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Shell model study of the neutron rich isotopes from oxygen to silicon
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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 forN>22. In 40Mg, which is at the edge of the drip line, theN528 shell
closure does not stand. By enlarging the valence space to include intruder states we are able to account for the
vanishing of theN520 neutron shell closure in a small region around31Na that we delineate. The dominance
of the intruders explains the collective features experimentally found in this region.@S0556-2813~98!04309-X#

PACS number~s!: 21.60.Cs, 21.10.Dr, 27.30.1t, 27.40.1z
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I. INTRODUCTION

In a recent article@1# we presented the results of larg
scale shell model calculations that describe successfully
the known isotopes of the elements withZ514 up to Z
520. We discussed in detail their behavior at theN528
neutron shell closure which was claimed to be broken in
very neutron rich regime@2#. We concluded that it was rathe
the case of a strongly correlated closed shell than a pro
vanishing of its magicity. In this paper we extend these c
culations to the lighter elements, aluminum to oxygen. W
expect some of these nuclei to be deformed forN>22 due to
the presence of neutrons and protons in active orbits. F
thermore the deformation region may reach in some ca
the drip line, whose location is also a goal of our wo
Around N520 another problem has to be considered;
vanishing of theN520 shell closure, already well docu
mented experimentally@3–7# and theoretically@8–13#. We
will address this problem by enlarging our valence space
incorporate the intruder configurations that are respons
for the existence of an island of deformation around31Na,
where semimagic nuclei were expected in the standard s
model view. The inversion of ‘‘normal’’ and intruder con
figurations will be seen to cause the vanishing of theN
520 neutron shell closure. We will delineate the borders
the region, disentangle the structure of the deformed sta
and make comparisons with the existing experimental res
and predictions where they are not available.

We have organized the paper as follows: First we pres
our results in a valence space that assumes thatN520 is
closed. This model is shown to be valid forN>22 in all
cases. We compare with the data on binding energies, m
predictions on the situation of the drip line, spectrosco
properties, etc. We analyze the discrepancies and point
the limitations of our approach close toN520. Secondly, we
enlarge the space to allow for the presence of intruder sta
whose properties we study. In particular, the relative posit
of the normal and intruder configurations that led us to
location of the region of deformation around31Na. We in-
clude a short section devoted to34Si, that we find to re-
semble a doubly magic nucleus. Finally we comment on
PRC 580556-2813/98/58~4!/2033~8!/$15.00
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available mean field results and close the paper with
conclusions.

II. 0\v DESCRIPTION OF THE ISOTOPIC CHAINS
FROM Z58 UP TO Z513

A. Separation energies and situation of the neutron drip line

In this section we use the valence space defined in
previous work@1#, i.e., the fullsd shell for Z-8 protons and
the full p f shell for N-20 neutrons. We refer the reader
this paper for a more detailed description of the effect
interaction whose main parts are theW Hamiltonian of Wil-
denthal for thesd shell @14# and theKB8 interaction@15# for
the p f shell. We use standard quadrupole effective char
ep51.5 anden50.5. The maximumm-scheme dimension
we have handled in this work is 107 ~defined as the numbe
of M50 Slater determinants!. In the calculation of the bind-
ing energies from the nuclear energies coming out of
calculation we proceed as in Ref.@1#.

The one and two neutron separation energies (SN and
S2N) are plotted in Figs. 1 and 2 for all the elements we a
considering. It is seen that the agreement for the Al chai
excellent for all the neutron numbers. This is the kind
results that we had found forZ.14 in @1#. For oxygen and
fluorine the data are limited toN,20 where our results are
identical to Wildenthal’s. It is for Ne, Na, and Mg that
clear anomaly appears aroundN520, that is the fingerprint
of the breaking of the shell closure, as we will discuss la
Besides, our calculation gives a 5/22 ground state for31Na
while experimentally it is known to be a 3/22 @4#. Other
experimental results that are not well reproduced in this
lence space are the half-lives of the isotopes close toN
520 @6#. Very recently an update of these measurements
a comparison with the theoretical predictions of our mo
has been made in Ref.@16#. Hence we will not dwell on these
aspects here.

According to our calculations the last bound isotopes
24O, 27F, 34Ne, 37Na, 38Mg, and41Al. Notice, however, that
we cannot exclude slight changes on the position of the d
line, since 37Na is only bound by 250 keV and29F, 31F,
2033 © 1998 The American Physical Society
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FIG. 1. Theoretical and experimental S2n for O ~a!, F ~b!, Ne ~c!, Na ~d!, Mg ~e!, and Al ~f!.
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40Mg, and 43Al are just unbound~2250, 2145, 2470, and
2550 keV, respectively!. Experimentally the drip line has
been probably reached forZ58 (24O) and forZ59 (29F).
The last observed isotopes in the other chains are32Ne,
35Na, 38Mg, and 41Al @17–23#, and are very close to ou
predicted drip line.

