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I. INTRODUCTION 
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Intensive efforts have been made in recent years to synthesize and identify elements within the 
region from Z = 110 to 118, the so-called superheavy elements (SHE). The stability of nuclei 
in this region is believed to be strongly enhanced over that of the surrounding regions because 
of the predicted closure of a proton shell at Z - 114, and of a neutron shell at N = 184. 
Hence, an 'Island of Stability' is predicted from shell effects alone. 
All attempts to reach this island have required that the formation path be through nuclear re
actions caused by heavy ions. The elements 101 to 106 have all been produced by direct fusion 
reactions in which a compound nucleus is formed by the coalescence of a target and heavy ion 
nuclei. In our efforts to produce superheavy elements we can draw upon much of this experience, 
both in the theoretical and experimental sense. Most pertinent to the present problem, as it 
also was in the synthesis of the heaviest new elements, is that the excitation energy and an
gular momentum of the compound system be held to an absolute minimum. Otherwise, the compound 
nuclei are consumed by fission and virtually nothing survives to reach the ground state through 
deexcitation processes. Nevertheless, heavier ions requiring greater kinetic energies to sur
mount the coulomb barrier were needed to produce each new element in turn. Because the Q values 
of these reactions did not keep pace with the increasing kinetic energies, the excitation energy 
of the compound nuclei steadily increased. As a result there was a steady decline in production 
cross sections, culminating in a cross section of only a fraction of a nanobarn for the reaction 
of 249Cf(18o,4n)263io6 (1). 

The synthesis of superheavy elements from existing elements demands that considerably heavier 
ions be used as projectiles. A great many suggestions have been made concerning the optimum 
ion/target combination for the production of elements with Z > 110. A number of these suggested 
reactions have now been explored by experiments (Table 1), an? in every case, negative findings 
were reported. These reactions were all less than optimum but the choice was largely governed 
by the availability of the accelerated ions. Me learned from these attempted syntheses that 
superheavy elements were not to be easily discovered, and that our efforts should be directed 
toward testing more favorable reactions. 

248 48 
The combination of a Cm target and Ca projectile was first suggested by Swiatecki in 1967 
(2) and this is still generally believed to be ti".3 most promising reaction for the synthesis 
of superheavy elements by complete fusion (3-5). A 2500 target, if available, would greatly 
enhance the probabilities of formation and detection by virtue of the additional neutrons. For 
either target isotope, the advantages over any other practical target/projectile combination 
lie in the higher neutron to proton ratio for a compound nucleus close to the center of the 

*Work performed under the auspices of the U.S. Department of Energy by the Lawrence Livermore 
Laboratory under contract number W-7405-ENG-48. 
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TABLE 1 Nuclear Reactions that have been tried for the Synthesis of 
Superheavy Elements. 

Reaction 
Compound 
Nucleus 

Coulomb 
Barrier (HeV) -Q (HEV) 

Excitation 
Energy (HeV) 

208 p b + 8 4 K r Z 9 2 [ 1 1 8 ] 303 304 -1 
2 3 2 T h • «Ca Z 8 0 [ 1 1 0 ] 192 156 36 
2 3 Z T h + 7 6 Ge 3 0 8 [ 1 2 2 ] 294 271 23 
2 3 2 T h + 8 2 Se 3 1 4 [ 1 2 4 ] 310 287 23 

2 3 2 T h + 8 4 K r 3 1 6 [ 1 2 6 ] 327 313 14 
2 3 V a • 4 8 Ca 2 7 9 [ 1 1 1 ] 195 164 31 
2 3 3 y + 1 8 c , 2 8 1 [ 1 1 2 ] 196 168 28 
2 3 8 U +

 4 0 A r 2 7 8 [ 1 1 0 ] 179 132 47 
238 u + S 6 f e 2 9 4 [ i i a ] 251 214 37 
238 u + 6 5 C u ; ° 3 [ 121 ] 276 243 33 
238 u + 6 8 Z n 3 0 6 f 1 2 2 ] 284 252 32 

Z 3 8 U +

 7 6 Ge 3 1 4 [ 1 2 4 ] 300 280 20 
2 4 2 P u • 4 8 Ca 2 9 0 [ 1 1 4 ] 199 170 29 

Z 4 2 P U 4 ^ z n 3 1 0 [ 1 2 4 ] 289 261 28 
Z 4 3 Am * 4 8 Ca 2 9 1 [ 1 1 S ] 201 173 28 

