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A little bit about me 🤗
• 44 years old

• Professor @ the University of Oslo

• Research field: experimental nuclear (astro)physics

• Two boys: Leo (15) and Georg (13) [photo from 2019 😅]  

• Dog (Marco)

• Hobbies: running, reading books, movies & series (Star Wars , Dr 
Who, …), Nintendo, change tires on the car … 2
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Overview of the lectures 🗺 

• Today: A first introduc.on to nuclear astrophysics, with focus on 
heavy-element nucleosynthesis
• Tomorrow: (Some of the) Needed nuclear-physics input for heavy-

element nucleosynthesis, brief intro to experimental methods to 
indirectly measure neutron-capture rates



4

How we’re gonna do this 🤓 

• Please raise your hand and ask questions during 
the lectures if you have any, don’t be shy!
• Slides will be available after the lectures
• Questions for discussion
• GOAL: you will learn something new each 

lecture and remember something (key points) 
afterwards 😅

Okay, good job folks.
We are getting to some 
actionable items here. 
Let’s study group this!

From ironic1.com



Mass 

5

Binding (separa-on) 
energy 

Half life
(mean life 
time) 

Single-particle levels & 
magic numbers

Angular 
momentum

Reaction Q-value:

Q = MiniVal - Mfinal

Key nuclear properties and concepts 🗝 
[Most of this is stolen 
from Artemis Spyrou]

Compound-nucleus formaIon and decay 🔥
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Half life
(mean life 
time) 

Single-particle levels & 
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Angular 
momentum

Reac6on Q-value:

Q = MiniVal - Mfinal Maria Goeppert-Mayer
Photo: American Physical Society

Key nuclear proper/es and concepts 🗝 
[Most of this is stolen 
from Artemis Spyrou]

Compound-nucleus formation and decay 🔥



Nota/on and terminology 🖇

• Radiative neutron capture reaction: (n,g) -> the “target” 
nucleus absorbs a neutron and emits g rays to get rid of 
the excess energy (Z equal, A+1)
• Radiative proton capture reaction: (p,g) -> the “target” 

nucleus absorbs a proton and emits g rays (Z+1, A+1)
• Beta decay: either b- (electron + anti neutrino emission, 

element Z+1, A equal) or b+ (positron + neutrino 
emission, element Z-1, A equal)
• Photodisintegration: (g,n), (g,p), (g,a) -> the inverse of 

radiative captures
• Reaction network: network including many different 

reactions connecting a set of nuclei, with the aim to 
reproduce observed elemental and isotopic abundances

7Nice textbook! 



Example, nuclear reaction network 🎇
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From William Fowler, 
Science (1984)

The probability 
(reaction rate) of a 
given reaction is 
essential



Our Solar system ☀🌍🪐
Credit:: NASA/JPL-Caltech/T. Pyle (SSC)

Viktor M. Goldschmidt
Skri%er Norske Vitenskapsakad. Oslo. I. 
Mat.-Naturv. Kl. (1937) No. 4.

9



Element abundances in our solar system ☀
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[Figures from Iliadis’ book “Nuclear Physics of Stars”]

Where do they come from? 🤔 Nucleosynthesis 🤩



From Big Bang until today

• Primordial (Big Bang) nucleosynthesis and atomic formaIon
• Stellar nucleosynthesis
• Explosive nucleosynthesis 
• Heavy-element nucleosynthesis
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Figure: NASA/CXC/M.Weiss



“We are star-stuff” ✨
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Big Bang: hydrogen, helium, lithium
Stellar and explosive nucleosynthesis:
up to the iron group and (a liQle bit?) beyond



Primordial (Big Bang) nucleosynthesis
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• Produc5on of hydrogen and helium isotopes 
(and some traces of lithium, possibly some 
beryllium)  ≈10 s–16 min aBer the Big Bang
• Ini5ally, electron, neutrino and baryon gases in 

thermal equilibrium, and the frac5on of 
neutrons to protons are Nn/Np = exp[-Q/kBT], 
where Q = 1293.3 keV is the neutron-proton 
mass difference
• At freeze-out, Nn/Np ≈ 1/7 and nuclear reac5ons 

can occur

[Figure from Iliadis’ book “Nuclear Physics of Stars”]



Merging of protons 
to helium nuclei
• pp chain 

(Sun-like 
stars)
• CNO cycle 

(massive 
stars)

