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Bimodal fission of 270Sg „Z5106… in the sub-barrier fusion of 22Ne and 248Cm
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Mass-energy distributions of the270Sg (Z5106) compound nucleus fission fragments have been studied in
the reaction22Ne1248Cm at two energies of neon projectiles,Elab(

22Ne)5102 and 127 MeV, with the use of
a two-arm time-of-flight spectrometer. The high-energy fission mode has been found at lower energies due to
the manifestation of the spherical neutron shellN'82 in the fission fragments.@S0556-2813~99!07305-7#

PACS number~s!: 21.10.2k, 25.85.2w, 27.90.1b
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The problem of symmetric and asymmetric fission mod
in the mass distribution of fission fragments in low-ener
nuclear fission arose immediately after the reaction itself w
discovered. Today it is well established that at low excitat
energies the asymmetric fission mode is observed in
mass-energy distribution~MED! of fission fragments for all
nuclei with A.200 without exception. In the case of pr
actinide nuclei, the symmetric mode corresponding to
liquid drop model prevails, whereas the contribution of t
asymmetric component does not exceed 0.5%@1#. For the
nuclei in the region of Ra and Ac@2,3# and light isotopes of
Th @3,4# a three-humped mass distribution with a compara
contribution of both components is characteristic at low
citation energies. For the actinide nuclei withZ590–100
andA5232–256 the asymmetric mode prevails at sponta
ous as well as at induced fission at excitation energies o
to 30–40 MeV@5,6#.

The situation is fundamentally different with the nuclei
the fermium region and heavier ones. Although the tw
humped distribution of fission fragments with different pea
valley ratios@7# is characteristic of the spontaneous fission
light fermium isotopes246–257Fm, as is the case with all ac
tinides, the anomalously ‘‘narrow’’ symmetric mass distrib
tions with the high total kinetic energy~TKE! of fission frag-
ments of about 235 MeV@8# is observed for the cases o
258,259Fm and 259,260Md. At the same time, the compone
with a large width and medium TKE'200 MeV, character-
istic of the asymmetric fission of these nuclei, is presen
the mass distributions in the form of a pediment. Such pr
erties of the nuclear fission in the Fm region have been
fined as bimodality of the MED of fission fragments@8#.

The above variety of the properties of the fission fragm
MED, observed in the low-energy or spontaneous fission
nuclei withA.200, has been understood qualitatively and
some cases quantitatively, including the anomaly of fermi
properties. It has become possible due to employing a
theoretical concept of multimodal nuclear fission, the fou
dation of which is the notion of the valley structure of th
potential energy surface in the multidimensional space of
fissioning nucleus deformations@9–13#. Proceeding from
this concept the authors of numerous publications~see, for
example, the review in@6#! connect the observed MED cha
acteristics with the quantity and properties of the fission v
PRC 590556-2813/99/59~6!/3172~5!/$15.00
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leys at the potential energy surface calculated for a spe
nucleus. Four main fission modes have been distinguishe
theoretical calculations as well as experimentally. In acc
dance with@13#, the modes are as follows: superlong, t
symmetric modeS; standard I mode, the mode connect
with the fission valley where the formation of fission fra
ments close to the doubly magic ones withA5132 (Z
550,N582) takes place; standard II mode, the mode c
nected with formation of a deformed shell nearA'140 (Z
'54–56,N'86) and also in the heavy fission fragment; t
supershort mode, manifesting itself only when light a
heavy fission fragments are close in their nucleon comp
tion to the doubly magic tin withA'132. As the experi-
ments showed@8# this situation is realized only in the case
the heaviest nuclei starting from258Fm.

The latest studies of the properties of the262Rf (Z
5104) spontaneous fission@14# demonstrate that bimodality
is observed also for this nucleus, and when it undergoes
sion into two equal parts the fission fragments already c
tain 52 protons and 79 neutrons.

The MED of 252–257Fm and 258Md fission fragments at
medium excitation energies (E* '18 MeV) has been studied
in Ref. @15#. It has been shown there that the complex str
ture of the fission fragment MED is observed, though le
distinctly, at these excitation energies too.

When the excitation energy of superheavy nuclei reac
the valueE* .50 MeV, the fission fragment MED become
closer to the liquid drop distribution in regard to the prope
ties, and no structure peculiarities are observed@16#.

