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~ ABSTRACT

We investigate in the framework of the semiclassical approximation the
relative impartance of the Coulomb and nuclear fields to induce the break-
up of neutron-rich nuclei such as }'Li at energies close to the Coulomb
barrier.. We assume that the mechanism that leads to the separation is the
excitation of a low-lying dipole mode in which the weakly-bound neutron
halo performs a collective oscillation against the residual nuclear core.

Consequencss of the couplings for elastic scattering and fusion processes
are also discussed.

1. Introduction

In the study of nuclei far from the stability line special attention has been
devoted to extremely neutron-rich systems such as *!Li. In this specific case the
very small binding energy of the last two neutrons causes their density distribution
to extend considerably far from the °Li éore,"in a sort of diluted nuclear halo. This
pegulia,r_si"sgg,i‘:,,igg ;gﬂ,eqtg f_,x%thej gll;%tactgzigtic response of the system to external
eleciromagnetic and nuclear probes. In fact, break-up processes induced by the
collision of *Li nuclei with different targets have put in evidence the presence of
unusual concentrations of strength at low excitation energies'®). Whether this
observation can be associated with the existence of a soft-dipole mode in which
the weakly-bound neutron halo performs collective oscillations against the residual
nuclear core is still under debate.

' In the implementation of reaction formalisms a microscopic or macroscopic de-
scription of the two-neutron system is needed. Different models have been contem-

~ plated forj?f%f:his purpose; they range from those incorporating a strong correlation




between the particles (cluster model) to those based in an independent-particle
picture®?). The role of Coulomb dissociation in conneciion with these plausive
scenarios was investigated in a variety of circumstances. Studies have, however,
concentrated in the high-energy regime at which experimental data are available
and where the simple straight-line dynamics allows for closed analytical expressions
of the Coulomb excitation probabilities®®). At these energies and for large impact
parameters the dipole component of the Coulomb field is the dominant coupling
that induces the electromagnetic dissociation of the !!Li projectiles. Far more con-
troversial is, on the other hand, the contribution to the break-up process arising
from the nuclear interactions. This is specially sensitive to the single-particle and
collective aspects introduced by the chosen description of the di-neutron system

and of the reaction mechanism.

In addition to the study of break-up events induced by currently available 11
beams a radically different regime of bombarding energies and processes is under
consideration; one for which a better understanding of the prevailing mechanisms
becomes more crucial. We refer to central collisions near the barrier, i.e. initial

conditions that are likely to involve a substantial probability for fusion.

Tt has been known for a long time that fusion cross sections reflect the grad-
ual increase of the nuclear radii for the heaviest isotopes of a given element by a
systematic reduction of the effective barrier height. If neutron-rich nuclei - and,
specifically, systems with weakly-bound neutron halos — do exhibit a soft-dipole
mode there should be additional dynamical consequences affecting the fusion pro-
cess. The mechanism by which such an internal degree of freedom may further
contribute to enhance the fusion probability at subbarrier energies was discussed
in refs.”?). Basically, the polarization of the projectile induced by the Coulomb
field brings the neutron halo closer to the target; the larger overlap of the nuclear
densities and the resulting attractive forces can then drive the systems into fusion

confronting a substantially lower resistance.

A characteristic of low-lying collective vibrations is that the associated restor-
ing forces are relatively small. Naturally, then, the seme polarization mechanism
that favors the process of nuclear fusion in the way outlined above has the poten-
tial to induce separations of the halo from the °Li core that stretch beyond the
point that can be sustained by the weak residual forces that hold them together.
The relevance of this break-up process of !1Li at the bombarding conditions that
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may lead to fusion has been a matter of recent controversy® '}, To address the
many questions associated with this issue one aspect of the problem that shouid pe
quantitatively examined is the actual role played by the nuclear couplings. Some
calculations have been made to estimate the nature of these effects, for instance
in ref.!?). In that work, however, the competition of nuclear effects with Coulomb
break-up was analyzed for the high-energy regime and the results therefore do not

directly apply to the fusion studies in the near-barrier domain we consider here.

The purpose of this contribution is to investigate the interplay of fusion, break-
up and elastic scattering processes in reactions involving halo-nuclei. To this end we
exploit semiclassical techniques that have proven to be quite accurate and reliable
in the study of reaction phenomena at energies close to the Coulomb barrier. It
will be here assumed that the aforementioned processes are indeed conditioned by
the excitation of a low-lying dipole mode involving the weakly-bound neutron halo

and the residual nuclear core.

