The Oslo method for nuclear-model ingredients:
Recent results and applications

= OSCARV

Nuclear Data for the Next Decade

9-13 Mar 2026
Amphithéatre Farabeuf, Campus des Cordeliers, Paris

Europe/Paris timezone

(t‘/:\ /
O S . ChETEC

Ann-Cecilie Larsen
RCN Project No. 316116, NNRC Project No. 341985 o Norwegian Nuclear ¢ oK)
R h Cent >
esearch Centre N2 INFRA

UiO ¢ Department of Physics The Research i
University of Oslo Council of Norway NUKLEARSENTERET IReNA Jina-cEE




Many thanks to

M. Guttormsen, A. Gorgen, K.C.W. Li, V.W. Ingeberg, E. Sahin, S. Siem and
everyone at the nuclear-physics group, Dep. of Physics, University of Oslo
* M. Hjorth-Jensen, A. Kvellestad, Dep. of Physics, University of Oslo

* S. Shen, Institute for Theoretical Astrophysics, University of Oslo

* A.Spyrou, S. N. Liddick and their groups @ FRIB, Michigan State University
 A.L.Richard, A. V. Voinoy, S. M. Grimes, Ohio University

* D. Mlcher, University of Cologne pe \
* S. Goriely, Université Libre de Bruxelles E)d-\'a's e S
* P.von-Neumann-Cosel and J. Isaak, TU Darmstadt a\Neso

* S. Lyons, Pacific Northwest National Laboratory tdoc

N. Shimizu, University of Tokyo and University of Tsukuba

Y. Utsuno, University of Tokyo and Japan Atomic Energy Agency
H. Utsunomiya, Konan University /Shanghai Advanced Research Institute
M. Wiedeking, iThemba LABS Berkeley National Lab

D.L. Bleuel and A. Sweet, Lawrence Livermore National Lab



The Oslo method: measure nuclear level
densities and gamma-ray strength functions
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Why are we interested in nuclear level densities
and y-ray strength functions?

) T f

« 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/
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Nuclear-physics input: (n,y) 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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Nuclear-physics input: (n,y) 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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Nuclear-physics input: (n,y) 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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CACTUS:
26 (28)
collimated
Nal(Tl)
crystals,
57x5”

[Guttormsen et al.,

Phys. Scr. T32, 54
(1990]

SiRi:

|| 8x8 Si

AE-E particle
detectors
(segmented
AE, = 2°)

1| (9% of 4m)
| | [Guttormsen et al.,

NIM A 648, 168
(2011)]

CACTUS/SiRi
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Experlments at the Oslo Cyclotron Lab

= 30 LaBr;(Ce), 3.5’ x 8”’ crystals
[Zeiser et al., NIM A 985, 164678 (2021)] rorget nucleus
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The Oslo method in a ¢

[Data from Larsen et al., PRL 111, 242504 (2013)
and J.Phys.G: Nucl. Part. Phys. 44, 064005 (2017)]
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[0. Get yourself an (Ey,E,) matrix (>20 000-ish coincidences)]

1. Correct for the y-detector response — unfolding [Guttormsen et al., NIM A 374, 371 (1996)]

2. Extract distribution of primary ys for each E, [Guttormsen et al., NIM A 255, 518 (1987)]

3. Obtain level density and y-strength from primary y 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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The Oslo method in a ¢

[Data from Larsen et al., PRL 111, 242504 (2013)
and J.Phys.G: Nucl. Part. Phys. 44, 064005 (2017)]
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1. Correct for the y-detector response — unfolding [Gu
2. Extract distribution of primary ys for each E, [Guttor
3. Obtain level density and y-strength from primary y

4. Normalize & evaluate systematic errors [Schiller et :
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 ‘

Recipe:

Specia.l thanks to 1) Implant a neutron-rich nucleus inside a high-efficiency, segmented total-
Artem|§ SPyrou, absorption spectrometer (preferably with Qg = S,)

Sean Liddick, 2) Measure B~ in coincidence with all y rays from the child nucleus

Magne Guttormsen 3) Apply the Oslo method to the (EX,EY) matrix to get level density & y- strength

Segments give individual y rays, the sum of all gives E,

2 A
’6Ga —7%Ge

3
(3)
(1,2)

3(+)
2+
2+
0+

b

Segmented, total absorption spectrom
[A. Simon, S.J. Quinn, A. Spyrou et al., NIM A 7(
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The beta-Oslo method in a ‘

