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Abstract. In April-May, 2001, the previously reported experiment to synthesize element 118 using the
208Pb(%I(r,n)293118 reaction was repeated. No events corresponding to the synthesis of element 118 were
observed with a total beam dose of 2.6 x 10'® ions. The simple upper-limit cross-sections (1 event) were
0.9 and 0.6 pb for evaporation residue magnetic rigidities of 2.00 Tm and 2.12 Tm, respectively. A more
detailed cross-section calculation, accounting for an assumed narrow excitation function, the energy loss of
the beam in traversing the target and the uncertainty in the magnetic rigidity of the Z = 118 recoils is also
presented. Re-analysis of the primary data files from the 1999 experiment showed the reported element
118 events are not in the original data. The current results put constraints on the production cross-section
for synthesis of very heavy nuclei in cold-fusion reactions.

PACS. 25.70.Gh Compound nucleus — 25.70.Jj Fusion and fusion-fission reactions — 27.90.4+b 220 < A

1 Introduction

In 1999, the synthesis of element 118 (and its decay prod-
ucts) using the 20Pb(8¢Krn) reaction was reported [1].
This claim was based on the apparent occurrence of three
decay chains, each consisting of an implanted heavy atom
and six subsequent alpha decays, correlated in time and
position. A fourth event involving a number of “escape”
alpha-particles (depositing only part of their energy in the
detector) was reported too [2,3]. Based upon the above
three chains, and a revised estimate of the beam dose
in the 1999 experiments, a cross-section of 7J_rg pb was
deduced for the synthesis of element 118 at a projec-
tile energy (center of target, lab system) of 449 MeV.
A new calibration of the magnetic rigidities (Bp) of
the Berkeley Gas-Filled Separator (BGS) indicates that
the reported element 118 compound-nucleus evaporation
residues (EVRs) recoiling from the target would have had
a Bp of 2.00 Tm in the 130 Pa He gas of the separator.
Attempts to reproduce this result by other groups [4-6]
were unsuccessful.

Subsequently, the claim to synthesis of element 118
using the 28Pb(®Krn) reaction has been retracted [7].
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That retraction was based upon the absence of the re-
ported [1-3] chains in a re-analysis of the binary data on
the original 1999 data tapes. An investigation into this
matter has concluded that there was scientific misconduct
and data fabrication by one individual [8]. GSI has also
reported similar spurious data [9]. Despite the retraction
of this claim, the current work is important in establishing
definitive upper limits on the production of element 118
in the 2°¥Pb(86Krn) reaction.

Motivated in part by the erroneous report [1], there
have been a number of papers [10-22] predicting the struc-
ture and decay properties of element 118 and its daugh-
ters. Should element 118 be synthesized, it will be inter-
esting to compare these predictions with the observations.
In a similar vein, there have been a number of papers [23—
37] dealing with the synthesis of element 118 and the
reported production cross-section, which was unexpect-
edly large. Special mention should be made of the work
of Smolaniczuk [23,30] which prompted the experimental
measurement [1]. Smolaiczuk originally estimated [23] a
production cross-section of 670 pb for the 2°8Pb(8Kr,n)
reaction, an estimate that was later revised [30] to 5.9
pb. Other predictions [32-34] for the evaporation residue
production cross-section for the reaction of 449 MeV 36Kr
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Table 1. “One-event” upper-limit cross-sections for formation of element 118 in the 2**Pb(®¢Kr,n) reaction.
E*(MeV) Dose Separator-Bp One-event upper limit (pb)  Reference
13.2 1.1 x 10'® BGS-2.00 Tm 0.9 this work
13.2 1.5 x 10'8 BGS-2.12 Tm 0.6 this work
13.2 1.1 x 10"®  GANIL-LISE velocity filter 2.1 5]
13.2 2.0 x 10'® GARIS-2.1 Tm 0.6 6]
13.2 2.9 x 10'8 GSI-SHIP velocity filter 0.5 [4]
15.5 0.4 x 10'®  GSI-SHIP velocity filter 3.6 [4]
Cold Fusion Reactions with a “**Pb Target been observed with the given particle dose, target thick-
M " R B S S S S S ness, separator efficiency, etc. In the case of the data in [5],
1055 \ —m— Expt. 3 a separator efficiency of 50% [38] was used to calculate
o'k —e— Overall Upper Limit | the cross-section. All excitation energies were calculated
Denisov/Hofmann [27] | 3 from [26].
100k —v— Cherepanov [33] N
a Adamian et al. [34]
~ 10°k —0O— Smolanczuk [30] o .
8 : i 22001 experimental setup
g 10k A\ o
2 100k \;\D / E The reaction 2°8Pb(8¢Krm) was studied at the 88-Inch
8 ® Cyclotron of the Lawrence Berkeley National Laboratory,
© 'L . N using the Berkeley Gas-Filled Separator [39]. The exper-
5 / ] imental apparatus was a modified, improved version of
107g . E the apparatus used in [1], including improved detectors
10-3: R T T T T T T SR and data acquisition systems, continuous monitoring of
100 102 104 106 108 110 112 114 116 118 120  the separator gas purity, and a better monitoring of the
z 86Kr beam intensity. A 3Kr'9* beam was accelerated to

