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The Alpha-Cluster Bands in °**Mo
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The?Mo nucleus is treated as ancluster interacting with an inert core through a phenomenological local
potential. The properties of the ground state band obth&%Zr system, such as the energy levels, intercluster
rms radii andB(E2) transition strengths were calculated. These results are compared with previous references
and available experimental data. Some predictions were made concerning the negative parity band and the
excited positive parity band.

Thea-cluster structure is an important feature for light nu-
clei. Thea-cluster model has been successful in reproducin
the behaviour of the energy spacings, electromagnetic prop
ties,a-widths andu-nucleus elastic scattering data around th
double shell closures such #© and*°Ca [1-3]. The search

ABLE I: Theoretical and experimental values for tBéE2) tran-
ition rates and theoretical values for the intercluster rms radii con-
eJ;'erning thea-29Zr ground state band3 = 16). The experimental
€values are from Ref. [11].

for a-cluster states in heavier nuclei is the natural sequence of \/(r?) B(E2)theor B(E2)exp
investigations. Recent studies [4-6] indicate the persistence;n (fm) (€ fm?) (€ fm?)
of a clustering in theA = 90 mass region. or 513
According to thea-cluster model, the total nucleus is vi- o+ 512 199 392-6

ewed as am-particle orbiting an inert core. In the case where 4+ 5.08 272 6606:-102
both constituents have spin zero, no complications arise frome* 5.02 274

the spin-orbit coupling. Th&’Zr medium-heavy nucleus pre- 8" 4.95 250

sents a closed shell for neutrons and filled subshells for pro10* 4.86 211

tons up to 2p,, and may be considered approximately as an
inert core. In this way the proposed model is employed to

the ®*Mo nucleus, which is regarded as ar-°°Zr system. defined by the quantum number
The interaction was described through a local phenomenolo-

gical potentialV (r) = Vi (r) +Vn(r) containing the nuclear G=2N+L,
and Coulomb terms. The Coulomb potendgl(r) is taken
to be that of a pointi-particle interacting with an uniformly
charged spherical core of radiRs= 5.793fm. The interclus-
ter nuclear potential

whereN is the number of internal nodes in the radial wave

function andL is the orbital angular momentuné is a glo-

bal quantum number which identifies a band of levels. In the

case of then-°9Zr system we havé&s > 16, whereG = 16

corresponds to the ground state band. This value is obtained

b 1-b from the Wildermuth condition [7] and yields an appropriate
+ description of thex-°9Zr ground state band [4, 5].

The energy levels of the ground state band (Fig. 1) and the
respective radial wave functions were obtained solving direc-
proposed by Buck, Merchant and Perez [4] was used, whergy the Schidinger equation for the system. These functions
Vo =220MeV,a=0.65fm, b= 0.3andRis the radius used in - were used to determine the associaB¢H?2) transition rates
the Coulomb potential. The parametegsa andb have been  ang the intercluster rms radii for this band (Table I). The
fitted to reproduce satisfactorily the expeﬂm.entélal excitationca|culated ground state band shows a quasirotational spec-
energies of the ground state bands*tfle, “Ti, ®*Mo and  trum and it is in total agreement with the theoretical values

Po, as well as the experimentaidecay half-lives for se-  of Ref. [4], where the spectrum is obtained by using the Bohr-
veral even-even heavy nuclei, whiieis fitted for®*Mo. The  sommerfeld quantization rule. The calculated energies give a
form of Vi (r) has been adopted because of its similarity to thesatisfactory description of the experimental spectrum, if one
real parts of the optical potentials determined frof®O and  takes into account that the parameters of this local potential
a-%°Ca elastic scattering [4]. are notL dependent or energy dependent.

Thea-°Zr system can be solved numerically to obtain the The rms intercluster distance is seen to decrease from 5.13
properties of the bound, quasibound and resonant states. Tha for the 0" state to 4.86 fm for thd0" state. This antis-
energy eigenvalues yield the levels of the spectrum and thigetching effect also appears in calculations for @a¥PO [1]
associated wave functions are used to calculate other nucleanda-*°Ca [2, 3] cluster systems. A comparison of the calcu-
properties. The nucleons of tleecluster must lie in shell- lated rms radii with the sum of the experimental radii [10] for
model orbitals above those already occupied by the core nux (1.674 fm) and®°Zr (4.244 fm) suggests that the ground
cleons, according to the Pauli principle. This restriction isstate band has a compazitcluster structure, in agreement

