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Are there any nuclei made only of neutrons?

Dineutron
𝜏~10!""𝑠
Decay into n+n
No bound states
No resonance

n n

Tetra-neutron
𝜏~ ?
Bound ?
Resonance ?

n n
n n

Hexa-neutron
𝜏~ ?
Bound ??
Resonance ??
More stable than 4n?
Never Measured

n n
n nnn

…

Neutron Star
𝜏 = ∞

Bound
RNS?, max(MNS)?
Compositions?
Not yet 
established

Pure-neutron nuclei
(Z=0 element, multi-neutron systems, neutron droplets)

An (A>6)
𝜏~ ?
Bound ??
Resonance ??
New Magicity?
Never Measured
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n nnnnn
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nnn, nnnn interactions
Multi-neutron correlations
Magic numbers of An

Ab-inito Calc.
Lattice QCD

EoS of neutron matter
Neutron star
Universal features of fermionic systems

…
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Multi-neutron system in a nucleus
à Multi-neutron cluster

n n

Unbound
𝑎) = −18.9(4) fm

n n
S=0, T=1

n n n n
n n n n

Dineutron in nuclei? Tetra neutron in nuclei?

A.Gårdestig, J.Phys. G, 
Nucl. Part Phys. 36, 053001 (2009).

A.B.Migdal
Strongly correlated “dineutron” 
on the surface of a nucleus 
Sov.J.Nucl.Phys.238(1973).
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Ø Possible “dineutron” site
2n Halo Nuclei?

9Li

11Li

n

n
S2n=0.37MeV

2n weakly-unbound nuclei?

24O
n

n26O
S2n= -0.018(5) MeV
Y.Kondo, TN et al., PRL116,102503(2016).

TN et al., PRL96, 252502 (2006).
Y. Kubota et al., PRL 125, 252501 (2020).
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Hagino, Sagawa, 

PRC93,034330(2016)

Ø Possible “tetra-neutron” site

24O
28O
Kondo’s talk

n
n

nn

Ø Possible “hexa-neutron” site
4n weakly-unbound nuclei?

n
n

10He

n n
nn

4He

16Be : B Monteagudo et al., PRL 132, 082501 (2024).
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Neutron drops in an external field –ab-initio theory

An

P.Maris J.P.Vary, S.Gandolfi, J.Carlson, S.C.Pieper
PRC87, 054318(2013).

Free neutrons

Ab-initio calculations for 
Neutron drops in an external field

8
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32with 3N(IL7)

with 3N(UIX)
w/o 3N

3n

Quantum Monte-Carlo (QMC) for AV8’
No-Core Full Configuration (NCFC) for JISP16
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Recent Experiments on Tetra-Neutron   
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Tetra-neutron by Breakup
2002 Marquéz (PRC65, 044006 (2002). arXiv:nucl-ex/0504009(2005))

14Be
10Be

4n12C35MeV/nucleon

14Be

10Be

@GANIL

Confirmation should be done in the near future !

6 candidates: low-energy
resonance (𝐸# < 2 MeV)
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Tetra-neutron by Double Charge Exchange
2016 K.Kisamori, S.Shimoura (PRL116, 052501 (2016))

8He

4n
186MeV/nucleon

8Be

@RIBF-SHARAQ

8He

4He
Target

Double Charge Exchange

4He

4He

8He

8Be 4He

4n (E4n=0)

Q=26.37MeV 30.3MeV≈

àMomentum transfer ∆𝒒~0

𝐸01 (MeV)
𝐸01 = 0.83 ± 0.65 𝑠𝑡𝑎𝑡 ± 1.25 𝑠𝑦𝑠𝑡 MeV
Γ < 2.6 MeV(FWHM)



10

Tetra-neutron by Multi-nucleon Transfer
2022 T.Faestermann (PLB824, 136799 (2022))

7Li
7Li

10C

4n

𝐸2(10C + 4𝑛) = 2.93 ± 0.16 MeV
Γ < 0.24 MeV

Width: too narrow to be a resonance
à 10C:1st excited state (Ex=3.354 MeV) 
à𝐸01 = −0.42 ± 0.16 MeV (𝐁𝐨𝐮𝐧𝐝 𝐬𝐭𝐚𝐭𝐞!)

