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Abstract. The scattering of the radioactive, weakly bound, halo nucleus 11Be from 209Bi has been studied
at 40MeV beam energy. The measurement performed with a low-intensity and a large-emittance secondary
beam could be made using an extremely compact, large solid angle (∼ 2π sr) detecting set-up, based on 8
highly segmented Si telescopes. The 11,9Be scattering angular distributions, as well as their relative reaction
cross-sections, resulted to be rather similar. This may suggest that at Coulomb barrier energies the halo
structure and the very small binding energy of the 11Be projectile have no big influence on the reaction
dynamics.

PACS. 25.60.Bx Elastic scattering – 25.60.Dz Interaction and reaction cross-sections – 27.20.+n 6≤A≤19

Nuclear reactions induced by light loosely bound ra-
dioactive ion beams are expected to show new effects in
the reaction dynamics around the Coulomb barrier. In
this framework the measurement of the elastic scattering
differential cross-sections plays an important role since it
provides basic information on the interaction potential of
the colliding nuclei and consequently on the reaction cross-
section σre. These data are relevant since, in this energy
range, few reaction processes, namely fusion and those
processes originating from the very small binding energy
of the projectile like the breakup, are expected to con-
tribute to this cross-section. Extended theoretical work is
proceeding on these topics (see, i.e., refs. [1,2]).

This work presents the results of the 11Be scattering
from a 209Bi target around the Coulomb barrier. 11Be has
some characteristic features: T1/2 = 13.8 s, Sn = 504 keV,
only one bound excited state at 320 keV and a well-
established halo structure with a r.m.s. radius 10% larger
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than systematics [3]. In this region similar experiments
have been performed with the following weakly bound
projectiles: 6He, T1/2 = 0.80 s, S2n = 972 keV, neutron

skin-like structure; 17F, T1/2 = 64.6 s, Sp = 601 keV; 9Be,

stable, S2α+n = 1574 keV. The system 6He + 209Bi [4,5]
has a big σre, much larger than the fusion one, originat-
ing from a very strong α channel [5] attributed to the
6He (inclusive) breakup process, while for 17F + 208Pb the
σre [6] is very similar to the total fusion one [7] and the
16O production (inclusive breakup) has a cross-section [8]
much smaller than the total fusion. Also for the system
9Be + 209Bi there is a strong (inclusive breakup) α chan-
nel [9], whose strength is comparable to the fusion one and
their sum exhausts the σre [10].

In this scenario the measurement of the differential
cross-section for the scattering of 11Be from 209Bi is a very
good link between the two radioactive beams, since 11Be
has a binding energy as small as 17F and a halo structure
similar to 6He. Moreover, for the system 11Be + 209Bi the
fusion process has already been measured around the bar-
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rier and the cross-sections resulted to be very similar to
the 9,10Be + 209Bi ones [11], contrary to simple expecta-
tions. This feature suggests moderate breakup effects.

The experiment was performed at the RIPS fragment
separator [12] in RIKEN. The 11Be secondary beam was
produced at 66.1 A·MeV via fragmentation of a 13C6+ pri-
mary beam, 101.2 A·MeV energy, with ∼ 3µA current on
a 12mm thick Be plate. The secondary beam was subse-
quently reduced in energy by two Al degraders (6mm and
5mm thick, respectively) and eventually refocused with
a quadrupole triplet on the secondary reaction chamber.
Two Parallel Plate Avalanche Counters (PPACs) [13] were
located along the beam line at a distance of 30.4 cm from
each other. The target was located 68.2 cm downstream
the closest PPAC. Both PPACs were x-y position sensi-
tive with a resolution of 1 × 1mm2. The 11Be beam en-
ergy was measured event by event from the Time of Flight
(ToF) between a plastic scintillator and the PPACs along
a flight path of ∼ 5m. The ToF was energy calibrated
via a 500µm Si detector which could be inserted imme-
diately after the PPACs. The accuracy of this procedure
was estimated around 4%. The 11Be beam energy distri-
bution turned out to be bell shaped and peaked around
43MeV with a FWHM of ∼ 18MeV and a total intensity
of ∼ 105 pps.

