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原子核物理でつむぐrプロセス　京都大学基礎物理学研究所2019年5月22-24日

• イントロ　→核図表の概要、新核種発見の最近の進展（JAEA核図表2018） 

• 原子核質量　→質量模型計算の不定性、質量模型が予測する中性子過剰核の性質 

• β崩壊　→禁止遷移の役割 

• 核分裂　→r過程の終端の解明
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中性子欠損

中性子過剰

中性子過剰核のβ崩壊は天体核物理、原子炉物理において重要
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 R-S comparative
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 p-r-s comparative
 Other
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1H

56Fe

138Ba(S) 195Pt(R)
238U

235U

232Th

太陽系の元素の存在比 原子炉

H. K. et al, PTP 113, 305 (2005), H.K et al., B. Phys.Soc. Jpn. 60, 717 (2005)
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超重核
新元素

超新星爆発 中性子星の合体

（ニホニウムなど）
113,115 117,118

原子核の核図表上の大域的領域において原子核の核構造・核崩壊の性質を明らかにする
• 原子核の核構造や崩壊機構の理解
• 超重核の理解→原子核の存在限界
• 中性子過剰核の理解→r過程元素合成への応用

イントロダクション



原子核質量の重要性

• E = mc2より原子核の全エネルギーそのもの 
➡ 原子核の崩壊や反応を司る

λ =
1

2π3
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Fig. 7: 58Niͷதੑࢠೖࣹඇੑࢄཚͷࣜਤɽ

ͷͰɼFig. 7ͷΑ͏ʹ࠶ͼ 58NiͷதੑࢠೖࣹԠΛऔΓ্͛Δɽෳ߹֩ 59Niɼ࠶ͼ

தੑࢠΛ์ग़ͯ͠جఈঢ়ଶΔ͔ɼ͋Δ͍ 1.454 MeVͷྭىঢ়ଶඇੑࢄཚͱ͠

ͯભҠ͢Δɽ࣮ࡍʹෳ߹͕֩ γઢΛ์ग़ͯ͠ 59Niͷجఈঢ়ଶભҠ͢Δதੑ֫ัࢠ

Ԡ͜ىΔ͕ɼ͜͜Ͱແ͓ͯ͘͠ࢹɽ

ೖࣹதੑࢠͷΤωϧΪʔEnɼ1.454 MeVΑΓ͖͓ͯ͘͠ߴɼͦͷΤωϧΪʔͰ

ͷதੑಁࢠաΛ TljͰද͢ɽ͜ͷ࣌ɼ59NiྭىΤωϧΪʔEn+SnΛͭ࣋ɽ͜͜Ͱ

SnதੑࢠΤωϧΪʔͰ͋ΔɽҰํɼ1.454 MeV (2+)ঢ়ଶʹE′
n = En− 1.454 MeV

ͷதੑ͕ࢠೖࣹ͢Εɼಉ͡ྭىΤωϧΪʔΛͨͬ࣋ 59NiΛ࡞Δ͜ͱ͕Ͱ͖Δɽ͜ͷ

ԠͷಁաΛ T ′
lj ͱ͓ͯ͘͠ɽ

ͱ͜ΖͰɼྭ֩ͨ͠ىதੑ͕ࢠೖࣹ͢ΔԠͷࢉܭ؆୯Ͱͳ͍ɽԿނͳΒҰൠ

ʹޫֶϙςϯγϟϧ֩ͷجఈঢ়ଶʹରͯ͠༩͑ΒΕ͓ͯΓɼྭىঢ়ଶͷ֩ͷϙςϯγϟ

ϧෆ໌͔ͩΒͰ͋ΔɽͦͷͨΊɼ֩ࢠݪৗʹجఈঢ়ଶͰ͋ΔͱԾఆ͠ɼೖࣹΤωϧ

ΪʔΛ֩ͷྭىΤωϧΪʔͰิਖ਼͢Δۙࣅ T ′
lj(E

′
n) = Tlj(En − 1.454 MeV)Λಋೖ͢Δɽ

ඪత֩ͷεϐϯɾύϦςΟ͕ Iπ = 0+ͳͷͰɼෳ߹֩ͷ J ೖࣹதੑࢠͷ jͱ͘͠ɼ

ύϦςΟΠ (−1)lͱͳΔɽJΠΛ࡞Δ͜ͱ͕Ͱ͖Δ Tlj ͱ T ′
lj ͷΈ߹ΘͤΛɼTable 1

ʹ·ͱΊ͍ͯΔɽl͕େ͖͘ͳͬͯ͘ΔͱΈ߹ΘͤෳࡶʹͳΔͷͰɼJΠ͕খ͞ͳ

ͷ߹ͷΈΛ͍ࣔͯ͠Δɽ·ͨيಓ֯ӡಈྔࣈͰແ͘ɼγϯϘϧ s = 0, p = 1,

d = 2, . . .Ͱදͯ͋͠Δɽ

͜ͷදͷ֤ߦʹରͯ͠෦తͳஅ໘ੵ͕͞ࢉܭΕɼͦΕΛ૯͢Δ͜ͱͰ࠷ऴతͳஅ

໘ੵͱͳΔɽ෦அ໘ੵͷࢉܭɼ୯७ʹ Eq. (1)ʹै͏ɽπ/k2ͷ߲ڞ௨ͳͷͰޙճ

͠ʹ͠ɼදͷ֤ߦʹର͢ΔࣜΛॻ͍ͯΈΔͱɼ

σ(1/2)+ =
Ts1/2T

′
d3/2

Ts1/2 + T ′
d3/2 + T ′

d5/2

+
Ts1/2T

′
d5/2

Ts1/2 + T ′
d3/2 + T ′

d5/2

(20)

σ(1/2)− =
Tp1/2T

′
p3/2

Tp1/2 + T ′
p3/2 + T ′

f5/2

+
Tp1/2T

′
f5/2

Tp1/2 + T ′
p3/2 + T ′

f5/2

(21)

– 73 –

例：中性子捕獲過程
mNi58+mn

mNi59

mNi58

Sn
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Mass-measured nuclei
from Atomic Mass Evaluation
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(HK, et al., 2019)

r-process

r-process

SHE
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�4amdc.impcas.ac.cn/

wwwndc.jaea.go.jp/CN18/index.html

Identified

Mass-
measured

~3300 nuclei 
(Identified)

~2500 nuclei
(mass measured)

Atomic Mass Evaluation 
is updated as AME2016

Search of  nuclei: current understandings

核種の発見と質量測定の発展（-2018）

~3000 nuclei 
(half-life measured)
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RMS dev. from AWT03:
2.93 MeV (Z, N ≥ 8)

Mexp. − MWB

Mass data : 2012 Atomic mass evaluation 
(M. Wang, G. Audi, A.H. Wapstra et al.)

•Existence of magic number
N=28,50,82,126
Z=28,50,82

208Pb
132Sn

aV a
s

aI aC a
eo

15.604 17.472 22.99 0.7073 12.338 (MeV)

�5

Mexp-MWB
(MeV)

N=Z
 rid

ge

•Wigner energy
N=Z ridge

MWB(Z, N)=Z m
H
 + N mn − B(Z,N)

             =Z m
H
 + N mn − aVA + asA2/3 + aI(N−Z)2/A + aCZ(Z-1)/A1/3 + δeo

�eo =

�
⇤

⇥

�aeo/A1/2 for even-Z and even-N
0 for odd-A
+aeo/A1/2 for odd-Z and odd-N

Weizsäcker-Bethe semi-empirical atomic mass formula
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Shell energy

=

Trend in MeV-order

From the ‘exp.’ shell energy:

•Depression due to the deform.
rare-earth, actinide

原子核質量

対称項（Fermi粒子として半分、核力などで半分）
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2. Mass-model dependency: n-rich nuclei

• In old-type mass formulae (-1988), mass values extremely diverge in the 
very neutron-rich region
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Predicted mass values still diverge. 
Even among HFB’s, mass values 
diverge in the n-rich region. 

