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1. Introduction 

One of the main methods of synthesizing transfermium 
elements is based on using nuclear reactions induced by 
heavy ions. Different isotopes of heavy elements with 
Z = 102-105 have been produced by reactions proceeding 
via compound nucleus formation in the bombardment of 
the isotopes of elements ranging from U through Cf by 
the accelerated ions of 11B 12 C 16, Iso and 22 Ne 

' ' ' (ref. /I/). 
The use of this method for reaching the region of the 

heavier elements with Z > 105 and the attempts to synthe
size superheavy elements of z .. ll0-126 require heavier 
ions. However, numerous experiments with 31 P , 40 Ar , 
68zn , 76 Ge , and 84 Kr , carried out at different labo

ratories have not yet lead to positive results. For instance, 
the upper limit in the production cross section for the 
spontaneously fissioning isotopes of element 107 in the 
238u( 3IP,xn) 269 -x107 reaction turned out to be douzens 
of times smaller than the production cross section for 
the known nuclides with Z=104 and 105, which may be 
produced in reactions induced by 18 0 and 22 Ne ionsi'2/ . 
The same situation occurs also in the case of the syn
thesis of superheavy elements in the reactions 
248Cm ( 10Ar, xn) 2M -x 114 (ref. 131 ),243 Am(i8zn,xn) 311 - x 125 
(ref. ' 4/ ), 232 Th(84 Kr xn) 316 - x 126 (ref. 151 ) and 

2:l 2 Th ( 76 Ge, xn) 308 - x 124 (ref. 161 ). In 
these reactions, only the upper limits on the cross sec
tions have been obtained to lie between 5x10 - 30cm2 and 
1o-34 em 2 

The fact that no new elements have been observed in 
these experiments may be accounted for by the properties 
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of the nc~clei being synthesized. At the same time, it is 
not excluded that in the case of such heavy io.ns some 
factors prevent them from fusing with a heavy target 
nucleus /7-10/ . Unfortunately the experimental data avai
lable in this field are rather limited and their interpre
tation is ambiguous. 

From our point of view, a direct answer to the 
question of whether or not the classical compound nucleus 
is produced is provided by the use of the conventional 
method of measuring the cross sections of reactions 
involving the emission of x neutrons by the compound 
nucleus. This method can also be employed to investigate 
the properties of the compound nucleus produced and, 
in the first place, its excitation energy E *. The cross 
section for the production of heavy and superheavy nuclei 
in the ground state is strongly dependent an the fission 
barrier height, which is mainly determined by the shell 
effects. Since the shell effects vanish at high excitation 
energies 111 I , the investigation of this phenomena is of 
special interest in resolving the problem of the synthesis 
of new elements. 

Up to now, these experiments on the investigation of 
the production of highly fissionable compound nuclei in 
reactions induced by very heavy ions were not carried 
out. The heaviest nuclides have been obtained in reac
tions with ions not heavier than 22 Ne , while the heaviest 
nuclei of Po , which have been produced in the (HI, x n ) 
reactions induced by Ar, Kr and Xe ions, belong to the 
region of weakly fissionable nuclides. 

The aim of this paper was to investigate the production 
of highly fissionable compound nuclei in reactions with 
ions heavier than neon. It was appropriate to begin experi
ments with accelerated ions of mass A1::::40 atomic units, 
which could be accelerated to a fairly high intensity at 
the U-300 heavy ion cyclotron of the JINR Laboratory 
of Nuclear Reactions. The mechanism of the interaction 
with40 Ar ions and heavier ions can be expected to show 
a noticeable difference from that observed in reactions 
with lighter ions. As a compound nucleus, a highly fis
sionable nucleus should be selected, whose barrier is to 
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a considerable extent determined by the shell effects, 
similarly to the case of all transfermium and superheavy 
elements. 

