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Search for S-delayed fission of '*Au®™ and an updated systematics in the region
of neutron-deficient nuclei
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A search for a B-delayed fission (8DF) decay branch of isomerically pure samples of 78Aué and 78 Au™
was performed at the ISOLDE-CERN facility. Two complementary detection systems capable of registering o
decays and fission fragments, the ISOLDE Decay Station and the ASET (Alpha SETup), were used. Despite very
high statistics of produced "8 Au nuclei, no fission fragments were detected. Upper limits of SDF probabilities
of Pepr('®Au®) < 1.11(2) x 107% and Pspr('"®Au™) < 9.7(2) x 10~ were determined. Corresponding lower
limits of BDF partial half-lives were deduced as well, and the results are discussed in the context of experimental
systematics of BDF in the neutron-deficient region of the nuclear chart.

DOL: 10.1103/swd1-ydlm

I. INTRODUCTION

Beta-delayed fission (8DF) is a two-step process, where
the mother nucleus first undergoes 8 decay into a state with
an excitation energy close to the top of the fission barrier (B/)
in the daughter nucleus. The populated state then fissions in
competition with other processes, such as y-ray or particle
emission. The probability of BDF can be theoretically ex-
pressed as

I F(Qp — E)Sp(E) s s dE

Pspr = , (D
por ' F(Qp — E)Sp(E)IE

where Qg, F(Qg — E), and Sg are the Q value of B decay, the
Fermi function, and -strength function of the parent nucleus,
respectively, E is the excitation energy, I's(E) is the fission
decay width, and Ty (E) is the total decay width of the
excited daughter nucleus; see, e.g., Refs. [1,2]. The fission
decay width further depends on the fission barrier height, and
the full expression for I's(E) can be found, for example, in
Ref. [2].

As the achievable excitation energy of the daughter state
is limited by the Qg value of the mother nucleus, a Qg — By
difference is a crucial parameter for the occurrence of SDF.
Roughly exponential dependence of SDF probabilities and
partial half-lives on the Qg — By parameter was observed in
previous works [1,3]. Typically, Qg values are <12 MeV in
the neutron-deficient lead region and <6 MeV in the heavy ac-
tinides, thus SDF provides a unique opportunity to explore the
so-called low-energy fission of nuclei far from the g-stability
line. The term “low-energy” refers to the excitation energy
of the fissioning system being below or moderately above the
fission barrier. Such low excitation energy is crucial for the
ability to study influence of shell effects and nuclear structure
on the fission properties, such as fission fragment mass distri-
butions (FFMDs) [1,4], or on the fission barrier height, which
can be estimated based on BDF probability [2,5-7].

In the past years, BDF measurements were employed
to study fission properties of many exotic isotopes in the
neutron-deficient side of the nuclear chart, from the lead
region up to the heavy actinides. Notably, an unexpected
asymmetric fission of '8%1"Hg (BDF of '3%178TI) was ob-
served [8-10], discovering a new region of asymmetric
fission, and the evolution of FFMDs between mercury and
radium was investigated [11]. These findings prompted strong
interest from both theoretical and experimental teams. Var-
ious theoretical interpretations of the asymmetric fission
in this region were proposed, for example shell effects in
the compound system '8"Hg preventing fission fragments

(prefragments) from entering a path in the potential en-
ergy surface leading to symmetric fission [12], coupling
between specific levels resulting in presence of asymmet-
ric saddle points in fission [13], or deformed shell gaps at
quadrupole and octupole deformations in prefragments at
scission [14,15]. Moreover, a calculation of fission yields for a
large number of nuclei with 74 < Z < 94 and 91 < Z < 150
predicted a broader region of asymmetric fission located be-
low lead [16].

Experimental efforts employed mainly fusion-fission mea-
surements to investigate ''Hg and neighboring nuclei,
discovering a mixture of symmetric and asymmetric fission
modes for many isotopes [17-25]. The dominant role of the
protons in the light fission fragment (FF) was discussed in
the first study of FF isotopic distributions in the preactinide
region [21]. Moreover, theoretical analysis of available exper-
imental results proposed that fission asymmetry in this region
is mostly driven by the proton shell effects in the light FF,
constraining its proton number to be around Z; ~ 36 [26].
The general conclusions were supported by the following
experiments [25], including large systematic studies mapping
this new region of asymmetric fission, using the fusion-fission
method [27] and electromagnetically induced fission [28].

While these approaches allow access to an impressive
numbers of nuclei for large-statistics studies, SDF keeps the
advantage of uniquely low excitation energies of the fissioning
systems. In fusion-fission experiments, the excitation energies
can reach down to 2230 MeV, but are often significantly higher
[17-20,23-25]. For electromagnetically induced fission, the
excitation energy is lower, but still typically ~5-10 MeV
above the top of the fission barrier [28].

