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Results from the production and decay properties of element 115 nuclei observed using the reaction ** Am +
48Ca at various beam energies between November 1, 2010, and February 26, 2012, at the Dubna Gas Filled Recoil
Separator are presented. This long-running experiment with a total beam dose of 3.3 x 10'° and carried out in
the excitation energy range E* = 31-47 MeV of the 2! 115 compound nucleus resulted in observation of three
isotopes of element 115 with masses 287, 288, and 289. The 28 detected decay chains of 288115 show that this
isotope is produced with the maximum probability at £* = 34.0-38.3 MeV with a corresponding cross section of
03, = 8.5753 pb. The four events attributed to the isotope 2**115 that decays via a short &« — « — SF chain could
be detected only at the lowest excitation energy E* = 31-36 MeV, in accordance with what could be expected
for the 2n-evaporation channel of the reaction. The decay characteristics of this nuclide were established earlier
(2010) and more recently (2012) in the reaction >*Bk(**Ca,4n)**117 and following « decay to 2%°115. At the
energy E* = 44.8 2.3 MeV we observed only a single long chain of the isotope 28’ 115. The decay properties
of nuclei starting at 2¥115 and 287115 isotopes obtained in the present work reproduce in full the results of the
first experiment of 2003 that reported the discovery of elements 115 and 113. The excitation functions of the
production of the isotopes of element 115 and observation of the isotope 2115 in cross-bombardment reactions
with the targets of >** Am and >**Bk provide additional evidence of the identification of the nuclei of elements 115
and 113. The experiments were carried out using the “Ca beam of the U400 cyclotron of the Flerov Laboratory

of Nuclear Reactions, JINR.
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I. INTRODUCTION

The discovery of new higher-Z elements and the determi-
nation of their decay properties provide important insights
into our understandings of the behavior of nuclear matter
under extreme conditions of high Z and important tests of the
prediction of an island of stability around N = 184 and high
Z (114 or even 120-126). The synthesis of odd-Z superheavy
nuclei provides more detailed information than even-Z nuclei
about the nuclear structure of these nuclides because of their
longer decay chains as a result of strong fission hindrance
caused by the unpaired nucleons. For the first time the Z = 115
nuclei and their odd-Z decay products including Z = 113
isotopes were observed in 2003 [1-4]. Three decay chains
of 28115 — 284113 — 280Rg ... 2%8Db and one decay chain
of 27115 — 3113 — ?"Rg...%’Db were discovered in
the 2> Am(*¥Ca,3—4n) complete-fusion reaction. In 2006 two
decay chains of the lighter isotope 282113 were synthesized in
the 2’Np(*¥Ca,3n) reaction [5]. The discovery of element 117
[6,7] has been reported using the 2**Bk + “8Ca reaction; five
decay chains of 22117 — 2%°115...281Rg and one chain of
the heaviest isotope 24117 — 20115 ... 27°Db were observed
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in 2009-2010. A relatively high stability of all these odd-Z
activities is caused by the influence of presumably spherical
nuclear shells at Z = 114-126 and N = 184. The sequential
a decays of the isotopes 282113, 287288115, and 2°*117 lead
to 200-279Dp (N = 161-165) that are already located in the
vicinity of deformed nuclear shells at Z = 108 and N = 162.

For the synthesis and identification of these odd-Z nuclei,
we used the Dubna Gas Filled Recoil Separator (DGFRS)
that selects only complete-fusion-evaporation reaction prod-
ucts which are strongly forward peaked and suppresses the
yield of transfer reactions and reactions with emission of
charge particles (pxn, axn, etc.). The energies of 48Ca and
measured reaction cross sections are comparable with results
of experiments where excitation functions for the 24>2*Pu,
245.248Cm + “8Ca reactions have been measured (see Ref. [8]
and references therein) and where the new elements 114 (Fl)
and 116 (Lv) were discovered [9]. The excitation functions
were measured at two “8Ca energies in both reactions with
23 Am and **Bk. Use of larger projectile energies resulted
in the production of lighter neighboring isotopes, namely
24117 — 2°115... and 2117 — 2°115... decay chains
in the reactions with the ?*’Bk target and 283115 — ... and
287115 — ... chains in the reactions with the > Am target,
respectively. In full agreement with expectations, with an
increase of neutron number of isotopes of the same element
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their a-particle energies decrease and half-lives become larger.
The measured a-particle energies for all isotopes of odd-
Z elements produced in the reactions **Am + *Ca and
2499Bk + *8Ca agree well with the systematics of the a-decay
energies of the heavy nuclei and have intermediate values
between neighboring even-Z nuclei. The measured a-particle
energies of the Z = 107 and Z = 109 isotopes as well as
their behavior vs neutron number are in full agreement with
what is observed for the neighboring lighter previously known
nuclei. Moreover, 298Db, the descendant nucleus of 238115 and
284113, was identified in independent chemistry experiments
[4,10,11].

In addition to odd-Z nuclei with Z > 111 produced in the
48Ca-induced reactions, three decay chains of the lightest Z =
113 isotope, 2’113, whose decay properties are governed by
the deformed closed shells at Z = 108 and N = 162, were
observed in the cold-fusion reaction 2®Bi("°Zn,n) in 2004,
2005, and very recently in 2012 [12—14].

