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Nuclear Astrophysics: The creation of the chemical elements 

Astronomy 

Astrophysics 

Nuclear 
Physics 

Connections to  
astroparticle physics: 
u  Big Bang nucleosynthesis 
u  Solar neutrino fluxes 
u  Cosmic-ray cross sections 
u  r-process in explosive events 

Experimental techniques 
u  Underground physics 
u  γ-ray satellites 
u  Radioactive (ion) beams 
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Nuclear Astrophysics: The production of the chemical elements 
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Hydrogen burning 
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Formicola et al. (LUNA) 2004 
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CNO cycle half as fast as 
previously believed 

Some surprises 2015 
and again 2018…  
see next slide 
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LUNA = Laboratory Underground for Nuclear Astrophysics 

LUNA approach:  
Measure nuclear reaction cross sections 
at or near the relevant energies  
(= Gamow peak), using  

•   high beam intensity 
•   low background 
•   great patience 
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22Ne(p,γ)23Na, part of the H-burning NeNa cycle 

F. Cavanna et al. (LUNA) 
Phys. Rev. Lett. 115, 252501 (2015) 
D. Bemmerer et al. (LUNA) 
Europhys. Lett. 122, 52001 (2018) 
Three new resonances discovered! 
 
F. Ferraro et al. (LUNA) 
Phys. Rev. Lett., submitted  
Two old resonances ruled out! 
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22Ne(p,γ)23Na and the Na – O anticorrelation 

4830 A. Slemer et al.

Figure 10. O–Na anticorrelation in stars of GGCs. Observed data are the same as in Fig. 9. In each panel, the sequence of filled squares (from right to left)
corresponds to the elemental ratios [Na/Fe] and [O/Fe] in the TP-AGB ejecta of stars with initial composition Zi = 0.0005, [α/Fe] = 0.4 and masses from 3.0
to 5.0 M⊙ in steps of 0.2 M⊙. Few selected values of the mass (in M⊙) are indicated nearby the corresponding model. Panels of the left row: all models share
the same AGB phase prescriptions (our reference case M13), but for the rate of 22Ne(p, γ )23Na (see Table 1). Panels of the right row (from top to bottom):
results obtained with the LUNA rate, but varying other model assumptions, as described in Table 2 and marked by the corresponding capital letter on the
top-left. See the text for more explanation.

bend over the populated region is to invoke a dilution process with
gas of pristine composition that basically shares the same chemical
pattern as the field stars of the same [Fe/H].

According to a present-day scenario, the observed anticorrela-
tion would be the result of multiple star formation episodes within
GGCs, in which the ejecta of AGB stars from a first genera-
tion polluted the gas involved in the subsequent secondary star

formation events (Ventura & D’Antona 2008). In this framework,
GGC stars that populate the upper region of the anticorrelation (high
Na, low O) would exhibit the chemical abundances of pure AGB
ejecta, while stars on the opposite extreme (low Na, high O) would
sample a pristine composition, typical of the first generation. In
between are all the GGC stars born out of a mixture in which the
AGB ejecta were partially diluted into a pristine gas.
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Orange: Observations 
for 17 globular clusters 

Black: AGB star models,  
with old 22Ne(p,γ)23Na rate 

A. Slemer et al.,  
Mon. Not. Royal Astron. Soc. 
465, 4817 (2017) 

F. Ferraro et al. (LUNA), 
preliminary 
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17O(p,α)14N, low-energy resonance and its consequences 
2× higher thermonuclear reaction rate leads to 
better explanation of oxygen abundance 
patterns in meteoritic grains. 
 
C. G. Bruno et al. (LUNA),  
Phys. Rev. Lett. 117, 142502 (2016) 
M. Lugaro et al. (LUNA),  
Nature Astronomy 1, 0027 (2017) 
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18O(p,α)15N, yet another poorly known low-energy resonance 

C. G. Bruno et al. (LUNA), 
preliminary 

2

latter two resonances, results on their energy and partial
widths are largely inconsistent [13], and tensions have
also been reported between the cross section of di↵erent
datasets at energies Ec.m.  1 MeV [13]. While the exci-
tation function has been measured directly to energies as
low as Ec.m. = 70 keV [10], significant uncertainties re-
main that a↵ect the cross-section extrapolation to lower
energies. In addition, the energy and partial widths of a
Er = 90 keV resonance were questioned in recent theo-
retical work [14].

