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Abstract

The time evolution of the decay of high-spin, normal deformed structures in '**'**Hg was stud-
ied by measuring, in the Gammasphere array, the Doppler shift attenuation of selected transitions
depopulating various bands. The data suggest that a fraction of states feeding selective yrast levels
is non-collective in nature and show resemblance to A = 150 nuclei where shape polarizing effects
have been linked to particles occupying high-; orbitals. © 1999 Elsevier Science B.V.

PACS: 21.10.Ky; 21.10.Tg; 27.80.4+w

1. Introduction

The neutron deficient Hg isotopes have been the subject of intense investigations at
new generation large y-ray detector arrays. This interest was fueled mostly by the dis-
covery of superdeformed (SD) bands in this mass region [ 1]. Properties of yrast and ex-
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cited superdeformed bands such as transition energies, moments of inertia and transition
quadrupole moments Q, have been determined for several Hg isotopes, demonstrating
the fast decay times and collective character of superdeformed levels [1-5]. However,
little information exists as to decay times of yrast and near-yrast, normal-deformed
level structures of Hg nuclei even though level schemes extending to very high spins
have been established [6-9]. These nuclei have been characterized by an oblate, col-
lective shape at low and moderate spin and, as such, provide an ideal testing ground
for cranked shell model calculations in the limit of oblate deformation. Above a spin of
~ 20h, however, structural changes have been reported recently [10-12] in several Hg
isotopes, illustrating the polarizing effects brought about by particle alignments under
the stress of rotation. Lifetime information was obtained for dipole bands in '**Hg [ 13].
However, time-decay history, which probes the total decay time in a particular v cascade,
can provide additional valuable information concerning these issues and is the subject
of this publication.

The present results were obtained in an experiment carried out on the Gammasphere
array [14]. The experiment was primarily designed to measure magnetic moments of
high-spin states and thus required a special, multi-element, target [15]. This target had
a layer of '"Nd deposited on a gadolinium foil. However, the Nd layer did not adhere
to the gadolinium resulting in the formation of a gap between these two layers. The
resulting gap in the target, nevertheless, could be exploited for Doppler attenuation
measurements to yield information on the time-decay histories of high spin levels at
normal deformation in '**!%*Hg.

2. Experiment

The reactions ""Nd(**Ca, 5n and 4n) were used to populate high-spin states in '*Hg
and '""Hg. The 203 MeV beam was provided by the 88" Cyclotron of the Lawrence
Berkeley National Laboratory. The y rays of interest were detected with the Phase I
implementation of the Gammasphere array, which at that time contained 64 Compton
suppressed detectors. The event trigger required at least three y rays. A total of 5x 108
events was analyzed.

The target was actually prepared by pressing together a 1 mg/cm? isotopically en-
riched '*'Nd foil with 200 ug/cm? of gold evaporated on one side and a ferromagnetic,
2.15 mg/cm?, gadolinium foil faced by a 200 ug/cm? gold cover and backed by a
25 mg/cm? thick gold layer. Another 200 ug/cm? gold layer was evaporated on the
upstream surface of the '"*Nd in order to prevent oxidation.

3. Gap determination — '"'Nd analysis

The width of the gap in the target was determined from an analysis of the partially
Doppler shifted, 409-keV, 8" — 6T, yrast transition in '°Nd. This transition is present
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Fig. 1. Gamma-ray spectra in coincidence with the 251 keV, 4* — 2%, transition in '"'Nd as recorded by
detectors at 130° (a) and 50° (b) showing the 409-keV, 8% — 6%, transition together with fits to the line
shapes. Background contributions have been subtracted.

in the spectra as a result of Coulomb excitation of the **Nd by the **Ca beam.

To enhance events associated with Coulomb excitation, a low multiplicity cut on a fold
parameter was imposed during the sorting of the data. The fold parameter was defined as
the sum of the number of Compton-suppressed and unsuppressed Ge detectors as well as
sole anti-Compton shields when no photons were recorded in the enclosed Ge detectors.
Events with fold < 6 were “unpacked” using the sorting method described in Ref. [16]
and random coincidences were subtracted. Double-gated coincidence spectra requiring
one of the five lowest transitions in the yrast band of '*“Nd and the 4* — 2+, 251 keV
y-ray were created for the detectors located in rings at 50° and 130° with respect to
the beam direction. Fig. 1 shows parts of these spectra after subtraction of background
by the method described in Ref. [17]. The gating conditions lead to very clean spectra
and the 8" — 6% transition in '*°Nd clearly shows stopped and Doppler-shifted decay
components.

