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Nuclear skins and halos in the mean-field theory
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Nuclei with large neutron-to-proton ratios have neutron skins, which manifest themselves in an excess of
neutrons at distances greater than the radius of the proton distribution. In addition, some drip-line nuclei
develop very extended halo structures. The neutron halo is a threshold effect; it appears when the valence
neutrons occupy weakly bound orbits. In this study, nuclear skins and halos are analyzed within the self-
consistent Skyrme-Hartree-Fock-Bogoliubov and relativistic Hartree-Bogoliubov theories for spherical shapes.
It is demonstrated that skins, halos, and surface thickness can be analyzed in a model-independent way in terms
of nucleonic density form factors. Such an analysis allows for defining a quantitative measure of the halo size.
The systematic behavior of skins, halos, and surface thickness in even-even nuclei is discussed.

PACS number~s!: 21.10.Gv, 21.60.Jz, 21.10.Dr, 21.10.Ft
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I. INTRODUCTION

One of the main frontiers of nuclear science today is
physics of radioactive nuclear beams~RNB’s!. Experiments
with beams of unstable nuclei make it possible to lo
closely into many unexplored regions of the periodic ch
and many unexplored aspects of the nuclear many-b
problem@1–5#.

Prospects for new physics, especially on the neutron-
side of the beta-stability valley, have generated consider
excitement in the low-energy nuclear physics commun
Neutron-rich nuclei offer an opportunity to study the wea
of phenomena associated with the closeness of the par
threshold: particle emission~ionization to the continuum!
and the characteristic behavior of cross sections@6,7#, the
existence of soft collective modes and low-lying transiti
strength@8–13#, and dramatic changes in shell structure a
various nuclear properties in the subthreshold regime@14–
16#.

A very interesting aspect of nuclei far from stability is a
increase in their radial dimension with decreasing part
separation energy@17–21#. Extreme cases are halo nuclei—
loosely bound few-body systems with about thrice more n
trons than protons. The halo region is a zone of weak bind
in which quantum effects play a critical role in distributin
nuclear density in regions not classically allowed.

Halo nuclei, with their intricate topologies, are symbols
RNB physics. The very weak binding of the outermost ne
trons leading to a rather good decoupling of halo from
core simplifies many aspects of underlying nuclear struc
and reaction mechanism. Theoretically, the weak bind
and corresponding closeness of the particle continuum,
gether with the need for the explicit treatment of few-bo
dynamics, make the subject of halos both extremely inter
ing and difficult @3#.

In the heavy neutron-rich nuclei, where the concept
mean field is better applicable, ana priori separation into
0556-2813/2000/61~4!/044326~14!/$15.00 61 0443
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core and halo nucleons seems less justified. However,
fact that there are far more neutrons than protons in th
nuclei implies the existence of the neutron skin~i.e., an ex-
cess of neutrons at large distances!. In addition, in neutron-
rich weakly bound nuclei, one expects to see both the s
and the halo.

There is no consensus in the literature on how to de
and parametrize skins and halos. A quantity which is of
employed to characterize the spatial extension of neu
density is the difference between neutron and proton r
mean square~rms! radii:

DRnp[^r n
2&1/22^r p

2&1/2. ~1!

In normal nuclei, this quantity is known to vary between 0
and 0.2 fm@22–25#, but it increases significantly in neutron
rich systems due toboth skin and halo effects.

Stimulated by recent experimental developments ma
in light nuclei, where some information onDRnp has been
obtained@26–30# ~see also the recent studies based on
giant dipole@31# and spin-dipole@32# resonance data and o
antiprotonic levels@33,34#!, many theoretical papers with
focus on radii of neutron and proton density distributio
appeared@35–55#. ~For earlier works, see papers quoted
Ref. @25#.! In most cases, theoretical studies were concer
with rms radii, and the skin was usually discussed in terms
the quantity~1!.

Unfortunately, the second moment of nucleonic dens
~the rms radius! provides a very limited characterization o
the nucleonic distribution. In particular, since the parame
DRnp can be strongly influenced by weakly bound valen
nucleons, i.e., by the shell structure, it is not able to prope
describe the bulk radial behavior of drip-line nuclei. A pow
erful tool that allows a more detailed description is the He
model, introduced in the context of electron scattering
periments@56–58#. In this model, the diffraction radius an
©2000 The American Physical Society26-1
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surface thickness extracted from the density form factor
mainly sensitive to the nucleonic distribution in the surfa
region, and they are practically independent of shell fluct
tions in the nuclear interior@59–63#. The robustness of the
Helm-model parameters and their simple geometric interp
tation make this model a very attractive tool when charac
izing density distributions.

The main goal of this study is to apply the Helm model
nucleonic densities calculated in the self-consistent me
field theory. In the first part of this paper, it is demonstra
that by analyzing the nucleonic form factor one is able
define, in a model-independent way, contributions to pro
and neutron radii coming from skins and halos. In the sec
part, we perform systematic calculations of skins and ha
in spherical even-even nuclei and discuss their depend
on the model employed. Since experimental information
nucleonic densities is currently limited to charge densities
some stable nuclei, and almost nothing is known about n
tron density distributions, the analysis of neutron densi
advocated in this work has only theoretical significance
present. However, we hope that the next-genera
intermediate-energy proton scattering experiments@64# and
the parity-violating elastic electron scattering experime
@65–71# will provide valuable data on the neutron dens
form factors.

The material contained in this study is organized as
lows. The analysis of nucleonic density based on the H
model is outlined in Sec. II. Section III discusses the det
of Hartree-Fock-Bogoliubov~HFB! and relativistic Hartree-
Bogoliubov ~RHB! models employed. The results of se
consistent calculations for diffraction radii, surface thickne
skins, and halos in spherical even-even nuclei are discu
in Sec. IV, together with the simple analysis based on
square-well model. Finally, Sec. V contains the main conc
sions of this work.

