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In this paper we extend the shell model calculations previously made for the very neutron-rich nuclei with
Z=14 to Al, Mg, Na, Ne, F, and O, using the same valence space and effective interaction. Predictions are
made for the neutron separation energies and for the location of the neutron drip line. We find that the isotopes
of Ne, Na, and Mg are deformed fdé=22. In 4OMg, which is at the edge of the drip line, tie=28 shell
closure does not stand. By enlarging the valence space to include intruder states we are able to account for the
vanishing of theN=20 neutron shell closure in a small region arodfda that we delineate. The dominance
of the intruders explains the collective features experimentally found in this rd§6656-281®8)04309-X|

PACS numbegs): 21.60.Cs, 21.10.Dr, 27.36t, 27.40+z

[. INTRODUCTION available mean field results and close the paper with our
conclusions.

In a recent articld 1] we presented the results of large
scale shell model calculations that describe successfully all
the known isotopes of the elements with=14 up to Z Il. 07w DESCRIPTION OF THE ISOTOPIC CHAINS
=20. We discussed in detail their behavior at te- 28 FROM Z=8 UP TO Z=13
neutron shell closure which was claimed to be broken in this
very neutron rich regimg2]. We concluded that it was rather
the case of a strongly correlated closed shell than a proper In this section we use the valence space defined in our
vanishing of its magicity. In this paper we extend these calprevious work{1], i.e., the fullsd shell forZ-8 protons and
culations to the lighter elements, aluminum to oxygen. Wethe full pf shell for N-20 neutrons. We refer the reader to
expect some of these nuclei to be deformedNer22 due to  this paper for a more detailed description of the effective
the presence of neutrons and protons in active orbits. Fuinteraction whose main parts are t¢éHamiltonian of Wil-
thermore the deformation region may reach in some casegenthal for thesd shell[14] and theKB' interaction[15] for
the drip line, whose location is also a goal of our work.the pf shell. We use standard quadrupole effective charges
Around N=20 another problem has to be considered; thee,=1.5 ande,=0.5. The maximumm-scheme dimension
vanishing of theN=20 shell closure, already well docu- we have handled in this work is 1@defined as the number
mented experimentally3—7] and theoreticallyf8—13. We  of M=0 Slater determinantsin the calculation of the bind-
will address this problem by enlarging our valence space ting energies from the nuclear energies coming out of our
incorporate the intruder configurations that are responsiblealculation we proceed as in R¢l].
for the existence of an island of deformation aroutida, The one and two neutron separation energi8s énd
where semimagic nuclei were expected in the standard shel,y) are plotted in Figs. 1 and 2 for all the elements we are
model view. The inversion of “normal” and intruder con- considering. It is seen that the agreement for the Al chain is
figurations will be seen to cause the vanishing of tite excellent for all the neutron numbers. This is the kind of
=20 neutron shell closure. We will delineate the borders ofresults that we had found f&>14 in[1]. For oxygen and
the region, disentangle the structure of the deformed statefiporine the data are limited th<<20 where our results are
and make comparisons with the existing experimental resultglentical to Wildenthal's. It is for Ne, Na, and Mg that a
and predictions where they are not available. clear anomaly appears arouht 20, that is the fingerprint

We have organized the paper as follows: First we presentf the breaking of the shell closure, as we will discuss later.
our results in a valence space that assumes NkaR0 is  Besides, our calculation gives a 5/3round state foPNa
closed. This model is shown to be valid fb=22 in all  while experimentally it is known to be a 3/2[4]. Other
cases. We compare with the data on binding energies, malexperimental results that are not well reproduced in this va-
predictions on the situation of the drip line, spectroscopidence space are the half-lives of the isotopes closé\to
properties, etc. We analyze the discrepancies and point out 20[6]. Very recently an update of these measurements and
the limitations of our approach close kb= 20. Secondly, we a comparison with the theoretical predictions of our model
enlarge the space to allow for the presence of intruder statebas been made in Ré¢fL6]. Hence we will not dwell on these
whose properties we study. In particular, the relative positioraspects here.
of the normal and intruder configurations that led us to the According to our calculations the last bound isotopes are
location of the region of deformation arouritNa. We in- 240, ?'F, **Ne, 3'Na, 3¥Mg, and**Al. Notice, however, that
clude a short section devoted #Si, that we find to re- we cannot exclude slight changes on the position of the drip
semble a doubly magic nucleus. Finally we comment on thdine, since®Na is only bound by 250 keV ané&F, 3'F,

