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We have studied the excitation functions of the reacti%ﬂ‘l@t(“SCaxn). Maximum cross sections for the
evaporation of 3-5 neutrons in the complete-fusion reaciPu+'%Ca were measured to he,=2 pb, o4,
=5 pb, andos,=1 pb. The decay properties ofh-&vaporation produc®114, in the decay chains observed at
low “8Ca energy coincide well with those previously observed inZBu+8Ca and?*®Cm+*8Ca reactions
and assigned t8%8114. Two isotopes of element 114 and their descendant nuclei were identified for the first
time at higher bombarding energie$®114 (E,=9.95 MeV, T,,,=0.6 § and 22"114 (E,=10.04 MeV, Ty,
=1 9). We also report on the observation of new isotopes of element?296°116, produced in thé**Cm
+%8Ca reaction with cross sections of about 1 pb. A discussion of self-consistent interpretations of all observed
decay chains originating &=118, 116, and 114 is presented.
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I. INTRODUCTION II. EXPERIMENTAL TECHNIQUE

. . . . _ The“8Ca ion beam was accelerated by the U400 cyclotron
In previous experiments in which superheavy nuclei close,; ye Fleroy Laboratory of Nuclear Reactiaf®.NR). The
t(_) the predicted neutron magic nu_thax:18£_1 were synthe- pical beam intensity at the target was 12% The
S'Z?d't}?’e “STq :]he_coThplelte—fusLon n'ela(l::)tllons Otf target ang_cn? rotating targets consisted of the enriched isotopes
projectile nuclei having the largest available neutron excess#4py, (98.69% and 24Cm (98.7% deposited as PuOand
#pu+tCall], #*Cm+*Ca[2], and**Cf+*Ca[3]. Inall  cmo, onto 1.5um Ti foils to thicknesses of about
of these cases, the observeetlecay chains of parent iso- .38 mg cm? and 0.35 mg cii?, respectively.

topes of elements 114, 116, and 118 were terminated by the The ER's recoiling from the target were separated in flight
spontaneous fissiofSF) of previously unknown descendant from “8Ca beam ions, scattered particles and transfer-reaction
nuclei with Z=1101,2] or 114[3]. Because of the lack of products by the Dubna Gas-filled Recoil Separd6ijr The
available target and projectile reaction combinations, thesgansmission efficiency of the separator #+114 and 116
unknown descendant nuclei cannot be produced as a primanuclei was estimated to be about 35—408fj the separator
reaction product. Thus the method of genetic correlations tefficiency is slowly changing as a function of mass and re-
known nuclei for the identification of the parent nucligee, coil energy over the range studied in these experiments.
e.g., review[4] and references thergimas limited applica- Evaporation recoils passed through a time-of-flight sys-
tion in this region of nuclei. tem (TOF) and were implanted in aX12 cn? semiconduc-

In these experiments, we identified masses of evaporatiotor detector array with 12 vertical position-sensitive strips,
residues(ER’s) using the characteristic dependence of theirlocated in the separator’s focal plane. This detector was sur-
production cross sections on the excitation energy of theéounded by eight & 4 cn? side detectors without position
compound nucleughus defining the number of emitted neu- sensitivity, forming a box of detectors open from the front
trony and from cross bombardments, i.e., varying masgbean) side. The position-averaged detection efficiency for
number of the projectile or target nuclei which changes thex-decays of implanted nuclei was 87% of4The detection
relative yields of thexn-evaporation channels. Both of these system was tested by registering the recoil nuclei and decays
methods were successfully used in previous experiments fqee or SH of the known isotopes of No and Th, as well as
the identification of unknown artificial nuclésee[5] and  their descendants, produced in the reactiéif®(*®Caxn)
references therejn particularly those with short half-lives and "b(*éCaxn). The energy resolution for particles
for decay by SF. absorbed in the focal-plane detector was 60-90 keV. The

We present the results of excitation-function measurew-particles that escaped the focal-plane detector at different
ments for the?*Pu+*8Ca fusion-evaporation reactions. We angles and registered in a side detector had an energy reso-
also report on the synthesis of new isotopes of element 11kition of the summed signals of 140—200 keV. The FWHM
in the 2%Cm+%Ca reaction. position resolutions of the signals of correlated decays of
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TABLE I. Reaction-specific lab-frame beam energies in theserved in the absence of beam-associated background.
middle of the target layers, excitation energj@sand beam doses The measured parameters of the decay chains observed at

for the given reactions. the three bombarding energies, namely detected energies of
_ - eventskE, positions of the ER’s with respect to the top of the
Reaction EpeamMeV  E MeV  Beam dose Reference strip Pcg, difference in vertical positions relative to the ER

