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Decay and properties of the yrast superdeformed band in192Pb
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The 173Yb(24Mg,5n) reaction atE(24Mg! 5 134.5 MeV with a gold-backed target was used to populate
high-angular momentum states in192Pb. Resultingg rays were detected with Gammasphere located at the
88-Inch Cyclotron. A discrete transition of energyEg 5 2057.7~6! keV has been identified in the depopulation
the yrast superdeformed~SD! band in 192Pb. This transition has been tentatively placed in the level scheme
based on coincidence relationships. Thus, the excitation energy of the SD level populated by the 262-keV
in-band transition is tentatively assignedEx 5 4.572~1! MeV. Confidence limits are discussed. Other transi-
tions in coincidence with the SD band and general features of the band and its decay are also presented. In
particular, we confirm that theJ(2) of the SD band decreases by'13% at the lowest frequency. Also, by
comparing the masses of the SD ground states in192,194Pb to liquid drop model expectations and to each other
we have been able to confirm enhanced stability forN5112 at superdeformation.@S0556-2813~97!02511-9#

PACS number~s!: 21.10.Re,23.20.Lv,27.80.1w
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I. INTRODUCTION

The excitation energies and spins of yrast superdeform
~SD! bands have recently been determined in194Pb @1–3#,
194Hg @4#, and possibly193Pb @5#. These observations enab
~1! the study of mechanisms involved in the decay of S
shapes, and~2! a test of the validity of microscopic stati
calculations which predict superdeformation, as for exam
in Krieger et al. @6#. In particular, the results presented he
allow comparison between lead isotopes and test the pre
tion @6#, for example, that the excitation energy of the S
bandhead in192Pb is lower than in194Pb. A more complete
mapping of excitation energies, spins, and parities of
levels will allow us to extract new information on the she
structure in the second well. In addition, a comparison
excitation energies in odd-even and even-even isotopes
enable us to extract information, albeit somewhat model
pendent, on the pairing energy in the second well.

The SD band in192Pb has been observed previously
several experiments@7–9# and its isotopic assignment is we
established. Previous spectroscopic work has been don
the first well for this nucleus and the work by Plompenet al.
@10# and Van Duppenet al. @11# was used in the analysi
presented here. The semimagic nature of lead isotopes
expectation of a lower excitation energy for the second w
in 192Pb compared with194Pb, and the large amount of pre
vious spectroscopic work available on this nucleus, ma
192Pb an excellent candidate in which to search for prim
g-ray decay linking the SD states to yrast or near yrast st
of normal deformation. From these linking transitions, t
excitation energy andJp of SD states can be established.

II. EXPERIMENTAL AND ANALYTIC PROCEDURES

The experiment was performed at the 88-Inch Cyclot
Facility at Lawrence Berkeley National Laboratory. Th
173Yb(24Mg,5n! reaction at a beam energy of 134.5 Me
560556-2813/97/56~5!/2474~10!/$10.00
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was used to populate high-angular momentum states
192Pb. The target was 1 mg/cm2 of enriched 173Yb evapo-
rated on a 7-mg/cm2 gold backing. The target was oriented
an angle of 27° to the beam. This reaction was chosen as
qualitatively similar to the reactions successfully used
@1,3#. While it is a good choice for reducing the backgrou
due to fission, it does contain significant cross sections
other evaporation residues. The predominant exit chan
were 191,192Pb and 189Hg, but 193Pb, 190Hg, and 191Tl @12#
were also populated. To reduce contamination from th
evaporation channels, and events due to inelastic scatte
conditions on observed sum energy and multiplicity were
during the offline data analysis.

Theg-ray spectroscopy was done with the Gammasph
array, which consisted of 92 Compton-suppressed Ge de
tors with Ta-Cu absorbers placed in front to reduce x ra
and low-energy interactions in the detectors. Theg-ray pulse
heights observed with the Ge detectors were recorded to
with an analog-to-digital converter~ADC! resolution of
about 3 ADC channels per keV. A total of 2.33109 three-
fold and higher coincidence events was collected. Time
lationships were also recorded.

Relative photopeak efficiency and energy calibrations
the array over the range of 100–3548 keV were obtained
singles mode using standard152Eu, 182Ta, and56Co sources.
By comparing the intensities of the 52→41 (E1) and
41→21 (E2) transitions@11# in 192Pb, which are of similar
energies, the relative detection efficiency of stretched dip
to stretched quadrupole transitions was determined to
0.99~2!. This is expected because of the large number
detectors in the array. Also, an energy-dependent, pro
time gate was used in the analysis. The time window w
larger for lower-energyg rays and the centroid also varied a
a function ofg-ray energy to account for jitter and walk. B
comparing the intensities of different lines in192Pb, we
found no measurable change in theg-ray intensities for
Eg .250 keV in a time-gated spectrum. At about 125 ke
2474 © 1997 The American Physical Society
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56 2475DECAY AND PROPERTIES OF THE YRAST . . .
FIG. 1. Spectrum in192Pb sorted with the spike-free method@13# with the 13 different SD double-gate combinations discussed in the
The band members marked with asterisks were used in the gating conditions. Dispersion is'0.33 keV/channel.
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however, there is a marked reduction in theg-ray intensity
observed in a time-gated spectrum. No corrections to
g-ray intensities were made to take into account either
effect of the prompt time gate or the angular distribution
the radiation.

