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• ERATO(Exploratory Research for Advanced Technology)：
     科学技術振興機構(JST, Japan Science and Technology Agency)
     が実施する戦略的創造研究推進事業におけるプログラムの1つ
     ※「ERATO」はギリシャ神話に登場する女神の名でもある

• 1981年：創造科学技術推進事業(ERATO)が発足
• 2002年：戦略的創造研究推進事業の下に再編

• 1プロジェクトあたりの予算：総額上限12億円(直接経費)
• 研究期間：原則5年半以内
  (環境整備期間：半年、プロジェクト実施期間：5年)



現在進行中のプロジェクト
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• ライフイノベーション   ：8つ
• 情報通信技術           ：2つ
• ナノテクノロジー・材料 ：8つ
  →  うち1つが関口三体核力(TOMOE)プロジェクト(2023/10 - 2029/3)

https://www.jst.go.jp/erato/research_area/ongoing/jpmjer2304.html
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• 3つの核子が同時に作用することで引き起こされる核力

• 三体核力の存在は1930年代に示唆されていた*
  →  三体核力が「全ての原子核で必要である」という認識は2000年代以降
  →  なぜ三体核力へのアプローチに時間がかかった？

* E. Wigner, Phys. Rev. 43, 252 (1933)

1.  二体核力が確立していること
2.  二体核力を用いて3核子系を厳密に記述する理論とそれに基づく計算が
   あること
3.  三体核力の効果を抽出できる高精度の実験データがあること

三体核力にアプローチするための3条件



三体核力へのアプローチ
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1.  二体核力の確立
• 湯川の中間子交換理論(1935年)[1]

     陽子-中性子間にはたらく力(二体核力)は
     電子の約200倍の質量を持つ量子(𝜋中間子)の
     交換によって生じる

• 1947年：
  パウエル等が宇宙線中で𝜋中間子を発見[2]

• 1949年：
  湯川秀樹がノーベル物理学賞受賞[3]

• 1950年：
  パウエルがノーベル物理学賞受賞[3]

[1] H. Yukawa, Proc. Phys. Math. Soc. Jpn. 17, 48 (1935)
[2] G. P. S. Occhialini and C. F. Powell, nature 159, 186 (1947)

[3] https://www.kahaku.go.jp/special/past/nobel/plus/physics/index.html

https://www2.yukawa.kyoto-u.ac.jp/~yhal.oj/archive.html

陽子 中性子

二体核力
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その後...
• 理論：𝜋中間子より重い中間子(𝜌, 𝜂, 𝜔など)を考慮
• 実験：陽子-陽子(pp)散乱や中性子-陽子(np)散乱の実験データ
  (微分断面積、スピン観測量など)の蓄積
  →  核力の状態(距離、運動量、スピン、アイソスピン)依存性を検証

• 1993年：
  二体核力ポテンシャルが
  (1955年 - 1992年に公表された)4,301個の実験データ
  (𝑇!"# < 350 MeV、pp散乱データ1,787個、np散乱データ2,514個)を
  𝛘𝟐/degrees of freedom = 4,263.8/3,945 ~ 1.08
  という精度で再現！*

* V. G. J. Stoks et al., Phys. Rev. C 48, 792 (1993)
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2.  二体核力を用いて3核子系を厳密に記述する理論およびそれに基づく計算
• 1961年： ファデーエフが3核子系を厳密に記述する理論を提唱[1]

  →  この理論を用いて高精度の計算をするにはコンピュータの高速化が必要
• 1998年： ヴィタラ等が𝑇!"# = 12, 65, 140, 200 MeVでファデーエフ計算に成功[2]

  →  核子-重陽子(Nd)弾性散乱の微分断面積の最小値付近に決定的証拠あり？

[1] L. D. Faddeev, Sov. Phys. JETP 12, 1014 (1961)
[2] H. Witała et al., Phys. Rev. Lett. 81, 1183 (1998)
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FIG. 1. The differential Nd cross section at Elab
N ≠ 12 MeV.

The prediction of the CD Bonn NN interaction without (short-
dashed curve) and with 3NF (solid curve) is compared to pd
data (circles ssd from [21] and crosses s1d from [22]). The
long-dashed curve is the pure 3NF prediction. All of the
calculations are truncated at jmax ≠ 3.

essentially uniform in its angular dependence, and we see
that at 12 MeV it is totally negligible. At 65 MeV there
are also a few nd data [18] and, as shown in Fig. 2, they
come close to NN force predictions only, whereas the
pd data [19] deviate strongly in the minimum. Without
a rigorous calculation, including the pp Coulomb force,
it has to remain an open question whether the deviation

FIG. 2. The differential Nd cross section at Elab
N ≠ 65 MeV.

The prediction of the CD Bonn NN interaction for jmax ≠
3 (short-dashed curve) and jmax ≠ 5 (long-dashed curve) is
compared to 64.5 MeV pd data [ssd from [19]] and nd data
[s1d from [18]]. The CD Bonn calculation including the 3NF
for jmax ≠ 3 fills the minimum (solid curve). The pure 3NF
prediction is shown as intermediately long-dashed curve.

FIG. 3. The differential Nd cross section at Elab
N ≠ 140 MeV.

Curve descriptions are the same as in Fig. 2. The pd data are
145.5 MeV ssd from [23] and 146 MeV s1d from [24]. The
triangles snd are 152 MeV nd data from [25].

between the pd data and the NN force predictions is due
only to our neglect of Coulomb forces in the theoretical
calculations. On the other hand, the nd data of Fig. 3 are
compatible with pd data in this energy range and indicate
only small Coulomb force effects corresponding to our
conjecture. Apparently, precise nd data in the angular
range of the minima for 65 MeV and higher would be
highly desirable. Independent of that important issue, we
can go ahead and display possible 3NF effects in these
minima. The discrepancy of the theory based on NN
forces only to the pd data increases with energy, as seen in

FIG. 4. The differential Nd cross section at Elab
N ≠ 200 MeV.

Curve descriptions are the same as in Fig. 2. The pd data are
198 MeV ssd from [26], 200 MeV s1d from [20], 181 MeV
snd from [23], and 216.5 MeV s3d from [23].
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FIG. 4. The differential Nd cross section at Elab
N ≠ 200 MeV.

Curve descriptions are the same as in Fig. 2. The pd data are
198 MeV ssd from [26], 200 MeV s1d from [20], 181 MeV
snd from [23], and 216.5 MeV s3d from [23].
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3.  三体核力の効果を抽出できる高精度の
   実験データ
• 理研で偏極重陽子ビームによる
  重陽子-陽子(dp)弾性散乱測定[1,2,3]

  →  70, 135 MeVでは三体核力の導入で
     見事に説明できている！
  →  散乱系で初の三体核力の証拠

[1] K. Sekiguchi et al., Phys. Rev. C 65, 034003 (2002)
[2] K. Sekiguchi et al., Phys. Rev. Lett. 95, 162301 (2005)
[3] K. Sekiguchi et al., Phys. Rev. C 89, 064007 (2014)
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K. S et al., Phys. Rev. C 96, 064001 (2017) 

高いエネルギーの後方散乱：短距離型三体力が必要か
33

重心系の散乱角度 (deg)

二 + 三体核力(TM型)
二(AV18型) + 三体核力(UR型)
実験値(pd, 理研 + RCNP)

二体核力のみ

実験値(nd, RCNP)

三体核力へのアプローチ
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3.  三体核力の効果を抽出できる高精度の
   実験データ
• 理研で偏極重陽子ビームによる
  重陽子-陽子(dp)弾性散乱測定[1,2,3]

  →  250 MeVでは後方角度(> 120 deg)
     において三体核力を導入しても
     実験値を説明できていない
  →  高運動量で効いてくる短距離型の
     三体核力が理論計算で考慮されていない？

[1] K. Sekiguchi et al., Phys. Rev. C 65, 034003 (2002)
[2] K. Sekiguchi et al., Phys. Rev. Lett. 95, 162301 (2005)
[3] K. Sekiguchi et al., Phys. Rev. C 89, 064007 (2014)
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* K. Sekiguchi et al., Phys. Rev. C 83, 061001(R) (2011)

