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Solution to a long-standing problem: 12C„

14N,13N…

13C1Õ2¿

N. Keeley,* K. W. Kemper, and D. Robson
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~Received 22 August 2001; published 6 August 2002!

The failure of finite-range distorted-wave Born approximation~DWBA! calculations to describe neutron
transfer to 2s1/2 states in nuclei such as13C,13N,17O, and27Mg is a long-standing problem. Detailed coupled-
channels Born approximation and coupled-reaction-channels~CRC! calculations failed to improve on the much
simpler DWBA calculations. This work presents results suggesting that the vital step necessary to obtain
agreement between CRC calculations and data in the case of the 2s1/2 state in13C is an increase in the radius
of the potential binding the neutron to the12C core, leading to a considerable extension of the neutron radial
wave function. The source of this extension is shown to arise from the deformation of the12C core.
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There has been a long history of the failure of calculatio
@distorted-wave Born approximation~DWBA!, coupled-
channels Born approximation~CCBA!, and coupled-
reaction-channels~CRC!# to describe neutron transfer t
2s1/2 states in nuclei such as13C,13N,17O, and 27Mg. This
problem was first noted by DeVrieset al. @1# for the
12C(14N,13N)13C1/21 transfer at a14N bombarding energy o
100 MeV, who reported that exact finite-range DWBA calc
lations were'5° out of phase with the data. Similar prob
lems were found in DWBA analyses of th
12C(10B,9Be)13N1/21 transfer at a10B bombarding energy o
100 MeV @2#, the 12C(14N,13C)13N1/21 transfer at a14N
bombarding energy of 155 MeV@3#, the 12C(7Li, 6Li) 13C1/21

@4#, and 16O(7Li, 6Li) 17O1/21 @5# transfers, both at7Li bom-
barding energies of 34 MeV, and in CCBA calculations f
the 26Mg(7Li, 6Li) 27Mg1/21 transfer at a7Li bombarding en-
ergy of 44 MeV @6#. In the last three cases the measur
angular distributions were shifted in phase with respect to
calculations and were relatively structureless while the c
culations showed large oscillations.

The original reason for the emphasis on transfers tos1/2

states was the realization that these transitions provide a
severe test of heavy-ion reaction models. When a particl
transferred from ap1/2 (p3/2) orbit in a projectile to any
orbit other than ans orbit in the target, two~three! l transfers
occur. These multiplel transfers cause the angular distrib
tions to be unstructured so that they are unable to cle
distinguish between theoretical calculations with differe
underlying assumptions. The transfer to ans orbit can only
proceed byl 51, which results in highly oscillatory angula
distributions whose description has proven to be a challen

Extensive CCBA calculations by Nagel@7# for the 100
MeV 12C(14N,13N)13C1/21 transfer, including couplings be
tween the positive parity states of13C and transfer via the 21

excited state of12C, showed that these multistep process
were not responsible for the observed phase difference
tween the data and the calculations. Similarly, CCBA a
CRC calculations for the 34-MeV12C(7Li, 6Li) 13C1/21 trans-
fer @5# that included transfer via the 1/22 first excited state of
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7Li were unable to provide a good description of the da
Kubo et al. @8# were able to obtain agreement with the da
for transfer to many of the ‘‘anomalous’’ 1/21 states by in-
creasing the radius of the imaginary part of the exit chan
distorting potential. However, this procedure had no effect
the predicted angular distribution for the12C(7Li, 6Li) 13C1/21

case and the physical meaning of this radius increase
mained unclear.

In this work we focus on the 100-MeV
12C(14N,13N)13C1/21 transfer data of DeVrieset al. @1#, who
first brought this problem to light, and demonstrate that it
possible to obtain good agreement with these data if the
dius of the potential binding the transferred neutron to
12C core is considerably increased compared to that usu
used, leading to a significant extension of the neutron ra
wave function. We show that this extension is a manifes
tion of the deformation of the underlying12C core. As fur-
ther support for our conclusions, we also present similar c
culations for the 34-MeV12C(7Li, 6Li) 13C1/21 data of Cook
et al. @4#, where a similar increase in the neutron bindi
potential radius also leads to an improvement in the ag
ment between the calculations and the data.

