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Low-spin states in even Po and Rn isotopes and the interplay between

collective and quasiparticle configurations
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Low-spin states in even Po and Rn isotopes are studied within the framework of the

interacting-boson-approximation + two-quasiparticle model. The irregular behavior of the
4+ levels is shown to result from an interplay between collective, quasiproton, and

quasineutron states. Some predictions are made for the corresponding Ra isotopes.

NUCLEAR STRUCTURE '~ "opo ' ' Rn, '~ ' Ra; calculated

L

levels, 8(E2}. IBA + two-quasiparticle model.

I. INTRODUCTION

Most of the experimental and theoretical studies
of Po and Rn isotopes below shell closure at
/=126 have been devoted to the discovery and
understanding of the high-spin isomers that are
abundant in these nuclei. In particular, the (h9/z)"
proton configuration assignment to the lowest 8+
isomers was confirmed by precise magnetic moment
measurements both for ' Po (Refs. 1 and 2) and
for ' Rn. Now states with much higher spins
have been discovered and discussed.

The nature of the lower spin states in these nuclei

is, however, much less understood. Nagamiya and
Inamura' noticed the similarity between the excita-
tion energies of the 2+ states in Po and those
of the corresponding Pb isotopes, and remarked that
these states do not have a pure (mh9/2)" structure, in
contrast to the yrast 6+ and 8+ states. Recently,
Poletti et al. ' stressed the importance of both pro-
ton and neutron configurations in the structure of
the 4+ states of ' Rn and attributed the in-
teresting trend in their feeding properties to the in-

terplay between these configurations. A similar
mixing was proposed to determine the structure of
the 2+ states in Po. ' A collective interpretation
has been attempted by Ritchie et al. , ' who com-
pared the experimental level schemes of Rn to
an interacting-boson-model (ISA-1) calculation.
These approaches have, however„some difficulties
in describing the detailed features of the states.
Thus, the excitation energies of the 4+ levels as-
signed to proton configurations in Ref. 12 increase
with neutron number, in contrast to the behavior of

the corresponding 6+ and 8+ states. On the other
hand, the ISA alone cannot reproduce the irregular
behavior of the excitation energies of the 4+ levels

(see Figs. 1 and 2), or the observed peculiarities in
their feeding and decay. ' '

It appears, therefore, that both quasiparticle and
collective aspects shouM be considered in order to
describe the low-spin states properly. In fact, the
weak coupling method, in which states from the

(mh9/p) configuration are coupled to a phonon
space, has been applied to ' Po, ' ' but the re-
sults fail to describe the configuration mixing in the
4+ states' and the correct 8+-6+ energy differ-
ences. ' Similarly, a quadrupole interaction between
the quasiproton states and the core has been invoked
to calculate the excitation energies of the high-spin
isomers in these nuclei.

A detailed and consistent interpretation of the
systematics of low-spin states in the even Po and Rn
isotopes is not yet available. In the following, an at-
tempt to provide such an interpretation within the
framework of the IBA + two quasiparticles is
described.

II. IBA + TWO QUASIPARTICLES

The interacting boson model is successful in
describing phenomenologically low-lying collective
states. In order to extend the description to higher
spins and excitation energies, a coupling of the col-
lective core to a two quasiparticle band has been sug-
gested. " This idea has been further developed and
applied to Hg,

' Ba, and Ce isotopes. Since the
quasiparticle features seem to play an important role
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the approach and methods of Ref. 20, which treats
the collective states within the proton-neutron IBA
(IBA-2) formalism. We repeat here briefly the
salient features of the calculation.

The model space includes states with N proton
bosons and N, neutron bosons (the usual IBA-2
space) and states in which either one proton boson
or one neutron boson is broken to form a quasiparti-
cle pair. The quasiparticles are assigned to an orbi-
tal with spin j and allowed to couple to a total
quasiparticle spin J=4,6, . . . , 2j —1. The mixing
between states with different numbers of bosons is
introduced through a boson-number-changing term
in the quadrupole operator:

Pq[dp[—asap]' ']'", (p=rr, v)

FIG. 1. Experimental (full points) and calculated (solid
lines) yrast states in the even Po isotopes. The error bars
denote unobserved transitions, assumed to have E~&14
keV (Ref. 13). The dotted lines display the positions of
the collective (COL), quasineutron (Q.N. ), and quasipro-
ton (Q.P.) 4+ states, when the mixing parameter P~ is set
to zero. Note the zero suppression in the energy scales.

where

Qp =(d~'~+'~d~)+~~[dA~]

az is the quasiparticle creation operator, and sz
and d are s-boson and d-boson creation operators.

