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Reviews

Superheavy Elementswith the Berkeley Gas-Filled Separator
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In April and May of 1999 the Berkeley Gas-filled Separator was used to search for the production and decay of
element 118 from the ®Kr + 2®Pb reaction, according to Smolaficzuk's predictions of relatively large production
rates. Three decay chains, each consisting of an implanted heavy ion, followed by a rapid (ms) succession of
high-energy (> 10 MeV) alpha-particle decays were detected. These chains are consistent with the production and
decay of element 118 with mass number 293. These results a) show experimental evidence for the existence of
shell-stabilized superheavy elements, b) provide experimental values for refinement of nuclear mass modelsin the
superheavy element region, and, most importantly, c) present a “new” reaction pathway for the production of

superheavy elements.

In the early 1970s, the heaviest known isotopes had proton and
neutron numbers near Z~106 and N~158. The experimental
trends in nuclear stability indicated that with increasing Z and
N, spontaneous fission (SF) would dominate the decay, result-
ing in ever-decreasing half-lives. However, according to the
superheavy element (SHE) predictions,® closed proton and
neutron shells near Z=114 and N=184 should result in
increased stability.

Traditionally, the best nuclear reactions for production of
SHE at particle accelerators were thought to involve *Ca pro-
jectiles with actinide targets, and several attempts to produce
SHE were made? which ultimately proved unsuccessful.
Recent very exciting results from experiments with “Ca pro-
jectiles and #8U, 2*Pu, and >**Pu targets have recently been
reported,® with indications that element 114 isotopes may have
been produced in the **Ca bombardments of Pu targets.

Heavy element production rates in experiments’ to synthe-
size elements 110-112 indicate that it will be difficult to pro-
duce elements beyond Z=113 by the “cold fusion” approach®
of bombarding Pb or Bi target nuclei to produce heavy com-
pound nuclei at low excitation energies. Standard extrapola-
tions of these production cross sections indicate that large
increases in beam currents will be needed to approach produc-
tion rates of one atom per month.

However, the recent predictions of Smolaficzuk® indicate
that the cold fusion of projectiles near Kr with *®Pb or 2°Bi
targets should lead to relatively large SHE production rates.
According to his calculations, the 2®Pb (¥Kr, 1n)**118 reac-
tion should proceed with a cross section of 670 pb. In addi-
tion, Smolaficzuk predicted that these SHE isotopes would
decay by a rapid series of high-energy a-particles. The pre-
dicted decay properties of 23118 and the resulting daughter
activities are presented in Table 1.

TABLE 1: Predicted® Decay Sequence from 2%118

AZn Qu(MeV) Ty
25118175 12.23 31 ps—310 ps
29116475 11.37 960 pus—9.6 ms
25114, 11.18 800 pis—8.0 ms
21112160 11.00 610 ys—6.1 ms
217110467 10.77 620 us—6.2 ms
213108165 9.69 120ms—-1.2s
2S5 8.35 8.0min—80 min
5Rf 161 SF 41 min

*Corresponding author. E-mail: KEGregorich@Ibl.gov. FAX: +1-
510-486-7983.