In Fig. 1~a! we show the results of two CRC calculation
for the 12C(14N,13N)13C1/21 transfer. All the calculations tha
follow were carried out using the codeFRESCO@9#, version
FRXP.14. Both calculations included coupling to the 21 ex-
cited state of 12C at 4.44 MeV using the conventiona
rotation-vibration model with a deformation lengthd
521.76 fm, and transfer to the 1/21 state of 13C via the
ground and 21 states of12C. No couplings to excited state
of 14N were included in the calculations. The optical pote
tial in the entrance channel was that used by DeVrieset al.
@1# with the imaginary strength reduced to 20.0 MeV to ta
account of the coupling to the12C 21 state. The optical
potential in the exit channel was that used by DeVrieset al.,
without alteration. The neutron was considered to be bo
in a pure 2s1/2 state for the12Cg.s./

13C1/21 overlap and in a
mixture of 1d5/2 and 1d3/2 states for the12C21 /13C1/21 over-
lap. For the13N/14N overlap the neutron was considered
be bound in a mixture of 1p1/2 and 1p3/2 states. The spectro
scopic amplitudes for the12C/13C overlap~0.938, 0.288, and
0.189 for the 01 ^ 2s1/2, 21

^ 1d5/2, and 21
^ 1d3/2 compo-
©2002 The American Physical Society03-1
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nents, respectively! were obtained from the calculation usin
a deformed Woods-Saxonn112C potential with b2
520.65 andb4510.5 described below. The spectroscop
amplitudes for the13N/14N overlap ~0.8293 and 0.0632 fo
the 1p1/2 and 1p3/2 components, respectively! were taken
from the calculations of Cohen and Kurath@10#.

The dotted curve in Fig. 1~a! denotes the result of a CRC
calculation as described above where the radius of the12C
1n binding potential was set at the conventional value
1.253121/3 fm, while the solid curve denotes the result
an identical CRC calculation where this radius was increa
to 2.33121/3 fm ~the elastic scattering given by both calc
lations is identical!. This increase in binding potential radiu
results in an extended neutron wave function.

It may be seen from Fig. 1~a! that by increasing the radiu
of the 12C1n binding potential, we are able to shift th

FIG. 1. The12C(14N,13N)13C1/21 transfer for a14N bombarding
energy of 100 MeV~a! and the12C(7Li, 6Li) 13C1/21 transfer for a
7Li bombarding energy of 34 MeV, on logarithmic~b! and linear~c!
scales. The full curves denote the results of CRC calculations w
the 12C1n binding potential radius was set at 2.33121/3 fm (2.0
3121/3 fm) for the 14N (7Li) projectile, while the dotted curves
denote the result of similar CRC calculations with the neutron bi
ing potential set at the conventional value of 1.253121/3 fm.
02760
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oscillations in the calculated angular distribution for t
12C(14N,13N)13C1/21 transfer to smaller angles, so that the
correspond to the data. No such increase in the neutron b
ing potential radius is required for either the 1/22 ground
state or 5/21 excited state of13C, as shown by the good
description of these data by the DWBA calculations
DeVries et al. @1# with the conventional radius value o
1.253121/3 fm.

To further pursue the extended neutron wave function
the 13C 3.09 MeV 1/21 state, CRC calculations were pe
formed for neutron transfer to this state via th
12C(7Li, 6Li) 13C1/21 reaction. Previous studies showed th
the data are essentially nonoscillatory, whereas DWBA a
CCBA calculations were highly oscillatory@4,5#. In addition,
there is an angular shift between the data and calculation
found for the12C(14N,13N) case. The calculations were sim
lar to those carried out for the12C(14N,13N)13C1/21 transfer.
The optical potential in the entrance channel was set VII
Vineyard et al. @11#, with the real and imaginary strength
reduced to 145.0 MeV and 6.8 MeV, respectively, to ta
account of the coupling to the12C 21 state. The6Li113C
optical potential was taken from Table I of Schumacheret al.
@12#. No couplings to excited states of7Li were included in
the calculation. Single neutron stripping from the 3/22

ground state of7Li was included, with the neutron consid
ered to be bound in a mixture of 1p1/2 and 1p3/2 states. The
spectroscopic amplitudes (20.5378 and 0.6567 for the 1p1/2
and 1p3/2 components, respectively! were taken from Cohen
and Kurath@10#. The 12C/13C overlap was treated in th
same way as for the12C(14N,13N)13C calculations.

Figures 1~b! and 1~c! show the results of two CRC calcu
lations for the 34-MeV7Li112C system. Figure 1~c! shows
the data and calculations on a linear scale to emphasize
agreement at forward angles, where the direct stripp
mechanism dominates. The data are taken from Cooket al.
@4#. The dotted curves show the result of a CRC calculat
where the 12C1n binding potential radius was set at th
conventional value of 1.253121/3 fm, while the full curves
show the result for a similar calculation where this rad
was increased to 2.03121/3 fm.

