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The Supplemental Material provides detailed results
and statistical assessments in the analysis of events stem-
ming from decay chains starting with the isotope 237Fl.
This is used to aid assignment of chain 8 in the main ar-
ticle. Table I summarizes the information on correlated
a-decay chains, which were observed in previous and the
present experiment, and which were associated with de-
cays of the even-odd 287F1. References are provided in
the Table.

Decay properties such as decay energies and lifetimes,
relating to various ensembles of data associated with pre-

vious experiments in the direct or indirect production of
287F] and with the present experiment (cf. Table I), are
compiled: Distributions of decay energies and correlation
times along with determined E, and T}/, values are pre-
sented for the different ensembles illustrated in Figs. 1,
2, and 3.

Updates for corresponding analyses for decay chains
associated with 2%8F1 (see Supplemental Material of
Ref. [1] for more details) and ?®°F1 (see Supplemental
Material of Ref. [2] for more details), including data from
the present data set, are provided in Tables IT and III,
respectively.

[1] A. Samark-Roth et al., Spectroscopy along flerovium de-
cay chains: Discovery of 2*°Ds and an excited state in
282Cn, Phys. Rev. Lett. 126, 032503 (2021).

[2] D. Cox et al., Spectroscopy along flerovium decay chains.
II. Fine structure in odd-A 28°Fl, Phys. Rev. C 107,
L021301 (2023).

[3] Yu. Ts. Oganessian et al., Measurements of cross sections
and decay properties of the isotopes of elements 112, 114,
and 116 produced in the fusion reactions 2332380, 242py,
and **Cm +*® Ca, Phys. Rev. C 70, 064609 (2004).

[4] Yu. Ts. Oganessian et al., Synthesis of the isotopes of
elements 118 and 116 in the 2*°Cf and 2**Cm +%® Ca
fusion reactions, Phys. Rev. C 74, 044602 (2006).

[5] S. Hofmann et al., Review of even element super-heavy
nuclei and search for element 120, Eur. Phys. J. A 52,
180 (2016).

[6] Yu. Ts. Oganessian et al, Measurements of
cross sections for the fusion-evaporation reactions
244py(*8Ca, xn)29271'114 and ?**Cm(*®Ca, acn)2937z1167
Phys. Rev. C 69, 054607 (2004).

* Corresponding Author: jmgates@lbl.gov
T Present affiliation: Department of Chemistry, Simon Fraser Uni-

[7] L. Stavsetra, K. E. Gregorich, J. Dvorak, P. A. Ellison,
I. Dragojevié¢, M. A. Garcia, and H. Nitsche, Independent
verification of element 114 production in the **Ca+242Pu
reaction, Phys. Rev. Lett. 103, 132502 (2009).

[8] Yu. Ts. Oganessian et al., Investigation of **Ca-induced
reactions with 2*?Pu and 2*®U targets at the JINR super-
heavy element factory, Phys. Rev. C 106, 024612 (2022).

[9] S. Hofmann, D. Ackermann, and S. Antalic et al., The
reaction **Ca+238U —28¢ 112" studied at the GSI-SHIP,
Eur. Phys. J. A 32, 251 (2007).

[10] D. Kaji et al., Study of the reaction *¥Ca 4-2*% Cm —2%¢
Lv* at RIKEN — GARIS, J. Phys. Soc. Jpn. 86, 034201
(2017).

[11] K.-H. Schmidt, A new test for random events of an ex-
ponential distribution, Eur. Phys. J. A 8, 141 (2000).

[12] A. Yakushev et al., Superheavy element flerovium (el-
ement 114) is a volatile metal, Inorg. Chem. 53, 1624
(2014).

[13] A. Yakushev et al., On the adsorption and reactivity of
element 114, flerovium, Front. Chem. 10, 976635 (2022).

versity, Burnaby, British Columbia, V5A 156, Canada
¥ Present affiliation: CERN-ISOLDE, 1211 Geneva 23, Switzer-
land


https://doi.org/10.1103/PhysRevLett.126.032503
https://doi.org/10.1103/PhysRevC.107.L021301
https://doi.org/10.1103/PhysRevC.107.L021301
https://doi.org/10.1103/PhysRevC.70.064609
https://doi.org/10.1103/PhysRevC.74.044602
https://doi.org/10.1140/epja/i2016-16180-4
https://doi.org/10.1140/epja/i2016-16180-4
https://doi.org/10.1103/PhysRevC.69.054607
https://doi.org/10.1103/PhysRevLett.103.132502
https://doi.org/10.1103/PhysRevC.106.024612
https://doi.org/10.1140/epja/i2007-10373-x
https://doi.org/10.7566/JPSJ.86.034201
https://doi.org/10.7566/JPSJ.86.034201
https://doi.org/10.1007/s100500070129
https://doi.org/10.1021/ic4026766
https://doi.org/10.1021/ic4026766
https://doi.org/10.3389/fchem.2022.976635
mailto:jmgates@lbl.gov

