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The periodic table of the elements... and their abundances
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Nuclear astrophysics at the intersection of three disciplines
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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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Flux
(1016 erg cm~2 s~! A1)

Normalized Flux

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

—_
[9)]
T

4900 4950

28.11.2022

1220
Rest Wavelength (&)

1210

Daniel Bemmerer: Nuclear astrophysics in an underground lab

logyo (D/H)

—4.52
—4.54
—4.56

—4.58 |
b g

_462 B %
—4.64 _
_466 :_I | | | | I ] | | | I | | | | I |
—3.0 —2.5 —2.0 —1.5
[O/H]
Astronomical 2H observations:
Cooke et al. ApJ 855, 102 (2018)
- TECHNISCHE onesorn /7N,
ChETEC H . —
UNIVERSITAT =" - =
@A DRESDEN e A me



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

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 cosmologlcal probe

F—h— I\/Iossa DB ez‘ a/ Nature 587 210 (2020)
—v— Turkat DB et a/ PRC 103 045805 (2021)
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Charged-particle induced nuclear reactions in a star

Reaction cross section
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Measuring very small cross sections, two examples
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The periodic table: Hydrostatic stellar burning

H He
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- .
Study of the 3He(a,y)’Be y-ray angular distribution at Felsenkeller
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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 y-process
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13C(a,n)1%0 neutron source for the astrophysical s-process
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Ciani, DB et al.

PRL 127, 152701 (2021)

deep underground
Jinping/China

Gao et al.

PRL 129, 132701 (2022)
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22Ne(0,n)?°Mg 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
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+ Binary neutron star merger 500 ]

» Total mass 2.7 Mg LIGO-Hanford

+ Distance 40 Mpc

100
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500
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+ Global analysis shows <
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Watson et al. Nature 574, 497 (2019) Abbott et al. PRL 119, 161101 (2017)
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Accelerator-based science underground, in ltaly, USA, Germany, China

Laboratory for Underground Nuclear Astrophysics (LUNA) Italy

+ LUNAS5O 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.)

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

Joint effort HZDR — TU Dresden Two main instruments

+ Investment by TU Dresden (Kai Zuber et al.) + HZDR: 5 MV Pelletron, 30 pA beams of 'H*, 4He*, 12C+, ...
and HZDR (Daniel Bemmerer et al.) + TU Dresden: 163% ultra-low-background HPGe detector

+ Day to day operations by HZDR for offline radioactivity measurements

External ion source
Experiment | Experiment Accelerator
preparation | control control
SFg storage tank Internal ion source

Bunker for in—-beam experiments

Bunker for activation experiments

Tunnel IX /
Tunnel VIII
v22d
/
i . i i TECHN'SCHE DRESDEN - —
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Felsenkeller 5 MV underground ion accelerator

- "('l‘ " ; ;‘\.

Irradiation station with 20+ HPGe crystals I

™ RN
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External ion source

5/ 5 MV accelerator (0.4-3.8 MV), two alternative ion sources

Internal RF ion source: 30 uA H, “He
SNICS sputter ion source: 30 uA12C

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

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

+ 1078 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

Ve TECHNISCHE  oresoen ﬁ
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Felsenkeller, close to the ,,sweet spot“ for nuclear astrophysics
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chool (Sept. 2022, CEF

https://www.chetec-infra.eu
+ Starting Community of research infrastructures

+ 32 partners in 17 EU+ countries
+« May 2021 — April 2025
+ 5 ME€ support by EU
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Nuclear astrophysics in an underground lab

H He Nucleosynthesis processes,

and how to study them in the laboratory
Li Be B |C N O [F [Ne + Big Bang Nucleosynthesis and 2H
Na |Mg Al [Si |P |S |[CI [Ar + Stellar burning of 12C
K [calsc| |Ti [V |cr [Mn|Fe |Co|Ni [Cu|zn |GalGe|As |se |Br |k + Neutron source reactions

+ Link to multi-messenger observations
Rb [Sr |Y Zr |Nb [Mo |[Tc |Ru |Rh [Pd |Ag |Cd{In |Sn [Sb |Te |I [Xe
Fr |Ra |Ac + Capabilities and work in progress
Stellar Ce | Pr [Nd|Pm|Sm|Eu|Gd|Tb|Dy|Ho| Er [Tm{Yb | Lu
r-process
s-process | 1n|Pa|U
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Solar neutrino flux (a.u.)

Solar neutrino fluxes and the solar abundance problem

Neutrino fluxes from B16 Standard Solar Model,
B16 model, GS98 abundances

tar B16 model, AGSS09met abundances 7] Vinyoles et al. ApJ 2017
—3— Borexino data (2022) -

N S E
oLk {7 ,,,,, g %m ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, a i GS98 = Old, high CNO elemental abundances

A 4} T ] also: Magg+ 2022
0.8 | b -
AGSS09 = New, low CNO elemental abundances
0.6 - also: Asplund+ 2021
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Nuclear physics drives the uncertainties in the predicted solar neutrino fluxes

Dominant Theoretical Error Sources for Neutrino Fluxes and the Main
Characteristics of the SSM

Quant. Dominant Theoretical Error Sources in %
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