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Measurements of cross sections for the fusion-evaporation reactions204,206,207,208Pb¿48Ca and
207Pb¿34S: Decay properties of the even-even nuclides238Cf and 250No
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In preparation for recent experiments on the synthesis of superheavy nuclei withZ5114 in the reaction
244Pu148Ca, we modified the Dubna gas-filled recoil separator and its detection system and carried out
bombardments of lead targets with48Ca projectiles. We studied excitation functions of the reactions
206Pb(48Ca,124n) and 204,207,208Pb(48Ca,2n). Maximum cross sections for the evaporation of 1–4 neutrons in
the complete fusion reaction206Pb148Ca were measured to bes1n560 nb, s2n5500 nb,s3n530 nb, and
s4n50.3 nb. In the bombardment of an enriched204Pb target, we simultaneously obtained excitation functions
of the 204,206,207,208Pb(48Ca,2n) reactions induced on the isotopic admixtures present in the target material. The
maximum cross sections for the evaporation of two neutrons from the compound nuclei256No, 255No, and
252No were measured to be 2.1mb, 1.3mb, and 10 nb, respectively. The spontaneously fissioning even-even
isotope250No, with a half-lifeT1/2536 ms, was identified for the first time in this experiment. In the reaction
207Pb134S, we measured the excitation function for the production of the 21-ms spontaneously fissioning
isotope238Cf, confirming our preliminary identification of this nuclide based on the results of cross bombard-
ments.

DOI: 10.1103/PhysRevC.64.054606 PACS number~s!: 25.70.Gh, 23.60.1e, 25.85.Ca, 27.90.1b
P
-
o

s

ica
lve
e
th
e-

id

do
t

es
ne
n
eu
th
nu
e
e

t-
n

its
u
he

ur-

er-

for

is an

om

s

e

of

r in
sing

-

of
lide

e
by
I. INTRODUCTION

Extensive studies of fusion-evaporation reactions of
target nuclei with48Ca projectiles have yielded valuable in
formation on the formation and subsequent deexcitation
heavy compound nuclei. A characteristic of these reaction
that the proton and neutron numbers,Z and N, in both the
target and projectile correspond to or lie near spher
shells. Moreover, the resulting compound nuclei themse
are close to the deformedN5152 shell. In this respect, th
Pb148Ca system is of special interest when considering
production of superheavy nuclei in the vicinity of the pr
dicted spherical shellsZ>114 andN>172. To reach this
superheavy region, complete fusion reactions of the actin
targets with the doubly magic48Ca projectile seem to be
optimal, providing the closest approach to this nuclear
main due to neutron excess in both reaction partners and
large mass defect of48Ca @1#.

The macroscopic component of the fission barrier of th
heavy nuclei is close to zero, so their existence is gover
largely by shell effects@2#. Thus the knowledge of trends i
the radioactive properties of No isotopes with changing n
tron number can provide information on the influence of
N5152 shell upon the structure and properties of heavy
clei. In addition, fusion-evaporation reactions of Pb isotop
with 48Ca provide more insight into the production of th
heaviest nuclei. Thus, recently the ground-state bands
254No and 252No have been identified up to spin 20 indica
ing that its fission barrier still exists at high angular mome
tum @3,4#. Further investigation of the fission barrier and
dependence on angular momentum is very important for
derstanding the mechanism of producing the heaviest s
0556-2813/2001/64~5!/054606~8!/$20.00 64 0546
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stabilized nuclei since the fission barrier governs their s
vival probability.

The Pb148Ca reactions have been investigated by diff
ent groups for more than 20 years@5–13#. For the Pb
148Ca system, the largest amount of experimental data is
the 208Pb(48Ca,2n) reaction@6–13#, yet even in this case the
discrepancy in measured maximum cross section values
order of magnitude~see, e.g.,@6–8#!. The evaporation resi-
dues following the emission of one and three neutrons fr
the 256No compound nucleus were observed in@6,8,11–13#.
In the 206Pb148Ca reaction, evaporation of two neutron
from the 254No compound nucleus was observed in@5,8,11#,
while the 3n evaporation product251No was observed only
in @8#. As for the reaction207Pb148Ca, the 3n channel was
reported in @5#. No experimental data is available on th
reaction of 48Ca with 204Pb.

