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Low-energy neutron direct capture by 12C in a dispersive optical potential
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A dispersive optical potential for the interaction between low-energy neutrons and12C nuclei is derived
from a dispersion relation based on the Feshbach generalized optical model. The potential reproduces com-
pletely neutron total cross sections below 1.0 MeV and substantially reproduces the energy of the
3090 keV(1/21) level in 13C which is of nearly pure 2s1/2 single-particle character. It is found that direct-
capture model calculations with this potential explain quite successfully the observed off-resonance capture
transitions to the ground (1/22), 3090 keV(1/21), 3685 keV(3/22), and 3854 keV(5/21) levels in 13C at
neutron energies of 20–600 keV. Special emphasis is laid on the fact that in these model analyses, account
should be taken of the spatial nonlocality of the neutron-nucleus interaction potential, in particular for negative
energies.@S0556-2813~98!03201-4#

PACS number~s!: 25.40.Lw, 24.10.Ht, 25.40.Hs, 27.20.1n
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I. INTRODUCTION

Low-energy neutron capture reactions on light nuclei p
an important role in the nucleosynthesis on the inhomo
neous big-bang model as well as in thes-process nucleosyn
thesis in red giant stars. Recently, these findings have le
several measurements@1–4# of neutron capture cross se
tions of light nuclei at steller energies, which are compa
to direct-capture model calculations@5# because the reaction
can be decoupled from a resonance process.

Furthermore, drip-line light nuclei were found to hav
radii much larger than those of other neighboring nuclei@6#.
This suggests the existence of a neutron-halo structure in
nuclei. A neutron halo is basically characterized by the pr
ence of a weakly bound state which has an apprecia
single-particle component of low angular momentum. T
combination of the low neutron-separation energy and
low angular momentum allows neutrons to remain at d
tances much larger than the normal nuclear radius. Th
fore, direct-capture model calculations@7,8# have been per-
formed also with the expectation that the neutron-halo w
function could be probed by observing low-energy neut
direct-capture reactions on light nuclei.

Direct-capture transition amplitudes are generally qu
sensitive to incoming wave functions in the nuclear chan
region, i.e., to optical potential parameters used in the ca
lations. However, previous theoretical work@5,7,8# does not
guarantee that the potential parameters reproduce the
served total cross sections and neutron single-particle bo
state energies, and also does not make clear the relatio
those parameters to available optical potentials obtai
from neutron-scattering analyses.

In the present study, we intend to describe keV-neut
direct-capture reactions on12C, using a dispersive optica
potential which has a close connection with empirical opti
potentials. Since no resonance has been observed in
12C1n interaction at neutron energies below about 2.0 M
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@9#, this nucleus would be the most suitable for our theor
ical analysis. The results are compared to recently obse
off-resonance capture cross sections of12C at 20–600 keV
neutron energies@1–3#.

II. DISPERSIVE OPTICAL POTENTIAL

In this section, an optical potential for the interaction b
tween low-energy neutrons and12C nuclei is derived from a
dispersion relation based on the Feshbach generalized op
model@10#. The real central part of this potential is describ
by the nonlocal Hartree-Fock and dispersive compone
The Hartree-Fock component is approximated by an ene
dependent local potential whose strength decreases line
with increasing neutron energy, while the dispersive com
nent is represented by a dispersion relation that connects
real and imaginary parts of the optical potential. When
nonlocality of the imaginary~absorption! part of the single-
particle field is neglected—in actuality the role of the non
cality of the absorption potential is found to be small
theoretical investigations—the real central partV(r ,E) of the
local dispersive optical potential is written as@11,12#

V~r ,E!5VH~r ,E!1
P

p E
2`

` WS~r ,E8!

E82E
dE8

5VH~r ,E!1
2

p
~E2EF!P

3E
EF

` WS~r ,E8!

~E82EF!22~E2EF!2 dE8

5VH~r ,E!1DVS~r ,E!, ~1!

whereP indicates a principal value. The potentialVH(r ,E)
is the Hartree-Fock component, andDVS(r ,E) is the disper-
sive component due to the absorption potentialWS(r ,E),
202 © 1998 The American Physical Society
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57 203LOW-ENERGY NEUTRON DIRECT CAPTURE BY12C IN . . .
which is assumed to be symmetric about the Fermi ene
EF . Equation ~1! shows how much of the energy depe
dence of empirical optical potentials arises from the non
cality and how much from the dispersive nature of nucl
matter.

