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In the bombardment of &*Pu target with*®Ca ions, we observed two identical decay sequences of
genetically linked events, each consisting of an implanted heavy atom, two subsegdecays, and termi-
nated by a spontaneous fission. The measwredergies and corresponding half-lives of the sequential chain
members wer& ,=9.84+0.05 MeV (T;,=1.9"33 s) and 9.1%0.05 MeV (T,,=9.8"3% s); for the spon-
taneous fission 'I(1,2=7.5f§f‘9 s), the total energies deposited in the detector array were:218nd 221
+2 MeV. The decay properties of the synthesized nuclei are consistent with the conseculizeays
originating from the parent even-even nucleii&14, produced in the stevaporation channel with a cross
section of about 1 pk?®8114 and?®*112 are the heaviest knowndecaying even-even nuclides, following the
production of26°Sg and?%¢Sg (Z=106) and the observation af decay of?%“Hs (Z=108). The observed
radioactive properties of®114 and the daughter nuclides match the decay scenario predicted by the
macroscopic-microscopic theory.

PACS numbgs): 25.70.Gh, 23.60:e, 25.85.Ca, 27.98:b

During the last year the first convincing evidence for thethe experiment are given in our previous publicatigéh As
synthesis of superheavy nuclei around the theoretically prebefore, the rotating target consisted of nine separate sectors
dicted spherical shell closures At=114 andN=184 was made of the enriched isotopé‘Pu (98.6%) in the form of
presented 1-4]. These reports included the results of our PuG;, deposited onto 1.zem Ti foils to a thickness of
experiment in which a2*4Pu target was bombarded with ~0.37 mgcm?. We used a**Ca bombarding energy of
5.2X 1018 48 ions during September_December 1998, em= 236 MeV in the middle of the target. Taklng into account
ploying the Dubna Gas-filled Recoil Separator. We observede energy loss in the target-@.4 MeV), the small varia-

a decay sequence consisting of an implanted heavy atorffon of thickness of individual target sectors, the beam en-
three subsequent decays E,=9.71 MeV, 8.67 MeV, and €"9Y resoluuon, an_d t'he variation of the beam energy during
8.83 MeV), and a spontaneous fissi¢8F), all correlated in the long-term irradiation, we estimated the excitation energy

92 i
time and positior[1]. The most reasonable explanation for of the compound ngcleu§ 114 to be in the range of
this decay chain is consecutive decays starting from 81.5-39 MeV[6], which corresponds to the evaporation of

g : : three or four neutrons.
Lmzr?r?élent nucleus®114, produced in the ievaporation In the present series of experiments we used an upgraded

. . data acquisition system. This allowed us to determine the
In March—April 1999, a®*Pu target was bombarded with d y

018 40 | individual target sector which gave rise to each detected re-
7.5x1 aions at the separator VASSILISSA. Two de- ¢ atom, as well as thé®Ca bombarding energy at this

cay ChaziQYS were assigned to the decay of the parent time. Thus, a narrower range of excitation energies could be
nucleus <114, with T,,=5.5 s andE,=10.29 MeV[2].  assigned to each particular recoiling compound nucleus.

Both decay chains were terminated after the ﬁrstecays by A typica| beam intensity on target was<4 02 pps. Over
spontaneous fission of the daughter nuclé&t#12, a nuclide g period of 60 days a total of 1x010° projectiles was de-
previously observed in th&3U-+“éCa reactior{3]. livered to the target.

The synthesis 0f?°3118 and its sequentiak-particle Evaporation residue$EVR) recoiling from the target

emission to daughter isotopes with=116-106 in the bom- were separated in flight from beam particles, scattered ions,
bardment of?°®Pb with 2.3 10'® 449-MeV ®Kr ions using  and various transfer-reaction products by the Dubna Gas-
the Berkeley separator BGS was announced in April—-Mayfilled Recoil Separatof7], passed through a time-of-flight
1999. Three decay chains were observed, each consisting 6FOF) detector, and were implanted in the focal-plane detec-
an implanted atom and six subsequardecayd4]. Another  tors, consisting of 12 4-cm-highl-cm-wide position-
experiment with this reaction was carried out at the sameensitive strips. To deteet's escaping the focal-plane detec-
bombarding energy at GSI, in Darmstadt, using the separatdor, eight side detectors of the same type but without position
SHIP. No correlated-decay chains have been observed yetsensitivity were arranged in a box surrounding the focal-
with a similar beam dose of 2:910'® 8 ions [5]. plane detector. The total efficiency for detectimgparticles

In June—October 1999, we continued the bombardment ofvith full energy was~87% of 4sr. A set of three similar
a *pu target with*®Ca projectiles. Most of the details of “veto” detectors was situated behind the focal-plane detec-
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tors in order to eliminate signals from low-ionizing light par-
ticles, which could pass through the focal-plane detector 288114 |_[292114*
(300 wm thick) without being detected in the TOF system.

