
PHYSICAL REVIEW C, VOLUME 62, 044316
Experimental determination of the excitation energy of superdeformed bands in192,194Hg
by analysis of the decay quasicontinuumg rays
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Superdeformed bands in the massA5190 region decay suddenly, over a few states, at relatively low spin
and high excitation energy. The decay path is very fragmented and only in a few cases have one-step or
two-step decays been seen. Thus, only three superdeformed bands have so far been linked to the normal states
they decay to. Most of theg rays from the decay form an unresolved quasicontinuum spectrum. This paper
describes the extraction of the total quasicontinuum decay spectrum that connects the superdeformed and
normal yrast states. It also demonstrates that the excitation energy and spins of superdeformed bands can be
determined by analyzing this total decay spectrum. The analysis method is first tested in194Hg, which is one
of the few cases where the excitation energy and spin of the yrast superdeformed band are known, and is then
applied to the yrast superdeformed band in192Hg, where no one-step decays have been seen thus far.

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

Over 175 superdeformed~SD! bands have been found i
theA5150 andA5190 mass regions@1,2#; yet only three of
these are firmly connected to the normal deformed~ND!
yrast states by decay paths established from discrete tr
tions. Thus, fundamental quantities such asspin, parity, and
excitation energyhave not been experimentally determin
for almost all SD bands in these mass regions. In orde
address such issues as~i! the magnitude of shell correction
at large deformation,~ii ! the origin of identical SD bands
~iii ! the mechanisms responsible for the sudden decay-o
the SD bands, and~iv! the description of pairing and leve
densities in the ND well in the decay-out region, some or
of those quantities must be determined for as many SD ba
as possible. It is striking that since the first discovery
one-step decay transitions for band 1 in194Hg @3# ~late 1995!
only a few other cases have been reported@4–6#. This sug-
gests that more than statistics is responsible for the fact
only three bands have been linked so far.

The spectrum of transitions connecting SD and ND sta
is dominated by unresolved, overlappingg rays, which form
a quasicontinuum~QC! spectrum. At high energy this spec
trum contains primaryg rays from the direct decay to low
lying discrete ND levels. The QC spectrum yields the av
age energy and spin removed in the decay from the SD to
ND states and from these quantities it is possible to de
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mine the excitation energy and spin of the SD band. T
technique is referred to as the ‘‘QC method.’’

To test how accurately it is possible to determine the
citation energy and spin of a SD band using the QC meth
the spectrum following the decay of the yrast SD band
194Hg has been extracted and analyzed. The excitation
ergy, spin, and parity of this band are known@3# and, as a
result, the accuracy of the QC method can be evaluated.
QC method is then applied to the ground-state SD band
192Hg. This nucleus plays a central role in theA5190 mass
region as most calculations indicate large shell gaps at de
mationsb2'0.5 for Z580, N5112 @7–10#. Although the
band is populated strongly ('2% of the total intensity in the
nucleus@11,12#!, it has proved difficult to establish discret
one-step or two-step pathways linking the band to the
states. Thus, measuring the excitation energy of this SD b
with the QC method is of particular importance.

II. DECAY-OUT OF SD BANDS: GENERAL
CONSIDERATIONS

A SD nucleus trapped in the SD well loses spin and
ergy by emitting stretchedE2 collectiveg rays. Because the
moment of inertia~MOI! for the SD shape is higher than th
MOI of the ND states, the SD states become more exc
with respect to the ND yrast line as the decay procee
Hence, the SD state is embedded among ND states
growing level density as the spin decreases. Moreover,
intraband transition rates become appreciably smaller at
spin because of the rapidEg

5 scaling of the transition ener
gies. Thus, as the spin decreases, the admixture of ND s
through the barrier separating the ND and SD wells increa

ty,
©2000 The American Physical Society16-1
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significantly, causing decays into the states in the ND w
@12–15#.

Experimentally, the decay of SD bands is seen to hap
suddenly, typically over one to two SD states in the m
190 region. As a matter of fact, the decay happens faster
one would expect using the decay formalism of Vige
et al. @14# with a constant SD barrier height. To theoretica
reproduce the fast decay, it is necessary to either assume
the SD barrier decreases with spin in the decay-out region
equivalently, increase the tunneling probability as the s
decreases@14#. Figure 1 shows the calculated intensity of t
SD lines during the decay. The data points are the intens
of the SD lines as a function of spin for band 1 in194Hg. The
solid line is a calculation of the intensities, using the dec
out theory of Vigezziet al. @14#, where the height of the
barrier between the SD and ND well, 0.95 MeV at spin 10\,
is changed by 0.25 MeV per\ of spin ~or '25%) in the
decay-out region. The SD excitation energy was set to
MeV ~the measured value! at zero spin@3#. The dashed line
presents a calculation where the barrier height is cons
~and set to 1.6 MeV to ensure that the decay happens
spin 10\). Clearly, it is necessary to progressively lower t
barrier height~or, equivalently, increase the tunneling pro
ability! to reproduce the rapid decay of the SD band. T
decrease in the barrier height may be an intrinsic propert
the nucleus or it may reflect an increase in the chaoticity
ND states leading to chaos-assisted tunneling@16#.

