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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 ïNeutron 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

Á Nuclear masses

Á‍-decay rates

Á Half lives

Á Optical potentials

Á Nuclear level densities

Á Photon strength functions

Á Fluctuations

Á Hauser-Feshbach

Á Statistical model

ÁΪ
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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Nuclear level scheme

quasicontinuum

isolated



27.11.2025 |   Nuclear Lunch at NKUA   |   TU Darmstadt   |   AG Pietralla |   Johann Isaak   |    11

Nuclear level scheme

quasicontinuum

isolated

continuum



27.11.2025 |   Nuclear Lunch at NKUA   |   TU Darmstadt   |   AG Pietralla |   Johann Isaak   |    12

Nuclear level scheme

quasicontinuum

isolated

continuum

uniform Wigner



27.11.2025 |   Nuclear Lunch at NKUA   |   TU Darmstadt   |   AG Pietralla |   Johann Isaak   |    13

Nuclear level scheme

quasicontinuum

isolated

continuum

uniform Wigner



27.11.2025 |   Nuclear Lunch at NKUA   |   TU Darmstadt   |   AG Pietralla |   Johann Isaak   |    14

Level spacing | Wigner distribution

Definition:

Derived from random matrix theory using 
independent standard normal 
random variables ὣḐﬞ πȟρ

No free parameter 

Probability density function

Ὢ ὼ
“

ς
Ὡ

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 (…) distribution

Definition (discrete random variables):

Sum of squared independent standard normal 
random variables ὣḐﬞ πȟρ:

ὢ ὣ ȣ ὣ ᵼ ὢḐ…

Only parameter of the distribution: 
number of variables ’ᵼ degrees of freedom

Ὁὢ ’and  ὠὥὶὢ ς’

Probability density function

Ὢ ὼ’
ρ

ςɜ
’
ς

ὼ Ὡ
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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

- „ ᶿ ὡ

- ὡ
ἂ ἃ

ἂ ἃἂ ἃ
width -fluctuation correction
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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

- „ ᶿ ὡ

- ὡ
ἂ ἃ

ἂ ἃἂ ἃ
width -fluctuation correction

Random Matrix Theory

- independent standard normal random variables

- level spacing : Wigner distribution

- width distribution : Porter-Thomas distribution

(… with ’ ρ) 
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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

Å bias in predicted branching ratios and 
partial cross sections

Å different enhancement factor of elastic vs. 
inelastic channels

Å under - or overestimation of uncertainties

Å near thresholds impact on reaction rates

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

No data so far for the region below
neutron separation threshold !



27.11.2025 |   Nuclear Lunch at NKUA   |   TU Darmstadt   |   AG Pietralla |   Johann Isaak   |    35

Concept of photon strength functions
d

is
c
re

te
s
ta

te
s

q
u

a
s
i-
c
o

n
ti
n

u
u

m

Ὢ ᶿ„Ὢ ᶿἂῲἃ



27.11.2025 |   Nuclear Lunch at NKUA   |   TU Darmstadt   |   AG Pietralla |   Johann Isaak   |    36

Concept of photon strength functions
d

is
c
re

te
s
ta

te
s

q
u

a
s
i-
c
o

n
ti
n

u
u

m

Ὢ ᶿ„Ὢ ᶿἂῲἃ

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

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

Brink-Axel 
hypothesis
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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.

ὓέὨȟὴ‎

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

Ὓὲὴȟὴ‎

M. Wiedeking et al., Phys. Rev. C 104 (2021) 014311.
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M. Markova et al., Phys. Rev. Lett. 127 (2021) 182501.

ὓέὨȟὴ‎

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

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

ὓέὴȟὴᴂ

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

‎ȟ‎

Ὓὲὴȟὴ‎

M. Wiedeking et al., Phys. Rev. C 104 (2021) 014311.
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M. Wiedeking et al., Phys. Rev. C 104 (2021) 014311. ♬ȟ♬♬ 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

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

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

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

Challenges

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

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

ü minimum projectile mass
min. angular momentum transfer

ü polarization
parity -related observables

ü narrow bandwidth
explore specific excitation energy

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

ü 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

Á ɝὉȾὉ~ 1 ξ10 %

Á Ὁ ~ 1 ξ100 MeV

Á linear polarization

Á 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.

Ɑ♬ Ɑ♬♬ Ɑ♬♬ Ą resolved + unresolved ground -state transitions
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PSF extraction : Method I

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

Ɑ♬ Ɑ♬♬ Ɑ♬♬ Ą 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.

ὪὉ
ρ

σ“ᴐὧ
ẗ
„

Ὁ
„ „ „

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

... via ‎-‎coincidences model -independent method ! 
„

„

ὪὉ
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‎-‎coincidence @ ‎ setup B. Löher et al., NIMA 723 (2013) 136.

Å combination of ...

... high energy resolution HPGe

... high efficiency LaBr

Å further properties Ϊ

... compact set-up geometry

... summed full -energy efficiency

LaBrḐ6 %

HPGeḐ1.5 %
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‎-‎coincidence @ ‎ setup
J. Isaak et al., Phys. Rev. C 103 (2021) 044317.
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‎-‎coincidence @ ‎ setup
J. Isaak et al., Phys. Rev. C 103 (2021) 044317.
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‎-‎coincidence @ ‎ setup
J. Isaak et al., Phys. Rev. C 103 (2021) 044317.
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‎-‎coincidence @ ‎ setup
J. Isaak et al., Phys. Rev. C 103 (2021) 044317.
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‎-‎coincidence @ ‎ setup

π

ς

ς

ς

ς

Ὁ ψ-Å6

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

Å photoabsorption photon emission

Å fluctuations larger than expected from PT 

Å 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).