We have performed a new series of experiments to obtain
more detailed information on the decay properties of odd-Z
nuclei, to measure the excitation functions of the 2**Am +
48Ca and >*Bk + *¥Ca reactions at a more extended range
of projectile energies, and to make a cross-bombardment
consistency check on the reported discoveries of elements
113, 115, and 117 [1-4,6,7]. The first results of an ongoing
experiment with 2*Bk target are given in Ref. [15]. Since
April 23, 2012, we have observed five and two new decay
chains of 23117 and %*117 activities, respectively. Here, in
more detail, we present the synthesis of the 287289115 isotopes
in the > Am + *8Ca experiments performed with a few breaks
between November 1, 2010, and March 31,2011 [16], and then
between September 30, 2011, and February 26, 2012.

II. EXPERIMENT

The experimental setup is analogous to that used in our
previous experiments [ 1-8,15,16]. The “®*Caion beam intensity
of about 1 particle £ A was obtained from the U400 cyclotron
of the FLNR, JINR. The beam energy was determined with
a systematic uncertainty of 1 MeV. We used 36 cm? targets
of Am (enrichment 99.5%-99.9%) deposited as oxides
with three different thicknesses onto 1.5-um Ti foils (see
Table I). The evaporation residues (ERs) were separated from
projectiles, scattered particles, and transfer-reaction products
by the DGFRS with an estimated transmission efficiency
for Z = 115 nuclei of about 35%, then passed through a
time-of-flight system and implanted in a 4 x 12-cm detector
with 12 vertical position-sensitive strips surrounded by eight
4 x 4-cm side detectors without position sensitivity. The
detection efficiency for full-energy o particles from implanted
nuclei was 87%.

The detection system was calibrated by registering the
recoil nuclei and o decays or spontaneous fission (SF) frag-
ments of known isotopes of No and Th and their descendants
produced in the reactions 2*°Pb(*3Ca,2n) and "Yb(*3Ca,3—
5n), respectively. The low-energy scale, used for registration of
o particles and ERs, was calibrated by nine « lines of isotopes
from 2“Rn (E, = 6.04 MeV) to ?'"Th (E, = 9.27 MeV)
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TABLE 1. The 2**Am target thicknesses, laboratory-frame beam
energies in the middle of the target layers, resulting excitation energy
intervals, total beam doses, and numbers of observed decay chains
assigned to the parent nuclei 287115 (4n), %8115 (3n), and °115 (2n)
characterizing the studies presented in Ref. [16] and this work, are
listed.

Target Ep E* Beam No. Ref.
thickness (MeV) (MeV) dose x10'® of chains

(mg/cm?) 4n/3n/2n

0.37 239.8 31.1-35.3 11.7 0/7/0 [16]
0.84 240.5 31.4-36.2 4.8 0/5/1 [16]
0.68 241.0 32.0-36.4 5.6 0/7/3  This work
0.37 243.4 34.0-38.3 3.3 0/6/0 [16]
0.37 248.1 38.0-42.3 3.7 0/3/0 [16]
0.68 253.8 42.5-47.2 44 1/0/0  This work

together with a precision pulse generator for the energy range
up to about 20 MeV. The high-energy scale for detection of
fission fragments was calibrated from the values determined
for the « scale by means of a pulser and then the coefficients
that were determined were additionally corrected by a few
percent using the measured energies of “8Ca scattered ions.
The FWHM energy resolutions were 40—100 keV (depending
on strip) for o particles absorbed in the focal-plane detector,
100-260 keV for o particles that escaped this detector with
a low energy release and registered by a side detector, and
0.24-0.75 MeV for « particles detected only by a side detector
(without a focal-plane position signal). The energy of the side-
only events was estimated as the sum of the energy measured
by the side detector and half of the threshold energy (1.0-2.0
and 0.5-0.6 MeV in the first and second run, respectively)
with an uncertainty determined from the threshold energy and
energy resolution of the side detector (68% confidence limit).
The assignment of these « particles to the observed decay
chains was made using the calculated probability of random
correlations based on the decay rate in the side detectors
associated with the actual experimental conditions. Fission
fragments from the decay of >>’No implants produced in the
206ph + “8Ca reaction were used for the total kinetic energy
(TKE) calibration. The measured fragment energies presented
in this work were not corrected for the pulse-height defect
of the detectors or for energy losses of escaping fragments in
the detectors and the pentane gas filling the detection system.
The average sum energy loss of fission fragments from the SF
decay of 2?No [17] was measured to be about 23 MeV.

The FWHM position resolutions of correlated ER-o and
ER-SF signals were 1.1-1.6 and 0.5—-1.0 mm, respectively. For
o particles detected by both the focal-plane and side detectors,
the ER-« position resolution depends on the energy deposited
in the focal-plane detector and was, on average, 2.4—4.5 mm
for energies lower than 3 MeV and 1.4-3.3 mm for energies
larger than 3 MeV.

