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The periodic table of the elements… and their abundances
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4830 A. Slemer et al.

Figure 10. O–Na anticorrelation in stars of GGCs. Observed data are the same as in Fig. 9. In each panel, the sequence of filled squares (from right to left)
corresponds to the elemental ratios [Na/Fe] and [O/Fe] in the TP-AGB ejecta of stars with initial composition Zi = 0.0005, [α/Fe] = 0.4 and masses from 3.0
to 5.0 M! in steps of 0.2 M!. Few selected values of the mass (in M!) are indicated nearby the corresponding model. Panels of the left row: all models share
the same AGB phase prescriptions (our reference case M13), but for the rate of 22Ne(p, γ )23Na (see Table 1). Panels of the right row (from top to bottom):
results obtained with the LUNA rate, but varying other model assumptions, as described in Table 2 and marked by the corresponding capital letter on the
top-left. See the text for more explanation.

bend over the populated region is to invoke a dilution process with
gas of pristine composition that basically shares the same chemical
pattern as the field stars of the same [Fe/H].

According to a present-day scenario, the observed anticorrela-
tion would be the result of multiple star formation episodes within
GGCs, in which the ejecta of AGB stars from a first genera-
tion polluted the gas involved in the subsequent secondary star

formation events (Ventura & D’Antona 2008). In this framework,
GGC stars that populate the upper region of the anticorrelation (high
Na, low O) would exhibit the chemical abundances of pure AGB
ejecta, while stars on the opposite extreme (low Na, high O) would
sample a pristine composition, typical of the first generation. In
between are all the GGC stars born out of a mixture in which the
AGB ejecta were partially diluted into a pristine gas.

MNRAS 465, 4817–4837 (2017)
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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
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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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Fig. 9 Sample γ -ray spectrum from the 14N(p,γ)15O reaction acquired
with the Ge1 detector (top) and gated with the Ge2 detector in the
1381 < Eγ2 [keV] < 1389 energy region (bottom). Here only the full
energy peak and the single- and double-escape peaks of photons with
Eγ1 = 6172 keV can be seen
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Fig. 10 (Colour online) Photo-peak efficiency measured for six γ -ray
energies as a function of source position along the beam axis (z = 0
corresponds to the centre of the target chamber). Errors are statistical
only. Curves represent simulated efficiencies for point-like sources (see
text for details)

6 Angular distribution considerations

The final ingredient entering the cross section in Eq. (1) con-
cerns the term W (z) accounting for the angular distribution
of the γ rays emitted by the D(p,γ)3He reaction. The impact
of W (z) on the total error budget was evaluated by Monte
Carlo simulations assuming both isotropic and ab initio [35]
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Fig. 11 Experimental (blue points) and simulated spectra for the
D(p, γ)3He reaction, assuming isotropic (green) and ab initio (red)
angular distributions [35] at Ep = 175 keV

distributions. Specifically, the energy Eγ of the emitted pho-
ton depends on its polar angle θlab and on the beam energy
Ep according to the expression (with c = 1):

Eγ =
m2

p + m2
D − m2

He + 2(Ep + mp)mD

2(Ep + mp + mD − pp cos θlab)
,

where mp, mD and mHe are the masses of the nuclides

involved in the reaction and pp =
√
Ep

(
Ep + 2mp

)
is

the proton momentum. For the experimental setup used
(Sect. 2) the angular acceptance of the Ge1 detector was
θlab " 15◦−165◦, corresponding to a range of γ -ray ener-
gies Eγ " 5.7−5.8 MeV at Ep = 390 keV. As a result, the
full energy peak is broadened by kinematics, while its shape
depends on the photon angular distribution. Figure 11 shows
a comparison between experimental data (blue points) and
the D(p,γ)3He simulated spectra at Ep = 175 keV assuming
an isotropic (green curve) or an ab initio (red curve) distri-
bution [35] of the emitted photons.

