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Observation of acorrelated free
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Along-standing question in nuclear physics is whether chargeless nuclear systems
can exist. To our knowledge, only neutron stars represent near-pure neutron systems,
where neutrons are squeezed together by the gravitational force to very high
densities. The experimental search for isolated multi-neutron systems has been an
ongoing quest for several decades', with a particular focus on the four-neutron system
called the tetraneutron, resulting in only a few indications of its existence so far*™*,
leaving the tetraneutron an elusive nuclear system for six decades. Here we report on
the observation of aresonance-like structure near threshold in the four-neutron
system that is consistent with a quasi-bound tetraneutron state existing fora

very short time. The measured energy and width of this state provide a key benchmark
for our understanding of the nuclear force. The use of an experimental approach
based on aknockout reaction at large momentum transfer with aradioactive
high-energy ®He beam was key.

A neutron can be bound either in an atomic nucleus or in a neu- Numerous attempts have been made to find a hint for the existence

tron star. The free neutron has a lifetime of just under 15 min and
decaysinto a proton, electron and antineutrino. The system made
of two neutrons, the dineutron, is known to be unbound by only
about 100 keV. Whether multi-neutron systems can exist as weakly
bound states or very short-lived unbound resonant states has been
along-standing question’. The next simplest system of three neu-
tronsis less likely to exist owing to the odd number of nucleons and
therefore weaker binding; yet, a recent calculation has suggested
its existence’. Following these considerations, the four-neutron
system, the tetraneutron, is an appropriate candidate to address
this question. An overview of previous experiments and theoretical
approaches is givenin ref. .

ofthetetraneutronasabound or resonant state. Among these attempts,
experiments were performed searching for possible bound tetraneu-
trons produced in uranium fission reactions (see, for example, ref. ¢).
Other attempts, sensitive to both bound and resonant states, used
pion-induced double-charge-exchange (DCX) reactions, mainly the
“He(r”, ") reaction (see, for example, ref.7), as well as transfer reac-
tions suchas ®He(d, °Li) (ref.®). None of the experiments yielded a
positive signal.

Most of the past experiments were performed with stable nuclei.
Towards the twenty-first century, with the development of
radioactive-ion beam facilities, it became possible to use extremely
neutron-rich nuclei in which one can expect an enhanced formation
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of a tetraneutron system. The first indication for a possible bound
tetraneutron was reported in 2002% from a break-up reaction of
“Beinto'°Be + *n. Theresult stimulated several theoretical studies, all
agreeing on the same conclusion: abound tetraneutron state cannot
be obtained theoretically without significantly changing our under-
standing of the nuclear forces’ ™. However, the possibility of the
four-neutron system existing as a resonant quasi-bound state with a
very short lifetime on the order of a few 10 s, before decaying, has
remained anopenand challenging question. It was later found that the
resultreported in ref.?is also consistent with such aresonant state with
thelimitonitsenergy E, <2 MeV (ref.>).

A decade later, in 2016, an indication of a tetraneutron resonance
was reported*. A DCX reaction was used, but in contrast to previ-
ous attempts, this time the reaction was induced by a high-energy
8Heradioactive beam.®He is the most neutron-richbound isotope, and
the®He(*He, ®Be) reaction channel was investigated. The advantage of
usingaradioactivebeamisthe freedom of selecting the reaction partner
in a so-called recoil-less production (without momentum transfer)
of the four-neutron system. The energy of the state was found to be
E.=0.8 1.4 MeV, and an upper limit on its width was estimated as
I'< 2.6 MeV.However, owing to the large experimental uncertainty, the
possibility of abound state could not be excluded by this experiment.

In this work, we used the quasi-elastic knockout of an a-particle
(*He nucleus) from a high-energy ®He projectile induced by a proton
targetto populate a possible tetraneutron state. The inverse-kinematics
knockout reaction 8He(p, p*He) at large momentum transfer is well
suited because the ®He nucleus has the pronounced cluster structure
of an a-core (*He) and four valence neutrons with small 4n centre-
of-mass motion, such that after the sudden removal of the a-particle,
arather localized four-neutron system with small relative energy
between the neutronsis produced, whichmay have alarge overlap with
atetraneutron state’>, The chosen kinematics at large momentum
transfer between the proton and the a-particle ensures that the
four-neutron system will recoil only with the intrinsic momentum of
the *He core in the ®He rest frame, without any further momentum
transfer, thus allowing the recoil-less production. Furthermore,
final-state interactions between the four neutrons and the charged
particles are also minimized owing to the large momentum transfer,
separating charged reaction partners from the neutron spectatorsin
momentum space (Fig. 1).

The experiment took place at the Radioactive lon Beam Factory
operated by the RIKEN Nishina Center and the Center for Nuclear
Study, University of Tokyo, using the Superconducting Analyzer for
Multi-particles from Radio Isotope Beams (SAMURAI)™. A primary
beam of ®0 was directed onto a beryllium production target produc-
ing a cocktail of radioactive nuclei from fragmentation. The secondary
8He beam was separated using the BigRIPS fragment separator and
transported with an energy of 156 MeV per nucleon to a 5-cm-thick
liquid-hydrogen target” located at the SAMURAI spectrometer (Fig. 2).