For detection of expected sequential decays of the daughter
nuclides in the absence of beam-associated background, the
beam was switched off for 2 min after the following conditions
were observed: a recoil signal was detected with implantation
energy Egr = 7-16 MeV followed by an «-like signal in the
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focal-plane detector with an energy of E, = 9.8-11.0 MeV
in the same strip, within a 2.4-mm-wide position window and
time interval of Aty = 2.5 X (11 — E,) s. If, during the first
2-min beam-off time interval, an « particle with E, = 8.8—
10.8 MeV was registered in any position of the same strip, the
beam-off interval was automatically extended to 6 min (both
time intervals were two times lower in the experiments with
thick targets of 0.68 and 0.84 mg/cm?). During this beam-off
period, if other o particles with energies expected for heavy
nuclei were observed, we could prolong the beam-off pause
further.

The experimental conditions and numbers of registered
decay chain of 287115, 288115, and 2%°115 are summarized
in Table 1. Excitation energies of the compound nuclei at
given projectile energies are calculated using the masses of
Refs. [18,19], taking into account the thickness of the targets
and the energy spread of the incident cyclotron beam during
long experiments. The beam energy losses in the separator’s
entrance window (0.74 mg/cm2 Ti foil), target backing, and
target layer were calculated using the nuclear data tables [20].

III. EXPERIMENTAL RESULTS

The results of the first experiment reporting the study of
production and radioactive decay of nuclei with atomic number
Z = 115, the properties of their daughter activities including
the isotopes of element Z = 113, and the observation of the
daughter activities of 2°3117 nucleus [6,7] were presented
concisely in an earlier publication [16].

In the second run the experimental studies of the formation
of superheavy nuclei in the >*Am + *Ca reaction and of
their decay properties were continued at two beam energies:
Enp = 241.0 MeV, corresponding to the excitation energy
E*=342+22 MeV for ®'115 compound nuclei, and
Epp = 253.8 MeV (E* = 44.8 £ 2.3 MeV).

At the lower **Ca beam energy, Epp = 241.0 MeV, seven
long decay chains of the isotope 288115 were detected. The
energies of the o particles and the half-lives of the nuclei in
these chains, as well as the energies of the fission fragments and
the SF half-life, within statistical uncertainties and the energy
resolution of the detectors, match the previously observed
24 decay events of 2%115 produced in the 3n-evaporation
channel of the 2* Am + *3Ca reaction [1-4,16]. In Table IL, all
observed decay chains of 283115 are presented. The data listed
in Ref. [16], seven events added in this work and three decay
chains observed for the first time in the 24> Am + “8Ca reaction
at the beam energy of 248 MeV in 2003 [1-4] are shown. The
long decay chain of 288115 isotope is characterized by five
subsequent o decays occurring within about 1 min and ending
with a fission of Db occurring within many hours after the
last & transition (77, = 27 h).

In this run, three other chains of the « — o« — SF
type that last typically only about 30 s were also de-
tected (Table III). Such a decay pattern is characteristic
for the neighboring heavy isotope 28?115 that was ob-
served for the first time as the «-decay daughter ac-
tivity of the 2%117 isotope produced in the reaction
2499BKk(*8Ca,4n)**3117 [6,7,15] and later as an ER (single
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event) in the rare reaction channel 2> Am(*3Ca,2n)?%115 [16]
(see lower part of Table III for comparison).

At the higher “®Ca beam energy, Ej,, = 253.8 MeV (E* =
44.8 + 2.3 MeV), we observed a single long decay chain of the
287115 isotope. The decay properties of this chain, shown in
Table IV, agree well with data recorded in the first experiment
from 2003 [1-4]. The 2003 experiment was also performed
at the energy E* = 45 MeV. In both cases these events were
attributed to the 287115 isotope produced in the 4n-evaporation
channel of the >3 Am + *8Ca reaction [1-4]. Being the product
of this channel, it could therefore not be observed in the
283 Am + “8Ca reaction at lower energies.

Of all the 33 observed decay chains, only six chains were
detected completely during beam-on intervals. In chain 4
(Table II) the ER energy exceeded an upper limit of 16 MeV; in
chains 17 and 19, the « particles of parent nucleus 288115 were
detected by the both focal-plane and side detectors and ER-o,
time intervals for 284113 were larger than maximal correlation
times for detected energies of 9.95 and 9.96 MeV; in chains
18 and 23 the « particles of 238115 were detected by both the
focal-plane and the side detectors and the « particles of 234113
were missing. The ER-«; time interval in the third decay chain
of 289115 (Table III) was larger than the allowable value for
E, =10.37 MeV.

The spectrum of «-like signals (all events detected by the
focal-plane detector or both the focal-plane and side detectors
without a registered TOF signal) in all strips in the energy
range 5.9 < E, < 12 MeV accumulated during the 243-MeV
243 Am + *8Ca experiment is shown in Fig. 1(a). The a-particle
spectrum detected during beam-off time intervals is also shown
in Fig. 1(a). In the high-energy part of the a-particle spectrum,
where the decays of daughter nuclei >’?Bh to 24113 (E, =
8.7-10.1 MeV) are expected, 79 events were detected with
average counting rate of about 2 /h. This demonstrates very low
random probability for detection of 13 « particles (shown by
arrows) which belong to the decays of the daughter isotopes of
288115 (decay chains 20-25 in Table IT) and occur within about
a 1-min time interval after the decay of the parent nucleus.
A similar spectrum of the fission-fragment-like signals, both
beam on and beam off, measured under the same conditions,
is shown in Fig. 1(b). In the energy range E > 135 MeV,
the counting rate from the focal-plane detector was 0.2/h.
Background conditions were comparable in all experiments.
The calculated numbers of random sequences imitating each of
the observed decay chains ranged from 2 x 1073 to 10~14[21].

