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Relativistic mean-field study of neutron-rich nuclei
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~Received 28 January 2003; published 29 April 2003!

A relativistic mean-field model is used to study the ground-state properties of neutron-rich nuclei. Nonlinear
isoscalar-isovector terms, unconstrained by present day phenomenology, are added to the model Lagrangian in
order to modify the poorly known density dependence of the symmetry energy. These new terms soften the
symmetry energy and reshape the theoretical neutron drip line without compromising the agreement with
existing ground-state information. A strong correlation between the neutron radius of208Pb and the binding
energy of valence orbitals is found: the smaller the neutron radius of208Pb, the weaker the binding energy of
the last occupied neutron orbital. Thus, models with the softest symmetry energy are the first ones to drip
neutrons. Further, in anticipation of the upcoming 1% measurement of the neutron radius of208Pb at the
Thomas Jefferson Laboratory, a close relationship between the neutron radius of208Pb and neutron radii of
elements of relevance to atomic parity-violating experiments is established.
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I. INTRODUCTION

Core-collapse supernovas and their remnant neutron
are an important source of information pertaining to bo
superdense matter and nuclei far from the valley of stabi
At present, however, important open questions remain in
understanding of the structure and dynamics of neutron s
such as their size, composition, and cooling mechanism.
creased knowledge of these issues may in turn lead
better understanding of stellar burning and heavy-elem
nucleosynthesis.

The structure of spherical neutron stars in hydrosta
equilibrium, the so-called Schwarszchild stars, is solely
termined by the equation of state of neutron-rich matter inb
equilibrium. Such an equation of state is well represented
the sum of two distinct components:~i! a symmetric (N
5Z) component that is well constrained at saturation den
plus ~ii ! a symmetry energy that accounts for any possi
neutron-proton imbalance. Some of the important neutr
star properties mentioned above depend critically on
poorly known density dependence of the symmetry ene
Indeed, as a result of the saturation of symmetric nuc
matter, most of the pressure supporting the star up to a
two times saturation density is provided by the symme
energy.

In a set of recent papers, the sensitivity of the symme
energy to changes in the model Lagrangian was investig
@1–4#. The model Lagrangian was modified by introduci
nonlinear couplings between the isoscalar and the isove
mesons. These new terms enable one to modify the neu
skin of heavy nuclei without changing ground-state prop
ties that are well constrained experimentally. It should
noted that precise information on the neutron radius o
heavy nucleus—208Pb—might soon become available via
parity-violating electron scattering experiment at the Jeff
son Laboratory that promises a 1% accuracy@6,5#. While
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such a measurement will provide the most accurate dete
nation of the neutron density of a nucleus to date, it will a
impact strongly on astrophysical observables. Indeed
model-independent~or data-to-data! relation between the
neutron skin of 208Pb and the crust of a neutron star w
recently established@1#. This strong correlation emerges as
result of the similar composition of the neutron skin of
heavy nucleus and the crust of a neutron star, nam
neutron-rich matter at similar densities. Further, the meas
ment of the neutron skin of208Pb constrains the cooling
mechanism in neutron stars. A small neutron radiusRn sug-
gests a soft symmetry energy which favors a small pro
fraction in dense matter. In turn, a low proton concentrat
rules out the enhanced cooling of neutron stars via the di
URCA process@3#. If URCA cooling is indeed ruled out
then observations of enhanced cooling may provide str
evidence in support of exotic states of matter at the core
neutron stars~see, for example, Ref.@7#!.

The density dependence of the symmetry energy sho
also play an important role on the properties of nuclei
from the valley of stability. Indeed, some theoretical calc
lations predict the emergence of new magic numbers a
result of a reduced spin-orbit splitting originating from
diffuse neutron skin@8,9#. This is most evident in the
neutron-rich oxygen isotopes. The nucleus of24O, which in
the traditional scheme has filled 1d5/2 and 2s1/2 orbitals, ap-
pears to be the heaviest member of the isotopic chain
remains stable against particle emission. Yet, most theo
cal calculations predict the existence of the ‘‘doubly mag
nucleus28O. This issue continues to be revisited in light of
remarkable experiment that shows that the mere addition
single proton stabilizes the fluorine chain up to31F; this is
six more neutrons than in24O @10#.

