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Abstract. We have studied the dependence of the production cross-sections of the isotopes

282,283112

and 2867288114 on the excitation energy of the compound nuclei 29112 and ?°°114. The maximum cross-
sections of the xn-evaporation channels for the reaction 2**U(**Ca, zn)?* 112 were measured to be:
030 = 2.573%pb and 04, = 0.6758 pb; for the reaction **2Pu(**Ca,2n)?°°"®114: go,, ~ 0.5pb, 03, =
3.6732pb and o4, = 4.573 pb. In the reaction **3U(**Ca,2-4n)*>"" 7112 we measured an upper cross-
section limit of 0, < 0.6 pb. An increase of ogr in the reactions of actinide targets with 48(Ca can be due
to the expected increase of the survivability of the excited compound nucleus upon closer approach to the
closed neutron shell N = 184. The observed nuclear decay properties of the nuclides with Z = 104-118 are
compared with theoretical nuclear mass calculations and the systematic trends of a-decay 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.

PACS. 25.70.Gh Compound nucleus — 23.60.4e « decay — 25.85.Ca Spontaneous fission — 27.90.+b

220 < A

1 Introduction

According to the nuclear models, the limits of the exis-
tence of the heavy nuclei, as well as their decay properties,
are completely determined by nuclear shell effects. For the
heaviest elements in the vicinity of the hypothetical closed
spherical shells Z = 114 and N = 184, the increase of nu-
clear binding energy results in a considerable increase of
stability with respect to various decay modes. We may also
speculate that the high fission barriers of the superheavy
nuclei in their ground states may persist at low excita-
tion energies, resulting in an increase in their production
cross-sections, or to be more precise their survival proba-
bility in the process of de-excitation of the compound nu-
cleus. Both the production cross-sections and the stability
of superheavy nuclides are expected to increase on closer
approach to the closed neutron shell N = 184. Therefore,
our first experiments aimed at the synthesis of the heav-
iest nuclei involved the complete fusion reactions 244Pu,
248Cm + *8Ca that lead to the compound nuclei with the
maximum accessible neutron numbers [1]. Following the
successful completion of the experiments in which fission
in *®Ca-induced reactions was studied [2] we decided to in-
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vestigate the survival probabilities of the compound nuclei
by measuring excitation functions for producing evapora-
tion residues (ER). The first such measurements were per-
formed using the reaction 244Pu(*®Ca, 3-5n)?7 289114 [3].
In the present work, we further develop these investiga-

tions with different targets: 233U, 233U, 242Pu and 2®Cm,
producing compound nuclei with Z = 112, 114 and 116.

2 Experimental technique

The #8Ca-ion beam was accelerated by the U400 cyclotron
at the Flerov Laboratory of Nuclear Reactions. The typ-
ical beam intensity at the target was 1.2puA. The 32-
cm? rotating targets consisted of the enriched isotopes
233U (99.97%), 238U (99.3%), 2*2Pu (99.98%), and 24¥Cm
(97.4%) with thicknesses of about 0.44, 0.35, 0.40, and
0.35 mg/cm?, respectively.

The evaporation residues recoiling from the target were
separated in flight by the Dubna Gas-filled Recoil Sep-
arator [4]. The transmission efficiency of the separator
for Z = 112 and 114 nuclei is estimated to be approxi-
mately 40% [4]. ERs passed through a time-of-flight sys-
tem (TOF) and were implanted in a 4 x 12cm? semicon-
ductor detector array with 12 vertical position-sensitive
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Table 1. Reaction-specific lab-frame beam energies in the mid-
dle of the target layers, corresponding excitation energies [5]
and total beam doses for the given reactions.

Reaction Epeam(MeV)  E*(MeV) Beam dose
2py 4+ 18Ca 235 30.4-34.7 5.0 x 10'®
238 33.1-37.4 4.9 x 10*®
244 38.0-42.4 4.7 x 10'®
250 43.0-47.2 3.2 x 10'8
28U 4+ 48Ca 230 29.3-33.5 5.8 x 10'®
234 32.9-37.2 7.1 x 10'®
240 37.7-41.9 5.2 x 108
23U 4+ 48Ca 240 32.7-37.1 7.7 x 10*®
248Cm +*¥Ca 247 36.8-41.1 7.0 x 10*®