II. SPHERICAL HELM MODEL

A key feature of the nucleonic density is the rms radiu

Rrms[A^r 2&5AE d3r r 2r~r!

E d3r r~r!
. ~2!

Further characteristics are best deduced from the corresp
ing form factor

F~q![E eiq•rr~r!d3r . ~3!

For the spherical density distributionr(r ), the form factor
F(q) is spherical and can be expressed in the standard w

F~q!5E j 0~qr !r~r !r 2dr. ~4!

There are various ways to characterize the basic patter
the nucleonic density. A choice that is straightforward a
easy to use is provided by the Helm model@56–58#. Here,
04432
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the nucleonic density is approximated by a convolution o
sharp-surface density with radiusR0 with the Gaussian pro-
file, i.e.,

r (H)~r!5E d3r8 f G~r2r8!r0Q~R02ur8u!, ~5!

where

f G~r !5
1

~2p!3/2s3
e2r 2/2s2

. ~6!

The radius inR0 in Eq. ~5! is the diffraction~box-equivalent!
radius, and the folding widths in Eq. ~6! models the surface
thickness. The densityr0 is given by

r05
3N

4pR0
3 ; ~7!

hence the Helm densityr (H) is normalized to the particle
numberN. The advantage of the Helm model is that foldin
becomes a simple product in Fourier space, thus yielding

F (H)~q!5
3

R0q
j 1~qR0!e2s2q2/2. ~8!

It is obvious that the first zero ofF (H)(q) is uniquely related
to the radius parameterR0. The fit of this model parameter i
thus trivial. We simply relateR0 to the first zero of the real-
istic form factorF(q), i.e.,

R054.49341/q1 , ~9!

whereq1 is the first zero ofF(q). This means thatR0 can be
deduced from the diffraction minimum and this is why it
called a diffraction radius~or the box-equivalent radius!. The
surface thickness parameters can be computed by compa
ing the values of microscopic and Helm form factorsF(qm)
andF (H)(qm) at the first maximumqm of F(q), which gives

s25
2

qm
2

ln
3R0

2 j 1~qmR0!

R0qmF~qm!
. ~10!

We have now at our disposal three key parameters
characterize the microscopic nucleonic density: the rms
diusRrms as defined in Eq.~2!, the diffraction radiusR0 from
Eq. ~9!, and the surface thicknesss given by Eq.~10!. The
Helm model has only two independent parameters, and
its rms radius can be expressed in terms ofR0 ands:

Rrms
(H)5A3

5
~R0

215s2!. ~11!

Furthermore, it is more natural to discuss radii which pert
to a geometrical size of the nucleus and, therefore, the p
actor A3/5 in Eq. ~11! is rather inconvenient. We prefer t
work with radii which we call here thegeometricradii, de-
fined as
6-2
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NUCLEAR SKINS AND HALOS IN THE MEAN-FIELD THEORY PHYSICAL REVIEW C61 044326
Rgeom5A5

3
Rrms, ~12a!

RHelm5A5

3
Rrms

(H)5A~R0
215s2!. ~12b!

With this definition, the geometric radius becomes the b
equivalent radius in the limit of a small surface thickness

III. MEAN-FIELD MODELS

This section contains a very brief description of se
consistent models applied in this work. Since these mod
are standard, our discussion is limited to basic definitio
and references.

A. Hartree-Fock-Bogoliubov model

The HFB approach is a variational method which us
nonrelativistic independent-quasiparticle states as trial w
functions@72#. An independent-quasiparticle state is defin
as a vacuum of quasiparticle operators which are linear c
binations of particle creation and annihilation operators.
this work, instead of using the matrix representation cor
sponding to a set of single-particle creation operators n
bered by the discrete index, we use the spatial coordin
representation@73,74#. This is particularly useful when dis
cussing spatial properties of the variational wave functio
and the coupling to the particle continuum@74,16#.

In our HFB calculations, we employ the zero-ran
Skyrme interaction in the particle-hole channel. The to
binding energy of a nucleus is obtained self-consisten
from the energy functional@75#:

E5Ekin1ESk1ESk,ls1EC1Epair2Ec.m., ~13!

whereEkin is the kinetic energy functional,ESk is the Skyrme
functional,ESk,ls is the spin-orbit functional,EC is the Cou-
lomb energy~including the exchange term!, Epair is the pair-
ing energy, andEc.m. is the center-of-mass correction.

In this work, two Skyrme parametrizations are used: S
@74# and SLy4@76#. Both of these selected forces perfor
well concerning the total energies and radii. In particul
both SkP and SLy4 parametrizations have been show
reproduce long isotopic sequences@76,77#.

In the particle-particle channel, we use the SkP parame
zation in the HFB/SkP variant and the density-depend
delta interaction in the HFB/SLy4 variant. The strength
the density-dependent delta force was adjusted accordin
the prescription given in Refs.@76,77#. For the details of the
calculations, we refer the reader to Refs.@74,16#.

B. Relativistic mean-field model

Relativistic mean-field~RMF! theory has been proved t
be a powerful tool in describing various aspects of nucl
structure@78#. The model explicitly includes mesonic de
grees of freedom and describes the nucleons as Dirac
ticles. Nucleons interact in a relativistic covariant mann
through the exchange of virtual mesons: the isoscalar sc
04432
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s meson, the isoscalar vectorv meson, and the isovecto
vector r meson. The model is based on the one-boson
change description of the nucleon-nucleon interaction. T
starting point is the effective Lagrangian density@79,80#

L5c̄~ ig•]2m!c1
1

2
~]s!22U~s!2

1

4
VmnVmn

1
1

2
mv

2 v22
1

4
RW mnRW mn1

1

2
mr

2rW 22
1

4
FmnFmn2gsc̄sc

2gvc̄g•vc2grc̄g•rW tWc2ec̄g•A
~12t3!

2
C , ~14!

where

U~s!5
1

2
ms

2s21
1

3
g2s31

1

4
g3s4. ~15!

