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a-planar states irf’Si are studied by employing the isomorphic shell model which uses no adjustable
parameters. In the model, possibleparticles and their spatial distribution are derived, instead of being
assumed as usual im-cluster models. Oblate triaxial structure for the ground state and a seyanticle
planar structure for states with hexadecapole deformation have been found. Predictions of ground state and
excited rotational bands and of other observables have been made and results are successfully compared with
experimental data and those of other models where available. The novelty of the present study is focused on the
fact that the axis of rotation changes within the ground state band and that the meniipteethr structure
originates four rotational bands two of which exhibit an almost rigid body rotation supporting a superdefor-
mation for28Si. The resonances dfC+1%0 at 32.20 MeV,|"=16", and at 46.2 MeV and 43.6 Me\”
=14", decaying to known planar states of light Auclei, have been verified as members of three of the above
four excited bands, thus supporting the proposed planar structdfSiof S0556-28188)02312-7

PACS numbd(s): 21.60.Gx, 21.10.Re, 27.36t

I. INTRODUCTION shell model orbital§23], while the constituent particles for
the second model are-particles usually taken ig-state. Of
The existence of superdeformed configurations in lightcourse, even in the Bloch-Brink model tlaeparticles may
nuclei is of great current interest. Such configurations havée thought of as dissolving into nucleons since, for cluster
particularly been studied ild=4n-nuclei and have mostly separations reaching zero, the antisymmetrization forces the
been associated with highly deformedcluster structures, cluster wave function into some shell model limit.
specifically witha-chain anda-planar states in these nuclei.  The geometries in the-cluster models arise through the
The a-cluster models have a long history in nuclear physicsong-range effects of antisymmetrization and the mean field,
[1-16], however, for a review of thex-chain nuclei one combined with a preference for simple underlying structures
could refer to Ref[17], while for a review of thea-planar  [24]. In these models several geometries are chosen for the
nuclei to Ref.[18]. Most of these studies have been per-«-particles involved in a particular nucleus and the final se-
formed by using the Bloch-Brink-cluster mode[9]. How-  lection is made with reference to the maximum binding en-
ever, all previous studies are rather model dependent argtgy. In the isomorphic shell model, instead, a common ge-
only that of Ref.[19] (based on reduced widths fardecay  ometry for all nuclei is derived by packing the nuclear shells,
of 2Ne to the ground state 8fO) constitutes the most thor- whose average forms result from the independent particle
ough and instructive one concerning the structureaof assumptior{25]. The specific part of this geometry utilized
cluster nuclei and stands as a basic reference for any objepy the average positions of the nucleons constituting a par-
tive study of allA=4n (wheren=1-10) nuclei. In very ticular nucleus results from the search for the maximum
recent publication§20,21] an alternative approach along the binding energy and other observabl@9—21]. a-like par-
lines of the isomorphic shell model has been applied inticles thus appear by themselves each time the average posi-
studyinga-chain states if°C ande-planar states if%Ne. In  tions of two protons and of two neutror{possessing the
the present work the same approach is applied in studyingame principal quantum numbarand, in addition, all four
a-planar states if®Si, which is one of the most interesting nucleons involved have the same angular momentum which
and most studied nuclei in thegkshell region[22]. implies that each pair of nucleons have zero relative angular
The common point between the isomorphic shell modemomentum, i.e., each pair of nucleons is in relativstate
and the a-cluster model is that both models consider theare found close together. Of course, for later moments than
geometry of the average positions of the constituent particlethat depicted by the nucleon average positions each nucleon
as the starting point for describing the total wave function ofof an a-like particle follows an independent particle motion
the nucleus. The basic difference between these two modeis a well-defined shell-model orbital leading to dissolution of
is that the constituent particles for the first are nucleons irthis a-particle.
In the present stage of development of theluster mod-
els predictions orr-planar states in @ nuclei are limited to
*Permanent address: Institute of Nuclear Physics, National Certhe density distribution of such nuclei, to the specification of
ter for Scientific Research Demokritos, Aghia Paraskevi,some experimental levels which are candidates for rotational
Attiki, 15310 Greece. FAX++(301)6511215. Electronic address: spectra, and to their related ground state binding energies
anagnos@cyclades.nrcps.ariadne-t.gr [18]. In the present work, by employing the isomorphic shell
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model, binding energies, radii, electric moments, mean lifewhere n; is the harmonic oscillator quantum number and
times, B(E2) values, and rotational spectra are studied for(riz)l’2 is the average radius of the relevant high fluximal
the nucleus™si. That is, here more observables are examshell determined by the semiclassical part of the model
ined and, in addition as will become apparent, our predicypecified below. For details oW one should consult Ref.
tions for the observables investigated by other models argy3).

much closer to the experimental data. Moreover, new rota- The solution of the Schinger equation with Hamil-
tional bands are introduced, and known resonances iynjan (3), in spherical coordinates, for each partial single
nuclear reactions at specific spins and energies are verified Particle HamiltoniarH, is

members of these bands offering additional support for pla-
nar structures of specific states3¥8i. m
Whim (120,00 =Ry (1) Y, (65, i), ®)
Il. THE ISOMORPHIC SHELL MODEL

where the coordinates; , 8, ,¢; refer to a single particle,

The isomorphic shell model is a microscopic nuclear-_,m o , .
structure model that incorporates into a hybrid model theYli (6,¢) are the familiar spherical harmonics, and the ex-

prominent features of single-particle and collective ap-pressions for th&, (r) are given in several books of quan-
proaches in conjunction with the nucleon finite si28,25.  tum mechanics and nuclear physics; for example, see Tables
The model consists of a quantum mechanical (28t and a  4-1 of Ref.[31].

