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Target-mass dependence of the break-up of halo nuclei
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Abstract

Nuclear dissociation cross sections for halo nuclei have been assumed by various authors to have aA1/3 dependence on the
target mass. These cross sections have also been considered to be a sum of the nuclear and Coulomb components. Explicit
calculations of the break-up of19C induced by various targets show that both of the above assumptions become invalid for halo
nuclei. 2001 Published by Elsevier Science B.V.

PACS: 21.60.-n; 23.20.Js

During recent years, the break-up of exotic halo
nuclei has been investigated both theoretically and
experimentally by several groups [1–6]. One of the
main motivations of these studies is the possibility
of determining, in selected cases, the astrophysical
S-factor. In fact, if the predominant contributions to
the dissociation mechanism were due to first-order
electromagnetic transitions into the continuum, the
observed cross section could be related to those of the
inverse photo-capture reaction process.

To apply this procedure, however, it is necessary to
justify the absence of a significant nuclear contribution
to the relevant excitation amplitudes. To this end it has
been argued that the Coulomb and nuclear break-up
processes are associated with rather distinct regions of
the impact parameter range. In such case Coulomb–
nuclear interference needs not be considered and the
total break-up cross section would simply be the sum
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of those associated with the individual processes. Ac-
cording to this picture, Coulomb-induced break-up
emerges, naturally, from the large impact parameters.
Nuclear dissociation results, on the other hand, from
a narrow band of grazing partial waves which — at
very high bombarding energies — corresponds to im-
pact parameters close to the sum of the radii of the col-
liding nuclei [7]. Note that this last sentence immedi-
ately suggests that the nuclear break-up cross sections
should follow aA1/3-dependence on the target mass
(which is also the prediction of the Serber model [8],
based on purely geometrical arguments). Such a scal-
ing law has been invoked in halo-nuclei to establish
a connection with the (small) nuclear break-up cross
sections measured for stable systems [9,10]. Thus,
“pure” Coulomb break-up cross sections have been
obtained after the subtraction on theestimated nuclear
contribution. Of particular interest is the case of the
nucleus19C, which is so far the heaviest halo nucleus
experimentally studied [10]. The determination of the
ground state configuration and neutron separation en-
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ergy have been recently the subject of several theoreti-
cal investigations. Most of their conclusions have been
based on the comparison with the scaled experimental
cross section [11,12].

In this Letter we show that these considerations
are not valid when applied to the break-up of halo
nuclei. In fact, it is known that the transition den-
sities of weakly-bound systems extend to unusually
large radial distances [4,13–15]. One no longer en-
joys a clear separation between the ranges of impact
parameters leading to either Coulomb or nuclear dis-
sociation and, consequently, Coulomb–nuclear inter-
ference inevitably plays an important role. To illus-
trate this problem and to investigate the dependence
of the nuclear break-up cross sections of halo nuclei
on the target mass, we have performed calculations for
the break-up of19C induced by three different targets
(12C, 58Ni and208Pb) atE/A = 67 MeV.

To recreate the conditions of a normal, stable pro-
jectile, we first place the last neutron of19C in a
2s1/2 state with an artificially large binding energy
of 10 MeV. The single-particle wave function is ob-
tained as an eigenstate of a Woods–Saxon potential
whose depth is adjusted to yield the assumed bind-
ing energy. The neutron continuum states are calcu-
lated with the same potential. Projectile break-up is
treated as an inelastic transition to a discretized set of
continuum states, ignoring higher-order continuum–
continuum couplings which are expected to diminish
their importance at high bombarding energy [16]. The
details of the evaluation of the Coulomb and nuclear
form factors and that of the break-up amplitudes have
been previously summarized in Ref. [14]. For the ion–
ion optical potential the parametrization of Akyuz–
Winther [17] has been used for the real part, while
for the imaginary part we have used the same geome-
try and half its strength. The sensitivity of the results
to the choice of the radius of the absorptive poten-
tial has been discussed in Ref. [14] To illustrate our
point in a simple case, we consider here only dipole
transitions for both the Coulomb and nuclear break-up
processes, as they are considered to be predominant in
this process. We have included in the calculation tran-
sitions to a bound 1p1/2 state whose binding energy
has been chosen to be 3 MeV.

In the left-upper panel of Fig. 1 we show, for the
three targets, the dependence of the differential nu-
clear break-up cross sectiondσ/db as a function of

the impact parameterb. Note that the total nuclear
cross sections, whose value is indicated close to each
curve, roughly scale with the target mass asA1/3. The
other figures of the left panel of Fig. 1 show that, al-
though the Coulomb and nuclear contributions origi-
nate in different regions of the impact parameter (the
nuclear being peaked at the grazing and the Coulomb
extending smoothly to large impact parameters) there
is an appreciable effect of interference.