As seen in Fig. 2(a), all of the signals of o and SF
types following the signals of the ER implantation are in
strict position correlation, which indicates that they belong
to the decay of these implants. Three of four events with
position deviations exceeding =1 mm were detected by both
the focal-plane and the side detectors with low energy-release
in the first event. The energies of all recoiling nuclei, except for
those marked by footnote f (with their associated TOF signals),
lie in the energy range Epr = 8.2-16.7 MeV [Fig. 2(b)],
in agreement with the energy values measured for other
superheavy nuclei produced in the *®Ca-induced reactions
with targets between 2*8U and 2*Cf [1-8]. The comparison
of energy spectra of the signals that terminate the decay chains
shown in Tables II-TV (except for those marked by footnote e)

014302-3



YU. TS. OGANESSIAN et al.

PHYSICAL REVIEW C 87, 014302 (2013)

TABLE II. Observed decay chains originating from 288115. The first three columns show laboratory-frame beam energies in the middle
of the target layers, decay-chain numbers, ER energies, and detector strip numbers. For the following decays the a-particle and SF fragment
energies and the time intervals between events are shown. Bold events were registered during a beam-off period. The «-particle energy errors
are shown in parentheses. Time intervals for events following a “missing o were measured from preceding registered events and are shown in

italic.

Ew No.  Egg (MeV) 28115 284113 280Rg 276\ 72Bp 268y,
(MeV) strip E. (MeV) E, (MeV) E, (MeV) E. (MeV) E, (MeV) Esr (MeV)
I (ms) Iy (8) Iy (8) to (8) Io () tsr (h)
239.8 1 8.20 Missing o® 9.944(54) 9.721(54) 9.565(54) 9.028(54) 1735
3 0.8578 0.5844 0.0977 1.1824 65.08
2 1238 10.495(62) 10.07(75) 9.48(69)° 9.599(62) 9.00(69) 187.7¢
9 74.6 2.3897 0.7483 1.2770 0.9725 33.62
31220 10.527(56) 10.32(59) 9.724(206)" 9.77(59) 8.977(56) 216.3
3 6.9 2.5819 1.6542 0.1757 0.1669 13.15
4 16.66 10.345(65) 9.946(65) 9.783(65) 9.353(65) 9.130(217)¢  221.4°
9 36.0 1.2705 6.2185 1.1849 6.9108 14.75
5 1195 10.486(47) 9.977(47) 9.825(47) 9.68(64) 9.067(47) 198.4
4 30.4 0.0216 3.2685 5.2044 12.0514 61.28
6 1125 10.539(54) 9.978(54) 9.64(63) 9.948(54) 9.36(63) 193.3¢
11 1091.2 0.0926 5.1057 0.7810 8.5397 29.11
71182 10.427(62) 10.42(69)° 9.521(62) 9.73(66)° 9.48(69)° 202.5¢
7 7.268 3.6278 4.5135 0.3489 11.1488 6.923
240.5 8 1021 10.521(62) 9.939(62) 9.743(62) 9.607(62) 8.886(62) 210.2¢¢
5 68.5 0.3864 22.5392 0.4913 18.5325 9.82
9 1048 10.496(62) 9.951(62) 9.711(62) 9.450(62) Missing o 135.1°
5 768.0 1.3436 0.4498 1.1404 7.036
10 1211 10.558(50) 9.973(50) 9.865(50) 9.26(64) Missing o 211.9¢
4 33.3f 0.9648 4.4483 13.6480 43.60
11 1028 Missing o* 9.977(63) 10.00(58) 9.629(63) Missing o* 205.1¢¢
6 1.3435 6.6457 0.1447 23.07
12 1181 Missing o 9.978(61) 9.749(61) 9.887(61) Missing o 189.3¢
5 1.0732" 6.5550 0.6901 3.348
241.0 13 1172 10.483(65) 9.988(65) 9.086(65) 9.46(24)° 9.032(65) 166.8¢
5 136.3 1.0180 4.3366 2.5596 16.9763 67.48
14 13.96 104841550 9.814(67) 9.783(67) 9.529(67) 9.063(154)"  135.0°
8 13.937 0.4674 5.8573 0.2094 17.4326 17.40
15 10.94 10.459(67) 9.842(156)¢  9.809(154)"t  Missing « 9.030(67) 204.8
8 709.3 4.9922 13.9813 2.2311 15.45
16 1245 10.379(160)  9.944(71) 9.510(155)%¢  Missing 9.011(71) 204.5
7 150.7 0.9508 0.9111 22.5450 11.15
17 1252 10.440(156)¢  9.950(67) 9.728(67) 9.558(67) 8.925(67) 211.4¢
8 110.0 2.7645 2.0739 1.1736 41.2367 26.35
18 1025 10.446(160)*  Missing 9.723(72) 9.404(122)¢ 8.725(72) 207.0
6 358.4 7.1451 0.3735 107.5476 35.78
19 1245 10.438(152)¢  9.960(72) 9.746(72) 9.166(72) 8.966(136)"  195.4
6 188.5 24272 10.6749 0.0493 1.4956 7.18
243.4 20 1326 10.326(76) 9.929(76) 9.64(49) 9.509(76) 9.044(76) 170.3
4 667.7 0.7634 3.6829 0.5420 31.2979 77.93
21 9.74 10.378(86) 9.983(86) 9.45(46)" ¢ Missing o 9.012(86) 183.8°
6 66.4 0.0447 7.3906 4.1337 12.72
22 10.26 10.479(94) 9.748(153)" 9.728(94) 9.13(38)° 8.959(94) 150.0
7 37.7 1.4083 2.8829 0.1803 1.6143 103.97
23 1251 10.364(188)!  Missing 9.733(76) 9.811(76) 9.009(76) 226.0¢
4 188.8 0.6885 16.9414 18.2305 9.23
24 932 10.578(81) 9.868(164)° 9.672(81) 9.565(81) 9.09(41)" 150.1
2 118.0 5.2051 0.9438 0.9024 3.6080 43.78
25 1130 Missing o 10.009(75) 9.95(50)° 9.925(75) 9.012(75) 219.8¢
1 0.4072 1.6788 0.0380 0.3827 4133
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TABLE II. (Continued.)

