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The transfer reaction 13C(11B ,7Li)17O leading to the ground and several excited states of 17O was investigated
at an incident boron beam energy of 45 MeV. The experimental data were analyzed by means of coupled-channel
Born approximation calculations and 17O = α + 13C spectroscopic factors were extracted from a comparison
of the data and the calculations at forward angles. The largest spectroscopic factor obtained was that for the
subthreshold 6.356 MeV 1/2+ state, important for the production of neutrons in the stellar environment, and the
squared Coulomb modified asymptotic normalization coefficient, C̃2, is consistent with previous determinations.
A significant rise in the experimental data at backward scattering angles suggested the possibility of 17O =
6Li +11B clustering in some 17O states, including the ground state. However, explicit inclusion of 6Li transfer in
the calculations could not explain the observed effect. Compound nucleus calculations suggested that while the
backward angle rise could be explained by such processes for two of the populated 17O states other multistep
direct processes must contribute significantly to the other two.
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I. INTRODUCTION

Early α-structure calculations by Kurath [1] showed that
the (11B, 7Li) reaction might be a good means to explore α
clustering in nuclei. Early work using the 12C(11B , 7Li)16O
reaction by Barnà et al. [2] at a large number of bombarding
energies showed that the spectroscopic strengths extracted
from distorted-wave Born approximation (DWBA) calcula-
tions were consistent with those obtained from other α transfer
reactions and were essentially energy independent. Recently,
Guo et al. [3] explored the use of the 13C(11B , 7Li)17O
reaction at a bombarding energy of 50 MeV to extract both
the spectroscopic factor and the asymptotic normalization
coefficient (ANC) for the subthreshold 6.356 MeV 1/2+ state
in 17O, known to be important for the production of neutrons
in the stellar environment through the 13C(α,n) reaction. Their
work focused on the states in 17O at 3.055 MeV (1/2−),
3.843 MeV (5/2−), 4.554 MeV (3/2−), and 6.356 MeV
(1/2+), with the main emphasis on the latter state.

*Corresponding author: nicholas.keeley@ncbj.gov.pl

The present work reports new data for the 13C(11B , 7Li)17O
reaction taken at a 11B beam energy of 45 MeV. With the
experimental setup employed it was possible to detect both
the 7Li and 17O particles so that forward and backward angle
scattering data were acquired simultaneously. In an extensive
series of experiments between 1p-shell beams and targets that
employ inverse kinematics to collect data for both scattering
and reactions, it has been shown that in some cases the
backward angle cross sections are much larger than expected
and can be used to study the influence of breakup, single- and
multiparticle transfer and other strong coupling effects. One
of the goals of the present work was to determine the extent to
which the exotic cluster 6Li is present in 13C and 17O.

Coupled-channel Born approximation (CCBA) calculations
were carried out to extract the α spectroscopic amplitudes for
the ground and 0.87 MeV states as well as the states studied
by Guo et al. [3]. The sensitivity of the extracted amplitudes
to the various components required to carry out the CCBA
calculations was extensively explored. Once the forward
angle data were described, calculations were performed to
determine whether the large angle cross section data could
be described by 6Li cluster transfer or if the magnitude of
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FIG. 1. Angular distributions of the elastic and inelastic scattering
leading to the first excited state of 11B. The curves denote the results
of coupled-channel calculations with the optical potentials listed in
Table 1 (solid: potential B, dashed: potential A). The experimental
data are from Ref. [4].

the data showed that they could only be described by a
mixture of complicated reaction processes. The present work
demonstrates that extracting both forward angle and backward
angle data can greatly enhance our understanding of reactions
between complex nuclei.

II. EXPERIMENT

The experiment was performed at the Heavy Ion Laboratory
of the University of Warsaw. A self-supporting carbon foil
with 90% 13C enrichment was used as a target. The reaction
products were detected in �E-E telescopes, each consisting
of a gas ionization chamber and a 1 mm thick silicon detector.
Argon was used as the working gas. The energy loss of the ions
in the ionization chamber corresponded to that deposited in an
approximately 15 μm thick silicon detector. The detection
system allowed for good separation of the isotopes produced
in the 11B +13C interaction.

The elastic and inelastic scattering data plotted in Fig. 1
are taken from Ref. [4] where more information on the
experimental setup may be found.

