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Formation of superheavy elements in cold fusion reactions

Robert Smolan´czuk*
Nuclear Theory Department, Sołtan Institute for Nuclear Studies, Hoz˙a 69, PL-00-681 Warszawa, Poland

and Nuclear Science Division, Lawrence Berkeley National Laboratory, 1 Cyclotron Road, Berkeley, California 94720
~Received 27 April 2000; published 21 March 2001!

We calculate the formation cross sections of transactinides~superheavy elements!, as well as heavy actinides
~No and Lr!, 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 model@Phys. Rev. C59, 2634 ~1999!# that prompted the
Berkeley experiment on the synthesis of a new superheavy element 118@Phys. Rev. Lett.83, 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 are209Bi( 86Kr, 1n)294119, 208Pb(88Sr, 1n)295120, and209Bi( 88Sr, 1n)296121, respectively. This is
because of the magic of both the target and the projectile that leads to largerQ value and, consequently, lower
effective fusion barrier with larger transmission probability. The same effect is responsible for relatively large
cross sections predicted for the symmetric reactions136Xe(124Sn, 1n)259Rf, 136Xe(136Xe, 1n)271Hs,
138Ba(136Xe, 1n)273110, and 140Ce(136Xe, 1n)275112. Although shell effects in the magic nuclei
124Sn, 136Xe, 138Ba, and140Ce are not as strong as in208Pb and209Bi, 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 number~s!: 27.90.1b, 24.60.Dr
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I. INTRODUCTION

Low-energy fusion reactions of magic lead or of bismu
nuclei with heavy ions@1,2#, which had been named ‘‘cold
fusion reactions’’@1,2#, turned out to be a very powerfu
method for producing transactinide~superheavy! elements
@3,4#. A reaction of this kind has also been proposed in Re
@5,6# for the production of a new superheavy element 1
and itsa-decay descendants and carried out at Berkeley@7#.
A target-projectile-energy combination for the synthesis
element 118 was one of the main results obtained by u
our simple reaction model@5#. In the model@5#, we assume
that the compound nucleus is formed in the subbarrier re
tion by quantal tunneling of the Coulomb barrier and the
after thermal equilibration, the compound nucleus underg
mostly fission and it is less likely that a very heavy nucle
is formed after neutron emission. The ground state
1n-evaporation residue is reached by emission ofg quanta.
In the entrance channel, one-dimensional static appro
with a simplified cutoff Coulomb barrier was used. Since o
model is quantal, there was no need for introducing frict
as was done in classical models developed in Refs.@8,9#. In
the exit channel, the survival probability of the compou
nucleus~the neutron-to-total-width ratio! was calculated by
using the statistical model formula for the Fermi gas,
which thermal damping of shell effects for a given com
pound nucleus was introduced through the level density
rameters. The objective of the present study is making
scription of cold fusion reactions more realistic whi
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preserving simultaneously the simplicity of this descriptio
The second objective is indicating additional targ
projectile-energy combinations for producing superheavy
ements. Since, within the very thin cutoff Coulomb barrie
one may expect underestimated transmission probab
through the fusion barrier, our present model is based o
smooth phenomenological fusion barrier with the height a
the curvature dependent on the combination of the collid
nuclei. Our present model also takes advantage of a co
nient method for calculating the survival probability of th
compound nucleus, which, in contrast to the original mo
@5,10#, provides realistic values for this quantity.

In Sec. II, we describe our model. In Sec. III, we compa
obtained results with experimental data and with our pre
ous estimates. Furthermore, we indicate the best tar
projectile-energy combinations for producing superheavy
ements.

II. MODEL

A. Formation cross section

The formation cross section of a very heavy nucleus p
duced after the evaporation of one neutron reads

s1n~EHI !5p|2(
l 50

l max

~2l 11!Tl~EHI !P1n,l~E* !, ~1!

whereEHI is the optimal bombarding energy in the cente
of-mass system~the energy corresponding to the maximu
of the excitation function!, E* 5EHI2Q is the optimal ex-
citation energy,Q is the Q value for a given reaction,|
©2001 The American Physical Society07-1
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TABLE I. The comparison of the calculated formation cross sections1n with the measured ones1n
exp

@3,4,7,11,12# for transactinides and heavy actinides produced in cold fusion reactions with the emiss
only one neutron. The systematic uncertainty of the measured formation cross sections is equal to a f
2 @4#. The measured values for the formation cross section with only statistical errors are given.
parameterc5352.93548 is fixed to reproduce the cross section of208Pb(50Ti, 1n)257Rf at the maximum of
the measured excitation function@17#.

