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Nuclear shell effects near ther-process path in the relativistic Hartree-Bogoliubov theory
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We have investigated the evolution of the shell structure of nuclei in going from-phecess path to the
neutron drip line within the framework of the relativistic Hartree-Bogoliub@tIB) theory. By introducing the
quartic self-coupling ofo meson in the RHB theory in addition to the nonlinear scalar coupling ofeson,
we reproduce the available data on the shell effects about the waiting-point né%euavith this approach,
it is shown that the shell effects At=82 in the inaccessible region of tmeprocess path become milder as
compared to the Lagrangian with the scalar self-coupling only. However, the shell effects remain stronger as
compared to the quenching exhibited by the HFEKP approach. It is also shown that in reaching out to the
extreme point at the neutron drip line, a terminal situation arises where the shell structure at the magic number
is washed out significantly.
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I. INTRODUCTION effects about the stability line can be reproduced 4]l
This forms our basis to be able to predict how the shell
A knowledge of the shell effects near th@rocess path is  effects evolve in the unknown region.

important for discerning the astrophysical scenario of nu- The shell effects are known to manifest strongly in terms
cleosynthesi$l]. The question whether the shell effects nearof the magic numbers. This is signified by a prominent kink
the drip lines are strong or do quench has become crucial tabout the major magic numbers as can be seen vividly in the
Understanding the nucleosynthesis of heavy nuclei. Nhe two-neutron Separation energiegz'() all over the periodic
=82 nuclei at the-process path are assumed to play a sigtable [5]. This is a demonstration of the existence of large
nificant role in providing nuclear abundances abut130.  gshell gaps at magic numbers in nuclei about the stability
Since nuclei contributing to this peak are extremely neutrongine. Here the spin-orbit interaction is pivotal in the creation
rich and are not accessible experimentally, it has not beegs e magic numbergs]. In the RMF theory[7] the spin-
possible to ascertain the nature of the shell effects in the pit term arises naturally as a consequence of the Dirac-
vicinity of the r-process path._ D'ue to. the '?Ck of experimen—LoremZ structure of nucleons. This has shown much useful-
tal data, there prevail conflicting viewpoin{2,3] on the ness in explaining properties that involve shell effects such
strength of the shell effects near th@rocess path. . P :

as anomalous isotope shifts in stable nu¢gi The form

In Ref.[2] the shell effects in the region of thieprocess . o L
path atN=382 were studied on the basis of the relativistic of the spin-orbit interaction in the RMF theory has .b‘?e’?
found to be advantageous over that in the nonrelativistic

mean-field(RMF) theory using a successful nuclear interac-
tion. It was predicted2] that the shell effects &1 =82 in Zr approache@&?]. L . .
nuclei are strong. In contrast, the shell effects were suggested FOF nuclei near the drip line, a coupling to the continuum
[3] to be quenched on the basis of the Hartree-FockiS required. A self-consistent treatment of pairing is also de-
Bogoliubov (HFB) calculations using the density-dependentSirable. The framework of the RHB theory provides an ap-
Skyrme force SkP. In the absence of experimental data on tHopriate tool to include both these features. Thus, in the
shell effects fortN==82 nuclei near the-process path, how- RHB theory the advantage of a relativistic description of the
ever, it is difficult to verify either of the two predictions. In RMF approach in the Hartree channel is combined with that
view of this, we first attempt to reproduce the available datedf a self-consistent finite-range pairing force. We provide a
on the shell effects in the known regions and then extrapolatehort summary of the RHB theory in the next section. In Sec.
the method to the inaccessible region. Il we give the details of the calculations. The ensuing results
In this paper, we examine how the shell effects evolveare presented and discussed in Sec. IV. Here a detailed
with isospin in the region of the astrophysically importantcomparison of the shell effects using different forces and
magic numbeiN=82 near the-process path. Using the ex- approaches is made. The single-particle levels are used to
perimental data available on the waiting-point nucleusillustrate the nature of the shell effects in the different ap-