We determine a dispersive optical potential so as to
compatible with the Dave-Gould~DG! optical potential@13#
from analyses of the elastic scattering of 7–15 MeV neutr
on 12C. The absorption potential is taken to be surface
sorptive in the same way as the DG potential. It is w
known that the volume absorption of an optical potentia
not essential in MeV-neutron elastic scattering on 1p-shell
nuclei. In fact, the Watson-Singh-Segel~WSS! global optical
potential of 1p-shell nuclei@14# shows that the volume ab
sorption is effective at neutron energies above 33 MeV.

The Hartree-Fock potential depthVH(E) is assumed to be
the same as the real central part of the DG potential:

VH~E!5258.8610.663E, ~2!

whereE is the center-of-mass energy in units of MeV. Th
potential acquires additional interest from the fact that
energy dependence of the real volume integral is consis
with that of the Jeukenne-Lejeune-Mahaux potential cal
lated from a realistic nucleon-nucleon interaction@13,15#. To
be more exact, the Hartree-Fock potential should be obta
from an analysis of neutron elastic scattering on12C using a
dispersive optical potential, but since the dispersion poten
due to surface absorption scarcely affects the neutron el
scattering on12C in the MeV-energy region, the above a
sumption for the Hartree-Fock potential is acceptable.

The absorption potential is required for the whole ene
region before applying Eq.~1!. In a scattering state, it is
obtained from experiments with neutron elastic scattering
12C. In a bound state, it can be deduced above the Fe
surface from the fragmentation of single-particle states
served by12C(d,p) reactions and below the Fermi surfa
from the fragmentation of single-hole states observed
12C(p,d) reactions. At present there is not enough inform
tion available to determine the energy dependence of
absorption potential strength at negative energies. Howe
near E50 absorption potential strengths of global optic
potentials of light nuclei are 1.0 MeV at most@14,16–18#,

FIG. 1. Assumed surface absorption~solid line! and calculated
dispersion~dashed line! potential depths for the12C1n interaction.
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and therefore, at negative energies they would be a v
small but nonzero value due to the coupling of a sing
particle ~or hole! state to other nuclear modes.

In the DG potential, the absorption potential depth
creases linearly and very slowly with neutron energ
WS(E)5212.6520.045E. No information is given on the
dependence of the absorption potential upon neutron e
gies below 7 MeV. The imaginary component of the WS
potential decreases linearly with decreasing neutron ene
below 13.8 MeV and becomes null atE50. Above E
513.8 MeV, the energy dependence is much weaker t
that of the DG potential. From these facts, we assume
absorption potential depth shown by a solid line in Fig.
WS(E)50 at EF<E<0, WS(E)521.86E MeV at 0<E
<7.0 MeV, andWS(E)5213.0 MeV atE>7.0 MeV. Us-
ing this absorption potential, the dispersion potential stren
DVS(E) is derived from the principal-value integral in Eq
~1!, as shown by the dashed line in Fig. 1. The Fermi ene
is defined as an average of the minimum energyEF

1 of par-
ticle states and the maximum energyEF

2 of hole states in
12C:

EF5~EF
11EF

2!/25211.83 MeV. ~3!

Although the strength of the realistic absorption potential c
be represented by a smooth function of neutron energ
more complicated parametrization of the imaginary poten
depth changes the dispersive correction only slightly.

The solid line in Fig. 2 shows the neutron total cro
sections of12C calculated using the dispersive optical pote
tial. The potential form factors and spin-orbit potential dep
are taken to be the same as those of the DG potential, ex
for the radius parameterr 0 of the Hartree-Fock potential
The dispersive optical potentialUopt(r ) used in the calcula-
tion is

FIG. 2. Neutron total cross sections of12C calculated using the
dispersive optical potential with~solid line! and without ~dashed
line! the dispersion potential.
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Uopt~r ,E!5VH~E! f ~r ,r 0 ,a0!24aiDVs~E!
d f

dr
~r ,r i ,ai !

24iaiWs~E!
d f

dr
~r ,r i ,ai !

2Vso|p
2 ~s• l!