Despite the different shapes, the net areas of full energy
peaks in the two cases (isotropic and ab initio distributions)
only differ by about 2% confirming that with our setup the
integrated number of counts depends weakly on the pho-
ton angular distribution. To evaluate the systematic uncer-
tainty associated with angular distribution effects, we var-
ied the coefficient a2 of the Legendre polynomial in the
Monte Carlo simulation distribution between values -1 and
-0.5. We observed an overall discrepancy of ±0.5% at most
in the net areas of the full energy peaks. The same proce-
dure was repeated at the extremes of our energy range, i.e.
at Ep = 50 keV and Ep = 400 keV, obtaining consistent
results. As a further check we used the Legendre expansion
coefficients reported by Schmid et al. [11] at 50 keV bom-
barding energy as inputs to our simulation. The photo-peak
areas obtained with the two distributions (Schmid and ab ini-
tio) differ by less than 0.03%. Assuming either Schmid or
Marcucci angular distributions, the fraction of γ rays falling
outside the angular range covered by our setup is about 0.7%

123

LUNA deep underground, Gran Sasso / Italy:
Mossa, DB et al. Nature 587, 210 (2020)
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Big Bang Nucleosynthesis (BBN) and 2H (D) as a cosmological probe
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Charged-particle induced nuclear reactions in a star
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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 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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The periodic table: The slow neutron capture process (s-process)
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The two astrophysical neutron capture processes, and the g-process

s-process
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by b- decay
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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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factors have been corrected with the screening potential
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PHYSICAL REVIEW LETTERS 129, 132701 (2022)

132701-4

LUNA = deep underground
Gran Sasso/Italy
Ciani, DB 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- and r-processes

LUNA = deep underground Gran Sasso
Piatti, DB et al. EPJA 58, 194 (2022) 
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Rapid neutron capture in the r-process, strontium in kilonova AT2017gfo 

Watson et al. Nature 574, 497 (2019)

500 | Nature | Vol 574 | 24 OCTOBER 2019

Article

with Ba (Z = 56) in infrequent events, implying the existence of a site that 
produces both light and heavy r-process elements together in quantity, 
as found in some models25,26. This is consistent with our spectral analysis 
of AT2017gfo and analyses of its lightcurve27,28. Together with the differ-
ences observed in the relative abundances of r-process Ba and Sr in stellar 
spectra29, this suggests that the relative efficiencies of light and heavy 
r-process production could vary substantially from merger to merger.

Extreme-density stars composed of neutrons were proposed shortly 
after the discovery of the neutron13, and identified with pulsars three 
decades later30. However, no spectroscopic confirmation of the com-
position of neutron stars has ever been made. The identification here of 
an element that could only have been synthesized so quickly under an 
extreme neutron flux provides the first direct spectroscopic evidence 
that neutron stars comprise neutron-rich matter.

Online content
Any methods, additional references, Nature Research reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions 

and competing interests; and statements of data and code availability 
are available at https://doi.org/10.1038/s41586-019-1676-3.
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Fig. 4 | Spectral series of AT2017gfo 1.5–4.5 days after the merger. Data are 
shown in grey and have been smoothed slightly. Top panel, a model (solid red 
lines) consisting of a blackbody (blue dotted lines) with P Cygni profiles (red 
transparent fill) for the Sr lines. The rest (vertical black dashed lines) and 
observed (vertical blue dashed lines) positions of the model’s Sr lines are shown, 
with the blueshift indicated by arrows. Green dotted lines show the Gaussian 
emission profiles added to ensure the overall continuum is not biased. A vertical 
offset has been applied to each spectrum for clarity, with zero flux indicated by 
the dashed horizontal line segments. Bottom panels show the residuals between 
model and data.

GW170817
◆ Binary neutron star merger
◆ Total mass 2.7 M⦿
◆ Distance 40 Mpc

AT2017gfo kilonova
◆ Spectra observed by

X-shooter @ VLT, ESO
◆ Global analysis shows

r-process pattern
◆ Spectral re-analysis reveals

r-process strontium

∼100 s (calculated starting from 24 Hz) in the detectors’
sensitive band, the inspiral signal ended at 12∶41:04.4 UTC.
In addition, a γ-ray burst was observed 1.7 s after the
coalescence time [39–45]. The combination of data from
the LIGO and Virgo detectors allowed a precise sky
position localization to an area of 28 deg2. This measure-
ment enabled an electromagnetic follow-up campaign that
identified a counterpart near the galaxy NGC 4993, con-
sistent with the localization and distance inferred from
gravitational-wave data [46–50].
From the gravitational-wave signal, the best measured