(several MeV) 
Poor experimental mass data.
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Mass-model dependency: n-rich nuclei

原子核質量（結合エネルギー）の対称エネルギー部分の理論の不定性が大きい



核分裂障壁の理論計算
Nilsson-Strutinsky 法!
変形単一粒子ポテンシャルより準位を得、
それに粒子を積み上げることにより求める

"3

変形ポテンシャルで変形度を与えて、縮退が
解かれた準位に対して適用

変形パラメータ→ 変形パラメータ→

殻構造の概念図

球形基底の方法(今回用いた方法)!

球形単一粒子ポテンシャルより準位を得、
変形状態を球形状態の配位混合として扱う
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実際の計算：球形殻Eの重み付き和
球形殻E：球形準位の積分!
重み：立体角(占有確率)の微分
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球形殻E

 KTUYの 

微視的部分の理論計算：Nilsson-Strutinsky法と球形基底法

◯核力ポテンシャル：２体の核力（Skyrme, Folded Yukawaなど）や単一粒子ポテンシャル（Wodds-Saxon等）等。構築するモデルによる



Mgross smooth function of N and Z. (same as the TUYY formula)
Mshell: modified Woods-Saxon pot.+BCS+deform. config.
           and spherical-basis method

Spherical-Basis (KTUY) mass formula (2005)

 9

M(Z, N)=Mgross(Z, N)+Meo(Z, N)+Mshell(Z, N)

• Deformation, fission barrier is obtained
• Change of closed shells in the n-rich nuclei is predicted. (N=20 -> 

16, etc.)
• Topic: decay modes for superheavy nuclei can be described.

H. Koura,T. Tachibana, M. Uno, M. 
Yamada, PTP113 (2005)
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Woods-Saxon pot. vs. KY pot.KTUYから見た中性子過剰核１：単一粒子準位の魔法数

ゆるく結合した状態においてはN=20,28の消失と同時にN=16, 32 (, 34)の出現を示している。
一方でN=50(58は現れるかもしれない）,82,126はrobustに残っている

修正Woods-Saxonポテンシャル（HK, Yamada, NPA671 (2000)による計算）

A/Z=3

安定核の
典型的な
深さ
～-８MeV

中性子過
剰のFermi
面付近

New shell gap for the neutron-rich nuclei

N-rich nuclei
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KTUYから見た中性子過剰核２：原子核の変形
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dip

S2n for equilibrium eq. (determine the path) and Q
β
 for λβ: 

estimated from mass formulae (TUYY, KUTY, FRDM)

Steady flow +Waiting point Approximation

Neutron-number density (N
n
) and temperature (T

9
) are constants 

(n,γ)-(γ,n) equilibrium is established over an irradiation time τ

• Canonical model

Nn,T9,τ: chosen to reproduce the abundance peak at A=130 (obs.)

r過程計算の質量模型依存性

◯経路の位置が異なっている



0.1.2 β崩壊理論の概説

遅発中性子放出は β崩壊の随伴現象であり、崩壊エネルギー計算（およびそれから得られる崩
壊熱計算）とともに、β崩壊理論計算に基づいて求められる。本事業ではその計算方法として β

崩壊の大局的理論 [3, 4, 5, 6, 7, 8, 9, 10] と呼ばれる方法を用いる。以下、β崩壊の概説および大
局的理論計算の実際を示し、β崩壊半減期計算と実験データとの比較を行い、問題点の抽出に関
する報告を行う。

a. β崩壊の理論的記述

β崩壊は現象としては大きく３つに分類される。一つは原子核から電子および反ニュートリノ
が放出され、原子核内の中性子が陽子に変換する β−崩壊であり

β− : (Z0, N0) → (Z0 + 1, N0 − 1) + e− + νe

と表される。一つは原子核から陽電子およびニュートリノが放出され、原子核内の陽子が中性子
に変換する β+崩壊であり

β+ : (Z0, N0, ) → (Z − 1, N + 1) + e+ + νe

また原子核が軌道電子を捕獲して原子核内の陽子が中性子に変換する電子捕獲であり

EC : (Z0, N0, ) + e− → (Z − 1, N + 1) + νe

である。
これらは素粒子の相互作用の観点から見た場合どれもトポロジー的に同じであり、同じ理論的
枠内で記述できる。どの崩壊が起こりうるかは崩壊前の原子質量と崩壊後の原子質量の差が正値
になるかで定まりその差Q = mparent −mdaughterを β崩壊のQ値と呼ぶ。β崩壊を起こさない安
定核から見て中性子過剰の核種は β−に対するQ値が正なので β−崩壊し得る。また同じく陽子
過剰核側の核種は電子捕獲に対するQ値が正なので電子捕獲し得り、β+崩壊に対するQ値が正
の核種は β+崩壊も共存しうる。原子炉で関わる核分裂片の核種はすべて中性子過剰核なのでこ
れらに関わる崩壊現象を扱うという点では β−崩壊に関する議論で十分である。ただし原子核の
陽子・中性子の対称性（荷電対称性と呼ぶ）は満足させる必要があるので陽子過剰核側の崩壊と
の整合性を保ちつつ本事業における理論計算を進めていく。
β崩壊を起こす相互作用は弱いので、通常は量子力学における最低次の摂動で十分によい近似
となる。すると、ある摂動ハミルトニアンH ′に対してある状態ΦInitialからΦFinalに遷移する確
率（崩壊定数）は単位時間あたり

λ =
2π

h̄
|(ΦFinal, H

′ΦInitial)|2ρE (2)

の関係式で記述することができる。ただし ρE は ΦFの付近にエネルギー固有状態が単位エネル
ギー辺りどれだけ存在するかを示すもので、状態密度と呼ばれる。また、(ΦFinal, H ′ΦInitial)はH ′

の行列要素で
(ΦFinal, H

′ΦInitial) =
∫

ΦFinalH
′ΦInitialdτ
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遷移確率の１次の摂動計算

と定義される。ただし ∫
dτ は全変数の全空間についての積分である。式 (2)はフェルミの黄金律

として知られている。
β−崩壊の場合ΦInitialは親核の波動関数であり、ΦFinalは娘核、電子、反ニュートリノの系の波
動関数となる。
摂動H ′となる β崩壊のハミルトニアンHβ は、相対論的量子力学方程式であるDirac方程式
において利用されるハミルトニアン密度Hβを用いて

Hβ =
∫

Hβdr

の全空間積分として与えられる。ハミルトニアン密度Hβの具体的な表式は

Hβ = GV(ψp
∗ψnψe

∗γ′ψν − ψp
∗αψn · ψe

∗αγ′ψν)

+ GA(ψp
∗σψn · ψe

∗σγ′ψν − ψp
∗γ5ψn · ψe

∗γ5γ
′ψν)

+ ( エルミート共役) (3)

である。ここで
α =

(
0 σ

σ 0

)