Fig. 1. The predicted and observed cross-sections for the syn-
thesis of heavy nuclei for cold-fusion reactions involving a 2**Pb
target.

with 298Pb range from 0.005 to 2 pb. These predicted
cross-sections are generally larger than expected from a
simple logarithmic extrapolation of the trend of cross-
sections for reactions of the type 2°Pb(X,n) [4] (fig. 1).
Similar predictions of a non-exponential decrease in cold-
fusion cross-sections for reactions leading to elements 116
and lighter elements have been made [27]. The physical
effect behind this trend was pointed out by Myers and
Swiatecki [25,28] as due to a sinking of the Coulomb bar-
rier below the bombarding energy for symmetric target-
projectile combinations, thus “unshielding” the saddle
point. As pointed out by Siwek-Wilczynska and Wilczyn-
ski [31], the system in these cases must still evolve from
the dinuclear composite system into the compound nu-
cleus. Thus, even the establishment of upper limits for the
208ph(86Kr,n) cross-section may contribute to our under-
standing of the large-scale collective motion in very heavy
nuclei.

Besides the work presented herein, three recent at-
tempts to reproduce the observations of [1] have been re-
ported [4-6]. We summarize these attempts in table 1 in
terms of the beam energy used, the particle dose and the
observed upper-limit cross-section. All upper-limit cross-
sections are reported as “one-event upper limits”, i.e., the
cross-section that would have been reported had one event

457 MeV with an average current of ~ 1.3 x 102 jons/s.
The beam went through the 40 pug/cm? carbon en-
trance window of the separator before passing through the
208ph target placed 0.5 cm downstream from the window.
The targets were 470 pg/cm? thick (sandwiched between
40 pg/cm? C on the upstream side and 10 pug/cm? C on
the downstream side). Nine of the arc-shaped targets were
mounted on a 35 cm wheel that was rotated at 300 rpm.
The beam energy in the target was 453-445 MeV [40],
encompassing the in-target energies used in [1]. The re-
producibility of beam energies from the 88-Inch Cyclotron
was determined by measuring the beam energy spectrum
in a Si p-i-n diode for 7 different “Ca beam energies be-
tween 203 and 219 MeV. Deviations from the expected lin-
ear relationship between energy deposit in the p-i-n diode
and the square of the cyclotron frequency gave a standard
deviation of 0.2% (FWHM = 0.5%) for the beam energy.
The beam intensity in the BGS was monitored by two sili-
con p-i-n detectors (mounted at £27 degrees with respect
to the incident beam) that detected elastically scattered
beam particles from the target. Attenuating screens were
installed in front of these detectors to reduce the num-
ber of particles reaching them (and any subsequent radia-
tion damage to the detector). These detectors, the 2°°Pb
targets and the separator entrance window were replaced
periodically during the run which lasted three weeks.
The EVRs (E ~ 131 MeV) were separated spatially in
flight from beam particles and transfer reaction products
by their differing magnetic rigidities in the gas-filled
separator. The separator was filled with helium gas at a
pressure of 130 Pa. The expected magnetic rigidities of
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131 MeV 293118 EVRs were estimated using the data of
Ghiorso et al. [41]. These estimates were 2.00 Tm from
extrapolation of the data in their fig. 3, and 2.10 Tm
from their semi-empirical formula for EVR charge. In the
current experiments, two settings of the magnetic fields
of the separator were used, 2.00 Tm and 2.12 Tm. These
settings differ by 6%, the width in magnetic rigidity of
the focal-plane detector. The efficiency of the separator
for transport and implantation of Z = 118 EVRs was
estimated to be ~ 79% using a Monte Carlo simulation
described below.

