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A comprehensive study of the isotope " Au has been made at the CERN-ISOLDE facility, using resonance
laser ionization. Two long-lived states in ' Au were identified—a low-spin ground state and a high-spin
isomer—each of which were produced as pure beams. Using the ISOLTRAP precision Penning trap, the excita-
tion energy of the isomeric state in '"® Au was determined to be E* = 189(14)keV. The a-decay fine structure
patterns of the two states were studied using the Windmill decay station, providing information on the low-lying
states in the daughter nucleus '"Ir. Nuclear spin assignments of I(!’8Au®) = (2, 3) and I(*"®Au™) = (7, 8) are
made based on the observed S-decay feeding and hyperfine structure intensity patterns. These spin assignments
are used for fitting the hyperfine structures of the two states from which values for the magnetic dipole moments
are extracted. The extracted moments are compared with calculations using additivity relations to establish the
most probable configurations for 1 Aus™,
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I. INTRODUCTION

The application of lasers and traps at ISOL (isotope sepra-
tor online) facilities has substantially advanced the range and
depth of spectroscopic and spectrometric studies of nuclei due
to the high selectivity of the techniques involved [1-6]. In
particular, it is now possible to produce and study isomerically
pure beams of selected nuclear states by exploiting differences
in their respective hyperfine structures (hfs) [7].

Neutron-deficient gold (Z = 79) isotopes, being three
protons below the Z = 82 shell closure, are known to ex-
hibit shape coexistence. Specifically, approaching the N =
104 neutron midshell, deformed configurations involving the
mi3/2, Thyyy and 7 f7,2, intruder states have been observed at
low energy, alongside near spherical 7wsy/2, wd3/2, and why 2
configurations [8—10]. As early as the 1980s, charge radii
studies demonstrated an abrupt jump from a near-spherical
ground state in '8’ Au (N = 108) to a strongly deformed one in
183-186 Ay (N = 104-107) [11,12]. Rotational bands built on
top of intruder states have been observed in a number of odd-A
isotopes [13-16], with bandhead energies showing the typical
parabolic behavior as a function of neutron number (see Fig. 1
in Ref. [8]).

Recently, an extended campaign to measure the isotope
shifts, hfs, and decay properties of gold isotopes beyond the
neutron midshell has been performed at the CERN-ISOLDE
facility, with specific emphasis on the neutron-deficient
isotopes. The combination of laser-, decay-, and mass-
spectroscopy techniques provides unprecedented purification
that allows fine probing of the physics occurring in this region.
Partial results from this campaign were published for the
isotopes 710 Au™ [17], 182 Ay 18], 7 Au™ [19], and
177,191,193,195Aum [20]

In this work we report on a study of the nucleus '*Au (N =
99), which lies near the predicted end of strongly deformed
ground states in gold nuclei [21]. Therefore, the properties
of this nucleus may be important for understanding shape
evolution and shape coexistence in this region of the nuclear
chart.

The earliest study of !”8Au by Siivola using a He-jet tech-
nique [22] identified an « decay from '’ Au with an energy of
5920(10) keV and a half-life of 77, = 2.6(5) s. A subsequent
investigation by Keller et al. at the velocity filter SHIP [23]
observed additional o decays with energies of 5850(20) and
5980 keV'! and placed a lower limit on the a-decay branching
ratio of b, ("8 Au) > 40%. All three decays were attributed to
a single state in "8 Au. In these two earlier studies, complex
a-decay spectra had to be analyzed due to admixtures from
different competing evaporation channels (e.g., xn, pxn, and
axn) of the complete fusion reactions used in both studies.
However, a later 87 /EC (electron capture) study of 178 Au [24]
suggested that, based on the observed feeding pattern to levels
in the daughter nucleus, !"8Pt, there may be two S-decaying
states in 78 Au with spins of &2 and ~8.

!No uncertainty is given in the original publication or the evaluated
data for the 5980-keV decay.

Also pertinent to the present work is information on the
low-lying structure of the a-decay daughter nucleus, !"Ir,
which primarily comes from an « and B decay study that
also used the He-jet method [25]. Here, two «-decaying states
were identified: an /™ = (37) ground state and an I™ = (71)
isomeric state at an excitation energy of 193(11) keV. The
spin and parity assignments for these states were based on the
observed B-decay feeding patterns to levels in '7*Os.

In the present work we exploited the Resonant Ionization
Laser Ion Source (RILIS) [1,26] and the ISOLDE General
Purpose Separator (GPS) [27]. With these it was possible to
create uniquely clean beams of '"®Au®" that were unattain-
able in the previous studies.

II. EXPERIMENTAL SETUP

Nuclei of '"8Au were produced in spallation reactions in-
duced by impinging a beam of protons with an energy of
1.4 GeV and a maximum current of 2.1 £A onto a 50 g cm ™2
UC, target. The CERN PS Booster delivered the proton beam
in a repeated sequence comprising a so-called “supercycle”,
which typically consisted of 35—40, 2-us-long proton pulses,
separated by 1.2 s.

After proton impact, reaction products diffused through the
target material and effused towards a hot cavity ion source
[28], kept at a temperature of ~2000-2200°C. Inside the
cavity, gold isotopes were selectively ionized using three laser
beams wavelength tuned to the atomic transitions, as shown in
Fig. 1(a). A combination of a narrow-bandwidth Ti:sapphire
(Ti:Sa) and two broad-bandwidth dye lasers (BBDL) was
operated synchronously at a pulse repetition rate of 10 kHz.
Ultraviolet radiation required for the first and second steps
of the atomic excitation was produced by frequency tripling
and doubling of the emission produced by Ti:Sa and BBDL,
respectively.

