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SUPERHEAVY ELEMENTS CHALLENGEEXPERIMENTAL AND THEORETICAL CHEMISTRYIvo ZváraFlerov Laboratory of Nulear Reations, Joint Institute for Nulear Researh6 Joliot-Curie Str., 141980 Dubna, Mosow Region, Russiae-mail: zvara�sungraph.jinr.ru(Reeived September 26, 2002)Dediated to Adam Sobizewski in honour of his 70th birthdayWhen re�eting on the story of superheavy elements, the author, anexperimenter, aknowledges the role, whih the preditions of nulear andhemial theories have played in ongoing studies. Today, the problemsof major interest for experimental hemistry are the studies of elements112 and 114 inluding their hemial identi�ation. Advaned quantumhemistry alulations of atoms and moleules would be of muh help. Firstexperiments with element 112 evidene that the metal is muh more volatileand inert than merury.PACS numbers: 27.90.+b, 25.85.Ca, 25.70.�z, 31.10.+z1. New elements at Dubna in the 1960sThe standing problem of superheavy elements (SHEs) has greatly in-�uened my life in siene. In 1960, I joined the Laboratory of NulearReations (LNR) headed by G.N. Flerov. An ambitious goal of this youngDubna laboratory equipped with the most powerful heavy ion ylotron wasthe disovery of new hemial elements, with element 104 as the �rst andi-date. By that time there were laims of researhers at Berkeley that they haddisovered elements 102 and 103 in heavy ion indued reations. Atually,it was an error as proved later by Dubna teams [1, 2℄.The �planned� nulide, 260104, was supposed to undergo, mostly, sponta-neous �ssion (SF). The deay mode has no distint spetral harateristis,and this hinders the assignment of the atomi and mass numbers, Z andA for the synthesized �suspeted� nulei by solely nulear physial meth-ods. Element 104 was expeted to be the �rst �transatinoid�, resemblingin its properties hafnium, the �rst �translanthanoid�; f. Table I. As suh,(1743)



1744 I. Zvára TABLE IMendeleev Periodi System of the Elements (with IUPAC reommended groupnotation). Ground state eletroni on�gurations of atoms for elements 103 to 118are alulated values.3 4 5 6 7 8 9 10Y4d5s2 Zr4d25s2 Nb4d45s Mo4d55s T4d55s2 Ru4d75s Rh4d85s2 Pd4d10La-Lu5d6s2 Hf5d26s2 Ta5d36s2 W5d46s2 Re5d56s2 Os5d66s2 Ir5d76s2 Pt5d96sA-Lr1037s2p Rf1046d7s2p Db1056d37s2 Sg1066d47s2 Bh1076d57s2 Hs1086d67s2 Mt1096d77s2 �1106d87s211 12 13 14 15 16 17 18Ag4d105s Cd4d105s2 In5s2p Sn5s2p2 Sb5s2p3 Te5s2p4 J5s2p5 Xe5s2p6Au5d106s Hg5d106s2 Tl6s2p Pb6s2p2 Bi6s2p3 Po6s2p4 At6s2p5 Rn6s2p61116d97s2 1126d107s2 1137s2p 1147s2p2 1157s2p3 1167s2p4 1177s2p7 1187s2p6it would strongly di�er in hemial properties from all the lighter transura-nium elements, and this might enhane its hemial identi�ation. Thus,this independent (of physis) and reliable method of determination of Z,beame very desirable. It was the �rst task I got involved in. To identifyelement 104, the hemial proedure had to be ontinuous and apable ofimmediate isolating the new atom reated in average one an hour or so.It had to be as fast as possible, and to allow detetion of SF events. Someof the requirements were unique, like the short separation time: then onlybath-wise isolation tehniques existed for hafnium and most other metallielements, and they took at least minutes. Also the expeted prodution ratewas by orders of magnitude lower than ever before. The more unusual wasthe ombination of these musts. After a few years, we did ome with a teh-nique operating down to a seond. It onsisted in thermalizing the reoilsin a gas �ow, produing gaseous ompounds of the element under study byadding appropriate gaseous reagents, and separating the mixture of nulearinteration produts by a sort of gas phase hromatography. Sine then,similar approah has been extensively used in many laboratories in searh-ing for SHEs, and for identi�ation and studies of fundamental hemistry