Based on the systematics of SDF probabilities [3] and the
Qg — By difference, the isotope 178 Au is a possible candidate
for the occurrence of BDF in the new region of asymmetric
fission. For example, for Qg from the Atomic Mass Eval-
uation [29] and B from the finite-range liquid-drop model
(FRLDM) [30], the difference is —3.1 MeV. This is compara-
ble for instance to the Qg — By difference of —3.4 MeV for
26Es, which has a known SDF decay branch [31]. We note
that a combination of B+ and electron capture (EC) decay
occurs on the neutron-deficient side of the nuclear chart, but
for simplicity we will refer to this combination as § decay,
while Qgc values will be used as Qg.

The isotope '"®Pt, the p-decay daughter of !"8Au,
was already investigated both by fusion-fission experiments
[18,23,24] and by electromagnetically induced fission [28],
revealing a mixture of symmetric and asymmetric fission
modes in both types of measurements. However, obtain-
ing FFMDs of '®Pt from BDF of '"®Au is important to
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expand the studies of the FFMD dependence on the excita-
tion energy and to acquire a more complete picture of the
region.

A further motivation for DF study of '’ Au comes from
the fact that it has two B-decaying states, with I” = (2*,37)
and I™ = (77, 87) [32,33], which from now on will be de-
noted as '"®Au® and '"Au™, respectively. Since B decay
dominantly populates levels with the same or similar spin and
configuration as the initial state, separate BDF measurements
of '8 Au® and "8 Au™ would allow exploration of the poorly
known spin dependence in fission. A similar experiment has
been performed for % Bi¢” which has two B-decaying states
with I = (1*) and I™ = (107), respectively [34,35]. Despite
limited statistics, the results hinted at a lower fission probabil-
ity of low-spin states in the f-decay daughter, '%3Pb [34].

The present work reports on the search for SDF in the two
B-decaying states in !”® Au performed at the ISOLDE facility
at CERN [36,37]. The experiment and the employed detection
systems are described in Sec. II. The analysis and results are
presented in Sec. III, while Sec. IV discusses the results in
relation to the BDF systematics.

II. EXPERIMENT

The "8 Au isotope was produced in proton-induced spal-
lation reactions in a thick UC, target (50 g/cm?). A pulsed
beam of 1.4-GeV protons was provided by the Proton Syn-
chrotron Booster. The proton pulses were grouped into a
so-called supercycle, containing typically around 30 pulses,
part of which was delivered to the ISOLDE target. The maxi-
mum average proton beam intensity was up to 2 uA.

The produced isotopes diffused through the target mate-
rial heated to ~2300 K and effused into the hot cavity of
the Resonance Ionization Laser Ion Source (RILIS) [39,40].
A three-step resonance ionization scheme using laser light
with wavelengths of 267.6, 306.5, and 673.9 nm [41] was
employed. The wave number of the first-step laser was set
to selectively ionize either '"®Au® or "8 Au™. The separation
of 'Au® and '"8Au™ hyperfine components is sufficiently
large (see Fig. 1 of Ref. [33]) to achieve isomer selectivity
already with a relatively broad linewidth of ~9 GHz.! Thus,
clean samples of a specific state were obtained without com-
promising ionization efficiency. The ions were extracted and
accelerated by a 30-kV potential, and mass-separated by the
General Purpose Separator according to their mass-to-charge
ratio of A/g = 178.

The mass-separated ion beam was delivered to either the
ISOLDE Decay Station (IDS) [42] or the Alpha SETup
(ASET) [38,43]. In the IDS, the beam was implanted on a
movable aluminized Mylar tape. In front of the implantation

'The 267.6-nm wavelength is achieved by frequency tripling of
Ti:Sa laser with a fundamental linewidth of 5 GHz [41]. The wave
number before tripling was set to 12453.36 cm™! for '"®Au® and to
12454.02 cm™" for "8 Au™. After tripling, these wave numbers corre-
spond to frequency shifts by 35 and 95 GHz, respectively, compared
to arbitrarily chosen O position in the hyperfine structure spectrum in
Fig. 1 of Ref. [33].