strips. This detector was surrounded by eight 4 x4 cm? side
detectors without position sensitivity, forming a box open
to the beam side. The detection efficiency for full-energy «
particles emitted from implanted nuclei was 87%. The en-
ergy resolution for a particles absorbed in the focal-plane
detector was 55-95keV. The « particles that escaped the
focal-plane detector at different angles and which were
registered in a side detector had an energy resolution of
the summed signals of 140-220keV. The FWHM position
resolutions were 0.9-1.4 mm for ER-a signals and 0.5—
0.9 mm for ER-SF signals. Fission fragments from the de-
cay of 252No implants produced in the 2°6Pb 4 43Ca reac-
tion were used for their energy 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 fill-
ing of the detection system. The mean sum energy loss of
fission fragments was about 20 MeV.

In the experiments we employed a special low-
background detection scheme for the investigated nu-
clides [1,3]. The beam was switched off after a recoil signal
was detected with parameters of implantation energy and
TOF expected for ERs, followed by an «-like signal with
an energy expected for an a-particle of the mother nu-
cleus, in the same strip, within a 1.4-1.9 mm wide position
window and some preset time interval. The duration of the
pause in beam was determined from the observed pattern
of out-of-beam a decays and varied from 1 to 12 minutes.
Thus, all the expected sequential decays of the daughter
nuclides were expected to be observed in the absence of
beam-associated background.

3 Experimental results

The experimental conditions are summarized in table 1.
Excitation energies of the compound nuclei at given ion
energies are calculated taking into account the thickness
of the targets and the energy spread of the incident cy-
clotron beam.

In the course of the experiments with the 242Pu target,
performed at four bombarding energies, 25 decay chains
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Fig. 1. a) a or SF energies and decay times of nuclei pro-
duced in the reactions 2*?Pu(*®Ca,3n)?*7114 (open symbols)
and 2%¥U(*8Ca, 3n)?%%112 (solid symbols). b) The same for
even-even isotopes 256114 and 25%114.

were detected that we assign to the decay of Z = 114 nu-
clides. The detected energies of events and time intervals
between members of decay chains are shown in fig. 1. The
decay chains can be sorted into three groups: decay chains
of the ER-a-a-SF type lasting for 2-20s (one special case
is an ER-a-a-a-a-SF chain lasting for 6.5 min, see fig. 2)
observed at beam energies E; = 235-244 MeV; shorter
decays of the ER-a-SF or ER-SF type spanning a typical
time of 0.01-0.6 s, observed at higher beam energies Ej, =
244-250 MeV; and, finally, a single ER-a-SF event, t = 45,
detected at the lowest beam energy Fr, = 235 MeV. In the
242Pu4-48(Ca reaction, we detected a total of 33 a-decays in
the correlated decay chains. Four a-particles are missing,
which is entirely consistent with the a-detection efficiency
of the detector array that is approximately 87%. In fig. 1,
such events and their daughters are not shown.

In the 238U + *8Ca 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-a-SF
chains spanning about 0.5-6s that were observed at
beam energies E;, = 230234 MeV; and shorter ER-SF
sequences with tgp < 1ms observed at E; = 240 MeV.
Two longer ER-a-a-a-a-SF decay chains observed in
the reactions 24?Pu + *®Ca and 238U + #8Ca are shown
separately in fig. 2.
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Fig. 2. Time sequences in the average decay chain of 237114
(left) and in selected decay chains observed in the *?Pu+*#Ca
(middle) and 33U 4 *#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.

The production cross-sections of the nuclides detected
in our experiments as a function of the excitation ener-
gies of the compound nuclei 2°°114 and 286112, are shown
in fig. 3. In addition, excitation functions of the reactions
244py (48Ca, 3-5n) 27289114 that we measured earlier [3]
and the available data for the reaction 248Cm(“8Ca,3~
4n)?#92:293116 are also shown, together with the Bass reac-
tion barrier [6] and the calculated excitation functions [7].
Comparing the decay properties of the observed nuclei
and the excitation functions for their production, we can
deduce a consistent picture for the masses of the ob-
served nuclides.

