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Optical potentials for p-shell heavy ion projectiles
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Elastic and inelastic scatterings of ' C, "C, ' N, and ' 0 projectiles on Si have been studied at
corresponding bombarding energies to the scattering in regions of the vicinity of the strong absorp-
tion radius. Optical model and microscopic double-folding model analyses have been performed in
order to define the nature of the optical potential depending on the projectiles. The analysis by the
optical model calculations showed that the shallow potential (Vz ——10 MeV) was not adequate for
reproducing both the measured elastic and inelastic angular distributions, and a spin-dependent
noncentral potential for the scattering systems "C,' N+ 'Si was indispensable for obtaining the
similar central potentials for all four projectiles. Analysis by the microscopic double-folding calcu-
lations supported the results of the optical model calculations.

I. INTRODUCTION

In general, the majority of heavy ions elastic scattering
at relatively low bombarding energies below 10 MeV per
nucleon shows the characteristic Fresnel or Fraunhofer
diffraction patterns in the angular distribution. The
scattering under these circumstances is sensitive to the
potential in the vicinity of the strong absorption radius. '

Therefore, in such a radius, the observed cross sections
are susceptible to a slight variation of the optical poten-
tial. For instance, the slope of the angular distributions
imparts the information of the strong absorption radius
and an exponentially decreasing oscillatory pattern gives
the information about the potential in a region of the nu-
clear radius, where the nuclear forces begin to act inside
the nuclear surface. The oscillatory pattern originates in
an interference of waves diffracted from the far and
near-side at the vicinity of the strong absorption radius,
where the waves diffracted from the far-side enhances an
effect of a short ranged attraction force at the nuclear
surface. In such a surface region, the nuclear force may
be so sensitive that one may perceive a somewhat weak
surface-type potential, adding to the strong central poten-
tial. As the surface-type potential, a spin-orbit force aris-
ing from the valence nucleon(s) of the nucleus, is com-
monly thought. The spin-orbit potential for the heavy
ion scattering is much weaker in proportion to 1/Az
than for the light ion scattering, ' where Ap is a projec-
tile mass. However, the experimental evidence has been
accumulating to indicate that a spin-dependent effect is
much stronger for the transfer reaction. This effect of
the optical potential, depending on the spin of the projec-
tiles, is also expected to appear for the heavy ion scatter-
ing in the vicinity of the strong absorption radius.

In the present work, the elastic and inelastic scattering

of the p-shell nuclei ' C, ' C, ' C, and ' 0 projectiles on
Si have been studied as a case for the applicability of

the projectiles dependence of the optical potentials. In
the scattering system ' 0+ Si, Cramer et al. and
Satchler suggested that the elastic scattering data, ' at
the bombarding energies between 33 and 215 MeV, are
fitted by the optical potentials with a deep and energy-
independent real part. ' This result shows that the non-
locality for the real potential of heavy ions should be even
less. Theoretically, " the reduced energy dependence of
the heavy ion real potential can be derived from a folding
model, decreasing as inverse proportion of a projectile
mass. In the present investigation of the real potential,
therefore, we assumed an energy independence of the op-
tical model parameters at nearly equal bombarding ener-
gies of the projectiles.

