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A cluster model is applied to the description of the decay out phenomenon of the yrast superdeformed states
in the nuclei 190,192,194Hg and 192,194,196Pb. The model is based on the assumption that highly deformed
cluster-type shapes are produced by a collective motion of the nuclear system in the charge asymmetry
coordinate. As follows from our analysis, the sudden transition from the superdeformed minimum to the
normal deformed minimum occurs because of the crossing of superdeformed band with the nearest neighboring
excited normal deformed band and spreading of collective states among the compound states.
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I. INTRODUCTION

Over 200 superdeformed(SD) bands have been investi-
gated in different mass regions(A=60, 80, 130, 150, and
190) of the nuclide chart[1]. While the rotational transitions
between the SD states are easy to detect with modern Ge
arrays, it is hard to localize the SD bands in excitation en-
ergy, spin, and parity and to link them to the normal de-
formed(ND) bands[2–6]. This is because of the remarkable
feature of the SD states: the intrabandE2 rotational transi-
tions follow the band down with practically constant inten-
sity and drop sharply at some spin. The whole population of
the SD band goes practically to zero within two transitions.
This phenomenon is referred to as the decay out of the SD
band. For example, the intraband intensities show that 44%
and 49% of the decay out of the band of nucleus194Hg
occurs from the SD levels with spinsIp=12+ and 10+, re-
spectively[4]. The spectrum of transitions following decay
out is dominated by unresolved, overlappingg rays, which
form a statistical spectrum of the dipole character[4,7]. The
one-step discrete collectiveg rays to the yrast states also
originate from these levels, but they carry only a small frac-
tion of the decay out of the SD states: for example, 1.9%
from each of the levelsIp=12+ and 10+ of 194Hg [4]. Only
few discrete collective transitions between the SD and ND
states have been also found in the nuclei132Nd, 133Pm,
137Sm, 139Gd, 152Dy, and192,194Pb [1,3,5,6].

The sudden disappearance of the SD bands at low spinI
<6−12 in theA<190 region[1,4–6,8–10] and I <24–30
in the A<150 region[1,3] together with unobserved decay
path has raised many questions concerning the mechanism of
the decay out process. It has been suggested that the decay
out is probably due to the mixing with ND states in the
ordered or chaotic regimes[11–21]. The models of Refs.[11]
attribute the suddenness of the decay out to the spin depen-
dence of the barrier separating the SD and ND wells. The
sharp decay out is explained in Ref.[17] by the increase of
the tunneling probability from the SD minimum with de-
creasing angular momenta which occurs due to the onset of
pairing. It is shown in Ref.[12] that the onset of chaos in the
ND states may also imply an enhancement of the tunneling
probability and provide an alternative explanation for the

sudden decay out. However, some numerical calculations
have been rather schematic. For example, the coupling ma-
trix element between pure SD and ND states was used as
parameter and the assumption of an exponential angular mo-
mentum dependence of this matrix element was made. The
microscopical model[17] describes well the sharpness of the
observed decay out inA<150 region. However, this model
has difficulties inA<190 region that is considered in the
present paper. Therefore, the question what does trigger the
sudden shape change at relatively low spin still needs to be
discussed.

Strong collective dipole transitions between the excited
SD band and the lowest-energy SD band in150Gd, 152Dy,
190,194Hg, 196−198Pb and between the SD band and the ND
band in 194Hg and 194Pb have been observed in recent ex-
periments[3,4,6,8,10,22–24]. This indicates the possibility
that the decay out is affected by the existence of a pro-
nounced octupole deformation in the SD states. The experi-
mentally measured properties of the excited SD bands in
nuclei 152Dy and 190,192,194Hg have been interpreted in terms
of a rotational band built on a collective octupole vibration
[25]. It is worth to note that octupole vibrational states built
on the fission SD isomer in240Pu have recently been reported
as well [26,27]. Moreover, very large quadrupole deforma-
tions sb2d of the SD states can lead to octupole deformations
because of the appearance of both positive and negative par-
ity single-particle states near the Fermi surface at largeb2.

