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Nuclear Astrophysics in a Nutshell

investigating the MICRO COSMOS (nuclear physics)

to understand the MACRO COSMOS (astrophysics)

Courtesy: M. Arnould
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Seminar Layout

* key features of Nuclear Astrophysics

» stellar reaction studies in the laboratory
 why going underground?

* the LUNA experiment

e past, present, and future activities (a biassed view!)




The Messengers of the Universe
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The Abundances of the Elements
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Abundance [Si=10%] —— | Features:

* 12 orders-of-magnitude span
e H~75%, He ~23%

e C—>U~2% (“metals”)

* D, Li, Be, Bunder-abundant

* exponential decrease up to Fe

* nearly flat distribution beyond Fe

Mass number A



M Aliotta Stellar Nucleosynthesis: A Major Breakthrough
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Life Cycles of Stars
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Stellar Evolutionary Paths

birth evolution death

brown

low-mass star
0.1 solar masses

brown dwarf

\ low-mass star \ star collapses and evolves into a brown awarf
(0.1 solar masses)

sun-like stars
1 solar mass

white dwarf

collapsing star at heart
of planetary nebula

\ Sun-like star
(1 solar mass)

\ red giant

_nheutron star

neutron star

high-mass stars
10 solar mass

dense black

hole

black hole

high-mass star \it : star explodes

massive stars contribute to chemical evolution of the Universe

low-mass stars critical for existence and evolution of life




Nuclear Astrophysics: A truly interdisciplinary field

Astrophysics

stellar evolutionary codes
nucleosynthesis calculations
astronomical observations
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Nuclear Physics

experimental and
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Astrophysical Reaction Studies in the Laboratory:
Experimental Challenges




Astrophysical Reaction Studies in the Laboratory

Schematic Layout for Nuclear (Astro-)Physics Experiments
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Experimental Challenges
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How to increase the signal-to-noise ratio?




Main Sources of Background

* natural radioactivity (mainly from U and Th chains and from Rn)
* cosmic rays (muons, "3H, 7Be, '%C, ...)
* neutrons from (o,n) reactions and fission
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ideal location: underground + low concentration of U and Th




LUNA: A Brief Introduction

LUNA: Laboratory for Underground Nuclear Astrophysics (established early 1990s)
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Gamma-ray background: underground vs overground comparison
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The LUNA 400 kV facility

Windowless gas target:
— 3 differential pumping stages

— Gas recirculation and purification

o
400 kV ACCELERATOR:
> H* and He* beams
> |~ 250 pA
> AE =100 eV
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LUNA: The First Underground Laboratory for Nuclear Astrophysics




M. Aliotta LUNA: A pioneering experiment

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

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

electron screening and stopping power
°H(*He,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 160(p’,y)17F 20'21'22Ne(p,y)21'22'23Na 22Ne(a’y)26|\/|g 23Na(p’y)24|v|g ZSMg(p,'\/)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)

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




LUNI

The Past:

Recent Selected Highlights

* Big Bang Nucleosynthesis: ’H(p,y)*He (gamma rays)
* O-rich Pre-Solar Grains: 0(p,a)*N  (charged particles)

* Neutron source for heavy elements: 13C(a,n)®0  (neutrons)



Big Bang Nucleosynthesis
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M. Aliotta Cosmic Microwave Background

Cosmic Microwave Background (CMB) radiation

oldest electromagnetic radiation in the Universe (~ 380,000 y after Big Bang)

NASA - http://wmap.gsfc.nasa.gov/media/101080

accidentally discovery by Penzias and Wilson in 1965 (Nobel Prize in 1978)


http://wmap.gsfc.nasa.gov/media/101080

M. Aliotta Big Bang Nucleosynthesis

Big Bang Nucleosynthesis (BBN): 3 minutes after Big Bang 100
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M. Aliotta Big Bang Nucleosynthesis

determine baryon density from comparison between BBN predictions and observations

Fraction of critical density (%)
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The d(p,y)3He reaction at LUNA

