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Shell effects in nuclei about the stability line are investigated within the framework of the relativistic
Hartree-BogoliuboRHB) theory with self-consistent finite-range pairing. Using two-neutron separation en-
ergies of Ni and Sn isotopes, the role®f and w-meson couplings on the shell effects in nuclei is examined.

It is observed that the existing successful nuclear fotcagrangian parameter sgtsased upon the nonlinear
scalar coupling of ther meson exhibit shell effects which are stronger than suggested by the experimental
data. We have introduced nonlinear vector self-coupling ofitimeeson in the RHB theory. It is shown that the
inclusion of the vector self-coupling of the meson in addition to the nonlinear scalar coupling oféhmeson
provides a good agreement with the experimental data on shell effects in nuclei about the stability line. A
comparison of the shell effects in the RHB theory is made with the Hartree-Fock-Bogoliubov approach using
the Skyrme force SkP. It is shown that the oft-discussed shell quenching with SkP is not consistent with the
available experimental data.

PACS numbes): 21.60.Jz, 27.56-¢, 27.60+j

[. INTRODUCTION spect to nuclei near the stability line as well as for nuclei far
away from the stability lin¢3,5,6,13. The binding energies,
The relativistic mean-fieldRMF) theory[1] has proved charge radii, deformation properties, and isotope shifts are
to be successful in providing a framework for description ofsome of the properties which are described successfully in
various facets of nuclear propertig2—7]. In the RMF the RMF theory. The nonlinear scalar self-coupling of the
theory, the nuclear force is produced by a virtual exchange ofneson has been the most successful model of the RMF
various mesons. The nuclear saturation is achieved by a bakeory used so far. With the need to describe highly exotic
ance between an attractive and a repulsivew field. The nuclei far away from the stability line, where the particles
relativistic Lorentz covariance of the theory allows an intrin-couple to the continuum, relativistic Hartree-Bogoliubov
sic spin-orbit interaction based upon exchangeradnd w (RHB) theory with a self-consistent pairing has been devel-
mesons. This has been shown to be advantageous for propped[14]. It has been showfl5,1€ that the RHB theory
erties which depend upon spin-orbit potenfigl. An imme-  which uses the nonlinear scalar model provides a good de-
diate advantage of the proper spin-orbit potential has beescription of nuclei away from the stability line. However, the
the succesg8] of the RMF theory to be able to describe the level densities in the RMF or the RHB theory are perceived
anomalous kink in the isotope shifts of Pb nuclei. The iso-to be generally low, which lead to larger shell gaps. The
tope shifts of Pb have been measured with a high precisiolarge shell gaps imply that shell effects are stronger than in
using atomic beam laser spectroscdpyand are known to the experimental data. In the present work, we focus upon
show a pronounced kink about the magic numbher126.  the shell effects and investigate the role of various meson
The nonrelativistic approaches based upon the Skyrme armbuplings on the shell effects.
Gogny forces have been unable to reproduce this Kuek. The shell effects manifest strongly in nuclei with magic
It was shown[11] that this difference in the predictions of particle numbers. Such an effect is well known to exist ex-
the Skyrme model and the RMF theory is due to the isospiperimentally in many nuclei all over the periodic table,
dependence of the spin-orbit term. The Skyrme model aswhereby a stronger binding is exhibited by these nuclei as
sumes an isospin independent two-body spin-orbit force. Akompared to neighboring nuclei. Nuclei with a particle or
strong isospin dependence is, however, introduced herein kwo above a magic number show a significantly reduced
the exchange term. On the other hand, the isospin depeminding for the extraneous particles above the shell closure.
dence in the RMF theory is provided mainly by the couplingThe origin of shell closure has long been understpbd]
constantg,, of the p meson. However, as the strength of the due to spin-orbit coupling and to an ensuing splitting of lev-
spin-orbit term derives from a large sum of the absolute valels. The spin-orbit potential and a bunching of levels create
ues of the scalar and vector fields, thefield is rendered shell closuresmagic numberswhich are predicted correctly
much weaker in comparison. Consequently, the isospin désy most of the models. In the nonrelativistic density-
pendence of the spin-orbit potential in the RMF theory isdependent theory of the Skyrme ty[8], the spin-orbit in-
relatively weak. A weak isospin dependence of the spin-orbiteraction is added phenomenologically and its strength is ad-
potential in the RMF theory was also concluded from calcujusted to reproduce the spin-orbit splitting 1O. In the
lations employing asymmetric semi-infinite nuclear matterRMF theory, on the other hand, the spin-orbit interaction
[12]. arises naturally due to exchange @fand  mesons by the
The RMF theory has achieved significant success in reaucleons. The strength of the interaction is determined by the
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spin-orbit splitting in*®0 and other nuclei, which is uniquely orders in theo and w fields. Recently, a comprehensive
decided by the effective mass. This constrains an effectivétudy of the vector self-coupling and its effect on properties
massm* in the vicinity of ~0.60 in the RMF model§2]. of nuclei and nuclear matter has been undertdlgdh. An

The nature of the shell effects about the stability line isemphasis has been given to various facets of finite nuclei. It
well established through the experimental data available ot shown[31] that an inclusion of the vector self-coupling of
the binding energies and on one- and two-particle separatioffie @ meson gives an improved description of nuclei as com-
energies over a large region of the periodic table. The experared to the frequently used scalar self-coupling of ¢he
mental data encompass all the known magic numbers. Usingieson only. Two new forces NL-SV1 and NL-SV2 have
the experimental binding energies on two-neutron and twobeen propose[B1] with a view to improve the predictions of
proton separation energies have been plotted in[R6f.for ~ the ground-state properties of nuclei. We will employ these
nuclei all over the periodic table. An unambiguous kink ap-forces in the present work. Details of this study will be pro-
pears in the separation energies across all the major magiided elsewherg31].
numbers, demonstrating the existence of a major shell clo- In this paper, we discuss the details of the RHB theory
sure at these numbers. This also shows that the shell effediseceded by a short review of the RMF approach. The cal-
at most of the major magic numbers along the line of stabilculational details are provided in the section thereafter. The
ity are strong. main objective of this work is to investigate the shell effects

It is not clear how the magic numbers or the shell closure$n nuclei about the stability line using the vector self-
behave in going to extreme regions of the periodic table suckoupling of thew meson and compare the results with those
as near the drip lines. Experimental data about the neutrofiom the scalar self-coupling of the meson. We have taken
drip-line in the region of light nuclei are gradually emerging the isotopic chains of Ni and Sn nuclei for this purpose.
[20-24. As the neutron drip-line for medium-heavy and Experimental binding energies of these nuclei are available
heavy nuclei is predicted to lie very far awéyith abnor- ~ over a large range. This allows us to examine the shell ef-
mally large neutron excesgdsom the stability line, it is not ~ fects in nuclei in the known region using the various models.
expected that experimental data on such nuclei would beFhe shell effects about the magic neutron numbrs28,
come available in the near future. However, information on50, and 82 are explored. The RMIBCS results are com-
shell effects in such nuclei in the vicinity of drip lines are pared with those of the RHB theory. The results on binding
vital to understanding the-process nucleosynthesis of heavy energies and two-neutron separation energies are presented
nuclei[25]. and discussed in Sec. V. The single-particle levels with vari-

