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Method: Population of final states with neutrons using reactions with high-energy neutron-rich beams beams  
              Main reaction used: quasi-free scattering: (p,2p), (p,3p), (p,p ) 

- Multi-neutron correlations in the presence of one charged particle/fragment 

- Pure neutron systems (no low-energy Final-State Interaction with remaining charged fragments) 

Data discussed here were taken at the RIBF at RIKEN 
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Physics Programs based on QFS
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• Single-particle / Shell structure: spectroscopy 
• States beyond the drip-lines 
• Nucleon-Nucleon short-range correlations 
• Cluster structure of nuclei 
• Fission studies, dynamics, fission barriers
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Fig. 2 | Decay energy spectra and decay scheme. a) Five-body decay energy (E01234) spectrum for 24O+4n events. The red-solid histogram
shows the best-fit result taking into account the experimental response function. The dotted histogram shows the contribution arising from
residual crosstalk that survives the rejection procedures (see Methods). b) Four-body decay energy (E0123) spectrum for 24O+3n events. c)
Same as b, but gated by the partial decay energy E012 < 0.08 MeV. The red-dashed histograms represent the contributions from 28O and
27O events, and the red-solid histogram shows the sum. d) Definition of the partial decay energies. e) Decay scheme of the unbound oxygen
isotopes. The newly observed resonances and their decays are shown in red.

constructed based on �EFT (see Methods). Since the calcu-256

lations employ a model space which includes the p f shell257

orbitals, the disappearance of the N = 20 shell closure can258

be naturally described. The EEdf3 interaction is a modified259

version of EEdf130,31, which predicts correctly, not only the260

neutron dripline at F, Ne and Na but also the low-lying 29F261

excited state17 and the appreciable occupancy of the neutron262

2p3/2 orbital3,18. The EEdf3 interaction, which includes the263

e↵ects of the EFT three-nucleon forces41, provides a reason-264

able description of the trends in the masses of the oxygen iso-265

topes. However, as may be seen in Fig. 3 it predicts somewhat266

higher 27,28O energies (⇠1 MeV) than found in the experi-267

ment. The calculated sum of the occupation number in the268

neutron p f shell orbitals is 2.5(1.4) for 28O (27O) and for the269

1d3/2 orbital 2.0 (2.1), results which clearly suggest the break-270

ing of the N = 20 shell closure. It is worthwhile noting that271

a much higher 28O energy – 11 MeV – is predicted if the p f272

shell orbitals are not included in the model space. The EEdf3273

calculations thus explain the low-lying nature of the ground274

state of 28O as arising from configurations dominated by neu-275

trons excited into the p f -shell orbitals as expected for nuclei276

in the IoI. This interpretation is supported by the measured277

cross section as discussed below.278

First-principle calculations were performed using the279

coupled-cluster (CC) method guided by history matching280

(HM)42–44 to explore the parameter space of the 17 low-281

energy constants (LECs) in the �EFT description of the two-282

and three-nucleon interactions. HM identifies the region of283

parameter space for which the CC method generates non-284

implausible results (see Methods). Emulators were employed,285

trained by CC results for nuclei up to 24O, which are sev-286

eral orders of magnitude faster to evaluate than the exact287

CC method. A large set of non-implausible values were288

found for the LECs and a normal likelihood measure was289

constructed to sample the Bayesian posterior probability den-290

sity for the LECs with a Markov-chain Monte Carlo algo-291

rithm initialized at the non-implausible set provided by the292

HM process. This posterior was updated using the known293

ground-state energy of the odd-even isotope 25O (ref.4) rel-294

ative to 24O. A reliable low-statistic sample of 121 di↵er-295

ent LEC parameterizations was extracted for which the CC296

posterior predictive distribution (ppd) was computed for the297

ground-state energies of 27,28O, which are shown in Fig. 3.298

It should be noted that the predicted 27,28O energies are cor-299

related, as is clearly seen in the plot of energy distributions300

displayed in Extended Data Fig. 5. From this, the median val-301

ues and 68% credible regions were obtianed for the 27O–28O302

and 28O–24O energy di↵erences: �E(27,28O)=0.11�0.39
+0.36 MeV303

and �E(28,24O)=2.1�1.3
+1.2 MeV. The experimental data point,304

located at the edge of the 68% credible region, is consistent305

with the CC ppd. However, it is far enough away from the306

28O ground state

21.04.2020  |  BM@N Collaboration Meeting  |  J. Kahlbow  |  21

Results: missing-mass spectra 
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6He(p,p4He)2n
8He(p,p4He)4n

8He(p,p4He)4n

confirms the expected dineutron 
   low-energy peak ~100 keV

resonance like-structure: 
Er = 2.37±0.38(stat.)±0.44(sys.) MeV, 
Γ = 1.75±0.22(stat.)±0.30(sys.) MeV

10/14
MD et al., Nature 606, 678 (2022)

Tetra Neutron
Quasi-free knockout reactions 

(p,2p), (p, pn), (p,2pn), (p, pα), (p,2p)fission, . .

QFS 
region

238U(p,2p)237Pa
no fission 

238U(p,2p)237Pa
+ fission

non QFS 
region

AMS+LH2 for the study of fission barrier via QFS reactions

QFS 
region

238U(p,2p)237Pa
no fission 

238U(p,2p)237Pa
+ fission

non QFS 
region

AMS+LH2 for the study of fission barrier via QFS reactions

Advantages of using QFS reactions: 

• thick liquid hydrogen targets can be used with vertex- 
tracking to keep the resolution 

• measurement of scattered particles + final state in 
forward direction (fragment(s) including possible decays) 

 almost background-free selection of reaction channel→
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Correlations in the three-neutron decay of 7He*
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FIG. 1. Schematic view of the experimental setup. The incident
8He beam was tracked by two drift chambers (BDC1, BDC2) onto
the liquid hydrogen target system (MINOS). Recoil protons from
the (p, pn) reaction were tracked using a cylindrical time projection
chamber surrounding the target, and their energies were measured
by an array of 36 NaI(Tl) crystals. The charged fragments 4He
(6He) were momentum analyzed using the SAMURAI spectrometer
and two drift chambers (FDC0, FDC2), and detected in a plastic
scintillator array (HODO). The forward-going beam-velocity neu-
trons were detected by the multielement NeuLAND (single-wall) and
NEBULA (two separated walls) plastic scintillator arrays, located
approximately 11 and 14 m downstream of the target, respectively.

of forward-going neutrons were determined from their time-
of-flight (σ ≈ 160 ps) and hit positions measured by the
NeuLAND [80] and NEBULA [81] plastic scintillator arrays.
The combination of these two arrays (with a total thickness
of 88 cm) improved significantly the multineutron detection
efficiency, enabling the direct detection of three beam-velocity
neutrons. Crosstalks—neutrons scattered within and detected
more than once in the neutron arrays—were eliminated in
the offline analysis using a rejection algorithm specifically
developed for the present three-wall configuration [82,83].

The relative energies of the 6He +n, 4He +2n, and
4He +3n decay channels were reconstructed from the mo-
menta of the He fragments and the coincident decay neutrons
using the invariant-mass method. The 1n, 2n, and 3n effi-
ciencies varied smoothly with the relative energy (Fig. S1
in the Supplemental Material [84]), reaching some 40%,
14%, and 3%, respectively, at 1 MeV. The relative-energy
spectra were fit using Breit-Wigner (BW) line shapes with
energy-dependent widths for the resonances and a nonreso-
nant contribution (arising from the nonresonant continuum
and, for the 4He +2n channel, uncorrelated neutrons from the
decay of 7He to 6He∗) estimated using a simulation of the
noninteracting AHe +xn system [87]. All line shapes were
input into a GEANT4 simulation of the complete setup, which
incorporated the geometrical acceptances, efficiencies, and
resolutions of the individual detectors, as well as the char-
acteristics of the 8He beam, target, and reaction effects. The
simulated data were then analyzed in the same manner as the
experimental data, including the crosstalk rejection. As such,
the residual crosstalk contamination was included in the simu-
lated spectra and was estimated to be ∼2% for the 2n channel
and ∼7% for the 3n channel. The uncertainties reported below
include both statistical and systematic components, with the
latter evaluated by varying the fit range, parameters of the
crosstalk rejection algorithm, and potential fragment-neutron
momentum misalignments.

Nonresonant

FIG. 2. Relative-energy spectra for (a) 6He +n and (b) 4He +2n
events. The red line shows the best fit (see text). The vertical error
bars are statistical only.

One- and two-neutron channels. The 6He +n relative-
energy spectrum [Fig. 2(a)] exhibits a single narrow structure
near threshold, corresponding to the well-known 7He g.s.
[44]. The resolution (FWHM), determined from simulations,
varies as ∼0.16E0.57

6He−n MeV, and is 110 keV at E6He−n= 0.5
MeV. The spectrum is well described by a single ℓ = 1 BW
resonance with an energy of Er = 379(2) keV and a width of
#r = 137(10) keV, in agreement with previous measurements
of proton-induced neutron knockout from 8He, albeit with
a narrower width [45,46]. The high statistics and broad ac-
ceptance of this measurement have allowed us to rule out
the population of any higher-lying resonances in this decay
channel with a bin-by-bin significance well below 1σ (details
in Ref. [84]).

