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Decay out of superdeformed bands in theA'190 mass region
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The decay out of the superdeformed~SD! bands in the 190-mass region is studied on the basis of th
measured lifetimes and branching ratios of the low lying states in the SD bands of192Hg and194Pb. The decay
of these bands is governed by very small admixtures of normal deformed~ND! states to the decaying SD states
and by very large transition probabilities for statisticalg decay in the first potential minimum. The interaction
between SD and ND states, which is responsible for the depopulation of the SD bands, can be desc
consistently by a simple mixing of the SD states with only the nearest neighboring ND states. Estimated va
for the maximum interaction strength between ND and SD states and lower limits for the height of the bar
between first and second potential minimum are presented.@S0556-2813~96!05409-X#

PACS number~s!: 21.10.Tg, 21.10.Re, 27.80.1w
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I. INTRODUCTION

Over 40 superdeformed~SD! bands have been investi
gated in the 190-mass region of the nuclear chart@1–3#, but
until very recently it had not been possible to link any o
these bands to the rest of the level scheme. The search
linking transitions between the lowest SD states and the n
mal deformed states has been performed with great exp
mental effort. Only very recently was a breakthroug
achieved in this search by the observation@4# of linking
transitions between the yrast SD band in194Hg and normal
deformed states. This observation has for the first time
termined the excitation energy of a SD band in the 190-ma
region. Before this exciting discovery some discrete tran
tions were found in coincidence with the yrast SD bands
192Hg @5# and 194Pb @6# but could not be used to link the SD
bands. In another experiment@7# a spectrum in coincidence
with the SD band in192Hg was obtained, containing a con
tinuous bump of transitions with anE1 multipolarity pattern.
From this experiment and feeding studies of the SD band
192Hg @8,9# estimates for the excitation energy of the yra
SD band in this nucleus were made. The 10\ SD state in
192Hg is assumed to be placed at about 4.3 MeV above
yrast line. This estimate of the excitation energy seems w
supported by the experimental excitation energy of the yr
SD band in194Hg, which was found to be 4.2 MeV at spin
10\ @4#.

The sudden disappearance of the SD bands at low s
together with the unobserved decay path has raised m
questions concerning the mechanism involved in the dec
out process. Natural questions are the following.~1! Is the
second potential minimum at the point of the decay out s
separated from the first minimum by a sizable barrier?~2!
Does the second minimum survive down to the SD ban
head?~3! Is a population of the SD states near the bandhe
possible?

*Present address: Lawrence Berkeley National Laboratory, Ber
ley, CA 94720.
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In this article we want to report how lifetimes and branch-
ing ratios of the low lying superdeformed states give essen
tial information on the decay process. It will be shown tha
the decay out of the SD bands in the 190-mass region can
consistently described by a simple mixing model including
the SD state and its nearest normal deformed~ND! neighbors
in energy. The mixing can be associated with the height o
the potential barrier that separates the first and second pote
tial minima. Estimated values for mixing amplitudes will be
given on the basis of assumptions for the excitation energie
of the SD bands in192Hg and 194Pb, which have so far not
been firmly established. At these high excitation energies th
decay out of the SD band is governed by very small mixing
amplitudes between ND and SD states and is mainly due
statisticalE1 transitions.

II. REVIEW OF THE PRESENT DATA

Lifetimes t of SD states with sizable branchings to nor-
mal deformed states have been measured in192Hg @10–12#
and 194Pb @13#. The intraband SD transition quadrupole mo-
ments Qt were calculated by using the relation
l intra51.22(11a)Qt

2Eg
5^IK20u(I22)K&2. Here the partial

decay probability (l intra) for the intrabandg transition from
a SD state with spinI and projectionK (I ,K) to the next
lower SD state (I22,K) is given in ps21 ~see below!, the
transition energy (Eg) in MeV, and the transition quadrupole
moment (Qt) in e b. a is the total conversion coefficient for
the intraband transition. For the yrast SD bands of even-eve
nuclei a value ofK50 is expected and has been applied in
the determination ofQt . TheQt values deduced from the
lifetimes were found to be the same within the experimenta
errors as those measured via the Doppler-shift attenuatio
method ~DSAM! technique in the high spin part of these
bands @12,14,15#. This fact shows that the superdeformed
configuration is still dominant for those band members tha
are involved in the first step of the depopulation of the SD
band.