With a continuous*®Ca beam intensity of % 10? pps, the o 987 MoV 30.5mm
overall counting rate of the detector system wag5 s *. , 0.77s (L4s) '

We estimate from calibration reactions that 40% of the re- 284112 30.6 mm

coiling Z=114 nuclei formed in thé*4Pu target would be o

implanted in the focal-plane detector. 921 MeV

a-energy calibrations were periodically performed using
the a peaks from nuclides produced in the test reaction
205pp+ 48Ca. The fission-energy calibration was obtained by

detecting fission fragments from the SF BfNo; the width A 1242]3 lwev(”“ﬁs)
of the experimental total kinetic enerdfKE) distribution S 306 mm
does not differ from that measured with a different technique
[7]. The energy resolution for detection afparticles in the
focal-plane detector was50 keV; for detection by the side 288114 | [292114*
detectors ofa’s escaping from the focal-plane detector, the
energy resolution was-190 keV. We determined the posi- B
tion resolution of the signals of correlated decays of nuclei 9.80 MeV  11.7mm
implanted in the detectors: For sequentialx decays the 284112 ‘}'lsgsnﬂ‘" 9
FWHM position resolution was 1.1 mm; for correlated EVR-
a signals, 0.8 mm; and for correlated EVR-SF signals, 0.5 02 013 MeV
mm.
According to experimental data obtained in the previous 280110 1151;'_2 ,i,ﬁf’ ®
experiment§1—-3] and the predicted decay properties of the
nuclei, the 2-to-4 neutron evaporation products from the N 213 MeV (171+42)
compound nucleug®?114[8,9] should havex-decay chains SF 171-§'fnm

terminated by spontaneous fission.
We observed only two fission events in the present FIG. 1. Time sequences in the observed decay chains. The ex-
24P+ 48Ca bombardment. Both SF events were observed agected half-lives corresponding to the measuedvalues for the
two coincident signalétwo fission fragmenjswith energies given isotopes are shown in parentheses following the measured
Er;=221 (156+65)=2 MeV and Ep,=213 (171 42) lifetimes. Positions of the observed decay events are given with
+2 MeV. The energies in each sum are the fragment enerespect to the top of the strip.
gies deposited in the focal-plane and side detectors, respec-
tively. We searched the data backwards in time from thesger fission of finding such correlated events at any position
events for precedingr particles withE,>8 MeV [8,9] of the detector array. Also, following the procedure de-
and/or EVRSs, in the same positions. The latter were definedcribed in Ref[11], we calculated probabilities of these de-
as events characterized by the measured energies, TOF siggy sequences being caused by the chance correlations of
nals, and estimated resulting mass values that were consignrelated events at the positions in which the candidate
tent with those expected for a complete-fusion EVR, as deevents occurred. In strip 8, for position-correlation windows
termined in the calibration reaction. The full decay chainscorresponding ta+2o of the respective position distribu-
including these two fission events are shown in Fig. 1, withtions, the signals from EVR-like events were observed with a
the suggested assignment of decays to specific nuclei. frequency of 1.2 hl, while the signals ofa-like events
Both decay chains are consistent with one another, in alvith E,=8.4-10.5 MeV occurred with a frequency of
the measured parameters. The fitssparticles have similar 1.5 h . In strip 2, these counting rates were 5.0*hand
energiesE ,=9.87 MeV andE,=9.80 MeV, and were de- 0.9 h 1, respectively. The results from the two methods
tected in the focal-plane detector 0.77 s and 4.58 s after theere similar; the probability that both decay chains consist
implantation of the recoil nuclei in strips 2 and 8, respec-of random events is less thanxd0 '3 calculated in the
tively. The seconda particles in corresponding chains, most conservative approach.
whose full energies oE,=9.21 MeV andE,=9.13 MeV, We observed two three-member decay sequences. If we
respectively, were also observed in the focal-plane detecta@ssume that they actually consisted of four dedags, the
at the same locations after 10.34 s and 18.01 s. Finally, 14.28pontaneous fission was due to element)10& probability
s and 7.44 s later, the SF events were observed. All events ®f missing onex event in both decay chains would be less
the two decay chains appeared within time intervals of 25.4 ghan 3%.
and 30.0 s and position intervals of 0.5 mm and 0.4 (Rig. The “8Ca beam energy in the middle of the target corre-
1), respectively. sponded to an excitation energy of the compound nuclei of
To estimate the probability of a random origin of the can-36—37 MeV in both cases, which is what would be expected
didate decay chains we used two approaches. By applyingfar evaporation of four neutrons from ti€*14 compound
Monte Carlo techniquégl,10] we determined the probability nucleus. We also note that the observed chains, including
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two a decays and terminated by SF, match the decay sce
nario predicted for the even-even nuclid®114[8,9]. For
all the chain members, the basic rule @f decay, which
defines the relation betwee@, and T, of the even-even _
nuclides withZ=114 and 112, is fulfilled. To illustrate this, =
Fig. 1 presents the expected half-lives corresponding to the
measuredx-particle energies for the genetically related nu-
clides with the specified atomic numbers. For the calculation
of half-lives, the formula by Viola and Seaborg has been @ 10
used, with parameters fitted to tfig values of 58 even-even I
nuclei with Z>82 andN>126, for which bothT, andQ,
were measuref8,9]. Conversely, substituting experimental
T, andE, values in this formula results in atomic numbers
of 114.4°}8 and 110.2 53 for the mother and daughter nu-
clides, respectively. The measured total energies deposited i<
the detector array for both fission events exceed the averag
value measured for®No by about 40 MeV. Despite the
relatively wide distributions of the total kinetic energies in
spontaneous fission, this also indicates the fission of arathe 7 == o e 10 14 168 12 176
heavy granddaughter nucleus, wih>106[12]. Neutron number N