The decays of the daughter nuclei in the ER-a-a-
SF chains observed in the reaction 2*?Pu + *8Ca coin-
cides in all the measured parameters (E,, Ts, Tsr, and
Esp) with the decay chain ER-a-SF observed in the
238U + 48Ca reaction. The maximum yields of the nu-
clides that undergo this type of decay correspond to the
calculated 3n-evaporation channel in the fusion reactions
242pyy, 238U 4-48Ca. Therefore, the ER-a-a-SF decay chain
from the reaction 242Pu + #8Ca should be assigned to the
decay of 287114. This conclusion is supported by the data
from the reactions 2*°Cm, ?**Pu + *8Ca in which simi-
lar decay chains were observed in 2n- and 5n evapora-
tion channels [3], respectively. Accordingly, the ER-a-SF
chains observed in the reaction 233U +48Ca are due to the
a decay of 283112 that is terminated by the spontaneous
fission of the isotope 27°Ds (Tsr = 0.18s).

The excitation functions and the decay properties
of the shorter chain members (ER-a-SF) detected in
the 242Pu+ %8Ca reaction, and ER-SF correlations in
238U 4+ 48(Ca reaction, determine that these originate from

591

10.0

233
50 U - target

A 2n
H 3n

O 4n

Exp.

<
=4
|

1.0
0.5

T
Y
3
N/
S/
/
/
o
=
1

0.1
0.05
0.02

i N
T AN T NS N N

100 E E
F 238 3
50 F U

1.0

0.2

Cross section (pb)

10.0
5.0

1.0

0.2

10.0
5.0

1.0

0.2

10.0
5.0

1.0

0.2

Excitation energy (MeV)

Fig. 3. Excitation functions for the 2-5n evaporation chan-
nels from the complete-fusion reactions 233238, 242:244py
248Cm 4 *8Ca. The Bass barrier [6] is shown by an open arrow
in each panel; in the topmost panel it is labeled with Bpass.
Lines show the results of calculations [7]. Error bars correspond
to statistical uncertainties.
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the neighboring even-even isotopes 286114 and 282112, re-
spectively. Note that in the decay of 286114, as observed
in all of the experiments, five o decays were observed
out of thirteen atoms (b, = 0.4) [3,8]. Finally, a sin-
gle ER-a-SF event observed in the reaction 242Pu + 48Ca
at a beam energy E; = 235MeV agrees well in decay
properties with the well-studied nuclide 28114 (12 events
detected) that we previously synthesized in the reaction
244pPy + 48Ca [3]. This event should then be assigned to
the decay of 2%%114 produced via 2n evaporation with a
cross-section of about 0.5 pb.

We have also studied the reaction 233U +*8Ca; despite
an accumulated beam dose of about 8 x 10'® ions, we
did not observe any decay chains that could be attributed
to the decay of isotopes of element 112. We calculate an
upper cross-section limit of o5_4, < 0.6 pb for the reaction
233U(48Ca, 274,”)277*279112.

4 Discussion

In the ER-a-a-SF chains arising in the decay of the isotope
287114, the energy of the first a-particle is Fo1 = 10.02 +
0.06 MeV. In all 12 events in which the decay of the mother
nuclide has been observed, the measured values of F,q
agree with the given value within detector resolution, as
well as with the value measured for this isotope in [3]. The
energy of the second a-particle in 11 cases of 14 is Fno =
9.5440.06 MeV. This value, as we noted above, agrees well
with the four measured a-energies of 283112 (see fig. 1),
produced as a fusion-evaporation product in the reaction
28U (18Ca, 3n)?83112, and with energies registered for this
isotope in previous experiments [3].

However, three of the measured energies of the sec-
ond alpha, E, = 8.94(7), 9.36(8) and 9.32(6) MeV, are
different enough from the average value of E,o that they
are beyond the experimental uncertainties of measuring a-
energies. This means that the observed a-decays of 283112
correspond to transitions to various excited states in the
daughter nucleus 27°110. Given the accuracy with which
we measure the a-particle energies and the relatively low
statistics, we can evaluate the probability of such transi-
tions as being about 20%. In principle, this kind of de-
cay pattern for an odd nucleus is possible since 279110
(N = 169) is located in an intermediate region 7 neutrons
above the deformed shell closure at N = 162 and 15 neu-
trons below the spherical shell at N = 184. As a whole,
the decay properties of the isotope 222112 produced in the
reactions 238U + 48Ca and 2*?Pu + *8Ca do not depend
on whether it is observed as a primary nucleus or as an
a-decay product of a preceding mother nucleus.

