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We investigate the role of the full dynamical dependence of the free off-shell nucleon-nucleon ¢t
matrix on the optical potential for proton-nucleus elastic scattering in the 100-400 MeV incident
energy range within a full-folding model context. Particular emphasis is placed on the effects of
deuteron formation by explicitly taking into account pole singularities in the free nucleon-nucleon ¢t
matrix. The full-folding model for the optical potential provides a flexible framework for this purpose
as it allows the sampling of the internucleon effective force both off shell and as a function of the
energy available in the center of mass for the interacting nucleon pair. A comparison of calculated
and measured scattering observables for proton elastic scattering on *°Ca and 2°®Pb leads to the
conclusion that the full off-shell free ¢ matrix is a poor approximation for that part of the nucleon-
nucleon effective force required for calculating optical potentials below ~250 MeV. Medium effects
and higher order corrections to the optical potential are necessary to improve our understanding of

nucleon scattering.

PACS number(s): 25.40.Cm, 24.70.+s, 24.10.Ht

I. INTRODUCTION

A problem systematically eluded in microscopic calcu-
lations of nuclear processes is the full account of the bare
nucleon-nucleon (NN) force used in deriving the effective
NN interaction. Indeed, the presence of a strong reso-
nance in the 1S, state and the pole singularity in the
38, —3 D; (deuteron) coupled states in the NN free tran-
sition matrix (¢ matrix) [1] are not usually considered in
the development of widely used effective NN forces [2-6].
Resonances and bound states are treated in detail and, in
fact, often play a preeminent role in calculations of few-
body problems [7,8]. One of the main justifications for
ignoring these irregular aspects of the NN force is that
medium effects are expected [9, 10] to modify the charac-
teristics of the free ¢t matrix so that its singular properties
will not be relevant for nucleons interacting in the nuclear
medium. This has been particularly true in the case of lo-
cal coordinate space models for the NN effective interac-
tion where the localization prescription implies averages
of the dynamics over a limited region of phase space [2—4,
6]. Similarly, most theoretical models of the optical po-
tential are normally developed so as to manifestly avoid
the singular properties present in the NN effective force,
thus providing a plausible though somewhat arbitrary
starting point upon which to calculate higher order cor-
rections.

Intermediate energy (~200-400 MeV) nucleon-nucleus
(NA) elastic scattering provides an interesting region
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where the importance of the full dynamical complexi-
ties of the internucleon effective force may be assessed.
At these energies, it has been estimated that medium
effects are not too important and therefore the free ¢
matrix should be a good approximation to the effective
force between nucleons [11-14]. At beam energies above
400 MeV the validity of a static nonrelativistic represen-
tation for the bare NN force which gives rise to the ¢
matrix [13, 14] becomes questionable. From a theoretical
point of view, the full-folding approach [13] to calculat-
ing the NA optical potential provides a framework where
we can explore the NN ¢ matrix both off the energy shell
and as a function of the energy available in the center of
mass (c.m.) of the interacting nucleon pair [15]. Alter-
native approaches [11, 12, 14] to calculate NA scattering
observables are essentially based on much simpler (fac-
torized) tp approximations to the NA optical potential.
In these alternative approaches, the underlying assump-
tion is that the effective force has a smooth energy and
off-shell dependence so that the relevant matrix elements
needed to determine the optical potential are those cor-
responding, on average, to the on-shell values of the ¢
matrix. Clearly in this scheme the presence of bound
state(s) and resonances in the NN subsystem are not
treated explicitly thereby limiting substantially any as-
sessment of the range of validity of the tp approach. The
smooth behavior hypothesis of the ¢ matrix has been car-
ried forward to estimate higher order terms in a multiple
scattering expansion with reasonable success to describe
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the experimental data [16,17]. However, that framework
does not identify explicitly the physical mechanisms re-
sponsible for smoothing the effective force.