24 8 3 6P, time intervalsét between detected events, and strip num-
Pu+ca zzsé j;g_;zf fﬁigllg E bers are shown in Table Il. At 243 MeV, we observed two
e ' decay chaingsee the first two rows of Table)|leach con-
243 38.9-43.0 4810° thiswork  gjsting of two consecutiver decays terminated by SF. The
250 44.9-49.0 3x10® thiswork  assignment of the event with,=9.9+0.9 MeV to the8°114
257 50.4-54.7 2.910% this work in the second decay chain is rather tentative because its reg-
245cm+%8ca 243 30.9-35.0 12109 this work istration probability in 6.3 s time interval as a random signal
is about 40%(average counting rate of such events by the
whole side detector array was about 4.5 iinThe same
nuclei implanted in the detectors were 0.8—1.3 mm for&R- values for three other similar evertows 3, 5, and 1pare
signals and 0.5—0.8 mm for ER-SF signals. As it can be see@bout 18%, 2%, and 6%, respectively. However, the detec-
from the data presented below, all the correlated events olion probability of this chaifER-«,-SF) caused by unrelated
served in these experiments were registered with positiofiignals is quite lowP.,<5X 107% The assignment of the
deviations corresponding to the given position resolutionside-onlya decay of?®%114 for rows 2 and 3 is not as strong
except for two SF events. However, both these SF event8s a chain with a full energy alpha signal, but it cannot be
were detected in beam-off period and the probability of ob-excluded. Identical decay chains were previously identified
serving them as random events is negligibly low. Fissionn the same reaction at the lower energy of 236 Mgvo
fragments fron?No implants produced in th&%b+*8Ca  event3 [1] and also detected after thedecay of the parent
reaction were used for an approximate fission-energy calibraduclei in the*®Cm+44Ca reaction(three events[2]. One
tion. The measured fragment energies were not corrected fénore event of this type was detected at 250 MeV. At
the pulse-height defect of the detectors, or for energy loss i#@57 MeV, no such events were found. Thus, this activity was
the detectors’ entrance windows, dead layers, and the peebserved in thé®Ca energy interval of 236—250 MelE"
tane gas filling the detection system. The mean sum energy35—47 MeV. The time intervals between the implantation
loss of fission fragments from the decay?fNo was about of the mother nuclei in the detectors and the SF of the grand-

20 MeV. daughter isotopes varied from one-half minute to three min-
utes.
IIl. RESULTS In addition to these chains at 243 MeV, we found seven
o ) similar decay chains that did not resemble those previously
A. Excitation functions of ER's produced observed in the?*Pu+*8Ca and2*&Cm+4éCa reactions at
in 24%Pu+45Ca reaction lower compound nucleus excitation enerdig<]. These de-

In this series of experiments, we chose bombarding enef€ay chains consisted of a singledecay followed by the SF
gies for the*®Ca ions that were greater than what had beerflecay of the daughter nucleus, both detected within one sec-
studied previously{1]. Table | summarizes the lab-frame ond of the ER implantation. Four more decay chains of this
beam energies in the middle of the target layers, excitatiotype were observed at 250 MeV and one additional chain
energy range§7] and beam doses for the experiments studwas observed at 257 MeV. These nuclei were also observed
ied. The systematic uncertainty in the beam energy is abodf the narrow energy interval of 243-257 MelE =41
1 MeV. With the beam energy resolution, the small variation—53 MeV).
of the beam energy during irradiation, and the energy loss in All of the events of this type of decay, observed at the
the target, we expected the resulting compound nucleugarious*®Ca energies, are presented in the second section of
292114 to have excitation-energy ranges of 3.1 to 4.5 MeV.Table Il. The parent nuclei in these chains emitaaparticle
In our previous experiments performed in the years 1998with an energy of 9.95 MeV in a short time following the ER
1999[1], a ?**Pu target was bombarded with a similar beamimplantation (T,~0.6 9. The daughter nuclei undergo SF
dose at lower excitation energiésee Table)l. decay with a half-life of~0.1 s.

