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Overview

ÅPrelude: Low-energy nuclear collective excitations
ÅVibrations (shape oscillations), rotations

ÅDeformation, shell structure, clustering, reactions

ÅOn the isoscalar, low-energy dipole (IS-LED) vibration
ÅThe misfit

ÅGaps to fill in nuclear data - N=Z nuclei

ÅSummary 



Prelude
Low-energy nuclear collective excitations 
× Collective model: Vibrations and rotations

× Clustering: Molecule-like vibration+rotation

× What else? 



Collective model: Vibrations and rotations

ÅNuclei are characterized by collective behavior

ÅCollectivity is inferred from the electromagnetic transition strength to 
the ground state 
ÅcfάǎƛƴƎƭŜ-ǇŀǊǘƛŎƭŜ ǳƴƛǘǎέΣ ƻǊ άWeisskopfǳƴƛǘǎέ όW.u.); or % of total EWSR

ÅCollective model: Nuclei as incompressible droplets of nuclear matter 
with only shapedegrees of freedom
ÅDeformed equilibrium shape: The nucleus can rotate
ÅShape oscillations: vibrational modes
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Collective transitions - examples

ÅElectric quadrupole, B(E2), from the 1st 2+ to the ground state
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Clearly collective in most cases:
Transition strength >> 1W.u.

EWSR: >5% 



Collective transitions - examples

ÅElectric octupole, B(E3), from the 1st 3- to the ground state

Clearly collective in most cases:
Transition strength >> 1W.u.



Rotational bands

ÅExamples: 

ὶvs.ὶfor some the most rotational nuclei 
incl. Cf, Cm, Pu, Dy, Yb, Er, Hf isotopes
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Clustering: Vibrations and rotations 

Generic 

heteropolar

diatomic molecule

The two bands 

in 16O*
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Light A=4n nuclei demonstrate alpha clustering(*)

Example 

ÅFirst 0+ of 16O can be described by 4-body correlations (4p4h) 

ÅAn even-parity rotational band is built on it

ÅAlpha-oscillation 1- state at 9.58

ÅAn odd-parity band is built on it

(*)For heavy nuclei see, e.g., Spieker+,PRL114(2015)192504



Skyrmions
vs 

-hClusters

Edme Mariotte
(Newtonõs cradle)
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As shown at APCTP-TRIUMF Workshop, Pohang, Sept. 2018 

Recent approaches



Low-energy dipole vibration?
The misfit



The misfit: Low-energy dipole vibration

ÅDipole vibrations cannot be described by the collective model:

The isoscalardipole operator 
induces a displacement of the 

whole nucleus, not an excitation 

Quadrupole
ὶὣ Ƕὶ

Octupole
ὶὣ Ƕὶ

Hexadecapole
ὶὣ Ƕὶ

Dipole
ὶὣ Ƕὶ

Next in order: ὶὣ Ƕὶ

can produce intrinsic dipole 
excitations



The misfit: Low-energy dipole vibration

ÅDipole vibrations cannot be described by the collective model:

ÅBut not shape oscillations:
×Eg., some degree of compression

The electric dipole operator 
induces a displacement of the 

whole nucleus, not an excitation 



The misfit: Low-energy dipole vibration

ÅDipole vibrations cannot be described by the collective model:

ÅBut not shape oscillations:
×Eg., some degree of compression

The electric dipole operator 
induces a displacement of the 

whole nucleus, not an excitation 
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Isoscalar, isovector, electric (EL) transitions

ÅIsoscalar transition operator:

ὕὍὛȠὒᶿ Ὢ ὶὣ ὶ Ὢὶὣ ὶ Ὢὶὣ ὶ

ÅIsovectortransition operator: 

ὕὍὠȠὒᶿ Ὢ ὶὣ ὶ Ὢὶὣ ὶ

ÅElectric transition operator:

ὕὉὒȠὒᶿ Ὢ ὶὣ ὶ ᶿ
ρ

ς
ὕὍὛȠὒ ὕὍὠȠὒ

×Long-wavelength limit:Ὢὶ ὶ



Electric vs isoscalarstrength: L>1

ÅElectric multipole transition (long-wavelength limit):

ἂπȿ ὶὣ ὶȿἃὪ

ÅIsoscalar: 

ἂπȿ ὶὣ ὶȿἃὪ

ÅCƻǊ bҒ½Σ όproton density distribution) Ғ½ x (total density distribution) ᵼ

ὄὉὒ
ρ

τ
ὄὍὛȠὒ

ὉὄὉὒȾὉὡὛὙὉὒ ὉὄὍὛȠὒȾὉὡὛὙὍὛȠὒ

ÅTherefore (esp. for b Ғ Z), strong B(EL) ҭ strong B(IS;L) (similar information)



