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Resonances in '"He and the 6n system studied using
SAMURAI
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Abstract. The energy spectrum of 6-neutrons was reconstructed using a '“Be
beam at 150 MeV/u impinging on a solid hydrogen target to perform the (p, pa)
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reaction, followed by the decay of '°He into “He and six neutrons. The missing-
mass method was applied to determine the '°He states and their subsequent
decay. A Voigt fit of the '’He spectrum gated on its *He decay products, yielded
a resonance energy of E, = 1.40(22) MeV with a width of I' = 0.88(23) MeV
for the ground-state; A first excited states was identified at E, = 4.00(52) MeV
with a width of I' = 1.49(35) MeV; The fit resulted in reduced Chi2 of 1.24.
These preliminary values are in good agreement with previous experimental
results.

1 Introduction

The study of multineutrons has started as early as the 1960s. This is primarily because the
possible existence of a bound or quasi-bound state of neutrons would alter our fundamental
understanding of nucleon—nucleon interactions and the physics of neutron stars [1]. From
these early experiments no conclusive results could be obtained. With the advent of the 21st
century and the development of radioactive ion beams (RIBs), new opportunities were open
and the search was revived. The first experiment with RIBs was performed at GANIL using
the breakup of a '“Be beam at 35 MeV/u on a carbon target, where six events were observed
in coincidence with 'Be residues, compatible with the observation of a bound or quasi-bound
tetraneutron [2]. Several experiments followed, aiming to investigate the 3n and 4n systems.
Recently, M. Duer et al. used the SAMURALI spectrometer at RIKEN to perform a (p, pa)
reaction experiment where a $He beam at 156 MeV/u bombards a hydrogen target and the
excitation energy of the 4n system was reconstructed using the missing-mass method. A
resonance-like peak was observed at E, = 2.37 MeV with I" = 1.7 MeV, followed by a broad
structure at around E ~ 30 MeV [3]. A possible origin of the sharp near-threshold peak as
suggested by Lazauskas et al. is the effect of dineutron—dineutron correlations [4]. While the
origin of the observed peak remains to be clarified, we experimentally investigated the heavier
6-neutron system, the question being whether such a structure near threshold is observed in
a missing mass experiment, in which the simultaneous detection of several neutrons is not
required. To our knowledge, no realistic structure calculations are available to date for this
very exotic system. In our approach, the production method of the 6n system is the decay
channel *He + 6n of resonances in the unbound nucleus '°He.

At the RIKEN Nishina Center, the SAMURAI12 experiment was carried out using the
SAMURALI spectrometer [5]. A (p, pa) quasi-free scattering reaction of '“Be on a solid
hydrogen target in inverse kinematics was employed to populate resonances in '°He and to
explore its decay into “He + 67 via the missing-mass method. Since '°He is unbound and
both its ground state and excited states remain a subject of debate, this measurement provides
valuable input. In this work, we present preliminary results on the contributions of resonances
in '"He and compare with previous experimental results [6, 7]. We also present the first
reconstructed spectrum for the 6-neutron system produced through the decay of resonances
of ""He.

2 Experimental setup

To produce the secondary beams in our SAMURAII2 experiment, a primary beam of
130 at 230 MeV/u with intensity 500 pnA bombarded a 15-mm-thick Be target, generating
three possible beam settings: '%!214Be at 150 MeV/u. For the '’He and 6n studies, the beam
of interest was the '“Be beam setting with intensity of 2 x 10° pps and purity of above 90%.
The secondary beam was then separated, focused and delivered onto a 2-mm-thick solid
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hydrogen target (SHT) [8] using the BigRIPs fragment separator [9] to induce the (p, pa)
reaction, which produces '°He in the exit channel. The beam particles were identified on an
event-by-event basis using the AE — ToF method. The energy and PID utilized the energy
loss at plastic scintillators located at the focal point F13 at the entrance of the experimental
hall of the SAMURAI spectrometer while the ToF was determined using the difference
between the time signals of the focal planes F7 and F13. The beam profile and angle of
incidence on the target were measured using two drift chambers placed upstream from the
target (Beamline DC).

