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FERMION-BOSON CLASSIFICATION IN MICROCLUSTERS

G.S. ANAGNOSTATOS

Institute of Nuclear Physics

National Center for Scientific Research "Demokritos*
GR-153 10 Aghia Paraskevi Attild, Greece

Abstract

Microclusters composed of atoms with non delocalized odd number of valence electrons
possess the usual magic numbers for fermions in a central potential and those with an even
number of valence electrons possess the magic numbers for :sons coming from the packing
of atoms in nested icosahedral or octahedral or tetrahedral shells. On the other hand.
microciusters composed of atoms with delocalized valence electrons. either with an odd or
with an even number of electrons, exhibit electronic magic numbers (accarding to the
Jellium model) but also magic numbers coming from the (same, as above) packings of their
bosonic ion cores. Finally. through the present work, an alternative approach to study

atomic nuclei as quantum clusters appears possible and promising.

1. Introduction

Magic numbers (intensity anomalies in the mass spectra) in microciusters mainly have
been interpreted as coming from two distinct and basically different origins which refer to
separate categories of elements. That s, magic numbers are considered either as a resuit of
electron structure (as in jellium model), e.g. in aikall clusters {1], or as a resuilt of close
packing of atoms. e.g. in rare gas clusters {2-3]. The magic numbers for these two categories
are 2.8.20.40.58.... and 1.13.55.147.309..... respectively. Recently however. it has been found
that the magic numbers in certain mass spectra include numbers fram both of the above sets
[4-6]. Further complexity n understanding fnagic numbers comes from the fact that besides
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those for alkali and rare gas clusters, diferent categories of magic numbers have been
established for different elements or comblnations of them. e.g.. magic number's for
semiconductor (7] or alkali-halide clusters (8], or for clusters made of mixed rare gases (3] or
mixed alkalis {10.11]. etc.

The question raised by the present work is whether all these different sequences of
magic numbers are indeed independent of each other or whether there is something
fundamental. out of which one may dertvethem. In this paper, we propose a new
concept that the magic numbers are mainly determined by the nature of particles
involved in forming clusters. Depending on their odd or even number of electrons, the
constituent atoms or fon cores  behave as heavy fermions or heavy bosons. It s this

property of constituent particles, together with the delocalized electrons, whenever they

exist, that determine the structure of a microcluster ({6].

2. The Model

2.1 Conceptualization of the model

The starting point of the present model is the comparative study of small-size-clusters
of neutral and ionized alkali atoms shown in figures la. lb. and lc, which show,
respectively, the celebrated experimental mass spectrum of sodium clusters (1], the
prediction of the same in the jelllum model. and the observed mass spectrum of sodium
cluster cations (5].

The magfc-number sequence in Figure 1(a} is 2.8,20.40.58,92..... while the predicted
magic numbers according to the jellium model (Figure 1(b)) are 2, 8, 18, 20, 34, 40, 58, 68, 70,
92..... Thus, between the experimental data of Figure 1(a) and the jelllum-model predictions
there are differences.The model predicts additional peaks at N= 18,34.68,70..... However,
these missing numbers from Figure l(a) are present in Figure 1(c), e.g., the peak at N=19
sodlum cations which corresponds to 18 delocalized electrons (Ne=N-1) which is predicted
by the jellilum model. In addition, the spectrum in Figure 1(c) exhibits peaks at N=13, (19), 25
atoms, which are very well known as magic numbers of rare gas clusters {2-3|. Stmilar
comments can be made when comparing other born neutral and born ionized small size

alkali clusters.
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Figure 1(a)-(c).. Mass spectra of sodium clusters. (a) Experimental data for neutral atoms, (b)
Jjelllum model predictfons, and (c} experimental data for cations

One may therefore, infer that either a sodium mass spectrum does not include ail
predictions of jellium model (spectfically the numbers 18,34.68,70....) or it includes them but
additional magic numbers, familiar from the close-packing of spheres structure (e.g.. from
the rare gas clusters), also exist. This is a general conclusion of all similar examples on
alkall or alkali-like clusters.