The detector setup at the focal plane of the separator
consisted of a parallel plate avalanche counter (PPAC) [42]
placed ~ 29 cm upstream of a Si-strip detector. The 10
cm X 10 cm PPAC registered time, energy loss, and x,y
position of the particles passing through it. It has a thick-
ness equivalent to ~ 0.6 mg/cm? of carbon. The time of
flight of the EVRs between the PPAC and the Si-strip
detector was also recorded. The PPAC was used to distin-
guish between events arising from beam-related particles
being implanted into the Si-strip detector, and those aris-
ing from the decay of previously implanted atoms. Dur-
ing these experiments, the PPAC efficiency for detecting
beam-related particles depositing between 8 and 14 MeV
in the Si-strip detector was 97.5-99.5%.

The 300 pm thick passivated ion-implanted silicon-
strip detector had 32 vertical strips and an active area
of 116 mm x 58 mm. The strips were position sensitive in
the vertical (58 mm) direction. The sources used for po-
sition and energy calibrations are summarized in table 2.
The energy resolution of the focal-plane detector was mea-
sured during the 86Kr + 298Pb experiments using the 7.45
MeV 2''Po background peak. The energy resolution was
42 keV (FWHM). The differences in measured positions
for the 2°2No - ?*8Fm full energy a-a correlations in the
48Ca + 296pPb study had a Gaussian distribution with a
FWHM of 0.52 mm (¢ = 0.22 mm). The measured position
resolution for full-energy alpha-particles correlated to “es-
cape” alpha-particles (which deposited only 0.5-3.0 MeV
in the detector) was ~ 1.2 mm (FWHM). A second silicon-
strip “punch-through” detector was installed behind this
detector to reject particles passing through the primary
detector. A “top” and a “bottom” detector were installed
upstream of the focal-plane detector to detect escaping
alpha-particles and fission fragments. The focal-plane de-
tector combined with these “top” and “bottom” detectors
had an estimated efficiency of 75% for the detection of
full-energy 11 MeV a-particles following implantation of
a 293118 nucleus.

Any event with £ > 0.5 MeV in the focal-plane Si-
strip detector triggered the data acquisition. Data were
recorded in list mode, and included the time of the trig-
ger, the position and energy signals from the PPAC and
the Si-strip detectors, and energy signals from the “top”,
“bottom” and “punch-through” detectors. With the use of
buffering ADCs and scalers, the minimum time between
successive events was 15 us.

The energies of the 292118 EVRs, after passing through
the PPAC, were estimated to be ~73 MeV by extrap-
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olation of heavy-ion stopping powers, calculated with
SRIM2000 [40]. The 293118 implantation pulse height in
the Si-strip detector was estimated to be 24-48 MeV after
applying the pulse-height defect determined for Rn EVRs
from the 365 MeV 86Kr + '20Sn reaction.

With a beam current of 1.3 x 10'2 86Ky ions striking
the target, the average total counting rates (£ > 0.5 MeV)
in the focal-plane detector were ~ 40/s and ~ 10/s at Bp
settings of 2.00 and 2.12 Tm, respectively. The average
rate of “alpha-particles” (8-14 MeV with no PPAC signal)
was ~ 0.2/s.

3 Results

At separator magnet settings corresponding to EVR mag-
netic rigidities of 2.00 and 2.12 Tm, the projectile doses
were 1.1x10'® and 1.5x 108, respectively. No event chains
similar to those reported in [1] or as predicted [10-21]
for the decay of 293118 were observed. Two independent
searches were performed for superheavy element (SHE)
decay sequences. In the first, a search routine in the
GOOSY [43] environment was used to search for events
similar to those reported in [1], i.e., a search was made for
events in which two alpha-particle decays were detected in
the focal-plane detector within 30 ms and with positions
differing by < 1.5 mm. The energies of the alpha-particles
had to be greater than 10 MeV and they had to be un-
related to beam events (no PPAC signal). No such a-«
correlations were found.

A second, less restrictive search was made for EVRs
(> 20 MeV with a PPAC signal) followed by alpha de-
cays (8-14 MeV in the focal-plane Si-strip detector, no
PPAC signal) correlated in position (£2 mm, same strip)
and time (within 10 s). For this search, one detector strip
on the low-Bp edge of the detector and three strips on
the high-Bp edge of the detector were excluded because
they detected relatively high rates of scattered beam par-
ticles with trajectories bypassing the PPAC. Two poten-
tial EVR-a-a chains were identified. Based on the sin-
gles rates for alpha-like events and EVRs, the expected
number of random EVR-a-a chains is ~ 4. Both of the
observed EVR-a-a chains had large differences in the ver-
tical positions for the parent and daughter alpha-particles,
|Ap| > 0.78 mm = 3.50. Thus, we conclude that there are
no valid EVR-a-a correlations in the data set from this
experiment.

