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Examination of the fission time of the Z = 120 nucleus
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We show that the large difference in the measured lifetime for asymmetric fission of the highly excited
(T =~ 1.5-MeV) Z = 120 nucleus as measured by the atomic techniques (crystal blocking and x-ray methods)
with those measured by the nuclear techniques (mass-angle distribution and prefission neutron multiplicity)
cannot be due to the different sensitivities of the atomic and nuclear techniques in different time domains. The
claim of formation of a superheavy Z = 120 nucleus with a high fission barrier on the basis of an observed long
fission time by the atomic techniques is in direct conflict with all other available measurements and calculations.
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The search for superheavy elements with high fission
barriers is a topic of current interest, and various attempts
are being made to produce superheavy elements by fusion
reactions between two heavy nuclei. However, a major obstacle
for the formation of superheavy elements with Z > 110 is
the dominance of the short-lived quasifission process [1] over
fusion-fission (FF). Nuclear techniques, such as mass-angle
distribution measurements [2,3], have been used earlier to
measure a very short quasifission lifetime and distinguish it
from fusion-fission. Recently, atomic techniques, such as the
crystal blocking and x-ray methods [4-9], were being used to
measure the fission lifetime of highly excited transuranium
nuclei, and generally very long fission times (~107'8s)
have been seen. Recently, Fregeau et al. [9] reported a
measurement of the characteristic x-ray fluorescence yield
and obtained a long mean lifetime for Z = 120 (unbinilium)
in agreement with their crystal blocking measurements [8].
Fregeau er al. [9] bombarded a ®Ni target with a *®U
beam at 6.6 MeV/nucleon and detected fission fragments
in the angular region of 15.9° < 6j,, < 69° with respect to
the beam axis. They detected characteristic x-ray photons
from the compound Z = 120 nucleus, in coincidence with
fission fragments and found that more than 53% of the
mass-asymmetric fission fragments (70 < Z < 80) emitted in
the angular region of 15.9° < 6}, < 69° came from a slow
process of lifetimes much greater than that of the atomic
K-orbital vacancy (7, = 2.8 x 1078 s), in agreement with an
earlier crystal blocking experiment [8]. On the basis of these
experimental results, it was concluded [8,9] that there is a
large component of the long-lived (>107'8-s) asymmetric
fission process emitting fragments in the angular region of their
study (15.9° < 65, < 69°). The observed long fission time was
thought [8,9] to be due to the high fission barrier of superheavy
unbinilium decaying for a long time by neutron emission
before undergoing predominantly asymmetric fission.

Using nuclear techniques, Toke er al. [2] and Hinde
et al. [10] measured the fission time of the complex produced
by the 2*¥U+%Ni reaction at the same or similar energy.
Toke et al. [2] bombarded the **Ni target with 28y at
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6 MeV/nucleon and performed a mass-angle distribution
measurement on the fission fragments detected in the angular
region from 3° to 70°, which covers the angular region
studied by Fregeau et al. [9]. They observed [2] a significant
lack of reflection symmetry in the angular distribution of
mass-asymmetric fragments, indicating that the fission time
was comparable to or shorter than the time for one rotation of
the composite (~10~%° s). For fission events with greater mass
symmetry, the angular distribution showed a higher degree
of reflection symmetry, indicating a longer lifetime of the
composite. They found [2] that the fission time increased
from 3.1 x 1072 to 7.5 x 1072! s with increasing fragment
mass symmetry and that mass-asymmetric splitting was the
dominant process.

