PHYSICAL REVIEW C 98, 044608 (2018)

Elastic scattering of the proton drip line nuclei 'Be, ®B, and ’C on a lead target at energies around
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Elastic scattering angular distributions of the proton drip line nucleus, °C, impinging on a "*Pb target have
been measured for the first time at energies around three times the Coulomb barriers at the Radioactive Ion
Beam Line in Lanzhou. The same measurements were made for 5B and "Be simultaneously. The measured
elastic scattering angular distribution of °C on a lead target does not show any particular reduction at around
the Coulomb rainbow angles, suggesting that the breakup coupling effect on the elastic scattering channel is
very small in this energy region. A similar observation is made for ®B. Analysis with the continuum discretized
coupled channels (CDCC) method shows that it is the Coulomb and/or the centrifugal barriers exerted on the
valence protons that counteract the breakup coupling effects on the elastic scattering channel. CDCC calculations
assuming °C to have a "Be + 2p cluster structure give elastic scattering cross sections similar to those for a
8B + p structure. The calculated breakup cross sections with these two assumed structures of °C differ quite
a bit at around the Coulomb rainbow angles, suggesting that the breakup cross sections, instead of the elastic
scattering ones, are more sensitive to the structure of proton-rich nuclei at incident energies around three times

the Coulomb barriers.
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I. INTRODUCTION

Halo nuclei have been one of the main interests of nuclear
physicists over the last decades [1-12]. The proton drip line
nucleus, °C, with the low two-proton separation energy of
1.43 MeV, can be considered as a two-proton halo candidate.
The °C nucleus plays a prominent role in the solar neutrino
problem, e.g., in low-metallicity supermassive stars, and it
takes part in the explosive hydrogen burning process (hot pp
chain), which is expected to be a possible alternative path
to the synthesis of CNO elements [13]. Special attention has
recently been devoted to experimental and theoretical studies
of the exotic nature of °C [14—18].

In 1997, Blank et al. measured the one-proton removal
cross sections (oy,) for 8B and °C and the two-proton removal
cross section (o02,) for °C on targets varying from carbon to
lead at the energy of 285 MeV per nucleon, based on the
projectile-fragment separator of the GSI [14]. The measured
02, values are 2-3 times larger than those for o1,, depending
slightly on the target nuclei, strongly suggesting a diproton
configuration for °C (°C — "Be + 2p). Later, in 2003 and
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2004, Enders et al. [15] and Warner et al. [16] measured
o1, for ®B and °C and o3, for °C on carbon and silicon
targets at lower energies (76 and 78 MeV /nucleon and 20—
70 MeV /nucleon, respectively), and the 02,/01, ratio from
both experiments was found to be systematically consistent
with those obtained by Blank ef al. [14]. Similarly, in the the-
oretical analyses of °C breakup within a three-body coupled
channel framework, Fukui et al. found that the description of
p + ®B for °C is not sufficient and proposed that the extension
of the calculation to incorporate the p + p + 'Be config-
uration is important for a deeper understanding of the °C
breakup [17]. Recently, Kobayashi et al. further proposed that
the cluster breaking in the core (possibly o + 3He [18]) results
in a significant enhancement of the diproton component in
°C, and this component markedly depends on the strength
of the spin-orbit interaction since a diproton is fragile and
dissociates readily due to the spin-orbit interaction [19]. The
density distribution and root-mean-square radius of nuclear
matter of °C have recently been extracted from the angular
distribution of proton-°C elastic scattering at high energies
(~300 MeV /nucleon) [20,21].

Elastic scattering induced by weakly bound nuclei is of
paramount importance, as it contains information about the
exotic structure and reaction mechanism of weakly bound
nuclei [22]. Many experiments have been performed at
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incident energies around the Coulomb barriers for the elastic
scattering of neutron-halo nuclei, such as %He [5,23-29], g
[30], and ''Be [8,31-33]. Unlike well-bound nuclei, their
elastic scattering angular distributions with respect to the
Rutherford cross sections exhibit, near the Coulomb barrier,
a Fresnel pattern [34] that is strongly suppressed or even
disappears completely. The Fresnel pattern, also called the
Coulomb rainbow, originates from the interference between
the repulsive Coulomb and the attractive nucleon-nucleon
potentials. Continuum discretized coupled channels (CDCC)
calculations indicated that the suppression of Coulomb nu-
clear interference peaks (CNIPs) in the angular distributions
of elastic scattering induced by neutron-rich nuclei is due to
coupling effects on breakup channels [34]. The weakly bound
nature of these nuclei causes them to be easily excited into
continuum states during their collision with a target nucleus,
igniting the breakup channels.

