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Deformed 9/2+ proton-hole states in odd-A I nuclei*
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hJ = 1 bands built on low-lying 9/2+ states (307 keV in " I) have been observed in odd-A '""I (Z = 53)
nuclei via ( Li,3ny) reactions. Calculations of the total potential energy of these nuclear states in terms of a
[404]9/2+ Nilsson proton hole revealed minima at significant prolate deformations (e = 0.22 for '"1). The
resulting excitation energies and band spacing calculations are in good agreement with experiment. The
properties of these deformed 9/2+ states, which involve a 1g9/2 proton excited through the Z = 50 major shell,
are compared with those of the deformed 9/2+ states previously observed in odd-Sb (Z = 51) nuclei.

NUCLEAR REACTIONS ' Sn(GLi, 3n), &U =25-35 MeV, measured y-y coin-
cidences, y(E, 0, t); deduced level scheme in odd-A ~I, y multipolarities,

J . Enriched targets, Ge(Li) detectors.

NUCLEAR STRUCTURE Odd-A ~ 7 VI, calculated ~+ proton-hole state energies,
&J= 1 rotational bands.

I. INTRODUCTION

The coexistence of spherical and deformed
states in odd-A nuclei, which have either a proton
or neutron number different from a closed-shell
(magic) number by +1, has recently been discussed
for the Z = 82, N= 82, and Z = 50 closed-shell re-
gions. ' The spherical states include the expected
single-particle (lp) or single-hole (lh) states,
while the deformed states involve the excitation of
a large-j particle through the major shell, namely
2p-1h or 1p-2h states. The total potential energy
of such deformed states is a sum of the potential
energy surface of the core and the energy for the
odd particle (hole). The energy for odd-particle
(-hole) orbitals of specific angular momentum pro-
jections decreases as the deformation increases.
Thus, stable low-energy minima of the total poten-
tial can be achieved at sizable deformations pro-
vided the potential-energy surface of the core is
sufficiently broad. Pairing contributions to the
excitation energy for this type of deformed state
are also very important. The experimental ener-
gies and deformation properties of these deformed
states are thus of considerable theoretical interest
in regard to the collective properties of nuclei.

For the Z = 50 closed-shell region, recent ex-
periments have located a low-lying sequence of
&J= 1 rotational bands based on deformed —,' ' pro-
ton-hole (2p lh) states in four odd-Sb (Z= 51) nu-
clei. ' Successful calculations in terms of a
[404]—,

' Nilsson orbital and appropriate potential-
energy surfaces for the Te cores have been made
for these deformed states. ' The calculated ener-

gies, which are expected to be greater than 2.5
MeV for a spherical core, drop to near 1 MeV, in
general agreement with the experimental energies.
Also, the calculated deformations determined by
the potential-energy minima are consistent with the
rotational band spacings and y-ray properties.
Additional (2p-1h) —,

"states have been identified
for heavier odd-Sb nuclei from pickup reactions on
the even- Te core nuclei; the observed energies in-
crease, consistent with the calculations, ' as the
neutron number approaches the closed shell at
N= 82.

To further study the deformation properties of
this proton-hole orbital, ('Li, 3ny) measurements
have been made on six stable even-Sn targets to
investigate rotational bands in the odd-I (Z = 53)
nuclei. Similar 4J=1 bands based on the de-
formed —,

"proton-hole (4p lh) states were ob-
served. Theoretical calculations related to those
in the odd-Sb nuclei have been carried out for the
odd-I nuclei. The purpose of this paper is to pre-
sent both the experimental and theoretical results
regarding these —,

' deformed states in the odd-I
nuclei. It is hoped that the mapping of this collec-
tive feature as a function of neutron number for the
Z& 50 transitional nuclei will yield a better under-
standing of the collective properties of nuclei.

II. EXPERIMENTAL RESULTS

To study the collective excitations in the odd-A I
isotopes, the &Z = 3 ('Li, 3ny) fusion-evaporation
reactions were used for six isotopically enriched
even-Sn targets, taking advantage of the stability
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FIG. 1. &&=1 bands observed in odd-A I nuclei via
{ Li, 3+p) reactions on even Sn targets. The p+ band-
heads, whose energies E are given, are lined up for the
purpose of comparing the band spacings.

