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Comparison of the Microscopic Potential with the Optical Potential in the a+ '60 System
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The 0+ ' 0 resonating-group-method calculation which fits well the spectroscopic data of the ' Ne
levels is shown to fit well also the scattering cross section up to high energy. The equivalent local poten-
tial derived from the resonating-group method is found to be very similar to the optical potential of
Michel et a1. Thus it is concluded that a significant part of the energy dependence of the real part of the
a+ ' 0 optical potential is due to the internucleus antisymmetrization.
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It is now believed that the discrete ambiguity of the
optical potentials for light-ion projectiles such as He
and e can be removed by use of the high-energy scatter-
ing data exhibiting the nuclear rainbow effect. ' There-
fore any microscopic theory of the internucleus potential
is now required to reproduce at least the essential
features of these light-ion optical potentials.

The present authors and their collaborators have been
studying the internucleus potentials microscopically by
deriving them by the use of the resonating-group method
(RGM). We have shown that the basic properties of
the derived potentials are in good agreement semiquanti-
tatively with those of the real parts of the light-ion opti-
cal potentials.

In order to advance further the microscopic study of
the internucleus potential, we make in this paper a de-
tailed quantitative comparison in the a+ ' 0 system be-
tween the microscopic potential derived from the RGM
and the real part of the optical potential of Michel et al.
which fits the scattering cross sections very well for a
wide energy range. Our aims are to see to what extent
the real part of the optical potential can be reproduced
by RGM and particularly to what extent the energy
dependence of the real part of the optical potential
comes from the eA'ect of the internucleus antisymmetri-
zation.

The internal wave functions of u and ' 0 are both de-
scribed by closed-shell configurations of the harmonic-
oscillator shell model with the common oscillator param-
eter v =mco/26 =0.16 fm . As the effective two-
nucleon force we adopt the Hasegawa-Nagata- Yama-
moto force with the E strength parameter of the
medium-range part, V ( E) = —546+5 MeV, being
given by 3, =21.3 MeV. In Matsuse, Kamimura, and
Fukushima it was already shown that the a+ ' 0 RGM
with these parameters reproduces very well the spectro-
scopic data of the low-lying states of Ne. Figure 1

shows the good correspondence of the rotational energy

W(r ) = Wo/I 1 +exp[(r —Rt )/2at]] (2)

Following Ref. 3 we fix the values of H 0 and al to be
—25 MeV and 0.65 fm, respectively, while the value of
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FIG. 1. Comparison of the observed spectra (obs. )
(Ajzenberg-Selove, Ref. 6) of the ground (K =0+) and excit-
ed (K =0 ) rotational bands in Ne with those calculated
(cal. ) by a+ ' 0 RGM.

levels between theory and experiments where the 0+ lev-
el is the ground state.

In order to calculate the scattering cross section, we
introduce a phenomenological imaginary potential into
the RGM equation of motion as follows:

[H+MIVi W(r) JN —E„N]1=0,

where 0 and N are the Hamiltonian and norm integral
kernels, respectively, E„ the scattering energy, and W(r)
is of the squared Woods-Saxon form

2190 1987 The American Physical Society



VOLUME 58, NUMBER 21 PHYSICAL REVIEW LETTERS 25 MAY 1987

da/dO([rib/Sr ) j„(Mev. frn )
450

102

100

10

10 4

400-

350-

300-

X

X

X

4,

X

X

10 6

50 100

E (~evj
I

150

10-8—

10

1
0-12

FIG. 3. Comparison of the volume integral per nucleon pair,
j, , of the real part of the a+ ' 0 optical potential V' '(r)
(crosses, Ref. 3) with that of the 1-averaged equivalent local
potential V (r) of Eq. (l) (dots). The solid curve shows j,,

of Re[VI " (r)] with 1=0. The dots and solid curve are calcu-
lated with 6 =21.3 MeV. The triangle at E =69.5 MeV shows
j,, of Re[V P(r)] with 6 =35 MeV. The dashed straight line
is the linear approximation of the energy dependence of the
crosses (Ref. 3).
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FIG. 2. Comparison of' the experimental data (dots, Ref. 3
and Cowley and Heymann, Ref. 7) for a+ ' 0 elastic scatter-
ing with a+ ' 0 RGM calculations (solid lines) at four labora-
tory energies E of the a particle. The upper four solid curves
are calculated with 6 =21.3 MeV, while the last one for
E =69.5 MeV is with h, =35 MeV.

Ri is changed at each energy E, so as to get a better fit
to the data.

