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The sd,pd stripping reaction has proved a useful tool for probing single particle aspects of nuclear structure.
With the advent of beams of exotic nuclei there has been renewed interest in charged particle spectroscopy and
sd,pd stripping in particular as a means of investigating the structure of neutron-rich nuclei via reactions in
inverse kinematics. The distorted wave Born approximation was shown to be inappropriate for the analysis of
sd,pd reactions some 30 years ago, due to the importance of the deuteron breakup channel. While the simple
adiabatic model has been demonstrated to work rather well in this context, modern computing facilities enable
a more realistic treatment of the deuteron breakup process via the continuum discretized coupled channels
procedure to be included insd,pd calculations. In this work we present a comprehensive analysis method for
sd,pd reactions using CDCC to model deuteron breakup and the Reid soft-core nucleon-nucleon potential to
calculate the deuteron internal wave function. The model is tested against12Csd,pd data at incident deuteron
energies of 15 and 30 MeV where all the necessary ancillary data are available. It is then applied to the
10Besd,pd reaction at 12 and 25 MeV where only the transfer cross section data are available.
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I. INTRODUCTION

The sd,pd stripping reaction has long been used as a
means of probing the single particle structure of nuclei. In
particular, through distorted wave Born approximation
(DWBA) analyses it has been used to determine the orbital
angular momentum and spectroscopic factors of specific
states in the recoil nucleus. However, DWBA calculations
are often unable to fit the data without the use of a lower
radial cutoff or similar rather arbitrary devices. It was dem-
onstrated some 30 years ago that deuteron breakup effects
have an important influence on thesd,pd stripping reaction
(see, e.g., Refs.[1–4]) that explains thesead hocadjustments
to the DWBA. The adiabatic model of Johnson and Soper
[1,2], which includes deuteron breakup effects in an approxi-
mate way through a redefinition of the “deuteron” distorted
wave, provides considerably improved agreement withsd,pd
data for a wide range of targets and deuteron energies in the
range 20–55 MeV compared with conventional DWBA,
without the need for radial cutoffs or similar devices.

Although the adiabatic model has proved remarkably suc-
cessful it does contain a number of simplifying assumptions,
most notably the neglect of the deuteron excitation energy.
More accurate treatments of deuteron breakup using the con-
tinuum discretized coupled channels(CDCC) approach have
been developed, see, e.g., Refs.[4–7] and the review article
of Austernet al. [8]. These calculations were able to provide
very good descriptions of deuteron elastic scattering angular
distributions, and showed that the adiabatic approximation
compares very well with the more accurate calculations for
the elastic channel. However, the CDCC method has also
been used to model the effect of deuteron breakup within
coupled channels Born approximation(CCBA) calculations
for deuteron stripping[8,9], which showed that the adiabatic

model description of the breakup contribution to stripping is
systematically too small compared to the more accurate cal-
culations.

Most of these calculations used a simplifiedn–p potential
of Gaussian form, an exception being those of Rawitscher
and Mukherjee[5] which used the Reid soft-core potential
[10], although Yahiroet al. [6] found that the use of a soft-
core potential had little effect on the results for elastic scat-
tering and breakup. Nevertheless, in the context of a compre-
hensivesd,pd stripping calculation the explicit inclusion of
the D-state component of the deuteron ground state is desir-
able, as it has been found to have a significant effect on the
sd,pd cross section when the orbital angular momentum of
the transferred neutron is sufficiently large,,=3 [11]. The
inclusion of the D-state is essential for the description of the
tensor analyzing powers,T2q, regardless of transferred,
value [12–15].

Previous calculations ofsd,pd stripping using the CDCC
method to model deuteron breakup have included other ap-
proximations (simplified n–p potential, use of zero-range
CCBA with finite-range correction). While these approxima-
tions are expected to work well in most circumstances, a
truly comprehensive calculation that includes all effects on
the same footing is desirable. Such a calculation is particu-
larly timely with the current renewed interest in the use of
sd,pd reactions as spectroscopic tools for radioactive nuclei
by means of reactions in inverse kinematics.

In this work we present a method that brings together the
various elements into a single comprehensive calculation that
employs CDCC to model deuteron breakup, the full finite-
range coupled reaction channels(CRC) method for the trans-
fer component and the Reid soft-core nucleon-nucleon po-
tential to calculate then–p wave functions. Two-step
transfer paths proceeding via excited states of the target
nucleus are also included in a natural way. The method is
first applied to data for the12Csd,pd13C reaction at incident
deuteron energies of 15 and 30 MeV where appropriated*Electronic address: nkeeley@cea.fr
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+ 12C elastic and inelastic andp+ 13C elastic scattering data
are available. We then analyze transfer data for the
10Besd,pd11Be reaction at incident deuteron energies of 12
and 25 MeV as an example of its application to data for a
radioactive nucleus.

Section II describes the method in detail and its applica-
tion to the 12Csd,pd13C data. The results for the
10Besd,pd11Be reaction are presented in Sec. III. In Sec. IV
we present our conclusions and indicate directions for future
work.

II. CALCULATIONS FOR THE 12C„d,p…13C SYSTEM

As a test of the procedure it was first applied to data for
the 12Csd,pd13C stripping reaction at incident deuteron ener-
gies of 15[16,17] and 30 MeV[18]. Data are available for
d+ 12C elastic scattering at 15[19] and 29.5 MeV[20] and
for inelastic scattering to the 4.44 MeV12C 2+ state at 15
[21] and 28 MeV[22,23]. Suitablep+ 13C elastic scattering
data for the exit channel are also available at incident proton
energies of 16.75[24] and 30.4 MeV[25]. Finally, as the
deuteron breakup model requires neutron and proton plus
target potentials at half the incident deuteron energy, it would
be desirable to have the appropriate nucleon elastic scattering
data. Such data are available forp+ 12C at 7.5 [26],
7.55 MeV [27], 14.7 and 15.2 MeV[28] and for n+ 12C at
7.48 [29] and 15 MeV [30]. Thus this system provides a
severe test of the model, as all the inputs may be tested
against appropriate data. All calculations described below
were carried out using the codeFRESCO, version FRXY.1h
[31].

