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New determination of the proton spectroscopic factor in 9Be from the 13C(9Be,8Li)14N
angular distribution
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The 13C(9Be,8Li)14N angular distribution was measured with a 9Be beam of 40 MeV. The proton spectroscopic
factor of the 9Be ground state was extracted to be 0.73 ± 0.15 by the normalization of the calculated differential
cross sections with the distorted-wave Born approximation (DWBA) to the experimental data. The spectroscopic
factor was compared to existing theoretical and experimental values.
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The 8Li(p,γ )9Be capture reaction plays an important role in
the inhomogeneous Big Bang nucleosynthesis models, where
reactions involving 8Li have a direct bearing on bridging
the A = 8 mass gap and heavier element synthesis in the
early universe [1]. The 8Li(p,γ )9Be cross section is difficult
to determine directly because of the low intensity of the
secondary 8Li beam and the small cross section at energies
of astrophysical interest. Some indirect methods have been
employed to extract the direct capture cross section using the
radiative capture model and the spectroscopic factor. We first
deduced the astrophysical S factors and reaction rates of the
8Li(p,γ )9Be reaction by the measurement of the 8Li(d, n)9Be
angular distribution in inverse kinematics with a 40-MeV 8Li
radioactive ion beam [2], where the extracted proton spectro-
scopic factor of 9Be is 0.64 ± 0.21. The two different values
(≈0.4 and 1.05 ± 0.35) of 9Be proton spectroscopic factor were
derived from the distorted-wave Born approximation (DWBA)
analysis of the 9Be(t, α)8Li angular distribution by the shallow
and deep real well potentials, respectively [3]. In addition,
the experimental angular distribution of the 9Be(d,3He)8Li
reaction at 52 MeV [4] was reproduced by the DWBA
calculation with the spectroscopic factor (1.0) from the shell
model calculation [5]. In 2008, Camargo et al. obtained a larger
value for the 9Be proton spectroscopic factor from the angular
distribution of 9Be(8Li,9Be)8Li elastic transfer reaction at the
angular range of 30 − 70◦ [6]. Their result (1.67 ± 0.31) is
different from the shell model calculation by a factor of C2,
where C = √

2/3 is the Clebsch-Gordan coefficient coupling
the isospins of 8Li and proton to those of 9Be. They may
mistake the theoretic value S as the absolute spectroscopic
factor C2S. Until recently, the experimental values of 9Be
proton spectroscopic factor have disagreed with each other by
a factor of up to 4. Therefore, a high-precision determination
of 9Be proton spectroscopic factor is desirable.

In this Brief Report, we present a determination of 9Be
proton spectroscopic factor via the measurement of the
13C(9Be,8Li)14N angular distributions with the Q3D magnetic
spectrometer of the HI-13 tandem accelerator, Beijing [7]. The
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experimental setup has the following advantages for measuring
the angular distribution precisely: First, the 9Be stable beam is
used instead of the 8Li radioactive beam utilized in two recent
experiments, and the beam intensity can be increased by five
to seven orders of magnitude. Thus the statistics of the reaction
products will be significantly enhanced. Second, the first peak
of the 13C(9Be,8Li)14N angular distribution can be obtained,
which is propitious for extracting the spectroscopic factor,
since the experimental angular distribution at the backward
angles is more sensitive to the inelastic coupling effects
and other high-order ones, which cannot be well described
theoretically. Third, the energy resolution of the Q3D magnetic
spectrometer is as high as 0.02%, which is beneficial for the
identification of reaction products.

The measurement was performed with the Q3D magnetic
spectrometer at the HI-13 tandem accelerator, Beijing. A
40-MeV 9Be beam from the accelerator impinged on a
self-supporting 13C target with an abundance of 94% and a
thickness of 90 μg/cm2 to measure the angular distributions
of the 13C(9Be,8Li)14N reaction and elastic scattering of
its entrance channel (9Be + 13C). A 12C target with the
same thickness served as the background measurement. The
thickness of the targets was verified using the well-known
differential cross sections of 7Li and 9Be elastic scattering
and an analytical balance with a precision of 1/10000. A
movable Faraday cup was placed behind the target to monitor
the beam intensity. It covered an angular range of 0–6◦ and thus
restricted the attainable minimum angle of the measurement.
The relative normalization of beam at angles of θlab � 6◦ was
carried out by monitoring the elastic scattering events with a
�E − E counter telescope placed at 25◦ downstream of the
target. The accepted solid angle of Q3D magnetic spectrometer
was set to be 0.34 mSr for good angular resolution. The
reaction products were focused and separated by Q3D and
then measured by a 50 mm × 50 mm two-dimensional
position-sensitive silicon detector (PSSD) at the focal plane.
The two-dimensional position information from the PSSD
enabled the products emitted into the accepted solid angle
of Q3D to be fully recorded, and the corresponding energy
signals were used to remove the impurities with the same
magnetic rigidity.

