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Charged-particle nuclear reactions at stellar energies

Density of interacting nucle|

Cross section

Maxwell-Boltzmann
distribution
x exp(-E/KT)

Relative probability

Gamow peak

Tunneling through
Coulomb barrier

o exp(-[(E./E)"*]

Relatlve veIOC|ty Maxwell —

O(E)ziexp

vid|v|= papA<UV>

Energy dependent cross-section

—31.292122\/% SIE

E

kT

Eg Energy
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At astrophysical energies, the cross section can

be extremely small (fb — nb)

Boltzmann distribution
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Challenges of direct measurements

Counting Rate = N x N, X cross section x detection efficiency

!

10 pps (~100 UA g=1+) typical stable beam intensities

v
10'® atoms/cm? typical solid state targets

v
108 barn (often even smaller)

|

100% for charged particles
~1-10% for gamma rays (HPGe detectors)

We forgot the taste of bread, the sound
of trees, the softness of wind...

Counting Rate = 0.1- 10 counts/day
Signal to noise ratio extremely low
20.01.2026 E. Masha | Bormio 2026
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Challenges of direct measurements

Counting Rate = N x N, X cross section x detection efficiency

!

10 pps (~100 UA g=1+) typical stable beam intensities

v
10'® atoms/cm? typical solid state targets

v
108 barn (often even smaller)

|

100% for charged particles

_ _ _ _ ~1-10% for gamma rays (HPGe detectors)
How to improve the signal to noise ratio?

* Improving “signal” (high beam currents, high target density, high efficiency)

) ) We forgot the taste of bread, the sound
* Reducing “noise” (background) of trees, the softness of wind...

¢ Combination of both

i Alexander von DRESDEN = -
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Underground nuclear astrophysics

First underground laboratory
for nuclear astrophysics
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Why Underground?

1

——— Unshielded, on surface
— Unshielded, underground
———— Shielded, underground

IIIIIII|
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107!

N
' LUNA/LNGS background reduction:

[l LTI

107%

I
'Imll'!'
z

* Muon flux ~ 6 orders of magnitude

Counts per keV per second

10°3 -y ""'-‘l.

h*

* Neutron flux~ 3 orders of magnitude

1074

[ [I!I[I[I

‘. Sl oy * Gamma ~ factor of 3

1075 |
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Energy / keV

]

10

LTI

Underground passive shielding is more effective thanks to the
suppressed p flux
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Underground accelerators worldwide

20.01.2026

CASPAR

1290 m underground
1 MV: H*, He*
| =250 uA

Since 2017

E. Masha | Bormio 2026

Felsenkeller

45 m underground (shallow)
5 MV: H, He*, C, C**

= 30euA

9 ~.|since 2019

ILUNA

1400 m underground
50 kV: H*, He*

400 kV: H*, He*

| =100-1000 euA

max

Since 1991/2003

RUSSI1A

Bellotti IBF

1400 m underground
3.5 MV: H*, He*, C*, C**
[, = 1000 euA

max

Since 2023

| JUNA

- | 2400 m underground

400 kV: H*, He*, He**
|__ =1200 euA

max

Since 2021
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Dresden Felsenkeller underground lab

Joint effort HZDR — TU Dresden, Germany

* Investment by TU Dresden (Kai Zuber et al.) 10% g ——— e
. . [ —E— Myon data, Ludwig ef al. (2019) ]
and HZDR (Daniel Bemmerer et al.) T 107 sendort - ¥ Myondata, MACRO (1990)
. - oL .o Baboutietal 1983 2
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Eur. Phys. J A 61, 19 (2025) A
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Dresden Felsenkeller underground lab

External ion-source

+ [ntensive 2C beam

¢+ Intensity of 20-30 pA

Internal radio frequency ion-source
+ Intensive ?H and “He beams

up 2 [1A]

¢+ Beam current up to 30 pA

20,
. i ( CsC.
CsCy
ninn I * If..'f.iﬁ-‘..n_
50 50 100 120
i

Tunnel IX Bunker for in-beam experiments
/
Bunker for low-radiactivity
measurements
Turkat et al. Astropart. Phys. 148, 102816 (2023)
12 20.01.2026 E. Masha | Bormio 2026
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30 years of Underground nuclear astrophysics, LUNA