The analysis of the rather limited number of acces
sible target-~rojectile combinations leads to the choice of 
the 208 Ph( 4 Ar, 4n) 244Fm reaction. 244 Fm is one of the 
most highly fissionable known nuclides. This isotope 
undergoes spontaneous fission with a probability close 
to 100% and has a half-life of 3.3 msec. The properties 
of 244fm have been established bl Nurmia et al. 112

/, 
who synthesized it in the 2J3 U ( 1 0 ,5o) 244 Fm reaction 
with a cross section of lxlo-32 cm2

• Since the compound 
nucleus cross section might considerably decrease in 
going from 16 0 to 4°Ar , it was necessary to provide the 
highest possible sensitivity of the experimental technique 
designed to detect short-lived spontaneous fission nuclei. 

n. Description of Experiments and Experimental 
Technique 

The block diagram of the experimental apparatus is 
shown in fig. 1. The beam of six-charged 4° Ar ions with 
the energy of 220 MeV and intensity up to 10 p.A passed 
through diaphragms to strike a water-cooled Dural disk 
serving as a target and having the shape of the frustrum 
of a cone with a base angle of 20° and maximum diameter 
of 250 mm. By vacuum evaporation a lead layer was depo
sited onto the lateral face of the disk, the thickness of 
the layer being varied in the range of 2 to 5 mgjcm2 in 
different experiments. The maximum rotation velocity 
of the disk was 2800 rev/min (1 revolution per 20 msec). 
The disk temperature was controlled during the experi
ments using special detectors and did not exceed 60°C. 
At a distance of 3 mm, the target was surrounded by 
dielectric detectors for fission fragments, which were 
mica plates with the uranium and thorium content of 
< 10-7 gjg. 

In the experiment described the lead layer served as 
both a thick target in which the excitation functions of the 
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Pb ( 40 Ar,xn) reactions were integrated, and a recoil cat
cher foil. At the 40Ar ion energy of 220 MeV, recoil nuclei 
stop at a depth of 1 to 3 mgjcm2 in the direction perpen
dicular to the plane of the detectors. The detection effi
ciency under these conditions was determined experimen
tally to be about 50%. 

A special scanning device placed in front of the 
diaphragms controlled the distribution and intensity of 
40Ar ion beam. The integral flux of 40Ar ions was deter
mined in each experiment, using a Ge~Li) gamma-spec
trometer, from the yield of terbium isotopes produced 
by the reactions 114 • II 6Cd(I0Ar,xn)Dy~· 'Tb"For this pur
pose a cadmium target about 30 mgjcm2 thick and 1% of 
the total area of the lead target was glued upon the 
lateral face of the disk . 

The apparatus sensitivity permitted observation of one 
track of spontaneous fission in detectors after a 10-hour 
bombardment by 40 Ar ion beam with an intensity of 5 11 A , 
which corresponds to a production cross section of 
2 x 10-36 cm2 . This high sensitivity was due to a low 
background which resulted from the use of shielding 
screens preserving detectors from scattered ions, and 
from the special procedure of annealing and etching the 
mica to make fission fragments observable. 

III. Discussion of Experimental Results 

The first experiment was carried out using a lead 
target with natural isotopic composition, which was bom
barded with 4° Ar ions at a rotation velocity of 
2800 rev jmin. At the integral flux of 1.1 x 10 17 ions, 
662 tracks of spontaneous fission fragments have been 
recorded. On the basis of the time distribution of events, 
which is presented in fig. 2, one can determine the half-. 
life of the spontaneous fission activity to be equal to 
4.0 ± 0.5 msec. This value agrees with the data obtained 
for the 244fm isotope previously. By assuming the observ
ed activity to be produced by the208pb{'OAr,4n¥44fm reaction, 
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it is possible to determine the yield of this reaction to 
be equal to (3.4 ± 0. 7) x lo-14 per particle. 

Subsequently the experiment was repeated with a tar
get of the enriched 208Pb isotope (98% ID8 Pb ). With the 
integral flux of 6 x 10 16 ions, 214 tracks of spontaneous 
fission fragments have been recorded. This corresponds 
to the lield of (1.0 ± 0.2) x 10-14 per particle from the 
208Pb( 4 Ar, 4 n) 244 Fm reaction. 