Si PIN diodes

IS
N

FIG. 1. An array of silicon PIN diodes used at the IDS. The tape
is placed aside during the preparation of the system in the figure.
During the measurement, the tape is mounted vertically in front of the
detector array, where on top it is looped around a wheel and is moved
parallel to the detectors. The red arrow (RIB) shows the direction of
the radioactive ion beam passing through the hole in the detector
mount.

point, inside the box-shaped vacuum chamber, an array of
six 7 x 7mm? and one 15 x 15 mm? Hamamatsu silicon PIN
diodes, shown in Fig. 1, was placed to detect o particles and
FFs. A solar cell sensitive to FFs was also mounted on one side
of the detector array, but was not used because of issues with
electronic noise. Four high-purity germanium (HPGe) clover
detectors for y-ray detection, which were used to confirm the
purity of the samples, were placed outside the vacuum cham-
ber around the implantation position. The energy calibration
of PIN diodes was performed using many «-decay lines from
various isotopes produced also shortly before and after data
taking for !7® Au; their full list is given in Ref. [44]. The energy
resolution for o particles from the combined data from all
seven PIN diodes was 2227 keV (full width at half maximum,
FWHM). The detection efficiency for « particles or a single
FF was 3.8(4)%. More details on the energy calibration and
efficiency determination can be found in the «- and y-decay
spectroscopy studies based on this data set in Refs. [44,45].

In the ASET, the beam was implanted on one of nine thin
carbon foils (20 ug/cm?) mounted on a movable ladder. The
implantation position was surrounded by two surface-barrier
silicon detectors: an annular detector (Sil) upstream the beam
and a full detector (Si2) downstream behind the foil, as shown
in Fig. 2. The annular detector had a central hole with a di-
ameter of 6 mm to let the beam pass through and its total area
including the hole was 450 mm?. The full detector had an area
of 300 mm?. A simple energy calibration was performed to
align the spectra from separate data files, by using the known
a-decay energies of 5446(3) keV for Pt [46], 5922(5)
keV for '"8Au®, and 5925(7) keV for '"Au” [32]. The en-
ergy resolution for « particles for the whole data set was
~200 keV for Sil and ~60-70 keV FWHM for Si2. The de-
tection efficiencies for « particle or a single FF were estimated
to be ~15% for Sil and ~17% for Si2.

014325-3
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FIG. 2. ASET detection system. A ladder holding thin carbon
foils (C-foils) is at the implantation position surrounded by two
silicon detectors. The red arrow (RIB) shows the direction of the
radioactive ion beam passing through the annular detector. The fig-
ure was taken from Ref. [38].

For the calibration at higher energies, where FFs can
be expected, an extrapolation of the calibration based on «
decays was used at both the IDS and ASET. Although the
FF energies extracted in this way suffer from the pulse height
defect (PHD) [47,48], the method is sufficient for identifica-
tion of fission. For example, it was evaluated for SDF of %91
that the average sum of energies of both FFs from a given
event (total kinetic energy) determined using an extrapolated
a energy calibration is only by ~10 MeV lower compared to
value of 133.2(14) MeV, which was corrected for PHD [10].
Therefore, FFs are still distinctly separated from « particles
and are expected in the energy region of 40-90 MeV (see also,
for example, Fig. 2 in Ref. [11]).

Most of the data were collected using low amplification
gain to cover a broad energy range up to ~160 MeV (IDS)
and ~100 MeV (ASET). The measurement of "*Au” with
the IDS was an exception: most of the statistics (=90%) listed
in Table I for the IDS were collected using high amplifica-
tion gain, covering energy only up to ~40 MeV. However,
the analog-to-digital converter (ADC) employed at the IDS
provides a flag if a signal exceeds the ADC range.

III. RESULTS
A detailed «- and y-decay spectroscopy analysis of the
data set obtained with the IDS, which had better «-decay

TABLE L. Summary of obtained a-decay statistics for "8 Au¢ and
178 Au™, and total times of measurements at the IDS and ASET.

State Setup N, Time (h)

178 Au$ IDS 3.643(18)x 10° ~18.6
ASET 9.28(7)x 10° ~6.3

178 Ay IDS 8.36(4)x 10° ~5.8
ASET 1.564(13)x 107 ~14.4

5006~ . ' ' T T3
F (a) IDS ""°AU° . 1"ad ]
400 F 3
300F 17 E
3 Pt 1
200F B E
100F .
F | " " Il " ) " " " " |
I e
100F (b) IDS "Au™ | 178aym ]
80F E
r 178
g Pt
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a0f \ 3
o j\‘ ]
F | " | " rt n " " | " N
[ L e B e |
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8of Au ]
60 ]

178Pt

s (10% / 4 keV
5
T

€ 200%— (d) ASET Si2 (full)
3 b

F 178
100f 'it\ ]

140F .

