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The superdeformed band in Pb has been studied extensively using the reaction Er( Si,4n)
at beam energies of 142, 146, and 151 MeV. New transitions have been added at the top and bottom
of the previously known band. Gamma-ray directional correlations were measured for most of the
transitions in the band verifying the expected stretched E2 character. The collectivity of the band
has been measured using the Doppler shift attenuation method yielding an intrinsic quadrupole
moment Qo of 18.3 + 3.0 e b, in good agreement with theoretical predictions. The variations of the
dynamic moment of inertia / as a function of the rotational frequency ~ have been studied and
compared with cranked shell model calculations. The dependence of g on mass for superdeformed
bands in the Pb isotopes is also investigated.

PACS number(s): 21.10.Re, 21.10.Ft, 23.20.Lv, 27.80.+w

I. INTRODUCTION

The region of superdeformed nuclei with mass A 190
has been studied extensively over the last few years. Fol-
lowing the original discovery in i iHg [1] of a rotational
band of 12 transitions with an average energy spacing
of 37 keV, an average dynamic moment of inertia P( )

of 1105 MeV, and an average quadrupole moment of
18 + 3 eb, several other bands with similar properties
were found in the neighboring nuclei. In fact, superde-
formed bands have now been identi6ed in all Hg isotopes
with mass 189 & A & 194, in the Tl isotopes with mass
191 & A & 195, and in the even-even Pb isotopes with
192 ( A & 198 (see Ref. [2] for a recent review). In
many instances, several superdeformed bands have been
observed in a single nucleus. These experimental obser-
vations confirm theoretical calculations [3—9] indicating
that a region of superdeformation should occur near A
= 190 which is brought about by the presence of large
shell gaps for Z=80 and %=112, at deformations cor-
responding to a 1.65:1 axis ratio (P2 0.5). In all the
calculations, these gaps are found to exist even at the
lowest spins.

Superdeformed bands are usually identified in the p-
ray spectra by the presence of a sequence of transitions
almost equally spaced in energy. Typically, this signature
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is fairly unambiguous. Nevertheless, it remains impor-
tant to establish the deformation directly through life-
time measurements. This is especially true in the A
190 region, in view of the observation that, in the vast
majority of these superdeformed bands, the moment of
inertia P(2) rises smoothly with the rotational frequency
Ru. A change in deformation. with rotational frequency
is a possible, albeit unlikely, explanation for this effect.
Lifetime measurements have thus far been performed
with the Doppler shift attenuation method (DSAM) for
superdeformed baiids in ' si' 2Hg [1,10—12] and more
recently in is Pb [13].

Here we report on a new experimental study of su-
perdeformation in Pb. The observation of superde-
formation in this nucleus was originally reported by
Brinkman et al. [14]. The same group later performed a
more detailed study [15] where, in particular, the isotopic
assignment of the superdeformed band to Pb was con-
firmed via the cross bombardments i7sYb(2sMg, xn) and

Yb( Mg, zn). In the present work, data were accu-
mulated. with thin and backed targets in order to search
for additional superdeformed bands and to characterize
the known band further by measuring the associated de-
formation and by extending the sequence of transitions
towards higher rotational &equency. While no new su-
perdeformed bands were found in this nucleus, it was
possible to characterize the highest transitions in the su-
perdeformed band with more accuracy and to extend the
sequence by two transitions. The latter turn out to be
important when the evolution of the g(2) moment of in-
ertia with Ru is discussed. The value of the measured
quadrupole moment has been compared with those re-
ported for the other superdeformed bands of the region
as well as with the results of various calculations. A com-
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parison of the evolution of the moments of inertia with
mass was also performed.

The experimental techniques are described briefly in
Sec. II. Section III introduces the new results obtained
in the present studies. These results are then interpreted
in Sec. IV which is followed by a brief conclusion. Spec-
troscopic data required for superdeformation studies are
usually of such quality that a significant improvement in
the general knowledge of the nucleus under investigation
is possible. This was certainly the case here: The discov-
ery of three collective bands of Ml transitions in Pb
has recently been reported [16], and a detailed discus-
sion of extended level schemes for Pb and Pb is in
preparation [17].

of the relative population of the SD band with respect
to the Pb reaction channel as well as a check of the
ratio of 4n to 3n and 5n reaction strengths as a func-
tion of beam energy. The singles data were also used to
determine the fold and sum-energy distributions associ-
ated with known transitions in the various evaporation
channels. This information was later used in the off-line
analysis to enhance channel selection in the production
of p-p coincidence matrices by placing appropriate gates
on the array parameters. In coincidence mode, approxi-
mately 66, 147, and 81 x 10 events were recorded at the
beam energies of 142, 146, and 151 MeV, respectively.