This paper presents results of the fission fragment M
obtained in the study of the fission of the compound nucl
270Sg (Z5106) formed in the fusion reaction22Ne1248Cm
at neon energies of 102 and 127 MeV which leads to ini
excitation energies of the compound nucleus ofE* 528 and
50 MeV, respectively. The Coulomb barrier in the laborato
system calculated according to the Bass model@17# is BBass
5117 MeV. The lower projectile energy of 102 MeV a
which we performed the measurements is 15 MeV below
Bass barrier. Similarly, the fission cross section goes do
with the fusion cross section by 1.53103 times, as compared
with the case of 127 MeV projectiles, which are 10 Me
above the Bass barrier.
3172 ©1999 The American Physical Society
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The choice of the above-mentioned reactions is ba
upon three reasons.

First, traditional ways of studying the properties of sup
heavy elements, i.e., studying the spontaneous fission of
clei with Z5105, 106, and up, have evidently exhaust
themselves since the accumulation of a large number of
clei of these elements and subsequent investigation of t
fission present practically an untractable experimental ta
That is why an investigation of the MED of superheavy
ement fission fragments using the sub-barrier fusion-fiss
reactions in which low excitation energies can be availabl
in our opinion the most acceptable and promising tool.

Second, the nucleus270Sg chosen by us for the investiga
tions has 164 neutrons and as it undergoes fission into
equal parts the number of neutrons in both fission fragme
is the magic number 82~without taking into account the
prescission neutronsnpre).

In the third place, the nuclei22Ne and 248Cm are de-
formed in the ground states which must lead to a hig
fusion cross section below the Coulomb barrier which is n
essary for reaching the lower excitation energies at which
shell effects responsible for the fission modes are import

The experiment was carried out at the U-400 acceler
of the Flerov Laboratory in Dubna using the extracted bea
A layer of 248Cm, 170mg/cm2 in thickness, was put on a
carbon backing and used as a target. Fission fragments c
cident in time were registered by a two-arm time-of-flig
spectrometer CORSET@18#, each arm of which consisted o
a start detector composed of microchannel plates with
electrostatic mirror and two position-sensitiv
(x,y-sensitive! stop detectors, also of microchannel plates
634 cm2 each. The start detectors were located at a dista
of 3 cm from the target. The minimal start-stop flight pa
was 12 cm. Thus, the spectrometer consisted of two start
four stop detectors and registered events within a solid a
of 360 msr. The position resolution of the stop detectors w
60.1°. The mass resolution was estimated as 3–5 amu.
ure 1 presents the mass yields and TKE measured b
immediately before the experiment for the spontaneous
sion of 252Cf in relation to the mass of the heavy fissio
fragment. For comparison we also show here the results f
the classical work by Schmittet al. @19#, in which the MED
of the 252Cf fission fragments was studied with the help
semiconductor surface barrier detectors~SSBD’s!. The data
from @19# are shown by the dotted and solid curves cor
sponding to the MED after neutron emission and the M
corrected to the neutron emission. The width of our m
distributions of 252Cf fission fragments we measured
somewhat wider than that in@19#. However, we attribute it to
inhomogeneities in the252Cf spontaneous fission source. O
the whole, all the mass distributions obtained by us rep
the structural peculiarities of the MED from@19#, the peak/
valley ratio being.20. Thus, we established that the ma
and energy resolution of our spectrometer is not lower t
that of the SSBD’s.

In the experiments with the22Ne ion beam, the arms o
the spectrometer were positioned so that registration of
fission fragment mass and energy was possible up to the
MH /ML55. The edge of the spectrometer could ‘‘see
some small part of the time-coincident correlated sponta
ous fission fragments from the248Cm target. However, as
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result of the high position resolution of the stop detecto
these events were unambiguously separated from the ev
of the 270Sg compound nucleus fission.

The processing of the data was performed in a stand
way @20,21# due to the two-body nature of the process. Sp
cial attention was paid to the angular folding correlations
the plane of the reaction as well as outside. Only those of
registered events were chosen and analyzed which co
sponded to the two-body nature of the process with comp
impulse transfer. Fission events from the incomple
fusion—sequential fission—were rejected. The fission fr
ment energy losses in the target layer, backing, and em
of the start detectors were taken into account when proc
ing the data. Since the geometrical dimensions of the sp
trometer did not allow registration of the whole set of t
fission fragment energy and mass ratios with an equal p
ability, some corrections to the geometrical efficiency of t
spectrometer were introduced by us. These corrections w
small and did not exceed 5%.

