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Abstract. Heavy-ion fusion reactions 48Ca + 204Pb and 44Ca + 208Pb leading to the same compound
nucleus 252No∗ were run in attempts to produce new neutron-deficient spontaneous-fission isotopes of
249,250No using the electrostatic separator VASSILISSA. Production cross-sections for the spontaneous-
fission activities with the half-lives 5.6 and 54 µs observed in these reactions are compared with the mea-
sured ones for the well-known isotopes of 251−255No formed in the heavy-ion fusion reactions 48Ca + 206Pb
and 48Ca + 208Pb. The obtained excitation functions for the reaction products formed after the evapora-
tion of 1–4 neutrons from the corresponding compound No nuclei have been compared with similar data
obtained earlier and results of statistical model calculations.

PACS. 21.10.Dr Binding energies and masses – 23.60.+e Alpha decay – 25.70.-z Low and intermediate
energy heavy-ion reactions – 25.85.Ca Spontaneous fission

1 Introduction and motivation

In the region of transfermium elements, where the macro-
scopic component of fission barriers decreases to zero,
the nuclear shell structure acquires special importance for
the nuclear stability. Experimentally, the influence of the
N = 152 subshell on the spontaneous-fission (SF) half-
lives is strikingly manifested for the even Cf, Fm and
No isotopes (fig. 1). Recent discoveries of the neutron-
deficient SF isotopes of 237,238Cf [1], 254Rf [7] and 250No [2]
show that nuclear stability decreases very rapidly with
distance off N = 152 to the neutron-deficient side. The
drastic fall in the half-life values on both sides off the
subshell was explained by a decrease in the outer fission
barrier below the ground state [10,11]. Later, a different
explanation of this phenomenon which is connected with
the lower inertia was proposed [12]. These early calcula-
tions [11,12] gave no enhancement in the fission stability
near the next deformed shell at N = 162, later revealed
experimentally [13,14] and theoretically [15–18]. Despite
remarkable progress in the calculations, the accuracy in
the predicted half-lives still leaves much to be desired,
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particularly in respect to the predictions for odd nuclei
and their use in planning the experiments.

In this regard, a linear (in log scale) extrapolation (see
fig. 1) shows that synthesis of the next even isotope of No
with N = 146 becomes questionable. At the same time,
the data for the odd nuclei show a remarkable increase in
their stability due to the effective growth of their fission
barriers caused by an odd neutron. The increase in sta-
bility for odd nuclei is usually expressed by a hindrance
factor in relation to neighboring even nuclei. For the con-
sidered region this factor is close to 104. It allows us to
hope that 249No can be detected using the VASSILISSA
recoil separator [19].

Fusion-evaporation reactions of 44,48Ca with Pb tar-
get nuclei seem to be the most suitable for synthesizing
the neutron-deficient isotopes of No. These reactions oc-
cupy a special place among the so-called “cold”-fusion
reactions induced by lighter and heavier projectiles. In-
vestigations undertaken by different groups [2,20–26] dur-
ing more than 20 years have led to compatible results in
the measured cross-section values for evaporation residues
(ER) produced in these reactions. The obtained values
are about two orders of magnitude higher than those for
Rf isotopes with the same neutron numbers produced in
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Fig. 1. Partial SF half-lives for even-even and even-odd nu-
clei from Cf to Sg. Experimental data are taken from [1,2]
(237,238Cf, 250No), [3] (251No), [4–6] (262Rf, 266Sg), [7]
(253,254Rf, 258Sg), [8] (262Sg) and [9] (for the rest of the nuclei).

the 50Ti + Pb reactions [7]. Moreover, these values are
greater than those for Fm isotopes with smaller neu-
tron numbers produced in the 40Ar + Pb reactions [27–
29]. The latter can be explained by the difference in
the compound-nucleus (CN) excitation energy at the fu-
sion (Bass) barrier [30], E∗

CN(BBass), which leads to an
extra-step in the evaporation cascade for the 40Ar + Pb
reactions (E∗

CN(BBass) ∼ 30 MeV) in comparison with
E∗

CN(BBass) ∼ 20 MeV for the 48Ca + Pb reactions [31].
Our preliminary analysis shows that a similar situation
should be the case in the 48Ca + 204Pb (E∗

CN(BBass) =
22.8 MeV) and 44Ca + 208Pb (E∗

CN(BBass) = 30.4 MeV)
reactions planned to be used for the synthesis of the
neutron-deficient No isotopes.