The application of the jellium model tmplies that the valence electron from each alkali
atom is delocalized and that all such electrons in the cluster move in a common central
potential somehow created by the ion cores., a fact which leads to the electron magic
numbers {1]. Indeed, there are expertmental conditions which can secure the delocalization
of the valence electrons, e.g., those valid for the experiment [5] of Figure 1(c). However, this is
not necessarily the case in all experiments. Thus, if we do not have delocalization of valence
electrons, one does not fullflll the assumption underlying the jellilum model and electron
magic numbers. Hence, Figure 1(a) can be seen as an example of localized electrons and thus
the atoms themselves are the constituents of the cluster . In that case the jellium model is
inapplicable. Also, the extra numbers (Le., N=13,19,25) appearing in Figure 1(c) can be seen
as magic numbers of the fon cores which are formed after the delocalization of valence
electrons. Indeed, such fon cores do not exist when the constituents of the cluster are the
neutral atoms themselves, a fact which is consistent with the absence of additional peaks
in Figure 1(a).
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2.2 Development of the Model

We present here a model where the nature of an atom or its {on core, taken as composite
particles, is incorporated. That is, a neutral alkali atom (or a neutral atom of another
element possessing an odd number of electrons) is considered as a heavy fermion due to its
half integer total spin, while a neutral atom or an {on core possessing an even number of
electrons s considered as a heavy boson due to its integer total spin [6].

Thus, {n the model we are concerned not only with delocalized electrons and left-over
fon cores, but also with atoms as particles. it is the Fermion or Boson nature of these
particles rather than the forces among them that are emphasized {n the model. The physical
properties of Fermt- and Boson-like particles are different and they follow different
statistics. Bosons usually occupy (if passible) the lowest available energy level. while
Fermions occupy different energy levels, according to the Paull principle.

In the model, each atom (or lon core) feels an average central potential created by all
atoms (or fon cores) of a shell in the microcluster [6-12). Inside this potential an atom (or
{on core) moves independently from the motions of the other atoms (or on cores). Of course,
this model is analogous to that in nuclear physics. The difference is that the quantum
constituent there is nucleons , whereas here it is the atoms (or ion cores) themselves which
are either Fermions or Bosons, depending on their spin, determined by the number of
electrons attached to them. This model should be distinguished from the jellium
model (1], where the quantum constituent is the delocalized electrons and the central
potential is somehow created by the fon cores. In this sense the jellium model is stmilar to
the atomic shell model.

The model proposed herein is applicable, by itself, to a microcluster of neutral atoms.
For the case of a microcluster composed of ionized atoms, the relevant model is a
combination of the present model and the jellium model because the atomic-lon-cores are
discribed by this model, whereas the electron motion is given by the jellium model. In this
case the potential of the jellium model in general does not have, as usually assumed, an
Infinite spherical symmetry, but a reduced symmetry. determined by the structure of
the fon cores. When the constituent atoms (either fermionic or bosonic) are neutral the
magic numbers come from the structure of these atoms alone, and when the constituent
atoms possess delocalized valence electrons, these numbers come from both the structure of
the (always bosonic) fon cores and from the structure of the (fermionic) electrons (6},
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Figure 2(a)-(c). Close packing of soft spheres standing for atomic bosons (either
as neutral atoms or as ion cores) in nested polyhedral shells. (a) icosahedra, (b)

tetrahedra. and (c) octahedra.

In the model, the atoms are in continuous motion determinedby their wave

functions. However, the viscosity of the fluid formed by the atoms in the microclusters is

much larger than that of the nucleons in the atomic nucleus, due to the much larger mass of
the atoms compared to that of the nucleons. This large viscosity, of course, implies

relatively slow motion of the atoms in the clusters. However, a

geometrical

structure of the cluster always results. if for each atom.in the cluster one considers its

average position. Such positions are discussed in (7-11,3,13-15] and are employed. e.g.. in
[6.12,15] in order to evaluate parameters of the relevant central potential needed
for additional quantitative predictions by the present model. Inrefs (3,10,13], dealing
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with fermionic clusters, the aforementioned average positions are simply useful
representations. but in (3,7-9,14] dealing with bosonic clusters, these average positions
form a structure which closely approximate the real structure of the relevant microcluster.

