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The quest for the origin of the chemical elements
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The periodic table: Big Bang Nucleosynthesis
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Big Bang Nucleosynthesis (BBN) and 2H (D) as a cosmological probe
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Big Bang Nucleosynthesis (BBN) and 2H (D) as a cosmological probe

Astronomical 2H observations:
Cooke et al. ApJ 855, 102 (2018)

The Astrophysical Journal, 781:31 (16pp), 2014 January 20 Cooke et al.

Figure 2. The top panel displays a portion of the flux-calibrated HIRES spectrum near the damped Lyα line at zabs = 3.06726 toward J1358+6522 (black histogram)
together with the error spectrum (continuous blue line). The dashed green line marks the best-fitting zero level of the data, and the dashed blue line shows the best-fitting
continuum level. The solid red line shows the overall best-fitting model to the DLA. The bottom panel shows a zoom-in of the data and model; the weak absorption
feature that we have modeled on the blue wing of Lyα is Si iii λ1206.5 at the redshift of the DLA (∼4907 Å in the observed frame).
(A color version of this figure is available in the online journal.)

difference in the χ2 between successive iterations was <0.01,
the parameter values were stored and the χ2 minimization
recommenced with a tolerance of 10−3. Once a successive
iteration reduced the χ2 by <10−3, the minimization was
terminated and the parameter values from the two convergence
criteria were compared. If all parameter values differed by
<0.2σ (i.e., 20% of the parameter error), then the model fit
has converged.

As a final step, we repeated the χ2 minimization process
20 times, perturbing the starting parameters of each run by
the covariance matrix. This exercise ensures that our choice
of starting parameters does not influence the final result. We
found that the choice of starting parameters has a negligible
contribution to the error on D i/H i (typically 0.002 dex), but
can introduce a small bias (again, typically 0.002 dex). We have
accounted for this small bias in all of the results quoted herein.

3.3. Component Structure

Most of the narrow, low-ionization metal lines of the
DLA toward J1358+6522 consist of a single component at
zabs = 3.067259. A second weaker component, blueshifted by
17.4 km s−1 (zabs = 3.06702), contributes to Si iii λ1206.5
and to the strongest C ii and Si ii lines. Evidently, this weaker
absorption arises in nearby ionized gas.

In fitting the absorption lines, we tied the redshift, turbulent
Doppler parameter, and kinetic temperature of the gas to be the
same for the metal, D i, and H i absorption lines. We allowed
all of the cloud model parameters to vary, while simultaneously
fitting for the continuum near every absorption line. Relevant
parameters of the best-fitting cloud model so determined are
collected in Table 1. Figures 2, 3, and 4 compare the data and

model fits for, respectively, the damped Lyα line, the full Lyman
series, and selected metal lines. [Since the metal lines analyzed
here are the same as those shown in Figure 1 of Cooke et al.
(2012), albeit now with a higher S/N, we only present a small
selection of them in Figure 4 to avoid repetition]. The best-fitting
chi-squared value for this fit is also provided for completeness.14

Returning to Table 1, it can be seen that we found it necessary
to separate the main absorption into two separate components,
labeled 1a and 1b in the table. A statistically acceptable fit15 to
the metal, D i and H i lines could not be achieved with a single
absorbing cloud in which the turbulent broadening is the same
for all species and the thermal broadening is proportional to
the square root of the ion mass (i.e., b2

th = 2KT/m, where K
is the Boltzmann constant). The main absorption component
of this DLA appears to consist of two “clouds” with very
similar redshifts, temperatures, and H i column densities, but
with significantly different turbulence parameters (see Table 1).
The turbulent broadening for component 1a is bounded by
the metal lines, whereas the thermal broadening is bounded
by the relatively narrow H i line profiles. This combination of
turbulent and thermal broadening is unable to reproduce the
observed widths of the strongest D i lines, which require an
additional component with a larger contribution of turbulent
broadening. Surprisingly, metal absorption is only seen in the

14 We caution that the quoted chi-squared value is likely underestimated in our
analysis because: (1) there is some degree of correlation between neighboring
pixels that is not accounted for in the error spectrum, and (2) the continuum
regions selected tend to have lower fluctuations about the mean than average.
15 The addition of an extra absorption component (i.e., three components as
opposed to two, and four additional free parameters) reduces the minimum
chi-squared value by ∆χ2

min # 660, which is highly significant (see, e.g.,
Lampton et al. 1976).

