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We have studied the dependence of the production cross-sections of the isotopes 282,283 112 and 286,287 114 on the
excitation energy of the compound nuclei 286 112 and 290 114. The maximum cross-section values of the xn-evaporation
+1.6
channels for the reaction 238 U(48 Ca, xn)286−x 112 were measured to be: σ3n = 2.5+1.8
−1.1 pb and σ4n = 0.6−0.5 pb;

+3.6
for the reaction 242 Pu(48 Ca, xn)290−x 114: σ2n ∼ 0.5 pb, σ3n = 3.6+3.4
−1.7 pb and σ4n = 4.5−1.9 pb. In
the reaction 233 U(48 Ca, 2Ä4n)277−279 112 at E ∗ = 34.9±2.2 MeV we measured an upper cross-section limit of
σxn  0.6 pb. The observed shift of the excitation energy associated with the maximum sum evaporation residue
cross section σER (E ∗ ) to values signiˇcantly higher than that associated with the calculated Coulomb barrier can be
caused by the orientation of the deformed target nucleus in the entrance channel of the reaction. An increase of σER
in the reactions of actinide targets with 48 Ca is consistent with the expected increase of the survivability of the excited
compound nucleus upon closer approach to the closed neutron shell N = 184. In the present work we detected 33
decay chains arising in the decay of the known nuclei: 282 112, 283 112, 286 114, 287 114, and 288 114. In the decay of
287
114(α) →283 112(α) →279 110(SF), in two cases out of 22, we observed decay chains of four and ˇve sequential
267
α transitions that end in spontaneous ˇssion of 271 Sg (Tα/SF = 2.4+4.3
Rf (TSF ∼ 2.3 h), longer decay
−1.0 min) and

chains than reported previously. We observed the new nuclide 292 116 (Tα = 18+16
−6 ms, Eα = 10.66 ± 0.07 MeV)
in the irradiation of 248 Cm target at a higher energy than in previous experiments. The observed nuclear decay properties
of the nuclides with Z = 104−118 are compared with theoretical nuclear mass calculations and the systematic trends
of spontaneous ˇssion properties. As a whole, they give a consistent pattern of decay of the 18 even-Z neutron-rich
nuclides with Z = 104−118 and N = 163−177. The experiments were performed with the heavy-ion beam delivered
by the U400 cyclotron of the FLNR (JINR, Dubna) employing the Dubna Gas-Filled Recoil Separator.
The investigation has been performed at the Flerov Laboratory of Nuclear Reactions, JINR.
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INTRODUCTION
According to the microscopic nuclear models, the limits of the existence
of the heavy nuclei, as well as their decay properties, are completely determined
by nuclear shell effects. For the heaviest (superheavy) elements in the vicinity of
the hypothetical closed spherical shells Z = 114 (or possibly 120, 122, or 126)
and N = 184, the increase of nuclear binding energy results in a considerable
increase of stability with respect to various decay modes: α decay or spontaneous
ˇssion (SF). We may also speculate that the high ˇssion barriers of the superheavy
nuclei in their ground states may persist at low excitation energies, resulting
in an increase in their production cross sections, or to be more precise their
survival probability in the process of de-excitation of the compound nucleus that
is produced in the complete fusion of massive nuclei.
Both the production cross sections and the stability of superheavy nuclides are
expected to increase on closer approach to the neutron shell N = 184. Therefore,
our ˇrst experiments aimed at the synthesis of the heaviest nuclei involved the
complete fusion reactions 244 Pu,248 Cm +48 Ca that lead to the compound nuclei
292
114 (N = 178) and 296 116 (N = 180) with the maximum accessible neutron
numbers [1, 2].
At the same time, it has been difˇcult to explore the mechanism of fusion of
48
Ca projectiles with actinide targets because of the extremely low yield of evaporation residues (ER). Following the successful completion of the experiments in
which ˇssion in 48 ‘ -induced reactions was studied [3] we decided to investigate the survival probabilities of the compound nuclei by measuring excitation
functions for producing evaporation residues. The ˇrst such measurements were
performed using the reaction 244 Pu(48 Ca, 3Ä5n)287−289 114 [4]. In the present
work, we further develop these investigations with different targets: 233 U, 238 U,
and 242 Pu, producing compound nuclei with Z = 112 and 114 that have ˇssion
barriers and neutron binding energies different from those of 292 114. We also
present the results of cross-section measurements of the 248 Cm +48 Ca reaction at
excitation energies of E ∗ = 30.5 and 33.0 MeV [2] and recent experiments at
E ∗ = 38.9 MeV. In the future the measurement of the excitation function of this
reaction will be continued at higher bombarding energy.
In the 242 Pu +48 Ca and 248 Cm +48 Ca reactions, we would expect the production of three evenÄeven nuclides from the 4n evaporation channel, 282 112
(N = 170), 286 114 (N = 172), and 292 116 (N = 176). Comparing their radioac1

tive decay properties with the available data on previously synthesized evenÄeven
284
112, 288 114 and 290 116 would then deˇne the decay properties of these evenÄ
even isotopes as a function of neutron number and for their odd-mass neighbors
as well. One should note also that the isotopes 282 112, 286 114, and 290 116 [4] are
contained in the α-decay chain of the isotope 294 118 that we previously observed
in the reaction 249 Cf(48 Ca, 3n) [5]. This reaction is to be studied in more detail
in future experiments. In addition, we also intended to check the decay data for
the isotopes 283 112 and 287 114 (the 3n-channel products of the reactions 238 U,
242
Pu +48 Ca) that were observed in experiments with the VASSILISSA separator
in 1998Ä2003 [6, 7].
Finally, reactions that produce nuclides with Z = 112 and N  166 make
it possible to study the production and properties of deformed nuclei in the
vicinity of the closed neutron shell N = 162, that have been produced in cold
fusion reactions [8]. In the reaction 233 U +48 Ca, the 4n-evaporation channel
leads to 277 112, synthesized in the cold fusion reaction 208 Pb(70 Zn, n)277 112 [9];
the α decay of the 3n evaporation, isotope 278 112, leads to the known nuclei
270
Hs and 266 Sg, previously produced in the hot fusion reactions 248 Cm(26 Mg,
4n)270 Hs [10] and 248 Cm(22 Ne, 4n)266 Sg [11], respectively.

1. EXPERIMENTAL TECHNIQUE
The 48 Ca-ion beam was accelerated by the U400 cyclotron at the Flerov Laboratory of Nuclear Reactions. The typical beam intensity at the target was 1.2 pµA.
The 32-cm2 rotating targets consisted of the enriched isotopes 233 U (99.97%),
238
U (99.3%), 242 Pu (99.98%), and 248 Cm (97.4%) deposited as U3 O8 , PuO2 ,
and CmO2 onto 1.5-µm Ti foils to thicknesses of about 0.44, 0.35, 0.40, and
0.35 mg·cm−2 , respectively.
The ERs recoiling from the target were separated in ight from 48 Ca beam
ions, scattered particles and transfer-reaction products by the Dubna Gas-Filled
Recoil Separator [12]. The transmission efˇciency of the separator for Z = 112,
114 and 116 nuclei is estimated to be approximately 35Ä40% [12]. ERs passed
through a time-of-ight system (TOF) (with detection efˇciency of 99.9%) and
were implanted in a 4 × 12-cm2 semiconductor detector array with 12 vertical
position-sensitive strips, located in the separator's focal plane. This detector was
surrounded by eight 4 × 4-cm2 side detectors without position sensitivity, forming
a box open to the front (beam) side. The position-averaged detection efˇciency
for α decays of implanted nuclei was 87% of 4π. The detection system was tested
by registering the recoil nuclei and decays (α or SF) of the known isotopes of No
and Th, as well as their descendants, produced in the reactions 206 Pb(48 Ca, xn)
and nat Yb(48 Ca, xn), respectively. The energy resolution for α particles absorbed
in the focal-plane detector was 55Ä95 keV. The α particles that escaped the
2

