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Abstract

The structure of 1°Be was studied via resonant a-particle scattering of a neutron-rich *He beam.
A time projection chamber, PAT-TPC, was operated in an active-target mode to provide a gaseous
4He target and trace the beam and reaction products traversing its active tracking volume. This
significantly lowered the detection threshold of reaction products at low energies. Elastic scattering,
inelastic scattering to the SHe 2% state, and the *He(c, 2n)®Be reaction were measured below an
energy of 6 MeV in the center-of-mass frame. Continuous spectra of excitation functions and
angular distributions were obtained from unambiguously-identified recoiling « particles for the
elastic and inelastic channels. While a resonance of the 4T state at 10.15 MeV in °Be previously
reported was confirmed, no other resonances were identified in the elastic channel over the measured
energy region. The results are in line with antisymmetric molecular dynamics calculations that

predict the limits of « clustering in high-spin states due to a spin-orbit force.
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I. INTRODUCTION

Clustering of a particles is a unique aspect of nuclear correlations. It is known that «
clustering often occurs in light nuclei along the N = Z line as already suggested since 1930s
to explain their level schemes [1-3]. Archetypal examples are the ground state of ®Be and
the second 07 state of 2C (referred to as “Hoyle” state) [4, 5], manifesting well-developed 2a
and 3« clusters, respectively, and likewise further heavier systems such as 4« states in 160 [6]
or 6a states in ?*Mg [7]. These cluster states, which exclusively consist of « particles, have
been providing a unique playground to discuss bosonic condensations [6, 8, 9] or geometries

of multiple quantum objects [3, 7] in femtometer-scale systems.

The structure of the nucleus, a quantum many-body system, can drastically change with
addition or removal of nucleons. How, if at all, do these nucleons affect « clustering in nuclei?
The structure of "B, the nucleus with one proton removed from '2C, was recently studied
via the (d, d’) reaction [10]. The large monopole strength extracted for the 3/2~ state at
8.56 MeV indicates a well-developed 2« + t cluster structure, suggesting that the clustering
nature of the Hoyle state in 12C persists in the presence of a proton hole. Theoretical studies
on neutron-rich beryllium isotopes that trace the cluster evolution away from ®Be also predict
the persistence of 2« clusters in the neutron-excess systems °Be [11-24] and '?Be [25, 26].
It is further suggested that the unique correlation of neutrons and 2« clusters diversifies the
evolution of structure. The formation of predicted structures, such as neutron-molecular
orbitals [15, 16, 25, 26] or a di-neutron pair around 2« cores [24], plays an important role
to stabilize 2« cores [16, 25, 26], break the axial symmetry [24], or possibly quench the shell
gap at the magic number 8 [25-28]. However, there are limited experimental data to support

such interplay between « clusters and valence neutrons.

In the present paper, we report on the excitation properties of '“Be via resonant o
scattering of He. The neutron-rich '°Be nucleus is a simple system consisting of Be plus
2n. Nevertheless, °Be involves a complex level scheme that features three rotational bands
built on the 07 ground state, the 1~ state at 5.96 MeV, and the second 07 state at 6.18 MeV.
Theoretically, the origin of these bands is explained in terms of molecular orbitals of valence
neutrons [15, 16] . In this picture, these neutrons are delocalized over the 2« cores and
occupy different orbital levels, thus different intrinsic states. There has been a number of

studies conducted in search of experimental signatures of the predicted intrinsic structures.
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Particularly high-spin members of the 07 and 05 bands have been searched using different
reaction probes. The 4™ member of the 0] band was first speculated for the state at 10.2 MeV
found in a study of the "Li + 7Li reaction [29]. While this state was later confirmed at
10.15(2) MeV using the "Li + 57Li reactions, a spin-parity of 3~ was assigned from the
angular correlation of o and ®He particles following the a decay [30]. Another angular
correlation study using the SHe + 7Li reactions, however, gave a conflicting assignment
of 47, indicating that the method depends on the model assumed in reaction analyzes [31].
A spin-parity of 4T was assigned without such assumptions in a recent measurement of «
scattering from %He, in which the 10.15-MeV state in 1°Be was resonantly populated and
the angular distribution was characteristic of the angular momentum 4 [32]. The associated
large width for o emission was interpreted as a strong indication of the predicted molecular
structure. The 4 member of the 0 band is considered the 4 state at 11.76 MeV [33]. The
« clustering of the ground state band is naively assumed from its level scheme being nearly
equal to ®Be, having the 2% state at 3.37 MeV (®Be 2] 3.03 MeV) and the 4" state at 11.76
MeV (®Be 4 11.4 MeV) [33]. This assumption has been supported by theoretical studies
that describe well the level scheme within the molecular orbital picture [15, 16, 18, 19, 21,
22, 24]. The possibility of a shell-model-like structure was, however, recently discussed in a
study of 1“Be via inelastic scattering with '2C [34], where the excitation to the 4T member
of the 07 band was not observed. This suggests there is a delicate balance between the

persistence and the dissociation of a clusters in °Be, and merits further elucidation.

In this study, we measured scattering of 5He on « particles at low energies to resonantly
populate states in °Be. The resonance strength, which is related to the decay width for
« emission, is an important indicator of the degree of a clusterization [32, 35]. Elastic «
scattering of “He was measured in a few previous studies [32, 36-38]. The measurement by
Ter-Akorpian et al. was performed at a center-of-mass energy (F.,.) of 60.3 MeV [36], while
those of Raabe et al. were at 11.6 and 15.9 MeV [37, 38]. At these higher energies, the
data are well reproduced by direct reaction analyses based on the coupled-discretized con-
tinuum channels formalism [39] and the coupled-reaction channel formalism [40]. Freer et al.
recently measured scattering at low energies below 5 MeV, and identified a resonance orig-
inating from the 4 state at 10.15 MeV [32]. Their measurement was, however, performed
at only three center-of-mass energies, namely FE., = 2.44, 3.00 and 4.44 MeV. Therefore,

there was no continuous excitation spectrum, which hampers the ability to thoroughly scan
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resonances over a given excitation energy region. In addition, the reconstruction of the reac-
tion kinematics had an ambiguity because recoiling o particles and scattered ‘He particles
were not differentiated, while the obtained angular distribution was correctly analyzed using
simulations that took this ambiguity into account. In the present study, we measured contin-
uous excitation functions over a wide energy range of E.,, = 2—6 MeV and reconstructed
angular distributions from unambiguously-identified recoiling « particles. This allowed us to
survey resonances over the energy domain where the 47 members of the ground-state band
and the second 0% band are located, as well as the region where some other resonances have
been predicted [14, 23].