II. EXPERIMENTAL PROCEDURE

The elastic and first excited state inelastic differential
cross sections for the scattering of ' C, ' C, ' N, and ' 0
by Si have been measured. The ' C +, ' C +, ' N +,
and ' 0 + ions' ' were accelerated to the energies of 65,
60, 84, and 75 MeV, respectively, with the Tohoku Uni-
versity model-680 cyclotron. The target was a self-
supporting natural Si metal, 180 pg/cm in thickness.
The beam was doubly collimated to a 2)&4 mm spot on
the target. A counter system consists of two 25 pm total-
ly depleted surface barrier type silicon detectors and a
240 pm position-sensitive silicon detector. Two hE
detectors were placed in parallel with the position sensi-
tive detector, i.e., this counter system has two telescopes
4E&-E and AE2-E. Each telescope was mounted by a
tantalum plate with three slits in front of the hE detec-
tors. Using this counter system, the spectra can be mea-
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sured at six angles at the same time. The slit aperture of
detector system is 2 mm wide and 8 mm high, and the
solid angles are 1.7X 10 —2.2&& 10 sr. These solid an-
gles depend on the position of the slit because of the
geometrical condition in distance from the beam spot on
the target. The overall angular resolution, including a
beam emittance, have been determined by measuring the
kinematically spread energy spectra of ' N + ions elasti-
cally scattered from a thin Be target. This results in an
angular resolution of within 0.6' in the laboratory system.
In the present experiment, for the purpose of observation
of the exponentially decreasing oscillatory pattern in the
angular distribution, the angular resolution, within at
least 1', is required for the measurements of differential
cross section. The elastic and the inelastic differential
scattering cross sections were measured at 65 MeV for
' C, 60 MeV for ' C, 84 MeV for ' N, and 75 MeV for
' 0 for angles 7' —48' with steps of 0.7'-1.0' in the labo-
ratory system. Relative differential cross sections were
normalized by the elastic scattering yield into a fixed
monitor detector. Absolute cross sections were obtained
by normalizing the elastic scattering yield to Rutherford
cross sections at small angles, and by a determination of
the target thickness from energy loss measurements with
He ions. The uncertainty in the absolute cross sections

was estimated to be less than 5%.

III. KXPKRIMKNTAI. RKSUI.TS

Experimental elastic and first excited-state inelastic
differential scattering cross sections are shown in Figs.
1(a) and (b), respectively, together with the distorted-
wave Born approximation (DWBA) calculation curves.
The differential cross sections at E&,&

——75 MeV for the
scattering system ' 0+ Si are almost in agreement with
the results of the data at E„&——71 MeV obtained by Cra-
mer et al. However, the cross sections at forward an-
gles measured by them drop exponentially without exhib-
iting oscillations because of angular distribution measure-
ments with a large angular step. On the other hand, in
the present experiment the oscillations coupled to the ex-
ponential decay were clearly observed at forward angles.
Similarlv, in the case of the scattering system, ' N+ Si
at E&,&

——84 MeV the present cross sections are in agree-
ment with the data obtained by Kohono et al. ,

' except
for the oscillation pattern.

Figure 2 shows that the oscillation for the scattering
system ' N+ Si originates in waves diffracted from the
near- and far-side in the strong absorption region where
the short ranged attraction force begins to act at the nu-
clear surface. Theoretical curves are provided by decom-
posing the scattering amplitude into the near- and far-
side components using a conventional six-parameter
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FIG. 1. Angular distributions of (a) elastic scattering and (b) inelastic scattering in the scattering systems ' C, ' C, ' N, and
' 0+ Si. The solid and the dotted curves are the best fit to the data by the optical potential calculations with the deep and shallow
potentials, respectively. The parameters obtained from these fitting are listed in Table II.
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Woods-Saxon well potential. The dotted curve in Fig. 2
indicates the cross sections by the near-side scattering
amplitude. This angular distribution drops exponentially
without exhibiting oscillations. The dashed curve indi-
cates the cross section by the far-side scattering ampli-
tude. The far-side differential cross section at 0, =30'
is about 2 orders smaller than the near-side cross section.
Nevertheless, as shown by the solid curve, the oscillation
originated in an interference between the near- and far-
side amplitudes appeared explicitly in the angular distri-
bution reproducing the present data. Similar results were
obtained for other projectiles in the present measure-
ment.

