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Abstract — The 3 decay of the N = 127 isotone *°° Au has been investigated at the Gesellschaft
fiir Schwerionenforschung laboratory within the rare isotope investigations at GSI Collaboration.
From the experimental data, both its half-life and the level structure of the N = 126 daughter
nucleus °°Hg have been extracted. On the basis of the new results, the systematics of Au S-decay
half-lives beyond the N = 126 shell closure is discussed. In addition, the interplay between allowed
Gamow-Teller and first-forbidden transitions in the N > 126, Z < 82 mass region is reviewed.

Copyright © EPLA, 2015

Introduction. — During the last years a major
progress has been achieved in the knowledge of shell prop-
erties in exotic nuclei far away from stability. The evolu-
tion of the shell structure in nuclear systems with large
neutron-to-proton ratios is a key factor to understand,
for instance, the breakdown of classic shell closures and
the development of new energy gaps [1], or the coexis-
tence of shapes in semi-magic nuclei [2]. These structural
properties have an important impact on the astrophysi-
cal rapid-neutron capture process (r-process) of nucleo-
synthesis [3], whose pathway passes through very exotic
neutron-rich nuclei from Ni to U through a series of rapid
neutron captures and (3 decays. Both the abundance pat-
tern and time scale depend strongly on the half-lives, Q3
energies, and (-delayed neutron emission probabilities of
the r-process nuclei, and consequently, a precise knowl-
edge of these quantities may help to understand better
the astrophysical sites where the r-process might develop,
as shown in recent sensitivity studies [4].

Within this framework, renewed interest has been con-
ferred to the heavy region around N ~ 126, which is as-
sociated with the third r-process peak at A = 195 in the
solar abundance distribution. A current question open to

debate is the competition between allowed Gamow-Teller
(GT) and first-forbidden (ff) decays in N ~ 126 nuclei.
The particular ordering of the single-particle orbitals is
expected to favor the appearance of very fast, ff 3 tran-
sitions in this mass region. These are expected to reduce
significantly the theoretical lifetimes [5-8], increasing the
flow of matter through the third r-process bottleneck and,
consequently, the re-processing through fission. However,
the [-decay studies reported thus far for N > 126 nu-
clei point to a smaller contribution of ff strength in some
isotopic chains [9,10], at variance with the good agree-
ment found in the N < 126, Z < 82 quadrant [11,12].
Recent attempts to synthesize N ~ 126 neutron-rich nu-
clei have been focused on the fragmentation of 2°8Pb and
238U projectiles [13-15] and on the relativistic charge ex-
change of 2°®Pb [16]. Such progress has opened up the
possibility of performing [-delayed v spectroscopy of a
few N ~ 126 nuclei close to 2°°Pb [10,17-19]. In particu-
lar, in the N > 126, Z < 82 quadrant, the only (-decay
information available belongs to moderately neutron-rich
T1 and Hg isotopes [9,19,20]. Hence, the study of lighter
N > 126 nuclei lying closer to the r-process path is of
primary interest.
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This letter reports on the investigation of 2°6Au, the
lightest N = 127 isotone for which [-decay data are
presently available.  Earlier studies on the daughter
nucleus 2°Hg exploited a decay [21], transfer and deep-
inelastic reactions [22-24], and fragmentation of relativis-
tic heavy stable beams [25-27]. Here we report, for the
first time, the half-life of 26 Au and the observation of a
B-decay branch to the J™ = 5 isomer in 2°Hg. The
new results are discussed in terms of the underlying nu-
clear structure and the possible appearance of allowed (3
transitions with the opening of the NV > 126 major shell.

Experimental details. — The experiment was car-
ried out at the Gesellschaft fiir Schwerionenforschung lab-
oratory (GSI, Germany). A 23U primary beam was
delivered by the SIS-18 synchrotron with an energy of
1 GeV/nucleon and an average intensity of 5 x 10%s71.
The nuclei of interest were produced in fragmentation re-
actions on a Be target 2.5g/cm? thickness. The pulsed
beam had two repetition cycles of 3 and 4s with ex-
traction times of 1 and 2s, respectively. The identifica-
tion of the nuclear species was performed in-flight in the
high-resolution spectrometer fragment separator (FRS)
through the Bp-AE-Bp method [28]. The nucleus 2°6Au
was selected in three magnetic settings centred in 29°Pt,
215ph, and 2'"Pb. Standard FRS detectors, such as thin
scintillators, time projection chambers, and ionization
chambers were used to measure the horizontal position,
time of flight, and energy loss of the nuclei throughout
the spectrometer. The high energies reached by the SIS-
18 synchrotron combined with the two-stage design of the
FRS allowed for a clear separation of the different atomic
charge states of the heavy nuclei following the procedure
described in ref. [16].

