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Breakup of the proton halo nucleus 3B at a sub-Coulomb energy
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We report inclusive breakup measurements of the proton halo nucleus ®B on a medium mass target, *Zr.
The experiment was carried out at the 7riSol facility of the University of Notre Dame at a beam energy of 26.5
MeV, corresponding to 90% of the Coulomb barrier. The data include angular distributions of the "Be breakup
fragment and of the elastically scattered *B nuclei, allowing a good normalization of the "Be yields. The latter are
found to be in good agreement with the prediction of continuum-discretized coupled-channel calculations, thus
pointing to the direct excitation to the continuum as the main production mechanism. The integrated breakup
cross section, oy, = 170 £ 40 mb, exhausts most of the total reaction cross section, indicating the dominance of
direct processes below the barrier. A comparison of all existing breakup cross sections, on various targets at sub-

and near-barrier energies, is also included.

DOI: 10.1103/PhysRevC.111.024615

I. INTRODUCTION

Studies with halo nuclei are challenging and offer the
possibility to study exotic structures and unusual reaction
mechanisms [1]. Halos are composed of one or more nucleons
weakly bound to a nucleus core. The dilute density distribu-
tion, which is formed in that way, extends their size much
further than the radius expected for a well-bound nucleus. The
halo nucleons are well embedded in a classically forbidden
region and live there due to the quantum tunneling effect. The
excitation scheme of such nuclei is formed by a continuum
of states, which provides a large environment for interactions
and a good example of an open quantum system [2]. Coupling
to this environment may alter standard results in processes
such as elastic scattering and reactions like fusion. Therefore,
breakup plays an important role in understanding structure
properties of these nuclei, such as ground-state and contin-
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uum spectroscopic properties and the dynamics of nuclear
reactions.

Neutron halo nuclei, such as ®3He, 'Be, 'Li, are mostly
studied, exhibiting remarkable coupling effects at near- and
sub-barrier energies [3—7]. All of them have small binding
energies and the valence neutrons have low or no orbital angu-
lar momentum, avoiding any inhibition of the tunneling effect
due to the centrifugal barrier. For proton halo nuclei, the man-
ifestation of the halo can be observed in reaction dynamics
despite the proton-core or proton-target Coulomb interaction
at the expense of low binding energies. Calculations within
this motivation underline the equivalence between a neutron
halo nucleus of higher binding energy and a proton halo nu-
cleus with lower breakup energy [8,9]. Then, similar effects
are expected in collisions involving n-halo or p-halo nuclei.
In fact, in a phenomenological approach to determine the
reduced interaction distance of ®B and other weakly bound
nuclei on various targets, through elastic scattering measure-
ments and optical model analysis, this similarity was observed
between B and ®He nuclei. They exhibit the same reduced
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interaction radius as well as the same reduced total reaction
cross section [10].

8B is a very challenging nucleus with five protons and
only three neutrons, with a proton halo outside of a "Be core,
and a very small binding energy of 0.136 MeV. This nucleus
is a very appealing case both for exploring its continuum
excitations and the consequences on coupling mechanisms
to continuum, as well as for its role in the high-energy neu-
trino flux produced in the sun. Accurate measurements of
the capture reaction "Be(p, y)®B cross section are of major
importance, to validate theoretical predictions of solar mod-
els [11-13] and to constrain terrestrial measurements on the
solar neutrino flux [14—17]. A history of direct and indirect
measurements of the above reaction and their drawbacks are
described in detail in Ref. [13]. In the list of indirect mea-
surements more relevant to this work is the breakup of *B
on a *$Ni target [18,19] at sub-Coulomb energies, but which
failed to discriminate between E 1 and E2 multipolarities and
therefore did not determine the astrophysical S factor, S;7, for
proton capture on 'Be at solar energies. In principle, the 3B
breakup at sub-Coulomb energies should be a good indirect
method to study the above reaction. However, the low flux of
the 8B beams, which does not allow exclusive measurements,
and the poor collimation of the secondary beams, which does
not allow measurements at angles close to zero degrees, both
issues prerequisites for extracting the rate of the proton cap-
ture reaction [20], do not provide the necessary experimental
conditions.