Superheavy Elements Challenge Experimental and . . . 1745of transatinoids, inluding SHEs; for review, see reent Refs. [3,4℄. Almostevery heaviest elements is expeted to form some harateristi volatile om-pound(s) or be relatively volatile metal (see below).Identi�ation of a new short-lived nulide is feasible and the e�ienyof eah onrete experimental tehnique is high enough only in a limitedrange of half-lives. These were disussed at many seminars held regularly inLNR. In the early 1960s, the expetation of SHEs was not yet there and theavailable data about the SF half-lives gave little indiation how to obtaina redible estimate for 260104 by extrapolation. Pessimists expeted 1 �s;suh value would ompletely prevent hemial identi�ation and disable thephysial tehniques whih had performed so well [1℄ for elements 102 and103 living seonds or longer. Optimists hoped for a seond (fortunately, theygot loser to the truth). Remember that the general trend predited by theliquid drop model of nulei and observed in the atinoid elements was evershorter SF lifetime with larger Z; this would soon put limit on the possibleatomi number beause of prompt �ssion of nulei.2. Superheavy elements in NatureRight in those years, a prinipal breakthrough happened in the problemof how nulear shells a�et SF half-lives thanks to the pioneering workspublished in 1966�1968 by Swiateki, Strutinski, Sobizewski, Nilsson andothers. Inspired by the, then newly, predited proton magi number 114,whih (unlike the �trivial� 126) seemed experimentally in reah, they outlinedhow to proeed from qualitative ideas to quantitative desription of the�ssion barriers. We got ertain that one would eventually understand theSF half-lives reasonably aurately, though there was obviously yet a longway ahead. And we got very exited by the hane that the nulides around298114 live long, maybe even enough to survive in Nature.Though busy with the synthesis of elements 102 to 105, the LNR startedsearhes for superheavy elements in Nature. This did not require aeleratorsand many groups all over the world got involved in the problem. Of ourse,the instrumental methods of deteting SF events have limits of sensitivity,whih, in general, an be e�etively made muh lower by (radio) hemialenrihment prior to the measurements. One has to outline the hemialhomologs of the SHE among the known elements, estimate the possible dif-ferenes in properties of the homologs, and design enrihment proedures totreat the promising materials. Thus, the researh was essentially similar tothe works of M. Curie and other lassis of radiohemistry.The theory ould not �rmly point to the SHE nulide with the longesttotal half-life. Hene, neessarily, hemists had to look whether the SHEaround Z = 114 have some ommon distint properties whih would enhane



1746 I. Zváratheir onentration. Indeed, though the nearest homologs of the individualSHEs are di�erent (see Table I), elements 112 to 118 have a spei� ommonproperty � they must be quite volatile in the elemental state in the abso-lute sense and mostly more volatile that their lighter ongeners, Hg to Rn.This beame a popular guideline in seleting natural samples in whih geo-hemial (and/or osmohemial) proesses as well as possible subsequentindustrial treatment might have already done some enrihment work. Lessoften, the searhes in Nature followed the indiations that the longest totalhalf-lives are to our for isotopes of elements around Z � 110, beause athigher Z's the faster alpha-deay takes over SF. The elements 108 to 110are to be homologs of noble metals Os, Ir, and Pt.SHEs were sought in hundreds of samples. What else might be a rea-sonable guideline? It does not seem ompletely logial to look mostly forthe samples of homologs as onentrated as possible. For example, at a lab-oratory, to look for element 108 to 110, they assayed massive samples ofplatinum and naturally ourring osmiridium alloy. A piee of suh veryrare element an result only from some unique and extremely seletive geo-hemial proess. But let us perform an imaginary hemial or geohemial�experiment�: take a material with some ontent of a partiular SHE and itsexpeted homolog, and gradually enrih the sample in the homolog. Now,plotting the spei� ativity of the SHE in the sample versus the onentra-tion of the homolog, f. Fig. 1, we may enounter di�erent situations. If theSHE does not behave in the onrete proessing as the homolog, its ativitywill soon drop pratially to zero. If it behaves similar to the homolog, thespei� ativity of the onentrate will �rst inrease but then drop whenthe homolog beomes very pure. Finally, if the separation tehnology bettersuits the SHE rather than the homolog, again the very onentrated homologwill not have the highest spei� ativity. One ertainly annot know thedi�erenes in properties and behavior in all reasonable separation proesses.Hene, assaying not too pure samples of homologs seems more reasonablethan taking very rih onentrates.Many researhers had an unonsious, poorly justi�ed idea that suhexoti elements our most probably in exoti media and exoti plaes onthe Earth. On the other hand, ertain exoti materials were reasonablyprospetive. If our predition of SHE hemial properties is wrong, thegeohemial and/or industrial proessing will deplete rather than enrih theelement. Hene, it was logial to assay speimens, whose omposition wouldbe as lose as possible to the primordial matter of the solar system. Lukilyenough, a meteorite of the very rare arbonaeous hondrite type, severaltons in weight, fell in 1969 near Pueblito de Allende, Mexio. Just thesemeteorites are the least di�erentiated matter available on the Earth; theabundanes of all volatile and noble metals in Allende are muh higher than