The ions were then extracted by a 30 kV potential and
further separated according to their mass-to-charge ratio by
the GPS. Following this, the ions were transported to ei-
ther the ISOLTRAP mass spectrometer [29,30], discussed in
Sec. III B, or to the Windmill (WM) system [31,32] for the
decay measurements described in Sec. III C 1.

At the WM, the ion beam entered through the central
hole of an annular silicon detector (Sil), and was implanted
into one of ten, 20-ug cm~2-thick carbon foils mounted on
a rotatable wheel (see Fig. 2 in Ref. [32]). A second silicon
detector (Si2) was positioned a few millimeters behind the foil
being irradiated. Together, Sil 4 Si2 were used to measure
the short-lived «-decay activity at the implantation site. After
each supercycle, the wheel of the WM was rotated (within
~(.8 s), positioning a fresh foil at the implantation site. The
energy calibration of the detectors was performed using the
o decay of '8Pt (E, = 5446(3)keV [33]), which was pro-
duced by the 8+ /EC decay of "8 Au, and of other a-decaying
nuclides studied in the same experiment at different mass
settings of ISOLDE.

A single crystal low-energy germanium (LEGe) detector
was placed outside the WM chamber, directly behind Si2. The
typical energy resolution (full width at half maximum) and
detection efficiency of the LEGe for 121.8-keV y radiation
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FIG. 1. (a) The three-step laser-ionization scheme used to pro-
duce the gold ions (see text for details); (b) the hyperfine structure
spectrum of Au (rate of photo-ions measured by the MR-ToF
MS as a function of the wave number of the first-step laser, before
tripling, used in the ionization process). Peaks 1, 2, 5, and 6 (red
data points) belong to '’ Au™ and peaks 3 and 4 (blue data points) to
178 Au#; (c) the hyperfine levels (not to scale) for '*Au™ (1 > 0) and
178 Au® (u < 0). The relative spacing and ordering of the hfs levels
for '8 Aus™ indicate the difference in the magnitude and sign of their
respective magnetic dipole moments (see Sec. III E). The transitions
between hyperfine states for '"®Au¢ are indicated by the blue arrows.
Due to Doppler broadening, transitions A and B overlap and their
combined intensity is shown as peak 3 in panel (b); similarly tran-
sitions C and D overlap and combine to make peak 4. For '*Au™,
all four transitions are well separated; the transition label numbers
correspond to the peak numbers in panel (b).

were 1.1 keV and 7.7%, respectively. Energy and efficiency
calibrations were made using calibration sources of '*’Cs,
133Ba, 9Co, and '92Eu.

III. RESULTS

A. Hyperfine structure measurements

The initial identification of two long-lived states in '’ Au
was based on hyperfine splitting measurements performed
by counting the number of « decays with the WM decay
station or the number of photo-ions using a multireflection
time-of-flight mass spectrometer (MR-ToF MS) [30]. Here,
the frequency of the first-step laser used for the 267.6-nm
transition was scanned in order to measure the hfs of the
6528, 2 and 6p Zp, 2 levels. The fundamental frequency out-
put of the Ti:Sa laser was measured using a laser wavelength
meter (model WS7 by HighFinesse/Angstrom). In total, three
hfs scans were performed, one using the WM and two using

FIG. 2. Time-of-flight ion-cyclotron resonances of the two long-
lived states in '"®Au measured with ISOLTRAP. The blue, filled
symbols are the data points for "8 Aué, and the red, hollow symbols
are for '"®Au™. The fits of the theoretical line shapes [35] are also
shown by the solid blue line for !”8 Au® and by the dashed red line for
178 Au™. The data were collected separately using the different RILIS
settings (see text for details).

the MR-ToF MS. Details of the scanning procedures are given
in Ref. [34]. An example of the hfs spectrum measured by the
MR-ToF MS is shown in Fig. 1(b), in which six peaks can be
seen.

The decay data collected by the WM during the hfs scan
indicated that peaks 1, 2, 5, and 6 in Fig. 1(b) belong to
the same nuclear state, which was identified as the isomer
("’ Au™) during the dedicated mass measurements discussed
in Sec. III B. Similarly, it was found that peaks 3 and 4 in
Fig. 1(b) belong to the ground state, '"®Aué. However, the
relatively small magnetic dipole moment of '’ Au® combined
with the Doppler broadening (*2.9 GHz) of the 267.6 nm
transition due to the velocity spread of atoms in the hot ion
source meant that it was not possible to resolve the hfs of
the upper atomic level. Hence, only two peaks are seen in
Fig. 1(b) belonging to "8Auf, whereby peak 3 is the sum
of transitions F> — FY, F; labeled A and B in Fig 1(c) and
similarly, peak 4 is the combination of transitions C and D.

The dedicated mass- and decay-spectroscopy measure-
ments described in the following sections were taken with the
laser wave number set to two fixed values in order to produce
isomerically pure ion beams. Settings of 12 453.38 cm~! and
12 452.18 cm™! [indicated by the dashed vertical lines in
Fig. 1(b)] were used for '"8Au® and '"8Au™, respectively. At
these laser settings, the ion beam intensities after the GPS
separator were ~3 x 10> and 4 x 10? ions uC~! for '"®Aus"™,
respectively.