Reaction s1n s1n
exp Reaction s1n s1n

exp

208Pb(48Ca, 1n)255No 590 nb 260230
130 nb 208Pb(58Fe, 1n)265Hs 37 pb 67217

117 pb
209Bi( 48Ca, 1n)256Lr 250 nb 61220

120 nb 209Bi( 58Fe, 1n)266Mt 33 pb 7.423.3
14.8 pb

208Pb(50Ti, 1n)257Rf 10.4 nb 10.421.3
11.3 nb 208Pb(62Ni, 1n)269110 2.0 pb 3.521.8

12.7 pb
209Bi( 50Ti, 1n)258Db 6.1 nb 2.920.3

10.3 nb 208Pb(64Ni, 1n)271110 17 pb 1526
19 pb

208Pb(54Cr, 1n)261Sg 580 pb 5002140
1140 pb 209Bi( 64Ni, 1n)272111 13 pb 3.522.3

14.6 pb
209Bi( 54Cr, 1n)262Bh 390 pb 2402132

1240 pb 208Pb(70Zn, 1n)277112 3.2 pb 1.020.7
11.3 pb

207Pb(58Fe, 1n)264Hs 9.7 pb 8.823.5
116.0 pb 208Pb(86Kr, 1n)293118 5.9 pb 2.220.8

12.6 pb
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5A\2/(2mEHI) is the reduced de Broglie wavelength of th
projectile, andm is the reduced mass. The quantitiesTl(EHI)
and P1n,l(E* ) are the transmission probability through th
fusion barrier and the survival probability of the compou
nucleus~the neutron-to-total-width ratio! for a given l. We
terminate the summation in Eq.~1! at angular momentum
l max for which the contribution tos1n becomes smaller tha
1%.

B. Description of the entrance channel

Transmission probability through the fusion barri
Tl(EHI) is calculated by means of the WKB approximatio

Tl~EHI !5
1

11exp@2Sl~EHI !#
. ~2!

Since we deal with low angular momenta (l max526–30! and
thin fusion barriers~1.35–1.65 fm!, the action integral
Sl(EHI) between the barrier entrance and exit points fo
given angular momentuml may be expressed by the actio
integral for zero angular momentum,

Sl~EHI !'S0@EHI2Ecentr~R!#, ~3!

whereEcentr(R)5@\2l ( l 11)#/@2mR2# is the centrifugal en-
ergy at a certain distanceR connected with the position o
the fusion barrier.

For the sake of simplicity, we calculate the action integ
assuming the most likely fusion barrierVf u instead of con-
sidering the barrier distribution. We approximate the fus
barrierVf u around its top by the inverted parabola,

Vf u~r !5Bf u2q~r 2Rf u!2, ~4!

where r is the distance between the centers of the reac
partners. The position of the top of the fusion barrierRf u and
the barrier heightBf u , as well as the coefficientq describing
the curvature of the barrier, are dependent on the comb
tion of the colliding nuclei.

We parametrize the quantityq by the formula
04460
,

a

l

n

n

a-

q5
Bf u2Q

d2
, ~5!

whered51 fm, which corresponds to the barrier thickne
of 1.35–1.65 fm. Within this parametrization, we obtain t
numerical value ofq equal to the height of the fusion barrie
relative to the ground state of the compound nucleus, wh
leads to a good reproduction of the measured formation c
sections@3,4,7,11,12#, as shown in Table I.

The height of the fusion barrier

Bf u5
ZTZPe2

Re
~6!

is expressed by the Coulomb energy at an effective dista
Re . The latter is strongly dependent on the atomic numbe
the target,ZT , and the projectile,ZP , which was observed
experimentally@13# and theoretically@14#. Here,e is the el-
ementary electric charge. We obtain the expression for
quantitity Re assuming that the difference betweenRe and
the distanceR12 at which the colliding nuclei are at contact
inversely proportional to the height of the fusion barrier. A
ter simple algebra, we obtain the formula

Re5
R12

12c/ZTZP
.Rf u.R12, ~7!

wherec is the model parameter controlling the height of t
fusion barrier. The distanceR12 at which the colliding nuclei
are at contact is the sum of the half-density radii of the tar
and the projectile and is given by

R125cTRT1cPRP . ~8!

