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Spectroscopy along flerovium decay chains. III. Details on experiment, analysis, 282Cn,
and spontaneous fission branches
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Flerovium isotopes (element Z = 114) were produced in the fusion-evaporation reactions 48Ca + 242,244Pu and
studied with an upgraded TASISpec decay station placed in the focal plane of the gas-filled separator TASCA at
the GSI Helmholtzzentrum für Schwerionenforschung in Darmstadt, Germany. Twenty-nine flerovium decay
chains were identified by means of correlated implantation, α decay, and spontaneous fission events. Data
analysis aspects and statistical assessments, primarily based on measured rates of various events, which laid
the foundation for the comprehensive spectroscopic information on the flerovium decay chains, are presented
in detail. Various decay scenarios of an excited state observed in 282Cn are examined in depth with the help
of GEANT4 simulations and assessed by predictions of beyond mean-field calculations including triaxial shape
degrees of freedom. Previous, revised, and newly derived fission probabilities of even-even superheavy nuclei
are compared with various theoretical predictions.
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I. INTRODUCTION

Discovery of new superheavy elements [1–4] is being fol-
lowed by sophisticated single-atom chemistry experiments
[5–8] and nuclear spectroscopy experiments [9–12]. Such
chemical and spectroscopic investigations have focused or
relied on α-decay chains stemming from elements 114, Fl,
or element 115, Mc. The practical reason is that isotopes of
these elements are known to have the largest production cross
sections in this region on the order of σ ≈ 5–10 pb [2,12,13].
For decay spectroscopy studies conducted with instruments
placed directly behind recoil separators, this corresponds to
the observation of about one to two decay chains of super-
heavy atomic nuclei per day. The main incentive of such
studies is to provide reliable experimental anchor points at the
uppermost end of the nuclear chart for nuclear structure the-
ory, which otherwise has to solely rely on extrapolations over
many units of atomic (Z ) and neutron (N ) numbers [14]. The
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main goal is to gain access to decay schemes relevant for nu-
clear structure physics (see, e.g., Fig. 5 in Ref. [9]). Reliability
in the interpretation of the measured spectra is being con-
solidated through self-consistency checks in GEANT4-based
virtual experiments [15–17].

Another incentive to study flerovium isotopes in particu-
lar is that many microscopic-macroscopic nuclear structure
models or model parametrizations suggest Z = 114 as the
next magic proton number beyond lead, Z = 82, while mod-
ern mean-field approaches tend to favor Z = 120 [18,19].
Recent spectroscopic benchmarks on even-even flerovium iso-
topes, which are given in Ref. [20], demonstrate the need to
consider various shape degrees of freedom [21] as well as
correlations beyond the mean-field level [22]. An interesting
facet of superheavy odd-A nuclei in experimental reach is
the predicted presence and competition between high- j and
low- j orbitals at low excitation energies [23–27]. Though
details can differ widely among different theories, the com-
mon feature is that at least two α-decay sequences can
be expected for a given isotope [12]. In connection with
K-converted electromagnetic transitions, there are also op-
portunities for X-ray fingerprinting of the isotope’s proton
number [28].

Based on 48Ca-induced fusion-evaporation reactions on
Pu target material, the first decay chains associated with
flerovium isotopes were put forward more than two decades
ago [29,30]. While the isotopic origin of these early results re-
mains ambiguous (see, for instance, notes in Refs. [13,31,32]),
a more coherent picture of the generic decay characteristics
of 284–289Fl emerged over time [2,32,33] from a number of
discovery and confirmation experiments conducted at var-
ious accelerator facilities. These include both direct and
indirect flerovium production [13,34–45]. However, the com-
bined decay data for a given isotope is insufficient for
detailed nuclear structure assessments; it lacks either an ap-
propriate number of events, or spectroscopic relevance, or
both. This is illustrated in the Supplemental Materials of
Refs. [20,46].

In the present work, details of a spectroscopy experiment
aiming to study decay chains originating from flerovium
isotopes are described, complementing the results presented
elsewhere on even-even 286,288Fl [20] and odd-A 289Fl [46].
Here, the focus is on analysis aspects and various statisti-
cal assessments of the underlying data set, guiding towards
Tables I in the Supplemental Materials of Refs. [20,46] and
the present article [47], respectively. These tables summa-
rize the information on correlated α-decay chains, which
were observed in the present study. The vast majority of
the chains could be associated with decays of flerovium
isotopes [20,46].

The experiment is described in Sec. II. Special empha-
sis is put on the isotopic composition of the different target
segments on the target wheels, Fl-isotope assignment, and
measured cross sections. Aspects of first-level data analysis
are summarized in Sec. III. Coincidence events between α

particles detected in the implantation double-sided silicon
strip detector (DSSD) and electrons in the box DSSDs are
described. Further details are provided in the Supplemental
Material [47]. These concern:

(i) the method that was used to derive Nrandom, i.e., the
number of apparent decay chains of a given type
expected to arise randomly from background;

(ii) a likelihood assessment of missing events, and in par-
ticular missed implantation events;

(iii) the treatment of so-called escape events, i.e., when α-
decay events leave merely a fraction of their decay
energy only in the central DSSD;

(iv) the procedure used to determine α-decay energies;
(v) comments on germanium detector data processing

and randomly correlated photon coincidences.

Section IV begins with a more comprehensive investiga-
tion of the internal decay of the state identified at ≈0.6 MeV
excitation energy in 282Cn [20]. Four decay scenarios are
investigated with GEANT4 simulations and assessed with the
help of transition strengths predicted with beyond mean-field
calculations, which include triaxial shapes [22]. Decay proba-
bilities for α- and spontaneous-fission branches for a number
of even-even superheavy nuclei are compiled and discussed in
Sec. IV B. The paper closes with a summary in Sec. V.