Shell effects near the drip lines have been a matter opus approaches are presented for a few nuclei, with a view to
intense debate in the last few years. Within the framework ofeinforce the results on the shell effects. The last section
the RMF theory, it was shown that shell effects abbut Summarizes the main conclusions.
=82 in the vicinity of the neutron drip-line remain strong
[26]. These conclusions were based upon the RMF theory  !l- THE RELATIVISTIC MEAN-FIELD THEORY
with the nonlinear scalar potential of tlke meson. On the
other hand, on the basis of the Hartree-Fock-Bogoliubov aps
proach with the Skyrme interaction SkP, it was contende

that the shell effects &=82 in the vicinity of the neutron ;|51 meson, the isovector vectas meson, and the is-

drip-line show a strong quenchjrﬁ@?]. However, in the ab'— . ovector vectolp meson. The Lagrangian density is given by
sence of any data in this region in forseeable future, it is

difficult to ascertain whether the shell effects near the drip  — | 1 1

line remain strong or are quenched. Therefore, this debate=¥(10=M)y+5d,00"c=U(o) = 7, Q"
needs to look into other observables or evidence which might
support or refute either contention. In this paper, we begin 1, u 1 2 1 v 1, "
with our investigations of shell effects first along the stability T3 Mo@u®*“+ 70a(@,0")"= 7R, R +5mp,p
line where experimental data is available. Having found the

basis, it could then be extended to predict behavior of the

The RMF approacht] is based upon the Lagrangian den-
ity which consists of fields due to the various mesons inter-
cting with the nucleons. The mesons include the isoscalar

shell effects at the drip lines. With this in mind, we include ZFWFW_gﬂw‘"ﬂ_gw'M”p_ 9pUbTh— YRy,
the nonlinear vector self-coupling of the meson in the 1
Lagrangian of the RMF theory. 2)

The nonlinear vector self-coupling of the meson was The bold-faced letters indicate the vector quantities. Hiére
introduced by Bodmej28] and properties of nuclear matter m_, m,, and m, denote the nucleon-, the-, the -, and
were discussed on adding a quartic term in theneson the p-meson masses, respectively, whilg, g,,, g,, and
potential. The vector self-coupling to the properties of finitee?/47=1/137 are the corresponding coupling constants for
nuclei was applied in Ref29]. It was noticed 28] that the  the mesons and the photon, respectively.

inclusion of the vector self-coupling of the meson in ad- The o meson is assumed to move in a scalar potential of
dition to the nonlinear scalar self-coupling of tbemeson  the form

has the effect of softening the high-density equation of state . 1 1
(EOS of the nuclear matter. The EOS of nuclear matter has _T,2 2,7 3, T 4
been investigatefi30] by taking expansion terms of higher U(a) ZmUU +392U * 4930 ' @
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This was introduced by Boguta and Bodnmag] in order to {—A+m2lag(r)=g,p,(r)+gswi(r),

make a substantial improvement in the surface properties of

finite nuclei. This ansatz for the potential has since become {—A+ mi}ﬁo(f) =g,p3(r),

a standard and necessary ingredient for description of the

properties of finite nuclei. Recently, several variations of the —AA(r)=ep.(r). (8)

nonlinearos and w fields have been propos¢83]. The new
proposals for the form of the Lagrangian need to be investi- For the case of an even-even nucleus with time-reversal
gated with a view to constrain the form in compliance with Symmetry, the spatial components of the vector fiedalsps,
the properties of nuclear matter and finite nuclei. and A vanish. For the mean field, the nucleon spinors pro-
Here we have incorporated the nonlinear vector selfvide the corresponding source terms:
coupling of thew meson, in addition to the nonlinear scalar
potential of Eq.(2). The coupling constant for the nonlinear
w term is denoted by, in the Lagrangiar(1). The vector
self-coupling of thew meson was first proposed in Rg28]
where properties of nuclear matter associated with this po- A
tential were also discussed. However, the coupling constant pv=_2 AN
of the new ansatz can be constrained appropriately only =1
within the framework of finite nuclei. One such attempt was . N 9
made in Ref[29] where parameter sets TM1 and TM2 were =S e - S gt
obtained. We have now performed a comprehensive investi- P3 p=1 Vo ¥ e} Un ¥n,
gation of the properties of nuclear matter and finite nuclei
associated with the vector self-couplif@f]. Z
The field tensors of the vector mesons and of the electro- pe= Z w; by,
magnetic field take the following form: p=1

A —
pS:izl lr/,ilyljir

QY= gle?— g ok, where the sums are taken over the valence nucleons only.
Consequently, the ground state of a nucleus is obtained by

RV = gHp* — 9" p*, (3)  solving the coupled system of the Dirac and Klein-Gordon
equations self-consistently. The solution of the Dirac equa-

FAv= grA” — gV AH. tion is achieved by using the method of oscillator expansion

[3]. In the RMF approach, the pairing is included within the
The mean-field approximation constitutes the lowest ordeBCS scheme, where the pairing gaps are calculated from the
of the quantum field theory. Herein, the nucleons are asexperimental masses of neighboring nuclei.
sumed to move independently in the meson fields. The latter
are replaced by their classical expectation values. The . THE RELATIVISTIC HARTREE-BOGOLIUBOV
ground state of the nucleus is described by a Slater determi- THEORY
nant|®) of single-particle spinorg; (i=1,2,...A). The
stationary state solutiong; are obtained from the coupled  Nuclei which are known to show strong pairing correla-
system of Dirac and Klein-Gordon equations. The variationafions can be treated appropriately within the framework of

principle leads to the Dirac equation: the RHB approach. This is especially important when the

pairing correlations in the middle of a shell become impor-

{=iaV+V(r)+B[m* |} &= €, (4)  tant. However, the pairing correlations for nuclei two neu-
trons less or more than a magic number can be expected to

whereV(r) represents theector potential: be similar in the RHB and the BCS approach. This is due to
1—nr the reason that the pairing correlations in such nuclei are

_ '3 reduced to a minimal level.
V(N =0,00(1)+9,7apo(r) Fe=75=A(r), (5 The RHB approach becomes more important while deal-

] ) ing with nuclei far away from the stability line and in par-
and S(r) is the scalar potential ticular for nuclei in the vicinity of the drip lines, whereby the
Fermi level is usually very near the continuum. The coupling

S(N=g,0(r), ©) between the bound states and the states in the continuum is

which defines the effective mass as taken into account in the RHB theory. Thus, the RHB is a
preferred scheme over the BCS in such cases. This seems to
m* (r)=m-+S(r). (7) be necessary because we consider Ni nuclei also about and

aboveN=50, which are already far away from the stability
The Klein-Gordon equations for the meson fields are timedine. Moreover, the Sn isotopes being open-shell nuclei are
independent inhomogeneous equations with the nucleon dekRnown to exhibit strong pairing correlations. Thus, we em-

sities as sources: ploy the RHB theory as being the most suitable one for the
purpose.
{=A+mZta(r)=—0,ps(r) —g202(r) —gz0(r), Analogous to the Hartree-Fock-Bogoliub@4FB) theory
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is the pairing tensor.

The system of the Dirac-Hartree-Bogoliubov equations
?10)—(17) is solved self-consistently. The eigensolutions of
Hwe RHB equationg10) form a set of orthonormal single
quasiparticle states and the corresponding eigenvalues are

[34], the RHB theory contains the self-consistent fiéld
which represents the particle-hole correlations, and a pairin

field A which includes all particle-particle correlations. For
the self-consistent mean field, the RHB equations are give

by the single quasiparticle energies. The basis of the quasiparti-
Lo 2 cles is then transformed into the canonical basis of the

o rAn A A A Uk(r)) = Ek( Uk(r)), single-particle states. This basis determines the single-
—A* —hp+m+x/\ V() Vi(r) particle energies and occupation probabilities corresponding

(10 to the ground state of a nucleus.

