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Parity violating elastic electron scattering and neutron density distributions
in the relativistic Hartree-Bogoliubov model
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Parity-violating elastic electron scattering on neutron-rich nuclei is described in the framework of relativistic
mean-field theory. Self-consistent ground state density distributions of Ne, Na, Ni, and Sn isotopes are calcu-
lated with the relativistic Hartree-Bogoliubov model, and the resulting neutron radii are compared with avail-
able experimental data. For the elastic scattering of 850 MeV electrons on these nuclei, the parity-violating
asymmetry parameters are calculated using a relativistic optical model with inclusion of Coulomb distortion
effects. The asymmetry parameters for chains of isotopes are compared, and their relation to the Fourier
transforms of neutron densities is studied. It is shown that parity-violating asymmetries are sensitive not only
to the formation of the neutron skin, but also to the shell effects of the neutron density distribution.

PACS number~s!: 21.10.Gv, 21.60.2n, 25.30.Bf
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I. INTRODUCTION

Measurements of ground state distributions of nucle
provide fundamental nuclear structure informations. T
ground state densities reflect the basic properties of effec
nuclear forces, and an accurate description of these distr
tions presents the primary goal of nuclear structure mod

Extremely accurate data on charge densities, and there
on proton distributions in nuclei, are obtained from elas
scattering of electrons. Experimental data of comparable
cision on neutron density distributions are, however,
available. It is much more difficult to measure the distrib
tion of neutrons, though more recently accurate data on
ferences in radii of the neutron and proton density distri
tions have been obtained. Various experimental meth
have been used, or suggested, for the determination of
neutron density in nuclei@1#. Among them, one that is als
very interesting from the theoretical point of view, is parit
violating elastic electron scattering. In principle, the elas
scattering of longitudinally polarized electrons provides a
rect and very accurate measurement of the neutron distr
tion. It has been shown that the parity-violating asymme
parameter, defined as the difference between cross sec
for the scattering of right- and left-handed longitudinally p
larized electrons, produces direct information on the Fou
transform of the neutron density@2#.

The possible use of parity-violating electron scatter
from nucleons and nuclei to probe hadron structure
nuclear dynamics has been analyzed in many theore
studies. The parity-violating asymmetry in elastic scatter
of longitudinally polarized electrons from protons dete
mines the anomalous baryon number magnetic moment@3#.
The implications of strange-quark contribution to proton ve
tor currents and their manifestation in parity-violating ele
tron scattering experiments have also been analyzed in
0556-2813/2000/61~6!/064307~10!/$15.00 61 0643
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@4#. The strange-vector current matrix element of the nucle
can also be extracted from the scattering of polarized e
trons in an isoscalar nuclear magnetic transition@5#. Both the
vector- and axial-vector-type strange quark current ma
elements of the nucleon can be studied in scattering of
polarized electrons from a polarized target@6#. Additional
aspects of parity-violating electron scattering studies of
strangeness content of the nucleon have been reviewe
Ref. @7#.

Asymmetries of elastic electron scattering at low mome
tum transfer can be also used to study the difference of r
between neutron and proton distributions in nuclei. Suz
@8# has shown that at lowq the effects of the strangenes
vector form factors of the nucleon (q<1.5 fm21), and the
effects of the charge form factor of the neutronq
<2.5 fm21) on the asymmetry, are much smaller than tho
caused by the difference in the spatial extension of the n
tron and proton densities. The asymmetries for elastic e
tron scattering (q<1 fm21) on Ca, Sn, and Ba isotopes hav
been calculated in the plane wave approximation, and t
mass number dependence has been related to the differe
of radii between neutron and proton density distributions@9#.
In a recent article@10#, Horowitz has used a relativistic op
tical model to calculate the parity-violating asymmetry p
rameters for the elastic scattering of 850 MeV electrons o
number of spherical, doubly closed-shell nuclei. Grou
state densities were calculated using a three-parameter F
formula and the relativistic mean-field model. Coulomb d
tortion corrections to the parity-violating asymmetry we
calculated exactly. It has been shown that a parity violat
experiment to measure the neutron density in a he
nucleus is feasible.

Informations about the distribution of neutrons in nuc
should also constrain the isovector channel of the nuc
matter energy functional. A correct parametrization of t
©2000 The American Physical Society07-1
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D. VRETENAR et al. PHYSICAL REVIEW C 61 064307
isovector channel of effective nuclear forces is essential
the description of unique phenomena in exotic nuclei w
extreme isospin values. For neutron-rich nuclei, these
clude the occurrence of nuclei with diffuse neutron densit
the formation of the neutron skin and the neutron halo.
the neutron drip-line different proton and neutron quadrup
deformations are expected, and these will give rise to lo
energy isovector modes.

