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Confirmation of the new isotope '*Pb
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The extremely neutron-deficient isotope "*Pb has been produced. The GREAT spectrometer at the focal plane
position of the gas-filled separator RITU was used to study the  decay of 7®Pb and its «-decay chain through
a-a correlations. The o decay was measured to have an energy and half-life of E,= 7610(30) keV and #,,, =
0.217524 ms, respectively. The half-life is consistent with recent theoretical calculations using the Coulomb
and proximity potential model. The a-decay reduced width and hindrance factor for '"*Pb were deduced and
correspond to an unhindered Al = 0 transition. In addition, the mass excess of "*Pb and the a-decay Q value
were calculated from the experimental results and compared to theoretical values.
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I. INTRODUCTION

While the search for the next proton closed shell continues,
Pb at Z = 82 is the heaviest well-established proton shell clo-
sure which is experimentally accessible. Information gained
from studying the o decay of Pb isotopes can test the robustness
of this proton shell closure over a wide variation of neutron
numbers. The most neutron-deficient lead isotope is '"8Pb [1],
located 30 mass units away from the stable doubly magic
nucleus 2%Pb. On the other hand, the most neutron-rich Pb
nucleus for which decay data have been collected is 216py [2],
which is a mere 8 mass units from the doubly magic core. These
facts show that producing Pb nuclei with a neutron excess is
experimentally difficult, while Pb nuclei with a neutron deficit
are more accessible, though still experimentally challenging.
Below N = 113 lead nuclei have o-decay branches from their
ground states, which have been measured and hence allow
ground-state properties to be studied despite relatively low
production yields.

Hindrance factors, a-decay reduced widths, and partial
half-lives reveal structural changes between the parent and
child nuclei. Systematic studies of a-decay reduced widths of
even-even lead nuclei and also of radon, polonium, mercury,
and platinum nuclei, which are two and four protons away from
the closed shell, have been discussed previously in Refs. [3—-6].
The general finding for Pb nuclei is that the a-decay reduced
widths are smaller than those of Rn, Po, Hg, and Pt neighbors
and that deviations from this trend are brought about by the
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presence of intruder states and configuration mixing, due to
shape coexistence. Andreyev et al. [6] discussed the «-particle
preformation probability in relation to the neutron pairing
energy for the nuclei in this region, which demonstrated the
effect of the shell closures of N = 126 and Z = 82 on these
values. As reported in Ref. [6], it is both the proton and neutron
pairing gaps that effect the a-particle preformation probability;
hence it would be interesting to extend such a study beyond the
proton dripline to observe the effect of weak proton binding
on the a-particle preformation probability, when approaching
N = 82. Recently the validity of the Geiger-Nuttall rule has
also been brought into question by Qi ez al. [7]. The importance
of identifying the microscopic basis of the Geiger-Nuttall
(GN) coefficients and the need for more systematic data
points with more accurate a-decay energies and half-lives is
evident.

This paper reports on the confirmation of the new iso-
tope !7®Pb, evidence for which was originally presented
by Batchelder et al. [1], advancing the Pb systematics to
further neutron deficiency. The «-decay energy and half-
life are presented and put in a systematic context and are
also compared to recent theoretical calculations [8]. Two
events were previously assigned to the « decay of '"*Pb
in Ref. [1], but only one of these events was correlated
to a known daughter o-decay event. The present work
confirms and extends these preliminary findings with improved
accuracy.

II. EXPERIMENTAL DETAILS

The lead nuclei of interest were produced using the fusion-
evaporation reaction 104Pd(78Kr ,4n)178Pb, at the Accelerator
Laboratory of the University of Jyvaskyla, Finland. A heavy-
ion beam of krypton "8Kr'>* was produced using an electron
cyclotron resonance ion source [9] and accelerated by the
K-130 cyclotron to an energy of 358 MeV. The beam
impinged on a self-supporting '**Pd target with a thickness and
enrichment of 745 j1g cm~2 and 95.25%, respectively, which
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was rotated throughout the experiment. A 34 pg/cm? thick
carbon reset foil was positioned behind the target. The beam
intensity during 224 h of irradiation was on average 140 pnA.
The recoiling nuclei of interest (recoils) were separated from
the beam and unwanted reaction products using the gas-filled
separator RITU [10] and transported to its focal plane, where
the GREAT spectrometer [11] is located.

