geometry,
excitation function

 Three HPGe detectors on goniometric table
(55°-135°-90° + 0°-120°-90°)

* Solid, enriched N targets

federico.ferraro@Ings.infn.it
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The very first measurement at the Bellotti IBF: '*N(p,y)'°O

Credits: Alessandro Compagnucci
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“’Ne(a,n)*>Mg
Windowless, differential- pumping gas target
Enriched ?Ne in recirculation

) LS + He-counters
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22Ne(a,n)*Mg

Credits: Thomas Chillery

» % of elements heavier than Fe produced in slow neutron-capture (s-) process Véb
N =50
* Massive Stars o I =
. . St [ B<E .
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Credits: Marianna Vagnoni
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22Ne(a,n)*Mg
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DYy (nev)

12

5/2*

E20 [MeV] E, [MeV]
11.441
0.976
11319 (0%,1,2%)
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11.153 | 1-(2+4%)
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A lot more details in the talk by Thomas Chillery

250
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Giesen et al. Drotleff et al. Drotleff et al. Harms et al. Jaeger et al. Shahina et al. Otaetal. SHADES

22Ne(a,n)*Mg

Indirect measurement
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2Ne(a,y)**Mg

6-fold Nal detector allows for
* high detection efficiency

* coincidence analysis
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2Ne(a,y)**Mg

Together with the 22Ne(a,n)>*Mg, the ??Ne(a,y)**Mg determines the
neutron production rate for the weak s-process taking place in the

thermal pulses

The weak s-process is both a direct product of the star and a seed for
the explosion, so the ?2Ne branching enters the final yields twice!
[Pignatari, M., Roberti, L. & Jiao, T., Eur. Phys. J. A 62, 143 (2026)]
studied via direct and indirect measurements (also by LUNA [5])
| EEP(Eg™) [keV] | Ex [MeV] [ J™ || T, [eV] | Ty ev] | WY(a,y) [€V] || neutrons
123 (104) 10.719 | 1~ 2.5 x 10736 [4] 24750 x 107% [4] no
396 (335) 10.950 | 1- 6.7 x 10~ 4 [4] 2(1) x 10~ 3 [4] no
3.00 x 10714 [8, 9] <4.0x 10711 5]
< 1.5 x 10710 [5]
557 (471) 11.085 |27 || <84 x10 2 [4] 3 <42x 1010 4] no
5.70 x 10! [6, 8, 9] 2.85 x 10710 [7]
651 (551) 11.165 | 47T <13x 10! [4] <15x107° [3] yes
2+ 1.00 x 107 [4] yes
< 1.3x 10711 [9]
830 (702) 11.320 | 1~ 5.00 x 107> [4] 04—-1.0 3.5(4) x 10~° [4] yes
2.70 x 1075 [6] (3.6 +0.4) x 1073 [1]
1.30 x 1075 [8] (4.6 £1.2) x 1073 [2]
3.00 x 10~ [9] (3.54+0.4) x 107° [3]

Credits: Giovanni Ciani
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E, [MeV]

0.9 3/2*

0.585 1/2*
5/2*

E20 [MeV] E, [MeV] iy
11.441 4
0.976
(11319 (04,1,2))
0.830
11.153 1-(2+,4%)
0.635
10.949 1
0.395
10.615
22Ne
~ 136 a-bound
states L
0 o
\__“Meg /

11.093

Credits: Marianna Vagnoni
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ZSMg

2Ne(a,y)**Mg

E, [keV] "
Ej, = 830 keV -
11319 1
Q, =10.615 MeV 46 %) 54 %
2Ne + a
7062 y 1~
34% 10 %] 20 % 36 %
3589 v 0*
100 %
2938 y 2+
10 % 90 %
1809 A4 A4 v v 2+
100 %
0.0 \ 4 v vlot
26Mg
E, [keV] | B.R. [%] | Transition Reference
1129 90 2938 — 1809 NNDC
1780 100 3589 — 1809 NNDC
1809 100 1809 — 0 NNDC
3473 34 7062 — 3589 NNDC
4258 46 R — 7062 Hunt et al. (2019)
7062 36 7062 — 0 NNDC
9511 54 R — 1809 | Hunt et al. (2019)
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2Ne(a,y)**Mg

Considering the resonance at £,=830 keV...