Vectors in isospin space are denoted by arrows.~Vectors in
three-dimensional coordinate space are always indicated
boldfaced symbols.! The Dirac spinorc represents the
nucleon with massm, andms , mv , andmr are the masses
of thes meson, thev meson, and ther meson, respectively
The meson-nucleon coupling constantsgs , gv , andgr and
unknown meson masses are parameters adjusted t
nuclear matter data and some static properties of finite
clei. U(s) denotes the nonlinears self-interaction@81# and
Vmn, RW mn, andFmn are field tensors.

For the purpose of the present study, we choose two R
parametrizations: NL3@82# and NL-SH@83#. The force NL3
stems from a fit including exotic nuclei, neutron radii, a
information on giant resonances. The NL-SH parametri
tion was fitted with a bias toward isotopic trends and it a
uses information on neutron radii.

The relativistic extension of the HFB theory was intr
duced in Ref.@84#. In the Hartree approximation for the sel
consistent mean field, one obtains the RHB equations wh
are solved self-consistently in coordinate space by discr
zation on the finite element mesh@85#. The spatial compo-
nentsv, r3, and A vanish due to time-reversal symmetr
Because of charge conservation, only the third componen
the isovector rho meson contributes. In the present inve
gation, the pairing interaction has been approximated b
phenomenological finite-range Gogny force with the D1S
rameter set@86#. This force has been adjusted to the pairi
properties of finite nuclei all over the periodic table.

IV. RESULTS AND DISCUSSION

A. Skins and halos in spherical heavy nuclei

The Helm-model characteristics of calculated density d
tributions are obtained from the microscopic form facto
~4!. Figure 1 shows the neutron densities for120,150,170Sn
calculated in the RHB/NL3 model and the correspond
form factors. The positions of the first and second zeros
the form factor~indicated by arrows! decrease gradually with
neutron number, reflecting the steady increase of the neu
radius@see Eq.~9!#. The zeros ofF(q) are regularly spaced
6-3
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and the ratio ofq2 /q1 is very close to the ratio of the firs
two zeros of the spherical Bessel functionj 1. It is also seen
that, in the considered range ofq, the envelope ofquF(q)u is
practically constant@87#. All of these observations confirm
that in the region of low-q values shown in Fig. 1, the
‘‘model-independent’’ analysis of theoretical density dist
butions, according to Ref.@60#, can safely be performed.

Our analysis of neutron and proton radii in the Sn isoto
is summarized in Fig. 2. The most interesting observatio
that for the isotopes withN<82, the neutron geometric ra
dius Rgeom, Eq. ~12a!, is very close to the Helm radiu
RHelm, Eq. ~12b!. On the other hand, for nuclei heavier tha
132Sn, the former is appreciably greater than the latter. T

FIG. 1. Top: neutron densities calculated in the RHB/N
model for 120,150,170Sn. Bottom: the corresponding form factors. P
sitions of the first and second zeros in the form factors are indic
by arrows.

FIG. 2. NeutronRgeom(n) and RHelm(n), and protonRgeom(p)
radii for the Sn isotopes calculated in the HFB/SLy4, HFB/Sk
RHB/NLSH, and RHB/NL3 models. The proton Helm radiu
RHelm(p) is also shown in the RHB/NL3 variant~dotted line!; it is
very close toRgeom(p).
04432
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behavior suggests that the difference betweenRgeom and
RHelm is related to the size of the neutron separation ene
Indeed, forN<132, the two-neutron separation energy
S2n.12 MeV, and it drops to a few MeV aroundN5100.
Because of the weaker binding, the neutron distributions
the very heavy tin isotopes have larger spatial extensio
and this increasesRgeomdramatically due to the weightr 2 in
Eq. ~2!. On the other hand, the form factor at intermedia
values ofq is almost independent of the asymptotic tail
the density distribution. Therefore, the radius parameters
duced from the form factor,R0 andRHelm, show a less dra-
matic growth.

Guided by this observation, we introduce the halo para
eter as the difference

dRhalo[Rgeom2RHelm. ~16!

Such a halo parameter is indicated in Fig. 2, where it sho
the size of the neutron halo in neutron-rich tin isotopes
should be noted that a halo may also be defined through
higher radial moments, e.g.,^r 4&. We have checked, how
ever, that other definitions do not have any advantage o
the simplest prescription~16!.

In contrast to the neutron halo parameterdRhalo(n), for
protons the value ofdRhalo(p) turns out to stay very close to
zero, i.e.,

Rgeom~p!'RHelm~p!, ~17!

such that one cannot easily resolve the difference
Rgeom(p) andRHelm(p) in the plot. This reflects the fact tha
protons are always very well localized in the nuclear inter
by the Coulomb barrier, and they are very well bound.~The
two-proton separation energy increases fromS2p'4 MeV
in 100Sn to'28 MeV in 130Sn.!

Figure 3 shows the calculated neutron densities for the
isotopes multiplied byr 4. ~The area underrr 4 is propor-
tional to ^r 2&.! It is seen that the large values ofRgeom ob-
tained in HFB/SLy4 can be attributed to large values ofrr 4

d

,

FIG. 3. Neutron densities multiplied byr 4 for the tin isotopes
with N550, 28, 66, 74, 82, 90, 98, 106, 114, and 122 calculated
the HFB/SLy4, HFB/SkP, and RHB/NL3 models.
6-4
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NUCLEAR SKINS AND HALOS IN THE MEAN-FIELD THEORY PHYSICAL REVIEW C61 044326
at r'15 fm. In some cases one may even obtain a regio
rr 4 increasing as a function ofr. Although such a represen
tation of neutron distributions is a good illustration for th
values ofdRhalo presented in Fig. 2, it should not be co
fused with the usual meaning of the word ‘‘halo,’’ whic
pertains to a region wherer itself increases as a function o
r. In fact, in our calculations we always finds thatr is a
decreasing function ofr, and the halo effect simply means a
unusually low rate of this decrease. Whether or not a r
hump of rr 4 is obtained in the calculations should not
taken as a signature of the halo in the nuclear physics c
text.

