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PRODUCTION OF SUPERHEAVY ELEMENTS INCOLD FUSION REACTIONS�V.Yu. Denisova;b and S. HofmannaaGSI�Darmstadt, Plan
kstrasse 1, D-64291 Darmstadt, GermanybInstitute for Nu
lear Resear
hProspe
t Nauki 47, 252028 Kiev, Ukraine y(Re
eived November 9, 1999)In the presented work we make an attempt to des
ribe the 
old fusionrea
tion of the type X + (Pb,Bi) ! SHE + 1n at subbarrier energies.The presented model des
ribes well the available experimental 
ross-se
tiondata and allows for predi
ting 
ross-se
tion values for the synthesis of sofar unknown heavier elements.PACS numbers: 25.60.Je, 25.60.Pj, 25.70.Hi, 25.70.Jj1. Introdu
tionThe synthesis of superheavy elements (SHEs) was and still is an out-standing resear
h obje
t. In two series of experiments the heaviest elementsfrom 107 to 109 and from 110 to 112 were synthesized at GSI in Darmstadtby using 
old fusion [1℄. In 
old fusion, SHEs are synthesized by rea
tions ofthe type X + (Pb, Bi) ! SHE + 1n at subbarrier energies. In the followingse
tion we shortly dis
uss the model for the des
ription of the 
old fusionrea
tion. In Se
tion 3, the obtained results are dis
ussed and 
ompared withthe available experimental data. 2. ModelBe
ause the 
old fusion is observed at energies below the barrier, we
onsider as a �rst step in our model the 
apture pro
ess and the penetra-tion of the fusion barrier (part 1). The formation of a 
ompound nu
leusof a near spheri
al equilibrium shape o

urs after 
apture. A barrier de-velops on the way from the tou
hing 
on�guration of two spheri
al nu
leito the near spheri
al 
ompound-nu
leus shape. The shape evolution and� Presented at the XXVI Mazurian Lakes S
hool of Physi
s, Krzy»e, PolandSeptember 1�11, 1999.y Permanent address. (479)



480 V.Yu. Denisov, S. Hofmannthe transmission through the barrier on the way to the spheri
al or nearspheri
al 
on�guration are dis
ussed in part 2. The last step of the rea
tionis determined by the evaporation of nu
leons and the emission of 
 quantaforming SHEs in the ground-state. These pro
esses are in 
ompetition with�ssion (part 3).1. Various me
hanisms were dis
ussed to explain the phenomenon ofsubbarrier fusion: the ex
itation of low energy states in proje
tile and targetnu
leus, the transfer of nu
leons and other phenomena [2,3℄. It was shownthat the fusion 
ross-se
tion is strongly enhan
ed by the 
oupling to both thelow-energy surfa
e vibrations and the few-nu
leon transfer 
hannels [2,3℄.The model whi
h we apply here for the barrier penetration is dis
ussedin more detail in [3℄. In the following, we present the main features of themodel. It des
ribes well the experimental data of the fusion 
ross-se
tions�fus(E) as well as of the mean angular momenta hL(E)i in the 
ase of lighternu
lei. The enhan
ement of subbarrier penetration due to the 
oupling toboth the low-energy surfa
e ex
itations and the neutron transfer is takeninto a

ount.2. The shape of the fusing system after barrier penetration, i.e. atthe inner turning point, is not mu
h di�erent from that of two spheri
alnu
lei at the tou
hing point. It is elongated, asymmetri
 and la
ed. Fromsu
h a 
on�guration the system develops further into the dire
tion of a nearspheri
al 
ompound nu
leus and later to the ground-state, whi
h 
an bedeformed or spheri
al. We propose that this shape evolution is des
ribed bysmooth redu
tion of the parameters p and q used in the parametrization ofthe shapeR(#) = R(f�g)241 + NXl=2;even p�lYl0(#) + NXl=3;odd q�lYl0(#)35 : (1)The values of p and q are equal to 1 at the tou
hing point of two spheri
al
olliding ions and the deformation parameters �` are �xed at the tou
hingpoint. The values of the deformation parameters of SHEs in the ground-stateare p; q � 0. The parameters p and q (0 � p � 1, 0 � q � 1) are 
onne
tedto the elongation and asymmetry degrees of freedom of the nu
lear shapeduring the formation of the spheri
al 
ompound nu
leus, respe
tively.The potential energy surfa
es for the nu
lei 266Hs and 286114 formed inrea
tions 58Fe, 78Ge + 208Pb, respe
tively, are presented in Fig. 1. Althoughthe shape parametrization (1) is rough at the tou
hing point, it is possibleto study the inner barrier, whi
h has to be bypassed or 
rossed during thepro
ess of sphere formation, as shown in Fig. 1. The ma
ros
opi
 energiesplus shell 
orre
tion energies as fun
tion of the parameters p and q in thedeformation spa
e p�2; q�3; p�4; q�5; :::; q�9 are given.
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Fig. 1. Potential energy surfa
es as fun
tion of the deformation parameters �i forthe 
old fusion rea
tions 58Fe+208Pb!266108 and 78Ge+208Pb!286114. In ea
hgraph the tou
hing 
on�guration of the spheri
al proje
tile and target nu
leusis 
lose to the upper right 
orner and that of the ground-state 
lose to bottomleft. The dashed line is the tunneling traje
tory whi
h is drawn by eye and underassumption that all deformations are monotonously varying during the motion tothe equilibrium 
ompound nu
leus shape.The transmission 
oe�
ient for the barrier penetration during the shapeevolution from the tou
hing proje
tile and target nu
lei to the near spheri
alshape of the 
ompound nu
leus were estimated in the Hill�Wheeler approx-imation for various 
ollision energies E.3. After the �rst two steps of the rea
tion, the transmission throughthe fusion and the inner barrier, a 
ompound nu
leus of atomi
 weight A isformed with equilibrium deformation near spheri
ity and ex
itation energyE�. The dominant de
ay modes of a heavy 
ompound nu
leus at low ex
i-tation energy, as it is the 
ase in 
old fusion, are the evaporation of neutronsand the �ssion. The residue of mass A� 1 after neutron emission may stillbe ex
ited. Again, it may �ssion or 
ool down by emission of 
's. We takeinto a

