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近年、軽い原子核におけるE0遷移（モノポール遷移）が
励起状態におけるクラスター構造の根拠になりうるとして
着目されている

T. Kawabata et al., Phys. Lett. B 646, 6 (2007).

基底状態 クラスター的励起状態

E0遷移

例：11B, 12C, 13C, 16O, 24Mg

モノポール遷移演算子

Ômonopole =
A∑
i=1

(r̂i − r̂G)
2

1/25



16Oのエネルギー準位 (Table of Isotope)

• 16Oの第一励起状態(Ex = 6.05MeV)はJπ = 0+で
12C+ α閾値近傍にあり、
12C+ αクラスター構造を持つことが知られてきた
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16OのE0遷移強度
（ヒストグラム：実験、実線：RPA計算）

Ex = 16MeV以下の
実験のE0遷移強度は
12C+αクラスターの
自由度なしには
説明できない

TAIICHI YAMADA et al. PHYSICAL REVIEW C 85, 034315 (2012)

FIG. 1. Experimental isoscalar monopole strength function of 16O [12] is shown by the histogram. The experimental data below Ex ≈
10 MeV are absent because of an energy cut in the experimental condition. The real line is the calculated result by the relativistic RPA
calculation [10] multiplied by 0.25 and shifted down in energy by 4.2 MeV. This figure is taken from Ref. [12].

to Ex � 50 MeV, using inelastic scattering of α particles,
by the Texas group [12]. They found that the isoscalar
monopole strength in light nuclei does not concentrate on
a single peak and the monopole strength spreads out in
several regions of energies. The histogram in Fig. 1 shows the
experimental isoscalar monopole strength function in 16O [12].
It is compared with the RRPA calculation by Ma et al. [10].
It was found that the centroid in the RRPA response function
is at 25.3 MeV, which is higher than the experimental data
(Ex = 21.13 ± 0.49 MeV). To match their calculation to the
experimental centroid, the calculated strength function was
shifted down in energy by 4.2 MeV and furthermore they
normalized it to approximately 30% of the isoscalar energy
weighted sum rule (EWSR) by multiplying the RRPA curve
by a factor of 0.25 [12]. Then, the normalized and shifted curve
and the experimental result are in moderately good agreement
with each other with respect to the shape of the gross three-peak
structure. However, their calculation failed to reproduce the 0+
states found in the low-energy region (5 � Ex � 16 MeV),
in particular, at Ex = 6.05, 12.05, and 14.1 MeV observed
in inelastic α scattering and electron scattering, etc. [12,13].
According to the 16O(e, e′) experiments [13], the three states
are excited rather strongly by the (e, e′) reaction, and their
monopole matrix elements are 3.55 ± 0.21, 4.03 ± 0.09, and
3.3 ± 0.7 fm2, respectively, comparable to the single-particle
monopole strength [14]. The total percentage of the energy
weighted strength to the isoscalar monopole EWSR for these
three 0+ states amounts to be as large as over 15% [13,14].

In the nonrelativistic calculation for 16O [4] a significant
discrepancy is also revealed as compared with the experimental

data, in particular, in the low-energy region (5 � Ex �
16 MeV), although the gross structures at the higher-energy
region (Ex � 20 MeV) in the RPA calculations are in rather
good agreement with the experimental data. This discrepancy
in the low-energy region can also be seen in Fig. 2 obtained
by the recent second random-phase approximation (SRPA)
calculations with a Skyrme force for 16O [15], in which the
coupling between 1p1h and 2p2h as well as between 2p2h
configurations among themselves are fully taken into account.
In particular, their calculation fails to reproduce the monopole
transition strength to the 0+

2 state at Ex = 6.05 MeV observed
by the 16O(e, e′) experiment. Thus, the monopole strengths in
the lower-energy region (5 � Ex � 16 MeV) are likely to be
out of scope in the mean-field theory. These results mean that
the monopole strength function of 16O is not fully understood
in the mean-field theory at the present stage, and other degrees
of freedom beyond the mean field should be taken into
account.

The 0+
2 and 0+

3 levels of 16O including its ground state,
together with their monopole strengths, have in the past
nicely been reproduced with a semimicroscopic cluster model,
that is, the α + 12C orthogonality condition model (OCM)
[16]. The OCM is an approximation of the resonating group
method (RGM) [17]. Many successful applications of OCM
are reported in Ref. [18]. The α + 12C OCM calculation as
well as the α + 12C generator-coordinate-method one [19]
demonstrates that the 0+

2 state at Ex = 6.05 MeV and the
0+

3 state at Ex = 12.05 MeV have α + 12C structures, where
the α particle orbits around the 12C(0+) core in an S wave
and around the 12C(2+) core in a D wave, respectively.

