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Elastic scattering of the proton drip-line nucleus 8B off a natPb target at 170.3 MeV
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The elastic scattering of 8B by a natPb target was measured at an incident energy of 170.3 MeV. Special care
was taken with the limited intensity and broad profile of the secondary beam. The measured angular distribution
of the differential cross section shows that the Coulomb-nuclear interference peak (CNIP) is not suppressed in
this system, in contrast to what was observed in the scattering of neutron halo nuclei by heavy targets at energies
around the Coulomb barrier. Analyses of the angular distribution were performed both in terms of the optical
model using a single-folding-type potential and the continuum discretized coupled-channels (CDCC) method,
which explicitly takes into account the breakup-channel couplings to the elastic scattering. The overall pattern of
the differential cross section is well reproduced by the CDCC calculations. The calculations show that the effect
of breakup-channel couplings on the elastic scattering is small in the present case.
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I. INTRODUCTION

Reactions induced by light nuclei far from the β-stability
valley, such as 6He, 11Be, 8B, and others, are very interesting
subjects. Many experimental and theoretical efforts have been
devoted to the study of halo nuclei in order to investigate their
unusual features [1–3]. However, they have not yet been fully
explored. The striking feature of halo nuclei is the long tail
of their matter density due to their weak binding energy. It
has been found that the elastic scattering, a simple process,
is a useful probe to study the size and surface diffuseness
of exotic nuclei by comparing similarities and differences
in reactions induced by weakly bound and tightly bound
nuclei. Many interesting phenomena have been discovered
by studying the elastic-scattering angular distributions for
light neutron-halo nuclei near the Coulomb barrier. A great
deal of elastic-scattering experiments have been performed
for neutron-halo nuclei, such as 6He [4–11] and 11Be [12,13].
However, elastic-scattering data for proton-halo nuclei above
the Coulomb barrier are still scarce.

It is well known that 8B, with a proton separation energy of
0.1375 MeV, is a typical example of a pronounced proton-halo
nucleus. Moreover, 8B plays a prominent role in the solar
neutrino problem. Thus, the structure and reaction mechanism
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of 8B have received much attention from both theoretical and
experimental points of view. Many experiments with 8B as a
projectile have been performed. The total cross sections, fusion
cross sections, breakup cross sections, electric quadrupole
moment, and longitudinal momentum distributions of 7Be
fragments produced in (8B, 7Be + p) breakup reactions have
been measured [14–24]. Some elastic-scattering experiments
have also been reported for 8B on the light-mass target 12C
[25–27] and the intermediate-mass target 58Ni [28].

Recently, 11Be + 64Zn elastic scattering near the Coulomb
barrier exhibited the almost complete suppression of the
Coulomb-nuclear interference peak (CNIP) [13]. It was
suggested that this phenomenon was caused by both nuclear
and Coulomb breakup couplings [29]. Similar features were
observed earlier in the elastic scattering of neutron halo nuclei
such as 6He [7,8] by heavy targets, where they were found
to be due largely to Coulomb breakup couplings alone. It is
interesting to see whether this phenomenon exists for proton
halo nuclei.

In the present paper, we report new experimental data for the
elastic scattering of 8B on a heavy target, natPb, at 170.3 MeV.
These data show no CNIP reduction in the elastic-scattering
angular distribution for the proton-halo projectile 8B at an
energy around three times the Coulomb barrier. A brief
description of the experimental setup and an outline of the
data analysis are given in Sec. II. In Sec. III the measured
elastic-scattering angular distributions are compared with
optical model and continuum discretized coupled-channels
(CDCC) calculations and the results are discussed. In Sec. IV
the main conclusions of this work are summarized.
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FIG. 1. Schematic view of experimental setup.

