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Nucleosynthesis

Carina Nebula, Credit: NASA, ESA, CSA, and STScI, July 12, 2022

HOW? WHERE?
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Nucleosynthesis

Credit: NASA/ESA, The Hubble Key Project Team and The High-Z Supernova Search Team, May 25, 1999 Credit: NASA/Swift/Dana Berry

Supernova 1994D in Galaxy NGC 4526 GW170817 – Neutron star merger (artistic view)
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Nucleosynthesis

T. R. Rodriguez, J. Phys.: Conf. Ser. 503 (2014) 012038.
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Nucleosynthesis

Required input for stellar 
reaction rate calculations

▪ Nuclear masses

▪ 𝛽-decay rates

▪ Half lives

▪ Optical potentials

▪ Nuclear level densities

▪ Photon strength functions

▪ Fluctuations

▪ Hauser-Feshbach

▪ Statistical model

▪ …
T. R. Rodriguez, J. Phys.: Conf. Ser. 503 (2014) 012038.
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Structure versus chaos

Statistical picture

- High nuclear level density 

- Compound-nucleus regime

- loss of coherence: energy and phase information 

disperse into many degrees of freedom

- observables become statistical

- chaotic

Microscopic picture

- coherent excitations

- single-particle and collective modes

- well-defined structure: shell model, RPA, etc. 

- regular
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Nuclear level scheme
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Nuclear level scheme

isolated
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Level spacing | Wigner distribution

Definition:

Derived from random matrix theory using 
independent standard normal 
random variables 𝑌 ∼ 𝒩 0,1

No free parameter 

Probability density function

𝑓𝑊(𝑥) =
𝜋

2
𝑒−

𝑥2

4
𝜋

E.P. Wigner, ORNL Rep. No. 2309, 57 (1957)

C.E. Porter, Statistical Theories of Spectra: Fluctuations, 199 (1965).

H.A. Weidenmüller and G:E: Mitchell, Rev. Mod. Phys. 81, 539 (2009).
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Level spacing | Experimental evidence

F. Gunsing, Eur. Phys. J Plus 133, 440 (2018).

G. Rovira et al., Journal of Nuclear Science and Technology, 57 (2019).

R.U. Haq et al., Phys. Rev. Lett. 48, 1086 (1982), O.R. Bohigas, R.U. Haq, and A. Pandey, Nucl. Data Sci and Tech., 809 (1983).
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Transition strength | Fluctuations
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Transition strength | Fluctuations

Not equally distributed!
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Transition strength | Chi-square (𝜒2) distribution

Definition (discrete random variables):

Sum of squared independent standard normal 
random variables 𝑌 ∼ 𝒩 0,1 :

𝑋 = 𝑌1
2 + …+ 𝑌𝜈

2 ⇒ 𝑋 ∼ 𝜒𝜈
2

Only parameter of the distribution: 
number of variables 𝜈 ⇒ degrees of freedom

𝐸 𝑋 = 𝜈 and  𝑉𝑎𝑟 𝑋 = 2𝜈

Probability density function

𝑓𝜒2 𝑥 𝜈 =
1

2
𝜈
2Γ

𝜈
2

𝑥
𝜈
2
−1𝑒−

𝑥
2
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Transition strength | Experimental evidence

F. Gunsing, Eur. Phys. J Plus 133, 440 (2018).
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Transition strength | Experimental evidence

F. Gunsing, Eur. Phys. J Plus 133, 440 (2018).

G. Rovira et al., Journal of Nuclear Science and Technology, 57 (2019).
R.U. Haq et al., Phys. Rev. Lett. 48, 1086 (1982).

O.R. Bohigas, R.U. Haq, and A. Pandey, Nucl. Data Sci and Tech., 809 (1983).
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Why study fluctuation properties?

E.P. Wigner, ORNL Rep. No. 2309, 57 (1957)

C.E. Porter, Statistical Theories of Spectra: Fluctuations, 199 (1965).

