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The synthesis of oganesson (Z = 118) using a metallic beam was in-
vestigated at the RIKEN Nishina Center with the 248Cm(5°Ti,zn)?%~*0g
fusion—evaporation reaction, performed on RILAC and GARIS-II separa-
tors. This experiment was conducted for 39 days. No Og decays were
detected. A total dose of 4.93 x 10'® projectiles was accumulated on the

target, reaching a sensitivity of 0.27 pb and an upper cross-section limit of
0.50 pb.
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1. Introduction

The stability of atomic nuclei originates from the strong nuclear force,
which counteracts the Coulomb repulsion between protons up to mass num-
bers of about A < 150. For heavier nuclei, additional binding from quantum
shell effects is essential. Superheavy elements (SHE), with Z > 104, do not
exist naturally but have been artificially produced and investigated for their
physical and chemical properties (see [1]). Two main synthesis strategies
have been developed. First, the cold fusion approach used 2°®Pb and neigh-
boring isotopes |2] as targets with heavy projectiles, minimizing excitation
energy and fission probability. It was pushed up to the production of niho-
nium (Z = 113) via 2Bi("°Zn,n)?"®Nh, with a cross section of 1915 b [3].
Second, the hot fusion method [4-6] used the neutron-rich doubly magic
48Ca projectile (Z = 20) colliding with actinide targets. This technique has
reached its practical limits with californium (Z = 98), the heaviest target
material available in sufficient quantities |7, §|.

The extension of SHE synthesis beyond Z = 118 requires intense metallic
beams such as 59Ti, °1'V, 5 Cr, %Fe, and 54Ni, but the reaction cross sections
are predicted to decrease significantly with heavier projectiles (Z > 21) [9],
making the establishment of reference reactions with known SHE crucial be-
fore pursuing new element search. As 2%2Og is the heaviest nucleus produced
yet, it is an ultimate anchor point to estimate the feasibility of new elements
with this type of beam [10].

2. Experimental setup

The 28Cm(°°Ti,2n)?*®~*Og experiment was performed in RIKEN. The
intense %°Ti beam was based on MIVOC organo-metallic compounds pre-
pared by IPHC, Strasbourg [11]. It was accelerated by the RIKEN Linear
Accelerator (RILAC) to an energy of 227.9(5) MeV at an average on-target
intensity of 0.34 puA.

The 28Cm was deposited by molecular plating [12] as Cm(NO3)3 on
2.1(2) pm thick natural titanium backing foils and then placed on a 10 cm
diameter target wheel (see Fig. 1). It was mounted in a water-cooled semi-
closed inner-target box and was rotated at 1200 rpm [13]. The Cm turned to
oxide during the “target cooking” process in the first hours of beam time. The
isotopic composition of the target was: 24¥Cm: 96.646%, 24"Cm: 0.040%,
246Cm: 3.167%, 2*°Cm: 0.130%, and 2*4Cm: 0.017%. The average thickness
of the Cm layer over the 8 sectors was measured to be 444(11) ug/cm?
(Table 1).

To monitor the *°Till* beam intensity and determine the dose accu-
mulated on target, a silicon PIN-photodiode (covering 3.6 x 3.6 mm?) was
mounted at an angle of 45° with respect to the beam axis, 20.0 cm down-
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stream from the target. It covered a solid angle of 0.324 msr, and was
partially screened by a 0.5 mm thick aluminum foil gridded with 0.1 mm di-
ameter holes ensuring a 1% transmission, in order to protect the PIN-diode
from dose-induced deterioration.

PIN diode
50Tj
scattered
by 246Cm
248Cm
| \w
50Tj beam coming Reaction products :
from RILAC heading to GARIS Il
o Ti backing

Fig. 1. Left: Photograph of the eight sectors target wheel before irradiation. Top
center: Adapted from [10] photograph of the Si PIN diode. Right: Scheme of the
Rutherford scattering of °*Ti on 24¥Cm.

