phy5|c§“

ha Open Research of 1

This is the accepted manuscript made available via CHORUS, the article has been
published as:

Investigation of the ~{243}Am+ " {48} Ca reaction
products previously observed in the experiments on
elements 113, 115, and 117
Yu. Ts. Oganessian, F. Sh. Abdullin, S. N. Dmitriev, J. M. Gostic, J. H. Hamilton, R. A.
Henderson, M. G. ltkis, K. J. Moody, A. N. Polyakov, A. V. Ramayya, J. B. Roberto, K. P.
Rykaczewski, R. N. Sagaidak, D. A. Shaughnessy, I. V. Shirokovsky, M. A. Stoyer, N. J.
Stoyer, V. G. Subbotin, A. M. Sukhov, Yu. S. Tsyganov, V. K. Utyonkov, A. A. Voinov, and G.
K. Vostokin
Phys. Rev. C 87, 014302 — Published 3 January 2013
DOI: 10.1103/PhysRevC.87.014302


http://dx.doi.org/10.1103/PhysRevC.87.014302

Investigation of the > Am+4*¥Ca reaction products previously observed in the

R. A. Henderson,? M. G. Itkis,! K. J. Moody,? A. N. Polyakov,! A. V. Ramayya,? J. B. Roberto,*
Rykaczewski,* R. N. Sagaidak,! D. A. Shaughnessy,? I. V. Shirokovsky,’ M. A. Stoyer,2 N. J. Stoyer,?
Subbotin,! A. M. Sukhov,! Yu. S. Tsyganov,! V. K. Utyonkov,’ A. A. Voinov,! and G. K. Vostokin'

K. P.
V. G.

experiments on elements 113, 115, and 117

Yu. Ts. Oganessian,’>* F. Sh. Abdullin,® S. N. Dmitriev,’ J. M. Gostic,? J. H. Hamilton,?

L Joint Institute for Nuclear Research, RU-141980 Dubna, Russian Federation
2 Lawrence Livermore National Laboratory, Livermore, California 94551, USA
3 Department of Physics and Astronomy, Vanderbilt University, Nashville, Tennessee 37235, USA
*Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA

Results from the production and decay properties of element 115 nuclei observed using the reaction
243 Am+*8Ca at various beam energies between November 1-st, 2010 and February 26-th, 2012 at
the Dubna Gas Filled Recoil Separator are presented. This long-running experiment with a total
beam dose of 3.3-10'° 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 23115 show that this isotope is produced with the maximum
probability at E*=34.0-38.3 MeV with a corresponding cross section of 5,=8.5752 pb. The four
events attributed to the isotope ?#?115 that decays via a short a—a—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 2**Bk(*¥Ca,4n)?**117 and following o decay
to 289115, At the energy E*=44.842.3 MeV we observed only a single long chain of the isotope
287115. The decay properties of nuclei starting at 23115 and 27115 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 229115 in cross-bombardment reactions with the targets of 2*3Am and
2198k provide additional evidence of the identification of the nuclei of elements 115 and 113. The
experiments were carried out using the *8Ca beam of the U400 cyclotron of the Flerov Laboratory

of Nuclear Reactions, JINR.

