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AbstratThis work reports on the experimental searh for superheavy elements (SHE).Two types of approahes for SHE prodution are studied i.e.: �old� fusion meh-anism and massive transfer mehanism. First mehanism was studied, in normaland inverse kinematis, by using Wien �lter at the GANIL faility. The produtionof elements with Z=106 and 108 is reported while negative result on the synthesisof SHE elements with Z=114 and 118 was reeived. The other approah i.e. re-ations indued by heavy ion projetiles (e.g.:172Y b, 197Au) on �ssile target nulei(e.g.: 238U , 232Th) at near Coulomb barrier inident energies was studied by usingsuperonduting solenoid installed in Texas A&M University. Preliminary resultsfor the reation 197Au(7.5MeV/u) + 232Th are presented where three ases of thepossible andidates for SHE elements were found. A dediated detetion setup forsuh studies is disussed and the detailed data analysis is presented. Detetion of al-pha and spontaneous �ssion radioative deays is used to unambiguously identify theatomi number of SHE. Speial statistial analysis for a very low deteted numberof α deays is applied to hek onsisteny of the α radioative hains.
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1. IntrodutionThe heaviest known natural element is Uranium (U) with the number of protonsZ=921. All elements above U have been produed arti�ially in heavy ion laborato-ries aross the world and are more or less unstable. The history of the formation ofheavy arti�ial elements begins in the 40s of the last entury. In 1934 Enrio Fermiproposed a method to produe suh elements. By bombarding a nuleus (Z, N), whereN denotes neutron number, with neutrons one obtains a new isotope (Z, N+1) whihan β− deay thus forming a new element (Z+1, N). The �rst elements reated ina laboratory were neptunium (Np, Z=93) and plutonium (Pu, Z=94). They wereprodued at the University of California in Berkeley in 1940-41. Neptunium was fab-riated by MMillan et al. [1℄ bombarding U nulei with neutrons. Seaborg et al. [2℄disovered plutonium-238 (238U) through the β− deay of neptunium-238 (238Np)whih in turn were produed by bombarding uranium with deuterons2. ElementsZ=99 and 100 were �rst identi�ed in the debris of the hydrogen bomb test in 1952(the proess reonstruted was the many neutron apture by uranium whih thendeayed quikly by beta emission to more stable isotopes of elements einsteiniumand fermium). To synthesize elements Z=95, 96, 97, 98 and 101 it was su�ient toirradiate previously produed heavy nulei (Z=93, 94, 99) with neutrons or alphapartiles (see tab. A.1). In the late-50s newly onstruted aelerators were apableto aelerate heavier nulei than helium atoms. These new aelerators opened thedoor for the reation of even heavier elements known as superheavy elements (SHE).Along with the growing number of protons in nuleus, Coulomb repulsion foresause the dereasing of the �ssion barrier. When this number beomes large enough,Z≃114, the barrier should ompletely vanish, and an instantaneous break up of anuleus appears. However, Myers and �wi�ateki [3℄ showed in 1966 that losed shellsreated by quantum e�ets ensure the existene of the barrier even for nulei withZ>114. Further theoretial elaborations, based on the shell model, predited morepreisely that the next losed shells should emerge for spherial nulei at Z=114and N=184. Suh nulei would be loated in the enter of the island of stability ofsuperheavy elements. Their half-life times, with respet to the spontaneous �ssionwere estimated from a few years to many thousands of years. The alulations alsorevealed, that alpha radioativity is the main deay mode of those nulei [4℄ and oneshould expet an inrease of their half-life times for this mode of deay. Experimentstargeted on reahing this hypothetial island of stability were initiated.Prodution of the superheavy elements, Z>104, was aomplished by omplete fu-sion reations in nulear ollisions by laboratories operating heavy ion aelerators:Joint Institute for Nulear Researh (JINR), Gesellshaft für Shwerionenforshung(GSI) and Lawrene Berkeley National Laboratory (LBNL). Suh studies were pos-1One an �nd also in natural uranium ores trae quantities of Neptunium (Z=93) and Plutonium (Z=94).2 For the disovery of Np and Pu elements Edwin MMillan and Glen Seaborg were awarded Nobel Prizein hemistry in 1951. 7



1. Introdution

Figure 1.1.: Cross setion data and extrapolated values for �old� fusion reations (1n-evaporationhannel) [5℄.sible beause of the impressive progress made in aelerator tehnology, and new,highly e�ient heavy ion soures. Until the year 1988, elements with Z up to 112were disovered in this way [6, 7, 8, 9℄. Unfortunately, during those studies it turnedout that the ross setion for superheavy nulei prodution in fusion reations isdereasing quite rapidly: with every next Z more or less by fator 4 (see �g. 1.1),reahing for element with Z=112 about 1 pb. This was a very serious limitation inthe synthesis of the next elements. Moreover, half-life times of the most heaviest oneswere beoming as short as a few tens of µs. Suh small values of half-lives has shakenthe belief in the existene of the island of stability for SHE. One of possible expla-nations for these results was that the newly produed elements were highly neutronde�ient isotopes, and they should in fat live quite short. Simply, available ombi-nations of projetiles and targets ould not be used to produe more neutron reahnulei. At present, the periodi table ontains elements with the atomi number (Z)up to 118.The most reent disoveries (1998-2005) made by the Dubna-Livermore ollab-oration, a synthesis of elements Z=114 in reation 48Ca+242,244Pu, Z=116 (year2000) in reation 48Ca+248Cm [10℄, and Z=118 (year 2002) in reation 48Ca+249Cf[11, 12, 13℄, whih still need to be on�rmed by other laboratories, delivered a newimpulse to searh for the next heavy elements, and to synthesize new isotopes of al-ready known elements. In the ase of above reations the half-life times of produednulei, e.g. for Z=114 is a few seonds, indiate the inrease of their stability. Thisbrings new hope for the existene the island of stability in the region predited bythe theory: Z=114, N=184.In fat all arti�ial elements beyond fermium were reated by omplete fusion of8



heavy ions. Two types of approahes have been used in this ase: the �old� fusionwith bismuth or lead targets and projetiles of most neutron rih isotopes like 64Nior 70Zn to produe elements 110 and 112 and �hot� fusion of atinide targets suh as
Pu, Cm or Cf with 48Ca projetiles to reah elements with Z=114, 116, 1183 [14℄.In the ase of �old� fusion reations, the reated superheavy nulei possess lowexitation energy E∗ = 10 − 15 MeV while for �hot� reations exitation energyis E∗ = 30 − 40 MeV . In both ases only some of them an survive as a residueand reah their ground state or isometri states by 1-2, or 3-4 neutrons emissiondepending if the reation studied is �old� or �hot�. Most disintegrate immediatelybeause the �ssion barrier is nearly equal, or even lower than the neutron bindingenergy. As a result, ross setion for residue reation is a produt of a ross setionfor fusion reation and probability, that in a ooling phase, �ssion will not our.Besides trying to reah the island of stability, studies of superheavy elementsprodution is important for testing theories, ones that desribe reation dynamis inthe entrane hannel (e.g. [15℄, [16℄), and others that deal with a struture and deaymodes of the SHEs (e.g. [17℄). In the �rst ase, the more aurate dynamial theoryould propose an optimal energy and projetile-target ombination for a synthesisexperiment. In the seond ase, the exploration of deay modes allows to obtainbetter knowledge of shell model parameters and from that a struture of suh heavynulei.In this thesis I onentrate mainly on the experimental aspets of searhing andthe prodution of superheavy elements. The desription of SHE experiments is setforth and the results are presented. The searh for SHE was performed by theKrakow group in ollaboration with two leading heavy ion laboratories, i.e. GrandAélérateur National d'Ions Lourds (GANIL) in Frane and the Cylotron Instituteof Texas A&M University (TAMU) in USA.The thesis is divided into six parts. Part no. 3 desribes SHE ampaigns at GANILfrom the period 1999-2003 while part no. 5 is devoted to the experiments performedat TAMU ylotron between 2003-2006. For eah ollaboration a short summary ismade and in the last part of the thesis a ommon summary and perspetives for SHEprodution is presented. A separate part of the work, part no. 4, was devoted tothe statistial analysis that an be used to test reliability of the data olleted in theSHE experiments. The following part (no. 2) presents an overview of the presentknowledge in the �eld of superheavy elements investigation.

3The �old� and �hot� fusion reations are wider disussed in the setion 2.2 �Reation of synthesis�.9
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2. Overview of the past and presentstatus of SHE and Island ofStability questHeavy element researh explores the borderline of the upper part of the nulides hartwhere the repulsive Coulomb fores between the many protons start to dominate thenulear stability and in some plae of the hart of nulides terminate the number ofelements due to instability against �ssion.However during the past 50 years, many theoretial approahes suggested that themirosopi stabilization through shell e�et will still ensure the existene of heavystabilized nulei. These superheavy elements are predited for the next doubly losedshell above lead at Z=114, N=184 aording to one alulations and Z=120 or 124,N=184 for other preditions. In fat the �rst evidene for inreased stability wasthe disovery of the elements seaborgium and hassium [18, 19℄ whih are a partof the mirosopi stabilized region of deformed nulei entered at Z=108, N=162.Further proofs of an enhaned stability in the region of superheavy nulei have beenvalidated also by the results of reent experiments of Dubna group. Deay energiesand life times of ≈30 new nulides with Z=104-118 and N=162-176 that have beensynthesized in the omplete fusion reations of 238U , 242,244Pu, 243Am, 245,248Cm,and 249Cf targets with 48Ca beams indiate a onsiderable inrease of the stabilityof superheavy nulei with an inreasing number of neutrons.After Hahn and Strassman had disovered the indued �ssion of uranium, theliquid drop model of the �ssioning nuleus was proposed by Bohr and Wheeler [20℄to desribe this phenomena. This essentially, lassial theory assumes that nulearmatter is a marosopially strutureless body, similar to a drop of harged liquid.The deformation of the drop is indued by the Coulomb fores, whih �nally lead toits �ssion into two parts (fragments) of ≈ equal masses when the potential barrieris overame by the fragments. For the nuleus 238U the �ssion barrier amounts toapproximately Bf ∼ 6 MeV . Aording to this model the height of the �ssion barrierdereases rapidly with inreasing the element number (Z) and at a de�nite ritialatomi number the nuleus beomes unstable against the spontaneous �ssion (SF )whih undergoes typially after the time TSF ∼ 10−19 s where TSF denotes meanlife time of the SHE element with respet to the SF proess. This ritial situationshould be reahed already for values of Z=104-106. Subsequent disoveries of the�rst transuranium elements, whih were mainly synthesized with high-�ux neutronreators, qualitatively on�rmed the analogy between the liquid drop and nulearmatter e.g. the probability of spontaneous �ssion for nulei from 238U (Z=92) to
257Fm (Z=100) inreased by more than a fator of 1013.Situation has hanged when the disovery of spontaneously-�ssioning isomers wasannouned. The shape isomerism in several tens, at that time already known, nulei- isotopes of U to Bk, was in ontradition to the liquid drop model of �ssion.11



2. Overview of the past and present status of SHE ...Now, it is well established that the existene of isomers is a result of the omplexstruture of the potential energy surfae of the nuleus, in partiular, a result ofthe two-humped shape of the �ssion barrier (see review of Bjornholm and Lynn[21℄). Another ontradition with the liquid drop model was found in the signi�antvariations of the partial life times of spontaneous �ssion, best pronouned for theisotopes of Cf , Fm and the transfermium elements, whih have been synthesized inheavy-ion indued reations [22℄.Atually, the lassial liquid drop model desribes only the mean hanges in thebinding energies of the nuleus with the growth of its mass. For the nuleus, asa quantum objet omposed of few to several hundreds of nuleons, a strong loalvariations of the energy levels oupied by the di�erent nuleons an emerge. Thesestates are far from homogeneous. The individual neutrons and protons an populateenergy levels loated in suh a way that unequal gaps appear in the disrete energyspetrum. Suh loalized onentrations of the energy levels below the gaps ausea notieable inrease in the total binding energy, and therefore, in the stability ofa nuleus. The number of protons and neutrons in nulei with maximum bindingenergy are alled losed proton and neutron shells - by analogy with atomi physis.Most strongly the e�et of nulear shells is manifested in the "doubly magi" nulei,suh as 208Pb (Z=82, N=126), for whih the value of the shell orretion Eshell = 14
MeV . In mass formula, the shell e�et has usually been aounted for by meansof orretions. In the works of �wi�ateki and Myers a phenomenologial desriptionwas given for the shell anomalies in the nulear masses [3℄.In 1966, Strutinsky suggested an original method for alulating the shell orre-tions to the liquid drop nulear energy [23, 24℄. In this approah, the shell orretionis determined as the di�erene between the sum of the single partile energies in thease of a real quantum nuleon distribution and some "homogeneous" distribution oflevels in the mean nulear potential, whih haraterizes the liquid drop. The totalenergy of the nuleus an be presented by the sum: Etot = Eld + Eshell, i.e. thesum of the marosopi (liquid drop) energy Eld, and the mirosopi part Eshell,whih is onneted with the nulear shell struture and the pairing orrelations ofthe nuleons. The alulations of this maro-mirosopi model have revealed regu-larities in the shells of deformed nulei. This led to higher preision in de�ning theirmass and shape in the ground state. Contrary to the ommon opinion that shelle�ets are smeared out with the inrease of the deformation of the nuleus, it wasobserved that in highly deformed nulei a substantial re-distribution of the nuleonstakes plae. With the inrease of deformation shell e�ets do not vanish, but simplyhange, still bringing on to a signi�ant orretion to the potential energy of thenuleus [25℄. Thus the alulations performed within the maro-mirosopi theoryexplained quite a large number of experimental �ndings: the shape isomerism ofatinide nulei, the onstant height of their �ssion barriers, the abrupt hanges inthe �ssion probability for nulei with a neutron number lose to N = 152 and otherobservables, whih had no interpretation in the framework of the lassial liquid dropmodel.12



2.1. Stability of superheavy nulei - role of nulear shells2.1. Stability of superheavy nulei - role of nulear shellsSimilarly to any other theory, the maro-mirosopi model had a de�nite preditivepower, what onerned, in partiular, the masses and radioative properties of veryheavy, hitherto unknown nulei. Suh preditions were made in a series of works.One an mention here the results obtained by Patyk, Smola«zuk and Sobizewski[26℄, [27℄, who alulated masses and �ssion barriers of even-even nulei with Z=104-120 and N=140-190. For the nuleus 254102, the liquid drop �ssion barrier amountsto about Bf,ld ∼ 1 MeV , while for the heavier nuleus 270108 it is pratially equalto zero. At the same time, the amplitude of the shell orretion for these nuleiamounts to about 5 and 7 MeV , respetively.In alulations of the nulear potential energy, when the shell orretion is takeninto aount, a �ssion barrier is revealed and its height is about 6-8 MeV . Theourrene of a �ssion barrier, when the heavy nuleus is deformed, should ausesigni�ant hindrane to spontaneous �ssion. Indeed, aording to refs. [26℄, [27℄,the partial half-lives for spontaneous �ssion depend strongly on the amplitude ofthe shell orretion. The signi�ant rise in TSF (N) when moving away from theN=152 shell, whih manifests itself notieably in the radioative properties of theatinide nulei, is due to the in�uene of another neutron shell at N=162. What isimportant, these two shells are related to deformed nulei ontrary to the ase of thedoubly magi nulei suh as 208Pb, whih are spherial in their ground state. Themaximum stability with respet to spontaneous �ssion is expeted for the nuleus
270108 (N=162) for whih the predited TSF value an amount to several hours.Further inrease of the neutron number results in the derease of the ground-statedeformation of the nuleus due to the moving away from the deformed shell N=162.At N>170 a signi�ant rise of TSF is expeted for nulei up to 292108 (N=184), whosepartial half-life with respet to spontaneous �ssion an be as long as TSF ∼ 3 · 104years.At this point we ome to an interesting situation. If superheavy nulei possesshigh stability with respet to spontaneous �ssion, the other modes of deay beomepossible: α-deay and, eventually, β-deay. The probability for these modes of de-ay, hene the life times, will be determined by the nulear masses in the groundstate. The latter an be alulated by di�erent models, whih are based on di�erentassumptions of the fundamental properties of nulear matter. Hene, any experimen-tal result beomes extremely informative as far as the veri�ation of the theoretialmodels is onerned. Following the alulations, performed within the marosopi-mirosopi model, the deformed nuleus 268106 (N=162) should undergo α-deaywith a half-life of T1/2 ∼ 2 h (aording to a di�erent alulation by Möller et al.[28℄ - a few days). For the heavier, more spherial nuleus 294110 (N=184), T1/2inreases to several hundred, or even thousand, years. Let us note that in the ab-sene of a nulear struture, as it is in the lassial liquid drop model ase, thisnuleus should �ssion spontaneously with TSF ∼ 10−19 s. The di�erene in half-lifetime is about 30 orders of magnitude! Calulations of the energy of the nuleus asa many-body system, arried out in the Hartry-Fok-Bogoliubov (HFB) model, aswell as alulations in the relativisti mean �eld model also indiate a signi�antinrease in the binding energy of the nuleus when approahing the losed neutronshell N=184. For a spherial doubly magi nuleus a maximum value of the binding13



2. Overview of the past and present status of SHE ...energy is expeted. However, the theoretiians have not yet ome to a onsensuswhat onerns the magi proton number, while the losed neutron shell is laimed tobe N=184. For instane, in the maro-mirosopi model, independent of the varia-tions in the parameters used in the alulations, the amplitude of the shell orretionreahes maximum for the nuleus 298114 (N=184) [4℄. On the ontrary, in the HFBalulations together with Z=114 there are other possible andidates: Z=120, 122,126 and even 138, depending on the hosen set of parameters [29℄. For even largeratomi numbers theory predits very exoti on�gurations of nulei that have grossnon-uniformities of nulear matter density [17℄. The main onlusion, however, is thefollowing: in the region of very heavy nulei there may exist an �island of enhanedstability�, onsisting of many β-stable neutron-rih isotopes of superheavy elements.2.2. Reation of synthesisIt is well known that the �rst arti�ial elements heavier than uranium were syn-thesized in reations of sequential apture of neutrons ( (n, γ)-type) during longexposures at high-�ux neutron reators. The long life time of the new nulides madepossible their separation by radiohemial methods followed by the measurement oftheir radioative deay properties. This pioneering work, whih was performed bySeaborg and olleagues in the period of 1940-1952, led to the synthesis of 8 arti�-ial elements with Z=93-100, for referenes see tab. A.1. The heaviest nuleus was
257Fm (T1/2 ∼ 100 d). The further progress in study of the region of heavier nuleiwas bloked by the extremely short life time of 258Fm (TSF ∼ 0.3 ms). Transfer-mium elements with mass A>257 were produed in heavy-ion indued reations. Inthis method, unlike the method of sequential neutron apture, in the fusion proessthe total mass of the projetile is imported into the target-nuleus. The exitationenergy of the ompound nuleus is determined by the simple relation:

E* = Ep − [MCN − (Mp + MT )] = Ep − Q (2.1)where Ep is the projetile energy; MCN , MT and Mp - the masses of the ompoundnuleus, the target and the projetile, respetively. The minimum exitation energy,
E*

min, is realized at the threshold energy of the fusion reation, orresponding in�rst approximation to the Coulomb barrier: E*
min = BC − Q. For heavy targetnulei, BC ∼ 5 MeV/A. Contrary to (n, γ)-reations, where the exitation energyof the nuleus amounts to about 6-8 MeV , in fusion reations indued even by anion as light as 4He, E*

min ≃ 20 MeV . This inrease of exitation energy of theompound nuleus is due to the inrease of the Coulomb barrier with the projetileatomi number. The transition of the exited nuleus to the ground state (E* = 0),formation of evaporation residue (ER), will take plae mainly by the emission ofneutrons and γ-rays. The prodution ross setion of any evaporation residues anbe written as:
σER(E*) = σCN (E*) · Psurv (2.2)where σCN (E*) is the ross setion for produing the ompound nuleus, Psurv -survival probability of the ompound nuleus against �ssion. For the ERs ooled by14



2.2. Reation of synthesis
xn hannel, prodution ross setion is:

σxn
ER(E*) = σCN (E*) · Pxn (2.3)where Pxn - the probability of its deexitation (ooling) via x neutrons emissions.From eqs. 2.2 and 2.3 one an an easily state that Psurv is mainly determinedby probabilities of neutron emissions from all open xn hannels. Pxn itself an byexpressed as:
Pxn =

x
∏

i=1

Γn

Γtot
(< E∗

i >) (2.4)here Γn/Γtot - the ratio of the widths of neutron emission and the total width ofdeay along the asade of sequential emission of x neutrons at a mean exitationenergy < E∗

i > after eah neutron emission. The ratio Γn/Γtot an be alulated inthe framework of the statistial theory with some assumptions about the thermody-namial properties of the heated nuleus. The quantity σxn
ER sharply dereases withthe inrease of E∗ (whih is equivalent to the inrease of the number x of the neutronevaporation steps). Besides, the amplitude of the shell orretion, whih hinders the�ssion of the nuleus, quikly diminishes with the inrease of the ompound-nuleusexitation energy. For these two reasons, the ER prodution ross setion of heavynulei beomes extremely small. This ross setions are of the order of 10−6 − 10−4barn and exponentially fall with the beginning of the region of heavier nulei, ap-proximately Md isotopes, see �g. 1.1. The ross setions σER(E*) are very smallwhen ompared to the ross setions of tens and hundreds barn, obtained in (n, γ) -reations, whih lead to the prodution of atinide elements. This is a very seriouslimitation for using heavy ion indued fusion reations, however they appear so far tobe one of a few, if not the only means of synthesis of transfermium elements (Z>100).Another approah to produe SHE elements will be presented in hapter 5.The lower the exitation energy (E*), the higher the ross setion (σER(E*)). Forthis reason, preferable are the most asymmetri reations, having as low as possiblevalues of the Coulomb barrier. This fator has been deisive in the synthesis andinvestigation of new elements sine 1955 for the next 25 years. The main e�orts weredireted to produe in high-�ux reators enough quantities of the heavy isotopesof transuranium elements from Pu to Es. They were used as target material inthe synthesis of new elements at heavy-ion aelerators. This approah led to thedisovery of 6 new elements with Z=101-106 mainly at the LBNL and in the FlerovLaboratory of Nulear Reations (FLNR). Unfortunately, not only the low survivalprobability of highly exited heavy nulei, but also di�ulties, onneted with theprodution of target materials in high-�ux reators, strongly limited the possibilitiesto use suh reations for the synthesis of elements with Z>106.2.2.1. Cold fusion of massive nuleiThe minimum exitation energy of a ompound nuleus E∗

min = BC −Q grows up toa ertain value when inreasing the projetile mass (�g. 2.1a). Any further inreaseof the ion mass (and the orresponding derease of the mass of the target nuleus)will redue E∗ sine Q-value notieably inreases for more symmetri reations. The15



2. Overview of the past and present status of SHE ...optimum result is ahieved when a doubly magi nuleus suh as 208Pb is used as thetarget. In this ase the mass exess, and therefore the Q-value, is highest. Suh ane�et should be observed already in the synthesis of Fm isotopes in the 40Ar+208Pbreation, in ase fusion of suh heavy nulei is possible. This reation was hosenby Dubna group in 1973 in order to hek the idea [30℄. The ross setions for theprodution of Fm isotopes in the reation 40Ar +208 Pb as well as the results ofexperiments, arried out by A.Ghiorso et al. [31℄ for the same nulei, but formedin the more asymmetri reation 16O +233 U , are shown in �g. 2.1b. From theexperimental data it follows that the maximum yield of Fm isotopes in the reation
40Ar+208Pb orresponds to the emission of two or three neutrons from the ompoundnuleus 248Fm (E∗

min = 30 MeV ).In the ase of the lighter projetile in the reation 16O+233U the residual nulei arethe result of 4- or 5-neutron emission from the ompound nuleus 249Fm (E∗

min = 45
MeV ). It may seem strange that the ER ross setions, obtained in reations of thetype HI +233 U , should rise with inreasing the projetile mass, while the reationmehanism and, in partiular, the fusion probability of suh omplex nulei remainunhanged. The highest ross setion orresponds to the ase when both nulei, ofthe projetile and of the target, are magi. Atually, in the reation 48Ca +208 Pb(E∗

min = 20 MeV ) the prodution ross setion of evaporation residues - the isotopesof No (Z=102) - turned out to be 2 orders of magnitude higher than the ross setionsfor produing the Fm isotopes, �g. 2.1. Here the hannel with emission of only oneneutron is observed with a notieable ross setion. In the experiments, performedlater in GSI Darmstadt, it was shown that in reations using heavier projetiles upto 70Zn, as was expeted, the exitation energy of the ompound nuleus diminishesand the 1n-evaporation hannel dominates in the proess of formation of very heavynulei [33℄. As a result, similar to the ase of thermal-neutron apture by the 235Unuleus, when the exitation energy imparted into the ompound system is E∗ ∼ 6
MeV , in the fusion reations of the 208Pb target-nuleus and the ions, whose massis 50-70 a.m.u., a ompound nuleus an be formed, whih has an exitation energyamounting to only 10-15 MeV ! Reations of this type were alled "old� fusionreations while the formerly used asymmetri reations, whih led to more heatednulei, are known as a "hot� fusion reations.The "old� fusion reations onsiderably hanged the state of art in the issue ofthe synthesis of new elements. Sine in suh reations as target material the stableisotopes of 208Pb or 209Bi were used, the experimental investigations aimed at thesynthesis of heavy nulei beame aessible to a wide group of researhers. In thissituation the e�ort was put for the development of aelerator failities whih andeliver intense beams of heavier ions (A>50) what determined the sensitivity of theperformed experiments. On the other hand, in fusion reations of 208Pb even withnulei of the heaviest stable isotopes, used as projetiles, the obtained ompoundnulei are neutron de�ient. The evaporation residues are usually far away from the
β-stability line, whih leads to a signi�ant derease in their half-lives. These twofators, whih lie in the basis of �old� fusion, i.e. the prodution of intense beamsof ions with A>50 and the neessity to use fast methods of separation and detetingof new nulei (T1/2 > 1 µs), signi�antly hanged the experimental approah to thesynthesis of new elements. A suessful solution of the problem was found in 1975 inGSI by building a heavy ion aelerator, the UNILAC, and the SHIP experimental16