In Figure 2 the close packing of soft spheres standing for either neutral atoms or ion
cores with an even nember of electrons (bosons) is presented. In Figure 2(a) the first five
successive shells of rare gas clusters are shown as nested icosahedral sheils [3,9], while in
Figure 2(b) and (c) those of semiconductor [7] and alkali-halide [8] clusters, as nested
tetrahedral and nested octahedral shells, respectively, are presented. The relevant magic
numbers are as follows: Figure 2(a): N=1, 13, 55, 147, 309....; Figure 2(b) : N=4, 6, 10, 14, 18,
22,..., also 5, 7, 11, 15, 19, 23....; Figure 2(c) : N=6, 14. 18, 20, 24...., also 7, 10, 13, 17, 19,
25..... [3.7-8]

The fnitial choice for each specific cluster to assume one of the above three packing
structures depends on the saftness of spheres presenting the relevant atoms at each case.
The softness of a sphere presenting an atom 1s a measure of the degree of completion of the
outermost electronic shell of this atom and takes its mintmum value ( 10%) when the
outermost shells are complete, as in the case of rare gases (3], and larger values otherwise,
e.g. . for semiconductors (40%) and alkali-halides ( 309%) .

The flnal choice among the three possibilities ~onsidered in Figure 2, dealing
with bosonic constituent atoms (or ion cores), does not depend only on the softness of the
relevant spheres mentioned above. but also on the temperature (or size) of the cluster.
Indeed, a higher temperature or (very closely related) a larger size of a cluster corresponds
to an excitation of the cluster which can alter the inittal choice of structure
and thus leads to a metastable structure. Thus, depending on the temperature and size of a
cluster, a mixture of all magic numbers corresponding to all three parts of Figure 2 can be
obtained in one and the same mass spectrum [6).

It s satisfying that shell structure based on nested tetrahedral, octahedral, and
icosahedral packing simultaneously possesses stable equilibrium (which is necessary for
the stability of a cluster) and minimization of electrostatic energy among atoms (16] of
bosonic type occupying the lowest energy levels.

In Figure 3 the close packing of shells composed of hard spheres standing for neutral
atoms with an odd number of electrons (fermions) is presented. In Figure 3(a) the first
successive shells of alkali homoclusters are shown [3], while in Figure 3(b) and (c) those of
alkali-heteroatoms {13] and of two kinds of alkall clusters [10] are shown. All three parts of
Figure 3 are made up from nested equilibrium polyhedra as shown. It is satisfying that all
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such polyhedra possess an equilibrium of the average positions of particles assumed on
thetr vertices (middles of their edges or centers of faces) whatever the exact form of the force

among fermion particles may be [16].

2.3 Simple Quantitative Treatment

The quantum mechanical treatment of rare gas microclusters (which here are

representative clusters of bosonic atoms) has been presented in [17].based on a Path-Integral
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Figure 3(a)-{c). Close packing of sheils composed of hardspheres
standing for atomic fermions in nested equilibrtum polyhedra. (a)
Alkali homoclusters, {b) clusters of alkali heterpatom, and (c) two
alkall clusters.
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Monte-Carlo algorithm {instead of the wave function formalism), whereas treatment for
alkall microclusters (which here are representattve clusters of fermionic atoms) ba'scd on
one body central forces has been studied in [12]. Here only some elements of a simple
quantum mechanical treatment (taken from {12)), valid both for bosonic and fermitonic
atoms , are presented (and compared) taking advantage of the fact that both kinds of clusters
form shells (called high fluxtmal shells) possessing a geametrical representation [3].