The 3 decay of 2°6Au was studied in a F-delayed spec-
troscopy setup located at the exit of the separator. The
nuclei were decelerated in a homogeneous Al degrader
before their implantation in the RISING (Rare ISotope IN-
vestigations at GSI) active stopper, consisting of 6 double-
sided silicon strip detectors (DSSSD) [29]. To illustrate
the excellent identification of the implanted residues, mass
identification matrices for the fully stripped nuclei in the
final focal plane of the spectrometer and in the active stop-
per are shown in fig. 1. The wide dynamic energy range of
the DSSSD pre-amplifiers allowed for a clear separation of
implantation-, -, and a-like signals. A total of 1073 im-
plantation events of 296 Au were registered after summing
up the statistics of the three FRS settings.

The high pixelation of the DSSSD array (each detec-
tor had 256 pixels with 9 mm? active area) allowed one to
encode the time, z- and y-position of each type of signal
on an event-by-event basis. This information was used
in the off-line data analysis to define correlations in posi-
tion and time in order to extract §-decay half-lives. Co-
incident v-ray information was obtained with the RISING
spectrometer set up in “stopped beam” configuration [30].
The (-7 correlation time window was set up to 100 us, thus

2.6
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Fig. 1: (Color online) Particle identification matrices of the
atomic number Z as a function of the mass-to-charge (A/Q)
ratio for the FRS setting centred in *'*Pb. The left panel
shows the total yields at the final focal plane of the separator,
whereas the right panel displays the nuclei implanted in the
active stopper. The 2° Au nuclei are delimited by red circles.
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Fig. 2: Top: experimental time differences between implan-
tations of 2°Au and delayed ~-rays of the daughter °°Hg
(empty circles). The fit to an exponential function is shown as
a continuous line. Bottom: (-delayed ~ spectrum of the decay
206 Ay — 29°Hg extended to 5 half-life periods. The two tran-
sitions de-exciting the reported 5~ isomer in *°°Hg [22,26,27]
are clearly visible.

enabling the measurement of half-lives of isomeric nuclear
states with values ranging from several ns up to some ms.

Results. — The activity curve and S-delayed ~ transi-
tions of 2°6 Au are presented in fig. 2. They were extracted
applying the delayed-coincidence technique, by defining a
set of correlation conditions between implanted fragments,
(B decays, and coincident y-rays. Details on this proce-
dure are described in previous publications [9,10,19]. In
the specific case of 296Au, all S-like particles registered
in and around the pixel of implantation were considered
for analysis. In the corresponding (-delayed 7 spectrum
—shown in the bottom panel of fig. 2— two peaks at 1034
and 1068 keV are clearly visible. They were identified in
previous publications as de-exciting the t; /5 = 2.09(2) us,
J™ = 57 isomer in the daughter 2°°Hg [22,23,25-27].
The population of the metastable state further simpli-
fies the extraction of the § half-life of 2°6Au, since one
can tag the 3 electrons with the delayed ~-rays of 2°6Hg.
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By applying this condition, contamination from § elec-
trons or other accidental § particles is easily suppressed,
and the [ electrons recorded during the beam spills can
also be included in the analysis.

The upper panel of fig. 2 shows the time-correlated spec-
trum of 2°6Au including the time differences between im-
plantations and g particles in coincidence with delayed
7 transitions of 2°Hg (empty circles). No contributions
from background or decay chain descendants have been
considered in the fitting procedure due to the high selec-
tivity of the delayed ~-ray coincidence tag. Thus, the fit
shown in the figure includes a single exponential-time dis-
tribution function describing the decay time behavior of
206 A1, The binned maximum likelihood (MLH) method
has been applied due to the scarce statistics. The un-
certainty of the measurement is calculated as the sum of
statistical and systematic errors. The latter are related to
the binning and correlation time window of the spectrum.
The resulting half-life value is ¢/, = 40(15)s.

Discussion. — Previous experiments reported the ex-
istence of two isomeric states in 2°Hg. The 2102keV
level was firstly observed in a 2**Hg(1%0, 160~)?°*Hg reac-
tion [31]. The state de-excited to the 2T level at 1068 keV
emitting a y-ray of 1034 keV. Due to the prompt charac-
ter of this v transition, the authors claimed a spin-parity
J™ = 47 for the 2102keV state. However, subsequent
studies exploiting 20*Hg(t, v)2°6Hg reactions reported a
half-life of 2.15(21) us, and a final J™ = 5~ was as-
signed [22,23]. This picture was in excellent agreement
with shell-model calculations including the proton-hole in-
teraction of ref. [32]: A dominant 7d; /12h1_11/2 configuration
was predicted for the first 21 state, while the next calcu-
lated level was a J™ = 57 state with a strong ws;/ghfllm
single-particle contribution.

