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Decay properties of 257No, 261Rf, and 262Rf
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In bombardments of244Pu targets with 114- and 120-MeV22Ne projectiles we detected 69a-a correlations
linking a decays of261Rf and 257No. We observed onea peak withEa58.3060.06 MeV for 261Rf and peaks
with a-particle energies 8.07–8.40 MeV for257No. The half-life of 257No was measured to be 2563 s. No
correlations were found betweena decays and subsequent spontaneous fission events, from which we calcu-
lated an upper limit of 1.5% for the fission branch of257No and estimated an upper limit of 3% for thea-decay
branch of262Rf. The cross section of the244Pu(22Ne,5n)261Rf reaction was measured to be about 4 nb at both
22Ne energies used. We also report on some results from242Pu122Ne and238U126Mg bombardments.

PACS number~s!: 25.70.Gh, 23.60.1e, 25.85.Ca, 27.90.1b
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I. INTRODUCTION

The nuclides261Rf and 262Rf were identified and gener
ally characterized in the discovery experiments~Refs. @1#
and @2#, respectively!. However, more detailed studies o
their decay properties are definitely important. First, th
nuclides are descendants of neutron-richa-decaying species
with Z,N around the predicted shell closuresZ5108 and
N5162 ~see, e.g., Refs.@3–6#!, whose existence was esta
lished in a series of experiments on identification and de
studies of the new nuclides265Sg, 266Sg, 267Hs, and273110
@2,7–9#. Since the identification of such new species is ba
on establishing genetic links between theira decay and sub-
sequenta or spontaneous-fission~SF! decays of the descen
dant nuclides, a complete knowledge of the decay prope
of the latter facilitates decay-sequence searches and pre
overlooking decay chains from heavier precursors. Seco
the N51572158 nuclides261Rf and 262Rf are, by them-
selves, close to theN5162 shell, which can significantly
influence their decay properties, especially those of262Rf
@2#.

The nuclide261Rf was characterized@1# to be ana emit-
ter with a half-lifeT1/2 of 65610 s and the maina-particle
energy group atEa58.2860.02 MeV; its identification was
based on physical separation followed by detecting
known 25-sa-decaying daughter,257No @10,11#. An upper
limit of 10% for SF branching in the decay of261Rf has been
reported @1# and an electron-capture~EC! branching of
<10% has been estimated@12# from beta half-life systemat
ics. The isotope261Rf has been repeatedly used in expe
ments performed to study the chemical properties of Rf~see,
e.g., Refs.@13–15#!. More recently 261Rf was produced in
on-line gas chromatographic studies of Rf chlorides,
which a new, presumably more accurateT1/2 value of 7826
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s has been measured@15#. In all of the previous experiments
the 261Rf was produced via the248Cm(18O,5n) reaction with
an estimated cross section of about 5 nb@1#. A common
feature of these experiments was the use of gas~He!-jet tech-
niques to purge the recoil products from the reaction cha
ber and transport them toa-counting stations, either with o
without chemical processing. Because of Pb and Bi impu
ties in the targets,a-particle spectra in theEa range of261Rf
and 257No decays were often@1,15# contaminated bya ac-
tivities, e.g., from211mPo, 212mPo, or 213Po.

Another feature which hindered previous experiments
the fact that thea energies of257No ~8.22 to 8.32 MeV
@10,11#! overlap those of261Rf; this made the two nuclides
indistinguishable bya-energy analyses with the experime
tal techniques used. Although the technique used in Ref.@1#
allowed the physical isolation of the daughtera activity on
separate detectors, there was no possibility of following
one-to-one correspondence between two consecutivea de-
cays of a particular mother-daughter pair. In Ref.@15#, the
very fact of detectinga2a correlations of261Rf to 257No
was shown, but truea2a correlations could not be disen
tangled from randoma2a chains produced by geneticall
unrelated decays from261Rf and 257No.

