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Abstract

The total potential energy surfaces
of thallium, gold, iridium and rhenium odd
mass isotopes are calculated microscopical=~
ly as functions of the quadrupole deforma-
tion, €3, when the odd protons occupy defi-
nite orbitals. The nuclear shapes and the
static equilibrium deformations of these
nuclei are deduced from the results of
these calculations for the proton orbitals
nearest to the Fermi level., The influence
of the hexadecapole deformation, €4, on
these results is investigated too. Finally,
a few experimental data available for these
odd mass nuclei are correlated to the cor-
responding theoretical results.

1, Introduction

The odd proton nuclei of the transi-
tion region between the rare-earth elements
and the 2°%ph double closed shell (T1,
Au, Ir, Re) were extensively investigated
experimentally during the last few years.
Furthermore several theoretical descrip-
tions of their properties were given assu~
ming a single proton {hole, gquasi-proton or
proton hole cluster) coupled to vibrations
or rotations of a spherical {or deformed)
core [1-7]. However there is not yet avai-
lable a systematic investigation of the
odd proton effect on the static collective
properties of these nuclei. Indeed, preli-
minary investigations were made in this
direction earlier but they were restricted
to a few odd proton nuclides near the sin-
gle proton closed shells Z = 50 [8] and
%z = 82 [9], Furthermore in these calcula-
tions [8,9] only a few high and low spin
proton orbitals were analysed in detail,

The purpose of the present investi-
gation is to evaluate the total potential
energy surfaces of thallium, gold, iridium
and rhenium odd mass isotopes as functions
of the quadrupole deformation parameter, €9
when the odd protons occupy definite orbi-
tals in the modified oscillator model [10].
This analysis is restricted to the orbitals
near to the Fermi level of each nuclide.
Indeed they are expected to play a prepon-
deraht role on the description of these
transiticnal nuclei. For each nuclide con-
sidered the total potential energy diffe-
rences, Vy,, between the oblate and prolate
minima of the low lying orbitals as well
as the guadrupocle deformation parameters
and possible shape transitions are discus-
sed. Finally the influence of the hexadeca-
pole deformation on the potential energy
surfaces and other collective properties
considered is also investigated,

2. Calculations
2.1. The model

The total potential energy surfaces of
these odd proton nuclei are calculated
microscopically with an extended version of
the programme previously applied to even[11]

and odd-mass B ] nuclei. In each case, the

potential energy is a sum of two terms {the
liguid drop and the shell correction ener-
gies) depending on two deformation (axial
quadrupole £; and hexadecapole ¢,) parame-
ters. The main improvement relatively to the
the old programme 11 ] is the possibility to
put the odd proton on any given orbit.

2.2. The parametrization

In the present calculations, the adop-
ted parametrization is nearly identical %o
the parameter set used for the neighbou~
ring even~even nuclei [11]. The only diffe-
rences are slight changes in the k and u
parameters of the oscillator potential for
the proton and neutron orbitals.

In most calculations reported here, it
is assumed no hexadecapole deformation.
However, in order to investigate the influ-
ence of the ¢, deformation on these results,
other calculations were made with &, # 0.

2.3. 8ingle proton and Fermi levels of T1,
Au, Ir and Re

A portion of the single proton level
scheme corresponding to the transition re-
gion between the rare earth elements and the
lead isotopes is represented in fig.1. In
this diagram are also included the thallium,
gold, iridium and rhenium Fermi levels de-
termined with the same computing pProgramme
and parametrization. For clearness, only the
Nilsson orbitals close to the Fermi levels
of these nuclides are represented. Further—
more, the most important orbitals conside-
red in the forthcoming discussion are full
drawn.

2.4. Total potential energy

The projected total potential energy
surfaces of a few odd mass Ti, Au, Ir and
Re isotopes are represented in figs. 2-5
From their analysis, the total potential
energy differences, Vpo: between the oblate
and prolate minimum, the absolute guadrupo-
le deformation parameter|52§ and the poten-
tial energy differences, E £ between the
lowest minimum and the corggsponding spheri-
cal limit (g, = 0) for the groundstate orbi-
tal are determined (fig.6-8). The same ma-
gnitudes are deduced from the potential
energy curves corresponding to the orbitals
belonging toc the the,s; and 1h;;;, subshells
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Fig.1l Partial single proton and Fermi levels of T1l, Au, Ir
and Re isotopes. Only the Nilsson orbitals close to
the Fermi levels of these nuclides are represented.