Our previous experimental results for ®B, which is an
archetype of the proton halo nucleus, on a "Pb target at
170.3 MeV show that, in spite of its low proton separation
energy (0.136 MeV), there is no such strong breakup cou-
pling effect in its angular distributions [35]. This fact, in
contrast to the cases of neutron-rich nuclei, has been studied
systematically by comparing the elastic scattering angular
distributions of B and the neutron-rich nucleus ''Be with
both medium-mass and heavy targets at incident energies from
the vicinity of the Coulomb barrier to about three times the
Coulomb barrier using the CDCC method. It was found that
the difference in the elastic scattering cross sections in °B
vs !'Be can be attributed to the Coulomb and centrifugal
barriers encountered by the valence proton in the ground state
of ®B [36], which suppressed the breakup coupling effects.

The breakup coupling effects on the elastic scattering
cross sections of °C are not clear yet, owing to the lack of
experimental data. In this paper, we present the results of
our new experimental data on °C elastic scattering from a
"'Ph target at energies above the Coulomb barriers. The same
measurement for 'Be and ®B has also been made. Due to the
limitation of our detector systems, we were not able to sepa-
rate the elastic scattering events from the inelastic ones. The
experimental data reported in this paper are on quasielastic
scattering. However, within the angular range covered by our
measurement, the contributions from the inelastic channels
are negligible. Because of this, we can treat our data as
elastic scattering data. Breakup coupling effects on the elastic
scattering channel for °C and ®B are investigated using the
CDCC method.

II. EXPERIMENT AND DATA ANALYSES

The experiment was performed at the National Laboratory
of Heavy Ion Research of the Institute of Modern Physics.
The secondary beams of radioactive isotopes were produced
by the fragmentation of the '2C®" primary beam on a *Be
target with a thickness of 2652 um using the Heavy Ion Re-
search Facility of Lanzhou (HIRFL) [37,38]. The secondary
beams, "Be, ®B, and °C, were separated by their magnetic
rigidity and delivered by the Radioactive Ion Beam Line in
Lanzhou (RIBLL) [39,40] and impinged on a "Pb target.

FIG. 1. Sketch of the experimental setup for our measurements.

The "Pb target was a self-supporting foil with a thickness
of 4.2 mg/cm? and had the following isotopic composition:
208ph (52.3%), 2"Pb (22.6%), 2“Pb (23.6 %), and ***Pb
(1.48%). It is usually believed that low incident energies
are preferred in studying the nuclear structure and reaction
mechanisms in elastic scattering measurements. However,
being produced in a projectile-fragmentation-type facility, the
secondary proton-rich particles have relatively high energies,
around 30 MeV /nucleon. These particles were slowed down
with aluminum degraders to about 20 MeV /nucleon. A fur-
ther decrease in the beam energy will result in an unacceptable
beam intensity. For these practical reasons, the energies of
the secondary beams in the laboratory system were about
three times the corresponding Coulomb barriers at the center
of the targets, namely, 130 MeV for "Be, 178 MeV for ®B,
and 227 MeV for °C. A sketch of the experimental setup is
shown in Fig. 1. A 301-pum-thick aluminum plate, located
on the second focal plane (F2) of the RIBLL, was utilized
to degrade the incident energy and to improve the purity of
the secondary beams. The beam intensities of 'Be, *B, and °C
were 1.5 x 10* pps (particles per second), 1 x 10° pps, and
5 x 10% pps, respectively. Secondary beams were identified
using a time-of-flight and energy loss (ToF-AFE) technique
with a certain magnetic rigidity. The ToF was measured with
two 50-um-thick plastic scintillators located on the second
(F2) and fourth (F4) focal planes of the RIBLL. The energy
loss for each beam was measured with a 280-um-thick silicon
detector at F4. During the experiment, the AE detector was
removed from the beam line to avoid the disturbance in the
beams since the ToF itself was enough to identify the particles
in the cocktail beam.