From the above considerations, we can conclude that the
detected decay chains originate from the parent even-even FIG. 2. « decay energy vs neutron number for isotopes of even-
nuclide 288114, produced in thé*Pu+%8Ca reaction via the Z elements withiZz=100(solid circleg [14—19. Open circles show

4n-evaporation channel. On the basis of two detected eventgata from Ref[4]; triangles, from Ref{2]; solid squares, from Ref.
the cross section of this reaction is about a picobarn. [1]; and diamonds, data from the present work. Open circles con-
Experiments with the244pu+48Ca reaction were per- nected with solid lines show theoretid@l, values[8,9] for even-

formed under essentially the same experimental condition§/en4=106-114 isotopes.

as reported if1], with a resulting integral beam dose of

1.5x 10" ions. From the experimental dependencies of thd1,2] and 22%112[1]. This is demonstrated in Fig. 2, in which

cross sections of symmetric fission induced $¢a ions on  the a-decay energies of known isotopes of everiements

the 238U and #*Pu target§12] and recent calculatior[d3],  with Z=100 together with theoreticaD, values[8,9] for

evaporation of three or four neutrons from the compoundceyen-even nuclides witd=106—114 are shown.

nucleus?®214 could be expected with similar probabilities, Comparison of the measured decay properties of the new

over the investigated excitation energy range Ofeyen-even superheavy nucle?®114 (E,=9.84+0.05
5— . _ 1933 28 -

e ans foshec e poserialon of Pe sioNeV, Ty 1933 9) 12 ,-9.17005 MV
9 g P P 0|I1,2=9.8f§?8 s), and %110 (T,=7.5"3% s) with theoret-

experiments is to be expected. . . - S o
. - ical calculationd8,9] indicates that nuclei in the vicinity of
The new decay sequences evidently originate from a dn‘—(ﬁ)heriCaI shellsc[:los]ures WitA=114 andN=184 could ybe

ferent parent nucleus than the single chain that was ObserVéZven more stable than is predicted by recent theorv. It can be
previously in the reactiorf*Pu+“8Ca and attributed to the P y Y-

decay of28%114[1]. The newa-decaying nuclides are char- >°°" !N Fig. 2 that-decay energies of the heaviest new

; . : . even-even nuclides withZz=112 and 114 are 0.4
acterized by higher _decay energies thgn the corr:_aspondm_o 5 MeV less than the corresponding predicted values.
members of the chain observe_d [m], while SF terminates Tfiae; heaviest even-odd nuclides follow this trend as well.
the decay sequence at an earhler stage. Thus, comparison uch a decrease @, values leads to an increase of partial
the decay properties gives partial support for the assignme -decay lifetimes byaan order of magnitude. Calculations are
of the previously observed longer sequence to the decay Oft%‘ar less definite regarding spontaneous fiséion' however, we
heavier odd-mass nuclidé®114 [1]. We plan to continue 9 9 sp ' ’

- - I ote that the observed spontaneous fission half-ifé*%f10
23;“%);pn::"g:g;yisg]?%gillzwer projectile energy to search fOF(;xceeds the predicted val{i@] by more than two orders of

Note that 258114 and %%112 are the heaviest known Magnitude.
a-decaying even-even nuclides, following the production of ~ We are grateful to the JINR Directorate, in particular to
260.2665¢ (7=106)[14,15 and the observation af decay of ~ Professor V. G. Kadyshevsky, Professor Ts. Vylov, and Pro-
2644 (z=108) [16]. fessor A. N. Sissakian for the help and support we received
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macroscopic-microscopic nuclear thed®;9]. The proper- of these data, Dr. V. Ya. Lebedev and Dr. S. N. Dmitriev for
ties of the new nuclides are also consistent with those ofleveloping methods of preparation of the metal Ca samples
previously synthesized neighboring odd isotog€6%®%14  for the ECR-ion source, and also to V. |. Krashonkin, V. I.
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