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Abstract. Full finite-range macroscopic calculations in the distorted-wave Born approximation have been
performed using the molecular and Michel α-nucleus potentials to analyze the angular distributions of
cross-sections of the 27Al(α, d)29Si reaction, at 26.5 and 27.2 MeV incident energies, leading to seven
transitions up to the excitation energy EX = 4.08 MeV of the final nucleus. The parameters of the two
types of the α-nucleus potentials are determined from the elastic-scattering data. Both the molecular and
Michel potentials, without any adjustment to the parameters needed to fit the elastic-scattering data, are
able in most cases to reproduce, simultaneously, the absolute cross-sections particularly at large angles,
where the previous calculations failed to reproduce by orders of magnitude, and the gross pattern of angular
distributions of the reaction. The deuteron-cluster spectroscopic factors for most of the seven transitions,
deduced using the two α-27Al potentials, differ from those obtained in earlier works. The spectroscopic
factor for the ground-state transition, deduced in the present work for the 25.8 MeV data, agrees well with
the shell model prediction.

PACS. 25.55.Ci Elastic and inelastic scattering – 24.50.+g Direct reactions – 21.10.Jx Spectroscopic
factors

1 Introduction

Anomalous large-angle scattering (ALAS), observed in the
α-particle elastic scattering as well as the non-elastic pro-
cesses involving α-particles has been the focus of many
investigations over the last four decades [1–19] to unfold
the ultimate nature of the α-nucleus interaction. Recently,
ALAS in the elastic and inelastic scattering of α-particles
by silicon and magnesium isotopes and 27Al(α, t)28Si data
have been reasonably accounted for by using complex non-
monotonic or molecular and squared Woods-Saxon (WS)
or Michel potentials in the α-channel. However, the data
on the 28,29,30Si(α, d)30,31,32P and 28Si(α, p)31P are better
described by the use of the molecular potential in the α-
channel [16–18]. This exemplifies the dictum that the real
test for the validity of a potential set lies in its ability to
explain both elastic-scattering and non-elastic data [20].
As a further test of the α-nucleus potential in this mass
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region, we expand our study to the data of the elastic
scattering and deuteron-transfer reaction on 27Al.

The data of Kemper et al. [21] on the elastic scattering
of α-particles by 27Al in the incident-energy range 22.3–
27.5 MeV (lab) have been difficult to account for using the
WS optical potentials in a consistent manner. While the
22.3 and 23.3 MeV data favor shallow optical potentials for
description, the data at 24.9, 25.9 and 27.5 MeV need very
deep potentials. McFadden and Satchler [22] had a simi-
lar problem and had to employ a shallow potential to fit
the 24.7 MeV data of Budzanowski et al. [23]. Hence, it is
of interest to revisit these alpha-particle elastic-scattering
data, particularly those near the 27.5 MeV incident en-
ergy to extract the α-27Al potentials. These potentials can
be used in analyzing the 27Al(α, d)29Si reaction data of
Bland et al. [24] at 27.2 MeV, which exhibit ALAS and
where calculations in the distorted-wave Born approxima-
tion (DWBA) using the normal WS type of the optical-
model potential in the α-channel fail completely to de-
scribe the data at large angles.
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Skwirczyńska et al. [25] measured cross-sections of the
27Al(α, d)29Si reaction, averaged over incident energies
26.2, 26.45 and 26.7 MeV (lab). Their energy-averaged an-
gular distributions, in the angular range of 20–170◦(lab),
were analyzed in terms of an incoherent sum of contri-
butions from the Hauser-Feshbach statistical process and
the full finite-range DWBA theory using the optical-model
parameters of McFadden and Satchler at 24.7 MeV (lab),
outside the energy range 26–27 MeV of the data. They
could fit the large-angle data at the expense of poor fits
at the forward angles for some of the transitions. It would,
therefore, be of interest to re-examine these data, referred
to here simply as 26.5 MeV data.

