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How	much	carbon	is	there	in	the	Universe?	
Where	does	it	come	from?	



M	AlioJa	 Aspects	of	Nuclear	Physics	and	Astrophysics	

Courtesy: M. Arnould


Nuclear	Astrophysics	

•  Where	do	all	chemical	elements	come	from?	
	
•  How	do	stars	and	galaxies	form	and	evolve?	
	
	
	

In(mate	connec(on	between		

MICRO	COSMOS		

and	

MACRO	COSMOS	
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electromagne(c	emissions	
Crab Nebula SN 1054
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gravita(onal	waves	



Data	sources:				
Earth,	Moon,	meteorites,	cosmic		
rays,	solar	&	stellar	spectra…		

Features:		
•  distribu(on	everywhere	similar	
•  12	orders-of-magnitude	span	
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Data	sources:				
Earth,	Moon,	meteorites,	cosmic		
rays,	solar	&	stellar	spectra…		

Features:		
•  distribu(on	everywhere	similar	
•  12	orders-of-magnitude	span	
•  H	~	75%,		He	~	23%	
•  C	→	U	~	2%	(“metals”)	
•  D,	Li,	Be,	B	under-abundant	
•  exponen(al	decrease	up	to	Fe	
•  nearly	flat	distribu(on	beyond	Fe	

M	AlioJa	 Aspects	of	Nuclear	Physics	and	Astrophysics	

(Solar)	Abundance	Distribu(on	
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M.	AlioJa	 	The	Origin	of	the	Elements	

Burbidge,	Burbidge,	Fowler	&	Hoyle	(B2FH):	 					Rev.	Mod.	Phys.	29	(1957)	547			
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charged	
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BIRTH	
gravita(onal		
contrac(on	

explosion		
ejec(on	

DEATH	
abundance	distribu(on	

Ø 	energy	produc(on	
Ø 	stability	against	collapse	
Ø 	synthesis	of	“metals”	

Interstellar		
medium	

Stars	

M.	AlioJa	 The	Bigger	Picture	



low-mass	star	
0.1	solar	masses	

sun-like	stars					
1	solar	mass	

high-mass	stars	
10	solar	mass	

brown	dwarf	

white	dwarf	

neutron	star	

black	hole	

death	birth	 evolu(on	

massive	stars	contribute	to	chemical	evoluFon	of	the	Universe	

later	generaFon	stars	form	out	of	enriched	material:	more	metal	rich	

M	AlioJa	 Stellar	Evolu(onary	Paths		



M	AlioJa	

Direct	evidence	for	
nuclear	reacFons	in	
stars?	



M	AlioJa	

1965:	Ray	Davis	inside	chlorine	tank	that	used	as	for	solar	neutrino	detec(on	
Credit:	Anna	Davis	
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Solar	Neutrino	Detec(on	at	Homestake	in	1960s	

Direct	evidence	of	nucleosynthesis	in	stars		



M	AlioJa	 Direct	evidence	of	nucleosynthesis	in	stars		

1982:	discovery	of	1.8	MeV	γ-rays	associated	with	26Al	decay	(t	½	=	7x105	y)	

direct	proof	of	ongoing	nucleosynthesis	in	our	Galaxy	

observed	with	COMPTEL	and	INTEGRAL	
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Puzzling	Facts	and	Open	Ques(ons	

•  Big	Bang	Nucleosynthesis:	Li	problem(s)	and	the	D	abundance	
•  Core	metallicity	of	the	Sun	
•  Fate	of	massive	stars	
•  Explosive	scenarios:	X-ray	bursts,	novae,	SN	type	Ia		
•  Pre-solar	grains	composi(on		
•  Origin	of	Heavy	Elements		
•  Astrophysical	site(s)	for	the	r-process	
•  …	



Skype	mee(ng	|	17	July	2014	

Big	Bang	Nucleosynthesis	

BBN	is	only	handle	to	probe	state	of	universe	during	epoch	of	radia(on	domina(on	
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M.	AlioJa	 	Big	Bang	Nucleosynthesis	

11	reac(ons	
+	neutron	decay	

Primordial	Nucleosynthesis	(BBN):		3	minutes	ater	Big	Bang	



M.	AlioJa	 	Big	Bang	Nucleosynthesis	

observa(ons	of	D,	3He,		4He,	and	7Li		
in	very	old	(metal	poor)	stars	provide	
stringent	tests	of	Big	Bang	theory	

11	reac(ons	
+	neutron	decay	

Primordial	Nucleosynthesis	(BBN):		3	minutes	ater	Big	Bang	
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Lithium	Problem(s)	

a	success	story:	

discrepancy	revealed	thanks	to	close	interplay	among		

theory,	observa(on,	and	experiment	
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observed	7Li		
	~	3x		lower	than	predicted	

first	Lithium	Problem	

•  no	nuclear	solu(on	
•  new	(astro)physics?		
•  physics	beyond	Standard	Model?	
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observed	7Li		
	~	3x		lower	than	predicted	

first	Lithium	Problem	

observed	6Li		
	~	102	–	103		higher	than	predicted	

second	Lithium	Problem	

poor	nuclear	physics	inputs	
or		

challenges	with	observa(on?	