The comparison of the angular distributions between
the ROM calculation and the data is shown in Fig. 2.
Note that E means the a-particle energy in the laborato-
ry frame while E, is that in the center-of-mass frame.
We can say that the data fitting by the theory is fairly
good. (At E =32.2 MeV the data fitting around 60 and
120 is not so good, but this is also the case for the
optical-potential fitting of Ref. 3, though the latter is of
course better than the former. ) Hence in the a+ ' 0 sys-
tem, the RGM with fixed eA'ective two-nucleon force has
proved to give a good fit to the data from bound states up
to high-energy scattering states with E = 70 MeV. To
the knowledge of the present authors this is the first case,
except for very light systems like a+a, that the ROM

V'"'(r) =Q, I, V,'"(r)/g, l, ,

Ii =(21+ 1 ) i
1
—exp(2i6i) i

(3)

where 6~ denotes the nuclear phase shift. Figure 3
displays the comparison of the volume integral per nu-
cleon pair, j,„between Re[V " (r)] and Re[V' '(r)],
where j,, of Re[Vi (r)] for 1=0 is also shown to see
the 1 dependence of Vi

" (r). Here Re[V(r)] means the
real part of V(r). We see in this figure that j,, for
Re[V " (r)] and Re[V't" (r)] are close to each other,
although at E =69.5 MeV the diff'erence between the
two is somewhat large. The comparison of the shape of
V (r) with that of V'~'(r) is given in Fig. 4 at
E =32.2 and 69.5 MeV. We see here also that V (r)

has proved to give a good fit to the data in such a wide
energy range as the present case. A possible way to get
an even better fit to the data in the present RGM frame-
work would be to change the value of the parameter 3, in
V ( E) for diA'erent energies E

Now we construct the equivalent local potential (ELP)
from this ROM nonlocal interaction by the method of
Ref. 2 and Horiuchi and compare it with the optical po-
tential V' '(r) of Ref. 3. Since the ELP, V " (r), de-
pends slightly on the angular momentum l of the relative
motion, in order to compare the ELP with the angular-
momenturn-independent optical potential, we use the I-
averaged ELP, V (r), defined as follows:
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FIG. 4. Comparison of the shape of r V't" (r) /64 (dashed
curve) with that of r V (r)/64 (solid curve) calculated with

6 =21.3 MeV. The dash-dotted curve at E =69.5 MeV shows
the theoretical values obtained with h. =35 MeV.

value of 6, the shape of V (r) becomes much closer to
that of V'~'(r), as shown in Fig. 4, and the ROM fitting
to the cross section improves also, as shown in Fig. 2.

From the above investigations of the ELP, we can
derive the following two conclusions in the system of
a+ ' O. First, the ELP constructed from the RGM is

very close, in a wide energy range, to the optical poten-
tial which fits the data very well ~ Second, in order to get
an even better fit to the data, which is achieved by our
making VF (r) much closer to V'n'(r), we need to in-

troduce some slight energy-dependent modification into
the RGM treatment such as a slight energy-dependent
change of the parameters of the eA'ective two-nucleon
force.

When one makes a straight-line fit of the four dot
points in Fig. 3, the magnitude of the slope of this line
will be about 30% of that of the dashed line. According
to our preliminary RGM fit of the data at E =104 and
146 MeV, the values of j,, of Re(V ) with 6 =21.3
MeV at these energies are about 370 and 360 MeV. fm,
respectively. The inclusion of these preliminary values
for a straight-line fit yields almost the same answer for
the slope of the line. Hence we can say that in the
a+ ' 0 system the following view is correct: A
significant part of the energy dependence of the real part
of the optical potential comes from the nonlocality of the
internucleus interaction originating from the internu-
cleus antisyrnmetrization. A similar study of the
a+ Ca system, which is being pursued by the present
authors, supports this view and so it is highly probable,
as has been strongly suggested in Ref. 2, that this view

holds true at least for weakly absorbed light-ion projec-
tiles. For the full understanding of the energy depen-
dence of the real part of the optical potential, we need to
study other origins quantitatively, including the renor-
malization eAects on the elastic channel of the nonelastic
processes which have been extensively studied recently.
The net eAect coming from the other origins is just the
difference D(r) = V'n'(r) —V (r) and therefore if a
theory does not take into account the internucleus an-
tisymmetrization the energy dependence to be repro-
duced by the theory is not that of V' '(r) but that of
D(r). In the present a+ ' 0 system we have seen that
D(r) can be reproduced well by the energy-dependent
change of the effective two-nucleon force in the RGM
framework.

is close to V' '(r) although at E =69.5 MeV the dif-
ference between the two in the outer region is somewhat
large.

Since the fit to the data at E =69.5 MeV by V'n'(r) is

better than that by the RGM with 3, =21.3 MeV, we
change the value of h, at this E such that j,, of
Re[V (r)] becomes much closer to jv of Re[V'~'(r)].
This aim is satisfied by the choice of 6, =35 MeV as seen
in Fig. 3. Furthermore, at E =69.5 MeV, for this new
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