of the closed Z= 60 proton shell. These reactions
favor population with large alignment of high spin
states whose dominant decay modes are via
stretched y-ray cascades. In order to determine
the decay schemes and the level structure for the
odd-A I isotopes, the following set of y-ray mea-
surements using Ge(Li) and intrinsic Ge detectors
were performed: y excitation, y-y c'oincidence,
y angular distribution, and pulsed beam-y timing
measurements. The details of the experimental
techniques have been described earlier. The ex-
citation measurements taken over a 'Li energy
range from the Coulomb barrier to 35 MeV were
compared with reaction calcula. tions as a means
of selecting the optimal beam energies and identi-
fying the odd-I channels. Because of the complex
nature of the y-ray spectra from these reactions,
y-y coincidence measurements with a Ge(Li)-
Ge(Li) detector combination were required to de-
termine the y-ray cascades. The y-y coincidence
results also established the identity of the residual
nuclei via the connection of unknown y-rays with
those known from previous p-decay or light-ion
reaction work. To obtain information on the spins
of the levels and the y-ray intensities l„y-ray
angular distributions were measured in singles for
four or five angles. The y-ray photopeak areas
were extracted and fitted to W(8) =I„(1+A,P, +A4P~),
where the P~ are the I egendre polynomials. Spin
assignments were made on the basis of the W(8),
lifetime, and I, results. The pulsed beam-y tim-
ing measurements yielded the lifetime information
for the levels.

The y-decay schemes deduced for the six odd-A
I isotopes from the ('Li, Sny) measurements have
considerable similarity. Although the analysis of
the data and additional experiments are still in
progress, the deformed -,'states on which the
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present paper is focused are experimentally well
defined. The complete experimental study will be
presented later; several preliminary reports have
been made. ' These —,

' states are characterized by
the existence of very similar &J= 1 rotational-like
bands built on each of them in the six odd-A"' "'I isotopes. The decay schemes for these
bands are collected in Fig. 1. The band members
in each of these isotopes are connected by a y-ray
cascade whose angular distributions and timing
information are consistent with J-J—1 M1-E2
transitions, which are corroborated by the occur-
rence of J-J—2 E2 crossover transitions. The

assignments for the bandhead states are im-
plied by the angular distributions of the decay
y-ray transitions to the —,

' ground states and to the
first excited states, which are indicative of

stretched E2 and M1-E2 muliipolarities, respec-
tively. The excitation-energy systematics for these
—,
"' states are shown in Fig. 2. These states are
believed to be the deformed —,

"proton-hole (4p 1h)
states that are related to the 1g», orbital. The
energy of these —,

"states drops from &1 MeV in
"'I to a low value of 307 MeV in "'I. For compari-
son, the eriergies of the 2d, &„1g,&„and 1h„&,
quasiproton states are also shown in Fig. 2; &J= 2
bands have been established as being built on most
of these states. '

The observed properties of these —,
"bandhead

states and their ~=1 bands are consistent with
the interpretation of a, [404]—,"proton hole strongly
coupled to a prolate deformed rotor. ' ' A deforma-
tion of the core is implied' by the rapid decrease in
energy of these odd-I —,

' states as the neutron num-
ber decreases from N= 82. In the theoretical Sec.
IIIA, calculations of the energies of these states



1734 D. B. FOSSA% et al. 15

in terms of a hole in the [404]—,
"Nilsson orbital

and the potential energy surface of the Xe cores
are presented; the theoretical and experimental
energies are in general agreement. The energies
of these —,"states for a spherical core as calcu-
lated are greater than 2.5 MeV.

In regard to the ~J=1 bands, the experimental
energy spacings are approximately described by
the rotor equation (k'/28) J(J+ I) with Ii'/28 = 30
keV, where 8 is the moment of inertia. The Ii'/M
value is similar but slightly smaller than those of
=50 keg observed'for the Xe core nuclei; Coriolis
coupling effects and the influence of the proton
hole are neglected in this approximate comparison.
A more detailed calculation of the rotational band
energies in terms of a symmetric rotor including
Coriolis interactions is presented in Sec. III B;
the agreement with the experimental energy spac-
ings is good. A rotational interpretation is also
implied by the y-ray properties of the &J= 1 bands.
The observed J-J- 1 y-ray angular distributions
are consistent with E2/Ml mixing ratios (5) ex-
pected for rotational bands; a positive value of 5
is obtained for these transitions which implies
positive (go —g~)Q, and prolate deformations. ' In
addition, the intensity ratios of the J-J- 2 E2
crossover transitions to the J-J- 1 transitions
observed within the bands yield values of

i (g„
—g~)/Q, which are approximately equal and which
are consistent with rotor properties.

III. THEORETICAL RESULTS
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provided the potential-energy surface of the core
as a function of deformation is sufficiently broad.
Pairing interaction contributions and shell correc-
tions for different neutron number N are very im-
portant.

