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We calculate the formation cross sections of transactir&lgserheavy elementsas well as heavy actinides
(No and Lp, which have been or might be obtained in fusion reactions with the evaporation of only one
neutron. We use both more realistic fusion barrier and survival probability of the compound nucleus in
comparison with the original phenomenological moffehys. Rev. C59, 2634 (1999] that prompted the
Berkeley experiment on the synthesis of a new superheavy elemenPhy8. Rev. Lett83, 1104(1999].
Calculations are performed for asymmetric and symmetric target-projectile combinations and for reactions with
stable and radioactive-ion beams. The formation cross sections measured at GSI-Darmstadt for transactinides
and heavy actinides, as well as that for superheavy element 118 reported by the LBNL-Berkeley group, are
reproduced within a factor of 2.4, on average. Based on the obtained relatively large cross sections, we predict
that optimal reactions with stable beams for the synthesis of so far unobserved superheavy elements 119, 120,
and 121 aré®Bi(®Kr, 1n)?%4119, 2%%PbEeSr, 1n)2%%120, and?®*Bi(%8Sr, 1n)2%%121, respectively. This is
because of the magic of both the target and the projectile that leads to @kgdue and, consequently, lower
effective fusion barrier with larger transmission probability. The same effect is responsible for relatively large
cross sections predicted for the symmetric reactiofi®&Xe(*?*Sn, 1n)?5°Rf, 36Xe(**®Xe, 1n)?"'Hs,
13%3a(1%%Xe, 1n)?"*110, and “%Ce(®Xe, 1n)?"°112. Although shell effects in the magic nuclei
124g5n, 136xe, 13%Ba, and'*®Ce are not as strong as #%b and?°Bi, they act on both the target and the
projectile and lead to the prediction of measurable cross sections.

DOI: 10.1103/PhysRevC.63.0346XX PACS numiBer27.90:+b, 24.60.Dr

[. INTRODUCTION preserving simultaneously the simplicity of this description.
The second objective is indicating additional target-
Low-energy fusion reactions of magic lead or of bismuthprojectile-energy combinations for producing superheavy el-
nuclei with heavy iong1,2], which had been named “cold ements. Since, within the very thin cutoff Coulomb barrier,
fusion reactions”[1,2], turned out to be a very powerful one may expect underestimated transmission probability
method for producing transactinidsuperheavy elements through the fusion barrier, our present model is based on a
[3,4]. A reaction of this kind has also been proposed in Refssmooth phenomenological fusion barrier with the height and
[5,6] for the production of a new superheavy element 118he curvature dependent on the combination of the colliding
and itsa-decay descendants and carried out at Berkglgy nuclei. Our present model also takes advantage of a conve-
A target-projectile-energy combination for the synthesis ofnient method for calculating the survival probability of the
element 118 was one of the main results obtained by usin?ompound nucleus, which, in contrast to the original model
our simple reaction mod¢b]. In the model5], we assume [5,10], provides realistic values for this quantity.
that the compound nucleus is formed in the subbarrier reac- In Sec. I, we describe our model. In Sec. lIl, we compare
tion by quantal tunneling of the Coulomb barrier and then,obtained results with experimental data and with our previ-
after thermal equilibration, the compound nucleus undergoegus estimates. Furthermore, we indicate the best target-
mostly fission and it is less likely that a very heavy nucleusprojectile-energy combinations for producing superheavy el-
is formed after neutron emission. The ground state ofments.
1n-evaporation residue is reached by emissiory afuanta.
In the entrance channel, one-dimensional static approach
with a simplified cutoff Coulomb barrier was used. Since our
model is quantal, there was no need for introducing friction A. Formation cross section

as was done in classical models developed in R&{S]. In The formation cross section of a very heavy nucleus pro-

the exit channel, the survival probability of the compoundy,ced after the evaporation of one neutron reads
nucleus(the neutron-to-total-width ratjowas calculated by

using the statistical model formula for the Fermi gas, in Imax

which thermal damping of shell effects for a given com- aln(EH|)=wx22 2I+DT(Ex)P(E*), (D

pound nucleus was introduced through the level density pa- 1=0

rameters. The objective of the present study is making de-

scription of cold fusion reactions more realistic while whereEy, is the optimal bombarding energy in the center-
of-mass systenfthe energy corresponding to the maximum
of the excitation functio E* =Ey,; —Q is the optimal ex-