We now move to therealistic case of19C where the
last neutron has been estimated to be bound by only
530 keV [10]. We have considered in the calculations
transitions to p1/2 continuum states, but similar qual-
itative features apply when also the transitions to the
p3/2 states are included. We first consider the case of
a 208Pb target. The nuclear and Coulomb form factors
are shown in Fig. 2 for the coupling to p1/2 states at a
continuum energy of≈ 0.35 MeV, which corresponds
to the peak in theQ-distribution. As anticipated, the
nuclear form factor now extends to large distances and
cannot be neglected in comparison to the Coulomb
form factor up to around 25 fm. In Fig. 3 the contin-
uum energy dependence of the nuclear and Coulomb
form factors are shown for a fixed distance of 20 fm.
Even at this large distance, both form factors are com-
parable in magnitude. Thus, one would expect con-
siderable nuclear–Coulomb interference over a large
range of impact parameters. This is seen in Fig. 4,
where the differential break-up cross sectionsdσ/db

are shown as a function of the impact parameter. It is
clear that one has to go much beyond 25 fm in impact
parameter before the cross section is well described
as a pure Coulomb dissociation process (this would
correspond to very small forward angles in the angu-
lar distribution). In the rest of the impact parameter
range there is clear evidence of nuclear–Coulomb in-
terference. This is also seen in Fig. 5a, where we show
the differential break-up cross sections as a function of
the continuum energy, integrated over all impact para-
meters. The break-up cross section clearly shows the
presence of a large interference between the nuclear
and Coulomb contributions. Note that the Coulomb
and nuclear break-up amplitudes are in phase in the
case of19C because the neutron halo has an effective
negative charge. This feature persists even if one re-
stricts the analysis to the most forward-angles. As an
example, in Fig. 5b we consider only the contribution
to the cross sections from impact parameters larger
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Fig. 1. Differential break-up cross sections as a function of the impact parameter. The three curves in each frame refer to the break-up of19C
on 12C (dotted),58Ni (dashed) and208Pb targets (solid), at a bombarding energy ofE/A = 67 MeV. In the left panel the considered transition
is from a well bound (EB = 10 MeV) 2s1/2 state in19C to a bound 1p1/2 state, while in the right panel, we consider the realistic case of a
transition from a weakly bound (EB = 530 keV) 2s1/2 state to all integrated p1/2 states in the continuum. The different frames refer to the
cases in which either the nuclear, the Coulomb break-up, or both are considered. Values of the total cross sections are indicated close to each
curve.
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Fig. 2. Radial dependence of the nuclear and Coulomb form factors
for the coupling from the bound 2s1/2 state in19C (Eb = 530 keV)
to the p1/2 states at a continuum energy of 0.35 MeV. The case of a
208Pb target is considered.

Fig. 3. Same as in Fig. 2, but as a function of the continuum energy,
at a fixed distance of 20 fm.

than 15 fm. In a pure Rutherford trajectory this corre-
sponds to an angle of about 2.5 degrees. Although the
nuclear contribution is small in itself, the effect due to
the interference is still quite large.

Fig. 4. Differential break-up cross sections as a function of the
impact parameter. The calculation has been performed for the
break-up of19C on a 208Pb target, at a bombarding energy of
E/A = 67 MeV. The considered transition is from the bound 2s1/2

state in19C (Eb = 530 keV) to all integrated p1/2 states in the
continuum. The different curves refer to the case in which either
the Coulomb or the nuclear break-up, or both, are considered.

We now consider the question of the target-mass
dependence of the nuclear break-up cross section and
show results for the systems19C+12C, 19C+58Ni and
19C + 208Pb. The differential break-up cross sections
are given as a function of the impact parameterb

in the right panel of Fig. 1 The lowest figure shows
the total cross section for the three targets12C, 58Ni
and 208Pb, while the upper two figures show the
corresponding results for the nuclear and Coulomb
components. The values of the total cross sections
are given close to each curve, showing again a large
interference effect. Comparing with the left panel one
can see that the nuclear contribution now exhibits a
quite different dependence with the target mass. The
total nuclear cross sections for the different targets,
normalized to those of the lightest target considered,
12C, are plotted in Fig. 6 for both a “normal”, or
well bound,19C projectile and for the realistic case
of a halo19C projectile. These values are compared
in the figure with the predictions of scaling rules
with A1/3 and A, respectively. One can conclude
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Fig. 5. Differential break-up cross sections as a function of the
energy in the continuum. The calculation has been performed
for the break-up of19C on a 208Pb target, at a bombarding
energy ofE/A = 67 MeV. The considered transition is from the
bound 2s1/2 state in19C (Eb = 530 keV) to p1/2 states in the
continuum. The different curves refer to the case in which either
the Coulomb or the nuclear break-up, or both, are considered. In (a)
the contributions from all impact parameters are included, while in
(b) only the peripheral impact parameters larger than 15 fm have
been considered.

that the total nuclear cross sections approximately
scale linearly with the target mass, at variance with
the approximatelyA1/3 dependence obtained for a
well bound projectile. This is a consequence of the
extended transition density in the halo projectile and
results in a behavior somewhat similar to the one
associated with the Coulomb mechanism in ordinary
nuclei.

In summary, we have shown that the nuclear break-
up of halo nuclei displays features that are at variance
with those characteristic of processes involving stable
systems. In particular the long range of the nuclear

Fig. 6. Total nuclear cross sections for each target, normalized to
those corresponding to the target12C as a function of the target mass
(full lines) for both a well bound (n) and a halo (h)19C projectile.
These curves are compared with the predictions ofA1/3 and A

scaling rules (dotted lines).

formfactors leads to a target-mass dependence of the
nuclear cross section considerably stronger than the
familiar A1/3 scaling law and to a more effective
Coulomb–nuclear interference.
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