Big Bang Nucleosynthesis

1.°H+p > 3He +vy
L. *He+H = ®Li+y
3. 3He+'He -> "Be +y

Some of the lowest cross sections ever measured

13 20.01.2026 E. Masha | Bormio 2026

Solar H-burning, pp chain

0.02%

'

'

Bete — "Li+y+v,

‘Be+p — B +y

l

Y

"Li+p — “He +*He

8B — ‘Het+'Hete'+v,
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30 years of Underground nuclear astrophysics, LUNA

H-burning, CNO H-burning, NeNa and MgAl cycles
(2.Y) (p,a}-ﬂ (P,Y) (p,0t) (p,Y)
ool L B A B
: ¥
57| **Mg
(p.Y) (p,Y)

. Done

(p,o)

Pre-main sequence: °Li(p, ¥)’Be In progress
[ ] Planned

s-process nucleosynthesis: *C(o,n)0, 22Ne(a;y)2'5Mg

Reaction network credits: F. Cavanna
20.01.2026 E. Masha | Bormio 2026 Alexandervon  _ DRESDEN
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Underground nuclear astrophysics at Felsenkeller

Reaction studies with solid target + HPGe detectors 2022
* 3He(a,y)’Be Szucs et al.

2H(p,y)*He Masha, Caciolli et al.
12.13C(p,Y)***N  Piatti et al.

Big Bang Nucleosynthesis

o 12C4+12C Ferraro et al.
« 15N(q,y)°F Marsh et al.
Helium Burning Reaction studies with gas-jet target + HPGe detectors
* “N(a,y)®F Cavanna et al.
Carbon Burning Reaction solid target + FELICITAS detector
* B5N(a,y)*F Marsh, Caciolli et al.
Reaction studies with solid + LaBr3+ particle detection
o 12C+12C Heine et al. 2025

/
i Alexander von DRESDEN = -
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Big Bang Nucleosynthesis (BBN): ?H(p,y)*He reaction

baryon density parameter (2gh?®

Primordial 2H abundance ] Z: ARSI |
Direct observations: Absorption lines in DLA systems P ]
£ 0.24 5] -
[D/H] s = (2.527 £ 0.030) x 10°° F o i\
Cooke et al, APJ 855 (2018) 102 2 <\ ¢
Predicted abundance: BBN theory, cosmological parameters and _
the cross sections of the nuclear reactions responsible for*H creation g
and destruction [D/H] g, o
D/H 2.587 £0.055) x 10~ 5l
Different adopted — | logn = ) 2]
cross sections [D/H]g = (2.439 £0.052) x 107 - \ _
PIaan’ A&A 641 (2018) Ab 10 baryoln-to-photc;n ratio.nzfllb/nl,y B

Primordial ?H is an excellent baryometer:
Comparison of [D/H].,.and [D/H].,,— Universal Barion density €, and/or N_

. Alexander von DRESDEN - -
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Big Bang Nucleosynthesis: ?H(p,y)°He reaction
First direct measurement at BBN energies at LUNA, Italy (2020)

Cosmological

nature

Explore content v About the journal ¥ Publish with us v

nature > articles > article

Article | Published: 11 November 2020
The baryon density of the Universe from animproved
rate of deuterium burning

V. Mossa, K. Stéckel, [...]S. Zavatarelli

Nature 587, 210-213 (2020) | Cite this article
4402 Accesses | 13 Citations | 168 Altmetric | Metrics

Mo
55 56 57 58 59 6. 6.1 6.2 6.3 64 6.5 6.6 6.7 6.8
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0.6r

300
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LUNA Ul mF e
LUNA Fit .
Tisma (2019) —<&—i
Marcucci (2016) ------
lliadis (2016)
20 | Adelberger (2011) = 1
Casella (2002)
Ma (1997)
o ]
> 1.5
2,
S
LS
<10 :
wn
0.5 .
BBN energies
0.0 | | | | |
0 50 100 150 200 250
E [keV]
Systematic uncertainty
reduced to < 3%
17 20.01.2026 E. Masha | Bormio 2026

Implications g

0.2r

0.0t
0.020 0.021 0.022 0.023 0.024 0.025
Q,

Baryon density
« Using PARTHENOPE code comparing [D/H],. and

[D/H]BBN
+ N from Standard Model
Comparison with Planck results
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Big Bang Nucleosynthesis: ?H(p,y)°He reaction