Z 4 3 An, • « z n 3 1 1 [ 1 2 5 ] 292 265 27 

2 4 6 Cm • *Ca Z 9 4 [ 1 1 6 ] 203 173 30 
2 4 6 Cm + ^Zn 3 1 4 D 2 6 ] 295 269 26 
Z 4 8 0 • 4 0 A r 2 8 8 [ 1 1 4 ] 186 146 40 
2 4 8 Cm • 4 8 Ca Z 9 6 [ 1 1 6 ] 203 171 32 

'Island of Stability", a region where the shell stabilization is greatest (Fig. 1). Theory 
predicts rapidly increasing half-lives and formation cross sections upon approaching this central 
region, and it,is now clear that any extra stability we can gain is sorely needed. A further 
advantage of *»Ca comes from the relatively large binding energy of the doubly-magic *8ca nucelus 
which helps in minimizing, the excitation energy of the compound system. 

48 
Beginning in 1976, Ca ions became available for the first experiments at the SuperHILAC at the 
Lawrence Berkeley Laboratory. These experiments orouressed from preliminary test bombardments 
of Pb targets to numerous bombardments of fJjCm in a systematic search for superheavy elements. 
Targets of lighter elements, primarily of ""U, were also bombarded with heavy ions in separate 
searches for superheavy elements by Dr. Seaborg's group at E.erkeley. We do not attempt to review 
these here but shall be concerned only with the 2KCm + 4 B C a experiments carried out Jointly by 
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the experimental groups at the Lawrence Livermore and Lawrence Berkeley Laboratories.* 
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Fig. 1. Contour outline of the 'Island of Stability1 showing 
predicted spontaneous fission half lives. 

II. EXPERIMENTS AND RESULTS 
The initial trial experiments with Ca were made with Pb targets to determine the yields of 
compound-nucleus products. Recoil products from the Pb target were swept by Nad-aerosol/He 
through capillary tubing to a detection system (Vertical Wheel) located in a shielded area. 
The 8.1 HeV a particles emitted by 66-s 2 5 4 N 0 which was produced in the ZOSpb (48r,a.2n) reaction were easily detected. Strangely enough, virtually no 1.6-m 2 5 3 u 0 f r o m a possible (^8Ca,3n) 
reaction was observed, and this question became the subject of a separate study (6). But, most 
encouraging from the viewpoint of producing superheavy elements with ^ Ca ions, was the finding 
of a 2 x 10" 3 0cm2 cross section for forming 25'No. Prior to these experiments, Flerov at the 
Dubna Laboratory had reported equally encouraging cross sections for producing 252|j0 f r c m 48ca bombardments of 20 6Pb (5). 

48 248 
The implication of these early tests was that Ca bombardments of Cm might produce super
heavy elements with cross sections well within the range of our observation. Considering the 
available ion-beam intensities, target densities, lengths of irradiation, and detection tech
niques, the lower limit to a formation cross section allowing detection of a new isotope is 
approximately 1 0 " 3 5 ™ 2 . Although it may appear that the formation cross sections for " 2 N o and 
"'No a pe reasonable, it should be recognized that in an extrapolation to produce superheavy 

•Lawrence Livermore Laboratory - E. K. Hulet, R. W. Lougheed, J. D. Illige, J. H. Landrum, and 
R. J. Dougan. Lawrence Berkeley Laboratory - A. Ghiorso, J. H. Nitschke, G. T. Seaborg, 
R. J. Otto, D. J. Horrissey, P. A. Baisden, and D. Lee. 



