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Feedback of giant resonances on optical model potentials
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A nuclear structure effect in A &70 nuclei for elastic proton scattering, 25 &E & 50 MeV, is identified with a
strong channel coupling to known giant multipole resonances. Numerical studies reveal it as an effective I-
dependent absorptive and repulsive optical model contribution. For an understanding in terms of microscopic
optical potentials the connection between Brueckner-Hartree-Fock and nuclear structure approaches is discussed.

NUCLEAR REACTIONS Proton elastic scattering on ~ 0, Mg, Ar, and
4 Ca, g&= 21-48 MeV. Comparisons with optical model and coupled channel

calculations. Deduced coupling strengths.

I. INTRODUCTION

Recent systematic measurements gave evidence
for nuclear structure effects in proton elastic
scattering on light and medium mass nuclei. ' '
They consist of an enhancement of differential
cross sections at backward angles with 8& 120'
and projectile energies between 25 and 50 MeV.
The effect, which is not a diffractionlike pheno-
menon, consists of a maximum whose angular
position is energy independent. Experimentally
observed, the maximum is pronounced for closed
shell nuclei such as "0 and 'Ca, while it is less
evident for deformed nuclei.

It is well established that standard phenomeno-
logical optical model potentials (OMP), ' ' as well
as microscopic OMP's, ' ' fail to account for the
obs erved effect. Attempts with nonstandard rad-
ial form factors' improved the fit at some ener-
gies but left others unaltered. ' Alternatively,
strong evidence has been collected for /-dependent
effects. ' With intensive efforts Kobos and Mack-
intosh' have collected evidence for l-dependent
terms in OMP's with the result of perfect fits in
the full. angular range. An explicit coupling of the
deuteron channel to the elastic channel" has been
considered by these authors as the main cause of
the l dependence. The calculation was performed
by including proton and deuteron coupled reaction
channels (CRC) in addition to an optical model
foreground amplitude. To reproduce the experi-
mental data the OMP's were refitted and thereby
drastically changed. "

The many-body formulation and evaluation of
microscopic OMP's has been considered in sever-
al recent studies. Of particular interest here is

the Brueckner-Hartree-Fock (BHF) potential which
sums up the two particle ladder diagrams" and
the nuclear structure approach, '~ which sums up
the particle-hole bubble diagrams. As such, the
last approach takes into account two-step proces-
ses with excitations of collective target states.
Both approaches yield a nonlocal and energy de-
pendent optical potential.

BHF is calculated in infinite nuclear matter with
a free nucleon-nucleon potential as input, and the
Pauli principle is included. Since this approach
includes an exact treatment of particle-particle
correlations in its summation of ladder diagrams,
the proton-neutron correlations, the deuteron as
a particularity, are fully included. e ' The effects
of the deuteron channel, which is claimed by other
authors" to yield shell effects, does not have any
prominent role in BHF and is one of many contri-
butions to a smoothly varying potential. This
should not weaken the importance of the deuteron
channel as a source of the imaginary potential but
we claim rather that the smooth phenomenological
OMP contains the deuteron channel equally well
as the BHF results do.

The nuclear structure OMP is designed for fin-
ite nuclei. " The leading term is the real Hartree-
Fock potential with $-dependent corrections com-
ing from a resummation of all bubble diagrams.
The intermediate channels correspond to excita-
tions of the target nucleus, described in the ran-
dom phase approximation (HPA). It has already
been pointed out by Vinh Mau that the two ap-
proaches are complementary in the sense that the
nuclear matter approach should be more adequate
for projectile energies in a range where collect-
ive states are present, i.e. , the giant dipole and
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quadrupole resonance region. ' ' Qn the other
hand, the BHF approach should be more adequate
at higher energies.

The present study is devoted to relating these
approaches for microscopic OMP's with a new
analysis and physical interpretation of nuclear
structure effects seen in proton elastic scattering
from light nuclei.

