
Nuclear Astrophysics
and 

Related Nuclear Data Needs
Lecture 2-3



1. The origin of the elements in the Universe (Lecture 2)
• Production of light elements (A≤56)
• s-, r-, i- and p-processes of nucleosynthesis
• Some open astrophysical questions for the s- r-, i- and p-

processes

2. Nuclear reactions of astrophysical interest (Lecture 3)
• b-decay rates in a stellar plasma
• Reaction rates in a stellar plasma
• Extrapolation towards experimentally unknown nuclei
• Some open nuclear physics questions for nucleosynthesis

applications

Everything you always wanted to know about 
nucleosynthesis



Origin of the elements in the Universe ?
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Chemical composition at the stellar surface is determined by the analysis of spectral 
lines (absorption wave length specific to each element): Stellar spectroscopy

The solar system plays a pivotal role in nucleosynthesis. It remains the main source (high 
quality, high quantity, coherence) of information for the element abundances:

• Detailed spectroscopy
• Meteorites: Carboneous chondrites representative of the protosolar nebula

Chemical composition of the Sun

Elemental solar composition 4.6 billion years ago
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Nucleosynthesis
One of the major issues in modern astrophysics concerns the analysis of the present 

composition of the Universe and its various constituting objects. 

Nucleosynthesismodels aim at explaining the origin of the different nuclei observed 
in nature by identifying the possible processes and nuclear mechanisms able to 

synthesize them.
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Nucleosynthesis theory aims at explaining the origin of the elements and their isotopes in 
the Universe

• Primordial (Big-Bang) nucleosynthesis: H, He, and some Li
• Cosmic rays: Li-Be-B at the stellar surface or in the interstellar medium
• Stars: stars evolve and transform light H-He elements into heavier species

Direct proofs of some nucleosynthesis events in stars: 
- spectroscopic observations of radioelements at the surface of some stars: Tc (t1/2=0.21Myr) 
- gamma-ray astronomy observations: 26Al (t1/2=0.7Myr)

Isotopic composition of the solar system
Isotopic composition obtained 
on the basis of the terrestrial 
isotopic composition (the 
isotopic composition of the 
solar system material is not 
affected by chemico-physical 
processes and therefore shows a 
strong homogeneity in its 
isotopic composition)

Strong correlations between nuclear properties and the solar system abundances



Matter composition
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Stellar nucleosynthesisBig Bang nucleosynthesis

some 13 Gy after BB

Stars are the cosmos cauldrons

Solar System



Stellar  
formation

“outflows” “Infall”

Stellar evolution and 
Nucleosynthesis

H,4He->12C..56Fe…Th,U

White Dwarfs
Neutron stars
Black holes

Stellar winds
+ 

Explosion

outflow

spallations

Cosmic rays
acceleration

enrichment

Chemical evolution of the Galaxy

Interstellar medium
(gas/dust)

condensation

… and this during ~13 Gyr



Stars are the cosmos cauldrons: need to understand 
• stellar structure and stellar evolution (birth, life and death)
• various classes of stars  (M, Z, binarity, accretion, …)
• interaction with cosmic rays
• nuclear physics properties of interacting nuclei
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some 10 Gy after BB



Stars as gravitationally controlled nuclear reactors

M < 10Mo

M > 10Mo

M < 1.4Mo

M < 2Mo
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The evolution and nucleosynthesis of massive stars (M ≥ 10 Mo)

T (K)
4 1H       --> 4He H burning phase

> 10  106

3 4He --> 12C He burning phase
12C + 4He --> 16O >100 106

12C + 12C --> 23Na + 1H C burning phase
--> 20Ne + 4He > 800 106

20Ne +   g --> 16O + 4He   Ne burning phase 
+ 4He --> 24Mg + g > 1.2 109

16O + 16O --> 31P  + 1H O burning phase
--> 28Si + 4He > 1.5 109
--> 31S  + n

{[(28Si + 4He) + 4He] + Si burning phase
4He} + 4He +…  --> 56Fe > 3 109

Gravitationally controlled fusion in stars
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The explosion of heavy-mass (M>10M¤) stars (SNII) enrich the interstellar medium in heavy elements
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Pre-explosive production factors for a 21M¤ star

Elements with 20 ≤ A ≤ 40 are more or less similarly overproduced 
(by almost a factor of 10, as the O overproduction factor) 

The A > 40 nuclei are on average only modestly enhanced.

