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Article history: Proton halo effects in the 8B+54Zn reaction at an energy around 1.5 times the Coulomb barrier have
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Received in revised form 31 May 2021 This, together with the use of a high granularity and large solid angle detection system, allowed for a

Accepted 23 June 2021
Available online 29 June 2021
Editor: B. Blank

careful mapping of the elastic angular distribution, especially in the Coulomb-nuclear interference region.
Contrary to what is observed for the one-neutron halo nucleus ''Be on the same target in a similar
energy range, the analysis of the elastic scattering angular distribution shows only a modest suppression

Keywords: of the Coulomb-nuclear interference peak, with no remarkable enhancement of the total reaction cross-
Halo nuclei section. Inclusive angular and energy distributions of 7Be produced in direct reaction processes have
Elastic scattering also been measured. The comparison of these data with the results of theoretical calculations for the
Breakup elastic and non-elastic breakup contributions indicate that both processes are important. Overall, the

experimental data suggest a 8B collision dynamics at the barrier very different from the one of neutron
halo nuclei, showing only modest effects of coupling to continuum. This behaviour can be interpreted as
due to the presence of the additional Coulomb interactions halo-core and halo-target together with the
presence of the centrifugal barrier felt by the valence proton of ®B.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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theoretical point of view. Results can be summarised as follows.
Close to the Coulomb barrier, coupling effects dominate the dy-
namics; since n-halo nuclei are extremely weakly bound, coupling
to the continuum is known to be important. As a result of this cou-
pling, elastic scattering angular distributions show a suppression
in the Coulomb-nuclear interference region and considerable devi-
ations from Rutherford scattering have been reported in the sub-
barrier energy range e.g. [1-6]. A large total reaction cross-section
oR is, as a consequence, observed. On heavy targets these results
are mainly due to the coupling with the low-lying E1 strength in
the continuum [1,3,6]. In the case of lighter targets, e.g. [5], nuclear
as well as Coulomb coupling effects are important. For n-halo re-
actions a large fraction of the total reaction cross-section is due to
direct processes such as breakup or transfer, e.g. [2,7-9].

First theoretical and experimental studies started to investigate
whether similar effects are also present in the case of collisions in-
duced by proton halo (p-halo in the following) nuclei around the
barrier. The first published experimental data on this topic con-
cerned reactions induced by 8B. Indeed, this drip line nucleus is a
good candidate for having a ground state p-halo structure because
of its very low binding energy of 0.138 MeV against 8B—7Be+p
breakup. The existence of a p-halo in 8B was suggested long ago
(e.g. [10]) and, since then, has been widely debated in the litera-
ture. Recent results of various studies (see e.g. [11] and references
therein) indicate the existence of an extended matter distribution
in B, in spite of the fact that the presence of the Coulomb and
centrifugal barriers (being the valence proton in a p state) may in-
hibit the occurrence of the halo. Naively, due to the extremely low
breakup threshold of B, one might expect similar or even stronger
effects than those observed in collisions involving n-halo nuclei.

Many of the investigations performed with 8B beams concern
Coulomb dissociation at energies well above the Coulomb bar-
rier in order to get indirect information on the radiative capture
reaction “Be(p,y) of astrophysical interest, e.g. [12-14]. Coulomb
dissociation of p-halo nuclei shows a different behaviour from n-
halo, in fact, the loosely bound valence proton actively participates
in the reaction process. Contrary to the n-halo, in the case of p-
halo the Coulomb interaction acts not only between the core and
the target but also between the p and the core and the p and the
target. Due to a dynamic polarization effect, the valence proton
is expected to be displaced behind the nuclear core and shielded
from the target (see e.g. [15,16]). In [17,18] it is shown how the
interference between the various components of the Coulomb in-
teraction is important in determining the outcome of the breakup
process and how this interference depends on the energy and the
Z of the target. In [17,19], the role of the p-core and p-target inter-
action in the p-halo breakup was studied theoretically. The effect
of these additional potentials is to create an effective barrier, which
makes the proton of the halo behave as if it was effectively more
bound. Nuclear processes are expected also to have a primary role
in the dissociation of B [20,21].

