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The cluster structure of the neutron-rich isotope °Be has been probed via the (p, par) reaction
at 150 MeV /u in inverse kinematics and in quasifree conditions. The populated states of SHe were
investigated through missing mass spectroscopy. The triple differential cross-section for the ground-
state transition was extracted for quasifree angle pairs (6p, 6.) and compared to distorted-wave
impulse approximation reaction calculations performed in a microscopic framework using succes-
sively the Tohsaki-Horiuchi-Schuck-Répke product wave-function and the wave-function deduced
from Antisymmetrized Molecular Dynamics calculations. The remarkable agreement between cal-
culated and measured cross-sections in both shape and magnitude validates the description of the
10Be ground-state as a rather compact nuclear molecule.

Introduction The formation of structures in nuclei
that have large scale clustering is an intriguing phe-
nomenon and is in part driven by correlations which
stem from the details of the nucleon-nucleon interaction.
Among the different partitioning possibilities within a
given nucleus, alpha clustering has always been consid-
ered the most favorable due to the large binding energy
of the alpha particle and its inert character. Therefore,
nuclei composed of an integer number of alpha particles

(the so-called self-conjugate nuclei) initially focused clus-
tering studies. The Tkeda diagram [1], which appeared
at the end of the 1960s, conveys the idea that the clus-
ter degrees of freedom appear in the vicinity of the alpha
emission thresholds, the energy for which the nucleus can
dissociate into an alpha particle and a residue. The fa-
mous Hoyle state, the second 0+ state of '2C which plays
a key-role in the nucleosynthesis of elements heavier than
helium is a typical example of such a cluster state. It is
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located at an energy just above the three-alpha thresh-
old in '2C. Its basic structure in three alphas is estab-
lished, but its nature is still an object of study. For exam-
ple, this state can be described as a condensate of alpha
particles occupying a large volume using a wave func-
tion of Tohsaki-Horiuchi-Schuck-Roepke (THSR) type
[2]. Calculations in the antisymmetrized molecular dy-
namics (AMD) approach confirm the significant spatial
extension of this state and suggest a structure dominated
by a "loose” configuration in 8Be-+alpha[3]. In contrast,
the ground state of '2C is described in the above mod-
els as rather compact, with mean-field like structure, in
accordance with the idea of the Ikeda diagram for self-
conjugate nuclei.

As compared to self-conjugate nuclei, the situation is
different in neutron-rich light nuclei. For example, strong
indications exist that in low-lying states of Be and B iso-
topes, including the ground-state, adding neutrons to an
N = Z core leads to spatially extended molecular-like
structures in which valence neutrons orbit around the
core composed of alpha particles. A typical case is rep-
resented by the neutron-rich (N > 4) beryllium isotopes
which were initially described as systems of two alpha +
Xn, the two alphas exhibiting a dumbbell shape core in
the intrinsic frame and X being the number of excess neu-
trons occupying molecular orbitals around this core[4].
The ground state of °Be, the only stable beryllium iso-
tope, may be described as a 3-body a — n — a molecular
structure. Experimentally, The °Be ground-state rota-
tional band is well understood in terms of 7 orbital, while
the band observed for the first (3+) excited state at 1.68
MeV can be connected to a o-type molecular structure.
This description of the cluster structure initially elabo-
rated in molecular orbital models was later confirmed by
mean-field type approaches, namely AMD, from which
the cluster structures emerge without the existence of
clusters being presupposed. The next neutron-rich Be
isotope is '°Be, an unstable nucleus which structure i is
also expected to exhibit a marked molecular character.
Experimental studies of this nucleus have revealed four
rotational bands, corresponding to various cluster struc-
tures for excited states. However, little is known about
the cluster structure of its ground state, apart from the
rotational band built on the ground state. The charge ra-
dius, which can be measured precisely, is directly related
to the density distribution of protons, though not probing
directly the cluster structure of ground-states. Among
the beryllium isotopes, '°Be exhibits the smallest charge
radius, which is consistent with AMD calculations that
predict a minimum for N=6[5]. In these calculations, the
ground state of '°Be is described as a two alpha + two
neutron configuration, in which valence neutron occupy
the molecular attractive 7 orbital which produces a more
compact 2-alpha core, at variance with o orbitals [6]. It
should be noted that this configuration is also predicted
in Density Functional Theory (DFT) calculations [7] a
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FIG. 1. Schematic view of 1°Be(p, pa)®He reaction setup.

general framework within which a large number of prop-
erties of nuclei can be reproduced. Namely, the dumbbell
shape structure of the alphas as well as the ring-type or-
bits of the neutrons emerge from the mean-field.