Superheavy Elements Challenge Experimental and . . . 1747

0 2 0 4 0 6 0 8 0 1 0 0

0

2

4

6

8

1 0

1 2

1 4

1 6 p r o c e s s  i s o l a t e s  

S H E  f r o m  

h o m o l o g

d i s s i m i l a r  S H E

a n d  " h o m o l o g "

S H E  i s  s i m i l a r

t o  h o m o l o g

i s o t o p e  

o f  h o m o l o g

 

 

C
o
n
c
e
n
tr
a
ti
o
n
 o
f 
S
H
E
  
/ 
a
rb
. 
u
n
it
s

C o n c e n t r a t i o n  o f  h o m o l o g  /  %Fig. 1. Highly enrihed samples of SHE homologs may not be the most prospetive;see text.in any Earth roks. The Smithsonian Institution in Washington DC, whihholds large portion of the found fragments kindly provided for G.N. Flerov'sresearh 30 kg of piees for nondestrutive testing (to be returned) andlater also 10 kg more for destrutive hemial enrihment experiments. (Atpresent, the Allende meteorite speimens are o�ered on Web for about $10 agram.) In 1973, when I took the �rst sample to Dubna, the seurity guardsin the Washington airport wathed my handling that heavy box of strangestones with onern and onfusion.Another objets seleted for researh were the so-alled ferro-manganesenodules from remote deep regions of the Pai� Oean. The potato-like and-sized nodules grow extremely slowly (millimeters per thousand to millionyears) at the oean �oor mostly from hydroxides of Fe and Mn and ontainso muh of Cu, Ni, Co and other metals as to be prospetive poly-metalliore. We believed that the nodules might onentrate nulei from the osmirays and dust, as the in�ow of matter by the oean streams and atmo-spheri preipitation is relatively very low. A dediated expedition of theSoviet Aademy of Sienes researh ship Vitiaz dragged some nodules inFiji islands region for our investigations.