focal-plane detector at different angles and registered in a side detector had an
energy resolution of the summed signals (side detector plus residual focal-plane
detector) of 140Ä220 keV. If an α particle was detected only by a side detector
(and thus its position was lost) the uncertainty in determining its energy increased
to 0.45Ä0.5 MeV; its assignment to an observed decay chain is determined from
the calculated probability of random correlations based on the decay rate in the
side detectors associated with the actual experimental conditions.
The FWHM position resolutions of the signals of correlated decays of nuclei
implanted in the detectors were 0.9Ä1.4 mm for ER-α signals and 0.5Ä0.9 mm
for ER-SF signals. It can be seen from the data presented below that all the
correlated events observed in these experiments were registered with position
deviations comparable to the given position resolutions. Fission fragments from
the decay of 252 No implants produced in the 206 Pb +48 Ca reaction were used
for the total kinetic energy (TKE) calibration. The measured fragment energies
were not corrected for the pulse-height defect of the detectors, or for energy loss
in the detectors' entrance windows, dead layers, and the pentane gas ˇlling the
detection system. The mean sum energy loss of ˇssion fragments from the SFdecay of 252 No was about 20 MeV. For the estimation of the total kinetic energy
of ˇssioning nuclei the measured fragment energies were increased by this value
(see Fig. 6, a below). The systematic uncertainty in estimating the TKE value is
about 5 MeV.
From model calculations and the available experimental data for neighboring nuclei one can estimate the expected α-particle energies for the isotopes of
elements 112 and 114 produced in the reactions under study. This allowed us
to employ a special low-background detection scheme for the investigated nuclides [2, 4]. In the bombardment of 242 Pu, the beam was switched off after
a recoil signal was detected with parameters of implantation energy and TOF
expected for Z = 114 evaporation residues, followed by an α-like signal with
an energy of 9.9  Eα  10.35 MeV, in the same strip, within a 1.4Ä1.9-mm
wide position window and a time interval of ∆t = 4 s. During approximately
20% of the duration of the experiment, additional energy and time intervals were
set to switch the beam off following the detection of a second α transition (for
those cases if the ˇrst α particle was not registered with position-correlated signal
to preceding ER): 9.48  Eα  9.75 MeV, ∆t = 10 s. The duration of the
pause in beam was determined from the observed pattern of out-of-beam α decays and varied from 1 to 12 min. Thus, all the expected sequential decays of the
daughter nuclides with Z  112 were expected to be observed in the absence of
beam-associated background. In the experiments 238 U +48 Ca and 233 U +48 Ca,
the energy and time intervals were 9.43  Eα  9.63 MeV, ∆t = 12 s and
10.3  Eα  11.8 MeV, ∆t = 0.3 s, respectively. In the 248 Cm +48 Ca experiment, the energy and time intervals were 10.4  Eα  10.8 MeV, ∆t = 0.2 s for
the ˇrst α particle and 9.7  Eα  9.94 MeV, ∆t = 2 s for the second α particle.
3

2. EXPERIMENTAL RESULTS
Irradiations of the 242 Pu, 238 U, 233 U, and 248 Cm targets by 48 Ca projectiles
at various energies were performed in SeptemberÄNovember 2003; December
2003 Ä February 2004; April 2004, and AprilÄMay 2004, respectively; the corresponding integrated, on-target beam doses of 1.8 · 1019 , 1.8 · 1019 , 0.8 · 1019 ,
and 0.7 · 1019 ions were accumulated. Experimental conditions are summarized
in Table 1. Excitation energies of the compound nuclei at given ion energies
are calculated using the masses of [13], taking into account the thickness of the
targets and the energy spread of the incident cyclotron beam (≈ ±1%). The beam
energy losses in the separator's entrance window and target backing (both 1.5-µm
Ti foils) and target layer were calculated using available data of Hubert et al. or
Northcliffe and Schilling in other cases [14].
Table 1. Reaction-speciˇc lab-frame beam energies in the middle of the target layers
used in the present work, corresponding excitation energies [13] and total beam doses
for the given reactions
Reaction
242

48

Pu + Ca

Ebeam , MeV

E ∗ , MeV

Beam dose

235
238
244
250

30.4Ä34.7
33.1Ä37.4
38.0Ä42.4
43.0Ä47.2

5.0 · 1018
4.9 · 1018
4.7 · 1018
3.2 · 1018

238

U +48 Ca

230
234
240

29.3Ä33.5
32.9Ä37.2
37.7Ä41.9

5.8 · 1018
7.1 · 1018
5.2 · 1018

233

U +48 Ca

240

32.7Ä37.1

7.7 · 1018

Cm +48 Ca

247

36.8Ä41.1

7.0 · 1018

248

The spectrum of α-like signals (all events without TOF signal) in all strips
in the energy range of 6  Eα  10 MeV accumulated over the whole series
of 242 Pu +48 Ca experiments is shown in Fig. 1, a. In the ˇgure, we also show
the α-particle spectrum detected in beam-off time intervals (see above). In the
beam-off α-particle spectrum we observe the peaks originating from α-decaying
isotopes of Po, the decay products of the long-lived isotopes of RaÄTh produced
in transfer reactions. Note that in the high-energy part of the α-particle spectrum
(Eα  9.3 MeV) only 22 events were detected, 6 of them (marked black), as we
will demonstrate below, belonging to the decay chains of 287 114.
The total spectrum of high-energy signals with E  50 MeV (without TOF
signal) is presented in Fig. 1, b. In cases when ˇssion signals were registered
4

by both the focal-plane and the side detector, the sum energy is given. The
background signals (part of scattered 48 Ca ions, fragments of the induced ˇssion
of the target, etc.) appear in the energy range E  130 MeV; they are not
observed in the beam-off spectrum. The signals of SF fragments arising in the
decays of heavy nuclei are expected at higher energies, with E  130 MeV.

Fig. 1. a) Total beam-on and beam-off α-particle energy spectra of events registered by
the focal-plane detector and by both the focal-plane and side detectors in the reaction
242
Pu +48 Ca. The solid histogram shows the energies of events observed during beamoff periods in the correlated decay chains (see Fig. 2 and Table 2). b) Total ˇssionfragment energy spectrum; the solid histogram shows the energies of events observed in
the correlated decay chains
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During the entire 1120-hour 242 Pu +48 Ca run, with a total beam dose of
1.8 · 1019 , we detected 55 ˇssion-like signals with EF  130 MeV (Fig. 1, b).
Eight events in the energy interval EF = 140−165 MeV can be attributed to the
SF decay of the well-known isomer 242mf Am (TSF = 14 ms) produced in transfer
reactions. SF from long-lived nuclei, e.g. 252 Cf (T1/2 = 2.65 y), accumulated in
the previous experiments [4, 5, 15], could be expected to contribute about half of
the remaining 47 events. The 25 events that we have assigned to the decay chains
of element 114 have been marked in
black, see Fig. 1, b. The strip averaged
probability to detect random ER-like
signals with EER = 6.5−14.5 MeV
within a position window of 2 mm
and time interval of 1 s was about
2.5·10−3 . Thus, the ER-SF sequences
attributed to the decays of element
114 were separated from 242mf Am and
background long-lived nuclei by highenergy of ˇssion fragments and/or
ER-SF time intervals corresponding
to the half-life of mother isotope determined from ER-α-SF decay chains
(see Table 2 below).
Note that, due to the low number
of signals with E  130 MeV, there is
no advantage in detecting spontaneous
ˇssion with the beam off.
In
the
entire
series
of
242
Pu +48 Ca experiments, we had
Fig. 2. Total α-particle-like energy spectra about 3990 beam interrupts lasting a
of events that stopped the beam during the total of 82 h. The total spectrum of
242
Pu +48 Ca experiment. The solid hisα particles that caused the beam to be
togram shows the energies of events that
switched off is shown in Fig. 2. Here,
switched off the beam that were followed by
a beam-off SF event or beam-off α particles the solid histogram shows the enerwith Eα = 8.9−10 MeV and a beam-on SF gies of events that caused the beam
event, with a total elapsed time interval of up to be switched off and that were followed by a beam-off SF event or one
to 14 min
or more beam-off α particles with
Eα = 8.9−10 MeV and a beam-on SF event in an elapsed time interval of up to
14 min, without taking into account the position and strip number for the subsequent events. All of these α particles belong to the decays of 286 114 and 287 114.
The position deviations of the detected signals of recoil nuclei and subsequent
sequential decays (α and SF) for all observed decay chains originating from the
6

