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Isotopic trends in the production of superheavy nuclei in cold fusion reactions
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In the 2%%Ph-based cold fusion-evaporation reactions the dependence of the yield of heaviest nuclei on the
isotopic composition of the projectile nucleus is studied within the dinuclear system model for compound
nucleus formation. Projectiles with a larger number of neutrons are not expected to increase always the
production cross section of superheavy nuclei. New optimal reactions for the synthesis of superheavy nuclei
with Z=112 and 114 are suggested.
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The study of the dependence of the evaporation residutinctions of the isospin of the stable projectiles by means of
Cross sectiorogg on the isotopic composition of colliding the dinuclear system(DNS) model developed in Refs.
nuclei is significantly important because the cross section fof5,7-1Q. In the DNS model, the compound nucleus is
the synthesis of superheavy elemei®bIE) continuously de-  reached by a series of transfers of nucleons from the light
creases with increasing charge numéeand the present ex- nucleus to the heavy one. The dynamics of the DNS is con-
perimental limit for the registration of heaviest elements hasjdered as a combined diffusion in the degrees of freedom of
been reached in the recent experimefits4]. The produc-  the mass asymmetmy=(A;—A,)/(A +A,) (A, andA, are the

tion cross sections for=111 and 112 nuclei in the cold 455 numbers of the DNS nugleind of the internuclear
ftisé?néﬁ\éi%céa_“ﬂ 4r:r?gtllolnGSnﬁgiﬁq;\bth%a-iﬁugﬂgﬁgt distanceR. The fusion barrieB;us in 7 supplies a hindrance
[1.2], . for fusion[5,7,8. As a ruIe,B;us for the initial DNS, »=1,

fusion-evaporation reactions with actinide targgsare of ecreases with increasifig,|. The basic assumptions of the

the order of picobarns. An important result in the synthesis o X ) .
P P Y NS model, like the structure forbiddenness for the melting

the element withZ=110 in cold fusion reactions was the i . . :
enhancement of the cross section from 3.5 pb to 15 pb b f the nuclei alongR, were microscopically proved in Refs.

changing the projectile froni?Ni to 8Ni [1,2]. This gave 11]. The previou_s DNS n_10de| calt_:ulations ofR for the
hope that the cross sections could decrease less steeply wiAld and hot fusion reactions leading to heavy and super-
more neutron-rich projectiles. But the later experimentsh€avy nuclei are in good agreement with available experi-
707n+208ph 2098 showed that the production of elemerts Mental data[5,7,8. The correct description of the mass
=112 and 113 does not profit from the higher isospin valugcharge distribution and kinetic energy of the products of
of the "°Zn beam[1]. From the theoretical point of view, it quasifission, which accompanies the fusion process, is an
was shown in Ref[5] that in the Pb-based reactions the useadditional justification of the DNS mod¢10].
of neutron-rich radioactive projectiles leads to a valuergf The evaporation residue cross section can be factorized as
comparable with evaporation residue cross sections witlfollows [5]:
stable projectiles. The reason for this is the following. While
the value of the survival probability of the compound 0er(Ec.m) = 0e(Ee.m)Pen(Ee.m)WsuEc.m) - (1
nucleus increases, the value of the fusion probability can
decrease with an increasing number of neutrons in the profhe calculations of theer demand an analysis of all three
jectile. This conclusion is in agreement with the experimenfactors in Eq. (1). The value of o.=(\%4m)(Jmax
tal observation that the probability of fusion of two heavy +1)?T(E.,,) is the effective capture cross section for the
nuclei is diminished when the neutron numbers in the protransition of the colliding nuclei over the entrance Cou-
jectile or target deviate from the magic numbers or the neatomb barrier with the transmission probabilify=0.5[8].
est closed sub shel[$]. Therefore, the general opinion for The contributing angular momenta in the evaporation resi-
providing a large neutron excess in the target as well as idue cross section are limited by the survival probability
the projectile nucleus in order to have a larger cross sectioiVs,, and J,a~ 10, when highly fissile superheavy nuclei
of the production of the SHE witE>111 should be recon- are produced at bombarding energk&s, near the Cou-
sidered. Indeed, this opinion arises if only the survival prob4omb barrier[5,8,12,13.
ability of the compound nucleus against fission is considered Dissipative large-amplitude collective nuclear motion,
as the crucial factor for the production of the SHE and thewhich occurs in fusion, can be analyzed within the transport
formation probability of the compound nucleus is disre-theory [14,15. The probability of complete fusio®cy in
garded. Eq. (1) depends on the competition between complete fusion
The aim of the present paper is to investigate the evapan » and quasifission ifR (decay of the DNS after the cap-
ration residue cross sectiomnsg for the synthesis of SHE ture stagg For cold fusion reactions, the decay of DNS takes
with Z=110, 112, and 114 in the Pb-based fusion reactions aglace mainly from the initial configuration in contrast to the
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case of hot fusion reactior}$,10]. The probability is given
by [5]