In this paper, we report the results from bombardments
various stable Pb nuclides with48Ca, experiments which
were performed at the Dubna Gas-filled Recoil Separato
preparation for the synthesis of superheavy elements u
the reactions244Pu148Ca and248Cm148Ca @1#. We studied
the fusion-evaporation reactions206Pb(48Ca,124n) and
204,206,207,208Pb(48Ca,2n) with special attention to the radio
active properties of the even-even nuclides252No and 250No.
We also present the results of an experiment with the207Pb
134S reaction, confirming the original assignment
the lightest spontaneously fissioning even-even nuc
238Cf @14#.

II. EXPERIMENTAL TECHNIQUE

Beams of34S and 48Ca projectiles were delivered by th
Dubna U400 cyclotron. The projectile energy was varied
©2001 The American Physical Society06-1
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extracting the beam from the appropriate radius. The valu
the beam energy was determined by measuring the ene
of scattered ions and by a time-of-flight technique. Target
isotopically enriched material were arranged on a rotat
wheel to reduce heat and radiation damage by the be
Experiments were performed with either pulsed or conti
ous cyclotron beams. For the pulsed-beam experiments
beam was modulated with a 150 Hz frequency so that tar
were exposed to the;2.2 ms beam pulse during eac
;6.7 ms beam cycle. Targets of207Pb ~93.2% 207Pb, 5.41%
208Pb, 1.39% 206Pb), 206Pb ~95.9% 206Pb, 1.34% 208Pb,
2.76% 207Pb), and204Pb ~53.5% 204Pb, 15.9%208Pb, 11.0%
207Pb, 19.6%206Pb) with average thicknesses of 0.70, 0.3
and 0.20 mg/cm2, respectively, were deposited by evapo
tion in vacuum on;0.55 mg/cm2 Cu substrates.

The Dubna Gas-filled Recoil Separator@15# was em-
ployed to separate in-flight evaporation residues~EVRs! re-
coiling out of the targets from beam particles, scattered io
and transfer-reaction products. To set the magnetic field
the separator’s dipole magnet for collecting specific EVRs
the focal-plane detectors, we used our measurements o
average charges of slow atoms moving in;1 Torr of hydro-
gen @16#. The separated EVRs passed through a time
flight ~TOF! measurement system composed of two~start
and stop! multiwire proportional chambers in a;1.5-Torr
pentane-filled module and were implanted in a positio
sensitive detector array. The latter was composed of th
40340 mm2 silicon detectors, each with four 40-mm-hig
and 9.7-mm-wide strips. We obtained horizontal positions
the reaction products from the 12 strips and vertical positi
from charge-splitting in the 40-mm-high resistive layer of t
detectors. Compared with our previous design, the detec
system was modified to improve both the detection e
ciency and background conditions@17#.

The 252No EVRs produced in the206Pb148Ca reaction at
the excitation-function maximum had an initial energy
;41 MeV, which was reduced to;24 MeV @18# at im-
plantation due to energy losses in the target, hydrogen,
pentane media. Since the corresponding implantation d
of EVRs in silicon (;1 mg/cm2) is considerably lower than
the a-particle range, the detection efficiency fora particles
by the focal-plane detectors is about 54% of 4p. To detect
escapinga ’s, a set of eight detectors of similar type, witho
position sensitivity, was mounted in a boxlike array arou
the perimeter of the focal plane detectors. Employing th
side detectors increaseda-particle detection efficiency
to ;87%.

Some of the detector background is produced by lo
ionizing particles, e.g., protons,a ’s, etc., which with some
probability pass through the separator and reach the f
plane. These particles with ranges exceeding the focal-p
detector thickness of 300mm are detected by the TOF sy
tem with low efficiency. An array of three detectors of th
same dimensions, without position sensitivity, was added
mm behind the focal-plane detectors. With these back de
tors, we measured energy losses or residual energies of
ticles that passed through the focal-plane detectors. This
lowed identification of thep, 2H, 3H, and a particles and
measurement of the corresponding energy spectra. Emp
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ing the extra back detectors in ‘‘veto’’ mode suppressed
background in the focal-plane detectors when measuring
in-beama-particle spectra.