The experimental data for the 13C(11B , 7Li)17O transfer
reaction are presented in Figs. 2–4. Angular distributions were
measured at forward and backward angles (Figs. 2 and 3) for
the reaction leading to the 17O ground state and excited states
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FIG. 2. Angular distributions of the emitted 7Li and 17O. The
solid curves show the results of the CCBA α transfer calculations
while the dashed curves (almost identical with the solid curves for
these states) denote the sum of the α and 6Li transfer results with the
S6Li from Table II. The dotted curves denote the results of compound
nucleus calculations with the code HELGA, see text for details.

at 0.871 MeV, 3.055 MeV, and 3.843 MeV while for the two
higher 17O excited states at 4.554 MeV and 6.356 MeV data
at forward angles only were obtained (Fig. 4) since the recoil
17O is unbound for these two states. The contribution to the
yields from 12C in the 13C target was less than 10% based on
the published cross sections of Ref. [4].

III. RESULTS

The transfer data were analyzed by means of CCBA
calculations. Coupling to the first excited state of 11B at
2.12 MeV was included in the calculations since it has been
shown that this coupling has a considerable effect on the
elastic scattering [5]. It was assumed that this state is a
member of a K = 1/2 rotational band with a quadrupole
deformation length δ2 = 1.2 fm [4]. The measured differential
cross sections for the transfer channels were fairly small. A
test coupled reaction channel calculation found the effect of
these transfer channels on the elastic and inelastic scattering
to be negligible, hence justifying the use of CCBA.

In the entrance channel, the optical model (OM) potential
from the previous study [4] was adopted as the starting point,
with a slightly reduced depth of the imaginary part (from
8 MeV to 7 MeV, Potential A in Table I). Keeley et al. [6]
have shown that in a study of the 13C(6Li ,d)17O reaction
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FIG. 3. As in Fig. 2 but for the 3.055 MeV and 3.843 MeV excited
states of 17O.

the values of the 17O α spectroscopic factors extracted from
a comparison of model calculations with the experimental
data strongly depend on the choice of the entrance channel
OM potential. Therefore, an automatic search was performed
(coupled-channel calculations with coupling to the first excited
state of 11B included) on the entrance channel OM potential
parameters in order to improve the fit to the elastic scattering
data at forward angles. The searching version SFRESCO of the
computer code FRESCO [7] was used for this purpose. The
results are plotted as the solid curves in Fig. 1 and listed in
Table I (Potential B). The overall description of the elastic
scattering data with this potential was improved so it was
therefore used in the transfer reaction data analysis.

13
C(

11
B,

7
Li)

17
O4.554 MeV

σ 
(m

b/
sr

)

0 20 40 60
10–3

10–2

10–1

100

θc.m. (deg)

13
C(

11
B,

7
Li)

17
O6.356 MeV

σ 
(m

b/
sr

)
0 20 40 60

10–3

10–2

10–1

100

FIG. 4. Comparison of the experimental and theoretical results
for the 4.554 MeV and 6.356 MeV excited states of 17O. All the
curves show the results of CCBA α transfer calculations: solid, as
in Figs. 2 and 3; dashed, with Potential A in the entrance channel;
dotted, with the global OM potential of Ref. [10] in the exit channel.

The exit channel OM potential for the 7Li +17O scattering
system was determined earlier in Ref. [8] and successfully
tested in a coupled reaction channel study of the one-neutron
transfer reaction 18O(6Li ,7Li)17O [9].

A. α transfer

Potentials binding the transferred particle to the core are
always important ingredients of transfer reaction calculations.
In order to compare the results of this study with those
published by Guo et al. [3] the same procedure for fixing
the parameters of the α + 7Li and α + 13C binding potentials

TABLE I. Parameters of the Woods-Saxon potentials. Radii are defined according to the heavy-ion convention, R = r0(A1/3
1 + A1/3

2 ).

V0 MeV r0 fm a0 fm W MeV ri fm ai Ref.

