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Abstract

Elastic scattering angular distributions of 16O + 12C in the center of mass energy range from 8.55 MeV
to 56.57 MeV have been analyzed considering the effect of the exchange of an alpha particle between
projectile and target leading to the same nuclei of the entrance channel (elastic-transfer). An alpha particle
spectroscopic factor for the ground state of the 16O was determined.
© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

Alpha clustering in nuclei has been a subject of intense investigations since the 1950’s until
nowadays [1–3]. Light nuclei composed of an integer number of alpha particles such as 8Be, 12C,
16O and others (α-nuclei) are known to present excited levels which are well described in terms
of alpha cluster models. The well-known Hoyle state in 12C [4] has a triple-alpha structure at
7.65 MeV excitation energy, just above the 7.27 MeV 8Be+α threshold, which is responsible for
the carbon synthesis in the universe. Several excited states of the 16O are also known to present
considerably large α-spectroscopic factors and can be well described in terms of an α + 12C
cluster model [5].

Another indication of α-clustering is the large α-transfer cross section observed in heavier
α-systems such as 16O + 24Mg, 12C + 24Mg and 16O + 28Si. The Anomalous Large Angle Scat-
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tering (ALAS) observed in those systems, is characterized by an enhancement of the backward
angles differential cross section of the elastic, inelastic scattering and α-transfer reactions and
was extensively studied during the 1970 and 1980 [6]. The excitation functions of the elastic
scattering and reactions also present resonant-like structures which have been partially explained
in terms of the coupling to α-transfer channels [7,8].

Although, for the heavier systems cited above the role of the elastic-transfer process is not
totally established, in the case of lighter systems of adjacent masses its importance has been
recognized since earlier [9]. The alpha particle transfer from the 16O to the 12C leads to the
same nuclei of the entrance channel and might have an important contribution to the 16O + 12C
elastic scattering. The enhancement observed at backward angles in the 16O+ 12C elastic angular
distribution is probably due to the contribution of the elastic-transfer process 12C(16O,12C)16O,
since the backward angles of the elastic correspond to the forward angles of the transfer process.

A large amount of complete angular distributions of 16O + 12C scattering is available in the
literature and transfer codes [10] exist which include finite-range and recoil effects exactly al-
lowing a quantitative investigation of the effect of the elastic-transfer process.

In this paper we present a systematic analysis of elastic angular distributions of 16O + 12C
at several energies ranging from below up to about 6 times the Coulomb barrier. An Optical
Model analysis was performed using a double folding potential [11] for the real part and a vol-
ume Woods–Saxon for the imaginary potential whose parameters were adjusted to reproduce the
angular distributions at the forward angles. The effect of the elastic-transfer process was taken
into account in first order by adding the DWBA (Distorted Waves Born Approximation) transfer
amplitude to the elastic one. The α + 12C spectroscopic factor normalizes the transfer amplitude
and was adjusted to reproduce the backward angles cross section.

2. Analysis of the elastic scattering angular distributions

Both process, elastic scattering and elastic-transfer, are experimentally indistinguishable and
their amplitudes must be added taking into account that θelastic

c.m. = π − θ
transfer
c.m. . The total elastic

scattering differential cross section can thus be written as:

dσ

dΩ
(θ) = ∣∣f (0)(θ) + ftransfer(π − θ)

∣∣2 (1)

The zero order elastic amplitude f (0)(θ) was calculated in the Optical Model (U(r) = V (r)+
iW(r)) using the double folding potential [11] for the real part V (r) = Nr × Vfold(r) and a usual
volume Woods–Saxon shape

W(r) = W0

1 + exp(
r−Ri

ai
)

(2)

for the imaginary part. The normalization Nr of the real potential and W0, Ri , ai were adjusted
to reproduce the angular distributions at forward angles where the elastic amplitude dominates.