semiclassical parf25] and the relationship between these The only difference between our wave functions and
two parts is obtained in the spirit of the Ehrenfest’s theoremthose in these books is the differenfs as stated in Eq$3)

The model has been reported in several previous publicaand(4) above. Those of our wave functions, however, which
tions (see, for example, cited references of the model in théhave equal value, because of the differefitw;, are not
review article[26]). The very recent onef20,21] contain,  orthogonal, since in these cases the orthogonality of Leg-
perhaps, the most concise representation of the model. Thusndre polynomials does not suffice. Orthogonality, of course,
here it seems sufficient to include only the main features otan be obtained by applying established procedures, e.g., the
the model together with the technical péiermulag of its ~ Gram-Schmidt proced82].
semiclassical partthat incéucje; also features of the madel By employing the partial Hamiltonian shown in Eqg)
which is here applied fof°Si since this part is closer to the and(3) all eigenvalues involved in a specific nucleus can be
a-cluster model and thus a comparison between them igalculated. Finally, the binding energy of this nucleus can be
easier and more comprehensive. Of course, the isomorphigstimated by using the simple relationship
shell model is not limited to applications ton4huclei but it

is a general model for all nucl¢3,25,27-30 A

Eg=1/2(V- N)—3/4[21 hw(n+3/2)], (6)

A. Main features of the model

The single-particle component of the model is along the — . ) o
lines of the conventional shell model with the only differenceWhereV is the average potential depth. That is, the binding
that in the model the nucleons creating the central potenti#tN€rgy is not taken equal to the sum of single-particle ener-
are the nucleons of each particular nuclear shell alone, indies[33]. This is suggested by variation of the energy in the
stead of all nucleons in the nucleus as assumed in the coff@mework of the Hartree-Fock method. Specifically, ).
ventional shell modd23]. In other words, we considéfor i in the lines of Koopman's theoref81] which helps us to
the case where a harmonic oscillator is taken as the centrgfnderstand the origin of the coefficients 1/2 and 3/4.
potentia) a multiharmonic potential description of the  In the framework of the quantum mechanical part of the

tor wave functions with differenty;, we can exactly deter-

HY=E¥, H=T+V, (1) mine the matrix elements in a completely microscopic way.
Thus, we can obtain the expectation values of different ob-
H=Hjs+Hip+Hygos+- ", 2) servables without any approximation. This is already done in
previous publication$23,27-3Q. Here, however, the semi-
where classical part(i.e., an approximate modeinstead of the
guantum mechanical pafite., an exact modeis employed
_ 1 since the former involves a pictorial approach which is simi-
Hi=Vi+Ti=-V+3 m(w) i+ T, (3)  lar to the a-cluster model, a fact which facilitates the com-
parison of their results. This use of the semiclassical part in
the place of the quantum mechanical part is accepted in the
pirit of the Ehrenfest’s theoref20,21,34,3% This theorem
or the special case of a harmonic oscillator potential, as here
employed in Eq.(3), is particularly well described in Ref.
[35]. From the discussion made there for such a potential,
52 3 one could extract thafin a semiclassical treatmenthe
hwi:_2< | ) (4) nuclear structure problem could be reduced into that of
m(r{) studying the dynamics of the average positions of the con-

That is, we consider a state-dependent Hamiltonian
where each partial harmonic oscillator potential has its ow
state-dependent frequeney . All thesew;’s are determined
from the harmonic oscillator relatior81]

+ —
2
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FIG. 1. The isomorphic shell model for the nuclei upNe- 20 andZ=20. The high-symmetry polyhedra in rowile., the zerohedron,
the octahedron, and the icosahedretand for the average forms ) the 1s, (c) the 1p, and(e) the 1d2s shells for neutrons, while the
high-symmetry polyhedra in row[2.e., the zerohedron, the hexahedfonbe, and the dodecahedrpstand for the average forms @) the
1s, (d) the 1p, and(f) the 1s2s shells for protons. The vertices of polyhedra stand for the average positions of nucleons in definite quantum
states ¢,n,l,m,s). The lettersh stand for the empty verticgboles. Thez axis is common for all polyhedra when these are superimposed
with a common center and with relative orientations as shown. At the bottom of each block theRaditie sphere circumscribed to the
relevant polyhedron and the radip®f the relevant classical orliequal to the maximum distance of the vertex statgl.m,9 from the axis
20" precisely representing the orbital angular-momentum axis with defipiteandm valueq are given. The curved arrows shown help the
reader visualize around which axis each nucleon rotates, while (eql&h) arrows show rotations directed @gown) the plane of the paper.
All polyhedra vertices are numbered as shown. The backbideen) vertices of the polyhedra and the related numbers are not shown in the
figure.