We report here on our experiments~presented preliminar-
ily in Ref. @9#! in which we used the technique of kinemat
separation to isolate theZ5104 recoils from transfer-
reaction products, to implant the separated recoils in
position-sensitive silicon detector, and to observe, for in
vidual a-decay events of261Rf, a subsequent time- an
position-correlateda-decay event of its genetically relate
daughter257No. Another goal of our experiments was to di
cover thea-decay branch of the even-even nuclide262Rf @2#
by searching for time and position correlations betweena
decays of 262Rf and subsequent SF events from its sho
lived spontaneously fissioning daughter258No.

The first unambiguous identification of the spontaneou
©2000 The American Physical Society07-1
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TABLE I. Summary of the bombardments of244Pu, 242Pu, and238U with 22Ne and26Mg beams. HereW
is the average target thickness,E is the beam energy in the middle of the target,E* the excitation energy of
the compound nucleus,D the total beam dose, ands the production cross section~with an estimated accurac
of a factor of;2) for the indicated nuclide.

Target W Ion E E* D Nuclide s
~mg cm22) ~MeV! ~MeV! (31018) ~nb!

244Pu 0.41 22Ne 114 46 3.1 261Rf 4.4
120 51 2.1 261Rf 3.8

242Pu 0.30 22Ne 114 45 3.8 259Rf 1.7
260Rf a 0.9

238U 0.28 26Mg 134 46 0.45 260Rf a 0.24
140 51 1.7 259Rf 1.1

238U 0.25 22Ne 117 51 1.3 255No 200b

aTentative assignment is based on literature data@12#.
bA cross section value from Ref.@20# corrected by applying the nuclear data from Ref.@12# regarding the EC
branchings in the decays of255No and 251Fm.
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fissioning isotope262Rf was reported in Ref.@2#; it was ob-
served as thea-decay daughter of266Sg. From time intervals
for six detecteda-SF correlation chains linkinga decays of
266Sg with subsequent SF decays of262Rf, the total half-life
of the ground state of262Rf was measured to be 1.220.5

11.0 s, 25
times longer than a tentative value of 47 ms ascribed to262Rf
previously @16#. The stability of 262Rf against SF decay
proved to be higher by a factor of 1022103 than that of
several nuclides with lowerZ or N values, such as258Fm,
262No, or 256Rf ~see also Ref.@17#!. This significant stability
increase for262Rf is due to a strong effect of the shell clo
suresN5162 andZ5108. The observation ofa decay of
262Rf would yield important information for improving pre
dictions of masses, shell corrections, and radioactive de
properties of unknown heavy nuclei including those in t
vicinity of N5162 andZ5108. The detection ofa decay of
262Rf would also allow the unequivocal identification o
258No, which is reported to be a spontaneously fission
nuclide withT1/251.260.2 ms@12,18#.

II. EXPERIMENTAL TECHNIQUE

To produce262Rf and 261Rf we used the complete fusio
reaction244Pu122Ne followed by the evaporation of four o
five neutrons from the compound nucleus266Rf. Beams of
22Ne projectiles were delivered by the Dubna U400 cyc
tron. We chose22Ne bombarding energies of 114 and 1
MeV, resulting in excitation energies of the compou
nucleus266Rf of about 46 and 51 MeV, respectively. Thre
plutonium targets~98.6% 244Pu, 1.1% 242Pu, and 0.3%
240Pu) with average areal densities of 0.41 mg cm22 244Pu
and a total area of 11.7 cm2 were arranged on a wheel whos
rotation was synchronized to the 150-Hz frequency of
cyclotron so that a target was exposed to the;2.2-ms beam
macropulse during each 6.7-ms beam cycle. The targets
electrodeposited on 0.70 mg cm22 Ti substrates and covere
with a 30-mg cm22 carbon layer. For calibration purpose
we performed a bombardment of238U with 22Ne projectiles.
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A summary is given in Table I, which also shows results
242Pu122Ne @19# and 238U126Mg @9,19# bombardments
~see below!.

