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Element abundances in our solar system ☀

2
[Figures from Iliadis’ book “Nuclear Physics of Stars”]
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Where do they come from? 🤔
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From Big Bang un5l today

Credit: NASA/CXC/M.Weiss
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• Primordial nucleosynthesis and atomic forma3on
• Stellar nucleosynthesis
• Explosive nucleosynthesis 
• Heavy-element nucleosynthesis



“We are star-stuff” 
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Credit: NASA
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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
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https://merkastore.com/products/kids-periodic-table-of-elements


Stars again ✨
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Photo credit: Annie Gracy
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Notation 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! Seminar, Stavanger29/09/2020



Example, nuclear reaction network 🎇

8

From William Fowler, 
Science (1984)Need to figure out 

which reactions are 
critical for producing 
(or destroying) a 
given nucleus
=> The probability
or rate ( cross 
section) of a given 
reaction

Seminar, Stavanger29/09/2020



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, photodisintegra9on, np-process, … (~0.1-1%)

[M. Arnould, S. Goriely, and K.Takahashi,  
Phys. Rep. 450, 97 (2007)] Things to consider for neutron

capture processes:
• No Coulomb barrier!
• Cross sections decrease with 

neutron energy, opposite to 
charged-particle reactions

• Free neutrons are perishables
(T1/2≈ 10 minutes)This is a fingerprint! 👆

29/09/2020



29/09/2020

Processes contribu-ng to the heavy-element yields
– schema-c “paths” in the nuclear chart
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Figure: courtesy of M. Hjorth-Jensen
Credit: Andrew Sproles, ORNL

In addition: 
• Rapid proton-capture 

process (probably not 
contributing to the 
observed abundances)

• Intermediate neutron-
capture process (?!)# 

pr
ot

on
s

# neutrons



For many years, core-collapse supernovae were favored
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The r process

11

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

SN1987A (Credit: NASA)

… but modern simula3ons gave too few neutrons…

Image from pixabay.com



For many years, core-collapse supernovae were favored
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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)

… but modern simulations gave too few neutrons…

Image from pixabay.com

“… our no3on of supernova nucleosynthesis was shaRered…” 
[Hans-Thomas Janka, Annu. Rev. Nucl. Part. Sci. 62, 407 (2012)]



For many years, core-collapse supernovae were favored
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The r process

13

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

SN1987A (Credit: NASA)

… but modern simula3ons 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)]
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Problems, unknown r-process site 🤔
• We don’t know the iniAal condiAons (density, 

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

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

In parAcular: will there be an equilibrium 
between neutron capture (n,g)  and 
photodisintegra:on (g,n) processes? 

15

If yes, masses (and hence neutron separa3on energies) and beta-decay rates are most 
important
If no, neutron-capture rates and fission rates are also important (=> much more 
complicated reac3on network)

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

29/09/2020 Seminar, Stavanger



(n,g)-(g,n) equilibrium: to be or not to be ⚖
• Near and at the neutron drip 

line, the neutron separaAon 
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 
properAes (capture cross 
secAons!) that must be 
considered

Seminar, Stavanger 16

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 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
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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)]
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Mendoza-Temis et al., PRC 92, 055805 (2015);

Don’t look here😅

Don’t look here😅
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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)]
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Mendoza-Temis et al., PRC 92, 055805 (2015);

Don’t look here😅

Don’t look here😅

For “cold” condiBons (<0.8-1 GK) and aHer 

freeze-out for “hot” condiBons: 

(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)]



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

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

19Seminar, Stavanger29/09/2020



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

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

20Seminar, Stavanger29/09/2020



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

21

Credit: Dana Berry, SkyWorks Digital, Inc

29/09/2020 Seminar, Stavanger



First live observa5on of the r process in 2017

22

NS merger observed live! 
17 Aug 2017 by Adv. LIGO & Adv. Virgo
[AbboM et al., Phys. Rev. LeM. 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) +++]

29/09/2020 Seminar, Stavanger



First live observation of the r process in 2017

23

NS merger observed live! 
17 Aug 2017 by Adv. LIGO & Adv. Virgo
[AbboM et al., Phys. Rev. LeM. 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) +++]

M.R. Drout et al., Science 358, 1570 (2017)
29/09/2020 Seminar, Stavanger



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

24
Jonas Lippuner, Skynet https://jonaslippuner.com/research/skynet/

Seminar, Stavanger

For an r-process network calcula9on:

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

29/09/2020

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


How to calculate radia-ve neutron-capture rates?

