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Angular distributions for elastic and inelastic scattering of the F+ C system leading to the

(g.s.), ~ (0.197 MeV), ~ (1.554 MeV), and s+ (2.780 MeV) states in F were calculated

with a coupled channels (CC) method using cluster folding (CF) interactions based on a ' 0+t+' C

three-body model at EL, ( C)=30—60 MeV. The calculations reproduce well the experimental angular

distributions for the elastic and inelastic scattering to the ~ and ~ states at all energies, although

for the inelastic scattering to the ~ and 2 states the phases of the calculated angular distributions

seem to be shifted slightly backward from the experimental ones. The calculations are compared

with the CC calculations using Woods-Saxon interaction in order to investigate the effect of the

shape of the interaction.

PACS number(s): 25.70.8c

I. INTRGDUCTIGN

In the F+ C system, it has been found [1,2] that
the phases of the angular distributions of the difFeren-
tial cross sections for inelastic scattering leading to the
lowest s (0.197 MeV) and s2(1.554 MeV) states in
~sF at EL, (~sC)=30—60 MeV cannot be reproduced by
distorted-wave Born approximation (DWBA) and cou-
pled channels (CC) calculations with usual macroscopic
rotational form factors. These states are interpreted as
members of the ground-state (K =2 ) rotational band.i+
They are expected, therefore, to be populated strongly
by the L = 2 transition and to show a phase relation
predicted by the usual DWBA and CC calculations with
macroscopic form factors, in which the oscillation for in-
elastic scattering is almost out of phase with the one for
elastic scattering. However, it was found that the ex-
perimental angular distributions for inelastic scattering
to the lowest 2 and 2 states are shifted forward with
respect to the predicted ones. The most remarkable dis-
crepancy can be seen in the data at 40 MeV, where the
phases of the angular distribution for inelastic scattering
to the 2 and 2 states are almost in phase with the
experimental one for elastic scattering and out of phase
with the predicted ones including only the L = 2 cou-
pling as shown in Figs. 2 and 3 of Ref. [1], although
inclusion of the I = 4 coupling improves the fit of the

Deceased.

calculations to the data as shown by the dashed lines in
Fig. 10 of Ref. [2]. In addition, it should be noted that
the angular distribution for inelastic scattering to the 2+
(4.439 MeV) state of ~2C is almost out of phase with that
for elastic scattering and reproduced by a usual CC cal-
culation as shown in Fig. 6 of Ref. [2]. A recent study [2]
has shown that the CC calculations including a repulsive
spin-orbit (SO) force reproduce well the above angular
distributions at all the energies. However, the origin of
the phenomenological SO force introduced is not clear.
As mentioned in Sec. II, the theoretical SO force ex-
pected from the folding model is attractive and about
one order of magnitude smaller than the SO force of Ref.
[2]. The phenomenological SO force, therefore, could not
be simply considered to be a bare SO interaction, but
may reflect various eHects ignored in the above CC cal-
culations. One of the possible origins of the present phase
anomaly is due to the structure of the F nucleus.

In the past decade, CC and continuum-discretized cou-
pled channels (CDCC) studies [3—8] using cluster-folding
(CF) and double-folding (DF) interactions have been per-
formed for scattering by polarized or unpolarized light-
heavy beams ( Li, Li, Be, ~2C, and so on) which
have well-develdped cluster structures and have provided
a successful understanding of the experimental data of
both cross sections and spin observables. These CC and
CDCC studies have clearly shown that virtual excitations
of the incident light-heavy ions to bound states and/or
continu»m states produce e8'ective interactions, i.e., cen-
tral and spin-dependent ones. As for the case of F,
Ohkubo and Kamimura [9] have applied the CC method
using a CF interaction to the elastic scattering of F on

Si at EI, ——60 MeV in order to investigate the dynami-
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cally induced SO interaction in the F+ Si system. The
low-lying positive parity states of F are considered to
have a cluster structure of t+ 0 configuration [10,11].
In this study [9], however, inelastic scattering was not
described at all.

In the present work, we have investigated how phases of
the angular distributions for elastic and inelastic scatter-
ing are affected by the CC calculations with the CF or DF
interaction for the F+ C system. We have employed
a CF interaction based on the 0+t+ C three-body
model, for simplicity, and performed the analyses of the
elastic and inelastic scattering for the F+ C system
at Er, ( C)=30.01, 40.32, 50.04, and 60.06 MeV, taking
into account the coupling of the four low-lying positive

parity states of isF, i.e. , the 2 (g.s.), ~ (0.197 MeV),

(1.554 MeV), and 2 (2.780 MeV) states.