stituent nucleus. For this study the following two assump-the other nucleons, may be understood here in terms of a
tions are employed by the semiclassical part of the isomordynamic equilibriumin the following sense[25]. Each
phic shell model. nucleon in a nucleus isn averagdan a dynamic equilibrium
(i) The neutrongprotong of a closed neutroriproton with the other nucleons, and, as a consequence, its notion
shell, considered at theaveragepositions, are imdynamic  may be described independently of the motions of the other
equilibriumon the sphere presenting the average size of thatucleons. From this one realizes that dynamic equilibrium
shell. and independent particle motion are consistent concepts in
(ii) The average sizes of the shells are determined by théhe framework of the isomorphic shell model.
close-packingf the shells themselves, provided that a neu- In other words, the model implies that some instant in
tron and a proton are representediayd sphereof definite  time (reachedperiodically) all nucleons could be thought of
sizes(i.e., r,=0.974 fm andr,=0.860 fm). as residing at their individual average positions, which coin-
It is apparent that assumptidi) is along the lines of the cide with the vertices of an equilibrium polyhedron for each
conventional shell model, while assumpti@i) is along the shell. This system of particles evolves in time according to
lines of the liquid-drop model. each particle independent motion. This is possible, since
The model employs a specific equilibrium of nucleons,axes standing for the angular-momenta quantization of direc-
considered at their average positions on concentric sphericéibns areidentically described by the rotational symmetries
cells, which is valid whatever the law of nuclear force mayof the polyhedra employe86—39. For example, see Ref.
be: assumption(i). This equilibrium leads uniquely to [38], where one can find a complete interpretation of the
Leech[25,36 (equilibrium) polyhedra as average forms of independent particle model in relation to the symmetries of
nuclear shells. All such nested polyhedra are closed-packethese polyhedra. Such vectors are shown in Fig. 1 for the
thus taking their minimum size: assumptidin). The cu- orbital angular-momentum quantization of directions in-
mulative number of vertices of these polyhedra, counted sucsolved for nuclei up toN=20 andZ=20.
cessively from the innermost to the outermost, reproduce the Since the radial and angular parts of the polyhedral shells
magic numbers each time a polyhedral shell is completeih Fig. 1 are well defined, the coordinates of the polyhedral
[25] (see the numbers in the brackets in Fig. 1 there vertices(nucleon average positionsan be easily computed.
For one to conceptualize the isomorphic shell model, hélhese coordinates up fé§=Z=20 are already published in
should first relate this model to the conventional shell modelfootnote 14 of Ref[40], and in Refs[41] and[42]. These
Specifically, the main assumption of the simple shell modelcoordinates correspond to tRevalues of the exscribed poly-
i.e., that each nucleon in a nucleus moves an average hedral spheres given in Fig. (see bottom line at each
potential due to all nucleonhéndependently of the motion of block).
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According to the semiclassical part of the isomorphicwhereZ is the moment of inertia of the rotating part of the
shell model, the nucleon average positions of a nucleus anmeucleus given by Eq12):
distributed at the vertices of the polyhedral shells as shown,
for example, in Fig. 1. The specific vertices occupied, for a Nrot )
given (closed- or open-shglinucleus at the ground state, IZZ mr?=mNo(r %) ot (12
form a vertex configuratiorfcorresponding to a state con- '
figuration that possesses the maximum binding enefgy) (
in relation to any other possible vertex configuration, which
thus stands for an excited state. Each vertex configuratio
defines the average form and structure of a relevant state
this nucleus. All bulk(statig properties of this statée.g.,
Eg, rms radii, etg. are derived as properties of this structure
as has been fully explained in R¢25] and references cited

where N,; is the number of nucleons participating in the
collective rotation and(r?), is the rms radius of these
Aucleons. This value df is increased by the quanti{9.165

ot Where the coefficient 0.165 stands for the contribution
to the moment of inertia coming from the finite size of each
'nucleon participating in the rotatidr20,21].
The binding energy in the model, now, is

therein.
2
e
B. Technical features of the semiclassical part of the model Eg=— Z Vi — 2 —
o all nucleon all ‘proton Tij
The model employs a two-body potential in the form of pairs pairs

two Yukawa functiong40]: s s
- T + Eso . 13
o~ (31.8538rj; g~ (1.3538rj; all nucleons< Jnim all valence (59 13
Vij=1.7(10") — 187r— (in MeV), pairs
ij ij
(7)  where the term& ; (odd-even andE,; (collective rotation
) ) ) appearing in Eq(15) of Ref.[20] for the binding energy are
where the average internucleon distangesire estimated by  here omitted as irrelevant to the case of interest, 38,

using the relevant coordinates.  The rms charge radius is given by Ha4):
The Coulomb potential between two proton average posi-
tions apparently is " >Z R? N2
2 (PPen=|—5—+(0.8?-(0.116 7| ., (19
(Ec)ij=;— (8)

1 whereR,; is the radius of théth proton average position from

wherer; stand for the average interproton distances estifi9- 1,Z andN are the proton and the neutron numbers of

mated by using the relevant coordinates. the nucleus, and (0.8)and (0.116 are _the rms charge radii
The average kinetic energy for each nucleon is taken a8f @ Proton and of a neutron, respectivedg].

the sum of the kinetic energy due to the uncertainty principle 1€ intrinsic electric quadrupole moment is given by Eq.

and of the kinetic energy due to the orbiting of the nucleon(15)'

[42]: 2

o eQo= 2 €Qlzg;= 2, eRi(3cos i-1), (19
; 9 i i=

whereR; is the radius of théth proton average position and
where R, is the outermost polyhedral radidB) plus the ¢, is the corresponding azimuthal angle with respect to the
relevant average nucleon radidgse., r,=0.974fm orr, symmetry axig44].
=0.860 fm), i.e., the radius of the nuclear volume in which ~ The intrinsic electric hexadecapole moment is given by
the nucleons are confinenh is the nucleon masg,,, is the  Eq. (16):
distance of the vertetn,l,m from the axis,d{" (see Fig. 1