In comparing the results of the two experiments, 
one should note a discrepancy in the yields of the reaction 
208 Pb(40Ar,4n) 244Fm determined using targets of the 
natural mixture of lead isotopes and target from the 
enriched 208Pb isotope. This discrepancy leads to the 
assumption that the reactions involving the evaporation 
of neutrons less than 4 contribute substantially to the 

. 244 . 207 40 formatwn of Fm . These reactions are Pb( Ar,3n ) 
and 206 Pb (40 Ar, 2n) . In order to test this assumption, 
we have performed direct experiments to determine the 
cross sections for reactions with 1, 2 and 3 neutrons 
emitted. 

At the bombardment of targets from the enriched 
207 Pb isotope (83% 207pb) by an integral flux of 2x 10 16 
40 Ar ions, 111 tracks were recorded, whereas 35 tracks 
were revealed in the experiment with a 206Pb target 
(90.4% 206Pb) at an integral flux of 1 x 1016 ions. The 
time distribution of tracks in these experiments corres-
ponded to the decay of 244 Fm. 206 40 

The comparatively large yield of the Pb( Ar, 2n ) 
reaction permits the investigation of the reaction involving 
the evaporation of 2 neutrons in another combination, 
208 pb + 40 Ar}46 Fm;.vhere the 246 Fm isotope (T~= 1.2 sec) 
under~;oes spontaneous fission with an about~ probabi
lity I •131 . To provide the detection of the Fmde'cay, 
the rotation velocity of the target disk was decreased 
to 8 revjmin (one revolution per about 7.5 sec). In this 
case an enriched 208 Pb target was used. Figure 3 shows 
the time distribution of spontaneous fission tracks record-
ed during this experiment. 246 

These data indicate that the half-life of Fm is 0.9 ± 
± 0.3 seconds, which agrees with the previous results. The 
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Fm produced by the reaction 
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yield of the 208 Pb( 40Ar, 2n:f46 Fm reaction is approximately 
3 x 10 - 14 per particle. The error in this value, which is 
estimated to be a factor of 2, is mainly due to the uncer
tainty in the spontaneous fission branch in the 246fm 
decay. 

It is of interest to study the reaction involving the 
evaporation of 2 neutrons usin~ the li_f,hter bombarding 
ions, e.g., in the combination °9 Bi(3 Cl,2n) 244Fm. The 
initial energy of six-charged 37

Cl ions is about 240 MeV, 
i.e.IL considerably higher than the ion energy for the 
20 -'tlif 7Cl,2n) reaction. This necessitated the use of an 

aluminium absorber, which at the same time provided 
vacuum separation between the experimental chamber 
and ion guide. The chamber was filled with helium 
(30 mm Hg ) to cool the absorber. The integral flux of 
3 7Cl ions bombarding the bismuth target was 5 x 10

1 6 

ions. As a result , only 18 tracks have been recorded , 
whose distribution permitted their assignment to 244 

Fm 
decay. The yield of the 2°~i(37Cl, 2 n) 21 1-Fm reaction was 
equal to 6 x 10-16 per ion. 

An attempt has also been made to determine the 
yield of the reaction with single neutron emitted. For 
this purpose an experiment has been performed in which 
the spontaneous fission of 246 Fm produced by bombarding 
207 Pb with 40 Ar ions was detected. In this experiment use 
was made of a target from enriched 207Pb (98% 207Pb , 
1.3% 208pb ). With an integral flux of 6 x 1016 40 Ar ions, 
only one track has been detected which might be due to 
the 208pb (40Ar ,2n) 246 Fm reaction on the 208 Pb admixture 
in the target. Thus only the upper limit on the al7 Pb(40Ar, ln) 
reaction yield can be determined to be equal to 5 x w-16 

per ion. 244 
The experimental results on the production of the Fm 

and 246 Fm isotopes in reactions induced by 40 Ar and 
37Cl ions are presented in the table. The experimental 
values of the reaction cross sections corresponding to 
the maximum excitation function, a max.ex • ' are also 
listed there. These values were estimated on the basis 
of the measured yields from a thick target and the cal
culated values of excitation function widths, which are 
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varied in the range of 8 MeV for the207pb(40Ar,ln ) 
to 15 MeV for the 208 Pb( 40 Ar,4n) reaction*. In esti
mating a max.e xp. in this way' the main uncertainty lies 
in the possible discrepancy between the calculated and 
actual shapes of excitation functions. According to our 
estimates, this discrepancy cannot lead to an over a factor 
of 2 error in determining the absolute values of a max. exp. . 
The relative error in comparing a max.exp. for different 
reactions is substantially smaller and mainly determined 
by an about 30% inaccuracy in the measured yields of 
the reactions 