One has to keep in mind that 48Ca + Pb reactions
lead to the production of No isotopes around the deformed
neutron shell at N = 152. The influence of this subshell is
clearly manifested in the cross-section values for No iso-
topes produced in “hot”-fusion reactions of 12,13C with
Cm target nuclei [32]. In fig. 2 these data are shown as a
function of the neutron number of the produced nucleus
(ER). The available data on the production of No isotopes
in the 48Ca + Pb reactions [2,25,26] reveal the same ten-
dency as we have seen in the same figure.

So, the nuclear shell structure is of special importance
not only for the stability of nuclei in their ground state,
but also for their survival in complete fusion reactions.
In this regard, a strong deviation of the measured
cross-section for 250No produced in the 204Pb(48Ca, 2n)
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Fig. 2. Cross-section values at the maxima of the excitation
functions for the production of No isotopes in the 48Ca + Pb
[2,25,26] and 12,13C + Cm [32] reactions as a function of the
neutron number of produced nuclei (ER). Tendencies in the
change of the dependences at crossing the N = 152 subshell
are shown by straight lines drawn to guide the eye through the
points corresponding to the same evaporation channel.

reaction [2] from the extrapolated value has attracted our
attention.

In the present work, we report on the results obtained
in experiments aimed at the synthesis of the neutron-
deficient 249,250No nuclei using the 48Ca + 204Pb and 44Ca
+ 208Pb reactions. The 48Ca + 206Pb and 48Ca +208Pb
reactions used for tests of the new detector system and
calibrations are also considered here and compared with
previously obtained results in the course of the analysis of
the cross-section data.

2 Experiment

Beams of 44,48Ca were delivered by the FLNR Dubna
U400 cyclotron. Enriched Ca material was used for load-
ing the ECR-4M ion source. A continuous beam was
used in the experiments. The intensity of the beam pass-
ing through the separator targets was typically (0.8–
1.5)×1012 s−1.

The projectile energy was varied by extracting the
beam from the appropriate radius of the cyclotron and
with the use of Al and Ti degraders installed in front of the
target. The beam energy was determined by measuring the
energy of the ions scattered at 30◦ in a thin (200 µg/cm2)
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Au foil and with a time-of-flight technique. The measured
energy spread of the scattered ions was ∼ 1% (FWHM).

Enriched lead materials were used for the preparation
of the targets, the material enrichment in % was as fol-
lows: 204Pb – 99.6 (206Pb – 0.35, 207Pb – 0.02 and 208Pb
– 0.03), 206Pb – 97.0 (207Pb – 1.96 and 208Pb – 1.02),
208Pb – 97.2 (206Pb – 1.0 and 207Pb – 1.8). Two targets of
206Pb and 208Pb with average thicknesses of 205 µg/cm2

and 245 µg/cm2, respectively, were fabricated by evapora-
tion of metal onto the 0.8 mg/cm2 Al backing foils. Two
targets of 204Pb and 208Pb with average lead thickness
of 230 µg/cm2 and 350 µg/cm2, respectively, were fabri-
cated by chemical precipitation of a PbS compound onto
the 0.74 mg/cm2 Ti backing foils. Each target consisted
of six arc segments, 5 cm2 in area with an angular exten-
sion of 60◦ and an average radius of 60 mm. The segments
of the same isotope and quality were mounted on a disk
rotating perpendicularly to the beam direction.

The produced evaporation residues were separated
in flight by the VASSILISSA electrostatic separator [19].
The time of flight of ER through the separator was
about 2 µs. The separator was upgraded to provide an
additional suppression of unwanted reaction products
and ensure the mass resolution within (1.5–2)% for the
heaviest nuclei with masses in the region of 250–300 amu
[33]. A new dipole magnet with a deflection angle of 37◦
degrees, was installed behind the separator instead of the
old 8◦ magnet.

For the registration of heavy ER in the focal plane
of the dipole magnet, a new system with a 32-strip de-
tector assembly, 60×120 mm2 in size, and surrounded by
backward detectors was developed. Each strip in the fo-
cal plane assembly is position sensitive in the longitudi-
nal direction. The position resolution along each strip was
measured using the test 48Ca + 174,176Yb and 48Ca +
206,208Pb reactions. The value of 0.5 mm (FWHM) was
obtained for sequential α-α decays, 0.8 mm for ER-α and
1.0 mm for ER-SF events. These values were obtained
for energies of the implanted ER in the range from 4 to
15 MeV. A typical energy resolution of about 20 keV for
the focal plane detector was obtained for α-particles in
the energy range from 6 to 9 MeV. In the case of back-
ward detectors, we obtained the energy resolution of about
150 keV. The reason for that is a broader range of energy
losses for escaping α-particles hit into the backward de-
tectors over a wide range of angles.