6
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Big Bang Nucleosynthesis (BBN) and 2H (D) as a cosmological probe
Eur. Phys. J. A (2020) 56 :144 Page 5 of 9 144
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Fig. 5 Top: Calorimeter electrical calibration function obtained by fit-
ting the electrical current reading Wel as a function of W0 − Wrun.
Bottom: Relative residuals with respect to the linear fit

where e is the elementary charge, Ep is the initial proton beam
energy, and ∆E is the energy lost by the beam in the gas target
(at most 3 keV), as calculated using tabulated stopping power
values (with an uncertainty of 2.8% for protons in deuterium
gas) in SRIM [27] and including the beam heating correction.
For each run, the total number of protons Np (Eq. 1) can
finally be derived from the beam current as Np = I∆t/e
where ∆t is the live time of the run.

5 Detection efficiency setup and measurement

In the extended deuterium gas target the interaction with the
proton beam can take place at different positions along the
beam axis, resulting in different energies of the emitted pho-
tons (for the same beam energy) and in different geometrical
angles subtended by the HPGe detector. Therefore, the γ -
ray detection efficiency ε(z, Eγ) (Eq. 1) must be carefully
determined as a function of both position and energy.

For the conditions of the experiment at LUNA, the γ rays
emitted by the D(p,γ)3He reaction (Q = 5.5 MeV) have
typical energies Eγ = 5.5−5.8 MeV, i.e. far away from the
energy of the commonly used radioactive sources. Thus, a
measurement of the detection (photo-peak) efficiency was
performed using a different technique based on the well-
known resonant reaction 14N(p,γ1γ2)15O, which produces
pairs of γ rays over a wide energy range (see Sect. 5.1).

For the photo-peak efficiency measurements we used the
following experimental setup. In addition to the HPGe detec-
tor (hereafter Ge1) used for the D(p,γ)3He yield measure-
ments, a second HPGe detector (hereafter Ge2) with 125%
relative efficiency was mounted on a movable platform, as
shown in Fig. 6, in order to change its position along the beam
axis. Detector Ge2 was surrounded by a 50 mm thick lead
shielding with a vertical slit 15 mm wide facing towards the
reaction chamber. This lead collimator allowed us to select γ

Fig. 6 3D rendering of the setup showing the two HPGe detectors
used for efficiency measurements and the ports used to monitor the
temperature and pressure profiles of the gas target. Errors shown are
statistical only

Fig. 7 Sketch of the electronic chain of the data acquisition system

rays generated within a well-defined position along the beam
axis.

Signals from both the Ge1 and Ge2 detectors were sent
to a CAEN N6724 waveform digitizer. A sketch of the elec-
tronic chain is shown in Fig. 7. A pulser producing constant-
amplitude signals (4 Hz) with the same shape as those pro-
duced by the Ge1 preamplifier was connected to the first
channel of the CAEN digitizer. The same signal, together
with that from the Ge1 detector preamplifier, was also used
as input to a custom analog fan-in based on the THS403x
amplifier whose output was fed to the second channel of the
CAEN digitizer. Finally, the output from the Ge2 preampli-
fier was connected to a third channel of the CAEN module.
A trapezoidal filter was applied to determine the height of
the signals and this information was stored, together with the
signal time stamp, for offline analysis. In this way, the DAQ
dead time was quantitatively corrected for by using the pulser
method [28], i.e. by comparing the rate of pulser signals sent
to channel 2 with the reference pulser signals sent to chan-
nel 1. The dead-time correction during D(p, γ)3He runs was
typically below 1%.