017601-10556-2813/2013/87(1)/017601(4) ©2013 American Physical Society

http://dx.doi.org/10.1103/PhysRevC.87.017601


BRIEF REPORTS PHYSICAL REVIEW C 87, 017601 (2013)

FIG. 1. Two-dimensional scatter plot of kinetic energy (E) vs.
horizontal position (Px), which was measured by the PSSD at the
magnetic focal plane.

The 13C(9Be,9Be)13C elastic scattering and the 13C(9Be,
8Li)14N transfer reaction were measured in the angular ranges
of 9◦ � θlab � 37◦ and 2◦ � θlab � 21◦ in steps of 1◦,
respectively. The typical two-dimensional spectrum of kinetic
energy versus the horizontal position at 14◦ is shown in Fig. 1.
One can see that the object ions from the reactions can be
clearly identified via the energy and position information.
Figure 2 shows the measured 12,13C(9Be,9Be)12,13C differential
cross sections with solid circles, together with the existing
result in Ref. [9] with open circles. The two experimental
12C(9Be,9Be)12C angular distributions agree with each other
very well. The 13C(9Be,8Li)14N angular distribution is shown
in Fig. 3, where the first peak of angular distribution is observed
clearly. The uncertainties of differential cross sections are
mainly from the statistics and nonuniformity of the target
thickness.

FIG. 2. Angular distributions of the 12,13C(9Be,9Be)12,13C reac-
tions. The data with solid circles are measured in the present work,
and those with open circles are from Ref. [9].

FIG. 3. The experimental and calculated 13C(9Be,8Li)14N angular
distributions at Elab = 40.0 MeV.

The 13C(9Be,8Li)14N angular distribution was reproduced
with the full finite-range DWBA calculations by the code
PTOLEMY [8]. Two sets of optical potential parameters with
real and imaginary parts of Woods-Saxon form for the entrance
channel were employed in the calculations, which are labeled
as En1 and En2 respectively. En1 was determined by fitting the
differential cross sections of the 12C + 9Be elastic scattering
at forward angles for incident energies between 20 and 40
MeV [9]. En2 was extracted by fitting the 13C(9Be,9Be)13C
angular distribution measured in the present work. As can
be seen in Fig. 2, the angular distributions are reproduced
very well by these two sets of potential parameters. Since no
experimental data exist for the 8Li + 14N elastic scattering, the
13C(7Li,7Li)13C angular distributions at E(7Li) = 34 MeV
were used to derive the potential parameters for the exit
channels. One can see from Fig. 4 that the experimental
data are quite well reproduced using the optical potential
parameters labeled Ex1 and Ex2, where Ex1 was chosen

FIG. 4. Angular distribution of the 13C(7Li,7Li)13Li elastic scat-
tering at Elab = 34 MeV. The experimental data are taken from
Ref. [11] (solid circles) and Ref. [10] (open circles).
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TABLE I. Optical potential parameters used in DWBA calcula-
tions, where V and Wv are the depths (in million electron volts)
of the volume term for the real and imaginary parts of Woods-Saxon
potential, r and a are the radius and diffuseness (in femtometers), and
rc denotes the Coulomb radius parameter. The geometrical parameters
of the single-particle bound state are set to be r0 = 1.25 fm and
a = 0.65 fm.

