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Abstract

We investigate the breakup of the proton halo 8B projectile in the presence of the light target 12¢ gt
near barrier energies. Our calculations show that the effect of the breakup on the elastic scattering angular
distributions is negligible. We also investigate the relative importance of Coulomb and nuclear breakups
for this system. We compare the results of our calculations with those for the %He + 12C and 8B + 8Ni
systems.
© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

The effect of the breakup of weakly bound nuclei, both stable and radioactive, on different
reaction mechanisms has been a subject of great interest in the last years [1-3]. Different ap-
proaches are used in these studies. Particularly interesting cases are the investigations of the role
of the breakup on the elastic scattering, and consequently on the total reaction cross section, the
effect of the breakup process on the fusion cross section and the magnitude of the breakup itself.

The investigation of the coupling of the elastic channel to breakup states is a difficult task.
The reason lies in the fact that the matrix elements of the transition between bound and unbound,
or between unbound states, diverge. There are two main methods to overcome this problem
within the so-called continuum discretized coupled channel (CDCC) [4,5] method. The first one
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is to expand the whole system wave function into the complete state or pseudo-state basis. Among
the most used expansions are the Gaussian [6] and the hyperspherical harmonics expansion [7]
basis, mainly used in the four-body CDCC calculations. In fact the hyperspherical method is a
convenient way of expressing the wave function of the three-body wave function in the so-called
hyperspherical coordinates. The second approach is known as the average or binning method
[4,5], in which the basis is obtained by averaging fragment’s scattering wave functions in some
energy intervals (bins) for each relative angular momentum. The equivalence of the two methods
has been proved in the case of the projectile breakup in d 4 8Ni scattering at 80 MeV and those
of °Li +49Ca at 156 MeV [8]. Of course, as in almost all coupled channel calculations, the basis
is truncated at one point where a sufficient amount of components has been supposedly included.
In order to test this supposition, several convergency test are required.

One important question when one investigates the breakup process of weakly bound nuclei is
which is the main interaction producing this breakup: the Coulomb or the nuclear interaction?
Or how important is the interference between them? The answer to these questions depends
on the structure of the weakly bound nucleus involved in the reaction, on the mass and charge
of the other interacting partner and the energy region where the interaction occurs. It has been
recently shown that the Coulomb dipole breakup is the main reaction mechanism for the *He +
208pp [9] system, whereas the quadrupole nuclear breakup is the main reaction mechanism in
the ®He + 'C system [10], where ®He is a neutron halo projectile. For the 8B + 38Ni system,
which involves the proton halo projectile, it has been shown that the interference of Coulomb
and nuclear interaction plays a very important role in the reaction mechanism describing the
elastic scattering and breakup cross section, as well as the energy distribution of the emitted
particles [11]. One might expect that for lighter target, the nuclear breakup of the 8B projectile
could predominate over the Coulomb breakup. Recently, Barioni et al. [12] measured the elastic
scattering of 8B on !>C at energies well above the Coulomb barrier, and they concluded that the
effect of the breakup on the elastic scattering cross section is negligible.

In the present work we investigate the breakup of the proton halo 8B nucleus in the presence
of the target '°C at near barrier energies. In fact, this is a very interesting energy region to
be studied, for which there are no available data so far. We hope that our calculations can be
confirmed in the near future by new experiments. We study the effect of the breakup on the
elastic scattering angular distributions. We compare the effects on the elastic scattering for this
system with the ones for the °He + '°C system. We also investigate the relative importance of
Coulomb and nuclear breakups for 8B + '2C at near barrier energies, and the effect of continuum-—
continuum couplings on the breakup angular distributions. We also compare the magnitude of
breakup for the 8B + 12C and ®Ni systems at this energy regime. In Section 2 we briefly describe
the model space used in the present calculations. In Section 3 we show and discuss the results of
the calculations. Finally, in Section 4 we present some conclusions.

2. Model space used in the calculations

In the present work we use the same model space as in Refs. [12—14] for the same system, but
at higher energies. In those works it was shown that the CDCC calculations were able to describe
the elastic scattering, breakup cross section as well as the energy distributions of the breakup
fragments. In all the calculations of the present work the FRESCO code [15] was used.

