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Recent experimental data on positive-parity yrast states, based on the mh&z~& vhqq/& con6gura-
tion, of odd-odd ' ' ' La are compared in a systematic way with the energies and transition
probabilities calculated within the framework of the two quasiparticle, axially symmetric core model.
It is found that very good agreement is obtained in ' La assuming prolate deformation. In6u-
ence of the neutron Fermi level on the level properties in these two nuclei has also been studied. In
the case of ' La, this model seems to indicate that this positive-parity yrast band may have an
oblate deformation.

PACS number(s): 21.60.Ev, 23.20.Gq, 23.20.Js, 27.60.+j

I. INTRODUCTION

The study of the deformed odd-odd nuclei provides
much useful and interesting information on the interplay
between the collective rotation and the single-particle
motion of two nonidentical nucleons. In this respect odd-
odd nuclei in the p-soft A 130 mass region have drawn
much attention due to the fact that they allow one to
investigate the competition between the relatively strong
shape driving forces caused, on the one hand, by the neu-
tron quasiparticle situated in the upper part of the hzzi2
orbital and, on the other hand, by the proton quasiparti-
cle at the lower part of the same high-j shell, leading to
triaxial equilibrium shapes [1,2). As these p-polarizing
effects are strongly dependent on the configurations of
the valence quasiparticles, coexistence of structures of
difFerent spectroscopic characters is also possible. It has
also been known that triaxial deformation, dynamical or
static, affects the signature dependence of various ob-
servables [3—6]. A change in p deformation, for exam-
ple, will manifest itself through a change in the signa-
ture splitting. Thus, in the case of odd-A nuclei in this
region, a systematic analysis of the observed signature
splitting (for the neutron orbitals in odd-N or for the
proton orbitals in odd-Z systems) can be very useful in
determining the cause behind such effects. The variation
observed in the level properties in the LI = 1 and LI
= 2 sequences built on the hq&~2 orbital in the neighbor-
ing odd-N and/or odd-Z nuclei is also very helpful in
this respect. Such properties are easily obtainable &om
the measured intensity ratios of competing Ml and E2
transitions within the same band (AI = 1 sequence) and
B(M1;I ~ I —1)/B(E2; I ~ I —2) ratios. Based on
the above experimental signatures, predictions of shape
coexistence in the odd-A nuclei in this mass region had
been made by several workers [7—14) for the Z 57 and
N & 74 nuclei. Such detailed studies in the case of odd-
odd nuclei are dificult both experimentally and theoreti-
cally due to the complexity of their excited states. In the
A 130 region, such experimental investigations have
just been initiated. Very recently, experimental signa-
tures for shape coexistence in Pr has been reported

by Petrache et al. [15]. A systematic analysis of the ob-
served rotational bands in doubly odd nuclei in this re-
gion, using a shell model configuration mixing approach,
has been carried out by Rizzutto et al. [16]. This anal-
ysis points to the possibility of observing a transition
&om a prolate to an oblate shape as the neutron num-
ber changes from 75 to 79. These authors [16] predict an
oblate deformation in the case of Pr.

In recent years, extensive experimental evidence for
the existence of distinct band structures in odd-odd lan-
thanum nuclei have been obtained. It has created an
opportunity for testing the predictions of different theo-
retical models on the level properties of these nuclei. The
work of Rizzutto et al. [16] also contains a detailed calcu-
lation of the excitation energies of the states in odd-odd
La nuclei. While this manuscript was under preparation
we came across a study by Tajima [17],on the role of tri-
axiality and residual interaction in the A 130. Though
this paper mainly deals with the level properties of Cs,
it also contains a brief report of such studies on La iso-
topes. However, the results do not appear to be very
encouraging. The section which refers to the La nuclei in
this paper is also rather brief. Furthermore, none of these
studies [16,17] provide electromagnetic transition proper-
ties of the calculated levels. In this paper we report the
results of a systematic investigation carried out by us
on the level properties of the yrast band based on the
~hz&~2 |3 vhz&~2 configuration in ~ ' o' 2 La nuclei
within the &amework of a two-quasiparticle, axial-rotor
model. Godfrey et al [18] have refe. rred to a similar cal-
culation by Semmes, but we have not so far come across,
in the literature, any such studies for this entire set of
odd-odd La nuclei using the same model. Furthermore,
in view of the recent avalanche of experimental data on
high-spin states in these nuclei, it is felt that an inves-
tigation using this simple model may be very useful to
get some insight into the intricacies of their structures.
It is of particular importance to verify the conjecture of
the existence of triaxiality and shape coexistence in these
nuclei.

The nuclei s' s La have been studied [18,19] exten-
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II. MODEL

The present model is described in detail elsewhere
[24—27], and only the salient features are mentioned here
for the sake of completeness. As is well known, it is based
on the assumption that the nuclei under consideration are
axially symmetric and have reBection symmetry with re-
spect to a plane perpendicular to its symmetry axis. The
calculations of energies and wavefunctions are carried out
within a &amework wherein motions of an unpaired odd
proton and odd neutron moving in Nilsson's deformed or-
bits are coupled to the rotational motion through Coriolis
interaction. The total Hamiltonian of such a system can
be written as

where

~ = ~intrinsic + ~rot

~intrinsic —+av + ~pair + ~int
(neglecting the long-range H;b, term)

~Nils{p) + oils(n) + ~pair(g) + ~pair(n)