H.A. Weidenmüller and G:E: Mitchell, Rev. Mod. Phys. 81, 539 (2009).

Statistical reaction models / Hauser-Feshbach

- compound reactions / decays

- 𝜎𝑎𝑏 ∝
𝑇𝑎𝑇𝑏

Σ𝑇𝑐
×𝑊𝑎𝑏

- 𝑊𝑎𝑏 =
⟨Γ𝑎Γ𝑏⟩

⟨Γ𝑎⟩⟨Γ𝑏⟩
= width-fluctuation correction
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C.E. Porter, Statistical Theories of Spectra: Fluctuations, 199 (1965).

H.A. Weidenmüller and G:E: Mitchell, Rev. Mod. Phys. 81, 539 (2009).

Statistical reaction models / Hauser-Feshbach

- compound reactions / decays

- 𝜎𝑎𝑏 ∝
𝑇𝑎𝑇𝑏

Σ𝑇𝑐
×𝑊𝑎𝑏

- 𝑊𝑎𝑏 =
⟨Γ𝑎Γ𝑏⟩

⟨Γ𝑎⟩⟨Γ𝑏⟩
= width-fluctuation correction

Random Matrix Theory

- independent standard normal random variables

- level spacing: Wigner distribution

- width distribution: Porter-Thomas distribution

(𝜒𝜈2 with 𝜈 = 1) 



27.11.2025 |   Nuclear Lunch at NKUA   |   TU Darmstadt   |   AG Pietralla |   Johann Isaak   |    31

Width fluctuations | Experimental evidence

Oscillations in the neutron-capture cross section

P. Koehler and A. Stamatopoulos, PRL 135, 112501 (2025).

P. Koehler et al., PRL 105, 072502 (2010); PRC 88, 041305(R) (2013)
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Width fluctuations | Experimental evidence

K-dependence of neutron resonances Oscillations in the neutron-capture cross section

P. Koehler and A. Stamatopoulos, PRL 135, 112501 (2025).

P. Koehler et al., PRL 105, 072502 (2010); PRC 88, 041305(R) (2013)

J. Rekstad, T.S. Tveter, M. Guttormsen ,PRL 65, 2122 (1990).

R.K. Sheline et al., PRC 51, 3078 (1995)., I. Huseby et al., PRC 55, 1805 (1997).
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Width fluctuations | Experimental evidence

K-dependence of neutron resonances

J. Rekstad, T.S. Tveter, M. Guttormsen ,PRL 65, 2122 (1990).

R.K. Sheline et al., PRC 51, 3078 (1995)., I. Huseby et al., PRC 55, 1805 (1997).

J. Isaak et al., PLB 788, 225 (2019).
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Width fluctuations | Experimental evidence

K-dependence of neutron resonances

J. Rekstad, T.S. Tveter, M. Guttormsen ,PRL 65, 2122 (1990).

R.K. Sheline et al., PRC 51, 3078 (1995)., I. Huseby et al., PRC 55, 1805 (1997).

J. Isaak et al., PLB 788, 225 (2019).

Potential consequences of deviations

• bias in predicted branching ratios and 
partial cross sections

• different enhancement factor of elastic vs. 
inelastic channels

• under- or overestimation of uncertainties

• near thresholds impact on reaction rates

• nonstatistical physics: incomplete 
mixing/chaos, collective excitations etc.

No data so far for the region below
neutron separation threshold!
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Concept of photon strength functions
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P. Axel, Phys. Rev. 126 (1962) 671.

D.M. Brink, Ph.D. thesis (1955).

Brink-Axel 
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P. Axel, Phys. Rev. 126 (1962) 671.

D.M. Brink, Ph.D. thesis (1955).

