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Underground accelerators and the Dresden Felsenkeller 

LUNA 0.4 MV underground accelerator, Italy: 

u  New data on the 22Ne(p,γ)23Na reaction, relevant for hydrogen shell burning 

u  Big Bang nucleosynthesis and the 2H(p,γ)3He reaction  

Future Felsenkeller 5 MV underground accelerator, Dresden/Germany: 

u  Background studies 

u  Status 

Experimental Nuclear Astrophysics in Germany, an attempt at an overview 
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22Ne(p,γ)23Na at LUNA, Gran Sasso, Italy 

decrease the magnesium abundance [14]. In parallel, oxy-
gen is depleted by the oxygen-nitrogen (ON) cycle. The
interpretation of the observed abundance patterns thus
requires a precise knowledge of nucleosynthesis in the
NeNa and MgAl chains and in the ON cycle. The MgAl
chain [15] and ON cycle [16] have recently been addressed
in low-energy experiments. The present work reports on a
high-luminosity experiment on the most uncertain reaction
of the NeNa cycle, 22Neðp; γÞ23Na.
In addition to the AGB star scenario and the HBB

process, hydrogen burning of 22Ne also plays a role in
explosive nucleosynthesis scenarios. In classical novae
(0.15 < T < 0.45 GK, 150 < Ep < 300 keV [20]), the
ejected material carries the products of the hot CNO cycle
and of the NeNa [21] and MgAl chains. For an oxygen-
neon nova, the uncertainty on the 22Neðp; γÞ23Na reaction
rate leads to 6 orders of magnitude uncertainty on the 22Ne
yield [22]. For a carbon-oxygen nova, 22Neðp; γÞ23Na was
found to affect the abundances of elements between neon
and aluminum [22]. As a consequence, there is a call for a
more precise 22Neðp; γÞ23Na thermonuclear reaction rate
[23]. In type Ia supernovae, during preexplosion hydrogen
burning (T < 0.6 GK, Ep < 400 keV) on the surface of the
white dwarf star, the 22Neðp; γÞ23Na reaction may deplete
22Ne, hence changing the electron fraction and all the
subsequent nucleosynthesis [24]. In core collapse super-
nova precursors, proton capture on 22Ne competes with the
neutron source reaction 22Neðα; nÞ25Mg, thus affecting
neutron capture nucleosynthesis [25]. Summarizing, new
22Neðp; γÞ23Na data are needed for several highly topical
astrophysical scenarios ranging from AGB stars to
supernovae.

22Neðp; γÞ23Na resonances with resonance energy Eres
p >

400 keV affect the thermonuclear reaction rate for high
temperatures T > 0.5 GK, see Ref. [26] for recent new
data. For lower temperatures T < 0.5 GK relevant to most
of the scenarios discussed above [6,9,10,14,20,22–25], the
strengths of resonances with Eres

p < 400 keV must be
known. Only one direct experiment is reported in the
literature [27], and it shows only upper limits for the
resonance strengths. Indirect data are also available
[28–30], but their interpretation relies on spin parity
assignments or spectroscopic factor normalizations, which
are often uncertain. As a result, the mere existence of the
resonances at Eres

p ¼ 71, 105, and 215 keV is still under
debate [28,29].
In 1999, NACRE Collaboration [31] derived the

22Neðp; γÞ23Na reaction rate from resonance strengths
[27,32,33] and a small direct capture component [32]. A
similar evaluation was performed by Hale et al. in 2001
[29], updated by Iliadis et al. in 2010 [34,35] and again in
2013 by the STARLIB group [36], including new indirect
data [29]. Iliadis et al. used much lower upper limits than
NACRE Collaboration in several cases and excluded some

debated resonances from consideration [34–36]. As a
result, there is up to a factor of 1000 difference in the
total reaction rate between NACRE Collaboration and the
STARLIB group [31,36]. The aim of the present work is to
address this unsatisfactory situation with high-statistics,
direct experimental data.
The measurements were carried out at the Laboratory for

