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Photon Strength Function from proton capture 
reactions

ECT* workshop on Neutron Capture Reactions for Astrophysical Processes, Nov. 3-7, 2025



✓ To date, experimental measurements of PSFs exist for ~ 330 unique nuclides

Nucleosynthesis 

Nuclear Structure

Fission

Waste transmutation
Nuclear Medicine: Radioisotope Production 

Homeland security: Nuclear forensics
Non-proliferation of nuclear weapons
Generation IV reactors, e.g. decay heat

Advanced Nuclear Fuel Cycles and others…

Quasi-continuum data is critical for applications and basic sciences

Goriely, Dimitriou, Wiedeking et al., Eur. Phys. J A 55, 172 (2019) 2



Quasi-continuum data: NLD & PSF
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PSF represents the distribution of average reduced widths Γγ for XL-

type transitions (E for electric, M for magnetic) over γ-ray energies Eγ.

Brits, Malatji, Wiedeking, et al., Phys. Rev. C. 99, 054330 (2019)



Impact on nuclear structure

✓ Study the underlying physics and evolution of nuclear  structure 

effects: Pygmy Dipole Resonance (PDR), Scissors Resonance (SR) 

&  Low-Energy Enhancement (LEE).

✓ Dependence of deformation

Guttormsen, Ay, Ozgur, et al., Phys. Rev. C. 106, 034314 (2022) 4



Impact on reaction rates

✓ LEE has proved to potentially enhance the r-process (n,g) reaction rates by up-to 2 
orders of magnitude for the very neutron-rich nuclei.

Midtbø, Larsen, Renstrøm, et al., Phys. Rev. C. 98, 064321 (2018)
Larsen and Goriely, Phys. Rev. C. 82, 014318 (2010) 5



Ex

Cross section

E1

Eγ = Ex

Eγ = Ex – E1

[1] D. M. Brink, Ph.D. thesis, Oxford University, 1955
[2] P. Axel, Phys. Rev. 126, 671 (1962)

✓ Photoabsorption cross section (and, therefore, 𝛾SF) of the GDR is 

independent of the detailed structure of the initial state [1].
✓ Further generalized to both γ-absorption and emission processes [2].

✓ Photo-excitation should be identical to average electromagnetic decay (i.e. 
photo-deexcitation).

✓ GBA has implications e.g; for low-energy E1 & M1 strength functions for 
calculations (n,γ) cross-section for various applications.

Brink-Axel Hypothesis
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Brink-Axel Hypothesis

the Brink–Axel hypothesis is not strictly fulfilled in the excitation-
energy region below the neutron separation threshold

GSFs are shown to be independent of excitation energies and 
spins of the initial and final states, … in the energy region of the 
pygmy dipole resonance.

using microscopic Configuration Interaction method, … dipole 
photo-absorption cross section at low energy is dependent on the 
excitation energy and deviations from the Brink-Axel hypothesis 
are particularly large for the ground state of an even-even system.

It also invalidates the assumption based on the Brink-Axel 
hypothesis in the description of the RSF.

GBA has significant implications for PSF, which is one of the key input in radiative (n,γ) cross-section calculations for nucleosynthesis modeling.
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spins of the initial and final states, … in the energy region of the 
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It also invalidates the assumption based on the Brink-Axel 
hypothesis in the description of the RSF.

70 years la
ter…, no clear consensus 

GBA has significant implications for PSF, which is one of the key input in radiative (n,γ) cross-section calculations for nucleosynthesis modeling.



NLD & PSF: How are these data measured?

Primaries from charged particle reactions (<Sn): OM, iOM, bOM
Ratio/Shape Methods (<Sn)
Nuclear Resonance Fluorescence (<Sn)
Inelastic p scattering with polarized beam (<Sn and >Sn)
Primaries from p-capture (>Sp and <Sn)
Two-step cascade, n/p capture (<Sn)
Photonuclear Reactions (>Sn)
Primaries from n-capture (>Sn)

Primary γ spectra with the Oslo methods (Ex < Sn)
Discrete levels (Ex < 2 - 3 MeV or < 50 - 100 levels/MeV)
Neutron/proton resonances (Ex = Sn or Sp)
Spin/parity resolved level densities from (p,p´) or (e,e´)
Particle evaporation spectra (Ex = 4 - 15 MeV)
Ericson fluctuations (Ex ~ 15 MeV)

Techniques for PSFTechniques for NLD

Markova, Larsen, von Neumann-Cosel, et al., Phys. Rev. C 106, 034322 (2022)

Goriely, Dimitriou, 
Wiedeking et al., Eur. 