• dp弾性散乱の偏極微分断面積*

𝜎 =		 𝜎% .1 + 3𝑖𝑇&& 𝜃 𝑝' sin 𝛽 cos𝜙 +
&
(
𝑇)% 𝜃 𝑝'' 3cos)𝛽 − 1 	

    + 3𝑇)& 𝜃 𝑝'' cos 𝛽 sin 𝛽 sin𝜙 =− *
)
𝑇)) 𝜃 𝑝''sin)𝛽 cos 2𝜙  

𝜎%  ：無偏極微分断面積                 𝜃, 𝜙 ：散乱角
𝑝'  ：ベクトル偏極                     𝑝''  ：テンソル偏極
𝛽  ：スピン方向とビーム方向のなす角度
𝑖𝑇&& 𝜃 , 𝑇)% 𝜃 , 𝑇)& 𝜃 , 𝑇)) 𝜃 ：偏極分解能

• 偏極重陽子ビームの性質が既知
  →  偏極分解能が得られる
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エネルギー依存性 K. S et al., Phys. Rev. C 83, 061001 (2011)  
K. S et al., Phys. Rev. C 89, 064007 (2014)  
K. S et al., Phys. Rev. C 96, 064001 (2017) 

高いエネルギーの後方散乱：短距離型三体力が必要か
33

二 + 三体核力(TM型)
二(AV18型) + 三体核力(UR型)
実験値(pd)

二体核力のみ

重心系の散乱角度 (deg)重心系の散乱角度 (deg)

• dp弾性散乱の偏極微分断面積*

𝜎 =	 𝜎" $1 + 3𝑖𝑇## 𝜃 𝑝$ sin 𝛽 cos𝜙

	 	 	 + #
%
𝑇&" 𝜃 𝑝$$ 3cos&𝛽 − 1

   + 3𝑇&# 𝜃 𝑝$$ cos 𝛽 sin 𝛽 sin𝜙	

   4− '
&
𝑇&& 𝜃 𝑝$$sin&𝛽 cos 2𝜙  

• 偏極分解能(スピン観測量)
  を正しく理解できたとは
  いえない

* K. Sekiguchi et al., Phys. Rev. C 83, 061001(R) (2011)
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軽核の束縛エネルギー
• 束縛系で初の三体核力の証拠：3H(3核子系)の束縛エネルギー[1,2]

• コンピュータの高速化 → 軽核(4 ≤ A ≲ 12)の束縛エネルギーを記述可能に[3]

• 酸素原子核の束縛エネルギー[4]

  →  A ≥ 21では実験値を再現する方向に
  →  A ≤ 18では実験値を下回る

[1] C. R. Chen et al., Phys. Rev. C 33, 1740 (1986)
[2] T. Sasakawa and S. Ishikawa, Few-Body Syst. 1, 3 (1986)

[3] S. C. Pieper et al., Phys. Rev. C 64, 014001 (2001)
[4] G. Hagen et al., Phys. Rev. Lett. 108, 242501 (2012)
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中性子星の状態方程式
酸素同位体の存在

2体核力のみ

2＋3体核力
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量
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∞1 4 10010
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]

酸素 -16

(陽子数＋中性子数)
質量数

  三体核力は「全ての原子核 (Heや酸素から中性子星まで)で必要な核力である」という新しい認識
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束
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ル
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ー
[M
eV
] He4

2体核力
理論計算

2+3体核力
理論計算

実験値

S. C. Pieper et al., Phys. Rev. C 64, 014001 (2001) P. B. Demorest et al., Nature 467, 1081 (2010)

  (2000年代 ～ )
3つ核子が同時に相互作用する力は二体核力の和で表す事は出来ない。その様な力を三体核力と呼ぶ。

背景：二体核力の確立、量子多体系計算の登場

三体核力：原子核の形成に不可欠 三体核力：重い中性子星の存在に不可欠

しかし、三体核力の定量的な理解は不十分

G. Hagen et al., Phys. Rev. Lett. 108, 242501 (2012)

個別意見への回答 ③と関連

considered in this work we apply the Fermi momentum

kF ¼ 1:05 fm"1 in our potential V̂3Neff . Consistent
with the NN force, the effective cutoff for the 3NF is
! ¼ 500 MeV.

Let us comment on our phenomenological two-body

potential V̂3Neff that contains effects of 3NFs. The normal-
ordered approximation of 3NFs [9,21,22] still requires
one to compute an enormous number of three-body matrix
elements. This poses a great challenge for the large model
spaces we need to consider. The approach of this Letter is
thus simpler: The summation over the third particle is
performed in momentum space before the transformation
to the oscillator basis takes place [24]. This procedure
avoids the costly computation of three-body matrix
elements in large oscillator spaces, but it introduces an
uncontrolled approximation by replacing the mean-field
of a finite nucleus by that of symmetric nuclear matter.
To correct for this approximation, we adjusted the LEC
cE away from the optimal value established in light
nuclei [26].

The coupled-cluster method is essentially a similarity
transformation of the Hamiltonian with respect to a refer-
ence state. This method is accurate and efficient for nuclei
with closed (sub-)shells [27–29]. We compute the ground
states of 16;22;24;28O within the singles and doubles approxi-
mation, while three-particle-three-hole (3p-3h) excitations
are included in the !-CCSD(T) approach of Ref. [30]. For
excited states in these closed-shell isotopes we employ the
equation-of-motion (EOM) coupled-cluster method with
singles and doubles. The open-shell nuclei 15;17;21;23;25O
are computed within the particle attached or removed
EOM formalism, and we employ the two-particle attached
EOM formalism [31] for the nuclei 18;26O. For details about
our implementation see Ref. [32]. These EOM methods
work very well for states with dominant 1p-1h, 1p, 1h, and
2p structure, respectively. We use a Hartree-Fock basis
built in 17 major oscillator shells and varied the oscillator
spacing @! between 24 and 32 MeV. Well converged
energy minima are found at @! # 28 MeV for all oxygen
isotopes. Open decay channels and the particle continuum
near the dripline nucleus 24O are included within the
Gamow shell model [33,34]. The single-particle bound
and scattering states result from diagonalizing a spherical
Woods-Saxon Hamiltonian in a discrete momentum basis
in the complex plane [34,35]. In the case of computing
resonances in 24O we used 35 mesh points for the d3=2
partial wave on a rotated or translated contour in the
complex momentum plane as described in Ref. [36]. The
excited states we compute in 22;24O are dominated by
1p-1h excitations and continuummixing from other partial
waves is small. They result as solutions of a complex-
symmetric eigenvalue problem, and the imaginary part of
the energy yields the width of the state. In computing radii
we discretized the real momentum axis with 40 points
for the neutron and proton partial waves closest to the

threshold. This guarantees the correct exponential decay
of matter and charge densities at large distances.
Results.—Figure 1 shows the ground-state energies of

the computed oxygen isotopes (red squares) compared
with experimental data (black circles) and results limited
to chiral NN interactions only (blue diamonds). For the
isotopes around 16O, NN interactions alone already de-
scribe separation energies rather well, and the inclusion of
effects of 3NFs mainly changes underbinding into over-
binding. For the more neutron-rich oxygen isotopes, the
3NFs significantly change the systematics of the binding
energies, and energy differences are particularly well re-
produced. The nuclei 25;26O are unbound with respect to
24O by about 0.4 MeV and about 0.1 MeV, respectively, in
good agreement with experiments [4,5]. We predict 28O to
be unbound with respect to 24O by about 4 MeVand with a
resonant width of about 1 MeV. The extremely short life
time of 28O poses a challenge for experimental observa-
tion. The energy difference between light and heavy oxy-
gen isotopes is not correctly reproduced when compared to
data. We believe that this is due to the fact that our

interaction V̂3Neff is based on symmetric nuclear matter.
For smaller values of kF, the ground-state energy of the
lighter oxygen isotopes is increased (and can be brought to
good agreement with data), while the heavier isotopes are
significantly underbound. The value we chose for kF is thus
a compromise.
Let us comment on our computation of oxygen isotopes

with open shells. First, we solve the CCSD equations for
the Hamiltonian (1) of the closed-shell reference state, but
employ the mass number A$ 1 in the intrinsic kinetic
energy. In a second step, we add (remove) a neutron within
the particle attached (removed) EOM. This procedure
ensures that the final result is obtained for the intrinsic

15 16 17 18 19 20 21 22 23 24 25 26 27 28
A
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FIG. 1 (color online). Ground-state energy of the oxygen iso-
tope AO as a function of the mass number A. Black circles:
experimental data; blue diamonds: results from nucleon-nucleon
interactions; red squares: results including the effects of three-
nucleon forces.
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中性子星の質量
• 1998年：アクマル、パンドハリパンデ、ラベンハールの理論計算*