B. Direct determination of the isomer excitation energy

For the mass measurements, the isomerically pure beams
were transported to the Penning-trap system of ISOLTRAP
[29]. The MR-ToF MS was used in this case to purify
the '"8Au* beam from isobaric contamination, consisting of
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surface-ionized molecules of lighter elements. At peak laser-
ionization efficiency the contaminants were ~4 times more
intense than 78 Au”, and ~20 times more than ‘78 Au$. A final
bunching and cooling of the ions was performed in the prepa-
ration Penning trap, after which they were transferred to the
precision Penning trap where their cyclotron frequency was
determined using the time-of-flight ion-cyclotron resonance
(ToF-ICR) technique [35]. The Penning-trap magnetic field
was calibrated by the measured cyclotron frequency of **Cs™
ions from an offline ion source, which have a well-known
mass. Finally, the cyclotron-frequency ratio r between the
reference ion ref and the ion of interest x, 7 = V¢ ref /Vex =
Mion x/Mion, ref, Was measured (an expression involving ion
masses), from which one can extract the atomic mass of 178 Ay
as

my = r(Mpep — M) + me, (1

where m, is the electron mass and m., m, are the atomic
masses of the reference nuclide and the nuclide of interest,
respectively (both as neutral atoms).

The ToF-ICR measurements performed on the pure
ground-state and isomeric-state samples are shown in Fig. 2.
For details on the analysis technique, see Ref. [37]. The re-
sulting cyclotron-frequency ratios are presented in Table I.
The uncertainty of the ground-state mass was significantly
improved, and the excitation energy of the newly estab-
lished isomeric state was determined for the first time to be
189(14) keV.

C. Decay spectroscopy
1. a-decay spectra

Figures 3(a) and 3(b) show the combined singles «-decay
spectra measured in Sil and Si2 for "*Au¢ and '"®Au”, re-
spectively. The peaks at 5291(10) and 5446(5) keV are the «
decays of '"8Pt.

Three peaks which we attribute to the decay of '"®Au® are
seen in Fig. 3(a) at energies of E, = 5750(10), 5840(10), and
5922(5) keV, along with a weaker fourth peak at 5811(10) keV
that was identified in the analysis of the «-y coincidence data
discussed in the following section. In contrast to this, five a-
decay peaks are observed in Fig. 3(b) for 178 Au™, at 5521(10),
5571(10), 5839(10), 5925(7), and 5977(10) ke V.

The intensities (I,) of the different fine structure (f.s.) de-
cays were deduced by fitting the spectra shown in Figs. 3(a)

TABLE I. Frequency ratios with respect to '**Cs*™ and mass
excess (ME) values of '"®Au®” measured in this work. The wave
number of the first excitation step of RILIS used to produce the two
states, as well as the mass-excess value of "®Au¢ from AME 2012
[36] are also presented.

State 178 Aus 178 Au™

RILIS setting (cm™")
r= Vc,ref/vc

MEisortrap (keV/c?)
MEamE2012 (keV/ c?)

12 453.38 12 452.18
1.339 119 199 8(798) 1.339 120 722 8(827)
—22303.3(99) —22114.7(102)

—22 330(60)

and 3(b) with Crystal Ball functions [38]. In the case of
178 Au™, a significant component of the 5977-keV decay peak
is due to a-conversion electron (x-e~) summing with the
5925-keV « decay which had to be accounted for (see dis-
cussion in Sec. III C 4).

2. a-y coincidences for "®Au#

Figure 3(c) shows the prompt (AT < 210ns) a-y coin-
cidence data between Sil + Si2 and the LEGe detector for
the singles events in Fig. 3(a). Four groups of strong a-y
coincidence events can be identified at 5840(10)-82.8(3) keV,
5840(10)-90.0(3) keV, 5811(10)-115.7(3) keV, and 5750(15)-
174.8(5) keV. The 5750- and 5811-keV decays are also seen
in coincidence with a weak 98.3(5)-keV transition. Due to
the high intensity of the 170 keV 2] — 0 in '®Pt (see
Sec. III D 1), a small number of time-random 5922-170 keV
and 5922-Pt K, g x rays are observed in Fig. 3(c). The projec-
tion on the E, axis for the 5720 < E, < 5880keV region is
shown in Fig. 3(e). It shows a strong presence of iridium K, g
x rays at 63.3(3), 64.8(3), 73.5(3), and 75.5(3) keV, in good
agreement with tabulated values. Projections on the E, axis
for the observed «-y coincidences are shown in Fig. 4.

The decay scheme for "8 Au® shown in Fig. 5 is built by
comparing the Qq ;o = Qn + E, values of the a-y groups to
a reference Q, , value for the 5922-keV '"®Au ground-state
decay. This decay is assigned as directly feeding to '"Ir$, such
that Qy , = 6058(5) keV.

The Qy.1a = 6064(10), 6060(10), and 6057(15) keV val-
ues for the 5840-90.0, 5811-115.7, and 5750-174.8 keV
groups are in good agreement with Q,, ,. This establishes three
levels at excitation energies of 90.0(3), 115.7(3), and 174.8(5)
keV in 7418,

The 5840-82.8 keV group indicates that the 90.0-keV level
also deexcites by an 82.8-keV transition. As this transition is
prompt, we assign it as feeding to a state at 7.2(4) keV which
deexcites by an unobserved transition.

The 98.3-keV transition in coincidence with the 5811-
and 5750-keV decays [see Fig. 4(c)] has low statistics and
does not match the energy differences between the established
states. Therefore, we cannot place it in the decay scheme with
certainty with our current data.