A schematic representation of the SAMURAIL2 experimental setup is shown in Fig.1.
The recoil protons of the (p, pa) reaction were detected using the recoil protons spectrometer
(ESPRI), which covered angles from 50° — 70° in the lab frame. As shown in Fig.1, ESPRI
consists of two arms, each containing a drift chamber for measuring the scattering angle,
a large area plastic scintillator, and Nal(T1) scintillators for energy determination [10, 11].
The emitted alpha particles were detected using two sets of telescopes, which cover angles
from 4° — 14° in the lab frame. Each set consists of double-sided silicon strip detectors
(DSSD) used to measure energy loss and scattering angle, and CsI(Tl) detectors for full
energy reconstruction [10].

Downstream the target chamber, a drift chamber (FDCO) located before the entrance of
the SAMURAI magnet was used to determine the scattering angle of the 'He decay products
('"He decays instantly). A second, larger drift chamber (FDC2), positioned after the magnet,
detected the outgoing alpha particles enabling Bp calculation to determine their energy.
Residual particles identification was performed using two large walls of plastic scintillators
called Hodoscope (HODF-HODP) placed behind FDC2. In addition, two walls of neutron
scintillation detectors called NEBULA were employed for background suppression.

F13
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Figure 1. SAMURAI12 experimental setup. Refer to text for detailed description.
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3 Analysis and Results

The selection of events for the extraction of the 'He energy spectrum was carried out in
three main steps: identification of the beam, recoil protons, and scattered alpha particles from
the (p, pa) reaction. For the analysis of the 6-neutrons events, an additional step was required
to determine the energy of the decay alpha through Bp reconstruction using the SAMURAI
magnet field map, and data of the FDCO and FDC2 detectors while using NEBULA as a trig-
ger.

The identification of the '*Be beam was first performed using the plastic beamline scin-
tillators. An energy spread of the '*Be beam was observed due to the wide momentum slits
opening used to achieve high beam intensity. The recoil protons were then detected with
the ESPRI system, where both the scattering angle and energy were measured. The proton
energy was initially obtained using the AE — E method. However, it was later found that em-
ploying the ESPRI plastic ToF improved the statistics by nearly a factor of two due to limited
geometrical acceptance of the Nal(Tl) detectors. Additionally, the recovery of events with
low energy (lower than 25 MeV, the punch-through energy of protons in the ESPRI plastic
detector) was possible. Therefore, this method was adopted for the analysis.

The scattered alpha particles were identified with the Telescope system. The DSSD detec-
tors were calibrated using the self-calibration method (SCM) [12], while the CsI(T1) detectors
were calibrated with a de-focused alpha beam of ~ 157 MeV/u. The residue nuclei of the
(p, pa) reaction and decay of '’He were identified using the energy-loss and time-of-flight,
measured by the hodoscope (HODF and HODP) as shown in Fig.2.
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Figure 2. Hodoscope particle identification for a single bar. HODF(left), HODP(right).

3.1 'He excitation energy

To deduce the energy of '°He, the standard conservation of energy and momentum rela-
tions were applied. From these equations, the momentum of '’He was obtained (equation 1)
and its energy deduced (equation 2) with the '°He energy spectrum obtained from equation
3.

Pog, = \/P124Be + P2 + P2 — 2Pup,P,cos6), — 2Piap,Pacosfy + 2P, Pocosty o (1)

Evy, = Evug, + Ey — E, — E, 2)

E'("He) = \JE3, - P, —mspen, 3)
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Different gates on the residues detected in SAMURALI were applied to extract the cor-
responding spectra of '’He, in particular the 3He and “He gates obtained from HODF and
HODP respectively. Figure 3 shows the '’He energy spectrum relative to *He + 2n threshold,
in coincidence with both ®He and *He decay products. The spectrum gated by °He residues
was not presented as most of the ®He nuclei were lost in the gap between HODF and HODP.
As shown in Fig.3, ®He decay channel is dominant, even at energies above “He + 6n decay
threshold(3.1 MeV). We also note the rather flat shape of the alpha-gated spectrum in the
negative energy part, which indicates the presence of a sizable background.
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Figure 3. '"He energy relative to $He + 2n gated by He in black and “He in red.

To fit the energy spectrum gated by 3He and extract the contributions of resonances in
10He, the Voigt function (convolution of a Gaussian and a Breit-Wigner distribution) was
employed.

