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The nucleon radiative capture reactions are important in pure and applied nuclear physics, especially in nuclear
astrophysics. The keV-nucleon radiative capture reactions are studied with 12C and 16O targets using the bound-
to-continuum potential model in which both scattering and bound states are treated simultaneously and based
on the Skyrme Hartree-Fock approximation. The obtained results are shown to be in good agreement with the
available experimental data. Alongside astrophysical aspects, the nuclear structure features were revisited for
enlarging the prospect of adopting the nucleon radiative capture processes as a spectroscopic tool.
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I. INTRODUCTION

The radiative capture (RC) reactions in which the incident
particle such as neutron, proton, α, and other light ions is
absorbed by the target nucleus, and the γ radiation is then
detected are important in applied and pure nuclear physics
[1]. In particular, the nucleon RC reaction is one of the most
important in the formation of various elements in the universe,
it is therefore essential in nuclear astrophysics [2–4]. For
example, the proton RC or (p, γ ) reactions appear in the CNO
cycle, where they generate nuclear energy in massive stars
[5,6] and as a source of solar neutrinos [7]. While the neutron
capture reactions (n, γ ) play a key role in the nucleosynthesis
on the inhomogeneous Big Bang model [8,9] and in the s
process in asymptotic giant branch (AGB) stars [10]. Among
different nuclei in the processes, 12C and 16O isotopes are of
particular interest.

For the (p, γ ) reaction, the 16O(p, γ ) 17F is the slowest
process in all proton RC reactions in the CNO cycle because
of the absence of low-lying resonances. The 12C(p, γ ) 13N
reaction displays the next-to-slowest reaction rate in the CNO
cycle. This reaction affects the rate in the outer parts of
the solar core, where the CNO cycle has not yet reached
its equilibrium at the lower temperature. For the (n, γ )
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reaction, the calculated rates implied from cross sections of
both 12C(n, γ ) 13C and 16O(n, γ ) 17O reactions are important
concerning the nucleosynthesis in inhomogeneous Big Bang
model and the s process. Although the nucleus 16O has a small
neutron-capture cross section, the 16O plays an important role
as a neutron poison in the astrophysical s process due to its
high abundance [11].

It is difficult to measure the cross sections for nucleon
RC reactions at low energy because of their extremely small
reaction cross section. Theoretical insight is therefore required
to reach relevant stellar energies. Extrapolation of experi-
mental RC reaction cross sections downward from accessible
to astrophysical energies relies on theoretical models [4,12].
Theoretically, the RC process is considered as electromag-
netic transitions from the scattering states to the bound states.
Among different theoretical models in the study of RC reac-
tions (see Ref. [4] for a review), the potential model is the
simplest but powerful tool. It is commonly approached phe-
nomenologically with Gaussian or Woods-Saxon potentials to
obtain the nuclear wave functions [13–18]. The microscopic
nucleon-nucleus potential within the folding model was also
applied [19,20] to reduce the number of free parameters that
lead to the improvement in the prediction of cross sections and
reaction rates of the RC reactions. However, the folding model
is suitable for the scattering problem only, and its application
at very low energies contains impediments.

The RC process is an example where the scattering and
bound wave functions of the same nucleus work together.
However, they are often treated separately. Moreover, in
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previous studies of RC reactions, such as Refs. [16,17,20], the
single-particle bound states were obtained with a phenomeno-
logical or folding model potential that does not relate to any
nuclear structure model. To obtain the nuclear wave functions
consistently and microscopically, the α-cluster description can
be applied [21]. This approach is suitable for the nuclear
state described by the α-cluster model. The work in Ref. [22]
attempted to use a single mean-field for scattering and bound
state within the potential model.

In the present work, the bound-to-continuum approach in
Ref. [22] was applied to obtain simultaneously the bound
states and the scattering states. The approach is based on
the single Skyrme Hartree-Fock (HF) calculation using the
Skyrme interaction SLy4 [23,24] with the corrected asymp-
totic forms of not only the scattering but also the bound state.
The advantage of this approach is that there are only two
well-constrained parameters with one purpose that is ensuring
the asymptotic behavior of the wave functions. The approach
can be applied simultaneously for the (p, γ ) and (n, γ ) reac-
tions. The information from the (p, γ ) reaction can be applied
to the (n, γ ) reactions that are usually poor in experimental
data. In reverse, the neutron-induced reactions in general and
(n, γ ) reaction, in particular, provides additional information
for the nuclear structure. The use of RC reactions as a tool
for nuclear spectroscopy was discussed in great details in
Ref. [25]. Therefore, not only were the experimental data
well-reproduced but also the nuclear structure information is
revealed in the bound-to-continuum approach.