     中性子星の質量上限値
     1.67𝑀⨀           (二体核力)
     1.80𝑀⨀           (二体核力 + 相対論効果)
     2.20𝑀⨀           (二 + 三体核力 + 相対論効果)
     ~1.9𝑀⨀ - ~2.0𝑀⨀  (二 + 三体核力 + 相対論効果 + クォーク物質混合)
   
  →  高密度領域では斥力として働く短距離型の三体核力が有効な役割を果たす
     ことを示唆
  →  ~2.0𝑀⨀の質量を持つ中性子星の存在を予言

* A. Akmal et al., Phys. Rev. C 58, 1804 (1998)



束縛系での三体核力

18

中性子星の質量
• 2010年： (1.97 ± 0.04)𝑀⨀の質量を持つ連星系ミリ秒パルサー
           J1614-2230を発見[1]

核物質
核物質 + 𝐾中間子 or ハイペロン(Λ, Σ, Ξ, Ωなど)

クォーク物質
GR(一般相対性理論)： 𝑅 > ⁄2𝐺𝑀 𝑐&[2]

P < ∞(有限圧力)：    𝑅 > ⁄⁄9 4 𝐺𝑀 𝑐&[2]

Causality(因果関係)： 𝑅 > ⁄2.9𝐺𝑀 𝑐&[2]

Rotation： 716 HzパルサーJ1748-2446adの
        潮汐破壊によって制限される領域[2,3]

common feature of models that include the appearance of ‘exotic’
hadronic matter such as hyperons4,5 or kaon condensates3 at densities
of a few times the nuclear saturation density (ns), for example models
GS1 and GM3 in Fig. 3. Almost all such EOSs are ruled out by our
results. Our mass measurement does not rule out condensed quark
matter as a component of the neutron star interior6,21, but it strongly
constrains quark matter model parameters12. For the range of allowed
EOS lines presented in Fig. 3, typical values for the physical parameters
of J1614-2230 are a central baryon density of between 2ns and 5ns and a
radius of between 11 and 15 km, which is only 2–3 times the
Schwarzschild radius for a 1.97M[ star. It has been proposed that
the Tolman VII EOS-independent analytic solution of Einstein’s
equations marks an upper limit on the ultimate density of observable
cold matter22. If this argument is correct, it follows that our mass mea-
surement sets an upper limit on this maximum density of
(3.74 6 0.15) 3 1015 g cm23, or ,10ns.

Evolutionary models resulting in companion masses .0.4M[ gen-
erally predict that the neutron star accretes only a few hundredths of a
solar mass of material, and result in a mildly recycled pulsar23, that is
one with a spin period .8 ms. A few models resulting in orbital para-
meters similar to those of J1614-223023,24 predict that the neutron star
could accrete up to 0.2M[, which is still significantly less than the
>0.6M[ needed to bring a neutron star formed at 1.4M[ up to the
observed mass of J1614-2230. A possible explanation is that some
neutron stars are formed massive (,1.9M[). Alternatively, the trans-
fer of mass from the companion may be more efficient than current
models predict. This suggests that systems with shorter initial orbital
periods and lower companion masses—those that produce the vast
majority of the fully recycled millisecond pulsar population23—may
experience even greater amounts of mass transfer. In either case, our
mass measurement for J1614-2230 suggests that many other milli-
second pulsars may also have masses much greater than 1.4M[.
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12. Özel, F., Psaltis, D., Ransom, S., Demorest, P. & Alford, M. The massive pulsar PSR
J161422230: linking quantum chromodynamics, gamma-ray bursts, and
gravitational wave astronomy. Astrophys. J. (in the press).

13. Hobbs, G. B., Edwards, R. T. & Manchester, R. N. TEMPO2, a new pulsar-timing
package - I. An overview. Mon. Not. R. Astron. Soc. 369, 655–672 (2006).

14. Damour, T. & Deruelle, N. General relativistic celestial mechanics of binary
systems. II. The post-Newtonian timing formula. Ann. Inst. Henri Poincaré Phys.
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Figure 3 | Neutron star mass–radius diagram. The plot shows non-rotating
mass versus physical radius for several typical EOSs27: blue, nucleons; pink,
nucleons plus exotic matter; green, strange quark matter. The horizontal bands
show the observational constraint from our J1614-2230 mass measurement of
(1.97 6 0.04)M[, similar measurements for two other millisecond pulsars8,28

and the range of observed masses for double neutron star binaries2. Any EOS
line that does not intersect the J1614-2230 band is ruled out by this
measurement. In particular, most EOS curves involving exotic matter, such as
kaon condensates or hyperons, tend to predict maximum masses well below
2.0M[ and are therefore ruled out. Including the effect of neutron star rotation
increases the maximum possible mass for each EOS. For a 3.15-ms spin period,
this is a =2% correction29 and does not significantly alter our conclusions. The
grey regions show parameter space that is ruled out by other theoretical or
observational constraints2. GR, general relativity; P, spin period.
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• 三体核力：3つの核子が同時に作用することで引き起こされる核力

• 1990年代： 理論の発展、実験データの蓄積、コンピュータの高速化など
             によって三体核力にアプローチする条件が整い始める

• 理研で偏極重陽子ビームによる重陽子-陽子弾性散乱測定
  →  散乱系で初の三体核力の証拠を得る

• 三体核力の確立には課題が残る
  -   短距離型の三体核力
  -   偏極分解能(スピン観測量)
  -   原子核(A ≳ 12)の束縛エネルギー など
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原子核を第一原理的に記述する基礎科学研究
• 少数核子系偏極実験から「三体核力を決定」し「核力の完成」を目指す
• 核子100体系までの「量子多体精密計算」を実現
  →  予言能の高い原子核の物性値(質量、半減期など)と核反応断面積を創出
• 冷却原子系による量子多体精密計算の精度検証

応用科学への展開
• 量子多体精密計算を基礎と応用の架け橋となる「核データ」のリソースとして
  供与し「核データの革新」をはかる
  →  革新された核データに基づき新たな科学技術の創発に資することをねらう

～精緻な実験に基づく核力から新しい科学の展開を目指して～
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核力(相互作用)を
インプット

C班：冷却原子実験(堀越(大阪公立大))
計算手法の精度検証のための
ベンチマークデータ

D班：応用科学への展開(大津(理研))
量子多体精密計算を基礎と応用の橋渡しの
役割を担う「核データ」のリソースとする
→ 核データの革新
• 核データ(岩本(JAEA))
• 医療用RI製造(菊永(東北大))
• RIの医療応用・薬剤開発(小川(北海道大))
• 総括補佐(深堀(JAEA))

A班：三体核力の決定
三体核力を含む高精度な核力を完成
• 少数核子系偏極実験
(関口(東京工業大))

• カイラル有効場核力理論
(E. Epelbaum(ルール大))

B班：量子多体精密計算
核子100体系の原子核構造・反応計算の確立
• 無限小変位ガウス・ローブ関数展開法
(肥山(東北大))

• 密度汎関数法(中務(筑波大))
• 原子核反応計算(緒方(九州大))

計算手法
リクエスト

検証と妥当性確認
(Verification & Validation)

※ 青字は各班のリーダー
酒井はD班に所属
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(左上、右上)
TOMOEプロジェクト 全体会議
2024年6月20日
@東京工業大 大岡山キャンパス

(右下)
TOMOEプロジェクト D班-九州大Gr合同会議
2024年7月18日
@九州大 伊都キャンパス
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• (特性X線と同等のエネルギーを持つ)オージェ電子放出核種を用いた
  核医学治療が注目されている*

なぜ？
• 𝛽線と比べて線エネルギー付与が大きい
  →  腫瘍周りの正常細胞をほとんど
     傷つけない治療を可能にすると期待
• 娘核がさらに崩壊することが少ない

• オージェ電子放出核種は数多く存在し、
  生成反応・経路も多様
  →  実用上最適な核種やその生成法が
     確立されていない

It is very important to point out that the general target for radio-
nuclide therapy is an abnormal cell; a high degree of targeting selec-
tivity for such cells, with minimal off-target irradiation of healthy
tissues, is a requirement for any successful therapy of this sort. By in-
ducing damage to various intracellular components (e.g. the DNA,
the cell nucleus, cell organelles, etc.), the volume over which energy
is deposited during therapy can be limited to the confines of a target
cell.