+a;„t . (2)

sively experimentally. The salient features of these exper-
imental studies are the observations of two distinct bands
based on the m hqq/2vhq~/2 and mhqq/2vg7/2 conGgura-
tions. It has also been noted that there exists a close sim-
ilarity between the band structures found in La and

La. A few theoretical calculations within the cranked
shell model and total Routhian surface (TRS) model have
also been carried out [18,19] to predict the equilibrium
values of the deformation parameters and to see the ef-
fect of the triaxiality parameter p on the level energies.
For higher-mass La nuclei, viz. , ' La, such detailed
experimental data for high-spin band members are still
lacking. Heavy-ion reaction data giving some informa-
tion on the band structures based on the mhqz/2 (3 vhzz/2
configuration in these La nuclei have been reported re-
cently by Oliveira et al. [20,21]. Additional information
on La is also available &om (n, 3np) reaction exper-
iments [22,23]. Though these experiments have estab-
lished bands up to 14+ in both these isotopes, detailed
electromagnetic transition properties are not yet avail-
able. Another band has been observed [20] in is2La,
and this has been tentatively assigned a 7r 2 [422] vhii~2
conGguration. No such negative-parity band has been
reported in La. In ' La the observed signature
splitting, in the band based on the orbal~/2 vhzq/2 con-
figuration, is about 40 keV [19],whereas the same is ob-
served [20,21] to be 25 keV for is2La and 50 keV for

La. A comparison of the experimental branching ra-
tios in ' 3 La with those available for ~ ' La indi-
cates a signiGcant change in the decay pattern. In the
latter cases transitions connecting I ~ I —1 states are
much stronger than the I ~ I —2 transitions for higher-
spin states (I ) ll). Fhirthermore, as far as the present
experimental data indicate, the vrh~q/2 (3 vh~q/2 band in

La does not mix with the other sidebands. So far,
no theoretical attempt has been made to explain these
facts.

The rotational part of the Hamiltonian can be written
more explicitly as

H„g —— (I —Is) + H,~, + Hppz + Hzzpof
2

h2
H...= — (I+& +I-~+),

52
(&,+& +&pi.+)

2
2

[(~,
' —~,'.) + (i.' —i.'.)]~irrot =

(4b)

(4c)

J' is the moment of inertia with respect to the rotation
axis. I+, j+, j+, and j+ are the usual shifting operator.
The set of basis eigenvectors are written in the form

[IMKa) =
- 1/22I+ 1

16~2(1 + brcp)

+(—)'+ D~, -~&IK~)]

[DM,~1K~)

where R is the operator representing rotation around
the second intrinsic axis and o. characterizes the conGg-
uration of the odd proton and odd neutron such that

(H~~+Hp~, r)~Ko) = .(~p+ ~ )~K~) . (6)

e„and e are the quasiparticle proton and neutron en-
ergies of the respective quasiparticle states. K is the
projection of the total angular momentum onto the sym-
metry axis and coincides with the projection of the total
particle angular momentum j in the case of an axially
symmetric rotor. If 0„and 0 are the projections on the
symmetry axis of the single-particle angular momenta jz
and j, respectively, then on account of the symmetry of
the average Geld, K can be 0~+0 or 0„—0„,with the
constraint that K & 0. The n-p residual interaction H;„t
splits the energy of these Gallagher-Moszkowski doublets.
In this work this interaction has been considered to be of
diagonal nature having the form [26]

(H ~)~a = —4G(~p)(~ )4~,
where G is a constant. The expectation values (Zp) and
(Z ) of the intrinsic spin projections of the protons and
the neutrons, respectively, are calculated &om Nilsson
wave functions. This simplest approximation schemati-
cally includes the splitting of the K = ~Ap~ + [A„~ dou-
blets.

In our calculation we have incorporated the concept of
a variable moment of inertia (VMI) to describe the en-
ergy levels of the core. This has been done in analogy
with the VMI model and its two particle extension [26]
by adding an "elastic energy" term 2C(J —&o)2 to the
Hamiltonian and applying the variational principle to the
diagonal energies of the unperturbed rotational states.
The usual pairing correction factor has been included in
calculating single-particle matrix elements (occurring in
the energy diagonalization and the calculation of electro-
magnetic transition probability) in this basis. Diagonal-
ization of the total Hamiltonian matrix for each value



52 La IN THE AXIALLY SYMMETRIC ROTOR MODEL 119

of the angular momentum I gives the theoretical energy
values for all the bands built on the two-quasiparticle
configuration present in the basis set of eigenfunctions.
The 6nal wave functions are thus linear combinations of
(5)

The wave functions obtained have been used to cal-
culate detailed electromagnetic transition probabilities,
branching ratios, multipole mixing ratios, etc. , and the
approach is similar to one adopted by Reich, Helmer,
and Greenwood [24] and Popli et aL [26]. Only collec-
tive and single-particle transitions have been considered,
i.e., transitions in which both particles change states have
been ignored. In the present calculation the mixing ra-
tio (b2) has been defined to be the ratio of total E2 by
total Ml transition probability. To understand the cou-
pling of various angular momenta, the wave functions
[IMK) have been transformed into a basis where R and
J, the quantum numbers corresponding to the core angu-
lar momentum and the total particle angular momentum,
respectively, are the constants of motion. The B and J
distributions have then been calculated for difFerent I
states.