B. Quadrupole properties and deformation

We have calculated the reduced transition probabi
B(E2;21→01), the spectroscopic quadrupole momentQs ,
and the excitation energy of the first 21 state for all the
even-even nuclei considered in this paper. Assuming that
rotational formula for the intrinsic quadrupole moment as
function of theB(E2) is valid we get the values of the de
formation parameterb using the expression

b5Q0A5p

3
Z21R0

22.
ty

he
a

The results for Ne and Mg are gathered in Table I. T
results for the oxygen isotopes below the drip line are
ready known and nothing especially curious happens ab
it. Let us examine first the situation for the heavier isotop
irrespective of the actual position of the drip line. For t
neon isotopes we find a low-lying 21 in 32Ne, 34Ne, and
36Ne, correlated with a strongB(E2)(21→01) that should
correspond tob'0.4. At N528—well beyond the drip
line—our results show clearly the effect of theN528 shell
closure. The situation in the Mg isotopes is much richer.
observe in the table that the excitation energy of the1

drops already atN522 and stabilizes at around 1 MeV eve
for N528. TheseB(E2)’s correspond tob'0.5 for N524
andN526 andb'0.45 for N528 andN530 and no shell
closure effect is seen in this quantity either. Comparing w
the Ne case we see that four active protons are require
order to break theN528 shell closure. For six protons—S
isotopes—the shell closure is recovered because of the fi
of the 1d5/2 orbit.
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TABLE I. E2 properties for the Mg and Ne nuclei.Ex in MeV, Qs in e fm2 andB(E2) given ine2 fm4

units. Experimental values taken from Ref.@24#.

N Ne Mg
Ex(2

1) Qs B(E2) Ex(2
1) Qs B(E2)

Th Exp Th Th Exp Th Exp Th Th Exp

14 2.18 1.98 22.77 40.51 28 1.95 1.81 211.73 65.97 61
16 2.03 210.56 38.26 1.56 1.47 215.67 60.65 68
18 1.83 20.87 33.05 1.70 1.48 211.57 48.34
20 1.94 21.02 23.41 1.71 0.89 210.33 29.36 90
22 1.02 211.16 51.49 1.21 213.17 68.59
24 0.90 216.56 72.88 0.85 219.29 94.69
26 1.10 214.30 61.38 0.93 219.45 94.14
28 1.98 0.97 52.02 1.05 221.45 82.02
30 1.26 21.55 47.71 1.11 213.48 83.35

FIG. 2. Theoretical and experimental S1n for O ~a!, F ~b!, Ne ~c!, Na ~d!, Mg ~e!, and Al ~f!.
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In order to understand whether the large neutron exc
may affect the proton and neutron deformations we h
calculated the mass quadrupole properties. From them we
the intrinsic mass quadrupole moments and the corresp
ing bp(n) parameters. Figure 3 contains the mass quadru
moments as well as those of neutrons and protons along
Mg isotope chain. Those of the neutrons are systematic
larger than the proton ones, but this only reflects the fact
they are more abundant. In fact, when we normalize to
number of particles to obtain theb parameters@Fig. 3~b!#,
the situation is the opposite. This unexpected result stres
importance of the protons in keeping the deformation of
heavy magnesiums.

We have seen that the Mg isotopes are predicted to
deformed even for the magic neutron numberN528. We
will examine now the structure of40Mg in more detail. In
Fig. 4 we have plotted the occupation of the 1f 7/2 neutron
orbit from oxygen to silicon. Notice the dip at40Mg indicat-
ing that theN528 closure is extremely weakened. In add
tion, the analysis of the structure of the wave function co
firms that the closed shell configuration has lost its lead
status because the configuration with two neutrons in
2p3/2 orbit has equivalent weight~22 vs 28 %!. Therefore,
according to our calculationN528 is not a closed shell a
Z512.

Now we come back toN520. In the 0\v valence space
N520 is closed by definition; this shows up in the rise of t
21 excitation energies and the decrease of theE2 transition
probabilities. In32Mg both numbers have been measured a
the discrepancies are huge; 1.71 MeV~th! vs 0.89 MeV~exp!

FIG. 3. Mass quadrupole properties of the magnesium isoto

FIG. 4. Occupation of the 1f 7/2 orbit in theN528 isotones.
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@5# for the 21 energy and a predictedB(E2) three times
smaller than the measured value@7#. The body of evidence is
convincing enough; if we assume thatN520 is closed we
lose the necessary degrees of freedom to explain the be
ior of the isotopes of Ne, Na, and Mg in the vicinity of th
neutron number 20.

