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有限量子多体系としての原子核

原子核　→　陽子と中性子からなる有限量子多体系
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量子流体

少し変形してクルクル回ったり

表面がブルブル震えたり



有限量子多体系のおもしろさ

核子が４個集まってより安定なαクラスターを作る
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有限量子多体系のおもしろさ
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ガス状に広がったり

棒状に並んだり

正三角形にならんだり
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有限量子多体系のおもしろさ
重い核では
二つに分裂したり

132Sn236U

様々な離合集散による現象の多様性を明らかにする

新しい元素を合成したり

208Pb 70Zn 113



研究領域の大幅な拡大
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研究領域の大幅な拡大
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理研で初めて見つけた原子核
原子核の存在限界（理論的予想）

超新星爆発で作られた不安定核の道筋
（ウランまでの元素が合成）
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新元素113番の発見
2004年7月23日
森田研究員

元素の’起源’や存在領域を明らかにする
星の中でどの様に元素が合成されるのか？

エキゾチックな核構造の出現

極低エネルギーでの核融合反応

重い核の安定性



研究領域
クラスター・コア形成がどの様な機構で起こるのか？
集団運動的な観点からのクラスター励起モード
エキゾチックなクラスター構造の探索

中重核領域での量子トンネル核融合反応

核分裂・超重元素合成の反応機構
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軽い原子核におけるエキゾチックな核構造
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28Siの励起状態に現れるガス的状態の探索
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FIG. 3. (Color online) Density plots of the basis wave function overlapping maximally with the calculated states. The contours correspond
to multiples of 0.2 fm−2. The color is normalized by the largest density in each plot.

of B0(IS0), respectively. Figures 2(d)–2(f) show the calculated
overlaps between the obtained states and the THSR wave
function with σ = 3, 4, and 5 fm, respectively. Below, we
only discuss the characteristic results which can be identified
by the analysis.

In Figs. 2(d)–2(f), we can see that the fourth and twelfth
states significantly overlap with the THSR wave function.
These states are candidates for the gaslike three-α state
discussed in this study. The overlap between the fourth state
and the THSR wave functions with σ = 3, 4, and 5 fm are
16.7%, 9.8%, and 3.3%, respectively. Those overlaps for the
twelfth state are 20.0%, 13.7%, and 4.9%. The rms radii
obtained for the fourth and the twelfth states are 2.92 and
3.02 fm, respectively. These values are somewhat spatially
extended rather than that of the first and second states.

In addition, we obtain a remarkably strong transition
strength from the fourth to twelfth states by B(IS0)/B0(IS0) =
3.20, indicating that those states strongly correlate with each
other due to the cluster excitation. We thus consider that the
fourth and twelfth states are a member of the new excitation
mode. We also obtain a relatively large transition strength
from the first to the fourth states by B(IS0)/B0(IS0) = 2.21
[see Fig. 3(b)], suggesting that this new excitation mode is
built on the first state with the prolate shape.

The sixth state has the strongest transition strength from the
ground state by B(IS0)/B0(IS0) = 3.67. This state overlaps
maximally with the 16O + 12C⊥ configuration of 42.2% at a =
2.0 fm and d16O-12C = 4.0 fm [see Fig. 3(b)]. The obtained rms
radius is 2.95 fm. This corresponds to the 16O + 12C molecular
state where the relative motion between two clusters is excited
from the ground (first) to the higher-nodal states. The seventh
state also has strong transition strength from the second state by
B(IS0)/B0(IS0) = 3.30. This state is the cluster excitation of
the 24Mg + αx configuration. The maximum overlap between
the seventh state and the 24Mg + αx configuration is 23.2% at
d24Mg-α = 5.0 fm [see Fig. 3(c)]. The obtained rms radius is
2.93 fm.

An important observation is that the fourth and the
twelfth states do not largely overlap with any geometrical
configurations of the α clusters. Despite this, the rms radii
for these states are considerably extended to similar extents
as other cluster states. The fourth and twelfth excited states

significantly overlap with the THSR wave function not only
with σ = 3 but also σ = 4 fm. This suggests the existence
of gaslike three α particles spreading to the outside of the
16O core. However, the calculated rms radii for the fourth
and twelfth states are not so extended (2.92 and 3.02 fm,
respectively). That is, the three α particles still exist around
the 16O core.