An experimental challenge is the detection of low-energy helium particles from scattering,
which quickly lose their energy in the target medium. We used a time projection chamber
(TPC) in the “active-target” mode to address this issue, where the gas of the TPC serves
simultaneously as the a-particle target as well as the tracking medium of reaction products.
This allows measurements of the energy and scattering angle of particles which stop inside
the target. This setup is capable of measuring not only elastic scattering, but also inelastic
scattering and neutron-emission channels such as SHe(a, 2n)®Be, in which negative reaction
@ values further lower the energy of the reaction products. This new method also enables
the determination of reaction energies from the direct measurement of reaction positions. In
the thick target method [41], the established and widely-used method to measure continuous
excitation functions in inverse kinematics, the reaction energy is indirectly obtained from
the energy of recoiling particles assuming a given kinematical scenario. This usually requires
several different settings for beam energies to avoid mixing elastic and inelastic scattering. In
our method, the unambiguous identification of the reaction energy allows us to differentiate

reaction channels, thus enabling us to cover a wide energy range in a single measurement.

II. EXPERIMENT

The experiment was performed at the TwinSol radioactive nuclear beam facility [42]
at the University of Notre Dame. Scattering of He on « particles was measured using
the Prototype Active-Target Time-Projection Chamber (PAT-TPC) [43]. A secondary ®He
beam with an energy of 15 MeV was produced using the "Li(d, *He)®He reaction. A stable

"Li beam was accelerated to 29.2 MeV by the FN Tandem accelerator and impinged on a
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gaseous deuterium target. The pressure of the deuterium gas was 1200 mm-Hg on average.
The gas cell had windows consisting of two 4.2-mg/cm? Havar foils 2.5 ¢cm apart along
the beam axis. The effective path length in the cell was longer by a few millimeters due to
bowing of the foils under pressure. Outgoing reaction products were collected and focused by
a pair of superconducting solenoidal magnets of the TwinSol device [42]. A 6-mg/cm? CH,
foil was placed at the cross-over point between the two magnets, which significantly slowed
down higher Z contaminants, namely Li, from the primary beam, and greatly improved the
purity of the He beam. During the beam tuning, a silicon E-AE telescope was used in
front of the PAT-TPC as a beam monitor. The beam was predominantly composed of ®He
and the main contaminant was *He with an energy of about 22 MeV. The telescope was

then removed from the beam line once the beam tuning was completed.

Cathode Field cage

FIG. 1. (Color online) Schematic drawing of the experimental setup of the PAT-TPC. The inset
is a magnified view of the segmented anode pad plane of the Micromegas detector near the beam

axis.
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The PAT-TPC was installed 1.5 m downstream of the end of TwinSol. A schematic
drawing of the setup is shown in Fig. 1. The detector encompasses a cylindrical field cage of
50 cm in length and 28 c¢m in diameter, which is centered on the beam axis. The cage was
filled with a He:CO4 90:10 mixture gas at atmospheric pressure, which serves simultaneously
as the tracking medium as well as the reaction target containing *He. To limit impurities,
the gas was kept continuously flowing at a rate of 4.5 cm? /s, which replaces the whole volume
of gas every 2 hours. The %He particles entering through an entrance window travel down
along the symmetry axis of the field cage and induce nuclear reactions with the gas nuclei.
Both the beam particles and outgoing charged particles from the reactions ionize gas atoms
while traveling across the gas volume. Their paths are reconstructed from the ionization
electrons, which are transported downstream by an electric field parallel to the beam axis,
and multiplied by the gas electron amplifier, Micromegas [44]. The latter was fabricated by
the SEDI/IRFU, CEA-Saclay. An electric field of 0.8 kV/cm was generated by a negative
potential of —40 kVDC applied to a cathode plate at the upstream end of the cage. The
initial potential was stepped down by a series of equipotential rings toward the Micromegas.
The resulting electron drift velocity was measured to be about 2.4 cm/us [43]. The field
cage is gas tight and is surrounded by nitrogen gas at atmospheric pressure, which provides
a high dielectric strength to mitigate the risk of discharge to the chamber walls at ground

potential.

The secondary beam was focused on the entrance window of the PAT-TPC. The spot
size of the He beam at the window was estimated to be 25 mm in diameter from solenoid
optics calculations, while the entrance aperture is circular with a diameter of about 8 mm.
The beam was thus collimated by the window, which changed the intensity and purity of
SHe in the TPC. These quantities were estimated using signals from the micromesh of the
Micromegas, of which a detailed description is given later. The ‘He particles are decelerated
in the gas and stop at the end of the field cage about 50 cm downstream of the beam
window, fully depositing 15 MeV of energy. In contrast, *He has higher energy and punches
through the TPC while losing only 6 MeV in the detector volume. This results in a pulse-
height difference in the micromesh signals, thus allowing identification and counting of the
respective nuclei. The average intensity of the collimated ®He beam was 2x10% counts per

second with a purity of 90% at a primary “Li(3%) beam intensity of 0.5 electric uA.

The Micromegas consists of an anode readout plane and a micromesh stretched over it.

7
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Electron avalanches occur in the narrow amplification gap of 128 pum defined by the anode
and the micromesh. The micromesh was biased at —320 V to create a high field gradient
over the gap, while the anode plane was grounded. The gas gain was measured to be about
75 as also reported elsewhere [43]. The anode plane of the Micromegas has a circular-shaped
active area of 250 mm in diameter. It is segmented into multiple pads to read out and locate
the avalanche electrons. Specifically, the anode pads consist of a 5-mm-diameter central
pad and 2-mm-pitch coaxial strips, each spaced by a gap of 0.25 mm (inset of Fig. 1). The
coaxial strips are divided into quadrants and the five innermost strips into octants. The
beam particles travel approximately perpendicular to the anode plane. The central pad and
its neighboring coaxial strips record the energy deposit profile as a function of time, and
the position along the beam axis (z) is deduced from the drift time of ionization electrons.
The particles emitted from a reaction travel away from the center to the perimeter. Each
particle traverses a series of coaxial strips in a given quadrant. This set of strips thus gives
the energy deposit profile as a function of the radius r of the strip as well as z, providing
the polar angle and the range of the reaction products. Examples of energy deposit profiles

are found in our previous report [43].

