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- Nucleosynthesis in stars
and in the big bang —
the seeds for the r process

+ Big Bang nucleosynthesis
Astrophysical S-Factor
Thermonuclear Reaction Rate
Resonance Strength
LUNA 0.4 MV underground lab in Italy

+ Experimental facilities underground
LUNA-MV underground lab in Italy
Felsenkeller underground lab in Germany

+ Asymptotic giant branch stars
Stellar hydrogen burning
Neutron sources for the s-process
Stellar helium burning
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Three tools of observational cosmology

History of the Universe
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State of the art of cosmology, ACDM model

State of the art (Planck 2015 data release, arXiv:1502.01589)
¢ The universe is flat, i.e. we have ~100% of the critical energy density.
¢ Thereis a cosmological constant (“dark energy”), called A

74% Dark Energy

¢ There is significant dark matter, and it has low energy (“cold”).
¢ The universe shows a recently accelerated expansion.
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_ Time t~3 min, temperature T~1 GK: Big Bang Nucleosynthesis (BBN)

""""" . Take home textbook knowledge
S B | B g o Three minutes
e after the Big Bang
4 L 5B 656 7Be 8Re 96 ¢ Three chemical elements:
H, He, Li
':', T (N ! P 1 A i e Three observed abundances:
> 3 BTN N B ¥ O | W L TR N 2H, *He, 7Li
o . . . :
o L oo .IInIIooIooInIinoonor
3 3 4 5 6 7 8
S 2F He He He i °He He He
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T | ™H || ®H |
o : Z+N=5 Z+N=8
0 Neutron
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Neutron number N
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Nuclear charge Z

Microphysics and Macrophysics: Nuclear Structure and Cosmology
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Deuterium bottleneck

o Deuterium only stable at
sufficiently low temperature

Mass 5 and 8 barriers

o No stable nucleus with
mass Z+N =5

o No stable nucleus with
mass Z+N = 8

Nuclear binding energy

¢ “*He has the highest binding
energy of all stable light nuclei

Electrostatic repulsion

+ Probability for capture of a
nuclide drops exponentially for
increasing Z and sqrt(Z+N)
of the captured nuclide
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What happens during Big Bang Nucleosynthesis (BBN)?

t(s)
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Pospelov, ARNPS 2010 ’ i Db.n
[ e e —— =4 - He
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102 ; SBBN freeze-out -
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1041 n/p ; D/H N _2
decoupling '_ D/H =“H
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Radioactive 3H (12.3 a) and ’Be (53 d)
end up as stable 3He, “Li
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_ Isotopic shift for hydrogen absorption lines (Lyman series)

1 R, (1_i) I R 11
Am o L+me/ma \nf nj Ap l4+me/mp \n? n3

Mme Mme
)\D_>\H_ 1+m—D (1+mH)
— e
AD 1+ e
1 1
_ 1 + 1836 (1 + 3669)
B 1
1 + 1836
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Lyman series
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n=2
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Paschen series
n=4
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_ Observed nuclide abundance: ?H

—_
82}

—_
o

o Observe %H absorption lines from
the Lyman series in gas clouds

Flux
(10718 erg cm~2 st A-1)

+ Plot observed ?H abundance as
function of the age of the gas 4800 4850 4900 4950 5000 5050
cloud, traced by the oxygen
abundance O/H

+ Fit and extrapolate to zero O/H
(=primordial gas cloud)
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Observed nuclide abundance: *He
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Observe *He emission lines in gas clouds

Plot observed “He abundance as function
of the age of the gas cloud, traced by the
oxygen abundance O/H

Fit and extrapolate to zero O/H
(=primordial gas cloud)
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Izotov et al.,, MNRAS 2014
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ESO PR Photo 252/02 (31
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Observed nuclide abundance: “Li and the “Spite plateau”

Lithium absorption lines in spectra of metal-poor stars in the halo

L 4
of our galaxy

+ Observe lithium elemental abundance, interpret as “Li
+ Some authors have attempted to measure °Li, as well
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Baryon density Qh? PDG 2016
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“He observation
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1. Observed nuclide abundances Baryon-to-photon ratio  x 101°
2. CMB value forn
3. BBN calculated nuclide abundances
MML = IN-HOUSE RESEARCH 2. Blue hatched area: CMB (Planck 2015)
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The Big Bang nuclear reaction network

Be

8/ 14| |15

o |—{2H ] H |
_p_ 1 L1 4

n
locco et al. 2009
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o Nuclear reaction cross section o for low-energy charged particles

Fast * Typical Coulomb barrier height : ¥ MeV

A incoming * Typical temperature k; * T ~ keV
particle
— The energy dependence of the cross section is
dominated by the tunneling probability.
> Slow 1
S ¢ incoming
& PR particle Definition of the astrophysical S-factor S(E):
)
€ S(F) pc?
§ o(E) = 7 eXP <—27erZga eYol
>
Radius S(E) f1/amu
= —31.292, 7
£ P ( Y2\ B /keV
Nucleus
E = center of mass energy
Z,27, = charge numbers of
projectile and target
myms2
Neglect angular momentum, = = reduced mass
which would lead to an additional barrier. mi + Mso
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_ At which energies do the reactions take place in a plasma?

The Gamow .

