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B02：エキゾチック核子多体系で紐解く物質の階層構造
原子核層の「サブ階層・多中性子クラスター」と階層をつなぐ鍵を握る「３体核力」の研究 

多中性子クラスターの研究（中村・近藤）


３体核力の研究（関口・若狭）⇒「力」の研究


• 核子多体系における「多体力（３体核力）」「多体効果（核媒質効果）」


• 多体系固有の力の理解の深化  
⇒ 階層構造形成のメカニズム解明へ


• ２つの視点（アプローチ）  
⇒ 第一原理的・統一的理解、普遍性


• 核子自身がクラスター（色荷の中和） 
であることに起因


• ハドロン層と原子核層を結ぶ  
⇒ クォークから核力を理解する
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Bridge nuclear/hadron hierarchies &  
Deeper understanding of nuclear system/hierarchy 
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Three nucleon force effects  
in few-nucleon systems

Current status and planning research

on going in Nov. 2018 @ RCNP

Polarized 3He target (Tohoku)



� Chiral expansion of the 3NF (Δ-less EFT)
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Girlanda, Kievski, Viviani ’11
10 LECs

parameter-free!!
Δ-effects are missing (except for the!
2π 3NF)  →  expect large N4LO corrections

parameter-free!!
Δ-effects are missing (except for the!
2π 3NF)  →  expect large N4LO corrections

long range parameter-free !
(after determination of LECs in πN)!
converged?? (graphs ~ ci2, ci3…)

Frontiers & challenges for the future
Chiral expansion of 3NF 

• N2LO (Q3): 2 LECs: 3H B.E. and N-d c.s. at 70 MeV → Could not explain exp. data

• N3LO (Q4): parameter-free, but large N4LO contributions by Δ is expected

• N4LO (Q5): new 10 LECs


• Need high-precision N-d scattering data in wide energy region→T=1/2 only

• Exp. data for T=3/2 3NF are highly required 

E. Epelbaum. 
presentation in IHEP, 

Peking (2014).parameter-free!
10 LECs

Faddeev calc.  
for scattering states  
is limited up to N2LO
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Pisa Gr. succeeds in 4-body calc. 
AV18 + UIX/IL 3NF

• Difference b/w UIX and IL predictions

• importance of 3π-ring with Δ in IL-3NF

chiEFT (3NF@N2LO)

• 3NF plays an important role, 

but is insufficient

• 3π-ring terms @ N3LO would  

resolve the discrepancy
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p+3He scattering and T=3/2 3NFs
M. Viviani et al., Phys. Rev. Lett. 111, 172302 (2013).
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Now, it is interesting to study at higher energies for pol. observables with high accuracy!

IL-3NF

phenomenological 3NF prediction

N2LO

N3LO

chiral EFT prediction up to N2LO

3NF 
@N2LO

UIX-3NF

IL-3NF

UIX-3NF

3NF@N2LO

NN only
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Results of experiment�

�	�

p + 3He scattering experiment�

Ø  We obtained 3He analyzing power 
from the asymmetry of yields. 

Ø  The experimental data was 
compared with the theoretical 
calculations*. 
-  Total momentum j ≤ 2 were taken 

into account. 
-  The angular distribution has a 

moderate agreement with the 
calculation. 

-  Large discrepancies at around  
minimum and maximum angles. 

* A. Deltuva, private communication�

In the future, 
it is necessary to compare the data with the theoretical calculations including 3NFs. �
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Analysis is in progress now.�

3He analyzing power exp./data for p-3He by Tohoku group (Sekiguchi-Gr.)  
TOHOKU UNIVERSITY�
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Pick-up Coil

Diode Laser

Drive Coils

Oven

Schematic view�
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The polarized 3He target�

1000 mm�

B0 �

Power : 60 W 
Wavelength : 795 nm�

BRF �
àStatic magnetic field 
    (~1.2 mT)�

àRF field �

àDetect NMR signal�

àHeat the target cell �
Beam�

p-3He Ay data at 70 MeV

TOHOKU UNIVERSITY�

Polarized 3He target system�

��

The polarized 3He target�

Ø  Measurement of 3He polarization�AFP–NMR 

RF + sweeping static magnetic field 

à�Reverse 3He nuclear spin & detect NMR signal 

Ø  Calibration of AFP−NMR�Rb–ESR�

ESR freq. shift of Rb 
 3He polarization 

àWe obtained the absolute 3He polarization 

(measurement error : ~1 %) 