A total of 253 signals from the anode plane were read out by a combined preamplifier /shaper /wave-

digitizer system developed for the neutrino-flux monitor of the T2K experiment [45, 46],
which is referred to as T2K electronics hereafter. The T2K electronics were set to record
the waveform of input signals at 12.5 MHz over the full time range of 40 us. A time bin
width thus corresponds to 80 ns, or a spatial size of 2 mm along the beam axis given the
electron drift velocity of 2.4 cm/us. To generate external triggers for the T2K electronics,
signals from the micromesh as well as from some coaxial anode strips were routed to an
auxiliary circuit consisting of NIM-standard modules. Two sets of data were taken with
different triggers. The first trigger was optimized for the elastic and inelastic scattering
of ®He on « particles. The primary signature of these reactions is the observation of two
helium isotopes, He and/or SHe, involved in the final state. Because of the low atomic
number (Z = 2), both particles have a long range and traverse many strips away from the
center. The trigger was thus designed to record events which fire specific off-center strips in
different quadrants. The four coaxial strips, each belonging to different quadrants, located
at a radius of 18 mm were used as trigger sources. The data acquisition was triggered on

tracks that extend 18 mm or more in radius in two or more quadrants. For monitoring
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purposes, the trigger from one quadrant, or multiplicity equal to one, was also added after
downscaling by a factor of 32. The second trigger was used to record ®He + «a reactions
involving beryllium in the final state. These reactions produce a large energy deposit in a
short distance due to the high Z of Be and its low recoil velocity. The time structure of
the micromesh signal was used to generate a trigger when the signal had (a) a higher Bragg
peak and (b), later times with respect to the Bragg peak of the fully stopped ‘He beam.
The late times imply that the observed Bragg peak is located closer to the beam entrance,
making it a good indicator of the occurrence of a reaction during the deceleration of the
beam. The average rate of Trigger 1 was 15 Hz, while that of Trigger 2 was 50 Hz. The

live-time ratio of the data acquisition was 70% and 40%, respectively, for these two triggers.

ITII. ANALYSIS
A. Elastic and inelastic scattering

In the following section, we describe the analysis procedure of the elastic and inelastic
scattering data taken with Trigger 1 (optimized for these processes). Part of the analysis
procedure, particularly the tracking of the °He beam and reaction products (*He and/or
*He), is the same as reported in Ref. [43]. Energy deposition was calculated using the SRIM
code [47].

The total kinetic energy (TKE) and the emission angle (6).1,) of reaction products were
obtained by analyzing the set of information on charge @);, radial position r; and signal
timing ¢; from the coaxial strips, denoted by ¢, which the particle tracks traveled over. First,
the angle 6,1, which is defined with respect to the beam axis, or the axis of time projection
(Fig. 1), was determined from the slope of the ¢ vs. r plot. A linear fitting function was
adopted and defined as:

r
P " 1
Varie tan Oy (1)

with vgire being the electron drift velocity and ¢; the time at » = 0. Once 6,,,, was determined
from the fit, the @) vs. r plot, which represents the energy deposition profile in the radial
direction, was compared to calculated curves at a given TKE using the 6., previously
obtained. The optimal TKE was determined to minimize y? with respect to the experimental

data. Some of the particles escaped from the active volume of the PAT-TPC, particularly
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the ones with large or small scattering angles where the energies are higher. To obtain
the acceptance over a wide angular range, we also analyzed the events involving particle
escapes. While the range cannot be determined for these particles due to the missing position
information of the Bragg peak, the amplitude and slope of the energy deposit profile towards
the Bragg peak are still sensitive to the TKE, which allows TKE determination by the same
x? minimization procedure. The quality of the TKE determination of escaping particles
will be discussed later when the reconstruction of the excitation energy spectrum of ®He
is presented. When a given particle stops inside the active volume, He and « particles
can be differentiated from the amplitude of the tail of Bragg peak as demonstrated in our
previous report [43]. In the present analysis, however, we differentiated ®He and *He from

the reaction kinematics as detailed later.

Reconstruction of reaction kinematics by the missing mass method requires knowing
the energy of the beam particles. In the present measurement, the energy continuously
decreases as the beam particle travels along the beam axis. To determine the reaction
energy, the energy deposition before reaching the reaction position (zyeac) needs to be taken
into account. In this analysis, z;eac Was determined from the recorded drift times of ionization
electrons released at the positions of the reaction vertex and the beam entrance. The drift
time corresponding to the reaction position was given by that of the reaction vertex t;
previously deduced in the analysis of the trajectory of the reaction products. The drift time
of electrons released at the entrance (ty) was obtained by analyzing the waveform of anode
signals near the central region, which represents the energy deposit profile of beam particles
along the beam axis. The anode signals of the central pad and its neighboring coaxial strips
were summed when the beam charge spreads over multiple pads. The difference between
the two times ty — t; was then translated into z.... using the electron drift velocity. The
corresponding energy loss was calculated and subtracted from the initial beam energy to
define the energy at the moment of the reaction (Fieac).

The ®He ions and the contaminant “He ions in the secondary beam were differentiated
from the energy deposit per unit length (dFE/dz) averaged over the track from ty to ¢;. The
value of dF/dz provides a good measure of isotope separation as the ®He particles have
lower energies (3.8 MeV /u or less) compared to the “He contaminants (4.4—5.6 MeV /u).
Figure 2(a) shows the scatter plot between dE/dz and zeae, where two loci corresponding

to %He and *He are clearly separated. The separation of the loci, which becomes smaller at
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shorter travel lengths, is uncertain below z,¢,. = 50 mm, where the finite value of the shaping
time (0.5 ps) smears the difference in dF/dz. In this region, the properties of the reaction
kinematics were further used to eliminate elastic scattering events of *He on « particles. A
gate was set on the sum of the angles 91(39 of the two reaction products labeled i = 1 and 2.
Figure 2(b) shows the 91(;]1 + 91(;1 vs. dE/dz plot for the region of ze,. < 50 mm. A cluster
is seen at 90 degrees. This corresponds to *He beam scattered by the *He in the gas. The
opening angle of two identical particles from elastic scattering always equals 90 degrees in
the laboratory frame regardless of the center-of-mass scattering angle. The gate displayed

in the figure was adopted to exclude these “He-beam events.

500 -
- (3 “He ®He
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— | e
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dE/dz [ADC counts]

FIG. 2. (Color online) Identification of the secondary beam particles. (a) Scatter plot between the
energy loss per unit length of beam path dE/dz and the reaction position zeac. (b) Scatter plot
between dE/dz and the opening angle of reaction products 91(;1))—1—91(31)) for the events at zpeae < 50 mm.

The gate to select 5He scattering is indicated.