The second isomer is located at 3723 keV and has a
half-life of ¢, /5 = 92(8) ns. It was firstly observed in deep-
inelastic heavy-ion reactions [24] and more recently in rel-
ativistic fragmentation of heavy stable beams [25-27]. It
has been interpreted as the (107) state arising from the
fully aligned configuration 7rh1_12/2.

Partial level schemes of 2°Hg including states reported
in the literature and the ones observed here are shown in
fig. 3. It is worth noting that the maximum @) energy for
the decay of 2° Au is calculated at 6700(300) keV [20]. Our
measurement, then, is most likely affected by the pande-
monium effect [33] and no absolute [ intensities or log ft
values are given for caution. But a tentative discussion
based on the intensity balance of the observed ~-rays is
still of interest. The relative intensity of the 1034 keV
peak after correcting for v efficiency is I, = 320(50) ar-
bitrary units, while that of the 1068 keV peak results in
I, = 290(50) arbitrary units. This indicates that the
ground state of 2°6 Au preferentially decays to the yrast 5~
level in 2°6Hg, with no direct feeding to the first 2% state.
The rest of the transitions shown in the left part of fig. 3
are not observed in this $-decay work. These observations
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Fig. 3: Partial level schemes of 2°°Hg. The left part shows
low-lying yrast states reported in the literature [22,23,25-27].
The right part shows the levels populated in the present work,
following /3 decay of 2°6Au.

are in line with the ocurrence of a first-forbidden transition
from the J™ = (47,5%) ground state of 2°6 Au [34], which
is expected to have as main single-particle configuration
”Sf/lzygé/z-

In fig. 4 we show measured and theoretical half-lives for
the neutron-rich isotopic chains of Tl and Au. With the
inclusion of the newly measured value of 26 Au, the exper-
imental trend is extended across the N = 126 shell closure
for Z = 79. This allows one to perform a first comparative
test of [B-decay nuclear models in the N > 126, Z < 82
mass region. For simplicity, two theoretical predictions are
considered here. These are the FRDM + QRPA approach
(solid line) [35] and the DF3 + cQRPA theory [5] (dashed
line). The first model is extensively used in calculations of
r-process nucleosynthesis. Nevertheless, it was shown to
overestimate significantly the half-lives of many N < 126
nuclei [11,12], and, to a lesser extent, the half-lives of
nuclei near the A ~ 80 and 130 waiting points [36-39].
Such discrepancies are thought to occur due to an un-
derestimation of the ff strength, which is calculated in
the macroscopic framework of the statistical gross theory.
This treatment might not be sufficient as ff transitions are
expected to influence the (8 spectrum of many neutron-
rich nuclei, especially in the N ~ 126 region where the ff
strength is predicted to exceed the GT contribution [5-8].

The second model includes GT and ff transitions in the
continuum Quasi-Particle Random-Phase Approximation
(cQRPA), while the ground-state properties are calculated
within the Fayans energy-density functional DF3. In gen-
eral, the microscopic treatment of ff transitions brings
the calculated half-lives closer to experiment [5-8], al-
though for the N > 126 TI isotopes the predictions of
the FRDM + QRPA model reproduce better the exper-
imental results [9]. It has been suggested that the al-
lowed (0i11/2,0i13/2) single-particle transition might be
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Fig. 4: (Color online) Experimental and theoretical half-lives as a function of the mass number A (bottom axis) and neutron
number N (top axis) for Au (left) and TI (right) isotopes. FRDM + QRPA predictions [35] are indicated as a continuous line,
DF3 4 cQRPA calculations [5] as a dashed line, previously measured half-lives [20] as empty circles, and the new experimental
result as a filled circle. The N = 126 shell closure is indicated with a red line.

the leading component in the 3 decay of these nuclei [19].
This argument is based on shell-model calculations allow-
ing one proton excitation across the Z = 82 shell closure,
which predict an important fragmentation of the 70i1; /2
orbital over several low-lying states in the daughter Pb
isotopes, and an occupation of nearly one for the v0iy; /o
orbital in the T1 ground states. This clearly favors the
occurrence of the allowed decay.

