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Spectroscopy along flerovium decay chains. II. Fine structure in odd-A 289Fl
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Fifteen correlated α-decay chains starting from the odd-A superheavy nucleus 289Fl were observed following
the fusion-evaporation reaction 48Ca + 244Pu. The results call for at least two parallel α-decay sequences starting
from at least two different states of 289Fl. This implies that close-lying levels in nuclei along these chains have
quite different spin-parity assignments. Further, observed α-electron and α-photon coincidences, as well as the α-
decay fine structure along the decay chains, suggest a change in the ground-state spin assignment between 285Cn
and 281Ds. Our experimental results, on the excited level structure of the heaviest odd-N nuclei to date, provide a
direct testing ground for theory. This is illustrated by comparison with new nuclear structure calculations based
on the symmetry-conserving configuration mixing theory.

DOI: 10.1103/PhysRevC.107.L021301

Alongside the search for new elements (Z > 118) [1–6],
increasingly sophisticated experimental efforts aim to deter-
mine basic chemical properties [7–9], or to collect nuclear
structure information on the heaviest elements [10–18].
In this Letter, we report spectroscopic data along 15 α-
decay chains originating from 289Fl, including α-electron and
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α-photon coincidences. The spectroscopic information ob-
tained has allowed us to probe details of the nuclear structure
of these nuclei for the first time.

Prior to this work, five decay chains were assigned to
289Fl in the course of the discovery of element 114, based
on data obtained at the Dubna Gas-Filled Recoil Separator
(DGFRS) [19–21]. Correlated 289Fl recoil-α-α-fission events
were confirmed a few years later in experiments behind the
Transactinide Separator and Chemistry Apparatus (TASCA)
at the GSI Helmholtzzentrum für Schwerionenforschung in
Darmstadt, Germany (eight chains, including one reach-
ing 277Hs) [9,22–24]. In several element-116 experiments,
289Fl was observed nine times as α-decay daughter of 293Lv
[25–29]. The aggregated decay-energy spectra, correlation
times, as well as a statistical assessment, are summarised in
Figs. 1 and 2 [panels (a)–(i)] and Table II in the Supplemen-
tal Material [30]. Rather broad α-decay energy distributions
emerge around Eα ≈ 9.80 for 289Fl and 9.15 MeV for 285Cn.
This hints at a fine structure. However, the correlation-time
analysis is consistent with one central decay path and yields
rather long half-lives of T1/2 ≈ 2, ≈30, and ≈15 s for 289Fl,
285Cn, and 281Ds, respectively.

2469-9985/2023/107(2)/L021301(6) L021301-1 Published by the American Physical Society
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FIG. 1. Digitized preamplifier pulses of events associated with
decay chains 27 (a) and 28 (b). Numbers in the panels are calibrated
energies in MeV. Correlation times are given between recoil implan-
tation (ER, orange squares), α decays (yellow squares), and fission
(green squares). The 9.91(2)-MeV α event in (a) is reconstructed
(rec) from pulses in the implantation DSSD [dark grey, 0.95(1) MeV]
and an upstream DSSD [grey, 8.15(1) MeV] [16]. The 0.25(1)-MeV
event in an upstream DSSD (blue) is in prompt coincidence with
the 8.92(1)-MeV event in the implantation DSSD. The 0.36(1)-MeV
event in (b) is an α particle escaping (esc) from the implantation
DSSD with missed detection in any upstream DSSD. Black triangles
in the lower right corner of a square indicate detection during beam-
off periods.

Following a presentation of the key features of the experi-
ment, the identification of the 289Fl decay chains is described.
Spectroscopic information is used in conjunction with energy-
energy, energy-time, and time-time correlations along the
289Fl decay chains to suggest a decay scheme of 289Fl. A self-
consistency check of the proposed decay scheme is performed
with GEANT4 simulations. The proposed decay schemes are
then compared with the symmetry-conserving configuration
mixing theory.