2T Turkat et al. HZDR (2021)
10 b
5 ' > High energy fit (HZDR) agrees within <1.2 % with LUNA
2 5r fit in the BBN range
gz » For E, > 400 keV discrepancies of 10 % between LUNA
s Prisedt neca i, 4 and HZDR
3 T e Solar Fusion Il fit i > N . .
Mossa et al. 2020 fit o direct gamma ray angular measurement which
e G o i might effect ab-initio calculation available
® Mossa etal 2020 data
>z 1 . : l l l
Z25
M 5'% 1 I I
e 200 400 600 800 1000 1200
E [keV]
‘ New measurement performed at
Felsenkeller lab, Germany
18 20.01.2026 E. Masha | Bormio 2026 e AlesAndar ori DRESDEN
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Big Bang Nucleosynthesis: ?H(p,y)°He reaction

Setup: solid target setup + 21HPGe detectors for angular coverage

@ 3
A ¢ <&
LN Cu pipe trap s 4

T & Detector ID  Detector type
VN EB18 7 crystals
‘ot D 4 EB17 7 crystals
\?p// 4
) 4 MB1 3 crystals
o MB2 3 crystals
©
= Ron100 single crystal
(@]
Can60 single crystal

Angular distribution

LN Target holder

Angle Distance

[deg]
90
40
120
36
120

89

120 g T v U ¥ T T T T T T T T T T T
r F?S‘Tnkel?eﬁ datt_:: —— 4
L T 111
L 4 enen %h%ory
= 8.0 R
S, L
= L
0 L
> 40t
00 V ! ! L n | L L L L | ! L 1 L I L L
-1.0 -0.5 0.0 0.5 1.0
cos(0)
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Hydrogen burning: #13C(p,y)*>'“N reactions

Astrophysical motivation

" Reactions of the CNO cycle

- Govern 12C and 3C amount in the stellar cores

NO

-
+:=-E %E 7
oS glz o |2

©
@
=@

@“.’.:3’ - @) @)@

2fi| <l
@{p,u} Pﬂ').
0%y
TR p-_-'-'l)
““““““ ( Ef,«}j““““““‘

CNO cycie

20 20.01.2026 E. Masha | Bormio 2026
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" The *C/*C ratio: obtained from stellar spectra
" Asymptotic Giant Branch (AGB) undergo heavy mixing

" Precise ?C/*3C ratio in the core can constrain the
mixing models

CO degenerate

core \

Intershell region:

about 75% “He
about 22% '°C
about 2% 2*Ne

<1%'"%0

Helium burning shell

Hydrogen burning shell

Alexander von DRESDEN - -
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Hydrogen burning: #13C(p,y)*>'“N reactions
Measurements at low energies at LUNA, Gran Sasso, Italy

HPGe setup

» Far geometry (15 cm) at 55°

> Excellent energy resolution

Gate Valve

Water Cooling

LN, Cold Trap
=t
0

| Lead Castle

21 20.01.2026 E. Masha | Bormio 2026
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BGO setup
> Almost 41t geometry
» Segmented in 6 different crystals
> Target check with HPGe at 55°
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Hydrogen burning: #13C(p,y)*>'“N reactions
Measurements at high energies at Felsenkeller

*+ Several HPGe detectors at different angle

* LN cooled targets for the p+ 2C campaign

* Water cooled targets for the p+13C campaign
* Pb shielding for further background reduction

* Angular distribution data available

22 20.01.2026 E. Masha | Bormio 2026

CI‘IETEC y Alexander von EancseDtEN - D R
‘& HUMBOLDT conce® ™ &
\ LU N n EART INFR STIFTUNG Ionovaion caeus G ‘



23

S; 12(E) [keV barn]

|

Hydrogen burning: #13C(p,y)*>'“N reactions

103 RS = B B EES EES [ =
F 12 13
Cpy) °N
2 Felsenkeller
10° F —* PRC 107, L062801 (2023) & W E
LUNA ltaly
" PRL 131, 162701 (2023)
—v—1 ATOMKI (2023)
101 . SR ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
M iy
i e
100 E Sun T H-He intershell ...
F 16MK 90 MK
107 E
0 100 200 300 400 500 600
E [keV]
Good agreement low energy - high energy!
20.01.2026 E. Masha | Bormio 2026