Phys. J. A 55, 172 (2019)
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Goriely, Dimitriou, Wiedeking et al., Eur. Phys. J A 55, 172 (2019)

PSF from (p, 𝛾) reactions
✓ Experimental PSFs from (p, 𝛾) data and SMLO (blue lines) and 

D1M+QRPA+0lim (red lines) models for the 22 nuclei for which 

data exist.

✓ Poor agreement for some Mn, Co, Cu and Zn isotopes.

✓ There’s a need to remeasure ARC PSF using state-of-the-art arrays

✓ Previous measurements performed with Ep~1 - 4 MeV

✓ Measured up-to A ≤ 90 for which (p,γ) cross-sections can be 

measured with good statistics 

✓ Increasing Coulomb barrier (A ≥ 90 ) ⇔ decreasing (p,γ) XS

✓ Need higher NLD (A ≥ 50) ⇒ statistical decays

✓ Sn of compound needs to be much higher than Sp, to cover Ex/Eγ 

range
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credit: M. Wiedeking 

Shape Method in a

✓ Extract primary transitions from the well-defined excitation energies to 

discrete low-lying levels

✓ Primaries corrected for Efficiency, Branching Ratios and Eγ3



Low-energy enhancement in the unexplored energy regime: 89Y(p,γ)90Zr 

Experimental Setup and Goals:
✓ Targets: 89Y, 2 mg/cm², energy Loss > 110 keV
✓ Eₚ: 3.15 – 3.6 MeV, beam current ~ 0.4 – 1 μA
✓ Measure γ-decay using GRETINA at ATLAS (stand-alone mode, Nov. 2024)
✓ Configuration: ~ 10.5 quads (42 HPGe crystals used in the experiment)
✓ Objective: Investigate the low-energy enhancement (LEE) down to ~ 100 keV

(p,2γ)



Low-energy enhancement in the unexplored energy regime: 89Y(p,γ)90Zr 
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✓ γ-γ matrix for M=2 events only
✓ 50% of the data for Eₚ = 3.6
✓ Competing background
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Low-energy nuclear physics beamline at the Tandetron Laboratory
 of iThemba LABS 



Proof-of-principle experiment: 50Cr(p, γ)51Mn

✓ 200-350 𝜇g/cm2 50Cr targets.

✓ 1 Compton-suppressed Clover detector.
✓ 3 MV Tandetron: Ep  = 2.5 - 3 MeV & 3.7 - 4.5 MeV in 20-25 keV intervals.
✓ A total of 64 γ-ray spectra were collected.
Apply Average Resonance Proton Capture [1]
✓ Sum the spectra into bins of  260 and 825 keV, minimize statistical fluctuations.
Apply Shape Method [2]
✓ Identify pairs of primary γ transitions from the same initial Ex to specific discrete states  with same J𝛑.

Adivhaho Netshiya
PhD submitted 
(WITS)

Credit: S. Harissopulos

[1] Goriely, et al., Eur. Phys. J. A 55, 172 (2019)
[2] Wiedeking et al., Phys. Rev. C., 104 014311 (2021), Phys. Rev. Lett., 108 162503 (2012).
[3] Netshiya, et al., J. Phys. Conf. Ser. 2586, 012111 (2023)



Shape of PSF from 50Cr(p, γ)51Mn reaction

✓ Pairs of primary γ transitions from the 

same initial Ex to  specific discrete states 

of the same J𝛑

✓ Add pairs from different initial Ex and 

scaled w.r.t. each other



Courtesy of S. Goriely 

Calculations varied different NLDs, PSFs and OMPs. 

PSF from 50Cr(p, γ)51Mn 



Proof-of-principle experiment: 50Cr(p, γ)51Mn

Adivhaho Netshiya
PhD submitted 
(WITS)

✓ 1 HPGe segmented clover detector (TIGRESS). 

✓ From total of 64 γ-ray spectra collected, 171 γ-rays and 37 energy 

levels were newly observed.

✓ Relative intensities of all 171 γ-rays were measured for the first time.