Therefore, we consider that the fourth and twelfth states
are members of a new type of excitation mode built on the
prolate state, which has not yet been well established in
experiments. In the first excited state of this mode (fourth
state), the weakly coupled gaslike three α particles, without
the angular correlations, emerge around the surface of the 16O
core. That would be regarded as a “two-dimensional (2D) gas.”
This is because the rms radii for those three α particles are not
so widely spread and those states significantly overlap mainly
with the THSR wave function of σ = 3 fm. On the other hand,
the Hoyle state in 12C overlaps with the THSR wave function
with larger σ values (3–4 fm). That is, the radial component
of the wave functions for those states are confined around the
surface of the 16O core.

The emergence of this weakly coupled 2D gaslike state
significantly competes with that of the 16O + 12C molecular
state (sixth state), which has strongly coupled three α’s of 12C,
as their energies are almost comparable to each other. This
indicates that the energy necessary for the excitation from the
strongly coupled 12C to the weakly coupled three α’s around
the 16O core is comparable to the relative motion between
16O and 12C. Despite this competition, the coexistence of the
2D gaslike and the strongly coupled states is highly possible,
as shown in this study. In the second excited state of this
new mode (twelfth state), the gaslike layer is well developed
and more spatially expanded, because the isoscalar monopole
strength only from the first excited (fourth) state is extremely
large. However, this state is also a 2D gaslike one, because the
spatial component of this state still distributes around the 16O
core.

In more highly excited states, the Hoyle-like weakly
coupled 3α state, that is a “three-dimensional (3D) gaslike”
state around the 16O core, may emerge. Then, the second
excited 2D gaslike state would be the intermediate state before
the 3D gaslike state emerges and would be directly connected
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FIG. 3. (Color online) Density plots of the basis wave function overlapping maximally with the calculated states. The contours correspond
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of B0(IS0), respectively. Figures 2(d)–2(f) show the calculated
overlaps between the obtained states and the THSR wave
function with σ = 3, 4, and 5 fm, respectively. Below, we
only discuss the characteristic results which can be identified
by the analysis.

In Figs. 2(d)–2(f), we can see that the fourth and twelfth
states significantly overlap with the THSR wave function.
These states are candidates for the gaslike three-α state
discussed in this study. The overlap between the fourth state
and the THSR wave functions with σ = 3, 4, and 5 fm are
16.7%, 9.8%, and 3.3%, respectively. Those overlaps for the
twelfth state are 20.0%, 13.7%, and 4.9%. The rms radii
obtained for the fourth and the twelfth states are 2.92 and
3.02 fm, respectively. These values are somewhat spatially
extended rather than that of the first and second states.

In addition, we obtain a remarkably strong transition
strength from the fourth to twelfth states by B(IS0)/B0(IS0) =
3.20, indicating that those states strongly correlate with each
other due to the cluster excitation. We thus consider that the
fourth and twelfth states are a member of the new excitation
mode. We also obtain a relatively large transition strength
from the first to the fourth states by B(IS0)/B0(IS0) = 2.21
[see Fig. 3(b)], suggesting that this new excitation mode is
built on the first state with the prolate shape.

The sixth state has the strongest transition strength from the
ground state by B(IS0)/B0(IS0) = 3.67. This state overlaps
maximally with the 16O + 12C⊥ configuration of 42.2% at a =
2.0 fm and d16O-12C = 4.0 fm [see Fig. 3(b)]. The obtained rms
radius is 2.95 fm. This corresponds to the 16O + 12C molecular
state where the relative motion between two clusters is excited
from the ground (first) to the higher-nodal states. The seventh
state also has strong transition strength from the second state by
B(IS0)/B0(IS0) = 3.30. This state is the cluster excitation of
the 24Mg + αx configuration. The maximum overlap between
the seventh state and the 24Mg + αx configuration is 23.2% at
d24Mg-α = 5.0 fm [see Fig. 3(c)]. The obtained rms radius is
2.93 fm.