120F (€) ASET Si1 (annular) 178p,m

100F _;
80F ;

605— 178Pt _E

a0F _

20F _;

T T

400:—()ASET si2 fuII I

| ST

3005— 1

s00F Pt ]

100; AA ]
0 r

5200 5400 5600 5800 5000 6200
Energy (keV)

FIG. 3. o decays collected by (a) IDS PIN array for '7®Au¢,
(b) IDS PIN array for "8 Au™, (c) Sil at ASET for " Aus, (d) Si2
at ASET for '"®Au?, (e) Sil at ASET for "*Au™, and (f) Si2 at ASET
for "8 Au™. Isotope "*Pt was produced only by g decay of '"®Au.

energy resolution and higher y-ray detection efficiency than
ASET, was performed in Refs. [44,45]. It confirmed isomer
selectivity under the employed settings, as well as no sizable
contamination of the beam by other isotopes.

The summed «-decay spectra for the whole array of PIN
diodes from the IDS are shown in Figs. 3(a) and 3(b). Most
of the data for the BDF search were collected with ASET,
because of its high «-decay and FF detection efficiency. All
a decays registered at ASET are shown in Figs. 3(c), 3(d) for
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FIG. 4. Events from silicon detectors including higher-energy
regions up to 90 MeV: (a) 178 Aus" measurements, all detectors from
both the IDS and ASET combined, (b) **Fr test measurement at
ASET, Sil and Si2 combined. Isotopes '*®At and *’Rn are «- and
B-decay daughters of ®*Fr, respectively. In this type of experiment,
FFs can typically be expected in the energy range of ~40-90 MeV;
see for example SDF events from higher-statistics measurement of
196 At in Fig. 2 in Ref. [11].

178 Aug, and in Figs. 3(e), 3(f) for "*Au™. The total a-decay
statistics of "8 Au" obtained with each detection system is
given in Table L.

No FFs were detected during the measurement, as shown
in Fig. 4(a). Similarly, in the high-gain mode data taken
for "8 Au™ at IDS (Sec. II), no events exceeded the ADC
range, and so these data were also included into the total
a-decay statistics from both detection systems for !"8Au™.
Upper limits of BDF probabilities and lower limits of SDF
partial half-lives were determined. Experimentally, Pgpg is
defined as the ratio of the number of BDF events (Ngpr) to
the number of B decays (Np):

Ngpr
Ng '

Pgpr = (2)

However, o particles were registered in the present experi-
ment, while the FFs would be measured by the same detectors.
Thus, the upper limit of SDF probability is calculated as

N b
Pgpr < —= =

2 Not(l _ba)’ (3)

where N, are the numbers of o decays of the BDF pre-
cursors "8Au®™, and b, are their a-decay branching ratios
be("BAu®) = 13.5(5)% and b, ('"*Au™) = 14.6(5)% [45].
As the number of singles FFs, Ngr = 1.84 was used, which
is an upper uncertainty for zero events from Poisson statistics
with a confidence level of 84% [49]. Since the detection effi-
ciencies of « particles or a single FF are the same, they cancel
out in Eq. (3), and only a factor of % remains, because two

FFs are emitted in the fission process.2 The deduced Pgpr lim-
its are Pgpr('"®Aus) < 1.11(2) x 107% and Pgpr('"®Au™) <
9.7(2) x 107°.

The partial half-life of BDF can be deduced from the
known Pgpr value employing the following relation [50]:

Ti 2
bgPspr’

“

Ti/2p,6DF =

where T, and bg are the half-life and 8-decay branching ratio
of the BDF precursor, respectively. Experimentally, 71,2, gpF
can be determined as [50]

N, dec, tot

Th2p.poF = Th )2 ()

Ngpr
where Ngec ot s the total number of decays (N, + Ng) of
the BDF precursor. If bg is only estimated or uncertain, but
expected to be <10%, an approximation Ngec 1ot & Ny can be
used [50]:

Ny

Ngpr

Ti/2p,ppF = T1)2 (6)
Using the same arguments and values as for the Pgpr limit
calculation in Eq. (3), the lower limits of BDF partial half-
lives were determined by modifying Eq. (5) as follows:
T 1,52 Na 7
1/2p,BDF > 2y @)
where T, are the half-lives of '"Au$™ from Ref. [45]. The
resulting limits are 72 spr("*Au®) > 1.98(10) x 10 s and
Tl/zpqﬁDF(”SAum) > 173(7) X 108 S.

Similarly to our recent search for SDF in actinium iso-
topes [38], we performed a short measurement (70 min)
with 292Fr at ASET to test the system. This isotope has a
known BDF decay branch with a partial SDF half-life of
T1/2p,ppF = 4.6(8) X 10* s (Table II), which was determined
for the mixture of two B-decaying states produced at ISOLDE
[50]. We observed 8 FFs, as shown in Fig. 4(b), and, using
the same average 7i,, and bg as listed in Table II, we deduced
the partial BDF half-life of Tj /2, spr = 9.5(36) x 10* s. The
result is consistent with the mentioned reference value within
1.20, which confirms a normal operation of the ASET detec-
tion system. Because of the constraints on the available beam
time, a similar 2*Fr test was not performed at the IDS.

