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Definition of the  
astrophysical S-factor S(E): 

 

 

Nuclear reaction cross section σ for low-energy charged particles 

•  Typical Coulomb barrier height : ~ MeV 
•  Typical stellar temperature kB * T ~ keV 

→  The energy dependence of the cross section is 
dominated by the tunneling probability. 

Either extrapolate – 
 
or measure at very low counting rates, 
underground! 
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Extrapolations can be ambiguous: Example CNO cycle 

State of the art, 2004 
14N(p,γ)15O, capture to the 15O ground state 

Schröder et al. 1987: 
Ground state capture 
contributes 50% of  
total S factor. 
Adopted in  
astrophysical reaction 
rate compilations! 

Angulo et al. 2001:  
Ground state capture 
contributes 5% of  
total S factor. 

Astrophysically relevant energy range 
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LUNA laboratory at Gran Sasso / Italy 

~1400 m rock  106 µ-reduction  103 n-reduction 

1992-2001 

2000-2014 

LUNA-MV, 
planned 

150 km from Rome 

Access by motorway 
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The LUNA 0.4 MV accelerator deep underground 

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

•   high beam intensity 
•   low background 
•   great patience 

LUNA = Laboratory 
Underground for 
Nuclear Astrophysics 
-  Italy 
-  Germany (Dresden, Bochum) 
-  Hungary 
-  UK 
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LUNA divided the 14N(p,γ)15O cross section by 2! 
Capture to... NACRE compilation 

1999 
LUNA, phase 1 

2004 
TUNL  
2005 

LUNA, phase 3 
2008+2011 

...ground state in 15O 1.55 ± 0.34  0.25 ± 0.06  0.49 ± 0.08  0.27 ± 0.05  

...excited states in 15O 1.65 ± 0.05 1.36 ± 0.05 1.27 ± 0.05 (1.39 ± 0.05) 

S(0) in keV barn 3.2 ± 0.5 (tot) 1.6 ± 0.2 (tot) 1.8 ± 0.2 (tot) 1.66 ± 0.12 (tot) 

M. Marta et al.,  
Phys. Rev. C 83, 045804 (2011) 
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CMB+LUNA-based prediction, 7Li 

CMB+LUNA-based prediction, 6Li 

§  Cosmic 7Li problem: Less 7Li in old stars than predicted. 
Big-Bang 7Li production mainly by 3He(α,γ)7Be è 7Li 
 

§  Possible cosmic 6Li problem: Reports of 6Li in old stars. 
Big-Bang 6Li production mainly by the 2H(α,γ)6Li reaction. 

§  LUNA addresses both 7Li and 6Li! 

The Spite abundance plateau and Big-Bang lithium 

Data from metal-poor halo stars 
(Asplund et al. 2006, 2008)  
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2H(α,γ)6Li experiment at LUNA, setup 

2H(α,α)2H 
Rutherford scattering 

2H(2H,n)3He 
d+d - reaction  

Main background from a two-step process: 

as a possible explanation for the reported 6Li detections. Pre-galactic 6Li production mechanisms

have been ruled previously 4. As a result, the only remaining scenarios explaining a global 6Li/7Li

level of a few percent as reported 1–3, 22 involve non-standard physics 13, 18. Cosmic 6Li is clearly a

highly interesting probe of physics beyond the standard model.

The authors are indebted to F.L. Villante (INFN-LNGS) for informative conversations on

BBN calculations, and to the mechanical and electronic workshops of LNGS for technical sup-

port. Financial support by INFN, FAI, DFG (BE 4100-2/1), NAVI (HGF VH-VI-417), and OTKA

(K101328) is gratefully acknowledged.

Pressure
Sensor

Beam
Calorimeter

HPGe
Detector

Lead Shield

Anti-Radon Box
(N flushing)2

Pump
Deuterium

Inlet

Beam

Figure 1: (Colour online) Sketch of experimental set-up.

1. Smith, V. V., Lambert, D. L. & Nissen, P. E. The 6Li/7Li ratio in the metal-poor halo dwarfs

HD 19445 and HD 84937. Astrophys. J. 408, 262–276 (1993).

