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187 new isotopes discovered at RIKEN
32: pre-RIBF

Nh(Z=113)Frontier explored by RIBF

50: 2007–2010
105: 2011–2021

n-rich rare earth: 
γ-vibration, PLB(2016) 
β-decay, PRL(2017) 
octupole, PRC(2022)

132Sn: GT resonance, PRL(2018)

110Zr: large deformation, PRL(2011)

78Ni: doubly magic, Nature(2019)

shell structure and collective motions 
in medium-mass nuclei: 
DFT should lead the physics

15 years since the full-scale operation started

cf. The last YKIS was held in 2011.



3

Nuclear density functional theory (DFT)
Nuclear EDF  : Skyrme, Gogny, covariant,…E[ρ, ρ̃, ρ̃*]

Kohn–Sham–Bogoliubov–de Gennes (or HFB) method 
Dobaczewski+(1984)

Oliveira+(1988)

(ℋq
HFB − λq#)Φq

α(x) = Eq
αΦq

α(x)

Bulgac(1980),

h = δE
δρ

, h̃ = δE
δρ̃*

for the equilibrium con#guration
δ(E[ρ, ρ̃, ρ̃*] − ∑

q
λq⟨N̂q⟩) = 0

asymptotic behavior of densities at large distances
pairing involving the continuum states

appropriate framework for describing neutron-rich nuclei

ℋq
HFB[ρ, ρ̃, ρ̃*] = ∑

σ′ 
[

hq
σσ′ 

(r) h̃q
σσ′ 

(r)
4σσ′ ̃hq*

−σ−σ′ 
(r) −4σσ′ hq*

−σ−σ′ 
(r)], # = [1 0

0 −1]

Φq(x) = [
φq

1,α(rσ)
φq

2,α(rσ)]
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Nuclear DFT for equilibrium deformed shapes
3D-mesh calculation is now available

Seattle–Warsaw (Jin–Bulgac–Roche–Wlazłowski, 2017)
Tsukuba (Kashiwaba–Nakatsukasa, 2020)

Krylov subspace method for the Greens func.

canonical basis and FFT East Lansing–Erlangen (Chen+, 2022)

0 20 40 60 80 100 120 140 160 180
0

20

40

60

80

100

120

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

Pr
ot

on
 n

um
be

r

Neutron number

KY, 2022direct diagonalization β Stoitsov+(2003)



5

Nuclear DFT for equilibrium deformed shapes
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Triaxiality-induced halo structure
Uzawa–Hagino–Yoshida (2021)

condition for the halo
spherical:  onlyℓ = 0,1
axially-def.:  onlyΩπ = 1/2±,3/2−

triaxially-def.: any Ωπ
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releasing the kinetic energy halo

systematic 3D-mesh cal. with a large box size
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Nuclear DFT for collective motions
Time-dependent DFT for dynamics: TD-KSB approach

i∂tRq(t) = [ℋq
HFB(t) − λq#, Rq(t)]

Φ′ (t) = UΦ(t) = exp[iω ̂Jx#t]Φ(t) in a uniformly rotating system about -axisx

i∂tR′ q(t) = [ℋq
HFB − (λq + ω ̂Jx)#, R′ q(t)]

cranked KSB equation

for collective rotations

stationary

[ℋq
HFB − (λq + ω ̂Jx)#]Φ′ q

α(x) = E′ q
α Φ′ q

α(x)

R = ΦΦ†

,
(1

)
(M
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)
ω (MeV)
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Validity of the cranking model for the  state energy2+
1

657 even-even nuclei with known  in NNDCE(2+
1 )

22 nuclei with ; Skyrme EDF is least justi#edZ < 10

Exp.:

Cranking model:

no rotation in spherical nuclei: 273 (260) nuclei with SkM* (SLy4)

E(2+) = 3
, , , = lim

ω→0

Jx

ω
evaluated at ω = 0.05 MeV
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Validity of the cranking model for the  state energy2+
1

KY, arXiv:2205.01814

model # of nuclei

CHFB(SkM*) 332 -0.021 0.33

CHFB(SLy4) 335 -0.095 0.30

MAP(SL4) 359 0.28 0.49

MAP(SLy4,def) 135 0.20 0.30

GCM(SLy4) 359 0.51 0.38

GCM(SLy4,def) 135 0.27 0.33

5DCH(D1S) 519 0.12 0.33

5DCH(D1S,def) 146 -0.05 0.19

MAP (minimization after projection), Sabby+(2007)
GCM (Hill–Wheeler), Sabby+(2007)
5DCH (GCM+GOA), Bertsch+(2007)