Evaporation residues~EVR’s! recoiling out of the244Pu
targets were separated in flight from beam particles and v
ous transfer-reaction products by the Dubna Gas-filled
coil Separator, described in Ref.@21#. To set the fieldB of
the separator’s dipole magnet forZ5104 EVR’s, we used
prior measurements@2,7,19,21# of the average charge state
for slow EVR’s with Z5892104 moving in 0.7 Torr of
hydrogen, cf. Fig. 1 in Ref.@7#. The average charge states
Rf and No isotopes were calculated to be 1.9, 2.6, and 2.2
EVR’s produced in the242,244Pu122Ne, 238U126Mg, and
238U122Ne reactions, respectively. The separated EVR
passed through a time-of-flight~TOF! measurement system
composed of two~start and stop! multiwire proportional
chambers in a 1.5-Torr pentane-filled module and were
planted in a position-sensitive detector~PSD! array com-
posed of three 40340-mm2 silicon Canberra Semiconducto
detectors, each with four 40-mm high39.7-mm wide strips.
We obtained horizontal~x! positions for the reaction prod
ucts from the 12 strips and vertical~y! positions from the
40-mm high resistive layer of the detectors. Top and bott
or y-position signals from each strip were divided into a s
nal for a or implant events (;1214.5 MeV! and a signal
for SF events (;202250 MeV!. We also recorded the en
ergy of thea/implant events; we determined the total ener
of SF events by off-line summing of theiry-position signals.
With each detected energy event, we also recorded the
number, TOF information, the time inms from the beginning
of each beam pulse to eithera or implant or SF events, and
the running time in 0.1-ms intervals. The dead time of t
electronics system was'7 ms. The data were acquired i
list mode.

Alpha-energy calibrations were performed periodica
usinga emitters produced in the197Au122Ne reaction. Most
of the strips hada-energy peak full width at half maximum
~FWHM’s! of about 50–60 keV. By using known event s
7-2
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quences from the calibration reactions, we measured
FWHM y-position deviationDpos to be 1.2 mm~3% of the
strip height! for a-a sequences; fora-SF sequences we ex
pected a similar FWHMDpos value. The FWHMDpos
value for Rf EVR-a and EVR-SF correlations was estimat
to be '6 mm due to the low measured energies of
EVR’s.

We determined the detection efficiency of216Ac EVR’s
produced in the complete fusion reaction197Au122Ne, the
product of the 3n evaporation channel. Comparing the to
number of 216Ac a particles and the observed number
EVR’s correlated with them, we measured the EVR det
tion efficiency to be'75%. In this case, the initial216Ac
EVR energy of 11 MeV was reduced to;5 MeV at implan-
tation due to losses in the target, hydrogen gas and the
module. In the244Pu122Ne reaction the initial EVR energy
of 9.5 MeV was reduced to;2.5 MeV of implantation en-
ergy. Furthermore, due to the pulse-height defect of the P
array, most of the signals from theZ5104 implants were
reduced below the detection threshold set at;1 MeV.

To test the collection efficiency of the separator, we p
formed a model bombardment of238U with 22Ne, detecting
the known nuclei254,255,256No @12# implanted in the PSD. In
the a-energy range of 7.60–8.34 MeV, covering the know
a spectrum of255No, we detected a total of 1708a ’s during
out-of-beam periods. We observed about 110 correlateda-a
pairs of the254No→ 250Fm→ 246Cf chain in which mother
a decays with Ea157.97–8.18 MeV were followed by
daughtera decays withEa257.3127.52 MeV. The half-life
of the daughtera activity was calculated to be 2328

116 min
@22# in agreement with the literature value of 3063 min @12#
for 250Fm. From this we estimated thata decays of254No,
the product of the 6n evaporation channel, resulted in abo
290 detecteda ’s in the range of 7.60–8.34 MeV. We als
detected 38a ’s in the a-energy range of 8.34–8.50 MeV
belonging to the product of the 4n evaporation channel
256No. By comparing the detected yield of255No with that
calculated from the cross section value of Ref.@20#, cor-
rected by applying more recent nuclear data@12# on the EC
branchings in the decays of255No and 251Fm, the collection
efficiency was determined to be (5.421.2

11.4)%. Yields of the
products of the 4n- and 6n-evaporation channels relative t
that of the 5n channel were calculated to be 0.01620.002

10.004 and
0.1420.05

10.10, respectively, in agreement with the results giv
in Ref. @20#.