The seven in-band SD transitions with energies from 2
to 499 keV were used as gating conditions when genera
spectra in coincidence with the SD band. Double-ga
events were sorted according to the spike-free method
posed by Beausanget al. @13#. Since the SD decay lines i
192Pb were expected to be at energies close to the pa
energy, 2D;1.6 MeV, there is particular reason to be co
cerned with contamination compared with the other succ
ful linking experiments in theA;190 region. Background
subtraction was carried out in all three terms using the
upper limit ~FUL! method developed by Crowellet al. @14#.
In addition, 10 of the 21 double-gate conditions, listed
(Eg ,Eg) in keV, were excluded: the~262,304!, ~304,385!,
and ~385,462! combinations, because of strong contamin
tion from 190Hg, and the~262,462!, ~262,499!, ~345,462!,
~345,499!, ~424,462!, and ~462,499! combinations, becaus
of strong contamination from normal deformed states
192Pb, and the~304,462! combination because of backgroun
subtraction problems. The resultant spectra in two ene
regions are shown in Figs. 1 and 2.

Corresponding to this spectrum, but not shown, is a sp
trum of the variance for each channel. At each step in
data analysis, the variance spectrum was generated in a
dance with the statistics of the experiment and backgro
subtraction. This information was used to weight each ch
nel when fitting peaks. Additional details of the analysis
spectra can be found in Sec. IV.
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III. GENERAL FEATURES OF THE BAND
AND ITS DECAY

The spectrum in Fig. 1 and individual double-gated sp
tra were analyzed in order to extract transition energies an
consistent set of intensities. The in-band energies and in
sities are listed in Table I. The decay out of the SD ba
appears to occur at the four band members with lowest s
Approximately 80% of the depopulation occurs at two of t
SD levels. However, because there is only one transi
with the maximum intensity, it is possible that the leve
through which the band is fed and through which the de
out occurs are not exclusive of each other. Hence, the in
sities cited in Table I and the text may be systematically
large. Also listed in Table I are the normal deformed tran
tions fed by the decay of the band. Since 69~5!% of the
decay populates the 21

1 level and 3~1!% populates the 22
1

level, 28~4!% of the decay is not in prompt coincidence wi
the 21

1→01
1 or 22

1→01
1 transitions. The known isomeric

levels in 192Pb are Jp5101,112,121, with half-lives of
T1/25100~15!ns, 95~15!ns, 1.10~5!ms @12,15#, respectively.
Overall, the decay of the band appears to enter the previo
known level scheme at levels with spins between 8212\.

The g ray at 1236.9~4! keV is in agreement with the
22

1→01
1 transition atEg 51237.7~3! keV previously ob-

served inb1/electron capture decay@11#. This is consistent
with the observation of the 22

1→01
1 transition in the194Pb

SD decay experiment@3#. There is a line at 641 keV which
we associate with the 641.5-keV line previously placed
the level scheme@10# as feeding the yrast 61 level, and not
as an SD band member. If this were an SD transition, the
shape would be broadened in our data set because o
target backing and reaction kinematics, in contrast to
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FIG. 2. Continuation of the spectrum displayed in Fig. 1. Dispersion is'0.66 keV/channel.
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narrow line shape observed. In light of this, the candidate
an in-band SD transition at 640 keV as proposed in@8#
should be reconsidered. Also, in@8#, a line at 739.9 keV was
observed and was assumed to be the 112→92 transition
@10#. In the present data set there is a weak line at 741.~4!
keV which is not consistent with ourg-ray energy of
739.6~1! keV for the 112→92 transition, which we ob-
served in an ND-gated spectrum. Instead, the 741.8~6!-keV g
ray has been placed as a transition which feeds the l
depopulated by the 641-keV line just mentioned.