The shape and general characteristics~multiplicity, multi-
polarity, and intensity distribution! of the QC spectrum are
governed by the properties of the admixed levels in the
well. The end point of the decay spectrum is determined
the excitation energy of the decaying SD state. Thus, bec
of the high excitation energy at the point of decay, the de
spectrum is expected to be a statistical-like continuum sp
trum with some superimposed discrete lines@17#, as pointed
out in @15#. The decay spectrum is equivalent to that fro

FIG. 1. Calculation of the decay-out from the SD band 1
194Hg using the decay-out theory of Vigezziet al. @14#. The data
points are the measured intensities of the SD lines as a functio
spin @3#. The solid line shows a calculation where the barrier b
tween the SD and ND well is decreased by'25% per\ in the
decay-out region~see text for details!. The dashed line shows
calculation where the barrier height is kept constant.
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neutron-capture states@18#. There are three kinds of discret
lines in the decay spectrum:~i! well-known lines from yrast
ND states populated in the decay of the SD bands,~ii !
‘‘new’’ discrete lines from states above the ND yrast line f
in the decay~but not normally populated when the nucleus
fed via ND bands!, and~iii ! discrete primaryg rays at high
energies. The primaryg rays, which represent the first-ste
transitions to the yrast region, are expected to be subjec
large fluctuations in intensity@19,20#.

If the discrete primaryg rays at high energies@component
~iii !# populate ND states that are either known or can
placed in the ND level scheme, the SD band is said to
linked to the ND states@3–6# and the primaryg rays are
called one-step or two-step decay lines~the step refers to the
number ofg rays connecting the SD and ND yrast state!.
Since only three SD bands have been linked in theA5190
region, it appears that the probability for observing such p
mary decays is small. The case of194Hg @3,6# probably rep-
resents enhanced primary decays from the tail of the Po
Thomas distribution@20#. However, in 194Pb @4,21#, the SD
band is located at a lower excitation energy. Thus, the ph
space for the decay by QC transitions is smaller and
feature enhances the probability for discrete primary tran
tions. Only in such special cases are these discrete primag
rays sufficiently intense to be seen with the present gen
tion of g-detector arrays. It is therefore important to devel
other methods to determine the spins and energies of
levels. Indeed, the quasicontinuum method was develope
take advantage of all components of the decay spectrum
determine two fundamental properties of SD bands: th
spins and excitation energies.

III. PRINCIPLES OF THE QUASICONTINUUM METHOD

The schematic diagram in Fig. 2 illustrates the feed
and decay of a SD band. There are two components to

of
-

FIG. 2. Schematic diagram of the feeding of ND and SD ban
and of the decay of SD bands in theA5190 mass region. Gamm
emission starts from the entry distribution. After emission of sta
tical, quadrupole, andM1/E2 dipole QCg rays, the deexcitation
cascades are trapped either in the ND or SD wells, where discreg
rays are emitted. If ag cascade is trapped in the SD well, QCg rays
~as well as some discreteg rays! are emitted when the SD ban
decays into the ND states.
6-2
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EXPERIMENTAL DETERMINATION OF THE . . . PHYSICAL REVIEW C 62 044316
QC: one associated with the feeding of the SD states and
other originating from the decay towards the ND yrast sta
@13#. A simple way to assess where the decayg rays are
located was illustrated in the work of Henryet al. @13#,
where coincidence spectra gated on ND and SD transition
192Hg were compared. Only the spectra gated on SDg rays
should have an additional decay component from the de
out to ND levels. Such a comparison for194Hg is given in
Fig. 3 ~with the discrete peaks left in the spectra!.

By extracting the total decay spectrum in coinciden
with the SD band, it is possible to deduce both the spin
energy of the SD band at the point of decay. When the de
spectrum intensity is normalized to the number ofg cas-
cades, the area of the spectrum determines the average
tiplicity, i.e., the average number of steps,m̄, connecting the
yrast SD and ND states. Similarly, the mean energy of
decay spectrum,Ēg , determines the average energy remov
by theseg rays. Thus, by simple multiplication of these tw
quantities,

DE5m̄3Ēg ,

the mean energyDE removed by the decay spectrum is e
tablished. It is likewise possible to determine the avera
amount of spin removed by theg rays:

DI 5m̄3d i ,

whered i is the average spin removed by a transition. T
latter quantity is calculated using a Monte Carlo simulat
of the decay@12#. From the intensities, spins, and energies
the ND transitions in coincidence with the SD band, the
erage spin and energy corresponding to the entry into the
levels can be derived~see Fig. 2!. By vectorially adding the
spin and energy removed by the QC to the mean ND e
point, themean exit pointfrom the SD band can be found

