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The 2*Pu(>°Ti, xn)?**=*Lv reaction was investigated at Lawrence Berkeley National Laboratory’s 88-
Inch Cyclotron. The experiment was aimed at the production of a superheavy element with Z > 114 by
irradiating an actinide target with a beam heavier than “3Ca. Produced Lv ions were separated from the
unwanted beam and nuclear reaction products using the Berkeley Gas-filled Separator and implanted into a
newly commissioned focal-plane detector system. Two decay chains were observed and assigned to the

+0.58

decay of **Lv. The production cross section was measured to be Oprod = 0.44(%555) pb at a center-of-
target center-of-mass energy of 220(3) MeV. This represents the first published measurement of the
production of a superheavy element near the “island of stability,” with a beam of °Ti and is an essential
precursor in the pursuit of searching for new elements beyond Z = 118.

DOI: 10.1103/PhysRevLett.133.172502

The production of superheavy elements (SHE), and the
investigation of their properties, stands as an important
frontier in modern nuclear physics [1]. The existence of
SHE was first theorized in the 1950s as the result of
stabilization of very heavy (A =300), neutron-rich
(N =~ 184) nuclei due to the presence of closed nuclear
shells [2-5]. Today, the concept of an “island of stability”
remains an intriguing topic [6], with its exact position and
extent on the Segré chart continuing to be a subject of active
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pursuit both in theoretical and experimental nuclear
physics [7-14].

Over the decades, SHE from Z = 104-118 were dis-
covered using different types of nuclear reactions: first by
impinging light ions on actinide targets in so-called “hot-
fusion” reactions [15], and then by using transition metal
beams (e.g., >’Ti-’Zn) on targets of Pb or Bi, in so-called
“cold-fusion” reactions. The production of SHE from both
of these reaction mechanisms showed similar properties—
quickly decreasing cross sections with increasing Z of the
compound nucleus. The heaviest element produced with
one of these reactions was Nh (Z = 113), using the
209Bi("%Zn, n) reaction. At a cross section of just opq =

22(*29) b [16,17], only three >"®Nh nuclei were registered

© 2024 American Physical Society


https://orcid.org/0000-0002-0121-2633
https://ror.org/02jbv0t02
https://ror.org/012a77v79
https://ror.org/04qyvz380
https://ror.org/00pg6eq24
https://ror.org/00pg6eq24
https://ror.org/04xs57h96
https://ror.org/00ysfqy60
https://ror.org/041nk4h53
https://ror.org/01f5ytq51
https://ror.org/01f5ytq51
https://ror.org/01an7q238
https://ror.org/01qz5mb56
https://ror.org/05gvnxz63
https://ror.org/027m9bs27
https://ror.org/05a28rw58
https://ror.org/03eh3y714
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.133.172502&domain=pdf&date_stamp=2024-10-21
https://doi.org/10.1103/PhysRevLett.133.172502
https://doi.org/10.1103/PhysRevLett.133.172502
https://doi.org/10.1103/PhysRevLett.133.172502
https://doi.org/10.1103/PhysRevLett.133.172502

PHYSICAL REVIEW LETTERS 133, 172502 (2024)

in over 500 days of beam time, seeming to mark the end of
new SHE production. Fortunately, a major breakthrough
was under way with the production of SHE by irradiating
actinide targets from 238U to 2*°Cf with beams of *8Ca [18].
Between 2000 and 2016, five new elements were added
to the periodic table [19] and over 50 isotopes with
Z = 104-118 were discovered [20]. Since many of these
are located near the island of stability, these discoveries
have provided crucial insights into the chemistry and
physics of SHE [21]. One of the key focuses of the field
is now on the production of new SHE.