All the y rays in coincidence with the "8 Au® o decays are
observed to be prompt, which limits their multipolarities to
AL < 2. For the 90.0- and 82.8-keV decays, the multipolar-
ities are deduced by comparing the number of counts in the
5840-82.8 keV and 5840-90.0 keV coincidence groups with
the number of iridium K, g x rays in coincidence with 5840-
keV « decays [see inset of Fig. 3(e)]. The large number of K
x rays can only be explained if both the 82.8- and 90.0-keV
y rays are M1 transitions. This conclusion is consistent with
the number of 5840-keV events shown in Fig. 3(a), relative to
the observed number of «-y coincidences. Based on these M 1
assignments, the relative intensities were calculated by using
theoretical conversion coefficients taken from BRICC (oo 1)
[41] for pure M1 transitions, yielding /¢ (90.0) = 81(2)% and
11(82.8) = 19(2)%.

The 5811- and 5750-keV « decays are also in coinci-
dence with iridium K x rays. However, some of these counts
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FIG. 3. Decay spectra for '"®Au? (left) and for '"Au™ (right). Panels (a) and (b): singles a-decay spectra, measured in Sil + Si2; the
blue histogram in panel (b) shows the results from GEANT4 simulations of a single 5925-keV « decay followed by internal conversion instead
for a 56.8-keV M1 transition. Panels (c) and (d): the a-y coincidences measured within the time interval AT (a-y) < 210 ns for "8 Aus"™,
respectively. The vertical dashed red lines indicate the E,, centroids of the a-y coincidence groups. Panels (e) and (f): projections upon the E,,
axis for the E, = 5720-5880 and 58005960 keV regions of panel (c) and (d) (areas shaded in pink), respectively. The inset of panel (e) shows
the projection on the E, axis for the E, = 5820-5860keV region of panel (c). The inset of panel (f) shows the overlap of the spectra in panels
(e) and (f) for the E,, = 58-93 keV region, shown in blue and red, respectively.

are due to tailing from the 5840-keV peak. Furthermore,
we cannot rule out unobserved y-decay branches with large
K-conversion coefficients competing with the 174.8- and
115.7-keV transitions, so we can only limit their multipolari-

ties to AL < 2.

3. a-y coincidences for "® Au™

The prompt -y coincidence data between Sil + Si2 and
the LEGe detector for the singles events in Fig. 3(b) are shown
in Fig. 3(d), and their projections on the E, axis for the
5800 < E, < 5960keV region are given in Fig. 3(f). Five sets
of @-y coincidences are seen with the 5839-keV decay in co-
incidence with 56.8(3)-, 67.4(3)-, 91.2(3)-, and 139.2(3)-keV
y transitions, and a 5925(7)-56.8(3) keV group (projections
on the E,, axis for these a-y groups are shown in Fig. 6). We
note here that, apart from the iridium K, g x rays, none of
the transitions observed in Fig. 3(f) have the same energy as
those in Fig. 3(e), indicating that there is no internal transition

between S Aus™.

Using the same approach as for '®Auf, we define a
reference full-energy value for '"*Au” using the strongest
5925-56.8 keV group: Qy,» = 6118(7)keV. This value is
in good agreement with Q, = 6114(10)keV for the highest

energy 5977-keV o

in Sec. III B, giving

to the isomeric state in
The excitation energy of !"*Ir"
using Qy ., Oq,» and the excitation energy of 178 Au™ deduced

line which we assign as feeding directly
1741y

, denoted A, is determined

A = 129(17) keV. However, for the con-

venience of presentation we will build the level scheme for

174 ™

174 ™

above 741",

relative to A. Hence, we establish a level fed by the
5925-keV decay at 56.8 keV above '"*Ir"

The Qy 10 = 6121(10) keV value for a possible 91.2-56.8
keV cascade following the 5839-keV decay is in good agree-
ment with Q, ,,, establishing a level at 148.0(4) keV above
. The 5840-139.2 keV group is missing 8.8(5) keV
relative to a 91.2-56.8 keV cascade. Based on its observed
promptness, we assign the 139.2-keV transition as deexciting
from the 148.0-keV level, feeding to a state at 8.8(5) keV

, as shown in Fig. 5.

The Qy 1 = 6041(10)keV for the 5839-67.4 keV group
is missing ~77keV relative to Q. The missing energy

is slightly larger than the iridium Kpg x ray energies (E, =

73-76 keV). Thus,
67.4 keV group in

transition is seen.
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FIG. 4. Projections on the E, axis for the a-y groups of 78 Au®
data shown in Fig. 3(c), for the (a) 82.8-keV, (b) 90.0-keV, (c) 98.3-
keV, (d) 115.7-keV, and (e) 174.8-keV y-ray transitions. Vertical
lines indicate «-decay energies of interest (see text for details).

In addition to the aforementioned groups, the 5521- and
5571-keV peaks are observed in coincidence with E, =
472.1(5) and 421.4(5) keV transitions, respectively [see
Figs. 6(f) and 6(g)].> The 5521-472.1 keV and 5571-421.4
keV groups both have Q, ;o = 6120(10) keV, in good agree-
ment with that of the 5925-56.8 keV decay path, establishing
excited states at 472.1(3) and 421.4(3) keV above "*Ir",
respectively (see Fig. 5).