II. EXPERIMENT

The experiment was conducted at the GSI Helmholtzzen-
trum für Schwerionenforschung, Darmstadt, Germany, in two
runs in 2019 and 2020. Table I summarizes the main param-
eters. A 48Ca10+ beam was accelerated with the Universal

TABLE I. Summary of experimental parameters: 242Pu and 244Pu
target segments, Ti backing and degrader thicknesses, midtarget
beam energies and compound-nucleus excitation energies, measured
beam integrals, and number of decay chains associated with the 4n
channel, 286,288Fl, as well as the 3n channel 287,289Fl for the two
experimental runs 1 and 2. Derived cross sections, σ (4n) and σ (3n),
are given as well, likewise the value corresponding to the observation
of one Fl-decay chain in the last row. See text for further details.

Target 242Pu 244Pu
Pu layer (mg/cm2) 0.71(1) 0.80(1)
Ti backing (µm) 1 × 2.3(1) 3 × 2.3(1); 1 × 2.2(1)
Experiment part only run 1 run 1 and run 2
Ti degrader (µm) 5.0(1) 5.5(1) 5.1(1) 5.6(1)
〈Ebeam〉a (MeV) 241.2 238.0 240.6 237.4
E∗

CN,min
b (MeV) 34.7 32.1 35.7 33.1

E∗
CN,max

b (MeV) 40.8 38.2 42.5 39.9
Beam integral (1018) 0.19(1) 0.26(2) 2.23(13) 3.29(19)
No. 286,288Fl chains 2 – 6 5+1c

σ (4n) (pb)d 22(26
15 )(3) – 5.1(29

21 )(6) 3.5(20
14 )(4)

No. 287,289Fl chains – – 7 8
σ (3n) (pb)d – – 6.2(32

24 )(8) 4.8(23
17 )(6)

σ (1 chain) (pb)d 11(25
9 )(1) 8(19

7 )(1) 0.9(20
7 )(1) 0.6(14

5 )(1)

aEnergy losses were simulated with SRIM [48] and have ≈2 MeV
systematic uncertainty.
bMasses of compound nuclei 290,292Fl taken from [49].
cThe ambiguous 286Fl or 288Fl chain was included here.
dStatistical and systematic uncertainties, corresponding to 1-σ con-
fidence intervals, are given within the first and second parentheses,
respectively.
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Linear Accelerator (UNILAC) to an average intensity of
0.8µA (particle) in relation to its pulsed beam structure,
namely 5 ms beam on and 15 ms beam off. The beam was
directed to the TASCA cave. Here, the accelerated 48Ca ions
collided with target layers of 242Pu and 244Pu, and flerovium
nuclei were produced following fusion-evaporation reactions.
The gas-filled recoil separator TASCA [50] was used to ef-
ficiently transmit, select, and focus the flerovium ions into
an upgraded version of the TASISpec decay station [51,52].
Here, the structure of nuclei along the Fl-decay chains could
be investigated by means of high-resolution particle-photon
coincidence spectroscopy.

For the experiment, TASCA was filled with 0.8 mbar He
gas [53]. The TASCA dipole magnet was set to center ions
with magnetic rigidity Bρ = 2.27 Tm in the focal plane. This
value had been established as an optimum value in previ-
ous studies of flerovium isotopes at GSI [7,8,42]. In 2019,
prior to the first run of the main experiment, the reaction
48Ca + 206,207Pb was studied to ensure optimal asymmetric
settings of the TASCA quadrupole magnets for the focusing
into TASISpec, of which details are described in Ref. [52].
Another aspect of this start-up phase was investigating the use
of a mixed target wheel loaded with two segments of 206Pb and
two segments of 207Pb. Information from the TASCA control
system concerning which target segment was irradiated at a
given point in time [54] was correlated with implantation and
decays of either 252No or 253No in the implantation detector
of TASISpec. In the off line analysis it was found that this
correlation does hold, but not on a sufficiently high level
to unambiguously label a given implantation event with the
correct target wheel segment [52].

For the main part of the experiment, isotopically enriched
Pu material was electroplated onto 2.2 µm and 2.3 µm thick
Ti foils creating four arc-shaped target segments [55]. The
target segments were attached to a wheel such that the Ti
backing foils faced the beam, and the target wheel rotated
synchronously with the UNILAC’s pulsed beam structure
[54]. For the first run, one segment was composed of en-
riched 242Pu, while the other three segments were composed
of enriched 244Pu. All four segments had 2.3(1) µm thick Ti
backing foils. Because of the correlation problem indicated
above, noted first after the 2019 part of the experiment (run
1), the target wheel was considered as one entity of 76.2%
244Pu, 23.4% 242Pu, 0.4% 240Pu, plus negligible amounts of
238,239,241Pu (<0.04%). Based on decay characteristics, two
chains were assigned to 286Fl, two to 288Fl, and four to 289Fl,
while one remained ambiguous between 286Fl or 288Fl because
of the missing full α-decay energy (cf. Refs. [20] and [46] and
corresponding Supplemental Material).

For the second part of the main experiment (run 2), all
four segments of the target wheel were composed of enriched
244Pu backed by either 2.3(1) µm thick Ti foils (the same three
segments as in run 1), or a 2.2(1) µm thick Ti foil (one seg-
ment). This wheel contained 98.5% 244Pu, 1.1% 242Pu, 0.4%
240Pu, plus negligible amounts of 238,239,241Pu (<0.04%).
Nine more decay chains were associated with the production
and decay of 288Fl and 11 more chains with the produc-
tion and decay of 289Fl. Three more chains listed in Table I
of the Supplemental Material [47] are candidates for 289Fl

decay chains, but considered ambiguous and therefore ex-
cluded from cross-section calculations as well as from all
other analysis aspects. Details are presented in the Supple-
mental Material [47].