Presently, Og (Z = 118) marks the limit for the pro-
duction of SHE using *Ca beams. To attempt production of
elements with Z = 119 or 120 using **Ca, targets of Es or
Fm would be required. Neither of these elements can be
produced in sufficient quantities to produce a suitable
target [22]. A new reaction approach is required.
Numerous theoretical studies have predicted the production
rate of new elements using actinide targets and beams
heavier than *8Ca [23—42]. Most models reproduce the
known excitation functions for the production of SHE with
48Ca beams on actinide targets reasonably well. They also
largely agree that reactions with 3°Ti have the highest cross
sections for the production of elements with Z = 119 and
120. But the similarities end there. As shown in Fig. 1, the
predicted cross sections for the 3'Ti + 2*’Cf reaction span
more than 3 orders of magnitude. Further, proposed beam
energies for maximum production differ by tens of MeV.
Notably, these predictions are highly sensitive to the mass
models used in the calculations [23,24], and there are no
mass measurements in the region with which to anchor the
mass models. The disagreements within theoretical cross
sections are currently hindering experimental efforts: The
expected low cross sections imply that only one event every
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FIG. 1. Theoretical predictions of cross sections for the

production of element Z = 120 from the 37 (thin red lines)
and 4n (thick blue lines) exit channels of the °Ti + 2*°Cf reaction
[23-25,28,31,34,42].

few weeks or months could be detected under ideal
experimental settings. Further, choosing the correct exci-
tation energy of the compound nucleus that corresponds to
the maximum cross section is absolutely critical. If exper-
imental settings are off by only a few MeV, the production
rate may decrease dramatically.

Several experimental campaigns have attempted to
make new elements with Z = 119, 120, and 122 using
the reactions Ni + 28U [43], 3Fe + 2*Pu [44], Ti +
249BKk [45], °Ti + 2¥Cf [45], and 7%Zn + 238U [46]. All
have been unsuccessful to date, reaching one-event cross-
section limits of 0.09, 0.4, 0.065, 0.2, and 7.2 pb, respec-
tively. Notably, these published upper-limit values are not
able to sufficiently constrain theoretical predictions.
Recently, a press release claimed the production of the
new isotope Z%%Lv in the reaction >*Cr+ 23U [47].
However, no publication is presently available regarding
the observed event(s), the measured cross section, or the
utilized experimental setup. There is a report on the
possible production of element 120 using the reaction
YCr + 2*8Cm [48]. Other members of that collaboration
attribute the same decay chain to a sequence of random
events [49].

It is important to test these new production mechanisms
for elements where cross sections are predicted to be more
accessible. We investigated the production of Lv (Z = 116)
using the °Ti + ?**Pu reaction. Several groups have pub-
lished theoretical excitation functions or cross-section
predictions for both this reaction and reactions with °Ti
beams to make elements with Z > 119 [23,30,36,50]. The
authors of Ref. [23] predict that >°Lv can be produced at a
cross section of ~0.2 pb at an excitation energy of
~45 MeV, whereas the authors of Ref. [36] report a
maximum cross section of & 0.1 pb at an excitation energy
of ~39 MeV. Reference [30] contains two predictions
created with different mass models, both of which give a
cross section of ~0.05 pb at an excitation energy of
~40 MeV. A further calculation indicates that the cross
section is between 0.12 and 0.86 pb [50]. Measuring the
cross section of this reaction would be an important
benchmark for constraining theoretical predictions.

Here we report on the first results from the
244y (30T, xn)****Lv experiment using the Berkeley
Gas-filled Separator (BGS) [51] at Lawrence Berkeley
National Laboratory’s (LBNL) 88-Inch Cyclotron facility.

Isotopically enriched *°Ti (>90%) was acquired as
TiO, and reduced to its metallic form at Argonne
National Laboratory. The metallic °Ti was then used to
produce a °Ti!'>’* beam from the Versatile ECR for
NUclear Science (VENUS) ion source [52,53] using a
newly developed induction oven [54]. The average beam
intensity out of VENUS was = 100 electrical*pA. This
beam was accelerated to energies of 282(3) MeV using the
LBNL 88-Inch Cyclotron. The beam energy was measured
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at the start of each campaign by nondestructively measur-
ing the time of flight of individual beam pulses between
two fast-current transformers separated by 3.563(5) m
along a neighboring beam line [55]. The average ’Ti
beam intensity was ~6 x 10'? ions per second at the exit of
the cyclotron. After acceleration, the beam passed through
a differential pumping section that isolated the vacuum of
the cyclotron from the 0.45-Torr He fill gas within the BGS.
Collimators within the differential pumping section may
reduce the beam intensity on target as compared to that at
the exit of the cyclotron.