, σ =

(
σ 0

0 σ

)

γ5 = iαxαyαz, γ′ = (1 + γ5)/
√
2

である。各行列要素 0、1、σはそれぞれ２×２のゼロ行列、単位行列、パウリ行列である。つま
り全体として４×４の行列となる。式（3）の第１、２行が β−崩壊を引き起こし、そのエルミー
ト共役項が β+崩壊および電子捕獲を引き起こす。
結合定数は、これまでの研究によって、次のように決定されている。

GV = 1.40× 19−49erg cm2 (4)

GA/GV = −1.25 (5)

b. β崩壊の選択則

β崩壊はある原子核（親核）からある原子核（娘核）への遷移であるが、その際、原子核の状
態の違いにより、起こりやすさに差異が生じる。そのうちの一つが前述の質量差Qβ 値であり、
一般にQ値が大きいほど崩壊が起こりやすい。
もう一つ崩壊の起こりやすさを支配しているのはスピンとパリティの変化に関するものである。
一般に親核と娘核のスピン・状態が等しい場合が一番起こりやすく、その変化が著しいほどその
崩壊は起こりにくい。式 (3)において第１式（GVの係数の項）の第１項の作用で崩壊する場合、
スピンもパリティも変化しない、これをフェルミ遷移と呼ぶ。また同式 (3)の第２式（GAの係
数の項）の第１項の作用で崩壊する場合、パリティは変化せず、スピン変化は 0または 1で変化
する（0から 0は除く）。これをガモフ・テラー遷移と呼ぶ。この両者を許容遷移と呼ぶ。また
同式 (3)の第１式および第２式のそれぞれ第２項で作用する場合、崩壊は許容遷移と比べて相対
的に抑制される。これを禁止遷移と呼ぶ。スピン変化を引き起こすのに電子やニュートリノがそ
のスピンの差額分を β崩壊時に持ち出さなければならず、崩壊の確率が急激に小さくなるのであ
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のスピンの差額分を β崩壊時に持ち出さなければならず、崩壊の確率が急激に小さくなるのであ
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弱い相互作用を記述

λΩ = C

∫ 0

−Qβ

|MΩ|2fΩ(−E)dE

β崩壊の崩壊定数

・Ω：遷移の形（禁止度） 
・M：核行列要素。核構造に起因 
・f(-E)：f関数。電子波動関数の歪み
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β崩壊

半減期で
4桁程度

半減期で
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Nuclear beta-decay and gross theory

D(E, �) : one particle strength function
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H.K.,S. Chiba, Energy Procedia 71, 228 (2015)

K. Takahashi et al., PTP 41(1969)→Concept 
S. Koyama et al., PTP 44 (1970)→dn1/dε 
K. Takahashi et al., ADNDT 12 (1973)→GT1 
T. Kondoh et al., PTP 74 (1985)→BCS UV-factor 
T. Tachibana et al.. PTP 84 (1990)→D(E,ε) 
T. Tachibana et al., Proc. ENAM95 (1995)→GT2

The gross theory includes:
1. Strength function 
(sum rules are considered)
2. BCS pairing (simply)
3. Forbidden transition
4. Fermi-gas level density
(discrete treatment on the 
surface level)) 

1st forbidden

Parent

Daughter

No consideration 
with Pauli Principle

Fermi, Gamow-Teller, 
and 1st forbidden can 

be calculated.

|M�(E)|2 =
� �max

�min

D(E, �)W (E, �)
dn1

d�
d�

dn1

d"
: level density

Average treatment

Strength function of beta-decay Overview of gross theory

h. 第１禁止遷移

第１禁止遷移は ω = r, α, σ · r, γ5, σ × r, Bij に相当する。Bij は σおよび rから作られる
対称テンソルでトレースが 0のものであり、クロネッカーの δ記号を用いて

Bij =
(
xiσj + xjσi −

2

3
δijr · σ

)

である。もはやハミルトニアンの全てが交換しない。個々に見ていくと、運動エネルギーとの交
換関係では特徴的な点が見られる。原子核内の核子を３次元調和振動子だとしてみると、核子の
波動関数に（第１禁止遷移演算子の一つである）rがかかると、波動関数が一つ上および下のエ
ネルギー固有値をもつ波動関数の線形結合となる。調和振動子のエネルギー固有値は hνだから
IASから大雑把にそれだけエネルギーのずれたところに分布する。強度関数で言い換えるとΩr
に対応する強度関数Srは IASの上下に幅広い２つのピークをもった形になることが予想される。
Ωr が作用する原子核の現象として光核反応の巨大共鳴がある。これは Ωr とアイソスピンの向
きだけ違っている演算子によって引き起こされるが、そのエネルギーの中心が上記の hνの２倍
ほどとなっていて、類似の例として上記の考察の傍証となっている。
Ωσに対応する強度関数 Sσに関してもスピンの向きの変化分を除けば類似の予想ができる。
このように β崩壊強度関数が満たすべき条件が量子力学的な交換関係から導かれる。
原子核理論の観点ではこの核行列要素を微視的な立場から求める方法が望ましく、実際いくつ
かの核種では準粒子乱雑位相近似計算などで求める方法が考えられる。ただし模型依存の核力を
設定しなければならないことや（核力はクーロン力に比べてきわめて複雑な記述となる）、広い
核種領域に適用への精度の問題などがある。本事業では大域的核種領域で系統的に、ある程度保
証された精度で求める必要があるので、β崩壊の大局的理論と呼ばれる方法を採用する。これは
これまで述べた総和則に基づいた計算手法であり、次節で大局的理論の概要を述べる。

0.1.3 β崩壊の大局的理論

前節で述べた総和則によって推定した強度関数の振る舞いは、定性的にはかなり満足すべきも
のである。これをさらに進めて β崩壊を引き起こす陽子・中性子の単一粒子エネルギーにも総和
則が満たされるとして構築したのが β崩壊の大局的理論と呼ばれる手法である。
β崩壊は各中性子が陽子にかわる可能性を持っている。そこで親核中の各中性子強度関数を付
随させる。この単一粒子強度関数をDω(E; ϵ)と表す。ϵは中性子の単一粒子エネルギーである。
このDω(E; ϵ)に対して総和則を要請すると、フェルミ遷移に対して

∫ ∞

−∞
DF(E; ϵ)dE = 1

ガモフ・テラー遷移に対して ∫ ∞

−∞
DGT(E; ϵ)dE = 3

となる。第一禁止遷移に対して ω = rの例を挙げると
∫ ∞

−∞
Dr(E; ϵ)dE = ⟨r2⟩ ≈ 3

5
R2
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となる。これらは規格化された積分値を与える。エネルギーEに関するモーメントも求めること
ができ、フェルミ遷移に対して

∫ ∞

−∞
EDF(E; ϵ)dE = ∆EC
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となる。第一禁止遷移に対しても同様にして得られる。
単一粒子強度関数はパウリの排他律を満たしていない。つまり β崩壊は娘核の基底状態よる低
いエネルギーには崩壊しないので、それを考慮しなければならない。そこで核全体としての強度
関数を計算する際に