To detect these decay sequences in low background con- The excitation functions for producing various nuclei in
ditions, we employed a special measurement njad®. The  the 2*Pu+*8Ca are shown in Fig. 1. They correspond well
beam was switched off after a recoil signal was detected withvith what we expect for the indicatedh-evaporation chan-
parameters of implantation energy and TOF expectedZfor nels[5]. As one can see from Fig. 1, the excitation functions
=114 evaporation residues, followed by @ike signal with  of the nuclei that undergo sequential decawsa-SF and
an energy of 9.66 Me¥ E,<10.08 MeV, in the same strip, o-SP), overlap and their maxima are located &
within a 1.4-1.9 mm wide position window and a time in- ~40—-43 MeV. The spectra ok particles and pairs of SF
terval of 10 s. The duration of the pause was determinedragments observed in these chains are given in Fig. 2 to-
from the observed pattern of out-of-beandecays and var- gether with the data from the reactiéffiCm+48Ca [2]. In
ied from 3 to 12 min. Thus, all the expected sequential deboth cases, the radioactive decay of the observed nuclei is
cays of the daughter nuclides with<112 should be ob- characterized by a strictly definegtransition energy. The
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TABLE II. Observed decay chains produced in the described reactions. Bolded events were registered in beam-off peripdrtithe energy errors are shown in parentheses.

249py+48Ca
289114 2914 285112 281110
Strip =1 Eer Per  Olera E. OPeR« Moo E. OPeR-a Oo-sF Esk OPeR-sF
(MeV) (MeV) (mm) (€] (MeV) (mm) ©) (MeV) (mm) ©) (MeV) (mm)
12 243 6.1 26.2 0.112 9.8D -0.7 14.80 9.16(7) -1.0 9.892 133 -0.5
1 243 9.4 19.1 6.292 9e)* 27.94 9.177) +1.2 40.91 20% -0.7
8 250 9.0 243 5718 %97 20.61 9.188) +0.6 4679 138 -0.1
288114 288114 284112
Strip B Eer Per  Olera E. Pera  Olasr Esr OPeR-sF
(MeV) (MeV) (mm) (s (MeV) (mm) () (MeV) (mm)
11 243 7.7 17.1 0.826 9.?3 +0.3 0.177 229 0.0
5 243 11.9 11.3 0.838 .9 0.168 228 -0.1
2 243 9.8 21.8 (missing &) 0.565 101 -0.2
4 243 12.2 18.5 0.378 10.02 +0.2 0.326 137 -0.5
4 243 11.5 20.7 0.427 9.97) +0.7 0.072 23 -0.1
6 243 7.4 36.4 0.676 9.99) +0.7 0.007 150 +0.2
5 243 11.5 34.4 0.083 9.2 +0.1 0.028 221 +0.6
2 250 12.1 28.2 0.188 9.8 +0.7 0.130 205" +0.1
4 250 11.8 21.1 0.930 9e? 0.069 155 -0.6
3 250 11.2 26.6 0.391 9.9 +0.2 0.389 221° -0.3
7 250 11.7 29.5 0.823 9.89 +0.4 0.063 194 -1.8
2 257 11.0 212  4.468  10.0B)° 0.123 199 +0.1
281114 281114 283112 279110
Strip =1 Eer Per OeR E. OPER Mo Eo OPER Sto sk Esr OPer-sF
(MeV) (MeV) (mm) (s) (MeV) (mm) ©) (MeV) (mm) ©) (MeV) (mm)
3 257 12.4 17.6 1.499 10.08 +0.6 5.457 9.54(7) +0.6 0.319 206" 0.0
245Ccm+*€Ca
21116 21116 28114 28312 2719110
Strip =] Eer Per  Olera E. OPER-w Moo E. OPeR-a Moo E. OPera  Olask Esr OPer-sF
(MeV) (MeV) (mm)  (m9 (MeV) (mm) (9 (MeV) (mm) (9  (MeV)  (mm) (9  (MeV)  (mm)
3 243 13.2 36.4 6.02 10.751)? 0.898 10.087) 0.0 12.57 9.55(7) -0.3 0.687 205" +0.1
1 243 134 235 12.3 10.73 -0.1 2.273 10.01(7) 0.0 8.303 9.52(7) -0.3 0.256 177 -2.2
20116 20116 286114 282112
Strip =1 Eer Per  Olera E. Pera  Ola-aisk Eusk OPeraisF Olask Esk OPer-sF
(MeV) (MeV) (mm)  (m9 (MeV) (mm) (ms) (MeV) (mm) ms  (MeV)  (mm)
2 243 12.7 30.5 0.233 10.68 -0.9 328 198 -0.5
2 243 15.6 32.3 (missing @) 914 176 -0.1
2 243 119 255 (missing @) 505  10.0831)° 1.448 169 -0.6

*Escaped particle registered by side detector only.
bEscapeoky particle registered by focal-plane detector without position signal because of low energy deposited.
“a particle registered by both focal-plane detector and side detector.

dFission event registered by both focal-plane detector and side detector.
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O a-SF is insufficient evidence to identify more than one nuclide
O o-a-SF from the experimental data.