*Electronic address: smolan@fuw.edu.pl citation energy,Q is the Q value for a given reaction)

Il. MODEL
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TABLE I. The comparison of the calculated formation cross sectign with the measured one$xP
[3,4,7,11,12 for transactinides and heavy actinides produced in cold fusion reactions with the emission of
only one neutron. The systematic uncertainty of the measured formation cross sections is equal to a factor of
2 [4]. The measured values for the formation cross section with only statistical errors are given. Model
parametec=352.93548 is fixed to reproduce the cross sectiof#bC°Ti, 1n)2°’Rf at the maximum of
the measured excitation functi¢h7].

Reaction o1n ainP Reaction o1 ainP
208pp(*8Ca, 1n)>MNo 590 nb  260"3)nb 208pp(38Fe, 1n)%Hs 37pb 67} pb
209Bj(“%Ca, 1In)®4Lr 250 nb 61725 nb 209Bj(%%Fe, 1n)26Mit 33pb  7.4°35pb
208 30T, 1n)27Rf 104nb  10.4°13nb  P%PbENi, 1n)2%°110 2.0pb 3.5 %5pb
209Bj(59Tj, 1n)%®Db 6.1nb  2.953nb 28ppEANi, 1n)2"110 17pb  15°pb
208pp4Cr, 1n)26'sg 580 pb  500°149pb  2%Bi(®Ni, 1n)¥211  13pb 3.5 35pb
209Bj(54Cr, 1n)%%%Bh 390 pb  240°3%pb  2%Pp(%Zn, 1n)¥112  3.2pb 1.0 53pb
27ph(8Fe, 1n)?Hs 97pb  88%%%pb  %PbEKr, 1n)?%118 59pb 2.2"2&pb
=h%I(2uE,,) is the reduced de Broglie wavelength of the Bi,—Q
projectile, andu is the reduced mass. The quantifigéE,;|) = > (5)
and Py, ,(E*) are the transmission probability through the d

fusion barrier and the survival probability of the compound ) ) .
nucleus(the neutron-to-total-width ratjofor a givenl. we ~ Whered=1 fm, which corresponds to the barrier thickness
terminate the summation in Eql) at angular momentum ©f 1.35-1.65 fm. Within this parametrization, we obtain the

| ax for which the contribution tar,,, becomes smaller than numgrlcal value of] equal to the height of the fusion barrle_r
1%. relative to the ground state of the compound nucleus, which
leads to a good reproduction of the measured formation cross
L sectiony3,4,7,11,12, as shown in Table I.

B. Description of the entrance channel The height of the fusion barrier

Transmission probability through the fusion barrier

T/(Ey,) is calculated by means of the WKB approximation, ZZpe?
Bfqu—e (6)
Ti(En)= - 2
BT 1+ exd 25(Ew)] is expressed by the Coulomb energy at an effective distance

Re. The latter is strongly dependent on the atomic number of
Since we deal with low angular momenta,§,=26-30 and  the targetZ;, and the projectileZp, which was observed
thin fusion barriers(1.35-1.65 fm, the action integral experimentally{13] and theoretically14]. Here,e is the el-
Si(Eni) between the barrier entrance and exit points for amentary electric charge. We obtain the expression for the
given angular momenturhmay be expressed by the action quantitity R, assuming that the difference betweRp and

integral for zero angular momentum, the distancéR,, at which the colliding nuclei are at contact is
inversely proportional to the height of the fusion barrier. Af-
S(Eni)=~So Exi— Ecentd R) 1, (3) ter simple algebra, we obtain the formula
whereEen(R) =[%2I(1+1)]/[21R?] is the centrifugal en- Ri2
L ! - Re=7——>—5>R>Ru, (7)
ergy at a certain distand@ connected with the position of 1-clZ+Zp

the fusion barrier.