2.2. Reation of synthesis

Figure 2.1.: a) Minimum exitation energy of ompound Fm and No nulei, produed in fusionreations with ions of di�erent mass. b) Formation ross setions of Fm isotopes asa funtion of the exitation energy of the ompound nuleus, obtained in reationsindued by 16O (open symbols) and 40Ar(blak symbols). ) Formation ross se-tions of No isotopes as a funtion of the exitation energy of the ompound nuleus,obtained in fusion reations indued by 12C and 48Ca. The exitation energy at theCoulomb barrier is shown by vertial arrows. Ref. [32℄.
17



2. Overview of the past and present status of SHE ...setup. This made it possible to separate in �ight (t ∼ 10 µs ) atoms of new elementsamong the enormous amount of bakground produts of inomplete fusion reations.In old fusion reations of 208Pb and 209Bi targets with ions ranging from 54Cr to
70Zn were synthesized the 6 heaviest elements with Z=107-112 (see tab. A.2). Adetailed desription of the experiments and the data analysis an be found in thereview artiles of Armbruster [34℄, Münzenberg [35℄ and Hofmann [6℄.In old fusion reations with 208Pb or 209Bi targets, the inrease of the atominumber and the mass of the evaporation residues of the ompound nuleus are totallydetermined by the harge and mass of the projetile. However, the ross setion forproduing nulei of the new elements, as it follows from the experimental data,onsiderably dereases with inreasing the element number (�g. 1.1).Suh a tendeny has been analyzed for the �rst time by �wi�ateki [36℄ and Bªoki[37℄. They onluded it is the result of dynamial limitations on fusion due to theinrease of the Coulomb repulsion when using more symmetri ombinations of massand harge of the interating nulei. The two fators, whih determine the rosssetion for produing the evaporation residues, work here one against the other: whenthe projetile mass inreases, the survival probability inreases sine E∗

min dereases,at the same time the probability of formation of the ompound nulei themselvesabruptly dereases. From above experimental fats the following onlusions anbe drawn. The reations of sequential slow-neutron apture, in whih β-stable andneutron-rih nulei are produed, are limited by mass A=257. In priniple, suhlimitations do not exist in heavy ion reations. However, in both old and hot fusionreations the ross setions for produing new elements exponentially derease withinreasing the atomi number Z. The reasons for this are di�erent. While in hotfusion reations the losses are onneted with the low survival probability of theevaporation residues, in reations of old fusion this is due to the small probabilityof fusion leading to the formation of the ompound nuleus.In suh a situation one have to look for a ompromise, having in mind that theERs will have maximum neutron exess. We should note that no ombination ofstable or even long-lived isotopes an bring us to nulei in the enter of the "islandof stability" with Z=114 and N=184. One of the possibility is to use radioativeion beams to produe superheavy elements. However, in order to synthesize nuleilose to the peak of the "island of stability" it is neessary to aelerate still unknownneutron-super rih isotopes, suh as 54Ar or 90Ge. The yield of these extremely exotinulei in the prodution target is negligibly small. Nonetheless, one an expet toapproah the boundaries of this unknown region so lose as to ome into the regionof in�uene of the spherial shell N=184.As follows from the disussion presented so far, in the transition region betweendeformed and spherial shells the stability of nulei rapidly diminishes. This isonneted �rst of all with hanges in the mass and shape of the nulei in the groundstate and with the hanges in the struture of their �ssion barriers. The stablespherial on�guration appears only when N>170, where aording to the maro-mirosopi alulations the stabilizing e�et of the spherial shell N=184 shouldmanifest itself. Suh neutron-rih nulides an, in priniple, be produed if as targetmaterial and as projetiles heavy isotopes of the atinides with Z=94-98 and ionsof the very rare isotope 48Ca are used, respetively. The ompromise implies thatalthough we sari�e the magiity of the target-nuleus by the transition from 208Pb18



2.2. Reation of synthesisto the neutron-rih isotopes of the atinide elements, we aquire it again in theprojetile nuleus. Beause of the signi�ant mass exess of the doubly magi nuleus
48Ca, the exitation energy of the ompound nuleus at the Coulomb barrier amountsto about 30 MeV . The ooling of the nuleus will take plae by 3-neutron emissionand by the emission of γ-rays. It an be expeted that at this exitation energythe shell e�ets still exist in the heated nuleus, whih in turn inreases the survivalprobability of the ERs in omparison with the ase of hot fusion reations (E∗ > 50
MeV ). On the other hand, the mass asymmetry of the nulei in the entrane hannel(Z1 ·Z2 < 2000) should lead to the derease of the dynamial limitations on nulearfusion and, therefore, to the inrease of the ross setion for produing the ompoundnuleus as ompared to the ase of old fusion reations. What more the reentdevelopment of experimental tehniques and the possibility to produe intense beamsof 48Ca ions have enabled an inrease of the sensitivity of experimental studies by afator of hundreds. This way of researh was hosen by the Dubna whih sueededto disover (synthesize) elements of atomi number Z=114, 116, 118.As mentioned earlier, the properties of the new nulides and new SHE elementsonsiderably hanged our views about the stability of heavy nulei and also led tothe development of the theoretial onepts onerning the existene of superheavyelements.2.2.2. Experimental approah and detetion setupThe planning of experiments on the synthesis of superheavy elements is determinedto a great extent by their radioative properties and mainly by the life time of theatoms to be synthesized. The life time, as mentioned earlier, an vary in a wide rangefrom few µs up to several hours. Hene the experimental setup should be su�ientlyfast. On the other hand, the evaporation residues, whose yield is extremely small,should be quikly separated from the enormous bakground of inidental reationproduts, whih are formed with a probability 8-10 orders of magnitude higher.These onditions an be satis�ed if the separation of the produts is performed in-�ight (during 10−6−10−5 s), taking into aount the kinemati harateristis of thedi�erent reation hannels. It should be noted that in fusion reations, leading tothe prodution of ompound nulei, a total momentum transfer from the projetileto the omposite system takes plae and as a result the momenta of the reoil atomsare well determined. The aim is now to separate the reoil atoms, emitted in anarrow angular interval (ϑL = 0o±2o) with respet to the beam diretion, aordingto their veloities (or energies). Suh an operation an be performed by the Wienveloity seletors (the separator SHIP in GSI or LISE3 in GANIL) or the energyseletor (the separator VASSILISSA in JINR [38℄), where the reation produts areseparated in-�ight aording to the eletri rigidity in transverse eletri �elds.Essentially, suh operations an also be performed by other tehniques, suh asgas-�lled separators, where the separation of the reoil atoms is ahieved by themagneti rigidity in a gaseous hydrogen or helium atmosphere at a pressure of about1 torr (�g. 2.21). The reoil atoms leaving the target and the beam have equal mo-menta and lose harges. This does not allow separating them aording to magneti1 Further I disuss the general priniple of SHE detetion tehniques on the example of JINR experimentalsetup, as presently this is the most suessful group in the �eld. 19



2. Overview of the past and present status of SHE ...

Figure 2.2.: Gas-�lled reoil separators (GFRS) used at FLNR in the experiments aimed to syn-thesize new elements and the detetor array used to register the reoil nulei andtheir radioative-deay produts. Ref. [32℄.rigidity. However, due to the di�erene of their kineti energies they have di�erenteletri rigidity and an be separated when they pass through a transverse eletri�eld. The piture hanges when the atoms move in a gaseous medium. Aording toBohr's theory as a result of multiple interations the moving atom attains an equi-librium harge [31℄. Due to the di�erent veloities of the heavy reoil atom and thebombarding ion their equilibrium harges onsiderably di�er from eah other. Thise�et is most strongly seen at small veloities of the reoil atoms, lose to the Bohrveloity (VB = 2.19 · 108 cm/s). Hene the separation of the evaporation residuesfrom the ion beam and other nulei an be ahieved owing to the large magnetirigidity of the reoil atoms. The e�ieny of the kinemati separators depends onthe ratio of the masses of the interating nulei. For fusion reations indued byrelatively light projetiles (Ap < 20) it amounts to only a few perent, but inreasesto 30-50% when going to ions with mass Ap > 40.Despite high seletivity of a typial experimental setup, in the foal plane prati-ally all the bakground from the primary beam and from the produts of inompletefusion reations is suppressed by a fator of 108 − 1010, this is, however, not enoughfor the identi�ation of the extremely rare events that orrespond to the produtionof atoms of a new element. For this reason the seletion of the interesting nuleiis aomplished with a ompliated registration equipment, whih is shematiallypresented in �g. 2.2. The reoil atoms, whih have reahed the foal plane, areimplanted into a multi-strip silion semiondutor detetor, whih has an ative areatypially of 30 -50 cm2. Eah strip has longitudinal position sensitivity. The posi-tion resolution depends on the partile type (reoil nuleus, α-partile or spontaneous�ssion fragments). However, as a rule, more than 95% of all harged partiles, a-ompanying the deay of the implanted atom, are on�ned in the interval x ∼ 2.5
mm. In this way the whole area of the front detetor is split up into about 200-40020



2.2. Reation of synthesisindividual ells, eah one bearing information on the time of arrival of the reoilnulei, their energies and, next, on the time of the onsequent deays with measure-ment of their energy. The front detetor is surrounded by side detetors so that theentire array has the shape of a box with an open front wall. In this way the detetione�ieny for partiles resulting from the deay of the implanted nuleus (α-partilesor �ssion fragments) is inreased to 85-87% (Dubna ase).For distinguishing between the signals of the reoil nuleus and those belongingto the partiles from its deay, a time of �ight (ToF ) detetor is situated before thefront detetor. The signals from the ToF detetor are used also for determining theveloity of the implants. In priniple, the veloity and the energy of the implantednuleus allow to determine its mass. Unfortunately, due to the usually short �ight-path of the ToF detetor and the distortion of the energy signal, aused by the "deadlayer" of the strip detetor and pulse height defet, the mass of the reoil atom isdetermined with large unertainty (~50 mass units). This does not exlude, however,the use of other, independent methods of determining the mass of the reoil atom,whih will signi�antly raise the reliability of the evaporation residue identi�ation.The parent nuleus, implanted into the detetor, an be reliably identi�ed if thedeay hain of its sequential β- and α-deays leads to nulei with known properties.This method was suessfully used in the experiments on the synthesis of new ele-ments with Z=107-112 with neutron exess N-Z < 53. Advaning into the region ofspherial, more neutron-rih nulei (N-Z >60) this advantage is lost. Here the deayof the parent nuleus results in the formation of hitherto unknown more neutron-rihnulei, whose properties an be only predited with preision allowed by the theo-retial alulations. At the same time any deay hain of sequential β- and α-deaysthe daughter nulei move more and more away from the losed spherial shells. Thisshould result in a onsiderable inrease of the probability of their spontaneous �ssionin omparison with other deay modes. Finally the deay hains will be terminatedby spontaneously-�ssioning nulei. In priniple, suh a deay sheme appears to bea reliable sign of the formation of a superheavy nuleus.
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2. Overview of the past and present status of SHE ...
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3. Superheavy elements prodution atGANILIn 1999, the program for superheavy elements (SHE) prodution began in GANIL.The �rst measured reation of synthesis was 86Kr+208Pb. We deided to study thisreation as, at that time the Berkeley group announed the disovery of a new elementZ=118 reated in the fusion proess of Kr and Pb ions. Our aim, in this study, was toon�rm or refute the synthesis of nuleus Z=118. Sine then several experiments wereperformed in whih we studied fusion reations in normal kinematis: 54Cr+208Pb,
58Fe+208Pb, 76Ge+208Pb, and in inverse kinematis: 208Pb+12C, 208Pb+18O [39,40, 41℄.In the next setions I will present in details those experiments. The presenta-tion will start from the desription of the experimental setup that was used in themeasurements.3.1. GANIL experimental setupExperiments were onduted in the GANIL experimental area of LISE31. A shematioverview of the experimental setup is presented in �g. 3.1. The main omponents ofthe setup are: reation hamber, Wien �lter, magneti dipole and detetion hamber.3.1.1. Reation hamberDue to the high beam intensity of 1012 partiles/s and the low melting points ofthe targets (mainly Pb targets) we use, instead of the stationary targets, a rotatingtarget system mounted in the reation hamber - zoomed lower left part of �g. 3.1.There is a wheel of 670 mm in diameter whih bears 35 targets. The seond wheel ofthe same diameter is mounted behind the target wheel. This wheel supports arbonstripper foils in order to re-equilibrate the harge state of the evaporation residues.Rotation of the wheels, 2000 rpm, is synhronized with the time struture of thebeam in suh a manner that the target holders are never hit by the beam partiles.Operation of the system, synhronization and the targets ondition, is monitoredon-line by the hodosope - silion detetor faing the elastially sattered beampartiles. This detetor is plaed near the target wheel. Beause the whole targetsystem operates in a vauum, the mehanial onstrution of the system has to bevauum hermeti. The onstrution was designed and manufatured in the Daphnialaboratory.In the hamber a smaller wheel 16 cm in diameter is also mounted with 8 targetsfor materials with higher melting points. Additionally, small rotating targets 5 cmin diameter are used for the alibration with low intensity beams.1GANIL experimental areas http://ganinfo.in2p3.fr/user/areas/index.html 23



3. Superheavy elements prodution at GANIL

Figure 3.1.: Shemati view of experimental setup for SHE prodution. From left to right: rea-tion hamber with two large rotating wheels (one for targets, the other for arbonstripper foils) and two small wheels, two halves of the Wien �lter and quadrupoles,a magneti dipole (blak triangle) and a detetion hamber with two miro hannelplates (MCPs) for ToF measurements and an array of silion detetors in the formof a tunnel.3.1.2. Wien �lterThe main tool of SHE researh at GANIL is the Wien veloity �lter with angularaeptane of 36 msrad, mounted at the LISE3 magneti spetrometer, with rossedmagneti and eletri �elds. This �lter is divided into two idential halves. The ratioof the eletri to magneti �eld is set to the veloity of the omplete fusion nuleuse.g. E/B = vCN , while their values are hosen in the way that the projetiles arede�eted in the �rst half of the Wien �lter and stopped in the Faraday plate. Forsuh tuning of the �lter, the trajetory of the ERs2 is undisturbed (straightforward)and in onsequene the ERs leave the �lter and enter the detetion setup.To improve suppression of unwanted events (produts of transfer reations, ionpipe sattering projetiles, et.) two pairs of independently movable slits, horizontaland vertial ones, were installed in the mid �lter.A dipole magnet is loated after the Wien �lter. With this magnet even moreunwanted events an be removed thus the bakground in the detetor is minimized.The transmission of the fusion nulei from the target through the whole �lteringsystem (quadruples, Wien �lter magneti dipole) was studied by the simulation odeZGOUBY[42℄.The �rst test experiments showed that modi�ations in the experimental setup areneessary. So the upper eletrode of the Wien �lter was moved up by 2 cm in orderto de�et the beam without hitting the eletrode. Additionally a new water-ooledollimator, where the beam is stopped, was installed.2 The mean value of the evaporation residue veloity, vER, is equal to vCN .24



3.1. GANIL experimental setup

Figure 3.2.: Detetion setup situated at the end of LISE3 spetrometer. Main elements: 2 timeof �ight detetors (Galottes), two movable implantation silion strip detetors, oneveto silion detetor behind the �in-beam� implantation detetor and two fae siliondetetors to reover the produts (α or �ssion fragments) esaping the �out of beam�implantation detetor and 8 tunnel detetor to inrease detetion e�ieny for theproduts (again α or �ssion fragments) of the deay of the implanted residues.3.1.3. Detetion setupThe main elements of the detetion setup, shown in �g. 3.2, are: two miro han-nel plates (Galottes) for the time of �ight measurements of the heavy ions omingfrom the beam diretion, a tunnel whih is omposed of 8 silion position resistivedetetors and the silion strip implantation detetor (IMP) of 48 strips for X and Ymeasurements.The implantation silion detetor returns signals on energy and position X-Y whihorresponds to the implantation of the heavy residue (superheavy nuleus) and thesignals for eah of the emitted alpha partiles (energy, X-Y) by that implantedresidue. The time signals from the aquisition (ACQ) lok are also reorded. Be-tween the time tags of the ER detetion and its α (or spontaneous �ssion) radioativedeay, di�erent heavy ions (sattered beam, transfer produts) and light partiles(mainly protons) are implanted into the detetor what gives the bakground.As the e�ieny of the Galottes for the light partiles detetion is smaller than100% two of them are used. Then the implantation events are de�ned as an energysignal in the Si implantation detetor, in oinidene with both Galottes while αor �ssion fragments are those whih produe the energy signal in the Si detetor inanti-oinidene with Galottes.The implantation detetor is 300 µm thik and has dimension 5x5 cm. The dis-tane between strips is about 45 µm thus the dead zone of the IMP detetor is below5%. Two suh detetor are mounted on the movable arm. When the α partile emis-sion is identi�ed by the eletronis and by the on-line analysis software, the beamis stopped for a short while, then the detetor is moved out of the beam and next,the seond detetor is put in its plae and the beam is swithed on. This tehniques25



3. Superheavy elements prodution at GANILenable us to observe even very long time α hains whih are ompletely free of thebakground oming from the beam.The ERs are implanted in the IMP at the depth of the order of 10 µm whih issmaller than the range of α partiles with energy > 2.5 MeV in the silion material.To measure the full energy of α partiles esaping the implantation detetor, i.e.when the deaying ER emits alpha partiles in the bakward diretion, a set of 8Si detetors was mounted in the �tunnel� geometry. With suh a geometry of thedetetion setup e�ieny for alpha detetion goes up from 55% to 95%.In front of the out-of beam position of the implantation detetor a fae siliondetetor is situated. This gives almost 100% e�ieny for the alpha or �ssion deayof the ERs implanted in the detetor. Behind the implantation detetor an additionalveto detetor is mounted. This detetor an be used to diminish the bakground dueto the light partiles oming from the diretion of the beam. All Si detetors aremounted on a opper support and ooled to redue eletroni noises.3.1.4. Data aquisition systemThe �rst α starting the α-radioative hain originating from the deay of ER anbe emitted as soon as a few tens of µs after the implantation of the ER. To aquiredata we use the VXI system for whih the dead time is a 150 µs.As the detetion of all α partiles from the hain is essential for proper identi�a-tion of the deaying ER (superheavy nuleus) a speial approah in the eletronisaquisition system was used to redue the dead time of eletronis. A multi-triggerlogi with two independent sets of ADC onverters was applied while one hard trig-ger3 was used for both sets. This works in the following way: the trigger generatedby eletronis enters into two GMT (GANIL master trigger) modules T1 and T2. Inthe ase of low ounting rate and long lived ER (time between suessive α emissiongreater than 150 µs) the triggers are treated as the T1 and the events are registeredin the �rst set of onverters. At this stage this is the normal method used in manyexperiments. At the same time detetor signals are dupliated into the seond setof onverters but are not digitized by the aquisition system. When the next triggerours during the dead time of the T1 modules it is treated by the T2 master triggerand digitized by the seond set of ADCs while the T1 deals with the proeedingevent. This way it was possible to redue dead time of the whole aquisition to 30
µs. The onverters are 14-bits ADCs giving the resolution for α partiles of the orderof 50 KeV and a dynamial range from 300 KeV to 250 MeV (what is neessary for�ssion fragment energy measurements).The fast analysis program allows to identify on-line α-deay hains or spontaneous�ssion and to deide to stop the beam in ase of a good andidate for a superheavyelement. The analysis performed by this program an be repeated also o�-line.To reah very short deay times of the order of a few µs and a large dynami rangein the energy measurements from 1 MeV to 1 GeV a speial fast eletronis will bedesigned in the future. This will be digital eletronis plaed after the front-endanalog eletronis with the apability to proess events signals without limitation ofthe reovery time of the preampli�er.3Whih is detetion of a partile in the IMP detetor.26



3.1. GANIL experimental setup3.1.5. Fast analysis software for on-line SHE identi�ationExperiments aimed at superheavy elements prodution via nulear ollisions possesstheir own spei�ity. Due to very low ross setions for SHE prodution only 1 toa few ases of synthesis an be registered per aelerator work day. SynthesizedSHE nuleus has a low exitation energy and after the emission of 1-2 neutrons (oldfusion, E∗=10-20 MeV ) or several neutrons (hot fusion, E∗=30-50) returns to theground state and then due to its radioativity emits a sequene of αs or/and deaysby spontaneous �ssion.The sheme of the radioative deay is presented in �g. 3.3. As a result of suhdeays an alpha hain is generated. Eah alpha in the hain has harateristi kinetienergy and emission time governed by the half-life (T 1/2) of the emitter (parentnuleus). Suh a deay hain an be used to unambiguously identify Z and A of theprodued SHE element.
A

Z

A

Z

X
A

Z

-4

-2Y

W

F1

F2

Possible

Fission Stable nucleus

etc

decays
(chains)

α1

α2

αk

-4k
-2k

A

Z

A

Z

X
A

Z

-4

-2Y

W

etc

α1

α2

αk

-4k
-2k

Figure 3.3.: Two possible senarios of the deay paths (hains) from a ground state of a radioativenuleus A
ZX. Nuleus X emits k alphas and then a �ssion ours (left side of thepiture) or a stable nuleus is reahed (right side of the piture).The objetive of the detetion setup is to register the deay hain. For this purposea silion position detetor is most suitable. SHE implants in this detetor. Thedetetor reognizes all subsequent α or �ssion emissions. In order to identify thehain one has to orrelate events whih are oming at di�erent times but are fromthe same position of the detetor. Experimentally it is important to identify thehain on-line. There are a few reasons for that:

• minimization of the bakground. Our detetion setup has two implantationdetetors, one in-beam position and one o�-beam position. If the �rst alphaours and is orrelated in position with the implanted residue we shift thein-beam detetor outside the beam (now this detetor is bakground free) andplae the o�-beam detetor into the beam. But to do that one needs to knowimmediately that suh a orrelation ourred.
• optimization of the beam energy. Exitation funtions for ompound nuleiare narrow and not very well know even for already disovered superheavy27



3. Superheavy elements prodution at GANILelements. To tune the beam energy to the region of maximum ross setion itis neessary to identify the deay hains in the on-line mode.
• Wien �lter tuning. The veloity window of the �lter is set by using pilotreations whih produe several radioative isotopes, typially in the regionof Th, Pa, Ra, Ac nulei. Those nulei have di�erent veloities. Again, realtime reognition of α hains identi�es suh isotopes and helps to set the properveloity window of the �lter.Suh on-line orrelations an not be performed by a standard aquisition system(SAS). SAS, in priniple, reads the event bu�er and writes it to a storage system.It an produe on-line 1 or 2- dimensional spetra, often with sophistiated uts,but no time orrelation is aessible. For these reasons, we deided to developed thesoftware for fast, on-line identi�ation of α-deay hains. What is more, the study ofsuperheavy element prodution is a long term program in GANIL thus the softwareshould be useful for quite a long time.Let us assume that in a given event, the signal from heavy radioative residue(ER) whih implants in the silion detetor is reorded. This residue emits, afterthat, a sequene of alpha partiles (alpha hain) and eah alpha of that sequeneis registered as a separate event. Heavy residue and its α-deays an be reognizedamong many other events reorded during the measurements as they are orrelatedin position (same position) and in time (they emerge in time sequene). To �nd thehain in the on-line analysis, a program should be able to maintain the harateristisof all events from the time interval minimum 5 to 6 times longer than the deay timeof the last daughter nuleus of the deay alpha hain. The next few paragraphspresent the implemented program more in detail.This program makes use of the Global Setion (VAX/VMS) or shearing memory(Linux) mehanism. The idea is that the software, when running, an export part ofthe RAMmemory it oupies to the operating system of the omputer and then otherproesses/programs an have aess to it. The two di�erent models of a ommonmemory (Global Setion/shearing memory) are transparent for the user as we usethe CERN library. It is ompletely independent of the standard aquisition softwareof GANIL (GANIL software is responsible for olleting the data and reording itto the mass storage media). Initially it was developed under VMS operating systemand after that adapted for Linux systems.The operation of the software is presented in �g. 3.4. A onept of the irularbu�er with ntuple struture4 is used to maintain events with subsequent time tags.The irular bu�er an store physial variables of n reent events. Software is dividedinto two parts, the �rst one whih we all A takes the raw signals from the aquisitionbu�er, then it transforms them into physial variables like strip number, energy ofthe ion, ToF , et. Finally all the alibrated variables are put into the irular bu�erof the ntuple-type whih is loated in the RAM memory of a omputer.The seond program B heks that the bu�er, using a memory mapping meha-nism, periodially, and every time a new alpha arrives, searhes the irular bu�erto �nd the α-deay hain: all previous alphas and heavy residue with the same po-sition of the implantation detetor as the newly deteted alpha. If it �nds a hain4Data representation used by the PAW (Physis Analysis Workstation) software reated in CERN labora-tory.28



