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I Access to extreme N/Z ratios :

l¶ Z=5 (S04, Day-One) :

→ literally exotic structures !
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I Access to extreme N/Z ratios :

l¶ Z=5 (S04, Day-One) :

→ literally exotic structures !

l· Z=4 (S18, +MINOS) :

→ 2n emission/decay ?
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I Access to extreme N/Z ratios :

l¶ Z=5 (S04, Day-One) :

→ literally exotic structures !

l· Z=4 (S18, +MINOS) :

→ 2n emission/decay ?

ļ Z=1 & Z=0 (S34, +NeuLAND) :

→ multineutron physics !
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Sculpting exotic structures [S04, Orr/Gibelin]
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Sculpting exotic structures [S04, Orr/Gibelin]
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The Boron ‘Matryoshka’
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The Boron ‘Matryoshka’
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Boron 19 : two huge scattering lengths ! [Gibelin]
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17B+n+n : Efimov trimers ? [Hiyama, Lazauskas, Carbonell]

I Efimov effect :

“a scale-invariant 3-body attraction”

� Naidon & Endo, Rep Prog Phys 80, 5 (2017)

→ induced long-range interaction

→ discrete scale invariance

→ Borromean binding (⃝⃝⃝ )
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I Efimov effect :

“a scale-invariant 3-body attraction”

� Naidon & Endo, Rep Prog Phys 80, 5 (2017)

→ induced long-range interaction

→ discrete scale invariance

→ Borromean binding (⃝⃝⃝ )

phys.org : Li-Cs-Cs “exotic giant molecules”

� Pires, PRL 112 (2014) 250404

• Efimov physics :

→ Universality if |as| ≫ r0 ...

→ number of trimers > 1 ...
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I Three-body calculation :

. � Hiyama, PRC 100 (2019) 011603R−20 fm︷ ︷
−100 fm


.

}
=⇒ S2n(

19B)

= 0.14±0.39 MeV
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17B+n+n : Unitary Limit

I Faddeev/GEM : � Hiyama, PRC 100 (2019) 011603R
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4 unbound excited states !
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4 good description @ Unitary Limit !

4 |Ψ(r, R)|2 : molecule-like structure !
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4 19B bound state !

4 unbound excited states !

4 good description @ Unitary Limit !

4 |Ψ(r, R)|2 : molecule-like structure !

8 other bound trimers unlikely (as∼ kfm)

4 only binary inputs (no 3NF) !!!

→ extensible to 20,21B ≡ 17B+3,4n ...
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Boron 20 & 21 : masses & multineutron emission

I Evaluation of mass excess :

Isotope AME12 AME16 Experiment
19B 58.78(40) 59.77(53) 59.77(35)
20B 67.13(70) 68.45(80) 70.27(38)
21B 75.72(90) 77.33(90) 78.38(43)

� Wang, Chinese Phys. C 41 (2017) 030003

• lower by ∼ 3 MeV

• new data (19B, 22C, 23N) improve trends !
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Isotope AME12 AME16 Experiment
19B 58.78(40) 59.77(53) 59.77(35)
20B 67.13(70) 68.45(80) 70.27(38)
21B 75.72(90) 77.33(90) 78.38(43)

� Wang, Chinese Phys. C 41 (2017) 030003

• lower by ∼ 3 MeV

• new data (19B, 22C, 23N) improve trends !

I 21
5B candidate for 2n emitter !

→ first candidate for 4n/6n emitter ???

0

1

2

3

4

5

6

7

E
 [M

eV
]

-5

0

S n 
[M

eV
]

-5

0

14 16 18

N

S 2n
 [M

eV
]

AME12
AME16

Gaudefroy
This work

19B14
20B15

21B16

17B+2n

15B+4n

� Leblond, PRL 121 (2018) 262502

NUSTAR Annual Meeting 2021 / Internet (Planet Earth) / February 25, 2021 “Results on very n-rich nuclei from SAMURAI@RIKEN” / F.M. MARQUES 7 / 17



The exotic limits of exotic nuclei
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I Access to extreme N/Z ratios :

l¶ Z=5 (S04, Day-One) :

→ literally exotic structures !

l· Z=4 (S18, +MINOS) :

→ 2n emission/decay ?
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Discovery of the “dineutron” ?

S2n

11Li

S2n 5H

S2n

Sn

26O& 16Be ?
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Discovery of the “dineutron” ?

S2n

11Li

S2n 5H

S2n

Sn

26O& 16Be ?

· · ·
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Zoom on Beryllium 16 [S18, Kubota/Corsi]

?

14
4Be

17
5B

48
20Ca
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Zoom on Beryllium 16 [S18, Kubota/Corsi]

?

