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introduction

The application of heavy ions of large mass is necessary for the decision of
problems of the synthesis of new elements, Especially important in planning the
experiments on the synthesis of new elements is to know the cross section of
complete fusion. The cross sections of complete fusion in reactions with heavy ions
up to values Z,-Zi=1600 are well described by the existing theoretical models. For

ZyZ>1600 values the cross section of complete fusion dramatically fal].

There are different models for the description of complete fusion of
massive nuclei. Most popular of them is the Macroscopic Dynamical Model of
Swiatecki Ref.[1]. However, a lot of experimental data for reactions of cold
synthesis cannot be explained even qualitatively within the framework of this model.
For instance, a new elements with Z=107-112 were produced in GSI using targets
close Pb (see, for example, Ref[2]) . In these reactions the maxima of the excitation
functions for the evaporation of one neutron lie below the Bass barrier. Complete
fusion for these reactions in framework MDM required large excess (several tens
MeV} of the collision kinetic energy above the entrance Coulomb barrier Bpass. In
Japan an approach is being developed on the basis of the Fiuctuation-Dissipation
Model (see, for example Ref[3]), for the description of the fusion of heavy
symmetric systems leading to the formation of transferminm nuclei. Estimation of
the formation cross sections of SHE in standard statistical model taking into account
the limitations on fusion from empirical systematics were made in Ref. [4].

In all listed models, as it seerns, there is no systematic comparison with the
existing experimental data, Such a comparison could give significant weight to the
theoretical predictions. In FLNR (FINR) the new approach was elaborated to the
description of complete fusion of massive nucle; based on dinuclear system concept
Ref [6]in the present work an attempt is undertaken to describe the existing data on
cold synthesis of new elements on the basis of the DNS concept. We analysed
various ("cold" and "hot") reactions leading to the synthesis of the new element with
charge number 114,

2. Description of the theoretical approach

2.1. Basic assumptions of the DNS-concept

The motivation of the DNS-concept, the comparison of the DNS-concept
and MDM have already been presented in Refs.[5] and [6]. Therefore, here we are
going to point out only the basic assumptions of the DNS-concept, which are used in
the analysis of the SHE-synthesis reactions. According to the DNS-concept the
complete fusion process proceeds in the following way. On the capture stage, after
full dissipation of the collision kinetic encrgy, a dinuclear system is being formed



(well known from deep inclastic transfer reactions). Complete fusion is an evolution
process in which the nucleons of one nucleus sequentially are transferred to the
second nucleus. The main characteristic of the DNS, determining its evolution, is the
potential energy of the system V{Z[L), which calculated according to the next
equation:

VZL) =By + By + V(R L)-[Boy + ¥ (1), (1)

compound nucleus by B+ v rofl). The nucleus-nucleus potential V(R,L)

incotporates the nuclear, Coulomb and centrifugal potentials:
VIRL) = Vo(R) + V(R)+V,o(R.L), (2)

where R is the distance between the centers of the nuclei in the DNS,

In calculating V(R,L), the DNS was assumed to have the shape of two
slightly overlapping nuclei. R" is the value of R, at which the DN is to be found at
the bottom of the "pocket” in the potential V(R,L). The nuclear potential ¥, (R} was
calculated using the double folding method (see details in Ref[7]). The centrifugal

2.2. Peculiarities in the complete fusion of two massive nuclei within the
DNS concept.
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Fig. 1 Schematic illustrations of driving potential as a function atomic number the one
of DNS nudlei. The possible moving of DNS and reaction input points are indicated
with arrows,



Fig.1 presents the potential energy of the DNS, curve F(2,L=0) exhibits
two minima: the first one Z=0 - corresponding to complete fusion and the second

one Z=ZCN/2=(ZP + Zy)/2 - corresponding to the formation of a symmetric DNS.
During the evolution HNS can decay into two nuclei. viz. quasi-fission takes place.