Here, the potential previously mentioned is better defined: it is specifically assumed
that all atoms in a shell of the cluster taken together create an average central potential,
assumed to be harmonic, common for all atoms in this shell and that in this potential
each atom performs an independent particle motion obeying the Schrédinger's equation. In

other words, we consider a multi-harmonic potential description of the cluster, as follows

Hy =Ey, H=T+V ' (2.3.1)

H=H,, + Hjp + Hygpy + ... (2.3.2)
where

HVi+T; = - V + 1/2m(w;)%r2+T; (2.3.3)

That is, we consider a state-dependent Hamtltonian, where each partial harmonic
oscillator potenttal has its own state-dependent frequency wj¢. All these wj's are

determined from the harmonic oscillator relation (2.3.4)

hw;= (hZ/m<r2>) (n+372), (2.3.4)

where n 1s the harmonic oscillator quantum number and <ri2>1/2 is the average radius of
the relevant maximal probability of occupation (hence forth called high fluximal) of a shell
made of either bosonic [3,7-9,14] or fermionic [3,10,13} atoms. Before applying (2.3.4). to
each of the shells a value (0,1,2.3.....) of the harmonic quantum number n is assigned and a
value of <ri2>1/2 i3 derived from the geometry of the shell taking the finite size of the
atomic sphere into account. Thus, hwj changes value each time either n or <y2>1/2 (or
both) changes lts.value.

In the case of bosonic atoms there is no restriction for the number of atoms in a
shell, since any number of such atoms is accepted for the same quantum state (symmetric
total wave function). In the case of fermionic atoms, however, the atoms on each shell are

restricted by the Paull principle {(antisymmetric total wave function). it is satisfying that
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all relevant shells for fermionic atoms (3,10,13] fulfll this fundamental requirement, as
explained in detail in [12].

According to the Hamtltonian of (2.3.2), the binding energy . BE, of a cluster of N

atoms is gtven by (2.3.5).
N
BE = 1/2 (VN) - 3/4(Z hw; (n+3/2)], (2.3.5)

i=1

where V Is the average potential depth given [12] by (2.3.6)
V=-aN + b + ¢/N, (2.3.6)

The coeffictent ¢ in (2.3.6) expresses the sphericity of the cluster and has the same
numerical value everywhere the outermost shell of the structure is completed and
otherwise ¢ has a zero value.Of course., one expects that different kinds of atoms will
assume different values of parameters a, b. and c in (2.3.6).

The relative binding energy gap for a cluster with N atoms compared to clusters with
N+1 and N-1 atoms is given by (2.3.7).

O(N) = 2Eg(N)-[Eg(N-1) + Eg(N+1)]. 2.3.7)
As is apparent throughout the present work and the cited references, the average positions
of the atoms (or their ion cores) in the clusters have a shell structure either for fermionic
or for bosonic atoms. [n this respect the structure of the clusters, to some extent, resembles
nuclear structure.

Thus, several well-documented nuclear phenomena, e.g. collective effects, are
reasonably expected for the clusters as well. Hence, small clusters of size N far from magic
numbers are expected to be deformed. Furthermore, deformed (prolate or oblate) clusters
are expected to rotate [18] and spherical (close to magic numbers) clusters are expected to
vibrate. Besides these collective excitations, clusters can show single particle excitation
either due to their atomic or electronic constituent (partial levels of ionization). All these
interesting phenomena are out of the scope of the present work which mainly intends to
obtain a classification of microclusters according to the statistics of the constituent
atoms (l.e.. Fermi or Boson statistics) depending on whether this constituent has half

integer or integer spin.
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3. Application of the Model

3.1 Alkali atoms without delocalized electrons

This category of clusters has been examined earlier {1} (See Sect. 2.1)

3.2 Alkalf atoms with delocalized electrons

For example, in [4-5] dealing with Lin*, Nan*, and Rbp* clusters, the appeared
magic numbers are N=3,5,7, 9,11.13, (15),19, 21, 23.(25).35.41..... Out of these numbers, due
to electron structure alone. magic numbers are predicted to be at N=3,9,19,21,35.41 (since
for cations Ne=N-1). The remaining magic numbers, according to the present model,
should come from the structure of the bosonic ion cores. Indeed. the numbers 13,19.(25]
come from nested icosahedral packing [3] and the numbers 5,7,11,(15),19.23 from nested
tetrahedral packing [7] with a central atom. In addition, it is satisfying that for negatively
charged alkalt clusters the magic numbers due to the ion cores remain the same [19].

