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Abstract. Excited states have been identified for the first time in 3*Pb, the first even-even Pb isotope
beyond the 82 < N < 126 mid-shell, using the recoil-decay tagging (RDT) technique. A collective band
built on the first-excited 2% state has been observed. This resembles those seen in 8518 Pb and the Hg
isotones, and can thus be associated with a prolate-deformed shape. Variable moment of inertia (VMI) fits
of the prolate 07 level energies in 184186:188p}, indicate that the minimum appears at N = 103, the same
neutron number at which the corresponding minimum in Hg isotopes is observed.

PACS. 21.60.Ev Collective models — 23.20.-g Electromagnetic transitions — 25.70.gh Compound nucleus

— 23.60.4+e « decay

1 Introduction

There now exists a large body of experimental informa-
tion supporting the coexistence of different shapes at low
excitation energies in isotopes of lead. Low-lying 05 levels
associated with weakly-deformed oblate structures have
been observed to coexist with spherical ground states in
several Pb isotopes with N > 106 [1,2]. These states are
thought to result from 2 particle-2 hole proton excitations
across the Z = 82 shell gap to 1hg,, orbitals [3]. A ro-
tational structure built on such a state has been seen in
196Ph [4] and M1 shears bands associated with weakly-
deformed oblate shapes are known in several Pb isotopes
near A = 198 [5-7]. In 86:188Ph low-lying deformed rota-
tional structures have been observed at I > 2k by Heese et
al. [8] and Baxter et al. [9]. The bands, which are similar
to those in the corresponding isotones '3%186Hg are as-
sociated with predicted [10] prolate-deformed minima. In
Hg isotopes the excitation energy of the prolate-deformed
intruder band decreases with decreasing neutron number,
reaching a minimum near the mid-shell at N = 103 [11].
This trend has been reproduced using Nilsson-Strutinsky
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calculations [10], which also predict a minimum close to
N =103 for Pb isotopes. In the present work v rays have
been studied for the first time in '®*Pb;s. This represents
an extension of our knowledge of excited states in even-
even Pb isotopes to beyond the 82 < N < 126 mid-shell.

2 Experimental Details

The 8Sm(%°Ca,4n)®4Pb reaction was employed with a
target of thickness 500ug/cm? and 99.94% enrichment.
The beam, consisting of 95% #°Ca and 5% “°Ar, was de-
livered by the K = 130 MeV cyclotron at the Acceler-
ator Laboratory of the University of Jyvéskylda (JYFL)
at a bombarding energy of 195 MeV. Prompt v rays
from the target were detected by the JUROSPHERE ar-
ray which consisted of 11 TESSA-type [12] and 14 EU-
ROGAM Phase I [13] Compton-suppressed germanium
detectors (absolute efficiency ~ 1.6% at 1.3 MeV). Re-
coiling fusion-evaporation residues were magnetically sep-
arated in-flight from the background of primary beam and
nuclei produced by fission using the RITU gas-filled re-
coil separator [14]. The recoils were then implanted into
a 80mm (horizontal) x 35mm (vertical) Si detector cov-
ering approximately 70% of the image at the focal plane.
The detector consisted of 16 strips of 5mm width, each
position-sensitive in the vertical direction with a position
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Fig. 1. Singles a-particle energy spectrum for the “°Ca +
148Sm reaction. The prominent peaks are assigned to known
activities. An a-particle energy of 6626(6) keV was measured
for ¥Pb using 9000(100) decays

resolution of 400um. For the recoils and their o decays,
the position, energy and time of detection was recorded.
Figure 1 shows the energy spectrum for single a-decay
events. The spectrum was calibrated internally using the
following a-particle energies from literature [15]: 178Pt
E, = 5446(3) keV, ""Pt E,, = 5517(4) keV, 83Hg E, =
5904(4) keV, 8'Hg E, = 6005(4) keV and '8°Hg E, =
6119(5) keV. An a-particle energy of 6626(6) keV was ob-
tained for 184Pb from 9000(100) decays. This is consistent
with the previously-measured value of 6632(10) keV [16].