The incoming beam was measured upstream of the target on an
event-by-event basis using scintillators for charge identification as
well as momentum measurement, and two drift chambers for tracking
(Extended DataFig. 1).

The outgoing charged fragments (a-particle and proton) emerging
fromthe quasi-elastic scattering were detected using acombination of
detectors downstream of the target. Three planes of silicon-strip detec-
tors, where each plane consists of two orthogonal layers enabling posi-
tion measurements in both horizontal and vertical directions, served
for tracking, energy-deposition measurement and reconstruction
of the reaction vertex inside the target (Extended Data Figs. 2 and 3).

Behind thesilicon planes, both charged fragments were bent through
the magnetic field of the SAMURAI spectrometer, which was oper-
ated at anominal magnetic field of 1.25 T in the centre of the magnet.
The experiment was designed to detect an a-particle and a proton that
emerge from quasi-elastic scattering close to 180°in the centre-of-mass
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Fig.1|Schematicillustration of the quasi-elasticreactioninvestigatedin
this work. Top: quasi-elastic scattering of the *He core from a®He projectile of f
aprotontargetinthelaboratoryframe.Thelengthofthe arrowsrepresentsthe
momentum per nucleon (the velocity) of the incoming and outgoing

particles. Z,., is the beam axis. Bottom: the equivalent p-*He elastic scattering
intheir centre-of-mass frame, where we consider reactions at backward angles
closeto180°, 8. ,, 2160°.In this frame, the momentum of the proton balances
that of the *He, P, = — P4, that is, the proton s four times faster than the *He.
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frame (Fig.1). Under these kinematical conditions, their resulting out-
going momenta are very different from each other in the laboratory
frame, as shown in Figs.1and 2. The knocked-out a-particle is slowed
downfromitsinitialmomentum, thatis, with theincoming beam veloc-
ity, toamomentum of about 330 MeV/c per nucleon after the reaction
(where cisthe speed of light). In contrast, the proton, which was at rest
intheinitial state, becomes the fastest particlein thereaction, gaining
atypical momentum of about 860 MeV/c. At the focal plane, a drift
chamberisused for tracking of the fragments after the magnet, and two
scintillator walls located side by side, which cover a wide momentum
range, are used for energy-deposition and time-of-flight measure-
ments. The a-particle and proton are identified from a combination
of their measured energy deposition, each in a different scintillator
wall, and their position in the drift chamber (Extended Data Fig. 4).
Their momenta are determined precisely from their reconstructed
trajectories through the SAMURAI spectrometer.

As no additional momentum is transferred to the neutrons in the
reaction, they continue moving with nearly beam velocity and can be
detected, in principle, by the neutron detectors placed at a forward
angle behind the SAMURAI spectrometer. The detection efficiency for
neutrons is much lower than that for charged particles and decreases
quickly as a function of the number of detected neutrons. The small
p-*Heelastic cross-section at backwards centre-of-mass angles of less
than1microbarn (ref.®) resulted in the relatively low statistics of 422
events obtained for the 8He(p, p*He) reaction. These factors made it
impossible to detect more than two neutrons in coincidence with the
charged particles. Therefore, the neutron detectionisnot a part of the
current study, aside from a consistency check (provided in Supple-
mentary Information) of the near recoil-less production of the free
neutrons.

The combined selection of event-by-event identification of incom-
ing®He-beam particlesin coincidence with the knocked-out a-particle
and the scattered proton defines the ®He(p, p*He) channel. From a
precise measurement of the momenta of the charged particles, the
energy spectrum of the 4n system is reconstructed assuming energy
and momentum conservation through the missing mass:

Egn= \ Eﬁﬂss - Pﬁﬁss - 4m,, ey

where E,ii; (Pis) is the energy (momentum) component of the
missing-momentum four-vector, and m, is the neutron mass. Using
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Fig.2|Experimental set-up and charged fragments momenta. Left:
schematic view of the experimental set-up. The ®He secondary beam at 156 MeV
pernucleonis transported from the BigRIPS (Big RIKEN projectile-fragment
separator) into the SAMURAI set-up, whereit hitsaliquid-hydrogen (LH,)
target. Inaquasi-elastic (p, p*He)reaction, the *He coreis knocked out from the
8He projectile. Scintillator detectors and drift chambers are used for beam
identification and tracking. The trajectories of the outgoing fragments are
tracked by three silicon (Si) planes and bent afterwards through the SAMURALI
spectrometer towards the focal-plane detectors. Two neutron-detector arrays

this notation,abound*n systemwill appear at £, < O whereas aresonant
state will appear at £,, > 0. The missing momentum in equation (1) is
defined by B =P sye + Py~ P 44e — By, Where the four-momenta P
ontheright-handside of the equation are those of theincoming beam,
target proton, knocked-out a-particle and scattered proton, respec-
tively.

