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The periodic table: Neutron capture: rapid and slow processes 
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The two astrophysical neutron capture processes, and the g-process
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13C(a,n)16O neutron source for the astrophysical s-process

Ciani et al. (LUNA), Phys. Rev. Lett. 127, 152701 (2021) 
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13C(a,n)16O neutron source for the astrophysical s-process

Ciani et al. (LUNA), Phys. Rev. Lett. 127, 152701 (2021) 
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13C(a,n)16O neutron source for the astrophysical s-process

original Harissopulos data. These two fits differ from each
other by a factor of 2 at 0.35 MeV. Such a large systematic
uncertainty in their extrapolation is eliminated by our
consistent measurement, which rules out the lower nor-
malization of Harissopulos et al. [29]. Drotleff et al. [25]
was the best measurement before ours at the energy around
0.35 MeV. While our data above 0.4 MeV are in good
agreement with those of Drotleff, our data around
0.27 MeV are about 50% lower and disagree with the
upturning trend in this dataset. The nearly 60% uncertainty
in Ref. [25] within the Gamow window has been reduced
to 15%.
The S factor at Ec:m: < 0.24 MeV was obtained using

an R-matrix analysis [45] in the range of Ec:m: ¼
0.24–1.9 MeV using the code AZURE2 [46,47]. In our
analysis, we only included our measurements of the
13Cðα; nÞ16O cross section, to eliminate the systematic
uncertainty of the inconsistent datasets, and the 16Oþ n
total cross section [48].
Our best fit is shown together with its estimated

uncertainty in Fig. 1. The screening potential (Ue) is fitted
to be 0.78% 0.43 keV. It agrees with the theoretical
prediction of Ue ¼ 0.937 keV using the adiabatic limit
while ruling out the larger prediction of Ue ¼ 2 keV [49].
Our fit is about 15% systematically higher than the LUNA
measurement [7]. The reduced χ2 of the LUNA data is 25
by using their best fit. It drops to 1.02 with our fit
after the normalization and excluding the point at
Ec:m: ¼ 0.29 MeV, which is 5σ lower than our best fit.
Although the LUNA measurement agrees with ours

within the quoted errors, the inconsistency between the
measurement of Harissopulos et al. [29] and other mea-
surements at higher energies leads to a ∼50% difference
between the upper and the lower limits of the reaction
rate recommended by LUNA at T9 ¼ 0.1–0.3. This

demonstrates a key limitation of the LUNA measurement,
that its limited energy range did not allow for a direct
comparison with higher energy data. Using our consistent
measurement over a board energy range, the uncertainty of
our fit is reliably constrained to the level of < 16% at the
Gamow windows of s- and i-processes.
The extrapolated S factor toward lower energy is domi-

nated by the α reduced width γα or the Coulomb renorma-
lized asymptotic normalization coefficient (C̃2) of the 1=2þ

threshold state. TheR-matrix analysis performed in previous
works involved fixing the ANC of the threshold state to
values obtained from indirect measurements. However, the
uncertainties in these ANCs often suffer from difficulties to
quantify systematic uncertainties from the models used to
obtain them. The lower and higher limits of themeasured C̃2

differ from each other by a factor of ∼5 [27]. These
systematic uncertainties have been eliminated in our fit
by treating the Γα of this state as a free parameter. The
reduced widths γα obtained from our best R-matrix analysis
is −0.14ð2Þ MeV1=2 with a channel radius of 6.684 fm
and Ex ¼ 6.3772 MeV, corresponding to an ANC of
C̃2 ¼ 2.1ð5Þ fm−1 with Ex ¼ 6.356 MeV [50,51]. Our
value is slightly lower than the indirect measurements of
3.6ð7Þ fm−1 [52] and agrees with 2.7ð8Þ fm−1 [5,53] and
4.5(2.2) [54]. For the first time, we not only validate the α
width of the threshold state obtained with the indirect
method using the direct measurement, but also determine
the interference pattern in the R-matrix analysis. As LUNA
used the higher C̃2 from Avila et al. [52] to constrain their
extrapolation toward lower energies, our best fit is 23%
lower than their best fit at Ec:m: ¼ 0.19 MeV, the center of
the Gamow window for T9 ¼ 0.1 (see Fig. 2). At the same
energy, with the combination of a larger reduced width [52]
and the cross section of Harissopulos et al. [29], the “low
LUNA” fit is 11% lower than our best fit.
The 13Cðα; nÞ16O reaction rate is calculated by numerical

integration of the standard reaction rate equation [55]:

FIG. 2. The Gamow function of 13Cðα; nÞ16O at T9 ¼ 0.1 and
0.2. Color coding is identical to Fig. 1.
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FIG. 1. The S factor of the 13Cðα; nÞ16O reaction. The un-
certainties from the fit to the JUNAþ SCU data are indicated by
dotted lines. The best fit and lower limit recommended by LUNA
[7] are shown as black and blue dashed lines, respectively. The S
factors have been corrected with the screening potential
Ue ¼ 0.78 keV. The temperatures in T9 on the top correspond
to the center energy of the Gamow window on the bottom.

PHYSICAL REVIEW LETTERS 129, 132701 (2022)

132701-4

LUNA = deep underground
 Gran Sasso/Italy
 Ciani et al. 
 PRL 127, 152701 (2021) 

JUNA = deep underground
 Jinping/China
 Gao et al. 
 PRL 129, 132701 (2022)
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22Ne(a,n)25Mg neutron source for the astrophysical s-process
LUNA = deep underground Gran Sasso
 Piatti et al. EPJA 58, 194 (2022) 
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Lithium-6, between cosmic-ray and Big Bang production
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group (SRG) transformation in three-body space with a
momentum resolution scale of λ ¼ 2 fm−1 [32]. The eigen-
states of the aggregate 6Li, 4He, and d nuclei are obtained
using a basis of many-body harmonic oscillator wave
functions with frequency ℏΩ ¼ 20 MeV and a maximum
number Nmax ¼ 11 of particle excitation quanta above the
lowest energy configuration of the system. Discussions on
the choice of the microscopic Hamiltonian, the influence
of the SRG transformation on the electromagnetic operators,
and the convergence of our predictions can be found in the
Supplemental Material [33] (which includes Refs. [34–38]).
Our predicted S factor agrees well with available existing

experimental data [4,6,39,40] (top panel of Fig. 1). Overall,
when only the SRG-evolved NN potential is considered
(NN-only), our calculation reproduces well the magnitude
of the data, particularly at low energies where it agrees with
the direct measurements of the LUNA collaboration [4].
Our results are however incompatible with the ones inferred

from breakup data [6], which, as discussed before, have
been shown to suffer from model dependence [7].
However, this NN-only prediction misses the positions
of the 3þ and 2þ resonance peaks respectively measured
by Mohr et al. around E3þ ¼ 0.71 MeV [39] and by
Robertson et al. around E2þ ¼ 2.84 MeV [40]. This is
expected because both the chiral and SRG-induced 3N
forces strongly affect the splitting between the 3þ and 2þ

states [22]. When both NN and 3N forces (both chiral and
SRG induced) are considered, the 6Li 3þ and 2þ resonances
are in excellent agreement with the direct measurements of
Mohr et al. and Robertson et al., but the ground state (g.s.)
is overbound by ∼310 keV (see Supplemental Material
[33]). Compared to the NN-only case, the inclusion of the
3N forces modifies the 6Li g.s. properties, namely its
binding energy and asymptotic normalization constants
(ANCs) in the l ¼ 0 (C0) and l ¼ 2 (C2) partial waves in the
relative 4He-d motion (see Table I), causing small changes
in the magnitude and the slope of the S factor at low
energy [41,42].
To improve our evaluation of the S factor at low energy

