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Stable-beam, stable-target accelerators: Why are they needed? 

Charged-particle induced reactions 
on stable nuclei 
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Stable-beam, stable-target accelerators: The problem 

u  Very low cross section at the relevant energies  
for hydrostatic stellar burning. 

u  Thus, very low signal counting rate in a detector,  
thus very sensitive to background 

u  Thus, very long running time  
(1-3 years per nuclear reaction) 

Stable-beam, stable-target accelerators: The solution 
u  High-intensity, low beam energy 

accelerator 

u  Ultra-low background environment,  
deep underground. 

u  LUNA 0.4 MV accelerator in Italy 
= a success story! 
See talk by Francesca Cavanna 
tomorrow. 
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LUNA 0.4 MV accelerator and higher-energy accelerators 

LUNA 0.4 MV  
§  Solar fusion 
§  Big-Bang nucleosynthesis 
§  Hydrogen burning 

New underground accelerator 
§  Solar fusion 
§  Big-Bang nucleosynthesis 
§  Helium burning 
§  Carbon burning 
§  44Ti production and destruction 

Gamow peak for selected stable-ion reactions: 

NuPECC Long Range Plan 2010-2020: 
 
“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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New underground accelerator

LUNA 0.4 MV
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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 by HZDR and TU Dresden 

u  4 km from TU Dresden, and from city center 

u  25 km from HZDR campus 

44Ti production study: 
Konrad Schmidt et al. 
Phys. Rev. C 88, 025803 (2013) 
Phys. Rev. C 89, 045802 (2014) 



Slide 8 
Daniel Bemmerer | Felsenkeller | NAVI Physics Days | GSI Darmstadt, 18.01.2016 | http://www.hzdr.de 

u  Industrial area (former Felsenkeller brewery) 

u  Tunnels driven in the 1850s into the wall  
of a former quarry 

u  Additional space available underground 

Why not place a surplus accelerator in Felsenkeller? 

Tunnel I

Tunnel II

Tunnel III

Tunnel IV

Tunnel V

Tunnel VI

Tunnel VII

Tunnel VIII

Tunnel IX

Existing γ-counting lab
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Background suppression approach in Felsenkeller 

„First passive, then active“ 
 
1.  First 30 m.w.e. of rock  

completely remove nucleonic 
component of cosmic rays. 

2.  Subsequent rock thickness 
attenuates the muon flux, and 
thus muon-produced neutrons  
(110 m.w.e. = factor of 30) 

3.  Active muon veto removes 
most of the remaining muon-
induced effects 

Eur. Phys. J. A (2015) 51: 33 Page 3 of 9

Table 1. Summary of the sites and detectors used in recent
and in previously published studies [15,16]. See sect. 2.2 for a
detailed description of the highlighted new site and detector.

Site Depth Recorded energy range

[ m w. e.] 122% Clover 60% HPGe

HZDR 1 0.9–74 MeV [16] 0.3–39 MeV

Felsenkeller 110 0.3–22 MeV [16] 0.3–39 MeV

Reiche Zeche 400 0.5–73 MeV 0.3–41 MeV

LNGS 3800 0.1–8 MeV [15] no data

thickness at the rear. At the front end of the BGO there
is a “heavy met” collimator. “Heavy met” is an alloy of
tungsten (> 90%), nickel and copper. The collimator has a
square shaped 3.5 cm×3.5 cm opening. The same detector
was subsequently transported to each site, and laboratory
background spectra have been recorded [15,16]. The same
detector is again used here.

It was found previously [15,16], that an additional 5 cm
lead shield surrounding the whole detector has no measur-
able effect on the high-energy background count rate if ac-
tive shielding is applied. Therefore in the present compar-
ison the previously recorded unshielded spectra are used,
and the newly obtained spectra were recorded also with-
out additional lead shield.

2.2 New measurement in the “Reiche Zeche”

The Clover detector has been transported to the Reiche
Zeche mine in Freiberg, Germany. The Freiberg Mining
Field is an ore deposit of precious and non-ferrous metals
in the lower Eastern Ore Mountains in Saxony, Germany.
The first discovery of silver ore dates from 1168. The first
confirmed mining activity at Reiche Zeche dates back to
1384 [19]. The mine is currently used as a teaching, re-
search and visitor mine by TU Bergakademie Freiberg.
A possible use as a national underground laboratory has
been proposed [20]. The present measurement has been
done in the so-called Klimakammer 148m below the sur-
face. On this level, a former γ-ray measurement concen-
trating on the low-energy background had been performed
in the 1980’s [21].