* baryon density inferred from BBN - early epoch

* baryon density inferred from CMB = recombination epoch
(380000 years after Big Bang)

according to Standard Cosmological Model (ACDM)

baryon density can only vary as a result of Universe expansion, which can be calculated

if present-day value of Q, (BBN) = QQ, (CMB) - validity of ACDM
if present-day value of QQ, (BBN) # QQ, (CMB) = new physics beyond ACDM

independent determinations of (2, can provide useful tests




The d(p,y)®He reaction: state of the art before study at LUNA

e Astronomical observations of deuterium abundance have reached % accuracy [Cooke et al, APJ 781 (2014) 31]

 BBN predictions of deuterium abundance affected by large uncertainties [Di Valentino et al, PRD 90 (2014) 023543]
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LUNM

Primordial Deuterium Abundance:

The d(p,y)>He Reaction



The d(p,y)®He reaction at LUNA

Experimental Setup

* proton beam (100 uA)

* Epeam =50-400 keV (full BBN range)

* extended D, gas target (99.99% isotopic purity)

* Beam stop = calorimeter -> current measurement
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The d(p,y)®He reaction at LUNA

2.5 - —e— LUNA data (this work)
—— Fit (this work)

—o— Tisma (2019)

------- Marcucci (2016)
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—e— Casella (2002)

—e— Schmid (1997)

—»— Ma (1997)

faster destruction of deuterium

better agreement with observations
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The d(p,y)®He reaction at LUNA

Article | Published: 11 November 2020

The baryon density of the Universe from an
improved rate of deuterium burning

V. Mossa, K. Stockel, F. Cavanna, F. Ferraro, M. Aliotta, F. Barile, D. Bemmerer, A. Best, A. Boeltzig, C
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Pre-Solar Grains Composition:

the "7O(p,a)'*N reaction



M. Aliotta Pre-solar grains in meteorites

Pre-solar grains:
stellar dust trapped in meteorites

Supemova

Red Giant

Molecular Cloud

° e o <= @

Solar System

mp X =

Presolar Grains

Hoppe & Zinner, Journ. Geophys. Res. 105 (2000) 10371

Murchison meteorite
eosci.uchicago.edu

meteorite



http://geosci.uchicago.edu/

M. Aliotta Pre-solar grains in meteorites
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Background Suppression
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170(p,0) N Results

eek endi
PRL 117, 142502 (2016) PHYSICAL REVIEW LETTERS 30 SEPTEMBER 2016

Improved Direct Measurement of the 64.5 keV Resonance Strength
in the 7O(p.a)¥N Reaction at LUNA

C.G.Bruno,"" D. A. Scott,' M. Aliotta,"" A. Formicola,” A. Best,” A. Boeltzig," D. Bemmerer,” C. Broggini,® A. Caciolli,’
F. Cavanna,® G.FE. Ciani,’ P. Corvisiero,” T. Davinson,' R. Depalo,” A. Di Leva,” Z. Elekes,” F. Ferraro,’ Zs. Fiilop,’
G. Gervino,'’ A. Guglielmetti,'' C. Gustavino,"> Gy. Gyiirky,” G. Imbriani,” M. Junker,” R. Menegazzo,” V. Mossa,"”
F.R. Pantaleo," D. Piatti,” P. Prati,® E. Somorjai,” O. Straniero,'* E Strieder,"® T. Sziics,” M. P. Takdcs,” and D. Trezzi''
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On the origin of Group Il grains

nature LETTERS Presolar grains AGB models
astronomy ¢ Group| O Group Il 4.5Mg 5.0 Mg
Origin of meteoritic stardust unveiled by a revised LUNA

proton-capture rate of VO

M. Lugaro*?*, A. |. Karakas?*, C. G. Bruno®, M. Aliotta®, L. R. Nittleré, D. Bemmerer’, A. Best?,

A. Boeltzig®, C. Broggini, A. Caciolli", F. Cavanna'?, G. F. Ciani®, P. Corvisiero™?, T. Davinson?®, R. Depalo",
A. DiLeva®, Z. Elekes®, F. Ferraro™, A. Formicola™, Zs. Fiilop™, G. Gervino®™, A. Guglielmetti,