O6F T T T 1 1 T T 1 3 2 [T T rrmp g
- 10.03(2) @4 | 0.62(3 b) | s
L #4 - #4 e
0.3 4 1F &
287
R FI .g

Mo

"~ 10.02(3) (c) T
1.0 #13 1 | #14

287e| < 2022

o
(<)

10.02(1)
~ #57

y
(<)

g
(<)

Counts per channel
*87F) 2022

oo
oo

10.02(1)
#70

W
o

287
Fl all

O'OFI_ﬁ_ﬁ_h_l_ﬂ
6.0 - 10.02(1) (i) -
" #74 ]

3.0F -1 10

)
—
N’

Combined

0.0 l L 1 | 1 L 0
9.5 10.0 0.01 0.1 1

Energy (MeV) Correlation time (s)

FIG. 1. (Color online) The left column provides experimental decay-energy spectra from events associated with the decay step
28TF] — 2%3Cn. For a single entry, a Gaussian with integral one and a width compliant with its measured uncertainty was
added into the respective spectrum. The numbers at the top left of each panel in the left column are the (a-decay) energies
extracted by either computing the histogram mean in the interval [9.5,10.5] MeV for panels (a) and (c), or by least-squares
fitting a Gaussian function to the main peak at £ = 10.02 MeV. The right column provides the correlation-time analysis for
decays associated with 287Fl. Experimental data points are comprised in the histograms (black lines). The shaded areas (blue
or pink) provide correlation-time distributions expected for the corresponding half lives, T} /o, which are given in the top left
corner of each panel. For all panels, the number after the hashtag, #, indicates the number of available data points. The
first row, panels (a) and (b), refers to indirect production of 2*”F1 [3-5]. The second row, panels (c) and (d), refers to direct
production of 27FI prior to the year 2022 [3, 6, 7]. Panels (e) and (f) summarize more recent results [8]. The spectra in the
fourth row, panels (g) and(h), are the sums of the spectra in the second and third row. The spectra in the fifth row, panels (i)
and (j), are the sums of the spectra in the first and fourth row. See also Table I.
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FIG. 2. (Color online) The left column provides experimental decay-energy spectra from events associated with the decay step
283Cn— 2Ds. For a single entry, a Gaussian with integral one and a width compliant with its measured uncertainty was
added into the respective spectrum. The numbers at the top left of each panel in the left column are the (a-decay) energies
extracted by either computing the histogram mean in the interval [9.2,9.8] MeV for panels (a) and (e), or by least-squares fitting
a Gaussian function to the main peak at E = 9.53 MeV for panels (c) and (g). The right column provides the correlation-time
analysis for decays associated with ?%3Cn. Experimental data points are comprised in the histograms (black lines). The shaded
areas (blue or pink) provide correlation-time distributions expected for the corresponding half lives, T} 2, which are given in
the top left corner of each panel. For all panels, the number after the hashtag, #, indicates the number of available data points.
The first row, panels (a) and (b), refers to indirect production of ***Cn via 2°'Lv [3-5]. The second row, panels (c) and (d),
refers to indirect production of ***Cn via 2*7F1 [3, 6-8]. The third row, panels (e) and (f), refers to direct production of ***Cn
[6, 8-10]. The spectra in the fourth row, panels (g) and(h), are the sums of the spectra in the first, second, and third row. The
time distribution of panel (j) corresponds to 18 events interpreted as SF of 2*3Cn in line with assessments in Ref. [9]. Note
that these 18 SF events are included in panels (d), (f), and (h). See also Table I.
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FIG. 3. (Color online) The left column provides experimental decay-energy spectra from events associated with the decay step
2D — 275Hs. For a single entry, a Gaussian with integral one and a width compliant with its measured uncertainty was added
into the respective spectrum. The numbers at the top left of each panel in the left column are the (a-decay) energies extracted
by either computing the histogram mean in the interval [9.3,10.0] MeV. The right column provides the correlation-time analysis
for decays associated with 2"Ds. Experimental data points are comprised in the histograms (black lines). The shaded areas
(blue or pink) provide correlation-time distributions expected for the corresponding half lives, T} /2, which are given in the top
left corner of each panel. For all panels, the number after the hashtag, #, indicates the number of available data points. The
first row, panels (a) and (b), refers to indirect production of **°Ds via 2°'Lv [3-5]. The second row, panels (c) and (d), refers
to indirect production of ?"’Ds via ?87F1 [3, 6-8]. The third row, panels (e) and (f), refers to indirect production of *Ds via
283Cn [6, 8-10]. The spectra in the fourth row, panels (g) and(h), are the sums of the spectra in the first, second, and third
row. The time distribution of panel (j) corresponds to 13 available data points of hitherto observed « decay of 2"Cn. Note
that these 13 events are included in panels (d), (f), and (h). See also Table I.