III. CHOICE OF PARAMETERS

This calculation involves a large number of parameters.
In the absence of any constraints, these could be varied
arti6cially to fit the data, but that would not be physi-
cally meaningful. The main objective of the present work
is to attempt an understanding, in a systematic way, of
the band structure in odd-odd La on the basis of a simple
application of Nilsson model with Coriolis coupling. We
have, therefore, tried to reduce the number of indepen-
dent variables to a minimum by choosing either a global
set of parameters for this region or using the relevant
experimental data to extract out the necessary parame-
ters. Furthermore, a full-scale variation of these indepen-
dent parameters has been held to a minimum. There are
six Nilsson neutron states and six Nilsson proton states
which contribute to this band structure. The calculation
has been performed within this full basis. The p, e pa-
rameters of the deformed modified oscillator potential are
the standard values used in this mass region for N = 5
shell. The pairing gaps (A„and 4 ) and the Fermi levels
(A„and A ) are then deduced by solving the inverse gap
equation. The quadrupole deformation parameter P for
each nuclei is obtained &om the experimental P2 values of
the respective core [28]. The VMI parameter go~, which
is the minimum moment of inertia for an unperturbed
rotational state ~IMK), has been defined for odd-A case
[29] to be

Zoz = Zrsc (I = jo),

where jo is the angular momentum of the spherical shell
model state to which the state degenerates at zero defor-
mation. Since it is difBcult to make such realistic defini-
tion for Jp~'s in the odd-odd case, we have set these to
be equal to zero, as has been done by earlier worker [26].
No artificial attenuation of the Coriolis or recoil term is

TABLE I. Paraxneters used in the calculation. In all the
calculations p,„=0.5, p = 0.35, and x~ ——e = 0.0637.

Parameters

Core

A~ (MeV)

Z„(MeV)

(MeV)

A„(MeV)

C (x10 keV )
qo(t)

128La

126B

0.27
45.55

1.01

49.51

0.80

1.50
4.37

130L

128B

0.23
45.35

0.98

49.38

0.73

2.20
3.70

132L

'"Ba
0.22

45.12
44.97
0.96
1.00

49.63
49.07
0.68
0.89
0.85
3.60

134L

132B

0.18
44.94
44.80
1.00
1.08

49.29
48.92
0.69
0.76
1.65
2.94

Values used in the calculation with oblate deformation.

needed. The strength parameter G of the n-p interaction
has been varied &om G = 0.0 to 0.8 MeV. It is found
that 0 = 0.4 MeV gives a better 6t to the energies and
transition properties in i2s'i oLa (coinparison has been
made for these two cases as extensive experimental data
are available) and this value has subsequently been kept
6xed for the other nuclei. The VMI parameter C has
been varied &om case to case to get a better 6t to the
band structures.

The calculation of the Ml transition probabilities has
been carried out by using the following values for the g
factors: g~ = Z/A, (g~)~ = 1, (g~)~ = 0, (g,)„=5.585,
and (g,)„=—3.826. The intrinsic quadrupole moxnent
which appears in the expression for the rotational E2
transition has been calculated from the respective exper-
imental B(E2;2+i ~ Oi ) values of the core [28]. Cal-
culations of E2 transition rates have been carried out
with difFerent sets of combination for efFective charges of
neutrons (0.5 and 1.0) and protons (1.0 and 1.5). Since
the major contribution is &om the collective part and
changes in the efFective charges afFect the particle part,
only Ininor variations have been noticed in the 6nal cal-
culated results for the E2 transition rates within this
band. Results for the (e„),s = (e ),g = 1.0 are, there-
fore, presented in this paper. In calculating the transi-
tion probabilities between two states, the corresponding
experimental energy values have been used.

It is essential to mention at this point that we have
considered only states &om 8+ and above in the fitting
procedure, and the parameters thus obtained have then
been utilized to calculate the properties of the lower-spin
states (I & 8). The reasons for doing this are the fol-
lowing. In ' La, the bands have been established
experimentally [20,21] &om 8+ and above and no proper
identification of the other lower-spin members has been
made. For La and La, though the band struc-
tures have been identified &om 4+ and 6+, respectively
[18,19], attempts to get a fit of the energy levels relative
to these states result in rather larger deviation in en-
ergy values between theory and experiment at high-spin
states (I & 12). Furthermore, the agreement between
theoretical and experimental transition probabilities also
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becomes worse.
The parameters used in the present calculation are

listed in Table I. It is to be noted here that in the present
calculation the only adjustable parameters are C and G,
the latter one again being fixed after some initial varia-
tions, as mentioned earlier. It will be revealed &om the
following discussions that even with this minimum ad-
justment good overall agreements have been obtained.

IV. RESULTS AND DISCUSSION

The results will be presented in three subsections, viz. ,
(i) calculation in ~2s 4La with a prolate deformation,
(ii) dependence of the energy and the transition prob-
abilities in ' La on the choice of A~ and G in the
above-mentioned case of prolate deformation, and (iii)
calculation in ' La with an oblate deformation.