This letter presents the results of a direct underground
measurement of the 18O(p,↵)15N reaction cross-section
from Ec.m. = 340 keV down to Ec.m. = 55 keV, the lowest
energy measured to date. The experiment was performed
at the underground LUNA-400 accelerator [15, 16] of
the Laboratori Nazionali del Gran Sasso (LNGS), Italy,
within a program of reaction studies of hydrogen burn-
ing in advanced CNO cycles [17–22]. The reduced back-
ground achieved underground [23] allowed us to measure
cross-sections as low as 1 picobarn/sr with unprecedented
precision.

The aims of the present study were to measure the
cross section of the 18O(p,↵)15N reaction at proton beam
energies Ep = 60 to 360 keV and to determine, with
improved accuracy, the strength of three resonances of
astrophysical interest at Er = 90, 200, 320 keV, us-
ing the thick-target yield approach, in addition to the
Er = 143 keV resonance strength already reported [23].
Full details on the experimental setup are reported in Ref.
[23]. Briefly, a proton beam was accelerated onto solid
Ta2O5 targets enriched (98%) in 18O [24]. Targets were
produced with thicknesses corresponding to energy losses
of 5 or 15 keV at proton beam energy Ep = 151 keV for
cross-section measurements respectively above and below
Ep = 103 keV. Alpha particles from the 18O(p,↵)15N re-
action were detected at backward angles using an array of
eight silicon detectors: four placed at 135� with respect
to the beam axis and four at 102.5� (of these, only two
were working properly during data taking) [23] . Pro-
tective aluminized Mylar foils were mounted in front of
each detector. Their thickness (5.5 µm) was chosen so
as to stop elastically scattered protons while at the same
time letting the alpha particles pass through with mini-
mal energy loss (⇡ 800 keV). Typical detection energies
were about E↵ = 2.3 MeV, depending on the proton
beam energy.

For narrow and isolated resonances (as those investi-
gated in this study), the resonance strength !� can be
directly obtained from the thick-target yield Y as [25] :

!� =
2

�2
✏e↵

Y

NpW⌘
(1)

where Np represents the number of incident protons; ✏e↵
is the e↵ective stopping power; W takes into account
the angular distribution at the angle of the detector (at
most 20% deviation from unity in this study); ⌘ is the
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FIG. 1: Sample energy spectrum at Ep = 92 keV. The broad
feature at around 3 MeV is generated by the beam-induced
11B(p,↵)2↵ reaction.

detection e�ciency; and � is the de Broglie wavelength
of the projectile at the resonant energy. Figure 1 shows a
sample particle spectrum at a beam energy Ep = 92 keV.
The natural background (⇡ 0.04 counts/h/detector)

under the alpha peak remained negligible at all beam en-
ergies as a result of the ten-fold background reduction
achieved underground around particle energies of 2 MeV
[23]. Beam-induced background on trace boron contam-
inants in the target gives rise to a broad feature around
3 MeV in Fig. 1 due to the 11B(p,↵)2↵ reaction. Its con-
tribution to the 18O(p,↵)15N alpha peak was estimated
using a linear extrapolation and found to be less than 2%
at all energies investigated here. We conservatively as-
signed an asymmetric uncertainty of �3% to the number
of counts in the alpha peak. At each beam energy, counts
in the alpha peak were obtained by integration [23].
For the Er = 200 and 320 keV resonances we first

determined the non-resonant yield contribution from a
second-order polynomial fit of the data points above and
below the resonance region, and then added the polyno-
mial function to a fit of the thick-target resonance profile
[23]:

f(Ep) =
Hh

1 + exp
⇣

ER�E
�L

⌘i h
1 + exp

⇣
E�ER��E

�R

⌘i

(2)
where H is the plateau height; ER is the resonance en-
ergy in the laboratory system; �L and �R describe, re-
spectively, the steepness of rising and falling edges of the
profile; and �E is the energy-equivalent target thickness
(in the laboratory). This procedure allowed us to extract
the net yield Y used to calculate the resonance strength
according to Eq. 1.
The situation was more complicated for the Er =

90 keV resonance (Fig. 2) because data were acquired on
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Big bang nucleosynthesis 
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Cosmology and 2H 