In order to get a feeling for the validity of this statement
we want to investigate the decay out of the SD bands in mo
detail. The measured total transition probabilityl51/t is

ke-
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54 1183DECAY OUT OF SUPERDEFORMED BANDS IN THE . . .
TABLE I. Review of the experimental information on the 12\ and 10\ SD states in192Hg and 194Pb,
respectively.g-ray energiesEg @6,16# and intraband transition intensitiesNintra @6,16# are given. The life-
time for 194Pb was taken from Ref.@13# and the value given for192Hg is the weighted average of the values
published in Refs.@10–12# ~see details in text!. The deduced transition quadrupole moments from the reco
distance Doppler-shift~RDDS! experimentsQt,RDDS are given as well as the mean quadrupole momen
Qt,DSAM obtained for the upper part of the two SD bands@12,14,15#.

Nucl. I Eg Nintra t l intra lout Qt,RDDS Qt,DSAM

@\# @keV# @ps# @ps21# @ps21# @e b# @e b#

192Hg 12 257.8 0.88~5! 4.9 ~0.7! 0.18 ~3! 0.024~11! 18.3 (61.6
1.5) 18.6 ~1.1!

194Pb 10 214.1 0.85~6! 8.6 ~2.2! 0.10 ~3! 0.017~8! 20.4 (61.9
7.6) 20.6 ~1.3!
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sensitive to the mechanism that leads to the depopulation
the SD band. It is composed of the intraband transition pro
ability l intra and the probabilitylout for a transition that
leaves the SD band:

l5l intra1lout. ~1!

For a certain statelout andl intra can be determined from the
lifetime t and the transition intensitiesNintra and Nout
(Nout1Nintra51) by

lout5
1

t
~12Nintra! ~2!

and

l intra5
1

t
Nintra. ~3!

Here it was used that the ratio of the partial decay probab
ties is equal to the ratio of the intensities:

lout

l intra
5
12Nintra

Nintra
. ~4!

In Table I the measured lifetimest and intraband inten-
sitiesNintra are reviewed for those SD states in192Hg and
194Pb, which are involved in the first step of the decay out
the yrast SD band of these nuclei. The adopted lifetim
were taken from Ref.@13# in the case of194Pb and for the
12\ SD state in192Hg the weighted average of the value
published in Refs.@10# ~4.560.8

1.4 ps!, @11# ~4.461.5 ps!, and
@12# ~5.360.8

1.0 ps! was used. The intensities for the intraban
transitionsNintra were taken from Ref.@16# for 192Hg and
Ref. @6# for 194Pb. They are given in Table I as well as th
calculated partial decay probabilitieslout and l intra. The
adopted spin values are those reported in Ref.@17#. The
obtainedlout values give qualitative information on the de
tails of the depopulation of the SD bands.

III. DECAY STRENGTH IN THE FIRST MINIMUM

In order to understand theoretically the decay out of t
SD bands, more information about the decay of the norm
states at high excitation energy~4–6 MeV! in the first ~nor-
mal deformed! potential minimum is necessary. Their struc
ture, the level density, and their decay properties will ha
strong influence on the decay properties of the SD states
the second potential minimum.
of
b-

ili-

of
es

s

d

e

-

he
al

-
ve
in

For the electromagnetic transitions of the ND states at t
excitation energy of the SD states statistical transitions
well as collectiveE2 andM1 transitions should be consid-
ered. We calculated the statisticalE1 transition probability
using the Fermi-gas model for the nuclear level density. T
Fermi-gas model parametrization from Ref.@18# was
adopted where the level densityrn51/Dn at an excitation
energyEx for states with spinI and parityP is expressed as

rn~Ex ,I ,P!5
2I11

8A6pI3/2~Ex2Eyr!
SEx2Eyr

a D 23/4

3exp$2Aa~Ex2Eyr!%. ~5!