3.3 Alkali-like atoms (Cu, Ag, Au)

These clusters are almost identical to alkali clusters. Because of the praxtmity of
magic number S5 (due to ion cores) and of magic number 58 (due to electron structure),
dramatic behavior is observed between 55 and 58 in all mass spectra of such atoms {19].
3.4 Even-valence atoms without delocalized electrons

In [20] for Pbp, the magic numbers are 10,13,15,17,19,23,25..... It is satisfying that
these numbers are almost identical to those discussed and explained previously for the
fon cores of alkali clusters. Additional examples are in (21] and [22] for Co. Ni, and Ba.

3.5 Even-valence atoms with delocalized electrons

For born-ionized Znp* and Cdp* (23] magic numbers appear at N=10, 18, 20,28.30,
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32.35,41.46.54.57.60.69..... Out of them the numbers N=10. 18, 20, 30,35.46.57.69.... (with
n:.lmber of electrons 19.35.39,59.69,91.113,137....) may be explained exactly or closed t'o
the numbers predicted by the jellum model. With the exception of 41, all remaining magic
numbers are interpreted by the nested octahedral (8] packing (e.g.. the numbers 28,32, also
18.30) and by the nested tetrahedral (7] packing (e.g.. the number 60).

3.6 Odd-valence atoms without delocalized electrons

In [24] for Nb clusters, the expected magic numbers for fermions 2 and 8 show up for
light clusters, while for heavier clusters delocalization of electrons occurs (due to the
higher temperature of the cluster) and the magic numbers 10,13,16.25,... are exhibited [25].
With the exception of 16 all other numbers can be explained as close packing of ion cores
(8.

3.7 Odd-vaience atoms with delocalized electrons

Here, Alpt is taken as an example [26]. Enhancements in mass spectra which
appear at N=3,7,14,20,23.... (with number of electrons 8,20,41,59.68.... ) are explained by
the jelllum model. while enhancements at N=5,10,15.18.... by the close packing of ion
cores. Spectfically, the first three are interpreted as nested tetrahedral shells (7], while the
last one as nested octahedral shells (8].

3.8 Rare gas atoms

Since no valence electron exists here, all magic numbers come from the well known

nested icosahedral shells (2.3].
3.9 Large size alkali clusters

In [27] large alkali clusters have been reported up to N=22000 atoms. According to
this reference, the magic numbers for alkali clusters come, up to the size N=1500, from the
electronic structure alone, while beyond this number, from shells of atoms alone.
However, a closer examination of the experimental data of this reference, within the

context of the present model, leads to different conclusions. Spectfically, as shown in
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Figure 4, shells of atoms exist even below N=1500 and electronic shells exist after this

number as well {28].
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Figure 4. Coexistence of electronic shells and
shells of atoms for sodium clusters. Positions
marked by (n,l) values demonstrate the
contribution of electronic subshells on the fine
structure of the mass spectrum

The shells of atoms are estimated by using (3.9.1)

Neluster= 1/3 (10K3 - 15K2 + 11K - 3) (3.9.1)

(where K is a shell index) and the electronic shells (as groups of subshells having the same
energy) by using the 3n+l approximate energy quantum number for alkali (27]. All these
are supported by substantial minima in Figure 4. Even secondary minima all over the
spectrum of Figure 4 (flne structure of the spectrum) are attributed to the electronic
subshells, e.g.. (n.)=(1,10), (1,11), (1,12}, (1.13), (1,14), (1,15), (1,16}, (1.17)....