Beside the Clover, a second HPGe detector with 60%
relative efficiency was transported to the same site (here-
after 60% HPGe). This detector is equipped with an an-
nular BGO shield (fig. 1, right side). The crystals of this
BGO have a different shape than the one of the Clover,
and are approximately 3 cm thick, leading to a higher veto
efficiency. Around the BGO there is a 2 cm thick lead
shield and at the front a 7 cm thick lead collimator with a
cylindrical opening of 3 cm diameter to suppress the over-
all count rate of the veto detector. This is necessary to
reduce false veto signals caused by random coincidences.
Subsequently, background spectra have also been recorded
with the 60% HPGe at Felsenkeller and at HZDR.

In table 1 the depth of the sites investigated, and
detectors used in the comparison are summarized. The
histograms have been stored on a daily basis and list mode

Fig. 2. Qualitative behavior of muon and neutron intensity
dependence from the depth based on [22] as described in the
text. The typical (α,n) neutron flux in Gran Sasso [11] is also
shown. The depth of the sites investigated in this work are
marked by vertical arrows.

data have also been recorded to keep track of possible gain
changes, which were finally found to be negligible. There
was no observable change in the background rate, so in the
final analysis the sum of the daily spectra has been used.

3 Expected effect of the cosmic-ray–induced
particles on the HPGe detector background
based on the literature and on simulations

Our study concentrates on the high-energy background
(Eγ > 3MeV), where the natural radioactivity of the sur-
roundings of the setup and of the detector materials plays
a negligible role at the surface of the Earth. Only this
energy region above 3MeV is discussed in the following,
where the background is originating either from cosmic-
ray–induced events or the ambient neutron background.

3.1 Cosmic-ray–induced background above 3 MeV

The primary cosmic rays entering the atmosphere of
the Earth are light nuclei with very high energy up to
1020 eV [22]. In the atmosphere, these particles lose energy
via electromagnetic and nuclear processes generating sec-
ondary cosmic-ray particles reaching the surface, and pen-
etrating into the Earth’s crust. These are mainly muons
(hard component), neutrons, protons (nucleonic compo-
nent), electrons, positrons and gamma rays (soft compo-
nent).

The approximate dependence of the muon and neutron
intensity on the depth is shown in fig. 2, and a qualitative
discussion will be given here following [22,23].

Red dashed curve: The depth dependence of the muon in-
tensity, as approximated by eq. (4.35) from ref. [22].
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Muon flux measurement (Budapest REGARD muon tomograph) 

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.
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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  Rock overburden 130 m.w.e., slightly higher than in 
the nearby existing low-activity lab (110 m.w.e.) 

u  Laszlo Oláh (MTA Wigner) et al.,  
Proceedings of NPA6 conference and 
PoS (NIC XIII) 129 (2015) 

 
Work in progress: 
u  Complete mapping of tunnels under analysis  

(Master‘s thesis Felix Ludwig, started Nov. 2015) 
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Neutron flux measurement  
BELEN 3He counters and PTB Bonner sphere 

u  3He counters inside polyethylene moderator blocks 

u  Three different campaigns show consistent results 

u  Very different fluxes at three nearby sites (all in tunnel 

IV) with similar muon flux 

u  Characterization of tunnels VIII and IX will follow 

Place PTB Bonner 
spheres 
2013 
[10-4 cm-2 s-1] 

BELEN 3He 
counters 
2015 prelim. 
[10-4 cm-2 s-1] 
 

PTB 5’’  
Bonner sphere  
2015 prelim. 
[10-4 cm-2 s-1] 
 

MK2 (Pb+Fe) 5.7 5.5 6.1 

MK1 (rock) 0.8 0.7 

Workshop 2.4 2.3 
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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  Conclusions recently confirmed in a 400 m.w.e. 
deep mine (Freiberg/Sachsen, Germany) 

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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5 MV Pelletron 
u  Pellet chains dismounted and cleaned  
u  High voltage terminal dismounted 
u  Control software under re-development 

Louis Wagner 

MC-SNICS 134 sputter 
ion source 

u  100 µA C- beam 
u  100 µA H- beam 
u  No useful He- beam 
u  Has worked well for 12 years,  

re-commissioning underway 

Marcell Takács 
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Radio frequency ion source, results of offline tests 
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HZDR-made ion source: 
Extracted ion current (µA)  
as a function of anode voltage and 
gas pressure. 
 