II. THEORETICAL BACKGROUND

Microscopic optical potentials are related to the
mass operator or generalized optical model. The
different computations distinguish essentially the
contributions shown in Fig. 1 as important ingre-
dients. In BHF, Fig. 1(a), the ladder diagram
summation is contained in the dashed line which
represents a complex energy and density dependent
effective interaction or reaction matrix. The non-
local complex OMP is the result of an antisym-
metrized folding procedure with the diagonal and

nondiagonal single particle density of the target
ground state. The imaginary OMP represents
loss of flux into a, homogeneous excitation spec-
trum. ' ' The incorporation and resummation of

(a)

FIG. 1. Leading terms in the microscopic optical po-
tential: (a) direct and exchange potentials of the lowest
order BHF with the summed ladder diagrams of the
N-N interaction; (b) direct and exchange particle-hole
correlation included in a resummation of bubble dia-
grams in the nuclear structure approach of the optical
model potential.

bubble diagrams, "Fig. 1(b), enables one to ac-
count for intermediate channels corresponding to
excitations of, the target nucleus states described
in BPA. This permits one to account for shell
effects and collective phenomena in specific nuc-
lei and to overcome possible shortcomings of the
calculations restricted to graphs in Fig. 1(a).
One can therefore combine the BHF with the nuc-
lear structure contributions and use

tt(r, r', Z) = il(r r )fd'r p(r-)t'(r, r","Z) —p"(r,r')t(r, r', Z)

J ds~Rp (rR) f(r rll E)(it (r)(iz t(t (rt)J ds~Rp (rR)t(rR rl E)
E -E„-e„+i5

The first two terms obtain their smooth (and
small) energy dependence from the complex ef-
fective interaction t(r, r, E). Their behavior
shows little structure sensitivity and does not dis-
tinguish light and heavy nucleus particularities
despite their densities.

The last term is a correction and represents
structural deficiencies in BHF, in particular the
neglect of particle-hole correlations appearing as
low-lying collective states or high-lying giant
multipole resonances in finite nuclei. This poten-
tial is nonlocal and strongly energy dependent due
to the energy denominator. Furthermore, this
potential, with its structural ingredients coming
from a limited number of explicitly treated
states, is E dependent and is characterized by
matching and mismatching conditions in transition
amplitudes. To take into account the contribu-
tions coming from this term, we treat the whole
as a coupled channel problem. As a first step a
series of model calculations are given based on
BHF real, imagina, ry, central, and spin-orbit

potentials. The incorporation of collective states
and the structural consequences are studied for

O, Ca. , and Zr, with their results given in
Figs. 2 and 3. "0 and ~'Ca are exemplary nuclei
with strong back angle features, whereas "Zr lies
beyond this region and BHF yields a good approxi-
mation for rea.listic OMP's.

The nucleus considered in the calculations of
Fig. 2 is ~OCa. The intermediate quadrupole state
is described as a vibrational one-phonon state lo-
cated at 18.5 MeV. In the calculation the collect-
ive transition form factors have been obtained by
deforming a potential which corresponds to the
average of the potentials for the elastic and inelas-
tic channels. The curves reported are for defor-
mations Pm=0 (no coupling), 0.17 [40% of the lin-
ear energy weighted sum rule (EWSR) limit] and
0.23 (75 jp EWSR). By increasing the coupling
strength the structural changes in the angular dis-
tribution at backward angles exhibit a deep mini-
mum at 135' and a peak around 160'. In this cal-
culation we find the excitation energy of the inter-



FEEDBACK OF GIANT RESONANCES ON OPTICAL MODEL. . .

10

40(
Einc =30.3 MeV

0.1
0 60

c.m.

I

120 180

FIG. 2. Theoretical model studies of the influence of
a giant quadrupole resonance, E„=18.5 MeV, exhausting
0% 40Vo, and 75'Poof the EWSH, limit, P2=0, 0.17, and
0.23, respectively. In the lower part the same P2 values
were used when coupling a low-lying 2' state.
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FIG. 3. Model studies for 0 and Zr showing the
mass dependence of the effect obtained from the coupling
with a quadrupole state lying in the giant resonance re-
gion. The dashed lines are proton elastic cross sections
with no coupling, while the continuous lines are for a
coupling equivalent to 100% of the E%8B limit.

mediate state to be important since it determines
the opening or closing of the channel. In transi-
tions to giant resonance (GR) states the channel
flux is very limited and receives less than 1% of
the total reaction. cross section. The flux is re-
distributed into other angular regions in the elas-
tic channel. To emphasize these features we dis-
play in the lower half of Fig. 2 similar angular
distributions, but with the quadrupole state posi-
tioned at 3.9 MeV, as experimentally found for
the lowest 2' state in 'Ca. The elastic cross
sections are now all similar, being only slightly
altered in magnitude at backward angles. The in-
elastic cross section is now large (& 10 mb); the
loss of flux more significant, and the effect in the
elastic cross section can be simply reproduced by
an increment in the imaginary term of the
OMP.