Explicit calculations for odd-A I isotopes have
been performed by means of the macroscopic-mi-
croscopic renormalization procedure" in order to
obtain the total potentia. l energy (TPE) of these nu-
clei. The single-particle energies were calculated
with a modified-harmonic oscillator potential"
with only quadrupole degrees of freedom taken into
account. The relevant parameters z and p, as well
as the pairing strength G for the I isotopes are dis-
cussed by Bagnarsson" and Heyde. ' The total en-
ergy for the odd-mass nuclei is thus calculated to
be

z„'";,"=-,'(z„„+z )+E&,";",
where E„and E~„denote the TPE for the adjacent
doubly even nuclei and ,'(E „„+—E„)+ 6 corresponds,
within the BCS approach, to a hypothetical "odd-
even" system (dashed lines on Fig. 3). The last
term, which is the one quasiparticle (lqp) energy
in a particular orbit (0, i) has been calculated for

Theoretical calculations of the energies of de-
formed —,' states in the odd-A I nuclei and their
&J= 1 rotational band spacings have been made in
an effort to determine the validity of the proton
hole plus deformed rotor interpretation for the
present experimental results which are summa. -
rized in Figs. 1 and 2. These results are of parti-
cular theoretical interest because of their sensiti-
vity to the deformation parameters and potential-
energy surfaces for the states involving a high-j
proton excited through the Z = 50 major shell.
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The [404]—', Nilsson proton orbital, which is re-
lated to the 1g,&, orbital for a spherical nucleus,
is expected' to be responsible for the low excita-
tion energies of the odd-I —,"states (as low as 307
keV in '"I, see Fig. 2). The [404]—,

' Nilsson orbi-
tal has a steep positive slope in energy as a func-
tion of prolate deformation e,. Thus, a state in-
volving the excitation of a proton out of this [404]—,"
orbital leaving a hoj, e can achieve a low energy
compared to the spherical particle-hole excitation
energy' (&E=4.8 MeV for the Z=50 major shell),
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FIG. 3. The total potential-energy surfaces of the
[404] -'+ Nilsson proton-hole orbital for the odd-A I
nuclei. The odd-even background I', see text) is shown in
each case by the dashed lines.
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FIG. 4. Comparison of the experimental and theore-
tical excitation energies for the 2+ proton-hole states
in odd-A. I nuclei (open boxes give the experimental en-
ergies, lower curve represents the theoretical calcula-
tion). The related information for the odd-A Sb nuclei
is also shown; experimental energies are given by open
circles (Ref. 2) and filled circles (Ref. 3), while the
theoretical calculation (Ref. 1) is given by the upper
curve.

a system with an odd number of particles.
The results of the total potential-energy EN"„"

calculations for the [404]—,"state as a function of
deformation c, are shown in Fig. 3 by the solid
lines for the six odd-A "' "'I nuclei. In all cases,
the TPE exhibits a low-energy minimum at a sig-
nificant prolate deformation. The excitation ener-
gy E„of these —,"states can be evaluated as the
difference between the deformed minimum (solid
line) and either the deepest or the prolate minimum
of the "odd-even" system (dashed line). To sum-
marize the theoretical calculations shown in Fig.
3, the following observations can be made: (i) the
excitation energies for the [404]—,"states drop
from over 1 MeV in "'I (N= 74) to as low as a few
hundred keV for ""I(N= 66), and (ii) the equilibri-
um deformations e, defined by the minima gradually
decrease (z, =0.22 for N=66, =0.15 for N=74) as

the neutron number approaches the major shell at
N = 82 with a corresponding increase in E„. For a
spherical core (&, =0), these —,"states (Ig,&,) are
typically at E„&2.5 MeV.

The unusually low E„value sfor the [404]—,'
state in the zxv, ii, niI nuclei are due to the strong
shell-plus-pairing energy corrections for the neu-
trons in the midshell region (Ã=64, 66, 68) which
have a strong deforming tendency. This is opposed
by the weaker corrections for the protons which
show a spherical tendency. For ' ~"'~"'I, the neu-
tron shell-plus-pairing corrections are becoming
smaller but still preferring small deformations.
The steep rise in the liquid drop energy, however,
produces an increase in E„as N approaches 82.

The calculated excitation energies of these
[404]—,

"states are presented by the solid curve in
the lower part of Fig. 4 as a function of neutron
number N= 58-76 for comparison with the experi-
mental values which are plotted as open boxes.
The overall agreement between theory and experi-
ment is generally good. This agreement lends
support to the [404]—,

' proton hole plus prolate de-
formed core interpretation.

A similar theoretical comparison' for the de-
formed —,"states of the odd-A Sb isotopes is pre-
sented in the upper part of Fig. 4. The open circles
are the —,"4J = 1 bandhead energies observed in the
light Sb nuclei in previous y-ray studies' and the
solid circles are the —,"states identified for the
heavier Sb nuclei from (t, o.) pickup reactions. '
The theory and experiment for both the odd-I and
odd-Sb show a minimum in the excitation energy;
they occur at '"I (N = 66) and at """'Sb(N= 68, 70).

