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Decay from a superdeformed band in194Pb
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Three experiments using the174Yb(25Mg,5n) 194Pb reaction have been undertaken at the Early Implemen-
tation of GAMMASPHERE to study the decay of known superdeformed states in194Pb. A single discrete transition
with an energy of 2.746~2! MeV carrying 6~2!% of the full superdeformed band intensity has been identified.
A discussion of our results and the assignment of the 2.746-MeV transition as a discreteg ray directly
connecting the superdeformed 81 and low-lying 61 levels will be presented.
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Despite the wealth of experimental information that exi
on superdeformed~SD! bands in theA'190 mass region
~see@1# and references therein!, a number of the most fun
damental properties of these structures~e.g., the excitation
energy! remain unmeasured. Direct experimental determi
tion of these quantities requires that the decay pathways l
ing superdeformed and low-lying states be delineated.
most intense~yrast! SD band in 194Pb @2–6# is populated
using heavy-ion fusion-evaporation reactions with'1% of
intensity of the normal low-lying transitions in this nucleu
and an intensity pattern similar to that of the other SD ba
known in this mass region.~The population of the SD ban
increases with decreasing spin until a plateau is reached.
lowing a number of transitions of roughly equal intensity, t
band abruptly depopulates with the full SD band intens
observed in transitions connecting low-lying levels.! Com-
pared with other SD bands in this mass region, there are
important differences which make194Pb an optimal case to
search for SD decay pathways. First, this band extends to
lowest spin (6\ @7#! observed for any SD band in this ma
region. This favors a reduced number of distinct pathw
through which the SD band can decay. Second, the sin
530556-2813/96/53~4!/1461~4!/$10.00
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magic 194Pb will have a lower density of normal levels
through which the SD band can decay and into which the S
band intensity can be concentrated following decay. Min
mizing the number of distinct decay pathways should ser
to maximize the intensity through a given branch.

Three experiments populating the yrast194Pb SD band
were performed using the Early Implementation o
GAMMASPHERE. In each of these experiments a 130-MeV
25Mg beam was used to bombard three stacked thin~each
'500 mg/cm2) foils of isotopically enriched174Yb. The
predominant exit channels formed in this reaction we
193,194,195Pb and 192Hg with relative populations approxi-
mately 10%, 60%, 20%, and 7% of the total yield, respe
tively. In the first experiment a total of 27 GAMMASPHERE
germanium detectors@8# was used. These were divided into
five rings—located at 173°, 147°, 143°, 13°, and 33° wit
respect to the beam—of five detectors each with two ad
tional detectors placed at 37°. For the two following exper
ments five additional detectors~one at 37° and four at 90°)
were installed, bringing the total to 32 detectors. In each
these experiments data were collected with a trigger con
tion of three or more clean germanium signals. A total o
R1461 © 1996 The American Physical Society
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R1462 53M. J. BRINKMAN et al.
FIG. 1. Background subtracted spectrum of the194Pb superde-
formed band generated by double gating the unfolded three
events using all unique combinations of superdeformed band m
bers. The superdeformed band members are denoted by * with
Y denoting low-lying transitions known to be in coincidence wi
the superdeformed band. This spectrum was background subtr
and logarithmically smoothed. The effects of the smoothing can
seen by comparing the region below 200 keV~not smoothed! with
the remainder of the spectrum. The insets show the spectrum in
region of 2.75-MeV~with the 2.746-MeV peak denoted by shadin!
using two different background subtractions. The upper inset is
continuation of the large spectrum, while the lower inset was ba
ground subtracted using a normalized total projection and the
averaged over two channels. The upper inset also shows a typic
to the peak~dashed line! to a Gaussian with an appropriate widt
Note that the 2.746-MeV transition is the only peak with an app
priate shape that appears in both spectra.

FIG. 2. ~a! The low-lying level scheme in coincidence with th
SD band. The italicized bold values denote the relative intensitie
the associated transitions normalized to 100 for the average o
256.4-, 298.8-, 340.3-, and 380.0-keV SD transitions.~b! The low-
lying level scheme in coincidence with the 2.746-MeV transitio
The italicized bold values denote the relative intensities of the
sociated transitions normalized to 100 for the average of the 29
and 340.3-keV SD transitions. The intensity for the 170-keV
g ray could not be extracted; an upper limit is quoted.
1.953109 (3.53108) unfolded threefold~fourfold! events
meeting the trigger condition was recorded to tape. A pr
liminary report of this work is presented in Ref.@9#.

