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ABSTRACT

The surface compression properties of nuclei have been studied in the frame-
work of the relativistic non-linear CT-UJ model. Using the Thomas-Fermi approxi-
mation for semi-infinite nuclear matter, it is shown that by varying the «r-meson
mass one can change the surface compression as relative to the bulk compres-
sion. This fact is in contrast with the known properties of the phenomenological
Skyrme interactions, where the ratio of the surface to the bulk incompressibility
(-A's/AV) is nearly 1 in the scaling mode of compression. The results sug-
gest that the relativistic mean-field model may provide an interaction with the
essential ingredients different from those of the Skyrme interactions.

1. Introduction

The phenomenological density-dependent Skyrme interactions1'2 have been very suc-
cessful in the description of the ground state properties. The parameters of these effective
interactions were fitted to ground state properties of nuclei, for example, the binding en-
ergies, charge radii, fission barriers etc. These axe the static properties, where the Skyrme
interactions have been very successful.

Attempts have also been made to get excited state properties of nuclei3 ~s in the
Skyrme interactions. The giant quadrupole (GQR) and the giant monopole resonance
(GMFL) energies were calculated. It has been a rather peculiar feature of these interac-
tions that on scaling the density7 the nuclear surface responds in such a manner that the
magnitude of surface incompressibility roughly equals the bulk incompressibility of the
force, i.e. Ks ~ — Kv irrespective of the Skyrme force usednad where Kv corresponds
to the incompressibility of infinite nuclear matter K00 in the scaling mode. Due to this
inherent relation, the Skyrme interactions seem to have failed to come close to the ex-
perimental breathing-mode energy, which is related to the incompressibility KA of the
nucleus through the first two leading terms in expansion, i.e., KA = K00 + KsA~ll3 +....
Some of these interactions are successful8 in reproducing the GQR energy due to an
appropriate effective mass. Due to the above constraint, the low-incompressibility force
SkM* (Kg0 = 217 MeV) predicts values of the breathing-mode energies which are higher
by about 0.5 - 1.0 MeV as compared to the precision empirical data on Sn nuclei8'9.
These data, on the other hand, lead to a larger value of the incompressibility (K00 ~ 300
MeV). From the analysis of the experimental data, this paradoxical situation has been
resolved9 in terms of a large surface incompressibility (#5 ~ —750 ±80 MeV). Thus, due



to the above constraint, there is no Skyrme interaction available which could have such
a large surface incompressibility. The problem of reproducing the empirical breathing-
mode data by Skyrme forces has been discussed in Ref. 9. Moreover, each of these
Skyrme interactions, having different bulk properties (incompressibilities) and effective
mass, predict single-particle spectra which differ considerably from empirically known
single-particle spectrum. This indicates that an essential feature in these interactions
has been missing.

The relativistic mean-field theory10 with non-linear self-interactions11 provides a
covariant formalism to describe the ground-state properties of nuclei. The theory which
was intended to work for the properties of infinite nuclear matter, viz. the equation of
state, has achieved many a successes10'12. The relativistic mean-field theory is being
considered as similar in nature to the Skyrme interactions13. This feeling exists due to a
number of parameter sets in vogue similar to that of the Skyrme interactions. However,
only a few, e.g., the set NLl and NL2 explain the ground-state properties well12. As for
the excited state properties only a few attempts14'15 have been made. It may be noted
that some of the successful parameter sets have effective mass which is lower than those
of the Skyrme interactions. A direct comparison of the two effective masses, however,
may not be useful.

We have investigated the surface compression properties of nuclei in the relativistic <r-
w model. Calculations have been performed in the framework of the relativistic Thomas-
Fermi approach for the semi-infinite nuclear matter. The purpose is to see if one is able
to vary the surface incompressibility compared to the bulk as against the Skyrme forces
and to determine the relative magnitude of the surface incompressibility as compared to
the bulk incompressibility.

2. Relativistic Mean-Field Approach
2.1 Non-linear <r-w Model

VVe start with a Lagrangian density with the inclusion of non-linear self-interactions
of the (r-field (Ref. 11):

C =

^ - U ( < T ) - g*ri><nl> ^

The meson fields included are scalar <r- and vector w-fields. U(a) is the non-linear scalar
potential with the cubic and quaitic terms:

U[*) = \ml<T* + ^ 3 + p (2)

The field equations for the mesons are:

{-& + U'{<T)}<T = -gap.