IV. ANALYSIS

A. Optical model potentials

One of the potentials studied by Cramer et al. , called
by them A-23, had a depth fixed at V=100 MeV. This
potential gave a distinctly poorer fit to the data by Cra-
mer et al. than their shallow potential called E-18, which
had V=10 MeV. Satchler' reanalyzed the data using
the corresponding parameter values, allowing the
diffuseness of the imaginary potential depending on the
bombarding energy. This immediately allowed a good fit
to the data at the bombarding energies between 33 and
215 MeV, comparable to that obtained with the shallow
potential, with the parameter values called the A type.
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FIG. 2. The oscillation pattern of the elastic scattering in the
system ' N+' Si at the bombarding energy of 84 MeV. The
dotted curve indicates the cross section from the near-side
diffraction and the dashed curve indicates the cross section from
the far-side diffraction. The solid curve is a coherent sum of
these.

In the present analyses, the elastic and inelastic scattering
cross sections were fitted using an optical model potential
of Woods-Saxon type. The optical model calculation was
made using the computer codes ELAST2, ALPS, and
CHUCK. ' At first, we analyzed the present data in the
scattering system ' 0+ Si using the optical potential pa-
rameters obtained from the deep potential of A type by
Satchler, ' and the shallow potential of E-18 by Cramer
et al. The results of the calculations were compared
with the measured cross sections in Figs. 3(a} and (b}.
The dashed curves indicate the results of the calculations
with the deep potential A type in Fig. 3(a) and with the
shallow potential E-18 in Fig. 3(b). These potentials
could not reproduce the oscillations in the measured an-
gular distribution and seem to reproduce only the near-
side scattering cross section (see Fig. 2). We tried to
search other potential parameters to fit into the present
data. The real well depths were fixed at 100 MeV as a
deep potential and 10 MeV as a shallow potential, where
the radius parameter of the imaginary potential rI was
also fixed at 1.073 fm of the A type for the deep potential
parameter search. The results are indicated by the solid
curves in Figs. 3(a) and (b), reproducing the measured
cross section. The resulting optical potential parameters
are compared with those of Cramer et al. , and of
Satchler in Table I. It is shown in X /N values that the
fit to the data tends to be similar for the shallow and the
deep potentials. As a consequence of the above analysis,
the optical model parameters were newly searched for all
four projectiles on Si to reproduce the oscillation in the
angular distributions. As the first step of the optical po-
tential search, a conventional six-parameter Woods-
Saxon potential was used. In the deep potential parame-
ter search, the real well depths were grided on from
Vz ——60 to 100 MeV in steps of 2 MeV and all of the
remaining five parameters were free. The real well depth
of the shallow potential was fixed at 10 MeV, which is the
same as the E-18, and the other parameters were also
free. For the parameters of ' C and ' N projectiles, good
fit to the elastic data were impossible unless Vz )30
MeV. The best fit curves are compared with the elastic
scattering data in Fig. 1(a). The calculation curves with
the deep and shallow potentials are indicated by the solid
and dashed curves, respectively. The used potential pa-
rameters are listed together with the minimum values of
X /Nin Fig. 2.

The phenomenological optical potentials that give the
optimum fits to elastic scattering data are available to
evaluate the predictions of various nuclear structure
model by a comparison with inelastic scattering data. '

For the deformed nucleus, such as Si, the usual
prescription is to take a nonspherical surface, and the
spherical part is identified with the empirical optical po-
tential deduced from the elastic scattering data. An
effective interaction in the distorted wave Born approxi-
mation calculation is deduced from a slope of this poten-
tial, and the angular distribution of the inelastic scatter-
ing is determined for a given angular momentum transfer
L. Thus, this means some examination of the optical po-
tential, deduced from the elastic scattering data of the
DWBA calculation with its optical potential, reproduces
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FIG. 3. Comparison between the optical model calculations using the present parameters (solid curves), the parameters of A type
[dashed curve in (a)], and of E-18 [dashed curve in (b)] for scattering system '60+ 2sSi at 75 MeV.

the inelastic scattering data. The results of the calcula-
tions for the inelastic scattering system ' C, ' C, ' N, and
' 0+ Si' (1.78 MeV, 2+) are shown in Fig. 1(b). The
used optical potential parameters were those listed in
Table II. The Si was assumed to be an axially sym-
metric R =Rp(1+Pz Yzp), where P2 rePresents the quad-
rupole deformation parameter of the Si. The Coulomb
excitation effect was explicitly included. The value of
P2