In our data acquisition system each recorded event
corresponds to the energy, position and time of a sig-
nal arising inside the detector. All the analog signals were
coming to the 8-channel multiplexers and after that were
converted by ADCs independently for the ER-, α- and
SF-signals. Thus, the dead time between ER and SF de-
tection was close to zero. The time differences between the
consequent ER-, α- and/or SF-events of the decay chain
were measured within a coincidence time of 1 µs, corre-
sponding to the accuracy of time counters and shaping
time of amplifiers. The data transfer and acquisition sys-
tem of VASSILISSA were described earlier in detail in [34].

3 Results and discussion

3.1 SF decay properties of the neutron-deficient
249,250No isotopes

3.1.1 The 48Ca + 206,208Pb reactions

The 206,208Pb targets were used to check the transmission
of the separator, as well as for energy and position cali-
brations of the focal plane detector assembly. In the 48Ca
+ 206Pb reaction, at the beam energy of Elab = (210.5
± 2.1) MeV (here and below we mention the value at the
half-thickness of the target) 74 ER-SF and 54 ER-α events
were detected and assigned to the decay of 252No. The
half-life determined on the basis of the procedure usually
employed in the case of poor statistics [35] was obtained as
T1/2 = (2.38+0.26

−0.22) s. This agrees with the earlier reported
values: (2.44 ± 0.04) s [2] and (2.30 ± 0.22) s [9]. The
SF branching ratio for 252No was estimated to be bSF =
(32 ± 3)% which is comparable with the values obtained
earlier: (32.2 ± 0.5)% [2] and (26.9 ± 1.9)% [9]. Several
SF and α events assigned to 252No were detected in the
48Ca + 208Pb reaction, at beam energies of (229.7 ± 2.3)
(236.6 ± 2.4) MeV. It allowed us to estimate cross-section
values for the 208Pb(48Ca,4n) reaction (see below). Earlier
we obtained only the upper limit of the cross-section value
for this evaporation channel [26].

In the 48Ca + 206Pb reaction, at the beam energy of
Elab = (234.5 ± 2.3) MeV, two ER-SF events with abso-
lute values of time differences between the implantation
of ER and SF of 8 µs and 9 µs were detected. The half-life
for these events corresponds to (5.9+10.7

−2.3 ) µs and can be
tentatively assigned to the decay of 250No formed in the
4n evaporation channel (see further results for this activ-
ity below). Earlier, the half-life values for this isotope were
reported to be (36+11

−6 ) µs [2] and (250 ± 50) µs [36].

3.1.2 The 48Ca + 204Pb reaction

The 204Pb target was irradiated with 48Ca at four beam
energies Elab = 217.8, 223.6, 229.4 and 236.1 MeV. At
the first three energies the total of 72 ER-SF events were
detected. These events were distributed in three groups
according to their ER-SF time differences as can be seen
in fig. 3. The fitting procedure with the use of the for-
malism [35] yields three half-life values which are equal to
T1/2 = (5.9+1.1

−0.8) µs (42 events), (54.2+14.7
−9.5 ) µs (22 events)

and (2.4+1.1
−0.6) s (10 events).

We assigned the events with the half-life T1/2 = 2.4 s to
the decay of 252No produced in the reaction of 48Ca on the
206Pb contamination in the 204Pb target. The events with
the half-life T1/2 = 5.9 µs could be assigned to the decay of
250No, whereas the events with the half-life T1/2 = 54.2 µs
could be tentatively assigned to the decay of the lightest
odd isotope 249No. Such identification was based on the
comparison of the observed yields for the 6 µs and 54 µs
SF activities with the measured and calculated excitation
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Fig. 3. The logarithm of the ER-SF time differences (in ms),
ln(τ), for ER-SF correlated events collected in the irradiations
of the 204Pb target with 48Ca.

functions for the 48Ca(Pb,xn) reactions and will be con-
sidered in detail in the next section.