B. Backed-target measurements

II. EXPERIMENT

Two experiments to study the superdeformed (SD)
band in Pb were performed at Argonne National Labo-
ratory using the Argonne superconducting linear acceler-
ator ATLAS. Details of the experiments are given below.

A. Thin-target measurements

In the first experiment, beams of Si ions were used at
142, 146, and 151 MeV to populate high-spin states in the
nucleus i Pb via the 7oEr( oSi,4n) reaction. The target
consisted of two 500 pg/cm2 i" Er self-supporting foils
isotopically enriched to 95'%%uo. The evaporation residues
were allowed to recoil into a vacuum and were stopped
in a thick Pb foil located about 10 cm &om the target,
well away &om the center of the p-ray detection system
and out of the view of the Ge detectors.

The p rays were detected in the Argonne —Notre Dame
BGO p-ray facility, which consists of 12 Compton sup-
pressed Ge spectrometers (CSG's) surrounding an inner
array of 50 hexagonal bismuth germanate (BGO) ele-
ments. The CSG's are positioned at angles of 34.5, 90,
and 145.5 to the beam direction, with four detectors at
each angle. The target to detector distances are 18 cm.
Energy and efBciency calibrations of the CSG's were car-
ried out by acumulating spectra &om 2Eu, Co, Ta,
and Am sources.

At each of the three beam energies, data were accu-
mulated in both "singles" and coincidence mode: In the
"singles" mode, p-ray energies measured in individ. ual
CSG's were recorded, together with the number of ar-
ray elements firing in prompt coincidence with the beam
(fold) and the total p-ray energy deposited in the ar-
ray (sum energy). In the coincidence mode, only those
events satisfying the hardware requirements that a min-
imum of two CSG's and four or more (three or more for
the 142 MeV measurement) BGO elements fire in prompt
coincidence were accepted and stored event by event on
magnetic tape for subsequent off-line analysis. In addi-
tion to the energy and time information for the CSG's,
the p-ray sum energy, prompt, and delayed fold, and the
hit pattern of the array were also recorded.

The singles d.ata were used as an "unbiased" measure

The DSAM experiment was performed with the same
reaction and under similar experimental conditions as
those described above. In this case, the target consisted
of 1.0 mg/cm of Er evaporated on a 24 mg/cm2
thick lead backing. From an initial recoil velocity of
v = 0.0151", the recoiling Pb nuclei were slowed down
in the target and backing before coming to a complete
rest in the backing. The p rays emitted &om states with
very short effective lifetimes are expected to show a large
&action of the full Doppler shift in the detectors at for-
ward and backward angles. On the other hand, those
p rays emitted &om states having effective lifetimes of
1—2 ps or more (comparable to the stopping time of the
recoils in the target) should exhibit no Doppler shift.

The experiment was carried out at a beam energy of
142 MeV. This choice of beam energy was determined
&om the analysis of the excitation function: The popula-
tion of the SD band was found to be "optimum" at this
energy; i.e., it is at this beam energy that it is possible to
obtain the largest number of coincidence spectra, gated
on SD p rays, &ee of contaminants. Again, a threshold
of two or more CSG's and a minimum of three BGO ele-
ments firing in prompt coincidence were required for the
events to be recorded. As was the case in the thin-target
experiment, the energy and timing information from the
CSG's and the fold and sum energy derived from the ar-
ray were written on tape. A total of 72 x10 coincidence
events were stored and analyzed.

In the off-line analysis, p-p coincidence matrices were
created for all CSG angle combinations. The condition of
BGO fold &9 was required during the sorting process in
order to enhance the relative intensity of the 4n channel
in the matrices. The total number of coincident events
satisfying this condition amounted to 30 x10 .

