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The process of B-delayed fission (8DF) of %232 Fr and 2*%2322** A¢c was studied in an experiment performed
at the ISOLDE facility at CERN. As no fission fragments were observed for any of the nuclei investigated,
upper limits for their BDF probability (Pgpr) were determined. The experimental results were compared with
theoretical calculations that were first benchmarked on '"%18°T] Pgpr experimental values. The Pgpr values were
calculated using the code TALYS to which B-strength functions obtained from the D1M Gogny parametrization
and from the Skyrme functional SKO’ were given as input together with fission paths obtained with BSkG3 and
BSk14 models. Sensitivity studies of different B-strength functions, and fission paths scaling on the Pgpr values
were conducted, suggesting a stronger dependence of the Pgpr on the fission paths rather than on the B-strength

function used.
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I. INTRODUCTION

Beta-delayed fission (BDF) is a two-step process that starts
from the § decay of a mother nucleus to different states of the
daughter. If the excitation energy of these states is comparable
to the fission barrier (By) of the daughter nucleus, the process
may result in fission of the latter [1]. To observe BDF, two
main conditions need to be fulfilled: the S-decay branching
ratio (bg) needs to be sufficiently large, and the energy

Published by the American Physical Society
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window has to be favorable in order to populate states in
the daughter nucleus with excitation energies (E*) close to
or above the fission barrier so that the nucleus may undergo
fission. So far BDF has been observed experimentally only in
odd-odd nuclei (see Table 1 in Ref. [1] for an overview of pre-
vious BDF studies). This is mostly because (i) the odd-even
mass staggering makes the Qg values of odd-odd nuclei higher
than their neighboring even-odd nuclei, and (ii) the B-decay
daughter will be an even-even nucleus, for which fission is
generally faster than for odd-A and odd-odd nuclei [1].

The interest in SDF touches on aspects of both nuclear
physics and astrophysics. First of all, BDF is a powerful tool
to access low-energy fission of nuclei that cannot be studied
otherwise [1]. This low-energy process helps in gathering
information on how shell effects influence fission, which, at
high energy, is typically dominated by macroscopic effects.
Low-energy fission has been studied so far by looking at
the nuclei undergoing spontaneous fission (SF), by particle-
induced fission at low energies, or by Coulomb excitation [2].
With SF the nucleus decays from the ground state (E* = 0),
or from an isomeric state at moderate E* values. Fission
isomers have been identified in the actinide region [3], and the
typical excitation energy does not exceed 3—4 MeV. Through
fission induced by neutrons at low energy, excitation energies
of a few MeV can be reached. In Coulomb excitation measure-
ments, excitation energies peaking around E* & 11 MeV can
be reached [2]. In BDF the excitation energy of the daughter
is limited by the Qg of the mother nucleus. For nuclei on
the neutron-rich side of the nuclear chart that are accessible
experimentally this energy can vary up to 6 MeV, while for
nuclei on the neutron-deficient side the Qg can reach up to
12 MeV. Therefore, the excitation energies achieved with SDF
are located somewhere in between those that can be accessed
with SF and Coulomb excitation.

The second motivation in SDF studies of neutron-rich
nuclei is linked to the r-process nucleosynthesis, which is
responsible for the production of about half of the elements
heavier than iron in the universe. When the r process reaches
the region of heavy and neutron-rich nuclei where fission
(SF, n-induced fission, BDF) becomes one of the main decay
channels, no heavier elements can be produced. Studying the
rates of BDF and the fission fragment (FF) mass distribution
of the nuclei undergoing this process is crucial to advancing
the understanding of r-process nucleosynthesis [4,5].

So far, experimentally SDF has been mainly studied in
the neutron-deficient side of the nuclear chart, as shown by
Fig. 1. On the neutron-rich side only few cases have been
measured. In this region BDF experiments are comparatively
more difficult, since production methods such as heavy-ion in-
duced fusion-evaporation are not available. The values of Pgpr
in the neutron-rich nuclei reported are much lower (Pgpr ~
10~7-107'2) than for the nuclei on the neutron-deficient side
(PﬁDF ~ 10_2—10_6) [1].

The region of interest to the r process [5] is not acces-
sible experimentally. Therefore, nucleosynthesis simulations
for these nuclei rely only on theoretical models. This study
aims to provide more data for the most neutron-rich isotopes
accessible experimentally. An experiment has been performed
at the ISOLDE facility (CERN) with the goal of measuring
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FIG. 1. Summary of the previous experimental studies per-
formed for SDF in both the neutron-deficient (in red) and the
neutron-rich (in purple) areas of the nuclear chart.