a-energy calibrations were performed usinga emitters
produced in thenatYb148Ca reaction. Most of the strips o
the focal-plane detectors had ana-energy peak resolution o
30–38 keV FWHM. Whena particles escape the focal-plan
detectors at varying angles they lose correspondingly a v
able amount of energy traversing the detector’s dead la
the entrance window, and the pentane that fills the detec
module. Thus, the strips of the side detectors generally
poorera-energy resolution, with a peak FWHM of 90–16
keV. By using known event sequences from the products
the natYb148Ca and206Pb148Ca reactions, we measured th
FWHM position deviationDpos to be 1.0 mm fora-a se-
quences, 1.021.5 mm for No EVR-a and 0.721.3 mm for
No and Cf EVR spontaneous fission~SF!.

The collection efficiency of the separator was estima
using the codeANAMARI @19#. This computer code is base
on the Monte Carlo technique. It is used to generate E
events and calculate their trajectories in the separator and
corresponding spatial distribution at the focal plane. It a
counts for reaction kinematics, energy losses, and mult
scattering in the target and the separator fill gas, equilibri
charge states of EVRs, and the magnetic-optical system
the separator. The calculations successfully reproduce
distributions of EVRs on the focal-plane detectors and th
collection efficiencies for numerous reactions studied.
used collection efficiencies of 45% and 30% when calcu
ing the cross sections of the reactions Pb(48Ca,xn)No and
207Pb(34S,3n)238Cf, respectively. We estimate that using th
calculated efficiency values could systematically shift t
measured cross sections within630% @19#.

III. RESULTS

A. Cross sections of the fusion-evaporation reactions
204,206,207,208Pb¿48Ca and the SF decay of even No isotopes

Cross sections for producing2502254No from 204Pb and
206Pb targets were measured at48Ca beam energy ranges o
213.52219.4 MeV and 213.72242.5 MeV, respectively.
Energy losses of48Ca ions in the entrance window~1.34
mg/cm2 or 0.71 mg/cm2 of Ti!, target backing, and targe
material were calculated using data in@20#. The systematic
uncertainty in bombarding energy at the middle of the tar
was;1%. Production cross sections for2512254No were cal-
culated using the spectroscopy data of@21,22# and the data of
the present work for250No ~see below!. The experimental
fusion-evaporation cross sections for the reactio
206Pb(48Ca,124n) and 204,206,207,208Pb(48Ca,2n) are pre-
sented in Fig. 1 and Table I. The error bars represent st
tical uncertainties; uncertainties in knowing the decay pr
erties of the synthesized nuclei and detection efficiencies
target thicknesses and isotopic compositions, as well a
determining beam doses.

An enriched206Pb target was used to study the evapo
tion of 124 neutrons from the254No compound nucleus
The 2n-evaporation product252No was identified by detect
6-2
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MEASUREMENTS OF CROSS SECTIONS FOR THE . . . PHYSICAL REVIEW C 64 054606
ing a particles of known energies, correlations with thea
decays of the daughter248Fm, and correlations ofa particle
and spontaneous fission events with the known half-life re
tive to the EVR implantation time. The estimated contrib
tions due to207Pb(48Ca,3n) and 208Pb(48Ca,4n) reactions on
target impurities did not exceed a few percent at the co
sponding cross section maxima~see, e.g.,@5,13#! and were
ignored in calculating the 2n cross section. The maximum
cross section of 515247

180 nb was measured at 217.1 MeV fo
the reaction206Pb(48Ca,2n)252No; the average cross sectio
value of five measurements at 217–218 MeV w
489221

131 nb.
In the present series of experiments, we detected a tot

more than 104 decays of252No. From the sum distribution o
the EVR-a and EVR-SF correlations, we obtained a half-li
of 2.4460.04 s for the decay of252No. This agrees with the
reported values:T1/252.3060.22 s @21,24#, 2.2520.16

10.18 s
@11#, and 2.4460.12 s@25#. Assuming the electron captur
~EC! branchbEC>50% of 252Md, we set the upper limit for
the EC branch of252No at 10%~68% confidence level!. The
spontaneous-fission branch,bSF5(32.260.5)%, which fol-
lows from the present data, is somewhat higher thanbSF
5(26.961.9)% or (21.664.2)% reported in@24,26#, re-
spectively. The corresponding partial SF half-life,TSF