Overall measurements

“#C(p, Y)°N

( LUNN @""ETE&A &2

“C(p, v)*N

10t 4 ¥ King et al. (1994)
Genard et al. (2010)

i Vogl PhD. (1963)
& Hesteretal (1961)

+  Zeps etal. (1995)
¢ This Work

S(E) [MeV barn]

Residuals [%]

0.0 0.1 0.2 0.3 04 0.5 0.6
Center-of-Mass Energy [MeV]

10°

— 1074 ¥ Kingetal (1994)

¥ King et al. (1994)
1 & This Work

1 & This Work

104 4 - 3948 keV

Residuals [%] S(E) [MeV barn]

00 01 02 03 04 05 06 07 08

00 01 0‘2 03 04 05 06 07 08
Center-of-Mass Energy [MeV]

Center-of-Mass Energy [MeV]

J. Skowronski et al. Phys. Rev. C 111, 064611 (2025)
J. Skowronski et al. (LUNA) Phys. Rev. Lett. 131, 162701 (2023)
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Felsenkeller gas jet target for nuclear astrophysics

L. Nucl. Inst. Meth. A 1082, 171034 (2025)
_ g 8 i
4

N\

\

1

| =

I =

I =

I =

, 1 =
d y 1
‘ I
_ﬂ i 1
) [
ion beam :
direction :
1
1
1
]
U4

4

L/’

| -,
A. Yadav PhD project

"
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N
Jet thickness using laser interferometry

Mach-Zehnder Interferometer

I ——————————————————— | L i i i -
| Optical Board 1 | : Optical Board 2 :
| I ] |
| | I I
| 633 nm — Laser | | |
| B | Vacuum Chamber

! splft?:; I | | cCD |
I : | Polarizer Camera |
' | |
' / | | D |
| | | |
' i ! | |
| Slit  Lens 1 I : N I
' ! | |
| | | |
I | | Beam Lens2 |
| | | Splitter 2 |

L - ! b e 4 Nucl. Inst. Meth. A 1082, 171034 (2025)

Nuclear Instruments and Methods in Physics Research A 1082 (2026) 171034

- . ontents lists available at ScienceDirect e,
* Optical path length difference depends on: e ==
Nuclear Inst. and Methods in Physics Research, A af',’:;_"::"ﬁ
. . I \1‘ VIFR Jjournal h: www.elsevier. i :::—;:,'—.
“ Gas refractive index ———— =
Gas-jet target with online interferometric thickness measurement for nuclear | %

astrophysics

Anup Yadav *°®, Daniel Bemmerer *®"', Fabian Donat*®, Juozas Dudutis “@, Soren Géhler @,
Maik Gorler®, Maxim Hilz “vt‘@) Arie Irman ?, Miglé Mackevi¢itité ”Q, Konrad Schmidt “‘3,
Manfred Sobiella ?, Vidmantas Tomkus ¢, Kai Zuber "®

* Helmholtz-Zentrum Dresden-Rossendorf (FIZDR), Bautzner Landstr. 400, 01328 Dresden, Germany
® Technische Universitie Dresden, Institut fiir Kern- und Teilchenphysik, Zellescher Weg 19, 01062 Dresden, Germany
© Center for Physical Sciences and Technology (FTMC), Savanoriy 231, 02300 Vilnius, Lithuania

“ Density distribution
* Path length shift for N> (0.11 pm)
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First gas-jet target experiment: “N(a,y)'°F reaction

Helium burning

= Affects the production of °F "N(a,y)'°F
14 —— E,= 573 keV, Wy =4.5x10° eV R
—— E4=1136keV, wy = 2.1x102 eV
* Influence the synthesis of ?Ne via o 120 e E, = 1618 keV, wy = 1.4 eV l
2
] < 1.0 =
“N(a, y)*¥F(B)*®0(a, y)**Ne, main Z
. . . 2 08
neutron source in massive stars via the >
=06
22Ne(a, n)>Mg E osl
02 |
0.0
107

New data of low-energy resonances (E.= 0.4 — 1.6 MeV) are still needed
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First gas-jet target experiment: “N(a,y)'°F reaction