2We note that when detecting singles FFs, the factor of % in Eq. (3)
is valid despite the 180° angle between the two FFs from a fission
event. We may arbitrarily choose a hemisphere H1 covering 27 solid
angle around the implantation foil. Out of all « particles, only one
half will fly to H1. However, out of every fission event, exactly one
FF will fly to H1, thus, all FFs flying to H1 are independent from each
other and their angular distribution is isotropic. For a silicon detector
placed in H1, the probability to detect a single FF from one fission
event is then twice as high as the probability to detect an « particle
from one a-decay event. The remaining FFs flying to the opposite
hemisphere H2 are also independent from each other, so the same
conclusions are also valid for H2. The total detection efficiency for
fission events, when counting singles FFs, is then twice as high as
the total detection efficiency for « particles.
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TABLE II. BDF systematics on the neutron-deficient side of the nuclear chart including our limits for !”® Au"™. The table contains the SDF
precursor, its half-life (T} ,,); B-decay branching ratio (bg); electron-capture decay Q values (Qg) from AME 2020 [29]; Qg — By difference for
fission barriers from the TF model [51] with microscopic corrections from FRDM [52], and for fission barriers from FRLDM [30]; probability
of BDF (Pgpr), and partial half-life of SDF (T} 2 gpr)- The reference in the last column is relevant for T ,, bg, Pgpr, and Ti 2 gpr values in
the given row, unless otherwise specified. Abbreviations “Is” and “hs” used for '3%°*Bi and '®*TI stand for the low-spin and high-spin states,

respectively.

Precursor Ti (s) bg (%) 0p (MeV) TF FRLDM Pspr Ti/2p,pDF (8) Ref.
178 Aus 3.81(12) 86.5(5) 9.69 —3.66 —3.13 <1.11(2) x 1078 >1.98(10) x 108 This work
178 Ay 2.82(4)* 85.4(5)* 9.69 —3.66 -3.13 <9.7(2) x 107° >1.73(7) x 108 This work
1787 0.252(20) 38(2) 11.70 2.48 2.38 1.5(6) x 1073 4.4(18) x 10% [10]
1807 1.09(1) 94(4) 10.86 1.07 1.05 3.2(2) x 1073 3.6(3) x 10% [8,9]
182 s s 2.5(6)° 97.5(25)4 10.25 —0.41 —0.60 <3.4x 1078 >5.2 % 107 [55]
186 js.m 0.012(3)° ~0.6" 11.54 2.72 1.93 ~7.6 x 10728 54(35)" [58]
188 g 0.250(10)? ~1 10.62 0.82 0.30 4.6(9) x 1073 5.6(8) x 10° [34]
188Rjls 0.060(3) ~2-8 10.62 0.82 0.30 0.4(2)-1.8(7)x 1073 1.7(6) x 10° [34]
190pijhs 5.9(6)" 30(9)° 9.82 -1.18  —1.36 > 47226 % 107 [34]
190Bjs 5.7(8)* 101550 9.82 —1.18 —1.36 > 28754 x 107 [34]
192 pgmlom2 0.05(4)° ~3t 10.99 4.08 2.74 ~0.19! 12(10)" [59]
194 pgml.m2 0.305(19) ~10f 10.29 2.33 0.83 8 x 1073k 5.2(4) x 102 [11]
196 At 0.371(5) 2.5(3) 9.56 0.42 -0.73 9(1) x 107? 1.6(3) x 10°° [60]
20pr 0.0496(21)" <212 10.13 3.04 1.52 >3.1(17) x 1072 7+ x 100 [50]
202pps.m 0.33(4)° 2.4(2)7 9.38 0.85 —0.91 3.0(4) x 107%™ 4.6(8) x 10*" [11,50]
8Np 61.4(14) 60(7) 4.61 0.37 —0.52 2.009) x 1074 5.1(24) x 10°° [67]
0Am 36177 ~100 5.94 3.15 2.87 >0.3 <1.2%0% x 10 [3]
22 Am 78.6(24) ~95" 5.06 1.71 1.83 6.9(10) x 10~* 1.20(18) x 10°® [68]
4 Am 139(5) ~100 4.11 0.08 0.28 6.6(18) x 107° 2.1(6) x 10°P [69]
6Bk 2213 ~100 5.69 2.63 1.88 0.04(2) 5.5H3 x 10 [70]
8Bk 144(5) ~100 477 1.05 —0.15 4.8(20) x 10~* 3.0(13) x 10°° [71]
0Bk 252(48) ~100f 3.94 —0.21 —1.91 1.3758 x 1073 1.9733 x 107 [5]
240Es 6(2) 30(10) 6.24 3.04 1.02 0.16(6) 1.3(8) x 102 [70]
2M2Es 16.9(8) 58(2)° 5.41 1.69 —0.75 1.5(4) x 1072 1.9(5) x 10°® [72]
24Eg 37(4) 961! 4.55 0.38 —2.14 1.2(4) x 1074 3.2(11) x 10°° [75]
Mg 450(30)' 90.1(18)' 3.73 -0.83 343 37455 x 107 14158 x 107 [31]
248Es 1.44(18) x 103" 99.7(3)' 3.06 —-1.92 —4.18 3.5(18) x 107° 4.1(22) x 108° [31]
246Mgm2 4.4(8) >77 5.92 2.03 —0.21 >0.1 <57(10)° [73]
20Md 52(6)' 93(3)! 4.33 —0.52 —2.89 272 % 107 2.8728 x 10°° [76]