3 Results

Figure 2(a) is a spectrum showing prompt v rays in co-
incidence with all recoils detected at the RITU focal
plane. It is dominated by those from Hg isotopes pro-
duced in (*°Ca,axn) and (*°Ar;xn) channels. Prompt
rays emitted by ¥4Pb residues were selected from those
produced via other exit channels using the recoil-decay
tagging (RDT) technique [17,18]. The events of interest
corresponded to the detection of a recoil and a ¥¢Pb «
decay at the same position in the Si detector within a
time interval of 1.5 seconds (approximately three 184Pb
a-decay half-lives). Using these events and the method
prescribed in [19], a half-life value of 0.60(9)s for ¥4Ph
was deduced which is consistent with the value of 0.55(6)s
obtained in the previous measurement [16]. Figure 2(b) is
a spectrum showing RDT-gated v rays in ®*Pb. Four -
ray transitions are clearly identified along with Pb X-rays.
The dashed lines marked on the spectra illustrate that the
transitions observed in Fig. 2(b) are not observed in Fig.
2(a) because of the large background of 7 rays from other
nuclei. The inset to Fig. 2(b) is a tentative level scheme
deduced using this spectrum. The I™ = (27) state is as-
signed an energy of 701.5 keV on the basis of 2 energy-
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Fig. 2. a Singles energy spectrum of - rays in coincidence with
all fusion-evaporation residues detected in the RITU focal-
plane Si detector, b singles energy spectrum showing v-ray
transitions in '#*Pb and Pb X-rays. The spectrum was gener-
ated using the RDT technique (see text). Inset: tentative decay
scheme for ¥4Pb

level systematics in Pb isotopes; the only intense peak in
the region of the spectrum where the 2% to 07 transition
is expected has an energy of 701.5 keV. The transitions
of energies 237.4, 322.7 and 401.8 keV appear to form
a rotational band similar to those built on 27 states in
186,183p},  They are therefore tentatively assigned as the
following transitions: (47) to (27), (67) to (4%) and (8%)
to (6T) respectively. The relative intensities of the 701.5,
237.4, 322.7 and 401.8 keV transitions are 100(11), 98(12),
94(13) and 38(13) respectively.

4 Interpretation

Aligned angular momentum, i, as a function of rotational
frequency is shown for 184:186.188p} in Fig, 3. The transi-
tion energies of 186:188Ph were taken from [8,9]. The same
variable moment of inertia reference parameters, Jy = 27
HiMeV~! and J; = 199 A*MeV 3, have been used for
the three nuclei. It should be noted that there is evidence
for quasi-particle alignment in '¥¥Pb at hw = 0.3 MeV.
Above I = 2h the alignment properties of the rotational
bands in the three isotopes are similar, but not identi-
cal. The alignment of the intruder bands decreases with
increasing neutron number, indicating a gradual decrease
in collectivity. This is in contrast with the behaviour of
the Hg isotones where no significant change in collectiv-
ity with neutron number is observed for 182:184.186 g [21],
The behaviour of the three Hg isotopes above 0.2 MeV
is almost identical to that of ®6Pb in Fig. 3. The simi-
larities between the Pb and Hg isotopes indicate that the
low-lying bands in the Pb isotopes are built on the same
prolate-deformed structures assigned to the Hg bands.
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Fig. 3. Plots of aligned angular momentum, i;, as a func-
tion of rotational frequency, hw, for the '**Pb (this work) and
186,188ph, 8, 9]. Rotational references with Harris parameters
of Jo = 27 h’MeV ™" and J; = 199 h*MeV~? have been sub-
tracted

Figure 4 shows plots of excitation energy as a func-
tion of I(I + 1) for the levels in ¥4Pb from this work and
186,188Ph from refs. [8,9]. The values of E* at Oh for these
three nuclei were estimated using variable moment of in-
ertia (VMI) [22] fits using levels in the intruder bands.
Dashed lines connect these points to the experimental
data points. The energies of the following levels were used
in the fits: levels with I™ = 4% to 8t for 8Pb, 8t to
147F for 185Pb and 61 to 147 for 88Pb. The 16% state in
188Ph was not included in the fit because here there is ev-
idence for quasi-particle alignment (see Fig. 3). Omission
of either the 6% or 14" states, which may be displaced
by mixing and quasi-particle alignment respectively, did
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Fig. 4. Plots of excitation energy, E*, as a function of spin,
I, for 184:186.188p, The dashed lines are extrapolations to zero
spin, where the values of E* have been determined using VMI
fits. Inset: yrast states in 184186:188pp,

