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Nilsson parameter set in the A = 120—140 region
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New Nilsson (v, p) parameter sets for the proton X =4, 5, and 6 harmonic oscillator shells are de-
duced for the A =120-140 mass region by fitting a potential-energy-surface calculation, using the
Nilsson-Strutinsky method, to 28 experimental bandhead energies. The results from both the stan-
dard and the fitted Nilsson (~,p) parameter sets are compared with experimental bandhead energies.
The fitted (a,p) parameter sets achieve a significant improvement in the bandhead energies over this
region. In addition, calculated single-particle levels using both the Woods-Saxon and the Nilsson
potentials are compared.

Considerable experimental and theoretical interest has
developed over a period of time in regard to the influence
of rotation towards nuclear structure, pairing correla-
tions and shapes of nuclei including the interplay among
them. In this regard, the modified harmonic-oscillator
potential introduced by Nilsson et al. ' has been extensive-
ly employed in the interpolation of deformed nuclei.
There are two shell model parameters, ~ and p, which ap-
pear in the potential

V= tcfico [21—s+p(1, —(1, ) )],
where ~o is the harmonic-oscillator parameter which in-

corporates the principle of volume conservation for nu-
clei deformed from spherical shapes. The intrinsic nu-
cleon spin is represented by s, while I, represents the or-
bital angular momentum in the stretched coordinate
basis.

The approach of Nilsson et al. ' was to find a given
(n', p) parameter pair for the deformed potential that
reproduced the experimental level scheme for the exten-
sively studied nuclei of the deformed rare-earth region
(A =165) and another (tc, p) pair for those nuclei in the
strongly deformed actinide region (A =240). For other
regions where only limited experimental data were avail-
able at the time, the appropriate (tc,p) pair was formed
by extrapolations from the above sets of parameters as-
suming linear dependences on the mass number A.
Better fits to the experimental results for such extrapolat-
ed regions were obtained by Bengtsson and Ragnarsson '

using a (tc, p) dependence related to the main oscillator
quantum number N, rather than A. Although the result-
ing so-called "standard set" of (tc,p) values for each oscil-
lator shell are better in the extrapolated mass regions, im-
provements could still be made in the (tc,p) parameter set
by searching for the best theoretical fit to experimental
bandhead energies, as was done in the Au-Pt region.

Recent interest in the deformed 3 = 130 mass re-
gion has developed in regard to the collective and
quasiparticle-structure properties as a function of rota-
tional frequency. An extensive set of spectroscopic infor-
mation has resulted in the availability of systematic
bandhead energies over the region 53 ~ Z ~ 63 and

64 ~ N ~ 80. These data on the relative positions of bands
built on the gj/2 g9/2 and h»/2 proton Nilsson orbitals
allow the extraction of an improved (tc,p) set for protons
in the N=4, 5, and 6 oscillator shells from theoretical fits
in the A =130 region. Since the N=5 and 6 neutron os-
cillator shells, and to some extent the N =4 shell, have al-
ready been fitted for appropriate (tc,p) parameters with
the extensive data available in the heavier rare-earth re-
gion, no significant improvements could be made to the
(tc,p) parameters for the neutron orbitals from the exist-
ing data in the A =130 region.

Our approach to achieving an improved (tc, p) parame-
ter set for the 2 = 130 region was to search for the best
theoretical fit to the available experimental bandhead en-
ergies in odd-proton nuclei over the whole 3 =120—140
region in order to provide a uniform emphasis. High-
spin orbitals that can be observed above the Fermi sur-
face are very sensitive to the (tc, iM) parameters. Thus we
used the bandhead energies for the g9/2 and h»/2 proton
orbitals relative to the ground states, which in most cases
involved gj/2 proton orbitals. These fits, which were
made over the region defined by 53 ~ Z ~ 63 and
64 ~ N ~ 80, included 28 experimental bandhead ener-
gies. The resulting (tc,p) parameter set for the best fit is
given in Table I. The new (tc,p) parameter set involves
changes in the N=4, 5, and 6 proton shells. The mean-
square-root deviation between the calculated and experi-
mental values for these 28 cases, which is 389 keV for the
standard (tc,p) set, was significantly reduced to 155 keV
for the fitted (tc,p) parameter set.