The existence of a 214.8~2!-keV transition proposed in@8#
at the bottom of the band has been confirmed. This transi
is interesting because the energy spacing between in-b
transitions makes a significant upward change here. The
ergy spacing between the last two in-band transitions
47.6~2! keV compared with 41.3~1! keV for the second and
third transitions. This corresponds to a'13% increase in
J(2), the dynamic moment of inertia, as a function of incre
ing rotational frequency. This has an important implicati
for the determination of the SD bandhead energy. Fitting
g-ray energies to a rigid rotor with a first-order correcti
does not work well when including the new transition at 2
keV. Thus, the extrapolation to the bandhead excitation
ergy will only be reliable to within;100 keV and care
should be taken when drawing conclusions from such
trapolations. When the 215-keVg ray is excluded, the fitted
spin of the level populated by the 262-keV transition
10.55~3!\, which is consistent with the previously calculate
value @16#.

IV. CANDIDATES FOR DISCRETE DECAY

The entire spectrum in Fig. 1 from 100 keV to 3 MeV w
considered in the search for linking transitions. The hig
r

el

n
nd
n-
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energy part of this spectrum is shown in Fig. 2. The spectr
was divided into 12 overlapping regions and each region w
fitted with theGF2 program@17# using the variance spectrum
discussed in Sec. II to weight the fit. All fits ha
0.9<x2/n<1.1. For each fit, a pure Gaussian was assum
for the parent population of eachg ray, i.e., the ‘‘R’’ and
‘‘STEP’’ GF2 parameters were always fixed to zero. In ad
tion, the width of eachg ray was fixed, except in the cases
the higher spin members of the SD band, which were
pected to have broadened line shapes because of the ba
target. The number of background channels always excee
the number of peak channels. Hence, because the param
used to fit the background have stable minima, we feel j
tified in assuming that the errors in the position and heigh
the peaks are accurately determined. For each peak we d
a confidence parameter,C5H/DH, whereH is the height of
the peak determined from the fit andDH its associated error
From these fits, we have listed in Table II fourteen pre
ously unknowng rays with C>3.8. We chose 3.8s as a
cutoff point because the probability of observing ag ray
with C>3.8 due to random background fluctuations is le
than 50% for this value ofC. This does not mean that peak
with C,3.8 were not considered as linking transition
rather we expect all peaks withC>3.8 to be real, and mus
be understood.

Therefore, it is important to point out that Table II als
contains two negative peaks. Our experience with the d
culties of background subtraction in multifold data is th
these negative peaks represent the presence of syste
error in the background subtraction. Neither of theseg
rays’’ shows any evidence of being in coincidence or anti
incidence with the band in spectra generated with a sum
double gates on the respective lines with the SD gating c
ditions. This type of systematic error in the background s
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56 2477DECAY AND PROPERTIES OF THE YRAST . . .
traction arises from oversubtraction or undersubtraction
energies that are particular to a given gating condition. I
very unlikely that such systematic errors will result in a fa
coincidence with the entire band.

From Table II, the newg rays which are clearly in coin
cidence with the SD band in192Pb are 596.2~4!-, 631.9~4!-,
741.8~6!-, 1333.4~5!-, 1477.7~6!-, 2057.7~6!-keV lines. In
some cases it was unclear whether or not a transition wa
true coincidence with the band, because it was too clos
energy to other lines in strong coincidence with the band
is also possible that some of the other transitions include
Table II are shifted components of the SD transitions wh
have line shape due to the backed target. The placeme
the 742-keV line was discussed in Sec. III. The placemen
the 2057.7~6!-keV transition is discussed below. Th
596.2~4!-, 631.9~4!-, 1333.4~5!-, and 1477.7~6!-keV lines
have not been placed. The level scheme associated with
decay of the SD band in192Pb is displayed in Fig. 3.

The most likely candidate for a primary decayg ray is the

TABLE I. Gamma rays in192Pb deduced from the spectra di
played in Figs. 1 and 2. Intensities were derived from a spect
obtained with clean double gates on the topg rays in the band and
normalized to the 345-keV SD-band transition. The intensities
higher-spin SD lines were derived from a double gate on the 3
and 345-keV transitions.

