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2This Research in a Nutshell - Introduction -

核物質の基礎物性『非圧縮率(硬さ)』を 
原子核の膨張・収縮モードを通じて解き明かしたい 

核物質 原子核の膨張・収縮モード
核子（中性子・陽子）からできている物質

原子核

  構成 : 中性子と陽子
  半径 :  m≈ 10−15

中性子星

  構成 : ほぼ中性子
  半径 : 10 km程度

理研HPより

アイソスカラー型巨大単極共鳴 (ISGMR)

形状を保持したまま半径のみが変化する振動運動

振動を測定して硬さを調べる

高い音！

低い音！

例 :音



3Nuclear Matter EoS - Research Background -

Precise & accurate measurement of Kτ is critical for EOS determination

Relationship between energy per nucleon and degrees of freedom
   (e.g., number density, asymmetry).

Leads to elucidation of the properties of neutron stars, 
astrophysical phenomena, nucleosynthesis, and etc...

Relationship between the radius and mass of a neutron star

Nuclear experiments determine each coefficient from nuclear 
structure and reaction (J, K0

∞, Kτ
∞…).

Nuclear Incompressibility (Isospin-dependent term)

ℰ(ρ, α) = ϵ0 + Jα2 +
1
2 [K∞

0 + K∞
τ α2] x̄2

0⋯

Nuclear Matter Equation of State (EOS)

EOS studies in Nuclear Experiments

H. Sotani et al., Phys. Rev. D 106 (2022)



4非圧縮率 & ISGMR - Research Background -

ISGMRから導出されるK    Aと液滴モデルよりKτを直接決定できる

EISGMR = ℏ
KA

m⟨r2⟩
K = ρ3 d2E/A

dρ2

K0 = 9ρ02
∂2ℰ
∂ρ2

=
9
ρ0

χ−1 Ksym = 9ρ02
∂2𝒮
∂ρ2

ℰ(ρ, α) = ℰ(ρ,0) + 𝒮(ρ)α2 + ⋯
Coefficient of second order
(Symmetric nuclear matter)

Coefficient of second order
(Asymmetric nuclear matter)

KA = K0 + KsA−1/3 + (Kτ + Kτ⋅sA−1/3) α2 + KCZ2A−4/3

Surface Effect Coulomb Term

EOS near saturation density

V + dV

P + dP

P + dP

P
+

dP

P
+

dP

アイソスカラー型巨大単極共鳴 (ISGMR)
形状を保持したまま半径のみが変化する振動運動

原子核 (膨張・収縮モード)

液滴モデルによる原子核非圧縮率

核物質 (無限系)

無限系での非圧縮率

飽和密度近傍でのEOSの冪展開公式
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Challenge in Kτ studies through ISGMR

U. Garg, et al., Progress in Particle  
and Nuclear Physics 101 (2018) 55–95 

Itoh, et al., Physical Review C 
68, 064602 (2003)

K. B. Howard, et al., Physics 
Letters B 807 (2020) 135608 

Nuclides for which ISGMR has been measured up to now 
  Umesh Garg, “Isoscalar Giant Resonances: Experimental Studies”, Handbook of Nuclear Physics (2020)Kτresearch based on droplet model : 

Sn and Cd isotope  Li(2010), Patel(2012) etc…

 MeV  Li et al(2010)Kτ = − 550 ± 100

・Limitation of measurable range  (Stable nuclei) 
・Assumptions of surface effects

Previous Studies - Research Background -

Understanding nuclear matter incompressibility requires 
systematic measurements of ISGMR including unstable nuclei

- Deformation Effect : Sm isotope Itoh(2003) etc… 

　　　☞  What is the nuclear incompressibility
                   when spectrum splits into 2 components?

- Softness : Mo isotope  Howard(2020) etc… 

　　　☞  Existing interactions fail
                   to fully explain the observations.