89Zn (N=50), we explore the shell effects near the proaches. The last section concludes the results of the paper.
r-process path in the framework of the relativistic Hartree-

Bogoliubov (RHB) theory with the self-consistent finite-

range pairing. In order to improve the description of the shell |, +1,e RELATIVISTIC HARTREE-BOGOLIUBOV

effects, we have also introduced the vector self-coupling of THEORY

® meson in addition to the nonlinear scalar coupling ofdéhe

meson in the RHB theory. It has been shown that with this The RMF Lagrangian that describes the nucleons as Dirac
approach the high-precision experimental data on the shefipinors moving in meson fields is given py]

0556-2813/2002/68)/0443018)/$20.00 65 044301-1 ©2002 The American Physical Society



MADAN M. SHARMA AND AMEENA R. FARHAN PHYSICAL REVIEW C 65 044301

.1
£=$(|b—gwd>—gp/>r— Ee(l_Tg)A_gg.O'_MN v ch(r,r’)=EE>0 U (r)Vgu(r’). (8)
k
1 1 1 The RHB tion2 t of f led integrodif-
429 gdto—U(o)— =0 QM+ —m?2 w eR equa_uon$)are a set of four coupled integrodi
20nIa (o) 4 "k 2 0n® ferential equations for the Dirac spindggr) andV(r) that
1 1 1 1 are obtained self-consistently. The solution of the Dirac-
+Zgu(w,0")2— R, R +=m2p ph— ~F JER, Hartree-Bogoliubov eigenvalue equations and the meson-
294(@u)"= 2Ry 2 PP g e field equations determines the nuclear ground state.
(1) Nuclei that are known to show strong pairing correlations

are treated appropriately within the framework of the RHB
whereM  is the bare nucleon mass aitds its Dirac spinor.  approach. This is especially important when the pairing cor-
In addition, we have the scalar mesam)( isoscalar vector relations in the middle of a shell become significant. On the
meson (), isovector vector mesorpj, and the electromag- other hand, the pairing correlations for nuclei of two neu-
netic field A“, with the massesn,, m,, andm, and the trons less or more than a magic number can be expected to
coupling constants,, g,,, andg,, respectively. The field be similar in the RHB arjq the BCS appro_ach. This is dL!e to
tensors for the vector mesons are given @s,=d,», the reason that the pairing correlations in such nuclei are
—d,w, and by similar expressions for tremeson and the reduced to a minimal level. However, in the present work,
photon. For a realistic description of nuclear properties ave have performed the RHB calculations for all nuclei. For
nonlinear Se|f-coup|ing_1(g)=%m§02+%gzg3+%gsg4 for the pairing channel, we have taken the finite-range Gogny
o mesons has become standard. We have added the nonlind@fce D1S. Itis known to represent the pairing properties of
vector self-coupling of @ meson[10], which is represented @ large number of finite nuclei appropriat¢ti3]. o
by the coupling constarg,. Thg RHB approach become;_ important vyh|Ie d(_aallng with
Using Green’s function techniquésl] it has been shown nucle|'far away from the Stqblllty line and in parﬂcplar fo.r
in Ref.[12] that a relativistic Hartree-Bogoliubov theory can those in the vicinity of the drlp lines where the Fermi Ievel_ is
be implemented using such a Lagrangian. Neglecting retatSually very close to the continuum. The RHB theory, which
dation effects one obtains relativistic Dirac-Hartree-1S Pased upon the quasiparticle scheme employing Bogoliu-

Bogoliubov (RHB) equations bov transformations, takes into account the coupling between
the bound states and the states in the continuum. The pairing

h A U U and the coupling to the continuum can be important in nuclei

( —A* —h* ) ( V) k: Ek( V) k, (2)  with a pair of particles above the shell closure in determining

the shell effects especially as the Fermi surface is very close
o the continuum. Therefore, the RHB theory with the self-

whereE, are the quasiparticle energies and the coefficient ) L ) .
consistent pairing serves as an ideal scheme for this purpose.