This transition provides an estimate of the size of the gap between the '"°Nd foil
and the gadolinium layer since, except for the gap, the parameters which determine
the Doppler broadened lineshape, such as the B(E2) values of the ground-state band
and the meanlife of the 8% level, 7(8") = 6.3(0.5) ps, are known [18]. A computer
program was developed to calculate the shape of the line including the effect of the
recoil velocity distribution, using differential cross sections from a Coulomb excitation
code; the energy loss of the recoils in the various materials was calculated from the
stopping powers provided by the TRIM95 code [19]. Since the *3Ca energy is above
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the Coulomb barrier, an adjustment was made to the differential cross sections: it was
assumed that the Coulomb excitation cross section drops to zero at some angle below
the grazing angle of 95°. This assumption is justified from experimental data regarding
Coulomb excitation near the barrier [20]. The cutoff angle was determined to be 75°
by adjusting the high velocity edge of the observed line shapes to the calculated line
shapes.

The determination of the average recoil velocity for the Hg nuclei, produced in the
fusion-evaporation reaction, was made from the measurement of the Doppler shifts
seen for superdeformed transitions, practically all of which decay inside the gap. This
velocity, v/c = 0.019, agrees with that calculated from the reaction kinematics and the
target composition.

A single-valued gap was assumed in the lineshape fitting procedure. This assumption
was tested in the following manner: for a given meanlife, lineshapes were computed
and numerically integrated for a gap with a uniformly distributed width. The spread in
gap is expressed as a percentage of the mean gap: for example, a 50% spread means
that the gap varies uniformly between 0.5 and 1.5 times the mean value of the gap.
From these integrated lineshapes, stopped fractions F = [stopped/(stopped + flight) ]
were extracted. Stopped fractions were also calculated for the case of (HI,xn) reactions,
where the velocity is essentially single valued and the F values can be calculated
analytically by integrating the exponential decay between a minimum and maximum
gap. The computed F values corresponding to various gaps are presented for both the
Coulomb excitation (Fig. 2a) and the (HI,xn) cases (Fig. 2b). From the calculations
it can be concluded that for a +-50% range around the mean gap, the absolute effect
of a gap spread is small compared to other errors. Furthermore, the present analysis
uses the °Nd Coulomb excitation data to extract the value of the gap and then uses
this value in the analysis of the time-decay history of transitions in '**'**Hg. Hence, as
Fig. 2 demonstrates, a possible gap spread influences the extracted information only to
the extent of the different functional behavior of the two reactions.

The width of the gap, 46(5) um, was obtained from the best fit ( y* minimization)
of the spectra with the calculated lineshapes. The corresponding transit time through the
gap is 8.1 ps. The fits to the data are shown in Fig. 1.

It should be emphasized that any uncertainty in the fitting procedure that determines
the gap size does not affect the conclusions of the experiment as the results describe
relative time behavior of various bands in both '**'%*Hg. It is also important to note
that the main feature of the present technique consists in determining the target-stopper
distance simultaneously by another nuclear reaction, using the same beam and the same
target with its own microscopic structure and inhomogeneity. As such, it may provide
an important addition to the standard techniques used in plunger-devices experiments.
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Fig. 2. Calculations of (a) the mean fractional shift and (b) the stopped fraction F versus gap range for the
Coulomb excitation and (HLxn) reaction.

4. Time-decay history of normal deformed states

In order to obtain time information for normal-deformed high-spin states in '*'%Hg,
gated coincidence matrices were created. For each nucleus, two matrices were sorted
where information from the detectors belonging either to the 50° or to the 130° ring was
stored on one axis with the other axis containing information from all other detectors
in the array. These matrices were incremented with events satisfying sets of primary
coincidence gates placed on transitions in either of the nuclei of interest. Only transitions
not exhibiting flight fractions were chosen as gates. The primary gate set for ' Hg
consisted of eleven transitions below the 33/2", 27/2, and 25/2 states in the ABC,
ABF, and ABE bands (Fig. 3), respectively. For '**Hg, primary gates were set on
eleven transitions below the 10%, 117, and 10~ level in the AB, AE and AF bands
(Fig. 4), respectively. From these matrices, final spectra were generated for each
band by placing secondary gates on various transitions within the respective bands as
described below. Normalized total projections of the primary gated matrices served as
background spectra. The stopped fractions F were determined for transitions in each
of the isotopes for both the 50° and 130° rings. The measured stopped-to-total ratios
were averaged, when possible, over the two rings. The results discussed below for the
stopped fractions F constitute a time differential measurement for one particular value
of the spacing between the '°Nd and the gadolinium foil, and are presented for the
three main decay sequences in both '*Hg and '**Hg.
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4.1. " Hg

