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Charge symmetric systems12C113N and 12C113C
with the orthogonalized coupled-reaction-channel method

B. Imanishi and V. Denisov*
Institute for Nuclear Study, University of Tokyo, Tanashi, Tokyo 188, Japan

T. Motobayashi
Department of Physics, Rikkyo University, Toshima-ku, Tokyo 171, Japan

~Received 17 October 1996!

The charge symmetric scattering systems12C113N and 12C113C have been investigated by using the
orthogonalized coupled-reaction-channel~OCRC! method with the basis functions of the elastic, inelastic, and
transfer channels defined by the single-particle states, 1p 1

2, 2s
1
2, 1d

5
2, and 1d 3

2 of the valence nucleon in
13N or 13C. The data of the elastic scattering of13N on 12C measured by Lie´nardet al. have been explained
consistently with the data of the elastic and inelastic scattering of the12C113C system. The CRC effects on
both of the above systems are very strong, although those on the12C113N system are fairly weaker than the
12C113C system. The role of the highly excited single-particle states 1d 3

2 is particularly important in the
formation of a specific CRC scheme, i.e., the formation of the covalent molecules due to the hybridization
caused by the mixing of the different parity single-particle states. The fusion cross sections of the12C113C
system at energies below the Coulomb barrier are strongly enhanced as a result of the strong CRC effects as
compared with those of the12C112C system, while in12C113N system the enhancement of the sub-barrier
fusion has not been observed. The above absorption mechanism for the12C113C system explains the lack of
the molecular-resonance phenomena observed in the12C112C system. We check the effects of the dipole
(E1) transition of the valence nucleon in13N ~and also in13C! due to the core-core Coulomb interaction in the
scattering at sub-barrier energies. The effects are not appreciable.@S0556-2813~97!03104-X#

PACS number~s!: 24.10.Eq, 25.70.2z, 24.30.2v, 27.20.1n
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I. INTRODUCTION

Heavy-ion reactions induced by unstable nuclei presen
with new possibilities not only in the developments of o
knowledge on nuclear reactions investigated so far but
with new studies of the reaction mechanisms not access
with stable nuclei@1#. Verification of the charge symmetry i
heavy ion reactions is one of such problems, as the us
unstable nuclei makes it possible to realize mirror scatte
systems.

Recently Liénardet al. @2# have measured angular distr
butions of the elastic scattering of the unstable nucleus13N
on 12C at energies 7.824, 9.6, and 14.16 MeV in the cen
of mass. The13N nucleus contains a valence nucleon, whi
is weakly bound around the core nucleus12C, and the ex-
cited states of the valence nucleon lie in the continuum
ergy region as resonance states. This may strongly ind
inelastic transitions and transfers of the valence nucleon
sulting in the formation of nucleonic molecular orbita
around the two core~12C! nuclei at energies around the Co
lomb barrier@3–7#.

The data have been analyzed by employing the opti
potential model with the inclusion of the elastic transfers
the valence nucleon and have been compared with the an
sis for the12C1 13C system, which is the charge symmetr
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partner of the above@2#. The result shows that the depth o
the imaginary potential for the12C113N system is much
shallower than that for the12C113C system by a factor of
about 13–

1
5. Namely the optical potentials obtained are n

charge symmetric. The authors in Ref.@2# argue that the loss
of the charge symmetry is partly due to a smaller numbe
two-fragment channels available for the absorption into
rect channels for the12C113N system.

Another possible cause for the charge asymmetry is
different decay schemes of the compound nuclei25Mg and
25Al. In Fig. 1 we see the decay mode of the compou
nucleus 25Al formed by the 12C113N reaction and that of
the compound nucleus25Mg by the 12C113C reaction. The
decay probability of the compound nucleus25Al seems to be
slightly larger than that of the compound nucleus25Mg at
the energies near or below the Coulomb barriers of the ab
systems. However, it is questionable that such small dif
ence of the decay modes can give rise to such a big dif
ence of the imaginary parts of the optical potentials
pointed out by Lie´nardet al. @2#.

In this paper we concentrate our attention on the dire
reaction mechanisms of the12C113C and12C113N systems.
To do this, we perform calculations with the orthogonaliz
coupled-reaction-channel~OCRC! theory which has been
formulated in Ref.@5# so as to relate the CRC method to th
molecular-orbital model of valence nucleons. If we includ
in the OCRC analysis, sufficient number of the channels c
cerned with the single-particle states of the valence nucle
a part of the charge symmetry of the optical potential sho
be restored in the calculation.
ect
1946 © 1997 The American Physical Society
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55 1947CHARGE SYMMETRIC SYSTEMS12C113N AND . . .
We employ the channels related to the states13N@gr.
1
2

2; 2.36 MeV, 12
1 ~resonance state!; 3.55 MeV, 52

1 ~reso-
nance state!; 7.9 MeV, 3

2
1 ~resonance state!# for the

12C113N system and those related to the13C@gr. 1
2

2; 3.09
MeV, 1

2
1; 3.85 MeV, 52

1; 8.2 MeV, 3
2

1 ~resonance state!#
for the 12C113C system. These states have the main com

nents of the single-particle states,p 1
2 , s

1
2 , d

5
2 , andd

3
2 of the

valence nucleon in12N or 13C, respectively.
In the previous papers@4,5,8,9# we have carried out the

OCRC rotating molecular orbital~RMO! calculation for the
12C113C system in detail but within the framework of thre

channel OCRC~the 1p 1
2 , 2s

1
2 , and 1d

5
2 states! model. As a

new feature we include in this report the resonance stat
13C* ~8.2 MeV, 3

2
1) as well as that of13N* ~7.9 MeV,

3
2

1! in the calculation. They correspond to the 1d 3
2 single-

particle states. Although their excitation energies are abo
MeV, they have strong influence on the whole CR
schemes, as discussed in this paper, even at energies w

the 1d 3
2 channels are closed.

We also take into account the inelastic transitions indu
by the core-core interaction, which have been neglecte
the OCRC calculations made so far@4,5,8,9#. The Coulomb
part of this interaction causes the so-called effective cha
for the dipole (E1) transition of the valence nucleon. Whe
the target nucleus is very heavy and hence has big cha
this interaction mechanism dominates the transition rela
to the nuclear interaction. Recently Motobayashiet al. @10#

have studied the dipole transition between the 1p 1
2 and

2s12 states in 13N with the inelastic scattering of th
13N1208Pb system at 78.1 MeV/u incident energy. They
have observed large Coulomb-excitation cross sections. S

FIG. 1. Two fragment decay schemes of~a! the compound
nucleus25Al of the 12C113C system and~b! the compound nucleus
25Mg of the 12C113N system.
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strong dipole (E1) transitions have been reported also f
the 14O1208Pb system by the same authors@10#, and for the
11Be1208Pb system by Anneet al. @11# and Nakamuraet al.
@12#. The transition to the giant dipole resonance in11Li has
been also extensively discussed by many authors@13,14#. In
the case of light heavy-ion reactions atenergies below the
Coulomb barriersuch dipole (E1) transition may dominate
also the inelastic scattering, because the effects of the nuc
interaction is almost negligible at these energies. The v

long tails of the wave functions of the 2s12 states especially
for the valence proton in13N ~see Fig. 2! may give a possi-
bility to enhance the dipole transition. We check these

fects on the inelastic scattering13C(12C, 12C!13C* ~12
1! and

13N~12C, 12C!13N* ~12
1!.