The important point for our purpose is that for
neutron-rich Beryllium isotopes, the occupancy of molec-
ular orbitals by valence neutrons is strongly correlated
with the spatial extension of the alpha wave-function.
In order to directly probe the spatial extension of alpha
clusters in the ground state of '°Be and thus establish
its cluster structure, we implemented a method based on
cluster knockout reactions of the (p, pa) type. These re-
actions have been studied extensively with proton beams
on stable targets in the 80’s and until today. Until re-
cently, it is essentially the alpha spectroscopic factors
that were extracted from these measurements. These
spectroscopic factors are integrated quantities that do
not give direct information about the spatial distribu-
tion of alphas in the nucleus. In the present work we
have: 1. Performed for the first time the measurement of
the triple differential cross-section (TDX) of the (p, pa)
reaction in inverse kinematics using a beam of unsta-
ble nuclei of 1°Be and in kinematical conditions covering
the recoilless condition and 2. Compared the measured
TDX to reaction calculations carried out in a microscopic
framework, including in particular the microscopic clus-
ter wave function. In a previous work, the sensitivity of
the TDX observable to the alpha wave function hence to
the geometric configuration of the alpha clusters in the
ground-state of 1°Be was demonstrated([8]. In particular,
it was shown that the magnitude of the TDX is strongly
correlated with the intercluster distance which is key to
infer the overall structure of the '°Be ground-state, as
mentioned above.

Ezxperiment The experiment was performed at the
Radioactive Isotope Beam Factory (RIBF) of the RIKEN
Nishina Center. A secondary beam of °Be was produced
at an energy of approximately 150 MeV /nucleon through



projectile fragmentation of a 230 MeV /nucleon *O beam
impinging on a 15-mm-thick Be target and purified us-
ing the BigRIPS fragment separator[9]. The average 80
beam intensity was 500 pnA and the produced °Be beam
intensity was of 5x10° particles with a purity higher
than 90%. !°Be beam particles were identified on an
event-by-event basis. Figure 1 shows the main compo-
nents of the experimental setup around the secondary
target. Beam ions were tracked by a set of two multiwire
drift chambers(MWDC) placed upstream of the target
chamber. To minimize multiple scattering of recoil pro-
tons from the °Be(p, pa) reaction in inverse kinemat-
ics, a 2mm-thick pure solid hydrogen target (SHT)[10]
was used as the reaction target. Recoil protons were de-
tected using the Recoil Proton Spectrometer (RPS) de-
scribed in[11, 12] in a two-arm configuration set at 60°
with respect to the beam axis. Each arm was composed
of three stages (MWDC, plastic scintillator and Nal(T1)
rods) providing position and energy measurement which
were used to reconstruct the scattering angle and total
energy of the recoil protons. Given the energy range
of the recoil protons for the reaction of interest in the
present measurement (25-100 MeV), data from the elastic
and inelastic channels were used to perform the energy
calibration of RPS. Knocked-out a-clusters were mea-
sured by two telescopes composed of double-sided strip
Silicon detector (DSSD) of 62x62 mm? active surface
backed by CsI(T1) modules from the FARCOS array [13]
placed in the horizontal plane to cover the angular range
4° - 12°. The identification of Helium residues emitted
around zero degrees was performed using the SAMURAI
spectrometer and its standard plastic hodoscopes [14].

Results Fig.2 displays the excitation energy spec-
tra in ®He for the °Be(p,pa) reaction obtained from
the measured energy and angle of both the recoil pro-
ton and alpha cluster. The present triple coincidence
measurement produces spectra with rather low back-
ground. The GS being the only bound state in He,
the GS—GS transition is easily separated by setting a
gate on the 5He residues in SAMURAI The correspond-
ing peak (red histogram) is well fitted by a Gaussian
positioned at (-0.02 + 0.03) MeV with a missing mass
resolution of o = 1.06 MeV. The spectrum gated by “He
residues corresponds to the excited states populated in
the Be(p, pa)®He* —*He+2n reaction channel. The
resolution does not allow a clear identification of the pop-
ulated states. For the spectrum of Fig.2(b) a fit was
performed including the well-known 27 state located at
1.797 MeV|[15] and other low-lying resonant states found
in the 2-6 MeV region according to [15-19]. The present
spectrum is well reproduced by a combination of the 2%
state, a resonance at around 3.5 MeV observed in [19]
and predicted by theoretical calculations as the 2; state
[20, 21], and a third resonance observed at 7.3 MeV in
several experiments.
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FIG. 2. Excitation energy spectra for '°Be(p, pa)®He* reac-
tion. (a) integrated over the full solid angle covered by proton
and cluster detectors. The vertical dashed line indicates the
2-neutron separation energy(0.975 MeV). The red and blue
solid lines show spectra corresponding to events gated by He
and *He residues, respectively. (b) same for events corre-
sponding to the quasifree angle pair (0,/0, = 65°/ — 7.7°)
with an angular bin size of +1°.

