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Abstract. A superdeformed band has been observed in the N = 108 isotope °°Pb. This is the most
neutron-deficient Pb isotope in which superdeformed states have been observed. Several theoretical ap-
proaches have predicted that N = 108 will mark the limit of observable superdeformation in the Pb
isotopes. The band, which consists of five (possibly six) transitions, is observed to feed at least one iso-
meric level in its decay to the ground state. This decay pattern supports a spin assignment of 10 A for the

lowest observed level.

PACS. 21.10.Re Collective levels — 23.20.-g Electromagnetic transitions — 27.80.+w 190 < A <219

1 Introduction

The first experimental evidence for superdeformation in
nuclei with A ~ 190 came with identification of 7y-rays
associated with a superdeformed (SD) rotational band in
91Hg [1] in 1989. Since then, 83 such bands have been
identified in 25 isotopes of Au, Hg, T1, Pb, Bi and Po.

Unfortunately, the difficulties associated with identify-
ing discrete transitions involved in the decay-out of these
structures have meant that the fundamental properties of
the bands such as absolute excitation energy, spin and
parity have been measured in only a very small number
of cases [2-7].

Without measurement of these basic properties, sys-
tematic comparisons of the data with predictions of the
SD well excitation energies cannot be made. Thus, it
has not been possible to distinguish which of the vari-
ous theoretical approaches (which include the Strutinsky
method with Woods-Saxon potential [8], Hartree-Fock-
Bogoliubov (HFB) with a Skyrme force [9], HFB with a
Gogny force [10] and relativistic HFB [11]) predicts ex-
citation energies and well depths most accurately. How-
ever, there are other aspects of the calculations that can
be tested and which provide useful insights into their ap-
plicability. One of these is simply the range of nuclei in
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which the SD minimum is sufficiently stable to be ob-
served. Exploring the limits of the island of SD nuclei with
A ~ 190 will give information on the factors stabilizing the
extremely deformed shape and also provide a test for the
existing predictions of the limits of the A ~ 190 island of
superdeformation.

The present work reports on the observation of an SD
band in the N = 108 nucleus °°Pb, the most neutron-
deficient Pb isotope in which evidence for superdeforma-
tion has been found. Although recent calculations have
tended to focus on superdeformation in isotopes of Hg,
Pb and Po with NV > 110, two of the earliest examples
of macroscopic [8] and microscopic [9] approaches predict
that ®OPb may be the most neutron-deficient Pb isotope
which supports a stable SD shape.

The observation of this SD band has been made fol-
lowing a reaction which imparts relatively low angular mo-
mentum to the '°Pb residue. The fact that an SD band is
populated under such circumstances may support the pre-
dictions of both macroscopic and microscopic calculations
that the excitation energy of the SD well in this nucleus
will be low.

2 Experimental details and initial analysis
An experiment was performed at the Lawrence Berke-

ley National Laboratory using the Gammasphere multi-
detector array. A target consisting of a 1 mg/cm? layer of
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Fig. 1. (a) Spectrum created by double-gating on all pairs of
~-rays in the list (309.7 keV, 350.3 keV, 388.8 keV, 427.9 keV,
466.0 keV). (b) Spectrum created by double-gating on clean
pairs only. (¢) Triple-gated spectrum, created using the same
gate list as (a). See text for details.

166Er on a 5 mg/cm? Pb backing was placed at the focal
point of the array, which at the time consisted of 102 Ge
detectors. A beam of 28Si was provided at an energy of
143 MeV by the 88" Cyclotron. An event was written to
tape when at least three signals were obtained from the
Ge detectors after escape suppression. Detector identifica-
tion, incident energy and time (relative to the RF signal
of the Cyclotron) were written to tape. A total of 6.3 x 108
such events were collected.

In the initial analysis, the data were sorted into a y-y-~y
cube in the format suitable for analysis with the RAD-
WARE [12] package. Only those v-rays which occurred
within 430 ns of a primary beam pulse (“prompt” ~-rays)
were incremented into the cube. A search of the cube for
regular structures revealed a cascade of y-rays with en-
ergies 309.7(8), 350.3(7), 388.8(8), 427.9(8), 466.0(9) and
504(1) keV. Figure 1(a) shows the spectrum obtained by
setting double gates on all combinations of pairs of these
~y-rays except those including the 504 keV line, which is
strongly contaminated by a low-lying transition in *°Pb.
Gamma rays which are firmly identified as part of the SD
cascade are marked with filled triangles. A transition at
539(1) keV is tentatively identified as belonging to the
band; this peak is marked with an open triangle. Gamma
rays in coincidence with the band which are associated
with the decay of known low-lying states in %°Pb [13]
are marked with open diamonds. Contaminant peaks are
marked with asterisks.