Credits: Marianna Vagnoni

Expected photons are in this range

—— background underground
background aboveground
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2Ne(a,y)**Mg
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Credits: Marianna Vagnoni

Each detector is calibrated using:

661 keV from 137Cs
1173 keV and 1332 keV from %9Co

3042 keV, 5241 keV and 8284 keV
from*N(p,y)*>0 at the plateau of
1058 keV resonance

10763 keV from 2’Al(p,y)?8Si at the
plateau of 992 keV resonance
11540 keV from %’Al(p,y)?8Si at the
plateau of 1800 keV resonance

Cluj-Napoca, 7-11 September 2026
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2Ne(a,y)**Mg

Giovanni Ciani and Marianna Vagnoni
™ ;§ u = ™ ‘ 4

» Setup for the measurement of the *°Ne(a,n)*>Mg
now decommissioned

* setup for the *’Ne(a,y)**Mg
* mounted
* commissioning ongoing

Measurements of the >Ne(a,y)*®Mg are going to start in mid-October

federico.ferraro@Ings.infn.it
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12¢ 4 12¢

HPGe detector in close (far) geometry
16-fold Nal detector

25 cm thick lead shielding with 1 cm Cu liner
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12¢ 4 12¢

e jts cross section determines the ignition conditions of the carbon burning stage of massive stars

e inan accreting WD it decides where and when the runaway starts, therefore the outcome of SN la

e jtisrelated to the superburst recurrence time and outflows composition

Mass JAN

M *

Massive stars: H, He, C, O, Ne, Si
Fe core 2 core collapse (SNE I,Ib,c)

up

H, He, C

Super AGB - 0-Ne WD (SNE e-capture or massive la)

M,,

federico.ferraro@Ings.infn.it

M > M,, = quiescent C burning (ONe-WD, CC-SN, NS, BH)

M < M,, = no quiescent C burning (CO-WD, Novae, SN-la)

Low & intermediate mass: H, He,
AGB - C-O WD (SNE Ia)

Nuclear Physics in Astrophysics XII
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12¢ 4 12¢

Energy range

1021 of interest
] | | 1 ] | | I I 1 I
Several datasets and models

20 Spillane et al. (2007)

10 Jiang et al. (2018) i
—— Tumino et al. (2018) Direct measurements above 2.1 MeV

19 Mukhamedzhanov et al. (2019) : L

10 b Froet et al. (2020) (affected by large scattering, large uncertainties)

Tan et al. (2020)
Renormalized to Tan et al. (2020)

Bonasera and Natowitz (2020) Indirect measurements below 2.1 MeV

(but they need solid direct data to rely on)

S* (MeV b)

[
=
]Hl1 T IIIIIIT’ T Illllll1 T IHIIITI T ]lIIIH1 T [IIIIIII T IIHIH] T TTTT]

»>
»
:p IIIII 1 IIIII|_|j 1 IIIIIIII %_Luj 1 IIIIIII] 1 IIIIIIII 1 IIIIIII| L L

1016
1015
14 -
10 € 1'0 1‘5 ' 2'0 X ' 3'0 ' 3'5 : 4'0 ' < Very large uncertainty below 2.5 MeV
. " Center of Mass Energ;ry (MeV) ' (energy range of interest)
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12¢ 4 12C
Water cooling outlet
cold finger
m HPGe detector

Graphite
target inside 5 cm thick Cu shielding,

Water cooling inlet inside a 1 cm thick copper box,
inside a 25 cm thick Pb shielding,
inside the Bellotti lon Beam Facility,
inside the LNGS underground laboratory

Nuclear Physics in Astrophysics XII Cluj-Napoca, 7-11 September 2026
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12¢ 4 12¢
Two 8-fold annular Nal detectors will be used
* as anti-Compton veto
* as segmented high-efficiency spectrometer
}:EH HPGe
ncideS .

inside a 10 cm thick Nal detector,

inside a 1 cm thick copper box,

inside a 25 cm thick Pb shielding,

inside the Bellotti lon Beam Facility,
inside the LNGS underground laboratory
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12¢ 4 12¢
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Small annulus
137Cs source
“close” geometry

Fine tuning of the
simulation ongoing
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Nal veto-tag probability : 66.1 %

Ge events accepted after veto: 28.2 %
Photopeak retention: 60.9 %
Compton rejection: 76.2 %

