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Manifestations of non-uniformity in nuclei
— challeges with knockout reactions —

Tomohiro Uesaka (RIKEN)

on behalf of
ONOKORO collaboration




Order in physical systems through formation of subsystems
— non-uniformity

di- / multi-quark di/tetraneutron correlation in

correlation in hadrons neutron drip-line nuclei
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http://kakudan.rcnp.osaka-u.ac.jp/jp/overview/world/Flavor.html

(in Japanese) . o o . . .
o-particle emission in heavy-ion reactions
hadron production



Nuclel are made of a-particle?
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Success of Gamow's model of a-decay (Gamow 1928)
in terms of quantum-mechanical tunneling
— People thought nucle1 are made of o particles!
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Helium burning, origin of Carbon
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8Be (t~10-16 sec)
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No Hoyle state or
No electromagnetic decay from the Hoyle state
— no (or much less) carbon and no life.
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Clusters are known to exist in light and heavy nuclei
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QM tunneling
Preformation mechanism?

National Nuclear Data Center, information extracted from the NuDat 2 database,

Mtp Merww nnddc bnl govinudat2)

“Users should feel free 1o use the information from NuDat 2 (tables

and plota) in thelr work, reports, presentations, articles and books *
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Long history of a-cluster studies
o decay
Hoyle state
Ikeda diagram

“Generalized” clusters
more weakly bound than a particle
such as d, 7, 3He, 2n, 4n etc.

Cluster “ubiquitousness”
occurrence of clustering
in any nuclei

TU & N. Itagaki, Phil. Trans. R. Soc. A 382:20230123 (2024).
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Cluster knockout reaction
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Quantum-mechanical “Daruma otoshi”

Knocking out a piece (<>nucleon/cluster)
by a hammer (<high-energy proton)

with a large impact
(=large momentum transter)

— The other pieces (<the residual nucleus) ‘

don’t realize that the piece is removed
(<=>initial-state information is kept).

c.f. (p,pa) experiments @ 100 MeV.
T.A. Carey et al., PRC 29, 1273 (1984).



Cluster knockout reaction studies @ RIBF

K. Kisamori, et al.,
PRL 116 (2016).
4He(8He,3Be)4n
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oL e background x 10
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Production of tetraneutron
M. Duer et al., Nature 606 (2022).
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Counts / 250 keV
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EXxcitation energy of "He(MeV)

Pengjie Li, D. Beaumel et al.,

Physial Review Letters 131, 212501 (2023).
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Molecular sructure of 19Be (0-a-2n)
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o clusters in tin i1sotopes

REPORT |

NUCLEAR PHYSICS

Formation of « clusters in dilute neutron-rich matter ~ — NSHfNA 12

=7 P o BN
4 Alpha knockout reaction 112,116,120,124Sn (p,pa)) «; . Tanaka, Z.H. Xang,
. . Typel, TU, T. Aumann et al.,
B '@ o @ Ep=392 MeV Science 371, 260-264 (2021)
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Clusterlng in dllute nuclear matter
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An 1mp0rtant aspect of the supernova EOS is the formatlon of llght nuclel and thelr propertles in the hot and dense
medium. Note that the two classic supernova EOS include only alpha particles of all possible light nuclei, which are
implemented with excluded volume effects.

M. Hempel et al., Astrophys. J. 748 (2012)

S. Typel,
Z.W. Zhang and L.W. Chen
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Where is the sign of clustering in nuclear matter?

On the dilute (=non-saturated) surface of heavy nuclei, clusters develop.
S. Typel, PRC 89, 064321 (2014).
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Experiment at RCNP Osaka University
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112,116,120,124Sn(p,pa) @ E,=392 MeV
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What we observed

ASn(p,pa)A-4Cd missing mass spectrum
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We have got hmts from the experlmental servatmn*

doldMy, (pb / MeV)

1. Cluster seems to exist in “any” nuclei

2. Knockout reaction is a usetul tool in
extracting information of clusters in nuclei

3. Isospin dependence is the key

 The tendency is consistent with |
e 4 theoretical prediction based on §”
a surface-a hypothesis! ;f

Apparent decrease
with neutron number

RITNAL] . e e e

c.f. new theoretical calculations based on difference assumption
Nakatsukasa & Hlnohara, PRC 108 014318 (2023)

~ Excitation energy in Cd [MeV]



“Greneralized” clustkers

Looking for all the clusters
in stable and unstable isotopes

Clusker “ubiqu&&uusv\ess”

ONOKORO Project

ONOKOR®
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- e DA - .Y
e L™ - -

- N =
~ a —
O

e

(p,pX) cluster knocout reactions @ E/A =200—300 MeV
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| A40220 |

f All the light clusters ,
- d, t,%He,a...

100

LILIL

LI llllll LI lllllll LI | Illllll L)

———

-
—
——

T=10MeV
Y =04 \
P =\

10-1

1 L] lllllll
L L lllllll

10-2

Particle fraction X;

L] llllll
1 L lllllll

10-3 L.l lllllll 1 j"’lll ‘ll Ll lllllll Ll l}l

10-5 104 10-3 10-2 101
Density [fm3]



Clustering in medium to heavy nuclei
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* Nature of clustering in medium to heavy nuclei
Quite little is known.

* Questions to be answered

How can the mean-field picture be
compatible with that with clusters?