The ®He(p, p*He) knockout reaction was measured with almost
exactly the same experimental conditions as for ®He, except for some
small differences in the energy of the incoming beam and the beam
profile (Supplementary Table 2), and served as abenchmark for verify-
ing the analysis and calibration procedures. In the case of ®He, the 2n
system is produced by the sudden removal of the *He core.
The two-neutron relative-energy spectrum is expected to be well
described by theory taking into account both the well established
ground-state wavefunction and the final-state scattering wave of the
two neutrons, predicting alow-energy peak around 100 keV. Similarly
tothe®He case, we define the missing mass (Ps, > Pey.and4m,, > 2m,).
The measured missing-mass spectrum for ®°He is shown in the right
panel of Fig. 3 together with the theoretical calculation” convoluted
with the experimental acceptance and resolution (blue curve).
The energy range shown represents the one covered by the experimen-
tal acceptance. The calculation is compared with the data by imple-
mentingitinto anevent generator for the quasi-elasticreaction, which
uses the measured p—*He differential elastic cross-section'®asaninput,
as well as the measured internal momentum distribution of the
a-particlein°He (ref.’®). The generated events are transported through
the experimental set-up in Geant4 simulations to account for the
experimental acceptance and detector resolutions. The excellent agree-
ment of the simulated theoretical distribution with the measured
spectrum confirms the analysis and the calibration for determining
the missing mass. The missing-mass resolution obtained in the meas-
urement is approximately 1 MeV sigma, and is almost constant over
the measured energy range. The systematic uncertainty for the deter-
mination of the absolute energy was estimated from this measurement
tobe 0.4 MeV and that of the energy width to be 0.27 MeV (Methods).
Alsoshowninthe right panel of Fig. 3 (green curve) is a possible small
background contribution coming from two-step process where *Heis
producedinafirststep (see Methods and following discussion for ®He).
This background was estimated from the measured cross-section to
contribute 1% of the total number of measured events.

The measured missing-mass spectrum of the four-neutron system
from the SHe(p, p4He) reaction is shown in the left panel of Fig. 3.
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were placed ataforward angle behind the SAMURALI. An additional scintillator
wallwas placed at smaller bending angle to detect the unreacted ®He beam.
Right: measured momenta of the knocked-out *He and the scattered proton
after the quasi-elastic scattering (symbols). The momentum distribution of the
incoming®He beamis shown for comparison. The solid curves are the results
from the simulation. The cyan (magenta) dotted line represents the upper
(lower) limit of the *He (proton) momentum expected from the simulation
assuming a quasi-elastic scattering, and the orange line indicates the central
beam momentum.

Two components are observed: a well pronounced peak in the
low-energy region with an energy around 2 MeV and a broad distribu-
tion at higher energies attributed to a non-resonant continuum
response®, a direct four-body decay.

The shape of the non-resonant continuum spectrum of the four neu-
trons has been studied theoretically for the case of the four-neutron
structure formed after the sudden removal of the a-core from *He
(ref.). The creation of the system is investigated by introducing into
the Schroédinger equation asource termthataccounts for the reaction
mechanism producing the four-body system, and that depends explic-
itly on the internal structure of the parent nucleus ®He. The ®He
ground-state wavefunction (without final-sate interaction) was treated
using the five-body (*He + 4n) cluster orbital shell model approxima-
tion (COSMA)™. The exact shape of the non-resonant continuum is
sensitive to the hyperradius of the source, p,,,. aninternal radius of the
4nsystem, described in the hyperspherical harmonics basis. A hyper-
radius of 5.6 fm is considered by the theory as the most realistic, as it
reproduces the correct experimental radius of *He in the COSMA model.
This results in a broad distribution centred around 30 MeV, in good
agreement with the observed experimental spectrum.

We model the spectrum as follows:

S Es) = fos (Ear) + Bf g (Esn) + g (Ear), 2)

where q, b, and c are constants, f,., is a Breit-Wigner function repre-
senting the possible resonance structure, andf,, is the non-resonant
continuum part presented above with the hyperradius asa parameter.
The last term in equation (2), fi,, represents possible background
events coming from competing processes. Several processes were
investigated and quantified (Methods), where the only non-negligible
contribution found is froma two-step process involving °He (*He) pro-
duction: proton-induced break-up of ®He into °He (*He) followed by
a p-*He quasi-elastic scattering. The resulting energy distribution
is broadened and shifted to lower energies compared with the pure
®He case (right panel of Fig. 3) owing to the two-step process, which
has been takeninto account in the simulation of f,,. This background
was estimated from measured cross-sections to contribute 2.6% to the
total number of measured events (Methods), which has been used to
determine the normalization constant c.

The experimental spectrum was then fitted with the energy-
dependent function given in equation (2), where the fit function was
convoluted with the experimental response, taking into account
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Fig.3|Missing-mass spectra. Left: missing-mass spectrum of the
four-neutron systemextracted fromthe SHe(p, p“He) reaction. The different
curvesrepresentaBreit-Wigner resonance (pink), anon-resonant continuum
(dashedblue), the background from two-step processes (green) and the total
sum (solid blue). Right: missing-mass spectrum of the two-neutron system

acceptance and detector resolutions. The experimental acceptanceis
not constantover the measured energy range. Itismaximalin theregion
20 MeV < £,,<40 MeV (Extended Data Fig. 5).