11B +13C Pot. A 256.7 0.788 0.740 7.00 1.250 0.740 [4]
11B +13C Pot. B 220.5 0.927 0.617 24.36 0.523 1.271 this work
7Li +17O 183.0 0.800 0.740 6.00 1.450 0.740 [8]
7Li +13C 114.2 0.709 0.856 35.85 0.959 0.809 [10]
7Li +11B 114.2 0.691 0.856 36.49 0.935 0.809 [10]
11B g.s. = α + 7Li 66.4 0.92 0.65 0.0 0.0 0.0 this work
17O g.s. = α + 13C 53.08 1.03 0.65 0.0 0.0 0.0 this work
17O g.s. = 6Li +11B 127.15 0.794 0.65 0.0 0.0 0.0 this work
13C g.s. = 6Li +7Li 145.24 0.788 0.65 0.0 0.0 0.0 this work
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TABLE II. Spectroscopic amplitudes from the TISM used in the
FRESCO calculations (A = C + x, where x = α or 6Li). The number
of nodes (N ) in the radial wave function includes that at the origin
but not that at infinity.

A Eex (MeV) C NLJ Sx

17O 0.00 13C 2F3 −0.191
11B 2F2 0.255

2F3 −0.208
2F4 0.074

17O∗ 0.871 13C 3P1 0.539
11B 3P1 0.263

2F2 −0.162
17O∗ 3.055 13C 4S0 −0.539

11B 4S1 −0.263
3D1 −0.162
3D2 0.485

17O∗ 3.843 13C 3D2 0.192
11B 4S1 −0.623

3D1 −0.028
3D2 −0.095
3D3 −0.170

17O∗ 4.554 13C 3D2 0.536
17O∗ 6.356 13C 3P1 0.539
13C 0.000 7Li 3S1 −0.124

2D1 −0.039
2D2 −0.116

11B 0.000 7Li 3S0 −0.638
2D2 −0.422

was used, namely the potentials binding the α particle to
the 7Li and 13C cores were of standard Woods-Saxon form,
with diffuseness parameter a = 0.65 fm and radii obtained by
folding the matter densities of the transferred particle and the
core with their relative motion. This led to equation (1) of
Ref. [3]. The radii of 7Li , 11B, and 13C taken from Ref. [11],
the radius of 17O from Ref. [12] and the radius of 4He (1.47 fm
[3]) were used in this equation and the radii of the α binding
potentials calculated. The parameters of the binding potentials
are listed in Table I.

The interaction potential was calculated from the binding
potentials, OM potentials in the entrance or exit channels
(according as the post or prior form was used) and the
core-core (7Li +13C) OM potential listed in Table I. The results
of the CCBA calculations were almost identical for both forms
(post and prior). Those plotted in Figs. 2–4 were obtained
using the post form of the interaction potential.

The results of the calculations depend on the product of
two spectroscopic factors: that for the projectile (11B) and
that for the final nucleus (17O). The spectroscopic factors are
the squares of the spectroscopic amplitudes. The amplitudes
for the 17O states were calculated using the translationally
invariant shell model (TISM) [13,14] and are listed in Table II.
They were used as a starting point in the CCBA calcula-
tions performed using the code FRESCO [7]. Spectroscopic
amplitudes calculated with the TISM were also used for 11B.
They are slightly different from those calculated previously by
Kurath [1], but as was shown in Ref. [3] and tested in this work,

TABLE III. α spectroscopic factors (S2
α) of 17O states from α

transfer experiments and the TISM. The Ref. [6] values were taken
from the “CRC (2p-1h)” column of Table 3.

Eex Iπ this work Ref. [3] Ref. [15] Ref. [6] TISM

0.000 5/2+ 0.08 ± 0.02 0.12 0.036
0.871 1/2+ 0.35 ± 0.12 0.17 0.29
3.055 1/2− 0.42 ± 0.16 0.19 ± 0.06 0.27 ± 0.05 0.30 0.29
3.843 5/2− 0.10 ± 0.03 0.078 ± 0.025 0.34 0.037
4.554 3/2− 0.15 ± 0.05 0.06 ± 0.09 0.10 ± 0.05 0.49 0.29
6.356 1/2+ 0.39 ± 0.12 0.37 ± 0.12 0.29 ± 0.11 0.40
6.356 1/2+ 0.72 ± 0.22a 0.29a

aN = 3.

the results of the model calculations are very similar with these
two sets of amplitudes, provided that the signs of the Kurath
amplitudes are taken to be the same as those obtained from the
TISM calculations.