HereEyr is the energy of the yrast state at spinI andI is the
moment of inertia obtained by fitting the high spin part of th
yrast line with a second order expansion of the rotation
energy in terms ofI (I11). Values ofI560\2 MeV21 and
I550\2 MeV21 were used for192Hg and 194Pb, respec-
tively. Level density parameters ofa522.3 MeV21 and
22.4 MeV21 were used for192Hg and194Pb, calculated from
the parametrization of the nuclear level density in Ref.@19#.
To account for the pairing correlations at spinI a spin-
dependent pairing gapD I was introduced by which the exci-
tation energy Ex was renormalized toU5Ex22D I

(D0512/AA @20#!. For the calculations we have used a 15
20% reduced pairing gap around spin 10\. In the following
the discussion will be restricted to the renormalized ener
U. TheE1 decay probability is then given by

ln
E15jE1E

0

U2Eyrr~U2Eg!

r~U !
fGDR~Eg!Eg

3dEg . ~6!

HerejE1 is theE1 strength fitted to neutron resonance da
from Ref. @21#. The neutron separation energy for192Hg and
194Pb was estimated toSn59.5 MeV from an extrapolation
of calculated separation energies of light lead and mercu
isotopes in Ref.@22#. The averageg strength in this mass
region is about̂ Gg&50.1 eV @21#. The giant dipole reso-
nance~GDR! function

fGDR~Eg!5
GREg

~ER2Eg!21GREg
~7!

was used with parameters ofER513.6 MeV andGR54.4
MeV estimated from the values for the natural lead and me
cury isotopes in Ref.@23#.
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Figure 1 shows the spin dependence of the transit
probability ln

E1 for statisticalE1 transitions in192Hg at an
excitation energy ofU55.5 MeV. Also transition probabili-
ties are shown for collectiveE2 transitions in rotational
bands with moments of inertia ofI560\2 MeV21 ~ND!
and I590\2 MeV21 ~SD! and quadrupole moments o
QND55 e b and QSD520e b, respectively. Around spin
12\ the E1 transition probability is about 300 times large
than the strongest collectiveE2 transition. Assuming that
collectiveM1 transition probabilities are of the order of th
E2 transition probabilities, the statisticalE1 transitions
clearly dominate. The estimates above were previously u
to discuss the decay of the SD band in192Hg @8,10,24,25#.

One should keep in mind thatE2 andM1 transitions
might also contribute to the statistical decay of the ND sta
under certain conditions. However, we have restricted o
discussion toE1 transitions, which seems to be supported
the observedE1 character of the statistical spectrum follow
ing the decay of the SD band in192Hg @7#.

We want to stress that if the assumed high excitation e
ergies of the SD states are correct, the decay of ND state
these energies will be dominated by statistical transitio
Therefore one should expect a highly fragmented decay c
sistent with the experimental findings so far.

IV. DECAY OF THE SD STATES BY MIXING
WITH ND STATES

In order to study the mechanism leading to the decay o
of the SD band we applied the mixing model that was fir
proposed by Vigezziet al. @26,27#. In this model the mixing
between SD and ND states implies that the real SD state
spin I have besides a dominant superdeformed partusI& also
a small normal deformed admixtureunI&:

uC I&5as~ I !usI&1an~ I !unI&,

while the amplitudes fulfillas
2(I )1an

2(I )51. The measured
lifetimes and intensities can be reproduced using this mixi
model and they give information about the mixing ampl
tudes of the mixed state within the SD band.

For the decay out of the SD bands we assume that
matrix elements of the electromagnetic transition opera

FIG. 1. Spin dependence of the statisticalE1-transition prob-
ability at an excitation energy ofU55.5 MeV for 192Hg. Transition
probabilities for collectiveE2 transitions in a ND rotational band
with I560\2 MeV21 and a SD rotational band withI590\2

MeV21 are shown for comparison.
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T̂EM between pure SD and pure ND wave functions are va
ishing (̂ suT̂EMun&50). Therefore the decay out of the ban
is governed only by matrix elements of the type^suT̂EMus&
and ^nuT̂EMun&. The results of the previous section hav
shown ~see Fig. 6! that the decay out is dominated by the
matrix elements of the statistical decay of normal deform
states. Under the assumption that statisticalE1 transitions
are dominating, the only relevant transition probability i
ln
E1 @see Eq.~1!#. In this case the partial decay probability

lout for the decay out of the SD band is given by

lout5an
2~ I !ln

E1 . ~8!