In this—our first—study of neutron-rich nuclei, we focu
on the effect of the new isoscalar-isovector terms on grou
state properties. This study will be conducted within t
framework of relativistic mean-field models that reproduc
large body of ground-state observables for nuclei at, or n
the valley of stability. Yet these observables are mostly
sensitive to the density dependence of the symmetry ene
©2003 The American Physical Society17-1
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B. G. TODD AND J. PIEKAREWICZ PHYSICAL REVIEW C67, 044317 ~2003!
It is the aim of the present study to constrain the symme
energy through a systematic study of ground-state prope
of neutron-rich nuclei. While we recognize that addition
physics, such as pairing, may be needed for more real
studies, we limit ourselves to study the impact of the b
symmetry energy on the ground-state properties of neut
rich nuclei. Further, we focus on self-consistent mean-fi
models in the hope of extending earlier studies of the lin
response@11# to incorporate the new isoscalar-isovect
terms.

The manuscript has been organized as follows. In Se
we review briefly the relativistic formalism paying speci
attention to the role of the new isoscalar-isovector couplin
We illustrate how these new couplings modify the dens
dependence of the symmetry energy while leaving
changed all properties of symmetric nuclear matter. In S
III we present the results of the calculations for vario
ground-state observables for a variety of nuclei. A summ
and conclusions are presented in Sec. IV.

II. FORMALISM

In this section, we describe in some detail the model
grangian employed in this work and the mean-field appro
mation used to compute ground-state properties for a var
of neutron-rich nuclei. Although most of the derivations a
standard, a review is included here to illustrate the role of
mixed isoscalar-isovector meson terms first introduced
Ref. @1#. These terms, which supplement the phenomenol
cally successful Lagrangian of Ref.@12#, modify the density
dependence of the symmetry energy, thereby reshaping
nuclear landscape away from the valley of stability.

A. Effective Lagrangian

The Lagrangian of Ref.@12# includes an isodouble
nucleon field (c) interacting via the exchange of one sca
(f for the sigma! and three vector (Vm for the omega,bm for
the rho, andAm for the photon! fields. That is,

L5c̄FgmS i ]m2gvVm2
gr

2
t•bm2

e

2
~11t3!AmD

2~M2gsf!Gc1
1

2
]mf ]mf2

1

2
ms

2f22
1

4
VmnVmn

1
1

2
mv

2VmVm2
1

4
bmn

•bmn1
1

2
mr

2 bm
•bm2

1

4
FmnFmn

2Ueff~f,Vm,bm!, ~1!

where the various field tensors have been defined as follo

Vmn5]mVn2]nVm , ~2a!

bmn5]mbn2]nbm , ~2b!

Fmn5]mAn2]nAm . ~2c!

In addition to meson-mediated interactions, the Lagrang
is supplemented with nonlinear meson interactions that s
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to simulate the complicated dynamics that lie beyond
realm of the low-energy effective theory. Indeed, by fittin
the constants that parametrize these meson terms to the
properties of nuclei, rather than to two-nucleon data,
complicated dynamics originating from nucleon exchan
short-range effects, and many-body correlations get imp
itly encoded in a small number of empirical constants. F
the purpose of the present discussion, the following lo
meson terms are sufficient:

Ueff~f,Vm,bm!5
k

3!
F31

l

4!
F42

z

4!
~WmWm!2

2~LsF
21LvWmWm!~Bm•Bm!, ~3!

where the following definitions have been introduced:F
5gsf, Wm5gvVm , andBm5grbm . The inclusion of scalar-
meson interactions (k and l) is dictated by the empirica
value of the compression modulus of symmetric nuclear m
ter at saturation density (K52002300 MeV). In contrast,
quartic vector self-interactions (z) affect primarily the high-
density component of the equation of state; their impac
densities below normal nuclear-matter saturation densit
yet to be determined@12#. Finally, the nonlinear mixed
isoscalar-isovector couplings (Ls and Lv) are powerful
terms because they can be used to modify the density de
dence of the symmetry energy@1# while not influencing
ground-state properties. While power counting suggests
other local meson terms~such as mixed scalar-vector cub
terms and quarticr-meson self-interactions! may be equally
important @12#, their phenomenological impact has be
documented to be small@12,1#, so they will not be consid-
ered in this study.

