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The � clustering phenomenon, in which nucleons are 
arranged into � particles ( 4 He nuclei) within a nuclear sys-
tem, is one of the most intriguing aspects of nuclear struc-
ture. It has been observed in various light nuclei, such as 8
Be, 12 C, 16 O, and 20 Ne, and is responsible for many exotic 
and fascinating phenomena, such as the Hoyle state in 12 C, 
which plays an essential role in stellar nucleosynthesis [1–6] 
as well as in heavy-ion collisions [7–9].

A particularly interesting question is whether the � clus-
ters can form a Bose–Einstein condensate (BEC) state, in 
which the � particles occupy the same quantum state and 
behave as a coherent matter wave. Such a state has been 
observed in dilute atomic gases [10] and has been speculated 
to exist in nuclear systems [11, 12]. The BEC influences 
physical properties of nuclear matter. If the BEC is indeed 
an inherent nature of nucleon many-body systems, nuclear 
matter reduces its energy at low density by organizing � 
clusters and condensing them into the lowest-energy state. 
This softening of dilute nuclear matter is mitigated in asym-
metric nuclear matter due to a decrease in the population of 
� clusters with increasing asymmetry. Thus, the BEC could 
increase the symmetry energy of nuclear matter and exert a 
significant impact on the equation of state (EOS) for nuclear 
matter. Construction of the EOS for nuclear matter is one of 
the ultimate goals in nuclear physics. It serves not only as 
a benchmark for our comprehension of strongly interacting 
fermions but also as a foundation for understanding astro-
physical phenomena such as supernovae and neutron stars.

However, it remains unclear whether the BEC manifests 
in dilute nuclear matter. Establishing the BEC states in vari-
ous nuclei is desired because the ubiquity of the BEC states 
in finite nuclei could be strong evidence that the BEC is an 
inherent nature of nuclear systems. Despite this significance, 

the presence of the BEC states has only been reported in a 
limited number of light nuclei.

In 8Be, the ground state is regarded as a 2 � BEC state. 
The 0+

2
 state in 12 C, known as the Hoyle state with a gas-like 

3 � structure, is also considered to be a manifestation of the 
3 � BEC [13–15]. Similarly, the 0+

6
 state in 16 O, which has a 

dominant 4 � structure, is a strong candidate for the 4 � BEC 
state [16–18], but the experimental confirmation is challeng-
ing. If the 0+

6
 state is really the 4� BEC state, its wave func-

tion has a large overlap with that of the Hoyle state as the 3� 
BEC state. However, the large overlap does not result in the 
large decay width of the 0+

6
 state to the Hoyle state due to the 

small decay energy which makes it difficult for � clusters to 
penetrate the Coulomb barrier [19].

Recently, we reported candidates of the 5 � BEC states in 
20 Ne by measuring � particles inelastically scattered from 
20 Ne in coincidence with decay charged particles [20]. We 
found new states at E

x
= 21.2 , 21.8, and 23.6 MeV in 20Ne, 

which dominantly decay to the 0+
6
 state in 16 O as the strong 

candidate for the 4 � BEC state. Furthermore, we reported 
the candidates for the 6 � BEC state and its excited states in 
24 Mg from a measurement of the 12C + 12C scattering [21]. 
However, unfortunately, no fully microscopic calculation on 
the BEC states was available in 20 Ne and heavier nuclei at 
that time except for a phenomenological calculation assum-
ing the � clusters as point-like bosons [22], although detailed 
comparison between experimental and theoretical results are 
essential to pin down the BEC states in atomic nuclei.

In a very recent work, Zhou et al. [3] extended their 
theoretical study of the � condensation phenomenon to the 
20 Ne nucleus, which has a rich clustering structure and a 
5 � threshold at E

x
= 19.2 MeV, using the Tohsaki–Hori-

uchi–Schuck-Röpke (THSR) wave function [23] for the first 
time. The THSR wave function is particularly suitable for 
describing the gas-like states and the authors found two 0+ 
states above the 5 � threshold, one of which has a clear 5 � 
condensate character. Figure 1 illustrates their result that one 
of the predicted states is considered to be the 5 � BEC state 
with a dilute gas-like nature where the 5 � clusters occupy 
the lowest-energy 0S orbit, whereas the ground state has 
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a compact shell-model-like structure, where 20 nucleons 
occupy single-particle orbits in a mean-field potential and 
behaves like quantum liquid at normal density �

0
 . The struc-

ture and decay properties of this state show that it has a 
remarkable link with the 4 � condensate state in 16 O. The 
results suggest that the � condensation phenomenon can 
occur in heavier nuclei under similar conditions as in 12 C 
and 16O.