Special thanks to
Artemis Spyrou,
Sean Liddick,
Magne Guttormsen

U\

Segmented, total absorption spectrom
[A. Simon, S.J. Quinn, A. Spyrou et al., NIM A 7(

Recipe:

1) Implant a neutron-rich nucleus inside a high-efficiency, segmented total-
absorption spectrometer (preferably with Qg = S,))

2) Measure 3~ in coincidence with all y rays from the child nucleus

3) Apply the Oslo method to the (E, E,) matrix to get level density & y- strength

Segments give individual y rays, the sum of all gives E,
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The beta-Oslo method in a ‘

week ending

PHYSICAL REVIEW LETTERS 5 DECEMBER 2014

PRL 113, 232502 (2014)

Novel technique for Constraining r-Process (n, y) Reaction Rates

g N. Lnddxck,'“ A.C. Larsen,”* M. Guttormsen,’ K. COoper"‘ 7 W od Dombos.'23
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(Received 25 August 2014; published 2 December 2014)

A. Spyrou,
D.J. Momssey.

A novel technique has been developed, which will open exciting new opportunities for studying the very
neutron-rich nuclei involved in the r process. As a proof of principle, the y spectra from the # decay of "°Ga
have been measured with the SuN detector at the National Superconducting Cyclotron Laboratory. The nuclear
level density and y-ray strength function are extracted and used as input to Hauser-Feshbach calculations. The
present technique is shown to strongly constrain the Ge(n, y)"°Ge cross section and reaction rate.

DOIL: 10.1103/PhysRevLett.113.232502 PACS numbers: 26.30.Hj, 21.10.Ma, 27.50.+e
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Step 1: Unfolding

H Nuclear Instruments and Methods in Physics Research A 374 (1996) 371-376 W
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The unfolding of continuum vy-ray spectra

M. Guttormsen*, T.S. Tveter, L. Bergholt, F. Ingebretsen, J. Rekstad
Department of Physics, University of Osio, Osio, Norway

Received 26 January 1996

Abstract

A new method for unfolding y-ray spectra is described. The method is based on the fact that the contribution of Compton
scattered -y-rays in the spectra is a slowly varying function of energy. Thus, the Compton part can be smoothed and
subtracted from the original observed spectrum giving an unfolded spectrum with the same statistical fluctuations as the
observed spectrum. In particular, we show that the method works very well for poor statistics continuum 7y-ray spectra.
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The unfolding of continuum +vy-ray spectra
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ELSEVIER Section A

Bin-by-bin point-estimate - Monte Carlo (MC), Midtbg 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 [Mjgs et al., to be submitted, 2026]
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The unfolding of continuum +vy-ray spectra

‘H Nuclear Instruments and Methods in Physics Research A 374 (1996) 371-376 " NUCLEAR

Bin-by-bin point-estimate - Monte Carlo (MC), Midtbg 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 [Mjgs et al., to be submitted, 2026]

Regularized Unfolding of gamma-ray Spectra for Nuclear Physics Applications

E. Lima,? L. L. Braseth,! A. H. Mjgs,»2 M. Hjorth-Jensen,'»3 A. Kvellestad,! and A. C. Larsen':?2

! Department of Physics, University of Oslo, N-0316 Oslo, Norway
2 Norwegian Nuclear Research Center, Norway"*
3 Center for Computing in Science Education, University of Oslo, N-0316 Oslo, Norway
(Dated: November 3, 2025)

Reconstructing gamma-ray spectra from detector measurements is an ill-posed inverse problem.
Standard methods, such as Folding Iteration with Compton Subtraction (FICS), provide point
estimates but lack calibrated uncertainties and may bias the spectrum. We introduce an unfold-
ing framework based on regularized maximum-likelihood estimation (RMLE) that enforces non-
negativity and detector-response constraints while explicitly modeling background and contaminant
contributions. Simulations and analytical results show that RMLE yields smoother reconstructions
with well-calibrated confidence intervals and outperforms existing techniques for low-complexity
spectra. Although high-complexity data remain challenging, the intervals produced by RMLE main-
tain correct coverage.

