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History of the Universe
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Big Bang Nucleosythesis

N == p+¢€+W.
p+n=—> D+y
D+p— “He +y
D+D =—=73He+n
D+D=—" H+p
*H+D —=*He +n

°H +*He —"Li + vy
3HE+I"I —h-3H+p
‘He + D == “He + p

0. 3He +*He—= "Be + ¥
I I . 'Li + p —="*He +'He

The air we breath is O,,N, CO,, ... § oy T

. "He + D= "Li+y

The water we drinkis H,O .... . 5Li+ p —=He +*He
The smart phone we use is Si, Ti, Ta, Ag, etc
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Sir Arthur Eddington (1882-1944) T |

equations of the stellar structure — ““And what is possible in th_é?_' =
Cavendish Laboratory may not be too difficult in the sun.” (1920)
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George Gamow (1904-1968)
main source of energy of stars has to be hydrogen fusion
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Hans Bethe

theory of thermonuclear fusion including the important proton-
proton chaln and CNO cycle
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Sir Arthur Eddington (1882-1944) S
equations of the stellar structure - ““And what is possible inthe
Cavendish Laboratory may not be too difficult in the sun.” (1920) N

George Gamow (1904-1968)

main source of energy of stars has to be hydrogen fusion

Hans Bethe (1906-2005), Carl von Weizsacker (1912-2007)

theory of thermonuclear fusion including the important proton-
proton chain and CNO cycle
Nobel Prize 1967 to Bethe for “for his contributions to the theory oF

nuclear reactions, espeually his discoveries concerning the energy
production in stars” ot

~ Fred Hoyle (1946-
Theory of nuclear synth sis be ond Carbon (the “Hoyle state in 2C")




_ s of the stellar structure - ‘"And wh
venc |sh Laboratory may not be too difficult in the s n." (

e
. h—_".

Wyt
.......

George Gamow (1904-1968

. Imain source of energy of stars has to be hydrogen Fusm

> 4 #Hans Bethe (1906-2005), Carl von Weizsacker (1912- 200 —'=.'
theory of thermonuclear fusion including the important p o]
proton chain and CNO cycle
Nobel Prize 1967 to Bethe for “for his contributions to th

nuclear reactions, espeually his discoveries concernlng t 1€
_:_productlon in stars”

" Fred Hoyle (1946-1954
-.Theory of nuclear synthesis beyond Carbon (the “Hoyle state in '2C")

William Alfred Fowler (1911-1995)

Nobel Prize 1983 "for his theoretical and experimental studies of the

nuclear reactions of importance in the formation of the chemical
elements in the universe"

Subramanyan Chandrasekhar (1910 - 1995)
Nobel Prize 1983 "for his theoretical studies of the physical
processes of importance to the structure and evolution of the stars"
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The cosmic abundance of, thfe‘che,,m ical elements -
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thermonuclear burning processes in the cosmos
l”b

supernova é”ﬁ%ﬁss I=proccess
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p-process ) . o
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Hydrogen burning in main sequence stars

Pp cnain CNO Cycle
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Nuclear Fusion Reactions

Coulomb Barrier .
Coulomb Barrier values:

Coulomb Force

Repulsion

0,5 MeV
1,7 MeV
2,5 MeV
3,4 MeV
4,6 MeV
9,4 MeV

P+ P
3He + 3He
14N + p
“Na+ p
“He + 12C
12C + 12C

Distance Between Positive Charges

Strong Nuclear Force

il

http://www.mpoweruk.com/nuclear_theory.htm

Energy of maximum of distrib. Maxwell-Boltzmann Distribution

Particles with insufficient

/ energy for fusion

High energy particles with

T/GK E/MeV
Sun 0,016 0,0014
AGB 0,300 0,026
Supernova 5 0,430

enough energy to permit fusion
r

DA S —

Particle Energy or Temperature
http://www.mpoweruk.com/nuclear theory.htm

Mumber of Particles




classical physics:
climbing the hill

quantum physics:
“tunnelling”
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classical physics:
climbing the hill

quantum physics:
“tunnelling”

TUNNELING
MAXWELL - BOLTZMANN THROUGH
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Stellar Fusion Reactions

Gamow Energy Astrophys Cross section Lowest measured
[keV] Environment [barn] Energ

3He(®*He,2p) “He 21
3He(a,g)’Be 22

“N(p,9)"*O 26
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http://scixchange.missouri.edu/author/jsgzrc/

The astrophysical S-factor

I L L 'I' L L ' Ll L] L

v’