As seen in Figs. 2 and 3, the halo effects depend mark
on the effective forces and methods used. In particular, t
are much weaker in the HFB/SkP model than in the HF
SLy4 model, and they are almost invisible in RHB/NL3.

While the halo is a property of neutrons or protons, t
neutron skin depends on the difference between neutron
proton radii, and thus it is more difficult to quantify. Indee
since several definitions of a radius have been employe
this work, one can introduce various parameters reflec
the neutron-proton radius difference, e.g.,

DR05R0~n!2R0~p!, ~18a!

DRHelm5RHelm~n!2RHelm~p!, ~18b!

DRgeom5Rgeom~n!2Rgeom~p!. ~18c!

These three definitions are displayed in Fig. 4 for the
isotopes calculated in the HFB/SLy4 model.

According to the discussion above, the difference of g
metric radii,DRgeom, contains a contribution from halo ef
fects; hence it is not appropriate to define the skin. The
ferencesDR0 and DRHelm both smoothly increase with
neutron number, withDRHelm being always greater tha
DR0, due to the contribution from the surface thickness.
principle, both definitions could be used to characterize
skin. However, because of the smallness of the proton h
~17!, one simply has

DRgeom'dRhalo~n!1dRskin ~19!

for

FIG. 4. The neutron-proton radius differences~18! for the even-
even Sn isotopes calculated in the HFB/SLy4 model.
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dRskin[DRHelm; ~20!

i.e., Eq.~19! gives an additive decomposition into the co
tributions to DRgeom coming from the weak binding~halo
part! and representing the size effect~skin part! ~see Fig. 2!.
Therefore, for the present purpose, we preferDRHelm as a
measure of the skin. Figure 4 nicely shows that the neut
halo effect in the Sn isotopes is predicted to show up j
aboveN582, and it increases gradually withN, reaching in
the HFB/SLy4 calculations the value ofdRhalo(n)
'0.65DRHelm near the two-neutron drip line.

The results of calculations for the Ni isotopes are sho
in Fig. 5. Here, the neutron skin quickly increases above
doubly magic nucleus78Ni, i.e., above theN550 gap. A
simpler pattern is seen for the Pb isotopes~see Fig. 6!: the
neutron halo develops forN.126. In all cases,dRhalo calcu-
lated with SLy4 is systematically greater than that in HF
SkP, RHB/NL3, and RHB/NLSH.

In order to understand these results, we show in Figs
and 8 the two-neutron separation energiesS2n for the
neutron-rich Ni, Sn, and Pb isotopes. Systematically,

FIG. 5. Same as in Fig. 2 except for the Ni isotopes.

FIG. 6. Neutron and proton radii for the Pb isotopes calcula
in the HFB/SLy4 and HFB/SkP models.
6-5
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HFB/SLy4 model predicts the lowest separation ener
When approaching the neutron drip line, both RHB a
proaches yield considerably larger neutron binding th
Skyrme-HFB calculations. This result is consistent with t
model dependence ofdRhalo. Indeed the neutron halo param
eter seems to be correlated with the neutron separation
ergy. That is,dRhalo increases with decreasingS2n ~see Sec.
IV C for more discussion concerning this point!.

The surface thicknesss, Eq. ~10!, shows the characteris
tic dependence on particle number~see Fig. 9!. Namely,sn
increases withN on the average, but it shows local minim
around magic numbers. This local decrease ins can be at-
tributed to its sensitivity to pairing correlations@88#. Indeed,
static pairing correlations in magic nuclei vanish, the Fer
surface becomes less diffused, and the surface thickne
reduced. When approaching the spherical neutron drip l
sn behaves fairly smoothly, because it is determined fr
the form factor at largerq ~i.e., it seems to be rather insen
sitive to the asymptotic behavior of nucleonic density

FIG. 7. Two-neutron separation energies for the neutron-rich
~top! and Sn~bottom! isotopes calculated in the HFB/SLy4, HFB
SkP, RHB/NLSH, and RHB/NL3 models.

FIG. 8. Two-neutron separation energies for the neutron-rich
isotopes calculated in the HFB/SLy4 and HFB/SkP models.
04432
.
-
n
e

n-

i
is

e,

t

large distances!. The proton surface thickness behaves fai
constant as a function ofN, although it also exhibits a loca
decrease at magic neutron numbers as a result of
consistency.

Except for the very neutron-rich nuclei, the RHB mode
yield s values which are lower than in the Skyrme-HF
calculations. This effect is particularly clear forsp , which is
not affected by variations in the pairing field. In addition,
all casessp(NLSH),sp(NL3) and sp(SLy4),sp(SkP).
~For further discussion, we refer the reader to Ref.@89#.!

The differencesn2sp exhibits very weak shell effects. I
gradually increases from about 0.2 fm around the beta
bility line to about 0.5 fm near the neutron drip line. Inte
estingly, as discussed in Ref.@25#, the difference between
neutron and proton radii also depends very weakly on s
effects.

B. Square-well potential analysis

This section contains some general arguments regar
the concept of diffraction radius in two-body halo system
Our discussion is based on the spherical finite square-
~SW! potential used in Ref.@17# to illustrate some generic
aspects of halos.~See Ref.@90# for the extension to the de
formed case.!

The advantage of this simple model is that by chang
the well depth, one can vary the position of bound sing
particle halo orbitals and, therefore, study the properties
diffraction radii and surface thickness very close to thee
50 threshold. In our calculations we assume that the squ
well potential radius isRSW57 fm and the system consist
of 70 particles. The potential depth is varied to tune t
energy of the last bound nucleon. The halo structure is r
resented by two neutrons in the 3s1/2 orbital, while the core
can be associated with the remaining 68 particles occupy
well-bound states.