Over the course of the two experimental runs, a to-
tal beam integral of 6.0(4) × 1018 ions was collected. The
6.021(2) MeV/u 48Ca beam was degraded with two different
sets of Ti foils aiming to probe compound nucleus excitation
energies around the anticipated peak of the 3n evaporation
channel of the excitation functions [56]. The thicknesses of
these foils, and resulting midtarget beam energies as well as
compound nucleus excitation energies at the beginning and
the end of the Pu target layer are presented in Table I. The
last rows of the table present the cross sections for the 4n
and 3n evaporation channels, corresponding to the creation
of 286Fl and 288Fl, and 287Fl and 289Fl, respectively. Deduced
cross sections are given separately for the different degrader
thicknesses and target materials. For reference, the last row
of the table provides the cross section corresponding to the
observation of a single decay chain. In the cross-section cal-
culations, transmission of Fl fusion-evaporation residues from
the target into TASISpec was estimated to 30(3)% [57,58].
The identification efficiency of the Fl-decay chains were cal-
culated based on decision trees to 90(3)% and 86(3)% for
the 4n channel and 3n channel, respectively. These num-
bers take into account the number of members of the decay
chain, expected number of random chains of a certain kind
[47], missed events due to dead time within and outside the
beam pulse [47], the efficiency for detecting α and sponta-
neous fission (SF) events with TASISpec [51], and the beam
shut-off routine [56]. The cross-section values are associated
with systematic uncertainties, which account for uncertainties
in the beam integral, target thickness, transport efficiency
as well as the identification efficiency. Statistical uncertain-
ties are given in accordance to Ref. [59]. The resulting 3n
and 4n channel cross sections in the 48Ca + 244Pu reaction
agree well with those obtained in Refs. [13,42] and follow
the typical shape of the excitation functions, see Fig. 4.5 in
Ref. [56].

The recoiling flerovium ions were implanted into a
0.31-mm thick, 32 × 32-strip DSSD, denoted implantation
DSSD. Charged particles were detected in the implantation
DSSD as well as four additional 0.97 mm thick, 16 × 16-
strip DSSDs placed upstream, denoted box DSSDs. Part
of the TASISpec upgrade was a second 0.31-mm thick
DSSD placed behind the implantation DSSD. Its main task
was to veto unwanted background radiation from, for in-
stance, low-energy signals during beam-off periods. It was
therefore denoted veto DSSD [52]. The readout of the
256 preamplified DSSD channels was performed with 50-
MHz, 14-bit sampling ADCs (see also Ref. [52]). 80-µs
long traces were recorded. Five composite germanium de-
tectors were placed closely behind each of the five sides of
the DSSD cube. A seven-crystal cluster detector [60] was
placed behind the implantation DSSD, while four novel four-
crystal compex detectors [61] were positioned behind each
of the box DSSDs. More information on the data process-
ing of the germanium detectors is given in the Supplemental
Material [47].
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TABLE II. Reduced transition strengths, B(σL), and wave function overlaps, ρ2
fi (E0) predicted from TBMF calculations [22,70], as well

as tabulated internal conversion coefficients, αtot, and E0 electronic factors, �IP [68,72–74], and derived transition rates, λ(σL), and branching
ratios, br, for electromagnetic transitions between the states involved in the four decay scenarios of the excited state in 282Cn (see Fig. 2).
Lifetimes, τ , of states are based on the combined transition rates.

�E B(σL) ρ2
fi (E0) �IP λ(σL) br τ

scenario Iπ
i Iπ

f (MeV) σL (W.u.) αtot (10−3) (1012/s) (1012/s) (%) (ps)

(i) 0+
2 0+

1 0.62 E0 21.4 45.7 0.9771 98.3 1.01
0+

2 2+
1 0.40 E2 9.09 0.3323 0.0167 1.7

2+
1 0+

1 0.22 E2 161 2.63 0.0405 100 24.7
(ii) 0+

2 0+
1 0.62 E0 21.4 45.7 0.9771 93.3 0.95

0+
2 2+

1 0.55 E2 9.09 0.141 0.0703 6.7
2+

1 0+
1 0.07 E2 161 413 0.0151 100 66.4

(iii) 0+
2 0+

1 0.56 E0 21.4 43.3 0.9266 98.2 1.06
0+

2 2+
1 0.40 E2 9.09 0.3323 0.0167 1.8

2+
1 0+

1 0.16 E2 161 9.746 0.0244 100 41.0
(iv) 2+

2 2+
1 0.40 E0 0.021 36.9 7.7 × 10−4 0.3 3.9

M1 1.7 × 10−6 2.887 1.3 × 10−5 0.0
E2 37.4 0.3323 0.0687 27.0

2+
2 0+

1 0.62 E2 13.6 0.106 0.1854 72.7
2+

1 0+
1 0.22 E2 161 2.63 0.0405 100 24.7

Two event types triggered the readout of the detector
channels: (i) A p- or n-side strip of the implantation DSSD
measured a signal above an energy threshold of ≈120 keV.
(ii) An n-side strip of one of the box DSSDs measured a signal
larger than ≈5 MeV. Depending on the actual beam intensity,
accepted trigger rates were ≈1200 (≈150) events per second
during beam-on (beam-off) periods.

During the 5-ms beam pulse of the UNILAC, background
radiation levels are high, and, in particular, the germanium
detectors are overloaded. Thus, for profound α-photon coinci-
dence spectroscopy along the decay chains there is an impetus
to do this during beam-off periods. Similarly, to establish the
nonrandomness of Fl-decay chains, it is crucial to detect the
terminating fission event within a beam-off period. This is
particularly relevant for decay chains with either few α-decay
steps, long correlation times, or both. Therefore, a so-called
beam shut-off routine was implemented. Though, it is worth
pointing out that for UNILAC beams there is in any case
at least a 75% chance that the fission will occur during the
beam-off periods. The principle of the shut-off routine is that
upon the registration of a flerovium-like recoil-α correlation
in the online data acquisition, an electrostatic chopper near
the ion source was activated within 20 µs, preventing Ca-
ions from being accelerated. This allowed for low-background
measurements of subsequent decays up to 200 s (run 1) or
300 s (run 2). The TASCA control system allows to pro-
long the period by manual intervention of the experimenter
on shift. Details of the implementation of the routine and
its trigger conditions are described in Ref. [56]. The most
important criterion was the detection of an Eα = [9.5, 10.3]-
MeV particle during the usual UNILAC beam-off period,
for which the same pixel of the implantation DSSD was en-
gaged by a preceding recoil candidate (Erec = [11, 20] MeV)
within �t < 20 s. The routine accounted for neighboring-
strip add-back as well as reconstructed implantation-box
energies.