mother nuclei 286 114 and 287 114 are shown in Fig. 3, a; they indicate a strong
position correlation among the observed decays. In only three cases positions of
the chain members deviate from the average values by more than 1 mm. These
α particles were detected by both focal plane and side detectors, but with low
energies deposited in the focal plane of about 1.5, 1.0, and 4.2 MeV. The small
amplitudes of these energy signals result in a degraded position resolution. The
probability that all the observed events (including these three) are due to random
detector background is very low, even for the experimental counting rates of
events detected in beam, and negligible for those decay chains registered during
the beam-off period.
In the course of the experiments with
the 242 Pu target, performed at four bombarding energies, 25 decay chains were
detected that we assign to the decay of
Z = 114 nuclides. Some of the measured
parameters of the members of the decay
chains, namely detector strip number, detected energies of events, and time intervals between events, are shown in Table 2.
The distribution of the 25 observed events
over the strips is a consequence of the magnetic rigidity of the recoils in the gas-ˇlled
separator. The observed deection corresponds to the separation of Z = 114 recoils traversing the hydrogen media with
an average ion charge of 5.9 ± 0.2 (compared with qcalc = 5.8) [16]. The measured energies of the recoils also agree
well with those expected from energystraggling and detector-performance calculations and with those measured previously
in our 244 Pu +48 Ca experiments [4]. HowFig. 3. a) Relative position deviations
ever the radioactive decay characteristics of of all events in the observed decay
the observed recoils differ. This indicates chains. b) Relative time intervals of
that they originate from different Z = 114 all events in the observed decay chains
isotopes.
(λ = ln 2/T1/2 ) compared with the avThe decay chains can be sorted into erage half-lives assigned to the approthree groups: decay chains of the ER-α- priate nuclides. Dashed lines are ˇts to
α-SF type lasting for 2Ä20 s (one special the data
case is an ER-α-α-α-α-SF chain lasting for
6.5 min) observed at beam energies EL = 235−244 MeV, listed in group b in
Table 2; shorter decays of the ER-α-SF or ER-SF type spanning a typical time
7

of 0.01Ä0.6 s, observed at higher beam energies EL = 244−250 MeV, and listed
in group c in Table 2; and, ˇnally, a single ER-α-SF event, t ∼ 4 s, detected at
the lowest beam energy EL = 235 MeV, and listed in group a in Table 2.
Table 2. Decay chains observed in the 242 Pu +48 Ca reaction. Bold events were registered during a beam-off period. Time intervals for events following missing α were
measured from preceding registered events and are shown in italic. The α-particle
energy errors are shown in parentheses
a) ER-α-SF chain (288 114)
ELab ,
EER , δtER−α ,
Strip
MeV
MeV
s
235
9
9.5
3.852

Eα ,
MeV
9.86(45)a

δtα−SF ,
s
0.202

ESF ,
MeV
202

b) ER-α1 -α2 -SF chains (287 114)
ELab ,
MeV
235

238

244

Strip
11
2
5
4
4
11
4
10
8
10
9
2
2
6
1
Mean values

EER ,
MeV
10.2
6.6
12.8
10.2
7.2
9.0
11.9
10.3
8.8
12.8
7.3
10.4
10.1
10.9
12.0

δtER−α ,
Eα1 ,
δtα1 −α2 , Eα2 , δtα2 −SF ,
s
MeV
s
MeV
s
0.599
10.00(7)
3.782
8.94(7)
0.830
Missing α
6.754
9.54(6)
0.530
0.935
9.98(9)
2.357
9.49(9)
0.206
0.396
9.89(15)b
2.808
9.53(6)
0.0645
Missing α
22.024
9.50(6)
0.121
0.0985
10.06(7)
1.706
9.7(2)b
0.0495
1.829
9.99(6)
Missing α
13.909
0.803
9.99(8)
0.788
9.36(8)
0.0750
Missing α
4.409
9.54(9)
0.337
0.627
10.00(8)
2.690
9.51(8)
0.0637
0.199
10.09(45)a
8.621
9.67(15)b 0.239
0.0122
10.09(6)
1.871
9.59(15)b
0.114
0.400
10.31(48)a
5.463
9.32(6)
0.406
0.280
9.98(10)
20.092
9.7(5)a
0.418
0.276
10.02(6)
7.877
9.50(45)a Chain given
0.538
10.02(6)
5.278
9.53(6)
0.267

c) ER-α/SF-SF chains (286 114)
ELab ,
EER , δtER−α/SF , Eα/SF ,
Strip
MeV
MeV
ms
MeV
244
1
10.9
14.2
10.10(15)b
3
11.5
181
201c
6
13.0
84.7
10.25(10)
3
12.9
135
162
4
10.3
185
10.20(6)
7
13.3
41.4
218
5
8.9
335
182
250
6
10.5
603
228c
4
13.3
150
10.34(22)b
Mean values
192
10.21(6)
a Escaped

δtα−SF ,
ms
0.978

ESF ,
MeV
213c

0.458

189

1.586

164

0.143
0.791

211c

α particle registered by side detector only.
particle registered by both focal-plane and side detectors.
c Fission event registered by both focal-plane and side detectors.
bα
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ESF ,
MeV
134
174
146
150
193
200
215c
213c
136
201c
209c
221c
200
216c
in Fig. 4

In the 242 Pu +48 Ca reaction, we detected a total of 33 α decays in the
correlated decay chains shown in Table 2. Four α particles are missing, which
is entirely consistent with the α-detection efˇciency of the detector array that is
approximately 87% of 4π. In Table 2, such events are marked ®missing α¯. Their
location within the decay chains of type ER-α1 -α2 -SF can be easily determined
through comparison with the other 11 chains.
In the reaction 238 U +48 C· (1070-h run), of the 31 detected decay signals
with E 130 MeV, eight are assigned to the decays of the Z = 112 isotopes (see
Table 3). In the series of 238 U +48 Ca irradiations, about 1740 beam-off intervals
occurred, for a total of 31 h. For this experiment, the α-particle spectra measured
during beam-on and beam-off intervals and the spectra of the ˇssion fragments
look practically the same as those measured in the reaction 242 Pu +48 Ca (see
Fig. 1). In the α-spectrum detected during those beam-off periods, we observed a
single decay chain that we have determined to be ER-α-α-α-α-SF. An α particle
preceding this chain has an energy Eα1 = 9.56 ± 0.08 MeV (compare with the
data shown in Fig. 4). This value coincides, within the energy resolution of the
focal-plane detector, with the energy of α particles in other ER-α-SF sequences
observed at beam energy EL = 234 MeV when only SF events were detected
during the beam off.
Table 3. Decay chains observed in the 238 U +48 Ca reaction. Bold events were registered
during a beam-off period. Time intervals for events following missing α were measured
from preceding registered events and are shown in italic. The α-particle energy errors
are shown in parentheses
a) ER-α-SF chain (283 112)
EER ,
ELab ,
Strip
MeV
MeV
230
3
13.0
234
5
13.0
4
11.3
5
7.3
5
13.6
5
12.5
5
11.3
Mean values

δtER−α ,
Eα ,
s
MeV
Missing α
5.155
9.56(8)
Missing α
Missing α
0.458
9.57(8)
6.070
9.49(8)
8.746
9.56(8)
5.107
9.54(8)

b) ER-SF chain (282 112)
EER ,
ELab ,
Strip
MeV
MeV
240
6
10.8

δtER-SF ,
ms
0.207

a

δtα−SF ,
s
4.836
0.0210
0.776
3.255
0.180
0.0317
Chain given
0.128

ESF ,
MeV
222a

Fission event registered by both focal-plane and side detectors.
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ESF ,
MeV
162
185
186a
132
196
194
in Fig. 4

