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! I INTRODUCTION 
Until recently, the ground state binding energy of 

nuclei was ir.ost frequently calculated by using mass for
mulae of different types or by integrating finite dif
ference equations derived from local mass relations. 
Typical approaches belonging to the first class are ba
sed on liquid drop model expressions with shell and 
pairing corrections [1-3J. The second methods I 4-6] have 
been made possible by the considerable improvement of 
the experimental knowledge of the atomic masses during 
the two last decades (7-9]. Apart from least squares 
fits occuring at so?.is stage, the above treatments are 
numerically rather simple accurate and rapid. Unfortuna
tely, the reliability of their predictions for nuclei 
situated away from the valley of S-stability is ques
tionable. This is connected to their high degree of 
phenomenology which does not allow to predict structural 
changes. Or. the other hand, as pointed out many times, 
several parameters of the liquid drop model jannot be 
determined with " sufficient accuracy (or even depend 
on the' sample cho&en for their adjustement) and conse
quently mass extrapolations are rather delicate. 

Self-consistent approaches are supposed to do better 
in this respect although specific choices concerning 
either the many-body trial wave functions or the effec
tive interactions tend to reduce the domain of reliabi
lity of variational calculations as well. Efforts made 
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toward a better understanding of effective interactions 
and their connections to the free nucleon-nucleon force 
I 10-121 have allowed to develop, during the last fev; 
years, accurate as well weakly parametrized models clo
sely related to more fundamental treatments. Among such 
models the Brueckncr formulation of the energy density 
formalism I 13] has been extended in order to take 
into account shell structure and pairing correlations 
I 14) . In this case, N.F.-B.C.S. like calculations re
produce bulk properties of measured spherical nuclei 
with a high accuracy and we thus believe this particular 
approach to be of practical interest for computing seve
ral properties of exotic nuclei. 

The main characteristics of our mi
croscopic calculations will be summarized. The results 
concerning more than 300 spherical light and medium 
nuclei located in the nucléon drip regions will be pre
sented and discussed.. 

II MAIN FEATURES OF THE APPROACH 
A complete derivation of the formalism, the numeri

cal determination of the eleven parameter (of which 
seven describe nuclear matter, two refer to finite size 
effects and the two last one to spin-orbit coupling) , 
the treatment of the pairing correlations and a summary 
of results can be found in ref.1 14) . Here, we shall me
rely emphasize three points which are significant for 
the present application. 

i) The fine adjustment of the parameter on proper
ties of few selected magic spherical nuclei was done 
under the constraint of fitting the neutron matter cal
culations by Buchler and I^gber I 15]. 

ii) The gap matrix is calculated by means of an 
energy independent long range interaction derived from 
the Hamada-Johnston potential by using a Moskowski-Scott 
type separation method!16J. This interaction fits accu
rately the nucleon-nucleon data up to = 150 MeV [17] . 

iii) For a large sample of spherical nuclei distri
buted throughout the whole nuclidic chart (see Section V 
and in particular fig. 3,7 and 15 of ref.I 14]), the dis
tribution of the differencesbetween calculated and mea
sured total binding energy has a mean value AB=-2.3 MeV* 
X In the present approach, the parameter have been ad
justed in such a way that the calculated total binding 
energy of doubly magic nuclei never exceeded the measu
red one and not to constraint AB to be zero as it is 
usually done in the case of mass formulae. 
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and a mean quadratic deviation of 1.7 HcV, shell closu
res, separation and pairing energies, single particle 
spectra as well as rms charge radii are also in close 
agreement with experiment. 

In the present work, we yhal I also restrict 
ourselves to spherical calculations. In regions of 
actually deformed exotic nuclei, they will give useful 
reference results. Studying the structure of the nucléon 
drip lines requires obviously accurate predictions of 
the one and two nucléon separation energies up to unu
sual values of the neutron excess (N-Z)/A. This implies 
an approach able of reproducing correctly shell-,pairing-, 
symmetry- and deformation effects in a large (Z,N)-domain, 
i.e., a fortiori, in the narrow band of measured nuclei 
for which they are well known from a detailed analysis 
of the experimental nuclear mass surface I 18,19) . Figure 
1 illustrates a general comparison between the important 
first and second order finite differences of the measu
red and calculated binding energies 
(1) B2n(Z,N)HB(Z,N+l)-B(Z,N-l) 
(2) B2p(Z,N):B(Z+l,N)-B(Z-l,N) 
(3) Apn(Z,N)EB(Z+1,N+1)+B(Z-1,N-1)-B(Z+1,N-1)-B(Z-1,N+1) 
in the case of medium and heavy even nuclei. He see that 
the agreement is quite good in the case of the spherical 
nuclei (see also fig.7 of ref.( 14]) . The most important 
deviations occur around N=82 for B2n a s vieil as around 
Z=50 for B2p, where we overestimate the shell effects, 
and for 71<K<81 for A p n , where the experimental values 
present a rather deep local minimum. More systematic 
discrepancies appear as expected in the deformed regions. 
In the case of the rare earths, we overestimate B2p while 
we underestimate both B2n a n (l Apn- I n the actinides, we 
further underestimate B2n and Apn but do not find syste
matic missfit to B2p. 