Among the microscopical approaches one can distinguish
the cranked shell models using a few deformation parameters
and cluster models where the cluster degrees of freedom,
taken properly, allow us to simplify the treatment of nuclear
system in the space of collective coordinates. The coexist-
ence of the clustering and of mean field aspects is a unique
feature of nuclear many body systems. The calculations for
light [28,29] and heavy nuclei[30–34] have shown that the
configurations with large quadrupole and octupole deforma-
tion parameters and the low-lying collective negative parity
states are strongly related to clustering. The formation and
dissolution of clusters in light nuclei have been described
within antisymmetrized molecular dynamics approach[29].
Thea-cluster model has been used to describe the properties
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of the low-lying alternating parity ND states in actinides
[34]. The experimental and theoretical results provide evi-
dence for existence of fission modes by the clustering of
fissioning nuclei[35]. The energy, multipole moments, and
moments of inertia of the cluster states have been found to be
close to those of the SD and HD states[33].

Using the ideas mentioned above and the fact that the
dynamics of a mirror asymmetric deformation can be treated
as a collective motion of nucleons between the two clusters,
we apply the cluster approach for the description of SD
bands and for the decay out phenomenon in the present pa-
per. Such type of collective motion creates simultaneously a
deformation with even(for example, quadrupole) and odd
(dipole, octupole) multipolarities. The single particle degrees
of freedom are not taken explicitly into consideration. One
should note that within the cluster approach we have de-
scribed recently the decay out of the SD band in60Zn by
discrete transitions to the ND band[36].

II. MODEL

The important modes of nuclear excitations are related to
a motion in chargehZ=sZ1−Z2d / sZ1+Z2d and massh=sA1

−A2d / sA1+A2d asymmetry coordinates, whereZ1 sA1d andZ2

sA2d are the charge(mass) numbers of the heavy and light
nuclei of the dinuclear system(DNS) [34,36,37] formed by
two touching nuclei or clusters. These relevant collective
variables describe the partition of nucleons between the nu-
clei forming the DNS. The potential energy as a function of
hZ shd has a few minima corresponding to different cluster-
izations of the system. The characteristics of the states in the
alpha- and8Be-, 12C-cluster minima are close to those of the
ND and SD bands, respectively. The wave function inhZ can
be thought as a superposition of the mononucleus configura-
tion with uhZu=1 and different cluster-type configurations in-
cluding the a-cluster (4He-cluster) configuration with uhZu
= uhZ

au=1−4/Z, the 8Be-cluster configuration withuhZu
= uhZ

Beu1–8/Z, the 12C-cluster configuration with uhZu
= uhZ

Cu1–12/Z and other clustersZ=Z1+Z2d configurations.
The energies and moments of inertia of the symmetric three
cluster configuration with twoa particles on both sides of
the heavy core and8Be-cluster asymmetric configuration are
almost the same.

The relative contribution of each cluster component to the
total wave function is determined by solving the stationary
Schrödinger equation

HCshZ,Id = EsIdCshZ,Id, s1d

where the collective Hamiltonian is

H = −
"2

2

d

dhZ

1

BhZ

d

dhZ
+ UshZ,Id, s2d

with the inertia coefficientBhZ
and the potentialUshZ,Id. For

cluster configurations, the potentialUshZ,Id in Eq. s2d is
taken as a dinuclear potential energy foruhZu,1 f33,38g,

UshZ,Id = VsR= Rm,hZ,Id + B1shZd + B2shZd − B. s3d

Here, the internuclear distanceR=Rm=R1+R2+0.5 fm is the
touching distance between the clusters. Since the
N/Z-equilibrium mode is the fast one, the potential energy
U is minimized with respect to the mass asymmetryh for
each fixed charge asymmetryhZ. The quantitiesB1 andB2
swhich are negatived are the experimental binding ener-
gies of the clusters forming the DNS at a given mass
asymmetryh and B is the binding energy of the nucleus.
Due to the normalization byB, EsI =0d=0 for the ground
state. The quantityVsR,hZ,Id in Eq. s3d is the nucleus-
nucleus interaction potentialf38g,

VsR,hZ,Id = VCsR,hZd + VNsR,hZd + VrotsR,hZ,Id s4d

with the Coulomb VC, the centrifugal Vrot="2IsI
+1d / f2IshZdg, and the nuclear interactionVN potentials. The
potential energyUsuhZu=1,Id for mononucleus is calculated
as

UsuhZu = 1,Id = UsuhZu = 1,I = 0d + "2IsI + 1d/f2IsuhZu = 1dg.

s5d

Calculating the potential energy for mononucleus,a, 7Li,
8Be, 11B, 12C, 15N, and 16O-cluster configurations by for-
mulass3d and s5d, we interpolate the potential at discrete
points by the stepwise potential.