In this paper we investigate implications of a relatively
complete treatment of the underlying NN free ¢ matrix on
proton elastic scattering observables in the 100-400 MeV
incident energy region. Thus we expect to establish more
definitive limits than have been obtained previously for
the validity of an effective NN force when neither medium
corrections are accounted for nor higher order processes
are included. In particular, we shall be able to identify
deuteron formation in the target and quantify its effect
on the optical potential.

We use the full-folding model approach to calculate the
NA optical potential [13]. This model involves basically
a convolution of the target ground state mixed density
with the off-energy-shell, energy-dependent NN ¢ matrix.
Therefore, the interplay between the incident nucleon en-
ergy and the sampling of the effective force by the bound
nucleons wave functions will determine how sensitive the
scattering process is to the singularities of the ¢ matrix. A
restricted approach was followed in our earlier work [13]
where the full energy dependence of the ¢ matrix was
not explicitly accounted for under the assumption that
the overlap between the target density and the effective
force was negligible in the NN negative energy region.
Nevertheless, indirect evidence of the deuteron singular-
ity affecting the NA optical potential was reported in
Ref. [15] where a notable sensitivity of the scattering
observables to the starting energy was reported.

The outline of this paper is as follows. In Sec. II we
briefly present the full-folding model and discuss the role
of the deuteron channel in NA scattering calculations.
In particular, we show simple estimates of the energy at
which the deuteron plays a role under the free t-matrix
assumption for the NN effective force. In Sec. III we
compare results from the unrestricted full-folding model
with measured observables for proton scattering on 4°Ca
and 2°8Pb in the 100-400 MeV energy region. Moreover,
we show how deuteron formation in the nucleus affects
the NA elastic channel and the corresponding absorp-
tive component of the optical potential. Starting energy
effects are also discussed within this new framework. Fi-
nally in Sec. IV we present a summary of our results and
state our conclusions.

II. THEORETICAL FRAMEWORK
AND ESTIMATES

The nonrelativistic description of NA elastic scattering
relies on the existence of a bare NN force which provides a
reasonably good description of the observables for a two-
nucleon system. Based on this bare NN interaction, the
idea is to construct an effective force which accounts for
the propagation of the nucleon in the nucleus while inter-
acting with the other nucleons in the target and allowing
for those nuclear excitations consistent with the elastic
process [18-21]. In the intermediate energy region, say
nucleon incident energy E of the order of 200 MeV and
above, it is expected that intrinsic medium corrections
such as Pauli blocking and the mean nuclear field for the
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nucleons are small enough so as to assume that as a rea-
sonable first approximation the effective NN force can be
identified with the free ¢t matrix. As the energy of the
incident nucleon decreases, this picture of the scattering
process should start slowly deteriorating. However, re-
cent factorized tp calculations suggest that a free NN ¢
matrix could be reasonably used for nucleon scattering
as low as 100 MeV [17]. Within factorized tp approaches
binding effects associated with the struck nucleon seem
to have little effect on the optical potential.

In principle, a major problem arises in treating the
dynamics of NN effective forces. Indeed, the NN free ¢
matrix shows a resonance near threshold for the 1S, state
and a pole singularity below threshold due to the exis-
tence of the deuteron state in the neutron-proton chan-
nel. Therefore, full-folding calculations require an ac-
curate sampling of the ¢ matrix in order to assess the
importance of such effects in the scattering observables.
A limited sampling of the ¢ matrix may miss important
contributions of the force, as happens in the factorized
tp approximation to the NA optical potential.

In this section we discuss briefly our approach to cal-
culating the NA optical potential. We also make some
estimates about the range of energies where the singu-
larities of the ¢t matrix do not influence this potential
significantly.