FIG. 3. Comparison of normalized spectra obtained from p
wise coincidence gates on either SD or ND transitions in194Hg.
The SD spectrum shows additional strength above 1 MeV, from
g rays associated with the decay of the SD band to the ND sta
The spectra were corrected for summing, interactions with neutr
and are unfolded as described later in the text. The spectra
binned with a resolution of 8 keV/channel. A few peaks, account
for less than 0.3% of the total multiplicity, are slightly oversu
tracted in the energy region from'900 keV to'1800 keV due to
small imperfections in the background spectra.
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This exit point is also determined by the decay-out proba
ity and the spins and energies of the SD states. Thus, s
the decay-out probability from the SD states can be de
mined from the in-band transition intensity, the spins a
energies of the SD states can be deduced.

An outline of the processing of the data to extract the to
decay spectrum in coincidence with the SD band is the
lowing.

~i! Extract clean angle sorted spectra~with no more than a
few percent contamination!.

~ii ! Correct these spectra for the detector response in o
to determine thetrue spectra emitted by the nuclei.

~iii ! Extract the total QC spectra—which consists ofg
rays populating as well as depopulating the SD band.

~iv! Isolate the QC spectra depopulating the SD band.
These steps will be discussed in detail in the following

IV. EXTRACTION OF THE DECAY
QUASICONTINUUM IN 194Hg

The SD band in194Hg was populated with the reactio
150Nd(48Ca,4n). Beams were delivered by the 88-Inch C
clotron at Lawrence Berkeley National Laboratory at an e
ergy of 199 MeV ~at midtarget!. A combined total of 5.2
3109 triples or higher-fold coincidence events were co
lected with Gammasphere@22# which at the time comprised
91 high-purity, Compton-suppressed germanium detect
The total photopeak detector efficiency forg rays at 1332
keV was about 8%. The target consisted of a 1.3 mg/c2

150Nd layer evaporated on a thick 12.4 mg/cm2 Au backing,
which ensured that allg rays associated with the decay-o
of the SD band would be emitted after the nuclei had co
to rest in the Au backing@23#. Thus, the primary decay tran
sitions had no Doppler shifts and resulted in sharp lines
thin 190mg/cm2 layer of Au was evaporated on the front o
the target as well to prevent oxidation of the Nd materi
Gammasphere was operated in the honeycomb suppre
mode to improve the peak-to-total ratio for theg lines @24#.
In this mode, the BGO Compton suppressor shields of ne
boring germanium detector modules are used to further s
press Compton-scattered events. This suppression is do
software and the procedure effectively doubles the thickn
of the BGO suppressor shields for most detectors. The m
sured peak-to-total ratio, using a60Co source, improved from
0.54 in the standard mode to 0.59 in the honeycomb supp
sion mode.

In order to extract the decayg rays from the total spec
trum, the data must be processed in a number of steps. T
coincidence gates were applied to each Gammasphere d
tor in order to create very clean promptg-ray spectra. These
time gates were made energy dependent in order to take
walk of the timing discriminators into account. In this wa
the loss of efficiency at lowg-ray energies, which is custom
ary with large volume germanium detectors, was avoid
Pairwise-coincidence gates were placed on SD transition
order to obtain SD spectra which were almost free of c
taminant coincidences, but yet had sufficient statistics. T
was done for each ring of detectors, characterized by a
cific polar angleu with respect to the beam direction. Corre
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T. LAURITSEN et al. PHYSICAL REVIEW C 62 044316
background subtraction of the double-gated spectra is v
The Flat Upper Limit~FUL! method@25# was used to sub
tract peak-background and background-background co
butions. The data were also sorted according to the pres
tion of Ref. @26# in order to avoid ‘‘spikes’’ in the gated
spectra. In addition, any lines left in the spectra as a resu
contaminant coincidence events~despite careful selection o
gates! were identified and characterized before being
moved ~their contribution to the spectra was typical
1–2 %!.

The spectra at eachu angle were corrected for the re
sponse of the Gammasphere array in a number of succe
steps described below. First, the contributions due to coi
dence summing of twog rays were removed following a
prescription by Radfordet al. @27#. The contribution associ
ated with neutron interactions in the Ge detectors~mostly
seen in detectors located at forward angles! were subtracted
next @28#. This contribution is small~2–3 %! and has mini-
mal impact in the energy region of interest for the QC dec
out g rays. A very important correction is the removal of th
Compton events from the spectra. Even with efficient BG
suppression shields, some Compton events are still pre
('27%), and it is necessary to subtract theseg events.