E, (MeV)
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Using the data to calculate (n,y) reaction rates

s-process branch point 18W

Primary y rays
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[Larsen et al., PRC 108, 025804 (2023)]
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Using the data to calculate (n,y) reaction rates

s-process branch point 18W

Primary y rays
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y-ray strength function f(E ) [MeV™?]
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Using the data to calculate (n,y) reaction rates

s-process branch point 18W

Primary y rays
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Nd isotopic chain:

low-energy enhancement vs. scissors mode
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Nd isotopic chain:
low-energy enhancement vs. scissors mode
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The Sn isotopic chain: PDR

Phys. Lett. B 860 (2025) 139216

Contents lists available at ScienceDirect

PHYSICS LETTERS B

Physics Letters B

journal homepage: www.elsevier.com/locate/physletb

Letter

Systematics of the low-energy electric dipole strength in the Sn isotopic
chain

Check for
updates

M. Markova® "~ *, P. von Neumann-Cosel >~ -*, E. Litvinova %% >*

2 Department of Physics, University of Oslo, N-0316 Oslo, Norway
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The Sn isotopic chain: PDR

Physics Letters B 860 (2025) 139216
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The Sn isotopic chain: PDR
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90Zr: y-strength & reaction rate

90Zr(p,p’y)°%Zr, E, = 17 MeV [with CACTUS, experiment from 2009]. Lauren T. Bell et al, submitted to PRC (2025), in review
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https://arxiv.org/pdf/2509.09776

90.937r: y-strength

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

107

y-ray strength function (MeV™)

No clear low-energy enhancement (“flat”)

IIIIIIII | IIIIIII| | IIIIIII|

Oslo data: GC

[ | ErrorinT,:20: GC

[ ] Errorin p(Sn) from systematics: GC
Oslo data: RMI

(] ErorinT,: 2c: RMI
Error in p(Sn) from systematics: RMI
Oslo data: RMI lower y limit in fg

2 4 6 8
y-ray energy EY (MeV)

f(E ) (MeV®)

107°

1076

1077

1078

T I TTTT I IIIII]I| I IIIIIII|

I IIIIIII

|

® CE-Oslo data: recommended

Total uncertainty

%Zr(y,n), H.Utsunomiya et al.(2008)
94Zr(y ,n), H.Utsunomiya et al.(2008)
------ E1 - DIM+QRPA, Goriely et al. (2018)
S M1 - D1IM+QRPA, Goriely et al. (2018)

X%

—— E1 + M1 + Upbend

/733NIb(p,ny)93Zr @ NSCL

-Pathirana, Zegers et al.
: HttDS'//arxiv org/pdf/2509.09776

Charge exchange
Oslo method &

"l’l :‘."(‘
Il}lli’-lIII|III|II||III|III|II||III|III

0

2 4 6 8 10 12 14 16 18 20
y-ray energy E (MeV)
! 28


https://arxiv.org/pdf/2509.09776

90.937r: y-strength

90Zr(p,p’y)%%Zr, E, = 17 MeV [with CACTUS, experiment from 2009]. Lauren T. Bell et al, submitted to PRC (2025), in review
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109]n: level density

196Cd(at,py)1%In, E, = 23 MeV. Maria Markova et al., submitted to PRC (2025), in review (arXiv:2511.20206)
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109]n: y-ray strength

196Cd(at,py)1°°In, E, = 23 MeV. Maria Markova et al.,
submitted to PRC (2025), in review (arXiv:2511.20206)
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132,133 (experiments at OCL fall 2025)

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

130Te(a, py) =31, E, = 24 MeV, 30Te(a,dy) 3?1, E,, = 30 MeV
Goal: indirectly extract (n,y)'32133] cross sections and reaction rates
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132,133] (experiments at OCL fall 2025)

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

130Te(a, py) =31, E, = 24 MeV, 30Te(a,dy) 3?1, E,, = 30 MeV
Goal: indirectly extract (n,y)'32133] cross sections and reaction rates
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Recent beta-Oslo results: *°Fe(n,y)*°Fe

nature communications

Article https://doi.org/10.1038/s41467-024-54040-4

Enhanced production of °°Fe in massive stars
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Massive stars are a major source of chemical elements in the cosmos, ejecting
freshly produced nuclei through winds and core-collapse supernova explo-
sions into the interstellar medium. Among the material ejected, long-lived
radioisotopes, such as ®°Fe (iron) and *°Al (aluminum), offer unique signs of
active nucleosynthesis in our galaxy. There is a long-standing discrepancy
between the observed °Fe/?®Al ratio by y-ray telescopes and predictions from
supernova models. This discrepancy has been attributed to uncertainties in
the nuclear reaction networks producing ®Fe, and one reaction in particular,
the neutron-capture on >°Fe. Here we present experimental results that pro-
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Recent beta-Oslo results: *°Fe(n,y)*°Fe

nature communications

Article

“While uncertainties in the nuclear physics aspects still remain, our
result removes one of the most significant uncertainties in the ¢°Fe
production. However, the discrepancy persists and is even larger. The
solution to the puzzle must come from stellar modeling... “
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Recent beta-Oslo results: '3°Ba(n,y)'4°Ba