1.  Highly precise measurement of 
primordial 2H abundance to ~1%  
(R. Cooke 2014 ff.) 

2.  Predicted 2H abundance limited 
by nuclear physics of the 
2H(p,γ)3He reaction. 

Blue band: 2H 
Green circle: CMB (Planck 2015) 
Red circle: 2H and CMB combined 

Cooke et al. 2014 

24. Big-Bang nucleosynthesis 3

Figure 24.1: The primordial abundances of 4He, D, 3He, and 7Li as predicted
by the standard model of Big-Bang nucleosynthesis — the bands show the 95%
CL range [5]. Boxes indicate the observed light element abundances. The narrow
vertical band indicates the CMB measure of the cosmic baryon density, while the
wider band indicates the BBN D+4He concordance range (both at 95% CL).

predictions and thus in the key reaction cross sections. For example, it has been suggested
[31,32] that d(p, γ)3He measurements may suffer from systematic errors and be inferior to

December 1, 2017 09:35
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Cosmology and 2H: The 2H(p,γ)3He cross section 
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Cosmology and 2H: The 2H(p,γ)3He cross section 

Klaus Stöckel’s PhD project, 
HZDR & TU Dresden 

2 Klaus Stöckel et al.

Fig. 1. Drawing of the three pumping stages and the target chamber with the calorime-

ter inside.

2 Analysis of the HPGe-phase

The experimental set up consists of a 137 % HPGe detector in close geometry
with the interaction chamber.(Fig.2) With this setup the angular distribution
can be inferred by exploiting the high energy resolution of the detector and
the Doppler e↵ect responsible for the broad energy distribution of the detected
gamma rays coming from di↵erent directions inside the extended gas target.
The 2H(p,�)3He photons have an energy of about 5.5 MeV, far away from the
energy of the commonly used radioactive sources. Thus, for determining the
setup e�ciency a di↵erent technique based on the well-known resonant reactions
14N(p,�)15O and on 60Co radioactive decay has been used.

Fixed HPGe

Movable HPGe

Calorimeter
Target chamber

1st stage

Fig. 2. Set-up of the HPGe-phase with target chamber, HPGe-detectors and first

pumping stage.
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Fig. 3. Top picture:
2
H(p,�)3He spectrum of the 137%-detector at 50 keV beam energy

with zoom in p+d energy region. Bottom picture:
2
H(p,�)3He spectrum of the 130%-

detector at 335 keV beam energy with zoom in p+d energy region.

In order to reduce the systematic error due to the summing correction, the
set-up e�ciency has been measured exploiting the coincidence between two �-
rays emitted in cascade (from source as well as from reaction) and detected
by two di↵erent germanium detectors, the main detector (Ge1) and a second
one used as the acquisition trigger (Ge2). Whenever Ge2 detects an event 1,
it enables Ge1 that can thus detect photon 2 emitted in cascade: the ratio of
the observed photons with respect to the number of triggers provides the Ge1
e�ciency. In case of 60Co, for each radioactive decay process, two photons, �1 =
1.17 MeV and �2 = 1.33 MeV, are produced. In the case of the resonant capture,
several decay branches are able to provide two photons in cascade of energies up
to 6.7 MeV, even higher than the 2H(p,�)3He reaction.

This method allows fixing precisely the detector energy response. To measure
the cross section we did a scan in the energy range of interest (30 keV < Ec.m. <
300 keV) with 30 - 50 keV steps; two runs were performed for each energy: one
with deuterium gas inside the scattering chamber, the other with 4He in order to
evaluate the beam induced background contribution and the eventual deuterium
implantation.
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7Li cosmology – and solar 7Be neutrinos: 3He(α,γ)7Be 

Steffen Turkat’s PhD project, 
TU Dresden 
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Carbon burning 
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12C+12C fusion studied by the Trojan Horse method, 12C+14N  

LETTERRESEARCH
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Fig. 1 | Excitation functions from THM experimental yields. The 
quasi-free cross-section for the four channels 20Ne + α0 (a), 20Ne + α1 (b), 
23Na + p0 (c) and 23Na + p1 (d) is projected onto the Ecm variable (black 
dots). Error bars denote ±1σ uncertainties and account for background 

subtraction (combined in quadrature). Red lines and light-red shading 
represent the results of the modified R-matrix fits and the related 
uncertainties, respectively.
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Fig. 2 | 12C + 12C astrophysical S(E)* factors. The THM S(E)* factors for 
the four channels 20Ne + α0 (a), 20Ne + α1 (b), 23Na + p0 (c) and 23Na + p1 (d)  
are shown as black lines. The available direct data in the Ecm range 
investigated are reported as red filled circles15, purple filled squares18, 