16O

A



(neutrinosphere)

Status of SN simulations:

No successful 1D SN simulation for 
stars developing an Fe iron 
(M>10Mo), in spite of neutrino 
energy and momentum transfer 
(shock wave remains not energetic 
enough)

Need multi-D simulations !
Possible energizing agents

• neutrinos
• rotation
• magnetic fields
• acoustic waves
• progenitor model
• muonic contribution

Now successful also for M>15Mo !!



Explosive nucleosynthesis
• a limited modification of the presupernova abundance of major species
• a possible drastic change of abundances of rarer species

REMNANT
NEUTRON

STAR

Temperature evolution during 
SN shock wave propagation
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Post-explosive production factors for a 21M¤ star
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The different burning phases responsible for the nucleosynthesis of light elements

H = Hydrostatic H-burning
EH = Explosive H-burning
He = Hydrostatic He-burning
EHe = Explosive He-burning
C = Hydrostatic C-burning
EC = Explosive C-burning
Ne = Hydrostatic Ne-burning
ENe = Explosive Ne-burning
O = Hydrostatic O-burning
EO = Explosive O-burning
Si = Hydrostatic Si-burning
ESi = Explosive Si-burning
NSE = Nuclear Statistical Equilibrium

from 12C to Fe-group nuclei (66 nuclides)

Woosley & Weaver (1995) Evolution 



A

lo
g(

X
/X

o)

Post-explosive production factors for a 21M¤ star

16O

What about 
• Li-Be-B ?  à GCR interaction with ISM
• 12-13C ? à AGB stars & Novae
• 14-15N ? à AGB stars & Novae
• 17O ? à Novae
• 19F ? à AGB stars ?
• Iron-group nuclei, and in particular 56Fe ? à SNIa



The evolution of low- and intermediate-mass stars (1 Mo ≤ M ≤ 9 Mo)

First 
Dredge-up

Second 
Dredge-up

Third 
Dredge-up

During the Red Giant Branch (RGB) and the Early Asymptotic Giant Branch (E-AGB) phases, the 
convective envelope penetrates in the deep layers where the material has been processed by the H-burning, 
imprinting a detectable signature on the surface abundances. The second Dredge-up only takes place in 
stars with M>2.5Mo (for Z~Zo).

White Dwarf



The concept of synthesis by neutron captures

tp(A>56) & ta(A>56)  >>> typical evolution lifetime of a star
Charged-particle captures are inefficient to produce the bulk galactic A > 56 nuclei

Consider NEUTRONS instead !
• No coulomb barrier
• Natural explanation for the peaks observed in the solar system 
abundances at neutron magic numbers N=50, 82 and 126
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Solar System isotopic abundances

The production of elements heavier than iron 



Decomposition of the solar abundances

Separation of the stable nuclei into
- Proton-rich isobars: p-nuclei
- Isobars at the bottom of the 

valley of b-stability: s-nuclei
- Neutron-rich isobars: r-nuclei
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Decomposition of the solar abundances

Separation of the stable nuclei into
- Proton-rich isobars: p-nuclei
- Isobars at the bottom of the 

valley of b-stability: s-nuclei
- Neutron-rich isobars: r-nuclei
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The production of elements heavier than iron 
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A schematic representation of the s- and r-processes

Slow neutron-capture process: tb << tn

Rapid neutron-capture process: tb >> tn

tn = lifetime against neutron capture
tb = lifetime against b– decay

r-process



A schematic representation of the s- and r-processes

Slow neutron-capture process: tb << tn
Nn~107-1011 cm-3 T~1-3 108K    tirr~ 10-104yr

tn = lifetime against neutron capture
tb = lifetime against b– decay

r-process
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A schematic representation of the s- and r-processes

Slow neutron-capture process: tb << tn
Nn~107-1011 cm-3 T~1-3 108K    tirr~ 10-104yr

Rapid neutron-capture process: tb >> tn
Nn>>1020 cm-3 T~1-2 109K    tirr~ 1s

tn = lifetime against neutron capture
tb = lifetime against b– decay

r-process

(g,n)
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A schematic representation of the s- and r-processes

s-process

r-process

N=50

N=82

N=126

56Fe

Closed shells at magic numbers N=50, 82, 126 --> slow n-capture
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1. Production of heavy seed nuclei (s- and r-processes) in previous star generations. In 
particular the s-process during core He-burning leading to an increase of 70 ≤ A ≤ 90 s-
elements.