R It was realized earlier that using the standard parameter
wherehp is the single-nucleon Dirac Hamiltonian andis  sets of the RMF theory for the pairing, one obtains highly
the nucleon massJ, andV, are the two Dirac spinors anki ~ unrealistic pairing correlation35]. Due to this reason, a
represents the pairing field. These equations are solved sefompletely microscopic derivation of a pairing interaction
Consistenﬂy’ Whereby the potentia]s are obtained in thérom the first principles has not been feasible so far. Instead,

mean-field approximation from the Klein-Gordon equationsthe finite-range pairing force of the Gogny-type is used in the

(8).

p-p channel as suggested in REL4]. The pairing interac-

The corresponding source terms in the Klein-Gordontion is approximated by a two-body finite range force of the
equations are sums of bilinear products of baryon amplitude$0ogny type,

ps(r)= 2 V) ¥OVi(n), (11)
E,>0

puo(N)= 2 VErV(r), (12)
E.>0

pa(r)= 2, VE(r)7aVi(r), (13)
E,>0

t 1_7'3
perdT)= 2 V(N —5—Vi(n), (14
E,>0

VPP(1,2)= >, e (ri-r2)/u)?

i=1,2

X(W;+B;P’—H;P"™—M;PP7), (18

with parameterg:;, W,, B;, H;, andM,; (i=1,2). We use
the parameter set D186] for the pairing force. The Gogny
force is a sum of two Gaussians with finite range. It has been
shown [36] that the Gogny force is able to represent the
pairing properties of a large number of finite nuclei including
the Sn and Pb isotopes.

IV. DETAILS OF THE CALCULATIONS

where the sums are taken over all positive energy states. For

M degrees of freedom, one chooses bh@ositive eigenval-

We have performed the RMPBCS and RHB calcula-

ueskE, for the solution that corresponds to a ground state ofions for Ni and Sn nuclei with a spherical symmetry. For
a nucleus with an even particle number. The negative energyoth the RMFBCS and RHB calculations, the wave func-
solutions are ignored as it is forbidden to occupy the leveldions are expanded into the oscillator basis. The number of

E, and — E, simultaneously.

The integral operatozfs in Eq. (10) acts on the wave func-
tion V(r):

(Avo(r):; Jd3r'Aab<r,r')vbk<r'). (15)

For the pairing field, the kernel of the integral operator is
given by

Agp(r,r) == 2 Vaped T, ) keq(F,r'),

c,d

(16)

N| =

wherea, b, ¢, d denote all quantum numbers, except the
coordinater, that specify the single-nucleon states. Here,

Kked(F, )= 2 UZ(NVar')

Ex>0

17

shells taken into account is 20 for the fermionic as well as
bosonic wave functions.

In this study, we have used the forces NL-SH and NL3 for
the Lagrangian with the nonlinear scalar self-coupling. In a
large number of studies it has been shown that the force
NL-SH [5] is able to provide a very good description of the
ground-state properties of nuclei all over the periodic table.
It has been found to be especially useful for exotic nuclei
near drip lines. Recently, the force NIL37] has been pro-
posed with a view to modify the compression modulus of
nuclear matter. Studies have sho{@8] that the force NL3
describes the ground-state properties of nuclei as well as
NL-SH and that the NL3 results are found to be very similar
to the NL-SH ones.

We have also used the forces NL-SV1 and NL-932]

. for the Lagrangian with the scalar and vector self-coupling.
Vaped(r,r’) denotes matrix elements of a general two-body. grang ping

pairing interaction, and The most important point in the development of the forces

NL-SV1 and NL-SV2 is to soften the equation of state
(EQOS for the nuclear matter as compared to that with the
scalar self-coupling only and to improve the description of

the ground-state properties of nuclei vis-a-vis the forces with
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TABLE |. The Lagrangian parameters of the forces with the 8 T T T
nonlinear scalar self-coupling NL-SH, NL3, and the forces with the __, | @ ]
scalar-vector self-coupling NL-SV1, NL-SV2, and TM1 used in the E m
calculations. "% 0
[a1]
NL-SH NL3 NL-SV1 NL-SV2 ™1 nlf “t g“tés” ]
-8 L L L
M 939.0 939.0 939.0 939.0 938.0 %0 ® 7 80
m, 526.05921 508.1941 510.03488 519.81202 511.198 8 ' :
m,, 783.0 782.5010 783.0 783.0 783.0 )
m, 763.0 763.0 763.0 763.0 770.0 s 4r M\‘
Jds 10.44355 10.2169  10.12479 10.32001 10.0289 Eﬁ 0
g, 129451  12.8675 1272661 12.88233 12.6139 « I S ooy
g, 4.38281 44744 449197 450144 46322 o o ONLD
g, —6.90992 —10.4307 —9.24058 —6.86061 —7.2325 - %0 2o 30
gz —15.83373 —28.8851 —15.388 0.36754 0.6183 A
04 0.0 0.0 41.01023 72.38965 71.30750

FIG. 1. Binding energy of Ni isotopes with respect to the ex-
perimental values, ifa) the RMF approach with BCS pairing and
{b) the RHB approach with self-consistent finite-range pairing, us-
ing the forces NL-SH and NL3 with the nonlinear scalar self-
coupling of e meson.

the scalar self-coupling. We have also used the force TM
[29] for a comparative view of the resulfsee Table)l

V. RESULTS AND DISCUSSION [Fig. 1(b)]. For the BCS calculations, the proton numier
: . . =28 is assumed to be a closed shell and hence the proton
We have chosen the chain of Ni and Sn isotopes for th%airing gap is taken to be zero. The neutron pairing gap is

present study. The Ni isotopes are known to be spherical i - . N - g
the neighborhood of the stability line and this trend continuesoilr?: éatﬁl? Cresimg;Cvee\?éfe%':]?Qéalrnb;g?clngu?;r%\'ﬁz :f2r81e|gh

well up to the neutron shell closuié=50. The Ni isotopes _ . ;
are favorable for the study of shell effects, as the shells i n(.jl.':e ?:éutlrt]se %el;ﬁgonagagkngwg?ﬁ altst:]aekegl\;%téecée;c;_
these nuclei are spread broadly. The large shells gaps a ffoach reproduces the binding energies of the most of the Ni

conducive to exploring the shell effects. The effects due t.sotopes well. Only for a few nuclei abolt=62 (N=34),

the large shell gaps appear more prominently in the EXPele RMF theory underestimates the binding energy by about

mental observables such as two-neutron separation energies. :

o e =4 MeV (~0.5%). A comparison of the results of NL-SH
;l\-/\r/]cl)s-r:;;et)r(grrpzl(laﬂzcrla?i}ér? Isrrmge? valuefg: ?r?gurtmjczle'\gsef}éNoif the and NL3 s(hows th)at the binrt)jing energies with NL3 are simi-
With the additi P f . fgg?nt’ to forfiNi. th ' lar to those of NL-SH and that both the forces show a similar

II Ea ||0dn 0 atpatljr 0 neuei?gzsw? \(;r. trl{ 882“. pattern of behavior. The binding energies with NL-SH are
vajue Shows a dramatic decreas €V In Ine expert- slightly better than those with NL3, especially in the region

mental value. This large difference 8, values of the Ni —50-60
isotopes should serve as a good test-bench to examine t € The RHB results with the forces NL-SH and NL3 are
shell effects. hown in Fig. 1b). It can be seen that the RHB approach

For heavier mass nuclei such as Sn isotopes, the Shek%ith the self-consistent pairing produces results which are
become cor_n-p_ressed and consequentShevalues show a very similar to those with the RMFBCS ones. The whole
Iesser sensitivity to the shell effects. .In the present case, Wﬁattern of the BCS RMF results is reproduced by the RHB,
examine .the.shell effe_cts in Sn nucleitdt- 8.2' The experi- with both the forces NL-SH and NL3. Moreover, the RHB
q;fgtal bmg(';gg energies of the 'neutron—r'|ch nudé?Sn, results show an improved agreement for nuclei in the region
“sn, and**Sn are ava|lable._Th|s makes_lt possible to look y _ g5 A comparison of the results with NL-SH and NL3
into the shell effects aN==82 in Sn nuclei away from the  gp,q\\s that both the results are very similar to each other. For
stability line. the regionA=70-78, both the forces overestimate the ex-

perimental binding energies slightly in the RHB approach.
A. Ni Isotopes With the nonlinear vector self-coupling of the meson,
we have used the forces NL-SV1 and NL-S\&4]. We have
also included the force TM[29]. The binding energy differ-

