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The structure of neutron-rich nuclei in the~ 20 region is studied by the Monte Carlo shell model based on
the quantum Monte Carlo diagonalization method. We present a comprehensive description of even-even
isotopes of O, Ne, Mg, and Si. It is demonstrated that, for different nuclei, various particle-hole excitations
from thesdto pf shell are mixed in different ways, producing distinct effects sometimes, for instant®en
The monopole interaction is examined and modified, resulting in the shell gap changing from nucleus to
nucleus. The drip line of O isotopes is then reproduced. The interplay betwe@n-theandT=1 monopole
interactions is discussed from the viewpoint of the potential energy surface and the effective single-particle
energy. The extension of the neutron drip line of Ne isotopes is explained, and the boundary of the “island of
inversion” is shown to be rather indistindiS0556-28189)00211-3

PACS numbds): 21.60.Cs, 21.60.Ka, 27.36t

[. INTRODUCTION deformation as functions & andZ will be of major interest.
In the MCSM, we do not restrict the number of particle-hole
The shell gap and deformation are two among the mosexcitations, and the normal and intruder configurations are
predominant and interesting features of nuclei. These prophixed naturally. It may be worth mentioning that, because of
erties are considered to be understood to a large extent f@ohibitively large dimensions in conventional shell-model
low-lying states of stable nuclei. However, the situationcalculations, physical quantities such as energy levels and
seems to be quite different in unstable nuclei. Neutron-ricH=2 matrix elements have been calculated in this work for the
unstable nuclei withN~20 constitute a good example, as first time without pe}mcle—hole truncations from tm®= 20
suggested by Thibautt al.[1]. In some of such nuclei, extra €OT€, except fo_r O isotopes. Not_e that_the feaS|b|I|ty_of the
binding energy is gained by the deformation associated witflCSM calculation has been confirmed in thé-shell region
the particle-hole excitation across the=20 shell gap. The 17,18, wherg Fhe largestm-scheme dimension becomes
evidence for this structure is clearly seenMg from the more than a b!ll|on. . .
observed excitation enerdg] and theB(E2) value[3]. The paper is organized as follows. First we present the

model space and the effective interaction in Sec. Il. We show

If @ nucleus gains binding energy through the deforma'details of the calculations, including how to treat the spuri-

tion, the drip line extends farther from the one expected byOus center-of-mass motion in Sec. IIl. Thie=1 part of the

the closed shell. Recent experiments atGGAI£I4IL5]2,8 MSU " interaction is studied in Sec. IV by comparing the experi-

[6], and RIKEN([7] show that, althoughf°O and *®0 are  mental and theoretical two-neutron separation energies, en-

both unstable for the particle decay, the heaviest Ne isotop@rgy levels, andB(E2) values of O isotopes. In Sec. V, the

jumps at least tdN=22[4,8]. results by the MCSM are shown for Ne, Mg, and Si isotopes,
Therefore, it is of great interest to study whether or notand these results are analyzed in terms of the potential en-

the binding energies, the level schemes, andBReproper-  ergy surface and effective single-particle energy. The impor-

ties can be described in a single framework for both stabléance of mixing of different particle-hole configurations from

and unstable nuclei in this region. There have been severghe N=20 magic core is discussed in Sec. VI. Finally, we

theoretical studies on certain nuclei in this region, for in-symmarize the work in Sec. VII.

stance, using the Skyrme Hartree-Fock apprd&¢tand the

shell-model calculations including thpf shell [10-14. Il. MODEL SPACE AND EFEECTIVE INTERACTION

Such conventional shell-model calculatiqi®-12,14 were

obliged to truncate configurations even within the given In this section, we describe the model space and the ef-

shells) because of the limitation of the manageable dimen{ective interaction used in the present study. One of the main

sion, and some of thefii1,14 did not take into account the purposes of this paper is to examine the persistence and the

mixing between the normal and intruder configurations. Ineffects of the shell gap &= 20. For this purpose, not only

this paper, we report on the structure of unstable even-evethe sd shell but also at least part of thef shell should be

nuclei in theN~20 region from O to Si in terms of the included as orbits where nucleons are active. Thus, assuming