combination of the masses is the chirp mass [51]
M ¼ 1.188þ0.004

−0.002M⊙. From the union of 90% credible
intervals obtained using different waveform models (see
Sec. IV for details), the total mass of the system is between
2.73 and 3.29 M⊙. The individual masses are in the broad
range of 0.86 to 2.26 M⊙, due to correlations between their
uncertainties. This suggests a BNS as the source of the
gravitational-wave signal, as the total masses of known
BNS systems are between 2.57 and 2.88 M⊙ with compo-
nents between 1.17 and ∼1.6 M⊙ [52]. Neutron stars in
general have precisely measured masses as large as 2.01#
0.04 M⊙ [53], whereas stellar-mass black holes found in
binaries in our galaxy have masses substantially greater
than the components of GW170817 [54–56].
Gravitational-wave observations alone are able to mea-

sure the masses of the two objects and set a lower limit on
their compactness, but the results presented here do not
exclude objects more compact than neutron stars such as
quark stars, black holes, or more exotic objects [57–61].
The detection of GRB 170817A and subsequent electro-
magnetic emission demonstrates the presence of matter.
Moreover, although a neutron star–black hole system is not
ruled out, the consistency of the mass estimates with the
dynamically measured masses of known neutron stars in
binaries, and their inconsistency with the masses of known
black holes in galactic binary systems, suggests the source
was composed of two neutron stars.

II. DATA

At the time of GW170817, the Advanced LIGO detec-
tors and the Advanced Virgo detector were in observing
mode. The maximum distances at which the LIGO-
Livingston and LIGO-Hanford detectors could detect a
BNS system (SNR ¼ 8), known as the detector horizon
[32,62,63], were 218 Mpc and 107 Mpc, while for Virgo
the horizon was 58 Mpc. The GEO600 detector [64] was
also operating at the time, but its sensitivity was insufficient
to contribute to the analysis of the inspiral. The configu-
ration of the detectors at the time of GW170817 is
summarized in [29].
A time-frequency representation [65] of the data from

all three detectors around the time of the signal is shown in
Fig 1. The signal is clearly visible in the LIGO-Hanford
and LIGO-Livingston data. The signal is not visible

in the Virgo data due to the lower BNS horizon and the
direction of the source with respect to the detector’s antenna
pattern.
Figure 1 illustrates the data as they were analyzed to

determine astrophysical source properties. After data col-
lection, several independently measured terrestrial contribu-
tions to the detector noise were subtracted from the LIGO
data usingWiener filtering [66], as described in [67–70]. This
subtraction removed calibration lines and 60 Hz ac power
mains harmonics from both LIGO data streams. The sensi-
tivity of the LIGO-Hanford detector was particularly
improved by the subtraction of laser pointing noise; several
broad peaks in the 150–800 Hz region were effectively
removed, increasing the BNS horizon of that detector
by 26%.

FIG. 1. Time-frequency representations [65] of data containing
the gravitational-wave event GW170817, observed by the LIGO-
Hanford (top), LIGO-Livingston (middle), and Virgo (bottom)
detectors. Times are shown relative to August 17, 2017 12∶41:04
UTC. The amplitude scale in each detector is normalized to that
detector’s noise amplitude spectral density. In the LIGO data,
independently observable noise sources and a glitch that occurred
in the LIGO-Livingston detector have been subtracted, as
described in the text. This noise mitigation is the same as that
used for the results presented in Sec. IV.

PRL 119, 161101 (2017) P HY S I CA L R EV I EW LE T T ER S week ending
20 OCTOBER 2017

161101-2

Abbott et al. PRL 119, 161101 (2017)

28.11.2022 Daniel Bemmerer: Nuclear astrophysics in an underground lab18



Accelerator-based science underground, in Italy, USA, Germany, China

28.11.2022 Daniel Bemmerer: Nuclear astrophysics in an underground lab19

Laboratory for Underground Nuclear Astrophysics (LUNA) Italy
◆ LUNA 50 kV accelerator (1994-2001)

Solar pp-chain, protostars
◆ LUNA 400 kV accelerator (2001- )

Hydrogen burning in the sun and in asymptotic giant branch stars
◆ LUNA-MV 3.5 MV accelerator (2023- )

Helium and carbon burning
◆ Gran Sasso Laboratory, Italy (1400 m rock, ~3400 m.w.e.)

The next generation
◆ CASPAR 1 MV accelerator (2017- )

Hydrogen burning, astrophysical neutron sources
Homestake underground lab, South Dakota, USA (~4000 m.w.e.)

◆ Felsenkeller 5 MV accelerator (2019- )
Solar fusion, helium and carbon burning

◆ JUNO 400 kV accelerator (2020- )
Hydrogen burning, astrophysical neutron sources
Jinping underground lab, China (~6000 m.w.e.)