Nucleosynthesis in stars 🌟
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The carbon boQleneck 🍾
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😎😀
😀😎 Carbon-12

(6 protons, 6 neutrons)😎😎
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😀😀😀
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😀😎

😎😀
😀😎+ + =

Beryllium-8 disintegrates after ≈ 10-16 seconds😱

 
There must exist a quantum state in 12C 
so that the probability of 8Be capturing 
an alpha particle increases significantly

≈ 1/2500 events, a 12C nucleus is born 👶
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Explosive nucleosynthesis

• Core-collapse supernovae
• Thermonuclear 

supernovae

Produce carbon,oxygen, 
phosphorus, aluminium, 
sulphur, titanium, 
potassium, calcium, … 

18



Explosive nucleosynthesis
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Explosive nucleosynthesis

• Core-collapse supernovae
• Thermonuclear 

supernovae

Produce carbon,oxygen, 
phosphorus, aluminium, 
sulphur, titanium, 
potassium, calcium, … 
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«Revival» of white dwarves
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Silicon, sulphur, calcium, titanium, cromium, nickel, zink,  …



Back to the element distribution
Figure from Iliadis’  book “Nuclear Physics of Stars”
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✅

??? 🤔

Also thorium and uranium



Stars again ✨

23
Photo credit: Annie Gracy



How to “cook” heavy elements 🍳
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Slow neutron-capture (s) process (≈50%)
Rapid neutron-capture (r) process (≈50%)
p process: proton capture, photodisintegra2on, np-process, … (~0.1-1%)

From r-process review: M. Arnould, S. Goriely, and K.Takahashi,  
Phys. Rep. 450, 97 (2007)]

Physics facts:
• No Coulomb barrier! 👍
• Cross sec2ons (≈ probabili2es) 

decrease with neutron energy, 
opposite to charged-par2cle 
reac2ons (👍 ?)

• Free neutrons are perishables 
(T1/2≈ 10 minutes) 🍓 (👎?)

This is a fingerprint! 👆

🤔 Question:
Why neutron capture?



Heavy-element nucleosynthesis processes
 – schema5c “paths” in the nuclear chart
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Figure: courtesy of M. Hjorth-Jensen
Credit: Andrew Sproles, ORNL

In addi.on: 
• Rapid proton-capture 

process (probably not 
contribu2ng to the 
observed solar-system 
abundances)

• Intermediate neutron-
capture process (?!)

• ++?

# 
pr

ot
on

s

# neutrons

Figure: Andy Sproles, Oak Ridge National Lab

Proton drip line

Neutron drip line



How to “cook” heavy elements 🍳
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Slow neutron-capture (s) process (≈50%)
Rapid neutron-capture (r) process (≈50%)
p process: proton capture, photodisintegration, np-process, … (~0.1-1%)

From r-process review: M. Arnould, S. Goriely, and K.Takahashi,  
Phys. Rep. 450, 97 (2007)

Physics facts:
• The nuclear shell model! 👍
• Signature of different neutron 

densi2es and 2mescales at the 
astrophysical sites 👍 

🤔 Question:
Why are the s- and r-process peaks 
located where they are?



The p process

27Secondary process – “peeling off” neutrons on exis-ng heavy nuclei

[Rauscher et al., Rep. Prog. Phys. 76, 066201 (2013)]

Favorable astrophysical sites:
Explosive O-Ne shell burning of type 
II supernovae,  type Ia supernovae, … 

But still may open questions! Mo 
and Ru anomaly, …

Credits: ESA/Hubble & NASA

Review: Arnould & Goriely, Phys. Rep. 384, 1 (2003) 



Relatively low neutron density (≈107-108 /cm3), 
low temperature (0.1-0.4 x 109 K)

The s process
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Direct evidence: spectral lines from techneIum 
in red giant stars -> Tc has no stable isotopes, 
99Tc produced by b- decay of 99Mo 
[P. W. Merrill, Science 116, 21 (1952)]

Cat’s Eye nebula (credit:NASA)

6
13C + 2

4He→ 8
16O+ n

10
22Ne+ 2

4He→ 12
25Mg+ n

AGB stars, massive stars (> 8 ☀)

