
Owned and operated as a joint venture by a consortium of Canadian universities via a contribution through the National Research Council Canada 

Propriété d’un consortium d’universités canadiennes, géré en co-entreprise à partir d’une contribution administrée par le Conseil national de recherches Canada

Canada’s national laboratory for particle and nuclear physics 
Laboratoire national canadien pour la recherche en physique nucléaire

et en physique des particules

Accelerating Science for Canada

Un accélérateur de la démarche scientifique canadienne

Collective Excitations in Nuclei

Nuclear Spectroscopy #6

Postdoc Lecture Series, Graduate and Postdoc Society (GAPS)

Mike Bowry and Jack Henderson

Gamma Ray Spectroscopy at ISAC (GRSI) | TRIUMF



Single-particle versus Collective

• Nuclear Structure is concerned with examining the 

behavior and properties of nuclei

• Properties of excited states such as their spin 𝑰, parity 𝝅, 

excitation energy 𝑬𝒙 and half-life 𝑻𝟏/𝟐 reflect the physical 

mechanism responsible for their manifestation

• Nuclear excitations can arise via:

• Single-particle motion

 Properties determined by arranging a small number of nucleons

• Collective motion

 ‘Bulk’ motion of the nuclear fluid involving many nucleons

• …combinations of the above!



Nuclear Shell Model

• Single-particle 

orbits defined by 

quantum numbers

[𝒏𝒍𝒋]

• Principal 𝒏

• Orbital angular 

momentum 𝒍

• Total angular 

momentum 𝒋

• Occupancy [𝟐𝒋 + 𝟏]

• Parity (−𝟏)𝒍



Example: nickel isotopes
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• Something else competes with single-particle motion!



Global B(E2) (even-even)
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Global B(E2) (even-even)
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Mid-shell B(E2)

• Calculated versus experimental B(E2) for Sn 
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Deformation in nuclei

• Deformed nuclear shapes break spherical 

symmetry and introduce non-degenerate states

• Degeneracy ≡ Equivalency (in energy) of excited states

𝑺𝒑𝒉𝒆𝒓𝒊𝒄𝒂𝒍 𝑷𝒓𝒐𝒍𝒂𝒕𝒆/𝑶𝒃𝒍𝒂𝒕𝒆 ‘𝑷𝒆𝒂𝒓 − 𝒔𝒉𝒂𝒑𝒆𝒅′
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Collective excitations

• Rotations
• Nucleus behaves as deformed rotor with a distinctive 

separation of energy eigenvalues (“rotational band”)

• 𝐸𝑟𝑜𝑡 =
ℏ2

2ℊ
𝐼 𝐼 + 1 , 𝑒. 𝑔.

𝐸𝑟𝑜𝑡
4+

𝐸𝑟𝑜𝑡
2+

≈
4(4+1)

2(2+1)
= 3.33

• Vibrations
• Transient deformation of equilibrium nuclear shape

• “Giant resonances”
• Highly collective, high energy, proton-neutron excitations 

(e.g. Monopole Resonance, Dipole Resonance) 



Rotational spectra: radium
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Rotational spectra: thorium
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Summary

• Both single-particle and collective excitations 

compete to determine the properties of excited states

• Largest collective contributions observed around mid-shell

• Transition probabilities 𝐵(𝐸,𝑀𝜆) provide a powerful 

probe of the collective contribution when compared 

with theory 

• Simple example near magic N, Z: Weisskopf estimates

• More complex: Shell Model Calculations

• 𝐵(𝐸,𝑀𝜆) values are intimately related to nuclear 

multipole moments (e.g. 𝐵(𝐸1) & dipole moment) 
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Thank you!
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Links

• Comments or suggestions?

• Email:

m.bowry@triumf.ca

jhenderson@triumph.ca

• Sign up link to receive course updates:

https://www.surveymonkey.com/r/JQR9FGC
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