The excitation energy of *He (F) and the center-of-mass scattering angle (0., ) were
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FIG. 3. (Color online) TKE/u vs. @14, plot for ®He + « scattering at 15 MeV. Elastic scattering
and inelastic scattering to the first 2 state of He are denoted by the solid and dashed lines,
respectively. Calculated curves are shown both for the recoiling o (thick blue) and scattered SHe

(thin magenta) particles.

obtained by the missing-mass method using F,... as well as TKE and 6y,, of the recoiling
« particles. An inherent issue in deducing excitation-energy spectra from He + a-particle
scattering is that another « particle is produced in the final state when inelastically scattered
6He decays via 2n emission. All excited states of °He are unbound above the 2n separation
energy at 0.972(1) MeV [48]. It is therefore necessary to correctly select the a particle
recoiling from the target. The information on kinematical properties of the reaction was
used to eliminate the ambiguity in identifying the recoiling particle. Figure 3 shows the
calculated plots of TKE per nucleon (TKE/u) vs. 6., for elastic and inelastic scattering
to the 2T state at a beam energy of 15 MeV. It is found that TKE/u, or the velocity of
6He, is always smaller than that of the recoiling o particle at a given laboratory angle
except for the very forward region below 10 degrees in the center-of-mass frame, which is
outside the present detector acceptance. Therefore, the range of the a particle following
2n emission decay tends to be shorter than that of the recoiling o particle. According to
these characteristics, we adopted the following procedure. First, two excitation energies

(E,(f)) were obtained individually from two reaction products by assuming the particle i as
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the recoiling « particle. The set of Eff) were then compared. If the 5He particle, or the o
particle after 2n emission decay, is identified as the recoiling « particle, its shorter range
results in an underestimate of TKE and thus gives higher excitation energies than the true

value. Accordingly, we adopted the particle with a smaller E, as the recoiling « particle.
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X
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FIG. 4. (Color online) Scatter plot between E)((l) and E)(?). The events to the left of the solid lines
were excluded from the analysis. The contents of the region inside the dashed lines are weighted

by a factor of 3 for presentation purposes.

Figure 4 shows the scatter plot between E)((l) and E)((z), where the indices 1 and 2 were
randomly assigned. Loci corresponding to the ground state and the first 27 state at 1.79 MeV
are visible. It is evident in the locus of elastic scattering that the smaller EY value of a
given pair is mostly found near 0 MeV and well separated from the larger EY which is
wrongly estimated from the scattered ®He. The result is similar for the 2+ state, of which
the locus appears above 1.9 MeV only. However, the separation in the region close to the
EY = EP line is not as clear as that of the ground state because of the velocity shift due to
particle emission and the contribution of breakup events. Therefore, above E, = 1 MeV, the
events with £ and E¥ <2.5 MeV were eliminated from the analysis to ensure a sufficient
difference in energy for properly selecting « particles.

The resulting excitation-energy spectrum of SHe is shown in Fig. 5(a). Two peaks

visible near 0 and 2 MeV correspond to the 07 ground state and the first 2% state at
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FIG. 5. (Color online) (a) Excitation-energy spectrum of “He (unshaded histogram). The best-fit
result (thin red line) is shown together with the contribution of the background from the SHe
breakup reaction (thick green line). The spectrum in the shaded histogram was made by selecting
backward scattering (0., > 90°) with particle escape from the TPC. (b) Scatter plot of Fy and

Ef. EY is the excitation energy of ®He obtained from the angles of the two reaction products.

1.797(25) MeV [49]. A fit to the spectrum gives excitation energies of —0.01(1) and
1.90(1) MeV, respectively, where the quoted errors are statistical. The FWHM resolu-
tion is about 0.85 MeV. The fitting function consisted of a Gaussian function for the ground
state, a Voigt function [50] for the unbound 2% state, and background from the breakup
reaction of *He involving the final state of an o particle and 2 neutrons. The Voigt function
is a convolution of a Breit-Wigner function and a Gaussian, which allows the natural width
of an unbound state and the resolution of the detection system to be taken into account.
The width of the 2% state was set to the adopted value, 0.113(20) MeV [49]. The background

shape was simulated by the Monte-Carlo method, where the « particle and neutrons in the
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final state were generated in a uniform phase space. The procedure of identification based on
the comparison between a pair of E)(f) was taken into account. The best-fit curve shown in
the figure well reproduces the experimental data. The background of the breakup reaction
denoted by the thick line accounts for the tail towards higher energies.

In the present analysis, TKE for an input to the missing-mass method was deduced
from the slope of the Bragg curve when recoiling o particles escape from the active region
and hence the Bragg peak is unavailable. Without the precise position information of the
Bragg peak, the analysis might result in inaccurate excitation energies. The gated spectrum
for one-particle escape events is shown in the shaded spectrum of Fig. 5(a). The spectrum
clearly shows a two peak structure, confirming good reconstruction of the reaction kinematics.
To further confirm the results, the adopted excitation energies are compared to excitation
energies (E?) that were obtained from the correlation of laboratory angles, Ql(all)) and 91(31)),
between the two reaction products. This method does not require the knowledge of the
TKE of reaction products. Thus we can correctly extract excitation energies from the
escape events as long as the scattered SHe particle is stable against particle emission and
keeps its initial angle unchanged after scattering. The scatter plot of EY against F\ is shown
in Fig. 5(b). A gate was set to select backward scattering angles of ., > 90 degrees, where
most of the escaping particles are recoiling o nuclei. The presence of a cluster centered at
E’ = E, = 0 MeV indicates that most of the events involving the ground state have E,
well correlated with EY. The ratio of the number of events in the cluster is nearly 90% with
respect to that of the peak in the shaded spectrum in Fig. 5(a), limiting the systematic
uncertainty in yields to 10%. The locus for the 27 state widely spreads along the vertical

axis of EY because the angles of scattered particles shift after the 2n emission.

B. Two-neutron emission channel

To investigate branching to the two-neutron emission SHe(c, 2n)*Be channel, the trigger
was set for reactions having a peak in the energy loss profile which was taller than the
Bragg peak of the ®He beam particles (Trigger 2). In the data analysis a peak was observed
for Bragg amplitudes that corresponded closely to 4.5 MeV mg~! cm?, the value expected
for two highly-correlated « particles, such as originating from the decay of ®Be. Since this

amplitude is lower than 5.9 MeVmg~'em? for Be ions with a higher Z recoiling from
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FIG. 6. (Color online) Total charge collected Qota1 as a function of the location of the reac-
tion vertex zreac. (a) Experimental data. The elastic events are clearly distinguishable near
Qiotal = 15 MeV. Events above the locus of elastic scattering indicate pile up of beam particles.
Only events inside the contour line were used in calculating the excitation function. (b) Simulated

results for the decay into the 07 ground state and (c) the 2% state at 3.03 MeV of ®Be.

