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Charge symmetric systems?C+N and ?C+C
with the orthogonalized coupled-reaction-channel method
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The charge symmetric scattering system€+13N and ?C+%°C have been investigated by using the
orthogonalized coupled-reaction-chanf@®CRC method with the basis functions of the elastic, inelastic, and
transfer channels defined by the single-particle statps, 2s3, 1d3, and 1d3 of the valence nucleon in
13N or 13C. The data of the elastic scattering BN on °C measured by Ligardet al. have been explained
consistently with the data of the elastic and inelastic scattering of4Be °C system. The CRC effects on
both of the above systems are very strong, although those off@e™N system are fairly weaker than the
2C+13C system. The role of the highly excited single-particle staté§ i5 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'eE+HéC
system at energies below the Coulomb barrier are strongly enhanced as a result of the strong CRC effects as
compared with those of th&C+%°C system, while in?C+3N system the enhancement of the sub-barrier
fusion has not been observed. The above absorption mechanism fFOth&éC system explains the lack of
the molecular-resonance phenomena observed int4Bie 1°C system. We check the effects of the dipole
(E1) transition of the valence nucleon 1N (and also in*3C) due to the core-core Coulomb interaction in the
scattering at sub-barrier energies. The effects are not appredi8bE56-28187)03104-X

PACS numbds): 24.10.Eq, 25.70:z, 24.30-v, 27.20:+n

I. INTRODUCTION partner of the abovg?]. The result shows that the depth of
the imaginary potential for thé?C+ 13N system is much
Heavy-ion reactions induced by unstable nuclei present ughallower than that for thé*C+*3C system by a factor of
with new possibilities not only in the developments of our @bout 3—z. Namely the optical potentials obtained are not
knowledge on nuclear reactions investigated so far but alseharge symmetric. The authors in REf] argue that the loss
with new studies of the reaction mechanisms not accessibff the charge symmetry is partly due to a smaller number of
with stable nuclef1]. Verification of the charge symmetry in tWo-fragment Channezls a\l/??llable for the absorption into di-
heavy ion reactions is one of such problems, as the use ¢fCt channels for thé*C+"N system. ,
unstable nuclei makes it possible to realize mirror scatterin%_ Another possible cause for the charge asyénﬁgnpetry is the
systems. 2|5fferent dgcay schemes of the compound nuchélg and
Recently Limardet al. [2] have measured angular distri- Al. In Fig. 1 we see the decay mode of the compound

25 12 13 :
butions of the elastic scattering of the unstable nucleié ?hued(il;; :Jnfg rmi?esgs;ﬂheb Ct;:e ﬂéialggore:;?o:\hagh%f
on 12C at energies 7.824, 9.6, and 14.16 MeV in the cente P g by '

o3 . . Hecay probability of the compound nucletRAl seems to be
pf mass. TheN nucleus contains a valence nucleon, wh|chSlightly larger than that of the compound nucletflg at
is weakly bound around the core nu'cle?iﬁc, and the eX- he energies near or below the Coulomb barriers of the above
cited states of the valence nucleon lie in the continuum eN3ystems. However, it is questionable that such small differ-
ergy region as resonance states. This may strongly induGg,ce of the decay modes can give rise to such a big differ-
inelastic transitions and transfers of the valence nucleon, rspce of the imaginary parts of the optical potentials as
sulting in the formation of nucleonic molecular orbitals pointed out by Li@ardet al.[2].
around the two coré'“C) nuclei at energies around the Cou-  In this paper we concentrate our attention on the direct-
lomb barrier[3-7]. reaction mechanisms of tHéC-+%°C and?C+*3N systems.
The data have been analyzed by employing the opticalfo do this, we perform calculations with the orthogonalized
potential model with the inclusion of the elastic transfers ofcoupled-reaction-channdlOCRQ theory which has been
the valence nucleon and have been compared with the analfermulated in Ref[5] so as to relate the CRC method to the
sis for the'2C+ 13C system, which is the charge symmetric molecular-orbital model of valence nucleons. If we include,
in the OCRC analysis, sufficient number of the channels con-
cerned with the single-particle states of the valence nucleon,
*Permanent address: Institute for Nuclear Research, Prospeatpart of the charge symmetry of the optical potential should
Nauki 47, 252028 Kiev, Ukraine. be restored in the calculation.
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Mev) Mev) strong dipole E1) transitions have been reported also for
9208——|—— ts22Mg the 140+ 2%8pp system by the same authpt€)], and for the
11Be+2%8pp system by Annet al.[11] and Nakamurat al.
6.642———— ts22Na [12]. The transition to the giant dipole resonancé'thi has
been also extensively discussed by many autf8sl4. In
37t eane ‘;‘:;:— 3'1::;2”3 the case of light heavy-ion reactions ettergies below the
2393t 984150 Coulomb barriersuch dipole E1) transition may dominate
e B o S S B ] also the inelastic scattering, because the effects of the nuclear
R e — Y 12C+13N interaction is almost negligible at these energies. The very
0.0 120+13C 0707 SLi+2Ne

long tails of the wave functions of thes2 states especially
for the valence proton ift®N (see Fig. 2 may give a possi-
24N bility to enhance the dipole transition. We check these ef-

5105 o*¥Na fects on the inelastic scatteringC(*?C, *2C)3c*(3™) and
13N(12C, 12C)13N*(%+).

So far, a lot of experimental data for the elastic and in-
elastic scattering and the fusion cross sections of the
12c+13C system have been accumulatf®9,15-17,19
while concerning thé->2C+3N system only elastic scattering
data measured by Liard et al. [2] are available. Thus, at
first we make the OCRC analysis for th&C+C system to

16 316———— 2Mg find optimum values of the parameters of the optical poten-
@ ®) tial so that the calculation reproduces the experimental data
measured by Voiet al. [9] for the angular distributions of

FIG. 1. Two fragment decay schemes @ the compound the elastic and inelastic scatteringC(*’C, 2C)*C (gr.,
nucleus?®Al of the *2C+*3C system andb) the compound nucleus 17: 3.09 MeV, +*: 3.85 MeV, 3*) at energies 7.8, 8.3,
?°Mg of the **C+*N system. 8.84, 9.88, 10.72, 11.52, 11.72, and 12.72 MeV of the center

of mass. We also use the data of the fusion cross sections

We employ the channels related to the statébl[gr.  measured by Dasmahapaital. [15] at energies below the
1-:2.36 MeV, 1" (resonance state3.55 MeV, 3% (reso-  Coulomb barrier.
nance state 7.9 MeV, 3% (resonance staxp for the We have performed the OCRC analysis for the
120413\ system and those related to théC[gr. 27: 3.09  “°C+'*N system by using the parameters obtained by the
MeV, :*; 3.85 MeV,3*: 8.2 MeV, ' (resonance stafp ~ calculation mentioned above. Then, we discuss the validity
for the *2C+1%C system. These states have the main compo®f our OCRC mcl)gel \{\gith respect t?Sthe charge symmetric
nents of the single-particle statess, s3, df, andd? of the ~ ProPeny for the “C+™N and ~"C+™C systems and the

12 13 . reaction mechanisms deduced from the OCRC analysis for
valence nucleon int?N or 3C, respectively. both th A W ial attention to the CRC ef-

In the previous paperst,5,8,9 we have carried out the 0 € systems. e pay specia’ atiention 7o the ©