To show t'he average mass dependence of the
observed effect, calculations for "0 and "Zr are
shown in Fig. 3. The quadrupole intermediate
state has been positioned at 22 and 14.5 MeV, ac-
cording to experimental giant quadrupole reson-
ance (GQR) centroids. The 100/c EWSR limit has
been assumed in both cases: P, = 0.518 and 0.151,
respectively. The effect is most obvious for the
lighter nucleus and we attribute this to better
matching conditions occurring in the case of a
quadrupole state positioned above 20 MeV as for
the lighter nucleus. Another reason is that for a
given percentage of the EVfSR the ratio of the in-
elastic to elastic cross section decreases when
the mass increases.

In Refs. 5 and 6, by extensive comparisons, it
has been shown that BHF potentials, in order to
reproduce experimental angular distributions,
need some renormalization in their strengths that
may be as large as 10-20%. This procedure
gives improved fits to forward angles but leaves
substantially unaltered the disagreement at back-
ward angles for nuclei such as "0 and 'Ca. The
changes needed to reproduce the experiment in the
latter angular region are of the type shown in
Figs. 2 and 3 and can be produced by collective
couplings. These couplings, as mentioned above,
are a priori not included in BHF potentials.

To have quantitative information on coupling to
GR states, instead of using BHF potentials and
considering their strengths as free parameters,
we found it more straightforward to use average
phenomenological OMP's obtained from forward
angle data at several incident energies without
any further change. One may consider BHF and
average phenomenological potentials as equivalent
in several aspects. Interesting for the present
study is the failure of both in reproducing detailed
nuclear effects.
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III. ANALYSIS OF CROSS SECTION AND
POLARIZATION DATA

Proton elastic scattering experiments have re-
cently been gathered and systematically studied
with respect to deficiencies of a standard optical
model analysis. ' From a first inspection of dif-
ferential cross sections the nuclei were classified
into two groups. In the first we can find ' C,

Ne, ~ Mg, and 'Si, for which, in spite i)f
noticeable fluctuations at low energies, the differ-
ential cross sections gradually assume a "stan-
dard" shape with increasing incident energy.

- Standard refers to a shape which is fitted by
means of an optical model potential with standard
and energy averaged geometries and well depths.
In the second group of nuclei significant discrep-
ancies remain. Wel. l known are the difficulties
found in fitting "0 and 'Ca. These difficulties
are shown in an early paper by Gross et al.' and
are mostly connected to the shape of differential
cross sections at backward angles. A similar
situation is found for oth'er nucl'ei neighboring the
shell closures such as ' "N, ""0 "~3'Cl, and
~'Ar. Standard OMP's can reproduce total reac-
tion cross sections well and polarization data and
elastic cross sections at forward angles very sat-
isfactorily, but fail to reproduce backward angles
at incident energies between 25 and 50 MeV.

We concentrate on proton scattering from 'Ca
and from some other exempl. ary nuclei. 'Ca data
are considered at incident energies: 21.o, 26.3,
30.3, 35.8, 40.0, 45. 5, and 48. 0 MeV. Experi-
mental studies" on the GQR in "Ca find 30—75%
of the EWSH exhausted in an energy interval be-
tween 16 and 22 MeV. The solid lines of Fig. 4
are from a coupled channel calculation (CC) with
a 2' state at 18.5 MeV and using a coupling para-
meter p, =0.23, 75/~ EWSR limit. The best fit
optical model (OM) parameters given by van Oers
(Table I of Ref. 5) have been used. For the ine-
lastic channel and outgoing energies below 20 MeV
the average set 1, given in Table I, has been de-
rived. In this case and for the other nuclei con-
sidered below the same procedure was followed.
Fixed values have been used for the geometrical
parameters, while an average energy dependence
has been assumed for the well depths. For the
real well the energy dependence determined at
higher energies has been used also below 20 MeV.
The imaginary surface term has been taken in-
creasing linearly with the energy from a negative
energy, corresponding to the incoming proton
binding energy up to about 20 MeV. Set 1 has been
obtained from the fixed geometry potential of Ref.
5.