Thus. change of phase {rom the electronic shells to shells of atoms proposed in (27]

isnot supported by the present model Such achange, however, is supported here
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[12,29] in going from stochastic shells of atoms alone (N<70) for born-neutral alkali

clusters to the coexistence of electronic shells and shells of atoms (N >70).

4. Extension of the Model to Nuclear Physics

The identity of light magic numbers in two independent branches of physics, alkalt
clusters and nuclear physics, obeying two basically different types of forces,
electromagnetic and strong force, respectively, does not seem to be coincidental. This
remark {s in agreement with the fundamental premise of the present model.wich
emphasizes the statistical properties of the constituents (i.e.. fermionic, bosonic nature)
rather than the forces among them. The model clearly demonstrates that many properties
can be understood directly from general consideration of the statistical properties rather
than the strength of the particular force (10).

Many concepts and methods of treatment in cluster physics come from nuclear
physics. However, the above remarks may be seen as a hint to reverse theflowaf
knowledge. now, from cluster physics to nuclear physics. The consideration of the size of
nucleons via the sizes of their bags is essential, since we cannot speak about point
nucleons in a structure resembling that of smail clusters. We now apply specifically the
model to nuclear structure employing 0.974 fm for the neutron bag and 0.860 fm for that of
a proton {30] . These values are consistent with our knowledge from particle physics (31}
that supports their relative size as well [32]. These different sizes of bags fmply a weak
isospin symmetry, or in other words they imply that a nucleus consists of two almost
different (distinct) kinds of fermtons. Thus, the nucleus resembles those of clusters which
are made up of two kinds of alkalis {10]., L.e., those presented by Figure 3(c).

The close packing of average sizes of shells assumed by this flgure permits the
determination of the average radial sizes of all nuclear shells with respect to the sizes of

the nucleon bags alone. The necessary formulia is {30]

Rx=<r2>12ghay = Rcos a¥ d2-RZsinla)l/2, @.1)

where Ry is the average radius of the shell to be determined. R the average radius of the

previous shell in contact. d the distance of the centers of two nucleon bags in contact. and
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a an angle defined by the symmetry and relative orientation of both shells involved each
time in the calculation according to [33].

Now, the knowledge of the average radial size of all shells permits the
determtnation of the average values of all nuclear radit (e.g., charge radit) by using (4.2),
noted below, and assuming the filling of subshells according to the simple shell model
(301.

A
al>gycieus= [Z<r2ip/Z + (082 - (0.116NZ] V2, @2)
1

where the <2(>1/2 values are given by (4.1) and the constants (0.8)2 and (-0.116) are the ms
charge radit accounting for the proton and the neutron finite sizes, respectively (34]. One
can consult Table 1 for predictions of the model for all nuclef from H to Pb, where the only
two parameters involved are the sizes of the neutron bag and the proton bag (specified

above).

In Hamiitonian (2.3.3), besides the nuclear dimentions, we are concerned with the
potential whose depth is taken from (4.3) and (4.4) noted below for neutron and protons,
respectively [35].

-NV=- NV +(27.2) [N-2)/A. (4.3)
and

-ZV=-2V0 - (27.2)N-2)/A + 2EC/Z. (4.4)

where the second term in each equation stands for the simplest possible isotope effect (36],
N.Z and A have their usual meaning, and E¢C stands for the Coulomb energy (37|, according

to (4.5) below for R=1.25 A1/3,

Ec=¢2/R[0.62(Z-1) - 0.46 Z4/3}, (4.5)
and

NVO = ZVO=79.26 - 0.0879 1A-74]  forA=16-74, (4.6)
or

NVO =2Vo=79.26 - 0.0313 |A-74]  for A=74-208, 4.7)

The seven closed-shell nuclet in Table 2 are used for the determination of the three
constants (parameters) in (4.6) and (4.7). while the  nine open-shell nuclet of Table 3
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Table 1. Charge root mean square radil in units Fermi