No ER-α-α correlations corresponding to the decay of
the 250No isotope into the well-known 246Fm and 242Cf
daughter nuclei as well as for that of the 249No isotope
into the 245Fm and 241Cf daughter nuclei were detected.
Proceeding from the non-observation of such correlations
the upper limits for the α-branching ratio have been es-
timated as bα < 10% and bα < 20% for the 250No and
249No, respectively.

At the highest beam energy Elab = 236.1 MeV, when
248No could be observed as a result of the 4n evaporation,
the integral flux of 7× 1016 ions was collected and no SF
events were detected. It corresponds to the upper limit
of the production cross-section value ∼ 0.2 nb (for nuclei
with T1/2 ≥ 2 µs and for the observation of one decay). In
the case of SF of nuclei (T1/2 � 2µs) in flight through the
separator, ER will not reach the focal plane detectors and
will be lost. If ER undergo a fast α-decay in flight, the
probability that the daughter nucleus will reach the focal
plane detector is decreased by the factor of 5–10 as com-
pared with a non-decaying (relatively long-lived) nucleus.
The daughter nucleus 244Fm undergoes spontaneous fis-
sion with T1/2 = 3 ms. Taking into account the relatively
low value (about 0.5 nb) of the cross-section estimated for
the 4n evaporation channel (see the next section) and the
time of flight of ER through the separator (about 2 µs), we
estimate on the basis of the non-observation of the SF de-
cay the upper limit for the half-life of 248No as T1/2 < 2 µs.

Table 1. SF decay properties of the neutron-deficient no-
belium isotopes resulted in the 44,48Ca + 204,206Pb reaction
studies.

Isotope Number of events T
(SF)

1/2 (µs) bα (%)

250No 56 5.6+0.9
−0.7 < 10

249No 24 54.0+13.9
−9.2 < 20

248No – < 2 –

3.1.3 The 44Ca + 206,208Pb reactions

The 208Pb target was irradiated with 44Ca ions at three
beam energies: 216.8, 212.1 and 205 MeV, and the 206Pb
target was irradiated at the beam energy 214.7 MeV. In
the 44Ca + 208Pb reaction, the total of 13 ER-SF events
were detected. These events could be distributed into two
groups according to their ER-SF time differences, with
half-life values equal to T1/2 = (5.4+2.3

−1.3) µs (11 events)
and T1/2 = (48+87

−19) µs (2 events corresponding to the 68
and 71 µs ER-SF time differences). These values are in
agreement with the similar data obtained in the 48Ca +
204Pb reaction.

In the 44Ca + 206Pb reaction, at the beam energy Elab

= 214.7 MeV, when 248No produced in the 2n evaporation
channel could be observed, the integral flux of 1.3×1017
ions was collected and 1 SF event was detected with the
ER-SF time difference of 29 µs. This event can be assigned
to 250No produced in the reaction of 44Ca with the 208Pb
contamination in the 206Pb target. The upper limit of the
cross-section value for the production of 248No is about
0.1 nb (if T1/2 ≥ 2 µs). This value is less than that esti-
mated with the use of our data for the 208Pb(44Ca, 2n)
reaction (about 0.5 nb too). Thus, the upper limit for the
half-life of 248No, as in the previous case, does not exceed
the value of 2 µs, the time of flight of ER through the
separator.

3.1.4 Comparison of No SF decay properties with
calculations, extrapolations and previous results

From the data collected in all our Ca + Pb irradiations
we determined the SF decay properties of the neutron-
deficient isotopes of Nobelium as presented in table 1.

The calculated alpha-decay properties of the 248No
and 250No isotopes are as follows: Qα = 9.28 MeV and
8.99 MeV and Tα = 21 ms and 160 ms, respectively [16].
As for the calculated TSF values, estimates performed in
the framework of a dynamical approach [15] lead to the
values corresponding to 0.5 µs and 15 µs for 248No and
250No, respectively [37].

The obtained results are in agreement with the lin-
ear (in log scale) extrapolation of the TSF values for the
neutron-deficient even and odd (keeping in mind the hin-
drance factor of ∼ 104) No isotopes (see fig. 1).