In order to interprete the results presented and to 
compare them with the data obtained previously for 
reactions with the lighter ions, we shall make use of the 
method of Jackson and Sikkeland intended for calculating 
the x n -reaction cross sections (ref. /IS/). This method 
describes satisfactorily a large amount of experimental 
data on the production of heavy nuclei with Z < 106 by 
reactions induced by ions with A 1 < 22 (ref./1 6/ ). In this 
case we assume that the mechanism of nuclear fusion 
does not change considerably as one goes from relatively 
light projectiles (l2C, I6o , 22Ne ) to 4° Ar . 

Then the cross section for the (HI, xn) reaction can be 
presented in the following form 

LeN 
a (E)= I .ti [rn/(rn +rf)]il 2 aL(E)P L (E*), /1/ 

X i .. I L=O x, 

where E is the ion energy, a Lis the cross section of the 
•L-the partial wave, and Px,L (E*) is the probability for 
emission of x neutrons from the compound nucleus with 
excitation energy E* and angular momentum •L . 

In order to find the magnitude of the critical angular 
momentum ·LeN , we make use of the empirical relation 
obtained from measurements of the angular correla lions 

* Ttw ~xcitation function measured by us in the reaction 207Pbr"Ar,3n) 244 Fm is in good agreement with the calc.ulated 
one. For the estimation of amax.exp. use was made of 
the data on the stopping power of argon and chlorine /fDS 
from the tables of Northcliffe and Schilling (ref. I '>· 
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of fission fragments in the bombardmen~ of 238 U with 
12 c , 16 o , 20Ne , and 40 Ar ions /1

7 
. This gives 

LeN oo -l 
~ a L I ~ a L ~ (1 +0.03 A I ) . /2/ 

L=O L=O 

The partial cross section a I. is determined by the relation 

2 
a L = rr X ( 2 ·L + 1) T L /3/ 

where T L is the coefficient of transmission of the L-th 
partial wave through the potential VL (r) for the interacting 
nuclei 1181 

z z e 2 2 l/3 1/;l 
VL(r),., I T + n 'lC'L+l) ·v '0 (A I +A T)-r 

r + 0 exp • /4/ 
2~r ~ 

For the potential parameters the following values are 
taken: ·v0 = -70 MeV, r 0 = 1.25 x 10-13 em and d = 

0.44 x 10-13 em (ref. 119}. The transmission coeffi
cients T L are calculated in the inverted parabola appro
ximation / 20 /. 

The value of P x, L (E*) was calculated using formulae 
given in ref / 161. The values of the parameters contained 
in these formulae were derived from the best agreement 
with experimental data for the shape of the excitation 
functions for the (HI,xn) reactions /15,16/. 

The empirical relation of Sikkeland 1151 was used 
to calculate the evaporation-to-fission width ratio 1n I 1 r . 

The results of the calculations are presented in Fig.4, 
while comparison with experimental data is shown in the 
table. The magnitudes of the cross sections for xn -reac
tions and their agreement with the calculated ones indicate 
that the interaction of 40 Ar ions with a heavy nucleus 
leads to the formation of a compound nucleus with a fairly 
high probability. 

It does not appear possible to make a more conclusive 
qualitative analysis of the data, since the cross sections 
for the production of highly fissionable nuclei in the ground 
state are the 10-7 -lo-Io th part of the complete fusion 
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cross section. Such an analysis requires the exact deter
mination of the fraction of nuclei surviving fission, which 
in turn necessitates more detailed measurements of the 
rn ;r r ratio as a function of the excitation energy and 
nuclear angular momentum. 