Commercial ion source (NEC): 
First plasma, promising current 
 
Tamás Szücs 
Stefan Reinicke 

To do: 
u  Analysis of extracted beam species 
u  Decision which of the two RF ion 

sources to use 
u  Electrostatic deflector for coupling RF 

ion source to beam line 
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Felsenkeller accelerator, technical capabilities 

Existing capabilities 
u  100 µA carbon beam (MC-SNICS) 
u  100 µA hydrogen beam (MC-SNICS) 
u  Solid target setup  
u  Two in-beam HPGe detectors 
u  One offline HPGe detector in Pb castle 

Temporarily available (setups at HZDR ELBE) 
u  4 additional BGO-shielded HPGe detectors 
u  4 additional 3’’ LaBr3 detectors 

Hoped for capabilities (funded but not yet running) 
u  100 µA helium beam (RF ion source) 
 
To be applied for 
u  Additional γ-ray detectors 
u  Windowless gas target 

12 �
1 �

+ +

+

�

E = E0 + q · e ·U

q UE

E0 = UE · q · e.
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Construction, funding, staff 
Total investment needed+funded 1.5 M€ 
u  Purchase and transport of Pelletron (spent) 
u  Construction (TU Dresden, Excellence Initiative 

„support the best“, K. Zuber, approved 2014) 
u  Planning, infrastructure, reserve (HZDR) 

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

Executive project 
u  Detailed drafts updated in August 2015 
u  Full planning started in November 2015 
u  Construction starts fall 2016 
u  Opening of the facility September 2017 

Tunnel I

Tunnel II

Tunnel III

Tunnel IV

Tunnel V

Tunnel VI

Tunnel VII

Tunnel VIII

Tunnel IX

Existing γ-counting lab

20 m
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Felsenkeller accelerator: access, use, program 

Collaboration between HZDR and TU Dresden 
u  Kai Zuber et al. (TU Dresden) 
u  Daniel Bemmerer et al. (HZDR) 
u  Independent scientific advisory board to advise on program, users, and facility development 

Planned use 
u  In-house research by HZDR and TU Dresden 

u  Solar fusion   Day one experiment 3He(α,γ)7Be 
u  Helium burning  Day two experiment 12C(α,γ)16O 

u  Outside scientific users from any field of science welcome, no charge for beam time 

 
VOLUME 87, NUMBER 20 P H Y S I C A L R E V I E W L E T T E R S 12 NOVEMBER 2001

0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4
Energy E [MeV]

10-6

10-5

10-4

10-3

10-2

10-1

1

10

102

Y
ie

ld
[a

rb
.u

ni
ts

]
Others
Drotleff et al.
This work

Harms et al.

Giesen et al.

0.80 0.83 0.86

10-5

10-4

10-3

10-2

FIG. 1. Excitation function of 22Ne!a, n"25Mg measured with
the new experimental setup. The resonance at Ea ! 832 keV is
shown in the inset. For comparison some data of previous mea-
surements [6,8,9] have been plotted. The dashed curves show
the fitted resonance functions. At the tails of the resonances the
“yield” can be taken as cross section in (mb). The assumed reso-
nance at 635 keV is shown as the shaded area with an upper limit
for its strength of vg , 60 neV.

Ea ! 570 keV up to 1500 keV with He1 beam currents
of 100 150 mA.

The parameters of the resonances in the measured
energy range were derived from the excitation function.
The final excitation function is given in Fig. 1 with the
resonance at 832 keV shown in the inset. The calculated
yield functions are shown as dashed curves. The results
obtained for the resonance parameters are listed in Table I
in comparison with the previous determinations of Drotleff
et al. [8], and the compilations of Käppeler et al. [12] and
Endt [18]. There are considerable differences between the