A partial level diagram and band classification scheme for '“*Hg are displayed in
Fig. 3. Partial spectra of the ABC band, obtained in the 50° and 130° rings of detectors,
are displayed in Fig. 5. The spectra were obtained by placing secondary gates on
the 193.5-, 617.9- and 738.8-keV transitions in both matrices. Spectra of the ABF +
ABCDF band were produced by gating on the 205.1-keV and 745.5-keV transitions
while spectra of the ABE + ABCDE bands were generated by gating on the 130.5-,
375.3-, 857.7-, 885.8-, and 1000.5-keV transitions. The results, summarized in Fig. 6,
display the stopped fraction F = [stopped/(stopped + flight) ] as a function of excitation
energy. The parameter F is a measure of the total elapsed time from the moment at
which the nuclear reaction occurred until the decay of the particular level. For a given
gap, levels with decay times longer than the flight time of 8.2 ps will exhibit mostly
stopped components, while levels with much shorter decay times will exhibit mostly
flight components. For illustration purposes only, the time scale on the right axis of
Fig. 6 represents an approximate decay-time scale based on pure exponential decay.

An interesting feature can immediately be discerned from Fig. 6: the ABC band
exhibits stopped fractions above spin 37/2" smaller by a factor of about two than the
stopped fractions in other bands. As an example, consider the 807.7 keV and 523.2 keV
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Fig. 3. Schematic band structure and classification scheme of 193Hg based on Refs. [6,10]. The various bands
discussed in the text are indicated.
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transitions from the 45/2% and 45/2~ in the ABC and ABCDE bands, respectively
(Fig. 6). These transitions originate from states with comparable excitation energy,
~ 4.5 MeV, and same spin. However, they exhibit different stopped fractions F. The
difference in the feeding or decay times of these two bands is about 5 ps.

Recent investigations of high-spin states in Hg isotopes [10-12] highlight the ex-
istence of rather complicated irregular structures which, according to theoretical ex-
pectations, correspond to shape-changing configurations. Frequently such non-rotational
structures exhibit states which decay through low-energy transitions and are relatively
long-lived. These states could trap the feeding cascades populating the yrast rotational
bands. For example, consider the structure which feeds mostly the ABCDE band as
shown in Fig. 1 of Ref. [11]. Stopped fractions were measured for the 284.2-, 396.6-,
197.3-, 160.1-, and 357.1-keV transitions de-exciting the 5690.5-, 6322.6-, 6895.3-,
7055.4- and 7412.5-keV levels, respectively. As is indicated in Fig. 6, the transitions up
to ~ 7.4 MeV excitation energy exhibit stopped fractions F' ~ 0.4, indicating a trap at
even higher energies.

The lower stopped fractions of the ABC band could be explained by a weaker
“trapped” feeding cascade or, alternately, by the lower excitation energy at which a
delayed cascade feeds the band. This reasoning might explain the steep rise of the
stopped component below the 41/2%, 3739.9-keV level. The present lack of high-spin
spectroscopic information precludes further discussion of the above hypotheses.
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Fig. 4. Schematic band structure and classification scheme of ‘9“Hg based on Refs. |6,10]. The various bands
discussed in the text are indicated.
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4.2. %Hg

A similar analysis has been applied to study the time history of normal-deformed
bands in '"*Hg. A partial level diagram and band classification scheme are displayed
in Fig. 4. The two spectra for the forward and backward rings of the AB + ABCD
band in '**Hg were produced by gating on the 734.8-keV and 565.0-keV transitions.
The spectra of the AE -+ ABCE band were obtained by gating on the 748.8-, 232.9- and
544.6-keV transitions and the spectra of the AF + ABCF band by gating on the 748.8-,
227.6-, 418.5- and 423.8-keV lines. The results of the stopped fraction measurements
arc shown in Fig. 7. The results for two new transitions, 359.8 keV de-exciting the
7941.3-keV level and 345.4 keV de-exciting the 8287.3-keV level (labeled as structure
“2” in Ref. [10]), are also presented. The stopped components of '**Hg transitions are
larger, in general, than those of '"*Hg at the corresponding excitation energy. This effect
may reflect a lower entry point for the 5n channel, and consequently, a shorter decay
cascade.

As in the case of '“*Hg,some bands in '**Hg exhibit different time-decay histories.
The AB + ABCD band has a short feeding time, while the AE + ABCE and AF +
ABCF bands exhibit a larger stopped fraction, below ~ 5 MeV excitation energy. The
delay in the transitions up to the 157 state in the ABCE band and 18~ in the ABCF
band may be due to long-lived states at the second backbendings at 4114.7 keV and
3983.4 keV de-excited by transitions of 235.5 keV and 236.3 keV, respectively. The
delay in the 187 state can be attributed to delayed feeding from higher, yet unplaced
transitions. Similar conclusions apply to the fast 21~ and the slower 19~ states in the
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ABCE band. Several new weaker transitions [21] at 437, 542, 688, 779, 898, 921 and
934 keV as well as transitions at 146 and 532 keV mentioned previously by Hiibel et
al. [6] have been observed in a band at around 9 MeV which feeds both the ABCE
and the ABCF bands. None of these transitions could be placed in the level scheme.
The three transitions at 779, 688, and 921 keV were found to feed the 18~ state. In
addition, previously observed [6] transitions, at 315 keV and 460 keV were seen to be
fully shifted, while the 253-, and 227-keV transitions were partially shifted.