Table 1. Fitted VMI parameters and bandhead energies

Nucleus Jo (keV ™) C (10° keV?) Bandhead
energy (keV)
184py, 0.0281 2.19 610
186py, 0.0284 2.80 600
188 py, 0.0244 2.24 710

not alter the estimated bandhead energy for '3¥Pb. The
estimated bandhead energies are given in Table 1, along
with the fitted VMI parameters Jy and C.

In order to compare the prolate bandhead energies for
the three Pb isotopes it is necessary to ascertain the ex-
tent to which the low-spin (0T, 27) states are perturbed
by mixing with other configurations. The mixing of states
of different deformation in 8Pb is discussed in [20]. The
mixing of the 07 states in this nucleus serves to increase
the prolate 07 level energy by ~50 keV. This perturba-
tion does not effect the following arguments so the un-
mixed prolate bandhead energy obtained from the VMI fit
is used. The high-lying, high-spin members of the prolate
band in ®¥Pb are unmixed and unperturbed so the esti-
mated bandhead energy of 710 keV is reliable. The oblate-
deformed 0T states have not been observed in #4186pp,
The excitation energy of the oblate-deformed minimum is
predicted [10] to increase suddenly as N decreases from
106 to 104, so the mixing between the oblate and prolate
configurations is assumed to be weak for 184186ph,

In the present work the effect of mixing between the
prolate-deformed and spherical configurations has been
calculated. In '®Pb a perturbation of the prolate band-
head of 2.7 keV is expected if the experimentally-observed
27 state is assumed to be prolate, while a 3.7 keV dis-
placement is predicted if the 2 state is spherical. Both
scenarios lead to the conclusion that the energy of the
prolate-deformed 0% state is close to 600 keV.

Only 4 excited levels were observed in 184Pb, therefore
the 47 level was included in the VMI fit to estimate the
energy of the prolate 0 state. In practice the 4% state
will be mixed and therefore displaced, resulting in a per-
turbation of the VMI-fitted 0" state. Displacement of the
4% level in '¥5Pb was calculated to be small (7 keV) so the
displacement of the 4T state, and therefore the fitted 0F
state, in '84Pb is also expected to be small. Measurement
of ¥ Bi proton decay [23] has provided additional evidence
that the mixing strength is small in ¥4Pb. If the 4T state
in 4Pb is assumed to be prolate as in ¥*Pb, the unmixed
prolate 4T level will be higher in energy than the observed
(mixed) 4T state and therefore the bandhead energy will
be raised above the fitted value. The prolate-deformed 0™
state may therefore be slightly higher than the VMI-fitted
value of 610 keV. However, within the uncertainties of the
fitting, the energies of the prolate 07 states in '%*Pb and
186Ph are the same, regardless of which configurations are
assumed for the 27 and 4% states. This indicates that
the excitation energy of the prolate-deformed configura-
tion has a minimum close to N = 103. The corresponding
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minimum in Hg isotopes can be found at the same neutron
number [11].

It would be of considerable interest to study the a-
decay fine structure of ?°Po in order to measure directly
the excitation energy of the prolate 0% state in **Pb and
extract the mixing strength from the hindrance factor rel-
ative to decay to the ground state. Unfortunately a cor-
responding measurement for ¥8Po appears to be beyond
the reach of current experimental techniques.

5 Summary

Transitions have been identified for the first time in 84Pb
using the RDT technique. This represents -ray spec-
troscopy beyond the 82 < N < 126 mid-shell in Pb
isotopes. A low-lying rotational structure has been ob-
served. The band behaves in a similar way to those ob-
served in '86:133Ph and the Hg isotones and is thus as-
signed a prolate-deformed configuration. VMI calculations
of the bandhead energies for the rotational structures in
184,186,183p}, reveal that the prolate-deformed minimum
occurs at N = 103, as seen in the Hg isotopes.
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