(figs. 9~13). To investigate their dependsn-
ce on the neutron number, the experimental
and theoretical results of given isotopes
are presented and discussed simultaneocusly.
Furthermore , for greater clearness, the
positive and negative parity orbitals are
considered separately. Finally, the analy-
sls of the ¢, influence is illustrated in
the case of negative parity orbitals (figs.
15, 16).

3. Analysis of the results
3.1. Thallium isoctopes

According to the position of the
Thallium Fermi level, the 1/2%[400], 3/2
[402] and 1/2+[4111 orbitals should be the
most relevant configurations for the des-
cription of the positive parity states. Si-
milarly, the 9/2-[505] (or 1/27[5417),
11/2-[505] {or 1/27[550]) orbitals should be
the preponderant configurations for the des
cription of the negative parity states.

3.1.1. Positive parity orbitals

The ground state, l/2+, of all odd
mass Thallium isotopes is identified to the
1/2%[400] single proton configuration. In-
deed this configuration is the closest to
the Fermi level for small guadrupole defor-
mations |e4| §0.15. The corresponding po-
tential energy curves (fig.2}) show two flat
minima giving no clear indication of static
gquadrupole deformations. However, the Vi,
diagram (fig.6) predicts a small quadrugole
oblate deformation for the light and medium
Tl isotopes in their ground states, Indeed
the calculated absolute quadrupole deforma-

tion parameter (fig.7) is small (e &~ 0.06-
0.07) and nearly independent of the neutron
number. Nevertheless the small energy diffe-
rence between the lowest oblate minimum
1/27[400] and the spherical limit, 3s./,

of the potential energy curve (fig,B) com-
pared to the zero point energy (E p v 1,09
MeV) .calculated for the heavier Tf isotopes
[13] suggests a nuclear shape instability.

The first excited state with positive
parity, 3/2%, in the odd mass T} isotopes
should have a large contribution of the
orbital 3/27[4021, according to the analy-
sis of the single proton and Ferxmi levels
(fig.1l) . The corresponding potential energy
curves are slightly more asymmetric than
those of the orbital 1/2%{400]. However
this asymmetry is small and the correspon-
ding minimom rather flat. Consequently the
11 isotopes in their ground and first exci~-
ted states are expected to behave like soft
vibrators.

3.1.2. Negative parity orbitals

All the potential energy curves cor=-
responding to the high spin 9/2 [505] orbi-~
tals of the lhos2 proton subshell (fig.2)
have a minimum at a finite deformation on
the oblate side (g2 £ =0.10). This minimum
is deeper than the corresponding one of the
lhs/z low spin 1/2[541] orbital appearing
at £2 2 0.08, The same conclusion can be
drawn from the analysis of the Vpo diagram
(fig.%). Indeed, Vpo is negative and nearly
constant (V,s € 0.50 Mev) for all Tl isoto-
pes. However, for the heavier thallium iso-
topes (N » 120), the V,, curve decreases
rapidly. The quadrupolg deformation parame-
ter has a similar behaviour. Moreover, the
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Fig.2 Total potential energy dependence on
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of a few odd mass Tl isotopes in their
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orbitals.
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iowest positive and negative parity
orbitals.
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Fig.3 Total potential energy dependence on

the nuclear quadrupole deformation, €2,
of a few odd mass Au isotopes in their
lowest positive and negative parity
orbitals.
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the nuclear quadrupele deformation, €3,
of a few odd mass Re isotopes in their
lowest negative parity orbitals.
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Fig.9 Total petential-energy diffe- Fig.10 Total potential energy diffe-
rence between the oblate and rence between the oblate and
prolate minima of the 9/2[505] prolate minima of the 1/2[550]
and 1/2[5&]] proton orbitals, and !!/2[505] praton orbitals.
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Fig.lla Absolute quadrupcle deforma- Fig. Iib Absolute guadrupole defor-

tion corresponding to the mation corresponding to the
lowest minimum of 9/2[305] lowest minimum of 1/2[550]
or 1/2[5%]] proton orbital. ‘or il/2[505]'proton orbital.