By recording the spectra from one-line and two-line co
cidence sources placed at the target position, the resp
function of Gammasphere was carefully measured. Tab
presents the sources used to measure the response o
array. By interpolating between the measured response f
tions at neighboring discrete energies, the Comptong rays
for the entire spectrum were deduced and subtracted
manner described in detail in@27# ~unfolding technique!. De-
spite the use of energy-dependent gate widths, there w
small reduction in the efficiency at low energy; the respo
function was corrected for this effect. Figure 4~a! shows a
typical spectrum before the unfolding process, together w
spectra subtracted during the analysis, i.e., those assoc
with Compton scattering, neutron interactions, and coin
dence summing.

Next, the spectra were corrected for efficiency, all t
discrete ND and SDg peaks below'1 MeV were removed,

TABLE I. Sources used to determine the response function
Gammasphere. Background spectra were measured and subt
from the single-line source spectra before the latter were use
determine the response function~see text for details!.

Source g energy@keV#

57Co 122
141Ce 145
139Ce 166
203Hg 279
113Sn 392
85Sr 514
137Cs 662
54Mn 835
65Zn 1116
60Co 1173, 1333
88Y 898, 1836
04431
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and the spectra were contracted to 32 keV/channel. The
maining QCg rays consist of the three feeding QC comp
nents, i.e., statistical, quadrupole, and dipole transiti
~from the last step in the feeding@13#!, and the decay com
ponent. The sought-after decay-out spectrum will be
tracted by subtracting the various feeding components.
sides the unresolved components, the decay-out spec
includes the high-energy one-step and multistep disc
lines.

After corrections for internal conversion and angular d
tribution, the QC spectra are finally normalized so that
area of the 21→01 ground-state transition in the spectrum
unity. After this normalization, the integral of the spectru
gives the multiplicity, i.e., the number of steps in theg cas-
cade. Figure 5 shows the total QC spectrum corrected
angular distribution effects~i.e., the so-calledA0 spectrum!.

A. Statistical feeding component

In Ref. @12#, the statistical spectrum feeding the SD ba
in 192Hg was calculated, using the experimentally measu
entry distribution. This spectrum was calculated with
Monte Carlo code that allows statistical (E1 transitions! and
E2 g rays to be emitted in competition in both the SD a
ND wells. The g cascades are started from the measu
entry distribution and are followed until they are within 1
MeV ~on the average! of the yrast line. The formalisms o
Vigezzi et al. @14# and Bjo”rnholm and Lynn@29# are incor-

r
cted
to

FIG. 4. Measured total spectrum~a! compared with spectra from
Compton interactions~b!, neutron interactions~c!, and summing
events~d!. Panel~e! shows the spectrum in~a! after the spectra in
panels~b!–~d! have been subtracted and after the resulting spect
has been corrected for efficiency and normalized to transitions
4/3 keV.
6-4
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EXPERIMENTAL DETERMINATION OF THE . . . PHYSICAL REVIEW C 62 044316
porated in the Monte Carlo code which also allows for jum
between the ND and SD wells. Trapping in either well o
curs when theg cascades reach the yrast region. The sim
lation successfully described the feeding of the SD band
192Hg @12#. As a matter of fact, this Monte Carlo calculatio
placed one of the first constraints on the excitation energ
the SD band in 192Hg—5.2–6.2 MeV at zero angula
momentum—by reproducing experimental observables s
as the SD band intensity, the SD entry distribution, and
discrete SD-line-intensity profile.

The statistical spectrum calculated in Ref.@12# is
also expected to be applicable in the case of194Hg. As
shown later~see Tables II and III!, the measured entry point
for the SD bands in the 160Gd(36S,4n)192Hg and
150Nd(48Ca,4n)194Hg reactions have similar spins and ene
gies above the respective yrast lines. Because the one
decay lines have been observed in this nucleus@3#, it is pos-
sible to experimentally confirm that the calculated spectr
is appropriate. The spectrum in coincidence with the o
step lines should contain no other decay-outg rays, so the
only QC g rays will be those feeding the SD band. Thus,
higher energies~e.g., above theE2 QC g rays discussed
below!, it should follow the calculated statistical spectru
The sum of coincidence spectra, with one coincidence g
placed on one of the one-step decay-outg rays and a second
one on several clean SD lines, has been corrected for
response of Gammasphere. It is presented in Fig. 6, ove
with the total QC spectrum and the calculated statist
spectrum. Despite the rather low statistics, the agreemen
tween this spectrum and that obtained with doub
coincidence gates on SD lines is good beyond the reg
where the feedingE2 g rays are located. At higher energie
the data are seen to follow the statistical spectrum. Thus
hypothesis made above is justified. The calculated statis
spectrum is subtracted from the total QC spectrum show
Fig. 5, thereby eliminating the first of the four QC comp
nents. The statisticalg rays are emitted in the early stages
the decay, i.e., while the nucleus has nearly the full rec
velocity. Accordingly, the statisticalg rays are subtracted

FIG. 5. The efficiency-corrected total QC spectrum~after events
due to Compton scattering, neutron interactions, and coincide
summing have been removed!. Discrete peaks have also been su
tracted. The spectrum is contracted to 32 keV/channel. Also sh
is the calculated statistical feeding spectrum~dashed line!. ~See text
for details.!
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from the measured spectra of each ring angle, after pro
correction for Doppler shift, angular distribution, and relati
istic aberrations@30#.

