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1 Introduction 

In our recent study new data on production .cross sections of isotopes of ele
ments 105 and 102 formed in asymmetric (HI,5-6n)-reactions were gbtained 
{1, 2]. Comparing these results with the data on" cold" fusion reactions ( ex
ploiting Bi and Pb targets) leading to the same final products (3, .4) (see· 
Fig. 1) one could make a qualitative conclusion that fission does not play 
decisive role in their formation; at least, at the first steps of deexcitation 
process. The subbarrier nature of the reactions leading to the isotopes of 
the element 105 occurring in the case of cold fusion 50Ti+209Bi arid large 
number of deexcitation steps for the hot fusion· reactions 27 Al+236U and 
31P+232Th made quantitative conclusions difficult. As for the·production 
of 252102, only a crude estimation of < r n/r101 >~0.5 was made {2] on the 
basis of the data of two different experiments [2, 4} where data on 6n and 1 

4n reactions were obtained. 
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Fig. 1. Reduced cross sections for reactions leading to evaporation residues: 258
•
257105 

- (a) and 252102 -.(b). Data for "cold" fusion reactions [3A] (open symbols) and 
those obtained in our experiments [1,2] ( closed sy~bols) are presented. Fusion barriers 
[5] are shown by the vertical arrows. Curves represent the shape of the excitation 
functions.fitted to the experimental points (see text below). 

In this work we present the data on production cross section for the 
252102 nuclide formed in _the reaction 238U(22Ne,8n). Having the result for 
other reactions leading to the same nuclide [2] we extract the < r n/r1o1 > 
values for the first two steps of the deexcitation cascade of the highly excited 
compound nucleus. A comparative analysis of these ratios for z::; 102 excited 
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nuclei is presented' and their excitation energy dependencies are obtained, 
_. ~ I • a ) ' 

and discussed. · · 

:!'"•; 

2 Experiment and results · 

Experiments were carried out on the,beam of the U400. cyclotron ofth~ 
FLNR, JINR using the recoil separator VASSILISSA [6]. The average beam. 
intensity of~2Ne ions was,abo,ut 1.5 pµA: Tµe isotopically enriched (99.99%): 
target.of 23.8U,of 0.52±0.06 mg/c,n2 thickness was mounted on .a rotating 
target wheeL · The separation, efficiency for evaporation residues (ER). was 
carefully measu!"ed in-every, run for ,the. test reaction natw(22:1'fo,xn) .. Tp.e 
obtained value - • 1:ip was compared. with the resqlt of a cal.culation - EI;' 
[7] and it -showed a rather good agreement wHh. the last one, · Finally the 
adopted efficiency for the investigated reactions. 238U (22Ne,xn) .was obtained• 

. h h l . u w u I w C d"t" f . wit t e re at10n €exp = €exp • €calc €calc- on i 10ns o . experiment~ are 
presented in Table 1. 

Table 1. Experimental conditions' for 
cross section measurements in the 
238U(22Ne,xn)-reactions. _ 

E1ab(MeV) ,~on,dose(xl017
) f~p(%) 

119 
143 
153 

,, 2.5 
· 11:8 

4.3 

2.4 
4.4 
3.7 

Table 2. Characteristics of rri~ther
. daughter a - a correlated .events 

obser'ved at E1.b=143 MeV. -

E;;' (MeV) E~ (MeV) td (s)' 

8.40 
8.33> 

7.85 
7.86 

13.0 
38.7 

The silicon detector array installed in the focal plane of the separator 
allowed a reliable identification of the 252- 256102 nuclides through a decay 
energies of the~e nuclides and the1r daughters when the production cross 
sections exceeded 1 nb. Fig. 2a presents .the obtained a-spectrum at the 
beam energy of 119 MeV. At higher energies the main identified a-line in 
the a energy region of interest (7-9 MeV) .resulted from the products of 
~