data sets; in particular, we have found that the positions,
widths, and strengths of the resonances differ strongly from
the data compiled recently by Endt [18]. For example,
Endt quoted a width of less than 3 keV for all resonances
of this reaction. Compared to Drotleff et al. [8], the vg
value of the 832 keV resonance obtained here is smaller
by about 34% which resulted from the much better spatial
resolution of the new detector with its “short” 3He coun-
ters. A previously unreported broad resonance was found
at 1053 keV. Because of the improved resolution the reso-
nance at 987 keV previously reported by Drotleff et al.
[8] was resolved into two resonances with peaks at 976
and 1000 keV. We note that the strength used by Käppeler
et al. [12] for the 832 keV resonance was the weighted
average of the values obtained by Drotleff et al. [8] and
Giesen et al. [9]. In the determination by Giesen et al. [9],
where 22Ne was implanted into a solid backing (“drive-
in-target”), the neutron “signal” of the 832 keV resonance
was less than 30% of the background yield; however, in
the present work it is 2 orders of magnitude above back-
ground (see inset of Fig. 1), reflecting the huge improve-
ment in the experimental sensitivity.

Our 4p neutron detector yields both the total count-
ing rate as well as rough energy information derived from
the ratio of counts in the inner and outer detector rings,
the ratio being highly sensitive at neutron energies below
300 keV. Between threshold and 800 keV we measured
in long runs a background yield which was the same for
20Ne and 22Ne and with and without a beam, which means
explicitly that the entire measured yield between thresh-
old and 800 keV is cosmic-ray-induced background. The
“ratio” indicated clearly that the neutrons did not originate
from the 22Ne!a, n"25Mg reaction because of their high en-
ergy. Instead of subtracting background yields, the process

TABLE I. Resonance parameters (resonance energy Eres and width G in the laboratory system, resonance strength vga in the
center-of-mass frame) for the reaction 22Ne!a, n"25Mg at low energies (with uncertainties in brackets). The values for the resonance
strength of the hypothetical resonance at about 635 keV are upper limits; its energy value was taken from [9,19,20].

Drotleff Käppeler Endt
This work (1993) [8] (1994) [12] (1998) [18]

Eres Ex G vg Eres G vg vg Eres G vg
(keV) (keV) (keV) (meV) (keV) (keV) (meV) (meV) (keV) (keV) (meV)

635(10) 11 152(10) · · · <60 neV · · · · · · · · · <520 neVb 623(6) · · · · · ·
832(2) 11 319(2) 0.25(17) 0.118(11) 831(3) <3 0.180(30) 0.200(36) 830(3) <3 0.08(2)
976(2) 11 441(2) 2.1(9) 0.034(4) · · · · · · · · · · · · · · · · · · · · ·

· · · · · · · · · · · · 987(10) 30(15) 0.16(10) · · · 988(5) <3 0.25(7)
1000(2) 11 461(2) 9.3(25) 0.048(10) · · · · · · · · · · · · · · · · · · · · ·
1053(2) 11 506(2) 12.7(25) 0.35(6) · · · · · · · · · · · · · · · · · · · · ·
1077(2) 11 526(2) 1.8(9) 0.83(7) 1076(10) 9(5) 1.9(5) · · · 1066(5) <3 1.6(4)

· · · · · · · · · · · · · · · · · · · · · · · · 1178(5) <3 4.9(1.2)
1200(2) 11 630(2) 13.5(17) 8.5(10) 1202(4) 19(3) 10.6(1.5) · · · 1219(5) <3 4.8(1.2)
1340(10) 11 749(10) 63.5(85) 60(9) 1350(10) 65(20) 55(20) · · · · · · · · · · · ·
1385(4) 11 787(4) 24.5(34) 50(7) 1384(5) 25(10) 23(15) · · · 1395(10) <3 15(4)
1434(2) 11 828(2) 1.10(25) 1067(42) 1434(3) <3 1105(120) · · · 1433(2) <3 610(90)
avg ! #!2Jr 1 1"$%!2J1 1 1" !2J2 1 1"&' %GaGn$G&, where J1 ! J2 ! 0, and Jr is assumed to be 1, except for the resonances at
832 and 1434 keV with Jr ! 2. Ga , Gn , and G are the a width, the neutron width, and the total level width, respectively.
bIn [9] this value was 740 neV.
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Figure 4
The ground-state E2 S factor for 12C(α, γ )16O. The curves show fits for two possible interference
assumptions. Further details on the fits and experimental data (from References 92–98) are available in
Reference 90.

capture reaction (90) led to an interpretation of how the narrow 2.68-MeV resonance interferes
with other mechanisms that is opposite to that assumed in Reference 91. Consequently, a some-
what different extrapolation of this component of the cross-section results, SE2 (0.3 MeV), was
determined to be 62+9

−6 keV b, versus 53+13
−18 keV b in Reference 91. Figure 4 shows the SE2 ex-

trapolation of Reference 90. Note that the error analysis for this reaction is highly dependent on
the assumptions one makes, and all of the analyses discussed above rely on indirect methods that
have systematic uncertainties that are very difficult to quantify.

