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What we see 👀

Credit: NASA/CXC/M.Weiss
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What we see 👀

Credit: NASA/CXC/M.Weiss
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Heavy-element nucleosynthesis where neutron 
capture reactions are particularly important
• Slow n-cap. process
• Rapid n-cap. process
• Intermediate n-cap. process

i-process simulation, Nn = 5 x 1014 cm-3

[Goriely, Siess, Choplin, A&A 654, A129 (2021)] 5
Snapshots ,  r process in neutron star collision [one trajectory!] 
Mumpower, Surman, McLaughlin, Aprahamian, Prog.Part. Nucl. Phys. 86, 86 (2016)

after 100 ms

neutron exhaustion

decay to stability
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after 100 ms

neutron exhaustion

decay to stability

All of them involve neutron-capture rates 
on unstable nuclei:
• s process: a few nuclei (branch points)
• r process: many extremely neutron rich nuclei
• i process: many moderately neutron-rich nuclei 



Problems 🤔
• Unstable nuclei are very di9icult (or 

impossible) to make into proper targets 
for neutron-capture experiments
• Free neutrons are unstable, so we 

cannot easily make a neutron target for 
e.g. inverse-kinematics experiments
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So, let’s just calculate the neutron capture rates! Or…?
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Theoretical 157Sm(n,g) and 175Sm(n,g) reaction rates 
[Calculations with the TALYS reaction code]
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Theoretical 157Sm(n,g) and 175Sm(n,g) reaction rates 
[Calculations with the TALYS reaction code]
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How to treat these uncertainties?
1) Monte Carlo approach: e.g. Mumpower et al., Prog. Part. Nucl. Phys. 86, 86 (2016), 
Denissenkov et al., J. Phys. G: Nucl. Part. Phys. 45, 055203 (2018) 
2) Systematic treatment, masses & b-decay, many trajectories: Kullmann et al., MNRAS 523, 2551 (2023) 
3) Systematic treatment, level density and gamma-strength: Pogliano & Larsen, PRC 108,  025807 (2023)  12

Theoretical 157Sm(n,g) and 175Sm(n,g) reaction rates 
[Calculations with the TALYS reaction code]



The solution 💡
• Use indirect methods to get experimental constraints on the (n,g) cross 

section
• The surrogate method, with variations: 
• direct capture: e.g. Gaudefroy et al, Eur. Phys. J. A 27, 309 (2006), Jones et al., 

Nature 465, 454 (2010), Kozub et al., PRL 109, 172501 (2012), … ]
• Compound-nucleus capture: e.g. Escher et al., PRL 121, 052501 (2018), Ratkiewicz 

et al., PRL 122, 052502 (2019), …]
• Measure E1 strength with Coulomb dissociation [e.g. Uberseder et al., PRL 

112, 211101 (2014)]
• Measure nuclear level density and gamma-decay strength: 
• The Oslo method (for nuclei not too far from stability) [coming slides]
• The inverse-kinematics Oslo method [Ingeberg et al., EPJA 56, 68 (2020) and PRC 

111, 015803 (2025)]
• The beta-Oslo method 🥳 [coming slides]
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Nuclear-physics input: (n,g) reaction rates
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🐴 The workhorse: (Wolfenstein-)Hauser-Feshbach theory 
-> “Compound nucleus” picture of Bohr
[W. Hauser and H. Feshbach, Phys. Rev. 87, 366 (1952)] 
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Experiments at the Oslo Cyclotron Lab
CACTUS: 
26 (28) 
collimated 
NaI(Tl) 
crystals, 
5’’ x 5’’
[Guttormsen et al., 
Phys. Scr. T32, 54 
(1990]

SiRi: 
8x8 Si 
ΔE-E particle 
detectors 
(segmented 
ΔE, ≈ 2o )
(≈9% of 4π)
[Guttormsen et al., 
NIM A 648, 168 
(2011)]
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New g-ray detector system  
30 LaBr3(Ce), 3.5’’ x 8’’ crystals
[Zeiser et al., NIM A 985, 164678 (2021)]



The Oslo method – a crash course 😎 

[0. Get yourself an (Eg,Ex) matrix (>20 000 coincidences)] 
1. Correct for the g-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. Obtain level density and g-strength from primary g rays [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)]
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1. Correct for the g-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. Obtain level density and g-strength from primary g rays [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 (if you see missing stuff, let us know!!):
https://ocl.uio.no/compilation/ 
Analysis codes and tools:
https://github.com/oslocyclotronlab/oslo-method-software
Python version OMpy (work in progress 🔨):
https://github.com/oslocyclotronlab/ompy 
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Step 3: NLD and g-ray transmission coeff.
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Ansatz: 
[generalization of Fermi´s Golden Rule]

Factorize the primary g matrix:
𝑃(𝐸!, 𝐸") ∝ 𝜌(𝐸" − 𝐸!)𝒯(𝐸!)

where the g-decay strength (for dipole radiation)
𝑓(𝐸!) = 𝒯 𝐸! /2𝜋𝐸!#

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

the level is formed
2) The g-ray strength function varies slowly 

with Ex (at high Ex – high level density) 
è the Brink hypothesis

[Brink, Doctoral thesis, Oxford (1955), 
Axel, Phys. Rev. 126, 671 (1962)]

[Schiller et al., NIM A 447, 498 (2000)]
https://doi.org/10.1016/S0168-9002(99)01187-0 