the SHe(a, n)Be reaction, we concluded the main decay channel that contributed was
Be — 2n + ®Be, with ®Be unbound to a decay by 92 keV. Beam contaminants were
eliminated offline by comparing the particle’s energy loss profile near the beginning of its
track to the experimentally-measured energy-loss profile for “He. The location of the reaction
vertex Zzpe.. was determined from the time where the enhancement of the energy deposits

starts due to the creation of reaction products. Since the beam particles and the charged
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reaction products were stopped in the detector, we could use the total charge collected in the
detector (Qiotal) as the energy sum signal, which was obtained by summing all anode signals.
Q+ota1 18 plotted as a function of the location of the reaction vertex ze,c in Fig. 6(a). The total
charge is converted to energy by normalizing the experimental data to the allowed energies
from a kinematical simulation of the sequential decay of °Be — 2n + ®Be — 2n + 2«
described later. The events shown are selected by the Bragg amplitude for two-a correlated
events. The events in the z... <HB0 mm region were rejected because it was difficult to
distinguish ®Be events from beam contaminants, particularly "Li, when the incident energy
loss curve was relatively short. As can be seen in Fig. 6(a), there is an accumulation of
events near 15 MeV for the charge collected for full beam energy deposition corresponding
to elastic scattering. Below this line is a broad range of energies deposited in the detector.
These events are attributed to the ®He(c, 2n)®Be reaction since the neutrons were not
detected in our experiment and the energy taken away by them will be missing in the total
energy signal. We simulated events corresponding to the decay of °Be into ®Be with the
unobserved two neutrons, for which we assumed isotropic emission in the center-of-mass
system and phase-space sharing of the available energy between the two neutrons. It is also
assumed that the decay of “Be — 2n + 8Be — 2n + 2a is sequential. The decay into the
2% state at 3.03 MeV of ®Be, which is energetically allowed at higher energies, is simulated
as well. The results for the ground state and the 2% state are shown in Fig. 6(b) and (c),
respectively. The kinematical simulation for the ground state is seen to agree well with the
data, confirming the interpretation of the events. The simulation also served as a guide
for defining the contour line seen in Fig 6(a). Only the events inside the contour line were

subsequently used to calculate the excitation function.

IV. RESULTS
A. Elastic and inelastic scattering

To obtain excitation functions and angular distributions, cross sections (do/dS)) were

7

deduced for a given bin of the reaction position z;,.

and the scattering angle 67  specified
by the indices (i, j), respectively. Yields (Y ® 7)) of the ground state and the 2¥ state were

obtained by fitting excitation energy spectra using the same function as adopted for the fit
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to the angle-integrated spectrum of Fig. 5(a). Y 7) was then translated into do/dQC )

following the expression:

Ao A =YD [ (7 epnq - Nowo - N - AQD)) (2)

e

where the indices ¢ and j denote that the associated parameter depends on z.e.. and 6., ,
respectively. The detection efficiency eg]lfj ) was estimated by simulations, where the geome-
tries of the detector, the condition of the trigger, and the energy losses of beam and reaction
products were taken into account. The live-time ratio of the data acquisition epaq was 70%
on average. The integrated count of ®°He beam particles Nep, was estimated using the counts
of micromesh signals measured by a scaler. This was about 2x10% after taking into account
the beam purity of 90%. The number of He atoms in the gaseous target NP(IZ()) was calculated
from the density of the He:CO, 90:10 gas at atmospheric pressure (0.33 mg/cm?) and the
bin size of Zueac. The solid angle AQY) was calculated from the bin size of 6, .

The resulting excitation functions for elastic scattering are shown in Fig. 7. The beam
energy in the laboratory frame, FE ..., was converted into the center-of-mass energy by
Eem = 04 X Ey.. Given the separation threshold of an « particle at 7.42 MeV  [48],
E. .. is related to the excitation energy in °Be by Fy = E, . + 7.42 MeV. The systematic
error of F.,, is estimated to be 0.1 MeV, which arises from the deviation of FE,e.. with
respect to the energy sum of the °He and « particles from elastic scattering. A strong en-
hancement of cross sections is observed around 2.7 MeV in the angle-integrated spectrum of
Oem. = 65°—135° in Fig. 7(a). A peak consistently exists around this energy in the different
angular regions shown in Figs. 7(b)—(h), indicating the presence of a resonance. A fit with a
Voigt function [50] and a linear background gives a resonance energy of E.,, = 2.57(15) MeV,
where the quoted uncertainty is the sum of the statistical and systematic errors. This is
consistent with the resonance of the state at Ey = 10.15(2) MeV, or E.,, = 2.73(2) MeV,
observed in a previous measurement of elastic scattering [32]. No peak is visible in the
excitation functions except for this strong resonance. The absence of sizable resonances
indicates that no other states have a large decay width for a emission within the energy
window of the present study (Fe, =2 — 6 MeV).

The excitation functions for inelastic scattering are shown in Fig. 7. A sizable decay
width to the 2% state of He was inferred for the 2.73-MeV resonance in the analysis of

the previous study [32]. However, this could not be measured in the present study due to
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FIG. 7. (Color online) Excitation functions of “He + « scattering: (a) angle-integrated spectrum
over 6., = 65°—135°, and (b—h) spectra for 10° angular bins. The data for elastic scattering are
shown by the filled circles, while those for inelastic scattering to the 2% state are shown by the
open circles. The inelastic scattering data are scaled by a factor of 1.5. The dashed and dotted

lines denote E. ., = 2.7 and 4.4 MeV, respectively.
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FIG. 8. (Color online) Angular distributions of elastic He + « scattering. The results of CRC
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FIG. 9. (Color online) Angular distributions of inelastic °He + « scattering to the SHe 2% state.
The results of CRC calculations (solid lines) are compared with the data. The blue shaded areas

denote the systematic errors from the ambiguities of the beam angle.

the lack of acceptance at this energy. While there are no resonances as strong as the one
observed in the elastic channel, a small peak is visible at 4.4 MeV in the inelastic channel

consistently over the angular region of 6., = 65°—105°, which might be due to a resonance.

The differential cross sections were deduced for eight different incident energies to study
angular distributions. The resulting data for elastic scattering are displayed in Fig. 8. The
vertical error bars are only statistical, and the horizontal bars denote the size of the angular
bins. The leading contributions of the systematic error are the uncertainty of yields for
the escape events (10%) and the detection efficiency. The latter mostly comes from the
uncertainties of the beam angle, which could be inclined by about 1 degree with respect to

