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The results of experiments designed to synthesize element 115 isotopes?fiAtiver “8Ca reaction are
presented. With a beam dose of % 308 248-MeV “8Ca projectiles, we observed three similar decay chains
consisting of five consecutive decays, all detected in time intervals of about 20 s and terminated at a later
time by a spontaneous fission with a high-energy relgésial kinetic energy~220 MeV). At a higher
bombarding energy of 253 MeV, with an eqi&Ca beam dose, we registered a different decay chain of four
consecutivex decays detected in a time interval of about 0.5 s, also terminated by spontaneous fissien. The
decay energies and half-lives for nine neawdecaying nuclei are given. The decay properties of these synthe-
sized nuclei are consistent with consecutivelecays originating from the parent isotopes of the new element
115,288115 and?®115, produced in ther8 and 4-evaporation channels with cross sections of about 3 pb and
1 pb, respectively. The radioactive properties of the new Dduiclei (105—115 are compared with the
predictions of the macroscopic-microscopic theory. The experiments were carried out at the U400 cyclotron
with the recoil separator DGFRS at FLNR, JINR.
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Our previous experiments were designed to synthesizélled recoil separatofDGFRS. The average incident beam
evenZ superheavy elementd14-118 in the *Ca-induced intensity was 1.3 pA. Over this period, equal beam doses
reactions with actinide targeté’Pu[1], 2*%Cm[2], and>*Cf  of 4.3x 108 4&Ca projectiles were delivered to the target at
[3]. The observed fusion-evaporation reaction products untwo bombarding energies. In this experiment, we chose the
derwent two or three consecutive decays terminated by laboratory energies for thé®Ca ions of 248 MeV and
spontaneous fissiofsF). 253 MeV in the middle of the target. The systematic uncer-

For the neighboring odd-elements, especially their odd- tainty in the beam energy is1 MeV. With the beam energy
odd isotopes, the probability af decay with respect to SF resolution, small variation of the beam energy during irradia-
should increase due to hindrance for SF. For such Ddd-tion, and energy losses in the target3.3 MeV), we ex-
nuclei one might expect longer consecutivalecay chains pected the resulting compound nuctét115 to have excita-
terminated by the SF of relatively light descendant nuclidesion energies 38.0-42.3 MeV and 42.4-46.5 MeV,
(Z=105). respectively5].

The decay pattern of these superheavy nuclei is of interest The 32-crd rotating target consisted of the enriched iso-
for nuclear theory. In the course of decays, the increased tope?**Am(99.9%) in the form of AmQ. The target mate-
stability of nuclei caused by the predicted spherical neutromial was deposited onto 1.&m Ti foils to a thickness corre-
shell N=184 (or perhapsN=172 should gradually become sponding to~0.36 mg cm? of 243Am.
weaker for descendant isotopes. However, the stability of The evaporation residu¢gVRS) recoiling from the target
these nuclei at the end of the decay chains should increaseere separated in flight from thfCa beam ions, scattered
again due to the influence of the deformed shelNatl162. particles, and transfer-reaction products by the DGF&S

The observation of nuclei passing from spherical to de-The transmission efficiency of the separator Zor115 nu-
formed shapes in the course of their consecutivdecays clei was estimated to be about 35%.
could provide valuable information about the influence of The detection system consisted of a multiwire propor-
significant nuclear structure changes on the decay propertig®nal counter to measure time-of-flightTOF) and a
of these nuclei. For these investigations, we chose the fusiortx 12-cnf? semiconductor focal-plane detector array with 12
evaporation reactiod*3Am+“8Ca, leading to isotopes of el- vertical position-sensitive strips to measure the decay of the
ement 115. According to calculations based on the results diplanted recoils. This detector, in turn, was surrounded by
experiments on the synthesis of ev&muclei[1-4], the -  eight 4X 4-cn? side detectors without position sensitivity,
and 4-evaporation channels leading to isotop€&% 15N forming a box of detectors open from the front side. The
=173 and?®115N=172) should be observed with the high- detection efficiency fora decays of implanted nuclei was
est yields. 87% of 4r. The detection system was tested by registering

