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Elastic scattering and breakup reactions of neutron-rich nucleus 'Be on 2**Pb at 210 MeV
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Quasielastic scattering and breakup angular distributions for the neutron halo nucleus !'Be on a 2%Pb target
at the laboratory energy of 210 MeV, which corresponds to 5.2 times the Coulomb barrier, were measured
at HIRFL-RIBLL (Heavy-Ion Research Facility in Lanzhou and Radioactive Ion Beam Line in Lanzhou).
The quasielastic scattering angular distribution of ''Be shows an obvious suppression of the Coulomb nuclear
interference peak (CNIP) even at such a high incident energy. Theoretical results with the continuum discretized
coupled channels (CDCC) method are in correspondence with the experimental data. The measured angular
distribution of the '°Be fragments is well reproduced considering elastic breakup contribution with the CDCC
calculations plus nonelastic breakup contribution with the model of Ichimura, Austern and Vincent [Phys. Rev.
C 32, 431 (1985)]. The reduced reaction cross section of the !'Be 4+ 2%Pb system was compared with those of
other reaction systems including tightly and weakly bound projectiles impinging on medium and heavy mass
targets, where the former shows a significant enhancement. Systematical comparisons between the experimental
data and theoretical calculations suggest that elastic scattering with heavy targets (such as 2%Pb) at relatively

high incident energies is still sensitive to the structure of neutron-rich nuclei.
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I. INTRODUCTION

Breakup reactions normally play an important role in
the proton- and neutron-rich nuclei induced reactions due
to the low separation energies, and have a large influence
on the other channels such as elastic scattering [1-4]. For
a two-body structured weakly bound projectile, the reaction
process can be studied through a three body model, i.e., the
continuum discretized coupled channels (CDCC) method. Ex-
perimentally, high quality data of elastic scattering angular
distributions of this kind of projectile on light and heavy tar-
gets exhibit strong coupled channels effects at energies around
the Coulomb barrier [1]. These effects can be interpreted by
either the CDCC [5] or XCDCC [6] method. The latter is the
extended version of CDCC, which takes into account dynamic
core excitation. On the other hand, for three-body structured
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nuclei, like ''Li, Be, and "B [7], the breakup reaction is
much more complicated; one has to use a four-body model
[8] for these nuclei induced reactions.

Be, as a well known neutron halo nucleus with a strongly
deformed core [9] and S, = 0.502 MeV, has been widely
studied [10]. In literature, many experiments using it as a
projectile have been performed on both medium and heavy
targets at low energies to investigate the effect of its exotic
features through elastic scattering [11-17]. The elastic scatter-
ing angular distributions of all experiments with a ''Be beam
show a suppression of the Coulomb nuclear interference peak
(CNIP) because of strong breakup coupling effects. Similar
results were found in the elastic scattering of %He [18-22]
and ''Li [23] at energies close to the Coulomb barriers. In our
previous work [24], the elastic scattering angular distribution
of ''Be + 2%%Pb at 140 MeV was measured, and the same mea-
surements for *1°Be 4+ 2%®Pb were simultaneously performed
in this experiment. It has been found that the reaction cross
section, which was extracted by the optical potential, of ''Be
is much larger than those of 9Be and 'Be. In addition, CDCC

©2022 American Physical Society
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and XCDCC calculations reproduce quite well the elastic scat-
tering angular distribution of !'Be, with strong suppression
of the CNIP, confirming that the strong breakup coupling
effects still persist even at 3.5 times the Coulomb barrier.
Besides, the angular and energy distributions of the '°Be frag-
ments from ''Be breakup revealed that these fragments were
mostly produced by the elastic breakup (EBU) mechanism in
which all of the fragments remain in their ground states. In
addition, nonelastic breakup (NEB) contributions, in which
the valence neutron interacts nonelastically with the target,
are also exhibited. The EBU calculation with CDCC plus
NEB contributions using the Ichimura-Austern-Vincent (IAV)
model [25] can well reproduce the data.

On the other hand, the elastic scattering of 8B + 208Pp at
energies about three to four times the Coulomb barrier were
also measured [26-28]. ®B is one-proton halo nucleus, with a
separation energy of S, = 0.136 MeV. In Refs. [26-28], the
elastic scattering angular distributions of B, which exhibit
the typical CNIP, are well reproduced by CDCC calculations.
This is different from the case of one-neutron halo nucleus
"'Be on the 2*®Pb target and at a similar energy around three
times the Coulomb barrier [24]. In fact, the shape of the
angular distribution for 8B is more like the stable nucleus
Li on the same target [26]. The effect of coupling to the
continuum of B is much less than that of ' Be. In addition,
in Refs. [27,28] the reaction cross section for ®B + 2%Pb is
similar to that of "Be + 2*Pb. The angular distribution of the
"Be fragments from the B breakup can be well reproduced
by calculations which consider EBU plus NEB contributions.
The origin of the different behaviors of proton and neutron
halos was explained by the Coulomb and centrifugal barriers
encountered by the valence proton in ®B which suppress the
coupling effects [29]. It is also suggested that the three times
Coulomb barrier energy is not the reason for the modest effect
of coupling to continuum observed in ®B.