To calculate the potential energy forI Þ0, we need the
moment of inertiaIshZd=IshZ,Rmd [34]. As was shown in
Ref. [33], the highly deformed states are well described as
cluster systems and their moments of inertia are about 0.85
of the rigid-body limit of the respective cluster configuration.
Following this, we assume that the moment of inertia of the
cluster configurations can be expressed as

IshZd = c1SI1
r + I2

r + m0
A1A2

A
Rm

2D . s6d

Here, Ii
rsi =1,2d are rigid-body moments of inertia for the

clusters in the DNS,c1=0.85 for allconsidered nuclei, and
m0 is the nucleon mass. The rigid-body moments of inertia
are calculated with deformation parameters from Ref.
f39g. For uhZu =1, the value of the moment of inertia is not
known from data because the experimental moment of in-
ertia is a mean value between the moments of inertia of
the mononucleussuhZu=1d and of the contributing inertia
of the cluster configurations. We assume that

IsuhZu = 1d = c2I
rsuhZu = 1d, s7d

whereIr is the rigid-body moment of the inertia of mono-
nucleus andc2 is a scaling parameter. We setc2=0.07 for all
nuclei under consideration in order to have a better de-
scription of the ND states withI ù6 which are assumed to
be rotational ones.

The method of the calculation of the inertia coefficient
BhZ

=sdh /dhZd2Bh (where Bh is the mass parameter in the
mass asymmetry coordinate) used for the cluster configura-
tions is given in Ref.[40]. Since the scale of variation ofhZ
is large, theh dependence of the inertia coefficient is taken
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into consideration. Our calculations show thatBhZ
is a

smooth function weakly dependent on the total charge num-
ber Z for Z=80 and 82. For all considered nuclei, we set
BhZ

=19.23104m0 fm2 for 8Be cluster configuration and
BhZ

=12.83104m0 fm2 for 12C cluster configuration. The
mass parameterBhZ

influences the absolute value of a zero-
point vibration in the SD well. For the ND wells(mono-
nucleus anda-cluster configuration) of all nuclei considered
we set BhZ

=7.53104m0 fm2. With this BhZ
the value of

UsuhZu=1,I =0d was chosen so that we obtain the correct
value of the energyEsI =0d=0 of the ground states[34].

The electric dipole and quadrupole operators for the DNS
can be obtained from the expressions[34,36,41]

Q10 = e1
ef fZshZ − hdRm,

Q20 = e
Z

2
s1 + h2 − 2hhZdRm

2 + Q20s1d + Q20s2d,

where the charge quadrupole momentsQ20sid of the clusters
i =1,2 arecalculated with respect to their centers of mass.
The effective charge forE1 transitions has been set to be
equal toe1

ef f=es1+xd with x=−0.7 f42g. In the case of the
quadrupole transitions we did not renormalize the charge.

III. RESULTS OF CALCULATIONS AND DISCUSSION

A. Potential energy

The important minima corresponding to the mononucleus
and 8Be and12C cluster configurations are shown in Figs. 1
and 2 for the nuclei194Hg and 194Pb. The DNS with thea
cluster has a potential energysI =0d which is a little larger
than the energy of the mononucleus atuhZu =1. At the values
of uhZu= uhZ

Liu and uhZu= uhZ
Bu corresponding to the7Li- and

FIG. 1. Potential energy of194Hg as a function ofZ2 at spins
I =0 and 10. Squares of the wave functions of the ground(solid
curve) and first excited(dashed curve) ND bands, and ground
(dash-dotted curve) and first excited SD(dotted curve) bands are
shown.

FIG. 2. The same as in Fig. 1, but for nucleus194Pb at spins
I =0 and 6.