For the sake of simplicity, we calculate the action integralwherec is the model parameter controlling the height of the
assuming the most likely fusion barridf, instead of con-  fusion barrier. The distand®;, at which the colliding nuclei

sidering the barrier distribution. We approximate the fusionare at contact is the sum of the half-density radii of the target
barrierV;, around its top by the inverted parabola, and the projectile and is given by

Vfu(r):Bfu_q(r_Rfu)zy (4) RlZZCTRT+CPRP' (8)

wherer is the distance between the centers of the reactiomere, Ry and Rp are the nuclear radii of the target and the

partners. The position of the top of the fusion barRgy and  projectile determined from the root-mean-square charge ra-

the barrier heighBy,, as well as the coefficiemtdescribing  dii, and c; and cp are the coefficients relatinB; and Rp

the curvature of the barrier, are dependent on the combinawith the half-density radii of the target and the projectile,

tion of the colliding nuclei. respectively. The radiRy andRp are calculated by using the
We parametrize the quantityby the formula Nerlo-Pomorska and Pomorski formylas],
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Nr—Z7) s density parameters, one obtains values for the neutron-to-
Rr=1.258 1-0.202 —— A7~ fission-width ratio [,,/T's), significantly smaller than 10
i for many very heavy compound nuclé,10]. Those values

Np—=Zp| 113 correspond to large times for neutron evaporation allowing
Rp=1.251-0.202 ——|Ap". (9 deexcitation of the compound nucleus pyemission. The
F latter process, however, is not observed for the very heavy
For the projectiles witlZ <38, compound nuclei. Therefore, in the present study, we use a

different method for calculatingI{,/I'),. Instead of de-

1.646 Np—Zp| 1/ scribing (C,/T¢), by the formula for the Fermi gas with
Ap —0.191 Ap Ap”, (10 inserted different level-density parameters for the equilib-

rium configuration of h-evaporation residue and for the
whereA; andN; are mass and neutron numbers of the targesaddle-point configuration of the compound nucleus, we use
andAp andNp are the same quantities for the projectile. Thea constant-temperature formula fof" {/I'¢), in which we
coefficientscy and cp relating Ry and Rp with the half-  insert different temperaturé,, and Ts4> T, for these con-
density radii may be deduced from RE16] and are speci- figurations, respectively.
fied in Ref.[5] [Eq. (9) therein. The model parameter Assuming that the rotational energy is not available for
=352.93548 is fixed to reproduce the cross section ofieutron evaporation, as well as for fission, an expression for
208ph(50Ti, 1n)25'Rf at the maximum of the measured ex- the neutron-to-fission-width ratio reads
citation function[17]. The choice of this reaction is moti-

Rp=1.24(( 1+

vated by the fact that the nice measurement of the excitation (T T _Keq K AZST ex;{ Bi+Agy [A2(1+1)
function for 2°’Rf was performed at GSI-Darmstgdt7]. P ke eq Teq 2J(eq)Teq
The action integral calculated for the fusion barrier intro- 2
duced above is given by _ ATI(+1) _ ShtAeq (13)
2J(sd)Tgyq Teq

S(Ey)) =~ g\ / ZTM[BflpL Ecent(R)—En], (1)  Here,keq andkgy are the collective enhancement factors for
iq the equilibrium and the saddle-point configurations, respec-
tively. For the equilibrium configuration of rikevaporation
residue with the quadrupole deformati@gh>0.15 and for
the saddle-point configuration of all compound nuclei
C. Description of the exit channel andk4 equal to 104 23] are used because of the presence of
Using empirical formulas for the Coulomb barrier for pro- the rotational bands. This value is consistent with the recent
ton emission and-particle emission given in Ref18], as  Measurement$24]. For spherical and transitional nuclei
well as proton-separation anddecay energies that may be (82<0.15), kee=1 is taken. = The ~ constant k
calculated in the macroscopic-microscopic mofE9—21, =0.14 MeV ! is a coefficient obtained in the statistical
we are able to determine thresholds for proton arprticle ~ Model andA is mass number of the compound nucleus. The
evaporation. Since for the compound nuclei in question théluantitiesB; and S, are the static fission-barrier height and
calculated thresholds for proton amdparticle evaporation the neutron-separation enerdshresholds for fission and
are higher than that for neutron emission, one can express tfigutron emissionwhile A4 andA.q are the energy shifts in
survival probability of the compound nucleihe neutron- the saddle-point of the compound nucleus and the equilib-
to-total-width ratio for a given angular momentuhonly by rium configuration of h-evaporation residue, respectively.

whereR=(R>+ R)/2.

the neutron-to-fission-width ratid(,/T's); , These energy shifts are used to take into account differences
in level densities between even-even, odd, and odd-odd nu-
(I 1T, clei [25]. Taking as the reference the potential energy surface