🐌 Slow: 
One neutron capture per 1-1000 y,  in total 100–100 000 y

Review: Käppeler et al., Rev. Mod. Phys. 83, 157 (2011)
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The s process
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The r process
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Extremely high neutron density (1020 /cm3 or more), maybe (?) high 
temperature (1-5 x 109K), and extremely fast (≈ 1 second) 🐎

SN1987A (Credit: NASA)

For many years, supernovae were the favorite site 

… but more modern simulations gave too few neutrons…

Image from pixabay.com



A core-collapse supernova crash course 💥
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• Thermonuclear fusion reac.ons 
stop when reaching the iron group 
(remember the nuclear binding-
energy curve!)
• Gravity makes the massive star’s 

core contract so much that the 
density gets extremely high (~2 x 
the nuclear density)
• All nuclei break down to their 

cons.tuents and electrons are 
captured by protons, producing 
neutrons and neutrinos

Foglizzo T. (2017) Explosion Physics of Core-Collapse 
Supernovae; hGps://doi.org/10.1007/978-3-319-21846-5_52 

https://doi.org/10.1007/978-3-319-21846-5_52


The r process
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Extremely high neutron density (1020 /cm3 or more), maybe (?) high 
temperature (1-5 x 109K), and extremely fast (≈ 1 second) 🐎

SN1987A (Credit: NASA)

For many years, supernovae were the favorite site 

… but more modern simula-ons gave too few neutrons…

Image from pixabay.com



The r process
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Extremely high neutron density (1020 /cm3 or more), maybe (?) high 
temperature (1-5 x 109K), and extremely fast (≈ 1 second) 🐎

SN1987A (Credit: NASA)

For many years, supernovae were the favorite site 

… but more modern simula-ons gave too few neutrons…

Image from pixabay.com

“…does not yield heavy r-process nuclei…”
[A. Arcones and F. Montes, ApJ 731, 5 (2011)]

“…do not result in conditions that favor an r process…”
[G. Martínez-Pinedo et al, PRL 109, 251104 (2012)]

“…our notion of supernova nucleosynthesis was shattered…”
[H.-T. Janka, Annu. Rev. Nucl. Part. Sci. 62, 407 (2012)]



The r process
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Extremely high neutron density (1020 /cm3 or more), maybe (?) high 
temperature (1-5 x 109K), and extremely fast (≈ 1 second) 🐎

SN1987A (Credit: NASA)

For many years, supernovae were the favorite site 

… but more modern simula-ons gave too few neutrons…

Image from pixabay.com

“…does not yield heavy r-process nuclei…”
[A. Arcones and F. Montes, ApJ 731, 5 (2011)]

“…do not result in conditions that favor an r process…”
[G. Martínez-Pinedo et al, PRL 109, 251104 (2012)]

“…our notion of supernova nucleosynthesis was shattered…”
[H.-T. Janka, Annu. Rev. Nucl. Part. Sci. 62, 407 (2012)]

Also, it was (and still is!) very difficult to actually 
make the star explode in the simulations! 
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The appendix! 😂
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The appendix! 😂



Problems, unknown r-process site 🤔

•We don’t know the ini-al condi-ons (density, temperature, 
neutron flux, …)
• Because we don’t know the condi-ons, we don’t know 

exactly which nuclear-physics input is (most) relevant
In par-cular: will there be an equilibrium between neutron 
capture (n,g)  and photodisintegra8on (g,n) processes? 

37

If yes, masses (and hence neutron separation energies) and beta-decay rates 
are most important

If no, neutron-capture rates (and fission rates) are also important => much 
more complicated reaction network!



(n,g)-(g,n) equilibrium: to be or not to be ⚖

• Near and at the neutron drip line, 
the neutron separation energies 
are very low (~keV range)

• In the r process, both (n,g) and 
(g,n) are faster than b- decay

• BUT: there is a strong interplay 
between temperature, neutron 
density, and nuclear-physics 
properties (capture cross sections!) 
that must be considered

Solid line: pure Hauser-Feshbach; dashed 
line: also direct capture
[M. Arnould, S. Goriely and K. Takahashi, Phys. Rep. 450, 97 (2007)]
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(n,g)-(g,n) equilibrium: to be or not to be ⚖

• Near and at the neutron drip line, 
the neutron separaNon energies 
are very low (~keV range)

