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New data for the reaction 11 Be on 197 Au at Elab = 31.9 MeV are
presented. The angular distributions of the inelastically scattered 11 Be and
the 10 Be fragments coming from the 11 Be dissociation have been extracted
and compared with semiclassical and coupled-channels calculations in an
angular range θlab = 13◦ –46◦ for the detected Be fragment.
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1. Introduction
11 Be

is a one-neutron halo nucleus (J π = 1/2+ ) and is one of the rare
cases of halo nucleus with a bound excited state (J π = 1/2− ). The neutron
separation energy from the ground state is Sn = 501.6 keV [1]. The bound
state, at 320.04(10) keV [1], has one of the largest known dipole transition
strength between bound states (B(E1) = 0.116(12) e2 fm2 [2]). Both excitation and dissociation can occur at low energies. Studying the scattering
of this nucleus on heavy targets at energies around the Coulomb barrier
is an excellent frame to understand how the halo structure influences the
dynamics.
We present here preliminary 11 Be on 197 Au inelastic scattering and
break-up cross sections, relative to elastic cross sections, for small scattering
angles and energy of Elab = 31.9 MeV. We show that the first-order semiclassical Coulomb excitation theory [3] (or its interpretation as the Equivalent
Photon Method, EPM) is appropriate to describe the inelastic scattering
in this energy range, but underestimates the break-up probability. We also
compare the differential cross sections with Continuum-Discretized CoupledChannels calculations (CDCC) considering an inert 10 Be core and a valence
neutron. In this case, break-up is well reproduced but inelastic scattering
is overestimated.
2. Experimental setup
The experiment was performed at TRIUMF/ISAC-II, Vancouver, Canada. The secondary 11 Be beam was produced by a primary 500 MeV 40 µA
proton beam from TRIUMF main cyclotron impinging on a tantalum target.
After ionization with TRILIS laser ion source, extraction and separation,
the 11 Be was post-accelerated, obtaining a continuous beam. Two 11 Be
beam energies were measured, 3.599(3)A MeV and 2.901(4)A MeV, which on
a 197 Au target are around and below the Coulomb barrier (around 39 MeV),
respectively. The intensity of the radioactive beam was around 105 11 Be/s.
With a 2 mm collimator at the target position the transmission was ≈ 90%,
what means a FWHM of the beam spot (assuming a Gaussian spot) of
1.4 mm. A 12 C beam at 5A MeV was used to study Rutherford scattering,
for fine detector positioning and for energy calibration, using a 239 Pu, 241 Am
and 244 Cm triple-alpha source, as well.
The target thickness was 1.9 µg/cm2 and it was tilted at 15◦ for minimizing its shade on the detectors. Our detectors were fixed to a printed circuit
board and fitted inside the SHARC reaction chamber. Around the chamber,
we placed two of the three TIGRESS rings for gamma detection [4]. The
three rings were at θlab = 45◦ , 90◦ , 135◦ . Due to the chamber geometry,
the 45◦ one could not be used. The 90◦ ring had 8 clovers homogeneously
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distributed around φ and the 135◦ one had 4. Each clover is formed by 4 Ge
crystals. The acquisition trigger was set on the charged particles detectors.
The setup inside the chamber consisted of 4 silicon telescopes, 3 of them had
a 40 µm 16 × 16 Double Sided Silicon Strip Detector (DSSSD) in the front
backed by a 0.5 mm Silicon single PAD detector. These ones were centered
at 28◦ , 45◦ and 76◦ and distances to the target center were 80 mm, 60 mm
and 80 mm, respectively, giving an angular resolution of 3◦ . The one at
most backward angle (130◦ , 45 mm) had a 20 µm Single Sided Silicon Strip
Detector (SSSSD) backed by a 300 µm DSSSD. The results presented here
correspond only to the most forward detector which covers θlab = 13◦ –46◦ .
The calibrations for the silicon detectors were made pixel by pixel using a
triple alpha source and the 12 C beam. P and N sides of the DSSSD were calibrated independently and each of them had a FWHM for the alpha sources
of ≈ 40 keV. The FWHM of the energy difference between the two sides of
the DSSSD for the same incoming particle is 43 keV. For a real event to be
considered, the difference between the front and back signals was restricted
to less than 100 keV. The calibration of the PAD detector was made considering the pixel in which the 12 C beam had hit the DSSSD, for taking into
account the different dead layer each particle had to go through.

