Extremely neutron-rich nuclei

probed by breakup reactions with rare-isotope beams

Takashi Nakamura
Tokyo Institute of Technology

Clusters & Hierarchies

Nuclear Physics School for Young Scientists (NUSYS-2023) @ Fudan University, Shanghai,
China, Aug 6-13, 2023 1



: Contents E

® | ecture-III: Multi-neutron states using quasi-free scattering
» Tetra-neutron
» 280: The last canonical doubly magic nucleus?
> Perspectives: More multi-neutron nuclei



Tetra-Neutron
--Status and Perspectives



Tetra-neutron

2002 Marquéz (PRC65, 044006 (2002))
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The confirmation experiments were not
successful (technically) -
Confirmation should be done in the near future !




Tetra-neutron

2016 Kisamori, Shimoura (PRL116, 052501 (2016))

186MeV/nucleon
@RIBF-SHARAQ

n

Double Charge Exchange

4 N (Ew=0) )

8He
Q=26.37MeVI = 30.3MeV

Be “He

\ - Momentum transfer A ~OJ

B e it + sk kgromd
1k wavel ke o background = 10 £
= Just aift u-:.'lllzlnf . -
E 3 : resonatice f,.r " direct decay :
% 6 @ &s ;
B : :
o ar X b
L % 4
T % _
ol E m i e el I """ I\ M % @&Eﬁj
D 10 20 ) A0 S0 i)
4 (MeV)
42 =083x065( )=+x1.25( IMeV

[ < 2.6 MeV(FWHM)



Tetra-neutron

2022 Faestermann (PLB824, 136799 (2022))
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Tetra-neutron at SAMURAI-RIBF

2022 M. Duer, SAMURAI collaboration, (Nature 606, 678 (2022))
(p,poa) quasi-free scattering in inverse kinematics
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Tetra-neutron at SAMURAI-RIBF

Nature 606, 678 (2022).

Experimental Setup
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Tetra-neutron at SAMURAI-RIBF

Nature 606, 678 (2022).
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Tetra-neutron: Resonance or?

Lazauskas, Hiyama, Carbonell, PRL in press (arXiv:2207.07575v1)

Resonance due to Tetra-neutron does not exist.
Spectrum in RIBF-SAMURAI: reproduced by “dineutron+dineutron” emission
from the neutron density distribution just after 4n removal from 8He.
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/Next Step A
» Energy spectrum with better E resolution

> 4 Neutron coincidence measurements

—24n Decay Scheme
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Why 4He double-charge-exchange result

o (Kisamori) coincides with 8He(-4He)(Duer) ?
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multi-neutron cluster” in Nuclei

Tokyo Tech

» Spectroscopy of 270 and 280
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Why 2807 -- Doubly Magic Nucleus by Mayer-Jensens view E

Z Island of Stability
N=184
- » Stable Doubly Magic Nuclei: 4He,1¢0,40Ca,43Ca,208Pb
. Sn(1994) > Doubly magicity established
» Exotic Doubly Magic (Candidate) Nuclei:
10He,280,48Ni,78Ni,100Sn,132Sn
28t - Observed except for 260
20t _ —>Magicity established for 78Ni,132Sn
o 78Ni(1995) R )
o L8 280 e _ 1280 - Is it really doubly magic?

2 8\2’0 28 50 82 126 N

"He(1994) (modified from) T.Otsuka et al., Rev. Mod. Phys. 92, 015002 (2020). 12
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Island of Inversion in a nutshell

Tokyo Tech

E.K. Warburton, J.A.Becker, B.A.Brown, PRC41, 1147 (1990).

Further evidence for the presence of an anomaly in binding energies for the “island of inversion”
centered at Z =11, N =21 is obtained by comparison of shell-model calculations to experiment.

It is found that for Z =10-12, N =20-22 (and possibly N > 22) nuclei the lowest 27w state is more

bound than the Ofiw ground state.
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280 is within the Island of inversion?