5.1 Gamma-ray detection efficiency

The 14N(p,γ1γ2)15O reaction has been studied extensively
by the LUNA collaboration [29,30]. At the resonant energy
Er = 259 keV [31] (in the centre of mass system; Γ =

123
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Big Bang Nucleosynthesis (BBN) and 2H (D) as a cosmological probe

⌦bh
2 = 0.02271± 0.00062 BBN, before newLUNAdata

⌦bh
2 = 0.02233± 0.00036 BBN, including newLUNAdata

⌦bh
2 = 0.02236± 0.00015 CosmicMicrowaveBackground

<latexit sha1_base64="Ah1XJcU7U59ylkHW1AqW1S6gpzU="></latexit>

Using 2H from BBN to determine the 
cosmic baryon density:
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Charged-particle induced nuclear reactions in a plasma
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Measuring very small cross sections, two examples
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The periodic table: Hydrostatic stellar burning
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Study of the 12C(p,g)13N reaction at Felsenkeller and at LUNA

Astrophysical
S-factor S(E):
low-energy
parameterization of
the energy-dependent
cross section σ (E)

Thermonuclear
reaction rate: number
of nuclear reactions
per time and volume

3.1. Reactions Important for Solar Neutrinos
At the temperature of the solar core, only hydrogen burning is relevant, and the pp chains dominate
(95). For the description of the nuclear reactions inside these chains, the following shorthand
notation is adopted here:

3He(α, γ )7Be ≡ 3He + α → γ +7 Be. 2.

Here, β+, electron capture, and α decays are denoted as (e+νe), (e−, νe), and (α).
The three pp chains, called pp-I, pp-II, and pp-III, dominate energy production (see Figure 4a

and Section 3.2). The second process of hydrogen burning, the CNO cycle, consists of the CN
cycle and the NO cycle and produces the so-called CNO neutrino !uxes (see Figure 4b and
Section 3.3).

For all the nuclear reactions considered here, the Coulomb barrier given by electrostatic re-
pulsion between the two positively charged reaction partners far exceeds the kinetic energy of the
thermal motion of the reaction partners in the solar core, even considering the high-energy tails
of their thermal Maxwell–Boltzmann distribution. Below the Coulomb barrier, the dependence
of the nuclear reaction cross section σ (E) on center-of-mass energy E can be parameterized using
the so-called astrophysical S-factor S(E) (96),

σ (E ) = 1
E
S(E ) exp

[
− b√

E

]
, 3.

with b = −2πZ1Z2α
√

µc2/2 for particles with nuclear charges Z1, 2, masses m1, 2, and reduced
mass µ = m1m2/(m1 + m2); α is the "ne structure constant, and c is the vacuum speed of light.
S(E) varies only weakly with energy and encodes the strictly nuclear parts of the cross section.
The thermonuclear reaction rate NA〈σv〉 is then given by the product of the S-factor (3) and the
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Figure 4
Nuclear reactions in the Sun: (a) proton–proton chains and (b) the CNO cycle. In panel b, effective lifetimes of the starting nuclide
against this nuclear reaction (τ reaction = 1/ρXHNA〈σv〉) or decay (τdecay = 1/λ) are given; ρ is the solar core density,XH is the hydrogen
mass fraction, and λ is the decay constant. Wider arrows represent faster transmutations.
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Study of the 12C(p,g)13N reaction at Felsenkeller and at LUNA
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Study of the 3He(a,g)7Be g-ray angular distribution at Felsenkeller

Astrophysical
S-factor S(E):
low-energy
parameterization of
the energy-dependent
cross section σ (E)

Thermonuclear
reaction rate: number
of nuclear reactions
per time and volume

3.1. Reactions Important for Solar Neutrinos
At the temperature of the solar core, only hydrogen burning is relevant, and the pp chains dominate
(95). For the description of the nuclear reactions inside these chains, the following shorthand
notation is adopted here:

3He(α, γ )7Be ≡ 3He + α → γ +7 Be. 2.

Here, β+, electron capture, and α decays are denoted as (e+νe), (e−, νe), and (α).
The three pp chains, called pp-I, pp-II, and pp-III, dominate energy production (see Figure 4a

and Section 3.2). The second process of hydrogen burning, the CNO cycle, consists of the CN
cycle and the NO cycle and produces the so-called CNO neutrino !uxes (see Figure 4b and
Section 3.3).