So far, a lot of experimental data for the elastic and
elastic scattering and the fusion cross sections of
12C113C system have been accumulated@3,9,15–17,19#,
while concerning the12C113N system only elastic scatterin
data measured by Lie´nard et al. @2# are available. Thus, a
first we make the OCRC analysis for the12C113C system to
find optimum values of the parameters of the optical pot
tial so that the calculation reproduces the experimental d
measured by Voitet al. @9# for the angular distributions o
the elastic and inelastic scattering13C~12C, 12C!13C ~gr.,
1
2

2; 3.09 MeV, 1
2

1; 3.85 MeV, 5
2

1) at energies 7.8, 8.3
8.84, 9.88, 10.72, 11.52, 11.72, and 12.72 MeV of the cen
of mass. We also use the data of the fusion cross sect
measured by Dasmahapataet al. @15# at energies below the
Coulomb barrier.

We have performed the OCRC analysis for t
12C113N system by using the parameters obtained by
calculation mentioned above. Then, we discuss the vali
of our OCRC model with respect to the charge symme
property for the 12C113N and 12C113C systems and the
reaction mechanisms deduced from the OCRC analysis
both the systems. We pay special attention to the CRC
fects which are expected to be very strong because of
effects of thehybridization@5,7#, i.e., the mixing effects of
the different parity single-particle states of the valen
nucleon.

The fusion cross sections for the above systems sho
reflect the reaction mechanisms influenced by the vale
nucleon. The additional nucleon to the12C113C system
causes strong enhancement of the fusion cross sections o
12C113C system at energies below and near the Coulo
barrier, as found by many authors@15–17#. The role of the
active nucleons in the enhancement of fusion cross sect
in heavy-ion reactions at sub-barrier energies has been
tensively discussed so far@18#.

The reaction mechanism for the fusion is very interest
from the view point of the old question on nonobservation
the resonance phenomena in the12C113C system at energie
below and near the Coulomb barrier@15–17,19#, although
the sharp and isolated resonances clearly exist in
12C112C system. These resonances have been found by
mley and his collaborators@20# at first and also by many
authors@21# later, and the resonance mechanism has b
interpreted as due to the formation of di-nuclear molecu
states of the12C112C system. Chuaet al. @19# have investi-
gated the dynamic motion of the valence nucleon in
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FIG. 2. Radial dependence of the valence-particle wave functions in13C or 3N in the ground state 1p 1
2 and the excited states 2s12 ,

1d 5
2 , and 1d 3

2 . The solid curves show the wave functions of the neutron in13C and the dashed curves those of the proton in13N.
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12C113C system, and suggested that the valence nuc
smears out the resonance phenomena observed in the s
12C112C. However, the details of the reaction mechanis
have not yet been clarified explicitly. We discuss this pro
lem in this report by analyzing the CRC mechanisms of
12C113C system in detail.
In Sec. II we explain briefly the OCRC theory employe

in the analysis in this report. In Sec. III we show the result
the numerical analysis for the12C113N and 12C113C sys-
tems, and discuss the reaction mechanisms for both the
tems. The summary and the discussion with the use of
RMO model are given in Sec. IV.

II. OUTLINE OF THE OCRC ANALYSIS

In this paper we assume that the systems12C113N ~or
12C113C! consist of one valence nucleon in13N ~or 13C!
and two 12C nuclei. We restrict ourselves to the discussi
in the framework of the channel wave functions concern
with the inelastic and transfer processes~core-exchange pro
cesses@3#! of the valence nucleon. The inelastic chann
related to the rotational modes of the nucleus12C are not
taken into account explicitly in the calculation. We assu
that these effects are included in the optical potential use
the analysis.

We introduce here a new form of the derivation into o
orthogonalized CRC~OCRC! formalism @5# for the case of
identical core nuclei, and include the coupled discretize
continuum channel~CDCC! method@22,23# in the frame of
the OCRC theory in order to treat the single-particlereso-
nance statesof the valence nucleon in13C and 13N. Here-
after, we explain our OCRC theory used here briefly, ba
on
tem
s
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e
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ys-
e

d
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d

on the discussion given in Ref.@5#.
The channel wave functionsf i

JMP( r̂ ,RC1 ;C2) are con-
structed from the wave functionYLi

( r̂ ) of the relative motion
in the eigenstate of the angular momentumLi , the wave
functionw I1

(RC1) of the nucleus,~valence nucleon1C1! in

the eigenstate of the angular momentumI 1 and the wave
function w I2

(C2) of the nucleusC2 in the eigenstate of the

angular momentumI 2 . The distance between the coreC1
and the valence nucleon is denoted byR and the relative
distance between the two fragment nuclei byr ~see Fig. 3!.
The angular parts of ther and r 8 are expressed byr̂ and r̂ 8,
respectively. The suffix ‘‘i ’’ denotes a set of quantum num
bers needed to specify channel wave functions as well a
particular mass partition of the system. They are given by
equation,

f i
JMP~ r̂ ,RC1 ;C2!5$YLi

~ r̂ ! ^ @w I1
~RC1! ^ w I2

~C2!# I%JM ,
~1!

FIG. 3. Definition of the coordinates used in the OCRC metho
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TABLE I. Parameters of the potentialVnC(R) between valence particle and core nucleus.

VnC~R!5
11~2!p

2

V1

11exp@~R2R1!/a1#
1
12~2!p

2

V2

11exp@~R2R2!/a2#
1~l S!

1

R

d

dR

V8

11exp@~R2R8!/a8#
1VCoul.~RC!

with R152r 0
1A1/3, R252r 0

2A1/3, R852r 08A
1/3, andRC52r CA

1/3

System

p52 p51 (l S)

r 0
2 ~fm! a2 ~fm! V2 ~MeV! r 0

1 ~fm! a1 ~fm! V1 ~MeV! r 08 ~fm! a8 ~fm! V8 ~MeV! r C ~fm!

n112C 1.16 0.705 257.4 1.16 0.728 273.62 1.16 0.705 229.56
p112C 1.193 0.700 248.27 1.25 0.700 259.39 1.25 0.700 228.18 1.25
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whereJ andP are the angular momentum and the parity
the total system, respectively. The quantityM is theZ com-
ponent of J in the laboratory frame. The wave functio
w I1

(RC1) is expressed with the use of the fractional pare

age coefficient~CFP! ^ j l ,I C(nC1)u%I 1(C11n)& as,

w I1
~RC1!5( ^ j l ,I C~nC1!u%I 1~C11n!&w j l ~R!c l C

~C1!,

~2!

with the use of the wave functionc I C
(C1) of the core

nucleusC1 in the eigenstate of the angular momentumI C
and the wave functionw j l (R) of the valence nucleon with
the angular momentumj and the orbital angular momentum
l . Since we take into account only the ground state (O1) for
the 12C nucleus, the total angular momentumJ is deter-
mined by the product of the angular momentaj andLi .

The elastic and the inelastic transfer channels are a
matically produced by the requirement of the symme
property for the exchange of two identical core nuclei (C1
[C2) @3#. Thus, the total wave function is expressed as

CJMP~t!5(
i

$f i
JMP~ r̂ ,RC1 ;C2!n i

JP~r !/r

1~2 !NCf i
JMP~ r̂ 8,R8C2 ;C1!n i

JP~r 8!/r 8%, ~3!

with

t5~r ,R,C1 ,C2!5~r 8,R8,C2 ,C1!. ~4!