Fig. 4. Time sequences in the average decay chain of 287 114 (left) and in selected decay
chains observed in the 242 Pu +48 Ca (middle) and 238 U +48 Ca (right) reactions. Measured
energies, time intervals and positions of the observed decay events are shown. Energy
uncertainties are shown in parentheses. 1) The energy of this event was detected by
side detectors only. 2) The energies of events detected by both the focal-plane and side
detectors, respectively, are shown in brackets

In the 238 U +48 Ca experiments, we detected 8 decay sequences that we
have assigned to the decay of Z = 112 nuclides. These can be separated into
two types: ER-α-SF chains spanning about 0.5Ä6 s that were observed at beam
energies EL = 230−234 MeV, listed in group a in Table 3; and a shorter
sequences, ER-SF, with tSF < 1 ms observed at EL = 240 MeV, listed in
group b in Table 3. Two longer ER-α1 -α2 -α3 -α4 -SF decay chains observed in
the reaction 242 Pu +48 Ca (EL = 244 MeV) and 238 U +48 Ca (EL = 234 MeV)
are shown separately in Fig. 4. The distribution of the respective recoil nuclei
over the detector strips corresponds to the separation of Z = 112 evaporation
residues produced in the reaction 238 U +48 Ca with qexp = 6.1 ± 0.2 (compared
with qcalc = 5.9).
10

In the reaction 248 Cm +48 Ca at 247 MeV, of the 69 decay signals with
E  130 MeV, 8 are assigned to the decay of daughters of element 116 isotopes.
During the irradiation, a total of 1730 beam off intervals occurred, spanning a
total time of 87 h. As before, the α- and ˇssion-fragment spectra measured in
beam-on and beam-off intervals are similar to those shown in Fig. 1. In the
experiment, we detected 8 decay sequences that we have assigned to the decays
of the Z = 116 nuclides. These can be separated in the two types: ER-α1 -α2 α3 -SF chains spanning about 10Ä80 s, similar to those observed in our previous
experiment at a lower beam energy [2], labeled as a in Table 4; and shorter
sequences, ER-α1 -α2 -SF, spanning 0.5Ä2 s, unobserved in previous experiments
and labeled as b in Table 4. For one decay chain, the ER signal was not registered.
With an average counting rate for events (65 s−1 ) and the dead time of detection
system (85 µs) in this experiment, the probability to miss the ER signal is rather
low (≈ 0.55 · 10−2). However, in the entire series of experiments on the synthesis
of superheavy nuclei [1, 2, 4, 5, 14], we have observed more than 70 decay chains
with ER signal and the probability to lose one of them amounts to approximately
40%. The distribution of the recoil nuclei over the detector strips corresponds
to the separation of Z = 116 ER produced in the reaction 248 Cm +48 Ca with
qexp = 6.3 ± 0.2 (in agreement with the previous experiments [2, 4]).

Table 4. Decay chains observed in the 248 Cm +48 Ca reaction at EL = 247 MeV. Bold
events were registered during a beam-off period. Time intervals for events following
missing α were measured from preceding registered events and are shown in italic.
The α-particle energy errors are shown in parentheses
a) ER-α1 -α2 -α3 -SF chain (293 116)
EER , δtER−α ,
Eα1 ,
δtα1 −α2 ,
Strip
MeV
ms
MeV
s
4
13.0
Missing α
1.579
9
13.6 126.9
10.60(8)
1.990

Eα2 ,
MeV
9.80(7)
9.48(8)

δtα2 −α3 , Eα3 , Eα3 −SF ,
s
MeV
s
30.339 9.17(47)a 45.466
2.334
9.03(8)
4.051

b) ER-α1 -α2 -SF chains (292 116)
Eα1 ,
δtα1 −α2 ,
Eα2 ,
δtα2 −SF ,
EER , δtER−α ,
Strip
MeV
ms
MeV
s
MeV
ms
9
10.6
20.7
10.63(8)
2.239
9.99(8)
24.599
3
Missing ER 10.63(14)a
0.832
10.01(17)a
54.8
4
12.6
35.2
10.68(7)
Missing α
616.7
7
12.1 11.832 10.66(12)
1.090
9.82(12)
274.5
4
14.6
Missing α
0.416
9.85(10)a
158.1
0.509
9.91(14)a
117.9
3
14.4
35.9 10.69(47)a
Mean values
25.9
10.66
1.168
9.92(8)
87.3
a
b

α particle registered by both focal-plane and side detectors.
Fission event registered by both focal-plane and side detectors.
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ESF ,
MeV
178b
201
193
213
212
202b

ESF ,
MeV
186
172

Characteristics of the sequential decays in the observed chains, the average
values of Eα , tα and tSF determined from all the decay events of each type are
given in the bottom rows of Tables 2, 3 and 4. The production cross sections of
the nuclides detected in our experiments, characterized by their types of decay, as
a function of the excitation energies of the compound nuclei 290 114 and 286 112 are
shown in Fig. 5. In addition, excitation functions of the reactions 244 Pu(48 Ca,3Ä
5n)287−289 114 that we measured earlier with the same experimental setup [4] and

Fig. 5. Excitation functions for the 2n (䉭),
3n (䊏), 4n (䊊) and 5n (䉱) evaporation
channels from the complete-fusion reactions 233,238 U, 242,244 Pu, 248 Cm +48 Ca.
The Bass barrier [17] is shown by an open
arrow in each panel; in the topmost panel
it is labeled with BBass . Lines show the
results of calculations [18]. Error bars correspond to statistical uncertainties
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the presently available data for the reaction 248 Cm(48 Ca,3Ä4n)292,293 116 are also
shown, together with the Bass reaction barriers [17] and the calculated excitation
functions [18] for all reactions. Comparing the decay properties of the observed
nuclei (Tables 2, 3 and 4) and the excitation functions for their production (Fig. 5),
we can deduce a consistent picture for the masses of the observed nuclides.
Decays of the daughter nuclei in the ER-α1 -α2 -SF chains observed in the
reaction 242 Pu +48 Ca coincides in all the measured parameters (Eα , Tα , TSF , and
ESF ) with the decay chain ER-α-SF observed in the 238 U +48 Ca reaction. The
maximum yields of the nuclides that undergo this type of decay correspond to
the 3n-evaporation channel in fusion reactions 242 Pu, 238 U +48 Ca. Therefore,
the ER-α1 -α2 -SF decay chain from the reaction 242 Pu +48 Ca should be assigned
to the decay of 287 114. This conclusion is supported by the data from the
reactions 245 Cm, 244 Pu +48 Ca in which similar decay chains were observed in
2n- and 5n-evaporation channels [4], respectively. Accordingly, the ER-α-SF
chains observed in the reaction 238 U +48 Ca are due to the α decay of 283 112 that
is terminated by the spontaneous ˇssion of the isotope 279 Ds (TSF = 0.18 s).
The excitation functions and the decay properties of the shorter chain members (ER-α-SF) detected in the 242 Pu +48 Ca reaction, and ER-SF correlations
in 238 U +48 Ca reaction, determine that these originate from the neighboring
evenÄeven isotopes 286 114 and 282 112, respectively. They were not observed
in the reaction 244 Pu +48 Ca (6n channel) but appear in the decays of 290 116 and
294
118 produced in the reactions 245 Cm(48 Ca, 3n)290 116 [4] and 249 Cf(48 Ca,
3n)294 118 [5], respectively. Note that in the decay of 286 114, as observed in
all of the experiments, only ˇve α decays were observed out of thirteen atoms
(bα ∼ 0.4).
By similar argument, the decay chains identiˇed by a and b in Table 4 can be
attributed to the nucleus 293 116 and 292 116 [2], respectively. The decay properties
of the daughter nuclei 289 114 and 288 114 match well with those observed in the
reaction 244 Pu +48 Ca [1, 2, 4].
One more short-lived SF decay (∆t = 86 µs, ESF = 149 MeV) was registered
in the reaction 238 U +48 Ca at EL = 234 MeV. Taking into account the measured
transfer reaction cross sections with 248 Cm [19] and the yields of the ˇssion
isomers in heavy-ion reactions with 238 U [20], we cannot exclude that this SF
decay was caused by the 21-µs isomer 241mf Pu [21]. Because of the 85 µsdead time associated with the detection system for consecutive signals of the
recoil-SF type, decays of 241mf Pu with shorter correlation times could not be
detected.
Finally, a single ER-α-SF event observed in the reaction 242 Pu +48 Ca at a
beam energy EL = 235 MeV agrees well in decay properties with the well-studied
nuclide 288 114 (12 events detected) that we previously synthesized in the reaction
244
Pu(48 Ca, 4n)288 114 [4]. This event should then be assigned to the decay of
288
114 produced via 2n evaporation with a cross section of about 0.5 pb.
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As it can be seen in Fig. 5, the maximum cross section values that we measured for the reaction 242 Pu +48 Ca at the energy E ∗ = 40.2 MeV are σ3n =
+3.6
238
3.6+3.4
U(48 Ca, 3n)283 112 the
−1.7 pb and σ4n = 4.5−1.9 pb; for the reaction
+1.8
∗
maximum values are σ3n = 2.5−1.1 pb at E = 35.0 MeV and σ4n = 0.6+1.6
−0.5 pb
at E ∗ = 39.8 MeV. In view of the present results, the non-observation of decay chains of element 112 isotopes in the reaction of 238 U with 231-MeV 48 Ca
projectiles (E ∗ = 32.5 MeV) at LBNL [22] is obviously due to insufˇcient experimental sensitivity. The ®upper cross-section limit for one event¯ set in the recent
LBNL experiment (1.6 pb) corresponds to a statistically valid 84%-upper limit of
2.9 pb [23] provided all the parameters of the experiment were chosen optimally.
We have also studied the reaction 233 U +48 Ca at EL = 240 MeV; despite
an accumulated beam dose of about 8 · 1018 ions, we did not observe any decay
chains that could be attributed to the decay of isotopes of element 112. This
non-observation could be associated with either of two reasons: 1) Either the
lifetime of 278 112 is less than the time of ight of the recoils from the target
to detectors (∼ 1 µs) and the dead time of the detection system (6 µs for ER-α
signals); or 2) Its production cross section is below the sensitivity of the present
experiment. The ˇrst hypothesis is not realistic: an evenÄeven nuclide 278 112
with a half-life of  7 µs should α decay with an energy Qα  11.9 MeV;
this signiˇcantly deviates from the experimental values of Qα observed in the
decays of the neighboring isotopes of element 112, see Fig. 6. Furthermore, the