There have been only a few experiments investigating the low
energy reaction dynamics with p-halo nuclei (e.g. [22-30]). All
experiments carried out so far have been done using in-flight pro-
duced 8B beams, and therefore with the intrinsic limitations asso-
ciated with the quality of such beams (purity, energy spread and
beam emittance) compared to the postaccelerated ones.

Some of them show modest effects of the 8B structure on the
reaction dynamics. Firstly, in the elastic scattering angular distri-
bution for the light system 8B+!2C around the barrier [22] authors
observe negligible continuum coupling effects and in the elastic
scattering 8B+27Al measurement [23] a minor suppression of the
Coulomb-nuclear interference peak is observed. A comparison of
the deduced oy is often performed in this kind of analysis on a “re-
duced scale” to eliminate trivial static effects, i.e. those effects on
the reaction cross-section simply due to the different Coulomb bar-
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riers and radii of the various systems which are being compared.
In [23] og is larger than the one induced by the well bound 160
on the same target and in [22] this is confirmed while oy is found
to be similar to that of weakly-bound nuclei on the same target.
Likewise, modest effects of the B structure were observed in the
8B+208pp elastic scattering angular distribution measured at higher
energies [24-26] (about 3 to 4 times the Coulomb barrier). Angular
distributions in [25,26] and og in [24,26] are qualitatively similar
to those found for non-halo weakly-bound beams (e.g. ®Li,”Be) on
the same target. Moreover, CDCC analysis of elastic angular dis-
tribution in [24-26] show only a small effect of coupling to the
continuum. In [24,31] it is suggested that the high 8B bombard-
ing energy is not the reason why only a modest effect of coupling
to continuum and a behaviour different from that of n-halo nuclei
is observed. Indeed, CDCC calculations for collisions induced by 8B
and ''Be on 2%8Pb and %4Zn, both close to the barrier and at about
three times the barrier [24,31], show that the Coulomb and cen-
trifugal barriers felt by the valence p in 8B strongly suppress the
coupling effects on the elastic channel and imply this very differ-
ent behaviour between 8B and n-halo nuclei scatterings.

Conversely, other experiments show important effects of the
8B structure on the reaction dynamics. The 8B+2%8Pb elastic an-
gular distribution close to the Coulomb barrier was recently re-
ported in [27], where or extracted via optical model (OM) fit was
found to be much larger than in non halo weakly bound nuclei
("Be, 57:8Li) on the same target (comparing on a reduced scale).
A similar situation is found in elastic scattering and breakup for
8B+8Ni which have been studied at various energies close to the
barrier in [28,29]. The elastic angular distributions do not show a
clear Coulomb-nuclear interference peak. The OM deduced ogr was
found to be similar than with n-halo beams, and larger than with
stable weakly bound nuclei (Li and Be isotopes) on targets of sim-
ilar mass.

In summary, a completely clear picture concerning dynamic
effects in collisions around the Coulomb barrier induced by the
p-halo 8B has not yet emerged from the experimental data avail-
able in the literature. However, admittedly, the intrinsic character-
istics of the in flight separated 8B beams limited the quality of
the experimental data with low angular resolution and a reduced
number of data points in many of the measured angular distribu-
tions. The need for a complementary approach, by measuring the
8B reaction at energies close to the Coulomb barrier with good
energy and angular resolution, is obvious in order to have a clear
understanding about the effects of B structure on the reaction dy-
namics. To this aim we proposed to develop at HIE-ISOLDE CERN a
postaccelerated 8B beam with the goal to measure, using the large
solid angle and high granularity detection system GLORIA, more
precise angular distribution for elastic scattering and breakup on
the medium mass target 4Zn, that we have already used to per-
form extensive reaction dynamics studies at barrier energies using
the n-halo nuclei ®He [2,32,33], 1'Be [4,5] and, recently, ''Li [34].