1748 I. ZváraIn addition, a spying and detetive story happened onerning the nod-ules. From an Amerian popular siene journal we learned that by 1973, inthe USA, they built a speial ship Glomar Explorer (185m long, 51 000 t)for �deep oean mining� the nodules on an industrial sale. Mentioned wereairlift transportation and a sophistiated aurate and stable positioning sys-tem of the ship. One ould hope that soon a pilot or full-sale plant wouldtreat the ore produing also a number of tehnologial frations enrihed indi�erent groups of elements. However, the story of the ship proved to bea fake. It overed a top-seret projet of lifting from a depth of 5000 m anarmed Soviet nulear submarine, whih was lost in 1968 some 600 miles ofHawaii. In 1974, the ship did indeed lift a part of the submarine, no nodules.In 1969, when Dubna was the most ative laboratory searhing for SHE,I presented a summary of the laboratory results at one of the �rst interna-tional sienti� meetings with the subjet on program. Of historial interestis undoubtedly the following passage about SHE from the onferene sum-mary by de-Shalit [5℄:�There is, however, another aspet to this (SHE) problem whih makesit neessary, to my mind, for all of us to stop for a minute and think morethoroughly about where we are heading and what we are preparing forhumanity. (These SHE). . .may undergo indued �ssion with the emissionof a substantial number of neutrons. Sine the size of ritial assemblies isinversely proportional to the number . . .minus one, it is not hard to imaginewhat ould be the outome of the existene of suh SHE with suh a valueof around 12 : : : It is not quite lear to me whether we as physiists an doanything at this stage to prevent atastrophi results that may ome outof mass prodution of suh superheavy nulei. But I think that all of uswant to know that we have given the matter the most serious thought andonsideration before we proeed full speed on this new venture.�Atually, in speaking, his words were even more anxious. Obviously, thenational seurity agenies in the USA and USSR did not learn about thiswarning as the researh was not made lassi�ed.A variety of instrumental tehniques were used to searh for SHEs inNature; see Ref. [6℄ for review. The most e�ient and universal was a ounterof prompt neutrons from spontaneous �ssion built in LNR [7℄, in whihprompt gamma rays from SF triggered measurement of neutrons, whihwere moderated in polyethylene and registered within a � 100 �s oinidenetime window by an assembly of dozens of 3He-�lled proportional detetors.Samples up to several liters in volume and some 30 kg in mass ould bemeasured. The somewhat modi�ed ounter is now in use in FLNR for studiesof the syntheti element 112 (see below) beause of its negligible bakgroundand large volume.



Superheavy Elements Challenge Experimental and . . . 1749Unfortunately, all the then reported positive results of searhes for SHEwere at the limit of sensitivity of the detetors and the attempts to hemiallyenrih suh samples failed. The best limit expressed as the SHE half-lifedivided by the ontent (fration) of SHE in the sample was 1024 years. Itis not possible to measure the two quantities separately but if the half-lifewere 109 years, one would have to treat billions of tons of raw material toobtain the ritial mass of SHE (see above the worries of de-Shalit).The searh for SHEs has been an interesting multidisiplinary undertak-ing. Flerov and Ilyinov desribed it vividly in a small popular book [8℄, whihould well bring the title �Physis as Cognitive Adventure� like the well-known book by A. Einstein, L. Infeld. The story is by no means over. Theever more redible values of half-lives of SHE by Sobizewski et al., [9�12℄may bring revitalization of the e�orts [13℄, as the range of most prospe-tive nulides gets narrower. I did not mention the yet oasional attemptsto detet SHEs (not neessarily the longest-lived) provided that they wereprodued by some more reent astrophysial proesses and mehanisms andsteadily ome to the Earth from outer spae.3. Man-made superheavy elements � statusFrom the mid-1970s to mid-1980s, in parallel with the searh in Nature,the laboratories possessing heavy ion aelerators also attempted synthesisof short-lived SHE isotopes. They put many e�orts in bombarding atinoidtargets with heavy ions. The most �popular� was 248Cm + 48Ca but 254Es+ 48Ca, 238U + 238U, and other ombinations were also tried. It meantjumping over several still unknown elements on the way to the SHE region.In many ases, radiohemial methods inluding those based on the expetedvolatility of metalli SHE were used for separation. Again, there were noonlusively positive results. Fig. 3 [14℄, sums up the results with the 248Cmtarget obtained by joint e�orts till 1985 in terms of the upper limits for theprodution ross setion. In �ight separation of the reoiling bombardmentproduts by mass was very fast but less sensitive then hemistry, whihthrough o�-line bath separations reahed muh lower ross-setions butonly for muh longer half-lives. Sine then, for about dozen years, both thesearh in Nature and the attempts of synthesis were sare.Studies of the fusion��ssion reations of heavy ions [16℄ and ever more a-urate alulations of SF half-lives of SHE [9�12℄ have onsistently strength-ened the hope for the existene of pronouned stability islands.Estimates of the prodution ross setions in heavy ion indued reations,espeially with 48Ca projetiles, suggested that the earlier attempts of syn-thesis had failed just due to insu�ient sensitivity; f. Fig. 2. The am-bitious goal to explore ross setions down to a piobarn was ahieved byOganessian et al., [15, 17�20℄ just to the end of the last entury. In weeks



1750 I. Zvára

1

1 0 - 3 2
D a r m s t a d t - B e r k e l e y - M a i n z
- L o s - A l a m o s - B e r n - G o t t t i n g e n