Transition~keV! Placementa Normalized intensity

214.8~2! SD 0.05~2! b

262.4~1! SD 0.45~3! b

303.7~1! SD 0.87~3! b

344.6~1! SD 1.00~4! b

384.6~1! SD 0.85~7! b

423.7~2! SD 0.67~6! b

461.5~2! SD 0.31~4! b

498.7~2! SD 0.27~5! b

191 92→72 0.16~4! c

383 81→61 0.19~2! c

463 72→52 0.23~4! c

486 9→81 0.06~2! d

502 41→21 0.69~5! c

504 52→41 0.16~2! c

565 61→41 0.49~4! c

596.2~4! 0.06~3! d

599 81→61 0.13~3! d

631.9~4! 0.028~16! d

641 2562→61 0.13~2! d

741.8~6! 3304→2562 0.033~16! d

854 21
1→01 0.69~5! c

1236.9~4! 22
1→01 0.032~14! c

1333.4~5! 0.023~13! d

1477.7~6! 0.032~13! d

2057.7~6! ~SD→92! 0.041~12! d

aTaken from@10# except when noted in the text.
bCorrection due to electron conversion was estimated by calc
tion.
cExperimentally measured@11# conversion coefficients were used
dNo correction for electron conversion was done for these inte
ties.
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highest energy candidate at 2057.7~6! keV. The coincidence
spectrum of this line with the seven SD gates is shown
Fig. 4. The background subtraction for this spectrum w
done in the same manner as discussed in Sec. II for Fig. 1
addition, the smooth Compton and continuum backgrou
has been subtracted using the FUL method@14#, modified for
one-dimensional, background-subtracted spectra. While
spectrum is not visually exciting, we believe that the da
conclusively indicate that the 2057.7~6!-keV transition is in
coincidence with the SD band within at least a 99.97% c
fidence limit with respect to random statistical fluctuation
In support of this conclusion, we have two important arg
ments. First, as shown in Fig. 5, the relevant part of
spectrum in Fig. 4 is consistent with a Gaussian distribu
set of channels with a mean of zero counts. This confir
that the background subtraction procedure and the prop
tion of errors was done correctly and also justifies our
sumption that the confidence limit should be determined w
respect to random statistical fluctuations. Second, the sum
counts for each SD transition isnot consistent with zero
counts with at least an 89% confidence limit for six of t
seven transitions that were used for gating conditions. Th
counts are listed in Table III. Even if we assume that co
taminant peaks are present in the spectrum and respon
for observation of the 2058-keV candidate link, the eviden
for the 2058-keV link is still strong. For example, if th
345-keV and 385-keV transitions — the two lines with th
most counts — are excluded, the sum of counts in the o
five in-band transitions isnot consistent with zero at a con
fidence level of 99.97%. The possibility that there is
broader structure in the neighborhood of 2058 keV which
responsible for the coincidence relationships in Table III h
been ruled out. This was done by gating on the regions ab
and below the 2058-keV candidate in combination with t
SD band. This failed to reproduce any evidence for coin
dence with the SD band.

As can be seen from Table III, the data are consistent w
the 214.8~2!-keV line being zero with a 66% confidenc
level. Conversely, the intensity of the 214.8~2!-keV line is
not consistent with the expected value of 58~31! counts if the
214.8~2!-keV g ray were part of the decay path which in
cluded the 2057.7~6!-keV transition. Hence, we have tenta
tively placed the 2057.7~6!-keV transition as depopulating
the SD level which is fed by the 262.4~1!-keV in-band tran-
sition. We have also tentatively placed the 2057.7~6!-keV
transition as decaying to the 92 level at 2.514 MeV based on
the data listed in Table III. We believe this to be the mo
likely placement based on these data. For example,
knowng rays which populate the 92 level at 2.514 MeV are
consistent with zero counts. We cannot rule out, howev
that the 2057.7~6!-keV line is part of a multistep decay cas
cade, where the other transition~s! in the cascade is close i
energy to a transition in Fig. 1.

Analysis of the other linking transitions was done in t
same manner as with the 2058-keV line. These transiti
have confidence limits of at least 99%. Theg rays at
1333.4~5! and 1477.7~6! keV are sufficiently high in energy
to be considered candidates for primary decay. Howe
they show no evidence for being in coincidence with lo
spin yrast transitions. Theseg rays are, therefore, either de
caying to structures built upon the 101, 112, or 121 isomers
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TABLE II. Transitions newly identified to be in coincidence with the SD band in192Pb. Lines present in
the spectra of Figs. 1 and 2 are listed here if the confidence parameterC>3.8. See text for further details.

Transition~keV! C Placement or comment

260.5~3! 5.87 Doublet with 262-keV line
425.9~4! 4.54 Doublet with 424-keV line
458.8~2! 9.43 Doublet with 461-keV line
465.3~3! 5.79 Doublet with 463-keV line
489.9~4! -4.29 Negative peak
495.8~3! 7.99 Doublet with 499-keV line
596.2~4! 4.24
631.9~4! 4.67 Similar energy to the (29

2
1)→( 25

2
1) transition in

191Pb @18#

645.8~4! -3.82 Negative peak
741.8~6! 4.01 3304→2562 keV
842.2~4! 3.94 Probablyn,n8 contaminant
856.4~4! 5.68 Doublet with 853-keV line
1050.7~4! 5.72 Contaminant from 424- and 345-keV gates
1236.9~4! 5.12 22

1→01
1

1333.4~5! 3.95
1477.7~6! 3.66
2057.7~6! 4.54 (SD→92)
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or involved in decay paths which bypass the yrast 21 state.
For example, the excitation energies of the
Jp5101,112,121 isomers are 2581, 2743, and 2625 keV
respectively. A single transition between the same SD lev
depopulated by the 2058-keV transition and these isome

FIG. 3. The level scheme associated with the decay of the S
band in 192Pb. The widths of the arrows are indicative of the inten
sities listed in Table I.
,
el
rs

would have energies of 1991, 1829, or 1947 keV, resp
tively, if the placement of the 2058-keV transition is corre
Hence, if the 1333- or 1478-keV lines feed an isomer th
they must be decaying to a level which is part of a struct
built upon that isomer.