The 11Be scattering events were detected with the EX-
ODET array [6]. This setup consists of 4+4 ∆E (40µm)-
Eres (500µm) Si telescopes, each one with a surface of
5 × 5 cm2, arranged along the faces of two cubes closely
packed around the target. The Eres (∆E) detector energy
resolution was ∼ 1% (5%). Each detector was segmented
in 100 strips 0.5mm wide. The strips of the ∆E layer
were perpendicular to those of the Eres, allowing a pixel
resolution of 0.5× 0.5mm2. The whole array covered, for
a point-like source, the polar angle ranges 26◦–82◦ and
98◦–154◦ with a total solid angle coverage of ∼ 2π sr. The
209Bi target was 3.0mg/cm2 thick with a 1µmmylar back-
ing and had a diameter of ∼ 5 cm. This large surface was
needed since the 11Be beam distribution on the target had
a Lorentzian shape with a FWHM of ∼ 3 cm (x)×2 cm (y).
An event-by-event tracking of the incoming particles to-
gether with the knowledge of the EXODET hit pixel was
necessary to reconstruct the scattering angle. The angular
divergence of the beam at the target site was ∼ 1◦ and
therefore neglected in the subsequent analysis. The uncer-
tainty in the θ-angle reconstruction originating from the
position resolution of the two PPACs and the telescopes
was estimated to be ∼ 2◦ and negligible when compared to
the θ binning of 10◦ adopted in the analysis for statistical
accuracy reasons.

The data acquisition system was triggered by the
“OR” of the energy signals coming from the 8 ∆E Si de-
tectors. The recorded events were: a) the time signals nec-
essary for the ToF measurement of the incoming particles,
b) the PPACs signals for the (x, y) beam position identifi-
cation, c) the energy signals from each EXODET detector,
d) the digital information processed by the ASIC chip:
i) hit strip number, ii) Jitter Time (JT), iii) Time over
Threshold (ToT) [6]. These last two quantities were useful
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Fig. 1. Samples of high-energy events spectra at 40MeV 11Be
beam energy. The large energy spread is due, in addition to
the beam energy binning and target thickness, also to the en-
ergy resolution of the ∆E and Eres detectors signals added to
reconstruct the total energy.

to suppress spurious and trigger uncorrelated events and
to get a coarse discrimination of the high-energy events
(11Be scattering) from the low-energy ones (protons, β-
rays, γ-rays).

In this work we selected a 2MeV beam energy bin
centered around 40MeV, close to the maximum of the
energy distribution (corresponding to a beam intensity
∼ 2×104 pps) and another around 38MeV (with a factor-2
lower intensity) for normalization purposes. This binning
corresponds to a total energy resolution, including the tar-
get thickness, of 5%. Due to this limitation in the energy
resolution the experimental data include the possible ex-
citation of the first 11Be excited state at 0.32MeV and of
the 209Bi states up to ∼ 2.6MeV. Figure 1 shows some
examples of the collected events.

The counting rate N(θ) measured at an average polar
angle θ is related to the average differential cross-section
dσ
dΩ (θ), solid angle ∆Ω(θ), average detector efficiency η(θ),
target areal density T and beam intensity B, by the clas-
sical formula: N(θ) = dσ

dΩ (θ) ·∆Ω(θ) ·η(θ) ·T ·B. If ∆Ω(θ)
is known (from Monte Carlo simulation in our case), one
can usually get the unknown cross-section dσ

dΩ (θ) com-
paring the data with those from a known cross-section,
typically the Rutherford scattering at forward angles, un-
der the assumption that the detector efficiency is the
same at the same angle. The EXODET array gives posi-
tions from 80000 pixels [8(telescopes)× 100(∆E strips)×
100(Eres strips)], allowing to reconstruct the θ scatter-
ing angle. In our setup the pixel efficiency resulted to
be sometimes significantly different from pixel to pixel;
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Table 1. Differential cross-sections for quasi-elastic scattering
in the system 11Be + 209Bi at 40MeV.