However, the decay properties of the daughter nuclei dif-
fer considerably. In the longer chaife-a-SPH), the daughter
nucleus undergoes decay in all 8 cases witfi,=34'3’s. In
the shorter chainéa-SF), the daughter nucleus decays in all
12 cases by spontaneous fission withy=0.098553%. This
difference inT, and Tgg lies far beyond statistical uncertain-
ties and can only be explained by the fact that the two ob-
served types of decay chains originate from two neighboring
isotopes of element 114 if one does not assume SF decays
from isomeric states.

Finally, at the maximum beam energy of 257 MeV, we
detected a single example of a new type of decay chain, not

FIG. 1. Excitation functions for ther8(C), 4n (O), and 51 (V) Qbserved at Iowe_r energie_s. This chain includes two sequen-
evaporation channels from the complete-fusion reactiéfiPu tial « part!des W't,h energies of 10.03 M?V ar,‘d 9;54 MeV
+%8Ca, The Bass barrig8] is shown by an arrow. Lines show the @nd ends in SF, with all decays detected in a time interval of
results of calculationg9]. Error bars correspond to statistical @bout ten secondsee the third section of Table Il and Fig.
uncertainties. 1
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Although thea decay energy of the mother nucleus in this
relationship of the decay enerdd,,, and the half-lifeT,, for ~ new decay chain is similar to those observed in the two pre-
Z=114 gives evidence for the observation of unhindesed viously considered chaing difference of~0.2 MeV and
transitions that are typical for the decay of even-even nu~0.1 MeV, respectively the daughter nucleus in this chain
clides(see Table Il). Decay energies of the mother nuclei in differs in decay energy as well as in half-life. Assuming that
these two cases differ by only 0.1 MeV. If we consider onlythis chain belongs to the decay of another new nucleus, we
the decay properties of tie=114 species themselves, there arrive at the conclusion that in the preséfPu+*Ca ex-
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FIG. 2. a-particle (top panel and sum fission-fragmeribottom panel energy spectra of events in correlated decay chains originating
from parent nuclef®3116 (a energies fronj2]), 28%1.14 (a) and 288114 (b). The sum fission-fragment energy spectruntNo is shown for
comparison. In the top panel, theparticle energy resolution is shown ByE,,.
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TABLE lll. Decay properties of nuclei produced in this work afid-3].

Isotope No. observed Decay mode Half-life Expected half-life E, (MeV)
293916 3 a 53'%ms 80 ms 10.53+0.06
289114 8 a 2.7%% 2s 9.82+0.06
285112 8 a 34737s 50 s 9.16+0.06
28110 8 SF 9.65%

288114 1 a 0.630%% 0.8s 9.95+0.08
284112 11 SF 98ims

2116 2 a 6.331%ms 20 ms 10.74+0.07
287114 3 P 1155 05s 10.04+0.07
283112 3 a 6.175 3s 9.54+0.07
219110 3 SF 0.283%

290116 2 a 15'%ms 10 ms 10.85+0.08
286114 2 alSF 0.29%s 05s 10.03+0.31
282112 1 SF 1.06ms

periment, we have observed three isotopes of element 1laiccumulated beam dose of K20, we detected five decay
with consecutive neutron numbers. chains which fall into two decay types given in the fifth and

Based on the decay properties of nuclei in the observefburth sections of Table II, respectively. The first type of
decay chains and dependence of their yields on the bombardecay represents a two- or three-step de@@R-a-SF or
ing energy, we should assign the shoit@rSP chain to the ER-a-a-SP), lasting~0.5 s. In two of the three decay chains
decay of the even-even nuclid®®114 produced via the of this type, the firstx decay was not observed. The prob-
4n-evaporation channel with a maximum cross section ofability of detecting the preceding ER's as random events
~5 pb. The two different(a-a-SP chains should be as- producing an accidental correlation was only about 2% in
signed to the decay of neighboring even-odd isotopes of elPoth cases. Despite the fact that theparticles were not
ement 114 produced in then3and S-evaporation channels observed in the ER-SF time interval, we tentatively assigned
with cross sections of-2 pb and~1 pb, respectively. Note, these events to the same ERSF type, supposing that the
in this interpretation of the data, the previously obserued particles were not detected. In this experiment, we registered
decay of the parent nuclei discovered in the reactfdf8u  eight « particles by means of a detector with an 87% effi-
+48Ca[1] and>*®Cm+*&Ca[2] originated from the isotopes ciency. Missing twoa particles is not improbable. The sec-
289114 and?°3116. ond decay type included three sequentiadlecays and also

ended in spontaneous fission. The total time interval between
) N ) the ER and the SF for that decay type is about 10 s and is