PACS numbers: 27.90.+b; 23.60.+e; 25.70.Gh

I. INTRODUCTION

The discovery of new higher Z elements and the de-
termination of their decay properties provide important
insights into our understandings of the behavior of nu-
clear matter under extreme conditions of high Z and
important tests of the prediction of an island of sta-
bility around N=184 and high Z (114 or even 120-
126). The synthesis of odd-Z superheavy nuclei pro-
vides 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 includ-
ing Z=113 isotopes were observed in 2003 [1-4]. Three
decay chains of 288115—-284113—280Rg...268Db and one
decay chain of 287115—283113—27Rg...26"Db were dis-
covered in the 243Am(*8Ca,3-4n) complete-fusion reac-
tion. In 2006 two decay chains of the lighter isotope
282113 were synthesized in the 23"Np(*¥Ca,3n) reaction
[5]. The discovery of element 117 [6, 7] has been re-
ported using the 249Bk-+*¥Ca reaction; five decay chains
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of 293117—289115...281Rg and one chain of the heaviest
isotope 294117—2%9115...27°Db were observed in 2009
2010. A relatively high stability of all these odd-Z activ-
ities is caused by the influence of presumably spherical
nuclear shells at Z=114-126 and N=184. The sequen-
tial o decays of the isotopes 282113, 287:283115 and 294117
lead to 266=279Db (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 products which are strongly forward peaked and
suppresses the yield of transfer reactions and reactions
with emission of charge particles (pzn, axn, etc.). The
energies of #8Ca and measured reaction cross sections are
comparable with results of experiments where excitation
functions for the 242:244py, 245:248C+4+48Ca reactions
have been measured (see [8] and Refs therein) and where
the new elements 114 (F1) and 116 (Lv) were discov-
ered [9]. The excitation functions were measured at two
48Ca energies in both reactions with 2*3Am and 24°Bk.
Use of larger projectile energies resulted in production
of lighter neighboring isotopes, namely 294117—2%0115...
and 293117—289115... decay chains in the reactions with



249Bk target, and 288115—... and 287115—... chains in
the reactions with 243Am target, respectively. In full
agreement with expectations, with an increase of neu-
tron number of isotopes of the same element 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 ?*3Am+*®Ca and
249Bk+48Ca 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 agree-
ment with what is observed for the neighboring lighter
previously known nuclei. Moreover, 268Db, the descen-
dant nucleus of 288115 and 284113, was identified in inde-
pendent chemistry experiments [4, 10, 11].

In addition to odd-Z nuclei with Z>111 produced in
the “8Ca-induced reactions, three decay chains of the
lightest Z=113 isotope, 278113, whose decay properties
are governed by the deformed closed shells at Z=108
and N=162, were observed in the cold-fusion reaction
209Bi(79%n,n) in 2004, 2005, and very recently in 2012
[12-14].

We have performed a new series of experiments to ob-
tain more detailed information on the decay properties of
odd-Z nuclei, to measure the excitation functions of the
23 Am+18Ca and 2*9Bk+*8Ca reactions at a more ex-
tended range of projectile energies, and to make a cross-
bombardment consistency check on the reported discov-
eries of elements 113, 115, and 117 [1-4, 6, 7]. The first
results of an ongoing experiment with 24°Bk target are
given in [15]. Since April 23, 2012 we have observed five
and two new decay chains of 293117 and 294117 activities,
respectively. Here, in more detail, we present the synthe-
sis of the 2877289115 isotopes in the 243Am+*8Ca experi-
ments performed with a few breaks between November 1,
2010 and March 31, 2011 [16] and then between Septem-
ber 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 **Ca ion
beam intensity of about 1 particle yA was obtained from
the U400 cyclotron of the FLNR, JINR. The beam en-
ergy was determined with a systematic uncertainty of 1
MeV. We used 36-cm? targets of 243 Am (enrichment 99.5-
99.9%) deposited as oxides with three different thick-
nesses onto 1.5-pum Ti foils (see Table I). The evaporation
residues (ER) were separated from projectiles, scattered
particles and transfer-reaction products by the DGFRS
with an estimated transmission efficiency for Z=115 nu-
clei of about 35%, then passed through a time-of-flight
system and implanted in a 4 cmx12 cm detector with
12 vertical position-sensitive strips surrounded by eight
4 cmx4 cm side detectors without position sensitivity.
The detection efficiency for full-energy « particles from

implanted nuclei was 87%.

TABLE I. The ?**Am target thicknesses, lab-frame beam en-
ergies in the middle of the target layers, resulting excitation
energy intervals, total beam doses, numbers of observed de-
cay chains assigned to the parent nuclei 27115 (4n), 2*%115
(3n), and ?*°115 (2n) characterizing the studies presented in
Ref. [16] and this work, are listed.