The 5521- and 5571-keV « decays are also observed in
coincidence with iridium K, g x rays. This is most likely due
to yet unobserved and possibly strongly converted decays or
cascades that feed to "*Ir" from the 472.1 and 421.4 keV
levels. There is some evidence that these two « lines are in
coincidence with the 56.8-keV y transition, but the statistics
are too low for certainty.

>The presence of these transitions was confirmed in a com-
plementary high-statistics study performed using the JuroGam
II-RITU-GREAT setup at JYFL [42].

4. Multipolarity of transitions in "*Ir™ and a-e~ summing

As in the case of 8 Aus, all the y transitions following the
f.s. decay of !"® Au™ are prompt. This observation limits their
multipolarities to AL < 2.

The multipolarity of the 56.8-keV transition was deduced
by evaluating its total conversion coefficient, o, oxp. This was
calculated by comparing the number of singles o decays mea-
sured in the 5925 keV peak (N,) to the number of coincidence
events in the 5925-56.8 keV -y group (Ny,, ), corrected for
the detection efficiency of the 56.8-keV y ray (e, ). The total
conversion coefficient is then given by

Nye,
Nay

Using Eq. (2), a value of oo ep(56.8keV) = 6.3(5)
was deduced, which is closest to the theoretical value of
Qo111 (56.8; M1) = 5.60(12) taken from BRICC. This agree-
ment establishes an M1 multipolarity for the 56.8-keV
transition, indicating that "*Ir" and the 56.8-keV level have
the same parity.

The high intensity of the 5925-keV « decay and the large
value of @yo,¢xp(56.8 keV) means a significant amount of o-e™~
summing is present, whereby an « particle and a subsequent
conversion electron are registered in the same silicon detector.
This summing is of particular importance as the L-conversion
electron for a 56.8-keV transition has an energy of ~43keV
[41], which, when summed to the 5925-keV « decay produces
an ~5968keV sum peak. Therefore, a significant fraction
of the 5977-keV peak in Fig. 3(b) could be due to a-e~
summing.

To understand the magnitude of this summing, GEANT4
[43,44] simulations were performed. These included a 56.8-
keV transition with the corresponding conversion electron
energies and intensities taken from BRICC, and iridium
L x rays in the case of L conversion. The blue his-
togram in Fig. 3(b) shows the results of the simulations
and confirms that most of the intensity in the 5977-keV
peak is due to o-e~ summing. The simulated spectrum
was subtracted from the experimental data in order to
evaluate the intensity [I, = 5.90(12)%] and energy of the
5977-keV line.

The 5839-keV decay is seen in strong coincidence with
iridium K x rays. This can only be explained if the 91.2-
keV transition also has an M1 multipolarity (ok ;,(91.2) =
6.57(11) [41]). This assignment is consistent with the num-
ber 5839-keV events in Fig. 3(b), and in the 5839-91.2
and 5839-56.8 keV coincidence groups, assuming that the
56.8- and 91.2-keV transitions are in cascade with each
other.

No firm assignments for the multipolarities of the 421.4-,
472.1-, and 139.2-keV transitions can be made with the cur-
rent statistics. However, the AL < 2 limit allows us to place
an upper limit of <8% on the intensity of the 139.2-keV
transition, relative to the 91.2-56.8 keV cascade.

~1. 2)

Qrot,exp =

5. Half-lives, a- and B-branching ratios for ' Au®™

The a- and B-decay branching ratio of '"®Au¢ was cal-
culated by comparing the number of o decays belonging
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FIG. 5. Decay schemes of '"®Au®™ deduced in this work. The a-decay energies (E,), intensities (I,), reduced a-decay widths (8&), and
hindrance factor values (HF, ) are shown. The HF, values were calculated relative to the average §2 value for the unhindered o decays of 177 Au
(11/27 — 11727, 82 = 82(14)keV [39]) and ' Au (1/2+ — 1/2%, §2 = 58(4) keV [40]). A value of A = 129(17)keV is determined, based

on the decay data and mass measurements presented in the current work.
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FIG. 6. Projections on the E, axis for the a-y groups of "8 Au"
shown in Fig. 3(c), for the (a) 56.8-keV, (b) 67.4-keV, (c) 91.2-keV,
(d) 139.2-keV, (e) 421.5-keV, and (f) 472.1-keV y-ray transitions.
Vertical lines indicate «-decay energies of interest (see text for
details).

to '"Au and '®Pt in Fig. 3(a), corrected for b, (7®Pt) =
7.7(3)% [45], such that

N, (178 Auf)
Na(l78Aug) + N5(178Aug)

Na(l78Aug)
Na(l78Pt) :
by (73PY)

ba (TP AU =

3)

The same approach was used for calculating b, (1’8 Au™).
This method assumes negligible ionization of '7®Pt in the
ion source due to it being a refractory element, which was
confirmed by measurements made with the lasers turned off.

Data were taken from runs in which the WM wheel was
not rotated, to avoid removing any '"*Au or 8Pt activ-
ity. The extracted values were b, = 16(1)%, bg = 84(1)%
for 'Aus, and b, = 18(1)%, bs = 82(1)% for '"SAu™.
We note that these values are significantly different to the
by, > 40% of Ref. [23]. This discrepancy is most likely
due to contamination from unwanted reaction channels
in [23].