Recently, 3He polarization of ~50 %  
was achieved.�

•  3He gases � 3 atm, ~2 mg/cm2 

•  N2 gases � ~ 0.1 atm 
•  a small amount of Rb, K 

Target glass cell�

beam axis�

150 mm�

circularly polarized light�

B0 � pol-3He target 
• 3 atm (≈2 mg/cm2) 
• ≈50% polarization

Side view TOHOKU UNIVERSITY�

Experimental setup�
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 (∆E-E detector)�
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p + 3He scattering experiment�

Schematic view @CYRIC, Tohoku Univ.�Top view
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Ø  We obtained 3He analyzing power 
from the asymmetry of yields. 

Ø  The experimental data was 
compared with the theoretical 
calculations*. 
-  Total momentum j ≤ 2 were taken 

into account. 
-  The angular distribution has a 

moderate agreement with the 
calculation. 

-  Large discrepancies at around  
minimum and maximum angles. 

* A. Deltuva, private communication�

In the future, 
it is necessary to compare the data with the theoretical calculations including 3NFs. �
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Analysis is in progress now.�3NF effect at 70 MeV is large and is useful for understanding T=3/2 3NFs

NN only

(CD-Bonn/INOY)

@ 70 MeV (new) @ 5 MeV

3NF effect 
≈ 0.05

3NF effect 
≈ 0.2

courtesy of A. Watanabe and K. Sekiguchi

New exp. at 100 MeV is  
now in progress at RCNP



Investigation of nuclear medium effects 
on NN interactions

Current status

In nuclear mediumIn free space



Exclusive nucleon knockout reaction provides a direct means to study s.p. properties 
(e,e’p)

• Distortion effect is less serious

• Interaction is well known

(p,pN) [(p,2p) and (p,pn)] = NN scattering in nuclear medium

• Large cross section is suited for systematic studies

• Spin degrees of freedom provide useful information

• Inverse-kinematics exp. is feasible

Exclusive nucleon knockout reactions

e or p

e’ or p’

p or n

EB (binding energy) and  
p3 (Fermi momentum)  
can be specified

(p,pN) can be used also for  
assessing “in-medium” NN force 
(Spin obs. are less sensitive to  
initial and final state interactions)

The reaction mechanism is simple enough to deduce the medium effect on NN force.

Kinematcs
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Triple differential c.s. of (p,pN) is expressed as 

Transition matrix density,                , can be defined as 

Then, effective mean density,     , can be introduced as

Estimation of effective mean density for (p,pN)
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contribution 
to σ at R
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We can control      by selecting target nuclei and orbits from 0 to ～40% of       
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TW, K.Ogata, and T.Noro, PPNP 96, 32 (2017). 
J.Ryckebusch, W.Cosyn, and M.Vanhalst,  

PRC 83, 054601 (2011).



Ay reduction for p-p in nuclear medium
Ay of (p,2p) [p-p in nuclear medium] for s/p-shell nuclei at 392 MeV  

Density dependence

• Monotonic decrease of the density


• Distortion effect is small

• Conventional g-matrix  

could not explain this trend

• Exception of 3He/4He


• Too small for applying  
concept of nuclear density?  

Ay of p-p in nuclear medium are reduced as a function of density. 
・Distortion effect and conventional medium effect (g-matrix) could NOT explain.

→ How about n-p in nuclear medium (isospin dependence) ? 

T.Noro et al., PRC 72, 041602 (2005). 
TW, K.Ogata, and T.Noro,  

PPNP 96, 32 (2017).
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Extension to (p,pn) measurements
(p,2p), (p,pn), and (p,np) data are measured with a same setup.

Extension to (p,pn) measurements
11Y. Yamada, PhD thesis 2010.

T. Imamura, Master thesis 2009.

25.5 o

51-60 o

θ 1=θ 2
=39-42 o 25.5 o

51-60 o

NPOL
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Y. Yamada, Ph.D. thesis, Kyushu University (2010). 

TW, K.Ogata, and T.Noro, PPNP 96, 32 (2017).
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Y. Yamada, Ph.D. thesis, Kyushu University (2010). 
TW, K.Ogata, and T.Noro, PPNP 96, 32 (2017).