In view of the above-mentioned points, the experimen-
tal data at 26.5 and 27.2 MeV of the 27Al(α, d)29Si re-
action, where both the target and final nuclei are odd in
mass number, are treated in macroscopic DWBA with full
finite range using the molecular and Michel α-nucleus po-
tentials. The DWBA analyses are carried out using the
simple d-cluster transfer to the target using the same po-
tential parameters, as those obtained from the best fit to
the elastic-scattering data, to test the performance of the
two potentials. It has been noted by Das et al. [16,18] that
the macroscopic spectroscopic factors for the cluster trans-
fer, introduced by Skwirczyńska et al. [25] and de Meijer
et al. [26] for the (α, d) reactions, are sensitive enough not
only to examine the α-nucleus potential, but also to test
shell model interactions, which generate the spectroscopic
amplitudes.

In sect. 2, the forms of the two α-nucleus potentials
used in the present work, are presented. The DWBA for-
malism and analyses are discussed in sects. 3 and 4, respec-
tively. Section 5 deals with the discussion on the results
of the analyses. The conclusions are given in sect. 6.

2 Alpha-nucleus potentials

The Michel potential [9,10] including the Coulomb term
VC(r) comprises of the following forms of the real VM(r)
and imaginary WM(r) parts:
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Here, Ri = riA
1/3
T (AT is the mass number of the target

and i = R,W,C), ai (i = R,W), and ρ are the geom-
etry parameters. V0, W0 and α determine the depths of

the potential. Z1 and Z2 are the atomic numbers of the
projectile and target, respectively.

The molecular potential [27,28], which has its roots
in a many-body theory utilizing the energy density func-
tional method [29], has the following forms for the real
Vm(r) and imaginary Wm(r) parts:
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The Coulomb potential VC(r) is again given by (3).
The real part is non-monotonic with a short-range repul-
sion. The Coulomb radius RC in the molecular potential
is the sum of the radii of the incident α-particle and the
target nucleus, and not simply equal to RC = rCA

1/3
T .

The parameters for the molecular and Michel types
of the α-27Al potentials are obtained from the best fits
to the elastic-scattering data of Kemper et al. [21] at the
incident energies in the range 22.3–27.5 MeV and of Ya-
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Fig. 1. Fits to the α-particle elastic-scattering data for 27Al at
22.3–27.5 and 64.5 MeV (laboratory) with the molecular (solid
curves) and Michel (dotted curves) potentials. Data are from
[21,30].



M.N.A. Abdullah et al.: α-nucleus interaction in 27Al(α, α)27Al and 27Al(α, d)29Si 479

Table 1. α-27Al potential parameters obtained from fitting the elastic-scattering data.

a) Molecular potential.

Eα V0 RR aR R1 V1 W0 RW RC JR/4A JI/4A χ2/N
(MeV) (MeV) (fm) (fm) (fm) (MeV) (MeV) (fm) (fm) (MeV · fm3) (MeV · fm3)

22.3 24.43 5.24 0.47 2.70 30.0 12.60 4.18 9.33 116.72 47.45 15.42
23.3 12.80 48.20 11.26
24.9 13.60 51.22 12.21
25.9 13.80 51.97 11.46
27.5 14.12 53.17 8.20
64.5 18.12 68.24 7.19

b) Michel potential.

Eα V0 RR aR α ρ W0 RW aW RC JR/4A JI/4A χ2/N
(MeV) (MeV) (fm) (fm) (fm) (MeV) (fm) (fm) (fm) (MeV · fm3) (MeV · fm3)

22.3 21.66 5.00 0.60 7.00 6.25 28.80 3.85 0.65 3.90 414.86 47.45 19.36
23.3 6.95 29.00 412.43 48.53 14.98
24.9 5.35 34.00 334.76 56.90 15.64
25.9 5.32 34.20 333.31 57.23 8.52
27.5 5.30 34.50 332.34 57.73 10.76
64.5 5.00 85.00 317.77 142.24 2.25

sue et al. [30] at 64.5 MeV. The χ2 minimization code MI-
NUIT [31] along with the optical-model code SCAT2 [32],
modified to incorporate the molecular and Michel poten-
tials, has been employed for the analysis of the elastic-
scattering data. The fits to the elastic-scattering data are
shown in fig. 1. The best-fit parameters are noted in ta-
ble 1.