The calculations employed the CDCC method to model
deuteron breakup and the post form of the CRC formalism
for the neutron transfer component. The CDCC part of the
calculations was similar to that described in Rawitscher and
Mukherjee[5] and Yahiroet al. [6]. Then–p wave functions
were calculated using the Reid soft-core potential[10]. Fol-
lowing the work of Yahiroet al. [6] the n–p relative orbital
angular momentum was limited to,=0,2, itbeing found that
contributions from,=1,3, and 4were negligible. Then–p
continuum was discretized inn–p relative momentumskd
space into bins of widthDk=0.125 fm−1, again following
Yahiro et al. [6]. The continuum was truncated at values of
kmax=0.5 fm−1 and kmax=0.625 fm−1 for incident deuteron
energies of 15 and 30 MeV, respectively. Yahiroet al. [6]
found that akmax of 1.5 fm−1 was necessary for convergence
for the d+ 58Ni system at an incident deuteron energy of
80 MeV. However, we found that the smaller values were

adequate for the present case. Through the use of the Reid
potential the model includes couplings between different
n–p relative angular momentum values as well as the
continuum-continuum couplings between different bins.

The deuteron model requiresn and p+ 12C potentials at
half the incident deuteron energy, i.e., 7.5 and 15 MeV for
the calculations at 15 and 30 MeV, respectively. Three dif-
ferent sets of potentials were used, viz. empirical optical
model potentials obtained by fitting the appropriaten andp
+ 12C elastic scattering data, potentials calculated using the
global parametrization of Watsonet al. [32] for nucleon scat-
tering from 1p-shell nuclei, and potentials calculated using
the JLM prescription[33–36]. All JLM potentials used in
this work have an imaginary potential normalization factor
l=0.8, as used by Petleret al. [37] in their analysis of proton
scattering from light targets. The empirical optical potentials
were of Woods-Saxon form for the real part and Woods-
Saxon derivative for the imaginary part. The parameters for
an incident nucleon energy of 7.5 MeV are given in Table I.

For an incident nucleon energy of 15 MeV thep+ 12C
parameters were those of Nodviket al. [38] and then+ 12C
parameters were those of Spaargaren and Jonker[30], both
minus the spin-orbit part. The12C density used to calculate
the JLM potentials was the two-parameter Fermi function of
El-Azab Farid and Satchler[39]. The spin-orbit parts of the
JLM and Watsonet al. potentials were also omitted, as the
folding procedure used does not currently incorporate non-
central components of the nucleon-target potentials. This
omission has a negligible effect on the cross sections.

Excitation of the 12C 4.44 MeV 2+ and 9.64 MeV 3−

states was included by deforming the bare Watanabe poten-
tial in the usual manner. Values forBsE2;0+→2+d and
BsE3;0+→3−d were taken from Ramanet al. [40] and Spear
[41], respectively. Nuclear deformation lengths were ex-
tracted from theBsE2;0+→2+d and BsE3;0+→3−d values
assuming the collective model and a12C radius of 1.2
3121/3 fm.

The transfer component of the calculations was imple-
mented in the conventional manner, using the post form of
the CRC formalism. The full complex remnant term and non-
orthogonality correction were included. Then–p binding po-
tential was again the Reid soft core, with the D-state compo-
nent explicitly included. Then+ 12C binding potentials were
of Woods-Saxon form with a radius parameter of 1.25
3121/3 fm and diffuseness 0.65 fm, the depths being ad-
justed to give the correct binding energy.

Three different sets ofp+ 13C optical potentials for the
exit channel were also used: empirical, Watsonet al. [32]
and JLM, and were employed with the corresponding

TABLE I. Optical model parameters forp+12C, n+12C andp+13C obtained by fitting the data of Sydowet al. [26], McDanielet al. [29],
and Welleret al. [24] at incident nucleon energies of 7.5, 7.48, and 16.75 MeV, respectively. The real parts of the potentials are of volume
Woods-Saxon form, while the imaginary parts are of Woods-Saxon derivative form.

V rV aV WD rD aD VSO rSO aSO rC

p+12C 52.91 1.138 0.6346 1.72 1.13 0.5462 1.13

n+12C 97.0 1.4 0.37 15.0 1.19 0.4

p+13C 65.22 1.106 0.613 4.01 1.144 1.096 4.98 0.956 0.616 1.25
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nucleon +12C potentials for the sake of consistency. The em-
pirical potential parameters for the calculation at an incident
deuteron energy of 15 MeV were obtained by fitting the data
of Weller et al. [24] and are given in Table I. For the calcu-
lations at an incident deuteron energy of 30 MeV parameter
set B of Greaveset al. [25] was used. The JLM potentials
were calculated using two-parameter Fermi functions for the
13C neutron and proton matter densities adjusted to have
root-mean-square radii in agreement with those given in
Satchler and Love[42]. All p+ 13C optical potentials retained
the spin-orbit term.

Two-step transfer paths via the 4.44 MeV 2+ and
9.64 MeV 3− states of12C were also included in the calcu-
lations. Spectroscopic amplitudes(ÎC2S, whereS is the spec-
troscopic factor andC is the isospin Clebsch-Gordan coeffi-
cient, equal to 1.0 here) were taken from the calculations of
Vinh Mau [43]. For ease of reference the values are given in
Table II.

Transfers leading to the 0.0 MeV 1/21
−, 3.09 MeV 1/21

+,
and 3.85 MeV 5/21

+ states of13C were included in the cal-
culations.

Before comparing the results of the calculations with the
d+ 12C elastic and inelastic scattering and12Csd,pd13C trans-
fer data we present the predicted angular distributions to-
gether with the data forp,n+ 12C elastic scattering at
7.5 MeV (Fig. 1) and 15 MeV (Fig. 2) and p+ 13C elastic
scattering at 16.75 MeV[Fig. 3(a)] and 30.4 MeV [Fig.
3(b)].