✓ Possible multipolarities were assigned to 17 γ-ray transitions.
Netshiya, et al., In Preparation (2026)



Nuclear astrophysics beamline at the iThemba LABS Tandetron

2017 : Replacement of the 52 year old Van de Graaff with 3MV Tandetron

Ion sources (up to 700 uA): 

Ø He Multicusp Model SO130 positive extraction

Ø H- and D- Multicusp Model SO120 direct 

negative extraction

RBS/ERDA 

NMP/RBS 

Z.M. Khumalo et al., 2025 JINST 20 T06001

Dedicated Nuclear Physics Beamline:

✓ PSF measurements

✓ Tests of Brink-Axel hypothesis

✓ (p,γ) and (α,γ) cross sections

✓ γ and particle emission widths



Nuclear astrophysics beamline at the iThemba LABS Tandetron
Beam Left: Half-AFRODITE frame, Slide ~1.3 meter (in-) outward

✓ 6 HPGe clover  or 9 large Volume (3.5”×8") LaBr3:Ce detectors

✓ 4 Small (2”×2") LaBr3:Ce detectors

✓ Angular range (45, 90, 135 deg)

Beam Right: Angular Distribution Table, 3 detectors on carriages for 

multiple angles (~ 26-141 deg)

Target Ladder/Chamber: Depends on user specifications

Auxiliary detectors: Depends on user specifications

Beams: p, α & in the future 3He

Energies: 0.5 - 6 MeV protons & 1 - 9 MeV alphas

Intensities: 20 nA  - 10 𝞵A
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Nuclear astrophysics beamline at the iThemba LABS Tandetron

16-bit, 100|500 MHz 
XIA fast digitizers

MIDAS DAQ

MASTER (UiO), since 2025

LaBr3:Ce detectors (stand-alone Mode)

Gold plated collimator 
and target ladder to 
improve background 
reduction

Thanks to Kevin Li (UiO)



Retrieved from EXFOR

✓ Proton beam of 2.23-4.32 MeV in 60-80 keV steps (~ 31 spectra)

✓ Target: 1 mg/cm2 61Ni

✓ 60Ni(p, 𝛾) at energies below Coulomb barrier (6.8 MeV).

✓ Ex determined directly from Ep..

✓ 61Cu has definite spin and parity assignments
✓ States populated sufficiently in (p,γ) reactions unto Ex < 3 MeV 

✓ 61Cu has well separated energies 

✓ Use Shape/Ratio Method

✓ Double Ratio is independent on efficiencies of primary γ-rays

Testing the validity of the Brink-Axel Hypothesis: 60Ni(p,γ)61Cu

Goriely, et al., 
Eur. Phys. J. A 55, 

172 (2019)

Tshegofatso Modise
PhD ongoing University 
of Botswana)



Testing the validity of the Brink-Axel Hypothesis: 60Ni(p,γ)61Cu

At  Ep,cm= 4278 keV ⇒ E𝛾 = 9040 keV (~ 518 keV above tabulated resonances)

Commissioning Exp. Aug 2023 



Additional Experiments 

Motivation:

✓ Measure cross section on and of resonances regions of interest 

(6 weeks of beam-time, Aug/Sep 2025)

✓ Develop neutron-γ discrimination capabilities

✓ Target: Enriched 12C targets

✓ Beam: Eα = 4–9.0 MeV,

✓ 12 * large volume LaBr3(Ce) detectors,

✓  Target thickness 22 & 24 𝜇g/cm2

7Li(p, γ)8Be: Testing conventional explanations for the X17 

anomaly (2 weeks,  Oct 2023)

Studying the astrophysically crucial 12C(α, γ)16O reaction 

at high temperatures
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✓ Target: Enriched 12C targets

✓ Beam: Eα = 4–9.0 MeV,

✓ 12 * large volume LaBr3(Ce) detectors,

✓  Target thickness 22 & 24 𝜇g/cm2

7Li(p, γ)8Be: Testing conventional explanations for the X17 

anomaly (2 weeks,  Oct 2023)

56Fe(p,γ)57Co: Low-energy γ-ray decay at high excitation energies (Sep 2024)

Studying the astrophysically crucial 12C(α, γ)16O reaction 

at high temperatures

Motivation:

✓ Measure γ-decay from (p,γ) for studying the LEE (2 weeks of beam-

time, Sep 2025)

✓ Ep = 3, 4 & 5 MeV

✓ 4 HPGe clover detectors

✓  Target thickness: 4 mg/cm2

Goriely, et al., 
Eur. Phys. J. A 55, 

172 (2019)



Summary and Outlook

Average Resonance Capture Measurements

✓ 89Y(p, γ)90Zr: Low-energy enhancement in the unexplored energy regime (down to~ 100 keV)

Low Energy Nuclear Physics Array @ iThemba LABS

✓ 50Cr(p, γ)51Mn: Shape of PSF from (p, γ) reactions 

✓ 60Ni(p,γ)61Cu: Testing the validity of the Brink-Axel Hypothesis

✓ Studying the astrophysically crucial 12C(α, γ)16O reaction at high temperatures

✓ 56Fe(p,γ)57Co: Low-energy γ-ray decay at high excitation energies

✓ 7Li(p, γ)8Be: Testing conventional explanations for the X17 anomaly
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PSFs from proton capture reactions

Thank You!


