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Possibilities of synthesis of new superheavy nuclei in actinide-based fusion reactions
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The actinide-based hot fusion reactions with stable projectiles heavier*¥8anare 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
4BAr, 47K, and *°Ca for the synthesis of heaviest elements are also presented for the future interest.
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The *8Ca-induced hot fusion reactions with some actinidenuclei. The dynamics of the DNS is considered as a com-
targets were carried out in Dubifid] in order to approach to bined diffusion in coordinatey and R. The diffusion inR
“the island of stability” of superheavy elemenSHE) pre-  occurs towards the values larger than the sum of the radii of
dicted at charge numbe=114—-126 and neutron numbers the DNS nuclei and finally leads to the quasifissidacay of
N=172-184 by the nuclear shell mod¢’3]. The further the DNS inR). The basic assumption of the DNS model that
experimental extension of the region of SHE is limited bythe touching nuclei are hindered by a repulsive potential to
the number of available projectiles and targets, and by vergmalgamate directly iR into compound nucleus. The fusion
low production cross sectidi,3]. Since the intensive radio- probability Pcy gives the probability that the DNS crosses
active ion beams are not available so far, the possible way tthe inner fusion barrieBy, in 7 and forms the compound
synthesize new SHE is to use the actinide-based reactiomicleus.Pcy can be calculated by solving diffusion equa-
with projectiles heavier thafi®Ca. However, as in case of tions like the Fokker-Planck and master equations in coordi-
cold 2°%Pb- and?*Bi-based fusion reactions one can expectnates» andR or by using the Kramers approximati¢,9].
the strong decrease of the evaporation residue cross secti@ine probability of complete fusion is calculated in the fol-
with increasing charge number of projectile due to the in-lowing way:
crease of repulsive Coulomb forces. In the present paper we
analyze the actinide-based reactions with different stable and Pon= N TN+ +88). 2
radioactive projectiles and recommend for the experimental >
study those which lead to the evaporation residue cross sesince the initial DNS is in the conditional minimum of po-
tions above the present experimental limit of registrationtentia| energy surface, we use a two-dimensional Kramers-
(about 0.1 ph With **Ca beam the production of superheav- type expression for the quasistationary raxés of the fu-
ies with oddZ is investigated as well. sion, \" of the symmetrization of the DNS with the

The fusion is described by the dinuclear systdbiNS) ¢4 161ing decay and\K' of the quasifission from the ini-
mode![4—ﬂ in which the evaporation residue cross section IStial DNS through the fusion barrieB;us in 7, through the
factorized as follows: barrierB,__in #in the direction to more symmetric DNS
configuratyions and through the quasifission bariggy in
R, respectively{6,7]. The main factor which prohibits the
complete fusion of heavy nuclei is the evolution of the

Ter(Ecm) = 0c(Ec.m) Pen(Ec.m)Weud Ec.m) - (@)

Here, o.=mX°(Jnact 1)°T(E.m) is the effective capture

cross section for the transition of the colliding nuclei over'fItlal DNS to modre symmetr;c Eonﬁglgat'?géB”sym
the entrance(Coulomb barrier with the transmission —(0-5—1.5 MeV and(4-5 MeV for hot and cold fusion,

probability T [5], Py is the fusion probability, antiV,, is respectively and (je_c_ay of the DNS durlr_lg this process or
the survival probability of excited compound nucleus inthe decay of the initial DNS. In hot fusion reactions, the
the deexcitation process. The contributing angular mo9€cay of DNS takes place mainly outside of the initial
menta in the evaporation residue cross section are limite§onditional minimum becausig,>B,, in contrast to the
by Wy, With Jya= 10 when highly fissile excited super- Case (_)f cold fusion reactions. The local tgmperamref
heavy nuclei are produced for energiEs,, above the the initial DNﬁllculated with the Fermi-gas model ex-
Coulomb barrie5,6]. pression®=\E'/a (a=Acn/12 MeV'L Acy=A;+A,, and