FIG. 3. Experimental(expt.) and calculated(theor.) energies of
the states of the ground ND and first SD(SD-1) bands in194Hg.
Experimental data are taken from Ref.[4].
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11B-cluster configurations the potential energy has maxima.
The states of the ND bands have a significant contribution of
the a-cluster component. The states of the ground and ex-
cited SD bands are described mainly as8Be and12C cluster
configurations, respectively[41]. The SD bands lie at high
energy and are isolated in a well-defined minimum from
where they decay out to the ND states. The barrier separating
the SD and ND minima in the194Hg nucleus smoothly de-
creases with spin but it remains relatively sizable for the
spins corresponding to the rapid escape from the SD mini-
mum to the ND minimum. This indicates rather pure SD
states until the lowest observed member of each SD band.

The probability of quantum mechanical tunneling from a lo-
cal minimum to an absolute minimum is a very sensitive
function of the shape of the potential. The squares of the
wave functions of the lowest ND and SD states taken at
different spins as functions of theZ2 shZd are presented in
Figs. 1 and 2. It is seen that these wave functions are well
separated. Only a very small tail of the wave functions of the
lowest SD state in the ND minimum supplies the small cou-
pling of the SD state with the complex spectrum of com-
pound states in the ND well.

Since different cluster configurations have different mo-
ments of inertia, the potential energy depends on the angular
momentum of the system. This is the origin of the spin de-

FIG. 4. The same as in Fig. 3, but for nucleus192Hg. Experi-
mental data for the energies of transitions are taken from Ref.[9].
The experimental energies of the SD states are adjusted to have
ESD

theorsI =8d=ESD
exptsI =8d.

FIG. 5. The same as in Fig. 3, but for nucleus190Hg. Experi-
mental data for the energies of transitions are taken from Ref.[8].
The experimental energies of the SD states are adjusted to have
ESD

theorsI =12d=ESD
exptsI =12d.

FIG. 6. The same as in Fig. 3, but for nucleus196Pb. Experi-
mental data for the energies of transitions are taken from Ref.[10].
The experimental energies of the SD states are adjusted to have
ESD

theorsI =6d=ESD
exptsI =6d.

FIG. 7. The same as in Fig. 3, but for nucleus194Pb. Experi-
mental data are taken from Ref.[6].
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pendence of the mixing between the pure SD and ND states
discussed in Refs.[20,21].

B. Energy spectra

Spectra of the yrast ND and SD bands for the nuclei
194,192,190Hg and196,194,192Pb are shown in Figs. 3–8. One can
see in the ND band that there is an appreciable shift of the
negative parity states with respect to the positive parity states
that is parity splitting. In the SD bands the parity splitting
almost disappears. The negative parity states in the lowest
SD band were not found in the experiments. As it was al-
ready mentioned in Sec. II, our investigation provides the
possibility to consider the lowest SD band as a mirror sym-
metric cluster configuration with twoa particles on both

sides of a heavy core, e.g.,a+ 186Os+a instead of the asym-
metric configuration186Os+8Be. We checked that the ener-
gies and moments of inertia of these symmetric and asym-
metric cluster configurations are almost the same. Thus, it is
very interesting to look in more details in the experiment
whether the lowest SD states with negative parity exist or not
[36].

The description of the experimental data is pretty good in
the cluster approach. Since the calculated spectra of the
bands are purely rotational, the deviation from the experi-
ment seems to be caused by the influence of other degrees of
freedom(other vibrations, the coupling with internal degrees
of freedom). If there is doubt in the prescription of spin and
parity of the measured level, its notation is given in paren-
theses in Figs. 3–5 for194,192,190Hg. Some of these levels are
in good correspondence with the calculated ones. The yrast
SD bands are well defined as rotational bands and, thus, bet-
ter described than the ND bands in our approach. Further
experimental and theoretical investigations of the predicted
1− parity partners are necessary. The lack of 1− state in the
experimental rotational ND band is probably explained by
the difficulties to detect this state due to the strongly en-
hancedBsE1d /BsE2d ratio in the rotational band. If there are
3−, 5−, 7−, 9−, 11−, 13−,. . ., states, there should be 1− state as
well in the theoretical treatment. For example, the nuclei
218Ra, 148Ba, and146Nd have well measured alternative par-
ity structure in the ND well but their 1− and/or 3− states are
not experimentally observed until now[34].