The five-body calculations for the 20 Ne nucleus focused 
on the 0+ states above the 5 � threshold, which were candi-
dates for the 5 � cluster and condensate states. The two 0+ 
states, denoted as 0+

I
 and 0+

II
 , were found at about E

x
= 22 

MeV and 23 MeV, respectively. These energies are qualita-
tively consistent with the phenomenological calculation [22] 
and the experimental data reported from RCNP [20] and 
iThemba LABS [24] as presented in Fig. 2a. The structures 

and decay properties of these states were analyzed using 
various observables.

The authors first examined the reduced width amplitudes 
(RWA) of the 0+

I
 and 0+

II
 states in the channel of 16O(0+

6
) + � , 

which could show us the behavior of the relative wave func-
tion of 16O(0+

6
) and � in 20Ne. As shown in Fig. 2b, the 0+

I
 

and 0+
II
 states have significantly larger amplitudes in this 

channel than other states, indicating that they have a domi-
nant 16O(0+

6
) + � configuration. Moreover, the 0+

I
 state has a 

Gaussian-like RWA with a large amplitude and a long tail. 
This type of RWA behavior is an important feature of the 
BEC state, originating from the (0S) motion between clus-
ters. On the other hand, the 0+

II
 state has a relatively small 

amplitude in the inner region and a peak in the outer region 
with a strongly extended tail. It has one node in the RWA, 
suggesting that it is an excited state of the 0+

I
 state.

The overlap of the 0+
I
 and 0+

II
 states with the single-� 

THSR wave function were also examined. It can show the 
degree of similarity between the eigenstates and the single-� 
THSR wave function. The single-� THSR wave function is 
a simple and intuitive way to describe the gas-like states 
[25–27], in which the � particles are confined in a common 
Gaussian potential with a size parameter � . The larger � 
value, the more dilute and gas-like the state is. The authors 
found that the overlap of the 0+

I
 state with the single-� THSR 

wave function has a maximum value much larger than those 
of the neighboring states. This indicates that the 0+

I
 state has 

a clear 5 � gas-like structure, in which the � particles can 
move relatively freely in a cluster-type mean field.

The � decay from the 5 � condensate state into the 4 � 
condensate state is another important aspect of the 5 � con-
densate state. The calculated partial � decay width of the 
predicted 5 � condensate state is as high as 0.7 MeV. Thus, 
this dominated decay channel can be measured directly in 
the experiment. The decay widths to the 0+

2
 state and the 

Fig. 1  (Color online) Diagrammatic representation for the shell-
model-like ground state and the possible 5 � condensate state in 20Ne. 
See Ref. [3] for more details

Fig. 2  (Color online) a) Comparison of theoretical predictions with 
the experimental results for the 5� cluster states above the threshold 
[20, 24] and the phenomenological calculation [22]. b The calculated 

reduced width amplitudes of the 0+
I
 state and 0+

II
 state in 20 Ne in the 

channel of 16O(0+
6
) + � . See Ref. [3] for more details
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ground state of 16 O are also comparable and large enough. 
This information may help experiments to determine the 0+

I
 

state ( E
x
≈ 22 MeV ) predicted in this work and offer a great 

opportunity for further exploration of the BEC in the nuclear 
system.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. K. Ikeda, H. Horiuchi, S. Saito, Chapter I. Introduction to com-
prehensive nuclear structure study based on cluster correlations 
and molecular viewpoint. Progress Theor. Phys. Suppl. 68, 1–28 
(1980). https:// doi. org/ 10. 1143/ PTPS. 68.1

 2. J. Tanaka, Z. Yang, S. Typel et al., Formation of � clusters in 
dilute neutron-rich matter. Science 371, 260–264 (2021). https:// 
doi. org/ 10. 1126/ scien ce. abe46 88

 3. B. Zhou, Y. Funaki, H. Horiuchi et al., The 5 � condensate state 
in 20Ne . Nat. Commun. 14, 8206 (2023). https:// doi. org/ 10. 1038/ 
s41467- 023- 43816-9

 4. W.B. He, Y.G. Ma, X.G. Cao et al., Giant dipole resonance as a 
fingerprint of � clustering configurations in 12C and 16O . Phys. 
Rev. Lett. 113, 032506 (2014). https:// doi. org/ 10. 1103/ PhysR 
evLett. 113. 032506