The cross sections at 21.0 MeV are well repro-

duced by an OM calculation (dashed line), while
the collective coupling gives a small worsening of
the fit. At this energy the effect can be easily
compensated by an adjustment of some OM para-
meters. The same result is obtained at lower
incident energies. At higher energies a worsen-
ing of the fits with simple OM calculations be-
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FIG. 4. Comparison of 4 Ca experimental data (Hefs.
3, 5) with theoretical ar~ular distributions. The numbers
given on the right are the incident energies in MeV.
Theoretical curves are from OM calculations with the
best fit parameters of Ref. 5 (dashed lines) and from CC
calculations containing the coupling of a quadrupole state
positioned at 18.5 MeV with a coupling strength P2= 0.23.
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comes evident. From 26. 3 to 45. 5 MeV the im-
provement obtained in CC calculations is also ev-
ident. It is stressed that this improvement is in
comparison to a best fit calculation and without
any further readjustment of OM parameters. The
coupling is less effective at 48.0 MeV.

To display the role of the OMP's and collective
couplings different sets of parameters were tried.
Two average potentials are given in Table I as
sets 2 and 3. Set 2 was obtained in previous stud-
ies" by fitting forward angle data, while set 3
has been obtained by averaging the best fit para-
meters of Ref. 5 for incident energies larger than
30 MeV. 'These two potentials are nearly equiva-
lent when used in OM calculations, while in CC
calculations the better results are obtained with
set 2 below 30 MeV and with set 3 above. Set 2,
displaying a radius larger for the real well and
smaller for the imaginary well, should be more
appropriate than set 3 at low energies. This re-
sult is in qualitative agreement with BHF predic-
tions. For the curves given in Fig. 5, set 2 has
been used at 21.0, 26.3, and 30.3 MeV and set 3
at other energies. The coupling with the GQR
gives an agreement with the experimental differen-
tial cross sections up to 30.3 MeV. At higher en-
ergies, whichever OMP is used, the calculated
cross sections are less sensitive to a quadrupole
state positioned around 20 MeV. A larger coup-
ling strength (100% of EWSR or more) can still
produce acceptable fits at 35.8 and 40.0 MeV but
not at 45.5 and 48. 0 MeV. The long-dashed cur-
ves given in Fig. 5 for 40.0 and 45. 5 MeV data
have been obtained with P2=0. 27 (100% EWSR).
On the other hand, the agreement with the experi-
ment cannot be improved by considering minor
components of the GQR lying at excitation energies
larger than 22 MeV or the isovector dipole reson-
ance, which is known to be located between 16
and 22 MeV, as the main part of the GQR." A

further marked improvement can be obtained by
coupling with an octupole state lying in the 30-40
MeV excitation energy region. In the absence of
detailed experimental information about E3 reson-
ances, we can refer to HPA calculations, "which

. predict a broad distribution with the main part of
the strength lying at energies above 30 MeV. We
adopt E„=120A'~', which gives for the E3 cent-
roid an excitation energy of 35 MeV. Introducing
this coupling, the solid curves of Fig. 5 are ob-
tained. The coupling strengths needed to fit the
experiments are given in Table II. The EWSR
exhausted is around 60% for the E2 and 15-20%
for the E3 resonance.

The effect on the polarizations is shown in Figs.
6 and 7. The CC calculations give fits of a quality
at least equivalent to that obtained by OM calcula-

tions, and very often the effect of the coupling
with GR states is negligible. This is a further in-
dication supporting the process studied here. It
seems, in fact, phenomenologically established
that nonstandard effects concern mainly the differ-
ential cross sections.

