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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 previous talk by Rosanna Depalo  
for the latest discoveries at LUNA. 
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LUNA 0.4 MV accelerator and higher-energy accelerators 

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

Higher-energy underground accelerators 
§  Solar fusion 
§  Big-Bang nucleosynthesis 
§  Helium burning 
§  Carbon burning 
§  26Al, 44Ti production and destruction 

Gamow peak for selected stable-ion reactions: 

NuPECC Long Range Plan 2010-2016: 
 
“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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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 campus 

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

Tunnel IX
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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.,  
PoS (NIC XIII) 129 (2015) 
J. Phys. Conf. Series 665 (2016) 012032 

 
Work in progress: 
u  Complete mapping of tunnels underway 

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

u  3He counters inside  
polyethylene moderator blocks 

u  Same setup previously used at  
Canfranc underground lab, Spain  
D. Jordan et al.,  
Astropart. Phys. 42, 1 (2013) 
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Calculated response functions (FLUKA) 

Chapter 4. Analysis 44

FLUKA provides fluence information as di↵erential in energy, hence (4.3) should be

written as:

dR(E)

dE

=
1

'0

Z
d'(E)

dE

· �3He(E) · dE (4.6)

(4.5)
=

1

'0

Z
dl(E)

dE

· ⇢3He ·NA

M3He
· �3He(E) · dE (4.7)

l � neutron track length inside the counter gas

⇢ � density of the counter gas

NA � Avogadro constant

M3He � atomic weight of 3He

�3He � microscopic cross section 3He(n, p)3H

The only quantity that is determined by FLUKA is the track length l, every other

parameter is provided beforehand. For the BELEN-detectors using He-3 counters with

10 bar pressure (97% He-3, 3% CO2), responses are shown in Figure 4.7.
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Figure 4.7: Detector responses for P0 through P6

The responses show that the detectors cover di↵erent energy ranges. P0, the bare detec-

tor, has its peak at 10�8 MeV, just around the energy of thermal neutrons (2.5 · 10�8 MeV).
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Neutron flux strongly differs between sites with very similar muon flux 

u  Three different campaigns 
show consistent results 

u  5‘‘ Bonner sphere with almost 
flat response function shows 
similar 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 set of 
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] 
 

Workshop 2.0 2.2 

MK2 (Pb+Fe) 5.7 4.6 5.6 

MK1 (rock) 0.7 0.7 Chapter 3. Neutron Background Measurement 31

Figure 3.3: Close-up view on tunnel IV. The neutron flux measurement has been
carried out in MK2, WSh and MK1.

3.2.1 Messkammer 2 - MK2

Figure 3.4: Detector placement in Messkammer 2.

Messkammer 2 is the newest measuring chamber in the VKTA laboratory. For this reason

it was suspected to have the lowest neutron count rate beforehand, thus being allocated

the longest measuring time. The walls consist mostly of lead and steel (Figure 3.5). Due

to place restrictions inside the chamber, the detectors have been placed alongside the

wall, using tables of equal height (see also Figure 3.4). The measurement in MK2 took

place from 15.12.2014 to 16.01.2015.
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Deconvoluted energy spectrum (MAXED and GRAVEL algorithms) 

Chapter 4. Analysis 52

4.5 Unfolded Spectra

The results for the MAXED unfolding can be seen in Figure 4.13. The flux is given as

energy di↵erential, to obtain the total flux, it has to be integrated (4.15):

� =

Z
d�(E)

dE

dE (4.15)

The highest flux is observed in Messkammer 2, followed by the Workshop and Messkam-

mer 1 (Table 4.3).

Location MAXED / cm�2 s�1 GRAVEL / cm�2 s�1

MK2 4.62 · 10�4 4.67 · 10�4

WSh 2.01 · 10�4 2.02 · 10�4

MK1 7.01 · 10�5 7.01 · 10�5

Table 4.3: Total flux in Felsenkeller derived with MAXED and GRAVEL.
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Figure 4.13: Unfolded spectra using the MAXED algorithm.

For fast neutrons, the unfolded spectra of Messkammer 1 and the Workshop seem to

agree with the default spectrum. This means that the contributions of (↵, n)-neutrons

and neutrons from spontaneous fission are verified. However, the Workshop has another

peak at around 0.3 MeV. For Messkammer 2 there is no visible (↵, n)-peak, but a rather
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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 

10 20 30 40 50 60 70 80 90 100
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

p 
(m

ba
r)

P (W)

10.00

20.00

30.00

40.00

50.00

60.00

70.00

80.00

90.00

1.0 1.5 2.0 2.5 3.0 3.5 4.0
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

p 
(m

ba
r)

U_an (kV)

10.0

20.0

30.0

40.0

50.0

60.0

70.0

80.0

90.0

10 20 30 40 50 60 70 80 90 100
1.0

1.5

2.0

2.5

3.0

3.5

4.0

U
_a

n 
(k

V
)

P (W)

10.0

20.0

30.0

40.0

50.0

60.0

70.0

80.0

90.0

 

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 

Capabilities that are under construction 
u  Two triple HPGe clusters (EUROBALL HPGe 

crystals in MINIBALL capsules) with BGO shields 
u  100 µA helium beam (RF ion source) 
 
Temporarily available (setups at HZDR ELBE) 
u  4 additional BGO-shielded HPGe detectors 
u  4 additional 3’’ LaBr3 detectors 

To be applied for 
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

1

2

3
4

5

6

7
8

9

A
B

B



Slide 23 
Daniel Bemmerer | Felsenkeller | Canfranc nuclear astrophysics workshop, 29.02.2016 | http://www.hzdr.de 

Felsenkeller shallow-underground accelerator laboratory for nuclear astrophysics 

1.  The science case for new underground accelerators 
 
2.  Status quo at Felsenkeller 

3.  Background suppression and background intercomparison 
 
4.  Project status 

5.  Scientific outlook 
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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   3He(α,γ)7Be over a wide energy range 
u  Helium burning  4He(12C,γ)16O 

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

 
Solar fusion 
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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 shallow-underground accelerator laboratory for nuclear astrophysics 

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 

late in 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! 

u  What about a European network of underground 
nuclear astrophysics laboratories (both accelerator-
based and offline γ-counting based)? 
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  Neff 2011 (ab initio)

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! 
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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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Pelletron, opened 
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