To explain the difference in the results of our work
and previous studies [2,36] it is necessary to bear in mind
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that there were considerable dead-time intervals in the
detection of SF activities. Thus, in the early work [36]
the complete fusion 233U(22Ne, 5n) reaction and rotating-
wheel technique with mica detectors for the detection of
SF events were used. A time interval for the observa-
tion of the SF activity decay corresponded to 0.1–2.5 ms.
In the recent work [2], the complete fusion-evaporation
206Pb(48Ca, 4n) and 204Pb(48Ca, 2n) reactions were stud-
ied with the use of the gas-filled recoil separator. The dead
time of 84 µs of the electronic systems used in these mea-
surements [2], as in the previous case [36], did not allow
one to detect any SF activities with T1/2 < 10 µs.

3.1.5 Mass estimates for the observed SF activities

We attempted to identify the observed SF activities more
definitely using mass determination with the 37◦ dipole
magnet. The basic relations for the mass determination
are as follows: Bρ ∼ √

A · E/Q and E ∼ A ·v2, where Bρ,
A, E, Q and v are the magnetic rigidity, mass, energy, ion
charge and velocity of the detected ER. Combining these
relations, one can get the expression for the mass deter-
mination: A(atomic mass number)/Q(ion charge number)
= 9.6525 ·Bρ(T·m)/v(cm/ns). Thus, we have to measure
the velocity or time-of-flight (TOF) and magnetic rigidity
(position on the focal plane) for the implanted ER having
the ion charge Q. In these coordinates (Bρ-TOF) different
ion charge numbers of ER are well resolved.

An ability of the system to determine the masses
was tested using 198Po produced in the 164Dy(40Ar, 6n)
reaction and 246Fm produced in the 208Pb(40Ar, 2n)
reaction. The data were collected in the reference list
mode and after their sorting the “magnetic rigidity (strip
number)-TOF” distributions for the implanted and decay-
ing nuclei were derived [33].

A similar procedure was applied to the data collected
in the Ca + Pb studies. Using ER-SF correlations, the po-
sitions of the implanted ER and the corresponding TOFs
(attributed to a certain SF decay half-life) were extracted.
The results are shown in fig. 4. For all the observed SF
activities the most probable atomic mass values for the
most probable charge states were found by solving the
system of equations for A/Q values by the maximum like-
lihood method. These values correspond to our simulation
based on the approximations describing the energy and
charge distributions for ER [38,39]. The results of the fit
are shown in table 2 where the atomic mass numbers cor-
responding to the assumed charge states of ER are given
for the observed SF activities. The mean weighted values
of the numbers are also given in table 2.

One can mention, that an offset in the charge states per
one unit of charge to the higher or lower states leads to
essential overestimates and underestimates, respectively,
in the mass numbers within about ±10 units. So, one can
conclude that averaged masses of the observed SF activ-
ities are not far from masses of compound nuclei formed
in corresponding reactions and masses of nuclei produced
in the few-nucleon evaporation channels.

11,5 12,0 12,5 13,0 13,5 14,0
0

2

4

6

8

10

12

+18

+19

+20

Q=+21

 

 

T1/2 = 2.4 s ( 252No)

A/Q 

0

1

2

3

4

5

6

 

T1/2 = 5.6 µs ( 250No)

N
u

m
b

er
 o

f 
co

u
n

ts
p

er
 0

.1
 A

/Q

0

1

2

3

4

5

+20

Q=+21

T1/2 = 54 µs ( 249No)

Fig. 4. A/Q distributions for the 5.6 µs, 54 µs and 2.4 s SF

activities observed in the 44,48Ca + 204,206Pb reactions (his-
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Table 2. Atomic mass numbers of the SF activities observed
in the 44,48Ca + 204,206Pb reactions.

Charge state 249No 250No 252No

18 249.6±2.4
19 253.3±1.8 253.1±0.8
20 248.2±1.5 254.3±1.1 255.8±0.7
21 251.0±2.9 255.5±0.9 254.9±1.3

Averaged mass 248.8±1.3 254.8±0.7 254.5±0.9

3.2 Excitation functions

Below we analyze our cross-section data obtained in the
course of present experiments together with the most re-
cent data [2,25,26] obtained in the 48Ca + Pb reaction
studies performed using the recoil separators. In our es-
timates of the cross-section values we used the data on
spectroscopy and decay properties for 249–255No obtained
earlier [7,2,3,9] and in the present work. The transmission
efficiency of the VASSILISSA separator for ER produced
in complete fusion reactions under investigation was esti-
mated using the simulation code described earlier [40] and
checked in test reactions.
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3.2.1 General features of the model analysis

The analysis was performed in the framework of the poten-
tial-barrier penetration (PBP) model coupled with the
standard statistical model (SSM) realized in the HIVAP-
code (see ref. [31]). Our approach to the analysis of the
data and the choice of model parameters is presented
in [41]; here we only pay attention to the important details
of the analysis.

