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The Oslo method: measure nuclear level 
densities and gamma-ray strength functions
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(low-energy enhancement)



Why are we interested in nuclear level densities 
and g-ray strength functions?
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• Transition from discrete to (quasi-) continuum: 
“ordered” to “chaotic” many-body quantum system

• Level density: Pairing, shell effects, “single-
particle” vs. collective behavior (collective 
enhancement) 

• Gamma-ray strength function: Statistical vs. non-
statistical gamma decay, Pygmy Dipole Resonance, 
Scissors Mode, Low-Energy Enhancement, … 

• Applications: cross section calculations and 
reaction rates (heavy-element nucleosynthesis, 
medical applications, next-generation reactors, …)

Picture: https://thequantuminsider.com/ 

https://thequantuminsider.com/


Nuclear-physics input: (n,g) reaction rates
🐴 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)]

8



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)]

9

New g-ray detector system  
30 LaBr3(Ce), 3.5’’ x 8’’ crystals
[Zeiser et al., NIM A 985, 164678 (2021)]



The Oslo method in a 

[0. Get yourself an (Eg,Ex) matrix (>20 000-ish coincidences)] 
1. Correct for the g-detector response – unfolding [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 – unfolding [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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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)]

76Ga →76Ge
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Step 1: Unfolding

15

https://doi.org/10.1016/0168-9002(96)00197-0 

56Fe(p,p’g)

https://doi.org/10.1016/0168-9002(96)00197-0
https://doi.org/10.1016/0168-9002(96)00197-0
https://doi.org/10.1016/0168-9002(96)00197-0
https://doi.org/10.1016/0168-9002(96)00197-0
https://doi.org/10.1016/0168-9002(96)00197-0
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https://doi.org/10.1016/0168-9002(96)00197-0 

Bin-by-bin point-estimate → Monte Carlo (MC), Midtbø et al. [Computer Physics 
Communications 262 (2021) 107795]
→ Improved uncertainty quantification: 
1) Regularized unfolding with MC [Lima et al., in review in PRC, arXiv:2511.16687] 
2) Bayesian unfolding [Mjøs et al., to be submitted, 2026]

56Fe(p,p’g)
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Nd isotopic chain: 
 low-energy enhancement vs. scissors mode

22Guttormsen et al., Phys. Rev. C 106, 034314 (2022) 
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The Sn isotopic chain: PDR  
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The Sn isotopic chain: PDR  
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The Sn isotopic chain: PDR  

26



93Nb(p,ng)93Zr @ NSCL
Pathirana, Zegers et al., 
https://arxiv.org/pdf/2509.09776 

89Zr(n,g)90Zr

90Zr: g-strength & reaction rate 

27

90Zr(p,p’g)90Zr, Ep = 17 MeV [with CACTUS, experiment from 2009]. Lauren T. Bell et al, submitted to PRC (2025), in review 

No clear low-energy enhancement (“flat”)

https://arxiv.org/pdf/2509.09776
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No clear low-energy enhancement (“flat”)

Charge-exchange 
Oslo method 🥳
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109In: level density 

30

106Cd(a,pg)109In, Ea = 23 MeV. Maria Markova et al., submitted to PRC (2025), in review (arXiv:2511.20206)

👻 Myth: The Oslo method always gives a “constant-temperature-like” shape of the NLD
🤓 Truth: The data can also show a “Fermi-gas-like” shape; e.g., for the odd 109In and odd-odd 44Sc, 166Ho



109In: g-ray strength 

31

106Cd(a,pg)109In, Ea = 23 MeV. Maria Markova et al., 
submitted to PRC (2025), in review (arXiv:2511.20206)



132,133I (experiments at OCL fall 2025) 

32

130Te(a,pg)133I, Ea = 24 MeV, 130Te(a,dg)132I, Ea = 30 MeV
Goal: indirectly extract (n,g)132,133I cross sections and reaction rates

130Te(a,pg)133I, 24 MeV alphas
Sorting only a few data files

Analyzed by our Master students Claudia Emilia Grieg and Therese Einskau Mørk

Ex
 (k
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Eg (keV)
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PRELIMINARY!!!



Recent beta-Oslo results: 59Fe(n,g)60Fe
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@ Michigan State University



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… “

@ Michigan State University



Recent beta-Oslo results: 139Ba(n,g)140Ba

36

@ Argonne National Lab



Recent beta-Oslo results: 139Ba(n,g)140Ba

37

… 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.

@ Argonne National Lab



The Oslo method in France 🥳🇫🇷  

38

@ Bruyéres-le-Châtel
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@ Bruyéres-le-Châtel



The Oslo method in France 🥳🇫🇷  
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@ Bruyéres-le-Châtel

238U(d,pg)239U



Summary & outlook

Challenges (AKA to-do list): 
(i) For astrophysics applications, we need 

to go much more neutron-rich → beta-
delayed neutron emission… Also, higher 
g multiplicity! (well-deformed nuclei) 🤔

(ii) Better normalizations for the level 
density and g-ray strength of neutron-
rich, unstable nuclei

(iii) Uncertainty quantification!
(iv) +++
  

41

Take-home message: 
The Oslo method and the beta-Oslo method make it possible to extract 
level densities and g-ray strength functions from Ex-Eg matrices
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R&D funded by AVIT grant, Univ. of Oslo: 
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Take-home message: 
The Oslo method and the beta-Oslo method make it possible to extract 
level densities and g-ray strength functions from Ex-Eg matrices



Extra stuff
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Level density and g-ray strength function

45

Level density: 

𝜌 𝐸!, 𝐽, 𝜋 =
Δ𝑁 𝐸!, 𝐽, 𝜋

Δ𝐸!

