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We demonstrate that the charge-distribution differences between isotopes of heavy-mass nuclei
are the most sensitive experimental quantities for extraction of the compression modulus of nu-
clear matter. This analysis shows a compression modulus larger than 200 MeV.
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One of the basic properties of nuclei is their
compression modulus. This quantity is not only in-
teresting in its own, but its extrapolation to nuclear
matter has important consequences in astrophysics,
especially in connection with supernova explosions.!
So far, this quantity has been extracted mainly from
the excitation energy of the giant monopole reso-
nances in heavy-mass nuclei? and changes of the mean
square charge radii 8 (r?) between different isotopes’
that can be deduced from isotope-shift measurements.
The most commonly accepted value for the compres-
sion modulus of nuclear matter is K =210 + 30 MeV.?
However, one has to consider that both breathing
mode and isotope shifts are related to the surface of
the nucleus. For this reason, the extrapolation to nu-
clear matter of the compression modulus extracted
from these quantities is a process that is strongly
model dependent, as we discuss below.

In Landau’s Fermi-liquid theory,* the scalar-
isoscalar particle-hole (p-h) force parameter fj is relat-
ed to the compression modulus in nuclear matter by

K =6#2%kE/2m*) (1 +2f,), (1

where kg is the Fermi momentum and m* the effec-
tive mass. (Note that our Landau parameters differ by
a factor of 2 from those of Brown and Osnes’ as a
result of a different density of states.) All the quanti-
ties are determined at the Fermi surface. The exten-
sion of Landau’s theory to finite Fermi systems, due
to Migdal,* leads to a p-h force that is density depen-
dent, especially in the scalar-isoscalar channel. It has
been shown in various microscopic calculations of the
effective p-h interaction that the interaction in this
channel is very attractive at low densities, whereas
with increasing density the attraction gets reduced and
may even become repulsive. It is this density depen-
dence that makes the extrapolation of the breathing
mode and 8(r2) results to nuclear matter very model
dependent.

Recently Brown and Osnes’ have suggested a dif-

ferent procedure by which to extract the force parame-
ter fo of Eq. (1). They used one of the sum rules for
the Landau parameters® relating (all) the scalar-
isoscalar Landau parameters f; to (all) the spin-isospin
parameters g and the isovector-tensor contribution §,.
Brown and Osnes argue that this procedure leads to a
compression modulus of 100 MeV or even smaller.
The result of Brown and Osnes depends sensitively on
the Landau parameter f; which is connected with the
effective mass in nuclei. If one chooses an effective
mass of m*/m=0.8 rather than m*/m =0.9, the
compression modulus changes from K =112.5 MeV to
the much higher value of K =178.5 MeV.

Our present analysis of the compression modulus is
based on the determination of the Landau parameter
fo from experiment. Here we show that the charge-
distribution differences between 2°’Pb and 2%8Pb and
between 2%Pb and 2%8Pb that have been obtained from
inelastic electron-scattering experiments represent a
unique possibility to determine the compression
modulus of the interior region of heavy-mass nuclei.
These charge-distribution differences represent one of
the few experimental bits of information about the in-
terior of heavy-mass nuclei.

Our calculations of the charge-distribution differ-
ences are based on the Landau-Migdal theory of finite
Fermi systems, which is especially appropriate for the
calculation of those quantities. The basic equations for
the density-distribution differences between neighbor-
ing nuclei can be found in the work of Speth, Werner,
and Wild.” The theoretical results depend sensitively
on the p-h interaction, which is expressed as (we drop
the spin-dependent parts that we do not contribute to
0* properties)

r+r
2

=Colfolp (D)) +f5(p())r-7'16(r—1). (2)
Here Co=f%n?kgm =302 MeVfm?® and the density

FPhln e, p
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dependence of the force is given by
F(r)) =2+ ("= r)p(r)/p(0). 3)

The density p(r) is chosen to have the form of a Fer-
mi distribution with the parameters of Rinker and
Speth.® We are left with the four parameters fi", f&*,
f6im and f§°*, which have to be determined by adjust-
ment to experiments. It is important to mention that
the isospin-dependent parameters f;" and f;°* can be
determined independently from the FEOQ properties.
We used the well-known relation between the sym-
metry energy (B8) and the Landau parameter f§".*
Here we chose B8=34 MeV which corresponds to
f¢" =0.83 and extracted the external parameter f(*
from the excitation energy of the dipole resonance in
208pp. (We chose a value 2 MeV lower than the exper-
imental energy in order to account for the effects of
the effective mass.) Therefore, there remain only two
Landau parameters f§{* and f§*. Using Landau’s defin-
ition of the particle-hole interaction, we obtain a rela-
tion between the depth of the single-particle potential
Vo and the Landau parameters f;:

Vo= fopoF “Bpldp =5 Copo(fE" +£8*), @)

which determines f§* for a given f{". The results
denoted by (a) in Table I have been derived under
condition (4). In the other cases, (b) f§* was adjusted
in order to reproduce the excitation energy of the
breathing mode.

In the following, we show results of nuclear-
structure calculations that have been obtained with
four different compression moduli. All these calcula-
tions have been performed in the same manner as
described in Ref. 3. The corresponding results are
shown in Table I. In the cases (b) one realizes that the
excitation energy of the breathing mode can be repro-

duced for all four (very) different compression modu-
li. This is connected with the density dependence of
the central, isospin-independent force, and the fact
that the breathing mode is essentially a surface proper-
ty. It also clearly indicates that one is not able to ex-
tract from the excitation energy of the breathing mode
reliable results for the compression modulus of nu-
clear matter. On the other hand, it is known that the
theoretically determined isotope shifts depend sensi-
tively on the density dependence of the interaction.’
If we choose f{® somewhat smaller than zero, then
8(r2) changes sign and one is no longer able to repro-
duce even the sign of the experimental isotope shifts.