——P2 ———0.274 was adopted for the 1.78 MeV 2+ first
excited state of Si, where notations N and C indicate the
nuclear and the Coulomb parts, respectively. This value
was deduced from the inelastic scattering data of ' 0 on

Si' at 56 MeV by Mermaz et al. ' In Fig. 1(b), the
solid and dashed curves indicate the results of the
DWBA calculations with the deep and shallow poten-
tials, respectively, and are listed in Table II. For ' C and
' 0, the solid curves reproduced the data well, but the
dashed curves could not reproduce the data. It was im-
possible to fit the dashed curves to the inelastic data by
a small variation of the optical parameters. This
discrepancy between the theoretical and experimental

cross sections is caused by the effective interaction de-
duced from the small real well depth of 10 MeV in the
shallow potential. This result suggests that a realistic
effective interaction for inelastic scattering should be de-
duced from a deep potential, which resembles a folded
potential. For the projectiles ' C and ' N, those theoreti-
cal curves obtained using the deep potential show a simi-
lar diffraction pattern, however, these could not repro-
duce the inelastic data as well as in the case for ' C and
' O. Thus, the optical potentials for ' C and ' N should
be corrected by somewhat other potentials, other than
the central potentials.

The Si nucleus is known to be a strongly deformed
rotational nucleus with an oblate deformation. Thus, in
the analysis, by means of a coupled-channel code, we at-
tempted to fit the inelastic cross sections simultaneously
with the elastic cross sections for the scattering systems
' C+ Si and ' N+ Si, using the computer code
CHUCK3. ' The quadrupole deformation parameter p2 of
the first excited state of Si was the same value used in
the analysis of the inelastic data. The results of the

TABLE I. Parameters of optical model potentials. In this table R =ro (A~ + AT ') and rc,„&
——1.0

fm.

Potential

E-18'
Present
A type
Present

(MeV)

10
10

100
100

R

(fm)

1.35
1.38
0.969
1.059

(fm)

0.681
0.456
0.745
0.610

(MeV)

23.4
41.8
44. 1

35.7

(fm)

1.23
1.13
1.073
1.073

Ql

(fm)

0.552
0.575
0.605
0.671

12.5
6.1

15.4
6.8

'Cramer et al. (Ref. 3).
Satchler (Ref. 4).
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TABLE II. Optical potential parameters fitted to the data. The imaginary potential 8'is of a volume type. The geometric radius
parameter was defined in R = ro ( A p + A T ).

Potential

12C

Shallow
Deep

13C

Shallow
Deep

14N

Shallow
Deep

16O

Shallow
Deep

E»b
(MeV)

65

60

84

75

(MeV)

10.0
88.0

30.0
74.0

30.0
70.0

10.0
90.0

I'R

(fm)

1.38
1.08

1.23
1.17

1.23
1.15

1.38
1.07

(fm)

0.484
0.596

0.466
0.458

0.522
0.527

0.456
0.621

(MeV)

24.67
43.86

23.40
12.37

41.84
10.08

41.84
31.07

(fm)

1.25
1.04

1.01
1.14

1.00
1.20

1.13
1.12

a
(fm)

0.413
0.641

1.069
1.067

0.843
0.920

0.575
0.635

X'/N

6.40
9.23

3.50
3.18

7.84
6.29

6.13
7.04

coupled-channel calculations are indicated by the dashed
curves in Figs. 4(a) and (b) for the elastic arid the inelastic
data, respectively, in order to understand the effects of
the channel coupling to the excited state of Si. The re-
sults of this analysis indicated that a simultaneous fit to

both the elastic and inelastic data could not be found by
the coupled-channel calculations for the parameter
search on the basis of the deep potentials in Table II.