Hinde et al. [10] performed mass and total kinetic-
energy gated prefission neutron multiplicity measurements
for this reaction (**Ni +2*%U) producing the same compound
nucleus (Z = 120, A = 302) at the same excitation energy
(T =~ 1.5MeV) and detected fission fragments at similar
center-of-mass angles as studied by Fregeau et al. [9]. They
obtained [10] a prefission neutron multiplicity of (4.0 &£ 0.8)
which translates to an average fission lifetime of (1.5 £ 0.5) x
107205, again much shorter than the lifetime obtained in
Refs. [8,9]. Moreover, Hinde et al. [10] stated that their
measured prefission neutron multiplicity (4 =+ 0.8) for the very
fast fission of the Z = 120 nucleus produced by the **Ni +*#¥U
reaction probably contained very significant contributions
from the postfission neutrons emitted by the accelerating
fragments and the true prefission neutron multiplicity could
be significantly lower, consistent with the measured splitting
time on the order of 102! s of Toke et al. [2]. Both Toke
et al. [2] and Hinde et al. [10] concluded that the quasifission
process having a very short lifetime (~1072! s) is the dominant
reaction mechanism for the 2*¥U +%Ni reaction in the same
angular region studied by Fregeau er al. [9] and Morjean
et al. [8]. Explanations have been given [11,12] arguing that the
fission process has a distribution of decay times extending from
1072! to 10~ s and nuclear techniques, such as mass-angle
distribution and prefission neutron multiplicities are sensitive
to the short fission time scale, whereas the atomic techniques
(x rays and crystal blocking) are sensitive to the long fission
time scale. We show below that this sensitivity argument
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cannot explain the observed large percentage of the long-lived
fission component seen by the atomic techniques and the
corresponding very short fission time observed by the nuclear
techniques.

In the case of the Z®U+%Ni reaction at
E... =332.8MeV, both the fast quasifission process
and the fusion-fission process with a distribution of fission
times might take place. The nuclear and atomic techniques
measure the weighted averages of fission time distribution
with different weighting factors in different time domains
for the two techniques. So the comparison among the fission
times obtained by the nuclear and the atomic techniques has to
be performed carefully. The nuclear clocks are more sensitive
and measure time with better precision compared to the atomic
clocks. However they have a relatively short range and saturate
earlier compared to the atomic clocks. The atomic clocks
(x rays and crystal blocking) are less precise but can measure
longer fission times in the range of 10~18-10716 5. Short fission
times from 102! to 10~'® s do not produce any observable
characteristic x-ray peaks, and blocking ratios remain below
the thermal vibration limit. Hence the atomic clocks set fission
times from 1072 to 107!8 s in a single time bin designated
as less than 107'% s. So the atomic clocks cannot distinguish
between fission times on the order of 107! s from fission
times on the order of 107! s but can certainly distinguish
unambiguously between short fission times on the order of
1072! s and long fission times on the order of 107'% 5. Let Ng
be the K-x-ray yield in coincidence with fissioning events (N 7).
Let tyx be the lifetime of the K-orbital vacancy, t be the fission
lifetime, f(t) be the normalized fission time distribution,
and Pk be the probability of producing a K-orbital vacancy.
Then [6],

N Px [ [®
Nk = J/ / f@e T dr dr. (1)
Tx t=0 J =0

It can easily be seen from Eq. (1) that if f(7) is taken as a
bimodal distribution with a very long time component (7 >
7., where 7, = 2.8 x 107!8 5) and a very short time component
(t < 1y), one obtains the minimum percentage (fnin) of a
long-lived fission component given by the experimentally
obtained ratio fpin = Pf 1[§/f x 100%. Any other fission time
distribution f(t) would produce a larger percentage of a long-
lived fission component. Fregeau et al. [9] found fii, = 53%
for the emission of asymmetric fission fragments 70 < Z <
80, implying that they experimentally obtained Pﬁ:’ 1’§,/ =0.53
for these asymmetric fission fragments. Let us assume a
bimodal distribution where only f;(7)% of the total fission
events with fission time t contribute to the atomic K-x-ray
yield and the remaining fission events have short fission times
and do not significantly contribute to the K-x-ray yield. In
Fig. 1, we have shown [using Eq. (1)] how f.(t)% would
decrease as a function 7 in the context of the result of
Fregeau et al. [9]. It is seen that for very large values of
T, fL(t) = fmin = 53%, as stated by Fregeau et al. [9]. As
T decreases, fi(T) must increase to reproduce the observed
K-x-ray yield.