Underground Nuclear Astrophysics (LUNA) in the under-
ground facility of the Italian National Institute for Nuclear
Physics Gran Sasso National Laboratory, which offers an
unprecedented sensitivity thanks to its low-background
environment [37,38]. Several nuclear reactions of astro-
physical importance have been studied at very low energies
at LUNA in recent years [16,39,40]. The experimental
setup (Refs. [17–19] and Fig. 1) consists of a windowless
gas target chamber filled with 1.5 mbar 22Ne gas (isotopic
enrichment 99.9%, recirculated through a Monotorr II PS4-
MT3-R-2 chemical getter) and two large high-purity
germanium detectors, respectively, at a 55° (Ge55) and
at a 90° angle (Ge90) to the beam axis. Possible gas
impurities by in-leaking air were periodically checked by
the strong Eres

p ¼ 278 keV 14Nðp; γÞ15O resonance and
were always below 0.1%.
The 70–300 keV proton beam from the LUNA 400 kV

accelerator [41] (beam current 100–250 μA) is collimated
through a series of long, narrow apertures, then enters the
target chamber, and is finally stopped on a copper beam
calorimeter with a constant temperature gradient. Ge90 and
Ge55 are surrounded by a 4π lead shield of 22–30 cm
thickness, and a 4 cm inner copper liner for Ge55. The γ-ray
detection efficiency was measured (478 ≤ Eγ ≤ 1836 keV)
with calibrated radioactive sources (7Be, 60Co, 88Y, 137Cs)

FIG. 1 (color online). Target chamber, germanium detectors
(Ge55 and Ge90), and copper (orange) and lead (gray) shielding.
The external lead wall on the right-hand side covers the shielding
gap where the calorimeter is inserted [17–19].
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γ-transition Eγ [keV] Branching [%] 
R→440 8532 43.8 ± 1.0 
R→2076 6898 47.7 ± 0.9 
R→2982 5994 3.8 ± 0.5 
R→4775 4197 1.9 ± 0.3 
R→6618 2354 2.8 ± 0.2 

22Ne(p,γ)23Na resonance at Eres
lab = 189.5 keV 
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22Ne(p,γ)23Na, astrophysical reaction rate 

Resonance 
energy [keV] 

LUNA strength 
[µeV] 

Previous indirect 
strength [µeV] 

156.2 0.148 ± 0.007 0.0092 ± 0.0037 

189.5 1.87 ± 0.06 ≤ 2.6 

259.7 6.89 ± 0.16 ≤ 0.13 

Rate enhanced by more 
than a factor of 10! 
 
F. Cavanna et al.,  
Phys. Rev. Lett. 115, 
252501 (2015) 
 
Might help explain Na-O 
anticorrelation in globular 
clusters 

Carretta et al. 2009 
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Three tools of observational cosmology 

BBN, Big Bang 
Nucleosynthesis 

CMB, Cosmic micro-
wave background 

SN Ia, type Ia supernovae 
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Observed nuclide abundance: BBN 7Li and the “Spite plateau” 
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6Li: 2H(α,γ)6Li 
 
Phys. Rev. Lett. 113,  
042501 (2014) 

7Li: 3He(α,γ)7Be 
 
Phys. Rev. Lett. 97,  
122502 (2006) 

u  CMB-based predictions for 7Li and 6Li now use direct 
experimental cross section data. 

u  What about deuterium from the Big Bang? 
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Big Bang abundance of deuterium The Astrophysical Journal, 781:31 (16pp), 2014 January 20 Cooke et al.

Figure 5. Values of D/H for the Precision Sample of DLA measurements analyzed in this paper. The orange point represents the new case reported here (J1358+6522).
The left and right panels show, respectively, the D/H measures as a function of the DLA oxygen abundance and H i column density. The dark and light green bands
are the 1σ and 2σ determinations of Ωb,0 h2 from the analysis of the CMB temperature fluctuations recorded by the Planck satellite (Planck Collaboration 2013)
assuming the standard model of physics. The conversion from D/H to Ωb,0 h2 is given by Equations (5) and (6).
(A color version of this figure is available in the online journal.)

Table 2
The Precision Sample of D/H Measurements in QSO Absorption Line Systems

Literature This Work

QSO zem zabs [O/H]a log N (H i) log (D/H) log N (H i) log (D/H) Ref.b

(cm−2) (cm−2)

HS 0105+1619 2.652 2.53651 −1.77 19.42 ± 0.01 −4.60 ± 0.04 19.426 ± 0.006 −4.589 ± 0.026 1, 2
Q0913+072 2.785 2.61829 −2.40 20.34 ± 0.04 −4.56 ± 0.04 20.312 ± 0.008 −4.597 ± 0.018 1, 3, 4
SDSS J1358+6522 3.173 3.06726 −2.33 . . . . . . 20.495 ± 0.008 −4.588 ± 0.012 1
SDSS J1419+0829 3.030 3.04973 −1.92 20.391 ± 0.008 −4.596 ± 0.009 20.392 ± 0.003 −4.601 ± 0.009 1, 5, 6
SDSS J1558−0031 2.823 2.70242 −1.55 20.67 ± 0.05 −4.48 ± 0.06 20.75 ± 0.03 −4.619 ± 0.026 1, 7