II. FORMALISM AND METHOD

A. Potential model for nucleon radiative capture

In the study of the RC reactions at low energy, it is cus-
tomary to calculate the energy-dependent astrophysical S (E )
factor as

S (E ) = E exp(2πη)σ (E ), (1)

where E is the energy of the incident nucleon, and η is the
Sommerfeld parameter. The capture cross section for emission
of electric dipole radiation (E1) in the transition i → f of the
target which has the charge number Z and the mass number A
is given by

σ (E ) = 4

3

e2

h̄

(
4π

3
k3
γ

)(Aτ − Z

A + 1

)2∣∣ME1
i→ f

∣∣2
, (2)

in which τ = 0 for neutron and τ = 1 for proton. The emitted
γ -ray wave number is

kγ = [E − (−Q + Ex )]/(h̄c), (3)

where Ex is the excitation energy of the daughter nucleus, and
Q is the Q value of the reaction. Only the electric dipole E1
transition is considered in the study.

The matrix element ME1
i→ f in Eq. (2) can be decomposed

into three components

ME1
i→ f = AIS1/2

F . (4)

The first component A is the angular-spin coefficient given
by [26]

A2
i→ f = 3

4π
(2�i + 1)(2 ji + 1)(2 j f + 1)(2Jf + 1)

× (�i010|� f 0)2

{
ji I Ji

Jf 1 j f

}2{
�i 1/2 ji
j f 1 � f

}2

,

(5)

where the last round bracket component is a Clebsch-Gordan
coefficient, and the last two curly bracket components are
Wigner 6 j coefficients. The nucleon spin and angular momen-
tum are s and �, respectively, and the total angular momentum
is j = � + s. The target is the inert core after the capture pro-
cess with the unchanged spin I. The total spin of the system
is J = j + I. The second component that is the central part of
the potential model is the radial overlap of the scattering state
χ�i and bound state ϕn f � f j f :

I (E ) =
∫

ϕn f � f j f (r)χ�i (E , r)r dr. (6)

The final component SF is the spectroscopic factor of ϕn f � f j f .

B. The bound-to-continuum potential model

In the bound-to-continuum potential model [22], both wave
functions ϕn f � f j f (r) and χ�i (E , r) in Eq. (6) were calculated
from the Skyrme HF approximation. The calculation was
started with the radial HF equations following Refs. [27,28]:

{
h̄2

2m∗
τ (r)

[
− d2

dr2
+ �(� + 1)

r2

]
+ V τ (r)

− d

dr

[
h̄2

2m∗
τ (r)

]
d

dr

}
ϕα (r) = εαϕα (r), (7)

in which ϕα (r) and εα are the HF single-particle wave function
and energy with α being the set of all necessary quantum num-
bers, respectively. V τ (r) is the Skyrme HF potential [27,29]
including the central V τ

c (r), the spin-orbit V τ
s.o.(r), and the one-

body Coulomb potential τVCoul.(r). The first-order derivative
term in Eq. (7) is eliminated by using the transformation

ϕα (r) = [m∗
τ (r)/m]1/2ϕ̃α (r), (8)

then Eq. (7) can be rewritten in terms of the usual Schrödinger
equation. Reference [30] presented a tool for the Skyrme
HF calculation in detail that is used in our study. After the
iteration in calculation, the converged potentials V τ (r) and
effective masses m∗

τ (r) are used to determine the occupied
and unoccupied single-particle bound states. In the study, the
unoccupied single-particle bound states of interest are given
in Table I.

Following Refs. [27,28], Eq. (7) is also applied for the
scattering state with the discrete eigenvalue εα replaced by
the continuous variable E . Consequently, the bound and scat-
tering wave functions in the overlap integral in Eq. (6) are
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TABLE I. The main transitions from the scattering state χli to the
bound state ϕα with α ≡ {nf � f j f }, and εα (in MeV) being its single-
particle energy. Jπ

f is the total spin of the final state. es (in MeV) is
the nucleon separation energy used in our calculation, while Sp(n) =
−Q + Ex (in MeV) is the experimental proton (neutron) separation
energy [31–33]. λb is the scaling factor of the bound potential. SF is
the spectroscopic factor.