II. PROCEDURE OF THE ANALYSIS

The theoretical &amework of the coupled channels

(CC) method using the cluster-folding (CF) interaction
based on the three-body model as well as its applica-
tions to light-heavy ion scattering is given in many pa-
pers [3,4,6,7]. The analyses were performed according
to the following procedure. The low-lying positive par-
ity states of F were assumed to be constructed from a
t+ 0 cluster. In the CF model, the diagonal and nondi-
agonal F+ C interactions are constructed by folding
the existing t+ C and 0+ C optical potentials as

The optical potentials for the t+ C system at El, (t) =
7.5, 10.1, 12.5, and 15.0 MeV should be used in the
present analyses, corresponding to the incident energies
of 30.01, 40.32, 50.04, and 60.06 MeV, respectively, of C
for the F+ C system. Although several sets of optical
potentials for the t+i2C system are available [17—20] in
the present energy region, we adopted the optical poten-
tials determined by Fick et al. at El, (t) = 8.97 and 10.97
MeV [20] (abbreviated to the 9 and ll MeV potentials
hereafter). These potentials were deduced from both dif-
ferential cross section and vector analyzing powers with
a polarized triton beam, while the others [17—19] were
determined with an unpolarized triton beam.

As for the optical potentials for the 0+ C system,
those at Er, ( O)=40.0, 53.8, 66.7, and 80.1 MeV are
needed. The parameters of the four 0+ C optical po-
tentials adopted in the present analyses are given in Table
I. The potential set A was determined at El, ( O)=42
MeV by Voos, von Ortzen, and Bock [21] and used in
the analysis of the data at EL, ( zC)=30.01 MeV for the

F+ C system. Set B has been determined so as to re-
produce the differential cross sections at forward angles

(0, ( 60 ) for the elastic scattering at El. ( O)=52.7
and 55.1 MeV. These data have been obtained by using
the Kyushu University Tandem Accelerator in order to
study the spin alignment of the 3 (6.13 MeV) state of
i 0 from sO+i2C inelastic scattering [22]. The param-
eters of the potential were searched automatically with
the optical model code sEARcH [23] by starting from the
potential [24] which was determined by Charles et al.
to reproduce the forward angle cross sections around
EL, ( sO)=52.5 MeV. Figure 1 shows the results of the

V~ (R) = (g;(r) ~Vq(R+ isr) + V~(R —isr) ~Q~(r)) .
10 ELh$TIC

Here Vq and Vo are the t+ C and 0+ C optical po-
tentials evaluated at Er, (t) = isEL, ( F) and EL, ( 0)=
isEI, ( F), respectively, while Q, (Q~) represents the
wave function for the t+ 0 relative motion in the ith
(jth) state of isF. The wave functions of the ground
and excited states of F were constructed according to
the t+i 0 cluster model given by Buck and Pilt [10],
in the present work. This model treats the low-lying
positive parity states of F as eigenstates of a local
t+ 0 potential and reproduces well the observed prop-
erties of these states [10]. The low-lying negative parity
states, e.g. , 2 (0.110 MeV), 2 (1.346 MeV), and—
(1.459 MeV) states, can be considered to be n+ N clus-
ter states [10,11] and then cannot be treated within the
fralnework of the 0+4+ C three-body model. In the
present analyses, therefore, these low-lying negative par-
ity states were neglected, although significant Ps values

have been obtained for the 2 state &om the DWBA
analyses of the light ion inelastic data [12—15]. The cal-
culations of the wave functions @; and the interactions
V;i were carried out by using a computer code [16] which
was developed for construction of the wave functions and
the interactions used in the CDCC calculations for ' Li
by Kamimura and collaborators and modified for F by
Kamimura.
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FIG. 1. Optical model calculations for the 0+ C system
using the potential set B in Table I at Er, ( O)=52 7and.
55.1 MeV. The experimental data were obtained by using the
Kyushu University Tandem Accelerator. For details, see text.
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TABLE I. Parameters of 0+ C optical potentials.

Set
A
Bc

Dd

&~("o)
(MeV)

42
52.7,55.1

65
80

V
(MeV)

25
90.0
100
100

&R

(fm)
1.22
1.16
1.18
1.09

(fm)
0.49
0.49
0.45
0.54

(MeV)
139.0
18.5
30.0
30.0

&I

(fm)
0.75
0.90
1.25
1.21

(fm)
0.38
0.30
0.18
0.27

(fm)
1.4
1.4
1.45
1.45

x/3 x/3Wood-Saxon form is assumed. The radii are defined as Rn, z, c = rR, s,o(A„+A~ ).
Reference [21I.

