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An important question in the production 
of superheavy elements through heavy ion 
collisions has been the choice of the proper 
target and projectile combination11 ( The 
Berkeley group/2~/ has bombarded spherical, 
light projectiles on deformed, heavy tar­
gets, whereas the Dubna group /-i--6/ has used 
spherical or nearly spherical, but relative­
ly heavier projectiles on spherical, heavy 
targets. The production cross sections, ho­
wever, are shown/51 to be very sensitive to 
the choice of the reaction partners. In 
this paper, we propose an answer to this 
question of the optimum choice of the reac­
tion partners on the basis of the theory of 
fragmentation/7-12~ 

The fragmentation theory is already suc­
cessfully applied to the prediction of fis­
sion mass- and charge yields 18 •

111 and to 
the fragmentation process in heavy ion col­
lisions 19-121. In the following we discuss 
its application from a new point of view, 
giving a theoretical method to select out 
the projectile and target.nuclei for the 
possible production of superheavy elements. 
The idea of the method is to choose the 
reaction partners such that the compound 
system is formed with a minimum excitation 
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energy. For a cooler compound nucleus, the 
number of neutrons emitted would be smaller 
and consequently the cross section for the 
formation of the nucleus in the ground 
state would be large/I3/. 

Since the compound system can be reached 
by various combinations of the projectile 
and target, the excitation energy of the 
compound system has to be calculated for 
all possible combinations. In this paper, 
we have~made calculations for the compound 
systems A=258, Z=104 and A=260, Z = 1~ which 
decay, say, to the isotopes A=256, z =104,and 
A=258, Z=l~ after the evaporation of two 
neutrons. Various isotopes of element Z=104 
an; synthesized with light projectiles by 
bombarding 242 Pu with 22 Ne (Dubna /4/. ) , 249 Cf 
with I2,I3c and 248 Cm with 18 0 (Berkeleyl2·3/) 
and with heavy projectiles by bombarding 
206, 201 , 208 Pb with 48,50Ji (Dubna /4,5/ ) • 

Some isotopes of. element Z=·l06 are synthesi­
zed at Dubna/6/ by bombarding 206 · 207, 208 Pb 
with 52 ~4 Cr ions. Our calculations are 
made for the compound nucleus formed with 
ions of Z~20 and hence do not include ex­
periments with light projectiles. 

The theory of fragmentation describes 
all two-body channels from wl1ich the corn­
pound system can be formed or into which 
it can decay. The coordinates o.f the nuclear 
system are: the relative distance R, the. 
collective surface coordinates a<O and a<2) 
of the individual nuclei, and the mass-

and charge fragmeritation'7;IJ/Tf= ~I-~ 2 and 
z z I+ 2 

Tfz= I- 2 . In the asymptotic region, 
ZI + z 2 . 

defined by R~~Rc,where Rc is some critical 
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distance at which the two nuclei come in 
close contact with each other, both., and Ttz 
are discrete variables. In the interaction 
region (R<Rc), the nucleon numbers do not 
remain good quantum numbers, and both Tf 
and Tf z are defined properly by the mass 
and charge distribution. For homogeneous 
densityp, the mass fragmentation coordinate 
reduces to the volume asymmetry coordinate 

., = L( I p d 'I - I p d '2 ) ""~ = vI - v 2 ( 1) 
A VI T2 VI + v 2 

and correspondingly, ., z == ~ z . vI and v 
2 

are 
the volumes occupied by the nucleons in 
two parts of the compound nucleus, divided 
by passing a plane perpendicularly through 
the neck. 

The collective Hamiltonian, depending 
on the coordinates R, ., , "'z, a 0 > , and a (2) and 
their canonically conjugate momenta, is 
given by: 

T ( R (I) (2) ) H= kin •Tf•Tfz,a ,a ,pR,p ,p ,p (I) ,p (2) + 
Tf "'z a ,a 

+ ·v ( R ' ., ' ., z ' a <I) ' a (2 > ) • 
(2) 

As we shall see, already the real part of 
the potential V is sufficient to give qua­
litative conclusions about the probability 
of forming a cool compound nucleus. 

The potential ·v is calculated by using 
the macro-microscopic formalism of Struti·n­
sky1I4(For the interaction region (R<Rc),we 
have used the liquid. drop model of Mr;ers 
and Swiatecki/151 with its modified I 6 / 

surface asymmetry constant, and the single-
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particle states Ei(R,7J•7JZ•£,,B 1,,8 2)of the asym­
metric two-centre shell model (ATCSM}/171 
with protons and neutrons moving in two 
separate single particle potentials/Ill. 
The nuclear shape associated with each set 
of the parameters of ATCSM is defined in 
terms of five coordinates, shown in Fig. 3 
(b). For simplicity shapes are assumed ro­
tational symmetric around the line connect­
ing the centres and are thus described by 
the quadrupole deformation coordinates 
,81 and ,8 2 only. For the asymptotic region 
(R>Rc),the potential is given by the Cou­
lomb interaction plus the sum of the ground 
state binding energies of the two frag­
ments/9-111 

2 , Z1 Z2e 
V(R •11 •l1z• ,81',8 2)= R - B(AI,Z I'f3I )-B(A2 ,Z2 ,,B 2)+ 

(3) 
+ 2B (A /2, Z/2 , ,8 1 = f3 2) · 

The binding energies are taken from the 
atomic mass tables, given be Seeger I 18/ for 
Z~20 , where the liquid drop energy is 
smoothed out with the shell corrections de­
termined with the Nilsson mo~el. Since for 
separated fragments the two-centre shell 
model approaches the Nilsson model for each 
fragment, we obtain smooth continuation of 
V from the asymptotic to the interaction 
region. 