Electric vs isoscalarstrength: L=1

ÅElectric dipole operator (long-wavelength limit):

ἂπȿ ὶὣὶȿἃὪ

ÅThe matrix element of ἂπȿВ ὶὣὶȿἃὪᶿ πὤ Ὢ vanishes! (Translational invariance)

ÅIsoscalaroperator: Next order needed for intrinsic excitations

ἂπȿ ὶὣὶȿἃὪ

ὕὉὒȠὒᶿ Ὢ ὶὣ ὶ ᶿ
ρ

ς
ὕὍὛȠὒ ὕὍὠȠὒ

strong B(EL) ҭ strong B(IS;L) X

X



Example: Electric response of 208Pb
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Example: Electric response of 208Pb
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A different 
probe can be 
as revealing 

as UV light on 
invisible ink
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sheet under normal light

photonsHidden in plain sight



sheet under normal light

photons

sheet under UV light?

Hidden in plain sight



sheet under normal light

photons ... and hadrons
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Hidden in plain sight
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0.02 or 0.4 % of TRK...

... but 4-5% of the IS EWSR 

Ca40: symmetric ςIS and IV decoupled 
Ca48: mixing What does this mean for 208Pb? 

Low-energy dipole response of 40Ca, 48Ca 



The misfit: Low-energy dipole vibration

ÅAliases: 
ÅbҐ½ ƴǳŎƭŜƛΥ άLǎƻǎǇƛƴ ŦƻǊōƛŘŘŜƴ 9м ǘǊŀƴǎƛǘƛƻƴǎέ 
ÅIsospin mixing make its ɹ-decay possible

ÅEarly attempts within the shell model failed to account for 
its decay rate (мƚ˖ not sufficient)

ÅbҔ½ ƴǳŎƭŜƛΥ άIsoscalarǎŜƎƳŜƴǘ ƻŦ ǇȅƎƳȅ ǊŜǎƻƴŀƴŎŜέ
ÅDescribed by  RPA (linear response theory)

Åά/ƻƳǇǊŜǎǎƛōƭŜέ ƻǎŎƛƭƭŀǘƛƻƴǎ 
ÅSum-rule approach, Deal (1973)

ÅHarakehŜǘ ŀƭΦ όулΩǎ ff): ¢ƘŜ мƚ˖ L{ ŘƛǇƻƭŜ resonance

ÅIS-[95Υ άIsoscalarlow-ŜƴŜǊƎȅ ŘƛǇƻƭŜέ ƻǎŎƛƭƭŀǘƛƻƴ



A universal nuclear phenomenon?

Transition density, form factor: 

ÅDescribed well by RPA 
ÅCf. e-scattering data for O, Ca  

ÅPredicted similar from 16O to 
132Sn 
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A universal nuclear phenomenon?

ÅBut studies are spotty - Gaps to be filled!
ÅMapping along isotopic chains

ÅMapping along N=Z

Data for IS dipole transitions from: 
Å Savranet al., Deryaet al., Crespiet al., 

Poelhekkenet al.,Harakehet al

Theoretical investigations: 
Å [PP et al.; EPJA47,PLB709,PRC89,PRC92]: 

N=Z up to 100Sn; Ca, Sn, Ni, N=20

Compilation: [PP,EXON,2016]

Compare situation with:



Mapping along isotopic chains

ÅExample: Ca isotopes 
ÅSmooth evolution from N=20 to 28; then 

dissolution to neutron modes [PP et al.,PLB709,270]

ÅExample: Ni isotopes 
ÅBimodal structure mid-shell due to coupling 

with surface neutrons? [PP et al.,PRC92,034311]

ÅExample: Sn isotopes
ÅSmooth evolution from N=50 to 82; then 

dominance of neutron configurations [PP et 

al.,PRC89,034306]
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Sn: Energy and strength evolution

Transition density
Å Blue: protons
Å Red: neutrons



A universal nuclear phenomenon?

ÅBut studies are spotty - Gaps to be filled!
ÅMapping along isotopic chains

ÅMapping along N=Z [PP et al., EPJA47.14]

Data for IS dipole transitions from: 
Å Savranet al., Deryaet al., Crespiet al., 

Poelhekkenet al.,Harakehet al

Theoretical investigations: 
Å [PP et al.; EPJA47,PLB709,PRC89,PRC92]: 

N=Z up to 100Sn; Ca, Sn, Ni, N=20

Compilation: [PP,EXON,2016]

Compare situation with:



Discussion
The IS-[95 ƻŦ bҐ½ ƴǳŎƭŜƛ όŀƴŘ ƴƻǘ ƻƴƭȅΧύ
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