The α + 2n spectrum [Fig. 2(b)] exhibits a narrow peak at
∼0.8 MeV above threshold, corresponding to the well-known
2+

1 state of 6He [44]. The resolution varies as ∼0.17E0.56
α2n MeV

and is 150 keV at Eα2n = 0.8 MeV. The spectrum was fit
up to 3 MeV using a combination of a BW resonance1 and
the nonresonant component described above. The red solid
line shows the best fit, with Er = 823(6) keV and #r =
228(29) keV, in agreement with the known energy but with
a broader width.

Three-neutron channel. The 4He +3n relative-energy spec-
trum (Fig. 3) exhibits a broad structure peaking at ∼1.5 MeV.
The resolution varies as ∼0.19E0.6

α3n MeV. The spectrum was
fit up to 5 MeV using a BW resonance,2 resulting in best-fit
parameters of Er = 2.08(4) MeV and #r = 3.9(2) MeV. The
simulations employed to produce the line shapes for the fitting
incorporated the sequential decay process that characterizes
this structure (see below). We note that any nonresonant con-
tribution was found to be negligible. The energy and width
found here are in line with, but considerably more precise
than, those found in earlier p(8He, d) experiments [48,57].
By comparing the yields of the 6He +n and 4He +3n channels
in the energy range of the present structure, we estimate any
potential branching ratio to the 6He +n channel to be less than
0.1%.

1 dσ
dEα2n

∝ #(Eα2n )
(Er−Eα2n )2+[#(Eα2n )/2]2 , with #(Eα2n) = #r
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(Er−Eα3n )2+[#(Eα3n )/2]2 , with #(Eα3n) = #r

√
Eα3n√
Er

.

L022003-3

DIRECT OBSERVATION OF THREE-NEUTRON EMISSION … PHYSICAL REVIEW RESEARCH 8, L022003 (2026)

FIG. 1. Schematic view of the experimental setup. The incident
8He beam was tracked by two drift chambers (BDC1, BDC2) onto
the liquid hydrogen target system (MINOS). Recoil protons from
the (p, pn) reaction were tracked using a cylindrical time projection
chamber surrounding the target, and their energies were measured
by an array of 36 NaI(Tl) crystals. The charged fragments 4He
(6He) were momentum analyzed using the SAMURAI spectrometer
and two drift chambers (FDC0, FDC2), and detected in a plastic
scintillator array (HODO). The forward-going beam-velocity neu-
trons were detected by the multielement NeuLAND (single-wall) and
NEBULA (two separated walls) plastic scintillator arrays, located
approximately 11 and 14 m downstream of the target, respectively.

of forward-going neutrons were determined from their time-
of-flight (σ ≈ 160 ps) and hit positions measured by the
NeuLAND [80] and NEBULA [81] plastic scintillator arrays.
The combination of these two arrays (with a total thickness
of 88 cm) improved significantly the multineutron detection
efficiency, enabling the direct detection of three beam-velocity
neutrons. Crosstalks—neutrons scattered within and detected
more than once in the neutron arrays—were eliminated in
the offline analysis using a rejection algorithm specifically
developed for the present three-wall configuration [82,83].

The relative energies of the 6He +n, 4He +2n, and
4He +3n decay channels were reconstructed from the mo-
menta of the He fragments and the coincident decay neutrons
using the invariant-mass method. The 1n, 2n, and 3n effi-
ciencies varied smoothly with the relative energy (Fig. S1
in the Supplemental Material [84]), reaching some 40%,
14%, and 3%, respectively, at 1 MeV. The relative-energy
spectra were fit using Breit-Wigner (BW) line shapes with
energy-dependent widths for the resonances and a nonreso-
nant contribution (arising from the nonresonant continuum
and, for the 4He +2n channel, uncorrelated neutrons from the
decay of 7He to 6He∗) estimated using a simulation of the
noninteracting AHe +xn system [87]. All line shapes were
input into a GEANT4 simulation of the complete setup, which
incorporated the geometrical acceptances, efficiencies, and
resolutions of the individual detectors, as well as the char-
acteristics of the 8He beam, target, and reaction effects. The
simulated data were then analyzed in the same manner as the
experimental data, including the crosstalk rejection. As such,
the residual crosstalk contamination was included in the simu-
lated spectra and was estimated to be ∼2% for the 2n channel
and ∼7% for the 3n channel. The uncertainties reported below
include both statistical and systematic components, with the
latter evaluated by varying the fit range, parameters of the
crosstalk rejection algorithm, and potential fragment-neutron
momentum misalignments.

Nonresonant

FIG. 2. Relative-energy spectra for (a) 6He +n and (b) 4He +2n
events. The red line shows the best fit (see text). The vertical error
bars are statistical only.

One- and two-neutron channels. The 6He +n relative-
energy spectrum [Fig. 2(a)] exhibits a single narrow structure
near threshold, corresponding to the well-known 7He g.s.
[44]. The resolution (FWHM), determined from simulations,
varies as ∼0.16E0.57

6He−n MeV, and is 110 keV at E6He−n= 0.5
MeV. The spectrum is well described by a single ℓ = 1 BW
resonance with an energy of Er = 379(2) keV and a width of
#r = 137(10) keV, in agreement with previous measurements
of proton-induced neutron knockout from 8He, albeit with
a narrower width [45,46]. The high statistics and broad ac-
ceptance of this measurement have allowed us to rule out
the population of any higher-lying resonances in this decay
channel with a bin-by-bin significance well below 1σ (details
in Ref. [84]).

The α + 2n spectrum [Fig. 2(b)] exhibits a narrow peak at
∼0.8 MeV above threshold, corresponding to the well-known
2+

1 state of 6He [44]. The resolution varies as ∼0.17E0.56
α2n MeV

and is 150 keV at Eα2n = 0.8 MeV. The spectrum was fit
up to 3 MeV using a combination of a BW resonance1 and
the nonresonant component described above. The red solid
line shows the best fit, with Er = 823(6) keV and #r =
228(29) keV, in agreement with the known energy but with
a broader width.

Three-neutron channel. The 4He +3n relative-energy spec-
trum (Fig. 3) exhibits a broad structure peaking at ∼1.5 MeV.
The resolution varies as ∼0.19E0.6

α3n MeV. The spectrum was
fit up to 5 MeV using a BW resonance,2 resulting in best-fit
parameters of Er = 2.08(4) MeV and #r = 3.9(2) MeV. The
simulations employed to produce the line shapes for the fitting
incorporated the sequential decay process that characterizes
this structure (see below). We note that any nonresonant con-
tribution was found to be negligible. The energy and width
found here are in line with, but considerably more precise
than, those found in earlier p(8He, d) experiments [48,57].
By comparing the yields of the 6He +n and 4He +3n channels
in the energy range of the present structure, we estimate any
potential branching ratio to the 6He +n channel to be less than
0.1%.
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FIG. 1. Schematic view of the experimental setup. The incident
8He beam was tracked by two drift chambers (BDC1, BDC2) onto
the liquid hydrogen target system (MINOS). Recoil protons from
the (p, pn) reaction were tracked using a cylindrical time projection
chamber surrounding the target, and their energies were measured
by an array of 36 NaI(Tl) crystals. The charged fragments 4He
(6He) were momentum analyzed using the SAMURAI spectrometer
and two drift chambers (FDC0, FDC2), and detected in a plastic
scintillator array (HODO). The forward-going beam-velocity neu-
trons were detected by the multielement NeuLAND (single-wall) and
NEBULA (two separated walls) plastic scintillator arrays, located
approximately 11 and 14 m downstream of the target, respectively.

of forward-going neutrons were determined from their time-
of-flight (σ ≈ 160 ps) and hit positions measured by the
NeuLAND [80] and NEBULA [81] plastic scintillator arrays.
The combination of these two arrays (with a total thickness
of 88 cm) improved significantly the multineutron detection
efficiency, enabling the direct detection of three beam-velocity
neutrons. Crosstalks—neutrons scattered within and detected
more than once in the neutron arrays—were eliminated in
the offline analysis using a rejection algorithm specifically
developed for the present three-wall configuration [82,83].

The relative energies of the 6He +n, 4He +2n, and
4He +3n decay channels were reconstructed from the mo-
menta of the He fragments and the coincident decay neutrons
using the invariant-mass method. The 1n, 2n, and 3n effi-
ciencies varied smoothly with the relative energy (Fig. S1
in the Supplemental Material [84]), reaching some 40%,
14%, and 3%, respectively, at 1 MeV. The relative-energy
spectra were fit using Breit-Wigner (BW) line shapes with
energy-dependent widths for the resonances and a nonreso-
nant contribution (arising from the nonresonant continuum
and, for the 4He +2n channel, uncorrelated neutrons from the
decay of 7He to 6He∗) estimated using a simulation of the
noninteracting AHe +xn system [87]. All line shapes were
input into a GEANT4 simulation of the complete setup, which
incorporated the geometrical acceptances, efficiencies, and
resolutions of the individual detectors, as well as the char-
acteristics of the 8He beam, target, and reaction effects. The
simulated data were then analyzed in the same manner as the
experimental data, including the crosstalk rejection. As such,
the residual crosstalk contamination was included in the simu-
lated spectra and was estimated to be ∼2% for the 2n channel
and ∼7% for the 3n channel. The uncertainties reported below
include both statistical and systematic components, with the
latter evaluated by varying the fit range, parameters of the
crosstalk rejection algorithm, and potential fragment-neutron
momentum misalignments.