In the above equations the distancesr 8 andR8 are the coor-
dinates to express the core-exchange channels~transfer chan-
nels! ~see Fig. 3!, and the symbolNC denotes the number o
nucleons in the core nucleus. Hereafter, we will drop
sufficesJ, P, andM for the wave functions and other qua
tities, as far as there is no source of confusion.

We define the following new channel wave functionsin
the whole spacet as a linear combination of the wave fun
tions of the direct and core-exchange channels;

u ir 9&5u ir 9:D&1~2 !NCu ir 9:E&, ~5!

with

^tu ir 9:D&5f i~ r̂ ,RC1 ;C2!d~r2r 9!/r 9, ~6!

^tu ir 9:E&5f i~ r̂ 8,R8C2 ;C1!d~r 82r 9!/r 9. ~7!
f

-

o-
y

e

Then, theorthogonal basis$ukr)% are constructed from
the abovenonorthogonal channel wave functionsas,

ukr)5(
i
E dr9u ir 9&@N21/2~r 9,r !# ik , ~8!

where the overlap integralN is defined by the equation,

Nik~r ,r 8!5^ ir ukr8&. ~9!

By making use of the aboveorthogonalizedchannel wave
functions, we have the following expression for the to
wave functionC given in Eq.~3!:

C5(
i
E dru ir )ui~r !/r . ~10!

The wave functionsui(r ) in the above equation are related
the wave functions$nk(r )% defined by the nonorthogona
basis as,

ui~r !5(
k
E dr8@N21/2~r ,r 8!# iknk~r 8!. ~11!

We assume that the effective HamiltonianHeff for the
total system contains the interactions,VnC(R) between the
valence nucleon and the core nucleusC1 , VnC(R8) between
the valence nucleon and the other core nucleusC2(5C1),
and VCC(x) between the two core nuclei. The interactio
VnC generates the single-particle wave functions of
nucleon in 13N or 13C. The parameters ofVnC are deter-
mined so as to reproduce the separation energies and/o
resonance energies as well as their widths. The interac
VCC is the optical potential between two core nuclei and
most important interaction to create the channel-diago
partsUii (r ) of the direct interactionU(r ) @see Eq.~13!#. The
parameters ofVCC are determined so as to reproduce t
experimental data for the systems,12C113C and12C113N.
This is discussed in detail in Sec. III.

In our previous studies@4,5,8,9# the inelastic transitions o
the valence nucleon are generated only by the interac

TABLE II. CFP values of single-particle states used in the c
culations.

Nucleus 1p 1
2 2s12 1d 5

2 1d 3
2

13C 0.78 0.80 0.92 0.90
13N 0.78 0.80 0.92 0.90
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TABLE III. Parameters of the core-core optical potentialVCC(P jEc.m.; r !, where ‘‘j ’’ specifies channel.

VCC~PjEc.m.;r !5
12~2 !P

2

V21V̂2Ec.m.

11exp@~r21.4232A1/3!/0.22#
1
11~2 !P

2

V11V̂1Ec.m.

11exp@~r21.2532A1/3!/0.51#

1 iWj~Ec.m.!H 12~2 !P

2

1

11exp@~r21.4432A1/3!/1.03#
1
11~2 !P

2

1

11exp@~r21.3232A1/3!/0.96# J ,
Wj~Ec.m.!5H 20.7„121/@11exp$1.5487~Ec.m.25.7754!%#…,

20.9420.2 Ec.m.,
22.74,

for Ec.m.,9 MeV
for 9 MeV,Ec.m.

J
for j51 ~elastic channel!
for j>2 ~ inelastic channel!.

~unit of r ; in fm, unit of energy; in MeV,A512).

P Ec.m. ~MeV! VP ~MeV! V̂P ~MeV!

2 ,6 222.2 0.0
.6 227.0 0.8

1 ,7.8 219.76 0.0
.8.3 224.0 0.8
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VnC , and not by the interactionVCC , because the mass of th
valence nucleon is regarded to be as small as negligible c
pared to that of the core nucleus. However, the Coulo
interaction contained in theVCC increases with increasin
masses of the core nuclei. Thus, the effects of the Coulo
part of the interactionVCC may not necessarily be negligibl
in the case where it causes dipole (E1) transition@10–14#
between two orbits of the valence nucleon. We estimate
effect exactly.

The single-particle statesd 3
2 in 13C, and s12 , d

5
2 , and

d 3
2 in 13N adopted in this calculation are resonance sta

and the wave functions do not converge in the asympt
region. Thus, the direct and the transfer interactions~U and
Kt! are not determined definitely. In order to avoid this si
ation, we employ the coupled discretized continuum ch
nels~CDCC! method developed by Austern, Rawitcher, K
mimura, Kawai, Sakuragi, and their collaborators@22,23#,
that is, we use, instead of the resonance wave functions
wave packetswnl (R;Er) defined by the following equations

w j l ~R;Er !5
1

Nnorm E
2`

`

dE
real@wj l ~R;E!#

A~E2Er !
21~G/2!2

, ~12!

whereEr andG are the resonance energy and its width,
spectively, andwj l (R;E) is the scattering wave functio
obtained by the potentialVnC at energyE. The above wave
packet is normalized by the quantityNnorm.

We obtain the OCRC equation for the radial wave fun
tions ui(r ) ( i51,..,n), by inserting Eq.~10! into the equa-
tion (E2Heff)C50. This equation contains twononlocal
terms Kt(5@Ki j

t #) and DM (5@DMi j #) as the effective
transfer interactions@5#. The nonlocality reflects the reco
effects coming from the particle transfers. These terms m
it very difficult to solve the OCRC equation numerically.
order to overcome these difficulties, we make the followi
assumptions for theKt andDM .

~1! We neglect the termDM (5O@(I2N)2#) ~I : unit op-
erator!, because we discuss the reaction mechanisms ind
by the valence nucleonin the peripheral region, where the
quantity (I2N) is relatively small, as discussed in Ref.@5#.
m-
b

b

is

s,
ic
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he

-
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~2! The nonlocal transfer interactionKt is approximated
by a local form. This is good approximation at low energie
as discussed in Refs.@24# and@25#. As shown in Ref.@24# for
the analysis of the36S1 37Cl system, the OCRC result with
this approximation agrees well with the result obtained
using the full finite-range CRC code,FRESCOmade by Th-
ompson@26#.

Thus, we have the radial OCRC equations which conta
spatially local interactions only,

$E2@ t1R~r !1Kt~r !1U~r !#%u~r !50, ~13!

whereu(r ) is the vector consisting of the radial wave fun
tionsui(r ) ( i51,...,n) for the relative motion, and the ma
trices t, R, and U represent the kinetic energy operato
@2d i j (\

2/2m)d2/dr2#, the centrifugal potential
@(\2/2m)Li j

2 /r 2#, and the direct interactions@Ui j (r )#, re-
spectively. The direct interactionU is obtained by the fold-
ing procedure for the interactionsVnC and VCC with the
single-particle wave functions, and is responsible for the
rect elastic and inelastic transitions~direct processes! of the
valence particle, i.e., the transitions between the basis fu
tions u ir :D& andu j r 8:D& ~or betweenu ir :E& andu j r 8:E&) of
the same mass partition. The transfer interactionK8 is ex-
pressed as

Kt5
1

2AN
~F1FT!

