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Stellar Nucleosynthesis: Hydrogen Burning in Stars

Proton-Proton Chain 4H = 4He + 2e* + 2V CNO cycle
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high-mass stars: M > 1.5 M,

low-mass stars: M <1.5 Mq,, + pre-existing CNO material



Evolution of First Stars (Population llI)

CNO Cycle
5
Triple a
PP Chain
Sun log T
* formed 200-400 million years after Big Bang how did first stars evolve?
* very massive (up to 100-1000 Mg) currently accepted wisdom:
* made of primordial H and He « effectively ‘skip’ H burning

* no CNO to sustain star against gravity * burnHevia 3o - ?C - onsetof CNO cycle



First stars are difficult to observe today...
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Alternative Pathways to the CNO Production in First Stars

Eur. Phys. J. A (2021) 57:24 THE EUROPEAN
https://doi.org/10.1140/epja/s10050-020-00339-x PHYSICAL JOURNAL A e

Nuclear clusters as the first stepping stones for the chemical
evolution of the universe
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“He(d,y)Li(a,y)°B(a,d)*?C deuterons as catalyst isotope
1OB(a’p)l3C
10B(q,n)13N possible neutron source

*He(a,y)’Be(e,y) Li(a,y)*B(a,p)**C
Wy, 1B(a,n)**N possible neutron source

reaction paths viable only if a-induced reactions are strongly enhanced
e.g. by nuclear clustering




Nuclear Clusteri
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Nucleosynthesis in First Stars

sequences proposed to produce CNO in first stars involve nuclei with strong cluster configurations

15N d+oa 2% +a 2B + o = N
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e do cluster states exist near threshold in these reactions?

 cantheyenhance fusion probabilities?

hypothesis untested both experimentally and theoretically until recently...

new tantalizing evidence for broad cluster resonances is emerging



0B+, Reactions: Current Status
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How Strong an Enhancement?
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ERC Work: Experimental Programme
LUNN

* o+Banda+lireactions at lowest LUNA: Laboratory for Underground Nuclear Astrophysics
energies feasible at Laboratori Nazionali del Gran Sasso

e ultra-low background @LUNA
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gamma-ray detection

Background
Suppression
@LUNA
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10B + ot Reaction Studies at LUNA (\
LUNA-Notre Dame Collaboration

LUNA Facility:

* 400keV accelerator
* H"and He" beams
e |=200-300uA

« AE=100¢eV

Goal:

Measure o.+'°B reactions down to
lowest accessible energies




0B+, Reaction Channels
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* target measurements (using well-known resonance in ''B(p,y)'?C reaction)

* target measurements (with low-energy *“He* beam)

* data taking for measurements

* charged-particle channels and

* neutron channel



Charged-particle Channels:°B(a,p)'3C and '°B(o.,d)'?C
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Cross-Section Measurements:

the 19B(at,p,)13C Channel



10B+a.: Simulated vs Experimental Spectra
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Preliminary Results: 1°B(a,p,)13C

measured yield at beam

energies £,=250-400 keV

data analysis in progress...

target degradation

corrections included

target thickness effects

still to be included
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Cross-Section Measurements:

the 1°B(o,n)'*N Channel



Neutron-channel '°B(o,n)"3N:

Activation Technique

* activation technigue (*3N lifetime ~ 10 min)

¢ coincident measurement of 511 keV annihilation y
rays following * decay of 13N

* 6-segments BGO detector

* coincidence in opposite crystals = reduce intrinsic

and environmental background

LUNA BGO Detector



Activation Cycles: Beam On - Beam Off

Number of N-13 and C-13 (Beam Off After 60 Minutes)
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Sample Spectrum and Coincidence Gating

ROl around 511 keV

coincidence window: 100 ns

coincidences in opposite

crystals

coincidence timestamp

plot coinc. counts vs. time
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Activation Data Fitting e
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Yield [a.u]

Preliminary Results: '°B(o,n)"*N

by Activation Measurement
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e 10B enrichment = 98%
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em nucleer

D .‘° e nuclear clustering effects

in astrophysical reactions
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Summary and Outlook

* alpha-induced reactions on B and Liisotopes: alternative pathways to CNO

nucleosynthesis in first stars
* nuclear clustering expected to enhance fusion cross sections at low energies
* low-energy data still much needed

* measurements on '"B(o,p)"?C and "“B(o,n)"*N cross sections just started at LUNA
* initial results on look very promising

* more beamtime ahead... stay tuned...
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