The experiment has been described in detail in
Refs. [15,16,31]. In brief, in a two-part experiment
conducted at GSI Darmstadt, the fusion-evaporation
reactions 48Ca + 242,244Pu were used to collect spectroscopic
information on flerovium isotopes. The Universal Linear
Accelerator (UNILAC) focused �4 × 1012 48Ca10+ ions
per s (time averaged) onto the target wheel [32] in front of
TASCA [33,34]. For the targets, Pu was electroplated onto
2.2–2.3 µm thin Ti foils [35]. Target segments were attached
to the target wheel such that the backing foils faced the
beam. The wheel rotated synchronously with the UNILAC’s
pulsed beam structure [32], i.e., 5 ms beam on and 15 ms
beam off. In the first part of the experiment, one out of four
target segments comprised enriched 242Pu with an effective
thickness of 0.71(1) mg/cm2. The other three segments and
all four segments in the second part of the experiment were
made of 244Pu, with an average thickness of 0.80(1) mg/cm2

[16]. A bombarding energy of 6.02 MeV/nucleon was used.
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FIG. 2. (a) Energy-energy correlations between α-decay events
of 289Fl and 285Cn. (b) Energy-time correlations for 289Fl events.
Previous and current data is included. Black circles mark events
associated with the main (M) decay branch of 289Fl. Orange and
blue circles mark events with low-energy (L) and high-energy (H)
α-decay events, respectively, assigned to 289Fl. Yellow circles mark
events from the three decay chains ending in 277Hs. Data points in
cyan mark chain 17. See decay sequences in Fig. 3 and [30] for more
details.

In combination with 5.0–5.1 µm and 5.5–5.6 µm Ti degrader
foils, beam energies of ≈241 and 237 MeV [36], respectively,
resulted at the beginning of the Pu target layers [16].

TASCA was filled with 0.8 mbar He gas [37]. The mag-
netic rigidity of the TASCA dipole magnet was set to Bρ =
2.27 Tm [9,23,24]. With these settings, TASCA transmit-
ted, selected, and focused [38,39] fusion-evaporation products
into an upgraded version [15,31] of TASISpec [40]. Its open
box configuration of five double-sided silicon strip detec-
tors (DSSD) was complemented with a sixth ‘veto’ DSSD
placed behind the downstream implantation DSSD [15,31]. In
addition, a novel Compex-detector module, comprising four
encapsulated, cubic-shaped high-purity Ge crystals [41], was
positioned behind each of the upstream box DSSDs. A for-
mer EUROBALL Cluster detector [42] remained behind the
implantation-veto layer. Finally, the read-out electronics were
fully digital, and a revised beam-shutoff routine was used.
Here, an implantation-like event followed by a promising α-
decay candidate event caused an electrostatic chopper to cut
the beam pulses in <20 µs. This allowed for low-background
measurements of subsequent decays for typical periods of
200–300 s [16,17].

For the even-odd isotope 289Fl, a search for time- and
position-correlated recoil-α-α(-α)-fission sequences was con-
ducted using criteria detailed in [16]. A decision tree yielded
a probability of 86(3)% to identify 289Fl decay chains com-
pliant with the search criteria [16,17]. The 15 decay chains
associated with 289Fl are in detail presented in Table I in the
Supplemental Material. The decay-energy spectra and corre-
lation times, also combined with previous data, are shown in
Figs. 1(j)–1(o) and 2(j)–2(o) and summarized in the rightmost
columns of Table II in the Supplemental Material [30]. Only
three α-decay steps were accompanied by prompt photons
(two such steps were in decay chain 16 and one in chain 26,
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FIG. 3. (a) Proposed main (M + H) experimental and (b) calculated α-decay scheme of 289Fl (π = + black, π = − brown). Additional
decay branches starting with either a low-energy (L) α event or chain 17 are shown in (c). For (a) and (c), numbers in colored circles denote the
total number of chains assigned to the respective branch. Half-life values are provided for states decaying by α decay or spontaneous fission
(SF). For (a), numbers above the levels are the energies in keV employed in the GEANT4 simulations (cf. Fig. 4). Electromagnetic multipoles,
M1 or E2, correspond to those used in the GEANT4 simulations. For (a), dashed lines and level energies in parentheses indicate tentative levels
and decays owing limited statistics.

see Table I in [30]). Statistically, one of them is expected to
be of random origin [16]. For the improved TASISpec set-up
with the four Compex detectors [41], the photon detection
efficiency approaches 50% in the energy range of prime inter-
est (120–150 keV) [18,40]. Furthermore, two prompt (�t <

50 ns) α-electron coincidences were detected, one each in
chains 26 and 27. Once above the energy threshold, Ethresh ≈
100 keV, the detection efficiency for electrons in the upstream
box DSSDs is purely geometric at 30% [40]. As an example,
details of the decay sequence of chain 27 are presented in
Fig. 1(a). It shows the detector signals associated with the
various decay steps of the event.