MINIBALL 1
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g 8 §
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: . ¥ ¥
\18 o
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e 8 =
10° F é“ gr"’“ m i’ I - =
=3 = i
; h T - Preliminary results
X & mm o
- IS < " EUROBALL
2107 TA 3 MINIBALL2 | (T-cluster)
3] (3-cluster)
w
T
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0 E, = 1136 keV
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E, [MeV]
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L o L o I N this work literature this work literature
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589.3 + 0.2 573 t 3 + x 10-2 4.6 £ 0.3 x 102
F | AE =31.56 % 0.05 keV
AE =37.09 =+ 0.13 keV
Gk ok gok 1136.9 + 0.2 1136 + 3 23.5 +0.6 x 10° 21.1 + 0.3 x 10°
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E,,,=1I615=2keV
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The Future:

Solar hydrogen burning

Thesis

https://doi.org/10.1038/541567-025-03151-w

Astarof contradictions

By Mark Buchanan

[Eclu:kforupdams

ecently, physicists in Japan have
upgraded the Super-Kamiokande
neutrino detector by dissolving a
small amount of gadolinium sulfate
intoits 50,000-ton volume of pure
water. Gadolinium absorbs neutrons, and
when a neutrino interaction in the detector
knocks a neutron free, a gadolinium nucleus
captures it within microseconds. Thisin turn
gcnerates a cascadeufgammmays pru\ud ling

an ethatdisti

Sun and other stars generate energy through
proton-proton fusion. By the 1980s and
1990s, developments in helioseismology
and neutrino physics had refined Bethe's
ideas into a standard solar model that repro-
duced seismic sound-speed profiles with
impressive precision. Once researchers

radiation. This impenetrability is determined
by the microscopic physics that governs
how the solar plasma absorbs, scatters and
re-emits photons. For decades, opacity tables
were trusted building blocks of solar model-
ling. Yet helioseismology now suggests that
opacities in the radiative zone are 5-15% too

under: dand incorporated rino oscil-
lations, the model accounted for all known
neutrino data.

true neutrino events from background noise.
With this improvement, Super-Kamiokande
has become one of the most sensitive instru-
ments ever built for observing solar neutri-
nos, allowing physicists to probe the nuclear
chemistry of the Sun with a precision unimagi-
nableonly adecade ago. Super-Kamiokande's
upgraded phases build on the landmark 2020
detection at the Borexino detector in Italy of
elusive CNOneutrinos, produced when hydro-
gen fuses into helium through the carbon-
nitrogen-oxygen catalytic cycle.

As a result, solar neutrinos now play a key
role in refining our understanding of stellar
interiors. Yet the gains in accuracy have shar-
pened some predictions while unsettling
others. Most dramatically, they have intensi-
fied the mismatch between seismic models
and spectroscopically inferred surface metal-

“TheSunisno longer the tidy,
well-understood objectit
seemedtobeafewyearsago.”

But as Acharya and co-authors relate,
this sense of completion vanished in the
mid-2000s when improved hydrodynamic

low, d ding on depth. Laboratory experi-
ments using facilities like Sandia’s Zmachine
have even found that theiron opacity — a cru-
cial contributor —may be substantially higher
than theoretical predictions. Because a small
increase in opacity deepens the convection
zone and alters the temperature profile, opa-
city underpins the solar composition prob-
lem and is rapidly becoming one of the central
unknowns in stellar astrophysics.

Acharya and colleagues also revisit the
nuclear reaction rates themselves, which have
been improved by experiments at advanced

models of the solar au here triggered
revisions to the best estimates of surface
abundances. The inferred concentrations of
carbon, nitrogen, oxygen, and other heavy
elements dropped by nearly 30%. This
shift led to immediate inconsistencies: the
convection-zone boundary moved to the
wrong depth, the sound-speed profile lost
its excellent agreement, and the predicred
iurfxme helium abundanceno longer matched

licity — the so-called solar o prob-
lem. Measured CNO neutrino fluxes point
toward a solar core richer in heavy elements
than the best atmospheric models allow.
Meanwhile, updated measurements of other
key fusion reactions — such as *He + & + 7Be
and 'Be + p + *B — combined with improved
pp- cham neutrino determlnntlons have
ddiscrepanciesinradi pacity,
W energy

thephy
outward from the core.
This new landscape is at once a crisis and
a chance for reinvention. A recent review by
Bijaya Acharyaand colleagues (Rev. Mod. Phys.
97, 035002; 2025) surveys recent progress
while laying bare the tensions resulting from
this precision revolution. The Sun — long
treated as a solved problem — now seems full
of subtle contradictions.
In 1938, German physicist Hans Bethe
published the first explanation of how the

ences. TheSi I its own
model.