II. EXPERIMENTAL SETUP AND DATA ANALYSIS

A detailed description of the experimental setup and data
analysis procedure used in this work can be found in Ref. [30]
and therefore only brief descriptions are presented here. The
angular distribution for the elastic scattering of 8B by a
natural Pb target was measured at Elab = 170.3 MeV. The 8B
secondary beam, with contaminants of 7Be, 9C, and 6Li ions,
was produced by the Radioactive Ion Beam Line in Lanzhou
(RIBLL) [31,32]. The secondary beam was produced by the
fragmentation of a 54.2 MeV/nucleon 12C primary beam,
delivered by the Heavy Ion Research Facility of Lanzhou
(HIRFL) [33,34], on a 2615 μm Be target. Although the
magnetic field of the dipoles and quadrupoles of RIBLL was
adjusted to focus on the 8B secondary beam, contaminants
with the same magnetic rigidity such as 7Be, 9C, and 6Li were
also present. Secondary beam particle identification was made
using a combination of the measured time of flight (TOF)
and the magnetic rigidity (Bρ) value. The average primary
beam intensity during the measurements was about 300 enA
with a 12C charge state, producing 8B and 7Be beams of
5 × 102 and 5 × 103 particles per second, respectively. The
experimental setup is shown in Fig. 1. Two position-sensitive
parallel-plate avalanche counters (PPACs), developed at the
Institute of Modern Physics, Chinese Academy of Sciences,
provided the position and timing of the incoming beams with
a position resolution of 1 mm. Each PPAC has 80 gold-plated
tungsten wires in both X and Y directions and a sensitive area
of 80 × 80 mm2. The tungsten wires, 50 μm in diameter, were
spaced 1 mm apart. The signals from the strip electrodes were
connected to a delay line with 4 ns delay between neighboring
wires. The position information was then given by the time
difference between the signals from both ends. The distances
of PPAC1 and PPAC2 from the target were 500 mm and
100 mm, respectively. The position and incident angle of the
beam particles at the target were determined by extrapolating
the position information provided by PPAC1 and PPAC2 event
by event.

The natPb target is a self supporting foil with a thickness of
4.2 mg/cm2. Two �E-E silicon-detector telescopes (denoted
by Si2 and Si1 in Fig. 1), covering the polar angles 4◦–21◦ and
13◦–38◦ in the laboratory frame, respectively, were used to
measure the energy and angle of elastically scattered particles.
A large angular overlap was made in order to crosscheck the
differential cross sections measured by the two telescopes.
Each telescope consisted of one �E double-sided silicon strip
detector (DSSD) with a thickness of 150 μm and an area
of 48 × 48 mm2, and one single silicon detector (SSD) with
a thickness of 1500 μm and an area of 50 × 50 mm2. The

FIG. 2. (Color online) Typical �E-Et particle identification
spectrum of one strip from the Si2 telescope. The solid line ellipsoid
encloses events corresponding to the elastic scattering from the
natPb target, the dashed and dot-dashed ellipsoids enclose events
corresponding to a single hit and two sequential hits of tungsten
wires in the PPACs, respectively.

distances from the target center to the center of the DSSDs
were 250 and 120 mm, respectively. The strip width of the
DSSDs was 1 mm on both sides.

A typical �E-Et particle identification spectrum obtained
in the Si2 telescope is shown in Fig. 2. �E is the energy
loss in the �E detector, and Et is the sum of the energies
deposited in both detectors of the telescope. One should note
that good separation was obtained between the 8B and the
contaminants as well as between the elastically scattered and
other reaction events. Three different regions on the 8B line
are identified: 8B resulting from the elastic scattering on the
natPb (solid line ellipsoid), 8B scattered from a single hit on a
tungsten wire of the PPACs (dashed ellipsoid) and 8B scattered
from double-sequential hits on the tungsten wires (dot-dashed
ellipsoid).

The 8B scattering angle can be obtained from the position
information given by the two PPACs in the beam line and the
telescopes. Since the secondary beam spot is large and nonuni-
form, the profile of the 8B beam on the target cannot be viewed
as a point compared with the distance between the target and
the detectors. In order to overcome this disadvantage, a Monte
Carlo simulation was made to evaluate the absolute differential
cross section. The angular distribution of the elastic-scattering
differential cross section was obtained as

dσ (θ )

dσRuth(θ )
= C

N (θ )expt

N (θ )Ruth
, (1)

where C is a normalization constant, N (θ )expt is the yield
of 8B elastic events at laboratory angle θ , and N (θ )Ruth is
the Rutherford scattering yield from the simulation. The
normalization constant is a global normalization factor,
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FIG. 3. Comparison between optical model calculations with the systematic single-folding potentials and experimental data for 99 MeV
6Li + 208Pb elastic scattering [40], 125 MeV 7Be + natPb quasielastic scattering [30] and 170.3 MeV8B + natPb quasielastic scattering. The Y

axes are plotted on (a) linear and (b) logarithmic scales.

determined by supposing that the elastic scattering cross
section is pure Rutherford scattering at small scattering angles.
In order to minimize systematic errors, small corrections for
detector misalignment were also performed using the method
described in Ref. [30]. The ratio between the measured elastic
differential cross section and the Rutherford cross section,
dσ/dσRuth, as a function of the center-of-mass angle θc.m., is
shown in Fig. 3. In fact, these data are actually quasielastic
scattering since some inelastic-scattering channels were not
resolved due to the experimental energy resolution. However,
as demonstrated in the following section, they may be
regarded as pure elastic scattering for all practical purposes.

