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Abstract
In 1980s Ichimura, Austern and Vincent [Phys.Rev.C 32, 431
(1985)] proposed a quantum mechanical theory to study the problem
of inclusive breakup cross sections in the nuclear reactions. Using the
DWBA version of this model, applications to deuteron and 6 Li inclusive breakup reactions are presented and compared with some available
data.
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Introduction

The breakup of a nucleus into two fragments is an important mechanism
in nuclear reactions, especially when one of the colliding nuclei is weakly
bound. For example, a + A → b + x + A, where a = b + x. If both fragments
(b and x) are detected, the reaction is said to be exclusive. In addition, when
all the fragments and target are emitted in their ground state, it is called
Elastic Breakup (EBU). On the other hand, if only one of the fragments
(say,b) is detected, the reaction is inclusive. This includes the EBU, and
also the target (A) excitation, the fusion of x with A, and the exchange
of particles between x and A, which are globally referred to as Nonelastic
Breakup (NEB).
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The problem of calculating inclusive breakup cross sections was studied
in 1980s by Pampus et al. [1], with the works of Udagawa and Tamura [2]
and Austern and Vincent [3] appearing later. In [1–3], the authors considered the reactions in which the projectile is broken up into two fragments.
These processes can be represented as a + A → b + B ∗ , where B ∗ is any possible state of the x + A system. This includes the elastic scattering of x + A,
which corresponds to the EBU, and non-elastic x+A scattering, which gives
rise to the NEB processes deﬁned above. In [2], Udagawa and Tamura described this problem in the prior form DWBA formalism, whereas Austern
and Vincent used the post form [3]. The later was reﬁned by Kasano and
Ichimura [4], who found a formal separation between EBU and NEB contributions. These results were carefully reviewed by Ichimura, Austern and
Vincent [5] and the model was subsequently referred to as IAV formalism.
In this contribution, we have applied the ﬁnite-range DWBA version
of IAV formalism [5, 6] to diﬀerent inclusive breakup reaction systems and
compared with the available data.

2

Theoretical formulation

Following Ichimura, Asutern and Vincent [5]. We write the process under
study as,
a(= b + x) + A → b + B ∗ ,
(1)
in which a projectile a colliding with a target A breaks into two fragments,
b and x. We assume that only b is observed in the experiment and therefore
the corresponding experimental cross section will correspond to a sum over
all possible ﬁnal states of the x + A system. This process will be described
with the Hamiltonian
H = K + Vbx + UbA (rbA ) + HA (ξ) + VxA (ξ, rx ),

(2)

where K is the total kinetic energy operator, Vbx is the interaction between
the clusters b and x in the projectile a, HA (ξ) is the Hamiltonian of the
target nucleus (with ξ denoting its internal coordinates) and VxA and UbA
are the fragment–target interactions.
Note that we make a distinction between the two cluster constituents;
the interaction of the fragment b, the one that is assumed to be detected in
the experiment, is described with an optical potential. Non-elastic processes
arising from this interaction (e.g. target excitation), are included through
UbA . The particle b is said to act as spectator. On the other hand, the
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interaction of the particle x with the target retains the dependence of the
target degrees of freedom (ξ).
Using the post form DWBA, the inclusive breakup diﬀerential cross section, as a function of the angle and energy of the fragment b, is given by

2π
d2 σ
(−)
2
c
=
ρ(Eb )
|χb ΨcxA |Vpost |χ(+)
a φa | δ(E − Eb − E )
dEb dΩb
h̄va
c

(3)

where Vpost = Vbx + UbA − UbB and c labels the states of x-A system. In the
theory of IAV, they used Sokhotski–Plemelj theorem [7] and the Feshbach
optical reduction, leading to the NEB diﬀerential cross section:


d2 σ 
2
=−
ρb (Eb )ψx |Wx |ψx 

dEb dΩb NEB
h̄vi

(4)

where ρb (Eb ) = kb μb /((2π)3 h̄2 ) is the density of states for the particle b,
Wx is the imaginary part of the optical potential Ux which describes x + A
elastic scattering. The function ψx , which represents the x − A relative
motion when the target in the ground state, veriﬁes the equation
(−)

(Ex+ − Kx − Ux )ψx = (χb |Vpost |χa φa ,

(5)

(−)

where Ex = E − Eb , χb is the distorted-wave describing the scattering of
b in the ﬁnal channel with respect to B ∗ .