+00
Fuoigt(E) = f dE’ - FGauss - Fw @
The Gaussian component was determined from the experimental data of the '*Be(p, pa)*He
reaction for which the excitation energy spectrum is just a single peak representing the
ground-state transition. In a first step, the sigma was taken as constant in the fits (o = 1.37
MeV). For the Breit—-Wigner distribution, the energy-dependent width I" followed the form
[7]:
_ 2yo
(ﬂMpih)[J/%_,,z(chh) + N;iz(chh)]

where y = V2ME and p,, is the penetrability of the decay channel, fixed at 40 fm, M is the
nucleon mass and K the hyper momentum of the neutron pair while J and N are the regular
and irregular Bessel functions, respectively, and vy is the reduced width (free parameter).

The missing mass spectrum of '’He gated by ®He was fit with two resonances, leaving the
width and mean values of energy as free parameters. A third resonance previously observed
in [7] was included in the fit using the fixed energy E,(2) = 6.3 MeV but it did not improve
significantly the Chi2. The result of the fit, shown in Fig.4, identifies a resonance at E,(g.s.) =
1.40(22) MeV with a width of T' = 0.88(23) MeV, which is assigned to the 'He ground

I'(E) 5
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state, consistent with ''Li(—1 p) studies e.g. [6, 7] though with a smaller width. A second
resonance, corresponding to the first excited state, was found at E, = 4.00(52) MeV with
I' = 1.49(35) MeV. The overall fit yielded a reduced Chi2 of = 1.24, in good agreement with
previous work[6].
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Figure 4. '’He energy spectrum from '“Be(p, pa)!°He reaction w.r.t ¥He + 2x fit with Voigt function.

3.2 6-neutrons spectrum from the decay of '’He resonances

The energy of the 6-neutron system, relative to the combined mass of six free neutrons,
was reconstructed using the following relations:

Pe, = \/ P}, + P2 = 2P Pacostoy,_, (6)

Ee, = Evp, — Eq @)

E*(6n) = \JE2, — P —6m, ®)

The Bp value of these “He residues was calculated using NPTOOL [13] with the measured
positions before and after the magnet, determined with FDCO and FDC2, respectively, and
the SAMURALI field map as inputs.

The 'He spectrum gated by alpha residues is shown in Fig.5 [Left]. The spectrum filtered
by the condition of the neutron wall NEBULA being hit (by setting a gate on the trigger
parameter) is displayed as the red histogram while the spectrum in black does not utilize the
NEBULA trigger. With this latter filter, one observes a stronger reduction of the counts at
negative energy than in the region (in shaded blue) where the emission of several neutrons is
expected. It indicates that this filter reduces background.

The 6-neutrons spectrum obtained using equation 8 by plotting events corresponding to
0He energies in the energy range 0-15 MeV is shown in Fig.5 [right], with and without
the NEBULA trigger (red and black histograms respectively). This first spectrum does not
provide evidence for a near-threshold structure, as it reflects the '°He decay integrated over
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a broad energy range, including low energies that can only feed the low-energy region of the
6n spectrum. Concerning the negative energy part, corresponding to the bound-state region,
counts are observed. It is expected that background is contributing to the spectrum over the
plotted range.

The data analysis is presently continuing in order to reduce the background by e.g. using
the backtracking method where data from the drift chambers of ESPRI are used to obtain
the vertex of the reaction. Indeed the beam crosses several windows and air upstream and
downstream the target before entering SAMURALI. Furthermore, detailed simulations are un-
dergoing to deduce the energy resolution in the 6-neutrons spectrum.
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Figure 5. '’He energy w.r.t *He + 2n with shaded area representing energy range used for 6n spectrum
(Left). 6n spectrum (Right). See text.

4 Conclusion

To summarize, the first 6-neutrons energy spectrum was obtained using the decay of res-
onances in 'He produced via the quasi-free scattering reaction of '“Be on a solid hydrogen
target '“Be(p, pa)'’He. Neutron detectors were utilized to reduce the background. The Bp
calculation of the decay alpha was used to determine the energy of the 6-neutron system.
While counts are observed below the decay threshold, the low statistics and significant back-
ground prevent any firm conclusions. Further analysis to reduce background and precisely
determine the energy resolution is required. The analysis of the '°He spectra confirmed the
presence of its ground state and low-lying excited states with energies and widths that are
compatible with previous studies.
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