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Lifetime Measurement in Excited and Yrast Superdeformed Bands in 94Hg
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Nuclear level lifetimes have been measured in two superdeformed bands in !°*Hg using the
Doppler-shift attenuation method. Average transition quadrupole moments derived from the life-
times of an excited and yrast superdeformed bands are Q; = 17.6(30) and 17.2(20) eb, respectively.
The Doppler shifts of the excited band relative to the yrast band indicate a slight difference in
quadrupole moments [+4(5)%], assuming similar side feeding. These results imply that the second
well is stable and rigid with respect to the particle excitation responsible for this excited band.

PACS numbers: 21.10.Re, 21.10.Tg, 27.80.+w

Superdeformed (SD) rotational structures in nuclei
have been the subject of intense interest since the dis-
covery of a discrete SD rotational band in 152Dy [1]. A
region of superdeformation has been established in the
neutron deficient Hg [2] and Pb (3] nuclei around A ~
190. These SD bands are associated with a second mini-
mum in the potential energy surface at large deformation.
The second minimum is stabilized by shell gaps in the
single-particle spectrum at Z = 80 and N = 112, and is
calculated to persist down to low angular momentum [4].

Level lifetimes have been measured in the yrast SD
bands in 92Hg [5] and !%4Pb [6]. The results confirm
that these bands are associated with a large intrinsic de-
formation and further indicate that the nuclear shape
in the second minimum is insensitive to increasing rota-
tional frequency. Very little information exists, however,
on the effects of quasiparticle excitations on the stability
and deformation of the second minimum. Recent calcu-
lations using a microscopic description of the interaction,
and a three dimensional cranked Hartree-Fock (CHF)
method [7], have had considerable success explaining SD
properties in the A ~ 190 region. These calculations pre-
dict that the yrast and excited SD bands in *4Hg have
quadrupole moments which are equal to within 1%, and
show very little dependence on angular momentum [8].

The deformation and spin dependence of the second
minimum can best be determined by measuring the life-
times of individual SD states. In the present Letter, we
present the lifetime results from a Doppler-shift attenua-
tion measurement analysis for the yrast and one excited
SD band in %4Hg. Three SD bands have been reported
in this nucleus [9,10]. We will refer to these bands us-
ing the nomenclature of Ref. [9], where bands 2 and 3
are interpreted as signature partner bands based on the
excited [624]9/2 ® [512]5/2 neutron configuration. The
present results represent the first time individual tran-
sition quadrupole moments have been measured in an

excited SD band: previous results have only shown that
fractional shifts in one 9'Hg excited band are of the same
order as those in the yrast band [11].

Excited states in '94Hg were populated with the
150Nd(48Ca, 4n) reaction at a beam energy of 205 MeV
(196 MeV at midtarget). The target consisted of 1.7
mg/cm? 13°Nd evaporated onto a 20 mg/cm? Au backing.
The front face of the target was covered with 200 ug/cm?
Au to retard target oxidation. In-beam < rays were
detected using the early implementation phase of the
GAMMASPHERE array [12].  The measurements
described here were performed with 25 Compton-
suppressed germanium (Ge) detectors, each located 25.5
cm from the target position, and subtending ~ 58 msr.
The number of Ge detectors n at each angle 6 with re-
spect to the beam direction is (5, 163°), (5, 148°), (5,
143°), (5, 32°), and (5, 17°). Approximately 4 x 10®
expanded threefold events were recorded with this ex-
perimental setup.

The threefold data were subsequently double gated by
pairs of fully stopped coincident clean SD transitions in
each band, and sorted into spectra consisting of coinci-
dences between events in detectors at backward angles
with all other detectors, and detectors at forward an-
gles with all other detectors. The coincidence gates used
for band 1 were all combinations of those placed on the
254-, 296-, 338-, 378-, and 417-keV transitions, and for
band 2 were all combinations of those on the 201-, 243-,
284-, 324-, 364-, and 403-keV transitions. From these
data, the fractions of full Doppler shift F(7) have been
obtained, and line shapes of individual v rays have been
analyzed to determine the dependence of the transition
quadrupole moment on rotational frequency, and to ob-
tain information on the side-feeding lifetimes.