U, andV, are four-dimensional Dirac spinors normalized as

f (UlUk,+Vle,)d3r= S 3) Ill. DETAILS OF THE CALCULATIONS
The RHB calculations have been performed for nuclei in
The average field the neighborhood of the waiting-point Zn nuclei and for nu-
clei from r-process path to the neutron drip line. Nuclei are
h=ap+g,0+B(M+g,0)—\ (4)  treated within a spherically symmetric configuration. The

method of expansion of the wave functions into the harmonic
contains the chemical potential, which is adjusted to the oscillator basis is employefll4]. We have taken 20 shells
proper particle number. The meson fietldaindw are deter-  both for the fermionic as well as bosonic wave functions for
mined self-consistently from the Klein-Gordon equations: the expansion.

A comparative study is made between the Lagrangian

2 —
{—A+mZ o= —9g,ps—0g20°— g0’ (5 model with the nonlinear scalar self-coupling of theneson
) 3 and the Lagrangian with both the nonlinear scalar self-
{—A+mlo=g,p, +Js0°, (6)  coupling of theo and the vector self-coupling of the me-

_ son. For the former, we have used the force NL-SH, which is
with the scalar densitps= XV, V\ and the baryon density 3 typical representative for this Lagrangian model. In a large
p,=2ViVi. The sum ork runs only over all the particle number of studies it has been shown that the force NL-SH
states in theno-seaapproximation. The pairing field in Eq.  [15] is able to provide a very good description of the ground-

(2) is given by state properties of nuclei all over the periodic table. It has
been found to be especially useful for exotic nuclei near the

A :} E VPP 7) drip lines. Recently, the force NLJA6] has been brought out
ab™ 2 €y Tabedied with a view to improve the description of the giant monopole

resonance. However, as shown in Réi. ground-state prop-
whereVEp 4 are the matrix elements of a general two-bodyerties of nuclei predicted by NL3 are very similar to those of
pairing interaction, and the pairing tensor is defined as NL-SH.
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NUCLEAR SHELL EFFECTS NEAR THE-PROCES. . ..

For the Lagrangian with the nonlinear vector self-
coupling of thew meson, which is in addition to the usual
nonlinear scalar self-coupling of the meson, we have used
the forces NL-SV1 and NL-SV2. These forces have been
developed recentlj4,17] with a view to bring about an im-
provement in the ground-state properties of nuwgisiavis
the scalar self-coupling. Consequently, it has been shown by
Sharmaet al. [4] that the introduction of the vector self-
coupling was a remedial measure with respect to the shell
effects in nuclei about the stability line. In addition, the high-
density equation of stattEOS of the nuclear matter be-
comes softer as compared to that with the scalar self-
coupling only. This would make the Lagrangian model with
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FIG. 1. TheS,, values for Zn isotopes in the waiting-point
region obtained with RHB usin¢g) the scalar self-coupling force
L-SH and the vector self-coupling force NL-SV2 afil with the

. o ; ; ector self-coupling force NL-SV1 along with the nonrelativistic
our investigatior{4] of the shell effects in nuclei at the sta- HFB+SkP results. The experimental data are shown for compari-

bility line, where we examined the role of- andw-meson  gon The datum 0f?zn is adopted from the mass systemafit8]
couplings on the shell effects in Ni and Sn isotopes. It wasnd is shown enclosed within a diamond.

observed that the existing nuclear forces based upon the
nonlinear scalar self-coupling af-meson exhibit shell .ef- served in Ni nuclei at the stability lineis-avis the scalar
fects that were stronger than suggested by the experimen If-coupling only.
data. In order to remedy this problem, the nonlinear vector We show in Fi.g 1) the S,, values obtained with the
: . . . n
self-coupling of thew meson in the RHB theory was intro- e vector self-coupling force NL-SV1. The slope of the

duced. As a result of this, the experimental data on the sheflink shows that the shell gap with NL-SV1 agrees well with

effects in Ni and Sn nuclei on the stability line were repro-yhe yailable data. Thus, RHB with the vector self-coupling

duced well[4]. Lagrangian NL-SV1 is able to reproduce the available data
on the shell effects in the waiting-point region satisfactorily.