The following size-dependent classification of targeting components
will be used in this review (Fig. 1):

1. DNA and important components of organelles 1–100 nm
2. Cell nucleus or other organelles 1–10 μm
3. Whole cells 10–100 μm
4. Small aggregations of tumour cells 100 μm – 1 mm
5. Large aggregations of tumour cells >1 mm

It is important to note, that when we consider inducing damage to
DNA the targeting range varies from several nanometers up to
100 nm. Another important aspect is the thickness of the cell membrane
or nuclear membrane; these are both typically on the order of 10 nm.
Therefore, when we talk of the typical size of a targeting site, this does
not necessarily refer to the size of the whole component, but rather to
the size of the part of this component where induced damage can be le-
thal for the whole cell. Therefore, various parts of the spectrum of Auger
emitters, can play an important role for efficient TRT, including regions
with relatively “soft” electrons.

3. Emissions suitable for Auger therapy and other emissions of
radionuclides

3.1. Auger and Coster-Kronig electrons

As the targets for therapy have been discussed, it is important to
highlight themechanisms and known principles of Auger and other rel-
evant emissions to better define the criteria for suitable radionuclides. It
is well known that vacancy formation in the lower electron shells is ac-
companied by repopulation of these subshells by higher electron
subshells which achieve lower energy states with the emittance of
both X-rays and electrons (Auger or Coster-Kronig). These processes
have been discussed in numerous studies and monographies [49–58].

Here, we would like to highlight the following important aspects of
these processes:

1) A vacancy in the inner shells (K, L,…) may be created due to electron
capture (EC) or the emittance of conversion electrons, accompanying a
de-excitation of the nucleus. Auger emitters are radionuclides that
decay by EC, internal conversion (IC) and also β-decay, caused by
the population of excited nuclear levels. Generally, alpha emitters usu-
ally emit Auger electrons aswell. However, the damage resulting from
Auger-electron emissions are negligible relative to those from the
alpha radiation.

2) Generally, the following tendency is observed: the higher the elec-
tron binding energy in an atom, the more likely it is to emit X-rays
upon de-excitation instead of Auger-electrons. Conversely, the
lower the binding energy, the more likely that Auger electrons are
emitted. This statement remains true when considering an atomic
system.

3) Auger electron (as well as Coster-Kronig) emissions accompany the
formation of a number of vacancies, where these vacancies are dou-
bled for the lower energy levels. Furthermore, taking into account
that the lower the binding energy the more possible Auger (Coster-
Kronig) electron emissions are (according to the second statement),
the resulting cascade is caused mainly by electrons.
Also, it is important to mention that the number of “soft” elec-
trons is proportional to the number of the holes, created initially
by nuclear transitions. This number of electrons increases with
Z, which is highly correlated with a number of subshells (the
row number in the periodic table), i.e. to simplify somewhat,
when holes move due to Auger processes from one subshell to
the closest lower subshell, hole doubling occurs, causing a dou-
bling in the number of electrons emitted. On the other hand,
with increasing Z the binding energy of electrons also increases,
such that the yield of Auger electrons in comparison to the yield
of electromagnetic quanta is lowered ((2) statement). In general,
this effect weakens the trend towards an increased yield of Auger
electrons with increasing Z. Under vacuum, these processes lead
to the formation of a highly charged cation, the charge of which
can be predicted with considerable accuracy by calculations
based on emission probability.

4) In the condensed state, both the formation of the highly charged
state and relaxation in the most remote subshells have not yet

Fig. 1. Targeting components.

D. Filosofov, E. Kurakina and V. Radchenko Nuclear Medicine and Biology 94–95 (2021) 1–19

3

* D. Filosofov et al., Nucl. Med. Biol. 94-95, 1-19 (2021)
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• オージェ電子放出核種について核種生成断面積をCCONE*
  (Comprehensive COde for Nuclear data Evaluation、
  JAEAで開発されている核反応モデル計算コード)で計算
  →  核種生成断面積が最大となる反応を確認

     入射粒子：n, p, d, 𝛼, 𝛾
     -  3He, t → 実用上難しいと思われる
     -  𝛼より大きいイオンはCCONE適用外
     入射粒子エネルギー：1 - 50 MeV
     標的：天然元素
     生成核種：77Br

※ ENDF-6フォーマット：核データの標準的な編集フォーマット
※ 今回の結果はCCONEのデフォルト計算によるもの

input
• 入射粒子
• 入射粒子エネルギー
• 標的
• 生成核種 など

CCONE
• 光学模型計算
• 直接過程計算
• 前平衡過程計算
• 統計模型計算

CCONE output

CCONE output
(ENDF-6 format)

核種生成断面積のテーブル

* O. Iwamoto et al., Nucl. Data Sheets 131, 259 (2016)



77Br生成
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• 1 mb以上に絞る
  →  75As, natSe, natBr, natKrが残った
• 𝛼 + 75As  > n(d or p) + natBr
           > p(d) + natSe
  →  𝛼 + 75Asが良い？
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• 𝛼 + natSe, p(d) + natBr, natKr関連の
  反応断面積が増加
  →  𝛼 + 75Asには及ばない
  →  結局𝛼 + 75Asが良い？

77Br + 77Kr(半減期1.24時間)
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Thick Target Yield
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• SRIM[1](The Stopping and Range of Ions in Matter)を用いて
  p, d, 𝛼の阻止能を計算
  →  p, d, 𝛼に関してThick Target Yield[2](TTY)を計算
  →  TTYが最大となる反応を確認

     TTY = ∫,!
," d𝐸 − &

-
.,
./

0&
𝜎(𝐸)/(𝑍𝑒)

[1] J. F. Ziegler et al., Nucl. Instrum. Methods Phys. Res., Sect. B 268, 1818 (2010)
[2] N. Otuka and S. Takács, Radiochim. Acta 103, 1 (2015)

核種生成断面積のテーブル 阻止能のテーブル

TTYのテーブル
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• p + natBr  > p + natSe
           > d + natBr
• natBr標的の場合は同位体分離が必要
  →  (n, 𝛾を除くと)p + natSeが良い？
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• 𝛼 + natSe, p(d) + natBr, natKr関連のTTYが増加
• p + natBr  > p + natSe
           ~ d + natBr
  →  結局p + natSeが良い？

77Br + 77Kr(半減期1.24時間)
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核種生成断面積とTTY
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核種 核種生成断面積 TTY(n, 𝛾を除く)

77Br 𝛼 + 75As p + natSe

77Br + 77Kr 𝛼 + 75As p + natSe

71Ge d + natGa d + natGa

97Ru 𝛼 + natMo 𝛼 + natMo, p + 103Rh

97Ru + 97Rh 𝛼 + natMo 𝛼 + natMo, p + 103Rh

67Ga 𝛼 + natCu, 𝛼 + natZn p + natZn

67Ga + 67Ge 𝛼 + natZn p + natZn

64Cu n + natZn d + natZn

99Mo n + natMo p + natMo

119Sb d + natSn p + natSn



核種生成断面積とTTY
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核種 核種生成断面積 TTY(n, 𝛾を除く)

77Br 𝛼 + 75As p + natSe

77Br + 77Kr 𝛼 + 75As p + natSe

71Ge d + natGa d + natGa

97Ru 𝛼 + natMo 𝛼 + natMo, p + 103Rh

97Ru + 97Rh 𝛼 + natMo 𝛼 + natMo, p + 103Rh

67Ga 𝛼 + natCu, 𝛼 + natZn p + natZn

67Ga + 67Ge 𝛼 + natZn p + natZn

64Cu n + natZn d + natZn

99Mo n + natMo p + natMo

119Sb d + natSn p + natSn

• 77Br以外の(欲しくない)核種はどれだけ混ざる？
• 核種生成断面積は実験値をどれだけ再現している？
  →  𝛼 + 75Asとp + 78Seで生成されうる核種の生成断面積について
     存在する実験値を全て(CCONEの計算結果と共に)確認
     ※  実験値はEXFOR*(核反応実験データベース)から取得

* https://www-nds.iaea.org/cdroms/



𝜶 + 75As
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• < 50 MeVで実験値が存在する核種は8個
  (薄い図はCCONEの計算結果を正しく図示できていない → 要確認)
• 入射粒子エネルギーが25 MeVだと78Br(半減期6.45分)もある程度生成？
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p + 78Se
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• < 50 MeVで実験値が存在する核種は6個
• 入射粒子エネルギーが20 MeVだと78Br(半減期6.45分)もある程度生成？
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今後の予定
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• カイ二乗の計算
  → 実験値との整合性の定量的な評価