The calculations were normalized to the data at the most
forward angles and such normalized results are given by
the solid curves in Figs. 2–4. The spectroscopic factors
(squares of the spectroscopic amplitudes) corresponding to
this normalization are listed in Table III. The errors listed in
Table III correspond to the statistical errors on the measured
differential cross sections. The spectroscopic amplitudes for
11B were not changed in the calculations and kept equal to
those listed in Table II. Comparison of absolute spectroscopic
factors obtained in different studies is always problematical
due to the dependence of these quantities on the parameters
of the binding potentials used, in addition to the question of
whether the reaction mechanism has been modeled adequately.
However, the uncertainties on the values given in Refs. [3]
and [15] take into account the effect of employing a range of
bound state radius and diffuseness parameters which covers the
values used in this work. Therefore we should see agreement
between all three evaluations within the stated uncertainties.
The comparison with the spectroscopic factors of Ref. [6] is
admittedly more problematic since the bound state radius used
is somewhat larger.

The smallest values were obtained for the ground state and
the 3.843 MeV state of 17O, in qualitative agreement with the
TISM predictions and in quantitative agreement with Ref. [3]
for the 3.843 MeV state. The value for the first excited state
is in agreement with the TISM calculation, as is the value for
the 3.055 MeV state which in addition is in agreement with
the results of two previous α transfer studies [6,15]. For the
4.554 MeV state the value obtained is in agreement with those
of Refs. [3,15] and close to the TISM but very different from
that of Ref. [6]. The three previous α transfer studies listed
in Table III (Refs. [3,6,15]) gave very similar results for the
important 1/2+, 6.356 MeV state, while the value of the spec-
troscopic factor obtained in this work is much larger. This is
due to the smaller number of nodes in the radial wave function
used here (N = 3 as compared to N = 4 in Refs. [3,6,15])
following the predictions of the TISM calculations; if N = 4
is used our analysis yields a value of S2

α = 0.39 ± 0.12 for this
state, in excellent agreement with the previous determinations.
However, these spectroscopic factors correspond to values
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for the squared Coulomb modified ANC of C̃2 = 5.1 ±
1.5 fm−1 and C̃2 = 4.5 ± 1.4 fm−1 for N = 3 and N = 4,
respectively, in good agreement with the results of Refs. [3]
(4.0 ± 1.1), [15] (4.5 ± 2.2), and [16] (3.6 ± 0.7). Thus C̃2 is
relatively insensitive to the choice of N , as found by Pellegriti
et al. [15].

Agreement between the spectroscopic factors obtained in
this work and those of Refs. [3] and [15] is good (if we compare
the present result for the 6.356 MeV 1/2+ state obtained with
N = 4) while that with Ref. [6] is rather less so, which may be
explained, at least in part, by the somewhat different binding
potential parameters used in that work. The present empirical
spectroscopic factors are in quantitative agreement with the
TISM results for the 0.871 MeV 1/2+ and 3.055 MeV 1/2−
states only, the values for the other states only agreeing to
within a factor of 2 or so. However, as has been known for a
long time, the absolute values of α-particle transfer reaction
calculations can be very sensitive to the distorting potentials
used. A series of test calculations was performed in order
to establish the sensitivity of the calculated results to these
parameters and determine whether this could account for the
discrepancies between the empirical and TISM spectroscopic
factors. The results are plotted in Fig. 4. The dependence on
the entrance channel OM potential parameters may be seen
by comparing the solid and dashed curves (Potentials A and
B, respectively). The choice of entrance channel OM potential
does not greatly affect the results of the CCBA calculations at
forward angles, although for the 6.356 MeV state a significant
effect is already noticeable at about 10◦. If, instead of the
empirical 7Li OM potential for the exit channel obtained in
Ref. [8] the global 7Li +A OM potential of Ref. [10] was used,
the results of the CCBA calculations were similar only at very
forward angles (solid and dotted curves, respectively). In the
angular range where we have data the calculations with the OM
potential of Ref. [10] in the exit channel both overpredict the
magnitude of the cross section. The shape is also not as well
reproduced, the dotted curves falling too slowly with angle
compared to the data. The choice of distorting potentials in
entrance and/or exit channels would therefore not appear to
be able consistently to account for the discrepancies between
the empirical and TISM S2

α values, the most likely explanation
being that the structure of at least some of these 17O states is
more complicated than was assumed in the TISM calculations.