Sω(E) =
∫ ϵn

−∞
Dω(E; ϵ)W (W ; ϵ)

dn1

dϵ
dϵ

とする。ここで
W (E; ϵ) =

{
1 ϵ+ E > ϵFn

0 ϵ+ E < ϵFp

であり、W によってパウリの排他律を表現する。上式のうち dn/dϵは中性子の単一粒子エネル
ギー分布の密度であり、ϵnϵpは中性子と陽子のフェルミエネルギーを表す。dn/dϵの具体的な表
式は文献 [4]のものを用いる。なお ϵn − ϵp = Qβである。
以下、最初に提案された大局的理論の単一粒子強度関数の関数形 [5]および現業の単一粒子強
度関数の関数形 [9]、f関数の関数形を示す。

a. 単一粒子強度関数の関数型（’Plain’型）

許容遷移であるフェルミ遷移およびガモフ・テラー遷移はアイソバリックアナログ状態（IAS）
付近に単一粒子強度関数のピークをもつ。ある付近にピークを持つ関数形としてはガウシアン型
などが考えられるが、いくかの試みの結果以下に示す修正ローレンツ型を採用した。[5]

フェルミ遷移に対する単一粒子強度関数は修正ローレンツ型

DF(E; ϵ) =
σC2 + γ2

π
· σC

2

γ
× 1

(E −∆EC)2 + (σC2/γ)2
· 1

(E −∆EC)2 + γ2

とする。また、ガモフ・テラー遷移も σCGT =
√
σ2
C + σ2

Nとして修正ローレンツ型

DGT(E; ϵ) =
σCGT

2 + γ2

π
· σCGT

2

γ
× 1

(E −∆EC)2 + (σCGT
2/γ)2

· 1

(E −∆EC)2 + γ2
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許容遷移を抑制するように処方
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in the density distribution. The central depression is thought
to produce the Z ¼ 120 gap, whereas a flat density
distribution reduces the Z ¼ 120 gap.21) The central
depression has been considered for the potential in the
present study, as in Ref. 13, and there is less indication of
the Z ¼ 120 shell closure in the present study. This indicates
that the central depression is not the main cause of the
appearance of the Z ¼ 120 gap. Another possibility is that
a reduction in the LS splitting of the 2f levels reduces the

Z ¼ 114 gap and consequently leads to the Z ¼ 120 gap.
The change in the density distribution may also affect the
reduction in the LS splitting. In this work, however, the
LS part of the potential adopted here is treated to be
independent of the central part,13) and there is no indication
of such a weakening of the splitting. In the case of Z ¼ 164,
the Fermi gap comes from the splitting of the 2g levels,
therefore, the situation seems to be similar to that in the
Z ¼ 114 case.
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Fig. 5. (Color online) Calculated proton single-particle levels for doubly magic nuclei.
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in the density distribution. The central depression is thought
to produce the Z ¼ 120 gap, whereas a flat density
distribution reduces the Z ¼ 120 gap.21) The central
depression has been considered for the potential in the
present study, as in Ref. 13, and there is less indication of
the Z ¼ 120 shell closure in the present study. This indicates
that the central depression is not the main cause of the
appearance of the Z ¼ 120 gap. Another possibility is that
a reduction in the LS splitting of the 2f levels reduces the

Z ¼ 114 gap and consequently leads to the Z ¼ 120 gap.
The change in the density distribution may also affect the
reduction in the LS splitting. In this work, however, the
LS part of the potential adopted here is treated to be
independent of the central part,13) and there is no indication
of such a weakening of the splitting. In the case of Z ¼ 164,
the Fermi gap comes from the splitting of the 2g levels,
therefore, the situation seems to be similar to that in the
Z ¼ 114 case.
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Fig. 4. (Color online) Calculated neutron single-particle levels for doubly magic nuclei. Experimental single-particle levels for 208Pb are also plotted.
Numbers enclosed in boxes indicate closed shells at the Fermi surface. The nucleus 354[126]228 is not a doubly magic nucleus but a single magic nucleus. See
explanation in discussion.
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Fig. 5. (Color online) Calculated proton single-particle levels for doubly magic nuclei.

H. KOURA and S. CHIBAJ. Phys. Soc. Jpn. 82 (2013) 014201 FULL PAPERS

014201-4 #2013 The Physical Society of Japan

J. Phys. Soc. Jpn.
Downloaded from journals.jps.jp by （国）日本原子力研究開発機構 on 02/11/19

in the density distribution. The central depression is thought
to produce the Z ¼ 120 gap, whereas a flat density
distribution reduces the Z ¼ 120 gap.21) The central
depression has been considered for the potential in the
present study, as in Ref. 13, and there is less indication of
the Z ¼ 120 shell closure in the present study. This indicates
that the central depression is not the main cause of the
appearance of the Z ¼ 120 gap. Another possibility is that
a reduction in the LS splitting of the 2f levels reduces the

Z ¼ 114 gap and consequently leads to the Z ¼ 120 gap.
The change in the density distribution may also affect the
reduction in the LS splitting. In this work, however, the
LS part of the potential adopted here is treated to be
independent of the central part,13) and there is no indication
of such a weakening of the splitting. In the case of Z ¼ 164,
the Fermi gap comes from the splitting of the 2g levels,
therefore, the situation seems to be similar to that in the
Z ¼ 114 case.
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Fig. 4. (Color online) Calculated neutron single-particle levels for doubly magic nuclei. Experimental single-particle levels for 208Pb are also plotted.
Numbers enclosed in boxes indicate closed shells at the Fermi surface. The nucleus 354[126]228 is not a doubly magic nucleus but a single magic nucleus. See
explanation in discussion.
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in the density distribution. The central depression is thought
to produce the Z ¼ 120 gap, whereas a flat density
distribution reduces the Z ¼ 120 gap.21) The central
depression has been considered for the potential in the
present study, as in Ref. 13, and there is less indication of
the Z ¼ 120 shell closure in the present study. This indicates
that the central depression is not the main cause of the
appearance of the Z ¼ 120 gap. Another possibility is that
a reduction in the LS splitting of the 2f levels reduces the

Z ¼ 114 gap and consequently leads to the Z ¼ 120 gap.
The change in the density distribution may also affect the
reduction in the LS splitting. In this work, however, the
LS part of the potential adopted here is treated to be
independent of the central part,13) and there is no indication
of such a weakening of the splitting. In the case of Z ¼ 164,
the Fermi gap comes from the splitting of the 2g levels,
therefore, the situation seems to be similar to that in the
Z ¼ 114 case.
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Fig. 4. (Color online) Calculated neutron single-particle levels for doubly magic nuclei. Experimental single-particle levels for 208Pb are also plotted.
Numbers enclosed in boxes indicate closed shells at the Fermi surface. The nucleus 354[126]228 is not a doubly magic nucleus but a single magic nucleus. See
explanation in discussion.
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208Pb(Z=82,N=126)
164Pb(Z=82,N=82)
（実際はクーロンで少々ずれる）

中性子 陽子 中性子 陽子

N=Z近辺：隣の準位が類似
→β崩壊では許容遷移に

N=Z近辺：隣の準位がone mejor shellずれる
→β崩壊では禁止遷移に
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β崩壊に関して汎用性のあるコードの開発をしたい

β崩壊及び随伴現象から理解できる

・超重核の基礎量の予測 
・r-過程元素合成

原子核物理
・遅発中性子放出割合 
・崩壊熱 
・ニュートリノスペクトル

原子炉物理
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Qβ

大局的理論

大局的理論における

親核中性子 娘核陽子

εmax

εmin
W (E, ε)

dn1

dε

DΩ(E, ε)
β−decay β+decay Electron capture

n(neutron)

p(proton)
e−(electron)

ν̄e
(antineutrino)

p(proton)

n(neutron)
νe(neutrino)

e+(positron)

p(proton)

n(neutron)
νe(neutrino)

e−(electron)

Hermitian
conjugate

Topologically
same

 崩壊の概図
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1粒子強度関数 
階段関数 
核子の準位密度

λΩ = C

∫ 0

−Qβ

|MΩ|2fΩ(−E)dE

崩壊定数の一般公式

1粒子強度関数の具体形

3 վྑख๏

ද 1 β ่յͷࢭې

ભҠ༷ࣜ εϐϯ ύϦςΟ

༰ભҠڐ (Fermi) 0 +

༰ભҠڐ (Gamow-Teller) 0,±1 +

ୈ ભҠࢭې1 0,±1,±2 −

ɹɹ
...