Theresult of the ¥* minimizationis 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 50
level (Methods).

The probability of populating a four-neutron system in a resonant
state after the sudden removal of the a-core in®He is determined by the
overlap of the 4n wavefunctionin the final state and the relative motion
of the four neutrons in the ®He initial state. This overlap integral defines
theratio 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 extracta
probability of P,=18.7 + 2.3%. For comparison, the relative motion of
the four neutrons studied in the COSMA model'** 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
datais 5.0 + 0.1 fm, which would yield a smaller probability to populate
the resonant state.

Assuming aresonantstate, its energy and width as determined from
thefitare

E,=2.37+0.38(stat.) + 0.44(sys.) MeV,
r=1.75+0.22(stat.) + 0.30(sys.) MeV.

For comparison, Fig. 4 shows our result (full red symbol) together
with the previous experimental result obtained from the DCX measure-
ment*(openred symbol). The energy of the resonanceis 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
limitgiveninref.>.

From the theory side, there is no consensus among the different
theories and their predictions are partly contradictory, although, there
isageneral agreement that abound *n does not exist. In 2003, Pieper™
studied this possibility using Green’s function Monte Carlo calcula-
tions. His conclusion was that the existence of a bound *n state has to
beexcluded, unless nuclear forces are drastically modified. However,
his calculation suggested that a possible resonance might exist near
2 MeV, butinsuchacaseit 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 *n resonance®. The

® SHe(p, p*He)
— Theory
— Background

20—

Counts per 2 MeV

E,, (MeV)

extracted fromthe ®He(p, p*He)reaction. Theblue curve representsthe
theoretical calculation” convoluted with the experimental acceptance and
resolution, and the green curve represents the background from the two-step
reaction.

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
aharmonic-oscillator representation predicts different resonant
states (full stars) including their corresponding widths? (see also
ref. 2 cited in ref. 2°). Calculations have been performed also in the
framework of the no-core Gamow shell model (NCGSM)?. These
resulted in £, =7 MeV and ' = 3.7 MeV (cross), where the conclu-
sion was in fact that the energy of a *n resonance might be compat-
ible with the experimental value of ref. %, albeit with a significantly

® This work '{lF'_’
O  Kisamori et al.*
L NCSM
NCGSM
S QMG
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Fig.4|Comparison of experimental results with theory predictions. Energy
versus width of atetraneutronresonance. Experimental dataare showninred:
this work (full symbol), and the result from the DCX measurement* (open
symbol), where the red arrow indicates that the measured widthisan upper
limit. Theory predictions are showninblue based on: NCSM' and ref. 20 cited
inref.?° (full stars), NCGSM (openstar)?® (cross)?, where the blue arrow
indicates that the widthis predicted to belarger than 3.7 MeV,and QMC
calculations® (band). Whether this observation of alow-energy peak is
attributed toafour-neutronresonantstate or to other correlations between
the neutronsinthe final state, needs to be clarified by abinitio theories.
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larger width. As pointed out in a later study®’, these calculations
were incomplete, as they were performed only in truncated model
spaces or with unphysically overbinding interactions. The authors
of this work?® concluded that both the energy and the width of such
aresonance are comparable with the experimental data (open star).
At the same time, other calculations claim that to generate such a
resonance, nuclear forces have to be significantly changed®%, which
would not be consistent with the present understanding. We note
that some theories**? predict a non-resonant low-energy enhance-
ment of the density of states in the four-neutron spectrum. Whether
such a prediction is consistent with our observed resonance-like
feature cannot be currently ascertained, as the energy spectrum of
the four-neutron systemis not given. The drastically different predic-
tions resulting from different theoretical approaches highlight the
importance of the current firm experimental observation.

In conclusion, we have presented the experimental observation
of a resonance-like structure consistent with a tetraneutron state
near threshold after 60 years of experimental attempts to clarify
the existence of this state. The use of a high-energy knockout reac-
tion in inverse kinematics allowed a precise measurement. The
use of a radioactive ®He beam as the parent system and a direct,
large momentum-transfer reaction opened up the opportunity
to create the 4n system in a well defined one-step process and in
arecoil-less undisturbed way. The optimized detection system
enabled a precise determination of the final state and a
high-resolution measurement. A well developed peak structure
has been observed at an energy of 2.37 + 0.38(stat.) + 0.44(sys.)
MeV with a striking statistical level. This is in agreement with the
result of ref. * and the upper limit given in ref. 3. Both the energy
and the extracted width of I'=1.75 + 0.22(stat.) + 0.30(sys.) MeV
are consistent with a tetraneutron state that is unbound with a
corresponding lifetime of (3.8 + 0.8) x 107 s. Next-generation experi-
ments using different reaction mechanisms and possibly detecting
the four neutrons in coincidence will reveal more insights into the
properties of the four-neutron system, including correlations among
the neutrons. More elaborated ab initio nuclear theories accounting
fully for the effect of the continuum are necessary to understand the
observed low-energy peak and its origin.