This important relation expresses the fact that the dec
out of the SD band is forced by the interplay between th
large statisticalE1 transition probability of the highly ex-
cited normal deformed states and decreasing transition pr
abilities in the SD band due to the decreasing transition e
ergies (ls scales withEg

5). This interplay enables SD states
which are clearly dominated by a SD configuration, to dec
to normal deformed states. The calculation ofln

E1 with re-
spect to the excitation energy of the SD band, presented
Table II, allows an estimation of the mixing amplitude
an
2(I ). Table II shows the resulting squared normal mixin
amplitudesan

2 for different assumptions of the excitation en
ergy of the SD states in192Hg and 194Pb. It is very remark-
able that these squared mixing amplitudesan

2 are extremely
small (an

2<0.01).

V. NEAREST NEIGHBOR MIXING APPROACH

The mixing amplitudes in Table II can be used for furthe
investigation of the decay mechanism. A very interestin
property in this context is the squared interaction streng
v2 between SD and ND states, which is responsible for t
mixing. So far we have not discussed the mixing itself b
rather its consequences for the mixing amplitudes and
level lifetimes. One might expect that due to the high lev
density of the ND states the mixing is rather complex an
many ND states contribute to the admixture. We cannot e
clude that this is true; however, there are some argume
that justify a very simple approach.

TABLE II. Calculated average level spacingDn , calculated
E1 transition probabilityln

E1 , and deduced squared mixing ampli
tude an

2 at different excitation energies for spins 12\ and 10\ in
192Hg and 194Pb, respectively.

I Energy above U Dn ln
E1 an

2

@\# yrast @MeV# @MeV# @eV# @ps21#

3.0 4.1 928 4.9 0.005
3.5 4.6 262 7.4 0.003

192Hg 12 4.0 5.1 82 11.2 0.002
4.5 5.6 27 16.8 0.001

3.0 4.2 776 5.1 0.0033
3.5 4.7 219 7.7 0.0022

194Pb 10 4.0 5.2 68 11.7 0.0015
4.5 5.7 23 17.5 0.0010
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54 1185DECAY OUT OF SUPERDEFORMED BANDS IN THE . . .
It can be assumed that at the high excitation energy of
SD states all ND states are composed of a complex mix
of many states with different structures@28#. The resulting
states all have about the same structures in common with
SD state in the second potential minimum. This means
for each ND state un( i )& the matrix element
v i
25u^n( i )uV̂us&u2 with the SD stateus& is very similar and

can be approximated by a mean interaction^v2&. On average
the ND states are well separated as can be seen from
average level spacingsDn in Table II, which are of the orde
of 30 eV. This value is large compared to the natural wid
of the ND states, which is of the order of some meV. The
facts make us believe that the actual mixing situation
rather simple and only a few states are involved.

Let us discuss some simple situations in order to get
estimate for this average interaction^v2&. In Fig. 2~a! the SD
state is placed in the middle between two ND states that
separated by the average spacingDn . In this case the wave
function of the stateuC I& with the dominant SD componen
is given in first order perturbation by

uC I&5usI&2
2^v&2
Dn

~ unI
~1!&1unI

~2!&). ~9!

Here unI
(1)& and unI

(2)& denote the next ND level above an
below the SD level at spinI , respectively, and̂v&2 denotes
the average interaction strength for the case of two ND lev
mixing into the SD wave function. The squared normal d
formed mixing amplitude is then given by

an
25S 12

u^sI uC I&u2

u^C I uC I&u2
D . ~10!

Using this expression and the wave function in Eq.~9! one
can easily obtain the mean squared interaction^v2&2 in the
case of two ND states mixing weakly (an

2,,1) to the SD
state:

^v2&2'
1
8Dn

2an
2 . ~11!