2Ne reactions occurring on. lead impurities contained fn the target ... There
fore, we searched for a - .a mother-daughter time and energy cor~elations 
in order to identify the Sn-reaction pro.duct; i.e. : 52 102_. The chara~teristics 
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:, 

of such events identified as 252102 -+248Fm decays are prese!lted' in Table 2. 
Ten spontaneous fission ·events were detected between the beam pulses at 
the beam energy of 143 Me V. The yield of these events corresponds to the · 
(22Ne,p3n) ~eaction cross section measured earlier [8]. In Fig. 2b the ob
tained 238U(22Ne,xn)260-x102 reaction cross sections are presented together 
with the data obtained earlier (9). 
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Fig. f Alpha spectrum obtained in the separator focal plane at the 22 Ne1aF119 MeV 
- (a), and b) - cross section values obtained in the present work (filled symbols} 
along with the earlier data for the ( 4-6)n reactions (solid lines and open triangles [9]. 
Excitation functions fitted to the experimental points are shown by dashed lines (see 
text below). · 

3 < r n/ftot > derived from (HI,xn)-reaction data 

We proceeded from a general formula for calculation of the production cross 
section for a fissile nucleus formed in a (HI,xn)-reaction [9, 10]: 

~- X r 
axn(E) = 1r,\2 2)2l + l)Ti(E)Px,t(E*) IT ~(E*,l)._ {l) 

1=1 i=l tot 

For the case of dominating fission decay of the compound nucleus and with 
sorrie assu~ptions [11, 12], one can comefrom eq.(l) to the approximated 
form:· 

.(E). ~ . . . 1fA2li;mPx(E*) ITx ~(E*) . h /2. _ 2T /1i
2 

axn _ . wit l,m - ---'--- , 
. 1 + exp (21r(EB - E)/nw] i=l rtot . • 1/ Jo - 1/ J.p 

(2) 
where EB and 'fiw are. the entrance-channel fusion barrier parameters, T 
is the nucle_ar temperature and Jo and J.P are, respectively, th<> moments 
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of inertia for sphere and for•the nucleus at the fission saddle .. fo the case 
when two reactions leading, as a result of xn and ( x + y )n evaporation,. to 
the· same final product are considered at the ion bombarding energy well 
above Coulomb barrier (E ~ Es) the ratio of the cross sections gives us 
the simple estimation of the < r n/I'tot > value averaged over. the. first y 
steps ofthe compound nucleus deexcitation cascade: 

U(x+y)n .X;+yPx+y(E;+y) < r n/rtot >Y 
~ ~ X;P.,(E;) ' 

(3) 

where A is the de Broglie wavelength and P.,(E*) is the probability for the 
emission of exactly x neutrons. Here we consider mainly the cases with y 

= 1,2. 
Following [13] we used. the· Poisson distribution for estimating P.,(E*). 

By fitting the experimeiital excitation functions for (HI,xn)-reactions in the 
region of the transcurium nuclei we estimated.the mean value· of the energy 
associated with the evaporation of one neutron E=2.92 MeV. Evaporation 
reactions with x 2::5 were considered at fitting to exclude the Coulomb 
barrier influence. The following form was fitted: 

a{~t(E*) = a:t2 (E* - ~~=l B~)"' exp [-(E* - ~~=l B~)l, (4) 

where a and E. are the fitting parameters, 
In application of eq.(3) to the experimental data we used the approxi

. mated values of cross sections at the maxima of excitation functions fitted 
by eq.(4) with E=2.92 MeV. The obtained< rn/rtot > values are shown in 
Fig. 3. The following experimental results were used for the < r n/rtot > 
estimations: 8n and (;iri evaporation reactions for the production of 242Cf 
(14] and 248Fm (9, 15, 16], 7n and 6n reactions for 250Md (9, 17], 8n (the 
present data) .and 6n reaction for 252102 [2]. All .the results were obtained 

· for the compound nucleus excitation energy range. of 60-80 MeV. Using 
the parameters given in Table 3 statistical calculations of r n/r f [18] were 
also performed. We converted the calculated r n/r I values into the r n/rtot 
ratios using the expression: r rJr101 '.= (r n/r f )/(1 + r n/r J ). 