III. RESULTS AND DISCUSSION

A. Production and decay properties of 261Rf and 257No

The production of261Rf in the 244Pu122Ne reaction was
clearly observed in the energy spectra ofa particles detected
at both bombarding energies used. The group ofa particles
with Ea'8.2028.40 MeV from a decays of 261Rf and
257No was the onlya group in theEa range>7.6 MeV.
Since thea-particle spectra measured at the bombarding
ergies 114 and 120 MeV were rather similar, in Fig. 1
show the sum energy spectrum ofa particles detected by th
whole PSD array during the entire measurement time of
06430
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h. Note that mosta particles withEa below 7.6 MeV~e.g.,
211Po) originate in the decays of long-lived activities pr
duced in the 197Au122Ne reaction used for calibrations
rather than from reactions with impurities in the targets.

We conducted an off-line search for correlateda-a event
pairs with both a particles detected out of beam in th
a-energy rangeEa>7.6 MeV within the time windowDt
51800 s; they-position deviations between twoa events
were required to be within 1.2 mm. At the bombarding e
ergy 120 MeV we observed 17 correlateda-a pairs in which
mothera decays withEa158.2228.41 MeV were followed
within time intervals of 0.4–181 s by daughtera decays with
Ea258.0728.37 MeV. At the bombarding energy 114 Me
we observed 25 pairs ofa events withEa158.2528.36
MeV andEa258.2128.40 MeV, correlated within time in-
tervals of 0.2 to 129 s. Noa-a correlations were found in the
Dt range of 181–1800 s, with the exception of onea-a pair
with Ea158.83 MeV, Ea258.09 MeV, andDt5223 s,
which was observed at the bombarding energy 114 MeV
we attribute to thea-decay chain of259Rf produced in reac-
tions with the 1.1% admixture of242Pu in the 244Pu target
material. From our observations, it follows that the numb
of a-a pairs from genetically unrelateda-decay events of
261Rf and 257No is less than 0.1 within the time window o
200 s, which should be compared with the observed tota
42 a-a chains formed by genetically linkeda decays of
these two nuclides. A total of 245 single out-of-beama
events detected in theEa range of 8.06–8.42 MeV is in good
correspondence with the number of 252 singlea events from
261Rf and 257No expected on the basis of the 42 observ
a-a correlations. The correlation times measured for the
a-a chains give a maximum-likelihood half-life of 2564 s
for 257No.

We also searched for correlateda-a event pairs from the
261Rf→257No→253Fm chain, in which only one of the twoa
events was detected out of beam. To avoid a contribu
from randoma-a correlations, in this case we required th
y-position deviations between the twoa events to be within
0.5 mm; the search was made within the time windowDt
5500 s. Thea energies were allowed to vary between 8.0
8.70 MeV and 8.00–8.50 MeV for out-of-beam261Rf- and
257No-like members ofa-a chains, respectively. For in
beam events, the correspondinga energy ranges were re
stricted to 8.22–8.41 MeV and 8.19–8.40 MeV, thus lim

FIG. 1. Sum energy spectrum ofa particles detected out o
beam in the244Pu122Ne reaction at the bombarding energies 1
and 120 MeV.
7-3
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ing the Ea values to those observed for261Rf and 257No
from the 41a-a chains with botha events detected out o
beam~with the exception of a single correlation including
257No event withEa58.07 MeV!. As a result of the above
described selection, we observed an additional 27a-a cor-
relations in whicha events withEa158.2428.40 MeV were
followed within time intervals of 0.08–192 s by daughtera
decays withEa258.1928.38 MeV. From the correlation
times measured for these 27a-a chains, we obtain a half-life
value of 2025

16 s for 257No. Two a-a pairs with correlation
times above 300 s were found, indicating a possible prese
of a few random pairs among the above 27a-a correlations.