An important observation is that the fourth and the
twelfth states do not largely overlap with any geometrical
configurations of the α clusters. Despite this, the rms radii
for these states are considerably extended to similar extents
as other cluster states. The fourth and twelfth excited states

significantly overlap with the THSR wave function not only
with σ = 3 but also σ = 4 fm. This suggests the existence
of gaslike three α particles spreading to the outside of the
16O core. However, the calculated rms radii for the fourth
and twelfth states are not so extended (2.92 and 3.02 fm,
respectively). That is, the three α particles still exist around
the 16O core.

Therefore, we consider that the fourth and twelfth states
are members of a new type of excitation mode built on the
prolate state, which has not yet been well established in
experiments. In the first excited state of this mode (fourth
state), the weakly coupled gaslike three α particles, without
the angular correlations, emerge around the surface of the 16O
core. That would be regarded as a “two-dimensional (2D) gas.”
This is because the rms radii for those three α particles are not
so widely spread and those states significantly overlap mainly
with the THSR wave function of σ = 3 fm. On the other hand,
the Hoyle state in 12C overlaps with the THSR wave function
with larger σ values (3–4 fm). That is, the radial component
of the wave functions for those states are confined around the
surface of the 16O core.

The emergence of this weakly coupled 2D gaslike state
significantly competes with that of the 16O + 12C molecular
state (sixth state), which has strongly coupled three α’s of 12C,
as their energies are almost comparable to each other. This
indicates that the energy necessary for the excitation from the
strongly coupled 12C to the weakly coupled three α’s around
the 16O core is comparable to the relative motion between
16O and 12C. Despite this competition, the coexistence of the
2D gaslike and the strongly coupled states is highly possible,
as shown in this study. In the second excited state of this
new mode (twelfth state), the gaslike layer is well developed
and more spatially expanded, because the isoscalar monopole
strength only from the first excited (fourth) state is extremely
large. However, this state is also a 2D gaslike one, because the
spatial component of this state still distributes around the 16O
core.

In more highly excited states, the Hoyle-like weakly
coupled 3α state, that is a “three-dimensional (3D) gaslike”
state around the 16O core, may emerge. Then, the second
excited 2D gaslike state would be the intermediate state before
the 3D gaslike state emerges and would be directly connected
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28Siの励起状態に現れるガス的状態の探索

当時最新のSR1600において1024CPUを限界まで用いた
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FIG. 3. (Color online) Density plots of the basis wave function over-
lapping maximally with the calculated states. The contours corre-
spond to multiples of 0.2 fm−2. The color is normalized by the largest
density in each plot.

tained RMS radius is 2.95 fm. This corresponds to the 16O
+ 12C molecular state where the relative motion between two
clusters is excited from the ground (first) to the higher-nodal
states. The seventh state also has strong transition strength
from the second state by B(IS0)/B0(IS0) = 3.30. This state
is the cluster excitation of the 24Mg + αx configuration. The
maximum overlap between the seventh state and the 24Mg +
αx configuration is 23.2% at d24Mg-α = 5.0 fm (see Fig. 3(c)).
The obtained RMS radius is 2.93 fm.

An important observation is that the fourth and the twelfth
states do not largely overlap with any geometrical configu-
rations of the α clusters. Despite this, the RMS radii for
these states are considerably extended to similar extent as
other cluster states. The fourth and twelfth excited states
significantly overlap with the THSR wave function not only
with σ = 3 fm but also σ = 4 fm. This suggests the
existence of gas-like three α particles spreading to the out-
side of the 16O core. To see the extent of the spreading for

the gas-like three α particles, we estimate the RMS radius
of the three α particles. Here, the effect of the 16O core is
subtracted by neglecting the recoil correction. The RMS ra-
dius for the three α particles, r(3α)