Online content

Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41586-022-04827-6.

1. Marqués, F. M. & Carbonell, J. The quest for light multineutron systems. Eur. Phys. J. A 57,
105 (2021).
2. Marqués, F. M. et al. Detection of neutron clusters. Phys. Rev. C 65, 044006 (2002).

682 | Nature | Vol 606 | 23 June 2022

3.  Marqués, F. M., Orr, N. A., Al Falou, H., Normand, G. & Clarke, N. M. On the possible
detection of “n events in the breakup of “*Be. Preprint at https://arxiv.org/abs/
nucl-ex/0504009 (2005).

4.  Kisamori, K. et al. Candidate resonant tetraneutron state populated by the “He(®He,®Be)
reaction. Phys. Rev. Lett. 116, 052501 (2016).

5. Gandolfi, S., Hammer, H.-W., Klos, P., Lynn, J. E. & Schwenk, A. Is a trineutron resonance
lower in energy than a tetraneutron resonance? Phys. Rev. Lett. 118, 232501 (2017).

6.  Schiffer, J. P. & Vanderbosch, R. Search for a particle-stable tetra neutron. Phys. Lett. 5,
292-293 (1963).

7. Unger, J. E. et al. Search for the tetraneutron by the double-charge-exchange of negative
pions. Phys. Lett. B 144, 333-336 (1984).

8. Beaumel, D. et al. Studies of exotic systems using transfer reactions at GANIL. In
Proc. International Symposium on the ISPUNO7 8-25 (World Scientific, 2008).

9. Bertulani, C. A. & Zelevinsky, V. Is the tetraneutron a bound dineutron-dineutron
molecule? J. Phys. G 29, 2431-2437 (2003).

10. Pieper, S. C. Can modern nuclear Hamiltonians tolerate a bound tetraneutron? Phys. Rev.
Lett. 90, 252501 (2003).

1. Timofeyuk, N. K. Do multineutrons exist? J. Phys. G 29, L9-L14 (2003).

12. Zhukov, M. V., Korsheninnkov, A. A. & Smedberg, M. H. Simplified a+4n model for the ®He
nucleus. Phys. Rev. C 50, R1-R4 (1994).

13.  Grigorenko, L. V., Timofeyuk, N. K. & Zhukov, M. V. Broad states beyond the neutron drip
line. Eur. Phys. J. A19,187-201(2004).

14.  Kobayashi, T. et al. SAMURAI spectrometer for Rl beam experiments. Nucl. Instrum.
Methods B 317, 294-304 (2013).

15.  Obertelli, A. et al. MINOS: a vertex tracker coupled to a thick liquid-hydrogen target for
in-beam spectroscopy of exotic nuclei. Eur. Phy. J. A 50, 8 (2014).

16. Comparat, V. et al. Elastic proton scattering on *He at 156 MeV. Phys. Rev. C 12, 251-255
(1975).

17.  Goébel, M. et al. Neutron-neutron scattering length from the ®He(p,pa)nn reaction. Phys.
Rev. C104, 024001 (2021).

18. Chulkov, L. V. et al. Quasi-free scattering with 5®He beams. Nucl. Phys. A 759, 43-63
(2005).

19. Shirokov, A. M. et al. Prediction for a four-neutron resonance. Phys. Rev. Lett. 117, 182502
(2016).

20. Li, J.G., Michel, N., Hu, B. S., Zuo, W. & Xu, F. R. Ab-initio no-core Gamow shell-model
calculations of multineutron systems. Phys. Rev. C 100, 054313 (2019).

21.  Fossez, K., Rotureau, J., Michel, N. & Ptoszajczak, M. Can tetraneturon be a narrow
resonance? Phys. Rev. Lett. 119, 032501 (2017).

22. Sofianos, S. A., Rakityansky, S. A. & Vermaak, G. P. Subthreshold resonances in
few-neutron systems. J. Phys. G 23, 1619-1629 (1997).

23. Lazauskas, R. & Carbonell, J. Is a physically observable tetraneutron resonance
compatible with realistic nuclear interactions? Phys. Rev. C 72, 034003 (2005).

24. Hiyama, E., Lazauskas, R., Carbonell, J. & Kamimura, M. Possibility of generating
4-neutron resonance with T=3/2 isospin 3-neutron force. Phys. Rev. C 93, 044004 (2016).

25. Lazauskas, R., Carbonell, J. & Hiyama, E. Modeling the double charge exchange response
function for a tetraneutron system. Prog. Theor. Exp. Phys. 2017, 073D03 (2017).

