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ABSTRACT

We have improved the Wallace and Woosley estimates of the '*Ne(p, y)?*°Na and '*Ofa, y)'*Ne reaction
rates at stellar energies by using the most recent experimental and theoretical data and a firmer theoretical
background. We find a considerable increase in the '*Ne(p, y)*°Na reaction rate at temperatures T, < 0.3,
which may lead to a greater production of intermediate mass elements in the rp-process in stellar evolution.

Subject headings: nuclear reactions — nucleosynthesis
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M Aliotta The Messengers of the Universe
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M Aliotta Solar Abundance Distribution
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M Aliotta On the Origin of the Chemical Elements

REVIEWS OF PUBLICATIONS OF THE
MODERN PHYSICS ASTRONOMICAL SOCIETY OF THE PACIFIC

Vorume 29, Numser 4 Ocroser, 1957

Vol. 69 June 1957 No. 408

Synthesis of the Elements in Stars®
E. MARGARET BURBIDGE, G. R. BURBIDGE, WiLLiAM A. FOWLER, AND F. HOYLE NUCLE AR REACTIONS IN STARS AND

Kellogg Radiation' Laboratory, California Institute of Technology, and *
Mount Wilson and Palomar Observatories, Carnegie Institution of Washington, NUCLEOGENESIS

California Institute of Technology, Pasadena, California
3 d & % A. G. W. CaMERON

Rev. Mod. Phys- 29 (1957) 547 (BZFH, 1957) Atomic Energy of Canada Limited
Chalk River, Ontario
Burbidge Burbidge Fowler

1983
Nobel Prize

"for his theoretical and experimental studies of the nuclear reactions of importance in the formation of the chemical elements in the universe"




M Aliotta

10

10
fusion of
charged ‘0
particles @
E
c
. | g
mainly -
stable
. 10
nuclei
10

Stellar Nucleosynthesis: A Major Breakthrough
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Life Cycles of Stars
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M Aliotta Galactic Chemical Evolution

10°_Ll LI | | LI I | I LI B | I LI I B | I LI l_

— Big Ban
0zl © sigBang

@ Oldest stars

10 |- -

10 - =
108 - =
10-10 — —
1012 — —

]0»14 ._I

_LIIIIIIIIIIIIIIIIIIIIIIII

100
102 - Ff O Today(sun) | [ © Early r-process 7
L ]

Mass fraction

Y
10 _‘ ..0 :: ;‘ 130 195 o
106 —
108 o ) s

. e % " M“ :. — - e ]
100 * °* "y '.wf- 1 r . NS % oebe S ° .
o .' L ‘ L J °

1012 — o 'p.o'..o | - —

104 . 4 F
I I [ I 1 1 1 1 | 1 1 1 1 I 1 1 1 I 1 1 1 1
0 50 100 150 200 0 50 100 150 200

Mass number

Wiescher, Kaeppeler and Langanke, Annu. Rev. Astron. Astrophys. 50 (2012) 165-210



Stellar Reactions in the Laboratory:
Experimental Challenges of Direct Measurements
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Thermonuclear Reactions in Stars

Astrophysical energies (Gamow window) << Coulomb repuls
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Experimental approach: measure o(E) over wide energy, then extrapolate down to E,!
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M Aliotta Thermonuclear Reactions in Stars

low cross sections = low yields = poor signal-to-noise ratio

Yield = N, x N, x cross section x detection efficiency

|

10'* pps (~100 pA g=1+) typical stable beam intensities

v
10%° atoms/cm? typical solid state targets

v
10> barn (often even smaller)

v
100% for charged particles
Y = 0.3-30 counts/year ~1-10% for gamma rays (HPGe detectors)

~ 1.2-120 counts/PhD How to increase the signal-to-noise ratio?




M Aliotta A Pivotal Encounter

Nuclei in the Cosmos |, 1990 — Baden/Vienna, Austria

This is such a

Why don’t you do your great idea,

measurements it could have
underground? been mine!