The beam then impinged on the target composed of four
arc-shaped segments forming a rotating target wheel with a
diameter of 12.2 cm. A fast-acting beam chopper can
interrupt the beam in case of system failures, protecting the
target [56]. Each target segment consisted of a 2.1(1)-pm-
think ™Ti backing foil onto which >**Pu had been electro-
deposited. The electrodeposition was performed at
Lawrence Livermore National Laboratory. The beam first
passed through the Ti foil before entering the **Pu layer.
Prior to irradiation, the target foils were measured to have
an average target thicknesses of 0.435(40) mg/cm? >**Pu
(as 2**Pu0,) through y-ray analysis of the decay of the
short-lived 2**"Np, which is part of the decay path
originating from 2**Pu. Note that some target material is
sputtered during irradiation and that these targets were also
previously irradiated for ten days during a 2**Pu(*Ca, xn)
experiment. They may thus be thinner than when initially
produced.

To allow for cross-section calculations, two silicon pin-
diode detectors were positioned at angles of +27.2(1)°
directly from the beam direction. These detectors monitor
the integral of beam intensity times target thickness through
the detection of Rutherford-scattered beam particles.

Energy losses of the beam in the targets were assessed
with SrRiM2013 [57]. The beam was estimated to have lost
15(1) MeV passing through the backing foil and an
additional 3 to 5 MeV passing through the ?**Pu target
layer, depending on the target thickness of the segment.
This yields an average center-of-target center-of-mass
frame energy of 220(3) MeV, which corresponds to an ave-
rage compound-nucleus excitation energy of 41(2) MeV
according to the Thomas-Fermi mass tables [58].

The targets were irradiated for a total of 22.1 days.
During these measurements, the recoiling evaporation
residues (EVRs) were separated from the beam and
unwanted nuclear reaction products in the BGS [51] based
on their differing magnetic rigidities (Bp) in 0.45-Torr He.
The BGS was initially set to bend reaction products with
Bp =2.19 Tm to its focal plane. This was increased to
Bp = 2.24 Tm for the last ~3.1 days. The efficiency for
transporting Lv EVRs through the BGS was estimated to be
70(7)% [51]. For the efficiency simulations, it was assumed
that the BGS Bp was tuned such that Lv EVRs were
centered in the focal-plane detector.

At the BGS focal plane, the EVRs were implanted into
the SuperHeavy RECoil (SHREC) detector provided by
Lund University [59]. SHREC and its readout system were
previously commissioned at the BGS focal plane using
23%No EVRs produced in the 2%Pb(*3Ca, 2n) reaction [60]
and 288-29F1 EVRs produced in the 2**Pu(*%Ca,3-4n)
reaction. In brief, SHREC has an implantation detector
that is situated perpendicular to the path of the beam. This
detector is comprised of three side-by-side double-sided
silicon-strip detectors (DSSDs). Each DSSD has an active
area of 58.5 x 58.5 mm? and is subdivided into 58 strips on
both the front side (junction) and the rear side (Ohmic). On
the front side of the detector, the 174 strips denote position
in the horizontal direction. On the back sides of the
detector, the 58 strips were wire bonded across all three
DSSDs, yielding 58 strips denoting vertical position.
Directly downstream of the implantation detector is an
identical set of three DSSDs that serve to veto signals from
light, high-energy, charged particles. These particles pass
through the 300-pm implantation detector, depositing only
a portion of their energy in the implantation and veto
detectors. They may thus mimic escape- and a-like events.
Upstream of the implantation detector is a “tunnel” of eight
DSSDs which can catch the remaining energy fraction of a
particles that escape from the face of the implantation
detector. The geometric efficiency of SHREC for detecting
a full-energy a particle in the implantation detector is
250%. Depending on the implantation profile, recon-
structed a decays that split their energy deposition between
the implantation detector and the upstream detectors
increase the efficiency to 75%-80% [59,60].

Signals from all DSSDs were processed with compact
charge-sensitive preamplifiers [61] and 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 = 200 keV. Signals were processed
using the Digital Pulse Processing Pulse Height Analysis
firmware controlled through the CoMPASS software from
CAEN [62]. Waveforms (30 ps long), timestamps, detector
strip identifiers, and uncalibrated “energies” from an online
trapezoidal filter were recorded for all events [59,60].
Energy calibrations were performed for SHREC before
and after each experiment using a sources consisting of
148Gd, 23%Pu, 2Y'Am, and **Cm, and a 2°’Bi conversion-
electron source. This calibration technique was previously
optimized using a-decay lines of implanted >*No and
25%Fm [60].