S. Martinet and S. Goriely, A&A 694, A180 (2025).

Brink-Axel 
hypothesis
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Challenge: below particle separation threshold
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Challenge: below particle separation threshold

M. Markova et al., Phys. Rev. Lett. 127 (2021) 182501.

94
𝑀𝑜(𝑑, 𝑝 𝛾)

M. Wiedeking et al., Phys. Rev. Lett. 108 (2012) 162503.

120
𝑆𝑛(𝑝, 𝑝′𝛾)

M. Wiedeking et al., Phys. Rev. C 104 (2021) 014311.
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94
𝑀𝑜(𝑑, 𝑝 𝛾)

M. Wiedeking et al., Phys. Rev. Lett. 108 (2012) 162503.

D. Martin et al., Phys. Rev. Lett. 119 (2017) 182503.

96
𝑀𝑜(𝑝, 𝑝′)

R. Schwengner et al., Phys. Rev. C 87 (2013) 024306.

(𝛾, 𝛾′)
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𝑆𝑛(𝑝, 𝑝′𝛾)
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𝑀𝑜(𝑑, 𝑝 𝛾)
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D. Martin et al., Phys. Rev. Lett. 119 (2017) 182503.

96
𝑀𝑜(𝑝, 𝑝′)

R. Schwengner et al., Phys. Rev. C 87 (2013) 024306.

(𝛾, 𝛾′)

120
𝑆𝑛(𝑝, 𝑝′𝛾)

M. Wiedeking et al., Phys. Rev. C 104 (2021) 014311. (𝜸, 𝜸′𝜸′′) reactions 

with LCB beams!
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Photoresponse of nuclei

atomic nuclear hadronic

N. Pietralla, EPJA 60, 108 (2024).
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Nuclear structure studies

Challenges

▪ measured signal (= reaction rates) not necessarily
proportional to nuclear properties

▪ model-dependent assumptions in reaction theory
and/or data analysis

▪ selectivity for groups of nuclear states
(= spin- and parity quantum numbers)
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Nuclear structure studies

Challenges

▪ measured signal (= reaction rates) not necessarily
proportional to nuclear properties

▪ model-dependent assumptions in reaction theory
and/or data analysis

➢ minimum projectile mass
min. angular momentum transfer

➢ polarization
parity-related observables

➢ narrow bandwidth
explore specific excitation energy

▪ selectivity for groups of nuclear states
(= spin- and parity quantum numbers)

➢ pure electromagnetic interaction
(nuclear-)model independent

A. Zilges, D. L. Balabanski, J. Isaak, N. Pietralla, PPNP 122 (2022) 103903.

Photonuclear Reactions
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NRF | Experiments @ HIGS

▪ Δ𝐸/𝐸 ~ 1 – 10 %

▪ 𝐸𝑏𝑒𝑎𝑚 ~ 1 – 100 MeV

▪ linear polarization

▪ beam intensity ~ 3000 photons s-1eV-1

H.R. Weller et al., Prog. Part. Nucl. Phys. 62 (2009) 257.
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PSF extraction: Method I

J. Isaak et al., Phys. Rev. C 103 (2021) 044317.

𝝈𝜸 = 𝝈𝜸𝜸 + 𝝈𝜸𝜸′ → resolved + unresolved ground-state transitions



27.11.2025 |   Nuclear Lunch at NKUA   |   TU Darmstadt   |   AG Pietralla |   Johann Isaak   |    49

PSF extraction: Method I

J. Isaak et al., Phys. Rev. C 103 (2021) 044317.

𝝈𝜸 = 𝝈𝜸𝜸 + 𝝈𝜸𝜸′ → inelastic transitions

A.P. Tonchev et al.,  PRL 104 (2010) 072501.
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PSF extraction: Method I

J. Isaak et al., Phys. Rev. C 103 (2021) 044317. A.P. Tonchev et al.,  PRL 104 (2010) 072501. J. Isaak et al., Phys. Lett. B 788 (2019) 225.