•  no	nuclear	solu(on	
•  new	(astro)physics?		
•  physics	beyond	Standard	Model?	

HD	84937	

no		6Li	

6Li/7Li	=	5.2%	
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Fate	of	Massive	Stars	

Supernovae	or	White	Dwarfs?	



fusion	reac(ons	become	endothermic	
ê	

gravita(onal	collapse		
ê		

catastrophic	supernova	explosion	

M	AlioJa	 Late	Evolu(on	of	Massive	Stars	
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M	AlioJa	 Late	Evolu(on	of	Massive	Stars	

SN1987A	



fusion	reac(ons	become	endothermic	
ê	

gravita(onal	collapse		
ê		

catastrophic	supernova	explosion	

M	AlioJa	 Late	Evolu(on	of	Massive	Stars	

SN1987A	

limi(ng	mass	determined	by		

s(ll	highly	uncertain	
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Direct	Measurements	
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Experimental	Challenges	of	
Direct	Measurements	

•  nuclear	reac(ons	in	stars	are	very	rare	processes		
•  p+p	fusion	takes	109	y	(in	the	Sun)	
	

•  low	signal-to-noise	ra(os	(0.3-30	events/y)	
•  1-200	events/PhD	
	

•  need	for	ultra	low	background		
•  ideally	underground	



M.	AlioJa	 Nuclear	Astrophysics	Underground	at	Gran	Sasso	(INFN)	

LUNA:	Laboratory	for	Underground	Nuclear	Astrophysics		
	 	 	 	only	underground	accelerator	in	the	world	

																																																																				but	new	ones	coming	up	in	the	US	and	China	

3	May	2016	-	Physics	Colloquium	-	Johannes	Gutenberg-University	Mainz				

LUNA	
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M.	AlioJa	 	LUNA:	A	Pioneering	Experiment	

•  solar	fusion	reacFons	
	3He(3He,2p)4He						2H(p,γ)3He								3He(α,γ)7Be	

	
•  electron	screening	and	stopping	power	

	2H(3He,p)4He							3He(2H,p)4He	

•  CNO,	Ne-Na	and	Mg-Al	cycles	
								14N(p,γ)15O				15N(p,γ)16O				22Ne(p,γ)23Na				22Ne(α,γ)26Mg				23Na(p,γ)24Mg				25Mg(p,γ)26Al	

•  (explosive)	hydrogen	burning	in	novae	and	AGB	stars	
	17O(p,γ)18F				17O(p,α)14N					18O(p,γ)19F						18O(p,α)15N	

•  Big	Bang	nucleosynthesis	
	2H(α,γ)6Li							2H(p,γ)3He						6Li(p,γ)7Be	

•  neutron	capture	nucleosynthesis	
	13C(α,n)16O	(to	start	soon)	

25	year	of	Nuclear	Astrophysics	at	LUNA	(LNGS,	INFN)	

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



M.	AlioJa	 	LUNA:	A	Pioneering	Experiment	

•  solar	fusion	reacFons	
	3He(3He,2p)4He						2H(p,γ)3He								3He(α,γ)7Be	

	
•  electron	screening	and	stopping	power	
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•  CNO,	Ne-Na	and	Mg-Al	cycles	
								14N(p,γ)15O				15N(p,γ)16O				22Ne(p,γ)23Na				22Ne(α,γ)26Mg				23Na(p,γ)24Mg				25Mg(p,γ)26Al	

•  (explosive)	hydrogen	burning	in	novae	and	AGB	stars	
	17O(p,γ)18F				17O(p,α)14N					18O(p,γ)19F						18O(p,α)15N	

•  Big	Bang	nucleosynthesis	
	2H(α,γ)6Li							2H(p,γ)3He						6Li(p,γ)7Be	

•  neutron	capture	nucleosynthesis	
	13C(α,n)16O	(to	start	soon)	

25	year	of	Nuclear	Astrophysics	at	LUNA	(LNGS,	INFN)	

18	reac(ons	/	25	year	~	20	months	data	taking	per	reac(on!	