In the present work we describe parity-violating elas
electron scattering on neutron-rich nuclei in the framew
of relativistic mean-field theory. The ground state dens
distributions will be calculated with the relativistic Hartre
Bogoliubov~RHB! model. This model represents a relativi
tic extension of the Hartree-Fock-Bogoliubov~HFB! frame-
work, and it has been successfully applied in studies of
neutron halo phenomenon in light nuclei@11#, properties of
light nuclei near the neutron-drip line@12#, ground state
properties of Ni and Sn isotopes@13#, the deformation and
shape coexistence phenomena that result from the sup
sion of the sphericalN528 shell gap in neutron-rich nucle
@14#, the structure of proton-rich nuclei and the phenomen
of ground state proton emission@15–17#. In particular, it has
been shown that neutron radii, calculated with the RH
model, are in excellent agreement with experimental d
@12,13#. In studies of the structure of nuclei far from th
b-stability line, both on the proton- and neutron-rich sides
is important to use models that include a unified descript
of mean-field and pairing correlations@18#. For the ground
state density distributions of neutron-rich nuclei in particul
the neutron Fermi level is found close to the particle co
tinuum and the lowest particle-particle modes are embed
in the continuum. An accurate description of neutron den
ties can only be obtained with a correct treatment of
scattering of neutron pairs from bound states into the posi
energy continuum.

Starting from the RHB self-consistent ground state n
tron densities in isotope chains that also include neutron-
nuclei, we will calculate the parity-violating asymmetry p
rameters for the elastic scattering of 850 MeV electrons. T
main point in the present analysis will be to determine h
sensitive the asymmetry parameters are to the variation
the neutron density distribution along an isotope chain.
this one respect our analysis presents an extension of
study reported in Ref.@9#, where the parity-violating asym
metries for elastic electron scattering on several Ca, Sn,
Ba isotopes have been calculated in the plane wave app
mation. However, as it has been shown in the recent ex
sive study of possible parity-violating measurements of n
tron densities@19#, by far the largest correction to th
asymmetry comes from Coulomb distortions. For a hea
nucleus such as208Pb, Coulomb distortion effects can be
the order of 20%. Therefore, for any realistic comparison
parity-violating asymmetries with the Fourier transform o
neutron density, it is essential to include Coulomb distort
effects in the calculation of the elastic scattering cross s
tion.

In addition to important information on nuclear structur
isovector interactions, the structure of neutron rich exo
nuclei, and neutron rich matter in astrophysics@19#, neutron
06430
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density measurements will be crucial for the analysis
atomic parity-violating~APV! experiments@19–21#. At the
present level of APV experimental precision, the domina
inaccuracy in the interpretation of the data is associated w
atomic theory uncertainties in the electron density at
nucleus. One possible way to circumvent these uncertain
is to measure APV observables for different atoms along
isotope chain@20#. In experiments involving isotope ratios
the atomic theory predictions largely cancel. On the ot
hand, such experiments will be very sensitive to change
the neutron density distribution from one nucleus to the n
along the isotope chain. This is because the parity-violat
interaction is directly proportional to the overlap betwe
electrons and neutrons. It would be therefore very import
to be able to determine with high accuracy ('1%) the neu-
tron spatial distribution for a sequence of isotopes. Mo
over, for atomic PV experiments, and therefore for lo
energy tests of the standard model, it would be ideal if
neutron density distribution were determined from the par
violating elastic electron scattering on nuclei.

Another interesting question is whether parity-violatin
electron scattering could be used, in principle at least,
measure the neutron skin, or even the formation of the n
tron halo. Of course, studies of electron scattering on sta
or radioactive nuclei necessitate the operation of very co
plex experimental facilities. With the advent of high-quali
electron beam facilities such as CEBAF, a precise meas
ment of neutron distribution in many stable nuclei throu
parity-violating electron scattering appears feasible@19#. The
double storage ring MUSES, under construction at RIKE
presents an interesting opportunity to study electron sca
ing on exotic radioactive nuclei. By injecting an electro
beam, generated by a linear accelerator, in one of the sto
rings, and storing a beam of unstable nuclei in the oth
collision experiments between radioactive beams and e
trons could be performed.