Two position-sensitive parallel-plate avalanche counters
(PPACs), with a position resolution of 1 mm, were fixed in
front of the "™Pb target, at distances of 100 and 500 mm,
respectively. Each PPAC had 80 gold-plated tungsten wires
as anode in both the X and the Y directions. The tungsten
wires, 20 um in diameter, were spaced 1 mm apart, providing
a sensitive area of 80 x 80 cm?. The signals from the strip
electrodes were connected to a delay line with a 4-ns delay
between neighboring wires. The actual position and direction
of the beam on the target were obtained by connecting the two
hit points on the PPACs and extending to the target plane event
by event.

Elastic scattering events were detected using two sets of
AE-E silicon telescopes, which consisted of a double-sided
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FIG. 2. Two-dimensional spectra for °C, ®B, and "Be projectile
nuclei. Points on the solid red ellipsoid curve represent events in the
elastic scattering of °C.

silicon strip detector (48 strips of 1-mm width, each including
a 0.1-mm interval) with a thickness of 150 um and a large
surface silicon detector with a thickness of 1500 um. Each
telescope covered a polar angle of 7°-30° in the laboratory
frame, on either side of the beam axis. The distances from
the ™'Pb target to the center of the telescopes were 247 and
201 mm, respectively. A typical two-dimensional spectra, for
°C, 8B, and "Be, is shown in Fig. 2. It can be clearly seen
that all three proton drip line nuclei are well separated. The
corresponding band for each nucleus shows three peaks. Two
of them are identified to originate from single and double
sequential hits on tungsten wires of the PPACs. Elastic scatter-
ing events have been identified by applying an energy window
to each spectrum in the off-line data analysis. Details of our
experimental setup and procedures of data analysis can be
found in Ref. [41].

Elastic scattering angles have been determined using the
incident position and direction of the beam on the target
provided by PPACs and the hitting point on the Si telescopes.
In order to consider the broad and nonuniform beam pro-
files on the target, a Monte Carlo simulation has also been
performed to evaluate the absolute differential cross sections.
More detailed descriptions of the adopted procedure for data
normalization and detector misalignment correction are given
in Refs. [35,41,42]. The above-mentioned simulation allowed
for the elimination of any systematic error arising from the
target thickness, total number of incoming beam particles, and
solid angles.

III. RESULTS AND DISCUSSION

Our results on quasielastic scattering angular distributions,
normalized to the Rutherford cross sections, for °C, ®B, and
"Be with a ""Pb target are shown in Fig. 3. The error bars in
Fig. 3 are for statistical errors only. It was difficult to separate
elastic events from inelastic ones due to the 1.7% energy
dispersion of our secondary beam and the limited energy reso-
lution of our silicon detectors, which was around 0.8%. Since
9C and ®B have no bound excited states, the inelastic channels
are mainly collective excitations of the target nucleus. As
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FIG. 3. Experimentally measured elastic scattering angular dis-
tributions for (a) °C, (b) ®B, and (c) "Be on a "Pb target at 227, 178,
and 130 MeV, respectively. Solid curves represent results of optical
model calculations with the systematic nucleus-nucleus potential by
Xu and Pang [44]. See details in the text.

we have discussed in Refs. [41] and [42], the contributions
of target excitations to our experimental data are negligible
within the angular range covered in our measurements. One
distinct feature of these data is that their angular distributions
are of the Fresnel diffraction pattern, which is typical for well-
bound nucleus-nucleus scattering [43]. There is no Coulomb
rainbow suppression as seen in cases of neutron-rich nuclei
at energies around the Coulomb barriers, which is known
to be caused by the breakup coupling effect [34]. One may
argue that the incident energy in our experiment is too high
for the breakup coupling effects to manifest in the elastic
angular distributions. Our systematic calculations with the
CDCC method for ®B and !'"Be on medium-mass and heavy
targets, however, show that the incident energy does not play
a dominant role in these cases [36]. The CNIP in the elastic
scattering of ''Be is strongly suppressed even at relatively
high energies, around three times the Coulomb barriers. In
order to examine our predictions made in Ref. [36], we have
recently made a measurement of ''Be elastic scattering from
a lead target at 141 MeV. The data are being analyzed and the
results will be published in the near-future.