We also show in Fig. (b) the nonrelativistic HFB calcula-

Having established the functional basis, we consider nuEionS with the Skyrme force SkPL9]. The SkP results pro-
clei around®Zn (N=50) in the present work. The isotope duce nearly a straight line passing through he 50 point.

8071, | diob i it nucleus in the chai comparison of these results with the data shows that the

N 1S assumed 1o be a wailing-point NUCIEUS In the Chain Ok, o effects with SkP are quenched strongly. This is reminis-
f-process .nucleosynth.es!s and comes CI.OSGSt to th(?ent of the behavior of SkP as observed in Rél. at the
B-stability Il_ne for nUd_e' withN=50. The experimentzt, stability line, where the shell effects were found to be
‘g‘;"z'“e Lor. this nuclgui IS aboutt 11 MeVv. 'Il'dhe nu&@fntan?th quenched strongly in Ni isotopes [dt=28 in contrast to the

N, being very Tich In neutrons, wouid serve 1o tes eexperimental data. This feature of SkP is evidently due to its
theoretical models far away from the stability line. Here, Wehigh effective mase* ~ 1, which increases the level density
present the results on the shell effects in the waiting-point Zrhear the Fermi surface ’and thus suppresses the shell gaps
nuclei aboutN=50 using different model Lagrangians. The PP gap

S,,, values for the Zn isotopes obtained from the RHB Cal_3|gn|f|cantly[19].
culations are shown in Fig. 1. The experimental data are
taken from the 1995 mass tablgk3]. Because the mass of
the nucleus®?Zn is based upon the systematics, there may be Nuclei in the vicinity of Z=40 with the magic neutron
a slight uncertainty in theS,, value of the nucleu$?Zn. number N=82 are expected to lie on or close to the
Thus, the data point fof?Zn is shown in Fig. 1 enclosed r-process path. We have chosen the isotopic chZing6
within a diamond. — 46 with neutron numbers running across the magic number
The RHB calculationgFig. 1(a)] with NL-SH (scalar N=82. Ther-process path is expected to pass through these
self-coupling only show a very large kink al=50 imply-  nuclei, especially those with the high&rvalues. Some nu-
ing that the shell effects with NL-SH are much stronger tharclei in these chains are close to the neutron drip line as the
those exhibited by the available data. In comparison, th@eutron separation energy approaches a vanishing value.
shell gap with NL-SV2(both the scalar and vector self- How the shell effects behave in nuclei near thgrocess
couplings is reduced as compared to NL-SH. It is, however,path is an open question. This is due to the fact that\the
still larger than the data shown. The reduction in the shel=82 nuclei near the-process path possess an extremely
gap with the vector self-coupling is consistent with that ob-large neutron-to-proton ratio. Although tremendous progress

IV. RESULTS AND DISCUSSION

In our attempt to scrutinize the shell effects, we starte

A. The Zn nuclei near N=50

B. Nuclei about N=82 near ther-process path
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FIG. 2. The RHB results on the shell effectshi=82 in the
r-process nuclei ofa) Pd and(b) Ru. The HFB+SKP results are
also shown for a comparison.

FIG. 3. The same as Fig. 2 for tmeprocess nuclefa) Mo and
(b) Zr. The S, values and shell gaps show a gradual decline in
moving from Pd to Zr.