More detailed spectroscopic information regarding these levels is needed in order to
obtain a more comprehensive picture.

5. Discussion

There has been much interest in the study of high spin, normal deformed, states in
this mass region. In particular, rotational bands built on a large number of quasiparticle
configurations have been identified at high spin and excitation energies in '9194Hg
as well as many single particle excitations connected to rotational bands by complex
decay patterns [6~12]. In the present experiment, new high-excitation, fully or partially
shifted, and previously unplaced transitions, were observed for '**Hg.

The measurements of line shapes of high-spin states in normal deformed states have
shown that different low-lying rotational bands in the same nucleus can have different
feeding times. Also, '*Hg and '"*Hg differ, in general, in a manner consistent with the
lower entry point of the 5n compared to the 4n channel. Further experimental information
regarding the entry point distribution for the present reaction and energy is needed to
correlate this qualitative observation to detailed Monte Carlo simulations.

One of the fascinating results of the present analysis of the yrast and near yrast
transitions in '**'%*Hg relates to the presence of sidefeeding into the yrast states with
rather long lifetimes, i.e. with lifetimes on the order of a few picoseconds. It appears
that at least a fraction of the states which populate the yrast levels are non-collective in
nature. The situation has similarities with that observed in the beginning of the rare earth
region, in particular in the light Dy isotopes. For example, as spin increases along the
"**Dy yrast line, the level spacing characteristic of a rotational sequence associated with
a moderate prolate deformation (82 ~ 0.2, ¥ = 0°) gives way to a level structure (at / ~
30h) which is much more irregular in energy [22]. This sequence of states represents a
gradual transition from a prolate to an oblate shape which theory describes in terms of
band termination [23], a process where under the stress of rotation the spins of several
pairs of nucleons gradually align with the nuclear symmetry axis until the maximally
aligned or terminating state is reached. Lifetime measurements by Azgui et al. [24)
for the collective yrast states (/ < 30h) in '*Dy indicate that the sidefeeding into
these states is characterized by both a fast (< 1 ps) and a slow (~ 10 ps) component.
The intensity of the slow component was found to increase with angular momentum.
These observations indicate that the yrast levels are fed both through collective states
and through configurations of aligned-particle character similar to those seen at the
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highest spins along the yrast line. In other words, the prolate to oblate shape transition
alluded to above manifests itself above the yrast line as well. In the beginning of the
rare earth region, the generation of angular momentum by the alignment of the spins
of nucleons along the symmetry axis results in an oblate, non-collective shape where
the shape-polarizing effects are provided by particles occupying high-j orbitals (vi3/2,
mhyy ), ete.).

As was first shown by Ye at al. [7], the same mechanism of “non-collective” angular
momentum generation also occurs in the Hg nuclei. These nuclei, which are characterized
by a moderate oblate-collective shape (B8 ~ 0.2, ¥ = —60°), undergo a shape change
towards a prolate non-collective (y = —120°) shape at higher spin for which the driving
force is provided by holes in the same high-j orbitals which are responsible for the
oblate non-collective shape in the Dy isotopes. As was shown in Refs. [7,25], Nilsson-
Strutinsky calculations indicate the following general features for the Hg nuclei: (1)
for spins I = 20-30K, two minima are present in the energy surfaces corresponding
to collective near-oblate configurations (824 ~ 0.2, v = —40°) and to aligned prolate
non-collective configurations (8, ~ 0.1-0.15, y = —120°), respectively; (2) the prolate
non-collective configurations become favored energetically for / > 30h; at spin [ ~
40k, the valence space is essentially exhausted and a third minimum at 8; = 0.2-0.3,
y ~ 20° (involving hg/; and i3/; protons) becomes energetically competitive; (3) a
superdeformed minimum is present at all spins with B8; ~ 0.5 and y = 0° and becomes
yrast at [ ~ 40h. The present time-decay history data suggest that the analogy between
the structure of A = 150 and A = 190 nuclei extends beyond the yrast levels to the
feeding states, i.e. the sidefeeding is characterized not only by collective transitions, but
also by y-ray flux associated with decay from non-collective configurations.
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