Evp No. Egr (MeV) 288115 284113 28ORg 216Mt 212Bh 268D
(MeV) strip E, (MeV) E, (MeV) E, (MeV) E, (MeV) E, (MeV) Esr (MeV)
fy (ms) fy (s) fy (s) fy (s) fy (s) tsr (h)
248.1 26 11.48 10.534(103) 9.967(156)¢ 9.826(103) 10.012(217)¢ 9.149(103) 217.3¢
10 94.2 0.9001 15.8352 2.8093 18.8541 97.50
27 13.08 10.498(86) 9.970(86) 9.745(86) 9.805(86) 8.91(44)° 196.0
6 238.4 1.3435 3.3038 0.4938 36.9231 20.55
28 11.85 10.430(76) 9.83(49)>-¢ 9.672(76)¢ missing o 8.948(153)¢ 141.1
4 879.0 0.3662 1.7901 4.7246 99.78
Decay chains of 2115 observed in the first experiment in 2003 [1-4]
248 1 10.39 10.506(70) 10.043(185)¢ 9.718(70) 9.654(70) 9.23(61)° 205.0¢
2 80.3 0.3757 3.1457 1.0548 24.1028 28.69
2 10.98 10.380(62) 9.48(61)° 9.755(62) 9.80(61)° 9.023(62) 199.5¢
3 18.6 1.1961 10.5988 0.2487 2.9635 23.54
3 9.09 10.497(54) 9.999(54) 9.755(54) 9.744(54) 8.967(152)¢ 140.0
4 279.8 0.5172 1.7927 1.8336 15.3880 16.80

“Escaped « particle was registered by side detector only but probability of its random origin exceeds 10% [21].

PEscaped o particle registered by side detector only.
‘Fission event registered by both focal-plane and side detectors.
do particle registered by both focal-plane and side detectors.

¢Another SF event was detected in the same strip and close position during next 6 days after last o decay.
fAnother ER event was detected in the same strip and close position within 5 s preceding to o decay.
¢Tentative assignment; & particles might originate from lower Z nuclei such as 2°Rg and ?"°Mt.

with the sum energy spectrum of the fission fragments of 2>>No
measured in calibration reaction demonstrates that their sum
energy is about 30 MeV higher than that characteristic of the
SF decay of 2*No [17] and indicates the fission of very heavy
nuclei.

The «-particle energy spectra of the isotopes observed in
the decay chains originating from the parent nuclei >%°115 and
288115 registered by the focal-plane detector in Refs. [1-4,6,
7,15,16] and this work are summarized in the left-hand side
of Fig. 3. The decay-time distributions on a logarithmic scale
for the same isotopes are given on the right-hand side of Fig. 3
except for events followed after unobserved precursors or for

which detection probabilities as random events exceeded 10%
(three beam-on and three beam-off decays of 2% 115 and ?7?Bh,
respectively, all registered by the side detector only, as well as
four SF events of 2°8Db).

For the first decay chain of 287115 (Table III), two ER-like
events with ER-o time intervals of 256 and 836 ms were
detected in the same strip and close position within 5 s
preceding to o decay with E, = 10.377 MeV. In calculating
the half-life for this isotope, average decay time was used in
addition to 10 other lifetimes measured in Refs. [6,7] (three
events), [16] and this work (a total of four events including
this one), and Ref. [15] (four events). In three decay chains

TABLE III. The same as Table II but for 28°115. The data on 2°115 daughter activity of 117 nucleus listed in the last row were taken

from Refs. [6,7,15].