𝜌 𝐸! =*
",$

𝜌 𝐸!, 𝐽, 𝜋

Gamma strength function:

𝑓%& 𝐸', 𝐸(, 𝐽(, 𝜋( =
Γ'%& 𝐸', 𝐸(, 𝐽(, 𝜋(

𝐸')&*+
𝜌(𝐸(, 𝐽(, 𝜋()

Excitation-energy bin 𝐸!
Spin 𝐽
Parity 𝜋

Electromagnetic character 𝑋
Multipolarity 𝐿
Average, partial radiative width Γ"#$
Initial excitation energy 𝐸% 
Gamma energy 𝐸"
Spin of initial levels 𝐽%
Parity of initial levels 𝜋%



Step 2: Distribution of first-generation g rays

46

Unfolded

https://doi.org/10.1016/0168-9002(87)91221-6 

𝑓!"#(𝐸$)

𝑔!(𝐸$)

https://doi.org/10.1016/0168-9002(87)91221-6
https://doi.org/10.1016/0168-9002(87)91221-6
https://doi.org/10.1016/0168-9002(87)91221-6
https://doi.org/10.1016/0168-9002(87)91221-6
https://doi.org/10.1016/0168-9002(87)91221-6


Step 3: Extraction of level density and g-ray 
transmission coefficient
• Normalize P(Ei,Eg ) so that 

• “Theoretical” estimate of experimental primary g matrix:

• First trial function: 

Note: there is no a priori 
assumption that the level 
density has a Fermi gas or 
constant-temperature shape! 47



Step 3: Extraction of level density and g-ray 
transmission coefficient
• Higher-order estimates through a least c2- minimization: 

Each vector element in r and t is treated as a free parameter

56Fe(p,p’) example:
Data points (“pixels”): 2052
Free parameters: 184

Nfree << Ndata
Typically ≈10-20 iterations, but often converges after ~4-5 iterations

48



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) is
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), and 
we can apply an average dipole strength for 
all spins and both parities 

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 

✅

🤔

Guttormsen et al, 
Phys. Scr. T32, 
54 (1990)

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


… but does it work? Let’s check! 

From 186W(a,a’g)186W with CACTUS [Larsen et al., PRC 108, 025804 (2023)] – reduced 𝜒% = 0.85 50



… but does it work? Let’s check! 

From 146Nd(d,pg)147Nd with OSCAR [Guttormsen et al., PRC 106, 034314 (2022)] 51



52

• The extracted 𝜌(𝐸7) and 𝜏 𝐸'  vectors have a functional form that is 
uniquely determined by the 𝜒) minization (e.g. bumps, dips, …)

• The absolute normalizations and slopes are not known. Equally good 
solutions are found with all functions of the form (continuous 3-parameter 
Lie group transformation)

• The parameters A, B, and a must be determined from external data
• The parameter a can be found from the Oslo data set by applying the 

Shape method

Step 4: Normalization



Step 4: Normalization, NLD

53186W(a,a’g)186W [Larsen et al., PRC 108, 025804 (2023)]

D0: neutron s-wave spacing; 
It: target spin in (n,g) reaction; 
s: spin cutoff parameter

44Sc, Ex = 8 MeV



Step 4: Normalization, gSF

54

• The slope is already given by the level-
density normalization

• Now we assume:

• Then we can use:

Larsen et al (2011) https://doi.org/10.1103/PhysRevC.83.034315 and refs therein
186W(a,a’g)186W [Larsen et al., PRC 108, 025804 (2023)]

https://doi.org/10.1103/PhysRevC.83.034315


Odd rare-earth nuclei: 166,167Ho

55

163Dy(a,pg)166Ho

Pogliano et al., 
Phys. Rev. C. 107, 
034605 (2023) 

164Dy(a,pg)167Ho

Pogliano et al., 
Phys. Rev. C. 107, 
064614 (2023) 

166Ho 166Ho

167Ho 167Ho
TALYS 1.96



90Zr 

56NLD in good agreement with Ohio data! 😀 

90Zr(p,p’g)90Zr, Ep = 17 MeV [with CACTUS, experiment from 2009]. Lauren T. Bell et al, submitted to PRC (2025), in review 



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)] 57



Benchmarking Oslo and beta-Oslo methods

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

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

58
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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)]

[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



Unfolding of Ex axis: 70Ni Ex response function
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Old:

New:

Unfolding of Ex axis: 70Ni
Correction for incomplete summing and electron background [M. Guttormsen et al., in preparation 
(2025)]

61