ﬁZ

1 I(1+1)
<T>n|m:%

2 2
Riax Pnim

and Refs[36-39, [42]). , z
The spin-orbit interaction in the model is given below €Qj= > eQ<4o)i=_El eR!(35 cod 6,—30 co$ ¢;+3),
. i i=
[31]; 16
(Eso); = (20+5)A%3 X5 . (10)

whereR; and 6; as forQ,, above.
The reduced electric-quadrupole transition probability be-
tween the 0 -ground state and the first2state in even-even
uclei which exhibit a rotationdl44] spectrum is given by

The energy coefficient (205=15-25 MeV) starts at its
lower values for the lower orbital angular momenta and
tends more or less smoothly to the larger values for th 17)-
higher orbital angular momenta. As also known, fotl 9. (17):
+1/2,1-s=+1/2, while forj=1-1/2,1-s= — (1 +1)/2. 4
The collective rotational energy is given by H4l): B(E2)ecrt)
RE(141) =4.08x10"°[E,(MeV)] [ r(seq] Y[1+ar] !
Gy (12) =QY?5/(16m) = B 3ZR/Ax 2, (17)
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FIG. 2. Average forms of®Si, according to the semiclassical part of the isomorphic shell model, composed of the average positions of
the constituent nucleoné) stands for the ground state afig for the 0; excited state at 10.27 Mel¢alled in the next Fig. @)-relaxed
or for the proposed 0 state at 24.2 MeVcalled in the text Fig. ()]. Average nucleon positions are numbered as shown by using the same
number as in Fig. 1 for the same position, except for the average positions naraad & in (b)-relaxed(see text for their coordinatgs
where these positions are “relaxed,” i.e., they are in contact with those numbered 5, 8 and 6, 7, respectively. Otherwiaeapéits
differ only in that positions 9-10, 15-16 appear only(& and positions 19-20, 31-32 appear only(ln. (c) comes from(b) or (b)-relaxed
when each of the seven sets of four close-by nuclétms neutrons and two protons relative s-state numbere¢b,7,11,13, (6,8,12,14,
(17-18, 29-30, (19-20, 31-32, (25-26, 37-38, (27-28, 39-40, and(1-2, 3-9 for (b) or (1-2, 3-4,) for (b)-relaxed are assumed to form a
sort of ana-particle. Axes labeled, y, z stand for the axes of coordinates aB@d symmetry axes, while those IabeIBgI, R|1+ 1=4, and
R'I 1= for rotational axes.

whereE, andr are the excitation energy and the mean life ofnucleon average positions numberéd-4), (5,7,11,13,

the first 2" -state,at is the internal conversion coefficient, (6,8,12,14, (17-18,29-30, (19-20,31-32, (25-26,37-33,

and 3, is the deformation parameter which for a spheroid(27-28,39-40 accommodates two protons and two neutrons

nucleus with semimajor and semiminor ax@sind b takes  which are close together for the instant depicted by this fig-

the expressiof44] ure and possess the samandj quantum numbers. That is,

each pair of these nucleons have zero relative angular mo-

B2=1.08a-Db)/R,, (18) mentum, i.e., it is in a relative-state. Thus, in the model

whereR,=r,A3 is the nuclear average radius. each of these seven sets of four nucleons can be considered

Equations(7)—(17) stand for all formulas here necessary as a sort ofr-particle[20,21]. Considering now the center of

for the implementation of the semiclassical part of thedravity for each of these é-particles,” Fig. 2c) resuits,
model. where the centers of the above sewvetike particlespre-

ciselylie on the same plang.e., these centers are coplanar
Of course, for later moments than that depicted by Fig),2
each of the four nucleons composing any one of the above
The average structure dfSi, in the framework of the sevena-particle-like structures evolves by following its in-
semiclassical part of the isomorphic shell model, comes frontlependent particle motion in a well-specified shell model
Fig. 1 by considering the statesg,11p, and 1d) involved in  orbital [36—39. That is, each nucleon will move in a shell
this nucleus. From all possibilities offered by Fig. 1 to ac-model orbital rotating around its own axis of orbital angular
commodate 14 neutron average positions on the neutromomentum vector as schematically shown by arrows in Fig.
polyhedra[see Figs. @a), 1(c), and 1e)] and 14 proton av- 1 and labeled by the proped|" angle with respect to the
erage positions on the proton polyhefisae Figs. (b), 1(d), quantization axiz common for all parts of Fig. 1.
and Xf)], the one shown in Fig.(d), as has been calculated, It is worth noticing that Fig. &) is geometrically well
possesses the maximum binding energy and thus stands fepecified. It consists of a squafeith four a-like particles at
the ground state of®Si. its corner$ with the length of its half diagonal equal to 3.361
Figure 2b) comes also from Fig. 1 and differs from Fig. fm and an interior straight segmefuf half length equal to
2(a) only in four nucleon average positions, that is, instead ofL.925 fim) bisecting the right angle formed by the crossing of
the positions numbered 9-10 and 15-16 utilized in Figy),2 the two diagonals of the squateith two a-like particles at
the positions numbered 19-20 and 31-32 are employed ithe ends of the segment and one at its cenfiénis straight
Fig. 2(b). This leads to a*?C core in Fig. 2b) for 8Si,  segmenfpreciselystands for thex-particle representation of
instead of*%0 core in Fig. 2a). That s, in Fig. 2b) the states  1%C according to the semiclassical part of the isomorphic
2s,, appear instead of the statep,} appearing in Fig. @&). shell model[20,21].
This difference in the core, as will be understood shortly, It is interesting for one to compare the present Fig) 2
makes Fig. 2a) three-dimensional and Fig. () two-  with Fig. 1 of Ref.[18], where ana-cluster study of®Si is
dimensional in arn-cluster-wise representation. also performed. The relevant part of that figure is reproduced
Specifically, in Fig. 2b) each set of the following four here as Fig. 3 to make the comparison easier for the reader.