One may note that in general the nucleon scattering data
at 7.5 MeV are not well described by either the Watsonet al.
[32] or the JLM potentials. Tests revealed that this is not due
to the omission of their respective spin-orbit components, as
their addition produced only minor changes to the predicted
angular distributions. The 16.75 MeVp+ 13C data are also
rather poorly described by the Watsonet al. and JLM poten-
tials, with the Watsonet al. potential providing a somewhat
better match to the data than the JLM potential.

By contrast, the nucleon scattering data at 15 MeV are
rather well described by both Watsonet al. and JLM poten-
tials, with the latter giving the better description of the two.
This is also true of the 30.4 MeVp+ 13C data, although the
agreement between the Watsonet al.potential prediction and
the data is much poorer.

The poor agreement between the Watsonet al. and JLM
potential predictions and the data at the lower energies is not

surprising, as the incident energy is rather lower than their
strict range of validity. The JLM predictions of Petleret al.
[37] are of similar quality at comparable incident energies.
The 7.5 MeVn+ 12C data were difficult to describe satisfac-
torily even with an adjusted empirical optical potential. For
the higher incident energies the agreement is much better, as
might be expected. Overall, the JLM potentials provide a
rather better description of the nucleon scattering data than
the global parameters of Watsonet al. [32].

Calculations using the empirical and JLM potentials are
compared to thed+ 12C elastic and inelastic scattering and
12Csd,pd13C data for an incident deuteron energy of 15 MeV
in Figs. 4 and 5. Calculations using the Watsonet al. [32]
potentials give similar results to those using the JLM poten-
tials.

In each case the depths of the real and imaginary parts of
the bare Watanabed+ 12C potentials were adjusted in order
to obtain reasonable agreement with the measuredd+ 12C
elastic scattering angular distribution for the calculations in-
cluding all the couplings. Normalization factorsNR=1.0,
NI =0.7; NR=1.0, NI =0.6; andNR=1.0, NI =0.6 were em-
ployed for the calculations using the empirical, Watsonet al.
[32] and JLM potentials, respectively. All calculations in-

TABLE II. Spectroscopic factors for the12C/13C overlap, taken
from Vinh Mau [43]. The left-hand column denotes the12C core
spin and the, , j quantum numbers of the transferred neutron.

1
21

− 1
21

+ 5
21

+

0^ j 0.791 0.957 0.867

2^ s1/2 0.179

2^ p3/2 0.602

2^ d5/2 0.291 0.300

3^ p1/2 0.140

3^ p3/2 −0.326

3^ d5/2 0.111

FIG. 1. Optical model predictions compared to data forp+12C
(a) and n+12C (b) elastic scattering at 7.5 MeV. Thep+12C data
are from Sydowet al. [26] (filled circles) and Moss and Haeberli
[27] (open circles) while the neutron data are from McDanielet al.
[29].
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cluded couplings to the 4.44 MeV 2+ and 9.64 MeV 3− states
of 12C and part of the renormalization factors can be put
down to this fact, as the effects of inelastic excitation of the
12C target are already included in the model in a broad sense
via then,p+ 12C optical potentials.

Agreement with the elastic scattering data is rather good,
that of the calculations using the empiricaln,p+ 12C optical
potentials being comparable with the optical model fit of
Busch et al. [19]. Agreement with the inelastic scattering
data to the 4.44 MeV 2+ state of12C is less good, the calcu-
lations being consistently smaller than the data. The pre-
dicted inelastic cross sections were found to be rather sensi-
tive to the imaginary depth of the bare Watanabed+ 12C
potentials, and an increase of the nuclear deformation length
would also lead to an increase in the predicted inelastic cross
section. However, we have chosen not to optimize the fit to
the 2+ inelastic data as the transfer results are rather insensi-
tive to it, and we wished to keep the excitation of the12C 2+

state on the same footing as that for the 3− state, for which
data are unavailable.

All the calculations agree on the negligible role played by
transfer proceeding via the 9.64 MeV 3− state of12C. This is
understandable in view of the small spectroscopic amplitudes

for these components given in Table I. There is also a rea-
sonable agreement on the role of transfer proceeding by the
12C 4.44 MeV 2+ state, although the details are somewhat
dependent on the choice of input optical potentials. All the
calculations agree that this process is only of significance for
transfer to the 0.0 MeV 1/2− state of13C, although the cal-
culations using the Watsonet al. [32] and JLM potentials
assign a greater importance to it than those using the empiri-
cal potentials. The contribution of this transfer path to the
3.09 MeV 1/2+ and 3.85 MeV 5/2+ states of13C is negli-
gible for the calculations using the empirical and JLM po-
tentials and small, but noticeable, for transfer to the 1/2+

state for those using the Watsonet al. potentials.
Considered globally, we find that the results for transfer to

the 3.09 MeV 1/2+ state are essentially insensitive to the
input optical potentials, while those for transfer to the
0.0 MeV 1/2− and 3.85 MeV 5/2+ states are rather more
sensitive, particularly with regard to the magnitude of the
forward angle cross sections. Given that the predicted for-
ward angle transfer cross sections are unaffected by the ad-
dition of the two-step transfer paths, the calculations using
the empirical optical potentials suggest that the 0+ ^ j spec-
troscopic amplitudes of Vinh Mau[43] for the 0.0 MeV 1/2−

and 3.85 MeV 5/2+ states of13C are too small. However, the
forward angle cross sections for these states predicted by the

FIG. 2. Optical model predictions compared to data forp+12C
(a) andn+12C (b) elastic scattering at 15 MeV. Thep+12C data are
from Peelleet al. [28] for proton energies of 14.7 MeV(filled
circles) and 15.2 MeV(open circles) while the neutron data are
from Spaargaren and Jonker[30].

FIG. 3. Optical model predictions compared to data forp+13C
elastic scattering at 16.75 MeV(a) and 30.4 MeV(b). The data are
from Weller et al. [24] and Greaveset al. [25], respectively.
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calculations using the Watsonet al. and JLM potentials sug-
gest that they are only slightly too small.

