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Emerging simplicity in complex systems:

Emerging richness from nucleonic degrees of freedom:

classical and intuitive pictures for quantum many-body systems
collective behaviors: shape, vibration, and rotation 

static properties

dynamic properties

deformation, skin/halo, and superfluidity/superconductivity

single-particle and collective modes of excitation

explored by nuclear responses

Atomic nucleus: Mysterious object
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nuclear “shape”: classical picture

⟨J = 0 |Y2μ |J = 0⟩ = 0

R(θ, ϕ) = R̄0 1 + ∑
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α*λμYλμ(θϕ) α2μ ≠ 0

Is a nucleus deformed?

The ground state of all the even-even nuclei is spherical!

How to define the shape of a quantal object?

We need to looked at the excited states to see the intrinsic state.

mean field/intrinsic state|Jπ, k⟩ = PJPπ |Φ⟩
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Canonical magic numbers
2, 8, 20, 28, (40), 50, 82, 126

New magic numbers in neutron-rich nuclei
16, 32, 34,…

0 20 40 60 80 100 120 140
0

5

10

15

20

25
Energy of the first excited 
2+ state in e-e nuclei

magic nuclei are hard to excite
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Quadrupole (2+) state energy: magic number

Data from NNDC
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Singly-closed (Z=magic #) nuclei have

an energy gap
The ground 0+ state is lowered by the pairing.

j
two neutrons above the magic # in a single orbital

The total spin I can be 0, 2, 4,… 2j-1.

I=0

I=2
I=4
I=6
I=8All the states are degenerated.

residual interaction
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αβâβ̄,πâᾱ,ν
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Quadrupole (2+) state energy: pairing
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The singly-closed (Z=magic #) nuclei have

an energy gap
The ground 0+ state is lowered by the pairing.
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⟨Ψi|Ô|Ψ0⟩δ(ω − ωi)

δττ ′

δσσ′

δττ ′
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Ĥ =
Î2
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Rotation

Vibration

breaking of the rotational symmetry

occurrence of collective excitations

quadrupole deformation
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E. Ideguchi+, PRL87(2001)222501
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Emergence of the rotational band
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rotating nuclei produced  
by heavy-ion fusion neutron(s) 

evaporation

deexcitation by γ

Low-energy heavy ion collision for rotating nuclei

deexcitation by γ

Twin+, PRL57(1986)811

108Pd(48Ca,4n)152Dy
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≈ E(I + 1) − E(I − 1)
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ΔEγ

moment of inertia

rotational frequency
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≪ ℏω0 = 41 × A−1/3



The cranking model
simultaneous description of s.p. and rotational motions

the rotation is treated classically within the quantum mechanics

ωx
z

x1 = x
x2 = y cos ωt + z sin ωt
x3 = − y sin ωt + z cos ωt

uniform rotation along
the x-axis 

ψω(x1, x2, x3, t) = ψ(x, y, z, t)
the time-dependent wave functions in the two systems must satisfy

up to the phase
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The cranking model
∂ψ(x, y, z, t)

∂t
= ( ∂

∂t
− iωℓ1) ψω(x1, x2, x3, t)

time-dependent Sch. eq.
i∂tψ(x, y, z, t) = hψ(x, y, z, t)

i∂tψω(x1, x2, x3, t) = (h − ωℓ1)ψω(x1, x2, x3, t)
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δ⟨ψ | Ĥ |ψ⟩ = 0 ⟨ψ | ̂J1 |ψ⟩ = J1under the constraint

 : a Lagrange multiplierωδ(E[ρ] − ωJ1) = 0 in DFT
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Anomalous 2+ state in neutron-rich Mg isotopes?

~20% decrease in energy
635(6) keV 500(14) keV→

Crawford+, PRL122(2019)052501

Is it a qualitatively unique feature?
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weakening of the pairing
deformed shell gap at N=28
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linear response to the vibrating external field: e−iωt ̂F = e−iωt ∫ drf(r)ψ̂†(r)ψ̂(r)

δρ(r) = ∫ dr′ χ0(r, r′ )[ δ2E[ρ]
δ2ρ ρ=ρ0

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

ρ(r, t) = ρ0(r) + δρ(r, t) + h . c .