As ®B is a proton halo projectile, it can be modeled as ’Be + p with ground state wave func-
tion 1p3/> corresponding to the lower single-particle states of the proton relative to the "Be
core, bound by 0.137 MeV. The remaining projectile’s states are in the continuum. To model
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the continuum states we use the average method [4,5]. The continuum wave functions are rep-
resented by square-integrable bin wave functions obtained by averaging the "Be + p scattering
wave functions. The discretization of the continuum was carried out up to the maximum bin
energy of emax = 5.0 MeV. No excitations of the core were taken into account. The target was
also considered to be inert, since no important collective degrees of freedom are expected for this
nucleus. To evaluate the coupling matrix elements, the spin of the core was neglected, because
the "Be—p interaction used is diagonal to the spin. To describe the continuum excited states of the
"Be 4 p system at energies near and below the Coulomb barrier we used R-matrix theory instead
the usual S-matrix. At this energy regime, although the higher energy bins are closed states, they
can be virtually excited, and R-matrix theory accounts for this effect. Moreover, the solution of
the coupled equations within the R-matrix theory is more stable than within S-matrix theory.

Schematically the wave function for the states at the continuum with total angular momentum
J and z-projection M can be written as

F/(R .

w/M R, ) =Z% VMR, ¥). )
]

In the previous expression the index i stands for the set of quantum numbers {&;/; j;, L}. In
Eq. (1), r represents the internal coordinates of the projectile, that is, the vector joining the proton
and the center of the core, R is the projectile—target separation vector, R represents its angular
degrees of freedom. Using the expansion of Eq. (1), one obtains the coupled channel equations
by integrating by all the variables, but R

[TL+ UJ(R) — E +&]F/ (R)==> U/ (RF! (R). 2)
J

The index i = 0 stands for the elastic channel, where both the projectile and the target are in their
ground states (g9 =0, o = 1, jo =3/2 and Iy = 0). Channels with i > 0 are associated with
continuum bins. In Eq. (2), ¢; stands for the total excitation energy of channel i, ¢; = & + ¢;,
with e; representing the target’s excitation energy.

The projectile—target interaction can be split into two parts, according to the expression

VR, 1) =Ver(R, 1) + Vpr (R, ). 3)

The first and the second terms at the right hand side of Eq. (3) correspond respectively to the core—
target and the proton—target interactions and are the sum of the Coulomb + nuclear interactions.
The matrix elements U,.§ in Eq. (2) are given by

U/ (R) = / dRd’r Y™ R, 1)V (R, 1) /MR, 1. (4)

To evaluate the above coupling matrix element, the integration was performed up to rpin =
55 fm for E. . = 3.60 and 5.52 MeV and rpi, = 70 fm for 9.00 MeV. These distances were
enough to guarantee the orthogonality between bin wave functions. The convergency was ob-
tained using Rmax = 500 fm and the relative projectile—target angular momentum Jpy,x < 5007.
The bin wave functions for the core—p interactions were calculated for their relative angular mo-
mentum [ < 2A4.

For the core—target and p—target interaction optical potentials, the so-called Sdo Paulo poten-
tial (SPP) was used [16,17]. At this energy regime, the SPP can be considered as a double-folding
potential for which it was derived a systematic for the nuclear matter densities [16,17]. Its imagi-
nary part is taken equal to the real part multiplied by the 0.78 strength coefficient. For the p—core
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Fig. 1. (Color online.) Comparison of the CDCC results for the elastic scattering angular distributions with the no-

coupling results (see the text for details).

interaction, the potential of Ref. [18] was used. The full interaction potential (the sum of the
p—target plus core—target Coulomb + nuclear potentials) was expanded in multipoles up to the

quadrupole term (A < 2).
3. Results and discussions
3.1. Effect of the breakup on the elastic scattering angular distributions

Fig. 1 shows the results of the CDCC calculations (full curves) for three center-of-mass ener-
gies: 3.60 MeV (below the Coulomb barrier), 5.52 MeV (near the barrier) and 9.00 MeV (above
the barrier). The results are compared with the calculations for which the couplings were not con-
sidered (dashed curves). One can observe that the breakup effect on the elastic scattering angular
distribution is rather small, similar to the ones of Ref. [12], obtained for much higher energy.
Comparing these results with the ones for the 8B + Ni system at near barrier energies [13]
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Fig. 2. (Color online.) CDCC results for the elastic scattering angular distributions including only Coulomb and nuclear
interactions for the 8B + 12C system (for details, see the text).