3.1. GANIL experimental setupit displays its harateristis on the sreen monitor and writes it to the �le. The setof events is memorized in suh a irular ntuple-like bu�er from the last one-threehours of the measurements depending on the ounting rate of the detetor systemfor a given experimental run.
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3. Superheavy elements prodution at GANIL3.2. Experimental results3.2.1. Energy alibration of the implantation detetorThe heavy residue implanted in the silion strip detetor an be identi�ed unambigu-ously only if it is radioative. In that ase it emits α(He)/β partiles or/and deaysvia spontaneous �ssion. In many ases, after α emission a daughter nuleus is alsoradioative and emits subsequent α partile and so on. Suh a multiple proess ofalpha emission one alls an α-deay hain. The hain stops when the last daughternuleus is stable or �ssion spontaneously. Eah He partile in the hain is hara-terized by its unique energy and the tag of an emission time. Thus a hain is like a�ngerprint, whih unambiguously identi�es parent residue. To obtain a lear �nger-print for proper identi�ation of a radioative nuleus it is thus important to measureenergy of the emitted α's with good auray, in many ases with a resolution betterthan 50 KeV.In this setion I will show the modi�ed proedure of the energy alibration of theimplantation detetor. The proedure gives more preise energy alibration ompar-ing to the one previously used and an be applied for the silion strip implantationdetetors ommonly used in this type of experiments. This proedure will be pre-sented on the example of experiment E369 in whih the FULIS ollaboration hassynthesized element Z=106 in the reation 54Cr + 208Pb.In the �rst step of this experiment two test reations were used, leading to thefusion of heavy elements in the region of Z=92-96. Suh reations are useful to tunethe veloity �lter (set the proper window veloity) and to test the energy alibrationof silion detetors espeially the implantation detetor. In our ase the pilotingreations are 54Cr + 165Ho, natGd. If fusion takes plae these two reations lead tothe nulei Z=91 (Pa) and Z=88 (Ra) respetively.The �rst point refers to previous energy alibration of the implantation detetor.The alibration with the Am soure performed during the experiment is rough andnot very useful for further data analysis, e.g. eah time we observe alpha deay ofradioisotope 261Sg, kineti energy of emitted α partile is di�erent, see olumn 4in table 3.1. Using this alibration it is also di�ult to attah α hains that weobserve in the pilot reations 54Cr+165Ho,natGd to the proper radioative isotopesprodued in these reations. I propose here another alibration method to obtainmore aurate and reliable energy alibration of the implantation detetor.For eah partile (event) deteted in the implantation detetor we get two energysignals one from horizontal strip and one from vertial strip5. In the method, we useboth signals to make the energy alibration. At the �rst step we onentrate on oneof the vertial strips e.g. strip no. 10 (one an use, of ourse, another strip). Eahpartile that gives signal in that strip gives also signal in one of the 24 horizontalstrips. Now we sort on the event-by-event basis all the energy signals from stripvertial no. 10 into 24 2-dimensional histograms. One histogram ontains orrelationbetween energy signal from vertial strip 10 and energy signal from horizontal stripnumber i = 1, ..., 24. Results for the reation 54Cr+165Ho are shown in �g. 3.5.Events whih are loated on the left side of the prinipal group of events are due tothe inomplete harge olletion in the detetor and we do not take them into aount5 There is 24 horizontal, and 24 vertial ative strips. Horizontal strips (Y position) are loated in the frontfae, while vertial strips (X position) are on the bak fae of the detetor.30



3.2. Experimental resultsTable 3.1.: Horizontal and vertial strip numbers (olumn 1 and 2) as well as raw and alibratedenergy signal values reeived from these strips (olumns 2-6) in the ase of six alphapartiles deteted by the IMP detetor. The alphas derive from the α-deay of six
261Sg nulei that were produed in the reation 54Cr +208 Pb. Details are presentedin the text.YstripH XstripV hY Eold(MeV ) hY1 Enew(MeV )14 20 497 10.03 513.8 9.5018 20 492 9.86 514.8 9.5218 3 493 9.88 516.0 9.547 3 547 10.21 517.5 9.5719 16 530 10.32 519.5 9.629 17 530 10.21 519.7 9.62in the next steps of the alibration proedure. Complete signals are loalized on theprinipal line and present orrelation between energy signals from strip vertial 10and energy signals from horizontal strips 1 to 24 i.e.: chEh1 vs chEv10 ,..., chEh24vs chEv10.From the �gure it is seen that these orrelations are not linear and its harateristihanges from panel to panel. At this stage one an say nothing about linearityresponse of the vertial strip 10 but eletronis for this strip is independent fromthe eletronis of horizontal strips. Thus if one observes di�erent behavior of theorrelation for eah horizontal strip this is beause of non-linearity whih is presentin gain of the signals from the strips of the front fae of the detetor. In fatnon-linearity is the strongest in the range of hannels 250-600 (above hannel 600dependene is linear). In this hannel region there are loated three α peaks of thealibration soure Am. This is why alibration based only on the Am soure is onlyapproximate. The approah further solves this di�ulty.From the data of �g. 3.5 one an obtain the orrelation of energy signals betweendi�erent horizontal strips. First, the signal value from any horizontal strip an betransformed via the orresponding bin of the vertial strip 10 into the value whihorresponds to the signal from another horizontal strip. To do this, 24 pro�les -

< chEhi > vs chEv10 (i=1,...,24) are generated from 2-dimensional maps of �g. 3.5.Next, horizontal strip 1, the referene strip, was hosen as a strip into whih thesignal from other horizontal strips will be transformed. Any other horizontal stripan be used as a referene strip. The results of that onversion are shown in �g. 3.6.The onversion was onduted starting from hannel no. 250. Next we are �ttingdata from �g. 3.6 with two types of funtions: linear and quadrati:
chEh1 = ahi ∗ chEhi + bhi (3.1)

chEh1 = Ahi ∗ chE2
hi + Bhi ∗ chEhi + Chi (3.2)where hi indiates horizontal strips 2,...,24. The results of the �tting for the quadratiformula are presented in the �g. 3.6. The reason why we use these two types of31



3. Superheavy elements prodution at GANIL
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3.2. Experimental resultsfuntion is that the quadrati formula gives a more preise �t in the hannel range[250-600℄, but is not preise above hannel 600, while the linear funtion gives goodresults above hannel 600 but gives worse results than the quadrati funtion in therange of hannels [250, 600℄. In this way all the energy signals from the horizontalstrips 2 to 24 an be translated into energy signals of the horizontal strip 1. Theset of oe�ients ahi, bhi, Ahi, Bhi and Chi reeived from �tting is unique for eahhorizontal strip 2,...,24. This relative alibration is very useful beause one has toperform the absolute energy alibration only for strip 1 while the relative alibrations(eqs. 3.1, 3.2) give absolute energy for the rest of the horizontal strips. In ase ofprevious (old) alibration absolute energy alibration was performed separately foreah horizontal strip.Further, to get the absolute energy alibration of the horizontal strip 1 of the IMPdetetor we hoose two known energies of alpha lines. The �rst line is from Amsoure. This radioisotope emits alphas with three di�erent energies. Here we tookonly the lowest energy. The seond line is for alphas emitted by the 261Sg. We havedisovered six ases where the α emitted by seaborgium has ompletely depositedits energy in the implantation detetor (no esape). These ases were registered bydi�erent strips. Using equations 3.1, 3.2 we have translated signal values of eahof these events into equivalent signal values of horizontal strip no.1. The result ofthat transformation is presented in olumn 5 (chY 1), table 3.1. Then we obtainthe mean translated energy hannel value of horizontal strip no. 1, the ase of Sgdeay, whih is equal to 516.8 hannels. The same proedure is applied for thelowest energy Am line and the reeived mean energy hannel is equal to 319.5. Thevalues together with known alpha energies of Am (5.70 MeV ) and 261Sg (9.54 MeV )were next used to perform energy alibration for horizontal strip no. 1. We haveassumed linear dependene for the alibration as we do not know the real funtionaldependene. It is reasonable beause Si detetors and assoiated eletronis in mostsituations give linear response with the energy of the deteted partiles. Finally onereeives the following energy alibration formulas:
E[MeV ] = 0.0196 ∗ (Ahi ∗ chE2

hi + Bhi ∗ chEhi + Chi) − 0.56 (3.3)
E[MeV ] = 0.0196 ∗ (ahi ∗ chEhi + bhi) − 0.56 (3.4)Here eq. 3.3 is valid for hannels [250, 600℄, while eq. 3.4 applies for hannels<250 and >600. This alibration should be very aurate in the energy range [5,10℄ MeV and reasonable above 10 MeV . Figure 3.7 presents the di�erene betweenthis new alibration and the old one on the example of alpha spetra obtained forthe reations 54Cr+165 Ho, natGd at the beam energy E=4.689 MeV/u. Two pointsan be dedued from the �gure: (i) the new alibration gives the position of alphapeaks in agreement with known alpha deay hains, (ii) FWHM for alpha spetra issmaller in the ase of modi�ed alibration.Finally one should mention that our alibration proedure may use any energysignal of the implantation detetor (see �g. 3.6), not only known alpha line signals.This an be of speial importane in a situation when only a few partiles with knownenergy give energy signals in the IMP as it is for example in the ase of α-deay ofthe Sg element. 33



3. Superheavy elements prodution at GANIL
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165 Ho, 4.698 MeV/uIn this reation, fusion leads to the isotope of 219Pa whih has exitation energy

E∗ = 50 MeV . This nuleus is quite hot and an deexite by neutron, proton andalpha partiles emission. Due to deexitation, a whole spetrum of the evaporationresidues will be produed. The ERs pass through the Wien �lter (they have similarveloities whih are in the aeptane of the �lter veloity window) then they areimplanted into the Si detetor. Some of these residues are radioative nulei. Thesenulei after implantation deay by α partile emission. There are several suh nuleiin the mass region of A=210-216. The objetive of this analysis is to identify suhradioative ERs, isotope par isotope by using the tehnique of α-deay hains.The total estimated dose of the beam during irradiation of Ho target (980 µg/mof thikness) was 7.28*106 nC equivalent of 0.57*1016 ions of Cr.Based on the example of this reation we will present in details the analysis whihhas to be performed to identify radioative elements by using the tehnique of α-deay hains. The spetra of α partiles reeived from that measurement were alreadypresented in �gure 3.7. Figure 3.8 presents 2-dimensional energy versus time of �ight(Tg1g2) spetrum of heavy ions implanted in the strip detetor. Small values of Tg1g2orrespond to high veloity of heavy ions while ions in the right part of the maphave the smallest veloities. The map shows 4 groups of well separated events. Themost intense line marked as Cr-like represents beam-like ions. It is not rejeted bythe Wien �lter beause due to a few nuleon transfer reations part of the Cr-likeions have the veloity in the range of the veloity window set in the �lter. Fission-like nulei an be produed in the target by �ssion of ompound nulei reated ina omplete or inomplete fusion proess. Kinematis of the �ssion proess showsthat part of suh �ssion fragments will have a veloity in the veloity window range34



3.2. Experimental results
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3. Superheavy elements prodution at GANILdeays of implanted heavy residues. However, this is not the ase. The spetrum alsoontains events generated by light partiles oming from the beam diretion, due tolower e�ieny of time of �ight system for light partiles, espeially protons. Nev-ertheless we an learly see the lines whih orrespond to alpha partiles originatingfrom the radioative deay of the ERs.
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3.2. Experimental resultsonstrains. The example proedure is the following: one takes the alphas in thepeak [6.10, 6.20℄ MeV of �g. 3.9 or 3.7 and reanalysis the data to �nd all the otheralphas that have the same position in the implantation detetor as the alpha of peak[6.10, 6.20℄ MeV . Applying this proedure one also �nds the harateristis of theresidue whih is deteted in the same position as the alphas. The time window forthat proedure is set to 3600 s.Table 3.2.: Alpha hains orrelated with residue position, α2 in the energy range [6.10, 6.20℄ MeV(�g. 3.7, upper left part) was used to loate these hains. Three α-radioative emittersare identi�ed: 211Ra (No. 1, 2), 216Pa/216Th (No. 3) and 212Ac/215Th (No. 4-7).Reation Cr + Ho.No. Eion(MeV ) Eα1(MeV ) Eα2(MeV ) tion − tα1(s) tα1 − tα2(s)1 20.14 6.83 6.10 21.9257 480.1562 15.31 6.94 6.12 13.490 751.5103 17.78 7.89 6.13 0.083 36.64774 18.35 7.34 6.14 1.410 1048.35 9.04 7.37 6.14 2.0067 795.656 17.38 7.32 6.15 0.5116 571.397 12.19 7.35 6.16 6.8597 1050.86The results of the analysis are presented in table 3.2. In this ase we have found 7alpha deay hains oming from three di�erent parent radioisotopes, and eah hainis omposed of two alphas. From the table one alulates the mean values of alphaenergy and the half-life time of the parent and daughter nulei. The following formulais used for the alulation Tα1 =< tion − tα1 > /1.44 and Tα2 =< tα1 − tα2 > /1.44Table 3.3.: Charateristis of 9 α-radioative parent emitters found in the reation Cr + Ho.Charateristis are dedued from experimental data olleted in tables: 3.2, A.3-A.8.
Eion(MeV ) Eα1(MeV ) Eα2(MeV ) Tα1(s) Tα2(s) AZ σ

(nb)17.73 6.89 6.11 12.3+33.9-8.1 7.1+19.9-4.5 *60 211Ra 0.09717.78 7.89 6.13 0.06+0.41-0.045 25.4+175-19.4 216Pa/216Th 0.04914.24 7.35 6.15 1.87+2.8-1.0 10+14.9-5.6 *60 212A/215Th 0.19516.1 7.33 6.61 0.78+0.22-0.18 50.8+14.6-12.0 212A 1.9016.51 7.43 6.73 0.41+0.31-0.17 13.5+10.8-5.6 211A 0.43814.3 7.43 6.87 1.23+1.05-0.52 18.3+16.4-7.75 215Th 0.39016.7 7.91 6.85 38+66-21 *10-3 16.3.+32.7-9.2 216Th 0.14617.27 7.81 7.37 0.16+1.26-0.13 0.24+1.53-0.21 216Pa 0.04914 8.08 7.43 2.5+7.7-1.7 *10-3 0.17+0.49-0.12 214Pa/215Pa 0.097 37



3. Superheavy elements prodution at GANILfor the �rst and seond deay in the hain, orrespondingly. Alpha hains are har-aterized by these values and are subsequently used to identify radioative nulei.Suh a proedure is applied for other peaks from �g. 3.7/3.9. All the hains wefound are presented in tables A.3-A.8. Using the data of those tables we identi�ed 9di�erent radioative nulei produed in the reation Cr + Ho. Alpha deay energiesand half-life time of those radionulides are olleted in table 3.3. In a few ases itwas di�ult to assoiate the hains to the proper parent nuleus. This is due to thefat that in this region of nulides hart there are radionulei whih produe alphadeay hains with very similar harateristis. Those ases are marked in table 3.3.Finally one an alulate the prodution ross setion for the radioative nulei wefound in the analysis. For that, the following formula was used:
σ =

Nev

Nt ∗ Nbeam
∗ 1023[nb] (3.5)

Nbeam = Q ∗ 1/8 ∗ 6.25 ∗ 109[particles] (3.6)
Nt = 6.02 ∗ 1017 ∗ ρ/nt[nuclei/cm2] (3.7)where Nev - number of observed events, Nt - number of target nulei per cm2, Nbeam- beam dose (number of beam partiles that irradiate target), ρ - target density inunits of µg/cm2, nt - number of moles for target nulei and Q - Faraday up hargeexpressed as nC. The values of the ross setions for prodution of di�erent emittersare olleted in the tables 3.3. These ross setions do not take into aount Wien�lter e�ieny and geometri e�ieny of the implantation detetor.3.2.3. Analysis of the reation 54Cr +

nat Gd, 4.698 MeV/uIn this reation the target is made up of several isotopes of gadolinium. The mostabundant are: 154Gd(2%), 155Gd(15%), 156Gd(20%), 157Gd(16%), 158Gd(25%) and
160Gd(22%). Thus there are also several possible ompound nulei as a result ofthe omplete fusion proesses with respetive Gd isotopes. These nulei are: 208Ra,
209Ra, 210Ra, 211Ra, 212Ra, 214Ra and they have mean exitation energy E* ≈ 65
MeV . As previously our objetive is to identify radioative evaporation residues,oming from the ooling proess of ompound nuleus, that are next registered bythe implantation detetor. Also in this analysis we will use the alpha deay hainstehnique to identify them. For ross setion alulations we took the density of thetarget equal to 1300 µg/cm2 (4.98*1018 nulei/m2) and the total dose of the beamnulei Nbeam = 0.166 ∗ 1016.In the analysis only the alphas that deposited all their energy in the implantationdetetor were taken into aount. The upper part of the right panel of �g. 3.7presents the alpha energy spetrum for α partiles with energy Eα > 5 MeV . Thosealpha partiles are orrelated in position, within a time window of 3600 s, withresidues de�ned, similarly as for Cr + Ho reation, as those heavy ions that are inthe ontour �ER� on the plane Eimp vs Tg1g2. With the proedure exatly the sameas in the reation 54Cr +165 Ho, 4 α-radioative parent emitters that produe hainsomposed of two alphas were found. Cases of deteted alpha deay hains for allidenti�ed emitters are presented in tables 3.4, A.9-A.11. As an example table 3.438



3.2. Experimental resultsTable 3.4.: To �nd these hains α2 was taken in the energy range [6.20, 6.33℄ MeV (�g. 3.7, upperright part). Chains are identi�ed as a result of α-radioative deay of 209Ra/210Ranulei. Reation Cr + Gd.No. Eion(MeV ) Eα1(MeV ) Eα2(MeV ) tion − tα1(s) tα1 − tα2(s)1 18.58 6.94 6.22 2.44 475.982 14.82 7.00 6.23 22.12 836.713 11.23 7.00 6.25 4.53 279.674 13.85 6.98 6.26 0.31 113.465 11.40 6.95 6.26 2.82 169.126 16.05 7.06 6.29 0.17 59.697 17.48 7.01 6.31 0.76 194.358 19.07 7.04 6.32 8.47 306.16presents registered α-deay hains from the deay of 209Ra/210Ra. From those tablesharateristis of eah emitter were alulated: half-life times Tα and mean emissionenergy < Eα >. Next, omparing Tα and < Eα > with the orresponding tabulatedvalues of radioative nulei given in the nulear hart, emitters were identi�ed. Inmost ases two or three possible parent radioative nulei were found whih anprodue suh hains: emission energies and life times very similar for di�erent parentnulei. Table 3.5 presents all the identi�ed radioisotopes.Table 3.5.: Charateristis of the four α emitters found in the analysis. Reation Cr + Gd.
Eion(MeV ) Eα1(MeV ) Eα2(MeV ) Tα1(s) Tα2(s) Tab. AZ σ

(nb)12.31 6.57 6.13 35+224-27 15.9+105.0-12.3 *60 A.9 203Rn 0.1215.31 7.00 6.27 3.59+3.09-1.51 3.52+2.89-1.47 *60 3.4 209Ra/210Ra 0.9710.71 6.83 6.27 2.33+17.8-1.8 45.6+337.0-35.3 A.10 206Fr/205Fr 0.1214.76 7.07 6.40 3.04+2.86-1.4 51.3+48.0-23.4 A.11 208Ra/204Fr 0.853.2.4. Seaborgium, element Z=106. Analysis of the reation
54Cr +

208 PbReation 54Cr+208Pb was measured at two bombarding energies Ebeam = 4.698 and
4.750 MeV/u. Density of lead targets was ρt = 440 µg/cm2 and 600 µg/cm2 in thease of the last runs of 4.75 MeV/u. In the �rst ase, the total dose of the Cr beamon the target was Nbeam = 2.71∗1016 for the ase of 4.698 MeV/uand for the seondenergy the dose was Nbeam = 2.47 ∗ 1016 of Cr nulei. Signals from all Si detetors:8 loalization (tunnel) detetors and position implantation detetor were analyzedto identify alpha hains of Sg radioative deay. 39



3. Superheavy elements prodution at GANILTable 3.6.: Two alpha hains identi�ed as oming from deay of 261Sg. Some of the α partileswere also deteted by tunnel detetors - these ases are given in parenthesis. Reation
54Cr +208 Pb, 4.698 MeV/u.No. Eion(MeV ) Eα1(MeV ) Eα2(MeV ) Eα3(MeV ) tion − tα1(s) tα1−tα2(s) tα2−tα3(s)1 13.89 9.62 2.89(esape) - 0.169 11.87 -2 14.41 2.37(+5674h) 2.46(esape) 2.24(+4113h) 0.478 4.30 216.50Table 3.7.: Main harateristis of alpha hain oming from the deay of 261Sg. Some of the αpartiles were also deteted by tunnel detetors - these ases are given in parenthesis.Reation 54Cr +208 Pb, 4.698 MeV/u. The �rst row presents measured values in thisexperiment while the seond row ites values, for omparison, from the hart of thenulides.

Eion(MeV ) Eα1(MeV ) Eα2(MeV ) Eα3(MeV ) Tα1(s) Tα2(s) Tα3(min.) AZ σ(nb)14.15 9.62 2.67(esape) 2.24(+tunnel)0.22+0.70-0.15 5.6+16.9-3.8 2.5+17-1.9 261Sg 58- 9.56 8.77 8.01 0.23 4.3 1.7 261Sg -3.2.4.1. Beam energy 4.698 MeV/uApplying beam energy 4.698 MeV/u we disovered 2 ases of α hains whih wereidenti�ed as oming from the deay of 261Sg. They are ited in table 3.6. For thosetwo ases the mean harateristis were extrated and are given in table 3.7. In thetable we also present values ited by the nulide art for the deay of A=261 isotopeof seaborgium.3.2.4.2. Beam energy 4.750 MeV/u.At this energy we found eight ases of alpha hains from the deay of 261Sg and onease of spontaneous �ssion of 260Sg isotope. All of them are presented in table 3.8.Using data of that table mean values for energy and life times for eah deay in thehain were alulated and are olleted in table 3.9.The observed �ssion espeially life time for this deay is in good agreement withthe hypothesis that this is spontaneous �ssion of isotope 260Sg. In the ase of alphahains whih were observed they are ompatible with the hypothesis that they omefrom the deay of 261Sg isotope. However there is small di�erene with the literaturedata for seond α in deay hain. In two ases we observed these alphas with meanemission energy equal to 8.38 MeV (raw 1 and 5 of table 3.8) while ref. [18℄ showsenergies for that seond alpha equal to 8.94, 8.88, 8.77 and 8.72 MeV . One ofpossible explanation of this disrepany is that we have registered α-deay of 257Rf(Rutherfordium) to the exited olletive state of 253No (Nobelium).40



3.2. Experimental resultsTable 3.8.: Eight alpha hains identi�ed as oming from the deay of 261Sg. Some of the α/�ssionpartiles were also deteted by tunnel detetors - these ases are given in parenthesis.Last row represents spontaneous �ssion of 260Sg. Reation 54Cr+208Pb, 4.750 MeV/u.No. Eion(MeV ) Eα1(MeV ) Eα2(MeV ) Eα3(MeV ) tion−tα1(s) tα1−tα2(s) tα2−tα3(s)1 14.74 9.57 8.40 - 0.303 18.14 -2 14.29 2.01(+4776h) 1.67(+4589h) 1.89(+5125h) 0.290 32.13 4.183 13.04 9.62 3.41(+2221h) - 0.009 2.31 -4 13.90 9.50 8.81 - 0.022 11.61 -5 14.35 9.52 8.36 - 0.649 3.69 -6 14.91 9.54 1.59(+2724h) 2.51(esape) 0.130 2.65 69.697 14.35 1.86(+4327h) 1.52(+3363h) - 0.244 10.32 -8 12.63 1.99(+5961h) 8.78 3.93(+2200h) 0.245 4.67 194.659 12.06 169.16(+7558h) - - 0.005 - -
Table 3.9.: Charateristis of two radioative emitters. One is α deaying 261Sg nulide (upperrow) and the seond is spontaneously �ssioning 260Sg (lower part) . Some of the

α/�ssion partiles were also deteted by tunnel detetors - these ases are given inparenthesis. Reation 54Cr +208 Pb, 4.750 MeV/u.
Eion(MeV ) Eα1/FF(MeV ) Eα2(MeV ) Eα3(MeV ) Tα1(s) Tα1(s) Tα3(s) AZ σ(nb)14.03 9.54 8.80,8.38 2.78(+tunnel) 0.17+0.14-0.07 7.4+6.3-3.1 1.03+1.95

−0.6*60 261Sg 25512.06 169.16(+7558h) 3.5+23-3.1*10-3 260Sg 323.2.5. Searh for element Z=118In July 1999 the BGS-Berkeley group [43℄ had announed the disovery of the newelement Z=118. They laimed to observe 3 α-deay hains omposed of 6 α's eahand all the harateristis, energies and emission times of alphas, for those eventsshowed that eah of those hains should start from the deay of the same element,namely Z=118. The reported ross setion, ∼2 pb, for that synthesis was muhlarger then expeted. The same system studied with the SHIP veloity �lter inDarmstadt [44℄ did not on�rm the Berkeley results. As GANIL is able to deliver41



3. Superheavy elements prodution at GANILthe high intensity beam of 86Kr ions (15 µA with harge state 10+ what gives nearly
1013 partiles/s) we deided, in view of the Darmstadt results, to repeat the sameexperiment. Our objetive was to on�rm (or not) the Berkeley's results. In the aseof a positive veri�ation of those results we planned to obtain additional informationmainly:

• reah shorter deay times, by the use of fast eletronis and two mode-trigger,for possible α-deay before the minimum time of 120 µs in the Berkeley exper-iment,
• wait for very long deay times by the use of movable implantation detetors(see subsetion 3.1.3: �Detetion setup.�) ,
• in order to inrease transmission of the Wien �lter ompared to the GSI ex-periment the arbon stripper foils were put at a distane from the target threetimes larger than in the SHIP (GSI) experiment. ERs may be reated in anisomeri state whih deays via eletron apture followed by an eletron as-ade with unknown half-lives modifying the ioni harge and thus reduing the�lter transmission.With the total aumulated dose of 1.1 ∗ 1018 ions at 5.27 MeV/u on targets of 300