Half-life measurements for "8 Au$™ were performed using
a grow-in/decay method which involved cycles of 13.2 s
of pulsed implantation, followed by a 6 s decay period.
The data were corrected for the dead time of the system,
which was monitored by using the recorded count rate of a
pulser. Figure 7 shows the decay curves extracted by counting
the number of « decays, along with exponential fits of the
data. From these fits, values of T; /2(178Au”’) =3.4(5)s and
Ti("Au™) = 2.7(5)s were extracted. Conservative error
estimates are given due to the dead time correction and a short
measurement time relative to the extracted values.
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J. G. CUBISS et al.

PHYSICAL REVIEW C 102, 044332 (2020)

17870

1037 L] - T1/2(178Aum) = 27(5) S

Counts

T.o(""8AU%) = 3.4(5) s

3
Time [s]

FIG. 7. The decay curves for "*Au® (o) and '"8Au™ (M), fitted
with exponential functions.

6. Fine structure o decay of ""®Pt

In Figs. 3(a) and 3(b), the o decays of '"®Pt are clearly
seen at 5446 and 5291 keV. The intensities of the two peaks
were evaluated by fitting the singles data with Crystal Ball
functions. From the results of the fit, values of 1,(5291) =
2.6(1)% and 1,(5446) = 97.4(1)% were deduced. These val-
ues agree with the currently accepted values of 1,(5291) =
5.1(24)% and 1,(5446) = 94.9(24)% [46], but are more pre-

cise.

D. Spin assignments for "8 Au®™

The possible spin assignments for '’® Au™ can be explored
by using two complementary methods. In the first approach
we consider the B-decay feeding pattern to states in the daugh-
ter nucleus, !"®Pt, and in the second we compare the relative
intensities of the hfs components shown in Fig. 1(b) with
theoretical transition strengths.

1. B-decay feeding pattern

Figures 8(a) and 8(b) show the background-subtracted sin-
gles y-ray spectra, following the S*/EC decay of !"8Aus
and "8 Au™, respectively. The background spectra were taken
during runs with the lasers switched off.

Pt Ku,[i X rays

oo+ (a)y-ray spectrum for Y78Aus
170.4
100%

4'-2"
257.4

0,
L B

-y \

PtKypxrays 5« o+ (b) y-ray spectrum for 8pym

170.4 4*-2*

100% 257.4 64"

100% 338.1

78%
L.

8'-6"
413.6
27%

Counts (10%) /0.2 keV
OANWAUT@\‘I OoO=NwhoOO~N

100 20 400 500

o
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E, [keV]

FIG. 8. Background-subtracted singles y-decay spectra mea-
sured by the LEGe following the 8 /EC decays of (a) "®Au¢ and
(b) ®Au™. The relevant peaks are labeled with their energies (in
keV), along with the spins and parities of the initial and final states
in '8Pt and their intensities corrected for y-ray detection efficiency,
normalized to the intensity of the 170.4-keV 2+ — 0T transition.

The 257.4(3)- and 170.4(3)-keV y lines in Fig. 8(a),
recorded with RILIS settings for '"8Aus, correspond to the
known 4] — 21 and 2/ — 0 E2 transitions within the
ground-state band of 178pt From these observations, and as-
suming no high-order forbidden decays between !"*Au and
178pt, the possible assignments for the spin of "8 Au® may be
restricted to I = (2, 3). An I = 4 assignment is unlikely as a
preferential feeding to the yrast 2% state in !7®Pt is observed.
Indeed, the low intensity of the 257.4-keV peak in Fig. 8(a)
could indicate that there is no direct feeding to the 4™ state in
178pt, in which case all counts in this peak would be due to the
Pandemonium effect [47].

For the '"Au™ case, four y lines at E, = 413.6(3),
338.1(3), 257.4(3) and 170.4(3) keV are seen in Fig. 8(b),
establishing feeding up to the 8+ member of the ground-state
band in '®Pt. Based on this, the spin assignment for "8 Au”™
may be restricted to 7 or 8, as no feeding to I = 10 states is
observed.

Despite their inability to separate the two isomers, David-
son et al. made similar observations (see Fig. 7 in Ref. [24]),
which showed a feeding of states in "®Pt was consistent with
the presence of a low- and a high-spin isomer in "8 Au, with
I =~ 2 and ~8, respectively.

2. Relative intensities of hfs components

Due to the low angular momenta of the electronic states
involved in the scanned transition, it is impossible to deter-
mine the nuclear spin by simply counting the number of hfs
components [48]. Nevertheless, information about the nuclear
spin can be obtained by comparing the experimental intensity
ratios of the hfs components to the theoretical ones that are
dependent on the nuclear spin (see corresponding formulas,
for example, in Ref. [49]). However, saturation of the first ex-
citation step markedly distorts the shape of the hfs spectrum.
Therefore, this method cannot be applied in our case since
some degree of saturation was present during our experiment
in order to increase the count rate for isotopes with low yields.
Instead, one should consider the ratio of the sums of the
amplitudes of the transitions from each hfs sublevel of the
atomic ground state:

Upor+Tror  2R+1  T+1

R(U) = _ _
U'por+Thory 2R +1 I

)

where I is the theoretical transition strength between states F'
and F'. Hence, the theoretically expected ratios are R(1) = 2,
R(2) =1.5,R(3) = 1.33, and R(4) = 1.25.