A. Prolate deformation in ~ La

In Fig. 1 we have shown the calculated and experi-
mental energies for 3 La. The spectra are plotted
relative to the 8+ state. In this figure we have also shown
the positions of the 4+—7+ spin states in La and 6+, 7+
states in La. It can be seen &om the figure that
there is a good overall agreement between the experimen-
tal data and the theoretical predictions. The calculation
is able to reproduce satisfactorily the general trend in
the change of the experimental energy levels by using
only one adjustable parameter, i.e., C. It can, however,
be seen that the calculated states below 8+ are rather
squeezed in energy compared to the experimental ones. It
is also found that the predicted bandhead spin for La is
5+, while it is 6+ for La. The calculated 4+ state
is found to lie above the 8+ state in La. The 5+
state is above the 6+ state in ' La, while it moves
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above the 7+ in La. In the case of La, the theo-
retical prediction is in agreement with the experimental
findings of Godfrey et al [1.8]. Rotational states based
on ~h11y2 (3 &h11y2 con6guration. have been established
conclusively &om 6+ and above. Several weak transitions
have been found depopulating this yrast 6+ level. The ex-
perimentally observed lower-spin states, in that case, are
most probably not members of the saxne band and may
have diferent origins. It may be mentioned here that
a good agreement with the intraband p-transition prob-
ability data has been obtained in the case of ' La.
The above facts lend support to our approach of using
this model (with restricted n piete-raction) in these nu-
clei. We will discuss later about the bandhead spins in
132j 134La

A probable reason for the disagreement in the energy
values at the low-spin region in La may be due
to the fact that the rotational Hamiltonian H, t may not
necessarily be the dominant part of the total Hamiltonian
for these low-spin states in which the core rotations are
small. Thus the inclusion of a realistic residual two-body
interaction and extending the configuration space may
have a larger efFect on the properties of the calculated
low-spin states. For the high-spin states, the contribution
of such a two-body interaction has been shown to be
small [25].

It can also be seen &om Fig. 2 that the experimental
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FIG. 2. Comparison of (a) the experimental staggering of
the yrast band based on vrhzzy2 (3 vhzzyz con6guration in

La with (b) the theoretical values obtained with pro-
late deformation, G = 0.4 MeV and A, as obtained from the
solution of the inverse gap equation, and (c) the theoretical
values obtained by a proper choice of A so as to reproduce
the experimental staggering. Experimental data are taken
from Ref. [18].

energy staggenngs are not correctly reproduced. This
feature has been observed in earlier calculations also
[16,17] involving triaxiality and thus is not a failure of
the axial symmetric model only. One reason for such
behavior may be somewhat wrong choice of the neutron
Fermi level, which, as mentioned earlier, has been ob-
tained &om the solution of the inverse gap equation. We
have, therefore, tried to look into the eRect of variation of
neutron Fermi level on the energy spectra and the tran-
sition properties in 128,130La.

B. EKect ef A„and G'

We will now discuss the results of our study on the sen-
sitivity of the calculated level properties on the choice of

and G. In the case of a prolate deformation, the neu-
tron Fermi surface, obtained through the solution of the
inverse gap equation, is near to the 2 [523] orbital in La
and moves close to the 2[514] orbital in i32 is4La. The
proton Fermi level, on the other hand, is near the 2 [550]
and 2[541] orbitals. The favored signature component

(n = —2) of the hiiy2 proton orbital is coupled to both
signature components (n = + 2) of the neutron orbitals
giving rise to LI = 1 bands. The high-0 neutron states
involved have small signature splitting. Furthermore, the
bands, arising &om the coupling of the unfavored signa-
ture component of the proton orbital with the neutron
orbitals, lie high above the yrast line as a result of large
signature splitting of the proton orbital and are not ob-
served. Thus relatively small energy splitting or its ab-
sence between the two signature components is expected
in the LI = 1 band with the present position of the A

near the high-0 neutron orbitals. In the case of ' La
we have, therefore, varied A near the low-0 orbitals so
as to first reproduce the experimentally observed stag-
gering in energy. It has been found that the best fit is
obtained with the neutron Fermi level near the 2[541]
orbital (A = 46.8 MeV for La and 46.85 MeV for
iMLa). In Fig. 2 we have shown these results by plotting
[E(I) —E(I —1)] vs I wherein we have also included
the results with A„as obtained &om the solution of
the inverse gap equation. In both the cases G has
been taken to be 0.4 MeV. In Fig. 3 the experimental
B(M1;I + I —1)/ B( 2E;I + I —2) ratios have been
plotted against I along with the calculated ones. Fig-
ure 4 shows similar plots for the branching ratios. In
both these figures, calculated values for (a) G = 0.0, 0.4,
and 0.8 MeV (with A as obtained from inverse gap equa-
tion) and (b) G = 0.4 MeV and A = 46.8 MeV for 2 La
(46.85 MeV for La) are included to show the effect of
(i) n pinteractions -and (ii) the position of Fermi level in
the transition properties. It is apparent &om Figs. 2—4
that though by proper choice of A we have been able to
reproduce the staggering in energy, the transition prob-
ability data are not reproduced (both in magnitude and
in trends), particularly at low spins. Figures 3 and 4 also
demonstrate how this simple spin-spin interaction aQ'ects

the results, particularly for the transitions between the
higher members of the bands. The agreement between
the theory and experiment is extremely good for G = 0.4
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FIG. 3. Experimental and
theoretical B(M1;I -+ I —I)/
B(E2;I -+ I —2) ratios in

La and La are plotted
against spin. The theoretical
values (Theor. I) obtained with
G = 0.0, 0.4, and 0.8 MeV
and A from the solution of the
inverse gap equation are also
shown. Theor. II are the theo-
retical results obtained with A„
so chosen as to reproduce the
experimental staggering in en-
ergy. Experimental data are
taken from Ref. [18].