8
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Figure 2: Top three panels: Relevant parts of the γ-ray spectrum for runs 1, 2, and their sum, after

subtraction of no-beam background. The Eα = 400 keV data are shown as filled blue histograms,

the 280 keV data (multiplied by η400 ·Q400/Q280 as described in the text) as empty red histograms.

Bottom panel: Eα = 400 keV spectrum (filled blue histogram), after subtraction of the scaled

280 keV spectrum. One representative error bar is shown. Empty black histogram: Monte Carlo

simulation based on the previous theoretical cross section and angular distribution 28.

9

2H(α,γ)6Li spectra 

Main background  
from a two-step process: 

2H(α,α)2H 
Rutherford 
scattering 2H(2H,n)3He 

d+d - reaction  
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2H(α,γ)6Li, LUNA results for the S factor and the 6Li abundance 

u  First direct data point in the Big Bang energy window 

u  Determine primordial 6Li/7Li ratio = (1.7± 0.4) * 10-5 entirely from experimental data 

u  To be compared to reports of 6Li/7Li ~ 10-2  

Michael Anders (HZDR),  
PhD thesis 2013, 
supported by DFG 



Slide 12 
Daniel Bemmerer | Underground nuclear astrophysics at Felsenkeller | Darmstadt, 16.12.2013 | http://www.hzdr.de 

Limitations of the existing LUNA 0.4 MV accelerator 

§  Many reactions cannot be studied with a 0.4 MV accelerator alone. 
§  Solar fusion reactions 
§  Stellar helium and carbon burning 
§  Neutron sources for the astrophysical s-process 

➔  A new, higher-energy underground accelerator is needed! 

Gamow peak for 
selected α-induced 
reactions 

NuPECC  
Long Range Plan 2010: 
 
“An immediate, pressing issue is 
to select and construct the next 
generation of underground 
accelerator facilities. (…)  
There are a number of proposals 
being developed in Europe and it 
is vital that construction of one or 
more facilities starts as soon as 
possible.” 
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A new, higher-energy accelerator underground: Science case (1) 

 Heil et al. 2008	



Helium burning 
•  12C(α,γ)16O 
•  14N(α,γ)18F 
•  15N(α,γ)19F 
•  18O(α,γ)22Ne 

Carbon burning 
•  12C(12C,α)20Ne 

Neutron sources for the s-process 
•  13C(α,n)16O 
•  22Ne(α,n)25Mg 
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A new, higher-energy accelerator underground: Science case (2) 

Applied physics 
•  1H(15N,αγ)12C, hydrogen 

depth profiling 

Solar composition problem 
•  3He(α,γ)7Be, E>0.4 MeV 
•  14N(p,γ)15O, E>0.4 MeV 

Radionuclides seen in space based observatories 
•  26Al, 44Ti, 60Fe 



Slide 15 
Daniel Bemmerer | Underground nuclear astrophysics at Felsenkeller | Darmstadt, 16.12.2013 | http://www.hzdr.de 

Underground nuclear astrophysics  
at the Dresden Felsenkeller: status report 

u  Motivation, scope, and methods 

u  Status quo at Felsenkeller 

u  Activation study using Felsenkeller: 40Ca(α,γ)44Ti 

u  Feasibility study and background intercomparison 

u  Accelerator purchase and upgrades 

u  Funding, people, outlook 



Slide 16 
Daniel Bemmerer | Underground nuclear astrophysics at Felsenkeller | Darmstadt, 16.12.2013 | http://www.hzdr.de 

Status quo, Dresden Felsenkeller, below 47 m of rock 
u  γ-counting facility for analytics, established 1982 

u  Deepest underground γ-counting lab in Germany 

u  10 high-purity germanium detectors 

u  Since 2009, contract enabling scientific use of 
Felsenkeller by HZDR (Daniel Bemmerer et al.)  
and by TU Dresden (Kai Zuber et al.) 