3 Theory of DWBA formalism

In the absence of spin-orbit interactions, the differential
cross-section for an (α, d) reaction in the DWBA theory
with a full finite-range interaction (FFR) is given by [33]
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In eq. (7) µ’s and k’s are, respectively, the reduced masses
and wave numbers. The subscripts i and f refer to the
incident and outgoing channels, respectively. J is the to-
tal angular-momentum transfer. ρ1 = [n1l1j1] and ρ2 =
[n2l2j2] denote the orbital quantum numbers for the trans-
ferred nucleons in the final nucleus. β

1
2 [ρ1ρ2;J0] are the

spectroscopic amplitudes in the jj coupling for an angular-
momentum transfer J and an isospin transfer T = 0. The
large square bracket refers to the normalized 9-j symbol
involving the transformation from the LS to jj coupling
scheme [33]. BL

M describes the kinematical aspects of the
reaction. In eq. (7) the light-particle spectroscopic factor
c2s has been set to 1.0.

For macroscopic calculations in DWBA, no informa-
tion on the structure of the cluster is required. The overall
quantum numbers (N,L) are, however, related to the shell
model quantum numbers as follows:

2 (n1 + n2) + l1 + l2 = 2N + L. (8)

In eq. (8), the relative 0s-state internal motion of the
transferred cluster is assumed. This means that a par-
ticular L-value corresponds to only one value of N .

In the macroscopic model calculations, the differen-
tial cross-section for the direct transfer with multiple J-
transfers can be written with the incoherent sum over L-
transfers [16,18] as

dσ
dΩ

=
(2Jf + 1)
(2Ji + 1)

∑
LJ

SLJ

(
dσ
dΩ

)L

DW5

. (9)

Here SLJ , as introduced by [24,25], denotes the macro-
scopic spectroscopic factor for the transfer (L, J). The de-
pendence of the cross-section over J is dropped in the
assumed absence of spin-orbit interaction resulting in the
incoherent sum over L.

In the (α, d) reaction, the spin transfer S = 1 is unique.
Since eq. (8) assumes that the relative angular momentum
of the two transferred nucleons is 0 and remains so dur-
ing the interaction responsible for the transfer, the two
L-transfer values (for a particular J-transfer) given by
L1 = J − 1 and L2 = J + 1 are permitted for transition
to excited states with unnatural-parity transfers, but only
the L-transfer value L = J occurs for transition with a
natural-parity transfer. The ground-state spin of 27Al be-
ing Ji = 5

2 , the number of allowed J-transfers is multiple.
However, within the shell, to which the transferred par-
ticles go, there can be at best three possible L-transfers.
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Table 2. Potential parameters for DWBA calculations. The potential depth V for the bound states is adjusted to give the
separation energy of bound deuteron in alpha and final nucleus.

Channel α + 27Al α + 27Al d + 29Si d + d d + 27Al

Potential type Molecular Michel WS Bound state

Set I(a) II(a) 26.5 MeV 27.2 MeV

V0(MeV) 24.43 28.46 21.66 21.66 98.1 V V
RR (fm) 5.25 5.22 5.00 5.00 5.20 – –
rR (fm) – – – – 1.127 1.05 1.05
aR (fm) 0.47 0.537 0.60 0.60 0.848 0.50 0.86
V1 (MeV)/α 30.0 25.25 5.32 5.30 – – –
R1/ρ (fm) 2.70 2.563 6.25 6.25 – – –
W0 (MeV) 13.91 13.91 34.20 34.44 17.0 – –
RW (fm) 4.18 4.18 3.85 3.85 4.10 – –
aW (fm) – – 0.65 0.65 – – –
WD (MeV) – – – – 14.875 – –
rD (fm) – – – – 1.394 – –
aD (fm) – – – – 0.655 – –
rC (fm) – – – – 1.15 1.25 1.30
RC(fm) 9.33 3.90 3.90 3.90 – – –

(a) Details in text.

Denoting the cross-sections predicted for these three l-
values in the macroscopic calculations by the FFR code
DWUCK5 [34], respectively, by

(
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Here the sum extends over the three L-transfers L1, L2
and L3. Using eq. (10), one can deduce the spectroscopic
factors SL1 , SL2 and SL3 for the (α, d) reaction by com-
paring the predicted cross-sections with the experimental
data. The experimentally deduced total spectroscopic fac-
tor (SF) for a transition is then

S = SL1 + SL2 + SL3 . (11)

The macroscopic analysis offers a method to deduce the
cluster spectroscopic factors S, which may then be com-
pared to those calculated from theoretical models [24–26].