The expected reaction products of this experiment were
from the 3n and 4n exit channels, 2°!'Lv and 2°Lv,
respectively. The decay properties of both isotopes and
their daughters have previously been published through
their production both directly and indirectly in the
29CF(*Ca,3n)  [63,64], 2Cm(*Ca,2-3n) [63-65],
244py(*8Ca, 5n) [63], and **?Pu(*Ca,3-4n) [14,66-69]
reactions. A discussion of the search parameters for decay
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FIG. 2.

(a) Reference a-decay chain of ?*°Lv [70]. Lifetimes, a-particle energies, and branching ratios are based on published data of

decay events associated with >*°Lv, 2%°Fl, and ?%’Cn [14,63-69,71]. The number of events previously observed for each isotope is
signified by #N above each isotope. (b) Waveforms of preamplifier pulses of the decay chain #1 assigned to 2*’Lv. Numbers in the panels
are calibrated detected energies in MeV. Correlation times are given between recoil implantation (orange), a decays (yellow), and fission
(green). The decay chain was observed in pixel (160,36). (c) Same as (b) but for decay chain #2 assigned to >*°Lv. The decay chain was
observed in pixel (94,24). The waveforms in lighter colors in the two rightmost graphs were registered in the neighboring pixel (93,24).

chains originating from 2°'Lv is included in Supplemental
Material [70]. During the present campaigns, no decay
chains were observed that fit the known decay properties of
1Ly and its daughters.

Data from published decay chains of *’Lv are summa-
rized in Fig. 2(a), Fig. 3, and Ref. [70]. Potential decay
chains originating from 2*’Lv were identified using corre-
lations that required observing the implantation of an
EVR [10 < E(MeV) < 30] followed by the decay of at
least one full-energy a [either **’Lv or 286Fl, [9.75 <
E(MeV) < 11.25]] followed by a spontaneous fission (SF)
event (£ > 120 MeV). All three events must occur within
the same (x, y) pixel of the implantation detector, and the
SF must be within one second of the EVR. The efficiency
for detecting a decay chain originating from %Ly
under these conditions is ~95% based on Monte Carlo
simulations of decay chains with branching ratios
shown in Fig. 2(a). The number of expected decay
chains arising from correlations of random background
events was calculated for each pixel individually, based on
the rate of EVR-, a-, and SF-like events in that pixel, then
summed across the entire detector. The median rate of
EVR-, a-, and SF-like events was 1.2 x 1074, 1.4 x 107,
5.1 x 1078 Hz/pixel, respectively. The probability for
random background events to form a chain that would
be detected using these search conditions is 1.7 x 107°,

Two decay chains were observed that met the criteria
above. They are shown in Figs. 2(b) and 2(c), including
baseline-corrected waveforms of all constituent events. The
first decay chain consisted of a 21.9-MeV EVR-like event
followed 5.66 ms later by a 0.60(1)-MeV escapelike event in
the same pixel. An a-like event was observed 20.6 ms after
the escape. The detected energy was E = 10.24(2) MeV,
which includes the a-particle energy and the energy from the
recoiling daughter nucleus. Following procedures outlined
in Ref. [72], the a-particle energy was calculated to be
E, =10.16(2) MeV. The a energy and lifetime are con-
sistent with the known decay properties of 2%°Fl and were