FIG. 1. Experimental cross sections of the reactio
204,2062208Pb(48Ca,2n) ~upper panel a! and 206Pb(48Ca,124n)
~lower panel b!. Excitation energiesEmin corresponding to the Bas
barriers@23# for 204,206,207,208Pb148Ca reactions are shown by up
ward arrows. Results of the statistical model calculations are sh
by solid lines. Calculated cross sections of the react
206Pb(48Ca,4n)250No with damping factors of 0.05, 0.061, and 0.0
MeV21 are shown by dashed, solid, and dotted lines, respectiv
05460
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57.5660.15 s, is included in the systematics presented
Fig. 2. For 248Fm, we obtainedT1/2532.961.8 s froma-a
correlations with252No, in agreement with@21#.

We identified251No by the known energies ofa particles
correlated witha decays of the daughter247Fm, taking into
account its half-life. At 226.2 MeV bombarding energy, th
cross section of the206Pb(48Ca,3n)251No reaction reaches its
maximum of 3027

19 nb.
In determining cross sections for the reacti

206Pb(48Ca,1n)253No, contributions from the 2n products of
the reactions with admixtures of207Pb and208Pb appeared to
be considerable. The contribution from the reacti
207Pb(48Ca,2n)253No was determined from our experiment
measurement of the excitation function and the certified i
topic composition of the target material. We also conside
the fact that thea-particle spectrum of253No overlaps the
8.1-MeV line of 254No @22#, while the corresponding half
lives differ by a factor of less than 2. To account for th
contribution from 254No, we used our measured excitatio
function 208Pb(48Ca,2n)254No together with that from
@12,13#. Impurities contributed as much as 50% of th
a-particle yield of 253No at the 1n reaction maximum. Mak-
ing the appropriate corrections, we obtained a maxim
cross section of 58217

116 nb for the reaction
206Pb(48Ca,1n)253No at 217.4 MeV.

Analyzing the EVR-SF correlations detected in the bo
bardment of the206Pb target with48Ca ions at higher ener
gies, close to the expected cross section maximum of
4n-evaporation channel, we isolated a new short-lived
activity. We observed three correlated EVR-SF events
237.7 MeV 48Ca beam energy and seven events at 24
MeV. The resulting half-life measured for these ten eve
was T1/252626

112 ms. In the same irradiations, we observ
about 120 SF events from the decay of252No. The number of
decays this contributed to the 26-ms activity was less than
0.006 for the fraction of the distribution of 2.44-s252No SF
events with short decay times. The short-lived activity w
not observed at lower bombarding energies. Both the p
tion of the excitation function and maximum cross secti
value for its production agree well with those expected
the 206Pb(48Ca,4n)250No reaction. Thus, the most probab
origin of this new activity is the spontaneous fission of eve
even nuclide250No. With the measured half-life value o
250No, we set a cross section of 0.2620.13

10.19 nb for the reaction
206Pb(48Ca,4n) at 242.5 MeV.

With the 84ms dead time of the electronics system, u
certainty in the radioactive-decay properties of250No could
significantly influence estimates of the206Pb(48Ca,4n) reac-
tion cross section. Spontaneous fission as a predominan
cay mode andT1/25250650 ms are reported for250No in a
single paper@29#. With the aim of determining more accu
rately the properties of250No, we irradiated an enriched
204Pb target with48Ca ions at energies covering the ran
expected for the peak of the 2n reaction. One sequence wit
a correlation time of 143ms was detected atE(48Ca)
5213.5 MeV, seven at 216.7 MeV withT1/2541211

124 ms,
and three at 219.4 MeV (T1/2539214

147 ms). The sum distri-
bution results in a half-life of 46211

119 ms. For the 21 events

s

n
n

y.
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TABLE I. Summary of measured fusion-evaporation cross sections.

Reaction Laboratory Excitation Cross section
energy energy ~nb!

