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At and beyond the neutron drip-line

https://people.physics.anu.edu.au/~ecs103/chart3d/

4n R ≈10 km

> 1010 yearsτ

๏ Extreme neutron-rich systems


๏ Correlation at low density and loose binding - clustering, halo, skin


๏ Pure 3n, 4n systems - experimental and theoretical quest 


๏ From multi-neutrons to neutron stars
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Marqués EPJP (2021) 136
inter-atomic potential nn-potential

๏ Free nn-interaction is dominated by an attractive S-wave


๏ Large scattering length: ann = -18.9(4) fm


๏ Unbound by ~100 keV


Di-neutron correlations

3



inter-atomic potential nn-potential
๏ Free nn-interaction is dominated by an attractive S-wave


๏ Large scattering length: ann = -18.9(4) fm


๏ Unbound by ~100 keV


๏ Indication of universality of 2n correlations at low-densities (10-4 < ρ/ρ0 < 0.5) 
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QFS knockout of halo neutrons Studying 3-body correlations

Di-neutron correlations
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A. Corsi, Y. Kubota, et al. PLB 840 (2023)
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Modelling multi-neutron systems
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−V0

1 + exp [ ri − Rws

a ]

Woods-Saxon trapChiral EFT

S. Gandolfi et al. PRL 118 (2017)

Independent on 

the trap geometry
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Quantum Monte-Carlo calculations  
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Modelling multi-neutron systems
Woods-Saxon trap

S. Gandolfi et al. PRL 118 (2017)

Vij → α2Vij Vijk → α3Vijk

Scaling interactions

Independent on 

the trap geometry

4n
3n
2n

Quantum Monte-Carlo calculations  
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ℏ
2m

∇2
i + ∑

i<j

Vij + ∑
i<j<k

Vijk + ∑
i

−V0

1 + exp [ ri − Rws

a ]

Hiyama et al. PRC 93 (2016)

Unrealistic attractive T=3/2 3N force 

➡ inconsistent with known light nuclei

Strength of the 3N force 

bound
unbound

Chiral EFT
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All theoretical studies on 3n and 4n seem to agree on:

Contradictory results:

๏ 	Near threshold resonances in 3n and 4n systems


๏ Many-body methods to calculate multi-neutrons


๏ Treatment of the continuum

GFMC method: Pieper PRL 90, 2003 

๏ Dominance of Vnn (1S0)


๏ Negligible contribution of 3N and higher order forces


๏ Independence on the details of the nn interaction


๏ Unrealistic modifications of Vnn to bind 4n


๏ Historical consensus: no bound 3n or 4n

Modelling multi-neutron systems
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๏ Fission of uranium + capture: 14N(4n,n)17N and 27Al(4n,t)28Mg

Schiffer & Vandenbosch, Phys. Lett. 5 (1963)


๏ Activation method by energetic protons 
C. Détraz, Phys. Lett. 66B, 333 (1977) 


๏ Multi-nucleon transfer reactions: e.g. 7Li(7Li,11C)3n, 9Be(9Be,14O)4n  

Cerny et al., Phys. Lett. 53B (1974)


๏ Double-charge-exchange: 4He(π-,π+) 

Ungar et al., Phys. Lett. B 144 (1984)


No convincing evidence for a tetra-neutron 

XX century
Search for tetra-neutron - an ongoing quest

Figure from: F. M. Marqués arXiv:2102.10879 (2021)
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Search for tetra-neutron - an ongoing quest

A few positive signals but low statistics

double-charge exchange @ 186 MeV/u

4 candidates:  

Er=0.8±1.4 MeV, Γ<2.6 MeV Kisamori et al., PRL 116 (2016)

breakup @ 35 MeV/u

6 candidates:

low-energy resonance (Er<2 MeV)

Marqués et al., PRC 65 (2002)

GANIL 2002 RIKEN 2016
XXI century
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SAMURAI19 experiment in RIKEN (Japan)

The Radioactive-Ion Beam Factory
SAMURAI

Primary 18O  
E = 220 MeV/u 

18O

Secondary 8He and 6He 
E ≈156 MeV/u  
I ≈ 150-200 kHz 

Secondary beam PID

8He

6He
11Li

8Li

pileup

pileup

25 mm 
Be target 
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di-neutron reference

6He(p,4He)2n 


QFS reaction p-4He at large CM angle (max t) 

SAMURAI19 experiment in RIKEN (Japan)

tetraneutron

8He(p,4He)4n 


➡  minimize FSI

This experiment

~ 1 𝜇b

p-4He elastic

11



SAMURAI19 experiment in RIKEN (Japan)

E2n,4n = E2
miss − P2

miss −
2,4

∑ mn

Missing 4-momentum:

Pmiss = Pp(tgt) + P8,6He − P4He − Pp(out)

E2n,4n < 0

E2n,4n > 0

- bound

- unbound

di-neutron reference

6He(p,4He)2n 


QFS reaction p-4He at large CM angle (max t) 

tetraneutron

8He(p,4He)4n 


➡  minimize FSI
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4He

proton

8He

neutrons

SAMURAI19 experiment in RIKEN (Japan)

8,6He

@ 156 MeV/u

SAMURAI

50 mm LH2 

(MINOS) 1.25 T

NEBULA / NeuLAND

13



4He

proton

8He

neutrons

SAMURAI19 experiment in RIKEN (Japan)

