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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 numbgs): 21.10.Gv, 21.60.Jz, 21.10.Dr, 21.10.Ft

[. INTRODUCTION core and halo nucleons seems less justified. However, the

One of the main frontiers of nuclear science today is thefact that there are far more neutrons than protons in these
physics of radioactive nuclear bearfRNB’s). Experiments  nuclei implies the existence of the neutron skike., an ex-
with beams of unstable nuclei make it possible to lookcess of neutrons at large distancda addition, in neutron-

closely into many unexplored regions of the periodic chartrich weakly bound nuclei, one expects to see both the skin

and many unexplored aspects of the nuclear many-bod@nd the halo. . . .
problem[1-5]. There is no consensus in the literature on how to define

Prospects for new physics, especially on the neutron-ricind parametrize skins and halos. A quantity which is often
side of the beta-stability valley, have generated considerabl@mployed to characterize the spatial extension of neutron
excitement in the |0W_energy nuclear phySiCS Community_denSity is the differe-r.‘lce between neutron and proton root
Neutron-rich nuclei offer an opportunity to study the wealthMmean squarérms) radii:
of phenomena associated with the closeness of the particle
threshold: particle emissiofionization to the continuuin ARpp=(rH)¥2—(r5)¥2. (1)
and the characteristic behavior of cross sectih3], the
existence of soft collective modes and low-lying transitionIn normal nuclei, this quantity is known to vary between 0.1
strength[8—13], and dramatic changes in shell structure andand 0.2 fm[22—-285, but it increases significantly in neutron-
various nuclear properties in the subthreshold rediii?e-  rich systems due tboth skin and halo effects.

16]. Stimulated by recent experimental developments mainly
A very interesting aspect of nuclei far from stability is an in light nuclei, where some information kR, , has been
increase in their radial dimension with decreasing particleobtained[26—30 (see also the recent studies based on the

separation energyl7—21]. Extreme cases are halo nuclei— giant dipole[31] and spin-dipold 32] resonance data and on
loosely bound few-body systems with about thrice more neuantiprotonic leveld33,34)), many theoretical papers with a
trons than protons. The halo region is a zone of weak bindindocus on radii of neutron and proton density distributions
in which quantum effects play a critical role in distributing appeared35-55. (For earlier works, see papers quoted in
nuclear density in regions not classically allowed. Ref.[25].) In most cases, theoretical studies were concerned

Halo nuclei, with their intricate topologies, are symbols of with rms radii, and the skin was usually discussed in terms of
RNB physics. The very weak binding of the outermost neu-the quantity(1).
trons leading to a rather good decoupling of halo from the Unfortunately, the second moment of nucleonic density
core simplifies many aspects of underlying nuclear structuréthe rms radiusprovides a very limited characterization of
and reaction mechanism. Theoretically, the weak bindinghe nucleonic distribution. In particular, since the parameter
and corresponding closeness of the particle continuum, tAAR,, can be strongly influenced by weakly bound valence
gether with the need for the explicit treatment of few-bodynucleons, i.e., by the shell structure, it is not able to properly
dynamics, make the subject of halos both extremely interestdescribe the bulk radial behavior of drip-line nuclei. A pow-
ing and difficult[3]. erful tool that allows a more detailed description is the Helm

In the heavy neutron-rich nuclei, where the concept ofmodel, introduced in the context of electron scattering ex-
mean field is better applicable, anpriori separation into periments56-58. In this model, the diffraction radius and
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surface thickness extracted from the density form factor aréhe nucleonic density is approximated by a convolution of a
mainly sensitive to the nucleonic distribution in the surfacesharp-surface density with radil, with the Gaussian pro-
region, and they are practically independent of shell fluctuafile, i.e.,
tions in the nuclear interiof59—-63. The robustness of the
Helm-model parameters and their simple geometric interpre- , , ,
tation make tIrJ]is model a very attractivg to?)l when characrt)er- p(H)(r):f d*r'fo(r—r")po®(Ro=|r'|), ®)
izing density distributions.

The main goal of this study is to apply the Helm model towhere
nucleonic densities calculated in the self-consistent mean-
field theory. In the first part of this paper, it is demonstrated 1
that by analyzing the nucleonic form factor one is able to fG(r):m
define, in a model-independent way, contributions to proton (2m)™ e

and neutron radii coming from skins and halos. In the secong,q (adius iR, in Eq. (5) is the diffraction(box-equivalent

part, we perform systematic calculations of skins and halo§adius and the folding widthr in Eq. (6) models the surface
in spherical even-even nuclei and discuss their dependenc,EﬁiCkm’aSS The density, is given by

on the model employed. Since experimental information on
nucleonic densities is currently limited to charge densities in 3N
some stable nuclei, and almost nothing is known about neu- Po="=3,
tron density distributions, the analysis of neutron densities 4mRy

advocated in this work has only theoretical significance al

oresent. However, we hope that the next-generatiorbence the Helm densitp™ is normalized to the particle
intermediate-energy proton scattering experimégt and numberN. The advantage of the Helm model is that folding

the parity-violating elastic electron scattering experimen@ecomes a simple product in Fourier space, thus yielding

[65—71 will provide valuable data on the neutron density 3
. 2.2

form factors. S . . F(q)=5—j1(aRo)e” " 472 ®
The material contained in this study is organized as fol- od

lows. The analysis of nucleonic density based on the Helm ) ) H) /e ,

model is outlined in Sec. II. Section III discusses the detaild! 1S OPvious that the first zero 6i77(q) is uniquely related

of Hartree-Fock-BogoliuboyHFB) and relativistic Hartree- (© the radius paramet&,. The fit of this model parameter is

Bogoliubov (RHB) models employed. The results of self- f[hgs trivial. We S|mply relatdR, to the first zero of the real-

consistent calculations for diffraction radii, surface thickness!Stic form factorF(q), i.e.,

skins, and halos in spherical even-even nuclei are discussed B

in Sec. IV, together with the simple analysis based on the Ro=4.493414,, ©)

square—we!l model. Finally, Sec. V contains the main conclu—Whereql is the first zero oF (q). This means thaR, can be
sions of this work.