At the same time, in one of the 15 decays of 287114
produced in the reaction 24?Pu + **Ca and in one of the
7 decays of 283112 produced in the reaction 233U 4 48Ca,
we observed lengthy sequential o decays that were termi-
nated by SF with long lifetimes: tgp ~ 6.3 min and 3.3 h,
respectively, see fig. 2. These rare decays result from «/SF
competition in the decay of 279110 (b, ~ 10%, including
three decays observed in [3]) and end in the SF of the rel-
atively neutron-rich isotopes 27'Sg (N = 165) and 267Rf
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Table 2. Decay properties of nuclei produced in this work
and [1,3,8].

Isotope ba, (%) Tf/“g" T Eo(MeV)
2118« 1.8 ms  04ms 11.65+0.06
293116« 61157 ms 80ms  10.54 £ 0.06
22116 o 18780 ms 40ms  10.66 +0.07
2116 o 6.375°ms 20ms  10.74 4 0.07
290116 « 1572° ms 10ms  10.85 £ 0.08
#9114« 2.6702s 2s 9.82 £ 0.05
28114« 0.80T027s  09s  9.94+0.06
B4« 0.51101%s  0.5s  10.02+0.06
26114 «:40, f:60 0.167007s  0.2s  10.20 £0.06
285112 20113 50s 9.15+0.05
B2 f 9773 ms < 9.67
#3112 o, f <10 4.0703s 3s 9.54 £ 0.06
22119 f 0.5070:3%3 ms <10.67
#ips  f 1117595 < 8.87
Ds  a:10, f:90 0.18T00°s  0.2s  9.7040.06
PHs  « 0.15752%s  0.8s  9.304+0.07
Sg :50, f:50 24713 min  0.8min 8.53 +0.08
WBTREf 2.379% h < 8.09

(N = 163). Comparing the two decay chains, one can

see that 27'Sg undergoes both o decay (E, = 8.53MeV)
and SF.

Data on the decay properties of 286:287114, 282,283119
and their descendant nuclei are summarized in table 2.
Included also are the data for heavier isotopes with Z =
110-118 that we produced earlier in the reactions 244Pu,
245.248Cm, 249Cf + *8Ca [1,3,8]. The a and SF decay
branching ratios, experimental and calculated half-lives
and a-particle energies are given. Expected values of T
were calculated from the measured @, from the Viola-
Seaborg formula [9]. Parameters were fitted to the T, wvs.
Q. values of 65 previously known even-even nuclei with
Z > 82 and N > 126. The limiting values of E, for the
SE nuclei were estimated in the same way. The measured
half-lives closely reproduce the calculated ones for the
even-even as well as even-odd isotopes of elements 112—
118 that consequently have rather low hindrance factors,
if any, for o decay. For the isotopes of lighter elements,
the difference between measured and calculated T, val-
ues increases resulting in hindrance factors of about 10
for 2"Ds. One can suppose that in this region of nuclei,
a noticeable transition from spherical to deformed shapes
occurs at Z = 100, in agreement with results observed
for odd-Z nuclei [10]. Thus, the decay properties of the
isotopes of element 114 are generally determined by the
spherical shells Z = 114 and N = 184. According to the
macroscopic-microscopic (MM) model calculations [11],
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the nucleus 27114 is almost spherical (8 = 0.088). In
a succession of sequential o decays, the descendant nuclei
move away from the closed NV = 184 shell and approach
the deformed shell at N = 162. The terminating nucleus,
267TRf (N = 163), is deformed (B2 ~ 0.23) [11].

Experimental a-decay energies of the isotopes with
Z = 100-118, together with the decay energies of the
same nuclides calculated in the MM nuclear model [11,12],
are compared in fig. 4. The experimentally measured val-
ues of @), practically coincide with theoretical predic-
tions for the deformed nuclei in the vicinity of neutron
shells N = 152 and N = 162 and becomes somewhat less
than the calculated values by < 0.5MeV for the more
neutron-rich nuclides with N > 169. In the decay chain
291116 — ... — 207Rf, we observed a similar variation
in a-decay energies as we reported for decay chains start-
ing with 287115 or 288115 [10]. The slope of @, vs. neutron
number remains practically the same for elements 112-116
but increases significantly for the nuclides with Z = 111
and 110. Such an effect might be caused by the tran-
sition from spherical nuclear shapes to deformed shapes
during successive a decays, in agreement with MM calcu-
lations [11]. One should note that the predictions of other
models within the Skyrme-Hartree-Fock-Bogoliubov [13]
and the relativistic mean field [14] methods also compare
well with the experimental results.

