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Neutron capture cross section of 14C of astrophysical interest studied by Coulomb breakup of 15C
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The neutron capture reaction on 14C leading to the 15C ground state, which plays an important role in various
nucleosynthesis processes, has been studied using the Coulomb breakup of 15C on a Pb target at 68 MeV/nucleon.
The breakup cross section has been converted into the energy-dependent neutron capture cross section using the
principle of detailed balance. The energy spectrum shows typical p-wave neutron capture characteristics, which
is explained by the fact that the ground state of 15C possesses a strong single-particle s-wave component and
a moderate-sized neutron halo structure. The capture cross section for the 14C(n, γ )15C reaction derived from
the present experiment has been found to be consistent with the most recent data, directly measured using a
14C target. This result assures the validity of the Coulomb breakup method in deriving the neutron capture cross
section for neutron-rich nuclei.
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I. INTRODUCTION

The neutron capture by 14C has drawn much attention
due to its importance in several nucleosynthesis processes.
Wiescher et al. [1] discussed the neutron induced CNO cycle,
14C(n, γ ) 15C(β−) 15N(n, γ ) 16N(β−) 16O(n, γ ) 17O(n, α) 14C,
which occurs in the burning zone of asymptotic giant branch
(AGB) stars with 1–3 M�. The reaction 14C(n, γ )15C is the
slowest in this reaction chain, and thus controls the cycle.

This reaction can also be important for the synthesis
of heavier elements. Terasawa [2,3] proposed an r-process
initiating from the lightest elements, and thus containing light
neutron rich nuclei in the path. This new r process was
inferred from the similarity of the nuclear abundance pattern in
metal-deficient halo stars to that of ordinary ones. The neutron
capture of 14C lies in one of the critical reaction flows of this
process.

Another possible important role for the neutron capture of
14C has been suggested in the framework of inhomogeneous
big bang models, where the neutron-rich zone induces the
nucleosynthesis and reaction paths involving light neutron-rich
nuclei can appear. In this scenario, the 14C(n, γ ) 15C reaction
is again considered to be one of the key reactions [4].

From the nuclear structure point of view, the ground state
of 15C, i.e., the final state of the capture reaction, is intriguing
because it has a moderate-sized neutron halo with a neutron
separation energy Sn of only 1.218 MeV and with the wave
function of the valence neutron extending far out of the
14C core. The main configuration of the 15C ground state is
14C(0

+
) ⊗ ν2s1/2, which facilitates the formation of the

neutron halo because of the absence of the centrifugal barrier
for the s-wave neutron. The capture of a p-wave neutron [5] is
then expected to become the dominant process in the present

case since the final state is predominantly the s orbital and
the associated γ -ray is E1 dominant. Such a case is rather
exceptional as the neutron capture process in stellar reactions
usually occurs for s-wave neutrons and the cross section obeys
the 1/v law. The dominance of the p-wave neutron capture has
been observed for stable nuclei, where the final state can be
an excited state in the s orbital [6,7]. Note that for the current
reaction the final state of the capture reaction is the ground
state.

In spite of such importance both in astrophysics and
nuclear structure, there has been controversy in the previous
experimental results for this neutron capture process. The
pioneering experiment to extract the 14C(n, γ )15C reaction
rate was made by a direct measurement of neutron capture
cross section on a 14C radioactive target [8]. The extracted
MACS (Maxwellian averaged capture cross section) of 1.72 ±
0.43 µb at kT = 23 keV was about a factor of 4–5 smaller than
predicted by the p-wave direct neutron capture calculations
[4,9]. Recently, Horváth et al. measured the Coulomb breakup
of 15C at 35 MeV/nucleon at MSU [10], and found that
the energy spectrum of the inverse capture reaction is very
different from the expected p-wave behavior. Their extracted
capture cross section was about twice as large as that from the
mentioned direct measurement. More recently, Datta Pramanik
et al. measured the Coulomb breakup at higher energies,
605 MeV/nucleon at GSI [11]. The result showed a typical
direct breakup spectrum, which indicates that the p-wave
direct capture is dominant for the inverse reaction. The GSI
result provided an even higher value for the capture cross
section: as much as about four times the value of the first
direct measurement.

