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Nuclear astrophysics: The Felsenkeller lab in Dresden
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Big Bang Nucleosynthesis (BBN) and 2H (D) as a cosmological probe
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Big Bang Nucleosynthesis (BBN) and 2H (D) as a cosmological probe

Astronomical 2H observations:
Cooke et al. ApJ 855, 102 (2018)

The Astrophysical Journal, 781:31 (16pp), 2014 January 20 Cooke et al.

Figure 2. The top panel displays a portion of the flux-calibrated HIRES spectrum near the damped Lyα line at zabs = 3.06726 toward J1358+6522 (black histogram)
together with the error spectrum (continuous blue line). The dashed green line marks the best-fitting zero level of the data, and the dashed blue line shows the best-fitting
continuum level. The solid red line shows the overall best-fitting model to the DLA. The bottom panel shows a zoom-in of the data and model; the weak absorption
feature that we have modeled on the blue wing of Lyα is Si iii λ1206.5 at the redshift of the DLA (∼4907 Å in the observed frame).
(A color version of this figure is available in the online journal.)

difference in the χ2 between successive iterations was <0.01,
the parameter values were stored and the χ2 minimization
recommenced with a tolerance of 10−3. Once a successive
iteration reduced the χ2 by <10−3, the minimization was
terminated and the parameter values from the two convergence
criteria were compared. If all parameter values differed by
<0.2σ (i.e., 20% of the parameter error), then the model fit
has converged.

As a final step, we repeated the χ2 minimization process
20 times, perturbing the starting parameters of each run by
the covariance matrix. This exercise ensures that our choice
of starting parameters does not influence the final result. We
found that the choice of starting parameters has a negligible
contribution to the error on D i/H i (typically 0.002 dex), but
can introduce a small bias (again, typically 0.002 dex). We have
accounted for this small bias in all of the results quoted herein.

3.3. Component Structure

Most of the narrow, low-ionization metal lines of the
DLA toward J1358+6522 consist of a single component at
zabs = 3.067259. A second weaker component, blueshifted by
17.4 km s−1 (zabs = 3.06702), contributes to Si iii λ1206.5
and to the strongest C ii and Si ii lines. Evidently, this weaker
absorption arises in nearby ionized gas.

In fitting the absorption lines, we tied the redshift, turbulent
Doppler parameter, and kinetic temperature of the gas to be the
same for the metal, D i, and H i absorption lines. We allowed
all of the cloud model parameters to vary, while simultaneously
fitting for the continuum near every absorption line. Relevant
parameters of the best-fitting cloud model so determined are
collected in Table 1. Figures 2, 3, and 4 compare the data and

model fits for, respectively, the damped Lyα line, the full Lyman
series, and selected metal lines. [Since the metal lines analyzed
here are the same as those shown in Figure 1 of Cooke et al.
(2012), albeit now with a higher S/N, we only present a small
selection of them in Figure 4 to avoid repetition]. The best-fitting
chi-squared value for this fit is also provided for completeness.14

Returning to Table 1, it can be seen that we found it necessary
to separate the main absorption into two separate components,
labeled 1a and 1b in the table. A statistically acceptable fit15 to
the metal, D i and H i lines could not be achieved with a single
absorbing cloud in which the turbulent broadening is the same
for all species and the thermal broadening is proportional to
the square root of the ion mass (i.e., b2

th = 2KT/m, where K
is the Boltzmann constant). The main absorption component
of this DLA appears to consist of two “clouds” with very
similar redshifts, temperatures, and H i column densities, but
with significantly different turbulence parameters (see Table 1).
The turbulent broadening for component 1a is bounded by
the metal lines, whereas the thermal broadening is bounded
by the relatively narrow H i line profiles. This combination of
turbulent and thermal broadening is unable to reproduce the
observed widths of the strongest D i lines, which require an
additional component with a larger contribution of turbulent
broadening. Surprisingly, metal absorption is only seen in the

14 We caution that the quoted chi-squared value is likely underestimated in our
analysis because: (1) there is some degree of correlation between neighboring
pixels that is not accounted for in the error spectrum, and (2) the continuum
regions selected tend to have lower fluctuations about the mean than average.
15 The addition of an extra absorption component (i.e., three components as
opposed to two, and four additional free parameters) reduces the minimum
chi-squared value by ∆χ2

min # 660, which is highly significant (see, e.g.,
Lampton et al. 1976).