In Fig. 2 we show the distribution of time intervals from
all of the 69a-a correlations. In general, the distribution o
the measured decay times fits the decay pattern of a si
activity; however, three events in Fig. 2 show decay times
0.08, 0.21, and 0.38 s, which are several hundred tim
shorter than expected from the257No lifetime. This observa-
tion might hint at the existence of a much shorter-lived st
in 257No decaying with similara-particle energies, althoug
the limited statistics do not allow more conclusive sta
ments. Considering all of the measured decay times, we
culate a half-life of 2563 s for 257No, in agreement with the
accepted value of 2562 s @12#.

The a-particle energy spectra of261Rf and 257No based
on the observed 69 genetically linkeda decays of these two
nuclides are plotted in Fig. 3. The correlation technique u
in our work made it possible to measure for the first time
a-energy spectrum of261Rf without any contribution froma
decays of its daughter. The measureda-particle energy spec
trum of 261Rf is relatively narrow and can be well fitted by
single Gaussian curve with a standard deviations533 keV,
centered atEa58.30 MeV; from calibrations we estimate
the averageda-energy peaks value to be 2766 keV. Our
data~see Fig. 3! show noa-decays which correspond to th
8.52-MeVa events of261Rf, one observed by the GSI grou
in one of twoZ5112 decay sequences@23# and one reported
from chemistry experiments with265Sg @24#.

The a-particle energy spectrum that we measured for
cays of 257No is in good agreement with thea-energy pat-
tern observed for this nuclide in previous experiments@11#.
As shown in Fig. 3, this spectrum can be fitted by the sum
three Gaussian curves withs528 keV, defining the three

FIG. 2. Sum distribution of time intervals from correlate
261Rf→257No→253Fm a-a pairs. The calculated distribution fo
T1/2525 s is also shown.
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maina groups of257No with Ea58.24, 8.29, and 8.34 MeV
with relative intensities of 55, 26, and 19%, respective
according to Ref.@11#. Onea-decay event was detected wit
Ea58.07 MeV, implying the existence of a weaka group of
257No; this 8.07-MeVa event followed a preceding 8.34
MeV a event from 261Rf by 0.38 s. Note that lower
a-particle energies of257No, down toEa58.11 MeV, were
also observed in experiments@2,17#, although using detector
with poorer energy resolution.

We searched for correlateda-SF events with out-of-beam
a particles in the energy rangeEa>7.6 MeV and SF events
detected both out of beam and in beam. No correlations w
found within the time windowDt51000 s. They-position
deviations betweena and SF events were required to b
within 1.2 mm. On the basis of the total number ofa par-
ticles with Ea58.0628.42 MeV and 42 observeda-a cor-
relations of 261Rf and 257No, we calculated a 68% confi
dence level upper limit of 1.5% for the SF branch of257No.

B. Spontaneous-fission activities from the244Pu¿22Ne reaction
and 262Rf decay

In the reaction244Pu122Ne we detected 239 out-of- an
in-beam SF events at the22Ne energy of 114 MeV and 303
SF events at 120 MeV. Analyzing the EVR-SF correlati
time distributions, we singled out two short-lived activitie
At both energies a SF activity withT1/251.420.2

10.3 ms was
observed, being the source of about 45 events at the22Ne
energy of 114 MeV and of about 42 events at 120 Me
Another SF activity, withT1/252626

110 ms, contributed;12
and ;22 events at 114 and 120 MeV, respectively. The
numbers do not represent the complete contribution from
corresponding activities since the detection efficiency

FIG. 3. Experimentala-particle spectra of261Rf and 257No
based on the genetically linkeda decays with corresponding fitte
spectra.
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EVR’s was less than 100%. The wide distribution of the
events on the detector area also hints that the total yiel
observed activities could be higher.