MeV for these two nuclei. It is therefore strongly felt
that it is not necessary to introduce triaxiality to explain
the experimental results in La. At this point it
is worthwhile to mention the work of Tajima [17] which
attempts to study the eBect of triaxiality in this region.
However, a meaningful comparison between the results
obtained by us using axially symmetric deformation and
those of Tajima cannot be made because the electromag-
netic properties for the La isotopes are not given in the
later work.

Before discussing the results of the calculation of elec-
tromagnetic properties in more detail, it may be inter-
esting, at this point, to note some general features of the
wave function of the states. The orbitals vr 2[550],m2 [541]

and v&[523], v2[514] mainly influence the structure of
the states in these nuclei for prolate deformation. In

La the K structures remain more or less similar Rom
4+ onwards, as far as the major contributions are con-
cerned. The con6guration of the states with spin 8+
and above is, however, not a simple one. They are of
mixed configurations, with the vr 2i [550] v2 [523] (K =
3,4) and vr 2[541] v 2[523] (K = 2,5) being the most
dominant ones. In La the states are highly mixed
in character, compared to other La nuclei studied here.
Even in the low-spin region, sr&[550] v2[514] (K
4,5) and vr 2[541] v2[514] (K = 3,6) states have rel-
atively larger contributions in the wave functions. This
may be one of the reasons for the relatively high value
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of the experimental B(M1)/B(E2) ratios in La com-
pared to those in i2 La. Another point worth mentioning
here is that in our calculation the contributions &om the
~-,'[532]C v-', [514] (K = 7), ~-,'[550]g v-,'[532] (Z = 3) and
vr 2 [541] v 2 [532] configurations are found to be ixisignif-
icant. This is in contradiction to the results of Rizzutto
et aL [16]. According to them, these orbitals are im-
portant and responsible for energy staggering. An agree-
ment with the energy staggering data does not guarantee
that the wave functions thus obtained truly represent the
states concerned. The correct nature of the wave func-
tions can only be ascertained through a comparison of
the calculated electromagnetic transition properties with
the observed ones. In view of the fact that no theoretical
values for transition probabilities have been reported by
Rizzutto et a/. , it is, therefore, diKcult to judge the true
importance of these states.

In La, the vr 2 [550] v 2 [514] and n. —[541] Ia v - [514]
configurations account for about 86% of the strength in
I = 6, slowly reducing to 66% in I = 9 and to 55%%uo in
I = 14. Again, in La, these states are slightly more
mixed in nature compared to La. These features are
expected to have their reHections in the transition prob-
ability data. In Tables II and III we have compared the
results of our calculation for the transition probabilities
with the experimental results for La and La, while
the same information for La and La is given in Ta-
bles IV and V. It can be seen &om Tables II and III
that there is an excellent agreement with the experimen-

tal results in the case of i2s iseLa. Owing to a lack of
transition probability data, the comparisons with exper-
iment become less meaningful for La nuclei. The
situation is relatively more difBcult for La where the
experimental branching ratios cannot be properly evalu-
ated within all the spin states as two important transi-
tions (viz. , 293 and 455 keV) appear twice in the level
scheme. So a detailed comparison is not possible, but
the results of this part of the calculation are not in good
agreement with the general trend of the transition prob-
ability data for these two isotopes (Tables IV and V).
This is, however, expected because (as mentioned ear-
lier in the Introduction) a significant change in the decay
pattern is observed experimentally in ' La compared
to that in ' La. Since the main motivation behind
the present calculation is to get an understanding of the
level properties in these nuclei in a systematic way, no
abrupt variation in the parameters has been made to Gt
the properties of the individual isotopes. Therefore no
major changes in the calculated level properties are ex-
pected with the present set of parameters, as one moves
&om A = 128 to 134.

A plausible reason for such changes in the level prop-
erties may be that the triaxiality plays an important
role in the higher-mass odd-odd La nuclei. However,
the systematics of the experimental excitation energies
and the results of the Cranking Shell Model calculations
[18,20,21] are not in favor of such an increase in the triaxi-
ality parameter for these nuclei compared to ' La. A

TABLE II. Calculated and experimental decay modes of the vrhqqyq |3vhqzg2 yrast band in La.

10+

11+

12+

16+

5+
4+
6+
5+
7+
6+
8+
7+
9+
8+
10+
9+
11+
10+
12+
11+
13+
12+
14+
13+
15+
14+

Theoretical
T(E2) + T(Ml)

x 10 (sec )

0.59
0.013
2.54
0.12

11.16
1.40
8.23
4.51

25.87
14.06
16.81
29.79
48.09
61.09
30.61

104.72
79.26

170.98
50.13

258.85
116.74
365.70

Expt. '
96.1
3.9

93.1
6.9

85.4
14.6
63.4
36.6
69.1
30.9
40.1
59.9
47.9
52.1
30.6
69.4
33.3
66.7
18.8
81.2
28.6
71.4

Theor.
97.8

2.2
95.4
4.6

88.9
11.1
64.6
35.4
64.8
35.2
36.1
63.9
44.0
56.0
22.6
77.4
31.7
68.3
16.2
83.8
24.2
75.8

Branching ratio Th
B(E2)
(e b)

0.35
0.07
0.36
0.12
0.37
0.15
0.37
0.18
0.35
0.21
0.34
0.24
0.31
0.26
0.29
0.28
0.27
0.30
0.25
0.31
0.24
0.33

eor.
B(M1)