Cross-sections The experimental TDX for the (p, pa)
reaction were extracted for the coplanar angle pairs
(0p,64) chosen to include zero recoil momentum condi-
tion of the residual nucleus. The experimental TDX is
given in the unit of ub/(sr?-MeV) in the laboratory sys-
tem. For a given angle pair (6, 60,), the TDX for a given
transition can be written as:

d3oerp AN(T})

dT,dQdQY  egNeNyATy - €4, (0p)e0,., (gpp)PV(Tpg :

1

where index p and « stand for the outgoing proton and
alpha, respectively; AN(T},) is the number of counts in
an energy bin AT,; ¢4 is the “intrinsic” detection effi-
ciency of proton and alpha detectors; N; is the number
of proton per unit area of the SHT; IV, is the number
of incident beam particles; €, (6,) is the ¢, acceptance
at ¢, obtained from the simulation; £, , (¢,) is the ef-
ficiency of detecting a p-a pair at ¢, obtained from the
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FIG. 3. (a) TDX distribution of of '°Be(p, pa)®He(g.s.) reac-
tion extracted at the coplanar angle pairs 6,/0, = 65°/—7.7°
which were chosen to include zero recoil momentum condition
of the residual nucleus.The arrow indicates T, at the quasifree
condition. The solid line represents DWIA calculations; (b)
The corresponding phase volume distribution.

simulation; The phase volume term PV (T},) correspond-
ing to the portion of the AQ,-AQ, volume kinematically
allowed can be defined in discrete form by :

PV(T,) = > 3 ) sin6,A0,Ap, - sinaAbaAp,
0p ¥p 0o ®a
(2)

where the summation ranges of 0, 0., ¢p, and ¢, are
restricted to satisfy the energy-momentum conservation.

Fig.3(a) shows the extracted experimental TDX for
the °Be(p,pa)®He(g.s.) reaction at the angle pairs
(0p/0q = 65°/ —7.7°) compared with the reaction calcu-
lations discussed below. The arrow in the plot indicates
the T}, corresponding to the recoilless condition. The er-
ror bars correspond to the sum of statistical uncertainties
and those on the PV induced by the error on the scatter-
ing angle. First of all, we note that the shape of the TDX
distribution in inverse kinematics is heavily influenced by
the PV term in the denominator of Eq. 1. Unlike the case

of TDX in forward kinematics for an orbital angular mo-
mentum transfer L=0, it is no longer a peak centered at
the value of T, corresponding to the recoilless condition.

Explicit formulae of (p,pa) TDX within the DWIA
framework can be found in Egs. (4)—(7) of Ref. [22]. See
Ref. [23-25] for detailed DWIA description.

In Fig.3(a) the experimental TDX is compared to the
result of calculations within the DWIA framework using
microscopic RWA of the ground state of °Be obtained
by the THSR and AMD models. The structure calcula-
tion of 1°Be of the THSR model was presented in Ref.[8],
and that of the AMD model was presented in Ref.[26].
Both calculations have been performed for an incident
energy of 150 AMeV used in the experiment. The pro-
ton optical potentials were deduced from the democratic
parameterization of Dirac phenomenology [27]. As for
the p-a elementary process, p-a differential cross section
obtained by the folding model potential [28] using the
Melbourne g-matrix interaction[29] is adopted. In both
THSR and AMD cases, the RWA used in the calcula-
tion has been obtained from the approximation method
described in [30]. Fig.3 shows that the shape of the ex-
perimental TDX distribution of 1“Be(p, pa)®He(g.s.) is
very well reproduced by both calculations. Furthermore,
the normalization of the calculated distributions to the
experimental one by a fitting procedure leads to normal-
ization factors of 1.04(7) and 0.90(6) for the THSR and
AMD, respectively, very close to unity. The present mi-
croscopic descriptions of the 19Be(p, pa)*He(GS) reaction
allow to reproduce the data very well.

TABLE I. Comparison of the experimental and theoretical
cross-sections for the ground state and 27 excited state tran-
sitions at quasifree conditions. Both ocqp and oy, are inte-
grated over the angle bin size of +1°.