We show the binding energies of the Ni isotopes with theence B;,— Bexp is shown for the RMR-BCS [Fig. 2(a)]
forces in the nonlinear scalar coupling of themeson. The and the RHB approacfFig. 2(b)] for the three forces. For
binding energies®y,) of the Ni isotopes as compared to the the BCS pairing we have used the experimental pairing gaps
experimental valuesBe,,) [39] are shown in Fig. 1. The obtained from the masses of neighboring nuclei as men-
results of the RMF theoryFig. 1(a)] with the BCS pairing tioned above. The resulf§ig. 2(a)] show that the behavior
are compared to those with relativistic Hartree-Bogoliubovof the binding energies with the forces with the scalar-vector
(RHB) approach using the self-consistent finite-range pairingelf-coupling is similar to those with the scalar self-coupling

1. Binding energies
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8 — y T 40 — T T T
@ NL-SH (@
S 4r Lo
(" - 30 | ]
\E./ 0 fatae
4 — =
a D] NL-SV1 [ p
nlf 4T e—eNL-sv2 220
O--0TM1 U)é
s Ll , , .
50 60 70 80 0f o ";Sﬁ;*BCS ]
A -
—@ expt Vs
8 y . . . .
(b) RHB L} L} L} L}
i i ] b
s 4 . Lo s . e NL3 (b)
= 0 H/Q/{j- LU T 30 | E
$ -~ =2 =
@ O~—0 NL-8V1 3
o 4 [ e—ensw ] 2L ]
O==OTMI1 =
Y N N s
50 60 70 80 ®
A 10 | ©——ORMF+BCS p
¥--< RHB ~
. . . W et VT
FIG. 2. The same as in Fig. 1, with the forces NL-SV1, NL- —eoxpt Y]
SV2, and TM1 with the nonlinear scalar-vector self-coupling. ° = 60 70 80

only, except for a few minor differences. The_ region about £ 3 The two-neutron separation enef§y, of Ni isotopes
A=60 shows some deviations from the experimental value§ysjng the forces with the nonlinear scalar self-coupliagNL-SH
However, the degree of agreement with the experimentaingp) NL3. A comparison of the RMFBCS and RHB values is
data varies with the forces. The force TM1 underestimateshade with the experimental data.

the binding energies by about 4 MeV for several nuclei in the

region A=54-62. The force NL-SV1 shows an improve- . -
ment in the predictions of energies of these nuclei over thosiNPlies thatSy, values for nuclei with two-neutron numbers

of TM1. In comparison, the force NL-SV?2 provides the bestabPove a magic numbgr exhibit a _dramauc decrease as com-
description of the binding energies, where the deviationg@'€d t0 @ nucleus with the magic number or nuclei below

from the experimental energies are reduced considerably. F§f€ magic number. This sudden decrease inShevalues
the heavier Ni isotopes with=68—78, the results of NL- signifies a shell gap above the magic number and thus re-

SV1 and NL-SV2 are very similar, whereas for TM1 devia- flects the role played by the ensuing shell effects. The mag-

tions from the experimental energies start increasingh at Nitude of a shell gap does also show a significant dependence
—74 on mass number of a nucleus. It is thus expected that the

shell effects vary strongly depending upon the part of the
Bperiodic table one is considering.
Figure 3 shows the results obtained with the forces with
the nonlinear scalar self-coupling NL-SHFig. 3(@)] and
L3 [Fig. 3b)]. The results for the RMFBCS and the
HB are compared with the experimen), values(solid

We have incorporated the vector self-coupling of the
meson in the RHB approach for the first time. The RH
results[Fig. 2(b)] with the forces with the scalar-vector self-
coupling show a high degree of similarity with the corre-
sponding BCS results, as seen also for the nonlinear scal
coupling. Only a slight improvement is noticed in the RHB " ; ,
predictions. With the force NL-SV2 the deviations from the Circles- A staggeringly high value of-35.0 MeV for the
experimental binding energies are improved slightly in thetW0-neutron separation energy for the nuclédii can be
RHB over the BCS for the regioA=52-64. For the heavier S€€N- It decreﬁasgs smoothly to 30.8 MeV for the doubly
isotopes, RHB shows marginally higher deviations than inf"2d!C nucleus®Ni. However, on adding two-neutrons to the
the BCS with NL-SV2. The trend of the binding energies asMaJ!C Ccore, theS;,, value shows a dramatic decrease to 22.5
a function of the mass number is smoothened in the RHB. MV for *Ni. This difference in thes,, values is a clear

The RMF+BCS and RHB results of Figs. 1 and 2 dem- Measure of the shell gap at the magic number. Inevitably, the
onstrate that the BCS results are able to mock the RHB redownward kink aiN=28 provides a sensitive observable for
sults provided experimental pairing gaps are used. Secon@" investigation of the shell effects in nuclei. T_herefore, we
the scalar-vector self-coupling force NL-SV2 provides a de-focus upon the two-neutron separation energies to analyze
scription of the binding energies which is considerably im-the characteristics of the shell effects.

proved over that with the nonlinear scalar self-coupling only. A comparison of the BCS results with the RHB in Fig. 3
shows that except for a few minor differences, the two ap-

proaches provide results which are very close to each other
for most of the isotopic chain. This is also the case in the
The two-neutron separation energies have been tabulatecktremely neutron-rich region. Essentially, these results mir-
and plotted 19] over the whole periodic table using the ex- ror the accord in the binding energies in the two approaches
perimental masses of nuclei. The salient feature in the curvess shown in Fig. 1. This implies that the experimental pairing
of S,, values in Ref[19] is a kink which can be observed gaps used in the BCS approach are adequately represented
conspicuously about all the major magic numbers. A kinkby the self-consistent Gogny pairing in the RHB approach.

2. Two-neutron separation energies
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FIG. 4. TheS,, values for Ni isotopes in thée) RMF+BCS FIG. 5. TheS,, values for Ni isotopes in thée) RMF+BCS

and (b) RHB approaches. Within each approach, a comparison oéind (b) RHB approaches with the forces with the nonlinear scalar
the results of the forces NL-SH and NL3 is made with the experi-and vector self-coupling. A comparison of the results of the forces
mental data. NL-SV2 and TM1 is made with the experimental data.

For a comparative look at the various predictioSs, fects far away from the stability line is severely constrained.
values for RMF-BCS are shown in Fig.(4) and for RHB in  |n this context, the nucleu®Ni constitutes one such nucleus
Fig. 4(b). A striking similarity is observed in the results of which has the potential to expose shell effects in reaching
Figs. 4a) and Fig. 4b). It arises naturally due to the simi- out to the neutron drip line. A measurement of the mass of
larity in the predictions of the binding energies with RMF the nucleus®Ni would undoubtedly shed light on how the
+BCS and RHB as already observed in Fig. 1. There areshell effects behave far away from the stability line. Here, we
however, two differences in the RHB results as compared t@rovide our predictions only on this account.
the BCS ones. First, the inclusion of the self-consistent pair- Due to the uncertainties of pairing and coupling of states
ing in RHB increases the kink &t=28 slightly. Second, the to the continuum, the BCS results are not expected to be
RHB results show an improved agreement with the experifully realistic in this region. The RHB approach is the most
mental data in the regioA=64-70 as compared to the BCS appropriate one for the highly exotic Ni nuclei. The presence
results. of a kink in the RHB result§Fig. 4(b)] at N=50 signifies the

The RHB results employ the self-consistent pairing andexistence of shell effects which are still strong far away from
ought to be considered as more realistic than BCS. Therahe stability line. Comparatively, the shell effects with
fore, we focus our attention primarily upon the RHB results.NL-SH are slightly stronger than with NL3 in the extreme
As observed for the binding energies in Fig. 1, 8g values  region. We will also compare the shell effects in the RHB
with RHB for NL-SH and NL3 are also close to each other.approach to those in the Hartree-Fock-Bogoliulid#B) ap-