Here,RT and RP are the nuclear radii of the target and th
projectile determined from the root-mean-square charge
dii, and cT and cP are the coefficients relatingRT and RP
with the half-density radii of the target and the projecti
respectively. The radiiRT andRP are calculated by using th
Nerlo-Pomorska and Pomorski formula@15#,
7-2
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RT51.256S 120.202
NT2ZT

AT
DAT

1/3,

RP51.256S 120.202
NP2ZP

AP
DAP

1/3. ~9!

For the projectiles withZP,38,

RP51.240S 11
1.646

AP
20.191

NP2ZP

AP
DAP

1/3, ~10!

whereAT andNT are mass and neutron numbers of the tar
andAP andNP are the same quantities for the projectile. T
coefficientscT and cP relating RT and RP with the half-
density radii may be deduced from Ref.@16# and are speci-
fied in Ref. @5# @Eq. ~9! therein#. The model parameterc
5352.93548 is fixed to reproduce the cross section
208Pb(50Ti, 1n)257Rf at the maximum of the measured e
citation function@17#. The choice of this reaction is moti
vated by the fact that the nice measurement of the excita
function for 257Rf was performed at GSI-Darmstadt@17#.

The action integral calculated for the fusion barrier intr
duced above is given by

Sl~EHI !'
p

2
A2m

\2q
@Bf u1Ecentr~R!2EHI #, ~11!

whereR5(R121Re)/2.

C. Description of the exit channel

Using empirical formulas for the Coulomb barrier for pr
ton emission anda-particle emission given in Ref.@18#, as
well as proton-separation anda-decay energies that may b
calculated in the macroscopic-microscopic model@19–21#,
we are able to determine thresholds for proton anda-particle
evaporation. Since for the compound nuclei in question
calculated thresholds for proton anda-particle evaporation
are higher than that for neutron emission, one can expres
survival probability of the compound nucleus~the neutron-
to-total-width ratio! for a given angular momentuml only by
the neutron-to-fission-width ratio (Gn /G f) l ,

P1n,l'
~Gn /G f ! l

11~Gn /G f ! l
. ~12!

Both widths are dependent on the density of single-part
and collective energy-levels. For low excitations in quest
(E* &15 MeV!, shell effects are still present leading
lower level density in the equilibrium configurationreq(E* )
than that in the saddle-point configurationrsd(E* ). Lower
level density in the equilibrium configuration should lead
slower neutron emission in comparison with fission also
nuclei with comparable thresholds for both processes.
excitation-energy dependence of the neutron-to-total-w
ratio measured for heavy actinides at JINR-Dubna@22# may
be explained in this way for low excitations. Using the s
tistical model formula for the Fermi gas, in which therm
damping of shell effects was introduced through the lev
04460
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density parameters, one obtains values for the neutron
fission-width ratio (Gn /G f)0 significantly smaller than 1024

for many very heavy compound nuclei@5,10#. Those values
correspond to large times for neutron evaporation allow
deexcitation of the compound nucleus byg emission. The
latter process, however, is not observed for the very he
compound nuclei. Therefore, in the present study, we us
different method for calculating (Gn /G f) l . Instead of de-
scribing (Gn /G f) l by the formula for the Fermi gas with
inserted different level-density parameters for the equi
rium configuration of 1n-evaporation residue and for th
saddle-point configuration of the compound nucleus, we
a constant-temperature formula for (Gn /G f) l in which we
insert different temperaturesTeq andTsd.Teq for these con-
figurations, respectively.

Assuming that the rotational energy is not available
neutron evaporation, as well as for fission, an expression
the neutron-to-fission-width ratio reads

~Gn /G f ! l5
keq

ksd
•kA2/3TeqexpS Bf1Dsd

Tsd
2F \2l ~ l 11!

2J~eq!Teq

2
\2l ~ l 11!

2J~sd!Tsd
G2

Sn1Deq

Teq
D . ~13!