The F(7) values have been obtained for almost the
full range (0 — 100%) in both SD bands, as shown in
Fig. 1(a). Transitions in both bands with E, < 430 keV
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FIG. 1. (a) Measured fractional Doppler shifts for transi-
tions in band 1 (e) and band 2 (o). The curves represent cal-
culated values for Q: = 16 (—), 18 (-—-), and 20 eb (----).
(b) Shifts in band 1 obtained from spectra gated by fully
stopped transitions (e), and from spectra gated on high-lying
moving transitions (). (c) The difference AF () between
bands 2 and 1, with the calculated value (---) appropriate
for AQ: = 0.7 eb.

appear as sharp lines in the spectra, indicating that these
decays take place after the recoiling 194Hg residuals have
stopped in the Au backing (in ~ 1.9 ps). For transitions
with E, > 430 keV, however, Doppler-shifted centroids
are observed, corresponding to partial in-flight decay. In
band 1, the two highest measurable transitions (813 and
842 keV) show ~ 95% of the full Doppler shift expected
for this reaction-target combination, with the calculated
maximum recoil velocity v/c = 2.28%. This indicates a
total feeding time of ~ 50 fs into the top of the band.
The two highest measurable transitions in band 2 (748
and 778 keV) show ~ 90% of the full Doppler shift.

The fractional shifts in band 2 are clearly very similar
to those in band 1. The difference AF(7), calculated as
the difference between the F(7) in band 2 and the lin-
early interpolated value in band 1, is shown in Fig. 1(c).
The average AF(7), 4(5)%, is independent of systematic
errors and model assumptions. While this value is con-
sistent with zero, the probability that the F'(r) in band 2
is larger than that in band 1 is ~ 80%. The AF(7) is
sensitive to differences in the side-feeding lifetimes and
the relative Q; in the two bands. Assuming similar side-
feeding lifetimes into the two bands, the AF(7) values
imply that band 2 has a slightly larger Q; than that of
band 1 [AQ: = 0.7(9) eb]. The calculated AF(7) for
AQ: = 0.7 eb is shown in Fig. 1(c). The data appear to
systematically follow the AQ; = 0.7 eb curve, but given
the errors are also consistent with AQ; =0 eb.

Calculated F() curves are also presented in Fig. 1(a).
These curves correspond to the decay of a rotational cas-
cade with the same dynamic moment of inertia as the two

SD bands, along with a constant in-band Q:. The side-
feeding lifetimes are assumed to be the same as those in
band. Calculations are presented for a number of differ-
ent @Q; values. The data, however, exhibit a systematic
deviation from the calculated values between the low and
high recoil-energy regions for both bands. The transition
is rather abrupt at F(7) ~ 50%, corresponding to a re-
coil velocity v/c ~ 1.1%. As a consequence, @; ~ 19 eb
at high energies and Q; ~ 17 eb at lower energies pro-
vide the best fit to the data for band 1. This deviation
may be due to an inexact knowledge of the stopping pow-
ers, since the nuclear component to the stopping power
is becoming important at v/c ~ 1%.

Another possible cause for this deviation is that the
side-feeding level lifetimes may be different from those of
the SD levels. To investigate the effects of side feeding,
spectra for band 1 were produced by gating on the top
three observed transitions. These gating requirements
remove the effects of side feeding into the lower levels.
The statistics in these spectra are such that it was only
possible to extract centroid shifts [shown in Fig. 1(b)] up
to and including the 564-keV transition. The errors on
these centroid shifts are large, but it appears that the
492-, 528-, and 564-keV transitions have larger centroid
shifts when the effects of side feeding are removed. This
indicates that the side feeding into these levels is slower
than the in-band feeding. There were too few counts to
apply a similar gating method in band 2. Since a similar
deviation from the calculated values occurs in this band
in the same spin region, however, it may be reasonable
to assume that a similar effect is occurring. From a x?
comparison of the data to these curves, Q; = 17.3(20) eb
for band 1 and Q; = 18.0(20) eb for band 2 are obtained.
The effects of the systematic deviation between the data
and calculated curves are not reflected in the x2 value,
which assumes a normal distribution. The quoted errors
have been corrected accordingly.