1

r

d f

dr
~r ,r so,aso!, ~4!

with

a050.434 fm, r i51.387 fm, ai50.163 fm,

r so51.15 fm, aso50.5 fm, Vso525.5 MeV,

where |p is the pion Compton wavelength andf is the
Woods-Saxon form factor,

f ~r ,r x ,ax!5@11exp$~r 2r xA1/3!/ax%#21.

The radius parameterr 051.211 fm in the DG potential is
slightly increased at lower neutron energies so as to c
pletely reproduce the ENDF/B-V total cross sections@19#:
r 051.211 fm at E51.0 MeV to r 051.229 fm at E
510 keV. Such a small change of the radius parame
would not be unexpected since the optical potential descr
only an average over partial waves, while the total cr
sections at those neutron energies are dominated by very
partial waves. On the other hand, the optical potential w
DVS(E)50 overestimates the total cross sections, and
discrepancy between the calculated and ENDF/B-V val
greatly increases with decreasing neutron energy. In o
words, the dispersive correction is important for reproduc
the total cross sections, especially at lower neutron energ

A physical explanation of the characteristic behavior
the total cross sections is given in Figs. 3 and 4. As see
Fig. 3, the addition ofDVS(r ,E) is equivalent to increasing
the radius parameterr 0 for the calculation which uses only
Woods-Saxon potential. Consequently, in the low-energy

FIG. 3. Central part~solid line!, Hartree-Fock componen
~dashed line!, and dispersive component~dotted line! of the disper-
sive optical potential at the neutron energy of 100 keV.
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gion where there is no essential contribution of partial wav
with high angular momentuml .0, the incomings wave is
pulled into the nuclear interior, and the total cross sectio
are decreased by the Ramsauer-like interference. For
stance, the nuclear phase shift of the incomings wave atE
5100 keV changes from 144° to 157° with the addition
the dispersive component~see Fig. 4!.

The observed total cross sections are also reproduced
the calculation which uses the optical potential without t
dispersive component, but with a considerable increase
the radius parameterr 0 of the Hartree-Fock potential a
lower neutron energies. However, such a strong energy
pendence of the nuclear radius is unlikely to be a physi
reality.

III. MODEL CALCULATIONS AND DISCUSSION

The electric-dipole transition amplitudeTf i for the radia-
tive nucleon direct-capture process is

Tf i5^C f u«uC i
~1 !&, ~5!

whereC i
(1) is the initial elastic-scattering state wave func

tion, whose incoming part is taken to be identical to that
the incident plane wave,C f is the single-particle componen
of a final bound state, and« @5ērY1m(u,w)# is the electric-
dipole operator for an incident nucleon. Using Eq.~5!, we
find the cross section for the neutron direct capture by
even-even nucleus:

s f i5
8p

3\
kg

3ē2u2(
j i l i

G~ l i j i ,l f j f !u^r &u2, ~6!

with

G~ l i , j i ,l f j f !5
1

2
~ l i1 l f11!~2 j i11!~2 j f11!

3H 1
1/2

l i

j f

l f

j i
J 2

~7!

and

FIG. 4. Scatterings-wave functions calculated using the dispe
sive optical potential with~solid line! and without~dashed line! the
dispersion potential at the neutron energy of 100 keV.
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^r &5E
0

`

uf~r !rui~r !dr, ~8!

where kg is the wave number of capture gamma ra
ē @52Ze/(A11)# is the neutron effective charge for th
E1 transition in the potential produced by a target nucle
with mass numberA and atomic numberZ, and u2 is the
spectroscopic factor of a final neutron single-particle st
with principal quantum numbernf , orbital angular momen-
tum l f , and total spinj f . The radial wave functionui(r ) of
an initial single-particle state has the asymptotic form

ui~r !;2
1

2ikv1/2 FexpH 2 i S kr2
1

2
l ip D J

2S expH i S kr2
1

2
l ip D J G , ~9!

where k is the wave number of an incident neutron wi
velocity v and S is the scattering matrix element for th
( l i j i) partial wave. The wave functionui(r ) is obtained as a
solution of the Schro¨dinger equation with the dispersive op
tical potential in Eq.~4!. The radial wave functionuf(r ) of a
final single-particle state is determined by adjusting
depth of the Hartree-Fock term of this potential so as
reproduce the neutron binding energySn . Previous studies
@5,7# assert that the wave functions of the initial and fin
single-particle states should be made orthogonal to e
other, but we note that each nuclear state in general is
scribed by a coupled-channel wave function so that th
exists no orthogonality between both single-particle state