Reaction Jπ
f χli ϕα εα Sp(n) es λb SF

16O(p, γ ) 17F 5
2

+
p, f 1d 5

2
−3.57 −0.60 −0.60 0.88 1.00

16O(p, γ ) 17F∗ 1
2

+
p 2s 1

2
−0.97 −0.11 −0.11 0.95 1.00

16O(n, γ ) 17O 5
2

+
p, f 1d 5

2
−6.75 −4.14 −4.14 0.90 1.00

16O(n, γ ) 17O∗ 1
2

+
p 2s 1

2
−3.89 −3.27 −3.89 1.00 1.00

12C(p, γ ) 13N 1
2

−
s, d 1p 1

2
−6.85 −1.94 −1.94 0.81 0.20

12C(n, γ ) 13C 1
2

−
s, d 1p 1

2
−9.42 −4.95 −4.95 0.83 0.45

12C(n, γ ) 13C∗ 1
2

+
p 2s 1

2
−1.25 −1.86 −3.02 1.11 1.00

12C(n, γ ) 13C∗ 3
2

−
s, d 1p 3

2
−16.85 −1.26 −1.26 0.45 0.25

p, f 1d 3
2

0.97 −1.26 −1.26 1.30 0.95
12C(n, γ ) 13C∗ 5

2

+
p, f 1d 5

2
−2.30 −1.09 −1.09 0.94 0.55

solutions of{
h̄2

2m′

[
− d2

dr2
+ � f (� f + 1)

r2

]
+ Vb(εα, r) − εα

}

ϕ̃α (r) = 0, (9){
h̄2

2m′

[
− d2

dr2
+ �i(�i + 1)

r2

]
+ Vs(E , r) − E

}

χli (E , r) = 0, (10)

where now α ≡ n f � f j f , for example 1d5/2 in the case of
16O(p, γ ) 17F reaction. In both Eqs. (9) and (10), m′ =
mA/(A − 1) with m being the nucleon mass. The use of m′
is to take into account a large part of the center-of-mass (c.m.)
correction. It is important for light nuclei in the study. Note
that ϕ̃α (r) is transformed back to ϕα (r) by Eq. (8), while
the scattering wave function χl (E , r) is kept. The potentials
Vb(εα, r) and Vs(E , r) in Eqs. (9) and (10) are

Vb(εα, r) = λbVc
b (εα, r) + VCoul.(r) + Vs.o.(r)�σ, (11)

Vs(E , r) = λsVc
s (E , r) + VCoul.(r) + Vs.o.(r)�σ. (12)

Vc
b (εα, r) and Vc

s (E , r) are energy-dependent central poten-
tials, particularly

Vc
b (εα, r) = m∗

τ (r)

m

{
V τ

c (r) + 1

2

(
h̄2

2m∗
τ (r)

)′′

−m∗
τ (r)

2h̄2

[(
h̄2

2m∗
τ (r)

)′]2}
+

[
1 − m∗

τ (r)

m

]
εα,

(13)

and Vc
s (E , r) is obtained using the continuous incident energy

E instead of the single-particle energy εα . The spin-orbit and

Coulomb potentials are included:

VCoul.(r) = [m∗
τ=1(r)/m]VCoul.(r), (14)

Vs.o.(r) = [m∗
τ (r)/m]V τ

s.o.(r). (15)

Unlike the central potential, they do not depend on the energy,
hence the same in Eqs. (9) and (10). Note that only the depths
of the nuclear central parts are modified. The spin-orbit and
Coulomb potentials are kept unchanged. The two parameters
in the study are λb and λs in Eqs. (11) and (12), respectively.

For the scattering state, the parameter λs is introduced to
be adjusted such that the position of a low-lying resonance
is reproduced [22]. The asymptotic behavior of the scattering
wave function is therefore verified. For the bound state, the
correct asymptotic behavior of the unoccupied bound wave
functions ϕn f � f j f (r) is also essential. In our approach, the well-
depth method is applied for generating the correct asymptotic
form of the single-particle bound state ϕn f � f j f (r) obtained in
Eq. (9). The nuclear central potential is multiplied by the
scaling factor λb such that εn f � f j f equals to the value es that
is in most cases the experimental nucleon separation energy
Sp(n) = −Q + Ex. The Q values and excitation energies Ex

are taken from the experimental nuclear database [31–33].
The values of es and Sp(n) are presented in Table I for each
state. Note that the occupied single-particle states are kept
unchanged as the inert core.

