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Charged-particle nuclear reactions at stellar energies
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Density of interacting nuclei
Relative velocity

Cross section

Maxwell – Boltzmann distribution
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Energy dependent cross-section

At astrophysical energies, the cross section can
be extremely small (fb – nb)
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Challenges of direct measurements

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

10-13 barn   (often even smaller)

Counting Rate = Np x Nt x cross section x detection efficiency 

1018 atoms/cm2  typical solid state targets

1014 pps (~100 mA q=1+) typical stable beam intensities

Counting Rate = 0.1- 10 counts/day
Signal to noise ratio extremely low
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Challenges of direct measurements

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

10-13 barn   (often even smaller)

Counting Rate = Np x Nt x cross section x detection efficiency 

1018 atoms/cm2  typical solid state targets

1014 pps (~100 mA q=1+) typical stable beam intensities

How to improve the signal to noise ratio?
 Improving “signal” (high beam currents, high target density, high efficiency)

 Reducing “noise” (background)

 Combination of both
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Underground nuclear astrophysics

LUNA@LNGS
(Gran Sasso mountain in Abruzzo, Italy)
Italy, Germany, UK, Hungary

First underground laboratory 
for nuclear astrophysics

mailto:LUNA@LNGS
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Why Underground?

LUNA/LNGS background reduction:

● Muon flux ~ 6 orders of magnitude
● Neutron flux~ 3 orders of magnitude
● Gamma ~ factor of 3

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

45 m

JUNA
2400 m underground
400 kV: H+, He+, He++

Imax = 1200 e A𝜇
Since 2021

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

Imax = 30e A𝜇
Since 2019

LUNA
1400 m underground
50 kV: H+, He+

400 kV: H+, He+

Imax = 100 -1000 e A𝜇
Since 1991/2003

CASPAR
1290 m underground
1 MV: H+, He+

Imax = 250 A𝜇
Since 2017 Bellotti IBF

1400 m underground
3.5 MV: H+, He+, C+, C++

Imax = 1000 e A𝜇
Since 2023
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Dresden Felsenkeller underground lab
Joint effort HZDR – TU Dresden, Germany
 Investment by TU Dresden (Kai Zuber et al.) 

and HZDR (Daniel Bemmerer et al.)
 Day to day operations by HZDR
 24h operation without operator

45 m

Eur. Phys. J. A 61, 19 (2025)
20.01.2026



E. Masha | Bormio 202612

Dresden Felsenkeller underground lab

45 m

20.01.2026

Turkat et al. Astropart. Phys. 148, 102816 (2023)

◆ Intensive 12C beam

◆ Intensity of 20-30 μA

◆ Other negatively charged ions possible 

External ion-source

Internal radio frequency ion-source

External ion-source

◆ Intensive 2H and 4He beams

◆ Beam current up to 30 μA 

Bunker for in-beam experimentsTunnel IX

Dresden Felsenkeller underground lab

Bunker for low-radiactivity 
measurements
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30 years of Underground nuclear astrophysics, LUNA

Big Bang NucleosynthesisBig Bang NucleosynthesisBig Bang Nucleosynthesis Solar H-burning, pp chain

Reaction network credits: F. Cavanna
Some of the lowest cross sections ever measured
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30 years of Underground nuclear astrophysics, LUNA

H-burning, CNO H-burning, NeNa and MgAl cycles

Pre-main sequence:

s-process nucleosynthesis:
Reaction network credits: F. Cavanna
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Underground nuclear astrophysics at Felsenkeller

Reaction studies with solid target + HPGe detectors
• 3He(α,ɣ)7Be  Szücs et al.

• 2H(p,ɣ)3He Masha, Caciolli et al.

• 12, 13C(p,ɣ)13,14N Piatti et al.

• 12C+12C Ferraro et al.

• 15N(α,ɣ)19F Marsh et al.

Reaction studies with gas-jet target + HPGe detectors

• 14N(α,ɣ)18F Cavanna et al.

Reaction solid target + FELICITAS detector

• 15N(α,ɣ)19F Marsh, Caciolli et al.

Reaction studies with solid + LaBr3+ particle detection
• 12C+12C  Heine et al. 

Big Bang  Nucleosynthesis

Hydrogen Burning

Helium Burning

Carbon Burning

2022

2025
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Big Bang Nucleosynthesis (BBN): 2H(p,γ)3He reaction

Primordial 2H abundance

Direct observations: Absorption lines in DLA systems

Predicted abundance: BBN theory,  cosmological parameters and 
the cross sections of the nuclear reactions responsible for 2H creation 
and destruction [D/H]BBN

[D/H]OBS = (2.527 ± 0.030) x 10-5

Cooke et al, APJ 855 (2018) 102 

[D/H]BBN = (2.587 ± 0.055) x 10-5

[D/H]BBN = (2.439 ± 0.052) x 10-5

Planck, A&A 641 (2018) A6 

Different adopted 
cross sections

Primordial 2H is an excellent baryometer: 
Comparison of  [D/H]OBS and [D/H]BBN →  Universal Barion density WB and/or Neff 
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Big Bang Nucleosynthesis: 2H(p,γ)3He reaction

BBN energies

Systematic uncertainty 
reduced to < 3%

First direct measurement at BBN energies at LUNA, Italy  (2020)