In the DNS fusion model the compound nucleus isE. is the excitation energy of the DNSs used in\Y,
reached by a series of transfers of nucleons from the lighk, , andAg’ [6].
nucleus to the heavy ongl-7]. The DNS has two main The barriersB;,, B, andBg are given by the potential
degrees of freedom: the mass asymmejry(A;—Ay)/ (Aq energy of the DNS which is calculated as the sum of binding
+A,) (A, and A, are the mass numbers of the DNS nuclei energiesB; of the nuclei(i=1,2) and of the nucleus-nucleus
and the relative distand® between the centers of the DNS potentialV [4-6]: U(R, 7)=B;+B,+V(R, ). V is calculated
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with the double-folding procedure with a nuclear radius pa- w0k ' “ci ! ' x+7y]
rametermry=1.15 fm and a diffusenesg=0.54—-0.56 fm de-
pending on the mass number of the isotope. The variations of = 10" r‘“’f_\r ’“r_i 3
the potential iny are caused by both shell effects and odd- & A .
even effects included into the calculations through realistic FIOF " &i‘ o ;
binding energie§10-13. The isotopic composition of the 10°L G op Cr: 60? ]
nuclei forming the DNS is obtained with the condition of a . "o Re
N/Z equilibrium in the system. The potential of the DNS 10°F . . R
depends on the ground state deformatifi¥ of the nuclei shea e ' ' R
assumed in the pole-pole orientation. s " “Cy  ep iy
The survival probability under the evaporation>oheu- < ul of 4 S ]
trons is treated according to Ref$,7,15,16 as 2 “Ar o 57;
* 'C
* M40} " ]
W = P E [T —— L Ee] B
A T (Bl + T Ecwi]’ .- re ]
213 110 112 114 116 118
Iy _ 0.41A%"aU, exy 282U - 2a1212) Zew
n ;

Iy 2aU,?-1 | -
FIG. 1. The calculated maximal evaporation residue cross sec-

where P,,, is the probability for the realization of then  tions (upper part at the corresponding optimal excitation energies
channel at the excitation ener@éN:EC_me of the com-  of the compound nuclei for th&8U-based hot fusion reactions. The
pound nucleus andis the index of the evaporation stgj6].  predictions of Ref[11] were used in the calculations.

(Egy)i is the mean value of excitation energy of the com-
pound nucleus at the beginning of stepith (E¢y)1=Ecy-
We used the analytical expression for the ratio of the parti
widths of neutron emissiofl’,)) and fission(I';) in Eq. (3),
and U,=E.\—-B,-8, U;=E;\—(Bi-expg—Ecy/Eql-4
[9,17]. The neutron binding energied, and the absolute
values of microscopic corrections as fission barrBi&E,

mass asymmetry coordinate. For the calculatiorrgf, we
Presently have no complete set of predicted properties of
a L L .
superheavies in the framework of the relativistic mean-field
models. The nonrelativistic mean-field mod#8] gives the
complete set but results unusually large pairing strength
(about 3 Me\j. The predictions of macroscopic-microscopic

; \ models[11-13 provide us all values which are necessary for
=0) are taken from different mass tablgl-13. In Fermi- o cajculations ofoer and have good theoretical back-
gas approximatior; value depends oy as Bi=Bi(Ecn  ground.
=0)exf ~Ecy/Eq] where E4=25 MeV is the shell-damping ~ The previous DNS model calculations @fg and optimal
energy[15]. At the excitation energies d80-50 MeV in  pombarding energy for cold and hot fusion reactions leading
hot fusion reactions the damping of the shell corrections reto heavy and superheavy nuclei, and of masdsarge and
duces the difference between the results obtained with varkinetic energy distributions of the products of quasifission,
ous predictions of the properties of superheavies. The pairingshich accompanies the fusion process, were in good agree-
correctionss=22/Aj* and 11AJ” for even-even and odd- ment with available experimental da—7,19. This allows
even nuclei(odd-even effegt respectively, were taken into us to be confident in our predictions. The estimated inaccu-
consideration. InJ; a double counting of pairing in the fis- racy of our calculations oégg is within factor of 2—4. The
sion barrier, which is a purely shell correction, was avoidedinaccuracy in the definition 0B, creates an inaccuracy
The ratio of the level density parameters in the fission andvithin a factor of 2 in the calculation afgg. Since the cal-
neutron evaporation channels is choserag®,=1.07 and  culations for all reactions were performed with the same pa-
1.045a,=a) for the predictions of Ref[1l] and Refs. rameters and assumptions, the prediction of the relative val-
[12,13, respectively, in order to describe the experimentalues of cross sections is quite high.
evaporation residue cross section for the reactfé@a The calculated evaporation residue cross sectignsat
+249py— 288114 +4n [7]. The predictions of Refs[12,13  the maxima of excitation functions and the corresponding
give the same fission barrier but different valueBgfSince  excitation energieg,, of the compound nuclei are plotted in
the value ofas/a, is related to the rate of the change of Figs. 1-3 for varioug3®U-based reactions. In Figs. 163y
nuclear structure*from the ground state to the saddle poirdnd EZZN are estimated using the predictions of the properties
[17], smallerB¢(Ecy=0) in Refs.[12,13 than in Ref.[11]  of superheavies from Ref§11-13, respectively. The ex-
requires slightly smalleas/a,,. traordinary low excitation energy in tHfCa+23%U reaction