Monte Carlo shell mode(MCSM) based on the quantum that 0 is an inert core, we adopt theéf £, and 1ps, orbits

Monte Carlo diagonalizatiofQMCD) method [15-18, as valence orbits as well as tel shell, as taken in Refs.

which can be characterized as the shell model witpor-  [10,12.

tance truncation[19]. The variation of the shell gap and  The effective interaction used here consists basically of
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three parts as shown below. Thelshell part is the USD instance, Poves and Zuker indicaf@8] that the Kuo-Brown
interaction[20], where the two-body matrix elements have interaction for thepf shell[21] cannot reproduce the closed-
been fitted so as to reproduce the structure of stable nuclei ishell structure arounN =28 owing to a bad monopole prop-
the sd-shell region. Thepf-shell part is the Kuo-Brown erty associated with thef@,. Poves and Zuker adjusted the
(KB) interaction[21], which is obtained from the renormal- monopole interaction and changed several matrix elements
ized G matrix. The cross-shell part is the one used in Ref[25]. They have shown that the modified interaction, called
[22], which is based on the Millener-KuraitMK) interac- KB3, can describe lighp f-shell nuclei well[26].
tion [23]: the eight two-body matrix elements of  Thus, the effects due to the monopole interaction can be
(0f7;20d3/5|V|0f 7/0d3) ;7 With J=2—5 andT=0-1 have crucial. ForN=Z nuclei both theT=0 andT=1 monopole
been adjusted in Ref22]. The strength of all the two-body interactions contribute to a comparable extent. On the other
matrix elements is scaled by a factr ®3in a similar way  hand, theT=1 monopole interaction becomes more domi-
to the USD interaction. The original strength of the KB andnant over the correspondifig= 0, in going to unstable nuclei
MK interaction is recovered foA=40. with large neutron excess. In the present case, the O isotopes
We make two kinds of modifications to the above inter-give us useful information on how to fix the=1 interaction
action. One concerns the monopole part of interaction, i.ebecause there are only valence neutrons. The present effec-
the (so-called monopole interaction. At first we mention tive interaction(i.e., USD-KB-MK with the slight modifica-
general properties of the monopole interaction. The monotion in [22]) predicts that?®0 is bound for the two-neutron
pole interaction between particles in orbitsand j is ex-  decay by 2.3 MeV, contrary to the experimd#t6]. This
pressed by the Bansal-French form{24,25 as contradiction should be resolved, and indeed can be done by
improving theT=1 monopole part of the interaction. To be

Ak~ ~ b ~, 3. P h&@=1 monopole parts should be made
(mT)_ Akk _ Ok (2, 3 o more concrete, t pole p
Hij _k;j 2 (M= 1)+ 2 Ti 2"k N, more repulsive for the @;, and Of;, orbits. A possible
similar modification for b, is omitted just for simplicity.
bij ~ o, sy 2 Consequently, the correspondifig-0 parts should be more
+ 7{(Ti+Ti) — =Tk @) attractive, so that a good fit iNN~Z stable nuclei can be

maintained by cancellation between tie=0 and T=1

Here, then, and T, denote the number and isospin operatorsmodifications. Thus, one comes up with the modifications as
of the designated orbit, respectively, and the coefficients T=10
andb are given by 5V0d5,2’,0d3/2: +0.30,-0.70 MeV,
1 Vg% =+0.16-0.50 MeV ©
aj;=7 (Vi + Vi), by=Vj-Vj, Pl T ’
() which means that all the relevant diagonal matrix elements
are shifted equally. The modifiel=1 monopole terms re-

