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*  1975 Nobel Prize for the 

nuclear collective model
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,

* Albert Einstein, “Einheitliche Feldtheorie von Gravitation

und Elektrizitat.” Preussische Akademie der Wissenschaften, 

Phys. math. Klasse, Sitzungsberichte 1925, 414–419. 

seeTilman Sauer, https://philsci-archive.pitt.edu/3293/1/uft.pdf

1925 Quantum Mechanics

1925 Pauli invents the Pauli Principle 

1928 Dirac predicts anti-particles

1928 Three elementary particles  - proton, electron and photon

1928 Two types of fundamental interactions - Coulomb and Gravitational *



,Michael Thoennessen: Timeline of the Discovery of Nuclides
https://frib.msu.edu/public/nuclides

https://frib.msu.edu/public/nuclides


,

Many energy levels were 

Observed

1936 Bethe Bible

Bethe provided the first 

models for nuclear levels

densities. 

1932 Chadwick discovers the neutron
1932 The nucleus is made up of protons and neutrons



Fast forward for particle physics  

,

Over 100 hadrons (baryons and mesons) discovered.

Most results explained by 23 elementary particles plus
The “standard model” equations with 26 constants.
Who would have predicted this?

What is next?

Quarks and Leptons have anti-particles (Dirac)



,

Fast forward for nuclear physics

About 3000 nuclei

Made up of protons and neutrons
Who would have predicted this?
What is next?



https://frib.msu.edu/public/nuclides 

https://frib.msu.edu/public/nuclides


1949-1950 The nuclear shell model was discovered 
                   – magic* numbers (2, 8, 20, 28, 50, 82, 126)
1963 Nobel Prize, Mayer and Jensen

,

Maria Goeppert Mayer

Binding energies

Excited states energies
Energies of 2+ state
J values

* It was Eugene Paul Wigner who coined the term 

“magic number”. Steven A. Moszkowski, who was a 
student of Maria Goeppert-Mayer, in a talk presented 
at the American Physical Society meeting in Indianapolis, 

4 May 1996 said: “Wigner believed in the liquid drop 
model, but he recognized, from the work of Maria Mayer, 

the very strong evidence for the closed shells. 
It seemed a little like magic to him, and that is how
the words ‘Magic Numbers’ were coined”.



,

208Pb

Filling of lowest energy 

quantum states according 

to the Pauli principle *.

Only one type of fermion 

can occupy a given 

quantum state

* This is the dominant configuration of 

the  208Pb  ground state. In addition

there are an infinite number of smaller

components made up of configurations 

where the nucleons are excited from 

filled orbitals to higher orbitals.  



The nuclear chart can be divided into “territories” where only a few 
orbitals dominate the low-lying structure in a given mass region

,



The nuclear chart can be divided into “territories” where only a few 
orbitals dominate the wavefunctions of low-lying states 

,

The “sd” shell started in the

1970s by Brown-Wildenthal 

is still providing unique 

predictions

f7/2 The “p” shell in the

1960s by Cohen-Kurath

is now replaced by ab-initio

methods

The f7/2 shell and many other 

simple orbital configuration 

examples started in the 1950s

by Talmi et al.

1963 book defined much of
the terminology we use today.



With islands of inversion, more orbitals must be considered and the 
“territories” enlarged – to be enlarged over the next 50 years.

,



,With the shell-model we have a language within which one can understand everything at 

many levels of detail

Provides basis states for all ab-initio models (e.g. harmonic oscillator)

We have a top-down language in which everything can be discussed

Next 50 years – can nuclear properties be calculated in a basis that 

has nothing to do with the shell model?

Calculate all energies to an uncertainty of 1 MeV, 100 keV, 1 keV?

.



An early joint paper



Experiment and theory working together



,

Empirical shell-model Hamiltonians rely on a subset of energy data to determine

the evolution of the single-particle energies and to constrain some two-body matrix

elements

The GFPX1A Hamiltonian obtained in this way was used to predict 

the yrast spectrum of Ti that agreed with new data om 2002.

The agreement was good enough to use theory to suggest J-pi assignments

But are we sure? 