The calculated excitation energies of the SD bands in
192,194Hg and 194Pb at zero angular momentum are in good
agreement with those deduced from the experimental data
[4,6,9]. In the case of192Pb(Fig. 8), we cannot reproduce the
energy of the SD bandhead derived from the recent experi-
ment [5]. The calculated SD state of192Pb with I =10 is
3.844 MeV above the ND yrast line and the experimental
one is 2.717 MeV[5]. Decay out happens at higherI in
nucleus192Pb than in nucleus194Pb because the energy of the

FIG. 8. The same as in Fig. 3, but for nucleus192Pb. Experi-
mental data are taken from Ref.[5].

FIG. 9. Calculated energies of the states of the first excited ND
band in196Pb and194Hg.

FIG. 10. Experimental(expt.) and calculated(theor.) energies of
the states of the second and third SD bands(SD-2 and SD-3) in
194Hg. Experimental data are taken from Ref.[4].
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SD bandhead in192Pb is larger than one in194Pb. This dif-
ference between the energies of the SD bandheads in
192,194Pb is mainly due to the difference between the values
of nucleus-nucleus interaction in the corresponding Be-
cluster configurations. Figure 9 shows the predicted energies
of the states of the first excited ND bands in196Pb and194Hg.
For the nucleus194Hg, the calculated levels of the first ex-
cited SD band are in agreement with the experimental levels
of SD-2 andSD-3 bands(Fig. 10).

With the obtained wave functions we have calculated the
reduced matrix elements of the electric dipoleQ10 and quad-
rupoleQ20 moments. In Figs. 11 and 12 the calculated tran-
sition quadrupole momentsQt in the first and second SD
bands are in satisfactory agreement with the experimental
data.

C. Crossing of SD and ND bands

In Figs. 13 and 14 the energies of the ground and excited
rotational ND states in thea-cluster well and of the yrast SD
states in the8Be well are shown as a function of even spin
for the isotopes of mercury and lead. The energies of the SD
levels are lower than the energies of the nearest neighboring

collective ND levels at large spins. With decreasing spin the
energy interval between these states decreases and at some
spin I between 6 and 14 the ND states becomes energetically
lower than the SD state. In all nuclei under consideration this
spin is close to the experimental spinIout where the decay out
happens.

Figures 15 and 16 show that the significant increase of the
component

c2 =E
uhZ

Liu

1

dhZuCSDshZ,Idu2 s8d

of the SD state in the ND well takes place around the cross-
ing point of the SD band with the nearest neighboring ND
band. The increase ofc2 with decreasing spinI is mainly
caused by the decreasing distance between the SD state and
the nearest neighboring collective state in the ND well at the
same spin.

D. Probability of decay out

In spite of relatively small ND admixture, which is the
doorway state in our approach, in the SD state(for example,
the maximalc2 near the band crossing point is 2.4310−2 for
194Hg), the decay out can occur only through this component
if the decay widthGND of this doorway state is much larger
than the decay widthGSD in the SD well.

FIG. 11. The calculated(squares) and experimental(circles) [1]
transition quadrupole momentsQt in the ground(solid symbols)
and first excited(open symbols) SD bands of nuclei190,192,194Hg as
a function of spinI.

FIG. 12. The same as in Fig. 11, but for nuclei192,194,196Pb.
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FIG. 13. The energies of ground(solid line) and first excited
(dashed line) ND states with positive parity, and first SD states
(dotted line) as functions of spinI for the isotopes of mercury.

FIG. 14. The same as in Fig. 13, but for the isotopes of lead.

FIG. 15. The calculated ND admixturec2 of the yrast SD states
as a function of spin for the nuclei190,192,194Hg. The experimental
decay out spins areIout=14, 10, and 10 for190,192,194Hg, respec-
tively [4,8,9].

