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Direct observation of three-neutron emission from "He* and the search for the trineutron
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Three-neutron emission from "He has been directly measured for the first time, following neutron knockout
from a 8He beam at 156 MeV /nucleon. A resonancelike structure at 2.08(4) MeV above the “He 437 threshold
[E, = 2.68(4) MeV] with a width of 3.9(2) MeV was observed and deduced to arise predominately from the
predicted J* = 3/2; level. The three-neutron invariant-mass spectrum was reconstructed and found to peak at
around 1 MeV and could, through complete simulations incorporating neutron-neutron correlations, be very
well described by the sequential decay of "He* via the 2 excited state of *He. No evidence was found for
any significant three-neutron correlations beyond those expected from well-established two-body interactions,

including a trineutron resonance.

DOI: 10.1103/sr8h-2n6v

Introduction. Light nuclei with extreme neutron-to-proton
asymmetry provide an ideal testing ground for our under-
standing of nuclei, including, in particular, the details of
the two- and few-body forces used in models [1]. In this
context, the search for the most extreme systems, such as
multineutron clusters or resonances, has been the object in
recent years, beginning with the measurement of Refs. [2,3],
of significant experimental and theoretical efforts [4,5], and
culminated with the recent observation of a near-threshold
resonancelike structure in the 4n system [6,7]. It is, however,
not yet clear whether this structure corresponds to a four-body
resonance [8—12] or is the result of initial-state correlations in
the projectile [13] and/or the reaction mechanism [14]. For
the 3n system, the existence of a trineutron resonance has
been predicted by ab initio calculations [10,12,15], but no
evidence for any such relatively narrow structure has been
found in high-statistics missing-mass experiments [16,17]. An
important complementary means to search for multineutron
systems is the direct detection of multiple neutron emission
from well-defined states. Besides being independent of the
projectile/initial state and the reaction, such direct detection
has the potential to enable the investigation of multineutron
correlations.

Significant progress has been made in investigating exper-
imentally 2n and 2p emissions [18-30]. On the proton-rich
side, several 3p emitters have been identified and studied
[31-35] and two 4p emitters have been found [36,37]. In
contrast, multineutron emission remains largely unexplored,
owing primarily to the limited capabilities for detecting more
than two neutrons. Recent advances in large-scale neutron
arrays have enabled the direct detection of 3n and 4n emission
from 27-28Q [38], both decaying sequentially through 2°0 [39].

Neutron-rich helium isotopes, composed of an « core plus
several valence neutrons, provide an ideal laboratory for ex-
ploring multineutron correlations. The ground state (g.s.) of
%He exhibits pronounced dineutron clustering [42,43], and
a strongly correlated four-neutron subsystem has been sug-
gested to be present in the g.s. of *He in a recent *He(p, pa)
experiment [7]. Positioned between them, "He is thus a
promising candidate for probing 3 correlations. While its g.s.
is well established as a low-lying ®He +n resonance with spin
parity J* = 3/27 [44-47], the excited states and their decay
properties remain the subject of considerable debate [45-69].
Among them, a 3/27 level above the 3n-emission threshold
is of particular interest, since its J* matches that favored in
predictions for a possible trineutron resonance [10,12,15,70—

73], making trineutron emission a possible decay mode. A
sequence of excited states (1/27, 5/27, 3/27) has been
consistently predicted by a wide range of models, from the
phenomenological shell model [50] to more sophisticated
models including those incorporating the continuum [58-65].
Experimentally, however, evidence for these levels remains
incomplete and sometimes contradictory. A narrow 1/27 res-
onance at E, ~ 0.6 MeV has been reported in high-energy
breakup and (p, d) reactions on 8He [56,57], but not observed
in many other experiments [45-55]. Broader structures at
E, =~ 2-3 MeV have been suggested from neutron removal
and isobaric-analog studies, with tentative 1/27 or 5/27
assignments [47-53]. Notably, none of these experiments de-
tected all three neutrons, leaving the decay mechanism and
possible signatures of 3n correlations unresolved.

In this Letter, we report on the first direct measurement
of 3n emission from "He excited states populated using the
8He(p, pn) reaction. High statistics and excellent invariant-
mass resolution were achieved, by combining an intense 8He
beam, a thick liquid hydrogen target incorporating reaction
vertex reconstruction, and a state-of-the-art neutron array. A
resonancelike structure decaying exclusively into *He +3n
was observed and was identified as arising predominately
from the 3/25 level based on the momentum distribution of
the knocked-out neutron and structure model predictions. The
reconstructed 3n invariant-mass spectrum, as well as that for
“He 42n, demonstrated that the 31 emission proceeds sequen-
tially via *He* (21). No evidence was found for any significant
three-neutron correlations, including a trineutron resonance.