EJ: (23+1)(ij|VIij)ar sult in only slightly attractiveVgg_» oq. =—0.01 MeV and
Vi= SHEAEEN , for T=0,1, Voagyor,,,= —0.08 MeV, which are consistent with the gen-
. :

eral feature of the monopole interaction mentioned above. As

where(ij|V|i'j’);r stands for the matrix element of a two- shown in Sec. 1V, this modification little affects the binding
body interaction. Since the angular dependence is averagédergies of’0->%0, where neither thed), orbit nor thep f
out but this interaction still keeps the two-body nature, itshell is essential in the ground state. But this modification
should produce effective single-particle energies which demay influence nuclei wittN=18 to some extent. Indeed, we
pend on both the occupation numbers of various orbits anwill show later that this modification plays an important role
the isospin structure. We point out that terms proportional tg1ot only for O isotopes, but also for other neutron-rich nu-
the occupation numbers affect directly effective single-clei.
particle energies, once the configuration of a nucleus is The other modification concerns the pairing interaction in
given. Moreover, since the calculation of these terms dethe sd shell. The USD interaction is designed for the
pends only on particle numbers, their effects can be easilgd-shell calculation, where the effects of tipd shell are
magnified for larger particle numbers. The terms containingncluded implicitly. Now we treat thef shell more explic-
isospin operators reflect the isospin coupling which is variedtly. We then have to remove certain corrections included
as the proton and neutron numbers change. Thus, the monempirically in the USD matrix elements. In Réfl2], this
pole interaction plays an important role in the binding energyremoval was made by the second-order perturbation. In the
and the shell gap when the neutr@r proton number var-  present study, however, this modification is restricted only to
ies. We mention that the coefficients in the monopole interthe pairing matrix elements of thed shell, partly because
action are strongly dependent on the isospin: strongly attradhe major change is considered to be in the pairing matrix
tive for T=0, while rather weak fol =1, no matter how elements, and partly because the energy denominators in the
attractive or repulsive. perturbation are rather ambiguous. We shift the pairing ma-

We thus have to pay careful attention to the monopoldrix elements for thesd shell by §G=—-0.1 MeV, where
interaction when we study the single-particle structure. FoKj 2|V pqdj2)yr=— G/2\(2j +1)(2j +1) 8306711 This
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B. Treatment of spurious center-of-mass motion

For the calculation beyond one major shell, the spurious
center-of-mass motion can be mixed into calculated wave
functions, and should be removed to a satisfactory extent.
We adopt the prescription of Gloeckner and Laws$aid].
Following this prescription, we replace the Hamiltonian by
H' =Hgu+ BcmHem., Where Hgy is the original shell-
model Hamiltonian. The H.,, is defined as H.p,
=P?/2AM + iMAw?’R?>- 2t w, whereR andP are the co-
ordinate and momentum of the center of mass. In general, by
having a sufficiently large value @&, ,, the spurious com-
ponents become smaller in low-lying states produceéiby
We utilize H' in searching favorable basis states and in cal-
culating the wave functions of the final results. The energies
and transition matrix elements are calculated from these
wave function. Since the value g, , should be sufficiently
large, we takeB., as Bem/Afiw=10 MeV with e
=45A"13-25A"2" MeV in the present study.

We examine whether this prescription works well or not.
Figure 1 shows the dependence of several physical quantities
on B.m. for 3Mg. One sees that the occupation number,
B(E2), and excitation energy are almost constant as a func-
tion of B.m. One also finds that the expectation value of
H.nm. decreases rapidly toward zero: it becomes less than
10 34w for B.m/Ahw=10 MeV. This means that, since
the spurious component carries at leést, ) =2% w, the
contamination of the spurious component is less than 1/2

FIG. 1. (a8 Neutron occupation number in thef shell, (b)
B(E2;0; —27) value,(c) excitation energy of the 2, (d) (H¢m),
and(e) (Hgy) of Mg as a function of, mfi w/A.

modification maintains good;2levels of the stabled-shell
nuclei to the same extent as the USD interaction.

The single-particle energidSPE’S are determined so as
to reproduce the neutron separation energies and the one-
particle spectra of’O (sd shell) and *’Ca (pf shel). The
resultant SPE’s for thé®0O core are—3.95, —3.16, 1.65,
3.10, and 3.10 MeV for 05/2, 151/2, 0d3/2, 0f7/2, and
1ps, respectively.

