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Investigation of cluster structure of °Be from high precision elastic scattering data
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The cluster structure of *Be has been investigated through high precision elastic scattering cross-section
measurements of a °Be + 2®Pb system at below barrier energies, E = 24-34 MeV. The observed deviation from
the Rutherford scattering can only be explained by an n + ®Be cluster description of °Be, whereas the a + He
cluster picture fails to explain the measured data, indicating the dominance of the n + ®Be cluster structure of
°Be. In addition to sequential and direct breakup, the coupling effect of one neutron stripping on elastic scattering
is significant even at 10 MeV below the barrier. The sensitivity of the high precision elastic scattering data to the

cluster structure of °Be has been demonstrated.
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Clustering is a general phenomena that is observed over
a wide range of physical scales and in diverse fields such as
the aggregation of galaxies in the universe or the existence of
gene clusters in complex biological systems. In the nuclear
domain, clustering observed in light nuclei elucidates on
their structure that leads to a greater understanding of the
underlying correlations of nucleons. It is well known that the
light weakly bound nuclei ®’Li have predominantly o + d and
a + ¢t cluster structures, respectively, but the cluster structure
of °Be is still not clear. Study of the °Be cluster structure is of
recent interest, especially for the astrophysically important '2C
formation via the o + o + n — °Be channel followed by the
°Be(a, n)'?C reaction [1]. At high energies, the experimental
observation of the anomalous modification of the nucleon
structure function F2 in the *Be nucleus has been ascribed
to the clustering effects of the 9Be nucleus [2,3]. Further, the
description of the °Be nucleus in terms of a neutron with two
a-particle cores provides pathways to greater understanding
of halo and molecular structures in three-body systems [4].
At low energies, the cluster structure is usually studied by the
measurement of different breakup channels and is correlated
with the possible cluster configurations. In the case of °Be,
apart from the direct three-body «-«-n decay, the breakup
may occur through either °Be — n + 3Be or °Be — o +
SHe routes. However, the lifetimes of ®Be and YHe nuclei are
10716 s and 107! s, respectively, which is too small to detect
them directly. As a result, in a breakup measurement, only
two «’s and an n can be detected, and it is experimentally
difficult to distinguish among the intermediate paths within
the interaction regions.

The experimentally observed Be low-energy spectrum
above the o«-a-n threshold of 1.57 MeV consists of
1+ 3% 5+

,and 3 resonances. These resonance states could con-
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heavy element nuclear synthesis under suitable astrophysical
environments. Although the theoretical calculations are able
to reproduce the measured excited energy levels reasonably
well, their decay properties have not been established. There
have been several recent measurements of *Be cluster breakup
[5-8], and attempts have been made to quantify the con-
tribution of decay components for the low-lying excitation
spectrum of 9Be. In addition, the cluster structure of °Be has
been studied by measuring its excited states by the *Be(y, n)
[9] or °Be(e, ¢’) [10] techniques, and then reproducing those
excited states by different cluster model calculations. Even
though the °Be nucleus is more accurately described by a
three-body o + o 4 n cluster structure, the simple two-body
o + °He [¢ + (e +n)] or n + ®Be [n + (¢ + )] cluster
configuration can be effectively used in calculations to explain
reaction mechanisms. While the positive-parity states can be
reproduced by the n + 3Be [11] cluster model rather well, there
is still uncertainty about the nature of negative-parity states and
the importance of o + SHe [12-14] cluster structures in their
decay. In a recent calculation, a dynamic evolution from « +
SHe at small distances to an n + 3Be cluster structure at large
distances has been shown for the two low-lying resonances
1T [157and 37 [16].

The low-lying resonances and nonresonant continuum aris-
ing due to small breakup threshold of a weakly bound nucleus
have significant coupling effects on the elastic scattering. More
specifically, a strong excitation of the low-lying E1 strength
is possible even at below barrier energies, which can be a
sensitive probe of the large distance radial wave function. The
strong coupling between the ground state and the dipole states
in the continuum leads to a deviation of the elastic cross section
at backward angles from the Rutherford value even at below
barrier energies. At energies around the Coulomb barrier,
the influence of the breakup process on elastic scattering
and fusion channels has been discussed extensively in the
literature [17—19]. A cluster model analysis considering °Be as
an o + “He cluster model [18] to explain the elastic scattering
angular distribution of the °Be + 2%Pb system around and
above the Coulomb barrier gives good agreement with the
measured elastic scattering angular distribution [20]. However,
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the model calculation gives only one-third of the measured
breakup cross section for the above system [21]. An alternative
model calculation considering °Be as an n + ®Be cluster [22]
gives reasonably good agreement with the measured fusion
cross section for the °Be + 2?Bi system.