Table 1. Target characteristics: Ti backing thickness, thickness of the 248Cm,
energy losses in the backing (AFETy), energy losses in the first half CmsO3 material
(AEcm), and the center-of-mass energy in the middle of the Cm target (E; /o, )-

Target Ti 248Cm AFEri AEcwm  FEijog
# id [pm]  |ug/em?®|  [MeV] [MeV]  [MeV]
Cm61  2.069 461.9 13.9 2.2 227.9
Cm60 2.069 451.4 13.9 2.2 227.9
Cmb9  2.091 438.0 14.1 2.1 227.9
Cmb8  2.091 432.3 14.1 2.1 227.9
Cmb57  2.052 421.0 13.8 2.0 228.2
Cmb56  2.052 430.7 13.8 2.1 228.1
Cm63 2.095 460.8 14.1 2.2 227.9
Cm62  2.095 456.5 14.1 2.2 227.8
Average  2.1(2)  444(11) 14.0 2.1 227.9(6)
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GARIS-II (GAs-filled Recoil Ton Separator) is used to separate the re-
action products from the beam after the target. Its structure, as shown
in Fig. 2, allows for an efficient selection of these nuclei. It was operated
with 0.73 mbar of helium gas to equilibrate the charge states of recoiling
ions, ensuring a transport efficiency of approximately 75% (for the entire
system) [15]. A magnetic rigidity of 2.22 T'm was set based on previously
measured values [14] for neighboring nuclei.

0 1[m] Focal plane
P Gas inlet l
k.é
Beam dump (Ta) ‘\(‘\Q

Fig.2. Left: Photograph of GARIS-II and the focal plane detection setup. Right:
Schematic cross section of GARIS-II. (Adapted from [14]).

Exiting the separator through 0.5 ym Mylar foil, the compound nucleus
(CN) enters the focal plane detection system (FPDS), see Fig. 3, which is
composed of:

— a time-of-flight (TOF) detector with an effective area of 154 cm?,

— an assembly of 24 PIN-diodes (28 x 28 mm? each) in a tunnel geom-
etry,

— 2 double-sided silicon detectors (DSSD) of 16 x 16 stripes forming
a 100 x 50 mm? implantation area,

— 4 silicon detectors (SSD) placed behind the DSSD as light particles
veto.

The DSSD width defines a +£1.5% window in magnetic rigidity. Associa-
tion of 32 (16 from each side) X-Y strips data enables a pixel analysis with
lower background and longer time correlation. Strips on the backside of the
DSSD are set on a 10 times lower gain to detect fission products energy,
which is one to two orders of magnitude higher than expected a-decays.
The FPDS (DSSD-+tunnel) ensures an 80% detection efficiency of escaping
« particles. Signals from silicon detectors were shaped and their ampli-
tudes extracted by 16-channel MESYTEC MSCF-16-F boards, and fetched
to 32-channel ADC MESYTEC MADC-32 boards.
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Fig.3. Top: Scheme of the FPDS. Bottom left: Photograph of the time-of-flight
detector. Bottom right: Silicon detector box (Tunnel) and the DSSD where nuclei
are stopped. Courtesy of K. Morimoto.

Calibration of the FPDS was done by producing isotopes with well known
a-decay energies, using 5'Ti beam at energy of 248.3 MeV (lab) on a %9Th
target. These fusion—evaporation reactions are:

— ITH(OTi, 2n)?9~*Fr — E, = 6.916 MeV (?“Fr); 7.031 MeV (?*Fr),
— ITH(OTi, prn)?8~*Ra — E, = 7.340 MeV (**°Ra),
— OTH(5OTi, arn )2~ * At— B, = 6.344 MeV (201 At); 6.538 MeV (200At).

At 7 MeV, the a-energy resolution was 35 keV for the DSSD and 120 keV
for the tunnel’s silicon detectors.

The collision energy for the production of 2%37294=29 (g was determined
by a Coulomb barrier measurement experiment [16, 17|, an excitation func-
tion being unreachable due to the very low cross sections. A mid-target
energy of 290.0(6) MeV was calculated and set for the experiment.
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3. Data analysis

The expected decay chains for 2937294=295Qg are presented in Fig. 4.
Previous observations for 2°*Og and its decay chain allow us to predict the
a-decay being in a 10.5-12 MeV energy range, and a lifetime in the order of
milliseconds. Several search strategies were used in parallel:

— Implantation in DSSD followed by one a-decay from the Og decay list;

— Implantation in DSSD followed by two a-decays from the Og decay
list;

— Three consecutive a-decays from the Og decay list;

— Back-search starting from a spontaneous fission (SF') event and looking
for the former content of the strip data;

— Implantation in DSSD followed by an a-decay from the list and an SF;
— Direct search of 290291y

— Two consecutive a-decays from the list followed by an SF.