FIG. 16. The same as in Fig. 15, but for the nuclei192,194,196Pb.
The experimental decay out spins areIout=10, 6, and 8 for
192,194,196Pb, respectively[6,5,10].
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1. One-step transitions

The calculated transition strengths for the one-step
branches in nuclei194Hg and194Pb are about 10−8 W.u. for
the E1 multipolarity that is in correspondence with the ex-
perimental data[4,6]. The branching ratios of the decay in-
tensities of the one-step discreteE1 andE2 transitions are
listed in Table I. The calculated results in Table I are com-
pared with the available experimental data. Due to the small
values of ratiosTfE1;ISD

+ → sI −1dND
− g /TfE2;ISD

+ → sI −2dSD
+ g,

the decay out through the one-step discrete transitions from
the SD well to the ND well is strongly suppressed. We can-
not explain the sharp decay out of the SD band by one-step
E1 transitions. The one-step discreteg rays to the ND states
carry only a small fraction of the decay out of the SD states.
After the decay out the spectrum has predominantly a statis-
tical dipole character[3–6]. Let us consider below statistical
transitions.

2. Statistical transitions

In order to determineGND, only statisticalE1 transitions
are considered for the decay between the ND states, since
they are expected to dominate(with respect to the collective
E2 and statisticalM1 transitions[20,21]) due to the high
excitation energy of the SD states above yrast line
s<3–4 MeVd. The latter comes from the fact that the mo-
ment of inertia for the SD shape is larger than the one for the
ND states and the SD states become more excited with re-
spect to the ND yrast line with decreasing spinI. The statis-
tical E1 decay is governed by the level densities and the
giant dipole resonance strength function based on the energy-
weighted sum rule. TheE1 width is approximated by the
analytical expressionGND=3cE1T

5 [43], whereT=sU /ad1/2,
an excitation energyU=EsId−"2IsI +1d / f2Irsuhu=1dg−2D
[44], a level density parametera=22.58 MeV−1 [20,21,44], a

backshift parameter 2D=24/A1/2 and cE1=4!se2/"cd
3s1/m0c

2dsGR/ERdsNZ/Ad. The E1 giant resonance param-
eter are chosen asER=78/A1/3 MeV and GR=4.4 MeV
[20,21].

The decay widthGSD="BsE2dEg
5 in the SD well is deter-

mined by collective rotational electromagnetic(nonstatisti-
cal) quadrupole transitions. The in-bandE2 transition rate
rapidly falls because of the growing fractional decrease inEg

andEg
5 dependence. The increase ofGND with decreasingI is

evident. In Figs. 17 and 18 the ratioGND/GSD strongly grows
as spin decreases. Near the band crossing point the statistical
E1 decay to the ND configurations competes successfully
with the collectiveE2 decay along the SD band.

The total probabilityPout that the state in the SD well
decays into the state in the ND well is calculated as follows:

Pout =
c2GND

c2GND + s1 − c2dGSD
, s9d

wherec2 is the fraction of wave function with the dominant
SD component in the ND well. Here, the SD state has the
partial widths1−c2dGSD to decay in the next SD state and the
partial widthc2GND to decay in the lower-energy ND states.

One can see in Figs. 19 and 20 that the calculated total
probabilitiesPout are in good agreement with the experimen-
tal ones. This is an indication of validity of the cluster ap-
proach. The main reasons for the decay out near the band
crossing point are:(1) the perceptible square of the ampli-
tude of the SD wave function component in the ND well;(2)
the reduction of the in-band SD collectiveE2 decay rate. The
relative role of these two factors depends on the concrete
nucleus(on the excitation energy of the SD state at the point
of the decay out). The increase ofPout is mainly due to the
increase ofc2 for the nuclei190,192,194Hg and 192,196Pb, and

TABLE I. The calculated(Theor.) and experimental(Expt.) branching ratios of the decay intensities of the
one-step discreteE1 andE2 transitions. The calculations are performed near the band crossings. Experimen-
tal data are taken from Ref.[4].

194Hg 190Hg 194Pb

Ratio Expt. Theor. Expt. Theor. Expt. Theor.