BDF of 23-232Fr and of 230232234 A¢ to remeasure the reported
value of Pgpr for 2Z0Ac and extend to more neutron-rich
nuclei.

II. EXPERIMENTAL METHODS

In 2022, during the LOI216 [6] experiment at the ISOLDE
facility (CERN), radioactive ion beams (RIBs) of masses
A =230, 232, 234 were produced using the isotope separation
online (ISOL) technique [7]. A proton beam with energy of
1.4 GeV and average intensity of 2 uA impinged on a target
of solid UC,, producing different species that diffused from
the target material and effused towards the ion source, where
neutral atoms were ionized through surface ionization [8]. The
ions produced were extracted from the ion source, accelerated
to an energy of 50 keV, and sent through the mass separator,
in which the mass to charge ratio of interest was selected.
Finally, the beam was delivered to the experimental setup.
While 23%2%Fr were produced directly, the actinium isotopes
of interest were populated via 8 decay of francium and radium
nuclei at masses A = 230, 232, and 234 (see Fig. 2), for which
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FIG. 2. Decay chains used during the measurements: 2°*-*2Fr

were produced directly, while 229232234 A¢ were populated indirectly
via B~ decay.

065803-2



NEW UPPER LIMITS FOR S-DELAYED FISSION ...

PHYSICAL REVIEW C 111, 065803 (2025)

FIG. 3. Schematic view of the ASET: the silicon annular detector
is places in front of the ladder, and the silicon full detector at the
back, with the RIB coming in from the front.

surface ionization and faster release from the target [8] could
provide higher yields.

To study isotopes with A = 230, 232, the alpha setup
(ASET) was used (see Fig. 3) [9]. ASET consisted of a
vacuum chamber hosting a ladder-based system, where ten
carbon foils with thickness of 20 ug/cm? [10] were placed
and used for implantation. The ladder could be moved ver-
tically, to allow for a change of the foil on the implantation
position without venting the setup. An annular silicon detector
was placed upstream from the ladder to let the beam reach the
implantation foil, while a full silicon detector was positioned
on the opposite side (see Fig. 3). Both silicon detectors were
surface barrier detectors, and were used to observe the FF
emitted in the BDF events. The annular detector had a hole
of 6 mm, a surface area of 450 mm?2, and a depletion region
thickness of 300 wm when fully biased, while the full detector
had an area of 300 mm?, and a thickness of 500 um. A 75%
high-purity germanium (HPGe) detector was placed outside
downstream of the ASET to perform y-ray spectroscopy. The
acquisition system used was a CAEN N6730S digitizer read
out by the caen compass software that recorded event-by-
event data. The full data on these nuclides are available online
[11].

Mass A = 234 ions were implanted at the ISOLDE De-
cay Station (IDS) [12]. Here, the RIB was implanted on an
aluminized Mylar tape placed inside a vacuum chamber and
facing a surface barrier silicon annular detector with a hole
of 8 mm, surface area of 450 mm?, and thickness of 300 wm.
Outside the chamber four HPGe clover detectors were placed
to measure the y rays.

The efficiency for a-particle detection of the annular de-
tectors used in both setups was obtained from dedicated
measurements with calibration sources: the annular detector
used in the ASET had an efficiency of 12(1)%, while that
used at IDS had an efficiency of 3.0(3)%. In the ASET, the
beam could be partially implanted on the ladder, if the foil
position was not perfectly aligned with the hole of the annular
detector, resulting in a decreased efficiency of the full detector
placed on the opposite side. Therefore, the determination of
the silicon full detector efficiency relied on comparison of the
count rate on this detector with respect to the count rate on

TABLE I. Isotopes of interest constituting the decay chains im-
planted at masses A = 230, 232, 234.

A Nuclide Ty
230 230py 19.1(5) s [14]
20Ra 93.0(20) min [14]
Z0Ac 122.0(30) s [14]
232 22pp 5.5(6) s [15]
22Ra 4.2(8) min [15]
Z2Ac 119.0(50) s [15]
234 2%Ra 30.0(10) s [16]
Z4Ac 44.0(70) s [16]

the silicon annular detector. After scaling the efficiency of the
annular detector used with the ASET for the ratio of the count
rates between the annular and the full detectors, the efficiency
of the full detector resulted in a value of 9(1)%.

The HPGe detectors were characterized with calibration
sources of known activities (**Co, '**Ba, '3’Cs, "?Eu). The
efficiency curve was determined using the Bayesian approach
reported in Ref. [13] that fully accounts for the correlations
between lines of a single source with the source activity un-
certainty.