B. AJ= 1 rotational band

To further examine the validity of this theoreti-
cal interpretation, the M= 1 rotationa1 band
structure, expected to be based on top of these de-
formed [404)—,"states, has been calculated in or-
der to compare with the experimentally observed
band properties. In this calculation, all possible
Nilsson orbitals from the K= 4 oscillator shell are
considered in a band-mixing calculation at the
relevant equilibrium deformation &,. The band-
mixing matrix elements are given by" ":

((0',i')JM~H„„+H„(Q,i)JM)=2 Q (-1)~ "C", ~o~'(-1)~ "'g"'
C C Cj, Jc=even

X 9&g 0'&c) c . (Qg ~ +g. ' + vg - vga .g ) + Ei(g, ~)
y$ ,s, s & Xqy (2)

In this equation, E~ denotes the energies of the
C

Xe core nuclei, for which the experimental ener-
gies are used. The Nilsson wave functions, de-
noted by C~& ', the occupation probabilities v„', ,

f

as well as the one-quasiparticle energies E,',";",
have been calculated at the equilibrium deforma-
tion of the [404] 2~' Nilsson orbit in the odd-A'" "'I nuclei. The resulting wave functions
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11~g~)=P d (Qi; J) (Q, i)JM) (3)
Qe j

at the energy E~ are then obtained by diagonalizing
the band-mixing matrix. The amplitudes d (Qi; J)
obtained for "'I are given in Table I. For this
particular calculation, only the five Nilsson orbi-
tals related to the 1g,&, syherical orbit are taken
into account; truncation effects have been studied
and were found to be negligible. A gradual de-
crease in the (Q, i) —= [404]—,

"amplitude for all of
the odd-A I isotopes is seen as the angular momen-
tum J increases. Similar effects have also been
obtained in other mass regions. "~"

The &J =1 band energies resulting from these
band-mixing calculations are comyared with the
experimental energies for the odd-A '" "'I nuclei
in Fig. 5; the experimental energies are displayed
by horizontal lines and the theoretical energies by
filled circles. The agreement between experiment
and theory is very good, although the theoretical
calculations slightly overestimate the experimental
energies. Preliminary calculations following the
triaxial rotor model of Meyer-ter-foehn, "as oy-
yosed to the above symmetric rotor calculations,
also have been made for the &8=1 bands based on
these —,' states; similar band energies were ob-
tained with an asymmetry parameter 7 near 0' (a
symmetric prolate rotor). In the case of the &J
= 1 band in the odd-Sb nuclei, similar triaxial rotor
calculations yielded the best fits with y = 20'.' The
above agreement between experiment and theory
adds further suyyort to the interpretation of a —,'
yroton hole coupled to a prolate rotor.

TABLE I. The amplitudes d~(Qj, J) for I [see Eq. (3)
in text].
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Pf. CONCLUSIONS

I ow-lying —", states have been observed in six
odd-A '" "'I nuclei with excitation energies which
drop to a minimum of 307 keV at "~I (N= 66). In
addition, a 4J=1 band was observed to be built on
each of these —,"states. Theoretical calculations of

J
ie/2+ ~

exPerimen~ gJ = ( Bands
~ theory

l7/2

)5/2+

)i/2+

9/2+
117 119 121 125 125 127

FIG. 5. Comparison of experimental and theoretical
band energies (relative to the bandhead) for the &J=1
bands observed on the -+ proton-hole states in odd-& I2
nuclei. The horizontal lines are the experimental en-
ergies and the filled circles represent the theoretical
calculations.

The authors are indebted to Professor A. J. De-
ruytter for his interest during the course of this work.

these properties have been carried out in terms of
a [404]—,

"proton hole coupled to a prolate deformed
core. Good agreement was found between experi-
ment and theory which supports the validity of
these interpretations. Similar experimental and
theoretical systematics have been obtained previ-
ously for —,

"states in odd '" "'Sb nuclei with a
minimum excitation energy of -950 keg at '"~"'Sb
(N = 68, 70). These excitation-energy minima are
well below the values of &2.5 MeV expected for
spherical eases.

The deformed —", states in the Z= 53 odd-A I
nuclei are related to those in the Z = 51 odd-A Sb
nuclei in that a 1g,&, yarticle has been excited
through the Z= 50 major shell. The coexistence
of these deformed 2y-1h Sb states and 4p-1h I
states with the more spherical states is an inter-
esting nuclear structure feature of these transition-
al nuclei. A search" is presently underway to
map this feature into possible 6p-1h —", states in
Z = 55 Cs nuclei; theoretical calculations for these
Cs states show the deformed —,"states droyying
from -2.0 MeV in "'C (%= 78) to below 400 keV in
"'Cs (N=68).

The systematic behavior of deformed- states near
closed shells has led to the formulation of a two-
component pairing residual force" which results
from the inhomogeneity of prolate and oblate levels
near the Fermi level. Continued studies of the
systematic properties of these deformed states in
both odd-A and even-A nuclei can help probe these
new theoretical ideas.
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