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The onset of intruder ground states in Na isotopes is investigated by comparing experimental data and
shell-model calculations. This onset is one of the consequences of the disappearancéNafthenagic
structure, and the Na isotopes are shown to play a special role in clarifying the change of this magic structure.
Both the electromagnetic moments and the energy levels clearly indicate an onset of ground state intruder
configurations at neutron numb&=19 already, which arises only with a narrdd=20 shell gap in Na
isotopes resulting from the spin-isospin dependence of the nucleon-nucleon intefastimmpared to a wider
gap in stable nuclei liké°Ca). It is shown why the previous report based on the mass led to a wrong

conclusion.
DOI: 10.1103/PhysRevC.70.044307 PACS nun$)er21.60.Cs, 21.60.Ka, 27.36t
I. INTRODUCTION onset is assumed in the so-called “island of inversion” model

[8,9], where the lowest normal and the lowest intruder states

Amongst the most intriguing and unique features in exoticare confronted without mixing between them. Although the
nuclei are rather significant changes from the conventionainass(or the separation energgften provides us with help-
magic structure. As a result of them, the ground state of dul information on shell structure, studies from different
nucleus withN or Z close to a conventional magic number is angles are needed before one draws definite conclusions, as
not necessarily spherical, and can be strongly deformed. ltwe shall demonstrate. The first part of the present paper is
fingerprint was first identified from extra binding energies offocused upon re-examination on the dominant configuration
313Na [1], whose origin was regarded, consistently with aof the ground state of Na isotopes. We perform a large-scale
Hartree-Fock calculatiofi2], as the dominance of strongly shell-model calculation using the Monte Carlo shell model
deformed intruder components in the ground state over theMCSM) [10], which is briefly described in Sec. Il. In Secs.
normal components. Here, norn(aitruder states imply the Ill and IV, respectively, the electromagnetic moments and the
states comprised of shell-model configurations withoutenergy levels are discussed, and from such discussions the
(with) 1plh, 2p2h or higher excited configurations across transition point from the normal- to intruder-dominant
the N=20 shell gap. Later, more direct experimental evi-ground state is identified in the chain of Na isotopes. In Sec.
dence of the strong deformation was found¥g fromthe  V, the second part of the present paper, we discuss the
low excitation energy of the 2state[3,4] and the large mechanism of the disappearance of the magic structure, fo-
B(E2;0; —27) [5] value. Thus, the disappearance of tde cusing upon theeffective) N=20 gap between thed and pf
=20 magic structure has been established in sdtr0  shells and emphasizing the special importance of the nucleus
isotones including the recent case fSNe [6]. It still re-  *°Na on this issue from a somewhat general viewpoint. We
mains, however, an open question as to where the grouniihally summarize the present study in Sec. VI.
state changes from a normal- to an intruder-dominant con-
figuration in the chai_n of isptop_es, and the questio_n as 10 || QUTLINE OF THE SHELL MODEL CALCULATION
what mechanism drives this disappearance remains. The
present paper aims at presenting the resolution of these ques- The model space and the effective interaction used in the
tions, as exemplified in the structure of Na isotopes. present study are the same as those of our previous studies

For Na isotopes, one may expect that the onset of th§l1,12: the valence shell consists of the fglttshell orbits
intruder-dominance of the ground state lies rightNat20, and two lowerpf-shell orbits. The effective interaction is
from the comparison of the experimental mass to a shellealled hereafteSDPF-M for the sake of clarification from
model result within thesd shell with the USD interactiofi]. other interactions. The SDPF-M interaction was introduced
The USD interaction has been the most frequently used inin Ref. [11] in 1999, by combining the USD interactiqid]
teraction in thesd shell, and we shall refer to shell model for the sd shell, the Kuo-Brown interactiofil3] for the pf
calculations with this interaction in thed shell as USD shell, and a modified Millener-Kurath interacti¢h4] for the
model or calculation, hereafter. A similar picture about thecross shell. On top of this, a small but important modification
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was made for its monopole pditl] as we shall add some