Notes.
a We adopt the solar value log(O/H)⊙ + 12 = 8.69 (Asplund et al. 2009).
b References: (1) This work; (2) O’Meara et al. 2001; (3) Pettini et al. 2008b; (4) Pettini et al. 2008a; (5) Pettini & Cooke 2012; (6) Cooke et al. 2011;
(7) O’Meara et al. 2006.

adopted the same blind analysis strategy and marginalized over
the important systematic uncertainties. We refer to this sample
of five high-quality measurements as the Precision Sample.

In Table 2, we provide a measure of the total H i column
density, along with the associated error. Many of our systems
contain more than one component in H i, and the column density
estimates for these multiple components are correlated with
one another. To calculate the error on the total H i column
density, we have drawn 10,000 realizations of the component
column densities from the covariance matrix. We then calculated
the total column density for each realization; in Table 2, we
provide the mean and 1σ error derived from this Monte Carlo
analysis.

We consider the five measures of D i/H i in these DLAs as
five independent determinations of the primordial abundance
of deuterium, (D/H)p, for the following reasons: (1) We are not
aware of any physical mechanism that would alter the ionization
balance of D compared to H. Thus, to our knowledge, D i/
H i ≡ D/H. (2) The degree of astration of D (i.e., its destruction
when gas is turned into stars) is expected to be negligible at the
low metallicities ([O/H] < −1.5) of the DLAs considered here
(e.g., see Figure 2 of Romano et al. 2006); thus, (D/H)DLA =
(D/H)p. (3) The lack of dust in metal-poor DLAs makes it
extremely unlikely that selective depletion of D onto grains
occurs in the cases considered here (it has been proposed that
such a mechanism may be responsible for the local variations in
(D/H)ISM—see Linsky et al. 2006). (4) The five DLAs sample
entirely independent sites in the distant universe.

As can be seen from Table 2 and Figure 5, the five measures of
D/H in the Precision Sample are in very good mutual agreement,
and the dispersion of the measurements is consistent with the
errors estimated with our improved analysis. A χ2 test indeed
confirms that the five measurements are consistent within 2σ
of being drawn from a single value of D/H. We can therefore
combine the five independent determinations of (D/H)DLA to
deduce the weighted mean value of the primordial abundance
of deuterium:

log (D/H)p = −4.597 ± 0.006 (3)

105 (D/H)p = 2.53 ± 0.04. (4)

This value of (D/H)p is not markedly different from other
recent estimates (Pettini et al. 2008a; Fumagalli et al. 2011;
Pettini & Cooke 2012), but its precision is significantly better
than achieved in earlier papers that considered a more hetero-
geneous set of (D/H)DLA determinations. For completeness, we
have recalculated the weighted mean for all the known D/H
measurements listed in Table 2 of Pettini & Cooke (2012), after
updating the D/H values of the systems we have reanalyzed
here. The resulting weighted mean value of the primordial deu-
terium abundance is (D/H)p = −4.596 ± 0.006. This compares
very well with the value derived from the Precision Sample
(Equations (3) and (4)). Perhaps this is not surprising, since the
literature systems that did not meet our selection criteria (see
Section 2.2.1) have larger uncertainties, and thus their contribu-
tion to the weighted mean value of D/H is relatively low.

9

u  Observations of primordial deuterium now report 1.5% precision! 

u  Deuterium has the potential to probe cosmological parameters, independently from 
the microwave background! 

u  Current limitation: 2H(p,γ)3He reaction rate, under study at LUNA. 