III. ANALY'SIS AND RESULTS

A. p-p coincidences
and directional correlation ratios

The thin-target coincidence data were corrected for the
Doppler shift and, after proper subtraction of random
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and pileup events, were sorted into 2048 x 2048 channel
matrices. At each beam energy, individual matrices were
constructed for the various CSG angle combinations, as
was a "summed" matrix containing all angle combina-
tions. The BGO fold requirements used in the sorting
process were adjusted to compensate for shifts in the fold
distributions as a function of beam energy.

The spectrum presented in Fig. 1 is the sum of spec-
tra in coincidence with the cleanest coincidence gates in
the SD band. The spectra were obtained from the sum
of the 142 MeV and 146 MeV thin-target data sets, un-
der the requirement of a fold of 12 or more in the array.
Table I lists the p-ray energies and intensities extracted
Rom these data. The SD transitions previously reported
[14,15] are all present. A transition at 170 keV, recently
reported by Henry et al. [18], is also evident. This p ray
is interpreted as the lowest member of the SD band. New
transitions at 645 and 689 keV can clearly be seen in the
present data. They extend the SD band by two transi-
tions. There is also a weak 129 keV p ray present in the
coincidence spectra gated on the SD transitions. Due to
the very low intensity of this p ray, it was not possible to
determine whether this transition is a member of the SD
band or is associated with the feeding of the near-yrast
states (decay out). The relationship of the energy of this

p ray to those of the SD band members suggests that
this transition is not a member of the band. In addition,
the intensity of this p ray is stronger than that of the
170 keV transition (after corrections are made for inter-
nal conversion and detector efficiency), again suggesting
that this transition is associated with the feeding of yrast
states.

Figure 2 presents the intensity pattern for the transi-
tions in the SD band as derived &om the analysis of the
thin-target data. This intensity pattern exhibits charac-
teristics similar to those seen in other SD bands of this
mass region; i.e. , the feeding occurs over the highest six
transitions in the band, the flux remains essentially con-

stant over the next six transitions, and the decay out
occurs rapidly over the lowest two transitions. An over-
all intensity for the SD band of 1.3% of the 4n channel
was estimated &om the backed. -target singles data. The
presence of several long-lived isomers in the low-spin level
scheme of Pb [17,19] prevents the observation of yrast
and near-yrast transitions in prompt coincidence with the
SD band. As was the case in the previous experimental
studies [14,15], the population of the SD band was found
to exhibit the same beam energy dependence as the 4n
channel, consistent with the assignment of this band to

Pb. The data were carefully examined for the presence
of other SD bands by the inspection of one-dimensional
gated coincidence spectra and two-dimensional searches
for grid patterns in the p-p coincidence matrices. No
other SD bands were observed within our estimated sen-
sitivity of the order of 0.4% of the ~ssPb total yield.

The F2 multipolarity of the members of the band was
established &om the p-ray directional correlations. The
experimental directional correlation (DCO) ratios were
constructed from the angle-sorted matrices as follows:

I~(34 5', 145.5. ; gate = 34.5, 145.5 )
I (90.0';gate = 34.5, 145.5 )

where I~ is the coincident intensity of the p ray of in-
terest, measured at the speci6ed angle, and the gating
transition is always at an angle of 34.5 or 145.5 . This
method has the advantage that the DCO ratio is inde-
pendent of the multipolarity of the gating transition [20].
The DCO ratios, extracted for members of the SD band,
are presented in Table I. The values cluster nicely be-
tween 1.3 and 1.4, consistent with the DCO ratios of
known yrast E2 transitions in Pb.
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FIG. 1. p-ray spectrum obtained by sum-
ming spectra in coincidence with the 214,
257, and 387 keV transitions. The spectrum
represents the sum of thin-target data taken
at beam energies of 142 and 146 MeV, as dis-
cussed in the text. The energies of the SD
transitions are indicated. Note that the 129
keV line is not considered to be a member of
the band, but is most likely associated with
the decay process (see text for details).
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TABLE I. Summary of results for the SD band in Pb. The p-ray energies, intensities corrected
for internal conversion and detection efficiency (normalized to 100 for the 345 keV transition), and
DCO ratios were extracted from the thin-target measurement. The fractions of the full Doppler
shift E(7), for E~ & 345 keV, are all equal to zero. Except where indicated, the mean lifetime
values were calculated, following correction for internal conversion, from the Qs value of 18.3 eh
obtained from a fit to the F(7) data (see text for details).