Pln,l”m' (12 of an odd nucleus[25], we use A.q= 12//A, 0, and

—12/\/A, for even-even, odd, and odd-odah-Evaporation
Both widths are dependent on the density of single-particleesidues, respectively. The energy shift in the saddle-point
and collective energy-levels. For low excitations in questionconfiguration of the compound nucleds is significantly
(E*<15 MeV), shell effects are still present leading to larger (see for instance Ref26]). In our calculation, the
lower level density in the equilibrium configuratigr(E*) value of 1.5 MeV for even-even and 0 for odd compound
than that in the saddle-point configuratipgy(E*). Lower  nuclei is taken. The moments of inertiéeq) andJ(sd) for
level density in the equilibrium configuration should lead tothe equilibrium and the saddle-point deformations are as-
slower neutron emission in comparison with fission also forsumed to be equal to those for the rigid body and are calcu-
nuclei with comparable thresholds for both processes. Thiated taking advantage of the deformation dependence ob-
excitation-energy dependence of the neutron-to-total-widthiained in Ref[27] and the nuclear radii given by the Nerlo-
ratio measured for heavy actinides at JINR-Dup22] may = Pomorska and Pomorski formula5)].
be explained in this way for low excitations. Using the sta- The temperature in the equilibrium configuration of
tistical model formula for the Fermi gas, in which thermal 1n-evaporation residu€lqq=[(d/dE*)In peq]_l must be
damping of shell effects was introduced through the leveldlower than the temperature in the saddle-point configuration
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of the compound nucleu3 sy because the level density nificantly higher than the optimal one. Instead, the cross sec-
peq(E*) increases faster with increasing excitation energytion of 2*Pb(®Fe, In)?®*Hs measured at the excitation
E* in comparison with the level density in the saddle-pointenergyE* =12.9 MeV[11] is compared with the calculated
configuration of the compound nuclepg(E*). The reason value. The systematic uncertainty of the measured formation
for this is thermal damping of the strong ground-state shellcross sections is equal to a factor of4). In Table |, the
effect. (In the saddle point, there is no shell effect or it is measured values for the formation cross section with only
much weaker than in the equilibrium configuratiofthe  statistical errors are given. The obtained results agree with
density of the lowest levels in a very heavy nucle&s" (  the experimental data within a factor of 2.4, on average. The
=3 MeV) is well described by the constant-temperature for-cajcylated formation cross section of 5.9 pb 83118 over-
mula with the average temperatuFg;’=0.4 MeV[28]. As-  egtimates a valug7] reported by the LBNL-Berkeley group
suming Teq=(Tey +Tsd)/2=0.7 MeV, we obtainTs;=1  only by a factor of 2.7(a value obtained in the original
MeV. Since the experimentally observed neutron-to-totalmode|[5] was by about two orders of magnitude langer

width ratio is excitation-energy dependent, the constant tem- The calculation of the cross section of the reactions
peratureT4=0.7 MeV may be used only for a narrow range 909294991245 1n)213215217.2%9 [33] carried out at

of excitation energy around the maximum of the-dhannel
excitation function for the heaviest nuclei. Within,,=0.7
MeV and Tg4=1 MeV, we obtain realistic values of the
order of 10 4-10"1 for the (',/T's), ratio for the nuclei in
question. For high excitations for which shell effects are
fully damped, experimental daf22] may be well described
by the standard statistical model formula fér,(I';), within
equal temperatures.

GSlI-Darmstadt is outside the scope of the present paper be-
cause it requires considerable extension of our model. For
nuclei like 21321521725 - fission is not that importarthigh
fission barriers and, therefore, the excitation functions are
broader with their maxima shifted toward higher excitation
energies of 20—30 MeV. The extension of the model would
have to contain a method of determining the optimal bom-
barding energy because Hd4) is no longer valid for broad
excitation functions. For excitations of 20—30 MeV, the low
temperaturél .= 0.7 MeV cannot be used either. Moreover,
evaporation of charged particles would have to be taken into
Since for almost all nuclei in question, the calculatedaccount because of comparable thresholds for neutron evapo-
threshold for fission fO"OWing neutron emission is lower andration and emission of Charged partic'es_ Furthermore, octu-
only for a few of them comparable with the calculated yole deformation would have to be taken into account in the
threshold for two-neutron emission, we determine the optiyyclear-structure-dependent input-quantities and in the mo-
mal excitation energy that corresp(ér;ds to the fnaximum fents of inertia. The calculation of the cross sections of
the excitation function a&* =S,+Bs", whereB¢™ is the lighter nuclei, for example!”®Hg obtained in the cold fusion
hel_ght of_ thg static fission barrier fonievaporation r¢S|due. reaction %°Zr(%°zr, 1n)*Hg [34], would require also tak-
This excitation energy corresponds to the bombarding energ%g into account they-emission channel that competes with

