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Capture cross sections of 15N(n, γ)16N at astrophysical energies *
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Abstract: We have reanalyzed reaction cross sections of 16N on a 12C target. The nucleon density distribution

of 16N, especially surface density distribution, was extracted using the modified Glauber model. On the basis of

dilute surface densities, the 15N(n, γ)16N reaction is discussed within the framework of the direct capture reaction

mechanism. The calculations agree quite well with the experimental data.
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1 Introduction

Nuclear reactions at low energies play a crucial role
in nuclear astrophysics. Often the reactions are quite dif-
ficult to measure in laboratories; the theoretical extrap-
olation is important in studies [1–4]. The 15N(n, γ)16N
reaction is such a low-energy reaction. Its cross section
(σc) at astrophysical energies is an important input in
the reaction network for the determination of heavier
neutron-rich elements A> 16 in both inhomogeneous big
bang and in red giant environments. Besides, it is a com-
petition reaction to the reaction 15N(α, γ)19F. 19F is a
key element for evolutionary studies in the asymptotic
giant branch stars in which the 15N(n, γ)16N reaction
largely affect the abundance of 19F [5–7].

The experimental σc of the 15N(n, γ)16N reaction is
of considerable uncertainty. In 1996, Meissner et al. [8]
measured the σc at neutron energies of 25, 152, and
370 keV. The authors performed direct capture calcu-
lations to interpret the measurements, but a large gap
appears between the calculations and the experimental
data. Thus, further theoretical studies are necessary. In
the process of the 15N(n, γ)16N reaction, a free neutron
in the continuum state is captured by the 15N target and
finally stays in a ground state of the compound nucleus
16N. The reaction is mostly determined by the spectro-
scopic factors, the nuclear structure properties of four
low-lying states in 16N, and the effective interaction po-
tential between the free neutron and the 15N target. As
for the spectroscopic factors, Bohne et al. [9] and Bar-

dayan et al. [10] measured the angular distributions of
the 15N(d, p)16N reaction, and Guo et al. [11] measured
the angular distributions of the 15N(7Li, 6Li)16N reac-
tion. These groups obtained the spectroscopic factors,
respectively. Although a recent experiment and analysis
for 15N(n, γ)16N by Guo et al. gives a more accurate
calculation of this reaction in the energy regime of inter-
est, it is still meaningful to explore the errors from the
structure of 16N. Neelam et al. [12] discuss the structure
effects of this reaction from the Coulomb dissociation
of 16N. They suggest an indirect method to measure the
cross sections of 15N(n, γ)16N. Fan et al. [13] have proved
that the low-lying states structure in 8Li and the inter-
action potential between 7Li and free neutrons can be
explored by the reaction cross section (σR) of 8Li on sta-
ble targets. In this paper, we will analyze the errors of
15N(n, γ)16N according to the low-lying state structure
of 16N deduced from σR of 16N on a 12C target.

2 Theoretical mechanism

The Glauber model is a powerful tool to extract
the nuclear surface structure by fitting the experimental
σR. The model is based on the independent individual
nucleon-nucleon (N-N) collisions in the overlap zone of
the colliding nuclei, which account for a significant part
of the breakup effects. It successfully explains the ob-
served σR for various systems [14, 15]. The model will be
employed in this article to deduce the surface structure
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of 16N and interaction potential of incident neutron on
the 15N core. The Glauber model is a standard calcula-
tion, and details can be found in a number of references,
e.g. Refs. [16–18].

On the basis of the experimental spectroscopic fac-
tors, surface structure of 16N, and the interaction poten-
tial, the direct capture theory will be utilized to calculate
the σc of the reaction 15N(n, γ)16N [19]. In the theory
the neutron in a continuum state is captured by a target
nucleus 15N that goes to a composite nucleus 16N via a
transition with an E1 electric dipole. The σc is given by
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where OE1 stands for the electric dipole operator. The
initial state wave function ψc is the incoming neutron
wave function, and the wave function ψb represents the
bound state of the composite nucleus 16N. The wave func-
tions necessary in the direct theory will be obtained by
solving the scattering and bound-state systems, respec-
tively, for a given interaction potential. Thus, the essen-
tial ingredients are the potentials used to generate the
wave functions ψc and ψb and the normalization given
by the spectroscopic factor.

3 Nuclear structure of 16N

Ozawa et al. [20] and Fang et al. [21] have measured
the σR of 16N on a 12C target, analyzed the experimen-
tal data with standard Glauber model, and obtained the
density distribution of 16N. Unfortunately, there is a 10%
– 20% underestimation in the standard Glauber model
between the experimental σR and the theoretical calcula-
tions at intermediate energies [22]. Although the density
distribution has been extracted, it is necessary to re-
analyze the experimental data with a modified Glauber
model [23]. The Glauber model requires the structure
information, namely, the density distribution of the pro-
jectile and target. The proper target density is employed
from electron-scattering experimental data, which is con-
verted to matter densities by unfolding the proton charge
density while taking into account the quadrupole defor-
mation. 16N is divided into two parts for small separa-
tion energy of last neutron E1n = 2.491 MeV: 15N core
and a valence neutron part. The harmonic oscillator-
(HO-) type function is chosen as the initial function of
the core. The single-particle model (SPM) function is
chosen as the initial shape of the valence neutron part.

The SPM function is a realistic model to describe the
tail structure. The wave function of the valence neutron

is calculated by solving the Schrödinger equation numer-
ically with a Woods-Saxon potential. The SPM takes
into account the Coulomb and the centrifugal barrier ef-
fects. The main equations of the functions are expressed
as a.
HO type function

ρi
c (r) = ρi

c0×

(

1+
C−2

3

(r

b

)2
)

exp

(

−

(r

b

)2
)

, (3)

where i denotes the proton or neutron, C is the num-
ber of protons or neutrons in the core, b is the width of
the core, and ρc0 is the normalization factor. The same
width is used for the proton- and neutron-core density
distributions.