Fig. 1. (Color online) 11 Be on 197 Au at 31.9 MeV. (a) ∆E versus Eback plot showing
the separation between quasielastic (namely elastic + inelastic) events and the 10 Be
fragments after break-up, adding up all the pixels centered between 27◦ and 30◦ .
(b) Full ∆E versus Eback plot, where particles in coincidence with a gamma at
320 keV are depicted in red. In the inset, the gamma spectrum in the region of
interest is shown before (dashed/blue) and after Doppler correction (full line).

The total efficiency for gamma detection is 12.8% at 320 keV, which
is the energy of the gamma produced in the desexcitation from the only
bound excited state and the one we will gate on for the inelastic scattering
study. This efficiency was calculated using a 60 Co source with a well known
activity and a 152 Eu source for scaling to the low energy range, fitting to
a Jäckel function [5]. The Doppler correction was made considering the
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angle of particle detection and the angle of gamma detection event by event.
The FWHM after Doppler correction of this peak is 7.0 keV. In Fig. 1 the
two-dimensional plots of an angular bin, obtained with our high-granularity
telescope configuration, are shown.
3. Results and discussion
Following our previous work on the 11 Li + 208 Pb reaction [6], for the
analysis of the 10 Be production as resulting from break-up processes it is
convenient to introduce the break-up probability. It is defined in this case
as the ratio of outgoing 10 Be fragments with respect to the sum of elastic and non-elastic (break-up and inelastic) events for a given laboratory
scattering angle. In a similar way, we define the inelastic probability as
the ratio between the inelastic and the same sum (elastic and non-elastic
events). We present the angular distribution of the break-up and inelastic
scattering probability. Note that, for very small scattering angles, the elastic cross section should be close to the Rutherford one. As the scattering
angle increases, the elastic cross section departs from the Rutherford due to
higher order Coulomb couplings as well as nuclear effects. Energy losses in
the target have been considered by assuming that the reaction takes place
in the center of the target.
3.1. Analysis of the inclusive break-up
Since the experiment was inclusive with respect to the outgoing neutrons
(only charged particles were detected), it cannot be assured that what we
observe is direct break-up and not transfer to the continuum, but at the
small angles presented here the contribution of the latter is expected to be
small. Besides, the energy of the 10 Be is consistent with the one expected
for direct break-up.
Given the large B(E1) strength at low excitation energies [7–9], we also
expect a dominance of the dipole Coulomb couplings in this experiment. Under this situation, the Alder and Winther semiclassical first-order Coulomb
theory gives a break-up probability for a pure dipole excitation as

Pbu (θ) =

Zt e
a0 ~v

2

2π
9

Z∞
dε


dB(E1, ε) 2
2
I1−1 (θ, ε) + I11
(θ, ε) ,
dε

(1)

εb

2 (θ, ε) being the Coulomb integrals [3].
I1±1
For these calculations, we use a potential from the work of Capel et al.
[10]. The B(E1) distribution extracted with this potential sits between the
one observed by Nakamura [8] and Fukuda [7] (which are compatible) and

Reaction of the Halo Nucleus

11

Be on Heavy Targets at Energies . . .

379

the one observed by Palit [9]. The break-up probability calculated with
this model is compared in Fig. 2 (a) with the data (dashed line). With this
B(E1) distribution, the calculation underestimates the observed break-up
probability. Since this calculation accounts only for the direct Coulomb
break-up caused by the strong dipole polarization of the core-neutron system, we conclude that there are additional contributions to the break-up
probability besides the direct E1 mechanism.
We have also compared the data with continuum-discretized coupledchannels (CDCC) calculations [11]. For these calculations, we have used a
core-target potential from [12] for 10 Be on 208 Pb, due to the lack of data in
10 Be on 197 Au in this energy range. For the n–197 Au interaction, we use use
the global parametrization of Koning and Delaroche [13]. Continuum states