: : , fects which are expected to be very strong because of the
OCRC rotating molecular orbitd RMO) calculation for the S . 2
1201 13C system in detail but within the framework of three- effects of thehybridization[5,7], i.e., the mixing effects of

the different parity single-particle states of the valence
channel OCRGthe 1p3, 2s3, and 1d3 state$ model. Asa  pnycleon.

new feature we include in this report the resonance state of The fusion cross sections for the above systems should
13C* (8.2 MeV, §7) as well as that of °N* (7.9 MeV,  reflect the reaction mechanisms influenced by the valence
3+ in the calculation. They correspond to theZlsingle-  nucleon. The additional nucleon to th€C+C system
particle states. Although their excitation energies are about gauses strong enhancement of the fusion cross sections of the
MeV, they have strong influence on the whole CRC *?C+C system at energies below and near the Coulomb
schemes, as discussed in this paper, even at energies whéarier, as found by many authdi$5-17. The role of the

the 1d2 channels are closed. active nucleons in the enhancement of fusion cross sections

We also take into account the inelastic transitions induced’ h’?a"y"‘?” reactions at sub-barrier energies has been ex-
by the core-core interaction, which have been neglected iﬁenswely dls_cussed S0 f_él8]' L . .
the OCRC calculations made so f#5,8,9. The Coulomb The regctlon r_nechamsm for the_fusmn is very mter(_estlng
part of this interaction causes the so-called effective chargd®™ the view point of the old questlf)sn on nonobservathn of
for the dipole E1) transition of the valence nucleon. When the resonance phenomena in ﬂ?€+_ C system at energies
the target nucleus is very heavy and hence has big chargg‘eIOW and near the Coulomb barrigr5-17,19, although

this interaction mechanism dominates the transition relate Zecflhzgrp atnd 'iﬂlated resonancehs clebarly femstj l')“ éhe
to the nuclear interaction. Recently Motobayashal. [10] system. 1hese resonances have been found by Bro-

. . . 1 mley and his collaboratorf20] at first and also by many
have studied the dipole transition between the;land 5, iors[21] later, and the resonance mechanism has been

2s3 states in 3N with the inelastic scattering of the interpreted as due to the formation of di-nuclear molecular
13N+20%ph system at 78.1 MeVM/incident energy. They states of the?C+1?C system. Chuat al.[19] have investi-
have observed large Coulomb-excitation cross sections. Sudated the dynamic motion of the valence nucleon in the

-4.2564——

-6.432—

at+2Ne

-8.987——

n+24Mg

-11.990— p+24Mg

14261 —L 25




1948 B. IMANISHI, V. DENISOV, AND T. MOTOBAYASHI 55

0.6
@ 0.4 4
c
S
E .
5 o4 valence neutron w.f. in 13C |
2 valence proton w.f. in 13N
=
© 0.0~ ™
T 024
b o] 60
3 1p1/2
- -. R (fm)
0.2\
0.0 T T T AR ML T
20 30 40 50 60
1 R (fm
0.6—‘ ( ) 0.6 4
0.4 1 .': 0.4 1 ‘
11 1d5/2 i AN 1d3/2
0.0 . SN v ’.'.'.’...7\.‘.‘.. - - 0.0 / T A, “\ ,ﬁ\wnw—.ﬁ r
10 00 g 40 50 60 10 20 \/3'0 = 50 60
R (fm) : R (fm)

FIG. 2. Radial dependence of the valence-particle wave functiod$Gnor 3N in the ground state n% and the excited state$$,
1d3, and 2. The solid curves show the wave functions of the neutroA®® and the dashed curves those of the protoh®M.

12C+13C system, and suggested that the valence nucleodn the discussion given in RG[EJJ-MH A
smears out the resonance phenomena observed in the systemThe channel wave functiong;™ (r,RC;;C,) are con-
12C+12C. However, the details of the reaction mechanismsstructed from the wave functior_ () of the relative motion
have not yet been clarified explicitly. We discuss this prob-n the eigenstate of the angular momentlm the wave
lem in this report by analyzing the CRC mechanisms of theunction ¢, (RC,) of the nucleus(valence nucleoC;) in
12C+13C system in detail 2

' the eigenstate of the angular momentimand the wave

. In Sec. Il we explain briefly the OCRC theory employed function ¢,_(C,) of the nucleusC, in the eigenstate of the
in the analysis in this report. In Sec. 1l we show the result of 2

the numerical analysis for th#C+ 3N and 12C+ 13C sys- angular momentun,. The. distance between the co@q
tems, and discuss the reaction mechanisms for both the s .Ud the valence nucleon is denoted IByand the rglatlve
tems. The summary and the discussion with the use of th istance between the two fra@}me”t nucle|rb§se§ F|g.A;,8.
RMO model are given in Sec. IV. he angular parts of t-he andr’ are expressed by andr’,
respectively. The suffix I’ denotes a set of quantum num-
bers needed to specify channel wave functions as well as a
particular mass partition of the system. They are given by the

In this paper we assume that the systetA€+13N (or ~ €quation,
12C+13C) consist of one valence nucleon HN (or 13C)
and two 1?C nuclei. We restrict ourselves to the discussion ¢fMH(F,RC1;C2)={YLi(F)®[¢,1(Rcl)®¢|2(C2)]|}JM,
in the framework of the channel wave functions concerned (1)
with the inelastic and transfer procesgesre-exchange pro-
cesseq3]) of the valence nucleon. The inelastic channels
related to the rotational modes of the nuclelf€ are not n (transferred nucleon)
taken into account explicitly in the calculation. We assume
that these effects are included in the optical potential used in
the analysis.

We introduce here a new form of the derivation into our
orthogonalized CRGOCRQ formalism[5] for the case of
identical core nuclei and include the coupled discretized
continuum channeglCDCC) method[22,23 in the frame of C x
the OCRC theory in order to treat the single-partiso- 1 2
nance state®f the valence nucleon if3C and **N. Here-

after, we explain our OCRC theory used here briefly, based FIG. 3. Definition of the coordinates used in the OCRC method.

II. OUTLINE OF THE OCRC ANALYSIS

c.m. of (n+Cz)
c.m. of £n+C1)
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TABLE |. Parameters of the potenti#l,c(R) between valence particle and core nucleus.

1+(—)" v* 1-(—)" \a 1d

=t = HS) B R T e R R

2 1+exd(R—R")/a™] 2 1+exd(R—R)/a™] R dR 1+exd(R-R')/a’]
with Rt =2r A3 R™=2r, A3, R"=2r (A3 andR.=2r A

’

VidR)=

+Veou(Re)

T=— =+ (79)

System ro fm a (fm) V- (MeV) rg (fm) a" (fm) V' MeV) ry@m) a' (fm) V' (MeV) rc (fm)

n+12C 1.16 0.705 -57.4 1.16 0.728 —73.62 1.16 0.705 —29.56
p+12C 1.193 0.700 —48.27 1.25 0.700 —59.39 1.25 0.700 -28.18 1.25

whereJ andII are the angular momentum and the parity of Then, theorthogonal basis{|kr)} are constructed from
the total system, respectively. The quantilyis theZ com-  the abovenonorthogonal channel wave functioas,
ponent ofJ in the laboratory frame. The wave function
<p|1(RC1) is expressed with the use of the fractional parent- |kr)=2 f arfir SIN"Y2r" 1) Jie ®)
I

age coefficienfCFP) {j/,1c(nCy)|}11(C1+n)) as,

where the overlap integra is defined by the equation,
¢1,(RC)=2 (j7,1c(NC[}H1(C+n)e; (R (Cy),