10 — 40C 21.0
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FIG. 5. Comparison of Ca data with OM calculations
using the average parameters of Table I {dashed lines).
The solid lines give the effect of the coupling of quadru-
pole and octupole resonances to the ground state. The
coupling parameters are listed in Table II. The long-
dashed lines given at 40.0 and 45.5 MeV are obtained
using the coupling with the quadrupole resonance only
and the 100% EWSR limit.
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TABLE II. Coupling strengths used in CC calculations
for Ca. The same deformation length RP has been
used for the different terms in the optical model poten-
tial. The EWSR limit has been evaluated using the radial
distribution of the real central term.
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21.0
26.3
30.3
35.8
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45.5
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Similar calculations have been performed for
several other nuclei in an attempt to obtain an ex-
planation of the nuclear structure dependence of
proton elastic scattering on light nuclei. %e sim-
ply assume that this dependence comes from the
structure of the giant resonances coupled with the
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FIG. 6. Ca polarization data and comparison with
theoretical angular distributions with the same param-
eters as Fig. 5.

FIG. 7. Continuation of Fig. 6. In the lower part a
similar comparison for 0 is given.

ground state —its centroid energy, width, and
strength.

In 'Ar the quadrupole resonance is 0.5 MeV lo-
wer than in Ca. Its width is larger, with 5-6
MeV instead of 3.5 MeV."" The strength is less
certain, but probably lower in argon. All these
differences in E2 properties cause a lower effect
in proton scattering. Actually 'Ar displays elas-
tic scattering cross sections with a backward peak
which is less pronounced than for "Ca. Typical
results of CC calculations are given in Fig. 8 at
two incident energies. At 32. 2 MeV the GQR is
dominant, while at 40.7 MeV an octupole contribu-
tion is required, aQ similar to ~'Ca. To repro-
duce the splitting of the F2 resonance three 2'
states have been positioned at 15.7, 18.5, and
21.3 MeV with a total strength of 55%. A 3 state
positioned at 35 MeV has been coupled with a
strength of 15/p EWSR. The average optical mo-
del potential set 4 of Table I has been used.



M. PIGNANELLI, H. V. von GERAMB, AND R. DK LKO

The other group of nuclei, which displays very
large backward effects, consists of nitrogen and
oxygen isotopes. All these nuclei display a GQR
which is rather similar in energy, position, and
width, with some change in the strength. " The
backward peak in proton elastic scattering is
large in "O and smaller in "O. Results of CC
calculations are given here for these two nuclei.
The kind of improvement obtained in comparison
to OM calculations is shown in Fig. 8, at an inci-
dent energy around 30 MeV. This energy has been
chosen because the analysis is l.ess affected by
ambiguities. In fact, the backward peak is not
large below 25 MeV, but evident at 30 MeV and
higher up to 50 MeV. However, data above 35
MeV can be reproduced by an OMP. The ambig-
uities between OMP and collective couplings be-
come large at higher energies. In the calculations
of Fig. 8, a 2' state at 22 MeV has been coupled
with the ground state. The strength is 70% and

30. 1

10

60/p of the EWSR limit for "0 and "0, respect-
ively. The potentials used are sets 5 and 6,of
Table I. These potentials reproduce the known
total reaction cross sections and polarization da-

a, 2s both in OM and in CC calculations. Also
for these two nuclei the CC calculations give a
clear improvement in the agreement with the ex-
periment. In Fig. 8 we compare the results of a
best fit OM calculation on "0data.

It should be noted, however, that the quality of
fits for oxygen isotopes is less satisfactory than
for Ca or Ar. The agreement cannot be im-
proved by a more realistic description of the GQR
or introducing other coupled states and cannot be
improved even by refitting OM parameters if a
reasonable agreement with both total reaction
cross section and polarization data is required.
This may be an indication that the coupling with
GR can account for a part of the nuclear structure
effects found in proton scattering at the closure of
the 1p shell.

As mentioned above, a nuclear structure depen-
dence of proton scattering is due to the spreading
of the resonance. This becomes clear from nuc-
lei such as Ne, Mg, or Si, whose GQR is known
to have a very large width. In Fig. 9 results are
shown of CC calculations for ~Mg at an incident
energy of 35.2 MeV. The three curves given in
the upper part of the figure have been calculated
by taking the quadrupole strength to be 60/~ of the

10—
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0.1
60 120
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~ /

180
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0 60
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120 180
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FIG. 8. Dashed curves are from OM calculations.
Solid lines are from CC calculations in which the ground
state is coupled to 2' GB states. The long-dashed curve
gives for Q the result of a best fit OM calculation (Ref.
4), while for Ar at 40.7 MeV the effect of an additional
coupling with an octupole GB state is displayed.