θcm Angular range (lab.) dσ

dσRu
∆

(

dσ

dσRu

)

30◦ 23◦–32◦ 0.82 0.12

40◦ 33◦–42◦ 1.00 0.11

50◦ 43◦–52◦ 1.00 0.11

61◦ 53◦–62◦ 0.87 0.10

71◦ 63◦–72◦ 0.76 0.09

101◦ 93◦–102◦ 0.82 0.14

111◦ 103◦–112◦ 0.71 0.12

121◦ 113◦–122◦ 0.80 0.14

130◦ 123◦–132◦ 0.68 0.16

140◦ 133◦–142◦ 0.59 0.19

this was originating mainly from the noise out of the
ASIC chip. This problem was faced into two different
ways. In the first approach the 40MeV data were nor-
malized to those at 38MeV, where from a semi-classical
point of view the cross-section is expected to be purely
Rutherford at all angles, since the Coulomb barrier is
nominally higher (VCLab

= 39.5MeV). Actually, from
a quantum-mechanical description, some small absorp-
tion at very backward angles cannot be excluded. This
was evaluated with the code FRESCO [14] within the
optical model framework. We used a Woods-Saxon po-
tential with the standard Akyüz-Winther parameteriza-
tion [15]: V0 = W0 = 52.328MeV, r0 = rw = 1.194 fm,
a0 = aw = 0.63 fm. We verified that there was no sig-
nificant variation in the evaluated cross-sections after a
variation of ±50% in the potential depth and of ±0.05 fm
in radius and diffuseness. The final values for dσ/dσRu
at 38MeV were: 1.00 up to 90◦, 0.97 (at 100◦), 0.93 (at
110◦), 0.88 (at 130◦) and 0.82 at (140◦). These values
were adopted to renormalize the angular distribution at
38MeV. In the second approach the data were normalized
to the three most forward angles where the scattering is
purely Rutherford. The effective solid angles covered by
the setup were evaluated both by Monte Carlo simula-
tions and using analytical formulas, while strip efficiency
was evaluated with standard alpha sources. The results of
the previous approach were confirmed within the statisti-
cal accuracy. The dσ/dσRu values at 40MeV are listed in
table 1 and plotted in fig. 2. The quoted errors originate
for the x-axis from the angular binning ∆θ = 10◦ which
had to be adopted, and for the y-axis from the statistical
accuracy of the data and the beam energy bin of 2MeV.

The data analysis was focused on the evaluation of the
σre. Since the data, due to the experimental resolution,
are relative to the quasi-elastic scattering, the analysis
was performed in two steps. At first the data were fitted
according to a Woods-Saxon parametrization of the inter-
action potential. The initial values of the six fitting pa-
rameters were as previously the standard Akyüz-Winther
ones [15]. The best fit was achieved with the following set:
V0 = 52.328MeV, W0 = 92.715MeV, r0 = rw = 1.194 fm,
a0 = aw = 0.63 fm, and χ2/N = 1.4. The result is
shown by a continuous line in fig. 2. An attempt to in-
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Fig. 2. Experimental angular distribution and relative optical
model fits (see text for more details).

troduce in the fitting procedure the 11Be halo feature did
not produce realistic parameters. In the next step, using
these best-fit potential values, we calculated, within the
coupled-channel formalism, the differential cross-section
for the pure elastic scattering (dashed line in fig. 2) with
σre = 555mb and for the excitation to the first 11Be level
(1/2− at 320 keV, B(E1) = 0.115 e2fm2 [16]) with σ1 =
251mb. The contributions arising from the unresolved
209Bi excited states 7/2− at 896 keV, 13/2− at 1609 keV,
and from the multiplet [3− ⊗ h9/2− ] at ∼ 2.6MeV were
found to be very small, ¿ 1%, compared to the quasi-
elastic cross-section. Higher excitations had even smaller
cross-sections. This approach reproduced the experimen-
tal data. In order to have an evaluation of the σre un-
certainties, the procedure was repeated assuming for θcm
the smallest values of table 1 angular ranges (smallest an-
gle have potentially larger weight in the Rutherford dif-
ferential cross-section). We got for σre an upper limit of
621mb, consistent with the previous value, and σ1 un-
changed. From the performed fits we concluded that ac-
cording to the limited statistics the experimental data do
not show any significant effect coming from the 11Be halo
structure and there is only ∼ 50% contribution to σre from
11Be bound states, the rest originated, most likely, from
the breakup process.

In order to get a deeper understanding of the present
results, three systems with 9,10,11Be, 17,19F, and 4,6He
beams were compared near the Coulomb barrier. The scat-
tering angular distributions are presented in fig. 3 and
the relative σre data are listed in table 2. The σre for
11Be (555mb) was found to be larger than that for 9Be
(281mb), but after the subtraction of the calculated con-
tribution for the excitation to “unresolved” first and only
bound 11Be excited state (σ1 = 251mb), the two cross-
sections are rather similar. This can be clearly seen in
fig. 3 (top) where the solid line (elastic scattering + exci-
tation of the 11Be first excited state) is nearly overlapping
with the short-dashed one (9Be elastic scattering). Let
us now make the assumption that in this energy range
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Fig. 3. Comparison of the differential angular distribution.
The 19F(4He) data are from refs. [17,18]. See text for additional
details.