has been made in the last decade in synthesizing vergtronger as compared to the HFBKP results shown in the
neutron-rich nuclei in the laboratory, such nuclei are stillfigure. It is interesting to note that there is a remarkable
very far from being realized. The last such nucleus attaineédgreement in the results below and up to the magic number
in this region in the laboratory is®%Cd (Z=48 andN for all the forces except for NL-SH. The neutron separation
=82). The mass of the nucled$’Cd with N=84 is still not  energy from these results fdd=82 Pd and Ru nuclei is
known. Knowledge of the latter would allow us to discern about 3—4 MeV. Accordingly, these nuclei are expected to lie
the shell effects in regions far away from the stability line.well on ther-process path as per the conventional wisdom.
For N=82 nuclei withZ<48, i.e., in the region of Zr 4 We show the RHB results for the isotopic chains of
=40—44), the magnitude of the nuclear isospin becomesMo (Z=42) and Zr g=40) in Fig. 3. From the argument
increasingly large and hence the difficulty in producing thesef the neutron separation energy, the Mo and Zr nuclei about
nuclei. In the present paper, we examine the shell effects ithe magic number are also expected to lie along theocess
these nuclei, therefore, in the light of the data available in theath. Thus, both Figs. 2 and 3 portray how the shell effects
other regions. We also study how the shell effects evolve agvolve in moving to nuclei with larger neutron excess. The
one approaches the continuum in moving from tfgrocess  main feature that the shell effects with NL-SH are strong, is
path towards the neutron drip line. also displayed by Fig. 3. It is worth remembering that the
Having described the available data on the waiting-poinforce NL-SH was also used in an earlier w)gg to calculate
Zn nuclei by the forces with the vector self-coupling asthe shell effects aN=82 in Zr nuclei about the drip line.
shown in Fig. 1, we extend our formalism to explore theThe shell effects with NL-SH were noted to be similarly
inaccessible region of theprocess path and the neutron drip strong in the previous results. However, the previous results
line aboutN=82. With a view to visualize the evolution of with NL-SH were based upon the BCS pairing, and there
the shell effects with the isospin, we show our RHB resultsvas no mechanism in place to include the effects of the
on theS,, values for the isotopic chains from the higlZeto  coupling to the continuum. The qualitative behavior that the
the lower ones using the two Lagrangian models. Figure Zhell effects with NL-SH are strong is reproduced here also
shows the corresponding values for the P&=@6) and in the present RHB calculations. The reason for this overes-
Ru (Z=44) nuclei across the magic number 82. timation of the shell effects as also noted in Rdf] is that
The resultgFig. 2) with the nonlinear scalar self-coupling the properties that were considered mainly in constructing
(NL-SH) for the Pd and Ru isotopic chains show a shell gapthese forces such as NL-SH and others were the binding
at N=82, which is largest among all the forces shown hereenergies and charge radii of nuclei. The shell effects as such
With the force NL-SV2 with the vector self-coupling of the were not included in such considerations heretofore. As
» meson, the shell effects are milder as compared to NL-SHshown in Ref[4], the shell effects emerge as an observable
This feature is similar to that observed at the stability [iip  that should be employed to constrain the nuclear interaction.
and also in Fig. 1. Furthermore, the results with the force With the force NL-SV2 with the vector self-coupling of
NL-SV1 show that the shell gap &=82 is reduced as the o meson, the shell effeci$igs. 2 and Bare milder as
compared to NL-SV2. This is again similar to that seen forcompared to NL-SH for all the chains. This is similar to that
the Zn isotopes. For comparison, we also show the HFBbserved at the stability ling4] and also in Fig. (a). The
results obtained with the interaction SkP. The shell gap withresults with our benchmark force NL-SV1 show that the
SkP is much reduced as compared to the forces with thehell gap alN=_82 is reduced as compared to NL-SV2. This
vector self-coupling. Thus, the shell effects with NL-SV1 areis again similar to that observed for the Zn isotopes. $he
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S

values obtained with the HFB calculations using the Skyrme R
interaction SkP are also shown for comparison. The magni- I
tude of the kink atN=282 shows that the shell effects with
HFB+SkP are much weaker as compared to NL-SV1. The 4+
guenching predicted by SKP in this region is as expected. As
noted earlier, HFB-SKP is known to exhibit a strong
guenching at the stability ling4] and the same has also been =
observed about the waiting-point nucle#f&n as shown in =
Fig. 1(b) above. In comparison, the RHB approach with NL- o
SV1 reproduces the shell effects about the stability [#{eas

well as in the waiting-point region & =50.