Finally, the spectroscopic factor SF is varied to reproduce
the experimental data. However, it is not considered as a
parameter because its value is traditionally constrained by the
(d, p) stripping reactions [34] or the shell-model calculations
[35]. For the nuclei in the study, SF should be close to unity for
the case of single-particle states in the sd space, and it is far
from unity in the case of single-particle states in the p space.

Consequently, V τ (r) and m∗
τ (r) in the Skyrme HF approx-

imation can be used to obtain simultaneously the bound state
and the scattering state in the study of keV-nucleon RC re-
action with only two parameters. The two parameters simply
adjust the depth of the central nuclear potentials to verify the
asymptotic behavior of the wave functions. The scaling factor
λb for the bound state is constrained by the nucleon separation
energy, and λs for the scattering state is determined by the
position of the low-lying resonance.

III. RESULTS AND DISCUSSIONS

First, the (p, γ ) and (n, γ ) on the double-closed-shell nu-
cleus 16O are discussed. Then with the adjustments of λs,
λb, and SF , the method is applied for the case of 12C. The
summary of all calculations is presented in Table I.

The scattering state is well described in our approach.
The asymptotic form of the scattering state was verified by
the studies of nucleon elastic scattering [27,28,36]. The pa-
rameter λs is adjusted such that the position of a low-lying
resonance is reproduced. In the case of 12C(p, γ ), it is the
resonance at 0.42 MeV corresponding to the 1/2+

1 excited
state at 2.365 MeV in 13N structure. The value of λs obtained
from 12C(p, γ ) is then applied for 12C(n, γ ) reactions as they
are nonresonant RC reactions. For the case of 16O, the lack of
low-lying resonance is covered by the HF approximation that
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is well-applied for double-closed shell nuclei. The parameters
λs of the scattering state are equal to 1.00 and 1.02 in the
cases of 16O and 12C, respectively. It is worth reminding
some properties of the potential Vs(E , r) in our approach. It is
purely real. The dispersive optical potential used in Ref. [37]
for the (n, γ ) reaction was not included in our calculation.
As λs is close to unity, the dispersive component is less than
5% and can be taken into account by the parameter λs. The
nonlocality of the optical potential in the RC reaction was
mentioned in Ref. [38]. In the Skyrme HF approximation,
the nonlocality of the mean field was taken into account by
the damping factor m∗

τ (r)/m and the energy-dependent term
[1 − m∗

τ (r)/m]E [28]. Note that the Coulomb potential is
important to the low-energy scattering. It is different from
the usual Coulomb potential because of the damping factor
m∗

τ=1(r)/m in Eq. (14). The difference does not behave like
1/r for large distance, but has the shape of a Fermi function
[28]. Therefore, the difference does not affect the calculation
for large distance.

The bound state is based on the Skyrme HF calculation
including the correct asymptotic form. The value of λb de-
pends on the difference between the single-particle energy εα

calculated with λb = 1.00 and the nucleon separation energy,

e = es − εα (in MeV). From our calculations (Table I), there
is a linear correlation that is (1 − λb) = 0.035
e/MeV. This
formula is valid for all cases in the study, i.e., for 16O and 12C,
and for the transitions to the ground state and to the excited
state. It comes from the fact that the energy dependence of the
potential produced by the Skyrme HF formalism is linear in
energy in Eq. (13).

The spectroscopic factors SF in our analysis are empirical
values as it is varied to reproduce the experimental data. It
contains partially the core-polarization effect induced by the
incident particle that is neglected in the calculation. This effect
is known to be small in nucleon elastic scattering. However,
in the RC reaction, the situation is quite different. Indeed, the
incident nucleon is just captured onto the bound state and it
is waiting there until it will radiate the photon. The electro-
magnetic processes are much slower than those due to the
strong interactions. Then it would mean that there is enough
time for the captured nucleon to interact with the main part of
the nucleus so that its wave function is affected by the core.
Probably, this process is partially included in the empirical
spectroscopic factors in our calculations. The process is less
important for 16O, but it is certain for 12C. SF of 16O(n, γ )
reactions are unity. SF in the case of 12C(p, γ ) reactions are
smaller than other calculations because of this effect in the
RC reaction. With α substructures, the effect in both nuclei
is actually important, it is, however, not in the context of
the nucleon mean-field approach in the study. Moreover, the
proton interacts with the core rather than the neutron does
because of the Coulomb interaction. That is the reason why
the SF of (p, γ ) reactions are smaller than those of (n, γ )
reactions (see Table I).