B. Mean-field equations

The field equations resulting from the above Lagrang
may be solved exactly in the mean-field limit by replacing
meson-field operators by their expectation values, which
classical fields@13#. For a static, spherically symmetric sy
tem this implies~using uxu[r )

f~x!→^f~x!&5f0~r !, ~4a!

Vm~x!→^Vm~x!&5gm0V0~r !, ~4b!

ba
m~x!→^ba

m~x!&5gm0da3 b0~r !, ~4c!

Am~x!→^Am~x!&5gm0A0~r !. ~4d!

Similarly, the various baryon sources to which these mes
couple must be replaced by their~normal-ordered! expecta-
tion values in the mean-field ground state. That is,

c̄~x!1c~x!→^:c̄~x!1c~x!:&5rs~r !, ~5a!

c̄~x!gmc~x!→^:c̄~x!gmc~x!:&5gm0rv~r !, ~5b!

c̄~x!gmtac~x!→^:c̄~x!gmtac~x!:&5gm0da3r3~r !,
~5c!
7-2
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RELATIVISTIC MEAN-FIELD STUDY OF NEUTRON- . . . PHYSICAL REVIEW C 67, 044317 ~2003!
c̄~x!gmtpc~x!→^:c̄~x!gmtpc~x!:&5gm0rp~r !. ~5d!

Note that the proton isospin projection operator has b
defined astp5(11t3)/2. The baryon sources genera
~classical! meson fields that satisfy coupled, nonlinear Kle
Gordon equations of the following form:

S d2

dr2
1

2

r

d

dr
2ms

2D F0~r !2gs
2S k

2
F0

2~r !1
l

6
F0

3~r !

22LsB0
2~r !F0~r ! D52gs

2rs~r !, ~6a!

S d2

dr2
1

2

r

d

dr
2mv

2D W0~r !2gv
2S z

6
W0

3~r !

12LvB0
2~r !W0~r ! D52gv

2rv~r !, ~6b!

S d2

dr2
1

2

r

d

dr
2mr

2D B0~r !22gr
2@LsF

2~r !1LvW0
2~r !#B0~r !

52
gr

2

2
r3~r !. ~6c!

The photon field couples only to the~point! proton density
and its solution is thus reduced to quadratures

A0~r !5eF1

r E0

r

dx x2rp~x!1E
r

`

dx xrp~x!G . ~7!

The eigenstates of the Dirac equation, for the spheric
symmetric mean-field ground state assumed here, ma
classified according to a generalized angular momentum¸.
Thus, the single-particle solutions of the Dirac equation m
be written as

Un¸mt~x!5
1

r S gn¸t~r !Y1¸m~ x̂!

i f n¸t~r !Y2¸m~ x̂!
D z t , ~8!

wherez t denotes a two-component~Pauli! spinor in isospin
space~with t561/2 for protons and neutrons, respectivel!,
n and m are the principal and magnetic quantum numbe
respectively, and the spin-spherical harmonics are define

Y¸m~ x̂![K x̂U l 1

2
jmL , j 5u¸u2

1

2
, l 5H ¸ if ¸.0

212¸ if ¸,0.
~9!

Note that the phase convention adopted in Eq.~8! ~i.e., the
relative factor of~i! is such that real bound-state wave fun
tions (g and f ) are generated if the mean-field potentials a
also real. Further, the following spinor normalization h
been adopted:

E d3x Ua
†~x!Ua~x!5E

0

`

dr @ga
2~r !1 f a

2~r !#51, ~10!
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where$a%[$a5n¸t;m% denotes the collection of all quan
tum numbers required to describe the single-particle Di
spinor. It then follows that the coupled differential equatio
satisfied by the radial components of the Dirac spinor
given by

S d

dr
1

¸

r Dga~r !2FEa1M2F0~r !2W0~r !7
1

2
B0~r !

2eH 1

0J A0~r !G f a~r !50, ~11a!