In Fig. 5 the calculated capture cross sections for the tr
sition to the 3090 keV(1/21) level in 13C which has a large
component of the 2s1/2 single-particle state are compared
recent measurements@1–3#. The dashed line shows calcula
tions for thep-wave direct capture to the pure 2s1/2 single-
particle state. The model calculations predict the cross
tions to be about 20% smaller than those observed.

FIG. 5. Observed and calculated cross sections for the radia
neutron capture to the 3090 keV(1/21) level in 13C. Solid (aÞ0)
and dashed (a50) lines represent calculations for thep-wave di-
rect capture to the 2s1/2 single-particle state with a different spe
troscopic factor.
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unphysical spectroscopic factor of 1.25 is then necessar
reproduce this experimental data. As shown below, this
crepancy can be removed by considering the spatial no
cality of the microscopic mean field for the interaction b
tween low-energy neutrons and12C nuclei.

According to the work of Dover and Giai@20# and de
Forest@21#, the following relation exists between the wav
functions Ul(r ) and ul(r ) in equivalent nonlocal and
energy-dependent local potentials:

Ul~r !5P~r !ul~r !, ~10!

with

P~r !5@m* ~r !/m#1/2, ~11!

where m* (r ) is the nucleon effective mass. The fact
@m* (r )/m#1/2 which connectsUl(r ) andul(r ) leads, in the
nuclear interior, to damping of the nonlocal wave functi
relative to the local one. This damping effect was first fou
by Perey@22#, and is therefore referred to as the Perey dam
ing factor. In the Hartree-Fock approximation, the effecti
massmH* (r ) is equal to

mH* ~r !/m512
d

dE
VH~r ,E!. ~12!

Assuming a linear energy dependence of the Hartree-F
potential depth, the Perey damping factorP(r ) is

P~r !5@12a f ~r !#1/2. ~13!

In the present study,a is taken to be 0.663 from Eq.~2! and
f (r ) is the Woods-Saxon form factor of the local Hartre
Fock potential. The single-particle bound state wave funct
uf(r ) presented above in the local Hartree-Fock potentia
then modified in the nonlocal potential as follows:

U f~r !5Cf P~r !uf~r !, ~14!

whereCf is introduced for normalizingU f(r ). Equation~14!
holds exactly for the Skyrme-Hartee-Fock approximation

Introduction of the nonlocal interaction would also r
quire modification of the electric-multipole moments. For
system of interacting nucleons, the expression for the cha
current density may differ from the corresponding express
for free nucleons. Thus the electromagnetic interact
2(1/c)* j•A dt between the current densityj and the vector
potentialA of a radiation field does not produce the we
known electric-multipole moments. However, in the limite
case of nonrelativistic nucleon velocities and of radiati
wavelengths large compared to the nuclear dimension,
nucleon interactions are expected to have a relatively m
effect on the electric-multipole moments@23,24#, and there-
fore, in the present study the nonlocality of the nucleon p
tential is neglected for the electric-dipole interaction.

When ui(r ) and uf(r ) in Eq. ~8! are replaced byUi(r )
andU f(r ), the calculations for thep-wave direct capture to
the pure 2s1/2 single-particle state overestimate slightly th
capture cross sections for the transition to t
3090 keV(1/21) level, as shown by a solid line in Fig. 5. Th
best fit with the experimental data through adjusting
spectroscopic factor, givesu250.95. This value has excel

ve
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lent agreement with the configuration-mixing ratio~94%! of
the (0^ s1/2) component, which is theoretically predicted b
taking account of the excitation of the 01

1 , 21
1 , and 41

1 core
(12C) states in13C @25#. Excluding the excitation of the 41

1

core state, the core-particle model calculations produc
configuration-mixing ratio of 87% for the single-partic
component@26#, but the experimental data indicate partic
pation of the 41

1 state in the core excitation. From an expe
ment on the12C(d,p) 13C reaction, Takaiet al. @27# also
obtained evidence which indicated a nearly pure sing
particle character of this level. The experiment by Ohnu
et al. @25# led to a rather small spectroscopic factor of 0.6
However, such a small value should be rejected, becaus
neutron binding energy of this level is in substantial agr
ment with the energy of the 2s1/2 single-particle state, a
shown later.