A. 16O(p, γ ) 17F and 16O(n, γ ) 17O

The result for 16O(p, γ ) 17F reaction was reported in
Ref. [22], however, 16O(p, γ ) 17F and 16O(n, γ ) 17O were

FIG. 1. Calculated astrophysical S(E ) of the 16O(p, γ ) 17F reac-
tion. The transition to the ground state is noted as [1], and to the
excited state [2]. The spectroscopic factors of 1d5/2 and 2s1/2 are
1.00. Experimental data were taken from Morlock (1997) [39] for the
transition to the ground state, and Rolfs (1973) [25] for the transition
to the excited state.

simultaneously analyzed in the present study. Both reactions
are simple examples of the RC in nuclear astrophysics, al-
though they are nonresonant reactions in the energy region
of interest. The 16O isotope is tightly bound with the doubly
closed-shell structure that is well described in the HF approx-
imation. The Skyrme HF for the continuum was successful
for the nucleon elastic scattering at low energy, especially for
16O [27]. The implication of this model is therefore expected
for the study of both proton and neutron RC reactions at low
energies for 16O. It is as one can expect that the spectroscopic
factors SF of 1d5/2 and 2s1/2 are unity (Table I). It means the
nucleon wave functions are not affected by the core during the
capture process in the case of 16O.

Indeed, in Fig. 1 the calculated S (E ) for the 16O(p, γ ) 17F
reaction well reproduces the experimental data up to 2–3 MeV
taken from Refs. [25,39]. The transitions to the ground state
17F (noted as [1] in Fig. 1) is dominated by E1 transitions
from p + f -scattering states to the 1d5/2-bound state (Table I).
As the doubly closed-shell structure of 16O, the structure of
ground state 17F (5/2+) is implied as the inert 16O core and
one additional proton in 1d5/2 state. Similarly, for the transi-
tion to the excited state 17F∗ (1/2+) (noted as [2] in Fig. 1),
the incident proton is captured to the 2s1/2-bound state. The
main contribution is the transition from the p-scattering state
to the 2s1/2-bound state (Table I).

The correct asymptotic forms of the single-particle states
1d5/2 and 2s1/2 are important in the study of keV-nucleon
RC reaction. Because of not only the extremely low energy
but also the Coulomb and centrifugal barriers, the capture
process occurs at a large distance. The overlap integral (Ep =
0.5 MeV) with and without the asymptotic correction are
shown in Fig. 2 for the transition to the ground state [1] and to
the excited state [2]. The overlap integral of the transition to
the excited state is much larger than that of the transition to the
ground state. It is a consequence of the halo properties of the
bound 1/2+ state in 17F that was discussed in Refs. [39,40].
The proton-halo structure of the 1/2+ bound-state wave
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FIG. 2. The radial dependence of overlap integrals for the p-
scattering wave to the 2s1/2-bound states at Ep = 0.5 MeV (in c.m.
frame). The transition to the ground state is noted as [1], and to the
excited state [2]. The radius of 16O obtained from our HF calculation
is 2.7 fm. The calculations with and without the asymptotic correc-
tion are shown.

function is the cause of the increase of the S factor for the
transition to the 1/2+ [39]. Besides the astrophysics aspect,
17F is therefore a good candidate for the study of the weakly
bound state as well as the proton-halo structure due to small
separation energy, Q = 0.11 MeV.

The astrophysical S factors of two cases of 16O(p, γ ) have
different trends when the energy decreases to zero. Due to the
stronger centrifugal barrier for the d wave, the astrophysical
S factor of the transition to the ground state decreases. On
the contrary, the S factor of the transition to the excited state
raises. It is important for the extrapolation used in astrophysi-
cal studies.

The study of keV-neutron RC by 16O was analyzed in
Ref. [19] using the microscopic folding model. Our results
are shown in Fig. 3. The transitions to the ground state (5/2+)
and the excited state (1/2+) in 17O were both analyzed (Fig. 3

FIG. 3. Calculated cross section of the 16O(n, γ ) 17O reaction.
[1] is for the transition to the ground state, and [2] is for the excited
state. In [2], the calculations with λb = 1.00 and with the adjusted
λb = 0.97 were shown for comparison (SF = 1.00 for both cases).
Experimental data were taken from Igashira (1995) [41].