u  Several active Bachelor + Master + PhD theses  
using Felsenkeller 

u  4 km from TU Dresden, 25 km from HZDR campus 

u  Underground space available 

Tunnel I

Tunnel II

Tunnel III

Tunnel IV

Tunnel V

Tunnel VI

Tunnel VII

NE
C 

5M
V 

Ion 
source

Tunnel VIII

Tunnel IX

20 m

Geplantes neues Labor

Bestehendes VKTA-Labor

Zugang von außen
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44Ti from SN 1987A and 40Ca(α,γ)44Ti, studied by activation 

u  44Ti half-life is 60 years 
u  Energy source for late light 

curve of SN1987A 

INTEGRAL data: 
Grebenev et al., 
Nature (2012) 
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New, precise data on 40Ca(α,γ)44Ti 

KONRAD SCHMIDT et al. PHYSICAL REVIEW C 88, 025803 (2013)
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FIG. 1. Reduced level scheme of 44Ti, showing only those levels
and transitions that are known from the literature to be populated in the
40Ca(α, γ )44Ti resonance triplet at Eα = 4.5 MeV, corresponding to
center-of-mass energies of 4088, 4100, and 4112 keV. Transitions that
are observed (not observed) in the present work are shown with full
(dashed) arrows. Level energies are given in horizontal orientation;
γ -ray transition energies are given in vertical orientation. All energies
are in keV.

experiments with a variety of techniques were reported. A
pioneering new study was performed by Nassar et al. in inverse
kinematics with a 40Ca beam incident on a helium gas cell [17].
The 44Ti produced was collected in a catcher and subsequently
counted via accelerator mass spectrometry (AMS). Both a thin
target, to determine the resonance strength of the 4.5-MeV
resonance triplet alone, and a thick target, to determine an
averaged yield over a wide energy range, have been used.
The thin target yield, dominated by the 4.5-MeV resonance
triplet studied here, was consistent with previous work
(Table I). However, the thick target yield indicated a factor
of 3–5 higher strength than the sum of resonance strengths
found in the literature [17].

The 40Ca(α, γ )44Ti excitation function was then studied
over a wide energy range in inverse kinematics by Vockenhu-
ber et al., using the DRAGON recoil mass spectrometer [18].
The derived resonance strength for the present triplet was lower
than that of Nassar et al. but still consistent within the error
bars (Table I). However, the derived reaction rate from the
Vockenhuber et al. data was overall lower than Nassar et al.’s.
The discrepancy reaches a factor of 2 at high temperatures.

TABLE I. Summed resonance strength of the triplet at Eα =
4.5 MeV, from this work and from the literature.

ωγ (eV) Reference Technique

8.3 ± 1.7 Dixon et al. [16] in-beam γ spectroscopy
8.8 ± 3.0 Nassar et al. [17] AMS
7.6 ± 1.1 Vockenhuber et al. [18] recoil detection
9.0 ± 1.2 Robertson et al. [20] in-beam γ spectroscopy
8.4 ± 0.6 present work activation and

in-beam γ spectroscopy

In a subsequent experiment by Hoffman et al., the
40Ca(α, γ )44Ti yield was measured in direct kinematics, using
infinitely thick CaO solid targets [19]. The integral yield was
determined over a wide energy range, both by in-beam γ spec-
troscopy and by activation, and was found to be significantly
below theoretical expectations. As a consequence, the overall
astrophysical reaction rate derived by Hoffman et al. was even
lower than that of Vockenhuber et al. Due to the large target
thickness, no individual resonance strengths could be resolved.

Very recently, Robertson et al. [20] studied the excitation
function again over a wide energy range, using solid CaO
targets and in-beam γ spectroscopy with a 4π NaI(Tl)
summing crystal. Individual resonance strengths were derived
from the whole excitation function using a fitting routine with
the resonance energies and strengths as free parameters. The
result for the 4.5-MeV resonance triplet was somewhat higher,
but consistent within error bars with the other previous works.