P
The total Hamiltonian of the complex system is
written as

in the low-spin states of the even Po and Rn iso-
topes, it may be of interest to test whether this new
extension of the IBA model might provide a good
description of these states. In this work we follow
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FiG. 2. Experimental (full points) and calculated yrast
states in the even Rn isotopes. The solid and dashed lines

represent the calculations within cases (a) and (b), respec-
tively (see text). The dotted lines display the positions of
the collective (COL), quasineutron {Q.N.), and quasipro-
ton (Q.P.) 4+ states when the mixing parameter P~ is set
to zero. Note the zero suppression in the energy scales.

H =e(d d +dvd„)+IrQ Q„+HF,
where the fermion part, HF, consists of single-

particle energies (ez) and two body interactions (V& ):

HF ——e n +e n„+V+V, ,

where n (n, ) are the number operators for protons
(neutrons). As described in Ref. 20, the boson part
of the Hamiltonian is diagonalized first within the
spaces generated by (N, N, ), (N 1,N, ), and-
(N~,N„1)bosons us—ing the standard IBA-2 pro-
gram NPBos. The lowest states obtained for the last
two systems are then coupled to the two quasipro-
tons (neutrons). Finally, the full Hamiltonian is di-
agonalized for the complex system.

Evidently, the number of parameters involved in
the calculation is large, rendering any attempt to ob-

tain them through a fitting procedure meaningless.
Fortunately, most of the parameters can be directly
related to experimental data or obtained from previ-
ous work. The number of free parameters can thus
be reduced to a minimum.

The parameters of the fermion Hamiltonian HF
for the (nh&&2) configuration were taken from the
excitation energies of the 4+, 6+, and 8+ states in
the semimagic nuclei ' Po and ' Rn. From the
measured magnetic moments, the structure of these
states is known to be rather pure. The situation for
the (vf5&2)

" configuration is much more complex.
The 4+ states in Pb isotopes are known to
have appreciable mixing with other configurations
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as is evident from the measured magnetic mo-
ments, ' or from previous shell-model calculations.
Assuming that the structure of the quasineutron
states in the corresponding Po and Rn isotopes is
not very different, we obtained the parameters of the
neutron part of HF for each neutron number from
the excitation energy of the 4+ state in the appropri-
ate Pb isotone. A reference to these states as belong-
ing to the (vf;&z)

" configuration should therefore
be considered as only a nomenclature rather than a
real physical assignment. Similarly, the d boson en-

ergy e for each Pb isotope [the space with
(N 1,N„—) bosons in the Po calculation] was de-
rived from the experimental 2+ energies.

The parameter a (or rather aa„)which deter-
mines the strength of the boson-quasiproton quadru-
pole interaction was estimated from Ref. 23, where
the states built on an h9~2 proton in odd Au isotopes
were considered. Based on microscopic calcula-
tions, the Z dependence of this parameter was as-
sumed to be proportional to the occupation number
(0—2N)/0, where A =2j + 1, and N is the number
of protons occupying the orbital j (1, 2, and 4 for
Au, Po, and Rn, respectively). a„which has only a
minor effect on the calculated level schemes, was
kept constant for all the isotopes considered and was
taken to be equal to the o. value in Po. The values
for the Q parameter, X~, were extracted from a fit
to the levels of the even Os and Pt isotopes, using
extrapolated values for the heavier isotopes.

Only three parameters are left to be determined,
namely the d boson energy e, the quadrupole cou-
pling constant ~, and the coefficient of the boson-
number-changing term pz (assumed to be equal for
protons and neutrons). These parameters were ob-
tained by a fit to the 2+, 4+, and 6+ states in Po
and used in the calculations for all the other Po and
Rn isotopes. Using the techniques of Ref. 24, the Z
dependence of P„is found to be the same as that of
a„,namely P is proportional to (0—2N)/Q. The
value of P for the Rn isotopes was modified ac-
cordingly. To test the sensitivity of the model to
this parametrization we repeated the calculations as-

suming that the variation is a factor of 2 smaller
(i.e., taking for a and p the average of the Po and
the previous Rn values). The other parameters were
not varied as functions of N or X,. They are sum-
marized in Table I. %e note that the ratio between
the derived values of a and p is quite close to the
microscopic theory expectations:

9 9
2 2

P =v'10 9' 9 'a~= —0.64a
2 2 2

(The sign of p could not be determined since both
energies and transition probabilities depend only on
its absolute value. )