The measured MED’s of270Sg fission fragments are
shown in Fig. 2 for two energies of the22Ne projectiles. At
127 MeV, 9.23105 fission events were registered and 1
3104 events at 102 MeV. Two-dimensional matrices of t
fission fragments~mass, TKE! are shown in Figs. 2~a! and
2~b!. At high energies@Fig. 2~b!#, we observe a triangula
distribution with rounded slopes typical for rather strong
heated nuclei. This distribution is close in its properties
the predictions of the liquid drop model@22# or the diffusion
model @23#. For 102 MeV @Fig. 2~a!#, E* is equal to 28

FIG. 1. Mass yields and average TKE in relation to the mass
the heavy fission fragment for the spontaneous fission of252Cf,
measured on the CORSET spectrometer. The results from the w
by Schmittet al. @19# are shown by dotted and solid curves corr
sponding to the final and corrected to the neutron emission ME
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FIG. 2. Mass-energy distributions of270Sg (Z5106) fission fragments for the22Ne projectiles energies of 102 and 127 MeV.
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MeV, and the two-dimensional matrix differs from that d
scribed above in its shape, having a sharp peak and ex
sions in the direction of the higher TKE. Figure 2~c! com-
pares the fission fragment mass distributions~the yield is
normalized to 200%! for the two energies. It is clearly see
that at the lower energy, as distinguished from the hig
energy, the mass distribution does not have a Gaussian s
and can be interpreted as a manifestation of different fiss
modes. One mode is rather narrow, nearACN/2, the other one
rather wide, for the asymmetric masses. The latter is so w
that the mass yields at its slopes turn out to be higher t
those for the high excitation energy. It is only possible if
the nuclear cooling process the shell effects manifest th
selves in the region of the fission fragment masses 200–
n-

r
ape
n

e
n

-
0,

i.e., near the mass of the doubly magic lead 208. The in
pretation of this phenomenon can be twofold. First: the lat
theoretical calculations of the potential energy surface for
lighter 252Cf predict the existence of the ‘‘lead’’ fission va
ley @24# located high in energy. It cannot be observed expe
mentally in the spontaneous fission of252Cf due to this. It is
also predicted for the heavy nuclei withZ5114 and 120
@25#. The existence of the valley for270Sg is quite probable
since the light fragment becomes closer to the magic
with Z528.

For a noticeable population of the valley, the nucle
should be sufficiently excited, however not so strongly as
make the shell effects disappear as is the case atElab
5127 MeV. A similar effect was observed for the other fi



ion

ifi
o
ie

m
tri
a

um
d
di
e
w
o

rs
a
e

th
K
o
e
or
i

ur

s
t

n,

on
p
th

v

er
ea
h
5
th
o

o
c

-
th

ha

-
t
on

out

s
KE

t at
eV
an
of
e
he
h-
t

nt
e
ing
ich
for

for

ply

po-
p-
e it

ode
ell
nt

hat

r
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sion modes in work @15# in which 256Fm(s, f ) and
255Fm(nth , f ) were used as examples, or213At in @1#.

Another interpretation of the increased yield in the reg
of the fission fragment massesA5200 for the low excitation
energy may be connected with manifestation of the quas
sion component, which seems to be more probable from
point of view. Quasifission characteristics have been stud
in works @21,26# and discussed in@27#. It has been shown in
@26#, employing the reaction238U127Al, that when the U
projectile energies are close to the Coulomb barrier so
‘‘shoulders’’ appear at the slopes of the prevailing symme
fission, which corresponds to the increased yield of the re
tion products in the mass region 200–210, i.e., the region
the magic lead. They are connected with the nonequilibri
quasifission component and can be clearly distinguishe
the mass-angle correlations. An investigation of angular
tributions was not the aim of the present work, and our sp
trometer did not accept a very wide range of angles. Thus
cannot interpret with much certainty the increased yield
fission fragments in this region of masses. The TKE(M ) dis-
tributions shown in Fig. 2~d! do not clarify the situation. For
the mass region of;200, although the measurement erro
are quite serious, the TKE is higher for the lower energy th
for the higher energy. However, this effect can be explain
by the manifestation of the lead fission mode, since for
fragments in the region of spherical closed shells the T
must be higher. The higher TKE is also characteristic
quasifission@24#. That is why the question concerning th
character of this component’s formation—equilibrium
nonequilibrium—is still open. Some more experiments are
order at even lower projectile energies as well as meas
ments of the mass-angular correlations.

