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The ***Pu(*¥Ca, xn) 2>~FI reaction was investigated at Lawrence Berkeley National Laboratory’s 88 Inch
Cyclotron using the Berkeley Gas-filled Separator (BGS), the newly installed Superheavy Recoil detector, along
with an upgraded digital electronics and data acquisition system. Seven decay chains were observed starting
with an evaporation residue, followed by a single « decay and a spontaneous fission. The decay characteristics
of these seven decay chains led to an assignment to >*3Fl, the product of the 4n reaction channel. Two additional
chains were (tentatively) assigned to the decay of the 3n exit channel, 2*°FI. Cross sections for the 4n and 3n exit
channels were oproq = 6.7(;2) pb and oprog = 1.6(33) pb, respectively. Another decay chain, tentatively assigned
to the 5n exit channel through the *3Ca + 2**Pu reaction or the 3n exit channel of the **Ca + **Pu reaction, was
also detected. Detailed information regarding the observed decay chains and their nuclear structure aspects is
discussed, along with the performance of the BGS and the new detection system.

DOI: 10.1103/kjyy-tInk

I. INTRODUCTION

The production of superheavy elements (SHEs, Z > 104)
and the exploration of their nuclear properties represent a
significant frontier in modern nuclear physics, offering deeper
insights into the fundamental building blocks of matter. These
elements owe their existence to nuclear shell effects, which
provide enhanced stability to otherwise highly unstable sys-
tems. Without the stabilizing influence of these shells, SHEs
are predicted to decay in less than 10~'* seconds—shorter
than the time required for an electron shell to form around
the nucleus, which defines the existence of an element [1].

The production of technetium in 1937 marked the first
discovery of an element that is not naturally occurring on
Earth [2]. Since then, 30 elements have been added to the
periodic table of the elements—two of which occur naturally
on Earth. This is an average of one new element every three
years for the last 90 years! To date, scientists around the world
have discovered elements up to oganesson, with Z = 118 [3].
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All currently known SHEs have been discovered in
compound-nucleus fusion-evaporation reactions. Here, the
nuclei of two lighter elements are fused together into a
compound nucleus that is formed in an excited state. SHEs
are formed when that compound nucleus deexcites through
the emission of neutrons and y rays, instead of fission. As
of today, all known SHE isotopes with Z = 104—118 have
been produced using only one of three different types of
nuclear reactions. Elements with Z = 101—-106 were first
made by impinging light-ion beams (e.g., N, O, F, Ne, or Si)
on actinide targets. The resulting highly excited compound
nucleus would then deexcite through the emission of 4-6 neu-
trons in so-called “hot-fusion” reactions [4]. Elements with
Z = 107—113 were discovered by combining transition metal
beams (e.g., *°Ti, 'V, 3*Cr, ©*%4Ni, or "°Zn) with targets of Pb
or Bi. These reactions led to much lower excitation energies
of the compound nucleus, which would deexcite through the
emission of only one or two neutrons in so-called “cold-
fusion” reactions. Unfortunately, both of these reactions show
similar properties: the production rate drops by up to an order
of magnitude with each unit increase in Z of the compound
nucleus.

After copernecium (Z = 112) was discovered in 1996 [5],
the future of new element searches was looking bleak: without
a new reaction, these rapidly decreasing cross sections looked

©2026 American Physical Society


https://orcid.org/0000-0002-0121-2633
https://orcid.org/0000-0003-1199-3055
https://orcid.org/0000-0002-0679-7845
https://orcid.org/0009-0005-8778-2977
https://orcid.org/0000-0002-7765-4235
https://orcid.org/0000-0002-2414-7715
https://orcid.org/0000-0001-6973-6620
https://orcid.org/0000-0002-3194-1001
https://orcid.org/0009-0003-8363-6636
https://orcid.org/0009-0009-8980-1499
https://orcid.org/0000-0002-4855-784X
https://orcid.org/0000-0001-5704-7430
https://orcid.org/0000-0001-7600-2772
https://orcid.org/0000-0001-9461-940X
https://orcid.org/0000-0002-1573-6104
https://orcid.org/0000-0002-2316-8143
https://ror.org/02jbv0t02
https://ror.org/012a77v79
https://ror.org/00ysfqy60
https://ror.org/01f5ytq51
https://ror.org/01f5ytq51
https://ror.org/01an7q238
https://ror.org/041nk4h53
https://crossmark.crossref.org/dialog/?doi=10.1103/kjyy-t1nk&domain=pdf&date_stamp=2026-02-13
https://doi.org/10.1103/kjyy-t1nk

J. M. GATES et al.

PHYSICAL REVIEW C 113, 024611 (2026)

to spell the end to element discovery with the current genera-
tion of low-energy, heavy-ion beam accelerators by Z = 113
or Z = 114. Luckily, a major breakthrough in SHE research
was underway at the Joint Institute for Nuclear Research
(JINR) in Dubna, Russia, where they were bombarding ac-
tinide targets with doubly magic “®Ca [3]. In just a few
years, the new elements flerovium, moscovium, livermorium,
tennessine, and oganesson (Z = 114—118) were discovered
[6,7]. What sets this reaction apart is the surprisingly high
production cross sections, estimated to be orders of magnitude
higher than that expected from hot- or cold-fusion reactions.
For example, when nihonium (Z = 113) became the heaviest
element produced via a cold fusion reaction, only three atoms
were observed during over 500 days of irradiating a > Bi
target with a beam of 7°Zn [8,9] leading to a cross section of
22(39)fb. By contrast, more neutron-rich isotopes of the same
element were produced using the “*Ca + 2*’Np reaction at a
cross section of 0.9(}:%)pb, or nearly 40 times higher produc-
tion rates [10].

Furthermore, interesting effects were observed with the
#8Ca reactions on actinides: the production cross sections in-
crease as Z is increased from Z = 112 through Z = 115,
before again beginning to decrease with increased proton
number beyond Z = 115. Additionally, the more than 50 new
isotopes produced in these reactions are all more neutron rich
than those produced in hot- or cold-fusion reactions. For a
given element, this leads to longer lifetimes of the nuclei. With
these discoveries, it is conjectured that we are beginning to
reach the shores of the “island of stability” [11], a region of
the nuclear landscape where predictions since the 1950s have
suggested there may be relatively long-lived far-transuranic
nuclei [11-16].

At present, we have seemingly once again reached the limit
of element discovery with “*Ca beams with oganesson (Z =
118). While cross sections for the production of elements 119
or 120 with “®Ca beams on Es or Fm targets should have
sufficiently high production rates to observe elements 119
and 120 at today’s facilities, Es and Fm are not available in
suitable quantities to make targets for irradiation, even though
“only” a few tens of milligrams of material are required.

New reactions or reaction mechanisms are once again
needed to move toward discovering new elements. Multiple
theoretical studies have coalesced on the conclusion that the
solution for producing new elements lies in switching to irra-
diating actinide targets with beams heavier than **Ca, such as
074, 1y, or >*Cr [17-35]. However, experimental attempts
to make new elements with Z = 119, 120, and 122 [36-39]
have been unsuccessful as of today. Recently, though, new
results have shown that the SHE livermorium (Z = 116) can
be produced with either °Ti [40,41] or *Cr beams [41],
albeit with a decrease in cross sections of approximately one
or two orders of magnitude for >°Ti or >*Cr, respectively, as
compared with “*Ca beams.

While we could soon be moving into a new era of element
discovery following tennessine’s discovery in 2010, there will
likely be new challenges to overcome. Production rates are
expected to drop from atoms per week for Og down to atoms
per year for elements 119 and 120 at modern-day facili-
ties, or atoms per decade for even heavier elements. Lower

production cross sections imply longer experiment times, so it
is crucial to be able to separate a single atom of a new element
from the trillions of other nuclear reaction products that are
produced every second. Pairing existing vacuum- or gas-filled
separators with updated, highly pixilated detectors provides
one avenue toward reducing background from unwanted reac-
tion products.