Nonresonant

FIG. 2. Relative-energy spectra for (a) 6He +n and (b) 4He +2n
events. The red line shows the best fit (see text). The vertical error
bars are statistical only.

One- and two-neutron channels. The 6He +n relative-
energy spectrum [Fig. 2(a)] exhibits a single narrow structure
near threshold, corresponding to the well-known 7He g.s.
[44]. The resolution (FWHM), determined from simulations,
varies as ∼0.16E0.57

6He−n MeV, and is 110 keV at E6He−n= 0.5
MeV. The spectrum is well described by a single ℓ = 1 BW
resonance with an energy of Er = 379(2) keV and a width of
#r = 137(10) keV, in agreement with previous measurements
of proton-induced neutron knockout from 8He, albeit with
a narrower width [45,46]. The high statistics and broad ac-
ceptance of this measurement have allowed us to rule out
the population of any higher-lying resonances in this decay
channel with a bin-by-bin significance well below 1σ (details
in Ref. [84]).

The α + 2n spectrum [Fig. 2(b)] exhibits a narrow peak at
∼0.8 MeV above threshold, corresponding to the well-known
2+

1 state of 6He [44]. The resolution varies as ∼0.17E0.56
α2n MeV

and is 150 keV at Eα2n = 0.8 MeV. The spectrum was fit
up to 3 MeV using a combination of a BW resonance1 and
the nonresonant component described above. The red solid
line shows the best fit, with Er = 823(6) keV and #r =
228(29) keV, in agreement with the known energy but with
a broader width.

Three-neutron channel. The 4He +3n relative-energy spec-
trum (Fig. 3) exhibits a broad structure peaking at ∼1.5 MeV.
The resolution varies as ∼0.19E0.6

α3n MeV. The spectrum was
fit up to 5 MeV using a BW resonance,2 resulting in best-fit
parameters of Er = 2.08(4) MeV and #r = 3.9(2) MeV. The
simulations employed to produce the line shapes for the fitting
incorporated the sequential decay process that characterizes
this structure (see below). We note that any nonresonant con-
tribution was found to be negligible. The energy and width
found here are in line with, but considerably more precise
than, those found in earlier p(8He, d) experiments [48,57].
By comparing the yields of the 6He +n and 4He +3n channels
in the energy range of the present structure, we estimate any
potential branching ratio to the 6He +n channel to be less than
0.1%.
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FIG. 3. Relative-energy (Eα3n) spectrum for 4He +3n events. The
red solid line shows the best fit up to 5 MeV using a BW line shape
(see text). The inset shows the transverse momentum distribution
(PX ) of the knocked-out neutron for 7He g.s. [E6He∗ −n < 1 MeV in
Fig. 2(a)] and for the present 7He∗ structure (1 < Eα3n < 5 MeV)
normalized to the total number of events, with Gaussian fits to the
central region to guide the eye. The resolution in PX (FWHM = 38
MeV/c) is also shown for comparison (dashed line). The vertical
error bars are statistical only.

The low-lying states of 7He are expected, based on simple
considerations and supported by sophisticated structure model
calculations (Table S1 in the Supplemental Material [84]), to
arise from a p-shell neutron coupled to the g.s. or 2+

1 states of
6He. Given that the 8He g.s. is dominated by a closed neutron
(p3/2)4 configuration [57], the most strongly populated level
here is, as observed, the 7He(3/2−

1 ) g.s. The predicted 1/2−

first excited state could, in principle, be populated through
neutron removal from the expected small (p3/2)2(p1/2)2 con-
figuration, but its strength should be weak, consistent with the
lack of any clear signature here for such a state in the 6He +n
channel.

As such, the structure observed here at higher energy
[Ex = 2.68(4) MeV] in the 4He +3n channel likely arises
from either or both of the predicted 3/2−

2 and 5/2−
1 levels

(Table S1 in the Supplemental Material [84]). The first re-
port of such a structure [48] preferred a 5/2−

1 assignment,
based on the absence of 3/2−

2 built on 6He∗(2+) in RRGM
calculations [69]. Subsequent modeling, including those in
Table S1 in the Supplemental Material [84], indicates that
the exclusion of 3/2−

2 was premature. In the current mea-
surement, the momentum distribution for this structure is
identical to that for the 7He g.s. (Fig. 3, inset), indicating
its production via p-shell neutron knockout. The structure of
5/2−

1 (Table S1 in the Supplemental Material [84]) implies
that it can only be produced in a two-step process requiring
excitation of the 6He core to its 2+

1 state, while 3/2−
2 can be

produced directly via the small 6He(0+) ⊗ p3/2 admixture. In
this context, we note that, excluding the CSM calculations
[64], the ratio of the predicted spectroscopic strengths for the
6He(0+) ⊗ p3/2 configuration of the 3/2−

1,2 states is similar to
the ratio of their measured efficiency-corrected yields (∼10).
As such, we conclude that the structure observed here arises

predominately from 3/2−
2 with a small contribution from 5/2−

1
possible.

To further support these arguments, Table S1 in the Sup-
plemental Material [84] includes GSM calculations [88–91]
performed for the present study. These calculations incorpo-
rate a 4He core and include all partial waves up to l= 3
for the three valence neutrons. The interactions are adopted
from Ref. [68], which employs a Woods-Saxon potential
with a spin-orbit term for the core-n one-body interaction
and the Furutani-Horiuchi-Tamagaki (FHT) n-n interaction
[92,93]. These calculations predict a 5/2−

1 level with Ex =
2.73 MeV and 3/2−

2 with Ex = 3.37 MeV, both resonances
being rather broad (" ∼ 2−2.5 MeV) and built predominately
on the 6He(2+) ⊗ p1/2 configuration, with the latter also ex-
hibiting a small 6He(0+) ⊗ p3/2 admixture.

The three-neutron system. Turning to the 3n system itself,
Fig. 4(a) shows for the first time an E3n spectrum recon-
structed from the invariant mass of three neutrons for 4He +3n
events with Eα3n < 5 MeV. Prior to detailed discussion of pos-
sible 3n correlations, it is worth examining the relative energy
of the 4He +2n subsystem reconstructed from the 4He +3n
events [Fig. 4(b)], i.e., including all three possible 4He +2n
combinations. The narrow peak at Eα2n ∼ 0.8 MeV, charac-
teristic of 6He∗(2+

1 ), is clearly observed, but superimposed on
a much broader component. This suggests that the 3n decay
is sequential, as in this process one of the three 4He +2n
combinations corresponds to the feeding of 6He∗(2+

1 ) while
the other two, in which one neutron arises from the decay of
7He∗ to 6He∗(2+

1 ), result in the broader component.
In the following, we compare the relative-energy spectra to

four representative decay scenarios using complete GEANT4
simulations described above, each using as input the experi-
mental Eα3n spectrum shown in Fig. 3. All the simulations are
normalized according to the total number of events.

(1) “Four-body PS” (orange dashed line): where the decay
of 7He∗ into 4He +3n is governed by four-body phase space
(PS) without any 4He -n or n-n final state interactions (FSI).

(2) “Trineutron”: where the decay is initially two-body
into 4He +3n, using the trineutron resonance parameters pre-
dicted by NCGSM [12] (green solid line, E3n = 1.3 MeV and
"3n = 0.9 MeV). The 3n then undergoes three-body PS decay
without any 4He -n or n-n FSI. For comparison, the “Broad
Trineutron” case is also considered (green dashed line), with
trineutron resonance parameters obtained from a fit to the
experimental E3n spectrum.

(3) “Sequential” (blue dash-dotted line): where the first
step is a two-body decay into 6He∗(2+

1 ) + n, using the
6He∗(2+

1 ) resonance parameters obtained above. The subse-
quent decay of 6He∗(2+

1 ) into 4He +2n is modeled as a pure
three-body PS process, without any 4He -n or n-n FSI.

(4) “Sequential-nn” (red solid line): the “Sequential” sce-
nario with the addition of the effects of the n-n interaction in
the decay of 6He∗(2+

1 ), included as the emission of the neutron
pair in an s-wave virtual state [94] (as = −18.7 fm [95]).
No 4He -n FSI is included. Such a scenario is consistent with
the strong n-n correlations exhibited by the 4He +2n events
(Fig. S3 in the Supplemental Material [84]).