For all the nuclear reactions considered here, the Coulomb barrier given by electrostatic re-
pulsion between the two positively charged reaction partners far exceeds the kinetic energy of the
thermal motion of the reaction partners in the solar core, even considering the high-energy tails
of their thermal Maxwell–Boltzmann distribution. Below the Coulomb barrier, the dependence
of the nuclear reaction cross section σ (E) on center-of-mass energy E can be parameterized using
the so-called astrophysical S-factor S(E) (96),

σ (E ) = 1
E
S(E ) exp

[
− b√

E

]
, 3.

with b = −2πZ1Z2α
√

µc2/2 for particles with nuclear charges Z1, 2, masses m1, 2, and reduced
mass µ = m1m2/(m1 + m2); α is the "ne structure constant, and c is the vacuum speed of light.
S(E) varies only weakly with energy and encodes the strictly nuclear parts of the cross section.
The thermonuclear reaction rate NA〈σv〉 is then given by the product of the S-factor (3) and the
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Figure 4
Nuclear reactions in the Sun: (a) proton–proton chains and (b) the CNO cycle. In panel b, effective lifetimes of the starting nuclide
against this nuclear reaction (τ reaction = 1/ρXHNA〈σv〉) or decay (τdecay = 1/λ) are given; ρ is the solar core density,XH is the hydrogen
mass fraction, and λ is the decay constant. Wider arrows represent faster transmutations.
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3He implanted (15 keV and 35 keV) into 
chemically treated tantalum backings, 
implantation done at HZDR Rossendorf.

4He irradiation (1.5 – 3.0 MeV) of targets at 
Felsenkeller for main experiment

LN2 cooling of the target to reduce target 
degradation, effective target temperature -100 °C.

3 Setup of the experimental campaigns on nuclear astrophysics

It includes a water cooling with direct contact to the backside of the targets, which is realized
by a reservoir of 19 mm thickness. This reservoir is continuously flushed with 20¶C water
using an entering, and an exiting pipe system. The target itself is tightly fixed with help
of an additional copper ring in order to prevent water from entering the vacuum chamber.
This fixation, as well as its dimensions are identical to the one of target holder II, shown in
figure 3.2. An actual photo is shown in figure 3.9.

Target holder design II
The target holder design II is an entirely new concept, which was been used before. Its
construction became necessary due to the fact, that the water cooling would have been
insu�cient for the investigation of the 3He(–, “)7Be reaction. The ion-beam induced heat in
the target subsequently would have led most likely to unacceptable di�usion processes or a
possible deformation of the target.
The crucial elements of this target holder (cf. figure 3.2) consist entirely of copper, which
has an excellent heat conductivity. Furthermore, it is designed with as few individual parts
as possible in order to further optimize the heat transfer. The cooling itself is provided
by a dewar (d=112 mm, h=97 mm) mounted from the top, which can be filled with LN2
(Ë = ≠196¶C). Each interface of two materials on the way between LN2 and the target is
carefully filled with a thin layer of indium in order to optimize the heat transfer even further.

48 6
19

3.5

11.5

PT100

Heating resistor
Caddock, 20 Ω, 20 W

Target

Heating resistor
Caddock, 20 Ω, 20 W

Figure 3.2: Schematic view of the target holder design II (left). The target itself is mounted
between two copper elements (schematic drawings on the right). Its temperature is monitored
using a PT100, and two heating resistors are used prior to target changes in order to e�ectively
warm up the target. The construction of the LN2 dewar is identical to figure 3.4.
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Study of the 3He(a,g)7Be g-ray angular distribution at Felsenkeller
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3He(a,g)7Be: above ground and underground data
u Big Bang 0.3-0.9 GK
u Sun 0.016 GK
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7Be and 7Li – wide scope for future study
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The periodic table: Neutron capture: rapid and slow processes 