Figs. 1 (a) give the result of our calcu­
lation for the potential ·v (R, 11) for the com­
pound nuclei 258 104 and 260106. These plots, 
therefore, represent the potential ·v (R, 7J ) 
for various combinations of the target 
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Fig. 1. a) Potential energy as a function of 
mass-asymmetry 7J and the relative separation 
R for the compound system 258104 and 260 106. 

Curves for R2: Rcinclude the minimization in 
charge-asymmetry cOOrdinate 7Jz.except for 
the dashed part. Scales used for R < R c and 
R ~ Rc are different. b) Deformation para­
meters (Ref. 1181) for R=R c, as function of 
the mass number of the two fragments. 

7 

I ___ ______;,__ _________ _ 



8 

and projectile nuclei leading to the same 
compound nucleus. In the overlapping region 
(R<Rc ),a full three dimensional minimiza­
tion in E , {3 1 and {3 2 is carried out, there­
by assuming adiabatically in the coordinates 
E,{3 1 and f32· The minimization procedure, 
however, is very time consuming and we have 
therefore made our calculations for only 
two R(orA) -values in the case of the com­
pound nucleus 258 104. Since for the fixed 
lengthA of the nucleus the distance R chan­
ges with q, we have labelled these curves 
by an average value of R=z 1 +z 2 (see Fig.3(b)) · 
The coordinate q z is not incluc,ed in these 
calculations. In the asymptotic region (R >...R c) 
we have applied our earlier method 71 W of 
mi~imizing v~.q,qz) for each possible frag­
mentation in masses and charges. The mini­
mization in the {3-coordinates is then auto­
matically carried out. This method thus in­
volves the calculation of the charge dis­
persion potential 'V(qz) for each R-and q­
value, illustrated in Fig. 2 for two .,_ and 
different R -values. The distance Rc of clo­
sest approach is calculated by using the 
empirical relation of Gutbrod et a1. 119/ 

and the calculations shown .in Figs. l(a) 
are carried out for an average value. 

We notice from Figs. 1 (a) that tor 
each compound nucleus deep minima in the 
potential energy occur at only a few .,-va­
lues. As the two nuclei come close to each 
other ( R :::; 7-8 fm) , the potentia 1 ·v (R, q ) 
becomes more or less flat. This happens be­
cause for R ~a fm the neck has already 
started to disappear (see Fig. 3(b)), so 
that the placing of a dividing plane which 
determine q, is no more significant. The 
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Fig. 2. Charge dispersion potential for dif­
ferent .,_ and R -values of the compound sys­
tems 258 104 and 260 106. 

interesting point is that these deep minima 
in 'V(R, q) are not only stable in Tf but also 
no new minima appear after the two nuclei 
overlap to form the compound system. The 
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~_l.a) Potential energy as a function 
of relative distance R for the collision 
of 122 Sn + 136 Xe .... 258104 b) The corresponding 50 54 • 
nuclear shapes. The length A of the nucleus 
is in units of 2R 0 , where R0 is the radius 
of the spherical compound system. 

slight shifting or the wipping of a certain 
minimum at a certain R -value can be asso­
ciated with the charge dispersion effects. 
Fig. 2 shows that for 11 = 0. 35 in 258

104, 

the minima in V shift with R · Therefore, the 
potential 'V(71,R=Rc)which is easily computable 
through Eq. (3) gives already the positions 
of the minima with respect to 11 and 11 z • 
Evidently, the potential minima in Figs.l(a) 
are related to shell effects, with at least 
one of the two nuclei being a spherical 
nucleus. This fact is demonstrated in 
Figs. 1 {b) where the static deformations/IS/ 

{3 1 and {3 2 are plotted for R = R c . 
Next, in the dynamical fragmentation 

theory applied to nucleus-nucleus colli­
sion 11°< one has to solve the stationary 
Schrodinger equation 

H(R,71•71z•a(l),a(2) )1/J= EifJ (4) 

with the following initial state (R-+oo) 
. (5) 
1kz 1/2 1/2 · (I) (2) 