Most recently, a direct capture measurement was performed
again by Reifarth et al. [12], showing a significantly higher
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cross section compared to the first measurement, a result
consistent with the direct capture model prediction. Note that
in this new measurement, an energy spectrum ranging from
∼10 keV–800 keV was also obtained so that a direct compari-
son to the Coulomb breakup energy spectrum is now possible.
We stress that the present case is a rare case where the energy
spectra of both, neutron capture and Coulomb breakup, can
be measured. In fact, recent reaction theories [13,14] treating
breakup reactions can also be tested using the measurements
of both, direct and inverse reaction channels.

Part of the current experimental results were shown as
preliminary data in a short conference report [15]. The present
article presents the final experimental results in full details.
The energy spectra of the breakup cross section for different
angular cuts, the B(E1) spectrum, and the extracted neutron
capture cross section of 14C are extracted and presented here.
From the energy spectra of the breakup cross section, we
extract the spectroscopic factor for 14C(0

+
) ⊗ ν2s1/2 (halo

configuration) and compare it with previously extracted values
from different reactions and parameter sets. The spectroscopic
factor of the weakly-bound 15C ground state is important as
a reference point in the systematic study of reduction of the
spectroscopic strength, dependent on nucleon binding energies
[16,17]. The B(E1) excitation spectrum of 15C is used to
estimate the size of the halo. Finally, the energy dependence of
the capture cross section is compared to previous experimental
results. We also discuss the effect of a possible resonance
state at Ec.m. = 1.885 MeV in 15C (Ec.m. denotes the n−14C
center-of-mass energy), first introduced in Ref. [4].

We organize the paper as follows. Section II describes the
Coulomb breakup as a tool to extract the neutron capture
cross section. Section III describes the experimental procedure.
Section IV presents the results of 15C Coulomb breakup and
extracted neutron capture cross section, and compare those
to the existing experimental data and theories. In Sec. V, the
conclusions are given.

II. COULOMB BREAKUP FOR EXTRACTING THE
NEUTRON CAPTURE CROSS SECTION

Coulomb breakup of a fast radioactive projectile in the
changing electromagnetic field of a high-Z target can be a
useful tool to extract information on the inverse radiative
capture process. The Coulomb breakup reaction can be
regarded as an inverse process of radiative capture reac-
tions such as (n, γ ), (p, γ ), and (α, γ ). For instance, the
7Be(p, γ )8B reaction process, which takes place in the sun and
provides exclusively the high-energy neutrino flux measured
in underground facilities such as Super-Kamiokande and SNO,
has been successfully studied using the Coulomb breakup of
8B [18–20].

The Coulomb breakup process can be described by the
semiclassical first-order perturbation theory of electromag-
netic interaction [21,22]. The cross section for Coulomb
breakup is expressed as a product of the E1 virtual photon
flux, NE1(Eγ ), and the photo-absorption cross section, σγn, as

in

dσ

dErel
= 16π3

9h̄c
NE1(Eγ )

dB(E1)

dErel
= NE1(Eγ )

σγn(Eγ )

Eγ

, (1)

where B(E1) stands for the E1 reduced transition probability
and NE1(Eγ ) is the E1 virtual photon number of γ rays with
energy Eγ . The relative energy Erel between the neutron and
the core nucleus 14C is related to the excitation energy by
Ex = Erel + Sn. The excitation energy Ex is equivalent to Eγ

in the Coulomb breakup process. This simple relation, based
on the first-order perturbation theory, allows to extract the σγn

from the Erel energy spectrum.
A nuclear breakup component can be mixed with the

Coulomb breakup, acting as a possible background. Although
the Coulomb breakup is estimated to be dominant for the
current experiment, in order to obtain the Coulomb breakup
component we adopt here an analysis method based on the
selection of scattering angles. This method was successfully
applied to the Coulomb breakup experiments of 11Be [23]
and 11Li [24] at similar incident energies. The photon number
NE1(Eγ ) is calculated as

NE1(Eγ ) =
∫ θc

0

dnE1(θ, Ex)

d�
d�, (2)

where θc denotes the cutoff angle and nE1(θ, Ex) is the photon
number at θ and Ex .

The obtained σγn is then converted into σnγ using the
principle of detailed balance

σnγ (Ec.m.) = 2IA + 1

2IA−1 + 1

Eγ
2

2 µc2Ec.m.