In Sec. II we present an outline of the relativistic Hartre
Bogoliubov model and calculate the self-consistent grou
state neutron densities of Ne, Na, Ni, and Sn isotopes.
the elastic scattering of longitudinally polarized electrons
these nuclei, in Sec. III we use a relativistic optical model
calculate the parity-violating asymmetry parameters. C
lomb distortion corrections are included in the calculatio
and the resulting asymmetries are related to the Fou
transforms of the neutron densities. The results are sum
rized in Sec. IV.

II. RELATIVISTIC HARTREE-BOGOLIUBOV
DESCRIPTION OF GROUND STATE DENSITIES

In the framework of the relativistic Hartree-Bogoliubo
model @15,22#, the ground state of a nucleusuF& is repre-
sented by the product of independent single-quasipart
states. These states are eigenvectors of the genera
single-nucleon Hamiltonian which contains two average
tentials: the self-consistent mean-fieldĜ which encloses all
the long range particle-hole~ph! correlations, and a pairing
field D̂ which sums up the particle-particle~pp! correlations.
The single-quasiparticle equations result from the variat
7-2
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PARITY VIOLATING ELASTIC ELECTRON . . . PHYSICAL REVIEW C61 064307
of the energy functional with respect to the Hermitian de
sity matrix r and the antisymmetric pairing tensork. The
relativistic Hartree-Bogoliubov equations read

S ĥD2m2l D̂

2D̂* 2ĥD1m1l
D S Uk~r !

Vk~r !
D 5EkS Uk~r !

Vk~r !
D .

~1!

ĥD is the single-nucleon Dirac Hamiltonian,m is the nucleon
mass, andD̂ denotes the pairing field. The column vecto
represent the quasiparticle spinors andEk are the quasi-
particle energies. The chemical potentiall has to be deter-
mined by the particle number subsidiary condition in ord
that the expectation value of the particle number operato
the ground state equals the number of nucleons.

The HamiltonianĥD describes the dynamics of the rel
tivistic mean-field model@23#: nucleons are described a
point particles; the theory is fully Lorentz invariant; th
nucleons move independently in the mean fields which or
nate from the nucleon-nucleon interaction. Conditions
causality and Lorentz invariance impose that the interac
is mediated by the exchange of pointlike effective meso
which couple to the nucleons at local vertices: the isosc
scalar s meson, the isoscalar vectorv meson, and the
isovector vectorr meson. The single-nucleon Hamiltonian
the Hartree approximation reads

ĥD52 ia •¹1b„m1gss~r !…1gvv~r !1grt3r3~r !

1e
~12t3!

2
A~r !, ~2!

wheres, v, andr denote the mean-field meson potentia
gs , gv , andgr are the corresponding meson-nucleon co
pling constants, and the photon fieldA accounts for the elec
tromagnetic interaction. The meson potentials are determ
self-consistently by the solutions of the corresponding Kle
Gordon equations. The source terms for these equations
sums of bilinear products of baryon amplitudes, calculate
the no-seaapproximation.

The pairing fieldD̂ in the RHB single-quasiparticle equa
tions ~1! is defined

Dab~r ,r 8!5
1

2 (
c,d

Vabcd~r ,r 8!kcd~r ,r 8!, ~3!

where a,b,c,d denote quantum numbers that specify t
Dirac indices of the spinors,Vabcd(r ,r 8) are matrix elements
of a general two-body pairing interaction, and the pairi
tensor is

kcd~r ,r 8!5 (
Ek.0

Uck* ~r !Vdk~r 8!. ~4!

The input parameters of the RHB model are the coupl
constants and the masses for the effective mean-field Ha
tonian, and the effective interaction in the pairing channel
most applications we have used the NL3 set of me
06430
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masses and meson-nucleon coupling constants@24# for the
effective interaction in the particle-hole channel:m5939
MeV, ms5508.194 MeV,mv5782.501 MeV,mr5763.0
MeV, gs510.217, g25210.431 fm21, g35228.885, gv

512.868, andgr54.474. Results of NL3 model calculation
have been found in excellent agreement with experime
data, both for stable nuclei and for nuclei far away from t
line of b-stability. The NL3 interaction will also be used i
the present analysis of ground state neutron densities. Fo
pairing field we employ the pairing part of the Gogny inte
action

Vpp~1,2!5 (
i 51,2

e2„(r12r2…/m i )
2
~Wi1Bi P

s2Hi P
t

2Mi P
sPt!, ~5!

with the set D1S@25# for the parametersm i , Wi , Bi , Hi ,
and Mi ( i 51,2). This force has been carefully adjusted
the pairing properties of finite nuclei all over the period
table. In particular, the finite range of the Gogny force au
matically guarantees a proper cutoff in momentum space.
the phenomenological level, the fact that we are using a n
relativistic interaction in the pairing channel of a relativist
Hartree-Bogoliubov model, has no influence on the cal
lated ground state properties. A detailed discussion of
approximation can be found, for instance, in Ref.@15#.