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



M.	AlioJa	 	LUNA	MV:	A	3.5	MV	accelerator	at	Laboratori	Nazionali	Gran	Sasso	(INFN)	

    LUNA MV  

THE	LUNA	CollaboraFon	

LUNA	50	kV	 	(1992-2001)	–	Solar	Phase	

LUNA	400	kV	 	(2000-2018)	–	CNO,	Mg-Al	and	Ne-Na	cycles,	BBN	

LUNA-MV	 	(from	2018)	–	Helium	burning,	Carbon	burning	

hJps://luna.lngs.infn.it	
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X-ray	Bursts	and	Other	Explosions	



observa(onal	features	M	AlioJa	 Thermonuclear	Explosions:	Novae	,	Supernovae	Type	Ia,	and	X-ray	Bursts	

50%	of	stars	found	in	binary	systems	
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sensi(vity	studies	to	assess	impact	of	reac(on	rate	uncertain(es			

validate	models	against	observa(ons	
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light	curves	measured	to	great	accuracy	
sensi(vity	studies	to	assess	impact	of	reac(on	rate	uncertain(es			

validate	models	against	observa(ons	

yet	most	reac(ons	beyond	current	capabili(es		
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observed	light	curve	
for	typical	X-ray	burst	
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the	Origin	of	Heavy	Elements	
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heavy	element	abundances	in	metal	poor	stars	show	remarkable	similari(es	
and	excellent	agreement	with	solar	values	(not	a	metal	poor	star!)		

M	AlioJa	 r-process	elements	in	metal-poor	stars	
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courtesy:	H.	Schatz	

large	neutron	fluxes	required!	(~1028	n/cm3)	

M.	AlioJa	 Nucleosynthesis	in	the	r-process	



astrophysical	site(s)	for	the	r	process	

what	astrophysical	sites	for	r-process:		

core	collapse	supernovae	 merging	neutron	stars	

M	AlioJa	 Astrophysical	Sites	for	the	r-process	

•  neutrino	driven	wind	of	proto-neutron	star		
•  He	shell	of	exploding	massive	star	merging	neutron	stars	
•  others?...	
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17	August	2017	

LIGO	and	VIRGO:	first	observa(on	of	gravita(onal	waves	from	merging	neutron	stars	

130	million	light	years	from	Earth	
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M.	AlioJa	 	GW170817:	A	Major	Discovery	

17	August	2017	

LIGO	and	VIRGO:	first	observa(on	of	gravita(onal	waves	from	merging	neutron	stars	

A	new	era	in	Astronomy	has	just	begun…	

event	observed	by	70	ground-	and	space-based	observatories	
including	in	visible	light	11h	ater	GW	detec(on	

130	million	light	years	from	Earth	

neutron	star	mergers	could	well	be	the	main	source	for	r-process	elements	

spectroscopic	fingerprints	of		
r-process	elements	such	as		



M.S. Smith and K.E. Rehm, 
Ann. Rev.  Nucl. Part. Sci, 51 (2001) 91-130 

many reactions involve UNSTABLE species, hence need for Radioactive Ion Beams 

M	AlioJa	 Nuclear	Processes	in	Astrophysics	



M	AlioJa	 	Upcoming	Radioac(ve	Beam	Facili(es	

FAIR	@	GSI	

FRIB	@	MSU	

ARIEL	@	TRIUMF	
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To	Conclude…	



M.	AlioJa	 The	Origin	of	the	Chemical	Elements	

W
ie
sc
he

r,	
Ka
ep

pe
le
r	a

nd
	L
an
ga
nk
e,
	A
nn

u.
	R
ev
.	A

st
ro
n.
	A
st
ro
ph

ys
.	5
0	
(2
01
2)
	1
65
-2
10
	

a	superposi(on	of	nucleosynthesis	events	that	occurred	in	the	past		



M.	AlioJa	 	Nuclear	Astrophysics:	the	Story	of	a	Remarkable	Achievement	

Nuclear	Astrophysics	60	years	on:	

A	truly	remarkable	achievement	



M.	AlioJa	 	Nuclear	Astrophysics:	A	Truly	Interdisciplinary	Effort	

Astrophysics	

Nuclear	Physics	

Atomic	Physics	

Plasma	Physics	

Stellar	evolu(onary	codes	
nucleosynthesis	calcula(ons		
astronomical	observa(ons	

experimental	and		
theore(cal	Inputs	

stable	and	exo(c	nuclei	

degenerate	maJer	
electron	screening	
equa(on	of	state	

radia(on-maJer	interac(on	
energy	losses,	stopping	powers		

spectral	lines	
materials	and	detectors	
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theory	 experiments	

observa(ons	



M.	AlioJa	 	Ingredients	from	Future	Breakthroughs	

sensi(vity	studies	

theory	 experiments	

observa(ons	

the	human	factor	
	

training	and	reten(on	of	young	researchers	

the	true	experts	in	the	field	
	



M.	AlioJa	 		



M.	AlioJa	 		



M.	AlioJa	 	X-ray	Bursts	Features	

Burst	energy	

Persistent	flux	

Energy	in	persistent	flux	/	Energy	in	bursts		~	40		

Gravita(onal	energy	/	Thermonuclear	 ~	200	[MeV/u]	/	5	[MeV/u]	~	40		

X-ray	bursts:	most	common	astrophysical	explosions	observed	

total	~230	X-ray	binaries	known	

X-ray	bursts:	thermonuclear	origin		