deduced from the diffraction minimum and this is why it is
called a diffraction radiugor the box-equivalent radiusThe
ll. SPHERICAL HELM MODEL surface thickness parametercan be computed by compar-

A key feature of the nucleonic density is the rms radius ing the values of microscopic and Helm form factéid)
andF((q,,) at the first maximuny,,, of F(q), which gives

e r2/20'2_ (6)

@)

f d3rr2p(r)

f d3r p(r)
We have now at our disposal three key parameters that
Further characteristics are best deduced from the correspongharacterize the microscopic nucleonic density: the rms ra-

. 2_ 2, 3Ral1(GnRo)
qrzn ROQmF(qm) -

(10

Rims= m:

ing form factor diusR,ns as defined in Eq(2), the diffraction radiusR, from
Eq. (9), and the surface thicknessgiven by Eq.(10). The
F(q)EJ e p(r)dd. (3y  Helm model has only two independent parameters, and thus
its rms radius can be expressed in term&KRgfand o
For the spherical density distributign(r), the form factor 3
F(q) is spherical and can be expressed in the standard way: R{H = \/5(R3+ 502). (11)
F(Q)Zf jo(ar)p(r)redr. (4 Furthermore, it is more natural to discuss radii which pertain

to a geometrical size of the nucleus and, therefore, the pref-
There are various ways to characterize the basic pattern @fctor \/3/5 in Eq.(11) is rather inconvenient. We prefer to
the nucleonic density. A choice that is straightforward andwork with radii which we call here thgeometricradii, de-
easy to use is provided by the Helm mo@®6-58§. Here, fined as
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5 o meson, the isoscalar vectar meson, and the isovector
Rgeon™= \/ 3Rms: (128 vector p meson. The model is based on the one-boson ex-
change description of the nucleon-nucleon interaction. The

5 starting point is the effective Lagrangian dengif\,80
Reeim= \/;Rﬁr'ﬂ)s V(RG+507%). (12) B 1 L
L=y d—m)y+ E(aa)z— U(o)— ZQ QHrY

y12%
With this definition, the geometric radius becomes the box-

equivalent radius in the limit of a small surface thickness. 1, ., 1. 1 ,., 1 _
+ Emww - ZRMVR'MV—'— Empp - ZFMVFMV_gU'd/Udl

IIl. MEAN-FIELD MODELS

— - .. — 1-7
This section contains a very brief description of self- —gw¢y~wt,{/—gpz/f7-pﬂ/f—ez/f7-A( 5 £l v, (14
consistent models applied in this work. Since these models
are standard, our discussion is limited to basic de1‘inition§Nhere
and references.
_1 2 2 1 3 1 4
A. Hartree-Fock-Bogoliubov model U(U)—Emga +§920' ‘*’1930 . (15

The HFB approach is a variational method which uses o ] ]
nonrelativistic independent-quasiparticle states as trial wav¥€ctors in isospin space are denoted by arraectors in
functions[72]. An independent-quasiparticle state is definedthree-dimensional coordinate space are always indicated by
as a vacuum of quasiparticle operators which are linear confroldfaced symbols. The Dirac spinory represents the
binations of particle creation and annihilation operators. Inhucleon with massn, andm,, m,,, andm, are the masses
this work, instead of using the matrix representation correof the e meson, thes meson, and the meson, respectively.
sponding to a set of single-particle creation operators numI'he meson-nucleon coupling constagts, g,,, andg, and
bered by the discrete index, we use the spatial coordinatdnknown meson masses are parameters adjusted to fit
representatiofi73,74). This is particularly useful when dis- nuclear matter data and some static properties of finite nu-
cussing spatial properties of the variational wave function$!€i. U(o) denotes the nonlinear self-interaction81] and
and the coupling to the particle continudi,16|. Q*", RE¥ andF#* are field tensors.

In our HFB calculations, we employ the zero-range For the purpose of the present study, we choose two RMF
Skyrme interaction in the particle-hole channel. The totalparametrizations: NL382] and NL-SH[83]. The force NL3
binding energy of a nucleus is obtained self-consistentlystems from a fit including exotic nuclei, neutron radii, and

from the energy functiondl75]: information on giant resonances. The NL-SH parametriza-
tion was fitted with a bias toward isotopic trends and it also
E=&iint Esict Esks T Ect Epair™ Eem.s (13 uses information on neutron radii.

The relativistic extension of the HFB theory was intro-
. . . . . . duced in Ref[84]. In the Hartree approximation for the self-
functional, &5 s is the spin-orbit functionaléc is the Cou- ¢ nqigtent mean field, one obtains the RHB equations which
lomb energy(including the exchange tejmeyq; is the pair- 56 sojved self-consistently in coordinate space by discreti-

ing energy, and . is the center-of-mass correction. zation on the finite element me$8B5]. The spatial compo-
In this work, two Skyrme parametrizations are used: SkP,

nentsw, p3, andA vanish due to time-reversal symmetry.
[74] and SLy_4[76]. Both of the;e selected 1_‘_orces perform Because of charge conservation, only the third component of
well concerning the total energies and radii. In particular

I 'the isovector rho meson contributes. In the present investi-
both SkP and SLy4 parametrizations have been shown t9a4on the pairing interaction has been approximated by a
reproduce long isotopic sequendes,77. phenomenological finite-range Gogny force with the D1S pa-

In the particle-particle channel, we use the SkP parametrizy i otar sefg6]. This force has been adjusted to the pairing
zation in the HFB/SkP variant and the density-dependent onerties of finite nuclei all over the periodic table.

delta interaction in the HFB/SLy4 variant. The strength of

the density-dependent delta force was adjusted according to

the prescription given in Ref§76,77]. For the details of the IV. RESULTS AND DISCUSSION
calculations, we refer the reader to Rdf&4,16. A. Skins and halos in spherical heavy nuclei

whereé&,, is the kinetic energy functionafg is the Skyrme

The Helm-model characteristics of calculated density dis-
tributions are obtained from the microscopic form factors