To summarize, consistent values for the forward angle
cross sections are obtained from all the calculations for trans-
fer to the 3.09 MeV 1/2+ state of13C, while for transfers to
the 0.0 MeV 1/2− and 3.85 MeV 5/2+ states the calculations
using the Watsonet al. [32] and JLM potentials give consis-
tent values while the calculation using the empirical poten-
tials gives rather smaller values. A test calculation using the
JLM potentials to calculate thed+ 12C potential in the en-
trance channel but with the empiricalp+ 13C potential in the
exit channel found that the predicted angular distribution for
transfer to the 5/2+ state was unaffected while that for trans-
fer to the 1/2− state was only affected at angles greater than
the first peak of the angular distribution.

Calculations using the empirical and JLM potentials are
compared to thed+ 12C elastic and inelastic scattering and
12Csd,pd13C transfer data for an incident deuteron energy of
30 MeV in Figs. 6 and 7. Calculations using the Watsonet
al. [32] potentials give similar results to those using the JLM
potentials.

The calculations were similar to those at 15 MeV incident
deuteron energy. The depths of the real and imaginary parts
of the bare Watanabed+ 12C potentials were again adjusted
in order to obtain reasonable agreement with the measured
d+ 12C elastic scattering angular distribution for the calcula-
tions including all the couplings. Normalization factorsNR
=0.9, NI =0.7; NR=1.0, NI =0.5; andNR=1.0, NI =0.7 were
employed for the calculations using the empirical, Watsonet
al. [32] and JLM potentials, respectively.

Agreement with thed+ 12C elastic scattering data is good
for all three calculations, somewhat better than that at

15 MeV. The agreement with the inelastic scattering data is
notably better than at 15 MeV, although the calculations
again consistently underestimate the data, particularly at the
larger angles. The same comments regarding the sensitivity
to the imaginary part of the bare Watanabe potential and
increasing the nuclear deformation length as made for the
calculations at 15 MeV also apply here.

One may draw similar conclusions regarding the impor-
tance of the two-step transfer processes as for the calcula-
tions at 15 MeV. Transfer proceeding via the 9.64 MeV 3−

state of12C is again negligible, while that via the 4.44 MeV
2+ state is only of significance for transfer leading to the
0.0 MeV 1/2− state of13C. There is a slightly greater effect
from paths proceeding via the12C 2+ state for transfers lead-
ing to the 3.09 MeV 1/2+ and 3.85 MeV 5/2+ than at
15 MeV, but it is still small compared to the direct transfer
contribution, as might be expected from the spectroscopic
amplitudes given in Table I.

Overall, one finds greater consistency between the calcu-
lations using different input potentials at 30 MeV than one
does at 15 MeV. All the calculations give consistent values
for the forward angle cross sections for all three states, al-
though the details of the angular distributions show slight
variations with input potential. This may indicate that for the
higher energy the transfer cross sections are less sensitive to
the details of the potentials used, or it may be merely indica-
tive of the fact that the three sets of potentials predict similar
p,n+ 12C and p+ 13C angular distributions(see Figs. 2 and
3).

The spectroscopic amplitudes of Vinh Mau[43] provide a
reasonably good description of transfer to the 0.0 MeV 1/2−

FIG. 4. Results of CDCC/CRC
calculations at 15 MeV incident
deuteron energy using empirical
(a), (b) and JLM (c), (d) p,n
+12C and p+13C potentials com-
pared tod+12C elastic and inelas-
tic scattering data. The elastic
scattering data(a), (c) are from
Buschet al. [19] and the data for
inelastic scattering to the
4.44 MeV 2+ state of12C (b), (d)
from Haffner [21]. The solid,
dashed, and dotted curves denote
the results of the full calculation,
the calculation omitting transfers
via the 9.64 MeV 3− state of12C,
and the calculation omitting trans-
fers via both the 9.64 MeV 3− and
4.44 MeV 2+states, respectively.
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and 3.09 MeV 1/2+ states of13C. However, although the
magnitude of the forward angle cross section for transfer to
the 3.85 MeV 5/2+ state is better reproduced than at
15 MeV, the shape of the angular distribution is rather
poorly described, all three calculations considerably overpre-
dicting the cross section for angles greater than about 25° in
the center of mass frame.

To summarize, our method is able to describe rather well
the ensemble of data for the12Csd,pd13C reaction at incident
energies of 15 and 30 MeV, with the exception of that for
inelastic scattering to the 4.44 MeV 2+ state of 12C at an
incident deuteron energy of 15 MeV. This is most likely due
to difficulties with the input nucleon +12C potentials at this
rather low incident energy. The method enables the inclusion
of two-step transfer paths proceeding via the excited states of
12C in a natural way, thus providing an excellent means of
testing calculated spectroscopic amplitudes such as those of
Vinh Mau [43]. Greater consistency between calculations us-
ing different input potentials is obtained at 30 MeV. In the
following section the method will be applied to data for the
10Besd,pd11Be transfer reaction at incident deuteron energies

of 12 and 25 MeV as an example of its application to radio-
active nuclei.

III. CALCULATIONS FOR THE 10Be„d,p…11Be SYSTEM

The structure of the11Be nucleus provides a particularly
interesting field of study, as in addition to being the arche-
type of a one neutron halo nucleus[44] it also exhibits a
ground state spin-parity of 1/2+, rather than the 1/2− pre-
dicted by the standard ordering of the shell model single
particle levels. Various models of11Be indicate a more or
less important contribution from coupling of the single va-
lence neutron to the 21

+ excited state of the deformed10Be
core in order to reproduce the observed11Be ground state
spin-parity; Winfieldet al. [45] provide a useful summary of
the relative contributions of the10Be 01

+ and 21
+ states to the

11Be ground state predicted by many of these models. Values
for the 21

+ contribution range from about 10% to about 40%;
the majority of the calculations agree on a value of about
20%. While theoretical studies have concentrated on the
ground state, it is also of interest to investigate the impor-
tance of coupling the valence neutron to the10Be 21

+ state for
the excited states of11Be. The10Besd,pd reaction provides a
useful tool for such a study.