E~(keV)
i69.9(3)
214.8(2)
258.5(2)
301.7(2)
344.9(2)
3S7.3(2)
428.1(2)
468.5(2)
508.1(2)
546.4(2)
584.3(2)
620.2(2)
654.5(3)
688.6(3)

I~
19(3)
49(6)
89(11)
98(13)
100(8)
94(8)
91(12)
90(10)
76(8)
53(9)
41(6)
36(8)
15(3)
14(4)

B(DCO)

1.37(28)
1.35(19)
1.32(15)
1.38(13)
1.40(12)
1.28(15)
1.37(17)
1.43(22)
i.39(25)
1.25(25)
1.29(35)

0.02(4)
0.09(8)
0.17(7)
0.40(12)
0.57(10)
o.77(s)
0.76(7)

0.83(10)
0.91(7)

~ (ps)
31.5
12.3
5.32
2.56
1.34
0.76
0.46

0.33(15)
0.18( 8)
o.i2(+', )

0.10
0.07
0.06
0.04

Q, (eb)
18.3(3.0)
18.3 (3.0)
18.3 (3.0)
18.3 (3.0)
18.3 (3.0)
is.3 (3.o)
18.3 (3.0)

17 3(+6.1)a
19 I(+6.5)a
19.6(+4'o)
18.3(3.0)
is.3(3.o)
is.3(3.o)
1S.3(3.0)

Derived from the line-shape analysis as described in the text.

B. DSAM measurement
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FIG. 2. Relative intensity of the p rays in the superde-
formed band of Pb as measured in the thin-target exper-
iment. The data are normalized to the intensity of the 345
keV p ray, which was taken to be 100'Po.

In the analysis of the backed-target data, spectra in co-
incidence with low-lying SD transitions, which decay af-
ter the residues have stopped in the Pb backing, were pro-
duced &om the angle-sorted matrices. The spectra gated
on the 214, 257, and 387 keV p rays were found to be
the cleanest and were summed together. Information on
the lifetimes of states in the SD band was extracted from
these spectra in a two-step approach. First, a centroid-
shift analysis was performed on the entire band, under
the assumption of a constant value of the quadrupole mo-
ment. Subsequently, a line-shape analysis was performed
for those transitions having contaminant &ee, statisti-
cally significant line shapes.

In each step of the analysis, the experimental Doppler
shifts were compared to corresponding values calculated
with the computer code LILIFI [21]. The electronic and
nuclear components of the stopping power were calcu-
lated with the code TRIM85 [22], which uses the most re-
cent and complete evaluation of existing stopping-power
data. The slowing down history of 10 recoiling Pb ions
in both the target and backing were traced in a Monte
Carlo simulation. The eKects of lateral and longitudinal
straggling were included, as were corrections for the fi-
nite solid angle of the Ge detectors and the positional
dependence of their eKciencies.

The value of the centroid shift for each Doppler-shifted
transition, presented in Table I, was extracted from the
difFerence in the centroid energy as measured in the for-
ward and backward Ge detectors. Figure 3 presents the
experimentally measured fractions of the full Doppler
shift F(7) as a function of p-ray energy. The curves rep-
resent the calculated values of F for various quadrupole
moment Qo values, under the assumption of constant de-
formation throughout the entire band. The calculations
were performed under the assumption that the side feed-
ing into each state consists of a rotational cascade with
efFective lifetimes equal to those in the SD band itself,
as was found to be the case to a good approximation in
the SD band in Hg [12]. A chi-squared fit to the data
yields a best fit value of 18.3 + 2.2 eb. When the un-
certainties in the slowing down processes and side-feeding
lifetimes and. intensities are taken into account, error bars
of 6 3.0 e b are obtained. Prom this Qo value, the mean
lifetimes of the states in the SD band were calculated
using the rotational formula, after applying a correction
for internal conversion. Table I lists the lifetime values
calculated in this manner for all transitions which were
not analyzed by means of line-shape fitting.
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FIG. 3. Measured fraction of the full Doppler shift P(r)
for transitions in the superdeformed band of Pb. The solid
line corresponds to the calculated shift for a Qs value of 18 e b
and the dashed lines are for Qs values of 15 and 21 e b. Inset:
Quadrupole moment values extracted from line-shape Bts to
the 468, 508, and 546 keV transitions (see text for details).