RMS, is then given by r(3α)
RMS =√

(28 < r2(28Si) > −16 < r2(16O) >)/12, where < r2(28Si) >
and < r2(16O) > denote the expectation value of the squared
radius for the 28Si and the 16O core, respectively. We calculate
< r2(28Si) > without the center-of-mass correction. We also
obtain

√
< r2(16O) > = 2.2 fm with the tetrahedron configu-

ration of four α’s. The calculated RMS radii of the three α
particles for the first, fourth, and twelfth states are 3.45, 3.67,
and 3.86 fm, respectively. Those are indeed expanded with
increasing excitation energies. However, the spatial distribu-
tions for those three α particles are not so widely spread rather
than that of the Hoyle state in 12C because of the existence of
the attractive 16O core.

Therefore, we consider that the fourth and twelfth states are
members of a new type of excitation mode built on the prolate
state, which has not yet been well established in experiments.
In the first excited state of this mode (fourth state), the weakly
coupled gas-like three α particles, without the angular corre-
lations, emerge around the surface of the 16O core. That can
be described as a layer of dilute density formed around a core,
which would be regarded as a “two-dimensional (2D) gas”.
The emergence of this weakly coupled 2D gas-like state sig-
nificantly competes with that of the 16O + 12C molecular state
(sixth state), which have strongly coupled three α’s of 12C, as
their energies are almost comparable to each other. This in-
dicates, that the energy necessary for the excitation from the
strongly coupled 12C to the weakly coupled three α’s around
the 16O core is comparable to the relative motion between
16O and 12C. Despite this competition, the coexistence of the
2D gas-like and the strongly coupled states is highly possi-
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of B0(IS0), respectively. Figures 2(d)–2(f) show the calculated
overlaps between the obtained states and the THSR wave
function with σ = 3, 4, and 5 fm, respectively. Below, we
only discuss the characteristic results which can be identified
by the analysis.

In Figs. 2(d)–2(f), we can see that the fourth and twelfth
states significantly overlap with the THSR wave function.
These states are candidates for the gaslike three-α state
discussed in this study. The overlap between the fourth state
and the THSR wave functions with σ = 3, 4, and 5 fm are
16.7%, 9.8%, and 3.3%, respectively. Those overlaps for the
twelfth state are 20.0%, 13.7%, and 4.9%. The rms radii
obtained for the fourth and the twelfth states are 2.92 and
3.02 fm, respectively. These values are somewhat spatially
extended rather than that of the first and second states.

In addition, we obtain a remarkably strong transition
strength from the fourth to twelfth states by B(IS0)/B0(IS0) =
3.20, indicating that those states strongly correlate with each
other due to the cluster excitation. We thus consider that the
fourth and twelfth states are a member of the new excitation
mode. We also obtain a relatively large transition strength
from the first to the fourth states by B(IS0)/B0(IS0) = 2.21
[see Fig. 3(b)], suggesting that this new excitation mode is
built on the first state with the prolate shape.

The sixth state has the strongest transition strength from the
ground state by B(IS0)/B0(IS0) = 3.67. This state overlaps
maximally with the 16O + 12C⊥ configuration of 42.2% at a =
2.0 fm and d16O-12C = 4.0 fm [see Fig. 3(b)]. The obtained rms
radius is 2.95 fm. This corresponds to the 16O + 12C molecular
state where the relative motion between two clusters is excited
from the ground (first) to the higher-nodal states. The seventh
state also has strong transition strength from the second state by
B(IS0)/B0(IS0) = 3.30. This state is the cluster excitation of
the 24Mg + αx configuration. The maximum overlap between
the seventh state and the 24Mg + αx configuration is 23.2% at
d24Mg-α = 5.0 fm [see Fig. 3(c)]. The obtained rms radius is
2.93 fm.

An important observation is that the fourth and the
twelfth states do not largely overlap with any geometrical
configurations of the α clusters. Despite this, the rms radii
for these states are considerably extended to similar extents
as other cluster states. The fourth and twelfth excited states

significantly overlap with the THSR wave function not only
with σ = 3 but also σ = 4 fm. This suggests the existence
of gaslike three α particles spreading to the outside of the
16O core. However, the calculated rms radii for the fourth
and twelfth states are not so extended (2.92 and 3.02 fm,
respectively). That is, the three α particles still exist around
the 16O core.

