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Multi-neutron cluster near drip line?

Stable Nuclei Neutron-rich Nuclei
Beyond drip line
y S,<1MeV -1MeV<S, <0MeV
A Sy |~S.~8MeV N r‘ continuum‘ -

Weakly Bound/Unbound Nuclei
Threshold = Clustering

Halo Nucleus

. o
Li n S,.=—0.018(5) MeV
S,,=0.37MeV Kondo, TN et al., PRL116,102503(2016).



Dineutron? What happens if “two neutrons” are on the surface of a nucleus?

A.B.Migdal
Strongly correlated “dineutron”

?* A Sov.J.Nucl.Phys.238(1973).
N n

i Dineutron:
n n @ Low-dense Neutron skin/halo?
Unbound S=0, T=1 /Inner crust of Neutron star?

a=-18.7 fm M.Matsuo

PRC73,044309(2006).
A.Gezerlis, J.Carlson,
PRC81,025803(2010)

s-wave scattering length

neutron-star

Possible dineutron site

2n Halo Nuclei? 2n weakly-unbound nuclei?
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Tetra-neutron?
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Non-correlated?  Double-dineutrons?  Tetra-neutron droplet?

What happens if “N neutrons” are on the surface of a nucleus?
Multi-neutron cluster inside a nucleus?




Evolution Towards the Stability Limit

Drip Line (Weakly Bound, -Unbound Nuclei, halo, dineutron, cluster)

Shell Evolution (New/Lost Magic Number, Deformation, Shape Coexistence)
Cluster Formation
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Recent Experiments on
barely unbound 2n/3n/4n emitters

—_— 260,270,28O

Yosuke Kondo, TN
& SAMURAI Collaboration

Y. Kondo, TN et al., Phys. Rev. Lett. 116, 102503, (2016).

(-‘) Oxygen Anomaly

""""" 260 280

I 1n halo known
Il 2n halo known
4n halo/skin candidates

240: Dripline
Doubly Magic Nucleus
N=16: New magic number



Spectroscopy of 2>-280—beyond the neutron drip line
Spokesperson Yosuke Kondo

Experimental study of unbound oxygen isotopes

towards the possible double magic nucleus %80
T. Otsuka et al., PRL105, 032501 (2010).

(a) Energies calculated
from phenomenological { [

(b) Energies calculated
from G-matrix NN A
+ 3N (A) forces
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3N force: significant at N>16
198 N=167 G. Hagen et al., PRL108, 242501(2012).
H. Hergert et al., PRL110, 242501(2013).
750keV 7 S.K.Bogner et al., PRL113, 142501(2014).
250+n Continuum Effect:
? A.Volya, V.Zelevinski, PRL94,052501(2005).
K. Tsukyiyama, T. Otsuka, PTEP2015, 093D01 (2015).
240+42n 260 nn correlations:

E. Lunderberg et al. PRL108, 142503 (2012) L.V. Grigorenko et al., PRL111,042501(2013).
C. Caesar et al.PRC88, 034313 (2013). K. Hagino, H. Sagawa PRC89,014331(2014).



Experimental Setup at SAMURAI at RIBF
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Results of 20
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N=16 shell closure (>*0) is confirmed
S times higher statistics than previous study USDB cannot describe 2* energy at 260

- effects of

pf shell?, continuum?
2n Correlations?, 3N force?

Y. Kondo et al., Phys. Rev. Lett. 116, 102503, (2016)




Towards %20 (doubly magic nucleus?) Slide by Y. Kondo

280 measurement @ RIBF-SAMURAI
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Decay energy spectrum(?*0+3n coincidence)

29F+1H->240+3n+X




Theoretical predictions towards 260
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Fig. from K. Fossez et al.,
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Mod. Phys. E26, 1740003
(2017)

SM+3NF: T. Otsuka et al.,
PRL105, 032501 (2010)

SM+3NF Sdf7/2p3/2:

CSM: A. Volya et al., PRL94,
052501 (2005), A. Volya et al.,
PRC74, 064314, (2006)

IMSRG: V. Lapoux et al., PRL117,
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Multi-neutron cluster experiment in
the near future
— 6n cluster in 1°He?



Hexa-neutron?

5n is more stable than 4n ?
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What happens if “six neutrons” are on the surface of a nucleus?
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Experimental Method : (p,2p) missing mass method

"Li(p,2p)'°He*

0'He*>8He+2n, SHe+4n, “He+6n + tagging “He,5He,8He, and nn
at forward detectors

llLi

(o

~200 MeV/u

/Missing Mass Method: \
+ Need to measure “only” projectile and two recoil protons
+ Absolute Excitation Energy (Ex) directly obtained
(Wide Ex range, Flat acceptance curve for Ex, No need of y, n coin.)
+ States with high-neutron multiplicities (eg. 6n emitter) accessible

- Worse energy resolution (1-2MeV) for a given target thickness
\Compared to Invariant mass spectroscopy /

T.Nakamura, H.Sakurai, H.Watanabe, Prog. Part. Nucl. Phys. 97, 53 (2017).




. Experimental Setup

Target:CH,

StraBe (1/3)
CATANA+




sSummary and Outlook

v' Key Questions
— Multi-neutron clusters on the surface of weakly bound/unbound nuclei?

v’ Spectroscoy of Super-heavy Oxygen =>Barely Unbound 2n emitter 260

Y. Kondo, TN et al., PRL 116, 102503 (2016).
>260(0%45): Very weakly unbound 2n states - Correlation? Continuum?
260(2*): Found for the first time at E,;=1.28(11) MeV - Shell Evolution?

- 21.28Q : Experiment Successfully Done: Preliminary Results
27Q0: E(**0+3n)~1.1 MeV, Sequential decay through 2¢60(gs,0*)
28Q: Observed: To be shown soon

Near Future: Variety of spectroscopies along n-drip line

4n, 6n... states? © 4n,®n... cluster? ''Li(p.2p)"He exp.

Approved at RIBF
@Iusteri eshold/D@

~Semi-Hierarchy/Hierarchy Universality?
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