3

Calculations

In this section, we present calculations for reactions induced by deuteron
and 6 Li projectiles, and compare with the available experimental data. In
all cases, we compute the separate contributions for the elastic (EBU) and
non-elastic (NEB) breakup cross sections. For the former, we use the CDCC
formalism [8], using the coupled-channel code FRESCO [9]. For the NEB
part, we use Eq. (4). The intrinsic spins are ignored in the NEB Calculations.
First we consider the d+118 Sn reaction at Ed = 56 MeV and compare
with the data from Ref. [10]. These data were already analyzed in Ref. [11],
using the zero-range version of the post-form DWBA formula.
In the CDCC calculations the deuteron breakup is treated as inelastic
excitations to the p-n continuum. These p-n continuum states are truncated
in excitation energy and discretized in energy bins. For the p-n interaction,
we consider the simple Gaussian form of Ref. [8]. The proton-target and
neutron-target interactions are adopted from the global parametrization of
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Figure 1: Experimental and calculated double diﬀerential cross section, as a function of the outgoing proton energy, for the protons emitted in the 118 Sn(d,pX)
reaction with angles of 9.5o (left panel) and 30o (right panel) at incident energy of
56 MeV.

Koning and Delaroche (KD) [12], omitting the spin-orbit term, and evaluated at half of the deuteron incident energy. For the NEB calculations, we
use also the KD parametrization for the proton-target and neutron-target
interactions, but evaluated at the corresponding proton (Ep ) and neutron
(En ) energies. In DWBA, one needs also the incoming channel optical potential (d+118 Sn), which is taken from Ref. [13].
In Fig. 1 we compare the experimental and calculated inclusive double
diﬀerential cross section, d2 σ/dEp dΩp , corresponding to diﬀerent proton
angles as a function of outgoing proton energy in the laboratory frame.
The dotted line is the EBU calculation, which is found to underestimate
the data. The dashed line is the calculation for the NEB part. The solid
line is the sum of the EBU and NEB contributions. It is seen that for the
smaller angle (θp = 9.5o ), the contribution of EBU is comparable with NEB,
whereas for the larger angle (θp = 30o ), the inclusive breakup cross section
is largely dominated by the NEB contribution. The summed EBU and NEB
contributions reproduce reassembly well the magnitude and shape of the
data.
As a second example, we calculate the inclusive α cross sections for the
reaction 6 Li+159 Tb at bombarding energies of 27 MeV and 35 MeV and
compare with the data from [14]. The 6 Li nucleus is treated within a twocluster model (α + d). The EBU contribution is obtained from the CDCC
calculations. The α − d interaction is taken from [15]. The d−209 Bi and
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Figure 2: Experimental and calculated diﬀerential cross section angular distribution
for the 159 Tb(6 Li,αX) reaction at energies of 27 MeV (left panel) and 35 MeV (right
panel).

α−159 Tb optical potentials are taken from Refs. [13] and [16], respectively.
For the NEB calculation we adopt the same optical potential of α/d+159 Tb
as used in the CDCC calculations. For the 6 Li+159 Tb optical potential we
adopted the parametrization of Cook [17].
In Fig. 2, we compare the calculated and experimental angular distributions of α particles, for the two considered energies of 6 Li. The dotted
line is the calculation of EBU, which only contributes signiﬁcantly at the
very forward angles, whereas the dashed line is the result of NEB, which
dominates the whole range of α production except the smallest angles. The
summed EBU + NEB cross sections (thick solid lines) reproduce fairly well
the shape and magnitude of the data.

4

Conclusion

In summary, we have investigated the problem of inclusive breakup in reactions induced by weakly bound nuclei. For the EBU part, we have considered
the CDCC method, whereas for the NEB part, we revisited the model proposed by Ichimura, Austern and Vincent. We have performed calculations
for 118 Sn(d, pX) and 169 Tb(6 Li,αX), ﬁnding in both cases a good agreement
with existing data and a dominance of the NEB contribution. Calculations
for other systems are underway.
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