In the next step of 6tting the elastic cross sections
simultaneously with the inelastic cross sections for the
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FIG. 4. Various calculations fits to (a) elastic and (b) inelastic scattering data. The solid, dashed, and dotted curves indicate the re-
sults of the calculations with the deep potential, coupled-channel, and deep +1 s parameters, respectively.
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projectiles ' C and ' N, the optical potential parameters
were searched for the nine-parameter Woods-Saxon po-
tential, including a spin-orbit term. In the spin-orbit po-
tential for the heavy ion collision, there is little experi-
mental information. According to a single-folding
method, the mass number dependence of the spin-orbit
potential obtained is almost proportional to 1/A, i.e.,
inversely proportional to the square of the nuclear
volume. In the present scattering systems, the spin-orbit
potentials of ' C and ' N were derived from the empirical
proton and deuteron spin-orbit potentials for Si, respec-
tively, using the single-folding model. ' The preliminary
values of the calculated spin-orbit potential depth were
0.05 and 0.1 MeV for ' C and ' N projectiles, respective-
ly. In the present analysis, however, the standard Tho-
mas shape was adopted as an "effective spin-orbit poten-
tial. " The central real well depth of the deep potentials
were grided on from Vz ——60 to 100 MeV in steps of 2
MeV, and all of the remaining eight parameters were free
for the elastic cross sections. The resulting parameters
are given in Table III together with the minimum values
of X /N and the calculation curves corresponding to
these minimum values were indicated by the dotted
curves in Fig. 4(a). The inelastic scattering cross sections
were also calculated using the parameters listed in Table
III. The results of the calculation are indicated by the
dotted curves in Fig. 4(b). These curves reproduce well
the inelastic scattering data of the projectiles ' C and
'4N.

B. Double folded potential

So far we have discussed the general characteristics of
the optical model potential, which can account for the
elastic and inelastic scattering. However, it is important
to speculate about the characteristics of the projectiles in
the scattering potentials. For the strongly deformed pro-
jectiles such as ' C, in particular, the analysis, by means
of a microscopic double-folding calculation, should be
significantly performed. The real potentials in the calcu-
lation were obtained by folding an effective nucleon-
nucleon interaction V~~ into the density distributions of
the projectiles and the target Si. The projectile and tar-
get nucleon densities were constructed from the wave
functions, which give charge densities in agreement with
electron scattering measurements. The double-folding
calculations have been accomplished using a microscopic
double-folding code. As for the effective nucleon-
nucleon interaction Vzz, the spin- and isospin-singlet
(S = T =0) component of the M3Y interaction was used.

This part is

—4r —2.5r

V~~(r) = 7999 —2134 —262 5(z ) MeV .
4r 2.Sr

The detailed parameters in the calculation have been de-
scribed in a report by Sakuragi et a/. ' The ground-state
nucleon densities of ' C, ' N, and Si are obtained from
the charge densities with the electron scattering measure-
ment, ' and the Hartree-Fock density was employed
for ' O. As for ' C, the density calculated with the mi-
croscopic 3-aRGM wave function was adopted. For
the imaginary potentials a phenomenological Woods-
Saxon shape was used. The shape of the real potential
was determined by the folding procedure, but its strength
was allowed to be renormalized by a scaling factor Nz.
The results of the calculations were compared with the
measured elastic cross sections in Fig. 5. The values of
7 /N for the best fit to the data are listed in Table IV, to-
gether with the corresponding optical model parameters
of the imaginary potential and the scaling factor N&.
The results of calculations with only the central poten-
tials made a clear distinction of the potentials between
the projectiles ' C and ' 0, and the projectiles ' C and
' N for fit to the data. The potentials for ' C and ' 0
have the Nz of about 0.8 with the deep imaginary poten-
tial depth, and those for ' C and ' N have the Nz of
about 1.0 with the shallow imaginary potential depth.
On the other hand, the calculations with the potentials
including the spin-orbit term, which has the Thomas
shape as a noncentral spin-dependent potential, were per-
formed for ' C and ' N to reproduce the elastic data.
The results are indicated by the dotted curves in Fig. 5,
and the obtained parameters are listed in Table IV. As
seen in this table, the central potentials obtained from the
calculations, including the spin-orbit term, approach
those of the spinless projectiles ' C and ' 0, that is, the
scaling factor Nz of about 0.8 with the deep imaginary
potentials.