~MeV! ~MeV! 1n 2n 3n 4n

48Ca1208Pb 213.5 19.6 18702330
1430

216.7 22.3 20502340
1460

219.4 24.4 11902230
1290

48Ca1207Pb 213.5 19.8 6702450
1460

216.7 22.4 13102410
1430

219.4 24.6 7106370
48Ca1206Pb 212.7 19.8 29229

125 100215
120

213.5 20.4 308273
188

216.7 23.0 5002100
1110

217.0 23.2 488245
176

217.1 23.3 515247
180

217.4 23.6 58217
116 489221

131 <0.9
218.1 24.1 475244

174

219.4 25.2 327275
191

219.9 25.7 54237
138 325243

161

223.9 28.9 <15 166228
137 7.924.3

17.9

226.2 30.7 56211
114 3027

19

233.5 36.6 3.820.9
11.9 1828

19

237.7 40.0 1.5220.34
10.43 1.7060.25 0.1120.07

10.12

239.1 41.2 1.720.7
11.0 3.721.2

11.7 <0.24
242.5 43.9 1.3720.21

10.20 1.5320.28
10.30 0.2620.13

10.19

48Ca1204Pb 213.5 20.6 3.423.2
18.8

216.7 23.2 13.226.7
110.1

219.4 25.4 9.626.4
111.3

34S 1207Pb 160.5 26.1 0.1220.07
10.13

164.3 29.4 0.8220.21
10.27

167.2 31.8 1.3620.33
10.45

167.3 31.9 1.5720.25
10.32

169.3 33.7 3.121.0
11.2

169.7 34.0 2.6220.57
10.73

176.7 40.1 2.1020.49
10.62

180.2 43.0 0.3520.14
10.22
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including those observed in the206Pb148Ca reaction, the
half-life is 3626

111 ms. In the same irradiations, we observ
about 270 SF events from the decay of252No produced from
the 206Pb isotope present in the target material. The poss
background contribution to the observed 36-ms activity due
to 252No SF events that could be detected with short de
times is less than 0.02. The corresponding excitation ener
of the 252No compound nuclei produced at the three be
energies were 20.6, 23.2, and 25.4 MeV, respectively, ca
lated with mass values of@30#. These cover the energy rang
expected for the204Pb(48Ca,2n) reaction. The observed en
ergy dependence of the yield of the 36-ms SF activity fol-
lows the excitation functions of the2062208Pb(48Ca,2n) re-
actions measured in the same irradiation. The latter w
obtained by detecting2522254No produced from the isotopic
admixtures in the target material and agree well with
available experimental data. The corresponding EVRs
characterized by implantation energy, time of flight, a
05460
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ionic charge, which are in accord with those measured sim
taneously for the known EVRs withZ5102. Finally, the
lower yield of this activity as compared with the other N
isotopes produced via 2n evaporation reactions, its deca
mode, and its half-life are consistent with those expected
250No. In particular, spontaneous fission with a 14ms half-
life has been predicted for250No @31#, which is in excellent
agreement with this experimental result. On this basis,
assign the observed SF activity to the decay of the neut
deficient even-even nucleus250No produced in the reaction
204Pb(48Ca,2n) with a maximum cross section of 9.524.9

17.6 nb
at 216.7-MeV~see Figs. 1 and 2!. The partiala-decay half-
life of 250No is calculated from systematics to be about 0.
@32#, which corresponds toba; 231024.

In experiments with the204Pb target, we simultaneousl
obtained excitation functions for the206,207,208Pb(48Ca,2n)
reactions induced on the substantial isotopic admixtures
the target material. The maximum production cross sec
6-4
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of 252No was measured to be 5002100
1110 nb, which agrees both

with the data of previous experiments and of our pres
measurements with206Pb. Overlapping of the253No and
254No a-particle spectra was taken into account when
determined the yields of these isotopes. The indepen
yield of 254No was calculated from the number of detecteda
particles of its daughter 250Fm taking into account
a-branching values of (9565)% @21# and 90%@6,10,21# for
250Fm and 254No, respectively. The corresponding contrib
tion was subtracted from the suma spectrum of253No and
254No to obtain the253No fraction. We obtained a maximum
cross section of 20502340

1460 nb for the 208Pb(48Ca,2n)254No
reaction, in good agreement with data of@11–13#, and
13102410

1430 nb for the reaction207Pb(48Ca,2n)253No.