A series of gated spectra were then produced in or-
der to verify this structure. Because of the strong yrast
transitions with energies 507 and 540 keV, it was not
possible to use the 504 and 539 keV in-band transitions
as gates. Figure 1(b) shows the results of double-gating
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only on clean combinations of the «-rays used to create
fig. 1(a) [309.7®(388.7,427.9,466.0); 350.32(427.9, 466.0);
388.8®466.0; 427.9®466.0]. In this spectrum, the contam-
inant lines evident in fig. 1(a) are much reduced but the
yrast lines from the normal decay of '°Pb remain clear,
verifying the assignment of the band to that nucleus. Fig-
ure 1(c) shows the results of triple-gating on all transitions
from 309.7 keV to 466.0 keV. The small number of pos-
sible gate combinations and low average fold of the data
lead to low statistics, but the band is clearly present.

The low-lying transitions associated with the decay of
190Ph observed in coincidence with the newly identified
cascade allow a firm assignment to this nucleus. It is esti-
mated that this structure is populated with 0.5% or less
of the intensity of the '?°Pb reaction channel.

3 Properties of the cascade
3.1 Transition multipolarities

In order to establish whether the cascade identified above
consists of quadrupole or dipole radiation, a Directional
Correlations from Oriented nuclei (DCO) [14] analysis was
performed. The Gammasphere array consists of 17 rings
of detectors at angles 6 of 17.3°, 31.7°, 37.4°, 50.1°, 58.3°,
69.8°, 79.2°, 80.7°, 90.0°, 99.3°, 100.8°, 110.2°, 121.7°,
129.9°, 142.6°, 148.3° and 162.7° with respect to the
beam direction. For the purposes of this analysis, the de-
tectors were divided into two groups: those around 90°
(69.8° < 6§ < 110.2°), and those at forward/backward an-
gles (6 < 58.3° and 6 > 121.7°). Background-subtracted,
double-gated spectra were created by gating on ~-rays
detected at the forward/backward angles. One spectrum
was incremented with all other ~-rays detected at for-
ward /backward angles, and another was incremented with
~-rays detected at angles around 90°. The areas of partic-
ular peaks were measured in both spectra and the ratio
Rpco extracted:

I
Rpco = —nfb (1)

Iry,goo

Values of Rpco were measured in spectra double-gated
on the five SD transitions with energies between 309.7
and 466.0 keV.

The results of this analysis are shown in fig. 2. Values of
Rpco could not be obtained for the 466, 504 and 539 keV
transitions, the former because of low statistics and the
latter two because of both poor statistics and overlap with
transitions in other parts of the level scheme. All in-band
transitions for which Rpco could be measured yielded val-
ues which are consistent with the average Rpco obtained
for known stretched quadrupole transitions, strongly sug-
gesting that they are of F2 character.

3.2 Dynamic moment of inertia and spin assignments

Although the data were obtained with a backed target,
there are insufficient statistics to measure the lifetimes
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Fig. 2. Rpco extracted for in-band transitions (filled trian-
gles), known stretched E2 transitions (filled diamonds), known
stretched M1 transitions (open diamonds) and a known E1
transition (open circle). The average value for the known
stretched E2 transitions is indicated by the dashed line.

of the states via the Doppler shift method, and therefore
the deformation of the nucleus cannot be obtained exper-
imentally. However, the energy spacing (= 40 keV) of the
~-rays is typical of SD bands in this mass region. The dy-
namic moment of inertia (2 shown in fig. 3 is similar to
the J@ of the SD bands in the neighbouring even-even Pb
isotopes 2Pb and '%4Pb, increasing from 98 A2MeV ! to
113 A?MeV~1! over the observed spin range. In this mass
region, the SD shape is stabilized by i3/, proton and j;5 /2

neutron intruder orbitals, and the smooth rise in the J(2)
moment of inertia observed in most SD bands in even-even
isotopes of Hg, Pb and Po is attributed to the gradual
alignment with increasing spin of pairs of these high-j or-
bitals. This trend appears to be followed by °°Pb. There
is some evidence for an oscillation in the J®), a feature
which has previously been interpreted as evidence for ei-
ther hexadecapole deformation [15] or band-crossing ef-
fects [16]. However the uncertainties on the data points
are too large to determine whether this staggering is a
real effect.

While there is no direct experimental evidence allowing
a parity assignment to the structure, it can be assumed
that the yrast SD band of an even-even nucleus will be
built on the SD quasi-vacuum and will have K™ = 0%. For
this reason, we tentatively assign the band positive parity.