We first analyze our data with optical model calculations.
These are made with the systematic nucleus-nucleus potential
of Xu and Pang [44], which is based on a single-folding
model [45,46] using the Bruyeres Jeukenne-Lejeune-Mahaux
semimicroscopic nucleon-nucleus potential [47,48]. This po-
tential can reasonably account for the elastic scattering and
the total reaction cross sections for projectiles with A 2 6 on
heavy targets with A 2 40 for incident energies from near
the Coulomb barrier to around 100 MeV /nucleon [44]. The
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proton and neutron density distributions for the nuclei were
taken from Hartree-Fock calculations with the SkX interaction
[49]. The root-mean-square radii of these proton distributions
are 2.371 fm (2.36 = 0.02 fm [50]), 2.537 fm (2.49 + 0.03 fm
[51]),2.628 fm, and 5.441 fm (5.442 £ 0.02 fm [52]) for 'Be,
8B, °C, and 2%8Pb, respectively. Values in parentheses are the
corresponding experimental ones. As shown in Fig. 3, results
of these optical model calculations reproduce the experimen-
tal data quite well within the error bars.

The corresponding total reaction cross sections of these op-
tical model calculations are oy = 3063, 3263, and 3396 mb
for "Be, ®B, and °C, at incident energy Ep, = 130, 178, and
227 MeV, respectively. These total reaction cross sections and
their error bars are determined by both the uncertainties in
the systematic optical potentials, which are about 15% in the
renormalization factors of the real and imaginary parts (Nr and
Ni, respectively; see Ref. [44]), and the experimental error
bars in the elastic scattering cross sections. We run series
of optical model calculations with Nr and Ni changed by
factors of from 0.85 to 1.15, in steps of 0.05. x2 values are
found for each run with respect to the experimental data. The
mean values and standard deviations of the total reaction cross
section, which are those reported at the beginning of this para-
graph, are then found by averaging the resulting total reaction
cross sections of these optical model calculations weighted
by their corresponding 1/x2 values. These total reaction
cross sections can be compared with each other and with the
other systems by considering the scaling procedure proposed
in Ref. [53], with which the cross sections and the inci-

2
dent energies are divided by the factors (AE,/ 4 Atl / 3) and

ZpZtez/(All)/ 3 +A[1/ 3), respectively. This procedure would
scale the normal geometrical and/or charge differences be-
tween systems without washing out the dynamical effects of
interest. The resulting reduced total cross sections for ’Be,

5B, and °C are requeed = 0w/ (AY> + A1) = 49.8, 51.9,
and 52.9 mb, respectively, which are consistent with the
asymptotic value of 50.0 mb for weakly bound and exotic
nuclei [54].

The fact that our data can be reproduced rather well with
optical model calculations, which do not treat the breakup
channels explicitly, using systematic potentials which were
obtained from elastic scattering data on stable nuclei suggests
that the breakup coupling effects on the elastic scattering cross
sections are very small for these proton-rich nuclei at about
three times the Coulomb barrier energies. In order to study
the breakup coupling effects explicitly, we have performed
CDCC calculations for °C and ®B with the computer code
FRESCO [55]. Test calculations have been performed with the
mass numbers of the lead targets ranging from A = 204 to
A = 208. Differences in the resulting elastic scattering cross
sections with these mass numbers are negligible, therefore,
a mass number A = 208 of the target is considered in the
following analysis.