The synthesis of Superheavy Elements SHE is usually performed at
projectile energies leading to excitation energies of the compound nucleus as low as
possible. This ensures higher survival probability of the compound nucleus during
its deexcitation. As can be scen from Fig.1, the main "heating" of the compound
nucleus takes place during the descent of the DNS from the B, G. point. 1t is at this
evolution stage that the greater part of the system's potential energy is transformed
mto thermal excitation. However, whether the DNS will reach the state of a
compound nucleus or will undergo quasi-fission is determined already when
approaching the 8.G. point. At the same time, exactly at this evolution stage the
DNS excitation energy is lowest, Thus, one can say that during the most important
step to complete fusion, the DNS is in a cold state. This peculiarity in the evolution
of the DNS in SHE-synthesis reactions required using real masses in calculating the
potential energy V(ZL) in equation 1. The deformation of the DNS nuclei formed
during its evolution to the compound nucleus was taken into consideration. The
deformation of the heavy nucleus was taken in the ground state, the deformation of
the light nucleus -- in the 2" state.
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Fig. 2. Excitation energies at the maximum of the excitation functions of (H1, In) reactions leads

to nuclei with Z=102-114, o - theoretical {see Table I) and balck signs - experimeatal data [8],

If the injection point of the reaction is situated to the right of the maximum in



V(Z,L=0) (the Businaro-Gallone (BG) point), the initial DNS may follow either of
the two possible evolution paths: to a larger or smaller charge asymmetry. On the
contrary, on the way to the compound nucleus the DNS has to overcome the
potential barrier, 8 Jfus, Which is equal to the difference i V(Z.L) at the B.G. point
and at the injection point of the reaction. The appearance of the inner fusion barrier
By [6] is due to the endothermic character of the process of nucleon rearrangement

nucleus. The energy Necessary for this rearrangement is supplied from the DNS
excitation energy E. The formation of the compound nucleus is not possible, if the

DNS excitation energy is less than the value of Bfys.
2.3. Optimal energy for synthesis of SHE

Fig.2 demonstrates excitation €nergies in maximum of experimental and
theoretical excitation functions of compound nuclei of elements with charge
numbers Z from /02-774 produced in cold fusion (Hl,1n) reactions. The curve
indicates the value E‘,,"-,,(CN) calculated on the Bass barrier [9]. From the Fig.2 one
can see that our calculated values of E’}, are close to the experimental data.

2.4. The fole of quasi-fission in the reactions of synthesis of SHE.
Competition between complete fusion and quasi-fission

Another important characteristic of the fusion of massive nuclei, which manifests
itself only in the DNS-concept, is the competition between complete fusion and
quasi-fission. Due to the statistical character of the exchange of nucleons between
the DNS nuclei, a certain probability exists that either the system reaches and
overcomes the B.G. point, which leads to the formation of a compound nucleus, or
the dinuclear system decay into two nuclei {(undergoes quasi-fission). The more
symmetric the reaction, the higher the inner fusion barrier B'fus which has to be
overcome by the DAS on its way to the compound nuclens and, also, the stronger is
the quasi-fission channel. In most known models of the complete fusion of nuclei,
the formation cross section of compound nuclei o is not different from the capture
cross section o¢. In our approach the fusion cross section Gtus IS a part of the capture
Cross section o,

[
O =0 Loy =ak,2 Y (21 + )T, E,) P, 3)
I=0
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Fig. 3. Probability of compound nucleus formation for different reactions as a function of
the fissifity parameter xmean. Solid squares represent the PCN values extracted from
experimental data [12], open circles - our calculations based on the model describing the
competition between complete fusion {6} and quasi-fission

here Kﬁ 15 the de Broglie wave length of the relative mation of interacting nuclei,

Ecm is the bombarding energy in the center-of-mass system, T Ecn) is the
penetration coefficient of the /-t partial wave through the potential barrier. T Ecry)
is approximated by the penetration factor of a parabolic barrier, Py is the
probability of forming a compound nucleus in competition with quasi-fission [6]. In
Fig.3 the values Py, calculated for different reactions with 2**Pb and 2Bj targets.

The ratio of repulsive Coulomb forces and the attractive nuclear forces
governs the moving of two nuclei into one. For a monosystem this ratio is given by
the fissility parameter x. For two touching sphere configuration, taking into account
that the proton and neutron ratio between the two partners is equilibrate very quickly
(=10 sec). A modified parameter x,,.y, describing the ratio of Coulomb and nuclear
forces has been defined according to [13] and [14]):

mean = (1/3) %, +(2/3) xp,, where x, =(Z7/ A)(Z*/ A)

cr?