26. Deltuva, A. Tetraneutron: rigorous continuum calculation. Phys. Lett. B 782, 238-241
(2018).

27.  Higgins, M. D., Greene, C. H., Kievsky, A. & Viviani, M. Nonresonant density of states
enhancement at low energies for three or four neutrons. Phys. Rev. Lett. 125, 052501
(2020).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution

By 4.0 International License, which permits use, sharing, adaptation, distribution

and reproduction in any medium or format, as long as you give appropriate

credit to the original author(s) and the source, provide a link to the Creative Commons license,
and indicate if changes were made. The images or other third party material in this article are
included in the article’s Creative Commons license, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons license and your
intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this license,
visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022


https://doi.org/10.1038/s41586-022-04827-6
https://arxiv.org/abs/nucl-ex/0504009
https://arxiv.org/abs/nucl-ex/0504009
http://creativecommons.org/licenses/by/4.0/

Methods

EnergyE,, of the 2nsystem

The theoretical calculation used as an input for the E,, distribution
includes both the ground-state wavefunction and the final-stateinter-
action between the two neutrons”. These were obtained from a
three-body (*He +2n) cluster model, which contains a phenomeno-
logical three-body force as well as the following local angular momen-
tum [-dependent two-body interactions: a central s-wave interaction
in the nn system, and central s- p- and d-wave interactions in the n-o
system, as well as n—a spin-orbit interactions on the p- and d-waves.
The ground-state wavefunction is computed in a three-body model
using the computer code FaCE?, an acronym for Faddeev with Core
Excitation, whereas the final-state interactionis taken into account by
using the nn transition ¢-matrix approach. The calculated distribution
isshownin Extended DataFig. 6 (purple). For comparison, we also show
the calculated distribution without the nn final-state interaction
(green), which reflects the nn motion in the source, the °He ground
state. The distributions are normalized to the same maximum, such
that only their shape is compared. It can be seen that the effect of the
nn final-state interaction is very large. The ground-state distribution
peaks at alarger energy with a far extending tail towards higher ener-
gies.

Systematic uncertainty of the missing-mass determination

As the theoretical calculation used as an input for the energy of the
two-neutron systemin the quasi-elastic 6He(p, p4He) reactionis con-
sideredtobeaccurate, the comparison of it with the measured spectrum
is used to estimate the systematic uncertainty of the missing-mass
measurement. Different offsets covering the range of +0.5 MeV are
addedtothe generated theoretical distribution and for each offset the
goodness of the agreement with the data is quantified by calculating
thex*value. The generated distributions are convoluted with the energy
response of the set-up, to account for the experimental acceptance and
the detector resolutions. The minimum y?obtained s located very close
to zero, that s, very close to the original distribution (Extended Data
Fig.7). Therange of deviationsin the energy scale still showing reason-
able agreement with the data ()(rznin +1range) is interpreted as the sys-
tematic uncertainty for the absolute missing-mass determination. This
resultsinan uncertainty withanaverage value of 0.4 MeV. To determine
the systematic uncertainty for the missing-mass width, the original
theoretical distribution is used (that is, offset of zero). To check the
sensitivity to the resolution, different resolutions are applied in the
rangeo=1x0.5 MeV.The generated distributions are convoluted with
theacceptance of the set-up and are smeared using a Gaussian function
withawidth o.Similarly as described above, the y* values are calculated
and the szninﬂ range is interpreted as the systematic uncertainty
(Extended Data Fig. 7). This results in an uncertainty with an average
value of +0.27 MeV. We note that for both absolute value and resolution,
the minimum x? values fall very close to the expected values (which
could be statistically by accident). Asthe given systematic uncertainties
are determined solely by the statistics of the °He data, we consider the
given uncertainties as conservative estimates.

Anadditional systematic uncertainty from the background function
in equation (2), on both the energy and the width, is added quadrati-
cally. Thefitting procedureis repeated three times, with the green curve
presentedinFig.3 and with the 1lolower and upper limits (Supplemen-
tary Information). The values for the energy and the width are taken as
the average between the different fits, and the systematic uncertainty
istaken as the difference between them. This results in an uncertainty
of 0.18 MeV and 0.14 MeV for the energy and width, respectively.

Energy E,, of the 4n system
The relative-energy spectrum of four neutrons produced by sudden
removal of the a-particle from ®He as a source was studied theoretically

in ref. . The final-state energy spectrum depends on the intrinsic 4n
relative motion in ®He, that is, the ®He ground-state wavefunction as
the source (without final-state interaction), and the final scattering
state of the four isolated neutrons, that is, 4n final-state interaction.
Thewavefunction usedinref.for®Heis based on the COSMA model®”,
and the source term contains the Fourier transform of the overlap
between ®*He and the a-particle wavefunctions. The method of hyper-
spherical harmonics® was used to solve the equations of the model.
This methodis based onthelink between the hyperspherical-function
methodandthe oscillator NCSM and uses aSlater determinant represen-
tation of the hyperspherical harmonics functions. The resulting source
function is described by the internal variables of the four-neutron
system, hyperradius, hyperangle, hyperangular momentum and the
*He-4n relative motion. Calculations showed that only hyperangular
momentum K = 2 significantly populates the 4n non-resonant con-
tinuum, reflecting the motion of the four neutrons in *He. The result-
ing energy spectrum in ref. ® is presented only up to 20 MeV. It was
also used in ref. * to estimate the non-resonant background and can
be modelled analytically as

.)Egm (E4-n) = gn x exp(_E4n/€a)' (3)

where a =7/2 + Kwith K=2 as stated above. K= Ozand a=7/2corre-
spondsto thefree four-body phase space. e, = mN -—, where myis the
nucleon mass, . is the hyperradius, #is the reducéd Planck constant
and the factor 3.3 was estimated by matching to the calculated distribu-
tioninref.,