2. Heating of the s-enriched and r-seeds at a temperature of T=2-3 109 K for a few seconds 
leading to the photodissociation of the s- and r-nuclei into p-nuclei by (g,n), (g,p) and 
(g,a) reactions. In some proton-rich environments, proton captures can be envisioned as 
contributing to the production of p-nuclei (but generally proton are absent in these 
environments).

The nature of the p-process nucleosynthesis
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p-nuclei are about 10 to 100 times less abundant than s and r-nuclei in the solar system



A schematic representation of the p-processes

(g,n)

(g,a)

(g,p)

(g,n)

(g,a)

(g,a) (g,a)

(g,n)
(g,a)
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The various nucleosynthesis processes

s-process

p-process

r-process

Big Bang

Neutron drip

Hydro & 
Explo stellar 

burning

Proton drip

Li-Be-B 
GCR

Solar System

i-process

All these processes are “thermal” except the LiBeB GCR nucleosynthesis



Nuclear Physics is a necessary condition for Nuclear Astrophysics

Strong correlations between stellar
abundances and nuclear properties
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Many different nuclear needs for the various nucleosynthesis processes

Neutron drip

p-process: ~2000 nuclei
(g,n), (g,p), (g,a); n-,p-,a-capt.; b+

s-process: ~400 nuclei
(n,g), b-, EC

r-process: ~5000 nuclei
(n,g), (g,n), b-, bdn, fission, FFD

H to Si burning
A(a,b)B

Big Bang
A(a,b)B

Proton drip

Li-Be-B GCR
CNO+p/a

i-process: ~1200 nuclei
(n,g), b-, EC

Still a lot of questions regarding the associated nuclear physics input



BUT

Astrophysics needs for nuclear data are 
defined by 

the sensitivity of the astrophysics 
predictions to the nuclear inputs 



Nuclear Physics is a necessary condition for Nuclear Astrophysics



Nuclear physics is a necessary but not a sufficient condition for Nuclear Astrophysics



Different types of astrophysics models
+ + – State of the art: 3D (~ self-consistent) models

p-process in SNIa explosions, r-process in NSM

+ – Realistic 1D (~ self-consistent) models
s-process in Massive Stars

– Parametrized (semi-realistic) 1D models
s-process in AGB Stars

– – Parametrized (unrealistic) 1D models
r-process in n-driven wind

– – – Phenomenological parametrized site independent models
Canonical s- and r-processes

Remain critical about the astrophysics models 
(even the 3D simulations are far from being free from astrophysical uncertainties!)

Obvious need for accurate and reliable nuclear data, … but
the uncertainties in the astrophysics models most of the time prevail



The s-process nucleosynthesis
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The s-process nucleosynthesis (tn > tb)
• t ~ 10-1000 y (Nn ~ 108 cm-3)
• (n,g) and b-decays
• Core He-burning of massive stars &

Low-mass AGB stars
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enrichment in 70 ≤ A ≤ 90 RED GIANT

100
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60 80 100 120 140 160 180 200
 X

 / 
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M=25Mo  Z=Zo

s-process during core He-burning 
by 22Ne(a,n)25Mg

Pre-existing Fe (and other nuclei) serve as seed for a secondary s-process: the lower the 
metallicity, the lower the Fe content, the less heavy nuclei are produced (in absolute terms)

14N seed nuclei is transformed into 22Ne by 14N(a,g)18F(b+)18O(a,g)22Ne

The s-process in massive stars: the weak component

s-only nuclei
others



The AGB phase of low- and intermediate-mass stars (1 Mo ≤ M ≤ 9 Mo)

First 
Dredge-up

Second 
Dredge-up

Third 
Dredge-up

During the Red Giant Branch (RGB) and the Early Asymptotic Giant Branch (E-AGB) phases, the 
convective envelope penetrates in the deep layers where the material has been processed by the H-burning, 
imprinting a detectable signature on the surface abundances. The second Dredge-up only takes place in 
stars with M>2.5Mo (for Z~Zo).



H-Burning

He-Burning

Interpulse
Dt =104-105yr

Pulse
Dt=10-100 yr

time

He-rich layer

Surface
Surface

In AGB stars, a third Dredge-up is expected to occur periodically as a result of structural 
readjustments which follow the development of thermal instabilities in the He-burning shell. The deep 
convective envelope penetrates into the C-rich layers (resulting from the He-burning having taken 
place during the preceding flash-driven convective pulse). The abundances determined at the surface 
of AGB stars attest of a rich nucleosynthesis occuring in those stars which range from H-burning to 
He-burning to the slow neutron-capture process and the fluorine or sodium nucleosynthesis.



