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Differential lifetime measurements and identical superdeformed bands in192,194Hg
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High-precision lifetime measurements have been performed in superdeformed~SD! bands of192,194Hg with
the Doppler-shift attenuation method. Intrinsic quadrupole momentsQ0 were extracted for three SD bands in
194Hg and for the yrast SD band in192Hg. Within experimental uncertainties, all four SD bands have equal
Q0 values. These results provide constraints on differences inQ0 values between the ‘‘identical’’ SD bands
194Hg~3! and 192Hg~1!. @S0556-2813~97!51005-3#

PACS number~s!: 21.10.Tg, 21.10.Ky, 21.10.Re, 27.80.1w
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The observation of rotational bands in different nuc
with moments of inertia nearly identical to each other h
been among the most exciting recent discoveries in nuc
structure physics@1#. In superdeformed~SD! nuclei, many
cases of rotational bands consisting of 10–20 transitions w
either the same energies, or with energies obeying a fi
relation with respect to a SD band in a neighboring nucle
have been reported@1#. The remarkable degeneracies in tra
sition energies have spurred many theoretical explanati
but at present there is no generally accepted one. One~so-
called heroic! class of explanations speculates that the deg
eracies are due to some new underlying symmetry. The o
~unheroic! class attributes them to accidental cancellations
several effects, such as changes in deformation, alignm
and/or pairing which compensate for a change in mass.
ther progress in understanding this striking phenome
clearly depends on experimental information beyond tra
tion energies: spins, parities, and quadrupole moments m
also be measured. With the completion of the new genera
of g-ray spectrometers, substantial progress is being m
toward this goal. Excitation energies, spins, and parities h
been established very recently in a few SD nuclei n
A5190 @2–5#, and intrinsic quadrupole (Q0) moments
~which probe the quadrupole deformation! are beginning to
be determined with sufficient accuracy using the Dopp
shift attenuation method~DSAM! @6–8#. Here, we report on
measurements of theQ0 moments of a pair of identical SD
bands in192,194Hg.

These nuclei are of central importance to the understa
ing of SD bands because they include the first cases
which the spins, parities, and excitation energies are kno
~bands 1 and 3 in194Hg @2,3#!. Furthermore, band 3~using
the notation of Ref.@9#! of 194Hg is ‘‘identical’’ to the yrast
SD band of 192Hg, i.e., theg-ray transition energies o
194Hg~3! are equal to those in192Hg~1! to within two keV
over nearly the entire energy range. The equality of
550556-2813/97/55~5!/2150~5!/$10.00
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g-ray energies requires that both bands have equal mom
of inertia I(2). In the framework of the Strutinsky method
the moment of inertia is given by a sum of a macrosco
and a shell-correction term~where the latter would include
the effects of pairing and particle alignment!. To get a
sense of the change in deformation required to compen
for the change in mass for identical bands, let us cons
only the macroscopic term. TheA5/3 scaling of the
rigid body moment of inertia would lead to an expected d
ference in deformationb2(

192Hg!2b2(
194Hg).0.04. This

difference corresponds to a value
dQ0,mac[Q0~

192Hg)2Q0(
194Hg).1.7 e b ~using the ex-

pression for the quadrupole moment given in Ref.@10#!. A
difference of 1.7e b is well within the sensitivity of the
differential DSAM technique and is in contrast with th
much smaller differences inQ0 values recently found for
identical bands in theA5150 region@7,8#.

In order to compare DSAM measurements for SD ban
in neighboring nuclei, great care must be taken to ensure
all bands are populated under nearly identical conditions
terms of angular momentum input and excitation energy,
that the sidefeeding into the states of interest is as simila
possible. Furthermore, the uncertainties associated with s
ping powers must be minimized by choosing the same s
ping material and making the recoil velocity profiles as clo
as possible. These considerations form the basis of the
called ‘‘differential’’ DSAM measurements as they minimiz
the systematic uncertainties, allowing differentialQ0 values
to be precisely measured. First measurements of this
have recently been reported in131,132Ce by Clarket al. @6#, in
148,149Gd and 152Dy by Savajolset al. @7#, and in 151,152Dy
and 151Tb by Nisiuset al. @8#.