Relativistic mean-fieldRMF) theory has been proved to (4). Figure 1 shows the neutron densities f5°1°%17&n
be a powerful tool in describing various aspects of nucleacalculated in the RHB/NL3 model and the corresponding
structure[78]. The model explicitly includes mesonic de- form factors. The positions of the first and second zeros of
grees of freedom and describes the nucleons as Dirac pathe form factor(indicated by arrowsdecrease gradually with
ticles. Nucleons interact in a relativistic covariant mannemeutron number, reflecting the steady increase of the neutron
through the exchange of virtual mesons: the isoscalar scalaadius[see Eq(9)]. The zeros of(q) are regularly spaced

B. Relativistic mean-field model

044326-3



S. MIZUTORI et al. PHYSICAL REVIEW C 61 044326

= RHB/NL3 60] 120, HFB/SLY4 | HFB/SKP | RHB/NL3
&0.08 ]
£ —-— N=70 70
%‘ ——- N=100
) — N-— ~~60
3 0.04 | \ N=120 2 @
© [y 8
Ml
3 )
< 5 . . . £
0 2 4 6 8 10 =
30
radius r (fm) T
10° : T T 20

0 10 200 10 200 10 20

qlF(@)! (fm™)

FIG. 3. Neutron densities multiplied hy* for the tin isotopes
with N=50, 28, 66, 74, 82, 90, 98, 106, 114, and 122 calculated in
the HFB/SLy4, HFB/SkP, and RHB/NL3 models.

0 0.4 0.8 1.2
-1
momentum g (fm") behavior suggests that the difference betwégg,, and
FIG. 1. Top: neutron densities calculated in the RHB/NL3 Ryem is related to the size of the neutron separation energy.
model for 20:150.17&n Bottom: the corresponding form factors. Po- Indeed, forN<132, the two-neutron separation energy is
sitions of the first and second zeros in the form factors are indicate&,,>12 MeV, and it drops to a few MeV arourid=100.
by arrows. Because of the weaker binding, the neutron distributions in
the very heavy tin isotopes have larger spatial extensions,
and the ratio ofg,/q; is very close to the ratio of the first and this increaseR e, dramatically due to the weighf in
two zeros of the spherical Bessel functipp It is also seen  Eq. (2). On the other hand, the form factor at intermediate
that, in the considered range @fthe envelope ofi| F(q)| is  values ofq is almost independent of the asymptotic tail of
practically constanf87]. All of these observations confirm the density distribution. Therefore, the radius parameters de-
that in the region of lowg values shown in Fig. 1, the duced from the form factoR, andRyem, Show a less dra-
“model-independent” analysis of theoretical density distri- matic growth.
butions, according to Ref60], can safely be performed. Guided by this observation, we introduce the halo param-
Our analysis of neutron and proton radii in the Sn isotopester as the difference
is summarized in Fig. 2. The most interesting observation is
that for the isotopes witilN<82, the neutron geometric ra- ORhaioe= Rgeom~ Reim- (16)
dius Ryeom: EQ. (123, is very close to the Helm radius o o )
Rueim: EQ. (12b). On the other hand, for nuclei heavier than Such a halo parameter is indicated in Fig. 2, where it shows
1323, the former is appreciably greater than the latter. Thi¢he size of the neutron halo in neutron-rich tin isotopes. It
should be noted that a halo may also be defined through the
higher radial moments, e.g(r*). We have checked, how-
ever, that other definitions do not have any advantage over
the simplest prescriptiofiL6).
In contrast to the neutron halo paramet®y4n), for
protons the value 0dR;,4p) turns out to stay very close to
zero, i.e.,

s}

Radius (fm)
~

]

Rgeon{ P)~Ryeim(P), (17)

~

such that one cannot easily resolve the difference of
[ Rgeon(P) @andRyeim(p) in the plot. This reflects the fact that
HFB/SkP Reux(P) RHB/NL3 protons are always very well localized in the nuclear interior
60 80 100 720 60 80 100 150 by the Coulomb barrier, and they are very well boufithe
Neutron Number Neutron Number two-proton separation energy increases frém~4 MeV
FIG. 2. NeutronRgeo,{N) and Ryeim(n), and protonRyeofp) M 1%%n to~28 MeV in 1¥%Sn) o _
radii for the Sn isotopes calculated in the HFB/SLy4, HFB/Skp, ~Figure 3 shows the calculated neutron densities for the tin
RHB/NLSH, and RHB/NL3 models. The proton Helm radius isotopes multiplied byr*. (The area undepr* is propor-
Ruem(P) is also shown in the RHB/NL3 variartiotted ling; itis  tional to(r?).) It is seen that the large values Bfjeom Ob-
very close toRgeon(P)- tained in HFB/SLy4 can be attributed to large valuepof

(2]

Radius (fm)
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FIG. 4. The neutron-proton radius differendés) for the even- o N
even Sn isotopes calculated in the HFB/SLy4 model. FIG. 5. Same as in Fig. 2 except for the Ni isotopes.
atr~15 fm. In some cases one may even obtain a region of ORskin=ARueim; (20

pr? increasing as a function of Although such a represen-

tation of neutron distributions is a good illustration for the j.e., Eq.(19) gives an additive decomposition into the con-
values of SR, presented in Fig. 2, it should not be con- tributions to ARgeorm coming from the weak bindinghalo
fused with the usual meaning of the word “halo,” which part and representing the size efféskin parl (see Fig. 2
pertains to a region where itself increases as a function of Therefore, for the present purpose, we prefd, ., as a

r. In fact, in our calculations we always finds thatis a  measure of the skin. Figure 4 nicely shows that the neutron
decreasing function af, and the halo effect simply means an halo effect in the Sn isotopes is predicted to show up just
unusually low rate of this decrease. Whether or not a reahboveN=_82, and it increases gradually wily reaching in
hump of pr* is obtained in the calculations should not bethe HFB/SLy4 calculations the value OfSRyqN)
taken as a signature of the halo in the nuclear physics con~0.65A Ry, Near the two-neutron drip line.