A. The full-folding model

The momentum-space representation of the first or-
der optical potential U for a nucleon of energy E be-
ing scattered by a target can be written as the antisym-
metrized matrix elements of a two-nucleon effective force
T [19-21],

Uk'\KGE)= Y (k'i¢a | T(E+ea) | Kida) s (1)

a<ler

where {¢,} are the single-particle wave functions describ-
ing the target nucleus, €, are the corresponding single-
particle energies, and eg is the Fermi level for the nucleus.
Assuming that medium effects are not important [14], the
two-body T' matrix is given by

(k',p'| T(w) | k,p)

=5((k+p) - (k' +p")]
X(3(c" = P') | tespi(@) | 3= p)), (2)

with the § function making explicit the translational in-
variance of the two interacting free nucleons and t(w) is
the one-body reduced ¢ matrix defined by [1]

(=" tq(w) | =)

1
w—& —K-V+ig

=(k'|V|r)+(K'|V V&)

©)

Here, x and Q are the relative and c.m. momenta of the
nucleon pair, V is the bare NN force, K is the relative
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kinetic energy operator, m is the nucleon mass, i =
and 7 = 0% to have the proper asymptotic conditions
for particle propagation. We have chosen to write the
explicit solution for the reduced ¢t matrix rather than its
usual Lippmann-Schwinger integral equation [1] to em-
phasize the presence of the deuteron bound state in our
later discussion.

A final expression for the full-folding optical poten-
tial can be cast in closed form by inserting Eq. (2) into
Eq. (1) and integrating to eliminate the total momen-
tum conserving ¢ function. Replacing the single-particle
energies €, by the average binding energy of the nucleons
in the target € , an approximation which does not alter
significantly the sampling of the ¢t matrix [13], we obtain

Uk’ k; E) = / dPp(q, P)(L(k' — p’) | tixcsp|(E +7)

x| 3(k—p))a, (4)
with the different momenta defined as
=1(k+k'),
q=k-k’,
p P-3 (5)

and

p(@,P)= > ¢a'(P+3a)ta(P - 1q), (6)

a<ler

the target ground state mixed density.

Equation (4) shows the advantage of the full-folding
approach. The dynamical characteristics of the NN re-
duced t matrix are fully sampled off-shell by the Fermi
motion of the nucleons in the target and at the corre-
sponding unrestricted values of the energy available in
the c.m. for the NN collision. In actual calculations, the
optical potential U is expressed in terms of its central
and spin-orbit components. For proton elastic scattering
from closed-shell nuclei, each component of the potential
is calculated using the proton-proton and proton-neutron

combinations of the ¢ matrix folded with the correspond-
]
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ing proton and neutron densities. The details can be
found in Ref. [13].

One further simplification has been introduced in our
present calculations of the optical potential U. This is

related to approximating the mixed density by [22]

p(q, P) = p(g, P)
- giaR _1
~ [ amom e

—P]’ (7)

with p(R) the nucleon density of the target, k(R) deter-
mined by either the Slater or Campi-Bouyssy prescrip-
tions [23], and

A(R) = -— ka(R) (8)
This has been shown to provide a reasonable representa-
tion of the mixed density [22].

B. Estimates

In order to gain some insight on the role of the ¢ matrix
in the full-folding model, let us make explicit some of the
characteristics of the NN free ¢ matrix. From Eq. (3) it
is straightforward to obtain a spectral representation of
the ¢ matrix [1],

(' [tqW) |w)=(="|V|k)

LAV I ¥p){Yp [V | &)

w — 9— Ep +in
/e
0
(9)

("’ [V [ %2)(¥: | Vl")
w — 9— —z+4+1in
where ¢¥p is the deuteron wave function, —FEp is the
deuteron binding energy, and v, is the scattering wave
function for the nucleon pair at energy z in the c.m.
The real part of the ¢ matrix is given by

GV 1)@ [V m) (10)

Re{(x'|tq(w) | k)} =("|V |K)+P

2
o EL-F
M

VIl VIR) 5 [,

L

with P standing for a principal value prescription to evaluate the force. The imaginary part of the ¢ matrix is given

by

2

Im{(x’ | tq(w) | )} = —ms(w— 2 —Eo) (&' |V | $0)(p | V | &) —iwe(w~ g;)w |V | e | V [ ),

where 20 = w — 49— The above spectral decomposition
prescribes explicitly how the full-folding model should
take into account the presence of the deuteron pole when
the ¢ matrix is folded with the target density. In partic-
ular, an extra contribution to the absorption comes from
the residue at the deuteron pole. This fact is physically