2
Pn
0.30

0.54

0.47

0.41

0.36

0.33

0.34

0.32

0.35

Theor.
3.95

1.94 4.55

2.29 3.02

2.17 2.25

2.24 1.71

1.81 1.43

1.6? 1.27

1.84 1.14

1.31 1.12

1.32 1.00

1.56 1.07

B(M1)lB(E2)
V'. /(e b)'

Expt. b

2.23

Calculation with prolate deformation.
Reference [18].
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TABLE III. Calculated and experimental decay modes of the vrhzz/2 vhz&/2 yrast band in
130L

11+

12+

16+

17+

18+

7+
6+
8+
7+
g+
8+
10+
g+
11+
10+
12+
11+
13+
12+
14+
13+
15+
14+
16+
15+
17+
16+
18+
17+

Theoretical
T(E2) + T(M1)

x 10 (sec )

23.06
1.30

13.73
5.31

42.87
14.63
25.96
30.88
66.66
56.72
42.59
93.83

100.40
145.74
60.46

204.88
141.27
282.36

74.14
356.98
172.07
424.69
82.68

476.48

Expt.
96.5
3.5

69.2
30.8
71.7
28.3
40.5
59.5
57.6
42.4
24.4
75.6
44.8
55.2
19.3
80.7
24.7
75.3
16.4
83.6
23.7
76.3
14.8
85.2

Theor.
94.6
5.3

72.1
27.9
74.6
25.4
45.7
54.3
54.0
46.0
31.2
68.8
40.8
59.2
22.8
77.2
33.4
66.6
17.2
82.8
28.8
71.2
13.9
86.1

Branching ratio Th
B(E2)
(e b)

0.26
0.08
0.27
0.11
0.26
0.13
0.25
0.15
0.23
0.17
0.22
0.18
0.20
0.20
0.19
0.21
0.17
0.22
0.16
0.23
0.15
0.24
0.14
0.24

eor.
B(M1)

2
Pn
0.57

0.51

0.44

0.41

0.39

0.38

0.39

0.36

0.41

0.34

0.42

0.32

Expt. b

11.02

Theor.
6.75

4.23 4.64

3.09 3.46

2.30 2.72

2.93 2.34

1.54 2.04

2.56 1.98

1.50 1.72

1.33 1.85

1.51 1.50

1.51 1.79

2.52 1.32

B(Ml)/B(E2)
p'. /(e b)'

Calculation with prolate deformation.
Reference [18].

more realistic n-p interaction may also bring a signi6cant
change in the calculated values. The third alternative is
that these bands in ~ ' 3 La may be of a diAerent collec-
tive shape (viz. , oblate shape), whereas the similar bands
in x28, xsoLa are prolate in nature. We have studied this

aspect of the problem in detail and this will be discussed
in the next subsection.

Before proceeding further it may be mentioned at this
point that s4La is weakly deformed (P = 0.18) corn-
pared to r r La (P = 0.27—0.22). Therefore the valid-

TABLE IV. Calculated and experimental decay modes of the vent»y2 (3 vhz&/2 yrast band in La.

10+

12+

13+

14+

8+
7+
9+
8+
10+
g+
11+
10+
12+
11+
13+
12+

Expt.

90.2
9.8

92.7
7.3

85.1
14.9
60.8
39.2
31.0
69.0
37.4
62.6
24.0
76.0
28.0
72.0

99.4
0.6

99.4
0.6

94.8
5.2

92.3
7.7

81.1
18.9
79.0
21.0

Branching ratio
Theor.

99.6
0.4

99.7
0.3

87.4
12.6
84.8
15.2
68.1
31.9
68.1
32.0

Ib

0.48

0.60

0.69

0.80

0.90

0.99

Theoretical
B(M1)/B(E2)

~-'/(e b)'

157.1

77.4

34.1

20.5

14.6

11.4

29.5

23.0

13.2

9.5

7.7

Ib

0.22

0.39

0.25

0.30

0.21

0.22

Theoretical
mixing ratio b

0.001

0.007

0.010

0.020

0.018

0.023

0.001

0.006

0.009

0.016

0.013

0.016

Reference [21].
Calculation with prolate deformation.

'Calculation with oblate deformation with the same set of parameters as in the prolate case.
"Calculation with oblate deformation with changed parameters (see text).
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TABLE V. Calculated and experimental decay modes of the vrhqqyz (3 vhzqy2 yrast band in La.

12+

10+ 9+
8+

11+ 10+
9+
11+
10+

13+ 12+
11+

14+
' 13+

12+

Expt.

60.3
39.7
91.8
8.2

60.8
39.2
85.5
14.5

Ib

81.5
18.5
32.4
67.6
40.3
59.7
25.4
74.6
27.4
72.6

II'
99.6
0.4

94.6
5.4

93.0
7.0

84.3
15.7
81.5
18.5

Branching ratio
Theor.

Ib

1.87
II'

141.7

1.47 60.9

1.30 30.2

1.23 22.6

1.22 17.0

Theoretical
B(M1)/B(E2)

-'/( )'
II'
0.007

0.14 0.008

0.21 0.018

0.18 0.016

0.21 0.019

Theoretical
mixing ratio b

Ib

0.19

References [20,21].
Calculation with prolate deformation.