C. Gustavino, Gy. Gyiirky®, G. Imbrianié, M. Junker'4, R. Menegazzo', V. Mossas, F. R. Pantaleo®,

D. Piatti", P. Prati'3, D. A. Scott>, O. Straniero'*", F. Strieder??, T. Sziics®, M. P. Takacs” and D. Trezzi'*

new LUNA rate allows to reproduce correct abundances

confirms intermediate mass AGB as likely site of production

for oxygen-rich pre-solar grains s R




The Creation of Heavy Elements:

the 13C(a,n)*®0 reaction



M Aliotta The Creation of Heavy Elements
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M. Aliotta Neutron Sources for the s-process

13¢C(0.n)160 importance: s-process in AGB stars
(a,n) Gamow region: 130 - 250 keV

min. meas. E.,,: 280 keV
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M Aliotta Neutron Background Reduction at LNGS

Csedreki et al. NIMA 994 (2021) 165081
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The 3C(a,n) '®0 reaction at LUNA

PHYSICAL REVIEW LETTERS 127, 152701 (2021)

13C(oc,n)160

Direct Measurement of the 13C(a,n)'%0 Cross Section into the s-Process Gamow Peak

G.F. Ciani,"** L. Csedreki,"** D. Rapagnani,*> M. Aliotta,’ J. Balibrea-Correa,** F. Barile,”® D. Bemmerer,’

A. Best®,*>" A. Boeltzig,*’ C. Broggini,'° C. G. Bruno,® A. Caciolli,"*!! F. Cavanna,'* T. Chillery,® P. Colombetti,"?
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The Present:

Currently Ongoing




Just Completed and Ongoing Reaction Studies at LUNA (with strong Edinburgh involvement)

%O(p,y)"F 6Q/1770 ratio in red giants and AGB spectra; pre-solar grain compositions

Duncan Robb’s
PhD project

2INe(p,y)??Na first and slowest reaction in NeNa cycle; 22Na production in
novae

Ragan Sidhu
(now Fellow @Surrey)

2Na(p,o)’°Ne  0-Na anti-correlation in spectra of globular clusters

Lucia Barbieri’s

2’Al(p,a)**Mg Mg and Al abundances; MgAl cycle; 26Al abundance icia Bart
project




M. Aliotta A new 3.5 MV Accelerator with ECR lon Source: Bellotti lon Beam Facility

: . Acceleration tube
Aperture - ¢ Injector Block

Q-Pole ECR lon source
LUNN Switching > My, 4 High voltage
Magnet |
Le—"%1.71 m
thank_ 2 m
X-Y Steerer
Y Steerer HE Faraday Cup

BPM
Experiment Faraday Cup

Sen et al. NIM B450 (2019) 390

Intense H, He, and C beams

- X-1C)




M. Aliotta Neutron Sources for the s-process

Yield [arbitrary units]

importance: weak s-process component
22Ne(oc,n)25Mg P : P P
energy of interest: 360-690 keV
min. measured E: 700 keV
103 T T T T LN
Harms et al. 1991 ° v
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Jaegeretal. 2001  ~ o
10° T &
n w
0 JJ w2
10 : (o
, A E
107 =
v £
-2 i N 15
10 Pa® ]
¥ o g e
3 3 il &
10 ; 1 &
| gt d P I 3
10 d : ] © ‘
s v% % v . VV data ta kl ng § European Research Cou.n_cﬂ
i ongoing 18 e
. £ SHADES
10 600 800 1000 1200 1400 Andreas Best (Naples)

E [keV]




Nuclear Burning in Stars

Energy
12C + 12
Carbon&r :
Magnesium-24
‘ 772+
= 32+__| 2508
——1 e “Mg+n —_
Ecm 1 ";
= ] o
*
| SR | 7))
w2 V| E =440 keV
. 2+ . “Na+p V
°’* E =1634 keV
“Ne+a v
measurements just started at
13.934 Bellotti IBF
?AMg

'°C/*°0 BURNING 12C ashes = Ne, Na, Mg

160 ashes = Al, ... Si

e Spillane et al. (2007)
Jiang et al. (2018)

—— Tumino et al. (2018)
- Mukhamedzhanov et al. (2019)
Fruet et al. (2020)
Tan et al. (2020)
Renormalized to Tan et al. (2020)
Bonasera and Natowitz (2020)

I 1 I 1 1 I 1

1 I 1

|
3.5 4.0 4.5
Center of Mass Energy (MeV)

1 1
1.0 1.5 2.0 2.5 3.0

Aliotta et al. J. Phys. G: Nucl. Part. Phys. 49 (2022) 010501



Plans for the Future...