4 E. K. Hulet 

nuclei, smaller cross sections would be expected. The excitation energy of the compound nucleus 
"°116 is greater than that of 256f|o partially because, compared to doubly magic 20Bpb, the 
2*8cm target nuclei are deformed. As a result, Q values of the reactions decrease from -155 
to -171 HeV (7) while the Coulomb barriers increase from 178 to 203 HeV (CM.), respectively 
(8). At the higher excitation energy of 296H6, greater losses from prompt fission are antici
pated and stabilization, uniquely due to shell effects, is expected to diminish with the washing-
out of shell structure (9). 
Additionally, we note that in the cascade to reach the ground state, the number of neutrons 
evaporated may Increase, which adds to the already huge risk of fission competition during 
the deexcitation process. The summing of these processes is expected to sharply enhance the 
fission probability of 296116 with a corresponding decrease from the cross sections obtained 
in the '°Ca reactions with Pb targets. A further quantitative estimate of the reduction in 
formation cross sections is not possible without firm information about this completely unknown 
region of nuclei. 
Results of our first series of Ca bombardments of Cm have already been published (10), as 
has those of the Oubna Laboratory (11). These searches for superheavy elements were designed 
to cover, with a high sensitivity, lifetimes in the range of 3 hours to many years. The detec
tion of 2 or 3 atoms was possible since we counted spontaneous fission (SF) decays that occurred 
1n chemically separated products of the bombardments. This method is extremely sensitive because 
SF is a rare process in nature and because nearly all the products can be chemically recovered 
and deposited in small, thin sources which have 100% counting yields for SF events. Many of 
the SHE samples were simultaneously a-counted in Frisch-grid chambers which measured o-particle 
energies with 24-keV resolution (FWHM). After six months of <»- and spontaneous fission counting 
of many chemically isolated SHE fractions, there were no decay events which we could assign 
with certainty to isotopes of SHE. 

Assuming that any isotopes of SHE'S that we may have produced fell within specified ranges of 
half-lives, we have calculated upper limits for the cross sections to form them. These are 
given as 

2.0 x lO'^cm 2 for t 1 / 2 = 10 4 - 10 5s, 
2.5 x 10" 3 5cm 2 for t 1 / 2 = 10 5 - 10 7s, 
2.0 x 10" 3 4cm 2 for t, / 2 = 10 8 - 10 9s. 

These results show that the elements 110 to 116, which we chemically separated, were not made 
within the observational range of our experiments. Unfortunately, a unique cause cannot be 
ascribed to our failure to detect them. Either their formation cross sections are very meager 
or their half lives are too short. And, in addition to these reasons, we cannot be certain 
that elements 112 and 114 were chemically recovered because of their expected volatility at 
normal temperatures (12,13). With these limitations in mind, it would be extremely premature 
for us to speculate on the existence of superheavy elements. Indeed, a large region of very 
low cross sections and short half-lives remains unexplored. 
Concurrent with the experiments involving chemical separation, Shiorso et al. (14) were inves
tigating a broad range of possible shorter half-lives for SHE isotopes that might be produced 
in the bombardments of 2 / , 8Cm with 267-MeV 48ca ions. In terms of the formation cross sections 
needed to produce observable quantities of SHE'S, these experiments were about three to four 
orders of magnitude less sensitive than those where chemical separations were used. Over the 
half-life range of 0.1 to 10 s, either an a or SF decay of a SHE nuclide was sought 
by bringing recoil products of the bombardment to the Vertical Wheel for detection. The dis
coveries of elements 104, 105, and 106 employed this system, and the technique and apparatus 
have been previously described (1). In this technique, newly formed atoms recoiling from the 
target are swept by a stream of Na"l-aerosol/He through capillary tubing and are deposited in 
discrete spots on the rim of a 45-cm diam wheel. The wheel is periodically turned a partial 
revolution to place the deposits under a series of surface-barrier detectors. Each o and SF 
decay is registered together with the a-particle energy and time of the event. 

A number of a decays with unusually high particle energies (10-12 HeV) were observed; but further 
experiments showed these to be emitted by a new Vrast isomer of Z 1 z 8 i produced in an inelastic 
transfer reaction (15). No a or SF events could be assigned to isotopes of SHE'S and a relatively 
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large upper-limit of 10"3^cm^ for a formation cross-section was calculated for half- l ives be
tween 0.1 and 10 s. 

Much shorter lifetimes were investigated by a decay-in-flight experiment. A collimator was 
placed behind the 2 / | 8Cm target which allowed only a narrow beam of recoil products to pass 
further into the He-f i l led recoil chamber. Any spontaneous fission decay during the f l ight of 
the recoiling nuclei was then detected by mica track detectors l ining the recoil chamber behind 
the collimator. This experiment was sensitive to half- l ives between about 10~ 5 and 10"° s, but 
i ts performance with regard to cross-section limits was degraded by the appearance of background 
tracks due to scattered heavy atoms. An upper l imi t of 10" 3 'cm' was obtained for the formation 
of SHE. 