B. Quadrupole feeding component

After the statistical spectrum has been subtracted, theA2
angular distribution coefficient of the remainder of the sp
trum can be found channel by channel: the result is prese
in Fig. 7.

If the A2 coefficient is equal to the measured SDE2 limit
of 10.34, the content of the channel is ascribed to be of p
E2 character. Conversely, if the coefficient is equal to
large negative value typical ofM1/E2 dipole transitions,

ce
-
n

TABLE II. Properties of all the feeding and decay spectra
coincidence with the SD band194Hg. The feeding components ar
the statistical, the quadrupole, and theM1/E2 g rays. The decay
components are the known ND lines, the ‘‘new’’ ND lines, and t
QC g rays. The sum spinDI and energyDE removed in the decay
of the SD band establishes the mean SD exit point and the total
and energy removed by all the components establishes the m
entry point. The mean multiplicities of the individual componen

are denoted bym̄ and the average energy and spin eachg ray

removes are denoted byEḡ and d i , respectively. TheA2 angular
distribution coefficient for the ‘‘new’’ ND lines was found to b
A2520.19(5). The meanexcitation energy over the SD yrast lin
at the entry point is 4.2~1.6! MeV.

Component m̄ Eḡ d i DI DE

in 194Hg ~MeV! (\) (\) ~MeV!

Statisticals 3.17~16! 1.69~8! 0.66~3! 2.1~2! 5.4~4!

Quadrupoles 4.2~2! 0.73~4! 2.0 8.4~4! 3.1~2!

M1/E2 dipoles 3.2~2! 0.55~3! 1.0~3! 3.2~1.0! 1.8~1!

SD lines 28.3~1.4! 7.5~4!

ND lines 9.3~5! 2.4~1!

‘‘New’’ ND lines 1.4~4! 0.5~1! 1.1~5! 1.5~8! 0.7~2!

QC g rays 2.1~2! 1.7~1! 0.5~1! 1.1~3! 3.7~6!

Decay-out 11.9~1.0! 6.8~5!

Entry point 53.9~2.0! 24.6~1.2!

FIG. 6. The QCg rays obtained from double gates placed on t
one-step decay-out lines and SD lines in194Hg ~data with error
bars!. Also shown are the total SD spectrum and the calcula
statistical spectrum from192Hg ~dashed line!.
6-5
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T. LAURITSEN et al. PHYSICAL REVIEW C 62 044316
'20.4, the channel content is taken to be ofM1/E2 dipole
character.~In the analysis, it is assumed that there is no
maining E1 strength in the spectrum below'1 MeV, fol-
lowing the subtraction of the statistical spectrum.! For A2
coefficients with values between these extremes, the co
in the channels are split proportionally between the two c
tributions. In this way, theE2 QC component was identifie
and extracted.

The QC quadrupoleg rays are emitted early in theg
cascade, while the nucleus is still in flight, with a veloc
close to the maximum recoil velocity. Hence, theA2 angular
distribution analysis is performed on spectra transform
into the center-of-mass system. TheE2 QC component is
then subtracted from the laboratory-frame~i.e., measured!
spectra of each ring angle, again after proper correction
Doppler shift, angular distribution, and relativistic aberr
tions.

C. Decay-out spectrum

After both the statistical and quadrupole components fr
the feeding have been subtracted, the remaining spec
consists of~i! the M1/E2 feedingg rays and~ii ! the sought-
after decayg rays~including any one-step and multistep d
cay lines!. There are clear indications of two components
the spectrum in Fig. 8. The low-energy component has la
negativeA2 coefficients indicatingM1/E2 nature~see Fig.
7! and the upper component resembles the additio
strength pointed out earlier from a comparison of the S
and ND-gated spectra~see Fig. 3!. Thus, the upper compo
nent (>1 MeV! is assigned to the decay-out process, a
was in Refs.@13,33# for the case of192Hg.

As the g cascades reach the yrast region, new disc
levels above the yrast line will be populated. These ‘‘new
levels, which lie above the yrast line, are not normally pop
lated in the decay of ND states and, thus, are not usu
included in the known ND level schemes@31#. The decay
from these new states will produce discreteg transitions with
energies up to'1 MeV. Figure 9 shows the spectrum ofg
rays associated with the decay-out. The data points with
ror bars are the continuumg rays above'1 MeV and the
new discrete lines are shown below'1 MeV. Table II pre-

FIG. 7. Angular distribution coefficients, channel by chann
for the QC spectrum after subtraction of the statistical feedingg
rays.
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sents the multiplicities and mean energies~as well as other
properties! of all the components in coincidence with the S
band in 194Hg.

