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Elastic and inelastic cross sections calculated within the CDCC approach
for deuteron induced reactions
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Abstract. The Continuum Discretized Coupled Channels (CDCC) equations have been extended to rotational nuclei.
Within this approach, the deuteron breakup channels and the target excitations are treated simultaneously and one
can calculate both the elastic and the inelastic cross sections. Comparisons of the calculated elastic and inelastic
differential cross sections with experimental data have been performed for deuteron incident on 116Sn, 90Zr at 183 MeV
and on 70Ge, 72Ge, 24Mg, 16O at 171 MeV. Calculations have also been done for 24Mg and 12C targets for incident
energies between 60 and 90 MeV. A satisfactory overall agreement has been obtained.

1 Introduction

Breakup channels can play a crucial role when dealing with
reaction mechanism involving weakly bound projectile. The
Continuum Discretized Coupled Channels (CDCC) method
[1,2] is a three-body problem approximation which has been
developped to take explicitly into account these breakup chan-
nels. Initially proposed to describe deuteron induced reactions,
it has been widely studied from a theorical point of view
and quite successfully compared with experimental data (see
e.g., [3–6]). It has been more recently used and extended
to describe reactions involving halo nuclei improving our
knowledge of these exotic systems (see e.g., [7] and references
therein). Nevertheless, as far as we know, few calculations
involving both the projectile breakup and the target excitations
have be performed [5]. Therefore I propose in this paper to
present some recent results where the target excitations and the
projectile breakup are treated on the same footing for deuteron
induced reactions. This contribution is organized as follows.
In the second section, I will briefly remind the formalism and
hypotheses. The third section is devoted to the comparison
with experimental data.

2 Formalism and hypotheses

I have assumed that
– the target spectrum is a rotational one;
– the deuteron and proton-neutron continuum model space

can be limited to 3
1S and 3

1D waves;
– the continuum can be discretized by the means of 4 bins;
– no closed channel has been used to describe the conti-

nuum.
The wave function of the system |ΦJT MT 〉with total angular

momentum JT and projection MT along the z-axis can be
written as

|ΦJT MT (ρ, R)〉=
∑

ilS IpLJIt

Uc(R) iL

×
[[[
ϕil(ρ) ⊗ χS

]Ip ⊗ YL(R̂)
]J ⊗ ψIt (ξt)

]JT

MT

(1)

a Presenting author, e-mail: huu-tai.chau@cea.fr

where ρ, R and ξt represent the proton-neutron relative coor-
dinates, the proton-neutron center of mass ones and the target
variables, respectively. In equation (1), c denotes the channel
labeled by (i l S Ip L J It) where

– i is the bin number for the proton-neutron wave function
(0 ≤ i ≤ 4);

– l denotes the orbital angular momentum of the relative
motion between the proton and the neutron: l = 0 or 2;

– S = 1 is the spin of the proton-neutron;
– Ip is obtained by coupling l and S ;
– L is the orbital angular momentum associated to the

motion of the proton-neutron center of mass;
– J is the coupling between L and Ip;
– It is the spin of the target level.

ϕil and ψIt represent the deuteron wave function and the target
state.

The total hamiltonian of the system can be written as

Ĥ = T̂R + VpA(rp, ξt) + VnA(rn, ξt) + VCoul + Ĥpn + ĤA (2)

with

Ĥpn ϕil(ρ) = εi ϕil(ρ) and ĤA ψIt (ξt) = ε̂It ψIt (ξt). (3)

Following the work of Tamura [8], one finds that, for
rotational nuclei, each optical potential VaA(ra, ξt) (a = n or
p) can be expressed as

VaA(ra, ξt) =
∑
λµ

√
4π

2λ + 1
V (λ)

aA (ra)Dλ
µ0(Θk)Yλµ(θa, φa) (4)

where Θk (k = 1, 2, 3) denote the Eulerian angles. In equation
(4), V (λ)

aA depends only on the radial variable ra and on the de-
formation parameters of the target. The main difficulty stems
from the fact that, in equation (4), the potential depends on the
angular variables of the nucleon. This technical issue can be
solved by using solid spherical harmonics and the appropriate
addition theorem [9] thus the nucleon-target optical potential
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Fig. 1. Ground state bands for 12C, 24Mg and 70Ge targets. Only the
24Mg one exhibits rotational features.

can be rewritten as

VaA(ra, ξt) =
∑
λµp

V (λ)
aA (ra)xp

aRpyλ−p
a ρλ−p

rλa
Dλ
µ0(Θk)

√
4π(2λ + 1)!