Figure 6 shows the real overlap integrand of the transit
amplitude for the dominantp3/2-wave capture to the 2s1/2
single-particle state. When the nonlocality is considereda
Þ0), the amplitude of the initial-state wave function in th
nuclear interior is attenuated by the Perey damping facto
Eq. ~13!. As can be seen from the figure, the contribution
the nuclear interior to the transition amplitude is very sm
and therefore the effect of the nonlocality is negligib
Meanwhile the amplitude of the single-particle bound st
wave function is emphasized in the nuclear exterior due
damping of the wave function in the nuclear interior. Con
quently, the direct-capture transition amplitude, which ha
dominant contribution of the nuclear exterior, increases
reproduce the observed cross sections.

The negative and positive parts of the overlap integran
the nuclear interior are completely canceled out, wh
makes the direct-capture cross sections rather insensitiv
the Hartree-Fock potential depth. The direct-capture tra
tion would be decoupled by this cancellation from excitati
of the giant-dipole resonance~GDR!, thep1/2-wave negative
resonance@ground (1/22) level in 13C# and thep3/2-wave
negative resonance@3685 keV(3/22) level in 13C,# because
the transition amplitude in the nuclear interior is responsi
for the coupling between the single-particle and resona
transitions @28,29#. Using the direct-semidirect captur

FIG. 6. Real overlap integrands of the transition amplitude
the p3/2-wave direct capture to the 2s1/2 single-particle state at the
neutron energy of 500 keV. Solid (aÞ0) and dashed (a50) lines
represent calculations using the dispersive optical potential.
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model~DSD! with a complex coupling@30–32#, in fact it can
be confirmed that the effect of the GDR excitation is le
than 0.3% and negligible. Again, the negative resonan
would be decoupled more completely because thep3/2-wave
resonance has a small single-particle component (u250.2)
and thep1/2-wave resonance is too far away in the ener
space to make a significant contribution. In this context
strong energy dependence of the central part of the DG
tential, which originates mostly from the nonlocality, seem
to be valid.

The Hartree-Fock potential depth producing the 2s1/2
single-particle state at the energy of the 3090 keV(1/21)
level is 62.5 MeV, which is close to the potential depth
60.1 MeV derived from Eq.~2! for negative energies. It is
naturally expected from the strong single-particle charac
of this level. ForDVS(E)50, the potential depth is 66.4
MeV. That is, the dispersion potential at negative energie
very effective in reproducing the observed neutron bind
energy using the Hartree-Fock potential depth in Eq.~2!. The
dispersion potential also has an appreciable effect in incr
ing the direct-capture cross sections: by 2% for the transi
to the 2s1/2 single-particle state and by 5–7 % for the tran
tions to the 1p1/2, 1p3/2, and 1d5/2 single-particle states.

In Fig. 7 the observed capture cross sections for the tr
sition to the ground (1/22) level in 13C are compared to the
direct-capture cross sections for the transition to the 1p1/2
single-particle state. Each solid line represents calculati
with a different spectroscopic factor. The dashed line sho
the direct-capture cross sections for the transition to the p
1p1/2 single-particle state, neglecting the nonlocality. Belo
E5200 keV, thes-wave capture to this state is domina
and decreases with increasing neutron energy. AboveE
5200 keV, the capture cross section rapidly increases, w
the d-wave capture becomes dominant with increasing n
tron energy. The calculations withu250.8 best fit the experi-
mental data and the spectroscopic factor is in excel
agreement with the value of 0.77 obtained by Ohnumaet al.
@25#. The shell-model calculation of Cohen and Kurath@33#

r

FIG. 7. Observed and calculated cross sections for the radia
neutron capture to the ground (1/22) level in 13C. Solid (aÞ0)
and dashed (a50) lines represent calculations for thes- and
d-wave direct capture to the 1p1/2 single-particle state with a dif-
ferent spectroscopic factor.
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57 207LOW-ENERGY NEUTRON DIRECT CAPTURE BY12C IN . . .
presents a rather small value of 0.61.
Figure 8 shows the real overlap integrand for thes-wave