V. DISCUSSION

The present work indicates that the scattering of the
p-shell nuclei at energies about three times above the
Coulomb barrier is sensitive to the nuclear surface
features, depending on the spin. In the present analysis
the spin-dependent potential is described as the "effective
spin-orbit potential" in the phenomenological distorted
wave and the microscopic double-folding calculations.

The six-adjustable parameters of the phenomenological

TABLE III. Optical potential parameters including a spin-orbit term fitted to the elastic and the inelastic data. The geometric ra-
dius parameter was defined in R =ro( Ap + Ap ).

Ions

13C

14~

(MeV)

84.0
88.0

R

(fm)

1.08
1.07

Qg

(fm)

0.642
0.665

8'I
(MeV)

46.14
41.07

r
(fm)

0.963
1.060

a
(fm)

0.800
0.665

V, ,
(MeV)

—0.276
0.162

rs. o

(fm)

1.75
1.78

Qs. o

(fm)

0.625
0.679

X'/N

9.01
10.80
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FIG. 5. Double-folding calculation fit to the elastic scattering data. The solid and dotted curves indicate the results of the calcula-
tion with and without the Thomas-shape spin-orbit term, respectively.

optical potential obtained from the best fit to the elastic
scattering data are listed in Table II. Our investigations
of the potential parameters are restricted to only the deep
potential, because the shallow potentials obtained from
the elastic data did not reproduce the inelastic data to the
first excited state of Si for all four projectiles. As listed
in Tab1e II, the optical potential parameters for the
scattering systems ' C+ 8Si and ' 0+ Si are nearly
equal, in spite of the difference between the nuclear struc-
tures of ' C and ' 0 in the shell model. That is, an outer
1p, iz orbit of ' 0 is fully occupied with four nucleons but
this orbit is empty for ' C. This difference of structure
between ' C and ' 0 was not clearly found in the optical
potential parameters in the present analysis. The optical
potentials in the scattering system ' C+ Si and
' N+ Si are also nearly equal. The outer 1p&iz orbit of
these projectiles is occupied with a neutron and with a
neutron-proton pair coupled to the spin 1 for ' C and ' N
nuclei, respectively. The clear difference between the
spinless projectiles (' C and ' 0) and the projectiles with
spin (' C and ' N) was found in the central potential pa-
rameters by the analysis with the six-adjustable parame-
ters. These optical potentials obtained from the elastic
data were examined with the analysis in the inelastic
scattering process to the first excited state of Si, i.e., the
DWBA calculations were made on the basis of the optical
potential parameters of Table II. As seen from Fig. 1(b)
the optical potentials for the projectiles of ' C and ' 0

reproduced well the inelastic cross section but those of
' C and ' N poorly reproduced the data [see the solid and
dashed curves in Fig. 1(b)]. These poor reproductions are
caused by the inadequate real central potentials from
which the effective interaction used in the inelastic
scattering calculations are deduced. In the analysis with
a nine-adjustable parameter for the elastic scattering data
of ' C and ' N, a spin-orbit term of the Thomas shape
was also introduced in the calculations as the "effective
spin-orbit potential" [see Table III and Figs. 4(a) and (b)].
It is a consequence of introducing the spin-orbit term to
the optical potentials that the real and imaginary central
potentials of all four projectiles are nearly equal for the
elastic scattering data. From this result the calculated in-
elastic cross sections reproduced the data in the scatter-
ing system ' C+ Si' and ' N+ Si' [see the dotted
curves in Fig. 4(b)]. On the other hand, it was found that
the effect of a coupling between the ground and first ex-
cited state of Si was small in the coupled channel calcu-
lation for reproducing the inelastic data [the dashed
curves in Fig. 4(b)].