Motivated by these considerations, DSAM measureme
were performed with the Gammasphere spectrometer@11# in
two experiments, when 55 and 85 Compton-suppressed
detectors were present. Excited states in192Hg were popu-
R2150 © 1997 The American Physical Society
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55 R2151DIFFERENTIAL LIFETIME MEASUREMENTS AND . . .
lated with the148Nd(48Ca,4n) reaction at a beam energy o
205 MeV, while states in194Hg were populated using th
150Nd(48Ca,4n) reaction at a beam energy of 202 MeV.
each case, the targets consisted of;1 mg/cm2 Nd evapo-
rated onto thick Au backings~13 mg/cm2) in which the re-
coiling nuclei were stopped. The beams were supplied by
88 inch cyclotron at Lawrence Berkeley National Labo
tory. In the first beam time, approximately 13109 three- and
higher-fold coincidence events were recorded for each of
two reactions. In the second experiment,;1.83109 four-
and higher-fold events were recorded for the150Nd(48Ca,
4n) reaction. In all cases, the recoiling Hg nuclei we
slowed down and brought to rest in the Au backings.

Spectra sorted by angle were constructed by combin
data with double coincidence gates placed on stopped
nearly stopped transitions at the bottom of each of
SD bands. Particular care was taken to ensure that consi
gating conditions were applied to each of the SD bands s
ied, i.e., similar combinations of gates were used for e
spectrum. The data analysis consisted of both centroid s
and individual line shape fits. Fractions of the full Doppl
shift F(t) were obtained for transitions in three SD ban
of 194Hg and in the yrast SD band of192Hg. TheF(t) values
were determined from the centroid of theg-ray peak
at each angle using the first-order relationF(t)
5(^Eg&2Eg

0)/Eg
0b0cosu, whereEg

0 is the nominal~i.e., un-
shifted! g-ray energy, and̂Eg& is the corresponding energ
derived from spectra measured in the detectors located a
angleu with respect to the beam direction. The factorb0
refers to the initial velocity (v0 /c) of the recoiling nucleus
assuming formation at the center of the target. TheF(t)
values are presented in Fig. 1 as a function of the transi
energy.

In order to extract the intrinsic quadrupole momentsQ0
from the experimentalF(t) values, the computer cod

FIG. 1. Measured fractional shiftsF(t) for SD bands in
192,194Hg. The curves represent the best fit corresponding to
value of theQ0 moment given. The dashed lines indicate the spr
in full shift due to the slowing down of the beam across the targ
See text for a detailed discussion.
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FITFTAU @12,13# was used. To compute the average rec
velocity at which the decay from a particular SD state o
curs, the following assumptions are made:~1! TheQ0 values
are the same for all SD levels within a band, and the tran
tion probabilityT ~in ps21! of a band member of spinI is
described within the rotational model by the express
T(I→I –2)51.22Eg

5Q0
2^IK20u(I –2)K&2, whereEg is the

g-ray energy in MeV.~2! The sidefeeding into each SD sta
is approximated by a single rotational cascade~with the
number of transitions in the sidefeeding cascade proportio
to the number of transitions in the main band above the s
of interest!, having the sameI(2) moment as the main band
and controlled by a sidefeeding quadrupole momentQsf ~as-
sumed to remain the same throughout an entire SD band!. ~3!
A one-step delay at the top of all feeder cascades was
rametrized by a single lifetimeTsf .

The code takes into account the measuredg-ray intensi-
ties and also includes a correction for the internal convers
process. The detailed slowing-down histories in both the
get and the Au backing were calculated with electronic a
nuclear stopping powers provided by the code TRIM, v
sion 1995, by Ziegler@14# which uses the most recent eval
ation of existing stopping-power data. In the fit of theF(t)
values, ax2 minimization was performed withQ0, Qsf , and
Tsf as parameters. The quality of the fits to the data can
judged from Fig. 1~solid lines! where the derivedQ0 values
are also given. The results of the centroid shift analysis
summarized in Table I. The quoted errors include the co
riance between the three parametersQ0, Qsf , andTsf .

