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About me 🤗
• 40 years old
• Two boys: Leo (11) and Georg (9) 
• Cat (Spartacus) and dog (Marco)
• Hobbies: running, reading, movies 

& series (Star Wars, Dr Who, …), 
Nintendo, change tires on the car 
…
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About me 🤗

• MSc in physics in 2004
• PhD in nuclear physics in 2008
• Now: associate professor @ the 

University of Oslo
• Visiting scientist @ ULB, 

Brussels, UC Berkeley & Berkeley 
National Lab, Michigan State 
University
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Spartan Stadium
Golden Gate Bridge

Brussels



Mass 
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(mean life time) 

Single-particle levels 
& magic numbers

Angular 
momentum

Reaction Q-value:

Q = Mini#al - Mfinal

Key nuclear properties and concepts 🗝
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Reaction Q-value:
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Photo: American Physical Society

Key nuclear properties and concepts 🗝



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

6Nice textbook! FYS3500, 5 May 2020



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

Need to figure out 
which reacJons are 
criJcal for producing 
(or destroying) a 
given nucleus
=> The probability
or rate of a given 
reacJon

FYS3500, 5 May 2020



Element abundance in our solar system ☀

8
[Figures from Iliadis’ book “Nuclear Physics of Stars”]

FYS3500, 5 May 2020

Where do they come from? 🤔 Nucleosynthesis 🤩



From Big Bang un:l today

• Primordial nucleosynthesis and atomic formation
• Stellar nucleosynthesis
• Explosive nucleosynthesis 
• Heavy-element nucleosynthesis
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Figure: NASA/CXC/M.Weiss
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“We are star-stuff” 
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Big Bang: hydrogen, helium, lithium
Stellar and explosive nucleosynthesis:
up to iron/nickel



The periodic table of elements
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https://merkastore.com/products/kids-periodic-table-of-elements



Stars again 
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Stars again ✨
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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%)

[M. Arnould, S. Goriely, and K.Takahashi,  
Phys. Rep. 450, 97 (2007)]

Things to consider, 
neutron capture processes:
• No Coulomb barrier!
• Cross sections (≈ probabilities) 

decrease with neutron energy, 
opposite to charged-particle 
reactions

• Free neutrons are perishables 
(T1/2≈ 10 minutes) 😱

This is a fingerprint! 👆

🤔Why neutron capture?



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

In addi2on: 
• Rapid proton-capture 

process (probably not 
contribu2ng to the 
observed abundances)

• Intermediate neutron-
capture process (?!)# 

pr
ot

on
s

# neutrons



The p process

16Secondary 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, … 

Credits: ESA/Hubble & NASA

FYS3500, 5 May 2020



Relatively low neutron density (≈107-108 /cm3), 
low temperature (0.1-0.4 x 109 K), slow (tn ≈ 1-
1000 years, timescale ≈100 -100 000 years)

The s process

17

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

FYS3500, 5 May 2020



Relatively low neutron density (≈107-108 /cm3), 
low temperature (0.1-0.4 x 109 K), slow (tn ≈ 1-
1000 years, timescale ≈100 -100 000 years)

The s process
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The s-process “path” 
follows the valley of stability -> most cross 
secDons are measured except branch points
[Käppeler et al., Rev. Mod. Phys. 83, 157 (2011)]

Driven by neutron capture and b- decay
Direct evidence: spectral lines from technetium 
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 ☀)

FYS3500, 5 May 2020



The r process

19

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 simulaRons gave too few neutrons…

Image from pixabay.com

“… our notion of  supernova nucleosynthesis was shattered… “ 
[Hans-Thomas Janka, Annu. Rev. Nucl. Part. Sci. 62, 407 (2012)]FYS3500, 5 May 2020



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

“… our notion of  supernova nucleosynthesis was shattered… “ 
[Hans-Thomas Janka, Annu. Rev. Nucl. Part. Sci. 62, 407 (2012)]FYS3500, 5 May 2020
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Problems, unknown r-process site 🤔
• We don’t know the initial conditions (density, 

temperature, neutron flux, …)
• Because we don’t know the conditions, we don’t 

know exactly which nuclear-physics input is 
(most) relevant

In particular: will there be an equilibrium 
between neutron capture (n,g)  and 
photodisintegration (g,n) processes? 

