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Several tasks have been accomplished under this grant, the common theme being a system- 
atic investigation of the nuclear force in the nuclear medium. The main results and their 
relevance are summarized below. 

A isobars in the medium: 
One of our recent goals has been a systematic investigation of the signature of the medium as 
seen through proton induced reactions. We have considered medium effects [l ,2] which orig- 
inate from Pauli blocking, nuclear binding, and the presence of strong relativistic scalar and 
vector mean fields included through the Dirac-Brueckner-Hartree-Fock (DBHF) approach 
to nuclear matter. Elastic proton scattering and natural-parity inelastic transitions are sen- 
sitive to these medium effects mostly through the isoscalar central and spin-orbit terms in 
the effective NN interaction, and thus provide a suitable environment for the evaluation of 
its density dependence. Our interaction has also been made available to groups measuring 
polarization transfer observables in (5, 5) reactions around 200 MeV [3]. 

Within these broad objectives, in Ref. [4] we have moved beyond the one-boson-exchange 
(OBE) picture by including A-isobar degrees of freedom in the baseline N N  interaction. We 
use a coupled-channel model which involves two-meson-exchange diagrams with T and p 
through A intermediate states. In the OBE model, the intermediate range attraction is 
entirely parametrized through the 0 boson. Here, the two-pion exchange diagrams provide 
about 50% of the intermediate-range attraction, whereas the other 50% is associated with the 
correlated two-pion contributions and is described by the 0' boson, a scalar boson having 
approximately one-half the strength of the typical OBE 0. On the other hand, the T-p 
diagrams are (predominantly) repulsive and shorter-ranged. Thus they suppress the two- 
pion contributions at short distances. 

The A diagrams are modified in the medium and become strongly density dependent 
due to the following effects: 1) dispersive effects on the baryon propagators (for both N and 
A), 2) Pauli blocking on the NA intermediate states, and 3) medium modifications of the 
Dirac structure for the nucleons involved in those diagrams. 

We find that the main effect of A states in the medium is to make the central isoscalar 
term in the effective NN interaction overly repulsive as a function of increasing density, 
an effect that is particularly apparent for those natural-parity transitions with significant 
contribution from the nuclear interior. On the other hand, the unnatural-parity states are 
much less sensitive to the new degree of freedom. 

While observing that the addition of this model component does not improve the de- 
scription of inelastic scattering to natural-parity states, we emphasize the importance of 
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having a picture that is as complete as possible. Although the role of A isobars for the nu- 
clear force is well established, the theoretical handling of such states within the many-body 
system may still be incomplete. It has been argued before [5,6] that attractive many-body 
forces (implied for consistency by the presence of A isobars) would almost entirely cancel the 
(repulsive) medium effects of those A diagrams. Thus, the latter may need to be examined 
in a broader context which includes the consideration of many-body forces. Finally, only a 
complete scenario of medium e fec ts  o n  two-body interactions can facilitate our understand- 
ing of other aspects of the many-body problem. 

Reaction calculations with exact Pauli operator: 
An important source of density dependence for the nuclear force in the medium is provided 
by the Pauli blocking mechanism, which prevents scattering to occupied states. Typically, 
this operator is handled with the so-called angle-average approximation [7]. 

Earlier we produced a G-matrix where no approximation is applied to the Pauli projec- 
tor [8]. Due to the presence of the matrix elements of the exact Pauli operator, the new 
reaction matrix is very different than the usual one in structure and dimensions: it can 
connects states with different total angular momentum, and it depends on the projection 
quantum number M.Thus our standard techniques [ 11 for developing effective interactions 
to be applied in DWBA calculations had to be substantially revised. Recently, we accom- 
plished this task and reported (p,p’) predictions obtained with the exact Pauli projection 
operator. Although earlier calculations showed effects increasing in size at 100 MeV [9], 
our revised calculations indicate that the effect of removing the spherical approximation is 
generally small. In fact, at the level at which present theory can provide an accurate model 
of nucleon-induced reactions, we find the angle-averaged treatment of the Pauli projection 
operator adequate for intermediate-energy proton-nucleus scattering. 

Applications of chiral potentials in reaction calculations: 
While searching for the signature of the medium, it is important to keep in touch with recent 
advances in the nucleon-nucleon (NN) sector, since the characterization of medium effects 
can depend on the nature of the chosen two-body force. 