NUclear CLustering Effects in Astrophysical Reactions

L NUCLEAR
erc Nucleosynthesis in First Stars and Other Puzzles t:g

ished by the European Commission




Long-Standing Questions in Nuclear Astrophysics 1 THE UNIVERSITY of EDINBURGH

Q1. Cosmological Lithium Problem Q2. Nucleosynthesis in First Stars

I T — 1
= 25} 415
%Do" el LifhionFiacon, .. i § o 8% 2 < 0
= : ? 2 2
1.0 = x +
8 ' S o
05+ ; 19 ©
5 &
00K ) ; 41 2 n
7100 6800 6500 6200 5900 5600 .
Teff [K] Reaction Number
factor of 3 discrepancy between made of pristine H and He discrepancy between experiment
observed and predicted Li abundance very massive 2 need CNO nuclei and theory remains unexplained
Standard Model of Particle Physics = Chemical Evolution of Early Universe Reactions in Plasmas
+ Cosmology + Astronomical Observations (JWST)  Fusion-driven Energy Generation
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Long-Standing Questions in Nuclear Astrophysics

E THE UNIVERSITY of EDINBURGH

Q1. Cosmological Lithium Problem

301
25
201

1.5

A(Li) [logl10]
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00F
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SBBN Primordial Lithium

Lithium Plateau »
becamercnsansseeeaia @ ~=adpa oo

6500
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6200
Teff [K]

5900

Matteucci+ MNRAS (2021)

:

factor of 3 discrepancy between
observed and predicted Li abundance

Q2. Nucleosynthesis in First Stars

made of pristine H and He
very massive 2 need CNO nuclei

key idea:
Nuclear Clustering

4

key to unlock all three puzzles

N

w

adlim
e

Uy
N

[y

o

o[III|IIII|1III]IIII

Q3. Electron Screening Puzzle

7]

(1]

Reaction Number

discrepancy between experiment
and theory remains unexplained

Spitaleri+ PLB (2016)
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Nuclear Clustering

| THE UNIVERSITY of EDINBURGH

a. He-4 = o particle

00

© proton
@ reutron

triple alpha process

Hellum 4

" y /

Helium-4 \

& ¥
//\\

SANN )
Helium-4 / Carbon-N

76542 0O+

very stable configurations

- building blocks for other nuclei

|

er-g

44389 2+

¥

Jr=0,T=0

v

120

oLi
o

B

o
a @ d

Hoyle state

o
Bl

~107 times faster

aPhdPa

nuclear clustering may greatly
enhance fusion probabilities

at low (i.e. astrophysical) energies

electron screening puzzle

&

> @o

lower Coulomb barrier 2 enhanced fusion
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The Cosmological Lithium Problem(s)



Big Bang Nucleosynthesis

Primordial Nucleosynthesis (BBN) and Primordial Abundances 10° gy
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The Cosmic Lithium Problem: Possible Solutions

- I I 1 i I 1 :: W 3z 3 4
-% B e T S R . D, °He and “He: good agreement
E I NN
2 § . Li: overestimated by factor 3!
= ™

0?3'3 /l 1 1 1 ; | | I | AStrOphySiCS:
= incorrect interpretation of astronomical observation?
< -4 . . . .
: » depletion mechanisms in stars?
mm 5

10

. Nuclear physics:

1

E: e = % '7' . ' * wrong or incomplete nuclear reaction rates?
9 .

e 10 Li

other key reactions controlling “Li yield?
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Non-standard model:
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Nucleosynthesis in First Stars




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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Nuclear Clustering: A Possible Solution?