Background events from competing reactions

Events with a proton and an a-particle in the final state might result
from other competing reactions. However, owing to the unique kine-
matics of quasi-elastic p-*He scattering at large centre-of-mass angles,
other direct reactions are excluded. Examples are one-neutron knock-
out, ®He(p, pn)’He,or *He knockout, 8He(p, p®He*)2n.Inthe former
case, the momentum of the proton is too small to be selected by the
experiment, whereinthe latter, it is too high at the angular range cov-
ered by the set-up, owing to the larger mass of °He relative to *“He There-
fore, the only possible contribution of background events to our
measured p—*He events can come from secondary reactions. Below
we list the possible reactions and their expected contributions.

SHe(p, pn)7He . Afirstinteraction is single-neutron knockout from
8Heleading to break-up into *He and two neutrons. This can be followed
by a second interaction, quasi-elastic p—*He scattering at backward
centre-of-mass angles. These processes will result in events with a
missing-mass distribution similar to that of the one-step °He(p, p*He)
reaction but broadened and shifted to smaller energies. Thisis due tothe
difference in the separation energies of two and four neutrons in
®He versus *He of about 2 MeV, and due to the additional recoil (Supple-
mentary Information). The single-neutronknockout cross-sections from
¢8He were measured inan experiment performed within the same exper-
imental campaign asthe experiment presented here, at aslightly higher
beamenergy of 185 MeV per nucleon using aseries of targets with differ-
ent nuclear charges Z (ref. *°). For °He, the cross-section was extracted
for the hydrogen target, whereas for ®He, the lowest-Z target used was
carbon. We therefore scale the measured cross-section for *He with hydro-
gen, 06y, ,, by the carbon measurement (o's,;, /06, ) =1.26£0.16. .
Usingo ey, y=47+4 mbresultsing;,=59+9 mb.

8He(p, b)SHe*. Afirstinteraction isinelastic excitation of *He leading
to a break-up into ®*He and two neutrons. These cross-sections were
measuredaswellinref.*’, withscalingratioof g s, /0 6y, c=1.02+0.13.
Usingo e, ,;=11.0£0.9 mbgives 0j,¢;=11.2+1.7 mb.

Intotal, the cross-section evaluated for the two processes described
above equals g, = 71.1+9.2 mb. Evaluating the relative contribution
to the number of one-step p—*He quasi-elastic reactions N,,. at
half of the target thickness (£) gives Nyyg/Nyeac = 0(b) x t(g cm?)x
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0.6(Avogadro)/A=0.071x0.175x 0.6 = 0.75£0.10%, where A is the
mass number of the target. These types of processes can also occur
from ®He break-up along beamline materials before the target, plastic
scintillators, kapton windows and air. These contributions were esti-
mated starting from the last plastic scintillators at the BigRIPS fragment
separator up to the kapton window at the entrance to the target cell,
using the measured cross-sections for hydrogen and carbon targets*.
The produced ®He has an angular spread in the transverse direction
according to its intrinsic momentum, which has a width of
O 640 = 35 MeV/c (ref.'®). Assuming a central beam energy of 156 AMeV,
its corresponding momentumis Ps,, = 3.37 GeV/c, leading to anangu-
lar @width of 5= 0 ¢, /P 64, = 0.035/3.37 =10 mrad. The spreadin the
x and y directions evaluated at the entrance to the target equals
0, ,=d- 0g=d(mm) x 0.01(rad), where dis the distance from the mate-
rialat which ®He was produced to the target entrance. The target enclo-
sure radius equals 20 mm. Therefore, depending on the distance of
production point and target, some fraction of the produced °He is
expectedtonotreachthetarget, whichreducesitsintensity. Using the
measured distances to the target entrance, the estimated fraction of
®He produced before the target and reaching the effective target volume
is 0.36 + 0.01%. Overall, the estimated contribution from these two
processesis 1.11+ 0.10%.

8He(p, p®He)2n. A first interaction is °He knockout to its ground
state. This process can contribute only when the *He is produced along
the target, as, owing to its angular spread, it will not reach the target
regionin case of production in beamline materials. The cross-section
for this processis not well known, and was studied previously only for
amuch higher energy'®. However, it was shown to be compatible with
the p—*He elastic scattering cross-section. We therefore adapt the
measured p—*He total cross-section, which was measured at 156 MeV
(ref.’®),0=91.8 mb, and use it as an upper limit. The relative contribu-
tion of these events is evaluated as 0.0918 x 0.175 x 0.6 = 0.96%.

8He + p >*He. In the first interaction, *Heis produced from fragmen-
tation of ®He. This can be, for example, a result of elastic p—*He scat-
tering or inelastic excitation of ®He. The inclusive “He cross-section
was measured at higher energy for ®He + 2C > *He to be 95+ 5mb
(ref."). We scale it by a factor of 1/2 to estimate the cross-section for
the hydrogentarget, leading to 0 =48 + 5 mb. The relative contribution
ofthese eventsisevaluated as0.048 x 0.175 x 0.6 = 0.50+ 0.05%.This
process will resultin events with a negative missing-mass distribution
below -3.1 MeV, the binding energy of *He in He that will extend to
more negative values owing to the additional recoil (Supplementary
Information).