µg/cm2 we did not observe any event orresponding to the deay of element Z=1186.This experiment had onvined us that all the detetion setup: target system,Wien �lter, time of light and silion detetors as well as gas hambers are well suitedfor the study of low ross setion heavy ion synthesis reations with energy near theCoulomb barrier region. The experiment was onduted in ollaboration with severalFrenh and foreign (Belgium, Brazil, Italy and Poland) laboratories.3.2.6. Synthesis of hassium (Z=108) isotopesFor the synthesis of Z=108 nulei the reation 58Fe +208 Pb was hosen. The
58Fe+8beam with the average intensity of 500 nAp and three di�erent inidentenergies: 4.83, 4.87 and 4.92 MeV/u has irradiated Pb target of density ρ =
420µg/cm2sandwihed by 40 and 10 µg/cm2 arbon support. The irradiation doseon the target was 2 ∗ 1017, 2.2 ∗ 1017, and 1.8 ∗ 1017 ions for the mentioned ini-dent energies. The whole experimental setup was very similar to the experiment forseaborgium synthesis.Exitation energy imported to the ompound nuleus in the fusion proess is in therange 11-16 MeV (the old fusion). The residue nuleus should thus be produedby the emission of 1n or 2n neutrons. From that we expet to produe 265Hsand/or 264Hs. Identi�ed in the experiment α-deay hains (SF deays) should haveharateristis whih are ompatible with the deay of one of these isotopes. Theexpeted deay hains for both isotopes are shown in �g. 3.10. From this we seletedthe most probable α/SF deay hains whih an be populated by the deay ofhassium 265, 264. Those hains are presented in tables tables 3.10, 3.11.In table 3.12 are presented 8 α-deay hains registered for all three inident ener-gies. All these hains are identi�ed as oming from the deay of 265Hs parent nuleus.6 Reently Berkeley group has retrated [45℄ their results on the disovery of element Z=118.42



3.2. Experimental results

Figure 3.10.: Nulides hart in the region of hassium isotopes. Here are marked deay pathsof isotopes: 265Hs and 264Hs. Blue arrows represent onseutive daughter nuleipopulated in the deay of hassium A=265, while white arrows indiate those nuleithat are produed by a deaying Hs of A=264. Long arrows represent α-deays,arrow-heads indiate β-deay while two head arrows are for spontaneous �ssiondeays. There are also green arrows that represent deays haraterized by thelong half-lives (>1h). Based on this �gure in table 3.10 the most probable α-deayhains produed by the radioative deay of those two isotopes are summarized. Foreah nuleus produed on the deay path, literature branhing ratio for α-deay andhalf-life of a nuleus is given.
43



3. Superheavy elements prodution at GANIL
Table 3.10.: The most probable, right part of the table, α-deay hains populated by the deayof the parent 265Hs. Left part presents energies, Eα, of the emitted α′s in eahhain and half-lives, T1/2, of radioative daughter-emitters (�rst olumn) in a hain.Bottom row shows the alulated, from �g. 3.10, probabilities that a given hainours on the deay path. Index m refers to the isomeri state of the hassiumisotope. Chart of nulides.Emitter Eα (MeV ) T1/2 I II III IV V

265Hs 10.57; 10.31m 0.9; 1.55m ms α1 α1 α1 α1 α1

261Sg 9.56...9.47 0.23 s α2 α2 α2 α2 α2

257Rf 9.013...8.55 4.7 s α3 α3 α3 α3

257Lr 8.86, 8.80 0.646 s α′
3

253No 8.01 1.7 m α4 α4 α4

249Fm 7.53 2.6 m α5 α5

245Cf 7.14, 7.08 45 m α6Branh ratio 0.17 0.20 0.54 0.06 0.03

Table 3.11.: α-hains ourring on the possible deay paths of the radioative 264Hs. Eah ofthose hains ends with a spontaneous �ssion (SF ) as also marked in �g. 3.10. Chartof nulides. The onvention here is the same as in table 3.10.Emitter Eα (MeV ) T1/2 1 2
264Hs 10.43 ∼=0.85 ms α1 α1

260Sg 9.77, 9.72 3.6 ms SF α2

256Rf 6.7 ms SFBranh ratio 0.50 0.48
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3.2. Experimental resultsTable 3.12.: Charateristis of 8 identi�ed ases of α hains oming from the deay of 265Hsformed in the reation 208Pb(
58

Fe, 1n)265Hs. For three inident energies 4.83, 4.87and 4.92 MeV/u following ases (6) - (8), (1) - (3) and (4), (5) were observed orre-spondingly. The energy of the implanted residue, Eres, is given in italis. The upperindexes: I, II, III identi�es appropriate α-deay hains of the table 3.10.
Eres/Eα(MeV ) tα(s) Eres/Eα(MeV ) tα(s) Eres/Eα(MeV ) tα(s) Eres/Eα(MeV ) tα(s)15.49 (1,I) 17.79 (2,I/II) 16.14 (3,II) 18.51 (4,I)10.28 5.55

∗10−3

0.8+9.88 3.13
∗10−3

10.31 5.15
∗10−3

1.2(esape) 3.96
∗10−39.03 0.79 0.7(esape) 0.24 missed 9.55 0.248.76 6.68 8.74 1.0 8.77 0.49 8.76 10.015.26 (5,III) 17.67 (6,III) 16.02 (7,III) 16.03 (8,I,II)10.56 1.48

∗10−3

missed 0.95+9.51 0.80
∗10−3

10.37 0.03
∗10−39.52 0.07 9.55 0.18 1.3+7.92 0.18 9.45 0.048.49 0.45 8.47 6.18 missed missed7.98 15.7 8.28 76.2 7.98 33.2In some ases we have not observed an expeted emission of an alpha partile in thehain. They are marked as �missed� in the table. This is so in the ase of hains:(3), (6), (7) and (8). There are two reasons that some alphas in the deay hainan be missed by the aquisition and the detetor setup. As mentioned earlier, thedead time for the aquisition system was redued to 30 µs. In the ase of very shorthalf-lives of an emitter and this is the ase of 265Hs that has a half-life of 0.9 and1.55 ms it is possible that the α is emitted in the time range shorter than 30 µs andonsequently is lost by the aquisition. This is the reason why we may not see thealpha emitted by the parent 265Hs nulide in the ase of hain no (6). It may alsohappen that the alpha is emitted in the diretion perpendiular to the surfae of theimplantation detetor. In suh a ase the energy deposited by the emitted α partilein the detetor is very lose or even below the energy threshold for the detetor,onsequently we do not have an energy signal for suh an event and suh an alphais also lost by the detetion setup. The solid angle for suh a diretion of emissionis quite large in this experiment, due to some non-funtional tunnel detetors. Thissolid angle is around 10% of the full solid angle. This being onsidered and takinginto aount that for the 8 hains we have deteted 25 alphas one an expet thaton the average 2.5 alpha will be lost by the detetor. We onlude that 3 other asesof �missed� alphas (tab. 3.12) an be explained by suh an e�et.From the referene table 3.10 it is seen that the isotope of 265Hs an give theorigin, taking into aount the most probable ases, for three di�erent deay hainsmainly I, II, III. To identify eah of these hains in our data, one has to analysisthe deay details of eah of the 8 observed hains. As an example for hain no (1)from table 3.12 it is seen that the �rst alpha has energy and emission time whih45



3. Superheavy elements prodution at GANILare in good agreement with the deay of 265Hs as one an see from referene table3.10. The seond and the third alpha of that hain have emission times and energiesthat are ompatible with energies and half-life of the nulides 261Sg and 257Rf or-respondingly. So this hain was identi�ed as hain I from table 3.10. Similarly theother α-hains from table 3.12 were identi�ed and are marked by upper indexes.
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Figure 3.11.: Exitation funtion for the reation 208Pb(58Fe, 1n)265Hs [46℄. Two sets of experi-mental data are plotted. Full irles represent this experiment and full squares arethe data from the GSI for the same reation and similar range of exitation energies.The error bars represent the statistial unertainties with 60% of on�dene level.Lines are to guide the eye.Table 3.13.: Kineti energies of α's and half-life times of emitters from the α-radioative deayhain of 265Hs (olumns 2 and 3) and 261Sg (olumns 4 and 5). Radionulides: 265Hsand 261Sg were produed in the fusion reations: 58Fe +208 Pb and 54Cr +208 Pb,respetively. It is seen that both α-deay hains have ommon daughter nuleusemitters that have very similar harateristis. Results are dedued from the tables:3.6, 3.8 and 3.12 of our measurements.Emitter Eα (MeV ) T1/2 Eα (MeV ) T1/2

265Hs 10.56; 10.32m 1.02; 2.48m ms
261Sg 9.54, 9.45, 9.03 0.17 s 9.56 0.18 s
257Rf 8.76, 8.48 4.0 s 8.80, 8.38 7.0 s
257Lr 8.76 0.52 s
253No 8.28, 7.98 0.5 m - 1.4 mTo ompare our results with data reeived previously by the GSI group [47℄ forthe same reation, in �g. 3.11 we plotted the ER, 1n hannel exitation fun-tion assuming that the total e�ieny for the experimental detetion setup7 is7this inludes: opening of 15 msrad of the Wien �lter window, e�ieny of the Wien �lter trans-46



3.2. Experimental results17% and exitation energy of the ompound nuleus in the mid-target is equal to
E∗ = 11.4, 13.3, 15.5 MeV . From the �gure one sees that both experiments arein agreement and there is no reason to suspet a problem with the beam energyalibration (suh a problem was reported elsewhere a few times).It should be also notied that isotopes: 265Hs and 261Sg produed in two di�erentfusion reations have ommon α emitters that have the same harateristis (see tab.3.13).3.2.7. Searh for element Z=114In the beginning of the year 2003 the latest element produed and identi�ed unam-biguously by the old fusion method was Z=112. This element was synthesized in thereation 70Zn +208Pb that was studied in the GSI in 1996 [9℄. The next step regard-ing this method was to observe new elements via the reations 209Bi(70Zn, 1n)278113or 208Pb(76Ge, 1n)283114. Thanks to the development of high intensity 76Ge beamsat GANIL the last reation was deided to be studied by the FULIS ollaborationin autumn 2003. To realize this objetive a three step program was undertaken:

• heking the entire setup espeially the Wien �lter transmission,
• measuring the ross setion at the level of tens of pio barns,
• performing the reation 208Pb(76Ge, 1n)283114.The experimental setup was the same as desribed previously exept for the targets.Lead targets and arbon strippers were made at GANIL using the evaporation teh-nique developed by the target laboratory of GSI. The rotating wheels were equippedwith 18 Pb targets instead of 36 Pb. The targets had a surfae area of 11x1.5 cm2while strippers foils dimensions were 11x2.5 cm2.3.2.7.1. Transmission e�ieny of the Wien �lterOne of the key parameters of the Wien �lter is its transmission e�ieny. Thisparameter deides what perentage of nulei reated in the fusion proess will reahthe detetion system and will be implanted in the position sensitive silion detetor.In order to measure this transmission e�ieny a beam of 208Pb nulei extratedfrom the �rst ylotron CSS1 with the energy orresponding to the energy of residues

283114, produed in the reation 76Ge +208 Pb was direted to the Pb targets, thesame whih were used in the experiment. Nulei of the Pb beam were then satteredin the target and part of them entered the Wien �lter. The intensity of the satteredbeam was measured before and after the Wien �lter, in plae of detetion. Fromthat transmission e�ieny was dedued to be equal to 17%. This value is in goodagreement with a previously assumed transmission e�ieny for the synthesis ofZ=106 and 108 experiment. To inrease aeptane of the Wien �lter it has beendeided to move targets as lose as possible to the entrane of the �lter. Following thismodi�ation, the transmission e�ieny measured with the same method reahed avalue of 27%.mission and geometri e�ieny of the BEST (implantation + tunnel) silion detetor. 47



3. Superheavy elements prodution at GANIL3.2.7.2. Cross setion of pio barn regionTo prove that the ross setion sensitivity of the detetion system is in the pio barnregion and as a seond step of the program, the experiment searhing for Z=108isotopes was performed. The experiment, desribed earlier, has shown that theexperimental setup an easily reah sensitivity on the level of 30 pb.3.2.7.3. ResultsThe searh for isotopes of Z=114 element began in Otober 2003. The beam of
76Ge+10 with an intensity 0.8 pµA and an energy 5.02 MeV/u was irradiating 208Pbtargets of 420 µg/cm2 thikness. The energy range in the enter of the mass was274.5 to 278.5 MeV . The rejetion fator of the primary beam and the satteredpartiles was reahed at the level of 1011. During three weeks of experiment, thetotal dose aumulated on the targets was 5 ∗ 1018 lead ions. No events attributedto the isotope 283114 was observed what implies ross setion for reation of Z=114in this reation smaller then 1.2 pb.3.2.8. Inverse kinematis experimentsIn 2001, the FULIS ollaboration proposed a new experimental approah to theprodution of superheavy elements. The idea was to use inverse kinematis reationsi.e. reations for whih the projetile nuleus is heavier than the target nuleus, toreate new isotopes of very heavy elements. Similarly to the standard method, oneof the partners in the synthesis proess, due to its double magi struture, is 208Pbelement (now it is a beam nuleus) while the other lighter partner (target nuleus) ishosen to math the intended produt of the synthesis. The approah was aepted bythe GANIL sienti� ommittee and approved as the experiment E339b. To test themethod, we deided to synthesize elements Z=88, 90 using reations 208Pb+12C, 18Oand possibly Z=105, 106 via 208Pb +51 V, 54Cr reations. A detailed desription ofthe experiment and the results an be found in ref. [48℄. Here I will only present themain aspets onerning the synthesis tehniques in inverse kinematis.Comparing to the normal kinematis reations, where the same ombination ofreating nulei is used as in the inverse kinematis ase, the method has severaladvantages (assets) and only one drawbak.Drawbak :

• The veloity di�erene between the beam and the evaporation resi-dues is muhsmaller what implies the neessity to apply muh stronger magneti and eletri�eld in the Wien �lter of LISE3.Assets:
• The ERs have a muh larger veloity than the same ERs produed in the syn-thesis reation by normal kinematis, and in onsequene are strongly fousedat forward angles what ensures a muh better transmission through the velo-ity �lter, even in the ase of α/p emission in the target or its α-deay in �ight.What is more, a drasti derease of the omplete fusion ross setion with ZCNould be aompanied by the onset of the inomplete fusion or pre-ompound48



3.2. Experimental resultsemission of a few nuleons [49℄. In that ase, orresponding ERs will be emittedfrom the target with a muh broader angular range, but here (inverse kinemat-is) strong forward fousing ensures, they will be still e�iently transmittedthrough the Wien �lter.
• In normal kinematis the target thikness is limited by multiple sattering:above the thikness of 300-400 µg/cm2, what orresponds to an exitationenergy range ∆E∗ = 2−3 MeV , the angular spread of the ER due to multiplesattering in the target material and stripper foils is approximately the angularaeptane of the LISE3. A thiker target inreases only the bakground inthe implantation detetor without an inrease of the ounting rate of ERs. Forthe same reation, but in inverse kinematis, the veloity of the ER is larger,the target mass is smaller, thus a muh larger thiknesses an be used, whatorresponds to the inrease of the ∆E∗ range, up to 15 MeV . The exitationfuntions of 1n, 2n evaporation hannels are Gaussian in shape with FWHMaround 5 MeV . This has two onsequenes: a) when the exitation funtion isknown, a target thikness ensuring ∆E∗ = 10 MeV range allows us to ahievethe maximum ounting rate of ERs, b) for a synthesis of an unknown nuleusthe inident (optimal) beam energy has to be alulated from the theoretialbinding energy of ZCN . Several tables present mass values whih may di�er byseveral MeV [50℄. Therefore, a range of ∆E∗ ∼ 15 MeV has to be overed. Fornormal kinematis this implies that several inident energies have to used, e.g.6 energies were used in an attempt to produe element Z=116 via 82Se+208 Pb[6℄. In inverse kinematis, one an save time by using only one energy and thetarget thikness orresponding to ∆E∗ ∼ 15 MeV .
• The ioni harge state distributions of superheavy nulei are estimated by ex-trapolating measurements made for nulei up to Z=92. Di�erent empirialextrapolations give di�erent values [51, 52, 53, 54℄ , but they di�er less for ERsprodued in inverse kinematis as the ERs have larger veloities for whih moremeasurements are available and the variation with energy is weaker.
• Energy deposited, in the identi�ation detetor system, by an implanted ER islarge. This is important to obtain an estimate of the ER mass via E vs. time of�ight method. For that, the alibration with the Pb beam of the same veloityas ER has to be performed to take into aount the pulse height defet.
• Due to the deeper implantation of the ER in the X-Y silion detetor, the ef-�ieny for the full stopping of α partiles from the deay hains is inreasing,thus reduing the number of �esaping� α's from the silion detetor. Further-more, in the ase of spontaneous �ssion, both fragments are stopped, depositingall their energy in the implantation (silion) detetor whih means that the to-tal kineti energy (TKE) an be measured with better auray and with 100% e�ieny.
• For many systems the light partner material has a muh higher melting tem-perature than the heavy one (espeially Pb and Bi) or even the lighter beamis not available. Inverse kinematis enlarges the number of projetile-targetombinations, some of them are listed in table 3.14, that an be used in thereation of synthesis. 49



3. Superheavy elements prodution at GANIL
• ER produed in the inverse kinematis synthesis has a high enough kinetienergy (typially 2.5-3 MeV/u, while in normal kinematis energy of ER isonly of the order of 0.5 MeV/u) allowing to install additional transmissiondetetors in the experimental setup and in this way reeive more ompletephysial information on the deteted ER. Even if this information is redundantit is still valuable for the unambiguous identi�ation of the ER.In experiment E339b an important modi�ation was performed in the veloity �ltersetup. To redue the bakground due to sattering of the de�eted beam ions on theupper plate of the �lter, this plate was moved to the distane of 7 cm (in standardon�guration this distane is 5 cm) with respet to the beam axis.Table 3.14.: Reations with 208Pb. Above 112 (itali), new isotopes and new elements. Firstolumn, atomi number of the ompound nuleus; third olumn, atomi mass ofthe ompound nuleus; forth olumn, reation Q-value; �fth olumn, Bass barrier;sixth olumn, exitation energy at the Bass barrier; seventh olumn, inident energy(MeV/u) whih leads to a 13 MeV exitation energy in the ompound nuleus [55℄.ZCN Target ACN -Q(MeV ) VBass(MeV ) E*Bass(MeV ) Ebeam(A.MeV )104 5022Ti 258 169.1 192.1 23.0 4.52105 5123V 259 175.3 200.9 25.6 4.60106 5424Cr 262 186.4 208.4 22.0 4.65107 5525Mn 263 193.2 217.1 23.9 4.74108 5826Fe 266 203.1 224.6 21.3 4.76109 5927Co 267 210.5 233.3 22.8 4.86110 6428Ni 272 221.9 239.4 17.5 4.80111 6529Cu 273 228.5 248.0 19.5 4.88112 7030Zn 278 242.1 254.1 12.0 4.87113 7131Ga 279 249.7 262.7 13.0 4.96114 7632Ge 284 260.0 269.0 9.0 4.90115 7533As 283 265.1 278.5 13.4 5.05116 8234Se 290 280.4 283.0 2.6 4.99117 8135Br 289 286.0 292.9 6.9 5.13A seond modi�ation was applied to the detetor setup. An additional detetorwas installed. Here it was a thin ∆E ionization hamber built in Krakow (see �g.3.12 for a detailed view of the detetor plaement in the experimental setup). Theanalysis of the data aquired by means of this detetor allows to onlude that adetetor whih measures energy loss of heavy ion an be a useful element in theidenti�ation proess of very heavy ERs (ref. 3.12) .The results of the experiment for fusion reations 208Pb +12 C, 18O onvinedus that the method (inverse kinematis) ould be applied to superheavy elementprodution. Unfortunately due to the tehnial problems with high voltage on the50



3.3. Gas-sintillation detetor for SHE studiesWien �lter it was not possible to measure the synthesis of heavier elements, as weearlier planned, namely reations 208Pb +51 V, 54Cr.

Figure 3.12.: Shemati view (left panel) of the ionization, transmission hamber and its loationin the detetion setup (right panel). The role of the transmission hamber is tomeasure energy loss (∆E) of the heavy residue that next implants in the silionposition detetor (Imp) where its radioativity is deteted.In perspetive, this new tehniques an be used to reeive additional information onsuperheavy nulei. For this several points an be studied: new projetile-target om-binations (i.e. new paths leading to known isotopes), detailed deay harateristisof isotopes produed with a su�ient ross setion, new isotopes of known elementsand new elements. Table 3.14 presents, experimentally aessible, target-projetileombinations that an be used in the synthesis study of the SHE nulei.3.3. Gas-sintillation detetor for SHE studiesThe main method of identi�ation of superheavy elements relies on the detetionof α/SF deay hains from the SHE implanted in the Si detetor. The essentialpoint of that method is the way alpha partiles are identi�ed. Usually it is requiredthat the signal in the implantation detetor is in anti-oinidene with the time of�ight system (ToF ). In ases when the bakground is small the method works well.For larger bakground, espeially when it is omposed of other light partiles (e.g.protons), suh a de�nition of registered alpha deays an not be su�ient, beausebakground protons an produe a signal in the implantation detetor whih is alsoin anti-oinidene with the ToF system. In e�et these protons mimi alpha deays.In order to obtain a more e�etive identi�ation of SHE elements and a morepreise de�nition of alpha deays we propose to use a new type of gas-sintillationhamber8. It detets sintillations produed by the heavy ion passing through a gasmedium. It also has traking apabilities that help to determine the trajetory ofthe partile entering/esaping the implantation detetor. Other main harateristisof that hamber are: 4π geometry (it will be mounted lose to the implantationdetetor), detetion of light harged partiles and spontaneous �ssion fragments.8 At address http://twin.if.uj.edu.pl/gallery/thumbnails/1.html one an �nd photos of the hamber.51



3. Superheavy elements prodution at GANIL

Figure 3.13.: Energy loss (DE_loss) of �ssion fragments (Cf soure) deteted in the gas-sintillation ounter. Vertial and horizontal axises represent DE_loss given bythe sintillation signal and the gas signal, respetively. Two groups of events orre-spond to the asymmetri �ssion of the Cf soure. Gas pressure in the detetor is50 mbar, the voltage between anode and athode is 200 V . [56℄.
Our idea is to have a detetion system that will posses good timing and spetro-sopi features. Good timing properties are neessary for time of light measurementsof an implanted heavy residue while good spetrosopi properties are needed to mea-sure energy and to identify deteted partiles. Fast pulses we plan to obtain fromthe sintillations of the gaseous part of the detetor. The �rst tests performed inollaboration with LPC-ISMRA Caen gave promising results (see �g. 3.13). In or-der to measure energy and trajetory we want to equip this detetor with severalwire planes. As the gaseous part of the detetor will be working in the proportionalregime one should also be able to obtain good spetrosopi information for lightpartiles.Dediated eletronis: preampli�ers, ampli�ers and summation logi, required forthat detetion system is presently build in our laboratory. The prototype moduleswere already suessfully tested in the LPC-ISMRA.The hamber will be mounted, together with implantation position sensitive de-tetor and tunnel detetors, in the detetion setup working in GANIL. An integralpart of the system will be the software for on-line alpha hains and �ssion fragmentsidenti�ation (this part is already working in superheavy experiments in GANIL)and the software for the reonstrution of the heavy and light ions trajetories.52



3.4. Summary and future of the FULIS ollaboration experiments3.4. Summary and future of the FULIS ollaborationexperimentsFULIS ollaboration between 1999 to 2003 has aomplished four experiments aimedat the prodution of superheavy elements. In these ampaigns the following mainreations were studied: (1) Kr + Pb → Z = 118, (2) Cr + Pb → Z = 106, (3)
Fe + Pb → Z = 108, (4) Ge + Pb → Z = 114 and inverse kinematis reations:(1i) Pb + O, (2i) Pb + C. We reeived onvining data for the synthesis of elementsZ=106, and Z=108 and negative results for the reation of elements Z=118, Z=114.Our negative result for Z=118 did not on�rm the disovery of this element forthe same reation as was announed by another group [43℄. Also other laboratories[44℄ ould not on�rm the Berkeley group disovery. For the Z=114 ase we ouldestimate the upper ross setion limit for the reation of suh an element. A summaryof the results is given in table 3.15.Table 3.15.: Summary of the reations studied by the FULIS ollaboration. In the forth olumnnumber of identi�ed α-deay hains are given for beam energies listed in olumn 2.For isotope 260Sg, reated at Pb ions energy 4.75 MeV/u, one spontaneous �ssion(SF ) event was observed.Reation Energy(MeV/u) <I>(pµA)Chains Rejetion σ(pb)208Pb(86Kr, 1n)293118 5.27 2 0 108-1010 <1208Pb(54Cr, 1n/SF )261/260Sg 4.70, 4.75 0.04 2,8 >1.7*1010 59018O(208Pb, xn)226-xTh 5.00 106-108 2400208Pb(58Fe, 1n)265Hs 4.83, 4.87,4.92 0.5 3,3,2 >2*1010 50-70208Pb(76Ge, 1n)283114 5.02 0.8 0 >1011 <1.2Collaboration FULIS plans to study new input reation hannels as a path to thesynthesis of SHE. These will be reations with symmetri systems where the atominumbers for both partners of reation are very similar. As a good starting point forsuh studies we hose 136Xe +122,124 Sn reation at beam energy 4.8 MeV/u. Theexperiment was planned for 2007. The Krakow group has onstruted a dediatedgas-sintillation detetor whih will be one of the main detetion omponents ofthe experimental setup. This detetor was desribed in the previous setion andpresently is tested in the Hot Matter Department of Physis in the M. SmoluhowskiInstitute of Physis.A new approah to the SHE studies is o�ered by the SPIRAL2 projet startedlately at GANIL. SPIRAL2 will provide high intensity neutron reah beams and aunique opportunity to study superheavy elements beyond the presently aessiblebeam-target ombinations. For example beams of 88−93Kr and 137−141Xe will beavailable ompared to the 84−86Kr and 136Xe beams aessible now. Fusion reationswith suh neutron reah beams and di�erent targets will allow to study a wholespetrum of new SH isotopes as heavy as Hs. In this way an extended systemati ofSHE properties an be reeived. The reations with Kr beams will be quite di�erent53