We remind that the calculated cross-sections for ER
at energies well above the fusion barrier [30] are weakly
sensitive to the form of the nuclear potential [41]. At these
energies they are determined by the SSM parameters de-
scribing de-excitation of a CN. We have chosen Reisdorf’s
formula for the macroscopic parameters of nuclear level
density. It leads to the ratio ãf/ãν � 1 due to different nu-
clear shapes in the saddle point and equilibrium state [31].
Ground-state shell effects were taken into account with a
damping constant of 18.5 MeV in the level density as pro-
posed earlier [31,42]. The shell effect in the saddle point
was neglected. Empirical ground-state masses [43] were
used for the calculations of the shell corrections (δWgs) as
a difference between empirical and liquid-drop masses of a
nucleus. Ground-state masses [43] were also used to calcu-
late the excitation and particle separation energies. There-
fore, the fit of the calculations at high energies was reduced
to the choice of only one adjustable parameter kf , the scal-
ing factor at the rotating liquid-drop (LD) fission barriers,
BLD

f (�) [44]. In the calculations, the fission barriers were
expressed via these values as Bf(�) = kf ×BLD

f (�)− δWgs.
The barrier passing cross-sections were calculated in

the framework of the PBP model using the nuclear ex-
ponential potential with sharp radii correction, and the
fixed parameters of radius r0 = 1.12 fm and diffuseness
d = 0.8 fm. Fluctuations of the fusion barrier expressed
via the radius-parameter percentage, σ(r0)/r0, were gen-
erated with a Gaussian distribution of r0 around its av-
erage fixed value. Transmission coefficients were obtained
in the framework of the WKB approximation.

For the value of the nuclear potential strength param-
eter, we used V0 = 70–80 MeV, which seems to be a
good choice, at least for the asymmetric reactions with
spherical nuclei considered here, as will be seen below. At
sub-barrier energies V0 strongly correlates with the bar-
rier fluctuation parameter σ(r0)/r0 which was also varied.
Variations of these parameters allowed us to achieve better
agreement of the calculations with the data at the energies
below and above the nominal fusion barrier [30].

3.2.2 The 208Pb(48Ca, xn) excitation functions

Excitation functions for the production of No isotopes in
the 208Pb(48Ca,xn) reactions are shown in fig. 5. Our
new data on the 2n and 3n evaporation channels are
in good agreement with the previous measurements [2,
25,26]. As mentioned above, we have also obtained new
cross-section data for the 4n evaporation channel as can
be seen in the figure. The very low 4n cross-section val-
ues, even in comparison with those for the 2n channel at
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Fig. 5. Excitation functions for the 208Pb(48Ca,xn) reactions,
as obtained in this study and earlier works [2,25,26] (symbols),
in comparison with the results of calculations with the HIVAP-
code [31] (lines).

the same energies resembles a similar situation observed
in the 206Pb(48Ca,xn) reaction [2]. Such behavior of the
excitation function is not reproduced in our “standard”
calculations as well as in the previous ones [2].

A drastic drop in the production cross-section values
at the maxima of the excitation functions from about 2 µb
for the 2n evaporation channel to about 2 nb for 4n has
attracted our attention. Such behavior of the excitation
functions can be reproduced in calculations within a factor
of 2 by a 20% decrease in the LD fission barriers for No
nuclei involved in the de-excitation cascade as can be seen
in fig. 5. The resulting LD fission barriers are close to the
macroscopic ones obtained in the framework of the finite-
range model of rotating nuclei [45]. So, no suppression for
fusion within an accuracy of and a choice of parameter
values in calculations (estimated by the same factor of 2)
seems to be observed in the 48Ca + 208Pb reaction (see
the further discussion below).

3.2.3 The 206Pb(48Ca, xn) excitation functions

Excitation functions for the production of No isotopes
in the 206Pb(48Ca,xn) reactions are shown in fig. 6. In
estimates of cross-section values for the 1n evaporation



A.V. Belozerov et al.: Spontaneous-fission decay properties . . . 453

200 210 220 230 240 250

10 0

10 1

10 2

10 3

10 -1

10 0

10 1

10 2

10 3

3n
1n

 1n, this data (new system)
 1n, this data (old system)
 1n, Oganessian et al.
 3n, Oganessian et al.

