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Order in physical systems through formation of subsystem

Crosfoad betwen few-body and many-ody physws B
Crossroad between low-energy and high-energy physics jﬁ
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Few-nucleon correlations near the drip-line

At the limit of nuclear binding, mean-field etfects are less manifested,

and thus the few-nucleon correlations become more prominent. |* .| Y.Kondo etal, Nature 620 (2023).|
J. Kahlbow et al., PRL 133 (2024). |
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SAMURAII1S at RIKEN (2014)
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14Be(p,pn)13Be : A. Corsi et al., PLB 797, 134843 (2019).
HLi(p, pn)!OLi : Y. Kubota et al., RPL 125, 252501 (2020).
1"B(p,pn)1¢B : 7. Yang et al., PRL 126, 082501 (2021).
17B(p,2p)16Be : B. Monteagudo et al., PRL 132, 082501 (2024).
14Be(p,2p)13L1 : P. Andre et al. PLB 857, 138977 (2024).
HLi(p,2p)1°%He: Y.L. Sun et al., Nat. Comm. 17, 4674 (2026).

Universality of dineutron: A. Corsi, Y. Kubota, Z.H. Yang et al., PLB 840, 137875 (2023).




Surface localization of the dineutron in 11Li and its universality

Y. Kubota, A. Corsi et al., PRL 125, 252501 (2020). A. Corst Y. Kubota, Z.H. Yang et al.,

PLB 840, 137875 (2023)
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New results on 17B(p,2p)16Be

B Monteagudo M Marques et al PRL 132 082501 (2024)

200- W 19Be -
A 17 14 :
= 150F , B(p.2p) 'Be+n+n
& '\ N
oz : -
= T . i
£ 100 -
- o
8 L 2

50 ‘ B

E ......... “V‘ " % E
% 2 " 8 10

E, (““Be+n+n) [MeV]

20
15
10

16Be: two-neutron
decay nucleus

. Ground state decay by emission of

A. Spyrou et al., a “spatially compact” dineutron

PRL 108 (2012).

Counts / 250 keV

2+ ex. state:  decay by a two-neutron pair ;
‘ Wlth small relatlve momentum [




10He: New result from SAMURAI
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From nuclei to universalities in physics systems

When the interaction satisties some conditions (e.g., scattering lengths |a| — oo or 0),

universality emerges.

The famous example is the Efimov states 10%,
for |a| — oo in all the subsystems. ‘
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Search for the Efimov states in nuclear systems
is still ongoing.
19B observed in the SAMURAI DayOne experiment .
could be a good candidate. 100,
J. Carbonelll, E. Hiyama, R. Lazauskas, F. M. Marques, :
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A new universal halo state predicted

Hongo and Son proposed a new family of universal halo states:

M. Hongo and D.T. Son, “Universal properties of weakly bound two-nucleon halo nuclei”,
Physical Review Letters 128, 212501 (2022).
Scattering length |a| is large (> typical length scale of the system) for one subsystem, and

a~( for other subsystems

Universality in radii is predicted
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10He: New result from SAMURAI Yelei Sun et al., Nat. Comm. 17, 4674 (2026)
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Three-body correlations of the 07 state 15 (b) T-cos(®) |
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S-wave

a=-18.4 fm

Efimov attraction
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Yelei Sun et al.,

10He ground state: 3-body s-wave resonance Nat. Comm. 17 4674 (2026)
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Why can the 3-body s-wave state be a resonance?
— due to the universal repulsive long-range force
unique in 3-body states with a,, > anc.

The 1'He ground state is the first observed case
of the Hongo-Son's universal s-wave state.
Studies with other systems, e.g. cold atoms, and
theoretical studies will follow.



Knockout reaction studies
of nuclear clustering



QuaS1-free cluster knockout (p,pa) reactlons

J. Tanaka, Z.H. Yang et al., Smence 37 1 260 (2021)

Formation of o in Sn isotopes
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ONOKOGRS

ONOKORO Project I

Looking for d, a, 7, and 3He in stable & unstable isotopes
using (p,pX) knockout reactions at 200—-300 MeV/u

Relevance of deuteron clusters
to short-range correlation

o cluster formation and
and understanding of a-decay

Their coexistence with
independent nucleons

Possible peculiarity

around low-density surface?