1

AN
, ~14!

whereF andFT are thetransfer interaction used in the dis
torted wave Born approximation and its transposed ope
tor, respectively. The interactionF causes the nucleon elast
or inelastic transfer between the nonorthogonal basis fu
tions u ir :D& and u j r 8:E&. As found in the above equation
the transfer interactionKt is the symmetric operator@Kt

5(Kt)T] consisting of the nonsymmetric operators F a
FT, and it is modified by the overlap integralN. It should be
noticed that theKt contains neither the kinetic energy oper
tor t nor the total energyE unlike the transfer interaction
used in the conventionalCRC theory@26#. In order to obtain
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the scattering amplitudes and the cross sections of the el
and inelastic scattering, we solve Eq.~13! under an appro-
priate boundary condition.

Molecular orbital states in this paper~rotating molecular
orbital; RMO! are defined@5# as states which diagonalize a
the interactions@R(r )1Kt(r )1U(r )# contained in Eq.~15!.
Namely the RMO states are expressed as

Fp~r !5(
i

u ir &Aip~r !, ~15!

with the use of the transformation matrixA(r ) for the fol-
lowing diagonalization:

$A21~r !@R~r !1K8~r !1U~r !#A~r !%qp5dqpV p~r !.
~16!

The RMO states depend on the total angular momentumJ,
because the rotational operatorR(r ) of the relative motion is
included in the above equation. The quantityV p(r ) is the
adiabatic potential corresponding to RMO state ‘‘p. ’’

In this paper we pay special attention to the fusion cr
sections, particularly at energies below and near the C
lomb barrier, which is expressed as

s fus[sabs2 (
j ~5 incident!

s j~reac!

5 (
i ~5 incident!

ip

ki
2 (

JP
~2J11!

3(
kl

^uki
JP~1 ! ,~U2U†!kluii

JP~1 !&, ~17!

where sabs is the total absorption cross section a
s j ~reac! the angle-integrated reaction cross section of ch
nel j . The wave functionsuki

JP (k51,...,n) are the solutions
of Eq. ~13! obtained by the outgoing boundary conditio
with the incident wave from channeli and ki is the wave
number of the channeli . The detail of the derivation of the
above equation is given in Ref.@4#.

III. ANALYSIS OF THE EXPERIMENTAL DATA

At first we analyze the system12C113C with the OCRC
method explained in the previous section, since we have
merous experimental data for the elastic and inelastic s
tering for this system. Then, we analyze the data of the e
tic scattering of13N on 12C measured by Lie´nardet al. @2#.

We choose the interactionVnC which reproduces the

single-particle states of thep 1
2 , s

1
2 , d

5
2 , and d

3
2 with the

separation/resonance energies of the valence nucleon fo
states1

2
2~ground!, 1

2
1(3.086 MeV!, 5

2
1~3.854 MeV!, and

3
2

1~8.2 MeV! of the 13C nucleus, respectively, or for th
states 1

2
2~ground!, 1

2
1~2.365 MeV!, 5

2
1~3.547 MeV!, and

3
2

1~7.9 MeV! of the 13N nucleus, respectively. The param
eters obtained are listed in Table I for both the systems.
radial dependence of the single-particle wave functions~or
the wave packets! for the respective states are shown in F
2. We assume for these states the single particle CFP va
given in Table II. They are close to the values obtained
the shell model calculation@27#. By using the quantities
tic

s
u-

-

u-
t-
s-

the

e

.
es
y

mentioned above and the single-particle wave functions g
erated by theVnC , we get the effective interactionsU for the
direct processes~direct elastic and inelastic transitions! and
the effective interactionsKt for the transfer processes~the
elastic and inelastic transfer processes!.

A. Analysis of the 12C113C system

We make the OCRC calculation and the parameter se
on the optical potentialVCC so as to reproduce the exper
mental data of the angular distributions of13C~ 12C, 12C!

FIG. 4. Angular distributions for the elastic scattering of13C on
12C at energiesEc.m.57.8, 8.3, 8.84, 9.88, 10.70, 11.52. 11.72, an
12.72 MeV. The solid curves show the four-channel OCRC cal
lations and the circles the experimental data from Ref.@9#.
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13C~gr 1
2

2; 3.09 MeV, 12
1; 3.85 MeV, 52

1! at Ec.m.57.8,
8.3, 8.84, 9.88, 10.70, 11.52, 11.72, and 12.72 MeV, wh
were measured by Voitet al. @9#. In order to do this, we use
an automatic parameter-search program code together
the manual parameter search. We allow the parameter
depend on the total parityP of the system and on channe
of the elastic and inelastic scattering.

At first, however, we tried to find a parameter set whi
depends neither on the channels nor on the total parity
this case any effort failed in reproducing the data of
inelastic scattering, that is, it is very difficult to represent t
phases of peaks and valleys as observed in the experim
data, especially for the inelastic scattering13C~12C,

FIG. 5. As Fig. 4 for the inelastic scatterin
13C(12C, 12C)13C* ~3.09 MeV, 12

1!.
h

ith
to

In
e

tal

12C!13C* ~12
1!. Furthermore, these cross sections, in particu

of the inelastic scattering to13C* ( 12
1) are overestimated a

any energies, if we adjust the parameters so as to repro
the data of the elastic scattering at forward angles. T
means that the depth of the imaginary potential is too w
to reproduce such smaller magnitudes as observed in the
perimental data of the inelastic cross sections. On the o
hand, if we employ deeper imaginary potential to fit to t
inelastic scattering data, the absorption in the elastic cha
becomes too strong, and the shoulder of the angular distr
tion at forward angles much decreases.

FIG. 6. As Fig. 4 for the inelastic scatterin
13C(12C, 12C)13C* ~3.85 MeV 5

2
2!.
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FIG. 7. Angular distributions of the elastic and the inelastic scattering13C(12C, 12C)13C(* ) ~gr., 12; 3.09 MeV, 12
1; 3.85 MeV, 52

1! at

energiesEc.m.57.8, 10.7, and 12.72 MeV. The solid curves are the results of the four-channel OCRC calculations with the statep 1
2 ,

2s12 , 1d
5
2 , and 1d

3
2, and the dot-dashed curves those of the three-channel OCRC calculations with the states 1p 1

2, 1s
1
2, and 1d

5
2. The dotted

curves show the one-channel/DWBA calculations~see the text.!.
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The use of thepotential, the real part of which depend
on the total parity of the system, improves dramatically the
phase relation mentioned above at all the energies. Nam
we use larger radius parameter for the real part in negat
parity states than in positive-parity states and smaller
fuseness parameter in negative-parity states as listed in T
III. Such parity dependence may be caused by incomp
space truncation of the channel basis functions emplo
here. Probably the core excitation channels as well as
breakup channels may contribute to the parity dependenc
the optical potential.

The conflict mentioned above between the magnitude
the elastic scattering cross sections and those of the inel
scattering cross sections is almost fully resolved, if we e
ploy channel-dependent imaginary potential, i.e., weaker
imaginary depth for the elastic channel than for the inela
channels. The data of the fusion cross sections@15# at ener-
gies below the Coulomb barrier are reproduced also b
very week imaginary potential for the elastic channel. Th
we get generally good agreement of the calculation with
experimental data, as found in Figs. 4, 5, and 6, not only
the angular distributions of the elastic and inelastic cr
sections but also for the fusion cross sections below the C
lomb barrier@see Fig. 17~a!#. Only atEc.m.59.88 MeV the
calculation of the angular distributions of the elastic scat
ing fairly deviates from the experimental data. This difficu
is also found in the analysis with the optical potential
Liénard et al. @2#. One of the possible explanations is a
ly,
e-
f-
ble
te
d
he
of

of
tic
-

ic

a
,
e
r
s
u-

r-

appearance of resonance phenomena at this energy o
experimental error bars are underestimated.