IIl. OUTLINE OF THE CALCULATION
A. MCSM calculation

We adopt the latest version of the QMCD method, i.e.,
phase I11[18] to calculate the eigenstates. In phase Ill, the
angular momentum is treated precisely by the projection.
The basis states are generated stochastically and searched by
monitoring the energy, which is obtained by the diagonaliza-
tion of the Hamiltonian. In the case of the multishell calcu-
lation, the parity is not conserved in the Slater determinant
bases in general. Thus in the present study, while monitoring
the energies, we project onto the gdddor J) and 7, where
a is the parity, and obtaivl (J)-compressed bas¢$8] with
parity projection. We basically adopt th&l-compressed
bases when only yrast states are of interest. In the case of
calculating non-yrast states, we use ftheompressed bases
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‘@ X shown in Fig. 2, and will be discussed in detail in subsequent
A 20 | a—TE TN . sections. One can see several local minima, which suggest
o L , , B , , the shape coexistence in tie~20 nuclei. One can expect
10 12 14 16 18 20 also that in some cases, such #ble, a strong mixing of
N several shapes may occur.

FIG. 3. (a) Two-neutron separation energigb) 2; (triangles
and 4 (diamonds levels, (c) B(E2;07 —27) values of O iso-
topes. The filled and open symbols mean the experiment and the \We have modified th& =1 monopole interaction so as to
calculation by the present interaction, respectively. As a Compa”reproduce the drip line of O isotopes. In this section, we
son, results by thed-shell model calculation with the USD inter- examine the validity of thef =1 interaction by calculating
action are shown by the crosses. Thelvel of %0 is taken from ¢ properties of O isotopes. Figure 3 shows the two-
[33]. neutron separation energieS,(), energy levels, anB(E2)

. values of O isotopes. The calculation is made by the conven-
binding energy appears to converge rather slowly. As showgong) exact diagonalization method because the shell-model
in Fig. 1(e), the binding energy still increases by200 keV  gimension is small. Since we obtain negatsg, values for
for Mg asB.m/Afiw changes from 10 to 30 MeV. As the 26 (—80 keV) and 280 (—1.5 MeV) but a positive value
binding energy increases likewise féiMg, the two-neutron for 20, we reproduce the experimental drip line of O iso-
separation energy varies only weakly as a functiogf.at  tspes. We have also reproduced the fact 6t is unstable
most in the order of magnitude of 10 keV. For the others,, gne-neutron emission. In contrast, t8g, of 2°0 is 1.0

nuclei, we have obtained the center-of-mass contaminant eV by the sd-shell model with the USD interactiofre-

IV. O ISOTOPES: T=1 INTERACTION

2
small as that of“Mg. ferred hereafter to as thed-shell mode)l. For N< 16 nuclei,
_ both the present and the USD interactions give good descrip-
C. Potential energy surface tions, except for th&(E2) value of %0 where the'®O core

One of the intriguing issues in thid~20 region is the Seems to be still broken to a certain extent. The present ef-

competition between the normal configuration and the wellfective charge begins to reproduce the experimeB(&?2)
deformed intruder statf28]. The potential energy surface Value for °0, implying that the core polarization effect can
(PES gives an intuitive picture of the shape coexistence andP€ Well incorporated by the effective charge already Nor
moreover provides us with useful information on the starting=12. The 2 level of 0 is somewhat different between the
point of the basis generation in the QMCD procésse[29]  sd-shell model and the present calculation. This discrepancy
for the case of°®Ni). The PES is calculated by the con- is discussed in Sec. V B by using the effective SPE.
strained Hartree-Fock method within the shell-model space

with the constraints of{(J,)=I(1+1), (Qu)=q, and V. RESULTS AND DISCUSSION
(Q+1)=(Q+2)=0, whereJ, andQ,, (u=-2,...,2) de-
note thex component of the angular momentum and the
mass quadrupole operators, respectively. Here, the value of Figure 4 shows the two-neutron separation enepy)(

is set to be the total angular momentum of the state undefhe calculated results are in good agreement with the experi-
consideration, andj is a parameter. Three examples arement. We note that thed-shell model, the values of which