2
_ _ By making use of the abovarthogonalizecchannel wave
with the use of the wave functio; (C;) of the core functions, we have the following expression for the total
nucleusC, in the eigenstate of the angular momentugn  wave function¥ given in Eq.(3):
and the wave functior;,(R) of the valence nucleon with
the e_mgular mom_enturh and the orbital angular momentum ‘I’IE J' drlir)u(r)/r. (10)
/. Since we take into account only the ground staté Y @r i
the *2C nucleus, the total angular momentuinis deter- ] ) )
mined by the product of the angular momejtandL; . The wave functionsi;(r) in the above equation are related to
The elastic and the inelastic transfer channels are autdhe wave functions{v(r)} defined by the nonorthogonal
matically produced by the requirement of the symmetryPasis as,
property for the exchange of two identical core nuclé, (
=C,) [3]. Thus, the total wave function is expressed as ui(r):; f dr/ [N~Y2(r 1) Jiwi(r'). (12)

Ni(r,r’)=(ir|kr’). (9)

WIMI (1) =7 LMI(F,RCy;Co) ™ (r)/r We assume that the effective Hamiltoniahy; for the
: total system contains the interaction,c(R) between the
+(—)NC¢SMH(F',R'C2;C1) vim(r’)/r’}, 3) valence nucleon and the core nuclé€lis V,c(R’") between
the valence nucleon and the other core nucléyé=C,),
with and Vqc(x) between the two core nuclei. The interaction
V,c generates the single-particle wave functions of the
7=(r,R,C4,Cy)=(r",R",C,,Cy). (4 nucleon in*N or *°C. The parameters of,c are deter-
mined so as to reproduce the separation energies and/or the
In the above equations the distancésaindR’ are the coor- 'esonance energies as well as their widths. The interaction
dinates to express the core-exchange charitraissfer chan-  Vcc IS the optical potential between two core nuclei and the
nely (see Fig. 3 and the symboN. denotes the number of MOSt important interaction to create the channel-diagonal
nucleons in the core nucleus. Hereafter, we will drop thePartsU;(r) of the direct interactiod (r) [see Eq(13)]. The
sufficesd, I1, andM for the wave functions and other quan- Parameters oVcc are determined so as to reproduce the

tities, as far as there is no source of confusion. experimental data for the system€C+*C andC+*N.
We define the following new channel wave functidns ~ This is discussed in detail in Sec. Ill. _ N
the whole space as a linear combination of the wave func-  In our previous studiefs},5,8,9 the inelastic transitions of
tions of the direct and core-exchange channels; the valence nucleon are generated only by the interaction
|irr/>:|ir/r.D>+(_)NC|ir".E> (5) TABLE Il. CFP values of single-particle states used in the cal-
' o culations.
with
Nucleus 1p3 2s3 1d3 1d3
<T||r”D>:¢|(?,RC1,C2)6(r_r”)/r”, (6) 13C 0.78 0.80 0.92 0.90
13N 0.78 0.80 0.92 0.90

(rlir:E)=¢;(f",R'C5;Cy)S(r'—r")Ir". (7
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TABLE Ill. Parameters of the core-core optical potentilc(ITjE.  ; r), where “j” specifies channel.
1— ()1 V4V Egm. ) 1+ ()0 VAV Egm,
2 1+exfd(r—1.42<2AY3)/0.27] 2 1+exfd(r—1.25x 2A9)/0.51]

VecdIljEg m ;1) =

W (E 1-(—)" 1 1+(—)" 1
FIWi(Bem)) = T exgr—1.44<2ATH/1.03 T 2 1+exg(r—1.32<2AY9/0.9§ |’
—0.7(1- 111+ exp{1.548(E.,—5.7754}]), for j=1 (elastic channgl
Wj(Ecm)={ —0.94-02 E;r,,  for Ecn<9 MeV for j=2 (inelastic channgl
—2.74, for 9 MeV<E.n.
(unit of r; in fm, unit of energy; in MeVA=12).
1 Ecm. (MeV) VI (Mev) VT (MeV)
- <6 —22.2 0.0
>6 -27.0 0.8
+ <7.8 —-19.76 0.0
>8.3 —-24.0 0.8

V,c, and not by the interactiovicc, because the mass of the  (2) The nonlocal transfer interactiok' is approximated
valence nucleon is regarded to be as small as negligible conpy a local form. This is good approximation at low energies,
pared to that of the core nucleus. However, the Coulomias discussed in Refl24] and[25]. As shown in Ref][24] for
interaction contained in th¥ ¢ increases with increasing the analysis of the®S+ 3'Cl system, the OCRC result with
masses of the core nuclei. Thus, the effects of the Coulomthis approximation agrees well with the result obtained by
part of the interactiolV-c may not necessarily be negligible using the full finite-range CRC coderRescomade by Th-

in the case where it causes dipolel() transition[10-14  ompson[26].

between two orbits of the valence nucleon. We estimate this Thus, we have the radial OCRC equations which contains

effect exactly. spatially local interactions only,
The single-particle stated? in 3C, andsi, d2, and
d2 in 13N adopted in this calculation are resonance states, {E-[t+R(r)+K'(r)+U(r)J}u(r)=0, (13

and the wave functions do not converge in the asymptotic
region. Thus, the direct and the transfer interactidtisand  whereu(r) is the vector consisting of the radial wave func-
K') are not determined definitely. In order to avoid this situ-tionsu;(r) (i=1,...n) for the relative motion, and the ma-
ation, we employ the coupled discretized continuum chantricest, R, and U represent the kinetic energy operator
nels(CDCC) method developed by Austern, Rawitcher, Ka-[ — & (A%/2u)d?/dr?], the  centrifugal  potential
mimura, Kawai, Sakuragi, and their collaborat¢22,23, [(ﬁ2/2,u)Li2j/r2], and the direct interactiongU;;(r)], re-
that is, we use, instead of the resonance wave functions, thepectively. The direct interactiod is obtained by the fold-
wave packets,, (R;E;) defined by the following equations: ing procedure for the interactiong,c and V¢ with the
single-particle wave functions, and is responsible for the di-

1 0 rea[w; (R;E)] rect elastic and inelastic transitiofdirect processeof the
¢j AR Er) = Trom f dE ‘/2 : 5, (12) valence particle, i.e., the transitions between the basis func-
N —=  (E-E)?+(T12) tions|ir:D) and|jr’:D) (or betweerjir :E) and|jr ':E)) of

the same mass partition. The transfer interaconis ex-

whereE, andT are the resonance energy and its width, re-Pressed as
spectively, andw;,(R;E) is the scattering wave function

obtained by the potentidl, at energyE. The above wave 1 1
packet is normalized by the quantity™®™. K'=—= (F+F') —, (14
We obtain the OCRC equation for the radial wave func- 2N WN

tionsu;(r) (i=1,..,n), by inserting Eq.(10) into the equa-
tion (E—H) ¥ =0. This equation contains twoonlocal whereF andF" are thetransfer interaction used in the dis-
terms Kt(=[K}j]) and AM(=[AM;;]) as the effective torted wave Born approximation and its transposed opera-
transfer interaction$5]. The nonlocality reflects the recoil tor, respectively. The interactidh causes the nucleon elastic
effects coming from the patrticle transfers. These terms maker inelastic transfer between the nonorthogonal basis func-
it very difficult to solve the OCRC equation numerically. In tions |ir:D) and|jr":E). As found in the above equation,
order to overcome these difficulties, we make the followingthe transfer interactiorK! is the symmetric operatoff K*
assumptions for th&' andAM. =(KYT] consisting of the nonsymmetric operators F and
(1) We neglect the termAM (=O[ (I —N)2]) (I: unit op-  FT, and it is modified by the overlap integrdl It should be
erato, because we discuss the reaction mechanisms induceubticed that thek! contains neither the kinetic energy opera-
by the valence nucleoim the peripheral regionwhere the tor t nor the total energf unlike the transfer interaction
quantity ( —N) is relatively small, as discussed in RE3). used in the convention&RC theory[26]. In order to obtain
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the scattering amplitudes and the cross sections of the elastic L B B B B B B A S B
and inelastic scattering, we solve Hd.3) under an appro-
priate boundary condition.