{ A + m*}w g



where p, is the scalar density for the u-field and U'(cr) is the first derivative of the scalar
potential. A/. rna and m.^ are the nucléon, the a- and the ur-meson masses, and ga and
y_. denote coupling constants for the respective mesons fields.

2.2 Relatii-istic Thomas-Fermi Approximation

In the Thomas-Fermi approach, which we employ, the assumption of the local density
approximation leads to a local Fermi momentum kF in the semi-infinite nuclear matter
and is given by

M - ) = {^PB(-)V2 (4)

At the saturation point, the Fermi energy and effective mass M* are related as

EF = O--M = ) + yjk\{z) +M-Hz). (5)

The effective mass AJ" is given by the scalar field:

A/' = M + gatr. (6)

The Thomas-Fermi equations are solved self-consistently and iteratively. This gives the
nucléon (vector) density, scalar density and the effective mass at every point in the semi-
infinite nuclear matter. Using the energy-density expression,

F + M-2) + |(V<r)2 + U(<r)
2 , (7)

we can calculate the surface energy by

as = 4nrl j dz{e(z) - (M + eoo(p0)pB(z)}. (8)

The semi-infinite nuclear matter is taken to be extend from z = —8/m to z = +8fm.
The relativistic Thomas-Fermi equations are solved by starting with a guess of the <r and
ijj fields. The convergence of the solution leads to the baryon density (pe), the scalar
density (/>,), the scalar field (<r) and the vector field (wo). These quantities are then used
to calculate the energy density, the surface energy as and the surface thickness. The
details of procedure can be found in Refs. 11 and 16.

3. Parameter Seta

We have constructed parameter sets for the non-linear cr-oi model saturating at
the ground-state density p0 = 0.15 fm~3 with binding energy E/A = -16 MeV. The
incompressibility of the nuclear matter has been varied to values K = 400, 300 and 210



MeV and the effective mass has been taken to be .V/" = 0.55 and 0.75 respectively for each
value of A". With the four properties of nuclear-matter ground state i.e., E/A, p0, K and
A/", we have determined four unknowns, viz., the coupling constants C", and C* and the
non-linear parameters B = b/(magl) and C = c/g* of the scalar self-interaction (Table
1). The solution of the nuclear matter gives for each parameter set the cold equation of
state, i.e. E A - M as a function of density and saturating at po- This also provides the
dependence of M" on density, which we shall use for the compressed case. Parameter
sets similar to ours were also constructed in Ref. 17 with a different sign convention for
(T-field in Eq. 6.

Table 1

The parameter sets constructed and used in the calculations.

A/°

0.55

0.75

K (MeV)

210
300
400

300
400

C]

393.169
380.792
367.152

233.239
209.830

Cl

264.687
264.687
264.687

132.497
132.497

fl.103

2.169
1.618
0.967

3.292
-2.448

CUO3

-3.113
-2.297
-1.334

3.978
19.283

We have taken mM = 783.0 MeV and the nucléon mass to be M = 939.0 MeV. The
Cr-meson mass ma has been taken to be a variable parameter simulating a change in the
nuclear surface. We have varied it between 400 and 550 MeV, which seems to be a range
of reasonable values.

4. The Compressed Case

In order to calculate the surface incompressibility Ks, we have scaled18 the nuclear
density p producing a compressed or a decompressed semi-infinite nuclear matter. The
scaling of the nucléon density scales the Fermi momentum appropriately and thus from
the solution of the infinite nuclear matter (the dependence of M" on p or kp) a new
effective mass M*(z) is found using the local-density approximation. This effective mass
can be used to calculate the new scalar-field a (Eq. 6) and the new vector field can be
obtained from Eq. 3b using the scaled density. The knowledge of the new scalar and
vector fields and densities allows to construct from Eqs. 7 and 8, the surface tension <r as
a function of scaling parameter A. Thus, the surface incompressibility Ks is determined
from

Ks = (9)

by calculating a and a" = d*<r/d\2 at the saturation point, where e'" is known from the
solution of infinite nuclear matter for each parameter set.