If the theoretical predictions of the existence of closed
nuclear shells in the domain of superheavy elements are
correct, particularly the stronger influence of the closed
neutron shell at N = 184, they should be characterized
not only by high stability to various decay modes (longer
half-lives) but also by a relatively high probability of pro-
duction.
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Fig. 4. a-decay energy vs. neutron number for isotopes of even-
Z elements with Z > 100 (solid circles: even-even isotopes;
open circles: even-odd isotopes) [15,16,17]. Data at N > 163
that are connected by dashed lines are from [1,3,8] and the
present work. Solid lines show the theoretical Q values [11,12].

593

The production of evaporation residues is determined
by the probability of the formation of a compound nu-
cleus and the survival probability in the de-excitation
to the ground state by emission of neutrons and ~-rays.
From numerous experiments it is known that in the syn-
thesis of heavy nuclei with Z > 102, both in hot and
cold fusion reactions, the cross-section ocgpr decreases
rapidly with increasing Zon. Extrapolating the depen-
dence ocpr(Zcon) to Z > 110, we would arrive at ex-
tremely low cross-sections for the production of isotopes
of element 114 (oggr ~ 1-10fb). However, the experimen-
tal values of opr(Zcn = 114) observed in the reactions
242,244pyy 4 48(Ca appeared to be about 3 orders of magni-
tude higher.

In cold fusion reactions, the decrease of ogr with in-
creasing Z¢ y is associated with the dynamic hindrances of
the fusion of massive nuclei [7]. Here, extrapolation to su-
perheavy nuclei appears to be justified, as the hindrances
should increase with increasing mass and nuclear charge
of the projectile. In asymmetric hot fusion reactions, there
are practically no fusion limitations. Here, the decrease of
ogg for higher Zoy is determined by the decreasing sur-
vivability of the compound nuclei. The last value strongly
depends on the difference between fission barrier By and
neutron separation energy B, in the compound nucleus.
Since the value of By is completely determined by the am-
plitude of the shell correction (B} ~ 0 for the nuclei with
Z > 102), it strongly depends on the neutron number of
the compound nucleus. The high fission barriers and cor-
respondingly high cross-sections o g observed in the syn-
thesis of elements with Z = 102-106 are associated with
the significant shell effects at N = 152 and at N = 162
(fig. 5). For heavier nuclei with N > 162, By values de-
crease until the next spherical shell at N = 184 starts
influencing the fission barrier while B,, values steadily de-
crease in this region of nuclei. Upon approaching this shell,
the fission barriers will increase again. That should result
in a substantial increase of cgg.

As we have shown in fig. 5, the increase of the height
of fission barriers due to the influence of the shell closure
at N = 184 is expected only for the neutron-rich nuclei
with NV > 170. For these nuclei, an increase of the neu-
tron number in the compound nucleus results in an in-
crease of the production cross-section observed in the ex-
periments. We consider this to be the major advantage of
using the complete-fusion reactions involving the neutron-
rich transuranic target nuclei and the *3Ca projectile for
the synthesis of superheavy elements.

Indeed, the experimental data show that for the nuclei
with Z = 112 and 114 and Ngny = 174-178 the cross-
section of the 4n-evaporation channel (an “open” chan-
nel, well above the fusion barrier) systematically increases
with increasing neutron number and reaches the maximum
value of about 5pb in the reaction 2*4Pu + *8Ca. The low
cross-section for the formation of the isotope 278112 in the
reaction 233U +48Ca with Ny = 169 has the same expla-
nation. Additionally, in the reaction 24Cm+*¥Ca (Zoy =
116 and Ngony = 180), one could expect a higher oy,
cross-section. At present, this experiment is in progress.
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Fig. 5. Comparison of cold fusion and hot fusion cross-sections
for the production of Z > 102 nuclides using a variety of heavy-
ion beams (top panel). We show the fission barrier heights
of corresponding compound nuclei and neutron-evaporation
products as a function of neutron number on the bottom
panel [18]. The number of neutrons in compound nuclei formed
in different reactions are shown by solid symbols.

The cross-section of the reaction 2*¥Cm(*¥Ca,4n)?92116
at E* = 38.9 MeV (about 3 MeV below the expected maxi-
mum cross-section for the 4n-channel) has already reached
the value 3.3775 pb. In this reaction, six decay chains of

the new isotope 292116 were observed. The decay proper-
ties of 292116 are also included in table 2.
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