Becker et al. [17] suggested a method of estimating the
spins of levels in an SD band from a fit to the dynamic mo-
ment of inertia using a Harris parameterization. Because
the number of data points is small, the fit in this case
has a relatively large uncertainty. However, restricting the
possible level spins to even integer values (as would be re-
quired for a K™ = 07 band) results in an assignment of
I =10 h for the level fed by the 309.7 keV transition.

Figure 4 shows a partial level scheme for "°Pb, indi-
cating the levels fed by the band. Transitions de-exciting
yrast levels of spins up to I = 12h have been tentatively

181

120 T T T

g
O <

g
WD
%
.
HEOH

=
Q
2
=2
<
g 194
£100 /\ Pb ]
= 92
Q A 190,
Pb
g 90 A v b
g
g
g Q
g,
2 80 1
0.1 0.2 0.3

rotational frequency (MeV/h)

Fig. 3. The dynamic moment of inertia 7 of the band in
190ph  compared with those of the yrast SD bands in °?Pb
and '**Pb.
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Fig. 4. Partial level scheme of '*°Pb showing the SD band and
the low-lying transitions [13] with which it is in coincidence.
Levels which are only tentatively identified as part of the decay
path are marked with dashed lines.

observed in coincidence with the band. This is consistent
with the proposed spin assignment.

3.3 Population of low-lying isomers by the decay of
the band

As indicated in fig. 4, there are three previously identified
long-lived states in the normal decay of %°Pb [13], at
spins 10T, 11~ and 127, which may be fed by decays
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Fig. 5. Spectrum created by double-gating on all pairs of
prompt y-rays in the list (309.7 keV, 350.3 keV, 388.8 keV,
427.9 keV, 466.0 keV), where a delayed coincidence with a
transition below the 107 state is also required.

from the SD band. Because the experimental conditions
only allowed for detection and correlation of v-rays up to
~ 800 ns after any particular beam pulse, decays via the
long-lived 11~ and 127 isomers cannot be isolated in the
present data. However, an estimate of the fraction of the
decay of the SD band which occurs via these states may
be obtained by measuring the intensity of the 774 keV
2t — 07 (ground-state) transition in prompt, SD gated
spectra.

A spectrum was created containing those v-rays de-
tected in prompt coincidence with any two of the 389, 428
and 466 keV in-band transitions. In this spectrum, the in-
tensity of the 774 keV transition was found to be 73(5)%
of the 350 keV in-band transition. This indicates that the
remaining 27(5)% of the intensity must be accounted for
in decay paths in which the 27 — 07 transition is not in
prompt coincidence with the band. The path via the direct
decay of the excited 23 state at 1163 keV to the ground
state accounts for less than 1% of the SD band intensity.
It is therefore highly likely that the rest of the “missing”
intensity populates one or more of the isomeric states.

As mentioned above, the experimental conditions pre-
clude the direct correlation of y-rays across the long-lived
11~ and 127F isomers. However, there is some evidence of
a peak at 522 keV in the spectra gated on the band. The
11~ isomer is fed by a 522 keV transition de-exciting a
(127) state, so this peak may be evidence that the SD de-
cay does indeed feed this isomer. However, this cannot be
confirmed without time-correlated information. No tran-
sitions known to feed the 127 state were observed in the
SD gated spectra.

The shorter lifetime of the 10T level (216 ns) allows
transitions feeding and de-exciting this state to be cor-
related. A cube was created which contained only those
prompt y-rays which were detected in coincidence with a
delayed transition in the low-lying part of the 1%°Pb level
scheme. That is, prompt ~-rays were incremented into the
cube if one of the 774, 455, 507, 516, 540 or 338 keV transi-
tions was detected in a delayed period 45-800 ns after the
primary beam pulse in the same event. Double-gating on
the transition energies used to produce fig. 1(a) resulted
in the spectrum shown in fig. 5.

The European Physical Journal A

The spectrum shows that the SD band is present, al-
beit weakly. This strongly suggests that the 107" state is
fed in the decay from the SD band.

4 Discussion
4.1 The stability of the superdeformed minimum

Of the many theoretical studies of the nuclear potential
energy surfaces and the properties of SD states which have
been carried out to date, only a small number have con-
sidered nuclei with A =~ 190 and N < 110. These few
include the Woods-Saxon calculations of Satula et al. [8]
and the HFB calculations of Krieger et al. [9] and Bender
et al. [18].