Big Bang

Stellar
r-process
s-process

H He

Li Be B C N O F Ne

Na Mg Al Si P S Cl Ar

K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I Xe

Cs Ba La Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn

Fr Ra Ac

Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Th Pa U
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The two astrophysical neutron capture processes, and the g-process

s-process

Neutron capture, 
immediately followed 
by b- decay

r-process

Series of neutron captures, 
followed by a series of b- decays

p-process (g-process)

122Te 123Te 124Te 125Te 126Te 128Te 130Te

127I

124Xe 126Xe 128Xe 129Xe 130Xe 131Xe 132Xe 134Xe 136Xe

133Cs

130Ba 132Ba 134Ba 135Ba 136Ba 137Ba 138Ba

2.55% 0.89% 4.74% 7.07% 8.84% 31.74% 34.08%

100%

0.095% 0.089% 1.91% 26.4% 4.071% 21.23% 26.91% 10.44% 8.857%

100%

0.11% 0.1% 2.42% 6.59% 7.85% 11.23% 71.7%

100% 100% 100% 25% 46%

6%

100% 5% 100% 8% 38%

15%

100% 19% 100% 57% 94%

75% 54% 100% 100%

94%

95% 92% 62% 100%

85%

81% 43% 6%

p p

p p
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13C(a,n)16O neutron source for the astrophysical s-process

Ciani et al. (LUNA), Phys. Rev. Lett. 127, 152701 (2021) 
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13C(a,n)16O neutron source for the astrophysical s-process

Ciani et al. (LUNA), Phys. Rev. Lett. 127, 152701 (2021) 
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13C(a,n)16O neutron source for the astrophysical s-process

original Harissopulos data. These two fits differ from each
other by a factor of 2 at 0.35 MeV. Such a large systematic
uncertainty in their extrapolation is eliminated by our
consistent measurement, which rules out the lower nor-
malization of Harissopulos et al. [29]. Drotleff et al. [25]
was the best measurement before ours at the energy around
0.35 MeV. While our data above 0.4 MeV are in good
agreement with those of Drotleff, our data around
0.27 MeV are about 50% lower and disagree with the
upturning trend in this dataset. The nearly 60% uncertainty
in Ref. [25] within the Gamow window has been reduced
to 15%.
The S factor at Ec:m: < 0.24 MeV was obtained using

an R-matrix analysis [45] in the range of Ec:m: ¼
0.24–1.9 MeV using the code AZURE2 [46,47]. In our
analysis, we only included our measurements of the
13Cðα; nÞ16O cross section, to eliminate the systematic
uncertainty of the inconsistent datasets, and the 16Oþ n
total cross section [48].
Our best fit is shown together with its estimated

uncertainty in Fig. 1. The screening potential (Ue) is fitted
to be 0.78% 0.43 keV. It agrees with the theoretical
prediction of Ue ¼ 0.937 keV using the adiabatic limit
while ruling out the larger prediction of Ue ¼ 2 keV [49].
Our fit is about 15% systematically higher than the LUNA
measurement [7]. The reduced χ2 of the LUNA data is 25
by using their best fit. It drops to 1.02 with our fit
after the normalization and excluding the point at
Ec:m: ¼ 0.29 MeV, which is 5σ lower than our best fit.
Although the LUNA measurement agrees with ours

within the quoted errors, the inconsistency between the
measurement of Harissopulos et al. [29] and other mea-
surements at higher energies leads to a ∼50% difference
between the upper and the lower limits of the reaction
rate recommended by LUNA at T9 ¼ 0.1–0.3. This

demonstrates a key limitation of the LUNA measurement,
that its limited energy range did not allow for a direct
comparison with higher energy data. Using our consistent
measurement over a board energy range, the uncertainty of
our fit is reliably constrained to the level of < 16% at the
Gamow windows of s- and i-processes.
The extrapolated S factor toward lower energy is domi-

nated by the α reduced width γα or the Coulomb renorma-
lized asymptotic normalization coefficient (C̃2) of the 1=2þ

threshold state. TheR-matrix analysis performed in previous
works involved fixing the ANC of the threshold state to
values obtained from indirect measurements. However, the
uncertainties in these ANCs often suffer from difficulties to
quantify systematic uncertainties from the models used to
obtain them. The lower and higher limits of themeasured C̃2