Another added complication with pushing toward the dis-
covery of new elements is that their lifetimes are expected
to decrease rapidly. For instance, predictions for lifetimes of
295119 and 2120, the expected 4n reaction products from
bombarding 9Bk and 2*Cf, respectively, with 0T beams,
are expected to be on the order of just 10 us [42]. Similar
numbers are predicted for 2°%2%9120, the most likely products
of the reaction **Cr +2*¥Cm [43]. These short lifetimes ne-
cessitate the move toward digital electronics that can record
waveforms and operate almost without dead time, unlike tra-
ditional analog electronics.

New element discoveries will benefit greatly from the
combined use of highly pixilated detectors coupled to digi-
tal electronics. Additionally, looking forward, the SHE field
is pursuing several other directions where the same highly
pixelated detectors and digital electronics are required, such
as high-precision o and y spectroscopy on SHE nuclides
[44-48] and searches for short-lived, neutron-deficient SHE
isotopes [49,50].

At the Lawrence Berkeley National Laboratory’s (LBNL)
88-Inch Cyclotron facility, the Berkeley Gas-filled Separator
(BGS) was designed to investigate the properties of SHEs.
Over the last 25 years, the BGS has investigated a wide
range of SHE properties, including new isotope production,
spectroscopy, mass measurements, and chemistry [51]. In
this paper, we present results of the first atom-a-day exper-
iment at the BGS using a new, highly pixelated detector
at its focal plane. We explore the >**Pu(*®Ca, xn) reaction,
which has previously been investigated at JINR [52,53] and
the GSI Helmholtz Center for Heavy Ion Science (GSI)
[46-48,54,55]. High-resolution spectroscopy experiments on
the a-decay properties of 28%2%F1 and their daughters were
performed at GSI with TASISpec [46—48]. A comparison of
the results from our experiment with those data will provide
a useful benchmark for the performance of the BGS detector
upgrade. After the description of the experiment in Sec. II,
observed correlated decay chains associated with the produc-
tion of flerovium isotopes are presented in Secs. III A—III D,
followed by assessments of magnetic rigidity, decay spectra,
random rates and correlations, as well as systematic errors.
The paper concludes with a brief summary.

II. EXPERIMENTAL

A ¥Ca''* beam was produced from isotopically enriched
“8Ca [95.99(2)%] using the Versatile ECR for Nuclear Sci-
ence (VENUS) ion source [56,57] and injected into the
88-Inch Cyclotron at LBNL. There, it was accelerated to
a nominal energy of 256 MeV before being extracted from
the cyclotron. The average beam current at the exit of the
cyclotron was 8.3 e uA or 4.7 x 10! ions/s. At the beginning
and end of the experimental campaign, the beam energy was
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TABLE 1. Measured thicknesses of target segments and esti-
mated range of beam energies and excitation through the target
according to energy-loss measurements from Ref. [59], experimental
masses for ®Ca and 2**Pu, along with the theoretical mass for 2*?Fl
from Ref. [60].

Segment Thickness Beam energy E*
(mg/ cm?) (MeV) (MeV)
1 0.39(5) 243.7-238.3 41.2-37.2
2 0.42(4) 243.7-237.9 41.2-36.9
3 0.47(5) 243.7-237.2 41.2-36.3
4 0.45(7) 243.7-237.4 41.2-36.5
Average 0.44(4) 243.7-237.7 41.2-36.7

determined by nondestructively measuring the time-of-flight
of individual beam pulses between two fast-current transform-
ers separated by 3.563(5) m along a neighboring beamline
[58]. The beam energy was measured to be 258.4(25) and
259.0(25) MeV, respectively. For the experiment, the beam
was guided down the Cave 1 beamline and through a differen-
tial pumping section that serves to isolate the vacuum of the
accelerator beamline from the 0.4-torr He fill-gas inside of the
BGS.

Directly following the differential pumping section, the
beam impinged on a rotating target wheel composed of four
arc-shaped segments with a diameter of 12.2 cm. Each seg-
ment consisted of a 2.0(1)—um-thick "Ti foil onto which an
average of 0.44(4) mg/cm? of 2*Pu (as >**Pu0,) was added
via molecular plating. The molecular plating was performed
at Lawrence Livermore National Laboratory (LLNL), and the
thickness of the **Pu layer was determined at LLNL through
y-ray analysis of the short-lived 2**"Np, which is a daughter
in the decay chain of 2**Pu. Table I contains a list of measured
thicknesses for each target segment and the expected beam
and excitation energies for that particular segment. Here, en-
ergy losses in the Ti-backing foil and the 2**Pu0, layer were
estimated with srim2013 [59]. The excitation energies were
calculated using experimental masses for **Ca and ***Pu and
the theoretical *Fl mass from the Thomas-Fermi mass tables
[60]. The average beam energy in the target was 240.7(30)
MeV, leading to an average excitation energy of 39(2) MeV.

Along the length of the differential pumping section, there
are five collimators that reduce He pressure along the beam-
line. These collimators may also reduce the beam intensity
on target as compared with that measured at the exit of the
cyclotron. Therefore, to extract cross sections, two silicon
pin-diode detectors, positioned at angles of £27.2(1)°, sit
292(2) mm downstream of the target. These detectors monitor
the integral of beam intensity and target thickness through
the detection of Rutherford-scattered beam particles. They are
used to both monitor the integrity of the target and to provide
a normalization to extract the cross section for the nuclear
reaction of interest.

During the experimental campaign, the **Pu target was
irradiated for 6.5 days. For the first 24 hours, the beam in-
tensity at the exit of the cyclotron was gradually increased
to a maximum of 1 particle uA, with an average intensity

of 0.8 particle pA for the remaining time of the experiment.
The target was sufficiently thin such that all unreacted beam
and reaction products passed through the target and entered
the BGS. The Fl evaporation residues (EVR) of interest were
separated from the unreacted beam and unwanted reaction
products inside the BGS based on their differing magnetic
rigidities (Bp) in helium gas [61]. For the first 3.9 days of
the experiment, the BGS was set to bend products with Bp =
2.25 Tm to the center of the Superheavy Recoil detector
(SHREC). This was then increased to Bp = 2.34 T'm for the
remainder of the experiment. The Bp settings of the BGS were
previously calibrated with beams of various known magnetic
rigidities, observing what combinations of magnetic settings
were required for the two dipole magnets to center each beam
at the focal plane. This calibration allows us to calculate the
Bp for a wide range of dipole ratios (see Sec. III E).

At the BGS focal plane, the separated EVRs were im-
planted into the newly constructed SHREC detector, which
has been described in detail in Ref. [62]. SHREC consists of
an implantation detector that is comprised of three double-
sided silicon-strip detectors (DSSDs), each with an active
area of 58.5 mm x 58.5 mm, a thickness of 325 um, and an
average deadlayer thickness of ~1.5 um. Each DSSD is sub-
divided into 58 strips on both the front and back sides. These
three DSSDs are situated side-by-side and perpendicular to
the path of the beam. On the front side of the detector, the 174
vertical strips denote position in the horizontal direction. On
the back sides of the implantation detector, the 58 strips were
wire-bonded across all three DSSDs, yielding 58 strips that
denote the vertical position.

Some light, high-energy, charged particles generated from
reactions between the beam and the He fill-gas pass through
the implantation detector, depositing only a portion of their
energy in the implantation detector and can mimic « particles.
To better discriminate between these “punch-through” parti-
cles and the o decays, a veto detector was positioned directly
downstream of the implantation detector and is comprised of
an identical set of three DSSDs (see Sec. IITF).