During the initial analysis the data collected in the thre
experiments were kept separate, minimizing systematic e
rors arising from differences in array characteristics for th
three runs. In Fig. 1 we present the background subtract
spectrum which was obtained from the second data set~con-
taining '2/3 of the total statistics! by summing all unique
pairwise combinations of gates set on the known yrast S
band members in194Pb. A summary of the relative intensities
for the lowest energy SD and all other transitions in thi
spectrum is provided in Fig. 2~a!. Using these results we
have determined the average spin at which the SD band d
cays and the average spin of low-lying levels populated b
this decay. The average spin at which the SD band depop
lates is found to be 7.061.1\. We have also conducted a
search for a peak near 125 keV which would correspond to
SD 6→4 transition. In contrast with what was reported in
Ref. @6# we find no evidence for this transition with an uppe
limit of <3% of the SD band intensity.

The level scheme of194Pb reported in Ref.@10# was used
as a basis to determine the average spin fed by the decay
the 194Pb SD band. This analysis was complicated by tw
factors.~1! The low-lying 81 level from which the 302-keV
transition originates is a short-lived isomeric state with
half-life of 17~4! ns @10#. Using an earlier~backed target!
data set described by Willsau and collaborators@11# we de-
termined that 8~3!% of the SD band intensity populates this
level. The apparent intensity of this transition in our data wa
reduced by'1/3 due to the isomeric lifetime of the 81

level. ~2! The primarily forward-backward geometry of
GAMMASPHERE Early Implementation enhanced the detec
tion of L52 transitions. By gating on known cascades o
L51 transitions, the detection probability for theseg rays
was found to be 0.64~8! that for quadrupole transitions. The
uncertainty in this measure strongly affects the relative inte
sity of the low-lying 52→41 transition which is known to
be in coincidence with the SD band. Taking these factors in
account, the average spin at which the intensity of the S
band reenters the normal states is 4.961.2\. The difference
of approximately 2\ of angular momentum between the de
cay and the reentrance of the intensity of the SD band is
excellent agreement with similar values found in studies o
the decay of other SD bands in theA'190 mass region
@12,13#.

In addition to delineating the average spin at which th
194Pb SD band depopulates/reenters, a search was und
taken for discrete transitions which depopulate the SD ban
Since this search took place at the limit of experimental se
sitivity, four criteria were established to ensure that a cand
date peak corresponded to a viable linking transition.~1! The
full-width at half-maximum of the candidate, corrected fo
the energy of the transition, was required to be consiste
with the measured value for other peaks in194Pb. ~2! The
peak was checked to ensure that it was not visible in a to
projection of the data, to minimize artifacts caused by inad
equate background subtraction.~3! The intensity of a candi-
date was required to track the intensity of the SD band und
different gating conditions and variations in the backgroun
subtraction.~4! Any proposed candidate was required to ap
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53 R1463DECAY FROM A SUPERDEFORMED BAND IN194Pb
pear in each of the three experimental data sets, with a
variations in its intensity consistent with changes in the S
band intensity.

Of the four criteria listed above, the fourth proved to b
the most important to our analysis. By initially keeping th
data collected from the three runs separate, we were able
place stringent limits on discrete transitions depopulating t
SD band. While a large number of possible candidates w
suggested by the data collected in the first experiment,
applying the fourth criterion to subsequent data sets only
singlecandidate remained. No evidence has been found
any other discrete transition in coincidence with the SD ba
in the energy range of 2 MeV<Eg< 4 MeV. Summing the
three data sets, an upper limit of<3% (<5%) can be
placed on the intensities of aL52 (L51) discrete transition
with an energy of 3 MeV. Folding in the detection efficienc
of the Early Implementation of GAMMASPHERE, this corre-
sponds to limits of<2%(<3%) and<4%(<7%) for dis-
creteL52 (L51) transitions atEg 5 2 and 4 MeV, respec-
tively.