Fig. 6. a) α-decay energy vs. neutron number for isotopes of even-Z elements with
Z  100 (solid circles ÅevenÄodd isotopes) [8Ä11, 21]. Data at N  163 that are
connected by dashed lines are from [1, 2, 4, 5] and the present work. Solid lines show the
theoretical Qα values [24, 25] for even Z = 100−118 elements. b) Experimental values
of TKE vs. Z 2 /A1/3 (previously measured data from [26] and references therein) Å
open squares; experimental data from the present work Å solid squares. The solid line is
the linear ˇt to the data, excluding the mass-symmetric ˇssioners [27]
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descendant nuclei of 278 112 (274 Ds, 270 Hs, 266 Sg, 262 Rf [10, 11]) were not
observed. For the partial half-life for the SF decay of 278 112, one would expect a
larger TSF than that observed for 282 112 due to a closer proximity to the deformed
shell N = 162 [28]. The evenÄodd isotopes 277 112 and 279 112 (products of the
2n- and 4n-evaporation channels) should have Tα values exceeding the dead time
of the detection system (e.g., T1/2 (277 112) = 0.6 ms [8, 9]). We take this as
support for the second assumption, and we calculate an upper cross-section limit of
σ2−4n  0.6 pb for the reaction 233 U(48 Ca, 2Ä4n)277−279 112 at EL = 240 MeV.

3. DISCUSSION
3.1. Nuclear Properties. Now that the mass numbers of the observed Z =
112, 114 and 116 isotopes have been deduced on the basis of measured excitation
functions, let us analyze speciˇc properties of the decay chains of the isotopes
synthesized in the present work. In the ER-α1 -α2 -SF chains arising in the decay
of the isotope 287 114, the energy of the ˇrst α particle is Eα1 = 10.02±0.06 MeV.
In all 12 events in which the decay of the mother nuclide has been observed, the
measured values of Eα1 agree with the given value within the detector resolution
characteristic of the actual detection conditions, as well as with the value measured
for this isotope in [4]. The loss of the ˇrst α particle in three events does not
inuence our interpretation of the decay scenario of this nuclide. The energy
of the second α particle in 11 cases of 14 is Eα2 = 9.54 ± 0.06 MeV. This
value, as we noted above, agrees well with the four measured α energies of
283
112 (see Table 3), produced as a fusion-evaporation product in the reaction
238
U(48 Ca, 3n)283 112, and with energies registered for this isotope in the previous
experiments [4].
However, three of the measured energies of the second alpha, Eα2 = 8.94(7),
9.36(8) and 9.32(6) MeV, are different enough from the average value of Eα2 that
they are beyond the experimental uncertainties of measuring α energies associated
with the focal-plane detector. This means that the observed α decays of 283 112
correspond to transitions to various excited states in the daughter nucleus 279 110.
Given the accuracy with which we measure the α-particle energies (which varies
depending on experimental conditions) and the relatively low statistics, we can
evaluate the probability of such transitions as being about 20%. In principle, this
kind of decay pattern for an odd nucleus is likely since 279 110 (N = 169) is
located in an intermediate region 7 neutrons above the deformed shell closure
at N = 162 and 15 neutrons below the spherical shell at N = 184. Similarly,
a lower α-decay energy (Eα = 9.48(8) MeV) was observed for one decay of
289
114. Finally, in Table 2, we present a single case in which the second α
particle is missing and the spontaneous ˇssion is detected 13.9 s after emission
of the ˇrst α particle. Since the half-life of 279 110 determined from 21 events is
15

0.18 s, the observed time interval tER−SF is therefore deˇned either by the time
of emission of the unobserved second α particle or by the spontaneous ˇssion of
283
112 occurring with a probability of  10%. As a whole, the decay properties
of the isotope 283 112 produced in the reactions 238 U +48 Ca and 242 Pu +48 Ca do
not depend on whether it is observed as a primary nucleus or as an α-decay
product of a preceding mother nucleus.
In the reaction 242 Pu +48 Ca, we observed no decay chains of the ER-α-SF
type of 3Ä5 min in duration that had been reported from previous experiments
performed with the VASSILISSA separator [6, 7]. It should be noted that while
the reported values [7] of Tα = 5.5+10
−2 s deduced from two events and Eα =
10.29 ± 0.02 MeV measured for a single event are similar to those observed for
287
114 in our experiments, the half-life of the daughter nucleus differs by an
order of magnitude [6, 7]. The existence of such a long-lived decay mode for the
evenÄodd nucleus 283 112 reported previously [6, 7] cannot be entirely excluded;
however, the present data indicate that its probability does not exceed 10%.
At the same time, in one of the 15 decays of 287 114 produced in the reaction
242
Pu +48 Ca and in one of the 7 decays of 283 112 produced in the reaction
238
U +48 Ca, we observed lengthy sequential α decays that were terminated by
SF with long lifetimes: tSF ∼ 6.3 min and 3.3 h, respectively, see Fig. 4. These
rare decays result from α/SF competition in the decay of 279 110 (bα ∼10%,
including three decays observed in [4]) and end in the spontaneous ˇssion of the
neutron-rich isotopes 271 Sg (N = 165) and 267 Rf (N = 163). Comparing the
two decay chains given in Fig. 4, one can see that 271 Sg undergoes both α decay
(Eα = 8.53 MeV) and SF. The increased stability of 267 Rf and 271 Sg with respect
to SF is due to their proximity to the deformed shell at N = 162.
In four of the observed nine events from the reaction 242 Pu +48 Ca (in ˇve of
the observed 13 decays total, including the results of [4, 5]), the evenÄeven isotope
286
114 undergoes α decay with Eα = 10.20 MeV, bα ∼ 40%, in competition
with SF. Its α-decay daughter, 282 112, decays by SF with a short half-life,
TSF = 0.5 ms.
Because of low statistics, we cannot rule out the possibility that several
similar half-life values contribute to the decays of each of the observed isotopes
of elements 112 and 114. Time distributions, presented in sum in Fig. 3, b, allow
us to characterize each decay type by a single half-life value, bearing in mind the
actual statistical uncertainties.
Data on the decay characteristics of the isotopes 286,287 114, 282,283 112 and
279
110, as well as 275 Hs, 271 Sg and 267 Rf synthesized in the reactions 242 Pu,
238
U +48 Ca, are summarized in Table 5. Included also are the data for heavier isotopes with Z = 110−114 that we produced earlier in the reaction 244 Pu +48 Ca [1,
4] and the isotopes of heavier elements with Z = 116, 118 from our experiments
245,248
Cm, 249 Cf +48 Ca [1, 2, 4, 5, 29]. The decay modes, number of observed
events used to determine the decay properties, and values of T1/2 , Eα and Qα
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are shown in Table 5. Expected values of Tα were calculated from the measured
Qα from the GeigerÄNuttall relationship using the ViolaÄSeaborg formula [30]:
−1/2
+ cZ + d. Parameters were ˇtted to the Tα vs.
lg10 (Tα ) = (aZ + b) · Qα
Qα values of 65 previously known evenÄeven nuclei with Z > 82 and N > 126
(a = 1.787, b = −21.40, c = −0.2549, d = −28.42). The limiting values of Qα
for the spontaneously ˇssioning nuclei were estimated in the same way.
Table 5. Decay properties of nuclei produced in this work and in [1, 2, 4, 5]
Z