It is generally believed that when the incident energy is
higher, the collision time will be shorter, and the multistep
effects (such as those appearing in inelastic excitation) will
become smaller [30]. Therefore, the measurements of the
elastic scattering and breakup of the neutron-rich nuclei at
higher energy are helpful to study the influence of breakup
coupling effects on the elastic scattering angular distribution
in depth. In this work, we report the measurement of the
scattering of ''Be on 2%8Pb at an incident energy of 210 MeV
(about 5.2 times the Coulomb barrier). The details about the
experiment are introduced in Sec. II. The experimental results
are analyzed in Sec. III. The comparison of the reduced total
reaction sections for many systems is discussed in Sec. IV.
The summary and conclusions are presented in Sec. V.

II. EXPERIMENT

The measurements were performed at the National Lab-
oratory of Heavy Ion Research of the Institute of Modern
Physics with a radioactive beam of ''Be. The '>C primary
beam was delivered by the Heavy-lon Research Facility in
Lanzhou (HIRFL) [31,32] at 54.2 MeV/nucleon and im-
pinged on a 4500-ym-thick °Be target. The ''Be secondary
beam was separated by the Radioactive Ion Beam Line in
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FIG. 1. Sketch of the detector setup.

Lanzhou (RIBLL) [33,34] and transported to the experimental
chamber by adjusting magnetic rigidity (Bp). The schematic
view of the detector setup in the chamber is shown in Fig. 1.
Two double-sided silicon strip detectors (DSSDs) with thick-
nesses of 68 and 87 pum, labeled as Sistrip 1 and Sistrip 2,
respectively, were installed 663 and 367 mm upstream from
a 8.22-mg/cm?-thick self-supporting 2°*Pb target. The tracks
of the incoming particles were determined by Sistrip 1 and
Sistrip 2, from which the precise incident positions on the
target were deduced. The ' Be energy in the middle of the lead
target was 210 MeV. A silicon detector array [35] was placed
300 mm downstream from the target. Three AE-E particle
telescopes, labeled as Tell, Tel2, and Tel3, were installed on
the top, left, and right sides of the beam center, respectively.
Each telescopic unit contained two stages: one DSSD as the
AE detector, followed by one silicon detector (SD) as the
E detector. Tell was placed at forward angles, covering an
angular range from 7° to 26°. The DSSD in Tell consisted of
128 strips on both the junction and the ohmic sides, 157 um
thick, with an active area of 99.6 x 99.6 mm?2. In order to in-
crease the geometric efficiency in the large-angle region, both
Tel2 and Tel3 were placed in the large-angle area, covering
the same angular range from 13° to 26°. The DSSDs in Tel2
and Tel3 were composed of 32 strips on both the junction and
the ohmic sides, with 64 x 64 mm? of total active areas, 142
and 144 pm thick, respectively. The thicknesses of SDs in the
three telescopes were 1499, 1528, and 1534 um, respectively,
with almost the same effective areas as the DSSDs.

A typical energy spectrum (E) for !'Be obtained by the SD
in Tell is shown in Fig. 2, from which two peaks, originating
from elastically scattered ''Be particles (peak1) and reaction
products '°Be (peak2), can be clearly separated. A Monte
Carlo simulation was conducted to evaluate the Rutherford
differential cross section. The ratio between the experimental
elastic scattering and Rutherford differential cross section was

: do(9) __ N(@)exp : :

obtained by doran @ = C x N T.hls method is .free from
the systematic errors of the calculation of the solid angles,
the measured total number of incident particles, and target
thickness. More details on descriptions of data analysis and

detector misalignment correction are given in Refs [35-37].