For any given force, the shell gap &t=82 shows a | G—0 NL—SH o | OO NLsH A
steady decrease in moving from P&@=46) to Zr (Z 0 Fo---0 NL-sV2 t'“\n [O--ONL-SvV2 D, @ 1
_ . . . . | &—® NL-SV1 &—® NL-SV1 5~
=40). As nuclei become increasingly neutron-rich, the O SKP =0 SKP ~-3
gradual decrease in th®,, values and also in the corre- P E

. : . 78 82 86 78 82 86
sponding shell gap shows the evolution of the shell effects in N N

going away from the-process path towards the drip line.

This reduction in the shell gap is largest for SkP, which FIG. 4. The same as Fig. 2 for the drip-line nuclei niiar 82
shows intrinsically weaker shell effects. As seen from Fig.for the Sr and Kr isotopic chains. The shell gap andS$hevalues
3(b) for the Zr isotopes, the curve @, has become nearly Show a vanishing trend for the Kr isotopes abblst 82.

a straight line, implying a disappearance of the magicity with L . _

SkP. This picture is at variance with that from NL-SV1. The SH. This situation at the drip line at the magic number can be
persistence of the kink with NL-SV1 in Figs. 2 and 3 showstermed aderminus stratum

that with NL-SV1 the shell effects for theprocess nuclei at ext-:—ak\]?l:uutcr:(ljer: t((:)lobse?;géhti ?onrfnlgiisﬂg\r,vrr?;s?igﬂltgg éosaunch
N=82 are much stronger than those with SkP. Thus, no g pe.

withstanding the fact that NL-SV1 is commensurate with thenUCIel at the drip line X,~0) would not contribute to

ilable data al the stability | din th it . tr—process nucleosynthesis. In view of this, it is therefore im-
avallable data along the stabiiity fine and in the warting-poin portant to understand the nature of the shell effects for nuclei
region, it can be stated that the shell effectdNis 82 nuclei

. i along ther-process path, which are assumed to play an im-
on ther-process path still remain stronger. portant role in the nucleosynthesis, rather than those at the
drip line.
C. Nuclei near the neutron drip line
D. The single-particle levels

Nuclei become increasingly unbound and a coupling to  we show in Fig. 5 the neutron single-particle levels ob-
the continuum arises in going to extremely large neutron tqained with NL-SV1 forN=80 nuclei from a few chains.
proton ratios. This situation is expected to arise naturally inOur focus is the evolution of the shell gapMt=82 as one
going to N==82 nuclei belowZ=40. For this situation, we approaches the drip line\{~0) from ther-process path. As
show the results for SrZ=38) and Kr ¢=236) isotopes in discussed in the subsection above, the Mo and Zr nuclei are
Fig. 4. The results show that ti8,, value for theN=82  expected to lie on the-process path, whereas the Sr and Kr
nuclei decreases from~2.5 MeV for Sr isotopes to nuclei should be very close to the drip line. The single-
~1.5 MeV. The corresponding, value would amount to a particle levels shown in this figure portray essentially the
merely 1 MeV or less. On the basis of ti%, the N results of Figs. 3 and 4. The Fermi energghown by the

=82 Kr nucleus represents the arrival of the drip line. dashed lingsapproaches the continuum as one moves to-
The shell effects with NL-SV1 are seen to become sucwards a larger neutron to proton ratio. The shell gap (
cessively weakefwhich is true for all the forcesas one =82) shows a constant decrease as the last neutrons become

moves to nuclei with higher isospin such %8Sr [Fig. 4a)] more and more unbound in going from Mo to Kr. For
and & [Fig. 4b)]. Here, the case of the Kr isotopgig.  '*®r (N=82) the Fermi energy is close to zero and the
4(b)] deserves mention. Except for NL-SH, all other forcesshell gap merges into the continuum. However, for nuclei on
show that the shell effects are washed out significantly. Thishe r-process path such as Mo and Zr shell gaps do remain
stems from the fact that fot*®r the Fermi energy is very large. For the corresponding nuclei of Pd and Ru, the shell
close to the continuum and the nucleus is pushed to the veryaps argnot shown hereeven larger than that for Mo.