III. INTRUDER STATES AROUND N520

A. Structure of the intruder states

In order to understand the behavior of theN520 isotones
far from stability an enlarged valence space has to be u
Several attempts have been already made as we mention
the Introduction. We are now able to deal with much larg
dimensionalities using the codeANTOINE @25#, and this
makes it possible to improve our understanding of this pr
lem. We will allow 2p-2h neutron jumps from thesd to the
p f shell and argue that these are the main components o
physical states. First we can gather from Table II that
influence of the proton excitations acrossN520 is negli-
gible.

Another issue is whether intruders are dominated
2p-2h or 4p-4h excitations. The larger the number o
jumps the larger the dimensionality. For this reason we h
truncated thep f shell to only the 1f 7/2 and the 2p3/2 sub-
shells. We have calculated the first 2p-2h and 4p-4h 01

states for 32Mg. Their energies are2136.48 and
2129.23 MeV, respectively. The difference is large enou
to be sure that even if the fullp f shell were taken into
account, the 4p-4h excitations will not dominate. To sum
up, the intruders aroundN520 far from the stability are built
by two neutron excitations from thesd to thep f shell. The
next task is to define the borders of the region where th
states become dominant in the ground state wave functi

B. The island of inversion

In order to accomplish this task we have undertake
systematic calculation of the energy gap between normal
intruder states in for 8<Z<14, 18<N<22. Table III and
Fig. 5 show that there are very few nuclei where the inv

s.

TABLE II. Weight of proton excitations in the intruder wav
functions. Energies in MeV.

Nucleus (2p-2h)n (2p-2h)(p1n)

E(01) np f
n E(01) np f

n np f
p

30Ne 288.06 2 288.09 1.93 0.07
32Mg 2137.43 2 2137.48 1.95 0.05

TABLE III. Intruder gap in MeV.

N O F Ne Na Mg Al Si

18 5.79 4.95 2.99 2.75 3.19 4.67 5.5
19 4.15 2.91 0.85 0.83 1.01 2.98 3.3
20 2.54 1.04 21.04 21.07 21.05 0.82 1.80
21 3.87 2.63 20.03 20.80 20.10 1.91 2.96
22 4.86 3.52 1.78 1.27 1.38
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PRC 58 2037SHELL MODEL STUDY OF THE NEUTRON RICH . . .
sion of configurations takes place. Only30Ne, 31,32Na, and
32Mg are dominated by the 2p-2h states. Moreover, norma
and intruder states are almost degenerate in31Ne and33Mg.
However, the experiments seem to indicate that atN519 the
intruders and the normal state are closer than we predic
may well happen that our interaction places the intruder
few hundred keV too high. Anyhow, even if we decrease
1 MeV the intruder gap, the anomalous region is still co
strained to 10<Z<12, 19<N<22 with both types of state
almost degenerate atN519 andN522. Notice that in this
case the gains in energy of the intruders will solve
anomalies in the separation energies discussed in Sec
Moreover, a small intruder mixing in the ground state of29F
will lead to an energy gain of a few hundred keV, enough
bind it, therefore restoring the agreement with the exp
mental situation.

The inversion of configurations results of the competiti
of the monopole field, that favors the normal filling and t
correlations that favors open shell intruders. To study th
interplay, we have decomposed the gap in two parts:
monopole gap and the contribution of correlations, i.e.,
multipole gap. Let us consider the monopole energy of
normal and 2p-2h intruder 01 states. The differences giv
us the monopole gap, essentially related to the single par
gap. The results for the Mg isotopes are shown in Fig. 6~a!.
The minimum is reached atN520 and it increases as we ad
neutrons to thep f shell. On the contrary, the behavior of th
correlation energy is rather different. We shall compute

FIG. 5. 2p-2h gap for the different isotopic series.

FIG. 6. Monopole gaps and correlation energies for the mag
sium isotopes.
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correlation energies in the truncated space mentioned in
III A. It can be seen in Fig. 6~b! that, as expected, the intrud
ers are more correlated than the corresponding 0\v states.
However, the difference in correlation energy decreases
the number of neutrons increases. Therefore, excitation
two neutrons from thesd shell to thep f shell become rap-
idly unfavored whenNÞ20.