the central axis. The blue shaded areas in Figs. 8 denote the variation of cross sections when
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the incident beam angle varies by 1 degree. As seen in the figures, a series of differential
cross sections for elastic scattering show a gradual and continuous change in their angular
distributions as a function of E, ,, until the cross sections are enhanced at E.,, = 2.7 MeV.
In the inset of Fig. 8(h), the on-resonance data at E., = 2.7 MeV (filled circles) are
compared to the off-resonance data at E.,, = 3.3 MeV (open circles) shown on a linear scale.
At E... = 2.7 MeV, the cross section clearly peaks at 90° and dips at 60° and 110°. In
contrast, the data at ., = 3.3 MeV lack such a steep rise and drop, indicating that the peak
and dip structures seen in the 2.7-MeV data are due to the resonance. Angular distributions
of resonance scattering primarily follow the square of the Legendre polynomial [P, (cos 0, . )?]
corresponding to the angular momentum (L) involved. The diffractive pattern observed is
therefore a useful measure to identify L. The presence of a peak at 90° rules out the odd
angular momenta, of which the corresponding Legendre polynomials always become zero at
this angle. The dips at 70° and 110° more agree with the polynomial of L = 4 than that of
L = 2 having zeros at 55° and 125°, or L = 6 at 76° and 104°. The dip angles of L = 4, 6
are shown for reference by the solid and dashed lines, respectively, in the inset of Fig. 8(h).
The diffractive pattern of the experimental data is seen closer to that of L = 4 and clearly
deviated from that of L = 6 despite the larger angular bins and the lower statistics compared
to a previous measurement [32]. We therefore assign L = 4 for the resonance observed. Since
the initial and final states involve spinless particles only, the spin-parity of the corresponding
resonant state in '°Be is assigned as 4*. The present results thus confirm the resonance of
the 4T state at Ey, = 10.15 MeV in °Be observed in a previous measurement of elastic
%He + « scattering [32], and rule out the spin-parity of 3~ claimed in an angular correlation
study using the "Li + %7Li reactions [30]. The angle-integrated cross section (o4,) can be

translated into the partial o decay width (I',) via the relation [52]:

T r2
B — B (27 ®)

Ogr — (2[/ + 1)

with k& being the wavenumber, E°  the resonance energy, and I the total decay width. The
total width of 296(15) keV measured in a previous study [30] was adopted for I'. o4, was
estimated from the cross section of the resonance in the angular range 6., = 65°—135° in
Fig. 7(a) given the P;(cosf.,.)? dependence of the angular distribution. The resulting ratio
of I'y/T" is 0.49(5), which corresponds to I', = 145(15) keV. This I',/T" ratio agrees with
0.45(3) from the previous study [32].
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TABLE I. Best-fit values of the optical model potential parameters and the <6He|4He + 2n> overlap

spectroscopic factor. See text for details.

Ecm. (MeV) Ngr W(r) (MeV) rw (fm) aw (fm) SAg .
5.82 1.0 60.0 1.26 0.27 0.80
5.45 1.0 60.0 1.27 0.25 0.80
5.06 1.0 60.0 1.27 0.25 0.80
4.64 1.0 60.0 1.27 0.25 0.80
4.21 1.0 60.0 1.27 0.25 0.80
3.76 1.0 60.0 1.28 0.25 0.80
3.26 1.0 65.0 1.28 0.32 0.80
2.69 1.0 65.0 1.38 0.20 0.80

To assess the contribution of direct reactions, coupled reaction channels (CRC) calcula-
tions were performed using the code FRESCO [53]. These calculations are similar to those of
Khoa and von Oertzen [40], although some simplifications were made in light of their results.
We adopted the same basic model as Ref. [40] for the optical potentials, i.e. a double-folded

real potential and a Woods-Saxon imaginary potential, giving a potential of the form:
U(r) = NrVor(r) +iW(r) + Vo(r), (4)

where Vi(r) is the usual Coulomb potential with radius Re = 1.25(14}/ S 4 Aé/ %) in fm,
Vpr(r) is the double-folded real potential with normalization parameter Ng and W (r) is the
imaginary potential of depth W in MeV, radius Ry = TW(AV P4 A;/ 3) in fm and diffuseness
aw in fm. The parameters Ngr, W (r), ri and ay were adjusted to obtain the best agreement
with the data at each energy. The double-folding potentials were calculated with the code
DFPOT [54] using the M3Y effective interaction [55]. The *He nuclear-matter density was
derived from the three-parameter Fermi distribution charge density of Ref. [56] by unfolding
the proton charge distribution as described in Ref. [57], assuming that p, = (N/Z)p,, and
the He nuclear-matter density was the FC6 model density of Ref. [58]. Inelastic excitation
of the 1.8-MeV 2% state of ®He was included in a similar way as detailed in Ref. [40]. The
real part of the inelastic scattering form factor was calculated using the double-folding

model, the proton and neutron parts of the transition density being calculated using the
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Tassie Model [59], and the proton and neutron deformation lengths taken from Ref. [40].
The imaginary part of the inelastic form factor was obtained by deforming the Woods-
Saxon imaginary potential using the isoscalar deformation length of Ref. [40]. Following the
conclusions of Ref. [40], we adopted the simplifying assumption of a pure (1ps32)*, S-wave
(J = L = 0) configuration for the two neutrons in the °He ground state, where J is the
internal angular momentum of the 2n cluster and L its orbital angular momentum with
respect to the “He core. The (*He|*He + 2n) overlaps were calculated using the Bayman-
Kallio method [60] and the spectroscopic amplitude was adjusted to give the best description
of the data. Also following the conclusions of Ref. [40], the two-step sequential (*He, *He; °He,
"He) and indirect (“He, °Hej, ; ®He},, “He) transfer paths were omitted as having negligible
influence at the incident energies concerned. Test calculations for the E. ,, = 5.82 MeV data
supported this conclusion. Values of Ng, W(r), rw, ay and the spectroscopic amplitude for
the (°He|*He + 2n) overlap SA, ;. are given in Table I. The best-fit value of SA, 5 is somewhat
smaller than the expected value of about 1.25 quoted in Khoa and von Oertzen [40], but is
close to 0.85, the smallest empirical value they obtained.

The calculated differential cross sections of elastic scattering are compared to the exper-
imental data in Fig. 8. To display the variation of the angular distribution as a function of
energy, the CRC calculations for the previous energy bins are shown together by the dashed
lines. Except for the last energy bin at 2.7 MeV, the calculated cross sections reproduce the
data. The calculated cross sections vary smoothly as a function of E,,, , while the reaction
parameters are nearly constant. At 2.7 MeV, the cross sections are suddenly enhanced and
the radius and diffuseness parameters of the imaginary potential drastically change. This
result indicates that elastic scattering predominantly proceeds via direct reactions outside
of the region near E., = 2.7 MeV. It supports the conjecture made from the excitation
functions that there is no sizable resonance in the region from 9.4 to 13.4 MeV in E, of 1°Be
except for the 4T state at 10.15 MeV.

The resonance of another 4 state at 11.76 MeV, therefore, was not identified at the
corresponding energy of E.,, = 4.4 MeV. The upper limit of the partial decay width was
estimated by searching the limit where the resonance can be identified as a peak over the
contribution of non-resonant scattering in the spectrum. The resulting value is I',, /T’ < 0.15,

or I'y, < 20 keV for the known I' value of 121(10) keV [51].