25

We sAll rely on Hauser-Feshbach theory! 
-> “Compound nucleus” picture of Bohr
[W. Hauser and H. Feshbach, Phys. Rev. 87, 366 (1952)] 
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Level density and g-ray strength function 😎

29/09/2020

Number of quantum levels per energy unit as 
function of Ex, J, p:

Average, nuclear electromagnetic response  
Distribution of average, reduced partial widths 
as function of g-ray energy

ρ = ρ(Ex, J,π )

fiλXL
J (Eγ ) =

ΓγiλXL
J

Eγ
2L+1 ρ(Eλ )

[Bartholomew et al., Adv. Nucl. Phys. 7, 229 (1973)]
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Why are level densi-es and g-ray strength 
func-ons important for (n,g) reac-on rates?

27Seminar, Stavanger29/09/2020
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… but don’t we know how to calculate 
level densi-es and g-decay strength func-ons? 🤔

Data (+ all refs) 
available at 
ocl.uio.no

CalculaWons are 
models included 
in TALYS-1.8
www.talys.eu

29/09/2020
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Example: 154Sm(n,g) and 175Sm(n,g) reac-on rates 

Calculated with TALYS-1.8

Each line is one specific 
combina9on of a level 
density model and g-
strength func9on model
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Example: 154Sm(n,g) and 175Sm(n,g) reaction rates 

Calculated with TALYS-1.8

Each line is one specific 
combina9on of a level 
density model and g-
strength func9on model
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Example: 154Sm(n,g) and 175Sm(n,g) reac-on rates 

Calculated with TALYS-1.8

Each line is one specific 
combina9on of a level 
density model and g-
strength func9on model
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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. Eur. Phys. J. A 56, 68 (2020)] 
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Example: 154Sm(n,g) and 175Sm(n,g) reac-on rates 

Calculated with TALYS-1.8

Each line is one specific 
combina9on of a level 
density model and g-
strength func9on model
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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. Eur. Phys. J. A 56, 68 (2020)] 



Experiments at the Oslo Cyclotron Laboratory

33
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CACTUS: 
26 
collimated 
NaI(Tl) 
crystals, 
5’’ x 5’’

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

40 – 54o

NaI(Tl)

Si DE-E 
telescope

3He

Target nucleus

a

29/09/2020 Seminar, Stavanger



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]

29/09/2020 Seminar, Stavanger
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The Oslo method in a 
44Sc data

0. Get a hold of an (Eg,Ex) matrix (~30-40 000 coincidences)
1. Correct for the g-ray detector response [Guttormsen et al., NIM A 374, 371 (1996)]
2. Extract distribution of primary gs for each Ex [Guttormsen et al., NIM A 255, 518 (1987)]

3. Get level density and g-strength from primary g’s [Schiller et al., NIM A 447, 498 (2000)]
4. Normalize & evaluate systematic errors [Schiller et al., NIM A 447, 498 (2000), 
Larsen et al., PRC 83, 034315 (2011)]

29/09/2020

40 – 54o

LaBr3(Ce)

Si DE-E 
telescope

3He

Target nucleus

a
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The Oslo method in a 
44Sc data

0. Get a hold of an (Eg,Ex) matrix (~30-40 000 coincidences)
1. Correct for the g-ray detector response [Guttormsen et al., NIM A 374, 371 (1996)]
2. Extract distribution of primary gs for each Ex [Guttormsen et al., NIM A 255, 518 (1987)]

3. Get level density and g-strength from primary g’s [Schiller et al., NIM A 447, 498 (2000)]
4. Normalize & evaluate systematic errors [Schiller et al., NIM A 447, 498 (2000), 
Larsen et al., PRC 83, 034315 (2011)]

Data and references:
ocl.uio.no/compila;on/
Analysis codes and tools:
github.com/oslocyclotronlab/oslo-method-so>ware

29/09/2020

40 – 54o

LaBr3(Ce)

Si DE-E 
telescope

3He

Target nucleus

a
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Extrac5on of level density and g-decay strength

Ansatz: primary g matrix 
can be factorized into 
two independent 
functions (vectors) 
P(Ei,Eγ )∝ρ(Ei −Eγ )τ (Eγ )

f (Eγ ) = τ (Eγ ) / 2πEγ
3

29/09/2020

Two important assumptions: 
1) The g decay takes place a long 

time after the level is formed
2) The g-decay strength varies 

slowly with Ex (at high Ex – high 
level density) 

-> mild variant of the Brink hypothesis
[Brink, Doctoral thesis, Oxford (1955)]