Future experimental progress on this reaction will probably come from several directions.
Further measurements at higher energies will be very helpful for determining the contributions
and interference effects from high-energy resonances—otherwise, these contributions must be
treated as free parameters in the R-matrix description. It is also likely that further progress will be
made with indirect methods—both experimentally and in understanding how to analyze the data.
Finally, the difficult work of low-energy direct measurements will surely continue. One promising
approach involves the use of photon beams to study the inverse reaction 16O(γ ,α)12C. Some high-
quality measurements of the similar reaction 12C(γ ,α0)8Be have recently been obtained using this
method (99).

3.4. Statistical Regime
As one moves to heavy nuclei or to high excitation energies within a given nucleus, the density of
levels increases, and it may be possible to treat the resonances statistically. A formalism for describ-
ing the average cross section that results when a large number of compound nuclear resonances
contribute has been developed and is known as the Hauser–Feshbach model (100). The essential
ingredients are transmission coefficients and densities of final states. Transmission coefficients for
the entrance channel can be calculated from the optical potential, which is generally well known in
the case of protons but is often poorly known for α particles (e.g., Reference 101). For photon exit
channels, the γ strength function is typically used to define the transmission coefficient. Unless

98 Brune · Davids
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CNO neutrinos (13N, 15O, 17F) and the 14N(p,γ)15O reaction 

Poster # 59 (Louis Wagner) 
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u  Measurement of the two strongest transitions (6.79, GS) done,  
at the HZDR 3MV Tandetron at the Earth‘s surface 

u  Measurement of the two weaker transitions (6.17, 5.18) needs 
much higher beam intensity and lower background 

u  Felsenkeller accelerator will offer both. 

Preliminary 
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CNO neutrinos (13N, 15O, 17F) and the 12C(p,γ)13N reaction 

u  Inverse-kinematics measurement recently completed, 
at the HZDR 3MV Tandetron at the Earth‘s surface  

u  Cosmic-ray background limits further progress. 

u  Felsenkeller will offer high 12C beam intensity and lower 
background. 

Preliminary 
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Felsenkeller status report, NAVI meeting 

u  Stable-beam, stable-target accelerators are needed 
for the progress of nuclear astrophysics. 

u  Shallow-underground sites offer good background 
conditions, if an additional active veto is used. 

 
u  Felsenkeller underground accelerator will be running 

in late 2017:  
50 µA H, 50 µA C, 50 µA He 

u  Wide open for scientific users  
from Europe and from the rest of the world! 

Possible synergies with astrophysics-motivated research 
at the Helmholtz Beamline HIBEF at XFEL Hamburg: 
u  Supernova remnant physics, acceleration processes 
u  Electron screening, nuclear excitation by atomic 

transitions (NEAT, NEEC) 
u  Fluid and MHD effects 
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The power of the deep: 3He(α,γ)7Be, controlling Big Bang 7Li and solar 7Be 

State of the art: 

u  LUNA cross section data 
(2006) led a breakthrough 
in precision. 

u  Big Bang energy range 
now covered with precision 
data (LUNA+others). 

u  Extrapolation to solar 
Gamow peak now much 
better constrained. 