The cause of the channel-dependent imaginary poten
may be due to the breakup processes of the valence nuc
and the fusion processes. This will be discussed in Sec.

We test the CRC effects by comparing the above OC
results with the calculation where the coupling interactio
DHik between different channels are considered as pertu
tions. Namely, the elastic scattering amplitudes are ca
lated within the framework of the complete elastic chann
while the inelastic scattering amplitudes are calculated by
procedure of the distorted wave Born approximati
~DWBA!, where the distorted wavesui

(0)(r ) are generated by
switching off the coupling interactions and the overlap in
gralsexcept those for the elastic transfer. As shown in Fig.
7, the OCRC results are very different from the DWBA r
sults. This strong coupling feature comes from the chan
mixings, especially from those called the hybridization, i.
the mixings between different parity single-particle states
thep andd orbits. This has been discussed in detail in Re
@4#, @5#, @8#, @9#, where we have made the three-chann
OCRC calculation with thep 1

2, s
1
2, andd

5
2 states.

The new feature, the introduction of thed 3
2 channel into

the OCRC calculation in this paper affects strongly the C
scheme, as seen from the comparison of the three-cha
calculation with the four-channel calculation in Fig. 7. Th
inclusion of thed 3

2 channel causes the shifts for the phases
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the diffraction patterns observed in the angular distributio
of the elastic and12

1-inelastic scattering. As mentioned b
fore, thed 3

2 channel gets to be closed at energies lower t
Ec.m.58.2 MeV. Nevertheless, the influence of the clos
channel on the CRC scheme is still important even at s
energies. The detailed discussion on these effects is give
Sec. III C.

B. Analysis of the 12C113N system

Angular distributions of the elastic scattering for th
12C113N system have been measured atEc.m.57.824,9.6,
and 14.16 MeV@2#, however, the data for the inelastic sca
tering and any other reactions have not been obtained. Th
fore, we can not perform, in the same way as in the cas
12C113C system, optical-potential parameter search for
12C113N system. Thus, we attempt to apply theoptical po-
tential obtained in the analysis of the12C113C systemdi-
rectly to the charge symmetric12C113N system.

In Fig. 8 the four-channel OCRC calculations are co
pared with the experimental data. We see that the OC
calculations reproduce the data of the elastic scattering fa
well especially at forward angles, without any modificati
of the optical potential parameters obtained in the analysi
the 12C113C system. However, the cross sections are sh
of enhancement at backward angles, a little bit atEc.m.

57.824 and 9.6 MeV andclearly atEc.m.514.16MeV.
To improve this, we try the OCRC calculation wit

weaker imaginary potential by a factor15, as made by Lie´nard
et al. @2# in their one-channel analysis. As shown in Fig.
the backward cross sections of the elastic scattering are
hanced fairly well, while the agreement of the calculati
with the data clearly deteriorates at forward angles where
elastic-scatteringcross sections should be originated, at d
tances around or larger than the grazing distance, ma
from the optical potential. From this result we can hard
draw a conclusion that the depth of imaginary potential
the 12C113N systemshouldbe three-five times smaller tha
for the 12C113C system. Instead we prefer the use of t
same imaginary potential for both the systems12C113N and
12C113C. In the case of the12C113C system the same tes
as the above gives larger deviation of the calculations fr
the experimental data than in the case of the12C113N sys-
tem, as seen in Fig. 10. Hence, the potential depth is be
determined for the case of the12C113C system.

Although the CRC effects in the12C113N system are
comparably weaker than those in the12C113C system, the
effects themselves are still strong as seen in Fig. 11.
details of the CRC effects are discussed in the following S
III C.

The single-particle wave functions of the proton in13N
have long tails except for thep 1

2 ground state, and are ver
different from those of the neutron in13C as shown in Fig. 2.
Reflecting this, the cross sections of the inelastic scatte
are larger than those for the12C113C system generally
However, it should be noticed that this fact does not me
stronger CRC effects in the12C113N system than in the
12C113C system. This issue will be discussed in Sec.
from the view point of the molecular-orbital picture of th
valence nucleon.
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C. CRC effects of the coupling interactions
of the 12C113C and 12C113N systems

The strong CRC effects, which have been observed in the
differential cross sections of the elastic and inelastic scatter-
ing for the 12C113C and 12C113N systems, are discussed
in Secs. III A and III B. These effects are so strong, espe-
cially at the total angular momenta lower than the grazing
angular momentum, that the following distorted-wave Born
~DWB! series~expansion in power series of the coupling
interactionsDH! of theT matrix $Tik% diverges

Tik5Ti
~0!d ik1 (

n50

`

^ui
~0! ,~DH~g~0!DH !n! ikuk

~0!&, ~18!

FIG. 8. Angular distributions of the elastic scattering of13N on
12C at energiesEc.m.57.824, 9.6, and 14.16 MeV. The solid
curves show the four-channel OCRC calculations and the circles the
experimental data from Ref.@2#.
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FIG. 9. Angular distributions of the elastic and inelastic scattering13N~12C, 12C) 13N(* ) ~gr., 1
2; 2.36 MeV, 12

1; 3.55 MeV, 52
1) at

energiesEc.m.57.824,9.6, and 14.16 MeV. The dashed curves show the OCRC calculations obtained by the core-core optical poten
five times weakerimaginary depththan the standard one, while the solid curves the OCRC calculations with the use of the standard
potential given in Table III. They are compared to the experimental data@2# shown by the circles.
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where DH and u(0) are the coupling interactions and th
distorted waves defined in Sec. III A, respectively. The qu
tity g(0) is Green’s function of the Hamiltonian for the no
coupling system. With increasing angular momentum, ho
ever, the OCRC scattering amplitudes properly converg
those of the one-step distorted-wave Born approxima
~DWBA! calculation. One of the criteria to see the extent
the CRC effects of the coupling interactions is to test
convergent properties of the DWB expansion~18!.

Thus, we multiply a factorl into the coupling interactions
DH and then evaluate the critical valuelc which gives the
limit of the convergence of the DWB series. Therefore,
smaller is the value oflc , the stronger are the CRC effect
If lc is larger than unity, the DWB series with the norm
strength~l51! of the coupling interactions converges.

We test this for both the systems12C113C and 12C
113N as shown in Fig. 12, by choosing the total angu
momentaJP5 13

2
1 and 21

2
1, the former ofJP corresponds to

the grazing angular momentum at aboutEc.m.58 MeV for
the 12C113C system. In the case of the lower total angu
momentum (JP5 13

2
1) the DWB series for both the system

diverge at all the energies. In order to get the converge
we need to reduce the strength of the coupling interacti
by about 30%.

In the case of the higher total angular momentum (JP

5 21
2

1), however, the DWB series converges fast at low
energies especially for the12C113N system. This is becaus
the centrifugal potentials with higher partial waves prev
the incident waves to approach the region where the coup
interactions are so strong as to cause the multistep proce
as seen in Fig. 12. In spite of this, in the case that the in
dent energy is a little bit lower than the potential barr
including the centrifugal potential as seen for the12C113C
system atEc.m.512 MeV in Fig. 12, the DWB series di
verges, indicating that the CRC effects are strong alread
the distances fairly far from the grazing distance.