- 423 ~
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Fig.12 Total potential energy diffe-
rence between the lowest mi-
nimum of 9/2{505] (or 1/2
[54]]) orbital and its sphe-—
rical limit (€2=0} lhes,
proton subshell.

broad and small Eges curve (Egef & 1 MeV
for N » 120 fig.12) suggests a spherical
shape for the heavier Tl isotopes which
should behave like spherical vibrators.

A similar analysis of the 1/2[550] and
11/2[505] potential energy curves (fig.2)
and the Vpe diagrams indicate prolate equi-
librium deformations for all the T1 isoto-
pes. However, for N » 114, the Vpy diffe-
rences and the e, deformations are small
(Vpo € 0.20 MeV fig.10; €2 € 0.06 £ig.7).
Figally, no significant departure from
spherical shape is predicted for the heavi-
er isotopes from the Ego¢ values (Eger €0.5
MeV for N > 114 fig.lB? on account of the
neglected zerc point energy contribution,

3.2, Gold isotopes
According to fig.l, the 3/2[402] (or
t/72f411]), 1/2[4e0], 9/2}505](or 1/2[541]),
and 11/2[505] (or 1/2[550]) orbitals are the
preponderant configurations for the descrip-
tion of the groundstate and the low and me-—

dium excited levels in gold.

3.2.1 Positive parity orbitals

The potential energy curves (fig.3) and
the Vpo diagrams (fig.6) corresponding to
the 3/2[4027(0:: 1/2[411]) and 1/2[400]orbi~
tals suggest prolate deformations for the

TOTAL POTENTIAL ENERGY DIFFERENCE
BETWEEN THE LOWEST MINIMUM OF B50]t
for (SD5]!) ORBITAL AND TS SPHERICAL LIMIT
(Ex=0) Thrria PROTON SUBSHELL
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o
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Fig.13 Total potential enerpgy diffe-—
rence between the lowest mi-
nimum of 1/2[550] (er 11/2
[505]) orbital and its sphe-
rical limit (£,=0) ihlz/z
proton subshell.

light gold in their /2% or 3/2% groundsta-

te. The greatest deformation 1s attained

in the 1/2[400}orbital where 0.10 € €: €

0.17. Moreover, the Vpg, |t2| and Eg

diagrams give indications for a possfgie

shape transition for the 3/2%greundstate

of the heavier gold isotopes (fig.é6-8).

For these isotopes, there is a satisfacto~

ry agreement between the static theoretical

€; and the dynamic semi-empirical quadrupo-

le deformations deduced from the relation:
€2 =d5/1671 8 - 15/16n B2

where f is determined from the experimen-—

tal B(E2) values of the 5/21 + 3/2% tran-

sitions as described in ref.15.

3.2.2 Negative parity orbitals

All the gold potential energy curves
of the 9/2[505]and 1/2[541]orbitals have
a minimum on the oblate (prolate) side at
€2 ™ ~0.10 (+0,10} like those of the T1
isotopes (fig.3). The nearly symmetric Voo
diagrams of these orbitals (fig.9) predict
prolate shapes for the light gold isotopes
and oblate shapes for the heavier ones
(A » 189). Consequently, a well defined sha-

pe transition is expected at N = 110 (or

near by that neutron number} on account of
the contribution of the zero point energy
¥inally, the absolute guadrupole deforma-
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tion {£,| and the potential energy diffe-
rences, Egef, corresponding to these 1lhg,»
aorbitals are considerably higher in the
gold isotopes than in the thallium ones
(figs.lla and 12).