The differential cross sections of inelastic °He + « scattering to the He 2% state are
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shown in Fig. 9 together with the CRC calculations denoted by the solid lines. The CRC
calculations for the magnitude of the cross sections are in good agreement with the experi-
mental data, suggesting the validity of the framework of reaction analysis and the adopted
optical-model potential parameters. The diffractive pattern is slightly out of phase with
respect to the CRC predictions in the energy bin of E.,, = 4.2 MeV, where a resonance is
inferred from the excitation function spectra. The experimental angular distribution peaks
at 90° and symmetrically decreases towards 60° and 120°. This is characteristic of an angular

momentum of L = 2.

B. Two-neutron emission channel

The angle-integrated excitation function was deduced for the “He(c, 2n)®Be channel.
The reaction vertex was converted to reaction energy FE.... after correcting for the energy
loss using a program based on the SRIM code [47]. The cross section of the reaction as
a function of center-of-mass energy FE. . is shown in Fig. 10. Note that above 3 MeV,
the spectrum includes also the contribution from the ®Be 2% state. The contribution of
the ground state, however, more likely dominates as the zieac-Qiotal data (Fig. 6(a)) agree
well with the simulation for the ground state (Fig. 6(b)). These two components would be
differentiated by analyzing the correlations between two « particles that were not measured
in this study. The vertical error bars are statistical only, while the horizontal error bars
denote the sum of statistical and systematic errors. The latter comes from the ambiguity in
locating the reaction vertex which is estimated to be 10 mm. The cross section increases
from the reaction threshold of the ®He(a, 2n)®Be reaction at 1.06 MeV toward higher energies.
It is clear that no significant resonance strength exists in the energy region covered in
the present study. There is a minor peak structure at 2.5 MeV. It is difficult to judge
whether this is due to a resonance or to a statistical fluctuation, particularly without the
corresponding information from an angular distribution. In the former case, it would be
possible that it originates from the 10.15-MeV 4% state with nearly the same resonance
energy. A fit with a Voigt function [50] was made to estimate the possible partial width
['sge. Three different backgrounds, namely linear, quadratic, and exponential functions, were
tested. The resonance energy was set to the result from the elastic channel (2.56 MeV) and

varied within the error (0.15 MeV), while the experimental resolution was fixed to 0.25 MeV
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rms, which arises from the uncertainty in reaction energy (0.1 MeV) and that in vertex
determination (0.2 MeV). The resulting I'sg./T" value is 0.09(5) and this gives an upper
limit of ['sg,/I" ~ 0.15 for this possible decay branch.
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FIG. 10. Angle-integrated excitation function for the He(a, 2n)®Be channel.

V. DISCUSSION

The present study identified a 4% state with a large a decay width I',/I" = 0.49(5) at
9.98(15) MeV in '°Be. The observed state most likely corresponds to the known 47 level
at 10.15(2) MeV [31, 32] given the observed excitation energy and spin-parity. In previous
studies [24, 32, 33], this state is considered the 47 member of a rotational band built on the
second 07 state at 6.1793(7) MeV [51]. The excitation energies of '°Be states are plotted
against J(J + 1) in Fig. 11. The linear extrapolation from the 05 state and the 2T state
at 9.560(20) MeV [51] indeed nicely agrees with the 10.15-MeV state in energy. The large
moment of inertia from the narrow level spacing of the band members is well explained by
the o-type molecular orbital structure from both cluster-model calculations [21, 22, 25] and
microscopic calculations based on the antisymmetric molecular dynamics (AMD) method
[15, 24, 26]. In this picture, the valence neutrons are delocalized over the two clusterized «
cores and the extension along the o cores’ axis gives strong deformative characteristics to

10Be. The large decay width for o emission indicates a high degree of clusterization in this
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FIG. 11. (Color online) Plot of Ey vs. J(J +1) for ?Be. The band members of the ground and the
second 0T states are shown by the circles and squares, respectively. The linear extrapolation using
the 0% and 27 states is shown for each band. The horizontal lines at J = 4 denote predicted level
energies of the 47 member of the ground state band from the -y constraint AMD method [24]
(solid line), the variational AMD method [15] (dashed line), the four-body cluster model [21]
(dotted line), the molecular orbital model [16] (dot-dashed line), the semi-microscopic algebraic
cluster model [18], (double-dot-dashed line), and the multi-cluster generator coordinate method [19],
(triple-dot-dashed line). The data of Refs.[16, 21] were obtained from the calculated values with
respect to the threshold energy of 2o + 2n at 8.386 MeV. The shaded area denotes the energy

domain covered by the present study.

47" state and supports this type of cluster structure. An « spectroscopic factor of 3.1(2) is
estimated in a recent analysis of the measured partial width [61]. This value is as large
as the spectroscopic factors of about 1.5 for the ground-state band members of 8Be with

well-developed two « clusters [61, 62].
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In addition to the 03 state, theoretical studies [15, 16, 22, 24] predict a m-type cluster
structure for the 0T ground state, in which valence neutrons are extending perpendicular
to the axis of the two a cores. Given the 2% state at 3.37 MeV, the 47 state of the 0f
band is anticipated at around 11 MeV as seen in the linear extrapolation shown in Fig. 11.
In previous studies [24, 33], the 471 state at 11.76(2) MeV is considered the most likely
candidate for the 4™ member of the 0F band because of its excitation energy and spin-parity.
In the present study, however, there was no resonance observed around F, = 11.8 MeV
(Eem. = 4.4 MeV). This is in stark contrast with the significant resonance strength of the
4% state of the 07 band at 10.2 MeV. The a decay width of the 11.8-MeV state is estimated
less than 20 keV and is much smaller than I', = 145(15) keV deduced for the 10.2-MeV
state. Such a difference is unexpected as both 41 states belong to the rotational bands of
the clusterized 0% states. Nearly the same spectroscopic amplitudes of ®He + o are predicted
for these 4T states in the microscopic 2ac + 2n four-cluster-model [21]. The present result
does not agree with this prediction. The small spectroscopic amplitude of the 4™ member is
also unlike the ground state 07 band of ®Be, despite what appears to be a similar moment
of inertia. The « spectroscopic factors are predicted to be equally large in all 0T, 2%, and
4% states in ®Be [62], which is supported by the folding potential model that well describes
the level energies and widths of these states [63].