W (1) = —Vo { 1+exp('5%)  [1+exp(5R)]
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Calculated Experim. FIG. 2: Scattering phase shifts calculated witk: 0 for the a-%0zr

) ) system. The resonance energy for whigh= 11/2 corresponds to
FIG. 1: Comparison of the calculated and measurédZr energies  the0* state of thes — 18 band.
for the ground state bané(= 16). The values are given with respect
to the theoreticak-29Zr threshold. The experimental values are from

Ref. [9].
: . (a)
with calculations of Ohkubo [5]. The calculat&lE?2) tran- 51
- ; : 3m2
sition strengths have the same magnitude of the experimental ey,
values. These results may be considered satisfactory, once the 4 J-" -
B(E2) values are calculated without any effective charge. &
The degree of shell-model-like character in the ground state o 3{ N n
band was estimated through the expansion of the correspon- £
ding radial wave functions in the harmonic oscillator basis " 5|
with the parametev = pw/2k, wherep is the reduced mass 2
of the system andis given byhw = 41A~1/3 MeV. This ex- 14
pansion shows a large overlap between these radial wave func-
tions and the respective harmonic oscillator wave functions 0 ——
with similar guantum numbeiG andL (the overlap increases 0 2 4 6 8 10 12 14 16 18 20
from 89.1% for thed™ state to 95.0% for th&0" state). Such (b)
result indicates that the ground band states present a shell- 324 o
model trend. S
The intercluster potentid (r) has also been used to make 2.81 /
some predictions about higher lying bands which are above 2.4 i
the a+°9Zr threshold. The functiond_ (E) for L= 0, 1, 3 201 |
and 5 were calculated, whedg is the scattering phase shift § 16 .‘ .
for a givenL (see Figs. 2 and 3). The totlwidth ', can be = - 1
extracted from the functions (E) by [3, 8] o' 1.2 J
- 5 0.8 /
¢ (d8/dE)|g_g, 22 N
whereERr is the resonance energy for which the phase shift 51681531 51681532 51681533 51681534 5.1681535
crossest/2 up to a constant multiple aft  The vicinity of E  (MeV)
c.m.

each resonance was located previously by using the bound

state approximation and the resonance energies were determi- _ _ _ 9%
FIG. 3: Scattering phase shifts calculated witk- 1 for the a-7"Zr

ned through the functiony, (E). In the numerical CalCUIaFion system. The graph (a) shows the phase shifts calculated between 0
of these f.unctlons, an energy stbf = 0.4 MeV was applleq .a)r:d 21 MeV. ?hepgrép)h (b) shows Ilt)he phase shifts calculated in the
for energies far from the resonances; however, for_energles Wcinity of the resonance energy for whidh — 11/2, corresponding
the vicinity of each resonancAE must be reduced in orders g the1- state of thes — 17 band.
of magnitude to provide an accurate valuedor /dE in Eg.

The calculated resonance energies and ttalidths are
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The level O of theG = 18 band lies at about 1.5 MeV below
the Coulomb barrier, resulting in a larger width (87 keV). This
indicates that th& = 18 band presents a typical resonance fe-

TABLE II: Theoretical resonance energies and respective total
widths for some states of higher lying bands of th&%Zr system.
The energies are given with respect to the theoreticaf®zr th-

reshold. ature. Higher spin members of tkle= 17 andG = 18 bands
= = are expected above the calculated levels, as in ligiteore
Jr G (MeRV) (10‘3(‘1eV) systems.
The present calculations confirm that thkeluster model is
1: 17 5.17 3.1 still an important tool for the spectroscopic analysi$tflo.
g_ g 2:22 1533'3 The_ procedures Qescribeq in this v_vork may provide other pre-
o+ 18 10.18 8. %107 dictions concerning the higher spin states of he- 16, 17

and 18 bands. More experimental data are necessary to verify
our calculated energy levels for the negative parity band and

the excited positive parity band.
given in Table Il. The values refer to the first members of the

negative parity band (1, 3= and 5°) and the first member of
the excited positive parity band{]. The very small widths of

the states of the negative parity band indicate that the proper-
ties of such states may be investigated within the bound state
approximation. Therefore, it is suggested that the adequate The authors thank the members of the Nuclear Spectros-
treatment for thes = 17 band is analogous to the treatment copy with Light lons Group of IFUSP for the useful discussi-
given for the negative parity band of tlee*°Ca system [3]. ons. This work was partially supported by CAPES.
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