Pen=N, TR + M), )
We use a two-dimensional Kramers-type expressiinfor
the quasistationary rates of fusiar]" and quasifissionxgr
depending on the fusion barriéB; ) in » and quasifission
barrier (By) in R, respectively[5]. The local thermody-
namic temperatur@® of the DNS is calculated with the

expression®=1E'/a, where the level density parameter
a=A/12 MeV! (A=A, +A,) andE" is the excitation energy
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T(Ecy)  4A%%a(Egy-B,)
I'(Ecy)  K2la(Eqy—By]Y2- 1}

~ (Ecn =B},

wherek=9.8 MeV and the ratio of the level density param-
eters in the fission and evaporation channels is equal to
1.0. Since the fission barrié8; of the compound nucleus

is defined by shell corrections, its value depends on the
excitation energyEcy as B;=B(Ecy=0)exp[-Ecy/Eql,
whereE4=0.5A*%a MeV is the shell-damping energy. For
odd-even nuclei, the odd-even effects were taken into con-
sideration by the following substitutiondEy—B;— E¢y

exp{2a”? (Ecy— By)"?

(4)

of the initial DNS. The reduced friction coefficient and ~[B{(Ey=0)+ dlexd ~Eq/Eq]+ 6 and Egy—B,— Ecy=Bn

the frequencies in the harmonic oscillators approximation_

of the potential inR and # are given in Refs[5,8].

The fusion(B:us) and quasifissioiBy) barriers are given
by the potential energy(R, 7, J)=B;+B,+V(R, 7, J) of the
DNS which is calculated as the sum of binding energiesf
the nuclei (i=1,2 and of the nucleus-nucleus potential
V(R, n,J) [5,7,8. The isotopic composition of the nuclei
forming the DNS is obtained with the condition ofN{Z

é in the expression(6) with the pairing energyé
=11/AY2 [12]. Here, the even-even nuclei are chosen as
reference in energy. We take into consideration that the
microscopic correction contains the pairing energy, but
the fission barrier is related to shell correction.

Since the excitation energies of compound nucleus are
about(10-15 MeV and (30-50 MeV for lead-based and
actinide-based fusion reactions, respectively, the relative role

equilibrium in the system. The variations of the potential inof survival probabilityWs,, in the calculation of evaporation
n are caused by both shell and odd-even effects included intgesidue cross sectiomzg is smaller for cold fusion than for

the calculations through realistic binding enerds$16,17.
The potential V(R, 7,J) was calculated with the double-
folding procedure with a nuclear radius parametgr
=1.15 fm and a diffusenesg=0.54—-0.56 fm depending on
the mass number of the nucl&,7,8. Due to the large mo-

hot fusion. As a result of smaller mass asymmetry in the
entrance channel, the fusion probabilities, in the consid-
ered cold fusion reactions are betweer®l@nd 10° and
four to five orders of magnitude smaller than in the hot fu-
sion reactions leading to superheavies with the s@ge

ments of inertia of the massive DNS considered and due to As was found in Ref[5], in the Pb-based reactions with

the restricted set of angular momentd<10/), we set
U(R, 1, J)=U(R, ) andV(R, 5, J)=V(R, n). For a giveny,

neutron-rich radioactive projectiles the increasé\gf,, with
neutron number is compensated by the decreas®.pfand,

the DNS is localized in the minimum of the pocket of the thus, the isotopic dependence®fi towards the increase of

nucleus-nucleus potenti#(R, ») [5,8]. The deformation ef-

the number of neutrons is rather weak. Here, we show that

fects are taken into account in the calculation of the potentialhere exist the isotopic compositions of colliding stable nu-

energy surfacg5,7,8. For the heavy nuclei in the DNS,

clei at which the producP-\Ws,, gets larger by a slight

which are deformed in the ground state, the parameters afecrease of the number of neutrons.

deformation are taken from R€fL8]. As in Ref.[5] the light

The calculated excitation functionsy,(E¢,) are pre-

nuclei of the DNS are assumed to be deformed only if thesented in Fig. 1 for the reactiorf§Ni, 67:687%n 737%Ge
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energies of their 2states are smaller than 1.5 MeV. For the +2%%Pp. The agreement with available experimental data is
incident energies considered, the relative orientation of thejuite good. The calculations for all reactions were performed
deformed nuclei in the DNS follows the minimum of the with one set of parameters and with the same assumptions.
potential energy during the evolution The estimated inaccuracy of our calculationsgf is within
The survival probability under the evaporation of 1 neu-a factor of 2. However, it should be noted that the accuracy
trons is considered according to Refs,12,13 as of relative values of cross sections is higher. The obtained
oy, for the reactions®2%Ni, 687%n, 7476Ge+2%%pPp are

. . T (ELp) slightly different from the ones in Ref5] because in the
Wo(Egp) = Pin(Eopy) — S ——. (3)  present calculations the definition of the optimal excitation
In(Ecy) + Ti(Ecn) energy is more precise and for the calculatiorEgfve used

the factor 0.5 instead of 0.4 in R¢B] in order to have better
agreement with the available latest experimental cold fusion
data for thez=110 and 112 elements.