III. RESULTS

The results of the calculations are compared with
the experimental Po and Rn levels in Figs. 1 and 2.
Note that the zero is considerably suppressed in all
scales, to make the comparison more transparent.
For the Rn isotopes, two calculated curves are
displayed corresponding to the two values of the
parameters a and p„,which are taken to be (a)
modified relative to the value derived for Po ac-
cording to the (0—2N)/0 dependence (solid line),
and (b) equal to the averages of the Po values and
the Rn values of case (a) (dashed line). The two
cases will be compared below. The agreement be-
tween the calculated and observed levels is good,
taking into account the crudeness of the approxima-
tions and the fact that the parameters were not al-
lowed to vary between the different isotopes. Of
particular interest is the agreement obtained for the
4+ states, which show a markedly different behavior
as compared to the 2+, 6+, and 8+ states. This
behavior results from the interplay and mixing be-
tween the three configurations, as is evident from
the dotted lines in the figures, which show the posi-
tions of the states corresponding to each configura-
tion when the mixing parameter p& is set to zero
Clearly, no configuration can alone account for the

Element

TABLE I. Values of parameters in the Hamiltonian.

~ (Mev) ~ (MeV)

Po
Rn [case (a)]
Rn [case (b}]
Ra

Neutron
number

X'p

0.9
0.9
0.9
0.9

116
0.95

—0.187
—0.187
—0.187
—0.187

118
1.05

1.28
1.28
1.28
1.28

120
1.15

—1.06
—1.06
—1.06
—1.06

122
1.22

1.28
0.43
0.855

—0.43

124
1.30

—1.06
—0.35
—0.705

0.35

—1.0
—1.0
—1.0
—1.0
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observed trend.
In contrast, the structure of the 2+ (collective)

and 8+ (quasiprotons) states is found to have a pure
nature. This is also true for the 6+ states in the Po
isotopes, and is consistent with the near constancy
of the measured magnetic moments. '

Consider now those states for which some devia-
tions occur. The calculated slope for the 2+ states
in the Po isotopes is a clear example. The deviations
may be due to the simplified boson Hamiltonian em-

ployed and to the fact that only one proton boson is
available for these nuclei. The better fit obtained for
the 2+ states in the Rn isotopes (where N =2), ex-
cept for ' Rn (where X„=l)supports this view.
For the semimagic nuclei (with E„=O)the calcula-
tion of the collective states is, of course, even less
valid. The higher lying 2&+ states found in these nu-
clei are believed to have a quasiparticle nature and
cannot therefore be described in the present model
which considers pairs with J=4,6, . . . , 2j —1 only.

The 6+ states in the Rn isotopes show some devi-
ations too. It appears that the Z dependence as-
sumed for the parameters a~ and P [case (a)],
might be too strong, underestimating the amount of
mixing necessary to describe these states. Alterna-
tively, the lowering of the experimental energies
might be due to protons in the (f7/2) shell, which
are claimed to play an important role away from the
closed neutron shell. " In Rn the corresponding
8+ state has also been observed. " This configura-
tion is not included in our model space. On the oth-
er hand, the dashed line [case (b)] is in better agree-
ment with the experimental 4+ and 6+ states, but
somewhat underestimates the 8+ energies. A more
complete calculation, in which the quasiparticles are
allowed to occupy more than one shell, and a de-
tailed microscopic theory which might provide for
slightly different behaviors of a and P may be re-
quired in order to clarify this point.

In the framework of this model, transition proba-
bilities can also be calculated and compared with ex-
periment. 8(E2) values were obtained along the
lines described in Ref. 20, including the (small) con-
tribution of the boson-number-changing part of the
quadrupole operator. The proton effective charge
e =26 efm was derived from the measured half-
life of the 8+ isomer in ' Po, which is in agreement
wi. th the value deduced from the quadrupole mo-
ment of Bi. The same value was assumed for the
neutron effective charge, but the results for all tran-
sitions of interest are insensitive to this choice. The
boson effective charge e =e, =18.2 e fm was tak-
en from the fit to E2 transitions in Th isotopes.

The results for the 8+-6+ transition in the Po iso-
topes are compared with the experimental values in
Table II. In most cases, the transition energies are

TABLE II. 8 (E2) values for 8+—+6+ transitions in Po
isotopes.

202
204
206
208

8(E2)
Experiment

210'
370
400'
280'
190'
108

(e fm)
Theory

343

287
235
179
131

Ref.