III. DATA ANALYSIS

The signals of implanted recoiling ions and of subsequent
emissions of α particles or terminating spontaneous fission
events in the same detector pixel served as a tagging tech-
nique in the identification of decay chains stemming from
flerovium isotopes created in fusion-evaporation reactions.
The search criteria, i.e., the energy and time windows, used to
discriminate the correlated events related to flerovium decay
chains, are presented in Table II in the Supplemental Material.
They are identical to those used in determining the number of
random chains as detailed in the Supplemental Material [47].

In total, a shy 44 beam-off fission events were regis-
tered throughout the three-week long experimental runs. All
of these events were investigated in more detail by search-
ing back in time for pixel-correlated recoil-implantation and
decay signals resembling Fl-decay chains [56]. Thirty of
these fission events are among the 32 candidate Fl-decay
chains. Two decay chains were found to terminate with fission
events detected during beam-on periods, namely chains 05
and 17 listed in the Supplemental Materials of Refs. [20,46],
respectively. Additionally, 12 beam-off fission events were
correlated with high-energy (50 < Erec < 90 MeV) transfer-
reaction recoil implantation signals only a few milliseconds
earlier. They are thus linked to short-lived fission isomers
known in the actinide region. The remaining two beam-off
fission events could not be correlated to an implantation event,
most likely due to dead time of the data acquisition system
(see Sec. I B in the Supplemental Material [47]).

Tables I in the Supplemental Materials of Refs. [20,46]
as well as Table I in the Supplemental Material of this
article [47] list a total of 32 candidates of decay chains
based on the search parameters applied. The reasoning why
chains 30, 31, and 32 were not associated with flerovium
isotopes is outlined in Sec. I A in the Supplemental Material
[47,62]. These three chains are not included in the following
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analysis. The 29 correlated chains associated with a decay of
a flerovium isotope comprise a total of 47 α-decay steps. Four
recoil events were missing in the decay chains. A discussion
of these, along with the missing α-decay steps, is subject
of Sec. I B in the Supplemental Material [47]. The full energy
of 30 α particles was measured in the implantation detector,
ten events were reconstructed, three missed detection, and
four escape events were listed, of which two were disregarded.
Reconstructed and escape events are discussed in Sec. I C
in the Supplemental Material [47,63]. Three photons were
measured in the germanium detectors in prompt coincidence
with the particles detected in the silicon detectors associated
with the Fl decay chains and are further described in Sec. I E
in the Supplemental Material [47,64,65].

Because of their relevance for the discussion later on,
three observed α-electron coincidences are discussed in some
detail. They were found in chain 2 for the α-decay step
286Fl → 282Cn [20] and in chains 26 and 27 for the α-decay
step 285Cn → 281Ds [46], respectively. These coincidences
are prompt, with �t < 50 ns derived from the stored pream-
plifier pulses, between full-energy α-particle measurements in
a pixel of the implantation detector, and low-energy electron
signals detected in one of the box DSSD pixels. Note that in
the cases of chain 2 and 27, these types of coincidences are not
at all compatible with the concept of reconstructed α-particle
events. For the case of chain 26 it is very unlikely (≈10−3) as
has been discussed in conjunction with Fig. 2(c) in the Supple-
mental Material [47]: α particles with low remaining energy
would get stuck in the dead layer of either the implantation
detector or, at the latest, the dead layer of the respective box
DSSD.

To get a handle on the probability to observe prompt
α-electron coincidences during beam-off periods, all such
events detected throughout the complete experiment are
shown in Fig. 1(a). Note that for this figure, the standard co-
incidence window of �t < 200 ns was used, i.e., significantly
larger than observed for the three events of interest.

Clearly, the α-electron coincidence spectrum in Fig. 1(a),
as also seen in its projection on the α-energy axis in Fig. 1(b),
is dominated by real correlations. The main peak measured at
8.78(1) MeV in Fig. 1(b) stems from the ground-state α decay
of 212Po, which has a half-life of only T1/2 = 299(2) ns [66]. It
is populated by β− decay of 212Bi. Its GEANT4 simulated spec-
trum, included in Fig. 1(b), is congruent with the experimental
spectrum. Similarly, the peak at 8.38(1) MeV in Fig. 1(b) cor-
responds to the α decay of 213Po, T1/2 = 3.72(2) µs, preceded
by the β− decay of 213Bi. The second nonrandom correlation
scenario observed in Fig. 1 is a coincidence between an α

decay and an internal conversion electron stemming from
the electromagnetic transition of an excited state. The main
contribution seen is the 6.28(1)-MeV α peak from 211Bi, con-
necting with the 351-keV state in 207Tl, the electromagnetic
transition of which has a conversion coefficient of αtot =
0.243(4) [66]. In all cases observed and discussed above,
depending on emission angle and actual decay energy of the
electron, some part of its energy is summed with the α-particle
and recoil energies in the implantation detector [67]. This gave
rise to, e.g., the high-energy tail of the 212Po α-decay peak
which is reproduced well in the GEANT4 simulation.

FIG. 1. (a) Energies of measured signals in prompt coincidence
between the implantation detector (x axis) and any box DSSD
(y axis) are visualized in a scatter plot. α-electron coincidences
observed along the Fl α-decay chains are indicated. (b) Projection
of the histogram in (a) onto the x axis with a binning of 10 keV per
channel. Measured Eα for the three main peaks from 211Bi, 213Po, and
212Po are labeled. GEANT4 simulation of 212Bi is included. See text
for details.