2. Experimental details

The experiment was performed at the HIE-ISOLDE facility of
CERN [35] using for the first time a postaccelerated 8B beam. 8B
was produced using protons of 1.4 GeV from the CERN PS Booster
hitting a multiwalled carbon nanotube target (CNT). Molecules of
8BF, were extracted from the target and charge bred in REX elec-
tron beam ion source (EBIS) to the charge state 3T. Finally, the
8B was accelerated in the HIE-ISOLDE LINAC to an energy of 4.9
MeV/u. The beam was then transported to the multipurpose SEC
scattering chamber where it impinged on a 1.02 mg/cm? 64Zn
target. The 54Zn target was 98% isotopically enriched and manufac-
tured at INFN-LNS. It was placed at an angle of 30° with respect
to the beam direction, in order to allow measurements at 90°. The
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Fig. 1. AE vs total energy Eq: spectrum of telescope B (15° <6 < 62.5°).

Table 1

Angular ranges covered by the six
telescopes of the modified GLORIA ar-
ray used in the present experiment.

Telescope Abjap [deg]
A 8.5-23

B 15-62.5
C=D 117-165

E 82-128

F 52-97.5

beam energy at the target center was 38.5 MeV. The final ®B in-
tensity on the reaction target was ~400 pps. The beam intensity
could not reach the maximum expected value of a few 103 pps
due to the presence of an unforeseen 2Mo%t contaminant, hav-
ing the same A/q, which was present in parts of the ion source
[36]. Due to the high current of the contaminant, the full B in-
tensity extracted from the production target could not be cooled
and bunched in the REXTRAP and was directly injected into EBIS,
with a consequent loss in transmission of approximately one order
of magnitude.

A silicon AE-E telescope was mounted downstream of the scat-
tering chamber in order to monitor the purity and intensity of the
8B beam. No evidence of contaminants was observed in the B
beam on target, after using a stripper foil placed before the last
bending magnet of the SEC beam-line to eliminate contaminants.

The experimental setup was a modified version of the GLO-
RIA [37] detector array, consisting in six silicon telescopes made of
two stages of Si-detectors, 40 nm and 1000 pm thick respectively.
Each detector was a 50x50 mm? Double Sided Silicon Strip Detec-
tor (DSSSD) segmented into 16+16 strips. This, combined with the
small beam spot on target, of the order of 3 mm, allowed a high
angular resolution measurement of the angular distribution. With
respect to the standard GLORIA configuration [37], one of the two
forward telescopes (telescope A) was moved farther from the tar-
get in order to cover angles down to 6j,,=8.5°. A AE-E plot from
telescope B, is shown in Fig. 1. In the plot B, Be and He particles
can be observed. These last ones may include unresolved 3He and
4He particles that can be produced in fusion-evaporation, incom-
plete fusion and 8B breakup processes.

Table 1 gives the angular range covered by each telescope of
the GLORIA array. The target to telescope distance was ~15 cm
for telescope A and ~6 cm for all the other telescopes. Additional
technical details of the GLORIA detector can be found in [37].

A crucial point of the data analysis is the proper reconstruc-
tion of the angle and solid angle values associated to each detector
pixel. They were determined via a Monte Carlo simulation which
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Fig. 2. Ratio of the experimental elastic scattering angular distribution for 2C+197 Au
at 4.9 MeV/u and the Rutherford cross-section.

made use not only of the known geometry of the set-up but also
of the Rutherford scattering of a '2C beam at 4.9 MeV/u onto a
300 pg/cm? thick Au target measured at HIE-ISOLDE CERN with
the same experimental setup. As one can see in Fig. 2, the Ruther-
ford shape of the elastic cross-section for '2C+197Au at 4.9 MeV/u
is very well reproduced (mean deviation from Rutherford 1.8% in
the angular range where 8B data were analysed), giving confidence
in the results from the analysis of the low intensity 8B beam. The
~5% deviation from Rutherford observed around 25° is due to a
small difference between the AE and E angular coverage of the
outer strips of detector B and was corrected for in the following
8B analysis.

3. Elastic scattering

Fig. 3 shows the 8B+54Zn elastic scattering angular distribu-
tion as a ratio to the Rutherford cross-section. It is worth noticing
that the points corresponding to different detector telescopes fully
overlap and a continuous angular distribution is obtained. Only
data from telescopes A, B and F are shown due to lack of statis-
tics at larger angles. The angular step is 1° for 6 <25°, while for
6 >25° the angular step is 2°. The small angular step allowed the
careful mapping of the Coulomb-nuclear interference region. It is
worth recalling that the oy calculation from elastic scattering an-
gular distributions is extremely sensitive to the data in this angular
region. Contrary to the case of the n-halo nucleus ''Be at similar
Ecm./Vc [4,5], a clear Coulomb-nuclear interference peak is visible
at around 35°. The Coulomb barrier, calculated with the potential
used in the following optical model analysis, is V¢c=22.9 MeV.