B. Synthesis 0fZ=116 nuclei in the reaction®**Cm+48Ca dominated by the last decay that precedes the SF.

This experiment was designed to investigate the radioac- These new chains produced in tR€Cm+*Ca experi-
tive properties of the isotopes of element 116, thdecay ~ment are different than the ER-a-a-SF decays of the nu-
daughters ofZ=118 isotopes produced in the reaction clei synthesized in the reactici®Cm+*%Ca[2]. Indeed, for
24Cf+48Ca [3]. the 10 s decay chain in tféXCm experiments, the energy of

The excitation energy of the compound nucleus at théhe a particles emitted by the mother and daughter nuclei
Coulomb barrier of the?*Cf+4%Ca reaction is about Z=116 and 114are about 0.2 MeV larger and their half-
6.3 MeV lower than that of the reactioffPu+%8Ca. The lives are smaller than that observed for more neutron-rich
maximum yield ofZ=118 nuclides is expected in either the isotopes of elements 116 and 114. An even stronger differ-
2n- or 3n-evaporation channel. Similarly, the minimum ex- ence is observed in the decay of granddaughter nyei
citation energy of?®116 in the 2Cm+Ca reaction is =112, where thea particle energies differ by-0.4 MeV
about 4.0 MeV lower than that #2114 formed in the reac- and the difference in half-life increases accordingly. For the
tion 2*4Pu+*Ca and thus here evaporation of two or three0.5 s decay chain in th&°Cm experiments, ther particle
neutrons looks to be most probable too. Therefore, for thenergies of the mother and daughter nutei 116 and 113
reaction®**Cm+48Ca, we chose a lab-frame beam energy ofare about 0.3 MeV and-0.2 MeV larger and the decay
243 MeV in the middle of the targ¢E =30.9-35.0 MeY  modes and half-lives of granddaughter nudlé112) are
(see Table)l At this beam energy, the production of isotopesdifferent (Tsg~1 ms andT,=34 s, see Tables Il and )II
290,294 16 is expected with high probability. The differences in decay properties of the daughter nuclei

In this experiment the beam was switched off after a re{Z=114) are also observed when comparing data from the
coil signal was followed by am-like signal with an energy ?*Cm+%Ca reaction with the shoER-a-SP chain that
of 9.80 MeV=E_,=<11.13 MeV in a time interval up to 4 s. we have assigned to the decay of the even-even nuclide
The duration of the pause varied from 2 to 12 min. With an?®®114, produced via @evaporation in the reactiof*Pu
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@) 2450 +48Ca R$ 13.2 MsV R$ 134 Mev (b}  244py 4 48¢,
36.4 5
E, =243 MeV o " E, =257 MeV
291 291
£710.75£0.31 MeV =710.74£0.07 MeV -6 mm
287 602ms 287 [123ms ___ 287
114 | 114| 23.4 mm : 114
¢5] i (o) ! o
~710.08£0.07 MeV | ~10.01£0.07 MeV : £710.0320.07 MeV
283 | 0.898 s Poo[283 | 2273 : 283 | 1499
_________ 112 36.4mm Tttt 112] 23.5 mm T 112] 18.2 mm B
O3 [¢53 [67)
~"955+0.07 MeV =79 520,07 MeV 2 95440.07 MeV
279 |1257s 279 | 83035 279 | 54575
110 36.7 mm 110 23.2mm 110| 8.2 mm
4~ SF ™™ 4 SF #~ SF ™
205 MeV[188+17] 177 MeV 206 MeV[176+30]
0.687 s 0.256 5 03195
36.5 mm 21.3 mm 17.6 mm The beam was switched off

FIG. 3. Time sequences in selected decay chains observed iff@ra +*éCa(a) and2*Pu+*8Ca(at 257 Me\j (b) reactions. Measured
energies, time intervals and positions of the observed decay events are shown. Energies of SF events detected by both the focal-plane
detector and side detectors are shown in brackets.

+%Ca. Thea decay energies of the daughtéZs- 114 differ
by ~0.1 MeV and the half-lives of the granddaughtérs energie*s(E*=31.4 MeV and 35.2 MeY.