Gianni Fiorentini - “Claus Rolfs




M. Aliotta Main Sources of Background

* natural radioactivity (mainly from U and Th chains and from Rn)
e cosmic rays (muons, 3H, "Be, 14C, ...)
* neutrons from (a,n) reactions and fission
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M Aliotta The Ideal Location: Laboratori Nazionali del Gran Sasso
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M. Aliotta LUNA: A Brief Introduction

LUNA: Laboratory for Underground Nuclear Astrophysics (established early 1990s)
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The LUNA 400 kV facility
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Gamma-ray Background Suppression

Costantini et al. Rep. Prog. Phys. 72 (2009) 086301 Bruno et al EJPA 51 (2015) 94
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M. Aliotta LUNA: A pioneering experiment

30 years of Nuclear Astrophysics at LUNA (LNGS, INFN)

solar fusion reactions
3He(3He,2p)*He  2H(p,y)3He 3He(a,y)’Be

electron screening and stopping power
’H(3He,p)*He  3He(’H,p)*He

CNO, Ne-Na and Mg-Al cycles
12’13C(p,Y)13’14N 14’15N(p,Y)15’16O 16O(p,Y)17F 20'21'22Ne(p,y)21'22'23Na 22Ne(a’y)26|v|g 23Na(p,Y)24Mg ZSI\/Ig(p,y)26A|

(explosive) hydrogen burning in novae and AGB stars
70(p,y)¥F TO(p,a)*N  O(p,y)'F  *0(p,a)'*N

Big Bang nucleosynthesis
H(a,y)°Li “H(p,y)*He  °Li(p,y)’Be

neutron capture nucleosynthesis
13C(a,n)%0

some of the lowest cross sections ever measured (few counts/month)

24 reactions in 30 years: ~15 months data taking per reaction!




M Aliotta Notre Dame University




UNIVERSITY of NOTRE DAME

=~ __ INSTITUTE FOR STRUCTURE
I S N A P  AND NUCLEAR ASTROPHYSICS




SURF: Sandford Underground Laboratory at Homestake (South Dakota)

Homestake Gold Mine 4850 ft (1.5km) below sea level

vw}
Michael CF Wlescher £

Ray Davis Jr.
2002 Nobel Prize

https://sanfordlab.org/facility




CASPAR: The US Underground Lab for Nuclear Astrophysics

CASPAR
Compact Accelerator Systems for Performing Astrophysical Research

SCHOOL OF MINES

1 MV Accelerator Inaugurated July 2017
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SURF: Sandford Underground Laboratory at Homestake (South Dakota)

PHYSICAL REVIEW C 106, 065803 (2022)

Investigation of the *N(p, )'°0 reaction and its impact on the CNO cycle 14N(p ,Y)150 reaction:
’ .
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! Department of Physics and Astronomy and the Joint Institute for Nuclear Astrophysics, University of Notre Dame,
Notre Dame, Indiana 46556, USA age of Globular Clusters, ...

2Department of Physics, South Dakota School of Mines & Technology, Rapid City, South Dakota 57701, USA
3Sanford Undereround Research Facilitv. Lead. South Dakota 57754. USA
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SURF: Sandford Underground Laboratory at Homestake (South Dakota)

PHYSICAL REVIEW C 106, 025805 (2022)

- AGB stars

22 26 o
Direct measurement of the low-energy resonances in *Ne(«, y) 2*Mg reaction Ne(a;Y) Mg reaction:

H 22 25
Shahina®,"? J. Gérres, 2 D. Robertson®,2 M. Couder®,"2 O. Gomez®,'2 A. Gula,":2 M. Hanhardt®>* T. Kadlecek,’ com petltor to N e(a' n) Mg
R. Kelmar®,"2 P. Scholz®,"2 A. Simon®,"2 E. Stech,"? F. Strieder®,” and M. Wiescher® -2
! Department of Physics and Astronomy, University of Notre Dame, Notre Dame, Indiana 46556, USA ( n-source fo r Synth esis Of e I eme nts W |th 60 < A < 90)
The Joint Institution of Nuclear Astrophysics-Center for the Evolution of the Elements,
University of Notre Dame, Notre Dame, Indiana 46556, USA
3Department of Physics, South Dakota School of Mines and Technology, Rapid City, South Dakota 57701, USA
4South Dakota Science and Technology Authority, Sanford Underground Research Facility, Lead, South Dakota 57754, USA
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(in good agreement with literature) (a factor of 4 smaller than literature)
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- lower depletion of 22Ne = enhanced production of s-process elements



SURF: Sandford Underground Laboratory at Homestake (South Dakota)

PHYSICAL REVIEW LETTERS 128, 162701 (2022)

180(a,y)*?Ne reaction:

Measurement of Low-Energy Resonance Strengths in the %0(a.y)**Ne Reaction 22 ]
) feeds “°Ne + a reaction channels
A. C. Dombos®,"" D. Robertson,""" A. Simon®,' T. Kadlecek,> M. Hanhardt®,>* J. Gérres,' M. Couder®,' R. Kelmar®,'