• 他ライブラリ(JENDL, TENDL, ENDF, JEFFなど)との比較
  → どの物理モデルが実験値をより再現するか確認

• TTYの時間変化
  → ビーム照射時間の最適化

• 入射粒子がn, 𝛾の時のTTY

• CCONEのパラメータ調整



まとめ
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• TOMOEプロジェクト：
  精緻な実験に基づく核力から新しい科学の展開を目指すプロジェクト

• オージェ電子放出核種の中で実用上最適な核種やその生成法が未確立
  →  CCONEベースで核種生成断面積やTTYが最大となる反応を確認
        (e.g.) 77Br生成
        核種生成断面積： 𝛼 + 75As
        TTY：         p + natSe

• 生成されうる核種の生成断面積について存在する実験値を全て
  (CCONEの計算結果と共に)確認
        (e.g.) 77Br生成
        𝛼(25 MeV) + 75As → 78Brもある程度生成？
        p(20 MeV) + 78Se → 78Brもある程度生成？
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二体核力ポテンシャル
• アルゴンヌ𝑣&(型(AV18型)
• CD Bonn型
• ナイメヘンI, II型

三体核力ポテンシャル
• 藤田・宮沢型
• ツーソン・メルボルン(カレント代数 ＋ PCAC)型(TM型)
• アルバナIX(藤田・宮沢 ＋ 現象論的短距離力)型(UR型)
• ブラジル(カイラル対称性 ＋ current algebra)型
• テキサス(カイラル対称性)型
• ルール(非カイラル対称性)型
• イリノイ型

関口仁子, 日本物理学会誌 70, 12 (2015)
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軽核の束縛エネルギー
• ハミルトニアン
  = 運動エネルギー + 二体核力ポテンシャル + 三体核力ポテンシャル

𝐻 =P
1

−
ℏ)

2𝑚1
𝜵1) +P

123

𝑣13 + P
12324

𝑉134

• アルゴンヌ𝑣&(型二体核力ポテンシャル
  = 1𝜋交換項(𝑣135 ) + その他全ての強い相互作用項(𝑣136 ) + 電磁相互作用項(𝑣13

7 )

𝑣13 = 𝑣135 + 𝑣136 + 𝑣13
7

• 𝑣13を18個の演算子の和で表す

𝑣13 = P
89&

&(

𝑣8 𝑟13 𝑂13
8

S. C. Pieper et al., Phys. Rev. C 64, 014001 (2001)
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𝑣'( = '
)*+

+,

𝑣) 𝑟'( 𝑂'(
)

𝑣) 𝑟'( ：演算子ポテンシャル項          (核子間距離のみに依存)

𝑂'(
)*+,. = 1, 𝝈' - 𝝈(, 𝑆'( ⨂ 1, 𝝉' - 𝝉(         (核子速度に依存しない)

𝑂'(
)*/,, = 𝐋 - 𝐒⨂ 1, 𝝉' - 𝝉(                (核子速度に線形に依存)

𝑂'(
)*0,+1 = 𝐿2, 𝐿2𝝈' - 𝝈(, 𝐋 - 𝐒 2 ⨂ 1, 𝝉' - 𝝉(   (核子速度に二次関数的に依存)

𝑂'(
)*+3,+, = 𝑇'(, 𝝈' - 𝝈( 𝑇'(, 𝑆'(𝑇'(, 𝝉' - 4𝐫'( + 𝝉( - 4𝐫'( 

𝝈  ：スピン               𝝉 ：アイソスピン
𝐋  ：相対軌道角運動量        𝐒 ：全スピン
H𝐫() ：核子間の単位距離ベクトル

𝑆() = 3 𝝈( K H𝐫() 𝝈) K H𝐫() − 𝝈( K 𝝈) ：テンソル演算子

𝑇() = 3 𝝉( K H𝐫() 𝝉) K H𝐫() − 𝝉( K 𝝉) ：アイソテンソル演算子
S. C. Pieper et al., Phys. Rev. C 64, 014001 (2001)
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• イリノイ型三体核力ポテンシャル
  = 藤田・宮沢項(𝑉)5,;<) + S波(相対軌道角運動量0)型2𝜋交換項(𝑉)5,=<)
    + 3𝜋交換項(𝑉*5,>6) + その他全ての三体核力項(𝑉6)

𝑉134 = 𝑉)5,;< + 𝑉)5,=< + 𝑉*5,>6 + 𝑉6

4He energies obtained with the nonlocal CD-Bonn interac-
tion are closer to experiment than the predictions of local
models, but it is predicted that nuclear matter properties are
farther away.
It has been stressed by Friar !32" that the various repre-

sentations of v# are related by unitary transformations. It
should be possible to use these transformations to find the
appropriate current operators that will explain the deuteron
form factors with wave functions predicted by the nonlocal
models. These transformations will also generate three-body
forces accounting for the difference between energies ob-
tained from local and nonlocal models. Thus the deuteron
form factors do not exclude nonlocal representations of v i j .
However, it seems that the simplest realistic models of the
nuclear Hamiltonian may be obtained with local v i j , and
fortunately there is much less model dependence in these. In
the present paper we use the AV18 model of v i j ; however,
the other local models will presumably require similar Vi jk .
The two-nucleon interaction v i j depends both on the rela-

tive momentum p!(pi"pj)/2 and the total momentum P
!pi#pj of the interacting nucleons. We can express it as

v i j! ṽ i j#$v%Pi j&, %2.7&

where $v(P!0)!0. The models discussed above give ṽ i j in
the P!0, center of momentum frame. In many calculations
the ṽ i j is used as an approximation to v i j by neglecting the
boost correction $v(Pi j). In fact terms dependent on p in-
cluded in ṽ i j are of the same order as those in $v(Pi j) de-
pendent on P !33". It is essential to include the $v(Pi j) to
obtain the true momentum dependence of the v i j . For ex-
ample, the electromagnetic interaction between two charges,
as well as the analogous vector-meson-exchange interaction
between two nucleons depends upon p1•p2!(1/4)P2"p2.
The ṽ includes only the p2 term, while the P2 term is in $v .
The $v is related to ṽ and its leading term of order P2 is
given by

$v%P&!"
P2

8m2ṽ#
1

8m2 !P•rP•“ , ṽ"

#
1

8m2 !%!1"!2&$P•“ , ṽ" . %2.8&

The validity of the above equation, obtained by Friar !34", in
classical and quantum relativistic mechanics and in relativis-
tic field theory has been shown in Ref. !33".
The effects of the $v(Pi j) on the energies of 3H and 4He

!17" and nuclear matter !3" have been studied for the AV18
model using the variational method. This boost correction
gives a repulsive contribution in both cases. It increases the
triton energy by'0.4 MeV away from experiment, while the
nuclear matter equilibrium E0 and (0 move to "13.7 MeV
at 0.23 fm"3, which is closer to the empirical density, but
farther from the empirical energy. The variational Monte
Carlo %VMC& studies !17" of $v(Pi j) also show that the
dominant corrections come from the first and second terms

of Eq. %2.8& and that only the first six operator terms %the
static terms& of AV18 give substantial contributions. Accord-
ingly, we ignore the last term of Eq. %2.8& in this paper and
evaluate the first two for only the static parts of ṽ . Further-
more, it was shown that the terms arising from the deriva-
tives acting on operators in ṽ were negligible, so we do not
evaluate them here.

III. ILLINOIS MODELS OF Vijk

The Illinois Vi jk are expressed as

Vi jk!A2#
PWOi jk

2# ,PW#A2#
SWOi jk

2# ,SW#A3#
)ROi jk

3# ,)R#AROi jk
R .
%3.1&

Their four terms represent the V2# ,PW, V2# ,SW, V3# ,)R, and
VR interactions with strengths A2#

PW , A2#
SW , A3#

)R , and AR . In
the following sections we give the spin-isospin and spatial
operators associated with these interactions and the theoreti-
cal estimates of the strengths. In the older Urbana models
A2#
PW is denoted by A2# , AR by U0, and the V2# ,SW and

V3# ,)R terms are absent.