(see Fig. 1 of that reference), one concludes that the effect of the breakup of the 8B proton halo
projectile on the elastic scattering decreases with the charge of the target. One might ask whether
this is a general property of all halo nuclei. Moreover, is the reason for this small effect the fact
that both Coulomb and nuclear breakup are weak or may they be strong, but their interference
is strongly destructive? Although these results seem to be evident because the charge of the 12C
target is smaller than for the ®Ni, there are contradictory experimental results in the literature
concerning the effect of the breakup on fusion and total reaction cross sections as a function of
the charge of the target [19-24]. In these references it is shown that the complete fusion suppres-
sion and total reaction cross sections above the barrier energy for weakly bound systems depend
on the charge of the target, whereas the total fusion cross section (sum of complete fusion plus
the incomplete fusion of part of the projectile) is not affected by the breakup at the same energy
range for any target mass (or charge).

In order to study the relative importance of the Coulomb and nuclear breakups, we switch
on and off the Coulomb (nuclear) part of the interaction potentials (3) in the transition matrix
elements (4). In Fig. 2 we show the results for the Coulomb (dashed curve) and nuclear (dot-
dashed curve) breakups for the elastic angular distribution at 5.52 MeV. One can observe that the
effects of both nuclear and Coulomb breakups are also very small.

In Fig. 3 we compare the breakup effect on the elastic scattering angular distribution of the
present system with the one for the ®He 4 '>C system. In order to compare results for different
systems, we follow the prescription of Refs. [20-22,24]. In those references it is shown that
the same physical conditions for different systems are present when the dimensionless quantity
X = (Ecm. — VB)/hiw is the same for them, where 7w is the curvature of the barrier in the
parabolic model. In Ref. [10], the authors performed four-body CDCC calculations that agree
very well with the experimental data for incident 5He neutron halo radioactive beam with E¢ , =
18 MeV, corresponding to x = 6.34 (Vg = 1.96 MeV, fiw = 1.82 MeV). For the 8B+ 12C system
(Vg =5.14 MeV, hw = 2.72 MeV), the same value of x is obtained for E., = 22.38 MeV,
according to the SPP predictions. The CDCC results for both systems (full curves) for this value
of x and the results for no-coupling calculations (dashed curves) are shown in Fig. 3. One can
observe that the effect of the breakup on the elastic scattering is much more important for the
system involving the neutron halo projectile *He than the proton halo 3B. It would be interesting
to investigate whether this behavior is a characteristic of the 3B projectile or if it is a general
property of other proton halo projectiles. For this reason, further investigations on this line are
required to support this conclusion. So far it is not possible to extend the above conclusion for
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Fig. 3. (Color online.) Comparison of the CDCC results for the elastic scattering angular distributions with the no-
coupling results for the 8B + 12¢ system (a) and %He + 12C system (b) at x = 6.34. The experimental data for the
He + 2¢ system were taken from Ref. [25] (for details, see the text).

systems with heavy targets because there are no calculations with different targets available at
the same physical conditions (same value of x).

3.2. Breakup angular distributions

In this section we investigate the relative importance of Coulomb and nuclear breakup by
studying their angular distributions. The results of the CDCC calculations are shown in Fig. 4.
The full curves represent the CDCC calculations including the Coulomb plus nuclear interac-
tions. The dashed curves represent the calculations where the Coulomb interaction has been
switched off, while the dot-dashed curves correspond to the situation where the Coulomb inter-
action was switched off. We would like to stress that in these calculations there is one important
difference when compared to the calculations of Fig. 2. In the Fresco code, when one switches
off the nuclear interaction, the code automatically takes away the nuclear part of the optical po-
tential used to describe the elastic scattering. To compare the various options of Fig. 2 we have
kept the diagonal nuclear optical potential of the ground state channel. In order to compare our
results to the ones of Ref. [14], we eliminated the diagonal part of the nuclear optical potential
when calculating the breakup cross sections with only Coulomb interactions, i.e., all the nuclear
interactions were completely eliminated. From Fig. 4 one observes that the Coulomb and nuclear
breakups interfere destructively, in agreement with the conclusions of Ref. [14], obtained for the
38Ni target. From Table 1, where are shown the integrated cross sections for the angular distribu-
tions shown in Fig. 4, it is possible to notice that the nuclear breakup is more important than the
Coulomb breakup for this system at near barrier energies. At energies below Coulomb barrier,
this is clearly observed in the whole angle interval (Fig. 4a). At energies above barrier, the nu-
clear breakup is more important at forward angles (Fig. 4c). It has been recently shown by means
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Fig. 4. (Color online.) Relative importance of the Coulomb and nuclear couplings on the breakup angular distributions
(for details, see the text).