σγ n(Eγ ), (3)

where IA = 1/2, and IA−1 = 0 for the present case, and µ

denotes the reduced mass of 14C + n.
An advantage of the Coulomb breakup as compared to

direct capture experiments is a large gain factor in the reaction
yield. With the detailed balance [Eq. (3)], one finds that the σγn

is larger by 103−4, when compared to σnγ . An additional gain
factor, due to the large number of virtual photons, is of the order
of 102. One should consider also the advantage of kinematic
focusing and of the possibility of using a thick target of the
order of 100 mg/cm2. Due to these factors, one can achieve a
significantly higher yield in a Coulomb breakup experiment as
compared to the case of a neutron capture reaction, even for a
secondary beam experiment. We also note that in the case of
the 14C(n, γ )15C reaction, the neutron capture measurement
requires a 14C radioactive sample, which needs extra care in
handling.

The Coulomb breakup process does not cover all the
possible reaction channels corresponding to a particular
neutron capture reaction. In fact, the detailed balance can
only be applied to the ground state transition. The neutron
capture of 14C leads either to the ground state or to the first
excited state at 0.74 MeV, the only bound excited state of
15C. However, the cross section for transitions leading to the
first excited state of 15C is negligible compared to the cross
section for the ground state reaction channel [4,9]. Therefore,
the correspondence between the Coulomb breakup and the
neutron capture processes is well established in the present
case.
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III. EXPERIMENT

A. Experimental method

The 15C breakup spectrum is obtained applying the invariant
mass method (see, for example, Refs. [23–27]). The 14C + n

relative energy, Erel, is obtained event-by-event from the
invariant mass of the excited 15C, reconstructed from the
momentum vector of outgoing 14C, P(14C), and that of
the neutron, P(n).

The scattering angle of the c.m. (center of mass) system of
14C + n can be measured as the opening angle θ between the
incident momentum vector P(15C) and that of the outgoing
14C + n system, P(14C) + P(n), in the c.m. frame of 15C +
Pb. Since the 14C + n c.m. system follows very closely the
classical Rutherford trajectory, the impact parameter b can
be related to θ by b = a cot(θ/2) � 2a/θ , where a is half
the distance of the closest approach. Hence, the selection
of forward angles, corresponding to large impact parameters
can be used to extract the Coulomb breakup component. This
method was investigated thoroughly for the case of the 11Be
breakup reaction, where it was successfully used to extract the
related E1 component [23].

B. Experiment

The experiment was performed at the RIPS facility [28]
at RIKEN using the experimental setup shown in Fig. 1 of
Ref. [23]. The secondary beam of 15C was produced by
fragmenting 18O at 100 MeV/nucleon on a 1.1 g/cm2-thick Be
target. The secondary beam bombarded a 224 mg/cm2-thick
Pb target. The mean kinetic energy of the incident beam in
the Pb target was 68 MeV/nucleon. The momentum width
of the secondary beam was ±0.1%. The energy information
of the 15C ion was obtained event-by-event by time of flight
(TOF) measured using two thin plastic scintillators, which
were located 4.57 m apart. The trajectory of the 15C incident
ion on the target was determined by four sets of multiwire
proportional counters.

The breakup residual particles, 14C and n, were emitted
in a narrow cone at forward angles with velocities close to
that of the 15C projectile. The neutron was detected by two
layers of neutron hodoscope arrays with an effective area
of 2.14(W) × 0.92(H) m2 placed at 4.60 m and 4.99 m,
respectively, downstream of the target. Each array consisted
of 15 plastic scintillator rods with 6.1 cm thickness. The
angular coverage ranged from −7.0◦ to 19.0◦ in the horizontal
direction, and from −5.5◦ to 5.5◦ in the vertical direction.
The neutron momentum vector was determined from the
TOF and hit position information in the arrays. An intrinsic
detection efficiency of 13.4% for the threshold energy of
6.0 MeVee (electron-equivalent energy) was obtained in
a separate experiment using the 7Li(p, n)7Be reaction at
66.7 MeV. The momentum resolutions for the neutron within
one σ were 0.99%, 0.36%, and 0.99%, respectively, in
Px, Py , and Pz directions in the laboratory frame. Each suffix,
here, represents the horizontal, vertical, and parallel(beam)
direction, respectively.

The corresponding 14C particle was analyzed by a magnetic
spectrometer equipped with a drift chamber and plastic scin-
tillator hodoscopes. Particle identification was performed by
combining 	E, TOF data from the hodoscopes, and magnetic
rigidity information from the tracking of the particle. The
momentum vector of 14C was deduced by combining the TOF
information with the tracking analysis. The momentum resolu-
tions within one σ were 0.76%, 0.76%, and 2.4%, respectively,
in Px, Py , and Pz, in the laboratory frame. The relative
energy resolution was estimated by a Monte Carlo simulation
incorporating these momentum resolutions, and was found to
be well approximated by 	Erel = 0.23

√
Erel MeV(1σ ).