It is possible to identify the 211Bi α-electron coincidences
by means of a correlation analysis adapted for its α-decay
chain. In contrast, this is not feasible for 212Po nor 213Po
because of the too long half-lives of 213,212Bi. Hence, if such
an event was hypothetically observed within a Fl-decay chain,
it would not be possible to establish that this event actually
arose from decays of 212,213Bi background. The ratio of the
yield in the implantation detector spectrum that came with
a prompt coincident signal within [50, 1000] keV in any
of the box DSSDs, to the full implantation detector spec-
trum, in the range [8.5, 10.5] MeV, is on average 0.13. This
means that about one in ten of the α decays measured in
this range come in prompt coincidence with an electron. This
is quite many, but the randomness of the event is, first and
foremost, dictated by the probability to measure an α parti-
cle within [8.5, 10.5] MeV in the first place. For chains 2
and 27, i.e., those with α-electron coincidences as seen in
Fig. 1(a), the probability to observe an α-decay event within
[9.4, 10.5] MeV and [8.5, 9.5] MeV within the time period
of the entire decay chains (0.054 s and 54.1 s) is 5 × 10−8

and 7 × 10−4, respectively (see also Table II and Eq. (1) in
Sec. I A in the Supplemental Material [47]). Thus, it is un-
likely that these events stem from real background α-electron
correlations.

024301-5



A. SÅMARK-ROTH et al. PHYSICAL REVIEW C 107, 024301 (2023)

FIG. 2. Four decay scenarios, denoted (i)–(iv) in (a)–(d), of the excited state at Ex ≈ 0.6 MeV in 282Cn populated via the 286Fl α decay.
Indicated transitions, decay energies, and level energies were probed by GEANT4 simulations. The transitions associated with the measured
Ee = 0.36(1) MeV electron are marked in blue; they originate from an L-converted E2 transition in (a), a K-converted E2 transition in (b), a
K-converted E0 transition in (c), or an L-converted, mixed E2, M1, or E0 transition in (d). See text for a detailed discussion.

For actual random box-electron coincidence estimates, in-
duced purely by the rate of box-DSSD events, trigger rates
in the [50,1000] keV range within the box DSSDs need to
be monitored in future experiments. To mimic this and try to
estimate the probability for such events, contributions from
the identified α-electron coincidences were subtracted, i.e.,
fits to the three peaks identified in the spectrum in Fig. 1(b).
The ratio of the yield here and the number of events in the
full implantation detector spectrum within [6, 12] MeV was
calculated resulting in a value of ≈0.01. Note that this value
is a rather conservative upper limit, since many other non-
random coincidences seen in Fig. 1 were not accounted for.
Consequently, it was concluded that the probability of random
electron coincidences in a box DSSD was <0.01.

IV. DISCUSSION

A. Decay of 282Cn excited state

The detection of chain 02 marked the first observation of
an excited state in the even-even nucleus 282Cn. The exper-
imental observations were described in detail and compared
to predictions of contemporary triaxial beyond-mean-field
(TBMF) calculations in Ref. [20]. The focus of the present
work lies on investigating possible decay scenarios of the ex-
cited state in greater detail by confronting them with GEANT4
simulations and then comparing them with predicted transi-
tion strengths.

The 286Fl α-decay event in chain 02 was measured to
9.60(1) MeV. The α particle was accompanied by a 0.36(1)-
MeV electron, measured in prompt coincidence within �t <

50 ns, in one of the upstream box DSSDs Electron binding
energies for the K and L shells in 282Cn are ≈190 keV and
≈40 keV, respectively [68]. The measurements reported on
the observation of a new α-decay branch of 286Fl entering
an excited state at Ex ≈ 0.6 MeV in 282Cn. For complete-
ness, two neighboring germanium crystals detected a total
of Eγ = 205(1) keV, but 6.6µs delayed with respect to the
9.60-MeV α-decay event. These germanium signals are disre-
garded in the analysis due to the expected number of randomly
correlated delayed germanium hits (see Sec. I E in the Supple-
mental Material [47]).

Based on a hindrance factor for the 9.60 MeV α-decay
branch of close to unity [20,69], the excited state in 282Cn
was suggested to have a spin-parity of Iπ = 0+. The extra hin-

drance expected due to angular momenta ��α �= 0 was further
investigated using the superfluid tunneling model (STM) with
the parameters introduced in Ref. [71]. Assuming �α = 0,
the model predicts a partial decay width corresponding to
T1/2 ≈ 9 s. This compares well with the experimental partial
half-life T1/2(exp) ≈ 4 s [20]. In the STM model, the ex-
tra hindrance expected for �α = 2 and �α = 4 yields T1/2 ≈
13 s and T1/2 ≈ 32 s, respectively. Since the predicted T1/2

for �α = 0 is about the same as the predictions with �α =
2, and because the predicted excitation energy of the 2+

2
state in 282Cn is Ex = 0.79 MeV [70], this option was also
considered.

Altogether four different decay scenarios of the excited
state are presented in Fig. 2, which relate to and focus on
four different options for the origin of the observed electron
coincidence. All panels provide the decay energies used for
the GEANT4 simulations. The first scenario (i) corresponds
to the tentative scenario originally considered most likely in
Ref. [20]. Here, the measured conversion electron stems from
the L shell, i.e., from an L-converted 0.40 MeV, 0+

2 → 2+
1 ,

E2 transition. The ground state is reached through another
highly converted 0.22-MeV E2 transition. A Qα = 9.71 MeV
has been deduced assuming a possible 0.03-MeV electron
summing from atomic relaxation processes [20], and employ-
ing Qα = 10.33 MeV from all hitherto observed 286Fl decay
chains, as described in the Supplemental Material of Ref. [20].
The second scenario (ii) is essentially the same as scenario
(i), except that the measured conversion electron is assumed
to stem from the K shell of a 0.55-MeV E2 transition. The
ground state is now reached through another E2 transition of
0.07 MeV.

In the third scenario (iii), the conversion electron is con-
sidered to stem from the K shell of a 0.56 MeV, 0+

2 → 0+
1 ,

E0 transition, which proceeds directly to the ground state,
thereby passing the 2+

1 state predicted at Ex = 0.16 MeV
[70]. However, the energies in this scenario must be ad-
justed: for the ground-state to ground-state decay, Qα =
10.30 is derived from the measured Eα of chain 01 from
the current experiment. This value corresponds to the 1-σ
endpoint for the energy of this branch, Qα = 10.33(3) MeV,
compiled from current and previous experiments [20]. Simi-
larly, assuming a measured electron energy of Ee = (0.36 +
0.01) MeV = 0.37 MeV, the excitation energy of the 0+

2 state
becomes 0.56 MeV, populated by α particles consistent with
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Eα = 9.60(1) MeV, i.e., the experimental value of chain 02.
With these assumptions, the decay energies of scenario (iii)
are consistent with the experimental observations.