Different time structures for the implantations were chosen
depending on the half-life of the mother nucleus. At mass
A = 230, 2°Ac quickly reaches secular equilibrium with
230Ra (see Table I), so the beam was implanted only for 1-2 h.
However, the acquisition was left measuring the decay until
background level was reached. To optimize the use of beam
time, during the decay part the beam was sent to IDS where
other measurements were performed. For masses A = 232 and
234, the surface ionized 2*2Fr and 2%%*Ra have relatively
short half-lives, so the beam was implanted and measured
continuously for up to a few hours. A total of about 47 h
of measurements were collected for A = 230 (about 5 h of
implantation and 42 h of decay), 18.5 h for A = 232, and about
23 h for A = 234.

III. RESULTS

To verify the operation of the detection setup, a test was
done with 29Fr that is produced as a mixture of its ground
state and its isomeric state (TI”;2 =0.372(12) s and T{;’z =
0.286(13) s [17]). Figure 4 shows the spectrum of the annular
detector where 6 FF are visible in the 50-80 MeV range. Even
though two states can be found for this isotope, when its SDF
was measured and studied in Ref. [18], the ground state could
not be separated from the isomeric state. Therefore, a single
value for Pgpp = 3.0(5) x 10~* was given. In Ref. [18], the
rate from the main 2°>Fr « lines was measured to be 30 s~ !,
while the FF rate was 1.6 h~!. The measured rates in the
present study for 2?Fr were 12.14(3) s~ and 1.1(5) h™! for
the 2Fr « line rate and FF rate, respectively. The FF rate
is in agreement with the expected value of about 0.7(1) h™!,
calculated based on values from Ref. [18].

The measured data for A = 230, 232, and 234 obtained with
the annular detector are shown in Fig. 5. No FF were observed
in any detector for any mass. The « lines in the spectra come
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FIG. 4. Spectrum from the silicon annular detector from the test
measurement with 22Fr showing the 6 FF observed in the 50—
80 MeV range. The main « lines have been identified: those indicated
in black come from the decay chain of *>Fr, while those in red are
from the decay chains of gaseous radon isotopes present as a small
contamination in the beam line. The indicated o energies are from
Ref. [19].

from either known RaF molecules at the selected mass (e.g.,
2I1Ra '9F at mass A = 230) or from a small contamination in
the beam line of gaseous radon isotopes. In the A = 230 spec-
trum, five events appear in the energy range of 20-40 MeV.
The possible origin of these will be discussed in Sec. IV in
more detail.

The collected data were used to determine new upper limits
for the Pgpr of 230.22Fr and 239232234 Ac. The probability of
BDF is defined as

Ngpr
Npg

Pgpr = ) (D

where Ngpr is the number of BDF events, and Ng is the total
number of B-decay events.

The value of Ng was obtained from the y-ray spectra
analysis, by investigating the characteristic and most intense
y-ray transitions of each isotope of interest. Figure 6 shows
the relevant part of the typical y-ray spectra for the three
implanted masses, and highlights some of the main transitions
for the actinium isotopes.

Out of all the y rays following the decay of the different
isotopes, only those with a significant absolute intensity (usu-
ally larger than 1%) and not overlapping with y rays from
other isotopes, were selected. The areas fitted from the y-ray
peaks were corrected by their absolute y-ray intensities and
efficiencies to obtain Ng. To estimate the number of BDF
events, since no FF were observed, the value of 1.84 was
taken [20]. This is the upper limit of the standard error for
zero counts in Poisson statistics with a confidence level of
84% [20]. To calculate the SDF probability the following
equation was used:

1.84

—, (©))
€FF Nﬂ

Pgpr =

A =230
(i) 21%Po - 5304 keV
(ii) 297At - 5758 keV
(iii) 2°7Rn - 6130 keV
(iv) 2'1Ra - 6909 keV
(v) 2*4Po - 7687 keV
(vi) 213Po - 8376 keV
(vii) 212Po - 8785 keV

Counts/keV
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(iii) 2*3Ra - 6625 keV
(iv) 213Ra - 6732 keV
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(vii) 213Rn - 8089 keV
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(ix) 212po - 8785 keV
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FIG. 5. Spectra from the silicon annular detector showing the
total statistics collected for each implanted mass: (a) for A = 230,
(b) for A = 232, and (c) for A = 234. No events are present in the
region above 60 MeV where FF are expected. The main « lines have
been identified: those indicated in black belong to the decay chain of
molecular contaminants at the same masses (i.e., >''Ra '°F for A =
230, and 2'3Ra '°F for A = 232), while those indicated in red come
from gaseous radon isotopes present as a small contamination in the
beam line. The indicated « energies are from Ref. [19].