Experiment and theory working together



Let’s see if the theory has changed – 54Ti

,

Latest Hamiltonian in the fp model space.

Up to 7 MeV about 100 more levels predicted.

– for most these the only thing of interest is the level density.

 

We have great confidence that they are there (within a few hundred keV)



,



Let’s see if the theory has changed – 50Ti

,

Negative-parity states need a model space that goes beyond fp



,

Let’s see if the theory has changed – 50Ti

ZBM2 model space (d3,s1,f7,p3) is OK 

But  more orbitals need to be added (d5.p1,f5,g9…)



……  the latest collaborations on 74Ge and 68Zn

From the Ground State to the Particle Emission Threshold: 

Nuclear Resonance Fluorescence in 68Zn - Thesis of Samantha Johnson 

Uses nuclear resonance fluorescence (NRF) with the 
High-Intensity Gamma-Ray Source (HIγS) Facility to select 1- and 1+ states.



Good news – the number and spacing of low-lying levels in 
the jj44 model space (0f5, 1p3, 1p1, 0g9) is OK



Not such good news 
the B(M1) strength also requires the 0f7 orbital 
one needs the (0f7, 0f5, 1p3, 1p1, 0g9) model space

Results from (0f7, 0f5, 1p3, 1p1) model space



Bad news: 

B(E1) = 0 in the jj44 (0f5, 1p3, 1p1, 0g9) model space



Good news: 

B(E1) = 0 in the jj44 (0f5, 1p3, 1p1, 0g9) model space

Experimental B(E1) on the order of 0.0001 WU ??



Vertical vs Horizonal Shell Model Truncations

j4 – horizontal for low-lying 

collective states (with effective 

charge).

For full B(M1)

For full B(E1)

At higher energy we are 

interested in levels density and 
gamma strength functions

For complete E2  and 

deformation (no effective 

charge)



,



,

0j 15/2

0i 13/2

The observed states in 207Pb

involve neutron particle-hole

excitations within the green box.



,

These SPE provide about 80% of the 

spectra of excited states.

For 208Pb they are known from exp. 

Theory (EDF or ab-iinitio) cannot do 
better than about 1 MeV. 

Next 50 years?

The Kuo-Herrling interaction from the 

1970’s is old but good enough 
(when combined with exp SPE) to 

predict energies within about 100 keV.



,

Lines are from Skx Energy Density Functional

N=20 points are the ESPE from the FSU Hamiltonian



Why do the single-particle energy (SPE) gaps change?

,

Near stability

Neutron-drip line

As one decreases the SPE in a potential well 

All SPE with n=1 bend down compared to those with n=0

the SPE with n=2 (2s1/2) bends down even more

The 1s1/2, 2s1/2 .… (s-states) become extended - halos (no centrifugal barrier)



Nuclear Structure from JPG paper

,



FRIB     2024: 10 kW                                           400 kW

,

Picture will be about the same, but the rate/s scale will increase a factor of 40

With FRIB, other facilities and their additions we will have the experimental 

capabilities over the next 50 years. 



Nuclear Astrophysics

,

Proton capture process for stars and 

X-ray bursters

For (p,) rates sometimes need 

excitation energies to a 

precision of about 10 keV

Will nuclear theory ever

be that good?

Neutron capture 

process for heavy

element formation



100 + 50 years

,

Over the past 100 years - experiment and theory have been intertwined

Designed and built facilities with for new ways of making nuclei.

Designed and built detectors for “seeing” what nuclei are like.

Found connections between nuclear properties and nuclear astrophysics.
Applied top-down implications of quantum mechanics for understanding what we see.

Understood the bottom-up connections with nucleons and particle physics.

Made use of the exponential increase in computation.  

Over the next 50 years - experiment and theory will be intertwined

FRIB and other facilities will be used, and they will be upgraded and changed.

New experimental detectors will be designed and used.

Top-down and bottom-up theory understandings will be merged.

Computational and AI advances will be used in ways that we cannot imagine.

Thank you, Robert, for your immense contributions to bring us to this point.  
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