5. Results and Discussion

The results of the calculations of A's for the parameter sets of Table 1 are presented
in Fig. 1 as ratio — A's/ AV. where AV is synonymous with A', the incompressibility of
infinite nuclear matter. The open symbols represent the parameter sets with effective
mass M' — 0.55 and full symbols those with M" = 0.75. For K = 210 MeV, only one
set with A/* = 0.55 is shown, since A/* = 0.75 for this value of A' did not lead to a
satisfactory convergence. For comparison we have also shown the results of the linear
model (L) of Walecka10, whose incompressibility is unreasonably large and is ranch above
the experimentally known values. The surface energy is shown in Fig. 2 with the similar
symbols and meanings as in Fig. 1. The behaviour of the surface properties in the
derivative coupled19 scalar (r-field to nucléons in the linear Walecka model has been
discussed in Ref. 20.

Analysis of Fig. 1 shows that
for a fixed Af" the ratio — A's/ AV in-
creases with increase in A' and for a
given K decreases with increase in ef-
fective mass. It can be seen from this
figure that the ratio -A's/AV de-
creases with increase in the <x-meson
mass, and it lies between 1 and 2.5
for reasonable values of ma for the
parameter sets used. The Skyrme :

predictions7 (shown by hatched bar)
lie around 1 and the empirical value8

 (

obtained from breathing-mo de data ^;
centers at 2.5 ± .34 (also shown by •
hatched area). Whereas the Skyrme
values lie on the lower side of the
calculated values for various param-
eter sets, the experimental value lies
on the higher side of it. This shows
that we do not still have a relativistic
parameter set which would be con-
sistent with the empirical dynamical
properties. Work in this direction is
in progress.

The surface energy as decreases
with m9 in general, and for a con-
stant effective mass it increases with
increase in K (Fig. 2). The higher
effective mass brings down the surface energy as- The calculated values of as lie between
15 and 40 MeV for the parameter sets used, whereas the empirical value31 of the surface
energy is about 21 MeV. On increasing the effective mass, which amounts to reducing
the range of the scalar self-interaction, the surface thickness decreases. It may be noted
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that the set A' = 210 MeV, A/* = 0.55 lies very close to the unstable solution of the
equation of state of infinite nuclear matter. For this case the convergence obtained for the
relativistic Thomas-Fermi equations was not so good as for the other sets. For A' = 210
MeV and A/* = 0.75, we were, however, unable to get a requisite convergence and hence
we do not show these results in Figs. 1 and 2. The difference between the linear (L) and
the non-linear (NL) models is not apparent in the nuclear properties and the linear set
seems to fit in the general trend of the non-linear sets, though it has unrealistic ally high
incompressibility and thus very large surface energies.

It may be noted that the ratio
-Ks/Kv is observed to be about 1
for scaling with the zero range density
dependent Skyrme interactions719. In
the relativistic model, many of the
parameter sets seem to be narrow-
ing down in the ratio -Ks/Kv (Fig.
1) to the Skyrme values if one in-
creases Tn0.. This may be a possi-
ble indication that finite range im-
plicit in the relativistic models may
be responsible for ratios other than 1.
However, since this goes down even
below 1 for K = 210 MeV, this indi-
cates that the finite range alone may
not be responsible for it and that the
relativistic effects play a crucial role.
It may be mentioned that the ratio
-KsI Kv has been found to be in
the vicinity of 1 even for the finite-
range Gogny22 force Dl [K = 228
MeV). Thus, the relativistic models
show features which seem to be dif-
ferent from the Skyrme interactions.
This may be due to non-trivial den-
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sity dependence of scalar interactions
and thus of the effective mass, which is different in non-relativistic models. This has
recently been discussed23 in the the context of two-body non-relativistic interactions
vis-â-vis the relativistic approach.

6. Conclusion

We have shown that in the relativistic model, in contrast with the Skyrme inter-
actions, it is possible to vary the surface incompressibility as compared to the bulk in-
compressibility. This implies that the relativistic mean-field behaves differently than the
Skyrme mean-field in the dynamical properties. This difference may be due to the nat-
ural saturation mechanism arising from the sensitive cancellations between the a and u>



fields and it is a relativistic mean-field effect in the <T-W model. This important difference
will also have consequences on the conclusions obtained by using the Skyrme ansatz for
the potential while dealing with the dynamics of heavy-ion collisions at higher energies.
On the other hand, the relativistic mean-field provides a Lorentz covariant framework
which may be useful to explain the ground state as well as the dynamical properties of
nuclei. Work in this direction is in progress.
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