where egg is the FF detection efficiency from the silicon detec-
tors taken to be twice that of the « particle detection efficiency.
For the ASET, egr = 42(3)% was given by twice the sum of
the a-detection efficiency of the annular and the full detectors.
For IDS, egg = 6.0(6)% since the annular detector was the
only silicon detector used with this setup. Figure 7 shows
the results obtained by using Eq. (2) for the different y rays
of 2°Fr and »**2%2 Ac. The weighted average of the different
values found from the y rays of each nuclide was calculated,
and the upper limit of the Pgpr is given as the sum of the
weighted average and its final uncertainty. Since only one y
ray was used for 23?Fr and ?**Ac, no plot is shown.

065803-4



NEW UPPER LIMITS FOR S-DELAYED FISSION ...

PHYSICAL REVIEW C 111, 065803 (2025)

> o o o 3
Uqpsl(@ R R A=230 & P
x 10 S alia = Y
2 & oliF I a
C n (e} o — ~
> m —i e — @«
(o] o
O105t >
W MUWJUU |
104 >0 > >
Q [0] [0] Q
X 2 2 a2 °
Al oAalia = =
ol Riig m =
10°F  QF Giin 2 @
o~ m m ~ M
n \Hw wH ‘\_' n n | n lw_‘ | n \H\ | n
1200 1400 1600 1800 2000
Energy [keV]
T1osl @3 2> A =232 33
S R I
£ DO ol win
S o < © n N
o 0 < 0 m IR
(@] © — m ~ ~iH~
o ~ ~ o oL o
~— ~ —~
105
QU 2R Mﬂ
104} T T o ©iin
L&l ® s s mi=
:\ i ‘\\‘ | | \N <r N\
600 700 800 900 1000 1100
Energy [keV]
>
e () A =234
D105
C
=}
(e}
(@]
>
104 | g
)
n
©
[ee]
o ‘kD‘ T T I T ST SO AN S SO SN SN ST S S ST
600 70 800 900 1000 1100

Energy [keV]

FIG. 6. y-ray spectra from the HPGe detectors showing the total
statistics collected for each implanted mass: (a) for A = 230, (b) for
A = 232, and (c) for A = 234. The vertical dashed lines highlight
the most intense y-ray transitions from the actinium isotope at each
mass. When available, the absolute intensity of the y ray is reported
as well. The energies and intensities are taken from Refs. [14,15],
and [16], for 2*°Ac, 2?Ac, and 2**Ac y rays, respectively.

In the case of 2*Ac, no absolute intensity is known for
its y rays nor values of the daughter states feeding via 8
decay (Ig). Instead, systematics of neighboring even-A ac-
tinium isotopes, i.e., 230.232 A ¢ were considered as these nuclei
display a similar decay pattern to the ground state of the
respective thorium daughter. The 688.5(3) keV y ray from
the 1~ state to the ground state of >*Th was considered. The
Iy for the decay of 24 Ac into the 1~ state of its daughter
was calculated assuming the logft to be the average of the
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FIG. 7. Upper limits of the Pgpr obtained from the different y
rays of the isotopes of interest (indicated by their energies on the
horizontal axis): (a) for >*°Fr, (b) for > Ac, and (c) for ***Ac. The
dashed horizontal gray line represents the weighted average, for
which the propagated uncertainty is shown by the gray band. The
final upper limit was obtained from the sum of the weighted average
and the propagated uncertainty, and it is shown by the horizontal red
line with the arrow. Only a single y ray was used for 2*?Fr and 24Ac,
so no plot is shown.

logft values of the 1~ states in >*Th and **Th populated
by the B~ decay of **Ac and ?*?Ac, respectively. This gives
a Ig ~ 20% that can be combined with the known relative
intensity of the 688.5(3) keV y ray (100% [16]), and used
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TABLE II. Summary of the average Ny obtained from the y rays studied, and the new Pgpr upper limits found for the neutron-rich nuclei
studied. The statistics at mass A = 230 were collected for almost 47 h (about 5 h of implantation and 42 h of decay); at mass A = 232 for
about 19 h; at A = 234 for about 23 h. The final upper limit for each nuclide was obtained by summing the weighted average to the propagated

uncertainty. The partial BDF half-lives were calculated using Eq. (3).