The E3n spectrum [Fig. 4(a)], which exhibits a broad struc-
ture peaking at around 1 MeV, is well described by all the
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7He*  + 3n→ α

7He(g.s.) 6He(2+)

• Experiment was performed at the RIBF at the RIKEN  
Nishina Center using the SAMURAI facility 

• 18O beam (220 MeV/u) -> BigRIPS -> 8He (156 MeV/u) 
• Reaction 8He(p,pn)7He in a thick (15 cm) LH2 target (MINOS)

Res. (FWHM): 
~100 keV
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FIG. 4. Relative-energy spectra for 4He +3n events with Eα3n <

5 MeV: (a) 3n energy E3n; (b) energy, Eα2n, of the 4He +2n sub-
system for the 4He +3n events; and (c) normalized 3n energy ε3n =
E3n/Eα3n. The lines correspond to simulations of different decay
scenarios (see text). The inset of panel (a) shows the E3n spectrum
for events with 5 MeV < Eα3n < 8 MeV. The vertical error bars are
statistical only.

scenarios except “Trineutron,” which, as expected, is much
narrower, reflecting the relatively narrow intrinsic width of the
predicted resonance [12]. This difference is further amplified
when events from the high-energy tail of 7He∗ (5 MeV <

Eα3n < 8 MeV) are considered, as shown in the inset of
Fig. 4(a). We also note that other trineutron resonance param-
eters (E3n = 0.35 MeV and #3n = 0.7 MeV; E3n = 0.5 MeV
and #3n = 1 MeV) predicted by NCSM [15] yield similarly
narrow E3n distributions, with peaks even closer to the thresh-
old.

Clearly, the Eα2n spectrum of the 4He +2n subsystem
[Fig. 4(b)] is only consistent with the two sequential decay
scenarios. Direct emission of the three neutrons, either via
four-body phase space or as a trineutron resonance, cannot
reproduce the prominent peak at Eα2n ≈ 0.8 MeV, which
arises from decay via 6He∗(2+

1 ). For “Trineutron,” while bet-
ter agreement with the E3n spectrum can be achieved by
broadening the assumed trineutron resonance in the simula-
tion (“Broad Trineutron” shown as the green dashed line in
Fig. 4), it remains impossible to reproduce the very peaked
distribution that characterizes the Eα2n spectrum nor can the
ε3n (see below) spectrum be described. We have also verified
that the sequential decay via the 5He g.s. resonance does not
play a measurable role and, indeed, no evidence is seen for
its formation (Fig. S3 in the Supplemental Material [84]).
The 3n decay of the 7He∗ structure observed here is thus
predominantly sequential via 6He∗(2+

1 ).
Regarding the two sequential scenarios, the shape of the

E3n spectrum [Fig. 4(a)] is better reproduced by including the
n-n interaction (“Sequential-nn”) that shifts the distribution
slightly toward lower energies.

In Fig. 4(c), we display the normalized 3n energy ε3n =
E3n/Eα3n, defined as the ratio of the 3n energy to the total
energy. This variable rescales the 3n energy spectrum to a
normalized range from 0 to 1 and, as shown, is more sensitive
to the different scenarios. Again, the sequential scenario incor-
porating the n-n interaction (“Sequential-nn”) in the 6He∗(2+

1 )
decay provides the best description.

Finally, we performed a χ2 fit to the Eα2n spectrum using
a combination of “Sequential-nn” and “Trineutron” in order
to set an upper limit for the latter, yielding 0.8% at the 1σ
level. If we consider a broader trineutron resonance (“Broad
Trineutron”: E3n = 3 MeV and #3n = 5 MeV) that matches
more closely the E3n spectrum of Fig. 4(a), an upper limit of
1.6% can be set. Note that a further increase in the resonance
width, such as the broad 3n structure reported recently in a
measurement of the 3H(t, 3H)3n reaction (#3n ≈ 15 MeV)
[16], leads to an even smaller upper limit.

It is therefore concluded that the 3n emission from the 7He∗

structure observed here is consistent with a purely sequential
process via 6He∗(2+

1 ). In addition, no evidence is found for
a narrow, relatively low-lying trineutron resonance such as
that predicted [10,12,15]. While significant two-body neutron
correlations are observed in the decay of 6He∗(2+

1 ), similar
to those observed in the dissociation of 6He [96] and in the
3H(π−, γ )3n reaction [17], no evidence is found for any sig-
nificant 3n correlations.

Conclusions. In summary, 3n emission from 7He has been
directly measured for the first time. A prominent resonance-
like structure lying 2.08(4) MeV above the 4He +3n threshold
with a width of 3.9(2) MeV was observed. Based on the
momentum distribution of the knocked-out neutron and com-
parison with state-of-the-art structure model calculations, it
was attributed to arising predominately from the predicted
3/2−

2 excited state of 7He with a possible small admixture
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four-body phase space or as a trineutron resonance, cannot
reproduce the prominent peak at Eα2n ≈ 0.8 MeV, which
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porating the n-n interaction (“Sequential-nn”) in the 6He∗(2+
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decay provides the best description.

Finally, we performed a χ2 fit to the Eα2n spectrum using
a combination of “Sequential-nn” and “Trineutron” in order
to set an upper limit for the latter, yielding 0.8% at the 1σ
level. If we consider a broader trineutron resonance (“Broad
Trineutron”: E3n = 3 MeV and #3n = 5 MeV) that matches
more closely the E3n spectrum of Fig. 4(a), an upper limit of
1.6% can be set. Note that a further increase in the resonance
width, such as the broad 3n structure reported recently in a
measurement of the 3H(t, 3H)3n reaction (#3n ≈ 15 MeV)
[16], leads to an even smaller upper limit.

It is therefore concluded that the 3n emission from the 7He∗

structure observed here is consistent with a purely sequential
process via 6He∗(2+

1 ). In addition, no evidence is found for
a narrow, relatively low-lying trineutron resonance such as
that predicted [10,12,15]. While significant two-body neutron
correlations are observed in the decay of 6He∗(2+
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to those observed in the dissociation of 6He [96] and in the
3H(π−, γ )3n reaction [17], no evidence is found for any sig-
nificant 3n correlations.

Conclusions. In summary, 3n emission from 7He has been
directly measured for the first time. A prominent resonance-
like structure lying 2.08(4) MeV above the 4He +3n threshold
with a width of 3.9(2) MeV was observed. Based on the
momentum distribution of the knocked-out neutron and com-
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Eα3n < 8 MeV) are considered, as shown in the inset of
Fig. 4(a). We also note that other trineutron resonance param-
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and #3n = 1 MeV) predicted by NCSM [15] yield similarly
narrow E3n distributions, with peaks even closer to the thresh-
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Clearly, the Eα2n spectrum of the 4He +2n subsystem
[Fig. 4(b)] is only consistent with the two sequential decay
scenarios. Direct emission of the three neutrons, either via
four-body phase space or as a trineutron resonance, cannot
reproduce the prominent peak at Eα2n ≈ 0.8 MeV, which
arises from decay via 6He∗(2+

1 ). For “Trineutron,” while bet-
ter agreement with the E3n spectrum can be achieved by
broadening the assumed trineutron resonance in the simula-
tion (“Broad Trineutron” shown as the green dashed line in
Fig. 4), it remains impossible to reproduce the very peaked
distribution that characterizes the Eα2n spectrum nor can the
ε3n (see below) spectrum be described. We have also verified
that the sequential decay via the 5He g.s. resonance does not
play a measurable role and, indeed, no evidence is seen for
its formation (Fig. S3 in the Supplemental Material [84]).
The 3n decay of the 7He∗ structure observed here is thus
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Regarding the two sequential scenarios, the shape of the

E3n spectrum [Fig. 4(a)] is better reproduced by including the
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E3n/Eα3n, defined as the ratio of the 3n energy to the total
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normalized range from 0 to 1 and, as shown, is more sensitive
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porating the n-n interaction (“Sequential-nn”) in the 6He∗(2+
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Finally, we performed a χ2 fit to the Eα2n spectrum using
a combination of “Sequential-nn” and “Trineutron” in order
to set an upper limit for the latter, yielding 0.8% at the 1σ
level. If we consider a broader trineutron resonance (“Broad
Trineutron”: E3n = 3 MeV and #3n = 5 MeV) that matches
more closely the E3n spectrum of Fig. 4(a), an upper limit of
1.6% can be set. Note that a further increase in the resonance
width, such as the broad 3n structure reported recently in a
measurement of the 3H(t, 3H)3n reaction (#3n ≈ 15 MeV)
[16], leads to an even smaller upper limit.