Number
of chains Ref

Target Beam
thickness FEiap E* dose

(mg/cm?) (MeV) (MeV) x10" 4n /3n / 2n
0.37 2398 31.1-353 117 0/7/0 [16]
084 2405 31.4-362 48 0/5/1 [16]
0.68  241.0 320364 56 0/7/3 this work
0.37 2434 34.0-383 33 0/6/0 [16]
0.37 2481 38.042.3 37 0/3/0 [16]
0.68 253.8 425472 44 1/0/0 this work

The detection system was calibrated by registering the
recoil nuclei and « decays or spontaneous fission (SF)
fragments of known isotopes of No and Th and their de-
scendants produced in the reactions 2°°Pb(*8Ca,2n) and
natyh(48Ca,3-5n), respectively. The low-energy scale,
used for registration of « particles and ERs, was cali-
brated by nine « lines of isotopes from 2°Rn (E,=6.04
MeV) to 2" Th (E,=9.27 MeV) 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 ¥*Ca scattered ions. The
FWHM energy resolutions were 40-100 keV (depending
on strip) for « particles absorbed in the focal-plane de-
tector, 100—260 keV for « particles that escaped this de-
tector 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 uncer-
tainty determined from the threshold energy and energy
resolution of the side detector (68% confidence limit).
The assignment of these « particles to the observed de-
cay chains was made using the calculated probability of
random correlations based on the decay rate in the side
detectors associated with the actual experimental con-
ditions. Fission fragments from the decay of 2°2No im-
plants produced in the 2°Pb+%8Ca reaction were used
for the total kinetic energy (TKE) calibration. The mea-
sured 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°2No [17] was measured to be about 23 MeV.



The FWHM position resolutions of correlated ER-«
and ER-SF signals were 1.1-1.6 mm and 0.5-1.0 mm,
respectively. For a particles detected by both the focal-
plane and side detectors, the ER-a position resolution
depends on the energy deposited in the focal-plane de-
tector 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 two minutes
after the following conditions were observed: a recoil sig-
nal was detected with implantation energy Epr=7-16
MeV followed by an a-like signal in the focal-plane de-
tector with an energy of £,=9.8-11.0 MeV in the same
strip, within a 2.4-mm wide position window and time
interval of Aty,q.=2.5x(11—FE,) s. If, during the first 2-
min beam-off time interval, an a particle with F,=8.8—
10.8 MeV was registered in any position of the same strip,
the beam-off interval was automatically extended to 6
minutes (both time intervals were two times lower in the
experiments with thick targets of 0.68 mg/cm? and 0.84
mg/cm?). During this beam-off period, if other o par-
ticles with energies expected for heavy nuclei were ob-
served, we could prolong the beam-off pause further.

The experimental conditions and numbers of registered
decay chain of 287115, 288115, and 28?115 are summarized
in Table I. Excitation energies of the compound nuclei at
given projectile energies are calculated using the masses
of [18, 19], taking into account the thickness of the tar-
gets 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/cm? Ti foil), tar-
get backing, and target layer were calculated using the
nuclear data tables [20].

IIT. 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 activi-
ties including the isotopes of element Z=113, and the
observation of the daughter activities of 223117 nucleus
[6, 7] were presented concisely in an earlier publication
[16].

In the second run the experimental studies of the for-
mation of superheavy nuclei in the ?*3Am+*®Ca reaction
and of their decay properties were continued at two beam
energies: Fj,,=241.0 MeV corresponding to the excita-
tion energy E*=34.242.2 MeV for 2°1115 compound nu-
clei, and Ej,p=253.8 MeV (E*=44.8+2.3 MeV).

At the lower *®Ca beam energy, Fl.,=241.0 MeV,
seven long decay chains of the isotope 283115 were de-
tected. The energies of the « particles and the half-lives
of the nuclei in these chains, as well as the energies of
the fission fragments and the spontaneous-fission half-
life, within statistical uncertainties and the energy reso-

lution of the detectors, match the previously observed 24
decay events of 288115 produced in the 3n-evaporation
channel of the ?*3Am+8Ca reaction [1-4, 16]. In Ta-
ble II, all observed decay chains of 288115 are presented.
The data listed in [16], seven events added in this work
and three decay chains observed for the first time in the
23 Am+48Ca 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 a decays oc-
curring within about one minute and ending with a fis-
sion of 268Db occurring within many hours after the last
a transition (7% /,=27 h).