4 DWBA analysis

The macroscopic calculations in full finite-range DWBA
for the angular distributions have been performed using
the computer code DWUCK5 [34]. The code is modified
to include the Michel potential. Corrections due to non-
locality [34,35] of potentials in the conventional form have
been applied using the non-locality parameters β(α) =
0.2, β(d) = 0.54 and β(p) = 0.85 fm. In the calculations,
the molecular and Michel potentials have been employed
in the incident α-channel and the WS potential has been

used in the final d-channel. The energy-dependent poten-
tial parameters for the analysis in DWBA at 26.5 and
27.2 MeV incident energies are obtained from the interpo-
lation of the best-fit parameters of the elastic-scattering
data at nearby energies. The parameters of the molec-
ular and Michel potentials used in the DWBA analyses
are noted in table 2. The parameters of the Michel po-
tential for the two incident energies are given explicitly
in columns 4 and 5 of table 2. The parameters of the
molecular potential at Eα = 26.5 MeV are displayed in
column 2 as the set-I. The energy dependence for the
molecular potential is contained only in the depth param-
eter of the imaginary part, which is W0 = 14.1 MeV at
Eα = 27.2 MeV. Several sets of WS potentials in the d-
channel including the one of Fitz et al. [36] at somewhat
smaller energies have been tried, but only the one from
the work of Bland et al. [24], which produces good fits, is
noted in table 2.

The bound-state geometries (rR and aR) for the d-d
and d-27Al WS potentials, shown in table 2 are taken
from [25]. The bound-state wave functions for the trans-
ferred deuteron, in the projectile alpha and in the final
nucleus, have been generated by adjusting the depth of
the WS well for the correct deuteron separation energies.
At the start of calculations, the “accuracy parameters”
used in the code DWUCK5, which control the effective
width of wave numbers [34,37] in the expansion of the
distorted waves in terms of plane waves, have been as-
signed appropriate values for making the predictions of
zero-range calculations using DWUCK5, identical to those
from the zero-range code DWUCK4 [34]. This ensures the
necessary “convergence” for the integral for the zero-range
form factor, defined in eq. (3.9) of Charlton [37].

The cluster configurations of the transferred deuteron
for the different states of excitation are shown in table 3.
The spectroscopic factors SL, defined in eq. (10), are ex-
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Table 3. Cluster spectroscopic factors SL deduced using the molecular and Michel potentials.

Ex Jπ Cluster Cluster spectroscopic factor SL

configuration

(MeV) N, L Molecular Michel

26.5 MeV 27.2 MeV 26.5 MeV 27.2 MeV

0.0 1/2+ 1,2 0.75 ± 0.15 2.10 ± 0.15 0.90 ± 0.15 1.95 ± 0.15
0,4 0.15 ± 0.15 0.60 ± 0.15 0.00 ± 0.15 0.90 ± 0.15

1.273 3/2+ 2,0 0.08 ± 0.08 0.53 ± 0.08 0.00 ± 0.08 0.15 ± 0.08
1,2 0.45 ± 0.16 0.75 ± 0.15 0.54 ± 0.08 1.05 ± 0.12
0,4 0.37 ± 0.08 0.30 ± 0.08 0.38 ± 0.08 0.23 ± 0.08

2.028 5/2+ 2,0 0.10 ± 0.05 0.16 ± 0.05 0.00 ± 0.05 0.05 ± 0.05
1,2 0.20 ± 0.10 0.40 ± 0.10 0.20 ± 0.05 0.53 ± 0.10
0,4 0.10 ± 0.05 0.30 ± 0.05 0.40 ± 0.10 0.23 ± 0.05

2.426 3/2+ 2,0 0.00 ± 0.08 0.30 ± 0.08 0.08 ± 0.08 0.08 ± 0.08
1,2 0.30 ± 0.08 0.30 ± 0.08 0.30 ± 0.08 0.38 ± 0.08
0,4 0.08 ± 0.08 0.30 ± 0.08 0.08 ± 0.08 0.48 ± 0.08

3.067 5/2+ 2,0 0.00 ± 0.05 0.15 ± 0.05 0.00 ± 0.05 0.0
1,2 0.15 ± 0.05 0.40 ± 0.05 0.15 ± 0.05 0.70 ± 0.10
0,4 0.30 ± 0.05 0.15 ± 0.05 0.30 ± 0.05 0.0