The transfer amplitude has been calculated in DWBA using the FRESCO [10] program and
added to the elastic one as stated in Eq. (1). For the elastic transfer process 12C(16O,12C)16O the
DWBA amplitude simplifies to:

T DWBA =
∫

drχ(−)∗(r)
〈
S1/2ϕ(ξ)

∣∣VαC + UCC − U(r)
∣∣S1/2ϕ(ξ)

〉
χ(r) (3)
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with ftransfer(θ) = 2π
h̄

√
μαμβ

kα

kβ
|T DWBA|2. χ(r) is the distorted wave function and has been ob-

tained from the elastic scattering analysis. UCC is the core–core potential and VαC is the α-carbon
bound state potential. As core–core potential UCC we used the São Paulo Optical Potential [11]
with the usual normalization Ni = 0.78 of the imaginary part. The bound state wave function
ϕα+12C(ξ) depends of the internal coordinates and was generated by solving the Schrödinger
equation in a real Woods–Saxon well VαC of radius R = 1.06 × (121/3 + 41/3) = 4.11 fm and
diffuseness a = 0.35 fm (WS2). The parameters have been obtained from elastic scattering data
of α+12C at low energy [12]. Here a diffuseness lower than the standard usual value a = 0.65 fm
is used in agreement with results of the analysis of alpha scattering [13] on heavier targets. The
depth of the potential was adjusted to reproduce the binding energy E = 7.16 MeV of the 16O
ground state. The number of nodes of the bound state wave function was determined by the Wil-
dermuth condition [14]: 2N + L = ∑4

i=1 (2ni + li ), where N is the number of nodes, L is the
angular momentum of the alpha cluster (N = 3 including the origin and L = 0 for the 16Ogs )
and ni and li are the quantum numbers of the Fermi levels (0p1/2) occupied by the nucleons

of the alpha cluster in the 16O. The spectroscopic amplitude S
1/2
〈16Ogs |12C〉 normalizes the bound

states wave function and was adjusted to reproduce the intermediate and backward angles cross
section.

3. Results and discussion

Experimental data of twenty angular distributions [15–17] have been analyzed. In Figs. 1
and 2, we show the fits and in Table 1 the corresponding optical model parameters and spectro-
scopic factors obtained.

Two calculations are presented, the dashed curves are the cross-sections obtained using the
elastic amplitude f (0)(θ) only, without considering the elastic-transfer and the solid curve is the
complete calculation, including the effect of the transfer. We observe that, at the lower energies,
the elastic amplitude dominates at forward angles and competes with the transfer amplitude in
the intermediate and backward angles region. As the energy increases the elastic amplitude drops
down and becomes less and less important at backward angles while the transfer dominates. For
instance, at Ec.m. = 21.86 MeV the elastic contribution is about 2 orders of magnitude lower than
the transfer at large angles near 180 deg. We see that above Ec.m. ≈ 20 MeV and for backward
angles (θ > 140 deg), the cross section is dominated by the elastic transfer process and can thus
be used to determine the α + 12C = 16Ogs spectroscopic factor.

3.1. Spectroscopic factors and Asymptotic Normalization Coefficients (ANC)

The resulting spectroscopic factors are presented in Table 1 and in Fig. 3. We see in Fig. 3 that
the spectroscopic factors show fluctuations with the energy which are probably due to the well-
known resonant-like behavior observed in the 16O + 12C excitation functions [18]. The average
of N = 20 values listed in Table 1 gives 〈Sα〉 = 1.58(10) where we quote the estimated error
of the mean as σsd/

√
(N) where σsd is the standard deviation. If the outlying values at E =

13.01,17.28,19.40,25.50 MeV are disregarded, the standard deviation is considerably reduced
and the average value is decreased by about 9% to Sα = 1.45(3). The best fit at E = 23.14 MeV
gives Sα = 1.59.

A critical point in the DWBA analysis is the choice of the binding potential α+12C which
defines the transfer form factor of the DWBA integral. The spectroscopic factors are in gen-
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Fig. 1. 16O + 12C angular distributions (squares). The solid line is the result of the calculation considering the effect of
the elastic-transfer. Dashed line is optical model only. The dotted line is a guide to the eyes.

eral dependent of the binding potential parameters. To investigate this dependence, in Fig. 4
we compare the results with three different potentials, the WS2 used in the present analysis,
a potential determined from a folding procedure [20] and a standard potential (WS1) with
R = 1.25 × (121/3 + 41/3) = 4.85 fm and diffuseness a = 0.65 fm. In both cases the depths
of the potentials were adjusted to reproduce the binding energy and the number of nodes of the
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Fig. 2. 16O + 12C angular distributions (squares). The solid line is the result of the calculation considering the effect of
the elastic-transfer. Dashed line is optical model only. The dotted line is a guide to the eyes.

α+12C wave function. The obtained values of the spectroscopic factors are SWS1 = 1.08 and
Sfolding = 1.96. A similar dependence of the spectroscopic factors with the geometry of the bind-
ing potential has been observed in other works [9,21]. However, as the shape of the experimental
angular distributions at backward angles are much better reproduced by the potential WS2 we
take this as our main result.
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Table 1
Parameters of the optical potential and spectroscopic factors. V is the depth of the folding potential at r = 0 fm.