With the binding energy of the 3s1/2 orbital approaching
zero, the halo develops. This is illustrated in Fig. 10, wh

i

b

FIG. 9. Neutron~top! and proton~middle! surface thickness
coefficients for the Ni~left! and Sn~right! isotopes calculated in the
RHB/NL3, RHB/NLSH, HFB/SkP, and HFB/SLy4 models. Th
differencesn2sp is shown in the bottom panels.
6-6
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shows the total and core densities for three values of
binding energy of the 3s1/2 halo orbital: 25 MeV,
2100 keV, and21 keV. The presence of the halo
clearly seen at larger distances,r .8 fm.

The form factors of the total and core densities
e(3s1/2)525 MeV and21 keV are displayed in Fig. 11
As a consequence of the uncertainty principle, in the cas
a very weak binding the form factor of the halo wave fun
tion ~shown in the inset! corresponds to a very narrow mo
mentum distribution, and it contributes very little to the to
form factor. Consequently, the first zero of the form fact
and hence the diffraction radius, is very weakly influenc
by the presence of the halo. This is not true in the case
large binding where the valence orbital does not have
halo character, and its form factor is significantly grea
from zero in the region ofq1.

Figure 12 displays the radii calculated as a function of
3s1/2 binding energy. Because of the halo character of
valence orbital, with the energy of the 3s1/2 state approach
ing zero, the total geometric radius diverges as (2e)21 @17#.
At the same time, the geometric radius of the core, as we
the Helm radii for the total system (RHelm,total) and the core
(RHelm,core), very weakly depends one. The effect of de-
creased binding on the core is measured by the differe
Rgeom,core2RHelm,core, which gives the core contribution t
dRhalo. As expected, in the limit of weak binding, the ha
parameter is almost entirely determined by the asympt
behavior of the 3s1/2 wave function. It is also seen that th
difference betweenRHelm,total andRHelm,coreis very small.

C. Pairing antihalo effect

In contrast to light nuclei where the halo can be associa
with very few weakly bound neutrons that are practica

FIG. 10. Total~dotted line! and core~solid line! densities for the
system of 70 particles moving in the the finite spherical square-w
potential with the radiusRSW57 fm for the three values of the
binding energy of the 3s1/2 halo orbital: 25 MeV ~top!,
2100 keV ~middle!, and21 keV ~bottom!.
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decoupled from the rest of the system, it is difficult to sep
rate halo structures in heavier systems in whichall the nucle-
ons ~including the valence weakly bound neutrons! move in
one self-consistent field. An additional difference and co
plication is caused by the presence of strong pairing corr
tions in heavy open-shell nuclei. As found in Ref.@91# and
discussed below, pairing strongly modifies the extre
single-particle picture of halo structures presented in S
IV B.

Consider, e.g., the valence neutron moving in a me
field potential. Because of the fact that the nuclear mean fi

ll FIG. 11. Form factors of the total~dotted line! and core~solid
line! densities for the system of 70 particles moving in the fin
spherical square-well potential with the radiusRSW57 fm for the
two values of the binding energy of the 3s1/2 halo orbital:
25 MeV ~top! and21 keV ~bottom!. The form factor of the halo
wave function is shown in the inset.

FIG. 12. Dependence of the geometric radii, namely, the to
Rgeom,total, and core,R geom,core, radii and of the corresponding
Helm radii, RHelm,total and RHelm,core, on the binding energy of the
3s1/2 halo orbital of the finite square well with radiusRSW57 fm.
The total number of particles isN570. The core consists of 68
particles occupying all the single-particle orbitals below 3s1/2.
6-7
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vanishes at large distances, the standard asymptotic beh
of the neutron density is, in the absence of pairing corre
tions, given by

r~r !→;
exp~22kr !

r 2
, ~21!

where

k5A2m~2e!

\2
, ~22!

with e being the single-particle energy of the least bou
neutron. In the presence of pairing, the constantk is different
@73,74,16,91#, and for the even neutron numbers reads

k5A2m~Emin2l!

\2
, ~23!

whereEmin is the lowest quasiparticle energy andl is the
Fermi energy.

In the extreme single-particle picture~no pairing!, the
halo structure may develop whene→0 (k→0) @17#. How-
ever, according to expression~23!, in the limit of vanishing
binding (l→0) the constantk does not vanish and reads

kmin'A2mD

\2
, ~24!

whereD is the pairing gap of the lowest quasiparticle. Co
sequently, in the presence of pairing correlations,k is never
small, and a huge halo, as is seen in light nuclei, can
develop~pairing antihalo effectof Ref. @91#!.

In order to confirm the influence of pairing and we
binding ondRhalo, we performed spherical HFB/SLy4 ca
culations near the two-neutron and two-proton drip lin
Figure 13 shows the neutron halo parameters, neutron F
energies, and neutron pairing gaps calculated in the H
SLy4 model for the two-neutron drip-line even-even nuc
~which are the heaviest even-even isotopes that are still
dicted to be two-neutron bound!. First, we note thatDn does
not vanish near the two-neutron drip line. This phenomen
has been found and discussed in detail in Re
@74,92,16,93#, and it was attributed to the strong coupling
the neutron continuum in the pairing channel. Second,
pairing gap shows some shell fluctuations: the minima inDn
appear atN586, 130, and 192, i.e., just above the neutr
magic gaps. On the average, however,Dn stays between
;1.8 MeV in light nuclei and;1.2 MeV in the heaviest
elements. As a result, the exponent~24! is always sizable,
anddRhalo(n) does not exceed 1 fm in heavy even-even n
clei.

The pattern ofdRhalo(n) seen in Fig. 13 is nicely corre
lated with the behavior ofln . Namely, the neutron halo
parameter increases when the Fermi energy approaches
It is to be noted, however, that there is no clear correlat
between the magnitude ofdRhalo(n) and the appearance o
low-l (s and p) states at the Fermi energy@17#, as one
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would expect from the extreme single-particle picture of S
IV B. It seems that the pairing antihalo effect is far mo
important than the influence of the centrifugal barrier;
discussion in Ref.@91#. We made an attempt to find a phe
nomenological expression that would expressdRhalo(n) in
terms of (jDn2ln)h (j,h being free parameters!. Unfortu-
nately, we were not able to obtain a unique fit for all neutro
weak nuclei at once, although some correlation betw
these two quantities exists.