text. The results of calculations for the Ni isotopes are shown

As seen in Figs. 2 and 3, the halo effects depend markedly, Fig. 5. Here, the neutron skin quickly increases above the
on the effective forces and methods used. In particular, thedoubly magic nucleus’®Ni, i.e., above theN=50 gap. A

are much weaker in the HFB/SkP model than in the HFB/simpler pattern is seen for the Pb isotogsse Fig. & the

SLy4 model, and they are almost invisible in RHB/NL3.  neutron halo develops fdd>126. In all cases§Ry,, calcu-
While the halo is a property of neutrons or protons, thelated with SLy4 is systematically greater than that in HFB/

neutron skin depends on the difference between neutron argkp, RHB/NL3, and RHB/NLSH.

proton radii, and thus it is more difficult to quantify. Indeed,  |n order to understand these results, we show in Figs. 7

since several definitions of a radius have been employed iand 8 the two-neutron separation energi®s, for the
this work, one can introduce various parameters reflectingieutron-rich Ni, Sn, and Pb isotopes. Systematically, the
the neutron-proton radius difference, e.g.,

ARy=Ro(n)—Ro(p), (18a

Pb

ARpeim= Rueim(N) — Ryeim(P) s (18b)

A Rgeom: Rgeon{ n)— Rgeon{ p). (180

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

According to the discussion above, the difference of geo-
metric radii, ARyeom, CONtains a contribution from halo ef-
fects; hence it is not appropriate to define the skin. The dif-
ferencesAR, and ARug, both smoothly increase with
neutron number, with ARy being always greater than
ARy, due to the contribution from the surface thickness. In
principle, both definitions could be used to characterize the T
skin. However, because of the smallness of the proton halo HFB/SkP
(17), one simply has 100 120 140 160

Neutron Number
A Rgeom% ORhaid N) + 6Rgin (19

Radius (fm)

[

————
-
-
-

—R,..0
8 [ [--—--- Rgeom(p)

-
————
....
______
______

FIG. 6. Neutron and proton radii for the Pb isotopes calculated
for in the HFB/SLy4 and HFB/SKP models.
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neutron number

80 9I0 160 1‘;0 1é0
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FIG. 9. Neutron(top) and proton(middle) surface thickness
coefficients for the Nileft) and Sn(right) isotopes calculated in the

FIG. 7. Two-neutron separation energies for the neutron-rich NRHB/NL3, RHB/NLSH, HFB/SkP, and HFB/SLy4 models. The
(top) and Sn(bottom isotopes calculated in the HFB/SLy4, HFB/ differenceo,— o, is shown in the bottom panels.
SkP, RHB/NLSH, and RHB/NL3 models.

large distances The proton surface thickness behaves fairly

HFB/SLy4 model predicts the lowest separation energy_COl’lStant as a function d¢d, although it also exhibits a local
When approaching the neutron drip line, both RHB ap-decrease at magic neutron numbers as a result of self-
proaches yield considerably larger neutron binding tharfonsistency.
Skyrme-HFB calculations. This result is consistent with the ~Except for the very neutron-rich nuclei, the RHB models
model dependence @R,,,. Indeed the neutron halo param- yield o values which are lower than in the Skyrme-HFB
eter seems to be correlated with the neutron separation egalculations. This effect is particularly clear fay,, which is
ergy. That is,0R, 0 increases with decreasir®, (see Sec. nhot affected by variations in the pairing field. In addition, in

IV C for more discussion concerning this point all casesop(NLSH)<op(NL3) and op(SLy4)<op(SkP).
The surface thickness, Eq. (10), shows the characteris- (For further discussion, we refer the reader to R&€].)
tic dependence on particle numkeee Fig. 9. Namely, o, The differencer, — o, exhibits very weak shell effects. It

increases witiN on the average, but it shows local minima gradually increases from about 0.2 fm around the beta sta-
around magic numbers. This local decreaserinan be at- bility line to about 0.5 fm near the neutron drip line. Inter-
tributed to its sensitivity to pairing correlatiof8]. Indeed,  estingly, as discussed in RgR5], the difference between
static pairing correlations in magic nuclei vanish, the Fermineutron and proton radii also depends very weakly on shell
surface becomes less diffused, and the surface thickness &§fects.
reduced. When approaching the spherical neutron drip line,

o, behaves fairly smoothly, because it is determined from

the form factor at largeq (i.e., it seems to be rather insen-

sitive to the asymptotic behavior of nucleonic density at This section contains some general arguments regarding
the concept of diffraction radius in two-body halo systems.

Our discussion is based on the spherical finite square-well
(SW) potential used in Refl17] to illustrate some generic
Pb —— HFB/SkP aspects of halogSee Ref[90] for the extension to the de-
ety HFB/SLy4 | formed case.

The advantage of this simple model is that by changing
the well depth, one can vary the position of bound single-
particle halo orbitals and, therefore, study the properties of
diffraction radii and surface thickness very close to the
=0 threshold. In our calculations we assume that the square-
well potential radius ifRgy=7 fm and the system consists
of 70 particles. The potential depth is varied to tune the
energy of the last bound nucleon. The halo structure is rep-
resented by two neutrons in the;3 orbital, while the core
can be associated with the remaining 68 particles occupying
well-bound states.