Motivated by the above, we previously performed a
breakup measurement of 8B on the heavy target, 2°Pb, at
deep sub-barrier energies [21]. The breakup cross section was
found to be very large, oy, = 326 + 84 mb and equal within
error bars with the total reaction cross section, exhausting all
other reaction channels. At much higher energies, around 4
times the Coulomb barrier, a large breakup cross section of
opy = 779 mb was also reported [22], to be compared with a
total reaction cross section of 3423 mb. Both of them were in
accordance with a phenomenological prediction for the ratio
of direct channel cross sections versus the total reaction cross
section as a function of energy, based on measurements of
fusion and total reaction cross section below and above the
barrier energies [23]. According to this, at the above bar-
rier energies, the ratio is almost constant and close to 20%,
while approaching the barrier, an increase is observed but
with different slopes for light, medium and heavy targets.
Below barrier the ratio saturates to 100% for heavy targets,
while for medium mass a value of 80% and finally for a light
target a value of 75% is reached. The below-barrier region
is mostly unexplored and the prediction is based on extrap-
olations from weakly bound but stable nuclei. For that, it
presents strong interest [24]. Therefore, in continuation of the
breakup measurement on lead [21], we present in this paper
similar measurements, but for the medium-mass target *°Zr.
The beam energy now is not at deep sub - barrier energies,
but it is well below the barrier at 26.5 MeV corresponding to
~ 90% of it (Ecp. = 30.4MeV).

Very recently a new measurement has appeared in the
literature, in relation with the inclusive breakup of 8B on a
208ph target at a barrier energy and will also be discussed in
this paper [25].

In the following, in Sec. II, we present the experimental
details and our data results In Sec. III is our theory with
continuum-discretized coupled-channel (CDCC) calculations.
Finally in Sec. IV is the discussion with our conclusions.

II. EXPERIMENTAL DETAILS AND RESULTS

The experiment was performed at the newly upgraded ra-
dioactive beam facility TriSol [26] of the University of Notre
Dame. Details of the experiment are given in Refs. [10,27],
where the elastic scattering of "Be + "*Zr and ®Be + "'Zr are
presented, with data collected under the same experimental
conditions.

The secondary 8B beam was produced in-flight, as part
of a cocktail beam together with 'Be and ’Li. The reaction
used was *He+°Li with the two proton transfer channel
SHe(°Li, n)®B, leading to ®B. A primary bunched beam of
SLi was accelerated at 37 MeV by the UND FN tandem,
and impinged on a 2.5 cm long gas target of *He at a pres-
sure of 850 Torr. Secondary beams were focused and guided
by the three superconducting solenoids to a "Zr target of
1.95mg/cm? thickness. In the middle of the target, the beam
energies corresponded to 26.5 MeV, 19.2 MeV, and 14.3 MeV
for B, "Be, and ’Li, respectively. The reaction products,
including elastically scattered particles, were detected in four
two-stage AE-E telescopes with a DSSSD detector (double-
sided silicon strip detector) as AE, 15 to 20 um thick and as E
a silicon pad 130 to 500 um thick. Two of the telescopes were
installed at forward angles (6},, ~ 20° to 60°) at symmetrical
positions, correcting for beam divergence. The other two were
installed backwards again at symmetrical positions, covering
an angular range of 6y, ~ 110° to 150°. The telescopes were
positioned at ~ 60 mm from the target. In this respect, each
strip spanned an angular range of 3°, and therefore for each
angle an uncertainty of 1.5° can be considered in the definition
of angles in this work. The elastically scattered ®B nuclei, used
here for normalization purposes, were very well separated
from the other beam products with the AE-E technique, as
can be seen in Fig. 1. We should also note that for the needs of
this experiment only the forward telescopes were used, since
at backward angles the statistics of breakup drops rapidly.

