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A search was made for spontaneously fissioning superheavy elements in damped colli-
sions of two uranium nuclei. Different techniques were applied covering the elements 108
to 118 and = 126, and a half-life range from 1 ms to more than 1 yr. No evidence for
superheavy elements was found at upper cross-section limits of 10732, 10733 and 107%°
cm? for half-lives from 1 to 100 ms, 100 ms to 1d, and 1d to 1 yr, respectively.

PACS numbers:

In most attempts to produce superheavy ele-
ments around atomic number Z =114 and neutron
number N =184, complete fusion reactions have
been tried. Although a large variety of target-
projectile combinations have been examined, no
positive results have been reported thus far.’
This may indicate?® that in the region of neutron-
deficient superheavy nuclei accessible to fusion,
fission barriers are lower than calculated in
most theoretical studies, so that production cross
sections are smaller and half-lives shorter than
expected.

An alternative pathway to the superheavy ele-
ments has been opened by the first studies of the
interactions between two uranium nuclei.®** The
resulting element distribution clearly indicates®
the production of elements around Z =70 in damped
collisions with cross sections of about 107%% ¢cm?
at 7.5 MeV/u bombarding energy. If element 70
is formed in a binary collision from one of the Z
=92 colliding partners, element 114 is the com-

1824

25.70.Hi, 25.85.Ca, 27.90.+b

plementary fragment. According to potential-
energy considerations® that describe the neutron-
to-proton ratios of fragments in damped colli-
sions, N =182 should be the most probable neu-
tron number associated with Z =114 fragments,
but N =184 fragments should also be formed with
sizable cross section, about 1072 cm?, as a re-
sult of the dispersion® in neutron numbers.

Most of the superheavy fragments formed in
damped collisions will decay by fission, but a
small fraction originating with very low excita-
tion energy may survive. The distribution of
excitation energies of Z=112 to 114 fragments
has been deduced from @-value measurements.?
By folding this distribution with calculated” sur-
vival probabilities against fission, a production
cross section of the order of 107*% cm? for ele-
ment 114 has been estimated.® A value of about
1073% cm? results from a similar analysis of
excitation-energy distributions calculated® with
the diffusion model for damped collisions. Such
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cross sections exceed by one to two orders of
magnitude the detection limits attainable with
sensitive techniques using high-intensity uranium
beams available at the UNILAC accelerator.

Therefore, we have performed searches for
superheavy elements by bombarding thick urani-
um metal targets with uranium beams and using
(i) radiochemical off-line techniques, and (ii) a
rotating-wheel on-line experiment. In this way,
we have attempted to utilize the extreme sensi-
tivity of radiochemical techniques for the detec-
tion of long-lived spontaneously fissioning nu-
clides and to cover, on the other hand, the half-
life region between 1 ms and 1 yr with a sensitive
technique that does not depend on the chemical
behavior of superheavy elements.

In the radiochemical experiments, 300-mg/cm?-
thick targets® of uranium metal on water-cooled
copper backings were bombarded with 8.6-MeV/u
238 beams typically for five days in order to ac-
cumulate up to 4 X10' particles. All reaction
products were stopped in the uranium layer. To
collect volatile species which may evaporate dur-
ing bombardment, a nickel or palladium cylinder
was placed upstream from the target followed by
a trap immersed in liquid nitrogen. Radon and
polonium activities found in the trap and on the
cylinder, respectively, show that evaporation
losses of typical homologs of superheavy ele-
ments are below 10%.

After irradiation the targets were processed
with two alternative chemical separation proce-
dures.'® In the gas-phase chemistry, the pre-
dicted volatility'! of elements 112 through 117 in
their elemental state is utilized. The solution
chemistry is based on the expected formation of
strong bromide complexes of elements 108 through
116.'2 In both procedures provisions were made
to condense noble gases (element 118) and other
superheavy elements that may be volatile at
room temperature.®® In one experiment, the
procedure was extended in order to search for
superactinide elements (Z =121). Thus we can
state that a broad spectrum of elements was
covered in our experiments, including the alter-
native region of nuclear stability near Z =126,

In most cases the isolated fractions were de-
posited on thin foils and counted between two sur-
face-barrier detectors for spontaneous fission
events and a-particle spectra. The efficiency
for recording both fission fragments in coinci-
dence was about 60%. Two of these counter pairs
were positioned inside a neutron multiplicity
counter so that neutrons emitted in coincidence

with fission fragments could be recorded. This
counter equipped with 30 *He tubes has an effi-
ciency of 32% for detection of a single neutron.

Table I summarizes the experimental condi-
tions and, in the last four columns, the sponta-
neous fission events registered'® in the principal
samples. In addition, the collector foils for
volatile species and several side fractions in the
chemical procedures were also assayed. It is
difficult to identify the source of the observed
events at such low counting rates: Background
measurements in four fission-fragment detector
pairs over approximately two years gave one
coincidence. The two events observed in an early
experiment (No. 2) show quite high fragment en-
ergies as might be due to heavy actinides but no
evidence for such nuclides was obtained by a-
particle spectroscopy. The occurrence of high-
energy fragments could not be reproduced at 5 to
6 times higher beam integrals (Nos. 3 and 4)
while the chemical yields of homologs of volatile
superheavy elements were comparable. Samples
prepared by solution chemistry sometimes gave
events with low energies because of an energy
loss in visible deposits. Here a contamination by
about 50 ug of 238U would explain the observed
count rates. Such a contamination cannot be ex-
cluded because problems were encountered with
traces of colloidal uranium compounds. The num-
ber of neutrons recorded'® in coincidence with
fission fragments is compatible with known spon-
taneous fission activities.