A more complicated situation is given if we take in
account the interaction withn different ND levels@see Fig.
2~b!#. It is still assumed that the ND levels have an avera
spacing ofDn . This situation can be described in first ord
perturbation theory by the following wave functionuC I&:

FIG. 2. Schematic drawing of the situation in which the S
level is situated in the middle between two ND states and inter
only with the two nearest neighbors~a! or with several ND states
~b! with equidistant spacingDn .
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uC I&5usI&2(
i51

n

unI
~ i !&

^v2&n
xi

. ~12!

Here ^v2&n is the average interaction of each ND level with
the SD level andxi is the separation between thei th ND
level and the SD level. The mean squared interaction^v2&n
for this case can be calculated in a similar way as for th
previous case by using Eq.~10!. In the limit of n→` the
following expression for̂ v2&n is obtained:

^v2&n'
1

p2Dn
2an

2 . ~13!

From the two scenarios above we conclude that the ave
age interaction of the SD state with each ND level decrease
with an increasing number of ND levels involved in the mix-
ing. In order to simplify the calculations it was assumed tha
the SD level is placed in the middle between the nearest N
states. If this restriction is not made, one can show that th
mean interaction will be always smaller than that given in
Eq. ~11!.

The discussion above enables us to give a total upper lim
for the mean interaction strength^v2&max, which is given by

^v2&max5
1
8Dn

2an
2 . ~14!

Table III shows the estimated maximum values for
vmax5A^v2&max at an assumed excitation energy of 4.5 MeV
above yrast for the 12\ and 10\ SD states in192Hg and
194Pb, respectively. One can see from Tables II and III tha
the maximum average interactionvmax is much smaller than
the average level spacingDn . The small values ofvmax with
respect to the average level spacing make us strongly belie
that only the mixing with the closest ND levels accounts for
the admixture of ND wave functions to the real stateuC I&.

It is clear that the mixing amplitude depends strongly on
the relative position of the SD state with respect to the nea
est ND states. This position might vary strongly in different
SD bands or even for different states within one SD band
Therefore a different intensity behavior or development o
the ND admixture with spin in various SD bands in the 190-
mass region might find its explanation in different relative
positions of the SD and ND states involved.

VI. BARRIER BETWEEN THE FIRST AND SECOND
MINIMA

The mixing of ND and SD states can be associated wit
the tunneling through the potential barrier that separates th
first and second potential minima. For the purpose of con

D
acts

TABLE III. Maximum interaction strengthvmax for the mixing
of ND states with the SD states at spin 12\ and 10\ in 192Hg and
194Pb, respectively, at an excitation energy of 4.5 MeV above th
yrast line.

Nucl. I E Dn vmax Gmax Wmin Amin

@\# @MeV# @eV# @eV# @eV# @MeV# @\#

192Hg 12 4.5 27 0.27 0.017 1.5 7.8
194Pb 10 4.5 23 0.24 0.016 1.5 7.8
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necting these two descriptions it is useful to introduce
width G with the coupling matrix elementv2 by using the
Fermi golden rule~maximum values forG are given in Ta-
ble III!:

G5
2pv2

Dn
. ~15!

This widthG is a measure for the rateT (T5G/\) of chang-
ing the nuclear shape from a superdeformed to a nor
deformed one.

The tunneling through the potential barrier is often trea
in a semiclassical approach@8,24,25,29# in which the second
potential minimum is approximated by a harmonic oscilla
potential with frequencyvs and the potential barrier is de
scribed by an inverted parabola with frequencyvb . In this
standard parametrization the tunneling widthG tunn is given
by

G tunn5
\vs

2p
expS 2

2p

\vb
WD , ~16!

whereW is the barrier height. In our discussion we used t
estimates of\vb5\vs50.6 MeV as were used in Refs
@9,8,24–27#. Since the tunneling widthG tunn also describes
the transition of the nuclear shape from SD to ND, it can
identified with the width G of the mixing description
(G tunn5G). This leads to lower limits for the barrier heigh
W, which are shown in Table III. Instead of the barri
heightsW andWmin the related actionsA andAmin for the
tunneling can be used. The parametersWmin andAmin can be
calculated according to the above by the relation

Amin

\
5

pWmin

\vb
52

1

2
lnS ~2p!2

\vs

^v2&max
Dn

D . ~17!