At a g-ray energy of 2 MeV we can place an upper lim
on the intensity of unobserved linking transitions at,3.8%
for a peak withC53.0. The detection efficiency for even
which decay to theJp5101,112,121 isomers is somewha
lower than events which decay to the ground state, beca
the multiplicity of such events is lower, and a software co
dition on multiplicity was used.

V. DISCUSSION

A. Excitation energy of the SD band in 192Pb

We have tentatively placed the 2058-keV transition b
tween the SD band member fed by the 262-keV transit
and the 92 yrast state at 2514 keV. This placement is bas
on the coincidence data discussed in the previous sec
The tentative nature of this assignment is due to the mini
statistics in the current data set. As discussed above,
placement could be more definite if we had additional tra
sitions which could be placed between the SD and ND lev
to support the excitation energy assignment. However,
SD decay is observed to feed normal deformed levels of s
8-12\, and the 92 level, in particular, is observed to be fe
by 16~4!% of the total decay. In the following we shall as
sume that this assignment is correct and the excitation en
of the SD state fed by the 262-keV transition is 4572~1! keV.

The placement of the 2058-keV transition between the
band and the yrast 92 state can be used to support a 101

spin-parity assignment for the initial SD state. There is ev
expectation that the yrast SD band in192Pb should have posi
tive parity and even spin, because the yrast band in194Pb has

D
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FIG. 4. ~a! Spectrum in192Pb obtained from coincidence spectra with one gate on the 2057.7~6!-keV transition and the other taken from
the set of seven SD gates between 262 and 499 keV.~b! Spectrum obtained with one gate on the 1333.4-keV transition and the other
from the seven SD gating conditions. In order to guide the eye, the spectra have been smoothed over a range of three channels
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been measured experimentally@3# to have positive parity and
because192Pb is even-even. Also, there is no known sign
ture partner to the yrast SD band in192Pb, which argues tha
the band is built upon aK50 bandhead. Our current unde
standing of the SD decay process is that SD states at the
of the known cascades have a small admixture of nor
deformed states at high excitation energy@19#. It is likely
that DL51 transitions will dominate@3,4# and the E1
strength function is typically larger than theM1 strength
-

nd
al

function for normal deformed levels at high excitation e
ergy. These arguments support aJp5 81 or 101 value for
the initial SD state. When combined with the level sp
analysis discussed in Sec. III, a 101 value is preferred.
Therefore, the 2058-keV transition is proposed to be
stretchedE1 transition that connects the 101 SD level at
Ex54572~1! keV to the yrast 92 state at 2514 keV.

Extrapolation to ascertain the (01) bandhead energy is
difficult. As discussed in Sec. III, there is a dramatic increa
he
his fit,
FIG. 5. The number of background-subtracted counts divided by the uncertaintys calculated for that channel for each channel in t
spectrum displayed in Fig. 4~a!. The results are histogrammed in 0.5-unit wide bins. A Gaussian fit to the results is shown. For t
x2/n51.674,sfit51.007(9), and themean,m50.018(37).
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2480 56D. P. McNABB et al.
in J(2) at the bottom of the SD band, where theg-ray energy
spacings are most sensitive to the spins of the levels. H
ever, by excluding the 215-keV transition, we can estim
the excitation energy of the SD bandhead to be about
MeV. This is consistent with the expected isotopic trend p
dicted by calculations such as in@6#, which predicted 4.00
MeV for the SD bandhead in192Pb. The calculations predic
4.86 MeV for the SD bandhead in194Pb, compared with the
extrapolated value@3# of 4.6 MeV.

B. Microscopic contributions in SD Pb

The existence of a superdeformed minimum in the pot
tial energy surface comes about from the competition
tween macroscopic and microscopic~shell! degrees of free-
dom. The shell effects can be highlighted by comparing
SD excitation energies in194Pb and 192Pb. In the simple
liquid drop model~LDM ! the cold superdeformed 01 state
can be modeled as a deformed liquid drop and a macrosc
comparison can be made between the difference in the
mal ground-state and superdeformed ground-state masse
the LDM, the addition of two neutrons, (A,Z)→(A12,Z),
increases the ground-state mass. However, the increa
expected to be larger in the superdeformed case compar
the spherical liquid drop because the surface-energy t
provides the largest contribution to the change in bind
energy for a deformed compared to a spherical shape. On
other hand, microscopic effects are responsible for the
bility of the superdeformed shape, and hence microsco
effects should be sizable in the second well.