Usual, strongly absorbing heavy ion optical potentials
which yield good fit to low energy data have a central
imaginary well depth of —,

' ——,
' of a real depth. In the

scattering system ' 0+ Si at the bombarding energies
for 33 and 215 MeV, the good fit to the data showed a
value of Wo/Vo of about —,

' of the deep 100 MeV real po-
tential. ' The ratios of the 8'0/Vo and the 8', &z/V&iz in

TABLE IV. Optical potential parameters in the double-folding calculations. Charge radius is
r, =1.0 fm.

Ions

12C

13C

{with 1-s)
14N

(with 1-s)
16O

0.74
1.0
0.74
0.97
0.87
0.80

w
(MeV)

43.90
17.25
66.28
12.06
63.62
59.31

(fm)

1.12
1.26
0.97
1.28
0.93
1.15

ar
(fm)

0.55
0.73
0.87
0.65
0.83
0.49

V, ,
{MeV)

—0.78

0.32

rs. o

(fm)

1.40

1.30

as. o

(fm)

0.32

0.52

8.6
6.9
4.9
9.7

11.2
8.8
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I I

six parameters~ Woi~o
b Wi/2/V(/z

nine parameters
0 0 (with t S)

0L ——

l2C I Sc l4N l6

p- shell projectiles
FIG. 6. Ratios of the imaginary potential depth to the real

potential depth at the nuclear center R =0 ( 8p/Vp) and at the
strong absorption radius R, /~ ( 8'I/2/V, /2). The circles and tri-
angles indicate the results calculated with the six-adjustable pa-
rameters and the nine-adjustable parameters E,'including the
spin-orbit term), respectively. The vertical bars indicate regions
of 8'/V values obtained from parameters fitted to the data
within a S%%u~ increase in the g /N minimum values.

the present work are plotted in Fig. 6, where V, zz( W, &2)

indicate the depth of the real (imaginary) potential at the
strong absorption radius R, &2. Both ratios of W/V at
R =0 and at R &&2 were almost —,

' for ' C and ' 0 projec-
tiles. For ' C and ' N, the ratio of W/V obtained from
the analysis with the six-adjustable parameters (excluding
the spin-orbit term) resulted in very small values at
R =0, but very large values at R, &2. As the result of the
analysis with the nine-adjustable parameters (including
the spin-orbit term), however, the same ratios W/V of
about —,

' at R =0 and R &&2 were obtained for all four pro-
jectiles (see Fig. 6). That is, it was apparent by an intro-
duction of the spin-dependent noncentral potential that
the ratios of W/V keep a good balance in the nearly
equal central potential for all four projectiles of the 1p, &2

shell nuclei.
At any one bombarding energy the scattering cross sec-

tion is sensitive to contributions from only a few partial
waves depended on the bombarding energy. Further-
more, the heavy ion potential could well be I dependent.
Reflection coefficients for the deep potential sets in Table
II are illustrated for each projectiles in Fig. 7. In the
present case, as seen from Fig. 7, seven partial waves for
' C and ' 0, ten partial waves for ' N, and 13 partial
waves for ' C are contributed to the reflection coefficients

I.O—

0.5-

0 20 40
I

50
i

FIG. 7. Reflection coefficients for the scattering systems ' C,
' C, ' N, and ' 0+ Si calculated with the deep potential set of
Table II. The bombarding energies are 65, 60, 84, and 75 MeV
for the projectiles "C, "C, ' N, and ' 0, respectively.

for
i SI i

=0. 1 —0.9. It is noted that the numbers of
partial waves of the ' C and ' N contributing to the
scattering cross sections are more than those of the spin-
less projectiles ' C and ' O. In fact, at the strong absorp-
tion angular momentum I &&z taken at

i S& i
= —,', the par-

tial waves of only j,&2
——l, &2 contribute to

i S,
i

=—,
' for

' C and ' 0 projectiles. However, the parti+1 waves of
I, zz and I,&2+ I for ' N and l, &2+—,