blue filled diamonds19, blue filled stars20 and green filled triangles21. The 
upper and lower grey lines mark the range arising from ±1σ uncertainties 
on resonance parameters plus the normalization to direct data in the 
20Ne + α1 channel at Ecm = 2.50–2.63 MeV.
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result is in agreement with spectroscopy studies9,22 that report a dip 
at 2.14 MeV and no particularly strong α state at around 2.1 MeV. 
Further agreement is found with unpublished experimental data down 
to Ecm = 2.15 MeV for the 12C(12C, p0,1)23N reactions23. Our result is 
also consistent within experimental errors with the total S(E)* from 
a recent experiment at higher energies24, which was calculated at the 
overlapping Ecm = 2.68 ± 0.08 MeV.

The reaction rates for the four processes were calculated from the 
THM S(E)* factors using the standard formula4 and summed to obtain 
the total 12C + 12C reaction rate. Its numerical values are given in 
Extended Data Table 2 (see Methods section ‘Numerical values of the 
12C + 12C reaction rate’). We recommend an analytical expression for 
the reaction rate and for its upper and lower limits, based on the same 
formulae as reported in the REACLIB library25. This expression is valid 
in the temperature range 0.1 GK ≤ T ≤ 3 GK with an accuracy better 
than 0.7% (χ = .! 0 12 ), which refers to the maximum difference between 
the analytical function and the centroids of the experimental points. 
This is given by:

⟨ ⟩ ∑ ∑σ = = + +

+ + + +
= =

− − /

/ /

N v f a a T a T

a T a T a T a T

exp[
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(1)A i i i i i i

i i i i
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1
3

1 2
1

3
1 3

4
1 3

5 6
5 3
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Parameters aij with 1 < i < 3 and 1 < j < 7 are given in Table 1, with 
subscripts ‘u’ and ‘l’ for the upper and lower limits. They result from  
a fit performed using the NUCASTRODATA toolkit (http://www.
nucastrodata.org/).

The total THM reaction rate was divided by the reference rate5. The 
resulting ratio is shown in Fig. 3. The black line represents the rate from 
the present work, with the grey shading defining the region fixed by the 
total uncertainty (Methods section ‘Numerical values of the 12C + 12C 
reaction rate’), whereas the red line refers to the reference rate5.

The light-blue shading shows the temperature range relevant for 
superbursts (about 0.4–0.5 GK), the light-red shading highlights typical 
temperatures for hydrostatic carbon burning in massive stars (about 
0.6–1.0 GK in the core and up to 1.2 GK in the shell, depending on the 
stellar mass), whereas the light-green shading marks the temperatures 
of explosive carbon burning (about 1.8–2.5 GK). As shown in Fig. 3, 
the reaction rate changes below 2 GK with an increase with respect 
to the reference non-resonant one5 from a factor of 1.18 at 1.2 GK 
(***P < 0.001) to a factor of more than 25 at 0.5 GK (****P < 0.00001).  
The latter increase, mainly due to the resonances around Ecm = 1.5 MeV,  
supports the conjectured fiducial value3 required to reduce the  
theoretical superburst ignition depths in accreting neutron stars by a 
factor of 2 for a range of realistic parameters and core neutrino emissivities.  
This change matches the observationally inferred ignition depths and 
can be translated into an ignition temperature below 0.5 GK, com-
patible with the calculated crust temperature. In other words, carbon 
burning can trigger superbursts. A similar decrease in temperature is 
obtained by using the crust Urca shell neutrino emissivities26, recently 
invoked to explain the cooling of the outer neutron star crust, while 
thermally decoupling the surface layers from the deeper crust. Under 
this hypothesis, a revision of current superburst models and predicted 
light curves is required and our finding could represent the missing 
heat source in the standard carbon ignition scenario.

