%530 % 5 12
2006 4 12 A

mORE W OBY W B
HIGH ENERGY PHYSICS AND NUCLEAR PHYSICS

Vol. 30, No. 12
Dec., 2006

Isospin-Dependence of Nucleon Potential and Effective

Mass in Relativistic Approach”

MA Zhong-Yu'?

RONG Jian!

1 (China Institute of Atomic Energy, Beijing 102413, China)
2 (Center of Theoretical Nuclear Physics, National Laboratory of Heavy Ion Accelerator of Lanzhou, Lanzhou 730000, China)

Abstract The isospin-dependence of nucleon optical potentials and the nucleon effective mass is studied in the

framework of the Dirac Brueckner Hartree-Fock (DBHF') approach. A new decomposition of the Dirac structure

of the nuclear self-energy in the DBHF is extended to asymmetric nuclear matter calculations. The real part

of the nucleon self-energy in asymmetric nuclear matter is calculated with the G-matrix in the Hartree-Fock

approach, while the imaginary part is obtained from the polarization diagram. The nucleon vector effective

mass is derived from the Schroedinger equivalent potentials. It is found that the neutron vector effective mass

is larger than that of proton in the neutron-rich nuclear matter once the energy dependence of the nucleon

potentials is considered.

Key words Dirac Brueckner Hartree-Fock theory, nucleon effective mass, nucleon scattering optical potential

Recently, the radioactive beam physics has be-
come one of the frontiers in nuclear physics. It offers
the possibility to broaden our understanding of nu-
clear properties. In the neutron rich side, one of the
most interesting questions is the isospin dependence
of the nucleon effective interaction as well as the nu-
cleon effective mass. The knowledge about the isospin
dependence of nucleon potentials and the nucleon ef-
fective mass is critically important for understanding
properties of neutron stars and the dynamics of nu-
clear collisions induced by radioactive beams. Unfor-
tunately, up to now the knowledge about the isospin
dependence of those quantities from experiments is
very little. Therefore it is required to investigate the
isospin dependence based on a fundamental theory.
In this work we shall investigate the isospin depen-
dence of nucleon optical potentials and the nucleon
effective mass microscopically in the framework of the
Dirac Brueckner Hartree-Fock(DBHF') approach.
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A new decomposition of the Dirac structure of nu-
cleon self-energies in the DBHF, which was proposed
by Schiller and Miither™ ? is adopted. The DBHF G-
matrix is separated into a bare nucleon-nucleon (NN)

interaction V and a correlation term AG.
G=V+AG. (1)

Usually, the bare NN interaction V' in the DBHF is
taken as an OBEP, such as Bonn potentials, which
contain six meson exchanges: o, w, 1, 6, p, and
7. The correlation term AG is parametrized by four
pseudo-mesons (0’, &', w’, p’). These pseudo-mesons
have infinite masses but finite ratios of coupling con-
stants to the corresponding masses. Therefore, the
effective NN interaction G in symmetric and asym-
metric nuclear matter can be characterized in the
relativistic Hartree-Fock (RHF') approach by the ex-
changes of those four pseudo-mesons, in addition to
the OBEP.
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The DBHF nucleon self-energies in asymmetric

nuclear matter have the general form:

Et(chFaﬁ) = Est(k7kF7ﬁ) _7023(k7kFa6)+

vk (k ke, B) | (2)

where t stands for proton or neutron, X!, X¢ and
Xt are the scalar component, time-like and space-like
parts of the vector component of the self-energy, re-
spectively. They are functions of the nucleon mo-
mentum, density and asymmetry parameter § =
(pn — pp)/p, where p,, p, and p are neutron, proton
and matter densities, respectively.

The nucleon self-energy in nuclear matter can be
calculated in RHF with V' and AG of Eq. (1). The

nucleon self-energy is expressed as,

Skke, ) = X [ o AL O T o) -

LAY (k—q)} (3)

where the first and second terms correspond to direct
(Hartree) and exchange (Fock) terms, respectively.
The index «a refers to mesons, a and b are isospin
components. ¥ is the single-particle Green’s func-
tion, and the A% are meson propagators. I'? are the
vertices of nucleon-meson couplings.
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properties of asymmetric nuclear matter and finite

have used this scheme to study the
nuclei. Reasonable results are thus achieved. For
scattering problems, the optical potential of a nucleon
in the nuclear medium is identified with the nucleon
self-energy. The real part of the relativistic micro-
scopic optical potential (RMOP) is evaluated in the
DBHF approximation by adopting the decomposition
of G =V + AG. The imaginary part of the G-matrix
which is calculated as the G-matrix polarization dia-
gram. Its contribution to the nucleon self-energy can

be calculated as followsw,

() = ;jﬁ{mmw[éj& Y

Te[ 172G (p) 5 (1% (p+4q))] x

A;%q)(i%(k—ang} . (4)

With this nucleon effective interaction we calculate

the nucleon self-energies at £ > 0,
St=U+iW" (5)

where U* and W are calculated in Eq. (3) and Eq. (4),
respectively.