It is therefore concluded that the 3n emission from the 7He∗
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a narrow, relatively low-lying trineutron resonance such as
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 relative-energy3n  relative energyα2n Normalized  energy: 3n E3n/Eα3n

1 broad peak at 1 MeV close to predicted  
3n resonance (Gamow no-core shell model) 
but much wider

 shows a clear peak structure at 0.8 MeV 
arising from the decay of the  state 
Direct Trineutron decay cannot describe the  
spectrum (resonance or phase space) 

α2n
6He(2+)

Best description of normalized  spectrum 
by sequential-decay assumption 

3n

• No evidence for a 3n resonance or non-resonant 3n correlation 
• Decaying final state well understood as sequential decay of  via the  state +  FSI 7He* 6He(2+) nn
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existence of dineutron correlations has been revealed by
recent studies in which two neutrons are spatially localized
at the surfaces of neutron-rich nuclei [4,5]. There has been a
particular focus on whether multineutron systems beyond
just two neutrons may possess similar (quasi) stabilities and
correlations.
These expectations have been greatly enhanced by two

recent experiments of tetraneutron missing-mass spectros-
copy performed at the RIKEN Radioactive-Isotope Beam
Factory (RIBF). In the double-charge-exchange reaction
4Heð8He; 8BeÞ4n [2], four events in excess of the quasifree
continuum background were found to be localized at an
excitation energy ofEx ¼ 0.83$ 1.41 MeV,with awidth of
Γ < 2.6 MeV (FWHM). Another peak structure with higher
statistics was found at a consistent energy in the α-knockout
reaction 1Hð8He; p4HeÞ4n [3]; it was located at Ex ¼ 2.37$
0.58 MeV and Γ ¼ 1.75$ 0.37 MeV. These consistent
observations from different reaction mechanisms suggest
the possible existence of a robust tetraneutron eigenstate.
Additional experimental signatures were also reported in
earlier research at GANIL [6] and in more recent work in
Munich [7], where possible 4n bound states were suggested.
However, these experimental results are puzzling in light

of theoretical predictions. Our study is motivated by two
conflicting groups of ab initio calculations. One is based on
Faddeev-Yakubovsky or Gaussian-expansion formalisms
(for example, see Refs. [8,9]), which do not produce a 4n
resonance pole. The other group is based on the methods
such as quantumMonte Carlo or no-core shell model, which
relies on some extrapolations in the continuum. These
calculations suggest the existence of a 4n resonance at
energies close to the observed ones [10–12]. Apparently, the
latter theory better describes the reality. However, the former
group pointed out that such extrapolations inappropriately
break analytic continuation on the complex-energy plane
[1,13]. That group instead suggested differentmechanism of
peak formation for the α-knockout reaction [14], although
the peak in the double-charge-exchange spectrum still
remained unexplained. Interestingly, the latter theory not
only predicts the 4n resonance but also predicts a 3n
resonance at even lower energies. For example, a no-core
Gamow shell model calculation [12] predicts a 4n resonance
at 2.64 MeV, and a 3n resonance at 1.29 MeV. Reliable
experimental data for a 3n resonance can therefore provide a
crucial test of the validity of those theories.
The study of the 3n system is thus of fundamental

importance. The low-energy peaks have been observed for
multineutrons with even neutron numbers (2n and 4n), but
the 3n system will be the first step in investigating those
with odd neutron numbers. This will allow us to discuss
whether two neutrons must have dineutron correlations to
form peak structures. Additionally, since the 3n system is a
pure—and the simplest—isospin T ¼ 3=2 system, its
energy spectrum may allow us to discuss the T ¼ 3=2
three-nucleon force (3NF).

Experimentally, there has not yet been sufficient inves-
tigation of 3n systems. Previous studies, which were
performed with the following reactions, reported no sig-
nature of a low-energy peak: 3Hðn; pÞ3n at 14.4 MeV [15],
3Hðt; 3HeÞ3n at 7.4 MeV=nucleon [16], 3Heðπ−; πþÞ3n
[17,18], and 3Hðπ−; γÞ3n [19]. The biggest problem with
the previous studies is that they all covered only the range
of momentum transfer qc:m: > ∼100 MeV=c. It is impor-
tant to achieve low-momentum-transfer condition to pro-
duce fragile systems such as multineutrons, but such
regions were not investigated in previous 3n experiments.
In the present work, we have investigated the 3n system

via the reaction 3Hðt; 3HeÞ3n at 170 MeV=nucleon. The
minimummomentum transfer achieved in this reaction is as
low as 15 MeV=c at a scattering angle of 0°, which
corresponds to a 3n center-of-mass kinetic energy of
40 keV. This energy scale is negligibly small compared
with the possible 3n resonance energy of a few MeV [12],
and thus we can expect that produced 3n systems are
undisturbed by the reaction. We also emphasize that, at
intermediate incident energies T > ∼100 MeV=nucleon,
the charge-exchange reaction mechanism is well treated
by the impulse approximation [20–22]. This means that
initial- and final-state interactions between the projectile and
the target system must be negligibly small, except for the
charge-exchange process between the two nucleons. The 3n
system so produced is undisturbed also in this respect, which
makes this reaction ideal for the search for 3n resonance.
In addition to the reaction 3Hðt; 3HeÞ3n, we have

performed spectroscopy of the 3p system using the reaction
3Heð3He; tÞ3p at 140 MeV=nucleon. The 3Hðt; 3HeÞ and
3Heð3He; tÞ reactions are charge-symmetric with each other
as shown in Fig. 1. This consistent study thus allows us to
discuss the 3n and 3p systems on an equal footing. We are
also able to discuss the extent to which charge symmetry
holds and, owing to the chargeless conditions, the stability
of the 3n system.
Experiments.—The 3Hðt; 3HeÞ3n experiment was per-

formed at RIBF. The primary 4He beam was accelerated to
200 MeV=nucleon using the superconducting ring cyclo-
tron and directed onto a 6-cm-thick 9Be production target.
The secondary triton beam produced at 170 MeV=nucleon
was purified using the BigRIPS fragment separator [23]

FIG. 1. Schematic illustrations of the 3Hðt; 3HeÞ3n and
3Heð3He; tÞ3p reactions, showing their charge symmetry.
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and transported through the OEDO beamline [24,25] to
secondary targets installed at the pivot point of the
SHARAQ spectrometer [26]. The intensity of the triton
beam was 5 × 107 pps on the secondary target, and its
purity was in excess of 99%. The 3He particles scattered
from the target were momentum-analyzed using SHARAQ
and were detected by the cathode-readout drift chambers
and plastic scintillation counters installed at the focal plane.
The resolutions of the excitation energy and scattering
angle were 1.0 MeV (FWHM) and 0.7° (FWHM), respec-
tively. The excitation energy is accurate to within 200 keV.
For the tritium target, we have newly developed a self-

supporting thick Ti-3H target [27], and we have used it for
the first time in this experiment. We stored an activity of
1.6 TBq of tritium in an 80-μm-thick titanium foil, with the
atomic loading ratio 3H=Ti ¼ 1.5, which amounts to a
tritium thickness of 3 mg=cm2. This is the thickest Ti-3H
target ever made. During the subsequent analysis, this
number was corrected for the decrease in the amount of the
tritium due to the tritium β decay with a half-life of T1=2 ¼
12.32 yr since the target was produced. Data were also
accumulated using CH2 and CD2 targets for 1n and 2n
missing-mass measurements, respectively, and using tita-
nium, carbon, and blank-frame targets for background
determinations.
The 3Heð3He; tÞ3p experiment was conducted at

Research Center for Nuclear Physics (RCNP), Osaka
University. The primary 3He beam was accelerated to
140 MeV=nucleon using the ring cyclotron and transported
through the WS course beamline to the target position of
the Grand Raiden spectrometer [28,29]. The tritons scat-
tered from the target were momentum-analyzed using the
spectrometer and were detected using the vertical drift
chambers and plastic scintillation counters at the focal
plane. The yields in another spectrometer—LAS, which
was located at a scattering angle of 55°—were also
recorded continuously and used for luminosity monitoring.
The resolutions of excitation energy and scattering angle
were 0.4 MeV (FWHM) and 0.6° (FWHM), respectively.
The excitation energy is accurate to within 100 keV.
For the 3He target, we employed a cryogenic gas-target

system. A target cell enclosed with 12-μm Aramid win-
dows (TORAY Mictron) was filled with 3He gas at a
pressure of approximately 2 atm and cooled down to 9 K. A
typical 3He thickness in the physics run was 5 mg=cm2.
Data were accumulated also with CD2, C, Aramid, and
empty-cell targets for gas-target thickness calibrations and
background subtractions.
Figure 2 shows examples of the raw spectra. In the top

panel, the red histogram is the ðt; 3HeÞ spectrum for the
Ti-3H target, and the black histogram is that for the Ti
target. A clear enhancement is observed in the continuum
region for the Ti-3H target, which we attribute to the
reaction on 3H. We note that the two peaks at Ex < 0 MeV
are identified by their kinematics and Q values as the