The ground state of a nucleus results from a se
consistent solution of the RHB single-quasiparticle equati
~1!. The iteration procedure is performed in the quasiparti
basis. A simple blocking prescription is used in the calcu
tion of odd-proton and/or odd-neutron systems. The resul
eigenspectrum is transformed into the canonical basis
single-particle states, in which the RHB ground state ta
the BCS form. The transformation determines the energ
and occupation probabilities of the canonical states.

In Ref. @13# we have performed a detailed analysis
ground state properties of Ni (28<N<50) and Sn (50<N
<82) nuclei in the framework of the RHB model. In a com
parison with available experimental data, we have sho
that the NL31 Gogny D1S effective interaction provides a
excellent description of binding energies, neutron separa
energies, and proton and neutron rms radii, both for even
odd-A isotopes. The RHB model predicts a reduction of t
spin-orbit potential with the increase of the number of ne
trons. The resulting energy splittings between spin-orbit p
ners have been discussed, as well as pairing properties
culated with the finite range effective interaction in thepp
channel. In Figs. 1 and 2 we plot the self-consistent grou
state neutron densities for the even-A Ni (30<N<48) and
Sn (56<N<74) isotopes. The density profiles display pr
nounced shell effects and a gradual increase of neutron r
In the insets we include the corresponding differences
tween neutron and proton rms radii. For Ni, the value ofr n
2r p increases from'0.03 fm for 58Ni to 0.39 fm for 76Ni.
The neutron skin is less pronounced for the Sn isotopesr n
2r p50.27 fm for 124Sn. In Fig. 3 the difference of the neu
tron and proton rms radii for Sn isotopes are compared w
recent experimental data@26#. The experimental values resu
7-3
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D. VRETENAR et al. PHYSICAL REVIEW C 61 064307
from measured cross sections of the isovector spin-dip
resonances in Sn nuclei. The agreement between theore
and experimental values is very good. The calculated dif
ences are slightly larger than the measured values, but
are still within the experimental error bars. This result,
gether with the analysis of Ref.@13#, indicates that the
ground state neutron densities of the Ni and Sn isot
chains are correctly described by the RHB model with
NL3 1 Gogny D1S effective interaction.

The first experimental evidence of the formation of t
neutron skin along a chain of stable and unstable isoto
was reported in Ref.@27# for the Na nuclei. By combining
rms charge radii, determined from isotope-shift data, w
interaction cross sections of Na isotopes on a carbon targ
has been shown that the neutron skin monotonically
creases to 0.4 fm in neutron-richb-unstable Na nuclei. In

FIG. 1. Self-consistent RHB single-neutron density distributio
for even-N Ni (30<N<48) nuclei, calculated with the NL31
Gogny D1S effective interaction. The differences between neu
and proton rms radii are shown in the inset.

FIG. 2. Same as in Fig. 1, but for Sn isotopes (56<N<74).
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Ref. @12# we have applied the RHB model in the descripti
of properties of light nuclei with large neutron excess. T
ground state properties of a number of neutron-rich nu
have been analyzed: the location of the neutron drip-line,
reduction of the spin-orbit interaction, rms radii, changes
surface properties, and the formation of the neutron skin
the neutron halo. In particular, we have also calculated
chain of Na isotopes. The neutron density profiles are plo
in Fig. 4, with the differences of the neutron and proton r
radii in the insert. The calculations have been performed
suming spherical symmetry, i.e., deformations of proton a
neutron densities were not taken into account. The block
procedure has been used both for protons and neutr
Strong shell effects are observed in the interior. In the cen
region the neutron density increases from'0.065 fm23 for
26Na, to more than 0.09 fm23 for 27Na. This effect, of

s

n

FIG. 3. Calculated differences between neutron and proton
radii in Sn isotopes~squares!, compared with experimental dat
from Ref. @26#.