The sole discrete transition found in our analysis has
energy of 2.746~2! MeV and was originally observed in the
first data set at a level of 3s statistical significance. This
transition was confirmed in the second~third! data set at the
4s (3s) level. By summing the three data sets the signi
cance of the 2.746~2!-MeV transition increased to slightly
less than 5s in accordance with the increased statistics. Du
to limited statistics we have been unable to measure the m
tipolarity of the 2.746-MeV transition using standard tech
niques. Assuming that the 2.746-MeVg ray is anL52 tran-
sition, it carries 6~2!% of the intensity of the SD band.

As shown in Fig. 3, a background subtracted gate set
2.746 MeV on the rawEg–Eg matrix was found to be in
coincidence with all 11 members of the194Pb SD band with
energies in the range 200 keV<Eg< 640 keV. Similar gates
were set 20 keV above and below the 2.746-MeV candida
transition. For the spectra gated 20 keV below~above! 2.746
MeV a total of 2~4! peaks were found with energies corre
sponding to the 11 SD band members, 6~3! regions were
negatively correlated with the SD band members, and 3~4!
regions had counts consistent with the average backgrou

FIG. 3. The background subtracted spectrum associated wit
10-keV wide gate at 2.746 MeV. The194Pb yrast superdeformed
band members are denoted by* with a Y denoting the known low-
lying transitions known to be in coincidence with the SD band an
observed in this spectrum. The spectrum is compressed by a fa
of 2 to smooth out fluctuations.
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Thus, the 2.746-MeV transition is in true coincidence wit
the SD band, and this coincidence is not a general feature
this energy region. Furthermore, in this gate all of the S
transitions from 200 keV to 500 keV have relative intensitie
consistent with the full population of the SD band, as wou
be expected if the 2.746-MeV transition corresponds to ag
ray associated with the decay of the band. We are unable
definitively claim that the lowest-energy transition in th
194Pb SD band~at 170 keV! is not in coincidence with the
2.746-MeV transition due to contaminants in this region
the spectrum. If the 170-keV SD transition is in coincidenc
with the gate, however, it would have a relative intensity le
than half that of the SD band.

In Fig. 3 we have also marked the energies correspond
to low-lying transitions known to be in coincidence with th
SD band. The low-lying 61→41 and 41→21 transitions
with energies of 595 and 575 keV~and the 965-keV
21→01 transition which is not shown! are clearly coinci-
dence with the 2.746-MeV transition. The normalized inte
sities for both the low energy SD and normal transitions
coincidence with the 2.746-MeVg-ray is summarized in Fig.
2~b!. Of particular interest is the lack of evidence for th
81→61 and 52→41 transitions that feed and run paralle
to the 61→41 transition, respectively. Furthermore, within
errors, the 595-, 575-, and 965-keV transitions contain t
full intensity of the SD band contained within this gate
Therefore, we propose that the 2.746-MeV transition direc
feeds the low-lying 61 level. Finally, gates set on the low-
lying 61→41, 41→21, and 21→01 peaks show an inten-
sity of the 2.746-MeVg ray which is consistent with it origi-
natingsolely from the decay of the SD band.

Since the 2.746-MeV transition feeds the low-lying 61

level directly we can eliminate the possibility that this tran
sition corresponds to the first step of a purely statistical ca
cade, which would populate all of the low-lying level
known to be in coincidence with the SD band. Furthermor
since the initial level for this transition appears to be pop
lated solely via the decay of the SD band, the anomalou
large intensity carried by the 2.746-MeVg ray is also incon-
sistent with it being the final step in a multitransition statis
tical decay cascade. Thus, it appears that the 2.746-M
transition is ag ray that directly links the SD level fed by the
213-keV transition and the 61 level in the first well.