22

If yes, masses (and hence neutron separation energies) and beta-
decay rates are most important
If no, neutron-capture rates and fission rates (NSM scenario) are 
also important (=> much more complicated reaction network)

Figure from Stephane Goriely’s talk at the 
13th Nordic Meeting on Nuclear Physics, 2015



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

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

23FYS3500, 5 May 2020



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

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

24FYS3500, 5 May 2020



Alterna=ve sites for the r process: 
neutron star collision 💥

25

Credit: Dana Berry, SkyWorks Digital, Inc



First live observa:on of the r process in 2017

26

NS merger observed live! 
17 Aug 2017 by Adv. LIGO & Adv. Virgo
[Abbott et al., Phys. Rev. Lett. 119, 161101 (2017)]

“Afterglow” 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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NS merger observed live! 
17 Aug 2017 by Adv. LIGO & Adv. Virgo
[AbboT et al., Phys. Rev. LeT. 119, 161101 (2017)]

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

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



Nuclear reac=on network simula=on 
for the r process – NS merger condi=ons

28Jonas Lippuner, Skynet https://jonaslippuner.com/research/skynet/FYS3500, 5 May 2020

https://jonaslippuner.com/research/skynet/


Nuclear reaction network simulation 
for the r process – NS merger conditions

29Jonas Lippuner, Skynet hVps://jonaslippuner.com/research/skynet/FYS3500, 5 May 2020

For an r-process network calculaUon:

Consequence: must rely on theoretical rates 
– as predictive and robust as possible!

https://jonaslippuner.com/research/skynet/


How to calculate radiative neutron-capture rates?

30

We still rely on Hauser-Feshbach theory! 
-> “Compound nucleus” picture of Bohr
[W. Hauser and H. Feshbach, Phys. Rev. 87, 366 (1952)] 
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[E.g. Mumpower et al., PPNP 86, 86 (2016)]
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How to calculate radiative neutron-capture rates?
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We still rely on Hauser-Feshbach theory! 
-> “Compound nucleus” picture of Bohr
[W. Hauser and H. Feshbach, Phys. Rev. 87, 366 (1952)] 
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Indirect, experimental data to better constrain 
(n,g) reaction rates

32

The Oslo and beta-Oslo method: 
measure level density and g-decay 
strength 
[Spyrou et al., PRL 113, 232502 (2014); Liddick
et al., PRL 116, 242502 (2016); Larsen et al., 
Prog. Part. Nucl. Phys. (2019), Ingeberg et al. in 
review (2019)] 

FYS3500, 5 May 2020



Experiments at the Oslo Cyclotron Laboratory

33

33

CACTUS: 
26 
collimated 
NaI(Tl) 
crystals, 
5’’ x 5’’

SiRi: 
8x8 Si 
ΔE-E particle 
detectors 
(≈6% of 4π)

40 – 54o

NaI(Tl)

Si DE-E 
telescope

3He

Target nucleus

a



Experiments at the Oslo Cyclotron Laboratory
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CACTUS: 
26 
collimated 
NaI(Tl) 
crystals, 
5’’ x 5’’

SiRi: 
8x8 Si 
ΔE-E particle 
detectors 
(≈6% of 4π)

40 – 54o

NaI(Tl)

Si DE-E 
telescope

3He

Target nucleus

a

New g-ray detector system 
(30 LaBr3 3.5’’ x 8’’ crystals)
[Funding from the Research Council of Norway]
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HIE-ISOLDE experiment @ CERN: 
7-14 November 2016, 66Ni(d,pg)67Ni in inverse kinematics
Spokespersons: Siem & Wiedeking
The data are being analyzed by Vetle W. Ingeberg😀

The Oslo method in inverse kinematics



Experiments at the National Superconducting 
Cyclotron Lab, Michigan State University

36

Recipe:
1) Implant a neutron-rich nucleus 
inside a segmented total-absorpJon 
spectrometer (preferably with Qb ≈ Sn) 
2) Measure b- in coincidence with all
g rays from the daughter nucleus
3) Apply Oslo method to the (Ex,Eg)
matrix to extract level density & g-
strength



Experiments at the National Superconducting 
Cyclotron Lab, Michigan State University
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Recipe:
1) Implant a neutron-rich nucleus 
inside a segmented total-absorpJon 
spectrometer (preferably with Qb ≈ Sn) 
2) Measure b- in coincidence with all
g rays from the daughter nucleus
3) Apply Oslo method to the (Ex,Eg)
matrix to extract level density & g-
strength



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 radia3ve-capture reac3on rates that cannot be measured 

directly, one needs an opUcal-model potenUal, the nuclear level 
density, and the gamma-ray strength func3on 

FYS3500, 5 May 2020 38



The future is bright! 😎
• There are still lots on unknowns when it comes to 

nuclear astrophysics
• Indirect measurements help improve large 

nuclear-network simulations for the r process 
(also s-process branch points, rp/p-process and i-
process rates)
• New experimental facilities will enable completely 

new measurements of very short-lived nuclei

39Reading material: Krane’s text book, ch. 19 (just the basics); “Nuclear Physics of Stars” by ChrisRan Iliadis (text book)

