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Solution to a long-standing problem: 2C(**N,*N)*3C,,
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The failure of finite-range distorted-wave Born approximat{@WBA) calculations to describe neutron
transfer to 2, states in nuclei such aSC,**N,*’0, and?"Mg is a long-standing problem. Detailed coupled-
channels Born approximation and coupled-reaction-chat@&€) 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 o$thetate in'C is an increase in the radius
of the potential binding the neutron to tHéC core, leading to a considerable extension of the neutron radial
wave function. The source of this extension is shown to arise from the deformation HiGteore.
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There has been a long history of the failure of calculations’Lj were unable to provide a good description of the data.
[distorted-wave Born approximatiotDWBA), coupled-  Kubo et al.[8] were able to obtain agreement with the data
channels Born approximation(CCBA), and coupled- for transfer to many of the “anomalous” 1f2states by in-
reaction-channelfCRC)] to describe neutron transfer to creasing the radius of the imaginary part of the exit channel
2s,, states in nuclei such a§C,"*N,*’0, and *’Mg. This  distorting potential. However, this procedure had no effect on
problem was first noted by DeVriestal. [1] for the  the predicted angular distribution for tH&C("Li, °Li) °Cy /.
2C(MN,*N)13Cy o, transfer at a“N bombarding energy of case and the physical meaning of this radius increase re-
100 MeV, who reported that exact finite-range DWBA calcu-mained unclear.
lations were~5° out of phase with the data. Similar prob- |n this work we focus on the 100-MeV
lems were found in DWBA analyses of the 2C(N,13N)%3C,,, transfer data of DeVriest al.[1], who
12C(*%B,°Be)" N, ,.. transfer at a°B bombarding energy of first brought this problem to light, and demonstrate that it is
100 MeV [2], the C(*N,"*C)*N,,, transfer at a’N  possible to obtain good agreement with these data if the ra-
bombarding energy of 155 Mef8], the *)C("Li, °Li) *3Cy/»,  dius of the potential binding the transferred neutron to the
[4], and *°O("Li, ®Li) 1Oy, [5] transfers, both afLi bom-  12C core is considerably increased compared to that usually
barding energies of 34 MeV, and in CCBA calculations forused, leading to a significant extension of the neutron radial
the #*Mg("Li, °Li) 2’Mgy,. transfer at &’Li bombarding en-  wave function. We show that this extension is a manifesta-
ergy of 44 MeV[6]. In the last three cases the measuredion of the deformation of the underlyiniC core. As fur-
angular distributions were shifted in phase with respect to theéner support for our conclusions, we also present similar cal-
calculations and were relatively structureless while the caleulations for the 34-MeVA?C("Li, ®Li) *C,/,, data of Cook
culations showed large oscillations. et al. [4], where a similar increase in the neutron binding

The original reason for the emphasis on transfers;fp  potential radius also leads to an improvement in the agree-
states was the realization that these transitions provide a verpent between the calculations and the data.
severe test of heavy-ion reaction models. When a particle is In Fig. 1(a) we show the results of two CRC calculations
transferred from apy, (ps) orbit in a projectile to any for the *C(**N,*3N)*3C,),, transfer. All the calculations that
orbit other than ais orbit in the target, twdthree | transfers  follow were carried out using the cod®&esco[9], version
occur. These multiplé transfers cause the angular distribu- FRxP.14. Both calculations included coupling to the” 2x-
tions to be unstructured so that they are unable to clearlgited state of *C at 4.44 MeV using the conventional
distinguish between theoretical calculations with differentrotation-vibration model with a deformation length
underlying assumptions. The transfer tosaarbit can only =-—1.76 fm, and transfer to the 1/2state of °C via the
proceed byl =1, which results in highly oscillatory angular ground and 2 states of*2C. No couplings to excited states
distributions whose description has proven to be a challengaf “N were included in the calculations. The optical poten-

Extensive CCBA calculations by Naggf] for the 100 tial in the entrance channel was that used by DeVeieal.
MeV 2C(*N,N)*3C,),. transfer, including couplings be- [1] with the imaginary strength reduced to 20.0 MeV to take
tween the positive parity states biC and transfer viathe?  account of the coupling to thé’C 2* state. The optical
excited state of?C, showed that these multistep processegotential in the exit channel was that used by DeVeeal.,,
were not responsible for the observed phase difference bavithout alteration. The neutron was considered to be bound
tween the data and the calculations. Similarly, CCBA andn a pure 2y, state for the'?Cy/*3C,,,. overlap and in a
CRC calculations for the 34-MeV2C("Li, 6Li) 13Cj,, trans-  mixture of 1ds, and 1ds, states for the'“C,, /*3C,,. over-
fer [5] that included transfer via the I7dirst excited state of lap. For the>N/*N overlap the neutron was considered to

be bound in a mixture of i;,, and 1ps, states. The spectro-
scopic amplitudes for th&C/*C overlap(0.938, 0.288, and
*Electronic address: keeley@nucmar.physics.fsu.edu 0.189 for the 0 ®2s,)», 2" ® 1dsp,, and 2" ® 1ds, compo-
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oscillations in the calculated angular distribution for the
12C(¥N,BN)13C, ,, transfer to smaller angles, so that they
correspond to the data. No such increase in the neutron bind-
ing potential radius is required for either the 1/ground
state or 5/2 excited state of'3C, as shown by the good
description of these data by the DWBA calculations of
DeVries et al. [1] with the conventional radius value of
1.25x 1213 fm.