In the GREAT spectrometer recoils passed through a
multiwire proportional counter (MWPC), where the infor-
mation of energy loss, time, and position were registered.
The recoils were then implanted into a set of two 300-u
m thick double-sided silicon strip detectors (DSSD). Both
DSSDs have an active area of 60 x 40 mm? and a strip
pitch of 1 mm on both faces, yielding 4800 pixels. The
amplifier gain of both horizontal and vertical strips of the
DSSDs were set to measure «-particle energies and calibrated
internally using the known a-particle energies of '"®17Hg
and '"SPt, from Refs. [12—14], respectively. A 700 pg/cm?
degrader of aluminized mylar was positioned between the
DSSDs and MWPC to reduce scattered beamlike products in
the implantation detectors. The time of flight (TOF) between
the MWPC and DSSDs was also recorded. Two-dimensional
plots of the TOF versus the energy loss signal in the MWPC and
the implantation energy in the DSSDs were used to distinguish
between the recoiling nuclei and beam- and targetlike particle
events. An array of 14 PIN diodes with an active area of
28 x 56 mm? and 1 mm thickness each surrounds the DSSDs
in the upstream position with respect to the beam axis and
were used to measure escaping « particles. A 15-mm-thick
planar double-sided germanium strip detector with a 120 x
60 mm? active area and strip pitch of 5 mm was positioned
directly behind the DSSDs inside the vacuum chamber. In this
experiment it was used to veto energetic light-particle events
that pass through the DSSDs, depositing an amount of energy
that overlaps with the a-particle energies from the nuclei of
interest.

The data acquisition in the experiment was performed using
the triggerless total data readout (TDR) system [15]. All events
were read out individually, time stamped with a precision of
10 ns by a 100-MHz metronome, and merged into a single
stream of time-stamped events. The data analysis was per-
formed using the GRAIN software package [16].

III. RESULT AND DISCUSSION

A two-dimensional plot of «-particle energy parent-child
correlations is illustrated in Fig. 1(a). Maximum correlation
search times of 5 and 50 ms were used for the parent and child
events, respectively. Three counts of '"8Pb can be identified
correlated with its child, 174Hg [17]. Another event correlated
with the grandchild of 178pp, 179Pt [18], can also be seen.
Parent-child correlations of °TI™ [12], 176Hg [12], ' Hg
[19], and '"°Pb [20] are also clearly visible. Figure 1(b) shows
the spectrum of «-particle energies between energies of 6600
and 7800 keV where the o decay of '"®Pb can be seen. The
shaded spectrum (blue color) represents random correlations,
which were produced in the software analysis by shifting the
horizontal and vertical strip numbers of the recoil implant by
two. This in effect shifts the pixel with which to correlate
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FIG. 1. (a) A matrix of parent and child «-particle energies.
Maximum searching times of 5 and 50 ms were used for recoil-parent
pairs and parent-child pairs, respectively. The letter w represents an
unidentified o particle with an energy and half-life of £, = 7700 keV
and t,, >~ 4 ms; (b) overlay of the a-decay spectra within a 5-ms
correlation time, where the black line shows the real correlation and
the shaded spectrum (blue color) represents the random correlations
(see text for details).

the o decay with the recoil by two, and thus only random
correlations are observed. The vanishing of counts attributed
to the o decay of '"®Pb is clear and only very few random
events were observed.

In total, four counts of the new isotope !’*Pb were observed.
The production cross section of !’8Pb is estimated to be o ~ 4
p barn, taking the calculated RITU transmission efficiency
[21], DSSD efficiency, and a-particle detection efficiency to be
50%, 70%, and 55%, respectively. It should be noted that the
beam energy chosen for this reaction was optimized for a three-
rather than four-particle exit channel; hence the extremely low
production cross section.

In order to identify all the four counts that have been
assigned to !"8Pb, an event-by-event search along the -decay
chain was performed. Maximum searching times of 5 and
50 ms were used for recoil-parent (recoil — '"*Pb) and
parent-child ('’Pb — !"*Hg) correlations, respectively, while
a 30-s searching time was applied to the rest of the decay chain,
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FIG. 2. a-decay chains of '"®Pb. The word escape above the arrows corresponds to only part of the a-particle energy being deposited in
the DSSD, while E, and At represent the «-particle energy detected only in the DSSD and the time difference between each generation in the

chains, respectively.

which is shown below:

178Pb a—decay 174Hg [17] 7066(8) keV
chain 1 'gfg:;* ms
6549(2) keV 6000(6) keV
10pg  [1g] 22Dk, 1660 [22] 2UOKY,
14(2) ms 220(7) ms
5541(5)keV 5269(4) keV
le2y (23] 220N S8pp 4] 200K
0.993)s 2.85(7)s
5331(4) keV
IS4y [24] 21OV 1s0p,