• In the r process, both (n,g) and 
(g,n) are faster than b- decay

• BUT: there is a strong interplay 
between temperature, neutron 
density, and nuclear-physics 
properNes (capture cross secNons!) 
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Solid line: pure Hauser-Feshbach; dashed 
line: also direct capture
[M. Arnould, S. Goriely and K. Takahashi, Phys. Rep. 450, 97 (2007)]

Each line is a trajectory (“a little piece of mass”). From Mendoza-Temis et al., PRC 92, 055805 (2015)

Don’t look here 😅

Don’t look here 😅
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Don’t look here 😅

Don’t look here 😅

For “cold” conditions (<0.8-1 GK) and after 

freeze-out for “hot” conditions: 

(n,g) ra
tes are needed

[e.g. Mendoza-Temis et al., PRC 92, 055805 (2015);

Eichler et al., Astrophys. J. 8
08, 30 (2015)]

40



Equilibrium between (n,g) and (g,n) most 
of the 5me, only moderately neutron rich

Alterna5ve sites for the r process: neutrino-driven 
wind from a newborn neutron star
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Equilibrium between (n,g) and (g,n) most 
of the 5me, only moderately neutron rich

Alternative sites for the r process: neutrino-driven 
wind from a newborn neutron star

42



Where can we find lots of neutrons? 🤔
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LePover aPer a supernova: black
hole or neutron star

Credit: Raphael.concorde

https://commons.wikimedia.org/wiki/User:Raphael.concorde


First live observa/on of the r process in 2017 🥳🎉
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Neutron-star merger observed live! 
17 Aug 2017 by Adv. LIGO & Adv. Virgo
[Abbott et al., Phys. Rev. Lett. 119, 161101 (2017)]

“A>erglow” consistent with r-process 
nucleosynthesis
[Kasen et al., Nature 551, 80 (2017), E. Pian et al., 
Nature 551, 67(2017) +++]



First live observation of the r process in 2017 🥳🎉
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Neutron-star merger observed live! 
17 Aug 2017 by Adv. LIGO & Adv. Virgo
[AbboY et al., Phys. Rev. LeY. 119, 161101 (2017)]

M.R. Drout et al., Science 358, 1570 (2017)

“A>erglow” consistent with r-process 
nucleosynthesis
[Kasen et al., Nature 551, 80 (2017), E. Pian et al., 
Nature 551, 67(2017) +++]



... So now we understand everything?

46Jonas Lippuner, Skynet hNps://jonaslippuner.com/research/skynet/ Note: for one astrophysical trajectory

https://jonaslippuner.com/research/skynet/
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Maybe not...

Calcula-ons with 
“Skynet” 😊
[Pogliano & Larsen, 
Phys. Rev. C 108, 025807 
(2023)]

M
as

s f
ra

c-
on

Calculated r-process abundances for four different astrophysical condi-ons, many different nuclear-physics input 
models [level densi-es and gamma strength func-ons]. Note the log scale!

Mass number A Mass number A



Difficult stuff...
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Snapshots , reacQon network, neutron-star collision trajectory
Mumpower, Surman, McLaughlin, Aprahamian, Prog.Part. Nucl. Phys. 86, 86 (2016)

a"er 100 ms

neutron exhaus0on

decay to stability

A big bunch of differential equations!!

We need a reaction network of about 5000 
nuclei and their possible (≈ 50 000) reactions –
most of the nuclei are very short-lived! 😱

These nuclei are very hard to create in the lab...
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(Wolfenstein-)Hauser-Feshbach theory 
-> “compound nucleus” picture of Bohr
[W. Hauser and H. Feshbach, Phys. Rev. 87, 366 (1952)] 

ReacIon rate (actually it’s reacavity):



Summary – key points 🗝 

• Three main processes for heavy-element nucleosynthesis: s, r, p process
• The p process is a secondary process; seed nuclei from the s and r 

processes; likely takes place in SN Ia and SN II (O-Ne shell)
• The s process deals with nuclei close to the valley of stability; 

astrophysical sites: AGB stars and massive stars (>8☀)
• The r process involves highly neutron-rich nuclei; one astrophysical site 

(neutron-star mergers) has recently been confirmed
• To calculate radia4ve-capture reac4on rates that cannot be measured 

directly, one needs an op.cal-model poten.al, the nuclear level 
density, and the gamma-ray strength func4on 
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😀