C. Aim of the present work

Despite the wealth of available data (Sec. I B) and also some
theoretical efforts [21], no consistent picture has emerged on
this crucial nuclear reaction. The aim of the present work is
to clarify some of these discrepancies by providing a precise
normalization value that is accessible with relative ease to the
experimentalist and at the same time addresses the higher part
of the astrophysically relevant energy range.

To this end, the resonance triplet at Eα = 4.5 MeV in
the 40Ca(α, γ )44Ti nuclear reaction (Fig. 1) is studied in
a precision experiment, both by activation and by in-beam
γ -ray spectroscopy. We aim to extend this study to several
lower-energy resonances in the future.

II. EXPERIMENT

The irradiations have been carried out at the 3-MV Tande-
tron of Helmholtz-Zentrum Dresden-Rossendorf (HZDR)
[22]. The accelerator provided a beam of Eα = 4.5 MeV
4He++ ions with an intensity of 2.0–2.6 µA (1.0–1.3
particle µA) on target.

A. Setup used for the irradiations

The beam from the accelerator is bent by 30◦, transported
through a drift tube including electrostatic quadrupoles and
horizontal and vertical deflector units, and then enters the target
chamber (Fig. 2).

At the entrance of the target chamber, the beam spot is
limited by a water-cooled collimator with a circular opening
of 5 mm in diameter. The current on the collimator is
10–30% of the target current. The beam then passes through
a 30-mm-diameter copper tube that extends up to 2 mm from
the target surface and is biased to −100 V in order to force
secondary electrons back to the target. The beam current was
measured with a precision current integrator, and the charge
pulses were recorded both in the list mode data acquisition
system and by an analog scaler unit. An uncertainty of 1% is
estimated for the resulting beam intensity.

The target consists of calcium hydroxide deposited on a
0.22-mm-thick tantalum backing (Sec. II C). The tantalum

025803-2

RESONANCE TRIPLET AT Eα = 4.5 MeV IN . . . PHYSICAL REVIEW C 88, 025803 (2013)

103
104
105
106
107
108
109 511 Annihilation

529 40Ca(α,γ) (n.d.)
583 19F(α,nγ)

627 40Ca(α,γ) (n.d.)

821 40Ca(α,γ)
884 40Ca(α,γ) (n.d.)

982 40Ca(α,γ)
1083 40Ca(α,γ)

1275 19F(α,pγ)
1448 40Ca(α,γ)

1634 16O(α,γ)
1804 40Ca(α,γ) (n.d.)

100% HPGe at 55◦

103
104
105
106

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

co
un

ts
 p

er
 k

eV

60% HPGe at 90◦

101
102
103
104
105
106
107 2332 40Ca(α,γ)

2531 40Ca(α,γ)
2614 16O(α,γ)

2887 40Ca(α,γ) 4088 19F(α,pγ)

R→3415

R→2887

R→2531

R→1904 R→1083 R→g. s.

100% HPGe at 55◦

101
102
103
104

2 3 4 5 6 7 8 9 10
Eγ (MeV)

60% HPGe at 90◦

FIG. 9. In-beam γ -ray spectrum for Eα = 4.5 MeV, target #31. Above 5 MeV, the primary γ rays from the resonance triplet are seen,
together with their single-escape lines. At lower energy, the secondary γ rays from the reaction under study and also some contaminant γ rays
can be seen. Undetected 40Ca(α, γ )44Ti secondary γ rays have been marked with dashed lines and labeled as “n.d.” (not detected) in the plot.

III. RESULTS

The γ -ray spectra observed with the in-beam detectors are
dominated by the γ rays from the 40Ca(α, γ )44Ti reaction
under study here (Fig. 9). The main background in the in-beam
spectra is from α-induced reactions on 19F that is contained
either in the tantalum backing or in the Ca(OH)2 target. In
addition, some secondary γ rays from the 16O(α, γ )20Ne
reaction have been identified.

A. Decay branching ratios of the 4.5-MeV triplet

The decay branching ratios of the resonance triplet at
4.5 MeV were determined from the in-beam γ -ray spectrum
observed at 55◦. To this end, both the full energy and the single
escape γ rays were fitted (Fig. 10).