The prefission neutron multiplicity clock is a nonlinear
high-precision clock with a relatively short range. Prefission
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FIG. 1. Percentage of the long-lived fission component [ f7(7)%]
versus the fission time (7) obtained from Eq. (1) using the data of
Fregeau et al. [9].

neutron multiplicity (V) saturates at a value of v de-
pending on the excitation energy of the compound nucleus.
If vy is close to its saturation value (vsu), the technique
loses its precision because longer fission time scales do not
yield significantly higher values of neutron multiplicity. Let us
define a fission time Ty, SO that for T = Tmax, Vpre(T) & Vsaru-
Hence, the measured prefission neutron multiplicity could
approximately be written as

fmdr. ()

Tiax
[Dpre]exp ~ [) Vpre(r)f(r)dt + Vsatu
Tmax

A statistical model code, such as JOANNE2 [13], is used
to determine the experimental fission time corresponding to
[Vprelexp- The deduced fission time is a weighted average and
does not depend on any dynamical model of fission.

We have calculated prefission neutron multiplicities using
the code JOANNE2 [13] with similar statistical model param-
eters as used by Hinde er al. [10]. The onset of fission was
delayed, and the amount of delay was an input parameter
while running the code. The number of prefission neutrons
increases with fission delay. Thus, the measured prefission
neutron multiplicity is a measure of the fission time. In
Fig. 2, we present our calculations of vy, using the code
JOANNE2 [13] for the 233U +%Ni reaction at Ex(***U) =
6.6 MeV /nucleon for various fission lifetimes of the composite
nucleus. Following Hinde et al. [10], the effective excitation
energy of the saddle to scission emitter has been increased to
account for the high mean kinetic energy of the prefission
neutron spectrum. Figure 2 shows vy, as a function of
fission time showing the saturation of vp. at a value of
Veaw A 7.7 for the fission time >5 x 10719 s. It is clear from
Fig. 2 that v, measurements cannot distinguish among fission
lifetimes longer than 5 x 107" s for this system. However,
the technique can certainly tell us without any ambiguity
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FIG. 2. Fission lifetime versus prefission neutron multiplicity
(Vpre) for the 2817 +%Ni reaction at EC3¥U)p = 6.6 MeV /nucleon
as obtained from the JOANNE2 code calculations.

whether the fission time is on the order of 107! s or greater
than 10~'® s. The experimental value vy = 4.0 [10] for the
4Ni 423U reaction has been reproduced with a fission delay
of 2 x 107205,

Let us now see if the results of Hinde et al. [10] could
be made consistent with the x-ray data of Fregeau et al. [9]
assuming that the fission time distribution function [ f(7)] for
28U 4+%Ni is similar to that shown by Cabrera er al. [14]
for the 2°Ne +'>Tb reaction (E/A = 8 MeV). Using Eq. (1)
and the fission time distribution given in Ref. [14], we obtain
PIZ ’,{]f ~ (.3 rather than the experimentally obtained value
of 0.53. Using the results from Fig. 2, the corresponding
prefission neutron multiplicity comes close to 7 rather than
the experimentally obtained value of 4. Hence neither the
x-ray data [9] nor the prescission data [10] are consistent
with a standard fission time distribution function [14]. On one
hand, the x-ray data of Fregeau et al. require that f(r) must
contain a significantly larger percentage of long-lived fission
component. On the other hand, the data of Hinde et al. [10]
require that f(t) must contain a significantly lower percentage
of long-lived fission component. Using Figs. 1 and 2, we find
that the only solution for these two contradictory requirements
is an extreme bimodal distribution comprising 53% of very
slow fission events with T > 107'%s and 47% of very fast
fission events with 7 < 1072!'s. We think such a fission time
distribution is very implausible. If we think fast fission events
(47% of the total fission events) are due to quasifission,
then also it is implausible that the time distribution of the
fusion-fission events would start at T > 10”15, If the time
distribution of the fusion-fission events would start at an early
time before 107!%s, then its percentage must increase above
53% (and the quasifission percentage must decrease below
47%) to be consistent with x-ray data [9], thus, contradicting
the prefission neutron multiplicity data [10]. Even in the
case of such an extreme bimodal distribution (47% fast
fission of a lifetime of <1072!'s and 53% slow fission of
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a lifetime of >107'6s), x-ray data and prefission data are
inconsistent if we consider neutron emission from the accel-
erating fragments [10]. In the case of very short fission time
comparable to the acceleration time of the fission fragments, it
becomes very difficult [10] to distinguish between prefission
and postfission neutrons from the accelerated fragments and
ultimately whether these postfission neutrons coming from
the accelerating fragments determine the minimum fission
time that could be measured by the technique. Following Hinde
et al. [10], we might consider that the minimum fission time
that the experiment could measure for the **Ni +23¥U reaction
was 1.5 x 107205 corresponding to [Vprelexp = 4. Hence, even
for the extreme bimodal distribution, from Eq. (2) we obtain
that the expected measured prefission neutron multiplicity
should be >(0.47 x 4 4+ 0.53 x 7.7) = 6, thus contradicting
the experimental result (4 & 0.8) by more than two standard
deviations.