̂FL = ∫ dr∑
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rLYL( ̂r)O(στ, σ′ τ′ )ψ̂†(rστ)ψ̂(rσ′ τ′ )

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

ψ̂†(rστ)ψ̂†(rσ̃′ ̃τ′ )

vibration around the ground state:
Kohn–Sham (–Bogoliubov–de Gennes)

TDDFT for vibration

ψ̂(rστ)ψ̂(rσ̃′ ̃τ′ )



GR is strongly excited by a one-body operator, and exhausts a sum-rule value

F = ∑
σ,σ′ 

∑
τ,τ′ 

∫ drrLYL( ̂r)ψ†(rστ)⟨σ |{1
⃗σ} |σ′ ⟩⟨τ |{1

⃗τ} |τ′ ⟩ψ(rσ′ τ′ )

space spin isospin

Rich variety of collective vibrations

observables: S(ω) = ∑
n

|⟨n | ̂F |0⟩ |2 δ(ω − ωn)
ωGR > ω0 = 41 × A−1/3

high-frequency modes



Splitting/broadening of the resonance due to deformation
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Deformation effect in Giant Monopole Resonance?
volume change

J.-P. Blaizot, 

Phys. Rep. 64(1980)171

incompressibility of nuclear matter

the Fermi mass distribution with c!6.107 fm and a
!0.523.
Fits to the angular distributions obtained from the peak

were carried out with a sum of isoscalar 0", 1#, 2", 3#,
and at higher excitation, 4" strengths. The isovector giant
dipole resonance contribution is relatively small but was cal-
culated from the known distribution !18" and held fixed in
the fits. The strengths of the multipoles were varied to mini-
mize #2. The errors in strengths were estimated by changing
the magnitude of the strength of one component until refit-
ting by varying the other components resulted in a #2 twice
that of the best fit. The fits obtained along with the individual
components of the fits are shown superimposed on the data
in Fig. 2. The continuum angular distributions could not be
fit with a sum of multipole strengths, suggesting that other
processes dominate the continuum. The best fit obtained is
shown in Fig. 2$c%.
The E0 and E2 strength distributions obtained for the

giant resonance peak are shown in Fig. 3. The errors ob-
tained as described above are shown. Uncertainties due to the
separation of the peak and continuum are not included. Both
distributions are quite asymmetric and the E0 distribution
contains (104#20

"15)% of the E0 energy-weighted sum rule
$EWSR%, while the E2 distribution contains (103#20

"18)% of
the E2 EWSR. The L!1 T!0 strength is distributed

roughly uniformly from Ex!10–25MeV while the higher
multipole strength $the data does always permit a reliable
distinction between L!3 and 4% is distributed evenly be-
tween Ex!8 and 30 MeV. To provide a rough quantitative
comparison with theory, the E0 and E2 distributions were
fitted with the predicted number of Gaussian peaks $two for
E0 and three for E2), varying the position and strength of
each independently, but constraining the widths of each com-
ponent to be the same for E0 and E2 separately. The E0
distribution was fitted with two Gaussians at Ex!12.1
$0.4MeV and 15.5$0.3MeV containing (36$10)% and
(68$9)% of the EWSR, while the E2 distribution was fitted
with three Gaussians at Ex!11.3$0.2MeV, 14.5
$0.5MeV, and 17.5$0.5MeV containing (44$7)%, (44
$8)%, and (15$8)%, respectively, of the E2 EWSR. The
earlier models for the GQR splitting $Kishimoto et al. !1",
Suzuki and Rowe !6", Auerbach and Yeverechyahu !5", and
Zawischa, Speth and Pal !7"% do not agree with the data,
generally predicting a much smaller splitting than observed.
The strength distributions calculated by Adgrall et al. and

by Suzuki and Rowe are shown superimposed on the data in
Fig. 3. The calculation for the GQR by Suzuki and Rowe is
much too narrow while that of Abgrall et al. agrees reason-
ably well with the data, though the experimental splitting
appears a little larger than predicted and the highest (K
!2) component is stronger than predicted. The GMR distri-
bution calculated by Abgrall et al. is in reasonable agreement
with the data though the experimental splitting is somewhat
less than the calculation. The positions and strengths of the
components extracted from the data are compared with those
predicted by Adgrall et al. in Fig. 4 and are in fair agree-
ment.