The resulting branching ratios (Table III) are mostly in
good agreement with the literature [16]. It can be seen that the
branching ratio for the decay to the 1083-keV first excited state
in 44Ti is different in the present work: higher for the lowest-
energy resonance and lower for the other two resonances. This

TABLE II. Targets used for the 4He++ irradiations. The 44Ti
activities given refer to the end of the irradiation.

#31 #32

Implanted 4He++ dose (mC) 584 402
1083-keV yield degradation (8.2 ± 1.6)% none
Measured 44Ti activity (mBq) 17.0 ± 0.6 12.9 ± 0.6

level is fed by higher-lying states, so it is possible that the
previous data were affected by uncertainties in the feeding
subtraction. The present branching data depend only on the
primary γ rays, which are free from this effect.

For the two higher-energy resonances, the new branching
ratios are overall more precise than the previous ones. One
problem in the present data is the decay to the 1904-keV
second excited state in 44Ti. The primary γ ray for this decay
is affected by inevitable Compton background from higher-
energy peaks. An analysis based on the secondary γ rays from
the decay of the 1904-keV level is in principle possible, but the
significant feeding and branching corrections prevent a better
precision than that of the literature value.

Also from the fit, the distances between the three resonances
have been determined, in the center-of-mass system: 12.4 ±
0.2 keV between the lower-energy and the central resonance
and 13.7 ± 0.2 keV between the central and the higher-energy
resonance.

B. Total resonance strength from the activation method

For an infinitely thick target, the experimental yield Y∞ as a
function of the resonance strength ωγ is given by the following
relation [40]:

Y∞ = λ2
res

2
ωγ

εHe
eff (Eres)

, (2)

where λres is the de Broglie wavelength at the resonance energy
Eres and εHe

eff is the effective stopping power given by Eq. (1).

025803-7

K. Schmidt et al.,  
Phys. Rev. C 88, 025803 (2013): 

u  Precise determination of 
strength of 4.5 MeV 
resonance triplet 

u  Activation and in-beam  
γ-spectrometry methods 
applied 

u  Activation sample is planned 
to be used for AMS in the 
future 

u  First paper of planned several 
papers now published 

u  PhD project of  
Konrad Schmidt (HZDR), 
2011-2014, supported by DFG 
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Felsenkeller: Rock overburden, and muon flux reduction 
Surface Felsenkeller/DE Gran Sasso/IT 

u  Muon flux measured and mapped 
by Budapest group 

u  Optical mapping of terrain profile 
u  Overall factor of 30 flux reduction 



Slide 22 
Daniel Bemmerer | Underground nuclear astrophysics at Felsenkeller | Darmstadt, 16.12.2013 | http://www.hzdr.de 

Felsenkeller, muon flux data 

Figure 2. The measured 2π cosmic background in m−2sr−1s−1 units from the detector point
of view at the place of the proposed accelerator-based experiment. The detector was oriented
to 350◦ to the magnetic North. The measurement error is typically 3-10% statistical and 5%
systematic.

5. Summary and Conclusions
The cosmic background have been measured in the full 2π solid angle of the upper hemisphere
by the newly developed portable tracking detector at an underground laboratory in Felsenkeller,
Dresden, Germany. As we expected, the maximum muon flux value is found to be below 2.5
m−2sr−1s−1. The results quantify the shielding of Felsenkeller tunnel system for the proposed
radioactive ion beam experiments. The portability, reliable tracking performance, low power
consumption and the good angular resolution make the presented Muontomograph to be a
useful tool to perform reference measurements of cosmic background.
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(”Lendület”) grant of the HAS.

References
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[5] G. G. Barnaföldi et al.: 2012 Nucl. Inst. and Meth. A 689 60-69
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acceptance, time of measurement, trigger efficiency and angular-dependent tracking efficiency
as well. See more details in Refs. [5, 6].