Elab MeV

4n

206Pb(48Ca,xn)254-xNo

 2n, this data (new system)
 2n, this data (old system)
 2n, Oganessian et al.
 4n, this data (new system)
 4n, Oganessian et al.
 V0= 80, σ(r0)/r0=1.5%, kf=0.8
 V0=70, σ(r0)/r0=1.8%
 TF-masses

 

2n

C
ro

ss
 s

ec
ti

o
n

(n
b

)

BBass

 3n, this data (new system)
 3n, this data (old system)

Fig. 6. Excitation functions for the 206Pb(48Ca,xn) reactions
obtained in this study and recently [2] (symbols) in compari-
son with the results of calculations with the HIVAP-code [31]
(lines). Data obtained with the 8◦ (old system) and 37◦ (new
system) dipole magnets are shown by different symbols.

channel, a contribution from the 2n product of the reac-
tion on the 207Pb contamination in the target was taken
into account using cross-section data obtained recently for
the 207Pb(48Ca, 2n) reaction [2]. In these estimates we
used the 8.01 MeV α-line (33% of intensity [7]) to dis-
tinguish between the 1n channel contribution and that
of the 208Pb(48Ca, 2n) reaction leading to 254No (the
8.10 MeV α-line) produced on the 208Pb contamination
in the target. The contributions due to 207Pb(48Ca, 3n)
and 208Pb(48Ca, 4n) reactions on target impurities yielded
their negligible values and were ignored in the estimates
of the 2n cross-section values.

As in the previous case, a drastic drop in the produc-
tion cross-section values at the maxima of the excitation
functions from about 0.5 µb for the 2n evaporation chan-
nel to about 0.2 nb for 4n has again attracted our atten-
tion. Such behavior of the excitation functions cannot be
reproduced in calculations by a 20% decrease in the LD
fission barriers for No nuclei, as was done in the case of the
reactions with 208Pb. In this connection, in our further cal-
culations we used the Thomas-Fermi masses [46] for the
251No nucleus and lighter ones. The difference between
the Audi-Wapstra [43] and Thomas-Fermi [46] masses for
250No is about 0.5 MeV. It leads to the reduced value of
the shell correction to the LD fission barrier in the case of
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Fig. 7. Cross-sections for the 5.6 µs and 54 µs SF activities
produced in the 48Ca + 204Pb and 44Ca + 208Pb reactions
leading to the same CN 252No∗ and assigned to the 2n and
3n evaporation channels, respectively (symbols) in comparison
with the calculated excitation functions [31] (lines) and data
obtained recently for the 36 µs SF activity [2] (open circles).

using the Thomas-Fermi mass and to a corresponding drop
(more than 3 times) in the production cross-section for
250No as we have seen in fig. 6. So, it seems that there is no
need to reduce the damping constant in the level density
as well as to introduce the damping (or dependence on the
excitation energy) in the fission barriers (see explanations
in ref. [47]) as was done in the calculations [2] in attempts
to reproduce the data for the 206Pb(48Ca, 4n) reaction.

A noticeable shift corresponding to 6-7 MeV of the
maximum of the measured excitation function for the 1n
evaporation channel to higher energies in comparison with
the results of calculations has also attracted our atten-
tion. The same phenomenon was observed in the recent
study [2] and so far cannot be explained, at least in the
framework of the HIVAP usage.

3.2.4 The 204Pb(48Ca, xn) and 208Pb(44Ca, xn) excitation
functions and 5.6 µs and 54 µs SF activities

The obtained cross-section data for the 5.6 µs and 54 µs
SF activities are shown in fig. 7. As mentioned above,
we assigned these activities to the 2n and 3n evaporation
channels leading to 250No and 249No, respectively. In esti-
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Fig. 8. Cross-section ratios for the 2n and 3n evaporation
channels at different CN excitation energies as deduced from
this study and [2,25,26] for the 48Ca + 206,208Pb reactions in
comparison with the similar data for the 5.6 µs (2n) and 54 µs
(3n) SF activities produced in the 48Ca + 204Pb and 44Ca +
208Pb reactions (symbols) and calculations [31] (lines).

mates of the production cross-section values we took into
account their time of flight through the separator.