The peculiarity of low-density surface?
* Possible access to a preformed in a-decay nuclei
* Relevance of deuteron clusters

to short-range correlation

* First determination of t/3He mirror ratio and
its evolution with isospin asymmetry
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Planned experiments under the ONOKORO project
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First experiments at RCNP (July 2023 & April 2024)
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W0-48Ca(p,pd), (p,p?), (p,p3He), (p,pa) at 230 MeV, together with 6711, 12C, 160 data

Collaboration
RIKEN, Kyoto, RCNP, Kyushu, Osaka, Konan, Miyazaki, Peking, CENS IBS, IJCLab



Predictions of nuclear matter theories, revisited
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S. Typel, Z.W. Zhang and L.W. Chen
J. Phys. Conf. Ser. 420, 012078 (2013) Physical Review C 95, 064330 (2017)
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Deuteron in nuclei
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Deuteron

is the only bound state of two nucleons
embodies tensor force eftects

However, in the long history of nuclear physic

scientist’s eyes did not focus on deuteron
clustering in nucleli.

(probably due to weak binding of deuteron)
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“Femtometer toroidal structure in nuclei”

Forest et al., Phys. Rev. C 54, 646 (1996)

Density distribution for T=0, S=1 pairs in 2H, 4He, 160
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“Deuteron-like” spin-dependent anisotropy is persistent in nuclei



Experimental signatures of deuteron in nuclei

Finite spin expectation values in N=Z nuclei
Matsubara et al., Phys. Rev. Lett. 115
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Look at deuterons in nuclei by knocking them out
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Just knock them out!

SRC p-n pairs
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small p-n Proton large p-n

distance radius distance

quark-gluon nucleon-meson
dynamics dynamics
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Indication of decreasing
trends with the excess neutron
in the deuteron formation
probability.

Reaction analyses (DWIA)
to extract the deuteron
formation probability are
ongoing.




Triton and 3He clusters
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Interesting to see the t/3He mirror ratio
which is expected to depend strongly
on the isospin asymmetry. 10"

10

Basically, little is known with t 107

and 3He clusters in nuclei N
no data at all, except for p- 10

shell nuclei (e.g. 7Li, "Be) 10"

quite few (p,pt)/(p.,p3He) data

10°

10° 10° 10° 10° 10"10° 107 10° 10° 10" 10°
n, (fm™)



Comparison between pp) and pptt)  ONOKORO




(Near) Future Experiments



Comparlson of the (p,pd) data Wlth SRC data from JLab

2881(40Ca) S8N1 32(Cr/S6Fe N7 r IZOSn(48Ca)
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M. Duer et al., Nature 560, 617 (2018).
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RI Beam Factory
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Availability of high-intensity RI beam in a wide energy range
Primary beam: 345 MeV/u

Fast RI beam: 100—300 MeV/u
Energy degraded beam: 20— MeV/u (and even lower)
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A new deteetor array for mverse—kmematzcs cluster and nucleon
knock-out reaction experiments under construction.

~100 GAGG:Ce
p=6.63 g/cm?2
Tdecay 92 ns
no hygroscopic
nature
h
1000 _— Entries 9912
0o 100 MeV/u Var oo
SOOrAPD readout u ﬁ;gdf 638.2/153
B Constant 984.8 + 14.2
600 — Mean 1686 + 0.1
- Sigma 6.426 + 0.058
“Cor/E ~ 0.4% ﬂ
o H R. Tsuji et al.
old AP I L. W I P

1600 1620 1640 1660 1680 1700 1720 1740 1760 1780

J. Tanaka, R. Tsuj1, K. Higuchi et al., NIMB 542, 4 (2023)

~ 500 mm



¥ Heavy nuclei
ey [Theory } (p,pa) to approach a clusters

Future plan at RIBF

141) 50- 52Ca extensmn of the Ca 1s0t0pe cham
2) 104-108Sp & 130-134Sp

3) N = Z nuclei (2S¢—960Zn, including S6Ni)
4) - decaymg 214—222Th
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4| Mean-field model in heavy nuclei
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Order in nucleon many-body SYStemSOA%
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through formation of subsystems (cluster

We are challenging using kinockout reactions.



New

University

ONOKOR O COLi&bQT&EEQM | Uzbekistan A Sanetullaev

Y. Kubota, K. Higuchi, T. Sugiyama, T. Pohl, S. Koyama, S. Shimoura,
® H. Baba, S. Takeshige, Y. Chazono, T. Uesaka, H. Otsu, M. Sasano,
RIKEN - K Yoneda, Y. Li, R. Matsumura, H. Sato, M. Nishimura, P. Doornenbal

J. Zenihiro, Y. Hijikata, R. Tsuji, S. Ogio, T. Yano, K. Miki, S. Kurosawa,
T. Nakada, R. Yoshida, M. Dozono, R. Urayama

K. Ogata, S. Ogawa, @ J. Tanaka, A. Tamii,  /a=\
S. Kawase, T. Wakasa  ponp  S. Ota, N. Kobayashi 0 Y. Maeda

Y. Matsuda
A A H.Akimune

ELTI-EI:I S. Kim, D. Ahn, I.LK. Hahn, J. Hwang
CENS L. Stuhl, Z. Korkuu, D. Kim

T. Kawabata,

25> university § Pagehalis

| W M. Petri
éﬂw M. Itoh
ey S. Adachi

© =
=(I(C

RIDGE
o y
/) D. Beaumel, V. Alcindor,
K é‘ei D. Rossi, D. Symochko, A. Jedele, M. Duer, S. Typel 2&&%&2 M. Assie, S. Franchoo

N.A. Orr, FM. Marques, J. Gibelin,
A. Matta, F. Flavigny, F. Delaunay, .I.I.rrl R. Gernhaeser,
N.L.Achour1 M. Boehmer

T. Nakamura, Y. Kondo

M. Takano
K. Sekiguchi, A. Watanabe \

§<79.  A. Obertelli, H. Liu, Y. Sun, T. Aumann, H. Scheit,

=§6,7/