D. Extraction of the energy and spin of the SD band

The decay spectrum from the SD band to the ND state
composed of the two components displayed in Fig. 9:
‘‘new’’ discrete lines at low energies and the QCg rays at
higher energies.

The mean energy of the QC spectrum is 1.7~1! MeV and
its area, i.e., multiplicity, is 2.1~2!; see Table II. Therefore, i
immediately follows that the QCg rays remove 3.7~6! MeV
of energy. From Monte Carlo simulations@12# of a statistical
decay at the proper spin and energy it is found that, on
erage, 0.5(1)\ of spin is removed by each QCg ray. Thus,
1.1(3)\ units of spin are removed, on average, by the QCg
rays.

An angular distribution analysis of the ‘‘new’’ discret
lines shows that their averageA2 coefficient is20.19(5).

,
FIG. 8. The QCg rays in 194Hg after both the statisticalg rays

and the QC ofE2 transitions associated with the feeding have be
subtracted. The spectrum shows the dipole component of the f
ing at low energies (<1 MeV! and the decayg-ray component at
higher energies.

FIG. 9. The extractedg rays in 194Hg connecting the SD and
ND yrast states. The data points with error bars are the continuug
rays at energies above'1 MeV ~on a scale of transitions/32 keV!.
The histogrammed data correspond to the spectrum of new dis
lines, scaled by a factor of 5, and are shown with a resolution of
keV/channel.
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Assuming that only stretchedE2 and stretchedE1 transi-
tions are emitted from the ‘‘new’’ states, it follows that th
average spin removed by each ‘‘new’’ line is 1.1(5)\. Thus,
the ‘‘new’’ discrete lines remove a total of 1.5(7)\ of spin.
Likewise, they remove 0.7~2! MeV of energy in the decay
out process.

The spin and energy of the average entry point into
ND yrast line~ND entry point!, (^e&,^ i &), are found from the
equations

^ i &5(
i

S~ i !* DI g~ i !, ^e&5(
i

S~ i !* Eg~ i !,

whereS( i ) are the normalized areas of the known ND lin
@31# seen in coincidence with the SD band, andEg andDI g
are the energy and spin they remove. In this case, the ave
entry point into the ND yrast states is at a spin of 9.3(5\
and at an energy of 2.4~1! MeV. The errors quoted here ar
mostly due to the normalization procedure~to give unit mul-
tiplicity for the ground-state transition! and to difficulties of
measuring accurately the intensities of low-energyg rays,
which are not observed efficiently with Gammasphere.

By adding all the contributions, i.e., the known ND line
the new lines just discussed, and the decay-out QCg rays,
themean SD exit pointis determined. The result is present
in Fig. 10 and Table II. In the figure, a vector characterizi
the mean decay path, obtained as described above, link
average entry point into the ND levels and the SD exit po
It is this SD exit point, located at 11.9(1.0)\ and 6.8~5!
MeV, that can be compared directly to the result obtain
from the exact energy and spin of the SD band—obtai
from the decay scheme based on the one-step and two
decay lines@3,6#. The intensities of the lowest SD transition
are I (377 keV)5100%, I (337 keV)599%, I (296 keV)
595%, andI (254 keV)553%, respectively. It then follows
that the average exit point (^I &,^E&) from the band is given
by

^I &5I 11.06\, ^E&5E10.138 MeV,

FIG. 10. The mean SD exit point in194Hg, 11.9(1.0)\ and
6.8~5! MeV, found by adding the spin and energy removed
known ND lines, new unassigned ND lines, and the decay-out
g rays. The true mean SD exit point (11.1\ and 6.77 MeV! is
deduced from the intensity of the SD band transitions.
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whereI andE are the spin and energy of the state fed by
254 keV line. The spin and energy of this state were de
mined by Khooet al. @3# to be 10\ and 6.63 MeV, respec
tively, establishing the true mean SD exit point as (11.1\,
6.77 MeV!. Thus, the QC analysis reproduces the actual e
point to within 0.8(1.0)\ and 0.0~5! MeV.

Alternatively, one can use the QC method to deduce
spin and energy of the 101 SD state in194Hg ~i.e., the state
fed by the 254 keV line!:

I 510.8~1.0!\,

E56.6~5! MeV.

The excitation energy result is in excellent agreement w
that obtained from the decay scheme of Ref.@6#: 6.6 MeV.
However, the spin of the SD band is somewhat overe
mated, although it agrees with the exact result within erro

V. EXTRACTION OF THE DECAY SPECTRUM IN 192Hg

As stated above, most calculations indicate the prese
of large shell gaps at a deformation ofb2'0.5 for Z580,
N5112 @1#. Thus, 192Hg plays a central role in theA5190
SD mass region and it is, therefore, important to establish
excitation energy of the lowest SD band in this nucle
~band 1!. No one-step transitions to the ND yrast line ha
been identified so far and only two tentative two-step de
pathways connecting the SD and ND yrast lines have b
proposed@32#. Although several high-energy primary trans
tions have been detected, Porter-Thomas fluctuations in t
strength do not lead to detectable one-step transitions.

