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Nuclear clustering  
− manifestations of nonuniformity in nuclei −

Partly based on T. Uesaka & N. Itagaki, Phil. Trans. R. Soc. A 382:20230123 (2024).

+ short story on nuclear physics in 1934



　Does nucleonic/hadronic matter prefer 
    nonuniformity rather than uniformity? 

Manifestation of clusters



An important aspect of the supernova EOS is the formation of light nuclei  
      and their properties in the hot and dense medium.  

Thermodynamic variables, like, e.g., the symmetry energy, are modified  
      due to the appearance of light nuclei.  

The importance of light nuclei in supernova matter was also shown by  
      a heavy-ion collision experiment.  

In the supernova environment light nuclei can possibly influence the neutrino  
     transport and consequently the supernova neutrino signal and dynamics. 



Nuclear physics started with manifestation of Nonuniformity
α-decay: one of the radioactive decays first-observed in the late 19th century 

　　1895 (8th Nov.)　　Discovery of X-ray by Röntgen 
　　1896　　　　　　  Observation of radiation from Uranium by Becquerel 
　　1898　　　　　　  Discovery of α- and β-rays by Rutherford 
        1911                          Discovery of a nucleus via α scattering 
        1919                          The first nuclear reaction transforming one element  
                                               to the other using the  14N(α, n)17O reaction



Hoyle state and the Ikeda diagram
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Beyond the simple pictures of clustering

Coexistence of clusters with shell-like (independent-nucleon) components 
      Occurrence of clusters  
            in states other than those near the thresholds (e.g. ground states) 
            in any nuclei where the cluster development was not previously discussed. 

       “Cluster ubiquitousness” 

T. Uesaka & N. Itagaki, Phil. Trans. R. Soc. A 382:20230123 (2024).



Helium burning, origin of Carbon

No Hoyle state or 
No electromagnetic decay from the Hoyle state 
  　→ no (or much less) carbon and no life.

8Be (τ~10-16 sec)

0.9995 ~0.0005

α

 (← cluster-shell mixture)



Ab-initio calculation of the 12C ground and Hoyle states
T. Otsuka, T. Abe et al., Nature Comm. 13, 2151 (2022).

Large-scale shell model calculation  
    with 12 active nucleons & 
    Daejeon16 interaction (from χEFT N3LO)

3α 
61%

3α 
6%

quantum liquid 
94%

q. liquid 
33%

12C ground state Hoyle state



Clustering at the north-east end of the nuclear chart

Z.X. Ren, D. Vretenar et al., PRL 128, 172501 (2022).

Time-dependent DFT predictions
Two α clusters dynamically produced  
in the neck region accelerate the fission.

proton p & n

Alpha clusters accelerate fission!

nucleon 
localization 
function

Alpha preformation in α-decay nuclei 
    homework since the discovery  
    of α-decay and Gamow’s model

A. Andreyev et al., PRL110, 242502 (2013).



Clusters are known to exist in light and heavy nuclei

Cluster emissi
on fro

m  

heavy-ion collisi
ons

QM tunneling 
Preformation mechanism? 

Existence of clusters in  
         medium to heavy nuclei? 
How ubiquitous are clusters in nuclei?



α clusters in tin isotopes
REPORT

◥

NUCLEAR PHYSICS

Formation of a clusters in dilute neutron-rich matter
Junki Tanaka1,2,3*, Zaihong Yang3,4*, Stefan Typel1,2, Satoshi Adachi4, Shiwei Bai5, Patrik van Beek1,
Didier Beaumel6, Yuki Fujikawa7, Jiaxing Han5, Sebastian Heil1, Siwei Huang5, Azusa Inoue4,
Ying Jiang5, Marco Knösel1, Nobuyuki Kobayashi4, Yuki Kubota3, Wei Liu5, Jianling Lou5,
Yukie Maeda8, Yohei Matsuda9, Kenjiro Miki10, Shoken Nakamura4, Kazuyuki Ogata4,11, Valerii Panin3,
Heiko Scheit1, Fabia Schindler1, Philipp Schrock12, Dmytro Symochko1, Atsushi Tamii4,
Tomohiro Uesaka3, Vadim Wagner1, Kazuki Yoshida13, Juzo Zenihiro3,7, Thomas Aumann1,2,14