(11)

-
significant since it corresponds to loss of flux from the
elastic channel due to deuteron formation in the nuclear
medium. Whether this process contributes significantly
to elastic scattering remains to be tested. We shall ad-
dress this issue in the next section where we compare the
results of our calculations to actual experimental data.
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Two comments seem appropriate here. One is related
to the ability of the full-folding model to genuinely ex-
plore the complexities involved in the NN ¢ matrix and
thus incorporate explicitly new physics in the calculation
of the optical potential. The other refers to the ques-
tionable validity of the assumptions behind approximate
first-order models such as the on-shell and off-shell tp
models [11, 12, 14] which ignore the importance of the
energy dependence of the force.

To remark on the energy dependence of the ¢ matrix

around the threshold region [w =~ ;10-:7 in Eq. (11)], we
have considered a particular matrix element correspond-
ing to forward scattering k' = kK and kK = %\/me. In
Fig. 1 we have plotted the real and imaginary parts of t,,
(proton-proton) and t,, (proton-neutron) components of
the central effective force as a function of the c.m. en-
ergy (w— %) for a starting energy of w=160 MeV. Thus
we display the NN interaction over an important region
where matrix elements of the force are required by the
full-folding model. In the pp channel we clearly observe a
strong though localized energy dependence near thresh-
old which is due to the 1Sy state. In the pn channel, the
real part of the force is dominated by the presence of the
deuteron singularity, generating a region of strong can-
cellations when the interaction is folded with the density.
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&
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%% 0 50 100
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FIG. 1. Behavior of the central component of the free ¢

matrix as a function of the NN c.m. energy. The upper and
lower frames correspond to the pn and pp channels, respec-
tively. —Ep corresponds to the deuteron binding energy.
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Overall the t matrix is smoothly energy dependent ex-
cept in the threshold and deuteron bound state region.
The extent to which this region is important in deter-
mining the optical potential will depend on the energy of
the incident nucleon and the range of the mixed density
[Eq. (4)] in momentum space.

A simple overall picture of the importance of the
deuteron channel within a free t-matrix approximation
for the effective NN interaction can be illustrated by con-
sidering the forward on-shell matrix element of the opti-
cal potential. From Egs. (4) and (5) we have

Uko.koi B) = [ dPp(0,P)(3(ko — P) | sl (E +2)
x| (ko — P)) (12)

where | ko |= ko = vV2mE. Realizing that the momen-
tum distribution of the mixed density varies essentially
between 0 < P < Pax, With Ppax ~1.4 fm™1, then the
c.m. momentum will vary between max{0,ko — Pmax}
and (ko + Pmax)- On the other hand, the values of the
c.m. momentum @Qp at which the ¢ matrix becomes sin-
gular are given by
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FIG. 2. Upper frame: momentum profile of the ground
state mixed density for nucleons in *°Ca at ¢ = 0. Lower
frame: NN c.m. momentum for the deuteron bound state
as a function of the energy of the projectile. The solid and
dashed curves correspond to situations where é=-25 MeV and
€=0, respectively. The dotted curve represents the on-shell
momentum of the projectile. The shaded area shows the range
in P relevant to the forward on-shell matrix element of the
optical potential [see Eq. (12)].
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1

E+E—4—EQ§,—ED=O. (13)