Fig. 2. New data from the 11 Be on 197 Au at 31.9 MeV (below the Coulomb barrier) compared to calculations (see the text for details). (a) Breakup probability;
(b) Inelastic scattering probability for the excitation to the bound excited state at
Ex = 320 keV.
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are included for ` = 0, 1 and 2 waves, and up to a maximum excitation
energy of 5 MeV. For each (`, s, j) configuration of the neutron relative to
the 10 Be core, the continuum was discretized in momentum bins, following
the standard average method. The calculations were performed with the
code Fresco [14] and shows a good agreement with the experiment. The
main contribution to the break-up probability arises from the s1/2 , p1/2 and
p3/2 continuum states. The p1/2 and p3/2 states are mainly populated by
a direct E1 mechanism, whereas the s1/2 contribution comes mainly from
two-step E1 mechanism going through the p1/2 and p3/2 states.
3.2. Analysis of inelastic cross section
In figure 2 (b), the inelastic scattering probability is compared with semiclassical and coupled channels calculations. Since the B(E1) for this transition is well known (B(E1) = 0.116(12) e2 fm2 [2]), we use this value for
the EPM calculation. Target absorption and anisotropy effects due to the
multipolarity of the gamma transition are not considered here for the extraction of the experimental inelastic probability. We see that these calculations
explain satisfactorily the data.
Our CDCC calculation reproduces the experimental break-up cross section, but overestimates the inelastic scattering cross section. This is not
unexpected, since the adopted potential model (extracted from [10]) reproduces well the B(E1) distribution to the continuum, but overestimates the
B(E1) to the bound excited state (B(E1) = 0.261 e2 fm2 , i.e. approximately
twice the experimental value). This fact can be understood since, in this
two-body model, the states of 11 Be are given by pure single-particle configurations of the valence neutron relative to an inert 10 Be(0+ ) core. Thus,
the ground state and first excited states correspond to pure 2s1/2 and 1p1/2
configurations, respectively. In a more realistic description, the states of
11 Be contain significant admixtures of excited states of the 10 Be core. So,
for example, considering the 2+ excited state of the core, we have
11

Be(g.s.)

1/2+

= α

10

+β
11

Be∗
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+β
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+ ...
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Scaling the calculations by a factor of B(E1)exp /B(E1)Capel = 0.116/0.261,
the coupled channels calculation matches the data and the semiclassical
model.
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4. Conclusions and outlook
We have presented new data for the inelastic and break-up probability
angular distributions measured for the 11 Be + 197 Au reaction at an incident
energy of 31.9 MeV, which is below the Coulomb barrier. A remarkably large
yield of 10 Be has been observed for the angular range of θlab = 13◦ –46◦ . Semiclassical calculations, based in the first-order theory of Alder and Winther,
underestimated the data. CDCC calculations, based on the same structure
model of 11 Be, succeed in reproducing this observable and confirm the importance of higher order dipole Coulomb couplings to account for the data.
On the other hand, the inelastic data measured in the same angular range
are well described by the EPM calculations, provided that the experimental B(E1) value for this transition is used. The present CDCC calculations
overestimated the data, a result that can be traced back to the fact that the
potential model used in these calculations overestimates the experimental
B(E1; 1/2+ → 1/2− ) value. In fact, scaling the CDCC result by the ratio of
the experimental to model B(E1) values, the data is well reproduced.
These results evidence a need of a more sophisticated model to reproduce
all the observables. Currently, some progress is being made to extend the
CDCC formalism in order to incorporate core excitation effects in the structure of the 11 Be projectile as well as in the core–target interaction [15, 16].
A comparison of the data from this experiment with these extended CDCC
calculations is in progress and will be presented in a future publication.
The analysis of the experimental data is being completed in order to
include uncertainties in the scattering angles, and data analysis is being
extended to larger angles (up to θlab = 140◦ ). The extraction of the absolute
values for the elastic cross section, and anisotropy effects in the desexcitation
after inelastic scattering are under study.
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