One can see from the table that the experimental cross 
section for the 208 Pb~0 Ar, 4n) 244Fm is ten times smaller 
than the calculated one and 100 times smaller than the 
cross section of the 233U( 160,4n)245fmreaction, which was 
determined by Nurmia et al. il 21. However, on the basis 
of the measured yields of the xn -reactions on the thick 
target it is difficult to answer the question of whether the 
mentioned discrepancies result from the suppression of 
compound nucleus formation, or they are a consequence 
of the influence of differences in the properties of the 
formed compound nuclei on the de -excitation process. 

At the same time, after considering the Pb+Ar reaction 
separately, one can note an interesting feature, namely 
that the cross sections of reactions with two and three 
neutrons emitted are comparable with and even exceed 
the cross section for the reaction involving 4 neu't:rtms 
evaporated. This fact seems to be rather important for 
both the production of weakly excited compound nuclei. 
and the mechanism of their production. Therefore we 
shall consider this problem in more detail. 

As is seen from eq. /1/, the probability for the nucleus 
to be produced in the ground state is principally dependent 
on the excitation energy of the compound nucleus. The 
minimum value of the compound nucleus excitation energy 
in turn is determined by the barrier of the interaction and 
the Q value of the reaction, i.e., 

E*. -B. t +Q, min. In. 

2 1/3 1/3 
where Bint ... z1zTe /re(A 1 +AT) and Q-=M 1 +MT-MCN . 
Figure 5 shows the E*min. variation for the compound 
nucleus 248 Fm produced with different target-projectile 
combinations. In calculating E ~in nuclear masses were 
taken from the paper by Myers and Swiatecki 1241, while 
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the interaction effective radius re was taken to be equal 
to 1.45 x 10 - 13 em. 

One can see that as the mass of the bombarding particle 
increases, the excitation energy of the compound nucleus 
also increases and reaches the maximum value in the 
region of AI .. 25 to decrease then nearly twice in the 
region of A I "' 40-50. 

This accounts for the well known experimental fact 
that in the synthesis of heavy elements with z,. 100-105 
using 12 c, I4N , 160, 22 Ne ions no reactions involving 
a small number of neutrons emitted were observed, as 
was·m the case for 208 Pb(40Ar,xn). 

In view of the fact that the ( 40Ar ;2n, 3n) reactions 
occur at projectile energies close to the interaction bar
rier, their cross sections are extremely sensitive to the 
barrier value. As is shows in fig. 4, a 4 MeV increase in 
B int reduces the cross section for the reaction with 
2 neutrons emitted by a factor of 10. This makes it 
possible to determine the B lnt value exactly enough 
from the experimental cross sections with x ::; 3. This 
gives an idea of the nature of the mechanism of fusion of 
these heavy complex nuclei. 

Figure 6 shows a comparison between the calculated 
and experimental variations of compound nucleus cross 
sections for the reaction 40 Ar+ 208pb. The results of 
measurements 1221 of cross sections for the formation 
of fission fragments resulting from the fission of the 
compound nucleus 248 Frn are shown by points. The theore
tical curves have been calculated for the interaction 
potential parameters 'V0 - -70 MeV, r0 = 1.25 x 10-:~ 3 em 
and at different diffusene~s parameters d= 0.44 x xlO em 
and d,. 0.34 x 10-13 em. The calculated dependences are 
seen to agree well with the experimental values. On the 
basis of the comparison with the experimental cross 
sections for the 2n and 3n reactions (see the table), one 
should give preference to the calculation with d , 
0.34 x 10-13cm. 

It is noteworthy that the variations in the masses OJ' 

nuclei involved in the reactions cause irregular changes 
in the Q value. Therefore close target-projectile combi-
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Fig. 6. Cr()ss section for the formation of the compound 
nucleus 248Frn by the reaction 208Pb+ 40 Ar as a function 
of the ion energy. The dashed and solid curves show the 
results calculated using the d parameter equal to 
0.34 x 10-13cm and 0.44 x lO-I3cJD, respectively. Expe
rimental data obtained in ref. 122 are shown by points. 
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nations may display deviation from the smooth E :;.in 
dependence, shown in fig. 5, by several MeV. This in 
turn is expected to lead to a noticeable difference in the 
cross sections for reactions with x < 3. As an example, one 
can mention the reactions209Bi~7Cl,2n) 244 Fm . and 
206 Pb ( 40 Ar 2n) 244 Fm in which E *. taken on 