To further pursue the extended neutron wave function of
the °C 3.09 MeV 1/2 state, CRC calculations were per-
formed for neutron transfer to this state via the
12C("Li, 8Li) *C,)p, reaction. Previous studies showed that
ol ) the data are essentially nonoscillatory, whereas DWBA and

CCBA calculations were highly oscillatofg,5]. In addition,
e, there is an angular shift between the data and calculations as
10y R W found for the'?C(*N,**N) case. The calculations were simi-
SOy lar to those carried out for th#C(*N,*3N)*3C,,, transfer.
107% it The optical potential in the entrance channel was set VIl of
"' """"! Vineyard et al. [11], with the real and imaginary strengths
102l ' fi;fii reduced to 145.0 MeV and 6.8 MeV, respectively, to take
account of the coupling to th&’C 2" state. TheSLi+*3C
optical potential was taken from Table | of Schumackteal.
[12]. No couplings to excited states 6Ei were included in
the calculation. Single neutron stripping from the 3/2
ground state of'Li was included, with the neutron consid-
ered to be bound in a mixture ofpl,, and 1p5, states. The
spectroscopic amplitudes-(0.5378 and 0.6567 for thepl,,
and 1ps, components, respectivelyere taken from Cohen
and Kurath[10]. The *2C/*3C overlap was treated in the
same way as for thé?C(**N,*3N)*3C calculations.

Figures 1b) and Xc) show the results of two CRC calcu-
lations for the 34-MeV’Li+*°C system. Figure (t) shows
the data and calculations on a linear scale to emphasize the
agreement at forward angles, where the direct stripping

FIG. 1. The*?C(*N,*N)*C,,,, transfer for a*N bombarding ~mechanism dominates. The data are taken from GucH.
energy of 100 MeV(a) and the*?C("Li, 5Li) 13C,,, transfer for a  [4]. The dotted curves show the result of a CRC calculation
’Li bombarding energy of 34 MeV, on logarithmib) and linearc) ~ where the ?C+n binding potential radius was set at the
scales. The full curves denote the results of CRC calculations whereonventional value of 1.28123 fm, while the full curves
the C+n binding potential radius was set at 32" fm (2.0 show the result for a similar calculation where this radius
X 123 fm) for the N ("Li) projectile, while the dotted curves \yas increased to 220123 fm.
denote the result of similar CRC calculations with the neutron bind-  As can be seen in Figs(H) and ¥c), the CRC calculation
ing potential set at the conventional value of 2B® fm. (dotted curve with a 1264 binding potential radius of

1.25x 12 fm is rather more oscillatory than the data, and
nents, respectivejywere obtained from the calculation using shifted in phase with respect to the peak in the data centered
a deformed Woods-Saxom+*“C potential with 8,  at@,,,~18°. By increasing the radius of tHéC+n binding
=—0.65 andB,= +0.5 described below. The spectroscopic potential(the solid curveé we see that not only does the cal-
amplitudes for the'*N/*/N overlap(0.8293 and 0.0632 for culation now match the phase of the data, but also the oscil-
the 1p,, and Ipg, components, respectivelyvere taken |ations are now considerably damped, better matching the
from the calculations of Cohen and Kurdtt0]. data.

The dotted curve in Fig.(&) denotes the result of a CRC  In order to provide a more quantitative understanding of
calculation as described above where the radius of'f#tte  this phenomenon, we have calculated neutron wave func-
+n binding potential was set at the conventional value oftions using a deformed Woods-Saxon potential for the
1.25< 12" fm, while the solid curve denotes the result of +12C system. The model has the potential given by
an identical CRC calculation where this radius was increased
to 2.3x 121® fm (the elastic scattering given by both calcu- , Vo
lations is identical This increase in binding potential radius v(r.Qh)= 1+exfd(r—R)/a]’
results in an extended neutron wave function.