A. Binding energies

054315-4
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FIG. 5. Effective single-particle energies fir= 20 isotopes as
a function of the proton number. 4t
are not shown in Fig. 4, underestimates &g values of Zr
3%Ne and*Mg by about 2 MeV. As stated in the previous N
section, O isotopes withi>16 do not exist as bound nuclei. 6 18 20 22 24
For Ne isotopes, where only evén4isotopes are investi- N
gated, our calculation predicts that the heaviest bound )
nucleus is located & = 24 since the calculate8,,, values of FIG. 6. Yrast levels of Netop), Mg (centey, and Si(bottom

34.38\e are about+300 keV and—500 keV, respectively. isotopes. Thejnllecdoper) triangles, dlampnds are the experimental

We would like to emphasize that we have thus succeeded iff2lculated 2; and 4 levels, respectively. The crosses mean

reproducing the long jump of the drip line in going fraz  =x(?1) calculated by thesd-shell model.

=8-10. We note that the experiment), for *Ne has

been correctedi31] after completion of the present calcula- the proton-neutron interaction is more attractive within the
tion, and that our prediction indeed shows a nice agreemersame major shell compared to a proton and a neutron in

with the new experimental value. different shells, as studied with a schematic interaction in
Ref.[28]. Since valence protons are in thd shell, the shell
B. Effective single-particle energy gap atN=20 widens with increasing proton number. For Ne

and Mg, the gap betweerdg, and Of,, is still 3.2 and 4.2

In order to understand the long jump of the drip line be- 7 ) .
tween O and Ne isotopes, the effectigmherical SPE is of %ev’ respectively, while the gap ends up with 6.0 MeV for

great help. We assume the normal configuration: nucleons ?r?:t:]t;egla:s:%fckl):egl|82fe![|htzsecf?(;?ieCZ]qsu(;t?)rf)ti?sblk?écome
are filled in the order of O, 1Sy, and Qdy),. The effec- ' P

. o . . bound, but the ©,, and 1p,, are still unbound in the sense

tive SPE of one orbit is defined as the one-neutron separatio o T2 812 : ) i

energy of this orbit, where the energy is calculated with the(glf the effective SPE. These orbits are included n bound
any-body states of Ne isotopes due to the coupling to the

bare SPE’s and the monopole interaction whose effects asd shell orbits. In fact, proton states of Ne isotopes favor
I Eq(1). Fi h he effecti : ) : ’ LA
evaluated by Eq(1). Figure 5 shows the effective neutron deformation, and the neutron shell gap M&20 is still

SPE's forN=20 isotones. FoZ =8, the effective SPE's of small. The proton-neutron interaction couples these two fea-
Odsz, Of72, and Ipy, are positive and rather close, while tures. A strgng deformation therefore occﬁrs rather easily in
the gap betweensk,, and @y is large. Since the deforma- isotopes around=20, and additional binding energy is

tion of O isotopes is very weak, thedg,, 0f;,, and Ips . T -
orbits hardly split in the sense of the Nilsson model andga!ned. The neutron_drlp line is thus extendeddy=8 in
ing from O to Ne isotopes.

. . 0
remain “”b"“F‘O!- Thl.JS' as far as neutrons_occupy mainly UB The calculated drip lines of O and Ne appear to be the
to the 1s,,, orbit in O isotopes, the nucleus is expected to be . : ; .
. . same as those given by Cauraral. [14], while a different
bound. Beyond this, no bound O isotopes are expected. Thef LT : . .
) effective interaction and particle-hole truncations are taken
influence of the large gap betwees;}3 and (d;, can be in [14]
seen in the level structure 6fO, i.e., this nucleus should be '
quite spherical with the present interaction. As shown in Fig.
3, the 2 level is, in fact, predicted to be at 5.5 MeV,
whereas it is at 4.2 MeV by thed-shell model due to a We show the levels in Fig. 6 and tiB{E2) values in Fig.
narrower gap between these two orbits. 7. TheE2 matrix elements are calculated with the effective
As the proton number increases frafw-8, the effective  chargese,=1.3e ande,=0.5e, which are the same as those
SPE’s go down as a whole. This is due to a strong attractivadopted in thesd-shell model[20]. It is pointed out that the
T=0 monopole interaction. We notice also that the gap beE2 effective charges should remain basically unchanged in
tween thesd and pf shell becomes larger. This is becausegoing from thesd-shell to thesd+ pf shell calculations.