Ill. CALCULATIONS AND DISCUSSION
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=-0.3737 fm, where the subscript stands for the word
relaxed. This relaxation of the two proton average positions
leads to larger binding energy fé¥Si. Since the correspond-
ing figure could not be distinguished from Fig(b®, it is
omitted and we let Fig. ®) stand for both cases, but in the
text the distinction is made as Figl®2 and Fig. Zb)-relaxed.
This increase of binding energy effectively comes from an
increase of the potential energy alone, the only quantity
which significantly varies from Fig.(®) to Fig. 2b)-relaxed.
Coulomb energyQ;,, and Q,, do not have a noticeable
~ FIG. 3. Cluster density contours ;‘or_the two-dimensional con-yariation. It is interesting for one to remark that both Fig.
figuration (c) in Fig. 1 of Ref.[18] for **Si. 2(b) and Fig. Zb)-relaxed identically contain the same sort
of a-particles and thus both figures identically lead to Fig.
Both figures[Fig. 2(c) and Fig. 3 include an orthogonal 2(c).
parallelogram of four-like particles and a bisecting straight By applying Eqs(7)—(10) one obtains the numerical val-
segment of threex-like particles. However, in Fig. 3 the ues for each of the four first terms in E@.3), and for each
straight segment extends outside the parallelogram, while inf the three vertexand statg configurations of column 1
Fig. 2(c) it is surrounded by the parallelogram. The sizes of(and 2, which are listed in columns 3-6 of Table I. The
the parallelograms and of the line segments are also differesummation of the above four terms gives the net energy
in these two figures. which for each configuration of column 1 is listed in column
As in the study of*?C in Figs. Za) and 2b) of Ref.[20], 7 of the same table. From the values of this column, it is
from the present Fig.(®) another figure can result which is apparent that the second and third configurations of Table |,
almost identical to it and only slightly differs with respect to which come from the two-dimensionéD; a-cluster-wisg
the average positions of the tws protons(numbered 3 and Fig. 2b)-relaxed and Fig. ), respectively, correspond to
4). Specifically, due to the absence g}, neutrons from excited states, while the first configuration, which comes
the '%C core of Fig. 2b) (numbered 9 and 10 in Fig.)1 from the three-dimension&BD) Fig. 2(a), corresponds to the
whose average positions together with those p§sneu- ground state. The latter is so due to the fact flaatalready
trons(numbered 5-Bdetermine the symmetry of the average mentioned this configuration has the maximum net energy
positions for the & protons, these two latter positions can for any other possible 3D configuration féfSi involving
relax (by rotation around their center of gravity on the planels, 1p, and 1d states and coming from Figs(a—1(f). It
which is perpendicular on the direction 1-2 and passeshould also be noticed that Fig(k® and Fig. Zb)-relaxed
through the nuclear centeby getting closer to the average are the only 2D configuration&-particle-wis¢ which can
positions for the pg, neutrons(numbered 5,8 and 6,7, re- be obtained for8Si. The excitation energgwith respect to
spectively in such a way that their corresponding nucleonthe ground stafe of the second configuration, i.eEe,
bags come in contact. The corresponding new coordinates f 10.4 MeV, is almost identical to that of the; Q i.e., Eqy
3 and 4 are B x=-1.006fm, y=1.006fm, z =10.27 MeV, while the model ground-state energy, i.e.,
=0.3737fm and 4 x=1.006fm, y=—-1.006fm, z 245.2 MeV, is 8.66 MeV larger than the experimental one,

TABLE I. Vertex configuration, state configuration, potentlaE), Coulomb(CE), kinetic (KE), spin orbit(SOBE), and netNE) energy,
geometrical sketch, ana-cluster-wise dimensionality for three configurations?¢gi.

PE CE KE SOE NE Geom. a-cluster
Vertex configuration State configuration (MeV) (MeV) (MeV) (MeV) (MeV) sketch  dimensionality
(Core: 1-16 15)2 (1p)® (1ds)° 4922 339 2371 240 2452
(17-1820-30(25-2637-3, - nettPIna(dsdn ' ' ' ' ' ¥ 3D
(27-328,39-40) 236.54 -0
exp!

o
[Core(1-2,3-4,),(5,7,11,13), 2 6 2
(6.8.12.14], (17[18’29_301 (19)2 ,(1p)p p(1ds)p p(29)a, 479.0 317 2429 304 234.8

o

(19-20,31-32,(25-26,37-38, 12C| 2D
(27-28,39-40 226.27 a- jr)'a
exp? o
[Core(1-2,3-4,(5,7,11,13,
6,8,12,14], (17-18,29-3 &
219_20 314_]3?5 (2526 37?’3& (19)2 o(1p)n o(1ds) S o(25)5, 4652 31.7 2429 304 221.0 . 12C| 2D

: : -12C.q
(27-28,39-40 |

o

8See Ref[64].
bSee Ref[45].
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TABLE Il. Root mean square charge radiug?))%?), intrinsic electric quadrupole momenQjo), intrinsic electric hexadecapole
moment Q,y), reduced electric-quadrupole transition probabiliB{E2)], mean lifetime(7), and deformation parameteg) for three
configurations of®Si.