Based on these predictions, we searched for SHE production
in the interaction of ®Kr projectiles with 2®Pb targets using the
recently completed Berkeley Gas-filled Separator’ (BGS) at
the 88-Inch Cyclotron of the Lawrence Berkeley National
Laboratory (LBNL). Results from these first experiments have
been published.® A schematic of the BGS is presented in
Figure 1. The %Kr'®* beam was produced in the Advanced
Electron Cyclotron Resonance Source’ and accelerated by the
88-Inch Cyclotron to an energy of 459 MeV (AE = 2.3 MeV
FWHM). During the experiments, the beam current averaged
0.3 particle microAmperes (2.0 x 10% iong/s). At the BGS, the
beam first passed through a 0.1 mg/cm? carbon vacuum win-
dow before entering the 1.0 torr He gas filling the BGS. The
Kr beam then passed through the ®Pb targets mounted at the
periphery of a 14-inch diameter rotating wheel positioned 0.5
cm downstream of the vacuum window. The targets consisted
of 300-400 pg/cm? *®Pb metal evaporated onto the down-
stream side of 40 pg/cn?? carbon foils. The Pb layer was cov-
ered by an additional 10 pg/cm? layer of carbon to prevent
sputtering of the 2®Pb and to aid in the blackbody radiation
cooling of the targets. The ®Kr energy at the center of the
28pp target material was 449 MeV.™® The compound nucleus
evaporation residues (EVRs) recoiled out of the target at near
the beam momentum (EEVR = 131 MeV). Upon passing
through the He gas, the EV Rs experience many charge-chang-
ing collisions, leading to a well-defined average charge state.
This average charge state is nearly proportional to the EVR
velocity, resulting in large a large charge and velocity accep-
tance in the BGS. The EVRs then passed through a vertically-
focusing quadrupole magnet, a 25° dipole magnet with a
strong horizontally focusing field gradient, and a 45° flat-field
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Figure 1. Schematic of the Berkeley Gas-filled Separator.
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dipole magnet before entering the detector chamber. Other
nuclear reaction products, unreacted beam, and scattered beam
particles take on alower magnet rigidity in the He gas, and are
directed toward the beamstop along the upper edge of the vac-
uum chamber shown in Figure 1. The efficiency of the BGS
for focusing element 118 EVRs onto the focal plane detector
was estimated by measuring the a-decay of Po EVRs from a
8K r + 8Cd test reaction, and comparing with the expected Po
production rates.* This efficiency agrees well with Monte
Carlo simulations of ion trajectories through the separator.

Upon entering the detector chamber, the EV Rs passed
through a parallel plate avalanche counter*? (PPAC) where
time and position were recorded. The Si-strip focal plane
detector was located 30 cm downstream of the PPAC. This Si-
strip detector was an 80 mm wide x 35 mm high and was
divided into 16 vertical strips. Along each of these strips, the
vertical position was measured by resistive charge division.
The energy and position resolution of the Si-strip detector were
determined using implanted recoil atoms from a ®Kr + °Cd
test reaction. The energy resolution for 5-9 MeV a particles
was 30 keV FWHM, and the position resolution in the vertica
direction was + 0.58 mm. Directly behind the focal plane
detector was a second Si-strip punch-through detector, used to
reject particles passing through the focal plane detector.
Events registering signalsin both the Si-strip focal plane detec-
tor and either the PPAC or punch-through detector were inter-
preted as reaction products passing through the separator,
while events leaving only a signal in the Si-strip detector were
assumed to be decays of nuclei previously implanted in the Si-
strip detector. The focal plane detector had a calculated effi-
ciency of 60% for detection of full-energy 12-MeV a-particles
from nuclei implanted to a depth of 14 um. The other 40% of
the time, a particles escape out the front of the detector,
“escape alphas’, depositing a partial energy (1.5 < E(MeV) <
4.0). For both the focal plane detector and the punchthrough
detector, the energy, position and time of all events were
recorded. The Si strip detector events were recorded over two
amplifier gain settings: a low-energy setting covering 0.5-15
MeV, and a high-energy setting covering energies up to 200
MeV.