NUCL. MOD. exp.? NUCL.  MOD. EXp2
H 0.8 o 4.40 4.391 (26)
‘He L71 1.71(4) BT 443
Li 206 2.3%(3) 2Ry 4.46 4.480(22)¢
Be  2.22 2.50(9) 103ph 449 4.510(44)
ug 231 2.37 1086p4 452 4.541(33)
12 237 2.40(36) 107T4¢ 453 4.542(10)¢
uN 23 2.540(20) 4cd 457 4.624(8)
150 270 2.710(15)° 1131 4.60 4.611(10)¢
19 234  2.85(9)° 1206y 4.63 4.630(7)
WNe 298  3.00(3) 1216, 4,65 4.63(9)
BNa 295 2.94(4)° 130Te  4.67 4.721(6)
Mre  3.06  3.08(5) 1277 472 4.737(7)
Al 314 3.06(9) 132 4.77 4.790(22)¢
Bg; 321 3.15(3) 133Cs  4.82 4.801(11)¢
np 3.27 3.24 1388, 485 4.839(8)¢
32§ 333 3.263(20) 1387, 491 4.861(8)
ICl 3.37T  3.335(18) H0Ce 495 4.883(9)
©Ar 340 3.42(4) Mlpr 499 4.881(9)
IK 344 3.436(3)° 2Nd  5.03 4.993(35)
0Ca 347 3.482(295) Wepm 5,06
$gc 331 3.350(5)¢ 1826m  5.10 5.095(30)¢
#T] 333 3.59(4) 13y 5.13 5.150(22)¢
sly 359 3.53(4) 18G4 5.16 5.194(22)¢
2Cr 362 3.645(3)° 19T 519
$yn  3.65 3.68(11) 184py 522 5.222(30)¢
$8Te  3.68 3.737(10) 1838y 5.25 5.210(70)¢
¥Co 3TL 3777 166gr 508 5.243(30)¢
BN 373 3.760(10) 19Tn 330
$8Cu 381  3.888(3)¢ mMyy 532 5.312(60)¢
847a  3.87  3.918(11) 5Ly 5.35
®Qa  3.93 180gf 537 5.339(22)¢
2Ge 399  4.050(32)¢ 18173 5.40 5.500(200)¢
SAs 404 4.102(9)¢ 14w 542 5.42(7)
805e 408 187Re 5.4
¥Br 413 19205 546 5.412(22)¢
oWr 417 4.160° 1937, 548
Rb 421  4.180° 18pt  5.50 5.366(22)¢
8y 425 4.26(1) 197Tay 552 5.434(2)
Y 529 4.27(2) 02y 554  5.49%(17)¢
07 432 4.28(2) 05T]  5.56 5.484(6)
BN 436 4.317(8)¢ 08pp 558 5.521(29)

aThe experimental radli come from [34] except as noted below in b-d.
b See (39): CSee 40]; d See(41].

constitute a sample of nuclei spread all over the table of isotopes for which the model

makes real predictions. Specifically, nuclear charge radii come from (4.2) by using
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Table 2: Binding energles and rms charge radil of closed-shell nuclet.

160 40ca 58N1 90zr 120sn 142Ng 208ph

Ec mod 12 & 123 223 .1 447 757
EC emp 2 68 123 224 24 445 794
BE mod 125 350 495 782 1081 1185 1626
BE expa 128 M2 506 784 1021 1185 1637
<2>1/2mod 270 347 373 4.32 463 508 5.58
a?1/2 epd 2710  3.482 3760 428 4630  4.993 5.521
(15 (25) (10 ) v} 39 29

a See [42] ; b See [34), (40), and [41)

Table 3 : Predicted binding energies in MeV and rms charge radil in fm of a sample of ten
open-shell nuclei close and far from magic numbers

28s; 36Ar 40ar 56pe 104pd 110pg 126T¢ 1363 138Ba 202pg

EcC emp 0 50 55 107 280 280 345 392 390 713
BE mod 24 310 354 494 863 953 1067 1143 1157 1621
BE expa 237 307 344 492 88 940 1066 1143 1159 1595