4. Results
The muon telescope reliably operated during the 44 days meanwhile, about 477k events were
collected all together. This statistics were satisfactory for our analysis. The first step was to
compare the measured vertical flux to earlier data in the units of m−2sr−1s−1. As shown in
Fig. 1 data are in good agreement with the earlier measurements and empirically parametrized
curve [7].

In Fig. 1, the blue circles are for data and green dashed lines both taken from Ref. [7]. Red
and black dots are taken by the Muontomograph from earlier and this measurement respectively.
As black triangle denotes, the vertical flux is 1.78± 0.23 in the tunnel of Felsenkeller under 50
meter-rock-equivalent depth with the rock density of 2.40± 0.2 g cm−3.

 1

 10

 100

 0  20  40  60  80  100  120  140  160

V
er

tic
al

 m
uo

n 
flu

x 
(m

-2
sr

-1
s-1

)

Depht below the top of the atmosphere (hg cm-2)

Barboutit’s empirical curve (1983)
Barboutit’s measurements (1983)

Our measurements in the Janossy pit (2013)
Our measurements in Felsenkeller (2013)

Figure 1. The vertical absolute cosmic muon flux (m−2sr−1s−1) versus density depth (hg cm−2).
Our measurements are compared to the empirical formula, which based on an earlier work [7].

Using the 6 data sets listed in Table. 1 all overlapping zenith and azimuth directions were
merged and binned using the SURFER 9.0 [8] software. The obtained flux-map of the cosmic
muon background is shown in Fig. 2, where the flux of cosmic muons appears with color-scale
contours in units, m−2sr−1s−1 as a function of zenith and azimuth angles. The red contour lines
show the overburden rock thickness above the detector in meter-rock-equivalent, which has been
calculated based on our laser scanning total station shots — in parallel with the data taking.

As expected, the measured muon flux correlates well with the overburden rock thickness: the
colour scaling and the red contours are mainly parallel to each other in Fig. 2. The maximum
muon flux is found to be below 2.5 m−2sr−1s−1. The highest flux were measured in the direction
of the zenith and the entrance of the tunnel to West.

The obtained vertical absolute flux in Fig. 1 and the flux map in Fig. 2 provide well defined
baselines for the design of the proposed accelerator-based experiments in the Felsenkeller site.
However, we note, other natural background sources might also exist, which should be targets
of forthcoming checks.

u  Measurement with REGARD muon 
tomograph (Budapest U.) 

u  Rock overburden equivalent to  
130 meter water, slightly higher than 
in the low-activity lab (110 m.w.e.) 

u  Precise angular distribution allows 
to plan active veto accordingly. 



Slide 23 
Daniel Bemmerer | Underground nuclear astrophysics at Felsenkeller | Darmstadt, 16.12.2013 | http://www.hzdr.de 

Background, in a typical HPGe detector for nuclear astrophysics 

Tamás Szücs et al.,  
Eur. Phys. J. A 48, 8 (2012) 

→  Felsenkeller: Combination of active veto and 47m rock gives a 
background close to the deep-underground background at 6-8 MeV. 

→  Explanation: Environmental (α,n) neutrons dominate the deep-
underground background. 
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Underground nuclear astrophysics  
at the Dresden Felsenkeller: status report 

u  Motivation, scope, and methods 

u  Status quo at Felsenkeller 

u  Activation study using Felsenkeller: 40Ca(α,γ)44Ti 

u  Feasibility study and background intercomparison 

u  Accelerator purchase and upgrades 

u  Funding, people, outlook 
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Purchase of 5MV Pelletron accelerator (2012) 
u  12-year old, working 5 MV accelerator 
u  Bought off an insolvent spin-off  

of York Univ. 
u  250 µA upcharge current  

(double pellet chains) 
u  Well-suited for low-energy nuclear 

astrophysics 

12.07.2012 York!

30.07.2012 HZDR! Felsenkeller!
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Work at HZDR on upgrading 5MV Pelletron 
u  All accelerator and beam line components stored at HZDR since July 2012 
u  Two MC-SNICS cesium sputter ion sources came with the purchase 