=112 are different. The isotop®“.12 decays via SF witha _ At E =41 MeV and 47 MeV, three chains of sequential
half-life of ~98 ms, whereas the granddaughter nucleus ofR-a-a-SF decays were observed. Tgese chains are identical
the 245Cm+48Ca reaction products decays viadecay with a to those de*tected in previoldPu+*8Ca experiments at
half-life of ~6 s (10's chaif or via SF with Teqe~1ms 236 MeV (E'=35MeV) and to those produced as decay

(0.5 s chaii. Thus, the decay chains produced in the reactiorﬁﬂ%g‘;dfea%zgﬂezzz _1#]2 ?Tgl('e#\s mobs_glr(\j/egf itrt‘]_sth?gglfge
24Cm+%Ca cannot originate from®3116 or?%2116 (On- or L4 eaction[2]. € maximum i IS nucliae,
1n-evaporation channels 9114, is observed & =41 MeV with a peak production

¢foss section of 1772 pb.

However, when one compares the decay energies an .
: - At E'=41 MeV, 47 and 53 MeV, we observed 12 events
half-lives of the daughter nuclei in the Efa-a-SF decay ¢ 0 decay of a new nuclide that undergoes sequential

. Py 4 ) . :
c??;]ns qbslerve;]j '.ﬁ 5Cbm+ SC; _re?ég%n \iﬂggthe pr?.pernets ER-a-SF decay over the span of about 1 second. The maxi-
of the Slngs chain o ser\ée7 I\/IInV E*353 I\? reac '?]_nr? mum vyield of this nuclide,?38114, corresponds tcE"
maximum beam energy2 eV, E ~53 MeV), whic ~43 MeV and a peak production cross section of $5%b.

was assigned to the decay4f114, there is excellent agree- At the highest excitation energy of 53 MeV, another new

rr;}er.]t (set()e F'g'd‘?‘ Aﬁ%gcreffgtc' the Io.nger EB"“_'“'?F nuclide undergoing sequential ER«-SF decay was ob-
tCh:uQ:cc; SE%% 1'2 t o dur::]e d viaa ;ﬁgggcamgrs;t%rfih;%r? served. The time interval between the implantation of the
y P P mother nucleus in the detector and the SF of the granddaugh-

nel. Then, the shorter chains should be assigr_wed to the decgy; isotope was about 10 seconds. The yield of this nuclide,
of even-everr®°116, the product of -evaporation. The en- 287114 at £ =53 MeV corresponds to a production cross

ergies of the firsty decay in the short0.5 9 and long(10 9 ection of 1.128 pb
chains differ by just 0.1 MeV and the energies of the second The difference in nuclear properties expressed in the de-

a decay in both chains are close to each other. However, thg,ys of daughter nuclei produced in these experiments calls
correlation times of the third decay and SF decay time in ¢,'555igning the different decay chain types to different par-
the short(ER-a-a-SP chain differ substantiall(T,=6'S,  entisotopes produced via3 4n-, and S--evaporation chan-
Tse=1 ms. For the daughter nucleu§°114, in one decay nels. From the viewpoint of decay characteristics of fhe
chain we observedr decay and SF was registered in two - 114 nuclei, the chains of the two ER«-SF and one ER
other cases. The decay of this isotope was not observed in _,_gF types could be considered as both originating from the
the decay chain originating frof?118 [3]. even-even nuclidé®114 produced in A-evaporation chan-
nel. In the three different chains, tledecay energies of the
mother nuclei(Z=114) are 9.82—-10.04 MeV and the half-
lives are 0.63-2.7 s. These-decay energies and half-lives
In the present work, we measured, for the first time, theare quite similar. However, the decay for the daughter nuclei
production cross sections of the ER’s produced in the reacZ=112 from the three chains varies greatly. In two of the
tion 2*Pu+Ca at three*®Ca beam energies: 243 MeV, chains they undergar decay with energies of 9.54 and
250 MeV, and 257 MeV, which correspond to the compoundd.16 MeV with half-lives of 6 and 34 s, respectively. The
nucleus 2°2114 with E'=41.0 MeV, 46.9 MeV, and daughter from the third chain decays via SF with a 98 ms
52.6 MeV, respectively. Previous experimeifi§ explored half-life. These varying daughter decay properties lead to the