A

118

294

116

114

a
b
c

1/1

α

1.8+75.
−1.3 ms

0.4 ms

61+57
−20 ms
18+16
−6 ms
+11.6
6.3−2.5 ms
15+26
−6 ms

293

4/4

α

4/5

α

291

2/2

α

290

2/2

α

Eα , MeV

Qα , MeV

11.65±0.06 11.81±0.06

80 ms

10.54±0.06 10.69±0.06

40 ms

10.66±0.07 10.80±0.07

20 ms

10.74±0.07 10.89±0.07

10 ms

10.85±0.08 11.00±0.08

289

9/9

α

288

16/16

α

287

15/15

α

2.6+1.2
−0.7 s
0.80+0.27
−0.16 s
0.51+0.18
−0.10 s

11/5

α : 0.4
SF: 0.6

0.16+0.07
−0.03 s

0.2 s

10.20±0.06 10.35±0.06

50 s

9.15±0.05

3s

285

10/10

α

284

17

SF

29+13
−7 s
+31
97−19 ms

283

18/18

α: 1
SF: 0.1

4.0+1.3
−0.7 s

282
110

Expected
half-life

292

286
112

Half-lifec

No.
Decay mode,
branchb
observeda

6

SF

0.50+0.33
−0.14
11.1+5.0
−2.7

2s

9.82±0.05

9.96±0.05

0.9 s

9.94±0.06 10.08±0.06

0.5 s

10.02±0.06 10.16±0.06

9.28±0.05
 9.80

9.54±0.06

9.67±0.06

ms

 10.82

s

 9.00

281

10

SF

279

21/2

α : 0.1
SF: 0.9

0.18+0.05
−0.03 s

0.2 s

9.70±0.06

9.84±0.06

108

275

2/2

α

0.15+0.27
−0.06 s

0.8 s

9.30±0.07

9.44±0.07

106

271

2/1

α : 0.5
SF: 0.5

2.4+4.3
−1.0 min

0.8 min

8.53±0.08

8.65±0.08

104

267

1

SF

2.3+98.
−1.7 h

 8.22

Number of events used for calculation of half-lives / α-particle energies, respectively.
Branching ratio is not shown if only one decay mode was observed.
Error bars correspond to 68%-conˇdence level if more than one event was observed, for only
one registered event, the error bars correspond to 95%.

Experimental α-decay energies of the isotopes with Z = 100−118, together
with the decay energies of the same nuclides calculated in the macroscopicmicroscopic nuclear model (MM) [24, 25], are compared in Fig. 6, a. The
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agreement between theory and experiment becomes somewhat worse as one moves
from the deformed nuclei in the vicinity of neutron shells N = 152 and N = 162
to the more neutron-rich nuclides with N  169. In this region, experimentally
measured values of Qα are less than the values calculated from the model by
 0.5 MeV. In general, this is good agreement, considering that these theoretical
predictions of the MM model are matched over a broad unexplored nuclear
domain by the measured Qα values for fourteen nuclides with Z = 106−118 and
N = 165−177. One should note that the predictions of other models within the
SkyrmeÄHartreeÄFockÄBogoliubov (SHFB) [31] and the relativistic mean ˇeld
(RMF) [32] methods also compare well with the experimental results. These
models predict the same spherical neutron shell at N = 184, but different proton
shells, Z = 114 (MM) and Z = 120, 124 or 126 (SHFB, RMF), yet all describe
the experimental data equally well. Such insensitivity with respect to the various
models can be explained either by the remoteness of nuclei under consideration
from closed shell at N = 184 or by the relatively weaker inuence of the
proton shells at Z = 114 or higher, compared with that of the neutron shell at
N = 184.
Of particular interest for comparisons with theory are the long decay chains
like those shown in Fig. 4. The decay properties of the isotopes of element
114 are generally determined by the spherical shells Z = 114 and N = 184.
According to MM model calculations [25], the nucleus 287 114 is almost spherical
(β2 = 0.088). In a succession of sequential α decays, the descendant nuclei
move away from the closed N = 184 shell and approach the deformed shell
at N = 162. The terminating nucleus, 267 Rf (N = 163), is deformed (β2 ∼
0.23) [25]. Accordingly, it is possible to compare the predicted changes in the
structure of nuclei in the decay chain originating with the decay of 287 114 with
the experimental data. As can be seen in Fig. 6, for the last nuclei in the decay
chain (275 Hs→271 Sg→267 Rf), experimental values of Qα practically coincide
with calculations; here one observes a considerable decrease of Qα due to the
proximity of the neutron shell at N =162. In the decay chain 291 116→ . . . →267 Rf
(see Fig. 6), we observed a similar variation in α-decay energies as we reported
for decay chains starting with 287 115 or 288 115 [15]. The slope of Qα vs.
neutron number remains practically the same for elements 112Ä116 but increases
signiˇcantly for the nuclides with Z = 111 and 110. Such an effect might be
caused by the transition from spherical nuclear shapes to deformed shapes during
successive α decays, in agreement with MM calculations [25].
Unfortunately, in the decay of the evenÄodd nucleus 287 114, longer decay
chains are blocked by the spontaneous ˇssion of 279 110 (bα ∼ 10%). It is
partially for this reason, that we attempted to synthesize the oddÄodd nucleus
288
115 in the reaction 243 Am +48 Ca. The result was a lengthy decay chain
consisting of ˇve α decays and terminated by SF [15], which is the principal
decay mode.
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With the decay properties of the Z = 110−114 nuclides presented in Table 5
and in Fig. 6, we can revisit the long-lived ER-α-α-α-SF decay chain detected in
the reaction 244 Pu +48 Ca in 1998 [33] at E ∗ = 35 MeV that was considered to
be a candidate for the decay originating from 289 114. The experimental values
of Eα and tα for the three α decays, as well as the limiting value of Eα for
the ˇnal SF nucleus agree with expectations for the nuclides in the chain of
sequential α decays of the isotope 290 114. The observed production cross section
of this nuclide (∼ 0.2 pb) is consistent with σ2n ∼ 0.5 pb observed in the
reaction 242 Pu(48 Ca, 2n)288 114 which has a 2.3-MeV higher Q value than does
the 244 Pu +48 Ca system. However, one has to suppose a considerable increase in
stability against decay by SF of 286 112 and 282 110 compared with their lighter
neighbors for α decay to dominate. On the other hand, such a long chain could
originate from a rare decay branch of the evenÄodd nuclide 289 114 starting from
an isomeric state [31].
All the decay chains presented in Tables 2, 3 and 4 end in spontaneous ˇssion. In cases when the detector array registered both ˇssion fragments, their sum
energy Etot could be used to determine the total kinetic energy of the ˇssion fragments. The value of TKE for all the SF isotopes obtained in the 48 Ca-induced reactions given in Table 5 is plotted in Fig. 6, b, together with the previously known
data for the isotopes with Z  96 (see Ref. [26] and references therein). It is observed that, with the transition Z  110, the TKE increases with increasing Z in
agreement with the previously established dependence of TKE vs. Z 2 /A1/3 , typical for the asymmetric ˇssion of lighter nuclei. We speculate that this is caused
by the inuence of the spherical shells Z = 50 and N = 82 on the formation of
the light ˇssion fragment in the scission of superheavy nuclei [3, 26, 34]. In the
spontaneous ˇssion of the lighter nuclides 267 Db, 268 Db and 271 Sg with N = 162,
163 and 165, the same effect apparently results in symmetric ˇssion with high
kinetic energy, characteristic of the close scission conˇguration that takes place
in the bimodal ˇssion of the heavy isotopes of Fm, Md, and No [26, 34].
3.2. Cross Sections for the xn-Evaporation Channels in the Reactions
U, Pu +48 Ca. Considering the production of evaporation residues in the complete
fusion of actinide target nuclei with 48 Ca within the classical concept of formation
of a compound nucleus, one can express the cross section of the various neutron
evaporation channels as σxn (E ∗ ) ∼ PCN (E ∗ ) · Wsurv (E ∗ ). Here, PCN and
Wsurv are the probability of the formation of compound nucleus and the survival
probability in the de-excitation to the ground state by emission of neutrons and γ
rays, respectively, as a function of excitation energy E ∗ . Accordingly, the value
of PCN is determined by the probability of capture, Pcapt , and the dynamics of
motion of the composite system from an initial state of two contacting nuclei to
the compact, almost spherical shape of the compound nucleus. In this process,
which is characterized by a substantial change of nuclear deformation, the nuclear
system can separate into two fragments (undergo so-called quasi-ˇssion), having
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not reached the equilibrium deformation; thus, PCN  Pcapt [18]. In such a
situation, the probability PCN depends substantially on the primary conditions
that determine the trajectory of the collective motion of the heavy nucleus. A
strong Coulomb repulsion of nuclei at the primary reaction stage also decreases
PCN in favour of deep inelastic reactions. Both hindrances, for different reasons,
considerably limit the formation of the compound nuclei.
Another stage of the process is the de-excitation of the compound nucleus via
sequential neutron emission. In statistical models, for heavy nuclei, the survival
probability is determined mainly by the relation of partial widths (Γn /Γtot ) ≈
x
x


