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Discussion

86Ni = 78Ni50 + 8n

Cf. 11Be = 10Be + n,  11Li = 9Li + 2n

Novel features of many-body correlations
among many loosely-bound neutrons in 
medium heavy mass neutron rich nuclei.



Correlations among loosely-bound states
and continuum states

Fε

Stable nuclei

Nuclei close to the neutron drip line

Fε

correlations

Variety of the spatial structure
New type collective motions ?

Pairing correlations (BCS approximation)

5 MeV BCS
i F cutEε ε− < ≈

Low-lying excitations

0 effective chargeω +=

Zone of correlated states around the Fermi level

Correlations among tightly-bound states
(spatially localized states)

New dimension !



Two-neutron separation energy 
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1.Spatial structure of single-(quasi)particle
wave functions 

2.Enhancement of pairing correlations

3.Strong transition strength of low-frequency 
vibrational excitations
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Consequently…
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(zero-range interactions assumed) 

HFB equation in coordinate space
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• Solved only for neutrons

• Box boundary condition at Rbox=75 fm

• Phenomenological Woods-Saxon potential for HF mean-field

• Self-consistent pairing correlations (surface type)

Spatial structure of neutrons around 86Ni

5.5 fm,  0.67 fmWSR a= = 41.4 MeVWSV = −
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Single-particle energies
86Ni is the neutron drip line nucleus
without pairing

Simplified HFB problem

ν Fermi level → loosely-bound 3s1/2 state
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Pairing anti-halo effect
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Lower components in 86Ni
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Spatial structure of upper components
The asymptotic equation

< 0 or  > 0 
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Localization indicator for unbound states



Upper components with box boundary condition
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Localization indicator for unbound states

Independent of  with arbitrary   for box boxR E r Rδ �
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Relaxation of the spatial localization

Broadened (acquired) resonance width in ε > 0 (ε < 0 ) state 

This effect is stronger in lower-l states

Coupling to continuum in the upper components

0res
ljε > , 0lj nε <

Mixing of continuum states by pairing 



Spatial structure of single-quasiparticle 
wave functions

Pairing correlation for λ = ε (3s1/2) → 0

?

.

Pairing correlations

Coupling to continuum states

Difference between v(r) and u(r)

,lj lε



Pairing correlation for λ = ε (3s1/2) → 0
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Spatial structure of pairing density
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Ingredients determining the spatial extent 
of              ?
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Coupling between  s1/2 halo state and the 
pairing potential survives or decouples
for λ = ε (3s1/2) → 0 ?
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Balance of the pairing effects in v(r) and u(r)

.

Spatial extent of s1/2 state and               .
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Role of high-l states
Spatially extended distribution of pairing density 
of low-l states

Role of high-l states ??

Enhancement of pairing energy 
for λ = ε (3s1/2) → 0

The clue → coupling between high-l and low-l states

?



Coupling between high-l and low-l states
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Self-consistency of pairing correlations 

(s+d, s+d) (g, g)
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p-h transition matrix element:

Spatial structure of two-quasiparticle state:

1 phonon state in Quasiparticle RPA:
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Low-frequency vibrational excitations (2+,3-,…) 



First 2+ states in neutron rich Ni isotopes

Comparison (Skyrme SLy4 force)
• HFB + QRPA
• HF-resonant BCS + QRPA
• HF + RPA

(These 2+ states are below the thresholds)
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Transition densities of the first 2+ states

Spatially extended component of neutrons 
becomes sizable

Correlations between neutrons and protons can 
occur only around the spatially narrow region



Spatial structure of single-
quasiparticle wave functions

Conclusion

Pairing correlations and low-frequency vibrational 
excitations in nuclei close to the neutron drip line
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Enhancement of 
pairing correlations

Strong transition strength of 
low-frequency vibrational 
excitations

Interplay of low-l
and high-l states