This work was supported in part by the U.S. Department
of Energy under Grant No. DE-FG03-93ER40773 and by the
Robert A. Welch Foundation.

FIG. 3. The fractions of the E0 and E2 isoscalar EWSR in
154Sm are shown by the histograms. The error bars represent the
uncertainty due to the fitting of the angular distributions as de-
scribed in the text. The thick lines are the predictions of Abgrall
et al. !8", while the dashed line shows the prediction of Suzuki and
Rowe !6".

FIG. 4. Comparison of the predictions by Abgrall et al. !8" to
the parameters for the fits to the distributions shown in Fig. 3.
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no angle dependence as in GDR

F = ∫ d ⃗rr2ψ†( ⃗r)ψ( ⃗r)
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to statistical fluctuations in the subtracted spectrum. At high
excitation, small cross sections correspond to large E0
strength @5,6#. The E0 strength above EX59 MeV in the

subtracted spectrum corresponds to 76615% of the E0
EWSR, where the uncertainty is due to the uncertainty of the
angle bin width of the two spectra @5,6#, in excellent agree-
ment with the 72% obtained from the fits. The centroid

FIG. 7. ~a!–~d! The solid lines show the fractions of the isosca-
lar EWSR in 24Mg obtained in this work for the multipolarities
indicated. The error bars represent the uncertainty due to the fitting
of the angular distributions.

FIG. 8. ~a! The solid line shows the fraction of the E0 EWSR in
24Mg obtained from the fits to the angular distributions of the con-
tinuum. The error bars represent the uncertainty due to the fitting of
the angular distributions. ~b!–~d! The solid line shows the fraction
of the isoscalar EWSR obtained for the multipolarity indicated from
the fits to the angular distributions of the continuum.

TABLE IV. Sum rule strengths and energy moments obtained
for the distributions shown in Fig. 7 for the excitation range Ex
9–41 MeV.

L %EWSR
m1 /m0
~MeV!

rms width
~MeV!

0 72610 21.060.6 7.361.2
1 81214

126 18.861.7 6.761.0
2 72610 16.960.6 3.460.6
3 3126

19 25.261.0 4.561.2
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FIG. 3. (Color online) The multipole strength distributions ob-
tained are shown. The black histogram shows those obtained by
analyzing the data for which the out-of-plane angle was measured.
The gray histogram shows those obtained in the reanalysis of the data
reported in Ref. [3] (in-plane only), and the wide gray histograms
show the distributions reported in Ref. [3]. Error bars represent the
uncertainty from the fitting of the angular distributions as described
in the text and do not include systematic errors.

in the different analyses. The ISGDR distribution has a peak
∼20 times its minimum cross section at lower excitation, but in
240-MeV α scattering in many nuclei [8] including 24Mg [3],
the continuum angular distribution is very similar to that of the
ISGDR, making the extracted strength very sensitive to contin-
uum choices. Much of the ISGDR strength also lies at higher
excitation where the angular distributions are less distinctive.