A. V2" ,PW

The earliest model of V2# ,PW is due to Fujita and
Miyazawa !11", who assumed that it is entirely due to the
excitation of the ) resonance as shown in Fig. 2%a&. Neglect-
ing the nucleon and ) kinetic energies we obtain

A2#
PW!"

2
81

f#NN
2

4#

f#N)
2

4#

m#
2

%m)"mN&
, %3.2&

Oijk
2# ,PW!*

cyc
%+Xi j ,X jk,+#i•#j ,#j•#k,# 1

4 !Xi j ,X jk"

$!#i•#j ,#j•#k" &, %3.3&

Xi j!T%m#ri j&Si j#Y %m#ri j&!i•!j , %3.4&

Y %x &!
e"x

x -Y%r &, %3.5&

T%x &!! 3x2 #
3
x #1 " Y %x &-T%r &. %3.6&

Here -Y(r) and -T(r) are short-range cutoff functions. We
note that the one-pion-exchange two-nucleon interaction
used in AV18 is given by

FIG. 2. Three-body force Feynman diagrams. The first %a& is the
Fujita-Miyazawa, %b& is two-pion S wave, %c& and %d& are three-pion
rings with one ) in intermediate states.

REALISTIC MODELS OF PION-EXCHANGE THREE- . . . PHYSICAL REVIEW C 64 014001

014001-5

!!",$% !!",&% !'",()

S. C. Pieper et al., Phys. Rev. C 64, 014001 (2001)
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中性子星の質量
• 状態方程式の種類No. 1, 2001 NEUTRON STAR STRUCTURE AND EQUATION OF STATE 429

TABLE 1

EQUATIONS OF STATE

Symbol Reference Approach Composition

FP . . . . . . . . . . . . . . Friedman & Pandharipande (1981) Variational np
PS . . . . . . . . . . . . . . Pandharipande & Smith (1975) Potential nn0
WFF(1È3) . . . . . . Wiringa, Fiks & Fabrocine (1988) Variational np
AP(1È4) . . . . . . . . Akmal & Pandharipande (1997) Variational np
MS(1È3) . . . . . . . . Mu! ller & Serot (1996) Field theoretical np
MPA(1È2) . . . . . . Mu! ther, Prakash, & Ainsworth (1987) Dirac-Brueckner HF np
ENG . . . . . . . . . . . Engvik et al. (1996) Dirac-Brueckner HF np
PAL(1È6) . . . . . . Prakash et al. (1988) Schematic potential np
GM(1È3) . . . . . . . Glendenning & Moszkowski (1991) Field theoretical npH
GS(1È2) . . . . . . . . Glendenning & Scha†ner-Bielich (1999) Field theoretical npK
PCL(1È2) . . . . . . Prakash, Cooke, & Lattimer (1995) Field theoretical npHQ
SQM(1È3) . . . . . . Prakash et al. (1995) Quark matter Q (u, d, s)

NOTE.È““ Approach ÏÏ refers to the underlying theoretical technique. ““ Composition ÏÏ refers to strongly
interacting components (n \ neutron, p \ proton, H \ hyperon, K \ kaon, Q \ quark) ; all models
include leptonic contributions.

relativistic corrections are progressively incorporated into
prior models, AP1È3. AP1È3 are included here because they
represent di†erent pressure-energy density-baryon density
relations and serve to reinforce correlations between
neutron star structure and microscopic physics observed
using alternative theoretical paradigms. Similarly, several
di†erent parameter sets for other EOSs are chosen.

In all cases, except for PS (Pandharipande & Smith 1975),
the pressure is evaluated assuming zero temperature and
beta equilibrium without trapped neutrinos. PS contains
only neutrons among the baryons, there being no charged
components. We chose to include this EOS, despite the fact
that it has been superseded by more sophisticated calcu-
lations by Pandharipande and coworkers, because it rep-
resents an extreme case producing large radii neutron stars.

The pressure-density relations for some of the selected
EOSs are shown in Figure 1. There are two general classes
of equations of state. First, normal equations of state have a
pressure that vanishes as the density tends to zero. Second,
self-bound equations of state have a pressure that vanishes
at a signiÐcant Ðnite density.

The best-known example of self-bound stars results from
WittenÏs (1984) conjecture (also see Fahri & Ja†e 1984 ;
Haensel, Zdunik, & Schae†er 1986 ; Alcock & Olinto 1988 ;
Prakash et al. 1990) that strange quark matter is the ulti-
mate ground state of matter. In this paper, the self-bound
EOSs are represented by strange-quark matter models
SQM1È3, using perturbative QCD and an MIT-type bag
model, with parameter values given in Table 2. The exis-
tence of an energy ceiling equal to the baryon mass, 939
MeV, for zero-pressure matter requires that the bag con-

TABLE 2

PARAMETERS FOR SELF-BOUND STRANGE

QUARK STARS

B m
s

Model (MeV fm~3) (MeV) a
c

SQM1 . . . . . . 94.92 0 0
SQM2 . . . . . . 64.21 150 0.3
SQM3 . . . . . . 57.39 50 0.6

NOTE.ÈNumerical values employed in the MIT
bag model as described in Fahri & Ja†e 1984.

stant B ¹ 94.92 MeV fm~3. This limiting value is chosen,
together with zero strange quark mass and no interactions

for the model SQM1. The other two models(a
c
\ 0),

chosen, SQM2 and SQM3, have bag constants adjusted so
that their energy ceilings are also 939 MeV.

For normal matter, the EOS is that of an interacting
nucleon gas above a transition density of to Below13 12n

s
.

this density, the ground state of matter consists of heavy
nuclei in equilibrium with a neutron-rich, low-density gas of
nucleons. In general, a self-consistent evaluation of the equi-
librium that exists below the transition density, and the
evaluation of the transition density itself, has been carried
out for only a few equations of state (e.g., Baym, Pethick, &
Sutherland 1971 ; Negele & Vautherin 1974 ; Lattimer et al.
1985 ; Lattimer and Swesty 1990). We have therefore not
plotted the pressure below about 0.1 MeV fm~3 in Figure 1.
For densities 0.001 \ n \ 0.08 fm~3 we employ the EOS of
Negele & Vautherin (1974), while for densities n \ 0.001
fm~3 we employ the EOS of Baym et al. (1971). However,
for most of the purposes of this paper, the pressure in the
region n \ 0.1 fm~3 is not relevant, as it does not signiÐ-
cantly a†ect the mass-radius relation or other global aspects
of the starÏs structure. Nevertheless, the value of the tran-
sition density, and the pressure there, are important ingre-
dients for the determination of the size of the superÑuid
crust of a neutron star that is believed to be involved in the
phenomenon of pulsar glitches (Link et al. 1999).

There are three signiÐcant features to note in Figure 1 for
normal EOSs. First, there is a fairly wide range of predicted
pressures for beta-stable matter in the density domain

For the EOSs displayed, the range of pres-n
s
/2 \ n \ 2n

s
.

sures covers about a factor of 5, but this survey is by no
means exhaustive. That such a wide range in pressures is
found is somewhat surprising, given that each of the EOSs
provides acceptable Ðts to experimentally determined
nuclear matter properties. Clearly, the extrapolation of the
pressure from symmetric matter to nearly pure neutron
matter is poorly constrained. Second, the slopes of the pres-
sure curves are rather similar. A polytropic index of n ^ 1,
where P \ Kn1`1@n, is implied. Third, in the density domain
below the pressure-density relations seem to fall into2n

s
,

two groups. The higher pressure group is primarily com-
posed of relativistic Ðeld-theoretical models, while the lower
pressure group is primarily composed of nonrelativistic

J. M. Lattimer and M. Prakash, Astrophys. J. 550, 426 (2001)
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The CCONE Code System . . . NUCLEAR DATA SHEETS O. Iwamoto et al.

CCSM CCOM

Optical model

spherical OM

Excition model

two-component exciton
 DSD capture 

 cluster emission model

inverse reaction
cross section

Hauser-Feshbach

channel=g,n,p,d,t,h,a,f
 width-fluctuation correction

 level-density formula 
 gamma strength function

TC

Direct reaction model

DWBA
 knock-out 

 pick-up

Output

coupled-channel OM

deformed OM 
 parameter fitting

TC

input

CCFM

ENDF formatting

CCSM-FIG

extract data

ENDF-6 format Table format 

OM parameter
 RIPL

excitation level
 RIPL

deformation parameter

FIG. 1. (Color online) Flow of calculation in the CCONE code system. Blue boxes show the independent programs including
the modules (black boxes) of the reaction modelings. Their calculation flows are indicated by arrows with solid lines. Circles
mean databases. Arrows with dashed and dotted lines represent the flows of the data which come from the databases and the
calculations, respectively. TC stands for transmission coefficient.