[41,42], we correct the overbinding of the 6Li g.s. by
shifting only the energies of the 1þ g.s. and 2þ resonant
eigenstates of the aggregate 6Li system such that the full
NCSMC to reproduce the experimental energies, as done in
Refs. [23–25,47]. This fine-tuning (NNþ 3Nloc-pheno)
impacts mainly the low-energy part of the S factor and
the energy region close to the 2þ resonance. This phe-
nomenological correction also brings the predicted ANCs
(C0 and C2) closer to the values inferred from the low-
energy 6Li-4He and 4He-d phase shifts in Refs. [45,46] (last
column of Table I). The uncertainty associated with our
NNþ 3Nloc-pheno results are estimated from the errors
arising from the truncation of the model space in the
number of excitation quanta Nmax and the choice of the
chiral 3N force (see Supplemental Material [33]). Because
our predictions reproduce low-energy capture and elastic-
scattering observables (see Supplemental Material [33]),
the discrepancy between our prediction for C0 and previous
works extracting ANCs from phase shifts is most likely due
to systematic uncertainties owing to the use of optical
potentials [48–50] or to the extrapolation procedure to the
experimental binding energy [51,52] that have not been
quantified in Refs. [45,46]. Moreover, our ratio C0=C2 is in
excellent agreement with the previously extracted evalu-
ation of Ref. [45], for which systematic uncertainties have
been accounted for.
The relative importance of the electromagnetic E2, E1,

and M1 transitions varies with energy (bottom panel of
Fig. 1). We find that the E2 transitions dominate the
nonresonant and resonant capture, in line with previous
works [8–17]. Different from those studies, we obtain
larger E2 strengths, that can be explained, as the E2
operator [Eq. (2)] is long ranged, by the larger amplitude
of the 6Li g.s. at large distance, i.e., by the larger value of

FIG. 1. Top: predicted S factor for the 4Heðd; γÞ6Li compared
with data taken from Refs. [4] (red circles), [6] (blue square), [39]
(green down-triangles), and [40] (black up-triangles). Calcula-
tions are obtained using the SRG-evolved N3LO NN potential
[43] (NN-only) with λ ¼ 2 fm−1, the NNþ 3Nloc [28,30] without
(NNþ 3Nloc), and with the phenomenological energy adjustment
(NNþ 3Nloc-pheno). Bottom: E2, E1, and M1 components of
the predicted S factor for the 4Heðd; γÞ6Li obtained with the
NNþ 3Nloc-pheno.

PHYSICAL REVIEW LETTERS 129, 042503 (2022)

042503-3

Experiment Anders et al. (LUNA) PRL 113, 042501 (2014)

New theory Hebburn et al. PRL 129, 042503 (2022)
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Underground ion accelerators worldwide – starting from LUNA

04.03.25 Daniel Bemmerer: Nuclear reaction experiments9

The workhorse, commissioned in 2001 and still going strong:

LUNA 400 kV ion accelerator for 1H+ and 4He+ ions

◆ Solar hydrogen burning
◆ Big Bang nucleosynthesis

Gran Sasso lab, Italy – 1400 m rock equivalent to 3800 m water



Underground ion accelerators – new players on three continents
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25Mg(p,γ)26Al, 
Su J et al. Sci. Bull., 67(2022)125 .

19F(p,αg)16O, 
L.Y. Zhang, et al., PRL 127(2021)152702. 

Ion source LET Acceleration
HET

HV platform

Detector
Ana. magnet

Focus

W. P. Liu et al., Sci. China 59(2016)5785.

13C(α,n)16O, B.S. Gao, et al., 
PRL 129(2022)132701

Nuclear astrophysics
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double beta decay

Dark matter
Pandex

Dark matter
CDEX

Neutrinoless
double beta decay

Neutrino
experiment

explain Ca abn in oldest star！

19F(p,!)20Ne, 
L. Y. Zhang, J. J. He*, …, WPL*
Nature Nature 610(2022)656
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Dresden Felsenkeller underground lab, below 45 m of rock
Joint effort HZDR – TU Dresden
u Investment by TU Dresden (Kai Zuber et al.) 

and HZDR (Daniel Bemmerer et al.)
u Day to day operations by HZDR

Two main instruments
u HZDR: 5 MV Pelletron, 30 µA beams of 1H+, 4He+, 12C+, ...
u TU Dresden: 163% ultra-low-background HPGe detector

for offline radioactivity measurements

45 m
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Felsenkeller: Studying low cross sections with  low background
200× lower neutron background
Phys. Rev. D 101, 123027 (2020)

40× lower muon background
Astropart. Phys. 112, 24 (2019)

100× lower g-background
Eur. Phys. J. A 51, 33 (2015)
Astropart. Phys. 148, 102816 (2023)
Eur. Phys. J. A 61, 19 (2025)
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Felsenkeller 5 MV underground ion accelerator