Pèru, Goutte, and Berger [9] have calculated GMR,
ISGDR, and GQR distributions in 24Mg and 28Si using
the quasi-particle random phase approximation based on
Hartree-Fock-Bogolyubov states calculated with the Gogny
D1S effective force. These are shown compared with
multipole distributions obtained with 6Li scattering and α
scattering in Figs. 19 and 20 of Ref. [4]. The agreements
with the GMR distributions are fairly good, but there are
substantial differences for the ISDGR and GQR distributions.
They give centroids and strengths for the GQR and GMR
distributions, and these are compared with our results for
24Mg in Table I. The GMR centroid they obtain is a little lower
than the experimental numbers (but within the errors for the
results from the Ref. [3] data), whereas they report somewhat
more strength than seen in the α data but within the (relatively
large) errors in agreement with the strength obtained in the
6Li data. The GQR strength and centroids are in agreement
with the analysis of the α data reported in this work and only
slightly outside the errors for the 6Li results. The Gogny D1S
interaction used by Pèru, Gouette, and Berger [9] results in
a Knm = 228 MeV [10]. In the hydrodynamic model [11],
EGMR = (h̄2KA/m∗⟨r2⟩)1/2, where KA is the compressibility
of nucleus A. We have estimated the Knm values implied by
the 24Mg GMR energy obtained in this experiment and the 28Si
GMR energy reported in Ref. [12] by comparing them with the

Knm obtained  by comparing GMR energies and RPA
calculations with Gogny interaction. 
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FIG. 4. (Color online) Knm obtained by comparing GMR energies
in 24Mg and 28Si with the calculations of Ref. [9] as described in
the text, and for 40Ca, 90Zr, 116Sn, 144Sm, and 208Pb as reported
in Ref. [13]. The average value reported in Ref. [13] is also shown
along with its uncertainty.
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FIG. 3. (Color online) The multipole strength distributions ob-
tained are shown. The black histogram shows those obtained by
analyzing the data for which the out-of-plane angle was measured.
The gray histogram shows those obtained in the reanalysis of the data
reported in Ref. [3] (in-plane only), and the wide gray histograms
show the distributions reported in Ref. [3]. Error bars represent the
uncertainty from the fitting of the angular distributions as described
in the text and do not include systematic errors.

in the different analyses. The ISGDR distribution has a peak
∼20 times its minimum cross section at lower excitation, but in
240-MeV α scattering in many nuclei [8] including 24Mg [3],
the continuum angular distribution is very similar to that of the
ISGDR, making the extracted strength very sensitive to contin-
uum choices. Much of the ISGDR strength also lies at higher
excitation where the angular distributions are less distinctive.

Pèru, Goutte, and Berger [9] have calculated GMR,
ISGDR, and GQR distributions in 24Mg and 28Si using
the quasi-particle random phase approximation based on
Hartree-Fock-Bogolyubov states calculated with the Gogny
D1S effective force. These are shown compared with
multipole distributions obtained with 6Li scattering and α
scattering in Figs. 19 and 20 of Ref. [4]. The agreements
with the GMR distributions are fairly good, but there are
substantial differences for the ISDGR and GQR distributions.
They give centroids and strengths for the GQR and GMR
distributions, and these are compared with our results for
24Mg in Table I. The GMR centroid they obtain is a little lower
than the experimental numbers (but within the errors for the
results from the Ref. [3] data), whereas they report somewhat
more strength than seen in the α data but within the (relatively
large) errors in agreement with the strength obtained in the
6Li data. The GQR strength and centroids are in agreement
with the analysis of the α data reported in this work and only
slightly outside the errors for the 6Li results. The Gogny D1S
interaction used by Pèru, Gouette, and Berger [9] results in
a Knm = 228 MeV [10]. In the hydrodynamic model [11],
EGMR = (h̄2KA/m∗⟨r2⟩)1/2, where KA is the compressibility
of nucleus A. We have estimated the Knm values implied by
the 24Mg GMR energy obtained in this experiment and the 28Si
GMR energy reported in Ref. [12] by comparing them with the

Knm obtained  by comparing GMR energies and RPA
calculations with Gogny interaction. 
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Fig. 1. Response functions for the IS monopole and the Kπ = 0+ quadrupole excitations in
24Mg. The transition strengths are smeared by using Γ = 2 MeV.

quasiparticle basis (α,β, · · · ) obtained in the HFB equations

(

hq − λq h̃q

h̃q −(hq − λq)

)(

ϕq

1,α(r,σ)
ϕq

2,α(r,σ)

)

= Eα

(

ϕq

1,α(r,σ)
ϕq

2,α(r,σ)

)

. (1)

The continuum states are discretized by a box at ρmax = 9.9 fm and zmax =
12 fm. The momentum dependence is explicitly taken into account in the residual
interactions whereas the two-body spin-orbit and the Coulomb interactions are
discarded. The details of the calculation scheme is described in Ref. 3.