A line-shape analysis has been performed to deter-
mine individual transition quadrupole moments for the
SD band members. Such an analysis is possible for the
SD transitions in each band in the energy range 430 <
E.,, < 650 keV, where line shapes are observed; above this
energy range the transitions showed no stopped compo-
nent, and the analysis reduces to that of a centroid shift.
Level lifetimes were extracted from these line shapes us-
ing the code DSAMFT_OR [13]. Nuclear and electronic
stopping powers were calculated using the compilation of
Ziegler [14]. The detailed slowing down history of 19¢Hg
recoils in the target and backing material was simulated
using Monte Carlo techniques (5000 histories with a time
step of 0.002 ps), and then sorted according to the de-
tector geometry. Calculated line shapes for each in-band
transition were obtained assuming both (1) a precursor
cascade of rotational transitions extending to I = 50k
feeding the top of the band, and (2) side feeding into each
state modeled by a cascade of five transitions. The level
lifetimes of the side-feeding cascade are parametrized by
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FIG. 2. Sample line-shape fits obtained at backward angles for selected transitions. The data are shown in gray, and the fits
in black for the (a) 528-keV and (b) 597-keV transitions in band 1, and the (c) 515-keV and (d) 585-keV transitions in band 2.

Arrows indicate the positions of stopped and fully shifted (at lower energy) components of the line shape. Note the stopped
513-keV contaminant «-ray in the line shape of the 515-keV transition (c), which is taken into account in the fitting procedure.

(Q?/ES)sF, where the ~-ray energies E, are set equal
to the corresponding in-band energies. The intensity of
the side feeding was constrained to the experimentally
observed values. The results have been obtained from
simultaneous fits to forward- and backward-angle spec-
tra. For each transition the in-band lifetime, along with
that of the side-feeding, has been determined using a
x? minimization technique. Examples of experimental
line shapes, along with the corresponding calculated line
shape, are presented in Fig 2. It is apparent that the
experimental line shapes are well reproduced.

The results obtained from this analysis are summarized
in Table I. For each level the deexciting transition energy,
the level lifetime, and the reduced transition probability

TABLE I. Line-shape analysis results for band 1 (upper
part) and band 2 (lower part). The quoted errors contain
statistical errors in the data and errors associated with the
fitting procedure, but do not contain the errors inherent in
the stopping powers.

Ey (keV) 7 (ps) Q:(eb) B(E2) (W.u) (Q:)sr (eb)
455  0.390(92) 17.372% 15707390 d
492 0.240(32) 18.1%13  1730+270 d
528 0.174(36) 17.8¥%22 16707539 13(6)
564*>  0.164(56) 15.673¢ 12907570 11(6)
597  0.112(25) 16.3¥%22  1410+4% 11(5)
630°  0.087(31) 16.1%3%  1380%770 10(6)
662  0.060(19) 17.2%35  1570%739 15(5)
694 0.037(16) 19.5%54  2010%33%° > 18
440  0.389(132) 19.07%% 18607339 d
478 0.290(70) 17.9%%5  1660*330 d
515°  0.186(76) 18.5%5%  1780%123° 15(7)
550  0.145(48) 17.7t3% 16401819 14(7)
585 0.129(28) 16.1¥2%1  1350%370 14(6)
620 0.094(41) 16.3%57  139011%8° 14(6)