The inset in Fig. 13 shows the proton halo parameter
the least-bound even-even isotones near the two-proton
line. As expected, because of the confining effect of the C
lomb potential, the proton halo is very small—of the order
0.02 fm. It is only in the very lightsd nuclei thatdRhalo(p)
can exceed 0.1 fm. Interestingly, there is also some incre
in the proton halo in the superheavy nuclei withZ;120, N
;172, which, in some spherical calculations, show bubb
like structures@94,95#. In this context, it should be empha
sized again that the calculations shown in Fig. 13 are sph
cal, and some modifications due to deformation are expec
in particular, the superheavy nucleus withZ5120 andN
5172 is not expected to be spherical in the HFB/SL
model @96–98#.

D. Global behavior of halos and skins
in spherical even-even nuclei

In order to study the systematic behavior of the spher
density distributions, we performed systematic calculatio

FIG. 13. Neutron halo parameters~top!, neutron Fermi energies
~middle!, and neutron pairing gaps~bottom! calculated in the HFB/
SLy4 model for the two-neutron drip-line even-even nuclei~i.e., the
heaviest even-even isotopes which are predicted to be two-neu
bound!. The proton halo parameters for the two-proton drip-li
even-even nuclei are shown in the inset. Note the correlation
tweendRhalo and ln , marked by the vertical dashed lines; whe
everln approaches zero,dRhalo tends to increase.
6-8
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NUCLEAR SKINS AND HALOS IN THE MEAN-FIELD THEORY PHYSICAL REVIEW C61 044326
in the spherical HFB/SLy4 and HFB/SkP models for
even-even nuclei predicted to be stable with respect to
two-nucleon emission, i.e., for all even-even nuclei w
positive two-neutron and two-proton separation energ
S2n5B(N,Z)2B(N22,Z).0 and S2p5B(N,Z)2B(N,Z
22).0.

The results for the neutron halos are shown in Figs.
and 15 for the HFB/SLy4 and HFB/SkP models, resp
tively. Several features seen in these systematics are n
worthy. First, for most nucleidRhalo(n) is very small. Only
in the immediate vicinity of the two-neutron drip line is
rapid increase in the halo parameter seen. As discu
above, while the halo effect is rather strong for the SL
force, the HFB/SkP model predicts very few candidates fo
halo.

A second interesting aspect is a weak dependence o
halo parameter on shell effects. Contrary to the rms ra
which show a significant reduction around spherical ma
gaps@25#, the variations ofdRhalo(n) around magic gaps ar
much weaker. This is easy to understand. In well-bound
clei where the shell effects are very pronounced, the h
parameter is dramatically reduced due to weak binding.
the other hand, in neutron drip-line nuclei, shell effects
significantly weakened~reduced magic gaps, strong pairin
correlations!; hence their influence on radii is less significa
The pattern shown in Figs. 14 and 15 basically reflects

FIG. 14. Neutron halo parameters~16! calculated in the spheri
cal HFB/SLy4 model for two-particle stable even-even nuclei. T
inset shows proton halo parameters for very light nuclei.

FIG. 15. Neutron halo parameters~16! calculated in the spheri
cal HFB/SkP model for two-particle stable even-even nuclei.
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behavior of the two-neutron separation energy around
two-neutron drip line, and is qualitatively similar to that fo
DRnp discussed in Ref.@25#.

As shown in Fig. 13, the proton halo parameter is mu
smaller than that for the neutron halo. The inset in Fig.
shows dRhalo(p) for very light nuclei. The largest proton
halos,dRhalo(p);0.15 fm, can be found around20Mg and
24Si. For more discussion, see Sec. IV F.

Figure 16 shows the neutron skins calculated in the HF
SLy4 model. One sees that the skin grows steadily in a
rection orthogonal to the valley of stability. The weak ma
dependence and a nearly linear trend with the neutron ex
N2Z suggests thatdRskin reflects the bulk size properties o
neutrons and protons. As discussed in Ref.@99#, the isovec-
tor dependence of the neutron skin is governed by a bala
between the volume@89,100# and surface symmetry energ
coefficients. Within the present sample, this is confirmed
the fact that the HFB/SkP results for the neutron skin
indeed very similar, and it is noted that SkP and SLy4
have a very similar symmetry energy coefficient~32 MeV in
SLy4 and 30 MeV in SkP!.

Last but not least, it is worth inspecting the global tren
of the surface thicknesssp,n . Figure 17 shows the neutro
surface thickness. It’s pattern shares one feature with
neutron halo~Fig. 14!; namely,sn is particularly large near
the neutron drip line. However,sn displays a much richer
structure all over the periodic table with maxima far fro

e
FIG. 16. Skin parameters~20! calculated in the spherical HFB

SkP model for two-particle stable even-even nuclei.

FIG. 17. Neutron surface thickness calculated in the spher
HFB/SkP model for two-particle stable even-even nuclei.
6-9
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closed shells. The proton surface thickness is shown in
18. Compared tosn , the global behavior ofsp is different.
The variations withN2Z are less systematic and, in som
cases,sp decreaseswhen approaching the two-proton dr
line. As in neutrons, the proton surface thickness is redu
around magic gaps. As discussed earlier,sp is generally
much smaller thansn .

It is interesting to note the presence of an island of p
ticularly small neutron and proton skins near the proton d
line in the region of superheavy nuclei withN;172. This is
probably related to the pronounced dip of the spherical
tribution near the nuclear center which appears for these
clei @94,95#. For the protons, there exists a further island
small surface thickness for superheavy elements withN
.200. However, as discussed in Sec. IV C, the presenc
bubblelike structures in this region may be an artifact of
assumption of spherical symmetry@101#.