IV. RESULTS AND DISCUSSION

A. Energy spectra of breakup cross sections

Figure 1 shows the relative energy spectrum of 14C + n

in the breakup of 15C on the Pb target. The solid squares
show the breakup cross section integrated over the scattering
angular range 0◦ � θ � 6.0◦ which nearly corresponds to the
whole acceptance of the present setup. Open circles show
the cross section for a selected angular range, 0◦ � θ � 2.1◦.
The cut at 2.1 degrees is equivalent to an impact parameter of
20 fm. The breakup cross sections, integrated up to Erel =
4 MeV are 670 ± 14(stat.) ± 40(syst.) mb and 294 ±
12(stat.) ± 18(syst.) mb for 0◦ � θ � 6.0◦ and 0◦ � θ � 2.1◦,
respectively. The systematic uncertainties are mainly due to
the neutron detection efficiency, which affects the overall
normalization of the spectrum. Large breakup cross sections on
a heavy target due to Coulomb breakup are typical for loosely
bound halo nuclei. However, the 15C breakup cross section is
about 1/5 ∼ 1/3 of that for conventional halo nuclei such as

FIG. 1. Breakup cross section as a function of relative energy,
Erel, of 14C + n in the reaction 15C + Pb. Solid squares represent the
data for scattering angles up to 6 degrees, and open circles represent
the data for selected scattering angles up to 2.1 degrees. Solid curves
are calculations for a direct breakup model with a spectroscopic factor
α2 = 0.91, for the halo configuration (a = 0.5 fm and r0 = 1.223 fm).
See text for details.
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TABLE I. Comparison of spectroscopic factors obtained from different reactions. Two
different diffuseness parameters, a = 0.5 fm and a = 0.7 fm, have been used to derive the related
spectroscopic factor α2. As long as the same a parameter is used, we find that the result of the
current Coulomb breakup experiment is in good agreement with the results of other measurements.

Reaction E/A (MeV) References a r0 α2

Coulomb breakup 68 Present 0.5 1.223 0.91(6)
0.7 1.25 0.72(5)

Coulomb breakup 605 [11] 0.7 1.25 0.73(5)
0.5 1.15 0.92(7)

1n removal 103 [16] 0.5 1.223 0.88(4)(5)
14C(d, p)15C 7 [29,30] 0.88

11Be [23], 19C [26], and 11Li [24], when measured at similar
incident energies. This indicates that the size of the halo in 15C
is not as extended as in those known halo nuclei.

The results of the calculations based on first-order per-
turbation theory (equivalent photon method) combined with
the direct breakup mechanism for the two angular ranges are
compared with the data in Fig. 1. The matrix element in the
direct breakup can be written as

dB(E1)

dErel
= |〈q|Ze

A
rY 1

m|
(r)〉|2

∝ α2|〈q|Ze

A
rY 1

m|14C(0+) ⊗ ν2s1/2〉|2, (4)

where 
(r) stands for the wave function of 15C and the
final state 〈q| describes a neutron in the continuum. α2

represents the spectroscopic factor for the halo configuration
|14C(0+) ⊗ ν2s1/2〉, which is the fraction of this configuration
in the ground state wave function of 15C. If the wave function
〈q| is assumed to be a plane wave, the first equation represents
the Fourier-Bessel transform of the ground state wave function,
and the low-energy peak in the E1 spectrum is determined
solely by the amplitude of the wave function at large distances.
This causes only the s-wave component, namely the halo
configuration, in 15C to be retained in the second equation.

In the present calculation, the wave function for the
halo configuration, |14C(0+) ⊗ ν2s1/2〉, was obtained using
a two-body potential model for 14C-neutron interaction. A
Woods-Saxon potential with a radius parameter r0 = 1.223 fm
and a diffuseness parameter a = 0.50 fm was used. The same
parameters were used by Terry et al. [16] for extracting the
spectroscopic factor in the neutron removal reaction of 15C
on a 9Be target. They extracted these parameters to adjust the
radius obtained in mean field Hartree-Fock (HF) calculation.
The potential depth necessary to bind an s-wave neutron by
1.218 MeV is V0 = 55.4 MeV. The same potential well is used
to calculate the outgoing distorted wave in the continuum and
ultimately the matrix element of Eq. (4). A spin-orbit potential
VSO = 6.5 MeV was included in that case.