C. Some properties of the intruders

The intruders dominate the ground states of30Ne, 31Na,
and32Mg. At N521 (31Ne, 32Na, and33Mg) they are nearly
degenerate with the closed shell states—actually they
also degenerate with the positive parity 1p-1h intruders—
which makes it extremely difficult—if not plainly
impossible—to advance any sound prediction. Thus, we s
in what follows limit ourselves to discuss some of the pro
erties of theN520 intruders that, although eroded by th
mixing with the closed shell, will certainly be a very goo
approximation to those of the physical states.

30Ne. The excitation energy of the 21 is 0.93 MeV and
the B(E2)↑ is 370e2 fm4 which corresponds to a deforma
tion b'0.4.

31Na. The intruder bandhead is a 3/21 which restores the
agreement with the measured value of the ground state
gular momentum. The deformation assumingK53/2 is b
'0.45. The excited 5/21 is located at 200 keV of excitation
energy. The experimental magnetic moment is 2.28mN @26#.
The intruder’s value, 2.19mN , is in better agreement with
this value than the closed shell value for the 3/21 state,
2.50mN . Our value is very close to the prediction given
@13# using a smaller valence space. Notice also that the m
ing between the intruder and the normal state will incre
the value ofm moving it towards the experimental numbe

32Mg. The 21 excitation energy is 1.03 MeV compare
with the experimental value 0.89 MeV. TheB(E2)↑,
490e2 fm4, also fits nicely with the experimental valu
450e2 fm4. It corresponds to a deformationb'0.5. We
have computed as well theBE2↑ from the ground state o
the 4p-4h configuration to its first excited 21 and we find
650e2 fm4 which is much bigger than the experiment
number. Moreover, the increase inBE2 from the closed shel
to the 2p-2h intruder (340e2 fm4) is larger than the one
from 2p-2h to 4p-4h (160e2 fm4). As the gain in quadru-
pole energy is roughly proportional to theBE2 value, we
understand why the 4p-4h configuration is higher in energy
than the 2p-2h one.

In Fig. 7~a! we compare the experimental excitation e
ergy of the 21 states with the theoretical predictions alon
the Mg chain. In fact we shall use the predictions obtained
the 0\v or the 2p-2h spaces depending on whether t
ground-state is a normal or an intruder state. The agreem
is extremely good. This is also the case for theE2 reduced
transition probabilities shown in Fig. 7~b!. In these figures a
small kink appears atN522, however, it can be smoothed o
even disappear if we take into account the mixing with the
very collective—4p-2h intruder. Therefore, our prediction
for the B(E2) and the 21 excitation energy of34Mg would
rather be somewhere in between the interpolation of
32Mg and 36Mg points in Fig. 7~b! and the actual34Mg
points.

e-
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FIG. 7. E2 properties of the magnesium isotopes.
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From theB(E2) values we can get some insight into t
structure of the intrinsic states. This can be achieved ca
lating the values of the intrinsic quadrupole moment and
deformation parameterb. Figures 6~c! and 6~d! plot these
quantities. We see that the deformation is quite cons
along all the chain.

IV. THE MIXING BETWEEN NORMAL AND INTRUDER
STATES IN 34Si

The mixing of the intruders and the closed shell states
build the physical wave functions is a very delicate iss
first, because our effective interaction was tailored for a
lence space that did not contain the intruder’s degrees
freedom, therefore incorporating in some measure their
fect. Secondly because we are not able yet to perform a
and consistent calculation including all thenp-nh intruders.
Nevertheless, and with these caveats, we will explore be
u-
e

nt

o
;
-
of
f-
ll

w

this issue in a nucleus,34Si that lies outside the island o
inversion.

In 34Si, the ‘‘unmixed’’ situation is the following. The
first 2p-2h 01 state lies at 1.7 MeV excitation energy wit
respect to the 0p-0h 01 ground state. The 21 states lie
respectively at 3.0 MeV (2p-2h) and 4.9 (0p0h) MeV.
These values are compatible with the experimental energ
However, within this picture, the probability for the trans
tion 21

1→01
1 vanishes, contrary to the experimental situ

tion. To get a mixed solution we first diagonalize separat
the Hamiltonian in the 0p-0h and the 2p-2h spaces. Then
we take the lowest eigenstate in each space and rediagon
in the basis spanned by these pairs of states. The result
shown in Table IV, where we give the percentages of 0\v
components in the different states, the excitation energ
and the transition probabilities, compared with the expe
mental results and with other shell model calculations.
TABLE IV. 34Si excitation energies~in MeV! and transition probabilities ine2 fm4.

Jp 0\v DE B(E2↑)
this this

% work @28# @13# exp. work @28# @13# exp.

01
1 80 0.0 0.0 0.0 0.0 01

1→21
1 147 44 180 85~33!