𝑓 𝐸𝛾 =
1

3 𝜋ℏ𝑐 2
⋅
𝜎𝛾
𝐸𝛾

𝜎𝛾 = 𝜎𝛾𝛾 + 𝜎𝛾𝛾′

... via photoabsorption cross section PSF on ground state
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PSF extraction: Method II

... via 𝛾-𝛾 coincidences model-independent method! 
𝜎𝑖𝑗

𝜎𝑖𝑘
=
𝑓(𝐸𝛾𝑗)

𝑓(𝐸𝛾𝑘)
⋅
𝐸𝛾𝑗
𝐸𝛾𝑘

3
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PSF extraction: Method II
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𝛾-𝛾 coincidence @ 𝛾3 setup B. Löher et al., NIMA 723 (2013) 136.

• combination of ...

... high energy resolution HPGe

... high efficiency LaBr

• further properties …

... compact set-up geometry

... summed full-energy efficiency

LaBr ∼ 6 %

HPGe ∼ 1.5 %
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𝛾-𝛾 coincidence @ 𝛾3 setup
J. Isaak et al., Phys. Rev. C 103 (2021) 044317.
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𝛾-𝛾 coincidence @ 𝛾3 setup
J. Isaak et al., Phys. Rev. C 103 (2021) 044317.
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𝛾-𝛾 coincidence @ 𝛾3 setup
J. Isaak et al., Phys. Rev. C 103 (2021) 044317.
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𝛾-𝛾 coincidence @ 𝛾3 setup
J. Isaak et al., Phys. Rev. C 103 (2021) 044317.
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𝛾-𝛾 coincidence @ 𝛾3 setup

01
+

21
+

22
+

23
+

24
+

𝐸𝑏= 8 MeV

J. Isaak et al., Phys. Lett. B 788 (2019) 225.
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Experimental results: PSF of 128Te
J. Isaak et al., Phys. Lett. B 788 (2019) 225.
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Experimental results: PSF of 128Te

• photoabsorption ≠ photon emission

• fluctuations larger than expected from PT 

• discrepancy below neutron threshold:

due to particular structure of the levels?

Take-away message

J. Isaak et al., Phys. Lett. B 788 (2019) 225.
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Experimental results: PSF of 128Te

• photoabsorption ≠ photon emission

• fluctuations larger than expected from PT 

• discrepancy below neutron threshold:

due to particular structure of the levels?

Take-away message

J. Isaak et al., Phys. Lett. B 788 (2019) 225.
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PSF from absorption and de-excitation S. Goriely, S. Peru, S. Hilaire, PLB 868, 139677 (2025).



27.11.2025 |   Nuclear Lunch at NKUA   |   TU Darmstadt   |   AG Pietralla |   Johann Isaak   |    66

PSF from absorption and de-excitation S. Goriely, S. Peru, S. Hilaire, PLB 868, 139677 (2025).



27.11.2025 |   Nuclear Lunch at NKUA   |   TU Darmstadt   |   AG Pietralla |   Johann Isaak   |    67

Experimental results: PSF of 128Te
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• fluctuations larger than expected from PT 
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Experimental results: PSF of 128Te

• photoabsorption ≠ photon emission

• fluctuations larger than expected from PT 

• discrepancy below neutron threshold:

due to particular structure of the levels?

Take-away message

J. Isaak et al., Phys. Lett. B 788 (2019) 225.
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Reminder: Why study fluctuation properties?

E.P. Wigner, ORNL Rep. No. 2309, 57 (1957)

C.E. Porter, Statistical Theories of Spectra: Fluctuations, 199 (1965).

H.A. Weidenmüller and G:E: Mitchell, Rev. Mod. Phys. 81, 539 (2009).