In order to investigate the possibility of changes in t
in-bandQ0 values with rotational frequency, a line shap
analysis of several transitions in each of the SD bands
performed. Such an analysis was possible for SD transiti
in the energy range 430<Eg<700 keV; transitions of
lower energy are completely stopped and those above
range exhibit sharp Doppler-shifted peaks~for which the
analysis reduces to that of a centroid shift!. Lifetimes of
individual levels were extracted from the line shapes with
codeLILIFI @15# which also uses the TRIM stopping power
For each nucleus, some 104 recoiling ions were traced in a
Monte Carlo simulation. The feeding model as describ
above was also used in the line shape calculations with
in-bandQ0 and sidefeeding quadrupole momentQsf as free
parameters for each level~for those transitions above;700
keV in each band, lifetimes obtained from the centroid sh
analysis were used!.

For each line shape, both the state lifetime and sidefe
ing parameter are derived from the fit. The results have b
obtained from fits to the angle combinations available in
Gammasphere data: for bands192Hg~1! and 194Hg~1!, fits
were performed on spectra obtained at eleven indepen
angles. Due to lower statistical accuracy, fits to194Hg~2! and
194Hg~3! were performed for spectra at five different angl
which were obtained by the summation of spectra from
jacent angular rings. Simultaneous fits to successive tra
tions were performed in order to determine correlations
tween fit parameters. Examples of comparisons betw
experimental and calculated line shapes are shown in Fig
it is apparent that the data are well reproduced.

The transition quadrupole moments were derived from
level lifetimes using the rotational formula, as describ

e
d
t.
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TABLE I. Summary of centroid shift analysis results for SD bands in192,194Hg. The uncertainties quoted
do not include the systematic stopping power uncertainties, which could be as large as 10–15%. T
column lists theb2 values derived from the experimental data~see text for details!. The last column present
results from previous measurements, all of which represent averageQ0 values derived from the analysis o
DSAM line shapes.

Band Q0 (e b! Qsf (e b! Tsf ~fs! b2 PreviousQ0 (e b!

192Hg(1) 17.760.8 11.020.6
10.8 929

110 0.4860.02 20.062.0a

18.762.0b

194Hg(1) 17.760.4 11.821.3
13.2 19218

122 0.4860.01 17.262.0c

194Hg(2) 17.660.6 11.661.2 2826
13 0.4860.01 17.663.0c

194Hg(3) 17.560.8 10.820.6
11.3 121

116 0.4860.02

aMooreet al. @17#.
bWillsau et al. @18#.
cHugheset al. @16#.
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above. The individualQ0 values for all four SD bands ar
plotted againstEg in Fig. 3. The average values for194Hg
bands 1 and 2 areQ0518.161.3e b and Q0518.1
62.1e b, respectively. For the identical bands, the avera
values are Q0517.661.0e b for 192Hg~1! and
Q0517.562.4e b for 194Hg~3!. These values agree with th
results of the centroid shift analysis. Furthermore, the in
vidualQ0 values are essentially constant with rotational f
quency, indicating that the constantQ0 assumption used in
the centroid shift analysis is indeed reasonable.

Due to the scatter in the individualQ0 values and the
relatively large error bars obtained from the line shape an
sis, the results of the centroid shift analysis will be used
the comparison of the differentialQ0 values. At this point,
the following details concerning the error analysis and si
feeding assumptions used in the centroid shift analysis
serve further discussion:~1! The uncertainties in theQ0 val-
ues are dominated by correlations with the sidefeed
parameterQsf ~i.e., for fixedQsf values, the statistical un

FIG. 2. Sample line shapes for spectra obtained in detecto
backward angles of Gammasphere, the thicker lines correspon
the calculated line shapes. Transitions in192Hg~1! are shown in the
top panel and the lower panel shows the same region
194Hg~3!. The arrows indicate the unshiftedg-ray energies. Note
the presence of several contaminantg rays in the194Hg~3! data, two
of which were taken into account in fitting this particular spectru
e