'Determined in the present work.
Reference [25].

2.780

2,4,6,8

9/2

optical model calculation using the potential set B with
the experimental data. The potential set B improves the
6t of the CC calculation to the data compared with the
potential by Charles et al. and was used in the analysis
at Er, (~~C)= 40.32 MeV for the ~sF+~~C system. Sets
C and D have been determined at Eg(~ O)=65 and 80
MeV, respectively, by Gutbrod et al. [25] and used in the
analyses at EL, (~~C)= 50.04 and 60 06 M. eV, respectively

The CC calculations were performed with the diago-
nal (i = j) and coupling (i P j) potentials V.

z obtained
above. In the standard CC method with a CF interac-
tion, once a certain set of potential parameters for Vq

and V~ are chosen, there is no adjustable parameter in
the calculations. For I.i-nucleus scattering, additional
renormalization factors for the real and imaginary parts
of CF model interactions have been introduced in or-
der to get a reasonable Ht to the data [26—28]. In the
present system, however, these renormalization factors
were not needed. The angular distributions of the di6er-
ential cross sections of the elastic and inelastic scattering
for the F+ C system leading to the z, z, z, andy+ 5+ 3+

states in ~sF were obtained. The coupling scheme is
illustrated in Fig. 2. Angular momentum transfers up to

8A were taken into account in the calculations. The cal-
culations were carried out using a coupled channels code
[29] developed by Kamimura and collaborators.

In the present analyses the folding SO interaction and
the Coulomb excitation were not included for simplicity.
The cluster-folding SO potential for the ground state is
obtained by calculating Eqs. (3) and (4) of Ref. [30]. The
values obtained by using the 9 and 11 MeV potentials
of Ref. [20] are —2.3 and —4.4 keV, respectively, at the
strong absorption radius R, = 1.5 x (19~~s+ 12~~s) = 7.4
fm. The absolute values are about one order of magni-
tude smaller than that (26.5 keV) of the empirical SO
potential introduced in Ref. [2], and the signs are oppo-
site the empirical one. In the present case, therefore, the
inHuence of the cluster-folding SO potential is expected
to be small. The CC calculations including a Coulomb

excitation were performed among the ~, ~, and ~
states. The inQuence of the Coulomb excitation was small
on both the magnitude and phase of the cross sections
in the present regions of energy and angle, and the con-
clusions obtained by the present study were not altered
by the absence of the Coulomb excitation at least within
the three-channel calculations. The main purpose of the
present paper is to examine the effect of the shape of
the nuclear interaction. We have ignored the Coulomb
excitation in the present analyses in order to avoid an
increase of computing time by including the z state.

III. RESULTS AND DISCUSSIONS

1.554 2,4 3/2'
A. Results of full CC calculations

2,4,6

0.197
0.0

2,4

5/2'

1 /2+

FIG. 2. FuH coupling scheme for the calculations. The
numbers alongside each arrow represent the values of trans-
ferred angular momenta.

The results of the full CC calculations are shown in
Figs. 3—6. The result (dashed lines) obtained by using
the 9 MeV potential of Ref. [20] as the t+ G optical
potential and that (solid lines) by using the 11 MeV po-
tential are in good agreement with each other at all ener-
gies. The experimental angular distributions for elastic
scattering are reproduced well by the calculations at all
energies except minor discrepancies. These discrepan-
cies xnight be eliminated if more suitable potentials are
used as Vq or V~. For inelastic scattering to the

&
and

states (only the
&

state for the 30 MeV data), the
magnitude and shape of the angular distributions are re-
produced fairly well by the calculations, but the phases
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FIG. 3. Results of full CC calculations at Er, ( C)=30.01
MeV. The dashed and solid lines show the results using the
t+ C optical potentials determined at Er, (t) = 8.97 and
10.97 MeV, respectively.

FIG. 5. Same as Fig. 3, but at Er, ( C)=50.04 MeV.
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FIG. 4. Same as Fig. 3, but at El, ( C)=40.32 MeV.
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FIG. 6. Same as Fig. 3, but at El, ( C)=60.06 MeV.
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seexn to be shifted slightly forward from the calculations,
as in the analyses [1,2] with a macroscopic model, at all
the energies.