of measurement of experimental breakup cross section at energies well above the Coulomb bar-
rier, that the nuclear breakup cross section of systems involving 8B projectile is bigger than the
Coulomb breakup [26-29]. Naively, one could expect that the reactions involving the proton halo
projectile might be dominated by Coulomb breakup. But in some cases quantum mechanic cal-
culations show the opposite. Recently, it has been shown that the use of effective parameters,
such as effective binding energies, makes the proton behave similar to neutron [30,31]. By using
these effective binding energies the net effect that is obtained for the proton—target interaction is
to lower the Coulomb barrier of its interaction. So, according to these theoretical works, the rea-
son for the nuclear breakup being bigger than the Coulomb breakup for proton halo projectile is
the Coulomb repulsion between the proton and the target. On the other hand, other authors have
obtained exactly the opposite results, i.e., that the Coulomb breakup is the dominant reaction
mechanism in the dissociation of the 8B projectile by studying its interaction with heavy targets
at high energies [32,33]. Their calculations agree well with recent experimental data [34,35] ob-
tained from the 8B breakup on lead targets. A good description of the experimental S-factors
of astrophysical interest at low energies was also obtained by considering that the main breakup
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Table 1
Integrated breakup cross sections (in mb) for different CDCC calculations.
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Fig. 5. (Color online.) Effect of continuum—continuum couplings on the breakup angular distributions (see the text for
details).

mechanism (the way of obtaining the radioactive capture cross section by inverse kinematics)
is the Coulomb one [33,36], in agreement with experimental data reported in the literature. On
the light of these contradictions, it would be very important to perform theoretical calculations
on the same footing covering large energy and target mass ranges of reactions involving the 8B
projectile.

In Fig. 5 we show the effect of the continuum—continuum couplings (CCCs) on the breakup
angular distributions for the same three energies. The solid curves represent the full CDCC cal-
culations, where CCCs are included, and the dashed curves are results of the calculations when
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x = 1.42 (see the text for details).

the CCCs are switched off. One can observe that the CCCs play a very important role on the
breakup cross sections for the 8B + '2C system and its effect is to lower the breakup cross sec-
tion, as predicted for the 8B +8 Ni system [37]. The effect of CCCs on the elastic scattering
angular distributions was found to be negligible (not shown).

In Fig. 6 we compare the breakup angular distributions for the 8B +'2C and 8B +8Ni systems
at the same physical conditions (x = 1.42). The choice of this value of the dimensionless variable
x corresponds to the existence of theoretical calculations for breakup in the 3B + 3¥Ni system
at the same value [38]. The full curve corresponds to the 8Ni target, while the dashed curve
corresponds to the 1C target. One can observe that the breakup cross section for the heavier
target is much larger than for the lighter. In Ref. [23], it has been shown that the breakup effect
on the reaction cross section for the 8B + >8Ni system is remarkable (for more details see Fig. 2
of Ref. [23]), whereas in Ref. [12] it has been shown that for the 3B + 12C system, at energies
well above Coulomb barrier, it is negligible. From the present results, one can expect that at near
barrier energies the effect of breakup would be also very weak for this system. This conclusion
comes from the fact that the breakup does not affect the elastic cross section (see Fig. 1), and that
the breakup cross section is very small (see Fig. 6).

4. Summary and conclusions

We have shown that the effect of Coulomb and nuclear breakup of the proton halo 3B in the
elastic scattering by the light target '>C is negligible at near barrier energies, similar to what
has been previously verified at higher energies. Since this effect is not negligible in the elastic
scattering of 8B by the heavier >3Ni target, one might conclude that this is due to the very small
charge and mass of this light system. However, for the scattering of ®He on '2C, the breakup
effect is important at higher energies. We can thus conclude that the breakup of the proton halo
8B is significantly different from the breakup of the neutron halo ®He. The total reaction cross
section should not be increased in the presence of the 8B breakup in the neighboring of a light
target. It would be interesting to investigate whether the same holds for the elastic scattering
cross section of neutron rich isotope projectiles as '>B and '*B on '>C and *®Ni targets. Such
measurements are being planned. Also, the comparison of 8B and 3B elastic scattering and/or
breakup measurements on some other targets, such as '2°Sn would be interesting to investigate
the charge dependence on these mechanisms.

We also investigate the relative importance of Coulomb and nuclear breakups for this system.
The nuclear breakup is shown to be slightly more important than the Coulomb breakup at near
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barrier energies. We show that the continuum—continuum couplings play a very important role
in the breakup cross section. Finally we show that the breakup cross section for the 8B + 12C
system is much smaller than for 8B + 38Ni.
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