The measured elastic data have been compared with con-
tinuum-discretized coupled-channels (CDCC) calculations at
38.5 MeV, in which the 8B is described as a two-cluster system,
7Be+p. The interaction between these two clusters is described
with the effective potential containing central (V.(r)) and spin-
orbit (Vis(r) and V;(r)) components:

V() = Ve(r) + Vsl -5p + Vi (e -1, (1)

where ¢ is the p-7Be relative orbital angular momentum, Sp the
proton spin and T the "Be spin. The same radial dependence was
adopted for the three contributions, so that V4(r) = V)?f(r, Ro, ap),
with x = {c, LS, LI}, V,? is the potential strength and f(r, Ro, ap)
the radial formfactor, which was assumed to follow the standard
Woods-Saxon shape, with radius Rg = 2.391 fm and diffuseness
ap = 0.535 fm. The strengths of the spin-orbit terms were fixed
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Table 2

Values (in MeV) of the depth of the central part of the p-’Be potential adopted in
the CDCC calculations. For other waves not listed in this Table, the model assumes
the value for J™ =2%. See text for details.

J 2+ 1+ ot 3t 1~ 2-
Vo 44.70 45.05 42.46 33.07 55.18 63.46

to the values V?s = —8 MeV and V?, = —2 MeV. The depth of
the central part is adjusted independently for each total angular
momentum and parity of 8B (J7), so as to reproduce in the best
possible way the known features of the 8B low-lying spectrum.
For the J* =27 states with £ =1, the strength was adjusted to
give the ground-state separation energy. For J* =17 and J =37
waves with ¢ = 1, the depths were adjusted to reproduce the
position of the well known resonances at &ps = 0.63 MeV and
&res = 2.54 MeV, respectively. For the J® = 0" wave, the central
depth was adjusted to reproduce the tentative resonance suggested
in Ref. [38] at &res = 1.76 MeV. Finally, for the 17,2~ waves with
£ =0 the strength was adjusted to reproduce the phase-shifts pre-
dicted by the ab-initio NCSMC calculation of Ref. [39] (see Table 2).
For the remaining waves, the central depth was just kept equal to
the value found for J7 =27, In this model, the ground state wave-
function consists of a dominant p3,> configuration coupled to the
7Be ground state, with a small admixture of the p; 2 configura-
tion. The ground state asymptotic normalization coefficient (ANC)
squared is Cz(pg/z) + Cz(pl/z) =0.514 fm~?!, which is consistent
with the values extracted from different reactions [40-45] and mi-
croscopic calculations [46-48]. The 8B continuum was discretized
using the pseudostate (PS) method, in which the projectile Hamil-
tonian is diagonalized in a basis of square-integrable functions. For
that purpose, in this work we use the Transformed Harmonic Os-
cillator (THO) basis obtained by application of a local scale trans-
formation (LST) to the conventional HO basis. In particular, we
used the analytical LST proposed in Refs. [49,50]. The range of the
basis is controlled by the oscillator length (b) and the parame-
ter y (see Ref. [50] for details). We have used b = 1.6 fm and
y =2 fm~1/2, The size of the basis is determined by the number
of oscillator functions (N), the maximum excitation energy (&max)
and the maximum orbital angular momentum for the core-valence
motion (£max). In the present calculations we used N =15 — 20,
depending on the partial wave, emax = 12 MeV and £ = 3. With
these values of N, emax and £max, both the elastic and breakup ob-
servables are well converged. The CDCC calculations require also
the proton-target and 7Be-target optical potentials. For 7Be + 64Zn,
we used the ’Li optical potential of Cutler et al. [51], whereas
for p + 54Zn the systematic global potential of Koning and De-
laroche [52] was adopted. The projectile-target coupling potentials
were generated with the code THOx [53] and the coupled equa-
tions were solved with the code FRESCO [54].