Chiral perturbation theory (xPT) offers a way to describe phenomena at nuclear physics 
energies that is consistent with the symmetries of the underlying theory of strong interac- 
tions (QCD). Recently, a new generation of NN potentials based on the increasingly popular 
xPT has emerged [10,11]. We have used proton-induced reaction data at 200 MeV to 
explore their predictive power in nuclear reactions [12]. We find that the predictions for 
elastic and inelastic scattering are very close to those obtained from from a high-quality 
one-boson-exchange force, as long as the chiral potential is accurate in the reproduction of 
NN scattering phase shifts. 

Asymmetric nuclear matter: 
When calculating proton-nucleus elastic and inelastic scattering, we have up to now concen- 
trated on symmetric (N=Z) nuclei for which reliable structure information is available from 
electron scattering. This creates the best possible conditions for the detection and charac- 
terization of any problem which may be present in the density dependence of the effective 
interact ion. 
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The relative simplicity of a homogeneous infinite system makes nuclear matter calcula- 
tions a convenient starting point for the determination of an effective interaction suitable 
for finite nuclei, which is why the effective interactions used in all of our DWBA calculations 
have their roots in a microscopic calculation of symmetric nuclear matter. Together with 
the local density approximation, this approach has been used successfully for proton-nucleus 
scattering. 

Nuclear matter is an idealized uniform infinite system of protons and neutrons under 
their mutual strong forces and without electromagnetic interactions. Symmetric nuclear 
matter (that is, equal densities of protons and neutrons) has been studied extensively. The 
so-called conventional approach to nuclear matter goes back to earlier works by Brueckner 
and others [13-171 and is known as the Brueckner-Hartree-Fock theory. During the 1 9 8 0 ’ ~ ~  
the Dirac-Brueckner-Hartree-Fock (DBHF) approach was developed [ 18-20]. The break- 
through came with the observation that the DBHF theory, unlike the conventional one, could 
describe successfully the saturation properties of nuclear matter, that is, saturation energy 
and density of the equation of state (EOS). The DBHF method adopts realistic nucleon- 
nucleon (NN) interactions and contains features of the relativistic theory. It characterizes the 
nuclear mean field by strong, competing scalar and vector fields that together account for the 
binding of nucleons as well as the large spin-orbit splitting seen in nuclear states. Explicit 
inclusion of negative energy states in the Dirac structure has been and is the subject of 
extensive debate [21-231. The importance of such contribution in nuclear matter has been 
examined with different choices of covariant equations, but no clear (model-independent) 
conclusion can be drawn. At this time, the DBHF framework still appears to be a reliable, 
as well as feasible, microscopic method to describe quantitative effective interactions in the 
nuclear medium. (A very popular alternative method makes use of non-relativistic two-body 
interactions together with phenomenological three-body forces.) 

For the purpose of studying asymmetric nuclei (especially highly asymmetric ones) , it 
becomes necessary to begin with asymmetric nuclear matter. This is the focal point of 
our most recent and on-going work. In the past, asymmetric nuclear matter has been 
studied to a lesser degree. Systematic empirical investigations to determine the saturation 
properties of asymmetric matter have so far not been done. From the theoretical side, earlier 
studies can be found in Refs. [24,25]. More recently, relativistic calculations were reported 
in Refs. [26,27]. In Ref. [as], a Lorentz invariant functional of the baryon field operators is 
defined to project Dirac-Brueckner nuclear matter results onto the meson-nucleon vertices 
of an effective density-dependent field theory. This is then applied to asymmetric matter 
and finite nuclei in Hartree calculations. 

Also, interactions adjusted to fit properties of finite nuclei, such as those based on the 
non-relativistic Skyrme Hartree-Fock theory [29] or the relativistic mean field theory [30] , 
have been used to extract phenomenological EOS. Generally, considerable model depen- 
dence is observed among predictions based on different EOS [31]. Variational calculations 
of asymmetric matter are also available [32]. 

We have performed [33] microscopic calculations of the equation of state for asymmetric 
matter. We use realistic N N  forces and operate within the DBHF framework. The calcula- 
tion is self-consistent and parameter-free, in the sense that no parameter of the N N  force is 
adjusted in the medium. We make predictions for the nuclear symmetry energy and observe 
a large discrepancy between the relativistic and the non-relativistic predictions at high den- 
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sity. We also calculated the pressure in symmetric matter and neutron matter at densities 
up to five times saturation density. Our predictions are consistent with recent experimental 
constraints obtained from analyses of nuclear collisions [40] , with the extracted pressures 
being the highest recorded under laboratory conditions. 

