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The ground-state properties of He, Li, and Be nuclei are investigated by the Skyrme-Hartree-Fock appro
with new force parameters SKI4 of Reinhard and Flocard@Nucl. Phys. A584, 467 ~1995!# plus a density-
dependent pairing correlation. Calculations show that the Skyrme-Hartree-Fock model with above force
rameters provides a good description on the binding energy and radii of He, Li, and Be isotopes. It a
succeeds in reproducing neutron halos in nuclei6He, 8He, 11Li, and 14Be. A detailed discussion on numerical
results is provided and an explanation for the above success is given.@S0556-2813~96!02509-5#

PACS number~s!: 21.10.Dr, 21.30.Fe, 21.60.Jz, 27.20.1n
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I. INTRODUCTION

Recent experiments@1–3# with radioactive beams have
opened a new field in nuclear physics, the study of nuclei
from theb-stable line, which are referred to as exotic nucl
One can investigate the nuclei close to the drip lines tha
to a large variety of techniques involving new accelerat
and very good isotope separators. By studies on exotic
clei, we can test present nuclear models, such as mean-
models, and develop nuclear many-body theories.

The Skyrme-Hartree-Fock~SHF! model has enjoyed
enormous success in providing an appropriate descriptio
the ground-state properties of nuclei near the valley of s
bility @4–10#. In all these calculations the spin-orbit potenti
has been assumed to be isospin independent. Howeve
was pointed out in recent research@10,11# that the SHF
model with standard parameters cannot reproduce the iso
shifts in the Ca, Sr, and Pb isotopes. Very recently Reinh
et al. @12# have analyzed the problem in detail and fou
they can succeed in reproducing isotope shifts for Ca,
and Sr using the new force parameters SKI4 in which
simple modification of the spin-orbit interaction has be
made in the SHF model.

In the standard SHF model, pairing correlations have
ways been treated with a constant-force approach o
constant-gap approach in BCS equations. This treatment
to reproduce the odd-even staggering of the binding ene
and the large kink of charge radii for208Pb @11#, since the
pairing force is especially important in open-shell nucl
Tajimaet al. introduced a density-dependent zero-range p
ing force instead of the normal constant-force or consta
gap approach in pairing correlations and succeeded in
plaining some properties of nuclei@11#.

In this paper, we investigate the ground state propertie
He, Li, and Be isotopes using the SHF model with the n
SKI4 Skyrme-type force parameters@12# plus a density-
dependent pairing correlation. For simplicity, we use the
breviation SHFDD, corresponding to the SHF model w
the set SKI4 plus a density-dependent pairing correlati
Our purposes are~i! to see whether the SHFDD descriptio
works well for light neutron-rich nuclei,~ii ! to discuss the
properties of some nuclei near the neutron drip line, and~iii !
to study the difference between the SHFDD model and
normal SHF model. This paper is organized in the followi
54/96/54~3!/1158~7!/$10.00
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way. Section II is a short description on the framework of th
SHFDD model. In Sec. III, we have given the numerica
results and the discussions. Section IV is the summary.

II. THE FRAMEWORK OF THE
SKYRME-HARTREE-FOCK MODEL
PLUS A DENSITY-DEPENDENT

PAIRING CORRELATION

As the Skyrme-Hartree-Fock model is a standard metho
and all the formulations can be found in Ref.@6#, here we
only give a short description on the framework of the SH
model with new force parameters SKI4@12# plus a density-
dependent pairing correlation@11#.

For the normal Skyrme force, the neutron density depe
dence is linear for the mass and spin-orbit potentials@12#

BSHF5
\2

2m
1b1r1b18rn , ~1!

WSHF5b4~¹r1¹rn!. ~2!

Reinhardet al. @12# introduced an additional coefficientb48 in
the spin-orbit term in a generalized Skyrme functional:

« ls52E d3r H b4r¹J1 (
qP$p,n%

b48rq¹JqJ , ~3!

whereJ is a spin density and its definition can be found in
Ref. @12#. The spin-orbit potentialW for neutrons becomes
@12#

Wq~r !5b4¹r1b48¹rq . ~4!