PﬁDF
Isotope N/g Lit. This work Tl/Zp,ﬁDF [S]
20py 1.4(1) x 108 <3 x107° [23] <3.3x10°8 >5.8 x 108
22Fy 4.3(10) x 107 <2 x10°° [23] <1.3x 1077 >4.2 % 107
20Ac 1.02(4) x 10'° 1.19(40) x 1078 [24] <43 x 10710 >2.8 x 10"
22 Ac 1.50(8) x 10° <107 [23] <2.7%x107° >4.4 x 1010
Z4Ac 8.4(29) x 10° / <4.9x107° >9.0 x 10°

to calculate its absolute intensity [21]. The BDF probability
was then deduced following the same procedure used for the
other isotopes. Table II reports the final results obtained for
all the nuclides studied. For completeness, the lower limit of
the partial SDF half-life has been calculated for each nuclide,
using the following equation:

Ti2 3)

Tl 2p,BDF = 77— 5
/2p.B bﬁPﬁDF

where 77 ; is the total half-life of the nuclide considered [22].

IV. DISCUSSION

Most of the upper limits presented in Table II are in line
with the few other Pgpr values measured for the neutron-rich
nuclides (see Table I of Ref. [1]). However, particularly inter-
esting is the case of 230 Ac for which a value for the Pgpr of
1.19(40) x 108 has been reported in Ref. [24]. In the latter
work sources of 2*°Ra were obtained by chemical separation
from 23?Th targets irradiated with 60 MeV/u '#Q. The 2*°Ra
sources were stuck on mica foils used as fission track detec-
tors, and a HPGe detector was used to measure the y decay.
The reported Pgpr value was based on the identification of
two FF tracks and under the assumption that they could not
be assigned to anything other than SDF of 2*°Ac. The upper
limit reported in this work is two orders of magnitude lower
than the value of Ref. [24], hinting at possible misassignment
of the two observed FF from Ref. [24]. For 32Ac the upper
limit of 107° from Ref. [23] was reduced by three orders
of magnitude. No value or upper limit for >**Ac was known
before. Although the estimate for the total number of 8 de-
cays for 2*Ac was deduced with the help of systematics, the
order of magnitude of the limit for Pgpr should be reliable,
and the precise value could be refined once proper S-decay
spectroscopy is performed on this nucleus.

The deduced Pgpr upper limits for 2*>2Fr of 3.3 x 107%
and 1.3 x 1077, respectively, are one or two orders of magni-
tude lower than the literature values [23] (see Table II).

A surprising finding concerns mass A = 230, as some
counts in the range 20—40 MeV were observed in the annular
detector [see Fig. 5(a)]. These events are in an energy range
too low to be FF if compared, for example, with the FF ob-
served for 2°2Fr, but too high to be explained as the summing
of two to three « particles, which yields events situated in the
range of 10-20 MeV. The summing of multiple o particles

has been excluded because of the small count rate of about
25 Hz on the Si-annular detector, that would give a too small
probability for random summing of three to four « particles.
The possibility of background or noise events appearing in
this range has been discarded as well, since no counts are
observed in the same energy range during comparably long
measurements. Cluster emission might be an alternative inter-
pretation for these events as this decay mode has been reported
for neighboring isotopes. However, emission of >*Ne clusters
from 2*°Th can be ruled out, since no typical a-decay lines of
230Th have been observed in the silicon spectra, as expected
given its reported long half-life (T, = 7.538(30) x 10% yr
[25]). Cluster emission of carbon or oxygen isotopes is known
in the region for radium and thorium isotopes, i.e., emission
of #C from *2°Ra, or emission of 2°0 from 2?®Th. Mass A
= 226 is too far to observe a contamination in the beam, but
mass A = 228 could be present in the beam of mass A = 230.
However, the probability of cluster emission for >*Th is only
1.13 x 10713 [26], which means that if even only one of the
five events observed in the 2040 MeV range comes from this
isotope, a significant peak in the annular spectrum around its
typical « energies should have been observed. Since it is not
present, the possibility of those five events originating from
228Th can be discarded.

Given that all other masses and 2*°Th have been excluded
as origin for the events in the 20-40 MeV energy range, they
should come from either the decay of 2**Ra or >*° Ac. It cannot
be decided which of the two isotopes is the source of the
events, because 2*°Ac is in secular equilibrium with >*°Ra.