' ' min 
values of 30 MeV and 32 MeV, respectively. Both expe-
rimental and calculated cross sections for these reactions 
differ by more than 10 times. This is a consequence of 
this small difference in the EJ;in ~alues since in both 
cases the same compound nucleus, 46 

Fm , is formed. 
Thus, the intrinsic self-consistency of the data des

cribing the formation of compound nuclei in the reactions 
Cl+ Bi and Ar +Pb permits the use of this method of 
calculation to analyse the possibilities of producing 
heavier compound nuclei. In this case the formation of 
the nuclei of heavy elements in reactions with x ~ 2 is 
expected to have great advantages as compared with the 
previously used reactions involving the emission of four 
and five neutrons, since a decrease in the number of 
neutrons evaporated by 2-3 units increases the fraction 
of nuclei escaping fission by several orders of magnitude 
(see eq. /1/ at :fn ;rf <0.1). 

For instance, if one plots the E~ 1n dependence for 
the compound nucleus 258 Ku , it will have a minimum at 
A I• 50. Calculations show that the Rroduction cross sec

tion for element 104 in the reactiorf Tii+ID8Pb -. 256 Ku+ 2n 
may reach a value of 10-31 -10-32 em 2 , which tens and 
hundreds of times exceeds the cross section for the 
reaction 242 Pu+ 22 Ne-. 260 104 +4n, used to synthesize the 
isotope 260 104 for the first time. 

IV. Conclusion 

The investigations described in this paper indicate 
that the interaction of ions with A I• 40-50 with a heavy 
nucleus leads to the formation of a compound nucleus 
with a fairly high probability. At the same time, the 
experimental cross sections for compound nucleus for-
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mation and for the emission of x neutrons by it do not 
exhibit a considerable increase in the interaction barrier, 
which has been predicted in some papers. The fusion 
barriers appear to be close to those that might be expect
ed from an analysis of interactions with ions of smaller 
mass. 

As a result, the minimum excitation energy of the 
compound nucleus formed by fusing ions with mass 
A I= 40-50 with heavy nuclei turns out to be about 
20-30 MeV. This leads to the formation of weakly excited 
compound nuclei which emit only two or three neutrons. 
Since the 2n and 3n reactions proceed at energies that 
are close to the interaction barrier, their cross sections 
are strongly dependent on both the barrier height and 
the reaction Q value. This factor makes the choice of tar
get-projectile combinations very delicate. 

The experimental data obtained indicate that the 
conclusion about a decrease in the cross section for 
the formation of an element with increasing ion mass, 
which has been drawn on the basis of the use of the con
ventional method of synthesizing elements with Z > 100 
in reactions with AI .:; 22, is valid only for A I< 30. As 
the ion mass AI increases, the method of producing heavy 
elements with Z ,~ 104 in reactions leading to the forma
tion of weakly excited nuclei appers to be more efficient 
than that used previously. It should be noted that in this 
method one can use Pb and Bi isotopes as a target material 
rather than the rare and very radioactive isotopes of Pu , 
Cm and Cf . In this case the spontaneous fission back
ground due to both the adjacent and spontaneous fission 
isomers is completely eliminated. 

Although in the experiments described a narrow 
range of masses AI and A T has been investigated, the 
number of possible target-projectile combinations is 
large in this region. This fact opens up the possibility 
of producing a large number of neutron-deficient nuclei 
with 100~Zs_104 and 140 :;N<,J53 and investigating their 
properties. 

On the basis of the experimental data, the above 
method of calculating the xn -reaction cross sections 
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can be used to estimate the possibilities of synthesizing 
elements with Z = 106-108 and N = 152-156, which may be 
formed in the bombardment of Pb and Bi targets with 
Cr, Mn and Fe ions. The estimates show that the expected 
cross sections for the formation of these nuclides may 
reach values of 10-32 -10 - 33cm 2 . Such experiments are 
presently accessible and may develop with the advent of 
new heavy ion accelerators. One can hope that this method 
may also prove efficient in the synthesis of superheavy 
elements with Z .?110. 
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