In this run, three other chains of the a—a—SF type
that last typically only about 30 seconds were also de-
tected (Table III). Such a decay pattern is character-
istic for the neighboring heavy isotope 289115 that was
observed for the first time as the a-decay daughter ac-
tivity of the 292117 isotope produced in the reaction
249BK(*8Ca,4n)?92117 [6, 7, 15] and later as an evapo-
ration residue (single event) in the rare reaction channel
243 Am(*8Ca,2n)?8°115 [16], see lower part of Table I1I
for comparison.

At the higher *¥Ca beam energy, Ej.,=253.8 MeV
(E*=44.842.3 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 23Am+*8Ca reaction [1-4]. Being the product of
this channel, it could therefore not be observed in the
243 Am+4-48Ca 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 IT) the ER energy exceeded an upper limit
of 16 MeV; in chains 17 and 19, the « particles of par-
ent nucleus 28115 were detected by the both focal-plane
and side detectors and ER-a 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 288115 were detected by the both focal-
plane and side detectors and the a particles of 284113
were missing. The ER-a; time interval in the third de-
cay chain of 289115 (Table III) was larger than allowable
value for £,=10.37 MeV.

The spectrum of a-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<F,<12 MeV accumulated dur-
ing the 243-MeV 243Am+*8Ca experiment is shown in
Fig. 1a. The a-particle spectrum detected during beam-
off time intervals is also shown in Fig. la. In the high-
energy part of the a-particle spectrum, where the decays
of daughter nuclei 2?Bh to 24113 (E,=8.7-10.1 MeV)
are expected, 79 events were detected with average count-
ing rate of about 2/h. This demonstrates very low ran-
dom 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 II) and
occur within about 1-min time interval after the decay
of the parent nucleus. Similar spectrum of the fission-
fragment-like signals, both beam on and beam off, mea-
sured under the same conditions is shown in Fig. 1b. In
the energy range E>135 MeV, the counting rate from
the focal-plane detector was 0.2/h. Background condi-
tions were comparable in all experiments. The calculated
numbers of random sequences imitating each of the ob-
served decay chains ranged from 2x1073 to 10714 [21].
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FIG. 1. (a) Total energy spectra of beam-on o-like sig-

nals and beam-off a particles recorded during the 243-MeV
23Am+*8Ca run. (b) Total fission-fragment energy spec-
trum. The arrows show the energies of events observed in
correlated decay chains; see event numbers 20-25 in Table 1.

As seen in Fig. 2a, 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 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 Fpg=8.2—
16.7 MeV (Fig. 2b), in agreement with the energy values
measured for other superheavy nuclei produced in the
48Ca-induced reactions with targets between 23U and
249Cf [1-8]. The comparison of energy spectra of the sig-
nals that terminate the decay chains shown in Tables TI—-

IV (except for those marked by footnote e) with the sum
energy spectrum of the fission fragments of 2°?No mea-
sured 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.
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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 2?No implants measured in the cali-
bration reaction 2°°Pb+*8Ca is shown by the dashed line for
comparison. Energies of Z=115 ERs are shown by the grey
histogram.

The a-particle energy spectra of the isotopes observed
in the decay chains originating from the parent nuclei
289115 and 288115 registered by the focal-plane detector
in [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 probabili-
ties as random events exceeded 10% (three beam-on and
three beam-off decays of 288115 and 27?Bh, respectively,
all registered by the side detector only, as well as four SF
events of 265Db).

For the first decay chain of 28?115 (Table III), two ER-
like events with ER-a time intervals of 256 ms and 836
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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 239115 and 2%®115. The events originating from 289115
observed in the reactions with 2*°Bk in the first experiment [6, 7], in the second experiment [15], and in the reaction with
243 Am ([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 ?®¥115 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 T3 /o
shown in the figures.

