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To search for low-energy resonant structures in isospin T ¼ 3=2 three-body systems, we have performed
the experiments 3Hðt; 3HeÞ3n and 3Heð3He; tÞ3p at intermediate energies. For the 3n experiment, we have
newly developed a thick Ti-3H target that has the largest tritium thickness among targets of this type ever
made. The 3n experiment for the first time covered the momentum-transfer region as low as 15 MeV=c,
which provides ideal conditions for producing fragile systems. However, in the excitation-energy spectra
we obtained, we did not observe any distinct peak structures. This is in sharp contrast to tetraneutron
spectra. The distributions of the 3n and 3p spectra are found to be similar, except for the displacement in
energy due to Coulomb repulsion. Comparisons with theoretical calculations suggest that three-body
correlations exist in the 3n and 3p systems, although not enough to produce a resonant peak.

DOI: 10.1103/PhysRevLett.133.012501

Background.—Multineutron systems are being notably
debated in the nuclear physics community [1]. The pivotal
question is whether such neutral nuclear systems can form
bound or resonant states. Recently, low-energy peak struc-
tures were discovered in the tetraneutron system [2,3],
suggesting the possible existence of resonant states.
However, interpretation of the origin of these peaks is
hampered by the contradictory theoretical arguments.
Understanding few-body multineutron systems is essential
for understanding the interactions among neutrons and
eventually the structures of neutron-rich nuclei and neutron
stars.Herein,we focus on a 3n system, themost fundamental

multineutron system with an odd neutron number, and
present the first generation of the 3n system under low-
momentum-transfer conditions. To highlight the importance
of our research on the 3n system, we first review the current
status of research on the 2n and 4n systems.
The search for multineutron systems is motivated by the

fact neutrons can be strongly correlated with each other.
Indeed, the interaction between low-energy two neutrons in
Swave is attractive at distances of a few femtometers due to
pion exchange, and it is free of Coulomb repulsion. As a
result, a two-neutron system in vacuum forms a 1S0 virtual
state [1] in close proximity to a bound state. In nuclei, the
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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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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.
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to the physical region in this model. For the reaction
mechanism, we again employed the PWIA, and constructed
the effective nucleon-nucleon interaction in the reaction
from the results of a phase-shift analysis of nucleon-
nucleon scattering (PWA93) [39]. Hereafter, we refer to
this model as the Faddeev-PWIA (F-P) calculation. The
calculations are not normalized when comparing them with
the experimental data.
The results are presented in the middle panels of Fig. 4.

The F-P calculations for 3Hðt; 3HeÞ3n (pink) and
3Heð3He; tÞ3p (cyan) show Ex distributions similar to the
experimental ones (red and blue, respectively). By treating
the full correlations among three-nucleon systems, these
calculations can reproduce the experimental peak energy
remarkably well without a resonance pole near the physical
region.
More quantitatively, we observe some differences

between the calculation and experimental data. This is
clearly depicted in Fig. 5, which shows the angular
distribution of the cross sections integrated over the peak
region Ex ¼ 7–13 MeV. Relative to the experimental data,
the 3Heð3He; tÞ3p calculation overestimates the cross sec-
tion and peaks at larger angle. To provide a fully quanti-
tative description of the considered reactions, the present
formalism must be further refined. The 3Hðt; 3HeÞ3n
calculation exhibits a similar trend, although the signifi-
cance of the difference is lower due to the larger systematic
error in the experimental data.
Finally, we tested a 3NF contribution by employing a

simple model. In Ref. [8], the authors tried to produce the
4n resonance by introducing a strong phenomenological
3NF. This 3NF has a free parameter W1 that represents the
strength of the long range part. By setting W1 to a very
large value of −32 MeV, they obtained a resonance pole in
a 4n system at the energy of the experimental observations
around Ex ¼ 1–2 MeV. To test such possibility of strong
3NF effects in the 3n case, we show the 3n calculations
using the same 3NF parameter (purple) in the bottom
panels of Fig. 4. This 3NF introduces an enhanced peak
structure at the larger angle, which degrades the consis-
tency with the experimental data (red). This 3NF parameter

is obviously inappropriate. Indeed, it has previously been
reported that such a strong 3NF destroys the low-lying
structures of 4H, 4He, and 4Li [8]. Not only in those static
systems, the present study also rejects such a strong 3NF
effect in the 3n system including in its production
dynamics.
Summary and perspectives.—To search for peak struc-

tures in the 3n and 3p energy spectra, we performed the
experiments 3Hðt; 3HeÞ3n at 170 MeV=nucleon and
3Heð3He; tÞ3p at 140 MeV=nucleon, respectively. Our
3Hðt; 3HeÞ3n spectra provide the first data for 3n systems
produced at momentum transfers lower than ∼100 MeV=c
and down to 15 MeV=c. In the measured spectra, we did
not find any peak structure in either the 3n or 3p systems.
The F-P calculations—which do not have 3n resonance
poles in the observable regions—reproduced the overall Ex
distributions of the experimental cross sections.
We have observed differences between the F-P calcu-

lations and the experimental data. It is important to improve
the theoretical formalism because there is still some chance
of constraining the T ¼ 3=2 3NF from these differences.
Ideally, one should perform a full six-body reaction
calculation that includes both the projectile and the target
system for the 3Hðt; 3HeÞ3n and 3Heð3He; tÞ3p reactions. If
that is beyond the reach of current theoretical techniques,
one could still consider improving the current formalism
by considering distortion effects as well as knock-on
exchange contributions [40] in the impulse approximation
framework. One could also try more realistic expressions
for the 3NF—such as one based on an effective chiral
Lagrangian—to investigate the sensitivity of the spectra to
the 3NF more quantitatively. From an experimental per-
spective, it is beneficial to reduce systematic errors in
particular for 3n data. Improving the system that monitors
the amount of the highly intense triton beam, which
currently dominates the contribution to the systematic
error, is worth considering.
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