3. Superheavy elements prodution at GANILfrom the standard fusion reations based on the lead and atinide targets. One anmention their main features:-the high mass symmetry for the projetile/target system, equal to �rst order tothe value Zp* Zt,-the number of neutrons in the nulei is linked to the struture of the nulei.These two features are known to play an important role in the formation of heavyevaporation residue but no model an so far predit, in a reasonable way, the rosssetions for the formation of SHE. Beause suh study will not be possible for theheaviest systems due to too low ross setions for their formation the �rst step willbe to study lighter SHE prodution. One of the possibilities is to study U and Puisotopes produed with Kr neutron reah beams. The advantage of those symmetrireations is that one an reah a di�erent isotopes region than in the asymmetriones. Suh study will also give additional information on the in�uene of the massasymmetry parameter and the number of neutrons on the formation of the SHEsystems.
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4. Radioative deays, low statistisaseThe main identi�ation method of newly reated SHE elements, as was shown inthe previous hapters, is based on the detetion of α/SF deay hains produedby the radioativity of those elements. Partiularly, the energy and emission timeof alpha partiles for eah registered set of the deay hain is measured. It is ofgreat importane for the proper identi�ation of the new elements and for modelsprediting properties of these nulides, to estimate the preision with whih aremeasured the energy of alphas and mean life times (τi) of onseutive daughtersnulei. What onerns the energy preision is mainly restrited by the quality ofthe implantation silion detetor of the detetion setup. On the other hand, thepreision of the mean life time measurements is ditated by the statistial nature ofthe deay proess, governed by a well-known exponential deay law, and in prinipledepends not very muh on the experimental setup1, expet for short lived elementsthat have τ omparable with the dead time of the aquisition systems whih istypially in the 30-150 µs range. Thus statistial methods are used to alulate theunertainties (errors) for measured τi. However, in the ase of low ounting statistisfor interesting events, as it is for SHE studies, and the inherent bakground of themeasurement, speial statistial methods have to be developed for the mean life timeerror estimation. What is more, the radioative deay law an deliver means to rosshek disoveries in the �eld of SHE nulei. The next two setions present thesesubjets.4.1. Calulation of statistial errors for measured half-lifetimesIn the previously analyzed reations, the mean or half-life (T1/2) time for eah identi-�ed radioative nuleus was assigned from a small number of registered alpha deayhains. In order for the measured τ to be meaningful and omparable with otherdata one should estimate an error assoiated to this mean life time. In our ase,standard statistial formulas used to alulate suh errors, due to very low statistisan not be applied here, typially a few and sometimes only one or two ases ofalpha deay hains are available. The other method, of ourse based on the knowndeay law, has to be employed. Here we use the onept of onditional probabilitydistribution.Suppose one registers N ases of the deay hains initiated by nulei X. Let eahhain have the idential emission pattern, i.e. the same daughter nuleus, grand-daughter nuleus et. in the deaying sequene, and the pattern is omposed of k1 Cloks for tagging detetion times of partiles have often resolution ∼ 10 µs. This is usually muh smallerthen the mean life time of searhed element. 55



4. Radioative deays, low statistis ase
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Figure 4.1.: Illustration of the proedure for the statistial error estimate of the measured meandeay time (τ ) of a radioative speie a. One assumes N = 3 alpha deay events areregistered and the measured mean deay time of those events is τa = 10 ms. In theleft panel, probability distribution of τ (P (τ )) for a ase when the true mean life timeof a speie a, τr = 3.9 ms is onsidered. Right panel presents omplete onditionalprobability distribution funtion P (τa/τr) for ourrene in the measurement τ =

τa = 10 ms, when the true τr is unknown. For details of that proedure see text.alphas: αj
1, αj2, ..., αjk (j = 1, ..., N). Having measured time tags for implantedheavy residue, t0, and deteted alphas, tji (i = 1, ..., k), one an get estimator ofhalf-lives, T 11/2,...,T k

1/2
, of eah of k nulei in the deay sequene. The formula isstraightforward: τi = 1
N

∑N

j=1

(

tji−1
− tji

) and Ti,1/2 = τi ln 2. Due to the statistialnature of the deay proess and the �nite number N of alpha events in a sample, τionly approximates true mean life time (τi,r) of the radioative speie i.In order for the τi to be useful a reasonable estimation of an error assoiated withthe τi has to be given. As it will be shown in the next few paragraphs the onditionalprobability P (τi/τi,r) i.e. probability one will measure mean life time equal to τifor nuleus i if its true value is τi,r, an be applied to alulate reasonably suh a(statistial) error. The main di�ulty is to alulate the form of this onditionalprobability, here we use the Monte Carlo method.The main idea is presented in �g. 4.1. To simplify onsiderations and to omitindex i from the previous formulas, let us onentrate on the �rst alpha deay inthe hain. Further, as in the �gure, we will onsider the spei� measurement: thedeay of nulei a for whih N = 3 alpha deay events were registered and the meandeay time alulated of those three events is τa = 10 ms. Suppose, left panel of the�gure, that the deaying nuleus has true τr = 3.9 ms.Now, one may question what is the probability, P (τa), that in other experimentswith the same deaying speie and N = 3 observed α-deay events one gets τ = τa =56



4.1. Calulation of statistial errors for measured half-life timesTable 4.1.: Coe�ients for statistial error estimation of the half-life times of radioative nulidesin a ase when N deays are deteted. Con�dene levels for orresponding errors of
T1/2 marked in the table as �Prob.� are also presented. Errors of half-life times arealulated as: T1/2

+KupT
1/2

−KlowT
1/2

.
N 1 2 3 4 5 6 7 8 9 10 20

Kup 6.25 2.81 1.85 1.41 1.08 0.90 0.88 0.86 0.80 0.72 0.45
Klow 0.72 0.64 0.56 0.51 0.47 0.46 0.45 0.44 0.42 0.41 0.30Prob. ≃0.5 0.65 0.75 0.78 0.82 0.83 0.84 0.84 0.85 0.85 0.87

10 ms. The question is easy to answer with the aid of the Monte Carlo method.We know that the deay of the speie is governed by exponential law and its truemean life time is τr = 3.9 ms. Using this information one an simulate N = 3 deaysof the nuleus and from those deay events the mean life time τ is alulated. Theproedure is repeated many (105) times, in onsequene the omplete probabilitydistribution funtion P (τ) is reeived. The funtion is shown in the left panel of the�gure while the arrow marks P (τa) i.e. probability that from the measurement weget τa = 10 ms. Suh an algorithm should be repeated for all τr from 0 to in�nity.In pratie it is enough to repeat the alulations for τr = 0.1τa − 20τ a. Finally, weobtain the onditional density probability P (τa/τr) as shown in the right part of the�gure. We marked, here, also the value of the onditional probability assigned fromthe ase when τr = 3.9 ms, red irles on both panels. The maximum of P (τa/τr)funtion is for τr = τa. Setting the level of the aepted range of true mean lifetimes τr at a value 3.5 times (little arbitrary hoie) smaller than the maximumvalue of P (τa/τr) one gets the upper limit and lower limit error estimation of τa as
+(τup − τa) and −(τa − τlow), respetively. Finally, for the above example one gets
τa = 10+26.7

−8.1 ms. The on�dene level an also be given for that error, here it is 0.75.Although the example was given for τa = 10 ms, it is easy to show that theonditional distribution funtion and the upper, lower errors an be resaled to theuniversal form for all values of measured τa. The saling fator is +(τup − τa)/τa forthe upper limit error and −(τa − τlow)/τa for the lower limit error. Generally, forthe ase N = 3 one an write τ+2.67τ
−0.81τ .Exatly the same proedure was applied for other numbers (N) of registered de-ays. When N is dereasing the P (τa/τr) funtion (�g. 4.1) beomes more asymmet-ri and its shape broadens while for inreasing N , funtion beomes narrower andapproahes the Gaussian distribution as is expeted from the Central Limit Theo-rem. The resaled, upper and lower limit errors together with the on�dene level inthe ase of N = 1−10, 20 are olleted in table 4.1. Beause literature ites half-lifetime of radioative nulei rather than their mean life times our table also presentserrors for the T1/2. It is interesting to note that even in the ase of one deteted

α-deay it is possible to estimate an error of the measured half-life time of a nulide.From the table it is also seen that (statistial) errors of measured T1/2 strongly de-pend on the number (N) of deteted alpha deays espeially when N = 1−4. When
Nreahes large values, N > 20, usually variane is taken for statistial error esti-mation of mean life times of nulides. In our estimation method of aepted ranges57



4. Radioative deays, low statistis aseof τ , the on�dene level varies with N . This is the inonveniene of the proposedproedure, but on the other hand the number of N 's is small and it is relatively easyto remember the value of the on�dene level for eah N espeially if one needs toknown the value of the on�dene level with a few perents auray.4.2. Consisteny of α-radioative deaysWhen one observes radioative deays of new superheavy elements it is of primaryimportane whether the data are ompatible with the assumption that the measuredtime deay values originate from the deay of a single speies - the same nulide. Anew method to hek/validate suh a ompatibility was proposed in referene [57℄and it is espeially useful in the ase of low ounting statistis whih is the ase in thearea of SHE studies. The method is based on the seond moment of the logarithmideay-time distribution. In the next paragraphs I will desribe it in more details.The deay of a radioative nuleus is governed by the onstant probability perunit time dP/dt = λ. Starting from the spei� number of initial nulei n0 andassuming that eah nuleus deays independently, one arrives at the onlusion thatthe number of remaining nulei, n(t), dereases gradually in time, t, aording to theformula:
dn

dt
= λn(t), (4.1)from whih one reeives the well-known exponential law for the radioative deay ofone speies of nulei:

n(t) = n0 exp(−λt). (4.2)Thus the number of deay events per unit time is given by:
| dn

dt
|= λn0 exp(−λt). (4.3)In an experiment the times t1, t2, ..., tn of individual radioative deays representa sample of the density distribution given by eq. 4.3. The sample is subjeted tostatistial �utuations. Standard statistial analysis tools have means to estimatethe deay onstant λ. However this task an be ompliated by several fators:

• radioative deay an only be observed in the limited time range, above thelower threshold tmin and below the upper threshold tmax,
• events of another speies whih deay, usually with di�erent time onstant orbakground events appearing with a onstant rate an be mixed in,
• additionally the situation an be ompliated by the fat that a daughter nu-leus, produed in the deay, may also be radioative.The �rst moment of the density distribution 4.3 is < t >= 1/λ. The average of themeasured deay times is thus an estimator of that quantity:

< texp >=

∑n
i=1

ti
n

(4.4)58



4.2. Consisteny of α-radioative deaysHowever, the following onditions has to be ful�lled in order if eq. 4.4 is to be agood estimator of the inverse of λ:1. the full time range has to be overed by the measurement e.g. tmin should bevery small and tmax should be very large ompared to 1/λ,2. a ontribution form other radioative speies and a bakground has to be ex-luded.With these onditions satis�ed < texp > gives a good estimation of the deay onstantalso in the ase of low statistis.In priniple the seond moment of the density distribution funtion an be usedto test the ompatibility of the data with a radioative deay of a single speies.However the seond moment strongly depends on the deay onstant whih an beonly roughly evaluated in the ase of low statistis.In the onventional analysis of the radioative deay the individual deay timesare sorted into spetrum with time intervals of the onstant width: ∆t. This meansthat the hannel m ontains the number of events observed in the time interval: tmand tm + ∆t. The shape of suh a distribution is equal to the density distributionfuntion from eq. 4.3:
∆n

∆t
≈ dn

dt
(4.5)Of ourse this spetrum has an exponential shape and when plotted in the loga-rithmi sale in t, it will follow the straight line. Using the �tting proedure (e.g.least square method), deay onstant λ an be determined and also ontributions ofevents from other speies and a bakground an be reognized and extrated whenthe �t uses a more omplex funtion than a single straight line.One of the disadvantages of this method is that one needs many time bins inorder to represent a mixture of events originated from deays of speies whih di�ersigni�antly in the deay onstant. The other, more serious problem emerges in thease of a low statistis. When the statistis is low many time bins may ontain noevents and in onsequene the shape of the distribution funtion strongly �utuates.In suh a situation it is di�ult to judge if the deay events ome from the deay ofsingle speies.An unonventional way to represent radioative deay data, �rst proposed in ref.[58℄, is to sort events into time intervals of widths proportional to the time: dt/t =

const. Suh sorting enables to represent deay events over a very wide range of timesbut still using a reasonable number of bins. In this representation the shape of thedeay spetrum (density distribution funtion) is given by:
dn

d(ln t)
=

dn

dt

dt

d(ln t)
= −n0λt exp(−λt) =

−n0 exp(ln(λt)) exp(− exp(ln(λt)) =

n0 exp(ln t + ln λ) exp(− exp(ln t + ln λ)) (4.6)The urve of eq. 4.6 is a slightly asymmetri bell-shaped one. It is also obviousthat this shape does not depend on the deay onstant λ. It is only shifted by the59



4. Radioative deays, low statistis asevalue ln λ, while the height of the urve sales with the number, n0, of initial nulei.The integral of this funtion is equal n0. Introduing the new variable Θ = ln t oneobtains:
dn

dΘ
= n0 exp(Θ + ln λ) exp(− exp(Θ + ln λ)). (4.7)The maximum of this funtion is at Θmax given by the formula:
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), (4.8)while the seond moment (standard deviation) of the urve 4.7 is equal to:
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. (4.10)It an be shown that the σΘ has a value of 1.28. From the fat that the radioativedeay urve has a universal standard shape one obtains a tool to detet if the seondradioative speies ontribute to the spetrum. In suh a ase the measured standarddeviation of the logarithm of the deay times
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(4.12)has a larger value. On the other hand, if the standard deviation of the σΘexp issigni�antly smaller then this may imply that the measured spetrum is inompleteas the measurement was not sensitive for the whole range of the possible deay times.But if this an be exluded then this might be a strong indiation that at least partof the observed events do not originate from the radioative deays but from someother soures.4.2.1. Test proedureLike the time values, ti, of individual radioative deay events, also the standarddeviation, σΘexp, of the logarithmi deay time distribution from a spei� exper-iment evaluated with the equation 4.11 is subjeted to the statistial �utuations.One an, however, estimate the expeted magnitude of this �utuation. This gives ameasure for the expeted deviation of the width of the measured logarithmi deaytime distribution from the expeted value.To illustrate the basi idea of the test proposed here, the authors of ref. [57℄onsider a ase of two deay events. In one measurement their deay time di�ersby a fator of two or three. Considering the spread of an exponential deay, suh adi�erene in deay times seems to be quite normal. Next, one may assume that in60



4.2. Consisteny of α-radioative deaysanother sample (experiment) these two deay events di�er in deay times by severalorders of magnitude. This does not seem, to us, as a �normal� behaviour, ratherone is tempted to assign these two events as originating from two di�erent speieswith very di�erent deay times. In the third example these two events have deaytimes that are very similar or even equal to eah other. Also this ase does not seem�normal�. It is very improbable that deays governed by the exponential distributionmay give two events of the same deay times. The objetive of the test is to give aquantitative measure to judge whih one of those three ases is ompatible with thehypothesis that deay events originate from a single speies.A loser view on the problem reveals that the expeted value of the distributionof σΘexp is systematially smaller than the value σΘ from equation 4.9 and this isespeially true in the ase of a small number of events. The reason for this di�ereneis that < Θ > in the equation 4.9 is a true mean value of the logarithmi distribution,while < Θexp > is an estimate of the mean value dedued from the observed events.The expeted harateristis of the distribution of σΘexp an be alulated with theMonte Carlo method. A number n of the deay events with deay times randomlyhosen from a given exponential distribution are analyzed aording to the formulas4.11, 4.12 to determine the statistial sample of σΘexp. Suh a proedure is repeatedmany times. In the following, these samples of σΘexp are denoted by xj(n), j = 1...k, where k → ∞ is an ideal simulation but pratially should be large. From a largenumber of samples, k, for di�erent values of number of deay events, n, one gets:the expetation value, En, the standard deviation, σn, and the relative skewness, γn,of the quantity σΘexp as a funtion of n alulated aording to the relations itedbelow:
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n . (4.15)The results of suh a simulation are given, after the authors of ref. [57℄, in table4.2. Normalizing the distribution obtained for σΘexp from the simulation samples andintegrating this distribution up to the levels of 5% and 95% of on�dene one obtainsthe limits whih omprise the range of σΘexp values that with a 90% on�dene levelbelong to the deay of a single radioative speies. Experimental values of σΘexpfalling below the lower limit an be rejeted with an error hane below 5% tooriginate from radioative deay. If the experiment was sensitive to the whole rangeof deay times then at least part of the events originates from another soure, e.g.a periodi noise. On the other hand, experimental values of σΘexp whih are abovethe upper limit an be rejeted with a 5% error probability as belonging to thedeay of a single radioative speies. If any bakground an be exluded, there isprobably another radioative speies with di�erent deay time whih ontribute to61



4. Radioative deays, low statistis asethe observed events.Now we will use the test proedure to hek ompatibility of the alpha deay eventsobserved in the fusion reations 54Cr +208 Pb, 58Fe +208 Pb and attributed, fromthe analysis made in the previous hapter, to the radioative deay of nulei 261Sgand 265Hs, respetively. In the ase of reation 58Fe +208 Pb we identi�ed 8 alphadeay hains oming from the deay of 265Hs isotope. In one deteted hain, alphaemitted by the parent nuleus 265Hs was missed by the detetion setup. Thus weapply the proedure to the 7 ases of identi�ed alphas that ome from the deay of
265Hs. They have the following emission times: 5.55, 3.13, 5.15, 3.96, 1.48, 0.80 and0.03 ms. As 265Hs has two deay modes with slightly di�erent half-lives (0.9 and1.55 ms)2 one should expet a larger range of the experimental deay times and thusthe experimental standard deviation σΘexp should be higher than this given in table4.2 for the ase when n = 7. The analysis of those events results in a value of 1.70 for
σΘexp whih is indeed larger than the table value 4.2 but still falls into the aeptedinterval [0.52, 1.87℄. Thus at the 90% on�dene level those 7 events are ompatiblewith the assumption that they originate from the deay of a single speies - 265Hs.In the ase of 261Sg, tables 3.6 and 3.8, identi�ed alphas have emission times:0.169, 0.478, 0.303, 0.290, 0.009, 0.022, 0.649, 0.130, 0.244 and 0.245 s. The valueof the experimental standard deviation of the logarithmi time distribution, σθexp isequal 1.43 while the aepted range for the hypothesis of emission by single speiesis [0.65, 1.82℄.Thus again the test on�rms that the observed α-deay hains originate from thedeay of single speies what was previously identi�ed as 261Sg isotope.Finally one an apply this proedure to hek the onsisteny of alpha deayhains originated from the deay of the last disovered element 284118 in the hotfusion reation 48Ca +249 Cf . Alpha hains identi�ed as oming from the deayof that element are haraterized with the following emission times: 2.549, 0.465,0.847 ms for deay of 284118, and 42.1, 1.012, 0.098 ms for deay of the daughter
280116 element, ref. [59℄. Calulating σθexp in the ase of the �rst soure (284118)of alphas one obtains 0.70 whih falls well in the range of [0.19, 1.91℄ what supportsthe assumption regarding the single deaying speie as the soure of those alphas.In the seond ase were the assumed soure is 280116 one gets σθexp = 2.50 what iswell beyond the upper limit 1.91 given by 90% on�dene level. The last result maysuggest that the daughter radioative emitter identi�ed as 280116 an deay from twodi�erent states with di�erent half-lives. One should however stress that the rejetionof the hypothesis of emission from one state (one speie) with the probability of errorless than 5% does not give robust evidene for the interpretation of that data. Theadditional analysis of that ase ombined with other information available shouldhelp to answer the question.
2We have not applied the test for those two deay modes separately beause in three of those seven events,table 3.12, energy of the �rst emitted alpha was measured inompletely and it was not possible todetermine whih of the deay mode of 265Hs was the soure of the �rst emitted alpha in these threeases.62



4.2. Consisteny of α-radioative deays
Table 4.2.: Expeted properties of the distribution of the standard deviation σΘexp de�ned byeqs. 4.11, 4.12 for a given number n of observed events. Experimental values belowthe lower limit (5th olumn) an be rejeted with an error hane smaller than 5%to originate from radioative deays. On the other hand experimental values abovethe upper limit (6th olumn) an be rejeted with an error hane smaller than 5% tobelong to the deay of a single radioative speies (ref. [57℄).Numberofevents n

Expetationvalue Enof σΘexp

Expeted standarddeviation
σnof σΘexp

Expetedrelativeskewness γn

lowerlimitof σΘexp

upperlimitof σΘexp1 0 0 0. - -2 0.69 0.58 1.42 0.04 1.833 0.89 0.55 1.24 0.19 1.914 0.98 0.50 1.13 0.31 1.925 1.04 0.47 1.12 0.41 1.906 1.08 0.44 1.10 0.48 1.897 1.11 0.42 0.99 0.52 1.878 1.13 0.40 0.96 0.58 1.859 1.15 0.38 0.95 0.62 1.8410 1.16 0.37 0.90 0.65 1.8211 1.17 0.35 0.84 0.67 1.8112 1.18 0.34 0.84 0.70 1.7913 1.19 0.33 0.82 0.72 1.7714 1.19 0.32 0.78 0.73 1.7715 1.20 0.31 0.78 0.75 1.7616 1.20 0.30 0.76 0.77 1.7517 1.21 0.30 0.74 0.78 1.7418 1.22 0.29 0.72 0.79 1.7319 1.22 0.28 0.69 0.80 1.7220 1.22 0.28 0.68 0.81 1.71
n → ∞ 1.28 1.3√n n → 0

1.28-2.15/√n

1.28+2.15/√n
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5. Superheavy elements studies atTAMUIn this hapter I will present a new experimental approah to explore the region ofSHE elements. The experiments desribed here were performed at the superondut-ing ylotron (K500) of the Cylotron Institute, Texas A&M University (TAMU,USA) between 2003-2006. In the �rst setion, basi idea of that approah is pre-sented. A brief outline of the measurements is given in setion 5.2. Preliminaryresults from the most reent experiment (Autumn 2006) and its detailed desriptionare reported in a later part of the hapter.5.1. Fusion of projetile with target �ssion fragment - anew path to SHE produtionThe lassial experimental method (hapter 3) applied to the synthesis of superheavynulei gives evaporation residue ross setion (σER) on the level of 1 pb and 0.5
pb to synthesize element Z=112 and Z=118, respetively. For even heavier nuleione an expet that σER is dropping into the region of tens of fb. This reates aserious limitation for the tehnique being used so far. Espeially, a ompletely newgeneration of heavy ion soures is needed to supply the intensity of ion beams as highas 1014−15 partiles/se. Furthermore, more powerful heavy ion veloity �lters haveto be onstruted with a rejetion ratio on the level of 1014. It seems that until suhinstruments will be built we are not be able to reah the region of fb ross setions.
Figure 5.1.: Shemati view of the possible reation between the �ssile target nuleus U (Th) anda heavy projetile (e.g. Y b, Au).In this ontext, a new approah to the SHE prodution was proposed �ve years agoby the Texas A&M University group in ollaboration with groups from the Instituteof Physis of the Jagiellonian University and Instituto Nazionale di Fisia Nulearedi Legnaro (INFN, Italy) [60℄. It is there suggested to investigate nulear reationsat low inident energies indued by heavy ion projetiles (e.g. 172Y b, 197Au) on �ssiletarget nulei (e.g. 238U , 232Th). One possible senario for suh reations is depitedin �g. 5.1. In the initial stage of the ollision, a heavy projetile approahes thetarget nuleus induing the �ssion of the later one (two �rst snapshots in the �gure).Next, a �ssion fragment is transferred to the projetile nuleus (middle part in the65



5. Superheavy elements studies at TAMU�gure) and, �nally if the fusion onditions are met during the transfer proess, anexited very heavy system an be formed (last two snapshots in the �gure)1. Does thesystem survive as a ground state SHE nuleus (residue evaporation)? This dependson the exitation energy and angular momentum brought into this system duringthe fusion proess. The lower its exitation energy and its angular momentum thebigger the hane that the system will end up as an evaporation residue.Certainly, the probability of that senario is very small but there are several assetsin this hypothesis and they should be mentioned. It is well know that nulear prod-uts originating from low-energy nulear �ssion are haraterized by a broad spe-trum of mass and atomi numbers and majority of them are neutron-reah speies(�ssion fragments). If suh a speie is transferred to the projetile nuleus, as in theproposed ollision senario, the fusion probability an be strongly enhaned due toits neutron exess. On the other hand, in a situation when the fragment brought tothe projetile is not neutron-rih, but has a proton/neutron number near the losedshells, then the survival probability of the formed superheavy nuleus will inreaseas the �ssion barrier of the resulting SHE nuleus is high. Besides, if the transferproess of the �ssion fragment takes plae at the peripheral ollision the resultingsystem should be formed with small exitation energy, in onsequene its survivalprobability again inreases. Both fators: fusion probability and survival probability,play a deisive role in the prodution of the SHE elements beause they determinethe evaporation residue ross setion (σER).Although, for this method, there are no model alulations that estimate thevalue of the σER, we know that the �ssile nulei have a very high �ssion ross setionthus one an expet that the SHE elements an be produed here with ompetitiveprobabilities omparing to the lassial hot or old fusion reations. What is more,the �ssion of target nulei is this kind of �ion soure� that delivers wide spetrum ofdi�erent heavy ions, therefore, �nature itself an hoose� the most appropriate onethat will fuse with the projetile ion in order to produe superheavy nuleus. Usingfor example heavy ion projetile Z=79 (Au) and the target nuleus Z=90 (Th) weare supposed to explore properties of superheavy and possibly hyperheavy nulearsystems in the regions of atomi numbers Z≈112 and Z≈136. Keeping in mind thatthe low-energy �ssion of thorium produes a two humped atomi number spetrumof �ssion fragments, one hump is peaked at Z=33 and the other at Z=57.There is also a drawbak of the method. In the proposed reations a relativelylong interation time is needed to transfer the �ssion fragment to the projetile.This implies that the deep inelasti ollisions will also be involved in the transferproess. As a result, quite high exitation energy of the reation partners an begenerated and onsequently the survival hane of the produed superheavy nuleusan derease dramatially. On the other hand, the seond �ssion fragment an beonsidered the heat and the angular momentum reservoir with respet to the rest ofthe system. If it hopefully absorbs the main part of the dissipated kineti energy ofthe ollision, the superheavy speie will leave the reation region not exited and itssurvival probability will be high.Experimental instruments that are loated in the Cylotron Institute of TAMUseem to be well suited for our studies. The ylotron K500 delivers high intensitybeams of heavy ions up to Uranium. The energy of beams are in the range of interest:1 In short I will all this senario �ssion-fusion .66