The barrier heightW depends strongly on the assumed sha
of the barrier and on the chosen parameter for the bar
frequencyvb . Therefore it is not a good measure for th
barrier properties. However, the tunneling actionA depends
only on the oscillator frequencyvs of the second potentia
minimum. Varyingvs by a factor of 2 results only in a
change of the actionA by about 5% and shows that th
action is mainly independent of the assumed shape of
potential. The lower limits for the tunneling action are pr
sented in Table III. We will compare these values with r
sults from other decay studies below.

VII. EXTRAPOLATIONS TO LOWER SPINS

The extremely small amount of mixing between SD a
ND states in the first step of the decay out suggests inve
gating the situation for the next lower SD states. The int
sities of the next lower SD transitions are known in bo
nuclei @6,16#, but because of their low intensity, it has so f
not been possible to determine the lifetimes of the SD sta
which decay via those transitions. From the results at spin
\ and 10\ in 192Hg and194Pb, respectively, one can assum
that there is no dramatic change in the structure of the n
lower SD states. Namely, we assume that the transition qu
rupole moments remain constant for the 214.4 keV a
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170.7 keV transitions in192Hg and 194Pb, respectively. Us-
ing this assumption it is easy to obtain an estimated par
probabilitylout

est for the decay out as well as the mixing am
plitudes of these states. Table IV summarizes the intensi
Nintra of the intraband transitions, the calculatedE1 transition
probabilitiesln

E1 , and the estimated values forlout
est andan

2 .
While the situation in both nuclei seems very similar i

the first step of the decay process a remarkable difference
the development of the mixing amplitudes can be observ
in the second step of the decay out. The difference is alrea
obvious from the development with spin of the branching
Nintra in

192Hg and 194Pb.
It is even more evident from the difference of the mixin

amplitudes for the two lowest states in the two nuclei:

192Hg:an
2~12!50.001 andan

2~10!50.047,

194Pb:an
2~10!50.001 andan

2~8!50.0009.

In the picture developed above, the mixing amplitude of
SD state at a given excitation energy depends only on
interaction strengthv2 and the relative position of the SD
level with respect to the nearest neighboring ND levels. T
estimated mixing amplitudes for the 10\ and 8\ states in
192Hg and 194Pb, respectively, raise the question of wheth
the main difference in the two SD band arises from a com
pletely different behavior of the interaction strength or,
other words, the barrier height, or if this difference is due
very different placements of the SD levels with respect to t
nearest ND states. Clearly in the latter case the branch
ratio Nintra and the mixing amplitudesan

2 would display a
chaotic character.

VIII. DISCUSSION AND SUMMARY

In the previous sections we have shown that the decay
of SD bands in the 190-mass region can be described b
very small admixture of normal deformed states to the sup
deformed ones. This admixture is estimated to be less th
1% (an

2<0.01) for the first step of the decay process
192Hg and 194Pb, where about 15% of the intensity leave
both SD bands.

Calculations have shown that at the estimated excitat
energy of about 4.5 MeV above the yrast line for the 12\ SD
state in 192Hg statistical transitions of the ND states dom
nates the decay out. For simplicity we have assumed

TABLE IV. Average level spacingDn andE1 transition prob-
ability ln

E1 for spins 10\ and 8\ in 192Hg and 194Pb, respectively.
The estimated partial decay probability for the decay outlout

est and
the squared mixing amplitudesan

2 were calculated assuming an ex
citation energy of 4.5 MeV above yrast for the next higher SD sta
and constant transition quadrupole momentsQt ~taken from Table
I! for the intraband transitions in both nuclei. The intensitiesNintra

for the intraband transitions were taken from Refs.@6,16#.