The experiments were performed between July 14 anthe recoil nuclei andr and SF decays of the known isotopes
August 10, 2003, at the U400 cyclotron with the Dubna gasof No and Th, as well as their descendants, produced in the
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FIG. 1. Time sequences in the decay chains observed at@aenergie€, =248 MeV (a) andE_ =253 MeV (b). Measured energies,
time intervals, and vertical positions with respect to the top of the strips of the observed decay events arg¢l13Hemargies of events
detected by both the focal-plane detector and side dete¢®r&nergies of events detected by side detectors only. We have inserted an
unobserved nuclide in the fourth decay chain.

reactions 2°P(“8Ca, ) and "Yb(*%Ca, 3-%). The full 12 min and 2.5 h. Thus, all the expected sequential decays of
width at half maximum(FWHM) of the energy distribution the daughter nuclides with< 113 could be observed under
for « particles absorbed in the focal-plane detector wasrery low background conditions. With the full beam intensity
60—100 keV, depending on the strip and the position in theon target, the average counting rate of such “EVR”
strip. For a’s escaping the focal-plane detector at differentevents by detector system was about 2 he total count-
angles and registered by side detectors, the energy resolutiong rate fora particles withe,>8 MeV by the whole detec-
of the summed signals was 140—200 keV. The FWHM oftor array during beam-off pauses was about 3 iThe ma-
the position distributions of correlated decays of nuclei im-jority of the events withE,>8 MeV is caused by thex
planted in the focal-plane detector were 0.9—1.9 mm fordecays of the short-lived isotop&$?Po (T;,=0.3 us, E,
EVR-a correlations and 0.5—-0.9 mm for EVR-SF correla-=8.78 MeV) and ?*Po (T,,=4.2 us, E,=8.38 Me\) de-
tions. If both the focal-plane detector and a side detectotected in coincidence witj~ decays of the precursof&’Bi
detected an particle, the position resolution depended onand ?'*Bi (see, e.g., Ref[2]). Only four such EVR-«a
the amplitude of the signal in the focal-plane detecsme, events were followed by particles withE,>9 MeV.
e.g., Fig. 4 in Ref[3]), but was generally inferior to that The three similar decay chains observed at 248 MeV are
obtained for the full-energy signal. shown in Fig. 1a). The implantations of recoils in strips 2, 3,
Fission fragments front®No implants produced in the and 4 of the focal-plane detector were followed &ypar-
208pp +48Ca reaction were used for a fission-energy calibraticles withE,=10.46+0.06 MeV. These sequences switched
tion. The measured fragment energies were not corrected fahe ion beam off, and four more decays were detected in
the pulse-height defect of the detectors, or for the energy lostal time intervals of 29 s, 15's, and 20 s, respectively, in
in the detectors’ entrance windows, dead layers, and lowthe absence of a beam-associated background. Thexlast
pressure pentane gas filling the detection system. The mealecay in the first chain and second and fourttiecays in the
sum energy loss of fission fragments from the SF-decay o$econd chain were registered by the side detectors only. The
25No was estimated to be about 20 MeV. energies deposited by these particles in the focal-plane
To greatly reduce the background, we switched off thedetector were not registered. However, with the actual
beam after a recoil signal was detected with preset paramw-counting rates, the probability that theaeparticles ap-
eters of implantation energy and TOF expectedZer115  peared in the detectdit~30 9 as random events can be
evaporation residues, followed by anlike signal with an  estimated to be approximately 1.5%%], so we assign them
energy of 9.6 Me\kE,<11.0 MeV in the same strip, to the decay of the same implanted nuclei. During the re-
within a position window of 1.4—1.9 mm and time interval mainder of the 2.5 h beam-off period following the last
of up to 8 s. The beam-off interval was initially set at 2 min. position-correlated « particles, no « particles with
If, in this time interval, anx particle withE,>8.6 MeV was E,>7.6 MeV were registered by the focal-plane detectors.
registered, the beam-off interval was extended to betweemhe SF decay of the final nuclei in these chains was detected
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28.7 h, 23.5 h, and 16.8 h, respectively, after the taste- TABLE I. Decay properties of nuclei.
cay. A search was performed to identidydecays correlated
closely in time(<60 9 and position to each of the three SF Isotope Decay mode  Half-life E,(MeV) Q, (MeV)
events in Fig. {a). No correlations were found. o
In the first two decay chains, the focal-plane detector and"115
side detectors simultaneously detected fission fragments witf;“113
sum energies of 205 MeV and 200 MeV. In the third chain,?8%111
only the focal-plane detector registered a fission fragmentey;
All three SF events were registered in the correspondingnBh
strips and positions where the three EMR-as decay
chains were observefsee Fig. 1a)]. Therefore, these SF