the products of this reaction at lower beam and excitation

IV. DISCUSSION
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assignment of these three chains to three distinct mother nu-
clei, 27114, 288114, and®®?114. 12r
The measured excitation functions for producing of these
nuclei completely corroborate such assignment. Indeed, the
isotope 289114 was observed at lower excitation energies
E"'=35 MeV, 41, and 47 MeV, the decay chains originating
from 288114 were produced at higher energigs=41 MeV,
47, and 53 MeV. The excitation functions measured for both
2891 14 and?®®114 nuclei are characteristic in energy location,
shape and magnitude of the products of neutron evaporation
from the excited®®?114 compound nucleug]. Finally, the
isotope 267114 was observed only at the highest excitation
energy of 53 MeV. * Fm
In the 24°Cm+%€Ca reaction, we synthesized two new iso-
topes of element 116 that undergo sequentialecays ter- 40%0
minated by spontaneous fission. The properties of the daugh- T 1 e e T I %0
ter nucleus of one of the element 116 isotopes produced in Neutron number
the 24°Cm+%€Ca reactiontwo events essentially reproduces
the characteristics of the 10¢(ER-a-a-SH chain arising in FIG. 4. a-decay energy vs neutron number for isotopes of even-
the 2*4Pu+*Ca reaction that we assign to the decay of iso-Z elements withiz=100{solid circles(s), even-even isotopes; open
tope 287114. Therefore, the longer decay chaifi8R-a-a-  circles(O), even-odd isotopgg4,12,13. Data atN= 169 are from
a-SP) are assigned to the decay $1116 produced in the [1.2] and the present work. Solid lines show theoretQglvalues
2n-evaporation channel of th&Cm+48Ca reaction. Then, [10,11 for evenZ=100-116 elements.
the shorter three chains should be assigned to the decay of
even-everf®®116, the product of B-evaporation. a considerable decrease in the compound nucleus formation
The a particle spectra observed in these experiments frongross-section around the Coulomb barrier. Such an effect is
the decay of the nuclei wit=116 and 114 are character- not observed in the fusion of Pb target nuclei witita and
ized by well-defined transition energies. They follow the re-heavier projectilegthe cold fusion reactionsThis may be
lationship between the probability and energy @iecay associated with the orientation of the deformed target
(Viola-Seaborg formulpthat was determined from 65 even- hucleus during its interaction with the approachffiga pro-
even nuclei withZ>82 andN> 126, for whichT, andQ,  jectile. If the major contribution to the formation of the com-
values have been measured. This means that the obserie@und nucleus is associated with the compact system in the
transitions are as unhindered for the eeisotopes with €ntrance channgthe minimum distance between the centers
odd mass numbers as they are for isotopes with even ma®$ interacting nuclei then as shown ifi14] and in experi-
numbers. In particular, both these facts, i.e., the registratioments with light compound nucl¢l5], the fusion threshold
of unhindered decays and uniqueparticle energies for odd should increase and the number of neutrons emitted from a
isotopes produced at only one bombarding energy in our premore heated nucleus should increase accordingly.
vious experiment£4Pu+%8Ca (two events [1] and 248Cm In the ?*Cm+*8Ca reaction, where the mass defect de-
+48Ca (three events[2] have led to their assignment to the creases the minimum excitation energy of the compound
even-even isotopes. The decay properties of nuclei producetticleus?*3116 by some 4 MeV compared wifl#2114 pro-
in present experiments are given in Table Ill. The expecteduced in the #Pu+%Ca reaction, the = and
half-lives corresponding to the measuregarticle energies 3n-evaporation channels are observed at energie€ of
for the given isotopes, calculated from the Viola-Seaborg=30.9—35.0 MeV with cross sections of about 0.9 pb and
systematics, are shown in separate column behind the me&-3 pb, respectively. It is evident that the problems of fusion

ovdecay encrgy Qq, (MeV)

e}

sured values. of the deformed nuclei with massive ions liRéCa requires
The a-decay energies of the synthesized nuclei are givefiurther experimental investigation.
in Fig. 4 together with the available values @, for the Based on the measured production cross sections of new

known isotopes with eve@ =100 and theoretical values nhuclides, their synthesis in the cross bombardments, as well
[10,11). Radioactive properties of isotopes wilk 112, 114, as comparison of their decay properties with experimental
and 116 are in qualitative agreement with the macro-Systematics and theoretical predictions, it is most reasonable
microscopic model calculations that predict the nucleato assign observed nuclei to the products of the complete
shapes to be close to spherical in this domain. fusion reactions followed by neutron evaporation. For the
Despite expectations, all of the observed ER’s are protrans-actinide compound nuclei, thexn or pxn reactions
duced at beam energies exceeding the Coulomb barrier fa¥ere not previously observed in the reactions induced by
the 244Pu+*8Ca reaction(Bg,s= 233 MeV, E'=32.9 Me\). heavy projectiles witth= 40 (see, e.g.[4,16] and references
In contrast to the well-studied reactioR¥2°Ph+%6Ca that  therein. From our experiment$®Ph(**Ca, 1-41)%%*No
are used in many model calculations, tR&Pu+*®Ca [17] we set the upper cross section limits for the2n
xn-evaporation excitation functions are shifted to higher en-+a3n) reactions to be lower by a factor of 33 than that of the
ergies. The highest yield is observedEit~41 MeV, close  2n evaporation channel at its maximum and by factors of 6
to expectations for therdchannel maximum. This points to and 3 atE" =20 MeV and 40 MeV, respectively. Moreover,
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the separator transmission for such reaction products is abotiated to be about 0.2 pb & =35 MeV. In view of the