Statistical reaction models / Hauser-Feshbach

- compound reactions / decays

- 𝜎𝑎→𝑏 ∝
𝑇𝑎𝑇𝑏

Σ𝑇𝑐
×𝑊𝑎𝑏

- 𝑊𝑎𝑏 =
⟨Γ𝑎Γ𝑏⟩

⟨Γ𝑎⟩⟨Γ𝑏⟩
= width-fluctuation correction

Random Matrix Theory

- independent standard normal random variables

- level spacing: Wigner distribution

- width distribution: Porter-Thomas distribution

(𝜒𝜈2 with 𝜈 = 1) 
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Width fluctuations via integral NRF spectroscopy

O. Papst, J. Isaak et al., PRL 135, 052501 (2025)
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Width fluctuations via integral NRF spectroscopy

O. Papst, J. Isaak et al., PRL 135, 052501 (2025)

𝜎𝑁𝑅𝐹 ∝ Γ0,𝑖
Γ𝑗,𝑖
Γi
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Width fluctuations via integral NRF spectroscopy

𝑅𝑒𝑥𝑝 =
𝜎
𝛾𝛾′
21
+

𝜎𝛾𝛾
=

𝐸𝛾0,𝑖
𝐸𝛾2,𝑖

3 ∑Γ0,𝑖
Γ2,𝑖
Γi

∑Γ0,𝑖
Γ0,𝑖
Γi

O. Papst, J. Isaak et al., PRL 135, 052501 (2025)
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Γi
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Width fluctuations via integral NRF spectroscopy
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Γ2,𝑖 = Γ2 ⋅ 𝑓𝑖

′

Γ𝑖 = Γ ⋅ 𝑔𝑖

𝑓𝑖 , 𝑓𝑖
′, 𝑔𝑖 ∼ 𝜒𝜈

2
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Width fluctuations via integral NRF spectroscopy
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Width fluctuations via integral NRF spectroscopy
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Γ𝑗,𝑖
ΓiSimple relation: 

• Observation of 𝑠 (branching ratio)  
• parameter 𝜈 (degree of freedom) 

of 𝜒𝜈2 distribution of partial transition widths

Possible ONLY due to NRF reaction: 

• Second moment of underlying distribution 
allows to determine 𝜈 (degree of freedom)

• Otherwise: always 𝑠 = 1

𝜎𝑁𝑅𝐹 ∝ Γ0,𝑖
Γ𝑗,𝑖
Γi

𝜎𝛾𝛾 ∝ Γ0,𝑖
Γ0,𝑖
Γi

∝ Γ0,𝑖
2

𝒔 =
𝝂

𝝂 + 𝟐
⇒ 𝝂 =

𝟐𝒔

𝟏 − 𝒔
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NRF | Deformed rare-earth nucleus | 150Nd
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NRF | Deformed rare-earth nucleus | 150Nd

Challenges:

▪ High level densities → averaged decay quantities

▪ Low 𝐸 21
+ < Δ𝐸𝑏𝑒𝑎𝑚 → overlap 𝝈𝜸𝜸 and 𝝈

𝜸𝜸′
𝟐𝟏
+
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Reminder: NRF | Experiments @ HIGS

▪ Δ𝐸/𝐸 ~ 1 – 10 %

▪ 𝐸𝑏𝑒𝑎𝑚 ~ 1 – 100 MeV

▪ linear polarization

▪ beam intensity ~ 3000 photons s-1eV-1

H.R. Weller et al., Prog. Part. Nucl. Phys. 62 (2009) 257.
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NRF | Experiments @ HIGS | 150Nd

O. Papst, J. Isaak et al., PRL 135, 052501 (2025)
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NRF | Experiments @ HIGS | 150Nd

O. Papst, J. Isaak et al., PRL 135, 052501 (2025)

01
+ → 1− → 01

+
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NRF | Experiments @ HIGS | 150Nd

O. Papst, J. Isaak et al., PRL 135, 052501 (2025)

01
+ → 1− → 01

+01
+ → 1− → 21

+
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NRF | Experiments @ HIGS | 150Nd