One must also consider the possibility that SHEs decay
by spontaneous fission (SF'). Spontaneous fission events in
which one fragment was detected in the focal-plane detec-
tor (E > 90 MeV, no PPAC signal) can be confused with
scattered 86Kr beam particles not vetoed by the PPAC
signal. Therefore, we excluded, from the analysis, three
strips on the low-Bp edge of the detector and four strips on
the high-Bp edge of the detector to discriminate against
these scattered beam particles. We observed no single fis-
sion fragment signals during the run using these gating
conditions, i.e., no EVR-SF events.

There were no correlation chains containing at
least EVR-a-a or EVR-SF with additional full-energy
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Table 2. BGS energy calibration points.

Calibration reaction Nuclide Energy (MeV) Nuclide Energy (MeV)
External source M8 3.183 239py 5.157
241 Am 5.486 240m 5.805
365 MeV 86Kr + 1209n  2%4Rp 6.417 203Rn 6.497, 6.547
218 MeV *8Ca + 2°%Ph  2%4No 8.10 250Fm 7.43
218 MeV 8Ca + 2Ph  22No SF 22No 8.42
248 7.87 cf 7.209

alpha-particles (8-14 MeV with no PPAC signal) or escape
alpha-particles (with energy deposited in the focal-plane
detector > 0.5 MeV and no PPAC signal).

The implantation depth in the Si-strip detector for
the 293118 recoils (E ~ 73 MeV after passing through
the PPAC) was extrapolated from heavy-ion ranges cal-
culated with SRIM2000 [40], and is estimated to be 7 pum.
From this depth, the efficiency for detecting full energy
for isotropically emitted 8-14 MeV alpha-particles is 55%.
The expected decay sequence [22,1] following implanta-
tion of a 2?3118 EVR consists of 6 a-particles emitted se-
quentially within the first 10 seconds after implantation.
Using the 55% a-particle efficiency, €, together with a bi-
nomial series for the probability P of observing at least n
members of an N-member chain,

P= ngau_aw*a, (1)

the probability for detecting at least two full-energy
a-particles from a sequence of six is 93%. Such a bino-
mial treatment can be used to calculate the efficiency
for detection of other postulated decay chains. Assuming
a 100% event chain detection efficiency results in “one-
event” upper-limit cross-sections of 0.9 pb and 0.6 pb for
Bp settings of 2.00 and 2.12 Tm, respectively. These cross-
section limits assume detection of one event, whereas none
were observed, and a constant production cross-section

throughout the target thickness.

4 Discussion
4.1 Cross-section calculation

The standard cross-section calculation assumes a constant
cross-section, o¢onst, for all beam energies within the tar-
get. The number of events observed, nqps, is given by

(2)

where ¢t is the integrated beam current, IV; is the areal
density of target atoms, and ¢ is the experimental effi-
ciency. This formalism was used in [4-6] for the cross-
section limits quoted in those works and used above in
table 1 and related discussion. However, in the case of
the 208Pb(86Kr,n)293118 reaction, the excitation function
is expected to be narrow and the energy loss of the

Nobs = (bt “N¢ - Oconst - g,

beam in traversing the target material is relatively large
(AE ~ 8 MeV) [40], so the assumption of a constant cross-
section for all beam energies within the target does not
hold. For the purpose of an improved determination of
cross-section limits in this experiment, a Gaussian exci-
tation function, o(F), with a full-width at half-maximum
(FWHM) of 5 MeV in the lab frame has been assumed:

3)

where o is the cross-section at ¢, the centroid energy, F is
the beam energy at the corresponding target depth, and s
is the standard deviation of the Gaussian (s = 2.12 MeV
for a 5 MeV FWHM). This results in the differential
equation

0(E) = o.exp((E — ¢)?/25%),

Onops = ot - 2NUE)

S o(E) - <(E) - OF .

(4)
where the separator efficiency, e(FE), depends on the beam
energy (depth in target). Since the areal number density
of target atoms and the dE/dx of the beam are nearly
constant throughout the target, the areal number density
of target atoms within a differential target thickness
element, 81\?;—]2@, is constant and equal to N;/AE, where
AE is 8.0 MeV for the ®Kr beam in the 2°®Pb targets.
Integrating over the energy range in the target, and
solving for o, results in

Nobs

Ef . 2
ot - % - [ e(E)exp [—(EQSQ)
E;

)

Oc =

|aE

where E; and E; are the beam energies at the upstream
and downstream limits of the target. For our experiment,
assuming that the centroid of the excitation function cor-
responds to the center of the target and that the efficiency
is constant throughout the target, o./0const = 1.6, and
thus the cross-section limits presented below are larger
than those calculated in the traditional way by this factor.