A. Separation energies and situation of the neutron drip line
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FIG. 1. Theoretical and experimental,Sor O (a), F (b), Ne (c), Na (d), Mg (e), and Al (f).

40Mg, and “*Al are just unbound —250, —145, —470, and

been probably reached f@=8 (?*0) and forz=9 (*°F).

The last observed isotopes in the other chains ¥ie,
%Na, %Mg, and “Al [17-23, and are very close to our

predicted drip line.

B. Quadrupole

properties and deformation

B(E2;2"—0"), the spectroscopic quadrupole moment,

and the excitation energy of the first' 2state for all the

formation parameteB using the expression

/5 B
B=Qo 3 Z71Ro 2
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The results for Ne and Mg are gathered in Table I. The
—550 keV, respectively Experimentally the drip line has results for the oxygen isotopes below the drip line are al-
ready known and nothing especially curious happens above
it. Let us examine first the situation for the heavier isotopes,
irrespective of the actual position of the drip line. For the
neon isotopes we find a low-lying™2in 3Ne, *Ne, and
3Ne, correlated with a stronB(E2)(2"—07") that should
correspond toB~0.4. At N=28—well beyond the drip
line—our results show clearly the effect of thie=28 shell

We have calculated the reduced transition probabilityclosure. The situation in the Mg isotopes is much richer. We
observe in the table that the excitation energy of the 2
drops already all=22 and stabilizes at around 1 MeV even
even-even nuclei considered in this paper. Assuming that thisr N=28. TheseB(E2)’s correspond tg8~0.5 for N=24
rotational formula for the intrinsic quadrupole moment as aandN=26 andB~0.45 forN=28 andN=30 and no shell
function of theB(E2) is valid we get the values of the de- closure effect is seen in this quantity either. Comparing with
the Ne case we see that four active protons are required in
order to break thé\=28 shell closure. For six protons—Si
isotopes—the shell closure is recovered because of the filling
of the 1ds,, orbit.
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TABLE |. E2 properties for the Mg and Ne nucld, in MeV, Q. in e fm? andB(E2) given ine? fm*

N Ne Mg
Ed(27) Qs B(E2) Ed(27) Qs B(E2)
Th Exp Th Th Exp Th Exp Th Th Exp

14 2.18 1.98 —-2.77 40.51 28 1.95 1.81 -11.73 65.97 61
16 2.03 —-10.56 38.26 1.56 1.47 —-15.67 60.65 68
18 1.83 -0.87 33.05 1.70 1.48 —11.57 48.34

20 1.94 -1.02 23.41 1.71 0.89 -10.33 29.36 20
22 1.02 —11.16 51.49 1.21 —13.17 68.59

24 0.90 —16.56 72.88 0.85 —19.29 94.69

26 1.10 —14.30 61.38 0.93 —19.45 94.14

28 1.98 0.97 52.02 1.05 —21.45 82.02

30 1.26 —-1.55 47.71 1.11 —13.48 83.35
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0 — — ‘ — TABLE Il. Weight of proton excitations in the intruder wave
o) functions. Energies in MeV.
Nucleus (D-2h), (2p-2h) (744
E(0") Npe E(0") Nps nes