3. Results and Discussion

3.1. Giant monopole and quadrupole resonances

In order to clearly see the mixing effect between the giant monopole resonance
(GMR) and the giant quadrupole resonance (GQR), we depict in Fig. 1 the response
functions for the isoscalar (IS) monopole and quadrupole excitations in 24Mg. In the
present calculation, we obtain the prolately deformed ground state for 24Mg. The
deformation parameters for neutrons and protons are 0.40 and 0.41, respectively.

We show in the lower panel of Fig. 1 the transition strengths for the Kπ =
0+ component of the IS quadrupole excitation. At around 15 MeV, we can see a
Kπ = 0+ component of GQR. It is noted here that the total strength of GQR
spreads in higher energy region because the GQR splits into three resonances of
the Kπ = 0+, 1+ and 2+ components, and the resonance peak of the Kπ = 0+

component lowers in energy due to the deformation. In the upper panel of Fig. 1, we
show the transition strengths for the IS monopole excitation. At the same energy
region of 15 MeV, we can see a prominent peak as well as the resonance at around

occurrence of the “lower-energy (~15 MeV)”  
peak due to coupling to the K=0 of GQR

Deformation effect on GMR in light nuclei: universality
KY, Mod. Phys. Lett. A 25 (2010), 1783 
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The isoscalar giant monopole resonance (ISGMR) strength distribution in 24Mg has been determined from 
background-free inelastic scattering of 386-MeV α particles at extreme forward angles, including 0◦ . 
The ISGMR strength distribution has been observed for the first time to have a two-peak structure in a 
light-mass nucleus. This splitting of ISGMR strength is explained well by microscopic theory in terms of 
the prolate deformation of the ground state of 24Mg.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

The isoscalar giant monopole resonance (ISGMR) has been in-
vestigated in a wide range of atomic nuclei from 12C to 208Pb 
[1–7] and has been shown to be an effective way to obtain an ex-
perimental value for the nuclear incompressibility [8,9]. However, 
identification of the full E0 energy-weighted sum rule (EWSR) in 
lighter nuclei (A < 60) has not been possible due to fragmenta-
tion of the strength, the nearly complete overlap of the ISGMR 
with the isoscalar giant quadrupole resonance (ISGQR) and other 
multipoles, uncertainties in the extraction of the strength distri-
butions, and the difficulty in distinguishing the multipole strength 
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from other direct processes (quasi-free knock-out process, for ex-
ample). The fragmented ISGMR strength in lighter nuclei further 
renders it nearly impossible to identify effects such as the theoret-
ically predicted splitting of the ISGMR due to ground-state defor-
mation. While the splitting of the isovector giant dipole resonance 
(IVGDR) due to deformation has been documented in a number 
of nuclei [8], a similar effect on the ISGMR strength has been re-
ported so far only in the deformed Sm nuclei [10–13] and in the 
fission decay of 238U [14]; this “ISGMR splitting” is understood in 
terms of the mixing of the ISGMR with the K π = 0+ component 
of the ISGQR [10].

Recent microscopic calculations [15,16] in the deformed
Hartree–Fock–Bogoliubov (HFB) approach and the quasiparticle 
random-phase approximation (QRPA) with a Skyrme and Gogny 
energy-density functional have shown that the ISGMR strength dis-
tribution exhibits a two-peak structure due to deformation even 
in light-mass nuclei. In particular, the calculations indicate that 
the prolate-deformed ground state of 24Mg leads to a two-peak 
ISGMR strength structure because of the aforementioned mix-
ing of the ISGMR with the K π = 0+ component of the ISGQR. 
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First observation of the splitting of GMR strengths in a light system

background-free high-resolution experiment @RCNP
parameter-free nuclear DFT calculation

universal feature in deformed nuclei

Deformation splitting in a light nucleus



A role of the triaxiality
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large width of the ISGDR