(Γn /Γf ): Wsurv (E ∗ ) ∼
(Γn /Γf )i ∼
exp [(Bf −Bn )/T ]i . Here: Bf and
i=1

i=1

Bn are ˇssion barrier and neutron separation energy in the compound nucleus,
respectively, with excitation energy E ∗ and temperature T , and x is the number
of emitted neutrons.
For the reactions under consideration, leading to nuclei with ZCN = 112−114
and NCN = 169−178, nuclear masses calculated in various models give an
uncertainty of neutron binding energy ∆Bn  1 MeV [24, 25, 31, 32, 35].
Model-dependent variations in the ˇssion barrier height Bf are much larger,
∆Bf ≈ 3−4 MeV [24, 35, 36]. It should be noted that with increasing nuclear
temperature, the amplitude of the shell correction decreases, which results in
a decrease of Bf (see, e.g., [37]). This effect is especially important for the
heavy nuclei with ZCN  100 for which the ˇssion barrier height is completely
determined by shell effect.
The same calculational method that was developed earlier for describing
the cross sections for the production of No isotopes in the reactions
204,206−208
Pb +48 Ca [38], was employed to reproduce the measured values of
∗
σxn (E ) presented in Fig. 5. These calculations (not shown in the ˇgure) disagreed with the experiment; calculated maxima of the excitation functions of the
2n and 3n channels were shifted to lower energies and the modeled cross sections
σER were considerably higher than those experimentally observed. Variation of
the statistical model parameters in calculations of the survival probabilities of
compound nuclei with Z = 112 and 114 did not eliminate these discrepancies.
One should note that all of the events observed in the production of isotopes
of elements 112 and 114 with the fusion reactions 238 U, 242,244 Pu +48 Ca were
detected at energies above the Coulomb barrier (Fig. 5). In contrast, in cold fusion
reactions of the target nuclei of 208 Pb and 209 Bi with more massive projectiles
(A  48), the maximum yield of evaporation residues is observed at subbarrier
projectile energies [8, 9].
The observed shift of excitation functions to higher energies cannot be explained by the dynamic limitations of fusion, because in our case we use more
asymmetric reactions than are encountered in cold fusion reactions. The effect
may be associated with the static deformation of the target nuclei, whose orien20

tation at the point of collision leads to various conˇgurations of the composite
system at the very start of its path toward the spherical shape of the compound
nucleus. ®Equatorial¯ collisions, characterized by minimum distances between
the centers of the interacting nuclei, correspond to the most compact conˇgurations of the composite system. For such collisions, the Coulomb barrier of
the reaction 242,244 Pu +48 Ca is about 20 MeV higher than that encountered in
®polar¯ collisions, which are characterized by the maximum distance between reaction partners, in which the heavy nucleus is formed with maximum deformation
(Fig. 7). All of the other conˇgurations are intermediate between these extremes.