(p,pn) and (p,2p) are 
measured simultaneously 



Ay data for 1s1/2 knockout (p,pN) at krecoil=0
(p,2p) data are consistent with the previous results 

• Data with this new setup for (p,pN) are reliable

(p,pn) data with the p-forward emission 

• Ay-reduction similar to (p,2p)

(p,np) data with the n-forward emission 

• NO Ay-reduction

Nuclear medium effects on 2NF depend on isospin (charge) transfer 
✤  Suggest the modification in isoscalar meson exchange → Can we model these effects?

∆T=0 and 1 
(no charge transfer)

∆T=1 only 
(charge transfer)

Y. Yamada, Ph.D. thesis, Kyushu University (2010). 
TW, K.Ogata, and T.Noro, PPNP 96, 32 (2017).

No shift

reduction reduction
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Medium effects on Ay for (p,np) and (p,2p)
Spinor distortion (3NF effects) 

Effective mass MN* correction:


• (p,2p) : MN*-corr. is significant

• (p,np) : MN*-corr. is negligible


Non-conventional medium effects 
Brown-Rho scaling conjecture:


• (p,2p) : Significant effect

• (p,np) : Negligible effect

free meson mass/coupling

in-medium meson mass/coupling

(C=0.18 from QCD sum-rule)
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Isospin and density dependences of nuclear medium effects are reasonably explained.

→ How about other spin observables ?

(p,2p)

(p,np)

TW et al., Phys. Rev. C 96, 014604 (2017).
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Failure of Brown-Rho scaling conjecture
Calculations based on Brown-Rho scaling conjecture for 12C(p,2p) 

• Significant medium effects are predicted especially Dnn → Inconsistent with exp. data

Simple scaling conjecture does not work.

• Provide a critical test of theoretical models.

✤ Can we determine “in-medium 2NF”  

experimentally?

T. Noro et al., Phys. Rev. C 77, 044604 (2008).

inconsistent

reduction

reduction

inconsistent



In nuclear mediumIn free space

Investigation of nuclear medium effects 
on NN interactions

Planning research 



For free NN scattering, the c.s. I and polarization transfer Dij are defined as: 

where M is the NN scattering amplitudes expressed as:


• 5 complex parameters

• 9 real parameters and 1 common phase → Need 9 independent observables 

• We had only 6 observables (I, Ay=P, Dqq, Dnn, Dpp, Dpq=-Dqp) 
We need another 3 observables 

Spin transfer Kij to backward particles

Experimental determination of in-medium 2NF

We neglect D-term for simplicity.

We can determine in-medium 2NF (scatt. amps) experimentally by measuring Kij for (p,pN)

incident nucleon

forward nucleon

backward nucleon<latexit sha1_base64="5WIv+VFMG3MZWOIHIMjWEwLoMJM="></latexit>
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A.K.Kerman, H.McManus, and R.M.Thaler, Ann. Phys. 8, 551 (1959).
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Experimental setup for Kij

FPP Large Acceptance
Spectrometer

Grand Raiden

0           2           4           6 m

D1

D2

DSR
Q1

SX
Q2

M P

Q

D

DSR+

DSR- BEAM

Forward proton  
polarimeter for Dij Backward proton 

polarimeter for Kĳ

High intensity&polarization 
proton beam from 


upgraded cyclotrons

Forward neutron 
polarimeter for Dĳ

n

CPV
(Charged Particle Veto)

HD(Hodoscopes)

CPD
(Charged Particle Detector)

upgraded

new
existing

Construction of backward proton pol. 
• Spin transfer Kij for A(p,2p) 
• Exp. determination of in-medium 2NF 

Upgrade of forward neutron pol. 
• First measurement of DNN for A(p,np) 
• Medium effect on DNN for np scattering

p

p

n

backward proton

MWDCSpin analyzer 
(plastic sci.)

proton tracker 
(wire chamber)

double scatt. protons

Spin rotator 
(momentum analyzer)

2018-2020: Construction 
2020-2021: Commissioning 
2021-2022: First data



最近の反応理論の進展
３体核力を取り込んだ、ノックアウト反応の理論予測
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1s1/2

Knockout from outer orbits�
: fixed�

E1 (E2): changed�

proton level in 40Ca�

0d3/2�
1s1/2�
0d5/2�

0p1/2�
0p3/2�

0s1/2�
��

	
�

40Ca(p,2p)39K*@150MeV 

1s1/2�

0d3/2�

C2S = 1.03 

C2S = 2.58 

Theoretical progress for (p,2p) with 3NF
Knockout from outer orbits

3NF effects are small for outer orbits  
⇒ Medium modifications for 2NF are small at low density (ρ=0.13ρ0)