2. Effective Interactions and Formfactors

We begin by identifying the interactions between the two reaction partners and
the relevant internal degrees of freedom excited in the collision. The zeroth-order
static potential can be directly obtained from the equilibrium nuclear densities of
the colliding systems. For excitation of collective modes this diagonal term of the
interaction is specially useful, since it also provides a key to constructing off-diagonal

elements of the coupling matrix'3).

To calculate the static ion-ion potential the proton and neutron densities of
both reaction partners are needed. We performed density calculations for 208pb in
the mean-field approximation, solving the Hartree-Fock equations with a Skyrme
III interaction. In the case of !Li we used the Hartree-Fock procedure only to
evaluate the proton and neutron densities associated with the °Li core. For the

density of the valence neutrons we adopted the same parametrization as in ref.”),
namely

exp(—2kr)

pr(r) = (x/7) ; (1)

r2

where the exponential slope parameter « is related to the separation energy, e=0.3
MeV. This expression is consistent with the exponential decay of the di-neutron
wavefunction in the force-free region®).
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Fig. 1 (a) Components of the folded nuclear potential for the system
11Ti + 208D} arising from the core and halo densities in '1Li. The total
folded potential is also shown. (b) Total potentials (Coulomb plus folded
nuclear) for the systems ' Li + 28 Pb (solid line) and ®Li + ?°® Pb (dashed

line).

Following this prescription, the ion-ion potential obtained by double-folding
an effective nucleon-nucleon interaction with the total densities of the two reaction
partners is divided into the separate contributions V.(r.) and Vi(rn) associated
with the interaction of 2°®Pb with the core and halo densities of *Li. The two
components and the resulting total nuclear potential are shown in Fig. la. Both
the isoscalar and isovector terms in the nucleon-nucleon interaction were included;
the M3Y potential was used for the isoscalar part and the effective interaction of
Love for the isovector term'%). The prolonged tail of the halo density is directly
reflected in the long range of the corresponding contribution to the jon-ion potential.
The total ion-ion potential — i.e. including the Coulomb contribution — is shown
in Fig. 1b for the *'Li + 208Pb and °Li + 2%®Pb cases. One expects that the long
nuclear tail arising from the halo should be completely masked when added to the
much larger Coulomb interaction. The total potential is indeed dominated by the
electric component at very large distances, yielding practically identical functions
in both cases. The presence of the halo, however, does have a noticeable effect at

closer distances, with a lowering of the barrier of about 2 MeV.

The strength of the three components of the ion-ion potential (Coulomb ion-

core, nuclear ion-halo, nuclear ion-core) determines the relative magm'iude of the
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Fig. 2 First-order coupling potentials for the excitation of the soft-
dipole mode in ' Li, in the reaction ' Li + 208 ph,, The three components
(Coulomb ion-core, nuclear ion-core; nuclear ion-halo) are separatcly dis-
played. Dashed lines have to be taken with negative sign, solid ines with
positive sign.

coupling interactions. As it was anticipated, the intrinsic degree of freedom of
117; considered here is associated with the displacement of the neutron halo with
respect to the °Li core. In leading order, the radial dependence of the driving forces.
for the excitation of this collective mode are proportional to the derivatives of the
corresponding potential terms. These formfactors are displayed in Fig. 2. (Note
that in order to compare the absolute values of the couplings, the curves in the
figure incorporate some simple scaling factors gc, gn, involving the ratio of masses
between the halo and the core; they are given in Sect. 3). The Coulomb formfactor
(negative) is dominant at large distances. Among the nuclear contributions, the
term associated with the halo (also negative) extends much further out than the
one arising from the core (positive). While the Coulomb and the nuclear driving.
forces generated by the core have the familiar opposite signs the nuclear contribution
‘arising from the halo has the same sign as the Coulomb term 7). As a consequence,
the nuclear and Coulomb effects at large distances add-up constructively, a rather
anusual feature that will be apparent in the results of the calculation.

It is also important to note that the magnitudes of the Coulomb and nuclear
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formfactors are comparable around the barrier radius. It will be shown in Sect.
4 that this leads to a considerable contribution of the Coulomb coupling to the

break-up process at bombarding energies close to the barrier (cf. Fig. 4).

3. Dynamical Model

In what follows we implement a simple semiclassical model where aspects of
the problem concerning elastic scattering, break-up and fusion events as a function
of bombarding energy and impact parameter can be explored quantitatively. We
have in mind a collision between 'Li and ?°®Pb but state the problem in a general
notation since the formalism can easily be applied to other situations. In fact, a

quite similar scheme was used in ref. 8) for reactions involving heavy ions.