As described above, electromagnetic decays (either pho-
tons, conversion electrons, or both) were seen in coincidence
with only four α-decay steps out of a total of 32 α-decay steps
across all 15 observed decay chains. However, these observa-
tions are already sufficient to definitively indicate the presence
of low-lying excited states in these superheavy nuclei and
allow us to build possible decay scenarios as discussed below.

Two of the 15 chains were found to be compatible with
the previously observed single decay chain terminating with
the suggested fission of 277Hs [22,23]. The half-life was de-
termined to be T1/2,SF(277Hs) = 18(25

7 ) ms based on all three
events [30]. The implantation and decay series of one of these
chains is illustrated in Fig. 1(b).

Correlation times from all previous and present stud-
ies along decay chains involving 289Fl were combined and
analysed according to Refs. [43,44] (cf. Table II in [30]).
Energy-energy correlations for 289Fl - 285Cn are plotted in
Fig. 2(a). Clearly, the majority of chains accumulate around
Eα (289Fl) ≈ 9.80 and Eα (285Cn) ≈ 9.15 MeV. These form the
main (M, black circles) decay branch, the proposed decay
scheme of which is focused upon in Fig. 3(a). Data points
marked yellow in Fig. 2 correspond to the three chains ending
in Hs. Neither in Fig. 2 nor in any other correlation [30] do
they exhibit any statistical inconsistency. Therefore, they are
considered to be part of the main branch. Two low-energy (L,
orange circles) events can be discriminated in Fig. 2(a). They

were populated via 293Lv decays in previous data [27,29].
A third event, stemming from chain 22 in our data, is in-
cluded in Fig. 2(b), which presents energy-time correlations
of the first 289Fl decay step. These events could start from
the same state (presumably the ground state) in 289Fl as the
main branch: Their T1/2(289Fl) = 2.9(39

10) s is fully compatible
with the T1/2(289Fl) = 2.5(8

5) s of the main branch (M) [30].
However, assuming the same starting level for the M and
L branches, these L chains would end in an excited state
with unreasonably high Ex ≈ 0.5 MeV in 281Ds. Therefore,
the combined information on these three chains is displayed
separately in Fig. 3(c).

One observed chain (chain 17 shown with the cyan color)
was found to be distinctly different from all the other de-
cay chains associated with 289Fl. It is in shown Fig. 3(c)
for completeness. It has significantly higher decay energies
for both decay steps, 9.99(2) > 9.80 and 9.30(2) > 9.15, see
Fig. 2. Therefore, it cannot be incorporated in the main decay
sequence of 289Fl, while an assignment to 290Fl is unfavored
based on the half-life of the terminating fission [16].

It is possible to distinguish four additional high-energy (H,
blue circles) events in Fig. 2. These are proposed to merge
with the main decay branch in the ground state of 285Cn,
starting from a second α-decaying state of 289Fl at some 70-
keV excitation energy, T1/2 = 1.1(11

4 ) s, and hindrance factor,
HF ≈ 2–3 [30,45]. For the remaining decay steps, however,
there is no evidence that these four decay chains should be
assigned as anything other than members of the main branch.

We now turn to comparing our results to calculations.
There are predictions in the available literature of the one
quasineutron states in the relevant nuclei [46,47]. However,
our observations of low-lying excited level structure in 289Fl
and 285Cn immediately suggest that these calculations will
not yield even a qualitative agreement with experiment. For
instance, Ćwiok et al. [46] do not find a single excited state
below 0.5 MeV in either 289Fl or 285Cn, in contradiction with
the data. Therefore, we turn to a new set of calculations based
on the symmetry conserving configuration mixing (SCCM)

L021301-3
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theory [48–50]. The SCCM approach uses the finite-range
density-dependent Gogny force in its D1S parametrization
[51] and probes nuclear deformations in the (β, γ ) plane.
The calculations are similar to those in Refs. [15,52,53],
where even-even superheavy nuclei are described. They are
state of the art and consider linear combinations of prod-
uct wave functions (previously projected to the appropriate
quantum numbers) obtained by taking the nuclear deforma-
tions (β, γ ) as generator coordinates in terms of the generator
coordinate method. A configuration space of 13 harmonic os-
cillator major shells has been considered. A convergence test
with 17 shells was performed for the ground state of even-even
superheavy nuclei. See Ref. [52] for further technical details
of the calculations.