B. 6Li transfer

A major effort of this work was to measure the angular
distributions of the reaction products for the four transfer
channels leading to the ground state, 0.871 MeV, 3.055 MeV,
and 3.843 MeV states of 17O at forward and backward angles to
determine whether α spectroscopic strengths would be better
determined by fitting data over the complete angular range. The
fact that CCBA calculations including just α transfer were not
able to account for the rise in the differential cross section at
backward angles (Figs. 2 and 3) led to the search for other
transfer mechanisms, one of the most obvious being transfer
of a 6Li cluster from the target to the projectile since the
TISM calculations predict sizable spectroscopic amplitudes
for the 13C = 7Li +6Li and 17O = 6Li +11B cluster structures

(Table II). Thus, CCBA calculations for 6Li transfer were
performed in order to investigate the contribution of this
mechanism to the observed rise of the large angle cross
sections.

For such a large cluster, the method for estimating the radii
of the cluster binding potentials used in the previous section
could not be applied since the radius of 6Li is much larger than
that of the α particle and even larger than that of 13C [11].
Therefore, the radii of the 6Li binding potentials in 13C and
17O were set to the “standard” radii of these nuclei, R13C =
1.25 × 131/3 fm and R17O = 1.25 × 171/3 fm. The potentials
were of Woods-Saxon form, with a diffuseness of 0.65 fm and
the depth adjusted to give the correct binding energy for these
systems. The parameters are listed in Table I.

Calculations using the spectroscopic amplitudes from the
TISM (Table II) gave results that were essentially identical to
those obtained without including 6Li transfer. Only in the case
of transfer to the 3.055 MeV and (barely) the 3.843 MeV states
of 17O is the effect visible at backward angles, see the dashed
curves in Figs. 2 and 3 which represent the coherent sums of
the α and 6Li transfers. It is therefore readily apparent that
6Li transfer cannot be responsible for the observed rise in the
differential cross section at backward angles, even allowing
for the uncertainties in the calculations.

C. Compound nucleus calculations

Another possible explanation for the observed backward
angle rise in the transfer angular distributions is the presence
of a significant compound nucleus component. However, as is
apparent from a comparison of Figs. 2 and 3, the backward
angle cross sections do not scale with (2J + 1), as required by
the statistical model, cf. the backward angle cross sections for
transfer to the 0.871 MeV excited state of 17O (1/2+) which
are about a factor of two smaller than those for transfer leading
to the 3.055 MeV state (1/2−). Also, the backward angle cross
sections for the 3.055 MeV (1/2−) state are considerably larger
than those for the 0.0 MeV (5/2+) state whereas the reverse
should be true for a statistical compound nucleus mechanism.
This strongly suggests that the large angle cross sections
measured in this work for the 17O+7Li exit channel cannot
be fully explained by evaporation from the compound nucleus
24Na either.

However, to explore further this possibility, compound
nucleus calculations were carried out with the computer code
HELGA [17]. Calculations for the compound process were
explored in great detail in the mid and late 1970s in the hope of
using this reaction process to assign final state spins for nuclei
like 20Ne produced in the reactions 12C(14N ,6Li)20Ne and
10B(12C ,d)20Ne. It was assumed that the final states observed
were populated through the compound process and these data
provided a way to explore the sensitivity of the calculated
absolute cross section to the various input parameters. An
important observation was the need to use a critical angular
momentum in calculating absolute cross sections [18], which
could be derived from measured fusion cross sections if one
assumed a sharp cutoff approximation for the transmission
coefficients (see Eq. 2 of Ref. [19]). The sensitivity to input
parameters, such as the continuum level density, optical
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potentials, and critical angular momenta, required for deter-
mining the absolute cross section, was thoroughly investigated.
For example, changing the level density parameter by 20%
was found to change the cross section by a factor of 6. Similar
results were found for different sets of optical potentials as
well as slight changes in the critical angular momentum.
However, it was found that the relative cross sections between
partitions and between the states in a given partition were
quite robust and not subject to the wide variations observed
as a function of the input parameters for the absolute cross
section.