8731%°ms  10.46+0.06 10.61+0.06
0.485%%s  10.00£0.06 10.15+0.06
3673s  9.75+0.06  9.87+0.06
0.72%8!s  9.71+0.06  9.85+0.06
a 9.82%"s  9.02£0.06  9.15+0.06
268ph SHa/EC) 16':°h

R R R R

events were assigned to the spontaneous fission of the dé-115 a 3203°ms  10.59+0.09  10.74:0.09
scendant nuclei in these observed chains. 283113 a 10073°ms  10.12+0.09  10.26+0.09

In the course of this experiment at 248 MeV, we observed79111 Y 1708°ms  10.37£0.16 10.52+0.16
only seven spontanequs—fission events. In addition to ther o 9.7% ms  10.33:0.09 10.48+0.09
three previously mentioned events, three other SF event§71Bh a '

with measured energies of 147 MeV, 168 MeV, and267Db . 24350
154 MeV, were detected 0.51 ms, 4.1 ms, and 2.07 ms after 33 Min
the implantation of corresponding recoil nuclei in strips 12,
10, and 11, respectively. For the second and third eventgn-evaporation channel, we observed longer decay chains
both the focal plane and side detectors registered fission fragissigned to the odd-odd isotof&115. Increasing the beam
ments. Based on the apparent lifetime, we assign thesenergy by 5 MeV results in a reducééf115-isotope yield
events to the spontaneous fission of the 0.94i8Am iso- and, at the same time, an increased yield of the
mer, a product of transfer reactions with tFf€Am target.  4n-evaporation channel leading to the odd-even isotope
The DGFRS suppresses the yield of such products by a faé®®115. Corresponding cross sections for the- 3and

tor of 1( [2]. An additional long-lived SF event witk,,,, 4n-evaporation channels at the two projectile energies
=146 MeV was observed in strip 2. This SF event corre-amount to o3,=2.7.7&pb and 0,,=0.9°32 pb. Note that
sponds to the background level of long-lived SF Cf isotopeghese values are comparable with results of recent experi-
produced in incomplete fusion reactions in a previous experiments [4] where excitation functions for the reaction
ment with a24%Cf target[3] where the same set of detectors 2*Pu*®Ca,xn) have been measured with maximum cross
was used. sections for the evaporation of three to five neutronsgf

At 253 MeV, the aforementioned EVR:- a5 SF decay =2 pb,o4,=5 pb, andos,=1 pb.
chains were not observed. However, a different decay chain, The decay properties of the product nuclei are presented
consisting of foura decays and a spontaneous fission, wasn Table I. In the decay chains shown in Figaj we as-
registeredsee Fig. 1b)]. The beam was switched off after signed SF events to the isotop®Db following five con-
the detection of an EVR signal followed in 46.6 ms by@an secutivea decays. It is also possible that this isotope under-
particle withE,=10.59 MeV in the same position in strip 7. goesa decay or electron captuf&C). In the case of thex
Three othera decays were detected in a time interval of decay of?®b with T,>2.5 h (after the beam-off period
about 0.4 s in the absence of beam-associated backgrounshe would more reasonably expect SF or EC?%Er, be-
After 106 min, the terminal SF event was detected in-beantause thexr decay of?%4.r seems improbable due to the low
with a sum energy of 206 MeV in the same position in stripexpecteda decay energy(Q,=6.84 MeV [8], T,>100 0.