A similar analysis of the potential
energy curves of the 11/2[505] and 1/2[550]
orbitals shows smaller asymmetry than in
the lhgy,; lowest orbitals (fig.3). Further-
more, the Voo diagrams predict prolate
deformations for the light gold isotopes
{fig.10}. A shape transition may occur for
the heavier cnes (A > 114) but it is less
c¢lear than for the lhs,. lowest orbitals
due to the smallness of the oblate V. o
minimum (V, < 0.20 MeV). Similarly,P the
correspond?gg le2| and Egog curves (£ig.llb
+13) do not give any clear indication of a
permanent oblate deformation.

3.3. Irxidium isotopes

The Fermi levels of the iridium and
old isotopes are close and parallel for
?Egl € 0.3 (fig.l). Consequently, one ex-
pects the same preponderant effects of the

same odd proton configurations in both
elements apart the different influence of
three and five proton hole clusters in the
lead shell.

3.3.1., Positive parity orbitals

The potential energy curves correspon—
ding to_the positive parity configurations
1/2[400]and 3/2;402 of the heavier iridi-
um isotopes ('¥%:19%%Ir) have a similar
shape (fig.4) to the curves of the light
gold isotopes (1%7:1%%ay), Furthermore,
the potential energy differences Vg, pre-
dict prolate guadrupole deformations for
the positive parity states of the light
iridium isotopes and a possible shape
transition at N = 3114 for the 3/2+ ground-
state (fig.e}.

A better agreement between the semi-
empirical and the static e, values is
obtained for the heavier (N » 114) than for
the lighter iridium isotopes (fig.?). How~
ever, the experimental B(E2) results [16]
are too much scattered in order to derive
any definite conclusion from this compari-
gon.

Finally, the total potential energy
difference , Egof, between the lowest mini-
mum of the Ir groundstate orbital and the
corresponding 2d;,, spherical limit is
larger than in T1 and Au isotopes (fig.8).
Consequently, these calculations predict a
considerable permanent prolate deformation
for the Ir isotopes in their ground states.

3.3.2. Negative parity orbitals

The projected total potential energy
surfaces corresponding to the lowest oxr-
bitals of the 1hgs,» subshell in all the
Ir isotopes (fig. 4) have deep minima on
the oblate or prolate sides (for 0.12 <
]eg| € 0,17). Furthermore, similar shape
transitions previously observed for these
orbitals in gold, occcur also in iridium
(fig. 9). However, the Vpg iridium curve
is more asymmetric than ghe gold one, Such
fact is stressed by the E curve which
shows a larger energy difference for the
prolate (Edeg = 6 MeV for N=104) than for
oblate {Edef = 1.0 MeV for N=120) lowest
lhss2 iridium orbitals (fig. 12). Finally,
the absolute guadrupole deformations, [e;] ,

are nearly identical in Ir and Au isotons
(fig. 1lla).

The same analysis of the potential
energy curves corresponding to the highest
thy,,2 dridium orbitals (fig. 10) leads
to similar conclusions previocusly obtained
for the gold isotopes (sect. 3.2,2). In
particular, the prolate part of the Vpo
curve is steeper in iridium than in gold.
On the contrary, no clear evidence exists
for permanent oblate shapes in the

1/2 [550] orbital. Furthermore, the e, |
deformations of the isctons of both ele-
ments are nearly identical {fig. 12b).
However, the maximum value of Edef in the
Ir isotopes is nearly proportional to the
corresponding values of Tl and Au isotons
(fig. 13).

3.4. Rhenium isotopes

The ground state and low lying excited
states of the odd mass Re isotopes are
based essentially on 5/2{402] and 9/2[514]
proton orbitals due to their lower Fermi
level and greater quadrupole prolate defor-
mation.

3.4.1. Positive parity orbitals

The total potential energy dependence
on the nuclear guadrupole deformation, es,
of a few odd mass rhenium isotopes in their
groundstate is represented in fig. 14.