While it is difficult to conclude on the cluster structure
of °Be from simple elastic scattering or fusion measurements
around the barrier, precision elastic scattering measurement
at low energies is expected to bring out the signature of
different cluster structures due to the dominance of coupling
effects of low-lying dipole states. With this motivation, we
have measured high precision elastic scattering data for a
9Be + 2%Pb system at energies below the Coulomb barrier
at the backward angle. The effects of dipole coupling to the
low-lying breakup states and one-neutron transfer reactions on
elastic scattering cross sections are presented. In addition to
the analysis of the present precision elastic data, calculations
have been performed to explain the measured breakup and
one-neutron transfer cross sections of Woolliscroft et al. [21].

The experiment was carried out using the *Be beam from
the 14UD BARC-TIFR Pelletron facility. The enriched 2Pb
(>98%) target of ~200 wg/cm? thickness with a backing
of 12C of ~35 ug/cm? thickness was used. Projectile-like
particles were detected by the AE-E telescopes consisting of
Si surface-barrier detectors. Major attention was given in this
experiment to keep the measurement uncertainties <0.5%. To
achieve this, the following detector arrangement was made:
Two pairs of identical telescopes were placed symmetrically
to the left and right of the incident beam at +40° and +160°.
AE detectors of thicknesses ~17-35 um and E detectors
of ~300-1000 um were used. A schematic of the detector
arrangement and the measured spectra is shown in Fig. 1.
The angular resolutions of the detectors were 0.4° and 1.8° for
forward and backward telescopes, respectively. The dead times
of different electronic channels were measured by acquiring

6000 :
B Pulser iR
| Ty 160° é\/
&, T, 40°
N beans=l !
4000 ; bn,am_ —
= T o
8= '-.\Xr* target T’% -40 5
] B Ty -160° 2 &3
,.8 .
< B 104 F
ﬁ 2
L =]
10k
10% ¢ T
3000 4000 5000
E, (arb. Unit)
Il | 1 1 1 1 | 1 yrl \A 1 | 1 1 1 1 ‘ 1 1 1 |
1000 2000 3000 4000 5000

E, (arb. unit)

FIG. 1. (Color online) A typical two-dimensional spectrum of
AE vs E, for °Be + 2%Pb at Ej,, = 34 MeV and 6,,, = 160°. The
left and right insets show the schematic of experimental setup and the
projected spectrum of the °Be band onto the x axis, respectively.
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test pulses from a pulse generator fed to the preamplifiers of
each detector and counting them directly using scalers. It was
found to be in the range of 0.3-0.8 %.

To measure the deviation of elastic data from Rutherford
scattering at the backward angle as a function of energy we
defined the ratio R(E) [23] as

_ NVH(EWWE) [ VY3(Eg)Ya(Ey)

VNEAE) | VY(E)T2(Eo)
where Y|(E), Y,(E), Y3(E), and Y4(E) are the dead time
corrected measured elastic yields from the telescopes T,
T,, T3, and T4, respectively, at beam energy E. The lowest
beam energy in the present measurement, 24 MeV, was taken
as the reference energy (Ep), which is much below the
Coulomb barrier (Vg ~ 40 MeV [24]). The effect due to
beam wandering in the horizontal plane was minimized by
taking the geometrical mean of the yields of the two forward
(T,T;) and two backward (T'3,T4) telescopes, respectively.
The uncertainties due to the target thickness and beam current
were eliminated by taking the ratio of the geometric means
of the backward to forward yields. Solid angle uncertainties
were eliminated by normalizing these ratios to that at the lowest
energy. Using this procedure the systematic uncertainties were
minimized and the uncertainty in R(E) arises only due to
counting statistics, which is of the order of +0.2%. This
procedure is similar to that followed in measuring the dipole
polarizability of “Li [19] and deuteron [23].