This sensitive check, together with the good results 
of recent extended calculations of bulk properties of 
light stable and unstable nuclei 1<:Z«.8 and of Na-,K- and 
Rb isotopes [201 , give us confidence in investigating the 
impact of shell structure and pairing correlations on the 
nucléon drip lines. 

Ill STRUCTURE OF THE NUCLEON DRIP LINES 

At a fixed value of Z, a nucleus (Z,N+1) is neutron 
unstable if the one neutron separation energy Bn(Z,N+l)= 
B(Z,.N+1)-B(Z,N) is negative and is unstable against the 
emission of a neutron pair if the two neutron separation 
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Fig.l- Measured (stars) and calculated (dots) fini
te differences of the total binding energy of medium and 
heavy nuclei (see text) plotted as functions of N for 
ten selected values of Z (encircled in the middle part 
of the drawing). Upper part : two neutron separation 
energy, B2n(Z+l,N), middle part : two proton separation energy, B 2 p(Z,N), and lower part : variation with respect to N tor to Z) of the two proton (two neutron) se
paration energy, A p n(Z,N). 



5 

energy (1) gets negative*. Approximate relations exist 
between the chemical potential > n and the quasineutron 
energies E., on one hand, and the neutron separation ener
gies on the other hand. For instante, we have for N odd 
and N'l non magic 

B2n(Z,N) £ - 2Xn(Z,N) 

< 4 ) Bn(Z,N) a- -An(Z,N)+iaNAn(Z,N)-E™
in(Z,N) 

where Kmi"(Z,N) is the smallest quasineutron energy in 
the odd-N nuclei (Z,N) and 3NXn(Z,N) the slope of ),n 

along isotope lines. The chemical potentials and the 
quasiparticlc excitations are closely related to the sin
gle particle energies in the neighbourhood of the Fermi 
levels. Typical examples of the evolution of the neutron 
single particle energies and chemical potentials as func
tions of N in the case of the Na-K- and Rb isotopes are 
given in figs.7,9 and 10 respectively of ref.[20J . The 
(positive) slope SfJ-'n around >.n = 0 is small, less than 
.15 McV ii the case of the K isotopes for instance (fig. 9). 
Note also the vanishing of the magic character of N=50 
and the appearance of <.\ new spherical shell closure at 
N=58 in these isotopes. 

The estimates (4) are useful to analyse the struc
tures of the nucléon drip lines, i.e., the conditions of 
the emission of one or two nucléons. When X n tends to 
zero and except at neutron shell closures, the slope 
3jjXn is small compared to the quasineutron energies E™in 
which are of the order of one MeV. This explains the 
existence of long series of neutron stable even-N iso
topes adjacent to unstable odd-N ones. In the proton ca
se, the coulomb interaction increases the slope of Ap 
along isotone lines. This slope is not small compared to 
the quasiproton energies even as Xp tends to zero and 
consequently the even-Z isotones become much more rapid
ly unstable in the proton drip region. 

The stability properties against nucléon emission 
of light and medium spherical nuclei is summarized in 
Fig.2. The most stricking features of this survey are 
a) for nuclei close to the neutron drip line : i) the 
vanishing of the magic character of the neutron number 
20 and 28 as well as its strong weakening at N=50. ii) 
the appearance of new neutron spherical shell closures, 
especially at N=16, 34 and 58, and iii) the existence 
of very long series of even-N isotopes stable against 
particle emission and adjacent to odd-N isotopes which 
are unstable against the emission of one neutron (see 
for instance the Z=30 and 32 series), and b) for nuclei 

* Of course, corresponding expressions and comments hold 
for the protons. 
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Fig.2 - Structure of the nucléon drip lines for 
light and medium spherical nuclei obtained n̂ the present 
microscopic self-consistent approach.«Nucleus (• Z or 
N magic nucleus) stable against proton (or neutron) 
emission. * Nucleus ( if- Z or N magic nucleus) unstable 
against one proton (or one neutron) emission. Q Nucleus 
( O z or N magic nucleus) unstable against two proton 
(or two neutron) emission but stable against one nucléon 
emission. 

close to the proton drip line : i) the relatively weak 
influence of the proton spherical shell closures at 
Z=16 and 28 but the very strong one at Z=50, and ii) the 
narrow transition domain separating the nuclei which are 
stable from those which are unstable against one proton 
emission is limited by rather long series of nuclei 
having constant values of N-Z. 

The definition of "magic character" or "shell 
closure" contains necessarily some arbitrariness. Here 
we have adopted a definition (see ref.|20l) taking 
advantage of the particular property of the BCS gap 



equations to have no non trivia] solution for certain 
nucléon numbers if the level spacing around the chemical 
potentials is large compared to some average value of 
the pairing matrix elements. In such case the nucléon 
number corresponds to the fillinç- up of the Fermi orbital. 

IV CONCLUSIONS 

Previous work by Brueckner et al ( 21] using the 
Thomas-l'ermi approximation has shown the influence of the 
self-consistency on the drip lines. The present results 
underline fine and even stronger effects due to the 
pairing correlations and to shell closures at new magic 
numbers which cannot be predicted by any mass formula or 
mass extrapolations sofar developped. 
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