1 9 8 5

L i v e r m o r e - B e r k e l e y

1 9 7 8

H a l f  l i f e  /  s e c

  
  

D u b n a

C h e m i s t r y

E x p e c t e d  f o r

1 1 2 ,  1 1 4 ,  1 1 6 :

R e c o i l  s e p a r a t o r

1 0 - 3 3

1 0 - 3 4

1 0 - 3 5

1 0 - 3 6

1 0 - 3 7
1 0 - 6 1 0 - 3 1 0 3 1 0 6 1 0 9

Li
m
it 
of
 p
ro
du
ct
io
n 
cr
os
s 
se
ct
io
n 
/ c
m

2

Fig. 2. Upper limits of the prodution ross setion of SHE versus half-life ahieveduntil 1985 [14℄; expeted range of ross setion and half-lives [15℄ before startingthe Dubna experiments of the last years.to months of bombardment of isotopes of U, Pu and Cm by very intensebeams of 48Ca, they disovered several isotopes (one to three nulei of eah)of previously unknown elements 116 and 114, as well as of elements 112,110 and 108. Fig. 3 summarizes the data in a format of the ommon hartof nulides. Exept for 293116, the new nulides have relatively very longhalf-lives � up to minutes (error bars are not shown, they are neessarilylarge). Presumably, these are the slopes of the �stability island� entered on298114.Physial evidene for the assignments of Z and A is very onvining [15℄.For example, the alpha deay harateristis stritly obey the well-knownGeiger�Nuttall rule; also, the deay hain data are ompletely onsistentwhen synthesizing daughters of 292116 and 288114 in the appropriate target� projetile ombinations. The alulated values of half-lives for even�evennulides reprodue the experimental data to about two orders of magnitude,whih seems very satisfatory. Yet, this and other evidenes for Z and A,however strong, are not diret as none of the nulides in the above deayhains has been known before. See also Refs. [21, 22℄ ℄ for the review of the�eld.
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Fig. 3. The �northeast� end of hart of nulides like at present.Knowledge of the prodution ross setions and deay properties gainedin physial experiments greatly ontributes to the feasibility of the hem-ial studies of SHEs. In omparison with physial tests, a larger numberof atoms per unit �uene an be observed due to the use of thiker targetsand larger total detetion e�ieny (inluding hemial yield). Suh stud-ies, are of a fundamental interest per se. They result also in the hemialidenti�ation of the atomi number of the new nulide and thus providean independent (of physial means) evidene for the assignment of Z. Weonsidered element 112 (E112) as a most attrative objet of the hemialstudies and identi�ation. Its isotope mass number 283 (see Fig. 3) an beprodued by bombarding a natU target with a relatively �large� ross setion� a few pb. As a homolog of Hg (see Table I), the element probably pos-sesses unique hemial properties, �onvenient� for experimentation. It is tobe hemially very inert and more volatile than merury, while all the ele-ments from E111 down to Fr (E87) are muh less volatile or even refratorymetals. However, to what extent might the properties of E112 di�er frommerury? This important question is to be addressed to quantum hemistry.4. Quantum hemistry of SHEWith larger Z, the atomi eletrons beome inreasingly relativisti.This is evident from the mere fat that in the (non-relativisti) hydrogen-likeBohr atom with a nulear harge of 110, the binding energy of theK-eletron