PHYSICAL REVIEW LETTERS 132, 202701 (2024)

Featured in Physics

First Study of the 1*Ba(n,y)'4’Ba Reaction to Constrain
the Conditions for the Astrophysical i Process
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Recent beta-Oslo results: '3°Ba(n,y)'4°Ba
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The Oslo method in France 518

Nuclear Instruments and Methods in Physics Research A 1073 (2025) 170243
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The Oslo method in France

Nuclear Instruments and Methods in Physics Research A 1073 (2025) 170243

O. Roig et al.
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Fig. 9. [E,, E,,.] matrix, measured (left part), unfolded (middle part) and primary-y-rays (right part) for the 2*3U(d, p) reaction. The neutron binding energy of compound #°U, at
S, = 4.8064(2) MeV [26], is shown with the black dotted line in Fig. 9(a). Black lines in Fig. 9(c) mark the area of the primary-y-ray matrix which was used in the Oslo method.
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The Oslo method in France

Nuclear Instruments and Methods in Physics Research A 1073 (2025) 170243
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Summary & outlook
Take-home message:

The Oslo method and the beta-Oslo method make it possible to extract
level densities and y-ray strength functions from E,-E, matrices

Challenges (AKA to-do list):

(i) For astrophysics applications, we need
to go much more neutron-rich — beta-
delayed neutron emission... Also, higher
vy multiplicity! (well-deformed nuclei) &

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

(ili) Uncertainty quantification!

(iv) +++
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The Oslo method and the beta-Oslo method make it possible to extract
level densities and y-ray strength functions from E,-E, matrices

Challenges (AKA to-do list): 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 y-ray strength functions from E,-E, matrices
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vy multiplicity! (well-deformed nuclei) &

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

(ili) Uncertainty quantification!
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Extra stuff



Level density and y-ray strength function

Level density:

AN(Ey, ], )
p(Ey, ], m) = AZ' Excitation-energy bin E,
X SpinJ
p(E) = ) p(Ey, ], Parity
J T

Gamma strength function: ,
Electromagnetic character X

Multipolarity L
(F)g(L (Ey» Ei, i, ﬂi)) Average, partial radiative width (I;X")
fXL(E)/' Ei']i'ﬂi) = F2L+1 p(EyJimi) Initial excitation energy E;
Y Gamma energy E,,
Spin of initial levels J;
Parity of initial levels ;
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Step 2: Distribution of first-generation y rays
*°Fe(p, p*y)“Fg I Gate 3

fiv1(Ey)

10

— Y (Ey)

Excitation energy E (MeV)
(o))

[ e Unfolded
| ¥
-_fﬁl R T T N T T T NN T TN T NN TN TN AN N R T

hiv1(Ey) = fiv1(Ey) — Z cir Wi fi

https://doi.org/10.1016/0168-9002(87)91221-6 i'=1
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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
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Step 3: Extraction of level density and y-ray

transmission coefflc:lent
* Normalize P(E,E,) so that E P(E,E )=1.
E Em

* “Theoretical” estimate of experimental primary y matrix:
T(E,)p(E, - E))

F, =
3" LT(E)p(E ~E,)
. . . E —E

* First trial function: 0 _q

p =1

. — T(E)

Note: there is no a priori P(E..E.) = Y
assumption that the level Y EEi O
density has a Fermi gas or E,=Ey" !
constant-temperature shape!
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Step 3: Extraction of level density and y-ray

transmission coefficient
 Higher-order estimates through a least y?- minimization:

e OO0 X MAMA

DA% AT

Kev . Hihast i 72

11000 iax 2 })ﬂ’l (EI’E}’) - P(EZ,E}’)
free E=E.;, E, Ernln i AP(EI ? E}’ )

7000

Each vector element in p 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

200

4.00 6.00 8.00 10.00
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Step 3: NLD and y-ray transmission coefft.