Fig. 3 Schematic picture of the coordinates involved in the reaction.

We consider a collision between a projectile P and a target T with charge
and mass numbers Z,,A, and Z_, A4, respectively. The motion of these systems
is described by the relative coordinate between their centers of mass, 7, and its
conjugate momentum, p. We assume that N. of the neutrons in the prdjectile
are tightly bound to the protons to form a core, while the rest, N, = (N, — N.)
(i.e.. the “halo”), can perform collective oscillations against them. The variable
characterizing this intrinsic motion in the projectile is the separation of the center
of mass of the surplus neutrons with respect to the core. This distance we express
on units of the projectile radius R, and thus introduce the dimensionless amplitude
@ and its conjugate momentum 1. The motion takes place in a plane perpendicular

to the initial orientation of the angular momentum. Selecting that to be the z-axis
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the coordinates of relative and intrinsic motion are determined by two components
in the zy-reaction plane. We adopt polar coorcinaies tor the former, ¥ = (r, ®)
and cartesian amplitudes for the intrinsic variable, @ = (@, ). This situation is
illustrated in Fig. 3.

For relatively small displacements the intrinsic motion is harmonic and the

evolution of the system can be described by the Hamiltonian

2 2 2 2
U y p (2 + 1I2)
B(7760) = ;- + s + 55

C - =
+ (02 + @) + Veol,8) ()

where m is the reduced mass and C and D the restoring force and mass parameters
of the collective vibration. These last two quantities were related to the energy Aw
and deformation parameter 8 of the mode by C = 3fiw/(28%) and D = 3#/(2wg?).
There is consensus that the energy of the low-lying collective mode lies about 1 MeV.
Estimates for 3 are less firm and subject to some ambiguity. In our calculations
involving 1 Li we have settled for a value of 7iw=1 MeV, and explored values of the

deformation parameter around § = 0.4.

The coupling V.oup beiween the intrinsic and relative motion variables arises
from the Coulomb and nuclear interactions between projectile and target. Following

the preceeding discussion we write this as

Z.Z.¢e

Vioup = ot le—
coup IF—gcaRPI +

V(|7 — g.@GR,|) + Va([F+ gnéR,|) , (3)

where the quantities proportional to the variable a — involving the mass factors
gh = Ac/Ap, go = An/A, - take into account the shift in position of the center of
charge and the modification in the separation distance between the nuclear densities

generated by the intrinsic motion.

To take into account quantal effects associated with the excitation of the har-
monic degrees of freedom we sample for each impact parameter the time evolu-
tion of the system for an ensemble of initial conditions in the cIl-planes that is
consistent with the ground-state distributions of coordinates and momenta of the
dipole mode. These are given by the conditions II2(0)/D + Ca2(0) = hw and
2(0)/D + Cc?(0) = hw. Details and illustrations of this procedure can be found

in ref.!®).
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We have solved the classical equations of motion derived from (2) for the re-
action 1Li 4+ 2°%Pb in a range of energies around the Coulomb barrier, v; -~ o

MeV. A few, distinct types of outcomes are noted and described below.

There are situations where the integration of a given trajectory involves a very
low excitation energy. In this case the reaction remains binary throughout and the
survival of !'Li in a scattering state is preserved. If, on the other hand, the excita-
tion exceeds a threshold level (taken to be equal to the cohesive energy holding the
two neutrons and the 9Li-core together) the collision is assumed to trigger projectile
dissociation. It is the accumulated statistical weight associated with those initial
conditions that builds up the total break-up probability for a given impact param-
eter. Finally, a third possibility arises when the reaction partners come close to the
strong interaction radius. This happens whenever the choice of initial bombarding
energy and impact parameter — combined with the dynamical evolution — enables
the projectile to overcome the effective repulsive barrier. Overlaps of the nuclear
densities well inside the barrier become large and fusion sets in. In calculations for
the reaction *'Li + 2°®Pb a fusion radius 7y = 9 fm was used (cf. Fig. 1). When
these conditions are met it no longer matters if the kinetic energy in the intrinsic
motion could eventually cause a break-up since both the projectile core and its

excess neutrons find themselves trapped in the target field.