Some fraction of « particles will be emitted out of the
face of the implantation detector. To detect a portion of these
emitted particles, an additional eight DSSDs comprised a
“tunnel” of detectors directly upstream of the implantation
detector. The geometric efficiency for detecting a full-energy
«a particle in the implantation detector is ~50%. An additional
25%-30% of o decays can be reconstructed between the
implantation detector and upstream detectors, depending on
the implantation profile. Combined, this leads to an overall
a-particle detection efficiency of 75%—-80% [62].

Note that this experiment did not employ any parallel-plate
avalanche counter (PPAC) or multiwire proportional counter
(MWPC) upstream of SHREC to tag potential EVR events
as originating from the separator as opposed to random back-
ground. This choice is different from many other experimental
setups that investigate SHE. However, this decision was made
because early experiments have demonstrated that EVR col-
lection efficiency was reduced by 10%—15% when a PPAC is
installed. In turn, the beam-related background in the BGS is
low, such that decay chains from 2#’-2%°Fl, the expected de-
cay products of this experiment can be definitively identified
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without the need for the PPAC. This is discussed further in
Secs. III G and IIT H. Under these experimental conditions, the
efficiency for transport of the Fl EVRs to SHREC is 62(6)%,
based on simulations of particle trajectories in the BGS and
assuming that the FI EVRs were centered in SHREC [61].

Individual signals from each DSSD strip were processed
with compact, charge-sensitive preamplifiers [63] and then
sent to ten 64-channel CAEN VX2740 digitizers (16 bit, up
to 125 MS/s). Each digitizer channel self-triggered above
an energy threshold of 2200 keV. Signals were processed
using the Digital Pulse Processing Pulse Height Analysis
(DPP-PHA) firmware controlled through the compass soft-
ware from CAEN [64]. Waveforms [40 us long on the back
sides (horizontal strips), 30 us long on the front sides (vertical
strips)], timestamps, detector strip identifiers, and pulse am-
plitudes from an online trapezoidal filter were recorded for all
events [62]. Energy calibrations were performed for SHREC
before the experiment using « sources consisting of ***Pu,
2 Am, and 2Cm, and a ?"Bi conversion-electron source.
The utilized calibration technique was previously optimized
using a-decay lines of implanted 2*No, >>°Fm, and ***Cf. To
correct for potential-energy shifts during the experiment, an
o source consisting of 29py, 2 Am, and ***Cm was located
inside the chamber and in sight of most strips for the duration
of the experiment. This source was located in a position such
that it did not occlude the EVR envelope or decrease detec-
tion efficiency. At the relevant decay energies, the in-beam
resolution of the DSSD during the experiment was 10 keV at
(one sigma) for alpha particles that decayed into the DSSD
and approximately 20 keV (one sigma) for alpha particles that
were reconstructed between the DSSD and the box detector,
although this depends on the angle between the two detectors
and how much dead layer the alpha particle passes through.
The resolution was determined by measuring the resolution of
234No alpha decays in a commissioning experiment performed
several months prior to this experiment. In fact, the calibration
could be monitored using the decay of the long-lived >*>Cm
daughter of 2*No to ensure there were no energy drifts be-
tween the two experiments. No energy drift was observed in
any detector strip that contained an event attributed to a Fl
decay chain.

III. RESULTS AND DISCUSSION

The expected reaction products of this experiment were the
3n and 4n exit channels, 2°F1 and 2%%Fl, respectively. Both
of these isotopes have been studied previously, either through
direct production or as the daughters of 2°*?*Ly, in experi-
ments at the Dubna Gas Filled Recoil Separator (DGFRS) at
JINR [52,65-67], the Transactinide Separator and Chemistry
Apparatus (TASCA) at GSI [46—48,54,55,68,69], the velocity
filter SHIP at GSI [70], and the GARIS gas-filled separator
at RIKEN [71]. The accumulated known decay properties
[46,47] from these experiments are summarized in Fig. 1. For
completeness, Fig. 1 also contains accumulated known decay
properties of 28¢287Fl: Decay chains passing through 2%Fl,
including recent data from JINR [72], have recently been
assessed in the Supplemental Material of Ref. [40]. Decay
chains passing through 28’FI, including recent data from JINR

FI 286 4 FI287 | FI288 | FI 289
106(1%)ms| 0.37(3)s | 0.65(2)s | 2.3()s
0. 10418(2) |0 10.02(1) [009.92(1) [0 9.80(2)
sf43%

Cn282 Cn283 /Cn284 Cn 285
0.88(13) ms| 3.7(3)s |121(32)ms| 40(%)s
o 9530 l09.33(1) |9.14(2)
sf100% |sf17% sf 98%
Ds 279 | Ds 280 | Ds 281
0.22(2) s |0.36(/2)ms| 18.0(32)s
0. 9.69(1) 0.8.67(2)
sf 86% sf100% |sf92%
Hs 277
18(%) ms
sf 100%

FIG. 1. Known decay properties of 2¢287-288.289F] and their de-
scendants. The values for the decay chain starting from **°Fl are
taken from the Supplemental Material of Ref. [40]. The values for
the decay chain starting from 2*’Fl are taken from the Supplemental
Material of this article [73]. The values for the decay chain starting
from *%8F1 are taken from the Supplemental Material of Ref. [46].
The values for the decay chain starting from 2°Fl are taken from
the rightmost column of Table II in the Supplemental Material of
Ref. [47]. For updates, including data from this article, see Table III
and the Supplemental Material [73].

[72], are assessed in the Supplemental Material of this article
[73] (including references [74,75]).

A. Search conditions

Prior to this experiment, SHREC was commissioned us-
ing the 2Pb(*®Ca, 2n) reaction. The »*No EVRs from that
reaction had a median energy of 19.2 MeV with recorded
energies ranging from approximately 14 to 25 MeV. Based
on differing reaction kinematics and simulations from srim
[59], we expected the F1 EVRs to implant into SHREC with
comparable or slightly lower recorded energies. Using this
information, and the known reference decay chains originat-
ing from Fl isotopes shown in Fig. 1, potential decay chains
originating from 2%%Fl were identified from a larger subset of
correlations which met the required conditions of the implan-
tation of an EVR [11 < E(MeV) < 30] followed by either
an «-like [8 < E(MeV) < 11] or escape-like [E(MeV) < 5]
event and terminated with a spontaneous fission (SF) event
(E > 120 MeV) within 10 s. All three events must occur
within the same (x, y) pixel of the implantation detector. The
EVR was required to be anticoincident with the veto detector.
The «, escape, or SF events could be coincident with the
veto detector because conversion electrons emitted during the
decay may pass through the implantation detector and into
the veto detector, creating a real coincidence. A coincidence
between the implantation detector and veto detector is defined
as a signal that occurs in the veto detector within 1 us of
a signal in the implantation detector and within +2 mm of
the implantation position in both the x and y directions. The

024611-4



INVESTIGATION OF THE ***Pu(*Ca, xn) *>~*FI REACTION WITH ...

PHYSICAL REVIEW C 113, 024611 (2026)

TABLE II. Observed decay chains associated with isotopes of flerovium, Z = 114. Reconstructed a-decay energies are noted with italics.
SF energies, shown in boldface, correspond to energies measured in the implantation and upstream tunnel detectors, respectively.