...
...

ୈ nࢭېભҠ ±n,±(n+ 1) (−)n

4 Ռڀݚ

N=50 N=82 N=126 N=308N=228

Z=126

Z=50

Z=82

N=184

Z=114

40

80

120

160

40 80 120 160 200 240 280 3200

neutron number

pr
ot
on
 n
um
be
r

 0  50  100  150  200  250  300
 0

 20

 40

 60

 80

 100

 120

 140

 160

KTUY-mass
F

GT
1st

2nd
3rd
4th
5th
6th
7th
8th
9th

10th
11th
12th
13th
14th
15th
16th
17th
18th
19th
20th

 0  50  100  150  200  250  300
 0

 20

 40

 60

 80

 100

 120

 140

 160

KTUY-mass
F

GT
1st

2nd
3rd
4th
5th
6th
7th
8th
9th

10th
11th
12th
13th
14th
15th
16th
17th
18th
19th
20th

KTUYmass

F

GT

1st

2nd

3rd

4th

5th

6th

7th

8th

9th

10th

11th

12th

13th

14th

15th

16th

17th

18th

19th

20th

KTUYmass

F

GT

1st

2nd

3rd

4th

5th

6th

7th

8th

9th

10th

11th

12th

13th

14th

15th

16th

17th

18th

19th

20th

 0  50  100  150  200  250  300
 0

 20

 40

 60

 80

 100

 120

 140

 160

KTUY-mass
F

GT
1st

2nd
3rd
4th
5th
6th
7th
8th
9th

10th
11th
12th
13th
14th
15th
16th
17th
18th
19th
20th

 0  50  100  150  200  250  300
 0

 20

 40

 60

 80

 100

 120

 140

 160

KTUY-mass
F

GT
1st

2nd
3rd
4th
5th
6th
7th
8th
9th

10th
11th
12th
13th
14th
15th
16th
17th
18th
19th
20th

ਤ 1 ໊લ

5 ߟ

N=Zでは許容遷移が優勢
N>Z、特にone mejor shell
ずれる場合では許容遷移
の可能性が減る

陽子、中性子の単一粒子準位が同じならこの遷移に
(N=Z付近の（軽い）原子核は概ねこのパターン）

β崩壊安定核N=Z核（仮想的）
○許容遷移の組み合わせが多数 ○異なる状態同士→禁止遷移になりがち



nuclei around 132Sn82, however, the area of nuclei with larger rate of the first-forbidden transition than that 
of the Gamow-Teller spreads widely.  If we consider the evolution of the simple single-particle levels to 
the neutron-rich side from 208Pb126 as shown in Fig. 2, such a properties can be roughly discussed.  In the 
case of the single-particle levels of the stable isotone of N=126, 208Pb, there seems to be no allowed 
transition channel due to the hindrance from the selection rule of angular momentum and parity, and 
consequently the first forbidden transition is dominant.  In the case of 192Dy, however, some allowed 
transition channels are open, and the strength of the allowed transition may be comparative or larger than 
the forbidden transition.  This property also supports the result of beta-decay rates in this report. 
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Fig. 1  Dominant transition mode between the Gamow-Teller and the first-forbidden transition of the beta 
decay in the neutron-rich mass region. 
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Fig. 2 Single-particle levels of N=126 isotones: 208Pb (left), 200W(middle), 192Dy (right).  We assume these 
nuclei are spherical and calculate the levels from a modified Woods-Saxon type potential[3]. 
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126

82

82
82

126

陽子数大 陽子数小

N=126付近の球形単一粒子：準位のミスマッチング

許容遷移の組み合わせがほ
とんど存在しない

安定核：陽子3s1/2(+)と中性子3p1/2(-)

許容遷移の組み合わせが復活陽子と中性子でone major shellのずれ

陽子準位が下がり（クーロンエ
ネルギーが減ったため）
中性子準位が上がり（対称エネ
ルギー）
準位の不一致が解消されている

H.Koura, JAEA-Review 2010-056 , p.84 (2010))

(N=126は固定)

208Pb (β安定核)

禁止遷移が主要となる

200W (中性子過剰) 192Dy (中性子過剰)
Qβ大Qβはそれほど大きくない
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基底状態間のスピン・パリティから分類したベータ崩壊の型
（球形単一粒子準位）

・N=Z付近はAllowed transition （●）の形を示す（類似の準位に落ちるのである意味当然）
・中性子過剰N=126付近（に限らず閉殻領域）は禁止遷移の形を示す
　　（少なくともone major shell ずれる）

threshold of α2=0.05
（球形核近傍として）

理研Grの半減期測定

KEK KISS Grの半減期測定

「禁止遷移が主要」となるβ崩壊を測定する可能性

3月1日公開
F. Endo, HK, PRC 99 034303 (2019) 21

Z=N付近は許容遷移
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FIG. 4. β-decay mode in the g-g states for spherical or small deformed nuclei. The spin and parity of the ground state were estimated from
the modified Woods-Saxon potential [12]. Filled squares (black): β-stable or long-lived nuclides (experiment). Open squares (black): β-stable
nuclides according to the Koura-Tachibana-Uno-Yamada (KTUY) mass model [13]. Filled squares (gray): nuclides predicted to exist by the
KTUY mass model.

gross theory. If the spin and parity of the g-g transition are
matched to each forbidden transition, the allowed transition is

suppressed for the g-g, g-c, and c-g components of the nuclear
matrix element.
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squares are the spherical nuclei of the KTUY mass model. Other symbols are the same as those in Fig. 4.

034303-4

励起状態にも禁止遷移が存在しない核種の分布
（球形単一粒子準位）

励起状態まで考慮すると、禁止遷移が主要になるのは「安定核近傍の中性子過剰核側」で、「２重閉
殻近傍核」
（変形核領域だとNilsson軌道準位や集団運動準位が割り込む→許容遷移も現れ得る）

F. Endo, HK, PRC 99 034303 (2019)

threshold of α2=0.05
（球形核近傍として）

許容遷移が含まれない
組合せを調べる
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超重核の安定の島領域でも



中性子捕獲断面積：HF模型とDirect semi-direct模型
DIRECT AND SEMI-DIRECT CAPTURE IN LOW-ENERGY . . . PHYSICAL REVIEW C 77, 015809 (2008)
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FIG. 6. (Color online) The calculated neutron capture cross
sections at incident neutron energy of 30 keV. The HF cross section
is shown by the open squares connected with a dashed line and the
DSD one by filled circles with a solid line. The cross denotes the best
estimate for the direct (n, γ ) cross section of 132Sn by Rauscher et al.
obtained using the experimental single-particle energies [15].

integral is much smaller than that between bound p states and
an unbound s wave. Therefore, it is essential for the SPP to
predict the presence and positions of the p states. As long as
we have these contributions, the low-energy DSD cross section
(which is nearly equal to the direct one) can be kept to the order
of 0.1 to 1 mb, which can be much larger than the HF cross
section for nuclei such as 132Sn. There must be more levels
for 122Sn available as the final states, so the difference of a
factor of 2 in the direct cross sections of 122Sn and 132Sn is
understandable. However, we expect that they do not differ by
much as long as the direct process to the p states is present.