The elastic differential cross-section obtained from these calcu-
lations is shown in Fig. 3a as a blue solid line. To highlight the
effect of the 8B elastic breakup on the elastic data, we include also
the calculation omitting the coupling to the continuum channels
(dashed line). By comparing these two calculations, one can see
that the elastic breakup produces a small suppression of the elastic
cross-section, which does not suppress completely the Coulomb-
nuclear interference peak, as confirmed by the experimental data.
CDCC calculations slightly underestimate the data at large angles.
Effects not considered in the calculation, such as for example cou-
pling to transfer, might be responsible for that.

The measured elastic scattering data have also been compared
with Optical Model (OM) calculations. An analogous procedure to
the one adopted in the 1'Be+54Zn OM analysis [4] was used here.
Since the scattering of the 7Be core with the target was not mea-
sured, in the present case the “Li volume Woods-Saxon potential
of Cutler et al. [51] was used, i.e. the same core-target potential
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adopted in the CDCC calculations. The potential has the follow-
ing parameters: Vo =220.4 MeV, rg = 0.798 fm, for the real part,
and Wo = 20.4 MeV, r; = 1.164 fm, for the imaginary part, and
a, = a; = 0.83 fm. A standard Coulomb potential was added as
well. The results are shown in Fig. 3(b). As one can see from the
figure, the OM calculations with only the volume potential repre-
sent the angular distribution rather well particularly since they are
not the result of a fit. Analogously to the procedure adopted in the
study of 11Be+64Zn scattering [4] a fit was attempted by adding
a surface potential to the volume term of [51], varying the three
parameters of the surface component. However, in this case this
fit did not improve the agreement with the data. In fact, the min-
imum 2 was obtained for a surface potential parameter depth
Vs ~0. This result confirms the different behaviour between the
p-halo 8B and n-halo nuclei scattering. The present oy values for
8B+547Zn extracted both from CDCC (og =1.5 b) and OM calcula-
tions (ogr =1.3 b) are ~50% smaller than those obtained with the
n-halo ''Be (og=2.7 b) on the same target and at similar E¢m [V,
but comparable to that obtained in the reaction induced by the
weakly bound °Be on %4Zn (o= 1.5 b) [4,5]. Fig. 4 shows the
comparison of the 211Be+54Zn [4,5] and ®B+%4Zn elastic scatter-
ing angular distributions at similar E¢ . /Vc. From this qualitative
comparison, one can clearly see that the 8B angular distribution
is similar to that of the weakly-bound °Be but differs significantly
from that of the n-halo 'Be, mainly in the Coulomb-nuclear inter-
ference region, indicating that 8B does not show the strong effects
of long-range absorption observed in the n-halo case. A possible
explanation for this behaviour is discussed in [17,19]. In [17] it is
shown that the single-particle wave function for the p3,, proton
with respect to a 7Be core with separation energy 0.14 MeV cor-
responds to that of a p3,2 neutron with higher separation energy.
The extra effective binding energy originates from the core-target
Coulomb barrier. Moreover, the present experimental results are in
agreement with the predictions of [31] where the authors perform
CDCC calculations for 8B+54Zn at a laboratory energy of 32 MeV.
Such calculations show only a modest suppression of the Coulomb-
nuclear interference peak due to continuum coupling similar to
the present case. However, it is shown that such suppression be-
comes large if one neglects in the calculations the Coulomb and
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centrifugal potentials felt by the valence proton, suggesting that
the presence of such potentials generates a different behaviour be-
tween collisions induced by ®B and n-halo nuclei in qualitative
agreement with [17,19].

Instead, the present result appears to contradict what it was
reported in [28] for a target of similar mass, were the 8B+8Ni elas-
tic angular distribution was measured at 20 MeV< Ej;, <30 MeV
using an in-flight separated beam. The reaction cross-section was
found to be enhanced with respect to the non-halo weakly bound
nuclei and similar to that of n-halo induced reactions. The discrep-
ancy of the present measurement and the one reported in [28]
could be due to the small number of points and limited angu-
lar resolution of 8B+8Ni elastic scattering measurement. In fact,
we remind that, in the case of strong absorption the total reaction
cross-section is related to the difference between the Rutherford
and the elastic cross-section [55]. Therefore, an accurate determi-
nation of the total reaction cross-section from the elastic scattering
data, requires a detailed measurement of the angular distribution
in the whole angular range but in particular in the Coulomb-
nuclear interference region where the elastic cross-section deviates
from Rutherford and is very large.