B. Production of 238Cf
238Cf was originally produced in experiments employin

a rotating wheel system and was identified through the c
bombardments2082206Pb134S and 206Pb136S @14#. This
identification was corroborated in the present experime
with the gas-filled recoil separator. We used the react
207Pb134S, which gave a maximum yield of the SF activi
with T1/252162 ms according to@14#. The 34S-beam en-
ergy range of 160.5– 180.2 MeV corresponded to excita
energies of the241Cf compound system ranging from 26.1
43.0 MeV. We detected about 260 SF events position co
lated with EVR implants, with a half-life T1/2

521.121.7
11.9 ms, in agreement with the value given in@14#.

The corresponding excitation function, which agrees w
with that expected for the reaction207Pb(34S,3n)238Cf, is
presented in Fig. 3 and Table I. The measured maxim

FIG. 2. Partial SF half-lives of even-even nuclei withZ598 to
106. Experimental data are taken from Refs.@14,21,22,27,28#. Solid
symbols show the data of the present work for238Cf and 250No.
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cross section of 3.121.0
11.2 nb exceeds the value reported

@14#, yet both results are consistent within experimental u
certainties.

The partiala half-life for 238Cf can be estimated from the
mass calculations of@30,33#, which give similarQa values
of 7.975 and 7.95 MeV, respectively. With these values,
cording to the formula of Viola and Seaborg with paramete
from @32,33# defining the relation betweenTa and Qa , we
obtainTa;10 s and, therefore,ba;231023.

IV. DISCUSSION AND CONCLUSIONS

In the present work, we performed a systematic study
the production of No isotopes via206Pb(48Ca,124n) reac-
tions in the excitation energy rangeE* 519.8– 43.9 MeV
and in 204,207,208Pb(48Ca,2n) reactions atE* >20– 25 MeV.
Note that excitation functions for the fusion-evaporation r
actions 204,207Pb(48Ca,2n), 206Pb(48Ca,1n), 206Pb(48Ca,3n),
and 206Pb(48Ca,4n) were measured for the first time.

Cross sections for producing evaporation residues
complete-fusion reactions of stable lead isotopes with
various projectiles40Ar ~2 and 3n evaporation channels!,
48Ca (2n channel!, and 50Ti ~1 and 2n channels! versus the
number of neutrons in the compound nuclei are shown
Fig. 4. For the Pb(48Ca,2n) reactions, we note that changin
the 208Pb target to206Pb and then to204Pb results in a de-
crease of maximum cross section by a factor of;4 and 40,
respectively~see Table I and Figs. 1 and 4!. Similar behavior
of fusion-evaporation cross sections is observed in

FIG. 3. Excitation function of the reaction207Pb(34S,3n). The
Bass barrierBfus @23# is shown by an open arrow. The line is draw
to guide the eye.
6-5
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50Ti-induced reactions with Pb isotopes, which lead to
compound nuclei with the same neutron numbers. React
induced by the doubly magic48Ca show EVR production
cross sections that are two orders of magnitude higher
the corresponding values for the reactions with40Ar and 50Ti
ions. A drastic drop in the cross sections for produc
neutron-deficient EVRs in the reactions of Pb isotopes w
40Ar, 48Ca, and 50Ti projectiles demonstrates an essent
effect of neutron number in compound nuclei and the
formed shellN5152, which still manifests itself in the ex
cited nuclei.

Experimental cross sections for th
204,2062208Pb(48Ca,xn) reactions were analyzed with a stati
tical model. To calculate the cross sections for the format
of No compound nuclei we used experimental data on
yields of fission fragments in the reaction208Pb148Ca,
corresponding to the excitation energy range of 14–
MeV @38#.

In determining the survivability of the No EVRs withA
5250– 254, we used experimental and calculated neu
binding energiesBn and calculated values of the fission ba
riers Bf . Neutron binding energiesBn in the No isotopes
with N51482154 are in the range of 5.9–8.4 MeV@21,30#.
Fission barriers were determined as

Bf~E* !5BLD2dW•exp~2gd•E* !. ~1!