✅

🤔

https://doi.org/10.1016/S0168-9002(99)01187-0
https://doi.org/10.1016/S0168-9002(99)01187-0
https://doi.org/10.1016/S0168-9002(99)01187-0
https://doi.org/10.1016/S0168-9002(99)01187-0
https://doi.org/10.1016/S0168-9002(99)01187-0
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The beta-Oslo method in a 

Special thanks to 
Artemis Spyrou, 
Sean Liddick,
Magne Guttormsen

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

Segmented, total absorption spectrometer SuN 
[A. Simon, S.J. Quinn, A. Spyrou et al., NIM A 703, 16 (2013)]
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The beta-Oslo method: 70Co → 70Ni
Discretionary beam time @ NSCL/MSU, Feb 2015;70Co beta-decaying into 70Ni

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

[S.N. Liddick A. Spyrou, B.P. Crider, F. Naqvi, A.C. Larsen, 
M. Guttormsen et al., PRL 116, 242502 (2016)]
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70Co g.s. T1/2: 105 ms, Ip = 6-, Qb = 12.3 MeV 
Sn of 70Ni:  7.3 MeV
Initial spins, 70Ni: 5-,6-,7-

[S.N. Liddick A. Spyrou, B.P. Crider, F. Naqvi, A.C. Larsen, 
M. Guttormsen et al., PRL 116, 242502 (2016)]
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[Larsen, Midtbø, Guttormsen, Renstrøm, Liddick, Spyrou et al., PRC 97, 054329 (2018)]

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

Improved data analysis: unfolding of the Ex axis as well



Recent beta-Oslo results: 59Fe(n,g)60Fe
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Recent beta-Oslo results: 59Fe(n,g)60Fe
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“While uncertainties in the nuclear physics aspects still remain, our 
result removes one of the most significant uncertainties in the 60Fe 
production. However, the discrepancy persists and is even larger. The 
solution to the puzzle must come from stellar modeling… “



Recent beta-Oslo results: 139Ba(n,g)140Ba
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Recent beta-Oslo results: 139Ba(n,g)140Ba
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Recent beta-Oslo results: 139Ba(n,g)140Ba
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… the uncertainty in the predictions for the 
double abundance ratio of [La/Eu] and [Ba/La] is 
greatly reduced, and is now comparable to the 
uncertainties from astronomical observations.



The samarium experiment @ Argonne National Lab
CARIBU: 252Cf spontaneous fission source → 156,158Pm. SuN with SuNTAN (tape station), fiber detector for the electrons 

[CARIBU: G. Savard, et al, Nucl. Instr. Methods Phys. Res. B 266, 4086 (2008)]
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The samarium experiment @ Argonne National Lab
CARIBU: 252Cf spontaneous fission source → 156,158Pm. SuN with SuNTAN (tape station), fiber detector for the electrons 

[CARIBU: G. Savard, et al, Nucl. Instr. Methods Phys. Res. B 266, 4086 (2008)]
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The samarium experiment @ Argonne National Lab
156Pm -> 156Sm: Q-value = 5.20 MeV, Sn = 7.24 MeV, T1/2 = 26.7s
158Pm -> 158Sm: Q-value = 6.16 MeV, Sn = 6.64 MeV, T1/2 = 4.8 s

Eg [keV]

Ex
 [k

eV
]

Eg [keV]

156Sm
158Sm

39[Larsen et al., data analysis ongoing]



Preliminary results, 156,158Sm
Deformation (b2) ≈ 0.34-0.35  [Goriely, Chamel, and Pearson, PRL 102, 152503 (2009)]

40[Larsen et al., data analysis ongoing]



Preliminary results, 156,158Sm
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Deformation (b2) ≈ 0.34-0.35  [Goriely, Chamel, and Pearson, PRL 102, 152503 (2009)]

41[Larsen et al., data analysis ongoing]



Summary & outlook

Challenges: 
(i) We need to go much more neutron-rich 

→ beta-delayed neutron emission opens 
up! Also, higher g multiplicity, especially 
for well-deformed nuclei 🤔

(ii) We need to get better normalizations for 
the level density and g-ray strength for 
neutron-rich, unstable nuclei!

  

From plusquotes.com
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Take-home message: 
Indirect methods are often the only way to determine (n,g) 
reaction rates for the i and r process → (beta-)Oslo method! 
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Take-home message: 
Indirect methods are often the only way to determine (n,g) 
reaction rates for the i and r process → (beta-)Oslo method! 

Many thanks for your attention!



Extra stuff
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The beta-Oslo method: 76Ge results
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[A. Spyrou, S.N. Liddick, A.C. Larsen, M. Guttormsen et al., PRL 113, 232502 (2014)]



Benchmarking Oslo and beta-Oslo methods
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. 

[S.N. Liddick, A.C. Larsen, M. Guttormsen et al., PRC 100, 024624 (2019)] 47



Benchmarking Oslo and beta-Oslo methods

[S.N. Liddick, A.C. Larsen, M. Guttormsen et al., PRC 100, 024624 (2019)]
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Almost the same spin range of final levels
Shell-model calculations by Jørgen E. Midtbø using KSHELL (Shimizu, https://arxiv.org/abs/1310.5431)
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Unfolding of Ex axis: 70Ni Ex response function
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Old:

New:

Unfolding of Ex axis: 70Ni
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Correction for incomplete summing and electron background [M. Guttormsen et al., in preparation 
(2025)]
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Neutron-star merger r-process trajectories
⚖ (n,g)-(g,n) equilibrium: to be or not to be

Solid line: pure Hauser-Feshbach; dashed 
line: also direct capture
[M. Arnould, S. Goriely and K. Takahashi, Phys. Rep. 450, 97 (2007)]

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

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)]
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