For the breakup measurement, an unambiguous separation
has to be obtained between the 'Be fragments resulting from
$B breakup and the "Be contamination in the secondary beam,
elastically scattered by the "™ Zr target. This was achieved
for a very small part of the data with a time-of-flight (TOF)
technique which was imposed between the start of the DSSSD
detectors and the radio frequency of the pulsed beam. Pre-
liminary results are presented in Ref. [28], but with very
large uncertainties. However, for the majority of the data that
are presented here, the time separation was not unambigu-
ous, and we had to consider the kinematics of the reactions.
Fortunately, the experimental energy distribution of the elas-
tically scattered 'Be beam on the "™'Zr target, was partially
overlapped with the energy distribution of breakup events, as
can be seen in Fig. 2. In this figure, the calculated energy
distribution of the "Be breakup fragments, is compared with
the energy distribution of the elastically scattered particles due
to the beam contamination, taking into account the energy loss
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FIG. 1. Spectrum of AE versus E from one of the forward-angle
telescopes. Data were collected by a middle strip corresponding to
an angle 6y, = 25 & 1.5°. The figure is from Ref. [10].

due to the finite thickness of the target. The overlap between
the breakup fragments and the beam contamination particles
is larger for the more backward angles than the more forward
ones.
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FIG. 2. Breakup energy distributions for "Be fragments follow-
ing the ®B projectile breakup, calculated with the CDCC formalism,
are compared with the experimentally determined elastic scattering
distribution of the contaminant "Be beam at two angles (a) 28.4°
and (b) 54.7°. The vertical line indicates the threshold energy above
which breakup data are considered.
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FIG. 3. The energy distribution of the "Be breakup fragments,
observed in the angular range of the present experiment, 20° to
58°. Our experimental data are designated with the stars, and are
compared with our CDCC calculations, designated with the dotted
blue line.

To unambiguously extract the breakup yields, a threshold
above the overlap was imposed as demonstrated in Fig. 2 with
the vertical dotted red line. Such energy distributions with
the appropriate thresholds were used for the determination
of the breakup yields. Recovery of missing counts was
achieved by integrating the energy spectra and forming the
ratio of the breakup area above the energy threshold versus
the total energy distribution area (recovery ratio). Energy
distributions were adopted by means of CDCC calculations,
to be described below. The use of calculated energy distri-
butions was validated by comparing experimental data and
calculations, as it is demonstrated in Fig. 3, where very
good agreement is observed. The so-obtained breakup yields
were normalized taking into account the elastic scattering
events at those angles, where the scattering follows the
Rutherford behavior. In this regard, differential breakup cross
sections do (6)/dS2 and breakup probabilities, P(6), were cal-
culated as follows:

do(6) B dou(6)
< dQ )break — Pbreak(e) dQ (1)
with
Nrea 9
Porea(0) = ;1—2‘9()) 2

where Npreak(0), Nei(0), and do(0)e/dS2 are the breakup
yields, the elastic scattering yields and the Rutherford cross
section at an angle 6, respectively. The results are presented
in Fig. 4. It should be underlined here that by using elastic
scattering for normalization, all uncertainties due to target
thickness, solid angle, and flux are eliminated. The systematic
uncertainties in this experiment were mainly due to statistics
(~18%) and due to the recovery ratio applied in the measured
breakup yield (~20%), for the last taking into account a 1%
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FIG. 4. (a) Breakup differential angular distribution for
88 4+ Zr at 26.5 MeV and (b) Breakup probability for the same
system. The experimental data are compared with theoretical CDCC
calculations, shown with the black solid line. Error bars assigned to
the data are only due to statistics—see text for further explanations.

error in the definition of the threshold energy. As explained
above, the recovery ratio is formed as the ratio of the breakup
area above the energy threshold versus the total energy dis-
tribution area—see Fig. 2. Uncertainties due to secondary
beam divergence were eliminated, by taking the mean be-
tween differential cross sections of left and right detectors to
the incident beam, installed at symmetrical positions.