(2(λ − p) + 1)!(2p + 1)!

[
Y p(R̂) ⊗ Yλ−p(ρ̂)

]λ
µ

(5)

where ra = xa R + ya ρ and 0 ≤ p ≤ λ.
One can then obtain the set of coupled differential equa-

tions[
− �

2

2µR

(
d2

dR2
− L(L + 1)

R2

)
+ Fc c(R) + VCoul(R) − Ec

]
Uc(R)

= −
∑

c′
Fc c′ (R)Uc′(R) (6)

with Ec = E − εi − ε̂It and where the coupling Fc c′ =
〈i l S Ip L J It; JT MT |VpA + VnA|i′ l′ S ′ I′p L′ J′ I′t ; JT MT 〉 is de-
rived using equation (5) and the Wigner-Eckart theorem.

The solutions must satisfy the following boundary condi-
tions

Uc(R)→ δc0cu−L(PcR) +
√

Pc/Pc0 S c0 cu+L(PcR) (7)

where c0 denotes the elastic channel and u−L , u+L are the
incoming and outgoing Coulomb wave functions, respectively.

The S -matrix elements and the cross sections are calcu-
lated from these solutions.

3 Comparison with experimental data

All the calculations have been performed by using the Koning-
Delaroche parameterization for the nucleon-target optical
potentials. The spin-orbit interaction has been set to zero. Only
the first 2+ excited level of the target has been taken into
account.

3.1 116Sn, 90Zr, 70Ge, 72Ge, 24Mg and 16O targets
at intermediate energies

Baümer et al. [10] and Korff et al. [11] have studied the
deuteron elastic and inelastic scattering on 116Sn, 90Zr at
183 MeV and on 70Ge, 72Ge, 24Mg, 16O at 171 MeV. Even
if many of these nuclei can not be considered as rotational
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Fig. 2. Elastic and inelastic cross sections on the first 2+ for deuteron
incident on 116Sn, 90Zr at 183.0 MeV and on 70Ge, 72Ge, 24Mg, 16O at
171.0 MeV [10,11]. The solid lines and the dots represent the CDCC
calculations and the experimental data, respectively.

Table 1. β2 deformation parameters.

116Sn 90Zr 70Ge 72Ge 24Mg 16O 12C

β2 0.2 0.2 0.2 0.2 0.4 0.2 −0.47

systems (some ground state bands are plotted in fig. 1). I have
tried to analyse these data with the model presented in the
previous section. The values of the deformation parameters
used are summarized in table 1. On the left part of figure 2, the
ratios of the differential elastic cross sections to the Rutherford
cross sections have been plotted. The solid lines and the dots
represent the curves obtained by the CDCC calculations and
the experimental data, respectively. The targets are indicated
next to the curves. On the right part of this figure is drawn the
inelastic cross sections on the first 2+. The CDCC results are
plotted as solid lines and the dots represent the experimental
data. The curves and the data points at the top represent
true values, while the others are offset by factor 10, 100,
etc. For the elastic cross sections, one observe quite a good
agreement with the experimental data for both the amplitude
and the diffraction patterns except for 72Ge. For this target, the
amplitude of the calculated cross section becomes to large for
angles larger than 15 degrees. A good agreement has also been
obtained for the inelastic cross sections.