There are two possible scenarios to account for the hindered strength of the 4™ member
of the 07, band. First is the possibility that the 4¥ state at 11.8 MeV does not belong to the
Og.s. band, and the real band member exists outside the energy window of the present study
(Eem. = 2—6 MeV or By = 9.4—13.4 MeV). This scenario implies an unusual level spacing
for the ground state band. On the contrary, regardless of the framework, most theoretical
studies [15, 16, 18, 19, 21, 24] predict the 4T state of the Og_s_ band in the energy range
E, = 10—13 MeV (Fig. 11), the region anticipated from the proportionality to J(J + 1).
The second scenario is that the 4% state does belong to the 07 band, but with a reduced
degree of clusterization that hinders the decay branch for « emission. The weakening of
clustering in the 47 state is pointed out by an early AMD study of °Be [15]. In this
prediction, the 0% ground state of 1°Be is highly clusterized, as confirmed in another later
AMD study [64]. However, the component of two-a cores in the rotational band members

is gradually reduced as the total spin increases. The origin of the dissociation of « clusters

is attributed to the nuclear spin-orbit force. A stronger spin-orbit force yields a smaller
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amplitude of two « cores in the 2% and 47 states of the 07, band. This scenario naturally
explains why the four cluster model of 2ac + 2n overpredicts the spectroscopic amplitude of
He + «. In the molecular model, o clusters are assumed as the basis of wave functions,
and thus the model does not incorporate the effects of their dissociation. On the other hand,
the AMD method adopts Slater determinants where the spatial part of each single-particle
wave function is a Gaussian function, and does not require the assumption of inert cluster
cores [65]. This allows one to study the formation and dissociation of « clusters within one
framework. The absence of resonance strength of the 4* state at 11.8 MeV agrees more with
the interpretation of AMD calculations, which predict the limits of « clustering in higher

spin members of the 0 band due to the spin-orbit force.

It is known that the spin-orbit force dissociates a clusters in high-spin states of 2°Ne [66—
68] or #Ti [67]. Such an effect is considered to be hindered in ®Be as it is a lighter nucleus
with a weaker spin-orbit force [67]. On the other hand, recent AMD studies on 2C [64, 69],
an isotone of 1°Be, point out that the effect of the spin-orbit force is pronounced by the
sub-shell closure at N = 6 and this explains the small degree of clusterization for its ground
state. In '°Be, this effect might be more important for the Og.s. band, which primarily
consists of p-shell configurations [15], than for the intruder 03 band. The present result for
19Be implies a delicate competition between the persistence of the clusters in ®Be and their
dissociation by the spin-orbit force as the number of neutrons increases toward the neutron
drip line.

Finally, we discuss the present results in comparison with theoretical calculations of res-
onant « scattering of °He in the framework of the four-body cluster model [14, 23]. The
study using the resonating-group method predicts drastic changes in the scattering phase
shift of L = 3 at E.,. = 3.7 MeV and L = 0 around 4.5 MeV for elastic scattering [14]. The
angular distribution at 3.7 MeV is predicted to show enhanced cross sections with an oscil-
lation characteristic of L = 3. However, in the present measurement, sizable resonances are
clearly absent in the corresponding energy region in the elastic channel. Inelastic scattering
to the SHe 2% state was studied in a more recent work based on the generalized two-center
cluster approach, where the reaction of °He + a and the structure of 1°Be are described in a
unified manner [23]. Excitation functions for L = 1, 2 were calculated and a few resonances
are proposed in the energy region of F., = 2—7 MeV. The possible resonance of L = 2
inferred at 4.4 MeV in the present study is in line with the L = 2 resonance predicted at
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4 MeV. Tt originates from a 07 state in '°Be with a large amplitude of the o + He(2") com-
ponent, thus having a sizable strength in the inelastic channel. Further theoretical studies,
particularly on excitation functions for the elastic channel that are not presented in Ref. [23],

might be useful to interpret the inferred resonance.

VI. CONCLUSION

Scattering of neutron-rich °He nuclei on « particles was studied at the TwinSol facil-
ity [42] at the University of Notre Dame. A time projection chamber, PAT-TPC [43], using
He:CO5 90:10 gas at atmospheric pressure was operated in the active-target mode to pro-
vide a gaseous *He target and track the beam and reaction products traversing the target.
This unique capability significantly lowered the threshold for the energy of helium nuclei,
allowing a continuous measurement of the excitation functions over a wide energy range
with the unambiguous reconstruction of angular distributions, which are difficult to obtain
in conventional studies using non-active targets.

Excitation functions and angular distributions were thus measured for elastic scattering
and inelastic scattering to the SHe 2% state below a center-of-mass energy of 6 MeV. The
present system also allowed us to measure the excitation function of the ‘He(w, 2n)®Be
channel, which requires the detection of low-energy « particles following the decay of un-
bound ®Be. The resulting excitation function of elastic scattering shows a resonance at
Eem. = 2.56(15) MeV, or an excitation energy F, = 9.98(15) MeV in Be. A spin-parity
of 41 was assigned from the angular distribution. The partial o decay width was estimated
to be I', /T = 0.49(5). These results obtained from the unambiguously-identified recoiling
a particles confirm the previous results obtained for the state at 10.15(2) MeV without
differentiating the ®He and « particles, but with considerably better statistics [32]. The
assignment of 47 supports the claim of Ref. [32] that the 10.15-MeV state corresponds to a
member of the 05 band.

The large partial width for a decay indicates a highly-developed « cluster structure in this
4% state. It is consistent with most theoretical predictions proposing the o-type molecular
orbital structure for the 0 band. On the contrary, no resonance strength for another 4
state was observed in this energy region, where the 4+ member of the ground state 0™ band

is expected. Except for the region near E.,, = 2.6 MeV, the angular distributions vary
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smoothly as a function of energy, which is well reproduced by coupled-reaction channels
calculations. The hindered resonance strength is incompatible with theoretical calculations
done in the framework of the four-body cluster model, which predict a sizable spectroscopic
amplitude of He + a due to a m-type molecular orbital structure [21]. However, it is in
line with the results from an AMD study where the « clusters of the 0T ground state are
gradually dissociated by the nuclear spin-obit force as the spin increases to its 2 and 4%
rotational band members [15]. The present results support the limits of clustering in °Be
due to the spin degree-of-freedom, and calls for more detailed spectroscopy of individual

cluster states in °Be and related microscopic theoretical studies.

The excitation function of the inelastic channel shows a slight enhancement at E. ,, = 4.4 MeV

that may be due to a resonance. An angular momentum of L = 2 is suggested from the
angular distribution. This resonance may be related to a 0T state with a large *He(2%) + «
component, which is predicted around 4 MeV [23].

The angle-integrated excitation function was obtained for the *He(c, 2n)®Be channel,
with no strong resonance observed in the region of E., = 1—5 MeV. While the cross sec-
tion is slightly enhanced around E.,, = 2.5 MeV, it is uncertain whether this is a statistical
fluctuation or a possible resonance originating from the 4% state at 10.15 MeV. As mea-
sured in this study, this 47 state has a large partial decay width of I',/I" = 0.49(5) to the
®He(0T) + « final state, which is considered to be an indication of « clustering. The result of
the SHe (o, 2n)®Be channel, in contrast, gives an upper limit of I'sg./T" ~ 0.15 for the decay
to ®Be, a nucleus with a pronounced 2« structure. It will be interesting to see if the partial
width to such a three body system (®Be + 2n) is sensitive to various a-cluster structures

predicted for °Be.
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