in the lab system given by evaporation of the neutron and the charged particles.

D. Optimal bombarding energy

Ar+Ap

A 14

_ ER . . . .
Elap=(Q+S,+B¢") B. Comparison with previous estimates

o . Our results for the reactions based 4Pb and 2°%b
This simple expression may be used because of the narrowsrget nuclei are listed in Table II. The calculated formation
ness of the excitation function for the heaviest atomic nucleicygss sections for transitional and spherical nuclei, i.e., for

Nuclear structure influences the formation cross sectiomclej heavier tharf®2114, are smaller than the values ob-
through the model input-quantiti, S,, B¢, Bf" and the  tained in Refs[5,10] mainly because of thicker fusion bar-
equilibrium and saddle-point deformations. In order to obtainyier in comparison with the cutoff Coulomb barrier used in
Q values, we calculate masses of the compound nuclei byhe original model[5,10]. The formation cross section de-
means of the macroscopic-microscopic moded-21 and  creases with increasing atomic number due to decrease of
use measured masses of the targets and the projd@gs hoth the transmission probability through the fusion barrier
All the other input quantities are calculated by using theand the neutron-to-fission-width ratidn the original model,
macroscopic-microscopic modgd9-21. this decrease was mainly due to decreadihgl’;.) The
reversal of this trend in our quantal model and the increase of
the cross section of 2%%PbE%r, 1n)?**118 and
207PpEeKr, 1n)2°2118 is caused by the magic 8fKr pro-
jectile (Np=50), which leads to large® value and, conse-
quently, to lower effective fusion barrier with larger trans-
We compare the calculated formation cross sections witlmission probability. This effect is not present in the

Ill. RESULTS AND DISCUSSION

A. Comparison with experimental data

the measured on¢8,4,7,11,12in Table I. The experimental
cross sections of®Pb(C°Ti, 1n)2°Rf, 2°Pb(Cr, 1n)?%sg,
and 2°Pb(®Fe, 1n)?%Hs given in Refs[30—37 are not in-
cluded because they were measured at excitation energy si

dinuclear-system model exploited by the authors of Ref.
[35], who describe the formation of the compound nucleus
classically and obtain a very small cross section of 535

fpr the reaction®*®PbEKr, 1n)2°%118.
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TABLE Il. The optimal bombarding energy in the laboratory systegy , the transmission probability through the fusion barrier for zero
angular momentunT,, the neutron-to-fission-width ratio for zero angular momentdm/{’;)o, and the formation cross sectian,
calculated for reactions based 8%Pb and?°®Pb target nuclei. Reactions with stable projectiles are given on the left-hand side of the table
and those with neutron-rich radioactive-ion-beams are placed on its right-hand side. In the calculaligrlg),( the minimal fission
barriers are usefn the original mode[5,10,36, we used the fission-barrier heighgs and BfER for odd nuclei by 0.5 MeV higher because
of the assumed specialization energy

Reaction Ejab To (TChiT 9o 01n Reaction Ejap To (T /T 01n
(MeV) (MeV)

207pp 9T, 1n) 2Rt 2278 1.Xx10°% 1.7x10' 33nb 2%PphPiGe,n)?®114 381.8 3.X108 24x10* 91fh

208ph (50T, 1n) >5'Rf 228.8 3.x10°% 22x10' 10.4nb *Pbf’Ge,n)?®*114 3824 9.%10° 23x10* 23fb