In the theoretical calculations shown in Fig. 3(b),
we find coexisting positive and negative-parity states.
Whereas in 285Cn, 281Ds, and 277Hs the lowest negative-parity
states are predicted above the positive-parity ones, in 289Fl it
is the opposite. This is probably due to the sharp shape phase
transition observed in this region (see Fig. 1 of Ref. [53]).
The calculations predict very low-lying excited states in very
good qualitative agreement with the experimental observa-
tions. This is outlined in the following.

In the present experiment, 12 of the 15 decay chains
associated with 289Fl have complete spectroscopic informa-
tion, i.e., no decay steps escaped detection. Figure 4(a)–4(c)
shows the decay-energy spectra of the three α-decaying steps.
Each individual data point is represented as a Gaussian of
integral one and width compliant to its measured systematic
uncertainty. The experimental spectra were interrogated with
GEANT4 simulations. The results, based on the physics input
of the decay schemes suggested in Fig. 3, are provided in

Fig. 4(d)–4(f). The simulations follow the principles outlined
in Refs. [54,55], which include Auger-electron and x-ray
emission as part of the atomic relaxation process.

Looking at the 285Cn → 281Ds decay step, there is the
clear triple-peak structure seen in Fig. 4(b) around 9.15 MeV,
which indicates α-decay fine structure, consistent with the
observed α-photon and α-e− coincidence events. For this
main branch, there is no statistical indication that the decay
of 281Ds proceeds from more than one state [30]. A triplet
structure is most easily understood by main α-decay feeding
into an excited state with Ex < Be(K ) = 182 keV [56], which
reaches the ground state either directly or by cascading down
via an intermediate state by electromagnetic transitions, i.e.,
conversion electrons or possibly γ rays [57]. Based on the
overall width of the triplet in Fig. 4(b), the energy difference
between these two low-lying excited states must be around
80–100 keV. The α-decay energies measured for chains 15
and 25, Eα = 9.18(1) MeV, and the 8.92(1)-0.25(1)-MeV α-
electron event [chain 27, see Fig. 1(a)] are used to restrict
Qα ≈ 9.31 MeV. The latter requires another excited state in
281Ds at Ex � 0.27 MeV, as Be(L,Ds) = 26–37 keV [56].

The clear observation of such an α-decay fine structure
pattern is important. It immediately shows that the isotopic
assignment of the decay chains to an odd-A nucleus is cor-
rect, since an even-even nucleus is unlikely to display such a
complex decay pattern. Moreover, the observation of electro-
magnetic decays linking a sequence of states at low-excitation
energy to the ground state restricts predictions of the level
structure. These sequences are unlikely to involve a low-lying
unique-parity high- j intruder because the electromagnetic de-
cay of such a state would be strongly disfavored. Moreover, α

decay is generally favored between states of the same spin and
parity. To observe a sequence of electromagnetic transitions
following the ground state α decay of 285Cn therefore implies
that the ground-state spin of the daughter nucleus, 281Ds,
is different to that of the parent, 285Cn. One sees that even
the limited information on excited states can already provide
stringent tests of model calculations.

Figure 3(a) displays one possible scenario. Here, the ex-
citation energy of the state at Ex = 0.124 MeV is suggested
by an α-photon coincidence (chain 16). In combination with
Qα = 9.20(2) MeV, an intermediate state at ≈35 keV, a 70 :
30 branching ratio for the anticipated electromagnetic tran-
sitions, and an ≈20% α branch into the ground state [Qα =
9.32(2) MeV], the GEANT4 simulation displayed in Fig. 4(e)
becomes consistent with experiment seen in Fig. 4(b). In this
scenario, the 0.25(1)-MeV electron in chain 27 is stemming
from an E2 transition (αtot ≈ 1.1, αL ≈ 0.7, αM ≈ 0.2 [58])
from the tentative state at Ex = 266 keV, in view of the 142-
keV photon detected in chain 26. With Qα = 9.06(3) MeV,
the 8.92-MeV α event appears at a consistent position in the
simulation. Within 2σ , the 0.14(1)-MeV electron observed in
chain 26 matches an M or higher-shell conversion electron
from the 124-keV level. Unfortunately, that chain lacks full
α-decay energy information for this decay step, which renders
its information content much less valuable.