Ansatz:

[generalization of Fermi’s Golden Rule] D g
_ _ _ 3He / e Guttormsen et al,
Factorize the primary y matrix: » Phys. Scr. T32,
P(E;, Ey) < p(Ex — Ey)T(Ey)

Transfer 54 (1990)
where the y-decay strength (for dipole radiation) is
f(E,)) =T(E,)/2rE}

Two important assumptions:

1) The y decay takes place a long time after
the level is formed
(&9 2) The y-ray strength function varies slowly
with E, (at high E, — high level density), and
we can apply an average dipole strength for
all spins and both parities
=>» the Brink hypothesis

Particle-

emission
T = 107 %%

Statistical

_ 5 -emission
T = 10715 &K L

""" (Collective

X _\\\—-\ ~-emission

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

49



https://doi.org/10.1016/S0168-9002(99)01187-0
https://doi.org/10.1016/S0168-9002(99)01187-0
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E, (MeV)

but does it work? Let’s check!

8F ol ‘ - (b) E,=459MevV | F (©) E, = 4.81 MeV
z e :-

Vs - :

6

50

4

3

2

3 e

1: ------- New:_

0_||||||||||||||||||||||z_ C

0 1 2 3 L R R RS S A R T R B N S~

Y energy EY [MeV]
From 8W(a.,a.’y)188W with CACTUS [Larsen et al., PRC 108, 025804 (2023)] - reduced y? = 0.85
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... but does it work? Let’s check!

Probability/124 keV

Probability/124 keV

(a) E = 3.5 MeV

} first-gen. data
pxT

(b) E = 3.8 MeV

3 (c) E = 4.2 MeV

1

156 2 25 3 35 4 45 5

1

15 2 25 3 35 4 45 5

Y energy Ey (MeV)

*+ -t-.g._*_
+ *
-Pf++

++

1 156 2 25 3 35 4 45 5

From 46Nd(d,py)'4’Nd with OSCAR [Guttormsen et al., PRC 106, 034314 (2022)]

¥ ++++++++++ *

-+
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Step 4: Normalization

» The extracted p(Ef) and 7(E,) vectors have a functional form that is
uniquely determmed by the ¥? 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)

P(E~E,) = p(E - E,) Aexpla(E - E,)]
T(E,)=1(E,)Bexp(akE,)

« The parameters A, B, and « must be determined from external data

« The parameter a can be found from the Oslo data set by applying the
Shape method
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Step 4: Normalization, NLD

l,: target spin in (n,y) reaction;
o: spin cutoff parameter

Pp(E — E,) = Aexpla(E — E,))] p(E — E,) 207 1

p(S,) = 2 2 2 2
e D, (I +1exp[-(, +1)* /20*]+1 exp[-I7 /207]
- ¥ Oslodata, '®*wW -
B . 025 Gilbert & Cameron a)
10° & 1o stat.+sys. D 5 o02f
_ = ——— Known levels #Sc, E, = 8 MeV g 0.15F-
s 5 e CT interpolation 2 o1
o 107 P {'Ti 2 oosf- ‘
= F T Estmated (S, o o, .
= B A . 025 Egidy & Bucurescu b)
L\LI/ 1045_ ,,"? % 02
i - ,I"! Z 0.15
2 . 4 a
2 10°s o . 0'15_‘ |
) - P C 0.05— I
© — . k s .
T>J 102 ;_ / ﬁ 0;:%: Demetriou & Goriely c)
() = o E
- - £ 0.5
10 —_ % 0.1;—
f [
B I I | .
o 02505 Hilaire & Goriely d)
1 | L1 1 1 | L1 1 1 | 1 1 1 | I | | L1 1 1 | | | I 1 1 1 I L1 1 E 0.2
0 1 2 3 4 5 6 7 S o015t
Excitation energy E, [MeV] @ o1
188\\/ (o, 007y) 188 [L tal., PRC 108, 025804 (2023 200 ‘ 1L, 53
Oy [Larsen etal., ’ ( )] 0 2 4 6 8 10 12z 14 16

Spin J (7)



Step 4: Normalization, ySF

Y

y-ray strength function f(E ) [MeV™]

—
o
&

—
<
~

—
o
&

J(E,) = Bexp(aE,) 7 (E,)
E_ I  Oslo data, '®w
E 1o stat.+sys.
__ i
- f*“
- ; t
il .
B f H*”
H%
E. [ AR BT BN RS S
0 1 2 3 4 5 6

186\W (o, a’y) 188W [Larsen et al., PRC 108, 025804 (2023)]

y-ray energy EY [MeV]