1Hðt; 3HeÞn and 3Heðt; 3HeÞ3H reactions; 1H exists as an
isotopic impurity of tritium, and 3He is produced by the
beta decay of tritium. We subtracted the 1H component by
using the same peak in the CH2 spectra. The 3Heðt; 3HeÞ3H
peak is separated from the 3n continuum due to the
difference in Q values. The amount of 3He was less than
3% relative to 3H. Those peaks appear prominently because
they are Gamow-Teller transitions and the cross sections
are large. We determined the background from the
3Heðt; 3HeÞ continuum from the previous data [30] and
subtracted it (green histogram). In the bottom panel, the
blue histogram is the ð3He; tÞ spectrum for the 3He gas-
target run, while the black histogram is for the empty target
run. All the peaks in the former spectrum also exist in the
latter and are attributed to the ð3He; tÞ reactions on 12C, 14N,
16O, and 35;37Cl in the Aramid foil.
Results.—The double-differential cross sections at the

laboratory frame measured in the experiments are shown in
Fig. 3 as functions of the excitation energies in the 3n and 3p
systems at each momentum transfer qc:m:. The zero of each
excitation energy correspond to the total mass of three
free nucleons. The red and blue histograms represent the
missing-mass spectra for the 3Hðt; 3HeÞ3n and 3Heð3He; tÞ3p
reactions, respectively. The error bars and shaded regions
represent the statistical and systematic uncertainties, respec-
tively. The data have additional systematic uncertainties in
the overall normalizations, which are 9% for 3n and 5% for
3p spectra, respectively.
In sharp contrast to the tetraneutron cases [2,3], we found

no peak structure in either the 3n or 3p spectra in the region
ofmeasured excitation energies up to 20MeV. This suggests
that the three-nucleon system is nonresonant because at least
one among the three nucleons miss the two-nucleon corre-
lation. The cross sections increase from the threshold to
approximately 10 MeV and then gradually decrease to
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FIG. 2. Examples of the raw spectra for the 3Hðt; 3HeÞ3n
reaction at 3.0° (top) and for the 3Heð3He; tÞ3p reaction at
3.4° (bottom). The errors in the experimental data are statistical
only. See text for details.
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Measurement of 3n and 3p for comparison 

• 3p experiment at the RCNP Grand Raiden spectrometer 
• 3n experiment at the RIBF SHARAQ spectrometer 

- Newly developed thick (3 mg/cm2) Ti-triton target:  
  1.6 TBq in titanium foil 

• Raw spectra look similar and structureless for 3n and 3p  
after background subtraction 
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higher excitation energies. As Coulomb repulsion is absent,
it was expected that the cross section for 3n would be more
enhanced at low energies relative to that of 3p. However, our
actual data reveal that the difference appears as a shift of 3n
spectra toward the lower-energy side. Except for this energy
shift, the overall shapes of the two distributions are similar.
This is also different from the 2n and 2p cases, where a
virtual-state peak structure is much more enhanced in the
2n [31] than in the 2p system [32].
Discussion.—To interpret the experimental cross-section

distributions, we introduce two types of theoretical calcu-
lations. One is based on a quasifree formalism that reflects
the phase-space distributions of the 3n or 3p systems in the
final states [33]. This formalism is simple, but it is useful
for figuring out the qualitative features of the observed 3n
and 3p systems. We investigated the two extreme cases of
“no correlation” and “2-body correlation.” In the no-
correlation calculation, each nucleon scatters freely into
plane-wave functions. In the case of two-body correlation,
two of the nucleons form a quasibound state, and the
system scatters into a 2þ 1 configuration. The other wave
functions—for 3He and the tritons—are described by
Gaussian form factors with radius parameters that are
consistent with the measured charge distributions. We
treated the reaction mechanism using the plane-wave
impulse approximation (PWIA), with the effective
nucleon-nucleon interaction taken from Ref. [34].
The top panels in Fig. 4 compare the results of these

calculations with the experimental 3Hðt; 3HeÞ3n spectra.
The left and right panels are for the laboratory scattering

angles θlab ∼ 0° and θlab ∼ 3°, respectively. The theoretical
calculations are normalized so that their maximum cross
sections agree with the experimental data at θlab ∼ 3°. The
peak energies of the no-correlation calculation (green) are
located around 30 MeV, which is far beyond the experi-
mental results (red). In the calculation of two-body corre-
lation (yellow), the peak energies are located at a lower
excitation energy around 15 MeV than those of green lines.
However, the experimental distributions are located at even
lower energies than those obtained from these two-body
correlation calculations, which implies the existence of
three-body correlations in the 3n system.
For further quantitative discussion, we introduce more

detailed calculations based on an ab initio method. In this
formalism [35,36], the response functions for the transition
from the three-nucleon bound state 3H (3He) to the 3n (3p)
continuum states are calculated using the Faddeev formal-
ism with the realistic interaction Argonne v18 [37], and the
full correlations in the 3n or 3p system are properly
considered. Effects of the Coulomb interactions are also
taken into account adequately in this formalism, as shown
in the previous studies on proton-deuteron scattering [38]
and the 3Heðp; nÞ3p reaction [35]. The present calculation
includes the contributions of the 3n and 3p wave functions
with the spin parities of Jπ ¼ 1=2%; 3=2%, and 5=2%, which
dominate the cross section over the measured angular
range. It has been shown in a previous study [36]
that the 3n system does not have a resonance pole close

FIG. 3. Double-differential cross-section spectra for the
3Hðt; 3HeÞ3n reaction at 170 MeV=nucleon (red) and for the
3Heð3He; tÞ3p reaction at 140 MeV=nucleon (blue). The error
bars and shaded regions represent the statistical and systematic
uncertainties, respectively (additional normalization uncertainties
are explained in the text). The numbers in parentheses represent
the average momentum transfers qc:m: [MeV=c].

FIG. 4. Comparison of the theoretical calculations with the
experimental 3Hðt; 3HeÞ3n and 3Heð3He; tÞ3p spectra at two
momentum transfers (left and right). The experimental data are
taken from Fig. 3. The theoretical calculations are the quasifree
calculations (top), and the F-P calculations without (middle) and
with (bottom) a phenomenological 3NF. See text for details.

PHYSICAL REVIEW LETTERS 133, 012501 (2024)
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Comparison of 3n and 3p spectra 

Both spectra look similar and structureless at different momentum  
transfers except some slight shift due to Coulomb repulsion 

Spectra cannot be explained by no or only two-body correlations  

Theory: F-P: Faddeev formulation using realistic interaction (AV18)  
                     including three-body correlations and Coulomb 
                     Same calculation does not have resonance pole  
                     for 3n system 

 ab initio theory reproduces measured spectra well 

Arbitrary enhancing 3b-force to a very large value (to reproduce a  
4n resonance at the position seen in the 4n experiments 
cannot describe the 3n data 

→
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acceptance and detector resolutions. The experimental acceptance is 
not constant over the measured energy range. It is maximal in the region 

E20 MeV < < 40 MeV4n  (Extended Data Fig. 5).
The result of the χ2 minimization is presented by the solid blue curve 

in the left panel of Fig. 3, together with the individual contributions. 
The statistical significance of the peak structure is well beyond the 5σ 
level (Methods).

The probability of populating a four-neutron system in a resonant 
state after the sudden removal of the α-core in 8He is determined by the 
overlap of the 4n wavefunction in the final state and the relative motion 
of the four neutrons in the 8He initial state. This overlap integral defines 
the ratio of cross-sections for the population of the resonance and the 
non-resonant continuum. Unconvoluting with the acceptance of the 
set-up, following the energy dependence of equation (2), we extract a 
probability of Pr = 18.7 ± 2.3%. For comparison, the relative motion of 
the four neutrons studied in the COSMA model12,13 yields a probability 
of about 30%. This value is obtained by considering the hyperradius 
of 5.6 fm, whereas the resulting value from the fit to the experimental 
data is 5.0 ± 0.1 fm, which would yield a smaller probability to populate 
the resonant state.

Assuming a resonant state, its energy and width as determined from 
the fit are

E
Γ

= 2.37± 0.38(stat.) ± 0.44(sys.) MeV,
= 1.75 ± 0.22(stat.) ± 0.30(sys.) MeV.

r

For comparison, Fig. 4 shows our result (full red symbol) together 
with the previous experimental result obtained from the DCX measure-
ment4 (open red symbol). The energy of the resonance is in agreement 
within the uncertainty, despite the fact that different reactions were 
used to probe the 4n system, and is also in agreement with the upper 
limit given in ref. 3.

From the theory side, there is no consensus among the different 
theories and their predictions are partly contradictory, although, there 
is a general agreement that a bound 4n does not exist. In 2003, Pieper10 
studied this possibility using Green’s function Monte Carlo calcula-
tions. His conclusion was that the existence of a bound 4n state has to 
be excluded, unless nuclear forces are drastically modified. However, 
his calculation suggested that a possible resonance might exist near 
2 MeV, but in such a case it must be very broad.