The quest for superheavy elements continued with a recent experiment (16) aimed at closing some 
of the gaps le f t in our f i r s t experiments involving chemical separations. The detection of 
even shorter half- l ives was necessary as was the covering of the possibility that elements 112 
and 114 may have escaped detection in these earl ier experiments by being gases at normal temper
atures. For this purpose, we designed an experiment in which gaseous recoil products of the 
bombardment were swept by pure He through f i l t e rs and then condensed upon a surface cooled to 
liquid-m't'ogen temperature. A 900-mm2 annular, surface-barrier detector faced the cooled sur
face and continuously recorded the decay of the condensed products either by a-emission or by 
SF. A schematic drawing of the system is shown in Fig. 2. Only the volat i le elements such as 
Rn and elements 112, 114, and perhaps 116 were capable of being detected by this experiment. 
Isotopes of elements 112 and 114 are Expected as daughter products in the o-decay chains origin
ating in element 116 (17)- All elements that were nonvolatile at room temperature were effec
t ively removed by the f i l t e rs before ever reaching the cooled Cu surface. 

- He carrier gas 

A M , Cir i target E 900 mm2 surface barrier detector 
B Recoil collection volume F Cu block 
C Filters (sintered metal 10 (i) G Liquid nitrogen reservoir 
D Teflon capillary tube 

Fig. 2. Schematic of apparatus used in search for volatile superheavy 
elements. Recoil products of the bombardment were stopped in 
He which carried the gaseous element through filters to a liquid-
ni;rogen cooled surface (F) where they were condensed. Continuous 
counting during and after the bombardment was performed with 
the detector (E). 

The volatility of selected SHE'S is proscribed by their electronic structure. The connection 
between chemical properties and electronic structure can be made through '.omparison with homolog 
elements in the Periodic Table (Fig. 3) or by calculation of the energy levels of the ground 
and first excited states of the unknown elements. An extrapolation of the boiling points of 
the Group IIB elements, Zn through Hg, predicts that eka-Hg (element 112) will boil at or below 
room temperature. Eichler (13), in considering the standard heats of sublimation (AH s ub) of 
elements 112 and 114 arrived at the low values of ̂ 5 and ^7 kcal(g-atom)~l, respectively. 
Keller (18) has estimated for element 114 an even lower AHsub of 10 xcal. These low heats of 
sublimation suggesc volatilities greater than that of Hg (AHSub = 14.6 kcal). 

Pitzer has argued that eka-Hg and eka-Pb "will be gases or very volatile liquids bound by dis
persion (London) forces only". (12) His arguments are based upon the energies required to 
promote electron from the closed 7s z and 7p2., shells to appropriate bonding orbitals. After 
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Fig. 3. A portion of the Periodic Table showing the expected position 
of the superheavy elements. 

obtaining these energies from relativistic Hartree-Fock calculations, he finds that they are 
larger than can be regained by forming covalent bonds. Hence, bonding from the elemental state 
is thermodynamically unfavorable for elements 112 and 114, and for this reason, they are pre
dicted to be inert gases. 
Many of the parameters affecting the condensation and counting yields in our experiment were 
investigated with "°Rn released from an electroplated 228jh source. After calibrating the 
emission rate of 2 2 0 R n f r 0m this source, we measured the gas transport and condensation efficiency of the system as a function of He flow-rate, chamber pressure, and the distance of the gas exit 
orifice from the collection surface. At a He flow rate of 300 aiftrin-l, 79% of the z z 0 R n was 
condensed in an area 7 ram in diam on the chilled Cu surface. The geometrical counting efficiency 
was 35% of 4n which gives an overall efficiency of 55% for the trapping of condensable SHE's 
and the counting of fission fragments from their possible SF decay. 