ount all these pro
esses. In ex
ited nu
lei the �ssion barrier B� isredu
ed due to both the washing out e�e
t of the shell 
orre
tion and the
entrifugal potential. These two e�e
ts are very important for the 
orre
tdes
ription of SHE produ
tion 
ross se
tions.



482 V.Yu. Denisov, S. Hofmann3. Results and dis
ussionOne of the heaviest systems studied experimentally over a wider rangeof ex
itation energy is 58Fe+208Pb !266Hs� [1℄, the data are shown inFig. 2. The experimental data are 
ompared with several modi�
ations ofour model. In the simplest 
ase, using tunneling through a one-dimensionalbarrier and the WKB method, the results strongly underestimate the experi-mental fusion 
ross-se
tions. Better agreement is obtained, when the neutrontransfer 
hannels from lead to iron are taken into a

ount. Similarly, the
ross-se
tions in
rease by in
luding in the 
al
ulations the low-energy 2+ and3� surfa
e vibrational ex
itations of both proje
tile and target. The bestresults are obtained by 
onsidering transfer and vibrations simultaneously.
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(F�P���0H9�Fig. 2. Cal
ulated ex
itation fun
tions for the rea
tions 58Fe + 207;208;210Pb!264;265;267Hs + n. The 
ontinuous 
urve shows the results for the rea
tion 58Fe +208Pb!265Hs + n taking into a

ount both the low-energy 2+ and 3� vibrations and theneutrons transfer 
hannels. The dotted and the dashed 
urve shows the results for 
on-sidering solely the 2+ and 3� vibrations and the neutron transfer 
hannels, respe
tively.The result of the one-dimensional WKB approa
h is shown by the dash-dotted 
urve. Thedata obtained for the rea
tion 58Fe + 207Pb!264Hs + n are represented by (4) and thosefor 58Fe + 210Pb !267Hs + n by (5). In both 
ases only the results in
luding vibrationsand transfer are shown. The relations taking into a

ount the 
hannels separately aresimilar as in the 
ase of 58Fe + 208Pb. The experimental data shown here and in Figs.3�4 are from [1℄.The intrinsi
 barrier on the way from the tou
hing 
on�guration tothe near spheri
al 
ompound nu
leus is 
lose to 6 MeV for the rea
tion58Fe+208Pb !265Hs+n, see Fig. 1. The intrinsi
 barrier is of minor impor-tan
e for the rea
tion 58Fe+208Pb.
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(F�P���0H9�Fig. 3. Cal
ulated ex
itation fun
tions for the rea
tions 62;64Ni + 207;208;210Pb ! 110 +n. The notation for the rea
tions 64Ni + 207;208;210Pb 
orresponds to 58Fe + 207;208;210Pbin Fig. 2. The insert explains the assignment of the rea
tions to the symbols.
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(F�P���0H9�Fig. 4. Cal
ulated ex
itation fun
tions for the rea
tions 74;76;78Ge + 207;208;210Pb ! 114+ n. The insert explains the assignment of the rea
tions to the symbols. All 
urves on theplot in
lude both vibrations and transfer. For these rea
tions the subbarrier enhan
ementis small and, therefore, the values taking into a

ount the individual 
ontributions areonly slightly lower. A redu
tion of the inner barrier by 2 MeV in
reases the 
ross-se
tion
onsiderably, as shown by the two 
urves for the rea
tion 78Ge + 208Pb !285114 + n.



484 V.Yu. Denisov, S. HofmannThe results of the 
al
ulations for rea
tions between the proje
tiles62;64Ni, 74;76;78Ge and a 208Pb target are presented in Figs. 3�4. The highintrinsi
 barrier is very important for these rea
tions. The results of the
al
ulations for rea
tions with the lighter and heavier target isotopes 207Pband 210Pb are also drawn in Figs. 2�4.In 
on
lusion we note that the following rea
tions were analyzed in detail[4℄: (58Fe, 64Ni, 70Zn, 78Ge) + 207Pb, (50Ti, 54Cr, 58Fe, 59Co, 62;64Ni, 65Cu,66;68;70Zn, 71Ga, 74;76;78Ge, 75As, 80;82Se) + 208Pb, (58Fe, 64Ni, 70Zn, 78Ge)+ 210Pb and (50Ti, 54Cr, 58Fe, 64Ni, 70Zn, 78Ge) + 209Bi. The measured
ross-se
tions and the de
rease by about a fa
tor of 3 per element 
ould berather well reprodu
ed. REFERENCES[1℄ G. Münzenberg, Rep. Prog. Phys. 51, 57 (1988); S. Hofmann, Rep. Prog.Phys. 61, 373 (1998).[2℄ M. Be
kerman, Phys. Rep. 129, 145 (1985); Rep. Prog. Phys. 51, 1047 (1988).[3℄ V.Yu. Denisov, Yad. Fiz. 62, 1431 (1999) (for English translation see Phys.At. Nu
l.).[4℄ V.Yu. Denisov, S. Hofmann, submitted for publi
ation.