The inset to Fig. 3 shows the results of the line-shape
analysis carried out for the 546, 508, and 468 keV tran-
sitions. Figure 4 presents the line-shape fits to spectra
measured in the backward detectors. In the line-shape
fitting process, the lifetime values for the higher-lying
states were taken &om the results of the centroid-shift

analysis described above. The calculations include (i)
the decay within the SD band (with measured p-ray en-
ergies and intensities), (ii) a set of precursor transitions
(with the same moment of inertia) preceding the high-
est known SD transition, and (iii) side feeding into each
state, approximated by a single rotational cascade of five
transitions. The lifetimes within the feeder bands were
controlled by a single parameter (Qo/Z( ) )sF, where

(Qo)sF and QsF are the effective quadrupole moments(2)

and moments of inertia, respectively, for the side-feeding
cascades. The procedure is discussed in detail in Ref.

As illustrated in Fig. 4, the measured line shapes are
reproduced reasonably well in the fitting process. The
mean lifetimes extracted from the fits are listed in Table
I. The error bars include statistical uncertainties as well
as uncertainties due to the treatment of side-feeding life-
times and intensities. Due to the relatively low statistical
accuracy of the present data and the relatively small con-
tribution of side feeding in the region of the band covered
by the transitions that were analyzed, it was not possible
to extract meaningful information on the effective life-
times of the side-feeding "bands" as was done in the case
of the SD band in Hg [12].

After correction for internal conversion, the lifetime
values were transformed into transition quadrupole mo-
ments using the rotational band formula

Qg(I) = (1.22(I020iI —20) wE )

150

100—

150

~ 100—I—

C3
C3

50—

450 460 470

468 keV

508 keV

480

assuming that the lowest observed member in the band
corresponds to the I = 6 ~ 4 transition and that the
band-head spin is zero (K = 0). The resulting Qt val-
ues are shown in the inset to Fig. 3. While the error
bars are large, the Qt values obtained from the individ-
ual line-shape fits are consistent with the results of the
centroid-shift analysis of the entire band, thereby rein-
forcing our confidence in the analysis. The lifetime anal-
ysis indicates that the deformation in the band remains
constant, within error bars, as was found to be the case
in lifetime measurements carried out on the SD bands
in is Hg [12] and is4Pb [13]. In the following section,
the implications of these measurements concerning the
deformation in the SD bands and the relationship with
the J'( i moment of inertia will be discussed within the
context of theoretical calculations.
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FIG. 4. Examples of line-shape fits (thick line) to the 468,
508, and 546 keV transitions as measured in the detectors at
backward angles. The data are represented by the thin lines.

For over 20 years now, theoretical calculations have
predicted the occurrence of superdeformed shapes in nu-
clei located in various "islands" of the periodic chart. Fol-
lowing the discovery of a discrete line SD band in Dy
[24], and later in i i Hg [1],numerous groups have carried
out detailed calculations which attempt to reproduce the
properties of the known bands and predict where new
regions of SD nuclei may be found. With such a large
number of calculations now available, it is informative to
compare some of the results of theory to the experimen-
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tally measured properties of the SD band of Pb, as
well as to those of other SD bands in the A 190 mass
region.

A. Deformation parameters

Generally speaking, theoretical calculations provide in-
formation on a variety of properties of SD bands, includ-
ing deformation, excitation energy, spin, and parity. On
the other hand, experimental diKculties tend to restrict
the measurable properties to p-ray energies, intensities,
and, in a few favorable cases, lifetimes. Therefore, the
quantities most readily available for a comparison with
theory are the dynamic moments of inertia Q( ), derived
from the p-ray energies, and the intrinsic quadrupole mo-
ments Qo, derived from the measured lifetimes.

Table II compares the measured quadrupole moments
for all SD bands of the mass 190 region for which this in-
formation is currently available with the results of calcu-
lations based on a variety of theoretical models predicting
the location of the superdeformed minima in deformation
space. In cases where the evolution of the SD minimum
in deformation space is calculated as a function of Ru,
average values of the deformation parameters are listed
in the table. The quadrupole moment values presented
for the calculations of Chasman [3] were derived from
the corresponding deformation parameters using the for-
mula of Lobner et al. [25]; those given for the calculations
of SatuIa were derived using the prescription given by
Nazarewicz et al. [26]. The other calculated quadrupole
moments were taken directly from the corresponding ref-
erences.