034315-2

5 15 40
Exp.: Y.-W. Lui, H. L. Clark, and D. H. Youngblood, Phys. Rev. C 64, 064308 (2001).

RPA: Z. Ma, N. Van Giai, H. Toki, and M. L’Huillier, Phys. Rev. C 55, 2385 (1997).
T. Yamada, Y. Funaki, T. Myo, H. Horiuchi, K. Ikeda, G. Röpke, P. Schuck, and A. Tohsaki,

Phys. Rev. C. 85, 034315 (2012).
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基底状態(0+1 )からのE0遷移行列要素

(e fm2) 12C+ α OCM1 4α OCM2

12C(AMD)3

+α(GCM) Exp.4

M(E0; 0+1 → 0+2 ) 3.88 3.9 4.0 3.55± 0.21

M(E0; 0+1 → 0+3 ) 3.50 2.4 3.5 4.03± 0.09

1. Y. Suzuki, Prog. Theor. Phys. 55, 1751 (1976); 56, 111 (1976).

2. T. Yamada et al., Phys. Rev. C. 85, 034315 (2012).

3. Y. Kanada-En’yo, Phys. Rev. C. 89, 024302 (2014).

4. F. Ajzenberg-Selove, Nucl. Phys. A 460, 1 (1986); D. R. Tilley et al., ibid. 564, 1 (1993).

• 4α OCM計算ではM(E0; 0+1 → 0+3 )の値が小さい
– 4α OCM計算にはjj-couplingシェル模型の成分
が存在しない
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0+1 から0+2 , 0
+
3 へのE0遷移は何で決まるか？

本研究の目的：

• クラスター構造とE0遷移の関係を明らかにする
• 12Cクラスター部分が3α構造であるものに、
jj-couplingシェル模型のp3/2閉殻の成分が
混ざった場合に
E0遷移がどのように影響を受けるか調べる
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手法：antisymmetrized quasi cluster model (AQCM)

αクラスターを、スピン軌道力が作用する
quasiクラスターに変換する模型

クラスター間距離Rと、
“αクラスターの崩れパラメーター”Λの2つのみで、
簡単に3αクラスター構造とp3/2閉殼構造を表せる

T. Suhara, N. Itagaki, J. Cseh, and M. P loszajczak, Phys. Rev. C 87, 054334 (2013).

※(R > 0, Λ = 0) → 3αクラスター構造
(R→ 0, Λ = 1) → p3/2閉殼構造� �
本研究では、これを16O原子核の
12C+ αクラスター構造に応用する� �
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一粒子波動関数� �
ϕi = ψiχSiχTi

ψi(r) ∝ exp
[
−ν (r − ζi)

2
]

ν =
1

2b2
b = 1.6 fm

|S⟩ = cos
β

2
|↑⟩ + sin

β

2
|↓⟩

|T ⟩ = |p⟩ or |n⟩� �

基底波動関数� �
反対称化

|Ψ⟩ = A|ϕ1 · · ·ϕA⟩

対称性の回復

|Ψ±
JMK⟩ = 1± P̂

2
P̂ J
MK |Ψ⟩

� �
最終的には生成座標法 (GCM)を用いて、波動関数を重ね合わせる

波動関数� �
δ
⟨Φ|H|Φ⟩
⟨Φ|Φ⟩

= 0 −→ |Φ⟩ =
N∑

n=1

cn|Ψ±
JM n⟩� �
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三角錐型の底面の大きさ

α

α
α

α
R

• R = 1, 2, 3, 4 (fm)
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12C(3α)− αの距離

α

α
α

α
R

h
• R = 1, 2, 3, 4 (fm)

• h = 1, 2, 3, 4, 5, 6, 7 (fm)
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12C(3α)部分の回転

α

α
α

α
R

h

θ

• R = 1, 2, 3, 4 (fm)

• h = 1, 2, 3, 4, 5, 6, 7 (fm)

• θ = −π/2,−3π/8, . . . , π/2

4× 7× 9 = 252基底波動関数
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12C(3α) + αに対する12C(p3/2) + α

α

α
α

α
R

h

(
12C

)
• R = 0.1 ≃ 0 (fm)

• h = 1, 2, 3, 4, 5, 6, 7 (fm)

252 + 7 = 259基底波動関数
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ハミルトニアン

H = T − TG + VC + VLS + VCoulomb

• VC；中心力 (Volkov 2) A. B. Volkov, Nucl. Phys. 74, 33 (1965).

VC(r) =

[
Va exp

(
− r2

α2

)
+ Vr exp

(
− r

2

ρ2

)]
[W +BP σ −HP τ −MPσP τ ]

Va = −60.65MeV, α = 1.80 fm, Vr = 61.14MeV, ρ = 1.01fm

– M = 1−W = 0.62, B = H = 0.125

• VLS：スピン軌道力 (G3RS) R. Tamagaki, Prog. Theor, Phys. 39, 91 (1968).