261
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• 1 mb以上に絞る → natZn, natGa, natGe, 75As, natSe, natBrが残った
• d + natGa > n + natGe > p + natGa
  →  d + natGaが良い？
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• 1 mb以上に絞る
  →  natMo, natRu, 103Rh, natPdが残った
• 𝛼 + natMo > n(d or p) + natRu
  →  𝛼 + natMoが良い？

0 5 10 15 20 25 30 35 40 45 50
Kinetic energy of projectile (MeV)

0

0.05

0.1

0.15

0.2

0.25

 (b
)

σ

residual: 44-Ru-97, target: 42-Mo-0

projectile
n
p
d
a
g

residual: 44-Ru-97, target: 42-Mo-0

0 5 10 15 20 25 30 35 40 45 50
Kinetic energy of projectile (MeV)

0

0.05

0.1

0.15

0.2

0.25

 (b
)

σ

residual: 44-Ru-97, target: 44-Ru-0

projectile
n
p
d
a
g

residual: 44-Ru-97, target: 44-Ru-0

0 5 10 15 20 25 30 35 40 45 50
Kinetic energy of projectile (MeV)

0

0.05

0.1

0.15

0.2

0.25

 (b
)

σ

residual: 44-Ru-97, target: 45-Rh-103

projectile
n
p
d
a
g

residual: 44-Ru-97, target: 45-Rh-103

0 5 10 15 20 25 30 35 40 45 50
Kinetic energy of projectile (MeV)

0

0.05

0.1

0.15

0.2

0.25

 (b
)

σ

residual: 44-Ru-97, target: 46-Pd-0

projectile
n
p
d
a
g

residual: 44-Ru-97, target: 46-Pd-0



• 97mRh(半減期46.2分)
• 97gRh(半減期30.7分)
• p(d or 𝛼) + natRu, p(d) + natPdの
  反応断面積が増加
• 𝛼 + natMo > d(p or n) + natRu
  →  結局𝛼 + natMoが良い？

97Ru + 97Rh
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• 1 mb以上に絞る
  →  natCu, natZn, natGa, natGeが残った
• 𝛼 + natCu ≳ 𝛼 + natZn
           ≳ p(n or d) + natGa
• natGa標的の場合は同位体分離が必要
  →  𝛼 + natCu, 𝛼 + natZnが良い？
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67Ga + 67Ge(半減期18.9分)
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• 𝛼 + natZn, p(d) + natGa, p(n or d) + natGeの
  反応断面積が増加
• 𝛼 + natZn > 𝛼 + natCu
           ~ p(d or n) + natGa
  →  𝛼 + natZnが良い？
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• 1 mb以上に絞る → natNi, natCu, natZn, natGa, natGeが残った
• n + natCu > n + natZn
           > d + natCu

• natCu標的の場合は同位体分離が必要
  →  n + natZnが良い？



99Mo生成
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• 1 mb以上に絞る
  →  natZr, natMo, natRuが残った
• n + natMo > d(p or 𝛾) + natMo
           > 𝛼 + natZr
  →  n + natMoが良い？
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residual: 42-Mo-99, target: 40-Zr-0
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119Sb生成
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• 1 mb以上に絞る
  →  natIn, natSn, natSb, natTeが残った
• n + natSb > d + natSn
           > p + natSn
• natSb標的の場合は同位体分離が必要
  →  d + natSnが良い？
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projectile mass [amu]

p 1.008

d 2.014

𝛼 4.003
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3target: 31-Ga, density: 5.9040 g/cm
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3target: 31-Ga, density: 5.9040 g/cm
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3target: 32-Ge, density: 5.3500 g/cm
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3target: 32-Ge, density: 5.3500 g/cm
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0 5 10 15 20 25 30 35 40 45 50
Kinetic energy of projectile (MeV)

0

50

100

150

200

250

300

St
op

pi
ng

 p
ow

er
 (M

eV
/m

m
)

3target: 34-Se, density: 4.8100 g/cm

projectile
p
d
a

3target: 34-Se, density: 4.8100 g/cm
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3target: 35-Br, density: 3.1990 g/cm
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0 5 10 15 20 25 30 35 40 45 50
Kinetic energy of projectile (MeV)

0

100

200

300

400

500

600

700

St
op

pi
ng

 p
ow

er
 (M

eV
/m

m
)

3target: 42-Mo, density: 10.2060 g/cm

projectile
p
d
a

3target: 42-Mo, density: 10.2060 g/cm
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3target: 44-Ru, density: 12.3000 g/cm

0 5 10 15 20 25 30 35 40 45 50
Kinetic energy of projectile (MeV)

0

100

200

300

400

500

600

700

800

St
op

pi
ng

 p
ow

er
 (M

eV
/m

m
)

3target: 45-Rh, density: 12.3990 g/cm

projectile
p
d
a

3target: 45-Rh, density: 12.3990 g/cm
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3target: 46-Pd, density: 12.0200 g/cm
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3target: 47-Ag, density: 10.4730 g/cm
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3target: 52-Te, density: 6.2500 g/cm
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• SRIM(The Stopping and Range
  of Ions in Matter)を用いて
  p, d, 𝛼の阻止能を計算
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• p + natGe > d + natGa
           > p + natGa
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• natGe標的の場合は同位体分離が必要
  →  (n, 𝛾を除くと)d + natGaが良い？



97Ru生成
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• p + natRu > d + natRu
           >	𝛼 + natMo
           ~ p + 103Rh
• natRu標的の場合は同位体分離が必要
  →  (n, 𝛾を除くと)𝛼 + natMo, p + 103Rhが良い？
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• 97mRh(半減期46.2分)
• 97gRh(半減期30.7分)
• natRu, natPd関連のTTYが増加
• p + natRu > d + natRu
           >	𝛼 + natMo
           ~ p + 103Rh
  →  結局𝛼 + natMo, p + 103Rhが良い？

97Ru + 97Rh

56
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67Ga生成
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• p + natGa > d + natGa
           > p + natZn
• natGa標的の場合は同位体分離が必要
  →  (n, 𝛾を除くと)p + natZnが良い？
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• 𝛼 + natZn, p(d) + natGa, natGe関連のTTYが増加
• p + natGa > d + natGa
           > p + natZn
  →  結局p + natZnが良い？
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• p + natCu > d + natCu
           > d + natZn
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• natCu標的の場合は同位体分離が必要
  →  (n, 𝛾を除くと)d + natZnが良い？
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• p + natMo  > d(𝛼) + natMo
            > 𝛼 + natZr
  →  (n, 𝛾を除くと)p + natMoが良い？
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• p + natSn > d + natSn
           > p + natSb
  →  (n, 𝛾を除くと)p + natSnが良い？
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• Qaim et al. (1986)の立ち上がりの位置が怪しい

K. Breunig et al., Radiochim. Acta 105, 431 (2017)より
• Qaim et al. (1986)では入射エネルギー28 MeVを想定
  →  実は26.799 MeVだった？
• SudárとQaimが後に入射エネルギー26.8 MeVを想定して55Mn(𝛼,n)58m,gCoの励起関数を測定

  →  他の実験や計算値と良く一致した
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• EXFORのQuick-plot(右下図)と実験値(1991 Levkovski)が違う...
  →  EXFOR-C5v4(左下図)では
     最近のモニター反応や崩壊データを使って補正されている
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• EXFORのQuick-plot(右下図)と実験値(1991 Levkovski)が違う...
  →  EXFOR-C5v4(左下図)では
     最近のモニター反応や崩壊データを使って補正されている
• R. A. Rebeles et al., Nucl. Instrum. Methods Phys. Res., Sect. B 267, 457 (2009)
  に以下の記述あり
  →  EXFOR-C5v4(左下図)が正しそう

[15] the absolute values of the excitation function seems to be 15%
lower than the newly measured ones on the other hand.

Although the general shape of the excitation function suggested
by values reported by Levkovskij [17] are in good agreement with
our measured values, a general energy shift of about 1.5 MeV, and
differences of 25% in absolute values can be noticed. In earlier stud-
ies [36], it was proven that the values of the monitor reaction cross
section natMo(p,x)96Tc that was used by Levkovskij [17] are sys-
tematically overestimated. Therefore, normalization by a factor of
0.8 is necessarily, Fig. 2, after which a better agreement is obtained,
but the energy shift still remains.