Two separate #Kr + 2®Ph experiments were carried out. In
the first experiment, the overall rate of events registering
greater than 0.5 MeV in the focal plane detector was50 s In
this experiment, a5 cm x 5 cm Si-strip detector (which did not
cover the entire focal plane detector) was used as the
punchthrough detector. The integrated beam flux for this
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experiment was 0.7 x 10%® ions. For the second experiment,
with an integrated beam flux of 1.6 x 10 ions, an 8 cm x 3.5
cm Si-strip detector was used as the punchthrough detector,
providing complete coverage of the focal plane detector.
Improvements to the beamstop within the BGS reduced the
overall count rate in the Si-strip focal plane detector to less
than 20 s*. The low-energy spectrum recorded in the focal
plane detector for the entire second experiment is presented in
Figure 2. Figure 2(a) contains the ungated spectrum. Figure
2(b) shows the remaining events after applying a veto based on
all events recorded in the PPAC. Figure 2(c) includes the
additional sensitivity of applying a veto for al events register-
ing in the punchthrough detector. Figure 2(d) shows the spec-
trum of al events from Figure 2(c) with 8.1 < E(MeV) < 13.0
which are correlated in position and time (within 1 s) with an
implanted recoil. Note that the 3 events labeled with arrows
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Figure 2. The low-energy spectrum in the focal plane detector for the
entire second experiment. The gating conditions for the four panels
are explained in the text.
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Figure 3. Observed decay chains from the reaction of 449-MeV %Kr with 2®Pb.
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are members of asingle decay chain. The detection rate for a-
particleswith 4.0 < E(MeV) < 13.0was0.5s™.

Three decay chains were observed, each consisting of an
implanted heavy ion recoil (with implantation energies consis-
tent with that expected for an element 118 recoil) correlated in
position and time with chains of 6 to 7 subsequent a-particle
decays. This corresponds to a production cross section of
2.2*%&pb. The observed correlation chains are shown in
Figure 3, interpreted as the decay of 2118. The first two
chains were observed in the first experiment, and the third was
observed in the second experiment. For the third chain, we
have indicated that the a-decay of the *118 was not detected
because it occurred during the 120 ps dead time of the acquisi-
tion system while recording the recoil implantation event.

An analysis of the positions of the members of each chain
was carried out. The FWHM position resolution for EVR-a
correlations was 0.58 mm. It was assumed that the position
resolution for correlations between pairs of escape alphasisthe
same, and for pairs of full energy a-particlesit is half as large.
From this, the 1-sigma position resolutions for the event types
were calculated: Oyeoi = 0.230 mm, g, = 0.087 mm, and Oeseepe
=0.174 mm. The weighted average and the reduced X? for the
positions in each chain were calculated, and are presented in
Figure 4. The large X? for the second chain results from the
error in determining the positions near the bottom of the strip.
(The positions were determined by comparing the pulse-
heights from the top of the strips with the total pulse height.
At a 3.5 mm vertical position, the signal for escape alphas
measured at the top of the strip is as small as 1% of the full
scale values for the amplifier and ADC.)

During the entire experiment, one additional chain was
recorded, which could possibly be interpreted as being due to
the implantation and decay of an atom of ?118. It occurred in
strip 14 during the first experiment. A recoil implantation
event was recorded, followed 190 s later by a 12.0-MeV a
particle, then followed 936 ps later by a 11.4-MeV a particle,
then followed at 1.125 ms, 1.740 ms, 1.503 ms, and 13.879 s
later by escape alpha events, with energies of 1.3, 3.1, 2.3, and
1.2 MeV, respectively. The vertical positions (in mm) in strip
14 of the implantation, the two a events, and the four escapes
were: 18.3, 18.6, 18.5, 19.1, 19.4, 19.3, and 19.8. Since strip
14 was not backed by the punchthrough detector in the first
experiment, we cannot be sure of the validity of the escape
alpha events. In fact, the positions of the escape events are
significantly different from those for the recoil and the full
energy aphas. We have therefore decided not to include this
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Figure 4. Analysis of the vertical positions of the three observed
chains from the implantation and decay of **118. The dashed lines
are the weighted average positions of the chains. The heavy lines
show the measured positions of the chain members, and the thin lines
indicate the 1-o limits on the measured positions.
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chainin any analysis of decay properties or cross section.