Finally, the neutron-proton difference of the surface thic
ness is shown in Fig. 19. It displays a mix of steady grow
with A as well as withN2Z which is just the sum of the
different trends seen for protons and neutrons separa
Like the diffraction radii and rms~or geometric! radii, the
shell effects which are present in both observables are so
what suppressed in the differential quantity.

E. RHB calculations of halos in the Ne isotopes

In contrast to the simple model of Sec. IV B or analysis
Ref. @91#, in microscopic calculations the binding energy o

FIG. 18. Same as in Fig. 17, except for the proton surface th
ness.

FIG. 19. Same as in Fig. 17, except for the differencesn

2sp .
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single-particle~or quasiparticle! orbital is not a free param
eter but is obtained self-consistently from the realis
Hamiltonian. Hence it is difficult to find a case where a low
l orbital ~i.e., a potential candidate for halo! appears very
close to the threshold. Here we discuss the case studie
Ref. @102#, where, based on the RHB/NL3 model, such
situation was found for the neutron-rich Ne isotopes. A
cording to this work, the neutron Fermi energy in the N
isotopes withN.20 stays very close to zero, stabilized b
the presence of three close-lying single-particle canonical
bitals 2p3/2, 2p1/2, and 1f 7/2.

The low-l shells 2p3/2 and 2p1/2 are good candidates fo
halo orbitals. It is worth noting that their canonical HF
energies stay very close in energy. This suggests that
wave functions of the 2p3/2 and 2p1/2 are weakly influenced
by the spin-orbit interaction~a situation that is characteristi
of halo states! @103#. This is nicely demonstrated in Fig. 2
which shows the form factors of single-neutron canoni
states 1p3/2, 1d3/2, 2p3/2, and 2p1/2 in the drip-line nucleus
38Ne. The form factors of the 2p3/2 and 2p1/2 orbitals are
very similar which confirms the negligible effect of the spi
orbit interaction on these states. The narrow momentum
tribution of the 2p orbitals is indicative of weak binding. In
contrast, wider form factors of well-bound 1p3/2 and 1d3/2
orbitals reflect the fact that their wave functions are be
localized inside the nuclear volume.

The neutron distribution form factors in20,34Ne obtained
in RHB/NL3 are shown in Fig. 21. In20Ne, the contribution
from the valence 1d5/2 neutrons has been singled out, and
is seen that the influence of the valence orbits on the diffr
tion radius is strong. On the other hand, the effect of thep
valence orbitals onR0 in 34Ne is small. The reason for this i
twofold. First, in accordance with the discussion from S
IV B, the 2p form factor is narrow and it mainly contribute
aroundq50. Second, there are less than two neutrons in
2p shell. Hence the behavior of the total form factor in34Ne
~the ratio of the number of neutrons in valence orbits to t
in the core is;0.08) is primarily governed by the core neu
trons.~In 20Ne the valence/core ratio is 0.25.!

-

FIG. 20. Form factors of canonical RHB/NL3 single-neutro
orbitals 1p3/2, 1d3/2, 2p3/2, and 2p1/2 in 38Ne.
6-10
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NUCLEAR SKINS AND HALOS IN THE MEAN-FIELD THEORY PHYSICAL REVIEW C61 044326
The above situation discussed for34Ne is, in fact, typical
for all weakly bound neutron-rich nuclei. The weak bindin
of valence orbits and the fact that they are occupied by v
few particles make the diffraction radius weakly depend
on halo structures. It is interesting to see that the sim
argument presented in Sec. IV B works in a microsco
case, in spite of the fact that pairing modifies the na
single-particle picture to some extent.

F. Charge halo parameter in stable nuclei

Elastic electron scattering has provided a world of we
evaluated data on nuclear charge distributions; see,
Refs.@60,104#. It is nicely corroborated by the very precise
measured root-mean-square charge radii@105#. This offers a
possibility to deduce the experimental charge halo param

dRhalo~ch![Rgeom~ch!2RHelm~ch!, ~25!

in selected cases. In order to have a most complete and
to-date supply of data on charge radii and surface thickn
we have recurred to the database of Ref.@106#, which is a
compilation of results analyzed as explained in@60#.

The charge form factorFC(q) is composed of the form
factors of the proton and neutron distribution multiplied
the corresponding intrinsic nucleon form factors. A simi
contribution from the magnetic form factors is added.
nally, the center-of-mass correction is performed. T
nucleon form factors are taken from electron scattering
the proton and the deuteron@107,108# and parametrized in
terms of Sachs form factors as outlined in Ref.@109#. A
detailed description of the procedure used to determine
charge radii can be found in Appendix 2 of@110#. From the

FIG. 21. Total ~solid line!, core ~dashed line!, and valence
~dash-dotted line! neutron form factors for20Ne ~top! and 34Ne
~bottom!. The valence space is here defined to be given by
1d5/2 neutrons in20Ne and all the occupied 2p states in34Ne. The
form factors atq50 are normalized to the corresponding neutr
numbers@i.e., F tot(0)5N#.
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charge form factor, we deduce the rms radius, the diffract
radius, and the surface thickness in the standard manne

Figure 22 shows the experimental values ofdRhalo(ch) for
selected nuclei~doubly magic 16O, 40,48Ca, 58Ni, 208Pb,
semimagic 52Cr, 54Fe, 88Sr, 90Zr, 92Mo, 116,124Sn,
204,206Pb, and some open-shell nuclei, including the we
deformed Cr and Sm isotopes!. They are displayed togethe
with predictions of spherical Skyrme HFB calculations.