'Calculation with oblate deformation with the same set of parameters as in the prolate case.

ity of the particle rotor model (PRM), which inherently
assumes a core with good rotational behavior, may be
questioned in such cases. This point has been addressed
earlier by Stephens [30] who noted good agreement be-
tween the PRM predictions and experimental results for
weakly deformed odd-A nuclei in the La-Ce region. Later
detailed comparative studies of several odd-A nuclei in
the well-deformed region with those in transitional region
have been carried out by other workers [29,31] and also
by us [32] within the framework of the PRM. It has been
observed that the PRM, which incorporates both pairing
and variable moment of inertia (VMI) formalisms, works
reasonably well in weakly deformed systems in various
regions of the periodic table. The inclusion of the VMI
formalism approach provides an additional Qexibility in
the model in the sense that a more realistic description
of the core behavior can be achieved even in the case
of a weakly deformed system. The application of the
PRM for the odd-odd cases has been so far quite limited,
and no such detailed comparative study has been carried
out. However, observations made earlier in the case of
an odd-A system and successes achieved in the descrip-
tion of odd-odd Ag isotopes (P = 0.12) within the PRM
formalism [26,33] render support to the idea of applying
this model to the case of La.

C. Comparison between prolate
and oblate shape predictions in xsa, zs4I a

We have calculated the level properties of La
assuming an oblate deformation (with P = —0.23 and
—0.186, respectively) for their equilibrium shapes. The
values of A, L„, A, and L as obtained through a so-
lution of the inverse gap equation are given in Table I.
The energy spectra are shown in Fig. 1 and the transition
probability data are listed in Tables IV and V. It can be
seen from the Nilsson diagrams that the hqqy2 levels are

symmetric with respect to zero deformation, while the
neutron and proton Fermi levels are situated at the very
top and bottom, respectively, of the above subshell. This
results in an unique shell Ailing of the last neutron and
proton. Thus the sr&[550], 2[541] and v&[523], 2[514] are
the dominant orbitals for the prolate deformation, but
in the case of oblate deformation the m 2 [505], 2[514],
v2[550], 2[541], and 2[532] orbitals play the significant
role. This also results in an extension of the dimension
of the basis states considered in K space. In the prolate
case the maximum values of K chosen is 8 (as K ) 8
have very little inHuence on the calculated results), while
in the case of oblate deformation K & 8 are found to
have an appreciable in8uence on the calculated results
for I & 8 spin states. The theoretical energy spectra
show good overall agreement for both positive and neg-
ative values of the P, though the states calculated with
positive P show somewhat better agreement. It has been
found that an adjustment of the parameters (G and/or
attenuation coefficients) can produce equally good agree-
ment for a negative P, and the result of one such fitting
for La is shown in Fig. 1 ("Theor. III"). However,
our main objective is to see how far the transition prob-
ability values are affected by considering an oblate shape
instead of a prolate shape (keeping every other parame-
ter unchanged). We will, therefore, first concentrate on
that part of the calculation in which parameters are same
except for those which are effected by the change of sign
of P. At the end we will discuss the necessity of changing
the parameters in the case of La.

The calculation with oblate deformation indicates a
bandhead spin of 7+ for ' La. In the case of 32La,
the calculated 7+ and 8+ states are degenerate in energy.
In their work on s2La, Oliveira et aL [20] have primarily
assigned a spin parity of 8+ to the bandhead, but at the
same time they have also proposed a state with a spin
parity of 7+, which is consistent with the systematics
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in the N = 75 isotones, viz. , Pr and Pm. This 7+
state is connected by a 67-keV M1 transition with the 8+
state, but no experimental signature is available to decide
on the parentage of this state. The calculated lifetime
for this 8+ ~ 7+ transition (assuming E~ = 67 keV)
in the case of prolate and oblate deformations are 0.23
and 0.04 nsec, respectively. The calculated mixing ratio
(b2) for this transition is 0.15 for the prolate case and
& 0.001 for the oblate deformation. A measurement of
these quantities will, therefore, be interesting. In the case
of La, no such 7+ state has been definitely identified
experimentally so far. Several states have been reported
[21—23] which are connected to the yrast 8+ state, but
for them definite spin parities have not been assigned
yet. Attempts should, therefore, be made to identify such
states in ~34La.

It can be seen from Table V (in the case of ~s4La) that
the calculations not only correctly reproduce the experi-
mental systematics, but also are in very good agreement
with the experimental branching ratios. It would be in-
teresting to discuss the case of deexcitation of the 10+
yrast state in this case. Experimentally, no transition has
been found connecting this state to the 8+ state. Using
the experimental value [21,22] for the relative intensity
( 83) of the 381.6-keV p ray (10+ + 9+) and the theo-
retically predicted branching ratio of the 10+ state &om
Table V, the relative intensity of the unobserved 527-keV
p ray (10+ ~ 8+) can be calculated. This comes out to
be 19.0 for a prolate deformation and 0.3 for an oblate
deformation. Nonobservance of this transition further
supports the oblate shape. The La data show a stag-
gering in the branching ratios which are not reHected in
the present calculation. In the absence of any data on
the B(M1)/B(E2) ratio, it is not possible to extend the
discussion any further.