Set no. En1 En2 Ex1 Ex2

V 33.69 127.0 159.0 198.75
rr 0.97 0.80 0.63 0.52
ar 0.92 0.78 0.81 0.90
Wv 6.52 13.9 8.16 8.7
rv 1.51 1.25 1.33 1.31
av 0.48 0.70 0.78 0.73
rc 1.2 1.0 1.0 1.0
Ref. [9] This work [10] [11]

from Ref. [10] and Ex2 was extracted based on our previous
work [11]. All the potential parameters are listed in Table I,
where the surface and spin-orbit terms were not considered in
the present calculation. For calculating the wave functions of
the bound states, the Woods-Saxon potentials with the standard
geometrical parameters r0 = 1.25 fm and a = 0.65 fm were
adopted, and the potential depths were adjusted automatically
to reproduce the proton binding energy of 9Be ground
state.

The 13C(9Be,8Li)14N reaction leading to the ground state
of 9Be is a (3/2−, 1/2) → (2+, 1) transition. Both the p1/2 and
p3/2 orbitals will contribute to the 13C(9Be,8Li)14N reaction.
According to our previous work [11] and the theoretical
calculations [5,12], the p3/2 component in 14N is less than 1%
and can be neglected in the DWBA analysis. The experimental
differential cross section can be expressed as(
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where ( dσ
d�

)3/2 and ( dσ
d�

)1/2 are the calculational differential
cross sections contributed by the p3/2 → p1/2 and p1/2 →
p1/2 transitions, respectively. S14N is the spectroscopic factor
for 14N → 13C + p, which was derived as 0.67 ± 0.09 from
Ref. [11]. S

3/2
9Be and S

1/2
9Be are the proton spectroscopic factors

of the p3/2 and p1/2 components in 9Be ground state, and
their ratio was determined to be 8.81 by the shell model
calculations in Ref. [5]. The proton spectroscopic factors in
9Be can be extracted through Eq. (1) by the normalization
of DWBA calculations to the experimental differential cross
sections.

The normalized angular distributions calculated with the
above-mentioned optical potentials are presented in Fig. 3
together with the experimental data. The solid, dashed, dotted,
and dash-dotted curves are the angular distributions calculated
with the combination of En1-Ex1, En1-Ex2, En2-Ex1, and
En2-Ex2 optical potential parameters. One can see that the
first peak of the experimental angular distribution is well
reproduced by these optical potentials. The extracted spec-
troscopic factors are 0.71, 0.77, 0.76, and 0.67, respectively.
Their average is 0.73 ± 0.15. The uncertainties are mainly from

FIG. 5. Comparison of the present 9Be proton spectroscopic
factor with the previous results in Refs. [2–6]. The solid line
represents the weighted average value and the shaded region denotes
its uncertainty.

the statistics of measurement (10%), the divergence of optical
potential parameters (7%), the variation of geometric potential
parameters in the ranges of 1.15 � r0 � 1.35 and 0.55 �
a � 0.75 (10%), as well as the uncertainty of 14N proton
spectroscopic factors (13%).

The current spectroscopic factors in 9Be ground state,
together with the previous results in Refs. [2–6], are plotted in
Fig. 5. Note that the relative error of the spectroscopic factor
(0.4, indicated by “Cohen1970b” in Fig. 5) was assumed to
be equal that of the spectroscopic factor (1.05, indicated by
“Cohen1970a”) because they were derived from the same
data in Ref. [3]. The present value is in good agreement
with that derived from the 8Li(d,n)9Be reaction [2] within
the experimental error and slightly smaller than that from the
shell model calculation [5] and the 9Be(d,3He)8Li reaction [3].
The value obtained from 9Be(8Li,9Be)8Li elastic scattering
reaction is larger than the present result by a factor of 2.3.
With the experimental data having errors, a weighted average
value of 9Be proton spectroscopic factor is deduced to be
0.77 ± 0.21. This value can be used for the calculation of the
8Li(p,γ )9Be cross section.

In summary, we have measured the angular distribu-
tions of the 13C(9Be,9Be)13C elastic scattering and the
13C(9Be,8Li)14N transfer reaction at Elab = 40 MeV with the
Q3D magnetic spectrometer at the HI-13 tandem laboratory,
Beijing. The proton spectroscopic factor of the 9Be ground
state was extracted through the comparison between the
experimental differential cross sections and optical model
calculations with DWBA code PTOLEMY. The current value of
S9Be was compared to the existing theoretical and experimental
ones. A weighted average of S9Be was deduced and will be used
to calculate the astrophysical S factor for the direct capture of
the 8Li(p,γ )9Be reaction.
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