In the following calculations, we use the parameter set SK
because it can not only describe the ground-state propert
of spherical nuclei but also reproduce isotope shifts i
Ca, Sr, and Pb isotopes. The values of the parameter
SKI4 are @12# t0521855.83, t15473.829, t2
51006.86, t359703.61, x050.4051, x1522.8891, x2
521.3252,x351.1452,b45183.097,b4852180.351,
a50.25.
1158 © 1996 The American Physical Society
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54 1159SKYRME-HARTREE-FOCK CALCULATION OF He, Li, . . .
TABLE I. Binding energy, pairing energy, and various radii of He isotopes. Experimental binding e
gies are taken from Ref.@16#. B and PE denote the binding energy and the pairing energy, respectively

Expt SHFDD
B ~MeV! B ~MeV! PE ~MeV! Rn ~fm! Rm ~fm! Rp ~fm!

4He 28.29 27.42 0.00 2.07 2.07 2.07
5He 27.41 27.02 0.00 2.84 2.55 2.04
6He 29.27 28.44 1.66 3.11 2.80 2.02
7He 28.82 27.94 0.00 3.21 2.92 2.01
8He 31.41 29.30 0.07 3.25 2.98 2.01
9He 30.26 28.46 0.00 3.55 3.27 2.04
10He 28.21 0.00 3.63 3.38 2.08
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Now, we give a description for a density-dependent pa
ing correlation, which is especially important in open-sh
nuclei. We use a density-dependent zero-range pairing fo
@11#:

Vt~r1 ,s1 ,r2 ,s2!5V0
t 12s1•s2

4
d~r12r2! f S r11r2

2 D , ~5!

where the superscriptt5p(n) denotes protons~neutrons!
and f (r ) is a density-dependent function which has a line
form @11#, f (r )512r(r )/r0. r0 is a reference density.

The pairing matrix element of neutrons and protons
written as

V
i ī j j̄

t
5E dr1dr2 (

s1 ,s2
f i* ~r1 ,s1!f ī

* ~r2 ,s2!V
t

3@f j~r1 ,s1!f j̄ ~r2 ,s2!2f j̄ ~r1 ,s1!f j~r2 ,s2!#

5V0
tE (

s1

uf i~r1 ,s1!u2(
s2

uf j~r2 ,s2!u2f ~r !dr

5V0
tE drr i~r !r j~r ! f ~r !, ~6!

wherer i(r )5uf i(r )u2 andf i(r ) is the wave function of the
ith single-particle orbit.

As in @13,14#, it is necessary to prevent the unrealis
pairing of highly excited states, and to confine the region
the influence of the pairing potential to the vicinity of th
Fermi surface. It is accomplished by defining the contrib
tion Ep to the total energy as

Ep
t5(

i j
f iuiv iVi ī j j̄

t
f jujv j ,

f i5F11expS « i2l2D«

m D G21

, ~7!

whereui andv i are occupying factors@11,13#. f i is a cutoff
factor withD«55 MeV andm50.5 MeV @13#. The numeri-
cal results are fairly insensitive to the above two values
D« andm @13#. With this definition of the pairing energy, th
state-dependent energy gapsD i

t are solutions of following
equations@13#:
ir-
ll
rce

ar
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D i
t52

1

2( V
i ī j j̄

t f j
2D j

t

A~« i2l!21 f j
2D j

t2
. ~8!

The pairing energy and occupation probabilities are writte
as @13#

Ep
t52

1

2(
f j
2D j

t2

A~« i2l!21 f j
2D j

t2
,

v i
25

1

2 F12
« i2l

A~« i2l!21 f j
2D j

t2G . ~9!

In calculations, we first calculate the matrix elements
Eq. ~6!, and then iterate until the convergence of the densit
dependent gaps in Eq.~8! is achieved. We have tested ou
SHF code and found that it agrees with similiar calculation
@11,13#.

The parametersr0 and Vn,p used in the present
calculation are r050.16 fm23, and V0

n,p52650,
2500 MeV fm23 for He, Li, and Be isotopes. The refer-
ence densityr050.16 fm23 is close to the nuclear matter
density. The strengthV0

t for r0 is determined so that the
minimum of quasiparticle energies agrees well with expe
mental pairing gaps@11,14#.

The center-of-mass correction is also important in lig
nuclei. We eliminate the spurious center-of-mass excitati
by the method used in@9,10#.