TOTAL POTENTIAL ENERGY ¥5. NUCLEAR QUADRUPOLE
DEFORMATION £p OF GDD MASS Re ISOTORES i [402]! ORBITAL

.vf.;:" b,
h!
‘\ / o5
5

.\'}. ! ’

{Mey)
40

k)

20

2.0

Fig.l4 Total potential energy dependance on the
quadrupole deformation, £z, of a few odd
mass Re isotopes in the 5/2[402] orbital,
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These curves are slightly asymmetric in
the heavy isotopes (!®®Re) but strongly
asymmetric in the light ocnes {'7%Re).
Consequently the prolate shapes are favou-
red in the latter nuclicdes, as shown in
the Vpo,faz| and Edef diagrams (figs. 6-8).
The semi-empirical deformation parameters
represented in fig. 7 were deduced from
data taken in ref. 14 with the errors
approximately estimated.

3.4.2. Negative parity orbitals

The total potential energy dependence
on the nuclear gquadrupole deformation of
a few odd mass rhenium isotopes in their
lowest lhg,;» and highest 1lhy:is» proton
orbitals is represented in fig. 5. Follo-
wing the general trend of this systematic
study, the Vpo, [e2| and Eger diagrams
(figs.9-13) corresponding to the same orbi-
tals were deduced from the analysis of the
potential energy curves. However, there is
not yet any experimental evidence for rhe-
nium excited states built on the prolate
(oblate) 1/2[541] (9/2[505]) or 11/2[505]
{1/2[550]) orbitals. Indeed, the low and
medium excited negative parity levels of
the odd mass Re isotopes are built on
9/2[514] proton orbital. For that reason,
this orbital was also included in the total
potential energy curves of T1, Au and Ir
isotopes (figs.2-4}.

3.5.

The Vpo diagram given in figure 15 is
relative to the lowest lhg,,; and the highest
1hy s> orbitals. Moreover, the e.{e,} depen-
dence is represented graphically in the

Influence of the £, deformation

MFLUENCE OF THE HEXADECAPOLE DEFDRMATION, £, ON THE
POTENTIAL ENERGY DIFFERENCES o %M AND
PROLATE MNIMUM OF

5051 AN B4fl] PROTON ORBITALS
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Fig.15 Potential energy differences, Vpos
corresponding to the same orbitals
as considered in figures 9 and 10

inset of the same figure. From the compa-—
rison between the figures 9, 10 and 15, one
sees a relatively small increase of the Vpo
values of the different isotopes. The big-
gest changes are for the lhe,» lowest orbi-
tals of thallium. Similar differences are
not observed for the other elements. In
particular, the shape transitions are inde-
pendent of these small e, deformations.

The Ejeg diagrams represented in figure
16 correspgnd to the same lhgy: and lhii,
orbitals and £, {e;) dependence previously
quoted. The comparison between this figure

INFLUENCE OF THE HEXADECAFOLE DEFURMATION, &, ON THE
FOTENTIAL ENERGY DFFERENCES BETWEEN THE LOWEST MINIMUM

(5054 for (5441} ORBITAL AND THE o (505} 1} ORBIT
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Fig.16 Potential energy differences, Ede s
corresponding to the same proton
orbitals as considered in figures
12 and 13.

and the corresponding ones where g, deforma-
tion was neglected (figs.12,13) reveals a
small influence of hexadecapole deformation
for the elements considered.

4. Conclusions

This systematic investigation of the
odd proton effects in T1l, Au, Ir and Re
isotopes leads to the following conclusions:

- The pesitive parity states based on the
low spin 1/2[400], 3/2[402] or 5/2[402]
proton confiqurations correspond to
small oblate (T1l} or medium prolate (Au,
Ir, Re) quadrupole deformations.

~ The negative parity states, built on
proton hole states in the highest Nils-
son orbitals of the 1h;,,; subshell,
are connected with relatively stable
prolate guadrupole deformations.

- The negative parity states, arising
from proton particle states in the lo-
west Nilsson orbitals of the lhg,s sub-
shell, correspond to prolate e, defor-
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mations in Au, Ir and Re isotopes. Such
sharp transitions of the shape are not ob-
served in T]l isotopes where the lowest
lhg,» particle orbitals have smaller influ-
ence (<egp> = =0,10}) for all these isotopes.
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