remarks later. A unique feature of the SDPF-M interaction is 20
that the neutron shell structure, defined by thifective
single-particle energyESPB, changes, as a function of the

proton number, more significantly than in previous models, __ 10
for instance, the “island of inversiof8,9]. Here, the ESPE <
includes mean effects from other valence nucleons on top o ng

the usual single-particle energies with respect to the giver & 0
inert core(i.e., closed shell Therefore, the ESPE depends N

on shell-model interactions between valence nucleons. The
present varying shell structure can be explained by the shel -10-
evolution mechanism of Ref{15] in terms of the spin-
isospin property of the effective nucleon-nucle®N) inter-
action. The strongl=0 monopole attraction between the
0ds/, and the @5, enlarges thé&l=20 gap, as protons occupy
0ds. Inversely, this effect diminishes towards8, ending

up with a rather narroN=20 gap and a wideN=16 gap.
This shell evolution leads us to the oxygen drip lineNat
=16 [16—19 as a result of emerginl=16 magic number
[20]. The monopole part of the SDPF-M interaction was
modified from that of the USD interaction so as to reproduce
the oxygen drip lind11], while the resultant monopole part
is closer to the G-matrix result as emphasized in RE5).

In the N=20 region, as we shall illustrate, the Na isotopes 100
give indispensable information on this shell evolutigp): (c)
specific Na isotopes provide us with clues of a narfdw
=20 shell gap(ii) with odd Z, their ground-state properties —
can be directly examined by nonvanishing electromagnetic
moments, andiii) experimental data have been recently ac-
cumulated about the mag®l], moment[22,23, y-ray spec-
trum and transition by the Coulomb excitatip®4,25, etc.
Thus, we carry out shell-model studies on Na isotopes from 4pah
N=16 to 20. N

Since the dimension of the Hamiltonian matrix becomes 0 oo o
prohibitively large with the present problems, we perform a 16 17 18 19 20
shell-model calculation by the MCSM based on the quantum N
Monte Carlo diagonalizatioflQMCD) method whose devel-
opment has been described in R26-29. In the present FIG. 1. (a) Electric quadrupole momentgh) magnetic dipole
MCSM calculation, we adopt the so-calledcompressed moments, andc) npnh(n=0,2,4 probabilities of the ground states
baseq29], i.e., bases generated and adopted by monitoringf neutron-rich Na isotopes, as a function of the neutron nunhber,
the energy with the full angular momentum projection. Theln (a) and(b), the circles are experimental values taken from Refs.
feasibility of the MCSM calculation for odd- nuclei has [22,23, while the solid and the dashed lines denote, respectively,
been demonstrated in Refl2]. This method works very the MCSM calculation with the SDPF-M interaction and USD-
well for odd-odd nuclei as well. model calculation.

In the present calculation, tH&2 matrix elements are cal-
culated with the effective chargés,,e,)=(1.3¢,0.5¢) which  not have to be much quenched in the fpll-shell model
are the same as those used in the USD mpdelt has been  space using their newly developed interactidm,32. Based
confirmed that the MCSM with these effective charges ex-on these extensive shell-model studies, thdactors are
cellently reproduces thB(E2;0; — 27) values of even-even adopted, in the present MCSM calculations, so as to be
nuclei from stable to unstable nucldil]. As for the effective rather close to the above-mentioned ones. Namely the spin
M1 operator, Brown and Wildenthal took an empirically op- part is quenched by a factor 0.9, and the othéactors are
timum one within the USD modgB0]. They found that the shifted from the free-nucleon values I#g,(IV)=0.15 and
free-nucleorg factors give no obviously deviating magnetic 5g,(IV)=0.5 whereg(IV) denotes the isovecta factor de-
moments but more quantitative agreement can be attainethed byg(lV)=(gP-g")/2.
with the empirically optimum operator: foA=28, g is
quenched by a factor 0.85, angP=1.127, g'=-0.089,
g5=0.041 andg;=-0.35 are used wher¢, s, and p
are the orbital angular momentum, the intrinsic spin, and The shell-model calculation described in the above sec-
V87 YP(r)®s]V operators, respectively. Recently, Honmation is carried out for Na isotopes froh=16 to 20. We first
et al. have presented in Ref31] that the sping factor does compare, in Fig. 1, the electric quadrupole moments and the
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FIG. 2. Two-neutron separation energies of Na isotopes, as a L T i i
function O.f the neutron numbeN. The circles and the crosses are ~ 0d3/.2. ] 1. ot
the experimental values taken from the mass table by A&tdil. v 5k |—o—{ —o= |
[34] and a new measurement by Lunnetyal. [21], respectively. e 1s
The solid line denotes the MCSM calculation with the SDPF-M & L 2 I ]
interaction, while the dashed line the USD-model calculation. 4
-10 O‘_?;_/__z_ .............. —
magnetic dipole moments between the MCSM with the —"