In the hydrostatic carbon burning regime, the present rate change 
will lower the temperatures and densities at which 12C ignites in mas-
sive post-main-sequence stars. We make use of stellar modelling8 for 
core carbon burning of a star of 25 solar masses to determine that the 
ignition temperature and density would decrease to 10% and 30% 
respectively. This would reduce the neutrino losses, thus causing the 
carbon burning stage to occur for a lifetime (of the carbon burning 
phase) longer by up to a factor of 70. The new rate would also affect 
abundances of species that are the main fuel for subsequent evolution-
ary phases. However, such abundances are influenced also by the ratio 
of the α to p yields if it deviates from unity. From the present experi-
ment, the average value of this ratio is around 2. In particular, at 0.8 GK 
this ratio is 1.6 ± 0.4, and it becomes 2.2 ± 0.6 at 2 GK. The 12C + 12C 
rate is also the most important nuclear physics input governing the 
minimum stellar mass Mup required for hydrostatic carbon burning to 
occur. Mup is fundamental to our understanding, for instance, of the 
evolution of supernova progenitors and the white dwarf luminosity 
functions. From the present result, we consider that the present value 
of Mup will not be strongly affected, in contrast to what has been pre-
dicted27,28 when assuming a much larger increase (up to nine orders 
of magnitude) in the reaction rate, but it is worth noticing that stel-
lar models are also very sensitive to small changes of this parameter. 
However, a sound evaluation of Mup requires a better understanding 
of the ratio of the initial mass to the final core mass.

Below 0.4 GK the rate experiences a huge increase by up to a factor  
of 800 owing to the lowest-energy resonances occurring around  
Ecm = 1 MeV. It has been conjectured that the existence of such low- 
energy resonances might shift the ignition curve of type Ia  
supernovae to lower central densities3. This should be assessed  
for the various progenitor scenarios. Much additional work is needed 

Table 1 | Coefficients of the analytical function of the 12C + 12C reaction rate using equation (1)
aij f1 f2 f3 f1u f2u f3u f1l f2l f3l

ai1 1.22657 × 102 9.03221 × 101 2.28039 × 102 1.22687 × 102 9.03982 × 101 2.28056 × 102 3.21570 × 102 6.08741 × 102 3.14593 × 103

ai2    0.557112 −8.35888 −1.16039 × 101    0.557664 −8.35720 −1.15681 × 101 −0.815182 −1.42976 × 101 −2.26169 × 101

ai3 −905657 × 101 −6.17552 × 101 −2.40364 × 102 −9.05616 × 101 −6.17282 × 101 −2.40343 × 102 3.17671 × 101 3.43845 × 102 1.36110 × 103

ai4 −6.83561 × 101 −1.07514 × 102 −9.21375 × 101 −6.83178 × 101 −1.07358 × 102 −9.21156 × 101 −4.22173 × 102 −1.11874 × 103 −5.16494 × 103

ai5 1.42906 × 101 7.20344 × 101 1.25411 × 102 1.42891 × 101 7.20835 × 101 1.25484 × 102 5.23691 × 101 1.73098 × 102 7.85965 × 102

ai6 −2.43583 −1.37501 × 101 −3.25984 × 101 −2.46506 −1.38060 × 101 −3.24417 × 101 −6.35869 −2.33743 × 101 −1.29447 × 102

ai7    9.32623 −1.91793 × 101 −1.10903 × 102    9.35304 −1.91920 × 101 −1.10961 × 102 1.34509 × 102 3.60334 × 102 1.60224 × 103

Coefficients of the analytical function (equation (1)) of the 12C+12C reaction rate and of its upper and lower limits. They result from a fit of the numerical values given in Extended Data Table 2 using the 
reaction rate parameterizer from the NUCASTRODATA toolkit (http://www.nucastrodata.org/).
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Fig. 3 | 12C + 12C reaction rate ratio. Ratio between the total THM 
12C + 12C reaction rate (black line) and the reference one4 (red line). The 
grey shading defines the region spanned owing to the ±1σ uncertainties. 
The coloured shading marks typical temperature regions for carbon 
burning in different scenarios: light blue for superbursts from accreting 
neutron stars, light red for hydrostatic carbon burning in massive stars 
and light green for explosive carbon burning; comparison with the red line 
(non-resonant assumption) gives ***P < 0.001 in the region of hydrostatic 
burning and ****P < 0.00001 at superburst temperatures.
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The production of the chemical elements 
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New experimental facilities with strong impact on the field 
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27 m 

12.5 m 

5.5 m 

•  80 cm thick concrete shielding 
calculated by GEANT4 & MCNP 

•  En = 5.6 MeV,  2 103 n/s, isotropic 

Φn(LNGS) = 3 ×10-6 n/(cm2 s) 

MCNP:  Φn = 1.4 ×10-7 n/(cm2 s) 
GEANT4:  Φn = 3.4 × 10-7 n/(cm2 s)  

New LUNA-MV 3.5 MV accelerator for 1H, 4He, 12C beams: 
Installation in LNGS hall B from spring 2019 
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LUNA MV- scientific program (2019 à 2024) 

 
 
 
 

Commissioning measurement: 14N(p,γ)15O. High scientific 
interest for revised data covering a wide energy range 
(400 keV- 3.5 MeV).  
 