Finally, the fourth decay scenario (iv) is the same as sce-
nario (i), but with spin Iπ = 2+ proposed for the level at
0.62 MeV. Here, the 0.36-MeV electron originates from an
L-converted, 0.40-MeV, 2+

2 → 2+
1 transition, which can be of

E2, M1, or E0 character. Like scenario (i), the ground state is
reached through a highly converted 0.22-MeV E2 transition.

Table II summarizes the numbers used for the GEANT4
simulations and subsequent discussion of the four decay sce-
narios. Total conversion coefficients, αtot, and E0 electronics
factors, �IP, were taken from Refs. [68,72,73] and cross-
checked [74]. Reduced transition strengths were calculated
with state-of-the-art TBMF calculations [22,70] performed
with the Gogny force using the D1S parametrization [75],
for all transitions connecting the potentially involved 0+

1 , 0+
2 ,

2+
1 , and 2+

2 states. The monopole strengths were calculated
to ρ2(E0) ≈ 2 × 10−2 and 2 × 10−5 for the 0+

2 → 0+
1 E0

transition and 2+
2 → 2+

1 E0 contribution, respectively.
The virtual TASISpec experimental setup [15] was first

modified to accommodate relevant updates of the decay sta-
tion [52]. Then, simulated data was processed with the same
analysis code as the experimental data [56]. Decay data were
set to match the energies for a given scenario as indicated in
Fig. 2. Internal conversion coefficients are listed in Table II.
Note that, from the GEANT4 perspective, scenarios 1 and 4
deliver practically identical simulated spectra, because the
0.40-MeV transition has (essentially) pure E2 character in
both cases.

Figure 3 compares experimental spectra with simulated
spectra for the implantation DSSD, the coincidences in
the box DSSDs, and coincidences with the germanium
detectors. The simulated spectra were normalized to the

oneα-decay event detected at 9.6 MeV, i.e., the implantation
DSSD spectrum integral within [9.55, 9.65] MeV. From the
implantation-DSSD spectrum in Fig. 3(a), the assumed elec-
tron summing of 0.03(2) MeV, seems to match best with the
experimental point in the case of scenario (ii). For scenarios
(i) and (iv), an increase of the Q value of the decay into the
excited state by some 20–30 keV could solve the discrepancy
in the peak position near 9.6 MeV. Such a small shift in energy
can be accounted for within the experimental uncertainties.
For scenario (iii), however, a corresponding decrease of that
Q value would require to stretch the experimental energies
beyond their 1-σ uncertainty range (see above).

The box-DSSD coincidence spectra in Fig. 3(b) are most
relevant for the current experimental observations. It is clear
that scenario (iii) is by far the scenario which provides the
highest probability for a coincident 0.36(1)-MeV conversion
electron. For this scenario, one count in the 0.36-MeV box-
DSSD coincidence peak is expected in about 16% of the cases
when the α decay enters the ≈0.6 MeV excited state. For
scenarios (i),(iv) and (ii), corresponding numbers are only 3%
and 1%, respectively.

Though, unfortunately unobserved for the current α-decay
event, a coincident K x ray or γ ray would be very helpful to
distinguish between the different scenarios. It can be seen in
Fig. 3(c) that K x rays are dominating the photon spectrum of
scenario (iii). In fact, the detection of a K x ray is expected
in about 30% of the cases when the ≈0.6 MeV state decays.
At variance, the photon spectra of scenarios (i),(iv) and (ii)
are dominated by 0.22- and 0.40-MeV or 0.55-MeV γ rays
and their detection is expected in 10%, 18%, and 16% of the
cases, respectively.

The predictions from the comprehensive TBMF nuclear
structure calculations (cf. Table II) strongly favor the 0+

2 →
0+

1 E0 branch (br > 90%) over the E2-E2 cascade via the

FIG. 3. Experiment and GEANT4 simulated particle implantation DSSD (a), box-DSSD coincidence (b), and photon coincidence (c) spectra
for the 286Fl decay scenarios introduced in Fig. 2. Experimental data points are represented with a Gaussian of integral one and a width
compliant with its measured systematical uncertainty. Simulated data are normalized to the implantation DSSD spectrum integral within
[9.55, 9.65] MeV.
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TABLE III. Summary of measured and predicted spontaneous fission characteristics of even-even isotopes in the observable triangle
284Fl - 290Fl - 278Hs. Chain 17 detailed in Table I in the Supplemental Material of Ref. [46] is presumed to start from 290Fl. Branching ratios (br)
are given in percent.

Isotope experiment T1/2,SF, theoretical
MM-WS MM-FRLDM DFT-SKM* HFB-TRI-

Ref. #a T1/2 brα brSF T1/2,SF [79,80] (×10−8)b (×106) [86] OCT b

284Fl [44] 5 2.5(18
8 ) ms � 17 100 2.5(18

8 ) ms 12 ms 0.9 s 0.5 ms 3 ms
286Fl [20]c 29 0.121(31

21 ) s 55 45 0.27(7
5 ) s 1.5 s 30 s 30 ms 3.4 s

288Fl [20]c 47 0.65(12
8 ) s 100 � 2 >28 s 2100 s 47 s 8.7 s 21 s

282Cn [20]c 17 0.98(33
20 ) ms � 6 100 0.98(33

20 ) ms 71 ms 0.4 ms 9 ms 0.3 ms
284Cn [20]c 51d 0.121(20

15 ) s 2 98 0.123(20
15 ) s 4.0 s 0.1 s 0.7 ms 0.2 s

280Ds [20]c 1 0.36(172
16 ) ms � 50 100 0.36(172

16 ) ms 12 ms 1 µs 30 ms
(290Fl) 1 0.31(148

14 ) s 100 � 50 >0.34 s 4.3 d 4 d 10 h 0.1 s
(286Cn) 1 19(91

8 ) s 100 � 50 >22 s 1920 s 0.2 s 0.22 s 30 ms
(282Ds) 1 35(165

15 ) s � 50 100 35(165
15 ) s 1.5 s 0.4 ms 0.05 ms 3 ms

aTotal number of observed nuclei.
bCalculations are described in text.
cSee Table II in the Supplemental Material of Ref. [20] for a combined assessment of all hitherto measured decay energies and correlation
times for decay chains involving 286,288Fl.
dData on 284Cn includes four decay chains from element 114 chemistry experiments behind TASCA [7,8].