capture to the 1p1/2 single-particle state. There is no cance
lation of the overlap integrand in the nuclear interior, and
addition the transition amplitude has this contribution
about 25% aboveE510 keV. It is quite different from the
p→2s1/2 transition, and the direct-capture cross sectio
strongly depend on the Hartree-Fock potential depth use
the model calculation. Moreover, the large nuclear-inter
contribution would give rise to the coupling of the direc
capture transition to the excitation of GDR and nearby re
nances. When the GDR excitation is included, the D
model calculations mentioned above show that the E1 t
sitions are considerably retarded: by 15–20 % belowE
5100 keV and by 6–7 % aboveE5500 keV. On the cou-
pling to nearby resonances, thes1/2-wave negative resonanc
@3090 keV(1/21) level in 13C# with strong single-particle
character would play a major role, because the resonan
located in the vicinity of the neutron-emission threshold@34#.
However, it is not straightforward to make a quantitati
estimation of the interplay of those resonance excitati
coupled to the direct-capture transition, because there is
ambiguity in the model of the relative phases between all
processes concerned, the low-energy tail of the GDR pro
and the symmetry-potential form factor for light nuclei.
this respect, the deduced spectroscopic factor would inc
considerable uncertainty.

In Fig. 9 the observed capture cross sections for the t
sition to the 3685 keV(3/22) level in 13C are compared to
the direct-capture cross sections for the transition to the 1p3/2
single-particle state. This level is expected to have a sm
component of the 1p3/2 single-particle state, because th
1p3/2 shell in 13C is filled in the simple shell model. Th
calculations with a spectroscopic factor of 0.2 best fit
experimental data. The experiment of Takaiet al. @27# pro-
ducedu250.26 and Ohnumaet al. @25# obtained a rather
small value of 0.14. The shell-model calculation of Coh
and Kurath@33# predictsu250.19. All of these spectroscopi
factors are in substantial agreement with our value. The c
ture cross section gradually increases aboveE5200 keV
with increasing neutron energy, because of the contribu
of the d-wave capture. Figure 10 shows the real overlap

FIG. 8. Real overlap integrands of the transition amplitude
the s-wave direct capture to the 1p1/2 single-particle state at the
neutron energy of 500 keV. Solid (aÞ0) and dashed (a50) lines
represent calculations using the dispersive optical potential.
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tegrand for thes-wave capture to the 1p3/2 single-particle
state. Since the overlap integrand is not canceled out in
nuclear interior, but the contribution to the transition amp
tude is only about 2% aboveE510 keV, the direct-capture
cross sections depend much more weakly on the Hart
Fock potential depth, as compared to those for
s1/2→1p1/2 transition. The small contribution of the nuclea
interior to the transition amplitude would also lead to
weakening the coupling between the direct-capture transi
and the excitation of thes1/2-wave negative resonanc
@3090 keV(1/21) level in 13C# andd5/2-wave negative reso
nance@3854 keV(5/21) level in 13C# with a large single-
particle component@34#. The effect of the GDR excitation is
3–4 %.

In Fig. 11 the direct-capture cross sections for the tran
tion to the 1d5/2 single-particle state are compared to t
observed capture cross sections for the transition to
3854 keV(5/21) level in 13C. Each solid line represents ca
culations for a different spectroscopic factor. The one t
best fits the experimental data is made withu250.75, which
is in substantial agreement with the spectroscopic facto
0.8 observed by Takaiet al. @27#. The experiment of

r FIG. 9. Observed and calculated cross sections for the radia
neutron capture to the 3685 keV(3/22) level in 13C. Solid lines
represent calculations for thes- and d-wave capture to the 1p3/2

single-particle state with a different spectroscopic factor.