»

Maxwell-
Boltzmann
distribution

Cross section
(linear scale)

—)
Thermonuclear ‘
reaction rate 0 10 20 30 40 50
N,<ov> Ecm [keV]

Na({ov) = Ny o(EF)Eexp |———=| dE
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. Thermonuclear reaction rate, nonresonant case

8

N[

Nalo) = Nay /== (knT)" /O " o(E)E exp [—kBiT] iE

8 _3 > _ p/amu E
= Nay/—(kgT) 25 —31.2941Zs\| =———— — ——= | dE
A\ T /O =P YA E/keV T kpT

8 > b E]

N[

= Ny —(kBT)_ S exp | —

7T 0 vVE kBT
Abbreviations for barrier penetrability b

and Gamow peak energy E,

b/keV = —31.297; Zoy | ——
alnu

1

Fo/keV = 122 (Z%Z%LTQQ) ’

amu

m IN-HOUSE RESEARCH
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dE

Assumption here:
S(E) = const.(E)=S
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. Thermonuclear reaction rate, nonresonant case

Abbreviation for Gamow peak energy E,

;
Fo/keV = 122 (21222 a Tg)
amu
Abbreviation T

3Ey 5 [t/amu 3
— 4.246 | Z? Z5
" T keT 1927,
Thermonuclear reaction rate can then be expressed as:
8 3 > b E
N p(ov :NA\/—kT2S/ exp|—— — —— | dE
(ov) ET)TES [ e |- -
7'2 S(EO)
= 4.33 x 10° —; -
L7125 exp(=7) keV b s mol

Assumption: S(E) = const.(E) = S(E,) near E,

m IN-HOUSE RESEARCH P

Nucleosynthesis in stars and the big bang — the seeds for the r process Member of the Helmholtz Association

Institute of Radiation Physics 01.03.2019



. Thermonuclear reaction rate, sharp Breit-Wigner resonance

3
2m 2 E
_ N hz _ Hreso
(r) e |7
B \T2 Wy

Abbreviations for barrier penetrability b
and Gamow peak energy E,

m IN-HOUSE RESEARCH
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Experiment on ’Be—"Li at LUNA, Gran Sasso (ltaly)

1. @%’:esden

Lab below 1400 m of

n

\ ‘\\sf
b @ Gran Sasso

MIVIL m IN-HOUSE RESEARCH
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3He (x,y)7Be LUNA 0.4 MV accelerator deep underground

LUNA = Laboratory
Underground for
Nuclear Astrophysics
- ltaly

- Germany

- Hungary

LUNA approach:
Measure nuclear reaction cross sections at |
or near the relevant energies
(= Gamow peak), using
e high beam intensity
e |ow background
e great patience

m IN-HOUSE RESEARCH
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- SHe(a,y)’'Be experiment at LUNA (activation and prompt-y technique)

0 A 3
10 N N y R N Acee-tr-- T80
a1 | ;)_ +60
10 . _
'f_‘!-!‘ A --A---', / T &')
- NI A-mmemm" o & 440 o
.E. 10‘2 —+ ’,' & Y @
Q l" ____________ I ﬁ — -_o_ —G- - 6
s |/ oo +20
10 T " L o
LA
-0

Copper shield

—

3He
gas inlet

Roots pump,

2000 m3/h 7Be catcher

Windowless 3He gas target,
with 3He recirculation

MML = IN-HOUSE RESEARCH HZDR
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i 3He(a,y)’Be at LUNA, "Be activation spectra

10

478 keV line
from ’Be decay
Earth's surface
10°

Q
O
o
T
R
&
—  10°
= Shallow underground
§ (100 m.w.e.)
>
=
< 10
12
c Gran Sasso
3 (3400 m.w.e.)

. D

{|4ﬂ it i A
”M i ”WM i “ W\ i) uMnL‘

300 400 600
E, [keV]
Detected “Be activities: 0.8 - 600 mBq
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. SHe(a,y)’Be reaction, S-factor results from LUNA and others

0.7

3He(0,7)'Be

0.6 n

Manss i 13

—— Adelberger et al. 2011
0.4 —°— Nara Singh et al. 2004
—a— LUNA 2006-2007
Brown et al. 2007

0.3 +—— di Leva et al. 2009
—a— Carmona et al. 2012
—8— Bordeanu et al. 2013
0.2 —— Kontos et al. 2013 -
—e— Takacs et al. 2015, 2018

Sy, [keV barn]

0.1 F -
0.0 fL S S
0.01 0.1 1
E [MeV]
m IN-HOUSE RESEARCH HZDR
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| 3He(a,y)’Be thermonuclear reaction rate Ny<ov>

Thermonuclear reaction rate relative to Caughlan and Fowler 1988

15 : ————r
®He(ay)'Be + Present-day reaction rate very close to
——— NACRE 1999
—— NACRE2 2013 textbook value.
------- Takacs et al. 2015 . . .
N + Precision improves over the years.
S0 0 Uy
>
s State of the art:
=
E ¢ 5.1% precision at solar temperature
\2& 05 | Adelberger et al., Rev. Mod Phys. 83, 195 (2011)
Big Bang
m— Sun
0.0 : — :
10 100 1000
6
THomKl Nuclear physics input
for 8B neutrino flux ®y:
T eaction Ino s/Pg
o
/ (E)E E I 3He(°He,2p)*He | -0.43 | 1.8%
o exp | ———
0
'Be(p,y)®B 1.00| 7.7%
m IN-HOUSE RESEARCH I-ILDR
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. 3He(a,y)’Be reaction, what is needed for even better precision

0.60 —————————1—— _ —
o LUNA(2007) ® ATOMKI(2013) = =Kajino (1987)

\ o ERNA (2009) e Notre Dame (2013)= - Nollett (2001)
[ Neff (2011)

EA\
055 F \a

0.50:
1. One comprehensive data set

0451 spanning a wide energy range.

0.40 |

S-factor / (keV barn)

0.35 |

0.30 - ]

0.0 0.5 1.0 1.5 2.0 25
E,,. /MeV
..... s-wave to ground state 2. Separation of s-wave from
100 - — - s-wave to excited state d-wave component at 1 — 2 MeV.
: —— d-wave to ground state
Jeetivenaa ., —-—- d-wave to excited state

When this is given, the uncertainty of the
reaction rate will decrease below 3% also for
solar temperature.