SDPF-M interaction and experimental data. As a reference, - -
results from 'Fhe USD model are presented, also. Fo\the FIG. 3. () Sy, of *Na compared among the shell-model calcu-
=16 and 17 isotopes, the experimental mom¢A&s23,33  |4tions(with the USD interaction and the SDPF-M grand experi-
are well reproduced by both the shell-model calculationsment. For the SDPF-M interaction, a truncated calculation within
reflecting the dominance of thed-shell configurations in  thesdshell and the full one by the MCSM are compared, too. The
their ground statefsee Fig. {c)]. It can be inferred, from the circle and the cross are experimental data taken from Redgand
agreement with the experimental magnetic moments, that thg1], respectively(b) Corresponding dominant neutron configura-
present nucleorg factors are reasonable. Ai=18, the tions of the ground state and the ESPE’s obtained from each inter-
SDPF-M and USD calculations still give similar magnetic action. All the ESPE’s are obtained by assuming the filling
moments in good agreement with the experiment. On theonfiguration.
other hand, the quadrupole moment by the SDPF-M is larger
by about 30% than the USD value. Recently, a very precis€aurieret al. [9], supporting this picture. As shown in Fig.
measurement of the quadrupole moments for Na isotopes hdgc), the present calculation, allowing full configurations
been carried out by Keirat al.[22,23. The measured quad- within the valence shell, confirms the intruder dominance in
rupole moment of°Na is 8.63) e fm? in a good agreement *!Na and indicates some mixing of even higher intruder con-
with the SDPF-M prediction, 9.& fm?. On the other hand, figurations. Accordingly, we can reproduce not only the mag-
the deviation of the USD result fd©®Na from experiment netic moment but also the quadrupole momg28]. Note
seems somewhat larger than that for the typszhéhell nu-  that the prediction of the energy of the first excited state of
clei [7]. The situation is almost unchanged if the radial wave’™Na [12] is in agreement with the measurement by
function is replaced with the Hartree-Fock one or if the is-intermediate-energy Coulomb excitatifizd].
ovector effective charge is tung@3). It was thus suspected ~ We shall now move on t8Na (N=19), which is the most
in Ref. [23] that the experimental quadrupole moment ofcrucial nucleus in this paper. The ground-state property of
2Na might indicate some influence from the intruder con-**Na had been rather obscure so far. The observed two-
figurations. The present MCSM calculation indeed shows, imeutron separation energy shows no deviation from the USD-
Fig. 1(c), the large mixing of intruder configurations by model systematics. The ground-state sp#2 [33] can be
~42%, and their effects are visible in the quadrupole mo-explained by the USD model. This is in contrast to the
ment. anomalousJ=3/2 ground state ir*’Na, which is not ob-
Unlike the cases foN <19, in the cases dfi=19 and 20, tained by the USD model. The experimental magnetic mo-
the moments cannot be reproduced by the USD model at alinent of**Na 2.08310) uy [33], however, deviates from the
Let us start with the most unstable isotopt\a. The®*'Na  USD-model value 2.69.y. This deviation seems to be some-
nucleus(N=20) has been known as a typical case of thewhat larger than typical deviations gt-shell nuclei. As Fig.
intruder dominance in the ground st@f. Its magnetic mo-  1(b) shows, this deviation is resolved by the MCSM with the
ment was reproduced by previous shell-model calculations iIBDPF-M interaction as a consequence of the intruder ground
a large shell-model space by Fukunigtial. [35] and by state[see Fig. {c)]. As the calculated magnetic moments of
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1= 71 05 3+ + 2 7] tions. TheE2 strength from the
| i - - ground state is illustrated by the
TN A PO o 1 1 1" . width of the arrow. The experi-
< 0 N— st = N— 27— 2t — mental B(E2) values of 2®3Na
é) USD Exp. SDPF-M USD Exp. SDPF-M and the energy levels éfNa are
< taken from Refs[25] and[36], re-
" ®Na 3Na spectively. For®Na, the levels
_ 12t - 1.5+ S calculated from SDPF-M interac-
5L o' . 9/2;'; ] | 4t — _2: i tion are grpuped into four_ col-
= 712,52 A — umns; the first(second one isK
i 32 i 1+ 9 t— 0 = =2(1) rotational band dominated
L 4" - i by intruder configurations, the
1~ = 4" g.: third one represents spherical
i | 05F o* @ kX~ poll 7] states which are basically of nor-
. st - 3: )I 1 4: . mal configurations, and negative-
or 53//§+: 3T— 3= o ok L o* 5" 3 ] parity states are shown in the
USD Exp. SDPF-M 2USD Exp. ‘— SDPF-M —/ fourth column.