Continuing with the 281Ds → 277Hs decay step, two α-
decay events are at hand. They have decay energies measured
at 8.63(1) and 8.68(1) MeV. Figure 4(d) shows that a

L021301-4
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consistent description of these events can be readily achieved
by interpreting the higher-energy event as sum of an
8.63-MeV α particle (HF ≈ 1 [30]) with an ≈60-keV L-
conversion electron. This originates from an ≈90-keV M1
or E2 transition with αtot ≈ 35 and 90, respectively [58]. It
is worth noting that the third data point, namely an α-decay
event with 8.71(2) MeV measured in a previous TASCA ex-
periment [22,23], is consistent. The suggested decay pattern
in Fig. 3(a), including the low hindrance factor, is in good
agreement with the calculations, which predict a decay from a
3/2+ ground state of 281Ds into an excited 3/2+ state in 277Hs,
some 40 keV above a 1/2+ state, which in turn undergoes
fission rather than an M4 or E5 decay into the predicted 9/2+
ground state of 277Hs.

Up to this point, we have not discussed the spectrum
observed for the first decay step, 289Fl → 285Cn which is
shown in Fig. 4(c). It comprises four α-decay lines corre-
sponding to chain 17 as well as the main (M), high-energy
(H), and low-energy (L) events defined earlier. In the sim-
ulations, the decay of the main branch is best described
if there is a low-lying state of ≈30 keV in 285Cn, which
decays with a highly converted M1 or E2 transition into
the ground state of 285Cn. Summing of α- and conversion-
electron energies provides an explanation for a likely increase
in the width of the peak, measured as 43(9) keV com-
pared with 35(2) keV expected at Eα = 10 MeV [17]. The
comparison of measured and simulated spectra is seen in
Figs. 4(c) and 4(f).

The observed main decay branch (M) in Fig. 3(a) readily
finds its explanation in a sequence of predicted (alternating)
low-spin positive-parity states. Adjacent is another calculated
decay sequence indicated in Fig. 3(b), which is built upon
high- j negative-parity states, and which is energetically com-
pressed with respect to the low-spin positive-parity states. In
the experiment, the three low-energy (L) events, depicted in
Fig. 3(c), could thus be associated with the predicted high- j
sequence, though their compression is less pronounced than
calculated.

To summarize, an experiment was conducted behind the
TASCA separator at GSI Darmstadt, aiming to perform
high-resolution decay spectroscopy on flerovium (Z = 114).
Owing to the unique combination of the pulsed-beam struc-
ture provided by the UNILAC, an advanced beam-shutoff
routine allowing for low background correlations over several

minutes, and the high-resolution decay-spectroscopy setup,
fifteen decay chains from 289Fl were registered and found
to provide definitive evidence for fine structure for the first
time. The ground state, and at least one excited state, in
289Fl α decay to states in the daughter 285Cn. The 285Cn
ground state in turn populates multiple states in 281Ds and
we have found evidence for electromagnetic decays between
those states implying low multipolarity changes (M1, E2).
This suggests a low-lying sequence of natural parity states.
The pattern of decay also implies a change in the ground-state
spin-parity between 285Cn and 281Ds. A series of lower-energy
α transitions along the decay chains may be indicative of
a parallel decay pathway. It is suggested that this parallel
decay involves unique-parity high- j intruder states which will
not have favored decay pathways to the natural parity states.
Such basic information from fine structure studies, ours being
the first for these superheavy even-Z–odd-N nuclei, already
challenges theory. This was demonstrated by comparison with
new SCCM, calculations, which have been shown to have con-
sistency with our observations. For instance, the predictions
of the main decay branch of 289Fl, including its fine-structure
aspects, is found to be consistent with the suggestion of a
sequence of low-spin positive-parity states for 289Fl decaying
via 285Cn and 281Ds into 277Hs.
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