12C+12C: solid state target. Gamma and particle detection. 
 
 
13C(α,n)16O: enriched 13C solid or gas  target. 
Data taking at LUNA 400 kV in 2017-2019.  
 
22Ne(α,n)25Mg: enriched 22Ne gas target. 
 
Next steps (not before 2024…): 
 
12C(α,γ)16O: 12C solid target depleted in 13C and alpha beam 
or α jet gas target and 12C beam.  
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5 MV Pelletron in Felsenkeller Dresden, to start late 2018 

v22d

Tunnel IX

Tunnel VIII

Experiment

preparation

Experiment

control

Accelerator

control

SF6 storage tank

External ion source

Internal ion source

Bunker for in−beam experiments

Bunker for activation experiments

45 m rock overburden: 
u  40× lower muon flux 
u  180× lower neutron flux 
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Installations under commissioning at Felsenkeller 
Joint effort HZDR – TU Dresden 
u  HZDR: 5 MV Pelletron, 50 µA beams of  

1H+, 4He+ (single-ended), 12C+ (tandem) 
u  TU Dresden: 150% ultra-low-background  

HPGe detector for offline γ-counting 

External sputter ion 
source: 12C beam 

Internal radio-frequency ion 
source: 1H, 4He beams 
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Two measurement bunkers made of low-activity concrete 
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Counting room (at the Earth’s surface, with daylight!) 
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In-house research by HZDR and TU Dresden 
u  Complementary to LUNA-MV program for 2019-2023 
u  3He(α,γ)7Be, 12C(α,γ)16O 
 
Open as a facility to any scientific users worldwide, no cost for beam time. 
 
User selection based on the recommendations of an independent scientific advisory board 
 

Felsenkeller, scientific program and access 
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COST action ChETEK [ketek] on Nuclear Astrophysics 

http://www.chetec.eu

u  ~150 k€/year 2017-2021 

u  30 European countries 

Meetings: 

u  Conference on „Nuclear 
Physics of Stellar 
Explosions“, Debrecen/
HU 12-14 September 

u  School on Software Tools 
for Simulations in Nuclear 
Astrophysics, Hull/UK 
17-19 September 

Chair:  

u  Raphael Hirschi,  
Keele University/UK 
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Nuclear Astrophysics: Some general remarks 
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Nuclear Astrophysics: Some general remarks 

Very active field at the intersection of 

u  Astrophysics 

u  Astronomy  

u  Nuclear physics 

 

 

Europe plays a dominating role, and Germany plays a strong role 

u  Nuclei in the Cosmos conference (even years) every other time in Europe, 200-300 p. 

u  Nuclear Physics in Astrophysics conference (odd years) always in Europe, 200-300 p. 

u  30 groups at German community meeting (November 2016) 

 

Funding-wise in Germany at the intersection of 

u  BMBF KHuK, KAT, RDS 

u  DFG 

u  Helmholtz (Nuclear Astrophysics Virtual Institute, 2011-2016) 

Astro- 
nomy 

Astrophysics 

Nuclear 
Physics 
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Nuclear Astrophysics: Summary 

Strong links to astroparticle physics 

u  Big Bang nucleosynthesis 
u  Solar neutrino fluxes 
u  Cosmic-ray cross sections 
u  r-process in explosive events 

Experimental facilities with German involvement 

u  LUNA 0.4 MV actively producing data  

u  LUNA-MV 3.5 MV at Gran Sasso, 
to be installed in 2019 

u  Felsenkeller 5 MV accelerator Dresden 
from late 2018 
Deepest underground lab in Germany. 

u  FRANZ Uni Frankfurt, to open soon 

u  FAIR Darmstadt 
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Felsenkeller, muon flux measurement 
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Felsenkeller, neutron flux measurement 
u  25×to 180×lower neutron flux than at the 

Earth‘s surface 

u  Flux depends on local shielding 

u  Neutron data informed the construction project 

BELEN 3He counters 
[10-4 cm-2 s-1] 

Tunnel 2.07 ± 0.07 

Pb+Fe bunker 4.56 ± 0.16 

Rock bunker 0.66 ± 0.04 

Above ground (121) 