30.31Na can be changed only less than by @,dby replacing  values of*®Na, despite the same model space. In order to
the effectiveg factors with the free nucleon ones, the agree-understand this difference, the ESPE is considered as shown
ment with the experiment should not be attributed to thein Fig. 3(b). In the SDPF-M interaction, the ESPE of the
choice of theg factors. Recently, the quadrupole moment hasod,, for small Z is higher than that of the USD interaction.
been measured also by Ket al. [22]. This value, even its  This difference is a consequence of the shell evolution men-
Sign, turns out to be qUite different from the USD prEdiCtion.tioned ear"er, and is the |argest near 8, Creating a new
Figure ¥a) indicates that the MCSM with the SDPF-M in- =16 magic number. The neutronig, orbit is lowered ag
teraction indeed reproduces this quadrupole moment, 10¢ecomes larger, due to the strong spin-isospin dependence of
Therefore, the properties of the electromagnetic moments inpe NN interaction [15]. At Z=11 (Na), this 0y, is still
dicate that, in Na isotopes, the ground state is dominated by, high. Thus, if the calculation is restricted to st
the intruder configurations &t=19 (**Na), and intruder con- shell. the SDPF-M interaction produces smaBigy than that
figurations are substantially mixed in the ground state alyf the USD for the nuclei where the last neutron is in the
ready atN=18. _ o _ 0d3,. On the other hand, the intruder configurations domi-
It may be of interest to discuss the binding energies of Ng,ate the ground state in the full calculation by the MCSM,
isotopes to some detail, because the USD model explains thﬁcreasing the binding energy and maki8g, larger to the
observed trend of binding energies upNe 19 rather well.  same extent as the USD calculation in the shell. Thus,
Figure 2 compares the two-neutron separation enef§ig5  aimost the same separation energies can be obtained from

of Na isotopes between the experimg2it,34 and the shell-  gifferent mechanisms, and one must combine other physical
model calculations. It can be seen that the USD gives agpservables to draw definite conclusions.

overall agreement with experiment as well as the MCSM
calculation with the SDPF-M interaction, except for the fail-
ure by USD atN=20. This problem atN=20 has been
known for many years, as discussed in Sec. I. In faCt, as The energy levels 0f27_3cNa are calculated for the
previous modelgsee, e.g., Refs2,8,9,13) indicated, the SDPF-M interaction by the MCSM, and are compared with
shortage of thé,, of **Na by 1.5 MeV in the USD model is poth the experiment and the USD model in Fig. 4. Note that
remedied by having the intruder-dominant ground state. Ofhgse of3!Na have been reported in R¢fL2], and are not
the other hand, th&,, value atN=19 can be reproduced well incjuded here. Although there have been just few experimen-
by both the USD and SDPF-M, whereas their wave functionsa| levels published so far, they provide us with important
are completely different as can be seen in Fig).WWe shall  jnformation. We shall present, with emphasis on the intruder
now resolve this puzzle ofNa. configurations, predictions from the SDPF-M interaction,