Molecular orbital states in this papémotating molecular
orbital; RMO) are defined5] as states which diagonalize all 0.1
the interactiong R(r) + K'(r)+ U(r)] contained in Eq(15).

Namely the RMO states are expressed as

\Illll 11 I|IIII| I3 IIIIIII 1

)/

Do(r)= 3 [irYAp(r), 15

with the use of the transformation mati(r) for the fol-
lowing diagonalization: 1

{ATHDIR() +K' (1) +U(N]A(N) }p= 8qp7 p(1).- 01
(16) '
The RMO states depend on the total angular momentum 1
because the rotational operai(r) of the relative motion is
included in the above equation. The quantity,(r) is the
adiabatic potential corresponding to RMO state.™ 01
In this paper we pay special attention to the fusion cross &
sections, particularly at energies below and near the Cou- & 1
lomb barrier, which is expressed as -ob
o1 10.70 MeV
Ofus= Oabs ™ Z O'j(reao .
j(=inciden}

D SR PRI

_i(:incidem) k_,2 JIL
X2 (U U=UD "), A

where o,, is the total absorption cross section and
oj(reag the angle-integrated reaction cross section of chan-
nelj. The wave functionsi}i' (k=1,...,n) are the solutions

of Eg. (13) obtained by the outgoing boundary condition
with the incident wave from channeélandk; is the wave
number of the channél The detail of the derivation of the
above equation is given in Rg#].

|
|

1
0.1

1
0.1
1

0.1

Ill. ANALYSIS OF THE EXPERIMENTAL DATA E' s e b
0

. . 60 120 180
At first we analyze the systertfC+13C with the OCRC

method explained in the previous section, since we have nu- ec_m.(deg)
merous experimental data for the elastic and inelastic scat- S _ _
tering for this system. Then, we analyze the data of the elas- FIG. 4. Angular distributions for the elastic scattennngC on

tic Scattering Ofl3N on 12C measured by [mrdet al. [2] 12C at energieEC,m.=7.8, 8.3, 8.84, 9.88, 10.70, 11.52. 11.72, and
We choose the interactioW,c which reproduces the 12.72 MeV. The solid curves show the four-channel OCRC calcu-

. . . lati d the circles th i tal data f .
single-particle states of thp3, s3, d3, andd$ with the ations and the circles the experimental data from F&f

separation/resonance energies of the valence nucleon for
states: ~(ground, 37 (3.086 Me\}, 27(3.854 Me)}, and
%+(8'21 MeV) of th$ 13C nucleus, rgspectively, or for the
States; (ground, 'I3(2'365 MeV), 37(3.547 MeV}, and o effective interaction&! for the transfer processdthe
2" (7.9 MeV) of the N nucleus, respectively. The param- g|astic and inelastic transfer procegses

eters obtained are listed in Table | for both the systems. The
radial dependence of the single-particle wave functi@rs
the wave packejdor the respective states are shown in Fig.
2. We assume for these states the single particle CFP values We make the OCRC calculation and the parameter search
given in Table Il. They are close to the values obtained byon the optical potential/cc so as to reproduce the experi-
the shell model calculatiofi27]. By using the quantities mental data of the angular distributions &fC(*2C,?C)

Wentioned above and the single-particle wave functions gen-
erated by thé/,,c, we get the effective interactions for the
direct processedirect elastic and inelastic transitionand

A. Analysis of the 12C+*3C system
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FIG. 5. As Fig. 4 for the inelastic scattering FIG. 6. As Fig. 4 for the inelastic scattering
3c(tzc, 12c)3c (3.09 MeV, 37) 13~(12~ 12113 ' 5
’ : 2 ) C(*?2C, 12C)'3C* (3.85 MeV32).

3C(gr 37; 3.09 MeV, 3*; 3.85 MeV, 3") at E;,=7.8,
8.3, 8.84, 9.88, 1070, 11.52, 11.72, and 1272MeV, WhIChl.Zc)lSC*(%+). Furthermore, these cross sections, in particular
were measured by Vodt al.[9]. In order to do this, we use ) ) ) Sk p 14 )

@f the inelastic scattering t3C* (3 ™) are overestimated at

an automatic parameter-search program code together wi ot )
the manual parameter search. We allow the parameters & energies, if we adjust the parameters so as to reproduce

depend on the total paritﬂ of the system and on channels the data of the elastic Scattering at forward angles. This
of the elastic and inelastic scattering. means that the depth of the imaginary potential is too weak

At first, however, we tried to find a parameter set whichto reproduce such smaller magnitudes as observed in the ex-
depends neither on the channels nor on the total parity. Iperimental data of the inelastic cross sections. On the other
this case any effort failed in reproducing the data of thehand, if we employ deeper imaginary potential to fit to the
inelastic scattering, that is, it is very difficult to represent theinelastic scattering data, the absorption in the elastic channel
phases of peaks and valleys as observed in the experimentzécomes too strong, and the shoulder of the angular distribu-
data, especially for the inelastic scatterintfC(*?C, tion at forward angles much decreases.
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FIG. 7. Angular distributions of the elastic and the inelastic scatteti@(*2C, 12C)*3C(*) (gr., 3; 3.09 MeV,3*; 3.85 MeV,3*) at
energiesE; ,=7.8, 10.7, and 12.72 MeV. The solid curves are the results of the four-channel OCRC calculations with thepétates 1

2s%, 1d3, and 1d3, and the dot-dashed curves those of the three-channel OCRC calculations with thestafiss 1and 1d3. The dotted
curves show the one-channel/DWBA calculatigese the tex}.

The use of thepotential, the real part of which depends appearance of resonance phenomena at this energy or the
on the total parity of the systenmproves dramatically the experimental error bars are underestimated.
phase relation mentioned above at all the energies. Namely, The cause of the channel-dependent imaginary potential
we use larger radius parameter for the real part in negativemay be due to the breakup processes of the valence nucleon
parity states than in positive-parity states and smaller difand the fusion processes. This will be discussed in Sec. IV.
fuseness par_ameter in negative-parity states as listed in Table e test the CRC effects by comparing the above OCRC
IIl. Such parity dependence may be caused by incompletgesyits with the calculation where the coupling interactions
space truncation of the channel basis functions employed 1y, petween different channels are considered as perturba-

here. Probably the core excitation channels as well as thg,s Namely, the elastic scattering amplitudes are calcu-
breakup channels may contribute to the parity dependence ted within the framework of the complete elastic channel,

the optical potential. : : . : .
The conflict mentioned above between the magnitudes O\?/hlle the inelastic scattering amplitudes are caIcuIatgd by_ the
rocedure of the distorted wave Born approximation

the elastic scattering cross sections and those of the inelast .