V. COMPARISON WITH THEORY

Calculations have been performed to obtain theoretical
values of Pgpr for the nuclides presented in this work. Be-
fore comparing these with the observed experimental upper
limits, the theoretical framework developed was benchmarked
with experimental Pgpr values of neutron-deficient cases, i.e.,
178,180 127,28]. The BDF probability of these nuclides was
measured at ISOLDE using the Windmill system, the precur-
sor of ASET. The values of Pspr reported for 73Tl and '8°T1
are 1.5(6) x 1073 [27] and 3.2(2) x 107> [28], respectively.
Given the reliability of these finite values, 73Tl were con-
sidered as good benchmark cases. The results obtained for
178.180T] are presented in this section alongside the values
obtained for the other neutron-rich nuclides studied.
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FIG. 8. The B-strength functions for the nuclides of interest as
a function of the excitation energies of the daughter states: (a) and
(b) show strengths obtained with D1M [29], and (c) with SKO’ [30].
Note the different scale of the x axis for plots (a) and (b) or (c).

So far, no model is able to produce all the necessary inputs
(i.e., B-strength functions, level densities, and fission paths)
within one unique framework. Therefore, different models are
used to calculate the various nuclear inputs. In this work all of
the inputs were obtained from energy density functional based
models. The B-strength functions were calculated within the
QRPA framework either using the DIM Gogny parametriza-
tion [29], or using the Skyrme functional SKO’ [30] (see
Fig. 8).

The potential energy surfaces (PES) from which the fis-
sion path can be extracted were obtained from BSkG3 [31],
and BSkl14 [32]. Both of these models were optimized by
fitting data from different observables, such as masses, charge
radii, or fission barriers. With respect to 45 primary barriers
known experimentally in the actinide region [33], BSkG3 and

— (a) - BSkG3 (n-def.)

=
N

E-Eq [MeV]
=
o
—

[oe]
T

178Hg

[ / 180H
obodi L

| (b) - BSKG3 (n-rich)

[oe]

[e0]
—T—

ob—o bt v
0.0 0.5 1.0 15 2.0 2.5 3.0

PRI
3.5
B2o
FIG. 9. Total energy (normalized to the corresponding ground
state) along the fission path parameterized by quadrupole deforma-
tion (By): (a) and (b) show the paths obtained with BSkG3 [31], and

(c) with BSk14 [32]. Note the different scale on the y axis between
(a) and (b) or (c).

BSk14 returned a root-mean-square deviations of 0.33 MeV
[31] and 0.67 MeV [32], respectively. These values are much
lower than other models used for fission studies (see, e.g.,
Ref. [34]). Both models also predict SF half-lives in very
good agreement with respect to the measured values. The
half-lives obtained from these models, calculated from fission
paths obtained with empirical effective inertia, are one and
two orders of magnitude away from the experimental value
for 2°Th and 232Th, respectively. Both models are able to
predict asymmetric fission as both allow the nucleus to take on
reflection asymmetric shapes along the fission path. However,
BSkG3 allows for triaxial deformation as well. With BSk14
the PES was obtained from a one-dimension calculation in
the quadrupole deformation coordinate space, but reflection
asymmetry was allowed, and the fission path could be directly
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TABLE III. Values of primary fission barriers for the daughter
nuclei of the nuclides studied, extracted from the LEP calculated with
BSkG3 [31] and BSk14 [32] models. When available, the empirical
value from RIPL-3 [33] is indicated.

B; (MeV)

Nuclide BSkG3 BSk14 RIPL-3
8Hg 10.7 / /
180Hg 11.9 / /
230Ra 7.5 / /
22Ra 7.4 / /
20Th 6.3 6.4 6.8
22T 6.4 6.9 6.7
24Th 6.6 7.0 /

extracted. With BSkG3 the PES was built in two dimen-
sions using both components of quadrupole deformation (see
Ref. [34] for more details). Therefore, to extract the least
energy path (LEP) in the case of BSkG3, the calculated PES
was given as input to the code PyNEB (Python Nudged Elastic
Band) [35]. The LEP represents the path that connects the
ground state to a scissioned configuration with the smallest
increment in energy at each step [36]. Figure 9 shows the
one-dimensional path obtained for all the studied cases as a
function of the elongation, f,9. Table III shows the values of
the primary fission barrier (By) for the nuclides of interest
extracted from the paths obtained with BSk14 and BSkG3.
When available, the empirical values from RIPL-3 [33] are
reported as well.

The LEP was used to consistently calculate the level den-
sity at the saddle points using the combinatorial approach
[37]. All the ingredients were introduced as input to the code
TALYS [38] to calculate the final SDF probabilities.