In the case of the mass-angle distribution technique, the
lack of reflection symmetry in the angular distribution of
the fission fragments is observable when the fission time is
less than or comparable to the time taken by the composite
system to complete one rotation. Since typically the fissioning
nucleus takes time (~107%"s) to complete one rotation, this
method is sensitive on the time scale of 1072!s. If the
fission time scale is much longer than 1072 s, the composite
system undergoes many rotations before fission, resulting in
an essentially symmetric angular distribution of the fission
fragments, implying a fission time >1072s. The differential
cross section ( d;’:ﬂ) versus the 6., plot generally shows
a peaklike structure at a small angle 6, and then drops
following a function that could be approximated by a decaying
exponential function [1,15]. Let L be the orbital angular
momentum, let / be the moment of inertia of a dinuclear
system, and f(t) is the normalized fission time distribution.
Then the differential cross section at an angle 6., in the
center-of-mass frame for 6., > 6, could be written as

do o0 Ocm.
=K ———\|d

Tmax QCmI
f@exp| ———— Jdt + K
Lt

o]

~ K f(r)dr.

0

Tmax

3)

Here K is a normalization constant and, for (T > Tyax;
Tmax ~ 10720-5), the angular distribution could be considered
isotropic. Considering an extreme bimodal distribution as
discussed before, the second term of Eq. (3) should dominate
for large values of 6., contradicting the observed two-
dimensional (2D) mass-angle distribution of the 28U +N;i
reaction [2] that shows a steep decrease in the differential
fission fragment cross section at large angles. Toke ef al. [2]
deduced the fission time for a mass split from the correspond-
ing average angle of rotation of the intermediate complex. The
average angle of rotation of the intermediate complex was
determined by taking the weighted average over the entire an-
gular distribution of the relevant fragment. Toke et al. [2] mea-
sured a rather small average angle of rotation of the >**U +**Ni
complex (61°) for the asymmetric splits, thus ruling out the
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presence of a large percentage of reflection symmetric compo-
nent in the angular distribution and deduced a short fission time
of T = 3.1 x 1072! 5 [2]. Comparing with the 2D mass-angle
spectra of 2*¥U +27Al (containing a 30% compound nuclear
contribution), U 4+*Ti (containing a 5% compound nuclear
contribution) [2], etc., we conclude that the 2D mass-angle
spectra of the 2**U +-%*Ni reaction cannot contain more than a
5% reflection symmetric compound nuclear component. The
extraction of the fission delay from mass-angle correlation or
prefission neutron multiplicity experiments [2,10] does not
assume a priori that quasifission dominates as apparently
contended in Ref. [9]. Even if the transient composite system
rapidly splits into two fissionlike fragments that cannot be
distinguished event by event from true FFs, the computed
fission delays would be the same, although it would arise from
a different reaction mechanism. Since shorter lifetimes are
reported in Ref. [2] when the data are gated with asymmetric
fission, it is clear that quasifission is indeed distinguishable
from fusion-fission. Hence, these nuclear results [2,10] cannot
be reconciled with a large saturation term (vye) Or isotropic
term (in mass-angle distributions) arising from the presence of
a large percentage of long-lived fission components [9].