In the upper frame of Fig. 2 we show, as a function of
the average struck nucleon momentum P, the momentum
profile of the mixed density at ¢ = 0 given by P2p(0, P).
We observe that the momentum distribution extends up
to around ~1.5 fm~1, therefore setting the boundaries
for off-shell and energy sampling of the effective force.
In the lower frame we present the range of variation of
the c.m. momentum for a typical value of Pax=1.1
fm~! which corresponds to roughly half density in the
nucleus. This range is represented by the shaded region
around @ = ko(F) (dotted curve). Also in Fig. 2 we plot
Qp(E) for an average nucleon binding of € = 0 (dashed
curve) and €=-25 MeV (full curve). A clear and simple
picture emerges. Where the solid or dashed curve inter-
sects the shaded region, the full-folding model requires
matrix elements of the force throughout the energy re-
gion where deuteron formation exists. Conservatively we
observe that only above 200 MeV the singular features
of the ¢t matrix will not be strongly sampled. As the
incident energy decreases below 200 MeV the situation
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changes considerably and a more careful treatment of
the deuteron becomes essential. A precise estimate of
the critical energy depends on the choice of the average
energy ¢ as observed by Crespo and collaborators [24].

A final comment is necessary concerning some full-
folding calculations we have reported previously [13, 15].
There the t matrix used for negative NN c.m. energies
was obtained by extrapolating those calculated in the
positive energy region thus effectively underplaying the
role of the deuteron. However, since most of the results
were for proton energies of 200 MeV and above, the den-
sity did not essentially sample the singular region and
therefore our findings are practically correct. Under the
same considerations our results of Ref. [13] for 135 MeV
protons on ®O do not adequately represent all of the
physics contained in the full-folding model.

III. ELASTIC SCATTERING OBSERVABLES

The full-folding optical potential [Egs. (4) and (7)]
was calculated following the general procedure outlined
in Ref. [13]. To account properly for the presence of

104
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Calculated and measured elastic scattering observables for p+*°Ca at 400, 300, and 200 MeV. The solid curves rep-
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resent full-folding results. The dashed curves correspond to full-folding results neglecting the deuteron absorptive contribution.

See text for references to the data.
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the deuteron bound state in the ¢ matrix we have ex-
tended our computing codes in order to evaluate the cor-
responding principal value integral and the pole residue
contribution to the absorption [Egs. (12) and (13)].

The NN ¢ matrix was calculated from the Paris poten-
tial [25] using standard matrix inversion methods. The
residue at the deuteron pole was calculated using a fi-
nite albeit very small n in the two-nucleon propagator of
Eq. (3). The procedure has proven to be very stable and
accurate.

Calculations of differential cross sections (do/dS2), an-
alyzing powers (A,) and spin rotation functions (Q) were
made for proton elastic scattering on °Ca and 2°®Pb at
energies between 100 and 400 MeV. Coulomb scattering
was treated as described in Ref. [13]. By exploring this
range of energies, where we compare theoretical results
with data, we can set practical bounds for the validity
of the free NN ¢ matrix in the context of the full-folding
model.

The target density for “°Ca was determined from a
single-particle model using a Wood-Saxon parametriza-
tion for the mean field designed to fit the rms radius of the
point-proton density determined from electron scattering
and to fit experimental single-particle energies [13]. The
average binding energies were —24.0 and -31.4 MeV for

104
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protons and neutrons, respectively. In practice we have
used the same average binding for both protons and neu-
trons, € = % (Z&, + N&,;)=-27.7 MeV, with Z the proton
number and N the neutron number and A =Z + N. In
the case of 2°Pb the target density was determined from
Ref. [26], giving an overall average binding energy € = —
24.0 MeV.

In Figs. 3 and 4 we present measured and calculated
observables for p+4°Ca elastic scattering at 400, 300, 200,
181, and 160 MeV as a function of the momentum trans-
fer. Measurements of do/dS) and A, at 400 and 300 MeV
have been reported in Ref. [27]. Spin rotation measure-
ments shown at 300 MeV correspond to an actual beam
energy of 320 MeV and were taken from Ref. [28]. The
data at 200 MeV are from Ref. [29]. The cross-section
data at 181 and 160 MeV were taken from Refs. [30] and
[31], respectively, whereas the corresponding A, data are
from Refs. [31] and [32], respectively. The full curves
represent the complete full-folding calculations while the
dashed curves show the case when the absorption gen-
erated by deuteron formation [first term in Eq. (11)]
is omitted. At 300 and 400 MeV the agreement between
theory and experiment is very good and of quality similar
to results reported earlier [13]. At these energies the sam-
pling of the singular part of the ¢ matrix is very weak and