In the case of La, the experimental and theoretical
branching ratios for the oblate shape are in very good
agreement for the 12+ and 13+ states (Table IV). The
situation is, however, not so favorable for the transitions
involving other states in view of the following facts. As
mentioned earlier, the 293- and 455-keV transitions ap-
pear twice in the level scheme. The intensity of one of the
components of the 455-keV p ray (14+ + 13+) can be
estimated by assuming the experimental intensity ( 2)
of the 841-keV p ray (14+ -+ 12+) and the theoretical
branching ratio for the p rays originating &om the 14+
state. Similarly, the one part of the intensity of the 293-
keV p ray (ll+ -+ 10+) can be estimated from the exper-
imental intensity (5.6) of the 588-keV p ray (ll+ -+ 9+)
and the theoretical branching ratio of the 11+ state. Tak-
ing the total intensity of the 293-keV p ray to be 90.7
from the experiment [20], one can estimate the inten-
sity of the second 293-keV transition depopulating the
10+ state. This in turn can provide the intensity of the
other 455-keV (10+ ~ 8+) transition. The total inten-
sity of the 455-keV p ray can then be compared with the
experimental one (7.2+ 0.7) [20]. Following the above
procedures and using the branching ratios given in Ta-
ble IV, total intensity for the 455-keV p ray comes out
to be 57.6 for the prolate deformation. In the case of
oblate deformation, the estimated intensities of the sin-

gle 455-keV (14+ + 13+) and the 293-keV (11+ -+ 10+)
transitions are found to be very large compared to the
experimentally observed total intensities. It is, there-
fore, clear that although the branching ratios of the 12+
and 13+ states are in apparent agreement with the values
obtained in the oblate case, the other calculated branch-
ing ratios do not support the corresponding experimental
results. We have, therefore, recalculated the level proper-
ties of ~ La by adjusting the parameters slightly for the
oblate core, and the best fit with the energies is obtained
with the following changed parameters (others being kept
fixed): G = 0.1 MeV and A„= 45.8 MeV. It is seen from
Fig. 1 ("Theor. III") that the energy values of the states
are quite well reproduced. The very good agreement ob-
tained in energy for the yrast; 7+ state is encouraging.
The calculated lifetime for the 67-keV transition connect-
ing 8+ to 7+ is 0.05 nsec and. the mixing ratio is 0.002
for these set of parameters. The electromagnetic tran-
sition properties are given in Table IV ("Theor. III").
The branching ratios obtained in this case for the p tran-
sitions originating &om the 12+ and 13+ states dier
to some extent &om the experimental ones, but the to-
tal intensity of the 455-keV transition, calculated in t;he
manner described. above, is found to be 5.4, close to the
experimental value. The intensities of two 293-keV tran-
sitions also seem to be consistent with the overall decay
pattern. How far these predictions are true can only be
judged &om a more accurate measurement of the inten-
sities of the p rays. It has also been noted [20] that there
is a very close similarity between the orbal&~2 vhzzy2
bands observed in the isotones La, ~3 Pr, and Pm.
So these results can also be compared wit;h the data in

Pr and Pm. We are also calculating the level prop-
erties of these isotones, and the results will be reported
soon. Nevertheless, we feel that all the above consid-
erations strongly suggest that mhq~y2 vhq~y2 bands in

La have an oblate deformation.

V. CONCLUSION

From the present calculation on the properties of the
yrast states (based on the mh~qy2 vhqq~q configura-
tion) in ' 2 La, within an axially symmetric ro-
tor model the following conclusions may be arrived at.

(a) The calculation is able to reproduce satisfactorily
the general trend in the change of the experimental en-
ergy levels &om A = 128 to 134 by using only one ad-
justable parameter, viz. , C.

(b) The electromagnetic transition properties in
La are very well reproduced with prolate deforma-

tion.
(c) The experimental staggering in ~2s'~soLa is not cor-

rectly reproduced. This can be reproduced by a suitable
choice of the neutron Fermi level. In that case agree-
ment with the transition probability data (in magnitudes
and in trends) is not obtained in the low-spin region.
But some agreement in the high-spin states has been ob-
tained. In trying to ascertain the cause behind this, the
first obvious choice would be to see the role of triaxiality.
But such a study carried out very recently in this region
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and particularly in ' ' 8 La does not give very
encouraging results. In view of this and the overall good
agreement obtained in 2 '~ oLa with the axially symmet-
ric rotor model, it is felt that the triaxiality may not play
a significant role in these two nuclei. It would be inter-
esting to see whether a more realistic residual interaction
can produce simultaneously the experimental staggering
and the electromagnetic properties of these yrast levels.
The role of triaxiality can be judged better by analyzing
the level properties of the nonyrast states rather than
that of the yrast states.

(d) In ~sz ~s4La equally good agreement to the energy
spectra is obtained for both positive and negative values
of the deformation. Ru'thermore, in view of the lim-
ited transition probability data in these nuclei, it be-
comes rather difBcult to arrive at a definite conclusion
regarding their equilibrium shapes. However, the calcu-
lated transition probabilities in the present work favors
an oblate deformation in 3 i La, though it supports a
prolate nature for the band based on similar configura-

tion in ' La. The neutron and proton Fermi levels
in these nuclei are situated at the top and the bottom
of the &zan~~ state. The last proton, therefore, occupies
the low-0 orbitals, while the last neutron occupies the
high-0 orbitals of the same high-j state. Considering
this unique shell filling of the last proton and the neutron
and the corresponding shape-polarizing eR'ects associated
with them, it is felt that there is a distinct possibility
of obtaining such a change in shape with the addition
of neutrons. Several predictions on the transition rates
B(M1;I + I I)/—B(E2;I m I —2) ratios and mix-
ing ratios [h2 = T(E2;I m I —1)/T(M1;I ~ I —1)]
have been made. A measurement of these quantities is,
therefore, necessary to decide on the above aspect of the
equilibrium shape.

The authors are grateful to Professor S. Sen for
many helpful discussions and for a critical review of the
manuscript.
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