FIG. 9. The curves in the upper part are from CC cal-
culations with a 2' state lying at 18, 24, and 30 MeV
(solid, long-dashed, short-dashed lines). In the lower
part experimental points are compared with OM calcu-
lations (dashed line) and CC calculations (solid line) with
a strength distributed according to experiments (Ref.
24).
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EWSR limit, concentrated in only one 2' state po-
sitioned at 18, 24, and 30 MeV, respectively. The
backward maximum moves to forward angles when
increasing the excitation energy of the coupled
state. In the lower part, curves from OM calcu-
ations (dashed line) and from CC calculations

(solid line) are compared with experiment. In the
latter calculation the E2 strength has been distri-
buted over several 2' states positioned according
to hadron scattering experiments. ' The splitting
of the resonance produces a smearing of the back-
ward maximum. OM and CC calculations give
different results especially in the angular region
between 150'-180'. The very low values for the
cross sections' found at 1VO' for nuclei such as"' Ne and ' Mg seem to come from the coupling
of E2 states lying at 22-26 MeV excitation energy.

The spreading width of the resonance can also
influence the effective strength needed in a simpli-
fied analysis. In the case of 'Ca, RPA calcula-
tions predict a broad E3 resonance exhausting
30-70% of the EQSR limit. " The effect on proton
scattering results is equivalent to taking a smaller
strength concentrated, homever, in only one 3
state. From the present phenomenological analy-
sis we conclude that differences in-the spreading
widths of GR, together with changes in the
strengths, can account for nuclear structure ef-
fects found for light-medium weight nuclei in pro-
ton elastic scattering.

Finally a comparison of S-matrix elements
shows that their modulus

~ S,
~

in CC calculations
is systematically lower than in OM results. The
difference is about 5-10%. The phases increase
by 2'-6'. These changes are limited to low angu-
lar momenta up to the grazing partial wave. The
collective coupling considered is therefore equiva-
lent to $-dependent optical potentials, both re-
pulsive and absorptive. "

IV. CONCLUSIONS

Back angle deficiencies in proton elastic scat-
tering cross sections, occurring in OM calcula-
tions, are explained mith the coupling of the
ground state and high-lying states clustered zn the
giant resonance region. The strength needed to
reproduce proton scattering data is consistent

with depletions of the EWSR limit as predicted in
RPA calculations or seen in hadron scattering ex-
periments. Structure effects found for 1p- and
1d- shell nuclei are connected with changes in the
structure of giant resonances and thereby mainly
with their spreading widths.

The introduction of these collective coupl. ings
does not requir e readjustments of average OM

parameters despite a small reduction (0.1-0.2
MeV) in the strength of the imaginary part. The
inelastic channel. s considered here are nearly
closed channels, with a small cross section.
These channels give sizable reflection in the elas-
tic channel and affect the angular structure of the
elastic cross sections more than strong inelastic
transitions to low-lying collective states.

No need for the inclusion of reaction channels,
such as the deuteron channel, has been found for
medium-mass nuclei. This conclusion is main-
tained even though we did not fit, as shown in
Sec. III, 1p-shell nuclei very satisfactorily. But
in this case small inadequacies in OM potentials
or in the model assumed for the process cannot
be ruled out.

The analysis reveals that giant resonance chan-
nel. s are equivalent to effective l-dependent ab-
sorptive and repulsive optical model potentials.
The need for unification of the Brueckner-Har-
tree-Fock potential with the nuclear structure ap-
proach of the microscopic OM potentials, as dis-
cussed in Sec. II, is clearly established.

As a final comment it appea. rs useful to refer to
older investigations of inelastic proton scattering
in similar energy regions. In these studies non-
normal parity transitions or charge exchange
transitions mere chosen. This choice was made
to combine particular features of the effective
interaction with simple transition density struc-
tures in order to enhance the importance of giant
resonances as interrg. ediate states. The present
trea. tment is not unrelated as both calculations use
collective transition form factors to the giant
multipole states with a strength extracted from or
comparabI. e with direct excitation information.

This work was supported by the Bundesminister-
ium fear Forschung und Technologie under Contract
No. 06HH726.
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