Relative contribution / %
o
1

See the poster by Steffen Turkat!
NMaJr
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. Experiment on 2H(a,y)%Li at LUNA: Experimental setup

Anti-Radon Box

& (N, flushing)

Pressure
Sensor

Beam

Deuterium

Pump Inlet

Background by a second order process:

2H(a,01)2H e

Rutherford scattering
2H(?H,n)3He

d+d - reaction
e °

MIVIL m IN-HOUSE RESEARCH
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2 6li in-
1000 H(o,y)Li, in-beam spectra

500

o

—_—
o
o
o

Blue: E, =400 keV

500 Red: E, =280 keV

Counts / 3 keV

(c)Runs 1 +2

1500 1550 1600

-100

1540 1560 1580 1600 1580 ~ 1600 1620 1640 o —
VIVIL m IN-HOUSE RESEARCH E, [keV] g A
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. ?H(a,y)8Li, LUNA results for the S factor and the °Li abundance

A Robertson et al. 1981, data
© Mohr et al. 1994, data
3 [ — Kiener et al. 1991, upper limits
107 » Cecil et al. 1996, upper limit
e Hammache et al. 2010 (E1+E2)
Mukhamedzhanov et al. 2011 (E1+E2)
—Jll— Anders et al. 2014 (LUNA), data

nn
|

v

10 |

S,4 [keV barn]

107 ¢

10—6 n Michael Anders et al.,

Phys. Rev. Lett. 113, 042501 (2014)
L ) ) ! Lo ] ) 1

E [MeV]
+ First direct data point in the Big Bang energy window

+ Determine primordial 6Li/"Li ratio = (1.5+£0.3) * 10-° entirely from experimental data

+ Astronomical reports of 6Li/’Li ~ 102 are probably in error e
m IN-HOUSE RESEARCH T PAS
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i Cosmology: The Spite abundance plateau and the lithium problem(s)
10'”—;- CMB-based prediction, "Li

A

A A A
-10 A ) “ AL S as
10 =

Y -11 |
2 1075 ’ (X s "o o
'8 I E
_§ )
T 107+
107+
CMB-based prediction, 6Li
10_14 - | | ] |

1672 16 16+ 10°

[Fe/H] / [Fe/Hlg,,

= Cosmic ’Li problem: Less “Li in old stars than predicted.
’Li production mainly by 3He(a,y)’Be = “Li
LUNA data rules out a nuclear solution for the cosmic “Li problem.

=  Reported cosmic ®Li problem: Much more °Li in some old stars than predicted.
LUNA data show that standard BBN produces much less °Li than reported by some observers.
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i Experiment at HZDR, YELBE bremsstrahlung facility

lllll ) ) llllll' L) lllllll ) lllllll
§ 0 Bishops50® &0 RY@Z&YGV_a 08 M1 Photodissociation of the
| & O Barnes 52 o O Suzuki95 .
S0 Marins4  § O Nagaio7 deuteron, controlling the
> <& McMurray 55 — <& Tomyo 03 .
< —~ - .
_;.3 ® Birenbaum 85 & ---- JEFF-3.12 deUterlum bOttIeneCk'
2 I ., ® Moreh 89 = ——ENDF/B-VIIL.1
E ® Hannaske 14 — ENDEF/B-VIIL.1 1 )
S *  Ahrens 74 g e Chen 99 M1 H(n,y)*H
2 O Zieger86 M1 & -~ Chen 99
e i g 0 Graeve 91 M1
S S 0 Graeve 92 ZH(Y,n)lH
—~ ¢3 © Bernabei 86
o)
—
1 F
O Hara 03
/ ~~~~~~~~~~~~~~~
0 IIIIl 1 1 1 IIIII' 1 1 1 IIIIII I~-§~I--_--I I:.ﬁ-r_u_
107 10" 10°
T /MeV Tim
electron
beam dump
concrete
shielding photon detectors
ell;a:;:gn <+— lead walls —», pt:\eoat:nn —
F e == - >
/ \ coIIimatojj l
neutrons t t
radiator purging / ' oo

A. R. Junghans, R. Hannaske et al. foil magnet
m IN-HOUSE RESEARCH

neutron detectors
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B Neutron capture on exotic nuclei and neutron-rich BBN scenarios

Neutron-rich BBN scenarios
postulate a nucleosynthesis path on
2 the neutron-rich side of the valley of
L5 —oT T oo stability, where data are scarce
(Terasawa et al., Sasaqui et al.)

15.99977]

0 0.00028

N
[14.00643;
14.00728)

Cam 2.00

[12.0096;
12.0116]

o 0.0035

B
[10.806;
10.821]

G400 760
Be
9.012182

Reaction of astrophysical interest:

UN+n— N+ Y
Reaction that can be studied in the laboratory:
YN +n « 2N + Y

using... anion beam of radioactive 2°N and
virtual photons from a heavy atomic nucleus

VIVIL m IN-HOUSE RESEARCH HZDR
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Data show no significant effect on heavy nuclei abundances...

contrary to theoretical predictions

—_
o
~

N,(ov) [cm’ mol's™]

N(n;1)N

-
-
-
-
-
-
-
-

Absolute Abundance per nucleon
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10°
Kappeler 1989 ———

I present, rescaled

102

1
—_—
== [l
-
-

10"

10°

I
100

Nucleon Number

I I
150

Marko Roder et al.,
Phys. Rev. C 93, 065807 (2016)
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o The 2H(p,y)3He reaction cross section, destroying *H

40 :_ Grey circle: CMB (Planck 2015)
T Blue band: 2H
E Green band: 3He/*He
3.5 . Red circle: 2H and 3He/*He
o B combined
Z 30F
25 F
2.0 k
0.020 0.021 0.022 0.023 0.024 0.025
QB : h.2 R. Cooke et al. 2015

1. Currently, CMB (grey) and BBN (red) are in perfect agreement.

Currently, BBN is much less precise than CMB.

3. The BBN precision is mainly limited by the nuclear physics of 2H destruction,
more precisely the ?H(p,y)*He reaction rate.

N

VIVIL m IN-HOUSE RESEARCH HZDR
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_ The ?H(p,y)>He reaction cross section, destroying *H

10 ——— ————— ———
- —a— Griffiths et al. 1962, 1963 2 3 /"
1 Schmid et al. 1996 H(p,y)"He &
—o— LUNA 2002 >
—a— Bystritsky et al. 2008 &
----- NACRE fit curve 1999 .’