The calculated maximal evaporation residue cross sec-
tions oy,, and the corresponding optimal excitation energies
of the compound nuclei in thenlevaporation channel are
presented in Figs. 2—4 for the reactiofBli, AZn, *Ge
+208pp as functions of the mass numtfenf the projectile,
respectively. The yield of th&=110 element is larger in the
64Ni+2%%Pb reaction than in the®-5Ni+2%%Pb reactions due

Here,P,, is the probability of realization of thenlchannel at
the excitation energyE:;N: E.n+tQ of the compound
nucleus[12], ', andT'; are the partial widths of neutron
emission and fissiof13], respectively. In the calculation
of Wg,, we used the microscopic corrections of REf7]
as fission barriers. The neutron binding energB;sare
also taken from Ref.[17]. In order to calculate
W (Eem, J=0) in Eq. (1), we used the following expres-
sion for ' /T'; [15,19] in Eq. (3):
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FIG. 1. The calculated excitation functions for thedhannel of 1ol n ! ! ! n
fusion reactions®*Ni (solid line), 67:687%n (dotted, dashed, and 274 275 276 277 278
solid lines, respectively "*7%Ge (dotted and solid lines, respec- A

tively) +29%b. The experimental data for the reactiéfidi, "°Zn
+208h and upper limits for the reacti§fizn+2°%b are shown by
closed circles with error bars and triangles, respectiy2ly

FIG. 3. The same as in Fig. 2, but for the fusion reactions Zn
+208ph— A112 and®®Zn +207Pb— 27°112.

The calculations show that the production of the SHE
to the larger value ofVs,,. The decrease of, from 2110 \ith z=112 and 114 in the cold fusion reactioff&n, ¢Ge
to 2°®110 is not compensated by an increasing fusion probs-208ppy does not profit from the higher isospin value of
ability Pcy and, thereforeg;, decreases. For the reactions heams. One can expect quite large cross sections in the
with °%5Ni the increase oPcy supplies a larges;, than the  208pp_phased reactions wifff:*n and3Ge projectiles. This
ones in the reactions WltPP’GlNl The cross sections in the effect is more pronounced for the Zn beam than for the Ge
reactions®Ni+2°"2%Pb are comparable because the prodyeam because the absolute value of the shell-correction en-

ucts PcyWs,,, are practically the same in both cases. ergy and, respectively, the fission barrier, for isotopes of el-
ement 112 slightly increases with decreasing mass number
o from A=278 to A=274 due to a large level spacing Idt
1251 = = Ni+"Pb—110 4 =162 for deformed nucldil7]. With the data of Ref[17] the
behavior of the shell-correction energy for the isotopes of
% 120 i " ] T T T T T
e 1 120 = Ge + Pb—"114 1
L B11S5L [ n n E | ]
m 11.5¢ .
= A ]
11.0 ° A (5
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FIG. 2. The calculated maximal evaporation residue cross sec- [ = ]

tions in the h channel(lower pe_tr) at the correspono!lng excnt_atlon R0 281 282 283 284

energy of the compound nucl@ipper part for the fusion reactions A

Ni+2%8Ph— A110(closed squargss functions of\. The projectiles

are indicated. The results for the react®iNi+2°’Pb— 271110 are FIG. 4. The same as in Fig. 2, but for the fusion reactions Ge
shown by closed circle. +208ph ,A114 and’8Ge +2°"Pb— 283114,
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F o T " Ge+Pb 114 1 isotopes of element 114, the cross sections are more than ten
[PGe  O° ] times smaller with the data of Reff21], of the finite range
ar e B liquid drop model[20] and finite range droplet modé&RQ]
2F %Ge + 2pp ‘Ge ] than with the data of Ref{17]. To obtain the same cross
:a) : : J hd L sectionoy,~0.2 pb for elemen£®3114 as with the data of
3F " 3 Ref. [17], we must take the level density paramesgr
ﬁ 2_ ] =A/14 for the data of the finite range droplet mo§20] and
s, E . ] a,=A/21 for the data of Ref21] and finite range liquid drop
3 1fb) m . . o ik model[20]. The calculations in Fig. 5 were performed with
<1 u ! ' t] these level density parameters. However, the ratio between
Q: 1.5¢ 4 the production cross sections of different isotopes is not sen-
I . T sitive to the change dod,, in all cases. Presently one cannot
1"0,' " . " give a preference to any nuclear mass table because of lack
_c): & f : — of experimental information. Although, the dependence of
b ] the level density parameter for the superheavies is extrapo-
1.0F L o .
[ . . ] lated from known systematics, it is the subject of a future
0.5k ] study.
Fd) " . ] The increase of the production cross section with decreas-