5.2. Experimental test of the method
Figure 5.2.: Momentum and harge �lter (BigSol) and the detetion system used in the �rstexperimental test at the TAMU University (see text for details). Bloker stops thebeam nulei and diminishes projetile-like fragments (PLFs) emitted at small angles.It is also shown how the BigSol magneti �eld separates trajetories of di�erent heavyions - at the exit of the BigSol, trajetories have di�erent distanes from the beamaxis (three dashed lines).from a few to several A.MeV . Finally, e�ient magneti veloity �lter is workingon one of the beam lines. This �lter, superonduting solenoid (BigSol) onstrutedat the Mihigan State University [61℄, is haraterized by a strong magneti �eldand a large entrane angular aeptane. Beause interesting reation produts willbe emitted at angles greater than ∼1 degree and we want to use the veloity �ltertehnique to separate those produts from other heavy ions produed in di�erentreation hannels, the BigSol solenoid well orresponds to our requirements.The objetive of the researh was to verify experimentally the idea presented inthis setion, espeially to estimate the ross setion for the SHE prodution to giveanswer if the method an be ompetitive to the standard omplete fusion approah.5.2. Experimental test of the methodThe �rst experimental test was onduted in July 2003 with 238U , 198Pt, 172Y b, tar-gets and 172Y b, 198Pt, 238U beams at energies from 12 to 15 MeV/u. The �lteringand detetion system (see �g. 5.2) inludes: previously mentioned superondutingsolenoid (BigSol) and multi-element detetor system [62℄ whih is omposed of aposition sensitive parallel plate avalanhe ounter (GPPAC in the �gure), a multi-wire proportional ounter (MWPC), a Bragg hamber and CsI sintillators whereexpeted SHE nulei are supposed to be implanted. After the target, a bloker wasplaed in order to stop the beam and to selet reation produts emitted in the an-gular range 1-6 degrees. Those heavy ions subsequently entered the superondutingsolenoid.The magneti �eld (B) of BigSol is axially symmetrial and parallel to the beamdiretion (Z-axis). Suh a on�guration of the �eld enables to separate spatiallydi�erent harged heavy ions in a ase when they have the veloity omponent per-pendiular to the Z axis. Depending on the value of the veloity omponent, themass and the harge, the heavy ions exit the �lter at the di�erent distanes ρ fromthe beam axis, ρ1 and ρ2 in the �gure. The ρ is given by the well known formula
p/q = Bρ, where p is a momentum and q is a harge state of the heavy ion. Theheavy ions an be identi�ed subsequently using software irular aperture. The valueof the magneti �eld has to be arefully adjusted in order to ahieve a good separa-67



5. Superheavy elements studies at TAMUtion of the reation produts and to fous them in the region marked in the �gure asa foal plane. The foal plane is loated approximately 4 meters beyond the BigSolwhere the Bragg and CsI detetors are situated.The MWPC detetor returns X and Y oordinates (plane perpendiular to thebeam) of the deteted heavy ion. Its entrane ative area is 7x7 cm2. With the helpof this detetor one an de�ne software seletion for the irular aperture. Besides,together with the GPPAC ounter it is used for the time of �ight (ToF ) measure-ments. The Bragg detetor registers energy loss (∆E) via the total olleted hargegenerated by the heavy ion passing through the detetor. After the Bragg, a oupleof large area CsI sintillators (5 mm thik) for measurements of residual energy (E)of implanted reation produts are mounted. The CsI instead of Si detetors werehosen in order to avoid severe radiation damages aused by stopping beam-like andPLF ions.Under the onstrain imposed by the Bρ of the solenoid and by measuring ∆E and
E of the heavy ion it is possible to determine its Z and A (atomi and mass number),using the well known Bethe-Bloh formula ∆E = kAZ2/E and magneti seletionriteria Bρ =

√

2AE/q2.The objetive of that test experiment was to hek the usefulness of the exper-imental setup and to �nd the optimal values of the BigSol magneti �eld for theseleted beams and targets that would ensure the best onditions to selet heavyreation produts. It was found that the seletion of reation produts with Z ≥ 70is ahieved for the B∼= 2 Tesla. This onlusive result onvined us that the experi-mental setup is reliable and the group should ontinue this researh.In the next run (Marh-April 2004), the experimental setup was further modi�ed.The measurement itself was performed with the target of 232Th (5.9 mg/cm2 thik)and the beam of 238U (12 A.MeV ). The implantation CsI rystals (�g. 5.2) situatedafter the Bragg hamber were replaed by the Yttrium Aluminum Pervoskite inor-gani sintillators (YAP) [63℄. This relatively new sintillator was hosen beause ithas higher radiation hardness than the CsI and one an also expet improved linear-ity of the pulse height with the energy deposited by a heavy ion. The array of YAPsonsisted of 14 sintillators, eah having 13.5 mm diameter and 3 mm thikness.When the reation produt assoiated with large ∆E signal in the Bragg hamberwas implanted in the YAP, the beam was turned o� and the signal in the sintillatorwas reorded by the �ash ADC during 1.3 ms to register the possible subsequentdeays (α or spontaneous �ssion) of the expeted superheavy nuleus.It turned out that the serious problem, in this type of experiment, is the bak-ground assoiated with the high reation ross-setion for elastis, deep-inelastisand few nuleon transfers. Produts of suh reations appear to be di�ult to getrid of using only the seletion on the magneti rigidity Bρ. The problem is on-neted with the fat that even if the produts have di�erent momenta p, they havedistribution of the harge state q on the exit of the target and in onsequene somefration of the produts will have very similar Bρ = p/q to that expeted for the su-perheavy nulei. The ross-setion for those reations is orders of magnitude higherthan the prodution ross-setion of the SHE elements and even a small fration ofthese produts give a large bakground in the detetor system. To improve in �ightseletion of interesting fragments several modi�ations of the detetion setup wererealized for the next experimental run.68



5.2. Experimental test of the methodIn order to equilibrate the harge state, what ensures a more preise seletion in
Bρ, of reation produts entering the BigSol �lter two possibilities were taken intoaount. The �rst solution was to �ll up the �lter with a noble gas at low pressure.This way the trajetories of heavy ions traversing gas medium should be lose to thepaths orresponding to their mean harge state. An alternative possibility was tomount several stripper foils (e.g. mylar) inside the BigSol what will also equilibratethe harge of the ions. Although harge state dispersion of the produts shouldderease after applying one of those solutions, enabling a better separation of adi�erent lass of produts, there is also a drawbak. Energy loss in the gas or in thefoils has the e�et of defousing of all the produts passing the �lter. A simulationof heavy ion trajetories made for both variants showed similar results. However, aommon problem in all gas-type systems is a gas leak, therefore, �lling up the BigSolwith a gas medium may ause di�ulties with keeping the high vauum in the rest ofthe beam line what is essential to ontrol the beam ions. For this reason, we deidedto mount, inside the �lter, 9 equally spaed 0.9 µm thik mylar foils.The next modi�ation of the experimental setup onsisted of mounting two, posi-tion sensitive transmission detetors. They are Italian and Krakow made PPAC oun-ters: IPPAC, KPPAC respetively. The �rst detetor is situated after the blokerand it is able to work in the intense magneti �eld and handle a high ounting rate.It is segmented radially into 16 setors. The seond detetor was inserted about2 meters after the solenoid and 1.8 meter before the GPPAC. This detetor is notsegmented. Both detetors are used to measure the positions of heavy ions and theirtime of �ights over the path to the MWPC ounter. In the ase of the IPPAC thepath is equal to 5 meters while for the KPPAC it is equal to 2.86 meters. The ToFmeasurements are used for the mass identi�ation of the deteted reation produtswhile the measured positions serve to reonstrut heavy produt trajetories insidethe BigSol solenoid.The work of Colin at al. [64℄ indiates that interation of heavy projetile andheavy target nulei at higher impat parameters favors asymmetri divisions of sepa-rating systems in the exit reation hannel. This is reported for many reations andthe example is 238U +238 U at 24 A.MeV . Therefore, the impat parameter sele-tion may allow to tailor the mass distribution of emerging projetile-like (PLF) andtarget-like (TLF) entities to favour partiular asymmetries, espeially those whihlead to the superheavy PLFs. For that, signi�ant mass rearrangement has to ourduring the reation. In onsequene, the inident energy is to be high enough tooverome the Coulomb fores, espeially the Coulomb barrier, so the partners aninterat a longer time to ensure large mass exhange between them. Unfortunately,this an lead to the large exitation energy of the PLF and the survival probabilityof that entity an drastially derease. In onlusion, the ollision energy has to be aompromise between the requirement of the low exitation of the PLF and the longinteration time of reation partners.The new detetion system was used in the experimental run onduted in August2004 where we have studied reations with following projetiles-targets ombina-tions: 172Y b (7.5, 10 and 15 A.MeV ), 197Au (7.5 A.MeV ), 136Xe (7.5 A.MeV )and 84Kr(7.5, 15 and 25 A.MeV ) on a 232Th target and with 238U(7.5 A.MeV )projetiles on natT i, 64Zn, 90Zr and 232Th targets.The objetive of this run, besides testing the modi�ed detetion setup, was to �nd69



5. Superheavy elements studies at TAMU

Figure 5.3.: Modi�ed detetion system of superheavy elements (experiment August 2006). Inplae of the Bragg detetor a new 8 segments ionization hamber (IC-8) was installed.Instead of previous KPPAC, a new one (also built in Krakow) segmented (4x4) in Xand in Y diretion was mounted (PPPAC). The Italian PPAC (IPPAC) is situatedafter the target and the bloker.the optimal beam energy with respet to the entrane hannel Coulomb repulsion andthe exitation energy of the projetile-like fragment to further restrit the andidatereations for the SHE prodution.The analysis of the olleted data demonstrated a few tens of events whih areonsistent with the expeted signature of superheavy ions. These events have passedall the rejetion tests we ould implement with our urrent setup. The SHE an-didates appeared mostly in systems at lower inident energy (7.5 A.MeV ), in thereations 197Au + 232Th and 238U + 64Zn. However, it turned out that the setupneeds signi�ant improvement before a possible synthesis of superheavy elementsan be laimed. In partiular, still better separation of the andidates from the highross-setion produts (elastis, deep-inelastis) must be ahieved. Next, the bak-ground should to be further redued beause we plan to use a silion implantationdetetor to measure alpha deay hains oming from the implanted nulei.5.3. 2006 experiment - most resent resultsAs a result of the data analysis for the previous experiment (se. 5.2), our group de-ided to study the reation 197Au (7.5 A.MeV ) + 232Th as most suitable to produethe SHE systems. The run in August 2006 started with the objetive to on�rmthe existene of SHE andidates and eventually to haraterize them better than inearlier measurements. To reah this objetive the experimental setup, �g. 5.3, wasagain improved. In the next setions I will desribe this modi�ed setup, alibrationproedure for the main detetors, and preliminary results obtained from that run.5.3.1. Detetion setupThe experiene that we gained so far, onvined us to replae the Bragg detetorwith an ionization hamber. The hamber (IC-8), �g. 5.4, was built in the INFNlaboratory. It an measure several energy losses (∆Ei, i = 1, ..., 8) of heavy ionalong its path in the detetor. The ∆Ei measurements are used subsequently toidentify more preisely the atomi number (Z) of deteted heavy ion. The hamber isomposed of 8 independent setions. Eah setion has 4.65 cm length with the anodesituated at the left side wall, faing the beam diretion, of the box setion. This way,70
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Figure 5.4.: Shematis of the ionization hamber (IC-8). It is segmented into 8 parts. Frish grid(green area), whih ensures independene of the olleted harge generated by ionpassing through the hamber along the position it enters eah individual setion, isplaed on the left side (negative values of X oordinate) in the hamber. In the diretviinity of the IC-8, a multi-wire position sensitive proportional ounter (MWPC) ismounted.the anodes generate the eletri �eld that is perpendiular to the trajetory of ionspassing through the hamber. The harges olleted by the anodes are proportionalto the energy losses of an ion that goes through individual setions. Additionally,a Frish grid is plaed near the anodes to ensure the pulse height (olleted harge)independene on the heavy ion trajetory loation in onseutive setions. All eightsetions are plaed in one aluminum ylinder, �lled with isobutane under the pressure30 mbar.The detetor is mounted in the region of the BigSol foal plane, between the multi-wire proportional ounter (MWPC) and the YAP array. In fat, it also plays the roleof a Bragg detetor but is muh easier in operation than the previous Bragg system.The next improvement of the experimental setup was made by installing the trans-mission parallel plate avalanhe ounter (PPPAC). This detetor is used for the timeof �ight measurements and for the reonstrution of heavy ion trajetories, photoin �g. 5.5. It was built in Krakow and has replaed the KPPAC hamber. ThePPPAC ounter an sustain higher ounting rates and easier distinguish double hitevents. It onsists of two parallel planes of wires with 96 wires on a plane. The wiresare soldered to a retangular board on whih delay lines are plaed. The distanebetween wires in a plane is of 1/10th inh (U.S. ustomary units) while the planesare 6.5 mm apart. Wires from one plane are perpendiular to the wires on the otherone. Between the planes an anode in the form of thin (1.5 µm) two sides aluminizedmylar foil is mounted. Both planes and anode are tightly srewed and plaed insidea duraluminum plate-like onstrution omposed of two parts. Both of them have airular window opening, whih de�nes the ative area of the detetor, with a diam-eter of 240 mm. These windows are losed by an aluminized mylar foil of 1.5 µmthikness. This whole arrangement is �tted into the ion pipe, 2.63 meters from theBigSol enter in suh a way that the wire planes are perpendiular to the trajetories71
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Figure 5.5.: Photo of the �nal stage of onstrution of the parallel plate avalanhe ounter (PP-PAC) that was built in Krakow. Inside duraluminum plate (silver olor) with airular opening, two boards (the lower one is shadowed by the upper one) overedby opper and wires soldered to it are plaed. The delay lines (blak ubes) mountedon the board an also be seen. To better see the onstrution of the detetor, an-ode aluminized mylar foil is dismounted. In the operational mode this anode foil isplaed between the boards. The detetor is opened - the other duraluminum plate isremoved.of inoming ions. The detetor is �lled with isobutane of 4.3 mbar pressure and ahigh voltage of -450 V is applied between anode and athodes (wires). This ensuresavalanhe regime of the detetor work.Beause the detetor has to sustain high ounting rates, wires on eah plane aregrouped into four segments. Eah of the segments is operated by a delay line with2 ns delay per wire. Both ends of the delay line for a given segment are onnetedto the eletronis. A voltage pulse from a wire, generated by the olleted hargefrom the ion passing through the gas, is direted to the delay line to whih the wirebelongs and splits to the both ends of the delay segment. The eletronis measurethe arrival time of the split pulse from the ends of the segment and from that theposition (wire number) in one diretion an be determined. The position for the otherdiretion is returned by the wire whih �red from the seond plane. Both positions Xand Y, together with positions from other detetors, are used to reonstrut the iontrajetory after the BigSol. To measure time of �ight of heavy ions a ommon signalfrom the detetor anode is taken. Beause of segmentation, this modi�ed version ofthe PPAC is in fat omposed from 16 independently working avalanhe ounters.72



5.4. Detetors alibrationTable 5.1.: Beams from superonduting K500 ylotron of TAMU to alibrate detetion setup.Calibration runs were performed with the BigSol magnet swithed o�, no target wasplaed in the target holder and beam bloker was removed. Those beams (diretbeams) were delivered diretly to the multi-detetor system.Beam 40Ar 84Kr 129Xe 172Y b 197Au 238UEnergy (A.MeV ) 15.0 15.0 15.0 7.5 7.5, 15.0 7.55.4. Detetors alibration5.4.1. Energy loss and time of �ight alibration of the experimentalsetupThere are two important sets of quantities, delivered by the detetion setup, whihneed to be alibrated. One set is for traking ions trajetory through the BigSol�lter. To determine these trajetories we use the following detetors: Italian PPAC,PPPAC, GPPAC and MWPC. The other set of quantities are the time of �ight (ToF )and energy losses (∆Ei, i = 1...8) of the ion. This information is obtained from theionization hamber (IC-8) whih measures energy losses, and pairs of detetors fortime of �ight measurements: PPPAC - MWPC for one ToFPM and GPPAC - MWPCfor the other ToFGM. The identi�ation of the atomi number of reation produtsis based on two types of signals: ∆Ei from the IC-8 and the ToFPM or ToFGM. Intable 5.1, there are listed beams that were used to alibrate time of �ight detetorsand energy loss signals.In a �rst step IC-8 was alibrated. As it is omposed of 8 independent ionizationsetions eah of them need separate alibration. In �g. 5.6 measured energy lossesby peak sensing ADCs in seleted setions are plotted as a funtion of alulatedenergy losses for ion beams of table 5.1. Two phenomenologial energy loss programswere used for that alulation. It should be stressed however, that the alulationsespeially for very heavy ions are not very preise. This is due to the fat that in thelow energy region (2-10 A.MeV ) limited experimental data on energy loss of veryheavy ions is available. Here we used the SRIM [65, 66℄ and the Orsay tables basedprogram [67℄. As one an see from the �gure, these two odes predit similar energylosses in the ase of Ar ions but start to deviate for Kr and heavier ones. For theheaviest nulei like U, the di�erene in predited energy loses is as large as 30 %. Wewill further disuss the preditions of both odes after presenting the time of �ightalibration on the example of detetors GPPAC and MWPC. The ToFGM is diretlyonneted to the veloity of ions and to their energies in the ase of diret beams.The distanes (the bases) for ToFPM and ToFGM measurements are 285.9 cm and105.9 cm, respetively. The time of �ight base for the pair Polish PPAC - MWPCdetetors is thus larger than for GPPAC - MWPC pair, so the veloity of heavy ionsshould be more preisely estimated from the measurements of ToFPM.In the ase of the pair of detetors GPPAC - MWPC, three di�erent proedureswere applied to aomplish ToF alibration. As a result, one reeives three ali-bration equations of the type: ToF [ns] = A[ns/ch] · Ch[ch] + B[ns], were ToF is aalibrated time of �ight expressed in ns, A is a onversion fator in units ns/ch while
ch is a measured eletronis hannel value orresponding to the time of �ight of an73
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5.4. Detetors alibration
Table 5.2.: Three di�erent alibrations of the ToFGM for GPPAC - MWPC detetors. A is aonversion fator from the TDC hannels to ns while B is an o�set introdued by theapplied eletronis. See text for details of proedures for obtaining alibrations I, IIand III. Method I II IIIA (ns/h) 0.110 0.112 0.116B (ns) 238.440 242.220 250.137
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5. Superheavy elements studies at TAMU
Xe ions but SRIM gives a smaller di�erene Rd for Y b and Au ions. The samebehavior of Rd one observes also for alibration II, middle panel of the �gure. Forproedure III, bottom panel, Orsay and SRIM deliver similar preditions of energyloss forY b andAu (7.5A.MeV ) ions on the exit of GPPAC exept forAu (15A.MeV )where SRIM is more exat. What is more if one ompares alibration oe�ientsvalues A and B for those three proedures (table 5.2) it is seen that these valuesare quite similar in the ase of the SRIM (II) and the Orsay (III) alibration. Fromthis, one an only onlude that the predition of the SRIM ode should be treatedas a more exat estimation of the energy loss of heavy ions in the IC-8 ionizationhamber while preditions of the Orsay ode an be used as an upper estimation ofthose energy loses.In what follows we will use the SRIM alulation to alibrate IC-8 energy losssignals and time of �ight TDC signals. In priniple for the alibration of ToF oneshould use for a value of onversion fator A, the value obtained from the measure-ments with delay lines and this was performed in the ase of alibration (I). However,alibration (I) uses only one data point (40Ar, 15 A.MeV ) to assign oe�ient Band this an introdue some systemati deviation in ToF for ions muh heavier thanargon ions. Calibration (III) (Orsay based), delivers a very similar value of A, andtakes into aount all diret beams data points, thus ToF , assigned from it, shouldbe more reliable for the heaviest deteted ions.In further analysis the Orsay program will be used to obtain the upper estimateof the maximal energy loss of reation produts in di�erent parts of the detetionsystem.5.4.2. Flash ADC pulse shape analysis. Diret Au beam at 7.5 A.MeVThe ∆Ei signals generated in the segments of the ionization hamber (IC-8) by aheavy ion that passes through the hamber are also reorded by Flash ADCs (FADC).Eah segment is onneted to one FADC. The FADCs are opened by a period of 10
µs and use sampling bin equal to 80 ns. The duration of a typial signal is around1-2 µs what gives about 15-20 useful points for pulse shape analysis. One of theobjetives of suh an analysis was to eliminate double hit events, further disussedin the next setion.First of all, for eah signal, we evaluated the FWHM2 (full width at half maximum),the maximum value of the signal (Vmax) and the time at whih the signal reaheshalf of its maximum (TW1), �g. 5.8. This analysis was performed for the beam of
Au ions at energy 7.5 A.MeV . Looking at the FWHM and the Vmax of the pulse, foreah segment of the IC, as a funtion of the horizontal entrane position (XMWPC)of Au ions in the MWPC ounter a strong dependene is notied as it is seen on theleft panel of �g. 5.9. One has to remember that the Frish grid of the IC is plaedat the negative value of X (see �g. 5.4) what orresponds to XMWPC ≡ X0 = −420hannels. Going away from the grid, Width (W ) inreases while Vmax dereases. Thisbehaviour an be explained by the straggling of eletrons released by the passing Auion. If the trajetory of the ion is far away from the Frish grid, generated eletronshave a longer distane to the detetor anode and due to the straggling, the eletronloud is spreading out what is observed in FADC as a pulse that has wider W and2 In the following we will also name it Width (W).76
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2 should be:

tcorr
2 = (t2 − TW1) · (1 − DW ) + TW1, (5.1)where (1 − DW ) is the orretion fator, given by the following formula:
DW = [mW · (XMWPC − X0)] /W. (5.2)One has to notie that the amount of harge released by the ion passing throughthe hamber should not depend on its trajetory thus the integral of the Flash ADCsignal should be independent of the position in the IC hamber (or on the XMWPC).77
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V corr

max = Vmax + (XMWPC − X0) · Dm, (5.3)where fator Dm is:
Dm = mW · Vmax/W corr, (5.4)and orretion to all points in the pulse S:
Scorr = S · V corr