To obtain the energy dependenc~ of the r n/rtot ratio throughout an evap
oration cascade, i.e. to extrapolate it to the excitation energy corresponding 
to the xri. evaporation reactions, where x <5, fusion barrier parameters in 
eq.(2) wer~ extracted from the available experimental data relevant to this 
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Fig. 3. < r n/rtot > ratios from experimental data (symbols) and statistical model 
calculations (points connected with lines). Different variants of calculation are pre
sented in Table 3. 

region. We analyzed: a) excitation functions for ·(HI,xn) reactions; b) en
ergy dependencies for the total ER. production cross-section, i.e. Ea.,n(E*), 
with the use of the proposed earlier approach [12]; c) excitation functions 
for (HI,fission)-reactions [24, 25, 26] with fitting barrier parameters in the 
Wong formula (23]. We estimated the accuracy of the calculated r<:duction 
factors due to the fusion barrier in eq.(2} to be. within .a 'factor of 2. For 
the lowest excitation energy corresponding to the 3n-reaction for the 242Cf 
ER [14] and to the 2n-reaction for the 252102 ER [4] we estimated r n/rtot 
from the relation: 

;.,n(E*) = acN(E*)Pxn{E*) < rn/rtot.>"' (5) 

The main uncertainty in the use of eq.(5} arises from a very sharp variation 
of acN(E*) at subbarrier energies. We' estimated these uncertainties within 
factors of 3 and 5, respectively, for the reactions 48Ca+206Pb and 12C+233U. 
The obtained < r n/r101 > values for the nuclei involved·in the deexcitation 

· chains of the 25°Cf and 260102 compound nuclei are shown in Fig. 4. 

4 Discussi~n and conclusions 

One can see from Fig. 4 that we obtained the ratios < r n/rtot >= 0.3-
0.6 at the compound nucleus excitation energy E* > 40 MeV. These val
ues exceed those ones extracted earlier with the use of other approach 
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( < r n/rtot >=0.1-0.3) [19]. A detailed comparison of two used approaches 
should be done in order to discuss the differences in obtained values. We 
would only like to underline the fact that our estimations of the < r n/rtot > 
ratios at E* > 60 Me V are made on the basis of direct experimental results 
for 6n and 8n reactions and are practically model independent. 
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Fig. 4. < r n/f tot > ratio for the nuclei involved into the dcexcita.tiorr chains of 
245- 25°Cf* leading to 242Cf - a), and 254- 260102* leading to 252102 - b). In the left 
panel different symbols denote different ways of estimating_ barrierless cross-sections 
at subbarrier energies for the U(12C,xn) reactions. In the right panel symbols denote 
different reactions involved in the analysis: circles are for the 22 Ne [27] and 12•13C 
[28] induced reactions, and squares - for 48Ca [4] ones. Results of calculation· are 
obtained in the same way as in Fig. 3. 

Using the obtained < r n/rtot > ratios one can estimate neutron mul
tiplicities over the neutron evaporation cascade leading to the final heavy 
nucleus. The estimations give th.e nu~bers ""'1 for 25°Cf and ,.,:,0.5 for 260102 
compound nuclei at the highest excitation energy. The neutron~detection 
data gave the value Vpre' ~3 at the same excitation energy of 25°Cf [29). From 
this observation we deduce that about two neutrons are emitted during the 
descent from the saddle to scission point. 

From the present analysis one can conclude that the obtained values of 
< r nfrtot > at high excitation energies are in a reasonable agreement with 
statistical calculations and the main losses in the yields of transcurium ER 
formed in heavy ion "hot" fusion 'reactions arise at the finalsteps· of the 
deexcitation cascade. 
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