Experiment. The experiment was performed at the RI
Beam Factory operated by the RIKEN Nishina Center for
Accelerator-Based Science and CNS, the University of Tokyo.
The ®He secondary beam (156 MeV /nucleon, ~10° pps) was
produced by fragmentation of an intense 220 MeV /nucleon
30 beam on a Be target and purified using the BigRIPS frag-
ment separator [74,75]. A schematic view and description of
the setup can be found in Fig. 1. The secondary beam particles
were tracked onto the 15 cm thick liquid hydrogen target of
MINOS [76] using two drift chambers. The recoil protons
from the (p, pn) reaction were tracked using a cylindrical time
projection chamber surrounding the target, covering approxi-
mately 20°-60°. Combined with the trajectory of the incident
8He ions, this allowed for the reconstruction of the reaction
vertex [77].

The charged fragments “®He were momentum analyzed
using the SAMURAI spectrometer [78,79]. The momenta
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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 Nal(Tl) crystals. The charged fragments *He
(°He) were momentum analyzed using the SAMURALI spectrometer
and two drift chambers (FDCO, 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 (o0 ~ 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 SHe +n, “He+2n, and
“He 4+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 *He +2n channel, uncorrelated neutrons from the
decay of "He to ®He*) 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 *He 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.

x10° x10> ———— —
I (@) | ? (b) |
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> 200 1 = : i
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FIG. 2. Relative-energy spectra for (a) *He +n and (b) *He +2n
events. The red line shows the best fit (see text). The vertical error
bars are statistical only.

One- and two-neutron channels. The ®He +n relative-
energy spectrum [Fig. 2(a)] exhibits a single narrow structure
near threshold, corresponding to the well-known "He g.s.
[44]. The resolution (FWHM), determined from simulations,
varies as ~0.16EJ;” | MeV, and is 110 keV at Eoge_,= 0.5
MeV. The spectrum is well described by a single £ = 1 BW
resonance with an energy of E, = 379(2) keV and a width of
I', = 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 1o (details
in Ref. [84]).

The o + 2n spectrum [Fig. 2(b)] exhibits a narrow peak at
~0.8 MeV above threshold, corresponding to the well-known
2 state of °He [44]. The resolution varies as ~0.17E%¢ MeV
and is 150 keV at E,», = 0.8 MeV. The spectrum was fit
up to 3 MeV using a combination of a BW resonance' and
the nonresonant component described above. The red solid
line shows the best fit, with E, = 823(6) keV and I', =
228(29) keV, in agreement with the known energy but with
a broader width.

Three-neutron channel. The *He +3n relative-energy spec-
trum (Fig. 3) exhibits a broad structure peaking at ~1.5 MeV.
The resolution varies as ~O.19E2'36n MeV. The spectrum was
fit up to 5 MeV using a BW resonance,’ resulting in best-fit
parameters of E, = 2.08(4) MeV and I', = 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(SHe, d) experiments [48,57].
By comparing the yields of the ®He +n and *He +3n channels
in the energy range of the present structure, we estimate any
potential branching ratio to the ®He +n channel to be less than
0.1%.

2

1_do T(Eq2n) : _ 1 B
dEyon (Er—Eq2n ) +[T(Eq2,)/217° with I'(Eq2n) =T, EZ -
2 _do C(Eq3n)

with T'(Eysn) = r%ﬁ )

X =
dEq3n (Er—Eq30)+T(Eq3)/217
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FIG. 3. Relative-energy (E,3,) spectrum for *He 4-3n 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 "He g.s. [Eey,+_, < 1 MeV in
Fig. 2(a)] and for the present "He* structure (1 < E,3, < 5 MeV)
normalized to the total number of events, with Gaussian fits to the
central region to guide the eye. The resolution in Py (FWHM = 38
MeV/c) is also shown for comparison (dashed line). The vertical
error bars are statistical only.

The low-lying states of "He 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] states of
®He. Given that the 3He g.s. is dominated by a closed neutron
(p3/2)* configuration [57], the most strongly populated level
here is, as observed, the "He(3 /27) g.s. The predicted 1/27
first excited state could, in principle, be populated through
neutron removal from the expected small (p3/2)*(p1/2)* con-
figuration, but its strength should be weak, consistent with the
lack of any clear signature here for such a state in the ®He 4-n
channel.

As such, the structure observed here at higher energy
[E, = 2.68(4) MeV] in the *He +3n channel likely arises
from either or both of the predicted 3/25 and 5/2[ levels
(Table S1 in the Supplemental Material [84]). The first re-
port of such a structure [48] preferred a 5/2; assignment,
based on the absence of 3/2; built on ®He*(2*) in RRGM
calculations [69]. Subsequent modeling, including those in
Table S1 in the Supplemental Material [84], indicates that
the exclusion of 3/27 was premature. In the current mea-
surement, the momentum distribution for this structure is
identical to that for the "He g.s. (Fig. 3, inset), indicating
its production via p-shell neutron knockout. The structure of
5/2] (Table S1 in the Supplemental Material [84]) implies
that it can only be produced in a two-step process requiring
excitation of the ®He core to its 2 state, while 3/25 can be
produced directly via the small ®°He(01) ® p3 /2 admixture. In
this context, we note that, excluding the CSM calculations
[64], the ratio of the predicted spectroscopic strengths for the
®He(0") ® p3,2 configuration of the 3/2;, states is similar to
the ratio of their measured efﬁciency—corfected yields (~10).
As such, we conclude that the structure observed here arises

predominately from 3/2; with a small contribution from 5/27
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 “He core and include all partial waves up to /= 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 5/27 level with E, =
2.73 MeV and 3/2, with E, = 3.37 MeV, both resonances
being rather broad (I" ~ 2—2.5 MeV) and built predominately
on the °He(21) ® p; /2 configuration, with the latter also ex-
hibiting a small *He(0") ® ps/» admixture.