Recent neutrino measurements complicate
matters further. The flux of CNO neutrinos
scales directly with the core’s carbon and nitro-
gen content and provides the first empirical
handle on the Sun’s interior merallicity.
Intriguingly, the observed flux leans toward a
higher metallicity than spectroscopicmodels
predict. Thissuggests that either our spectro-
scopic methods are flawed, or our under-
standing of the physics of the solar interior
(including opacity, mixing and diffusion)

derg) d labs such as LUNA in Italy and
Felsenkellerin Germany. Shiel osmic
rays, experiments at these facilities have
refined the low-energy fusion cross sections
for critical steps in the pp-chain. Meanwhile,
inertial-confinement plasma experiments
have begun to probe electron-screening
effects directly under near-solar conditions —
something previously not possible. Some
reaction rates have shifted by a few percent,
which is enough to alter predicted neutrino
spectra. Even the shape of the ®B neutrino
spectrum, a staple of solar neutrino studies,
has been revised downward in energy by
tens of keV.

Therefore, the Sun is no longer the tidy,
well-understood object it seemed to be a
few years ago. The revolution inspired by
new neutrino data reveals multiple tensions
as neutrinos, seismic waves, opacities, and
spectral lines tell slightly different stories.
That divergence is what makes the present
moment exciting. With new detectors com-

-

issignificantly incomplete. Future prog|
will depend on tightening CNO neutrino
. improving radiative-opacity
calculations, and perhaps revising atmos-
pheric models.
Asecond major issue that the authors high-
light is radiative opacity.a quantitative meas-
ure of howimpenetrable thesolar plasmaisto

ing y measurements
probing previously unreachable regimes, the
next twenty years may see Bethe's founda-
tional picture not overturned but enriched.
The Sun’s simplicity was an illusion born of
incomplete data.
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The Future: Solar hydrogen burning

A star

“TheSunis nolonger the tidy,
mes| well-understood objectit
seemed to be afewyearsago.”

By Mark Buchanan
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The Future Solar hydrogen burning

LUNANOVA

e, LLaboratory Underground for Nuclear Astrophysics
Furcpesn Ressanch' Souncl New Observatory for Solar Neutrino Reactions

Established by the European Commission

LUNANOVI

I T T T T T

50 WP1 LUNANOVA cloud (Nextcloud, Mattermost, Jupyter, Gitlab, ELOG, RODARE) @ EOSC
"H(p.e*v)°H TR, (') Synergy
99.762% 14N(p,"{}150 ".... 2 general meetings/year
;3N' 14y 15y Synergy stays by PhDs, postdocs
2H(p;y)3He New ...i'. I )
| (p'.ﬂT €, G | Outward look SF IV meeting
it 15'180%1 e 7 | WP2, WP3 Procure, install, 3He(a,y)’Be 1N(p,¥)*®*0 e screening H/He burning
*He(*He.2p)*He ®He(o,y)'Be & G | Experiments commission accelerator
N ——— - @ LUNANOVA
S WP4 1N(p,¥)30 3He(a,y)’Be  7Be(p,y):B CRYRING ELBE Bellotti IBF
"Be(e”,v)’Li "Be(p.y)®B Experiments
" elsewhere
Li(p.a)*He 8B(e*v)®Be
WP5 R-Matrix & thermonuclear  He burning He burning stellar C burning
®B(a) He Rates reaction rate code react. select. simulations stellar simul.
pp-I chain pp-ll chain pp-lil chain R-Matrix and rate computation
WP6 Solar model inputs, code, Solar neutrinos @ dark matter experiments  Solar model
Model reaction selection update
Internal structure of solar-like stars Non-standard solar models
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The Future: Helium burning

5

The rate of the **C(a,y)**O nuclear reaction

(“Holy Grail”) remains highly uncertain _ 10°
>10°!
* New “He jet target for angular distribution <2
at high energies 10
* High efficiency setup at lower energies £103
v