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 [6, 7] (3 events), [16] and this work (a total of 4 events
including this one), and [15] (4 events). In three decay
chains of 293117 [6, 7, 15], the a particles of 289115 were
missing and the decay times of 28°113 were measured af-
ter decays of the parent nucleus 293117. The half-lives
of 289115 and 285113 differ by a factor of about 15 (see
Fig. 3). So, in these three cases of all 12 observed, the de-
cay times of 285113 were reduced by the average lifetime
of 289115 for calculation of the 285113 half-life.

The radioactive decay properties of 2¥115 and 284113
discovered in 2003 [1-4] were completely confirmed by
registration of 28 new decay chains in the new series of
experiments ([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.

In chain 25 (Table II) between the ER and the «
particle with F,=10.009 MeV, an event with F,=9.161
MeV was observed in the same strip (Atgr—o=0.298 s,
APgRr-o=0.55 mm) with an energy seemingly too low for
288115 (see Fig. 3). One cannot exclude that this particle
deposited 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 dead layer or was not
registered by the side detector. However, the probability
is low for this occurrence (~0.003); and the probability of
random appearance of this event is low as well (~0.002).
With large number of observed « decays (138 « parti-
cles) in this work, the chance to observe such an event is
Neyr~0.3-0.4.

Despite the limited statistics of these decay chains, one
can see multiline a-particle energy spectra for 288115,
280Rg, 27?Bh which can be partially explained by detec-
tion of conversion electrons in coincidence with « par-
ticles. An especially wide spectrum was observed for
2760\t At the same time, most of the a decays of 284113
look like a transition from its one energy level to only
one level of 22°Rg. Such a feature of the a-decay en-
ergy structure in this region of nuclei might be caused by
theoretically predicted shape changes from oblate to pro-
late, or from superdeformed to low prolate shapes (see,
e.g., [22-24]) in the course of consecutive « decays. Ir-
respective 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 2"Mt 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
2.5-17 s.

The observation of four decay chains of the heavier iso-
tope 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 2*2Pu and 2*°Cm with
48(Ca, the isotopes 2%8F1 and 2°!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 289115,
285113, and 2®'Rg are shown on the top part of Fig. 3.
Here data produced in the ?4°Bk+8Ca reaction in the
first experiment [6, 7] are given by red vertical lines, data
of [16] and this work — by green lines, and results of the
second experiment with 249Bk 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
289115 and 288115, a) namely the half-lives of all three nu-
clides 289115, 285113, and 28! Rg are larger than those for
lighter neighbors, b) a difference is particularly evident
for daughter nuclei 284113 for which practically one line
in the energy spectra was observed and 282113 for which
a rather broad energy interval was detected even for low
statistics, and c¢) different decay modes were observed
for 22'Rg (a decay) and 28'Rg (SF). In addition, in the
243 Am+-8Ca reaction the isotope 289115 was seen at the
lowest projectile energy only. Because of the mass differ-
ence between 23Am and 24°Bk the same isotope of ele-
ment 115 in both these reactions can be produced only in
the 2n- and 4n- evaporation channels of the 243Am+48Ca
and ?4Bk+%8Ca reactions, respectively. Therefore, the
isotope 289115 was produced in cross reactions with two
target nuclei 243Am and 24°Bk to provide cross bombard-
ment evidence for the discovery of the new elements 113,
115, and 117.
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FIG. 4. (Color) Cross sections for the 2n, 3n, and 4n evapo-
ration channels for the 23 Am+*¥Ca reaction. 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.

Finally, at the highest **Ca energy, we observed only
one 287115 nucleus, the product of the 4n-evaporation
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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 2"Np, 2*3Am and 2*°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 « particles and half-lives are given for all 23 new « emitters
observed in these experiments. For 5 new spontaneously fissioning nuclei marked by grey squares, i.e., the isotopes of Db and
Rg that terminate the a-decay sequences with spontaneous-fission, the half-lives are listed. The value for 2®Db was obtained
combining the results of [1-4, 10, 11, 16] and those of the present work.

channel. Here, the a-decay energy and lifetime of 27! 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].