The first experimental determination of the excitation e
ergy of the ground-state SD band in192Hg was performed
with the QC method@13,33#. The data at that time were
obtained from early versions of the newg detector arrays,
i.e., with detector systems that were not as powerful as th
available today. The present analysis is based on data f
Gammasphere in its final configuration and contains sign
cantly higher statistics. Furthermore, the QC analysis te
niques have also been improved. Most significantly,
spectra are now treated angle by angle and there is suffic
statistics to allow inspection of individual pairwise gates a
the selection of clean ones only. Furthermore, theE2 feeding
QC spectrum is now extracted in the center-of-mass fra
and reconstructed in the laboratory frame before subtrac
to permit a more accurate extraction of the decay spectr

An analysis, completely identical to the one just discuss
for SD band 1194Hg, was therefore performed for SD band
in 192Hg. The data were collected using the reacti
160Gd(36S,4n)192Hg. Beams at an energy of 157 MeV~mid-
target! were delivered by the 88-Inch Cyclotron at Lawren
Berkeley National Laboratory. A total of 2.13109 quadruple
or higher fold coincidence events were collected with Ga
masphere, after prompt coincidence times gates were
plied. The target consisted of a 1.58 mg/cm2 160Gd layer
evaporated on a thick~12.4 mg/cm2) Au backing. At the
time, Gammasphere was comprised of 96 Compt
suppressed germanium detectors.

C
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Figure 11 presents a combined plot with all the QC co
ponents that are in coincidence with the yrast SD band
192Hg. Figure 12 compares the total spectra from192Hg and
194Hg after discrete ND and SD lines were subtracted. T
spectra from the two SD bands are very similar. Two nota
differences, in 194Hg are ~i! stronger one-step lines (Eg
.3500 keV! and~ii ! a higher-energy right hand edge of th
E2 bump—a consequence of the survival of higher-s
states against fission. Table III gives the multiplicities a
mean energies of the feeding and decay component
192Hg.

The mean spin and energy at which the SD decay en
the known ND level scheme@31# were found to be

^ i &58.0~8!\ ^e&52.0~3! MeV.

This average ND entry point is significantly lower in sp
and energy than in the194Hg case. Following the procedur
described above, the mean exit point for the SD band
192Hg is determined to be

^I &510.4~9!\,

^E&55.9~5! MeV.

Based on an analysis of theA0 spectrum~corrected for
angular distribution! with coincidence gates placed on th

FIG. 11. QC components extracted using the QC method for
yrast SD band in192Hg.

FIG. 12. Spectra from pairwise coincidences of lines from
yrast SD bands in192,194Hg.
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SD 380 keV line and SD transitions at higher energies,
intensity of the SD transitions at the bottom of the band
found to be I (340 keV)[100%, I (300 keV)591(5)%,
I (257 keV)567(4)%, and I (214 keV)56(1)%. It then
follows that the average exit point (^I &,^E&) from the band is
given by

^I &5I 10.72~23!, ^E&5E10.10~3!,

whereI andE are the spin and energy of the state fed by
257 keV line. Hence, the level fed by the 257 keV SD line
determined from this analysis of the decay spectra to h
spin and energy

I 59.7~1.0!\,

E55.8~5! MeV.

Both systematic and statistical errors are included in
quoted errors.

The early analysis of the QC in192Hg presented in@13#
found the excitation energy at spin 10\ to be 6.7~9! MeV
which agrees, within errors, with the present result. Us
the spin-fit method@34#, the spin of the SD level fed by the
257 keV SD line in 192Hg is evaluated to be 10\, which
agrees with the present results within errors.

The relative excitation energy, with respect to the N
yrast line, of SD band 1 in192Hg is U53.3(5) MeV~at spin
10\). In 194Hg, this relative excitation energy isU54.2
MeV. The relative excitation energy of the SD band in192Hg
is found to be lower than in194Hg, confirming trends seen in
theoretical calculations@8–10,35,36#.

TABLE III. Properties of all the feeding and decay spectra
coincidence with the SD band192Hg. The feeding components ar
the statistical, the quadrupole, and theM1/E2 g rays. The decay
components are the known ND lines, the ‘‘new’’ ND lines, and t
QC g rays. The sum spinDI and energyDE removed in the decay
of the SD band establishes the mean SD exit point and the total
and energy removed by all the components establishes the m
entry point. The mean multiplicities of the individual componen

are denotedm̄ and the average energy and spin theg rays remove

are denoted byEḡ andd i , respectively. TheA2 angular distribution
coefficient for the ‘‘new’’ ND lines was found to beA2

520.11(6) and the mean excitation energy over the SD yrast
at the entry point is 4.6~1.2! MeV.

Component m̄ Eḡ d i DI DE

in 192Hg ~MeV! (\) (\) ~MeV!