An excellent agreement between the direct breakup calcu-
lation and the spectra, selected for the smaller angular region
0◦ � θ � 2.1◦, is obtained using α2 = 0.91(6). This value was
deduced by fitting the data to the calculation up to Erel =
1.5 MeV. The same α2 can also describe the overall shape
and amplitude of the spectra for 0◦ � θ � 6.0◦, although some

deviation appears in that case. This could be attributed to
higher order effects in the reaction mechanism as well as to
some nuclear breakup contribution, as found for the case for
11Be [23].

We also repeated the calculations using a larger diffuseness
parameter a = 0.7 fm and r0 = 1.25 fm, which were used in
the primary analysis for the Coulomb breakup at GSI [11]. In
this case, we found about 20% smaller value of α2 = 0.72(5),
consistent with the value derived from the GSI experiment.
Note that the calculated spectral shapes are found to be almost
identical, independent of the choice of potential parameters.

The higher α2 value (α2 = 0.91(6)), obtained with a =
0.50 fm, is in better agreement with the value of Terry
et al. [16], as can be seen in Table I. This spectroscopic
factor is also consistent with the value obtained from the
(d, p) reaction [29,30]. The Coulomb breakup reaction at
GSI also reproduces a larger spectroscopic factor when the
analysis is done using similar a and r0 parameters. We note
that in comparing α2 values, it is natural to use the same
potential parameters. Hereafter, we adopt the higher value of
α2 = 0.91 for consistent discussion with the results of Terry
et al., obtained with the same a and r0 values.

The quenching of the observed spectroscopic factor with
respect to the theoretical values due to short-range correlation
effects has been studied by Terry et al. [16] and by Gade et al.
[17]. Their systematic study shows that the quenching factor
is close to unity in the case of a loosely bound nucleus such as
15C. Since the core of 15C is 14C, whose structure is dictated by
the N = 8 neutron shell closure, the theoretical spectroscopic
factor is 0.983. An observed α2 value close to 0.9 thus implies
a reduction factor of about 0.9, as already discussed [16]. From
this analysis we can conclude that Coulomb breakup reactions
certainly offer a useful tool in understanding spectroscopic
factors and their reduction factors, in particular for loosely-
bound systems.

B. B(E1) spectrum

Figure 2 shows the B(E1) spectrum, which has been
extracted from the energy spectrum of the breakup cross
section for 0◦ � θ � 2.1◦ using Eq. (1). The direct breakup
model calculation, obtained with α2 = 0.91 (a = 0.5 fm,
r0 = 1.223 fm), is shown in comparison with the experimental
data. Calculations performed with and without incorporating
the experimental resolution are shown. The model calculation
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FIG. 2. Extracted B(E1) spectrum for 15C excitation. Solid curve
corresponds to the direct breakup model calculation. The dot-dashed
curve is the same calculation, before folding with the experimental
resolution.

is in good agreement with the data, as expected from the
agreement of the breakup cross section for 0◦ � θ � 2.1◦ shown
above in Fig. 1.

The B(E1) value of the current Coulomb breakup spectrum,
integrated up to the adiabatic cutoff energy [21]Emax

rel =
2.6 MeV is B(E1) = 0.527 ± 0.045 e2 fm2. Emax

rel is equal
to h̄vγ /b where v is the incident velocity of 15C and γ is
the Lorentz γ factor. Note that the E1 virtual photon number
for Erel � Emax

rel decreases drastically, so the extraction of the
B(E1) spectrum above Emax

rel becomes statistically difficult. We
then apply the following non-energy-weighted cluster sum rule
to the present case [31]. The sum rule is described as

B(E1) = (3/4π )(Ze/A)2〈r2〉, (5)

where Z and A are the atomic and mass numbers of 15C, and
〈r2〉 represents the mean square distance between the valence
neutron and the core. Compared to the 11Be case [23,25],
the B(E1) spectrum of 15C has a longer tail toward higher
excitation energies. Hence, we use the extrapolated values
along the solid curve shown in Fig. 2 to extract

√
〈r2〉 =

4.5(2) fm, obtained with a B(E1) value of 0.774(67) e2 fm2.
This value is large compared to the size of the 14C core
(2.30(7) fm [32]), but significantly smaller than the size
extracted for 11Be (5.77(16) fm [23] and 5.7(4) fm [27]).