Dresden Felsenkeller underground lab, below 45 m rock (140 m.w.e.)

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
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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
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Work in progress: gas target (gas jet and static windowless)

Slide 1
Anup Yadav | Felsenkeller, 20.07.2022 | hzdr.de/felsenkeller

Slide 14

Summary

● Scientific challenges need new target development
● Combined gas target system is being build 
● First jet expected soon followed by details jet characterization

◆ 1018 cm-2 wall jet thickness, based on JENSA @ MSU
◆ 10x10 mm2 wall, 0.1 mm thick
◆ Target thickness measured by laser interferometry
◆ Windowless static-type gas target attached, based on LUNA 

A. Yadav1,2, K. Schmidt1,  D. Bemmerer1,2, A. Irman1, F. Donat1, M. Görler1, A. Hartmann1, M. Sobiella1

Development of a gas jet target
system for the Felsenkeller
underground accelerator

1Institute of Radiation Physics, HZDR, Dresden, Germany
2Institute of Nuclear and Particle Physics, TU Dresden, Dresden, Germany

M. Sc. Anup Yadav · a.yadav@hzdr.de · www.hzdr.de

7. Work in progress
▪ The combined gas target has been built
▪ Characterization of jet density
▪ Nozzle development
▪ Recirculation of gas

All 7 pumps are assembled and working

▪ Wall jet gas target for angular distribution measurements
▪ 12C(α,γ)16O potential for Felsenkeller with 12C+ beam, extended 

windowless 4He gas target, γ-calorimeter, and 4π detector

1. Motivation
▪ 3He gas target for comprehensive data coverage of 

the entire BBN range (cosmic lithium problem)

2. Differential pumping stages
▪ Catcher collects the bulk of the jet   
▪ The expansion chamber is attached to a

pumping system to keep a constant pressure

6. Laser interferometry
▪ Optical path length difference (interferogram) 

for target density measurement [3]

5. Static gas target with 
calorimeter
▪ Based on LUNA gas target setup [2]
▪ Target pressure ~ 2.0 mbar
▪ Calorimeter for beam intensity measurement 

8. References
[1] Schmidt et al., NIM A 911, 1–9 (2018)
[2] Ferraro et al., Eur. Phys. J. A (2018) 54: 44
[3] Couperus, Irman et al., NIM A 830, 504 (2016)

3. Wall jet gas target
▪ Based on JENSA gas jet target [1]

4. Pressure profile of first jet tests

Density 1018 atoms/cm2 Single resonance measurement
Thickness 0.1 mm Reaction localization
Width 10 mm Beam size 5 mm
Inlet pressure ~1 atm To get a supersonic jet
Mass flow 1.4 l/s Caused by nozzle geometry
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Felsenkeller, close to the „sweet spot“ for nuclear astrophysics
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ChETEC-INFRA EU project for nuclear astrophysics [ketek-infra] 

◆ Starting Community of research infrastructures
◆ 32 partners in 17 EU+ countries
◆ May 2021 – April 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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Nuclear astrophysics in an underground lab

Big Bang
Cosmic
Stellar
r-process
s-process Further contributions: p-, i-, rp-, ν-processes

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

Nucleosynthesis processes, 
and how to study them in the laboratory
◆ Big Bang Nucleosynthesis and 2H
◆ Stellar burning of 12C
◆ Neutron source reactions
◆ Link to multi-messenger observations

Felsenkeller underground laboratory
◆ Capabilities and work in progress
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32 partners in ChETEC-INFRA
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Solar neutrino fluxes and the solar abundance problem
Neutrino fluxes from B16 Standard Solar Model, 
Vinyoles et al. ApJ 2017 

GS98 = Old, high CNO elemental abundances
also: Magg+ 2022

AGSS09 = New, low CNO elemental abundances
also: Asplund+ 2021

Neutrino flux data are more precise than 

the solar models!