207pp(4Cr, 1) ?5%g 253.1 1.¥107 6.6x10°2 180 pb 2%%Pbf%Ge,n)?*114 384.1 4.&610° 8.7x10°% 400 fb
208pp(4Cr,1n) ?6'Sg 253.8 3.%107 9.6x10°2 580 pb 2 Pbl%Se,n)*°116 4158 8.XK10° 2.2x10“% 160fb
207Ph (e, n)?5Hs 279.4 3.X%10% 20x102 9.7pb 2%%Ppfise n)?®116 4169 3.x107 7.8x10* 2.4pb
208ph(8Fe, 1n) 25°Hs 279.7 6.x10°% 38x102 37pb 2Pb@Se,n)?*2116 4155 2.&108 6.4x10* 170fb
20Pp2Ni,1n)%%%110  306.4 6.10°° 4.0x10° 380fh PbE%Se,n)?**116 4169 1.x107 2.0x10°° 2.3pb
20%Pp(E2Ni,1n)%%%110  306.4 1.X10°% 1.2x102 2.0pb 2PbE%sSe,h)>116 4138 4.&10° 1.7x10° 77fb

20PpENi,1n)27°%110 3105 1.%10°8 1.1x10°2 26pb %%PbE%Se,n)?**116 4155 2.%x10°° 4.4x10° 1.0pb
20%pENi, 1n)?"™10  310.8 3.%10°° 3.3x10°2 17 pb  PbE*r,1n)?°4118 449.0 2.X107 51x10* 940fb
207ppEdzn,1n)?"112  337.2 3.6¢10°° 1.0x10°2 360fb 2%%Pb(r,1n)?°118 450.0 8.%10 7 1.2x10°% 8.6 pb
20%ppE8Zn,1n)?"%112  337.7 7.X10°° 15x102 1.3pb PbC%r1n)?%118 4490 6.%10° 9.6x10 4 540fb
20Pp(%Zn,n)?"%112 3409 5.%K10°° 1.6x102 940fb 2%%Ppb(%r,1n)?°"118 450.3 2.%10 7 2.1x10° 54pb
20%p(0Zn,1n)?""12 3419 1.&10% 1.8x102 32pb 2PbPKr1n)?®118 4474 9.X10° 2.0x10° 170fb
20%pp(“Ge,1n)?®1114  370.8 5.%10°° 6.0x10°° 330fh 2%%PpF%Kr,1n)?°118 4491 4108 3.2x10° 1.4pb
20%Pp(Ge,1n)??114 3745 4.%10° 45x10° 200fb 29%PbP%Sr,n)?*°120 483.2 5.x107 8.3x10°% 3.4pb
20%ph(tGe,1n)?®*114 3754 1.X%10°°% 6.6x10° 9fb  2PbE%Sr,n)*%20 483.0 4.&10°% 8.1x104 310fb
20ppE2se,n)?116 4123 8.&610°° 2.3x10°% 190fb  2%Pb(4Sr,n)3M20 484.2 2.X10°7 1.2x10°° 2.1pb
20%ppEiKr,1n)2°1118  441.0 7.410°8 2.0x10°* 140fb  2°Pbh(8sr,n)%02120 4814 5%10° 1.2x10° 53fh

207PpEKr,1n)2°2118  447.8 3.XK10°7 2.0x10°4 640fb 2%Pph(sr,n)3°%20 4831 3.x10% 1.4x10° 340fb
20%pEr,1n)2%%118  448.4 1.X10°% 57x10°* 59pb  2PbhEsr,1n)4120 479.4 5&101° 1.7x10°% 7fb

In the present paper, we predict the fusion-barrier height§37] by using the Skyrme-Hartree-Fock-Bogoliubov method
by 1.3—3.3 MeV larger than the heights of the cutoff Cou-and in Ref.[38] in the relativistic-mean-field model. Again,
lomb barrier calculated in Reff5,10]. The parabolic barrier in the framework of the macroscopic-microscopic model
is thicker and, consequently, transmission probabilities of th¢19-21], we predictedr-decay chains that might be initiated
order of 10°°~10"° obtained in the present paper are muchpy the nuclei?®118 and?*119 in Refs[10,6], respectively.

lower than those calculated in Ref§,10]. The neutron-to- |5 Ref.[10], we also discussed-decay chains that might be
fission-width ratio for zero angular momentunh’ (/T't)o  initiated by 27110 and?76112.