Statisticals 3.17~16! 1.69~8! 0.66~3! 2.1~2! 5.4~4!

Quadrupoles 5.0~3! 0.68~3! 2.0 10.0~6! 3.4~3!

M1/E2 dipoles 2.9~2! 0.47~2! 1.0~3! 2.9~9! 1.4~1!

SD lines 23.3~1.2! 5.7~3!

ND lines 8.0~8! 2.0~3!

‘‘New’’ ND lines 1.1~3! 0.5~1! 1.2~2! 1.4~4! 0.54~18!

QC g rays 2.2~2! 1.6~1! 0.5~1! 1.1~2! 3.4~4!

Decay-out 10.4~9! 5.9~5!

Entry point 48.7~1.9! 21.8~8!

e

e
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The SD excitation energies extrapolate toEexc
SD55.3(5)

MeV and 6.0 MeV at zero angular momentum for192,194Hg,
respectively. The extrapolation was performed with a fu
tional form of the excitation energy written as

E~ I !5E01a@ I ~ I 11!#1b@ I ~ I 11!#2,

whereE(I ) is the energy of the SD level at spinI.
There are several theoretical calculations of the excita

energy of SD bands in this mass region. A sample of thes
given in Table IV and compared with experimental resu
from this work and@3#. None of the calculations reproduce
the yrast SD excitation energies in both192Hg and 194Hg.
However, all calculations correctly obtain a lower yrast S
energy in 192Hg and Refs.@8,9#, and @10# ~with Skyrme
forces SkP and SkM! do provide relative excitation energie
consistent with the experimental results. In Ref.@10#, the
two-neutron and two-proton separation energies of the
and SD ‘‘ground’’ states are also compared. In general,
accuracy of all theories for calculating two-neutron and tw
proton separation energies is about 1 MeV.

It should be recognized that the result obtained here
192Hg is also in good agreement with the excitation ene
constraints of Ref.@12#: 5.2–6.2 MeV at zero angular mo
mentum. The latter result was obtained by the requiremen
reproduce, by calculation, all observables connected with
feeding of the SD band in192Hg.

TABLE IV. Comparison of experimental data and theory pr
dictions of the SD excitation energiesEexc

SD for 192,194Hg at zero
angular momentum. The relative excitation energies for the
bands in the two nuclei are also shown.

Source 192Hg Eexc
SD 194Hg Eexc

SD Difference

Ref. @35# NL1 3.92 MeV 5.6 MeV 1.7 MeV
Ref. @35# NL3 4.46 MeV 6.0 MeV 1.5 MeV
Ref. @36# 5.0 MeV 6.9 MeV 1.9 MeV
Ref. @8# 3.7 MeV 4.6 MeV 0.9 MeV
Ref. @9# 4.2 MeV 5.0 MeV 0.8 MeV
Ref. @10# SkM 4.7 MeV 5.5 MeV 0.8 MeV
Ref. @10# SkP 4.6 MeV 5.5 MeV 0.9 MeV
Ref. @10# SLy4 5.2 MeV 6.5 MeV 1.3 MeV
Experiment 5.3~5! MeV 6.0 MeV 0.7~5! MeV
c

I.
, D

M
.
.
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VI. SUMMARY AND FUTURE PROSPECTS

The spectrum from the decay of the superdeformed b
1 in 194Hg has been extracted and analyzed using the qu
continuum method. The derived excitation energy of the
perdeformed band was found to be in excellent agreem
with the exact result determined from one-step and two-s
decay lines. This demonstrates the validity of the quasic
tinuum method, which can be used to determine the exc
tion energy of SD bands in instances where one-step or t
step decay lines are not observed. The uncertainty of
method is estimated to be'500 keV, largely governed by
systematic uncertainties in the normalization and in subtr
ing a calculated statistical feeding spectrum. The spin of
SD band is somewhat overestimated although it agrees
the exact result within errors. The uncertainty in the det
mination of the spin with the quasicontinuum method
'1\.

The three main uncertainties of the QC method are~i! the
calculation of the statistical spectrum,~ii ! the normalization
of the spectra~in units of multiplicity!, and, for the spin
determination,~iii ! the determination of the spin removed b
the QC component and the ‘‘new’’ discrete lines. The quo
errors contain these uncertainties, as well as statistical un
tainties. It follows that the energy determination is more
liable in the quasicontinuum method than the spin deter
nation.

For 192Hg SD band 1, only weak candidates for two-st
decay lines have been seen so far@32#. Thus, the quasicon
tinuum analysis method was used to determine the spin
energy of this band. Extrapolated to zero angular mom
tum, the excitation energy of the SD band was found to
5.3~5! MeV.

No one-step or two-step decay transitions have b
found in the massA5150 region. Having proved that th
quasicontinuum method works well in theA5190 region, an
attempt is currently being made to measure the excita
energy of the superdeformed bands in151,152Dy with this
approach.
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