III. NUMERICAL RESULTS

We use the SHFDD model to calculate the ground-sta
properties of light nuclei He, Li, and Be. The numerical re
sults on binding energies, pairing energies, and root-me
square~rms! radii of matter, neutron, and proton distribu
tionsRm , Rn , Rp , have been listed in Tables I–III for He,
Li, and Be isotopes, respectively. The rms matter radius h
been calculated by defining the total radius as the average
proton and neutron radii in every orbit weighted with occu
pation probabilities. Because the difference of single-partic
energies between 1P3/2 and 1P1/2 is as high as 5–10 MeV
for the above isotopes, the 1p3/2 level can be treated as a
subshell and the influence of pairing forces is very sma
@15#. It is well known that the angular momentum and parit
of nuclei with an odd nucleon outside a closed shell on
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TABLE II. Binding energy, pairing energy, and various radii of Li isotopes. Experimental radii are tak
from Ref. @1#. B and PE denote the binding energy and the pairing energy, respectively.

Expt SHFDD
B ~MeV! Rn ~fm! Rm ~fm! B ~MeV! PE ~MeV! Rn ~fm! Rm ~fm! Rp ~fm!

6Li 31.99 2.6960.41 2.4660.21 30.49 0.00 2.41 2.42 2.43
7Li 39.27 2.5260.06 2.3960.02 37.21 2.49 2.60 2.48 2.30
8Li 41.28 2.8060.04 2.5860.03 40.27 0.00 2.69 2.53 2.24
9Li 45.34 2.7060.04 2.5460.03 45.84 0.01 2.76 2.59 2.20
10Li 44.92 45.81 0.00 2.78 2.62 2.22
11Li 45.65 2.9660.10 2.7860.07 47.95 0.00 3.06 2.87 2.28
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depend on the occupation of the last neutron~or proton!
while one valence nucleon~or one hole! is just outside a
closed shell. So we do not take into account the effect
pairing forces for nuclei with a proton or a neutron outside
closed shell in our calculations. For example, the proton pa
ing force of 7Li is chosen to be zero because there is on
proton in 1p3/2, but its neutron pairing force has been take
into account. In calculations, a cutoff radius for radial inte
grations is chosen as 15 fm and this is a reasonably la
value for the precision of calculations on exotic neutron-ric
nuclei since outside neutrons in them are weakly bound.

Now let us give a detailed discussion on every isotop
The numerical results for He isotopes have been listed
Table I. It is seen from Table I that the binding energies fro
the SHFDD model agree well with experimental data@16#.
The one-neutron separation energy of He isotopes is plot
in Fig. 1 where it has been defined as a difference of bindi
energies Sn(Z,N)5B(Z,N)2B(Z,N21). The experimental
odd-even staggering is very well described by calculations
should be noted that the neutron separation energy of5He,
7He, and 9He is negative. It means that these nuclei a
unstable for one-neutron emission. For10He, all occupied
single-particle states are bound in our calculation and t
numerical result shows that10He is unstable for two-neutron
emission because its binding energy is less than that
8He. These results agree with the experimental fact th

FIG. 1. Neutron separation energy of He isotopes. The hollo
circles are calculated values obtained with SHFDD. Experimen
values are denoted by a full circle.
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10He has not been observed as a bound nucleus. The sin
particle energies of neutrons in levels 1s1/2 and 1p3/2 for
6He are, respectively,216.45 MeV and21.07 MeV. Those
for 8He are, respectively,218.00 MeV and22.01 MeV.
These suggest that6He can be approximately considered as
4He core plus two neutrons and8He can be considered as a
4He core plus four neutrons because outside neutrons
weakly bound. Therefore people can use a few-body mod
to investigate their ground state properties. It is seen fro
Fig. 2 that the density distribution of protons in4He, 6He,
and 8He are approximately the same, but the density dist
bution of neutrons in6He and8He extends farther than that
of 4He. It indicates that the neutron and matter radii o
6He and 8He are abnormally larger than those of4He. For
6He and 8He, the mean-square radii of neutrons in th

w
tal FIG. 2. Density distribution of protons and neutrons for4He,

6He, and8He.
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TABLE III. Same as Table II but for Be isotopes.

Expt SHFDD
B ~MeV! Rn ~fm! Rm ~fm! B ~MeV! PE ~MeV! Rn ~fm! Rm ~fm! Rp ~fm!