X =2, (B2 +k+k7 +572) 05 where k=(A,/4)" and
(21 4), =50.883[1- 1.7826(%25)2].

5.2. Capture cross section

The capture cross section o, makes up a part of the total inelastic cross section

Y- QI+DT(LE,,) .
D QI+DT(LE,,)

The I, is the critical angular moment, at which the capture of a heavy ion occurs and
an excited DNS is formed. The value of /., was taken from empirical systematics of
the ratio 6/or [10]. In the Fig4 one can see the experimental data and our
calculations o for two type of reactions: with a ***Pp target (left) and a “*U/ target

(right). The rather good agreement between the calculations and the experimental
data is obvious.
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Fig. 4 Capture cross sections for two targets Pb (left) and U (right) as a function of bombardme:
energy and different heavy ions. Points are experimental data, curves are result of calculation,
Experimental data was taken from [20,30-33).

2.6. Survival probability

The production cross section for evaporation residues with emission of x
neutrons from heavy compound nuclei can be written in a following form as:

c-xu(E.)zaﬁu'Pxn(E.)'er(E‘), (5)

where Gfys is the compound nucleus formation cross section; E - excitation energy



of compound nucleus; Py, is the probability of evaporation of exactly x neutrons
from the excited compound nuclei [11]; Weyr is the probability of survival of the
heavy (My/Tyo =Ty/To) compound nucleus during its deexcitation
o TTeL(ED
Wsur(E ) Q(FI(E;))’“ @

where x is number of evaporated neutrons, X - the index of the €vaporation step. For
the partial widths of neutron emission and fission the following expressions have
been used [9]:

QRs+Dy
T8 o, (E)p (U -B, - E,)EdE,. ()
(zh)" p, (U} ;

where U is the thermal energy of the mother nucleus, s - the spin of the emitted
particle and p - the reduced mass of the system (particle neutron plus daughter
nucleus). The symbols m and & indicate the mother and the daughter nuclei,

respectively. The inverse cross section Ciny Is calculated within the model described
in [10].

L (E' L)~

U,-8,

T,(E",L)~(27p, (U))™ [p.U, B, -£)ae, (8)

In expression (8) the thermal energy Us and the rotational energy E
connected at the saddle point by the relation U = £° - E . This form of the width /¢
takes into account the change of the fission barrier of the rotating nucleus so far as
BAL) = BA0)-(E,-E;) (see details in [15]). To describe the level density as a function
of the excitation energy, the well known Fermi-gas expression (see, for example,

book [16])
p(E.) = (’%alfau(E' _ 5)5/4JCXP[S(E‘)], {9)

has been used. In (9) the dependence of the nucleus entropy S on the excitation
energy E' is determined by the relation: S=2ar, using the connection ofthe
temperature with the excitation energy of the nucleus £ =ar’, here 5 is cotrection
accounting for even-odd effects [18]. The parameter of the level density a=n"g,/6 is
expressed through the density of single particle states near the Fermj EREIZY go.=
MEY = const. The decrease of the influence of shell effects on the level density with
increasing excitation energy is taken into account by the phenomenological
expression {16]:

a(E"y=a[l+ f(E)AW [ E'], a0y

here f(E')=l—erp(—y-E'), AW is the shell correction in the nuclear mass formula,



d = Ala + B4) is the Fermi-gas value of the level density parameter, 4 is the mass

number of nuclevs. The empirical values of the parameters a=0 /34 Me}~' p=-
1.21-10° MeV', y=0.061 Mey' have been obtained in Ref.[18] from the analysis of
the data on the level density with taking into account the contribution of the
collective states to the total Jeve] density,

The fission barrier By is a sum of liquid drop B, and shell correction AW
parts BﬁBLD, +4W. To calculate W..r need know the fission bartier of compound

nuclei. For transfermium region of compound nuclej the 8 is very small. To
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Fig. 5. Fission Barrier 3) and I/ values by for element 112 as a function of cxcitanon cnergy.

include effect of washing of shell corrections we used the next equation
B,(E')r—d W.exp(-yE"). For our calculation we used the value of ByE '=0) =B,
from Ref[17)].