differ from each other by a factor of ∼5 [27]. These
systematic uncertainties have been eliminated in our fit
by treating the Γα of this state as a free parameter. The
reduced widths γα obtained from our best R-matrix analysis
is −0.14ð2Þ MeV1=2 with a channel radius of 6.684 fm
and Ex ¼ 6.3772 MeV, corresponding to an ANC of
C̃2 ¼ 2.1ð5Þ fm−1 with Ex ¼ 6.356 MeV [50,51]. Our
value is slightly lower than the indirect measurements of
3.6ð7Þ fm−1 [52] and agrees with 2.7ð8Þ fm−1 [5,53] and
4.5(2.2) [54]. For the first time, we not only validate the α
width of the threshold state obtained with the indirect
method using the direct measurement, but also determine
the interference pattern in the R-matrix analysis. As LUNA
used the higher C̃2 from Avila et al. [52] to constrain their
extrapolation toward lower energies, our best fit is 23%
lower than their best fit at Ec:m: ¼ 0.19 MeV, the center of
the Gamow window for T9 ¼ 0.1 (see Fig. 2). At the same
energy, with the combination of a larger reduced width [52]
and the cross section of Harissopulos et al. [29], the “low
LUNA” fit is 11% lower than our best fit.
The 13Cðα; nÞ16O reaction rate is calculated by numerical

integration of the standard reaction rate equation [55]:

FIG. 2. The Gamow function of 13Cðα; nÞ16O at T9 ¼ 0.1 and
0.2. Color coding is identical to Fig. 1.
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FIG. 1. The S factor of the 13Cðα; nÞ16O reaction. The un-
certainties from the fit to the JUNAþ SCU data are indicated by
dotted lines. The best fit and lower limit recommended by LUNA
[7] are shown as black and blue dashed lines, respectively. The S
factors have been corrected with the screening potential
Ue ¼ 0.78 keV. The temperatures in T9 on the top correspond
to the center energy of the Gamow window on the bottom.

PHYSICAL REVIEW LETTERS 129, 132701 (2022)

132701-4

LUNA = deep underground
 Gran Sasso/Italy
 Ciani et al. 
 PRL 127, 152701 (2021) 

JUNA = deep underground
 Jinping/China
 Gao et al. 
 PRL 129, 132701 (2022)
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22Ne(a,n)25Mg neutron source for the astrophysical s-process
LUNA = deep underground Gran Sasso
 Piatti et al. EPJA 58, 194 (2022) 
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Lithium-6, between cosmic-ray and Big Bang production
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group (SRG) transformation in three-body space with a
momentum resolution scale of λ ¼ 2 fm−1 [32]. The eigen-
states of the aggregate 6Li, 4He, and d nuclei are obtained
using a basis of many-body harmonic oscillator wave
functions with frequency ℏΩ ¼ 20 MeV and a maximum
number Nmax ¼ 11 of particle excitation quanta above the
lowest energy configuration of the system. Discussions on
the choice of the microscopic Hamiltonian, the influence
of the SRG transformation on the electromagnetic operators,
and the convergence of our predictions can be found in the
Supplemental Material [33] (which includes Refs. [34–38]).
Our predicted S factor agrees well with available existing

experimental data [4,6,39,40] (top panel of Fig. 1). Overall,
when only the SRG-evolved NN potential is considered
(NN-only), our calculation reproduces well the magnitude
of the data, particularly at low energies where it agrees with
the direct measurements of the LUNA collaboration [4].
Our results are however incompatible with the ones inferred

from breakup data [6], which, as discussed before, have
been shown to suffer from model dependence [7].
However, this NN-only prediction misses the positions
of the 3þ and 2þ resonance peaks respectively measured
by Mohr et al. around E3þ ¼ 0.71 MeV [39] and by
Robertson et al. around E2þ ¼ 2.84 MeV [40]. This is
expected because both the chiral and SRG-induced 3N
forces strongly affect the splitting between the 3þ and 2þ