Cooke et al. 2014 
Blue: D 

Green: CMB 

Red: 
CMB+D 

Cooke et al. 2014 
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Dresden Felsenkeller, below 47 m of rock 
u  γ-counting facility for analytics, established 1982 

u  Deepest underground γ-counting lab in Germany 

u  Contract enabling scientific use (since 2009) 

u  4 km from TU Dresden, and from city center 

u  25 km from HZDR Rossendorf campus 

44Ti production study: 
Konrad Schmidt et al. 
Phys. Rev. C 88, 025803 (2013) 
Phys. Rev. C 89, 045802 (2014) 
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Background in γ-detectors (HPGe with active veto) 

u  One and the same HPGe detector (Eurisys 
Clover with active veto) used subsequently at 
different laboratories 

u  Background rate at 6-8 MeV γ-ray energy  
only a factor of 3 higher at Felsenkeller  
(110 m.w.e.) than at Gran Sasso 

u  Explanation: active veto suppresses  
remaining muon-induced effects 

Eur. Phys. J. A (2015) 51: 33 Page 7 of 9

Fig. 4. Comparison of all the spectra recorded. Upper left: Clover, no veto. Upper right: Clover, active veto. Lower left:
60% HPGe, no veto. Lower right: 60% HPGe, active veto. Black dotted lines: surface. Blue dashed lines: Felsenkeller (110mw. e.).
Red solid lines: Reiche Zeche (400 m w. e.). Green dash-dotted line: LNGS (3800m w. e.) [15]. Numerical values of count rates
are presented in table 3.

Table 3. Comparison of the recorded count rates in different energy regions, in the two detectors, at the investigated sites.
The shown numbers are in 10−3 counts / (keV hour). When less than 20 counts was observed in an energy bin, Poisson error is
quoted and shown instead of the square root of the counts. If no count was observed in a given region “0.000” and also Poisson
error of zero count is quoted. The energy regions where no data are available is indicated by “–”.

No active shield Veto detector active

Detector Site 6–8 MeV 8–10 MeV 10–15MeV 15–20MeV 6–8 MeV 8–10MeV 10–15MeV 15–20 MeV

HZDR 219± 1 154.7± 1.0 122.1± 0.5 97.8± 0.5 20.6± 0.4 9.0± 0.2 3.89± 0.10 1.53± 0.06

122% Felsenkeller 5.74± 0.11 4.44± 0.09 3.47± 0.05 3.01± 0.05 0.46± 0.03 0.180± 0.019 0.044± 0.006 0.008± 0.003

Clover Reiche Zeche 0.83± 0.08 0.45± 0.06 0.33± 0.03 0.32± 0.03 0.21± 0.04 0.11 +
−

0.04
0.03 0.028 +

−
0.012
0.009 0.028 +

−
0.012
0.009

LNGS 0.15± 0.03 – – – 0.18 +
−

0.05
0.04 – – –

60%

HPGe

HZDR 85.8± 0.3 62.9± 0.3 50.86± 0.17 45.79± 0.16 3.08± 0.07 1.12± 0.04 0.479± 0.016 0.248± 0.012

Felsenkeller 3.19± 0.07 2.35± 0.06 1.90± 0.04 1.72± 0.03 0.098± 0.013 0.041± 0.008 0.020± 0.004 0.011± 0.003

Reiche Zeche 0.40± 0.03 0.24± 0.02 0.151± 0.011 0.146± 0.011 0.008 +
−

0.006
0.004 0.002 +

−
0.004
0.002 0.000 +

−
0.001
0.000 0.000 +

−
0.001
0.000

The non-vetoed count rate in the Clover detector is about
a factor of two higher, as expected from the larger crys-
tal size. Beside the higher efficiency, the collimator of the
Clover contains tungsten. This material has a much higher
radiative neutron capture cross section than lead [31], en-
hancing the (α,n) signal in the detector. Below 10MeV,
the signal from (α,n) neutrons is also slightly higher in the
Clover compared to the 60% HPGe, because the thinner

Clover BGO is less efficient as a passive neutron shield,
and the BGO of the 60% HPGe is surrounded by addi-
tional 2 cm of lead.

Also the Clover has lower veto efficiency against the
muon-induced neutrons, due to its thinner BGO. The
number of veto signals created by these neutrons in the
BGO scales with the active volume of the veto detec-
tor.

110 m.w.e. 

0 m.w.e. 

400 m.w.e. 

3800 m.w.e. 