The partial mixing of protons (PMP) at the time of the 3d DUP

DUP

PMP
Mpulse

3d Dredge-up 
+

Partial mixing 3d DUP

Surface

12C(p,g)13N(b+)13C(p,g)14N

12C(p,g)13N(b+)13C(a,n)16O

Interpulse
Dt =104-105yr

Pulse
Dt=10-100 yr

time

II. Convective nucleosynthesis

I. Radiative nucleosynthesis

The third Dredge-up can also be accompanied by a partial mixing of protons into the C-rich layer



The s-process nucleosynthesis is responsible for the other half 
the elements heavier than iron in the Universe

• How are the neutrons produced in AGB stars ?
• What is the contributions stemming from intermediate mass 

AGB stars ?
• How to explain specific observations ?
• (n,g) and T-dependent b-decay rates of branching points ?



The s-process nucleosynthesis
Slow neutron capture process characterized by 

• Nn ~ 107 – 1011 cm-3

• T ~ 1 – 3 108 K
• t ~ 1 – 105 yr depending on the T, Nn conditions

The conditions are such that the tb < t(n,g) so that the s-process flow follows the valley of b-stability

1. Astrophysics aspects
• “Realistic” models: Core He-burning of massive stars (70≤ A ≤ 90)
• “Semi-realistic” model: AGB phase of low & intermediate mass stars (90 ≤ A ≤ 208)

2. Nuclear Physics aspects
• Neutron producing reactions: 13C(a,n)16O & 22Ne(a,n)25Mg
• Neutron captures: 80% known experimentally (MACS)

20% to be determined theoretically (unstable nuclei)
thermalisation effects
non-thermalisation of given isomers

• Beta-decays: T- and r-dependence of the rate in a stellar plasma



The r-process nucleosynthesis
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The r-process nucleosynthesis (tn < tb)
• t ~ 1s & Nn ~ 1024-34 cm-3

• (n,g), (g,n), b-decays, fission
• Explosive conditions: SN vs NSM ?

Neutron drip line
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Supernova n-driven wind
(high-T process)

(n & p)

The r-process nucleosynthesis responsible for half the elements 
heavier than iron in the Universe

… the r-process site remains unidentified...
one of the still unsolved puzzles in nuclear astrophysics
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quasi-static layer

Proto-neutron 
star

(neutrinosphere)

Region heated by
neutrinos
n + νe --> p + e-
p + νe --> n + e + 
ν + e+/−−−> ν + e+/−

Region cooled by
neutrinos
p + e- --> n + νe
n + e + --> p + νe
e-+ e+--> ν + ν

Nucleosynthesis in the n-driven wind

Decompression of hot material

n,p at T9≈10  r ~ 106g/cm3

4He recombination

12C bottleneck

60≤A≤100 seed

r-process

aan-9Be(a,n)

(a,g) & (a,n)

(n,g) & (g,n)
+ b-decays

NSE

No r-process in realistic 
hydrodynamical simulations



An alternative r-process scenario: the decompression of NS matter
(initial conditions: high-density matter)
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New observational insight thanks 
to the observation of 

GW170817 binary NS merger
and its optical counterpart

AT2017gfo



On August 17, 2017

First detection of 
binary NS 

merger

11h 
after

OPTICAL



The analysis of the GW170817 light curve

• The kilonova light curve is compatible with an ejecta mass (Mej≈ 0.03-0.06 M⊙) 
• “Blue” A<140 component with Mej≈ 0.01-0.02 M⊙ and vej≈ 0.26c
• “Red”  A>140 component with Mej≈ 0.02-0.05 M⊙ and vej≈ 0.15c 

Photometric observations
Kilonova

b ~ -1.3

Spectroscopic observations

• The ejected mass and new merger rate inferred from GW170817 imply that 
NSM can be a dominant source of r-process production in the Universe.

Sr II absorption line

Watson et al. (2019)

1.5 days



Initial density: r0~ 1014 g/cm3

Initial temperature “cold” or T >> 10 GK
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Final abundance distributions from Binary Neutron Star Mergers

Robust production of all A ≥ 90 r-nuclei with a rather solar distribution

Dynamical + BH-Torus system Dyn + HMNS +BH Torus system
Just et al. (2015) Just et al. (2023)



Our understanding of the r-process nucleosynthesis, i.e. 
the origin of about half of the nuclei heavier than Fe in the 

Universe is considered as
one of the top 11 questions in Physics and Astronomy 

(“Connecting Quarks with the Cosmos: Eleven Science Questions for the New Century”: 2003, 
National research council of the national academies, USA)

Still many open questions
• Site of the r-process ?
• Galactic chemical evolution ?
• Agreement with observation (spectroscopic, GCR, isotopic 

anomalies, marine sediments, …) ?
• Nuclear needs (site-dependent) ?
• Nuclear inputs (many properties on thousands of exotic n-rich

nuclei) ?