The results (a) show the same tendency for the iso-
tope shifts but in addition, the theoretical results of
the breathing mode now also depend on the compres-
sion modulus. The results obtained with set 3
(K =230 MeV) are not in agreement with the experi-
mental data. The agreement clearly improves if we
choose a larger value of K. Note that set 2 corre-
sponds to K =354 MeV.

Recently, the charge-distribution differences be-
tween 208Pb and some neighboring nuclei have been
measured by inelastic electron scattering.” As one can
see from Fig. 1, the charge-distribution differences
between 20’Pb and 2°%Pb and between 2°Pb and 2°%Pb,
respectively, are peaked in the inner region between 0
and 2 fm and remain essentially positive up to 5 fm.
Beyond 5 fm the charge-distribution differences are
negative, which gives rise to negative 8(r?) in agree-
ment with experiment. The theoretical distributions
are calculated within the linear response theory by use
of the method described in detail in Refs. 3 and 7.
This method enables us to calculate directly the
charge-distribution differences including random-
phase-approximation correlations.

The pointlike proton-density distributions have been

TABLE I. Compression modulus K, the mean square charge-radius differences between
27pp and 2%%Pb (8 (r?)2°7) and between 2%Pb and 2%8Pb (8 (r2)2%), and the excitation ener-

gy of the breathing mode E°*. For cases (a) we used the self-consistency condition Eq.

(4); for cases (b) we adjusted f§* to E°" .

K 5(r2)207 8(,2)206 Eo*
Force (MeV) (fm?) (fm?) (MeV)
1(a) 465 —-0.056 —-0.115 15.44
1(b) —-0.135 —-0.269 13.48
11 (a) 354 —0.045 —0.099 14.79
I1 (b) —0.081 —-0.169 13.51
I1I (a) 230 —0.026 —0.072 13.10
111 (b) —-0.012 —0.044 13.55
IV (a) 106 +0.013 —-0.017 10.65
IV (b) +0.048 +0.054 13.50
Expt. —0.08 £0.007° —0.121 £0.007* 13.50°

2G. Borchert et al.,, Nuovo Cimento 73A, 273 (1983).
bJ. Speth and A. van der Woude, Rep. Prog. Phys. 44, 719 (1981).
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FIG. 1. Charge-density difference between 2°’Pb and
208pp and between 2%Pb and 2®Pb. The full, dashed, and
dashed-dotted lines represent the results of our calculations
performed respectively with force II (b), force IV (b), and

force I (b) of Table I. The experimental data are taken from
Ref. 9.

corrected considering the contribution of proton and
neutron form factors as discussed by Martorell and
Sprung!® and by Friar and Negele.!! In addition, we
considered the electromagnetic spin-orbit interac-
tion'% ! that, in the case of lead isotopes, gives a rela-
tively large contribution to the charge-distribution
difference between 0 and 2 fm.!°

In Fig. 1, we compare our theoretical results ob-
tained with three different sets of force parameters
with the experimental distributions. The theoretical
curves calculated with force II(b) (K =345 MeV)
nicely reproduce the experimental distribution. The
results obtained with force I(b) (K =465 MeV)
overestimate the experimental data of 296Pb-208pPp. It
is obvious from Fig. 1 that the theoretical distribution
calculated with force IV (b) (K =106 MeV) is qualita-
tively different from the two previous ones and has no
similarity at all to the experimental data. The compar-
ison with the data shows that the Landau parameter
S has to be slightly positive, and it clearly favors a
value of K larger than 200 MeV.

In the present approach, we have restricted our-
selves to the zero-order Landau parameters. There-
fore it is obvious that we do not fulfill the sum rule.®

If we consider also the (negative) f, parameter, which
is equivalent to an effective mass m*/m < 1, we do
not change the isoscalar properties. In particular, the
position of the breathing mode will not be changed,
because the energy-weighted isoscalar sum rule for the
E0 states cannot be changed by the introduction of an
effective mass < 1. The increase of the unperturbed
particle-hole energies due to m*/m <1 will be com-
pensated by the additional attractive f; contribution in
the particle-hole force. It is different in the isovector
case. If we lower the effective mass, we need a less
repulsive isovector interaction. As f;§™ is given by the
symmetry energy, we must reduce f* slightly. For
that reason, our numerical results will be little affected
by an effective mass < 1. In addition, the compres-
sion modulus and the symmetry energy will increase
with decreasing effective mass [see Eq. (1)].

In summary, we have shown that the position of the
breathing mode does not allow extraction of the
compression modulus of nuclear matter in a reliable
way. As the breathing mode is surface-peaked, it is
sensitive to an average value of the compression
moduli (f, parameters) inside and outside of the nu-
cleus. We also have shown that the sum-rule approach
by Brown and Osnes’ depends sensitively on the
choice of the effective mass. On the other hand, we
have demonstrated that the charge-distribution differ-
ences between 2’Pb and 2%8Pb and between 2%Pb and
208pp represent the most sensitive experimental quan-
tity to determine the compression modulus inside of
the nuclei. Our analysis of these experimental data
which have not been considered so far indicates that
the compression modulus has to be larger than the
presently accepted value? of K =210 +30 MeV. This
value is also much larger than some theories of super-
nova explosions require.!
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