E* Epeam Chain X strip y strip Bp Egvr Decay energy Correlation Isotope
(MeV) (MeV) Number (Tm) (MeV) MeV) Time (s) Az

41.2-36.7 243.7-237.7 1 135 17 2.25 12.6 9.91(1) 0.121 288E]
166 + 2 0.0256 B4Cn

41.2-36.7 243.7-237.7 2 141 3 2.25 14.3 9.92(2) 0.289 288p]
189 + 19 0.0334 B4Cn

41.2-36.7 243.7-237.7 3 92 34/35 2.34 15.0 9.94(2) 0.645 288p]
177 +7 0.783 84Cn

41.2-36.7 243.7-237.7 4 104 31 2.34 18.1 0.71 0.628 B8R
146 + 2 0.00470 B4Cn

41.2-36.7 243.7-237.7 5 77 27 2.34 14.5 9.92(2) 0.115 28R
192 0.0390 B4Cn

41.2-36.7 243.7-237.7 6 84 9/10 2.34 16.6 9.92(2) 0.0268 288p]
169 + 14 0.0841 B4Cn

41.2-36.7 243.7-237.7 7 118 18 2.34 17.1 9.92(1) 2.55 2B8F]
197 0.0939 B4Cn

41.2-36.7 243.7-237.7 8 87 21 2.25 19.1 9.98(1) 0.665 287R]
9.65(2) 9.07 83Cn

154 0.0157 Ds

41.2-36.7 243.7-237.7 9 98 6 2.25 19.8 1.20 1.16 289F]
9.16(1) 158 B5Cn

216 35.7 Blpg

41.2-36.7 243.7-237.7 10 84 3 2.34 Missing Missing

9.22(1) 10.6-37.5 B5Cn

7.99(1) 489 BlDg

21142 0.120 2TTHs

efficiency for detecting a decay chain originating from 23%FI
under these conditions is ~99 %, based on Monte Carlo sim-
ulations of decay chains with branching ratios, as shown in
Fig. 1.

Potential decay chains originating from 2*’Fl were also
identified by EVR-«a-SF correlations. The same energy
conditions as for 2*¥F1 were applied, while the time differ-
ence between the EVR- and SF-like events was extended
to <300s, and at least one full-energy o particle [8 <
E(MeV) < 11] was required to be observed between the EVR
and SF-like events. The efficiency for detecting a decay chain
originating from 2*°Fl under these conditions is ~299%, based
on Monte Carlo simulations of decay chains with branching
ratios, as shown in Fig. 1.

We also searched for potential events originating from the
decay of 2Fl, the 5n exit channel. Decay chains originating
from 8’FI were identified by correlations consisting of either
an EVR followed by an «-like event and terminated by an
SF-like event within 10 s, or an EVR-like event followed by
at least two «-like events within 150 s and terminated by an
SF-like event within an additional 2.5 h.

B. 23F1 Decay chains

Seven EVR-«a-SF correlations were observed and assigned
to the decay of 2%8Fl. Their decay properties are summa-
rized in Table II. A comparison between the decay properties
observed in this work and those from previous publications is

shown in Fig. 2. The half-life originating from the decays in
this work is 0.43(3) s for the decay of 2**Fl and 36(33) ms
for 2*Cn. The observed half-life of 2%¥FI is in very good
agreement with data from previous publications, while the
observed half-life of *Cn is approximately three sigma away
from the value 7j,, = 121(32) ms, shown in Fig. 1, which
corresponds to an aggregation of all known decays assigned to
24Cn, as detailed in the Supplemental Material of Ref. [46].
As can be seen in the figure, the correlation times observed
in this work are within the range of times that have been
previously observed, although trending toward lower values.
This deviation is likely due to statistical fluctuations that are
common for experiments with a small number of events.

Our data indicate that 2*®Fl predominately decays via the
emission of a 9.92(1)-MeV « particle, in perfect agreement
with what was reported in Ref. [46]. This can be seen in the
overlap of a-particle energies from this work and Ref. [46]
that is highlighted in Fig. 2(a) in the “TASISpec only” curve.
It is noticeable that the distribution of energies observed in
this work and Ref. [46] is significantly narrower than those
observed in previous works. Consequently, and in line with
Ref. [46], the narrow o energy observed in this work does not
support the suggestion from Ref. [76] that proposed two close-
lying decay paths, each with similar strength, differing by only
~100 keV after analysis of data from Refs. [54,55,70]. This
highlights the need for experiments on SHEs that leverage
high-resolution spectroscopic techniques, which may be able
to resolve similar deviations in other SHE isotopes and lead
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FIG. 2. Comparison of (a) decay energies and (b) correlation times associated with the decay of ***Fl, as well as (c) correlation times
associated with the subsequent decay of 23*Cn. The energy spectra in panel (a) are based on sums of Gaussian distributions accounting for
varying uncertainties of the different experiments. For all panels, the blue hash curves correspond to all previous work as summarized in
Ref. [46). Data from decay chains associated in the present work with 283Fl are indicated in green and those from chain 8 in red (cf. Table II).
In panel (a), the spectroscopic results from the TASISpec detector at TASCA [46] are denoted by the hashed maroon curve. In panels (b) and
(c), the gray curves correspond to least squares lifetime fits to all previous data [46].

to a better understanding of the underlying nuclear structure
in these exotic systems [77].

It has previously been reported that there is a small «
branch in 24Cn of about 2% with an energy of E, =
9.33(1) MeV [46]. This «-decay branch was not observed in
this work as all nuclei of 2*Cn were observed to undergo SF.

The information from the present work was used to update
the aggregated data of >*3FI decay chains. This is summarized
in Table IIT and detailed in the Supplemental Material [73].
Each decay step is found to remain consistent with the decay
of a single radioactivity according to Ref. [79].

The cross section for the observation of seven events of the
4n exit channel is 6.7(32) pb. This value compares favorably to
the reported cross sections of 9.8(37) pb [55], 5.3G%) pb [80],
and 5.1(%?) pb [48], which are published values for the same
reaction and at similar compound nucleus excitation energies.

C. Decay chains 9 and 10: *’F1

Chain 9 in Table II consisted of a 19.8-MeV EVR followed
1.155 s later by an escape-like event. There was a 9.16-MeV
a-like event 157.6 s after the escape-like event, and the chain
was terminated by an SF-like event that occurred 35.7 s after
the last «-like event. A comparison of these decay properties
to aggregated numbers from all the decay chains assigned
to 2%°F1 suggests that the observed decay characteristics of
chain 9 are all consistent with the so-called main decay branch
of 2%9F1 [47]. This is illustrated in Fig. 3, where the data points
belonging to chain 9 are indicated in green and the dashed
line. Additionally, the energy of the escape-like event is con-

TABLE III. Summary of aggregated experimental results con-
cerning the decays of **F1 and 2**Cn accounting for the additional
data from this work. See Supplemental Material for more details [73].

Isotope  E, O, Tip by Tip(a) HF' Tip)(SF)?
Az (MeV) (MeV) (s) () [78]  (ms)
BSEL 9.92(1) 10.06(1) 0.62() 1 0.62(}) 1.5¢) n/a
B4Cn - 9.33(1) 9.46(1) 0.110(1]) 1/58 6.4(%) 1.13) 0.112(}]

2The uncertainties do not account for uncertainties in branching ratio.

sistent with the energies expected for the energy imparted in
the DSSD for an « particle escaping the implantation detector,
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FIG. 3. Comparison of «-decay energies and correlation times
of °FI [panels (a) and (b)], **Cn [panels (c) and (d)], 2! Ds [panels
(e) and (f)], and correlation times of 2’’Hs [panel (g)]. Decay en-
ergies and correlation times from all previous work at the DGFRS
[52,53,65,66], TASCA [47,48,54,55,68,69], SHIP [70], and GARIS
[71] separators are denoted with blue hashed histograms. They cor-
respond to assessments detailed in the Supplemental Material of
Ref. [47]. The energy spectra in panels (a), (c), and (e) are based on
sums of Gaussian distributions accounting for varying uncertainties
of the different experiments. Here, the spectroscopic results from the
TASISpec detector at TASCA [47,48] are denoted by the hashed ma-
roon curve. In panels (b), (d), (f), and (g), the gray curves correspond
to least squares lifetime fits to all previous data [47]. Data from decay
chains 8, 9, and 10 from the present work (cf. Table II) are shown in
red, green, and turquoise, respectively.
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TABLE IV. Timeline of actions before and during chain 10.