3.623 7/2− 2,1 0.23 ± 0.04 0.45 ± 0.04 0.26 ± 0.04 0.68 ± 0.08
1,3 0.26 ± 0.04 0.90 ± 0.08 0.34 ± 0.04 0.53 ± 0.04
0,5 0.34 ± 0.04 0.30 ± 0.04 0.30 ± 0.04 0.38 ± 0.04

4.08 7/2+ 2,0 – 0.08 ± 0.04 – 0.0
1,2 – 0.23 ± 0.04 – 0.70 ± 0.10
0,4 – 0.45 ± 0.08 – 0.10 ± 0.10

Table 4. Comparison of total spectroscopic factors S for different transitions in the 27Al(α, d)29Si reaction, deduced from the
macroscopic calculations and STh calculated from theoretical models.

Ex Jπ L Cluster spectroscopic factors S STh

(MeV) Molecular Michel (a) (b) (a) (b)

26.5 27.2 26.5 27.2 26.5 27.2
MeV MeV MeV MeV MeV MeV

0.0 1/2+ 2+4 0.90 ± 0.21 2.70 ± 0.21 0.90 ± 0.21 2.85 ± 0.21 0.438 4.28 0.737 0.885
1.273 3/2+ 0+2+4 0.90 ± 0.20 1.58 ± 0.20 0.92 ± 0.14 1.43 ± 0.16 0.307 2.96 0.449 1.053
2.028 5/2+ 0+2+4 0.45 ± 0.12 0.86 ± 0.09 0.60 ± 0.12 0.81 ± 0.12 0.112 3.24 0.142 0.206
2.426 3/2+ 0+2+4 0.38 ± 0.14 0.90 ± 0.14 0.46 ± 0.14 0.94 ± 0.14 0.176 3.41 0.108 0.278
3.067 5/2+ 0+2+4 0.45 ± 0.09 0.70 ± 0.09 0.45 ± 0.09 0.70 ± 0.10 0.118 1.61 0.068 0.154
3.623 7/2− 1+3+5 0.83 ± 0.07 1.65 ± 0.10 0.90 ± 0.07 1.59 ± 0.07 0.238 – – –
4.08 7/2+ 0+2+4 – 0.76 ± 0.10 – 0.61 ± 0.11 – 1.86 – 0.060

(a) Skwirczyńska et al. [25].

(b) Bland et al. [24].

tracted by minimizing the χ2 defined by

χ2 =
∑

i

[
σexp (θi)− σDW (θi)

∆σexp (θi)

]2
, (12)

where σexp (θi) =
(
dσ
dΩ

)
exp

(θi) and ∆σexp (θi) are, respec-
tively, the experimental cross-section, as defined in eq.
(10), and its error at the scattering angle θi. σDW (θi)
is the cross-section predicted by the DWBA theory. The

deduced values of SL are noted in table 3. The total spec-
troscopic factors S for different transitions are listed in
table 4.

The predictions in DWBA with the molecular (solid
curves), and Michel (dotted curves) potentials are com-
pared to the observed data on the deuteron-transfer re-
action to the ground (1/2+), 1.273 (3/2+), 2.028 (5/2+),
2.426 (1/2+), 3.067 (5/2+), 3.623 (7/2−) and 4.08 MeV
(7/2+) states in fig. 2. The calculations, for Eα=26.5MeV
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Fig. 2. Comparison of the full finite-range macroscopic DWBA calculations for the (α, d) reaction leading to a) five even-
parity and one odd-parity states of 29Si at 26.5 MeV, and b) six even-parity and one odd-parity states of 29Si at 27.2 MeV to
the differential cross-section data. The solid and dotted curves are the predictions using the molecular and Michel α-nucleus
potentials, respectively. Data at 26.5 and 27.2 MeV are from [25,24].

shown in fig. 2a and those for Eα = 27.2 MeV in fig. 2b,
indicate that both molecular and Michel types of the α-
nucleus potential provide reasonable description of the
data for the reaction to the various states of excitation
of 29Si at both incident energies. Both potentials repro-
duce the correct magnitude of the cross-sections for the
transitions to the various states of the final nucleus.