The breakup and transfer coupling effects have to be
understood in detail in order to explain the elastic scattering
data at energies below the Coulomb barrier. The continuum
discretized coupled channel (CDCC) and coupled reaction
channel (CRC) calculations were carried out using the code
FRESCO [25], version FRES 2.7. Calculations have been per-
formed considering *Be as a + *He and n + 8Be clusters. In
the & -+ “He cluster picture of *Be, the ground state of *Be (3 )
was constructed by taking the relative angular momentum L =
0 as well as L = 2 between « (07) and *He (%_) clusters, with
the potential taken from Ref. [26]. The L = 2 component was
taken in order to account for the reorientation of the highly

R(E)

ey

deformed ?Be nucleus. In addition to the ground state, the g_

inelastic state at energy 2.429 MeV and the %7 resonance state

at 6.38 MeV were generated using the o + >He cluster model.
The breakup calculations including these states along with the
o + “He continuum were performed. The o + *He continuum
model space in momentum was limited to 0 < k < 0.8 fm™!
with Ak = 0.1 fm~".

In the other cluster model, an n + $Be cluster picture of ‘Be
was used. The potential parameters (radius and diffuseness)
along with a spin-orbit component for the binding of n in °Be
has been taken from Ref. [27]. A depth of 44.9 MeV for the
volume potential was found to reproduce the binding energy.
The °Be/®Be overlap spectroscopic factor C2S =0.42 [27] was
used. The nonresonant continuum and the resonance states
1.78 (%*) and 3.04 (§+) MeV have been generated in this
cluster model calculation starting with the same potential
parameters as the ground state. The depth of the potential
was adjusted to reproduce the resonances at correct resonance
energies. The generated B(E'1) strengths of the resonance
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states and continuum give reasonable agreement with the
measured (y, n) cross section [9]. The final CDCC calculation
was performed by including these resonance states and the
nonresonant continuum.

The interaction potentials between °Be and 2°®Pb were
obtained by folding the fragment target potentials a + 2%Pb
and *He + 2%8Pb in the first model and n + 2°°Pb and ®Be +
208Pb in the second model. The a + 2°Pb and He + **Pb
optical potentials were taken from Ref. [18]. ®*Be + 2%Pb
and n + 28Pb optical potentials were taken from the fits
to the °Be + 2%Pb elastic scattering at beam energy E =
68 MeV using the Wood-Saxon form for the real and imaginary
potentials. Calculated elastic scattering angular distributions
with bare potential at £ = 38 and 44 MeV are shown in Fig. 2
(dot-dashed line).

We have performed the CRC calculations for the single
neutron stripping 2**Pb(°Be,Be) channel to study the effect
of this channel on elastic scattering. The following states of
209pb: ground state (2 1), 0.78 (1), 1.42 (57), 157 37,
2.03 (1), 249 (I, and 2.54 (37) MeV were included in
the calculations. The spectroscopic factors for all these single
particle states were taken from Ref. [28]. The same bare
potential, as used in the CDCC calculations, was used.
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FIG. 2. (Color online) The elastic scattering angular distribution
for °Be + 2%Pb at E,, = 38 and 44 MeV. The data are taken from
Ref. [20]. For clarity, data, and calculations atenergy Epecam =38 MeV
have been multiplied by a factor of 2. (a) The calculations with
bare potential, “Be — n + ®Be breakup alone, and breakup plus
208pb(°Be,®Be)*®Pb transfer are denoted by the dot-dashed, dashed,
and solid lines, respectively. (b) The calculations with bare potential,
°Be — « + >He breakup alone, and breakup plus 2 Pb(°Be,*Be)**Pb
transfer are denoted by the dot-dashed, dashed, and solid lines,
respectively.
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The effect of breakup and transfer couplings on the elastic
scattering angular distribution are shown in Fig. 2. In Fig. 2(a)
results corresponding to n + 8Be cluster model calculations
at beam energies 38 and 44 MeV show that agreement with
the data [21] is as good as that for the o + SHe cluster model
calculations shown in Fig. 2(b). While the effect of °Be — n +
8Be breakup coupling is to reduce the cross section [dashed line
Fig. 2(a)] at all angles, in the case of °Be — o + SHe breakup
coupling, the effect is to reduce the Coulomb rainbow while
increasing the cross section at backward angles [dashed line
Fig. 2(b)]. However, the coupling of single neutron stripping
channels reduces the elastic scattering cross section (solid line
in Fig. 2) at all angles and thus improves agreement with the
data.