2
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FIG. 3. Compilation of information on the decays of 2*’Lyv,
280F], and 2%Cn [14,63-69,71]. Panels (a) and (c) provide
experimental decay-energy spectra from events associated with
the decay steps 2*°Lv — 28°F] and ?%6F1 — 2%2Cn, respectively. For
a single entry, a Gaussian with integral one and a width compliant
with its measured uncertainty was added into the spectra. The
numbers in the top left of these panels are the a-decay energies, in
MeV, extracted from the histogram mean in the intervals
[10.0,11.7] and [9.9,10.5] MeV, respectively. The right column
[(b),(d),(f)] shows the correlation times of the decays along the
decay chain starting with >°Lv. Experimental data points are
comprised in the histograms (black lines). The shaded areas
(blue) provide correlation-time distributions expected for the
corresponding half-life, T/, in ms, 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. Entries marked in
dark red correspond to the events associated with the observation
of 2Ly in this work. The 9.6-MeV peak marked with an * in
(c) was explained in detail in [14]. Panel (e) shows the revised
aggregated information of the >*°Lv decay chain including the
events from this work (cf. Fig. 2) [70].
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assigned accordingly. Based on its observed lifetime and
position in the decay chain, the 0.60(1)-MeV escapelike
event was assigned to an a decay of >*°Lv where the a
particle escaped out of the front of the implantation detector
and did not impact one of the upstream detectors. Thus, only
a fraction of its decay energy was recorded [see, e.g., the
spectra in Fig. 2(a) in Supplemental Material of Ref. [72] ].
The rate of escapelike events [0.2 < E(MeV) < 6.0] was
7.8 x 1073 Hz per pixel. The probability for observing a
random escapelike event in the 26 ms between the EVR and
the first observed full-energy a decay in the chain is
2.0 x 107*. The observed decay assigned to 2%°F1 was
followed just 2.00 ms later by an %230-MeV SF-like event.
The approximate energy of the SF-like event was deter-
mined by constructing an unsaturated waveform from the
unsaturated portions of the recorded waveform using
benchmarked pole-zero corrections [59] and then extracting
the pulse height using a trapezoidal energy filter. The
lifetimes, decay modes, and decay energies of the events
above are fully consistent with a decay chain consisting
of a 2Ly EVR implanting into SHREC, followed by the
2Ly a escaping the front of SHREC, a full-energy a decay
of 28°F1, and terminating with the SF of 2%°Cn [cf. Figs. 2(a)
and 3].

The second decay chain [Fig. 2(c)] consisted of a
20.2-MeV EVR followed 17.3 ms later by a recoil-
corrected E, = 10.81(3)-MeV full-energy a. A second
full-energy a with E, = 10.12(4) MeV was detected
297 ms later. The decay chain was terminated by an
~230-MeV SF-like event 1.75 ms after the second «
particle. Based on the energies, lifetimes, and decay modes,
this series of events was assigned to a decay chain
consisting of an implanted *°Lv EVR followed by «a
decays of *’Lv and ?%°Fl, and terminating with SF of
282Cn. The probability of observing two chains composed
of random background events based on the rates discussed
above was 1.4 x 10712,

The cross section for two events derived from the
observed number of Rutherford-scattered particles is
Oprod = 0.44(105%) pb at the 68% confidence level
[73,74]. The error represents statistical (counting) errors
only. There is also systematic error on the cross
section, discussed in detail in [75], which results in an
additional 12% systematic uncertainty in the measured
cross sections. In cases where the reaction is run in the
BGS for the first time and the Bp through the BGS is
unknown, there is an additional uncertainty in detection
efficiency.

The two-event cross section reported in this work is
higher than theoretical predictions of Refs. [23,30,36], and
all three references can be excluded at the 68% confidence
level at the experimental excitation energy of 41(2) MeV.
The cross section is consistent with the theoretical pre-
diction from Ref. [50]. The observation of the two events at

an excitation energy of 41(2) MeV is also consistent with
the proposed optimal excitation energies in Refs. [30,36],
although lower than that from [23].

The 4n reaction between *%Ca and 2**Pu has been
investigated previously and has been observed to have a
cross section between o,,q = 5.3(15%) pb [65.72] and
Oprod = 9.8 f3319) pb [76]. These values are ~10-20 times
larger than the cross section reported in this work between
Ti and 2**Pu with the same exit channel. This indicates
that the cross section for the production of element 120
with 3°Ti beams could be ~25-50 fb based on the known
249Cf(*8Ca, 3n) cross section of 6pq = 0.5(1)%) pb [64],
demonstrating that a substantial, but seemingly manage-
able, reduction in production cross sections has to be
expected in the push toward discovering higher-Z elements
with beams beyond “*Ca.

In summary, at the LBNL 88-Inch Cyclotron facility, a
24Py target was irradiated with a high-intensity beam of
Ti. Two decay chains were observed and assigned
to the decay of *°Lv with a production cross section of
Oproa = 0.44(X058) pb at a center-of-target excitation
energy of 41(2) MeV. This is the first reported production
of a SHE near the predicted island of stability with a beam
other than *%Ca. While the cross section observed here does
reflect the expected decrease in SHE production when
moving to heavier beams, the success of this measurement
validates that discoveries of new SHE are indeed within
experimental reach.
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