6
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Big Bang Nucleosynthesis (BBN) and 2H (D) as a cosmological probe
Eur. Phys. J. A (2020) 56 :144 Page 5 of 9 144
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Fig. 5 Top: Calorimeter electrical calibration function obtained by fit-
ting the electrical current reading Wel as a function of W0 − Wrun.
Bottom: Relative residuals with respect to the linear fit

where e is the elementary charge, Ep is the initial proton beam
energy, and ∆E is the energy lost by the beam in the gas target
(at most 3 keV), as calculated using tabulated stopping power
values (with an uncertainty of 2.8% for protons in deuterium
gas) in SRIM [27] and including the beam heating correction.
For each run, the total number of protons Np (Eq. 1) can
finally be derived from the beam current as Np = I∆t/e
where ∆t is the live time of the run.

5 Detection efficiency setup and measurement

In the extended deuterium gas target the interaction with the
proton beam can take place at different positions along the
beam axis, resulting in different energies of the emitted pho-
tons (for the same beam energy) and in different geometrical
angles subtended by the HPGe detector. Therefore, the γ -
ray detection efficiency ε(z, Eγ) (Eq. 1) must be carefully
determined as a function of both position and energy.

For the conditions of the experiment at LUNA, the γ rays
emitted by the D(p,γ)3He reaction (Q = 5.5 MeV) have
typical energies Eγ = 5.5−5.8 MeV, i.e. far away from the
energy of the commonly used radioactive sources. Thus, a
measurement of the detection (photo-peak) efficiency was
performed using a different technique based on the well-
known resonant reaction 14N(p,γ1γ2)15O, which produces
pairs of γ rays over a wide energy range (see Sect. 5.1).

For the photo-peak efficiency measurements we used the
following experimental setup. In addition to the HPGe detec-
tor (hereafter Ge1) used for the D(p,γ)3He yield measure-
ments, a second HPGe detector (hereafter Ge2) with 125%
relative efficiency was mounted on a movable platform, as
shown in Fig. 6, in order to change its position along the beam
axis. Detector Ge2 was surrounded by a 50 mm thick lead
shielding with a vertical slit 15 mm wide facing towards the
reaction chamber. This lead collimator allowed us to select γ

Fig. 6 3D rendering of the setup showing the two HPGe detectors
used for efficiency measurements and the ports used to monitor the
temperature and pressure profiles of the gas target. Errors shown are
statistical only

Fig. 7 Sketch of the electronic chain of the data acquisition system

rays generated within a well-defined position along the beam
axis.

Signals from both the Ge1 and Ge2 detectors were sent
to a CAEN N6724 waveform digitizer. A sketch of the elec-
tronic chain is shown in Fig. 7. A pulser producing constant-
amplitude signals (4 Hz) with the same shape as those pro-
duced by the Ge1 preamplifier was connected to the first
channel of the CAEN digitizer. The same signal, together
with that from the Ge1 detector preamplifier, was also used
as input to a custom analog fan-in based on the THS403x
amplifier whose output was fed to the second channel of the
CAEN digitizer. Finally, the output from the Ge2 preampli-
fier was connected to a third channel of the CAEN module.
A trapezoidal filter was applied to determine the height of
the signals and this information was stored, together with the
signal time stamp, for offline analysis. In this way, the DAQ
dead time was quantitatively corrected for by using the pulser
method [28], i.e. by comparing the rate of pulser signals sent
to channel 2 with the reference pulser signals sent to chan-
nel 1. The dead-time correction during D(p, γ)3He runs was
typically below 1%.