an order of magnitude lower compared with the products ofecent results, one could propose that this chain originates
xn evaporation. Besides, the assignment of the new synthérom the decay of the neighboring isotop&114 produced
sized nuclei to thexxn- or pxn-reaction products would re- via 2n-evaporation. Indeed, the energy of the fissparticle

sult in noticeable excess of experimer@| values over the  (9.71 MeV) is about 0.1 MeV lower than that of the isotope
theoretical ones and in considerable deviations from the ex891 14 assigned from our most recent work, and the energies

perimentalT,, vs. Q, systematics. . of the next twoa particles(8.67 MeV and 8.83 MeYdo not
_ From the theoretical consideration, #f€a-induced reac- - o niradict what is expected f8#%112 and?82110. Yet in this
tions with actinide nuclei essentially differ from the cold- case, one has to suppose a considerable increase in stability

fusion one. In the latter case, the production of residual nu= __. P,
clei is largely determined by the decrease of compounaalgaInSt decay by SF of*112 compared with its lighter

nucleus formation probability with increasing of projectile even-even neighbof112 (Tgp=0.1 9

mass thus resulting in gradual reduction of their yields. For On the qther hand, some calculatiqas] show that such

the more asymmetricdfCa-induced reactions with actinide & 10ng chain qansge assigned to a rare decay branch of the
targets, the probability of compound nucleus formation iseven-odd nuclidé®114. This rare decay starts from the iso-

substantially higher but the yields of ER's largely depend orfneric first excited state_rather tha_n from the ground state,
their survival probability during the deexcitation of hot nu- @nd goes through low-lying levels in the daughter nuclei in
clei. The recent calculatiori§] well reproduce the measured accor_dance with the selection rules associated with the ap-
cross sections for the reactions &f%Pu, 24Am [1g],  Propriate quantum numbers. _

245248 [2], and 24%Cf [3] with “8Ca. However, the calcu- In the present experiments, we did not observe the 3 or

lations of cross sections for the production of superheavyp MiN ER-SF decay chain reported in tR&Pu+*Ca re-
nuclei in these reactions are rather complex and uncertaifi!o" studied with the VASSILISSA separator and assigned
because of lack of adequate microscopic model for descrig® = 114 [21]. In order to reso7lve the remaining contradic-
tion of compound nucleus formation process and precise pdlons concerning properties 677114 and**112 we plan to
rameters of such nuclei, for instance their fission barrierss,tUdyzfxc'tit'on funcztéons Ior their production in the reac-
nucleon separation energies, and nuclear deformation pararﬂc-’ns Pu+*Ca and® +%Ca in the nearest future.
eters. In this respect, further experiments aimed at the inves-
tigations of chemical properties and precise mass measure-
ments of descendant nuclei in the observed decay chains as This work has been performed with the support of the
well as synthesis of heavy nuclei decaying to the knowrRussian Ministry of Atomic Energy and grants of RFBR,
nuclides in the*Ca induced reactions with actinide targets Nos. 01-02-16486, 03-02-06236 and 04-02-17186. 2ffreu
are highly desirable. target material was provided by the U.S. DOE through
In view of these interpretations, the data of our first ex-ORNL. The ?**Cm target material was provided by RFNC-
periments[19] performed at low excitation energig&” VNIIEF, Sarov. Much of the support for the LLNL authors
<35 MeV) need further analysis. In the presefft’Pu  was provided through the U.S. DOE under Contract No.
+48Ca experiment, aE" =41 MeV, 47 and 53 MeV and a W-7405-Eng-48. The LLNL authors would like to thank their
total beam dose of 1010 as well as in the previous ex- Russian co-authors for hosting them during their visits to
periment[1] atE" =35 MeV with a beam dose 1:010'°, we  participate in the*Pu+*8Ca and***Cm+*8Ca experiments,
did not observe the long decay chain similar to that which weand for the lively discussions regarding the interpretation of
had detected in our first experimefit9] at E'=35 MeV, the data. These studies were performed in the framework of
which we interpreted as eandidatefor the decay of®%114.  the Russian Federation/U.S. Joint Coordinating Committee
The cross section corresponding to this single event was efor Research on Fundamental Properties of Matter.
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