1752 I. Zvárawould be 1102 � 13:6 eV � 165 keV, a value omparable with the eletronrest mass 511 keV. Beause of the �relativisti e�ets�, some hemial prop-erties of any SHE might not stritly follow the trends observed for its lighterhomologs. In partiular, a �linear� extrapolation of the trend of volatility inthe subgroup Zn! Cd! Hg! E112 is not automatially valid. Suh peu-liarities might enhane or hamper the hemial identi�ation of superheavynulides. Preditions by the relativisti quantum hemistry might help tohoose and design the most informative future experiments keeping in mindthat only a few hemial experiments with the transatinoids and SHE arerealized eah year all over the world.The required auraies of alulations of atoms (ions) and moleules arevery high. The formation energy of a SHE nuleus from free protons andneutrons is some 1 GeV. To predit the partial half-lives for �-, �- or SF-deay branh, the auray in deay energies of 10�5 relative, or 0.01 MeV,would be no doubt exellent. To predit reasonably well hemial properties,exellent would be to alulate various harateristi energies to �0:01 eV;it means 10�8 (!) relative to the formation energy of a heavy atom fromits bare nuleus and free eletrons, whih is some 1 MeV. Suh aurayis desirable, e.g., when alulating the �rst ionization potential (IP) as thedi�erene between the total energies of the atom and ion. Experimentalvalues of IP for ommon elements are known to be �10�3�10�5 eV.The atomi and moleular alulations [23℄ performed by variational min-imizing the total energy lean upon some basi priniples established sev-eral deades ago for the non-relativisti atom as a many eletron system.By analogy with the Hartree�Fok theory, the Dira�Hartree�Fok methodstarts with anti-symmetrized produt of four-omponent spinors. The majoralulational di�ulty in treating the heaviest atoms with open eletronishells and their exited states is the �orrelation energy�. In the old the-ory, an eletron experienes Coulomb interation just with the average �eldreated by the others. Atually, a region immediately surrounding the ele-tron must be de�ient in eletrons ompared to the average (�Coulomb/orrelation hole�). Also the eletron moves and its motion orrelates withothers. The most powerful up-to-date methods to ope with the orrela-tion e�ets, the multi-on�guration Dira�Hartree�Fok alulations, againoriginated in non-relativisti quantum hemistry. Various other �e�ets� areeither inluded in the formulations of the Hamiltonian or treated as pertur-bations. All this results in a great, ever inreasing variety of approahes andappropriate omputer programs.Aording to the valene bond theory, eah of the two interating atomssupplies one of its unpaired valene eletron to a shared pair, whih attratsthe nulei. The moleular orbital (MO) theory uses linear ombinationsof the valene eletron orbitals to obtain the required two-enter MO. The



Superheavy Elements Challenge Experimental and . . . 1753�bonding� orbital has high eletron density in the overlap region and soattrats the two nulei; the harateristis of orresponding �anti-bonding�orbitals are just opposite. If the partiipating atomi eletrons are originallypaired, they must be exited to some higher atomi orbitals. For example, tomake an atom with the s2p2ground state tetravalent, it must be �promoted�to sp3. Atually, the latter, originally unequal orbitals are �hybridized� toreah energetially preferable tetrahedral symmetry. To avoid immense al-ulational expenses in evaluation of two-eletron integrals for the ompoundsof heavy elements, the atomi wavefuntions used for onstruting MOs areoften �nally approximated by e�etive sums of a few �Gaussian primitives�.They have the form exp(��r2) xiykzl, where i; k; l are just integer exponentsat the Cartesian oordinates. These and other possible approximations on-tribute to the large variety of approahes in moleular alulations.In the relativisti atoms, the orbitals s1=2 and p1=2 with their large ele-tron density near the nuleus have smaller (than would have non-relativistiones) radii and larger binding energies. The orbitals p3=2, d, f , . . . with theirsmaller density near the nuleus and due to the e�ient sreening by theontrated s1=2, p1=2 orbitals, have lower (than non-relativisti) binding en-ergies and larger radii. These phenomena and eletron orrelations mostlyause some deviations from trends in the groups of Table I.The latest ahievements in the �eld of relativisti atomi alulationsare the values of ionization potential for some SHEs and their homologs-predeessors; see Table II. The alulations [25℄ also reasonably well,to 0.06 eV, reprodued the experimental exited levels in free Pb atoms:0.97, 1.32, 2.66, 3.65, 4.33, 4.38, 5.32 eV. TABLE IIIonization potentials in eV. Calulations from Refs. [24�26℄.exp. al. exp. al. exp. al.Zn 9.39 Ge 7.90 Kr 14.00Cd 8.99 Sn 7.34 Xe 12.13 11.6Hg 10.44 10.44 Pb 7.42 7.48 Rn 10.75 10.10E112 � 11.97 E114 � 8.54 E118 � 7.21Thus, the values for SHE seem trustworthy. Unfortunately, today, witha few short-lived SHE atoms available, it is impossible to verify experi-mentally the exitation and ionization energies. The alulated ionizationdata are useful in disussing possible peuliarities SHE, though these har-ateristis do not strongly orrelate with hemial properties; some hemialtheories have to mediate.