The above discussion concerns very heavy massem
'200–210 and their complementary masses. However,
break in the mass distributions@see Fig. 2~c!#, connected
with the transition from the narrow to the wide distributio
takes place near the heavy fragment massm'160 and can-
not be explained either by the lead valley or quasifissi
Some other fission modes are ushered in here. In our o
ion, the narrow symmetric component is connected with
manifestation of the spherical neutron shell withN582 in
both fragments. Spontaneously fissioning heavy nuclei ne
have as many as 164 neutrons in the nucleus, and upon
proaching this number, starting fromN5157–158 in the Fm
nuclei, some drastic changes occur in the mass-en
yields, and the high-energy narrow supershort mode app
as a result@8,14#. It also occurs with the Rf nuclei, thoug
not so distinctly, at the neutron number transition from 1
to 158, but the contribution of the supershort mode into
total distribution turns out to be less than in the case
258Fm. It is explained by the nonmagic nature of the prot
composition of262Rf fission fragments in strictly symmetri
fission.

In the case of270Sg, a strong manifestation of the high
energy mode can hardly be expected due to excitation of
nucleus up to 28 MeV. However, one should not forget t
according to estimations from different systematics@27–29#,
0.5–0.7 prescission neutronsnpre can be emitted before fis
sion, and the real excitation energy in the scission poin
4–6 MeV lower than in the case without neutron emissi
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The remaining excitation of the fissioning nucleus turns
to be insufficient to cause the shell effects to disappear.

Comparison of the270Sg fission fragments characteristic
for two excitation energies shows that the average T
hardly changes; however, the form of the TKE(M ) depen-
dence does change. In Fig. 2~d! it is illustrated by a more
sloping curve for symmetric masses. In Fig. 2~e! where the
Y(TKE) yields are compared one can very well see tha
lower excitation energies in the TKE range of 220–240 M
the yields are lower and the distribution is narrower th
those for the high excitation. In the TKE range
.250 MeV the open circles practically coincide with th
solid ones, thus creating a high-energy ‘‘shoulder’’ on t
yield slope. We estimate the average TKE for the hig
energy mode as;240 MeV which is in good agreemen
with other data@8,14#.

Figure 2~f! shows dependence of the fission fragme
mass dispersionsM

2 on the TKE. For the lower energy, th
decrease in the value of this characteristic with increas
TKE is sharp, approaching zero at the highest TKE, wh
suggests very narrow fission fragment mass distributions
this TKE range.

Figure 3 shows fission fragment mass distributions
specific TKE ranges. ForElab5102 MeV and TKE
.240 MeV, the sum of the two fission modes, the shar
narrow and the wide ones, is clearly seen.

We have discussed the nature of the high-energy com
nent; now let us dwell on the wide mode. Evidently its pro
erties are close to those of standard II, but at the same tim
has its own specific features. As mentioned earlier, this m
is connected with the manifestation of the deformed sh
with Z556. Then in the case of Sg fission the light fragme
will have Z550, i.e., the magic proton number. Suppose t

FIG. 3. 270Sg (Z5106) fission fragment mass distributions fo
specific TKE ranges.
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3176 PRC 59M. G. ITKIS et al.
N andZ in the fission fragments are distributed in proporti
to their masses; then the light fragment withZ550 will have
N577 and massM5127. Shown in Fig. 3~lower panel! for
Elab5102 MeV and TKE,190 MeV, at the top of the dis
tribution curve there appears a two-hump formation, and
light fragment peak corresponds to the massM5126. We
must admit though that the statistics are not sufficient
errors are large, but what we observe may be a manifesta
of this mode.

In the same figure, at TKE,190 MeV there is also a wide
low-energy pediment that is most probably connected w
the fission mode characteristic of the heated nucleus an
properties resemble the liquid drop model.

All the above-mentioned conclusions certainly requ
.
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further careful analysis since on the whole the observed p
nomena are not very distinct and they only start to manif
themselves at lower excitation energies.

Thus, it has been experimentally shown that at medi
excitation energies the MED of270Sg (Z5106) fission frag-
ments is of multimodal character. In the total distribution
the fission fragment masses atElab(

22Ne)5102 MeV, a nar-
row symmetric mode has been found that is connected w
the manifestation of the magic neutron numberN582. The
wide structure of the distribution pediment is possibly a
bimodal. We can state that the investigation of fission
superheavy nuclei, deep under the Coulomb barrier at v
low excitation energies, provides abundant information
the properties of the fission process.
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