Evaporation channel 248Cm(50Ti, xn)298-xOg

5n Og 293 | |Lv 289 | |FI285 Cn 281 | |Ds 277 | |Hs 273 | |Sg 269
— WVl 24ms | [150ms | [130ms | [4.1ms [ |760ms [ |3.1m

a? a10.90| [@¢10.41] | 10.30| | 10.55| [@¢ 9.53 | | 8.50

Fl 286
16!

4n Og 294 | |Lv 290
] |0.58 ms| (8.3 ms
a11.65| |@ 10.85

3n 0g 295 | |Lv291 | |FI287 [ |Cn 2 Ds 2794| |Hs 275 | |Sg 27
] [unk. 18ms | ]0.48s | (3.8 0.2 0.19s | [1.9
a? a10.74 ]| [ 10.02 9.30
Protons 118 116 114 112 110 108 106 104

Fig.4. (Color online) Decay chains corresponding to the 3—-5n exit channels. The
energies are given in MeV [18].

Despite the various methods used by the independent analysts presented
in [10], no decay of Og isotopes was found in the data of the experiment.
An upper-limit and a one-event cross section are therefore proposed.

The dose accumulated on target is determined by analysis of elastic scat-
tering (or Rutherford Scattering, RS) from the *Ti projectiles on the 248Cm
target material. The RS data were timestamped by a dedicated clock unit
that was reset at each rotation of the target. This allowed us to visualise the
RS spectra as a function of the target timestamps to display each individual
sector (see Fig. 5). The main peak of the spectrum corresponds to the elastic
scattering of °°Ti on 24Cm. A secondary peak corresponds to *°Ti being
scattered by a small lanthanide contamination of the Cm.
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Fig.5. (Color online) Plot of the Rutherford scattering (RS) energy as a function
of the target clock, for both raw and realigned data (arbitrary units). The “yellow
line” is the “59T1i scattered by the 243Cm” peak for each sector.

The number of “°Ti scattered by 2**Cm” is generally extracted by tak-
ing counts in a certain range of energy (uncalibrated). In our case, such
a method overestimates the dose due to the lanthanide contamination of
the Cm material. The methods applied to remove this contribution and to
estimate the total dose can be found in [10]. We determined that about
4.93 x 10'® projectiles reacted with the Cm target, establishing a sensitivity
for one event of 0.27 pb, and a 1o upper cross-section limit of 0.50 pb.

4. Results and discussion

The present experiment achieved an upper limit of 0.50 pb and a one
event cross section of 0.27 pb , this last value being comparable to the pre-
viously measured cross section of o = 0.5J_r(1):g pb for oganesson synthesised
in 4¥Ca-induced fusion-evaporation reactions [19, 20].

According to theoretical estimates by Zagrebaev [9], the transition from
48Ca to 59Ti projectiles is expected to reduce the production cross section
by approximately one order of magnitude. However, direct comparisons
between reactions involving different projectile-target combinations are in-
herently difficult, as key parameters such as Q-values, fission barriers, and
potential energy surfaces are not independently controllable. This empha-
sizes the importance of obtaining experimental benchmark points. The re-
cent *°Ti-induced production cross section of o = 0.44fg§ pb for 2Ly
(Z = 116) from Berkeley [21] is one order of magnitude lower than the
48 Ca-induced 4n-channel cross sections reported by Dubna (3.373% pb) [22],
GSI (3.477% pb) [23], and RIKEN (3.17%% pb) [24], which confirms experi-
mentally Zagrebaev’s prediction.
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Consequently, a sensitivity of approximately 50 fb would be required
to detect a single oganesson nucleus produced via the °°Ti + 248Cm re-
action. This would correspond to a total integrated beam dose of about
2.7x 10" projectiles on a Cm target similar to that used in the present work.
At an average beam intensity of 1 puA, this sensitivity could be achieved
in roughly 50 days with current facilities. This achievement would provide
a key experimental reference point at the upper edge of the nuclear chart,
that will trig improvement of theoretical modeling of fusion—evaporation
cross sections for future SHE experiments.
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