First, we model the °C nucleus as a diproton plus an inert
"Be core (°C — "Be + 2p). For simplicity, both the valence
protons are assumed to be in the 0p3/, orbital with their spins
coupled to 0 and their center-of-mass orbits the 'Be core
with zero angular momentum. The binding potential of the
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FIG. 4. Elastic scattering cross sections from CDCC calculations
for (a) °C + 2%Pb at 227 MeV and (b) B + 2Pb at 178 MeV, to-
gether with the experimental values. Solid, short-dashed, and dotted
curves represent results of the full calculations, of the calculations
without Coulomb forces in the core-valence interaction (V. = 0),
and of the calculations without Coulomb and centrifugal barriers in
(V. = V¢ = 0), respectively. Dashed curves show results calculated
without couplings to continuum states (no CC).

2p-"Be system was taken to be of Woods-Saxon form with
a reduced radius rp = 1.25 fm and a diffuseness parameter
ap = 0.65 fm. The depth of this binding potential was adjusted
to reproduce the two-proton separation energy in the ground
state of C, which is 1.436(2) MeV [56]. The same potential
is used for the continuum states of the 2p-’Be system. The
2 p-"Be relative orbital angular momenta up to £y, = 3 were
included with all couplings up to a maximum multipolarity
Amax = 3. The continuum states up to a maximum 2p-7Be
relative energy of en,x = 26.90 MeV, which corresponds to a
maximum momentum kp, = 0.9 fm ™', were discretized into
eight equally spaced bins of width Ak = 0.1 fm~!, giving
a total of 36 bins. The systematic single-folding potential
described above has been used for the 'Be + 2®Pb optical
potential at 176.6 MeV. The depth of the 2p 4 2°*Pb potential
at 50.4 MeV was taken to be twice that of the p + 2%Pb
potential evaluated at 25.2 MeV with the KD02 systematics
[57]. For comparisons, calculations not taking into account
the continuum couplings were also made. Similar calcula-
tions were performed for *B (!B — "Be + p). The results
are shown in Fig. 4. One sees that the results taking and
not taking into account the continuum couplings, as shown
by the solid and dashed curves, respectively, are very close
to each other and they both reproduce the experimental data
reasonably well for both the °C + 2%Pb and the *B + 2*®Pb
systems. The CDCC calculations underestimate the °C data
at larger angles. It will be interesting to see if full four-body
CDCC calculations can improve the description of these data
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at these angles. In a study of elastic scattering of ®He with
a dineutron model, Moro et al. found that by changing the
binding energy of the dineutron in the ground state of ‘He
from its experimental value (0.97 MeV) to 1.6 MeV, the
dineutron wave function could mimic some properties of the
three-body wave function of ®He. This change in the dineutron
binding energy also helped to reproduce the elastic scattering
of SHe from various target nuclei at incident energies around
the Coulomb barriers [58]. However, we have not followed
this procedure in this work. In fact, we have shown that the
diproton model with an experimental binding energy repro-
duced the elastic scattering data on °C with a lead target quite
well at energies well above the Coulomb barrier. This fact
itself is rather interesting. Further study is highly desirable
to determine whether it is due to the higher incident beam
energy required for the structure of °C to show up in its elastic
scattering angular distribution or to the two charged valence
nucleons of °C, which cause reactions induced by 9C to be
different from those induced by neutron-rich nuclei such as
®He. A four-body CDCC calculation for °C is expected to
answer these questions.

In Ref. [36] we have attributed the persistence of the
CNIP in the elastic scattering cross sections of B on a >%Pb
target to the Coulomb and centrifugal barriers between the
core nucleus and the valence proton. When these barriers
are removed in CDCC calculations, the CNIP in the elastic
scattering cross sections of B is greatly reduced, resembling
those that have been observed with neutron-rich nuclei such
as '"Be [34]. The same analysis is made of the results of
our new measurement presented in this paper. The results are
shown in Figs. 4(a) and 4(b) for °C and ®B, respectively; the
short-dashed and the dotted curves are elastic scattering cross
sections calculated without the Coulomb and the centrifugal
barriers in the valence-core systems, respectively, within the
CDCC framework. The nuclear potentials are refitted to repro-
duce the experimental binding energy of the valence protons
in the ground states of °C and ®B. Again, one observes, as
in Ref. [36], that the CNIPs are greatly reduced when these
barriers are removed in CDCC calculations.