scattering cross sections is almost fully resolved, if we em—eBWBA)’ where the distorted wavegéo)(r) are generated by
ploy channel-dependent imaginary potentiale., weaker switching off the coupling mtergcuons and the ovgrlap inte-
imaginary depth for the elastic channel than for the inelasti@rals except those for the elastic transféys shown in Fig.
channels. The data of the fusion cross sectid at ener- 7 the OCRC results are very different from the DWBA re-
gies below the Coulomb barrier are reproduced also by &ults. This strong coupling feature comes from the channel
very week imaginary potential for the elastic channel. Thenmixings, especially from those called the hybridization, i.e.,
we get generally good agreement of the calculation with théhe mixings between different parity single-particle states of
experimental data, as found in Figs. 4, 5, and 6, not only fothe p andd orbits. This has been discussed in detail in Refs.
the angular distributions of the elastic and inelastic cros$4], [5], [8], [9], where we have made the three-channel
sections but also for the fusion cross sections below the Co@CRC calculation with th3, s3, andd3 states.

lomb barrier[see Fig. 17]. Only atE.,=9.88 MeV the The new feature, the introduction of tlig channel into
calculation of the angular distributions of the elastic scatterthe OCRC calculation in this paper affects strongly the CRC
ing fairly deviates from the experimental data. This difficulty scheme, as seen from the comparison of the three-channel
is also found in the analysis with the optical potential bycalculation with the four-channel calculation in Fig. 7. The
Liénard et al. [2]. One of the possible explanations is aninclusion of thed3 channel causes the shifts for the phases of
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the diffraction patterns observed in the angular distributions — T — T T
of the elastic and " -inelastic scattering. As mentioned be-

fore, thed3 channel gets to be closed at energies lower than 1
E.m=8.2 MeV. Nevertheless, the influence of the closed

channel on the CRC scheme is still important even at sucfdG/dGR
energies. The detailed discussion on these effects is given in

Sec. lll C. 0.1

T LBLBLBLLLL)

B. Analysis of the 12C+13N system

A\
\\T T
Aol
AR}

Angular distributions of the elastic scattering for the
12C+ 13N system have been measuredat, =7.824,9.6, 1
and 14.16 Me\ 2], however, the data for the inelastic scat-
tering and any other reactions have not been obtained. There-
fore, we can not perform, in the same way as in the case of
12c+13C system, optical-potential parameter search for the 0.1
12C+ 13N system. Thus, we attempt to apply tbetical po-
tential obtained in the analysis of th&#C+ 13C systemdi-
rectly to the charge symmetrit?C+ 13N system.

In Fig. 8 the four-channel OCRC calculations are com- 0.01
pared with the experimental data. We see that the OCRC
calculations reproduce the data of the elastic scattering fairly
well especially at forward angles, without any modification
of the optical potential parameters obtained in the analysis of 1
the *2C+13C system. However, the cross sections are short
of enhancement at backward angles, a little bitEat,,
=7.824 and 9.6 MeV andlearly atE; ,,=14.16 MeV.

To improve this, we try the OCRC calculation with 0.1
weaker imaginary potential by a factjras made by Lieard
et al. [2] in their one-channel analysis. As shown in Fig. 9,
the backward cross sections of the elastic scattering are en-
hanced fairly well, while the agreement of the calculation 0.01
with the data clearly deteriorates at forward angles where the '
elastic-scatteringcross sections should be originated, at dis-
tances around or larger than the grazing distance, mainly oo oo BXP.
from the optical potential. From this result we can hardly S RS TS SR
draw a conclusion that the depth of imaginary potential for 120 180
the 12C+ 13N systemshouldbe three-five times smaller than 0 (de )
for the 12C+13C system. Instead we prefer the use of the c.m\d€d
same imaginary potential for both the systetd€+ **N and
12C+13C. In the case of thé?C+13C system the same test
as the above gives larger deviation of the calculations from FIG. 8. Angular distributions of the elastic scattering'dN on
the experimental data than in the case of tRe+13N sys-  '°C at energiesE. ,=7.824, 9.6, and 14.16 MeV. The solid
tem, as seen in Fig. 10. Hence, the potential depth is bett&trves show the four-channel OCRC calculations and the circles the

1 IIIIIIII
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=
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determined for the case of tHéC+ 13C system. experimental data from Ref2].

Although the CRC effects in thé?C+ 13N system are
comparably weaker than those in th&C+3C system, the C. CRC effects of the coupling interactions
effects themselves are still strong as seen in Fig. 11. The of the 12C+13C and '2C+*°N systems
details of the CRC effects are discussed in the following Sec.

The strong CRC effects, which have been observed in the
differential cross sections of the elastic and inelastic scatter-
ing for the 2C+13C and '°C+'3N systems, are discussed

I C.
The single-particle wave functions of the proton ifN

have long tails except for thes ground state, and are very '
different from those of the neutron #C as shown in Fig. 2. N Secs. lllA and Il B. These effects are so strong, espe-

Reflecting this, the cross sections of the inelastic scatterin§i@ly at the total angular momenta lower than the grazing
are larger than those for th&C+13C system generally. angular mqmentum, that t_he following Q|st0rted-wave B_orn
However, it should be noticed that this fact does not meafCVWB) series(expansion in power series of the coupling
stronger CRC effects in thé2C+13N system than in the InteractionsAH) of the T matrix {T;.} diverges

12Cc+13C system. This issue will be discussed in Sec. IV o

from the view point of the molecular-orbital picture of the Tik=Ti(O)5ik+ 2 <ui(0) ,(AH(g<°>AH)“)iku,((°’>, (18)
valence nucleon. n=0
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FIG. 9. Angular distributions of the elastic and inelastic scattefitg(1>C, 12C)*3N(*) (gr., 3; 2.36 MeV, 3*; 3.55 MeV, 3*) at
energieE. ,=7.824,9.6, and 14.16 MeV. The dashed curves show the OCRC calculations obtained by the core-core optical potential with
five times weakeimaginary deptithan the standard one, while the solid curves the OCRC calculations with the use of the standard optical
potential given in Table Ill. They are compared to the experimental [@tshown by the circles.

where AH and u(® are the coupling interactions and the same effects are also observed in the calculation of the
distorted waves defined in Sec. IIl A, respectively. The quannucleon molecular orbitals of the covalent molecule, that is,
tity g(» is Green’s function of the Hamiltonian for the no- the concentration of the nucleon density at the center of the
coupling system. With increasing angular momentum, how-axis joining the centers of the two coféC nuclei is higher
ever, the OCRC scattering amplitudes properly converge tthan in the'?C+ 13N system. This discussion will be given
those of the one-step distorted-wave Born approximatiorn Sec. IV in more detail.

(DWBA) calculation. One of the criteria to see the extent of
the CRC effects of the coupling interactions is to test the
convergent properties of the DWB expansidi®).