4. Breakup

In order to investigate the projectile breakup mechanism, the
7Be angular and energy distributions were extracted from the data.
The absolute normalisation of the cross-section was determined by
normalising to Rutherford the elastic cross-section at 6cm,. < 20°.
Fig. 5(a) shows the angular distribution for 7Be events. As for
the elastic scattering, data were gathered only from three out of
six telescopes (detectors A, B and F) due to lack of statistics at
backward angles. Since only the 7Be fragments were measured,
the present breakup data is inclusive, implying that several pro-
cesses can in principle contribute to the 7Be yield: on one side, the
elastic breakup (EBU) process, in which the 8B is dissociated into
7Be+p, leaving the target in its ground state; on the other side, the
nonelastic breakup (NEB) processes in which the dissociated pro-
ton interacts non-elastically with the target, including non-capture
breakup accompanied by target excitation, proton absorption by
the target (incomplete fusion) and proton transfer leading to bound
states of %°Cu. While the EBU contribution can be accurately com-
puted with the CDCC method (described above), the evaluation of
the NEB contribution is much more challenging due to the poten-
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Fig. 5. a) 7Be angular distribution and b) 7Be breakup probability for the 8B+%4Zn
reaction. Symbols: experiment. Continuous blue line: EBU from CDCC calculations.
Dashed red line: NEB. Continuous maroon line: sum of EBU+NEB contributions. See
text for details.

tially large number of contributing processes. When one is only
interested in the angular or energy distribution of the detected
fragment (7Be in our case) an efficient way of computing this NEB
contribution is provided by the model of Ichimura, Austern and
Vincent (IAV) [56]. Starting with the DWBA post-form amplitude
and making use of the Feshbach projection formalism, the model
provides a closed-form of the double differential cross-section of
the detected fragments. The IAV model has been recently revis-
ited by several groups [57-59] and its accuracy assessed against
experimental data with considerable success [60,61]. The physical
ingredients of the IAV model are similar to those of the CDCC cal-
culations. Being based in the DWBA formalism, the IAV calculations
require also the entrance channel optical potential. For that, we
have used the potential of Cutler etal. [51] as in the CDCC and OM
calculations.

In Fig. 5(a) the experimental ’Be angular distribution is com-
pared with the EBU and NEB calculations and their sum. The
overall agreement between the experiment and the sum of EBU
and NEB cross-section is fairly good, with only some underesti-
mation of the data for 6j;, <20°. From this comparison it can be
observed that the dominant reaction mechanism for the 7Be pro-
duction at forward angles is the EBU, although for 6,5 >30° the
NEB contributions cannot be neglected. These results are in qual-
itative agreement with [26] for the 8B+298Pb reaction. Fig. 5(b)
shows the breakup probability distribution, i.e. for a given angle
the ratio of 7Be events to elastic 8B ones. Below 6y, ~40° EBU
is larger than NEB while above the opposite is the case. From
Fig. 5(b) it can be seen that the breakup probability is ~30%
(61ap ~60°), ~3% (61ap ~30°) and ~0.3% (6)ap ~15°). The calculated
cross-sections associated with the EBU and NEB are, respectively,
oggy =215 mb and ongg =100 mb corresponding to a EBU+NEB
cross-section which is of the order of 20-25% of og. This result is
considerably lower than that observed in the collisions induced by
the n-halo nuclei ''Be and ®He on the same target at a similar
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Fig. 6. 7Be energy distribution averaged over the solid angle of the detector covering
the angular range indicated for a) detector A, b) detector B and c) detector F. The
continuous blue line, dashed red line and continuous brown lines are for the EBU,
NEB calculations and their sum, respectively. The orange and green arrows are the
classical kinematical estimates for the asymptotic and near-target breakup scenar-
ios, respectively. As discussed in the text, a conclusion on near-target or asymptotic
breakup cannot be drawn from this simple comparison.