280 281 zéz 25';3 2é4 ing isospin in the case of element 112 was first suggested in
A Ref. [2]. There was the experimental attempt to prove this
; 10887 4 20
FIG. 5. The calculated ratios between the maximal productionefrect in the reactior?®Zn +Ph .[1’2]' The rgason why the
cross sections in the reactions Ge+PB114 and 76Ge+2%h element 112 was not observed in the experiment at the cross
_.284 14 as functions oA. The results obtained with data of Ref. S€Ction limit of 1.2 pb could be that the excitation function
[21], of finite range droplet moddR0], of finite range liquid drop  for the In cha'mnel IS very narrow and the peam energy was
model [20], and of Ref.[17] are shown from upper part to lower NOt chosen in accordance with the maximum production
part, respectively. cross section(Fig. 1). The lowest excitation energy of the
compound nucleus in this experiment was about 1.5 MeV

element 114 is opposite to element 112 due to the strongefigher than the optimal one. We obtain,=0.3 pb at this
effect of spherical shell closure &=184 than of subshell pombarding energy with our model.

closure atN=162. Within the considered intervals Afthe In Conc|usion’ the probabi“ties of fusion and survival

value of Pcy becomes larger with decreasiAgin the most  ropapilities, ingredients of the evaporation residue cross
cases. In spite of the odd-even effect in B4, the largePy,  sections, depend decisively on the neutron number of projec-
and larger fission barriers and smaller neutron binding eNekle. Certain 2°Pb-based cold fusion-evaporation reactions

gies lead to largew,, for odd nuclei like?112 and®®'114 i cailer neutron excess are even more favorable than

in comparison to the neighboring even-even nugee Figs. those with larger neutron excess for the production of the

'[3;0?1”?/\/35Tg;sn?;gg(;celfegr;“gtﬂirnC:‘gfstﬁgdrlggcft?orntgevci?g Celements witiz=112 and 114. For the first time, the optimal

66,687 1( 74,7 . : . . . excitation energies and the combinations of the colliding nu-
e e 00t 100 PIObS”cl,such o2, "G 6, e suggeste o e

; o : ' experiments. The systematical experimental study of these
fusion probability Pcy for the reaction®zZn+2%%Pn"°Ge b Y P y

. . . . reactions is needed to reveal the role of the subshel at
+29%D) in comparison with the reactiofZn+2"Ph("*Ge  _7¢5 1or7>110. Our results favor the use 815%n and
+20%Pp) is smaller than the loss in the survival probability 737456 peams orf%%Bi target in the production of the 113

Wy A further decrease oA results in much smalleWs,,  and 115 elements, respectively. Work on these reactions is in
and, thus, smalletgg. progress.

~ Using other nuclear mass tablg20,2] for the calcula- For hot fusion reactions, we found in R¢R4] that the
tions of Pcy and Wy, we found for the production of ele-  gptimal reaction partners are the calcidf@a projectile and
ment 114(Fig. 5 that reactions with a smaller neutron ex- gctinide targets with smaller neutron excess. ¥f#b and
cess are even more favorable than ones with the largersg; and48Ca nuclei are most favorable targets and projec-
neutron excess. This effect is more pronounced with data Qfje in the cold and hot fusion reactions, respectively. For

Ref.[21] because the calculated negative shell-correction ensq|d and hot fusion reactions, we must look for the optimal
ergies slightly decrease with the mass number of element 1l4rojectile and target, respectively.

like in the case of element 112 due to the shell closure at

N=162. It should be noted that the experimef2g] have We thank Professors J. Peter, A. Sobiczewski, and S. Hof-
established the existence of deformed shell closured at mann for fruitful discussions and suggestions. The supports
=162 andZ=108 predicted by the modern macroscopic-within agreement between IN2P8Francg and JINR
microscopic approacf23]. Using different mass tables and (Dubng, and Polish-JINR Cooperation Programme are ac-
the same set of other parameters, we obtained practically tHanowledged. This work was supported in part by VW-
same cross sections for the elements 110 and 112. For tt&iftung, DFG, RFBR, and STGQUzb-45.
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