Experimental values of the cross section for the pro-
duction of the isotopes of element 115 measured in the
23 Am+48Ca reaction at various excitation energies of
the compound nucleus, 291115, are given in Fig. 4. When
determining cross sections in the experiments with the
0.68-mg/cm? 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 48Ca beam
energy and the evaporation residues produced in this
layer would not be able to reach the focal-plane detectors
[28]. For two runs at F*=33 MeV (first 12 decay chains
in Table IT) we present summary cross-section values, as
it was given in [16]. The cross sections for the 3n- and 4n-
evaporation channels at 40-MeV and 45-MeV excitation
energies, respectively, were calculated 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 £*=31.1-36.4 MeV, we detected

19 decays of 288115 nuclei and 4 decays of 289115 nu-
clei. The corresponding cross sections for the formation
of evaporation residues in the 3n- and 2n-evaporation
channels are about 3.572T pb and 2.5737 pb, respec-
tively. At energies E*>36 MeV, as it could be expected
for the 2n-evaporation product, 282115 was not detected.
This result agrees well with the previously measured ex-
citation functions of the 242Pu(*8Ca,2n)?*¥F1 [25] and
245Cm(48Ca,2n)?1Lyv [26, 27 reactions.

The cross section for the 3m-evaporation channel
reaches its maximum 3,=8.5751 pb at E*=34.0-38.3
MeV; and decreases with further increase of the exci-
tation energy of the compound nucleus 2°1115. At the
excitation energy, F*=44.842.3 MeV, not a single event
indicating the formation of 2®%115 was detected. The
upper cross section limit can thus be set at the level
03, <1 pb. Generally, the behavior of the production
cross section of 288115 agrees well with the calculated de-
pendence o3, (E*) [29] and experimental data which have
been accumulated in previous experiments on the syn-
thesis of 287F1 and 2Ly isotopes in the 242Pu(**Ca,3n)
[25, 30, 31] and 2*°Cm(*8Ca,3n) [26, 27] reactions, re-
spectively. The measured production cross sections of
isotopes of element 115, 2877289115, with different decay
properties, depending on **Ca beam 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 243Am(*¥Ca,2-4n)?9-287115
reactions are shown in Fig. 5. This figure also dis-
plays decay chains of the heaviest isotope 2°°115 —
the daughter of the isotope of element 117 synthesized
in the 24°Bk(*¥Ca,3n)?°4117 reaction [6, 7, 15] and a
lighter isotope of element 113, 282113, product of the
ZTNp(*8Ca,3n) reaction [5].

IV. CONCLUSION

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

(i) Three isotopes of element 115 with masses 287, 288
and 289 have been synthesized in the 243Am+48Ca
reaction. Decay properties of 288115, of all the
daughter products of its sequential o decays as well
as the spontaneous fission of the terminal nucleus,
268Dh, agree with prior data [1-4]. The %8115 iso-
tope is produced most abundantly (total of 31 de-
cay chains), with the highest cross section reaching
O’gn:8.5tg:$ pb at E*~36 MeV. This value exceeds
the production cross section of 278113 in the cold-

fusion reaction 2°°Bi(7Zn,n) by a factor of nearly
400 [14].

ii) At the excitation ener E*=x3442 MeV of
gy

the compound nucleus 2°1115, we have detected

four decay chains of the 289115 isotope — the

product of the 2n-evaporation channel. De-
cay energies and half-lives of the nuclei in the
289115—285113—281Rg decay chains observed in
the 2*3Am+8Ca reaction agree within statisti-
cal uncertainties with the decay properties of the
daughter nuclei of the 23117 nucleus produced
in the 249Bk(*®Ca,4n)?%3117 reaction (10 events)
[6, 7, 15]. Such agreement provides indepen-
dent identification and consistency checks via cross-
bombardment production of the same nuclei in dif-
ferent fusion reactions of 243Am and 4Bk targets
with *8Ca projectiles.
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TABLE II. Observed decay chains originating from 2*¥115. The first three columns show lab-frame beam energies in the middle
of the target layers, decay-chain numbers, evaporation residue energies, and detector strip numbers. For the following decays
the a-particle and spontaneous fission fragment energies and the time intervals between events are shown. Bold events were
registered during a beam-off period. The a-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.