01(R), (2017)

P. Doornenbal, et al.,
PRC95, 0413
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— Where is the south boundary of the Island of Inversion?
— Is 280 doubly magic?

1440

S. Bagchi et al.,
PRL124, 222504, (2020)

1420 F
1400 F
1380 F

1360 |

Reaction cross section (mb)

1320 b

L R L LR RE Ll LR AR R E )RRl AR ]
B 7

L .
1340 Z
- -

P B
Plcle o) EYRTY FRRTY FAYTE FYTTY IYUTE INVEY FETTY FAPTIFATTIOTOTY
0

.0

0.2

0.4 0.6 0.8 1.0
2p,,, fraction o

Halo structure of 2°F
p;2contribution dominance

- N=28 shell closure lost
28F:A.ReveI,PRL124,152502(202

)]

J 24Na ZSNa

Island of Inversion

124“/'g ZSMg 27Mg ZSMg 29Mg 30|v|g 31Mg SZMg 33Mg 34Mg

35|v|g

36Mg 37|Vlg 38M

2®Na|?’Na|?®*Na|*N -

SONa 31Na 32Na 33Na 34Na 35Na

ZSNe ZGNe 27Ne 28Ne

29Ne 30Ne 31Ne 32Ne

24F 25F 26F 27F

230 240 I

f
29F 31F

“N

’Na

280

neutron

‘

Tokyo Tech

14



/T. Otsuka et al., PRL105, 032501
(2010)
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Three-Nucleon Force (3NF):

Important role in binding oxygens
G. Hagen et al., PRL108, 242501 (2012)
J. Holt et al., Eur.Phys. J.A49, 39 (2013)

® Sudden change of neutron drip line (Oxygen anomaly)
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B \What is the origin?




What is known for neutron-rich oxygen isotopes?
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Invariant mass spectroscopy of 270, 280
Nature to be published

280Q: One-proton removal reaction of 29F
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270: Two-proton removal reaction of 2°Ne
1p1n removal reaction from 2°F
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280 measurement @ RIBF-SAMURAI

Nature, to be published
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Perspectives
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What happens if there are multiple dineutrons?
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6n-clusters in 19He

Search for Multi-neutron cluster state in 1%He
via 11Li(p,2p)

+ tagging 4He,®He,8He, t and nn
at forward detectors
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Planned F¥nerimental Setup ToyoTech

p Tag recoiled protons in (p,2p)

6n —->Measure Angle and Energy

Target.CH, : /vcé —->Si Tracker + Total E detector (CsI(Na) Array)
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Next Step
for multi-neutron systems/clusters

23



Missing mass method->Invariant Mass Method

Missing Mass Invariant Mass
M.Duer Nature 2022
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QDecay mode can be observed
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Q Worse mass-resolution: A - 1MeV
Need of neutron detection

Q Decay mode cannot be observed o e
(M, >2: it is very difficult)
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Summary: Lecture-III

v Key question: Are there nuclei made of only(mostly) “neutrons”?
v’ Tetra neutron
> 2022 Result from SAMURAI, RIBF: >Resonance
M.Duer et al. Nature 606, 678 (2022).

g =237x038( ) =x0.44( YMeV
[=175%x0.22( ) £0.30( ) MeV

v' Multi-neutron cluster beyond the drip line
» Super-heavy oxygen isotopes 270 (3n emitter) and 280 (4n emitter) :
Ground states of 270,280: Observed and Masses measured at SAMURAI

Both decay through 260 Y. Kondo et al., Submitted for publication
Perspectives

» More exotic neutron states: 10He on
—->Missing mass spectroscopy with PFAD/CATANA: expected to run in June 2023

» Missing Mass -2 Invariant mass spectroscopy for 4n, én

—->Next generation neutron detector array (hopefully soon) 95



Collaboration of tetra-neutron
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