.pi-e o (11-11o)o <11z -~)xnl (a •11o•11zJ ®xn2(a •11o•11zJ· 

The o -type wave functions describe the mass 
and charge motion. Tqe wave functions Xn 1 
and xn2 represent the intrinsic states of 
the incoming nuclei, specified by 71o and 11z 0 
and are also assumed to be the surface 
vibrational states described by a(l)·and a<2 >, 
respectively. Since the static deformations 
fJ1 and {32 depend strongly on the fragmenta­
tion coordinates 11 and 11z (see Figs. 1 (b)) , 
the Hamiltonian couples the surface vibra­
tions and the mass- and charge fragmenta­
tions strongly. Then, if the transfer of 
mass and charge occurs, the shapes of the 
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two incoming nuclei would change which 
would apparently cause a strong transfer of 
energy into the surface degrees of freedom. 
Thus, two different cases of initial frag­
mentation can be distinguished which would 
lead to different excitations of the com 
pound system: i) the initial fragments lie 
outside the potential energy minima in 
Figs. 1 (a), which according to Figs. 1 (b) 
correspond to both {3 1 and {321= 0, and ii) the 
initial fragments lie on the energy minima, 
which refer then to either one or both 
nuclei to be spherical. We might remind here 
that for reasons of large fusion probabili­
ty, we are interested in the case of minimum 
excitation energy of the compound system. 

In case i) , a large mass and charge 
transfer would occur in the direction to 
the minima of potential 'V( 71 ) as the two 
nuclei start to overlap. The forces which 
drive the system are given by - a'V I a, 
and- JV;a,z according to classical mecha­
nics. Since the nuclei would change shapes 
during the running of the system in the 
direction to the potential minima, a large 
amount of energy is transferred into the 
excitation of the surface vibrations. On 
the other hand in case ii) no ~ass and 
charge transfer would occur since then the 
driving forces a'V!a, and a'V!a,z are zero. 
In that case, quantum mechanically the '1 -de­
pendence of the wave functions is approxi­
mately given by the zero-point motion around 
the potential minima. · 

Hence, we find that if the target and 
projectile are chosen with re$pect to the 
minima in the potential 'V(R,,,,z) and further 
if the bombarding energy is so chosen that 
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the compound system is reached straight 
in a central collision, the excitation would 
be minimum. For non-central collisions, 
the compound system carries a large amount 
of angular momentum which is then highly 
excited. 

As a first test of our suggested selec­
tion rule, we have given in Table 1 the 
possible combinations of the projectile 
and target, corresponding to the minima 
of ·v in '1 of Figs. 1 (a} , which we consider 
could synthesize to produce the elements 
Z=104 and 106. Since, in general a transfer 
of 2 protons could produce a gain or loss 
of 7-10 MeV (see Fig. 2), we have also 
listed the neighbouring combinations with 
±2 protons/neutrons. 

It is interesting to find that the com­
binations ~~ Ti + 2ggPb and ~l Cr + 2~\Pb are 
used in Dubna experiments/5~/ for the syn­
thesis of Z=104 and 106 elements, respecti­
vely. Secondly, on the basis of the esti­
mates.for fission half-life, Bengtsson et 
al / 201 have suggested the combination 

1 ~~Sn + 1 ~Xe for the production of Z =104 
element. It is encouraging that both the 
studies stress on Sn ,and Xe beams for their 
use as target and projectile for the pro­
duction of Z = 104 in the labor a tory. 
Fig. 3(a} gives an illustrative plot of 
'V(R,,=O.OS4) for 1 ~~Sn+ 1~Xe. leading to the 
compound nucleus ·A =258,Z ,104. 

In Table 1, we have also given the quad­
rupole deformation parameters 118! As already 
pointed out, all these combinations have 
at least one of the two nuclei with a sphe­
rical shape. This result is in agreement 
with all the successful experiments at Ber­
keley and Dubna. 
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Table 1 

Projectile and target combination• for the production• of 
elements z c 104 and z ~106, correaponding to the potential 
energy minima and its neighbourhood. Only thoae combination• 
are given where both the partnera of the reaction are stable 

in nature 

Elem!nt lnl ' f-1 Proio!etile and Tarca!!t Huclei o.f01:111, al ElqieriJIBit z ,., 
~ 

104 0.03!1 1~ 134Xe 
54 

0.0544> 1~ 136Xe 
54 

0.360 ~~ 17~111) 
70 

0,610 ~1 ~ 

106 0.031 126Te 
52 

134Xe 
54 

0,046 1~n 13~ 
56 

0.062 d) 1~ 1~>-
0.338 d) ~:xr 17~ 

70 

0.369 82Se 
34 

17~f m) 
72 

0.585 54Cr 
24 ~b 

a) Ref. 18 
b) Ref. 5 
c) Ref. 6 

,., ~ perfcned 

o.o o.o No 

o.o o.o No 

o.osz 0,111 No 

o.o o.o Yea b) 

0.017 o.o No 

o.o p.o No 

o.o o.o No 

o.o 0.115 No 

0.052 0.173 No 

0.047 o.o Yea c) 

d) valuea that correapond 
to the minima in \'(11.?·?,) 

m) stable iaomer 
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