5 Discussion

To generate the unambiguous sets of potential parameters,
the α-particle elastic-scattering data for several incident
energies have been analyzed. The parameters of the α-
nucleus potential, as noted in table 1, are consistent at six
incident energies including five in the range 22.3–27.5 MeV
for both the molecular and Michel types. Performance of
the molecular and Michel potentials in reproducing the α-
particle elastic-scattering data is much better than those
obtained by Kemper et al. [21]. The average χ2-values per
degree of freedom for fitting the elastic-scattering data at
these five incident energies are, respectively, χ2/N = 11.7
and 13.8 for the molecular and Michel potentials, which

figure much better than the corresponding best value 67.7
(χ2 = 4020) attained by Kemper et al. [21] using WS op-
tical potentials. The WS potentials in [21] are also incon-
sistent being shallow at some incident energies and deep
in other cases for the same set of data. It is worth noting
that although both the molecular and Michel potentials
produce a quality of fits similar to elastic-scattering data
for the adjacent nuclei at about the same incident ener-
gies [14], in the present case the Michel potential gives
somewhat inferior fits to the data, particularly at lower
incident energies (fig. 1).

It is evident from fig. 2a that although the calcula-
tions in DWBA for the incident energy of 26.5 MeV with
both the α-nucleus potentials fail to produce finer details
of the angular distributions, the overall fits to the data of
five even-parity transitions up to the 3.067 MeV excita-
tion energy and one odd-parity transition at 3.623 MeV
excitation of the final nucleus are reasonable over the en-
tire angular range. Figure 2b shows the same scenario at
27.2 MeV for seven transitions, up to EX = 4.08 MeV in-
cluding one to the odd-parity state. At both the energies
the fits to the data at large angles are better than those
attained in the previous studies [24,25]. Failure to gener-
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Table 5. Optimum L-transfers and L-transfers studied in the (α, d) reaction on 27Al at 26.5 MeV (present work), 28Si at
26 MeV [16], and 29,30Si at 25 MeV [18].

Target Eα Reaction EX Optimum L-transfers
Qgs (final nucleus) L-transfer range studied

(MeV) (MeV) (MeV) Lopt = |kiRi − kfRf |
27Al 26.5 −6.013 0.0–4.08 2.8–3.5 0,1,2,3,4,5
28Si 26.0 −12.00 0.0–5.42 3.9–5.1 0,2,4
29Si 25.0 −8.165 0.0–4.26 3.3–4.0 0,2,4
30Si 25.0 −10.84 0.0–3.02 3.8–4.4 0,2,4

ate the finer details of the angular distributions at both
the incident energies by the DWBA calculations, with ei-
ther the molecular or Michel potential in the α-channel,
may be linked to the following scores:

i) The sequential (α, t)-(t, d) and (α,3He)-(3He,d) pro-
cesses are not included in the analysis. Coker et al. [38]
observed a substantial contribution of the (d, t)-(t, α)
and (d,3He)-(3He,α) processes in the 98Mo(d, α)96Nb
reaction at Ed = 17 MeV.

ii) The contribution of two-step processes via the inelastic
excitation of either the target 27Al or the final 29Si
nuclei has not been considered. The work of Möller et
al. [39] shows that both 27Al and 29Si have substantial
deformations.

iii) The spin-orbit distortion in the d-channel has been
neglected to maintain the validity of the use of the
incoherent sum over the L-transfers contributing to
the reaction in the DWBA calculations.

iv) The contribution from the D-state component [40,41]
of the d-d relative motion in the α-particle wave func-
tion is not considered. It is likely to contribute a neg-
ligible amount to the cross-sections [42].

The present work is a follow-up of the examination
of the molecular and Michel types of α-nucleus poten-
tial in the (α, d) reaction on the Si-isotopes [16,18], where
the Michel potential has been found to underestimate the
reaction cross-sections by orders of magnitude while the
molecular one reproduces the correct order. One remark-
able feature of the present analysis is that both the molec-
ular and Michel types of the α-27Al potential can repro-
duce the reaction data both in absolute magnitude and
overall features of angular distributions. This work re-
ports the first case of an (α, d) reaction where the use
of the Michel and molecular potentials yields about the
same quality of fits to the data for a deuteron-transfer
reaction.