¥Ne —88.06 2 -88.09 193 007
$2Mg —137.43 2 —137.48 195  0.05

014 1‘6 1‘8 io 2 2426283‘0 o 14 16 18 on 2I22L126 38

N N [5] for the 2 energy and a predicteB(E2) three times

_ o smaller than the measured valid. The body of evidence is
FIG. 3. Mass quadrupole properties of the magnesium 'Sompe%onvincing enough; if we assume thit=20 is closed we

lose the necessary degrees of freedom to explain the behav-

In order to understand whether the large neutron excesgy of the isotopes of Ne, Na, and Mg in the vicinity of the
may affect the proton and neutron deformations we have,qtron number 20.

calculated the mass quadrupole properties. From them we get
the intrinsic mass quadrupole moments and the correspond-
ing B,(,) parameters. Figure 3 contains the mass quadrupole
moments as well as those of neutrons and protons along the A. Structure of the intruder states
Mg isotope chain. Those of the neutrons are systematically . .
larger than the proton ones, but this only reflects the fact tha{ In arder to understand the hehavior of fe-20 isotones

Ill. INTRUDER STATES AROUND N=20

they are more abundant. In fact, when we normalize to th ar from stability an enlarged valence space has to bg used..
number of particles to obtain th,ﬁ parametergFig. 3(b)] everal attempts have been already made as we mentioned in

the situation is the opposite. This unexpected result stress tlijele Introduction. We are now able to deal with much larger

importance of the protons in keeping the deformation of the mens@onaliti_es “5".19 the COdeNTOINE [25.]’ and _this
heavy magnesiums. makes it possible to improve our understanding of this prob-

We have seen that the Mg isotopes are predicted to b@m' We will allow 2p-2h neutron jumps f_rom thedto the
deformed even for the magic neutron numibés28. We pf shell and argue that these are the main components of the

will examine now the structure dMg in more detail. In physical states. First we can gather from Table Il that the

Fig. 4 we have plotted the occupation of thé,4 neutron in_fluence of the proton excitations acrolls=20 is negli-
orbit from oxygen to silicon. Notice the dip 4&Mg indicat- gible.

) o . . Another issue is whether intruders are dominated by
ing that theN=28 closure is extremely weakened. In addi 2p-2h or 4p-4h excitations. The larger the number of

tion, the analysis of the structure of the wave function con- the | the di onalit. For thi h
firms that the closed shell configuration has lost its leadin umps the farger the dimensionality. -or this reason we have
uncated thepf shell to only the f;, and the D3, sub-

status because the configuration with two neutrons in th .
: : : hells. We have calculated the firsp-2h and 4p-4h 0
2 orbit has equivalent weigh?2 vs 28 %. Therefore, > i )
Ps/2 q g & states for ®®Mg. Their energies are—136.48 and

according to our calculatiof=28 is not a closed shell at . ) ;
7-12 g —129.23 MeV, respectively. The difference is large enough
Now we come back ttiN=20. In the &w valence space to be s:[urti that 4ﬁven .'I :he fUU’_;‘l Shflh were ttakiarn Into
N=20 is closed by definition; this shows up in the rise of thedccount, the p-4h excitations will no ominate. 1o sum
up, the intruders around = 20 far from the stability are built

2% excitation energies and the decrease ofERetransition " " tati f thed to the pf shell. Th
probabilities. In®Mg both numbers have been measured an(Py WO neutron excitations from hed to epl shel. the
next task is to define the borders of the region where these

the discrepancies are huge; 1.71 Méh) vs 0.89 MeV(exp states become dominant in the ground state wave functions.

10 ‘ : ; ; ‘ ' ‘ B. The island of inversion
f,, Occupation In order to accomplish this task we have undertaken a
N=28 systematic calculation of the energy gap between normal and

intruder states in for & Z<14, 18<N=<22. Table Ill and
Fig. 5 show that there are very few nuclei where the inver-

73

TABLE lIl. Intruder gap in MeV.