FIG. 8. Two-neutron separation energies for the neutron-rich Pb  With the binding energy of thes3,, orbital approaching
isotopes calculated in the HFB/SLy4 and HFB/SkP models. zero, the halo develops. This is illustrated in Fig. 10, which

B. Square-well potential analysis

1(.30 1;10 150 1&0 1.70
Neutron Number
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< 104F o3
105F [
101 E E
102} 100
109k b
104 101 3 y
105k F| e=1 keV ' V
" L " " 1 0.2 1 1 1
0 5 10 15 20 25 0 0.5 1.0 1.5
r (fm)

q (fm!)
. 10. i lid line) densities for th
FIG. 10. Total(dotted ling and core(solid line) densities for the FIG. 11. Form factors of the totdtlotted ling and core(solid

system of 70 particles moving in the the finite spherical square-wel,_ densities for th ¢ £70 el ing in the finit
potential with the radiufkgy,=7 fm for the three values of the ing) densities for the system o particles moving in the tinite

o wor spherical square-well potential with the radiRg,=7 fm for the
ti”l?)lggke?/n(?]:?gdlé))f atnhdeifl,zkef\}a(lgonc;r:];t.al. 5 Mev (top), two values of the binding energy of thes{, halo orbital:
—5 MeV (top) and—1 keV (bottom). The form factor of the halo
shows the total and core densities for three values of thwave function is shown in the inset.
binding energy of the §;,, halo orbital: =5 MeV,
—100 keV, and—1 keV. The presence of the halo is decoupled from the rest of the system, it is difficult to sepa-
clearly seen at larger distances; 8 fm. rate halo structures in heavier systems in wtatththe nucle-
The form factors of the total and core densities atons(including the valence weakly bound neutrpnsove in
€(3s1))=—5 MeV and—1 keV are displayed in Fig. 11. one self-consistent field. An additional difference and com-
As a consequence of the uncertainty principle, in the case gilication is caused by the presence of strong pairing correla-
a very weak bhinding the form factor of the halo wave func-tions in heavy open-shell nuclei. As found in RE91] and
tion (shown in the ins@tcorresponds to a very narrow mo- discussed below, pairing strongly modifies the extreme
mentum distribution, and it contributes very little to the total single-particle picture of halo structures presented in Sec.
form factor. Consequently, the first zero of the form factor, IV B.
and hence the diffraction radius, is very weakly influenced Consider, e.g., the valence neutron moving in a mean-
by the presence of the halo. This is not true in the case of &eld potential. Because of the fact that the nuclear mean field
large binding where the valence orbital does not have the
halo character, and its form factor is significantly greater

from zero in the region ofy;. ] :
Figure 12 displays the radii calculated as a function of the 1= ’ d
3sy» binding energy. Because of the halo character of the ]
valence orbital, with the energy of thes3, state approach- Esj R b
ing zero, the total geometric radius diverges as) ! [17]. re geomtotal R i
At the same time, the geometric radius of the core, as well as g ] " Tgeom,corel
the Helm radii for the total systenR{em ota) and the core = J
(Rheim.cord» Very weakly depends om. The effect of de- ] .
creased binding on the core is measured by the difference ] ,
Rgeom,core™ RHeim,core Which gives the core contribution to ] RHelm,total RHelm,core:
SRhao- As expected, in the limit of weak binding, the halo a0 T T o do
parameter is almost entirely determined by the asymptotic binding energy (MeV)
behavior of the 8, wave function. It is also seen that the
difference betweeReim toral @A Rieim coreiS Very small. FIG. 12. Dependence of the geometric radii, namely, the total,

Rgeom,totar @Nd €Ore,R geomcore radii and of the corresponding
Helm radii, Ryeimtotal @Nd Ryeim corer ON the binding energy of the
3s;,, halo orbital of the finite square well with radi&,=7 fm.

In contrast to light nuclei where the halo can be associate@fhe total number of particles isl=70. The core consists of 68
with very few weakly bound neutrons that are practically particles occupying all the single-particle orbitals belogy;3.

C. Pairing antihalo effect
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N

vanishes at large distances, the standard asymptotic behavior
of the neutron density is, in the absence of pairing correla-
tions, given by

two-neutron drip line

E I é
: 3 138Mo ]
£ i 3
exp — 2«T) 5 f ]
p(r)—~———, (21) & £ ]
r 7<) o 3
OE E| E 1 1 L I 1 1 1 1 E
where ;
2m(—e) 302 | g
K=\—""% (22 = i 2
fi c-0.4F | %’_
<~ 1 3
with € being the single-particle energy of the least bound 06k %o

neutron. In the presence of pairing, the constais different .
[73,74,16,9], and for the even neutron numbers reads '

[2m(E,..-—\) %
K= %, (23) g 1
g

N=86 N=130 N=192
whereE,,, is the lowest quasiparticle energy andis the HFB/SLy
Fermi energy. o
In the extreme single-particle pictur@o pairing, the 2Oprot?)0n nu?ﬁberso 100
halo structure may develop when-0 (k—0) [17]. How-
ever, according to expressi@@3), in the limit of vanishing FIG. 13. Neutron halo parameteftsp), neutron Fermi energies

binding \—0) the constanik does not vanish and reads (middle), and neutron pairing gagbotton) calculated in the HFB/
SLy4 model for the two-neutron drip-line even-even nudlei., the
2mA heaviest even-even isotopes which are predicted to be two-neutron
5 (29 bound. The proton halo parameters for the two-proton drip-line
h even-even nuclei are shown in the inset. Note the correlation be-
tween SRy, @and \,, marked by the vertical dashed lines; when-
ever\, approaches zer@R,,, tends to increase.