Although we do not attribute any significance
to the observed events we have estimated the
upper cross-section limits for the production of
spontaneously fissioning superheavy elements
on the basis of two observed events per 4 X10%¢
particles. If Poisson statistics is applied then
these two events are still compatible with six
events at 95% confidence level. We assume 60%
counting efficiency, 75% yield in the chemical
procedure as was typically measured for homo-
logs of superheavy elements, a counting time of
200 d, and a constant excitation function between
8.6 MeV/u and the interaction barrier at 6.1 MeV/
u corresponding to an effective number of 3.2
x 10" atoms of #*%U per cm?®, The results, de-
noted “chem,” are shown in Fig. 1 as a function
of the assumed half-life for superheavy nuclei.
If an excitation function with a maximum at 6.8
MeV/u and a decrease at higher energies is as-
sumed as observed for the production of actinide
isotopes,* these limits increase by a factor of 4.

In our second approach, rotating 11-mg/cm?
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TABLE I. Search for superheavy elements in the 238742387 reaction.

Beam Net counting Observed spontaneous-fission events®
integral time Singles Coincidences
Experiment? (10® particles) Chemistry (d) Eq@) E,+E, Ei@gtn E|+E,+n
1 0.5 Solution 51¢ 0
2 0.7 Gas phase 320° coe 2 soo
3 3.6 Gas phase 80 0 0 1 0
4 4.0 Gas phase 303d 0 o 0 oo
Solution 303 0 0 2 0
5 2.9 Solution 100° e 0 v coe
6 2.8 Solution 239 2 0 2 0
Superactinides 121¢ 1 oo 1 oeo
5+6 5.7 Gases 99°¢ 2
4 4.0 Cf-fraction® 1489 97 oe 267 eoe

3Thick uranium metal targets; 23

U beam energy 8.6 MeV/u.

bEi(z, singles event with E 230 MeV (3.4%); E;+E, fragment-fragment coincidence (18%); E()+n fragment-
neutron coincidence (9%); E{+E,+n fragment-fragment-neutron coincidence (40%). Values in parentheses are abso-
lute detection efficiencies measured with a thin **3Cm source.

®Assayed for fission fragment coincidences only.

dSatmple on thick backing exposed to only one fission fragment detector.
®Condensed on a copper cryostat; single fission fragment measurement.

f Measured to control the counter; main constituent is 60.5-d *Cf formed with a cross section of 6%107% cm s

Ref. 4.

uranium metal targets were bombarded with 8.3-
MeV/u 2*®U beams. In three runs (0.4-1.8) x10%
particles were accumulated within about one day.
The reaction products recoiling from the targets
in an emission cone of +55° (lab) were stopped in
a stack of five 8- um aluminum catcher foils.
These foils were continuously rotated out of the
beam in order to expose the collected activities
to stationary plastic fission-track detectors posi-
tioned at both sides of each rotating foil, Three
different velocities were chosen to cover various
half-life ranges down to 1 ms. After bombard-
ment the catcher foils were exposed to new track
detectors. With this system one recorded fission
event per 10 beam particles corresponds to a
cross section of 9X107% ¢m? for short-lived
products decaying during the bombardment time,
Four spontaneous fission activities were ob-
served: Two short-lived components with 1.1
+0.1 and 13+ 5 ms half-lives, a product decaying
largely during irradiation (100 ms < 7T,/ <1 d),
and a long-lived component (T,/, > 1 d). These ac-
tivities can be assigned to the fission isomers 1.1
ms 2**Am and 14 ms 2%*Am, and to 2.6 h Fm
and 60.5 d 2**Cf formed with mean cross sections
of 9xX1073% 1,3x107%2 1,0x107%%, and 4 10733 cm?
respectively. The latter two values agree with
cross sections measured with radiochemical tech-

’
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FIG. 1. Upper limits for the production cross section

of spontaneously fissioning superheavy elements in the
238y + 238y reaction. The limits denoted “chem” and
“wheel” are from this work, those denoted “rec’” from
Ref. 3 and “jet” from Ref. 17. Note that the data have
been obtained under somewhat different bombarding
conditions.
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niques® giving, thus, support for these assign-
ments. For the two short-lived activities the ob-
served cross sections appear to be somewhat low-
er than expectation values estimated by multiply-
ing cross sections® for the ?**Am and ?2Am ground
states with the ?*2Am isomer-to-ground-state ra-
tios found in other nuclear reactions.®

Hence, there is no evidence for the production
of any spontaneous fission activity not attributable
to actinides. We take the cross sections found
for these four activities as an estimate for upper
limits of the production of superheavy elements
and show them denoted by “wheel” in Fig. 1. Also
given are limits obtained by implanting recoil
atoms in a surface-barrier detector (“rec”)® and
by transportation of recoil atoms to the detector
arrangement with the gas-jet technique (“jet”).”
In contrast to the present experiment, spontane-
ously fissioning actinides have not been observed
in these previous studies.

Our results, although negative, have increased
the sensitivity limits for detection of superheavy
elements in 28U + 2387 collisions. Improvements
are still conceivable, e.g., by an extension of
radiochemical techniques to shorter half-lives.

It is certainly important to attempt to increase
the production rates, but bombardments at higher
energies are not attractive since no gain in the
production rates for fissionable heavy actinides
has been observed.*

In summary, it is difficult to speculate on the
possibility of producing superheavy elements in
the laboratory because large half-life regions
are still unexplored and because conceptional
problems associated with both the complete fu-
sion approach? and with the damped collision ap-
proach need further experimental and theoretical
clarification.
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