<n

ér | N O F Ne Na Mg Al Si

18 579 4.95 2.99 2.75 3.19 467 550
} 19 415 291 0.85 0.83 1.01 298 3.35
4 8 9 1‘0 1‘1 1'2 1‘3 1'4 20 254 104 -104 -—-107 -—-105 082 180
VA 21 387 263 —-003 -080 -010 191 296
22 486 3.52 1.78 1.27 1.38

FIG. 4. Occupation of the fl,, orbit in theN=28 isotones.
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7.0 - v - - - correlation energies in the truncated space mentioned in Sec.
Il A. It can be seen in Fig. ) that, as expected, the intrud-
ers are more correlated than the correspondifig States.
However, the difference in correlation energy decreases as
the number of neutrons increases. Therefore, excitations of
two neutrons from thed shell to thepf shell become rap-
idly unfavored wherlN+ 20.

Eop-oh - EZp-Zh

C. Some properties of the intruders

The intruders dominate the ground states’®e, 3Na,
and®Mg. At N=21 (®Ne, %Na, and**Mg) they are nearly
degenerate with the closed shell states—actually they are
also degenerate with the positive paritp-1h intruders—
which makes it extremely difficult—if not plainly

FIG. 5. 2p-2h gap for the different isotopic series. impossible—to advance any sound prediction. Thus, we shall

in what follows limit ourselves to discuss some of the prop-

sion of configurations takes place. OmiNe, 313Na, and er.ti(.as of .theN:20 intruders thgt, aIthpugh eroded by the
32\g are dominated by thef22h states. Moreover, normal Mixing with the closed shell, will certainly be a very good
and intruder states are almost degenerat&ite and*3Mg. apggoxmanon to those of the physical states.
However, the experiments seem to indicate thalatl9 the Ne. The excitation energy of the'2is 0.93 MeV and
intruders and the normal state are closer than we predict. fhe B(E2)1 is 370e” fm” which corresponds to a deforma-
may well happen that our interaction places the intruders 30”1:3*0-4- _ _ _
few hundred keV too high. Anyhow, even if we decrease by Na. The _mtruder bandhead is a 3/2vhich restores the
1 MeV the intruder gap, the anomalous region is still con-2greement with the measured value of the ground state an-
strained to 16:Z<12, 19<N<22 with both types of states gular momentum. The deformation assumiKg-3/2 is 3
almost degenerate &t=19 andN=22. Notice that in this ~0.45. The excited 5/2is located at 200 keV of excitation
case the gains in energy of the intruders will solve theenergy. The experimental magnetic moment is 2,2826].
anomalies in the separation energies discussed in Sec. lthe intruder’s value, 2.3@y, is in better agreement with
Moreover, a small intruder mixing in the ground Statez%ﬁ this value than the closed shell value for the *B/Qtate,
will lead to an energy gain of a few hundred keV, enough to2.50uy . Our value is very close to the prediction given in
bind it, therefore restoring the agreement with the experi{13] using a smaller valence space. Notice also that the mix-
mental situation. ing between the intruder and the normal state will increase

The inversion of configurations results of the competitionthe value ofy. moving it towards the experimental number.
of the monopole field, that favors the normal filling and the ~ *°Mg. The 2" excitation energy is 1.03 MeV compared
correlations that favors open shell intruders. To study theitvith the experimental value 0.89 MeV. ThB(E2)T,
interplay, we have decomposed the gap in two parts: thd90e” fm*, also fits nicely with the experimental value
monopole gap and the contribution of correlations, i.e., the#50e” fm*. It corresponds to a deformatiof~0.5. We
multipole gap. Let us consider the monopole energy of thdiave computed as well tH@E27 from the ground state of
normal and D-2h intruder 0" states. The differences give the 4p-4h configuration to its first excited 2 and we find
us the monopole gap, essentially related to the single partic/e50e? fm* which is much bigger than the experimental
gap. The results for the Mg isotopes are shown in Fig).6 number. Moreover, the increaseBrE2 from the closed shell
The minimum is reached &t= 20 and it increases as we add to the 2p-2h intruder (340e? fm%) is larger than the one
neutrons to the@f shell. On the contrary, the behavior of the from 2p-2h to 4p-4h (160e? fm*). As the gain in quadru-
correlation energy is rather different. We shall compute thepole energy is roughly proportional to tHgE2 value, we

understand why thepgt4h configuration is higher in energy
W 10 ——————— than the D-2h one.