(e Qs Qip B(E2) T

Vertex configuration (fm) (fm?) (fm%) (fm% (ps B>
(Core: 1-16, 3.21 —69.6 395.5 482 0.77 -0.49
(17-18,29-30,(25-26,37-38,(27-28,39-40
exp. 3.1%5*  —63+18° 395+226°  0.58+0.3  —.45+0.1P
[Core(1-2,3-4,)(5,7,11,13,(6,8,12,14), 3.41 -104.8 2152.6 1093 0.74
(17-18,29-30(19-20,31-32,
(25-26,37-38,(27-28,39-40
exp. <0.06 p$

[Core(1-2,3-4,(5,7,11,13,(6,8,12,14],
(17-18,29-30,(19-20,31-32, 3.41 -100.8 2109.7 1011 0.72
(25-26,37-38,(27-28,39-40

aSee Refl[43].
bSee Refs[60,65.
‘See Ref[45].

i.e., 236.54 MeV. The third configuration of Table | leads tothe axes of symmetry labelgdandz, but simultaneously is
even higher excitation, i.e., 24.2 MeV, where there are notin axis of symmetry itselflabeledx). Similarly, the axis of
any experimental data for comparison. rotation Iabeled?lz 1=2 in Fig. 2b) is perpendicular to the

As seen from Figs. @) and 2b), the existence of defor-  4ya5 of symmetry andy, but simultaneously is an axis of
mation of the average shapes for the ground §f&i 2@)]  symmetry itself(labeledz). Thus, a clarification is needed to

and for the excited stat¢fig. 2b) and Fig. Zb)-relaxed of explain why here an axis of symmetry can be an axis of

283 is apparent. However, there is a difference betweeRiation as well.

these two deformqtions. SpecificalIyz—pa_rticle—wi_se, Fig. As already mentioned, the reported axes of rotafare

2(a) possesses a triaxial oblate deformation, while F(g) 2 C2 axes of symmetry of the whole average form?#i as

2236'29&52):;?;61%b?;)tsesiio?mglt?s:aee ls:tirgucg)rznv&/gt,:h, Ofpresented either in Figs(& or 2(b) [that is, each of these
, ) %0 . . o

sign and values in Table]llln Figs. 4a) and 4b) the axes of rotational axes is £2 symmetry axis simultaneously for the

4 : average forms of all (4, 1p, and x1d) nuclear shells
symmetry and the corresponding axes of rotation are alsg'lzhiS means that none of these axes has@hesymmetr
shown. Specifically, in Fig. @) the axis of coordinateg is €Sy y

shown as axis of symmetry as well since the nucleon averag%ope_a”ng’ €., in an axially symmetric eII|p§O|daI. Thus,
positions numbered 17-18, 29-30 shown in the figure have afPtation around each of the€2 symmetry axes is quantum
equivalent effect on all observables as the positions num€chanically permissibl¢20,21] and each such rotation
bered 19-20, 31-32 not shown in this figure. Thus, the corcould lead to an observable. _
responding 4 nucleon& protons and 2 neutronsould be By applying Eqs(14)—(17) and(11) and(12) the quanti-
thought of as 50% occupying the average positions 17-18jes (r2%2, Qjo, Qio, B(E2), 7, B2, Z, and E,+ (for
29-30 and 50% occupying the positions 19-20, 31-32, henck=0-16) are computed and listed in Table II, columns 2—7
the origin of the symmetry axigand the oblate shape of Fig. and in Table Ill, columns 2-12, for each of the configura-
2(a). The same reasoning holds true for the axis of symmetryions presented by Figs(&, 2(b) and Zb)-relaxed(see col-
labeledz in Fig. 2(a). For the axis of symmetry labeledin ~ umn 1 of the same tablpsogether with the experimental
Fig. 2a) or the axes of symmetry labeledy,zin Fig. 2b)  data where available. The mod®k, values have been cal-
and Fig. 2b)-relaxed, the situation is more transparent. Preyjated with respect to the symmetry axis labeteih all
cisely speaking, the symmetry axey,zin both Figs. 28)  parts of Fig. 2, and the rotational excitations have been esti-
and 2b) are C2 axes concerning the nucleon average posimated by assuming no variation of the corresponding mo-
tions of the 1d shell and simultaneouslg4 axes concern-  ment of inertia with angular momentum. The good agree-
ing the nucleon average positions of the dhell. This is due  ments, apparent from Tables I, II, and Ill, between the
to the fact that the 4 nucleons can have either the averageexperimental data and the predictions of the present model
positions shown numbered 1-2, 3dr 3,-4,) in Figs. X&)  |end support to our approach. Explanation of the way the
and 1b), and in Figs. 2a), 2(b), and Zb)-relaxed or their  moments of inertia in Table Il have been obtained follows.
symmetric counterparts with respect to the axisry or z All cases of moment of inertia with valug<224.9 fnf