409(2) ms

The four observed a-decay chains of '"8Pb are shown in
Fig. 2. Chain 1 consists of three generations of full-energy o
decays. Chains 2 and 4 show two escaping « particles of 1%°Os
correlated with a full energy '*Pb o decay. In chain 3 two
escaping « particles of "*Hg and '>W were correlated with
a full energy '"®Pb o decay. When an escaping « particle was
observed in the DSSDs, the remaining energy was deposited
in one of the PIN box detectors for chains 2, 3, and 4. These
escaping o particles occur due to the shallow implantation
depth of the recoil in the DSSDs, especially after the degrader
of aluminized mylar was installed between the DSSDs and
MWPC. Figure 2 shows that both "®Pb «-decay chains 2
and 4 terminate at '®>W. In addition, an « particle of !"®Pb
correlated beyond the o decay of '%Os was not observed in
chain 1, while chain 3 ends at "8 Hf; hence the "8Hf — 3*Yb
o decay was not observed. These end points are caused by the
a-branching ratios of '*Os, 2w, and '**Hf having values of
72(13)%, 44(3)%, and 45(2)% [24], respectively.

The half-life of the ground state of '’*Pb was determined to
be 11> = 0.21103% ms using the maximum-likelihood method.
In Fig. 3 the logarithmic-time difference spectrum between the
implanted recoils in the DSSDs and the « decay of '"8Pb is
plotted. The decay constant value obtained from the maximum-
likelihood method as stated previously was used to produce
the line curve (shown in red color online) plotted in Fig. 3,

where the maximum value of the distribution, as described
in Ref. [25], yields In (1/A), where A is the decay constant.
The standard deviation value of o, = 0.58 was obtained
from the distribution, which is within one o of the calculated
expectation value of o, = 0.98 and falls well between the
lower and upper limits of 0.31 < oy < 1.92 calculated in
Ref. [25], thus confirming that the four events assigned here
to '"8Pb originate from the same radioactive decay.

The experimental a-decay spectroscopic factor SP was
calculated for even-A lead nuclei between 96 < N < 112
including the experimental a-decay half-life of '"®Pb from

this work, using the formula, SP = {95 /177, where 177 is

Counts /ch

0 : 1 . 1 \ 1 . 1
0 2 4 6 8

In[dt(us)]

FIG. 3. Time spectrum of the 'Pb « decay, which shows the
logarithm of the time difference In(dt) between the implanted recoil
and « decay of '7®Pb within a 5 ms correlation-searching time. The
red line is a plotted distribution described in Ref. [25] using decay
constant value from the maximum-likelihood method.

054301-3



H. BADRAN et al.

the experimental «-decay half-life. The theoretical «-decay
half-life tfj‘lzc values were taken from Ref. [8] using two
different models, the Coulomb and proximity potential model
(CPPM) and the analytical formulas of Royer et al. [26]
using the generalized liquid drop model (GLDM) and the
semi-empirical Rasmussen method [27] was also used for
comparison.

Figure 4(a) shows a comparison of the calculated exper-
imental «-decay spectroscopic factor S®*P using the three
different models as a function of neutron number. The
experimental half-life value of 'Pb is consistent within
errors with the theoretical value calculated using the CPPM
as can be noted in Fig. 4(a), where the spectroscopic factor
S ~ 1. The plot reveals an overestimation of the theoretical
half-life using the GLDM model up to N = 106 where a
shift to an underestimation is observed up to N = 112. The
reverse trend is observed for the CPPM. Generally, there is
a good agreement between the experimental values and the
theoretical calculations, especially for the Rassmussen method
[27]. However, the S®P values for N = 108 and N = 110
using the CPPM show a disagreement. As the agreement with
the GLDM for these neutron numbers remains good, this points
toward a failure in CPPM to reproduce an accurate partial
half-life for these mass numbers.

The average energy of E, = 7610(30) keV was deduced
for the o decay of "®Pb. This value is consistent within
the error with the energy value in Ref. [1]. The error in the
average energy was calculated as the sum of the mean and the
systematic error (deviations between calibrated and reference
energies).

The w-decay hindrance factor was calculated and it cor-
responds to an unhindered (favored) transition with HF =
1)5/1]% = 0.8, where )% is the experimental half-life from
this work and #]75 is the theoretical or-decay half-life calculated
using the Rasmussen method [27].

The «-decay reduced width, &2 = Aexp X h/p =
92“:2% keV, for the a-decay energy of E, = 7610(30) keV was
deduced for this decay with an assumption of Al = 0, where
h is Planck constant and p is the barrier penetration factor
calculated using the WKB approximation. The calculated
reduced width value of Pbgs is consistent with the
N = 96 isotones '"*Hgys and '"*Ptog having values of §2 =
85(13) keV and 65 = 95(2) keV, respectively. The reduced
a-decay width calculation for '"®Hg and Pt were
also performed using the Rasmussen method [27] and
include the experimental values taken from Refs. [33]
and [24], respectively. The above calculations assume
that the  decay of "®Pb has a branching ratio of 100%.
This assumption is based on the fact that the half-life
predictions from Moller et al. [36] for the o and B
decay of '"Pb are 1y, =5.012 x 1075 s and tfﬂ =
0.2815 s, respectively, which yield a theoretical branching
ratio of b, = 99.98%. Therefore, the large error in the
178Pb half-life causes the large uncertainty in the «-decay
reduced-width value, while the accuracy of the 178pp
a-particle energy is not a major factor.