5.1 Gamma-ray detection efficiency

The 14N(p,γ1γ2)15O reaction has been studied extensively
by the LUNA collaboration [29,30]. At the resonant energy
Er = 259 keV [31] (in the centre of mass system; Γ =

123
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Mossa et al. (LUNA), Nature 587, 210 (2020)
K. Stöckel et al. (LUNA), Phys. Rev. C 110, L032801 (2024)
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Big Bang Nucleosynthesis (BBN) and 2H (D) as a cosmological probe

⌦bh
2 = 0.02271± 0.00062 BBN, before newLUNAdata

⌦bh
2 = 0.02233± 0.00036 BBN, including newLUNAdata

⌦bh
2 = 0.02236± 0.00015 CosmicMicrowaveBackground

<latexit sha1_base64="Ah1XJcU7U59ylkHW1AqW1S6gpzU="></latexit>

Using 2H from BBN to determine the 
cosmic baryon density:
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Measuring very small cross sections, two examples
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Dresden Felsenkeller underground lab, below 45 m of rock

v22d
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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 2021-2025

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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The periodic table: Hydrostatic stellar burning
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Study of the 12C(p,g)13N reaction at Felsenkeller and at LUNA
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Study of the 3He(a,g)7Be g-ray angular distribution at Felsenkeller

21.08.2025 Nuclear astrophysics and the Felsenkeller lab18



7Be and 7Li – wide scope for future study
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Science outlook for Felsenkeller... The long-term goal

◆ Study of the “holy grail” reaction

21.08.2025 Nuclear astrophysics and the Felsenkeller lab20
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Figure 3
The energy-level diagram of 16O and ground-state S factors relevant to 12C(α, γ ). Energies are specified in
MeV.

Cascade cross sections (feeding excited 16O states) are thought to be at least an order of magnitude
smaller. The extrapolation is complicated by the fact that subthreshold resonances are present in
both the 1− and 2+ partial waves (Figure 3). Therefore, the cross section at astrophysical energies
is determined by the interplay between subthreshold and suprathreshold resonances; direct capture
must also be taken into account for the 2+ partial wave.

Although the most straightforward approach to improving extrapolation accuracy is to extend
direct measurements below 1 MeV, such efforts are very difficult due to the small and exponentially
decreasing cross sections. Much of the progress on the 12C(α, γ )16O reaction over the past two
decades has instead been driven by indirect methods such as 12C(α, α) (83), β-delayed α-decay
(84, 85), and transfer reactions (86, 87) and by measurements at high energies (88–90). These
measurements are helpful because they constrain the R-matrix model used to extrapolate the cross
section. The excitation energies and radiative widths of the subthreshold resonances are well
known, but their reduced α widths (or asymptotic normalization coefficients), by contrast, are
not, and that is where the major uncertainty lies. Much of the indirect work is focused on these
quantities.

The 12C(α, γ )16O reaction was reviewed in References 13 and 91; the latter estimated the un-
certainty in the reaction rate to be +13

−12%. Recently, new data and an analysis of the E2 ground-state
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ChETEC-INFRA EU project for nuclear astrophysics [ketek-infra] 

◆ Starting Community of research infrastructures
◆ 32 partners in 17 EU+ countries
◆ 2021 – 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)
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31 partners in ChETEC-INFRA
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HZDR Felsenkeller
Underground / DE

HZDR DREAMS 
AMS / DE 

Vienna University VERA 
AMS / AT

IANAO National Astronomical 
Observatory / BG

ASU Perek
Telescope / CZ

Nordic Optical Telescope
La Palma / ES (Arhus / DK)

Frankfurt University 
van de Graaf n-source / DE

PTB Ion Accelerator Facility / 
DE

University of Cologne
10 MV Tandem / DE

ATOMKI
Cyclotron / HU

Vilnius University Moletai
Astronical Observatory / LT

IFIN-HH 3 MV Tandetron
accelerator / RO

Hull University 
VIPER cluster

14 research infrastructures made accessible by ChETEC-INFRA

telescopes

supercomputers

laboratories

© INFN

Bellotti IBF, IT
Underground ion accelerator
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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
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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
2621.08.2025Nuclear astrophysics and the Felsenkeller lab



DZA Low Seismic Lab, at the „sweet spot“ for nuclear astrophysics
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Nuclear astrophysics: The Felsenkeller lab in Dresden

Big Bang
Cosmic
Stellar
r-process
s-process Further contributions: p-, i-, rp-, ν-processes

H He

Li Be B C N O F Ne

Na Mg Al Si P S Cl Ar

K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I Xe

Cs Ba La Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn

Fr Ra Ac

Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Th Pa U
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