TABLE III. Summary of g-ray transitions associated with th
spectrum shown in Fig. 4~a!. The sum of counts over channe
which were used as gating conditions is given; fits were not u
because of low statistics. Intensities were corrected forK-shell elec-
tron conversion and normalized to the weighted mean of the in
sities for each of the SD lines in the table, except for the 215-k
line. The higher spin SD transitions were normalized using the
sults in Table I before taking the weighted average. Further de
are discussed in the text.

Transition~keV! Placement Sum of counts Normalized inten

215 SD 6~17! 0.10~29!

262 SD 45~18! 0.76~30!

304 SD 35~18! 0.60~31!

345 SD 86~19! 1.53~34!

385 SD 61~20! 1.13~37!

424 SD 39~19! 0.75~37!

462 SD 5~21! 0.10~42!

499 SD 37~23! 0.77~48!

191 92→72 38~20! 0.82~43!

463 72→52 -2~20! -0.04~42!

502 41→21 40~27! 0.86~58!

504 52→41 37~25! 0.79~54!

660 10(2)→92 13~18! 0.32~44! a

740 112→92 -9~17! -0.24~45!

854 21→01 47~24! 1.35~70!

aThis intensity has not been corrected for electron conversion
cause its multipolarity has not been assigned.
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In order to highlight such microscopic effects, differenc
between the masses extracted from experiment and ca
lated from the LDM,Mexp

SD2MLDM
SD , are considered here fo

192,193,194Pb and194Hg. This quantity can be broken into tw
parts so that

Mexp
SD2MLDM

SD 5~Eexp
SD2ELDM

SD !1~Mexp
ND2MLDM

ND !. ~1!

The macroscopic expression for the excitation energy of
superdeformed ground state in the LDM can be expresse
third order in the deformation parametera2 by @20#

ELDM
SD ~A,Z!5ESF2

5
~12x!a2

22
4

105
~112x!a2

3G , ~2!

wherex is the fissility parameter,EC/2ES , which is propor-
tional to the ratio of the Coulomb energy (EC) and surface
energy at zero deformation (ES) contributions to the LDM
binding energy. We have also assumed the deformation
rameter to be constant,a250.41 (b50.65!. The first term of
Eq. ~1! describes the macroscopic energy due to the de
mation, and the second term accounts for a normal grou
state mass that differs from the LDM due to microscop
effects. The LDM predicts thatELDM

SD (192Pb)57.63 MeV,
more than 3 MeV off from the empirical extrapolated valu
The LDM model does a poor job at reproducing the mag
tude of the excitation energy of the SD bandhead, beca
microscopic effects are important in this region of nucl
However, the LDM does serve as a reference for mac
scopic effects and that is exploited here. The LDM parame
values quoted in@20# and the evaluated ground-state mas
from Audi and Wapstra@21# were used to determine
Mexp

SD2MLDM
SD . The results summarized in Table IV sugge

that the superdeformed ground state in194Pb is slightly more
bound — by 0.5~3! MeV — than in 192Pb and, hence, the
neutron numberN5112 is closer to a closed shell tha
N5110. In addition, the result for193Pb may indicate that
the pairing energy term is still present in the second wel

Hartree-Fock-Bogoliubov ~HFB! calculations more
closely reproduce the microscopic effects that lower the
citation energies of the SD bandheads in this mass reg
However, there are still problems. In Table V the experime
tally determined excitation energies are compared with t
different HFB calculations. The axial HFB1BCS calcula-
tions using the Skm* effective interaction of Kriegeret al.
@6# are able to reproduce the data for the two lead isotop

d

n-
V
-

ils

y

e-

TABLE IV. Comparison between experimental and liquid-dro
model calculations of mass differences for192,193,194Pb and194Hg.
The LDM parameters used wereav515.56,as517.23,ac50.697,
and asym546.57 MeV @20#. The normal ground-state masses a
errors were taken from@21#. The errors quoted here also assume
error of 100 keV for the SD 01 bandheads. Energies and masses
given in MeV.

Nucleus Eexp
SD2ELDM

SD Mexp
ND2MLDM

ND Mexp
SD2MLDM

SD

194Hg -3.4~1! -2.73~3! -6.1~1!
194Pb -3.4~1! -2.30~15! -5.7~2!
192Pb -3.7~1! -1.50~18! -5.2~2!
193Pb -4.3~1! -0.68~19! -5.0~2!
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but are 1 MeV too low for194Hg. A different approach by
Girod et al. @22# uses the Gogny effective interaction, b
calculates the zero-point energy through the solution of
Bohr Hamiltonian, which allows for nonaxial degrees
freedom and configuration mixing. These results are m
satisfying, but are 0.5 MeV too high for194Hg, while only
0.3 MeV too low for 192Pb.