All the 60+ C optical potentials used here do not
reproduce the backward angle cross sections for the

0+ C elastic scattering as shown in Fig. 1 for the
potential set B. It is considered [31] that the backward
rise of the differential cross sections in the elastic scat-
tering for this systexn is due to elastic transfer of an n
particle. In the present analyses, however, we treat only
the forward angle data and the inBuence of elastic trans-
fer has been considered [32] to be small at forward angles.
All the potentials given in Table I have been obtained so
as to reproduce only the forward angle data. These po-
tentials may not be "bare" 0+ G optical ones. We
think, however, it is worthwhile that the CC calculations
using the potentials in Table I give reasonable fits to the
data.

1P
CL

1P

1P

1P

1 P
2

1P
E

0
10

10

B. Coupling efFects of individual channels
1P

In order to investigate how the CC calculations, taking
account of the efFects of the structure of ~ F, afFect the
cross sections for elastic and inelastic scattering, we first
examined the coupling efFects of the individual channels.
Five types of CC calculations were compared; the ~sF

states included in the five calculations were (i) the z~

(ground) state only, (ii) the 2 and 2 states, (iii) the

and 2 states, (iv) 2+, 2, and — states, and (v)

, and 2 states. The results at 40.32
MeV are shown in Fig. 7. The 11 MeV potential of Ref.
[20] and the potential set B in Table I were used as Vq

and Vo, respectively. The phases of the angular distribu-
tions for the elastic scattering by the (i) one-channel, (ii)
two-channel (2 -2 ), and (iii) two-channel (2 -2 ) cal-
culations are shifted slightly forward Rom the one by the
(v) four-channel calculation (namely, the full CC calcu-
lation), while for inelastic scattering the phases by both
two-channel calculations are shifted very slightly back-
ward from the full CC calculation and the magnitudes
increase a little. The results of the (iv) three-channel

(2 -2 -2 ) calculation are in good agreement with theq+ 5+ 3+

ones of the (v) full CC calculation except for the
state. The long-dashed line (the three-channel calcula-

tion) for the — state deviates a little upward &om the
solid line (the full CC calculation). Namely, the role of
the 2 state is very small for the ground and 2 states,g+ 3+

and even for the 2 state only the magnitude of the an-

gular distribution is slightly affected by including the 2
state, but the phase is hardly afFected.

Figure 8 shows the results of the one-channel calcula-
tions, namely, the usual potential scattering calculations
by the use of the CF interactions, and the ones of the
full CC calculations for elastic scattering at the four en-
ergies. The 11 MeV potential was used as Vq. The dotted
and solid lines indicate the results of the one-channel cal-
culations and the full CC ones, respectively, without the
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0, (deg)

FIG. 8. Results of the CC calculations for the elastic scat-
tering at the four energies. The dotted lines show the re-
sults of the one-channel calculations, namely, usual potential
scattering calculations, and the solid lines show those of the
four-channel CC calculations.

4 —CH.
—3

1 I I I I I I I I

0 10 20 30 40 50 60 70 80 gp

8, (deg)

FIG 7. Ef.Fect of channel coupling at EI, ( C)=40.32 MeV.
For details, see text.
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additional renormalization factors. There are remarkable
differences between the one-channel calculations and the
full CC ones, and the experimental data are well repro-
duced by the full CC calculations at all energies. As
mentioned before, the phases of the angular distributions
by the full CC calculations are shifted slightly backward
&om the ones by the one-channel calculations. If we try
to 6t reasonably the results of the full CC calculations
by the one-channel calculations with the CF interactions
multiplied by the renormalization factors, N~ for the real
part and Nl for the imaginary part, the following values
are needed: (N~, NI) = (0.68, 3.5), (0.72,3.0), (0.82,2.4),
and (0.85,1.8) at Ei, ( C)=30.01, 40.32, 50.04, and 60.06
MeV, respectively. Two extreme cases of dynamical po-
larization (DP) potentials have been well investigated
[6,7,33]: One is the usual DP potential induced by ex-
citation of collective modes [34,35], having a very small
real part (6V 0) and a sizable and absorptive imag-
inary part (b,W & 0), and the other is that induced by
coupling to the breakup channels [5—7], having a repulsive
real part (b,V ) 0) and a negligible small imaginary part
(AW 0). The present case, in which the real DP po-
tentials are repulsive (b,V ) 0) and the imaginary parts