Neutron radii and neutron skins: 
Our knowledge of matter distribution inside asymmetric nuclei needs to be improved and 
broadened. This is partly due to the fact that the experimental ability to vary the ratio 
between protons and neutrons over a large range has so far been rather limited. The advent 
of beams of short-lived, radioactive nuclei promises to change this situation, providing new 
opportunities to explore unknown regions and possibly phenomena and symmetries different 
than those seen in the stability region. 

The doubly magic nucleus 208Pb is perhaps one of the most asymmetric nuclei for which 
a considerable database exists. Even in such case, determinations of neutron densities differ 
considerably depending on the model used in the analysis [34], while almost nothing is 
known about much more neutron-rich nuclei. The recent analysis by Clark, Kerr, and Hama 
[35] finds values of neutron r.m.s. radii and neutron skins generally not in agreement with 
those predicted by relativistic mean-field models, which are typically larger. In Ref. [36], 
Furnstahl investigates the spread in neutron skin predictions for 208Pb within mean-field 
models. The nature of that variation is studied using correlations between basic properties 
of the models and neutron skin thickness in 208Pb. The results suggest that mean-field 
models may overestimate the skin thickness [36] and that additional constraints may be 
needed to improve the model functionals. 

Phenomenological EOS based on the non-relativistic Skyrme Hartee-Fock theory and 
the relativistic mean field theory, respectively, have been used to predict neutron skins of 
Na isotopes [31]. When compared with the available data [37], which carry considerable 
uncertainties, the two calculations appear to be the two extreme cases bounding a region 
consistent with experiment. 

Recently we have presented calculations of nuclear energies, densities, and r.m.s. radii 
for some nuclei, ranging from symmetric to highly asymmetric [38]. The main ingredient is 
the EOS from Ref. [33]. We use a mass formula as a simple yet direct tool to probe our EOS 
for infinite asymmetric matter in finite nuclei. Our predictions are essentially parameter 
free. 

We compare with empirical information, when available. Realistic predictions for proton 
r.m.s. radii and binding energies are obtained if the EOS originates from DBHF calculations. 
Concerning the baseline force, the best predictions are obtained with the Bonn-B interaction, 
reflecting a better balance of attraction and repulsion as compared to other potentials. 

Our work demonstrates that a microscopic density-dependent interaction based on real- 
istic two-body forces and obtained within a relativistic description of asymmetric matter is 
capable of generating realistic predictions for both energies and radii without phenomeno- 
logical adjustments, even if used in the simplest framework of a liquid drop model. 

Our predictions for neutron radii and neutron skins are consistent with the generally 
accepted values, which, on the other hand, are accompanied by large uncertainties. Addi- 
tional theoretical work on neutron skins is clearly needed as well as accurate determinations 
of neutron densities. These may be available in the near future through parity violating mea- 
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surements of neutron densities which have been proposed as a tool for measuring neutron 
distributions with unprecedented accuracy [39]. Parity violation arises from the interference 
of electromagnetic and weak amplitudes, with the 2’ coupling mainly to neutrons at low 
Q2. The data may be interpreted with as much confidence as electromagnetic scattering 
[39]. Hopefully, these measurements will provide more stringent constraints for theoretical 
models. 
Development of human resources/contribution to education: 
We are happy to report that Ms. Dolores Alonso, a graduate student who has been partially 
supported by DOE funds, has in the mean time obtained her Ph.D. (Summer 2003). The 
title of her Ph.D. dissertation is “Relativistic self-consistent calculations of nuclear matter 
properties with unequal densities of protons and neutrons”. 

We have also been able to successfully include undergraduate participation in this project. 
Although it is sometimes believed that undergraduate students may lack the necessary back- 
ground to participate productively in theoretical physics research, this does not have to be 
the case. Many issues in contemporary nuclear theory can only be addressed using com- 
putational methods, which can be mastered by a younger student. We are confident that 
Mr. J .  Petsko, an REU student who participated into some aspects of this project (Summer 
2002) under the supervision of myself and Ms. Alonso, acquired valuable computational 
skills which will be useful regardless his future career choices. 
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