III. THEORETICAL ANALYSIS

The measured 'Be angular and energy distributions have
been compared with theoretical calculations. Since the mea-
surements are inclusive with respect to the protons emitted
following the projectile breakup, two distinct contributions
are possible. On the one hand, we have the involvement of
elastic breakup events (EBU). These correspond to the pro-
jectile dissociation without capture of the proton by the target
and which remain in the ground state. On the other hand,
we have nonelastic breakup events (NEB), accompanied by
target excitation or proton capture by the target. The two
contributions, EBU and NEB, have been separately evaluated,
by using the CDCC and the Ichimura-Austern-Vincent (IAV)
methods [29,30], respectively, as described in the following
subsections.

A. CDCC calculations

CDCC calculations have been performed assuming a
three-body model for the reaction ("Be +p+ *°Zr). These cal-
culations follow closely those presented in Ref. [27] for the
elastic channel, but are summarized here for completeness.
The "Be +p interaction, required to generate the ground and

continuum states of 8B, was taken from [31]. It contains both
central and spin-orbit terms. The "Be spin was ignored for
simplicity. The ground state was assumed to consist of a
pure 1p3,> configuration. The p+ Zr potential was taken
from the global parametrization of Koning-Delaroche [32].
The "Be + *°Zr potential was computed from a double-folding
calculation using a BDM3Y1 nucleon-nucleon interaction
and scaled by the factors N, = 1.2 N; = 0.476 deduced from
elastic scattering data of "Be + *°Zr measured in the same
experiment. Details can be found in [10]. The 8B unbound
states were represented by a set of 'Be 4p continuum bins
up to a maximum energy €mixx = 9 MeV and a maximum
orbital angular momentum ¢,,,x = 6. The coupling potentials
included both nuclear and Coulomb couplings. The calcula-
tions were performed with the code FRESCO [29].

For comparison with the experimental data, double differ-
ential cross sections as a function of the energy and angle
of the "Be were obtained by a suitable kinematical transfor-
mation of the breakup scattering amplitudes, following the
formalism and codes of Ref. [33]. The calculated 'Be energy
distributions are compared with the measured elastic peak in
Fig. 2 and with the measured "Be distributions in Fig. 3 and
the energy-integrated "Be angular distributions are compared
with the data in Fig. 4. Note that, since the protons are not ob-
served, these elastic breakup observables are integrated over
all proton angles.

B. Nonelastic breakup contributions

The nonelastic breakup contribution (NEB) to the inclu-
sive breakup cross section, has been estimated with the IAV
model [30]. This model has been successfully applied before
to other inclusive breakup reactions, induced by weakly bound
projectiles, including deuterons, 6781 i and 5B [22,34]. The
calculation is based on the DWBA approximation and there-
fore requires optical potentials for the entrance (B + *°Zr)
and exit ("Be +?'Nb ) channels. The other required poten-
tials, such as the p+7Be and p+ 07y potentials, are the
same as those employed in the CDCC calculations. These
calculations were performed with the SMOOTHIE code [35].
The obtained angular distribution is shown in Fig. 5 in the
entire angular range. It can be seen that the NEB contribution
is more substantial at backward angles. However, the total
integrated NEB cross section is 22 mb, and only comprises
~10% of the total breakup.

Therefore, we conclude that for the present system at below
barrier energies, elastic breakup is the dominant mechanism
contributing to the inclusive breakup. This is in accordance
with previous calculations for 8B + 38Ni [33].