Ep No. Egr (MeV) 29115 35113 BIRg
MeV) strip E, (MeV) E, (MeV) Esg MeV)
fy (ms) fy (8) fsr (s)
240.5 1 11.38 10.377(62) 9.886(62) 215.7
3 256.2f 1.4027 1.9775
241.0 2 15.18 10.540(123)¢ 9.916(72) 214.9¢
6 66.1 1.5500 2.3638
3 9.04 10.373(50) 9.579(50) 141.1
2 2350.7 22.5822 60.1855
4 13.35 10.292(170) 10.178(55) 182.2¢
11 53.6 0.4671 0.0908
Decay chains of 2115 observed after & decay of 2*117 [6,7,15]
1-10 9.36-13.51 10.20-10.37 9.36-9.86
17.5-1435. 0.24-18.40 1.48-103.4
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TABLE IV. The same as Table II but for 287115.

287 115 283 113 279Rg 275Mt 271Bh 267Db

Epb No. Egz (MeV) E, (MeV) E, (MeV) E, (MeV) E, (MeV) E, (MeV) Esr (MeV)
(MeV) strip fy (ms) Iy (8) Iy (8) Iy (8) Iy (8) tsp (h)
253.8 1 9.78 10.593(60) Missing o 10.391(163)¢ 10.359(60)¢ 9.350(162)¢ 192.8°¢

9 45.2 0.1238 0.0218 1.7818 3.405

Decay chain of 287115 observed in the first experiment in 2003 [1-4]

253 1 12.19 10.590(94) 10.115(94) 10.365(163)¢ 10.329(94) Missing o 205.9¢

7 46.6 0.1474 0.2450 0.0140 1.766

of 23117 [6,7,15], the « particles of 289115 were missing and
the decay times of 283113 were measured after decays of the
parent nucleus 2°>117. The half-lives of 2*115 and 2%113
differ by a factor of about 15 (see Fig. 3). So, in these 3 cases
of all 12 observed, the decay times of 285113 were reduced
by the average lifetime of 2%°115 for calculation of the 233113
half-life.

The radioactive decay properties of 28115 and 284113
discovered in 2003 [1-4] were completely confirmed by
registration of 28 new decay chains in the new series of
experiments (Ref. [16] and this work). One can see in Fig. 3
that the results of the three events in the first experiment, as
indicated by vertical lines, are in good agreement with the
extensive data of the recent work.

beam-on
288 h

beam-off

36.3h  211p,
214pg

213pg 212pg
(ate”) (ate)

VAL

Counts / 20 keV

102: P T RS SR B 1
3 ] ®) |
=
510 Db F
€ ¢ v v ;
> L
8 I

1% Wlm] || |[|||

L L B L L r
50 100 150 200 250
Energy (MeV)

FIG. 1. (a) Total energy spectra of beam-on «-like signals and
beam-off & particles recorded during the 243-MeV 2¥Am + “Ca
run. (b) Total fission-fragment energy spectrum. The arrows show
the energies of events observed in correlated decay chains; see event
numbers 20-25 in Table I.

In chain 25 (Table II) between the ER and the « particle
with E, = 10.009 MeV, an event with E, = 9.161 MeV was
observed in the same strip (Atgr—q = 0.298 s, A Pgr—o = 0.55
mm) with an energy seemingly too low for 288115 (see Fig. 3).
One cannot exclude that this particle deposited the main part
of full energy in the focal detector and escaped from it at a
small angle but the remaining part (~1.3 MeV) was lost in the

ER-a1-02-...-SF (

a)

N
o
|

w
o
Loy

N
o
il

Counts /0.2 mm

-20 15 10 -05 0 05 1.0 15 20
Position deviation (mm)

1 252N0 (D)
104 z=t12-1s  SHE No

A=282-294

Counts / 0.5 MeV

0O+————T1
0 5 10 15 20
Measured recoil energy (MeV)

FIG. 2. (a) Relative position deviations of all events given in
Tables II-IV (histogram) with a Gaussian fit (FWHM = 0.8 mm,
dashed line). (b) Energy spectrum of all ERs with Z = 112-118
produced in *Ca-induced reactions [1-8]. The energy distribution of
22No implants measured in the calibration reaction 2°°Pb + **Ca is
shown by the dashed line for comparison. Energies of Z = 115 ERs
are shown by the gray histogram.

014302-6



INVESTIGATION OF THE *Am +*Ca ... PHYSICAL REVIEW C 87, 014302 (2013)

1 1 1 1 L L L L L L

289115 il L 2 n " 380?88 msk

8.5 9.0 95 100 105 11.0 31 I 'u' r
Ener MeV 1 r
gy (MeV) A 281Rg U/% k

0 ;

0001 001 0.1 100
Decay tlme( )