Table 2. Reaction cross-section at Coulomb barrier energies;
the barriers have been evaluated with r0 = 1.56 [19,20].

System E (MeV) Ecm/VC σre (mb) Ref.

9Be + 209Bi 40.0 1.00 281 [10]
10Be + 208Pb 39.0 0.99 5–26 [21]
11Be + 209Bi 40.0 1.01 555∗ this work
17F + 208Pb 90.4 1.04 77 [6]
19F + 208Pb 91.0 1.05 269 [6]
4He + 209Bi 19.0 0.91 13 [4,5]
6He + 209Bi 18.6 0.91 662 [4,5]

∗

The calculated cross-section for the excitation of the 11Be first (and
only bound) excited state is 251mb.

the absorption originates, in addition to the fusion pro-
cess, mainly from the breakup. The consequence is, since
the fusion cross-sections for both 9,11Be are similar [11],
that the breakup process in both nuclei have comparable
strengths, and finally that the differences in binding ener-
gies and in nuclear-matter radii for 9,11Be do not play a
crucial role.

In the case of the F isotopes, the loosely bound 17F
presents much less absorption (fig. 3 middle) than the well
bound 19F, while the opposite situation happens for the
two He isotopes, with a larger absorption for the weakly
bound 6He than for the stable 4He (fig. 3, bottom). One
possible explanation of these different behaviors, follow-
ing what already discussed in ref. [6], is that collective
excitations might play the most dominant role in the re-
action dynamics around the Coulomb barrier for both
well-bound and loosely bound projectiles. This explains
why 19F, with possible collective structure, has more ab-
sorption than 17F, which has a well-known single-particle

structure. On the other side, the absorption is smaller for
4He than for 6He, in fact 6He has an unbound 2+ state
at ∼ 1.8MeV (with a possible collective nature), whereas
4He first excited state is at 28MeV. Finally, the fact that
for both Be isotopes the contributions to the σre due to
excitations to “not-bound” states are rather similar could
be attributed to the “similar” collective nature of the two
nuclei. In fact both Be isotopes have a strongly deformed
8Be core, which produces in case of 9Be a g.s. rotational
band with an experimental β2 = 1.00 [11]. Moreover, also
from a theoretical point of view [22], similar deformations
have been foreseen for 9Be and 11Be. The σre of 10Be
(see table 2) is in agreement with this interpretation since
in this nucleus, with Sn = 6.8MeV, the breakup process
should be much smaller and moreover the fusion cross-
section (measured with a 209Bi target [11]) is also in this
case similar to the 9,11Be ones (also the quoted values at
Ecm/VC = 1.2, σre = 207–220mb [21], do not contra-
dict this conclusion). We underline that this is only one
possible explanation of the results since: i) the absorption
could originate, in addition to the fusion process, not only
from the breakup but also from other alternative direct
processes as 2-neutron transfer (reported for 6He [23]),
ii) the different penetrabilities of the breakup - protons
(neutrons) in the F (He,Be) case through the nucleus bar-
rier could influence the breakup process in a different way.
These first generation experiments point to the need of
more accurate experiments, once beams with better qual-
ities will be available.

In summary, for the first time the scattering differential
cross-section was measured for the system 11Be + 209Bi at
one energy around the Coulomb barrier, overcoming the
considerable problems related to low intensity and poor
emittance of the 11Be secondary beam. The success of the
measurement was also due to the high efficiency and gran-
ularity of the EXODET. Both, the low binding energy
and the halo structure in 11Be do not seem to play a big
influence on the reaction dynamics at the Coulomb bar-
rier, since σre of 11Be results to be very similar to that
of 9Be. A comparison of similar systems 11,9Be + 209Bi,
17,19F + 208Pb and 4,6He + 209Bi might suggest that in
this energy domain the inelastic excitations dominated
by nuclear-structure effects play an overwhelming role.
10Be + 208Pb data support this interpretation too.

The authors thank C. Beck for a critical reading of a first
version of this paper.
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