1754 I. ZváraMoleular alulations better meet the needs of experimenters. In gen-eral, suh alulations result in the values of ionization and exitation ener-gies of moleules, as well as bond energy, vibrational frequeny and length;one an also evaluate dipole moments and polarizabilities. However, rigorousaurate moleular alulations of SHE are di�ult � a ompound of realinterest for experimenters might take several hours of CPU time at modernsuperomputers. This is why suh alulations have been performed onlyfor moleules with relatively simple struture of orbitals and energy levels.Some reent data for hydrogen halides [27℄ are shown in Table III.TABLE IIICalulated and experimental values for hydrogen halides [27℄.Bond energy/eV Bond length/nmal. exp. al. exp.HBr 4.17 3.92 0.143 0.141HI 2.88 3.20 0.163 0.161HAt 2.27 2.52�0.17 0.174 �H(E117) 2.21 � 0.194 �Measurements of suh quantities do not seem feasible in oming years.To remove the gap between the theory and experiment, the moleules of realinterest to experimenters are alulated using less ompliated and rigorousmethods [28℄. These usually yield some systemati errors when omparingthe alulated and experimental values for known moleules. The trend isthen used to �orret� the alulational values for the ompounds of theheaviest elements to make them more redible.When speaking about hemial properties, one usually means bulk prop-erties of metals, rystals and solutions of ompounds as well as their behaviorin reations. Any alulations from �rst priniples are hardly possible. Ofour primary interest were bulk properties of ondensed phases like volatilityor thermodynamis of rystals and metals. In this ase, one has to �nd a wayhow to translate forth and bak between, say, the adsorption energy of singleatoms (moleules) on a surfae and the maro-hemial terms: sublimation,vaporization energy, boiling point. The neessary mediation is again aom-plished by various hemial theories or just empirial orrelations betweenthe bulk harateristis and the alulated parameters of the moleules.



Superheavy Elements Challenge Experimental and . . . 17554.1. Element 112Element 112 hemistry seems to be unique but relatively simple ase todisuss. Below are shown the boiling points of the metals adjaent to Hgin Table I and the eletroni struture of their outer orbitals as well as thebonding energies of some homonulear diatomi moleules. To form hemialor metalli bonds, the two s eletrons in Zn, Cd and Hg must be unpairedand exited to the sp on�gurations. This is energy onsuming and makesdimeri metal moleules, espeially Hg2 extremely weakly bound. Au andTl, the merury neighbors in the row, have unpaired valene shell eletronsand bonding in their dimers is muh stronger.In bulk metal there is more hane for Hg eletrons to join the ondu-tivity zone. But again, due to the progressive relativisti stabilization of thes2 losed shell, Hg metal has a onsiderably lower boiling point (as well asthe melting point) than Zn and Cd, and muh lower than Au and Tl.Boiling points/0Cd10s2Zn 906 Bonding energies/eVd10s Cd 767 s2pAu 2950 Hg 357 Tl 1457 Au2 2.3 Hg2 0.043 Tl20:61112 ?Then, what one an expet for E112? On the base of relativisti al-ulations we now understand the trends in olumns and rows shown above.E112 metal must be even more volatile than Hg, though hardly more volatilethan Rn, whose boiling point is �62ÆC. The metalli and hemial bonds ofE112 must be weaker than of Hg. All this makes some room for an extremeassumption that the element might behave almost like an inert gas. Still,it will reat with very strong oxidation agents (�uorine) to yield not onlydi�uoride, like Hg, but possibly also tetra�uoride, whih is not known for Hgbut well known for Xe (and very probably exists for Rn). Bonding of E112with �uorine is to be weaker than for E118 beause the latter must be thetrue EkaRn and ontain not too strongly bound outer p3=2 eletrons [23℄.5. Chemial identi�ation of element 112Yakushev et al., [29℄ in 2000 at Dubna performed the ever �rst exper-iment with E112, aiming at eka-Hg. The seond test was done late in2001 [30℄. Now the researhers allowed also for the possibility that E112is muh more volatile and hemially inert than Hg [31℄. To that end, twodetetion devies in series were used apable of deteting E112 also if itbehaves like Hg rather than like Rn.