max /Vmax. (5.5)After these orretions we obtain the plot shown in the right panel of �g. 5.9.Finally one an mention that the standard (peak sensing) ADCs onneted tothe setions of the ionization hamber measure the amplitude of the signal that isintegrated for a time long enough to hide the e�ets observed for the FADC.5.4.3. Pileup rejetion - eletroni unit and FADC pulse shape analysisIn the experiment, the aquisition system reads out eletri signals produed by allthe detetors of the experimental setup when the MWPC detetor is �red by theheavy ion. This detetor serves as a trigger unit for starting the aquisition. Itdelivers also the start signal for ToF measurements. With the ounting rate at thelevel of 200-300 ounts/s, it may happen that during the time the aquisition needsto proess all signals for a given event, another heavy ion enters detetion setup anddetetors will produe additional pulses whih will be mixed up with the pulses of the78
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ns to 20 ns. Next, MWPC fun-in/fun-out (F/F) output (situated in the aquisitionbay) was delayed by 25 ns with the help of a able and vetoed by itself with 10 nsdelayed signal in the seond oinidene unit (COIN2). The output of the vetoedsignal is further delayed by 50 ns able and passes to the STOP input of the timeamplitude onverter (TAC), in order to math up to the start signal. The seondoutput from the F/F is delayed by 50 ns and by using a gate and the delay generator(GDG) produes veto signal of 8 µs wide3 for the �rst oinidene unit (COIN1).This way the pileup signals from ions oming within 8 µs should be reorded by theTAC. The spetrum of the TAC is shown in the right part of the �gure 5.10. Eventsthat produe single hits in MWPC are those whih have TAC hannel value above2005. Those events are further onsidered in the analysis, those whih have valuesbelow hannel 2005 are the pileups and are rejeted from the analysis.The seond method is based on the FADC pulse shape analysis. Those �ash ADCsare onneted to eah segment of the IC-8 ionization hamber. The FADC is openedin the time window of approximately 10 µs after MWPC produes the event trigger.In the ase of only one heavy ion detetion, in that time, by the ionization hamber,its pulse shape is slightly asymmetri, Gaussian like, as shown in �g. 5.8. On theother hand, if during the time of the opening of FADC another heavy or light ionenters the ionization hamber the seond pulse is reorded by FADC. Depending onthe time interval between the detetion of two heavy ions and their trajetories in the3 At the very beginning of the experiment this signal was 3 µs wide. 79
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5.4. Detetors alibrationFor the other approah we re-normalize the amplitude of eah pulse produed bya heavy ion to the same value of 2000 hannel, orrespondingly the full shape is alsore-normalized and the FADC integral of suh a normalized pulse is alulated. Thespetrum of the FADC integrals, for sample of events, is shown in the lower left partof �g. 5.11. The renormalization proedure ensures that in the ase of an eventwith double hits, FADC integral is muh larger than the pulse integral of single hit,region of hannels ≈2000 and ≈1000, respetively. This a�et is more pronounedin the ase when the double hits produe well separated pulses and less lear whenthe pulses overlap. For the spetrum of the �gure one de�nes value of Thr1 equalto 1300 hannel as a threshold above whih pileups are present. Analyzing pulseshapes, it was veri�ed, that suh a value of threshold properly distinguish doublehit events from single hit events. The proedure is applied for eah setion of theionization hamber.A omparison of both approahes is presented in the right panel of �g. 5.11. Thespetrum of Vmax versus FADC Integral (upper right part of the �gure) is draw withthe ondition that normalized FADC Integral is smaller than the Thr1 while thespetrum in the lower right part of the panel is drawn with the ondition that eventsare inside ontour C1. It is seen that both methods give similar results. When thethreshold Thr1 is used to identify pileups, the spetrum of Vmax vs FADC Integralis free of double hits and similarly if the ontour C1 is applied to rejet pileups, thebump observed in the lower left part of the �gure disappears in its lower right part.It is also of interest to hek the e�etiveness of the identi�ation of pileups inboth TAC and FADC methods. This is done in the �g. 5.12. Here we used thenormalized FADC Integral approah. It an be seen that the TAC is more e�etivefor the identi�ation of pileup events. Almost 95% of the double hits identi�ed byFADC Integral is also identi�ed by the TAC, expet the region of events in the �rstquadrant of the rossing lines when the FADC Integral approah is superior. In thethird quadrant TAC identi�es all events as pileups while the FADC method failsprobably beause two heavy ions enter the ionization hamber with a very smalltime di�erene or the trajetory of those ions passes through the same regions of thehamber. In both ases the pulse shapes of the two ions will ompletely overlap andwill be sampled by the FADC as a pulse oming from the one ion.In onlusion, TAC and �ash ADC methods are omplementary and both need tobe used in order to properly eliminate double hit events from the analysis.5.4.4. Position sensitive detetorsAfter the BigSol �lter there were mounted three transmission gaseous detetors thatare position sensitive: PPPAC, GPPAC and MWPC (�g. 5.3). The purpose ofthese detetors was to measure time of �ights of heavy ions between orrespond-ing pairs PPPAC-GPPAC (ToFPG), GPPAC-MWPC (ToFGM ) and PPPAC-MWPC(ToFPM ) as well as to determine the positions in the X-Y planes (they are perpen-diular to the beam axis) of deteted heavy ions for eah ounter. This informationwas used in further analysis to more preisely haraterize registered heavy ions andalso to rejet double hit events.In this setion I will desribe the proedure we applied to obtain the alibratedpositions of deteted heavy ions in the individual detetors. This will be done on theexample of the Polish PPAC (PPPAC). 81
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5.5. Searh for superheavies in the Au + Th reation5.5. Searh for superheavies in the Au + Th reationIn this hapter I will present the main results that were reeived from the analysis(still in progress) of the reation with the beam of the Au(7.5 A.MeV ) ions. Theions were impinging Th target of 6.3 mg/cm2 thikness that was rotated 45 degree inrespet to the beam diretion. In suh a thik target, the energy loss of the gold ionsserves to spread the initial beam energy. This is neessary beause we only have theapproximate estimation (from the results of the previous test runs) of the optimalollision energy that should be used in peripheral reations with Th nulei to produethe SHE elements with relatively low exitation energies. The beam energy in thethe target is hanging from the initial 7.5 A.MeV at the beginning of the target tothe 6.3 A.MeV at the exit of the target. In absolute values this gives around 240
MeV range of the beam energy.The �rst seletion of the reation produts is aomplished with the help of 6obloker situated after the target. The bloker serves also to stop the beam. Produtsthat are emitted at angles greater than 6 degrees pass through the transmissiondetetor (Italian PPAC), enter the BigSol �lter and after it, the ions pass throughthe three ToF detetors and �nally enter the IC-8 ionization hamber where theyan stop or they ontinue to stop in one of the wall's of the sintillators.To obtain the identi�ation of the heavy reation produts we primarily use theveloity/the time of �ight from the ToF detetors (e.g. ToFGM ) and the energy lossesof heavy ions (HI) measured in the segmented ionization hamber IC-8. Dependingon the veloity of the heavy ions that enter the IC-8, the hamber works as an
E or ∆E detetor. For times of �ight greater than ∼50 ns (low veloity) heavyions are stopped inside the ionization hamber and, in that ase, the IC-8 measuresthe residual energy (E) of the heavy ions while for ToF s smaller than 50 ns (highveloity) heavy ion pass through the IC and the IC beomes a ∆E detetor. Evenif it works in the ∆E regime the hamber still retains the major part of the residualenergy of heavy ions.Fig. 5.15a presents the sum of energy loses (∑ ∆Ei, i = 1, ..., 8) of heavy ions inthe IC-8 versus time of �ight between GPPAC and the MWPC (ToFGM ). The datapresented in the �gure are olleted requiring that the heavy ion is properly detetedin the GPPAC and MWPC detetors. This means that the positions of the HI arewell de�ned in both detetors (see hapter 5.4.4 for the de�nition of well de�nedposition). Several groups of events an be identi�ed here. The thik banana-likegroups of events orrespond to the detetion of Au-like ions. Transfer reations inollision of the Au with the Th nuleus have a large ross setion and due to this,the produts of suh transfers are still abundant at the end of the detetion line,despite the seletion made by the BigSol �lter and the 6o bloker. It is manifestedby the events that are loated on the left of the banana and they extend to thelowest energies ∑

∆Ei. Of ourse, those events orrespond to the detetion of ionslighter (Z < 79) than the gold nulei. Here di�erent kinds of heavy ions should beloated. Although it is not possible to identify those produts aording to theiratomi number, nevertheless one an expet here, the fragments of the �ssion of Thnulei and also deep inelasti reation produts. The events loated at the bottompart are the light harged partiles, mainly protons, alphas, et.The region of the very heavy ions is on the right of the group of the beam-like85



5. Superheavy elements studies at TAMUions. Indeed, in this region there are many events but one should be very autiousto assign them to the detetion of very heavy ions. In fat, most of those eventsare pileups. For example, no one an expet that the signals whih orrespond to
∑

∆Ei> 300 MeV and ToFGM>80 ns (the most right part of the �g. 5.15a) weregenerated by single ions. They are mainly a mixture of signals that originate fromtwo di�erent heavy ions registered by the aquisition as one event. For example thelighter ion omes earlier and gives a stop signal in the GPPAC while it is missed bythe MWPC detetor, next the heavier ion (e.g. Au-like) that omes late initiates astart signal in the MWPC and is deteted in the ionization hamber.In this senario one obtains events with high energies in the IC-8 and large timeof �ights.Our objetive in the data analysis was to �nd suitable seletions to isolate realevents that orrespond to the detetion of ions heavier than the Au nulei. Torealize this objetive several seletions were applied. First, we used the eletronianti-pileup system, desribed in setion 5.10, to eliminate events in whih two heavyions gave signals in the MWPC. This type of pileup is also seen in the IC-8 hamberif one looks at the pulse shape reorded by the FADC. Simply, two pulses that areseparated or partially overlapped are seen in suh a ase. Depending on how fastthe two ions lose their energy in the IC-8 these two pulses an be present in all orin some segments of the ionization hamber. The time in the anti-pileup system wasset to eliminate double hits in the MWPC if ions enter it in a time interval shorterthan 8 µs while the FADC time window was set to the 10 µs. In the ase when theseond ion enters, in one event, the ionization hamber after the time greater than8 µs, this ion is always seen in the FADC as a pulse well separated from the pulsegenerated by the �rst ion and the separation distane is at least a few µs. Now,onsidering that the ToF measurements are in the time range of about 250 ns, it isthen lear that this double hit an be easily unfolded and proper information an beextrated for the �rst ion.By applying the above anti-pileup seletions and the ondition on the well de�nedpositions in the GPPAC and the MWPC ounters the �g. 5.15b is reeived. Asone an see signi�ant redution of events, as ompared with panel a), loated inthe region where very heavy nulei are expeted is observed, but still not all eventsfrom that region an be assigned to the detetion of the real superheavy ions. Theremust be some part of events that ontain mixed information from two di�erent heavyions, e.g. ToF is measured for one ion and the energy loss in the IC-8 for the other.To justify this statement one an reall the argument that events with large energyloses (∑∆Ei> 300 MeV ) and large ToF s (ToFGM>80 ns) are not realisti. At thisstage we an not distinguish whih one orresponds to the real SHE ions.Next, to isolate those events that orrespond to the detetion of very heavy frag-ments we required that the energy loss of a partile in one of the segments of theionization hamber should be larger than 75 MeV (using energy alibration of theIC based on the Orsay tables). Suh a requirement is a phenomenologial one, butfrom the alulation of the Orsay ode (SRIM is not able to alulate energy loss ofions that have Z>92) one an expet that the very heavy ions are losing quite largeenergy in some segments of the IC, at least 75 MeV . The result that orrespondsto this requirement is presented in panel ) of �g. 5.15. It should be mentionedthat this seletion is strongly restritive. As we see from the �gure now there are86



5.5. Searh for superheavies in the Au + Th reation

20 40 60 80

200

400

600

 [ns]gmToF

SH
E candidates:

2

3

 > 75  MeViE∆c)

1

79≈Z

200

400

600

 [
M

eV
]

T
o

t
)E∆(

No pileup selectionb)

79)≈Beam-like ions (Z

fission-like

light particles

200

400

600

Th, 7.5 A.MeV232Au+
197

Position selectiona)
Region of SHE

Figure 5.15.: Total energy loss (P ∆Ei, i = 1, ..., 8) in the ionization hamber of deteted heavyions versus their ToFGM (GPPAC - MWPC). a) represents events when the heavyions deliver proper position signals in the ToF detetors: GPPAC and MWPC, b)requirement that no pileup (see se. 5.4.3 for pileup rejetion) is present was added,) additionally, we required that the ∆Ei of the deteted heavy ion in one of thesegments of the IC-8 is greater than 75 MeV . In ) three events are isolated in theregion of the expeted SHE nulei. Charateristi groups of events are marked inpanel a) and b). For more detailed disussion of the �gure see text. 87



5. Superheavy elements studies at TAMU
2000

4000

IC1

am
p

lit
u

d
e 

[c
h

]

IC2

SHE can

IC3

didate 1

IC4

2 4 6

2000

4000
IC5

P
u

ls
e

2 4 6

IC6

FADC
2 4 6

IC7

s]µTime [
2 4 6

IC8

Figure 5.16.: Pulse shapes iCalibrated positions of heavy ions deteted by the PPPAC detetor.The �gure wan onseutive segments of the ionization hamber (IC-8). Thik blakline represents pulse shape of the SHE andidate no. 1 from �g. 5.15. Foromparison, pulse shapes of 10 randomly hosen events from the blue ontour of�g. 5.15 are shown. They orrespond to the beam-like ions (Au-like) - one olourmarks the pulse shape of one Au-like nuleus.only three events loated in the SHE region. From the empirial extrapolation toatomi numbers higher than Z=92 [68℄ (SRIM alulation applied) one an estimatethat those three superheavy andidates should have atomi numbers in the range ofZ=100-110.Now, the SHE andidates will be analyzed in more details. First of all, one shouldexamine the pulse shapes reorded by �ash ADC (FADC) from di�erent segmentsof the IC-8 for those three ases. These pulses, for all segments of the ionizationhamber, are presented in �gs. 5.16, 5.17 and 5.18 as thik blak lines. The amplitudeof the pulses is dereasing in the onseutive setions of the IC hamber to beomelose to zero in the last segment. These andidates are pratially stopped in thehamber. For omparison, the pulse shape behaviour of the beam-like ions is alsoshown in the �gure. I have drawn the pulse shapes of 10 ions that were randomlyhosen from two di�erent energy loss regions of the beam-like partiles. In the aseof andidates 1 and 2 (�gs. 5.16, 5.17) the region that was taken to get the pulseshapes of the Au-like nulei is marked as a blue ontour in �g. 5.15. In the ase ofthe SHE andidate no. 3 (�g. 5.18) this region was seleted by the green ontourof that �gure. An important observation an be made. We see that the andidateslose their energy in the ionization hamber muh faster than the Au ions and theirpulse shape amplitude in the �rst segments of the IC-8 is muh higher than this ofthe Au ions. It means one an rather exlude the possibility that those andidatesare a result of mixed events. Suh a mixing ould emerge if the beam-like ion, fromthe orresponding energy loss region (ontour blue or green), is deteted in the IC-888
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• pulse shapes distribution in the IC-8 is very di�erent from that of the beam-like90



5.6. Further analysis and future of the Texas A&M experimentsions: muh higher amplitude in the �rst segments of the IC and the dereaserate is also muh higher than those of beam-like ions,
• measured veloities between PPPAC-GPPAC and between GPPAC-MWPCare onsistent with the detetion of a single ion in the event ,
• the FWHM of the pulse shape is also onsistent with the hypotheses that asingle ion was deteted in eah of those three events beause the beam-likepartiles have very similar FWHM as one an see from �gs. 5.16-5.18.The next setion will summarize the present status of that experiment and will givesome ideas on the future of that ollaboration.5.6. Further analysis and future of the Texas A&MexperimentsIt should be stressed that the results presented in the last few setions (experiment

Au + Th) are preliminary. Data analysis is still in progress, espeially as we wantto determine with better preision the atomi number (Z) of deteted elements thatare heavier than Au nulei. To perform this, new extrapolation method, proposedby one of the member group, [68℄ will be applied. With this new method one expetsto obtain the estimation of Z for deteted heavy ions with the auray of ±3 Z.It has also to be mentioned that only part of the available data were used in theanalysis that aimed to �nd andidates for very heavy elements. This is beause thesignal gains from some detetors (e.g. IC-8) of the experimental setup were notonstant during the whole experiment. In the next step we have to hek arefullythese gains over all runs and renormalize them to one ommon gain for eah of theIC-8 segments before all data an be used in searh for other andidates of superheavyelements.Another point onerns heavy ions time of �ight (ToFIM ) alibration for the de-tetor pair: IPPAC and MWPC. The IPPAC is situated just before the BigSol �lter.Beause of this, part of the heavy ion trajetory along the distane from the IPPACto the end of BigSol is not straightforward. The heavy ion passes through the mag-neti �led of the BigSol along a spiral trajetory. To obtain the real distane traveledby the heavy ion from the IPPAC to the MWPC alulations are needed that takeinto aount the geometry of the BigSol magneti �eld. With the long base of ≃ 6m, o�ered by these two detetors, it will be possible to signi�antly inrease theauray of the measurements of one of the key variables in this experiment. This isthe veloity of the heavy reation produt.Besides, further data analysis will take into aount proessing of signals from theFADCs that were onneted to the time of �ight detetors: MWPC, GPPAC andPPPAC4 . This analysis may re�ne the rejetion proedure for the pileup eventswhih is one of the main onern in our measurement.This researh is planned to be ontinued at the Texas A&M University. Theemphasis will be plaed on a more aurate alibration of heavy ion energy losses4These �ash ADCs were applied in the later stage of the experiment, but the statistis olletedwhile they were working is still reasonable - it is several millions of events. 91



5. Superheavy elements studies at TAMUin the ionization hamber (IC-8). Therefore, U diret beams with a wider range ofenergy beams will be used. We will further work to improve the detetion setup toeliminate more preisely double hit events. One an also expet to ahieve a lowerbakground and to use, instead of YAP detetors, the silion position detetor toeventually observe radioative deay (α or SF ) of the implanted SHE.We also plan to onfront the data with a model that is presently being developedin the HMDF of the M. Smoluhowski Institute of Physis. We expet that theomparison of the present data with the model preditions will help us to optimizethe beam energy of Au ions in future measurements. These alulations an alsoenvisage new reations to produe the SHE elements with the present method (�ssionof target and subsequent fusion of one of fragments with beam ion).In summary, we isolated three well doumented events that an be assigned tothe prodution of nulei with the atomi number in the range of Z=100-110 witha ross setion on the level of nb. This is an important result as it shows that ourexperimental apparatus is apable to isolate and detet very heavy nulei when theyare produed.
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6. Summary and disussionThe objetive for the SHE studies is to disover the island of nulear stability whatwill on�rm the new magi numbers in the struture of the nulei.In this work two types of experimental approah in superheavy element searh weredesribed and the results of these experiments were presented. In the �rst approah,the experimental searh for SHE uses α-deay hains and/or spontaneous �ssionfrom radioative superheavy residues implanted in the X-Y position Si detetors tounambiguously identify the atomi and mass number of the nuleus. This tehnique,as was shown in the work, ensures the proper identi�ation of SHE. The drawbakof suh an approah is the extremely low fusion ross setion for the prodution ofsuperheavy nulei. The last disovery of Z=118 estimates the fusion ross setionon the level of 0.2 pb. On the other hand, the TAMU program for SHE produtionis based on the innovative idea whih assumes that one of the �ssion fragments ofa �ssile target an be a very attrative partner for the beam nuleus and an bothform a super- or hyper-heavy system. Although the ross setion for suh a proessis not known it an turn out that this phenomena an be more probable than theold/hot fusion proesses used to produe SHE elements so far. In suh a ase thistehnique an hange the experimental progress on SHE disoveries. This tehniqueis a new one and requires further improvements of the detetion setup. The analysisof the data from the latest September 2006 experiment is still in progress.In the �rst experimental approah to reah the region of more stable (island ofstability) superheavy nulei it is neessary to obtain neutron rih beams or neutronreah targets. What is more, due to a very low ross setion for SHE prodution byfusion, suh radioative beams should have intensities omparable to presently aes-sible beams of stable nulei. In the TAMU experiments we do not need radioativeneutron reah beams. One an say that in this method �Nature deides and delivers,in the ollision of beam nuleus with target nuleus, the most optimal on�guration�ssion fragment - the beam nuleus to form the SHE�.Presently, several laboratories have begun to build radioative high intensity beams.One suh projet is SPIRAL2 at the GANIL enter. For this projet a new linearaelerator LINAG is being onstruted. This aelerator will not only deliver sta-bles beams of light ions for radioative beams, but also beams of heavy stable ions.These beams will have an extremely high intensity, for ertain ions this intensity willbe a fator 100 higher than presently aessible. Suh high intensities will provide aunique possibility for a more detailed study of presently disovered SHE. The newdediated, for working with LINAG, Super Separator Spetrometer (S3) is expetedto ontinue the study of SHE properties. This spetrometer is planned to possessextremely good parameters suh as the rejetion ratio and fousing of reation prod-uts. The S3 should start to operate in 2011-12. 93



6. Summary and disussion6.1. AknowledgementsI would like to thanks all my ollaborators with whom I had worked during therealisation of this projet. Among them I should mention professor Jean Petér fromLPC-ISMRA Caen for his ontinues support in all matters onerning the onstruteddetetors and his hospitality during my stays at LPC-ISMRA. I would also like toextend my gratitude to professor Zbigniew Majka who was one of the �rst personthat appreiated the new experimental approah in the SHE quest and enabled meto take an ative part in the experiments based on this method. His support indetetor onstrution is also very muh appreiated. My appreiation for the group ofprofessor Joseph B. Natowitz from the Cylotron Institute of Texas A&M Universityis espeially great. During the SHE experiments, I had an opportunity to work withphysiists of this group and they presented the highest level of professionalism anda lot of invention to always �nd a way (e.g. modifying eletronis, detetion setup)to improve the quality of the olleted data while attaking not easy problem that isthe SHE prodution. To dotor Zbigniew Sosin goes my speial thanks for the manyyears we have worked together and for his reativity and ideas whih have alwaysimpressed me very muh. I also wish to thank the management of the LPC-ISMRAlaboratory. Last but not least I would like to thank the engineers, Mr. MarekAdamzyk, and Mr. Tadeusz Barzyk, for their e�orts and tremendous work duringthe onstrution of the detetors and the eletronis whih were dediated to theseexperiments.This work was supported, in part, by the Polish State Committee for Sienti�Researh (KBN), Grant no. PB 3336/H03/2007/32.

94



Bibliography[1℄ E. M. MMillan, P. H. Abelson, Phys. Rev. 57 (1940) 1185.[2℄ G. T. Seaborg, E. M. MMillan, J. W. Kennedy, A. C. Wahl, Phys. Rev. 69(1946) 366.[3℄ W. D. Myers, W. J. �wi�ateki, Nul. Phys. 81 (1966) 1.[4℄ A. Sobizewski, F. A. Gareev, B. N. Kalinkin, Phys. Lett. 22 (1966) 500.[5℄ S. Hofmann et al., Eur. Phys. J. A14 (2002) 147.[6℄ S. Hofmann, G. Münzenberg, Rev. Mod. Phys. 75 (2000) 733.[7℄ H. Hofmann, R. Samhammer, G. Okenfuss, Nul. Phys. A496 (1989) 269.[8℄ S. Hofmann, V. Ninov, F. P. Heβberger, P. Armbruster, H. Fogler, G. Münzen-berg, H.-J. Shött, A. G. Popeko, A. V. Yeremin, A. N. Andreev, S. Saro,R. Janik, M. E. Leino, Z. Phys. A350 (1995) 281.[9℄ S. Hofmann, V. Ninov, F. P. Heβberger, P. Armbruster, H. Fogler, G. Münzen-berg, H.-J. Shött, A. G. Popeko, A. V. Yeremin, S. Saro, R. Janik, M. E. Leino,Z. Phys. A354 (1996) 229.[10℄ Y. Oganessian, Jour. Nul. Rad. Si. 3 (2002) 5.[11℄ Y. Oganessian et al., JINR Preprints and Communiations, Dubna, D7-2002-287, 2002.[12℄ Y. Oganessian et al., LNL Report, Berkeley, UCRL-ID-151619, 2003.[13℄ Y. Oganessian et al., Phys. Rev. C74 (2006) 044602.[14℄ Y. Oganessian et al., Phys. Rev. C63 (2001) 011301R.[15℄ J. Bªoki, Y. Boneh, J. R. Nix, J. Randrup, M. Robel, A. J. Sierk, W. J.�wi�ateki, Ann. Phys. 113 (1978) 330.[16℄ N. V. Antonenko, E. A. Cherepanov, A. K. Nasirov, V. P. Permjakov, V. V.Volkov, Phys. Lett. B319 (1993) 425.[17℄ A. Sobizewski, K. Pomorski, Prog. Part. Nul. Phys. 58 (2007) 292.[18℄ G. Münzenberg, S. Hofmann, H. Folger, F. P. Heβberger, J. Keller, K. Pop-pensieker, B. Quint, W. Reisdorf, K. H. Shmidt, H. J. Shött, P. Armbruster,M. E. Leino, R. Hingmann, Z. Phys. A322 (1985) 227. 95



Bibliography[19℄ G. Münzenberg, P. Armbruster, G. Berthes, H. Folger, F. P. Heβberger, S. Hof-mann, J. Keller, K. Poppensieker, B. Quint, W. Reisdorf, K. H. Shmidt, H. J.Shött, K. Summerer, I. Zyhor, M. E. Leino, R. Hingmann, U. Gollerthan,E. Hanelt, Z. Phys. A328 (1987) 49.[20℄ N. Bohr, J. Wheeler, Phys. Rev. 56 (1939) 426.[21℄ S. Bjornholm, J. Linn, Rev. Mod. Phys. 62 (1980) 725.[22℄ Y. T. Oganessian, A. G. Demin, A. S. Iljinov, S. P. Tretyakova, A. A. Pleve,Y. E. Penionzhkevih, V. P. Ivanov, Y. P. Tretyakov, Nul. Phys. A239 (1975)157.[23℄ V. M. Strutinsky, Nul. Phys. A95 (1967) 420.[24℄ V. M. Strutinsky, Nul. Phys. A122 (1968) 1.[25℄ M. Brak, J. Damgaarda, A. S. Jensen, H. C. Pauli, V. M. Strutinsky, C. Y.Wong, Rev. Mod. Phys. 44 (1972) 320.[26℄ Z. Patyk, A. Sobizewski, Nul. Phys. A533 (1991) 132.[27℄ R. Smola«zuk, Phys. Rev. C56 (1997) 812.[28℄ P. Möller, J. R. Nix, J. Phys. G20 (1994) 1681.[29℄ in: W. Greiner, R. K. Gupta (Eds.), Heavy Elements and Related New Phe-nomena, World Sienti�, Singapore, 1999, p. 1 Part I.[30℄ Y. T. Oganessian, Leture Notes in Physis 33 (1974) 221, Springer, Heidelberg.[31℄ M. Nurmia, I. Sikkeland, R. Silva, A. Ghiorso, Phys. Lett. B26 (1967) 78.[32℄ Y. Oganessian, Manne Siegbahn Memorial Leture given on 12 Otober 1999 inStokholm .[33℄ F. P. Heβberger, G. Münzenberg, S. Hofmann, W. Reisdorf, K. H. Shmidt,H. J. Shött, P. Armbruster, R. Hingmann, B. Thuma, D. Vermeulen, Z. Phys.A321 (1985) 317.[34℄ P. Armbruster, Ann. Rev. Nul. Part. Si. 35 (1985) 135.[35℄ G. Münzenberg, Rep. Progr. Phys. 51 (1988) 57.[36℄ W. J. �wi�ateki, Nul. Phys. A376 (1982) 275.[37℄ J. Bªoki, H. Feldmayer, W. J. �wi�ateki, Nul. Phys. A459 (1986) 145.[38℄ A. V. Yeremin, A. N. Andreyev, D. D. Bogdanov, V. I. Chepigin, V. A. Gor-shkov, A. I. Ivanenko, A. P. Kabahenko, L. A. Rubinskaya, E. M. Smirnova,S. V. Stepantsov, E. N. Voronkov, M. Terakopian, Nul. Instrum. Meth. A274(1989) 528.[39℄ J. Péter, Eur. Phys. J. A 22 (2004) 271.96