C. Dynamical moments of inertia

In Fig. 6 we summarize the dynamical moments of iner
J(2) for 192Pb compared to194Pb. As noted in Sec. III, there
is a 13% decrease inJ(2) at the bottom of the192Pb SD
band. The only other case in theA; 190 SD region in which
such a change inJ(2) at low frequency is observed is for th
SD-4 band in 195Pb, as displayed in Fig. 6. However, th
decrease inJ(2) at the bottom of the192Pb SD band is con-
siderably larger than observed in195Pb SD-4. In @23# the
signature partner SD-3,4 bands are assigned as
9/21 @624# configuration. The SD band in theN5110 iso-
tone 190Hg has not been observed to sufficiently low fr
quency to allow a comparison with theJ(2) of 192Pb at low
frequency.

In the following discussion we will refer to the quasipa
ticle levels calculated in the cranked Woods-Saxon~CWS!
approach of Wyss and co-workers@24#. In these calculations
the 3/21@642#, 3/22@761#, 11/22@505#, and 1/21@640# orbit-
als are just below theN5112 gap in the neutron single

FIG. 6. Dynamical moments of inertia~in \2/MeV! for
192,194,195Pb and190Hg as a function of rotational frequency. Da
taken from@3,12,23# and the present work. Preliminary calculatio
from @25# are included.

TABLE V. Experimentally determined excitation energies
MeV compared with HFB calculations by Kriegeret al. @6# and
Girod et al. @22#. Empirical results are taken from@3,4# and the
present work.

Nucleus Ex(exp) Ex~Ref. @6#! Ex~Ref. @22#!

194Hg 6.0 5.00 6.49
194Pb 4.6 4.86 4.55
192Pb ~3.9! 4.00 3.61
e

re

a

he

particle levels and they are likely to play an important ro
near the Fermi surface in192Pb.

An increase inJ(2) as a function of increasing frequenc
can occur because of several factors. The most common
son is the alignment of particles with lowV from orbitals
with high angular momentum, such as the neutronN57,
j 15/2 intruder orbitals. However, such an explanation does
appear to be feasible in192Pb SD at low frequency. The mai
problem is that by spin'10\ theJ(2) of SD 192Pb is essen-
tially identical to that of SD194Pb. This would suggest that i
is the alignment of particles near the Fermi surface at z
frequency that gives rise to this apparent upbend
\v ' 100 keV. The likely candidate for such an alignme
could be the 3/22 @751# orbital, which is at or slightly below
the Fermi surface@24#. The data suggest that the alignme
of this orbital needs to be complete by\v ' 100 keV to
attain essentially identical moments of inertia abo
\v ' 150 keV between194Pb and192Pb. To further compli-
cate this argument, theJ(2) in 194Pb follows a smooth pat-
tern down to the 61 SD state, or\v ' 96 keV, with no
evidence for any upbend at low frequency. Another cause
a sudden increase in theJ(2) as a function of increasing
frequency could be a sudden decrease in the pairing cor
tions. Again, the strong similarity in theJ(2) values of192Pb
and 194Pb above\v' 150 keV suggests that the pairin
correlations are rather similar. Since the increase inJ(2) ob-
served in essentially all of theA'190 SD bands is under
stood as arising from the gradual alignment of both neutr
and protons in intruder orbitals and a gradual decrease in
pairing correlations, it is unlikely that a sudden decrease
rather low frequencies in192Pb would not affect the pairing
correlations at higher frequencies.

A third cause for a decrease inJ(2) at low frequency in
SD 192Pb could be a sudden decrease in the deformat
Near the Fermi surface is the oblate-driving 11/22 @505#
orbital @24#. It is possible that at the lowest frequencies t
occupation of this orbital is favored, which also favors
lower deformation. To obtain a 13% decrease inJ(2) would
require a decrease in deformation fromb50.65→b50.61
for irrotational flow orb50.65→b50.58 for rigid body ro-
tation. A measurement of the lifetimes of the levels at t
end of the192Pb SD band would be a critical, albeit difficul
probe of the role of deformation in the dramatic change
theJ(2) at low spin.