4. Results

To gain some insight on these competing processes we start by considering
the simple case of head-on collisions. Fig. 4 shows the variation with bombarding
energy of the break-up and fusion probabilities for two values of the deformation
parameter 3. The results are compared with those obtained when only the Coulomb
or nuclear components of the coupling are included. As the energy is increased in
the subbarrier region the probabilities for break-up increase regularly, as expected
from the fact that the systems get closer to each other and explore larger couplings
(cf. Fig. 2). Although the formfactor associated with the halo extends much farther
than usual, break-up via the nuclear field acting alone would only become effective
at the Coulomb barrier. Its presence is however noticeable at lower energies when
combined with the Coulomb field. Both contributions add-up constructively (cf.
sign of the different terms in Fig. 2) and the polarization induced by the Coulomb

term allows the nuclear coupling to act at shorter separation distances. At higher
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bombarding energies the !!Li can overcome the Coulomb barrier and reach the
“fusion” point before the energy transferred into the dipole mode has led to an
irreversible separation of the two fragments. Thus the fusion becomes predominant

and break-up probabilities rapidly decrease.
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Fig. 4 Break-up and fusion probabilities in the reaction ' Li + ?°*Pb as
a function of the bombarding energy E.n, for a head-on collision. The two
columns refer to different values of the dipole deformation parameter .
The dashed and dotted lines give the probabilities when only the Coulomb

or the nuclear coupling are included, while the solid lines refer to the case
when both are active.

In Fig. 5 the partial cross section do/db = 2wbP(b) is shown as a function of
the impact parameter b for different values of the bombarding energy E.m. Both
the Coulomb and the nuclear components of the coupling are included, with a value
of the deformation parameter 3=0.5. The solid, dashed and dot-dashed curves refer
respectively to the fusion, break-up and quasielastic events..As expected, fusion is
favored in central collisions at energies above the barrier. Break-up processes are
mostly associated with p-eriphera.l collisions but get also significant contributions
from large impact parameters due to the long range of the Coulomb interaction.
Note that a small dissociation probability remains in competition with fusion even
at the low impact-parameter range.
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Fig. 5 Partial cross sections do/db as a function of the impact parameter
b for different values of the bombarding energy E.m. Solid, dashed and
dash-dotted lines give the fusion, the break-up and the quasi-elastic cross
sections, respectively. For reference, the geometrical cross section is also
shown as a dotted line.
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Fig. 6 Total break-up and fusion cross section as a function of the bom-
barding energy Ecp,.

Finally, total break-up and fusion cross sections are shown in Fig. 6 as a func-
tion of the incident energy. Although they are not included in the plot, results of
the integration over b for the nuclear and Coulomb couplings acting alone follow a
behaviour quite similar to the case of head-on collisions displayed in Fig. 4. At en-
ergies close to the barrier the Coulomb field by itself would generate break-up cross
sections comparable to the ones shown in the figure. Absolute values are consis-

tent in order of magnitude with what is known experimentally at the higher-energy
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regime. We note, however, that collective effects should become less relevant as the

collision time gets to be much shorter than the characteristic period of tic wivae

~ 1h MeV™1.

5. Summary and Conclusions

We have investigated the relative importance of electric and nuclear dissocia-
tion of }'Li in reactions close to the Coulomb barrier, where the break-up process
comes in direct interplay with fusion phenomena. Our calculations centered on the
reaction *!Li+ 2°8Pb, but the formalism is general enough to accommodate other
combinations of projectiles and targets, provided that the former has a neutron
excess that forms a weakly-bound halo. We have contemplated displacements of
this halo against the projectile core in terms of a low-lying collective vibration of
dipole character. Such elementary mode of excitation has a singular role at ener-
gies close to the Coulomb barrier as it tends to enhance fusion cross sections while
being the vehicle for dissociation of ''Li into °Li+2n. It is interesting to observe
that even at a simple semiclassical ievel the model retains the capacity to repro-
duce effects originally found in the context of full coupled-channel calculations 1),
This is illustrated in Fig. 7, where it is shown that at energies below the barrier a
larger coupling strength brings not only an increase in the break-up probability (cf.
Fig. 4) but larger fusion probabilities as well.
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Fig. 7 Fusion probability as a function of bombarding energy for two
representative values of the dipole deformation parameter 3.

The results of the survey indicate that Coulomb excitation remains an im-
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portant agent for projectile break-up at energies close to the barrier and even for

the most centrai colitsions. Calculations in the literature concerning the fusion

regime °~!! have assumed that nuclear couplings would be predominant and there-

fore the investigation of these processes may merit further consideration within a

more precise, quantal formalism. It could also be interesting to exploit semiclassical
approaches similar to the one described here to bridge the gap with the regime of
higher bombarding energies (= 100 MeV/nucleon) and explore alternative mecha-
nisms of dissociation that may gradually take over.
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