16O(7Li,10C)13B

7Li(7Li,10C)4n

MP Tandem accelerator
@Garching near Munich

46MeV 
(6.5 MeV/nucleon)

𝜏~450 𝑠 (1st forbidden b decay)
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Tetra-neutron by alpha-knockout
2022 M. Duer, SAMURAI collaboration, (Nature 606, 678 (2022))

8He 156MeV/nucleon

p
target

4He

p

4n

Backward scattering à Large momentum transfer ∆𝑞 > 𝑃3
 à Minimize Final State Interactions

In normal kinematics

(p,pa) quasi-free scattering in inverse kinematics



12

SETUP AT SAMURAI

6,8He
156 MeV/u

6,8He

Original Slide by M.Duer

50mm LH2

SSD trackers

4He

4He

proton

proton

neutrons

8He

(slow)

(fast)
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Tetra-neutron at SAMURAI-RIBF

𝐸01 (MeV)
𝐸01 = 2.37 ± 0.38 𝑠𝑡𝑎𝑡 ± 0.44 𝑠𝑦𝑠𝑡 MeV
Γ = 1.75 ± 0.22(𝑠𝑡𝑎𝑡) ± 0.30(𝑠𝑦𝑠𝑡) MeV

Γ (MeV)

𝐸 0
1
(M
eV
)

Nature 606, 678 (2022).

MUNICH
(FAESTERMANN)

SAMURAI(Duer)

SHARAQ(Kisamori)
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8He(p,p a) 4n vs. 4He(8He, 8Be) 4n

𝐸01 (MeV)

8He(p,pa)4n in inv. kinematics   
@SAMURAI-RIBF
M.Duer et al. Nature 2022

4He(8He, 8Be) 4n 
@SHARAQ-RIBF
Kisamori et al., PRL 2016

Nearly Identical Spectra? Why?
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Tetra-neutron: Resonance or?
R.Lazauskas, E.Hiyama, J.Carbonell, Phys. Rev. Lett. 130, 102501(2023). 

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.

Ø Energy spectrum with better E resolution
Ø 4 Neutron coincidence measurements
à4n Decay Scheme 

Next Step
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Remark for 3n,3p K.Miki et al.
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Multi-neutron clusters in 10He*?
11Li(p,2p)10He experiment at SAMURAI-RIBF
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What happens if there are multiple dineutrons?

a

a aHoyle statea+8Be3a
285keV93keV

7.65MeV

12C

triple-dineutron or “6n” ?

alpha-condensation
A.Tohsaki, H.Horiuchi, P.Schuck,G.Ropke,
PRL 87, 192501 (2001). 

4He+6n 6He+4n
8He+2n

12C(0+2)
alpha-cluster

10He
0+

02+

~1.4 MeV

?
n
n

n

nn2.12 MeV0.9 MeV
2+?

n

6n
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11Li(p,2p)10He*    
10He*à8He+2n, 6He+4n,  4He+6n

11Li

p 10He

)C(),( 20PnP
!!

p

~200 MeV/u

)C(),( 20PnP
!!

p

n

n

n
n

4He

n

n
6n

+ tagging 4He,6He,8He, t and nn
at forward detectors

à M(10He),P(10He)

Search for Multi-neutron cluster state  in 10He via 
11Li(p,2p)

9Li(p,2p)8He*    
8He*à6He+2n, 4He+4n
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9,11Li 
200MeV/u

2.9 Tesla 

SAMURAI MAGNET

Experimental Setup

PDC1/2
HODP

FDC24He

6He 
t

8He

Tag recoiled protons in (p,2p)
àMeasure Angle and Energy
àSi Tracker + Total E detector (CsI(Na) Array)

PFAD

We have successfully obtained data in Apr 2024

(CH2)n
Target

NEBULA à
NEBULA-plus

n

n
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Perspectives:
Next Step for pure-neutron nuclei at 
SAMURAI-RIBF
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Missing mass methodàInvariant Mass Method
Missing Mass

𝑃 !He , 𝑃 "He , 𝑃 𝑝 → 𝑀( "𝑛)

Invariant Mass

p

8He
n n

n
4He

n

p

4He

4n

p target

𝑃 !He 𝑃 "He

𝑃 𝑝

𝑃 𝑛#
𝑃 𝑛$

𝑃 𝑛%
𝑃 𝑛"

p

8He
n n

n
4He

n

p

4He

4n

p target

𝑃 𝑛#
𝑃 𝑛$

𝑃 𝑛%
𝑃 𝑛"

😄 No need of neutron detections
😩 Worse mass-resolution: ∆𝑴~ 1MeV
😩 Decay mode cannot be observed

𝑃 𝑛# , 𝑃 𝑛$ ,𝑃 𝑛% ,𝑃 𝑛" → 𝑀( "𝑛)