A close inspection of Table II indicates that the agree-
ment between experiment and theory is quite satisfac-
tory; i.e. , calculations using techniques as different as
the cranked Strutinsky approach [3,5], the Hartree-Fock
+ BCS approximation [6,8,9], and the generator coor-
dinate method [27] all indicate very large deformations,
in agreement with the data. This observation holds for
every SD band in the A 190 region for which lifetime
data are available.

It is worth printing out that most of the lifetime data
of Table II have been analyzed in the same way. In
fact, for Ave of the seven measurements, the same analy-
sis methods, stopping-power parametrizations, and com-
puter codes have been used. As systematic effects are an
important contribution to the experimental uncertain-
ties, it is possible that the differences between the Qo
values for ' Hg and ~ Hg as well as those noted be-
tween Pb and Pb have some significance. The data
may suggest that the SD quadrupole moments reach a
maximum value for N = 112 in both the Hg and Pb
isotopic chains. It is for this neutron number that the
large shell gap responsible in part for the occurrence of
superdeformation in this mass region is calculated to oc-
cur. We note that the same trend in the evolution of
Qp with 2V is present in the cranked Strutinsky calcula-
tions of Refs. [3,5]. The situation is not as clear for the
other calculations (Table II), even though the values of
the quadrupole moment also agree within the errors with
the measured quantities.

Another possible experimental indication for small dif-
ferences in the deformations associated with various SD
bands might come from the respective values of J'(2) at

TABLE II. Summary of results for calculated deformation parameters and quadrupole moments,
and measured quadrupole moments in the SD bands of selected Hg and Pb isotopes. The calculated
results are taken from Chasman [3], Satula et al. [5], Meyer et al. [9], Krieger et al [S], and Bo.nche
et al. [6,27]. The P2 and P4 values presented for the calculations of Chasman were derived from
the values of the vz and v4 deformation parameters given in the original paper. All quadrupole
moment values are in eh.
Nucleus

A

Hg

190
191

192

Expt.
Qo

is(3)
is(3) '
Zo(Z)

Zo(S)

Chasman
Z 4 0 Z

0.55 0.03 19.1 0.46

0.55 0.03 19.1
0.55 0.03 19.2 0.48

Satula
A Qo

0.06 18.6

0.07 19.9

18.1

18.2 18.0

M eyer Krieger
Qo Qo

Bonche
p2 Qo

17.6
16.0

0.54 18 5h
17.5

194
Pb
192
194
196
198

20(3) '
is.3(3)'

0.50
0.55
0.50
0.55

17.6
19.8
17.9
20.1

0.47
0.49
0.48
0.48

0.50 0.03 19.3 0.47 0.06 19.3

0.07 19.4
0.07 20.8
0.06 20.5
0.04 20.1

18.5

18.7
19.3
19.2
18.8

17.9
19.2
20.0
20.9

Drigert et aL [10].
Moore et al. [1], Carpenter et al. [11].

'Moore et al. [12].
Lee et al. [2S].

'Willsau et al. [13].
fPresent vrork.

Obtained from Hartree-Fock + BCS calculations.
"Obtained from generator coordinate method calculations.
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FIG. &. Dynamic moment of inertia J ~ ~ = 452/&& for
the superdeformed bands in the even Pb isotopes. The cir-
cles represent the data for Pb and the diamonds for Pb
[14,31,32,33]. The lines represent the Q~ ~ curves for the su-
perdeformed bands in Pb [34,35] (solid) and Pb [15j
(dashed) .

the lowest rotational frequencies. An analysis along these
lines was originally proposed by Drigert et al. [10] who
noted that, at the lowest Ru values, the g(2) curve of
90Hg lies below that of either x92Hg or x94Hg and sug

gested that a somewhat smaller P2 deformation in isoHg
could be inferred. From a fit to the values of g( ) with
the Harris exPression g(z) = Qo + 3+in, one can ob-
tain the parameter Jq which is related to the quadrupole
deformation by the expression Qo ——C(Z)A ~sP22, which
follows from the Grodzins' formula [29]. In this rela-
tion, Z is the proton number, A is the nucleon number,
and C(Z) describes the "calibration" of the relation be-
tween go and P2. Extensive tests of this simple rela-
tion have been performed for rare earth nuclei where Jq
was obtained from fits with the Harris expression and P2
was derived from B(E2) values [30]. This study showed
that C(Z) remains constant within an isotopic chain and
varies smoothly with Z. Thus, the use of this expression
in the present context seems justice. ed.