6CNS Active Target (CAT-M) - Experiment -

☑ Developed Active Target CAT-M for ISGMR measurements in unstable nuclei発 

　（Active Target: A device where the reaction target itself functions as a detector）

Active target CAT-M that can be irradiated with high-intensity 
heavy ion beams, has been developed

Scattered particle  
☞ Detect near the reaction point

Courtesy of S. Ota

CAT-M写真

Recoil 
Particle

Recoil TPC

SSD

SSD

Beam TPC

Beam 
Particle

CAT-M

Dipole Magnet
δ-ray

CAT-M模式図ヒットパターン



Experimental setup - Experiment -
7

非公開



8MDA & Double Differential Cross Section - Result -

非公開



9Strength Function of ISGMR in 86Kr - Result -

非公開



10Derivation of Incompressibility using N=50 Isotones - Result -

非公開



11ISGMR Measurements of 104-108Sn isotopes - Future Plan -

非公開



12ISGMR系統的測定 - これからの研究 -

非圧縮率の理解には不安定核を含むISGMRの系統的測定が必要である

Itoh, et al., Physical Review 
C 68, 064602 (2003)

K. B. Howard, et al., Physics 
Letters B 807 (2020) 135608 

ISGMRによるKτ研究の課題 

- 変形効果 : Sm同位体… Itoh(2003)など 

　　　☞  2成分に別れる時の原子核非圧縮率とは何か

- ソフトネス : Mo同位体… Howard(2020)など 

　　　☞  既存の相互作用では理解が不十分である

Umesh Garg, “Isoscalar Giant Resonances: Experimental 
Studies”, Handbook of Nuclear Physics (2020)

これまでにISGMRが測定された核種

変形効果ソフトネス
NUCLEAR MULTIPOLE RESPONSES FROM CHIRAL … PHYSICAL REVIEW C 101, 044309 (2020)

FIG. 1. 56Ni isoscalar monopole (IS 0+), IS quadrupole (IS 2+), IS dipole (IS 1−), and isovector dipole (IV 1−) strength distributions
calculated by HF-RPA. Different interactions are used: solid curves denote the calculations with the chiral N3LO (NN) [46] + in-medium
effective 3NF (3NFeff ) [47,48]; dashed lines indicate the calculations by the chiral NN+3NFeff but with the tensor terms being taken away;
dotted lines label the calculations with N3LO(NN) (tensor force included, but 3NF excluded). The experimental centroid energies [14] are
indicated by arrows.

Ni isotopes, the N3LO(NN) and NNLO(3NFeff ) are used in
the present calculations.

In Table I, we calculate the dipole polarizability αD for
the nuclei, compared with data [57–59], coupled-cluster (CC)
[6,31] and density functional theory (DFT) [60] calculations.
In the CC calculations [6,31], the chiral NNLOsat(NN+3NF)
interaction was used. For the DFT results, the self-consistent
RPA calculations with Skyrme forces SGII [61], SkM* [62],
SkP [63], Sk255 [64], SLy4 [65], Sly5 [65], and LNS [66]
were performed by using the SKYRM_RPA code [60]. The use
of different Skyrme forces gives a range of the αD values,
shown in Table I. The present and DFT calculations over-
estimate slightly the dipole polarizability αD in 4He, 16O,
and 48Ca, while in 40Ca the αD is slightly underestimated
in the present and CC calculations. The tensor force has no
significant effect on the electric dipole polarizability αD, as
shown in Table I.

Figure 3 shows the results for 68Ni. It is seen that the
effect of tensor force is similar to that in 58Ni. In the neutron-
rich 68Ni, the isovector PDR (IVPDR) and isovector GDR
(IVGDR) were observed recently by Rossi et al. [15] with
peaks located at 9.55(17) MeV and 17.1(2) MeV, respectively.
We see that the calculation with 3NF can give the IV 1− PDR
peaked at energy ≈10 MeV, while the calculation without
3NF does not show a clear PDR peak. However, the reduced

electric dipole transition probability B(E1) calculated without
3NF shows a possible weak PDR at energy ≈10 MeV. There
is a strong resonance peak at ≈10 MeV in the IS 1− channel,
which overlaps with the weak IV 1− peak. This indicates a
mixing nature of isoscalar and isovector resonances in the
dipole channel at low energy. The mixing was seen in our
previous calculations [34] for the neutron-rich 22,24O. Experi-
mentally, the IS dipole resonance can be incurred by inelastic
scatterings with an isoscalar particle (e.g., α particle), while
electromagnetic excitations (usually by electron scattering)
give the total strength of the IS and IV resonances. The recent
experiment [17] has shown the possible IS dipole resonances
in the energy range of ≈11–29 MeV (see Fig. 3).