Thus, we multiply a factok into the coupling interactions
AH and then evaluate the critical valag which gives the
limit of the convergence of the DWB series. Therefore, the By dropping thed3 resonance-state channel, we make the
smaller is the value ok, the stronger are the CRC effects. same test as in the previous section Ill C but with the use of
If ¢ is larger than unity, the DWB series with the normal three channel$p3, s, andd3). As observed in Fig. 12, the
strength(\=1) of the coupling interactions converges. value of\. is generally larger than that obtained in the four-

We test this for both the system¥C+'3C and '2C  channel OCRC calculation especially at lower energies,
+13N as shown in Fig. 12, by choosing the total angularshowing that the CRC effects in the four-channel calculation
momental!'=2" and% ", the former of!! corresponds to are stronger than in the three-channel calculation. Namely,
the grazing angular momentum at abdiy,,=8 MeV for  thed3 channel enhances the CRC effects, although this chan-
the 12C+13C system. In the case of the lower total angularnel is completely closed at these energies.
momentum "'=23") the DWB series for both the systems  The coupling interactions consists of two parts, i.e. the
diverge at all the energies. In order to get the convergencéransfer and direct processes pdase Eq(13)]. To see the
we need to reduce the strength of the coupling interaction€RC effects of the respective interactions separately, we
by about 30%. made OCRC calculation only with the transfer interactions

In the case of the higher total angular momentud (  K! or only with the direct interactions also by introducing
=21"), however, the DWB series converges fast at lowerthe factor\, mentioned in Sec. Ill C. In Fig. 13 we show
energies especially for thE’C+ 13N system. This is because three curves of . for the respective system$C+*3C and
the centrifugal potentials with higher partial waves prevent*2C+ 13N as functions of the energy. They correspond to the
the incident waves to approach the region where the couplingbove two kinds of the four-channel OCRC calculations and
interactions are so strong as to cause the multistep processés,the four-channel OCRC calculation with the full interac-
as seen in Fig. 12. In spite of this, in the case that the incitions, respectively. Generally, as seen there, the transfer cou-
dent energy is a little bit lower than the potential barrierpling interactions does not cause the divergence with the
including the centrifugal potential as seen for tt€+3C  normal coupling strengtth=1), while the direct interactions
system atE;,,=12 MeV in Fig. 12, the DWB series di- causes the divergence that the CRC effects, they are almost
verges, indicating that the CRC effects are strong already ahe same as those in the calculation with the full interactions
the distances fairly far from the grazing distance. especially in the*?C+ 13N system.

Generally theCRC effects are stronger in thé?C+13C In the OCRC calculation with the use of the three chan-
system than in thé?C+ 13N system as shown in Fig. 12he  nels, i.e., with dropping the$ channel, however, the situa-

D. Roles of thed$ resonance-state channel
in the CRC scheme and the hybridization phenomena
between thep and d single-particle orbits
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FIG. 11. As Fig. 7 for the elastic and inelastic scatterfiti(12C, *2C)13N(*) (gr., 37; 2.36 MeV, 3*; 3.55 MeV, 3*) at energies
E..=7.824,9.6, and 14.16 MeV.
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tion is somewhat different. Namely, when only direct cou- CRC effects than those between fieandd channelsThis
pling interactions are used, the OCRC effects of the threeis because the direct couplings between the single-particle
channel calculation are fairly weaker than those of the fourorbits with the same spin direction are generally larger than
channel calculation especially in tHéC+**N system and  those with the different spin directianghe hybridization of
the DWB series of the three-channel calculation tends t@he valence nucleon in thEC+13C and 12C+ 3N systems
converge with the normal coupling strend#t=1), as seen s discussed in Sec. IV.

in Fig. 14. On the other hand, when only the transfer cou-

pling interactions are used, the CRC effe_cts for bo_th_, theE. Dipole transitions due to the core-core Coulomb interaction
three-channel and the four-channel calculations are similar to

each other. This means that tHigect coupling interactions In the limit where we can ignore the ratio of the mass of
between the @land the other channels cause the str@@C  the valence particle to the mass of the core nucleus, we can
effects neglect the direct coupling interactions coming from the

Of these direct coupling interactions the interaction be-core-core interactioN' . Therefore, we have not taken into
tween the ground stae; and thed?2 channels play a very account these interactions in our OCRC analysis made so far
important role in the formation of the strong coupling [4,5,8,9. However, if theincident energy is lower than the
scheme, due to the hybridization with theandd orbits(as  Coulomb barrier there is a possibility that the Coulomb in-
shown in Sec. IV, i.e., the mixing of the different-parity teraction between two core nuclei dominates the inelastic
single-particle states. The direct coupling interactions betransitions, especially the dipol&{) inelastic transition be-
tween thep3 and thed3 channels also give the important tween thes and p orbit statesat distances outside the bar-
contribution to the hybridization, as discussed in RBY.in rier, where the effects of the nuclear interaction can be ig-
detail. However, these interactions bring about much weakemored.
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We have performed the calculations of the excitation 14,
functions of the inelastic scattering cross sections going to 12C+13C .
the s3 channel with and without the core-core inelastic cou- 12} Jn=13/2+ g o
pling interactions. The results are shown in Fig. 15 for the A o "transfer"
12c+13C and 2C+13N systems. Even at energies below Col . e
the Coulomb barrief6 MeV) we do not observe clear dif- "direct” A
ference between two curves even for tHe€+ 13N system, 0Bk o o
where the valence proton has a very long-tail wave function 0/—-\8 """"""""
in the s state of 13N* (2 ™) as shown in Fig. 2. Namely, the 06| o \O/
core-core interaction does not cause appreciable effects on "total"
the excitation functions of the cross sections. One of the 04 ¢ \ s . !
reasons is that the transition energy of the valence nucleon in 6.0 75 90 mé’ (,\}féov)
13N or 13C is somewhat largé2.36 MeV or 3.09 MeY and (@) em.
hence there may b@-value mismatch between the scatter-
ing waves before and after the transition. o 0
In Fig. 16 we show the calculations for the&C+13N 2% 18F
system atE.,=5.5 MeV of partial cross sections of the c L 12C+13N
inelastic scattering going to thg™ channel with and without 16F |\ o
the core-core interaction, as functions of the total angular | J=13/2+ /
momentumJ. We observe there also a small difference be- 141 \ /" "transfer"

tween the curves with and without the core-core interaction
at around the grazing angular momentum. At higher angular
momenta, however, we do not find the difference, even
though the contribution of the Coulomb interaction to the _ B Y A A
scattering amplitudes seems to become important at larger 3 /
distances. _ S e /~\8/

In contrast to the results discussed above, important ef- o '
fects of the dipole [E1) transition due to the core-core Cou-
lomb interaction have been reported for the scattering on ' "total"
208pph of the projectiles!®N [10], **O [10], *'Be 11,17,
and 'Li [13,14. In these cases the Coulomb interactions 105 12.0
dominate completely over the nuclear interactions, and thus E (MeV)
the Coulomb interactions induce strongly the dipokel § (b) c.m.
transitions in a wide range of the incident energy, as shown
in their analyses. The core-core coupling interactions do not
affect the other inelastic scatterings as well as the above FIG. 13. As Fig. 12 for the four-channel OCRC calculations
17" inelastic scattering. only with the transfer interaction@otted curveg only with the

A note should be made on the present numerical calculadirect coupling interaction&ashed curvésand with the full cou-
tions. Namely, in order to include the whole effects of thepling interactiongtransfer plus direct interactionésolid curvegin
long-range Coulomb interaction in the calculations, we inte+the state of the total angular momentat= 32" In the upper part
grate the interactions until 250 fm of internuclear distancepf the figure the results for thtC+13C system are shown and in
although the results of the calculations show not so importarthe lower part those for thé*C+*3N system.

g%r:g:]l?:lgloxscgezE?:rF%arggl \i/;:af\; ecst ?;éﬁxgricfggl‘;gg}ythlselastic transfer of the neutron does not affect the absorption

small already at about= 5. However, if we cut the integral mechanism. Then, the fusion cross sections of suchGa

13 ; ; ;
at a shorter distancéor exampley =60 fm), non-negligible +°C system, i.e., those obtained by the one channel calcu

