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The actinide-based hot fusion reactions with stable projectiles heavier than48Ca are analyzed within the
dinuclear system model for compound nucleus formation. The production of the odd superheavy nuclei in the
48Ca-induced hot fusion reactions is considered. Predictions for several reactions with radioactive beams of
46Ar, 47K, and 50Ca for the synthesis of heaviest elements are also presented for the future interest.
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The 48Ca-induced hot fusion reactions with some actinide
targets were carried out in Dubna[1] in order to approach to
“the island of stability” of superheavy elements(SHE) pre-
dicted at charge numbersZ=114–126 and neutron numbers
N=172–184 by the nuclear shell models[2,3]. The further
experimental extension of the region of SHE is limited by
the number of available projectiles and targets, and by very
low production cross section[1,3]. Since the intensive radio-
active ion beams are not available so far, the possible way to
synthesize new SHE is to use the actinide-based reactions
with projectiles heavier than48Ca. However, as in case of
cold 208Pb- and209Bi-based fusion reactions one can expect
the strong decrease of the evaporation residue cross section
with increasing charge number of projectile due to the in-
crease of repulsive Coulomb forces. In the present paper we
analyze the actinide-based reactions with different stable and
radioactive projectiles and recommend for the experimental
study those which lead to the evaporation residue cross sec-
tions above the present experimental limit of registration
(about 0.1 pb). With 48Ca beam the production of superheav-
ies with oddZ is investigated as well.

The fusion is described by the dinuclear system(DNS)
model[4–7] in which the evaporation residue cross section is
factorized as follows:

sERsEc.m.d = scsEc.m.dPCNsEc.m.dWsursEc.m.d. s1d

Here, sc=pÂ2sJmax+1d2TsEc.m.d is the effective capture
cross section for the transition of the colliding nuclei over
the entrancesCoulombd barrier with the transmission
probabilityT f5g, PCN is the fusion probability, andWsur is
the survival probability of excited compound nucleus in
the deexcitation process. The contributing angular mo-
menta in the evaporation residue cross section are limited
by Wsur with Jmax<10 when highly fissile excited super-
heavy nuclei are produced for energiesEc.m. above the
Coulomb barrierf5,6g.

In the DNS fusion model the compound nucleus is
reached by a series of transfers of nucleons from the light
nucleus to the heavy one[4–7]. The DNS has two main
degrees of freedom: the mass asymmetryh=sA1−A2d / sA1

+A2d (A1 and A2 are the mass numbers of the DNS nuclei)
and the relative distanceR between the centers of the DNS

nuclei. The dynamics of the DNS is considered as a com-
bined diffusion in coordinatesh and R. The diffusion inR
occurs towards the values larger than the sum of the radii of
the DNS nuclei and finally leads to the quasifission(decay of
the DNS inR). The basic assumption of the DNS model that
the touching nuclei are hindered by a repulsive potential to
amalgamate directly inR into compound nucleus. The fusion
probability PCN gives the probability that the DNS crosses
the inner fusion barrierBfus

* in h and forms the compound
nucleus.PCN can be calculated by solving diffusion equa-
tions like the Fokker-Planck and master equations in coordi-
natesh andR or by using the Kramers approximation[8,9].
The probability of complete fusion is calculated in the fol-
lowing way:

PCN = lh
Kr/slh

Kr + lhsym

Kr + lR
Krd. s2d

Since the initial DNS is in the conditional minimum of po-
tential energy surface, we use a two-dimensional Kramers-
type expression for the quasistationary rateslh

Kr of the fu-
sion, lhsym

Kr of the symmetrization of the DNS with the
following decay andlR

Kr of the quasifission from the ini-
tial DNS through the fusion barrierBfus

* in h, through the
barrierBhsym

in h in the direction to more symmetric DNS
configurations and through the quasifission barrierBqf in
R, respectivelyf6,7g. The main factor which prohibits the
complete fusion of heavy nuclei is the evolution of the
initial DNS to more symmetric configurationsfBhsym
<s0.5–1.5d MeV and s4–5d MeV for hot and cold fusion,
respectivelyg and decay of the DNS during this process or
the decay of the initial DNS. In hot fusion reactions, the
decay of DNS takes place mainly outside of the initial
conditional minimum becauseBqf.Bhsym

in contrast to the
case of cold fusion reactions. The local temperatureQ of
the initial DNS calculated with the Fermi-gas model ex-
pressionQ=ÎE* /a sa=ACN/12 MeV−1, ACN=A1+A2, and
E* is the excitation energy of the DNSd is used inlh

Kr,
lhsym

Kr , andlR
Kr f6g.

The barriersBfus
* , Bhsym

, andBqf are given by the potential
energy of the DNS which is calculated as the sum of binding
energiesBi of the nucleisi =1,2d and of the nucleus-nucleus
potentialV [4–6]: UsR,hd=B1+B2+VsR,hd. V is calculated
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with the double-folding procedure with a nuclear radius pa-
rameterr0=1.15 fm and a diffusenessa0=0.54–0.56 fm de-
pending on the mass number of the isotope. The variations of
the potential inh are caused by both shell effects and odd-
even effects included into the calculations through realistic
binding energies[10–13]. The isotopic composition of the
nuclei forming the DNS is obtained with the condition of a
N/Z equilibrium in the system. The potential of the DNS
depends on the ground state deformations[14] of the nuclei
assumed in the pole-pole orientation.