In Fig. 6, we plot neutron capture cross sections of
even-even tin isotopes at En = 30 keV. The HF cross section
decreases as the mass number increases and shows a drastic
decrease when going from 130Sn to 132Sn. This trend is
completely correlated with the values of neutron separation
energies. In contrast, the DSD cross section decreases only
modestly, and it exceeds the HF cross section at 132Sn.
Therefore, we see that the inversion of the HF and DSD cross
sections indeed occurs at the border of the N = 82 magic
number for the neutron-rich tin isotopes (and probably its
vicinity). The gradual decrease of the direct cross sections in
our calculation is different from the more-rapid mass-number
dependence of Rauscher et al. [15], probably because of the
stability of the single-particle energies calculated by KY-SPP.
The cross symbol denotes a result calculated by Rauscher et al.
using experimental level energies as their best estimate of the
direct (n, γ ) cross section of 132Sn [15]. Our result, without
such an adjustment, is in fair agreement with their value.

The astrophysical reaction rates (ARRs) of 132Sn, defined
as R = NA⟨σv⟩, where NA stands for the Avogadro constant,
are calculated based on the HF and HF + DSD cross sections
and are displayed in Fig. 7 as a function of temperature T9 (in
109 K). As shown, the HF rate is smaller than the HF + DSD
rate by about a factor of 8 in the whole temperature region
relevant to the r-process. We have made a full nuclear reaction
network calculation including neutrino-induced reactions [6]
with a hydrodynamical trajectory by employing both reaction
rates. We have adopted a single trajectory from a fully general
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Astrophysical reaction rate of 132Sn(n,γ) reaction

FIG. 7. (Color online) The astrophysical reaction rates for the
132Sn(n, γ ) reaction as a function of temperature T9 (in 109 K). The
ARR calculated with the HF contribution only is shown by the dashed
line; one with HF + DSD contributions are shown by the solid line.

relativistic simulation of the neutrino-driven wind [5], which
has a relatively short expansion time of 5.1 ms owing to
the intense neutrino flux assumed. The reaction network is
ignited in expanding matter when the temperature T9 drops
to 9. From this point, the temperature drops rapidly, then
becomes nearly constant at T9 ∼ 0.62. We start from a soup
consisting of neutrons, protons, and electrons with an electron
fraction Ye(= Yp) of 0.42. This value was taken from Ref. [5].
The ratio of 132Sn abundances obtained with both ARRs is
shown in Fig. 8. There is a clear deviation from unity in the
abundance of 132Sn. The abundance with the HF rate is larger
than the one with the HF + DSD rate by about a factor of
3.6 up to around 0.6 s and a smaller but nonzero difference
persists beyond. This means that the matter flow at the early
stage of the r-process is sensitive to the adopted reaction rate,
which may alter the initial pattern of the seed nuclei. Although
the final abundance does not seem to depend on the adopted
reaction rates very much, it can be said that it is important
to employ accurate reaction rates as much as possible to
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FIG. 8. (Color online) Abundance ratio of the 132Sn nucleus
during an an r-process event. The ratio is given as the abundance
of 132Sn where the HF reaction rate for the 132Sn(n, γ ) reaction is
used over that where HF and DSD rates are used. Other reaction rates
and astrophysical conditions were kept equal for both calculations.
The horizontal axis is the time after the temperature has dropped to
T9 = 9.
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 S.Chiba, H. Koura, T. Hayakawa, T, Kawano et al., PRC77 015809 (2008)

Direct/Semidirect Nucleon Capture Model

Direct Capture

•• Electric dipole radiation transition from optical
potential to single-particle state

•• Amplitude

Td = Cd�Rnlj|r|RLJ�

Semidirect (Collective) Capture
•• Excite GDR, and decay into single-particle state

•• Vibration-particle coupling, V1h(r)

•• Amplitude

Ts = Cs�Rnlj|V1h(r)|RLJ�

×
|MGDR|2

Eγ − EGDR + i°GDR/2

Photo Emission / Absorption

Inverse process of γ-ray emission

T. Kawano 

中性子過剰核側の中性子捕獲断面積：
統計模型での断面積よりDSDでの断面積
が大きくなる。

DSDが主要になる
（HFだけでは不十分）

132Sn

●単一粒子準位計算はmodified WS pot (Koura, Yamada, 2000))より
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中性子欠損

中性子過剰

中性子過剰核のβ崩壊は天体核物理、原子炉物理において重要
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H. K. et al, PTP 113, 305 (2005), H.K et al., B. Phys.Soc. Jpn. 60, 717 (2005)

Nh Mc Ts Og

超重核
新元素 （ニホニウムなど）

113,115 117,118

核分裂
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Nuclear masses and fission barrier:
KTUY (Koura-Tachibana-Uno-Yamada) mass formula
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  　Liquid-drop model +  Two-center shell model 

PES: 3-dim. deformation parameter space 
　- Center-of-mass distance: 
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　
　　　　　　　　　　　　　　　 

　- Deformation of fragment: 
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　 

　- Mass asymmetry: 

　

Potential Energy Surface (PES)

 26

,   R : Radius of the spherical compound nucleus

A1
A2

Code:Yamaji-Iwamoto (70)

1. 核分裂片分布が与えるr過程生成量への影響



Path of fragments in the 3-dim. deformation space
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Analysis of PES near Scission Point for Fm isotopes

Region of Symmetric/Asymmetric fission

 28



Asymmetric coefficient α

Result - Asymmetric parameter
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β崩壊の禁止遷移のr過程への影響
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Fig. 6. (Left) Mixing weights and corresponding spherical shell energies at the saddle point for 278Ds. (Right)
Shape at the saddle point for 278Ds. See explanation in Fig. 5.

and 126. This island is caused as a result of the strong shell closure of N = 126 and Z = 114 and 126,
and the barrier heights of these nuclei are more than 8 MeV. However, the existence of nuclei in this
region is unexpected because this region is far outside the proton drip line. Because of the existence of
this island, the fission barriers of the neutron-deficient nuclei near N ∼ 126 are enhanced, compared
to the macroscopic estimation, and some nuclei such as U and Pu isotopes would be expected to
have longer half-lives, and have more heavy-ion synthesis cross sections due to an enhancement of
the evaporation-residue cross section.

The island along N = 184 with Z between approximately 114 and 126 is expected to be an island
of stability in the superheavy mass region. The estimated barrier height is more than 8 MeV. The
adopted nuclear potential in this work results in doubly magic spherical single-particle levels for
298Fl (Z = 114) and 310[126] [18]. The proton shell gaps of 114 for 298Fl and 126 for 310[126] are
comparable (actually the gap of 126 is slightly larger than that of 114), and this property results in
the creation of an island.

