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ab initio theory for nuclear structure (and beyond)

2012: The Argonne group 
demonstrated that a Hamiltonian 
consisting of the Argonne v18 (NN) 
+ Illinois-2 (NNN). reproduced the 
observed spectra of light nuclei 
remarkably well.  

AV18 provided an exceptionally 
accurate ‘realistic phenomenological’ 
description of NN interactions.  

IL.2 showed the importance of NNN 
terms in describing nuclear structure. 

https://www.anl.gov/phy/manybody-theory
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ab initio theory for nuclear structure (and beyond)

Modern view of the NN interaction is given in the 
framework of Chiral Effective Field Theory (χEFT). 

Fundamental theory is given by Quantum 
Chromodynamics (QCD). However for nuclear 
systems, the relevant degrees of freedom are nucleons 
and pions, not quarks and gluons.  

Chiral EFT uses the symmetries of QCD, especially 
chiral symmetry, to construct nuclear forces in a 
systematic expansion. 

Natural hierarchy of forces emerges: 
• NN forces dominate 
• 3N forces appear at higher order 
• 4N forces are even smaller

Rodrigues et al Front. Phys. 8 57 (2020). doi: 10.3389/fphy.2020.00057
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ab initio theory for nuclear structure (and beyond) Courtesy of Jason Holt, TRIUMF

New many-body methods (Coupled Cluster, 
IMSRG, SCGF, NCSM, QMC) dramatically 
increased the range of nuclei accessible to 
first-principles calculations. 

Most nuclei are open-shell systems, where 
strong correlations make direct ab initio 
calculations computationally demanding. 

Valence-Space IMSRG (VS-IMSRG) uses 
continuous unitary transformations to derive an 
effective shell-model Hamiltonian directly 
from chiral NN+3N interactions, enabling 
large-scale spectroscopy calculations in open-
shell nuclei. 

Extended the reach of ab initio calculations 
to essentially all light- and medium-mass 
nuclei.

The frontier has shifted from describing nuclei to 
understanding emergence: how do collective 
degrees of freedom arise from microscopic 

nuclear interactions?
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A fundamental problem(s) in subatomic (nuclear) physics

“Do low-energy vibrations exist in atomic nuclei?  

“What is the 
fundamental 
nature of the 
vibrations?”

“How do we 
explain low-

energy nuclear 
structure?”

NoYes
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Overview

Collective models of atomic nuclei 
- Bohr and Mottelson Volume 2 
- Controversy #1 - nuclear shape coexistence 
- Controversy #2 - triaxial rotations vs surface oscillations 

Experimental probes to test/constrain models 
- Rotational example: 162Dy 
- Vibrational example: 124Te 
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1975 Nobel Prize

https://www.nobelprize.org/prizes/physics/1975/summary/

“for the discovery of the connection 
between collective motion and 
particle motion in atomic nuclei and 
the development of the theory of 
the structure of the atomic nucleus 
based on this connection.”
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‘Vibrations’ of spherical ground states
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Bohr and Mottelson considered the observation of multi-phonon states and their 
enhanced E2 transition strengths to be the decisive evidence for vibrational motion. 
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‘Vibrations’ of spherical ground states

Cd isotopes often presented 
as ‘textbook’ examples of 

vibrational nuclei
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Controversy #1: Shape coexistence 

Nature 405, 430–433 (2000). 
https://doi.org/10.1038/35013012

Commun Phys 5, 213 (2022). 
https://doi.org/10.1038/s42005-022-00990-4

Pb-186
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Nuclear ‘shape coexistence’

• Strong population of  in two-proton transfer

• Weak population of  in two-neutron transfer


• Different quadrupole moment to 

0+
2

0+
2

0+
1

P. Garret et al, Progress in Particle and Nuclear Physics 139 104119 (2024)

Shape coexistence often manifests as a parabola in the excitation 
energies of excited  states across an isotopic chain. 

  
Intruder configurations are lowered towards mid-shell by increasing 

correlation energy, producing a characteristic minimum where competing 
shapes become nearly degenerate and strongly mixed.
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Quantum shape mixing Ideguchi et al, PRL 128, 252501 (2022).
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‘Vibrations’ of deformed ground states

R(θ, ϕ) = R0{1 +
∞

∑
ℓ=0

+ℓ

∑
m=−ℓ

αℓ,m Yℓ,m(θ, ϕ)}

“Beta”“Gamma”

NNDC
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Experimental constraints of nuclear-structure theory
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Vibrations model predicts:  
•  strongly decays to . 

•  follows 7:10:9:6:3.  

•  = 2.78
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[1] C. Y. Wu et al., Phys. Rev. C, vol. 64, no. 6, 2001. 
[2] F. Corminboeuf et al., Phys. Rev. C, vol. 56, no. 3, 1997. 
[3] C. Fahlander et al., Phys. Lett.B, vol. 388, no. 3, 1996. 
[4] H. G. Borner et al., Phys. Rev. Lett., vol. 66, 1991.
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Controversy #2: Triaxial rotor vs shape oscillations

K remains a good approximate quantum number:
• γ and γγ bands emerge naturally from triaxial rotation
• No γ-phonon interpretation is required 


Are the K = 4 bands in 162Dy manifestations of two-γ phonons, or are they rotational excitations of a triaxial shape?

https://doi.org/10.1140/epja/s10050-025-01553-1

Recent Monte Carlo Shell Model calculations by Otsuka et al have renewed interest in triaxiality.
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Example: 162Dy
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Coulomb excitation (Coulex) technique

Experiment conditions defined such that EM 
interaction dominates. 
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Coulomb excitation (Coulex) technique

Experimental conditions defined by the user 
(Level scheme, matrix elements, collision partners, 

reaction kinematics) 

GOSIA solves a set of coupled differential equations 
for level excitation amplitudes using electromagnetic 

matrix elements as parameters.