I N intra U Dn ln
E1 lout

est an
2

@\# @MeV# @eV# @ps21# @ps21#

192Hg 10 0.08~2! 5.5 40 16 0.748 0.047
194Pb 8 0.64~9! 5.4 36 15 0.014 0.0009
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54 1187DECAY OUT OF SUPERDEFORMED BANDS IN THE . . .
excitation energy of the SD state at 10\ in 194Pb to be 4.5
MeV even though no reliable estimate for this energy w
given before. In our present work we assumed the statist
transitions to show mainlyE1 characteristics. This is in
agreement with the measured multipolarity pattern of
continuous spectrum ofg rays in coincidence with the SD
band in 192Hg @7#. We have given arguments for a ver
simple mixing of the SD state with only the nearest neig
boring ND states in energy. The decay out could be con
tently described within this approach and upper limits for t
interaction strength between SD and ND states could
given (vmax<0.5 eV!. In this picture it is not possible to give
exact values for the interaction strength, since this depe
strongly on the relative position of SD and ND states.

Using the common tunneling approach we have cal
lated lower limits for the heightW of the barrier that sepa
rates first and second potential minima. SinceW depends on
the shape of the barrier, we prefer to give lower limits for t
tunneling actionA.

With the assumption of a continuous constant quadrup
moment in the lower part of the SD bands we could estim
mixing amplitudesan

2 and the related parameters (vmax
2 ,

Wmin , Amin) for the 10\ and 8\ SD states in192Hg and
194Pb, respectively.
We now want to discuss the resulting values for the act

of the tunneling process in comparison with the results
previous studies of the decay in192Hg and 194Pb.

Table V shows the lower limits ofA from our studies
compared to values from Khooet al. @8# for 192Hg and
Shimizuet al. @24# for 192Hg and 194Pb. The agreement o
our lower limit with the values given by Khooet al. is re-
markable. These values have been obtained by simulating
measured feeding distribution of the SD band in192Hg with
Monte Carlo calculations and using these results to extra
late the barrier properties to the decay out spin region. T
actionA was obtained by fitting the intensity of the SD in
traband transitions using the approach proposed by Vige
et al. @26,27# in the weak coupling limit~for the definition of
Gs,n see @26,27#!:

N̄out'Ap

2

G

Dn

Gn

Gs
. ~18!

The values by Shimizuet al. are much lower than the
other results. However, these calculations have been
formed for a much lower excitation energy of the SD band

TABLE V. Lower limits for the tunneling actionA for the low-
est two states with observed intraband transitions in the SD band
192Hg and 194Pb. For comparison values from Khooet al. @8# and
Shimizuet al. @24# are also presented.

Amin @\# A @\#

Nucl. State Present work Khooet al. @8# Shimizuet al. @24#

192Hg 12\ 7.8 8.1 4.5
10\ 5.5 5.4 3.7a

194Pb 10\ 7.8 4.4
8\ 7.1 3.3b

aCalculated from slopedA/dI50.38.
bCalculated from slopedA/dI50.54.
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192Hg @24#. At that excitation energy of 3.2 MeV above
yrast we find a lower limit for the action ofAmin55.7\ for
the 12\ state in 192Hg. This value is still larger than that
given by Shimizuet al.The interaction between SD and ND
states is overestimated in these calculations and as a con
quence the transition quadrupole moments would chang
dramatically, which is not in accordance with the experi
ments.

Because of the agreement with the values from Kho
et al., one could assume that the situation is now well de
scribed. However, the results for194Pb do not fit into a con-
sistent picture. In order to describe the mixing amplitudes o
the 8\ SD state in194Pb following the arguments used by
Khoo et al., one would find the action to decrease much
slower with spin compared to192Hg. However, the calcula-
tions of Shimizuet al. show that the slope of the action
with spin is larger in 194Pb (dA/dI50.54) compared to
192Hg (dA/dI50.38). This result of the microscopic calcu-
lations is also in agreement with the approach that pairin
correlations are the driving force for changing the nuclea
shape and should be more important in Pb than in Hg iso
topes. From these arguments one would expect a similar
larger slope of the action in194Pb compared to192Hg.

In the approach of Vigezziet al. @see Eq.~18!# this obvi-
ous discrepancy between proposed development of the a
tion @8# and the expectations from theory@24# is not ex-
plained.

At this point we want to remind the reader that theA
values given in our work are only lower limits. One can
explain the tremendous difference of the intensities and mix
ing amplitudes by a very different placement of the SD lev
els with respect to the nearest ND states at different stages
the decay out. In this case one would not need a very diffe
ent behavior of the interaction strengthv2 or, in other words,
of the barrier heightW or tunneling actionA.