Figure 3a) compares the experiment8}, of *Na with  which can be some help for future experiments.
the calculated values by using the USD interaction and the

SDPF-M interaction. With the SDPF-M interaction, we carry
out two calculations, i.e., a truncated shell model within the
sd shell and the full calculation. The results from the USD  The USD model and the MCSM with SDPF-M give simi-

and the SDPF-M within thed shell show rather differer$,, lar energy levels, and in the latter a state substantially af-

IV. ENERGY LEVELS

A. ?’Na
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fected by the intruder configurations does not appear loware very small. We thus point out that the Coulomb excitation
The calculated energy levels are in good agreement with theould hardly populate other excited states as far as the low-
experimental ones observed recer®y] except for the ab- lying states are dominated by normal configurations.

sence of the 1.725 MeV statsee Fig. 4. The agreement In the USD model, it is predicted that there are justil/2
with the experiment confirms high predictive power of theand 9/2 levels around 2 MeV. Apart from these normal-
USD interaction for near-stable nuclei. The state absent inlominant states, the MCSM predicts, around the same en-
the calculations has been tentatively assigned as thé 1/2rgy, low-lying 3/2, 5/2;, and 7/2 states dominated by the
[36]. As discussed in Ref36], it is unlikely that atN=16 the intruder configurations. Due to the large mixing in the
negative-parity state dominated by a one-neutron excitatioground state, the 742may be excited by the Coulomb exci-
across theN=20 gap appears low, partly because of a sometation with a moderately large valu®(E2;3/2 —7/2))
what large gap from thes]), to the above orbits and partly =57 e? fm*, as predicted by the MCSM.

because of the strong pairing correlation in edneutrons.

If this state has a negative parity, it would involve a one- D. 3Na
proton excitation from th&=8 closed shell. ’

Both the calculations succeed in reproducing the ground-
state spin, but the energy levels are quite different. In the
USD model, the low-lying states are composed mainly of the

The experimental ground state ¥Na isJ=1 [33], while  configurations with a neutron hol€0ds,)* coupled weakly
in the calculations the jland Z states are located quite to the protonJ=3/2 or 5/2state. TheE2 strength between
closely in energy but the2s slightly lower. The 1, 2, 3]  them should then be weak as depicted in Fig. 4. On the other
and 4 states are dominated by the configurations consistinfiand, the MCSM with SDPF-M gives the intruder-dominant
of a neutron 1(0ds;»)! coupled weakly to the protord ground state which is strongly deformed. Indeed, we obtain a
=3/2" or 5/2" state(see the energy levels 6fNa), and are  rotational band connected by strofg transitions: theE2
close to one another. For these states, both the shell-modelatrix elements calculated by the MCSM linked to the
calculations give similar excitation energies. ground state areB(E2;2;—3])=168€’fm* B(E2;2]