VLS(r) =

[
VLS1 exp

(
− r

2

η21

)
+ VLS2 exp

(
− r

2

η22

)]
P (3O)L · S

η1 = 0.447 fm, η2 = 0.6 fm

– VLS ≡ VLS1 = −VLS2 = 2000MeV
（12Cの2+1 の励起エネルギーを再現する）
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結果
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16Oの0+のエネルギー準位
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次に各状態の性質を見る

14/25



0+1 と
12C(0+, 2+) + αのsquared overlap
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0+1 はコンパクトな
12C(0+, 2+) + α構造を持つ
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0+2 と
12C(0+, 2+) + αのsquared overlap
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0+2 は
12C(0+) + α構造を持つ
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0+3 と
12C(0+, 2+) + αのsquared overlap
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0+3 は
12C(2+) + α構造を持つ
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0+4 と
12C(0+, 2+) + αのsquared overlap
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0+4 はhigher nodalな12C(0+) + α構造を示す
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基底状態(0+1 )からのE0遷移行列要素

(e fm2)

12C+ α1

OCM
4α2

OCM

12C(AMD)3

+α(GCM) Exp.4
this
work

M(E0; 0+1 → 0+2 ) 3.88 3.9 4.0 3.55± 0.21 6.03

M(E0; 0+1 → 0+3 ) 3.50 2.4 3.5 4.03± 0.09 5.02

1. Y. Suzuki, Prog. Theor. Phys. 55, 1751 (1976); 56, 111 (1976).

2. T. Yamada et al., Phys. Rev. C. 85, 034315 (2012).

3. Y. Kanada-En’yo, Phys. Rev. C. 89, 024302 (2014).

4. F. Ajzenberg-Selove, Nucl. Phys. A 460, 1 (1986); D. R. Tilley et al., ibid. 564, 1 (1993).

• 本研究では、低い励起エネルギー領域に基底状態からの
E0遷移が強い状態が2つ(0+2 , 0

+
3 )得られた

– しかし、M(E0; 0+1 → 0+2 )とM(E0; 0+1 → 0+3 )は

実験値よりやや大きい
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次に、12C(p3/2) + αの効果を調べる

則ち、 α

α
α

α
R

h

(
12C

)
基底波動関数が存在しない場合の結果と

比較する

※今までの結果は α

α
α

α
R

h

(
12C

)
も含まれていた計算であり、

以下で新たに α

α
α

α
R

h

(
12C

)
が無い場合の計算を行う
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12C部分における
jj-couplingシェル模型のp3/2閉殻成分の有無
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with jj without jj

基底状態からのE0遷移行列要素
(e fm2) Exp. with jj without jj

(this work)

0+2 3.55± 0.21 6.03 6.92

0+3 4.03± 0.09 5.02 3.98

• 12C部分にjj-couplingシェル模型のp3/2

閉殻成分が無い場合は、ある場合に比べ

て0+2、0+3、0+4 のエネルギーが高い

• jj-couplingシェル模型のp3/2閉殻成分が

混ざるとM(E0; 0+1 → 0+2 )が小さくなる
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12C(3α) + αや12C(p3/2) + αへのE0遷移

(
16O

)
A= α

α
α

α
R with R → 0

α

α
α

α
Large E0 transition

α
(
12C

)
Small E0 transition

12C(3α)+αへのE0遷移は12C(p3/2)+αへのE0遷移より大きい
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シェル模型とクラスター模型のスピン⟨S2⟩

p shell closed state 12C(3α) + α cluster like state 12C(p3/2) + α cluster like state

(
16O

)
α

α
α

α
α

(
12C

)
⟨S2⟩ = 0 ⟨S2⟩ = 0 ⟨S2⟩̸= 0

p閉殻的な状態や12C(3α) + αクラスター的な状態は

スピンが0であるが、
12C(p3/2) + αクラスター的な状態は

スピンが0でない
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E0遷移行列要素のスピン依存性

⟨0+ α
(
12C

) |
∑

r2
in|0+ (

16O
) ⟩<

⟨0+ α

α
α

α |
∑

r2
in|0+ (

16O
) ⟩

E0遷移演算子はスピン部分に作用しないので、

スピンの異なる状態間のE0遷移は抑制される
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結論
• αクラスター状態とjj-couplingシェル状態を

簡単に記述できるAQCMを用いて、
16Oのエネルギー準位とE0遷移を調べた
– 0+2 は

12C(0+) + α構造、0+3 は
12C(2+) + α構造を持ち、

0+4 はhigher nodalな12C(0+) + α構造を示す

• 12C部分への

jj-couplingシェル模型成分の寄与について議論した
– 0+1 から0+2 へのE0遷移を抑制し、

0+1 から0+3 へのE0遷移を増大させる

25/25