8He(p, p)3He. Afirstinteraction is p-®He elastic scattering at back-
wards centre-of-mass angles. This will lead to a fast protonin the final
state. In a second interaction, *He can be produced. However, in this
case, the momentum of the proton is even larger than that resulting
from direct ®*He knockout, owing to the larger mass; therefore, this
reaction channel is excluded.

For the benchmark measurement with *He, only one reaction can
contribute toabackground, where “He is produced in the firstinterac-
tion, ®He + p >*He. Similar to ®He, the inclusive “He cross-section was
measured at higher energy for °He+2C~ *He to be 189 +14 mb
(ref.?"). We scale it by a factor of 1/2 to estimate the cross-section for
the hydrogentarget, leadingto 0 =95 + 7 mb. The relative contribution
ofthese eventsis evaluated as0.095 x 0.175 x 0.6 =1.00 £ 0.07%. This
process will resultin events with a negative missing-mass distribution
below —0.975 MeV, the binding energy of *He in °He that will extend to
more negative values owing to the additional recoil (Supplementary
Information).

Summary of background contributions

From the reactions listed above, we conclude that the only contribu-
tions from background processes come from reactions in which *He
or *He were produced in a first step, and the overall contribution is

evaluated as 2.6%. In the fitting of the missing-mass spectrum, fi., is
takenasthe simulated distribution for the two-step processes described
above. Each process is simulated individually, and adds weight to the
total distribution accordingtoits expected contribution. In addition,
as the measured cross-sections adopted to estimate the background
contributions were not measured directly for the reactions of interest,
we consider the uncertainty asavariation by afactor of twooneachone
of the scaled cross-sections (Supplementary Information).

Itis noted that the resulting background distribution canalso explain
thetwoeventsobserved atthe energyregionof-10 MeV < E, < -8 MeV.
These two events cannotresult fromadirect reaction, as the lower limit
of abound tetraneutron is 3.1 MeV, corresponding to the binding
energy of *He against decay into “He + 4n. Therefore, these events can
be attributed only to two-step reactions. Estimating the background
function at -9 MeV, we expect 0.27 events in that energy region, lead-
ing to a 2o significance of the measured two events, which is not con-
sidered as a statistically significant deviation from the expected
background contribution in that energy region.

Finally, amajor difference between one-step and two-step processes
is expected in the reaction-vertex distribution of the proton and the
a-particle (Extended DataFig. 8). For atwo-step process, an exponen-
tially increasing yield of reaction products along the target is expected
owing to the need to produce the *He (*He) first. Such a distributionis
not observed in the data, corroborating that the background contri-
bution is indeed small. The estimated background contribution will
be considered to evaluate the significance level of the observed peak.

To quantify the statistical significance of the resonance observedin
Fig.3, we evaluate the number of background eventsin the peak region
defined as E,+2I and -2 MeV < E,,< 6 MeV.The number of measured
events in the peak region amounts to N = 41 events. The number of
background events equals the integral of the background and con-
tinuum functions (f,,; and f,,.in equation (2)) in that region, resulting
in an average number of eight events from the background and two
events from the continuum, such that the total expected background
amounts to ten events. Even though we allowed a variation of a factor
of two for the background estimation, this does not change the result
significantly. Hence, we conclude that the resonance structure is
observed with high statistical significance, well above the 50 observa-
tion threshold.
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measured event-by-event using plastic scintillators. The TOF is measured originates fromLi. (b) Angular profile of theincoming beamin the XY plane

relative to the last scintillators at the BigRIPS fragment separator. Thered measured by two drift chambers.



entrance exit

thX [mm]

‘ Il Il Ll ‘ Il Il Il Il ‘ Il Il Il Il ‘ Ll Il Il ‘ Il Il Il Il
m\ Il Il Ll
\ 20 -10 0 10 20
Xy [Mmm]
2] T
N
S 1000} (¢) =
]
o | I l
- _’ 4_ -
5001 7
0 | | e e L-. |
—60 —40 -20 0
Z,, [mm]
Extended DataFig.2|Reaction vertex. (a) 3D representation of the supportstructure of the target. The dashed circle indicates the target cell,
reconstructed reaction vertex fromempty target runs.Insuchacasethe which has radius of 20 mm. (c) Projection onto the z-axis. The red lines
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(c) Projection of the response, as an example, for generated energy of zero MeV.
The fitted width of the distribution of 1MeV corresponds to the resolution of
thereconstructed energy.
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Thedistributionisscaled by afactor of1/2to matchthe scale of the figure.
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scattering. As canbe seen, an exponential increase is expected towards the exit
ofthe target, whichisnot observedin the data, confirming that the
contribution from this backgroundisindeed as small as expected from the
evaluation based onmeasured cross-sections. Simulated distributions for
other two-step processes show the same exponential behaviour.
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