A recent Coulomb-excitation experiment by Pritychenko— 47)=90 €? fm*4, and Q(2})=16 e fm?. They give rise to
et al. [25 shows ay ray at 1.24 MeV with B(E2T)  similar intrinsic quadrupole moments, i.€0,=58, 65, and
=54(26) € fm*. The MCSM with SDPF-M giveB(E2;1; 56 e fm? respectively, by assuming=2. The strongE2
—27)=69 € fm* and B(E2; 1] — 3;)=47 €* fm*, either(or  transition has recently been measured by the Coulomb-
the sum of which may correspond to the observgday. On  excitation experiment by Pritychenket al. [25]: from the
the other hand, thB(E2;1; —27) andB(E2;1; —3]) are as  strength of the measuregray theB(E21) was deduced to
small as 19 and 2@ fm?, respectively. SimilaB(E2) val-  be 13032 €? fm* consistently with the MCSM calculation.
ues are obtained by the USD model, but the relevgrargi ~ The anomalous quadrupole momesee Fig. 1 and this
3; energy levels by the USD are lower by0.3 MeV than  large B(E2) value in®Na are excellently accounted for as a
those of the SDPF-Msee Fig. 4. By analyzing the occupa- result of the large prolate deformation associated with the
tion numbers of the wave functions, it turns out that tfe 2 intruder-dominant configurations.
and 3 states are mainly composed of one-neutron excitation From the viewpoint of the particle-rotor picture, the in-
from the Is,,, to the @y,. As the gap between these orbits is trinsic state of the yrast band is regarded as a proton in the
larger for the SDPF-M interaction, those states are pushed{211]3/2" Nilsson orbit and a neutron in thg200]1/2*
up. coupled to a deformetfNe rotor. As a result<=1 and 2 are
The negative-parity states are predicted to lie rather lowpossible as the yrast band, and the MCSM shows that the
reflecting the narroweN=20 shell gap, but there is no ex- latter is favored in energy. It is of interest to point out that
perimental information presently. They might be comparedhis feature is consistent with the so-called Gallagher-
qualitatively to the state at 1.095 MeV in tiN=17 isotone  Moszkowski rule[38] that in strongly deformed nuclei the
Mg which can be a negative-parity state as discussed bfavoredK is made so that the intrinsic spins of the last proton
Baumannet al. [37]. and neutron are parallel. Thus, the agreement of the ground-
state spinJ=2 by the MCSM is not just an accidental fortune
reflecting a particular interaction matrix element, but has
been conducted once the intruder configurations dominate

The ground state of°Na is J=3/2 experimentally[33].  the ground state.

The calculations show very close 3/and 5/2 levels, and The MCSM vyields also theK=1 band starting at
the MCSM gives the correct spin order, whereas the US).31 MeV. Its J=2 and 3 members are calculated to lie
model does notsee Fig. 4. This difference is because the around 1 MeV as shown in Fig. 4, while they are well mixed
3/2] state contains a larger mixing of the intruder configu-with the normal-dominant states. Also at-1.5 MeV exci-
rations than the 5/2 The shell-model calculations show that tation energy, normal-dominant spherical states, correspond-
the 5/2{ state is strongly connected to the ground state withing to the lowest states in the USD model, appear as shown
B(E2;3/2—5/2))=111¢’fm* by the USD model in Fig. 4. The negative-parity states are predicted to be rather
(135€? fm* by the MCSM), while theB(E2) values from the  low, dominated by the fi1h excitation across thid=20 shell
ground state to the other normal-dominant low-lying stateggap. The competition between normal and intruder configu-

B. ®Na

C. ®Na
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normal intruder 5(a), only the proton rearrangement is relevant to the corre-

(a) (b) lation energy, which is generally small. On the other hand,
the correlation energy is very large in the case of an intruder
state composed of configurations like Figbp due to large
numbers of particles and holes in active orbits. We note that
the proton-neutron interaction produces much larger correla-
tion energies than the interactions between like nucleons.
This makes the correlation energy in Fighpmuch larger
than that of Fig. ), favoring the normal-intruder inversion
even with a large shell gap.

On the other hand, in the cases like Fig&)®nd %d), a
normal state of an open-shell nucleus has a neutron hole

:E already. The neutron rearrangement is then possible, and

semi-

magic Z

r r

strong proton-neutron two-body matrix elements contribute
to the correlation energy. The intruder configurations of Fig.
5(d) gain correlation energy similarly to the case of Figh)5
However, the difference of the correlation energy between
Figs. 5a) and %b) is larger than that between Figgcband
5(d), because of the saturation of the correlation energy with
| [ many particles and many holes as is the case in Ki). B
concrete example can be found with the USD interaction: a