<r2>1/2mod 321 341 340 368 452 451 467 486 485 554
<a2>1/2 exp 3.15D 3.396¢ 3.42b 3.737b 4.581d 4.595¢ 4.721b 4.833b 4.836b 5.499d
() m @ (10 22 <] 1o an

aSec|42]; DSee(34]: CSee[d0]: dSeci4l)

<r2;>1/2 values from (4.1), while nuclear binding energies are calculated (2.3.5) by using huwy
values from (2.3.4) with the help of (4.1) and V values from (4.6 - 4.7).

All predictions of the model on radit and binding energtes (see Tables 2 and 3) are
satisfactory. This tmplies that an alternative method of studying atomic nuclet via
quantum small-cluster concepts ts possible and highly promising. Of course, a lot of work is
necessary for the refinement of the method and its application to the whole spectrum of

nuclear properties.

5. Concluding Remarks

The model introduced by the present paper. which is based on the nature of the

constituent atoms or their fon cores, seems to be justified by all experimental data known to
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us. Thus, the concept of fermionic and bosonic nature for atoms (or ion cores) with an odd
and an even number of electrons respectively appears to combine the two views of clectrt'mic
structure and atom-packing origin of magic numbers and at the same time to unify the
comprehension of magic numbers in many kinds of clusters.

Specifically, clusters composed of atoms with non delocalized valence electrons and
with an odd number of electrons have stochastic atom magic numbers alone at N=2,8.20,40....
and those with an even number of electrons possess magic numbers coming from the packing
of atoms alone in icosahedral or octahedral or tetrahedral form or mixed. On the other hand.
clusters composed of atoms with delocalized valence electrons either with an odd or with an
even number of valence electrons exhibit magic numbers dueto the structure of their
delocalized valence electrons but also magic numbers due to the packing of their (always
bosonic) fon cores in forms similar to those discussed abave.

Depending on the temperature or/and the size of the clusters, the forms (and thus the
relevant magic numbers) of clusters assumed by bosonic atoms or bosonic ion cores (i.e.,
nested tetrahedra. or octahedra, or icosahedra) may change from the one (ground state) into
the other form (excited or metastable structure). In a mixture of cluster sizes, i.c., in clusters
with different temperatures, one may expect a coexistence of different forms and related
magic numbers.

The state of matter of microclusters is apparently related to the present
explanation. Specifically, bosonic clusters with no delocalized valence electrons are expected
to closely resemble the solid state of matter (as it is known. e.g. for rare gas clusters), while
fermionic clusters are expected to closely resemble the gas phase of matter{as it is believed.
e.g. for alkali clusters) (38]. On the other hand. clusters with delocalized valence electrons
(e.g. clusters born lonized), either bosonic or fermionic, are initially expected to have
structure close to the solid state phase. However, due to the appearence of the ion cores in the
cluster, a greater mobility of the constituent atoms exists, a fact which could shift the phase
towards the structured liquids.

The equilibrium geometry of the average alkali shells in Figure 3 is not a fixed
geametry like the one we are familiar with in solid state physics, but ft stmply is a
geometrical representation of high fluximal shells like those we are familiar with from
molecular orbitals.

Besides the novel quantum mechanical explanation of magic numbers, the present
paper underiines the idea that new , as yet unobserved properties of microclusters should be
tnvestigated. Perhaps. the most tmportant of them is the orbiting properties of atoms

implying a series of properties due to orbital angular momentum, i.e., definite spin
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properties, independent particle and collective modes of excitation of indtvidual species, etc.
For an experimental verification of such properties nuclear methods should be employed.

Finally, an alternattve method of studying atomic nuclei via concepts of quantum
clusters seems possible and promising. It seems that the clusters made up of two kinds of
alkali atoms (two kinds of fermions) assume a structure close to nuclear (neutron and proton)
structure. However, a lot of work towards this direction is still needed.
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