R̄E σE
RE = ln(Eth(2+)/Eexp(2+))

self-consistent cranking model 
surprisingly well describes  E(2+)

σE = ⟨(RE − R̄E)2⟩

E ∼ I(I + 1)

30–35% error implies a variety of 
characters of individual nuclides
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MoI of neutron-rich nuclei
: indicator for the evolution of shell structure and deformationE(2+)

island of high  near the drip line,
comparable to heavy actinides
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KY, arXiv:2205.01814

cf. SEASTAR
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MoI of neutron-rich Dy isotopes
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,
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MoI of neutron-rich Dy isotopes: A role of the pairing

 is higher in ,/,rig N ≃ 150
weakening of the pairing

ℰpair(r) = V0
4 ∑

τ=n,p
gτ[ρ, ρ1] | ρ̃τ(r) |2

gτ[ρ, ρ1] = 1 − η0
ρ(r)
ρ0

− η1
τ3ρ1(r)

ρ0
− η2 [ ρ1(r)

ρ0 ]
2

η1, η2 > 0

high isovector density in n-rich

Yamagami–Shimizu–Nakatsukasa (’09)
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Nuclear DFT for collective motions: vibrations

linear response to the external #eld: e−iωt ̂F = e−iωt ∫ drf(r)ψ̂†(r)ψ̂(r)

δρ(r) = ∫ dr′ χ0(r, r′ )[ δ2E[ρ]
δ2ρ

δρ(r′ ) + f(r′ )]δρ(r, t) ∼ δρ(r)e−iωt

Time-dependent DFT ρ(r, t) = ρ0(r) + δρ(r, t) + h . c .

̂FL = ∫ dr∑
σσ′ 

∑
ττ′ 

rLYL( ̂r)O(στ, σ′ τ′ )ψ̂†(rστ)ψ̂(rσ′ τ′ )

vibration in space/spin-space/isospin-space/gauge-space and couping among them

ψ̂†(rστ)ψ̂†(rσ̃′ ̃τ′ )or

rich variety of modes of vibration
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172Dy: heaviest n-rich nucleus with spectroscopic info
Long-lived isomeric state

Ground-state rotational band

Possible gamma band

Gd Dy Er Yb

Decrease in the excitation energy at N=106

Watanabe+, PLB760(2016)641
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Gamma vibration in n-rich Dy isotopes
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ωK=2 < 2Δ
shell structure

lowest at N = 108,110
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IV dipole responses in neutron-rich nuclei

IV mode: not only  but charge-exchange μ = 0 μ = ± 1

deepen the understanding of the PDR from a wider perspective

New types of excitation mode in ?μ = ± 1

̂FKμ = ∫ dr∑
σσ′ 

∑
ττ′ 

rY1K( ̂r)δσσ′ 
⟨τ |τμ |τ′ ⟩ψ̂†(rστ)ψ̂(rσ′ τ′ )

other than the anti-analog GDR

multi-messenger investigation: (α, α′ ), (p, p′ ), (γ, γ′ ), (HI, HI′ )
+ charge-exchange excitation

Pygmy Dipole Resonance/Low-Energy Dipole: Many open problems
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π ν

N-1

N

Cross-shell  excitation−1ℏω0
protons are deeply bound
should be distinguished from the anti-analog of PDR

occupation of 2d5/2 occupation of 2f7/2
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summed strength ET < 0
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KY(2019)

allowed transitions only SkM*
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Ca Ni

RIBF (2014)
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Summary
Nuclear energy-density functional method in the framework of TDDFT

powerful tool to describe the collective modes in unstable nuclei

high feasibility for systematic calculations thanks to HPC

 relation found in stable nuclei can be di'erent due to the isospin-
dependence of pairing
E(2+) ↔ B(E2)

Rotational mode unique in neutron-rich nuclei

Vibrational modes
low-frequency excitations are sensitive to the shell e'ect and pairing, common in stable nuclei

coordinate-space representation

roles of spatially extended neutrons appear near the drip line

Yrare bands (γ band, octupole band..): interplay between vibration and rotation near the drip line
Next