Marcucci et al. 2016 theory 3

s
Fusti= = >

Sgp [6V b]
|

To be studied at Felsenkeller

< ==
Under study at LUNA
1 r 0ol

%‘

C
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9]

Z

oa)

o 0.0 L P i I R S TR | L |

1 10 100 1000
E [keV]
See the poster by Klaus Stockel!
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Baryon density Qh? PDG 2016
0.01 0.02 0.03
T

. Cosmic concordance

...................................................

%4
44
IIII|IIIIIIIII

1. Yellow box:
“He observation

3. | Purple/blue/green
bands: BBN
calculated
predictions

L

CMB%

7

- D/HIp

VPP

7/BBN

1. Small yellow box:
’H observation

0770 7
00

................................. \
1. Yellow box: | : §§
’Li observation §§
1 1 1 1 §l§§ 1 1
Three aspects agree: 1 2 3 4 5 6 7 8 9 10
1. Observed nuclide abundances Baryon-to-photon ratio  x 101°
2. CMB value forn
3. BBN calculated nuclide abundances
MML = IN-HOUSE RESEARCH 2. Blue hatched area: CMB (Planck 2015)
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Relative elemental abundance

What does BBN mean for the chemical elements around us?

13
10 H

12
1811 He
1010
10°
10°
10’
10°
10°
10°
10°
10°
10°
10°
107"
10‘2
18_4 Big Bang H+He burning C+Si burning r-, s—, p—, V-
10_5. } | : : I —— | : | —]
1 2 5 10 20 50 100
Atomic number Z
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i Nucleosynthesis in stars
and in the big bang —
the seeds for the r process

+ Big Bang nucleosynthesis
Astrophysical S-Factor
Thermonuclear Reaction Rate
Resonance Strength
LUNA 0.4 MV underground lab in Italy

+ Experimental facilities underground
LUNA-MV underground lab in Italy
Felsenkeller underground lab in Germany

+ Asymptotic giant branch stars
Stellar hydrogen burning
Neutron sources for the s-process
Stellar helium burning
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Vertical intensity [cm'2 s” sr'1]

Institute of

Background components in underground laboratories

Surface

Reiche Zeche
Felsenkeller LNGS

muons

e e e amm o
-

Meutrons produced \
in rock by muons

"  —
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New LUNA-MV 3.5 MV accelerator for H, “He, 12C beams:
Installation in Gran Sasso hall B from July 2019

80 cm thick concrete shielding
calculated by GEANT4 & MCNP
E, =5.6 MeV, 2 10° n/s, isotropic

MCNP: ®_ =1.4 X107 n/(cm? s)
GEANT4: ®_=3.4 x 107 n/(cm? s)

® (LNGS) =3 x10° n/(cm? s)

LUN/

Labaoratory for Underground
Nuclear Astrophysics

Nucleosynthesis in stars and the big bang — the seeds for the r process Member of the Helmholtz Association
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LUNA MV- scientific program (2019 = 2024)

Commissioning measurement: “N(p,y)120. High scientific
interest for revised data covering a wide energy range
(400 keV- 3.5 MeV).

12C+12C: solid state target. Gamma and particle detection.

13C(a,n)1e0: enriched 13C solid or gas target.
Data taking at LUNA 400 kV in 2017-20189.

i

22Ne(a,n)?°>Mg: enriched ?°Ne gas target. \\
Next steps (not before 2024...): LUN ﬂ

12C(a,y)!00: 2C solid target depleted in 13C and alpha beam
or a jet gas target and '2C beam.
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New underground ion beam at Felsenkeller, Dresden

¢ System of nine tunnels built for
Felsenkeller brewery in 1856-59

2 W2
s W 3
2 [©)
o =

¢ Cosmic rays attenuated by
45 m rock and by active u veto

10 I I I A Earth’ls Surfalce, witr|1 muonI veto |
e TV Felsenkeller
C Felsenkeller, with muon veto
— " —— Gran Sasso, with muon veto
< -2
'.'> 10 o
= 12, 6 T b
g I “C(a,y) 7O
o 1073 region of interest i
o N
£
>
3
10 '_E Phys. J. A 48, 8 (2012) I T i
| Eur. Phys. J. , |
Eur. Phys. J. A 51, 33 (2015) I —
| | | | | | | |
4 5 6 7 8 9 10 11 12 13
MML = IN-HOUSE RESEARCH £y MeV]
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Muon flux and angular distribution with muon tomograph

Measured Monte Carlo

Calculated

10 ¢

50 x

[ [ [

Vertical muon flux
—&— HZDR overground
—&— Felsenkeller IV
—H— Felsenkeller VIII/IX
—@— Budapest 2013
—<— Literature data
- - - Barbouti (1983)

> . |

A4

20

40

80 100 120 140

Overburden from top of atmosphere, in meters water equivalent
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Neutron flux and spectrum with moderated 3He counters

103 : : : : :
Earth’s surface (PTB)
10 i Tunnel 2.07 £0.07
N | Pb+Fe bunker 4.56 +0.16
— Felsenkeller MK2 /" \\ '
T Pt N {  Rock bunker 0.66 + 0.04
C},l _5 st 8 8 - \‘ |
e 10 1 Above ground
S,  f__ b Telsenkele
g | Felsenkell \K?E?Yang
6 elsenkeller
10
L
10-7 -----------------------------
I Gran Sasso i
i i
I i i
10-8 | . | . | . | . | H L
108 10 107 102 10° 102
E. [MeV]

¢ Flux depends on local shielding

+ Neutron data informed the construction project
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Felsenkeller, y-background measurement, with active veto