7Be 37.60 35.17 1.70 2.30 2.50 2.64
8Be 56.50 46.14 4.05 2.43 2.43 2.44
9Be 58.16 2.6760.13 2.5360.07 53.76 1.63 2.52 2.44 2.35
10Be 64.97 2.5960.05 2.4860.03 63.49 1.55 2.58 2.48 2.31
11Be 65.48 3.3860.06 3.0460.04 66.49 1.49 2.74 2.60 2.34
12Be 68.65 2.7560.11 2.6260.07 69.79 1.43 2.83 2.68 2.37
14Be 69.99 3.6860.26 3.3660.19 70.64 1.38 3.55 3.26 2.39
g
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1p3/2 level are, respectively,R2(1p3/2)515.06 fm2 and

R2(1p3/2)513.69 fm2. They are abnormally large as com
pared with the square of neutron rms radii in6He and8He. It
is concluded that there are two-neutron halos in6He and
four-neutron halos in8He. As compared with the SHF mode
with standard force parameters, the SHFDD model w
SKI4 has an isospin-dependent spin-orbit interaction.
can reproduce experimental data well with the SHFD
theory because the influence from the isospin degree of f
dom is included and the neutron-neutron correlation is ca
fully treated.

The numerical results of Li and Be isotopes are listed
Tables II and III, respectively. That the theoretical bindin
energy of 10Li is lower than that of9Li means that10Li is
unstable for one-neutron emission. This agrees with exp
mental facts.11Li can be considered as a9Li core plus two
halo neutrons@17#. The density distributions of Li isotope
have been also plotted in Fig. 3. It is seen from Fig. 3 that
neutron density distributions in7Li and 9Li are approxi-
mately the same. Neutrons in11Li have an extended distri-
bution up to 11 fm. The mean-square radius of neutrons
the 1p1/2 level is R̄

2(1p1/2)514.0 fm2 in the present calcu-
lation.

Because the last neutron orbit in13Be is unbound in our
calculations, we have not given the result of13Be in Table
III. It is well known that 13Be is unbound. The theoretica
binding energy of8Be is 10 MeV lower than the empirica
value since there exist alpha correlations or large deform
tions in 8Be. They are not included in the present calcu
tion. Because the binding energy of8Be is less than twice of
the binding energy of4He, 8Be is unstable to alpha emissio
and this agrees with experimental facts. It is seen from Ta
III that experimental data for14Be are reproduced so well in
the SHFDD model due to the use of a density-depend
pairing force. This is the first time that the neutron halo
14Be is reproduced within the SHF theory without any p
rameter fitting or introducing an artificial infinite well at
large radius. In order to illustrate this problem further,
Table IV, we have listed the results calculated by t
density-dependent pairing correlation, by the constant-
approach, by the constant-force approach and by a z
pairing force approach of neutrons for comparison. Case~a!
is the constant-gap approach withDt511.2/AA MeV where
the superscriptt5n (p) denotes the neutrons~protons! @12#.
Case ~b! is the constant-force approach withGP516.5/
(111Z) MeV for protons andGn513.5/(111N) MeV for
neutrons@14#. Case~c! is the result in which the neutron
-
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pairing force has been switched off and the proton pairin
force is treated as in case~a!. In all cases, the calculated
results are obtained with the SKI4 parameter set. We ha
seen from Table IV that the level of outer neutrons is u
bound in cases~a!, ~b!, and~c! and this shows that the SHF
model with ordinary pairing forces fails for14Be. The results
in cases~a!, ~b!, and ~c! are only used as an explanation in
our calculations for14Be because outer neutron levels ar
unbound. The SHFDD results of14Be agree well with ex-
perimental data not only for the binding energy but also f
the neutron and matter radii. As the single-particle energy
2s1/2 is negative in the SHFDD model, the level 2s1/2 is
bound for 14Be. Furthermore, the occupying weights in lev
els 1d5/2 and 1d3/2 are close to zero. It means the two oute
neutrons in14Be will occupy the level 2s1/2 and this agrees

FIG. 3. Density distribution of protons and neutrons for7Li,
9Li, and 11Li.
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TABLE IV. Numerical results for 14Be. B(expt)569.99 MeV @16#, Rn(expt)53.6860.38 fm,
Rm(expt)53.3660.19 fm @1#. The quantities in brackets are occupying weights of single-particle levels

SHFDD ~a! ~b! ~c!