aTaken from Ref. [45] for '"® Au®™, Ref. [53] for '3¥Bi’*" and

190Bjls:hs and Ref. [54] for 2°Fr and 2>Fré™.

bCalculated according to Eq. (4) using the listed 7} », bg, and Pgpr values.
¢ Average of Tj,(**TI") = 1.9(1) s [55] and evaluated T; > ("**TI") = 3.1(10) s [56], with uncertainty taken as | T} — T}'}| /2.
dTaken from evaluation for the high-spin state [56]; for the low-spin state an upper limit of b5 < 99.51% was measured [55].
¢ Average of half-lives of the two states evaluated in systematics in Ref. [50].
fCalculated from ground-state theoretical partial half-lives of 8 and & decays from Ref. [57].
£Estimate for both BDF precursors from Ref. [58], assuming they both have bg ~ 0.6%.
hCalculated according to Eq. (6) using Ngpg/N, (or N, /Ngpr) ratio from the original reference and the listed 7 >.

i Average of estimates from Ref. [59] for the two states using various assumptions.

i Average of half-lives of the two states from Ref. [59], with uncertainty taken as |Tl’722 —T/31/2.
¥Estimate for both SDF precursors from Ref. [59] assuming they both have bg ~ 8.3%.

ITaken from ENSDF evaluation: A = 200 [61], A = 244 [62], A = 246 [63], A = 248 [64], and A = 250 [65].

MCalculated using the listed T /», bg, and taking Ngpr/N, = 7.3(8) x 10~%, which is the ratio from Ref. [50] multiplied by a factor of 10, since
there was apparently a typographical error. Adjusted order of magnitude of the ratio is consistent with 7; 5, gpr value from Ref. [50], and also
with FF and «-decay rates given in Table 4.1 of the thesis based on the same data set [66].
"Calculated using the listed T}, bg, and taking Ngpr/N, = 7.3(8) X 107m,
°Average of values 59(3)% [72] and 57(3)% [73]. We note that the latter value was taken from the text of Ref. [73], the values in Table II and

Fig. 8 of Ref. [73] are swapped with b, [74].

014325-6



SEARCH FOR B-DELAYED FISSION OF '"*Au®" AND AN ...

PHYSICAL REVIEW C 113, 014325 (2026)

L B e |.‘ LI B S L L L ML '2|3‘0'Ah"] |""“' T
10°| Thomas-Fermi 246Mdm2i]24°E5 T
| (a) 202 1889, r72142Ei 00
-2 jom >
10 zzsz e A\\ Fr
250Md, _®osp - B
21074 245 . \ 236K ]
ook - HOESy  uogy | —_ ]
19°B|? 244Eg Z2pm
1078 - *178/_\“ 182T|ZF 23*Am 1
) O‘ S L o o o o I 'ZloéF'r‘ Tt "|23‘O' L
0°|FRLDM Z“Mdmzi] “9Es . 1segi Am ]
- (b) 242p¢ »
1072 g 1
25OMd 284pg 202Fr : o
10-6<.'§48E§""' TBk aeyp 1
I 19031? 1827
107811787y ¥ & Bk 2 ]

4 3 -2 -1 o 1 2 3 a4
Qs - Br (MeV)

FIG. 5. Systematics of Pgpr values in the neutron-deficient re-
gion as a function of difference Qg — B, for B, values (a) from
the TF model [51] and (b) the FRLDM [30]. The plotted values are
listed in Table II. Full symbols denote values (or limits) determined
for a specific B-decaying state, while open symbols are used for
estimates, where two different states could be precursors of SDF.
Arrows indicate upper or lower limits. The red solid trend line is an
exponential function, whose parameters were obtained by fitting the
selected reliable points; see Table III and Sec. IV for details. The
dotted lines use the same function, but are offset by £ one order of
magnitude. We note that some data points are larger than the error
bar range.