Fig. 7. a) Comparison of the cross section as a function of excitation energy E ∗ for
quasi-ˇssion (σQF ), ˇssion (σF ) and ER (σER ) for the 238 U +48 Ca reaction. Experimental
data are from [3] and the present work, and the lines show calculations of [18]. Note
the location of the ®polar¯ and ®equatorial¯ touching conˇgurations with respect to the
Bass barrier, and the discontinuous cross-section scale. b) Comparison of hot fusion cross
sections for the production of Z  102 nuclides using a variety of heavy-ion beams (top
panel). Note the relatively constant cross sections for Z  112 nuclides produced with
48
Ca projectiles. We show the ˇssion barrier heights as a function of neutron number
on the bottom panel [28, 36]. Solid symbols correspond to the number of neutrons in
compound nuclei formed in different reactions. Note the inuence of the closed shells Å
especially the spherical shell closure at N = 184. There is a correspondence between
the increased barrier height on the bottom panel and the enhanced cross sections of ER
production in 48 Ca-induced reactions on the top panel at the same neutron numbers
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If the angle of impact corresponds to a more compact conˇguration, then the compound nucleus has a higher probability of reaching the ˇnal spherical shape [39,
18], and such collisions will be decisive for determining the fusion-evaporation
cross section, σER = Σσxn .
The quasi-ˇssion reaction channels that are characterized by the formation
of fragments with highly asymmetric mass division most probably occur at the
earliest stage of collective motion, when the compound nucleus is still strongly
deformed. The principal contribution to the quasi-ˇssion cross section at lower
excitation energies (E ∗  30 MeV), is from the ®polar¯ interactions of the colliding nuclei [18]. Therefore, the dependence σQF (E ∗ ) ≈ σcapt (E ∗ ) is relatively
weak up to E ∗ ≈ 27 MeV, see Fig. 7. In contrast, the complete fusion of the
nucleus that arises from the more compact conˇguration is more likely to undergo
more symmetric ˇssion. The observed dependence σF (E ∗ ) is steeper than that of
σQF (E ∗ ) and is shifted to higher values of E ∗ . Here, the competing quasi-ˇssion
channel limits the contribution of ®polar¯ collisions to the formation of a compound nucleus. If we suggest that σCN (E ∗ ) corresponds to a some more strict
selection of the target nucleus orientation compared with σF (E ∗ ) (the additional
change of distance between centers of nuclei spans over only 4%), the statistical
calculations reproduce well the experimental dependences σER (E ∗ ) for all the
reactions presented in Fig. 5 [18].
Let us further consider the production cross sections of the evaporation
residues. From numerous experiments it is known that in the synthesis of heavy
nuclei with Z  102, both in hot and cold fusion reactions, the cross section σER
decreases rapidly with increasing ZCN . Extrapolating the dependence σER (ZCN )
to Z > 110, we would arrive at extremely low cross sections for the production
of isotopes of element 114 (σER ∼ 1−10 fb). However, experimental values of
σER (ZCN = 114) observed in the reactions 242,244 Pu +48 Ca appeared to be about
3 orders of magnitude higher. We consider that this fundamental discrepancy has
a ˇrm physical explanation.
In cold fusion reactions, the decrease of σER with increasing ZCN is associated with the dynamic hindrances of the fusion of massive nuclei [18]. Here,
extrapolation to superheavy nuclei appears to be justiˇed, as the hindrances should
increase with increasing mass and nuclear charge of the projectile. In asymmetric
hot fusion reactions using light projectile nuclei, like the isotopes of C, O, Ne, Mg,
there are practically no fusion limitations. Here, the decrease of σER for higher
values of ZCN is determined by the decreasing survivability of the compound nuclei. As shown above, the value of Wsurv strongly depends on (Bf −Bn ). Since
the value of Bf is completely determined by the amplitude of the shell correction
(BfLD ≈ 0 for the nuclei with Z  102), it strongly depends on the neutron number of the compound nucleus. The high ˇssion barriers and correspondingly high
cross sections σER observed in the synthesis of elements with Z = 102−106 are
associated with the signiˇcant shell effects at N = 152 and at N = 162 (Fig. 7, b).
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For heavier nuclei with N > 162, Bf values decrease until the next spherical shell
at N = 184 starts inuencing the ˇssion barrier, while Bn values steadily decrease
in this region with increasing neutron number. Upon approaching the closed neutron shell, the ˇssion barriers will increase again, according to all microscopic
models (see, e.g., [35, 36]). That should result in a substantial increase of σER .
Thus, if the theoretical predictions of the existence of closed nuclear shells
in the domain of superheavy elements are correct, they should be characterized
not only by higher stability to various decay modes (longer half-lives) but also
by a relatively high probability of production. As we have shown in Fig. 7, b,
the increase of the height of the ˇssion barrier due to the inuence of the shell
closure at N = 184 is expected only for the neutron-rich nuclei with N > 170.
For these nuclei, an increase of neutron number in the compound nucleus results
in an increase of the production cross section observed in the experiments. We
consider this to be the major advantage of using the complete fusion reactions
involving the neutron-rich transuranic target nuclei and the 48 Ca projectile for the
synthesis of superheavy elements.
Indeed, the experimental data show that for the nuclei with Z = 112 and 114
and NCN = 174−178 the cross section of the 4n-evaporation channel (an ®open¯
channel, well above the fusion barrier) systematically increases with increasing
neutron number and reaches the maximum value of about 5 pb in the reaction
244
Pu +48 Ca. The low cross section for the formation of the isotope 278 112 in
the reaction 233 U +48 Ca with NCN = 169 has the corresponding explanation.
Additionally, in the reaction 248 Cm +48 Ca (ZCN = 116 and NCN = 180), one
could expect a higher σ4n cross section; however, the excitation function is
not yet complete. The cross section of the reaction 248 Cm(48 Ca, 4n)292 116 at
E ∗ = 38.9 MeV (about 3 MeV below the expected maximum cross section for
the 4n-channel) has already reached the value 3.3+2.5
−1.4 pb. In this reaction, six
decay chains of the new isotope 292 116 were observed. The decay properties of
292
116 are also included in Table 5.

CONCLUSIONS
Several conclusions follow from the above analysis and discussion of the
present experimental data. We measured production cross sections and studied
radioactive decay properties of the isotopes 282,283 112, 286,287 114, and 292,293 116
synthesized in complete fusion reactions with 48 Ca projectiles. The mass numbers
of the synthesized isotopes were determined from excitation functions of the 3nand 4n-evaporation channels of the reactions 238 U, 242 Pu, and 248 Cm +48 Ca and
the 3nÄ5n channels of the reaction 244 Pu +48 Ca [4].
The evenÄodd isotope 287 114 undergoes mostly sequential α-α-SF decay with
a typical total decay time of about 2Ä20 s. The total decay time is most strongly
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inuenced by the relatively long-lived daughter nuclide 283 112 (Tα = 4 s), which
should be regarded as the longest-lived element 112 isotope for experiments aimed
at the investigation of the chemical properties of element 112 in the reaction
238
U +48 Ca.
The SF nuclide 279 110 undergoes α decay with a probability of ≈ 10%, and
the chain of subsequent decays is terminated by the SF of either 271 Sg or 267 Rf.
Their long lifetimes of minutes and hours are caused by the inuence of the
deformed shells at Z = 108 and at N = 162.
The isotope 286 114 demonstrates an α-SF decay pattern. The probability of
spontaneous ˇssion of the evenÄeven nucleus 286 114 is about 60%; its α-decay
daughter, 282 112, decays by SF with a short half-life (TSF = 0.5 ms).
The observed decay properties of the four isotopes of element 114 with
masses 286Ä289 provide a consistent mass-identiˇcation for all of the heavier
even-Z nuclei, in particular, the four isotopes of element 116 with masses 290Ä
293 that we synthesized earlier in the reactions 245,248 Cm +48 Ca [2, 4], and also
the isotope of element 118 with A = 294 we observed as an α-α-SF chain in
the reaction 249 Cf +48 Ca [5]. They deˇne also the masses of neutron-rich nuclei
with Z = 104−108 that appear in the decay chains of the mother nucleus 287 114.
The decay properties of nuclei in the decay chain 290 116(α) →
→ 286 114(α/SF) → 282 112(SF), synthesized individually in the three reactions 245 Cm, 242 Pu, 238 U +48 Ca, coincide well with those measured for the descendant nuclei of the heavy evenÄeven nuclide 294 118 produced in the reaction
249
Cf(48 Ca, 3n)294 118 at E ∗ = 29.2 MeV.
All the observed α-decay sequences end in SF characterized by a high TKE of
the fragments. For superheavy nuclei with Z  110, the value of TKE increases
with Z following the dependence of TKE vs. Z 2 /A1/3 expected for asymmetric
ˇssion. Spontaneous ˇssion of the nuclei with Z = 106 and N = 165, as well
as 267, 268 Db (N = 162, 163) with an abnormally high kinetic energy release is
most probably associated with the symmetric ˇssion decay mode.
The ER production cross sections in the complete fusion reactions with 48 Ca
are determined by the survivability of nuclei and depend mostly on their ˇssion
barrier height. The expected increase of ˇssion barrier heights on approaching
the neutron shell at N = 184 leads to an increase in the evaporation residue
cross section; a conclusion supported by our experimental data. Thus, the effect of nuclear shells in the domain of superheavy elements results not only in
substantially higher stability to various decay modes, but also in an increase of
the production cross section for complete fusion reactions with 48 Ca projectiles.
The observed 3Ä5 MeV upward shift of the maxima of the evaporation residue
yields in the reactions of actinide nuclei with 48 Ca projectiles with respect to the
calculated Coulomb barrier for spherical nuclei can be attributed to the selection
of the entrance states associated with the orientation of the deformed target nuclei
in collisions with 48 Ca.
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The present experimental data on the production cross sections and decay
properties of even-Z nuclides can be used for determining the conditions for synthesis and prediction of the decay properties of odd-Z nuclides. Our interpretation
of the data of the experiments on the synthesis of element 115 in the reactions
243
Am(48 Ca, 3Ä4n)288,287 115 [15] is in agreement with the results of the present
work.
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