[Data from Tveten, Renstrøm, 
Larsen et al., in review (2020)]
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Surprise! The low-energy upbend

29/09/2020
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Surprise! The low-energy upbend
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What do we know about the upbend from exp.? 
94Mo(d,pgg)95Mo
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Confirmed with an independent technique 
using (d,pgg) coincidences
[M. Wiedeking et al., PRL 108, 162503 (2012)]

CACTUS + 6 3.5’’ x 8’’ LaBr3(Ce) from HECTOR+

Dominated by dipole transi:ons
[A.C. Larsen et al., PRL 111, 242504 (2013)]
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Confirmed with an independent technique 
using (d,pgg) coincidences
[M. Wiedeking et al., PRL 108, 162503 (2012)]

CACTUS + 6 3.5’’ x 8’’ LaBr3(Ce) from HECTOR+

Dominated by dipole transi:ons
[A.C. Larsen et al., PRL 111, 242504 (2013)]
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What do we know about the upbend from exp.? 
94Mo(d,pgg)95Mo
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Confirmed with an independent technique 
using (d,pgg) coincidences
[M. Wiedeking et al., PRL 108, 162503 (2012)]

CACTUS + 6 3.5’’ x 8’’ LaBr3(Ce) from HECTOR+

Dominated by dipole transi:ons
[A.C. Larsen et al., PRL 111, 242504 (2013)]

Heaviest case so far with the Oslo method: 151,153Sm [Simon et al., PRC 93, 034303 (2016)]
Small bias towards M1 [Jones et al., PRC 97, 024327 (2018)] 

M1 consistent with all DANCE spectra: 96,98Mo, 112Cd, 156,157Gd, 235,239U 
[Kr`cka et al., PRC 99, 044308 (2019)]
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What does theory tell us?
x"10%9"

γ"
st
re
ng
th
"fu

nc
1o

n"
(M

eV
%3
)"

γ"energy"Eγ"(MeV)"E1? [E. Litvinova and N. Belov, 
PRC 88, 031302(R) (2013)]
Thermal-con`nuum quasipar`cle 
random-phase approxima`on

M1? [R. Schwengner, S. Frauendorf, and 
A. C. Larsen, PRL 111, 232504 (2013]
Configura`on interac`on shell model
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What does theory tell us?
x"10%9"

γ"
st
re
ng
th
"fu

nc
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n"
(M

eV
%3
)"

γ"energy"Eγ"(MeV)"E1? [E. Litvinova and N. Belov, 
PRC 88, 031302(R) (2013)]
Thermal-con`nuum quasipar`cle 
random-phase approxima`on

M1? [R. Schwengner, S. Frauendorf, and 
A. C. Larsen, PRL 111, 232504 (2013]
Configura`on interac`on shell model

More M1 within the shell model:
- B. Alex Brown and A.C. Larsen, PRL 113, 252502 (2014)
- R. Schwengner, S. Frauendorf, B. Alex Brown, PRL 118,  092502 (2017) 
- K. Sieja, PRL 119, 052502 (2017) 
- S. Karampagia, B. A. Brown, and V. Zelevinsky, PRC 95, 024322 (2017)
- A.C. Larsen, J.E. Midtbø et al., PRC 97, 054329 (2018)
- S. Goriely et al., PRC 98, 014327 (2018)
- J.E. Midtbø et al., PRC 98,064321 (2018) 
- K. Sieja, PRC 98, 064312 (2018)
- F. Naqvi et al., PRC 99, 054331 (2019)

29/09/2020
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Impact on r-process (n,g) reac5on rates?
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TALYS: Koning et al., hYp://www.talys.eu

[A.C. Larsen and S. Goriely, Phys. Rev. C 82, 014318 (2010)]
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Impact on r-process (n,g) reac5on rates?
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[A.C. Larsen and S. Goriely, Phys. Rev. C 82, 014318 (2010)]

… but is the upbend really there for n-rich nuclei?
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The beta-Oslo method
Special thanks to 
Artemis Spyrou, 
Sean Liddick,
Magne GuGormsen

Recipe:
1) Implant a neutron-rich nucleus inside a segmented total-absorption 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

76Ga->76Ge, raw

29/09/2020

The SuN detector @ NSCL/MSU
[A. Simon, S.J. Quinn, A. Spyrou et al., 
NIM A 703, 16 (2013)]



Seminar, Stavanger 48

The beta-Oslo method
Special thanks to 
Artemis Spyrou, 
Sean Liddick,
Magne GuGormsen