F = ∑
τ

∫ d ⃗rr3Y1( ̂r)ψ†( ⃗rτ)ψ( ⃗rτ)



Nuclear beta decay

Jμ(x) = 𝒱μ(x) − 𝒜μ(x)

Nuclear currents involving not only the nuclear many-body wave functions but 
the form factors and momentum tranfer

𝒱μ = (V0, V) 𝒜μ = (A0, A)vector currents axial-vector currents
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VCtransition matrix element:
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multipole operator

decay rate:



A(r) =
A

∑
j=1

δ(r − rj)gAσjτ±
j

One-body charged-current operators: Impulse Approx.

V0(r) =
A
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j=1

δ(r − rj)gVτ±
j

q = p′ j − pj

momentum transfer:Gamow–Teller type

Fermi type
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FIG. 1. (Color online) Two-neutron separation energies for the
neutron-rich zirconium isotopes. The drip line is located where the
separation energy becomes zero. The 122Zr isotope is the last stable
nucleus against two-neutron emission.

Calculations performed with the HFB-2D-THO code used 20
transformed harmonic oscillator shells. Figure 1 shows the
calculated two-neutron separation energies for the zirconium
isotope chain. The two-neutron separation energy is defined as

S2n(Z,N ) = Ebind(Z,N ) − Ebind(Z,N − 2). (4)

Note that in using this equation, all binding energies must be
entered with a positive sign. The position of the two-neutron
drip line is defined by the condition S2n(Z,N ) = 0, and nuclei
with negative two-neutron separation energy are unstable
against the emission of two neutrons. As one can see, both
methods (HFB-2D-THO and HFB-2D-LATTICE) are in excellent
agreement for the two-neutron separation energy for the entire
isotope chain. Particularly, the 122Zr isotope is predicted in
both calculations as the drip-line nucleus. In addition, we
also give a comparison with the latest experimental data,
available only up to the isotope 110Zr [17]. As shown on Fig. 1,
the separation energy values obtained from the experiment are
somewhat larger than the theoretical calculations although the
trend remains the same.

In Fig. 2, we compare the intrinsic proton and neutron
quadrupole moments calculated with the LATTICE code and
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FIG. 2. (Color online) Intrinsic quadrupole moments for protons
and neutrons.
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FIG. 3. (Color online) Mass quadrupole parameter β2 comparison
for neutrons. Calculations by Lalazissis et al. [19], HFB-2D-LATTICE,
and Möller et al. [18] (FRDM) (β2 total is shown).

the THO code. Available experimental data [16] are also given.
Generally, we observe a nearly perfect agreement between the
two codes as well as with the experiment. The deformations
(for neutrons ) in terms of the deformation parameter β2 for
those nuclei, namely, for the 102−112Zr isotopes range from
β2 = 0.42 to β2 = 0.47. Both the basis-spline lattice code and
the HFB-2D-THO code predict the 112Zr isotope to have the
largest ground state deformation. For mass numbers larger
than 112, we observe a transition to spherical ground state
shape. This phenomenon had been also found in calculations
performed by Möller et al. [18] [finite range droplet model
calculations (FRDM)] and in relativistic mean-field calcula-
tions by Lalazissis et al. [19]. We depict this comparison in
Fig. 3 . Experimental deformations for protons are available
for two isotopes, 102Zr and 104Zr [16]. Calculations agree
with the experiment reasonably well and give β2 values
of 0.42, 0.43; while the experiment predicts β102

2 = 0.42,
β104

2 = 0.45.
In Fig. 4, we compare the root-mean-square radii of protons

and neutrons predicted by the LATTICE code and the THO
code. Both codes give nearly identical results for the whole
isotope chain. Only one experimental data point is available,
the proton rms radius of 102Zr [12]. The experiment yields a
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FIG. 4. (Color online) Root-mean-square radii for the chain of
zirconium isotopes.
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β-decay half-lives of r-process nuclei

predicted to be well deformed
by DFT cal.

