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Comparison of nucleon-nucleon potential models in a full-folding description of elastic scattering
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The sensitivity of proton-nucleus elastic scattering to different nucleon-nucleon effective interac-

tions is studied within the framework of the nonrelativistic full-folding model. Calculations of the

nucleon-nucleus optical potential are made using the free nucleon-nucleon t-matrices generated

from the Bonn, Paris, Hamada-Johnston, and Melbourne nucleon-nucleon potentials, whose full

off-shell behavior is treated explicitly. Applications are made to p + Ca elastic scattering at ener-

gies of 200, 300, and 400 MeV within the full-folding framework. Calculations using the on-shell tp
model have been made for comparison. Both full-folding and tp results show comparable sensitivity

to the particular choice of effective interaction, demonstrating the importance of a realistic descrip-

tion of the nucleon-nucleon interaction both on and off the energy shell.

Recent developments in intermediate-energy nucleon-
nucleus scattering have demonstrated' the importance
of including explicitly the off-shell behavior of the
nucleon-nucleon (NÃ) efFective interaction. In particular,
accurate treatments of these off-shell degrees of freedom
in a nonrelativistic full-folding optical potential have pro-
vided' a substantial improvement in the description of
nucleon-nucleus (XA) elastic-scattering data when com-
pared with alternative approximations to the optical po-
tential which have an on-shell factorized "tp" structure in
momentum space. These findings demonstrate that
nucleon-nucleus elastic scattering is sensitive to the ap-
proximations made in treating the off-shell behavior of
the NN effective interaction. In particular, nucleon-
nucleus scattering is sensitive to the design of models of
the NN potential and to its intrinsic off-shell properties as
determined by the Lippmann-Schwinger or Schrodinger
equation. In the present work, we address the degree of
sensitivity of the full-folding calculations to the use of al-
ternative NN potentials. A knowledge of the level of sen-
sitivity to difFerent NN potential models is critical for un-
derstanding and estimating the associated uncertainties
and limitations in microscopic calculations of nuclear
structure and nuclear reactions.

Although full-folding and approximate full-folding re-
sults have been reported previously using different NN
potentials, ' meaningful comparisons are dificult be-
cause different approximations have been used by the
different groups and these approximations are known to
be nonequivalent. In order to compare the use of
different NN potentials directly, we consider four distinct

potentials within a common full-folding framework. The
NN potentials we consider are the Paris potential, the
Bonn momentum-space one-boson-exchange potential
(OBEPQ), the Hamada-Johnston (HJ) potential, and
the recently developed Melbourne potential.

Each of the above potentials is realistic in the sense
that they describe NN scattering data below about 350
MeV. The Paris and Bonn potentials are currently the
most widely used descriptions of the NN interaction and
are based primarily on the underlying hadronic degrees
of freedom (meson-exchange models). In particular, the
medium- and long-range parts of the Paris interaction are
described in terms of m-, 2m-, and co-exchange terms. Its
short-range (r 80.8 fm) part is represented by a pheno-
menological soft core. In the present calculations, we
use the Yukawa parametrization of the Paris potential.
The Bonn potential considered is a one-boson-exchange
potential (OBEP) containing form factors which regular-
ize the potential at short distances. The HJ potential is
primarily phenomenological with a hard core in all states;
its long-range part is constrained by the one-pion-
exchange process. The Me1bourne potential is an empiri-
cal model in which boson-exchange form factors (m. , 2',
p, and co) are multiplied by parametric functions of the
relative NN momenta; these functions are determined by
fitting NN scattering data up to 400 MeV.

The details of the full-folding model calculations are
given in Ref. 1 and are used with each of the t matrices
generated by the above potentials so that here we indicate
only the most essential elements. In the absence of medi-
um corrections to the NN effective interaction and when
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The momentum and energy variables in the t matrix are
defined by

a'=
—,'(K —P —q),

a =
—,
' (K—P+ q),

(P+K)
2M

K= —'(k+k') .