1756 I. ZváraThe essential omponents of the experimental installation are shemati-ally shown in Fig. 4. The atoms reoiling from the target were thermalizedin �owing helium, in whih Hg is stable in atomi state. Single Hg atomsstik to inert surfaes only at below �150ÆC; at ambient temperature, theyould be almost without loss transported by the gas to the SF detetors.This provided fast, ontinuous and seletive isolation of Hg and E112 �other heavy metals, whih ould interfere in measurements, were adsorbedon the walls of the gas dut.The �rst detetion devie onsisted of passivated ion-implanted siliondetetors (PIPS) oated with 40�g/m2 of Au, whih strongly adsorbs Hg atroom temperature. If not retained on the PIPS, the atoms of E112 were ar-ried into the seond devie � a �ow-through ionization hamber optimizedfor registration of the �ssion fragments. For onlusive identi�ation of therare spontaneous �ssion events, the PIPS detetors and ionization hamberwere plaed inside an assembly of neutron ounters mentioned in Se. 2,whih deteted the expeted burst of prompt �ssion neutrons in oinidenewith �ssion events [7℄.Experimental: A target of 238U oxide was 2 mg/m2 thik and ontainedNd to produe also Hg ativities; the beam urrent was� 0:5 p�A of 264MeV48Ca ions. The target hamber was ontinuously �ushed with 500 m3/min ofhelium; the transportation distane was 25m with 80% e�ieny measuredfor Hg. Eight onseutive pairs of PIPS detetors oated with Au were usedwhile the 49-s 185Hg deposited on the surfae of the �rst pair of PIPSs to95%. The ylindrial Frish grid ionization hamber, was 5000 m3 in volume;to improve its ounting performane, some argon and methane were addedto the helium arrier gas at the hamber inlet.
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Superheavy Elements Challenge Experimental and . . . 1757Results: The total beam dose in 24 days amounted to 3.5�1018 ions. Thedegree of puri�ation of the volatile fration from non-volatile produts wasregularly ontrolled and proved to be better then neessary. The PIPS de-tetors did not detet any event of two oiniding large pulses from oppositedetetors followed by neutron ounts. Meanwhile, the ionization hamberdeteted eight �ssion events followed by prompt neutrons. The bakgroundof the ionization hamber was measured before and after the experimentfor a total of 14 weeks to detet four �ssion events followed with neutronsi.e., about one per the time of experiment. The 68% and 95% (Bayesian)shortest on�dene interval for the average �net� number of deay events ofE112 per the given �uene are 4.5 � N � 10.2 and 2.6 � N � 14, respe-tively. The data are onsistent with the prodution ross setion from thephysial experiments. All this means that E112 behaves in the partiularexperimental onditions more like ekaRn rather than ekaHg.6. Some prospetsThe extremely important result on hemistry of E112 suggests the nextstep of the studies. It is planned to identify �-ative 284112 as the memberof the deay hain of 288114!284112!280110 (SF) obtained in the reation244Pu + 48Ca (see above). A row of semiondutor partile detetors willform a sort of hromatographi olumn with a negative longitudinal temper-ature gradient over the temperature range from ambient down to LN2. It willbe possible to measure the lifetime and �-partile energy of 284112 nulei, aswell as lifetime and total kineti energy of �ssion fragments of 280110. TheekaRn-like ongener of Hg must adsorb from �owing gas on the detetorssomewhere within this range thus providing quantitative measure of relativevolatilities of element 112 and Rn. This seems to be the �rst oasion toonfront detailed quantum hemistry alulations with experimental data.However experimentally di�ult, the hemial identi�ation of element 114itself seems feasible and will be attempted in near future. The element isto be more inert than Pb and hardly apable of forming ompounds in thegaseous phase [32℄.The analysis of the most advaned alulations of alpha deay and SFhalf-lives of even�even isotopes [9�12℄ plus some (still more unertain) es-timates of beta stability infer that some isotopes of element 108 might bethe andidates to survive in Nature. This might lead to revitalization ofthese e�orts [13℄. During the �rst period mentioned in Se. 2, ekaOs wasnot searhed for thoroughly.
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