In Fig.5 one can see that the dependence of the fission barrier and ratio
Ty onE' in region of maximums of excitation functions for {(Hl,1n) reactions
(10-20 MeV) is Vvery strong,

3. THE ANALYSIS OF REACTIONS USED FOR THE SYNTHESIS OF THE
TRANSFERMIUM AND SUPERHEAVY ELEMENTS

3.1. Reactions of Cold Fusion

The "cold" method of synthesis of heavy elements where evaporation of
one neutron has higher probability, named “coid fusion" {was proposed in Dubna by
Y Ts. Oganessian Ref[19]), was successfully used to produce new transfermium
elements up to Z=//2. One can see from Fig.6 that our approach allows rather good
describe existent experimental data on cold fusion (H/, In) reactions.
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3.2. Hot fusion reactions

As one can see from F ig.6 o1, of reactions which leads to synthesis of the
superheavy element with magic number Z=/ 14 with use Ph target less than [ ph.

Therefore we analysed another reaction “Ca+*Pu=22114. which was
chosen for the synthesis of element //4 in FLNR {Dubna) (see, for example,
Ref [23]). There are experimental data in which a “Ca-beam was used 1o bombard
targets of Pb, Th, U. For the reaction “Ca+™®Pb="102 measurements of the
excitation functions for the €vaporation of /.23 4 neutrens, as well as the fysion-
fission cross section {20}, which for heavy compound nucle; coincidences with the
fusion cross section, have been measured. Therefore it seemned VEry interesting to
analyse these reactions in the framework of the DNS concept,

In Fig.7 one can see calculations based on the DNS-concept for two
teactions. For the *Cq+?%pp 25, 02 reaction (left Panel} our calculation rather well
describes the experimental data for evaporation residue cross sections. For the
BCat+* =21 19 reaction (right panel), for which only o3, has been measured,
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denote the experimental values of fusion-fission cross sections {20], solid points - experimental
values of 0, [20], the experimental value o3, for the right reaction was taken from Ref[[24], curves
are the result of our estimations: dashed curves are calculations for S, dowted curves - for oy, solid
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Fig.8 Cross sections for the reactions %Ca+280 (left) and “Ca+24Pu (right) leading to
compound nuclei with Z=112 and Z=114, respectively. On the left, open and solid dircles are

capture cross sections from Ref[25] and [26] correspondingly. Experimental data for o,, was
taken from [27]. Different curves are theoretical calculations {explanation see in the caption of
Fig.7).

our calculation is not in disagreement with the experimental point.

As one can see from Fig.8 our calculations for the “*Ca+2*=2%]12
reaction agree with the experimental values. The ri%ht panel of Fig. 8 shows our
estimations for the cross sections for the “Ca+2*py=221 4 reaction. Comparing our
estimations (see Fig.6) for the 7""7"‘72‘7':'Ge"F‘.'o‘ng=m'm‘m‘ml 14 reaction with these
for the reaction **Ca+*'py=2114 (see Fig.8), it follows that the latter one is more
preferable.
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Table 1 Results of our calculations for cold fusion reactions. The references on
experimental values for reactions with Zcn=104-112 see in Review [2] and
references therein.

L]
E th E exp O'thln o™

: 1
Reactions MeV Moy Py b mb " Ref.

$Car™Pb=102 156 160 29100 5810 (1330100 30
PCat™Pb=*102 161 240 330" 1910 (6075):107 3y
PTiHPb=""104 152 150 77107 14 10° (050107 g
CTHTBIETI0S 147150 79007 21408 (450910 2]
*Cre®®Pb="106 145 150 5510% 34007 (5014107 2]
HCrBi="107 144 320" 1610° (2043107 g
"Fer™Pb="108 129 140 gg.10° 13107 (67:35)-10" g
PFetBi="100 140 140 20.10° 181 0t (7559100
“Ni+?®pb=""110 139 138 77 10° 5510° (353100 g
“Ni+®Pb=110 131 122 2.510°  24.10% (152310 12]
UNi#PBI=TIT 0 132 135 14.90° 12:10° (3599107 o)
“Zn P12 118 100 7.3.90% 1410° (105107 g