2+
1 state for the concerned scenarios (i)–(iii). This is because

of a rather large overlap of wave functions despite a shape-
changing transition, ρ2

fi ≈ 20 × 10−3, which multiplied by a
large (‘superheavy’) electronic factor of �IP ≈ 4.5 × 1013/s
leads to a (partial) lifetime of τ ≈ 1 ps for the 0+

2 state. The
competing E2 transition is about 50 times slower. Similarly,
for scenario (iv), the 0.62-MeV 2+

2 → 0+
1 ground-state decay

branch dominates the 0.40-MeV 2+
2 → 2+

1 branch, which in
addition has only a rather small probability for internal con-
version. Thus, the TBMF predictions are hardly compatible
with scenarios (i), (ii), and (iv), i.e., the most probable solution
is that the electron from the observed α-e− coincidence event
is a K-conversion electron from an E0 transition connecting a
0+

2 state at an excitation energy Ex ≈ 0.60 MeV to the ground
state.

Finally, all predicted lifetimes, τ < 100 ps, are consistent
with experimentally observed or expected prompt coinci-
dences between the α particle and the emitted electromagnetic
radiation.

B. Decay probabilities

Chain 08 detailed in Table I in the Supplemental Ma-
terial of Ref. [20] marked the first observation of a firm
full-energy α decay from 284Cn, and consequently the dis-
covery of 280Ds along with its spontaneous fission (SF)
decay. The α decay from 284Cn was thoroughly discussed
in Ref. [20]. Therefore, the SF decay of 280Ds is addressed
in the present work. In combination with updated values
for 286Fl, 282Cn, and 284Cn, the new data point, i.e., for
the SF half-life of 280Ds, T1/2,SF, prompts comparison to
theoretical calculations. In this discussion, the option that
decay chain 17 detailed in Table I in the Supplemental
Material of Ref. [46], observed in the present experiment,
possibly starting from 290Fl, is included. This decay chain
is difficult to combine with the majority of the decay chains
assigned to 289Fl in a common decay scheme [46]. The decay

branch marked ‘low’ in Ref. [46] is another option, but it is
not considered here. Another peculiar decay chain, observed
in a different experiment and originally assigned to 289Fl [29],
was critically assessed in, for instance, Refs. [31,32], and it is
not further discussed here.

Experimental numbers are summarized in Table III, and
the experimental T1/2,SF values are compared to a number of
predictions. Irrespective of the underlying nuclear structure
model, calculating fission half-lives was, and is, a complex
problem. Because of the necessary extrapolations, this is
particularly true for the superheavy element regime, while
increasingly reliable experimental values emerge. A recent
theoretical overview of achievements and persisting issues
for various theoretical approaches is given in Ref. [76]. Ref-
erence [77] surveys SF properties of heavy and superheavy
nuclei from the experimental perspective. A contemporary
semiempirical approach has recently been put forward in
Ref. [78].

The macroscopic-microscopic predictions based on a
Woods-Saxon potential, MM-WS, from Refs. [79,80], which
are also used in, for instance, Refs. [32,77], are listed first in
Table III. Despite the restriction to axial shapes, the predic-
tions are rather close to the observed values, namely within
one order of magnitude for Fl isotopes, and within two or-
ders of magnitude for Cn and Ds, respectively. As such, it is
reasonable to confront the candidate 290Fl-decay chain with
the MM-WS predictions. It is noted that the deviation is al-
ways in the upper direction for the known cases, but in the
opposite direction for 282Ds, i.e., the isotope concluding the
considered option of a 290Fl-decay chain. Assuming the same
ratio between the observed and calculated values for 282Ds as
for 280Ds and 284Cn, one would have expected an experimental
T1/2,SF(282Ds) ≈ 1.5 s/30 = 50 ms, which is about 700 times
less than the observed value for chain 17. The estimate thus
disfavors an assignment of this option to chains originat-
ing from 290Fl. A deficiency of the macroscopic-microscopic
model relates to α-decay probabilities; for all Fl and Cn iso-
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FIG. 4. Experimental and theoretical spontaneous fission half-
lives, T1/2,SF, for even-even nuclei at Z = 114 vs. neutron number
(a) and at N = 170 vs. proton number (b). Predicted numbers
stem from MM-WS [79,80], DFT-SKM* [86] together with the
MM-FRLDM and HFB-TRI-OCT calculations that are described in
the text.

topes listed in Table III, the α-decay branch is predicted to
dominate, at variance with the observations.

The second set of predicted values in Table III is based on
the macroscopic-microscopic finite-range liquid-drop model
(MM-FRLDM) [81]. This model employs axially symmet-
ric shapes within the five-dimensional three-quadratic-surface
parametrization. Dynamical fission calculations based on this
model recently predicted a region of very asymmetric compact
fission centered at Z = 110 and N = 170 [82]. The half-lives
are calculated with the WKB formalism as in Ref. [83]. The
water-immersion method [81] is used to obtain the fission path
for the asymmetric fission, which is the dominant mode in
the calculations in this region. The inertial mass is calculated
with the semiempirical formula used in Ref. [83] for the
compact fission path in fermium. Here, the asymptotic value
corresponding to the reduced mass of the two fragments is
reached when the neck radius along the fission path rapidly
shrinks to a small value (c0 < 2.5 fm [84]). Both MM-WS
and MM-FRLDM give large fission-barrier heights, and thus
large values of the half-lives, around 270

108Hs162 and 298
114Fl184.