III. THEORETICAL ANALYSIS

In this section we present the results of optical model and
CDCC calculations and their comparison with the experimen-
tal data. Coupled-channel calculations including low-lying
collective states of the target were also performed to examine
the inelastic contribution to the measured differential cross
sections. For simplicity, these calculations assumed a pure
208Pb target, although the experiment was performed with a
natural lead target.

Recently, Xu and Pang derived a systematic nucleus-
nucleus potential which can reasonably account for the elastic-
scattering and total reaction cross sections for projectiles
with A > 6, including both stable and unstable nuclei, on
heavy targets with A � 40 for incident energies from near
the Coulomb barrier to around 100 MeV/nucleon [35]. This
potential is based on a single-folding model [36,37] using
the Bruyères Jeukenne-Lejeune-Mahaux (JLMB) semimicro-
scopic systematic nucleon-nucleus potential [38,39]. Optical
model calculations employing this systematic single-folding
potential are compared with the experimental 6Li + 208Pb [40]
elastic scattering and 7Be [30] and 8B + natPb quasielastic-
scattering angular distributions at 99, 125, and 170.3 MeV,
respectively, as shown in Fig. 3. All these energies are around
three times the respective Coulomb barriers. Nucleon density

distributions for the projectile and target nuclei are needed in
the single-folding calculations. The proton and neutron density
distributions for 6Li were obtained from independent-particle
model calculations [41,42], in which the root-mean-square
(rms) radius of 6Li is obtained as 2.401 fm, close to the
experimental value of 2.43 ± 0.02 fm [43]. The 7Be, 8B, and
208Pb densities were obtained from Hartree-Fock calculations
with the SKX interaction [44]. The rms radii of the proton
distributions were 2.371 fm (2.36 ± 0.02 fm [14]), 2.537 fm
(2.49 ± 0.03 fm [16]), and 5.441 fm (5.442 ± 0.02 fm [45]) for
7Be, 8B, and 208Pb, respectively. The numbers in parentheses
are the corresponding experimental values. The total reaction
cross sections obtained with the systematic single-folding
model potentials were 3089 mb, 3062 mb, and 3270 mb for
6Li, 7Be, and 8B, respectively.

The agreement between the optical model calculations and
the experimental data is good, suggesting that the contribution
from inelastic-scattering channels to the 7Be and 8B quasielas-
tic scattering is negligible. This will be explicitly demonstrated
with the aid of coupled-channel calculations for 8B + natPb; the
case of interest here.

Since the first-excited state of 8B is particle unstable,
the scattered 8B nuclei are necessarily all in the ground
state. Thus we need only consider the contribution to the
measured quasielastic-scattering cross section from inelastic
excitations of the target nucleus. In order to estimate the effect
of these inelastic contributions, coupled-channel calculations
were performed with the code FRESCO [46] including excitation
of the first 3− (2.614 MeV) and the first 2+ (4.086 MeV) states
of 208Pb. Both Coulomb and nuclear excitations were included
with reduced matrix elements 〈3−||M(E3)||0+〉 = 815 e fm3

and 〈2+||M(E2)||0+〉 = 55 e fm2 and deformation lengths of
δ3 = 0.56 fm and δ2 = 0.43 fm. These parameters were found
to account well for the inelastic-scattering cross sections in
the 28Si + 208Pb system at 209.8 MeV [47]. The results of
the coupled-channel calculations are shown in Fig. 4. It is
observed that, even at the largest measured angle; namely, at
around 23◦ in the c.m. system, the inelastic cross sections are
about two orders of magnitude smaller than the elastic cross
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FIG. 4. Angular distributions of differential cross sections for
elastic scattering and inelastic scattering to the first 3− and 2+ states
of 208Pb, shown as solid, dashed, and dotted curves, respectively.

section. These results confirm that, as suggested by the good
agreement of the single-channel optical model calculation,
the inelastic contribution to the quasielastic-scattering data is
negligible.

CDCC calculations were performed using the code FRESCO

[46] to investigate the influence of couplings to projectile
breakup channels on the elastic scattering. The calculations
used a standard three-body model in which the 8B was modeled
as a valence proton plus an inert 7Be core. The spins of
both the proton and the 7Be were omitted. Test calculations
confirmed that omitting the spins makes a negligible difference
to both the elastic-scattering angular distribution and the
total breakup cross section. The p-7Be binding potential
was of Woods-Saxon form with parameters r0 = 1.149 fm
(R = 2.198 fm) and a0 = 0.602 fm, taken from Ref. [48]
(the spin-orbit component being omitted due to the absence
of proton spin in our model). The depth was adjusted to
give the correct proton binding energy for the ground state
of 8B (0.1375 MeV) and was fixed for the calculation of
the continuum states. Proton-7Be relative orbital angular
momenta up to � = 3 were included with all couplings up
to multipolarity λ = 3. The continuum was discretized up
to a maximum p-7Be relative energy of εmax = 15.3 MeV,
corresponding to kmax = 0.8 fm−1, divided into eight equally
spaced bins of width 0.1 fm−1, giving a total of 32 bins.
Convergence of elastic-scattering and breakup cross sections
was verified by calculations with an increased model space
with kmax = 1.0 fm−1 and � = 4, λ = 4. The systematic
single-folding potential described above was used for the
7Be + 208Pb optical potential at 149 MeV (7/8 of the incident
energy) and the KD02 systematics [49] were used for the
p + 208Pb potential at 21.3 MeV (1/8 of the incident energy).
The calculated total reaction and total breakup cross sections
were 3888 mb and 633 mb, respectively.