As far as the experimental data is concerned, the RHB is ablgroach with the Skyrme force SkP in the latter part of this
to describe thes,, data on the lighter A=52-56 Ni iso-  paper.

topes very well. However, for nuclei just above the magic The results on two-neutron separation energy for the
numberN=28, i.e., for *®Ni and ®°Ni, the RHB values are model with the scalar-vector self-coupling are presented in
lower than the experimental values by about 2—2.5 MeV Fig. 5. Here we show the results with the forces NL-SV2 and
This implies that the shell gap @&=28 is higher in the TM1. The upper panelFig. 5a)] displays theS,, values
theory than indicated by the experimental data. Thus, thevith the BCS pairing. A comparison of the BCS results with
RMF theory with the nonlinear scalar coupling shows shellthe RHB resultdFig. 5b)] in the region of experimentally
effects which are stronger than suggested by the experimeknown nuclei shows that the two approaches give results
tal data. which are remarkably similar, provided the experimental

It can be seen from Fig.(B) that for nuclei heavier than pairing gaps are used in the BCS calculations.
®2Ni, the S,,, values for NL-SH are closer to the experimen-  Again, we focus upon the RHB results due to the self-
tal data than the NL3 values. TI®, values for nuclei with  consistency of the pairing. The results with NL-SV2 show a
A=70-78 are reproduced successfully both by NL-SH andjood agreement with the experimental data for most of the
NL3. It may be noted that the empirical data 8g, exist  isotopic chain. For the region beloW= 28, theS,, values
only up to "®Ni. The mass of the nucled®Ni is not known  with NL-SV2 are closer to the experimental data than those
experimentally. Therefore, our knowledge about the shell efwith TM1. The relative difference in thg,,, values of nuclei
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diminished considerably. This aspect of SkP will become
obvious in the following where we compare single-particle
levels from various approaches.

The two-neutron separation energies across Nie50
shell closure are shown in Fig(l§. The experimental data
on S,, is available only up ttA=78 (N=50) as shown by

> >
2 2 the solid circles. How the shell effects behave alget50
S5 o in the region very far away from the stability line is still an
i open question. We will show elsewhel44] that the very
ol fe_vv experimental data availabl_e fd_M=50 are consistent
N ave ey oo gy o= with strong shell effects. Determination of the nature of shell
oS hee) et effects for waiting-point nuclei in the vicinity dll=50 are
15 . . . o L . . . . crucial to understanding theprocess nucleosynthesis in the
% o e [AEAAT neighborhood ofA=80. A future measurement of mass of

the nucleus™Ni would help resolve this issue. In the present

FIG. 6. A comparison of the two-neutron separation en&gy  work, we make our predictions on the basis of the extrapo-
of Ni isotopes using the force NL-SH with the scalar self-coupling |ation from the region of stability. A comparison of I8,
and using the force NL-SV2 with the scalar-vector self-coupling iny,5jyes for 78Ni (N=50) and®Ni for the forces NL-SH and
RHB. The results are shown in the region of closed_ neutrqn &ell  NL-SV2 show that the shell gap &=50 is larger for
N=28 (A=56) and(b) N=50 (A=78). A comparison with the ' _SH than for NL-SV2. This situation is very similar to
that we have seen in the known regionNbf 28. Thus, also
at N=50 the shell effects with NL-SH are stronger than NL-
SV2. Taking into account a good agreement of NL-SV2 re-
%0Ni and %®Ni with TM1 is less than the experimental data, sults with the experimental data abdut 28, we predict that
whereas it is closer to the experimental difference for theat N=50 the shell effects still remain strong. This is in ac-
force NL-SV2. In the regiorA=62-68, where deviations cordance with a general perception that the magic number
from the experimental data are most notable, the NL-SVIN=50 constitutes a strong shell closure. This feature is thus
results are closer to the experimental data than TM1. This ipredicted to persist also far away from the stability line.
due to a better degree of agreement with the experimentdlhese results are contrasted shafffig. 6(b)] with the re-
binding energies obtained by using the vector self-couplingults of the HFB with the Skyrme force SkP which predicts a
force NL-SV2 as shown in Fig. 2. smooth decrease in tt#®, values across the magic number
N=50. The strong quenching of the shell effects\at 50
with SKP as seen here is consistent with the similar quench-
ing shown by this force also &=28[see Fig. 6a)].

the Skyrme force SkP are also shown for comparigts).

3. Shell effects

We compare in Fig. 6 th&,,, values obtained with the
scalar-self couplingNL-SH) to those with the scalar-vector
self-coupling(NL-SV2). In Fig. 6a) the S,, values across
the shell closur& =28 are presented. A comparison with the  Differences in the shell effects in various approaches are
experimental data aboli=28 shows that the force NL-SH exhibited succinctly in the single-particle spectrum as shown
gives shell effects which are stronger than suggested by the Fig. 7. The neutron single-particle spectra for the nucleus
empirical data. The relative difference between &g val- %8Ni are displayed for the forces NL-SH and NL-SV2 and a
ues of **Ni and *®Ni is 11.1 MeV with NL-SH and 9.2 MeV  comparison is made with SkP. The force NL-SV2 with the
with NL-SV2. The difference in theS,,, values of nuclei scalar-vector self-coupling shows a decrease in the shell gap
about a shell closure is an indicator of the shell gap at thet N=28 as compared to NL-SH indicating again that the
magic number. The results show that the shell gagNat shell effects with NL-SV2 are softer. This is is conformity
=28 is reduced considerably with the scalar-vector selfwith the corresponding,, values in Fig. 6a).
coupling (NL-SV2) as compared to the scalar coupling. In  The single-particle spectrum with SkP in Fig. 7 reveals a
comparison, the experimental difference amounts to aboutriking difference with that of NL-SH and NL-SV2. The
8.4 MeV. Thus, the shell gap a&t=28 with NL-SV2 is very  levels with SkP are compressed significantly as compared to
close to the experimental one. NL-SH and NL-SV2. The mean-field potential with SkP ap-

Shell effects with the Hartree-Fock-Bogoliubov approachpears to be much shallower than the corresponding one in the
using the Skyrme force SkP have been discussed often in tHeMF theory. The most important difference about the shell
literature [40—42. In order to clarify the situation, we in- effects is that with SkP the shell gap Ht=28 is reduced
clude theS,, values[43] obtained in the HFB approach with significantly. This is the reason that a strong quenching of
the force SKP in Fig. @). It is seen clearly that the SkP the shell effects is exhibited by SkP &t 28.
values cross the shell closuxe=28 (A=56) smoothly. This With a view to illustrate the shell effects &=50, the
has the unambiguous implication thaintraryto the experi-  single-particle levels for the nucledNi are shown in Fig. 8
mental observation, the shell effects with SkP are quenchefibr NL-SH, NL-SV2, and SKP. The shell gap ld&=50 with
strongly atN= 28 and consequently the shell gapg\at 28 is  NL-SV2 is reduced as compared to that with NL-SH. This

4. Single-particle levels
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. . SkP. A comparison is made with the experimental data available.
FIG. 7. The neutron single-particle spectrum for the nucleus

58Ni calculated in the canonical basis in RHB with the forces . .
NL-SH and NL-SV2. A reduction in the shell gapMt= 28 with the of 2 smaller than the corresponding one with NL-SV2.

force NL-SV2 can be seen, as compared to NL-SH. The Corre]'herefore, with SkP the shell closufé=50 is quenched

sponding spectrum for SkP shows a drastic reduction inNhe Strongly. This is consistent with the smooth decreasg,qf
=28 shell gap. values with SkP acrodd=50 [see Fig. &)].