The surface of neutron-rich heavy nuclei, with a neutron skin created by excess neutrons, provides an
important terrestrial model system to study dilute neutron-rich matter. By using quasi-free a cluster–
knockout reactions, we obtained direct experimental evidence for the formation of a clusters at the
surface of neutron-rich tin isotopes. The observed monotonous decrease of the reaction cross sections
with increasing mass number, in excellent agreement with the theoretical prediction, implies a tight
interplay between a-cluster formation and the neutron skin. This result, in turn, calls for a revision of the
correlation between the neutron-skin thickness and the density dependence of the symmetry energy,
which is essential for understanding neutron stars. Our result also provides a natural explanation for the
origin of a particles in a decay.

C
orrelations and clustering are universal
phenomena in composite systems for all
scales of thematerial world, which range
from the largest structures in the Uni-
verse to minute hadronic systems made

of quarks. The atomic nucleus is a many-body
quantum system that consists of nucleons,
namely protons and neutrons. It can be de-
scribed in the first approximation as nucleons
moving independently in an attractive mean
field generated by all nucleons. Their fermionic
nature leads to the development of a shell struc-
ture with well-defined single-particle levels
(1, 2). This is the basis of the nuclear shellmodel
that can take pairing and other residual in-
teractions additionally into account (1–3). Cor-
relations amongnucleons play a decisive role in

understanding the properties of atomic nuclei,
nuclear matter, and giant objects in the Uni-
verse such as neutron stars (4). In nuclear mat-
ter, nucleons form light nuclear clusters that
comprise deuterons (2H), tritons (3H), helions
(3He), and a particles (4He) at densities suf-
ficiently below the saturation density of nuclei
(5). Deuteron-like clusters can also be found as
short-range correlated pairs at higher den-
sities (6–8). The a particle, as a compact four-
nucleon correlation, plays a particular role
because its strong binding is beneficial for the
cluster formation.
Following the prediction of a-cluster forma-

tion (9, 10) as reported in the 1930s for light
self-conjugate nuclei (11), such as 8Be, 12C, and
16O, microscopic theories on a clustering (12)
have been developed that presume strong cor-
relations between nucleons in clusters and
weak intercluster correlations. In light nuclei,
cluster structures are experimentally known
to exist in their ground state as well as in
excited states (13, 14), specifically for states at
energies in the vicinity of the cluster emission
threshold (15). A prominent example is the
Hoyle state (16) in 12C with a three–a cluster
structure at an excitation energy of 7.65 MeV
(17). The existence of this state is crucial for
the fusion of the three a clusters into a carbon
nucleus in stars. This occurs at a rate that
ensures a sufficient abundance of carbon,
which is necessary for organic life, including
human life (18).
Conversely, providing a consistent descrip-

tion of a clusters and nucleons on the same
footing in heavy nuclei is challenging from a
theoretical perspective (19). Although the for-
mation of a clusters in heavy nuclei may be
suggested from a decay according to the pos-