Figure 4(b) provides the «-decay reduced width for even
Pb, Hg, and Pt nuclei including the 18P value from this work
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FIG. 4. (a) Logarithmic experimental spectroscopic-factor log
10[SP] for even-A lead isotopes. The theoretical a-decay half-life
values were obtained from Refs. [8,27] using the CCPM, the GLDM
models, and Rasmussen method, respectively; (b) «-decay reduced-
width values as function of neutron number for even-A lead, mercury,
and platinum nuclei. The experimental values of the Pb isotopes in
both panels (a) and (b) are obtained from Refs. [5,28-34], while the
experimental values used in Hg and Pt reduced-width calculation
were obtained from ENSDF [35].

as a function of neutron number between 88 < N < 112. The
plot shows that the reduced widths of lightest lead isotopes
are greater than those of the midshell region and the new
value for '7®Pb continues this trend. The same general trend
is also followed by the Hg isotopes, while the Pt nuclei are
markedly different. A key point in the Pt systematics is the
downturn in the reduced widths below N = 92. While there
is an overall trend of increasing magnitude as the neutron
number decreases, some other features are apparent in the Pb
isotopic chain. There is an increase below N = 112 and then
again at N = 98, which coincide with the closing and opening
of the i3/, neutron orbital. The large deviations around the
neutron midshell, especially for the Pt nuclei, are likely due
to inaccurate branching ratios. It can be speculated that the
increase at N = 96, when approaching the proton drip line for
178Pb, is a consequence of the two-proton separation energy
becoming negative, S;;P = —798(44) keV (S;‘;}C = —470 keV
[36]), while for 130pp at N = 98 the protons are still bound
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FIG. 5. The o-decay Q values as a function of the neutron
number for different lead isotopes. The filled triangles represent the
experimental values including the '"®Pb Q value from this work. The
filled squares and circles show the values obtained from Moller et al.
[36] and Santhosh et al. [8], respectively.

with S;:pz 191(18) keV (S§;‘C= 590 keV [36]). Of course,
two neutrons are also required to form an o particle. The
two-neutron separation energy for !"®Pb is S,, = 22.13 MeV
and this value increases as the N = 82 shell closure is
approached beyond the proton drip line. Still, this weak
binding of the protons may further enhance the probability of
a-particle preformation and subsequent decay. Contrary to this
the Pt chain of reduced widths starts a downward trend as the
nuclei become 2 proton unbound, yet the Hg nuclei continue
the upward trend after 2-proton separation energy becomes
negative. Clearly, more precise data on both half-lives and
branching ratios for many isotopes are still needed to have a
clear picture of the systematic behavior of reduced o widths
in vicinity of Z = 82.
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The Q value of Q, = 7785(24) keV was calculated for the
18ph — "*Hg o decay. The mass excess of 3603(42) keV
was deduced as well using a "*Hg mass excess value of —
6607(34) keV from Ref. [17]. This value is consistent within
the error with the value of 3608(39) keV reported in Ref. [1]
and found to be comparable to the predicted value of 3430 keV
for 178Pb by Maller et al. [37].

Figure 5 compares the experimental o-decay Q values for
lead isotopes between 178 < A < 188 with those obtained by
Moller et al. [36] using microscopic-macroscopic calculations
and values obtained from Santhosh er al. [8]. The Q-value
calculation in Ref. [8] was achieved by using the mass-excess
values of the parent, child nuclei, and the o« particle from
Ref. [38] plus the atomic-electron screening effect term from
Ref. [39]. The graph reveals that there is a good agreement
between the experimental values including the '"*Pb value
from this work and those calculated in Ref. [8].

IV. CONCLUSION

In conclusion, this paper reports the confirmation of the
new isotope '"®Pb. The «-particle energy and Q value of
E, =761030) keV and Q, = 7785(24) keV, respectively,
were measured. Also, a half-life of #,, = 0.21f8:§é ms was
measured for !®Pb and is in agreement with the CPPM
calculations by Santhosh et al. [8]. The mass excess value
of 3603(42) keV is in good agreement with the one deduced
by Batchelder et al. [1]. The a-decay reduced width indicates
a Al = 0 character for the observed transition.
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