Action Time

11:31:02:002 (UTC)
No data recorded

Data acquisition stopped
File change in progress

Data acquisition started +26.967 s
9.22(1) MeV «-like event +10.563 s
7.99(1) MeV «-like event +489.068 s
213 MeV SF-like event +0.120 s

as can be seen in Fig. 2 of the Supplemental Material of
Ref. [48]. The lifetimes of all three decays are well within
the range of previously recorded values for 2*°Fl, *Cn, and
2IDs. Additionally, the energy observed for the « decay in
this work is in good agreement with the energies from decays
previously assigned to 28Cn [47]. As such, this decay chain 9
was assigned to the decay of °Fl.

Chain 10 in Table II was initially discovered when search-
ing backward from all 78 observed SF-like decays. During
that search, an o —a-SF correlation consisting of two « parti-
cles of 9.22(1) and 7.99(1) MeV, respectively, was identified.
The time difference between the two o particles amounts to
489 s. The second « particle was followed by a 213-MeV
SF-like event only 120 ms later. The SF-like event was co-
incident with a signal in the veto detector, which may occur
when a conversion electron is emitted toward the veto detector
during SF-decay. This was the only event with £ > 120 MeV
coincident with a signal in the veto detector. A dedicated
search backward in time from the first a-like event does not
show any evidence of an EVR or additional, previous a-decay
events. Further investigation showed that the first «-like event
occurred only 10.563 s after a new runfile had been started.
A timeline of the events that are discussed in the following
sentences can be seen in Table IV.

Runfiles are manually stopped and started roughly every
2 h, and there is a small, but inescapable, time during this
process when the data acquisition system is not running.
Analysis of the online file information shows that one file
was closed April 26, 2023 at 11:31:02.002 UTC. The next
file, containing the o —«a-SF correlation of interest, was not
opened and collecting data until 26.967 s later. During this
time, the beam was not stopped and was still impacting the
target. A random rate analysis was performed as discussed in
Sec. I G. Those calculations indicated that the probability of
two alpha-like events occurring within 2000 s of an SF-like
event is 7.1 x 107>. Therefore, the correlation is unlikely to
be random.

This chain is tentatively interpreted as originating from
289F], where the EVR implantation and **°Fl decay happened
while runfiles were being changed. The subsequent « decays
of 283Cn and %! Ds, along with the SF of 2’’Hs occurred after
the new file was open. The correlation time of the poten-
tial 25Cn decay has to be in the range At = 10.6—37.4 s.
This period, indicated by a horizontal turquoise double-arrow
in Fig. 3(d) and the observed «-particle energy of E, =

9.22(1) MeV are both consistent with the known decay prop-
erties of 2°Cn summarized in Ref. [47].

B1IDg has previously only been observed to decay via a-
particle emission three times. The «-particle energy assigned
to the decay of #!Ds in this work is lower than what has been
previously observed. However, it could indicate observation
of a decay into an excited state in the ?’’Hs daughter, or
decay from a lower-lying state in 2®'Ds. A third alternative
is an «-decay measurement with part of the energy lost in
the deadlayer of the implantation detector. The correlation
time of the o decay assigned to 2%'Ds in this work is 489 s.
This is significantly longer than the average half-life shown
in Fig. 1(f) of T1» = 18.0(%2) s [47]. However, it is notable
that the observed correlation time of one of the three observed
a-decay events assigned to 2%'Ds is 252 s [47], which is
consistent with the lifetime observed here. This could indicate
the existence of a longer-lived isomeric state in >3'Ds. The
correlation time of the observed SF event that followed the
a-decay assigned to 28'Ds is consistent with the lifetimes
from the other known decays assigned >’’Hs [see Fig. 3(g)
and Ref. [47]]. Including the two 289F] chains of this work,
the revised aggregated half-lives of 2'Ds and *’’Hs shift
toward larger values of 26(3) s and 35(33) ms, respectively,
while the spread of data points remains consistent with only
one radioactive decay for each of these two decay steps (see
Supplemental Material [73]).

The cross section observed for two decays of the 3n
exit channel, *°Fl, was 1.6(%%) pb. Previous experiments
at the DGFRS [53] and TASCA [54,55] reported cross
sections of 1.7(3}) and 3.5(3}) pb, respectively. Our value
agrees well with these values, while the TASISpec experi-
ment at TASCA indicates a somewhat higher cross section of
6.2(32) pb for the 3n channel **’Fl [48]. All measurements
were undertaken at comparable compound nucleus excitation
energies.

We have considered the possibility that the difference in
cross section between this work and that of TASISpec may be
due to a larger difference in beam energies than reported. For
this experiment, we measured the beam energy on a neighbor-
ing beamline, then switched the beam to the beamline leading
to the BGS. During this process, minor modifications need
to be made to the tune of the cyclotron. These modifications
may have minor impacts on the energy of the extracted beam
by taking out an earlier or later turn through the cyclotron.
For this experiment, each turn out of the cyclotron added
an additional ~1.5 MeV. After this experiment was com-
pleted, two fast-current transformers [58] were installed on the
beamline that leads to the BGS to allow online time-of-flight
(TOF) measurements between individual beam pulses. This
setup was commissioned using beams of “°Ar'** and Ti'?+,
Energy measurements were compared between the two beam-
lines, and the energy on the beamline leading to the BGS was
consistently ~1 MeV lower than the energy measured on the
neighboring beamline, although this may be due to a more
accurate measurement of the TOF distance on the Cave 1
beamline. Based on the small energy difference, we conclude
that the 2—o differences in cross-section measurements are
statistical fluctuations.
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D. Decay chain 8: 2Fl

Chain 8 in Table II consisted of an EVR-o—«-SF correla-
tion where the EVR was followed 0.665 s later by a 9.98-MeV
«a particle. A second o with 9.65 MeV followed 9.073 s later,
and the chain was terminated by an SF just 16 ms after the
second «. The excitation energy covered by the target during
this experiment was calculated to be 36.7-41.2 MeV (see
Table I). Based on this, we expected to observe decay products
originating from the 3n (**°Fl) and 4n (**®Fl) exit channels.
A comparison of the decay properties observed in this chain
with those from all previous decay chains assigned to *%3FI
and 2% FI are shown in Figs. 2 and 3, respectively.

When comparing the decay properties observed in chain 8
with the known properties of 2*’FI, note that the first and sec-
ond a-decay correlation times are consistent with the known
decays from 2*°Fl and **°Cn [47]. Additionally, the energy
of the first o particle could also be consistent with 8°Fl, al-
though only one other decay has been observed at an energy of
E, =~ 9.99 MeV. However, the energy of the second « particle
is 2300 keV higher than any previously observed « decay of
25Cn. Furthermore, the correlation time of the SF-like event
is two orders of magnitude shorter than any decays assigned
to 28! Ds. Therefore, it is unlikely that chain 8 originates from
the decay of 2%°Fl.

The same comparison was performed between this chain
and the known decays originating from 2%3Fl shown in Fig. 2.
While the first o particle has an energy and lifetime that
is consistent with the published decay properties of 2Fl,
the lifetime of the Cn « decay in chain 8 is significantly
longer than any previously published value [46]. Additionally,
our observed energy of E, = 9.65(2) MeV does not agree
with the previously observed a-particle energy for 2%*Cn of
E, = 9.33(1) MeV. The SF correlation time of 16 ms is also
significantly longer than can reasonably be expected to occur
from the decay of 280D, which has been observed to under
SF in ~0.36 ms. Therefore, we cannot assign chain 8§ to the
decay of 28%Fl.