Triaxially deformed nuclei: β-decay, halo,…
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MoI and the pairing
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Q-Value Systematics for Isovector Giant Resonances Excited
by (p, n) Reactions on Zr, Nb, Mo, Sn, and Pb Isotopes

W. A. Sterrenburg, Sam M. Austin, H. P. DeVito, and Aaron Galonsky
Cyclotron Laboratory, Michigan State University, East Lansing, Michigan 48824

(Q,eceived 7 July 1980)

The (P, n) reaction at 45 Mev is used to study two broad peaks found previously with
the target Zr. They have now been observed with all but one of seventeen targets from
Zr to pb. Energy systematics favor the conclusion that these peaks are antfanalogs
of the giant Ml and El resonances in the target nucleus. The first experimental deter-
minations of T, T —1 splittings of the giant El resonance are reported. Their low values
in comparison to T, T + 1 splittings observed previously can be interpreted as due to a
tensor part of the effective isospin potential.

PACS numbers: 25.40.Ep, 24.30.Cz

Many studies with (p, n) reactions have focused
on the most prominent feature in the neutron spec-
tra, i.e, on the isobaric analogs of ground states
(IAS). In the (p, g) reaction on '0Zr at a bombard-
ing energy of 45 MeV two other features were ob-
served. ' The first was a peak about 4 MeV wide
not far above the IAS which was interpreted as the
&—1 component (& =target isospin) of the pre-
dicted' giant Gamow-Teller (GT) or spin-flip
transition. Alternatively, this peak may be
thought of as the antianalog of a giant magnetic
dipole state' in the target, Zr. The other fea-
ture, another cross-section enhancement, located
about 10 MeV higher in excitation energy, was
observed with the reaction 90Zr('He, t) at 130 MeV
and confirmed in 45-MeV (p, n) spectra' and in
(p, n) data at higher energies. 4 It was suggested
by Marty' that this peak is the T —1 component
of the giant (electric) dipole resonance. A charge-
exchange reaction, such as the (p, n) reaction, is
the only way to excite such T —1 strength.
Thus far these phenomena have been observed

only in ' Zr. To determine whether they occur
more generally we have obtained' (p, n) spec-
tra for seventeen nuclei ("~' ~ ~Zr, ~Nb,
94 ~ 98 98~ 100Mo 112~ 118~ 120I 122 ~ 124Sn and 208Pb)

9 9

E~ =45 MeV. With one exception we find the two
peaks for all nuclei studied. 1n addition, the sys-
tematic variation of the location of these peaks is
strong evidence for their interpretation as the
antianalogs, with isospin T—1, of the giant M1
and E1 excitations in the parent nuclei. These
data represent the first observation of GT E1
strength outside of '0Zr and provide for the first
time a substantial body of data for testing theo-
ries of the location and isospin splitting of these
resonances. The relevant states of a target and
its isobaric daughter nucleus are illustrated in
Fig. 1o

The (p, n) studies were performed with the
beam-swinger neutron time-of-flight system at
Michigan State University. ' All targets were iso-
topically enriched, most to & 9570, and had thick-
nesses of 1-10 mg/cm2, The neutron detector
was a cylinder (12.7 cm diam &7.6 cm thick) of
NE-213 liquid scintillator placed 7 m from the
target.
Figure 2 shows neutron time-of-Qight spectra

for four Sn isotopes. K addition to the IAS a~
about 31 MeV neutron energy and the sharp y-ray
peak leaking through the pulse-shape discrimina-
tor, two broad peaks are clearly visible in all
four spectra. The smooth curves are fits through

p+
p+, r-I

IAS

Ml

I+, r

rz= r-I
DAUGHTER NUC

TARGET NUCLEUS
FIG. 1. Some states of the target nucleus (T, = T)

and their analogs (isospin = T) and antianalogs (isospin
= T —1) in the T, = T —1 nucleus resulting from a (P, n)
reaction. The target states are the ground state and
the M1 and F.l giant resonant states. Isospin geometry
strongly favors the three transitions indicated.