: 12 13 H
fictitious contribution of the Coulomb interaction appears.Iatlon for the "“C+""C system should almost agree with

12~ 12 e ; .
This pretends that the convergence of the series’8f (J those_ of the™"C+ .C system. This is observed in our cal
1 culation as shown in Fig. 17, where the one channel calcu-

3 5 H

=2:2:2,-) ISvery slow. lation of the fusion cross sections of tHéC+13C system
are compared with those of th&#C+1?C system[15]. It
should be noticed that the cross sections observed in the
12c+12C system are reproduced by using the very weakly
absorbing potential of the elastic channel of the+13C

In the calculation of the fusion cross sectigmghich are  system(see Table ).
almost equal to the absorption cross sections at sub-barrier It is well known that in the excitation function of the
energies shown in Fig. 17, we also observe such strongfusion cross sections of thé?C+'2C system there are
CRC effects as pointed out in Secs. IIl A-IlI D. prominent structuref20,21]. These structures have been in-

In order to see the reaction mechanism of the fusion, leterpreted as due to the formation of th&C+*°C di-nuclear
us suppose the case where the extra neutron in'fi@ molecular resonance statf20,21,29,30) which are not in-
+13C system does not make inelastic transitions and theluded in the present analysis. Thus, we display the data only

F. Fusion cross sections and the smearing effects of the
valence nucleon on the molecular resonance phenomena
observed in the 12C+12C system
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FIG. 14. As Fig. 12 for the comparison of the four-channel OCRC calculationisl curve$ with the three-channel calculatiofslim
curves. In the upper part of the figure the results for €+ 13C system are shown and in the lower part those for'fi@+ 13N system.
The dash-dotted curves display the calculations only with the direct interactions in the state of the total angular mdﬁrerﬁmand the
dotted curves only with the transfer interactions. The calculations with the full coupling interactions are shown by the solid curves.

at off-resonance energies in Fig. 17. Nevertheless, the lack of the resonances in tH€

The OCRC fusion cross sections of th&C+13C system  +13C system can be explained by the above OCRC calcula-
are clearly enhanced as compared with the one-channel cdlon, that is, the strong couplings to the inelastic channels
culation especially at arouné&.,,=5 MeV, resulting in introduce stronger absorption effects into the elastic channel
good agreement with the experimental data. Such enhancef the *?C+*3C system. Namely, the depth of the imaginary
ment of the sub-barrier fusion cross sections is caused by tHeotential to beeffectivelyused in the one-channel analyses
strong couplings with the inelastic channels and by the abfor the *2C+*3C and **C+*°N systems is considered to be
sorption in these channeighere much stronger imaginary SO _large as pointed out by liard et al. [W("“C+™N)

_ 12 13~ —
potentials than in the elastic channel exist as shown in Table=3-0 MeV andW(*“C+7C)=17.3 MeV] [2]. Thus, the
. door-way-state molecltilar 1resonanceéme_ total widths
In the 12C+12C system sharp and isolated resonances arg 100—200 keV of the “*C+ °C system which are strongly
observed, while in thé2C+ 3C system no such phenomena correlated to the elastic channel are smeared out almost com-

; : : 13
have been reported so far, although many experimental stug-:gge!y tt’%/ t?zléil—blsaoNl’ptIO? effect in thC-+*°C systemand
ies for this aim have been devotglb,16,17,19 Such sharp n the system.

resonances have been explained by using the doorway state
model [29,30] based on the'’C+'%C inelastic channels,
where very weakly absorbing potential between #%& nu-

clei are assumed, which is comparable with the imaginary
part of the elastic-channel potential used in thHe+13C We have made analysis for the elastic and inelastic scat-
OCRC calculation in this report. tering of the 12C+13N and '2C+13C systems with use of

IV. SUMMARY AND DISCUSSION
WITH THE MOLECULAR-ORBITAL PICTURE
OF THE VALENCE NUCLEON
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the OCRC method, by taking into account of the core T | - T " T " T
(*2C) exchange processes and by adopting the channels re- 101
lated to the valence nucleon statps, s3, d3, andd? in the
nuclei 3N and '3C. The parameters of the potentidfc 100F
between two core nuclei are adjusted so as to reproduce the

data of the angular distributions of the elastic and the inelas- 310'1 3 E
tic scattering of the system?C+13C at eight points of the =
energies fronE,,=7.8 to 12.72 MeV[9], and the fusion o 0% 3
cross sections at energies below the Coulomb bartig) =

The *2C+ 13N elastic scattering is analyzed by using the ~ © 1%°F 13C(12C,12C)13C*(3.09 MeV, 1/2+) 3
same optical potential - as obtained in the analysis of the %10_4'_ . without core-core int.

12C+13C system. The result of the OCRC calculation repro- / —— with core-core int.
duces the data of the elastic scattering measureH_at /

=7.824,9.6, and 14.16 MeV nicely especially at forward R S

angles, although the enhancement of the cross sections is not 6 8 10 12

enough to trace the data at backward angles at higher energy. E_,, (MeV)
We tested the calculation by adopting the poteriiak (a) o

for the 12C+13N system with the parameter of five times

weaker depth of the imaginary potential, which has been
introduced in the one-channel analysis byrdedet al. [2].

However, this deteriorates clearly the result of the angular 101
distributions at forward angles, indicating that the suggested
weak-absorption potential is not likely in the present four-
channel OCRC analysis.

Concerning the core-core potenté ¢, (i) the real parts
used in the analysis depend on the parity of the total system,
and (ii) the imaginary parts do on the channels of the elastic
and inelastic scattering, that is, the depth of the imaginary
part for the inelastic channels is much larger than that for the
elastic channel. The above ite) reflects the insufficient
truncation of the space spanned by the channel wave func-
tions probably.

On the other hand, the latter itefii) may reflect the [ | , | , . . ,
following two effects, i.e.,(@) the emission and/or breakup 6 8 10 12
processes of the valence nucleon #éndhe transitions to the E  (MeV)
channels not taken into account in this paper explicitly, (b) em
which are followed by the fusion processes. The effegt
possibly stems strongly from the inelastic channels where the FIG. 15. Excitation functions for the integrated cross sections of
valence nucleon is loosely bound and the wave functionshe inelastic scattering®C(*2C, 12C)13C* (3.09 MeV, 3 ) (upper
extend far outside of the potential barrier. Thus, strongepart of the figurg and 13N(*2C, 12C)13N* (2.36 MeV, 1) (lower
absorption occurs in the inelastic channels than in the elastigart of the figurg The solid and dashed curves show the OCRC
channel. Such a kind of mechanism of the absorption in thealculations with and without the dipol&() coupling interactions
excited channels has been also discussed recently by Hussélwe to the core-core interaction, respectively.