tulated model of Gamow (19, 20), direct experi-
mental evidence has not yet been reported.
Theoretical studies have suggested that, sim-
ilar to dilute nuclear matter, there exists a
certain probability that a clusters can form in
the ground state of heavy nuclei at the very sur-
face of the nucleus—that is, the region out-
side the saturated nuclear core—with densities
below the a-cluster dissolution threshold (the
Mott density) (5, 21, 22). This feature could
potentially explain the origin of a particles in
the a-decay process. This surface a-clustering
phenomenon also occurs inneutron-rich heavy
nuclei that feature a neutron skin created by
the excess neutrons and are generally stable
against a decay (4, 23). In this case, however,
there is a close interplay between this surface
a-clustering effect and the neutron-skin thick-
ness, as suggested by recent generalized rela-
tivistic density functional (gRDF) calculations
(5, 23). This model predicts a reduction of the
neutron-skin thickness in comparison to theo-
retical calculations without considering the
a-clustering effect, which will further affect
our understanding of the nuclear equation of
state (5, 23). As a result of this interplay, the
formation of a clusters also gets hindered by
the development of a neutron skin in heavy
nuclei. The tin isotopic chain with a proton
magic number Z = 50 provides an ideal test-
ing ground to study this intriguing inter-
play. The bulk and surface properties of these
nuclei are not strongly dependent on the de-
tails of the nuclear structure and can be well
described by relativistic mean-field theories
(23) [see fig. S1 and table S5 for the compari-
son between theoretical calculated radii (23)
and the experimental data]. According to the
gRDF calculation, the probability of a-cluster
formation gradually decreases along the tin
isotopic chain when progressing from the
stable 112Sn to the very neutron-rich 132Sn,
which is accompanied by a steady increase
in the neutron-skin thickness (23). Therefore,
we performed an experiment with tin isotopes
to examine the probability of finding a clusters
[hereafter defined as “the effective number of
a clusters (23)”] in stable heavy nuclei and to
study its isotopic dependence. Our experiment
covers stable nuclides from 112Sn to 124Sn (see
table S2 for detailed properties of the target
materials), with neutron numbers from N =
62 to 74.
The most direct access to a clustering in the

ground state of nuclei is the proton-induced
a-knockout reaction (p, pa). Quasi-free knock-
out reactions of the type (e, ep) and (p, pp) are
well-established methods to investigate the
single-particle structures of nuclei (24); quasi-
free (p, pa) reactions were also used extensively
in the 1970s and 1980s to study a clustering in
light- and medium-mass stable nuclei (25–27).
By measuring the momenta and angles of
the light particles involved in the scattering
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@ Ep=392 MeV



Theoretical Background

Clustering in dilute nuclear matter

S. Typel, PRC 89, 064321 (2014).

On the dilute (=non-saturated) surface of heavy nuclei,  
clusters develop.

“The surface α” decreases as a function of excess neutronClusters grow at < 0.1 ρsat.

S. Typel,  
J. Phys. Conf. Ser. 420, 012078 (2013)

132Sn

106Sn



Experiment at RCNP Osaka University

Ring CyclotronGrand Raiden and LAS spectrometers



112,116,120,124Sn(p,pα) @ Ep=392 MeV
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What we observed
ASn(p,pα)A-4Cd missing mass spectrum
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The tendency is consistent with  
theoretical prediction based on  
a surface-α hypothesis!



Maryland results on (p,pα) at Ep = 100 MeV

16O

20Ne

40Ca

48Ti

T.A. Carey et al., PRC 29, 1273 (1984)



Understanding the Maryland data

48Ti(p,pα)

K. Yoshida et al.,  
Phys. Rev. C 100, 044601 (2019).

Y. Taniguchi, K. Yoshida et al.,  
Phys. Rev. C 103, L031305 (2021).

20Ne(p,pα)

Sα= 0.26

×100

Missing mechanism?

T.A. Carey et al.,  
PRC 29, 1273 (1984)



Lessons from the Sn(p,pα) experiment
ASn(p,pα)A-4Cd missing mass spectrum
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    1.  Cluster seems to exist in “any” nuclei 
     2.  Knockout reaction is a useful tool in  
              extracting information of clusters in nuclei   
     3.  Isospin dependence is the key



Beyond the simple pictures of clustering

Coexistence of clusters with shell-like (independent nucleon) components 
      Occurrence of clusters  
            in states other than those near the thresholds (e.g. ground states) 
            in any nuclei where the cluster development was not previously discussed. 