In Fig. 7(a) we compare the experimental excitation en-
ergy of the 2 states with the theoretical predictions along
the Mg chain. In fact we shall use the predictions obtained in

N E the Chw or the 2p-2h spaces depending on whether the
s g ground-state is a normal or an intruder state. The agreement
;s ;g“ is extremely good. This is also the case for &2 reduced

transition probabilities shown in Fig(h). In these figures a
small kink appears &l =22, however, it can be smoothed or
even disappear if we take into account the mixing with the—
e N very collective—%-2h intruder. Therefore, our prediction
B o 2 ¥ % B B n n U ¥ B for the B(E2) and the 2 excitation energy of*Mg would
N N : 4 .
rather be somewhere in between the interpolation of the

FIG. 6. Monopole gaps and correlation energies for the magne>Mg and **Mg points in Fig. 7b) and the actuaf*Mg

sium isotopes. points.
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From theB(E2) values we can get some insight into the this issue in a nucleus*Si that lies outside the island of
structure of the intrinsic states. This can be achieved calcunversion.

lating the values of the intrinsic quadrupole moment and the | 345 the “unmixed” situation is the following. The
first 2p-2h 0% state lies at 1.7 MeV excitation energy with

deformation parameteB. Figures 6c) and Gd) plot these
guantities. We see that the deformation is quite constar}tespect to the p-Oh 0*
along all the chain.

IV. THE MIXING BETWEEN NORMAL AND INTRUDER
STATES IN Sj

and consistent calculation including all th@-nh intruders.

TABLE IV. %Si excitation energieén MeV) and transition probabilities ig? fm.

ground state. The 2 states lie

respectively at 3.0 MeV (2-2h) and 4.9 (@Oh) MeV.
These values are compatible with the experimental energies.
However, within this picture, the probability for the transi-
tion 2] —0; vanishes, contrary to the experimental situa-
The mixing of the intruders and the closed shell states tdion. To get a mixed solution we first diagonalize separately
build the physical wave functions is a very delicate issuethe Hamiltonian in the p-0Oh and the -2h spaces. Then
first, because our effective interaction was tailored for a vawe take the lowest eigenstate in each space and rediagonalize
lence space that did not contain the intruder's degrees dh the basis spanned by these pairs of states. The results are
freedom, therefore incorporating in some measure their efshown in Table 1V, where we give the percentages %o& 0
fect. Secondly because we are not able yet to perform a fubomponents in the different states, the excitation energies,
and the transition probabilities, compared with the experi-
Nevertheless, and with these caveats, we will explore belownental results and with other shell model calculations. In

J7 Ohw AE B(E21)
this this
% work [28] [13] exp. work [28] [13] exp.
07 80 0.0 0.0 0.0 0.0 0727 147 44 180 8833
05 20 3.0 2.0 2.0 0; =25 78 108 <104
27 6 35 2.8 2.0 33 0;—2; 260 215
22+ 94 5.6 4.9 4.1
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140 r maining orbits which fall in a rather small energy range.
—ep When the number of protons reducesZe-20 there is a

20! o—sl, clear erosion of thé,-ps;, gap while the other two gaps
—ap, undergo a smooth increase. Moreover thg andp, orbits

come out interchanged. The spectrum remains stablg as
decreases to 14. THe¢=28 shell gap becomes smaller and

/I the general pattern of the spectrum is more uniform ap-
g 80 4
3 Many of our main conclusions agree with their outcomes.