"""“"'-"-—---.-._____.____1_%20/0 Clover, no veto 122% Clover, active veto | - Surface
10" T e e 10 e e Felsenkeller
0 m.w.e —— Reiche Zeche
107 o 107
‘721 110 m.w.e. ‘721 0'3
s I—f§ 33 _I__I_l—l—'—l—_I_l_I_B
g g .
o 400 m.w.e 10
€ €
> >
81 810°
3800 m.w.e.
107 107
10-7 ' T T T T T T T T T T T T T T T 1 10-7 ' T T T T T T T T T T T T T T T 1
4 6 8 10 12 14 16 18 20 4 6 8 10 12 14 16 18 20
. Energy [MeV] 1 Energy [MeV]

¢ One and the same HPGe detector used
subsequently at different laboratories

¢ Background rate at 6-8 MeV y-ray energy

only a factor of 3 higher at Felsenkeller
than at Gran Sasso

Tamas Szlics et al.
Eur. Phys. J. A 48, 8 (2012)
ML = IN-HOUSE RESEARCH Eur. Phys. J. A 51, 33 (2015) ™ <L
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N Installations in Felsenkeller

Joint effort HZDR - TU Dresden

e+ Investment by TU Dresden (Kai Zuber et al.) and
HZDR (Daniel Bemmerer et al.)

¢ Running cost covered by HZDR
¢ Engineering and technical staff by HZDR

Two main instruments

¢ HZDR:5 MV Pelletron, 50 pA beams of
1H*, 4He* (single-ended), 12C* (tandem)

o TU Dresden: 150% ultra-low-background
HPGe detector for offline y-counting

Experiment | Experiment Accelerator
preparation | control control

SFg storage tank

N

Bunker for activation experiments

Tunnel IX /

Tunnel VIII

External ion source

Internal ion source

Bunker for in—-beam experiments

v22d DR

Nucleosynthesis in stars and the big bang — the seeds for the r process Member of the Helmholtz Association
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5 MV Pelletron tank inside the tunnel

‘ National Electrostatics (NEC) tandem
+ Radio-frequency internal ion source added

+ 'H* beam 50 pyA 0-3 MeV (internal ion source)
ey o 4“He* beam 50 pA 0-5 MeV (internal ion source)
Photo; HZDR/Q. Hjllig” B+ 12C* beam 50 pA 0-10 MeV (external ion source)

m IN-HOUSE RESEARCH I-ILDR
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External (=sputter) ion source for 12C beam

|

Cesium sputter ion source produces
intensive ?C beam:
140 pA after the source

C? Mg? . Measurement —— |
A|27
13 Q728
C D|Sae ng_
10°1 Qe Ti#
ES
£ 1072
B11
1073
J 10-4
SF-Pumpstation
/ 107>
§ 005 01 015 02 025 03 035 04 045 05 055
SFg-Vorratstank Interne lonenquelle BHaII in T

\ 5MV Pelletron
Bunker 1

PhD project Felix Ludwig (HZDR & TU Dresden)
Bachelor’s project Julia Steckling

Stollen IX

g VA [
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Internal (=radio frequency) ion source for *H, “He beams

, \ s f ~ ( /ﬁ\ - ’ll ),

.....
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PhD project Marcel Grieger
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TU Dresden activity measurement bunker in Felsenkeller

¢ 150% ultra low background HPGe detector

¢ Lowest background radioactivity measurement
lab in Germany

¢ Under commissioning, preliminary data very

promising
F% : Earth's surface, graded shield
Tﬂ, - Felsenkeller VIII, graded shield
‘510‘2 —
107° =
107
- A
_I 1 | 1 1 1 1 I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
460 470 480 490 500 510 520
E, [keV]
ze 478 keV y-ray from 3He(a.,y)’Be
Dr.Kenrad Schmidt(TU Dresden) activation study for solar fusion
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i Nucleosynthesis in stars
and in the big bang —
the seeds for the r process

+ Big Bang nucleosynthesis
Astrophysical S-Factor
Thermonuclear Reaction Rate
Resonance Strength
LUNA 0.4 MV underground lab in Italy

+ Experimental facilities underground
LUNA-MV underground lab in Italy
Felsenkeller underground lab in Germany

o Asymptotic giant branch stars
Stellar hydrogen burning
Neutron sources for the s-process
Stellar helium burning
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Asymptotic Giant Branch (AGB) stars as a physics laboratory (1)

AGB stars on the

Hertzsprung-Russell diagram
4.5 : . . . -

4.0

3.5}

3.0

25}

20}

log L/L_

1.5

Main-sequence

0.5 F

shown: 6.8
OF (9.7 to T, =4200K)

-0.5 L

5.0 4.5 4.0 3.5
logT, /K
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Asymptotic Giant Branch (AGB) stars as a physics laboratory (2)

0.68

H—He

He—C Qi
C/O posnses . He; Il
core intershe

MASS COORDINATE (M,)
o
o))
~N

) flessbumning R. Reifarth et al.

0.66-
C-0 - core (2014)
"200 35000 "200 35000 .
TIME (a)

Convective mixing: H burning zone — He intershell
Nuclear reactions:  Neutron sources Neutron capture Sensitive probe of AGB

| H burning I<~ He burning star models, by
observed abundances.

Plasma effects
Radiative energy transport (opacity)
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Elemental abundances in globular cluster stars, example: NGC 6752

3.5” view by the Hubble Space Telescope
Image credit: NASA/STScl/WikiSky

1. We see Na, Mg, Al - imprints of
higher hydrogen burning.

2. Some abundances are
anticorrelated — why so?
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0.6
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Abundances [Na/Fe]=log,,(N(Na)/N(Fe))
Bastian & Lardo (2018)
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_ 23Na production by hydrogen burning: 22Ne(p,y)**Na (1)

p? Pa 3.27 £p 0,83 178 AL AL 7
mg20 | M1 | Mg2o | Wo23 VERTEMINVEES 10 ' ' ' ' ' ' ' ]
95 ms 122.5 ms 3.86s 11.3s 78.99 10.00 Earth’s surface, no beam
+
anﬁ;m; 53;3: T o Underground, H burning "*N(p, 7)150_
w077 150, I pproai 177... | ysoa7a.. | Nadon Underground, no beam
Na 19 Na 20 Na 21 Na 22  Na24 | N
<40 ns 446 ms 22.48 s 2.603 a 20ms |[1496h
pros5;1.8 b
B TN +25 Y 127’38000 ""?‘ 5
p Vi eai oy b 260 w043 ol [l R 3-’»“ | as; i612..
Ne 18 Ne 19 Ne 20 Ne 23 Ne 24
1.67 s 17.22 s 90.48 g
AL22.
pt34... ¥(110; 197;
v 1042... 1357)
Bt F 18
109.7 m
pto6 S
m 7“ w‘jw 15
016 017 ‘ 018

