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The binding energy of nuclear matter with an excess of neutrons, with spin-up neutrons
and spin-up protons (characterized by the corresponding parameters o, = (N—Z)/A,
oy = (NT—NJ)/A, and a, = (Z1—Z])/A) contains three symmetry energies: the isospin
symmetry energy &, the spin symmetry energy &, and the spin-isospin symmetry energy
£q4;. These energies are calculated using velocity-dependent effective potential of s-wave
interaction, which was developed by Dzhibuti and Mamasakhlisov. The spin, isospin and
spin-isospin dependent parts of the single-particle potential in nuclear matter are also
calculated using the same effective nucleon-nucleon potentials. The spin-spin part of the
optical model potential is estimated. The results are compared with those of Dabrowski
and Haensel, Krewald et al. and Khanna and Barhai.

1. Introduction

Recently, much interest has been devoted to the calculation of the properties of
nuclear matter using effective interactions. Lassey [1] has calculated the properties of
nuclear matter and semi-infinite nuclear matter using several delta function interactions
of the Skyrme type. Khanna and Barhai [2] have calculated the symmetry coefficient e,
and the isospin dependent part of the single-particle potential of nuclear matter using
two effective interactions determined by them. Krewald et al. [3] have used a modified
delta function interaction determined by Moszkowski [4] to calculate the properties of
nuclear matter.
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The ground-state energy of nuclear matter with an excess of neutrons, spin-up neu-
trons and spin-up protons was considered by Dabrowski and Haensel (DH) [5, 6],
and Dabrowski [7], using the K-matrix method and applying the Brueckner-Gammel,
Thaler, Hamada-Johnston and Reid soft-core nucleon-nucleon potentials.

A velocity dependent effective potential of s-wave interaction with one free parameter
was proposed by Dzhibuti and Mamasakhlisov {8]. Dzhibuti and Sallam [9] have used
a modified version of this interaction to calculate the binding energy and radii of a large
group of nuclei from *He to *°®Pb, and obtained good results. The two versions of this
potential were applied to nuclear matter by Hassan et al. [10] and reasonable results were
obtained. Therefore we use these two versions also in this work. In Section 2 we give
a description of the potential, Section 3 contains the theory, and Section 4 contains the
results and discussion.

2. Description of the potential

The velocity-dependent effective potential of s-wave interaction is defined by
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where V,.,(F) is the initial realistic potential parametrized in accordance with the two-
nucleon problem in vacuum, while @ — r is the substitution that must be made in the
two-particle matrix elements after acting with the operator exp [—a(d/dr)] on the wave
function of the pair from the right, and with the operator exp [a(d/F)] on the analogous
function from the left. The second term on the right-hand side of (1), which contains only
the additional parameter 4, represents phenomenologically the multiparticle effects. In
the first version of this potential, V., (r) was taken in the Yukawa form [3], the effective
interaction in this case will be referred to from now on as VY (with identical parameters
for singlet and triplet central forces)
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with parameters from the free nucleon-nucleon scattering at low energies,
Vo = 48.1 MeV, pu = 0.86 F'.

In the second version of this potential, ¥,.(r) was taken in the Gaussian form, the
effective interaction in this case will be referred to as VG,
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Veeal(r) = (a7 - 12) + 8,8y - §2) (ty " T2))e " e, 3)
where o; and 1; are the spin and isospin parameters,

a, = 2.096 MeV, a,, =7.761MeV, r,=2.18F.
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In the case of the VY interaction, Hassan et al. [10] obtained saturation of nuclear matter
at k, = 1.7 F-! with B. E./A = —13.9 MeV and 4 = 1.3 F°. In the case of the VG inter-
action, they obtained saturation of nuclear matter at k, = 1.35F' with B. E/A =
= —18.1 MeV and 1 = 3.9 F3.

3. Theory

The expression of the binding energy of nuclear matter composed of NT (N]) neu-
trons with spin-up (down) and Z1 (Z]) protons with spin-up (down), with corresponding
Fermi momenta k,(4,) and k,(4,) can be written in the form [5, 6]

E/A = &yo1 +—21— atatz +_;- sa(an + ap)z +'% eat(an —ap)zs

where

o, = (NT+N|—-Z1-Z])/A = (N-Z)/4,

ay = (NT=ND/4, o, =(Z1-Z])/A.
&, is the volume energy, ¢, is the usual isospin symmetry energy, ¢, is the measure of
additional energy necessary to maintain a spin excess in the system, characterized by the
spin-excess parameter, o, = o,+a,. The quantity &, is referred to here as the spin sym-
metry energy. &,, is the measure of the additional energy necessary to maintain in the

system an excess of spin-up neutrons and spin-down protons, characterized by the spin-

-isospin excess parameter o, = «,—%, The quantity ¢,, is referred to here as the spin-
-isospin symmetry energy.