8,6He

@ 156 MeV/u

SAMURAI

50 mm LH2 

(MINOS) 1.25 T

NEBULA / NeuLAND
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4He

proton

8He

neutrons

SAMURAI19 experiment in RIKEN (Japan)

8,6He

@ 156 MeV/u

SAMURAI

50 mm LH2 

(MINOS) 1.25 T

4n detection impossible

eff (4n) < 1%
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4He

proton

8He

neutrons

SAMURAI19 experiment in RIKEN (Japan)

8,6He

@ 156 MeV/u

SAMURAI

50 mm LH2 

(MINOS)

4He

50 mm LH2

8,6He

proton

SSD trackers

1.25 T

NEBULA / NeuLAND
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Using events with 2 tracks in SSDs
𝜎z = 0.7-1.7 mm

Target vertex reconstruction

LH2 target

SSD trackers
Minimum distance 
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FWHM=134 MeV/c
FWHM=75 MeV/c

CM angles

Laboratory angles

Kinematics of coincident p and 4He

Missing momenta
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Results for 2n 

Low-energy peak ~100 keV

Theory input:


๏ w/o FSI: Halo EFT 3-body (4He+n+n) cluster model


➡ nn interaction in 1S0 wave

➡ nα interactions in s-, p-, d-wave

➡ phenomenological 3-body force


๏ w/ FSI: nn final-state interaction

➡ nn t-matrix approach

Göbel, M. et al. Phys. Rev. C 104, 024001 (2021). 

6He(p,p4He)2n 

M. Duer et al., Nature 606, 678 (2022)

99 events
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Results for 4n 

๏ COSMA: Five-body (4He + 4n) cluster orbital SM approximation 


➡ A source term for the reaction mechanism: structure  of 8He 
➡ Sensitive to the hyper radius of the source 
➡ ρ  = 5.6 fm reproduces experimental 8He radius

8He(p,p4He)4n 

Breit-Wigner

Er = 2.37 ± 0.38(stat.) ± 0.44(sys.) MeV 

Γ = 1.75 ± 0.22(stat.) ± 0.30(sys.) MeV

continuum spectrum w/o FSI 

     ρ = 5.6, 7.3, 8.9 fm   
 

M .V. Zhukov et al. PRC 50 1994

L. V. Grigorenko et al. Eur. Phys. J. A 19 (2004) 


M. Duer et al., Nature 606, 678 (2022)τ = (3.8 ± 0.8) × 10-22 s 


422 events

~40 events
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Results for 4n 

Breit-Wigner

Er = 2.37 ± 0.38(stat.) ± 0.44(sys.) MeV 

Γ = 1.75 ± 0.22(stat.) ± 0.30(sys.) MeV

M. Duer et al., Nature 606, 678 (2022)

total contribution < 3%

Background
contribution of two-step and other processes

~40 events

τ = (3.8 ± 0.8) × 10-22 s 


422 events
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8He(p,p4He)4n 



Results for 4n 

M. Duer et al., Nature 606, 678 (2022)

Breit-Wigner

Er = 2.37 ± 0.38(stat.) ± 0.44(sys.) MeV 

Γ = 1.75 ± 0.22(stat.) ± 0.30(sys.) MeV

~40 events

422 events

τ = (3.8 ± 0.8) × 10-22 s 


Consistency check with one detected neutron in coincidence
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8He(p,p4He)4n 



Results for 4n 

M. Duer et al., Nature 606, 678 (2022)

Breit-Wigner

Er = 2.37 ± 0.38(stat.) ± 0.44(sys.) MeV 

Γ = 1.75 ± 0.22(stat.) ± 0.30(sys.) MeV

Comparison with literature 

~40 events

422 events

τ = (3.8 ± 0.8) × 10-22 s 
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Theoretical interpretations

mean-field n-n-an-nPauli

“…, we propose a natural explanation for the low energy structure:

 it emerges as a consequence of the final state interaction among the 4n and the

 important presence of four neutrons in the periphery of the 8He projectile.”


Laszauskas, Hiyama & Carbonell PRL 130, 102501 (2023) 

2n - 2n FSI correlations?

No resonance with exact continuum treatment! 
(complex-scaled Fadeev-Yakobovsky equations)

Deltuva, PLB 782 (2018) 238–241 

Despite that no observable 4n resonance is predicted, 
matrix elements of transition operators acquire large 
absolute values at low energies
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Summary
๏  (p,pa) reactions with 8,6He beams @ 156 MeV/u to study 2n and 4n systems


๏  2n spectrum benchmark: very good agreement with the theory


๏  4n spectrum: low-lying resonance-like structure at E ≈ 2.4 MeV + continuum


๏  FSI between neutrons drive the 2n and 4n low-energy spectra


๏  4n peak needs further investigations 

๏ Measure correlations between neutrons in the final state (+ invariant mass)


๏ Explore different kinematic ranges of (p,p4He) or different reactions mechanisms, i.e. (p,3He), (p,3p)


๏ Probe larger systems 5n, 6n, etc - multi-neutron program at SAMURAI

Outlook
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Thank you!
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Target vertex
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8He(p,pa)

QFS (p,pa) in other experiments 
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σ = 1.69±0.04 mm σ = 0.71±0.01 mm 

Vertex resolution (empty target)
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proton beam at 174 MeV

Acceptance, resolution
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Identification of protons and 4He behind SAMURAI
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