𝑀 "𝑛 = =
&'#

"

𝐸&

$

− =
&'#

"

𝑃 𝑛&

$

M.Duer Nature 2022

😄Good mass-resolution: ∆𝑬~ 100keV
😄Decay mode can be observed
😩 Need of neutron detection

(Mn>2: it has been nearly impossible)
NEBUAàNEBULA PLUS (Marqués, Orr)+ HIME(TN, Rossi, Duer, Aumann,Knösel)
4n invariant mass exp approved at RIBF: M.Duer, K.Ｍｉｋｉ, T.Aumann, TN et al., 



23

4n,6n experiments at RIBF --Miki,Duer et al. Approved at RIBF--

Slide by M.Duer
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Next Generation Neutron Detectors ~2027

NEOLITH(NEutrOn detector array for muLtI-neutron systems using Tracking tecHnology)

JSPS KAKENHI, Grant-in-Aid for Specially Promoted Science

The figure has been removed as this is an on-going project
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Simulation Results (by Y. Kondo)

ü Compared to the NEBULA-Plus setup, Efficiency is smaller, but 
S/N and Mass resolutions are better by a factor of ~3

ü With high-intense beam such as 6,8He, experiments are feasible

Position resolution(s) ~2mm
Erel resolution(s):  30~50 keV@1MeV

The figures have been removed as this is an on-going project
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Summary
ü Pure Neutron Nuclei (Multi-neutron systems)

Ø 4n, 6n … à 3N, 4N force/correlations à Basis for N-star physics
àUnique Neutral Fermionic Systems

ü Mutli-neutron clusters What happens when pure-neutron nuclei in a nucleus
ü Recent Tetra Neutron Experiments

Ø Four experiments: Breakup/DCX/a knockout/multi-nucleon transfer
Ø 8He(p,pa)4n reaction in inverse kinematics at SAMURAI at RIBF

àResonance-like structure (~40 events) at 𝐸 = 2.37 ± 0.38(𝑠𝑡𝑎𝑡. ) ± 0.44 𝑠𝑦𝑠. MeV
M.Duer et al., Nature 606, 678 (2022).

Ø 8He(p,pa)4n & 4He(8He,8Be)4n provides similar spectra
Ø 3n by K.Miki

ü Multi-neutron clusters in highly exited 8He/10He? à RIBF experiment 9,11Li(p,2p)8,10He

Perspectives
Ø Missing Mass à Invariant mass spectroscopy for 4n, 6n
Ø 4n Invariant mass with TOGAXI+HIME+NEBULAPLUS  ~2025
Ø NEOLITH (Next generation neutron detector array) 4n,6n Invariant mass ~2028
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Collaboration of tetra-neutron at SAMURAI
M.Duer et al., Nature 606, 678 (2022)
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SAMURAI47 Collaboration (11Li(p,2p)10He*)
T.Matsui, Y.Satou, Y.Kondo, T.Nakamura, R.Takahashi, S.Ishiguro, Y.Osawa, T.Ikeda, Y.Makimura

A.I. Stefanescu, M.Enciu, A. Obertelli, C.Xanthopoulou, N.Mozumdar
A. Matta, F. Flavigny, N.A. Orr, J.Gibelin, F. Delaunay, N.L. Achouri, F.M. Marqués, A. Audrey, E.Oliveira
H.Otsu, T. Isobe, Y. Kubota, M. Sasano, Y. Togano, H. Baba, S. Koyama, P. Doornenbal, T.Pohl, J.Lemarie, 
K.Kokubun, M.L.Cortés, T.Kubo, Y.Li, H.Wang, Y.Gao, A. Kasagi, W.Z. Xu

T. Kobayashi, K.Miki
D. Beaumel, S.Franchoo, O.Nasr, M.Kaci
H.N. Liu, Y.L.Lu, C.L.Hao, Y.N. Yang 
L.Stuhl, S.Kim, K.I.Hahn, Z. Korkulu

L.Trache, A.E. Spiridon, D.Tudor

Y.Nakajima, Y.Mizuno

A.Revel

S.Terashima, P.J.Li

S.W. Huang

K.Yasumura, A.Yamazaki. Y.Matsuda
S. Sakai, T.Tada

Tokyo Inst. of Technology
Technische Universität Darmstadt

LPC, CAEN

RIKEN
Tohoku Univ.

IJC Lab
Beijing Normal U.

IBS
IMP-CAS

IFIN-HH
MSU-FRIB

Univ. of Tokyo
Konan U.

Peking U.

Okayama U.R.Akutsu KEK