The survival probability under the evaporation ofx neu-
trons is treated according to Refs.[6,7,15,16] as

Wsur = PxnsECN
* dp

i=1

x
GnfsECN

* dig
GnfsECN

* dig + G ffsECN
* dig

,

Gn

G f
=

0.41A2/3afUn

2fanUng1/2 − 1
expf2an

1/2Un
1/2 − 2af

1/2Uf
1/2g,

where Pxn is the probability for the realization of thexn
channel at the excitation energyECN

* =Ec.m.+Q of the com-
pound nucleus andi is the index of the evaporation step[16].
sECN

* di is the mean value of excitation energy of the com-
pound nucleus at the beginning of stepi with sECN

* d1=ECN
* .

We used the analytical expression for the ratio of the partial
widths of neutron emissionsGnd and fissionsG fd in Eq. (3),
and Un=ECN

* −Bn−d, Uf =ECN
* −sBf −ddexpf−ECN

* /Edg−d
[9,17]. The neutron binding energiesBn and the absolute
values of microscopic corrections as fission barriersBfsECN

*

=0d are taken from different mass tables[11–13]. In Fermi-
gas approximationBf value depends onECN

* as Bf =BfsECN
*

=0dexpf−ECN
* /Edg whereEd=25 MeV is the shell-damping

energy[15]. At the excitation energies ofs30–50d MeV in
hot fusion reactions the damping of the shell corrections re-
duces the difference between the results obtained with vari-
ous predictions of the properties of superheavies. The pairing
correctionsd=22/A0

1/2 and 11/A0
1/2 for even-even and odd-

even nuclei(odd-even effect), respectively, were taken into
consideration. InUf a double counting of pairing in the fis-
sion barrier, which is a purely shell correction, was avoided.
The ratio of the level density parameters in the fission and
neutron evaporation channels is chosen asaf /an=1.07 and
1.045san=ad for the predictions of Ref.[11] and Refs.
[12,13], respectively, in order to describe the experimental
evaporation residue cross section for the reaction48Ca
+ 244Pu→ 288114+4n [7]. The predictions of Refs.[12,13]
give the same fission barrier but different values ofBn. Since
the value ofaf /an is related to the rate of the change of
nuclear structure from the ground state to the saddle point
[17], smallerBfsECN

* =0d in Refs. [12,13] than in Ref.[11]
requires slightly smalleraf /an.

It is very difficult to estimatesER by looking only at the
predicted value of fission barrier of compound nucleus. Be-
sides the values of fission barriers, the neutron separation
energies, andQ values are important for the calculation of
Wsur andsER in the region of superheavies. The fusion prob-
ability PCN depends also on the predicted mass of nuclei with
Z.102 because the DNS potential energy is a function of

mass asymmetry coordinate. For the calculation ofsER, we
presently have no complete set of predicted properties of
superheavies in the framework of the relativistic mean-field
models. The nonrelativistic mean-field model[18] gives the
complete set but results unusually large pairing strength
(about 3 MeV). The predictions of macroscopic-microscopic
models[11–13] provide us all values which are necessary for
the calculations ofsER and have good theoretical back-
ground.

The previous DNS model calculations ofsER and optimal
bombarding energy for cold and hot fusion reactions leading
to heavy and superheavy nuclei, and of mass(charge) and
kinetic energy distributions of the products of quasifission,
which accompanies the fusion process, were in good agree-
ment with available experimental data[4–7,19]. This allows
us to be confident in our predictions. The estimated inaccu-
racy of our calculations ofsER is within factor of 2–4. The
inaccuracy in the definition ofBfus

* creates an inaccuracy
within a factor of 2 in the calculation ofsER. Since the cal-
culations for all reactions were performed with the same pa-
rameters and assumptions, the prediction of the relative val-
ues of cross sections is quite high.

The calculated evaporation residue cross sectionssER at
the maxima of excitation functions and the corresponding
excitation energiesECN

* of the compound nuclei are plotted in
Figs. 1–3 for various238U-based reactions. In Figs. 1–3sER
andECN

* are estimated using the predictions of the properties
of superheavies from Refs.[11–13], respectively. The ex-
traordinary low excitation energy in the48Ca+238U reaction
is due to the gain in theQ value. With projectiles heavier
than 48Ca ECN

* becomes smaller with increasing massACN
numbers of compound nucleus. The predicted cross sections
are almost independent within the factor of 2–5 on the choice
of the mass table. This variation is almost within the inaccu-
racy of calculation. The advantage of48Ca beam is evident.
The calculated evaporation residue cross sections decreases