CDCC calculations assuming that °C is composed of a
valence proton (in the Ops3,, orbital) and a 8B core are also
performed. The result is shown as the dashed blue curve
in Fig. 5. The previous result assuming a diproton structure
("Be 4 2p) of °C is shown as the solid red curve for com-
parisons. It is interesting to see that the two results are close
to each other and both reproduced the experimental results
within the error bars, although the calculated cross section
assuming a ®B + p configuration is slightly larger than that
for a "Be + 2p one. This similarity between the results from
the CDCC calculations with the two assumed configurations
of °C ®B 4 p and "Be + 2p) may be understood from the
fact that the 'Be 4 2p system has a higher Coulomb bar-
rier than the 8B + p system does, which, to some extent,
compensates the lack of centrifugal barrier in the former
compared to the latter. In both cases, the existence of Coulomb
and centrifugal barriers suppressed the breakup channels
from having strong coupling effects on the elastic scatter-
ing channel and allowed the CNIPs to persist in the elastic
scattering of proton-rich nuclei with heavy targets even for
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FIG. 5. Results of CDCC calculations for the elastic scattering
angular distributions of °C on *®Pb at 227 MeV with the two
assumed structures of °C, "Be + 2p (solid red curve) and B + p
(dashed blue curve), and comparisons with the experimental data.
See the text for details.

projectiles like ®B, which has a very low single-particle bind-
ing energy.

Results of the analysis above suggest that elastic scattering
with heavy targets (such as 2®Pb) at relatively high incident
energies (at three times the Coulomb barriers, for instance) is
not very sensitive to the structure of proton-rich nuclei. The
breakup cross sections, on the other hand, are more sensitive
to the structure of proton-rich nuclei. We demonstrate this
point in Fig. 6, where results of CDCC calculations are shown
for the breakup cross sections of °C with a 2%Pb target at
227 MeV, assuming it to have a®B + p and a"Be + 2p cluster
structure, respectively. The corresponding elastic scattering
cross sections are shown as well. All these cross sections are
normalized to the Rutherford cross sections. One sees that,

L B I
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1070 |/ ®B+p BU - .
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FIG. 6. Results of CDCC calculations for the elastic scattering
(ES) and breakup (BU) cross sections as functions of the scattering
angles for °C on a *%®Pb target at 227 MeV. Solid and dashed red
curves represent elastic scattering, and dash-dotted and dotted blue
curves show breakup cross sections, for the two assumed structures
of °C: ® B+ p and "Be + 2p, respectively. All these results are
presented as ratios to the Rutherford cross sections.
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within all scattering angles plotted, the elastic scattering cross
sections are almost the same for the two assumed cluster
configurations of °C. However, the breakup cross section
assuming a 'Be + 2p structure of the ground state of °C is
about 2.5 times larger than that obtained assuming a B + p
structure at around 14° in the center-of-mass system, which
is also at the angle of the CNIP in the elastic scattering cross
sections.

IV. SUMMARY

In summary, results on elastic scattering of °C from a
"Ph target at 227 MeV are presented in this paper, which
was measured for the first time at the RIBLL facility. Re-
sults of the same measurement made for B and ’Be at
178 and 130 MeV, respectively, are also shown. The angu-
lar distributions of the elastic scattering induced by these
light proton-drip nuclei possess Coulomb nuclear interference
peaks, which are typical in the elastic scattering of well-bound
nuclei. These data can be reasonably well reproduced by
CDCC and optical model calculations using the systematic
nucleus-nucleus potential of Ref. [44], which was obtained
by analyzing experimental data on stable nuclei. Analysis
with CDCC calculations suggests that it is the Coulomb and

centrifugal barriers in the valence-core systems that prevent
the breakup channels from coupling strongly to the elastic
scattering channel. Our results show that elastic scattering
measured with heavy targets at incident energies as high
as around three times the Coulomb barriers is not sensitive
to the single-particle structure of light proton-rich nuclei.
A comparison of the elastic scattering and breakup cross
sections calculated for °C assuming a2p 4+ 'Be and a p + ®B
structure suggests that breakup cross sections are sensitive to
the structure.
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