IV. DISCUSSION

Updated BDF systematics for the neutron-deficient side
of the nuclear chart, similar to one from a decade ago in
Ref. [50], is compiled in Table II, including the Pgpr and
Ti/2p.por limits for 78 Aus"™ from the present work. The listed
Op — By differences were calculated using fission barriers
from two models: the FRLDM [30], and the Thomas-Fermi
(TF) model [51] with microscopic corrections from the finite-
range droplet model (FRDM) [52]. The experimental values
from Table II are plotted as functions of Qg — B difference
in Fig. 5 for Pgpr and in Fig. 6 for T2 gpr. Since the limits
for 78 Au¢ and '8 Au™ are almost the same, only the limits for
178 Au™ are displayed in Figs. 5 and 6 to represent both states.
Similarly, the limits for '°Bi" [34] are displayed to represent
both '*Bi" and '"Bi".

The trend lines shown in Figs. 5 and 6 were constructed
as functions ae?@~B/) and their parameters are given in
Table III. The parameters were obtained by fitting plots of
In(Pgpr) and In(T72p gpr) values with a linear function A +
b(Qp — By), using an unweighted least-squares fit. The pa-
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FIG. 6. The same as Fig. 5, but for partial half-lives of SDF.

rameter a is then equal to ¢*. Limits, and data shown as open
points in Figs. 5 and 6, denoting that two different states could
be precursors of BDF, were excluded from the fits. In the case
of PgpE, the points for 38Bi'*" were also excluded, because
their bg are unknown and only small theoretical bg values
were used in determination of Pgpg, which introduces a large
systematic uncertainty [34].

The systematics in Figs. 5 and 6 show the general trends
recognized already in previous works [1,50], such as the
exponential dependence of the Pgpr and T2 gpr values on
the Qg — By difference, the overall shift to smaller Qg — By
values for FRLDM-based systematics, and a smaller spread
of values around the trend lines for TF-based plots compared
to ones based on FRLDM fission barriers. The latter point is
apparent also from the comparison of residual sums of squares
per degree of freedom (RSS/NDF) in Table III. However, for

TABLE III. Parameters of trend lines ae”@~5/) from Figs. 5
and 6. They were obtained by fitting plots of selected In(Pgpr) and
In(T /55, ppr) values with linear function A + b(Qg — By), using an
unweighted least-squares fit, see Sec. IV for details. The parameter a
is then equal to e”. The last column contains residual sum of squares
per degree of freedom from the fits.

Plot By model a b %
Fig. 5(a) TF 6.3(29)x 1073 2.01(29) 2.1
Fig. 5(b) FRLDM 5.1(35)x 10~* 0.99(35) 6.3
Fig. 6(a) TF 1.1(6)x 10° —3.09(32) 2.9
Fig. 6(b) FRLDM 3.7(26)x 10* —1.93(38) 7.9
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both models of the fission barriers, most of the experimental
points fall within the range of + one order of magnitude
around the trend lines. Such a level of consistency can be
considered satisfactory, when taking into account the spread
over five and seven orders of magnitude for Pgpr and 71 /2p, gpr
values, respectively (excluding those limits for which no SDF
was observed).

It was discussed in Ref. [1] that different isotopic chains
seem to have separate trend lines in FRLDM-based plots.
However, only the einsteinium and berkelium isotopic chains
have more than two reliable experimental points, and there
is no known BDF case among gold isotopes. Thus, we also
used only one common trend line for the FRLDM-based
systematics in Figs. 5(b) and 6(b). Nevertheless, if the trend
lines are determined only for the five einsteinium isotopes for
either of the By models, the data points show almost perfect
consistency with the exponential trend, resulting in RSS/NDF
values between 0.4—1.3 [the lowest one comes from the fit of
the In(7} 2, gpr) plot based on the TF model].

The upper limit of Pgpr < 9.7(2) x 10~° deduced for
78 Au™ is the lowest experimental value or limit measured
on the neutron-deficient side of the nuclear chart (Fig. 5).
Contrary to the general trend mentioned above, the Qg — By
difference of —3.7 MeV for "®Au based on the barrier from
the TF model is lower than the —3.1 MeV difference based
on FRLDM. As a result, the Pgpr limits for '"SAus™ are
roughly consistent with the trend of the TF-based systematics
in Fig. 5(a), while there is a three-orders-of-magnitude devi-
ation towards lower values in the FRLDM-based systematics
in Fig. 5(b).