FIG. 1. The calculated maximal evaporation residue cross sec-
tions (upper part) at the corresponding optimal excitation energies
of the compound nuclei for the238U-based hot fusion reactions. The
predictions of Ref.[11] were used in the calculations.
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by about 3 orders of magnitude with increasing the charge
number of projectile from 20 to 26. The main reason of
fall-off of sER is the strong decrease of fusion probability
PCN. The quasifission in the DNS becomes much stronger
than the complete fusion with increasing charge number of
compound nucleus. Besides48Ca, only the projectiles40,42Ar
and 50Ti result the cross section on the level of the present
experimental possibilities. The same dependence ofsER on
the projectile one can observe with other actinide targets. For
instance, for the reactions50Ti+ 241Pu,54Cr+241Pu, and
58Fe+241Pu we obtainedsER=2310−2 pb, 2310−3 pb, and
3310−6 pb at ECN

* =36.7 MeV, 35.7 MeV, and 34.5 MeV,
respectively. The reactions with241Pu target are more favor-
able than the reactions with242,244Pu targets[7]. Another
example is the reactions with thorium target: for50Ti
+ 232Th, 54Cr+232Th, 58Fe+232Th, and 64Ni+ 232Th, we ob-

tainedsER=5310−2 pb, 10−1 pb, 10−2 pb, and 8310−4 pb at
ECN

* =38.4 MeV, 38.5 MeV, 38.4 MeV, and 31 MeV, re-
spectively. All calculations above are performed using the
mass table of Ref.[11].

From Figs. 1–3 one can conclude that the stable isotopes
of projectile nucleus with the largest neutron excess are fa-
vorable for the most cases of hot fusion. At fixed charge
asymmetry in the entrance channel, the fusion probability
PCN and excitation energyECN

* of compound nucleus de-
crease with increasing neutron excess in the projectile. The
gain in the survival probabilityWsur is not compensated by
the loss inPCN.

From Figs. 4–6 one can see that the reactions with
smaller neutron excess in the target within certain interval of
A are even more favorable for producing of SHE than those
with larger neutron excess. The value ofPCN becomes larger
with decreasingA in most cases. In these reactions theQ
value and, thus,ECN

* decrease withA in the considered inter-
vals. This behavior was also observed within a certain small
interval of A in the case of48Ca-induced Ra-, Th-, U-, Pu-,
Cm-, and Cf-based fusion reactions[7].

From our calculations shown in Figs. 5 and 6 one
can expect quite large cross sections in the actinide-based
reactions with a48Ca beam and targets236Np, 242Am, and
248Bk for the production of odd SHE with charge numbers
113, 115, and 117, respectively. For the reactions48Ca
+ 227As, 231Pa and252,254Es leading to 109, 111, and 119 el-
ements, we obtainedsER=7.9/10.2/25.7 pb, 1.0/2.2/4.4 pb,
0.006/0.018/0.013 pb, and 0.01/0.015/0.02 pb atECN

* =

FIG. 2. The same as in Fig. 1, but with the predictions of Ref.
[12].

FIG. 3. The same as in Fig. 1, but with the predictions of Ref.
[13].

FIG. 4. The calculated maximal evaporation residue cross sec-
tions at the corresponding optimal excitation energies of the com-
pound nuclei(in parenthesis) for the hot fusion reactions as a func-
tion of mass numberA of the target. The results obtained with the
predictions of Refs.[11] and[13] are shown by closed squares and
open triangles, respectively.

POSSIBILITIES OF SYNTHESIS OF NEW… PHYSICAL REVIEW C 69, 044601(2004)

044601-3



32.3/33.3/32.5 MeV, 31.7/32.4/31.3 MeV, 29.8/30.8/30.4
MeV, and 28.2/31.0/29.9 MeV, respectively, using the mass
tables from Ref.[11]/Ref. [12]/Ref. [13].

The radioactive beams of47K and 46Ar are likely pro-
duced with high intensities in near future. In the actinide-
based reactions the use of neutron-rich projectiles of47K and
50Ca leads to the values ofsER comparable with one for the
reactions with48Ca (Fig. 6). However, with these projectiles
one can produce new odd SHE with the neutron number
closed toN=184. For the reaction46Ar+248Cm, we obtained
sER=9 pb at ECN

* =38 MeV using the predictions of Ref.
[11].

Our conclusions are the following.(1) In the actinide-
based reactions the gain in survival probability with increas-
ing neutron excess in the stable projectile is not compensated
by the loss in complete fusion probability.(2) In
48Ca-induced hot fusion reactions the stable actinide targets
with smaller neutron excess(within certain intervals of mass)

are even more favorable than those with larger neutron ex-
cess. The reactions48Ca+236Np, 242Am, 248Bk are most fa-
vorable for the production of odd SHE with charge numbers
113, 115, and 117.(3) For the first time, we show that the
actinide-based reactions with stable projectiles heavier than
50Ti projectile are not much promising for further synthesis
of SHE. (4) The radioactive projectiles are not much favor-
able in comparison to the stable projectiles.(5) New isotopes
of SHE withZ=110, 112, 114, and 115 could be produced in
the reactions40,42Ar,50Ti+238U, 50Ti+ 228,229,231Th,235U, and
46Ar, 47K+ 248Cm. Our results could motivate the experimen-
tal efforts for producing new SHE.
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