3NF effects are negligible at low density

K.Minomo, M.Kohno, K.Yoshida, and K.Ogata, PRC 96, 024609 (2017).
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Knockout from deeply-bound orbit�
: fixed�

E1 (E2): changed�

proton level in 40Ca�

0d3/2�
1s1/2�
0d5/2�

0p1/2�
0p3/2�

0s1/2�
��

	
�

40Ca(p,2p)39K*@150MeV 

0p3/2�

3NF effect ~ 20% 
Cut-off uncertainty ~ 4% �

C2S = 4.0 
(single-particle limit) 

(p,2p) reactions can be used to probe 3NF effects! �

Theoretical progress for (p,2p) with 3NF
Knockout from deeply-bound orbit

3NF effects are large for a deeply-bound orbit  
⇒ Medium modifications for 2NF are significant at high density (ρ=0.42ρ0) 
Calculations for polarization observables (Ay, etc) are now in progress.

In-medium 
p-p cross section

Enhancement 
of 2NF by 3NF

3NF effects are enhanced at high density

K.Minomo, M.Kohno, K.Yoshida, and K.Ogata, PRC 96, 024609 (2017).
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Recent progress for  
spin-isospin residual interaction

Key parameter, g’NN, for π-condensation from GTGR in 132Sn 
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中性子過剰なスズ同位体の巨大共鳴観測に成功 

―パイ中間子凝縮から中性子星の構造解明に一歩近づく― 

 

理化学研究所（理研）仁科加速器科学研究センタースピン・アイソスピン研

究室笹野匡紀専任研究員、上坂友洋室長、九州大学理学府の安田淳平大学院生

（研究当時）、理学研究院の若狭智嗣教授らの国際共同研究グループ ※は、理研

の重イオン [1]加速器施設「RI ビームファクトリー（RIBF）[2]」を用いて、二重魔

法数 [3]核「スズ-132（132Sn）」に対する「巨大共鳴状態 [4]」の観測に世界で初め

て成功しました。 

本研究成果により、「パイ中間子 [5]」が引き起こす「パイ中間子凝縮 [6]」と呼

ばれる相転移現象が起こる条件が明らかになり、中性子星 [7]の構造や急速冷却

現象の解明が進むと期待できます。 

1973 年に予言されたパイ中間子凝縮は、通常の原子核ではまだ観測されてい

ませんが、中性子星では起きている可能性があると考えられています。今回、

国際共同研究グループは、RIBF において生成された 132Sn ビームを液体水素標的

に照射し、引き起こされた「荷電交換(p, n)反応 [8]」を「WINDS 中性子検出器 [9]」

と「SAMURAI 磁気スペクトロメーター[10]」を用いて測定することで、パイ中間

子凝縮の性質を反映する巨大共鳴状態（ガモフ・テラー巨大共鳴 [4]）の観測に

成功しました。得られたスペクトルと理論計算の比較から、パイ中間子凝縮が

通常の原子核密度 [11]の 2 倍以上の環境、すなわち太陽質量の 1.4 倍より重い中

性子星で起こっている可能性が高いという結論を得ました。 

本研究は、米国の科学雑誌『Physical Review Letters』のオンライン版（9 月

26 日付け）に掲載されました。 

 
 

図 通常の原子核および中性子星とパイ中間子凝縮の有無 
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Nuclear force as residual interaction 
Gamow-Teller response of the doubly-magic neutron-rich nucleus 132Sn 
π+ρ+g’ interaction as a spin-isospin residual interaction

• g’NN = 0.68 ± 0.07 for 132Sn from GTGR


• Consistent with 0.6 for 90Zr and 0.64 for 208Pb

• Constant g’NN between (N-Z)/A = 0.11—0.24 (132Sn)

• Pion condensation can occur for ～2ρ0 (heavy NS) 

if constant g’s hold for N/Z ≫ 1 

•

4

contribution corresponding to the GT strength unit was
estimated as 1.8± 0.2 from the Fermi sum rule strength
of N − Z = 32. Here we took into account the ratio of
the Fermi unit cross section, σ̂F = 0.15 mb/sr [30], to
the σ̂GT value, 2.7 mb/sr. The contribution of the un-
observed one-proton emission branch to the IAS, ∼0.18
in the GT strength unit, was neglected. The shaded
bands represent the systematic uncertainties, which are
dominated by the uncertainties in the background sub-
traction (< 15%), the efficiency correction (< 15%), and
the input parameters of the DWIA calculation (< 3%).
The total strength up to Ex = 25 MeV is S−