Toke et al. [2] performed measurements at E.., =
302.6 MeV, whereas Fregeau et al [9] and Hinde
et al. [10] performed measurements at E.,, = 332.8 MeV.
The Coulomb barrier for the **Ni+>*®U reaction from the
Bass model is about 267 MeV [16] in the center-of-mass frame.
Kozulin et al. [16] found that the total capture cross section
(the sum of the quasifission and compound nucleus fission
cross sections) for the ®*Ni +2*%U reaction tended to saturate
around E.;, = 300MeV and the compound nucleus fusion
cross section was negligible compared to the quasifission cross
section. The compound nucleus fusion excitation function
generally tends to show saturation at 1.1-1.15 times the
Coulomb barrier energy in the center-of-mass frame. So the
available evidence suggests that the emitted fission fragments
at E.,, = 302.6 and 332.8 MeV should essentially all be
from the quasifission process. Both Toke et al. [2] and Hinde
et al. [10] determined the fission time of the strongly damped
fission fragments by cutting out the quasielastic regions and
gating on the strongly damped regions as seen from their 2D
total kinetic energy versus fragment mass plots. On the other
hand, Fregeau et al. [9] gated on the Z bin (70 < Z < 80)
and fragment energy bin from about 300 to 1100 MeV.
Assuming detected fragments in the Z bin (70 < Z < 80)
approximately correspond to a fragment mass bin in the range
of (160 < A < 200), the total kinetic energies of the fragments
in the center-of-mass frame were similar to what Toke et al. [2]
and Hinde et al. [10] had observed in this mass region.
Hence, the fission lifetime measured by Toke et al. [2] in
an asymmetric mass bin around A = 180 should be consistent
with the measurements of Fregeau et al. [9]. Although the
mass-angle distribution measurements of Toke et al. [2] and
duRietz et al. [15] cannot rule out the possibility of late-chance
fission (fission time of ~107!8s) at some low level [17]
consistent with the experimental uncertainty, they certainly
contradict the presence of a long-lived fission component for a
large percentage of the fission fragments as found by Fregeau
et al. [9] and Andersen et al. [7].
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The conclusion [8,9] that fusion-fission (rather than quasi-
fission) dominates and that the fission barrier is high resulting
in rapid cooling by neutron emission is also in conflict with the
theoretical prediction [18] of a low fission barrier of ~6 MeV
compared to the neutron binding energy of ~7.2MeV.
Recent attempts [19,20] to detect the Z = 120 nucleus as an
evaporation residue using the same reaction (***U +%Ni) at an
energy near the Coulomb barrier (E. , = 270MeV) obtained
a negative result (upper limit of evaporation residue cross
section of <941b), implying the dominance of quasifission
and/or a low fission barrier of Z = 120, contradicting the
conclusion of Refs. [8,9]. The compound nucleus fusion
cross section of the **Ni+2U system (Coulomb barrier =
267 MeV [16]) is expected to saturate before E. ,,, = 332 MeV
increasing at most by a factor of (10-50) [16] compared
to the fusion cross section near the Coulomb barrier energy
of E.m =270MeV. Hence using the results of Hofmann
et al. [20], the fusion cross section for compound nucleus (Z =
120) formation at E.,, = 332.8 MeV should be less than
(1-5) pb making it essentially impossible to see a compound
atom x-ray yield in a fission fragment x-ray coincidence
experiment. So an interpretation in terms of seeing asymmetric
fission fragments from a superheavy Z = 120 nucleus and
corresponding coincident x rays would imply a many orders of
magnitude (compared to the picobarn level) higher compound
nucleus fusion cross section, contradicting the results of
Hofmann et al. [20]. On the other hand, both the theoretical
calculations [18] of a low fission barrier and the measurement
of very short (~1072!-s) fission time by Toke et al. [2] and
Hinde e al. [10] are consistent with the nonobservation [20]
of Z = 120 evaporation residues in the %*Ni 423U reaction.