do/dQ (mb/sr)
3 R

()
2

T L T

p +40Ca

FIG. 4. Same as Fig. 3
but for p+*°Ca at 181 and 160
MeV. See text for references to
the data.
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therefore differences between the full and dashed curves
are not noticeable. At these higher energies our con-
clusions regarding differences between full-folding and tp
calculations are unaltered from those reached in Ref. [13].

At 200 MeV the agreement between the calculated ob-
servables and the data begins to deteriorate especially
for the spin observables. Indeed, as estimated in Sec.
IIB, this energy sets roughly the boundary where the
16, resonance and the deuteron bound state in the force
start modifying the optical potential. At this energy we
also see differences depending on whether the absorption
due to the deuterons is included or not. As the proton
incident energy decreases the disagreement between the-
ory and experiment increases notably for both the cross-
sections and spin observables.

In Figs. 5 and 6 we present the results of our calcula-
tions for p+2%8Pb elastic scattering at 400, 300, 200, 160,
121, and 98 MeV as a function of the momentum trans-
fer. Full-folding model results for this target have not
been reported. The data for the scattering observables
at beam energies of 400, 300, and 200 MeV are from Ref.
(27). The corresponding measurements at 160 and 121
MeV are reported in Ref. [32], whereas the 98-MeV data

are reported in Ref. [31]. The meaning of the full and
dashed curves follows the discussion of Figs. 3 and 4.
We observe the same trend as in the p+%°Ca case. The
free ¢t matrix gives a notably good description of the data
at the higher energies. However, when the deuteron sin-
gularity becomes significantly sampled around 200 MeV
the description of the data quickly worsens both for the
cross sections and spin observables.

The question arises as to whether different bare NN
forces will alter our findings significantly regarding the
role of the deuteron in low energy elastic scattering. We
expect that the answer is no since the main differences
among reasonable internucleon potentials is in their off-
shell behavior but unlikely in their energy dependence
near threshold nor at the deuteron binding energy.

We have also investigated the sensitivity of our calcu-
lations to the choice of the starting energy. This is im-
portant since the starting energy largely determines the
extent to which the deuteron region is sampled in the
t matrix. Consequently we have done calculations for
p+2%8Pb optical potentials with average nucleon binding
energies of € = —24.0 and 0 MeV. Our findings are similar
for the p+4°Ca case. In Fig. 7 we have plotted our results

104 | p+208Pb 1t
E |
3 -4
g102 |
Biw} . !
- E = 400 MeV 2 E =300 MeV

. E=200Mev

05
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05¢t

o 1 )
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q (fm1)

FIG. 5. Calculated and measured elastic scattering observables for p+2%Pb at 400, 300, and 200 MeV (see text for references
to the data). The solid curves represent full-folding results. The dashed curves correspond to full-folding results neglecting the