We want to explain this in more detail. The 10\ SD state
in 192Hg might be rather close to a ND state, at least muc
closer compared to the relative position of the 12\ state. The
large increase of the mixing amplitude with decreasing spi
is then not due to a slight decrease in the action but mainly
the different relative position. In194Pb the situation is the
opposite. Here the 10\ SD state is closer to the nearest ND
state compared to the relative position of the 8\ state. So
even with a larger decrease of the action with decreasing sp
in this nucleus the mixing amplitudes remain rather constan
in both states.

The picture of this nearest neighbor mixing could give a
natural explanation of different decay points and differen
developments of the intraband intensities for different iden
tical SD bands of even-even nuclei.

Concerning the question of whether the SD minimum
might survive down to a SD bandhead our analysis does n
provide a clear answer. Since the relative positions of S
states with respect to the nearest ND states is random,
would depend on the very special case of how the amplitude
develop. An interesting suggestion from the discussion in th
present paper is the possibility that the mixing between th
SD and ND states has a random character. If this is indee
the case, then we need to study much more experimen
cases in order to learn about the average mixing behavior

s in
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@15# P. Willsau, H. Hübel, W. Korten, F. Azaiez, M.A. Dele-
planque, R.M. Diamond, A.O. Macchiavelli, F.S. Stephens, H.
Kluge, F. Hannachi, J.C. Bacelar, J.A. Becker, M.J. Brink-
mann, E.A. Henry, A. Kuhnert, T.F. Wnag, J.A. Draper, and E.
Rubel, Z. Phys. A344, 351 ~1993!.

@16# P. Fallon, T. Lauritsen, I. Ahmad, M.P. Carpenter, B. Ceder-
wall, R.M. Clark, B. Crowell, M.A. Deleplanque, R.M. Dia-
mond, B. Gall, F. Hannachi, R.G. Henry, R.V.F. Janssens, T.L
Khoo, A. Korichi, I.Y. Lee, A.O. Macchiavelli, C. Schuck, and
F.S. Stephens, Phys. Rev. C51, R1609~1995!.

@17# J.A. Becker, E.A. Henry, A. Kuhnert, T.F. Wang, S.W. Yates,
R.M. Diamond, F.S. Stephens, J.E. Draper, W. Korten, M.A.
Deleplanque, A.O. Macchiavelli, F. Azaiez, W.H. Kelly, J.A.
Cizewski, and M.J. Brinkman, Phys. Rev. C46, 889 ~1992!.

@18# H. Feshbach,Theoretical Nuclear Physics~Wiley-Interscience,
New York, 1991!, Vol. 1, p. 273.

@19# A. Mengoni and Y. Nakajima, J. Nucl. Sci. Technol.31, 151
~1994!; A. Mengoni ~private communication!.

@20# A. Bohr and B. Mottelson,Nuclear Structure~Benjamin, New
York, 1969!, Vols. I and II.

@21# S.F. Mughabghab,Neutron Cross Sections~Academic Press,
Orlando, 1984!, Vol. 1b.

@22# S. Pearlstein, At. Data Nucl. Data Tables A3, 327 ~1967!.
@23# S.S. Dietrich and B.L. Berman, At. Data Nucl. Data Tables38,

199 ~1988!.
@24# Y.R. Shimizu, E. Vigezzi, T. Do”ssing, and R.A. Broglia, Nucl.

Phys.A557, 99c ~1993!.
@25# Y.R. Shimizu, F. Barranco, R.A. Broglia, T. Do”ssing, and E.

Vigezzi, Phys. Lett. B274, 253 ~1992!.
@26# E. Vigezzi, R.A. Broglia, and T. Do”ssing, Phys. Lett. B249,

163 ~1990!.
@27# E. Vigezzi, R.A. Broglia, and T. Do”ssing, Nucl. Phys.A520,

179c ~1990!.
@28# S. Bjo”rnholm and J.E. Lynn, Rev. Mod. Phys.52, 725 ~1980!.
@29# K. Schiffer, B. Herskind, and J. Gascon, Z. Phys. A332, 17

~1989!.