7 [see Fig. 1b)]. In addition to this SF event witlE,,,  The electron capture ¢f®Db or ?%4_r leads to the even-even
=206 MeV, the decays of three other long-lived backgroundsotopes?$&Rf or 26“No, for which rapid spontaneous fission
SF nuclei, with measured fission-fragment energies otan be expectete.g., Tse=1.4 s is predicted fof®eRf [9]).

168 MeV, 154 MeV, and 151 MeV, were also observed inSince both fission fragments of these terminal nuclei can
strips 4, 3, and 1, respectively. have thez=50 andN=82 closed shell configurations, one

The radioactive properties of nuclei in this decay chainwould expect their SF decays to result in narrowly symmet-
differ from those of the nuclei observed at the lower bom-ric mass distributions with rather high total kinetic energies,
barding energy. The total decay time of this chain is abouTKE ~230-240 MeV(see, e.g., Ref10]). Indeed, the sum
ten times shorter and the decays are distinguished by fission fragment energies observed for the terminal nuclei are
higher a-particle energies and shorter lifetimes. Its produc-close to this value. Note, the likelihood that EC decay occurs
tion also required increasing the beam energy by aboutarlier in the observed decay chains is small because of the
5 MeV, so we assumed that the decay chain originates fromshort T, for the observedr decays of elements 115, 113,
another parent nucleus. 111, Mt, and Bh.