Bibliography[40℄ S. Grévy, for FULIS ollaboration: N. Alamanos, N. Amar, J. C. Angélique,R. Anne, G. Auger, F. Beker, R. Dayras, A. Drouart, J. . M. Fontbonne,A. Gillibert, D. Guerreau, F. Hanappe, R. Hue, A. S. Lalleman, T. Legou,R. Lihtenthäler, E. Liénard, W. Mittig, F. D. Oliveira, N. Orr, G. Politi,Z. Sosin, M. G. Saint-Laurent, J. C. Stekmeyer, C. Stodel, J. Tillier, R. de Tour-reil, A. C. C. Villari, J. P. Wielezko, A. Wieloh, Jour. Nul. Rad. Si. 3 (1)(2002) 9.[41℄ C. Stodel, N. Alamanos, N. Amar, J. C. Angélique, R. Anne, G. Auger, J. M.Casandjian, R. Dayras, A. Drouart, J. M. Fontbonne, A. Gillibert, S. Grévy,D. Guerreau, F. Hanappe, R. Hue, A. S. Lalleman, N. Leesne, T. Legou,M. Lewitowiz, R. Lihtenthaler, E. Lienard, L. Maunoury, W. Mittig, N. Orr,J. Péter, E. Plagnol, G. Politi, M. G. Saint-Laurent, J. C. Stekmeyer, J. Tillier,R. de Tourreil, A. C. C. Villari, J. P. Wielezko, A. Wieloh, in: Amerian In-stitute of Physis Conferene Proeedings, Vol. 561, 2001, p. 344.[42℄ F. Méot, S. Valéro, Simulation ode zgouby., SATURNE Note LNS/GT93-12.[43℄ V. Ninov, K. E. Gregorih, W. Loveland, A. Ghiorso, D. C. Ho�man, D. M. Lee,H. Nitshe, W. J. �wi�ateki, U. W. Kirbah, C. A. Laue, J. L. Adams, J. B.Patin, D. A. Shaughnessy, D. A. Strellis, P. A. Wilk, Phys. Rev. Lett. 83 (1999)1104.[44℄ S. Hofmann, in: B. Rubio, M. Lozano, W. Gelletly (Eds.), Int. Conf. Exper-imental Nulear Physis in Europe Faing the Next Millenium, Vol. 495, AIPConferene Proeedings, Sevilla, Spain, 1999, pp. 137�144.[45℄ V. Ninov, K. E. Gregorih, W. Loveland, A. Ghiorso, D. C. Ho�man, D. M. Lee,H. Nitshe, W. J. �wi�ateki, U. W. Kirbah, C. A. Laue, J. L. Adams, J. B.Patin, D. A. Shaughnessy, D. A. Strellis, P. A. Wilk, Phys. Rev. Lett. 89 (2002)039901.[46℄ C. Stodel, R. Anne, G. Auger, B. Bouriquet, J. M. Casandjian, R. Cee, G. D.Frane, F. D. Santos, R. D. Tourreil, A. Khouaja, A. Péghaire, M. G. Saint-Laurent, A. C. C. Villari, J. P. Wielezko, N. Amar, S. Grévy, J. Peter,R. Dayras, A. Drouart, A. Gillibert, C. Theisen, A. Chatillon, E. Clement,K. �ojek, Z. Sosin, A. Wieloh, K. Haushild, F. Hannahi, A. Lopez-Martens,L. Stuttge, F. P. Hessberger, S. Hofmann, R. Lihtenthäler, F. Hanappe, in:Y. Penionzhkievih, E. Cherepanov (Eds.), Pro. Int. Symp. on Exoti Nu-lei, EXON2004,5-12 July, 2004, World Sienti�, EXON, Peterhof, Russia,http://www.jinr.ru/exon2006/exon2004.pdf, 2005, p. 180.[47℄ S. Hofmann et al., Nul. Phys. A734 (2004) 93.[48℄ A. Wieloh, Z. Sosin, J. Péter, K. �ojek, N. Alamanos, N. Amar, R. Anne, J. C.Angélique, G. Auger, R. Dayras, A. Drouart, J. M. Fontbonne, A. Gillibert,S. Grévy, F. Hanappe, F. Hannahi, R. Hue, A. Khouaja, T. Legou, A. Lopez-Martens, E. Liénard, L. Mandui, F. de Oliveira Santos, N. Orr, G. Politi, M. G.Saint-Laurent, C. Stodel, L. Stuttg, J. Tillier, R. de Tourreil, A. C. C. Villari,J. P. Wielezko, Nul. Inst. Meth. A517 (2004) 364, FULIS Collaboration. 97



Bibliography[49℄ W. Morawek et al., Z. Phys. A341 (1991) 75.[50℄ S. K. Patra et al., Nul. Phys. A651 (1999) 117.[51℄ V. S. Nikolaev, I. S. Dimitriev, Phys. Lett. 28A (1968) 277.[52℄ K. Shima et al., Phys. Rev. A40 (1989) 3557.[53℄ K. Shima et al., At. Data and Nul. Data Tables 51.[54℄ R. N. Sagaiduk, A. V. Yeremin, Nul. Ins. Meth. B93 (1994) 103.[55℄ J. Péter, N. Alamanos, N. Amar, J. C. Angelique, R. Anne, G. Auger, F. Beker,R. Dayras, A. Drouart, J. M. Fontbonne, A. Gillibert, S. Grevy, D. Guer-reau, F. Hanappe, R. Hue, R. Lalleman, N. Leesne, T. Legou, M. Lewitow-iz, R. Lihtenthaler, E. Lienard, W. Mittig, F. D. Oliveira, N. Orr, G. Politi,Z. Sosin, M. G. Saint-Laurent, J. C. Stekmeyer, C. Stodel, J. Tillier, R. D.Tourreil, A. C. C. Villari, J. P. Wielezko, A. Wieloh, in: G. Fazio, G. Giar-dina, F. Hanappe, G. Imme, N. Rowley (Eds.), Nulear Physis et Border Lines,World Sienti�, Lipari (Italy), 2002, pp. 257�266.[56℄ Z. Sosin, A. Wieloh, J. Peter et al., Gas-Sintillation ounter for detetion ofSHE elements. in preparation.[57℄ K. H. Shmidt, Eur. Phys. J. A8 (2000) 141.[58℄ K. H. Shmidt, C. C. Sahm, K. Pielenz, H. G. Cler, Z. Phys. A316 (1984) 19.[59℄ Y. Oganessian et al., Phys. Rev. C69 (2004) 021601.[60℄ T. Materna, S. Kowalski, K. Hagel, J. B. Natowitz, G. A. Souliotis, R. Wada,J. Wang, A. S. Botvina, S. Moretto, D. Fabris, M. Lunardon, S. Pesente,V. Rizzi, G. Viesti, M. Barbui, M. Cinausero, G. Prete, F. Behetti, H. Gri�n,H. Jiang, T. O'Donnel, Z. Majka, in: Progress in Researh April 1, 2003-Marh31, 2004, Cylotron Institute Sta�, Texas A&M University, College Station, TX77843-3366, 2004, pp. II�17, http://ylotron.tamu.edu/publiations.html.[61℄ G. A. Souliotis, G. J. Derrig, G. J. Kim, F. P. Abegglen, G. Chubarian, K. Hagel,R. Wada, J. Natowitz, G. Prete, G. Viesti, A. Kekis, D. Shetty, M. Veselsky,S. J. Yennello, in: Progress Reports April 1, 2001-Marh 31, 2002, CylotronInstitute Sta�, Texas A&M University, College Station, TX 77843-3366, 2002,pp. V�19, http://ylotron.tamu.edu/publiations.html.[62℄ M. Barbui, M. Cinausero, G. Prete, V. Rizzi, D. Fabris, M. Lunardon,S. Moretto, G. Nebbia, S. Pesente, G. Viesti, J. B. Natowitz, K. Hagel, G. S. B.Stein, T. Materna, S. Kowalski, L. Qin, R. Wada, J. Wang, G. Chubaryan, in:Annual Report, LNL-INFN (REP)-202/2004, ISBN 88-7337-004-7, 2003, pp. 32,http://www.lnl.infn.it/�annrep/read_an/2003/ontrib_2003/pdfs/A076S.pdf.[63℄ M. Moszy«ski et al., Methods Phys. Res. A404 (1998) 159.[64℄ J. Colin, D. Cussol, J. Normand et al., Dynamial e�ets in multifragmentationat intermediate energies., nul-ex/0304012, INDRA ollaboration.98



Bibliography[65℄ J. F. Ziegler, J. P. Biersak, U. Littmark, The Stooping and Range of Ions inSolids., Vol. 1, Pergamon Press, 1985.[66℄ J. F. Ziegler, Partile Interations with Matter, http://www.srim.org.[67℄ F. Hubert et al., Nul. Inst. Meth. B36 (1989) 357.[68℄ P. Sahu, J. B. Natowitz, Private ommuniation .[69℄ G. T. Seaborg, R. A. James, L. O. Morgan, U. S. Departament of Energy Reportno. AECD-2185, 1948.[70℄ G. T. Seaborg, R. A. James, A. Ghiorso, U. S. Departament of Energy Reportno. AECD-2182, 1948.[71℄ S. G. Thompson, A. Ghiorso, G. T. Seaborg, Phys. Rev. 77 (1950) 838.[72℄ S. G. Thompson, A. Ghiorso, G. T. Seaborg, Phys. Rev. 80 (1950) 781.[73℄ S. G. Thompson, J. Street, A. Ghiorso, G. T. Seaborg, Phys. Rev. 78 (1950)298.[74℄ S. G. Thompson, J. Street, A. Ghiorso, G. T. Seaborg, Phys. Rev. 78 (1950)790.[75℄ A. Ghiorso, B. G. Harvey, G. R. Choppin, S. G. Thompson, G. T. Seaborg,Phys. Rev. 99 (1955) 1048.[76℄ A. Ghiorso, B. G. Harvey, G. R. Choppin, S. G. Thompson, G. T. Seaborg,Phys. Rev. 98 (1955) 1548.[77℄ A. Ghiorso, T. Sikkeland, J. R. Walton, G. T. Seaborg, Phys. Rev. Lett. 1 (1958)18.[78℄ P. R. Fields et al., Phys. Rev. 107 (1957) 1460.[79℄ A. Ghiorso, T. Sikkeland, A. E. Larsh, R. M. Latimer, Phys. Rev. Lett. 6 (1961)473.[80℄ G. N. Flerov et al., Phys. Lett. 13 (1964) 73.[81℄ A. Ghiorso, M. Nurmia, J. A. Harris, K. A. Eskola, P. L. Eskola, Phys. Rev.Lett. 22 (1969) 1317.[82℄ A. Ghiorso, M. Nurmia, K. A. Eskola, J. A. Harris, P. L. Eskola, Phys. Rev.Lett. 24 (1970) 1498.[83℄ G. N. Flerov, Y. T. Oganessian, Y. V. Lobanov, , Y. A. Lazarev, S. P.Tretyakova, I. V. Kolesov, V. M. Plotko, Atomnaya Energiya 29 (1970) 243.[84℄ V. A. Druin, A. G. Demin, Y. P. Kharitonov, G. N. Akap'ev, V. I. Rud, G. Y.Sung-Chin-Yang, L. P. Chelnokov, K. A. Gavrilov, Yad. Fiz. 13 (1971) 251.[85℄ A. Ghiorso, J. M. Nitshke, J. R. Alonso, C. T. Alonso, M. Nurmia, G. T.Seaborg, E. K. Hulet, R. W. Longhead, Phys. Rev. Lett. 33 (1974) 1490. 99



Bibliography[86℄ Y. T. Oganessian, Y. P. Tretyakov, A. S. Il'inov, A. G. Demin, A. A. Pleve,S. P. Tretyakova, V. M. Plofko, M. P. Ivanov, N. A. Danilov, Y. S. Korotkin,G. N. Flerov, Pism. Zh. Eksp. Teor. Fiz. 20 (1974) 580.[87℄ G. Münzenberg, S. Hofmann, F. P. Heβberger, W. Reisdorf, K. H. Shmidt,J. H. R. Shneider, P. Armbruster, C. C. Sahm, B. Thuma, Z. Phys. A300(1981) 107.[88℄ Y. T. Oganessian, A. G. Demin, N. A. Danilov, G. N. Flerov, M. P. Ivanov,A. S. Iljinov, N. N. Kolesnikov, B. N. Markov, V. M. Plotko, S. P. Tretyakova,Nul. Phys. A273 (1976) 505.[89℄ G. Münzenberg, P. Armbruster, H. Folger, F. P. Heβberger, S. Hofmann,J. Keller, K. Poppensieker, W. Reisdorf, K. H. Shmidt, H. J. Shott, M. Leino,R. Hingman, Z. Phys. 317 (1984) 235.[90℄ Y. T. Oganessian, A. G. Demin, M. Husonnois, S. P. Tretyakova, Y. P.Kharitonov, V. K. Utyonkov, I. V. Shirokovsky, O. Constantinesu, H. Bruhert-seifer, Y. S. Korotkin, Z. Phys. A319 (1984) 215.[91℄ G. Münzenberg, W. Reisdorf, S. Hofmann, Y. K. Agarwal, F. P. Heβberger,K. Poppensieker, J. R. H. Shneider, W. F. W. Shneider, K. H. Shmidt, H. J.Shott, P. Armbruster, C. C. Sahm, D. Vermeulen, Z. Phys. 315 (1984) 145.[92℄ S. Hofmann, V. Ninov, F. P. Heβberger, P. Armbruster, H. Fogler, G. Münzen-berg, H.-J. Shött, A. G. Popeko, A. V. Yeremin, A. N. Andreev, S. Saro,R. Janik, M. E. Leino, Z. Phys. A350 (1995) 277.[93℄ K. Morita, K. Morimoto, D. Kaji, H. Haba, E. Ideguhi, J. Peter, R. Kanungo,K. Katori, H. Koura, H. Kudo, T. Ohnishi, T. S. A. Ozawa, K. Sueki, I. Tani-hata, H. Xu, A. V. Yeremin, A. Yoneda, A. Yoshida, Y. L. Zhao, T. Zheng,S. Goto, F. Tokanai, Jour. Phys. So. of Japan 73 (2004) 1738.[94℄ Y. Oganessian et al., Nature 400 (1999) 242.

100



A. Appendix

101



A. Appendix
Table A.1.: Table presents disoveries, starting from 1940, in the arti�ial SHE elements produ-tion from Z=93 to Z=118. Continued in table A.2.Z S. Disoverer Laboratory Date Reation ref. Comment93 Np M.MMillanet al. Berkeley,USA 1940 238U(n,β)239Np [1℄94 Pu G. Seaborget al. Berkeley,USA 1941 238U+2H→

238Np+2n→238Pu
[2℄95 Am G. Seaborget al. Chiago,USA 1944 239Pu+2n→

241Pu →
241Am

[69℄96 Cm G. Seaborget al. Berkeley,USA 1944 239Pu+4He→
242Cm+n [70℄97 Bk S.Thompsonet al. Berkeley,USA 1949 241Am+4He→
243Bk+2n [71,72℄98 Cf S.Thompsonet al. Berkeley,USA 1950 242Cm+4He→
245Cf+1n [73,74℄99 Es A. Ghiorsoet al. Argonne,LosAlamos,Berkeley,USA 1952 many neutronapture by 238Uand beta deay [75℄ debris of the"Mike"hydrogenbomb test.100 Fm -//- -//- 1952 -//- [75℄ -//-101 Md A. Ghiorsoet al. Berkeley,USA 1955 253Es+4He→
246Md+1n [76℄ identi�ationone-atom-at-a-timebasis.102 No A. Ghiorsoet al. Berkeley,USA 1958 246Cm+12C→

254No+4n [77℄ moreompleteidenti�ationthan Dubna102 No P. Fields etal. Nobel Inst.,Sweden 1957 246Cm+13C→

255No+4n [78℄103 Lr A. Ghiorsoet al. Berkeley,USA 1961 249,250,251,252Cf+
10,11B→

258Lr+xn [79℄104 Rf G. Flerovet al. JINR,SovietUnion 1964 242Pu+22Ne→
260Rf+4n [80℄104 Rf A. Ghiorsoet al. Berkeley,USA 1969 249Cf+12,13C→

257,259Rf+4,3n [81℄ moreompleteidenti�ation105 Db A. Ghiorsoet al. Berkeley,USA 1970 249Cf+15N→

260Db+4n [82℄ shared withDubna105 Db G. Flerovet al. JINR,SovietUnion 1967 243Am+22Ne→
260,261Db+4,3n [83,84℄ shared withBerkeley102



Table A.2.: Continuation of table A.1.Z S. Disoverer Laboratory Date Reation ref. Comment106 Sg A. Ghiorsoet al. Berkeley,USA 1974 249Cf+18O→

263Sg+4n [85℄ priority forBerkeley106 Sg Yu.Oganessianet al. JINR,SovietUnion 1974 208Pb+54Cr→
260Sg+2n [86℄107 Bh G.Munzenberget al. GSI, Ger-many 1981 209Bi+54Cr→
262Bh+n [87℄ priority forDarmstadt107 Bh Yu.Oganessianet al. JINR,SovietUnion 1976 209Bi+54Cr→
261Bh+2n [88℄ notonvining108 Hs G.Munzenberget al. GSI, Ger-many 1984 208Pb+58Fe→
265Hs+n [89℄ Gsi getspriority108 Hs Yu.Oganessianet al. JINR,SovietUnion 1984 208Pb+58Fe→
264Hs+2n [90℄109 Mt G.Munzenberget al. GSI, Ger-many 1982 209Bi+58Fe→
266Mt+n [91℄110 Ds S. Hofmannet al. Gsi, Ger-many 1994 208Pb+62Ni→
269Ds+n [92℄111 Rg S. Hofmannet al. Gsi, Ger-many 1994 209Bi+64Ni→
272Rg+n [8℄ on�rmedK. Moritaet al. [93℄112 S. Hofmannet al. Gsi, Ger-many 1996 208Pb+70Zn→
277112+n [9℄113 Yu.Oganessianet al. JINR, Rus-sia 2004 243Am+48Ca→
288115+3n,
288115(α)284113 [59℄114 Yu.Oganessianet al. JINR, Rus-sia 1998 244Pu+48Ca→
289114+3n [94℄115 Yu.Oganessianet al. JINR, Rus-sia 2004 243Am+48Ca→
288115+3n [59℄116 Yu.Oganessianet al. JINR, Rus-sia 2000 248Cm+48Ca→
292116+4n [14℄117 not disov-ered yet.118 Yu.Oganessianet al. JINR, Rus-sia 2002 249Cf+48Ca→
294118+3n [11,12,13℄ 103



A. Appendix
Table A.3.: Deteted residues and orresponding alpha deay hains. The α2 from the energyrange [6.50, 6.67℄ MeV of �g. 3.7 (upper left part) was taken to �nd the rest of thehain. Identi�ed α-radioative emitter is 212Ac. Reation Cr + Ho.No. Eion(MeV ) Eα1(MeV ) Eα2(MeV ) tion − tα1(s) tα1 − tα2(s)1 16.03 7.38 6.52 1.7573 83.18062 8.85 7.32 6.55 1.7015 4.69173 17.34 7.30 6.57 1.1796 70.29094 16.59 7.36 6.57 0.3049 190.4405 17.95 7.35 6.56 .5405 91.28816 10.23 7.26 6.56 4.1223 44.24267 13.85 7.33 6.56 2.233.4 65.67068 23.06 7.31 6.57 1.720 13.16489 23.24 7.20 6.58 1.1833 3.027410 17.14 7.34 6.59 1.0476 25.171811 20.16 7.26 6.59 0.0339 133.73512 16.43 7.25 6.60 0.8509 48.667413 14.68 7.33 6.61 0.6775 74.966814 12.42 7.36 6.61 0.3059 109.53215 16.44 7.33 6.61 3.4301 2.630416 12.46 7.33 6.61 .1552 11.376817 17.49 7.32 6.61 1.1734 71.549818 14.06 7.38 6.61 2.3177 124.244... ... ... ... ... ...28 11.62 7.34 6.62 .4757 33.54929 22.37 7.40 6.62 .582 72.597830 15.29 7.32 6.63 .6439 184.86131 21.92 7.32 6.63 .3308 47.277532 14.58 7.31 6.63 1.6887 6.591633 15.34 7.30 6.65 .1917 161.58034 14.16 7.33 6.66 3.0437 5.019435 19.37 7.31 6.66 .6941 62.543436 12.96 7.35 6.66 1.9697 12.162237 14.51 7.34 6.66 .3188 62.09838 9.81 7.37 6.67 .492 9.356839 13.28 7.33 6.67 .313 31.70104



Table A.4.: Deteted residues and the orresponding alpha deay hains. The α2 from the energyrange [6.68, 6.80℄ MeV of �g. 3.7 (upper left part) was taken to �nd the rest of thehain. Identi�ed α-radioative emitter is 211Ac. Reation Cr + Ho.No. Eion(MeV ) Eα1(MeV ) Eα2(MeV ) tion − tα1(s) tα1 − tα2(s)1 16.51 7.47 6.68 1.3002 47.102 14.18 7.41 6.69 1.390 47.043 13.45 7.41 6.71 0.1431 15.354 17.41 7.32 6.71 0.0000 23.465 14.68 7.43 6.71 0.0291 6.526 15.14 7.45 6.74 1.1537 5.037 13.92 7.42 6.74 0.1882 0.028 22.33 7.43 6.77 0.4152 15.129 16.83 7.54 6.78 0.5713 15.44Table A.5.: Deteted residues and the orresponding alpha deay hains. The α2 from the energyrange [6.81, 6.94℄ MeV of �g. 3.7 (upper left part) was taken to �nd the rest of thehain. Identi�ed α-radioative emitter is 215Th. Reation Cr + Ho.No. Eion(MeV ) Eα1(MeV ) Eα2(MeV ) tion − tα1(s) tα1 − tα2(s)1 11.91 7.43 6.81 0.9076 0.062 14.52 7.48 6.85 2.4493 2.793 12.28 7.36 6.86 1.8834 104.204 16.16 7.31 6.87 2.5213 50.435 18.46 7.45 6.87 2.6287 0.826 12.08 7.47 6.87 1.7759 18.787 13.43 7.44 6.90 1.0257 20.908 15.31 7.46 6.94 0.9604 13.49Table A.6.: Deteted residues and the orresponding alpha hains. The α2 from the energy range[6.81, 6.94℄ MeV of �g. 3.7 (upper left part) was taken to �nd the rest of the hain.Identi�ed α-radioative emitter is 216Th. Reation Cr + Ho.No. Eion(MeV ) Eα1(MeV ) Eα2(MeV ) tion − tα1(s) tα1 − tα2(s)1 16.21 7.86 6.83 0.0034 17.432 15.94 7.94 6.85 0.1458 4.293 17.85 7.92 6.86 0.016 48.73 105



A. AppendixTable A.7.: Deteted residue and its alpha deay hain. The α2 from the energy range [7.30, 7.50℄
MeV of �g. 3.7 (upper left part) was taken to �nd the rest of the hain. Identi�ed
α-radioative emitter is 216Pa. Reation Cr + Ho.No. Eion(MeV ) Eα1(MeV ) Eα2(MeV ) tion − tα1(s) tα1 − tα2(s)1 17.27 7.81 7.37 0.2283 0.35Table A.8.: Deteted residues and orresponding alpha deay hains. The α2 from the energyrange [7.30, 7.50℄ MeV of �g. 3.7 (upper left part) was taken to �nd the rest of thehain. Identi�ed α-radioative emitter is 214Pa/215Pa. Reation Cr + Ho.No. Eion(MeV ) Eα1(MeV ) Eα2(MeV ) tion − tα1(s) tα1 − tα2(s)1 13.85 8.03 7.40 0.0002 0.262 14.15 8.12 7.46 0.0068 0.24Table A.9.: To �nd this hain an α2 was taken in the energy range [6.0, 6.15℄ MeV (�g. 3.7,upper right part). The hain is identi�ed as a result of α-radioative deay of 203Rnnulei. Reation Cr + Gd.No. Eion(MeV ) Eα1(MeV ) Eα2(MeV ) tion − tα1(s) tα1 − tα2(s)1 12.31 6.57 6.13 50.47 1374.07Table A.10.: To �nd this hain an α2 was taken in the energy range [6.20, 6.33℄ MeV (�g. 3.7,upper right part). The hain is identi�ed as a result of α-radioative deay of

205Fr/206Fr nulei. Reation Cr + Gd.No. Eion(MeV ) Eα1(MeV ) Eα2(MeV ) tion − tα1(s) tα1 − tα2(s)1 10.71 6.83 6.27 3.35 65.55Table A.11.: To �nd this hain an α2 was taken in the energy range [6.35, 6.45℄ MeV (�g. 3.7,upper right part). The hain is identi�ed as a result of α-radioative deay of
208Ra/204Fr nulei. Reation Cr + Gd.No. Eion(MeV ) Eα1(MeV ) Eα2(MeV ) tion − tα1(s) tα1 − tα2(s)1 13.65 7.04 6.36 0.06 112.302 15.13 6.99 6.37 20.52 106.743 16.08 7.07 6.39 4.04 0.644 14.76 7.10 6.40 2.65 128.735 16.40 7.13 6.41 0.85 90.206 12.75 7.05 6.41 1.31 75.317 14.54 7.10 6.47 1.26 2.85106