(3)

The integration is over the mean momentum (P) of the
struck nucleon before and after collision. The momen-
tum v (a') represents the incoming (outgoing) relative
momentum in the NN center of mass and z represents the
propagating energy in the same system. These three vari-
ables are not constrained to be on shell. The free t matrix
is calcu'-ated off shell from the different NN potentials by
solving either the Lippmann-Schwinger integral equation
or the corresponding Schrodinger equation. '

A critical feature of the optical potential in the full-
folding approach is the inclusion of off-shell effects con-
sistently as allowed by the momentum distribution of the
mixed density p. In Fig. 1, we show a plot of
P p(P+ —,'q, P —

—,'q) for Ca as a function of P and q; the
result depends very weakly' on the angle between P and
q. From this figure it becomes evident that the dominant
contributions to the optical potential take place for
P ~1.5 fm '. The variation of the momentum P yields
an off-shell sampling of the NN effective interaction as
given by Eq. (3). The most widely used approximation to

the single-particle energies of the bound nucleons may be
approximated by an average value e (e= —25 MeV in the
case of Ca), the full-folding optical potential for
proton-nucleus scattering can be expressed in terms of
the free t matrix (t) and the ground-state mixed density pb'
U(k', k;E)= fdP p(P+ —,'q, P —

—,'q)(a'~t (z)~t~),

where q=k —k' and p is given in terms of occupied
single-particle states y by

p(P+ —,'q, P —
—,'q)= gy (P+ —,'q)y (P —

—,'q) .
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the full-folding integral is the on-shell tp approxima-
tion ' where one assumes, for example, a small variation
of the t matrix in the vicinity of P=O and an approxi-
mately local behavior in the small-q region. In this case,
the optical potential takes the form U —t (q)p(q) with the
t matrix always evaluated on shell. Here we present cal-
culations of the optical potential using both the full-
folding model and an on-shell tp approximation to it at
200, 300, and 400 MeV.

In order to illustrate the level of agreement between
the different potentials in describing the NX observables,
we show in Fig. 2 the isoscalar (AT =0) cross section,
analyzing power, and spin-rotation parameter for NN
scattering at nucleon laboratory energies of 210 and 325
MeV using only the central (A) and spin-orbit (C) NN
amplitudes. The isoscalar "observables" are shown be-
cause it is this combination of the NN t matrix which
enters the calculation of elastic scattering from nuclei
with ground-state isospin equal to zero. Similarly, the
NN cross sections have been calculated as

~
A

~
+ ~C~

rather than ~A~ +2~C~ to more closely represent the
weighting appropriate to nucleon-nucleus scattering. In
this figure, solid curves represent the Paris potential,
dashed curves the Bonn potential, dotted curves the HJ
potential, and dash-dotted curves the Melbourne poten-
tial. The same scattering "observables" were also calcu-
lated using Amdt's amplitudes' obtained from an
analysis of NN scattering data and are represented by the
symbol 0. From these figures we observe that the
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FIG. 2. Calculated cross section, analyzing power, and spin-

rotation parameter for NN scattering (AT=0) using different
NN potential models and a phase-shift analysis (C') at 210 and
325 MeV lab energy. The solid (Paris), dashed (Bonn), dotted
(HJ), and dash-dotted (Melbourne) curves denote results for the
different potentials.
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different descriptions of the NN cross sections and spin
observables are not completely equivalent. Indeed, in the
case of 210 MeV, differences in the cross sections predict-
ed by the four models are quite noticeable. Compared to
the predictions from Amdt's phase-shift analysis, ' the
Paris, HJ and Melbourne potentials overestimate the
cross section, whereas the Bonn potential underestimates
it at small q. The A and Q functions are in somewhat
closer agreement with each other. In the case of 325-
MeV scattering, the dispersion between the predicted NN
cross sections is seen to be smaller than at 210 MeV and
each model yields comparable agreement with the pre-
dicted observables calculated from the phase-shift
analysis.

The above observations regarding the agreement be-
tween the different models in describing the ET=0 NN
scattering observables are an indication that the NN po-
tential models are not strictly equivalent on shell. There-
fore, applications of these models in full-folding calcula-
tions do not permit an unambiguous assessment of the
sensitivity of NA scattering to different off-shell behav-
iors of NN potential models. Only in a case in which
different NN potential models provide essentially
equivalent descriptions of the NN data would we be able
to explore with confidence their intrinsic differences off
shell. Moreover, applications of NN potentials to the cal-
culation of optical potentials require t matrices over a
wide range of energies in the NN c.m. This feature pre-
cludes a simple analysis of features observed in the calcu-
lated NA scattering observables based on the behavior of
the NN interaction at a particular energy.

To illustrate the variation in the calculated NA observ-
ables associated with on-shell differences in the free NN t
matrices, we show elastic-scattering results in Fig. 3 at
200, 300, and 400 MeV using the conventional tp model
for the optical potential which is derived exclusively from
on-shell t-matrix elements as described in Ref. 1. We
note that this particular on-shell version of the tp model
requires t-matrix elements at and above the incident ener-
gy. Although the comparison between measured and cal-
culated observables is not the primary focus here, we in-
clude the data in Fig. 3 to help place the present results
in perspective. It is clear that estimates of the effects
arising from medium corrections, " for example, need to
be made, especially at the lower energies. The data at
200 MeV are from Ref. 12. The cross section and 3
data at 300 and 400 MeV are from Ref. 13; the Q data at
300 MeV (Ref. 14) correspond to measurements made at
320 MeV.