The same discussion is applicable in the case of Szelecsényi
et al. [18]. As recommended values for the monitor cross section
reaction 63Cu(p,2n)62Zn used in [18] (Schwerer and Okamoto
[37]) are about 15% lower that ones recommended at present
[32], their values were multiplied by a factor of 1.15. After this cor-
rection, cross section values measured by Szelecsényi et al. [18]
show the best overall agreement with the new measured ones.

Above 16.5 MeV a systematic unexpected behaviour of the cross
section values is present in data reported in [17,18]. Differences
between our measured data and references are reaching up to a
factor of 3.

It should be mentioned that in the last decades the recom-
mended isotopic abundance of 64Ni in natural nickel have been
changed form 1.16% [38,39] in 60s, 0.95% in 70s [40], to 0.926%
presently recommended in Nudat2 [25]. Therefore results of the
measurements carried on natNi, and than extrapolated to 100%
abundance, should be weighted accordingly. This might reduce
somehow the discrepancies between different results [15,20],
while the gap between cross section values proposed in [14] and
our results should increase.

Although in the 7–11 MeV energy region activation cross sec-
tion could be a subject of further investigations, values computed
with ALICE IPPE, EMPIRE and GNASH are in very good agreements
with ours [35]. The same good agreement is noticed also in high
energy domain where the values computed with ALICE IPPE and
GNASH come to support our results.

7. Thick target yield

A Spline fit was performed over our experimental values, allow-
ing the calculation of thick target yields. Most of the yields values
gathered from literature are not derived from cross section mea-
surements, but from practical high current thick target yields,
sometimes accompanied by chemistry. This difference in origin
of data may somehow explain the large discrepancies between

the results [41–43]. In spite of the 40% difference (Fig. 4), the thick
target yield calculated by Avila-Rodriguez et al. [16] and derived
from direct cross section measurements, shows from far the better
agreement with our results.

Nevertheless, a very good agreement with present recom-
mended values [35], values which were calculated based on a com-
pilation of the cross section data of [12–14,17–20], can be seen in
the low energy domain (Fig. 4). At incident proton energies above
15 MeV, the differences in absolute values are increasing, reaching
a maximum value of 30% at 25 MeV. This can be, up to a certain ex-
tend, ascribed to the small amount of experimental values in 15–
25 MeV energy region, based on which, recommended values were
calculated.

8. Conclusions

Excitation function of proton induced reaction on enriched 64Ni
leading to formation of medical important isotope 64Cu have been
studied from 25 MeV down to the threshold of (p,n) reaction.

Comparison with previously reported values gathered from lit-
erature show in general a good agreement [12,15,16,18,20]
although certain studies [13,14,17,19,21,22] show rather large dis-
crepancies which cannot be fully explained by the use of different
experimental techniques, chemical treatment, outdated monitor
recommended values or isotopic abundances.

A very good agreement between the new experimental data and
the theoretical ones [35] is noticed over the whole investigated en-
ergy domain. The presently recommended thick target yield [35] is,
up to 15 MeV, in good agreement with the one derived from our
new cross section measurements. It can be stated that a gain of
about 20% in the daily batch yield could obtained by using higher
energy protons (20 MeV), but from a practical point of view this
is not a suitable approach as the required thickness of the target
layer will drastically increase with about 50%.

It should be mentioned that the enrichment level of the 64Ni
could play an important role in reducing the waiting time for the
recycling of the enriched material. Together with other induced
isotopes like 56Co, which can be chemically separated, also traces
of rather long lived 56Ni, obtained probably via (p,2np) reaction
on 58Ni (1.5% abundance in our target material) were identified
as an activation product.

Although the high price of 64Ni is the major drawback of this
production route, the (p,n) reaction on enriched 64Ni delivers in
principle about 40 times more activity in the same irradiation con-
ditions than other production routes like 64Zn(d,n). The high melt-
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• 78Se(p, n)78Br, 78Se(p, 2n)77Br, 78Se(p, 3n)76Br, 78Se(p, 4n)75Brの
  計算結果を重ね書きした
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• < 50 MeVで実験値が存在する核種は11個
  (薄い図はCCONEの計算結果を正しく図示できていない → 要確認)

0 5 10 15 20 25 30 35 40 45 50
Kinetic energy of projectile (MeV)

0

0.1

0.2

0.3

0.4

0.5

0.6

 (b
)

σ

residual: 33-As-71, projectile: p, target: 34-Se-0

K.M.El-azony+ (2009)

CCONE

residual: 33-As-71, projectile: p, target: 34-Se-0

0 5 10 15 20 25 30 35 40 45 50
Kinetic energy of projectile (MeV)

0

0.1

0.2

0.3

0.4

0.5

0.6

 (b
)

σ

residual: 33-As-72, projectile: p, target: 34-Se-0

K.M.El-azony+ (2009)

CCONE

residual: 33-As-72, projectile: p, target: 34-Se-0

0 5 10 15 20 25 30 35 40 45 50
Kinetic energy of projectile (MeV)

0

0.1

0.2

0.3

0.4

0.5

0.6

 (b
)

σ

residual: 33-As-76, projectile: p, target: 34-Se-0

K.M.El-azony+ (2009)

CCONE

residual: 33-As-76, projectile: p, target: 34-Se-0

0 5 10 15 20 25 30 35 40 45 50
Kinetic energy of projectile (MeV)

0

0.1

0.2

0.3

0.4

0.5

0.6

 (b
)

σ

residual: 35-Br-75, projectile: p, target: 34-Se-0

H.E.Hassan+ (2004)

K.M.El-azony+ (2009)

CCONE

residual: 35-Br-75, projectile: p, target: 34-Se-0

0 5 10 15 20 25 30 35 40 45 50
Kinetic energy of projectile (MeV)

0

0.1

0.2

0.3

0.4

0.5

0.6

 (b
)

σ

residual: 34-Se-75, projectile: p, target: 34-Se-0

K.M.El-azony+ (2009)

CCONE

residual: 34-Se-75, projectile: p, target: 34-Se-0

0 5 10 15 20 25 30 35 40 45 50
Kinetic energy of projectile (MeV)

0

0.1

0.2

0.3

0.4

0.5

0.6

 (b
)

σ

residual: 35-Br-76, projectile: p, target: 34-Se-0

T.Nozaki+ (1979)

H.E.Hassan+ (2004)

K.M.El-azony+ (2009)

CCONE

residual: 35-Br-76, projectile: p, target: 34-Se-0

0 5 10 15 20 25 30 35 40 45 50
Kinetic energy of projectile (MeV)

0

0.1

0.2

0.3

0.4

0.5

0.6

 (b
)

σ

residual: 35-Br-82, projectile: p, target: 34-Se-0

H.E.Hassan+ (2004)

K.M.El-azony+ (2009)

CCONE

residual: 35-Br-82, projectile: p, target: 34-Se-0

0 5 10 15 20 25 30 35 40 45 50
Kinetic energy of projectile (MeV)

0

0.1

0.2

0.3

0.4

0.5

0.6

 (b
)

σ

residual: 33-As-77, projectile: p, target: 34-Se-0

K.M.El-azony+ (2009)

CCONE

residual: 33-As-77, projectile: p, target: 34-Se-0

0 5 10 15 20 25 30 35 40 45 50
Kinetic energy of projectile (MeV)

0

0.1

0.2

0.3

0.4

0.5

0.6

 (b
)

σ

residual: 35-Br-77, projectile: p, target: 34-Se-0

T.Nozaki+ (1979)

H.E.Hassan+ (2004)

K.M.El-azony+ (2009)

V.Foteinou+ (2018)

CCONE

residual: 35-Br-77, projectile: p, target: 34-Se-0

0 5 10 15 20 25 30 35 40 45 50
Kinetic energy of projectile (MeV)

0

0.1

0.2

0.3

0.4

0.5

0.6

 (b
)

σ

residual: empty, projectile: p, target: 34-Se-0

R.D.Albert (1959)

residual: empty, projectile: p, target: 34-Se-0



p + natBr

67

• < 50 MeVで実験値が存在する核種は10個
  (薄い図はCCONEの計算結果を正しく図示できていない → 要確認)
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