       “Cluster ubiquitousness” 

Existence of clusters more weakly bound than α particle 
       such as d, t, 3He, 2n, 4n etc. 
  
       “Generalized clusters” 
            

T. Uesaka & N. Itagaki, Phil. Trans. R. Soc. A 382:20230123 (2024).



Interests in clusters other than α

S. Typel,  
J. Phys. Conf. Ser. 420, 012078 (2013)

Z.W. Zhang and L.W. Chen 
Physical Review C 95, 064330 (2017)

All the clusters grow at < 0.1 ρsat, but their relative abundances differ theory by theory. 
Occurrence of clusters depends on the cluster’s isospin  and isospin asymmetry of the medium.



Looking for all the clusters  
in stable and unstable isotopes

ONOKORO Project 



Clustering in medium-heavy nuclei studied with knockout reactions

(p,pX) @ E/A = 200—300 MeV 
     　X: d, t, 3He, α

Wide mass region 
A=40−220 ✕

Stable and unstable 
nuclei ✕

All the light clusters 
d, t, 3He, α …

RIBF, RIKEN

RCNP, Osaka

HIMAC, QST



ONOKORO Project: study of clustering in medium to heavy nuclei

・Questions to be answered 
         How can the mean-field picture be compatible with that with clusters? 

         The peculiarity of low-density surface?  

・Focus on the isospin dependences of the clustering 

・Interests specific to each cluster 
          Possible access to α preformed in α-decay nuclei 

          Search for deuteron clusters which embody  
                     tensor-correlations in nuclei 

          First determination of t/3He ratio



Experiments under ONOKORO project

N=Z

214−222Th

142-150Nd
148-154Sm

Cluster knockout reactions at E ~ 250 MeV/u 
     to fulfill the quasi-free condition 
Wide mass range & wide isotope chain 
     to differentiate mechanisms that 
       influence cluster formation. 
         mass 
         N/Z 
         relevant single particle orbit



Cluster knockout reaction

Quantum-mechanical “Daruma otoshi” 

    Knocking out a piece (⇔nucleon/cluster) 
    by a hammer (⇔high-energy proton) 
    with a large impact  
            (⇔large momentum transfer) 

    → The other pieces (⇔the residual nucleus) 
         don’t realize that the piece is removed 
         (⇔initial-state information is kept). 
           

Extension of successful (p,pN)-reaction studies at RIBF/RCNP 
     Tang et al. PRL 124, Kubota et al. PRL 125, Yang et al. PRL 126,  
       + many SEASTAR papers



Cluster knockout reaction studies @SAMURAI, RIBF

Production of tetraneutron 
M. Duer et al., Nature 606 (2022).

8He(p,pα)4n @ θCM=180deg

E= 2.37 ±0.38(stat.)±0.44(sys.) MeV 
Γ = 1.75 ±0.22(stat.)±0.30(sys.) MeV

K. Kisamori, et al.,  
   PRL 116 (2016). 
    4He(8He,8Be)4n  
　　@SHARAQ

E4n = 0.83 ± 0.65 (stat.)  ± 1.25 (syst.) MeV



Molecular structure of 10Be (α-α-2n)

Pengjie Li, D. Beaumel et al.,  
Physical Review Letters 131, 212501 (2023).

10Be(p,pα)
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Deuteron-like p-n correlation in nuclei
“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, 16O

Md=±1, θ=0
anisotropy 
in Md=±1

Md=±1, θ=π/2

Md=0, θ=π/2

Md=0,   θ=0

anisotropy 
in Md=0

 “Deuteron-like” spin-dependent anisotropy is persistent in nuclei  

Deuteron is the only bound state of two nucleons. 
70% of its binding energy originates from the  
tensor force driven by pion exchange.