02
1 20 3.0 2.0 2.0 01

1→22
1 78 108 ,104

21
1 6 3.5 2.8 2.0 3.3 02

1→21
1 260 215

22
1 94 5.6 4.9 4.1
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PRC 58 2039SHELL MODEL STUDY OF THE NEUTRON RICH . . .
addition to the data of Ref.@27#, we include the new coulex
results@28# that give us access to the quadrupole proper
of 34Si.

Our calculation is in full agreement with the experimen
results. In the shell model study included in Ref.@28#, made
in a valence space more truncated than ours, the first exc
state of34Si is also predicted to be a 01 even if located at a
smaller excitation energy. Both calculations give quali
tively the same picture although our numbers are close
the experimental ones. In Ref.@13# another shell model cal
culation in a smaller valence space is made, that gives a m
compressed spectrum, with a too low first excited 21 state. A
remarkable aspect—common to the three calculati
available—is that the ground state of34Si has 0p-0h nature
while its two lowest excited states are intruders~see Table
IV !. This is a feature characteristic of double magic nuc
40Ca, for example, and suggests that34Si could actually be
considered as such.

V. COMPARISON WITH MEAN FIELD CALCULATIONS

The aim of this section is to compare our results w
those obtained by several authors using the Hartree-F
Bogolyubov framework. Dobaczeswskiet al. @29# have in-
cluded to a large extent the effects of the continuum work
in the cordinate space. As the neutron excess increase
single particle potential becomes shallower and the dens
expand into a larger region. This is particularly true for t
outermost neutrons characterized by long-tail wave fu
tions. The corresponding quasi-particle levels spread
formly without strong shell gaps. In thep f shell thef 7/2-p3/2
gap is eroded when compared to its value near the stab

In our context, the evolution of the effective single pa
ticle energies is governed by the monopole part of the in
action. When 2\v excitations are excluded~as in almost ev-
ery shell-model calculations! the monopole gives rise to
linear evolution of the single particle spectrum between t
subshell closures. Figure 8 shows the evolution of the sin
particle energies forN528 predicted in our model. AtN
5Z528 there is a strong gap between thef 7/2 and the re-

FIG. 8. Single-particle energies alongN528.
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maining orbits which fall in a rather small energy rang
When the number of protons reduces toZ520 there is a
clear erosion of thef 7/2-p3/2 gap while the other two gap
undergo a smooth increase. Moreover thef 5/2 andp1/2 orbits
come out interchanged. The spectrum remains stable aZ
decreases to 14. TheN528 shell gap becomes smaller an
the general pattern of the spectrum is more uniform
proaching that of a well with a very diffuse surface@29#.

Terasakiet al. @30# have studied the quadrupole prope
ties of the Mg isotopes from the stability to the drip line
Many of our main conclusions agree with their outcom
Both approaches place the neutron drip line around40Mg.
The three isotopes36Mg, 38Mg, and 40Mg are found to be
strongly deformed. In our work the total mass quadrup
moments of these nuclei are close to 160 fm2, while their
values are slightly higher, going from 175 to 200 fm2. The
agreement becomes extensive to the individual behavio
protons and neutrons. Actually, it is found in the two d
scriptions that protons become a bit more deformed t
neutrons. However, they cannot explain the onset of de
mation atN520 a feature also present in the calculatio
that use the Gogny force@31#. The energy vs deformation
curves produced by calculations are very similar, th
present a spherical minimum and a shoulder atb50.5. It is
only when the Bohr Hamiltonian is solved in the~b,g! plane
that a deformed ground state is obtained, a calculation o
available for the Gogny force@31#. A more detailed compari-
son between the shell model and mean field results is
progress. Let us finally mention that the relativistic me
field calculations of Ref.@32# place the drip line at values o
N much larger than the nonrelativistic ones and than ou
This is related to the behavior of their gap that becom
essentially zero, leading to very small but positive separa
energies.

VI. CONCLUSIONS

In this work we have shown that the spherical shell mo
description can be successfully applied to nuclei very
from stability, using the same effective interaction and t
same valence space one should use for the stable isoto
This is a very satisfactory result that enhances our confide
in the predictive power of our model. In the region we ha
chosen to study, the collective behavior is of overwhelm
importance and—another satisfying aspect—can be d
with in a spherical approach. The magnesium isotopes
have in a rather iconoclastic way. For, in the two cases t
have a magic neutron number they manage to break it
N520 this is due to the inversion of the closed neutron sh
configuration and the intruder ones~deformed 2p-2h neu-
tron jumps from thesd shell to thep f shell!. At N528 the
quadrupole correlations at 0\v are responsible for the disap
pearance of the neutron magicity.
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