Ecm./Vc, where the ratio Opreakup/Or Was respectively 40% [4] and
70% [33].

Fig. 6 shows the energy distribution of 7Be events averaged
over the corresponding solid angle (Top panel: 9° < 6,5 <23° tele-
scope A. Middle panel: 23° < 6}, <57° telescope B. Bottom panel:
55° < 61ap <70° telescope F) and corrected for the energy loss
in the target and detector dead-layers. The energy distribution is
rather well reproduced by the sum of the corresponding EBU and
NEB calculations, confirming the underestimation observed at the
smallest angles in the angular distribution. The experimental width
and centroid of the distribution, within the associated errors, is
also very well described by the theory. The importance of taking
into consideration both EBU and NEB processes is apparent also
from this comparison.

As emphasized by previous works [62-66], the position of the
peak of the energy distribution may provide information on the
reaction dynamics. For that, one could try to compare this po-
sition with simple kinematical estimates based on classical con-
siderations. In particular, we consider two such estimates. In the
first one, we assume that the projectile dissociation takes place
far from the target, asymptotically. Under this situation, one ex-
pects that the total kinetic energy carried by the 8B system will
be distributed among the proton and ’Be fragments proportion-
ally to their masses. Then, the 7Be would be detected at an energy
of approximately 7/8 of the kinetic energy of 8B* (mean 8B exci-
tation energy estimated from CDCC calculations), that we denote
EgBe(H)). This is indicated by the orange arrows in Fig. 6. It is
important to notice that the definition of E?Be(e) is not unique
in the literature since in some cases this is considered as 7/8
of the elastic scattering 8B energy (e.g. [67]). In the second esti-
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Fig. 7. Calculated 7Be energy distribution in the angular range 9° <6 < 23° (top)
and 23° <6 < 57° (bottom). DWBA calculations: only Coulomb E1 breakup (thin
red line); Coulomb breakup with higher multipolarities (Amax=4) (dashed black line)
and Coulomb+nuclear breakup (dotted violet line). CDCC calculations: only Coulomb
E1 breakup (dot-dashed green line) and Coulomb+nuclear breakup (thick blue line).
The orange and green arrows are the classical kinematical estimates for the asymp-
totic and near-target breakup scenarios, respectively. See text for details.

mate, conversely, we assume instead that breakup takes place near
the target nucleus, where part of the projectile kinetic energy has
been transformed into Coulomb potential energy. After the projec-
tile dissociates into ’Be+p, this Coulomb energy will be converted
into kinetic energy and distributed among the fragments according
to their charges. Denoting the breakup distance by Ry, (approxi-
mated as the distance of closest approach in a classical Coulomb
trajectory) the 7Be would be observed with an energy [68]

Z,Z.e? [zcmp - mczp]
Rbu mep

(2)

E7pe(0) = E95.(0) +

where Z, . are the projectile, core and target charges, respec-
tively and my . the projectile and core masses. The first term on
the right hand side of this equation is just the asymptotic estimate,
whereas the second term is due to the Coulomb postacceleration
effect described above. In Fig. 6, the orange and green arrows cor-
respond to the asymptotic (E?Be) and near-target breakup (E7ge)
estimates. It is seen that the estimated energy shift is negative in
this case, so it would actually results in a deceleration of the 7Be
with respect to the asymptotic breakup scenario. Furthermore, it
is seen that the experimental energy peak is closer to the esti-
mate excluding postacceleration. At first sight, this might suggest
an asymptotic breakup scenario. However, this is not necessarily
the case, since, as it will be discussed in the following, there are
other effects which affect the 7Be energy distribution. Indeed, as
discussed in the introduction, the breakup dynamics in the case of
8B is rather complex. Therefore, particular care must be taken be-
fore drawing any conclusion on asymptotic or near-target breakup
just by comparing the energy distribution of the breakup frag-
ments with simple classical estimates. In order to gain further in-
sight into breakup dynamics and postacceleration effects full CDCC
calculations, where the postacceleration effect is accounted by the
continuum-continuum couplings, were compared with DWBA cal-
culations, where the coupling to the continuum is treated to first
order and thus it does not account for the postacceleration. Fig. 7
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shows, as an example, the calculated 7Be energy distributions in
the angular ranges 9° <6 < 23° and 23° <6 < 57°. The thin red
line represents DWBA calculations where only the Coulomb dipole
contribution E1 is considered. The distribution has a flat top with
its centroid compatible with the classical estimate for no postac-
celeration (orange arrow). However, as shown in e.g. [16,18,69], the
shape of the 7Be energy distribution is affected by the interference
between E1 and E2 (and higher) multipoles. When these additional
couplings are added (dashed black line) the maximum of the dis-
tribution is shifted towards higher energies. The inclusion of the
nuclear breakup, still in first order, (dotted violet line) shifts the
maximum to energies lower than considering only Coulomb con-
tribution. The situation changes when these couplings are consider
beyond the first order. For example, the CDCC calculation includ-
ing only E1 couplings to all orders (dot-dashed green line) predicts
an energy distribution displaying deceleration effect, with a cen-
troid very close to the near-target breakup estimate (green arrow).
However, when higher multipolarities and nuclear couplings are
included in the CDCC calculations (thick blue-line), the maximum
is shifted back to a position very close to the classical estimate
without postacceleration.