We also compared the decay properties for chain 8 to the
decay properties of chains assigned to 2’Fl and its descen-
dants. This is shown in Fig. 4 and detailed in the Supplemental
Material [73]. There is good agreement between «-particle
energies and correlation times for all three generations of
decays. As such, we assigned chain 8 to the decay of *’Fl. An
interesting side note on nuclear structure is that the observed
9.65(2) MeV of the **3Cn « agrees well with several previ-
ously measured decay events following indirect population of
283Cn, while the decay-energy spectrum of directly produced
283Cn does not show any clear evidence of such an a-decay
transition (see Fig. 2 of the Supplemental Material [73]).

In the *3Ca + 2**Pu reaction, the isotope 287R] would be
produced in the 5n exit channel. While the 5n exit channel has
been observed in reactions between “*Ca and actinide targets
before [53,83,84], no decays from a 5n exit channel have
been observed at compound nucleus excitation energies less
than 50 MeV. This is a significantly higher excitation energy
than what was the case for our target (36.7-41.2 MeV, see
Table I) and cannot be explained by small deviations between
experimental methods of determining excitation energies for
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FIG. 4. Comparison of (a) «z-particle energies and (b) correlation
times of 287Fl, (c) a-particle energies and (d) correlation times of
23Cn, and (e) *°Ds SF and a-particle correlation times between
chain 8 in this work and from previous work. Previously measured o-
particle energies at the DGFRS [53,72,80], SHIP [81], and BGS [82]
separators are denoted with blue hashed histograms, and correlation
times from those works are denoted by light-gray histograms. Data
from Chain 8 (multiplied by 5 in yield for better visibility) from
this work is denoted by the red histograms. See the Supplemental
Material [73] for further details on aggregated results.

a given experiment. We also considered whether our beam
energy measurement could be off due to measuring the beam
energy on a neighboring beamline. As discussed in Sec. IIIC,
we expect a systematic offset of at most &1 MeV for the beam
energy, which would still yield an excitation energy that is
significantly lower than what has previously been observed for
5n exit channels. Another way that 2’Fl could be produced is
through the >*?Pu(*®Ca, 3n) reaction if >**Pu is present in the
target as a contaminate. The target material was assayed and
determined to be 98.8 % ***Pu and 0.91 % %**Pu by atom%.
All other Pu isotopes contributed <1% of the target material
by atom%.

E. Magnetic rigidity (Bp)

Two Bp settings were used to tune Fl ions to the SHREC
detector. The location of where the events were observed
at both of the Bp settings is shown in Fig. 5(e). The first
setting was Bp = 2.25 T m and two of the events from 2%3FI
as well as chains 8 and chain 9 assigned to **’Fl and **Fl, re-
spectively, were observed with these settings. All four events
were implanted on the high-Bp side of SHREC. Based on
the known dispersion of the BGS of 16(2) mm/%(Bp),
the average of these four events was Bp = 2.33(3) Tm.
After observation of these events, the Bp setting was
increased to 2.34 T m, where the remaining six events were
observed. The average magnetic rigidity of all ten events was
2.35(2) T m. Previous experiments at TASCA have observed
Bp =2.29(15) Tm for flerovium residues [55], and experi-
ments with TASISpec and chemistry at TASCA have used
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FIG. 5. Distribution of (a) TRP-like, (b) EVR-like, (¢) «-like,
(d) escape-like, and (e) SF-like events in the implantation detector
of SHREC. The heatmap shows the rate per pixel per 1000 seconds
for each background component in panels (a)—(d) and the observed
location of every SF event in panel (e). The location of observed
correlations associated with flerovium decay chains at Bp = 2.28
and Bp = 2.34 are also indicated in panel (e) with red circles and
yellow triangles, respectively.

Bp =2.27 Tm. A small discrepancy between the Bp at the
two separators may be due to the different gas pressures that
are used at each separator. TASCA is operated at 0.6 torr
compared with the BGS setting of 0.5 torr, although Bp is ex-
pected to be relatively constant over this range [61]. Another
potential cause of the discrepancy may be due to different
methods of calibrating Bp. The BGS has two dipole magnets,
M1 and M2, that bend the EVRs ~25° and ~45°, respectively,
but this can be varied to better tune for specific experiments.
To calibrate the BGS magnets, beams of A3+ at several
different energies were sent through the BGS, to the focal
plane detector, when the BGS was at vacuum. The settings
of the M1 magnet were set, and the M2 value was varied until
the beam was centered at the focal plane of the BGS. This was
done for 10-20 different settings of M1 at each beam energy.
The resulting data allow us to determine experimental Bp
from a wide range of magnet settings. This may be different
than the method employed at TASCA and may explain the
small variation in observed Bp values.
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FIG. 6. All events in the SHREC detector from (a) 0 <
E(MeV) < 15 and (b) E > 15 MeV. Each panel shows the total
summed events (thick solid, blue), events that are coincident with
the veto detector (dotted, green), and events that are anticoincident
with the veto detector (thin solid, orange).

F. Spectra

The low- [0 < E(MeV) < 15] and high-energy (E >
15 MeV) spectra, summed across all strips in the implantation
detector, from this experiment are shown in Figs. 6(a) and
6(b), respectively. The high-energy spectrum shows a broad
peak at =50 MeV that is caused by target-like material and
target-like transfer reaction products (TRP) that are ejected
from the target during irradiation and implanted into the de-
tector. Above 100 MeV, the spectrum is dominated by a small
amount of scattered beam particles that hit the implantation
detector, along with SF events from the Fl decay chains. Also
shown in Fig. 6(b) is the spectrum of all signals that are
coincident with the veto detector, meaning that a signal that
occurred in the veto detector within 1 us of a signal in the
implantation detector and within +2 mm of the implantation
position in both the x and y directions. Only one event above
100 MeV in the implantation detector was coincident with a
signal in the veto detector and was discussed in Sec. III C.

The low-energy spectrum shows background from several
sources. For the duration of the experiment, a multipeak o
source was located in the SHREC chamber, pointing toward
the implantation detector. This source was used to track any
potential-energy drifts in the electronics during the beamtime.
The peaks from this source can be seen at 5 < E(MeV) < 6.
Each peak is broad in energy as the source was on the edge
of the detector, and the deadlayer traversed by the « particles
varied depending on the angle and the distance between each
pixel and the source. A narrow peak occurs at 6.16 MeV and
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FIG. 7. Energy loss through the implantation detector and veto
detector for ions that pass through the implantation detector. They
deposit only a fraction of their energy in the implantation detector,
which thus acts as the AE part of a AE—E particle-identification
telescope. The location of particles originating from elastically scat-
tered He fill gas (solid line), deuterons (dotted line), and protons
(dashed line) is indicated.

is from the decay of 2Cm (Th/» = 162.86 d). This isotope
is part of the decay path of >*No, which was implanted
into SHREC in October 2022 during commissioning of the
detector via the 2°®Pb(**Ca, 2n) reaction.

Three additional, very broad peaks show up in the low-
energy spectrum centered at 1, 3, and 7 MeV. These are the
appropriate energies to mimic either escape-like or full-energy
a-like signals. The vast majority of the events associated with
these peaks are coincident with signals in the veto detector and
are expected to originate from high-energy light charged par-
ticles that pass through the implantation detector. As shown
in Fig. 6(a), background from these events can be removed by
selecting only those events in the implantation detector that
are anticoincident with the veto detector. Recall that all of our
EVR events were required to be anticoincident with the veto
detector.