0. Olivas-Gomez®,' E. Stech,' F. Strieder®,” and M. Wiescher'
]Department of Physics and The Joint Institute for Nuclear Astrophysics, University of Notre Dame,
Notre Dame, Indiana 46556-5670, USA
Department of Physics, South Dakota School of Mines and Technology, Rapid City, South Dakota 57701, USA
3South Dakota Science and Technology Authority, Sanford Underground Research Facility, Lead, South Dakota 57754, USA
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M Aliotta The Full Scottish Attire
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Nuclear Clustering and Open QueStions in Astrophysics

e Cosmological Lithium Problem(s)
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Nuclear Clustering: A Possible Solution ?

M Aliotta

Nuclear Clustering

a. He4 = a particle 6Li
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120

do similar cluster resonances exist in other key nuclear reactions?

can they solve all three open questions?




The Cosmological Lithium Problem(s)



M. Aliotta Big Bang Nucleosynthesis

Primordial Nucleosynthesis (BBN) and Primordial Abundances 10 g
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The Cosmological Lithium Problem(s)

Primordial Lithium Abundances

CBM + BBN predictions
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M Aliotta The Cosmic Lithium Problem: Possible Solutions
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Nucleosynthesis in First Stars




M Aliotta Nucleosynthesis in First Stars

Identikit of First Stars
* formed 200-400 million years after Big Bang

e very massive (up to 100-1000 M)

10°

Density=100 gr/cm® Z=Zo

CNO cycles

PP chains

10°

How did first stars evolve?

Energy Generation Rate (erg/g/sec)

e burn He via 3a?

o 2 a0 a0 e form CNO nuclei?

Temperature (K)

10'2 IIII|IIII|IIII|IIIIIIII

* made of primordial H and He e die as CCSN, pair production SN, or BHs?

* no CNO to sustain star against gravity



M Aliotta First Stars and Their Imprints

First stars are difficult to observe today...

HE 1327-2326:
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M Aliotta Nuclear Clustering: A Possible Solution?
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Nuclear clusters as the first stepping stones for the chemical
evolution of the universe

Michael Wiescher"“, Ondrea Clarksonz. Richard J. deBoer!(; , Pavel Denisenkov?

! Department of Physics, The Joint Institute for Nuclear Astrophysics, University of Notre Dame, Notre Dame, Indiana 46556, USA
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‘IBN\ ’M‘NJ {,15N ’ 4He(d'y)6Li(a’Y)igB(a'd)EC deuterons as catalyst isotope
R — B(a,p)™C
{ 3C (14(; 10B(a,n)3N possible neutron source

*He(a.,y)’Be(e,y) Li(o,y)*'B(a,p)14C
1B(a,n)N possible neutron source

NOTE: 3a process forms C but completely by-passes Li;
instead, proposed reaction sequences would also
alter Li abundances = solution to CLiP?

requirement: strong enhancement of (a.,y) reaction rates
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M Aliotta Current Status

proposed reactions involve strong cluster configurations tantalizing new evidence for broad cluster resonances
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“run out of steam” ... further breakthrough will require new measurements UNDERGROUND




The Electron Screening Puzzle



M Aliotta Electron Screening Effect

o (E) = éexp(-Znn) S(E)

Sscreen(E)
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in the lab and in stellar plasmas . _ , o
typically, experimental investigations
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U, in excess of theoretical limit !

interaction affected by electrons

SCREENING POTENTIAL U,

typically tiny amount (~ 10-100 eV)

= corrections typically negligible, except at ultra-low energies electron screening puzzle



M Aliotta The 3He(d,p)*He reaction: A case study

the 3He(d,p)*He reaction: one of the best studies cases
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M Aliotta Electron Screening Anomalies

d(d,p)t reaction in different host materials
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Electron Screening: A possible solution from nuclear clustering?
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To Conclude...



M Aliotta Open Questions

Nuclear Astrophysics Deep Underground: Very Prolific Endeavor

much has been learnt and understood, but many open questions remain:

e cosmological lithium problem
e evolution of first stars
e electron screening

* how do massive stars evolve and die?

* which stars explode as supernovae and which die as white dwarfs?
* what is the core metallicity of the Sun?

* how to explain pre-solar grain anomalies?

e what is the origin of heavy elements?

e and more...
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no time to relax.... yet!
Happy Birthday Michael!




