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➡ This prediction motivated us to perform an experiment

• alpha particle formation at nuclear surface.
• Study of chain Sn nuclei as reduction of alpha probability
  with increasing neutron excess

S. Typel et. al. Phys. Rev. C 81, 015803 (2010)
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　　K. Yoshida et. al.  
　　Phys. Rev. C 98 024614 (2018)

Quasi-Free Alpha knockout reaction
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Experiment at RCNP Osaka University
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Counting Room during the beam time

Counting Room

Grand-Raiden LAS

(Feb. 2018) 

Experiment at RCNP Osaka University



September 22, 2021 | International Symposium on Nuclear Symmetry Energy | Junki Tanaka |

Grand Raiden  
Spectrometer   
protons detection

0 1 2 3 m

proton beam

Tin target

Large Acceptance 
Spectrometer 
alpha particles detection

proton

alpha particle

Alpha knockout reaction

neutron skin

M. Fujiwara et. al. Nucl. Inst. Meth A 422 (1999) 484
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and double-arm spectrometer
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Alpha-separation energy spectrum
and isotopic dependence of cross sections
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Reaction Theories

1. Reaction Kinematics

2. p-α scattering matrix
　　K. Yoshida et. al.  
　　Phys. Rev. C 98 024614 (2018) 

3. momentum of α in nuclei
　　gRDF theory by S. Typel  
　　Phys. Rev. C 89, 064321 (2014) 

4. absorption of protons
　　 Optical potential from S. Hama 
　　 et. al. Phys. Rev. C 41 2327 (1990) 

5. absorption of alpha
      Optical potential from M. Nolte et. al. 
      Phys. Rev. C 36 1312 (1987) 

　 → The depth of the imaginary 
part was tuned to the experimental 
data. Use the same reduction factor 
for all isotopes.

A-4CdASn

p

α

p α 45.3 deg

60.0 deg392 MeV

T = ⟨χ(−)
α−Cd χ(−)

p−Cd tp−α ϕα χ(+)
p−Sn⟩

Transition amplitude for Sn(p,pα)Cd

tp−α : free p-α scattering matrix

χ(+)
p−Sn : distorted wave for p-Sn

ϕα : α cluster w.f. from gRDF χ(−)
p−Cd : distorted wave for p-Cd

χ(−)
α−Cd : distorted wave for α-Cd

Initial final

Theoretical support by S. Typel

Advice from K. Yoshida and K. Ogata

χ : distorted waves
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Summary of the experiment

1. The existence of alpha clusters in the ground state of heavy nuclei (Sn) 
was clarified by measuring the cross section of the alpha knockout reaction.

2. The isotope dependence of the reaction cross section is consistent with the 
theoretical prediction, and what we observed is likely to be alpha clusters 
localized on the nuclear surface.
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Publication

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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New picture of atomic nuclei

Thank you very much for your listening!
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