To better understand the sources of the three broad peaks
that are coincident with the veto detector and at ~1, 3, and
7 MeV, the correlated energy-loss measurements of both the
implantation and veto detector are shown in Fig. 7. Based on
comparisons with simulations from srim [59], the particles
originate primarily from protons, deuterons, and « particles
as indicated in Fig. 7. The helium background is mainly a
result of elastically scattered BGS fill-gas particles, while the
protons and deuterons likely are emitted from the target area
or the beamstop due to the impinging of or reactions with the
high-intensity primary beam, respectively.

G. Random rates

The number of expected decay chains arising from corre-
lations of random background events was calculated for each
pixel individually, based on the rate of events within a given
energy range in that pixel, for each ~2-hr data file. Then the

rates observed for each pixel were summed across the entire
detector to give the total random rate for each event type.

EVR-like events were defined as those with
11 < Egyr(MeV) < 30, with «-like events having
8 < E,(MeV) <11 and SF events having energies of
Esr > 120 MeV. The energy threshold for SF events for
this experiment was determined based on the observed
energies neutron-deficient Db SF decays produced in the
209Bi(*9Tj, xn) reaction and implanted into this detector.
The distributions of EVR-, «-, and SF-like events across the
detector are shown in Figs. 5(b), 5(c), and 5(e), respectively.
The median rate of EVR-like events was 7.2 x 10~ Hz/pixel,
with lower rates observed for lower x positions. In SHREC,
lower x positions correspond to particles that have a lower
Bp and are bent more by the BGS magnets. Background
from «-like events was found to be more evenly distributed
across SHREC. The median rate was 3.2 x 10~ Hz/pixel.
A total of only 78 SF-like events were observed in SHREC
during the whole experiment. Their distribution is shown in
Fig. 5(e). The SF-like events were primarily observed at lower
x positions and are likely the result of a tiny amount of beam
scattering off the beamstop that runs along the low Bp side of
the BGS vacuum chamber, and then impacting the detector.
No short-lived SF activity potentially due to actinide isomers
impacting SHREC was observed, which will be discussed in
Sec. IITH.

The other two sources of background in SHREC are target-
like recoil products (TRP) with 30 < E(MeV) < 100 and
escape-like events defined as E¢c < 5 MeV. The upper limit
for escape-like events was limited by background from an «
source (239Pu, 2 Am, 244Cm) that was in the detector box and
emitted 5 to 6 MeV « particles. The threshold for escape-
like events was set below the energies of these « particles
to reduce potential random coincidences from these known
background events. The observed distributions of these events
across SHREC are shown in Figs. 5(a) and 5(d), respectively.
Escape-like events are relatively evenly distributed across the
implantation detector and occur with a median rate of 0.024
Hz/pixel. Recoiling TRP have lower Bp than EVRs and bend
more in the BGS magnets, however, background from these
events was observed primarily to occur at the high-Bp side
of the detector. This may be due to TRP scattering off the
beamstop. Some other contributions of events in this energy
range may also be from beam particles that have deeper in-
teractions within the beamstop and scatter into the SHREC
implantation detectors. The TRP-like events have a median
rate of 5.7 x 10~* Hz/pixel, slightly higher than the rate ob-
served with EVR-like events.

The number of expected correlations between ran-
dom events that could be incorrectly identified as decays
originating from 288-28Fl was calculated per pixel, for each
2-h runfile, based on the respective random rate of EVR-like,
a-like, escape-like, and SF-like events in that pixel. These
values were summed across the entire detector and across
all files to obtain the true number of expected random decay
chains. For 2%8Fl, we calculate that the number of expected
random chains generated from background events that meet
the search conditions defined in Sec. IIT A is 2.2 x 107° ran-
dom ?%8Fl EVR-a-SF correlations or 1.8 x 1073 random 2%8Fl
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EVR-esc-SF correlations. The number of expected EVR-
a—a-SF random chains generated from background events
that meet the search conditions defined for **’Flis 6.6 x 1073
across the entire experiment.

H. Random correlations

As discussed in Sec. III A, correlation search conditions
for the experiment were broad to enable a more complete
understanding of background in the detector. In addition to the
searches described above in Sec. III A, we also investigated
potential correlations between

(1) EVR[11 < E(MeV) < 30]or TRP [30 < E(MeV) <
100] followed by an «-like event [6 < E(MeV) < 12]
within 1000 s;

(2) EVR or TRP followed by at least two «-like events
with each « having a correlation time of <1000 s;

(3) EVR or TRP followed by an SF-like event [E >
60 MeV] within 1000 s;

(4) EVR followed by one or more «-like events followed
by an SF-like event with all decays having correlation
times <1000 s;

(5) combinations of the above correlations with escape-
like [E(MeV) < 5] events in place of one or more o-
like events;

(6) search backward from each SF-like event with E >
120 MeV for potential EVR or «-like events within
1000 s;

(7) correlations between an «-like event followed by an
SF-like event within 1000 s, where it is assumed that
the EVR was missing.

1. EVR-o and EVR-SF

All observed correlations between an EVR-like event and
an «-like event that follows within 1000 s are shown in
Fig. 8(b). Random correlations between unrelated EVRs and
a-like events begin to occur around 0.1 s and dominate the
random background by correlation times of 10 s. However,
we do not observe significant background from « decays of
short-lived transfer reaction products that contribute signifi-
cantly to the background in other separators [55]. This is due
to the larger bend angle of the BGS (25° 4 45° = 70°) when
compared with other gas-filled separators that tend to have
bending angles in the range of about 20°—35°. The larger
bend angle increases the separation between the EVRs of SHE
and recoiling TRP, reducing the background at the position of
the SHREC detector.

The same data are shown for EVR-SF correlations in
Fig. 8(a). At lower SF energies, Esg < 120 MeV, where
background is higher, random EVR-SF correlations begin
to appear at around 1 s. This rate decreases quickly as
the SF energy increases. At SF energies Esg > 120 MeV,
which correspond to energies expected for SF decays from
Fl descendants, there are significantly fewer correlations in
Fig. 8(a). They form a cluster in the range 0.1—10 s. This
behavior is clearly different from the lower-energy SF-like
events. Based on this behavior and the high-energy spectra
shown in Fig. 6(b), possible SF events originating from the
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FIG. 8. Panel (a) shows all observed EVR-SF (unfilled, blue
circles) and EVR-SF correlations assigned to the decay of 257 -2%°F]
(solid, red circles). Panel (b) shows EVR-a correlations (unfilled,
blue circles) and all EVR-« correlations followed by an SF-like
event in the same pixel within 1000 s of the o assigned in decay of
BT-289R] (s0lid, red circles) and to random correlations (solid, yellow
triangles). The color bars indicate the total number of correlations
observed per pixel over the entire experiment.

decay of 272%Fl or its daughters were required to have
energies greater than 120 MeV.

Based on the rate of EVR-like events, we expect 3.6 ran-
dom correlations between EVR-like and SF-like events with
Esg > 120 MeV. In the data, a total of 13 EVR-SF correla-
tions were observed. Nine were correlations comprising the
EVR and SF events from chains 1-9 in Table II. There were
four additional EVR-SF correlations that were not assigned
to decay chains of Fl isotopes. These are shown in Table V.
An additional search was performed for these potential chains,
looking for « particles that the online search may have missed,
escaping o particles that deposit only a fraction of their energy

TABLE V. EVR-SF correlations with SF correlation times

<1000 s that were not assigned to a decay chain of 23’~2%Fl.