The slope is already given by the level-
density normalization

Now we assume:

BT (E,) = BY  Ixi(E,) ~ B[.F(E,) + Fu(Ey)]
XL

Then we can use:

(Ty (S, I; £1/2, m;))
B N
_ dE, 7 (E
47Tp(Sn,It:|:1/29 T[t) -/l;yz() ’ ( y)

1
Xp(Sn_Ey) E g(Sn_EyaItil/z_FJ)
J=-1
54
Larsen et al (2011) https://doi.org/10.1103/PhysRevC.83.034315 and refs therein



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

'%3Dy(a.,py)'**Ho

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

1%4Dy(a.,py)'®"Ho

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

1+ 166
Odd rare-earth nuclei: ’
([ J
107
§ s
Al
106 4
__10° 5
7
>
(<]
= 10* 4
S Idmodel 1
~ 10° - Idmodel 2
Idmodel 3
5 ] . Idmodel 4
10° %
] .,(v —— ldmodel 5
] J === ldmodel 6
].()l hd T T T T
0 2 4 6
E, [MeV]
107 E “
] 167 H o)
10°
10° 4
= 10* 4
\2/ BSFG
A 103 4 GSM
g """ HFB+stat
102 - —— HFB+comb
Fitting intv. === THFB+comb
10! 4 —— Known lvs. === CT extrap.
1o conf. T patSn
o | CTM ¢  This work
10°4 §
1 2 3 4 5 6 7 8

GSF [MeV~3

GSF (MeV™?)

157Ho

1077 4

20 conf.
lo conf.
strength 1
strength 2
strength 3
strength 4

—— strength 5
=== strength 6

—-= strength 7
------ strength 8 % .
¢ This work {}* @ e
o t*}’ /'

166H0

O‘ /‘
...’."?’jt* /‘
0.“‘."// ‘/'

S

/|

”

5 6
E, [MeV]
1076 5
] 1o conf. === BSK7T+QRPA 167H0
GLO —-= RMF+cQRPA
SLO e DIM+QRPA+0lim o\
SLy4+QRPA  -—- SMLO } s
BSK7-QRPA $  This work phd 227
—— Hybrid : t’b i
1077 4 ,++’ &
z

1078 1

TALYS 1.96
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QOZr

0Zr(p,p’y)°%Zr, E, = 17 MeV [with CACTUS, experiment from 2009]. Lauren T. Bell et al,

10°g
~ = Oslodata GC
- o p(S) from systematics: GC
10°E [ Errorin p(S) from systematics: GC
“ - Oslo data RMI
> 4l p(S,) from systematics: RMI
g 10 S Error in p(Sn) from systematics: RMI A
= - —— Known levels &
m 1 03 | - CT model M&M _r
~—" = ¥ o
Q - wyféi“& i
> 10°E B,
= = vod
75 - v Yol .
(- — \ 4 xja g
(O] 10 = ah XA‘A ‘ F
U — A A‘ [ ™} n .....-
o - . sarty [ %Zr: Byun et al.
> 1= | | + %27¢ CT: Guttormsen et al.
3 ST +%Zr HFTB: Guttormsen et al.
10-" RAR: i I +%'Zr CT: Guttormsen et al.
=y v T + %Zr HFTB: Guttormsen et al.
B |A | | F.. | | | | | | | | | I 1 | | I | | | | | | | |
0 12

2 4 6 8 10
Excitation energy EX (MeV)
NLD in good agreement with Ohio data! &

submitted to PRC (2025), in review

* Oslo data: GC
[- |Error in p(Sn) restricted: GC
[-|ErrorinT.: 20: GC
Oslo data: RMI
[ JErrorinT,: 20: RMI
Error in p(Sn) restricted: RMI

oo M1 it (SLO #1)
EA fit (SLO #2)
= Total fit

IllIllIIlIIIlllIlll

Lepretre, *°Zr(y,n)
Berman, *°Zr(y,n)
Banu, *Zr(y,n)
Berman 91Zr(3,n)
. Utsunomiya *'Zr(y,n)
. Schwengner, *°Zr(y y

S
~ e
~ e
~ e
~ o

IIIIAIIIIIIIIIIII

O 2 4 6 8
y-ray energy

10 12 14 16 18
E (MeV)
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Benchmarking Oslo and beta-Oslo methods

Discretionary beam time @ NSCL/MSU, February 2015; °'Sc beta-decaying into 5'Ti
Q-value, beta-decay: 6.503 MeV; S,, = 6.372 MeV. Also: °°Ti(d,py)>'Ti @ OCL.