Binding energy 2.225 MeV 
RMS radius 1.9 fm 
Spin-parity  1+ 

Isospin  0

proton

neutron



Tensor force binds the deuteron and other nuclei

©LIGO

Values are from Pieper and Wiringa, Ann. Rev. Nucl. Part. Sci. 51, 53 (2001)

Total binding energy 
π-exchange contribution 
    (mainly tensor force effects)



Is a nucleus made of deuterons (spin-1 bosons)?

©LIGO



Experimental signatures of deuteron in nuclei 

O. Hen et al., Science 364, 614 (2014).

N-N pairs at krel = 2 fm-1 (inter-nucleon 
distance of 0.5 fm) are >90 % likely to 
be proton-neutron pairs. 
      Short-range correlation (SRC)



Isospin dependence of SRC
M. Duer et al., Nature 560, 617 (2018).

Indication of stronger SRC for proton 
in neutron-abundant environment.



Direct observation of deuterons using the (p,pd) reaction

small p-n 
distance Proton 

radius 
(~0.8 fm)

large p-n 
distance

deuteron clusters

quark-gluon 
dynamics

nucleon-meson 
dynamics

SRC p-n pairs

Just knock them out!



40−48Ca(p,pd) @ 226 MeV

shade: 16O background

Indication of decreasing 
trends with the excess neutron 
in the deuteron formation  
probability.

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

R. Tsuji et al.

Unpublished data rem
oved



238U

124Xe

Future plan at RIBF
50-52Ca 
N = Z nuclei (42Sc − 60Zn) 
104–110Sn & 130–134Sn 
214–222Th 

132Sn

106Sn

Light isotopes



　Does nucleonic/hadronic matter prefer 
    non-uniformity rather than uniformity? 

We try to answer this question  
using knockout reactions.



The first paper of “the nuclear chart”



The first paper of “the nuclear chart”

Remarks on constitution of atomic nuclei I 
Kurt Guggenheimer, Phys. Radium, 56 (1934) 253-256.

Forgotten paper and it hardly appears in recent nuclear-physics textbooks. 
However, several important inventions and discoveries that are relevant to 
modern nuclear physics have been made in the paper. 

　　　Invention of the nuclear chart 
　　　Concept of “isotone” (and naming) 
　　　Limit of stability 
　　　Discovery of shell closures at N=50 and 82



Most of data are from F. Aston’s mass measurements

Limit of stability

The first nuclear chart by Guggenheimer in 1934



The first nuclear chart by Guggenheimer



Concept of “Isotone”

Guggenheimer: 
  The isotopes are found on the same horizontal, P(Z) = const, the atoms containing the same number of    
  neutrons on the same vertical line , N = const. This last mode of grouping will play an important role  
  in this work and in those which will follow. This is why I have taken the liberty of proposing a new  
  name: as these atoms of the same number N are in some way isotopes with respect to the number of    
  neutrons, we shall call them, to abbreviate the language, isotones.

isotone 
    p ↔ n

“isotope” proposed by Frederick Soddy (a famous nuclear chemist) 

Frederick Soddy



Discovery of shell closure (magicity) at N=50 and 82

Isotope width

Isotone width

The most pronounced discontinuities are at the points N =50 and N = 82.  
The isotopic width reaches its maximum values (6 and 8).  (left figure) 
The isotones N = 50 and N = 82 are also the only ones where there are two distinct nuclei 

of odd charge. In both cases, the upper and lower stability limits are vertical at the same 
place, (right figure).



Discovery of shell closure (magicity) at N=50 and 82

The discovery was forgotten after Bohr’s theory of compound nucleus. 
Guggenheimer’s paper is not referred even in Mayer’s paper in 1948.

For it shows clearly that neutrons and protons are attached to  
the nuclei - at least in these places - as primordial constituents  
and independent of each other. 
If nuclei consisted essentially of α and neutrons, one would  
expect the stability limit to never takes a steeper inclination  
than that of the diagonal, because then the maximum  
excess of free neutrons would decrease when the number of  
α particles increases. 

Protons and neutrons are fundamental constituents of nuclei. 
Shell closures take place at N=50 and 82.
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