It is interesting to note that the region in between these two
cases roughly coincides with the predicted compact asym-
metric fission, resulting in a reduction of the lifetimes. The
MM-FRLDM predicts much higher barriers in this region than
MM-WS, as discussed in Ref. [85]. For a qualitative half-life
comparison, the values in Table III and Fig. 4 were scaled by
a factor 10−8.

The third set of predicted values in Table III is “based on
self-consistent symmetry-unrestricted nuclear density func-
tional theory” (SkM
 functional) [86]. While the model and
its parameters were able to provide good predictions for SF
of lighter and more neutron-deficient heavy and superheavy
nuclei, extrapolation toward the superheavy isotopes of inter-

est here, was found too steep (see also Ref. [77]). Note that
in Table III and Fig. 4, T1/2,SF was scaled up by six orders of
magnitude to match the experimental values.

Finally, the last set of theoretical calculations, denoted
HFB-TRI-OCT, represents the results based on the self-
consistent constrained Hartree-Fock-Bogoliubov (HFB) the-
ory [87]. In the present approach, the HFB equations are
solved without restrictions on octupole and triaxial shapes
along the fission path taking the operator Q20 as constraint.
The present calculations are a generalization of those by
Warda and Egido [88], where either axially symmetric oc-
tupole shapes or plain triaxial shapes (without octupole
deformation) were allowed. Now, both octupole and triaxial
shapes are considered simultaneously in the energy mini-
mization process, see also Ref. [89]. This is a significant
improvement because it is well known that triaxial shapes are
relevant on the way to and at the first barrier while octupole
shapes are important around the second barrier. In the calcula-
tions, the finite-range density-dependent Gogny force [75] in
its D1S parametrization is used with a configuration space of
21 major shells.

Figure 4 compares experimental and theoretical sponta-
neous fission half-lives. For the flerovium isotopes (Z = 114),
displayed in panel (a), the experimental values are seen to in-
crease exponentially with larger neutron number. As expected
from the increased stability as the anticipated N = 184 magic
number is approached. This trend is also seen in all theoretical
predictions, except for the HFB-TRI-OCT. While these pre-
dictions agree very well with the experimental data, a slightly
lower half-life for 290

114Fl176 breaks the trend. The experimental
T1/2,SF values along the N = 170 isotonic chain in Fig. 4(b)
are also exponentially increasing, albeit less pronounced. The
MM-WS, MM-FRLDM, and DFT-SKM* predictions all show
a peak, but at different proton numbers. The HFB-TRI-OCT
predictions again show a remarkably good agreement with
the experimental data points. At first glance, the compari-
son in Fig. 4(b) seems intriguing. However, the theoretical
predictions are associated with significant uncertainties [76].
Consequently, more reliable theoretical predictions are re-
quired to reach sensitivities to properly assess subtle trends
such as that of the N = 170 isotonic chain. The HFB-TRI-
OCT calculations show potential in closing the large gap
between theory and experiment with regards for spontaneous
fission half-lives of superheavy nuclei.

V. CONCLUDING REMARKS

A nuclear spectroscopy experiment to study flerovium de-
cay chains was conducted at the GSI Darmstadt, Germany.
Among experimental details described, the use of a target
wheel with mixed 242,244Pu segments was emphasized. Due
to impaired means to determine the hit target segment, it was
concluded that isotope assignment had to rely on observed
decay characteristics for the first part of the experiment.

Analysis and statistical assessments of the data set
have been detailed. They led to 32 candidate Fl-decay
chains, of which 29 were firmly assigned to stem from
the production of a flerovium isotope, as summarized in
Tables I in the Supplemental Materials of Refs. [20,46].
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Because of the rather long decay times of 288,289Fl, the
importance of using a beam shut-off routine was demonstrated
for this type of implantation-decay experiment, in combi-
nation with the unique advantages of the pulsed UNILAC
beam.

By investigating event rates and the system dead time, the
expected number of random chains and photon coincidence
rates was determined. This allowed for missing events to be
explained, three candidate chains to be disregarded due to
their relative randomness, and randomly correlated photons to
be quantified. The decay chains include six escape-α events.
GEANT4 simulations, combined with rates of random back-
ground events, aided their interpretations and consequently
two of the six events were disregarded. Three of the α-decay
events came in prompt coincidence with electrons depositing
their energies in one of the box DSSDs. The random probabil-
ity for these events, which are of specific interest to unravel
the nuclear structure of superheavy nuclei, was determined
to <0.01. A method to describe the measured fraction of
the recoiling energy of the implanted α-decaying nucleus is
presented, building on well-known α-decay energies of non-
fusion and calibration-reaction products. Having the recoil
fraction parameter under control for a given setup is essential
for the determination of precise α energies.

Based on GEANT4 simulations and predicted reduced tran-
sition strengths, four decay scenarios of the excited state
found at Ex ≈ 0.6 MeV in 282Cn were investigated. With this
analysis, superheavy nuclear spectroscopy has been pushed
to its current limit. Further high-sensitivity multicoincidence
spectroscopy measurements show potential to pinpoint the
decay of the excited state.

Finally, experimental decay probabilities of even-even iso-
topes in the region of Fl-decay chains were compared to
theoretically predicted spontaneous fission half-lives. Con-
temporary ‘self-consistent Hartree-Fock-Bogoliubov’ based

calculations, including both triaxial and octupole shapes,
show potential in closing the large gap between theory and
experiment with regards to spontaneous fission half-lives
of superheavy nuclei. Here, the optional assignment of one
Fl-decay chain to start from 290Fl was also presented but dis-
favored based on the lifetime of the terminating fission. Mass
or mass-number resolved spectroscopy experiments are being
called for to identify the most neutron-rich Z = 114 (290Fl)
and Z = 116 (294Lv) isotopes accessible in 48Ca-induced fu-
sion reactions.
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