calculated by using Eq13) is of the order of 104—10" 1 for
the compound nuclei in question. The values for the nuclear-
structure-dependent quantiti€sand S, for reactions listed
in Table Il are given in Refs[5,10]. The values for the Table Il contains relatively large cross section calculated
guantityB; for even-even compound nuclei are also listed infor the reactions that might lead to the transitional isotopes
Ref.[5]. In the present calculation, the fission-barrier heightsof so far undiscovered elements 119, 120, and 121. This is
for odd compound nuclei smaller by 0.5 MeV than thoseagain due to the magic of the reaction partners, which leads
listed in Ref.[10] are used. This is because, in the calcula-to largerQ value and, consequently, lower effective fusion
tion of (I'y/I'¢);, the minimal fission-barrier heigh® and  barrier with larger transmission probability. In comparison
BER for odd nuclear systems should be used. In the originaWith the previous study36], we obtain the formation cross
model[5,10,36, we used higheB; andBFR for odd nuclei  sections 0?*/119 by about two orders of magnitude smaller.
because of the assumed specialization energy of 0.5 MeVFor 2°%PbERb, 1n)2°119, we predict the cross section
The latter fission-barrier heights are more reliable for theof 2.7 pb that is by a factor of 1.6 smaller than that calcu-
description of the spontaneous fission rather than for the ddated for the reaction®*Bi(%%Kr, 1n)2°*119 that might
scription of disintegration of the compound nucleus. lead to the same isotope of element 119. The reason for this
In the framework of the macroscopic-microscopic modelis the larger effective fusion barrier f6P&b+8'Rb in com-
[19-21], we predicted in Ref.6] a-decay energies and half- parison with that for?*Bi+8%r. The predicted formation
lives for the nuclei in the decay chain 8f%118. Later on, cross sections of 4.4 pb, 1.6 pb, and 1.9 pb
this decay chain was discussed by the other authors in Refor  2°%Bi(8%r, 1n)2°4119, 2°%bEsr, 1n)?°®120, and

C. Predictions for elements 119, 120, and 121
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TABLE Ill. The optimal bombarding energl, ., , the Q value, the height of the fusion barriBt,, the
transmission probability through the fusion barrier for zero angular momefigjnthe neutron-separation
energysS, and the static fission-barrier heighf for the compound nucleus, the neutron-to-fission-width ratio
for zero angular momentur’( /T';),, and the cross sectiom,, calculated for fusion reactions involving
magic reaction partners which might lead to the synthesis of elements 119, 120, and 121. In the calculation
of (I'y/T'5),, the minimal(with no specialization energyfission-barrier height8; and BfER for odd and
odd-odd nuclei are used.

Reaction Ejab Q Bry To Sh By (Ta/T')o  o1n
(MeV) (MeV) (MeV) (MeV) (MeV)

20%PpE7Rb,IN)%°119 4629 313.47 339.37 N0 ® 8.00 545 3.x10* 2.7pb
209Bj(%6Kr,1n)?°119  453.9 308.67 334.04 A0 °® 8.00 545 3.x10* 4.4pb
20%ppBesr,1n)2%°120  478.6 323.14 350.06 6<10 7 825 534 3.X10* 1.6pb
209Bj(88sr,1n) 296121 4852 32822 35420 40 °® 832 534 1.%X10* 19pb
208pp %y 1n)2%%121 4922 33148 359.19 3407 8.32 534 1.X10*% 460fb

209Bij(88sr, 1n)2°6121, respectively, suggest a good chance We predict that the most promising symmetric reaction
for the synthesis of superheavy elements 119, 120, and 14@r producing transactinide nuclei i§%Xe(**%e, 1n)?"*Hs

in these reactions. with the calculated cross section of 170 pb.
We obtain the cross section of 1.0 pb for
D. Predictions for symmetric reactions 142ce3%Xe, 1n)?'"12 (E;,,=656.7 Me\j. This means