Reaction T (GK) Astrophysical Impact

>N(a,y)'°F 0.1 -0.3 | Fluorine production

80(a,y)*Ne | 0.1 -0.3 | Seed for the s-process (heavy elements)

BF(a,p)?'Ne | 0.4-1.0 Fluorine destruction

12C(a,y)'®O 0.1 -0.4 | Carbon to oxygen ratio

E. Masha | Bormio 2026
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E  Exwapolation —— Helmholtz Young Investigator
C  EUROGAME] 0O
- EUROGAM E2 0O Pl: E. Masha, HZDR
- Schurmann 2005 —e— . .
g Plag 2012 —0O— 2026_2030
2 3 4 5

Underground measurements

S
< Underground measurements
<mmmm G5

<«mmmmm  Underground measurements
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The Future: Stellar Carbon burning

In stars, carbon burning is the first evolutionary stage involving the fusion of heavy ions

Only stars with mass higher than a threshold M, (~ 8 M, ) can ignite carbon burning:

M<M / \ M>M
up up

White dwarfs/classical novae Supernovae - neutron stars and black holes

+* Image credit ESA/Hubble & NASA

M, (and hence the whole life and fate of a star) depends on the **C+*C cross section I
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The Future: Stellar Carbon burning
Measurement started at the Bellotti IBFILNGS

12C+2C - *“Ne + o (+y) (Q = 4.62 MeV) IH* (TV: 0.3 - 3.5 MV): 500-1000 pA
- *Na+p (+y) (Q = 2.24 MeV) ‘He* (TV: 0.3 - 3.5 MV): 300-500 pA
10% 5 | \ | | 12C+(TV: 0.3 - 3.5 MV): 150 pA
20 i j ' o Spillane et al. (2007) 12C+ (TV: 0.5 - 3.5 MV): 100 pA
10 Jiang et al. (2018)
Tumino et al. (2018) .
1019 -- Mukhamedzhanov et al. (2019)

Fruet et al. (2020)
Tan et al. (2020)

Renormalized to Tan et al. (2020)
—— Bonasera and Natowitz (2020)

-
| I I\IIIII‘ I IIIIIII| I IIIHII| I IIIIHI| T II\IIH| T TTTIT

‘ASTRO ENERGIES 8
\ Ll \ | |

15 20 25 30 35 40 ' T
Center of Mass Energy (MeV) Gamma detection cam paign

[u—
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I

O\

Aliotta et al 2022 J. Phys. G: Nucl. Part. Phys. 49 010501
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's process |
' Bl Mass known

[ Half-life known
[T nothing known

Pb {82]—-: ,

Summary

F r process

* Underground nuclear astrophysics has contributed to the
comunity for over three decates

* LUNA has been leading the field exploring the lowest
astrophysical energies

* Undergound facilities are expanded worlwide

* Felsenkeller facility has explored several science cases
in less than five years and has developed the first jet
target in underground lab

Cosmic Rays I

* More precision measurements exploring astrophysical proten H“. R Big Bang I
scenarios for H burning, He burning, carbon burning, + neutrons
with the effort of collaborative facilities are planned
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Summary

* Underground nuclear astrophysics has contributed to the
comunity for over three decates

* LUNA has been leading the field exploring the lowest
astrophysical energies

* Undergound facilities are expanded worlwide

* Felsenkeller facility has explored several science cases
in less than five years and has developed the first jet
target in underground lab

* More precision measurements exploring astrophysical
scenarios for H burning, He burning, carbon burning,
with the effort of collaborative facilities are planned

Felsenkeller team, July 2025
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NuFFER - NUPECC Forum For Early-career Researchers

Our mission
* Support early-career researchers (ECRSs) in nuclear physics across Europe

* Provide visibility and recognition to young scientists

* Represent their needs and interests in the NUPECC decision making

* Encourage participation in strategic discussions that determine the future of .

nuclear science in Europe

* Inform about opportunities for development

How to connect?
Subscribe to the
NuFFER mailing list

Chair
Eliana Masha
HZDR, Germany

WP VY

Nuclear Physics European Collaboration Committee

FER

NuPECC Forum
For Early-career
Researchers

Current representative members

AAAAAAA

Y e.masha@hzdr.de o
Co-chair 9 g
E Bianca Scavino
Uppsala University, Sweden e
bianca.scavino@physics.uu.se  °
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