At 200 MeV we see that the on-shell tp results using
the different NN potentials are in quite close agreement;
however, none of these potentials provides a good
description of the data. Results using the Bonn potential
show the largest deviations from the other NN potentials
as might be expected from the NN "observables" shown
in Fig. 2. At 300 MeV there is a somewhat larger disper-
sion of the results using the different NN potentials, espe-
cially for the spin observables. As at 200 MeV, the Bonn
results exhibit the largest deviation from the mean and
provide the best (worst) description of the A (cross sec-
tion) data. The somewhat distinct results obtained using

the Bonn potential are only partially inferrable from the
NN results of Fig. 2.

For each of the four NN potential models described
above, we have calculated the corresponding free t matrix
fully off shell and then used it in the calculation of full-
folding optical potentials for p+ Ca scattering at 200,
300, and 400 MeV as prescribed by Eqs. (1)—(3). The re-
sulting scattering observables are compared in Fig. 4
where the same convention as that in Fig. 2 is used to
represent results for each NN potential model. From this
figure we notice differences between the scattering ob-
servables predicted by the four NN potential models con-
sidered. The systematic good agreement observed in the
case of the HJ potential at the energies considered here is
especially surprising considering the presence of an
infinitely strong repulsive core at short distances. In con-
trast, it is interesting to note the distinct and relatively
poor description of the scattering observables obtained
using the Melbourne (dot-dashed curves). Indeed, the
pronounced improvement obtained in going from the on-
shell tp model to the full-folding model when using the
Paris, Bonn, and HJ potentials does not occur using the
Melbourne potential. These results emphasize that an
adequate description of the NN interaction is not
sufficient for describing a many-nucleon process such as
NA scattering. In the case of the two meson-exchange-
based potentials (Paris and Bonn), we note a tendency of
the Bonn model to yield a slightly more diffractive struc-
ture in the cross section, particularly at 200 and 300 MeV
as was the case in the on-shell tp results shown in Fig. 3.
In the case of the spin observables, A and Q, the
description given by the Bonn potential agrees more
closely with the data than that given by the Paris poten-
tial. At 400 MeV (Fig. 4), the agreement between the
Paris- and Bonn-based calculations is much closer for the
cross section, where very good agreement with the data is
observed. However, a clear deterioration is observed in
the description of A in the case of the Bonn potential,
where the minima in 3 are systematically shallower
than those observed in the data.

In summary, the use of the Paris, Bonn, and HJ poten-
tial models for the NN interaction in the calculation of
full-folding optical potentials for NA elastic scattering
yields similar overall features for the corresponding
scattering observables, especially at the lower incident en-
ergies. Although the Melbourne potential provides
descriptions of both NN scattering observables in the
6T =0 channel and NA scattering observables within the
on-shell tp model which are comparable to those ob-
tained using the other NN potentials considered here, its
use in full-folding calculations yields a very different (and
inferior) description of the corresponding XA scattering
observables. This observation is particularly evident in
the analyzing power at all energies considered here and
emphasizes the importance of including the off-shell
properties of the NN interaction in as realistic a way as
possible. The precise origin of the peculiarities of the
Melbourne potential is not investigated in this work.
However, previous studies of the properties of the Mel-
bourne potential indicate substantial differences in its
off-shell behavior relative to the Paris potential in some
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FIG. 3. On-shell tp calculations of elastic-scattering observables for p +4oCa at 2QQ, 3QQ, and 4QQ Me@ using the paris, Bonn HJ
and Melbourne potentials. The curves are labeled as in Fig. 2.
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channels. In contrast to the results obtained using the
Melbourne potential, the much smaller differences found
in the calculated observables using the Paris, Bonn, and
HJ full-folding results are roughly comparable to those
obtained in the corresponding on-shell tp calculations.
Consequently, the nonequivalence of the on-shell proper-
ties of the different potentials precludes a discrimination
amongst these potentials based exclusively on their off-
shell extensions. Nevertheless, when used in a full-
folding framework, the Paris, Bonn, and HJ potentials
provide considerably improved descriptions of the XA

elastic-scattering observables relative to those obtained
using the on-shell tp model of the optical potential.
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