III. RESULTS AND DISCUSSION

In order to investigate the impact of the breakup chan-
nel on the quasielastic scattering angular distributions in
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FIG. 2. One-dimensional energy spectrum for !'Be on 28Pb at
210 MeV obtained with the SD in Tell. The two peaks corre-
spond to the ''Be from elastic scattering (peak1) and the '°Be from
breakup/transfer reaction (peak2).

the ''Be + 2%Pb system, CDCC calculations have been per-
formed using the computer code FRESCO [38]. The structure
of ""Be was assumed to be composed of a core 'Be and a
valence neutron. The spins of '°Be were omitted. The n- '’Be
binding potential was of Woods-Saxon form with parameters
ro = 2.585 fm and ag = 0.6 fm, taken from Ref. [39]. The
potential depth was adjusted to reproduce the binding energy
of the n in the ground state, the first excited state (1/27;
E, =320 keV), and the E, = 1.8 MeV resonant state (5 /2?’)
of !'Be [39]. The systematic single-folding nucleus-nucleus
potential for '°Be-target interactions [40] and the systematics
of KDO02 for n-target potentials [41] were used. In the cal-
culation, the continuum states of the n + '°Be system were
discretized into bins up to a maximum excitation energy of
Enax = 35 MeV for each angular momentum £ between the
valence neutron and the core 'Be. The maximum value of ¢
is £max = 6. The model space we chose was large enough to
ensure the convergence of the elastic scattering and breakup
cross sections.

The experimental angular distribution of quasielastic scat-
tering for ''Be 4 2%®Pb and the calculated results are shown in
Fig. 3. The error bars in the experimental cross sections are
the statistical errors only. The CDCC calculations reproduce
the data well over the full angular range. The red solid curve
corresponding to the calculation result for the quasielastic
scattering by considering the excited state of ' Be reproduces
better the data compared to the result considering the !'Be
ground state only (blue dashed line), of which the values of
the standard minimum x? are 1.75 and 2.35, respectively.
The CNIP in both the experimental data and the calculations
is obviously suppressed compared with the calculated result
without continuum states (black dotted line). Similar results
have been observed for the reactions of !'Be + 2%Pb [24] at
3.5 times the Coulomb barrier and of ''Be +%Zn [13] and
Be 4 197 Au [15] at near-barrier energies. This phenomenon
suggests that in the reaction of !'Be + 2*®Pb, even at energy of
about 5 times the Coulomb barrier, strong breakup coupling
effects still persist.

The modulus of the elastic scattering matrix (S-matrix) ele-
ments are shown in Fig. 4 as a function of the projectile-target
orbital angular momentum. The behavior of the S-matrix
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FIG. 3. The results of CDCC calculations and the experimental
data of the quasielastic scattering of !'Be 4+ 2®Pb at Ey,, = 210 MeV.
The blue dashed, red solid, and black dotted curves are results of
CDCC calculations of elastic and quasielastic scatterings and of no-
continuum states, respectively.

elements at large angular momentum values reflects the long
range absorption effects which have been widely discussed in
the literature [12]. The low angular momentum part in which
the modulus of the S-matrix has zero values shows the strong
absorption effects.

In Fig. 5, we show the modulus of the scattering wave
function computed by an optical potential, which can gen-
erate equally well the elastic scattering angular distribution
by the CDCC calculation, in the xz plane. For that, we solve
the two body Schrodinger equation in partial waves then sum
them to get the scattering wave function in three dimensions.
The two wings in the z > 0 range show the probability of
finding the scattering particle in the forward angles, which is
consistent with the results in Fig. 3. The black region near
the origin shows the strong absorption effects, in which the
scattering particle ''Be is absorbed by the target nucleus 2°Pb
forming the compound nucleus, confirming the findings in
Fig. 4. Remember that the scattering wave function is the sum
of a spherical wave and a plane wave, and the plane wave
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FIG. 4. Modulus of the elastic S matrix as a function of the
angular momentum for ''Be + 2%*Pb.
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FIG. 5. Modulus of the scattering wave function of !'Be 4+ 2®Pb
in the xz plane.

contribution explains the results in the region of 6 ~ 0 in the
forward direction.

In this experiment, the !°Be fragments, probably stemming
from the breakup/transfer processes, were clearly identified.
The computed '"Be angular distributions in Fig. 6 suggest the
CDCC calculation (red dash-dotted line) fails to reproduce
the data for 6}, = 7°. This result, which is due to the CDCC
method accounting only for the EBU mechanism, is also con-
sistent with the findings of Refs. [13,15,24]. The ignored NEB
contribution (cyan dashed line in Fig. 6) can be computed
using the model proposed by Ichimura, Austern, and Vincent
(TIAV) [42], which has been successfully applied in exper-
iments on elastic scattering of ''Be and ®B [13,15,24,28].
With the NEB contribution superposed on the EBU result, the
sum (green line in Fig. 6) is in rather good agreement with
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FIG. 6. Experimental breakup differential cross section, as a
function of the '°Be laboratory scattering angle, for the 'Be +2%Pb
system at Ep,, = 210 MeV compared with the calculations. See text
for the details.
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FIG. 7. Reduced reaction cross sections for several projectiles on
several medium- to heavy-mass targets. The curves are to guide the
eye.

the data. Similarly to previous results on ''Be +2%Pb at an
incident energy of 140 MeV [24], the Coulomb breakup is the
dominant function in reactions with heavy targets.