FIG. 5. Schematic sketch of the sources of the correlation engemimagic 3INa gains the correlation energy only by
ergy of the intruder and the normal states of semimg@icand(b)] 1.7 MeV within the sd shell, whereas it increases to
and open-shel(c) and(d)] nuclei. Typical configurations for these 3 7 MeV for **Na and further to 7.2 MeV fof°Na. The cor-
states are shown. The proton-neutron interaction is illustrated byg|ation energy of intruder states increases more slowly due
thick wavy lines, while the proton-proton and neutron-neutron in- the saturation as mentioned just above. This implies that
teractions are drawn by thin wavy lines. the intruder dominance ilN<20 nuclei becomes less fa-

vored asN goes down from 20. Hence, if the normal-intruder
rations in*Na seems to be very intriguing, and is discussednversion still occurs, it should be due to a narrower shell
in the next section in more detail. gap. We shall present a more detailed account on this point
now.

The SDPF-M interaction indeed gives a narréNw20
shell gap(~3 MeV) for Na isotopes. Note that it still repro-
duces the large gap~6 MeV) of “°Ca, owing to its mono-

From the above discussions on the moments and the lewole property. We now demonstrate how such a narrow gap
els, it becomes evident that the transition from the normal t®f Na isotopes plays a crucial role in the intruder dominance
intruder ground state occurs fully &i=19, after strong in 30Na, by means of a simulation based on the argument just
normal-intruder mixing already ai=18. We shall show, in above. Namely, we vary the shell gap from the value given
this section, that this normal-intruder transition fér<<20 is by the SDPF-M interaction to larger values, to see what hap-
particularly sensitive to the shell gap. pens. This can be done by changing the monopole interaction

In general, an intruder state can be the ground state, if theetween the @, and the @, as
energy gain due to dynamical correlations including defor- =10
mation overcomes the energy loss in transcending nucleons Nog ,00,,(X) =~ 0.3, + 0.7 MeV, 1)
across the shell gap. The shell gap is nothing but the differ-
ence between ESPE's of relevant orbits. The neutron ESPEhereV;; denotes the monopole interaction betwéemd
changes rather gradually as a function of the neutron numbe@rbits with isospin coupled t@ [11]. The parametex is to
since the monopole interaction fdr 1 is weak. Namely, the control the ESPEx=0 represents the situation with the
neutron shell gap is rather constant as a function of the nelSDPF-M interaction as a starting point. A largermeans
tron number. This implies that what is crucial in the transi-primarily a lower neutron @/, level, i.e., a wideiN=20 gap
tion from a normal to an intruder ground state within anin *°*Na. Other effects are minor in this nucleus.
isotope chain is primarily the neutron-number dependence of Figure 6 presents the variation of the ground-state prop-
the correlation energy and its relative magnitude to the shelrties of Na isotopes as a function of the gap thus varied.
gap. Here, a good index of the correlation energy is the difResults are mainly abouNa unless otherwise specified.
ference between the eigenvalue of the total Hamiltonian andhe SDPF-M interactiogat x=0) gives a narrowN=20 shell
the expectation value of the monopole interaction for thegap, i.e., 3.3 MeV for’Na. Asx is increased, the gap be-
filling configuration. comes wider, and th&°Ca gap(~6 MeV) is given by x

In Fig. 5, the sources of the correlation energy are~2.6. An intermediate valu=1 reproduces the gap of
sketched schematically. Since a normal state @heutron USD (~4.3 MeV), implying that the USD includes some
semimagic nucleus consists of configurations shown in Figfractional effects of the current shell evolutiph5].

=]
=
o]
?