The calculated breakup and transfer cross sections are
shown in Fig. 3. The dashed curve in Fig. 3(a) denotes the
°Be — o + SHe breakup cross section, which is about one-third
of the measured data at beam energies above the Coulomb
barrier and one-tenth below the barrier. The solid curve in
Fig. 3(a) denotes the “Be — n + 3Be breakup cross section,
in good agreement with the data in the whole energy range,
supporting the importance of the n 4 ®Be cluster structure for
the breakup processes. The dashed and solid curves in Fig. 3(b)
are the calculated transfer cross section using the interaction
potentials derived from the o + He and n + 3Be cluster
models, respectively. Both the calculations give equally good
descriptions of the measured data.

The measured ratio, R(E), of the elastic scattering cross
section at energies below the Coulomb barrier is shown in
Fig. 4. Figures 4(a) and 4(b) correspond to the calculations
considering the n + 8Be and o + >He cluster models,
respectively. The dot-dashed line in Fig. 4 represents the
calculated R(E) with the bare potential without any breakup
or transfer coupling. The dashed line represents the results
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FIG. 3. (Color online) Calculated breakup and transfer cross
sections. (a) °Be — « + “He and °Be — n + ®Be breakup cross
sections denoted by the dashed and solid lines, respectively. (b)
Calculated 2°Pb(°Be,®Be)??Pb transfer cross sections using « 4 He
and n + ®Be cluster models are represented by dashed and solid lines,
respectively. Breakup and transfer cross section data (open circles)
are taken from Ref. [21].
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FIG. 4. (Color online) The measured ratio, R(E), of the elastic
scattering cross section (see text) at energies below the Coulomb
barrier (Vg =40 MeV). The calculations with bare potential, breakup
coupling only, and breakup plus 2°*Pb(°Be,*Be)**Pb transfer are
denoted by the dot-dashed, dashed, and solid lines, respectively.

obtained from the CDCC calculation considering the breakup
couplings only. It can be seen that the effect of the “Be —
a + He breakup coupling is very small (~ %) compared to
the effect of the °Be — n + ®Be breakup coupling. From
the breakup measurement of °Be, the extracted breakup yields
into different channels show the significance of the “Be —
a + SHe decay mode for states at higher excitation energy
(Eex > 4.0 MeV) [5]. However, the coupling effect on elastic
scattering cross sections for these states are found to be
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insignificant. The solid line corresponds to the CDCC and
CRC calculations performing simultaneously for the breakup
along with the single neutron stripping 2**Pb(°Be,®Be). It
is observed that the 1/2% resonance and s-wave continuum
have the dominant coupling effect on the elastic scattering.
Surprisingly, the transfer channel has a significant effect, ~1%
even at 10 MeV below the barrier. It is clear from Fig. 4 that
the measured high precision ratio R(E) can only be explained
by the n + ®Be cluster model. The low breakup threshold,
1.67 MeV, for °Be — n + 3Be and the strong E1 coupling
of the 1/2% resonance lying just 110 KeV above the threshold
results in the dominance of the n + 8Be model. By using the
method described in Ref. [19], the dipole polarizability of °Be
is estimated to be org = 0.12 and 0.88 fm? for the o + >He and
n + ®Be cluster structures, respectively.

In summary, we have carried out high precision elastic
scattering measurement and investigated the sensitivity of
the data to the underlying cluster structure of the weakly
bound nucleus °Be. The precision measurement of the elastic
scattering cross section has been used to obtain the ratio
R(E) with statistical uncertainty of £0.2% over a range
of energies 24-34 MeV. The CDCC calculations for the
°Be + 2%Pb system using « + °He and n + %Be cluster
pictures of °Be have been carried out. The elastic and
reaction cross sections were reproduced by performing the
CDCC and CRC calculations. The present work shows that
the main contribution to the coupling effects on elastic
scattering is due to 1/2% resonance, s-wave continuum,
and single neutron stripping channels. From the measured
ratio R(E) and the theoretical framework used, we are able
to discriminate between the two cluster models, and the
n + 3Be cluster structure of Be is found to be more appropriate
for describing the elastic and reaction cross sections. It will be
interesting to extend this method to study the cluster structure
of weakly bound nuclei, e.g., ''Be and ' Li, in which coupling
effects are expected to be larger.
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