 5. Y.G. Ma, S. Zhang, Influence of Nuclear Structure in Relativis-
tic Heavy-Ion Collisions (Springer Nature Singapore, Singapore, 
2020). https:// doi. org/ 10. 1007/ 978- 981- 15- 8818-1_ 5-1

 6. Y.G. Ma, Effects of �-clustering structure on nuclear reaction and 
relativistic heavy-ion collisions. Nucl. Tech. (2023). https:// doi. 
org/ 10. 11889/j. 0253- 3219. 2023. hjs. 46. 080001

 7. S. Zhang, Y.G. Ma, J.H. Chen et al., Nuclear cluster structure 
effect on elliptic and triangular flows in heavy- ion collisions. 
Phys. Rev. C 95, 064904 (2017). https:// doi. org/ 10. 1103/ PhysR 
evC. 108. 024610

 8. S.S. Wang, Y.G. Ma, W.B. He et al., Influences of �-clustering 
configurations on the giant dipole resonance in hot compound sys-
tems. Phys. Rev. C 108, 014609 (2023). https:// doi. org/ 10. 1103/ 
PhysR evC. 108. 014609

 9. Y.T. Cao, X.G. Deng, Y.G. Ma, Effect of initial-state geometric 
configurations on the nuclear liquid-gas phase transition. Phys. 
Rev. C 108, 024610 (2023). https:// doi. org/ 10. 1103/ PhysR evC. 
108. 024610

 10. M.H. Anderson, J.R. Ensher, M.R. Matthews et al., Observation 
of Bose-Einstein condensation in a dilute atomic vapor. Science 

269, 198–201 (1995). https:// doi. org/ 10. 1126/ scien ce. 269. 5221. 
198

 11. C.H. Schunck, Y.I. Shin, A. Schirotzek et al., Determination of 
the fermion pair size in a resonantly interacting superfluid. Nature 
454, 739–743 (2008). https:// doi. org/ 10. 1038/ natur e07176

 12. G.C. Strinati, P. Pieri, G. Röpke et al., The bcs-bec crossover: from 
ultra-cold fermi gases to nuclear systems. Phys. Rep. 738, 1–76 
(2018)

 13. M. Freer, H. Fynbo, The hoyle state in 12c. Prog. Part. Nucl. Phys. 
78, 1–23 (2014). https:// doi. org/ 10. 1016/j. ppnp. 2014. 06. 001

 14. Y. Funaki, A. Tohsaki, H. Horiuchi et al., Analysis of previous 
microscopic calculations for the second 0+ state in 12C in terms of 
3� particle bose-condensed state. Phys. Rev. C 67, 051306 (2003). 
https:// doi. org/ 10. 1103/ PhysR evC. 67. 051306

 15. Y. Funaki, H. Horiuchi, A. Tohsaki, Cluster models from RGM 
to alpha condensation and beyond. Prog. Part. Nucl. Phys. 82, 
78–132 (2015). https:// doi. org/ 10. 1016/j. ppnp. 2015. 01. 001

 16. Y. Funaki, T. Yamada, H. Horiuchi et al., �-particle condensation 
in 16O studied with a full four-body orthogonality condition model 
calculation. Phys. Rev. Lett. 101, 082502 (2008). https:// doi. org/ 
10. 1103/ PhysR evLett. 101. 082502

 17. Y. Funaki, T. Yamada, H. Horiuchi et al., Alpha cluster states 
and condensation in 16O . Prog. Theor. Phys. Suppl. 196, 439–444 
(2012). https:// doi. org/ 10. 1143/ PTPS. 196. 439

 18. S. Ohkubo, Y. Hirabayashi, �-particle condensate states in 16O . 
Phys. Lett. B 684, 127–131 (2010). https:// doi. org/ 10. 1016/j. physl 
etb. 2009. 12. 066

 19. Y. Funaki, H. Horiuchi, W. von Oertzen et al., Concepts of nuclear 
�-particle condensation. Phys. Rev. C 80, 064326 (2009). https:// 
doi. org/ 10. 1103/ PhysR evC. 80. 064326

 20. S. Adachi, Y. Fujikawa, T. Kawabata et al., Candidates for the 5 � 
condensed state in 20Ne . Phys. Lett. B 819, 136411 (2021). https:// 
doi. org/ 10. 1016/j. physl etb. 2021. 136411