S d

dr
2

¸

r D f a~r !1FEa2M1F0~r !2W0~r !7
1

2
B0~r !

2eH 1

0J A0~r !Gga~r !50, ~11b!

where the upper and lower numbers in these equations
respond to protons and neutrons, respectively. Having de
mined all occupied single-particle states, the various grou
state densities, which act as sources for the meson field
the Klein-Gordon equations@see Eq.~6!#, may now be com-
puted. They are given by

rs~r !5rs,p~r !1rs,n~r !, ~12a!

rv~r !5rv,p~r !1rv,n~r !, ~12b!

r3~r !5rv,p~r !2rv,n~r !, ~12c!

rp~r !5rv,p~r !, ~12d!

where scalar and vector densities have been defined as

S rs,t~r !

rv,t~r !
D 5(

n¸

occ S 2 j ¸11

4pr 2 D @gn¸t
2 ~r !7 f n¸t

2 ~r !#. ~13!

Ground-state properties of the system are described b
solution of the coupled, ordinary differential equations f
the classical meson fields@Eq. ~6!# and for the Dirac single-
particle states@Eq. ~11!#. The solution must be self
consistent, that is, the meson fields generating the D
mean-field potentials must satisfy Klein-Gordon equatio
having ground-state densities constructed from the sa
single-particle states as their sources. Thus, an iterative
cedure must be implemented. The self-consistent proce
starts with initial Woods-Saxon shaped meson fields of r
sonable strength and range to generate, via a conventi
Runge-Kutta algorithm, bound-state energies and co
sponding wave functions for all occupied single-partic
states. At this point, scalar and vector densities (rs,t andrv,t)
are computed. Using these as sources for the meson-
equations, new meson fields are generated by using Gre
function techniques. The newly generated meson fields
differ, in general, from the initial Woods-Saxon guess. Th
this iterative procedure must continue until self-consisten
~convergence! is achieved.
7-3
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TABLE I. Model parameters used in the calculations. The parameterk and the scalar massms are given
in MeV. The nucleon,r, and v masses are kept fixed atM5939, mr5763, and mv5783 MeV,
respectively—except in the case of the NL3 model where it is fixed atmv5782.5 MeV.

Model ms gs
2 gv

2 gr
2 k l z

NL3 508.194 104.3871 165.5854 79.6000 3.8599 20.01591 0.00
S271 505.000 81.1071 116.7655 85.4357 6.6834 20.01580 0.00
Z271 465.000 49.4401 70.6689 90.2110 6.1696 10.15634 0.06
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III. RESULTS

The symmetry energy of infinite nuclear matter impa
on the dynamics of neutron-rich nuclei. After all, the sym
metry energy describes how the energy of nuclear ma
increases as the system departs from equal numbers of
trons and protons. To investigate the structure of neutron-
nuclei, we use a variety of effective field theory models th
differ in their prediction for the density dependence of t
symmetry energy.

Three models will be considered in this text: the ve
successful NL3@14,15# along with the newer S271 and Z27
@1# parameter sets. The S271 and Z271 models are like
NL3 in that they are constrained to the following propert
of symmetric nuclear matter:~i! nuclear saturation at a Ferm
momentum of kF51.30 fm21, ~ii ! a binding energy per
nucleon of 16.24 MeV, and~iii ! a compression modulus o
K5271 MeV. The first table~Table I! lists the various pa-
rameter sets that are needed to reproduce these propert
symmetric nuclear matter at the mean-field level.

In Fig. 1 the equation of state for symmetric nuclear m
ter is displayed for the three models discussed in the t
That all models are identical at~and near! saturation density
follows from the fitting procedure that has produced t
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FIG. 1. Equation of state of symmetric nuclear matter for
three models considered in the text.
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above mentioned constraints. While significant discrepan
among the models emerge at high density (kF
*1.50 fm21), presumably due to differences in the inp
values for the effective nucleon massM* and z, these dis-
crepancies disappear at the densities (kF&1.30 fm21) rel-
evant to the physics of finite nuclei~see inset in the figure!.
Thus, the equation of state for symmetric nuclear matte
model independent in this range and the only bulk prope
of infinite nuclear matter that can lead to a model dep
dence in ground-state observables of finite nuclei is the s
metry energy.