Generally theCRC effects are stronger in the12C113C
system than in the12C113N system as shown in Fig. 12.The
-

-
to
n
f
e

e

l

r
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e,
s

r

t
g
es,
i-
r

at

same effects are also observed in the calculation of
nucleon molecular orbitals of the covalent molecule, that
the concentration of the nucleon density at the center of
axis joining the centers of the two core12C nuclei is higher
than in the12C113N system. This discussion will be give
in Sec. IV in more detail.

D. Roles of thed 3
2 resonance-state channel

in the CRC scheme and the hybridization phenomena
between thep and d single-particle orbits

By dropping thed 3
2 resonance-state channel, we make

same test as in the previous section III C but with the use
three channels~p 1

2, s
1
2, andd

5
2!. As observed in Fig. 12, the

value oflc is generally larger than that obtained in the fou
channel OCRC calculation especially at lower energi
showing that the CRC effects in the four-channel calculat
are stronger than in the three-channel calculation. Nam
thed 3

2 channel enhances the CRC effects, although this ch
nel is completely closed at these energies.

The coupling interactions consists of two parts, i.e. t
transfer and direct processes parts@see Eq.~13!#. To see the
CRC effects of the respective interactions separately,
made OCRC calculation only with the transfer interactio
Kt or only with the direct interactionsU also by introducing
the factorlc mentioned in Sec. III C. In Fig. 13 we show
three curves oflc for the respective systems12C113C and
12C113N as functions of the energy. They correspond to
above two kinds of the four-channel OCRC calculations a
to the four-channel OCRC calculation with the full intera
tions, respectively. Generally, as seen there, the transfer
pling interactions does not cause the divergence with
normal coupling strength~l51!, while the direct interactions
causes the divergence that the CRC effects, they are alm
the same as those in the calculation with the full interactio
especially in the12C113N system.

In the OCRC calculation with the use of the three cha
nels, i.e., with dropping thed 3

2 channel, however, the situa
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FIG. 10. As Fig. 9 for the angular distributions of the elastic and the inelastic scattering13C(12C, 12C)13C(* ) ~gr., 12
2; 3.09 MeV, 12

1;
3.85 MeV, 52

1) at energiesEc.m.58.3 and 11.52 MeV.

FIG. 11. As Fig. 7 for the elastic and inelastic scattering13N~12C, 12C!13N~* ! ~gr., 1
2

2; 2.36 MeV, 12
1; 3.55 MeV, 52

1) at energies
Ec.m.57.824,9.6, and 14.16 MeV.
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FIG. 12. Test of convergence of the distorte
wave Born series. The critical valueslc of the
multiplication factor~see text.! into the coupling
interactions are shown as functions of the ener
~a! for the 12C113C system and~b! for 12C
113N system in the states of the total angul
momentumJP5

13
2

1 and 21
2

1. The solid curves
show the four-channel OCRC calculations a
the dashed curves the three-channel OCRC ca
lations. Generally the values oflc for the four-
channel CRC scheme are smaller than those
the three-channel CRC scheme, indicating th
the CRC effects are stronger in the former than
the latter.
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tion is somewhat different. Namely, when only direct co
pling interactions are used, the OCRC effects of the thr
channel calculation are fairly weaker than those of the fo
channel calculation especially in the12C113N system and
the DWB series of the three-channel calculation tends
converge with the normal coupling strength~l51!, as seen
in Fig. 14. On the other hand, when only the transfer c
pling interactions are used, the CRC effects for both,
three-channel and the four-channel calculations are simila
each other. This means that thedirect coupling interactions
between the d32 and the other channels cause the strongCRC
effects.

Of these direct coupling interactions the interaction b
tween the ground statep 1

2 and thed 3
2 channels play a very

important role in the formation of the strong couplin
scheme, due to the hybridization with thep andd orbits ~as
shown in Sec. IV!, i.e., the mixing of the different-parity
single-particle states. The direct coupling interactions
tween thep 1

2 and thed 5
2 channels also give the importan

contribution to the hybridization, as discussed in Ref.@5# in
detail. However, these interactions bring about much wea
-
e-
r-

o

-
e
to

-

-

er

CRC effects than those between thep 1
2 andd

3
2 channels.This

is because the direct couplings between the single-part
orbits with the same spin direction are generally larger th
those with the different spin directions. The hybridization of
the valence nucleon in the12C113C and 12C113N systems
is discussed in Sec. IV.

E. Dipole transitions due to the core-core Coulomb interaction

In the limit where we can ignore the ratio of the mass
the valence particle to the mass of the core nucleus, we
neglect the direct coupling interactions coming from t
core-core interactionVCC . Therefore, we have not taken int
account these interactions in our OCRC analysis made so
@4,5,8,9#. However, if theincident energy is lower than the
Coulomb barrier, there is a possibility that the Coulomb in
teraction between two core nuclei dominates the inela
transitions, especially the dipole (E1) inelastic transition be-
tween thes andp orbit statesat distances outside the bar
rier, where the effects of the nuclear interaction can be
nored.
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We have performed the calculations of the excitat
functions of the inelastic scattering cross sections going
the s12 channel with and without the core-core inelastic co
pling interactions. The results are shown in Fig. 15 for
12C113C and 12C113N systems. Even at energies belo
the Coulomb barrier~6 MeV! we do not observe clear dif
ference between two curves even for the12C113N system,
where the valence proton has a very long-tail wave funct

in thes12 state of
13N*( 12

1) as shown in Fig. 2. Namely, th
core-core interaction does not cause appreciable effect
the excitation functions of the cross sections. One of
reasons is that the transition energy of the valence nucleo
13N or 13C is somewhat large~2.36 MeV or 3.09 MeV! and
hence there may beQ-value mismatch between the scatte
ing waves before and after the transition.

In Fig. 16 we show the calculations for the12C113N
system atEc.m.55.5 MeV of partial cross sections of th
inelastic scattering going to the12

1 channel with and without
the core-core interaction, as functions of the total angu
momentumJ. We observe there also a small difference b
tween the curves with and without the core-core interact
at around the grazing angular momentum. At higher ang
momenta, however, we do not find the difference, ev
though the contribution of the Coulomb interaction to t
scattering amplitudes seems to become important at la
distances.

In contrast to the results discussed above, important
fects of the dipole (E1) transition due to the core-core Co
lomb interaction have been reported for the scattering
208Pb of the projectiles,13N @10#, 14O @10#, 11Be @11,12#,
and 11Li @13,14#. In these cases the Coulomb interactio
dominate completely over the nuclear interactions, and t
the Coulomb interactions induce strongly the dipole (E1)
transitions in a wide range of the incident energy, as sho
in their analyses. The core-core coupling interactions do
affect the other inelastic scatterings as well as the ab
1
2

1 inelastic scattering.
A note should be made on the present numerical calc

tions. Namely, in order to include the whole effects of t
long-range Coulomb interaction in the calculations, we in
grate the interactions until 250 fm of internuclear distan
although the results of the calculations show not so impor
contribution of higher partial waves as expected from t
distance. As seen in Fig. 16, in fact, thesJP are negligibly
small already at aboutJ5 61

2 . However, if we cut the integra
at a shorter distance~for example,r560 fm!, non-negligible
fictitious contribution of the Coulomb interaction appea
This pretends that the convergence of the series ofsJP (J
5 1

2 ,
3
2 ,

5
2 ,...) is very slow.