Therefore, we consider that the fourth and twelfth states
are members of a new type of excitation mode built on the
prolate state, which has not yet been well established in
experiments. In the first excited state of this mode (fourth
state), the weakly coupled gaslike three α particles, without
the angular correlations, emerge around the surface of the 16O
core. That would be regarded as a “two-dimensional (2D) gas.”
This is because the rms radii for those three α particles are not
so widely spread and those states significantly overlap mainly
with the THSR wave function of σ = 3 fm. On the other hand,
the Hoyle state in 12C overlaps with the THSR wave function
with larger σ values (3–4 fm). That is, the radial component
of the wave functions for those states are confined around the
surface of the 16O core.

The emergence of this weakly coupled 2D gaslike state
significantly competes with that of the 16O + 12C molecular
state (sixth state), which has strongly coupled three α’s of 12C,
as their energies are almost comparable to each other. This
indicates that the energy necessary for the excitation from the
strongly coupled 12C to the weakly coupled three α’s around
the 16O core is comparable to the relative motion between
16O and 12C. Despite this competition, the coexistence of the
2D gaslike and the strongly coupled states is highly possible,
as shown in this study. In the second excited state of this
new mode (twelfth state), the gaslike layer is well developed
and more spatially expanded, because the isoscalar monopole
strength only from the first excited (fourth) state is extremely
large. However, this state is also a 2D gaslike one, because the
spatial component of this state still distributes around the 16O
core.

In more highly excited states, the Hoyle-like weakly
coupled 3α state, that is a “three-dimensional (3D) gaslike”
state around the 16O core, may emerge. Then, the second
excited 2D gaslike state would be the intermediate state before
the 3D gaslike state emerges and would be directly connected
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計算でのボトルネック
Total wave function (16O + 3α)
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軽い原子核におけるエキゾチックな核構造

•リニアチェイン構造
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40Caにおけるトーラス状態

J = 60 

12個の核子が
同方向へ回る特異な状態

Phys. Rev. Lett 109, 242503 (2013)

40Ca

回転座標系でのHartree-Fock法 �
�
Ĥ � �Ĵz

�
= 0



40Caトーラス状態の歳差運動
時間依存密度汎関数法

i~⇢̇ =
h
ĥ, ⇢
i

回っているコマの軸を押す
歳差運動集団励起モード



中重核の量子トンネル核融合反応
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(c) R = 6.4 fm
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(b) R = 8.0 fm
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(a) R = 14.0 fm 16O + 16O
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強いクーロン相互作用
により融合障壁が生じる

二つの原子核が近づいた時に量子的振動が減衰する

量子トンネル

乱雑位相近似(RPA)法を二体系まで初めて拡張した

　　　　Phys. Rev. C 88, 0116602(R) (2013)



核分裂反応
超重元素の安定性　→　核分裂に対して安定である事

235U + n → 139I + 95Y + 2n核分裂の主チャネル

量子効果で質量対称には分裂しにくい！

132Sn

A~140 ?

ウランがどの様に分裂するのかエネルギー最適経路を計算



五次元核分裂ポテンシャルエネルギー面

現実的なポテンシャルエネルギー構造をはっきり示した

A~140

原子核の伸び 左右
の質
量比

                     Phys. Rev. C 86, 024610 (2012)



まとめ
28Siで16O + 3αのガス的な状態が存在するのかを限界まで波
動関数を重ね合わせて探索した
40Caで12個の核子が時間反転対称性を破り一方向に回転する
特異なトーラス形状を持つ安定な励起状態がある事を発見し
た
トラース状態で破れた密度対称性を回復する為に、回転軸に
対して垂直軸周りの回転が生じて、集団運動的な歳差運動励
起モードが存在する事を示した
236Uの核分裂に対する多次元ポテンシャルエネルギー面の構
造を示した