limit of binding. The binding energy of an additional neutron  The difference in the response of the various forces near
is then close to zero and the shell gap ceases to exist. Thuke drip line is illustrated in the single-particle levels shown
any semblance of the shell effects fot%r (N=82) is  for 2%Zr in Fig. 6. Since this nucleus has two neutron less
completely lost. This situation is destined to befall on athan the magic numbers, all the occupied levels are bound.
nucleus or nuclei for every magic number, leading to a terMoreover, we do not see any indication of a partial occu-
mination of the corresponding shell gap. All the forces NL-pancy of any level above the Fermi energy, which might
SV2, NL-SV1, and SkP predict such behavior except NL-arise from the Bogoliubov pairing. The figure shows that the
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FIG. 5. The neutron single-particle levels for the Mo, Zr, Sr, and
Kr nuclei (N=80) showing an evolution of the shell gap in moving FIG. 7. The neutron single-particle levels for the nuclééfZr
from ther-process path towards the drip line, with the force NL- with two neutrons above the closed shell. The reduction ofithe
SV1. The Fermi energy is shown by the dashed lines. The Fermi=82 shell gap from NL-SH to NL-SV1 to SKP is clearly evident. In
energy for the Kr nucleus near the drip line is seen to merge wittcontrast to the RMF forces, thef 2, level is bound with SkP.
the continuum.

continuum and therefore with the force NL-SH and NL-SV1

N=82 shell gap is largest with NL-SH and it shows a reduc-this nucleus is unbound. This should imply tH&fzr is al-
tion in going to NL-SV1. This is consistent with the general ready a drip-line nucleus, whereas the same is not the case
behavior of the shell effects from NL-SH to NL-SV1 as seenfor ?%Zr (see Fig. 6. The single-particle levels with SkP
in Figs. 2—4. On the other hand, the shell gap with SkP ishow a remarkable difference from those of the RMF forces.
reduced significantly as compared to NL-SV1. The reducedVith SkP the Z,, level is below the continuum and the
shell strength with SkP seems to be generic as shown abovextra two neutrons occupy this level predominantly. Thus,

In Fig. 7 we have shown the neutron single-particle levelghe nucleust?*Zr is bound within the HFB-SkP calculations
for the nucleust?Zr with two neutrons more than the magic in contrast to the RMF forces.
numberN=382. Here we have made a comparison of the
levels for NL-SH, NL-SV1, and SkP. The shell gap Mt E. The spin-orbit potential
=82 shows a decreasing trend from NL-SH to SkP as seen Th in-orbit otential is the kev i dient of th
also in Fig. 6. However, it can be noticed that the extra two € spin-orbit potential IS the key ingredient ot the

neutrons above the magic number go to the levels in thguclear interaction responsible for creation of the magic
numbers and the shell gaps. As mentioned earlier, the spin-

orbit interaction arises naturally in the RMF theory as a re-

r ] sult of the Dirac-Lorentz structure of nucleons. Thandw

l potentials contribute constructively to generate the required

SkP ] spin-orbit strength7]. This is able to reproduce the experi-

mental data on spin-orbit splittings in nuclei such'&® and

1 40Ca. It has been shown by several auti@®,21] that the

82 82 82 ] effective mass in the RMF theory can be constrained by the

spin-orbit splittings in light nuclei to a value close to 0.60.

However, the shell gaps and thus the shell effects in heavier

nuclei cannot be addressed adequately by fixing the spin-

] orbit splittings in*0 only. This becomes clear by examining

50 | the successful RMF forces such as NL-SH and NL3, which

show stronger shell effects as compared to the experimental

] data in heavy nucldi4]. This implies that the shell effects in

] heavier nuclei need to be taken into account in order to make

a successful nuclear interaction. In this respect, the experi-

mental data orS,,, values around the shell closure provide

1 an additional useful ground-state observable.

The advantage that the RMF theory derives from its in-
FIG. 6. The shell gagN=82 for the nucleus'?’Zr using the trinsic spin-orbit interaction is not enjoyed by the nonrelativ-

various interactions. istic approaches such as the Hartree-Fock Skyrme theories.