Eur. Phys. J. A (2021) 57:24 THE EUROPEAN 1)
Check for

https://doi.org/10.1140/epja/s10050-020-00339-x PHYS'CAL JOURNAL A Fhock fo
Regular Article - Theoretical Physics

Nuclear clusters as the first stepping stones for the chemical
evolution of the universe

Michael Wiescher'#, Ondrea Clarkson?, Richard J. deBoer'(», Pavel Denisenkov>

! Department of Physics, The Joint Institute for Nuclear Astrophysics, University of Notre Dame, Notre Dame, Indiana 46556, USA
2 Department of Physics & Astronomy, University of Victoria, Victoria, BC V8W 2Y2, Canada

’M‘NJ {,15N’ “He(d,y)eLi(a,y)'°B(a,d)'2C  deuterons as catalystisotope

1OB(a’p)13C
0B(a,n)'®N  possible neutron source

N

‘ 13N

N

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

NOTE: 3o 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




M Aliotta Current Status

proposed reactions involve strong cluster configurations tantalizing new evidence for broad cluster resonances
d+a =2°% + o 2 B + o =2 ¥N
» PHYSICAL REVIEW C 106, 065801 (2022)
o> o> o o> o
(®) o ~ d‘)
7,\\ o}\ (
o2 L B o3l
o o (] o Excitation function for the °Li +« reaction between 0.5 and 1.4 MeV
aPd aoPdPa 2CpHd
35 A. Gula, R. J. deBoer®, R. Kelmar®, J. Gorres, K. V. Manukyan ©, E. Stech, W. Tan, and M. Wiescher
10 E ! ] / ’ I ! I r ! Department of Physics and the Joint Institute for Nuclear Astrophysics, Notre Dame, Indiana 46556, USA
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new measurements UNDERGROUND needed




%) THE UNIVERSITY of EDINBURGH

Strategic Approach: Synergic Exploitation of Critical Expertise

Experimental Program:
a-induced reactions on Li and B isotopes

‘! optimize information transfer across boundaries \
for accelerated progress with widest impact

<::» Computational Program
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Work Programme and Outcomes

E THE UNIVERSITY of EDINBURGH

WP2a: PDRA2
G Hupin

()
& &
-
* cluster structures at low energies

* impact on astrophysical reactions
& electron screening

A RJ deBoer

WP2b: PI, PDRA2

* improved R-matrix capabilities
* robust reaction rates

Experimental Programme
WP1: PI, PDRA1, PhD1,PhD2

Laboratory for Underground Nuclear Astrophysics

* o+Liand a+B reactions (Q1-Q3)
* ultra-low background @LUNA
* |owest-energy data (world best)

Computational Programme
WP3: PI, PDRA3

M Pignatari

v
[+

Be 10 =

Proton number

He

=

H

He

0

5

Neutron number

stellar models for first stars (MESA)
nucleosynthesis networks (NuGRID)
impact on Q1 and Q2
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* THE UNIVERSITY of EDINBURGH

Grant Start Date: 2 December 2024

nuclear clustering effects
in astrophysical reactions https://www.erc-nuclear.uk
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PDRA Theory

PDRA Experiment
Kevin Becker

Alessandro Compagnucci
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10B + o0 Reaction Studies at LUNA 400kV




Upcoming measurements at LUNA

10 13 At
10 12 B(o,n) >N activation measurement:
B(O(,d) C charged particle detection ( ’ )

1OB 13
(a,p) C detect 511 keV annihilation y rays following B+
decay of N (t,, ~ 10 mins) in opposite crystals
silicon detector array segmented BGO detector

Rhys Bonnell, PhD




Charged-particle + Gamma-ray Detection Setup

four 18x18 mm?2 2" peamline

Silicon detectors
@0=135°
- S ,r“ g

3”x3” Nal detector

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

0B target
design: Peter Black (water cooled)

64




Counts

First Spectra (just acquired): °B(at,py)'2C
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°7Li + o0 Reaction Studies at Bellotti Facility

3.5 MV l “He* (TV: 0.3 — 0.5 MV): 300 pA
: accelerator | e (TV: 0.5 3.5 MV). 500 1A



6.7Li(a,y) reactions: prompt y-ray measurements EHE HINEEEROHIT g SDTHBLIRCE
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To Conclude...

* nuclear astrophysics is a very lively & highly interdisciplinary research field
* low-energy, stable-beam experiments pose major experimental challenges

* major advances can come from underground measurements



LUNA: A Success Story
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