The dynamic moments of inertia for all the SD bands
in the Pb isotopes are presented as a function of ~ in
Fig. 5. From the figure it can be seen that at the lowest
frequencies P(2) has a lower value for issPb and issPb
than for Pb and Pb. The Qo values were obtained
for each Pb isotope from a least squares fit to the Har-
ris expression over comparable frequency ranges for each
band. gp values of 88.052, 89.8452, 87.4952, and 86.10h2
MeV were found for A = 192, 194, 196, and 198, re-
spectively. Assuming that C(Z) is constant for the four
SD bands, the extracted P2 deformations would be within
0.4% in both Pb and i Pb, but the P2 values in issPb
and Pb would be 2.3% and 4% smaller than in Pb.
Thus this analysis tends to corroborate the discussion
given above and is consistent with the trend present in
the measured Qo values for 4Pb and Pb, suggesting
that the largest deformation occurs for Pb. We note

that in the calculations by Chasman [3] and Satula et
at. [5], differences of the same magnitude between 4Pb
and Pb are obtained. On the other hand, these calcu-
lations do not agree as nicely with this analysis for the
other two Pb isotopes.

B. Evolution of the dynamic moment of inertia with
rotational frequency

In addition to the difFerences between the J'( ) mo-
ments of inertia described above, other interesting fea-
tures emerge in Fig. 5. In all the Pb isotopes, g( ) is
rising with Lu and this rise is of the same magnitude
in all the isotopes up to ~ & 0.3 MeV. This feature
has been reported for a vast majority of the SD bands
in the A 190 region [2]. Above this frequency of 0.3
MeV, where data are available in the lead isotopes for
only Pb and Pb, another interesting observation
can be made: A change in the slope of the J'( ) curve
is present in Pb but not in Pb. As a result of this
change, the J'( ) values for the two isotopes become sim-
ilar. The situation resembles that reported recently for
the is i Hg SD pair by Bearden et al. [36]. In these two
nuclei, the g( ) curves also exhibit similar smooth rises
up to Ru & 0.32 MeV and, at the higher frequencies, a
clear upbend in the data points is seen in Hg only. In
fact, the g( ) values for soHg become even larger than
those for Hg. Such a change in slope is very similar to
those seen in many rotational bands at normal deforma-
tion and suggests the presence of a crossing between the
SD "ground state" band and a band based on an excited

configuration.

In order to try to understand these features, we have
performed cranked Woods-Saxon calculations which in-
clude the eKects of both static and dynamical pairing.
Calculations of this type have been performed in many
instances to account for the rise of g( ) vs Ru [2,37] and
have attributed the observations to the alignment of j~5y2
quasineutron and i&3y2 quasiproton pairs. Strong sup-
port for this interpretation and for the role of pairing in
these SD nuclei has been provided by so-called blocking
experiments where the alignment of a pair of quasipar-
ticles in odd-even or odd-odd nuclei is blocked by the
presence of an odd quasiparticle in the orbital of interest
(Pauli blocking). Recently, Q( ) was found to be con-
stant with Ru for two of the six SD bands in Tl [38]
and this result was interpreted in terms of Pauli blocking
of quasiparticle alignments in both the j&5g2 and i/3/2
intruder orbitals.

The Woods-Saxon calculations described here for
Pb and Pb were performed. with the following pa-

rameters. The P2 and P4 deformation parameters were
taken from Satula et aL [5] (Table II) and result from self-
consistent Strutinsky calculations with the same Woods-
Saxon potential that is used here. The neutron and pro-
ton pairing strengths were taken to be 90% of the full
pairing strength Gg„~~, calculated with the particle num-
ber projection technique [26]. This choice is guided by
the detailed studies presented in Ref. [10] for the s Hg
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FIG. 6. Dynamic moment of inertia / as a function of
rotational frequency for the superdeformed bands in Pb
(circles) and Pb (diamonds). The calculated Q~ i curves
for the SD bands in Pb and Pb are represented by the
solid and dashed lines, respectively (see text for details).