Tamás Szücs et al. 
Eur. Phys. J. A 48, 8 (2012) 
Eur. Phys. J. A 51, 33 (2015) 
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12 year old 5 MV Pelletron system from York/UK 
u  Spin-off company of York University doing  

14C analyses by accelerator mass spectrometry 
u  Magnets, beamline, pumps, fully digital control 

u  MC-SNICS sputter ion source (C- and H- ions) 
u  250 µA upcharge current (double pellet chains) 
è Well-suited for low-energy nuclear astrophysics 

u  Purchased by HZDR, brought to Dresden 

12 July 2012: Still assembled, in York 

24 July 2012: Loading of components in York 

30 July 2012: Unloading of last component in Dresden  
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Felsenkeller status 
Total investment needed+funded 
u  Purchase of 5 MV Pelletron (spent) 
u  Construction (TU Dresden, Excellence Initiative 

„support the best“, K. Zuber) 
u  Planning, infrastructure (HZDR) 

Running cost will be covered by HZDR 
u  Rent for the tunnel 
u  Electricity, liquid nitrogen 
u  1 scientist and 1 engineer 

Construction ongoing August 2016 – August 2017 
u  Old floor has been removed,  

tunnel ceiling safety work underway 
u  Concrete-pouring from December 2016 
u  Opening of the facility September 2017 

Tunnel IX

Tunnel VIII

Area B

Area B

Area B’

Area C

Area A

1

2

3

4

5

6

7

8

Experiment

preparation

Experiment

control

Accelerator

control

Technical capabilities 
u  5 MV tandem with single-ended option 
u  1H+, 4He+, 12C+ beams 
u  Background almost as deep underground 
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Experimentelle Nukleare Astrophysik Unter Tage 
ENAUT collaboration at Felsenkeller accelerator, Dresden 

+ HZDR (host lab) 
u  HPGe detector #3,  

with µ veto 

 
TU München (Prof. Shawn Bishop) 
u  40Ca(α,γ)44Ti reaction for 44Ti 

nucleosynthesis 
u  HPGe detector #2, with µ veto 

 
Uni Frankfurt (Prof. René Reifarth) 
u  22Ne(α,γ)26Mg reaction, 

competitor to the s-process 
neutron source  22Ne(α,n)25Mg  

u  List mode DAQ, electronics  

1

23

LN2-Kühlfalle 
mit gekühltem 
Kupferrohr

HPGe-Detektoren 1, 2, 3
mit BGO Anticompton Shields 1, 2, 3

Turbomolekular-
pumpe

Strahlblende

 
Uni Köln (Prof. Andreas Zilges) 
u  40Ca(α,γ)44Ti reaction for 44Ti 

nucleosynthesis 
u  HPGe detector #1, with µ veto 

 
TU Dresden (Prof. Kai Zuber) 
u  12C(p,γ)13N reaction, for 

solar neutrinos and 13C 
production in AGB stars 

u  Solid target chamber 
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Experimental Nuclear Astrophysics in Germany: Facilities 

GSI Darmstadt and FAIR 

Cologne University 
u  10 MV tandem, γ-ray spectroscopy  
u  6 MV accelerator mass spectrometry 

TU Darmstadt 
u  S-DALINAC electron beam 

HZDR Dresden 
u  Felsenkeller 5 MV underground accelerator 
u  6 MV tandem: accelerator mass spectrometry, ion beam analysis 
u  3 MV tandem: in-beam γ-ray spectroscopy, activation  
u  40 kV, 200 kV, 500 kV implanters 
u  DT neutron generator (TU Dresden), neutron time of flight 
u  40 MeV electron beam ELBE 
u  200 MeV proton beam Oncoray 

Frankfurt University 
u  FRANZ neutron source 

TU Munich 17 MV Tandem 
u  Q3D spectrograph, ion beam analysis 
u  Accelerator mass spectrometry 

Dresden

München

Darmstadt

Frankfurt

Köln
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Experimental Nuclear Astrophysics in Germany: Institutions and main topics 

GSI Darmstadt and FAIR 
u  Astrophysical r-process, including all of the below groups 
 
Cologne University 
u  Astrophysical p-process 

TU Darmstadt 
u  S-DALINAC experiments 
 
HZDR Dresden 
u  H-, He-, C-burning, Big Bang nucleosynthesis 
u  44Ti nucleosynthesis 

Frankfurt University 
u  Astrophysical s-process 
 
TU Munich 
u  Nova nucleosynthesis 
u  60Fe and supernovae 
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Nuclear Astrophysics Experiments in Germany,  
and Felsenkeller laboratory Dresden 

 
u  Nuclear Astrophysics experiments are necessary to understand nucleosynthesis, and 

possibly even stellar structure 

u  Experimental results can be surprising! 
 
u  The Felsenkeller underground accelerator will provide a unique low-background 

capability for low-background experiments in nuclear astrophysics. 

u  There is a viable landscape of experimental nuclear astrophysics facilities, and of 
experimental nuclear astrophysics groups, in Germany 