In principle the imaginary part of Eq. (4) could
be calculated with the G-matrix. It has been found
earlier that the pion exchange in the bare NN inter-
action V gives a large contribution to the imaginary
part of the polarization diagram[5]. The reason of this
unphysically large contribution may be due to high
order correlations in the pion exchange. We also find
that this large contribution to the imaginary part of
the polarization diagram cannot be eliminated by the
correlation term AG. In order to avoid this problem
and to simplify the calculation of the imaginary part
of the RMOP we introduce an effective NN interac-
tion Geg. The effective nucleon interaction consists of
four scalar and vector pseudo-mesons with isoscalar
and isovector characters, corresponding to o, w, &
and p mesons. The masses of these effective mesons
are fixed and the coupling constants are adjusted in
the RHF to reproduce the DBHF results, namely the
neutron and proton self-energies as well as the binding
energy at each density in the symmetric and asym-
metric nuclear matter.

The optical potential in finite nuclei is obtained by
means of the local density approximation, where the
space distribution of the RMOP is directly connected
with the density and asymmetry parameter of the nu-
clear self-energies in the asymmetric nuclear matter.
The Dirac equation of a nucleon with the incident

energy E in the nuclear medium has the form
[P+ (M +UQ) + Usly' (r) =e¢*(r) . (6)

where

XXM

Yo+ EX,
Us_ ) =7, v
1+,

UO - 1+ZV 9 (7)

with e = E+M, U! and U{ being the scalar and vector
potential, respectively, which are complex.

By eliminating the lower component of the Dirac
spinor in Eq. 6, a Schroedinger-type equation is ob-

tained for the upper component:
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and V%

and Darwin potentials, respectively.

t t
where V5, V.

s.0.

arwin are the central, spin-orbit

We have investigated elastic proton scattering off
spherical nuclei and calculated the differential cross
sections, analyzing powers and spin rotation func-
tions of p+%°Ca and p+2°®Pb at various values of
E, < 200MeV. It is found that the calculated cross
sections as well as spin observables are in rather good
agreement with the experimental data at low ener-
gies. As the energy increases, the theoretical differ-
ential cross sections are overestimated at large angles
in comparison with the experimental data, but they
keep the same diffraction patterns.

The isospin dependence of the optical potential is
depicted by the difference between proton and neu-
tron optical potentials[s]. In the phenomenological
optical potential, the Lane potential was introduced
to describe the isospin dependence[ﬁl. The optical po-
tential is divided into isoscalar and isovector compo-
nents,

v=Vot Vi, ©)
where A is the nuclear mass, and t and T are isospin
operators of the incident particle and target, respec-
tively. The Lane potential V; is usually parametrized
with a Wood-Saxon shape. We calculate the RMOP
of protons and neutrons in 2°°Pb at E=65MeV and
extract the corresponding Lane potential shown in
Fig. 1. The phenomenological Lane potential is taken

as V;=50MeV, with Woods-Saxon parameters ro=

3
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Fig. 1. The Lane potential of p+2°®Pb at

65MeV. The solid curve is calculated in the
RMOP and the dashed curve is a phenomeno-
logical one.

1.17fm and a=0.75fm. It is shown for comparison in
Fig. 1. The agreement indicates that the RMOP ob-
tained from the G-matrix can reasonably describe the
isospin dependence of the optical potential.

The nucleon effective mass characterizes the prop-
agation of a nucleon in the nuclear medium, which
is adopted to describe an independent quasi-particle
model in the nuclear many-body systemm. In the
non-relativistic approach the effective mass represents
the non-locality of the underlying microscopic nuclear
potential. Then the nucleon effective mass can be de-

. . . . 8
rived by the following two equivalent expressmns[ ],

=1 LV(ke),) =
(1+J\:£€V(k,s(k))>k=k(a), (10)

where (k) is the function of k defined by the en-
ergy momentum relation, ¢ = k?/2M +V (k,e). The
nucleon effective mass can be determined from analy-
sis of the experimental data performed in the frame-
work of the nonrelativistic shell and optical model.
In order to compare a same quantity in the non-
relativistic and relativistic approaches one has to de-
rive the nucleon vector effective or Lorentz mass from
the Schroedinger equivalent potential[g]. Taking ac-
count of the energy dependence of the nucleon scalar
and vector potentials, the vector effective mass of a

nucleon is now expressed as,

d
M::/M:l_&‘/eﬂ‘zl_UO/M_

(14+U,/M)dU,/de — (14+¢/M —U,/M)dU,/de .
(11)
Nucleon effective masses are then calculated with
the Schroedinger equivalent potential. The results are
shown in Fig. 2, where upper and lower curves corre-
spond to nucleon scalar and vector effective masses,
respectively. The solid (dashed) curves are those of

neutron (proton). It is obviously that the neutron

*

M
scalar mass ]\45 =M +U, | is smaller than that of

proton in the neutron-rich nuclear matter due to the
stronger scalar potential of neutron. However, the dif-
ference of neutron and proton scalar effective masses
is very small in the neutron-rich nuclear matter. It

is found that the energy dependence of the nucleon
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self-energy largely reduces the nucleon vector effective
mass. At the nucleon energy e=50MeV, the nucleon
scalar and vector effective masses in the symmetric
nuclear matter are 0.66 and 0.68, respectively. Due to
the stronger energy dependence of the neutron vector
potential the neutron vector effective mass become
larger than that of proton in the neutron-rich nuclear
matter. This result is consistent with the microscopic
many-body theories in the nonrelativistic approach,
e.g., the Landau-Fermi liquid theory[w] and the BHF
approach[n] as well as the energy and isospin depen-

dence of the nucleon-nucleus scattering experimental
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Fig. 2. Nucleon scalar and vector effective

masses at £E=50MeV in the asymmetric nu-
clear matter with krp=1.36fm.
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