Based on the sequences shown in Figure 3, the half-lives of
the decay chain members were calculated.”® These half-lives
are presented together with the calculated a-decay hindrance
factors based on a-decay systematics for unhindered transi-
tions'* in Table 2, showing that the observed a-transitions have
hindrance factorsin the range expected for odd-N nuclei.

The observation of long decay chains of rapid, high-energy
a-particles indicate the formation of SHE, as there are no
know nuclei that could exhibit a similar decay pattern. The
energies of the observed a-particles agree well with the predic-
tions of Smolaficuk, supporting the proposed Z and A assign-
ments. Statistical model considerations suggest that the ratio
/T, isbe proportional to exp{-[S,— (B«- Qu)]/T}, where S, is
the neutron separation energy, B, is the Coulomb barrier for a
emission, Q, is the energy released in removing an a particle
from the nucleus, and T is the nuclear temperature.
Substituting appropriate values for the binding energies® and
barriers' gives '/, ~ 60 and similarly, [/l ,~ 200, indicat-
ing that neutron emission is the most probable deexcitation
path. Since the excitation energy of the compound nucleus is
~13 MeV ° emission of two particles (i.e., 2n, an, or pn, etc.) is
energetically forbidden. In addition, extrapolation of the Q,
values from known isotopes of Hs and Sg to neutron numbers
at the ends of our chains indicate that deexcitation by o emis-
sion is extremely unlikely. Therefore, while other assignments
are not absolutely ruled out, we are confident in the assignment
of these chains to the decay of 2*118.

TABLE 2: Measured a-Particle Energies, Half-Lives, and
Hindrance Factors" for Decay Chain Members

AZy E-«(MeV)  Measured Ty, H.F.2
2511846 12.39 12071 s 8.7 (43-14)
2911617 11.63 6005 s 3.6(18-89)
25114, 11.34 58070 s 3.0(L5-7.4)
2111260 10.68 89025 05(0.2-1.2)
77110467 10.18 3.0 ms 0.4 (0.2—1.0)
23108465 9.78 1277 s 110 (56 — 270)"

9.47 15( 8-37)°
295,63 8.74 -2 & ~4.2

2HF for the most probable half life with HF for lower and upper
half-life limitsin parentheses.

P hindrance factors assuming each a-energy has 50% abundance.

¢ half-life is approximate because maximum search time is poorly
defined.

In Figure 5, we compare our measured a particle energies
with predictions of several modern nuclear mass models. The
best agreement with our observations is obtained with
Smolaficzuk’ s prediction. The finite range droplet model*® and
the Thomas-Fermi model*” are macroscopic-microscopic mod-
els, which both use Mdller’s shell effects. It appears that their
predicted Z = 114 shell effect near N = 175 is too strong. Q,
values from the SLy4 Skyrme-Hartree-Fock Bogoliubov
method*® shows extra stability near Z=116 which does not
appear in the experimental data. The empirical mass model of
Liran and Zeldes™ may not be appropriate for extrapolation
into this region.

We have presented evidence for the first synthesis of new
superheavy elements (?**118 and its decay products 2%°116,
25114, #1112, #7110, #*Hs, and *°Sg). The measured a-decay
energies can be used directly for refinement of mass and shell
models. Our results show an unexpected viability of the cold
fusion approach to the synthesis of superheavy nuclei using
projectiles heavier than °Zn with targets near 2Pb. The 2.2
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Figure 5. Comparison of the a-particle energies observed in this
work with the predictions of various mass models for the N —Z = 57
nuclei.

pb cross section, while it than 300 times smaller than that pre-
dicted by Smolaficzuk, is orders of magnitude larger than
expected from extrapolations from cold fusion reactions with
lighter projectiles.* This relatively large cross section may be
explained by the idea of “unshielded fusion”?° where with
heavier projectiles, the optimal bombarding energy for the 1n
deexcitatoin channel is above the Coulomb barrier so that the
Coulomb barrier is no longer the first thing stopping the fusion
process.
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