One of the probable sources of the 1.4-ms SF activity
258No produced in thea4n-emission channel. Note that re
cently the product of ana3n channel,259No, was observed
in this reaction with the cross section in the range of 6.4–
nb @25# corresponding to the22Ne bombarding energies o
110.9–129.2 MeV. However, the average measured en
of the 1.4-ms recoils appeared to be two times higher t
expected for258No, ;2.3 MeV, which means;5-MeV im-
plantation energy. The spontaneously fissioning isom
244m fAm produced in transfer reactions could possibly co
tribute to this activity but, as it will be shown below, we d
not observe noticeable yield of a similarpn-transfer product
— the isomer242m fAm in the 242Pu122Ne reaction. One of
the probable sources of 26-ms SF activity is spontane
fission of 260Rf, a 6n-evaporation product, especially at th
22Ne energy of 120 MeV~see Sec. III C!. Contributions from
the decays of hypothetical spontaneously fissioningZ5104
isomers cannot be excluded; the above assignments re
somewhat speculative.

To probe thea-decay branch of the even-even nucli
262Rf we searched for correlations betweena decays of
262Rf and subsequent SF events from its short-lived spo
neously fissioning daughter258No. The theoreticalQa value
for 262Rf of '8.25 MeV@3# corresponds to a partiala-decay
half-life of approximately 200 s. For potential262Rf decays,
we considered thea-energy rangeEa57.828.5 MeV,
which corresponds to the partiala-decay half-life range of
10–3000 s@3#. We found noa-SF correlations witha par-
ticles and SF events detected both out-of- and in-be
within the time window of 10 s.

The low implantation energy ofZ5104 EVR’s in the
PSD~see Sec. II! prevented us from distinguishing SF even
of 1.2-s 262Rf and determining its yield directly from th
EVR-SF correlation data. To estimate the yield of262Rf we
used experimental ratios of 5n- and 4n- evaporation cross
sections measured at the22Ne bombarding energies close
the 4n-evaporation maximum in the reactions236,238U
122Ne @26,20#, 242Pu122Ne ~present work!, and 248Cm
122Ne @2#. From these data, we assumed the 4n-evaporation
cross section to be half of that of the 5n channel at the22Ne
energy of 114 MeV. Using these assumptions and estima
that 113 SF events from262Rf occurred, we set the 68%
confidence level upper limit at 3% for thea-decay branch of
262Rf. Both the lowa branching and the predominance of S
in the decay of262104 ~and all other even-even Rf isotope!
is a very definite prediction of theory@3–5#.

The group of LBNL, Berkeley, studied the reactio
244Pu122Ne by using the gas-jet technique coupled with
rotating wheel system@27#. No a decays correlated with SF
from 258No were observed and an upper limit of 0.8% for t
a-decay branch of262Rf was set. It should be noted that th
authors of Ref.@27# assigned all the 200 observed SF eve
with an apparent half-lifeT1/252.160.2 s and maximum
production cross section of;0.7 nb atE(22Ne)5114.4 MeV
to the ground-state decay of262Rf on the basis of excitation
06430
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function measurements. Mass and kinetic-energy distri
tions of coincident fission fragments were measured. T
possible interfering SF background, which would raise
reporteda-decay branch limit, was considered to be lo
enough to ascribe all the observed fission activity to262Rf.