Baryon density 
 Using  PARTHENOPE code comparing [D/H]OBS and 

[D/H]BBN
 Neff from Standard Model
 Comparison with Planck results

Cosmological 
implications
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Big Bang Nucleosynthesis: 2H(p,γ)3He reaction

 High energy fit (HZDR) agrees within <1.2 % with LUNA 
fit in the BBN range 

 For Ep > 400 keV discrepancies of 10 % between LUNA 
and HZDR

 No direct gamma ray angular measurement which 
might effect ab-initio calculation available

New measurement performed at 
Felsenkeller lab, Germany 

Turkat et al. HZDR (2021)
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Big Bang Nucleosynthesis: 2H(p,γ)3He reaction
Setup: solid target setup +  21HPGe detectors for angular coverage

Angular distribution 
Astrophysical S-factor

PRELIMINARY
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Hydrogen burning: 12,13C(p,γ)13,14N reactions
Astrophysical motivation
 Reactions of the CNO cycle
 Govern 12C and 13C amount in the stellar cores

 The 12C/13C ratio: obtained from stellar spectra
 Asymptotic Giant Branch (AGB) undergo heavy mixing
 Precise 12C/13C ratio in the core can constrain the 

mixing models



E. Masha | Bormio 202621 20.01.2026

Hydrogen burning: 12,13C(p,γ)13,14N reactions
Measurements at low energies at LUNA, Gran Sasso, Italy 

HPGe setup BGO setup
 Close geometry (1.4 cm) at 0°
 Far geometry (15 cm) at 55°
 Excellent energy resolution

 Almost 4π geometry
 Segmented in 6 different crystals
 Target check with HPGe at 55°
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Hydrogen burning: 12,13C(p,γ)13,14N reactions
Measurements at high energies at Felsenkeller

 Several HPGe detectors at different angle

 LN2 cooled targets for the p+ 12C campaign

 Water cooled targets for the p+13C campaign 

 Pb shielding for further background reduction

 Angular distribution data available
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Hydrogen burning: 12,13C(p,γ)13,14N reactions
Overall measurements

12C(p, γ)13N 13C(p, γ)14N

J. Skowronski et al. Phys. Rev. C 111, 064611 (2025 )
Good agreement low energy – high energy!

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

ion beam
direction

extended, 
static

gas target

stage 
1

stage 
3

stage 
2

chambe
r

catche
r

beam 
calorimeter

A. Yadav PhD project

Nucl. Inst. Meth. A 1082, 171034 (2025)
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Jet thickness using laser interferometry
Mach-Zehnder Interferometer

 Optical path length difference depends on: 

 Gas refractive index 

 Density distribution

 Path length shift for N₂ (0.11 μm)

Nucl. Inst. Meth. A 1082, 171034 (2025)
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First gas-jet target experiment: 14N(α,γ)18F reaction 

 Affects the production of 19F

 Influence the  synthesis of 22Ne via 
14N(α, γ)18F(β±)18O(α, γ)22Ne, main 

neutron source in massive stars via the 
22Ne(α, n)25Mg

New data of low-energy resonances (Eα= 0.4 – 1.6 MeV) are still needed

Helium burning
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First gas-jet target experiment: 14N(α,γ)18F reaction 

Preliminary results
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The Future: Solar hydrogen burning
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The Future: Solar hydrogen burning
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The Future: Solar hydrogen burning
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The Future: Helium burning

Helmholtz Young Investigator 
PI: E. Masha, HZDR
2026-2030

The rate of the 12C(α,γ)16O nuclear reaction 
(“Holy Grail”)  remains highly uncertain

● New 4He jet target for angular distribution 
at high energies

● High efficiency setup at lower energies

Underground measurements
Underground measurements

Underground measurements

GSI
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The Future: Stellar Carbon burning
In stars, carbon burning is the first evolutionary stage involving the fusion of heavy ions

M < Mup

White dwarfs/classical novae
M > Mup

Supernovae→ neutron stars and black holes

MUP (and hence the whole life and fate of a star) depends on the 12C+12C cross section

Image credit ESA/Hubble & NASA Image credit NASA/ESA

Only stars with mass higher than a threshold MUP (~ 8 MSUN) can ignite carbon burning:
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The Future: Stellar Carbon burning

12C+12C → 20Ne + α (+γ) (Q = 4.62 MeV)
 → 23Na + p (+γ) (Q = 2.24 MeV)

ASTRO ENERGIES
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Measurement started at the Bellotti IBF/LNGS
1H+ (TV: 0.3 – 3.5 MV): 500-1000 μA

12C+ (TV: 0.3 – 3.5 MV): 150  μA
12C++ (TV: 0.5 – 3.5 MV): 100  μA

4He+ (TV: 0.3 – 3.5 MV): 300-500 μA

Gamma detection campaign 
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Summary

20.01.2026

● 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
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Summary

20.01.2026

● 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 

LUNA collaboration, July 2023 
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NuFFER - NuPECC Forum For Early-career Researchers

How to connect?
Subscribe to the 
NuFFER mailing list

Our mission
 Support early-career researchers (ECRs) 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  

Current representative members
Austria

Belgium
France

Germany
Greece

Hungary
Italy

Norway
Poland

Romania
Slovakia
Slovenia

Spain
Sweden

Switzerland
UK

Ukraine

Chair 
Eliana Masha
HZDR, Germany
e.masha@hzdr.de
Co-chair 
Bianca Scavino
Uppsala University, Sweden
bianca.scavino@physics.uu.se
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