F. Fusion cross sections and the smearing effects of the
valence nucleon on the molecular resonance phenomena

observed in the 12C112C system

In the calculation of the fusion cross sections~which are
almost equal to the absorption cross sections at sub-ba
energies! shown in Fig. 17, we also observe such stro
CRC effects as pointed out in Secs. III A–III D.

In order to see the reaction mechanism of the fusion,
us suppose the case where the extra neutron in the12C
113C system does not make inelastic transitions and
to
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elastic transfer of the neutron does not affect the absorp
mechanism. Then, the fusion cross sections of such a12C
113C system, i.e., those obtained by the one channel ca
lation for the 12C113C system should almost agree wi
those of the12C112C system. This is observed in our ca
culation as shown in Fig. 17, where the one channel ca
lation of the fusion cross sections of the12C113C system
are compared with those of the12C112C system@15#. It
should be noticed that the cross sections observed in
12C112C system are reproduced by using the very wea
absorbing potential of the elastic channel of the12C113C
system~see Table III!.

It is well known that in the excitation function of th
fusion cross sections of the12C112C system there are
prominent structures@20,21#. These structures have been i
terpreted as due to the formation of the12C112C di-nuclear
molecular resonance states@20,21,29,30#, which are not in-
cluded in the present analysis. Thus, we display the data

FIG. 13. As Fig. 12 for the four-channel OCRC calculatio
only with the transfer interactions~dotted curves!, only with the
direct coupling interactions~dashed curves!, and with the full cou-
pling interactions~transfer plus direct interactions! ~solid curves! in
the state of the total angular momentumJP5

13
2

1. In the upper part
of the figure the results for the12C113C system are shown and i
the lower part those for the12C113N system.
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FIG. 14. As Fig. 12 for the comparison of the four-channel OCRC calculations~bold curves! with the three-channel calculations~slim
curves!. In the upper part of the figure the results for the12C113C system are shown and in the lower part those for the12C113N system.
The dash-dotted curves display the calculations only with the direct interactions in the state of the total angular momentumJP5

13
2

1 and the
dotted curves only with the transfer interactions. The calculations with the full coupling interactions are shown by the solid curve
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at off-resonance energies in Fig. 17.
The OCRC fusion cross sections of the12C113C system

are clearly enhanced as compared with the one-channel
culation especially at aroundEc.m.55 MeV, resulting in
good agreement with the experimental data. Such enha
ment of the sub-barrier fusion cross sections is caused by
strong couplings with the inelastic channels and by the
sorption in these channelswhere much stronger imaginar
potentials than in the elastic channel exist as shown in Ta
III .

In the 12C112C system sharp and isolated resonances
observed, while in the12C113C system no such phenomen
have been reported so far, although many experimental s
ies for this aim have been devoted@15,16,17,19#. Such sharp
resonances have been explained by using the doorway
model @29,30# based on the12C112C inelastic channels
where very weakly absorbing potential between two12C nu-
clei are assumed, which is comparable with the imagin
part of the elastic-channel potential used in the12C113C
OCRC calculation in this report.
al-
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y

Nevertheless, the lack of the resonances in the12C
113C system can be explained by the above OCRC calc
tion, that is, the strong couplings to the inelastic chann
introduce stronger absorption effects into the elastic chan
of the 12C113C system. Namely, the depth of the imagina
potential to beeffectivelyused in the one-channel analys
for the 12C113C and 12C113N systems is considered to b
so large as pointed out by Lie´nard et al. @W(12C113N!
53.0 MeV andW(12C113C!517.3 MeV# @2#. Thus, the
door-way-state molecular resonances~the total widths
'100–200 keV! of the 12C112C system which are strongly
correlated to the elastic channel are smeared out almost c
pletely by this absorption effect in the12C113C system~and
also in the12C113N system!.

IV. SUMMARY AND DISCUSSION
WITH THE MOLECULAR-ORBITAL PICTURE

OF THE VALENCE NUCLEON

We have made analysis for the elastic and inelastic s
tering of the 12C113N and 12C113C systems with use o
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the OCRC method, by taking into account of the co
( 12C) exchange processes and by adopting the channel
lated to the valence nucleon states,p 1

2, s
1
2, d

5
2, andd

3
2 in the

nuclei 13N and 13C. The parameters of the potentialVCC

between two core nuclei are adjusted so as to reproduce
data of the angular distributions of the elastic and the ine
tic scattering of the system12C113C at eight points of the
energies fromEc.m.57.8 to 12.72 MeV@9#, and the fusion
cross sections at energies below the Coulomb barrier@15#.

The 12C113N elastic scattering is analyzed by using t
same optical potentialVCC as obtained in the analysis of th
12C113C system. The result of the OCRC calculation rep
duces the data of the elastic scattering measured atEc.m.
57.824, 9.6, and 14.16 MeV nicely especially at forwa
angles, although the enhancement of the cross sections i
enough to trace the data at backward angles at higher en

We tested the calculation by adopting the potentialVCC
for the 12C113N system with the parameter of five time
weaker depth of the imaginary potential, which has be
introduced in the one-channel analysis by Lie´nardet al. @2#.
However, this deteriorates clearly the result of the angu
distributions at forward angles, indicating that the sugges
weak-absorption potential is not likely in the present fo
channel OCRC analysis.

Concerning the core-core potentialVCC , ~i! the real parts
used in the analysis depend on the parity of the total syst
and~ii ! the imaginary parts do on the channels of the ela
and inelastic scattering, that is, the depth of the imagin
part for the inelastic channels is much larger than that for
elastic channel. The above item~i! reflects the insufficient
truncation of the space spanned by the channel wave f
tions probably.

On the other hand, the latter item~ii ! may reflect the
following two effects, i.e.,~a! the emission and/or breaku
processes of the valence nucleon and~b! the transitions to the
channels not taken into account in this paper explici
which are followed by the fusion processes. The effect~a!
possibly stems strongly from the inelastic channels where
valence nucleon is loosely bound and the wave functi
extend far outside of the potential barrier. Thus, stron
absorption occurs in the inelastic channels than in the ela
channel. Such a kind of mechanism of the absorption in
excited channels has been also discussed recently by Hu
et al. @28# theoretically. The latter effects~b! may arise also
strongly from the inelastic channels as compared with
effect of the transitions directly from the elastic channel
the channels mentioned above, i.e., the highly excited-s
channels, because the inelastic channels are energet
closer to these excited-state channels. As these channe
to be closed at lower bombarding energies, the transition
the peripheral region, i.e., the direct reactions from the
elastic channels to them may be suppressed at ene
treated here. Thus, the colliding nuclei are trapped dee
within the potentials of the excited-state channels, and t
fuse with each other into the compound nucleus emittin
proton, a neutron, and an alpha particle as shown in Fig
This fusion mechanism may make a contribution also to
enhancement of the absorption in the inelastic channels
the elastic channel, on the other hand, the existence of
weaker absorption potential is plausible from the view po
that the 12C112C system ~core-core system of the12C
re-
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113C system! allows the molecular sharp resonances to ex
with the large fractions of the decaying widths to the elas
channel@29,30#.