Looking at fig. 4, the systematics at N < 126 are sig-
nificantly overestimated by the FRDM + QRPA approach.
These are better reproduced by the DF3 4+ cQRPA theory,
in line with the expected larger contribution of ff strength
to the total decay rates [5-8]. In general, both models
predict a decreasing trend of the Au half-lives with the
calculated values differing more than one order of magni-
tude up to 2°?Au. Note that the downward trend of the
theoretical predictions is enhanced for the N = 127 iso-
tones (2°8T1 and 2°¢Au). This is consistent with the gain
in Qg energy due to the presence of a neutron above the
N = 126 shell gap. Nevertheless, the newly measured half-
life of 296 Au is very similar to that of the N = 126 isotone
205 Au, defining an unexpected flat trend after the magic
shell that is also observed in the isotopic chain of T1. This
behavior, which is independent of the large experimental
uncertainty, has been previously reported in N > 82 nuclei
below the Z = 50 proton shell closure [40]. Here, the ab-
sence of the deep kink in the half-life systematics has been
correctly predicted by the DF3 + cQRPA theory [41], and
is attributed to the occurrence of the allowed GT transi-
tion v0g7 /2 — m0gg /2. This decay populates excited states
in the daughter nuclei, as reported in ref. [42] and in the
references therein. As a result, the increase in )3 energy is
not evinced by a sudden drop of the N > 82 half-lives. In
the N ~ 126 region, the main GT transition mediating the
B decay, v0hg 5 — mOhyy /o, is highly blocked by the low
transition energy and the partial filling of the 7hy /5 or-
bital [5]. Hence, the flat trend observed in fig. 4 might not
be ascribed to the occurrence of allowed transitions from
inner, fully occupied neutron sub-shells, as in the case of

the N > 82 region. Additional justification comes from
the striking underestimation of the DF3 + cQRPA half-
lives for N > 126 nuclei [9,19]. In particular, for 2°6Au,
the experimental result exceeds by more than a factor 60
the theoretical prediction.

As anticipated above and in ref. [19], a plausible ex-
planation for the unexpectedly slow decay rates would in-
volve an increase in the occupation number of the v0iy; /o
orbital. This is in line with the predictions of recent
mean-field approaches [43], which find in the enhanced
occupation of this orbital the origin of the anomalous
kink observed in the charge radius isotope shift across the
N = 126 shell gap. Though the physical mechanisms lead-
ing to a larger occupation of the 07y, /5 sub-shell have not
been clearly determined, yet, several factors have been
suggested as possible sources. Among them, a weaken-
ing of the spin-orbit field, which would reduce the energy
splitting between the gg/5 — g7/2 neutron spin-orbit part-
ners. This would reduce the spacing —or even invert the
ordering— of the vlgg/, and v0iy;/p orbitals. Experi-
mentally, they are separated by only ~ 800keV [44,45].
This low-energy level difference might be subject to vari-
ations when removing protons from the closed shell. One
well-known mechanism altering the single-particle ener-
gies is the tensor force [46], which has shown to induce
rapid changes in the shell structure of lighter exotic nu-
clei [47]. In the heavy and super-heavy mass regions,
the tensor force is expected to have also a significant ef-
fect on the spin-orbit splitting and shell evolution, see,
for instance, refs. [48,49]. In the recent theoretical study
on the proton bubble structure in 2°Hg [49], inclusion
of the tensor force results in an inversion of the 72s; /5
and 70hyy /2 orbitals when using the SLy5 + T,, interac-
tion, which has shown to reproduce well the spin-dipole
experimental data in 2°°Pb [50]. If this were the case,
the proton-neutron tensor force between the 70h1/, and
the v1gg/2,v0i11 /2 orbitals could induce an approach, or
even an inversion, of the vlgg/, — v0iy/o sub-shells in
N > 126 nuclei below 2°°Pb. As a result, the allowed
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transition v0iy,/ — m0i13/2 could compete with the ff
decay v1gg/p — mOhg 5. The observation of a single de-
cay branch to the 5~ state in 2°°Hg disagrees with this
assumption, yet its real feeding might be screened by un-
detected v transitions from higher-lying states, which are
difficult to measure given the scarce statistics and the use
of HPGe detectors for the detection of v transitions.

In conclusion, the unique capabilities of the FRS +
RISING setup were exploited to investigate the 3 de-
cay of 206Au to 206Hg, the lightest N = 127 isotone for
which § decay spectroscopy has been performed. A unique
B-decay branch to the reported 5~ isomer in 2°Hg has
been observed, though this measurement is more likely
to be affected by unobserved higher-lying feeding. The
half-life of 2°°Au has been reported, and a systematic
comparison with theoretical predictions has shown an un-
expectedly smooth trend across the N = 126 shell clo-
sure, suggesting the appearance of new shell effects beyond
N = 126. The possible impact of the tensor force on the
Vgg/2 — V97,2 spin-orbit splitting and on the modification
of the m0hy1 /3 — 7251 /5 and v1gg /o —10iy1 /5 single-particle
energy spacings has been discussed. With the advent of
the new generation of radioactive ion beam facilities, the
[ decay of this and lighter N = 127 nuclei will be studied
with improved conditions.
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