5, o(E) = S(E)-exp(-2mn)/E
© 3H4|=.~(t:m,'~() 'Be
5 !
; §
gnu? h S(E) = E-o(E)-exp(2nn)
= g 21 = 31.29Z, Z, (W/E)0S
E 04l .
= 03j— : |
E IM Extrapolations by orders of
a 02 m .
& magnitude not always safe
i 1 (resonances)
v po i L | " " ] " i 1 5 L 1

1] 300 600 300 1200

ENERGY E,, (keV)

20


http://scixchange.missouri.edu/author/jsgzrc/
http://scixchange.missouri.edu/author/jsgzrc/

OERIMERE R ES

* Direct measurements

» Stable ion beams — Quiescent burning phase (e.g. Sun, AGB, ...)
e Radioactive beam — Explosive burning phases

* Indirect measurements
Transfer reactions

Trojan horse measurements
Coulomb breakup

F. Hammache, VI European Summer School on Experimental
Nuclear Astrophysics, ENAS 6September 18-27, 2011Acireale
Italy

18F(p'(1)150

Gulino,. doi:10.1088/1742-6596/420/1/012149




OERIMERE R ES

* Instrumentation

» Accelerators
* Small scale (university) facilities
 Complex radioactive ion beam facilities

* Target systems
» Solid state targets produced and analysed in specialized laboratories
e Gas targets (windowless extended, ultrasonic jets, ...)

* Detectors
* Alpha, beta, gamma detectors,
» Recoils separators

.S



Experimental Techniques
CIRCE Accelerator
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OERIMERE R ES

* Example: The reaction "Be(p,y)¢B

» Astrophysical relevance: one key reaction for solar neutrinos
— Gamow Peak: 80 keV

« Complication: ’Be is toxic and radioactive (T, .=53,2 d)

1/2
.~ * Measurement

 “Direct kinematics” ~ — proton beam on "Be Target

* “Inverse kinekamtics” — ’Be beam on Hydrogen target

* “Indirect Methods” (e.g. Coulomb break up,.trojan horse, ...)



OERIMERE R ES
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OERIMERE R ES

* Example: The reaction "Be(p,y)¢B

e Astrophysical relevance: one key reaction for solar neutrinos
— Gamow Peak: 80 keV

« Complication: ’Be is toxic and radioactive (T, .=53,2 d)

1/2
* Measurement

* “Direct kinematics”  — proton beam on 'Be Target

* “Inverse kinekamtics” — "Be beam on Hydrogen target

* “Indirect Methods"” (e.g. Coulomb break up, trojan horse, ...)
* Data extrapolation (e.g. -matrix.fits)



Nuclear Astrophysics.... The full story at GSSI

e Lectures in Nuclear Astrophysics
Theoretical N.A.
e L. Marcucci (Pisa)

* Integrating seminars

Experimental aspects of N.A.




Nuclear Astrophysics at LNGS ...



LUNA (Lab. for Underground Nuclear Astrophysics)
at LNGS (Laboratori Nazionali del Gran Sasso)

LUNA MV
Machine tendered
Technical mFrastructure in design ,phase

QE# = 0.2keV
dilable beams: H*,

=7

LUNA 1
(1992-2001)
50 kV

LUNA 2
(2000 —...)5%

4He'12

| _ =500pA (on target)
AE = 0.07keV
Allowed beams: H*, “He, (3He)




LUNA (Lab. for Underground Nuclear Astrophysics)
at LNGS (Laboratori Nazionali del Gran Sasso)




[Laboratory
Underground

Nuclear

Astrophysics

Partecipating Institutions:

Laboratori Nazionali del Gran Sasso, INFN, Assergi, Italy
Gran Sasso Science Institute, L'Aquila, Italy
INFN, Padova, Italy
INFN, Roma La Sapienza, Italy
Universita di Genova and INFN, Genova, Italy
Universita di Milano and INFN, Milano, Italy
Universita di Napoli "Federico 11", and INFN, Napoli, Italy
Universita di Torino and INFN, Torino, Italy
Universita di Bari and INFN, Bari, Italy
Osservatorio Astronomico di Collurania, Teramo, and LNGS, Italy
The University of Edinburgh, UK
Institute of Nuclear Research (ATOMKI), Debrecen, Hungary

Forschungszentrum Dresden-Rossendorf, Germany



LUNA @ LNGSI

Matthias Junker, Alba Formicola, Giovanni Ciani,
Axel Boeltzig, Alessandro Razeto, Oscar

———— Straniero, Matthias Laubenstein, Laura Leonzi
/‘a ﬂ Stefano Gazzana, Iza Kochanek
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