FIG. 4. Self-consistent RHB single-neutron density distributio
for Na (12<N<21) isotopes.
7-4
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course, corresponds to the filling of thes1
2 neutron orbital.

At r'2 fm the density decreases from 0.1 fm23 to
0.09 fm23. The calculated neutron radii are compared w
the experimental values@27# in Fig. 5. The model reproduce
the trend of the experimental data and, with a possible
ception of N511, the theoretical values are in excelle
agreement with the measured radii. The smooth increas
r n2r p afterN511 ~Fig. 4! is interpreted as the formation o
the neutron skin. ForN511 the number of protons and ne
trons is the same, and therefore both the odd proton and
neutron occupy thes2d orbitals with the same probabilities
An explicit proton-neutron short-range interaction, not
cluded in our model, is probably responsible for a possi
reduction of the neutron radius in this nucleus.

In some loosely bound systems at the drip lines, the n
tron density distribution displays an extremely long tail: t
neutron halo. The resulting large interaction cross secti
have provided the first experimental evidence for halo nu
@28#. The neutron halo phenomenon has been studied w
variety of theoretical models@29–31#. For very light nuclei
in particular, models based on the separation into core
valence space nucleons~three-body Borromean system!
have been employed. In Ref.@11# the RHB model has bee
applied in the study of the formation of the neutron halo
the mass region above thes-dshell. Model calculations with
the NL3 1 Gogny D1S effective interaction predict the o
currence of neutron halo in heavier Ne isotopes. The st
has shown that, in a mean-field description, the neutron h
and the stability against nucleon emission can only be
plained with the inclusion of pairing correlations. Both th
properties of single-particle states near the neutron Fe
level, and the pairing interaction, are important for the f
mation of the neutron halo. In Fig. 6 we plot the proton a
neutron density distributions for30Ne,32Ne, and 34Ne. The
proton density profiles do not change with the number
neutrons. The neutron density distributions display an ab
change between30Ne and32Ne. A long tail emerges, revea
ing the formation of a multiparticle halo. The formation

FIG. 5. Comparison of the calculated neutron rms radii for
isotopes with experimental data from Ref.@27#.
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the neutron halo is related to the quasidegeneracy of the
let of states 1f 7/2, 2p3/2, and 2p1/2. For N<22 the triplet of
states is in the continuum, it approaches zero energy aN
522, and a gap is formed between these states and all o
states in the continuum. The pairing interaction promo
neutrons from the 1f 7/2 orbital to the 2p levels. Since these
levels are so close in energy, the total binding energy d
not change significantly. Due to their small centrifugal ba
rier, the 2p3/2 and 2p1/2 neutron orbitals form the halo.

III. PARITY VIOLATING ELASTIC
ELECTRON SCATTERING

In this section we will illustrate how the neutron densi
distributions shown in Figs. 1–6 can be measured with
larized elastic electron scattering. We will calculate t
parity-violating asymmetry parameter, defined as the diff
ence between cross sections for the scattering of right-
left-handed longitudinally polarized electrons. This diffe
ence arises from the interference of one-photon andZ0 ex-
change. As it has been shown in Ref.@2#, the asymmetry in
the parity-violating elastic polarized electron scattering re
resents an almost direct measurement of the Fourier tr
form of the neutron density.

The calculation procedure closely follows the derivati
and definitions of Ref.@10#. We consider the elastic electro
scattering on a spin-zero nucleus, i.e., on the potential

V̂~r !5V~r !1g5A~r !, ~6!

whereV(r ) is the Coulomb potential, andA(r ) results from
the weak neutral current amplitude

A~r !5
GF

23/2
rW~r !. ~7!

The weak charge density is defined

FIG. 6. Self-consistent RHB proton and neutron densities
30,32,34Ne.
7-5
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rW~r !5E d3r 8GE~ ur2r 8u!

3@2rn~r 8!1~124 sin2 QW!rp~r 8!#, ~8!

wherern andrp are point neutron and proton densities a
the electric form factor of the proton isGE(r )
'(L3/8p)e2Lr with L54.27 fm21. sin2 QW50.23 for the
Weinberg angle.

In the limit of vanishing electron mass, the electron spin
C defines the helicity states

C65
1

2
~16g5!C, ~9!

which satisfy the Dirac equation

@a•p1V6~r !#C65EC6 , ~10!

with

V6~r !5V~r !6A~r !. ~11!