Neutron single—particle levels: ="
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#7r: Neutron spin—-orbit potential
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FIG. 8. The neutron spin-orbit potential f32°%Zn obtained in
the RHB calculations with the various RMF forces. The predomi-

nance of the spin-orbit potential in the surface region is clearlyn

evident.

The spin-orbit potential is usually added on an ad-hoc basi
and the strength of the spin-orbit potential is fitted in order to

reproduce the spin-orbit splittings in light nuclei in these

approaches. This may, however, not suffice for the shell elfshell gaps to evolve with the isospin. However, we show that

fects in heavy nuclei as illustrated for the case of the RM
theory.

The spin-orhit(s.0) potential plays a central role in de-
termining the magnitude of the spin-orbit splittings in nuclei.
We show in Fig. 8 the spin-orbit potential obtained in the
RHB theory for the Lagrangian parameters NL-SH, NL-SV2,
and NL-SV1. The contribution of the and o terms add

together to give rise to the spin-orbit potential, which is pre-

dominant in the surface region of the nucld@$. The s.o.

potential is largest for the nonlinear scalar force NL-SH. This

is consistent with the strong shell effects observed with™ . . : :
waiting-point region.

NL-SH at the shell closures in nuclei. The depth of the s.o
potential is reduced by about 10% for the force NL-SV2. It is
reduced further with NL-SV1. This reduction from NL-SH to
NL-SV2 and to NL-SV1 is consistent with all the results we

have discussed on the shell effects with these forces in thi

work. This underlines the point that the spin-orbit interaction

fects. This would require an adjustment of both ¢hand the
o fields in order to produce a suitable spin-orbit field.

V. CONCLUSION

plays a key role in determining the strength of the shell ef?

are, therefore, not expected to contribute to thgrocess
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that of the relativistic Hartree-Bogoliubov theory based upon
the quasiparticle scheme with the self-consistent pairing. The
RHB approach with the inclusion of the vector self-coupling
of  meson was developed with a view to remedy the prob-
lem of the strong shell effects with the Lagrangian with the
scalar self-coupling only. Having reproduced the shell effects
with the vector self-coupling at the stability line in our ear-
lier work [4], we have attempted to reproduce the available
data on the shell effects in the waiting-point region®éZn.
The available data on Zn isotopes are reproduced well within
the RHB approach with the vector self-coupling. This estab-
lishes further the reliability of the working basis we employ.
With the above approach we have carried out the RHB
calculations for nuclei along theprocess path and near the
neutron drip line using the two different Lagrangian models.
It is shown that the shell effects with vector self-coupling are
in general softer than those with the scalar self-coupling.
This is found to be the case over a broad range of nuclei
considered in our work. This implies that the shell structure
ear the Fermi surface with the vector self-coupling forces is
denser than with the Lagrangian with the scalar self-
coupling. This is consistent with what was found to be the
gase also for nuclei about the stability line.
The shell gap aN=82 shows a gradual decrease in going
from ther-process path towards the neutron drip line for all
the forces considered. This is the natural behavior for the

for nuclei on ther-process path, the shell effects =82

still remain strongvis-avis a quenching exhibited by HFB
+SkP. This quenching with SkP has been discussed exten-
sively in the literature[1,3,29. The origin of the shell
quenching stems primarily from the very large effective mass
of SkP, which leads to a significant compression of the shell
structure near the Fermi surface. Quenching has been re-
quested for an improved fit to the globedprocess abun-
danceq1,22]. However, quenching does not seem not to be
compatible with the data at the stability line and in the

In moving away from the-process path where nuclei are

expected to hav§,~2—-4 MeV to nuclei wheré, is van-

ishingly low, the shell gap aN=82 merges into the con-

{inuum. Consequently, the ensuing shell structure abdve

=82 is washed out significantly. Since a nucleus cannot take
n any more neutrons, nuclei in the vicinity of the drip line

nucleosynthesis.
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