C. Energy levels andB(E2) values

054315-5
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16 18 20 22 24 of inversion” of [11].

N

N N ) 2. Mg isotopes
FIG. 7.B(E2;0; —2;) values of Netop), Mg (centej, and Si

(bottom) isotopes. The filledlopen triangles mean experimental Figure 6 shows that the experimentg)(2;) values of
(calculatedl values, while the crosses are those obtained by the®3Mg are consistent with thed-shell model. The MCSM
sd-shell model. For®2Si, previously measured quantiti¢37,3§  calculation confirms it. The neutron occupation number in

are also shown by circles. thepf shell is only about 0.1 for the;0of ®Mg. It increases
for Mg, but the normal configuration still dominates the
1. Ne isotopes ground state as shown in Fig. 8. We have investigated ;he 0

state of 2®Mg, since it is known experimentally. The ob-

A rscent gg(penment at GZAgNIL Shows that thé Zvels served q state lies at 3.9 MeV34], while we have obtained
[Ex(21)] of ®Ne[32,33 and ““Ne[33] are at 201830 and it 4t 4.0 MeV.
1320+ 30 keV, respectively. Th&,(2;) of *Ne is similar The Mg isotopes witiN=20, 22, and 24 are strongly
to the result of thesd-shell model. Thesd-shell model pre-  prolate deformed. The intruder configuration dominates the
dicts thatE,(2;) remains almost constant froN=16 to 20.  ground state foN= 20 and 22 as well as®3>*Ne, while it
On the contrary, the experimental valueEf(2;) for 2Ne  becomes less dominant fot=24. TheE,(2,) andB(E2)
drops considerably33], implying that theN=20 closed- values of 3 Mg are in agreement with the experimental re-
shell structure is weakened already Ni=18 for Ne. The  sults[2,3]. Recently, ay line at 1470 keV in**Mg has been
present calculation indeed reproduces thjsl@vel. To un-  observed by Azaieet al.in coincidence with 885 keV (2
derstand the situation more transparently, we analyze th® 0;), and its quadrupole nature is being studjed]. If
PES of 2Ne in Fig. 2. One can see two local minima on thethis y line corresponds to thE2 transition from the 4 to
prolate side, namely-30 and~70 fn?. The former state 2, , E,(41)/Ex(2;) is 2.66. In the MCSM calculation, this
corresponds to g-unstable deformed state formed primarily ratio turns out to be 2.55.
by sd-shell configurations, while the latter is dominated by
the 2p4h excitations from theN= 20 core. Since these two 3. Siiisotopes

minima are nearly degenerate, a strong mixing can occur. For Sj isotopes, the intruder configurations are not domi-
The result by the MCSM clearly shows this mixing: the neu-nant in the ground states. As a result, B{&2) values from
tron occupation number in thef shell is about one for the the ground state are suppressed in comparison to the cases of
ground state of®Ne, whereas it is only<0.1 for ?Ne. The  Ne and Mg. TheE,(2;) andB(E2) values have been mea-
occupation in thepf shell becomes larger as the spin in- sured recently up ttN=24 [35,36. They are in agreement
creases. This strong mixing is consistent with Fig. 5: the gapvith our results except for thB(E2) of 3?Si. The calculated
between the 65, and thepf shell is only about 3 MeV for B(E2) value of *2Sj is about twice larger than a recently
Ne isotopes, producing the present mixed wave functionameasured ong36], but is consistent with a previously mea-
This narrow gap is not so relevant fdt<16, where the sured ond37]. The obtained deformation ofSi is consis-
neutrons occupy mainly orbitals up tes, or below. tent with the result by thed-shell model, since our interac-
For Ne with N=20, large prolate deformations are ob- tion is based on the USD and the intruder component is
tained. We predict that the largest deformation occurll at rather small.
=22. As shown in Fig. 8, a considerable intruder component We discuss the deformation of Si isotopes. In Fig. 5 we
is involved in Ne isotopes foN=18. find that the effective neutron gap between the0 and
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0f,,,is 5.1 MeV for 34Si, which is larger than that of Ne and state of 32Mg by the pure p2h configuration loses energy
Mg. Furthermore, for Si isotopes thelg), is fully occupied by ~200 keV compared to the calculation where thg08