Kmin™

whereA is the pairing gap of the lowest quasiparticle. Con-
sequently, in the presence of pairing correlationss never
small, and a huge halo, as is seen in light nuclei, cannotvould expect from the extreme single-particle picture of Sec.
develop(pairing antihalo effecof Ref.[91]). IV B. It seems that the pairing antihalo effect is far more

In order to confirm the influence of pairing and weak important than the influence of the centrifugal barrier; cf.
binding on 8Ry,,, We performed spherical HFB/SLy4 cal- discussion in Ref[91]. We made an attempt to find a phe-
culations near the two-neutron and two-proton drip linesnomenological expression that would expre#8,,4n) in
Figure 13 shows the neutron halo parameters, neutron Ferrfifms of €An—X,)7 (&,7 being free parametersUnfortu-
energies, and neutron pairing gaps calculated in the HFEEately, we were not able to obtain a unique fit for.aII neutron-
SLy4 model for the two-neutron drip-line even-even nuclei'Ve@k nuclei at once, although some correlation between
(which are the heaviest even-even isotopes that are still prébese two quantities exists.

dicted to be two-neutron boupcFirst, we note that, does The inset in Fig. 13 shows the proton halo parameter in

: S : he least-bound even-even isotones near the two-proton drip
not vanish near the two heutron drip I|n_e. This phe_nomenorlllme. As expected, because of the confining effect of the Cou-
has been found and discussed in detail in Refs

[74,92,16,9% and it was attributed to the strong coupling to lomb potential, the proton halo is very small—of the order of

. . L 0.02 fm. It is only in the very lighsd nuclei thatéR,,4P)
the neutron continuum in the pairing channel. Second, thean exceed 0.1 fm. Interestingly, there is also some increase

pairing gap shows some shell flgctua_tions: the minimajin i, the proton halo in the superheavy nuclei with 120, N

appear aN=86, 130, and 192, i.e., just above the neutron_ 172 "which, in some spherical calculations, show bubble-

magic gaps. On the average, howevay, stays between |ike structure§94,95. In this context, it should be empha-

~1.8 MeV in light nuclei and~1.2 MeV in the heaviest sjzed again that the calculations shown in Fig. 13 are spheri-

elements. As a result, the expond@4) is always sizable, cal, and some modifications due to deformation are expected;

and SRy, n) does not exceed 1 fm in heavy even-even nu-n particular, the superheavy nucleus with=120 andN

clei. =172 is not expected to be spherical in the HFB/SLy4
The pattern of6Rpy4Nn) seen in Fig. 13 is nicely corre- model[96-98.

lated with the behavior oh,,. Namely, the neutron halo

parameter increases when the Fermi energy approaches zero. D. Global behavior of halos and skins

It is to be noted, however, that there is no clear correlation in spherical even-even nuclei

between the magnitude @Rp,4n) and the appearance of  In order to study the systematic behavior of the spherical

low-I (s and p) states at the Fermi enerdyt7], as one density distributions, we performed systematic calculations
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FIG. 14. Neutron halo paramete®6) calculated in the spheri- FIG. 16. Skin parameter®0) calculated in the spherical HFB/

cal HFB/SLy4 model for two-particle stable even-even nuclei. TheSkP model for two-particle stable even-even nuclei.
inset shows proton halo parameters for very light nuclei.

behavior of the two-neutron separation energy around the

in the spherical HFB/SLy4 and HFB/SKP models for all two-neutron drip line, and is qualitatively similar to that for
even-even nuclei predicted to be stable with respect to thARnp discussed in Ref.25].
two-nucleon emission, i.e., for all even-even nuclei with As shown in Fig. 13, the proton halo parameter is much
positive two-neutron and two-proton separation energiessmaller than that for the neutron halo. The inset in Fig. 14
S;n=B(N,Z)-B(N—-22)>0 and S,,=B(N,Z)—B(N,Z  shows 6R,qp) for very light nuclei. The largest proton
-2)>0. halos, 5Rpadp) ~0.15 fm, can be found arountMg and

The results for the neutron halos are shown in Figs. 14Si. For more discussion, see Sec. IV F.
and 15 for the HFB/SLy4 and HFB/SkP models, respec- Figure 16 shows the neutron skins calculated in the HFB/
tively. Several features seen in these systematics are not8Ly4 model. One sees that the skin grows steadily in a di-
worthy. First, for most nucledR;,4n) is very small. Only  rection orthogonal to the valley of stability. The weak mass
in the immediate vicinity of the two-neutron drip line is a dependence and a nearly linear trend with the neutron excess
rapid increase in the halo parameter seen. As discussedi—Z suggests thafRg, reflects the bulk size properties of
above, while the halo effect is rather strong for the SLy4neutrons and protons. As discussed in R@€], the isovec-
force, the HFB/SkP model predicts very few candidates for aor dependence of the neutron skin is governed by a balance
halo. between the volumg89,100 and surface symmetry energy

A second interesting aspect is a weak dependence of theefficients. Within the present sample, this is confirmed by
halo parameter on shell effects. Contrary to the rms radithe fact that the HFB/SkP results for the neutron skin are
which show a significant reduction around spherical magidndeed very similar, and it is noted that SkP and SLy4 do
gaps[25], the variations oBR;,(n) around magic gaps are have a very similar symmetry energy coefficiéd2 MeV in
much weaker. This is easy to understand. In well-bound nuSLy4 and 30 MeV in SkP
clei where the shell effects are very pronounced, the halo Last but not least, it is worth inspecting the global trends
parameter is dramatically reduced due to weak binding. Owf the surface thickness, . Figure 17 shows the neutron
the other hand, in neutron drip-line nuclei, shell effects aresurface thickness. It's pattern shares one feature with the
significantly weakenedreduced magic gaps, strong pairing neutron haloFig. 14); namely,o,, is particularly large near
correlations; hence their influence on radii is less significant. the neutron drip line. Howevesr, displays a much richer
The pattern shown in Figs. 14 and 15 basically reflects thgtructure all over the periodic table with maxima far from

m >08 | | >13
£ HFB/SKP £12| Op HFB/SLy4
Ml 05-06 W 10-11
5100f |8 63755 S 100t (5 65756
2 O 02-03 2 O 07-08
€ O 0.1-02 82 = O 06-07 82
5 O <o1 5 O <os
= | _— 2
] [e}
B 50 50 — 5 50
o o 126 o
28 =
g 82
g 0 > ‘ ‘
50 100 150 200 50 100 150 200
Neutron Number N Neutron Number N
FIG. 15. Neutron halo paramete®6) calculated in the spheri- FIG. 17. Neutron surface thickness calculated in the spherical
cal HFB/SkP model for two-particle stable even-even nuclei. HFB/SKP model for two-particle stable even-even nuclei.
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FIG. 18. Same as in Fig. 17, except for the proton surface thick- L
ness. 0 1

2
q (fm)

closed shells. The proton surface thickness is shown in Fig.