288115 284113 280]‘;{g 276Mt 272Bh 268Db
Eiap No Egr (MeV) E. (MeV) E. (MeV) E. (MeV) E. (MeV) E. (MeV) Esr (MeV)
(MeV) strip to (ms) ta (s) ta (s) ta (s) ta (s) tsr (h)
239.8 1 8.20 missing a® 9.944(54) 9.721(54) 9.565(54) 9.028(54) 173.5
3 0.8578 0.5844 0.0977 1.1824 65.08
2 12.38 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
3 12.20 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 11.95 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 11.25 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
7 11.82 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 10.21 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 10.48 10.496(62) 9.951(62) 9.711(62) 9.450(62)  missing a” 135.1¢
5 768.0 1.3436 0.4498 1.1404 7.036
10 12.11 10.558(50) 9.973(50) 9.865(50) 9.26(64)"  missing o 211.9°
4 33.37 0.9648 4.4483 13.6480 48.60
11 10.28 missing a® 9.977(63) 10.00(58)° 9.629(63) missing a® 205.1%¢
6 1.8485 6.6457 0.1447 23.07
12 11.81 missing a® 9.978(61) 9.749(61) 9.887(61) missing o 189.3°¢
5 1.07327 6.5550 0.6901 3.848
241.0 13 11.72 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 10.484(155)¢ 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)*Y missinga  9.030(67) 204.8
8 709.3 4.9922 13.9813 2.2311 15.45
16 12.45 10.379(160)* 9.944(71) 9.510(155)"Y missinga  9.011(71) 204.5
7 150.7 0.9508 0.9111 22.5450 11.15
17 12.52 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 10.25 10.446(160)* missing o 9.723(72) 9.404(122)¢ 8.725(72) 207.0
6 358.4 7.1451 0.3735 107.5476 35.78
19 12.45 10.438(152)¢ 9.960(72) 9.746(72) 9.166(72) 8.966(136)¢ 195.4
6 188.5 2.4272 10.6749 0.0493 1.4956 7.18
2434 20 13.26 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 @ 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 12.51 10.364(188)? missing o 9.733(76) 9.811(76) 9.009(76) 226.0°
4 188.8 0.6885 16.9414 18.2305 9.23
24 9.32 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 11.30 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 41.33




TABLE I (Continued)

11

288115 28473 280Rg 276\ 1t 272y, 268,
Elap No  Egr (MeV) E. (MeV) E. (MeV) E. (MeV) E. (MeV) E, (MeV) Esr (MeV)
(MeV) strip to (ms) ta (s) ta (s) ta (8) ta (8) 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)7 missing « 8.948(153) 141.1
4 879.0 0.3662 1.7901 4.7246 99.78
Decay chains of %115 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].

b Escaped a particle registered by side detector only.

¢ Fission event registered by both focal-plane and side detectors.

4 o particle registered by both focal-plane and side detectors.

TABLE III. The same as Table IT but for 8115. The data
on 289115 daughter activity of 23117 nucleus listed in the last
row were taken from [6, 7, 15].

289115 285113 281Rg

Eiu, No Egr (MeV) E, (MeV) E, (MeV) Esp (MeV)
(MeV) strip to (ms) ta (8) tsr (s)
2405 1 11.38 10.377(62) 9.886(62)  215.7
3 256.27 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 289115 observed after o decay of 23117
[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

Tentative assignment — o particles might originate from lower Z nuclei like 22°Rg, 275Mt.

Another SF event was detected in the same strip and close position during next six days after last a decay.

Another ER event was detected in the same strip and close position within 5 s preceding to a decay.



TABLE IV. The same as Table II but for 27115.
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287115 283113 2Rg 250\ [t 271y, 2671,
Bu,  No  Egr (MeV) FEo (MeV)  Eo (MeV) Eo (MeV) Eo (MeV) Eo (MeV)  Esp (MeV)
(MeV) strip to (ms) to (s) ta (s) ta (8) ta (8) tsr (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