V. SHELL-GAP DEPENDENCE ON THE INTRUDER
DOMINANCE
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X lowest positive-parity state foi’Na. As expected from the
20 0 1 . 2.6 change of the moments, the dominant component of the
' . ! ' " ground state moves rapidly from intruder to normal configu-
(a) rations at the shell gap-4 MeV.
— It is interesting to compare this transitioni’Na with the
ones of?**Na shown in Fig. &). Compared to the pattern
of 3™Na, notable differences are th@} the shell gap causing
L i the transition is larger ir*Na(~5 MeV) and smaller in
_10 p 2Na(~3 MeV), and (ii) the transition takes place more
T_ , | , | ,,_ﬁ slowly than®*Na. The former is because of the difference of
3 . : Jr the correlation energies in the normal state$%fNa dis-
._l cussed already, and the latter is because &eonfigura-
x 7 tions are strongly connected with the pair-excited states via
>~ T 1 the pairing interaction. This is the reason why the intruder
=3 dominance irf%Na has a particular importance to clarify the
=,

[S—
<

o
I
I

Q (e fm’)

n shell structure of Na isotopes, and we now confirm that the

27 ] narrower shell gap due to the shell evolutifkb] plays a

crucial role. Note that at the gap of stable nuclei

gl~6 MeV) the intruder dominance does not occur even in
Na.

We finally discuss the competition of the dominant con-
figurations in®™Na including a negative-parity state. Figure
6(d) displays the energies of thgg2h- and Iplh-dominant
lowest states measured from the energy of the
OpOh-dominant state, as the gap is changed. In Fig. 4, we can
see what happens asis increased from 0. Thej2state is
close to the 3 but stays lower consistently with experiment.

If the gap is made larger, the ground state is switched to a
negative-parity state around at 3.5 MeV, and persists for a
while. At a larger shell gap-4.5 MeV, a competition be-
tween a positive-parity state and a negative-parity one is en-
countered again, where the former is dominated by normal
configurations. Finally, after this competition the normal-
dominant ground state persists. The “island of inversion”
picture [8] seems to correspond to the gap near the second
competition (i.e., around 4.5 to 5 Me)\ with the weak-
coupling approximation, thefik and 2w states were cal-
culated to be located at 0.306 and 0.776 MeV above the
normal one, respectivel}s].
shell gap (MeV) 1o The competition of normal- and abnormal-parity states in
Na (N=19) can be compared to a famous example of the

FIG. 6. (@) Quadrupole moment angh) magnetic moment of parity inversion inllBe (N=7) Both are related to the nar-
30Na as a function of th&l=20 shell gagcontrolled by a parameter row shell gap, but we point out a large difference between
x in Eg. (1)]. The experimentaf22,23 and USD-model ones are them: the latter is considered as the competition between the
denoted by the squares and crosses, respectig@ly2p2h prob-  OpOh and Iplh states, corresponding to the second competi-
abilities in the(positive-parity ground states of**Na. (d) Ener-  tion in the present paper. Thus, in the case of Ke20
gies of the p2h- and Jplh-dominant lowest states &fNa(denoted  region a more drastic event occurs in spite of the normal-

by “2p2h” and “1plh,” respectively measured from that of the parity ground state oi°Na, reflecting a further narrowing of
OpOh-dominant lowest state. The range of the shell gap giving theghe shell gap.
npnh ground staten=0,1,2 is indicated bynex. Note that the

corresponding shell gaps 67°*!Na are, respectively, smaller and

larger by 0.24 MeV than the one &fNa.

VI. SUMMARY

In summary, we have investigated where the disappear-
The quadrupole moment and the magnetic moment ince of the magic structure starts in the isotope chain of Na
Figs. @a) and Gb) are almost constant up to the gap referring to its mechanism. It is suggested that experimental
~4 MeV, asx is increased from 0. But, it jumps to values electromagnetic moments, energy levels, &t&2) values
comparable to that of the USD model around the 4 MeV gapof **Na with N=19 clearly indicate the dominance of the
In order to see how this rapid transition occurs, Figc)6 intruder configurations in its ground state, by combining with
shows the probability of the intruder configurations in thea shell-model calculation using the MCSM. The present re-

044307-7



UTSUNO, OTSUKA, GLASMACHER, MIZUSAKI, AND HONMA PHYSICAL REVIEW C70, 044307(2004

sult is in sharp contrast to a previous speculation based oshown to be, most likely, unable to beat the normal states
the USD mode[7] from the viewpoint of the binding energy, without a narrower shell gap.

where the disappearance was supposed to occur right at
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