The parity-violating asymmetryAl , or helicity asymmetry, is
defined

Al5
ds1 /dV2ds2 /dV

ds1 /dV1ds2 /dV
, ~12!

where1(2) refers to the elastic scattering on the poten
V6(r ).

The calculation starts with the self-consistent relativis
Hartree-Bogoliubov ground state proton and neutron de
ties. The charge and weak densities are calculated by fol
the point proton and neutron densities@see Eq.~8!#. The
resulting Coulomb potentialV(r ) and weak potentialA(r )
~7! are used to constructV6(r ). The cross sections for elast
electron scattering are obtained by summing up the ph
shifts which result from the numerical solution of the part
wave Dirac equation. The calculation includes the Coulo
distortion effects. The cross sections for positive and ne
tive helicity electron states are calculated, and the resul
asymmetry parameterAl is plotted as a function of the sca
tering angleu, or the momentum transferq.

In order to check the correctness and accuracy of the c
puter code which calculates the elastic electron scatte
cross sections, we have performed the same tests as
reported in Ref.@10#: experimental data are reproduced f
the elastic cross sections from208Pb at 502 MeV@32#; plane
wave approximation results are reproduced; it is verified t
the asymmetry parameterAl is linear in the potentialA(r )
~7!. We have also reproduced the parity-violating asymm
tries calculated in Ref.@10#: elastic scattering at 850 MeV o
16O, 48Ca, and 208Pb ~relativistic mean-field densities!, as
well as on the three-parameter Fermi densities.

In Figs. 7 and 8 we plot the parity-violating asymmet
parametersAl for the 58276Ni isotopes, for the elastic elec
tron scattering at 500 MeV and 850 MeV, respectively. T
ground state neutron densities for these nuclei are show
Fig. 1. For electron energies below 500 MeV the asymme
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parameters are small (,1025), and the differences betwee
neighboring isotopes are,1026. At 850 MeV ~the energy
for which most of the calculations of Ref.@10# have been
performed!, the values ofAl are of the order of 1025. The
differences between neighboring isotopes ('1026) are espe-
cially pronounced for58266Ni, at u'20° andu'35°. These
differences reflect the strong shell effects calculated for
ground state neutron densities of the lighter Ni isotopes~see
Fig. 1!. The heavier Ni isotopes display more uniform ne
tron densities in the interior, and the resulting asymme
parametersAl are not very different. Similar results are als
obtained at 1000 MeV electron energy. Of course, abov
GeV the approximation of elastic scattering on continuo
charge and weak densities is not valid any more, and
structure of individual nucleons becomes important. In
remainder of this section we show the results forAl at 850
MeV electron energy. For all chains of isotopes we have a
calculated the asymmetry parameters at 250 MeV, 500 M
and 1000 MeV. The energy dependence, however, is sim
to that observed for the Ni isotopes: below 850 MeV t
differences in the calculatedAl for the neighboring isotopes
are too small.

FIG. 7. Parity-violating asymmetry parametersAl for elastic
scattering from58276Ni at 500 MeV, as functions of the scatterin
angleu.

FIG. 8. Parity-violating asymmetry parametersAl for elastic
scattering from58276Ni at 850 MeV, as functions of the scatterin
angleu.
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The figures of merit

F5Al
2 ds

dV
, ~13!

for 850 MeV electron scattering on the Ni isotopes a
shown in Fig. 9. The figure of merit is, of course, strong
peaked at forward angles~see also Fig. 12 of Ref.@10#!. In
order to emphasize the differences between Ni isotopes
F ’s are plotted in the interval 10°<u<30°. The figure of
merit defines the optimal kinematics for an experiment
which the neutron density distribution could be determin
from the measured parity-violating asymmetries.

The asymmetry parameterAl provides a direct measure
ment of the Fourier transform of the neutron density@2#. In
Figs. 10 and 11 we plot the asymmetries for the Ni isoto

FIG. 9. Figures of merit~13! as functions of the scattering ang
u, for elastic scattering from58276Ni at 850 MeV.

FIG. 10. Parity-violating asymmetry parametersAl ~upper
panel! and squares of normalized Fourier transforms of neut
densities~lower panel!, as functions of the momentum transferq,
for elastic scattering from58266Ni at 850 MeV.
06430
he
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~Fig. 8! as functions of the momentum transferq
52E sinu/2, and compare them with the squares of the F
rier transforms of the neutron densities

F~q!5
4p

q E dr r 2 j 0~qr !rn~r !. ~14!