Sensitivity studies were performed to explore the impact
of the different parameters on the final value of the Pgpr.
First, different S-strength functions were tested to explore
their influence on the Pgpr. The DIM gB-strength function
was considered for all the nuclides studied, while for >*°Fr
and »?Ac p-strength functions calculated with the axially
deformed Skyrme SKO’ functional [30] were considered too.
Moreover, a f-strength function constant over the energy

range of the daughter’s excited states was used. The results
of this sensitivity test are reported in Table IV, and for com-
parison the experimental values either from Refs. [27,28] for
178.180T1  or from this work for the neutron-rich cases, are
shown as well.

The constant B-strength function gives a Pgpr for 17871 that
is only one order of magnitude away from the experimental
value, while for '8°TI the Pgpr found is much lower than
the measured one (about nine orders of magnitude smaller).
Even the DIM g-strength function returns a Pgpr closer to
the experimental value of '73TI than of 8T, but this time
the difference goes from one order of magnitude to six. Con-
sidering also the neutron-rich cases, the B-strength function
calculated with D1M returned the smallest probabilities. The
other functions gave Pgpr values that were two to four orders
of magnitude higher. The difference in the Pgpr values found
between the strengths used seems to be consistent over all the
cases studied in this work.

Another sensitivity study was performed on the fission
paths. In particular, the fission paths obtained from BSk14 and
BSkG3 shown in Fig. 9 were scaled in order to study the effect
of higher or lower fission barriers.

The results of this sensitivity test are visualized in Fig. 10
where the values obtained for 178:180T], 230'232Fr, and for
230.232.234A¢ are plotted. The original fission paths of the
daughter nuclei were increased or decreased by a factor of
up to 20%, resulting in the ranges of By visualized on the x
axes of Fig. 10. To determine the fission path for the thallium
and the francium isotopes, only BSkKG3 was used, while for
actinium BSk14 was considered as well, since the original
BSk14 calculations were performed for Z > 90 only. The
solid markers indicate the value corresponding to the empir-
ical barrier given in RIPL-3 [33], when available. For 2*°Fr
and *Ac the highest B; point in Fig. 10(b) was omitted
because the numerical precision of TALYS was reached and
the probability returned was null.

These results show the sensitivity of the calculated Pgpg
values to the primary fission barrier of the daughter. A vari-
ation of By by 4.5-5.5 MeV causes a change in the Pgpr
of about 11-13 orders of magnitude for 17871 and 18971,
respectively. Reducing the fission barrier of "*Hg by 20%
reproduces the experimental value of 8Tl Pgpp. However,
this is not true for "89TI, for which the trend of the points might

TABLE IV. Values of Pgpr obtained using different B-strength functions: DIM, SKO’ and a constant strength over the energy range of the
daughter’s excited states. The fission paths used were calculated with BSkG3. In the last column the experimental value of the Pgpr or its upper

limit found in this work (t.w.) is given for comparison.

Pgpr

Nuclide DI1M [29] SKO’ [30] constant P

17871 4.1 x107° / 1.2 x 1074 1.5(6) x 1073 [27]
1807 1.5 x 107" / 8.7 x 107 3.2(2) x 107° [28]
20p; 1.1x 1072 4.6 x 1078 9.7 x 10°'8 <33 x 1078 t.w.
22py 9.1 x 1072 / 5.9 x 107'° <1.3x 1077 t.W.
Z0Ac 7.4 x 10713 / 2.5x 107! <43 x 10710 t.w.
22 Ac 3.7 x 1072 2.2 x 10710 2.7 x 10710 <27 % 107° t.w.
B4Ac 1.1x 107" / 7.5 x 107" <49 x 107 t.W.

065803-8



NEW UPPER LIMITS FOR S-DELAYED FISSION ...

PHYSICAL REVIEW C 111, 065803 (2025)

§ 10'F (3)-BSkG3
o
1072 -
\7\\\
10-5F N
1078 \G\~\
101 o
0
10714 -
10771 —o- 1787
10-20| 1807
| | | | | |
8 9 10 11 12 13 14
Br[MeV]
w -3
g 107 (b) - BSKG3
o
10—7 —]
— = [
11| RCYERN
10 o. S
S L N @O
10715 N, el e
e
230 ~ON
10-19 | - Ac °~ 33
—o- 232pc O, ’81\
e BN
1023 e © B
—- 230Fp o

10727 —o- 232

,_.
o
b
T
c
\
los )
0
~
=
&~

10-°F

|
/
<<

10| .
N

10713 ~ -~
15 6\\\ A4S “~$~
10715} AL SRR
- 230Ac X N
10—17 9‘ =~
__G_ 232Ac \\0 \0
10719 234p¢
10721 L L L L L I I

| |
50 55 6.0 65 70 75 80 85 90
Br [MeV]