We checked the effects of the dipole-transition interact
coming from the core-core potentialVCC . Our primary mo-
tivation is due to the very long tail of the wave function

the excited state13N* ( 12
1, 2s12 ), which may enhance the

dipole (E1) transition induced by the core-core Coulom
interaction. However, the effects are so weak that no siza
change is seen in the calculations of the cross sections.
is in contrast to the strong dipole (E1) transitions observed
in the heavy-ion scattering@10–14# on 208Pb of 13N, etc., at
the incident energies of several tens MeV/u.

The CRC effects of the present four-channel OCRC c
culations for the12C113N system as well as for the12C
113C system were very strong, as has been already poi
out in the previous papers@4,5,8,9# with the three-channe

FIG. 15. Excitation functions for the integrated cross sections
the inelastic scattering13C(12C, 12C)13C* ~3.09 MeV, 12

1! ~upper
part of the figure! and 13N~12C, 12C!13N* ~2.36 MeV, 12

1! ~lower
part of the figure!. The solid and dashed curves show the OCR
calculations with and without the dipole (E1) coupling interactions
due to the core-core interaction, respectively.
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FIG. 16. Total angular momentum distributions of~a! the partial cross sectionssJP52 ~J: total angular momentum;P: total parity!, ~b!
sJP51, and~c! the sum ofsJP52 andsJP51 at energyEc.m.55.5 MeV. The squares and the circles connected by the solid lines show
OCRC calculation with and without the dipole (E1) coupling interactions due to the core-core interactions, respectively.
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~p 1
2, s

1
2, andd

5
2! OCRC analysis for the12C113C system. In

the four-channel OCRC analysis, however, we had m
stronger CRC effects due to the participation of thed 3

2 chan-
nels into the CRC schemes. Namely the direct coupling
teractionsUi j between thed 3

2 and other channels, particu
larly between thed 3

2 and p 1
2 channels enhance the CR

effects of the system, as the result of stronger hybridiza
where the valence nucleon orbit is greatly distorted in
field of the approaching nucleus along the axis joining
two center of masses of two core nuclei.

The CRC effects for the12C113N and 12C113C systems
are compared with each other. Generally we observe stro
CRC effects in the latter than in the former. The molecu
orbital picture can be employed to explain the above feat
if the CRC effects are determinedat each distance of the
relative motion in an adiabatic approach. Generally in the
12C113N system the magnitudes of the coupling intera
tions between thep 1

2 elastic and thes12, d
5
2, or d

3
2 inelastic

channels at a fixed distance in the peripheral region
weaker than in the12C113C system. This is because th
wave functions of thes12, d

5
2, andd

3
2 states of the valence

nucleon in 13N extend to larger distances than those
h

-

n
e
e

er
r
e,

-

re

13C, as seen in Fig. 2. Thus, the mixing of the channel wa
functions@see Eq.~15!# in the 12C113N system, especially
themixing of the different parity states causing the hybr
ization is weaker than in the12C113C system.

The hybridization causes a specific configuration of
valence nucleon in the adiabatic ground states, i.e., the c
lent molecular configuration where the density probability
the valence nucleon concentrates at the middle on the
lecular axis of the systems, as seen in Fig. 18. As found fr
this figure, the concentration in the12C113C system is more
pronounced than in the12C113N system, reflecting the re
sult of stronger hybridization in the12C113C system.

The fusion cross sections of the CRC calculation of
12C113C system at energies below the Coulomb barrier
strongly enhanced as compared with those of the o
channel calculation. This is possibly explained by the follo
ing two reasons related to the covalent molecular-orbital f
mation of the valence neutron.~i! One of them is that the
barrier height of the adiabatic potentialV p51(r ) correspond-
ing to the energetically lowest~covalent molecule! state is
lowered as compared to the diagonal potentialU11(r ) of the
incident channel in the original OCRC basis. This is sho
channel

tes.
FIG. 17. ~a! Absorption cross sections of the12C113C and 12C112C systems~left part of the figure!, and ~b! those of the12C113N
system~right part of the figure!. The solid curves show the four-channel OCRC calculations and the dashed curves the one-
calculations. The open circles in the left figure show the experimental data of the fusion cross sections for the12C113C system, and the
closed circles the data for the12C112C system which are picked up from Ref.@15# at off-resonance energies for the quasimolecular sta
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in Fig. 19, where the potentials@V p(r )2U11(r ); p
51,...,n] are shown as a function of the radial distancer .
The difference@V p51(r )2U11(r )# is about20.5 MeV at
the distancer'8.0 fm where the potential has the barri
top. This decrease causes the enhancement of the fu
cross sections observed in the OCRC calculation.~ii ! The
other reason is that the depthWp51(r ) of the imaginary
potential for the adiabatic state of the covalent molecu
configuration~p51! is deeper than the depth of the imag
nary potentialWi51(r ) of the incident channel (i51) of the
original OCRC basis, because of the following relation:

Wp51~r !5(
i51

n

Wi~r !Aip51
2 ~r !,Wi51~r !;

if Wj~r !,W1~r ! for j>2,

whereAip51(r ) are the transformation coefficients for th
adiabatic statep51 defined by Eqs.~15! and~16!. We have
employed stronger depth of theWj (r ) ( j>2) for the inelas-
tic channels than that for the elastic channel, as listed
Table III. Therefore, the depth of the imaginary potent
Wp51(r ) for the adiabatic statep51 is much deeper than
that of theWi51(r ) for incident channel of the origina
OCRC bases. This also causes the enhancement of the f
cross sections.

In the 12C113N system, on the other hand, such enhan
ment has been not clearly observed at energies below
Coulomb barrier. This is probably because the CRC effe
of this system is weaker than that of the12C113C system, as
discussed in Sec. III C.

FIG. 18. Density distributions of the valence particles in t
ground RMO~rotating molecular orbital: see the text! states at the
internuclear distancer57.8 fm ~a! in the 12C113C system and~b!
in the 12C113N system. The positions of the core nuclei for th
respective systems are marked by arrows.
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We have also pointed out that the absorption mechanis
in the 12C113C system is related to the molecular resonanc
phenomena observed in the12C112C system where a weak
absorption potential exists. In the12C113C system, how-
ever, the couplings to the inelastic channels make the absor
tion stronger. Thus, the sharp resonances of the12C112C
system are smeared out completely in the12C113C system
due to this CRC mechanism.

Finally we again emphasize that our OCRC model ex
plains, using the charge symmetric reaction mechanism wit
the strong CRC effects, the experimental data for the elast
scattering of13N on 12C measured by Lie´nardet al. @2# as
well as those for the elastic and inelastic scattering of13C on
12C measured by Voitet al. @9#. In our calculation such a big
loss of the charge symmetry as pointed out by Lie´nardet al.
@2# has not been found. The loss may come from insufficien
space truncation with respect to two-fragment direct-reactio
channels which are explicitly treated in this paper. It is no
important to pay special attention to the difference of the
decay schemes of the compound nuclei corresponding to t
respective scattering systems in order to explain the charg
asymmetry between the12C113N and 12C113C systems.
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FIG. 19. Adiabatic potential diagram for the12C113C system.
The respective curves show the quantitiesV p(r )2U11(r ), where
V p(r ) is the adiabatic potential of the RMO state ‘‘p’’ defined by
Eq. ~16! in the text andU11(r ) the channel-diagonal interaction in
the original OCRC basis functions. It is found that the adiabatic
potential of the ground RMO state is much lower than theU11(r ) in
the interaction region.
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