From these test calculations, the following conclusions can be
drawn. (i) The comparison of first order (DWBA) with all-orders
(CDCC) calculations including only E1 Coulomb couplings con-
firms the expected deceleration effect predicted by the classical
model, thus suggesting a near-target breakup scenario; (ii) how-
ever, this picture breaks down when higher Coulomb multipoles,
as well as nuclear couplings, are considered. In particular, the full
CDCC calculations display no apparent acceleration or deceleration
of the 7Be fragment with respect to the 8B c.m. motion. These
results evidence that the dynamics of the 8B breakup is much
more complicated than suggested by the simple classical picture
outlined above. This is at variance with the case of the n-halo
nucleus ''Be, where similar classical estimates proved very suc-
cessfully at describing the 1°Be energy following breakup [65,66].
The 8B behaviour can be interpreted (see e.g. [17,19,31]) as due to
the presence of the additional Coulomb interactions halo-core and
halo-target together with the presence of the centrifugal barrier
experienced by the valence proton of 8B.

5. Summary and conclusions

The use of a high-quality postaccelerated beam combined with
GLORIA, a high granularity and large solid angle detection setup,
allowed for the measurement around the Coulomb barrier en-
ergy of a detailed ®B+%%Zn elastic angular distribution, where
the Coulomb-nuclear interference region is carefully mapped. The
comparison with CDCC calculations disclosed the evidence that re-
action dynamics for the p-halo 8B shows only modest effects of
coupling to the continuum and its oy is similar to that of ordinary
weakly bound nuclei on the same target.

The inclusive angular and energy ’Be distributions have been
provided, distinctively showing a dominance of elastic breakup at
small angles, whereas non-elastic breakup becomes non negligible
at larger angles. The total breakup cross-section is of the order of
20-25% of og, suggesting once more a different behaviour between
the p-halo B and n-halo nuclei.

CDCC and DWBA calculations have shown that the 7Be energy
distribution is determined by various effects, most notably the con-
tribution of different Coulomb multipoles in the breakup process
and their interference, as well as nuclear effects. Restricted CDCC
calculations, including only E1 Coulomb couplings, suggest a near-
target breakup scenario. However, the comparison with the full
CDCC calculations indicates that this does not lead to an energy
shift of the outgoing 7Be fragments, as predicted by the simple
classical model, due to the interplay of other dynamical effects.
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In conclusion, in spite of the extremely low 8B breakup thresh-
old and its extended nuclear matter density distribution [11], the
present experimental results clearly show that the 8B reaction dy-
namics is very different from that of n-halo nuclei.

This complex scenario clearly shows that a proper understand-
ing of the dynamics of proton-halo nuclei, including the role of
postacceleration and the dependence of the relative contribution
of elastic and non elastic breakup on the target, calls for further
investigations. All these effects can be better elucidated by addi-
tional 8B breakup experimental studies, specifically those including
exclusive measurements of all outgoing fragments.
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