i-
-

y-
n

-
e-

g

certainties on theQ0 values are only about 0.120.2e b!. The
observation that theQsf values are considerably smaller tha
the in-bandQ0 values is consistent with the results of prev
ous measurements@16,17#. ~2! When comparing the uncer
tainties in differentialQ0 measurements in theA;190 re-
gion with those from recent measurements in theA;150
region@7,8#, it should be kept in mind that the sidefeeding
the lighter mass region occurs over a range of transitions
which the F(t) values are not changing very rapid
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FIG. 3. Experimental transition quadrupole momentsQ0 as a
function of transition energy, derived from line shape fits. The
panel presents the results for the three SD bands in194Hg. The solid
line corresponds to theQ0 values calculated in Ref.@24# for the
yrast SD band in194Hg. The dashed~dotted! lines represent the
results of calculations by Satułaet al. @23# for the yrast~excited!
SD bands of194Hg. The lower panel presents a comparison of t
Q0 values for 192Hg~1! and the identical SD band194Hg~3!. The
calculatedQ0 values of Gallet al. @24# and Satułaet al. @23# for the
yrast SD band of192Hg are represented by solid and dashed lin
respectively. The averageQ0 value for each SD band is shown i
the figure~see the text for details!.
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TABLE II. Experimental and calculated intrinsic quadrupole moments for SD bands in192,194Hg. The
calculated results are taken from Chasman@22#, Satułaet al. @23#, Gall et al. @24#, Girodet al. @25#, Krieger
et al. @26#, Boncheet al. @27#, Meyeret al. @28#, and Heenen@29#. TheQ0 values presented for the calcu
lations of Chasman were derived from the values of then2 and n4 deformation parameters given in th
original paper. All quadrupole moment values are ine b.

Band Expt. Chasman Satuła Gall Girod Krieger Bonche Meyer Heen

192Hg(1) 17.760.8 19.2 19.9 18.6 18.0 18.5b 18.2 18.5
17.5c

194Hg(1) 17.760.4 19.3 19.5 18.5 18.4 18.5b 18.5 18.6
18.0c

194Hg(2) 17.660.6 19.3a 18.6a

194Hg(3) 17.560.8 19.3a 18.6a

aCalculated for then(@512#5/2^ @624#9/2) configuration.
bObtained from Hartree-Fock1BCS calculations.
cObtained from generator coordinate method calculations.
e
th
,

c
d

i
e
e-
e
se

y
tie

he
ns

in

in
om
S
o
t

e-

o

e
or
ha

e

, re-
ied

d,
er
di-

in

om

in
e

een
s.
the
n

en-

d.
the
e in

tions
t in-
ers,
ore,
@F(t)>0.9#. As a result, there is less sensitivity to the sid
feeding properties. In contrast, the sidefeeding in
A;190 region persists down toF(t) values as low as 0.4
and there is a larger sensitivity to theQsf fit parameter.~3!
Finally, it should be emphasized that since the same de
model and feeding assumptions were consistently applie
all bands, therelative differencesin theQ0 values are valid
even if the model used in the analysis is simplified.

The results of the present analysis are compared w
those of previous measurements in Table I: good agreem
between allQ0 values is obvious. In particular, the agre
ment between our results and the most recent measurem
in 194Hg @16# is excellent. It should be noted that for the ca
of band 1 in192Hg, the previous measurements@17,18# were
performed using36S induced reactions and detector arra
with lower sensitivity; therefore, the associated uncertain
are larger.1 Recent recoil distance method~RDM! measure-
ments for 192,194Hg @18,20,21# also indicate similarQ0 val-
ues of about 18e b near the bottom of the bands. Since t
RDM results do not depend on stopping power formulatio
the agreement between the latter measurements and
DSAM results gives us further confidence in the stopp
powers used in the analysis.

Table II compares the results of recent calculations us
a variety of theoretical models with the values extracted fr
our measurements. In cases where the evolution of the
minimum in deformation space is calculated as a function
the rotational frequency\v, the values computed a
\v.0.3 MeV are listed in the table. TheQ0 values given
for Chasman@22# were derived from the corresponding d
formation parameters; those presented for Satułaet al. @23#
were derived from the calculatedb2 andb4 values using the
relationship given by Nazarewiczet al. @10#. The other cal-
culated quadrupole moment values were taken directly fr
the corresponding references.

From an inspection of Table II, it is clear that the agre
ment between experiment and theory is quite satisfact
although there is a tendency for theory to give somew