Although the multipolarity of the 2.746-MeV transition
cannot be determined directly, from intensity balance arg
ments it is apparent that this transition does not depopul
an isomeric level. Should the initial level have a relative
long lifetime ~on the order of the 17 ns of the low-lying
81 level!, the intensity of the low-lying normal states in
coincidence with the 2.746-MeV transition would be measu
ably less than that of the SD band. Under the standard
sumption that promptg rays are either electric or magnetic
dipoles or electric quadrupoles, the high-lying level depop
lated via the 2.746-MeV transition must have 4<I<8. Fur-
thermore, by decaying solely to the low-lying 61 and not to
the 41 state, the more probable assignment for this level
Jp576,81. Since the yrast SD band in194Pb has no known
signature partner, it is assumed to be built upon aK50
bandhead, which means that the originating level for t
2.746-MeV transition would haveJp581. Therefore, we
have experimentally determined that the yrast SD band h
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R1464 53M. J. BRINKMAN et al.
positive parity, and—since the 213-keV is the final SD tra
sition clearly seen in coincidence in the gate at 2.7
MeV—we have directly confirmed the spin assignment ma
in Ref. @7#.

Since the low-lying 61 level has an excitation energy o
2.135~1! MeV, the excitation energy of the 8SD

1 level is
4.881~2! MeV. Using the values provided in Ref.@7#, the SD
band head energy can be determined by extrapolating
fitted parameters to a spin of 0\. The SD band head then ha
an excitation energy of 4.471~6! MeV in reasonable accor
dance with various theoretical calculations. For example,
194Pb SD excitation energy is estimated to be 4.86 MeV@14#
from Hartree-Fock calculations and 3.8 MeV@15# using the
Strutinsky method built on a Woods-Saxon average poten
Since the energies and relative intensities of the compe
8 SD

1 →6SD
1 and 2.746-MeV transitions are known we can e

timate the reduced matrix elementB(E2) for the 2.746-MeV
transition. Assuming that theB(E2) for the 8SD

1 →6 SD
1 tran-

sition is 2000 W.u.~as measured for the 10SD
1 →8 SD

1 g ray in
this band @16#!, the 2.746-MeV transition has
B(E2)5431024 W.u.

Finally, we have undertaken analyses similar to that p
sented by Atac and co-workers for the decay of the SD b
in 143Eu @17#. Summing the three data sets, single gates w
set on each of the SD band members in unfolded three
~fourfold! events, and the remaining two~three! transitions
were summed to search for double~triple! step statistical
decays depopulating the SD band. No statistically signific
candidate cascades were found in these analyses. A seri
Monte Carlo simulations were undertaken~in a manner simi-
lar to work first done for194Hg by one of us, I.Y.L.! to
estimate the upper limit for the intensity that can be carr
by unobserved multistep decay pathways using the A
analysis method. Conservative estimates of two and f
times that associated with the search forL51 discrete de-
cays ~for two- and three-step cascades, respectively! have
been established. Therefore, the most intense multistep
cades would be expected to have intensities lying sligh
below the sensitivity of our experiment provided that t
low-lying states are populated via multistep decay casca
n-
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in ratios consistent with their final intensity.
In summary, a series of three experiments using th

25Mg(174Yb,5n) 194Pb reaction have been undertaken using
the Early Implementation of GAMMASPHERE. A total of
1.953109 unfolded threefold events was collected and use
to study the decay of yrast SD band in this nucleus. Th
194Pb SD band decays at an average spin of 7.061.1\ and
its intensity reenters the normal low-lying levels at an aver
age spin of 4.961.2\. We searched for one-, two-, and
three-step cascades depopulating the SD band. A singleg ray
with an energy of 2.746~2! MeV depopulating the SD band
has been identified in these analyses. The most consiste
interpretation of thisg ray is that it is a stretchedE2 transi-
tion directly connecting the 8SD

1 level with the 61 state in
the first well. This transition carries 6~2!% of the full SD
band intensity and has aB(E2)5431024 W.u. Using this
assignment the excitation energy of the SD band head lies
4.471~6! MeV, consistent with theoretical estimates. Upper
limits of <3% and<5% of the SD band intensity can be
placed on additional single-stepL52 andL51 decay tran-
sitions, respectively, with an energy of 3 MeV, and these
upper limits can be scaled as a function of energy with th
efficiency of the array. Although it is difficult to determine
similar values for the unobserved two- and three-step deca
pathways, conservative limits two and four times that o
single-stepL51 decays have been estimated. Clearly furthe
experimental work aimed at fully characterizing the 2.746
MeV g ray, measuring theB(E2) value for the 8SD

1 →6SD
1

transition, and~most importantly! locating the remaining
94~2!% of the SD decay intensity is required.
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