by protons in the normal filling, and thedg, sub-shell clo- ~ configuration is included too. The binding energy obtained
sure for protons is rather stiff because the effective proto®y the MCSM is even lower by-500 keV than this @0h

gap between @5, and 1s,,,is 6.7 MeV. Thus, much weaker +2p2h truncation, due to the mixing beyond the2h con-
deformation is expected for Si than for Ne and Mg. Thefiguration. The pure @2h truncation is taken if14], but
stiffness of the @/, subshell closure gives rise to an inter- there is about 700 keV energy gain in the full calculation
esting structure in**Si. The ground state of*Si is domi- ~ with the present interaction.

nated by the closedr(0ds,) v(sd)*? configuration, which The neutron occupation number excited to fhie shell
producesq=0 in the PES of Fig. 2. In order to construct peaks atN=20 for all isotope chains. AN=20, the (Oh
excited states, ther(0ds;)®v(sd)*? core must be broken. states gain energy only a little from the deformation, so that
There are two candidates of thg Ztate in the PESq~0  the intruder configuration come down more relative to the
fm2 and q~—70 fm?. The former is dominated by the normal configuration in comparison to the other isotopes of
sd-shell configuration, while the main component of the lat-N#20. But for Si the intruder is not dominant even ft

ter is the neutron @2h excitation from thesd-shell core. In =20 as mentioned above. . S
the present calculation, the! 2is dominated by the g2h, ~ We discuss Ne and Mg, paying attention to their similar-
because the breaking of the protodsf core requires even ity and dlfference. There is little mtrudgr compongntl\ﬁt
more energy. Thus, th&(E2;0; —2,) value of S is =16 for_both isotopes. Here, the Fermi surfaqe lies at the
more suppressed than in tee-shell model, since the domi- 15y, orbit, which s far fr_om th_epf s_hell. AsN Increases.
nant configurations of theIOand 2 are different. Note that overN—”16,bthe P2zh ((j:onf_lguratl;;n ;nonices gpphari?]tly, and it
the 2 level is much higher in thed-shell model than in the eventually becomes dominant ait= or both. The occu-

resent calculation. The spectroscopic quadrupole mome ation number in the  shell reaches about 2 f0r=20. At
b b ' X 5 pic g P =18, however, there is a significant difference between Ne
of the 2, is calculated to be 16 fm“, which means a large

blate def fion. Th ) it basicallv has th and Mg. Namely, for?®®Ne the 22h configuration already
obiate detormation. 1he present result basically has the SarTl)'%:cupies the ground state wave function up to about half,
feature as the truncated shell-model calculatidi¥s36. In

) _ while its occupation is still small foF°Mg. As shown in Fig.
Ref. [14] by Caurieret al, the OpOh and 202h configura- h h f shell i I
tions are not mixed basically. FOf'Si, the ground state ap- S, the energy gap between thd) andpf shell is smaller

, X ! o by 1.0 MeV in Ne than in Mg. Thus, this gap has a very
pears to be in the|@0h configuration, whereas the;2s the  giract impact on the extent of the mixing for nuclei in the

2p2h. Consequently, th&2 transition between them is for- ransitional region. Experimentally, this mixing appears to be
bidden. To remedy this apparent contradiction to experiment,afiected by a different behavior of thg Zevel of Ne and
the two configurations are mixed fofSi in Ref. [14], pro- Mg in the transition fronN = 16 to 18: the observed,2level

ducing a reasonable2 transition. From the PES, the energy comes down for®Ne, while it remains almost unchanged
difference between these two configurations can be estimatefé) '

30 iy i

B . : r >*Mg. If there were no mixing, it would stay almost
to be 3.5 MeV forl =0. We point out that the energy differ- ... 2150 foP®Ne, as is the case fof'Mg. We predict
ence is smaller in many other nuclei arouNe- 20, where

. e that theB(E2) value of *®Ne increases fronN=16 to 18
the mixing may play even more significant roles. due to the mixing. ThéB(E2) of Mg is predicted to de-
crease similarly to thed-shell model.