Unfortunately, the density dependence of the symme
energy is poorly known. Indeed, even the symmetry ene
at saturation density is not well constrained experimenta
It is some average between the symmetry energy at sa
tion density and the surface symmetry energy that is c
strained by the binding energy of nuclei. As a consequen
we adjust the value of theNNr coupling constant to repro
duce a symmetry energy ofasym525.67 MeV at a Fermi
momentum ofkF51.15 fm21 ~or r50.10 fm23) @2,3#. ~For
a recent discussion on the surface symmetry energy see
@16#.!

In Table II predictions for the binding energy per nucle
@17#, root-mean-square charge radius@18,19#, and neutron
radius of 208Pb are displayed for the three models conside
in the text. The predictions are within 1% of the experime
tal values, except for the neutron radius which is poo
known. The nonlinear couplingLv between the isoscalar an
the isovector mesons@see Eq.~3!# enables one to modify the
density dependence of the symmetry energy, and thus
neutron radius of208Pb, while leaving well-known ground
state properties intact. This suggests that existing grou
state information, such as charge densities and binding e
gies, do not determine the neutron radius uniquely. Thu
new measurement, such as the neutron radius in208Pb @6#, is
needed to provide important constraints on the density
pendence of the symmetry energy. It is therefore the aim

TABLE II. Symmetry energy at saturation density, binding e
ergy per nucleon, root-mean-square charge radius~point-proton ra-
dius in parenthesis!, and neutron radius of208Pb for the various
models considered in the text~with Lv50).

Model asym
sat ~MeV! B/A ~MeV! Rch(Rp) ~fm! Rn ~fm!

NL3 37.285 7.854 5.509~5.460! 5.740
S271 36.637 7.939 5.509~5.460! 5.714
Z271 36.298 7.775 5.508~5.459! 5.700
Expt. ;37 7.885 5.504 unknown
7-4
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this paper to correlate ground-state properties of neutron-
nuclei to the neutron radius of208Pb.

The model dependence of the symmetry energy is ge
ated by tuning the isoscalar-isovector term.~For simplicity,
we set the isoscalar-isovector couplingLs to zero hence-
forth.! Note that changingLv has no effect on the bulk prop
erties of symmetric nuclear matter as the expectation va
of the r-meson field is identically zero in theN5Z limit. It
does affect the value of the symmetry energy, so a mild
justment of theNNr coupling constant is required to kee
the symmetry energy fixed atasym525.67 MeV; this ensures
that the binding energy per nucleon in208Pb remains fixed a
7.87 MeV @17#.

In Fig. 2, the symmetry energy of infinite nuclear mat
is plotted using the NL3 parameter set for different values
the isoscalar-isovector termLv ~the original NL3 parametri-
zation hasLv[0 @14#!. IncreasingLv softens the symmetry
energy thereby reducing the internal pressure of the sys
As a result, the original NL3 model predicts both the larg
neutron radius in208Pb and the largest neutron-star radii~for
a given mass! @1,2#. The inset in the figure shows the sym
metry energy at the densities relevant to the dynamics
neutron-rich nuclei. Note that because all parametrizati
are constrained to have the same symmetry energy akF
51.15 fm21, models with a softer symmetry energy have
larger symmetry energy at low densities. In these softer m
els there is a higher price to pay for departing from eq
numbers of protons and neutrons. This suggests a defi
correlation: models with the smallest neutron skin (Rn
2Rp) in 208Pb should be the first ones to drip neutrons.

Further evidence for this behavior is provided in Fig.
where proton and neutron densities for the neutron-r
nucleus60Ca are displayed. The nonlinear isoscalar-isovec
term Lv is used to change the density dependence of
symmetry energy which in turn modifies the neutron rad

0 0.25 0.5 0.75 1 1.25 1.5
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FIG. 2. The symmetry energy in the NL3 model.
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of NÞZ nuclei. Indeed, the predicted values for the neutr
skin of 60Ca are Rn2Rp50.608,0.567,0.523 fm forLv
50,0.015,0.030, respectively. Note that the proton radius
mains fixed atRp53.56260.013 fm. The inset shows th
square of the upper component of the least bound (1f 5/2)
neutron in60Ca ~for Lv50) to illustrate how it is most sen
sitive to the symmetry energy in the low-density surface
gion; this is the region~according to the inset in Fig. 2!
where one expects the model with the largest neutron ski
give the strongest binding energy for the 1f 5/2 neutron. In
accordance with this statement we obtain a binding ene
for the 1f 5/2 neutron in60Ca of 4.907,4.705,4.443 MeV for a
corresponding neutron skin ofRn2Rp50.608,0.567,
0.523 fm, respectively.