It may be seen from Fig.(&) that by increasing the radius whereinR s the radius parametrized by the multipole expan-
of the C+n binding potential, we are able to shift the sion
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0.14 —
R(Q,):RO 1+ 2 BLE aLKYLK(Q,) , ’/ \‘ — - — - Spherical, 1.25 A
L>1 K - [, Spherical, 2.0 A"

— — — Deformed, 1.25 A"
B, =—0.65, B, = +0.50

s Deformed, 1.25 A"
B,=-0.65, B, = +0.85

andR, anda are the spherical radius and diffuseness, respec:  o.10¢ I
tively. The magnitude of the deformations for each multipole 1
are given byg, , and the coefficients of the spherical har- _ 0087
monicsY k are chosen to yield the shape of the nuclei being&

considered relative to the body fixed axes. The calculations 0.087
here consider only the ground state and first2ate of*°C. 0.044
In all deformed potential calculations we have adopted the
conventional values oRy=1.25AY° fm and a=0.65 fm 0.024
and assumed a rotational model is appropriate'far.
For the '2C+n system the multipoles we need dre-2, 8-?{;__
3, and 4. The calculations here are weakly sensitive to the RN — - — - Spherica, 1.25 A™
L=3,K=*3 multipoles and so we show results for otly 0167 AN T e e toso
=2 andL=4 with K=0 harmonics. The latter is consistent 0.141 oy ‘\‘ \
with the assumption of an equilateral triangle as used in clus- 4,1 PN N
ter modeld13]. The Nilsson model for the second 1/8tate L U
suggests that thesz), state in mass 13 would have a value & o107 // / \\ \
for B, of about —0.6. It should be noted that even for a 0.087 [ AN
spherical well with conventional radius and diffuseness pa- .06+ / / NN
rameters the3C 1/2" state has a radius considerably in ex- 0.041 i/ . AN
cess of that for either th&C 0* or 3C 1/2" ground states. ' [ NN
By utilizing a deformed!?C+n potential the existing ex- 0.027 ,/'/// "~ s
tended nature of thes2,, neutron wave function is consid- 0.00 +—== + + (:5 ‘""‘g“—* o

erably enhanced. The neutron form factors using a spherica
Woods-Saxon potential witR=2.0AY® fm, which are used
in the CRC calculations, are very closely reproduced by the gig. 2. Upper panelR2(r) for the 13C 1/2" state plotted for
rotational model calculations when we use eith8s  various spherical and deformed potentials. Note the good agreement
=—0.65 andB,=+0.5 orB,=—0.65 andB,=+0.85. The  petweenR?(r) for the spherical potential of radius 28° and the
upper panel of Fig. 2 shows thesg, neutron densities, deformed potentials, and the relative insensitivity to the exact value
R(r), for the CRC calculations foR=1.25AY3 fm andR  of 3,. Lower panelR%(r) for the 3C 1/2" state plotted for spheri-
=2.0AY® fm. The lower panel showsR?(r) for the cal and deformed potentials.
BC 1/2° ground state for both spherical and deformed po- _ . :
tentials. The enhanced radius effect from the calculated oscillations is to include _th? transfer of a neutron
—2.0A% fm case is clear and we conclude that the largeo ™2 the strongly coupled 2 state in **C as well as the

' ) 119 round state in forming the 1f2state of 3C. We have
quadrupole oblate deformation of the carbon system is th hown that a quantitative understanding of the increased

major reason for the enhan_cemer_1t of the neutron wave fun(fo'inding potential radius required for such states may be ob-
t|on.rad|us. We also have investigated thg eff;cts of qeforfained by taking account of core deformation, which leads to
Q’;a“on for the 1/2 ground state and the first S/state in 5 qngideraple enhancement of the neutron wave function
% af‘d find relatively small changes T“’”.‘ the convent]onalradius obtained with a spherical core of conventional geom-
spherical case. The effect of deformation in th®,2case is - o4 Thys, our conclusion is that for transfers to single par-
large because the quadrupole coupling between the Ojicja states where the core is significantly deformed, the well-
®2sy,and 2”@ 1d configurations is strong in the outer sur- go prescription with a spherical potential of conventional
face region, whereas thep},, and s, states have much  geometry is inadequate. Ideally, one should use a deformed
weaker coupling. , binding potential in such cases, a procedure that is unfortu-
L Inlfur?gmalr%/, we have prlezsel;ltgde(?l?\’l(gl calculations for the ately not available in most standard coupled-channels and
C(N,®N)*Cypp,  and 2C(Li,°Li) Cypp.  transfers,  pypA codes. However, we have demonstrated that the core

which are able to provide a good description of the data, iyeformation effect may be simulated by utilizing a spherical
contrast to previous DWBA, CCBA, and CRC calculanons.binding potential with a considerably enlarged radius.

We have found that the essential step necessary to produce

agreement with the phase of the data is to greatly increase This work was supported by the U.S. National Science
the radius of the potential binding the neutron to tH€  Foundation, the U.S. Department of Energy, and the State of
core. The other essential component needed to dampen théorida.
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