12C- beam (designed for 14C):  100 µA 
1H- beam:   100 µA 
but no good intensity for noble gases (He-, Ne-, Ar-) 

Ongoing projects: 
u  Terminal ion source 

for better He-, Ar-  
beam intensities 

u  CAMAC control software 
u  Windowless gas target 
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High voltage terminal 
u  500 W of electrical power 

available on high voltage terminal 
(rotating shaft system) 

u  Gas stripper system  
will remain on terminal,  
including two 360 l/s 
turbomolecular pumps 

u  Carbon foil stripper system not 
necessary any more, has been 
removed 

Status quo 
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Radio frequency ion source, to be installed on high voltage terminal 
u  Home-made model,  

based on RF ion source on 
terminal of HZDR 2 MV van de 
Graaf accelerator, in operation 
since late 1970s (!) 

u  RF emitter based on Russian high 
power valves  

u  Electrostatic deflector in order to 
send the beam to the beam line 
still to be developed 

u  Working plasma discharge, first 
tests show successful extraction of 
60 µA He+ current  

u  Aimed for intensity 100 µA H+, He+ 
 
u  Diploma thesis work under way 

(Stefan Reinicke) 
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CAMAC and RS232 control 
Status quo:  
u  CAMAC crate controllers with CAMAC DACs+ADCs,  

accessed via ethernet by NEC proprietary control 
software 

u  RS232 controlled devices accessed via industrial PCs 
and ethernet, also by NEC proprietary control software 

u  No access to source codes provided 

Ongoing work 
u  B.Sc. thesis on additional slow control of CAMAC units 

(Jonas Wielicki) 
u  Aim to have an alternative way of controlling beam 

transmission relevant devices 
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Underground nuclear astrophysics  
at the Dresden Felsenkeller: status report 

u  Motivation, scope, and methods 

u  Status quo at Felsenkeller 

u  Activation study using Felsenkeller: 40Ca(α,γ)44Ti 

u  Feasibility study and background intercomparison 

u  Accelerator purchase and upgrades 

u  Funding, people, outlook 
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Civil construction 
Permissions needed: 
u  Construction permit 
u  Operation of an ion accelerator  

Main safety issues: 
u  Radioprotection and access 
u  Fire and evacuation 
u  Suffocating gas (SF6) 

Status 
u  Draft project by two private engineering 

firms (civil and laboratory engineering) 
completed, January-March 2013  

u  Cost estimates, including planning and 
contingency, for 0.6 M€ 

Total investment needed: 1.0 M€ 
u  0.4 M€ spent (accelerator, transport) 
u  0.2 M€ pledged (HZDR, Vienna) 
u  0.4 M€ applied for (Kai Zuber,  

TU Dresden excellence initiative fund) 
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NAVI-Felsenkeller group 

Name Role Funding 

Daniel Bemmerer PI HZDR 

Bernd Rimarzig Engineer HZDR 

Michael Anders PhD student (2009-2013) LUNA DFG 

Konrad Schmidt PhD student (2011-2014) 44Ti Felsenkeller DFG 

Tamás Szücs Postdoc (2013-2015) H-burning  NAVI 

Marcell Takács PhD student (2013-2016) H-burning NAVI 

Louis Wagner PhD student (2013-2016) H-burning NAVI 

Stefan Reinicke Diploma student RF ion source NAVI/HZDR 

Johannes Krause Student worker gas target NAVI/HZDR 

Jonas Wielicki Student worker Pelletron CAMAC control NAVI/HZDR 
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Approach for 2013-2016 
Work on investment funding (0.4 M€ still needed) 
u  TU Dresden application (Kai Zuber) 
u  ... 

Work on improvements of 5MV accelerator 
u  Radio-frequency ion source 
u  Computer control of all components 
u  Gas target design and tests 

Surface-based experiments at HZDR ion accelerators 
u  CNO cycle, 14N(p,γ)15O (talk by Louis Wagner) 
u  CNO cycle, γ-widths in 15N (mirror of 15O)  
u  CNO cycle, 12C(p,γ)13N and 16O(p,γ)17F  

in inverse kinematics 
u  pp-chain and Big Bang: 3He(α,γ)7Be angular distribution 
u  ...  