Systematic measurement of β-decay@RIBF 

neutron-rich Zr isotopes:



KTUYþ GT2 model is shown in Fig. 4(b). It is noted that
the results display very little or even no systematic depen-
dence, and generally provide a better description of the
data across this mass region than the FRDMþ QRPA
model does. Below A ¼ 102, the KTUYþ GT2 calcula-
tion overestimates some of the experimental results by a
factor of about 2; however, it should be noted that the
magnitude of the experimental uncertainties of the half-
life for Kr isotopes is rather large. Figure 4(c) shows test
results of the FRDMþ GT2 model, rather than FRDMþ
QRPA, to extract differences in the treatment of the
!-strength functions. Much smaller deviations, predicted
by the FRDMþ GT2 model, suggest that the GT2 suc-
ceeds in capturing the essence of !-strength functions.
Figure 4(d) shows the difference between QFRDM

! and

QKTUY
! as a function of atomic number. A suppressed

odd-even staggering is clearly evident, but the FRDM
model predicts a Q! value of about 1 MeV less than that
of the KTUY model at A # 110. A small enhancement in
the FRDMþ GT2 predictions, by a factor of 2 or so around
A ¼ 110, may be explained by the underestimation of
Q! values in the FRDM calculation. The data suggest
that one of the main problems associated with !-decay
half-life predictions is related to uncertainties involved
with binding-energy calculations and!-strength functions.

As discussed by Möller et al. [1], the sum of the half-
lives of the r-process nuclei up to the midmass region, i.e.,
around A ¼ 130, determines the rate of r-matter flow at

N ¼ 82. Following this prescription, the relatively short
half-lives of the Zr and Nb isotopes deduced in the present
study suggest a further speeding up of the classical
r process, and shed light on the issue concerning the low
production rates of elements beyond the second r-process
peak. The results presented here also make an impact on
the abundances of nuclei at the second peak, since the peak
position and shape in the solar abundances around
A ¼ 110–140 can be reproduced better by decreasing the
half-life of the r-process nuclei by a factor of 2 to 3 [2].
In summary, the !-decay half-lives of the very neutron-

rich nuclides 97–100Kr, 97–102Rb, 100–105Sr, 103–108Y,
106–110Zr, 109–112Nb, 112–115Mo, and 115–117Tc, all of which
lie close to the astrophysical r-process path, have been
measured (for 18 nuclei) or their uncertainties have been
reduced significantly. The results suggest a systematic
enhancement of the !-decay rates of the Zr and Nb iso-
topes by a factor of 2 or more around A ¼ 110with respect
to the predictions of the FRDMþ QRPA model. The
results also indicate a shorter time scale for matter flow
from the r-process seeds to the heavy nuclei. More satis-
factory predictions of the half-lives from the KTUYþ
GT2 model, which employs larger Q! values, highlights

the importance of measuring the half-lives and masses of
very exotic nuclei, since such knowledge ultimately leads
to a decrease in the uncertainty of predicted nuclear abun-
dances around the second r-process peak.
This experiment was carried out at the RIBF operated by

RIKEN Nishina Center, RIKEN and CNS, University of
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Summary

nuclear deformation emergence of the rotational band≡

intrinsic shape can be seen in the vibrational modes

Lower-energy: ω < ω0

Higher-energy: ω > ω0

deformation splitting
coupling/mixing of the states with different angular momenta

moments of inertia

Nuclear shapes investigated under the external field

breaking of the rotational sym.





Question to HI experts
What I have learnt: 

⟨ψ†ψ†ψψ⟩

HI collision tells us about the correlations

and even higher 

⟨ψ†ψ†ψψ⟩ = ⟨ψ†ψ†⟩⟨ψψ⟩ + ⋯
should contain the information on the superfluidity

possible observables?

⟨ψ†
pψ†

pψpψp⟩ = ⟨ψ†
pψ†

p⟩⟨ψpψp⟩ + ⋯

⟨ψ†
pψ†

nψpψn⟩ = ⟨ψ†
pψ†

n⟩⟨ψpψn⟩ + ⋯
distinguishable?