Data for the10Besd,pd11Be reaction are available at inci-
dent deuteron energies of 12 MeV for transfers leading to the
0.0 MeV 1/21

+ and the 0.32 MeV 1/21
− states of11Be [46]

and 25 MeV for transfer to the 1/21
+, 1/21

− and 1.78 MeV
5/21

+ states[47]. While the 5/2+ assignment for the11Be
1.78 MeV state is not definitive[48], only the ,=2 value
being determined experimentally[47], we have followed the
majority of structure calculations in assigning it this value.

Unfortunately, nucleon +10Be elastic scattering data do
not exist at suitable energies for calculations at 12 MeV.
However,p+ 10Be data exist at incident proton energies of 12
and 13 MeV[46], suitable for the calculations at an incident
deuteron energy of 25 MeV. Data forp+ 11Be elastic scatter-
ing are also not available at suitable energies. Deuteron
+10Be elastic scattering data over a very limited angular
range are available at 12 MeV[46], there being none avail-
able for an incident energy of 25 MeV. No data ford
+ 10Be inelastic scattering exist. Thus, for the10Besd,pd11Be
calculations the necessary input potentials must be provided
by global systematics or calculations based on effective in-
teractions such as the JLM.

The calculations were similar to those carried out for the
d+ 12C system, with the exception that then–p continuum
was truncated atkmax=0.375 fm−1 for the calculations at
12 MeV, this being found sufficient at this energy. Two sets
of p,n+ 10Be andp+ 11Be potentials were used, the Watsonet
al. [32] global parametrization and potentials calculated us-
ing the JLM prescription[33–36]. The JLM potentials again
employed the imaginary potential normalization factorl
=0.8 of Petleret al. [37]. The10Be and11Be densities used to
calculate the JLM potentials were taken from Sagawa[49].
The spin-orbit parts of thep,n+ 10Be potentials were again
omitted, this making little difference to the predicted elastic
scattering. Allp+ 11Be potentials retained the spin-orbit term.

FIG. 5. Results of CDCC/CRC calculations at 15 MeV incident
deuteron energy using empirical(upper panels) and JLM (lower
panels) p,n+12C and p+13C potentials compared to the
12Csd,pd13C transfer data of Dardenet al. [16] (filled circles) and
Hosonoet al. [17] (open circles). The solid, dashed, and dotted
curves denote the results of the full calculation, the calculation
omitting transfers via the 9.64 MeV 3− state of12C, and the calcu-
lation omitting transfers via both the 9.64 MeV 3− and 4.44 MeV
2+states, respectively.

N. KEELEY, N. ALAMANOS, AND V. LAPOUX PHYSICAL REVIEW C 69, 064604(2004)

064604-6



As noted in Auton[46], the Watsonet al. potential pro-
vides a good description of thep+ 10Be elastic scattering data
at incident proton energies of 12–16 MeV. The JLM poten-
tial gives a similar quality fit to the data at 12–13 MeV, the
appropriate energy for the calculations at an incident deu-
teron energy of 25 MeV. Both Watsonet al. and JLM poten-
tials predict similar elastic scattering angular distributions for
n+ 10Be at 12.5 MeV andp+ 11Be at approximately 21 MeV,
also required for the 25 MeV calculations. For the calcula-
tions at an incident deuteron energy of 12 MeV, the Watson
et al.and JLM potentials predict similarp+ 11Be elastic scat-
tering, while the predictedp,n+ 10Be elastic scattering angu-
lar distributions exhibit a rather larger difference depending
on the potential used than for the calculations at an incident
nucleon energy of 12.5 MeV.

Excitation of the 3.37 MeV 2+ state of10Be was included
by deforming the bare Watanabe potential, theBsE2;0+

→2+d being taken from Ramanet al. [40]. For the nuclear
deformation length we adopted a different approach to that
used for12C, taking the value obtained by Iwasakiet al. [50]
from a proton scattering analysis. This gives a slightly
smaller value than that extracted from theBsE2d using the
collective model and a10Be radius of 1.23101/3 fm.

The transfer component of the calculations again included
the full complex remnant term and nonorthogonality correc-
tion. Transfers to the 0.0 MeV 1/21

+, 0.32 MeV 1/21
−, and

1.78 MeV 5/21
+ states in11Be were included. Then–p bind-

ing potential was the Reid soft core, with the D-state com-
ponent explicitly included, and then+ 10Be binding poten-
tials were of Woods-Saxon form with a radius parameter of

1.253101/3 fm and diffuseness 0.65 fm. The depth of then
+ 10Be potentials was adjusted to give the correct binding
energy for the 1/21

+ and 1/21
− states. The 5/21

+ state, being
unbound, was treated as a resonant bin of widthDE
=0.5 MeV, with the depth of then+ 10Be potential being
adjusted to give a resonance at the correct energy. Then
+ 10Be wave function was calculated out to a radius of
100 fm; test calculations using a radius of 200 fm yielded the
same results, indicating that truncation at 100 fm is suffi-
cient.

Two-step transfer paths via the 3.37 MeV 2+ state of10Be
were also included. Spectroscopic amplitudes were again
taken from the calculations of Vinh Mau[43]. For ease of
reference the values are given in Table III.

Calculations using both sets of input potentials are com-
pared to the10Besd,pd11Be transfer data at an incident deu-
teron energy of 12 MeV in Fig. 8.

In each case the depths of the real and imaginary parts of
the bare Watanabed+ 10Be potentials were adjusted in order
to obtain reasonable agreement between thed+ 10Be elastic
scattering angular distribution predicted by the calculations
including all the couplings and that predicted by a calcula-
tion including the deuteron breakup effects only, there being
essentially no elastic scattering data available. This proce-
dure was adopted in order to avoid as much as possible
“double counting” of effects due to the inelastic excitation of
10Be. Normalization factorsNR=1.0, NI =0.4 andNR=0.9,
NI =0.7 were employed for the calculations using the Watson
et al. [32] and JLM potentials, respectively.