Collaboration with LUNA-0.4 MV (DFG) 
u  2H(α,γ)6Li (concluded) 
u  22Ne(p,γ)23Na (to be applied for) 

Background intercomparisons between underground labs 
u  Canfranc/Spain, Freiberg/Germany 

Tunnel I

Tunnel II

Tunnel III

Tunnel IV

Tunnel V

Tunnel VI

Tunnel VII

NE
C 

5M
V 

Ion 
source

Tunnel VIII

Tunnel IX

20 m

Geplantes neues Labor

Bestehendes VKTA-Labor

Zugang von außen
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u  7Be, 8B: Data more precise than the models 

u  13N, 15O: No data yet, but models are not very precise 

u  Need smaller error bars for the models! 

Solar neutrino fluxes: Data and model predictions 
Neutrino fluxes: 
Standard Solar Model;  
Antonelli et al., 1208.1356 
 
GS98 = Old, high CNO 
elemental abundances 
 
AGSS09 = New, low CNO 
elemental abundances 
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What drives the uncertainties in the predicted solar neutrino fluxes? 

u  Nuclear reaction rates are the largest 
contributor to the uncertainty! 

 

Uncertainty contributed to neutrino 
flux, in percent 
 
Antonelli et al., 1208.1356 

Nuclear reaction rates 

3He(α,γ)7Be 
7Be(p,γ)8B 

14N(p,γ)15O 
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§  Need new direct data between 0.3 and 2.0 MeV 

§  Need new indirect data on subthreshold resonance 

§  Talk by Louis Wagner this morning! 

Outlook on14N(p,γ)15O  
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Double-peaked source distribution for 13N neutrinos 

Bahcall et al. 2006 

u  Center of the Sun, T = 16 MK 

u  Lifetime τ(12C) = 7 * 105 a  <<  2 * 108 a =  τ(14Ν)  

u  12C in the solar center is quickly converted to 14N,  
and CNO cycle reaches equilibrium 

u  13N neutrino emission at the center of the Sun  
is determined by the 14N(p,γ)15O rate 

u  R/RO~0.16, T = 12 MK 

u   τ(12C) = 2 * 108 a   

u   τ(14Ν) =  1011 a >> age of the Sun 

u  CNO cycle never reaches equilibrium 

u  Size of 12C-depleted zone  
depends on 12C(p,γ)13N rate 
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13N neutrinos and the 12C(p,γ)13N reaction 

u  No experimental data at or near the solar Gamow peak 

u  Existing data near E = 0.1 MeV are from the 1950’s 

u  Adelberger et al. 2011 cites 17% uncertainty 

u  New data at low and high energy are needed! 
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What drives the laboratory background in γ-ray detectors? 

Detector 

Passive shield 

Radioisotopes in 
the laboratory: 
238U - daughters 
232Th - daughters 
40K 

Radioisotopes in 
detector and shield: 
238U - daughters 
232Th - daughters 
60Co, 138La 

Neutrons from  
outside the shield:  
- cosmic ray 
- (α,n) in rock 

Energy loss of 
energetic muons 

Neutrons created in the 
passive shield by muons 
(µ,n)  

Felsenkeller 

G
ran S

asso 

Affects energies… Address by.. 

Red Eγ < 2.7 MeV shielding or purification 

Green Eγ < 12 MeV shielding 

Black Eγ < 70 MeV active veto 

Blue Eγ < 12 MeV 1000 m rock 
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Next experiment at LUNA: Hydrogen burning and 22Ne(p,γ)23Na 
u  NeNa cycle of hydrogen burning in astrophysical novae 
u  Sensitivity study by C. Iliadis, J. José et al. 2002 shows impact on the abundances of  

22Ne (factor 100)  
23Na (factor 7) 
24Mg (factor 70) 

Is there also an effect on the 22Ne 
abundance in SN Ia precursors? 