®Line shape contaminated by the 565-keV transition.
bLine shape contaminated by the 637-keV transition.
°Line shape contaminated by the 513-keV transition.
4No side-feeding intensity observed in these levels.
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are listed. The large B(E2) values confirm the collec-
tive nature of both bands, and suggest an interpretation
based on the rotational model. With this assumption, the
quadrupole moments can be related to the level lifetimes
using Q; = [1.227E3(IK20 | (I — 2)K)?]~'/2, where the
level lifetime (7) is in ps, the transition energy (E,) is
in MeV, and Q; is in eb. The spin values (I) are those
determined in Ref. [10], using the method outlined in
Ref. [15], and K = 0,2 [9] has been used for bands 1
and 2, respectively. The in-band and side-feeding Q; de-
duced in this manner are also listed in Table I. The
values obtained for (Q:)sr are generally smaller than the
in-band Q; in the 500 to 650 keV energy range, indicat-
ing that the side-feeding lifetimes are longer than the in-
band lifetimes. A similar effect has been noted in 192Hg
by Moore et al. [5]. The (Q:)sr have large errors in this
region since the side-feeding intensity is only (10-20)% of
the in-band feeding. This is consistent, however, with the
rise in F(T) observed in the centroid-shift analysis of the
spectra gated by high-spin transitions. For the higher-
spin states, however, where the side-feeding intensity is
comparable to the in-band feeding, (Q¢)sr =~ Q: gives
the best fit to the data.

The individual quadrupole moments for both bands are
plotted against E, in Fig. 3. The average in-band Q; ob-
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FIG. 3. Experimental transition quadrupole moment, Q¢,
as a function of 4-ray energy for band 1 (e) and band 2 (o).
Theoretical values calculated with the CHF method including
pairing [8] for band 1 (@) and band 2 (O). A line joins the
calculated values for band 1.
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served for band 1 is Q; = 17.2(20) eb, whereas for band 2
the average is @; = 17.6(30) eb. These values are consis-
tent with those obtained from the centroid-shift analysis,
and imply a quadrupole deformation B ~ 0.5 using rela-
tionships given in Ref. [16]. Calculated quadrupole mo-
ments using the CHF method including pairing [8] are
also shown in Fig. 3, and are essentially constant with
frequency. These theoretical values reproduce the exper-
imental values over the measured frequency range.

The calculated values predict that the quadrupole mo-
ments of the yrast and excited SD bands are the same
to within 1%. This degree of sensitivity is beyond our
experimental limits: from the centroid-shift data, which
are subject to smaller errors than the line-shape data,
we estimate that the average difference is 4(5)%. This
is, perhaps, not a surprising result for the configura-
tion containing the [624)9/2 and [512]5/2 neutron exci-
tations. Both these orbitals are insensitive to increasing
rotational frequency [9], and have only a moderate posi-
tive slope with increasing quadrupole deformation. This
indicates that these orbitals each possess a small nega-
tive quadrupole moment (i.e., an oblate topology), the
polarization effects of which will be small. This is cer-
tainly the case in the CHF calculations mentioned above.
Nevertheless, the fact that the quadrupole moment is in-
dependent of spin and shows only a small difference with
quasiparticle excitations is indicative of a stable and rigid
second minimum.

A systematic picture for the yrast SD bands in Hg nu-
clei is now emerging; average quadrupole moments have
also been reported in 190:191Hg [2,11,17]. The value re-
ported in 192Hg [Q; = 20(2) eb] is somewhat larger than
in the other isotopes [Q; = 17 — 18(2) eb]. A similar
situation exists in the Pb nuclei where the Q; in 194Pb
[6] is larger than that in !96Pb [18]. As suggested in
Ref. (18], a larger Q; at N = 112 may be expected due
to the shell gap, but with the present data, the average
Q: for these SD bands is, within errors, constant with
neutron number.

In conclusion, we have measured lifetimes in the yrast
and one excited SD band in !%Hg. The B(E2) values ob-
tained for the excited SD band are very similar to those
in the yrast band. For both bands these values are consis-
tent with those expected for superdeformed shapes. The
F(7) values suggest there may be a slight enhancement in
the Q; of band 2, assuming similar side feeding. The re-

sults are generally consistent with CHF calculations with
pairing, and indicate a rather rigid second minimum in
the potential-energy surface. This may not be the case for
superdeformed bands built on other configurations. For
ezample, it would be interesting to obtain a measure of
the stability of the deformation for configurations with
strongly deformation-driving orbitals.
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