As shown in Fig. 5, the CDCC calculation describes the
measured elastic-scattering angular distribution very well.
The calculation without taking into account the breakup-
channel couplings does not differ from that of the full CDCC
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FIG. 5. Elastic scattering of 8B from 208Pb at 170.3 MeV with and
without taking into account couplings to breakup channels calculated
within the CDCC formalism, represented by the solid and dotted
curves, respectively. Note the linear cross section scale.

calculation as much as that was found for near-barrier
11Be + 64Zn quasielastic scattering [13,29] or 6He elastic scat-
tering from heavy targets [8–11], in which a strong reduction
of the CNIP, largely due to breakup couplings, was observed.

IV. SUMMARY AND CONCLUSIONS

New data for the 8B + natPb elastic scattering at an incident
energy of around three times the Coulomb barrier were pre-
sented. Even with a low beam intensity and broad beam profile
the experiment was performed successfully using two PPACs,
two �E-E silicon detector telescopes and Monte Carlo
simulations. The experimental data were well reproduced by
an optical model calculation with a systematic single-folding
type nucleus-nucleus potential. Coupled-channel calculations
were performed to show that the inelastic cross sections are
small over the entire angular range of the measurement, thus
the data may be regarded as pure elastic scattering for all
practical purposes.

CDCC calculations suggest that the effect of breakup-
channel couplings on the elastic scattering is small for the
present proton-rich projectile at an incident energy well above
the Coulomb barrier, which is very different from that observed
for the elastic scattering of light neutron-rich nuclei such as
11Be, and 6He on medium-mass (11Be) or heavy (6He) targets
at near-barrier energies, for which a strong suppression of the
CNIP due to breakup couplings seems to be a common feature.
However, it is consistent with the results of CDCC calculations
for near-barrier 8B + 58Ni elastic scattering [50], which found
that breakup couplings had an essentially negligible influence
on the elastic scattering.

While coupling effects in general become less important as
the incident energy is increased above the Coulomb barrier,
given the extremely low breakup threshold for 8B one might
naively have expected a rather larger influence of breakup
coupling on the elastic scattering for these data, particularly
as the total breakup cross section is still about 16% of the
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total reaction cross section even at this relatively high energy
(see, e.g., Fig. 3 of Ref. [28] for an illustration of how the
importance of the contribution of the calculated total breakup
cross section to the total reaction cross section steadily reduces
as the incident energy is increased). Instead, the main effect
is a slight (∼5%) reduction of the CNIP. If we plot the data
sets for 6Li + 208Pb elastic scattering and 7Be, and 8B + natPb
quasielastic scattering as a function of the scattering angle
minus the grazing angle (defined by the quarter point recipe)
in order to remove the small dependence on the nuclear
size, we find that within the experimental errors the angular
distributions are identical; see Fig. 6.

We therefore confirm the apparent paradox that, for 8B,
an important set of channels from the point of view of
their contribution to the total reaction cross section—the

8B → 7Be + p breakup—have a small influence on the elastic
scattering. This is spite of the much heavier target than
for the previous measurements of Ref. [28]; in the present
case Coulomb breakup effects should be at a maximum.
However, a test calculation in which Coulomb breakup
couplings were omitted (while retaining the diagonal Coulomb
potentials) found that while the Coulomb contribution to
the total breakup cross section is dominant, as would be
expected for such a heavy target, its influence on the elastic
scattering is almost negligible. In spite of its very low breakup
threshold (0.1375 MeV for 8B → 7Be + p) we find that the
(quasi)elastic-scattering angular distribution for 8B + natPb
at approximately three times the Coulomb barrier energy
is essentially identical to those for 6Li (4He + d breakup
threshold 1.4643 MeV) and 7Be (4He + 3He breakup threshold
1.5866 MeV) at similar relative energies. The present data
make an important contribution to the process of unravelling
the enigma that is 8B, but further work, both experimental and
theoretical, is clearly needed before we fully understand this
fascinating nucleus.
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