O. Papst, J. Isaak et al., PRL 135, 052501 (2025)
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NRF | Average branching ratios | 150Nd

O. Papst, J. Isaak et al., PRL 135, 052501 (2025)
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NRF | Average branching ratios | 150Nd

O. Papst, J. Isaak et al., PRL 135, 052501 (2025)

Significant deviation between nature
and statistical model prediction!
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NRF | Average branching ratios | 150Nd

Significant deviation between nature
and statistical model prediction!
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𝜈 = 1

𝜈 = 1.93(12)

NRF | Average branching ratios | 150Nd

Significant deviation between nature
and statistical model prediction!
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𝜈 = 1

𝜈 = 1.93(12)

NRF | Average branching ratios | 150Nd

Significant deviation between nature
and statistical model prediction!

Significant deviation from
Porter−Thomas distribution!
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𝜈 = 1

𝜈 = 1.93(12)

NRF | Average branching ratios | 150Nd

Average value of Rexp:
• systematically above 1/3 

(expectation from statistical model!)

Individual data points:
• scatter significantly
• structure dominates
• otherwise smooth behavior expected
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𝜈 = 1.93(12)

NRF | Average branching ratios | 150Nd

Average value of Rexp:
• systematically above 1/3 

(expectation from statistical model!)

Individual data points:
• scatter significantly
• structure dominates
• otherwise smooth behavior expected

O. Papst, V. Werner, J. Isaak et al., PRC 102, 034323 (2020).

Significant deviation between nature
and statistical model prediction!

Significant deviation from
Porter−Thomas distribution!
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O. Papst, J. Isaak et al., PRL 135, 052501 (2025)

Non-statistical effects

How about contributions from non-statistical decays?

▪ Assumption: 

K-quantum number is a good quantum number

▪ Alaga rule:

▪
Γ2

Γ0
⋅

𝐸𝛾0
𝐸𝛾2

3

= 0.5 for K=1 and 2.0 for K=0
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Non-statistical effects

How about contributions from non-statistical decays?

▪ Assumption: 

K-quantum number is a good quantum number

▪ Alaga rule:

▪
Γ2

Γ0
⋅

𝐸𝛾0
𝐸𝛾2

3

= 0.5 for K=1 and 2.0 for K=0

For reproduction of experimental data:

→ min. contribution: 9.4(10) % from K=0

→ max. contribution: 94(10) % from K=1

from non-statistical 𝛾 decays!
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Non-statistical effects

How about contributions from non-statistical decays?

▪ Assumption: 

K-quantum number is a good quantum number

▪ Alaga rule:

▪
Γ2

Γ0
⋅

𝐸𝛾0
𝐸𝛾2

3

= 0.5 for K=1 and 2.0 for K=0

For reproduction of experimental data:

→ min. contribution: 9.4(10) % from K=0

→ max. contribution: 94(10) % from K=1

from non-statistical 𝛾 decays!

Deviation of the 𝜸−decay behavior of 150Nd from the statistical model

- deviations from Porter–Thomas → residual nuclear−structure effects

- fluctuations probe the order vs. chaos in nuclei

- deformed nuclei may preserve K quantum numbers

- incomplete K−mixing
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Outlook on fluctuation studies

Open questions

Other explanations for the
deviations? K-mixing?

Differences between spherical
and deformed nuclei?

Systematic investigation of further
isotopes work in progress
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Differences between spherical
and deformed nuclei?

Systematic investigation of further
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T. R. Rodriguez, J. Phys.: Conf. Ser. 503 (2014) 012038.
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Outlook on fluctuation studies

Open questions

Other explanations for the
deviations? K-mixing?

Differences between spherical
and deformed nuclei?

Systematic investigation of further
isotopes work in progress

T. R. Rodriguez, J. Phys.: Conf. Ser. 503 (2014) 012038.

Te, Ce

Sm, Gd, Dy, Hf
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