14
4Be

17
5B

48
20Ca

16
4Be?

momenta : spectroscopy (E,Γ, Jπ)

correlations : decay, sequentiality ...
� Corsi, PLB 797 (2019) 134843 : QFS into 13Be

� Kubota, PRL 125 (2020) 252501 : 2n in 11Li
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The new Beryllium 16 [Monteagudo]

� Spyrou, PRL 108 (2012) 102501
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The new Beryllium 16 [Monteagudo]

� Spyrou, PRL 108 (2012) 102501

⇑
*⃝

↙↘

⇑↑
*⃝
↓

⇑
*⃝
↓↓

� FMM, PRL 109 (2012) 239201
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The new Beryllium 16 [Monteagudo]

� Spyrou, PRL 108 (2012) 102501
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Probing the 2n wave function [Monteagudo, Casal]

I Dalitz plot of 2n decay :
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The exotic limits of exotic nuclei
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I Access to extreme N/Z ratios :

l¶ Z=5 (S04, Day-One) :

→ literally exotic structures !

l· Z=4 (S18, +MINOS) :

→ 2n emission/decay ?

ļ Z=1 & Z=0 (S34, +NeuLAND) :

→ multineutron physics !
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Hydrogen 7 & Tetraneutron [S34, FMM/Yang]
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Hydrogen 7 & Tetraneutron [S34, FMM/Yang]
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Z=1,2 N=4 I Ambiguous and/or contradictory signals :

8 low statistics & resolutions

8 backgrounds (targets, binary channels)

8 missing mass : no neutron detection
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Hydrogen 7 & Tetraneutron [S34, FMM/Yang]
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Z=1,2 N=4 I Ambiguous and/or contradictory signals :

8 low statistics & resolutions

8 backgrounds (targets, binary channels)

8 missing mass : no neutron detection

ï 7H & 4n proposal with ε(4n)≫ 0 !
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Hydrogen 7 & Tetraneutron ‘emission’ ?

28
8O
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8O

8
2He
7
1H4

0n

(1)

(2)

8He (p,2p) 7H @ 150 MeV/N :

−→ =⇒


=⇒

{ }

→ 7-body final state !
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(1)

(2)

8He (p,2p) 7H @ 150 MeV/N :

−→ =⇒


=⇒

{ }

→ 7-body final state !

→ FWHM ∼ few MeV

� Kobayashi, HIMAC Report H12 (2000)

� Korsheninnikov, PRL 90 (2003) 082501

� Fortier, EXON Symposium (2006)
� Nikolskii, PRC 81 (2010) 064606

� Caamaño, PRL 99 (2007) 062502
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Hydrogen 7 & Tetraneutron ‘emission’ ?
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(2)

8He (p,2p) 7H @ 150 MeV/N :

−→ =⇒


=⇒

{ }

→ 7-body final state !

→ FWHM ∼ few MeV → 100 keV !

• MINOS liquid H target :

→ high luminosity (statistics)

→ proton angles (resolution)

• DALI NaI crystals :

→ proton energies (efficiency)

• SAMURAI :

→ triton momentum

(resolution & correlations)

• NEBULA+NeuLAND :

→ 3/4 neutron momenta

(efficiency, resolution & correlations)
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Hydrogen 7 & Tetraneutron ‘emission’ ?
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(2)

8He (p,2p) 7H @ 150 MeV/N :

−→ =⇒


=⇒

{ }

→ 7-body final state !

→ FWHM ∼ few MeV → 100 keV !

→ (2p+t+3n) ∼ 150 keV !

• MINOS liquid H target :

→ high luminosity (statistics)

→ proton angles (resolution)

• DALI NaI crystals :

→ proton energies (efficiency)

• SAMURAI :

→ triton momentum

(resolution & correlations)

• NEBULA+NeuLAND :

→ 3/4 neutron momenta

(efficiency, resolution & correlations)

angular correlations → E(4n) !

(2-body PS) (5-body PS)
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Expected results : MC simulations
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VERY PRELIMINARY results [Lenain]
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SAMURAI S34 collaboration (part)
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SAMURAI@RIKEN
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Summary & perspectives
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I Extreme N/Z regime :

• Z=5 : exotic phenomena !

→ Efimov trimers ?

→ 2/4/6n emission ...

• Z=4 : 2n emission from 16Be(s) !

• Z=1 & Z=0 : multineutron physics !

→ definitive location of 7H & 4n ...

→ benchmark for many-neutron models
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EXPAND project (French ANR)

I Expand NEBULA multineutron capabilities :

• France : LPC, IRFU, IPNO

• Japan : TITech, RIKEN

• +90 bars : Commissioning & Day-1 in 2021 (?)
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