Both sets of calculations give consistent values for the
magnitude of the forward angle cross sections, as was found

FIG. 6. Results of CDCC/CRC
calculations at 30 MeV incident
energy using empirical(a), (b) and
JLM (c), (d) p,n+12C and p
+13C potentials compared tod
+12C elastic and inelastic scatter-
ing data. The elastic scattering
data(a), (c) are from Perrinet al.
[20] and the data for inelastic scat-
tering to the 4.44 MeV 2+ state of
12C (b), (d) from Lind et al. [22]
and Kuboet al. [23]. The solid,
dashed, and dotted curves denote
the results of the full calculation,
the calculation omitting transfers
via the 9.64 MeV 3− state of12C,
and the calculation omitting trans-
fers via both the 9.64 MeV 3− and
4.44 MeV 2+ states, respectively.
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for the 12Csd,pd13C calculations at 15 MeV incident deu-
teron energy using the Watsonet al.and JLM potentials. The
agreement with data for transfer to the 0.0 MeV 1/2+ and
0.32 MeV 1/2− states of11Be is reasonable(there are no data
available for transfer to the 1.78 MeV 5/2+ state at 12 MeV
incident deuteron energy) with the forward angle magnitude
of the cross sections being well described by the spectro-
scopic amplitudes of Vinh Mau[43]. Two-step transfer via
the 3.37 MeV 2+ state of10Be has little effect on any of the
predicted angular distributions for angles smaller than about
75° in the center of mass frame.

Following Zwieglinski et al. [47] we tested the effect of
changing the relative sign of the spectroscopic amplitudes
for the 11Be/10Bes0+d and 11Be/10Bes2+d overlaps (Vinh
Mau [43] gives them as positive, see Table III). While the
predicted cross sections at large angles are rather more sen-
sitive to the sign than found by Zwieglinskiet al. [47] at an
incident deuteron energy of 25 MeV, the spread in cross sec-
tion is comparable to that produced by using the different
sets of input potentials, compare the solid and dashed curves
in Fig. 8.

Overall, one may note that for an incident deuteron en-
ergy of 12 MeV the calculations are essentially insensitive to
the two-step transfer path, in contrast to the 15 MeV
12Csd,pd13C calculations, where transfer to the 0.0 MeV
1/2− state was found to be sensitive to the two-step mode
proceeding via the 4.44 MeV 2+ state of12C. This is some-
what surprising considering that the spectroscopic ampli-
tudes of Vinh Mau have a11Be/10Bes2+d component for the
0.32 MeV 1/2− state of11Be of comparable size to that of
the 11Be/10Bes0+d one.

FIG. 7. Results of CDCC/CRC calculations at 30 MeV incident
deuteron energy using empirical(upper panels) and JLM (lower
panels) p,n+12C and p+13C potentials compared to the
12Csd,pd13C transfer data of Ohnumaet al. [18]. The solid, dashed,
and dotted curves denote the results of the full calculation, the
calculation omitting transfers via the 9.64 MeV 3− state of12C, and
the calculation omitting transfers via both the 9.64 MeV 3− and
4.44 MeV 2+ states, respectively.

TABLE III. Spectroscopic factors for the10Be/11Be overlap,
taken from Vinh Mau[43]. The left-hand column denotes the10Be
core spin and the, , j quantum numbers of the transferred neutron.

1
21

+ 1
21

− 5
21

+

0^ j 0.964 0.764 0.896

2^ s1/2 0.269

2^ p3/2 0.667

2^ d5/2 0.267 0.353

FIG. 8. Results of CDCC/CRC calculations at 12 MeV incident
deuteron energy using Watsonet al. [32] (upper panels) and JLM
(lower panels) p,n+10Be andp+11Be potentials compared to the
10Besd,pd11Be transfer data of Auton[46]. The solid, dashed, and
dotted curves denote the results of the full calculation with negative
relative sign between the spectroscopic factors for the
11Be/10Bes0+d and11Be/10Bes2+d overlaps, the full calculation with
positive relative sign between the spectroscopic factors for the
11Be/10Bes0+d and 11Be/10Bes2+d overlaps and the calculation
omitting transfers via the 3.37 MeV 2+ state, respectively.
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Calculations using both sets of input potentials are com-
pared to the10Besd,pd11Be transfer data at an incident deu-
teron energy of 25 MeV in Fig. 9.

The calculations were similar to those at 12 MeV incident
deuteron energy. The depths of the real and imaginary parts
of the bare Watanabed+ 10Be potentials were again adjusted
in order to obtain reasonable agreement between thed
+ 10Be elastic scattering angular distribution predicted by the
calculations including all the couplings and that predicted by
a calculation including the deuteron breakup effects only,
there being no elastic scattering data available at this energy.
Normalization factorsNR=1.0, NI =0.6 and NR=1.0, NI
=0.6 were employed for the calculations using the Watsonet
al. [32] and JLM potentials, respectively.

Again, one may note the relative insensitivity to the two-
step transfer proceeding via the 3.37 MeV 2+ state of10Be
for angles forward of about 50° in the center of mass frame,
although the degree of sensitivity is somewhat dependent on
the choice of potentials used. Both sets of potentials again
yield consistent forward angle cross section magnitudes,
with the details of the angular distributions varying slightly

for the two sets of potentials. The largest difference in the
predicted angular distributions is for transfer to the
1.78 MeV 5/2+ state, the Watsonet al. [32] potentials yield-
ing a better description of the angular distribution for angles
greater than about 30° in the center of mass frame.