5 MV accelerator (0.4-3.8 MV), two alternative ion sources
◆ Internal RF ion source: 30 µA 1H, 4He
◆ SNICS sputter ion source: 30 µA 12C 

◆ 24 hour operation permitted even without operator
◆ Personnel is allowed at target while beam is on
◆ Control and counting rooms at surface
◆ EU-supported transnational access

Accelerator Internal ion source External ion source

Irradiation station with 20+ HPGe crystals
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Jet gas target system at Felsenkeller
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Jet gas target system at Felsenkeller
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Time-inverted experiments for the r-process at the R3B experiment, GSI 

R3B = Reactions with Relativistic Radioactive
 Beams @ GSI and FAIR

 Röder, DB et al. PRC 93, 065807 (2016) 
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Collaboration with R3B @ FAIR Study of a possible re-instrumentation of NeuLAND with 
SiPMs, experiments at HZDR ELBE electron beam
◆ Linearity (<10% deviation)
◆ Dark count rate (< cosmic rate)
◆ Time resolution (< 100 ps)

T. Hensel et al. Nucl. Inst. Meth. A 1048 (2023) 167972
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ChETEC-INFRA EU project for nuclear astrophysics [ketek-infra] 

◆ Starting Community of research infrastructures
◆ 31 partners in 17 EU+ countries
◆ May 2021 – October 2025
◆ 5 M€ support by EU

The present:
General Assembly (June 2022, Padova)

https://www.chetec-infra.eu

The future:
Nuclear Physics in Astrophysics School (Sept. 2022, CERN)

04.03.25 Daniel Bemmerer: Nuclear reaction experiments19



Nuclear astrophysics masterclasses  http://mc.chetec-infra.eu 
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Hannes Nitsche von der TU Dresden zeigt an der Nuklid-Karte: Rot ist das Tal der Stabilität.

Der Kernphysiker Simon Rümmler (vorn) und Hannes Nitsche, der über Wissensvermittlung promoviert, verraten
den Spremberger Jugendlichen auch, was die Forschung noch nicht herausgefunden hat.

Wörter: 983

© 2022 PMG Presse-Monitor GmbH & Co. KG

◆ 1 full day outreach to secondary school students
◆ Ready-made solution, available in 7 languages, 

more to come
◆ Based on model from ATLAS@CERN outreach 

Hannes Nitsche von der TU Dresden zeigt an der Nuklid-Karte: Rot ist das Tal der Stabilität.

Der Kernphysiker Simon Rümmler (vorn) und Hannes Nitsche, der über Wissensvermittlung promoviert, verraten
den Spremberger Jugendlichen auch, was die Forschung noch nicht herausgefunden hat.

Wörter: 983

© 2022 PMG Presse-Monitor GmbH & Co. KG

◆ Looking for nuclear astrophysics PhD students to 
teach 1-day masterclasses in their native language!

◆ Looking for translators to add new languages!
◆ Topic 1 14N(a,g)18F – experimental nuclear physics 
◆ Topic 2 Fingerprints of the stars – Li astronomy

◆ English (master copy)
◆ German
◆ French
◆ Italian
◆ Czech
◆ Bulgarian
◆ Upper Sorbian



31 partners in ChETEC-INFRA
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Eine Region für Astrophysik, Technologie 
und Digitalisierung

Möglicher Standort des Einstein-Teleskop mit dem unterirdischen 
Low-Seismic-Lab

Ein Zentrum für Astrophysik 
mit fortschrittlicher 
Computertechnik und 
Technologieentwicklung

Low-Seismic Lab in 
einem seismischen Käfig

Courtesy Christian Stegmann / DESY

2204.03.25 Daniel Bemmerer: Nuclear reaction experiments



Das Low-Seismic-Lab

• Technologieentwicklung für die 
Gravitationswellenastronomie

• Adaptive seismische
Rauschunterdrückung

• Sub-Nanometer-Mikroskopie und 
Photolithographie

• Astrophysik mit Beschleunigern

Low-Seismic Lab in 
einem seismischen Käfig

Courtesy Christian Stegmann / DESY
2304.03.25 Daniel Bemmerer: Nuclear reaction experiments



DZA Low Seismic Lab, at the „sweet spot“ for nuclear astrophysics
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State of the art on 12C(a,g)16O and potential for Felsenkeller…
…using 12C+ beam, gas target
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