This correlation is displayed in graphical form in th
upper-left-hand panel of Fig. 4, where the binding energy
the least bound neutron in60Ca is plotted for the NL3 mode
~solid line! as a function of the neutron skin in208Pb. As
evinced by the other panels in the figure, this correlat
holds throughout the periodic table. Moreover, it is mod
independent. Indeed, similar plots have been added for
S271~dashed line! and Z271~dot-dashed line! parametriza-
tions. In all cases the binding energy of the least bound n
tron increases with increasing neutron skin. Note, howe
that the shell ordering is not constrained among the mod
For 60Ca the NL3 model predicts the 1f 5/2 orbital to be the
least bound, whereas in the S271 and Z271 models it is
2p1/2 orbital which is the least bound. Moreover, this corr
lation, namely, that an increase in the isoscalar-isove
coupling is responsible for a decrease in both the neu
skin of 208Pb and in the binding energy of the least bou
neutron of a nucleus, should only be applied within a mo
and should not be used to compare among different mod

0 2 4 6 8 10
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60
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1f
5/2

FIG. 3. Neutron and proton densities for60Ca in the NL3 model
for various values of the isoscalar-isovector termLv . The inset
shows the surface-peaked nature of the~square of the! upper com-
ponent of the least bound 1f 5/2 neutron.
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Indeed, the Z271v model predicts the weakest~strongest!
binding energy for the last neutron orbital in60Ca (28O)
among all the models.

A case of particular interest is the doubly magic nucle
28O ~upper-right-hand panel of Fig. 4! which appears to be
particle unstable@10# in spite of the many theoretical predic
tions to the contrary@20–23#. While the case of28O in par-
ticular, and the whole isotopic chain in general, deser
special attention and thus a separate publication, suffice
say that in all the self-consistent relativistic mean-field mo
els considered here, the 1d3/2 orbital in 28O is predicted to be
bound by at least 2 MeV.

We finish the discussion of Fig. 4 by addressing the mo
dependence of the neutron drip lines in calcium and zir
nium. Predictions for the least bound neutron in the neutr
rich nuclei 70Ca ~lower-left-hand panel! and 126Zr ~lower-
right-hand panel! are displayed as a function of the neutr
skin in 208Pb. Note that a ‘‘binding energy’’ of 0 MeV indi-
cates that the neutron is unbound and drips. The NL3 mo
predicts the last occupied neutron orbital in both nuc
(1g9/2 and 3p3/2, respectively! to be bound, albeit only
weakly. This is in contrast to the S271 model for which bo
single-particle orbitals are bound but only for those para
etrizations with a large neutron skin in208Pb; that is, with a
stiff symmetry energy. The Z271 model predicts both nuc
to be particle unstable for all values ofRn2Rp in 208Pb.

We conclude this section with a brief comment on t
impact of a 1% measurement of the neutron radius in208Pb
on the neutron radius of other heavy nuclei that have b
identified as promising candidates for atomic parity-violati
experiments: barium, dysprosium, and ytterbium@24–26#.
Part of the appeal of these atoms is the existence of v
close~nearly degenerate! levels of opposite parity that con
siderably enhance parity-violating amplitudes. Unfortunate
parity-violating matrix elements are contaminated by unc
tainties in both atomic and nuclear structure. A fruitful e
perimental strategy for removing the sensitivity to the atom
04431
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theory is to measure ratios of parity-violation observab
along an isotopic chain. This leaves nuclear-structure un
tainties, in the form of the neutron radius, as the limiti
factor in the search for physics beyond the standard mo
@27–29#. All three elements, barium, dysprosium, and ytte
bium, have long chains of naturally occurring isotope
While the experimental strategy demands a precise kno
edge of neutron radii along the complete isotopic chain,
only correlate here~as means of illustration! the neutron ra-
dius of 208Pb to the neutron radius of a member of the is
topic chain having a closed neutron shell~or subshell!; we
only consider here:138Ba(Z556;N582) @30#, 158Dy(Z
566;N592), and176Yb(Z570;N5106). Note that for the
open proton shell a spherical average is performed. Tha
the factor of 2j k11 in Eq. ~13! is simply replaced by the
actual number of protons in the orbital.