We again tested the effect of changing the relative sign
between the spectroscopic amplitudes for the10Bes0+d / 11Be
and 10Bes2+d / 11Be overlaps. We found a slightly larger sen-
sitivity to the sign than in the CCBA calculations of Zwieg-
linski et al. [47] for the same data, with a definite preference
for a relative negative sign for the 0.0 MeV 1/2+ and
1.78 MeV 5/2+ states, compare the solid and dashed curves
in Fig. 9. It is less clear for the 0.32 MeV 1/2− state which
sign is preferred, as the magnitude of the forward angle cross
section is not well reproduced by the spectroscopic ampli-
tudes of Vinh Mau [43] for this state. However, if the
10Bes0+d / 11Be component were increased to match the data a
positive relative sign between the two components would
give the best agreement.

Overall, the spectroscopic amplitudes of Vinh Mau[43]
provide a reasonable description of the data for transfer to
the 0.0 MeV 1/2+ and 1.78 MeV 5/2+ states. However, in
contrast to the results for an incident deuteron energy of
12 MeV, the magnitude of the forward angle cross section
for transfer to the 0.32 MeV 1/2− state is poorly described.
Both sets of potentials suggest that the spectroscopic factor
of Vinh Mau [43] for the 10Bes0+d / 11Be overlap for this state
is too small. Other calculations, by Nuneset al. [51] and
Bhattacharya and Krishan[52], which yield spectroscopic
amplitudes of 0.93 and 1.00, respectively, for this component
of the 11Be 0.32 MeV 1/2− state support this conclusion.
Given that both sets of input potentials are outside their strict
energy range of validity for the calculations for an incident
deuteron energy of 12 MeV, one would expect the results for
25 MeV deuteron energy to be more reliable. However, with-
out the relevantd+ 10Be andp+ 11Be elastic scattering data it
is impossible to draw firm conclusions on this point.

We also note a similar problem with the description of
transfer to the 1.78 MeV 5/2+ state of11Be to that found for
transfer to the 3.85 MeV 5/2+ state of 13C at an incident
deuteron energy of 30 MeV. While the magnitude of the for-
ward angle cross section is well reproduced, at larger angles
the calculated cross section considerably overpredicts the
data, the exact extent of this overprediction being dependent
on the input potentials used.

To summarize the calculations for the10Besd,pd11Be
transfer reaction, at each energy both sets of potentials give
consistent resultsat that energy. However, the calculated
cross sections for transfer to the 0.32 MeV 1/2− state of11Be
at an incident deuteron energy of 25 MeV noticeably under-
predict the data, in contrast to the result for an incident deu-
teron energy of 12 MeV. Similar problems were found with
regard to the description of transfer to the 1.78 MeV 5/2+

state of11Be at an incident deuteron energy of 25 MeV to
those for transfer to the 3.85 MeV 5/2+ state of13C at an
incident deuteron energy of 30 MeV, although the exact ex-
tent of the problem is more sensitive to the potentials used
for the 10Besd,pd11Be transfer than for12Csd,pd13C.

As discussed above, the calculations for an incident deu-
teron energy of 25 MeV are expected to be more realistic.

FIG. 9. Results of CDCC/CRC calculations at 25 MeV incident
deuteron energy using Watsonet al. [32] (upper panels) and JLM
(lower panels) p,n+10Be andp+11Be potentials compared to the
10Besd,pd11Be transfer data of Zwieglinskiet al. [47]. The solid,
dashed, and dotted curves denote the results of the full calculation
with negative relative sign between the spectroscopic factors for the
11Be/10Bes0+d and11Be/10Bes2+d overlaps, the full calculation with
positive relative sign between the spectroscopic factors for the
11Be/10Bes0+d and 11Be/10Bes2+d overlaps and the calculation
omitting transfers via the 3.37 MeV 2+ state, respectively.
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The discrepancy between the calculated and measured cross
sections for transfer to the 0.32 MeV 1/2− state could be due
to the spectroscopic amplitude of Vin Mau[43] being too
small, as noted above. However, Timofeyuk and Johnson
[53] have performed adiabatic model calculations for transfer
to the 0.0 MeV 1/2+ state of11Be at 25 MeV incident deu-
teron energy in which11Be breakup was included in an ap-
proximate way, and found that its inclusion increased the
transfer cross section. As we have not included11Be breakup
effects in our calculations this is a possible alternative expla-
nation. Test calculations that included the dipole coupling
between the 0.0 MeV 1/2+ and 0.32 MeV 1/2− states of
11Be found that it had no effect on the transfer cross sections,
despite the largeBsE1d value for this transition, due to the
small charge product of the system.

IV. CONCLUSIONS

We have presented a comprehensive analysis method for
sd,pd reactions that brings together existing elements from
the literature to produce a calculation that includes all impor-
tant physical effects on the same footing and as accurately as
possible. The method was tested against data for the
12Csd,pd13C reaction, including the relevant elastic and in-
elastic scattering, and found to be able to provide a reason-
ably good simultaneous description of all the data at two
different incident deuteron energies.

Three different sets of input potentials were tested for
each deuteron energy: empirical potentials obtained from fits
to the relevant nucleon elastic scattering data, the global pa-
rametrization for 1p-shell nuclei of Watsonet al. [32] and
potentials calculated using the JLM effective interaction.
Greater consistency between the results using the three sets
of potentials was found at the higher deuteron incident en-
ergy, 30 MeV, while overall better consistency was obtained
between the calculations using the Watsonet al. and JLM
potentials. This latter effect is similar to that noted by Liuet
al. [54] in their extensive reanalysis of12Csd,pd13C and
13Csp,dd12C ground-state to ground-state transfers.

The method was then used to analyze data for the
10Besd,pd11Be transfer at two similar incident deuteron en-
ergies, 12 and 25 MeV, where suitable elastic scattering data
do not exist. Calculations were performed using the Watson
et al. and JLM potentials as input, and produced consistent
resultsat a given energyfor both potentials. However, when
the results for transfer to the 0.32 MeV 1/2− state of11Be at
12 and 25 MeV incident deuteron energy were compared an
inconsistency was found. The calculations at 25 MeV sig-
nificantly underestimated the data, suggesting that the spec-
troscopic amplitudes used, those of Vinh Mau[43], were too
small, whereas at 12 MeV the data were rather well de-
scribed. This discrepancy could be due to neither set of input
potentials being realistic for an incident deuteron energy of
12 MeV (the energies being too low for the range of validity
of either the Watsonet al.or JLM potentials) or to the effects
of the breakup of11Be, not included in the calculations.
Without the necessary elastic scattering data(entrance chan-
nel d+ 10Be and exit channelp+ 11Be) it is impossible to
draw firm conclusions on this point.