TABLE I. Overview of correlation time analyses of single decay steps according to Ref. [11] of various ensembles of decay
chains associated with previous direct and indirect and present direct production of 287F1. These are the same ensembles as
displayed in the corresponding rows of Figs. 1, 2, and 3.

Label previous previous previous previous all

283Cn 287R via 2Ly combined combined
No. of chains 7+442+16=29 1+154+1+67"=84 24+1+1=4 117 118
References [6, 8-10] [3, 6-8] [3-5]
Ty 2 (*7F) (s) 0.35(3) 0.62(53) 0.37(3) 0.37(3)
data points; 0e,exp 755 1.17 4;2.08° 79 ;1.23 80 ; 1.23
[00,low, 00, high] [11] [1.03,1.53] [0.31,1.92] [1.04,1.52] [1.04,1.52]
data points; Egecay (MeV)? 70; 10.02(1) 4; 10.03(2) 74 ; 10.02(1) 75 ; 10.02(1)
number « ; SFP 21;8 74510 450 99 ; 18 100 ; 18
T1/2(**Cn) (s) 5.0(%) 3.2(3) 4.0(18) 3.7(3) 3.7(3)
data points; 0 exp 29 ; 1.15 75 ;0.88° 4;2.33° 108 ; 1.07 109 ; 1.07
[0o,low, 00, high] [11] [0.88,1.68] [1.03,1.53] [0.31,1.92] [1.07,1.49] [1.07,1.49]
data points; Edecay (MeV)© 20; 9.52(1) 69; 9.53(1) 3; 9.55(3) 92 ; 9.53(1) 93 ; 9.53(1)
number « ; SF 3;18 10 ; 64 252 15; 84 15; 85
T1/2(*™Ds) (s) 0.19(3) 0.18(2) 0.99(33) 0.22(2) 0.21(2)
data points; 0e,exp 21;1.21 72 ;1.18 4;0.99 97 ;1.23 98 ; 1.25
[06,10ws 70 high] [11] [0.81,1.75] [1.03,1.53] [0.31,1.92] [1.05,1.51] [1.06,1.50]
data points; Egecay (MeV)? 35 9.68(6) 9;9.69(1) 25 9.70(3) 145 9.69(1) 14 ; 9.69(1)
number « ; SF 3;0 9;1 2:0 14 ;1 see column
T1/2(*"°Hs) (s) 0.48(%9) 0.73(39) 0.34(33) 0.60(33) to the left
data points; 0@, exp 3;2.08° 8;1.28 2;0.02° 13;1.48
[0, 10w, 00, high] [11] [0.19,1.91] [0.58,1.58] [0.04,1.83] [0.70,1.79]
data points; Faecay (MeV)f 3;9.31(2) 759.29(3) 25 9.33(8) 125 9.30(2)
number « ; SF 251 6;3 1;1 935 see column
T12(*"'Sg) (s) 9.3(5%) 68(15) 56(5%) 50(31) to the left
data points; 0o exp 3;0.97 7;2.14° 2;0.32 12 ; 1.84°
[00,10w, 00, high] [11] [0.19,1.91] [0.52,1.87] [0.04,1.83] [0.70,1.79]
data points; Egecay (MeV)® 2 ;8.31(2) 55 8.30(2) 1;n/a 75 8.31(2)

8.53(3) 8.50(1) 8.51(2)
T1/2(*°"Rf) (h) 1.2(%) 0.75(33) 0.24(4%) 0.80(39) see column
data points; ge,exp 2;1.53 6 ; 1.90° 1;n/a 9;1.73 to the left
[06,10w; 7@ high] [11] [0.04,1.83] [0.48,1.89] n/a [0.62,1.84]

*Result from the integration of the energy spectra in the interval [9.5,10.5] MeV (column 3) or least-squares Gaussian fit of
the main peak (columns 2, 4, and 5).
In line with assessments in Refs. [5, 9] 2%3Cn was set to always decay by spontanecous fission in case of a ”missing o” in
Refs. [6, 8]. Handling all 18 SF events as "missing o’ yields T} ,» = 3.8(4) s for ***Cn.
“Result from the integration of the energy spectra in the interval [9.2,9.8] MeV (columns 1 and 3) or least-squares Gaussian
fit of the main peak (columns 2, 4, and 5).
dResult from the integration of the energy spectra in the interval [9.3,10.0] MeV.
“The experimental value for oe,,, falls outside the confidence limit.
fResult from the integration of the energy spectra in the interval [9.0,9.6] MeV.
&Result from the integration of the energy spectra in the intervals [8.2,8.4] and [8.4,8.7] MeV.