As can be seen in Figs. 1~b! and 1~c!, the CRC calculation
~dotted curve! with a 12C1n binding potential radius of
1.253121/3 fm is rather more oscillatory than the data, a
shifted in phase with respect to the peak in the data cent
at uc.m.'18°. By increasing the radius of the12C1n binding
potential~the solid curve! we see that not only does the ca
culation now match the phase of the data, but also the os
lations are now considerably damped, better matching
data.

In order to provide a more quantitative understanding
this phenomenon, we have calculated neutron wave fu
tions using a deformed Woods-Saxon potential for then
112C system. The model has the potential given by

V~r ,V8!5
V0

11exp@~r 2R!/a#
,

whereinR is the radius parametrized by the multipole expa
sion
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R~V8!5R0H 11 (
L.1

bL(
K

aLKYLK~V8!J ,

andR0 anda are the spherical radius and diffuseness, resp
tively. The magnitude of the deformations for each multipo
are given bybL , and the coefficients of the spherical ha
monicsYLK are chosen to yield the shape of the nuclei be
considered relative to the body fixed axes. The calculati
here consider only the ground state and first 21 state of12C.
In all deformed potential calculations we have adopted
conventional values ofR051.25A1/3 fm and a50.65 fm
and assumed a rotational model is appropriate for12C.

For the 12C1n system the multipoles we need areL52,
3, and 4. The calculations here are weakly sensitive to
L53,K563 multipoles and so we show results for onlyL
52 andL54 with K50 harmonics. The latter is consiste
with the assumption of an equilateral triangle as used in c
ter models@13#. The Nilsson model for the second 1/21 state
suggests that the 2s1/2 state in mass 13 would have a valu
for b2 of about 20.6. It should be noted that even for
spherical well with conventional radius and diffuseness
rameters the13C 1/21 state has a radius considerably in e
cess of that for either the12C 01 or 13C 1/22 ground states.
By utilizing a deformed12C1n potential the existing ex-
tended nature of the 2s1/2 neutron wave function is consid
erably enhanced. The neutron form factors using a sphe
Woods-Saxon potential withR52.0A1/3 fm, which are used
in the CRC calculations, are very closely reproduced by
rotational model calculations when we use eitherb2
520.65 andb4510.5 orb2520.65 andb4510.85. The
upper panel of Fig. 2 shows the 2s1/2 neutron densities
R2(r ), for the CRC calculations forR51.25A1/3 fm andR
52.0A1/3 fm. The lower panel showsR2(r ) for the
13C 1/22 ground state for both spherical and deformed p
tentials. The enhanced radius effect from theR
52.0A1/3 fm case is clear and we conclude that the la
quadrupole oblate deformation of the carbon system is
major reason for the enhancement of the neutron wave fu
tion radius. We also have investigated the effects of de
mation for the 1/22 ground state and the first 5/21 state in
13C and find relatively small changes from the conventio
spherical case. The effect of deformation in the 2s1/2 case is
large because the quadrupole coupling between the1

^ 2s1/2 and 21
^ 1d configurations is strong in the outer su

face region, whereas the 1p1/2 and 1d5/2 states have much
weaker coupling.

In summary, we have presented CRC calculations for
12C(14N,13N)13C1/21 and 12C(7Li, 6Li) 13C1/21 transfers,
which are able to provide a good description of the data
contrast to previous DWBA, CCBA, and CRC calculation
We have found that the essential step necessary to pro
agreement with the phase of the data is to greatly incre
the radius of the potential binding the neutron to the12C
core. The other essential component needed to dampen
02760
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calculated oscillations is to include the transfer of a neut
onto the strongly coupled 21 state in 12C as well as the
ground state in forming the 1/21 state of 13C. We have
shown that a quantitative understanding of the increa
binding potential radius required for such states may be
tained by taking account of core deformation, which leads
a considerable enhancement of the neutron wave func
radius obtained with a spherical core of conventional geo
etry. Thus, our conclusion is that for transfers to single p
ticle states where the core is significantly deformed, the w
depth prescription with a spherical potential of conventio
geometry is inadequate. Ideally, one should use a defor
binding potential in such cases, a procedure that is unfo
nately not available in most standard coupled-channels
DWBA codes. However, we have demonstrated that the c
deformation effect may be simulated by utilizing a spheri
binding potential with a considerably enlarged radius.

This work was supported by the U.S. National Scien
Foundation, the U.S. Department of Energy, and the Stat
Florida.

FIG. 2. Upper panel:R2(r ) for the 13C 1/21 state plotted for
various spherical and deformed potentials. Note the good agree
betweenR2(r ) for the spherical potential of radius 2.0A1/3 and the
deformed potentials, and the relative insensitivity to the exact va
of b4. Lower panel:R2(r ) for the 13C 1/22 state plotted for spheri-
cal and deformed potentials.
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