4.2 BGS Efficiency simulation

The efficiency of the BGS is limited by the initial position,
energy and angular distributions of recoils exiting the tar-
get, and by transmission of these recoils through the BGS
under the influence of the magnetic fields, and energy loss,
multiple scattering and charge exchange in the He fill gas.
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Fig. 2. The one-event upper-limit cross-sections measured in
this work as a function of the assumed excitation function cen-
troid energy and recoil magnetic rigidity.

All of these effects, together with the effects of the esti-
mated angular and energy distributions of the 86Kr beam
entering the BGS were calculated with a Monte Carlo sim-
ulation. In this simulation, the initial 36Kr beam energies
and directions were chosen from an assumed Gaussian en-
ergy distribution (with a centroid of 457 MeV —chosen
to put ¢ at the center of the target, and a 0.3% FWHM—
a typical beam energy width from the 88-Inch Cyclotron)
and Gaussian angular (FWHM = 0.9° —typical for the
beamline leading to the BGS) distributions. The beam
energy was corrected for energy loss in the carbon en-
trance window and target backings. Points were randomly
chosen from the assumed Gaussian excitation function
(¢ = 449 MeV, s = 2.12 MeV), and if they were within
the energy range subtended by the target (thickness =
0.47 mg/cm?, dE/dx = 17 MeV/(mg/cm?)), the depth of
interaction in the target was calculated, and a simulation
of the trajectory of an EVR was initiated. The initial en-
ergy and angle of the EVR were corrected for the effect of
isotropic evaporation of a single neutron. Energy loss and
angular scattering in the remaining target material was
calculated for each EVR using SRIM2000 [40]. After exit-
ing the target, the trajectories through the BGS were sim-
ulated, including the effects of the magnetic fields, charge
exchange in the gas, scattering in the gas, and energy loss
in the gas. By comparing the number of EVRs reaching the
focal-plane detector in the simulation with the initial num-
ber of 8Kr beam particles, the effects of the fraction of the
excitation function contained in the target and the BGS
efficiency as a function of target depth were accounted for.
The “average” separator transport efficiency for the EVRs
produced in this reaction was calculated to be 79%.

4.3 Improved 293118 cross-section upper limits

Since neither the centroid of the element 118 excitation
function nor the magnetic rigidity of the Z = 118 EVRs
are known, numerical simulations of the BGS efficiency
were run using several different choices for the excitation
function centroid energy and average EVR magnetic
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rigidity. These simulations gave a set of experimental sen-
sitivities as a function of the assumed excitation function
centroid, and of the assumed magnetic rigidity. The results
from two bombardments, the first with 1.1 x 10'® 86Kr
ions at a BGS magnetic rigidity (Bp) of 2.00 Tm and the
second with 1.5 x 108 Kr ions and Bp = 2.12 Tm were
combined. The one-event cross-section limits (assuming
observation of one element 118 chain where zero events
were observed) as a function of assumed o, and Bp
are presented in fig. 2. The cross-section limits reached
were as low as 1.1 pb, and a limit of less than 4.5 pb
was reached for compound-nucleus excitation energies
from 10.0-16.8 MeV (444.5 < Epp (MeV) < 454.0),
covering magnetic rigidities for the recoiling products
from 1.94-2.18 Tm.

5 Summary

Several experiments have led to one-event cross-
section upper limits near 0.6 pb for the 449 MeV
208Ph(86Kr,n)293118 reaction (table 1). In fig. 1, we com-
pare this 0.6 pb limit with various theoretical predic-
tions [27,30,33,34] for the production of 293118 in the
reaction of 449 MeV 3Kr with 2°8Pb. This limit is be-
low some of the predicted values. Combination of sets of
upper-limit cross-sections from table 1 results in an upper-
limit cross-section of ~ 0.2 pb, placing more stringent lim-
itations on the validity of some of the models. The most
pessimistic estimate [34] of the evaporation residue cross-
section assumes the probability of forming a true com-
pound nucleus, after capture of the projectile, decreases
by approximately four orders of magnitude in going from
707Zn + 298Pb to 86Kr + 298Pb. This decrease may coun-
teract any fusion enhancement due to a lowering of the
Coulomb barrier relative to the energy of the fused sys-
tem in the latter reaction. Observation of the production
of element 118 in the 2°8Pb(36Kr,n) reaction will require
sensitivity to cross-sections smaller than ~ 0.2 pb.
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