The differences between the asymmetries can be directly
lated to the form factors. Note that the positions of t
minima ofAl correspond almost exactly to the minima of th
form factors. Of course, the agreement would have been
fect if we had plotted the Fourier transforms of the we
density~8!, but the differences are indeed very small. Mo
important is the observation that the measurement of
parity-violating asymmetry at high momentum transf
might provide information about the details of the dens
profile of the neutron distribution.

In Fig. 3 we have shown that the differences in the ne
tron and proton rms radii, calculated with the RHB NL31
Gogny D1S model, are in very good agreement with rec
experimental data on Sn isotopes. In Fig. 12 we plot
asymmetry parametersAl for the 850 MeV elastic electron
scattering on the even1062124Sn isotopes. The angular de
pendence is similar to that observed for the Ni nuclei; s
nificant differences between neighboring isotopes are o
found atu.20°. The asymmetry parameters are compa
to the Fourier transforms of the Sn neutron densities in F
13 and 14.

The Na isotopes~Figs. 4 and 5! display the formation of
the neutron skin, as well as strong shell effects in the cen
region of neutron densities. These shell effects are cle
seen in the plots of the asymmetry parametersAl in Fig. 15.
Especially pronounced is the transition between26Na and
27Na, which corresponds to the filling of thes1

2 neutron or-
bital. The Fourier transforms of neutron densities are co
pared to the asymmetry parameters in Figs. 16 and 17.
differences between the minima of the asymmetry para
eters for neighboring isotopes are the same as the differe

n

FIG. 11. Same as in Fig. 10, but for elastic scattering fro
68276Ni at 850 MeV.
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between the minima of the Fourier transforms of the den
ties. In principle, it should be possible to deduce the neut
density distribution from the measured asymmetries.

An interesting theoretical question is whether the asy
metry parameters are sensitive to the formation of the n
tron halo, i.e., whether parity-violating electron scatteri
could be used to detect the formation of the halo. For
even Ne nuclei, the neutron halo phenomenon is illustra
in Fig. 6. The tail in the neutron density develops in32Ne.
The Fourier transforms of neutron densities and the asym
try parametersAl are shown in Fig. 18. At small momentum
transfer the differences in the asymmetry parameters are
small. Only atq'2.5 fm21 the differences are of the orde
of 1025. This probably means that, even if it became p
sible to measure polarized elastic electron scattering on
tremely neutron-rich nuclei, the parity-violating asymmetr
would not be sensitive to the formation of the neutron ha

FIG. 12. Parity-violating asymmetry parametersAl for elastic
scattering from1062124Sn at 850 MeV, as functions of the scatterin
angleu.

FIG. 13. Parity-violating asymmetry parametersAl ~upper
panel! and squares of normalized Fourier transforms of neut
densities~lower panel!, as functions of the momentum transferq,
for elastic scattering from1062114Sn at 850 MeV.
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IV. CONCLUSIONS

The relativistic mean-field theory has been used to st
the parity-violating elastic electron scattering on neutron-r
nuclei. The parity-violating asymmetry parameter, defined
the difference between cross sections for the scattering
right- and left-handed longitudinally polarized electrons, p
vides direct information about the neutron density distrib
tion.

The ground state neutron densities of neutron-rich Ne,
Ni, and Sn have been calculated with the relativistic Hartr
Bogoliubov model. The NL3 effective interaction has be
used for the mean-field Lagrangian, and pairing correlati
have been described by the pairing part of the finite ra
Gogny interaction D1S. The NL31 Gogny D1S interaction
produces results in excellent agreement with experime
data, not only for spherical and deformedb-stable nuclei, but

n

FIG. 14. Same as in Fig. 13, but for elastic scattering fro
1162124Sn at 850 MeV.

FIG. 15. Parity-violating asymmetry parametersAl for elastic
scattering from23232Na at 850 MeV, as functions of the scatterin
angleu.
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also for nuclear systems with large isospin values on b
sides of the valley ofb-stability. In the present work, in
particular, the calculated neutron rms radii are shown to
produce recent experimental data on Na and Sn isotope

Starting from the relativistic Hartree-Bogoliubov sol
tions for the self-consistent ground states, the charge
weak densities are calculated by folding the point proton
neutron densities. These densities define the Coulomb
weak potentials in the Dirac equation for the massless e
tron. The partial wave Dirac equation is solved with the
clusion of Coulomb distortion effects, and the cross secti
for positive and negative helicity electron states are ca
lated. The parity-violating asymmetry parameters are plo
as functions of the scattering angleu, or the momentum
transferq, and they are compared with the Fourier transfor

FIG. 16. Parity-violating asymmetry parametersAl ~upper
panel! and squares of normalized Fourier transforms of neut
densities~lower panel!, as functions of the momentum transferq,
for elastic scattering from23227Na at 850 MeV.