296 The mean range of 116 atoms recoiling from the target was calculated to be 65 mm in He (1 atm.), 
a distance which defined the location of the gas exit port in the recoil chamber. Based on the 
volumes of this chamber, the filter unit, and the capillary tubing leading to the detection 
apparatus, we calculate a maximum transit time of 1.7 s for the recoil atoms to reach the Cu 
condenser. Thus, volatile SHE nuclides with half-lives of less than a second would not be 
detected with a high sensitivity. 
A 26 ug/mm2 target of z* Cm was bombarded for 19.3 hours with 267-HeV 4 8Ca ions. A total of 
8.1 x lO'51 particles passed through the target. The energy of the ̂ C a ions emerging from the 
Q11F3 target was estimated to be 237 HeV or about 6 HeV less than the calculated Coulomb banr:er. 
Both the barrier and range estimates have uncertainties sufficient to include this 6 HeV. Since 

» the initial ^*Ca energy was i24 HeV above the barrier and the ions left the target at energies 
slightly below the barrier, we feel our choice of ion energy is consistent with the goal of 
minimizing the excitation energy of the compound nucleus. The average excitation is still 
expected to be 40 to 50 HeV. 
The counting of a and SF fission decays was continuous during the bombardment and was further 
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extended for four months afterwards. The Cu surface upon which the volatile recoil products 
were condensed was permanently maintained at liquid-nitrogen temperature. During the bombard
ment, the performance of the recoil collection and detection system was monitored by observing 
the Rn a-activities being produced. From the a-particle energies and decay periods, we were 
able to identify these activities as belonging to Rn isotopes with masses of 211 and 219 to 
221 which were made by deep-inels^tic transfer reactions. No SF events were detected on-line 
and only one decay, with a fragment energy of 60 KeV, has been observed in the succeeding four 
months of counting. Therefore, our results in this experiment are negative with respect to 
finding superheavy elements. By assuming 2 SF events as the lower limit of detection, we can 
calculate the limits to their formation cross-sections as shown in Fig. 4. The limits establish
ed in our earlier searches are also shown in the right portion of this Fig. 

I 10- 3 2 -
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1 10-" -

g io-» -

E 
£ io- 3 5 -

1 0-3« I I I I I I L___J I I 
10"" 10" 7 10- 5 10~3 10" 1 10 103 10 5 10' 10' 

Half-life, s 

Fig. 4. Ha l f - l i fe and cross-section limits obtained in searches for 
superheavy elements. The region to the right was explored 
with SHE samples chemically separated after long bombardments 
of 218Cm with 48r,a. The l e f t cross-hatched region was recently 
investigated for volat i le superheavy elements. 

I I I . CONCLUSIONS 

A worrisome aspect of our earl ier searches for SHE'S was that elements 112 and 114 may not have 
been retained in the thermally-hot recoil collector during the bombardments. This possibility 
allowed a means of escaping the main conclusions of these searches with respect to formation 
cross-sections and hal f - l ives. Because volat i le SHE'S were undetected in this last experiment, 
even in the region of half- l ives and cross-sections overlapping the f i r s t experiments (see 
Fig. 4 ) , we believe the ear l ier loophole has been largely eliminated. 

Although our last search was aimed at finding volat i le SHE'S, the outcome very l ike ly applies 
to nonvolatile SHE'S. The reason is that the element 116 isotopes that might be produced are 
predicted to decay very rapidly by cx-emission to element 114 which again is predicted either 
to emit an o-particle or to capture an electron to eventually reach nuclides of element 112 
(17,19). However, the half- l ives of the parent nuclides are a factor in determining the trans
port efficiency of the gaseous daughters. I f the parent nuclide reaches the walls of the 
chamber or the f i l t e r s before decaying, less than half of the gaseous daughter wi l l be trans
ported to the detection system. The remaining fraction is imbedded in the walls of the apparatus 
due to the mctientum from recoil after a-decay. 

The h a l f - l i f e l imits we have obtained are easily within the huge uncertainties of the theoretical 
predicted half- l ives for any SHE nuclides we may have produced. As an example of these uncer
ta int ies , Fiset and Nix (17) calculated a h a l f - l i f e of 5.2 s for 2 9 2 1 1 6 , whereas Randrup et a l . 
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(19) obtained 1 0 " 1 2 s for this nuclide. The range of these theoretical estimates is too large 
to be fu l ly explored with high sensitivity by any experimental methods of which we are aware. 

tt j l l , we propose to continue searching for SHE nuclides, possibly made in the bombardment of 
4°Cm with 4 8 Ca with the immediate hope of reaching half- l ives as short as 10-6 s . 
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