In the case of '*Au?, the experimental ratio (Rexp) is equal
to the integrated intensity ratio of peaks 3 and 4 in Fig. 1(b),
which was assessed using a Simpson integration method in
order to remove any effects due to non-uniform intervals be-
tween laser frequency steps. This ratio only weakly depends
on laser saturation and other distorting effects on the spectrum
[50]. A weighted mean of the three hfs scans yielded a value
of Rexp = 1.51(13), in good agreement with the theoretical
value R(2) = 1.5, suggesting a most probable assignment of
I(""8Au®) = 2. However, I(""®Au®) = 3 cannot be ruled out
with certainty, as the Rey, value differs from R(3) by less than
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TABLE II. Comparison of experimental results for the magnetic dipole moments, ficyp, Of 178 Aus™ for different nuclear spin assumptions,
with those calculated for specific Nilsson configurations using the deformed additivity rule, pa4q.

State I a(6s)(MHz)  a(6p)/a(6s) "TA (%) prexp () Hexp (UN)° Hada () Nilsson configuration

TAus 2 —12760(300)  0.1122(60) 87(79)  —0.880(56) —0.884(68) —0.73(20)  71/27[541],,, ® v5/27[512],,,
3- —9100(300)  0.1136(60) 10.6(80)  —0.941(69) —0.962(77) —0.74(21)  71/27[541],,,, ® v7/27[633];,,

AW 7t 19 602(40)  0.1137(13) 10.7(19) 4.74(20) 4.84(8) 4.67(34)  7w9/27[514]y,,, ® v5/27[512]4,,
8~ 17 297(40)  0.1137(13) 10.6(18) 4.78(20) 4.89(8) 4.84(33)  79/27[514]y,,, ® v7/27[633];,,
8+ 17297(40)  0.1137(13) 10.6(18) 4.78(20) 4.89(8) 5.61(34)  m11/27[505],,,, ® v5/27[512]4,,

“Calculated using Eq. (6) with uncertainty according to Ref. [11].

bCalculated using Eq. (7), accounting for the hfa using the procedure proposed in Ref. [20].

1.30. In either case, the assignments are consistent with the
observed f-decay feeding pattern.

E. Magnetic dipole moments for 1®Aus™

The positions of the hfs components as a function of laser
frequency are defined as

K’ K
VEF = Vo + 0(617)? - 0(65)5, (5)

where vy is the center of gravity of the hfs, K = F(F + 1) —
I(I 4+ 1) — J(J + 1), the prime symbols denote the upper level
of the atomic transition and a(nf) is the hyperfine coupling
constant for the atomic level with quantum numbers n and
£. The hfs spectra were fitted with Voigt profiles, with as-
sumptions of 7('"*Au¢) = 2 or 3 and I(""8Au™) = 7 or 8. The
a(6s) values extracted from the fitting procedure are given in
Table II, for the different spin assumptions.

The magnetic moments were determined using two ap-
proaches. The first used the same approach as Ekstrom et al.
[11], as modified in [51], such that

_ a(6s)I ©)
Mexp 29005 MUN -

This relation accounts for the hyperfine anomaly (hfa) by
application of the empirical Moskowitz-Lombardi rule [52].

However, it was recently shown that the assumption con-
cerning the hfa made by Ekstrom et al. is not well justified
[20]. Alternatively, the fiexp can be calculated more accurately
using the expression

Iy aa
Mexp = Mref 7—
Iref Aref

(14 ™A%, )

where “ref” denotes a reference isotope (**’Au) with known
w and a values, and f A4 is the relative hfa.

It was shown in Ref. [20] that the relative hfa could be
determined by comparing the ratio of the hyperfine constants
of different atomic states, for different nuclei. In the present
work, this was done using the ratio a(6p)/a(6s) for gold
isotopes (the same approach was used in Refs. [53-55] for
gallium, thallium, and bismuth isotopes; see there for details).
The values for the a(6p)/a(6s) ratios along with the pexp
values determined using both approaches are given in Table II.

IV. DISCUSSION

A. Configuration assignments for 75 Au®™

The ground and isomeric states of '337186Au (N =
104-107) are well deformed and presumably prolate
[11,12,51,56-60]. Thus, the ground states of these isotopes
are well described by configurations based on deformed
w3/27[532] and/or 7 1/27[541] Nilsson proton states as op-
posed to spherical 73s/,/m2d;/, orbitals in heavier gold
nuclei with N > 107. The nucleus "Au (N = 99) lies just
beyond the expected end of this region of strong deformation
[21]. However, isotope shift measurements taken during the
same experiment as the present work show that both "8 Aus™
are deformed, with (,822)1/2 ~ 0.25 and ~0.3, respectively
[61]. We will consider both states to be prolate, as the !7’Pt
core is known to have a large positive deformation [62].

Based on these B, values, we will only consider the system-
atics of the low-lying deformed states near Z = 79 and N =
99 when exploring the possible configurations of "8 Au$™. As
seen in Fig. 8 of Ref. [18], there are many proton and neutron
states lying close to the Fermi surface of '"®Au at 8, ~ 0.25.
All of these orbitals were considered for the odd particle states
in our analysis (see Ref. [18] for details).

The possible configurations may be constrained by us-
ing the Gallagher-Moszkowski rules [63] to predict which
Nilsson orbitals near the Fermi surface are most likely to
couple to I(""8Au®) =2,3 and I(""®Au™) =7, 8. The de-
formed additivity rule [64] can then be used to calculate
the expected magnetic dipole moments, (.44, for these con-
figurations. As single-particle g factors are needed for the
application of the additivity relation, experimental values for
the chosen orbitals were used. When such data are unavail-
able, g factors were calculated by the standard Nilsson-model
approach with different parameter sets [65—67]. This is the
same approach as used in Ref. [18] for 8182 Ay; see therein
for more details. The calculated paqq values are compared
with the experimental results from the present work, flexp, in
Table II.