It is most reasonable that the different decay chains origi- In the single decay chain originating froff’115[see Fig.
nate from neighboring parent isotopes of element 115, proi(b) and Table ], we propose that we have missed the
duced in the complete fusion reactiét’Am+4éCa followed  decay of?’Bh. This assumption follows from the-decay
by evaporation of three and four neutrons from the com-yroperties of nuclei located aroudd=162 as predicted by
pound nucleus®115. Indeed, at the excitation energy macroscopic-microscopic theof§]. The expected , value
=40 MeV, close to the expected maximum for thefor ?"Bh should be~10 s(Q,=9.07 MeV[8], T,~5 s for
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LR N R RN IR the deformed odd-odd nucléf?111 and descendants pro-
12 1 duced in experiments at GE12] and RIKEN[13]. One can
suppose that in this region of nuclei, a noticeable transition
from spherical to deformed shapes occursZat109-111,
resulting in the complication of the level structures of these
nuclei and in an increased probability eftransitions going
through excited states. Another sign of such a shape transi-
tion might be the significant increase in the difference of
a-decay energies of the neighboring isotopes observed as the
decay chains reach=111, see Fig. 2. This assumption is in
agreement with macroscopic-microscopic calculati¢8s
The deformation paramete®, was calculated to be 0.072
and 0.138 for’®115 and®®*1.13, respectively. As the decay
chain recedes from the shell closureZzat114, the deforma-
7=103 ™ ] tion parameteiB, increases to 0.200, 0.211, and 0.247 for
o T S TR N 280111, 27%Mt, and 272Bh, respectively.
150 155 160 165 170 175 The a-decay energies of these synthesized isotopes are
Neutron number plotted in Fig. 2, in which thex-decay energies of known
odd-Z isotopes withiz= 103 together with theoretic&),, val-
FIG. 2. a-decay energy vs neutron number for isotopes of odd-|;eg [8] for nuclides withZ=103-115 are also shown. The
Z elementgqsolid circles, odd-odd isotopes; open circles, Odd‘evena—decay energies attributed to the isotopes of Mt and Bh
isotopes [12-1§. Solid lines show theoretic®, values[8]. Data  ¢nincide well with theoretical valuef8]. For the isotopes
at N=162 are from the present work. Upp@, limits for Db 279,280 11 a1283.28413 the difference between theoretical
andzssDb were calculated assuming a hindrance factor @i@les 4 experimentaD, values amounts to 0.6—0.9 MeV. Some
with arrows. part of this energy deficit can be explained by possiblay
» S ] emission from excited levels populated durirg decay.
an allowed transition which is much shorter than the inter- rys |ow-lying level structure calculations for these nuclei
val between the last observedparticle and the terminating are desirable for a more quantitative comparison with theory.
SF-event, but is much longer than the intervals between the ag g whole, the results of the present work suggest that in
observed correlated particles. A search was performed to 48c4.induced reactions one can produce and study new nu-
identify o particles withE,,>7.0 MeV correlated_ in position  jei over a wide range oZ and N. These investigations
to the observed decays. No correlated particles were  ghoyld result in significant new information on the influence
observed within an hour after the lagtdecay. In the corre- ot nyclear structure on the decay properties of superheavy
lated decay chains shown in Fig. 1, &#9articles were reg- clei.
istered using a detector with 87% efficiency, so the loss of e to the hindrance to spontaneous fission caused by the
one « particle seems_rather probable. The experimental degqq proton, these od@-nuclei can undergo consecutive
cay scheme fof®"115 is also supported by the agreement ofgecays leading to the lighter transactinide elements that have
the observed decay properties of the other nuclides in thg |arge neutron excess. The number of neutrons in such nu-
decay chain with the expectations of thegsge Fig. 2 This  ¢jides can be varied downward by using other target nuclei,
means that the SF occurs directly in the decag?@b since e.g.. 2'Am, 23'Np, or 22¥Pa. Therefore, the investigation of
the calculatedr-decay energies and EC-decay energies fofne region of nuclei located near deformed shell closdres
this isotope are rather lowmQ,=7.41 MeV [8], Qec =108 andN=162 that has been explored from tNe< 162
=1 MeV [5]) and their expected partial half-lives signifi- gjge in the cold fusion reactiorid2,13 can be approached
cantly exceed the observed time interval of 106 min. from the highN side using*®Ca-induced reactions. Note also
~ For the measured decay energies of the newly produced that the rather long lifetimes of Db isotopes permit us to
isotopes, one can estimate half-l!ves for allowed trans't'onfﬁqvestigate in more detail the chemical properties of this el-
and compare them with experimental values under th@ment, previously studied only in on-line experiments with
Geiger-Nuttall treatment using the formula by Viola andine short-lived isotopeg®:26226ph (T_=1.8's, 34 s, and
Seaborg[11]. Parameters are obtained from fits to thg o7 9 (see, e.g., Ref17] and references thergin
versusQ, values of 65 knowreven-evemuclei with Z> 82
andN>126. The ratios between experimental, and cal- We are grateful to the JINR Directorate, in particular, to
culatedT,. half-lives define the hindrance factors caused byProfessor V. G. Kadyshevsky, Professor Ts. Wlov, and Pro-
odd numbers of protons and/or neutrons in the newly synthefessor A. N. Sissakian for the help and support we received
sized nuclei. The measurdd,, values closely reproduce the during all stages of the experiment. We would like to express
calculated ones for the first two nuclei of these chains; thusur gratitude to the personnel of the U400 cyclotron and the
the element 115 and element 113 isotopes have rather lomssociates of the ion-source group for obtaining an intense
hindrance factors, if any, forr decay. For the isotopes of “éCa beam. This work was performed with the support of the
elements 111, Mt and Bh, the difference between measurgdussian Ministry of Atomic Energy and grants of RFBR,
and calculated , values results in hindrance factors of 3—10. Nos. 01-02-16486 and 03-02-06236. T#éAm target mate-
These match the hindrance factors that can be extracted foial was provided by RIAR, Dimitrovgrad, and by the U.S.
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