FIG. 10. Calculated values of Pgpr obtained from different scal-
ing of the fission paths of the daughter nuclei. The plot shows
the Pgpr of 178,180 230.232pp apqg 230232234 A¢ as a function of the
primary barrier height B extracted from the corresponding fission
path. The results obtained with BSkKG3 are shown in (a) and (b),
while those obtained with BSk14 in (c). The solid marker highlights a
correspondence with the empirical value of the primary barrier from
RIPL-3 [33], when available. The horizontal lines in (a) show the
experimental values with the uncertainty given by the band, while the
horizontal lines in (b) and (c) describe the new experimental upper
limits determined in this work.

hint at the need of a bigger reduction of its daughter fission
path. In a more extensive study dedicated to fission paths
calculations throughout the nuclear chart [39], BSkKG3 has
been found to systematically overestimate the fission barrier in
the pre-actinide region by 10-20 %, even more for the lighter
nuclides. In particular, BSkG3 overestimates the fission bar-
rier of '"®Hg, the lightest nuclide calculated in Ref. [39], by
about 40% compared to the value from RIPL-3 [33]. This is

consistent with the underestimation of the Pgpr found in this
work for 1781807,

Moving to the neutron-rich cases, for both *°Fr and ***Fr,
a variation of By by 2-3 MeV induces a change of about 13
orders of magnitude in Pgpr [see Fig. 10(a)]. For the actinium
cases, Fig. 10 shows different trends depending on the mass
and the considered model: an increase by 1 or a few MeV
in the height of the primary barrier induces a huge reduction
of Pgpr by orders of magnitude. This well-known sensitivity
to the primary barrier is relatively similar when adopting
BSk14 or BSkG3. The main difference between the results
obtained with BSk14 and BSkG3 is the fact that BSkG3 sys-
tematically predicts a higher Pgpr for 230 Ac than for 22234 Ac
(in particular, for #*Ac this is true at By > 6.6 MeV). This
can be explained by looking at the one dimensional paths in
Fig. 9(b), obtained with BSkG3. The path of 2*°Th presents
three barriers, while the paths of 2>2**Th show only two
barriers. As a consequence, when building the level density
on the saddle points, more states will appear on top of the
third barrier for the *°Th case, taking over and favoring the
fission when compared to the other isotopes.

These sensitivity studies performed on both the neutron-
deficient and the neutron-rich cases seem to lead to the
conclusion that the Pgpr is much more affected by the scaling
of the fission path, than by the different 8-strength functions
used. The same conclusion was reached in Ref. [40] where the
authors conducted a similar study to derive the fission barriers
of 178180Hg from the experimental values of '7%130T] PgpE.
This highlights the need for improvement in the way the
fission path is determined. A better way of performing these
calculations might be moving from the LEP to the least action
path (LAP) [35]. Contrary to the LEP, the LAP does account
for some dynamical aspects of the movement towards scis-
sion. Nonetheless, while different combinations of B-strength
functions and fission paths give different results, they agree
with the limits determined experimentally. In particular, the
Pgpr values calculated for 2**Ac support the new upper limit
obtained in this work.

VI. CONCLUSIONS

The process of BDF of different neutron-rich isotopes of
actinium and francium was studied at ISOLDE (CERN). Since
no FF were detected, new upper limits of Pgpr are reported
for 230-232Fr and 230232234 A¢c_ The value for the Pspr of 2°Ac
reported in Ref. [24] is challenged, as the upper limit found in
this work is two orders of magnitude lower.

The small probabilities found highlight once more the
difficulty of studying SDF in the neutron-rich region of the
nuclear chart, and the remaining need for more experimen-
tal results. Unfortunately, no other cases in the neutron-rich
actinide region can be accessed at ISOLDE at this stage.
To measure heavier and/or more neutron-rich nuclei requires
other facilities where other techniques can be applied, such
as the S3-LEB setup currently under commissioning at the
SPIRAL?2 facility at GANIL [41]. However, limited produc-
tion rates make the measurements of such a rare process
particularly challenging.
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Given the challenges, a theoretical framework that can
provide realistic Pgpr for astrophysical predictions is nec-
essary. The TALYS calculation obtained with microscopic
mean-field-type inputs are consistent with the limits deter-
mined experimentally. The procedure used in this work to
calculate Pgpr for the studied cases is being further improved
by moving from the LEP to the LAP for the fission path
determination. The framework will be used to perform an
extended and systematic comparison with existing data from
both neutron-deficient and neutron-rich isotopes.
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