CC

—1
10

are strongly absorptive (AW & 0), is difFerent f'rom the
above two cases. Although further investigation is nec-
essary in order to understand the meaning of the present
DP potentials, it should be noted that the present DP po-
tentials are caused at least partly by the L = 4 coupling
between the 2 and 2 states as mentioned below.5+ 3+

The role of the coupling between the 2 and 2 states
was examined in order to clear up the difference of the
phases between the two- and three-channel calculations,
because the effect of including the 2 state is small, espe-
cially on the phase. The L = 2 and 4 couplings can exist
between the 2 and

&
states. Fj.gure 9 shows the re-5+ 3+

suits of the three-channel calculations- at 40.32 MeV. The
used potentials are the same as in Fig. 7. The solid lines
indicate the result with both the L = 2 and 4 couplings.
The dashed and dotted lines indicate the results without
the L = 4 coupling between the 2 and 2 states and5+ 3+

without all the L = 4 couplings, respectively. As shown

in Fig. 9, if the L = 4 coupling between the 2 and 2
states is excluded, the peaks and valleys of the angular
distribution for the elastic scattering are shifted forward
and those for the inelastic one are very slightly shifted

backward. Thus the L = 4 coupling between the 2 and5+

states improves the fit, particularly for elastic scatter-
ing, and then contributes the DP potentials as mentioned
above. On the other hand, the L = 2 coupling between

the 2 and 2 states scarcely affected the phase.5+ 3+

10 C. EfFects of the structure of ~9F

2
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Ocm (deg)

FIG. 9. Effect of the coupling between the — and
states at Ei, ( C)=40.32 MeV. The solid lines indicate the re-

sult of the three-channel CC calculation with both the L = 2

and 4 couplings between the 2 and ~ states. The dashed
and dotted lines indicate the results without the I = 4 cou-

pling between the 2 and 2 states and without all the L = 4

coupiings (i.e., the L = 4 coupling between the 2 and-
states and the L = 4 reorientation coupling of the — state),
respectively.

Next we investigated how the shape of the interaction
affects the differential cross sections. Figure 10 shows

the diagonal form factor of the ground state at 40.32
MeV with the 11 MeV potential of Ref. [20] as Vq and
the potential set B in Table I as V~. The form factors
obtained by the CF model are given as the sum of the
interaction between core cluster (~sO) and partner nuclei
(~2C) and the one between the valence cluster (t) and

partner one (~2C). In the cluster model, the ratio of the
distance of the 0 core cluster &om the center of mass

of F to the one of the t valence cluster from the center
of mass of F is ~~. Therefore, in the surface region (i.e. ,

in the vicinity of the strong absorption radius R, —7.4
fm), the interactions have two components of difFerent

slopes, and in the region of larger distances only the t
component contributes.

We examined the role of the shape of the interaction by
comparing the CC calculation using the CF interaction
with that using a Woods-Saxon- (WS-) type optical po-
tential. We compared the results of the four-channel cal-
culations. The result at 40.32 MeV is shown in Fig. 11.
The dotted lines indicate the result of the four-channel
calculation with the WS optical potential which was ob-
tained so as to Gt the angular distribution for the elastic
scattering obtained by the four-channel calculation with
the CF interaction. The 40 MeV potential not including
the SO force in Table 2 of Ref. [2] was used as the starting
potential. The CC calculation was performed by using
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c

0
CD p
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a heavy ion version [36] of the CC code JUPIToR-1 [37].
The deformation parameters P2 ——0.22 and P4 ——0.06
were used, and the L = 2 and 4 couplings were taken into
account according to Eqs. (15) and (16) of Ref. [38]. The
Coulomb excitation was not included. As shown in Fig.

11, the CC calculation with the WS potential reproduces
very well the angular distributions &om the CC calcula-
tions with the CF interaction except for discrepancy for

the 2 state. Similar results were obtained also at other
three energies. The dashed lines in Fig. 11 indicate the
result of the four-channel calculation using the CF in-
teraction without the L = 6 and 8 couplings, which can
be compared directly with the calculation by the use of
JUPITQR-1 taking account of the multipole transitions up
to 4. As seenin Fig. 11, theeHect ofthe I = 6and8cou-
plings is small even for the 2 state. Further, we exam-
ined the role of the L = 4 coupling in the CC calculation
with the WS potential. In Fig. 12 the solid and dashed
lines indicate the results of the four- and three-channel
calculations, respectively, including the L = 2 and 4 cou-
plings at 40.32 MeV. The calculations were performed
using the same WS potential and the same deformation
parameters as used in Fig. 11. The hexadecapole defor-
mation was included according to Eqs. (15) and (16) of
Ref. [38] even when the I, = 4 coupling was not taken
into account in the CC calculations. The result of the
three-channel calculation for the 2, 2 and 2 statesg+ 5+ 3+