deuteron absorptive contribution.
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FIG. 6. Same as Fig. 5 but for p+2°®Pb at 160, 121, and 98 MeV. See text for references to the data.
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FIG. 7. Starting energy ef-
fects in the calculated ob-
servables for p+2°Pb elas-
tic scattering at 200 and 121
MeV. The calculated observ-
ables correspond to full-folding
calculations using €=-24 MeV
(solid curves) and €=0 (dashed
curves) for the starting energy.
Both calculations include the
deuteron absorptive contribu-
tion.
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and the data as a reference point for £=121.0 and 200
MeV. The full curves correspond to €=—24.0 MeV and the
dashed ones to € = 0. We observe that there is a strong
dependence on the choice of the starting energy with the
calculations getting somewhat closer to the data when
€ = 0. Our interpretation is that for € = 0 the deuteron
contributes less to the matrix elements (roughly the on-
shell values) of the optical potential relevant to the scat-
tering observables, signaling that deuteronlike singulari-
ties are far less important in determining the scattering
process than calculations with a more realistic € suggest.
Rather than changing arbitrarily the starting energy to
improve the description of the data, we conclude that
medium and/or higher order contributions to the optical
potential are quite important even at or above 200 MeV.
Indeed, the inclusion of propagation in the presence of a
nuclear mean field will tend to push the deuteron singu-
larity away from the overlapping region between the ef-
fective force and the density. The recent work of Crespo
and collaborators [24], which treats the momentum de-
pendence of the interaction less completely than is done
here, indicates that the inclusion of the binding potential
for the struck nucleon in the intermediate states shifts
the effective € to positive values. The medium effects
included in Ref. [17] lead to an overall reduction in
the propagating energy and to small corrections to ob-
servables above 100 MeV incident energy. The inclusion
of medium-dependent double-scattering terms within an
optimal factorization approximation has been shown [16]
to have small effects on proton scattering observables
above 100 MeV, while generating substantial modifica-
tions to proton-nucleus wave functions for small partial
waves. Calculations which incorporate medium effects
within the full-folding framework are underway [33].

IV. CONCLUSIONS

In this paper we have extended earlier full-folding
model calculations of the optical potential for NA elastic
scattering to include the full range of NN dynamics in
order to assess in some detail the role of the free NN ¢
matrix as the effective internucleon force. In particular,
we are now able to incorporate in the full-folding cal-
culations the pole singularity due to the deuteron state
present (and the 1S, resonance) in the ¢ matrix.

Within this framework we have estimated that for nu-
cleon energies below ~250 MeV, the optical potential re-
quires matrix elements which are strongly influenced by
the deuteron bound state in the NN free ¢ matrix. This
result means that the optical potential is very sensitive
to the energy available in the c.m. of the interacting nu-
cleon pair, since the target density requires a sampling of
the energy region where the ¢ matrix becomes singular.
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The full-folding model provides a flexible framework for
exploring these effects. Alternative, more approximate
approaches for calculating the optical potential which use
the free ¢t matrix for the effective internucleon force in the
energy range we have explored do not treat the strong
energy dependence of the NN ¢ matrix at low energies
explicitly. The conclusions obtained using these more
approximate approaches are much more restricted and
should be interpreted accordingly.

At 300 MeV and above, the full-folding model gives
very good results for protons on “°Ca and 2°8Pb. These
results are of similar quality to those reported in Ref. [13]
and are closer to the data than the results obtained using
factorized tp models. Therefore we can conclude that
the difference between the full-folding and the tp models
directly reflects a more complete sampling of the off-shell
properties of the ¢ matrix in the full-folding model.

At 200 MeV and below we observe a rapid deterioration
of the full-folding model when compared to the data. Al-
though the theory yields a strong influence of the singular
region in the t matrix, our results including this region
differ considerably from the measured observables. We
conclude that the free ¢ matrix is a poor approximation
to the effective NN interaction in nuclei for describing
nuclear elastic scattering below ~200 MeV.

Our study of the role of the starting energy also shows
that the agreement between theory and experiment im-
proves when the starting energy is increased, thus weak-
ening the explicit influence of the deuteron bound state.
This suggests that other effects which, among other
things effectively dampen the role of the deuteron bound
state, must be incorporated into the calculation of the
effective NN force to account for the differences between
measured and calculated observables shown in Figs. 3-6.

Overall, the present study shows how far we can go
with the free t matrix to understand nucleon-nucleus
scattering in a first-order approximation to calculate the
corresponding optical potential. Unfortunately the range
of energies is not too encouraging: below ~250 MeV
the theoretical results start failing to account reasonably
well for the experimental data and above 400 MeV the
bare NN force is not designed to reproduce well the NN
physics. Medium effects offer a promising direction for
overcoming some of these difficulties.
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