As apparent from Fig. ), the axis of rotation labeled (see Table Il correspond to rotation of valence nucleons
R, is perpendicular to the axes of symmetry label@hdz,  only. That is, in these cases there is not a rigid body rotation
but simultaneously is an axis of symmetry itséfbeledy).  of 2Si, i.e., the cordeither 0 or 1°C) remains a spectator
Also, the axis of rotation Iabeleﬂ,la,;‘; is perpendicular to and thus it does not rotate and does not contribute to the
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our a-wise rotational band, since thg 2 level is a member TABLE IV. Binding energy Eg), rms charge radius((?)g),
of the g.s. band whose-cluster structure is established. The intrinsic electric quadrupole momer®¢y), symmetry, and average
same support exists for the nature of the Rvel at 10.27 moment of inertia {,) of the ground state fof®Si according to
MeV as bandhead of the rotational band since the decay raf@ch method listed in column 1.

of this level to 2" is 58%[45]. Finally, the experimental

candidacy of the level 4 at 12.24 MeV as a member of the Eg® (%) Qég

proposed rotational band is supported by the fact that thi&/!€thod (MeV)  (fm) (fm ~ Symmetry aq
level appears as resonance of the reactitMg+ « [45]. I AcMmP 154.1 3.27 —68 Ds,
conclusion, all three listed members of the rotational bangypc 156.2 3.34 —75

with the small value of moment of inertia have some experigd 156.2 3.26 -71

mental support for their-cluster structure. Similar support Skyrmé 0.23¢
for the listed low members of the other superdeformed bang ccant work 2453 3.21 —696 0.214
with the large value of moment of inertia is not available g, t 236.5 315509 —63+18"

and, of course, band members must have common character-_
istics besides displaying 1+ 1) energy difference. After For large scale shell model calculations see R&4].
the present work, perhaps, it is going to be easier for one tbSee Ref[55].
detect the necessary cascadeygfiys between the members °See Ref[53].
of the proposed superdeformed band. dSee Ref[54].
What is very interesting for the verification of the pro- a,==,,(21+1)/2,(21+1); see Ref[70].
posed superdeformed band based on the se¢argk) mo-  'See Ref[64].
ment of inertia of the second configuration in Table Il is that9See Ref[43].
the model prediction of 32.76 MeV fdf=16" is very close  "See Refs[60,65.
to 32.20 MeV measured in Refg46,47] for the same spin

value. This measurement is based on the excitation functiof°*CM. HF, Skyrme, and isomorphic shell mogigive more
of the O; -state at 6.049 MeV ot0 and comes as a reso- " less similar results, except those for binding energy, where

nance of the reactio’C-+2%0. The knowledge that the}0 ACM and HF give substantially differentsmalley values

state of'®0 is a planar statp48,49 supports our predictions ;[/Z?Sethe present one, which is close to the experimental

that the observed 32.20 MeV state comes from a planar . :

: ; : The ability of the present approach to predict good results
structure[Fig. 2c)]. Thus, the presen_t work concerning t.h's simultaneously for many observables, including binding en-
state supports the relevant speculations already cited in the

literature[46,47]. This success may encourage the researc rgies(better even than those coming from large scale shell
v may en 9 odel calculationg56]) (see Tables I-1Y, without using
for the low lying members of this rotational band.

Also of interest are the last excited rotational bands of djustable parameters, consitutes a unique character of the

. ) . . .. model employed. Moreover, the present approach has the
Table 11l (third configuration which are also connected with : ;
the a-planar structure of Fig. (), but correspond to Fig. advantage of presenting the physical structure of the states.

2(b) with no relaxation of the numbered 3 and 4 proton av_lndeed, in other models, with the exception of the calcula-
erage positions. Association of these bands with Fow experiions performed with an S@)-classified basig57], the re-

ge p L . ; Xp sulting eigenvectors consist of a very large number of small
mental candidate levels is not possible at present since trhe

. : ; omponents. Therefore, it is highly impractical to extract in-
detailed Sp.eCtF“f.“ of’Si [45] is known only up to about 15 formation from these models on such structural properties as
MeV, that is, it is known up to an energy lower than the

i . intrinsic deformation, orbital symmetryy-clustering, etc.,
bandhead of this proposed band at 24.2 MeV. What is Vel hich are quite important for thed-sheil nuclei[58].

interesting is that the model predictions of 43.6 MeV and Furthermore, it is interesting for one to notice that certain

T +
&5'\2/ Me(;/igrzl I\; 1\f' at each dbanlg %rgeovsejgyﬁl]o.se lto 43.7 symmetries of Figs. (@), 2(b), and Zb)-relaxed can follow
evan - MEV measured In Refv, oL, NIS CIoSe~ 0 4y simple and well-known properties of all effective
ness is even more impressive if one considers the experimelp o\ model interactions, namely, the exchange nature and

E;_"‘rl] level Widthsr:o'g MeV andf0.9 MeIY resp7ec2tg/e,\[/|\50]. the finite rangé59]. In addition, the deformed intrinsic states
ese resonances decay preferentially {0 7. ev) presented by Figs.(8), 2(b), and Zb)-relaxed could be used

20) i 0
state of™Ne, which from our study of®Ne[21] corresponds in any HF treatment of the relevant rotational bands, a fact

to 8p4h structure possessingC core as the third configu- i obviously relaxes the requirement of rotational invari-
ration here, a fact which is also supported by RB£]. ance for the HF densit59]

Taple 1V includes the predicti(_)ns O.f the present work An additional interesting feature of the average structures
from Tables I, Il, and Il concerning binding energy, rms rovided by Figs. @), 2(b), and 2b)-relaxed, particularly