LNGS: Laboratori
Nazionali del Gran
Sasso

B16 high-Z + ecCNO
Solar neutrino spectra (±1σ)
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Figure 1
Spectrum of neutrino !uxes from different nuclear reactions (see Section 3). Neutrino !uxes from electron
capture (ec) reactions are given in cm−2 s−1. Data from Reference 4. Figure adapted from Reference 92.

capture for this reaction is 814 keV. The 37Ar atoms produced in the reaction were collected
using small proportional counters to detect the electron capture of 37Ar. Based on the unique
physical and chemical properties involved, this proposal developed into the successful Homestake
experiment, which resulted in the "rst observation of solar neutrinos (5, 6). This achievement
earned Raymond Davis Jr. the 2002 Nobel Prize in Physics. The experiment surprisingly found
a de"cit in the solar neutrino !ux; only one-third of the expected signal was detected. The
energy threshold of the chlorine reaction used in the Homestake experiment meant that it was
not sensitive to pp neutrinos, which sit very low in the spectrum (Figure 1). Access to these pp
neutrinos was achieved using similar radiochemical techniques in the reaction 71Ga → 71Ge,
which bene"ts from a Q-value of only 233 keV. These measurements, which were performed
by the GALLEX Collaboration (7–9) and later the GNO Collaboration (10) in the Italian
Laboratori Nazionali del Gran Sasso (LNGS) and by the SAGE Collaboration (11, 12) in the
Russian Baksan Neutrino Observatory, all showed de"cits in the observed solar neutrino !ux.

Around the same time, solar neutrinos were observed by the water Cherenkov experiment
Kamiokande (13, 14) via elastic scattering (ES) on electrons.This result con"rmed the presence of
a de"cit with an independent method and achieved the "rst real-time detection of solar neutrinos.
The directional nature of the ES signal was critical in con"rming that the observed neutrinos came
from the Sun. The experiment was upgraded to Super-Kamiokande (Super-K), a massive detector
with a broad physics program that has operated successfully for several decades. The latest solar
neutrino results can be found in Reference 15. The threshold for water Cherenkov detection is
several MeV, making these experiments sensitive primarily to 8B neutrinos. The detected !ux was
approximately one-half that expected based on solar models.

This de"cit came to be known as the solar neutrino problem, and a clear energy dependence
was observed across the different experimental results. Many solutions were proposed with
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Nuclear physics drives the uncertainties in the predicted solar neutrino fluxes

Vinyoles et al., 
Astrophys. J. (2017)

The total error due to opacity is estimated by combining the
two contributions in quadrature, i.e.,

( ) ( ) ( )d a s a s= +kQ 11Q a a Q b b,
2

,
2

Results obtained with Equations (8) and (11) are presented
for the dominant error sources in Table 7 for all relevant solar
quantities. Dominant error sources can be roughly grouped
ascomposition, nuclear, and stellar physics, the latter domi-
nated by opacity and microscopic diffusion.

Composition—Errors from composition are dominated by
the C, O, and Ne. This is not related to the solar composition
problem, however, but just to the fact that even the most
optimistic spectroscopic determinations of solar abundances
have a level of uncertainty of about 10%–12% that is very
difficult to beat. Refractories, on the other hand, are more
precisely measured from meteorites so their contribution to
uncertainties in solar quantities is currently minimal. Clearly,
CNO neutrino fluxes are directly affected by these uncertain-
ties, which are, in fact, the dominant error sources. For the
same reason, Z ini (and ZS) error is also dominated by
uncertainties in these elements. For helioseismic quantities, O
affects RCZ because it is a dominant contributor to opacity at
the base of the convective envelope. On the other hand, Yini and
YS depend more strongly on Ne due to a combination of its large
abundance, impact on opacity at deeper layers and larger error.

Nuclear reactions—Nuclear rates are still an important
uncertainty source for neutrino fluxes despite big progress in
the field. In particular, errors in S34 and S17 are still comparable
or larger than the uncertainties in the experimental determina-
tions of ( )F B8 and ( )F Be7 . As discussed in Section 3.2, the
ability of solar neutrinos linked to pp-chains to play a
significant role in constraining condition in the solar interior
depends, though it is not the only factor, on pinning down
errors of nuclear reaction rates to just ∼2%. For CN fluxes,
S114 is the dominant error source if composition is left aside.
Assuming a precise measurement of CN fluxes becomes
available in the future, right now S114 is the limiting factor in
using such ameasurement as a probe of the solar core C+N
abundance (Serenelli et al. 2013).

Opacity and microscopic diffusion—These are the dominant
sources of errors not linked to composition or nuclear reactions.