From the analysis of the elastic scattering angular distribu-
tion, the reaction cross section of 'Be +2%Pb at 210 MeV
deduced from CDCC calculation is 7678 mb. Comparisons
of the reaction cross sections for weakly and tightly bound
systems can provide information about possible influences
of the breakup and transfer channels of light weakly bound
nuclei on elastic scattering. Here, a widely used reduction
method [43] was performed. The procedures were to divide
the reaction cross section by (A;,/ 3 + AIT/ 3)2 and the incident
energy by ZpZr/(Ay” + AY”), where Ap (Ar) and Zp (Zr)
are the mass and charge numbers of the projectiles (targets).
In this way, the normal geometrical and charge differences
between reaction systems were properly minimized without
washing out the dynamical effects of interest [43].

The results, shown in Fig. 7, involve systems of tightly
and weakly bound nuclei on medium and heavy targets. The
reduced reaction cross section for the !'Be +2%Pb system
obtained in this work was compared with those using different
projectiles (Be, B, C, and O projectiles). The reaction cross
sections were taken from Ref. [44] for the "Be + ®Ni Sys-
tem; Refs. [27,28] for 'Be + ***Pb; Ref. [45] for °Be + '**Sn;
Ref. [24] for ‘Be + 208Pb; Ref. [11] for 10Be 4 %47n;
Ref. [24] for '"Be+2%Pb; Ref. [11] for ''Be -+ %Zn;
Ref. [14] for '"Be+'?Sn; Ref. [24] for ''Be+2%Pb;
Ref. [44] for 8B + **Ni; Refs. [27,28] for *B -+ 2**Pb; Ref. [46]
for 1B 4+ 28pb; Ref. [27] for °C +2%®Pb; Ref. [46] for
10C 4 298pp. Ref. [46] for ''C+2%Pb; and Ref. [47] for
160 4 %47n. The tightly bound and weakly bound nuclei re-
action systems all present larger reduced cross sections com-
pared to the benchmark of stable double magic nucleus '°Q.
The reduced cross sections for the p-halo nucleus 8B barely
show any obvious enhancements with respect to the weakly
bound “normal” nuclei ("*'!°Be, '°B, >1%!1C) at energies
above the Coulomb barrier. However, the ones for the n-halo
nucleus '!'Be are obviously larger under the same conditions.
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It can be clearly seen that the results for 'Be at Eg. =
1.488, 3.478 and 5.217 MeV are 70.47, 117.4 and 115.6 mb,
respectively, which are inconsistent with the asymptotic value
of 50.0 mb for weakly bound and exotic nuclei [48]. This
indicates that the loose structure of ''Be makes a great con-
tribution at such high incident energies. This, in fact, also
exhibits the additional channels coupling effects on the reac-
tion cross sections in !'Be are still strong. The experimental
results show breakup reaction is of importance, and, simulta-
neously, NEB has a non-negligible influence on data analysis.

IV. SUMMARY

In this paper, we reported new experiment data on the
quasielastic scattering and breakup reactions of ''Be on 2*®Pb
at an incident energy of Ej, = 210 MeV, corresponding to
about 5.2 times the Coulomb barrier. The quasielastic scat-
tering angular distribution of ''Be 4+ 2%Pb shows obvious
suppression in the CNIP area, which is the same as in other
lige experiments in Refs. [13,15,24]. CDCC calculations
have been performed and well reproduce the quasielastic
data, indicating that the coupled channels effects in this re-
action system persist even at such a high incident energy.
The breakup cross section in ''Be +2%Pb has also been
measured. The angular distribution of '°Be is underestimated
at angles beyond 7° by CDCC calculations. The result of
the NEB contribution which has been calculated by the
IAV model [42] plus the EBU contribution by CDCC re-
produces well the experiment data. These calculations imply

that the EBU mechanism is the main cause of producing
9Be fragments. In addition, the NEB process should not be
neglected.

The reaction cross section for ''Be + 2*®Pb, by reduction
method, was compared with other projectiles, including the
proton halo 8B nucleus, on medium- to heavy-mass targets.
It is observed that the values of og. for tightly bound or
weakly bound nuclei systems are larger than that for '°Q.
Reactions with the n-halo projectile ' Be have reaction cross
sections much higher than those of 8B reaction systems in the
energy region above the Coulomb barrier. This difference in-
dicates that the additional channels’ couplings on the reaction
cross sections in n-halo nucleus ''Be systems are larger than
other systems at higher incident energies.
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