It is to be noted that the charge halo is a very sensit
observable because it stems from subtracting two large r
~25!. The experimental error indRhalo(ch) is at least as large
as the largest error in radii and surface thickness. This le
to a conservative uncertainty in the data,;0.03 fm. As ex-
pected from our results on proton halos, the charge halos
all very small. A notable exception is16O wheredRhalo(ch)
is 0.13 fm. Also, our calculations are expected to sligh
underestimate charge halos in some open-shell nuclei~e.g.,
152,154Sm) due to possible contributions from deformati
effects. Considering the above, it is very satisfying to s
that our HFB results are generally close to the experime
points, in fact staying within the experimental uncertainty
most cases. Since proton halos are close to the charge h
in all calculations, this nice agreement, together with
systematic behavior of proton halos discussed above, m
us conclude that the pronounced proton halos do not ex

At second glance, one is tempted to spot shell effects
isotopic trends when looking at the fluctuation of the cha
halos in Fig. 22. However, these variations stay within t
experimental uncertainties and cannot serve for a dee
analysis. The charge halos as such are too small and, m
over, the regime of stable nuclei does not supply enou
variation for that.

V. CONCLUSIONS

This work contains the theoretical analysis of neutron a
proton skins, halos, and surface thickness obtained within
spherical self-consistent mean-field theory. The main g
was to describe spatial characteristics of nucleonic dens
of nuclei far from stability, where the closeness of the p
ticle continuum qualitatively changes the physical situatio

The Helm-model analysis presented in this work allo

o

FIG. 22. Comparison of experimental@106# and theoretical
charge halos for a selection of stable nuclei. The spherical theo
ical results are produced with the two Skyrme parametrizati
SLy4 and SkP used throughout this paper. The estimated ex
mental errors are about 0.03 fm.
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S. MIZUTORI et al. PHYSICAL REVIEW C 61 044326
for an unambiguous determination of halos and skins fr
nucleonic density distributions. It has been shown that
halo parameter, defined as the difference between the
metric radius~a rescaled rms radius! and the Helm radius, is
small in well-bound nuclei, and for neutrons it becomes
hanced for heavy exotic systems with low neutron separa
energies. However, unlike in the neutron-rich few-body s
tems, our calculations do not predict giant neutron halos
medium-mass and heavy nuclei. This is because strong
ing correlations effectively reduce the impact of weak bin
ing on the asymptotic behavior of the single-particle dens
~pairing antihalo effect@91#!.

No significant proton halo has been found when a
proaching the proton drip line. A moderate effect~less than
0.2 fm! is predicted for some light nuclei, but it can be pra
tically neglected for heavier systems. The experimental v
ues of charge halos for stable nuclei, of the order of 0.0
0.04 fm, are perfectly consistent with the mean-fie
predictions.

The neutron skin, defined as a difference of neutron
proton Helm radii, shows a smooth gradual dependence
the neutron excess and is extremely weakly affected by s
effects. This is consistent with the results of a previous st
@25# where a very weak shell dependence ofDRnp was
found.

On average, the neutron surface thickness increases
neutron number, but it is locally reduced around magic nu
bers, thanks to reduced pairing. On the other hand, the pr
surface thickness depends to a lesser degree on proton
ber; it rather tends to follow the trend dictated bysn . As a
result, the differencesn2sp shows a reduced dependen
on shell effects. A very interesting situation is predicted
the superheavyN5172 isotones where the proton surfa
thickness is actually reduced with increasing proton numb

Theoretically, the analysis based on density form fact
is very simple and physically elegant. Unfortunately, ve
little is known about experimental neutron density distrib
tions. Starodubsky and Hintz@64# made an attempt to deduc
neutron densities in206,207,208Pb—in a model-dependen
way—from elastic proton scattering at intermediate energ
en

’
p

o

C
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and this marks the state of the art. An exciting new avenu
a prospect fordirect measurements of the neutron dens
form factors from the asymmetry in parity-violating elast
polarized electron scattering@65–71#. Table I shows the
Helm-model analysis of neutron densities in40Ca and208Pb
calculated in our self-consistent models. Theoretical pred
tions for diffraction radii are rather robust, with the diffe
ences between values ofR0 obtained in different models be
ing below 0.5% for 40Ca and below 3.5% for208Pb.
Interestingly, because of a compensation effect betweenR0
ands, the geometric neutron radius in208Pb is rather similar
in all models,Rgeom'7.32 fm. We hope that our results wi
stimulate future experimental studies of neutron distributio
in nuclei.
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TABLE I. Characteristics of neutron distributions in40Ca and
208Pb: diffraction radiusR0, surface thicknesss, and geometric
radius Rgeom ~all in fm!, obtained in the HFB and RMF model
employed in this work.

Nucleus SLy4 SkP NL3 NLSH

R0 3.827 3.844 3.844 3.841
40Ca s 0.905 0.923 0.845 0.793

Rgeom 4.353 4.388 4.296 4.274

R0 6.870 6.849 7.076 7.075
208Pb sn 1.022 1.033 0.971 0.929

Rgeom 7.252 7.244 7.409 7.374
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@102# W. Pöschl, D. Vretenar, G.A. Lalazissis, and P. Ring, Phy

Rev. Lett.79, 3841~1997!.
@103# G.A. Lalazissis, D. Vretenar, W. Po¨schl, and P. Ring, Phys

Lett. B 418, 7 ~1998!.
@104# H. de Vries, C.W. De Jager, and C. de Vries, At. Data Nu

Data Tables36, 495 ~1987!.
@105# G. Fricke, C. Bernhardt, K. Heilig, L.A. Schaller, L. Sche

lenberg, E.B. Shera, and C.W. DeJaeger, At. Data Nucl. D
Tables60, 177 ~1995!.

@106# J. Friedrich~private communication!.
@107# G.G. Simon, C. Schmitt, F. Borkowski, and V.H. Walthe

Nucl. Phys.A333, 318 ~1980!.
@108# V.H. Walther ~private communication!.
@109# J.L. Friar and J.W. Negele, Adv. Nucl. Phys.8, 219 ~1975!.
@110# P.-G. Reinhard, Rep. Prog. Phys.52, 439 ~1989!.
6-14