FIG. 4. Calculated astrophysical S(E ) of the 12C(p, γ ) 13N reac-
tion. The calculations with λs = 1.00 and λs = 1.02 while keeping
SF = 1.00 are shown as the dotted and dashed line. The result with
SF = 0.2 is the solid line. Experimental data were taken from Bailey
(1950) [44], Vogl (1963) [47], Rolfs (1974) [46], and Burtebaev
(2008) [45].

and Table I). Note that the factors λb are close to unity as

e is close to zero. In addition, in the case of 16O(n, γ ) 17O∗,
the transition to the excited state has exceptional property.
The Coulomb and centrifugal barriers are both absent. It is
possible to use the HF single-particle state obtained without
the asymptotic correction. Indeed, the experimental data are
also reasonably reproduced without the correction (the solid
line in Fig. 3).

B. 12C(p, γ ) 13N

The HF calculation for 12C is not as good as in the case of
double-magic nucleus 16O. However, with appropriate adjust-
ments, the method of calculation is well applied for the study
of RC from 12C and other light nuclei [22]. The 12C(p, γ ) 13N
reaction is recalled because of the low-lying resonance at
0.42 MeV that was used as the calibration for the scattering
wave function of both (p, γ ) and (n, γ ) in the study. To obtain
the resonance at 0.42 MeV, the real part of central HF was
slightly scaled by the factor λs = 1.02 (Fig. 4). Note that,
the continuum HF calculation gave a good description for the
neutron scattering from 12C at low energy [27] which implies
that the spherical HF calculation is still available for 12C
nucleus that is well-known deformed [42] in some aspects.

The result of 12C(p, γ ) 13N reaction is shown in Fig. 4.
The direct capture to the ground state proceeds mainly via the
E1 transitions from s + d-scattering states to the 1p1/2 bound
state. The adjustments of λs and SF are required in order to
reproduce the resonance (Fig. 4). It is expected that SF is now
different from unity. In our calculation, it is 0.2 to reproduce
the experimental data. The nuclear shell-model calculation
usually gives SF = 0.6 for 1p1/2 single-particle state in 12C
(Refs. [35,43] for example).

C. 12C(n, γ ) 13C

The scaling factor λs is 1.02 for all nucleon RC reactions
by 12C. The results of the capture cross section for the first E1
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FIG. 5. Calculated cross sections of the 12C(n, γ ) 13C reaction.
The transitions to the ground state (a) and three excited states (b), (c),
and (d) were analyzed. Experimental data were taken from Ohsaki
(1994) [49] (the circle) and Kikuchi (1998) [48] (the square).

transitions to the four bound states in 13C (ground state, and
three excited states at 3.09 MeV, 3.69 MeV, and 3.85 MeV)
are shown in Fig. 5. The parameters are given in Table I. In
the study of 12C(n, γ ) reaction, the experimental data points
at 0.51 MeV in c.m. frame [48] play the important role as
similarly as low-lying resonances (Fig. 5). In the past, the
study in Ref. [37] attempted to reproduce these data points
with a microscopic approach.

In particular, in Fig. 5(a), the calculated cross section for
the transition to the ground state in 13C (1/2−) is in compar-
ison with the measured cross sections [49]. For low-energy
neutrons, the s-scattering wave plays an important role in the
transition to the ground state when the incident energy de-
creases. The factor λb = 0.83 that is close to λb = 0.81 of the
12C(p, γ ) reaction as the nuclear potentials in both reactions
are almost the same.

The cross sections for transition to the first excited state
at 3.09 MeV in 13C∗ (1/2+) are shown in Fig. 5(b). The
transition in this case is from the p-scattering state to the 2s1/2-
bound state [26,37,50]. It seems to be successful to reproduce
the experimental data [the dash-dotted line in Fig. 5(b)]. The
parameters are given in Table I. However, the spectroscopic
factor SF of 2s1/2 is 1.25 in order to reach the data point at
0.51 MeV of Ref. [48]. With SF = 1.00, it is the dotted line in
Fig. 5(b). In Ref. [37], the value of SF was also approximately
1.25. Note that, the cross section, in this case, is the largest,
and the vertical error bar of the data point at 0.51 MeV in
Fig. 5(b) is the smallest compared to the other cases in Fig. 5.
To give a more physical value, the phenomenological Perey
damping factor was introduced in the study of Ref. [37], and
the SF was then reduced to 0.95. However, the damping factor
is already included microscopically within the Skyrme HF
approximation in our calculation.