It is very difficult to estimateoer by looking only at the is due to the gain in th€ value. With projectiles heavier
predicted value of fission barrier of compound nucleus. Bethan “8Ca EZ:N becomes smaller with increasing ma&sy
sides the values of fission barriers, the neutron separatiomumbers of compound nucleus. The predicted cross sections
energies, and) values are important for the calculation of are almost independent within the factor of 2-5 on the choice
Wsyr andogg in the region of superheavies. The fusion prob-of the mass table. This variation is almost within the inaccu-
ability Py depends also on the predicted mass of nuclei withracy of calculation. The advantage $Ca beam is evident.
Z>102 because the DNS potential energy is a function offThe calculated evaporation residue cross sections decreases
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by about 3 orders of magnitude with increasing the charge 0.000 2§4 2;6 2;8
number of projectile from 20 to 26. The main reason of A

fall-off of ogg is the strong decrease of fusion probability h lculated imal . .
P The quasifission in the DNS becomes much stronge FIG. 4. The calculated maximal evaporation residue cross sec-
thCN' th lete fusi ith | ; h b Eons at the corresponding optimal excitation energies of the com-

an the complete u3|or1 with increasing C, af@_le rg)lim € Obound nucleiin parenthesisfor the hot fusion reactions as a func-
compound nucleus. Besidé%Ca, only the projectileé®42Ar

507 . tion of mass numbeA of the target. The results obtained with the
and >"Ti result the cross section on the level of the present,egictions of Refs[11] and[13] are shown by closed squares and

experimental possibilities. The same dependenceg@fon  open triangles, respectively.

the projectile one can observe with other actinide targets. For

instance, for the reaction§°Ti+24/Pu %Cr+24/Pu, and tainedogr=5X10"?pb, 10" pb, 102 pb, and 8< 10™* pb at

58Fe +241Py we obtainedrzg=2x 102 pb, 2x10°3pb, and Ecy=38.4 MeV, 38.5 MeV, 38.4 MeV, and 31 MeV, re-

3x10°%pb at EZ:N:36-7 MeV, 35.7 MeV, and 34.5 MeV, spectively. All calculations above are performed using the

respectively. The reactions wiflt'Pu target are more favor- mass table of Ref11].

able than the reactions witF224Pu targets[7]. Another From Figs. 1-3 one can conclude that the stable isotopes

example is the reactions with thorium target: fé¥Ti of projectile nucleus with the largest neutron excess are fa-

+232Th, 54Cr+232Th, 58Fe+232Th, and ®4Ni+232Th, we ob- Vorable for the most cases of hot fusion. At fixed charge
asymmetry in the entrance channel, the fusion probability

ol o “‘éa T 0] Pcn and .exc':itation 'energ)E*CN of compc_)und nucleus_ de-
2l crease with increasing neutron excess in the projectile. The
~ 10l *Ti ] gain in the survival probabilityVy,, is not compensated by
) LT Yo the loss inP¢y.
F10°F Ca ,9T‘5i Y “Cr g, 3 From Figs. 4-6 one can see that the reactions with
o Cr ser smaller neutron excess in the target within certain interval of
L .