Nuclear Physics in Astrophysics XII

Mal add-back Ge belare Nal veto Nal add-back Ge before Nal veto
n i)
£ - & = i
& — G i Ml veds - 5 10 E — i e M v
l.I:: ) “ 10" w - e atter Mal votc
1u'= e ahier Mal veto
L 1‘]‘ = 10 :
10° T
ilis
107
0
10f
| | ! | ] I 1 | 1
0 500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000 0 00 1000 1500 2000 2500 3000
Enemy (kaV) Energy (keV) Energy (kaV) Energy (kaV)

Nal veto-tag probability (any hit): 76.0 %
Ge events accepted after veto: 59.8 %
Photopeak retention: 99.6 %

Compton rejection: 59.5 %

Credits: Giovanni Saturno
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12¢ 4 12¢
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An interesting paper

THE ASTROPHYSICAL JOURNAL, 981:84 (9pp), 2025 March 1 https://doi.org/10.3847 /1538-4357 fadb4 1T
© 2025. The Author(s). Published by the American Astronomical Society.
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Neutrino luminosity
overcomes photon
luminosity at the
onset of C-burning!

CrossMark

Neutrinos from Carbon-burning Red Supergiants and Their Detectability

Gwangeon Scnng , Kyujin Kwak' , Dongsu Ryu , and Bok-Kyun Shin'*
Dcpanmcnl of Physics, Col]cgc of Nmural Sciences, UNIST, U]m 44919, Republic ol Korea; kkwak@unist.ac.kr, dsryu @unist.ac.kr
* Korea Astronomy and Space Science Institute, Daejeon 34055, Republic of Korea
Pnhang Accelerator Laboratory, Pohang-si, Gyeongsangbuk-do 37673, Republic of Korea
Received 2024 December 10; revised 2025 February 6; accepted 2025 February 7; published 2025 February 28

* ~ 1000 Red SuperGiants (RSGs) in the Milky Way, many of them expected to be in the C-burning phase (10 within 1 kpc)

* For a nearby 30 M, carbon-burning RSG located ~ 200 pc away: ~ 10° cm=2s7! neutrinos reaching Earth, with a spectrum
peaking at ~ 0.6 MeV

* Is it possible to detect these neutrinos in underground facilities, particularly in hybrid detectors equipped with water-based

liquid scintillator and ultra-fast photodetector (to separate Cherenkov and scintillation light)?

* In detectors with a volume comparable to Super-Kamiokande: up to ~ 50 neutrino events per year with directional information

(~ 103 times smaller rate than CNO neutrinos, ~ 10° times smaller than estimated background)

* although detecting neutrinos from carbon-burning RSGs seems difficult with currently available detector technologies, it could

become feasible in the future (exploiting directionality and new detection techniques)

federico.ferraro@Ings.infn.it

Nuclear Physics in Astrophysics XII Cluj-Napoca, 7-11 September 2026 40



Explosive nucleosynthesis underground: recent LUNA measurements at the Bellotti IBF

2Ne(a,y)**Mg

Credits: Thomas Chillery
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The very first measurement at the Bellotti IBF: '*N(p,y)'°O
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Borexino disfavors LZ-SSM more than
HZ-SSM, but large uncertainties remain

The biggest nuclear contribution to

the uncertainty budget comes from
the “N(p,y)'°0 cross section
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The very first measurement at the Bellotti IBF: '*N(p,y)'°O

S-factor (keV b)

IGU 4

R/DC — 6.79 MeV
LUNA (2005)
Runkle et al. (2005)
Schroeder et al. (1987) , corrected for SFII
Frentz et al. (2022)
Wagner et al. (2018)
LUNA, July 2023 (557)
LUNA, October 2023 - February 2024

O M B KA 6 B M

x i i
i?ﬁ,v.

104

103 4

10? 4

S-factor (keV b)

10—1 4

1072 4

1073

federico.ferraro@Ings.infn.it

200 400 600 800 1000 1200 1400
Center of Mass Energy (keV)

101 4

100 4

H R/DC — 6.17 MeV
e & LunA (2005)
e A Runkle et al (2005)
® ¥ Schroeder et al. (1987) , corrected for SFIl
® & LUNA, 2024 (557)
®
$
: ¥
i x
[ 3 e
£ IPY =
; ] % . ‘V’ e i‘
¥ 1
= 1 ¥ . ¥ | L] ¥
¥ | Y
200 400 600 800 1000

Center of Mass Energy (keV)

S-factor (keV b)
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calibration of the 3.5 MV accelerator
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with previous LUNA data and extend
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dependence is ongoing
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