The Michel and molecular potentials yield the same
spectroscopic factors SL (table 3) for all the transitions.
The extracted spectroscopic factors differ significantly
from those in the work of Bland et al. [24], deduced using
a Woods-Saxon (WS) potential in the α-channel which
produces fits to the data only up to a reaction angle of
80◦, as well as those in the work of Skwirczyńska et al.
[25], deduced using again a WS α-potential coupled with
the inclusion of compound-nucleus contributions. There
are large deviations in the deduced spectroscopic factors
(eighth and ninth columns in table 4) from the latter two

works with the values of Bland et al. at 27.2 MeV consis-
tently larger. A careful inspection of fig. 2 shows that the
absolute values of the reaction cross-sections are roughly
a factor of 2 larger in the latter case. This might be an
indication of an experimental problem. The total spectro-
scopic factors S for the positive-parity transitions are also
compared with the theoretical values in table 4. The tenth
column gives the SF values of [25] calculated from the
shell model of Wildenthal et al. [43] and the last column
displays those of [24] calculated from the weak-coupling
model, in which states of 29Si are considered to be neu-
tron single-particle states weakly coupled to the ground
and first excited states of 28Si. The two model calculations
produce close results for some of the transitions, in par-
ticular for the ground state. The SF value for the ground
state using both the potentials (molecular and Michel),
deduced from the 26.5 MeV data, agrees remarkably well
with the calculated values, while the extracted value from
the 27.2 MeV data is somewhat larger. The deduced spec-
troscopic factors S for others states are generally larger
than the theoretical values.

The volume integrals for the real part of the molecu-
lar and Michel potentials are, respectively, JR/4A = 116.7
and about 330MeV · fm3 near Eα = 26.5–27.2 MeV and
as such the former is shallow and the latter is deep. Never-
theless, they gave more or less identical fits to the elastic-
scattering and reaction data. The two potentials differ also
in the Coulomb radius, being RC = 9.33 fm for the molec-
ular potential compared to 3.90 fm for the Michel one. Jus-
tification for using a larger RC for the molecular potential
has been provided in [17,18]. However, one can fit the data
almost equally well by molecular potential using slightly
different values of the parameters and RC = 3.90 fm used
in the case of the Michel potential. This set is given in the
third column of table 2. This is because the total potential
for both sets of the molecular potentials are very close to
each other and the scattering is determined by this total
potential.

It is important to find the reasons why the Michel
potential fails to reproduce the correct order of abso-
lute cross-sections for the reaction on Si isotopes [16,
18]. It may probably be linked to the angular-momentum
matching between the incoming and the outgoing chan-
nels. Denoting the grazing angular momenta in the incom-
ing and outgoing channels by Lgi and Lgf , the match-
ing L-transfers [44] for a reaction are given by Lopt ≈
|Lgi − Lgf | ≈ |kiRi − kfRf | (k and R being the wave
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number and nuclear radius, respectively). An L-transfer
away from Lopt leads to a mismatch in the incoming and
outgoing angular momenta. Under such a situation, a sub-
stantial contribution to the cross-sections from the nuclear
interior is expected, making the reaction sensitive to the
details of the α-nucleus potential. Table 5 displays the
range of the matching L-transfers for the (α, d) reaction
on 27Al at Eα = 26.5–27.2 MeV and on Si isotopes at
the energies used in the previous works [16,18]. One can
notice, from the comparison of the last column of table 5
(giving the L-transfer actually involved in the reaction)
with the values of Lopt, that the 27Al(α, d)29Si reaction is
much more favorable to the matching condition.

6 Conclusion

The macroscopic calculations in DWBA, in the present
work, using the molecular and the Michel types of the α-
27Al optical potential reproduce the correct order of the
(α, d) reaction cross-sections including those at large an-
gles in all cases except for the reaction, at 26.5 MeV inci-
dent energy, populating the 2.028 and 3.067 MeV states of
29Si. In the latter cases, both the potentials tend to under-
predict the experimental data at reaction angles beyond
130◦ (fig. 2), where differences between the predicted and
the experimental cross-sections are less than one order of
magnitude. In the macroscopic DWBA analyses using the
normal WS optical potential in the α-channel, the dis-
crepancies between the predictions and the data are much
more [24,25]. In particular, the macroscopic calculations
of Bland et al. [24] at Eα = 27.2 MeV generate cross-
sections, which fall off sharply beyond the 80◦ reaction an-
gle leading to a difference of more than two orders of mag-
nitude with respect to the experimental cross-sections, in
most cases.