18. Compared ter,,, the global behavior ofrp is different. FIG. 20. Form factors of canonical RHB/NL3 single-neutron
The variations withN—Z are less systematic and, in some orbitals 1y, 1dg,, 2Pz, and Py, in *Ne.

cases,o, decreasesvhen approaching the two-proton drip
line. As in neutrons, the proton surface thickness is reduce

around magic gaps. As discussed earlieg, is generally eter but is obtained self-consistently from the realistic

much smaller thamr,, . S R, i
It is interesting to note the presence of an island of par_Ham|lton|an. Hence it is difficult to find a case where a low-

ticularly small neutron and proton skins near the proton drig ©rPital (i.e., a potential candidate for halappears very
line in the region of superheavy nuclei wikh~172. This is close to the threshold. Here we discuss the case studied in
probably related to the pronounced dip of the spherical disRef- [102], where, based on the RHB/NL3 model, such a
tribution near the nuclear center which appears for these niituation was found for the neutron-rich Ne isotopes. Ac-
clei [94,95|. For the protons, there exists a further island ofcording to this work, the neutron Fermi energy in the Ne
small surface thickness for superheavy elements Wth isotopes withN>20 stays very close to zero, stabilized by
>200. However, as discussed in Sec. IV C, the presence dhe presence of three close-lying single-particle canonical or-
bubblelike structures in this region may be an artifact of thebitals 2p3;,, 2p1/, and If7,.
assumption of spherical symmefry01]. The lowd shells 25, and 2p4/, are good candidates for
Finally, the neutron-proton difference of the surface thick-halo orbitals. It is worth noting that their canonical HFB
ness is shown in Fig. 19. It displays a mix of steady growthenergies stay very close in energy. This suggests that the
with A as well as withN—Z which is just the sum of the wave functions of the @3, and 2,,, are weakly influenced
different trends seen for protons and neutrons separatelfpy the spin-orbit interactioka situation that is characteristic
Like the diffraction radii and rmsor geometrig radii, the  of halo states[103]. This is nicely demonstrated in Fig. 20
shell effects which are present in both observables are som#hich shows the form factors of single-neutron canonical

gingle—particle(or guasiparticlg orbital is not a free param-

what suppressed in the differential quantity. states Dsjp, 1dspn, 2p3n, and 24, in the drip-line nucleus
%8Ne. The form factors of the [, and 2p,,, orbitals are
E. RHB calculations of halos in the Ne isotopes very similar which confirms the negligible effect of the spin-

. . orbit interaction on these states. The narrow momentum dis-
In contrast to the simple model of Sec. IV B or analysis Of i tion of the 2 orbitals is indicative of weak binding. In

Ref.[91], in microscopic calculations the binding energy of acontrast, wider form factors of well-boundpl, and 1ds,

orbitals reflect the fact that their wave functions are better
localized inside the nuclear volume.
The neutron distribution form factors if"*Ne obtained
in RHB/NL3 are shown in Fig. 21. I8°%Ne, the contribution
from the valence ds, neutrons has been singled out, and it
is seen that the influence of the valence orbits on the diffrac-
tion radius is strong. On the other hand, the effect of the 2
valence orbitals o, in 3*Ne is small. The reason for this is
twofold. First, in accordance with the discussion from Sec.
IV B, the 2p form factor is narrow and it mainly contributes
aroundg=0. Second, there are less than two neutrons in the
2p shell. Hence the behavior of the total form factorfiNe
(the ratio of the number of neutrons in valence orbits to that
FIG. 19. Same as in Fig. 17, except for the differenge  in the core is~0.08) is primarily governed by the core neu-
~ap,. trons. (In ?°Ne the valence/core ratio is 0.25.

,%| HFB/SLy4
S 0s On0Op

0.1-02

iy
o
o
OO0DDEEEEN

50}
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- FIG. 22. Comparison of experimentfl06] and theoretical

charge halos for a selection of stable nuclei. The spherical theoret-

102 ical results are produced with the two Skyrme parametrizations
10k i SLy4 and SkP used throughout this paper. The estimated experi-
RHB/NL3 mental errors are about 0.03 fm.
0 05 10 15
momentum (fm-1) charge form factor, we deduce the rms radius, the diffraction

o ) radius, and the surface thickness in the standard manner.

d FIth 21'd 'Ir_otal (solid "][‘e)' cfore (da?hgod ling and \éaslfnce Figure 22 shows the experimental valuessg§,, 4 ch) for
(dash-dotted ling neutron form factors for™Ne (top) and Ne  go00t0q nucleidoubly magic 160, 046Ca, 5Ni, 2%%pb,
(bottom. The valence space is here defined to be given by two ; .5 54 88 90 92 116,12

. o0 . 3 semimagic %Cr, Fe, °°Sr, ““Zr, Mo, 125,
1ds, neutrons in®®Ne and all the occupied@states in*Ne. The 204200 and some open-shell nuclei. including the well-
form factors atg=0 are normalized to the corresponding neutron ! .p b 9

: _ deformed Cr and Sm isotopeS hey are displayed together

numberdi.e., Fi;(0)=N]. - . . .
with predictions of spherical Skyrme HFB calculations.