The Woods-Saxon potential is of the form

V =

(

−V0 +V1 (l ·s)
r2l·s
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)[

1+exp
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where a is the diffuseness parameter, Rc(= r0A
1/3, A is

the nuclear mass number) is the radius of the Woods-
Saxon potential, rl·s (= 1.1 fm) is the radius for spin
orbit potential, and V1 ( = 10 MeV) is the ll·s strength.
The depth of the potential V0 is adjusted to reproduce
the experimental separation energy of the valence neu-
tron.

Fig. 1. The energy dependent σR of 16N on 12C.
The solid curve denotes the theoretical fit of this
work. The dashed line denotes the calculation
with a0 = 0.60 fm and r0 = 1.20 fm.

Figure 1 shows the energy dependent σR of 16N on
12C target. The best-fit is shown by a solid curve; the
reduced χ2 for the best-fit is 0.55, which means a rea-
sonable fit. The width of the HO function is b = 1.551
± 0.055 fm, and the interaction parameters of the po-
tential are a0 = 0.65 ± 0.13 fm, r0 = 1.25 ± 0.14 fm.

124101-2



Chinese Physics C Vol. 40, No. 12 (2016) 124101

The errors are determined by the method of fit with to-
tal χ2+1. The matter radius of 16N equals (2.385±0.091)
fm; it is the low limit of the radii given by previous work
through the standard Glauber model, thereby calling for
the reanalysis. The difference is easily understandable,
because the standard Glauber model underestimates the
σR, thus a larger density is needed to fill the gap. Figure
2 lists the radius of 16N. The dashed line in Fig. 1 shows
the calculation with a0 = 0.60 fm and r0 = 1.20 fm. The
reduced χ2 is 0.95. The difference between the best-fit
is limited in the low energy region. It is because the
potential parameters determine the surface structure of
16N. The difference at 30 MeV/u is about 2%. It is large
enough to illustrate the appropriateness of using reaction
cross-sections to discuss the capture cross-sections.
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Fig. 2. Radius of 16N. The present result is pre-
sented by solid circle. The other results are rep-
resented by solid squares [19] and solid triangles
[24].

4 Cross sections of 15N (n, γ)16N

The direct capture for this reaction is dominated by
the p→d wave transition to the ground state, p→s wave
transition to the first excited state at 0.120 MeV, p→d
wave transition to the second excited state at 0.296 MeV,
and p→s wave transition to the third excited state at
0.397 MeV of 16N. The γ-ray transitions are all dom-
inated by the E1 multipolarity. The Jb = 2− ground
state (Jb = 0− 1st excited state, Jb = 3− 2nd excited
state, Jb = 1− 3rd excited state) in 16N is described as a
jb = d5/2 neutron (jb = s1/2 neutron, jb = d5/2 neutron,
jb = s1/2 neutron) coupled to the 15N core, which has an
intrinsic spin Ix = 1/2−. Actually, Meissner et al. [8] and
Huang et al. [26] have all given detailed explanations on
the reaction. We will only discuss the errors from the
low-lying state of 16N.

In the calculation, the latest experimental spectro-
scopic factors by Guo et al. are employed. Their val-

ues are SF = 0.96 ± 0.09 for the ground state, SF =
0.69 ± 0.09 for the 2− state, SF = 0.84 ± 0.08 for the
3− state, and SF = 0.65 ± 0.08 for the 1− state. The
wave function ψb of low-lying states in 16N are calculated
numerically in the direct capture theory with a0 =0.65
± 0.13 fm and b =1.25 ± 0.14 fm obtained in Section
3. The parameters for computing the incoming neutron
wave function ψc are determined with the ANC method
[27–29], as suggested by Huang et al. The calculated
ANC value equals 0.85 fm−1/2 for the ground state of
16N, 1.10 fm−1/2 for the first excited state, 0.29 fm−1/2

for the second excited state, and 1.08 fm−1/2 for the third
excited state.

Figure 3 shows the σc of 15N + n. The dash-dot-dot
and dash-dot lines denote the p→d wave transition to
the ground and the second excited states respectively;
dotted and dashed lines denote the p→s transition to
the first and third excited states, respectively. The solid
line is the summation of the four transitions. The shaded
area shows the error due to the nuclear properties of 16N;
it is a little higher at 12% compared to that of 7Li (n,
γ)8Li [13]. There are two main reasons, as follows: (a)
the same potential parameters are employed to calculate
wave functions of 16N low-lying states without consider-
ing the influence of valence neutron on the 15N core in
different states of 16N; (b) the number of existing exper-
imental measurements of σR is not enough to extracted
the structure information - the data at intermediate ener-
gies ∼100 MeV/u are required; (c) the existing σR con-
tain contributions of excited states, especially the first
excited state - the first state in 16N, which has a lifetime
of 5.25 µs, can reach the reaction target in the transition
method. In order to solve the questions noted above,
new measurements of the σR of 16N are required on sta-
ble targets.

Fig. 3. Cross sections of 15N (n, γ)16N. The shaded
area indicate the error caused by structure of 16N,
and the experimental data are from Ref. [8].
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5 Conclusion

We reanalyzed the reaction cross section of 16N on a
12C target with modified Glauber model and extracted

its structure information. The 15N + n reaction has been
discussed by means of the structure. Although more ac-
curate cross sections have not been obtained, the article
found some problems and their resolution.
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