3.2 12C target

In [12], Aspelund et al. have measured the elastic and inelastic
deuteron scattering on 12C target at 60.6, 77.3 and 90.0 MeV.
They have analysed these data within a coupled channel
approach using an ajusted optical potential and they concluded
that the quadrupole deformation parameter β2 had to be set to
−0.48 to reproduce the inelastic cross sections. Hinterberger
et al. have measured the elastic cross section at 52 MeV [13]
and Ishida et al. have measured the elastic and the inelastic
cross sections at 53 MeV [14]. Their results are depicted as full
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Fig. 3. Elastic and inelastic cross section for deuteron incident on
12C target at 52 [13,14], 60, 77 and 90 Mev [12]. The experimental
data are represented by dots while the CDCC calculations are plotted
with solid lines. The incident energies used in the calculations are
indicated in MeV near the curves.

and open symbols in figure 3, respectively. I have performed
calculations within the CDCC approach assuming that the
quadrupole deformation parameter is −0.47. The results are
plotted in figure 3: the ratios of the differential elastic cross
sections to the Rutherford cross sections and the inelastic cross
sections have been plotted on the left part and the right one,
respectively. The incident laboratory energies are indicated in
MeV next to the curves.

From these curves one can note that

– Some discrepancies are observed at the four energies for
the elastic cross sections: there is a slight phase shift
between the experimental diffraction patterns and the cal-
culated ones. At 90 MeV, the amplitudes are not very well
reproduced.

– Quite a good agreement is obtained for the inelastic cross
sections.

To explain these differences between the calculations and the
experimetal data, one can firstly note that the adopted nucleon-
target optical potential parameterization has been proposed
for nuclides in the mass range 24 ≤ A ≤ 209. Thus one
should not expect to find a perfect agreememt for the 12C
target. Then as seen in figure 1, the spectrum of this target
is not a rotational one and the chosen model is certainly not
the best one to describe the reaction mechanism and the target
excitation. Despite these crude hypotheses, the experimental
trends are quite well reproduced by the calculations and it
should be emphasize that there is no free parameter in these
CDCC calculations.

3.3 24Mg target

Among all the nuclei considered in this paper, the 24Mg target
is almost the only one that can be seen as a rotational system.
Furthermore a large set of experimental data is available since
Kiss et al. [15] have performed study of elastic and inelastic
deuteron scattering on 24Mg for incident energies ranging
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Fig. 4. Elastic and inelastic cross section for deuteron incident on
24Mg target at 60, 62, 64, 66, 68 and 70 Mev [15]. The experimental
data are represented by dots and the CDCC calculations are plotted
as solid lines. The incident energies are indicated in MeV near the
curves.
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Fig. 5. Elastic and inelastic cross section for deuteron incident on
24Mg target at 72, 74, 76, 78, 80 and 90 Mev [15]. The experimental
data are represented by dots while the CDCC calculations are plotted
as solid lines. The incident energies are indicated in MeV near the
curves.

from 60 to 90.0 MeV. Thus the comparison with these data
provides a good test of the validity of the CDCC formalism.
The experimental results are plotted as dots in figures 4 and 5.

From the elastic cross sections, Kiss et al. have determined
a set of parameters for a surface absorbing optical potential
that gives the best fit of the data and with these parameters,
they have deduced the quadrupole deformation parameter that
gives the best agreement with the inelastic cross sections
within the coupled channel framework. This value for β2 is
found to be 0.4. I have used this parameter while building the
optical potentials by folding of the nucleon-target potentials.
The results are represented as solid lines in 4 and 5. One
can note that there is a good agreement between the CDCC
calculations and the experimental data for both the elastic and
the inelastic cross sections.
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4 Conclusion

I have proposed an extension of the CDCC method for
deuteron induced reaction which takes into account both the
deuteron breakup and the target excitations for rotational
nuclei. It has been applied to analyse some experimental
data at intermediate energies and energies ranging from 60 to
90 MeV for 116Sn, 90Zr, 70Ge, 72Ge, 24Mg, 16O and 12C targets.
Emphasizing the fact that there is no ajusted parameter, the
agreement is quite good even if some improvement have to be
achieved for Ge and C targets.

I would like to thank my colleagues of the Service de Physique
Nucléaire. I also thank the exploitation staff of the Centre de Calcul
Recherche et Technologie where the calculations have been partly
performed.
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