“ZotPb=""112 123 10412 1.4.10° 2.2.10° <1.3-107 [2]
“Znt"BiE 13 127 10412 13109 64007 <6007 22)
“Zn+Bi=""113 128 2610% 11107
*Ge+*pb="%114  10.8 3310% 12107
“Ge+™Pb=""114 108 11107 1.2.10M
"Ge+Pb="*114 116 35107 9510
"Ge+™®pb="114 124 38107  1.9.107

There exist also other estimations of cross section for the combination
“Ca+**Pu="2]14 (see Table IT). One can see that our estimation is in rather good
agreement with value of cross sections from Ref.[4]. Now in the FLNR an
cxperiment is running to produce the isotope of element /14, in the reaction
BCa+*py="?114. This experiment is very important, since it would give a
possibility to reach the island of stability, about which physicists of the whole world
dream more than 30 years.
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Table 2, Results of different estimations (maximal quantities) for cross sections
values for #4Ca+24Pya 52114 reaction

Channel E Value Ref.

T3y 35MeV  35pb [4]

Tin 26MeV 100 pb (28]

OgRr 37MeV  10pb {297

Gin 32MevV  20pb [23]

G3q <510%pb  [12]

U3q 3I5Mev 15 pb {present worm

Conclusions

one neutron (#/,/n)) what concerns the maxima of the excitation functions (see
Fig.2), and their absolute values (see Fig.6). The DNS concept allows to carry out
calculations of the inner fusion barrier B-fus for synthesis reactions, which in tum
gives an estimation of the threshold AE for complete fusion. The DAS concept

quasi-fission in SHE synthesis reactions, which gives the probability P, of forming
a compound nucleus after capture. In "cold" fusion reactions, the quasi-fission is the

“Ca+™Pu="114 for the Synthesis of element 714, suggested in FLNR [23], is
more preferable compared with the reaction of a Ge-beam on a Pb-target. '
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Yepenanos E.A. E7-99-27
Ananu3s peaxuui, NPHBONSIIKX K CHHTE3y CREPXTAXENbIX TEMEHTOB,
B PaMKax KOHUCIILHH ABOHHOM ANepHOH CHCTEMBI

Nns anann3a peakuuii HOMHOTO CTMAHMA SAEP, IPHBOAAIHX K CHHTE3Y CBEpX-
TIXEBIX AMEMEHTOB, GbINa HCNIONB30BAHA KOHLENLMA ABORHON 1epHOI CHCTEMBL
BEUTH paccuMTans! ONTHMANbHAS SHEPIHA BO3GYXACHHR COCTABHBIX AAEP H MOIIC-
PEYHBIC CEYCHHH MOAYYEHHA B XOJNOAHOM METONE CHHTE3a TAXEABIX 3ICMEHTOR
B auanasoHe Z = 102 -~ 112, PaccMOTpeHa BO3MOXKHOCTB TONyYeHUS HOBOTO afle-
MCHTA C MarM4eckuM 3apsaoM Z =114 B peakuax XONOZHONO H FOPSYEro CAud-
HHA.

Pabora Bomonuena B JlaGopatopun amepusix peakumit wm. I.H.®Oneposa
OHAN.

Tpenpirt OGneAHHENHOTO HHCTHTYTA SAEPHEIX Hccnenopanuii. lybua, 1999

Cherepanov E.A. ' E7-99-27
The Analysis of Reactions Leading to Synthesis '
of Superheavy Eleme=nts within the Dinuclear System Concept

The dinuclear system concept of complete fusion of nuclei has been applied
to the analysis of superheavy elements synthesis. The optimal excitation energy
of compound nuclei and production cross sections in the cold synthesis of heavy
elements with charge Z = 102 - 112 have been calculated. The possibility of synthe-
sising the element with magic number Z =114 in cold and hot fusion reactions has
been considered.

The investigation has been performed at the Flerov Laboratory of Nuclear
Reactions, JINR.

Preprint of the Joint Institute for Nuclear Research. Dubna, 1999
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