"Chain 26 in Table TIT of Ref. [8] is assigned to ***F1 and chain 22 is omitted due to an unusual combination of decay energies
and correlation times.



Label previous this work combined
No. of chains 47 7 54
References see Ref. [1]

T1/2(***F1) (s) 0.65(%) 0.43(39) 0.62(%)
data points; oo, 43 ;1.04 7 1.37 50 ; 1.13
[0©,10w; 0O, high] [43] [0.95,1.61] [0.52,1.87] [0.98,1.58]
data points; Fdecay (MeV)?® 435 9.92(1) 6;9.92(1) 49 5 9.92(1)
number « ; SF 1;50 0;7 1,57
T />(***Cn) (ms)® 121(39) 36(33) 110(13)
data points; oe.,, 49 ; 1.20 7;0.96 56 ; 1.22
[00,10w; 0O high] [43] [0.97,1.59] [0.52,1.87] [0.99,1.57]
data points; Fdecay (MeV) 1;9.33(1) 1;9.33(1)

#Result from the integration of the energy spectra in the interval [9.5,10.3] MeV.

TABLE II. Overview of correlation time analyses of single decay steps according to Ref. [11] of various ensembles of decay
chains associated with previous indirect and direct and present direct production of *¥F1, respectively. This is an update of
Table II of the Supplemental Material of Ref. [1].

PHalf-life analysis of 2®*Cn includes four decay chains from element 114 chemistry experiments behind TASCA [12, 13].

TABLE III. Overview of correlation time analyses of single decay steps according to Ref. [11] of various ensembles of decay
chains associated with previous indirect and direct and present direct production of 28°F1. This is an update of Tables II and
III of the Supplemental Material of Ref. [2].

Label previous this work combined previous combined
set (H&)M set (H&)M
No. of chains 33 2 35 (29) 25 (31) 27
References see Ref.[2]
T1/2(**Fl) (s) 2.3(4) 0.80(%%") 2.3(4) 2.5(5) 2.4(3)
data points; 0@, exp 25;1.31 1 26 ; 1.29 18 ; 1.37 19; 1.34
[00,10w, 0O, high] [11] [0.85,1.71] n/a [0.86,1.70] [0.79,1.73] [0.80,1.72]
data points; Egecay (MeV)? 30 ; 9.80(2) n/a 9.80(2) 9.80(4) 9.80(4)
T1/2(***Cn) (s)" 40(8) 110(%") 42(8) 42(%7) 45(%)
data points; 0@ exp 34 ; 0.99 1 35; 1.01 26 ; 0.93 275 0.95
[00,10w, 0O, high] [11] [0.91,1.65] n/a [0.92,1.64] [0.86,1.70] [0.87,1.69]
data points; Edecay (MeV)© 29 ; 9.14(2) 2;9.19(2) 31;9.15(2) 26 ; 9.14(2) 28 ; 9.15(2)
number « ; SF?* 3;34 1;1 4 ;35 3;33 4 ;34
T1/2(**'Ds) (s)" 18(3) 186(%7) 26(3) 19(3) 29(%)
data points; 0o exp 37 ;097 2;1.31 39; 1.10 29 ; 0.95 31;1.11
[00,10w, 00, high] [11] [0.93,1.63] [0.04,1.83] [0.94,1.62] [0.88,1.68] [0.89,1.67]
data points; Egecay (MeV)? 3;8.67(2) 1;7.99(1)° 3;8.67(2) 3;8.67(2) 3;8.67(2)
T1/5(*"Hs) (ms) 18(%) 83(%7) 35(13) 18(%) 35(13)
data points; 0o exp 35 1.67 1 4;1.88 3;1.67 4;1.88
[00,10w, 0, high] [11] [0.19,1.91] n/a [0.31,1.92] [0.19,1.91] [0.31,1.92]

*Result from the integration of the energy spectra in the interval [9.2,10.2] MeV.

PHalf-life analyses of ?®°Cn and ?®'Ds include four decay chains from Fl-chemistry experiments behind TASCA [12, 13].

“Result from the integration of the energy spectra in the interval [8.6,9.6] MeV.
dResult from the integration of the energy spectra in the interval [8.4,9.0] MeV.

°The data point is interpreted as decay into a higher-lying excited state of 2’"Hs or an incomplete decay energy measurement.
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