states [22]. When both NN and 3N forces (both chiral and
SRG induced) are considered, the 6Li 3þ and 2þ resonances
are in excellent agreement with the direct measurements of
Mohr et al. and Robertson et al., but the ground state (g.s.)
is overbound by ∼310 keV (see Supplemental Material
[33]). Compared to the NN-only case, the inclusion of the
3N forces modifies the 6Li g.s. properties, namely its
binding energy and asymptotic normalization constants
(ANCs) in the l ¼ 0 (C0) and l ¼ 2 (C2) partial waves in the
relative 4He-d motion (see Table I), causing small changes
in the magnitude and the slope of the S factor at low
energy [41,42].
To improve our evaluation of the S factor at low energy

[41,42], we correct the overbinding of the 6Li g.s. by
shifting only the energies of the 1þ g.s. and 2þ resonant
eigenstates of the aggregate 6Li system such that the full
NCSMC to reproduce the experimental energies, as done in
Refs. [23–25,47]. This fine-tuning (NNþ 3Nloc-pheno)
impacts mainly the low-energy part of the S factor and
the energy region close to the 2þ resonance. This phe-
nomenological correction also brings the predicted ANCs
(C0 and C2) closer to the values inferred from the low-
energy 6Li-4He and 4He-d phase shifts in Refs. [45,46] (last
column of Table I). The uncertainty associated with our
NNþ 3Nloc-pheno results are estimated from the errors
arising from the truncation of the model space in the
number of excitation quanta Nmax and the choice of the
chiral 3N force (see Supplemental Material [33]). Because
our predictions reproduce low-energy capture and elastic-
scattering observables (see Supplemental Material [33]),
the discrepancy between our prediction for C0 and previous
works extracting ANCs from phase shifts is most likely due
to systematic uncertainties owing to the use of optical
potentials [48–50] or to the extrapolation procedure to the
experimental binding energy [51,52] that have not been
quantified in Refs. [45,46]. Moreover, our ratio C0=C2 is in
excellent agreement with the previously extracted evalu-
ation of Ref. [45], for which systematic uncertainties have
been accounted for.
The relative importance of the electromagnetic E2, E1,

and M1 transitions varies with energy (bottom panel of
Fig. 1). We find that the E2 transitions dominate the
nonresonant and resonant capture, in line with previous
works [8–17]. Different from those studies, we obtain
larger E2 strengths, that can be explained, as the E2
operator [Eq. (2)] is long ranged, by the larger amplitude
of the 6Li g.s. at large distance, i.e., by the larger value of

FIG. 1. Top: predicted S factor for the 4Heðd; γÞ6Li compared
with data taken from Refs. [4] (red circles), [6] (blue square), [39]
(green down-triangles), and [40] (black up-triangles). Calcula-
tions are obtained using the SRG-evolved N3LO NN potential
[43] (NN-only) with λ ¼ 2 fm−1, the NNþ 3Nloc [28,30] without
(NNþ 3Nloc), and with the phenomenological energy adjustment
(NNþ 3Nloc-pheno). Bottom: E2, E1, and M1 components of
the predicted S factor for the 4Heðd; γÞ6Li obtained with the
NNþ 3Nloc-pheno.

PHYSICAL REVIEW LETTERS 129, 042503 (2022)

042503-3

Experiment Anders, DB et al. PRL 113, 042501 (2014)

New theory Hebburn et al. PRL 129, 042503 (2022)
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Underground ion accelerators worldwide – starting from LUNA
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The workhorse, commissioned in 2001 and still going strong:

LUNA 400 kV ion accelerator for 1H+ and 4He+ ions

◆ Solar hydrogen burning
◆ Big Bang nucleosynthesis

Gran Sasso lab, Italy – 1400 m rock equivalent to 3800 m water



Underground ion accelerators – new players on three continents
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Dresden Felsenkeller underground lab, below 45 m of rock

v22d

Tunnel IX

Tunnel VIII

Experiment

preparation

Experiment

control

Accelerator

control

SF6 storage tank

External ion source

Internal ion source

Bunker for in−beam experiments

Bunker for activation experiments

Joint effort HZDR – TU Dresden
u Investment by TU Dresden (Kai Zuber et al.) 