The way forward: 

u  Need one comprehensive data set connecting low-
energy LUNA data with the many high-energy data 
sets! 

the resultant relevant energy range is consistent with the
one based on the Nollett and Burles [6] approach,
adopted here.
A number of recent S34ðEÞ determinations are available

at E > 0.3 MeV [7–12], allowing us to form a weighted
average and judge the precision of the recommended value
(Fig. 1). However, this abundance of recent experimental
data covers only the upper third of the relevant energy
range. At lower energies, the exceedingly low cross section
is a challenge for experimentalists. As a consequence,
recent data for E ≤ 0.3 MeV are available only from one
experiment [13], performed at the LUNA accelerator deep
underground in the Gran Sasso Laboratory in Italy.
It should be noted that S34ðEÞ data reported in the period

from the 1950s to the 1980s [15–21] are omitted from the
present discussion, following the approach of a recent
review [5]. These data [15–21] are usually less well
documented than the more recent works [7–13] and have
larger error bars.
The scarcity of recent low-energy S34ðEÞ is addressed

here based on the fact that the Gamow peak is actually
rather narrow for low temperatures (see the solar Gamow
peak in Fig. 1). Here, S34ðESun

GamowÞ is determined from
NAhσvi34ðTSunÞ. The latest solar neutrino and cosmologi-
cal data are used. The additional low-energy data point is
used to redetermine the primordial lithium abundance.
A related idea was previously explored by Cyburt et al. a

decade ago [22]. That work was based on the neutrino data
available at the time from the Sudbury Neutrino
Observatory (SNO), and on the Wilkinson Microwave
Anisotropy Probe cosmological survey.
The present work uses newly available cross section,

solar neutrino, microwave background, and neutron

lifetime data, which are summarized in Sec. II. Using an
approach and errors described in Secs. III and IV, respec-
tively, S34ðESun

GamowÞ is determined, limiting the use of the
solar neutrino data to their strict range of applicability, the
temperature range of the solar Gamow peak (Sec. VA).
Subsequently, the new data point is included in a reeval-
uation of the 3Heðα; γÞ7Be S-factor at big bang energies
(Sec. V B). The predicted lithium abundance from BBN is
subsequently updated (Sec. VI), and a summary and
outlook are given (Sec. VII). In the Appendix, the reaction
rate is given both in parametrized and in tabular forms.

II. INPUT DATA

The SNO reports a 8B solar neutrino flux of

ϕexp
B ¼ 5.25$ 0.16ðstatÞþ0.11

−0.13ðsysÞ × 106 cm−2 s−1

taking into account the loss in the amount of electron
neutrinos due to the mixing among the neutrino families
[23]. This is equivalent to 3.9% precision (systematical
and statistical uncertainties combined in quadrature) and
consistent with the determination made by Super-
Kamiokande [24].
The flux of 7Be neutrinos was measured by BOREXINO

[25], resulting in a value of

ϕexp
Be ¼ 4.75þ0.26

−0.22 × 109 cm−2 s−1

with 5.5% total uncertainty.
The value for the baryonic density found by the Planck

mission [1] is

Ωbh2 ¼ 0.02205$ 0.00028:

This parameter is an important input for BBN calcu-
lations, in addition to the thermonuclear reaction rates of
the relevant nuclear reactions. The lifetime of the neutron
has only a weak effect on big bang 7Li. For the present
work, the recently recommended value of τn ¼ 880.3$
1.1 s [2] is used for consistency. However, different values
from 878-885 s change the final 7Li abundance only
slightly.

III. DESCRIPTION OF THE APPROACH

In this work, no solar model calculations are performed.
Instead, the so-called standard solar model developed by
John Bahcall and co-workers is used, hereafter called SSM.
The partial derivatives for the various SSM input param-
eters are available in tabulated form in the most recent SSM
publication by Serenelli et al. [26]. Henceforth, the
terminology and numbers from this work are used.
The SSM uses a number of input parameters, including

the solar age, luminosity, opacity, diffusion rate, the key
thermonuclear reaction rates (herein called Ri, where i

S
34
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FIG. 1 (color online). Cross section of the 3Heðα; γÞ7Be
reaction, parametrized as the astrophysical S-factor. The present
new data point (Sec. V) is plotted together with previous
experimental data [7–13]. The previous theoretical curve (dashed
blue curve [14]) and the present new extrapolation (red curve) are
shown. The solar Gamow peak and the relevant energy range for
BBN (see text) are displayed at the lower end of the plot.

TAKÁCS et al. PHYSICAL REVIEW D 91, 123526 (2015)

123526-2

Marcell Takács et al., 
Phys. Rev. D 91, 123526 (2015) 
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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 



Slide 28 
Daniel Bemmerer | Felsenkeller | NAVI Physics Days | GSI Darmstadt, 18.01.2016 | http://www.hzdr.de 

Pelletron, opened 
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