The experiment by Rossi et al. [15] presents the first
measurement of the dipole polarizability αD in an unstable
neutron-rich nucleus. Using the measured αD, the authors [15]
deduced a neutron-skin thickness of 0.17(2) fm in 68Ni by
taking a nearly linear relation between αD and neutron-skin
thickness guided by the relativistic RPA calculation [68]. The
data provide further constraint on the isospin-asymmetric part
of the EOS.

Table II lists the calculated isovector dipole polarizabil-
ity, compared with the data [15], SCGF [29] and DFT
[60] calculations. The calculated dipole polarizability agrees
well with the data [15] and SCGF [29]. In the SCGF
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Fig. 1. A schematic illustration for nuclear (bary-
onic) matter Equation Of State (EOS) as a function
of baryon density for symmetric nuclear matter, pure
neutron matter, and charge-neutral baryonic matter
with hyperons. The EOS is determined only for sym-
metric nuclear matter around ρ ∼ (0.5–2)ρ0 and has
large uncertainties particularly for pure neutron mat-
ter, as symbolically shown in the figure.

IAS
HIC

FRDM
Pb(p,p)

PDR

DP

28                 30                 32                  34

S      (MeV)0

L
  
  
(M

e
V

)

50

100

Isospin Diffusion
Transverse Flow

Fig. 2. Constraints on the symmetry energy S 0 and
the pressure parameter L in the EOS given by various
experimental data [1,2]. See Eq. 1 for definition of S 0
and L.

2. Neutron matter in the outer core

The nuclear (baryonic) matter EOS is expressed as the energy per nucleon (baryon) as a function
of nucleon (baryon) density as illustrated in Fig. 1. It is known only for the symmetric nuclear matter
(the nuclear matter with the same fractions of protons and neutrons) for a density around (0.5–2)ρ0
from properties of ordinary nuclei and nucleus-nucleus collision experiments. The nuclear saturation
density ρ0 = 0.16 fm−3 and the nuclear energy per nucleon (the volume term of the mass formula)
av = −16 MeV determine the minimum point of the EOS, and the nuclear incompressibility K ∼ 230
MeV gives the curvature of the EOS around the minimum.

Due to the requirement of the charge neutrality, the neutron star matter for ρ < (2–3)ρ0 consists
mainly of neutrons but with a little fraction of protons, electrons and µ−. Therefore, determination
of the EOS for pure neutron matter as well as neutron-rich nuclear matter is required to describe the
neutron star. Various EOS’s proposed from various types of theoretical approaches largely diverge
from each other when the neutron fraction increases. Therefore, experimental information on neutron-
rich nuclear matter is essential to restrict and improve the EOS.

The EOS is usually parameterized as

E(ρ,α) = E(ρ, 0) + Sα2 + ... , S = S 0 + L
(
ρ − ρ0

3ρ0

)
+

Ksym

18

(
ρ − ρ0

ρ0

)2

+ ... (1)

where α = (ρn − ρp)/ρ0 is the proton-neutron asymmetry parameter, and S is called “symmetry en-
ergy”. The parameters S 0, L (pressure parameter), and Ksym (incompressibility in symmetry energy)
are expected to be restricted from various experiments on nuclear structure and heavy ion collisions.

Figure 2 shows experimental constraints on the S 0 and L parameters for 0.3ρ0 < ρ < ρ0 summa-
rized by Tsang et al. [1], where a new constraint from the dipole polarizability (see below) is added
(“DP”). The nuclear mass data analyzed by the finite range droplet model gives a good constraint
(“FRDM”), and excitation energies of isobaric analog states set another constraint (“IAS”). Heavy
ion collision experiments, particularly for isospin diffusion and transverse flow data, also provide
constraints (‘HIC”, small squares and a diamond).

2■■■

011003-2JPS Conf. Proc. , 011003 (2014)1

Proceedings of the 12th Asia Pacific Physics Conference (APPC12)
Downloaded from journals.jps.jp by 大阪大学 on 11/10/24

H. Tamura, Proceedings of the 12th Asia 
Pacific Physics Conference (APPC12)

ISGMRの実験データが不十分 (AME2020の1.5%)  
ISGMRの強度関数から相互作用の検証が必要

相互作用の理解を通じて 
状態方程式を決定する
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