HereBLD is the liquid-drop fission barrier, calculated in@39#
to be about 1 – 1.2 MeV for the No isotopes under cons
eration,dW is the shell correction to the ground state pote

FIG. 4. Cross sections of fusion-evaporation reactions of sta
Pb isotopes with various projectiles:40Ar (2n and 3n evaporation
channels!, 48Ca (2n channel!, and 50Ti (1n and 2n channels! ver-
sus neutron number of compound nuclei. For the reactions w
40Ar, the data of Refs.@34,35# are shown, where the excitatio
functions of the 206,208Pb140Ar→2,3n reactions were measure
with the same setup, and for the reaction207Pb(40Ar,3n), an aver-
aged value from@36# is shown. Cross section values of@37# were
multiplied by a factor of 2 to bring these in correspondence w
later results of the same authors for the reactions208Pb150Ti
→1,2n @22#.
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tial energy as given in@40#, andgd is the damping paramete
used to describe the weakening of shell effects in the nuc
level density with an increase of the excitation ener
E* @41#.

Results of the calculations for the reactio
204,2062208Pb(48Ca,2n) and 206Pb(48Ca,124n), are presented
in Figs. 1~a! and 1~b!, respectively, together with our mea
sured EVR production cross sections. The values of the s
corrections for2502256No given in@40# and damping param
etergd50.061 MeV21 that were used for calculating fissio
barriers agree well with the experimental data and allow
to describe our measured cross sections adequately wit
introducing extra parameters.

Shell effects and their damping with increased excitat
of the compound nucleus largely determine production pr
abilities of the investigated evaporation residues2502254No.
As Fig. 1~b! shows, the cross section of the 4n channel at
E* .35 MeV is very sensitive to the value of the dampin
factorgd . Varying gd by 620% results in a variation of the
cross section by a factor of 10. The same effect can be
served if the shell correction is varied by61 MeV. There-
fore, analysis of the present data defines the values ofgd ,
dW and other model parameters quite stringently.

The production of No isotopes in the reactio
Pb(48Ca,xn) can be considered as a precursor to the stud
the synthesis of heavier nuclides, in particular, of the sup
heavy elements. In complete fusion reactions of48Ca projec-
tiles with actinide targets like244Pu or 248Cm, the super-
heavy nuclides with Z5114,116 are produced in
3,4n-evaporation channels@1#. Here, the primary states o
the compound nuclei with the excitation energiesE*
'30– 40 MeV and their subsequent deexcitation have m
in common with the studied No isotopes, whose survivabi
also is largely determined by the existence of nuclear s
effects. From this viewpoint, the results of the present stud
can be helpful for refining the theoretical calculations of t
production of superheavy nuclei in fusion-evaporation re
tions of actinide targets with48Ca projectiles.

As for the decay properties of the investigated nuclid
we summarize as follows: In the reaction207Pb134S, we
studied the production of the 21-ms SF activity, which w
previously assigned to the even-even isotope238Cf @14#. The
yield of the 21-ms activity and its dependence on t
34S-beam energy agree well with what could be expected
the evaporation of three neutrons from the compou
nucleus. Thus, our observations confirm our prelimina
identification of 238Cf @14#. The new neutron-deficient even
even nuclide250No produced in the reactions204Pb(48Ca,2n)
and 206Pb(48Ca,4n) undergoes spontaneous fission with t
half-life of 3626

111 ms. The partial SF half-lives of even-eve
nuclei withZ598 to 106 are shown in Fig. 2. The half-life o
250No (N5148) synthesized in our experiments is about
3108 times shorter than the partial SF half-life of254No
(N5152). In the No isotopes, the effect of the closed ne
tron shellN5152 on the spontaneous-fission half lives a
pears to be the strongest of all the known even-Z nuclei. This
fact can apparently be explained by a rapid disappearanc
the macroscopic part of the fission barriers with decreasinN

le
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and, accordingly, by an increased influence of the shell
fects on the stability of No nuclei compared with lower-Z
elements@2#. The considerable decrease of the SF half-liv
of Fm and No isotopes while moving away from theN
5152 shell to lower or higher neutron numbers was
plained in @42# by the lowering of the outer fission barrie
below the ground state.
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