99.757 0.038 0.205

10

LUNA 0.4 MV
1H, 4He ion accelerator

surrounded by y detector

i HZDR

— the seeds for the r process Member of the Helmholtz Association

Gran Sasso d’ltalia, 2906 m
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m IN-HOUSE RESEARCH

Nucleosynthesis in stars and the big bang

Institute of Radiation Physics

Gas inlet N

BGO

=

LT 1
ﬂ']:m ‘ Calorimeter

= 1 L

BGO
Gas target,



B 5373 production by hydrogen burning: *’Ne(p,y)**Na (2)

—_
o
<]

E’ E, = 156.2 keV, add-back 107 E, = 189.5 keV, add-back 10°% E, = 259.7 keV, add-back

0 Signal Signal | Signal

S 10°%H 10°E 10°}

o 3 Background (rescaled) Background (rescaled) ; Background (rescaled)
‘ 10| 10°}

O n

o

Singles sum, gated Singles sum, gated

Singles sum, gated

— Exp., bg. sub. i Exp., bg. sub. k —— Exp., bg. sub.
t —— Simulation 10 —— Simulation 10 —— Simulation
I 2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18 0O 2 4 6 8 10 12 14 16 18
E, [MeV]
Three new resonances, hitherto unobserved.

Resonance Ep = 156.2 keV Ep = 189.5 keV Ep = 259.7 keV
strength wy [peV]

Indirect studies 0.009+0.003 <2.6 <0.13
Direct experiment 0.18+0.02 2.2+0.2 8.210.7

F. Cavanna et al. (LUNA) Phys. Rev. Lett. 115, 252501 (2015)
D. Bemmerer et al. (LUNA) Europhys. Lett. 122, 52001 (2018) LUNN
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. 23Na production by hydrogen burning: 22Ne(p,y)23Na (3)

—_
O

> >10 >10
% § E, =71 keV add-back % Fl = 105 keV, add-back % = 205 keV, add-back
B10°K gweg I10°
P Background (rescaled) S H Background (rescaled) S Background (rescaled)
»10°H —— Simulation, 210°H —— Simulation, w10tk "B(py)"C
€ wy =1.5x10° eV R wy =7.6x10° eV i l
Q. 4l Q. .l Q. .,
o10 010 010
10 ol *H(py)He "B(py)"C ol U N n
E F Laboratory for Underground
102 102 I 102 i Nuclear Astrophysics
F F Singles sum, gated
10 10 — Exp., bg. subtr.

— Simulation
| S T R TR T T DT 0 2 146 e 0 2 4 6 8 10 12 14 16 18
E, [MeV]
Two suspected resonances ruled out. F. Ferraro et al. (LUNA)
Direct capture componenz studied. Phys. Rev. Lett. 121, 172701 (2018)
2 © Q@=0C EF° = 1279 keV
» 80 © Q=1.87C
c
>
o
S,
>_

Surface-based experiment at
Rossendorf 3 MV Tandetron (IBC)
R. Depalo et al.,

Phys. Rev. C 92, 045807 (2015)

ra g e g by by s by oy by by by
1260 1270 1280 1290 1300 1310 1320 1330
E, [keV]
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- 23Na production by hydrogen burning: 2Ne(p,y)**Na (4)

Thermonuclear reaction rate <ov> from resonance strength wy and energy £, .

3
2
2’7’(‘ 2 Ereso
(ov) = ——= | h*wyexp|——=
,ukBT kBT
103 __" ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, L ,,,,,,,,,,,,,,,,, ]
R & \ :
4 ‘. -=-=-= NACRE 1999
. - Hale et al. 2002
102 e A « ——— HZDR: PRC 92, 045807 (2015)
I ' *c —— LUNA: PRL 115, 252501 (2015)
o S 7 . EPL 122, 52001 (2018)
S ‘ - PRL 121, 172701 (2018)]
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o I s . \ I

<ov> from low-energy,
underground nuclear
astrophysics experiment.

Stellar temperature T [GK]

m IN-HOUSE RESEARCH

Still needed:

+ Electron shielding by
astrophysical plasma

+ Radiative energy
transport / opacity

+ Convective transport
to make the produced
23Na visible

g VA [
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The new %’Ne(p,y)*3Na data and the Na - O anticorrelation

IL].O -0.2 T T T T I
B I | I I I I | I I I I I I [ | I l I I I |
i i 0.4 =
1.5 — —
N i 0.6 |- .
_ 1 — - E -0.8 - _
£ E 3 E 2 -1.0 .
} 0.5 = 4 - 2 42l .
z. i 1 3
— - 1)
- i 1.4 b i
0~ +0.3 ]
- 5 i 16 | -
05 - Black: AGB star models, B 48 L T+0.3 |
| with old ?2°Ne(p,y)?*Na rate . -
B | | | | | | | | | | | I | | | | I | | | i e I I I I :
30 35 40 45 50
-1 —0.5 0 0.5 Initial AGB star mass M/Mg,,
[0/Fe]
A. Slemer et al. (LUNA), The new nuclear data improve
Mon. Not. Royal Astron. Soc. the (previously very bad)
465, 4817 (2017) description of the Na-O
anticorrelation.
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Asymptotic Giant Branch (AGB) stars as a physics laboratory

0.68

H—He

He—C Qi
C/O posnses . He; Il
core intershe

MASS COORDINATE (M,)
o
o))
~N

) flessbumning R. Reifarth et al.