et al. [28] theoretically. The latter effectd) may arise also 13 I h lecular sh )
strongly from the inelastic channels as compared with the"  C SyStemallows the molecular sharp resonances to exist

effect of the transitions directly from the elastic channel to"ith the large fractions of the decaying widths to the elastic

the channels mentioned above, i.e., the highly excited-state"annel29,30. _ L .
channels, because the inelastic channels are energetically W& checked the effects of the dipole-transition interaction

closer to these excited-state channels. As these channels %@{n_lng from the core-core potentislc. Our primary mo-

to be closed at lower bombarding energies, the transitions jHVation is due to the very long tail of the wave function of
the peripheral region, i.e., the direct reactions from the inthe excited state'3N*(3*, 2s3), which may enhance the
elastic channels to them may be suppressed at energidipole (E1) transition induced by the core-core Coulomb
treated here. Thus, the colliding nuclei are trapped deeplinteraction. However, the effects are so weak that no sizable
within the potentials of the excited-state channels, and thenhange is seen in the calculations of the cross sections. This
fuse with each other into the compound nucleus emitting as in contrast to the strong dipolé={) transitions observed
proton, a neutron, and an alpha particle as shown in Fig. Iin the heavy-ion scattering.0—14 on 2°8pPb of 13N, etc., at
This fusion mechanism may make a contribution also to theéhe incident energies of several tens MeV/

enhancement of the absorption in the inelastic channels. In The CRC effects of the present four-channel OCRC cal-
the elastic channel, on the other hand, the existence of theulations for the2C+ 13N system as well as for thé?C
weaker absorption potential is plausible from the view point+13C system were very strong, as has been already pointed
that the '2C+%2C system (core-core system of thé?C  out in the previous papef,5,8,9 with the three-channel

104 £

o (13N"(1/2 *)) (mb)

13N(12C,12C)13N"(2.36 MeV,1/2*)
103§ E
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FIG. 16. Total angular momentum distributions(af the partial cross sections’'= "~ (J: total angular momentund]: total parity), (b)
=" and(c) the sum ofe”'=~ ando”=* at energyE. ,=5.5 MeV. The squares and the circles connected by the solid lines show the
OCRC calculation with and without the dipol&1) coupling interactions due to the core-core interactions, respectively.

(p3, s, andd3) OCRC analysis for thé?C+13C system. In  13C, as seen in Fig. 2. Thus, the mixing of the channel wave
the four-channel OCRC analysis, however, we had mucHiunctions[see Eq.(15)] in the 12C+ 13N system, especially
stronger CRC effects due to the participation of techan-  the mixing of the different parity states causing the hybrid-
nels into the CRC schemes. Namely the direct coupling inization is weaker than in thé?C+*3C system.
teractionsU;; between thed3 and other channels, particu-  The hybridization causes a specific configuration of the
larly between thed? and p3 channels enhance the CRC valence nucleon in the adiabatic ground states, i.e., the cova-
effects of the system, as the result of stronger hybridizatiotent molecular configuration where the density probability of
where the valence nucleon orbit is greatly distorted in thahe valence nucleon concentrates at the middle on the mo-
field of the approaching nucleus along the axis joining thdecular axis of the systems, as seen in Fig. 18. As found from
two center of masses of two core nuclei. this figure, the concentration in tHéC+ 13C system is more
The CRC effects for thé2C+ 13N and 12C+13C systems pronounced than in thé?C+ 3N system, reflecting the re-
are compared with each other. Generally we observe strongsult of stronger hybridization in thé*C+3C system.
CRC effects in the latter than in the former. The molecular The fusion cross sections of the CRC calculation of the
orbital picture can be employed to explain the above feature!?C+ 13C system at energies below the Coulomb barrier are
if the CRC effects are determineat each distance of the strongly enhanced as compared with those of the one-
relative motion in an adiabatic approaclGenerally in the channel calculation. This is possibly explained by the follow-
12C+ 13N system the magnitudes of the coupling interac-ing two reasons related to the covalent molecular-orbital for-
tions between the1 elastic and thes, d3, or d3 inelastic  mation of the valence neutrofi) One of them is that the
channels at a fixed distance in the peripheral region arearrier height of the adiabatic potential,_,(r) correspond-
weaker than in the'?C+13C system. This is because the ing to the energetically lowegtovalent moleculestate is
wave functions of thes3, d2, andd? states of the valence lowered as compared to the diagonal poteritig)(r) of the
nucleon in 13N extend to larger distances than those inincident channel in the original OCRC basis. This is shown
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g 100 | 12C + 13C £ ;
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FIG. 17. (a) Absorption cross sections of tHéC+13C and *2C+'2C systemgleft part of the figurg, and (b) those of the*>C+ 13N

system(right part of the figurg The solid curves show the four-channel OCRC calculations and the dashed curves the one-channel

calculations. The open circles in the left figure show the experimental data of the fusion cross sections-f6r+héC system, and the
closed circles the data for tHéC+*2C system which are picked up from REL5] at off-resonance energies for the quasimolecular states.
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12C + 13C

10} .\‘x.:\~\ S 12C+13C;  Jn=7/2+

(V1) U, (0) (MeV)

4 distance of barrier top

Density of valence particle (arb. units)

FIG. 19. Adiabatic potential diagram for tHéC+ 13C system.
(2) (b) The respective curves show the quantitiég(r) —Uy,(r), where
e . . 75(r) is the adiabatic potential of the RMO stat@™ defined by
FIG. 18. Densn_ty distributions of the valence particles in the Eq. (16) in the text andJ ,(r) the channel-diagonal interaction in
ground RMO(rotating molecular orbital: see the testates at the the original OCRC basis functions. It is found that the adiabatic

H H — H 12 13
!nternulczlearglstance—7.8 fm (@) in the *“C+"°C system andb) antia) of the ground RMO state is much lower thantthg(r) in
in the *“C+*°N system. The positions of the core nuclei for the the interaction region.

respective systems are marked by arrows.

) ) ) ) _ We have also pointed out that the absorption mechanism
in Fig. 19, where the potential§ 7',(r)=U1i(r); P jn the 12C+13C system is related to the molecular resonance
=1,...,n] are shown as a function of the radial distance phenomena observed in tH&C+12C system where a weak
The difference[ 7/,—1(r) —U1y(r)] is about—0.5 MeV at  gpgorption potential exists. In th#C+13C system, how-

the distancer ~8.0 fm where the potential has the barrier gyer, the couplings to the inelastic channels make the absorp-
top. This decrease causes the enhancement of the fusigg, stronger. Thus, the sharp resonances of ¥#@+1C

cross sections observed in the OCRC calculati@n. The system are smeared out completely in ff€+13C system
other reason is that the depW,_,(r) of the imaginary e to this CRC mechanism.

potential for the adiabatic state of the covalent molecular Finally we again emphasize that our OCRC model ex-

configuration(p=1) is deeper than the depth of the imagi- yjains, using the charge symmetric reaction mechanism with

nary potentiaWV;—,(r) of the incident channeli1) of the  the strong CRC effects, the experimental data for the elastic
original OCRC basis, because of the following relation: scattering of!3N on 12C measured by Ligardet al. [2] as

n 5 well as those for the elastic and inelastic scatteringaf on
Wo—a(1) =2, Wi(N)AZ (1) <W;_(r); 12C measured by Voiet al.[9]. In our calculation such a big
i=1 . - .
loss of the charge symmetry as pointed out bynkiel et al.
if Wi(r)<Wy(r) for j=2, [2] has not been found. The loss may come from insufficient

space truncation with respect to two-fragment direct-reaction
where Aj,_(r) are the transformation coefficients for the channels which are explicitly treated in this paper. It is not
adiabatic stat@=1 defined by Eqs(15) and(16). We have  jmportant to pay special attention to the difference of the
employed stronger depth of th(r) (j=2) for the inelas-  decay schemes of the compound nuclei corresponding to the
tic channels than that for the elastic channel, as listed irﬂespective scattering systems in order to explain the charge

Table Ill. Therefore, the depth of the imaginary potential gsymmetry between th&C+ 3N and 2C+ 3C systems.
W,=1(r) for the adiabatic statp=1 is much deeper than

that of the W;_,(r) for incident channel of the original
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