As can be seen in fig. 7, the 5.6 µs SF activity cor-
responds quite satisfactorily to the calculated excitation
function for the 2n evaporation channel of both reactions;
whereas the energy dependence for the 54 µs SF activity
seems to differ slightly from the one for 5.6 µs activity.
It implies a possible SF from an isomeric state for one of
them and a SF from the ground state for another one aris-
ing from the 250No nucleus. This possibility must not be
rejected on the basis of this data. At the same time, the
yield of the 54 µs SF activity observed in our 48Ca + 204Pb
experiments is an order of magnitude lower than the yield
of the 36 µs SF activity observed in similar experiments [2]
(see fig. 7), in which the latter was identified as 250No.

To clarify this situation, we considered the ratio of the
2n and 3n cross-section values obtained in this and pre-
vious [2,25,26] studies as a function of the CN excitation
energy, as shown in fig. 8. As we have seen in the figure, a
spread of the data points with the large overlapped errors
does not allow us to exclude a possibility of observing the
products resulted in the evaporation of 2 and 3 neutrons
from the 252No∗ CN which leads to the 5.6 µs and 54 µs
SF activities, respectively. At the same time, as already
noted, we cannot exclude unambiguously spontaneous fis-
sion from two different states of 250No.

Continuation of the experiments with the 44Ca beam
at energies above the fusion barrier seems to be desired
for the final identification of the observed SF activities.
At the same time, note that the 5.6 µs SF activity corre-
sponds quite well to the calculated 2n evaporation channel
for both reactions induced by 44Ca and 48Ca (see fig. 7).
The observed suppression in the yield of this activity at
the transition from 48Ca to 44Ca is connected with about
8 MeV of the additional excitation energy of the 252No∗
CN at the nominal fusion barrier [30] due to different re-
action Q-values. It makes the (44Ca, 2n) reaction a sub-
barrier one and resembles a similar suppression of the 2n
channel at the transition from 48Ca to 40Ar in the reac-
tions with Pb nuclei.

4 Summary and conclusions

In the course of our experiments aimed at the investi-
gation of the 44,48Ca + 204,206,208Pb reactions, two new
short-lived SF activities have been observed. One of them,
with the half-life T1/2 = (54+14

−9 ) µs, seems to be similar
to the SF activity, with the half-life T1/2 = (36+11

−6 ) µs,
which was observed in similar experiments performed re-
cently [2]. The yield of the 54 µs SF activity observed in
our 48Ca + 204Pb experiments is an order of magnitude
lower than the yield of the 36 µs SF activity observed in
similar experiments [2], in which the latter was identified
as 250No. The second, new SF activity never observed be-
fore, has the half-life T1/2 = (5.6+0.9

−0.7) µs and the yield
is more than 5 times higher than that for the 54 µs SF
activity at the energy corresponding to their maxima pro-
duction yields. On the basis of the mass measurement with
the use of the new dipole magnet as well as using the yields
and energy dependences for these activities, we have at-
tributed them to 250No (T1/2 = (5.6+0.9

−0.7) µs) and 249No
(T1/2 = (54.0+13.9

−9.2 ) µs). At the same time, we do not ex-
clude a possible existence of two SF emitters in the case
of the 250No nucleus.

Despite some disagreement with the previous work [2],
our data confirm a drastic decrease in the nuclear stabil-
ity with distance off the N = 152 deformed neutron shell
and correspond to the linear (in log scale) extrapolation
of partial SF half-lives to the neutron-deficient side. Such
drastic decrease in the nuclear stability can apparently be
explained by a corresponding reduction in the shell cor-
rection energy for the fission barriers with decreasing N .

Lowering the shell correction energy explains a dras-
tic decrease in the production cross-section values for
the neutron-deficient No isotopes observed in the 48Ca
+ 204,206Pb experiments. The 0.5 MeV reduction in the
shell correction energy provided by the Thomas-Fermi nu-
clear masses leads to general agreement of the calculated
cross-section values with the measured ones. The observed
suppression of the 5.6 µs SF-activity yield at the transi-
tion from 48Ca to 44Ca can be explained by the extra-
excitation energy of the 252No∗ CN at the fusion barrier
for the latter.
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Kratz, U. Scherer, Z. Phys. A 331, 363 (1988).

24. Yu.A. Lazarev, Yu.V. Lobanov, R.N. Sagaidak, V.K. Uty-
onkov, M. Hussonois, Yu.P. Kharitonov, I.V. Shirokovsky,
S.P. Tretyakova, Yu.Ts. Oganessian, Phys. Scr. 39, 422
(1989).
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