The macroscopic calculation in DWBA, based on the
d-cluster transfer, offers a significant tool not only to ex-
amine the α-nucleus potential, but also to test the shell
model wave functions. In the present work, both the
molecular and Michel potentials lead to the same spec-
troscopic factors in populating the states of 29Si. These
differ significantly from those deduced by Skwirczyńska
et al. at 26.5 MeV [25] and by Bland et al. at 27.2 MeV
[24]. For Eα = 26.5 MeV, the deduced SF for deuteron-
transfer to the ground state in this work agrees with the
values calculated from the theoretical models. One may
accept the shell model value Sgs = 0.737 (in the tenth
column of table 4) as the correct one for the ground
state to normalize the SF values, deduced in the present
work from the 27.2 MeV data. The normalization factor
N = 2.775/0.737 = 3.76 is obtained by comparing to
Sav = 2.775, the average of SFs (in the fifth and seventh
columns of table 4) for the ground state, extracted using
the molecular and Michel potentials. The normalized SFs,
thus obtained, compare closely with the calculated ones
from the Wildenthal wave functions [43].

It is, indeed, satisfying that the use of the Michel po-
tential, which could not adequately describe the angular
distributions in the (α, d) reaction on Si isotopes [16,18],
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Fig. 3. Plots of tan(2δL) (a) and η2
L (b), where δL and ηL

are the real part of the phase-shift and reflection coefficient of
partial α-waves for the Michel (· · � · ·) and molecular (· · • · ·)
types of α-27Al potential at Eα = 27.2 MeV.

and the molecular potential can account for the abso-
lute magnitude and the oscillatory pattern of the angular
distributions in the 27Al(α, d)29Si reaction reasonably. In
spite of the neglect of the possible sequential and two-step
processes and the spin-orbit potentials in the p-channel,
both the potentials are able to reproduce the gross fea-
tures of the angular distributions over the entire angular
range, much better than those obtained by Bland et al.
[24] (they could describe data only up to around 80◦ re-
action angle), without the inclusion of compound-nucleus
contributions, that Skwirczyńska et al. [25] had to do.

Both the deep Michel potential with its monotonic fea-
ture and the shallow molecular one with its repulsive soft
core produce more or less identical predictions of reaction
cross-sections over the entire angular range, particularly
for the incident energy 27.2 MeV (fig. 2b). The predictions
for the elastic scattering at 27.2 MeV with the two poten-
tials are also close (fig. 1). The identical behavior of the
two potentials for both elastic scattering and reaction may
lead to the conjecture that they may be phase equivalent
as observed in [45,46]. Baye [46] has shown that the local
deep α-α potential of Buck et al. [47] is equivalent to the
l-dependent potential of Ali and Bodmer [48] with a soft
repulsive core. Figure 3 compares tan(2δL) and η2L; where
δL and ηL are, respectively, the real part of phase shift and
relection coefficient [49] of the L-th partial α-wave, for the
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Michel and molecular potentials at Eα = 27.2 MeV. One
can observe that the phases of the partial waves are clearly
different, meaning that the two potentials are not phase
equivalent. Nevertheless, the total contributions from dif-
ferent partial waves for the two types of α-potential yield
nearly the same cross-sections for the elastic scattering
and reaction.

The present work raises an interesting question on
the criteria determining the validity of the use of the
Michel potential in the α-channel for d-transfer reactions.
Is it because of the angular-momentum matching be-
tween the incoming and outgoing channels favored in the
27Al(α, d)29Si reaction at the incident energies considered
in the present work? Apparently the reaction on the Si
isotopes near 26 MeV disfavors the angular-momentum
matching condition more (table 5) and the molecular po-
tential works satisfactorily even in such a mismatching
situation, where the Michel potential is found to be inad-
equate. Is it because of the special property possessed by
the former that its repulsive core eliminates the states for-
bidden by Pauli’s principle and is, therefore, expected to
produce a better description of the α-nucleus interaction
in a nuclear interior? The issue is to be resolved through
further analysis of the reaction data on other nuclei.
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