For '8Au™, a good agreement between fiex, and ilaad
is seen for both the 79/27[514] ® v5/27[512] (I =
77) and 79/27[514] ® v7/2%[633] (I" = 87) configura-
tions, whereas a reasonable agreement for w1/27[541] ®
v5/27[512] U™ = 2") and w1/27[541] ® v7/27[633] (I" =
37)is seen for "8 Au®. The systematics of the ground states for
N =99 nuclei shows that both v7/2%[633] and v5/27[512]
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states may be occupied by the 99th neutron, with v7/2%[633]
being the case for the Z = 66, 68, 70, 72 isotones, and the
v5/27[512] for Z = 74, 76, 78 [46]. The inversion of these
orbitals coincides with a change in deformation; (¢’ Dy, ¢5"Er,
199Yb, JITHF have B &~ 0.3, whereas 173W, 3°0Os, J27Pt have
B> ~ 0.25. Correspondingly, in '"*Au® with B, ~ 0.25 one
may expect that the odd neutron occupies the v5/27[512]
state, and hence I (1"8Au®) = 2+ seems more likely. Simi-
larly, in 78 Au™ with B, ~ 0.3, a v7/2*[633] odd neutron and
I"("®Au™) = 8~ is preferable. However, we note that both
amw9/27[514] ® v5/27[512] and 79/27[514] ® v7/21[633]
band were observed in isotonic °Ir, with low-lying I = 7+
and I™ = 8 bandheads [46].

B. Reduced a-decay widths

Reduced «-decay widths (8§) were calculated using the
Rasmussen approach [68], assuming AL = 0 decays. The
results of these calculations are shown in Fig. 5, along
with hindrance factors (HF,) calculated relative to the av-
erage 82 value of the unhindered o decays in neighboring
7TAu (11727 — 11/27, 82 = 82(14)keV [39]) and '"Au
(1727 — 1/2%, 82 = 58(4) keV [40]).

The unhindered 5922-keV decay with §2 = 40(7) keV sug-
gests that "Au® and "*Ir® have the same nuclear spin and
configuration. This would mean a preferred I* = (2*,37)
assignment for !Iré rather than the tentative I* = (3%) pro-
posed in Ref. [25], which was based on the observed 8-decay
feeding pattern to states in !7*Os.

Using similar arguments, based on the I = (7, 8) as-
signment for "*Au” and the unhindered nature of the
5925-keV « decay, the 56.8 keV state above '"*Ir” should
also have I = (7,8). Thus, the M1 multipolarity of the
56.8-keV transition constrains the possible spin of '7*Ir"
to I = 6-9. This agrees with I7(!7*Ir") = (7%) proposed
in Ref. [25].

Along with the 5925-keV decay, the 5521- and 5571-keV «
lines of " Au™ are also unhindered [HF,, = 1.7(4) and 3.5(8),
respectively]. The low hindrance could indicate that the con-
figurations of the 472.1-, 421.4-, and 56.8-keV states are
similar, and/or possibly mixed. Alternatively, this observation
could be due to these three o decays feeding to members of
the same rotational band in the daughter nucleus. However,
not enough is known about the structure of '"*Ir to confirm or
contradict either suggestion.

We note that it is unusual to have several unhindered o
decays from one nucleus. Indeed, odd-odd nuclei above Z =
82 typically have several strongly hindered decays and just
one unhindered decay [69].

C. Determination of the A value and possible evidence
of an isomer in I"’Re

The value of A = 129(17) keV determined in the present
work for the excitation energy of 7*Ir” is significantly dif-
ferent from the previous value of 193(11) keV in Ref. [25].
However, apparently this latter excitation energy was deduced

based on the assumption that the f.s. decays of both !"#Iré™
eventually feed to the ground state in '"°Re (see Fig. 7 of [25]).
The justification for this assumption was not explained in the
original publication.

Assuming that the a-y coincidences decay of Ref. [25] are
correct, the 64(20) keV difference between our and the previ-
ous excitation energy of '7#Ir" indicates that the assumption
of feeding to !"°Re? is likely incorrect. In which case, the f.s.
decays of '"*Ir¢ actually feed to an excited state at 64(20) keV
in '"%Re, providing evidence for a previously unknown isomer.
In this scenario, the decay of 174118 feeds to '"Re™, and 7411
to '"ORe?.

V. CONCLUSION

By using selective experimental techniques, it was possible
to identify and produce isomerically pure beams of two «-
decaying states in the neutron-deficient nucleus, '’® Au. Using
the RILIS, the Windmill decay station, the ISOLTRAP Pen-
ning trap, and MR-ToF MS, independent measurements of
the masses, nuclear decay properties and hyperfine structures
of the two states were performed. Detailed decay schemes
for the two states were deduced, and preferred spin, parity,
and configuration assignments of 7 =2%, 71/27[541] ®
v5/27[512] or I" =37, m1/27[541]1® v7/2"[633] for
78 Aué, and either I™ = 7%, 79/27[514] ® v5/27[512] or
I =8, 19/27[514] ® v7/2%[633] for '"8Au™ are pro-
posed. The 82 values for "8 Au™ provide surprising evidence
for several unhindered o decays belonging to this nuclide. The
results from the decay data and the mass measurements of
the present work provide the first information on low-lying
excited states in '*Ir, and may indicate the presence of a
previously unknown isomeric state in !"’Re.
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