Satula et al. [8] employed the Strutinsky shell correc-
tion method and an average Woods-Saxon potential to
predict the depths and excitation energies of the SD well
in nuclei in this mass region. These calculations indicated
that the SD minimum might be expected to persist at
spin I = 0 in isotopes of Hg and Pb with N > 110,
but that rotation is required to stabilize the shape for
nuclides with N = 108. A true second minimum in
190pPh and '88Hg is predicted only for rotational frequency
hw > hwmin = 0.12 MeV.

Microscopic calculations also predict a reduction in the
depth of the SD well for the light Pb isotopes. For example,
Krieger et al. have performed Hartree-Fock-Bogoliubov
(HFB) calculations using a Skyrme interaction [9] which
also predict well depths and excitation energies at I = 0;
their calculations suggest that the depth of the SD mini-
mum in P°Pb is only 90 keV.

The results of both these approaches suggest that
190PY will mark the limit of observable superdeformation
for the neutron-deficient Pb isotopes.

More recently, Bender et al. [18] have employed the
SLy6 Skyrme interaction with a density-dependent zero-
range pairing force to investigate the potential landscapes
of light Pb isotopes. These calculations indicate a well
depth of around 1 MeV for °Pb. As with the earlier cal-
culations, they also suggest that this will be the lightest
Pb isotope in which a distinct SD minimum occurs. How-
ever, it should be noted that a deformation of 8y > 0.7
is predicted for the SD minimum by this approach. This
is significantly higher than the values of 8 ~ 0.47 which
are both inferred from experimental quadrupole moment
measurements and predicted by other methods.

The present data cannot determine whether there is a
distinct SD minimum in '*°Pb at spin I = 0. However,
it is clear that the SD shape is indeed stable at higher
spins and rotational frequencies. It would be interesting
to search for SD states in the N = 106 isotope '88Pb to
further test the validity of the calculations.

4.2 Population of the superdeformed band

One feature common to most theoretical predictions of su-
perdeformation in the Hg and Pb isotopes is that the exci-
tation energy of the SD well Egp decreases with decreasing
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neutron number. While the present data do not allow a
measurement of Esp('°°Pb), the angular momentum im-
parted to the residue may indicate a relatively low value.

It has been suggested [19] that SD bands are popu-
lated with “high” intensities (1-2% of the reaction channel
intensity) only when the fusion-evaporation reaction im-
parts sufficient angular momentum so as to populate spins
higher than the spin at which the SD band crosses the
normal yrast line (i.e. in the so-called “magic triangle” of
the spin-excitation energy plane). (This idea has recently
been revived in connection with the search for hyperde-
formation [20].) The measured excitation energies of the
lowest-energy SD bands in 194Pb [4,5] and 192Pb [6] allow
the spins at which this crossing takes place to be deter-
mined as I (14Pb) ~ 28.5 h and I (1?Pb) ~ 25.3 A.
The observation of these bands to spins of 38 h and 32 A,
respectively, confirms that the reactions used to popu-
late them achieve maximum spins l,ax significantly higher
than I.t.

Because the normal yrast lines, as well as the SD
bands, have very similar moments of inertia in the Pb
isotopes, the spin at which the SD band becomes yrast in
each case is determined predominantly by the excitation
energy of the SD band. Thus, if the SD band in *°Pb were
at the same excitation energy as that in ”4Pb, it would
be expected that I ('°Pb) = I (*%*Pb) ~ 28.5 A
similarly, if the excitation energy were the same as the
band in 92Pb, it would be expected that I . (°°Pb) =
I.ic(192PDb) =~ 25.3 h.

Assuming that each evaporated neutron removes ~ 2 i
from the compound system, the present reaction can be
estimated to leave the '99Pb evaporation residues which
survive the fusion process with [ .« &~ 26 k. This is consis-
tent with the experimental observation of SD and normal
states up to I = (24) h and I = 22 h [21], respectively.
This estimate of lpax < 26 h is lower than I (1%*Pb)
and approximately equal to .. (1°?Pb).

In the present reaction, the SD band accounts for
~ 0.5% of the total '"°Pb cross-section. If the picture of
population in the “magic triangle” were correct, this level
of population would suggest that I (1°°Pb) is less than
or close to 26 k. This would in turn imply a bandhead en-
ergy close to that of '92Pb, which has the lowest excitation
energy measured for an SD band [6] in this mass region.

5 Conclusions

A superdeformed band has been observed in the N = 108
isotope °Pb. This is the most neutron-deficient isotope
of Pb in which evidence for superdeformation has been
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found, and is likely to represent the neutron-deficient edge
of the A ~ 190 island of superdeformation. The relatively
low angular momentum imparted in the reaction suggests
that the superdeformed band in this nucleus may be at
an excitation energy similar to that of the superdeformed
band in the neighbouring nucleus *2Pb.
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