For solar neutrinos, our estimate of the contribution of opacity
to the total error is similar to previous calculations (Serenelli
et al. 2013) despite the different treatment given to opacity
errors. In this work, we assume a 2% uncertainty in the center
that increases linearly outwards. Because neutrinos are
produced in a localized region, our results are not too different
from assuming a constant 2.5% fractional opacity variation,
which was the previous choice. Opacity is the dominant error
source for ( )F B8 , and the second one for ( )F Be7 . For these
fluxes, it is important that opacities in the solar core be known
to a 1% level of uncertainty. Current theoretical work shows
variations of about 2% (Krief et al. 2016a) and experimental
measurements are notoriously difficult due to the combination
of high temperatures and densities involved.
Opacity is a dominant uncertainty error source for

helioseismic quantities, most notably RCZ and YS, with our
new treatment of uncertainties. A 7% opacity uncertainty at the
base of the convective envelope implies a 0.6% change in RCZ.
This is larger than all other uncertainty sources combined and
explains the substantially larger error in RCZ given in this work,
0.7% (Table 4), compared to 0.5% previously determined
(Bahcall et al. 2006). We observe a similar impact on YS, for
which we estimate now a total 2.5% uncertainty compared to
1.5% from previous estimations.
At first glance, the change in uncertainties for RCZ and YS

might seem small but in fact model uncertainties are now
substantially larger than helioseismically inferred ones. More-
over, the larger uncertainties lead to a formally better
agreement between solar data and SSMs based on AGSS09met
composition, which is now placed at about 2.1σ level when
RCZ and YS are considered, whereas before this was closer
to 3.5σ.
Microscopic diffusion is typically a smaller source of

uncertainty than radiative opacities. However, for CN neutrino
fluxes, its contribution is larger,only after S114 and C. The
reason is that accumulation of metals in the solar core due to
gravitational settling increases CN fluxes both because it leads
to a larger opacity in the solar core but also because the
increase in the C+N abundance directly affects the efficiency
of the CN-cycle.

4.3. Opacity Uncertainties: Effect of Different
Parametrizations

As discussed before, there is a certain level of arbitrariness in
the choice of the error function for opacity. Our standard choice
(Section 2.2) stems from a comparison of available opacity data
from both theoretical and experimental sources but also from
an attempt to not being too aggressive (optimistic) in our
choice.
A viable alternative is using the OP-OPAL difference as a 1σ

measure of the true opacity error (Bahcall et al. 2006; Villante
2010). Using the opacity kernels, it is straightforward to
evaluate the error in solar quantities Q if this opacity error
function is used. In Table 8, we compare the fractional errors of
solar quantities Q for the linear and the OP-OPAL error
functions. This comparison highlights the enhanced impact of
opacity errors on solar quantities following our new approach,
which we believe better reflects the current level of uncertainty
in stellar opacities.
Finally, Figure 6 compares the sound speed uncertainties

corresponding to the linear error function (indicated as the 7%
curve in the plot) and the OP-OPAL error function. The former

Table 7
Dominant Theoretical Error Sources for Neutrino Fluxes and the Main

Characteristics of the SSM

Quant. Dominant Theoretical Error Sources in %

( )F pp :L : 0.3 S34: 0.3 κ: 0.2 Diff: 0.2
( )F pep κ: 0.5 :L : 0.4 S34: 0.4 S11: 0.2
( )F hep Shep: 30.2 S33: 2.4 κ: 1.1 Diff: 0.5

( )F Be7 S34: 4.1 κ: 3.8 S33: 2.3 Diff: 1.9
( )F B8 κ: 7.3 S17: 4.8 Diff: 4.0 S34: 3.9
( )F N13 C: 10.0 S114: 5.4 Diff: 4.8 κ: 3.9
( )F O15 C: 9.4 S114: 7.9 Diff: 5.6 κ: 5.5
( )F F17 O: 12.6 S116: 8.8 κ: 6.0 Diff: 6.0

aMLT O: 1.3 Diff: 1.2 κ: 0.7 Ne: 0.7
Yini κ: 1.9 Ne: 0.5 Diff: 0.4 Ar: 0.3
Z ini O: 4.7 C: 2.0 Ne: 1.7 Diff: 1.6
YS κ: 2.2 Diff: 1.1 Ne: 0.6 O: 0.3
ZS O: 4.8 C: 2.0 Ne: 1.8 κ: 0.7
RCZ κ: 0.6 O: 0.3 Diff: 0.3 Ne: 0.2
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S34: 
3He(α,γ)7Be

S17: 
7Be(p,γ)8B

S114: 14N(p,γ)15O
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