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

Interested in hearing more? Send me an email: 
a.c.larsen@fys.uio.no

😀

http://fys.uio.no


Primordial (Big Bang) nucleosynthesis

40

• Production of hydrogen and helium isotopes 
(and some traces of lithium, possibly some 
beryllium) ~ 10 s–16 m after BB
• Initially, electron, neutrino and baryon gases in 

thermal equilibrium, and the fraction 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 reactions 

can occur

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



Stellar nucleosynthesis
• Merging of protons 

to helium nuclei
• pp chain (Sun-like 

stars)
• CNO cycle (massive 

stars)

41



Stellar nucleosynthesis
• Merging of protons 

to helium nuclei
• pp chain (Sun-like 

stars)
• CNO cycle (massive 

stars)
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Stellar nucleosynthesis
• Merging of protons 

to helium nuclei
• pp chain (Sun-like 

stars)
• CNO cycle (massive 

stars)
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The carbon bottleneck

44

8Be falls apart after ≈ 10-16 seconds… 

There must exist a particular quantum-mechanical state in 12C that increases the chance of catching
three alpha particles, so that the carbon nucleus may have a better chance to survive (1/2500 !)

Massive stars (>8 solar masses) also produce elements up to the iron group through fusion (alpha capture)
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8Be falls apart after ≈ 10-16 seconds… 

There must exist a particular quantum-mechanical state in 12C that increases the chance of catching
three alpha particles, so that the carbon nucleus may have a better chance to survive (1/2500 !)

Massive stars (>8 solar masses) also produce elements up to the iron group through fusion (alpha capture)



The carbon bottleneck
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8Be falls apart after ≈ 10-16 seconds… 

There must exist a particular quantum-mechanical state in 12C that increases the chance of catching
three alpha particles, so that the carbon nucleus may have a better chance to survive (1/2500 !)

Massive stars (>8 solar masses) also produce elements up to the iron group through fusion (alpha capture)



Explosive nucleosynthesis

• Core-collapse supernovae
• Thermonuclear 

supernovae

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

47



Explosive nucleosynthesis

• Core-collapse supernovae
• Thermonuclear 

supernovae

Produce carbon, 
phosphorus, aluminium, 
sulphur, Utanium, 
potassium, calcium, … 
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Explosive nucleosynthesis

• Core-collapse supernovae
• Thermonuclear 

supernovae

Produce carbon, 
phosphorus, aluminium, 
sulphur, titanium, 
potassium, calcium, … 
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Example, s-process branch point 🌱

5050

Branch-point nuclei 185W, 186Re, 191Os -> competition between (n,g) and b- decay

183W 184W 185W 186W

185Re 186Re

3.78d

187Re

s-process flow

186Os 187Os 188Os 189Os 190Os 191Os 192Os

191Ir

r-process flow

74.8d

(n,g)

FYS3500, 5 May 2020



Example, s-process branch point 🌱

5151

Branch-point nuclei 185W, 186Re, 191Os -> competition between (n,g) and b- decay

183W 184W 185W 186W

185Re 186Re

3.78d

187Re

s-process flow

186Os 187Os 188Os 189Os 190Os 191Os 192Os

191Ir

r-process flow

74.8d

(n,g)

MSc thesis, Ina Kullmann (2018): 
First experimental constraint on the 191Os(n,g) 
reaction

FYS3500, 5 May 2020



Example, s-process branch point 🌱

5252

Branch-point nuclei 185W, 186Re, 191Os -> competition between (n,g) and b- decay

183W 184W 185W 186W

185Re 186Re

3.78d

187Re

s-process flow

186Os 187Os 188Os 189Os 190Os 191Os 192Os

191Ir

r-process flow

74.8d

(n,g)

MSc thesis, Ina Kullmann (2018): 
First experimental constraint on the 191Os(n,g) 
reaction

FYS3500, 5 May 2020



Nuclear physics needs for the r process, NSM

• Masses!!! -> To get Q-values, 
separation energies
• b- decay rates!
• (n,g) rates!
• Fission rates!

Summer school INTPART – FYS4525, 25 Nov – 6 Dec 2019 53

From an experimental point of view  (at least my view), the hardest 
ones to measure are the (n,g) and the fission rates 

Credit: NASA/Goddard Space Flight Center/Dana Berry



Attempts to calculate the r-process 
nucleosynthesis yields under different conditions

54

[R. Surman et al., AIP Adv. 4, 041008 (2014)] 
[S. Goriely et al., Phys. Rev. Lett 111, 242502 (2013)]

FYS3500, 5 May 2020



(n,g) rates using the beta-Oslo method 🤩
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recent PPNP 
ar#cle 
(Larsen et al., 
2019)