FIG. 17. Same as in Fig. 16, but for elastic scattering fr
28232Na at 850 MeV.
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of the neutron density distributions.
We have compared the parity-violating asymmetry p

rameters for chains of neutron-rich isotopes. For low elect
energies (<500 MeV!, the differences between neighborin
isotopes are very small. At 850 MeV, significant differenc
in the parity-violating asymmetries are found atu.20°.
They can be related to the differences in the neutron den
distributions. In particular, if plotted as function of the m
mentum transferq, the asymmetry parameter can be relat
to the Fourier transform of the neutron density. It has be
shown that the parity-violating elastic electron scattering
sensitive to the formation of the neutron skin in Na, Ni, a
Sn isotopes, and also to the shell effects of the neutron d
sity distributions. On the other hand, from the example
neutron-rich Ne nuclei, it appears that the asymmetry par
eters would not be sensitive to the formation of the neut
halo.

Is there any possibility to actually measure the pari
violating asymmetries for the nuclei that we have conside
in the present study? In a very recent study@19#, Horowitz
et al.have presented an extensive analysis of possible pa
violating measurements, their theoretical interpretation,
applications. In particular, future parity-violating measur
ments of neutron densities have been discussed. It app
that experiments on many stable nuclei are feasible at e
ing facilities. It has been shown that the theoretical corr
tions are either small or well understood, and theref
information on weak charge density, point neutron distrib
tions and neutron density radii, can be directly extrac
from experimental data. For instance, the CEBAF accele
tor, with its high luminosity and remarkably stable electr
beam, could be used to perform parity-violating elastic el
tron scattering experiments on many stable nuclei. The n
physics sensitivity of a variety of low-energy parity-violatin
observables has been recently analyzed in Ref.@20#. It has
been shown that a precise measurement of parity-viola
asymmetries for electron-proton and electron-nucleus s

n
FIG. 18. Parity-violating asymmetry parametersAl ~upper

panel! and squares of normalized Fourier transforms of neut
densities~lower panel!, as functions of the momentum transferq,
for elastic scattering from30,32,34Ne at 850 MeV.
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tering at Jefferson Laboratory is feasible. In particular,
importance of neutron density measurements in isot
chains for the analysis of atomic parity-violating~APV! ex-
periments, and therefore for low-energy tests of the stand
model, has been emphasized. Among the nuclei that we h
considered in the present study,58264Ni and 1122124Sn are
stable isotopes, and parity-violating elastic electron scat
ing experiments on these nuclei should be feasible at exis
facilities. We note that the possibility to determine the d
ference of radii between proton and neutron distributions
Sn isotopes has been also discussed in Ref.@9#. Parity-
violating measurements of neutron distributions in Sn nu
could be compared with recent experimental data@26#, ob-
tained from measured cross sections of the isovector s
dipole resonances. Measurements of parity-violating as
metries in both Ni and Sn isotopes would provide import
information on the isovector channel of the effective inter
tions.

The experimental situation is less clear for unstable
clei. Studies of electron scattering on exotic radioactive
clei will be possible at the double storage ring MUSES, pr
ently under construction at RIKEN. The RI Beam Facto
provides the possibility to store electron beams in one of
rings, and beams of unstable nuclei in the other ring. T
cl

S.

ys

L.
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expected luminosity for unstable nuclei is 1028229 cm2 sec,
and it will be possible to determine the rms radii of a lar
number of unstable nuclei~600 nuclides!. The measuremen
of parity-violating asymmetries is, of course, more difficu
We note that the available luminosity and short lifetim
might prevent the measurements at high-momentum tran
in the near future. However we conclude that, if it beca
possible to measure parity-violating elastic electron scat
ing on neutron-rich nuclei, the asymmetry parameters wo
provide detailed information on neutron density distrib
tions, neutron radii, and differences between neutron
charge radii. This knowledge is, of course, essential for c
straining the isovector channel of effective interactions
nuclei, and therefore for our understanding of the structure
nuclear systems far from theb-stability line.
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