' for ' C are possible to
contribute to

i SI i

In a discussion of the scattering potential between the
complex nuclei, the effect of the characteristics of the
projectiles and target nuclei in the potential should be ex-
amined. The examination was made by the analysis using
the microscopic double-folding calculations. ' ' ' ' The
results obtained from the analysis are shown in Table IV
and Fig. 5. The characteristics of the projectiles and tar-
get nuclei were reflected on these nucleon density distri-
butions used in the double-folding calculations. These
nucleon densities were constructed from the wave func-
tions which give charge densities in agreement with elec-
tron scattering measurements. In the scattering system
' 0+ Si the scaling factor of the double-folding poten-
tial Nz ——0.89 and the imaginary central depth Wl ——90
MeV, given in Ref. 10, did not reproduce the oscillatory
pattern of the present data. The values of Nz and the WI
obtained from the present analysis are nearly equal for
the scattering systems ' C+ Si and ' 0+ Si, i.e.,
N& ——0.74, Wl ——43.9 MeV for ' C, and N& ——0.8,
WI ——59.3 MeV for ' 0 projectiles. On the other hand,
the values of N„=1.0, W~ =17.25 MeV and N~ ——0.97,
WI ——12.06 MeV were obtained for the scattering systems
' C+ Si and ' N+28Si, respectively. In the double-
folding calculations for the scattering system ' C+ Si
and ' N+ Si, a spin-orbit potential of the Thomas shape
were added to the central potentials as the "effective
spin-orbit potential. " The analysis with this calculation
results in N& ——0.74, W1 =66.28 MeV, and N„=0.87,
WI =63.62 MeV for ' C and ' N projectiles, respectively.
It is a consequence of the analysis using the double-
folding calculations that the scaling factor Nz
=0.74—0.87 and the imaginary potential depth
WI ——44—66 MeV are obtained for all four p-shell projec-
tiles. This result is qualitatively in agreement with that
of the analyses using the phenomenological optical model
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calculations.
An effect of the microscopic coupled-channel among

the ground state, the 2&+ and 3, states of the ' C projec-
tile was preliminarily examined for the scattering system
' C+ Si. The imaginary part of the coupling potential
was switched off in the coupled-channel calculation. The
calculations have been done using a microscopic
coupled-channels code. The result of the calculation
reproduced the elastic scattering data with a small im-
provement of X to 0.8 from 0.74. However, the result
of the calculation to the excited 2~+ state of ' C did not
reproduce the data of the scattering ' C+ Si

12C(2+ )+28St

VI. SUMMARY AND CONCLUSIONS

The optical potentials in the scattering system ' C, ' C,
' N, and ' 0+ Si have been investigated at the nuclear
radius allowing a transparent region near the nuclear sur-
face but retaining strong absorption in the nuclear interi-
or. In the vicinity of this nuclear radius, the shallow po-
tential such a Vz -——10 MeV was not adequate to repro-
duce both the elastic and inelastic scattering data because
of the unrealistic effective interaction deduced from the
shallow potential for the elastic scattering.

It became evident, in the analyses of the phenomeno-
logical optical potential calculations, that a noncentral
potential depending on the spin was indispensable for the

reproduction of both the elastic and inelastic scattering
data of the projectiles with spin, i.e., ' C and ' N. By in-
troducing the Thomas-shape spin-orbit potential as an
"effective spin-orbit potential, " the optical potential with
the similar real central and imaginary central potentials
for all four projectiles of lp-shell nuclei were obtained
from fit to both the elastic and inelastic scattering data.

A necessity of the spin-orbit term in the scattering sys-
tem ' C and ' N+ Si was confirmed by the analyses us-

ing the microscopic double-folding calculations. In this
calculations the scaling factor Nz of the double-folding
real central potential was about 0.8. An effect of the
channel coupling to the excited states of the ' C projectile
that was calculated with the microscopic coupled-
channel method was only about 10% increase in

N~ ——0.74 in the scattering system ' C+ Si.
For the examination of the spin-dependent noncentral

potential, it is expected to observe directly the polariza-
tion of scattered projectiles.
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