Chain X strip y strip Egvr Esr Correlation
ID (MeV) (MeV) Time (s)

a 4 34 24.8 137 304

b 135 7 15.8 168 133

c 1 41 12.8 202 978

d 98 48 26.0 134 390
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in the implantation detector, and upstream-only events where
the escaping « particle deposited an energy in the implantation
detector that could have been below the energy threshold to
trigger the relevant channel of the data acquisition. For three
of the chains (labeled “a,” “c,” and “d” in Table V), no other
potential decay chain members were identified. Based on the
long correlation times between the events in those chains
and the number of expected random correlations, they were
assigned to random correlations of unrelated events. In chain
“b,” there was an additional EVR in the same pixel 132.7 s
after the EVR listed for chain b in Table V. The second EVR
was followed 121 ms later by a 9.91-MeV « particle, and ter-
minated 26 ms later by the SF event. This second EVR-«-SF
correlation was assigned to *%®Fl and corresponds to chain 1
in Table II. The 15.8-MeV EVR and the preceding SF in chain
b of Table V were thus assigned as a random correlation to a
true 2%8FI1 SF decay.

Only ten EVR-a-SF correlations were observed where the
SF energy was Esr > 120 MeV and the « energy was E, >
8 MeV. Nine of these were assigned to the decay of 28"~2%°Fl
as discussed in Secs. III C-IIIE. They are listed as chains
1-9 in Table II. The tenth correlation was the additional ran-
dom EVR that was correlated to chain 1 as described above.
The «-particle-energy window was then widened to include
all a-like events with 5 < E,(MeV) < 11. Only two more
EVR-a-SF correlations were observed. The « correlation
times and energies are shown by the yellow triangles in Fig. 8.
The observed o energies for those correlations were con-
sistent with a-particle energies from the calibration source
that randomly correlated to EVR and SF-like events over the
1000 s correlation window. In experiments at other gas-filled
separators, a common source of short-lived EVR-SF back-
ground is from actinide isomers that are formed in transfer
reactions between the beam and the target. No such isomers
were observed in this work, and this is consistent with other
experiments with actinide targets at the BGS [40,45,82,83].

2. TRP-o and TRP-SF

All observed correlations between TRP-like events and
SF-like events are shown in Fig. 9(a). As was previously
seen with EVR-SF correlations, random correlations between
lower-energy SF-like events (Esg < 120 MeV) and TRP be-
gin to occur already around 0.1 s. As the SF energy threshold
is increased, the number of potential SF-like events decreases,
corresponding to a decreasing rate of random TRP-SF corre-
lations. Based on the random rates from Sec. III G, we would
expect to observe about 11 random TRP-SF correlations with
Esg > 120 MeV, while 50 such events are observed. Five of
these events can be attributed to TRP-like events randomly
correlating to SF events from the identified Fl decay chains.
However, that still indicates that about four times as many
TRP-SF events were observed than expected through random
correlations. A full discussion of this type of TRP events
observed during SHE experiments at the BGS is the subject
of a forthcoming presentation.

All observed correlations between TRP-like and «-like
events are displayed in Fig. 9(b). Our data indicate that these
random correlations begin to occur around 0.1 s. Similar to
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FIG. 9. Panel (a) shows all observed TRP-SF correlations with
correlation times <1000 s. Panel (b) shows TRP-« correlations with
30 < Ergrp(MeV) < 70 and correlation times between the TRP and
o < 1000 s (blue circles) as well as all TRP-« correlations followed
by an SF-like event in the same pixel within 1000 s of the « assigned
in decay of 287-289F] (solid red circles) and to random correlations
(solid yellow triangles), respectively. The color bars indicate the total
number of correlations observed per pixel over the entire experiment.

the EVR-« correlations, there are no distinct peaks in the
correlation plot that can be attributed to the detection of a sig-
nificant number of « decays originating from near-target-like
TRPs.

Searching for TRP-«-SF correlations while considering
only SF-like events with Esg > 120 MeV, 83 TRP-«-SF cor-
relations are observed. Seventy-six of these can be attributed
to random correlations with the « calibration source or the
22Cm activity (see Sec. IT). An additional five are attributed to
random TRP correlating to identified Fl decay chains, where
the TRP preceded the EVR by tens of seconds. The other two
correlations are detailed in Table VI. We expect to observe 1.3
random TRP-«-SF events with the energy and correlation time
search windows of this analysis, and therefore these events are
attributed to random correlations.

L. Systematic error

Systematic uncertainties on the cross sections measured at
the BGS have been discussed previously in Ref. [85] but are
recapped briefly here. It is estimated that systematic uncertain-
ties result from five main contributions discussed here. The
first is the uncertainty in the efficiency for transporting EVRs
to the SHREC detector. This error was estimated by sending
EVRs of 2*No from the >®Pb(*®Ca, 2n) reaction through the
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TABLE VI. TRP-a-SF correlations with SF correlation times <1000 s, where the «-SF correlation was not assigned to a decay chain of

287-289
Chain X strip y strip Errp E, Correlation Esk Correlation
1D (MeV) (MeV) Time (s) MeV) Time (s)
e 87 21 39.5 6.99(2) 628 154 530

f 17 6 49.1 10.9(1) 62.8 121 780

BGS and comparing the size and shape of the >*No implanta-
tion distribution on the focal plane detector to distributions
that were modeled using the simulation code described in
Ref. [61]. Based on this comparison, it is estimated that the
error on the EVR collection efficiency is o /eff = 10%. The
second is the uncertainty in the angle of the Rutherford de-
tectors is 0.1° with respect to the beam axis. For the beam
used in this experiment, this results in a 3% uncertainty in the
Rutherford cross section and a corresponding 3% uncertainty
in the calculated EVR cross section. A third contribution is
due to the fact that upstream of each Rutherford detector is
a collimator that reduces the number of scattered particles
impacting the detectors. The uncertainty in the size of this
collimator is the main contribution to uncertainty in the angle
subtended by this collimator and is estimated to contribute 4%
to the systematic error in the cross sections. Two attenuation
screens are situated between the target and the Rutherford
detectors to reduce the intensity of Rutherford-scattered par-
ticle impacting the detectors, and introduce a fourth source
of uncertainty. The attenuation factor of these screens was
measured using the 2Y’Pb(*3Ca, 2n) reaction. EVRs of **No
were sent to the focal plane detector with and without the
attenuation screens in place, and the ratio of 23No EVRs to
Rutherford-scattered particles was measured [86]. It is esti-
mated that the uncertainty in the attenuation factor contributes
5% to the systematic error. The last contribution to the system-
atic uncertainty comes from the uncertainty in the absolute
energy from the 88-Inch Cyclotron, which is estimated to
be 1%. While the beam energy was measured to a higher
precision than that for this experiment, that measurement was
performed on a neighboring beamline. It is not certain that
the same turn out of the cyclotron, and therefore the same
beam energy, is extracted for both beamlines. Therefore, that
value is used as a measurement of relative change in beam
energy between different tunes. Error propagation of the five
sources of uncertainty indicates that the systematic error on
cross sections reported at the BGS are 12%.

IV. CONCLUSION

The SHREC detector equipped with digital electronics [62]
was installed at the BGS focal plane and, together with other
facility improvements, commissioned into the SHE regime of
the nuclidic chart using the **Pu(**Ca, xn)**~*Fl reaction.

Seven decay chains were observed and assigned to the 4n exit
channel, 2%¥FI. The observed cross section for this experiment
of 6.7 (gg)pb is consistent with previously published values.
Our observed «-particle energies also strongly agree with
those previously published from Ref. [46] and demonstrate
the high-resolution capabilities of the new system. The decay
characteristics of all hitherto reported decay chains starting
from or passing through 2%¥Fl are updated. Furthermore, one
decay chain of 8’Fl and one decay chain **°Fl were identified
in this experiment. Another chain was tentatively identified
as originating from 2%°FIl. The decay properties observed, as
well as the performance of SHREC and the new electronics,
are extensively discussed. The results from this commission-
ing experiment demonstrate that, after combining the highly
efficient BGS with the SHREC detector and new digital elec-
tronics, LBNL is well-positioned to investigate the properties
of SHEs with higher precision than ever before.
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