C. Production of Rf isotopes in the 242Pu¿22Ne
and 238U¿26Mg reactions

We also studied the production of the Rf isotopes in
reactions 242Pu122Ne and 238U126Mg, resulting from the
same compound nucleus264Rf. One of the aims of these
experiments was to compare production and detection r
of the Rf nuclides in these two reactions in order to choo
between the22Ne- and 26Mg-induced reactions for the syn
thesis of new Sg isotopes. The22Ne beam energy was cho
sen to correspond to the maximum of the 4n evaporation
channel excitation function, and the two bombarding en
gies of 26Mg ions were chosen to be close to the expec
maxima of the 4n and 5n evaporation reactions. Correlatio
data and fission activities from these experiments are s
marized in Table II.

The well-known isotope259Rf @12#, the product of the
5n-evaporation channel, was identified by detecting 17 o
of-beama-a correlations with255No decays in the reaction
242Pu122Ne and 5a-a correlations in the238U126Mg reac-
tion. In the last case, due to higher EVR detection efficien
we also observed 22 EVR-a correlations of259Rf. Measured
cross sections of the 5n-evaporation channel for both thes
reactions are listed in Table I. Even at the lower bombard
energy, corresponding to the maximum of th
4n-evaporation channel, the cross section of t
242Pu(22Ne,5n)259Rf reaction is larger than that of th
238U(26Mg,5n)259Rf reaction at its expected peak by a fact
of approximately 1.5.

In both reactions we observed SF activities. We co
single out 22 fission events correlated with preceding EV
in the 242Pu122Ne experiment and 4 such events in t
238U126Mg reaction which show an identical half-life o
about 20–30 ms. After the end of the242Pu122Ne experi-
ment, off-line measurements were performed to look
long-lived a activities implanted in the detectors. From th
upper limit for 242Cm production, we estimated the possib
contribution from the 14-ms isomer242m fAm to be three SF
events or less. Thus the observed 20–30-ms SF act
could be tentatively assigned, based on literature data@12#, to
the spontaneous fission of260Rf, the 4n-evaporation product.
In the reaction242Pu122Ne, no correlations were found be
tween out-of-beama particles with Ea58.2528.60 MeV
characteristic of256No @12,28# and precedinga events with
Ea>7.6 MeV within a time interval of 100 s. An upper limi
of 20% follows for thea-decay branch of260Rf.

In both reactions a few SF events can be attributed t
shorter-lived activity, with a half-life of;0.1 ms. The 19 SF
events observed in the reaction238U1140-MeV 26Mg show
a half-life of 1222

14 ms and a production cross section of 0
nb. Their most probable source is the product of t
6n-evaporation channel,258Rf @12#, although a contribution
from 260Rf cannot be excluded.
7-5
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TABLE II. Summary of observations from242Pu122Ne and238U126Mg reactions.

Projectile Number of
energy correlated Measured

Reaction ~MeV! eventsa half-life Assignment

242Pu122Ne 114b 17 a-a 3.220.9
11.6 min 259Rf→255No→251Fm

114b 22 EVR-SF 2129
117 ms 260Rfc→

238U126Mg 134b 4 EVR-SF 28213
139 ms 260Rfc →

140 22 EVR-a 2.520.7
11.1 s 259Rf→

140 5a-a 5.121.6
13.8 min 259Rf→255No→251Fm

140 19 EVR-SF 1222
14 ms 258Rfc →

aThe detection efficiencies of the Rf EVR’s were about 30% in the reaction242Pu122Ne and 60% in the
238U126Mg reaction~due to higher EVR initial and, consequently, implantation energy!.
bA detector array of six Si~Au! detectors of 3-cm high3 2-cm wide without position sensitivity was
employed for these irradiations.
cTentative assignments of EVR-SF sequences are based on literature data@12#.
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IV. CONCLUSION