The strikingly different single-particle scheme with SkP
reduction in shell gap is similar to that also observedMor M2y be attributed to the effective mass =1 assumed for
=28 with NL-SV2 in Fig. 7. Thus, the behavior of the this f(_)rce. The_effectlve mass has an important mfluence_ on

the single-particle structure of nuclei. The quantities which
lend their influence to a single-particle scheme are the effec-
tive mass and the compressibility of nuclear matter. The lat-
the experimental data. ter is intricately connected to the saturation density through

The single-particle spectrum f&PNi with SkP in Fig. 8 is tEe pro;;]ert(;es of figite nudclei.SIT(ecentIy, it hashbehen shh(n/vr:c
strikingly different than that for NL-SH and NL-SV2. The that in the density-cependent Skyrme approach, the shell ei-

levels with SkP are compressed significantly as compared tBeCtS show a significant dependence on the compressibility of
NL-SH and NL-SV2. This feature is very similar to that nuclear mattef45s]. . -
portrayed in Fig. 7. In fact, such a feature seems to be a In Fig. 9 we examine predictions on the shell effects from

generic one for SkP. The single-particle spectrum for Skp/arous mass models. Ti®, values are shown for the mass

_ ; : formulas the finite-range droplet mod&RDM) [46] and the
shows that the shell gap Bit="50 with SKkP is about a factor extended Thomas-Fermi with Strutinsky integ(ETF-S)

[47]. The FRDM data aboul=28 [Fig. 9a)] are in close

single-particle levels foP®Ni and 8Ni and the reduced shell
gaps alN=28 andN =50 serve to illustrate the point that the
slightly softer shell effects with NL-SV2 are consistent with

*Ni: Neutron Single—particle Levels ] agreement with the experimental data, showing that the shell
effects aboutN=28 are represented adequately in the
op _NSH NL-Sv2 SkP ] FRDM. On the other hand, in the ETF-SI which is based
[ 50 1942 50 9 — 50— ] upon the Skyrme ansatz, the shell effects are weakened sig-
o b —— B éé’? —. nificantly atN.:'28. A comparisqn of the ETF-SI data with
- 1hye ” 1, + ] the SkP predictions shows that in both cases, the shell effects
ok 1, — [ — ] are quenched strongly. _It may be recalled that in the ETF-SI
3 [ 2 28, — 1 — s approach, shell corrections to a smooth component of the
§ i 0, — :g;; — energy-functional are added using the Strutinsky method.
0 ] 1% ; ] Thus, the nature of the shell corrections as obtained in this
i 8 8 ] approach is crucial to deciding the strength of the shell ef-
-40 | P ]
! 1o, ] fects.
At N=50 [Fig. 9b)] predictions of the ETF-SI for the
=or 1s,, ] shell effects are, however, in stark contrast to those of SkP.
i ] While SkP predicts a washing out of the shell effectdNat
-sor ] =50 as discussed above, the ETF-SI, on the other hand,

shows shell effects which are stronght=50. This differ-
FIG. 8. The same as Fig. 7, for the nucléiisli. The shellgap  ence between ETF-SI and SkPNt=50 is not easy to un-

atN=50 with the force SkP is significantly reduced as compared taderstand notwithstanding the similar quenchingNat 28 in

that with NL-SH and NL-SV2. both the approaches. The strength of the shell effects with
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SkP derives from the high value of the effective mass. This & - - o NLoH
tends to reduce shell gaps at most of the magic numbers. O 0--ONL3

the other hand, shell effects in ETF-SI stem from as to hows ‘1 o _o-a

the shell effects are evaluated in different regions. Shell cor-2 o A ."j M Pl
rections in the ETF-SI based upon the experimental data irmf% N ) <
the region maintain a strong shell closureNat 50. A point

of comparison, however, may be made here that the magni
tude of the shell gap as reflected by tBg, values atN -8
=50 in ETF-SI is similar to that projected by the force NL-
SV2. The FRDM results, however, show shell effects which g — . . .
are stronger than those predicted by both ETF-SI and NL- o_enLsH
SV2.

~
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B. Sn isotopes
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[
The Sn isotopes provide a very long chain where the ex-« [
perimental masses are known over a large range of isospir . . . .
The experimental data is presently available above the neu ~ w 110 120 130
tron magic numbeN =382 up to the mass=136 (N=2386). A
This allows us to examine the shell effects about the neutron F|G. 10. The binding energies of Sn isotopes in the RMF

shell closuréN =82 which in the present case lies reasonably+BCS and(b) RHB approaches with the forces NL-SH and NL3.
away from the stability line. The nature of the shell effects

aboutN=282 should reveal as to how the shell closife  ent at the doubly magic nucleds= 100 both for NL-SH and
=82 retains(or loose$ its magic character in the region far N3 In the regionA=100-110, the NL3 values show a
away from the stability line. _ better agreement with the experimental data than NL-SH.
We have included Sn isotopes with mass 100-138 for  However, in the latter part of the chain where stable Sn iso-
the present study. It must be pointed out that the Sn isotopggpes exist, the NL-SH and NL3 results are very similar,
have long been known to possess strong pairing propertieshowing a good agreement with the experimental data within
akin to superfluidity. Thus, the role of the pairing is very 1_2 meV. In the neighborhood &= 132 disagreement of

important for the Sn nuclei. As in the case of the Ni isotopesgpout 2—3 MeV with the experimental data appear for both
we have performed RMFBCS calculations using the pair- N -SH and NL3.

ing gap obtained from the experimental masses of neighbor- gqr 3 direct comparison of the RMABCS with the RHB,

ing nuclei. We have also performed the RHB calculationsye show in Fig. 11 the results from the two approaches for

using the self-consistent finite-range pairing. the forces NL-SH@a) and NL3(b). The RHB results show a
smooth behavior with the mass number for both the forces.

1. Binding energies

The binding energy differencesB(,— B,y Obtained 8 — . : :
with the two approaches are shown in Fig. 10. A direct com- NL-SH 3:22’;45308
parison is made between the results of the forces NL-SH anc. “r
NL3. The RMF+BCS resultsFig. 10@] show strong de- 2 O o
viations from the experimental binding energies in the vicin- § 0 ~
ity of A=100. For the other regions of the range, the NL-SH ”?s i
results are generally better than NL3. However, in the vicin-©
ity of the magic numbeN=82 (A=132), NL3 predictions g L . . . @
are slightly better than those of NL-SH. The BCS results 100 1o 120 130
show several undulations which arise from the inadequacy ot , __ . ' .
the BCS pairing. A kink due to the similar reasons is seen at NL3 OO RMF+BCS
A=108 with both the forces. e} o—eRHE ]
The RHB results with the self-consistent pairif§ig. 3 N{)\K&ﬂ
10(b)] are free from the fluctuations of Fig. (). The bind- ga 0
ing energies show a smooth trend with mass number and tha’
kink at A= 108 has disappeared. The smoothness of the RHEd™ | 1
results vis-a-vis the BCS ones is an indication that the self- . . . . (o)
consistent pairing is very important for nuclei like Sn iso- T 110 R 120 130
topes.
The RHB resultdFig. 10b)] with NL-SH and NL3 fol- FIG. 11. A comparison of the binding energies of Sn nuclei in

low a similqr patterln in the binding energy. It is obser\(edthe RMF+BCS and RHB approaches with the foro@s NL-SH
that for the light Sn isotopes, NL-SH overestimates the bindand (b) NL3. A smoothening of the energies in the RHB is ob-
ing energies by a few MeV. This aspect is especially apparserved.
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We have compared the RHB results with the scalar-vector

FIG. 12. The binding energies of Sn nuclei using the forces withself-coupling forces in Fig. 13. It is seen that the results of

the vector self-coupling ob meson(a) NL-SV1, (b) NL-SV2, and  NL-SV2 and TM1 are similar over most of the mass range
(c) T™M1, compared with the experimental values, in the RMF except in the vicinity of the doubly magic nucled8%Sn.