_char_gefradihus, intrinjic quadg:suspole mrc]Jmen_t r?nr? momer_1t ° pparent from Fig. @), is the hexadecapole deformation of
Inertia for the ground state | together with the experi- yhaqa structures fotesi (seeQy values in Table i, a fact

mental data and the resulf§3,54 of Hartree-Fock(HF), o : = ) .
. L which is experimentally verified by scattering efparticles
those [55] of unrestricted 16-parameter variation alpha- on this nucleug6o].

cluster model(ACM) for the same(as in HF nucleon-
nucleon interaction, and those of Skyrme interactjbf].
This specific ACM approach consulted here leads to the best

results and is the one which gives similar results with the HF  The isomorphic shell moddgWwhose main feature is that
model[55]. From Table IV it is apparent that all four models the nucleon finite size is taken into accouhas been em-

IV. CONCLUSIONS
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ployed for the study of superdeformed state€8i and the %0 has been reported as planar sfd&49, the inclusion of
results are successfully compared with the experimental dathis level to the present excited rotational band constitutes a
and those of ther-cluster model and of other theories. Ob- signature of the planar structure for all member states of this
late triaxial structure for the ground state andaparticle-  band. Also, the®0+'°C resonances ifiBe anda channels
wise planar structure for the}Ostate at 10.24 MeV, and [50,51] at 43.7 MeV and 46.2 MeV have here been identified
possibly for another planar structure at 24.2 MeV, have beeas 14 members of two other proposed rotational bands. The
found. knowledge that both of these resonances decay preferentially
Here, a-like particles (which apparently are not pre- to 05 state of?°Ne known for its §4h structure[62] sup-
formed are considered to be clusters of four closeby nucleports the present study that the related bands have a planar
ons (two protons and two neutronsvhich are in relative structure.
s-state. In order to facilitate the comparison of the present A very interesting point to be investigated later, when
results with those of the-cluster models, the semiclassical additional experimental information becomes available, is to
part instead of the quantum mechanical part of the isomorexamine if both bands either of the second and/or of the third
phic shell model is here employed. configuration in Table Il really have low energy members or
While for the ground state band only valence nucleonsf the band with larger moment of inertia terminates at some
participate in the rotation, in the excited bands part of'lé  value of angular momentum decaying into the other band of
core(i.e., the Jps, nucleong can participate in the rotation smaller moment of inertia, a phenomenon known from the

as well. superdeformed rotational spectra of nuclei in the well-
An interesting result is the prediction that the*2rota-  deformed region. If the second case is proved true, the cor-
tional level has a different axis of rotation than the 46, ™, responding band will have all the characteristics of a super-

and 8" levels and that, perhaps, at some higher anguladeformed rotational band, given that its moment of inertia
momentum values, a third axis of rotation is involved in theapproaches the rigid body lim{see Table IlJ. Also of in-
ground state rotational band. This result emphasizes the diferest is the fact that two of the rotational bands in Table IlI
ference between rotational bands in light nuclei and thos@ave the same moment of ineregual to 207.0 frf), some-
bands in the nuclei of the well deformed region of rare earthshing which has also been observed in nuclei of the well-
where only one axis of rotation characterizes a rotationatleformed region.

band. This difference in the rotational bands of these two Hexadecapole deformation has been found for both the
regions can also be noticed from the fact that the deviationground statérelatively smal) and the (f excited statérela-
between the present predictions and the experimental data tively large. This finding agrees with the predictions of Ref.
the ground-state band are larger than the usual deviations [60] that in “°°Ne and?®Si such a deformation exists.

the well deformed region. These larger deviations could be The advantage of the present approach is apparent from
attributed to the fact that adiabaticity between intrinsic mo-three facts. First, it predicts better binding energy and other
tion and rotational motion is not necessarily ensured for lightobservables, second, uses no adjustable parameters, and
nuclei, to the fact that it is not known to what extent thethird, provides information about the intrinsic structure of the
assumption of fixed intrinsic state is corrdétl] for these states. This approach is, indeed, superior to the different self-
nuclei, to the fact that there may be mixing of simultaneousconsistent approaches due to the fact that the former is a
rotations around different axes, and to the fact that no variasuccessful hybrid between the independent particle model
tion of the moment of inertia with angular momentum hasand the liquid drop model, while the latter are based on the
been considered. The latter cannot be treated in the framéndependent particle model alone.

work of the variable-moment-of-inertia mod&2], since the
number of rotational levels known in rotational bands of
light nuclei is very limited(usually two to fouy.

Furthermore, concerning rotational levels one can find it
interesting to note that the present way of moment-of-inertia | want to express my deep appreciation to Dr. P. E. Hodg-
calculation is equivalent to a rotation aflike nucleon clus- son of the Nuclear Physics Laboratofyniversity of Ox-
ters as in Ref[63]. ford) for his valuable help in all stages of this research. Also,

The 32.20 MeV|"=16" level predicted 46,47 as cor- it is my pleasure to thank Dr. A. C. Merchant of the Nuclear
responding to planar structure #8i has here been found to Physics LaboratoryUniversity of Oxford for valuable dis-
be a member of an excited rotational band with almost rigidcussions. Finally, | want to thank the Nuclear Physics Labo-
rotation(see Table lIJ. Since this level is a resonance of the ratory for its hospitality and also the NCSR “Demokritos”
reaction!?C+1%0 (6.049 MeV}, and the § at 6.049 MeV of  for financial support during my sabbatical leave.
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