Similarly, the single-particle potential U (for a neutron (proton) with momentum hm
and with spin-up) can be written in the form

U(m1y) = Ug(m)£5 e .U(m)+% (ot +2,)Un(m)
+ %-' (an - ap) Uot(m)a

and the single-particle potential U (for a neutron (proton) with momentum zm and with
spin-down) can be written in the form:

U(m|p) = Ug(m)+3 2 U m)—F (o +0o,)Uy(m)

¥':T (an - ap)Udt(m)’

where only linear terms are retained.

4. Numerical results and discussion

The results of the calculation of ¢, ¢, and &,, are presented in Table I. The results
of the VG interaction are in fair agreement with the values calculated by Dabrowski
and Haensel [5, 7] using Reid soft core potentials (RSC) and by using Landau parameters.
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TABLE 1
Potential vG vY RSCW) RSC®) Landau

kg 1.35 1.7 1.36 1.43 1.36

& 83.3 95.5 53 60.5 54

&s 66.9 95.5 65 74.1 69

Eqt 75.1 95.5 76 86.6 78

U, 41.2 111.04 120.8

Uy 16.08 111.04 177.8

Uy 49.50 111.04 2253

i

The results of VG and VY interactions are given in columns 1 and 2, respectively. Dgbrowski’s [7]
results are given in columns 3, 4 and 5, respectively.

The value of ¢, is slightly high since both VY and VG interactions are s-state interactions.
Brueckner and Gammel [12] have found that the symmetry energy is very sensitive to the
nature of the potential used. They concluded that the potentials which do not contain odd
state forces give higher symmetry energy. The experimental values of ¢, obtained by Green
[13] and Cameron [14] are 61 and 63 MeV, respectively. Khanna and Barhai [2] have calcu-
lated ¢, using two effective interactions developed by them and obtained the values 89.78
and 86.32 MeV respectively. Krewald et al. [3] calculated ¢, and ¢, and obtained equal
values for both of them which is 62 MeV using spin independent modified delta inter-
action which was developed by Moszkowski [15].

The quantity J &,./€. can be estimated experimentally. According to Raphael, Uberall
and Werntz the energies of the 7 and ot dipole 1~ levels in **0 are 22.0 and 24.5 MeV,
and thus their ratio is 1.1, which is nearly equal to the ratio 1.2 obtained from the theoret-

ical values of ¢, and ¢,, obtained by Dabrowski [7]. The value of N &,./€, for the VG inter-
action is 0.95 and for the VY interaction it is 1. It is clear that both the VG and VY inter-
actions give a smaller value than the experimental one.

The values of the spin, isospin and spin-isospin dependent parts of the single-particle
potential in nuclear matter are shown in Table I for VG and VY interactions as well as
those calculated by Dabrowski [7]. The VG interaction gives much smaller values, while
the VY interaction gives comparable values to those obtained by Dabrowski [7]. The
spin-spin part of the optical model potential was estimated using the relation [6]:

@enT! for I =j = 1+1/2,
—2(I+1)" ' for I =j = 1—1/2,

where the case in which the total spin I of the nucleus in its ground state is equal to the
spin j of a valence nucleon is considered. The positive sign applies to the case when the
scattered and the valence nucleon are like nucleons (both neutrons or both protons) and
the negative sign to the opposite case. Using VY and VG interactions we get U, = zero
and —6.37 MeV for n*°Co scattering (valence proton configuration (1f5,,)~!), which
are smaller than the value —7 MeV obtained by Dabrowski. Satchler [16] has estimated

USS = (Udi Ud‘f){
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U,, to be —12 MeV. The measurements by Heeringa and Postma [17] of the total spin-spin
cross section o, for elastic scattering of polarized neutrons from polarized 5°Co in the
neutron energy range £, = 0.39-2.88 MeV have confirmed earlier data measured up to
8 MeV by Fischer et al. [18]. Their analysis gave U, = 47-84 MeV for E, = 0.3-1 MeV
and U, = —34-90 MeV for E, = 1-8 MeV. However, Thompson [19] has demonstrated
that for 3°Co(n, n) *°Co in the low-energy region the spin-spin cross section is probably
dominated by compound-elastic scattering and concluded that the extraction of spin-spin
terms in an optical-model potential from such data is very questionable.

We may also mention that our results for U, (x = 1, 0, o1) are not conclusive since
the effective interactions we have used do not depend on the density and U, depends very
much on the rearrangement contribution.

One of the authors (M. Y. M. H.) would like to thank Professor Abdus Salam, the
International Atomic Energy Agency and UNESCO for hospitality at the International
Centre for Theoretical Physics, Trieste.

Editorial note. This article was proofread by the editors only, not by the author.
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