Both approaches place the neutron drip line arofiMg.
The three isotopes®™g, 3¥Mg, and “®Mg are found to be
strongly deformed. In our work the total mass quadrupole
moments of these nuclei are close to 168,frwhile their
values are slightly higher, going from 175 to 200?fnThe
‘ agreement becomes extensive to the individual behavior of
" » 7 B protons and neutrons. Actually, it is found in the two de-
scriptions that protons become a bit more deformed than
FIG. 8. Single-particle energies alohy=28. neutrons. However, they cannot explain the onset of defor-
mation atN=20 a feature also present in the calculations
addition to the data of Ref27], we include the new coulex that use the Gogny forcg81]. The energy vs deformation
results[28] that give us access to the quadrupole propertiesurves produced by calculations are very similar, they
of 34si. present a spherical minimum and a shouldeB&t0.5. It is
Our calculation is in full agreement with the experimental only when the Bohr Hamiltonian is solved in tfi8,y) plane
results. In the shell model study included in R&¥8], made that a deformed ground state is obtained, a calculation only
in a valence space more truncated than ours, the first exciteavailable for the Gogny force81]. A more detailed compari-
state of34Si is also predicted to be atOeven if located at a son between the shell model and mean field results is in
smaller excitation energy. Both calculations give qualita-progress. Let us finally mention that the relativistic mean
tively the same picture although our numbers are closer téield calculations of Ref.32] place the drip line at values of
the experimental ones. In RéfL3] another shell model cal- N much larger than the nonrelativistic ones and than ours.
culation in a smaller valence space is made, that gives a morghis is related to the behavior of their gap that becomes
compressed spectrum, with a too low first excitédstate. A~ essentially zero, leading to very small but positive separation
remarkable aspect—common to the three calculationg€nergies.
available—is that the ground state Y¥5i has (-0h nature
while its two lowest excited states are intrudésse Table
IV). This is a feature characteristic of double magic nuclei, VI. CONCLUSIONS
40Ca, for example, and suggests ti4i could actually be
considered as such.

Ko e 4 ] proaching that of a well with a very diffuse surfa29].
Lf .\/ Terasakiet al. [30] have studied the quadrupole proper-
2 60 - ] ties of the Mg isotopes from the stability to the drip lines.

0.0

In this work we have shown that the spherical shell model
description can be successfully applied to nuclei very far
from stability, using the same effective interaction and the
V. COMPARISON WITH MEAN FIELD CALCULATIONS same valence space one should use for the stable isotopes.

i ) . . This is a very satisfactory result that enhances our confidence

The aim of this section is to compare our results with, e predictive power of our model. In the region we have
those obtained by several authors using the Hartree-FoGk,osen to study, the collective behavior is of overwhelming
Bogolyubov framework. Dobaczeswsét al. [29] have in- i ortance and—another satisfying aspect—can be dealt
pluded to a_large extent the effects of the contmu_um workingyith in a spherical approach. The magnesium isotopes be-
in the cordinate space. As the neutron excess increases i€ in a rather iconoclastic way. For, in the two cases they
single particle potential becomes shallower and the densitigs,, e magic neutron number they manage to break it. At

expand into a larger region. This is particularly true for they _ 5 this is due to the inversion of the closed neutron shell
outermost neutrons characterized by long-tail wave funcbonfiguration and the intruder onédeformed -2h neu-
tions. The corresponding quasi-particle levels spread umfron jumps from thesd shell to thepf shel). At N=28 the
formly without strong shell gaps. In thef shell thef7,-p3  quadrupole correlations ati@ are responsible for the disap-
gap is eroded when compared to its value near the stabllltypearance of the neutron magicity.

In our context, the evolution of the effective single par-
ticle energies is governed by the monopole part of the inter-
action. When &w excitations are exclude@s in almost ev- ACKNOWLEDGMENTS
ery shell-model calculationghe monopole gives rise to a
linear evolution of the single particle spectrum between two We thank G. Walter and A. Zuker for many discussions.
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