A final cause for the decrease inJ(2) at the lowest spins
observed in SD192Pb could be due to an accidental dege
eracy with a ND state and an increased mixing with the N
levels. To obtain the194Pb pattern for theJ(2) values at the
end of SD band in192Pb, the 101 → 81 SD transition
should have an energy of about 220 keV, about 5 keV hig
than observed. For the case of two-level mixing, the mix
matrix element between the SD and ND states could be
small as 5 keV, if the 81 SD level were exactly degenera
with an 81 ND state, to produce a 5 keV shift in the 81 SD
level. However, such a value for this mixing matrix eleme
is about two orders of magnitude larger than values extrac
for the mixing between normal and SD levels at the end
the SD band in194Pb @26#.

D. Implications for future SD˜ND linking transition searches

The semimagic nature of192Pb and the lower excitation
energy for the SD levels which decay to the normal lev
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made 192Pb a good candidate in which to search for linki
transitions. In retrospect, given the limited statistics obser
in candidates for discrete linking transitions in the pres
work, there are several difficulties which should be cons
ered in future experiments proposed to search for discrete
→ ND transitions in this mass region.

The most important result comes from the study of
quasicontinuum decay@27# of the SD bands in both192Pb
and 194Pb. These analyses suggest that the pairing-gap
ergy is smaller at spin'11\, the approximate spin at whic
the SD band in192Pb decays to ND states, compared w
'7\, the approximate spin at which the yrast SD band
194Pb decays. This smaller pairing gap energy has two
fects. First, it increases the phase space for multistep d
to the yrast line. Because the range of excitation energy
tween the pairing gap energy above yrast and the excita
energy of the SD band is increased, there is now a hig
density of normal deformed levels through which the S
band can decay, and through which multistep paths can
ceed. Second, the smaller pairing gap decreases the enh
ment of primary decay over multistep decay which com
from the g-ray energy factor in the transition probabilit
@28#.

The other important factor which complicated the pres
analysis is that192Pb is a more neutron-deficient system th
194Pb. It is not possible to populate SD levels in192Pb as
cleanly as can be attained in a heavier system, because
are more evaporation residue channels open in the m
neutron-deficient compound system, as well as the increa
cross section for fission. To search for discrete linking tr
sitions, it is critical to have as many noncontaminated
transitions as possible on which to select the SD casc
This is especially important when the phase space for m
step processes is large because the pairing gap ener
small. Not only are contaminant lines themselves a probl
but also the background is increased from Compton-scatt
and statisticalg rays present in a coincidence spectrum.
the present work there were many double-gate conditi
that had to be rejected. Overall, the statistics for the SD b
in this experiment are about 15% of the statistics collec
for the linking experiment in194Pb reported in@3#. A more
optimal reaction is one in which the evaporation residue
interest is well separated ing-ray multiplicity from other
evaporation residues, and fission is minimal.

VI. CONCLUSIONS

A singleg ray with an energy of 2057.7~6! keV has been
tentatively placed as a transition linking the SD level pop
lated by the in-band 262-keV transition to the 92 level at an
rd
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excitation energy of 2514.2~5! keV. However, because o
minimal statistics, we cannot rule out that the 2057.7~6!-keV
line is part of a multistep decay cascade. We have arg
that the spin of this SD level is most likely 101 if our place-
ment of the linking transition is correct. The excitation e
ergy of the 101 SD level is then 4.572~1! MeV and the
bandhead excitation energy is estimated to be about
MeV. This result is consistent with the expectation@6# that
the excitation energy of the yrast SD band at zero spin
lower in 192Pb than194Pb. Four other previously unidentifie
g rays of energies 596.2~4!, 631.9~4!, 1333.4~5!, and
1477.7~6! keV have been shown to be in coincidence w
the SD band, but have not been placed in the level sche
Also, it has been shown that most of the decay of the b
feeds previously known levels with spins of 8-12\ and that
<28~4!% of the decay feeds isomeric levels.

Given the deduced excitation energies of the SD band
192,194Pb, we have been able to extract the microscopic c
tributions to the SD masses. We have deduced that the
croscopic contribution in SD194Pb is larger than in192Pb,
which supports a larger shell gap atN5112 than atN5110
at large deformation, as expected from microscopic calcu
tions, e.g.,@24#.

TheJ(2) of the SD band in192Pb decreases by' 13% at
the end of the band. It is possible that the decrease at
frequency is due to a decrease in deformation. Alternativ
it could represent the final transition in the alignment of t
3/22 @751# configuration, although no similar alignment e
fects are observed at low frequency in194Pb.

It is unlikely in the near future that significant statistic
improvements will be available to help identify transition
linking the SD band to normal levels in192Pb. A completely
filled Gammasphere array, for example, will only impro
statistics by about 30% for a similar 12-shift experime
However, when an array such as Gammasphere is couple
a recoil mass separator, such as the Fragment Mass Ana
at Argonne, it is possible that the signal may be enhanced
discrete transitions which link the SD band to states wh
bypass isomers in the ND well by selection on the mass
the events.
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