The theoretical fitting of this (tc, iM) parameter set in-
volved a minimization calculation of the potential-energy
surface using the Nilsson-Strutinsky method' for the
difI'erent proton configurations in this mass region. The
mesh points for the calculation covered the deformation
parameters e~ from —0.28 to 0.32 and e4 from —0.04 to
0.08 (both with step size of 0.04) under the assumption
that the triaxial asymmetry parameter y =O'. More than
30 sets of proton (tc,p) parameters for the N =4, 5, and 6
oscillator shells were tried in order to achieve the best fit
to the experimental bandhead energies. The set of (tc,p)
parameters which gave the best fit is shown in Table I.
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TABLE I. (~,p, ) values as a function of the oscillator shell N
for protons and neutrons. The values of Bengtsson and Rag-
narsson (Ref. 4) are given, along with the values obtained from
the current analysis, which are italicized in the table.
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To demonstrate the improvement made with the fitted
(tc, lJ, ) parameter set for this A = 120—140 region, the cal-
culated bandhead energies for both the h»/2 and g9/p
proton orbitals using the two sets of parameters are com-
pared with the experimental values as a function of neu-
tron number for the I (Z=53) isotopes in Fig. 1. This
isotope chain represents one of the poorer fitted se-

FIG. 2. Calculated bandhead energies of the h &~&2 orbital for
the N=78 isotones with two different Nilsson potential parame-
ters, the new fitted ~,p (solid line) and the standard ~,p (dashed
line). Experimental values (filled circle) are also presented in the
figure.
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FIG. 1. Calculated bandhead energies of both h»&2 and g9/2
orbitals for I (Z =53) isotopes with two different Nilsson poten-
tial parameters, the new fitted a,p (solid line) and the standard
v, p (dashed line). Experimental values (filled circle) are also
presented in the figure.

FIG. 3. Comparison of the energies of proton single-particle
levels as a function of quadrupole deformation calculated for
Nilsson and Woods-Saxon potentials. The filled circles are the
results from the Woods-Saxon potential, while the open circles
and the filled triangles are the results from the Nilsson potential
with standard ~,p and fitted ~,p, respectively. For simplicity,
only the K=

2
levels are shown in the comparison. The ener-

gies from the Nilsson potential are normalized to the energy of
the d, ~2 state at Pz =@~=0 from the Woods-Saxon potential.
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TABLE II. Conversion {Ref. 8) of the (e2, e4) parameter set
used for the Nilsson potential to the (/32, P4) parameter set used
in the Woods-Saxon potential calculation.
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0
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quences of this region. To document the Z dependence
of the fitting, the theoretical and experimental compar-
ison for the h»&2 proton orbital in the N=78 isotones is
shown in Fig. 2. As can be seen from these two figures,
the fitted (tc,p) parameter set produces a systematic im-
provement over the standard set.

Because there are some uncertainties about the theoret-
ical treatment such as with pairing correlations and be-
cause the experimental single-particle levels cannot be
directly extracted for a theoretical comparison, it is ap-
propriate to compare the calculated single-particle struc-
ture using diA'e rent theoretical potentials. Both the
Woods-Saxon and Nilsson potentials have been success-
fully used in the well deformed rare-earth and actinide re-
gions. In addition, the universal parameters for the
Woods-Saxon potential are known to reproduce the nu-
clear behavior and single-particle structure in many re-
gions. Thus a comparison of the Woods-Saxon single-
particle level scheme with the Nilsson scheme in the
A =120—140 region is useful as a further check on the
current fitted (tr, p) parameter set. Figure 3 shows proton
single-particle energies as a function of quadrupole defor-
mation calculated from the Woods-Saxon potential.
These values are compared in the same figure with those
calculated from the Nilsson potential using both the stan-
dard set and the fitted (tr, p) parameters. The conversion

from the (e2, e~. ) parameters used in the Nilsson potential
to the (P2, P4) parameters used in the Woods-Saxon po-
tential is listed in Table II. Only K =

—,
' levels are shown

in the comparison for simplicity. It can be seen that the
fitted (K,p) parameter set agrees considerably better with
the Woods-Saxon result as the deformation increases
than the standard set. The standard set seems to reverse
the role between the g7&z and d~&2 proton orbitals as well
as the d3/p and s&&2 orbitals. This theoretical comparison
corroborates the systematic improvement in the experi-
mental comparison for the fitted (tc,p) parameter set of
the Nilsson potential.

As a further evaluation of the fitted Nilsson (tc,p) pa-
rameter sets, a systematic study of rotational crossing
frequencies, alignment processes, and interactions be-
tween the ground-state bands and the multiquasiparticle
bands, is currently being undertaken. Theoretical calcu-
lations for this study are being made with the cranked
shell model using these (tc, p) parameters. These results
will be compared to the extensive experimental informa-
tion available in this mass region.

In summary, new Nilsson (tc,p) parameter sets for the
N =4, 5, and 6 proton harmonic oscillator shells are de-
duced for the A =120—140 mass region. These Nilsson
(tc,p) parameter sets reproduce the experimental band-
head energies with the mean-square-root deviation better
by more than a factor of 2 compared to that from the
standard parameter set. In addition, the Nilsson poten-
tial with the new parameter set compared well with the
Woods-Saxon potential in regard to calculated single-
particle energy levels in this mass region.
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