C. Neutron capture cross section

By applying the principle of detailed balance [Eq. (3)] and
the relation between σγn and B(E1) [Eq. (1)], the neutron
capture cross section σnγ can be extracted from the B(E1)
spectrum. The result is shown in Fig. 3. An excellent agreement
is obtained with the p-wave direct radiative capture model
calculation [5], up to Ec.m.(=Erel) = 3 MeV. The p-wave
direct capture corresponds to the direct Coulomb breakup. This
result is consistent with the consideration that the final state
of the 14C capture reaction has a halo state with a dominant
s-wave component.

FIG. 3. (Color online) Neutron capture cross section on 14C
leading to the 15C ground state. Solid black circles are the results
of the current experiment, and the red open squares are those from
the most recent direct capture measurement [12]. The dot-dashed
curve is the calculation based on the direct radiative capture model,
while the solid curve is the same one which includes experimental
resolution. Both calculations were done using a spectroscopic factor
α2 = 0.91 and with potential parameters a = 0.5 fm and r0 =
1.223 fm.

In comparison with the most recent direct capture measure-
ment results [12], a good agreement is achieved with only a
slight deviation at around Ec.m. ∼ 0.5 MeV. The MACS value
at kT = 23.3 keV extracted from the current experiment is
6.1(5) µb, compatible with the value of 7.1(5) µb, obtained
from the direct measurement [12]. The overall agreement of the
Coulomb breakup result with the direct capture measurement
suggests that the Coulomb breakup can be a good alternative
tool for obtaining the neutron capture cross sections involving
radioactive nuclei. Note that in general the Coulomb breakup
method can be applied to neutron-rich nuclei where the
corresponding direct neutron capture measurement is not
feasible.

In comparison with other previous results, we find
that only the data obtained from the Coulomb breakup
measurement performed at GSI [11] is consistent with
the present measurement. The neutron capture cross sec-
tion derived from the Coulomb breakup experiment per-
formed at MSU [10] is significantly smaller (about
1 µb at Ec.m. = 23.3 keV, and 4 µb around 0.05–
0.10 MeV). The result of the first direct measurement [8] was
also much smaller(MACS = 1.72(43) µb at kT = 23.3 keV),
but some problems related to that very first measurement have
been clarified in detail in the most recent direct measurement
[12], and the updated values are now in agreement with the
present experiment.

As our results are consistent with those of Reifarth et al.
[12], the argument and implications on the nucleosynthesis
scenario follows closely those of Ref. [12], where the role of
the 14C(n, γ )15C in the neutron induced CNO cycles, and the
impact of such a cycle on the neutron flux were discussed. By
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confirming the direct capture measurement with the present
Coulomb breakup result, we expect that a firm discussion on
the stellar reactions will make progress.

We add here a short remark on the resonant contribution to
the capture rate for the known state at Ec.m. = 1.885 MeV with
Jπ = 1/2+, discussed by Wiescher et al. [4]. The capture rate
for this contribution was obtained using a neutron width �n =
42 keV and a γ width �γ = 4 eV, concluding that this resonant
contribution is negligibly small compared to the direct capture
component. Our estimate, using a fit to the cross section data
for 0◦ � θ � 2.1◦ in Fig. 1, results in an even smaller upper limit
of �γ = 1.3 eV with 95% confidence level, lowering further
the influence of this negligible contribution to the capture
rate.

V. CONCLUSION

We have studied the Coulomb breakup of 15C to extract
the 14C(n, γ ) cross section and to resolve an otherwise
controversial situation. We have found that the σnγ follows
the typical p-wave direct capture behavior, characterized
approximately by a

√
Ec.m. energy dependence of the cross

section. Our data shows that the capture cross section is larger
by about a factor of four when compared to the value obtained
from the early direct neutron capture experiment [8], and

consistent with the most recent measurement [12]. The spectral
shape and the amplitude obtained in the present experiment
are consistent with a similar measurement performed at GSI,
at high incident energies [11]. Meanwhile, the present result
shows a disagreement with previous data obtained at MSU
[10]. We conclude that this is a typical example of the p-wave
direct capture mechanism, due to loosely-bound halo structure
for the final state. This study shows that in the region of
neutron-rich nuclei, where important nucleosynthesis paths
are located, the p-wave capture reaction may often dominate
over the ordinary s-wave neutron capture. We also could
demonstrate that the Coulomb breakup is a useful tool to
extract the corresponding radiative capture cross section, by
showing a rare case in which both reactions, (n, γ ) and (γ, n),
could be measured.
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