In the much heavier region, a peninsula appeared along N = 228 with Z between 114 and 126.
This enhanced region is due to the strong shell gap of N = 228, and the reason the well defined
island disappeared is that the nucleus 354[126] is not a doubly magic nucleus in this nuclear potential
(see Ref. [18]). Nevertheless, the barrier height of this nucleus is obtained as 6.59 MeV, comparable
with those of the known actinides, as shown in Fig. 1, and α2 at the saddle point is 0.12. Further-
more, this nucleus is estimated to be β-stable [18]. Therefore, we can expect that this nucleus has a
comparatively long half-life.

3.4. Borders of the inner and outer fission barriers
Figure 7 shows the deformation parameter α2 at the saddle point. In the known actinide region
(90 < Z < 103 and 120 < N < 160), there is a distinct border of α2 ≈ 0.4. As we move from the
border in the direction of higher Z , the saddle-point α2 deformation is approximately 0.2–0.3, and
the highest saddle point is the inner one if the outer barrier exists. As we move toward lower Z , the
saddle-point α2 deformation is more than 0.4, and the highest saddle point is the outer one if the
inner barrier exists. If we compare these to the experimentally determined locations of such transi-
tions, as shown in Fig. 1, we see that the calculated location of the transition is shifted to a region in
which Z includes one or two more protons. Our calculations reproduced the qualitative trend of the
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neutrons and protons are also defined. In the case of neutrons, 97 is the corresponding number of
neutrons to the minimum radius, and 232 is the corresponding number to the maximum radius. The
summation is conducted through this range. In the case of protons, 64 and 152 are the smallest and
largest numbers of protons. In Fig. 5, the end of the left side is the minimum number, and the end of
the right side is the maximum number. Of these four numbers of nucleons, only 232 for neutrons is
the closest number to the closed shell, 228. The weighted sum of spherical shell energies lowers the
total energy, and the appearance of the saddle in this case comes from the 228 neutron shell closure.
The other three sides of the weight (fewer neutrons and both more and fewer protons) do not reach
strong shell closures, and thus do not lower the saddle point. The energy is therefore not lowered by
much: ∼6 MeV.

Figure 4 (lower panel) shows the potential energy surface of 278Ds. The deformation parameters are
α2 = 0.18, α4 = −0.01, and α6 = 0.007. The mixing weight and spherical shell energies of 268Ds at
the saddle point are shown in Fig. 6. In this case, the smaller side of the neutron weight reaches the
N ′ = 126 neutron shell closure, and also the smaller side of the proton weight reaches the Z ′ = 82
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proton shell closure. These two regions of weights produce the minimum of the saddle, and further-
more the weights in the smaller particle region (or inner nuclear region) have large values, as shown
in the figures. In other words, this configuration can be regarded as a component of the core of 208Pb
(Z = 82 and N = 126) plus (collective) valence nucleons. Thus, this configuration has a saddle point
with much lower values: 1–3 MeV in this mass region.

3.3. Limit of existence of nuclei from systematics of fission-barrier heights
Again going back to Fig. 2, we can see some isolated “islands” in the neutron-deficient heavy and
superheavy mass region. The island in the lighter-mass region is found along N = 126 with Z ≈ 114
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proton shell closure. These two regions of weights produce the minimum of the saddle, and further-
more the weights in the smaller particle region (or inner nuclear region) have large values, as shown
in the figures. In other words, this configuration can be regarded as a component of the core of 208Pb
(Z = 82 and N = 126) plus (collective) valence nucleons. Thus, this configuration has a saddle point
with much lower values: 1–3 MeV in this mass region.

3.3. Limit of existence of nuclei from systematics of fission-barrier heights
Again going back to Fig. 2, we can see some isolated “islands” in the neutron-deficient heavy and
superheavy mass region. The island in the lighter-mass region is found along N = 126 with Z ≈ 114
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proton shell closure. These two regions of weights produce the minimum of the saddle, and further-
more the weights in the smaller particle region (or inner nuclear region) have large values, as shown
in the figures. In other words, this configuration can be regarded as a component of the core of 208Pb
(Z = 82 and N = 126) plus (collective) valence nucleons. Thus, this configuration has a saddle point
with much lower values: 1–3 MeV in this mass region.

3.3. Limit of existence of nuclei from systematics of fission-barrier heights
Again going back to Fig. 2, we can see some isolated “islands” in the neutron-deficient heavy and
superheavy mass region. The island in the lighter-mass region is found along N = 126 with Z ≈ 114
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and 126. This island is caused as a result of the strong shell closure of N = 126 and Z = 114 and 126,
and the barrier heights of these nuclei are more than 8 MeV. However, the existence of nuclei in this
region is unexpected because this region is far outside the proton drip line. Because of the existence of
this island, the fission barriers of the neutron-deficient nuclei near N ∼ 126 are enhanced, compared
to the macroscopic estimation, and some nuclei such as U and Pu isotopes would be expected to
have longer half-lives, and have more heavy-ion synthesis cross sections due to an enhancement of
the evaporation-residue cross section.

The island along N = 184 with Z between approximately 114 and 126 is expected to be an island
of stability in the superheavy mass region. The estimated barrier height is more than 8 MeV. The
adopted nuclear potential in this work results in doubly magic spherical single-particle levels for
298Fl (Z = 114) and 310[126] [18]. The proton shell gaps of 114 for 298Fl and 126 for 310[126] are
comparable (actually the gap of 126 is slightly larger than that of 114), and this property results in
the creation of an island.

In the much heavier region, a peninsula appeared along N = 228 with Z between 114 and 126.
This enhanced region is due to the strong shell gap of N = 228, and the reason the well defined
island disappeared is that the nucleus 354[126] is not a doubly magic nucleus in this nuclear potential
(see Ref. [18]). Nevertheless, the barrier height of this nucleus is obtained as 6.59 MeV, comparable
with those of the known actinides, as shown in Fig. 1, and α2 at the saddle point is 0.12. Further-
more, this nucleus is estimated to be β-stable [18]. Therefore, we can expect that this nucleus has a
comparatively long half-life.

3.4. Borders of the inner and outer fission barriers
Figure 7 shows the deformation parameter α2 at the saddle point. In the known actinide region
(90 < Z < 103 and 120 < N < 160), there is a distinct border of α2 ≈ 0.4. As we move from the
border in the direction of higher Z , the saddle-point α2 deformation is approximately 0.2–0.3, and
the highest saddle point is the inner one if the outer barrier exists. As we move toward lower Z , the
saddle-point α2 deformation is more than 0.4, and the highest saddle point is the outer one if the
inner barrier exists. If we compare these to the experimentally determined locations of such transi-
tions, as shown in Fig. 1, we see that the calculated location of the transition is shifted to a region in
which Z includes one or two more protons. Our calculations reproduced the qualitative trend of the
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核分裂障壁計算：周期的に現れる超重核の安定性の島
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Fig. 4. Potential energy surface. Minimization by α6 has been carried out. The highest saddle point is indicated
by a cross. Upper: 252Fm. Lower: 278Ds.
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Fig. 5. (Left) Mixing weights (lower) and corresponding spherical shell energies (upper) at the saddle point
for 252Fm. Each quantity appears in Eq. (1). (Right) Shape at the saddle point for 252Fm.

proton shell closure. These two regions of weights produce the minimum of the saddle, and further-
more the weights in the smaller particle region (or inner nuclear region) have large values, as shown
in the figures. In other words, this configuration can be regarded as a component of the core of 208Pb
(Z = 82 and N = 126) plus (collective) valence nucleons. Thus, this configuration has a saddle point
with much lower values: 1–3 MeV in this mass region.