is in. good agreement with that of the four-channel one.
This situation is the same as the case of the three- and
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FIG. 10. Cluster-folding form factors for 40.32 MeV ob-
tained using set B in Table I and the 11 MeV potential of
Ref. [20] as Vo and Vt. , respectively. The (a) real and (b)
imaginary parts of the diagonal potential for the ground state
are shown. The dotted and dashed lines indicate the t+ C
and ' 0+ C components, respectively. The solid lines in-
dicate the total folding interactions, i.e., the sum of the two
components.
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FIG. 11. Comparison of the result of the four-channel cal-
culation using the Woods-Saxon interaction (dotted lines)
with that using the cluster-folding interaction (solid lines) at
40.32 MeV. For details, see text. The dashed lines indicate the
result using the cluster-folding interaction without the L = 6
and 8 couplings. The parameters of the used Woods-Saxon
potential are as follows: V = 19.63 MeV, rR = 1.277 fm,
a~ = 0.620 fm, W = 4.41 MeV, rI = 1.424 fm, aI = 0.620
fm, and r~ ——1.2 fm.
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four-channel calculations with the CF interaction shown
in Fig. 7. The dotted lines in Fig. 12 indicate the result
of the three-channel calculation with the WS interaction
including only the I = 2 coupling. The dotted line for
the elastic scattering is shifted slightly forward from the
dashed and solid lines, whereas for the inelastic scatter-
ing changes of the phases are not evident, though the
upward deviations are seen. This situation is also very
similar to the case of using the CF interaction as shown
in Fig. 9.

Earlier studies [1,2] have found for the so-called phase
anomaly for the F+ C system that the angular dis-
tributions for elastic and inelastic scattering leading to
the 2 and 2 states cannot be reproduced by the CC5+ 3+

calculations with the WS potentials and the rotational
form factors, but are reproduced by the CC calcula-
tions including the additional SO forces. Therefore it is
concluded kom the fact described above that the shape
of the CF interaction has no recognizable effect on the
present phase problem.

FIG. 12. EKect of the L = 4 coupling in the CC calcu-
lation using the Woods-Saxon potential. The dotted and
dashed lines indicate the results of the three-channel calcu-
lations with the L = 2 coupling and with the L = 2 and 4

couplings, respectively. The solid lines show the result of the
four-channel calculation with the L = 2 and 4 couplings.

IV. SUMMARY AND CONCLUSIONS

Coupled channels calculations using cluster-folding in-
teractions were performed based on the 0+t+ C
three-body model for the F+ C system, considering
the low-lying positive parity states of F as the cluster
ones of the t+ 0 configuration. The angular distribu-
tions of the differential cross sections for elastic scattering
are reproduced well by the calculation at all the energies.

For inelastic scattering to the 2 and 2 states, the an-
gular distributions are reproduced fairly well by the cal-
culations, although the phases of the calculated angular
distributions seem to be shifted slightly backward &om
the experimental ones.

In order to investigate how the CC calculations with
the CF interaction, taking account of the effect of the
structure of 9F, affect the angular distributions for elas-
tic and inelastic scattering, various effects were exam-
ined. First, the coupling effects of the individual channels
were examined. The results are summarized as follows.
The full CC calculations reproduce the data for elastic
scattering at all the energies, while the one-channel cal-

culations do not reproduce the data. The effect of the

state is small for both elastic and inelastic scattering

to the 2 and 2 states. The I = 4 coupling between

the 2 and 2 states is important for reproducing the
phases of the angular distributions for elastic scattering.
The phases of the angular distributions for inelastic scat-
tering were little influenced by the couplings examined
in this work. Next we examined the effect of the shape
of the interaction by comparing with the CC calculations
using the Woods-Saxon (WS) interactions. As the result,
the CC calculations including the I = 4 coupling with
the appropriate WS interaction reproduced very well the
angular distributions obtained with the CF interaction.

Further, the effect of the I = 4 coupling between the 2

and z states was similarly important for the CC calcu-
lations with the WS interaction. These results show that
the shape of the CF interaction can be replaced by the
Woods-Saxon form in the present case.
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