TsE1;6SD
+ →7ND

− d /TsE2;6SD
+ →4SD

+ d 0.12

TsE1;6SD
+ →5ND

− d /TsE2;6SD
+ →4SD

+ d 0.11

TsE1;8SD
+ →9ND

− d /TsE2;8SD
+ →6SD

+ d 0.028

TsE1;8SD
+ →7ND

− d /TsE2;8SD
+ →6SD

+ d 0.031

TsE1;10SD
+ →11ND

− d /TsE2;10SD
+ →8SD

+ d 0.13 0.034 0.007

TsE1;10SD
+ →9ND

− d /TsE2;10SD
+ →8SD

+ d 0.73 0.037 0.009

TsE1;12SD
+ →13ND

− d /TsE2;12SD
+ →10SD

+ d 0.020 0.022

TsE1;12SD
+ →11ND

− d /TsE2;12SD
+ →10SD

+ d 0.022 0.019

TsE1;14SD
+ →15ND

− d /TsE2;14SD
+ →12SD

+ d 0.006 0.007

TsE1;14SD
+ →13ND

− d /TsE2;14SD
+ →12SD

+ d 0.007 0.008

TsE1;16SD
+ →17ND

− d /TsE2;16SD
+ →14SD

+ d 0.001

TsE1;16SD
+ →15ND

− d /TsE2;16SD
+ →14SD

+ d 0.001

TsE1;18SD
+ →19ND

− d /TsE2;18SD
+ →16ND

+ d 0.0004

TsE1;18SD
+ →17ND

− d /TsE2;18SD
+ →16SD

+ d 0.0006
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due to the decrease ofGSD/GND for 194Pb where the excita-
tion energy of the SD state at the decay out is the lowest
sIout=6d among the nuclei considered.

The origin of the decay out from the excited SD band is
expected to be the same as for the decay out from the yrast
SD band. The nature(a-cluster or two-quasiparticle-like
structures) of the excited ND band which is crossed with the
excited SD band is still unclear for us. Another open question
is whether the mechanism underlying the transition from the
ground and excited SD bands to the ND states in the mass
regions withA<130, 140, and 150 is the same as in the
mass-190 region. With the cluster approach we reproduced
recently the experimental data for the SD band of nucleus
60Zn [36]. In this case the one-step discrete collectiveE2 g
rays to the ND yrast states explain the decay out of the SD
band [2] since the width of collectiveE2 transitions in the
ND well is much larger than the statistical one because of the
small level density.

IV. SUMMARY

We conclude that the cluster approach provides a good
description of the spectra and decay out of the lowest SD
bands in the mass-190 region. The yrast SD band and ND
band are related to8Be-cluster configuration(or two alphas
on opposite sides of the heavy cluster) and to thea-particle
clusterization, respectively. We postulated, as in many mod-
els in literature, that the decay out occurs through the ND
doorway state. In our case the ND doorway state is the tail of
the wave function of the zero-point vibration in the SD mini-
mum which is calculated by solving the Schrödinger equa-
tion in charge asymmetry coordinate. At high excitation en-
ergy in the ND well, the ND doorway state is spread among
the sea of dense compound states. This spreading leads to the
large width of doorway state. So, the statistical mixing with
highly excited ND states is one of the reasons for the decay
out of the SD band. Our analysis indicates that the sudden
decay out of the SD band takes place near the crossing of the
SD band with the nearest neighboring excited ND band
where the weight of the ND doorway state increases. Even at
the near band crossing point the ND admixturec2 in the SD

FIG. 17. The ratio(solid squares) between the decay widthGND

in the ND well and the decay widthGSD in the SD well as a function
of spin I for nuclei 190,192,194Hg. The solid line is to guide the eye.

FIG. 18. The same as in Fig. 17, but for the isotopes of lead.
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state is relatively small but the decay out occurs due to the
large width of doorway state with respect to width of the SD
state.

The maximal ND admixture of the SD states were found
to be in the range of a few percent, thus revealing that the SD
structure is essentially maintained down to the lowest ob-
served SD states in the ground SD bands of the isotopes Hg
and Pb. The SD minimum survives down to the SD band-
head.

A new method for the spectroscopic studies of the SD
nuclei can be suggested within the cluster approach. During
theg emission the SD cluster states can decay into two clus-
ters. Therefore, one can identify the SD states by measuring

the rotationalg quanta in coincidence with the decay frag-
ments of the DNS. If the SD state is a cluster state, we
should observe relatively pronounced yields of the light clus-
ters like a particles,8Be (two correlateda particles), and
12C. This investigation of the SD states turns out to be not
easy because of small penetrability of the Coulomb barrier
for the clusters.
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