RIBF, RIKEN = 77 e 214-222
’ /Z/TﬁQ 210-214P¢ 1h
e — T oL 208Pb N
= 'I-R‘J”: HIMAC, OST
12 4 1 3 6X e j 148 154sm ? Q ......... _;:-g}}il'J--Af;j&éiv-:f::bx
= ﬁ 142-150Nd

106-110§ « 112-124§n 130-134§n

RCNP, Osaka

2023-2024 1st experiment for stable nuclei @RCNP
June 2025 : 1st experiment for unstable nuclei @RIBF



Counts/100 keV

12C(p,pd)"B(0+, T=1) @E,=226 MeV

C.S. Lee, Y. Kubota, TU et al., Prog. Theo. Exp. Phys. 2026, 053DO01.

Recolilless (ps~0) condition

2C(p, pd) The promlnent peak indicates the existence of "deuterons" in 12C.
A 1 DWIA analysis tells us that the number of S-wave deuterons in 12C is ~1. 6
i 1t The deuteron in 12C is coupled with the 1st 1* state (0.718 MeV),
< 10] 0] EAR— ........ fre b“t Il()t Wlth the an 1_|_ State (2 154 MeV)
- The negligible population of the 0* state (T=1) at 1.740 MeV
600 i exhibits the dominance of the direct deuteron knockout process,
I | , which shows a clear contrast to the (e,e’d) case. }
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Recolilless (ps~0) condition
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16Q(p,pd)*N(0+, T=1) @E,=226 MeV

C.S. Lee, Y. Kubota, TU et al., Prog. Theo. Exp. Phys. 2026, 053DO01.
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We have conﬁrmed our conclusmns for 12C can also be applled to 16()
| The prominent peak indicates the existence of "deuteron” in 1°0. }
----------------- “eadd DWIA analysis tells us that the number of S-wave deuterons in 190 is ~1. 9

| The deuteron in 12C is coupled with the 2nd 1~ state (3.948 MeV), |

.......................... | but not with the gnd 1- state (0 MeV).

-2 0 4 The negligible population of the 0+ state (T=1) at 2.313MeV

, exhibits the dominance of the direct deuteron knockout process. '



ONOKORO @ RIBF

50-52Ca (in 2025)
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New detector setups at SAMURAI
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TOPTIER

New experiment to explore multineutron states N,

Miki, Duer et al. »  Neutron correlations in final state
6.8 SHe(p,pa)4n 2
SHe(p,pa)/(p,3p) @
conducted in May 2026 % mp
Q)

See if any enhancement
in 2n -2n configuration

®He(p,pa)4n ®He(p,3p)4n

® ( (n See if any change in
% i > - Missing/invariant mass
G A C G - 4n distribution

Different initial neutron distributions

+  Neutron correlations in further neutron-rich system
8He(p,3p)6n

See if multi-neutron peak

e~
Ops, <O persistently appear.
0sip, —@M—  See if any shell-like stability at N=6

[ We realize all of them at once by using versatile setup of SAMURAI+TOGAXSI. }
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Few-nucleon correlation is a key for the understanding the order formation of nuclear
nucleli.

At the limit of nuclear binding, mean-field etfects are less manifest, and thus
the few-nucleon correlations are expected to become more prominent.

Two-neutron correlation in Borromean nuclei : 11Li1, 14Be, 17B(p,p/V)

Cluster knockout reactions under ONOKORO project:
from stable nuclei to unstable nuclei

TOGAXSI and LAMPS-NDA @SAMURALI
— fully exploited in the experiment to search for multi-neutron systems



Courtesy of H.Imao

Bending magnets Charge Stripper Ring (CSR)

for isometric orbits

Recycle 7 charges
* Acceleration cavity for energy recovery
Q-magnet * Isometric orbits using bending magnets
stations * Q-magnet station for beam shaping

Energy
recovery
cavity

Stripper

RIBF Upgrade Project is partially funded!
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