Using a similar approach, the quantum Monte Carlo (QMC) 
framework based on two-body and three-body chiral interac-
tions was used to calculate the energy of a 4n resonance5. The 

result supports the existence of a resonant state with an energy of 
2.1(2) MeV, while no prediction has been made for its width (blue 
band). An extended no-core shell model (NCSM) approach using 
a harmonic-oscillator representation predicts different resonant 
states (full stars) including their corresponding widths19 (see also 
ref. 20 cited in ref. 20). Calculations have been performed also in the 
framework of the no-core Gamow shell model (NCGSM)21. These 
resulted in Er ≈ 7 MeV and Γ ≈ 3.7 MeV (cross), where the conclu-
sion was in fact that the energy of a 4n resonance might be compat-
ible with the experimental value of ref. 4, albeit with a significantly 
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Fig. 4 | Comparison of experimental results with theory predictions. Energy 
versus width of a tetraneutron resonance. Experimental data are shown in red: 
this work (full symbol), and the result from the DCX measurement4 (open 
symbol), where the red arrow indicates that the measured width is an upper 
limit. Theory predictions are shown in blue based on: NCSM19 and ref. 20 cited 
in ref. 20 (full stars), NCGSM (open star)20 (cross)21, where the blue arrow 
indicates that the width is predicted to be larger than 3.7 MeV, and QMC 
calculations5 (band). Whether this observation of a low-energy peak is 
attributed to a four-neutron resonant state or to other correlations between 
the neutrons in the final state, needs to be clarified by ab initio theories.
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Fig. 3 | Missing-mass spectra. Left: missing-mass spectrum of the 
four-neutron system extracted from the He(p, p He)8 4  reaction. The different 
curves represent a Breit–Wigner resonance (pink), a non-resonant continuum 
(dashed blue), the background from two-step processes (green) and the total 
sum (solid blue). Right: missing-mass spectrum of the two-neutron system 

extracted from the He(p, p He)6 4  reaction. The blue curve represents the 
theoretical calculation17 convoluted with the experimental acceptance and 
resolution, and the green curve represents the background from the two-step 
reaction.

correction for the difference of the effective field lengths.
The systematic error due to the calibration was estimated
to be 1.25 MeV.
The missing mass of tetraneutron E4n was calculated on

an event-by-event basis from the momentum vectors of 8He
and the two observed α particles, where finite scattering
angles were taken into account. Here, E4n ¼ 0 MeV
corresponds to the threshold of four-neutron decay. We
obtained 27 events in the −25 < E4n < 65 MeV energy
region. The overall missing-mass resolution was estimated
to be 1.2 MeV (σ) using the ion-optical analysis. The
relative energy between the two observed α particles, Eαα,
was also deduced for examining the states of 8Be. Figure 2
shows a scatter plot of E4n vs Eαα, together with the
projected histogram for Eαα. The solid (red) and dashed
(blue) curves in Fig. 2(a) represent the response function
for 8Beð0þÞ and 8Beð2þÞ, respectively, where the accep-
tance and the finite resolution in angles and momenta are
taken into account. The magnitude for 8Beð0þÞ is deter-
mined by fitting the histogram, whereas that for 8Beð2þÞ is
arbitrary for the comparison of the shapes. The acceptance of
8Beð2þÞ was estimated to be 13% of that of 8Beð0þÞ.
The observed spectrum of Eαα is statistically consistent
with the response function of 8Beð0þÞ. In particular, the
events in 0 < E4n < 2 MeV are considered to be the
contribution from 8Beð0þÞ, while the events with large
Eαα inE4n > 8 MeV, for instance, Eαα > 1.8 MeV, may be
the possible contribution from 8Beð2þÞ. In the following
analysis, we first assume 8Beð0þÞ for simplicity and then
discuss a possible contribution from 8Beð2þÞ later.
Figure 3(a) shows the obtained missing-mass spectrum

of the tetraneutron system; the spectrometer acceptance
was constant in the region of the spectrum.
The yield of the background in the missing-mass

spectrum was then estimated with multiparticles in a
triggered bunch considered to be a possible background
source. A large fraction of these background events were
rejected using the MWDC at F6. However, because the
detection efficiency of the MWDC was not 100%, the
multiparticle events could produce the background if one

of the particles was detected while the others were not.
Furthermore, the multiparticle events in the same cell of the
MWDC were not identified as two particles. Other possible
background sources such as the events where particles were
misidentified and the events originating in the window foils
of the detectors are estimated to be negligibly small. The
number of integrated background events in the spectrumwas
estimated to be 2.2% 1.0. The shape of the background was
reconstructed by selecting two independent single-α events
identified at S2 at random, which is consistent with the
missing-mass spectrum of two α particles for the events
identified as multiparticles in a triggered bunch. The dashed
line (blue) in Fig. 3(a) represents the estimated background
magnified by 10 times for visualization.
Two components are clearly observed in this spectrum in

spite of the relatively low statistics. One is the continuum in
the E4n > 2 MeV region, whereas the other is the peak
at the low-energy region 0 < E4n < 2 MeV. To interpret
this spectrum, we assume two different states. One is the
direct decay with the final-state interaction between the
two correlated neutron pairs. This direct decay contributes
to the continuum in the spectrum. The other is a possible
resonant or bound state of the tetraneutron system.
The shape of the continuum of the tetraneutron system

produced by knockout reactions was discussed by
Grigorenko et al. [30]. They obtained an energy spectrum
assuming that the wave packet of the tetraneutron system

FIG. 3. (a) Missing-mass spectrum of the tetraneutron system.
The solid (red) curve represents the sum of the direct decay of
correlated two-neutron pairs and the estimated background. The
dashed (blue) curve represents the estimated background multi-
plied by a factor of 10. The schematic of the decay process is
discussed in the text. (b) Evaluation of the goodness of fit for each
bin using the likelihood ratio test. The si were defined in Eq. (3).

FIG. 2. A scatter plot of the missing mass of the tetraneutron vs
the relative energy between two α particles, together with the
projected histogram for Eαα. The solid (red) and dashed (blue)
curves in (a) represent the response functions for 8Beð0þÞ and
8Beð2þÞ, respectively. The magnitudes of the response functions
are described in the text.
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the numerical calculations are realized using the same
techniques as described in our former work [36].

In conjunction with the phenomenological interaction
(2) and (3) we have considered three di↵erent nn po-
tentials: AV18 [37], providing the low energy param-
eters ann=-18.8 fm and r0=2.83 fm, �N3LO poten-
tial [38] based on chiral-EFT, providing ann=-18.9 fm
and r0=2.84 fm and MT13 S-wave interaction [39] ad-
justed to ann=-18.6 fm and r0=2.93 fm. As pointed out
in [12, 13, 16–18] none of the aforementioned Hamilto-
nians support a 4n near-threshold resonant states that
could generate a low energy peak. Furthermore, MT13
providing ann value much larger than the range of the nu-
clear interaction, fully complies with the EFT predictions
in the unitary limit [9–11], which indicates the absence of
an attractive interaction between two resonant fermionic
pairs.

To test our model, we computed for selected (V0,W0)
values reproducing the experimental neutron separation
energies (S2n4He

=0.97 MeV and S4n4He
=3.11 MeV), the neu-

tron rms radii hr2
n
iAHe of the

6He and 8He ground states.
The AV18 results are listed in Table I. These radii are
estimated from the calculated rms radii of the valence
neutrons hr2

n
ival, as

(A� 2)
⌦
r2
n

↵
AHe

⇡ (A� 4)
⌦
r2
n

↵
val

+ 2
⌦
r2
n

↵
4He

, (9)

with A=6,8. Results of Table I show that the value
⇢0=2.5 fm represents a good compromise for describing
both 6,8He isotopes. The four valence neutrons slightly
deform the 4He core by attracting core-protons and
compressing core-neutrons, what should lead to slightly
smaller neutron rms radii than those estimated by equa-
tion (9).

The four neutron strength function (7) has been com-
puted for ⇢0=2.5 fm, and it is displayed in the upper
panel of Fig. 1 for three di↵erent choices of Vnn: AV18
as cross symbols, MT13 as empty blue circles, �N3LO as
empty red up-triangles. Independently of the nn interac-
tion we obtain a pronounced low energy peak for the four-
neutron missing mass distribution centered at around 2.5
MeV. The model dependence is less than 2% at the peak
and is only slightly visible at higher energy. The addi-
tion of a three-neutron term (3NF), to the �N3LO po-
tential [40], has no visible e↵ect on the 4n distribution.
This model independence implies a negligible e↵ect of
L>0 partial waves in Vnn, as expected from EFT.

To compare our calculations with those of Ref. [29],
we have broadened our neutron strength function with
the experimental resolution of 2 MeV and convoluted it
with the experimental acceptance. These results were
normalized to be consistent with the observed 54 events
in the neutron missing-mass window E4n<10 MeV (see
Fig. 3 from [29]). Our results with AV18 and several
values of ⇢0 are shown in the lower panel of Fig. 1.

We were able to obtain a reasonable description of
the low energy peak centered at around E4n⇡2.5 MeV,
and that independent of the range parameter of the phe-
nomenological model for the valence neutron distribution
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FIG. 1: Upper panel: dependence of the strength function
S4n on E4n for the range parameter ⇢0=2.5 fm. We have used
several nn potentials: AV18 (cross symbols), MT13 (blue
empty circles), �N3LO (red empty up-triangles). They all
show a pronounced peak at E4n⇡2.5 MeV and the model de-
pendence is very weak (2%). We added a three-neutron
force to �N3LO (red empty inverted-triangles) with no signif-
icant e↵ect. Lower panel: the strength function, broadened
with the experimental resolution of 2 MeV and convoluted
with the experimental acceptance, is compared to the mea-
surement of [29]. Calculations, corresponding di↵erent ⇢0,
are performed for AV18 nn interaction and normalized to the
number of observed counts below E4n=10 MeV.

in 8He. The centroid and widths of the peaks correlate
strongly with the rms radii of the neutron initial distri-
bution, being pushed to lower energy if a more peripheral
neutron distribution is generated in the initial state. This
is in concordance with an observation made in [15]. How-
ever our distributions are much sharper and are centered
at substantially lower energies, indicating the key impor-
tance of the 2n+2n decay channels, which were not fully
considered in [15].