13

2,6
1

1

27

'Assuming E(M2) & Ez & E(L3), where E(M2) and
E(L3) are the binding energies of the 3p&&2 and 2p3/2
atomic levels, respectively (see text).
"Assuming E(M2) p E~.

not yet determined. However, as has been discussed
by Yamazaki, ' the conversion process dominates
the decay below 100 keV, and the conversion exnis-

sion probability is insensitive to the transition ener-

gy. The relation between 8(E2) values and half-
lives behaves like a step function, and given that the
transition energy is within certain limits, 8(E2) can
be deduced from the measured T, &2. The experi-
mental values in Table II were obtained assuming
4 keV&E&~14 keV (region II of Ref. 17). Po
may be an exception, as the apparent reduction of its
B(E2) (210 e fm as compared to 400 e fm" in

Po) is unlikely to be correct. The transition ener-

gy may be below the binding energy of the next
(3@~~2) atomic level [E(M2)=3.g5 keV], or the
half-life value of Ref. 13 is much too large (as was
found to be the case for Po, Refs. 2 and 6). One
can see that the gradual increase of the B(E2)
values with boson number is reproduced by the
model. A similar comparison for the Rn isotopes is
hard to perform because many data are lacking or
conflicting. Both calculation and experiment (e.g.,
Ref. 11) agree with the trend of increasing 8(E2)
with increasing boson number.

It is also interesting to see whether our model can
reproduce the surprising trend observed for the
branching ratio of the E2 transitions from the 6+
state to the two 4+ states in ' Rn. ' In ' Rn
the 6+ level decays to both 4+ states with equal
8(E2) values, whereas in Rn only the second 4+
level is fed, in spite of the large energy factor. Such
a hindrance of the transition to the lower 4+ state
does not occur in Rn. In fact, the corresponding
y ray is the only decay mode observed for the 6+
level in this nucleus.

In Table III we present the 8(E2) ratios for these
transitions as calculated using the parameters of
cases (a) and (b). The results of case (a) agree well
with the observed trend. It is interesting to note
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TABLE III. Branching ratios for 6+~4+ transitions
in Rn isotopes. Ra

Theory (a) Theory (b)

B(E2)(6+—+4+ )

8 (E2)(6/+ ~4+ )

Experiment
(Ref. 12)
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CD
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x

LLI

210
208
206

0.74
0.1

2.9

1.16
1.0

12.8

1.0
& 0.1'
)0.01' l.6— 2.5—

'Only one branch has been observed. Limit quoted refers
to the E~' factor.
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that the anomaly in Rn is not due to cancellation
of contributions with oppostie phases or to a pure
quasineutron nature of the 4~+ state. This state has
an appreciable collective component, but the hin-
drance of the B(E2) value is caused by the small-
ness of the quasiproton component (the 6+ level has
a nearly pure quasiproton structure}. In 'ORn both
4+ states have comparable two quasiproton com-
ponents, yielding B(E2) values (125 and 169 e fm")
that agree in absolute values with the experimental
results [115(14) and 114(12} e fm, respectively).
The results of calculation (b) fail to reproduce the

Rn value, reflecting the sensitivity of this branch-
ing ratio to the different amounts of mixing intro-
duced in the two cases.

The Ra isotopes (with N =3) could provide a
further test of the model. Again, the quasiproton
parameters can be obtained from the experimental
levels of ' Ra. The results of the calculations
[within case (a)] are displayed in Fig. 3. There is a
strong mixing in the 6+ states, but not in the 8+
states. The rapid increase in the 8+-6+ transition
energies is counterbalanced by a large reduction of
the B(E2) values, due to the small quasiproton
components calculated for the 6+ states and to mu-
tual cancellation of quasiparticle and collective con-
tributions of opposite phases. Thus, long half-lives
are still expected. The large 8+-6+ energy differ-
ences also suggest that states outside our model
space (such as states with f7/2 protons") may be-
come the yrast 8+ states in the lighter isotopes. Un-
fortunately, the lack of experimental data prevents a
test of the above predictions.

I I I I l I

204 208 2I2
i & I I I I

204 208 2I2

A

FIG. 3. Calculated levels in the even Ra isotopes
within case (a). Note the zero suppression in the energy
scales.

In summary, the IBA+ two quasiparticle model
has been shown to account well for the properties of
the lower spin states in the even Po and Rn isotopes.
Collective as well as quasiproton and quasineutron
configurations were found to be important in the
structure of the 4+ states in these nuclei. A similar
interplay is believed to take place at higher spins in

many backbending nuclei. It is hoped that calcula-
tions of the type described above may contribute to
our understanding of the roles of the different quasi-
particle bands in the backbending phenomenom.
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