As itis apparent from Eqs. (3) and (7), upper limits of Pgpg
translate to lower limits of 7/, gpr shown in Fig. 6. In these
systematics, the limit for 7® Au is roughly consistent with the
trend when B values from the FRLDM are used [Fig. 6(b)].
However, when TF fission barriers are employed, the limit
is more than two orders of magnitude below the trend line
[Fig. 6(a)]. This leads to an interesting consequence: increas-
ing statistics of measured o decays, while still not detecting
BDF, will move the Tj,p gpr limit closer to the trend in the
TF-based systematics in Fig. 6(a), but at the same time it will
increase the inconsistency with Pgpr systematics within the
same model in Fig. 5(a) as well as with both systematics based
on FRLDM in Figs. 5(b) and 6(b).

For most other isotopes, both Pgpr and T, gpr values
are at the same time roughly consistent (or inconsistent) with
the respective systematics in Figs. 5 and 6. In the case of
inconsistency, it may be argued that the fission barrier height
is different from the value predicted by a given model, and
thus the inconsistency could be roughly resolved by shifting
the point along the x axis in both the Pgpr and T/ gprF
systematics. However, this is not the case for !"8Au since a
shift along the x axis would improve the situation for Pgpr
and worsen it for T2 gpr systematics, or vice versa.

The second lowest measured Pgpr is also only an upper
limit of Pgpr('®2TI) < 3.4 x 1078, which was deduced for a
mixture of two B-decaying states in '*>TI based on absence of
BDF events [55]. The corresponding lower limit of T2 gpr
is >5.2 x 107 s [55]. This isotope has a much larger Qg — By
value compared to 178 Au (see Table II), thus the limits deviate

from the trend lines even more strongly. The largest discrep-
ancy, by ~4 orders of magnitude, is for the FRLDM-based
plot of Pgpr values in Fig. 5(b). Similarly to the '"®Au case,
the discrepancies cannot be fully resolved by simply changing
the fission barrier height, because for both models the incon-
sistency is much larger in the systematics of Pgpr values than
in the Tj 2 gpr Systematics. Nevertheless, the limits for 82Tl
were determined for a mixture of two B-decaying states, and
only a lower limit of the a-decay branching ratio of 0.49% for
the low-spin state was deduced [55], which may contribute to
the observed discrepancies.

Apart from the strong (exponential) Qg — By dependence,
Eq. (1) shows that other parameters are crucial for the SDF
probability. First of all, knowledge of the B-strength function
Sg is needed for a more detailed discussion. The absence of
BDF events in the '"®*Au and '32TI measurements may have
been caused by too weak or even nonexistent S-decay feeding
to high-lying states. Moreover, level densities and pairing
interaction in the daughter nucleus influence the fission decay
width I'/(E) [2]. As discussed, for example, in Ref. [70], the
shape of the fission barrier is another important factor that can
affect the Pgpr value. Therefore, the occurrence of SDF and
its probability are a result of a complex interplay of various
factors and the deeper discussion of the underlying physics is
beyond the scope of the present study. Nevertheless, we note
that dedicated experimental measurements of Sg, employing,
for example, total absorption gamma spectroscopy [77], could
strongly improve the understanding of Pgpr values.

V. CONCLUSIONS

Decay measurement using isomerically pure beams of
178 Au¢ and '""®Au” was performed at the ISOLDE-CERN
facility with the aim to search for their S-delayed fission decay
branch. Two complementary detection systems, the ISOLDE
Decay Station (IDS) and Alpha SETup (ASET), were used.

More than 107 « decays for each state, '"8Aus
and '8Au™, were detected, but no fission fragments
were observed. Thus, upper limits of BDF probabili-
ties were determined: Pgpr('"®Auf) < 1.11(2) x 1078 and
Pspr('78Au™) < 9.7(2) x 107°. These limits are the low-
est among all measured Pgpp values or limits on the
neutron-deficient side of the nuclear chart. Lower limits of
partial ADF half-lives, Ti/2p sor('"®Auf) > 1.98(10) x 108 s
and Tj op gor (‘B Au™) > 1.73(7) x 108 s, were also deduced.

The results were compared with the systematics of exper-
imental values as functions of the Qg — B/ difference, where
fission barrier heights By were taken from either the finite-
range liquid-drop model (FRLDM) [30] or the Thomas-Fermi
(TF) model [51]. The comparison showed large inconsis-
tencies, mainly with the Pgpr plot using FRLDM fission
barriers, and 7 /5, gpr plot employing TF barriers. As a result,
even within one given model, simply changing the fission
barrier height or increasing the measured statistics will not
lead to agreement with both the Pgpr and the Ti/, gpr Sys-
tematics. The situation highlights the limitations of a simple
picture using only the Qg — By difference as a key parameter,
without considering other properties, for example the B-
strength function.
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