The practical solution that was adopted is the one used here,
and that is to take a channel, usually one with the smallest cross
section or one that might not be a direct one-step transfer such
as 12C(6Li ,d)16O (8.87 2−) and make slight adjustments to
the critical angular momentum derived from the sharp cutoff
approximation to the fusion cross section until the desired
cross section is produced. A survey of fusion cross sections
for systems in this mass region as well as the result of assuming
that 90% of the total reaction cross section calculated with the
optical potential parameters used as input to HELGA was due
to fusion gave a total fusion cross section of 1000 mb from
which an angular momentum cutoff for this system of 11.5h̄
was extracted [19]. The cutoff angular momentum was then
decreased from 11.5h̄ to 11h̄ to match the measured cross
section for the 0.0 MeV 5/2+ state in 17O. The compound
nucleus cross sections obtained for the other three states
populated in the 17O +7Li partition are presented in Figs. 2
and 3 (the compound nucleus contributions to the 13C +11B
elastic scattering and inelastic scattering to the 11B first excited
state are negligible). It is apparent from Figs. 2 and 3 that
the procedure adopted enables an excellent description of
the shape of the backward angle data for population of the
5/2+ ground state of 17O by the compound nucleus process—
the calculations were arranged so that the magnitude was
reproduced—and a satisfactory description of the backward
angle data for population of the 3.843 MeV 5/2− state (the
shape is well reproduced but the magnitude is slightly over-
predicted). However, the backward angle data for population
of the 0.871 MeV 1/2+ and 3.055 MeV 1/2− states are not
well reproduced, either with regard to the magnitude which is
significantly underpredicted in both cases, particularly so for
the 1/2− state, or the shape, the experimental data having much
“flatter” angular distributions than the compound nucleus
calculations. The calculations therefore suggest that while
compound nucleus processes could account for essentially all
the observed backward angle rise in the angular distributions
for populating the two spin-5/2 states in 17O they can only
partially account for this phenomenon for the two spin-1/2
states. In particular, the backward angle rise in the 3.055 MeV
1/2− state data must be due predominantly to other processes,
presumably multistep direct transfer(s) of some sort.

IV. SUMMARY

Angular distributions of the 13C(11B ,7Li)17O transfer reac-
tion leading to six states of the final nucleus were measured.
The data were analyzed by means of CCBA calculations that
included coupling to the first excited state of the projectile
nucleus. The α spectroscopic factors of the 17O states were
determined from a comparison of the CCBA calculations
and the experimental data at the most forward angles. Good
agreement was obtained with previous determinations [3,15].
The largest value was for the subthreshold 1/2+ state at
an excitation energy of 6.356 MeV, either S2

α = 0.72 ± 0.22
or S2

α = 0.39 ± 0.12, depending on whether the number of
nodes in the radial wave function was as predicted by the
TISM (N = 3) or as used in previous determinations [3,15]
(N = 4), respectively. The N = 4 result is in good agreement
with previous determinations [3,6,15] but the N = 3 result is
approximately a factor of 2 larger than the TISM prediction.
However, the Coulomb modified ANCs for both values of
N, C̃2 = 5.1 ± 1.5 fm−1 (N = 3) and C̃2 = 4.5 ± 1.4 fm−1

(N = 4), are in good agreement with the values obtained in
Refs. [3,15,16] and are essentially independent of the choice
of N .

The present work complements a previous study of the
same reaction at a very similar energy [3] by measurements
of the angular distributions at backward angles. The rise in
the differential cross section at backward angles suggested the
possibility of an “exotic” clustering mode, 6Li +11B, for the
5/2+ ground state, 1/2+ 0.871 MeV, 1/2− 3.055 MeV, and
5/2− 3.843 MeV states of 17O. However, explicit inclusion of
6Li transfer could not explain the observed effect. Compound
nucleus calculations with the code HELGA, normalized to
describe the backward angle data for population of the 5/2+
ground state of 17O, could only partially account for the
observed rise in the backward angle differential cross sections
for populating the other states. In particular, the cross sections
for the two spin-1/2 states were significantly underpredicted
by the compound nucleus calculations, suggesting that other
multistep direct processes are important in the population of
these states at least.
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