and HZDR (Daniel Bemmerer et al.)
u Day to day operations by HZDR

Two main instruments
u HZDR: 5 MV Pelletron, 30 µA beams of 1H+, 4He+, 12C+, ...
u TU Dresden: 163% ultra-low-background HPGe detector

for offline radioactivity measurements

45 m

03.03.25 Daniel Bemmerer: Nuclear reaction experiments with stable nuclei33



Felsenkeller: Studying low cross sections with  low background
200× lower neutron background
Phys. Rev. D 101, 123027 (2020)
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Felsenkeller 5 MV underground ion accelerator

5 MV accelerator (0.4-3.8 MV), two alternative ion sources
◆ Internal RF ion source: 30 µA 1H, 4He
◆ SNICS sputter ion source: 30 µA 12C 

◆ 24 hour operation permitted even without operator
◆ Personnel is allowed at target while beam is on
◆ Control and counting rooms at surface
◆ EU-supported transnational access available

Accelerator Internal ion source External ion source

Irradiation station with 20+ HPGe crystals
03.03.25 Daniel Bemmerer: Nuclear reaction experiments with stable nuclei35



500 1000 1500 2000 2500 3000
 [keV]TU1E

2−10

1−10

1

10

210

310

410

510

610]-1
 d

)
⋅

 k
g 

⋅
C

ou
nt

in
g 

ra
te

 [(
ke

V 
Germany‘s most sensitive radioactivity measurement setup “TU1”

1 10 210 310 410
Depth [m.w.e.]

210

310

410

 ]
 -1

 d
 -1

In
te

gr
at

ed
 c

ou
nt

in
g 

ra
te

 fo
r 4

0-
27

00
 k

eV
 [k

g

Seibersdorf, AT
Dortmund, DE
Heidelberg, DE
IAEA, Monaco
Felsenkeller VKTA, DE
HADES, BE
Bern, CH
Canfranc, ES
Gran Sasso, IT
Modane, FR
TU1, Felsenkeller, DE,
present work

8−10

7−10

6−10

5−10

4−10

3−10

2−10

1−10

1  ]
 -1

 s
r

 -1
 s

 -2
(V

er
tic

al
) f

lu
x 

in
te

ns
ity

 [c
m

Muon component
Neutron component

Steffen Turkat, Kai Zuber et al., 
Astropart. Phys. 148 (2023) 102816

1/4300

1/17

03.03.25 Daniel Bemmerer: Nuclear reaction experiments with stable nuclei36



ChETEC-INFRA EU project for nuclear astrophysics [ketek-infra] 

◆ Starting Community of research infrastructures
◆ 31 partners in 17 EU+ countries
◆ May 2021 – October 2025
◆ 5 M€ support by EU

The present:
General Assembly (June 2022, Padova)

https://www.chetec-infra.eu

The future:
Nuclear Physics in Astrophysics School (Sept. 2022, CERN)
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Eine Region für Astrophysik, Technologie 
und Digitalisierung

Möglicher Standort des Einstein-Teleskop mit dem unterirdischen 
Low-Seismic-Lab

Ein Zentrum für Astrophysik 
mit fortschrittlicher 
Computertechnik und 
Technologieentwicklung

Low-Seismic Lab in 
einem seismischen Käfig

Courtesy Christian Stegmann / DESY
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Das Low-Seismic-Lab

• Technologieentwicklung für die 
Gravitationswellenastronomie

• Adaptive seismische
Rauschunterdrückung

• Sub-Nanometer-Mikroskopie und 
Photolithographie

• Astrophysik mit Beschleunigern

Low-Seismic Lab in 
einem seismischen Käfig

Courtesy Christian Stegmann / DESY
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DZA Low Seismic Lab, at the „sweet spot“ for nuclear astrophysics
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State of the art on 12C(a,g)16O and potential for Felsenkeller…
…using 12C+ beam, gas target
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31 partners in ChETEC-INFRA
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