0.66-
C-0 - core (2014)
"200 35000 "200 35000 .
TIME (a)

Convective mixing: H burning zone — He intershell
Nuclear reactions: | Neutron sources |<ﬁeutron capture
H burning He burning

Affect the s-nuclides,
roughly half the
elements in the
periodic table!

Plasma effects
Radiative energy transport (opacity)
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i 22Ne(o,y)*®Mg, competitor to neutron source 22Ne(a.,n)>>Mg

p? Pa 3.27 £p 0,83 1. AL AL 9.6 bt BBV
Mozo | Mesl | Mess | RS BT ¢ Bremsstrahlung-based data from yYELBE

pt pt
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R. Schwengner et al.,
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- 170(a,n)?°Ne, antidote to neutron poison 10(n,y)’0

p? Pa 3.27 pp 0.83 1.79.. ’
Mg 20 Mg 21 Mg 22 Mg 26 . .
o5ms | 1225ms | 3866 17,01 |+ Neutron time of flight data from nELBE
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Asymptotic Giant Branch (AGB) stars as a physics laboratory

0.68

H—He

He—C Qi
C/O posnses . He; Il
core intershe

MASS COORDINATE (M,)
o
o))
~N

) flessbumning R. Reifarth et al.

0.66-
C-0 - core (2014)
"200 35000 "200 35000 .
TIME (a)

Convective mixing: H burning zone — He intershell .
. Affects the C/O ratio,
Nuclear reactions:  Neutron sources Neutron capture

. _ and hence all
H burning | He burning J< chemical elements

heavier than oxygen.

Plasma effects
Radiative energy transport (opacity)
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The production of the chemical elements

' He ' —
1012 l Observed elemental abundance -+
in the solar photosphere
1010 | C O -
N l l Fe -
S 108 | i
i 1
T
— 10° .
(]
= 4
I 10" -
c
3
< 10° -
10° - : — 7
Big Bang He burning C+O+Si burning |
r-, s-, p-, rp-, vp-proc.
10—2 I , . . L] . . . L
1 10 100
Element Z
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Stellar helium burning and the Holy Grail **C(a,y)°0

Produce 12C: 4He -+ 4He — SBG + 4He — 12C + 7y
Destroy 12C and produce 10: 12C -+ 4He — 160 -+ 8%
H—H
¢ 12C production and destruction e
controls the 12C / 160 ratio. He—C
C,0—Ne—Si

¢ The 12C(a,y)*®0 reaction
was called the Si_Fe
“holy grail of nuclear astrophysics”
by 1983 Physics Nobel Laureate
William A. Fowler.
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_ The 12C(a.,y)°0 reaction and the level structure of 0

Forward reaction =
1522 g + Felsenkeller, LUNA-MV etc.

Time-inverted reaction €=
+ Real 7 MeV photons: HIyS, ELI-NP

E2 S factor E1 S factor 984 >+ .
7 sources of monochromatic
T2 photons
9.59 1~

¢ Virtual 7 MeV photons: GSI

12C + “He — '%0(0,6.049,6.130, ...)
C + “He «+ °0(0)

Gamow window
/ i / 7117 1
7.162
2C+a 6.917 2+
6.130 3-
6.049 0+
C. Brune 2015
0 0+
160 =
m IN-HOUSE RESEARCH I-ILDR

Nucleosynthesis in stars and the big bang — the seeds for the r process Member of the Helmholtz Association

Institute of Radiation Physics 01.03.2019



The 2C(a,y)1°0 rate affects the production of many elements!

102 B T T T T | |

328

m<

Data: Weaver & Woosley 1993

100 i I I I I I
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Multiplier on '2C(a.y)'°0 rate

Supernova-produced / solar abundance
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State of the art on *?C(a,y)'°0 and potential for Felsenkeller...
..using *?C* beam, windowless gas target, y-calorimeter
E('2C) [MeV]

2 3 4 5 6 7 8 9 10
> | | | | | | | | | I
N —8— E1->GS data \ |
N —v— E2—-GS data I
N —— E1-5GS fit S
80 S —— E2-GS fit ' |
- - - E1-5GS + E2-GS + casc. fits IF .
= A Felsenkeller, planned R
@
0
>
2
w
)

Gamow peak,
0.35 GK

0.4 05 06 07 0.8 09 1.0
E [MeV]

13.7
V E/MeV
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_ Structure of the Sun red: Observable

o Corona
o Chromosphere

+ Photosphere
:I y . Fraunhofer lines

hotosphere

¢ Convection zone
Helioseismology

¢ Radiation zone

¢ Core Neutrinos

Density (Dalsgaard Model 1)

—
Core

T T T T T T
Radiative Zone . Convective Zone

Density (gm/em’®)

Chromosphere

| I L L | I I I | L i 1 |

W|k|ped|a 0.0‘ “ 0.2 0.4 oilas 0.6 0.8 T 1.0

NASA/MSFC Hathaway
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Data on the Sun: Elemental abundances
from the model-based interpretation of the Fraunhofer lines

Averaged proﬁle

1.2" L UL DL L L L L AL EL LR B ELLLL I o o o o o o o o o o o o o o o o o o e o o e e e o e e e T

: 1D model - observation } "*I' 3D model - observation :

1.0 o ——— e ] 10- --------------------------------------- i
"o—? 0'3:_ — = sk ]
§ i Fel ] ;g‘ i ]
g 0.6:_ ) = 608.271 [nm] — i o.s:— el ‘
3 C x= 2223 [ev] ] % C A = 608,271 [nm] ]
€ 04T og g = ~3573 1 © 04 y- 2o (e ]
i log ¢ = 7.580 | [ g af = -3573 ]

02 B C2  ge= 7.420 ]

[ ] I M. Asplund et al. -

00 b e e e 0.0l e e o b b |

608.250 608.260 608270 608.280 608.290 G250 608360 605270 G828 608290

Wavelength [nm] Wavelength [nm]