We may draw some general conclusions from the calcu-
lations presented here that may be of use for future experi-
ments concerned withsd,pd reactions using radioactive
beams in inverse kinematics. In order to carry out a mean-
ingful analysis the absolute minimum additional data re-
quired besides the transfer cross section angular distributions
are the angular distribution for deuteron elastic scattering at
the same energy. It is also highly desirable to obtain the exit
channel proton elastic scattering data at the appropriate en-
ergy. One may then use JLM potentials to provide basic in-
put for the deuteron breakup part of the calculation, the real
and imaginary parts of the bare Watanabe potential being
adjusted so that the full calculation provides an optimum fit
to the deuteron elastic scattering data. A JLM potential
would also be used for the exit channel proton potential, and
if the appropriate data were available its real and imaginary
potential depths would be adjusted to obtain an optimum fit.
In this way both entrance and exit channel parameters would
be controlled by appropriate data.

We also conclude that data taken at an incident deuteron
energy of around 30 MeV or higher would prove most use-
ful. As demonstrated above, the calculations are less sensi-
tive to the input potentials at this energy. This is well illus-
trated in Fig. 10, where the uncertainty in the12Csd,pd13C
forward angle cross sections predicted by the three sets of

FIG. 10. Results of CDCC/CRC calculations at 15 MeV(upper
panels) and 30 MeV(lower panels) incident deuteron energy com-
pared to the forward angle12Csd,pd13C transfer cross sections. The
shaded areas indicate the uncertainty in the differential cross sec-
tions predicted by calculations using the three sets of input
potentials.
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input potentials is shown for incident deuteron energies of
15 MeV (upper panels) and 30 MeV(lower panels). As may
be seen, the spread is much smaller for the higher incident
energy, the predicted forward angle cross sections, and hence
the spectroscopic factors that may be extracted from the data,
being essentially independent of the choice of input optical
potentials. In addition, the JLM potential provides good de-
scriptions of nucleon scattering for stable nuclei in this en-
ergy regime, as do global parametrizations. At the lower en-
ergies investigated here there are also possible problems with
resonances in the nucleon elastic scattering at the required
energies, which will cause additional complications to the
analysis and may be the reason for the rather poor descrip-
tion of thed+ 12C inelastic scattering data at 15 MeV.

Test calculations for the12Csd,pd system found that at an
incident deuteron energy of 15 MeV the effect of omitting
the remnant term and nonorthogonality correction on the pre-
dicted elastic scattering was essentially negligible, while at
30 MeV incident deuteron energy the effect was only signifi-
cant at backward angles. The effect on the predicted transfer
angular distributions for both energies was essentially negli-
gible for angles smaller than about 25° in the center of mass
frame, smaller than the effect due to the use of different input
optical potentials. For angles greater than 25° the effect was
of comparable size to that due to the use of different input
optical potentials. Thus, the use of the remnant term merely
allows an arbitrary choice between the use of post or prior
form for the transfer component of the calculation. The use
of the post formulation without this correction for a stripping
reaction gives essentially the same result, as expected for
light ions.

Test calculations in which the deuteron breakup couplings
were omitted found little change to either the predicted elas-
tic scattering or transfer angular distributions for an incident
deuteron energy of 15 MeV, the differences being at the
level of those due to the use of different input optical poten-
tials. At 30 MeV the effect on the predicted elastic and in-
elastic scattering of omitting the breakup couplings was sig-
nificant. However, the predicted transfer angular
distributions were essentially unchanged for angles smaller
than approximately 20° in the center of mass frame, the ef-
fect at angles greater than this being comparable to that due
to the use of different input optical potentials. This relatively
small effect on the transfer cross sections of the deuteron
breakup couplings may be ascribed to the small mass and

charge of the target. For heavier targets a larger effect is
expected and this will be investigated in future work. It
should however be noted that in all cases the best description
of the data was obtained when the remnant term, nonor-
thogonality correction and deuteron breakup couplings were
included in the calculations.

To summarize our recommendations for futuresd,pd ex-
periments involving radioactive beams in inverse kinematics,
our calculations suggest that data be taken at around 15 MeV
per nucleon or higher incident energy and for angles out to
approximately 30° –40° in the center of mass frame. The
minimum additional data required for an unambiguous
analysis are the deuteron elastic scattering at the appropriate
energy, with the exit channel proton elastic scattering data
being highly desirable if experimental constraints allow.
Such data should allow a consistent determination of single
neutron spectroscopic amplitudes, with the proviso that for
weakly bound exotic residual nuclei in the exit channel the
effects of breakup will need to be included in some way[53].

For the future, a deuteron static spin-orbit term could be
added to the calculations, derived from the nucleon spin-
orbit potentials. This would be necessary for an analysis of
data taken with the polarized deuteron targets currently being
contemplated for radioactive beam facilities, as the static
spin-orbit potential is known to dominate the analyzing pow-
ers for polarized deuteron elastic scattering(this is illustrated
very well in Rawitscher and Mukherjee[5], for example).
This deuteron static spin-orbit potential could also have an
influence on the analyzing powers for thesd,pd transfer re-
action, an excellent observable for unambiguously determin-
ing the intrinsic spin of states, and thus needs to be included
in a truly comprehensive analysis method.

The method may also be naturally extended to include
sd,nd and sp,dd transfer reactions. The extension tosd,nd
reactions is essentially trivial, as the outgoing proton is
merely replaced by a neutron and a similar method has al-
ready been applied to the7Besd,nd8B reaction[55]. The ap-
plication to sp,dd reactions should also be straightforward.
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