The neutron skins of138Ba, 158Dy, and 176Yb, are corre-
lated to the corresponding neutron skin of208Pb in the three
panels of Fig. 5. We observe a tight linear correlation tha
largely model independent. The linear regression coefficie
~slopem and interceptb) have been enclosed in parenthes
A theoretical spread of'0.3 fm in the neutron radius o
208Pb was estimated in Refs.@27,31#. For two recent discus-
sions on the extraction of the neutron skin of208Pb from
proton-nucleus elastic scattering see Refs.@32,33#. Most of
this spread is driven by the difference between relativis
and nonrelativistic models, which has recently been att
uted to the poorly known density dependence of the sym
try energy @34#. With the culmination of the parity radius
experiment at the Jefferson Laboratory@6#, the theoretical
spread will be replaced by a genuine experimental error
is five times smaller, that is,DRn(208Pb).0.056 fm. This
1% measurement of the neutron radius in208Pb translates
into a neutron radius uncertainty ofDRn(138Ba).0.045 fm,
DRn(158Dy).0.034 fm, and DRn(176Yb).0.052 fm, re-
spectively. While the model independence of these resul
encouraging, one should test the proposed correlation
7-6
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tween the neutron radii of heavy nuclei in models th
modify the density dependence of the symmetry energy
manner that is different from the one presented here.

IV. CONCLUSIONS

The neutron radius of208Pb, an observable highly sens
tive to the density dependence of the symmetry energy
correlated to ground-state observables of neutron-rich nu
We find that models with small neutron skins in208Pb predict
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FIG. 5. Skin-skin correlations for three heavy nuclei of possi
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ered in the text. Quantities in parenthesis represent linear regre
coefficients~slope and intercept!.
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weak binding energies for the valence neutron orbitals
neutron-rich nuclei. Thus, models with the softest symme
energy are the first ones to drip neutrons. Further, a t
correlation was found between the neutron skin of208Pb and
the neutron radius of a variety of elements~barium, dyspro-
sium, and ytterbium! of possible relevance to atomic parit
violation.

The softening of the symmetry energy, which generate
thinner neutron skin in208Pb, is accomplished by introduc
ing additional ~isoscalar-isovector! terms into the effective
Lagrangian. The new terms represent an important addi
to the relativistic mean-field models, as they allow modific
tions to the neutron skin of208Pb without compromising
their success in reproducing a variety of ground-state obs
ables. At first, it might seem surprising that the neutron
dius of 208Pb, one of the most studied nuclei both theore
cally and experimentally, should be so poorly know
Indeed, theoretical estimates place an uncertainty in the n
tron radius of208Pb at about 0.3 fm. This is in contrast to i
charge radius which is known—experimentally—to exquis
accuracy. The reason for this mismatch is twofold. Fir
electron scattering experiments, arguably the cleanest p
of nuclear structure, are only sensitive to the proton distri
tion. Second, best-fit models constrained to reproduce a
riety of nuclear observables, such as charge densities, b
ing energies, and single-particle spectra, still predict a w
range of neutron radii for208Pb.

Fortunately, the measurement of the neutron radius
208Pb seems within reach. Indeed, the parity radius exp
ment at the Jefferson Laboratory aims to measure the neu
radius in 208Pb accurately~at the 1% level! and model inde-
pendently via parity-violating electron scattering. Such
measurement seems vital, as knowledge of a single isove
observable is sufficient to place stringent constraints on
model dependence of symmetry energy. Further, such a m
surement will shed light on a variety of rich nuclear pheno
ena, ranging from the structure of neutron-rich nuclei to
structure of neutron stars.
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