3-dimensional models of the photosphere lead to lower derived
abundances:

1D: 2.29% (by mass) of the Sun are “metals” (Li...U)
3D: 1.78% (by mass) of the Sun are “metals” (Li...U)
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_ The solar abundance problem:
Contradiction between elemental abundances and helioseismology
Solar models computed with different sets of elemental abundances:
3D: 1.78% (by mass) of the Sun are “metals” (Li...U)
1D: 2.29% (by mass) of the Sun are “metals” (Li...U)

0.015 - - - =
3D: AGSS 2009 R.,=0.723 Y =0.232
[ | 3D: cOSBOLD 2009 R.,=0.717 Y =0.237
- | 1D: GS 1998 R,=0.713 Y =0.243
0.010 Helioseismology R,=0.713+0.001 Y =0.249+0.004
N ,
) -
> L
'g -
g 0.005
c|.> "
o -
& "
(00 Q) [y Sy el cmmmm s 1 Saggemmi g L
e Asignificant discrepancy for [
the closest and best- i
observed star in the 005 L — — —
universe! 0.0 0.2 0.4 0.6 0.8 1.0
e (Can the third observable, R/R@ A. Serenelli 2011
solar neutrinos, address this
problem? " -
VA [
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The proton-proton chain and solar neutrinos
TH(p e",v)%H

TH(p,e*v)?H
/ 99.75 % 0.25 %
y . .
/7
/
7 2 3
y: H(p,Y)~He
/ o, o, o,
y. 85 % | 15 % 0.00003 %
’ ¥
7 3 7
/ 3He(®He,2p)*He He(w,y)'Be SHe(p,e*v)*He
7/
/7 15 % | 0.02 %
Serenelli et al. 2011 ¢ ¢
Solar Neutrino Spectra (+10) 7 8
- - - ¢ ¢
Li(p,00*He 8B(e*v)8Be
8Be*(O()“He

Flux (cm™ s™")
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How precise are the neutrino data?

SNO (Sudbury/Canada):
8B neutrino flux measured to 3% precision!

Borexino (Gran Sasso/ltaly):
pp neutrino flux measured to 10% precision!
’Be neutrino flux measured to 5% precision!

m IN-HOUSE RESEARCH

Nucleosynthesis in stars and the big bang — the seeds for the r process Member of the Helmholtz Association
Institute of Radiation Physics 01.03.2019 Page 73



Flux [arb. units]

Solar neutrino fluxes: Data and model predictions

< 4 L e —3.0
- GS98-based prediction Neutrino fluxes:
° ggtisog-based prediction I Standard Solar Model;
Antonelli et al.,
arXiv:1208.1356
3§ e —+2.0
GS98 = OlId, high CNO
I elemental abundances
Be 8p 13N 150 AGSS09 = New, low
CNO elemental
abundances
1.0——E1§ 7777777777 e R D e TZooo.. —+1.0
0.94---- T DU —+0.9
0.8+ -----mmmmm e —10.8
3y G O U U —----Llo7
103 T T T T T T 1
12: pp(0-6%] Solarsel\lreel:]ferllléoefsslaci?(1110) 1
+ ’Be, ®B: Data more precise than the models o _ :
|
+ 13N, 1°0: No data yet, but models are not ~ 0 SRR e L. oaptisr2) 1
. Nm 10° Nf1_42§ -t _--- "‘Im\ 1
very precise s i ': ;
+ Need smaller error bars for the models! ERR SRS '
1
1

m IN-HOUSE RESEARCH

Institute of Radiation Physics

Nucleosynthesis in stars and the big bang

01.03.2019

1.0 2.0
Neutrino Energy in MeV

5.0



N 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 %

| P (pp) I Lo: 0.3 S34: 0.3 K 0.2 Diff: 0.2
® (pep) K: 0.5 Lo: 0.4 S34: 04 S11: 0.2
® (hep) Shep: 30.2 Sa3: 2.4 K: 1.1 Diff: 0.5

® ("Be) \ CSas 4. | ) : . : 2.3 Diff: 1.9

d(®B) K 4.0 (Say @
1 @(PN) ! C: 4.8 K 3.9
Le0) 1 C 56 5.5
o (1F) : 60 Diff. 6.0
S3,: *He(a,y)’Be S114: ¥N(p,y)*>0 S,;: 'Be(p,y)®B
Vinyoles et al.,
Astrophys. J. 835, 202 (2017)
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COST action ChETEK [ketek] on Nuclear Astrophysics

Chemical Elements as Tracers http://www.chetec.eu

of the Evolution of the Cosmos ) t
A network to bring European research, v E D 5 + ~130 k€/year 2017-2021
science and business together to further EUROPEAN COOPERATION

our understanding of the early universe IN SCIENCE & TECHNOLOGY + 30 EurOpean countries

Meetings:

+ Conference on ,Nuclear

Nuclear Physics Qstrophysis:al chencjzl-:;tri:;mic Physics of Stellar
ot SISHEIs Modelling Explosions*, Debrecen/
HU 12-14 September
+ This School!
Short-term scientific missions
(STSMs)
Nuclear Physics Astronomical Chair:

Experiments Observations

+ Raphael Hirschi,
Keele University/UK

CheETEC S

Action

o



i Nucleosynthesis in stars
and in the big bang —
the seeds for the r process

+ Big Bang nucleosynthesis
Astrophysical S-Factor
Thermonuclear Reaction Rate
Resonance Strength
LUNA 0.4 MV underground lab in Italy

+ Experimental facilities underground
LUNA-MV underground lab in Italy
Felsenkeller underground lab in Germany

+ Asymptotic giant branch stars
Stellar hydrogen burning
Neutron sources for the s-process
Stellar helium burning
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Three points to take home

+ Low-energy charged particle
reactions set the stage for all
future nucleosynthesis

+ New laboratory data have a direct
effect on predictions matched to
astronomical observations

+ Interdisciplinary links are essential
to advance understanding
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