Our explanation for this case is as follows: firstly, the HF
2s1/2 single-particle state can be used as both Coulomb and
centrifugal potentials are absent. The dashed line in Fig. 5(b)
shows the calculation with λb = 1.00 that is significantly
lower than the data point at 0.51 MeV. The reason is that
the single-particle energy of 2s1/2 is −1.25 MeV according
to our HF calculation. It is higher than the experimental neu-
tron separation energy that is −1.86 MeV. It means that the
neutron cannot be captured into this state as the system is not
bound. To solve this problem, the 2s1/2 single-particle state
was made to be more bound by adjusting the parameter λb.
With λb = 1.11, the experimental data are well reproduced
[the solid line in Fig. 5(b)]. The single-particle energy of
2s1/2 is now −3.02 MeV, and the spectroscopic factor of 2s1/2

single-particle state is SF = 1.00 (Table I).
Figure 5(c) illustrates the comparison between observed

cross sections for the transitions to the 3/2− state in 13C∗ at
3.69 MeV and theoretical cross sections. In our HF calculation
with the parameters were given in Table I, the transition from
s + d-scattering states to the 1p3/2-bound state does not seem
possible as 1p3/2 is fully occupied. The transition from p + f -
scattering states to the 1d3/2-bound state that is unoccupied is
possible. It is shown in Fig. 5(c) that the experimental data are
reproduced (the dotted line).

However, as the p shell is not fully occupied in 12C, there is
a possibility for the transition to 1p3/2-bound state. Moreover,
it was proposed in Refs. [26,37] that the transitions from
s + d-scattering states to the 1p3/2-bound state is more phys-
ically correct. In our approach, even this complicated case
was simplified by adjusting the parameter λb. The transition
from s + d-scattering states to the 1p3/2-bound state in our
calculation is shown in Fig. 5(c) (the dashed line). As the
single-particle HF energy ε1p3/2 = −16.85 MeV that means

e = 15.59 MeV, λb has to be dramatically reduced to 0.45
in order to correct the asymptotic form. Although the data
of Ref. [49] is well reproduced, it underestimates the data of
Ref. [48].

Our solution is the admixture of configuration that means
both transitions contribute to the case. The result is the com-
bination of transition to the 1d3/2 and to the 1p3/2 shown as
the solid line in Fig. 5(c). The spectroscopic factors from our
analysis are reasonable. It is 0.25 for the 1p3/2 single-particle
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state. The SF value of 0.19 was given in the shell-model
calculation [35]. Experimentally, the values of 0.26 and
0.14 were reported in Refs. [51] and [52], respectively.
The spectroscopic factor of the 1d3/2 single-particle state
is 0.95.

In Fig. 5(d), the cross sections for the transition leading
to the 1d5/2 in the 5/2+ bound state of 13C∗ at 3.85 MeV
are shown. The parameters were given in Table I. In this
case, there are the p- and f -scattering waves. The dominant
contribution is caused by the p-scattering wave. The result
with SF = 1.00 overestimates the data of Ref. [48]. Therefore,
it is reduced to 0.55. The experimental value of SF is 0.58 as
reported in Ref. [52].

When the reaction rate is of interest, the sum of all cross
sections from Figs. 5(a)–5(d) is important, not the individual.
At the energy lower than 300 keV, the main contribution is
caused by the transition with the s-scattering wave captured
into the p-bound state [Fig. 5(a)]. At higher energies (E >

300 keV), however, the capture is dominated by the transition
from the p-scattering wave captured into the s- or d-bound
state [Figs. 5(b) and 5(d)]. Note that it can be observed in
Fig. 5(c) as both transitions are present.

IV. CONCLUSIONS

The bound-to-continuum potential model was successfully
applied to reproduce the cross sections of keV-nucleon RC
reactions. The HF calculation provides the essentials for all
calculations in the study. The asymptotic form of the single-
particle bound state in the study of RC reaction is simply taken
into account by the well-depth method. The value of spectro-
scopic factors SF and the properties of single-particle states
are in agreement with experimental and theoretical studies.
Although the theoretical calculations gave good predictions,
experimental studies such as Ref. [48] are vital in the subject.
Finally, the nucleon RC reactions are useful for the study of
the interplay of quantum many-body physics and the dynam-
ics of nuclear reactions as scattering states and weakly bound
states are involved and can be treated simultaneously.
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