N
[e0]
g
»
Counts
w

Counts / 20 keV
o N
—
o 1
* ﬁ

6A L L L | 1|| i 6 L L L L L
288115 ] . 171%33 ms [
] I 3
3] ) | 1 i
oot 0
7 025 r
61 284113 T 41097577 s ]
> 3 F ] !
g ] I 1 [
o OA L B B ||' L L B i 0 +090 [
X 280Rg 1361560 S I
4 F 4 ] L
2 @ [
c 7 r B -
30 ALl : 30 —
O | I 276\t O 3 L
ol Tal
47 2728h [ 4] 12. 0311 [
2A [ 4 | | -
0 T 'ﬂ' HHT ﬂ' L L L 0 T ML | T T
8.5 90 95 100 105 11.0 0.001 0.91 0.1 11 101 100
Energy (MeV) 61 268pp, 25, 9%62 i
31 5
ol III

101 102 103 104 105 106
Decay time (s)

FIG. 3. (Color) a-particle energy spectra registered by the focal-plane detector (left-hand panel) and decay-time distributions on a
logarithmic scale (right-hand panel) for isotopes originating from *115 and ?*®115. The events originating from 2*115 observed in the
reactions with 2**Bk in the first experiment [6,7], in the second experiment [15], and in the reaction with 2** Am (Ref. [16] and this work) are
shown in the histograms by red (top), green (middle), and blue (bottom) lines, respectively. The red lines for nuclei in the decay chains of
288115 show the energies and decay times of the three events obtained in the first experiment in 2003 [1-4]. The smooth curves are the time
spectra for exponential decays associated with the half-lives T}, shown in the figures.

dead layer or was not registered by the side detector. However, particles) in this work, the chance to observe such an event is
the probability is low for this occurrence (~0.003), and the Ner ~ 0.3-0.4.

probability of random appearance of this event is low as well Despite the limited statistics of these decay chains, one
(~0.002). With the large number of observed o decays (138 @ can see multiline a-particle energy spectra for 238115, 28'Rg,
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and 2"?Bh, which can be partially explained by the detection
of conversion electrons in coincidence with « particles. An
especially wide spectrum was observed for 2’°Mt. At the same
time, most of the o decays of 284113 look like a transition
from its one energy level to only one level of 2°Rg. Such
a feature of the «-decay energy structure in this region
of nuclei might be caused by theoretically predicted shape
changes from oblate to prolate or from superdeformed to
low prolate shapes (see, e.g., Refs. [22-24]) in the course
of consecutive o decays. Irrespective of the a-particle energy
spectra, the nuclei in the decay chains are characterized in
practically all cases by a single half-life, as shown in the
right-hand side of Fig. 3. The only exception is the decay of
276Mt that shows the most complex a-particle spectrum; here
one cannot exclude that two states with different lifetimes
were observed. The average lifetime of the main part of
events was about 0.8 s, whereas in a few cases (e.g., events
No. 5, 10, 13, 23, 26 in Table II) the decay times were
2.5-17s.

The observation of four decay chains of the heavier isotope
289115, the product of the 2n-evaporation channel, confirms
the discovery of element 117 in the reaction with 249BK [6,7].
Note that the products of the 2n channel of the reactions of
the fusion of >*?Pu and Cm with “8Ca, the isotopes 2%%F1
and ' Lv, were observed in our experiments with comparable
cross sections at excitation energies of about 32-38 MeV
[25-27].

The radioactive decay properties of isotopes 239115, 283113,
and 8'Rg are shown on the top part of Fig. 3. Here data
produced in the 2*Bk + “8Ca reaction in the first experiment
[6,7] are given by red vertical lines, data of Ref. [16] and this
work by green lines, and results of the second experiment with
249BKk target [15] by blue lines. One can see that the a-particle
energies and the decay times of all of these nuclei have
comparable values. Also, one can see a difference between
isotopes originating from 2%°115 and 2¥115: (a) namely the
half-lives of all three nuclides %115, 28°113, and *!'Rg are
larger than those for lighter neighbors; (b) a difference is
particularly evident for daughter nuclei 24113, for which
practically one line in the energy spectra was observed, and
285113, for which a rather broad energy interval was detected
even for low statistics; and (c) different decay modes were
observed for 2'Rg (a decay) and ?'Rg (SF). In addition,
in the ***Am + “8Ca reaction the isotope 2%°115 was seen
at the lowest projectile energy only. Because of the mass
difference between ***Am and ***Bk the same isotope of
element 115 in both these reactions can be produced only
in the 2n- and 4n- evaporation channels of the ***Am +
48Ca and >*Bk + *¥Ca reactions, respectively. Therefore, the
isotope 28115 was produced in cross reactions with two
target nuclei 2*>*Am and 2*Bk to provide cross-bombardment
evidence for the discovery of the new elements 113, 115,
and 117.

Finally, at the highest **Ca energy, we observed only one
287115 nucleus, the product of the 4n-evaporation channel.
Here, the a-decay energy and lifetime of 2’'Bh were detected
for the first time. The decay properties of all nuclei in the decay
chain of 287115 measured in this work are in full agreement
with those observed in 2003 [1-4].

PHYSICAL REVIEW C 87, 014302 (2013)
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FIG. 4. (Color) Cross sections for the 2n, 3n, and 4n evaporation
channels for the >4 Am + “8Careaction. Vertical error bars correspond
to statistical uncertainties [21]. Horizontal error bars represent the
range of excitation energies populated at one beam energy. Symbols
with arrows show upper cross-section limits. Numbers of detected
decay chains are given for each **Ca energy. The dashed line through
the 3n data are drawn to guide the eye.