In bombarding 244Pu targets with 114- and 120-MeV
22Ne projectiles, we detected 69a-a correlations linkinga
decays of261Rf and 257No. The correlation technique used
our work made it possible to measure thea-energy spectrum
of 261Rf without any contribution from thea decays of its
daughter. We observed a singlea peak with Ea58.30
60.06 MeV for 261Rf. The half-life of 257No was measured
to be 2563 s. The cross section of the244Pu(22Ne,5n)261Rf
reaction was estimated to be about 4 nb at both22Ne ener-
gies. Thea-particle energies of 8.19 to 8.40 MeV that w
measured for257No are in agreement with the pattern o
served for this nuclide in previous experiments. Onea-decay
event of 257No was detected withEa58.07 MeV; this im-
plies the existence of a weaka group of 257No. No correla-
tions were found betweena decays withEa>7.6 MeV and
subsequent spontaneous fission events, from which we
culated an upper limit of 1.5% for the spontaneous-fiss
branch of 257No and estimated an upper limit of 3% for th
a-decay branch of262Rf.

In all three reactions studied we observed several SF
tivities that we could not assign to specific nuclides. O
earlier experiments on the synthesis of266Sg established un
ambiguous assignment of the ground-state SF decay of262Rf
following thea decay of the mother nucleus. Similar expe
ments can produce lighter even-even Rf isotopes that ma
tt

K.
.
.
v,
.

06430
al-
n

c-
r

be

the origin of some of the unidentified SF activities report
here. Since both262Sg and264Sg are expected to have sig
nificant a-decay branches@3–5#, their a decay should lead
to the even-even daughters258Rf and 260Rf, which are as-
signed to short-lived SF activities. The new Sg isotop
could be produced, e.g., in complete fusion reactio
242,244Pu125,26Mg or 246,248Cm122Ne with evaporation of
four, five, and probably six neutrons. These experiments
allow the first identification of the258Rf and 260Rf using
decay sequences that are correlated in position and time.
decay properties of these nuclides are important for inve
gating trends in properties of theZ5104 and 106 isotopes
with neutron numbers increasing towardsN5162.
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06430
.

.

.

.

.

-

.
.

Bethune, Phys. Rev. C40, 770 ~1989!.
@19# Yu. A. Lazarev, Yu. V. Lobanov, Yu. Ts. Oganessian, Yu.

Tsyganov, V. K. Utyonkov, F. Sh. Abdullin, G. V. Buklanov
B. N. Gikal, S. Iliev, A. N. Mezentsev, A. N. Polyakov, I. M
Sedykh, I. V. Shirokovsky, V. G. Subbotin, and A. M. Sukho
Heavy Ion Physics, Scientific Report 1991–1992~JINR Report
No. E7-93-57, Dubna, 1993!, p. 39.

@20# E. D. Donets, V. A. Schegolev, and V. A. Ermakov, Yad. F
2, 1015~1965! @Sov. J. Nucl. Phys.2, 723 ~1965!#.

@21# Yu. A. Lazarev, Yu. V. Lobanov, A. N. Mezentsev, Yu. Ts
Oganessian, V. G. Subbotin, V. K. Utyonkov, F. Sh. Abdulli
V. V. Bekhterev, S. Iliev, I. V. Kolesov, A. N. Polyakov, I. M
Sedykh, I. V. Shirokovsky, A. M. Sukhov, Yu. S. Tsygano
and V. E. Zhuchko, Heavy Ion Physics, Scientific Rep
1991-1992~JINR Report No. E7-93-57, Dubna, 1993!, p. 203;
Proceedings of the International School-Seminar on Heavy
Physics,Dubna, 1993~JINR Report No. E7-93-274, Dubna
1993!, Vol. 2, p. 497.

@22# V. B. Zlokazov, Nucl. Instrum. Methods151, 303 ~1978!;
K.-H. Schmidt, C.-C. Sahm, K. Pielenz, and H.-G. Clerc,
Phys. A316, 19 ~1984!.

@23# S. Hofmann, V. Ninov, F. P. Hessberger, P. Armbruster,
Folger, G. Münzenberg, H. J. Scho¨tt, A. G. Popeko, A. V.
Yeremin, S. Saro, R. Yanik, and M. Leino, Z. Phys. A354,
229 ~1996!.
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