+BCS and RHB approaches. Both the forces overestimate the binding energies of Sn nu-

The change from BCS to RHB is moderate for NL-SH. How- clei by about 2-4 MeV. This implies that the underlying

airing correlations with the given pairing force D1S are
ever, for NL3 results the change from BCS values to the? )
RHB values is much larger than NL-SH. Thus, the Sehc_stronger for the forces NL-SV2 and TM1. On the other hand,

. > . A . the force NL-SV1 shows the best agreement with most of the
consistent pairing bnngs apout a.S|gn|f|cant change.m th%ata. The NL-SV1 results are within 1-2 MeV of the experi-
energies of NL3 especially in the light-mass Sn nuclei. Th|smental energies except for the region abd®fsn. In the

shows that with the force NL3, the experimental pairing gap%eighborhood of the other doubly magic nucleti&n, the

aretlnoft aliLe tg take ||nt_o _accm:_nt tlhe tﬂa"'ng s:t?]rlrelatlons COTNL-SV1 results are similar to NL-SV2 and are in agreement
rectly for the Sn nuclei, in particular those with lower mass., i "o it L 2 T oo

On the whole, this situation of Sn isotopes is unlike the re-
sults of Ni isotopegsee Figs. 1 and]2vhere the RHB re-
sults mirrored greatly the results from the BCS. In other
words, within the BCS the experimental pairing gaps for the The two-neutron separation energies for the Sn isotopes
Ni isotopes were adequate to represent the pairing correlavith the RHB approach using the forces with the nonlinear
tions. scalar self-coupling are shown in Fig. 14. For both the forces
In Fig. 12 we show the results with the forces with the NL-SH and NL3, there is a very good agreement of the re-
scalar-vector self-couplings, with both the RMBCS and  sults with the experimental data in the mass region
the RHB theory. Here the forces NL-SV1, NL-SV2, and A=110-132. Both the forces show a slight divergence from
TM1 are included. The presence of a kink/et 108 in the  the experimental values as one moves befow110 towards
BCS calculations indicates that in spite of taking the pairingA= 100.
gaps from the experimental data, there seems to be an incon- The results in the vicinity of the doubly magic nucleus
sistency in representing the pairing correlations appropriatePlA= 132 show that the shell gap bit=82 is larger than the
in the BCS formalism. The smoothness of the RHB resultexperimental data suggests. Consequently, the shell effects
with the self-consistent pairing shows that this drawback igvith NL-SH are stronger than the empirical data. This is
eliminated in the RHB approach. This is true for all the similar to what was also observed for the case of Ni isotopes
forces included here. Examining the the BCS results only, iat N=28. In comparison, NL3 shows shell effects which are
is seen that the binding energies with NL-SV1 and TM1 areslightly less stronger than those of NL-SH. However, the
closer to the experimental data than NL-SV2 for the light-experimental difference i,, values of *Sn and**sn is
mass Sn nuclei. NL-SV2 results in this region overpredictstill overestimated by NL3.
the experimental data slightly. For the regiés=110-130 The two-neutron separation energies obtained with the
the binding energies with all the forces show a good agreescalar-vector self-coupling are shown in Fig. 15. The results
ment with the data within about 1 MeV. In general, the BCSwith all the forces are in very good agreement with the ex-
results with NL-SV1 show an overall good agreement withperimental data over the whole mass range except for nuclei
the data, except about the doubly magic nuclé®$n. In  in the vicinity of the doubly magiA=132. Both NL-SV1
comparison, the TM1 results show a slightly higher disagree¢a) and TM1 (c) overestimate slightly the experiments,
ment with the data. The divergence of TM1 with the data isyalues for nuclei lighter tha®2Sn. In comparison, the NL-

2. Two-neutron separation energies
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FIG. 14. TheS,, values for Sn isotopes obtained in the RHB in the canonical basis in the_ RHB approach with the forces NL-SH
approach with the force® NL-SH and(b) NL3. The experimental and NL_-SV2. The levels with the force SkP are also shown for
data aboutA=132 shows a strong kink indicating strong shell ef- comparison.
fects aboutN=_382.

reduction in theS,,, value of the isotopet®*Sn. For nuclei
SV2 results show an impressive agreement with the data aheavier than this, the two-neutron separation energies show
most over the whole mass range. For nuclei heavier thaonly a mild decrease with the mass number. This is sup-
13231, however, all the forces show a small divergence withported by the only experimental data point availableAat
the data. =136. Theoretically, this behavior is expected to be contin-

Considering the shell gap &=282, we observe that all ued for heavier Sn isotopes as shown by another nucleus
the forces with the scalar-vector self-coupling in Fig. 15 are(A=138) in Fig. 15. It may be mentioned that the neutron
in good agreement with the experimental gap. This demondrip line in Sn nuclei is surmised to occur at very large mass
strates that these forces reproduce the experimental shelimber aboutA=170. It is expected that the two-neutron
gaps aboulN=_82 very well. Further, the presence of a well separation energy would decrease very slowly to a vanishing
developed kink irS,,, values atA=132 (N=82) emphasizes value until the drip line is reached.
that the shell effects in this region which is away from the
stability line do remain strong. Indeed, this leads to a sharp 3. Single-particle levels

%0 . . : Figure 16 shows the neutron single-particle levels in the
NL_SV1 @ canonical basis for the nucled8’Sn as obtained with the
5ol ] forces NL-SH and NL-SV2. It can be seen that with NL-SV2
the shell gap alN=50 is reduced as compared to NL-SH.
10} ] This reduction in the shell gap near the Fermi surface with
the scalar-vector self-couplings was also observed for the Ni
0 : : ' nuclei. A comparison of the single-particle levels obtained
NL-SV2 ®) with the Skyrme force SkP shows that the level density with
sl 1 this force is generally higher than the RMF forces and that
s ] due to this reason the shell gaps are suppressed rather
G0 : strongly. The shell gap & =50 is about half the shell gap in
the RMF theory. This is illustrative of the quenching with the
0 ‘ 1 ’ force SkP, which is much discussed in the literaf@®,4qQ.

We show in Fig. 17 the single-particle levels for the
nucleus3Sn. We have chosen this nucleus in order to ex-
amine the shell gaps about the magic numNet82. The
shell gap alN=82 with NL-SV2 is smaller than with NL-SH
. . . and is consistent with the reduction in shell gap as reflected
100 110 120 130 140 by the S,, values aboulN=282 in Fig. 15 as compared to

A NL-SH. In comparison, with the force SkP the shell gap at
FIG. 15. TheS,, values for Sn isotopes obtained in the RHB N=282 is reduced significantly.
approach with the force&) NL-SV1, (b) NL-SV2, and(c) TM1. In order to review the situation on the shell effectd\at
The experimenetal data are shown for comparison. =82 with various mass models, we present in Fig. 183)e
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Sn: Neutron single_particle levels pared to the experimental one. The corresponding shell gap
i ] atN=_82 is consequently too small, implying a quenching of
of M e SR __® 1 the shell effects. For all other isotopes, g, values from
! 82 . 82 S,ijg — ] the INM agree well with the experimental data. It may be
I R — §§” — N —— mentioned that in the INM mass formula, determination of
[ 192 19 50 ] the nuclear matter properties and properties of finite nuclei is
50 50 2?‘12 [ . . . .

b i —— e = ] ach!eved on the_: basis of a model independent analy3|s_of the
=~ - ;7 2 20 ] available experimental data. However, the shell effects in the
2 [ Tm 2 %: ——— 1  model seem to be quenched as seeN-at32.