Experimental values of the cross section for the production
of the isotopes of element 115 measured in the > Am + *8Ca
reaction at various excitation energies of the compound
nucleus, 2! 115, are given in Fig. 4. When determining cross
sections in the experiments with the 0.68 and 0.84 mg/cm?
targets, we corrected the separator’s transmission for increased
scattering losses in the target. In calculations of the cross
sections in both these cases we used 35% transmission for
the effective target thickness of 0.4 mg/cm?. We assumed
that the first part of the thick target just reduces the **Ca
beam energy and the ERs produced in this layer would not be
able to reach the focal-plane detectors [28]. For two runs at
E* =33 MeV (first 12 decay chains in Table II) we present
summary cross-section values, as it was given in Ref. [16].
The cross sections for the 3n- and 4n-evaporation channels at
40- and 45-MeV excitation energies, respectively, were cal-
culated taking into account results of the earlier experiments
[1-4]. As one can see in Fig. 4 and in Tables II-1V, at the
minimum excitation energy in the range of E* = 31.1-36.4
MeV, we detected 19 decays of 288115 nuclei and 4 decays
of 22115 nuclei. The corresponding cross sections for the
formation of ERs in the 3n- and 2n-evaporation channels
are about 3.51“%; pb and 2.51“%:; pb, respectively. At energies
E* > 36 MeV, as it could be expected for the 2n-evaporation
product, 2°115 was not detected. This result agrees well
with the previously measured excitation functions of the
22py(*$8Ca,2n)*8Fl [25] and **Cm(*¥Ca,2n)*'Lv [26,27]
reactions.

The cross section for the 3n-evaporation channel reaches
its maximum o3, = 8.5%$3 pb at E* = 34.0-38.3 MeV and
decreases with further increase of the excitation energy of
the compound nucleus 2! 115. At the excitation energy, E* =
44.8 £ 2.3 MeV, not a single event indicating the formation of
288115 was detected. The upper cross-section limit can thus
be set at the level o3, < 1 pb. Generally, the behavior of
the production cross section of 288115 agrees well with the
calculated dependence o03,(E*) [29] and experimental data
which have been accumulated in previous experiments on the
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FIG. 5. Summary decay properties of the isotopes of elements 113, 115, and 117 observed for the first time among the products of “*Ca
beam and >*’Np, 2*3Am, and >*’Bk target reactions. The number of the detected decay events of a given isotope is shown at the bottom of the
chains. The energies of the emitted o particles and half-lives are given for all 23 new « emitters observed in these experiments. For five new
spontaneously fissioning nuclei marked by gray squares, that is, the isotopes of Db and Rg that terminate the «-decay sequences with SF, the
half-lives are listed. The value for 2*Db was obtained combining the results of Refs. [1-4,10,11,16] and those of the present work.

synthesis of 28’Fl and **’Lv isotopes in the 2**Pu(**Ca,3n)
[25,30,31] and **Cm(*¥Ca,3n) [26,27] reactions, respectively.
The measured production cross sections of isotopes of element
115, 287-289115, with different decay properties, depending on
48Cabeam energy, establishes that these events are the products
of the 2n-, 3n-, and 4n-evaporation channels.

The decay sequences of the isotopes of elements 115 and
113 produced in the 24> Am(*¥Ca,2—4n)?8°-287115 reactions are
shown in Fig. 5. This figure also displays decay chains of the
heaviest isotope 2°°115, the daughter of the isotope of element
117 synthesized in the 29BKk(*3Ca,3n)***117 reaction [6,7,15]
and a lighter isotope of element 113, 282113, product of the
ZTNp(*¥Ca,3n) reaction [5].

IV. CONCLUSION

From the data of Refs. [1-4,16] and present work one can
draw the following conclusions.

(1) Three isotopes of element 115 with masses 287, 288,
and 289 have been synthesized in the **Am + *Ca
reaction. Decay properties of 283115, of all the daughter
products of its sequential o decays as well as the SF
of the terminal nucleus, 23Db, agree with prior data
[1—4]. The 288115 isotope is produced most abundantly
(total of 31 decay chains), with the highest cross section
reaching o3, = 8.5fg:§ pb at E* ~ 36 MeV. This value
exceeds the production cross section of 2113 in the
cold-fusion reaction 2 Bi(7°Zn,n) by a factor of nearly
400 [14].

At the excitation energy E* =~ 34 +2 MeV of the
compound nucleus 2°'115, we have detected four

(i)

decay chains of the 2®°115 isotope, the product of
the 2n-evaporation channel. Decay energies and half-
lives of the nuclei in the 2115 — 285113 — 28IRg
decay chains observed in the **Am + **Ca reaction
agree within statistical uncertainties with the decay
properties of the daughter nuclei of the °>117 nucleus
produced in the 2*Bk(*¥Ca,4n)***117 reaction (10
events) [6,7,15]. Such agreement provides indepen-
dent identification and consistency checks via cross-
bombardment production of the same nuclei in different
fusion reactions of >*3Am and >*Bk targets with **Ca
projectiles.
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