Recipe:
1) Implant a neutron-rich nucleus inside a segmented total-absorpWon 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

76Ga->76Ge, raw

29/09/2020

The SuN detector @ NSCL/MSU
[A. Simon, S.J. Quinn, A. Spyrou et al., 
NIM A 703, 16 (2013)]
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The beta-Oslo method: 76Ge results
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[A. Spyrou, S.N. Liddick, A.C. Larsen, M. GuYormsen
et al., PRL 113, 232502 (2014)]29/09/2020
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The beta-Oslo method: 70Co → 70Ni
Discre3onary beam 3me @ NSCL/MSU, Feb 2015;70Co beta-decaying into 70Ni

86Kr primary beam, 140 MeV/nucleon
70Co implanted on DSSD detector in SuN

70Co g.s. T1/2: 105 ms, Ip = 6-, Qb = 12.3 MeV 
Sn of 70Ni:  7.3 MeV
IniWal spins, 70Ni: 5-,6-,7-

[S.N. Liddick A. Spyrou, B.P. Crider, F. Naqvi, A.C. Larsen, 
M. Gujormsen et al., PRL 116, 242502 (2016)]

29/09/2020
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The beta-Oslo method: 70Co → 70Ni
Discre3onary beam 3me @ NSCL/MSU, Feb 2015;70Co beta-decaying into 70Ni

86Kr primary beam, 140 MeV/nucleon
70Co implanted on DSSD detector in SuN

70Co g.s. T1/2: 105 ms, Ip = 6-, Qb = 12.3 MeV 
Sn of 70Ni:  7.3 MeV
IniWal spins, 70Ni: 5-,6-,7-

[S.N. Liddick A. Spyrou, B.P. Crider, F. Naqvi, A.C. Larsen, 
M. Gujormsen et al., PRL 116, 242502 (2016)]

29/09/2020
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The beta-Oslo method: 70Co → 70Ni
Discretionary beam time @ NSCL/MSU, Feb 2015;70Co beta-decaying into 70Ni

86Kr primary beam, 140 MeV/nucleon
70Co implanted on DSSD detector in SuN

70Co g.s. T1/2: 105 ms, Ip = 6-, Qb = 12.3 MeV 
Sn of 70Ni:  7.3 MeV
IniWal spins, 70Ni: 5-,6-,7-

[S.N. Liddick A. Spyrou, B.P. Crider, F. Naqvi, A.C. Larsen, 
M. Gujormsen et al., PRL 116, 242502 (2016)]
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The beta-Oslo method: 70Ni results

Improved data analysis: deconvoluBon of the Ex axis as well [M. Gujormsen et al., in prepara`on]
[Larsen, Midtbø, Guttormsen, Renstrøm, Liddick, Spyrou et al., PRC 97, 054329 (2018)]

29/09/2020

All spins IniWal Jp = 5-, 6-, 7-



Seminar, Stavanger 54

The beta-Oslo and Oslo method: 51Ti
Discretionary beam time @ NSCL/MSU, February 2015; 51Sc beta-decaying into 51Ti
Q-value, beta-decay: 6.503 MeV; Sn = 6.372 MeV. Also: 50Ti(d,pg)51Ti @ OCL. 

29/09/2020

[S.N. Liddick, 
A.C. Larsen, 
M. Gujormsen
et al., PRC 100, 
024624 (2019)]
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The beta-Oslo and Oslo method: 51Ti

29/09/2020
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Almost the same spin range of final levels
Shell-model calculaWons by Jørgen E. Midtbø using KSHELL (Shimizu, hjps://arxiv.org/abs/1310.5431)

[S.N. Liddick, A.C. Larsen, M. Gujormsen et al., PRC 100, 024624 (2019)]



Seminar, Stavanger 56

Summary & future work
The Oslo method and beta-Oslo method can 
provide experimental constraints on (n,g) rates 
for moderately to neutron-rich nuclei needed for 
r-process nucleosynthesis calcula3ons

In the (near & not so near) future:
(i) Extend the beta-Oslo method to more n-rich nuclei 
(ii) Further improve Fully Bayesian Unfolding implemented 

by Vala Maria Valsdoer using the approach of Georgios 
Choudalakis (hMps://arxiv.org/abs/1201.4612) 

(iii) Explore machine learning for unfolding of complex 
detector response

(iv) Improve theoreBcal predicBons
… 😀

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

From ironic1.com

29/09/2020

https://arxiv.org/abs/1201.4612