Noteworthy that the best agreement with the exper-
imental data of [29] is obtained with ⇢0=4 fm, which
however overestimates the neutron point rms radii of 6He
and 8He (see Table I). A more detailed analysis of these
neutron distributions reveals that the interaction range

3

the numerical calculations are realized using the same
techniques as described in our former work [36].

In conjunction with the phenomenological interaction
(2) and (3) we have considered three di↵erent nn po-
tentials: AV18 [37], providing the low energy param-
eters ann=-18.8 fm and r0=2.83 fm, �N3LO poten-
tial [38] based on chiral-EFT, providing ann=-18.9 fm
and r0=2.84 fm and MT13 S-wave interaction [39] ad-
justed to ann=-18.6 fm and r0=2.93 fm. As pointed out
in [12, 13, 16–18] none of the aforementioned Hamilto-
nians support a 4n near-threshold resonant states that
could generate a low energy peak. Furthermore, MT13
providing ann value much larger than the range of the nu-
clear interaction, fully complies with the EFT predictions
in the unitary limit [9–11], which indicates the absence of
an attractive interaction between two resonant fermionic
pairs.

To test our model, we computed for selected (V0,W0)
values reproducing the experimental neutron separation
energies (S2n4He

=0.97 MeV and S4n4He
=3.11 MeV), the neu-

tron rms radii hr2
n
iAHe of the

6He and 8He ground states.
The AV18 results are listed in Table I. These radii are
estimated from the calculated rms radii of the valence
neutrons hr2

n
ival, as

(A� 2)
⌦
r2
n

↵
AHe

⇡ (A� 4)
⌦
r2
n

↵
val

+ 2
⌦
r2
n

↵
4He

, (9)

with A=6,8. Results of Table I show that the value
⇢0=2.5 fm represents a good compromise for describing
both 6,8He isotopes. The four valence neutrons slightly
deform the 4He core by attracting core-protons and
compressing core-neutrons, what should lead to slightly
smaller neutron rms radii than those estimated by equa-
tion (9).

The four neutron strength function (7) has been com-
puted for ⇢0=2.5 fm, and it is displayed in the upper
panel of Fig. 1 for three di↵erent choices of Vnn: AV18
as cross symbols, MT13 as empty blue circles, �N3LO as
empty red up-triangles. Independently of the nn interac-
tion we obtain a pronounced low energy peak for the four-
neutron missing mass distribution centered at around 2.5
MeV. The model dependence is less than 2% at the peak
and is only slightly visible at higher energy. The addi-
tion of a three-neutron term (3NF), to the �N3LO po-
tential [40], has no visible e↵ect on the 4n distribution.
This model independence implies a negligible e↵ect of
L>0 partial waves in Vnn, as expected from EFT.

To compare our calculations with those of Ref. [29],
we have broadened our neutron strength function with
the experimental resolution of 2 MeV and convoluted it
with the experimental acceptance. These results were
normalized to be consistent with the observed 54 events
in the neutron missing-mass window E4n<10 MeV (see
Fig. 3 from [29]). Our results with AV18 and several
values of ⇢0 are shown in the lower panel of Fig. 1.

We were able to obtain a reasonable description of
the low energy peak centered at around E4n⇡2.5 MeV,
and that independent of the range parameter of the phe-
nomenological model for the valence neutron distribution

-5 0 5 10 15 20
0

5

10

15

20

co
un
ts

E4n (MeV)

 M. Duer et al.
 AV18 1.5
 AV18 2.5
 AV18 4.0

FIG. 1: Upper panel: dependence of the strength function
S4n on E4n for the range parameter ⇢0=2.5 fm. We have used
several nn potentials: AV18 (cross symbols), MT13 (blue
empty circles), �N3LO (red empty up-triangles). They all
show a pronounced peak at E4n⇡2.5 MeV and the model de-
pendence is very weak (2%). We added a three-neutron
force to �N3LO (red empty inverted-triangles) with no signif-
icant e↵ect. Lower panel: the strength function, broadened
with the experimental resolution of 2 MeV and convoluted
with the experimental acceptance, is compared to the mea-
surement of [29]. Calculations, corresponding di↵erent ⇢0,
are performed for AV18 nn interaction and normalized to the
number of observed counts below E4n=10 MeV.

in 8He. The centroid and widths of the peaks correlate
strongly with the rms radii of the neutron initial distri-
bution, being pushed to lower energy if a more peripheral
neutron distribution is generated in the initial state. This
is in concordance with an observation made in [15]. How-
ever our distributions are much sharper and are centered
at substantially lower energies, indicating the key impor-
tance of the 2n+2n decay channels, which were not fully
considered in [15].

Noteworthy that the best agreement with the exper-
imental data of [29] is obtained with ⇢0=4 fm, which
however overestimates the neutron point rms radii of 6He
and 8He (see Table I). A more detailed analysis of these
neutron distributions reveals that the interaction range

Theory: Lazauskas, Hiyama,  
             Carbonnel, PRL 2023

Two experiments producing isolated 
-system in the final state  

(without charged fragment interaction) 
using very different reactions: 
1)  double charge exchange to  
2)  alpha knockout to  

 consistent result ! 

Resonance or non-resonant correlation due to 
two-body  FSI + preformation in the initial 
state  ? 

Theory:  reaction explained by 
-  correlations (Lazauskas et al.),  

effect of three-body correlations negligible.

4n

4He 4n
8He 4n

→

nn
8He

8He(p, pα)4n
nn nn
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Figure 2: Schematic drawing of the SAMURAI setup for 8He beam. For the fragments (p, d, t, 3,4,6He),
trajectories are shown only for the particles having the energy close to 200 MeV/nucleon. The actual
distributions are broader.

and operated at magnetic field of 2.7 T (2.0 T) for 8He (6He) setting. At the focal plane, beam-like
particles will be detected using the combination of a drift chamber (FDC2) and plastic scintillator
hodoscopes (HODF+HODP), where the un-reacted projectiles will be identified only by HODP. The
protons, which are largely bent away by the magnetic field, are also detected by plastic scintillator
arrays (NINJA) installed in the gap of the SAMURAI magnet.

Neutrons will be detected around zero degree with two walls of HIME detector (NP2012-SAMURAI55R1
T. Aumann et al.), which will be placed as close as possible to each other and serve in practice as
one wall, accompanied by two walls of NEBULA Plus and NEBULA. Since the active area of HIME
(1 ⇥ 1 m2) is much smaller than that of NEBULA/NEBULA Plus, in order to provide su�cient ge-
ometrical acceptance it will be placed at half a distance to the target (⇠ 7 m) compared to the last
wall of NEBULA, as shown in Fig. 2.

Figure 3: TOGAXSI arrays with an illustration of (p, p↵) (red) and (p, 3p) (blue) simulated events.
One of the protons (solid) is detected by the backward array and the others (dotted) by the forward
array.

With the 1 MHz beam, the typical event rate for the (p, p↵) and (p, 3p) detected by TOGAXSI
are about 0.2 kHz and 10 Hz, respectively. Those events are recorded with a trigger generated by
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TOGAXSI

• Beams used: p, d, t, 6He, 8He 

• Large-acceptance setup to cover all channels produced  

with the different beams 

• New detectors: TOGAXSI (RIKEN development),  
                         Si tracking+GAGG:Ce Scintillator 
                         optimized for detection of cluster knockout ( ) 
                         HIME (Darmstadt), high-resolution neutron detector 

• Main aims and reaction channels 

-   nn scattering length 

-   four neutron correlations (nn-nn?); detection of the 4n (Duer et al.) 

-    test initial-state dependency (Duer, Miki et al.) 

-    6n correlations (Miki et al.) 

- Plus many side-channels (Uesaka et al.)

d, t,3 He, α

t(p,2p)2n, 6He(p, pα)2n →
8He(p, pα)4n →
6He(p,3p)4n →
8He(p,3p)6n →
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•   
well understood; systematic differences between two type of experiments beyond uncertainty 

 unknown systemic uncertainty 
 new experiment with RI beams:  (performed June 2026) 

•  
well understood with ab initio calculations using realistic 2b- and 3b-interactions, only small deviations 

 decay of  dominated by sequential decay  
•  

experiments show strong  correlations (two different reaction mechanisms and initial states)  
one result explainable by initial state + -  correlations in the final scattering state 

 new experiment measuring correlation of  in the final state +  to test IS dependance (performed June 2026) 
•  

new experiment  (performed June 2026) 

• New results in about 2 years ! Stay tuned

2n

→
→ t(p,2p)2n, 6He(p, pα)2n
3n

3n 7He
4n

4n
nn nn

→ 4n 6He(p,3p)4n
6n

8He(p,3p)6n
Thank you  
for your attention