e he 20 T The SKP results show agreement with the experimental
o fﬁ‘; —_— :Z data except for nuclei in the vicinity of the magic number.
el S 1. o ” 1  With SkP the shell gap di=82 is reduced as compared to
b, — the experimental data. The reduction in the shell gapl at
S0 T e ] =82 [see Fig. 17 leads to arS,, value for *Sn, which is
[ 18, ] higher than the experimental one. This is indicative of a re-
-60 | . duced shell strength with SKP &t=82. In contrast to the
- 2 situation in Ni isotopes, it may, however, be stated that SkP

does show a semblance of some shell strengi=a82. The
quenching of the shell effects &t=82 with SkP is not so
strong as has been witnessed for the Ni isotop&s=aR8. In
frcf).m.tFRDl\Tl, the Et-{F'IﬁMand‘léheAwﬁss rkr:ct)ﬁel basedf upo'?:omparison, a strong quenching was presented by SKkP also
infinite nuclear matte ) [48]. oug € Mass 10" ot N=50. Therefore, contrary to the available experimental

mulastlde?rc]rlbe théépﬁvalues O.f mos(;_otf the in |ts<t)rt]oper? ﬁiata, the quenching of the shell effects seems to be a generic
correctly, there are differences in predictions about the shefl, .+ e of the force SKP.

closure. Comparison of,, values in the vicinity ofA
=132 in Fig. 18a) shows that the gap in thg,, values
aboutN= 282 is slightly smaller with FRDM than the experi- VI. SUMMARY AND CONCLUSIONS
mental one implying that in the FRDM thé=82 shell clo-

sure is slightly weaker. However, the shell effects with bility line in the RMF theory. The chains of Ni and Sn iso-

FRDM are still stronger as compared to the scenerio of th?opes have been considered, where experimental data over a

strong quenching with SkP in Fig. 9. The ETF-SI, on theI ; . . ; :

) . arge range of isospin are available. First, employing the ex-
other hand, is able to come closer to the experimental data,_. i . . :
Thus, atN=82 the ETF-SI demonstrates the shell effectsIStlng forces NL-SH and NL3 with the nonlinear scalar self

, o coupling of thee meson, we have investigated the ground-
W.h'Ch are stronger than FRDM. A=50 the shell effe(_:ts tate properties of the Ni and Sn isotopic chains. It is shown
w!th ETF-SI were also found to be strong. and consisten hat in the RMF+BCS approach where the pairing gaps are
Vi"th the experimental data. It may be rem|_nded thatat taken from the experimental data, the experimental binding
=28 the shell effects are strongly quenched in the ETF-SI a3nergies of Ni isotopes are described well. Calculations
oppose.d to the experimental data. - within the RHB approach with the self-consistent finite-

In Fig. 18b) we compare the pr_edlct|ons of the INM range pairing show only a slight improvement over the RMF
model [48] and SkP with the Sxper.lmental data. TBg, BCg results in this isotopic chain. This shows that the
value from the INM model for'**Sn is much higher com- RMF+BCS approach in conjunction with the pairing gaps
obtained from the experimental data suffices to bring about a
good description of the binding energies of the Ni isotopes.
However, the same cannot be said for the Sn isotopes. The
pairing correlations for Sn nuclei are not adequately de-
scribed within the BCS scheme. It is shown that for these
nuclei, the RHB approach with the self-consistent pairing is
necessary in order to get a good agreement with the binding
energies.

In addition to the nonlinear scalar coupling of theme-
son, we have introduced nonlinear vector self-coupling of the
o meson in the RHB approach. The self-consistent pairing is

FIG. 17. The same as Fig. 16, fé#Sn.

We have studied the shell effects in nuclei about the sta-

20 @ Lol ©

(MeV)

SZ

oo STIos (e included by taking the finite-range Gogny force in thep
oot e channel. We have employed the recently developed forces
RRETTS 1éeA T3 MRS 1é6A % NL-SV1 and NL-SV2 and the force TM1. It is shown that

the RHB approach with the nonlinear scalar-vector self-
FIG. 18. A comparative view of th&,, values for Sn isotopes couplings provides a very good description of the binding

from the mass models FRDN46], ETF-SI [47], and the INM  energies of Ni and Sn isotopes.

model[48] in the region abouN=82. We have investigated the shell effects in nuclei about the
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stability line within the two model Lagrangians, i.e., the effects near the neutron drip line in the vicinity bif=82
RHB theory with the nonlinear scalar self-coupling of the were predicted to be strong. This conclusion was based upon
o-meson only and the RHB theory with the nonlinear self-RMF theory with the BCS pairing using the force NL-SH. It
couplings of bothr andw mesons. The experimental data on was also showih26] that the pairing itself does not create or
two-neutron separation energies of Ni and Sn isotopes hawdestroy the shell effects. The conclusions of the strong shell
been used. The sharp decrease in $3g values about a effects near the neutron drip line were conte$®d. It was
magic number is taken as a measure of the shell gap. Theuggested on the basis of HFB calculations with SkP that the
experimental data on Ni encompass the magic nuniber shell effects near the drip line quench strongly. In the light of
=28, while the magic numbe¥ =82 is encompassed by the the forgoing discussions, it is only expected that the shell gap
Sn data. It is shown that the forces with the nonlinear scalaat N=82 with the force SkP would diminish. Thus, the
self-coupling give shell gaps which are larger than suggestequenching of the shell effects near the drip lineNat 82
by the experimental data. This is found to be the case fowith the force SkP is in complete accord with the quenching
N=28 in Ni isotopes as well as fdd=82 in Sn isotopes.  shown by it near the stability line. This quenching is, how-

The results with the Lagrangian with the scalar-vectorever, not supported by the experimental data at the stability
self-couplings show that the force NL-SV2 describes the exline as demonstrated in this work.
perimental data on the two-neutron separation energies very As shown above, the force NL-SH with the scalar cou-
well. The shell effects about the magic numbers in Ni and Srpling gives shell effects which are slightly stronger than the
isotopes with the scalar-vector self-couplings are shown t@xperimental data. This fact notwithstanding, we have per-
be consistent with the experimental data. The single-particléormed a study44] to investigate the role of the vector self-
spectra for the Ni and Sn nuclei in the vicinity of magic coupling on shell effects at the drip line. It is observed that
numbers show that the shell gapsNat28, N=50, andN  with the scalar-vector self-couplings which describes the
=82 are smaller in the model with the scalar-vector self-shell effects at the stability line well, shell effects near the
couplings as compared to the scalar self-coupling only.  neutron drip line are slightly less stronger than with the sca-

A comparison of the experimental data and the results ofar self-coupling only. However, we do not find indications
the scalar-vector self-coupling model with the HFB resultsof any shell quenching. Details of this work will be provided
using the Skyrme force SkP for the Ni isotopes has showrelsewherg44].
that the shell effects with SkP are quenched strongljiat It may be noted that in the fits of theprocess abun-
=28. This is contrary to the experimental data which showdances[40], HFB results based upon the force SkP were
that the shell effects are substantially stronger. The weak a#sed. It was showfi40] that the HFB results give an im-
quenched shell effects are also shown in Ni isotopes by Skproved fit to the globai-process abundances. Since the force
at N=50. The quenching of the shell effects with the force SKP is known to quench shell effects as shown above, it was
SkP is demonstrated by the corresponding single-particleoncluded on this basis that the shell effectflat82 at the
spectra for®®Ni, &Ni, and *3‘Sn, whereby the shell gaps at neutron drip line are quenched. However, as discussed in our
N=28, N=50, andN=82, respectively, are considerably work, this quenching with SkP is not consistent with the
smaller than the RHB single-particle gaps. In summary, th&xperimental data. Thus, an improved fitr¢process abun-
quenching of the shell effects seems to be an artifact of théances using the SkP results may be insufficient to assert the
force SkP and is not supported by the experimental data. Thehell quenching ai=82 near the neutron drip line, notwith-
substantial reduction in the shell gaps with SkP stems fronstanding an overwhelming shell quenching with SkP.
the correspondingly high level density. This is due to a large
effect.ive mass being chosen for' this force. . . ACKNOWLEDGMENTS
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