IV. DISCUSSION AND CONCLUSIONS

We have measured the breakup of the proton halo nucleus
8B on a medium mass target, 907¢. Tt should be noted that
a natural target was employed; however, we may anticipate
that this does not impact the conclusions, as we do not expect
a significant dependence of the breakup on the specific iso-
tope. The study was performed at the rather low energy of
26.5 MeV, which corresponds to ~90% of the Coulomb
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FIG. 5. Calculated differential angular distributions for the inclu-
sive "Be production in the reaction 8B + *°Zr are presented for the
whole angular range. The elastic breakup (EBU) according to CDCC
calculations is denoted with the solid black line, while the nonelastic
breakup (NEB) according to IAV calculations with the dotted-dashed
blue line. It is obvious that NEB is substantial only at very large
angles, outside the range covered by the present experiment.

barrier. Differential cross section angular distributions and
probabilities of the "Be fragments were deduced and com-
pared with CDCC calculations based on a three-body model
of the reaction. Experimental data and calculations were found
to be in good agreement.

Nonelastic breakup contributions, which might be present
in the data due to its inclusive character, were estimated with
the TAV model [30] and found to be negligible within the
measured angular range.

This measurement follows a series of low-energy breakup
experiments, performed at the Notre Dame radioactive facil-
ity. The first one, was performed with a ¥Ni target, at a close
barrier energy of 25.8 MeV (E = 23.7MeV), followed by
one at a deep sub-barrier energy on a %*Pb target at 30 MeV
(E® = 51.6MeV), and the present one on a **Zr target at the
sub-Coulomb energy of 26.5 MeV (Eé“_'g. = 30.4 MeV).

For drawing conclusions through systematics, the breakup
cross sections for all the above systems and for '2°Sn and ®*Zn
targets performed in other laboratories [22,34], are plotted
in a reduced form in Fig. 6, according to the prescriptions
described in Ref. [36]. That is, replacing breakup cross sec-
tions and center of mass energles with the quantities: ofd, =
Obreak /(AY? + A?) and Ereq = Ecm (AY? + A}%)/(2,2,). In
addition, in Fig. 7, cross sections are plotted as a function
of the head-on distance of the closest approach Dy. A very
interesting behavior is observed from both plots. Breakup
cross sections for lighter targets up to *°Zr appear to lie on
the same smooth curve, while those for heavier targets (from
1208h to 298Pb) follow a different curve. The same trend is
observed if the reduction is applied according to Ref. [37].
The assigned errors due to statistics are large and they can
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FIG. 6. Excitation functions of reduced breakup cross sec-
tions according to the prescription of Ref. [36] for the systems,
indicated in the legend (see text for the reduction form). Breakup
cross sections are taken from Refs. [2,18,21,34] and present measure-
ment (star). Error bars for breakup cross sections for targets Zn, and
Sn were not given by the authors of Refs. [2,34] and were estimated
in this work, by taking into account the angular distributions reported
therein. All error bars are due to statistics. The lines are best fits to
the data, to guide the eye.
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FIG. 7. Excitation functions of breakup cross sections versus the
head-on collision distances, for the systems indicated in the legend.
Breakup cross sections are taken from Refs. [2,18,21,34] and the
present work (star). Error bars for breakup cross sections for targets
Zn, and Sn were not given by the authors of Refs. [2,34] and were es-
timated in this work, by taking into account the angular distributions
reported therein. All error bars are due to statistics. The lines are best
fits to the data, to guide the eye.
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FIG. 8. Same as in Fig. 7, but including data with energies at
barrier (Ref. [25]) and 4 times the barrier (Ref. [22]), designated with
the open triangle and the open box, respectively. Indexes (1), (2),
and (3) for the lead target refer to our previous measurement [21],
the very recent measurement at barrier [25] and the higher energy
measurement [22], respectively. Error bars for breakup cross sec-
tions for targets Zn, Sn, Pb(2) (at the barrier energy) and Pb(3)(at the
highest energy) were not given by the authors of Refs. [2,22,25,34]
and were estimated in this work, by taking into account the angular
distributions reported therein. The lines are best fits to the data, to
guide the eye.

be larger if we add up systematic uncertainties. Therefore the
existing information neither in experiment nor in theory is
adequate to make firm conclusions about this observation. If
this differentiation is due to different coupling mechanisms,
then it could be relevant to a differentiation between light and
heavy targets which was already reported in Ref. [38]. This
had to do with the energy dependence of the optical potential
at sub- and near- barrier energies with consequences on cou-
pling mechanisms and the sub- barrier fusion. Additionally in
Ref. [39] a differentiation between incomplete fusion for light
versus heavy targets is also reported.