VI. MIXING AND INVERSION OF NORMAL Over N=20, the intruder configurations gradually be-
AND INTRUDER CONFIGURATIONS come less dominant for Ne and Mg. They, however, do not
. i . . vanish as quickly as expected by the “island of inversion”
The region where theg’Zh configuration domma‘t‘(.as the of [11,14). Our result shows that the intruder configuration
ground state over thepg®h is often referred to as the “island cannot be negligible even &t=24, while in the previous
of inversion” [11]. In the previous shell-model calculations calculations 11,14 N=24 does no’t belong to the island
[11,14, the authors discussed the extent of the island by Nucleons ex’cited from thed to the pf shell are distrib'-
comparing the energies of both configurations. They showeﬂted over the twef orbits. For example, the ratio between
that the island consists of several Ne, Na, and Mg nuclei witqhe occupation numbers 6f thef , and 1p is about 6 1
N=20. In the present calculation, the mixing and inversionfor 32\1g, while about 3:1 for%Ne. Thus c3c;2nsiderable rﬁix—
among various configurations are included in a natural wa ing occdrs between tHefQ,z and' T ' Since these two

In this section, we discuss, rather in detail, how the mixingOrbits areAl =Aj=2, they are easily coupled by the quad-

occurs. rupole deformation. On the other hand, holes excited from

In Fig. 8, we present the number of neutrons excited fro .
the sd to pf shell for the ground state, together with thg][h(anto thepf shell are mainly composed of thelg),.

corresponding value as predicted by the “island of inver-
sion” of [11]. Some nuclei cannot be clearly classified
whether they correspond to the@h or 2p2h configuration
in the present calculation. Figure 8 may seem to display that In this paper, we have studied the structuréNef 20 un-
%2Mg is composed of almost purep2h configuration from  stable even-even nuclei from O to Si within the Monte Carlo
the sd-shell core. We, however, point out that the groundshell model based on the QMCD method. Except for O iso-

VIl. SUMMARY
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topes, there have been no conventional shell-model calculaoncept of the “island of inversion” can still make sense
tions where all particle-hole configurations are mixed on arparticularly for its primary region. Many of the above fea-
equal footing. We have succeeded in reproducing the twotures can be studied only through a calculation with full mix-
neutron separation energies, the excitation energies, and thigy between normal and intruder configurations. Our result
B(E2) values systematically, and a number of predictionsndicates that the intruder state plays a very important and
have been presented. We emphasize that no parameters wg{ghtle role in moving oveN= 20.

adjusted in calculating these quantities for the Ne, Mg, and
Si isotopes investigated in this paper. The interplay between
the T=1 andT=0 monopole interactions has been shown to
be quite essential to produce various intriguing properties in
these unstable nuclei, including the drip line of O isotopes We acknowledge Dr. N. Fukunishi for discussions at the
and the recent observation of the excitation energy®dle.  early stage of our research. We thank Professor A. P. Zuker
It turned out that, the drip line of O isotopes is40, while  and Dr. H. Sakurai for useful comments, and thank Dr. F.
that of Ne isotopes is extended #Ne. This is due to the Azaiez, Professor W. Mittig, and Dr. F. Sarazin for valuable
above interplay of the monopole interactions and the deforeiscussions on their recent data. We are grateful to Professor
mation of Ne isotopes varying as the neutron numbeA. Gelberg for reading the manuscript. The conventional
changes. We note that, because of variable mixing betweeshell-model calculations are obtained usiogBasH [39].

the normal (@Oh) and intruder (»2h and more configu-  Computations have been carried out partly by the Alphleet
rations, the boundary of the “island of inversion” may be computer system of RIKEN. This work was supported in
more complex than expected fdl], and, in fact, does not part by Grant-in-Aid for Scientific ResearctB) (No.
appear to be very definite. On the other hand, the presef8454058 and(A)(2)(10304019 from the Ministry of Edu-
study confirms that, with such full calculations, the basiccation, Science and Culture.
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