3.3. Limit of existence of nuclei from systematics of fission-barrier heights
Again going back to Fig. 2, we can see some isolated “islands” in the neutron-deficient heavy and
superheavy mass region. The island in the lighter-mass region is found along N = 126 with Z ≈ 114
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Fig. 1. Comparison between calculated and experimental fission-barrier heights. Circle: experiment [15]; open
circle represents outer barrier, filled circle represents inner barrier. Square: this study. Cross: ETFSI [9]. Hash
mark: FRLDM [7]. In the theoretical values, only the highest fission barriers are plotted because only the
highest barriers appeared in the original papers [7,9].

the Th, Pa, and U regions. The RMS deviation for the same nuclei is 0.61 MeV, and the average
difference from the experimental value is +0.05 MeV. We also plotted the FRLDM [7], which is
the latest version of the macroscopic–microscopic approach and which uses 5D parametrization that
includes a parameter for asymmetry. The RMS deviation is 0.77 MeV, and the average differences is
−0.19 MeV.

3.2. Landscape of fission-barrier height
Figure 2 shows the fission-barrier heights for symmetric shapes in the heavy and superheavy nuclear-
mass region ranging from 76 to 148 of Z , and from 120 to 270 of N . Known nuclei are indicated
by small black squares. In the known nuclear region, there is a kind of “hill” around Z ≈ 100 and
N ≈ 150. The fission barrier in this region is about 6 MeV and it is higher than those of neighboring
nuclei. This region includes actinide nuclei with measured fission-barrier heights as shown in Fig. 1.
Another “basin” region is also found around Z ≈ 110 and N ≈ 168. The heights of these nuclei are
generally lower than those of neighboring nuclei, and are in the range of 1–3 MeV. These nuclei are
expected to be fissioning nuclei due to their lower fission barriers. Actually, spontaneously fissioning
nuclei [16,17] were found experimentally, shown as open squares in Fig. 2, which, as expected, are
in the same region.

Similar results are found for the ETFSI method, as shown in Fig. 3. The regions of higher (“hill”)
and lower (“basin”) barriers are also seen, although the location of the “basin” is shifted to the
neutron-richer side and is away from the experimentally fissioning region. Note that the fission
barriers of the ETFSI method are calculated from deformed single-particle levels.

In order to clarify the origin of the significantly higher and lower barriers than those of surrounding
nuclei in our method, as shown in Fig. 2, we show two cases: 252Fm (Z = 100, N = 152) as a case
of a “hill” region, and 278Ds (Z = 110, N = 168) as a case of a “basin” region. Figure 4 (upper)
shows the potential energy surface of 252Fm. The deformation parameters at the saddle point are
α2 = 0.27, α4 = 0.03, and α6 = 0.01. Generally, the neutron and proton numbers of a well deformed
nucleus are far from the number of a closed-shell number, or a magic number. In the spherical-basis
method, if a nucleus is deformed, the weighted sum of the spherical shell energies decreases, while
the sum of the macroscopic deformed liquid-drop energy increases. An explanation of the lowering
of the energy due to the weighted sum is given as follows. Figure 5 shows the mixing weight in
this deformation and corresponding spherical shell energies in the case of a saddle-point shape. In
such a well deformed shape, minimum and maximum radii exist, and the corresponding numbers of

5/10
Downloaded from https://academic.oup.com/ptep/article-abstract/2014/11/113D02/2929922
by Japan Atomic Energy Agency user
on 18 March 2018

Known 
actinides

Shape: axis- and reflectional- symmetry



120

110

100

90

80

Pr
ot

on
 n

um
be

r Z

180160140120100
Neutron number N

Fission barrier height (FRLDM,2009)

8
6
4
2
0

Fission barrier (M
eV)

Z=114

Z=82

N=126 N=184

Identified nuclei

140

130

120

110

100

90

80

Pr
ot

on
 n

um
be

r Z

260240220200180160140120
Neutron number N

 22 

 20 

 18 

 16 

 14 

 14 

 12 

 10 

 8 

 8 

 8 

 6 
 6 

 6 

 4
 

 4 

 4
 

 2
 

 2 

 2
 

Fission barrier height (This work)
Proton drip line (KTUY)

8

6

4

2

0

Fission barrier (M
eV)

Z=82

Z=114

Z=126

Z=138

N=126 N=184 N=228

Identified nuclei
Neutron drip line (KTUY)

120

110

100

90

80

Pr
ot

on
 n

um
be

r Z

220200180160140
Neutron number N

 16 

 14 

 10 
 8 

8
6
4
2
0

Fission barrier (M
eV)

ETFSI

Identified nucleiZ=82

Z=114

N=126 N=184

P. Möller, et al.,PRC79, 64304 (2009)

A. Mandouh, et al.,NPA679 (2001)

H. Koura, PTEP 2014, 113D2 (2014)

Fission barrier height: 
Comparison with other models

KTUY

ETFSI

FRLDM



KTUY fission
+ KTUY mass

130

120

110

100

90

80

260240220200180160

100
80
60
40
20
0

P
f (%

)
278Nh165

 34

Beta-delayed fissioning region
1) 268Es169 (Small region)
2) Zone from 294Sg188 to 348[126]222

3) Hill around 390[130]260 (or continuing to heavier)
*Valley around 354[126]228

Region 1)

Region 2)

Region 3)

Valley

Results: Beta-delayed fission probabilities Pf

Pr
ot

on
 n

um
be

r Z

Neutron number N

(Z, N)

(Z+1, N-1)

Sn

Bfiss
Qβ(Z, N)

β-delayed neutron emission and β-delayed fission

neutron emission
fission

•  β-delayed fission



KTUY fission
+ KTUY mass

130

120

110

100

90

80

260240220200180160

100
80
60
40
20
0

P
f (%

)
278Nh165

Results: Beta-delayed fission probabilities Pf

Pr
ot

on
 n

um
be

r Z

Neutron number N

A=354 A=380

A=298

25
20
15
10
5
0En

er
gy

 (M
eV

)

180170
Neutron number N

A=264 Qβ
 Bf
 S1n
 S2n
 S3n

25
20
15
10
5
0

180170
Neutron number N

A=265
25
20
15
10
5
0

200190
Neutron number N

A=298
25
20
15
10
5
0

240230
Neutron number N

A=354
25
20
15
10
5
0

260250
Neutron number N

A=380

(Z, N)

(Z+1, N-1)

Sn

Bfiss
Qβ(Z, N)

β-delayed neutron emission and β-delayed fission

neutron emission
fission

high barrier

A=264,265

low barrier



まとめ
• 核図表彼見た原子核の概要 

- 現時点で約3300核種が実験的に確認（JAEA核図表2018） 

- 現時点て約2500核種についての原子（核）質量を測定 

• 原子核質量：中性子過剰核 

- 質量模型計算の予測値の不定性（特にA=190付近） 

- 魔法数の変化（軽核では出現、重核以上では？）,変形核の出現が予想される 
→用いる質量模型によりr過程での生成量の違いが現れる 

• β崩壊：中性子過剰核 

- β安定核近傍の132Sn, 208Pb近傍(２重閉殻)では許容遷移が(系統的に)抑制される 
→one major shellずれることで現れる。（N=Zでは現れなかった性質） 

• 核分裂：超重核 

- 閉殻の周期性からくる核分裂障壁がr過程の終端を作り得る。 
→超重核研究（構造・崩壊）と密接に関わっており、両者のコラボレーションが重要