Final [Gp/ea] Oexp OTHSR OAMD

state (deg)  (mb/sr®) (mb/sr?) (mb/sr?)
SHe(g.s) 65°/7.7° 23.6(28) 22.7/50 259
SHe(2%) 65°/7.5° 16.1(34) 5.2 7.9

Integrated cross sections The population of the ex-
cited states as well as the ground state of He measures
the contribution of He core-excited states in the ground
state of 19Be. Table I gives the extracted double differ-
ential cross-sections for the ground-state and 27 excited-
state transitions at the quasifree condition obtained by
integrating the TDX over the proton kinetic energy T),.
Due to the slight variation of the residue mass, there
is a corresponding change in the quasifree angle pairs,
while ¢, = 65° remains unchanged for both cases. The
number of counts for the ground state transition is ex-
tracted straightforwardly as only the ground state of He
is bound, while that for the 2% excited state transition is
obtained through a decomposition of the excitation en-
ergy spectrum, as shown in Fig.2. The spectrum was
fitted by three resonances modeled as the convolution



of a Breit—Wigner distribution with a Gaussian function,
taking into account the experimental resolution. The pa-
rameters of the 27 resonances (1.797 MeV, T' = 0.113
MeV) are taken from [15], and the energy E and width I’
of the other two resonances are free parameters, All the
normalization parameters are also set free in the fit.

As shown in Table I, the experimental cross-sections
are compared with that from DWIA calculations. The
calculation of ground-state transition reproduces well the
cross-section extracted from the present experimental
data; Considering the errors inherent to the excitation
energy spectrum decomposition, the calculation of 2%
excited state transition and the experimental results are
also considered consistent.

Discussion The ground-state structure of °Be within
the THSR-based framework described in [8] corresponds
to a molecular configuration of two alpha cores with two
additional neutrons occupying 7 orbitals. It is rather
pure due to the fact that for Be isotopes, N=6 is a good
magic number. This configuration is spatially extended,
although to a lower extent than for other beryllium iso-
topes because of the attractive effect of the 7w neutrons
compared to e.g. neutrons in ¢ orbits. Consistently, the
corresponding root-mean-square charge radius of 1°Be is
2.31 fm, very close to the experimental value. The sensi-
tivity of the TDX of the °Be(p, par)®He(g.s.) reaction to
the spatial extension of the alpha cluster wave-function,
quantified by the intercluster distance has been clearly
demonstrated in [8], and the present results thus pro-
vide a direct validation of the above molecular structure.
For comparison, we performed the TDX calculation us-
ing the compact shell-model like description (referred as
shell model limit in [8]) of the ground-state of 19Be at
the incident energy used in the present experiment. Al-
though unphysical, this state allows to test the impact on
the TDX magnitude of a compact ground-state in terms
of spatial distribution of alpha clusters. As expected, a
very large normalization factor is needed to match the
magnitude of the data.

The AMD approach has been successfully used for long
to describe and establish low-lying molecular structures
in light nuclei. This framework is general enough to en-
able description of both single-nucleon properties as well
as cluster structure, without assuming preformed cluster.
Within this framework, the °Be ground-state is found to
have a structure as the one inferred with the THSR model
wave function in the region of interest. Namely, the
RWA have similar behaviour at the surface region which
contributes to the cross-section in both models. Consis-
tently, we find that the calculated TDX using AMD RWA
shows an agreement of similar quality with the data as
when using the THSR, approach.

Conclusion The cluster structure of an unstable
neutron-rich nucleus, '°Be, has been investigated by mea-
suring for the first time the TDX of the (p, pa) reaction
in inverse kinematics with a setup allowing inclusion of

the recoilless condition. Double differential cross-sections
to the ground and 24 states of the ®He residue have
also been extracted. Obtained data have been compared
with cross-section calculations performed within a mi-
croscopic DWIA framework involving up-to-date alpha-
cluster wave functions, describing the ground-state in
terms of a dumbbell-shaped two-alpha core (with moder-
ate extension) surrounded by two neutrons occupying m
orbit. A remarkable agreement in both shape and mag-
nitude between the experimental and calculated TDX
for the °Be(p, pa)®He(GS). Due to the previously es-
tablished sensitivity of the TDX to the extension of the
alpha wave-function in the ground-state of '°Be, our re-
sults provide direct experimental evidence of the above
molecular structure of °Be implemented in the THSR
approach, and validated by the general AMD framework.
In the latter, this cluster structure emerges from the de-
tails of the nuclear mean field. Concerning the double
differential cross-sections to the GS and 2+ states of the
residue, a good agreement between calculations and ex-
perimental results is found. A consistent picture is then
obtained.
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