It is to be noted that the charge halo is a very sensitive
observable because it stems from subtracting two large radii
25). The experimental error iAR;,,4ch) is at least as large
s the largest error in radii and surface thickness. This leads

The above situation discussed féNe is, in fact, typical
for all weakly bound neutron-rich nuclei. The weak binding
of valence orbits and the fact that they are occupied by ver

few particles make the diffraction radius weakly dependen{0 a conservative uncertainty in the data0.03 fm. As ex-

on halo structures. It is interesting to see that the simpl ected from our results on proton halos, the charge halos are

Szgizm?nmspirti Seorf]tfge'?afte;‘];tv Baiﬁr?rk?ngr:jiﬁegqlggsggﬁ/leall very small. A notable exception €0 where R, .4 ch)
o p X P 9 is 0.13 fm. Also, our calculations are expected to slightly
single-particle picture to some extent.

underestimate charge halos in some open-shell n¢elgi,
152155m) due to possible contributions from deformation
effects. Considering the above, it is very satisfying to see
Elastic electron scattering has provided a world of well-that our HFB results are generally close to the experimental
evaluated data on nuclear charge distributions; see, e.guoints, in fact staying within the experimental uncertainty in
Refs.[60,104. It is nicely corroborated by the very precisely most cases. Since proton halos are close to the charge halos
measured root-mean-square charge rigdd)b]. This offers a  in all calculations, this nice agreement, together with the
possibility to deduce the experimental charge halo parameteystematic behavior of proton halos discussed above, makes
us conclude that the pronounced proton halos do not exist.
At second glance, one is tempted to spot shell effects and
isotopic trends when looking at the fluctuation of the charge
halos in Fig. 22. However, these variations stay within the
in selected cases. In order to have a most complete and upxperimental uncertainties and cannot serve for a deeper
to-date supply of data on charge radii and surface thicknessnalysis. The charge halos as such are too small and, more-
we have recurred to the database of R&f6], which is a  over, the regime of stable nuclei does not supply enough
compilation of results analyzed as explained 60]. variation for that.
The charge form factoF~(q) is composed of the form
factors of the proton and neutron distribution multiplied by
the corresponding intrinsic nucleon form factors. A similar
contribution from the magnetic form factors is added. Fi- This work contains the theoretical analysis of neutron and
nally, the center-of-mass correction is performed. Theproton skins, halos, and surface thickness obtained within the
nucleon form factors are taken from electron scattering orspherical self-consistent mean-field theory. The main goal
the proton and the deuterdt07,108 and parametrized in was to describe spatial characteristics of nucleonic densities
terms of Sachs form factors as outlined in REf09]. A of nuclei far from stability, where the closeness of the par-
detailed description of the procedure used to determine thicle continuum qualitatively changes the physical situation.
charge radii can be found in Appendix 2 [df10]. From the The Helm-model analysis presented in this work allows

F. Charge halo parameter in stable nuclei

5Rhalo(Ch) = Rgeon{Ch) - RHeIm(Ch)n (25)

V. CONCLUSIONS
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for an unambiguous determination of halos and skins from TABLE I. Characteristics of neutron distributions fiCa and
nucleonic density distributions. It has been shown that thé®®b: diffraction radiusRy, surface thicknessr, and geometric
halo parameter, defined as the difference between the getRdius Rgeom (@ll in fm), obtained in the HFB and RMF models
metric radius(a rescaled rms radiuand the Helm radius, is employed in this work.

small in well-bound nuclei, and for neutrons it becomes en-
hanced for heavy exotic systems with low neutron separatioffucleus SLy4 SkP NL3 ~ NLSH
energies. However, unlike in the ngutro.n—rich few-body sys- Ro 3.827 3.844 3.844 3.841
tems, our calculations do not p.redlc_:t giant neutron halos Moz, o 0.905 0.923 0.845 0.793
medium-mass and heavy nuclei. This is because strong pair-

) . ; , : Rgeom  4.353  4.388  4.296 4.274
ing correlations effectively reduce the impact of weak bind-

ing on the asymptotic behavior of the single-particle density Ry 6.870 6.849 7.076 7.075
(pairing antihalo effecf91]). 208pp o 1.022 1.033 0.971 0.929
No significant proton halo has been found when ap- Rgeom  7.252 7.244 7.409 7.374

proaching the proton drip line. A moderate effélgtss than
0.2 fm) is predicted for some light nuclei, but it can be prac-
tically neglected for heavier systems. The experimental valand this marks the state of the art. An exciting new avenue is
ues of charge halos for stable nuclei, of the order of 0.02-a prospect fordirect measurements of the neutron density
0.04 fm, are perfectly consistent with the mean-fieldform factors from the asymmetry in parity-violating elastic
predictions. polarized electron scatteringg5—71. Table | shows the
The neutron skin, defined as a difference of neutron andHelm-model analysis of neutron densities*iCa and?°%b
proton Helm radii, shows a smooth gradual dependence ocalculated in our self-consistent models. Theoretical predic-
the neutron excess and is extremely weakly affected by sheflons for diffraction radii are rather robust, with the differ-
effects. This is consistent with the results of a previous studgnces between values Bf, obtained in different models be-
[25] where a very weak shell dependence ®R,, was ing below 0.5% for “°Ca and below 3.5% for?*®Pb.
found. Interestingly, because of a compensation effect betwgen
On average, the neutron surface thickness increases witindo, the geometric neutron radius #i%b is rather similar
neutron number, but it is locally reduced around magic numin all models,Rgeon~7.32 fm. We hope that our results will
bers, thanks to reduced pairing. On the other hand, the protastimulate future experimental studies of neutron distributions
surface thickness depends to a lesser degree on proton nuin-nuclei.
ber; it rather tends to follow the trend dictated &y. As a
result, the differencer,— o, shows a reduced dependence
on shell effects. A very interesting situation is predicted for
the superheaviN=172 isotones where the proton surface This research was supported in part by the U.S. Depart-
thickness is actually reduced with increasing proton numbement of Energy under Contract Nos. DE-FG02-96ER40963
Theoretically, the analysis based on density form factorgUniversity of Tennessge DE-FG05-87ER40361Joint In-
is very simple and physically elegant. Unfortunately, verystitute for Heavy lon Researghand DE-AC05-960R22464
little is known about experimental neutron density distribu-with Lockheed Martin Energy Research Cofak Ridge
tions. Starodubsky and Hinfs4] made an attempt to deduce National Laboratory, by the Polish Committee for Scientific
neutron densities in?°©2072%®ph__in a model-dependent ResearchKBN) under Contract No. 2 PO3B 040 14, and
way—from elastic proton scattering at intermediate energiefNATO Grant No. CRG 970196.
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