We will consider now the very recent measurement of
8B +2%Pb at the barrier energy of 50 MeV, performed at
the CNS Radioactive Ion Beam facility of the University of
Tokyo [25]. The result, together with the datum for the same
system but at a much higher energy of 238 MeV (4 times
the Coulomb barrier), performed at the Heavy-Ion Research
Facility in Lanzhou [22], is presented in Fig. 8. It is interesting
to note that the measurement at the barrier energy [25] is much
higher than all other measurements. Although the breakup
from this measurement was found to be in agreement with
the prediction of a CDCC calculation [25], further work is
needed to elucidate why the "Be yield from this reaction is
significantly higher than that from our ®B reaction on Pb and
other targets. We should note here that only for the lead target
we have measurements and calculations in a broad energy
range. Within the very recent work and according to the cal-
culations, a large direct breakup channel is observed which
remains almost constant from the Coulomb barrier energy up

12 /1771777
1 ; L prediction on A=208 target |

F prediction on A=90 target B

F MY ----  prediction on A=28 target 1

r 3 *  "Be+*si 7
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0.2 T W*
0 I R S

E/VC.b.

FIG. 9. Ratios of cross sections: direct to total, for various
weakly bound projectiles on various targets. The lines are predictions
from systematics [23]. More details about the systems are given as
an inset. Data are from Refs. [18,40-42] for Si, Ni, Sn, Bi targets,
respectively, and for Pb(1) from Ref. [21], and Pb(2) from Ref. [25].

to 4 times the Coulomb barrier. If this is a phenomenon seen
only for the lead target or not has to be investigated in the
future with more breakup measurements and calculations at
sub- and especially at near-barrier energies, with a lead target
or/and with various targets.

The total experimental breakup cross section for the
present system 8B + %0Zr, was found to be opreax = 170 £ 40
mb. This result was obtained by integrating the experimen-
tal angular distribution, but assuming the same shape as in
the CDCC calculation for all missing angles. This value is
close to the total reaction cross section, extracted from an
OMP (Optical Model Potential) analysis of elastic scatter-
ing data [10], 0reac = 180 £ 40 mb. The ratio of direct cross
sections versus the total reaction cross section, is found to
be R = 0.95 + 0.23 roughly following the trend found for a
208ph target at deep sub-barrier energies (see Fig. 9). How-
ever, because of the large assigned error, we cannot exclude
agreement with the systematics for weakly bound but stable
projectiles on medium-mass targets. In the last case, the de-
duced value, extracted mainly from extrapolations, was found
to be R = 0.8. In any case, based on the existing data, a solid
statement can be made that in reactions for halo nuclei and
for energies below the barrier, the reaction cross section is
dominated by the direct reaction component.

In summary, from the combined analysis of the present
data along with existing data for the same projectile, we may
extract the following conclusions

(i) New inclusive breakup measurements were obtained
at a sub-barrier energy for a proton halo nucleus, *B,
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at a medium mass target, *Zr. The results were found
to be in good agreement with the CDCC calculations.
These calculations confirm that the main mechanism
in inclusive breakup is the elastic one, with NEB
being negligible.

(i) The comparison of the present breakup measurement
with the total reaction cross section confirms once
more the dominance of direct processes at below
barrier energies for the proton halo nucleus ®B, in
accordance with phenomenological systematics.

(iii) Comparisons of ®B breakup cross sections on various
targets at sub- and near- barrier energies as a function
of either energy in a reduced form or distance of
closest approach, were attempted. It was observed a
variation between light and heavy targets. The origin
of this difference is unclear with the information col-
lected so far, and needs further clarification.
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