FIG. 10. Real overlap integrands of the transition amplitude
the s-wave direct capture to the 1p3/2 single-particle state at the
neutron energy of 500 keV. Solid (aÞ0) and dashed (a50) lines
represent calculations using the dispersive optical potential.
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Ohnumaet al. @25# produced a rather small value of 0.5
The core-particle model calculations mentioned above giv
spectroscopic factor of 0.78, supporting our value. Figure
shows the real overlap integrand for the dominantp3/2-wave
capture to the 1d5/2 single-particle state. For this transitio
the nuclear-interior contribution to the transition amplitude
very small, and therefore the direct-capture cross sections
rather insensitive to the Hartree-Fock potential depth. Fo
similar reason, the coupling between the direct-capture t
sition and the excitation of the GDR andp3/2-wave negative
resonance@3685 keV(3/22) level in 13C# would be negli-
gible.

As shown above, reasonable spectroscopic factors of
energy levels in13C can be deduced from the neutron dire
capture model analysis considering the spatial nonlocality
the interaction potential. Disregarding the nonlocality,
find the larger spectroscopic factors: 1.0 for the grou
(1/22) and 3854 keV(5/21) levels ~see Figs. 7 and 11! and
0.28 for the 3685 keV(3/22) level, while the spectroscopi
factor of the 3090 keV(1/21) level greatly exceeds 1.0. I
the meantime, when the 1p strength is exhausted by the 1/22

and 3/22 levels as the experiment of Ohnumaet al. @25#
indicates, the sum-rule limit of those spectroscopic factor
2.0. Without considering the nonlocality, the sum of t
(2J11)u2 values for both levels is 3.1, which is much larg
than the sum-rule limit.

As mentioned in Sec. II, the absorption potential in t
present study includes some ambiguity at energies ofEF to
7.0 MeV. As far as the radius parameterr 0 being adjusted to
reproduce the total cross sections, reasonable variations~0–
1.0 MeV! of the absorption potential strength atE50 never
affect the above results. When the absorption potentia
drastically modified @WS(E)520.69E28.17 MeV at EF
<E<7.0 MeV andWS(E)5213.0 MeV at E>7.0 MeV#,
the calculations belowE5500 keV make a large overestima
tion of the capture cross sections for the transition to
ground (1/22) level. But the capture cross sections for t

FIG. 11. Observed and calculated cross sections for the radia
neutron capture to the 3854 keV(5/21) level in 13C. Solid (aÞ0)
and dashed (a50) lines represent calculations for thep-wave di-
rect capture to the 1d5/2 single-particle state with a different spe
troscopic factor.
a
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3090 keV(1/21) and 3854 keV(5/21) transitions change
only slightly ~1–3 %!. These facts are regarded as importa
results for validating the present analysis.

The direct-capture model calculations with the dispersi
optical potential predicted by the WSS potential also ha
substantial agreement with the observed capture cross s
tions, using a spectroscopic factor of the nearly pure sing
particle state for the ground (1/22) and 3090 keV(1/21) lev-
els. For this dispersive optical potential the effect of th
nonlocality is somewhat indistinct due to the weak energ
dependence (a50.3) of the Hartree-Fock potential depth
As seen from the work of Dave and Gould, the energy d
pendence of the central part of the neutron optical potent
is quite different for each light nucleus, indicating tha
nuclear individualities would be reflected in the nonlocality
The direct-capture model calculations should be perform
with individual potential parameter sets, not with globa
ones.

IV. SUMMARY

We determined the dispersive optical potential for the in
teraction between low-energy neutrons and12C nuclei,
which is compatible with the empirical optical potential ob
tained by Dave and Gould from neutron elastic scattering
12C. The dispersive optical potential reproduces the END
B-V neutron total cross sections below 1.0 MeV and, su
stantially, the energy of the 3090 keV(1/21) level in 13C
which is of strong single-particle character. The direc
capture model calculations with this potential are found
explain satisfactorily the observed capture transitions to fo
energy levels in13C at neutron energies of 20–600 keV
considering the spatial nonlocality of the interaction potenti
for negative energies. The spectroscopic factors obtain
from the model analyses are in reasonable agreement w
those observed by the12C(d,p)13C reaction and/or theoreti-
cally calculated.

We would like to thank Prof. C. R. Gould of North Caro
lina State University and Triangle University Nuclear Labo
ratory for his valuable comments on neutron optical pote
tials of light nuclei.

FIG. 12. Real overlap integrands of the transition amplitude f
the p3/2-wave direct capture to the 1d5/2 single-particle state at the
neutron energy of 500 keV. Solid (aÞ0) and dashed (a50) lines
represent calculations using the dispersive optical potential.
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