The three-neutron system. Turning to the 3n system itself,
Fig. 4(a) shows for the first time an E3, spectrum recon-
structed from the invariant mass of three neutrons for *He +-3n
events with Ey3, < 5 MeV. Prior to detailed discussion of pos-
sible 3n correlations, it is worth examining the relative energy
of the “He +2n subsystem reconstructed from the “He 4-3n
events [Fig. 4(b)], i.e., including all three possible “He +2n
combinations. The narrow peak at E,,, ~ 0.8 MeV, charac-
teristic of *He* (21"), 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 “He +2n
combinations corresponds to the feeding of 6He*(2f“) while
the other two, in which one neutron arises from the decay of
"He* to °He* (21), 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 Ej3, 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 "He* into *He +3n is governed by four-body phase space
(PS) without any “He -n or n-n final state interactions (FSI).

(2) “Trineutron”: where the decay is initially two-body
into “He +n, using the trineutron resonance parameters pre-
dicted by NCGSM [12] (green solid line, E3, = 1.3 MeV and
'3, = 0.9 MeV). The *n 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 E3, spectrum.

(3) “Sequential” (blue dash-dotted line): where the first
step is a two-body decay into ®He* (ZT) + n, using the
6He*(2f“) resonance parameters obtained above. The subse-
quent decay of 6He*(ZT) into “He 4-2n is modeled as a pure
three-body PS process, without any “He -n or n-n FSL.

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

The E3, 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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FIG. 4. Relative-energy spectra for *He +3n events with E,3, <
5 MeV: (a) 3n energy Ej,; (b) energy, Ey,, of the “He +2n sub-
system for the “He +3n events; and (c) normalized 3n energy €3, =
E;,/Eys,. The lines correspond to simulations of different decay
scenarios (see text). The inset of panel (a) shows the E3, spectrum
for events with 5 MeV < E,3;, < 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 "He* (5MeV <

Ey3, < 8 MeV) are considered, as shown in the inset of
Fig. 4(a). We also note that other trineutron resonance param-
eters (E3, = 0.35 MeV and I'3, = 0.7 MeV; E3, = 0.5 MeV
and I';, = 1 MeV) predicted by NCSM [15] yield similarly
narrow Ej3, distributions, with peaks even closer to the thresh-
old.

Clearly, the E,», spectrum of the ‘He +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 E,, ~ 0.8 MeV, which
arises from decay via 6He"‘(ZT). For “Trineutron,” while bet-
ter agreement with the Ej3, 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 E,», spectrum nor can the
€3, (see below) spectrum be described. We have also verified
that the sequential decay via the >He 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 "He* structure observed here is thus
predominantly sequential via He* @h.

Regarding the two sequential scenarios, the shape of the
Es, 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 &3, =
Es,/Ey3,, defined as the ratio of the 3n energy to the total
energy. This variable rescales the 3n energy spectrum to a
normalized range from O 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*(ZT)
decay provides the best description.

Finally, we performed a x? fit to the E,,, spectrum using
a combination of “Sequential-nn” and “Trineutron” in order
to set an upper limit for the latter, yielding 0.8% at the lo
level. If we consider a broader trineutron resonance (“Broad
Trineutron”: E3, = 3 MeV and I';;, =5 MeV) that matches
more closely the Ej3, 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(¢, >H)3n reaction (I's, & 15 MeV)
[16], leads to an even smaller upper limit.

It is therefore concluded that the 31 emission from the "He*
structure observed here is consistent with a purely sequential
process via SHe* (2?'). 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 SHe* (2]“), similar
to those observed in the dissociation of °He [96] and in the
S, y)3n reaction [17], no evidence is found for any sig-
nificant 3n correlations.

Conclusions. In summary, 3n emission from "He has been
directly measured for the first time. A prominent resonance-
like structure lying 2.08(4) MeV above the *He +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
3/25 excited state of "He with a possible small admixture
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from 5/2;. The 3n invariant-mass spectrum and the underly-
ing neutron correlations were investigated. A broad structure
peaking at around 1 MeV was observed in the Ej, spec-
trum and, combined with the E,,, spectrum and complete
simulations incorporating n-n correlations, was very well re-
produced by the sequential decay of "He* via ®He*(2]). No
evidence was found for any significant three-neutron corre-
lations, including any signature of a trineutron resonance.
The high-quality three-neutron-emission data reported here
could provide a benchmark for theoretical descriptions of
multineutron correlations and decay mechanisms of unbound
neutron-rich systems.

The present work underlines that direct multineutron de-
tection and the subsequent neutron correlation analyses hold
much promise for understanding the structure of multineutron
unbound states and the nature of multineutron systems. Such
measurements are being extended to other multineutron emit-
ters, such as 4n unbound "H.
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