The claim [8,9] of the observation of a superheavy Z = 120
element (with a high fission barrier) is based on the observation
of a long fission lifetime (~107'8s) for a highly excited
Z = 120 nucleus and a shorter fission lifetime (< 10~'8s)
for the similarly excited neutron deficient Z = 114, A = 280
nucleus. However the observation of long fission times using
the atomic techniques is a rather common observation [4-9]
seen for a large number of quasifission and fission processes
unrelated to the formation of superheavy nuclei. For example,
Andersen et al. [7] using the crystal blocking technique
observed that all the detected fragments (100%) came from
slow processes having long fission times (~107'8s) for a
large number of reactions [such as "“Ge +W at E (74Ge)1ab =
390MeV, 3¥Ni+W at E(®Ni), = 330-375MeV, ®Ti+W
at E (48Ti)lab = 240-255MeV] expected to be dominated
by the quasifission process and producing highly excited
transuranium composites (Z = 102-106) far away from the
predicted landscape of the superheavy nuclei. On the other
hand, using the mass-angle correlation technique, du Rietz
et al. [15] obtained 2D mass-angle correlation plots for very
similar systems (**Ni4+W, ®Ti4+W) at similar center-of-
mass energies and deduced their exponential quasifission and
fission lifetimes on the order of ~1072'-1072°s. Molitoris
et al. [4] using an x-ray technique observed a long fission
time (~107!8s) for the majority of the observed fission
fragments emitted by the highly excited (Ex = 40-105-MeV)
uraniumlike nuclei having low fission barriers [18]. Using the
crystal blocking technique, Goldenbaum et al. [5] obtained a
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fission time of highly excited (Ex &~ 200 MeV) **U on the
order of 10~'8s. Wilschut and Kravchuk [6] measured the
fission time of highly excited (Ex = 145-MeV) neptunium
nuclei on the order of 10~'® s using an x-ray technique. Several
authors [7,11,12] attempted to explain such a long fission
time by introducing a large viscosity parameter of the nuclear
medium that produced a very broad fission time distribution
extending to 1013 s and shifted the mean value of the fission
time distribution to ~10~18 5. However, if the nuclear medium
indeed offers such a high viscous friction, this effect should be
present in all quasifissioning or fissioning processes and hence,
all the quasifissioning or fissioning systems should have long
splitting times (~10~'%s). Hence, one cannot conclude that
the observed long fission time [8,9] of the Z = 120 nucleus
measured by the atomic techniques implies a high fission
barrier of the nucleus.

In this paper, we are not offering any explanation as to
why there is such a large apparent discrepancy between the
fission times obtained by the nuclear and atomic techniques.
We are not saying that the fission lifetime measured by
either the atomic or the nuclear technique is incorrect. Each
technique stands on its own. We are only pointing out that the
observed large percentage of the long-lived fission component
as measured by the atomic techniques and the corresponding
very short fission time measured by the nuclear techniques (at
the lower end of the nuclear clock’s range) cannot be explained
by the sensitivity argument of the different techniques in the
different time domains. The explanation of the long fission
time in terms of the large viscosity parameter of the nuclear
medium should be applicable to all heavy systems including
the Z = 120 nucleus. Hence, it is clearly not possible to claim
the observation of a Z = 120 superheavy nucleus with a high
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fission barrier on the basis of an observed long fission time by
the atomic techniques.

To summarize, the long fission lifetime measured by the
atomic techniques cannot be reconciled with the short fission
lifetime measured by the nuclear techniques using the sensi-
tivity argument. The x-ray data of Fregeau et al. [9] could be
made consistent with the results of Hinde et al. [10] only in the
context of an extreme bimodal fission time distribution com-
prising a 53% long-lived component (t > 10719 s) and a 47%
short-lived component (7 < 1072'g), provided the neutron
emission from the accelerating fragments could be ignored.
Such an extreme bimodal distribution looks implausible. Even
in the context of this extreme bimodal distribution, the result of
Fregeau et al. [9] is inconsistent with the mass-angle distribu-
tion data of Toke et al. [2]. The nonobservation of the Z = 120
evaporation residue in the 23U +-%Ni reaction contradicts the
conclusions of Refs. [8,9] regarding the high fission barrier
of Z = 120. The fission time measurements [2,10] using the
nuclear techniques agree with each other and are consistent
with the theoretical calculations [18] as well as with the
nonobservation of the Z = 120 evaporation residue [20]. The
atomic results [8,9] and the conclusion that the fusion-fission
reaction mechanism dominates the reaction 2*®U+%Ni at
6.6 MeV /nucleon and leads to the formation of the superheavy
nucleus Z = 120 with a high fission barrier are inconsistent
with the nuclear results [2,10,20] and calculations [18]. The
incompatibility among the measured fission times by the
nuclear and atomic techniques might indicate new physics [21]
beyond the scope of fission physics.

We acknowledge useful discussions with R. Vandenbosch
(CENPA, University of Washington, Seattle, USA).
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