(a) Raw, *'Sc—*'Ti

(b) Unfolded, *'Sc—*'Ti f———— —————"=—(c) Primary, *'Sc—*'Ti

E« (MeV)

B 1 2 3 4 5

e a—

E (MeV)

4 5
E, (MeV)

[S.N. Liddick, A.C. Larsen, M. Guttormsen et al., PRC 100, 024624 (2019)] 57



Benchmarking Oslo and beta-Oslo methods

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

107° =
- = (d,py)°Ti
C B d,py)°Ti, p uncertainty
& B (d,py)51Ti, abs. uncertainty
> i ¢ °ifrom °'Sc g decay
2 107 Vv °°Tiy.n), Pywell et al.
C —
ke -
© B
C
2 i
< ~ ---- fit upbend
o) i
E, 108 ! — total fit E1+M1
‘i - A -~ SME1
E : :|| "‘ """" SM M1
> ] i e oYY - SME1+MH
B K !IV : ou “®ge E1+M1
N | L *4Cr E14M1
10° ¥ o ’
1 | I I//I. \I\ I 1 1 I I 1 1 I 11 1 I | I'l Ii I 1 1 1 I L1 1 I 1 1 1
0 2 4 6 8 10 12 14 16

y-ray energy EY (MeV)

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



The beta-Oslo method: 7°Co = 7N

Discretionary beam time @ NSCL/MSU, Feb 2015;7°Co beta-decaying into 7°Ni

°Cog.s.T;,: 105 ms, I"=6", Qs = 12.3 MeV

S, of 7°Ni: 7.3 MeV

BONT; 70n1: ---- BRUSLIB
o : . 7= Ni(n,y) "Ni rate
Initial spins, °Ni: 57,67,7- 107 E (ny) —— JINA REACLIB
I I
(a) .
10-7/ All spins gt -
r:,\ 10 z"1\
> —— M1l ca48mhlg | [EEEEESSES === o
Y ==== M1 ca48mh2 N
2 1077 -== M1 jund5
= Vv & ,‘l == M1 ca48mhlg 8710 N
'Y . \
) o i
1 ! - \
E : | Experiment
T : 5 L ; . , B : —= | |
0 2 4 6 8 0 . 4 6 8 10 ' ' E—
E, (MeV) E, (MeV) 1
. _ . | (10°K)
Improved data analysis: unfolding of the E, axis as well

[Larsen, Midtbg, Guttormsen, Renstragm, Liddick, Spyrou et al., PRC 97, 054329 (2018)] 59



Unfolding of Ex axis: 7°Ni Ex response function

= 2000 2000 2000
; 1800:— (a) Ex=2MeV, M'y=2 1800:— (b) Ex=6MeV, M7=2 1800 (C) Ex=12 MeV, M7=2
3 1600} 1600}
S 1400F 1400F-
3 1200f- 1200f-
1000f- 1000f-
800F- 800f-
600f- 600f-
400 400F-
200 200f-
- s e P e N PP
0 2000 4000 6000 8000 10000 12000 0 2000 4000 6000 8000 10000 12000
S 900r 900 900
Q o C
& soof (d) E =7 MeV, M, =1 800 (e) E =7 MeV,M =3 800 (f) E,=7MeV,M =5
g 700 700 700
§ 600F- 600f- 600
500} 500} 500
400f- 400} 400
300f 300f 300
200f- 200 200 k
wOM 100} \ 100
e o 1. . 1. . .1 . . 4 -..l...l-..I... L o . 1. rebrdll BT BT B | P
0 2000 4000 6000 8000 10000 12000 0 2000 4000 6000 8000 10000 12000 0 2000 4000 6000 8000 10000 12000

Sum-of-segments signal (keV)



Unfolding of Ex axis: 7°Ni

Correction forincomplete summing and electron background [M. Guttormsen et al., in preparation

(2025)] 10 s (a) Raw matrix |5
Old: 9
sk
-
S 6
25
ui 4
3
:
1
0 2 3 45 6 7 8 910 1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
E, (MeV)
New: 1 = (C) Primary y’s 74103

E, (MeV)
O_A‘I\)OD-P(.HO)\I‘QCDO

2 3 4 56 7 8 910 1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10

E, (MeV)
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