GT =
53 ± 5(stat.)+11

−10(syst.), where the IAS contribution has
been already subtracted and the uncertainty in σ̂GT is
not included. The systematic uncertainty is mainly due
to the uncertainties in the background subtraction and
the efficiency correction. The present total strength cor-
responds to 56 ± 5(stat.)+11

−10(syst.)% of the non-energy-
weighted sum-rule value (so-called Ikeda’s sum rule) of
3(N − Z) = 96, which is consistent with the systematics
in stable nuclei [6].
The GTR energy was obtained to be EGT = 16.3 ±

0.4(stat.) ± 0.4(syst.) MeV, where the first and second
uncertainties are the statistical and systematic uncertain-
ties, respectively. The main sources of the systematic un-
certainty come from the uncertainty of the beam energy
(∼ 0.24 MeV) and the fitting procedure (∼ 0.2 MeV).
Figure 3(b) shows the fitting results used for determin-
ing the centroid value. Here, three components, the
GTR, the lower-lying shoulder, and the IAS are consid-
ered. For the GTR and shoulder components, in order to
take into account the experimental energy resolution of
∆Ex = 2.5 MeV, we used a Voigt function. A Gaussian
function was used for the IAS contribution. The width of
the GTR was estimated to be Γ = 4.7± 0.8 MeV, which
is close to those of the stable Sn isotopes [32]. We note
that the extraction of the resonance parameters in this
work has similar quality to data from measurements with
stable beams in forward kinematics [14, 16, 33], which
has never been realized in past studies of GRs with RI
beams [34, 35] in terms of the uncertainties of the derived
resonance parameters.
The LM parameter, g′, was deduced by comparing

the data with theoretical strength distributions assum-
ing different g′ values, as shown with curves in Fig. 3(a).
Herein, we followed the exactly same method as in
Refs. [14, 16]: The continuum RPA [8] is used for the
description of the response properties, and the single-
particle energy levels taken from experimental data for
the static structure properties. The π+ρ+g′ model inter-
action [8] was employed as an effective interaction. In the
present model, the LM contact interaction includes the
coupling to the ∆ particle calibrated in Ref. [8]. Single-
particle wave functions were generated by a Woods-
Saxon (WS) potential with r0 = 1.27 fm, a0 = 0.67 fm,
and VSO = 7.5 MeV [31]. The depths of the WS poten-
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FIG. 3. Extracted GT strength distribution in 132Sb and the
comparison with the RPA calculation with the π+ρ+g′ inter-
action model with different g′ values of 0.30, 0.50, 0.68, and
0.90 (a). (b) shows the result of fitting procedure described
in the text. The shaded area indicates the contribution from
the IAS. (c) shows the same as (a) but for the comparison
with self-consistent nuclear-model calculations.

tials for neutrons and protons were adjusted to reproduce
the separation energies of 0h11/2 and 0g9/2 orbits [36],
respectively. The calculated GTR energy changes as a
function of g′. The calculations with g = g′c at satu-
ration density, 0.3–0.5, are rejected by this comparison.
Rather it clearly shows that g′ is larger than g′c. The g′

value best reproducing the data is g′ = 0.68± 0.07. The
overall structure of the calculated spectrum best fits with
the data at this g′ value. The uncertainty is due to the
experimental peak energy (∼ 0.05) and the input for the
theoretical calculation (∼ 0.05). The theoretical uncer-
tainty was estimated by changing the WS potentials for
the single particle wave functions. The present g′ value
is close to the values of 90Zr (0.6 ± 0.1) [16] and 208Pb
(0.64) [14].

In the above approach, the static structure of nu-
clei is treated separately from the response and, as
a result, there may be some fluctuation in the ex-
tracted g′ values depending on individual nuclei. A
way to avoid such problems is to use self-consistent nu-
clear models [17, 37–39], in which the static structure
and response of various nuclei are treated within the
same framework. Shown in Fig. 3(c) are self-consistent
model calculations performed using the relativistic time-

Pion cooling

π0 condensation 
g’NN = 0.6

GTGR for 132Sn

0.30 0.50 0.900.68g’NN=

J. Yasuda(Kyushu), M. Sasano, R.G.T. Zegers, TW et al., PRL 121, 132501 (2018). 



Summary and Outlook
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