1Similar results were obtained by Korichiet al. @19# in a Eurogam
experiment where an average value ofQ0.19e b was measured
for the yrast SD band in192Hg ~see Fig. 2 of Ref.@19#!.
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larger Q0 values.2 The most important conclusion to b
drawn from this comparison is that the similarity inQ0 val-
ues seen in the data is also present in the calculations
flecting the fact that the additional neutron orbitals occup
in 194Hg ~with respect to192Hg! are not shape driving. In
contrast, for SD bands in theA;150 region @7,8#, some
pronounced differences inQ0 values have been measure
which are correlated with the number of occupied intrud
orbitals. Remarkably, the results of those studies also in
cate that bands that are identical to the yrast band of152Dy
have the sameQ0 values. In the case of the excited bands
194Hg, the calculations of Satułaet al. @23# and Heenen@29#
were performed for the lowest SD neutron excitation~the
@512#5/2^@624#9/2 configuration suggested in@9#!, which is
not expected to be strongly shape driving. However, fr
recent calculations, Nakatsukasaet al. @30# propose that
bands 2 and 3 in194Hg correspond to theK52 octupole
vibration rather than to the neutron excitation proposed
Ref. @9#. While Q0 values were not calculated for thes
bands in Ref.@30#, changes inQ0 values, if any, are antici-
pated to be small and it is not possible to distinguish betw
the two interpretations on the basis of our measurement

Using the results shown in Table I, one can investigate
maximal differencesin quadrupole moment and deformatio
allowed by the data for the different SD bands.~The b2
values given in Table I were computed from the experim
tal Q0 values using the expression of Ref.@10#, under the
assumption that theb4 values are the same for each ban!
Within experimental uncertainties, all four bands have
same quadrupole moment and deformation. The differenc
Q0 between the yrast and excited SD bands in194Hg is
dQ0,exp50.160.7e b and 0.260.9e b for bands 2 and 3,
respectively.

For the identical bands, the difference inQ0 values be-

2The discrepancies between the data and some of the calcula
are not considered serious since the experimental errors do no
clude the systematic uncertainties associated with stopping pow
which are estimated to be of the order of 10–15%. Furtherm
uncertainties in parameters used in the theoretical calculations~such
as r 0) limit the accuracy with which absoluteQ0 values can be
compared.
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tween 192Hg~1! and 194Hg~3! is dQ0,exp50.261.1e b. This
difference is smaller than thedQ0,mac51.7e b ~see Table III!
estimated from the change in mass in the macroscopic te
Hence, further compensation for the mass change must c
from a shell-correction effect~e.g., from changes in align
ment and/or pairing!. Table III gives the values ofdQ0,mac
and dQ0,exp for several other identical SD bands. With th
exception of the@132Ce~1!, 131Ce~2!# pair, the measurement
indicate that contributions from shell-correction terms a
needed to compensate for the mass change. This is cons

TABLE III. Comparison of differences in theQ0 values calcu-
lated for equal moments of inertia (dQ0,mac! and the experimenta
values (dQ0,exp! for identical SD bands in different mass regions

Bands dQ0,mac (e b! dQ0,exp (e b!

192Hg~1!,194Hg~3! 1.7 0.261.1

152Dy~1!,149Gd~4! 1.9 0.060.7a

152Dy~1!,148Gd~3! 2.7 0.361.3a

152Dy~1!,151Dy~4! 0.9 0.060.7b

132Ce~1!,131Ce~2! 0.7 1.160.5c

131Ce~1!,132Ce~2! 20.7 0.160.5c

aSavajolset al. @7#.
bNisiuset al. @8#.
cClark et al. @6#.
c

a
o.

s-
-

m.
me

e
tent

with the conclusions of Ref.@31# that individual valence or-
bitals do contribute to the quadrupole moment. However
is not clear if one can deduce the contribution of the sh
correction term with sufficient accuracy using the simple a
proach discussed above. In any event, our results define
allowed difference in quadrupole moments for theor
which attempt to explain identical bands.

In summary, we have measured precise lifetimes in
bands of192,194Hg. In contrast to theA;150 region~in par-
ticular!, very little variation in theQ0 values was found. The
smaller variations probably reflect the stronger influence
pairing correlations in the SD bands of theA;190 region,
which tend to ‘‘wash out’’ the individuality of the occupie
orbitals. ~However, the implications of a recent differenti
DSAM measurement for bands in192,193Hg @32#, where pos-
sible differences between theQ0 values of

192Hg~1! and sev-
eral bands in193Hg were found, need to be evaluated.! The
results of theoretical calculations also indicate that the
minimum in this mass region is very stable with respect
neutron number and orbital occupation. For theories wh
explain the origin of identical bands, our results place tig
constraints on allowed changes in quadrupole moment
offsetting mass changes. Alternatively, the theories can
sume from the start the small measured difference in qu
rupole moments.
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