Ec.m.

(MeV)
W0
(MeV)

ri
(fm)

ai

(fm)
Nr V

(102 MeV)
Spectroscopic
factors

8.55 3.32 1.48 0.45 0.83 2.75 1.23
9.06 3.38 1.48 0.45 0.83 2.75 1.51

10.01 3.29 1.55 0.40 1.11 3.68 1.49
11.04 3.51 1.50 0.45 1.10 3.65 1.28
11.98 2.87 1.40 0.45 0.87 3.23 1.28
13.01 4.25 1.50 0.45 0.85 2.82 2.10
14.04 4.83 1.51 0.45 0.84 2.77 1.39
14.98 5.30 1.50 0.35 0.84 2.78 1.37
17.28 7.30 1.37 0.30 0.87 2.87 2.13
19.40 6.05 1.38 0.30 0.81 2.67 1.01
20.79 6.00 1.39 0.30 0.82 2.70 1.61
21.86 8.20 1.37 0.30 0.80 2.63 1.51
23.14 10.51 1.35 0.30 0.88 2.92 1.59
24.49 8.79 1.38 0.30 0.82 2.69 1.56
25.50 11.97 1.39 0.30 0.86 3.28 3.13
26.74 11.00 1.37 0.30 0.85 2.95 1.59
32.14 9.65 1.34 0.40 0.80 2.61 1.49
40.62 9.65 1.35 0.40 0.75 2.44 1.51
53.14 12.70 1.34 0.40 0.78 2.50 1.46
56.57 12.31 1.33 0.40 0.75 2.39 1.25

Fig. 3. Spectroscopic factors obtained as a function of the energy of the angular distributions. The dashed line is a guide
to the eyes.

In Table 2 we compare our results to others from the literature. Several works have been
performed in the past to obtain the 16O spectroscopic factor using the 12C(6Li, d)16O and
12C(7Li, t)16O reactions [22–25]. More recently the 16O breakup [26] has been analyzed by
Continuum Discretized Coupled Channels calculations CDCC and the ground state spectroscopic
factor and ANC have been obtained. We see that our spectroscopic factor is in reasonable agree-
ment with other works [9,19] that used the same reaction but in disagreement with the works that
use the 12C(6Li, d) and 12C(7Li, t) reactions.
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Fig. 4. 16O + 12C angular distribution at Ec.m. = 23.14 MeV (squares). a) The solid line is the result of the calculation
with the effect of the elastic-transfer using binding potential WS2. The dotted line uses WS1 and the dashed line the
folding potential (see text). b) is a zoom in the backward angles region.

Table 2
Alpha spectroscopic factors for 16Ogs .

Work Reaction Sα

This work 12C(16O,12C)16O 1.45–1.58
Refs. [22,23] 12C(6Li, d)16O 7.6–10
Ref. [24] 12C(7Li, t)16O 0.38
Ref. [25] 12C(6Li, d)16O 0.34
Ref. [26] 16O → α + 12C 5.41
Refs. [9,19] 12C(16O,12C)16O 1.0–2.0

The ANC coefficient is given by C2 = Sαb2 where b = ϕ(r)/W(r) is the single-particle ANC
calculated as the ratio between the bound state wave function and the Whittaker function in
the asymptotic region (r → ∞). We obtained C2 = 1.51 × 106 fm−1 for the potential WS2
and C2 = 1.15 × 107 fm−1 and C2 = 5.6 × 105 fm−1 respectively for the WS1 and folding
potentials. C2 = 194.786 fm−1 was obtained in Ref. [26]. It is expected that, for peripheral
reactions involving weakly bound nuclei, the ANC would be less sensitive to the bound state
potential parameters however this is obviously not the case here, probably due to the fact that the
α-transfer 12C(16O,12C)16Ogs cannot be considered as a peripheral reaction.

4. Conclusions

A systematic analysis of a total of twenty elastic angular distributions of 16O + 12C has been
performed considering the effect of the elastic-transfer of an alpha particle. We found that the
elastic-transfer is probably the process responsible for the backward rise of the differential cross
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section and becomes dominant as the bombarding energy increases. An average value of the
S〈12C|16Ogs 〉 spectroscopic factor has been obtained. The results presented here may have some

importance in further indirect determinations of the 12C + α rate.
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