 21. Y. Fujikawa, T. Kawabata, S. Adachi et al., Search for the 6 � con-
densed state in 24Mg using the 12C + 12C scattering. Phys. Lett. 
B 848, 138384 (2024). https:// doi. org/ 10. 1016/j. physl etb. 2023. 
138384

 22. T. Yamada, P. Schuck, Dilute multi-� cluster states in nuclei. Phys. 
Rev. C 69, 024309 (2004). https:// doi. org/ 10. 1103/ PhysR evC. 69. 
024309

 23. A. Tohsaki, H. Horiuchi, P. Schuck et al., Alpha cluster condensa-
tion in 12C and 16O . Phys. Rev. Lett. 87, 192501 (2001). https:// 
doi. org/ 10. 1103/ PhysR evLett. 87. 192501

 24. J.A. Swartz, B.A. Brown, P. Papka et al., Spectroscopy of nar-
row, high-lying, low-spin states in 20Ne . Phys. Rev. C 91, 034317 
(2015). https:// doi. org/ 10. 1103/ PhysR evC. 91. 034317

 25. B. Zhou, Y. Funaki, H. Horiuchi et al., Nonlocalized clustering: a 
new concept in nuclear cluster structure physics. Phys. Rev. Lett. 
110, 262501 (2013). https:// doi. org/ 10. 1103/ PhysR evLett. 110. 
262501

 26. Y. Funaki, “Container’’ evolution for cluster structures in 16O . 
Phys. Rev. C 97, 021304 (2018). https:// doi. org/ 10. 1103/ PhysR 
evC. 97. 021304

 27. B. Zhou, Y. Funaki, H. Horiuchi et al., Nonlocalized clustering 
and evolution of cluster structure in nuclei. Front. Phys. 15, 14401 
(2019). https:// doi. org/ 10. 1007/ s11467- 019- 0917-0

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1143/PTPS.68.1
https://doi.org/10.1126/science.abe4688
https://doi.org/10.1126/science.abe4688
https://doi.org/10.1038/s41467-023-43816-9
https://doi.org/10.1038/s41467-023-43816-9
https://doi.org/10.1103/PhysRevLett.113.032506
https://doi.org/10.1103/PhysRevLett.113.032506
https://doi.org/10.1007/978-981-15-8818-1_5-1
https://doi.org/10.11889/j.0253-3219.2023.hjs.46.080001
https://doi.org/10.11889/j.0253-3219.2023.hjs.46.080001
https://doi.org/10.1103/PhysRevC.108.024610
https://doi.org/10.1103/PhysRevC.108.024610
https://doi.org/10.1103/PhysRevC.108.014609
https://doi.org/10.1103/PhysRevC.108.014609
https://doi.org/10.1103/PhysRevC.108.024610
https://doi.org/10.1103/PhysRevC.108.024610
https://doi.org/10.1126/science.269.5221.198
https://doi.org/10.1126/science.269.5221.198
https://doi.org/10.1038/nature07176
https://doi.org/10.1016/j.ppnp.2014.06.001
https://doi.org/10.1103/PhysRevC.67.051306
https://doi.org/10.1016/j.ppnp.2015.01.001
https://doi.org/10.1103/PhysRevLett.101.082502
https://doi.org/10.1103/PhysRevLett.101.082502
https://doi.org/10.1143/PTPS.196.439
https://doi.org/10.1016/j.physletb.2009.12.066
https://doi.org/10.1016/j.physletb.2009.12.066
https://doi.org/10.1103/PhysRevC.80.064326
https://doi.org/10.1103/PhysRevC.80.064326
https://doi.org/10.1016/j.physletb.2021.136411
https://doi.org/10.1016/j.physletb.2021.136411
https://doi.org/10.1016/j.physletb.2023.138384
https://doi.org/10.1016/j.physletb.2023.138384
https://doi.org/10.1103/PhysRevC.69.024309
https://doi.org/10.1103/PhysRevC.69.024309
https://doi.org/10.1103/PhysRevLett.87.192501
https://doi.org/10.1103/PhysRevLett.87.192501
https://doi.org/10.1103/PhysRevC.91.034317
https://doi.org/10.1103/PhysRevLett.110.262501
https://doi.org/10.1103/PhysRevLett.110.262501
https://doi.org/10.1103/PhysRevC.97.021304
https://doi.org/10.1103/PhysRevC.97.021304
https://doi.org/10.1007/s11467-019-0917-0

	The 5α condensate state in 20Ne
	References