B ~MeV! 70.64 72.27 68.03 68.99
Rm ~fm! 3.26 3.94 3.75 3.62
Rn ~fm! 3.55 4.42 4.18 4.00
Rp ~fm! 2.39 2.40 2.39 2.40
e(1s1/2)(p) -38.06~1.00! -36.02~0.99! -36.52~1.00! -36.45~0.99!
e(1p3/2)(p) -20.43~0.50! -19.48~0.48! -19.99~0.50! -19.90~0.48!
e(1p1/2)(p) -13.22(;0.0! -12.67~0.04! -13.01(;0.0! -12.87~0.04!
e(1s1/2)(n) -30.54~1.00! -28.49~1.00! -28.70~1.00! -28.40~1.00!
e(1p3/2)(n) -10.48~1.00! -10.01~0.98! -10.16~1.00! -10.19~1.00!
e(1p1/2)(n) -5.74~1.00! -5.40~0.92! -5.51~0.99! -5.55~1.00!
e(2s1/2)(n) -0.24~1.00! 0.12~0.38! 0.10~0.57! 0.10~1.00!
e(2d5/2)(n) 2.01(;0.0! 2.15~0.16! 2.12~0.10!
e(2d3/2)(n) 2.68(;0.0! 2.69~0.13! 2.68~0.07!
d
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en
with the recent results obtained with the density-depend
relativistic mean-field theory@18# and with a three-body
model @20#. It is worthy to analyse why the density-
dependent pairing force can reproduce experimental data
14Be very well. The reason is that the neutron-neutron co
relation is carefully considered in the present calculatio
The neutron-neutron correlation becomes more and more
portant in a low density range. The neutron-neutron corre
tion has an influence on the mean field of halo nucle
14Be so that the level 2s1/2 is bound. This also avoids the
unphysical occupation of neutron pairs in positive-energy o
bits and keeps the neutrons from escaping. This picture c
sists with that from the density-dependent relativistic me
field theory@18# and it shows that the mean-field is varyin
for halo nuclei@4,5,18#. In order to see the appearance of th
neutron halo for14Be in the SHFDD theory more clearly, we
also give the density distributions of protons and neutrons
10Be, 12Be, and14Be in Fig. 4. It is clearly seen that there
are neutron halos in14Be.

In order to see the effect of the modified spin-orbit inte
action in SKI4 clearly, let us compare the present resu
with those obtained with the other Skyrme-type parame
sets. We choose two Skyrme-type sets SKI2 and SKI3
comparison which are also given by Reinhardet al. @12#.
Among SKI2, SKI3, and SKI4, an important difference is th
spin-orbit interaction. The parameter set SKI2, which
similar to the standard Skyrme functional, has a spin-or
potential proportional to 2r1rq , whereq5p (n) denotes
protons~neutrons! @12#. For the parameter set SKI3,b4850,
the spin-orbit potential is proportional tor5rn1rp @12# and
this structure of spin-orbit potentials lies between SKI2 an
SKI4. The theoretical binding energies of He, Li, and B
nuclei with three sets of parameters, SKI2, SKI3, and SKI
are plotted in Fig. 5. In calculations, a density-depende
pairing correlation has been inputted. It is obvious that t
results obtained with SKI2 are more off experimental da
than those of SKI3 and SKI4, especially for nuclei far from
the line of stability. The result from SKI4 is the best one a
compared with experimental data. The theoretical results
14Be with SKI3 are not given in the figure as its last orbit i
unbound. Although SKI2 can give the result of14Be in Fig.
ent
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5, the binding energy of12Be is larger than that of14Be. It
means that14Be is unstable for two-neutron emission an
this does not agree with experiment facts. From Table V, w
can clearly see this again. It is concluded that SKI4 work
best among those parameter sets. In the set SKI4, the neu
spin-orbit potential is proportional torp and the proton one
is proportional torn . In this structure of spin-orbit poten-
tials, a neutron-proton interaction has been effectively tak

FIG. 4. Density distribution of protons and neutrons for10Be,
12Be, and14Be.
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into account for nuclei far from the line of stability and so
gives a correct picture for nuclei in this region.