A are even more favorable for producing of SHE than those
10°k S’in ] with larger neutron excess. The valueRyy becomes larger
y t with decreasingA in most cases. In these reactions Qe

s t t . \
ol “Ca R value and, thusk., decrease witt in the considered inter-
o A . N . . .
% al wh G e ] vals. This behavior was also observed within a certain small
S laed =& 5 interval of A in the case of®Ca-induced Ra-, Th-, U-, Pu-,
.8 o a Cm-, and Cf-based fusion reactiof§.
m 40 T oy 1 X ) .
1 S5 From our calculations shown in Figs. 5 and 6 one
36 ag L] can expect quite large cross sections in the actinide-based
Y “Fe reactions with a*Ca beam and targe$®Np, 2*?Am, and
TR ST 2488k for the production of odd SHE with charge numbers
Z., 113, 115, and 117, respectively. For the reactidfGa

+22Tps, 231Pa and?®%25€s leading to 109, 111, and 119 el-
FIG. 3. The same as in Fig. 1, but with the predictions of Ref.ements, we obtainedlzr=7.9/10.2/25.7 pb, 1.0/2.2/%.4 pb,
[13]. 0.006/0.018/0.013 pb, and 0.01/0.015/0.02 pb E4=
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FIG. 5. The calculated maximal evaporation residue cross sec- m 35E . 3
ion h rr ndin imal excitation energi f th m- 34t . L . L . L
tions at the corresponding optimal excitation energies of the co ™ e e =

pound nuclei(in parenthesis for the hot fusion reactioné®Ca
+ANp, “Am, Bk as a function ofA. The results obtained with the

predictions of Ref.[11], Ref. [12], and Ref.[13] are shown by FIG. 6. The same as in Fig. 5, but for the hot fusion reactions
closed squares, open squares, and open triangles, respectively. 50c5+Aam and 47K +ACm.

A

32.3/33.3/32.5 MeV, 31.7/32.4/31.3 MeV, 29.8/30.8/30.4ar€ even more favorable than those with larger neutron ex-

H F@C 3 242 24
MeV, and 28.2/31.0/29.9 MeV, respectively, using the mas$€SS: The reactio a¥¥Np, 242Am, **Bk are most fa-
tables from Ref[11]/Ref. [12]/Ref. [13]. vorable for the production of odd SHE with charge numbers

. : 26 . _ 113, 115, and 117%3) For the first time, we show that the
The “’?‘d'o"’?C“V? bea.”?s d.‘FK and **Ar are likely Pro- actinide-based reactions with stable projectiles heavier than
duced with high intensities in near future. In the actinide-

: . L 50Ti projectile are not much promising for further synthesis
E(?SEd reactions the use of neutron-rich prolgctlle‘gK)fand of SHE. (4) The radioactive projectiles are not much favor-
Ca leads to the values ofzg comparable with one for the

able in comparison to the stable projectilés.New isotopes

reactions with*8Ca (Fig. 6). However, _With these projectiles of SHE withZ=110, 112, 114, and 115 could be produced in
one can produce new odd SHE with the neutron numbef, . oactiong?042Ar 5OTi+238 50T+ 228.229.237h 235 and

closed toN=184. For the react.ioﬁGAr+248Cm., we obtained 46Ar, 47K + 248Cm. Our results could motivate the experimen-
ErlEle:Q pb atEc\=38 MeV using the predictions of Ref. ., oforts for producing new SHE.

Our conclusions are the followingl1) In the actinide- We thank Professor Yu. Ts. Oganessian and Professor V.
based reactions the gain in survival probability with increas-. Volkov for fruitful discussions and suggestions. This work
ing neutron excess in the stable projectile is not compensataglas supported in part by VW-Stiftung, DFG, RFBR, and
by the loss in complete fusion probability2) In  STCUUzb-45. The Polish-JINR (Dubng and IN2P3
“8Ca-induced hot fusion reactions the stable actinide targetg-rancg-JINR (Dubng Cooperation Program are gratefully
with smaller neutron exceswithin certain intervals of mags acknowledged.
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