SD band and by the successful description of both nor-
mally deformed and other SD nuclei [26,39]. The calcu-
lated g(2& moments are compared with the data in Fig.
6. From the figure, it is clear that the calculations re-
produce the trends of the data rather well; i.e. , at low
frequency P( ) is lower in Pb than in Pb, but the
respective rises with frequency are such that at higher
frequencies the calculations for the two nuclei result in
very similar J'( ) values as seen in the data.

As in the other SD nuclei of this region, the rise in J'( )

is brought about by the alignment of a j&5y2 quasineutron
and iisy2 quasiproton pair. (Adopting the nomenclature
in which SD configurations are labeled by the number of
occupied intruder orbitals, the SD bands can be assigned
a m6 v7 configuration for both i Pb and i Pb. ) The
somewhat steeper slope in J'( ) calculated for Pb orig-
inates &om the interaction strength between the ground
band and the aligned j~qy~ configuration, which is com-
puted to be ~370 keV in Pb and 470 keV in Pb.

It is worth pointing out that one of the problems with
cranking calculations noted for Hg nuclei does not seem
to occur in the calculations for the Pb isotopes. It has
been shown in the case of Hg [40,41] that the down-
turn of J'( ), calculated to occur at high he@ after the
quasiparticle alignments have taken place, is not present
in the data. This failure has been interpreted as an in-
dication that at least one of the two quasiparticle align-
ments is delayed in &equency and occurs with a larger
interaction strength than predicted. In the cranking cal-
culations for the Pb isotopes, the change in the Fermi
surface when going &om Z = 80 to 82 results in a delay
of the ig3(2 proton crossing from ~ 0.35 to ~ 0.55
MeV and, as a result, the J(2) curves continue to rise at
the highest frequencies, as shown in Fig. 6.

While a consistent picture seems to emerge from these
cranking calculations, it should be emphasized that they
do not address some of the critical issues raised in previ-

ous work. For example, it has been suggested [10,40,41]
that, in the SD bands of the Hg isotopes, the j&5y2 neu-
tron crossing may be delayed and/or that higher order
corrections to the pairing may be required to provide an
adequate description of the alignment processes at very
large deformations. The calculations in Fig. 6 show a
small downturn in the Q(2) curves at medium frequencies
which occurs after the j~5y2 quasineutrons have aligned
and before the contribution due the i&3~2 quasiproton
alignment becomes significant. It is possible that the ab-
sence of this effect in the data is an indication of the need
for improved calculations. Also, while the magnitude of
the rise in Q(2) with hey is of the right order, improved
calculations might be able to follow the data more closely.

V. CONCLUSIONS

A detailed experimental study of the superdeformed
band in Pb has been performed. New transitions
have been added at the top and bottom of the previ-
ously known band. The expected stretched E2 char-
acter of the transitions in the band has been estab-
lished by the measurement of DCO ratios. The intrin-
sic quadrupole moment of the band has been measured
using the DSAM and a value of 18.3 + 3.0 eb was ob-
tained. The quadrupole moment of this band and those
of several other bands in the mass A 190 region have
been compared to the results of a number of theoreti-
cal calculations and were found to be consistent with a
quadrupole deformation of P2 0.5. The data suggest
that the deformation reaches a maximum value for N =
112 in both the Hg and Pb SD bands. This trend is also
present in some of the calculations. An analysis of thej( ) behavior in the Pb SD bands corroborates the pos-
sibility of small difFerences in deformation between the
bands.

Cranked Woods-Saxon calculations were carried out
which indicate that the rise in the j'( ) values with her is
brought about by the alignment of a j&5~2 quasineutron
and i&3y2 quasiproton pair. In contrast to the predictions
for the SD bands in the Hg isotopes, the calculations in-
dicate that the downturn in Q(2) following the quasipar-
ticle alignments should occur at &equencies of Lu 0.55
MeV, well beyond the highest experimentally observed
frequencies. The differences in slope between Pb and

Pb are attributed to different interaction strengths be-
tween the aligned j&5y2 configurations and the respective
ground bands. However, in order to reproduce the J'( )

data more closely, it may be necessary to improve the
calculations by including, for example, higher order cor-
rections to pairing at large deformations.
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