(n,g) – (g,n) – b competition  &  Fission 
Nuclear physics input

for some 5000 nuclei with Z ≤ 110 on the n-rich side – essentially no exp. data

• b-decay rates 
• (n,g) and (g,n) rates (hence masses)
• Fission (nif, sf, bdf) rates
• Fission Fragments Distributions

Still many open questions
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The p-process nucleosynthesis
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The p-process nucleosynthesis

The p-process nucleosynthesis
• t ~ 1s & T ~ 2-3 109K
• Photodisintegrations (g,n), (g,p), (g,a)
• SNII (O-Ne & np-wind) & SNIa 

Neutron drip

Proton drip

Neutron capture processes cannot synthesize neutron-deficient isotopes

35 p-nuclei, no p-element: need for a fundamentally different nucleosynthesis process !
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The p-process: Ne/O-rich layers during SNII explosion of massive stars

2.   p-process in O/Ne layers

1. s-process during core He-burning by 22Ne(a,n)25Mg

enrichment 
in

s-elements
70 ≤ A ≤ 90

heating at  T=2-3 109 K
of  the s-enriched & r-seeds

RED GIANT

(hydrostatic pre-supernova as well as 
explosive supernova phases)

~ 0.7Mo



Error bars: variations with stellar mass (13 ≤ M ≤ 25Mo)Normalized 
overproduction 

factor

P-nuclides yields obtained by convolution over a spectrum of stellar masses 
(assuming an Initital Mass Function)

Within a 
factor of 3

Some major discrepancies remain: Mo and Ru p-isotopes, 113In, 115Sn and 138La.

(F0=100)



Accreting White Dwarf models for type Ia Supernovae

1Mo White Dwarf

Matter accreted onto the surface of a white dwarf from
its binary companion causes regions in its interior to 
become unstable to thermonuclear runaway

Initial composition of the heavy seeds
• solar composition ?
• s-process elements in WD ?
• s-process elements from AGB companion?
• s-process nucleosynthesis during accretion
phase ?

p-process nucleosynthesis in layers
heated at  T=2-3 109 K

(initial composition C+O+Ne)

Carbon deflagration



SNIa model (W7): Layer heated at T9=3.2
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p-nuclide overproduction factor in type Ia supernovae
Heavy seed abundances: solar system distribution

Some discrepancies remain: Mo and Ru p-isotopes, 113In, 138La, and 180Ta.
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The p-process: ~2000 nuclei
• Photodisintegrations (g,n), (g,p), (g,a)
• n-, p-, a-captures
• b+ and EC rates

Neutron drip

Proton drip
known masses

Many nuclear masses and b+-decay rates known experimentally
Almost no n-, p- and a-capture rates and reverse rates known experimentally

Nuclear needs for p-process calculations



Impact of the nuclear uncertainties on the p-nuclide overproduction factor <F>
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25Mo SNII explosion

The large variations in the abundances of the heaviest p-nuclides result almost entirely from the
use of different alpha-nucleus optical potentials (essentially due to the lack of experimental data 
in the heavy mass range). The abundances of the lighter species are mainly affected by 
uncertainties in the predicted nuclear level densities and the nucleon-nucleus potential.
The  92,94Mo, 96,98Ru, 113In, 115Sn and 138La discrepancies remain.



The p-process nucleosynthesis is responsible for n-deficient 
elements heavier than iron in the Universe

• How to explain the origin of 92,94Mo, 96Ru, 138La ?
• What is the contributions of SN Ia or p-rich n-wind, if any ?
• What are the seed nuclei feeding the p-process ?
• What is the role of neutrinos for rare species ?
• What is the photodissociation rates of nuclei involved ?

100

101

102

103

80 100 120 140 160 180 200

< 
F 

>

Mass Number

Se

Kr

Sr

Mo

Ru

Pd

Cd

In

Sn
Te

Xe

Ba

Ce

La

Sm

Gd

Dy

Er

Yb Hf W

Ta

Os

Pt

Hg

25Mo SNII explosion