Decay of the populated states is calculated using 
information provided on detection geometry/

efficiency, internal conversion etc.

 function comparing calculated and 
experimental gamma-ray intensities and other 
spectroscopic data related to electromagnetic 

matrix elements, is created and minimised.

χ2

A set of matrix elements that optimally 
reproduces the experimental data corresponds to 

the minimum of the  function. Uncertainties are 
deduced from the shape of the surface. 

χ2

GOSIA

MINIMISATION Error 
estimation

RESULTS

Set of matrix elements

Experiment / User input

Spectroscopic 
data Level scheme

Measured 
gamma-ray 

yields
Detector 

geometries
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Australian Heavy Ion Accelerator Facility

• Upgraded NEC 14UD Pelletron 
(nominal 15 MV maximum). 

• 10+1 end stations across two target 
areas. 

• LINAC superconducting booster 
• Two ion sources (soon to be three). 
• Protons to plutonium. 
• Supports the work of the 

Department of Nuclear Physics and 
Accelerator Applications (NPAA) 
within the Research School of 
Physics. 

• 15 Technical Support Staff 
• Academic staff and students are the 

beam operators. 
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New infrastructure for Coulex @ HIAF

Stage II (2026/27)

New target 
chamber (2022)

CAESAR (c. 1985)

~ 120-155o

~ 65% of 4π
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162Dy Coulex @ HIAF
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T. N. Perissinotto, AJM et al, Final states of refinement before submitting the paper
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162Dy Coulex @ HIAF

Important steps towards constraining 
signs and magnitudes of transitions 
from gsb and  band members. γ

T. N. Perissinotto, AJM et al, Final states of refinement before submitting the paper



AJ Mitchell || Australian National UniversityFundamental Problems in Subatomic Physics 202624

162Dy Coulex @ INFN Legnaro, Italy

AGATA

HIAF

INFN

Aiming to determine a complete set 
of matrix elements constrained 

through combinations of beams and 
beam energies at different facilities. 
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Partial online spectrum Levels observed (preliminary)

Courtesy of C. Fahlander, Lund U



AJ Mitchell || Australian National UniversityFundamental Problems in Subatomic Physics 202626

Back to ‘vibrational’ nuclei
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M. Reece, AJM et al, Phys. Rev. C 112, 034311 (2025)
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124Te Coulex @ HIAF
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- From mid shell, it is the lightest isotope 

to deviate from the vibrational picture.  

Prior work:  
- Weakly deformed vibrational model 

(Gupta PRC 2023). 

- E5 critical point symmetry (e.g. Clark et 
al PRC 2004, Hicks et al PRC 2017). 

- Gamma-soft/triaxial (Tiwary EPJA 
2019, Sharma NPA 2019)).  

M. Reece, AJM et al, Phys. Rev. C 112, 034311 (2025)
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124Te Coulex @ HIAF
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M. Reece, AJM et al, Phys. Rev. C 112, 034311 (2025)
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• Yields 
• Lifetimes 
• Branching ratios 
• Mixing ratios

GOSIA Matrix 
elements

Red circles: This work 
Black circles: NDS, Hick et al PRC (2017), Hicks et 
al PRC (2005), Stockstad and Hall NPA (1967).  

Unable to fully constrain . 
 measured for the first time.  

No agreement with the spherical-vibration model. 

B(E2; 4+ → 2+)
B(E2; 6+ → 4+)

124Te Coulex @ HIAF M. Reece, AJM et al, Phys. Rev. C 112, 034311 (2025)
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General Collective Model 
Phenomenological model of low-excitation collective nuclear states 
Treats states as excitations of an incompressible liquid drop 
Parameters determined by fitting the low-excitation spectrum and E2 properties. 

124Te Coulex @ HIAF M. Reece, AJM et al, Phys. Rev. C 112, 034311 (2025)
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Systematics in the Te isotopes
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Large-scale shell-model 
calculations performed with 
KSHELL.  
- Sn-100 core. 
- CD-Bonn potential  
- ep = 1.7, en = 0.9 

Theory and experiment agree 
well for A = 128-134 

Additional collectivity appears in 
lighter isotopes. 

6+ state in Te-124 retains a 
strong proton g7/2 component. 

First 
measurement

? ?

First 
measurement

M. Reece, AJM et al, Phys. Rev. C 112, 034311 (2025)
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Searching for triaxial ground-states @ FRIB

P. Moller, et al., Atomic Data and Nuclear Data Tables, 94, 758 (2008). 
FDSi
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Courtesy of L. E. Johnstone, ANU

Implant ID 
- >120 nuclides 

Decay spectroscopy 
- identify levels

State lifetimes 
- τ → B(E2)

Searching for triaxial ground-states @ FRIB
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Searching for triaxial ground-states @ FRIB

More testing grounds for 
Otsuka et al? 

Impacts on shell-
structure evolution in 

very-neutron-rich 
systems

Impact of ground-state half-
lives, and masses, beta-

delayed neutron probabilities 
and nuclear isomer 
discovery on stellar 

nucleosynthesis

Impact of ground-state half-
lives, and masses, beta-

delayed neutron probabilities 
and nuclear isomer 

discovery on reactor physics. 
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Where next?

… maybe we’ll find out on Sunday.

In summary, we are really discussing the emergence of effective collective degrees of 
freedom from the strong interaction. How to predict them, and how to confirm them. 

Where to next? … 
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Dr AJ Mitchell SFHEA 
Department of Nuclear Physics and Accelerator Applications 
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Spare slides