Our results suggest that it is possible to carry out symmetfEhat the use of Fhi‘ heaviest stable isotope of Ce”me’
fic reactions involving magic nuclei by using the present-daynStéad of magic ‘Ce, decreases the cross section by a
experimental technique. Although shell effects in the magidactor of 2.9(cf. Table 1V). _
nuclei 124Sn, 136xe, 1388a, and%Ce are not as strong as in From the present study, we draw the conclusion that_ the
208y and2°Bi, they act in both the target and the projectile Calculated — cross — section  of ~ the  reaction
and lead to the prediction of measurable cross sections of the P(°Zn, 1n)?""112 is by a factor of 3.2 larger than that
reactions 13%e('2‘Sn, )RS, 13Ke(3%e, 1n)2"'Hs,  calculated for the symmetric reaction
13885 (136Ke, 1n)273110 andCe(3Xe, 1n)27°112, which  *Ce(***Xe, 1n)>""112 that may lead to the same nucleus.
are collected in Table IV. Some of these reactions might bdhis conclusion is in sharp contrast to the suggestion made
more useful for producing deformed superheavy nuclei thaly the authors of Ref40] based on a very recent qualitative
the so-called hot fusion reactiongery asymmetric reactions concept of “unshielded fusion” that the use of
with the evaporation of several particle§or example, we 42Ce(**®xe, 1n)?’112 should give orders-of-magnitude
predict the cross section of 27 pb for the symmetric reactiorbetter chance for producing’”112 in comparison with the
13884(13%e, 1n)?110 that might lead to the deformed reaction?*®b("%Zn, 1n)?7"112 carried out at GSI.
nucleus?”3110. The synthesis of this nucleus at JINR-Dubna  One should keep in mind, however, that heavy-ion fusion
in the hot fusion reactior®*Pu*s, 5n)?"3110 with the is far more complicated than a one-dimensional tunneling
measured cross section of 0.4 pb has been reported in Refiodel suggests as it is known from subbarrier-fusion
[39]. This value is almost 70 times smaller than that obtainedxcitation-functions. For symmetric and nearly symmetric
in the present paper for®Ba(***xe, 1n)?"*110. entrance channels, thieparameter may not necessarily be as

TABLE IV. The same quantities as in Table Ill calculated for symmetric reactions based on magic
reaction partners. In the calculation df {/T';);, the minimal(with no specialization energyission-barrier
height BfER for odd 1In-evaporation residues is used. We obtain the cross section of 1.0 pb for
142Cce(%xe, 1n)?'"112 (E,,,=656.7 Me\). This means that the use of the heaviest stable isotope of cerium,
142Ce, instead of magid*®Ce, decreases the cross section by a factor of 2.9. Exchanging targets with
projectiles leads to larger optimal bombarding energy. We oliais= 603.8 MeV, 656.6 MeV, 684.5 MeV,
and 685.7 MeV for 2%Sn(*3®%Xe, 1n)?>Rf, 1¥%e(*3Ba, 1n)?73110, ¥Xe(*®Ce, 1n)?""112, and
136xe(*%Ce, 1n)?7"112, respectively. The values of the other quantities remain unchanged.

Reaction Elab Q Bry To S By (Ta/T1)o o1n
(MeV) (MeV) (MeV) (MeV) (MeV)

136X e(*?4Sn, 1) 5Rf 550.5 273.52 307.03 110°® 757 6.62 2.X10°' 24pb
136xe(*%Xe,n)?"Hs  628.4 300.63 32958 9&I0®E 706 588 2.%K10! 170pb
13833(1%xe,1n)?"3110  647.1 312.80 341.68 5808 7.56 519 6.&%102 27pb
14%Ce(%xe,n)?""112 664.9 324.71 353.68 280° 8.09 442 1X%102 29pb
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good as for asymmetric channels. Whether one paramsetersame increasédecrease of the neutron-separation energy
for all asymmetries in the entrance channel is a sufficientlydecrease§increasesusually the cross section by a factor of
broad cover for all the physics left out from the model, re-about 1.2—1.3. In the present study, the influence of vibra-

mains to be seen. tional excitations on the value of'(/T';), for spherical and
transitional nuclei has not been taken into account. The col-
E. Estimated uncertainty of the obtained results lective enhancement facté,, for such nuclei may have a

In the present paper, we introduced both more realisti¥alue from the range of 1 to 1{24]. This in turn may in-
fusion barrier and survival probability of the compound crease the formation cross section for spherical and transi-
nucleus in comparison with our original mod8|10,36. We  tional nuclei listed in Table I(nuclei heavier tharf®2114)
reproduced the measured formation cross sections of trangnd Table Ill by a factor of 1-10.
actinides and heavy actinides synthesized in reactions with
the emission of only one neutron and indicated the most ACKNOWLEDGMENTS
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