1980 The American Physical Society 1839

VOLUME 4$, +UMBER 23 PHYSICAL REVIEW LETTERS 8 DECEMBER 1980
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by (p, n) Reactions on Zr, Nb, Mo, Sn, and Pb Isotopes

W. A. Sterrenburg, Sam M. Austin, H. P. DeVito, and Aaron Galonsky
Cyclotron Laboratory, Michigan State University, East Lansing, Michigan 48824

(Q,eceived 7 July 1980)

The (P, n) reaction at 45 Mev is used to study two broad peaks found previously with
the target Zr. They have now been observed with all but one of seventeen targets from
Zr to pb. Energy systematics favor the conclusion that these peaks are antfanalogs
of the giant Ml and El resonances in the target nucleus. The first experimental deter-
minations of T, T —1 splittings of the giant El resonance are reported. Their low values
in comparison to T, T + 1 splittings observed previously can be interpreted as due to a
tensor part of the effective isospin potential.

PACS numbers: 25.40.Ep, 24.30.Cz

Many studies with (p, n) reactions have focused
on the most prominent feature in the neutron spec-
tra, i.e, on the isobaric analogs of ground states
(IAS). In the (p, g) reaction on '0Zr at a bombard-
ing energy of 45 MeV two other features were ob-
served. ' The first was a peak about 4 MeV wide
not far above the IAS which was interpreted as the
&—1 component (& =target isospin) of the pre-
dicted' giant Gamow-Teller (GT) or spin-flip
transition. Alternatively, this peak may be
thought of as the antianalog of a giant magnetic
dipole state' in the target, Zr. The other fea-
ture, another cross-section enhancement, located
about 10 MeV higher in excitation energy, was
observed with the reaction 90Zr('He, t) at 130 MeV
and confirmed in 45-MeV (p, n) spectra' and in
(p, n) data at higher energies. 4 It was suggested
by Marty' that this peak is the T —1 component
of the giant (electric) dipole resonance. A charge-
exchange reaction, such as the (p, n) reaction, is
the only way to excite such T —1 strength.
Thus far these phenomena have been observed

only in ' Zr. To determine whether they occur
more generally we have obtained' (p, n) spec-
tra for seventeen nuclei ("~' ~ ~Zr, ~Nb,
94 ~ 98 98~ 100Mo 112~ 118~ 120I 122 ~ 124Sn and 208Pb)

9 9

E~ =45 MeV. With one exception we find the two
peaks for all nuclei studied. 1n addition, the sys-
tematic variation of the location of these peaks is
strong evidence for their interpretation as the
antianalogs, with isospin T—1, of the giant M1
and E1 excitations in the parent nuclei. These
data represent the first observation of GT E1
strength outside of '0Zr and provide for the first
time a substantial body of data for testing theo-
ries of the location and isospin splitting of these
resonances. The relevant states of a target and
its isobaric daughter nucleus are illustrated in
Fig. 1o

The (p, n) studies were performed with the
beam-swinger neutron time-of-flight system at
Michigan State University. ' All targets were iso-
topically enriched, most to & 9570, and had thick-
nesses of 1-10 mg/cm2, The neutron detector
was a cylinder (12.7 cm diam &7.6 cm thick) of
NE-213 liquid scintillator placed 7 m from the
target.
Figure 2 shows neutron time-of-Qight spectra

for four Sn isotopes. K addition to the IAS a~
about 31 MeV neutron energy and the sharp y-ray
peak leaking through the pulse-shape discrimina-
tor, two broad peaks are clearly visible in all
four spectra. The smooth curves are fits through

p+
p+, r-I

IAS

Ml

I+, r

rz= r-I
DAUGHTER NUC

TARGET NUCLEUS
FIG. 1. Some states of the target nucleus (T, = T)

and their analogs (isospin = T) and antianalogs (isospin
= T —1) in the T, = T —1 nucleus resulting from a (P, n)
reaction. The target states are the ground state and
the M1 and F.l giant resonant states. Isospin geometry
strongly favors the three transitions indicated.
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Fig. 7 Nucleon-nucleon interaction. The energy dependence of the 
volume integrals of the central components of the interaction is 
shown at the top. The decomposition of the complete interaction at 
E - 135 MeV is shown at the bottom as a function of momentum trans- 
f% G, LS, and T denote central, spin-orbit, and tensor, respec- 
tively. The knockout exchange contributions have been included ap- 
proximately in the central and spin-orbit components. 

corrected on the basis of a recent low energy (p,p') study7'). For 
energies from loo-775 MeV the values are derived from the local fits 
to the two-nucleon t matrix described in ref. 9'73'74). Both these 
G and t matrix interactions are of the form given in eq. (3) and 
are qualitatively consistent, although not identical to the effec- 
tive interaction obtained from the nuclear matter approach6g-71) in 
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