Finally we have drawn theoretical and experimental ne
tron radii of Li and Be isotopes in Fig. 6. The numeric
results from the SHFDD theory with SKI4 agree with expe
mental data except for halo nucleus11Be. For 11Be, the spin
and parity of the ground state are 1/22 in our calculation.
The state 1/21 is an excited state of11Be and its single-

FIG. 5. Binding energy for He, Li, and Be isotopes wit
Skyrme-type parameter sets SKI2, SKI3, and SKI4.
it

u-
l
i-

particle energy is positive. The experimental ground state
11Be is 1/21. This disagreement between the theoretic
ground state and experimental one may be the cause why
model cannot reproduce a one-neutron halo in11Be. Al-
though we cannot give the experimental spin and parity f
the ground state of11Be, this does not have an influence o
the explanation of neutron halos in other nuclei@4,5,19,20#.
Bertschet al. @4,5# and Zhuet al. @19# have shown that one
can reproduce the neutron halo of11Li and 14Be well even if
the experimental ground state of11Be cannot be reproduced.
Thompson and Zhukov have also confirmed this very r
cently @20#.

In a word, the SHFDD results of He, Li, and Be isotope
agree well with experimental data on binding energies a
radii. It also succeeds in explaining neutron halos in nuc
6He, 8He, 11Li, and 14Be except that in11Be. The SHFDD
model can give reliable results for exotic light neutron-ric

h

FIG. 6. Comparison between experimental and theoretical ne
tron radii which is plotted with the mass numberA. The full circle
and full diamond symbols correspond to experimental values of
and Be, respectively. The hollow circle and hollow diamond sym
bols correspond to theoretical values of Li and Be, respectively. T
experimental data are taken from Liatardet al. @1#.
,
are
TABLE V. Numerical results for12Be and14Be calculated with Skyrme-type parameter sets SKI2, SKI3
and SKI4. The experimental values for Be nuclei are listed in Table III. The quantities in brackets
occupying weights of single-particle levels.

SKI2 SKI3 SKI4
12Be 14Be 12Be 14Be 12Be 14Be

B ~MeV! 72.94 72.23 70.80 68.96 69.79 70.64
Rm ~fm! 2.67 3.31 2.65 3.84 2.68 3.26
Rn ~fm! 2.81 3.62 2.77 4.28 2.83 3.55
Rp ~fm! 2.37 2.39 2.38 2.40 2.37 2.39
e(1s1/2)(n) -28.35 -28.56~1.00! -32.51 -32.61~1.00! -30.45 -30.54~1.00!
e(1p3/2)(n) -11.25 -11.98~1.00! -12.00 -12.26~1.00! -10.26 -10.48~1.00!
e(1p1/2)(n) -5.82 -6.64~0.99! -6.35 -6.63~1.00! -5.00 -5.74~1.00!
e(2s1/2)(n) -0.44~0.62! 0.08~1.00! -0.24~1.00!
e(2d5/2)(n) 0.72~0.13! 1.62(;0.0! 2.01(;0.0!
e(2d3/2)(n) 2.55~0.01! 2.09(;0.0! 2.68(;0.0!
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nuclei because the nucleon-nucleon correlations have
treated carefully and the isospin degree of freedom has
been included in the force parameters. To develop
present SHFDD model further and to incorporate the co
lations beyond the mean field such as proton-neutron co
lations and alpha correlations will be a future task.

IV. CONCLUSIONS

In this paper, we have successfully reproduced exp
mental binding energies and radii, and neutron halos in
clei 6He, 8He, 11Li, 14Be using the SHFDD model with
SKI4. The odd-even staggering of neutron separation e
een
lso
the
re-
rre-

ri-
u-

er-

gies in He isotopes has also been successfully obtained.
nucleus10He is unstable for two-neutron emission and10Li
is unstable for one-neutron emission. This also agrees w
experimental facts. The above success is due to followi
two facts: one is that the isospin degree of freedom has be
correctly included in the mean field; the other is that th
nucleon-nucleon correlation is carefully treated by introdu
ing a density-dependent pairing force as compared with t
standard SHF model with the constant-gap approach or w
the constant-force approach. In the future, it will be interes
ing to develop the present SHFDD model for deformed n
clei.
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