Here,keq andksd are the collective enhancement factors f
the equilibrium and the saddle-point configurations, resp
tively. For the equilibrium configuration of 1n-evaporation
residue with the quadrupole deformationb2.0.15 and for
the saddle-point configuration of all compound nuclei,keq
andksd equal to 100@23# are used because of the presence
the rotational bands. This value is consistent with the rec
measurements@24#. For spherical and transitional nucle
(b2<0.15), keq51 is taken. The constant k
50.14 MeV21 is a coefficient obtained in the statistic
model andA is mass number of the compound nucleus. T
quantitiesBf andSn are the static fission-barrier height an
the neutron-separation energy~thresholds for fission and
neutron emission!, while Dsd andDeq are the energy shifts in
the saddle-point of the compound nucleus and the equ
rium configuration of 1n-evaporation residue, respectivel
These energy shifts are used to take into account differen
in level densities between even-even, odd, and odd-odd
clei @25#. Taking as the reference the potential energy surf
of an odd nucleus@25#, we use Deq512/AA, 0, and
212/AA, for even-even, odd, and odd-odd 1n-evaporation
residues, respectively. The energy shift in the saddle-p
configuration of the compound nucleusDsd is significantly
larger ~see for instance Ref.@26#!. In our calculation, the
value of 1.5 MeV for even-even and 0 for odd compou
nuclei is taken. The moments of inertiaJ(eq) andJ(sd) for
the equilibrium and the saddle-point deformations are
sumed to be equal to those for the rigid body and are ca
lated taking advantage of the deformation dependence
tained in Ref.@27# and the nuclear radii given by the Nerlo
Pomorska and Pomorski formula@15#.

The temperature in the equilibrium configuration
1n-evaporation residueTeq5@(d/dE* )ln req#

21 must be
lower than the temperature in the saddle-point configura
7-3
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ROBERT SMOLAŃCZUK PHYSICAL REVIEW C 63 044607
of the compound nucleusTsd because the level densit
req(E* ) increases faster with increasing excitation ene
E* in comparison with the level density in the saddle-po
configuration of the compound nucleusrsd(E* ). The reason
for this is thermal damping of the strong ground-state sh
effect. ~In the saddle point, there is no shell effect or it
much weaker than in the equilibrium configuration.! The
density of the lowest levels in a very heavy nucleus (E*
&3 MeV! is well described by the constant-temperature f
mula with the average temperatureTeq

low50.4 MeV @28#. As-
suming Teq5(Teq

low1Tsd)/250.7 MeV, we obtainTsd51
MeV. Since the experimentally observed neutron-to-to
width ratio is excitation-energy dependent, the constant t
peratureTeq50.7 MeV may be used only for a narrow rang
of excitation energy around the maximum of the 1n-channel
excitation function for the heaviest nuclei. WithinTeq50.7
MeV and Tsd51 MeV, we obtain realistic values of th
order of 1024–1021 for the (Gn /G f)0 ratio for the nuclei in
question. For high excitations for which shell effects a
fully damped, experimental data@22# may be well described
by the standard statistical model formula for (Gn /G f) l within
equal temperatures.

D. Optimal bombarding energy

Since for almost all nuclei in question, the calculat
threshold for fission following neutron emission is lower a
only for a few of them comparable with the calculat
threshold for two-neutron emission, we determine the o
mal excitation energy that corresponds to the maximum
the excitation function asE* 5Sn1Bf

ER , whereBf
ER is the

height of the static fission barrier for 1n-evaporation residue
This excitation energy corresponds to the bombarding ene
in the lab system given by

Elab5~Q1Sn1Bf
ER!

AT1AP

AT
. ~14!

This simple expression may be used because of the nar
ness of the excitation function for the heaviest atomic nuc

Nuclear structure influences the formation cross sec
through the model input-quantitiesQ, Sn , Bf , Bf

ER and the
equilibrium and saddle-point deformations. In order to obt
Q values, we calculate masses of the compound nucle
means of the macroscopic-microscopic model@19–21# and
use measured masses of the targets and the projectiles@29#.
All the other input quantities are calculated by using t
macroscopic-microscopic model@19–21#.

III. RESULTS AND DISCUSSION

A. Comparison with experimental data

We compare the calculated formation cross sections w
the measured ones@3,4,7,11,12# in Table I. The experimenta
cross sections of207Pb(50Ti, 1n)256Rf, 207Pb(54Cr,1n)260Sg,
and 207Pb(58Fe, 1n)264Hs given in Refs.@30–32# are not in-
cluded because they were measured at excitation energy
04460
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nificantly higher than the optimal one. Instead, the cross s
tion of 207Pb(58Fe, 1n)264Hs measured at the excitatio
energyE* 512.9 MeV @11# is compared with the calculate
value. The systematic uncertainty of the measured forma
cross sections is equal to a factor of 2@4#. In Table I, the
measured values for the formation cross section with o
statistical errors are given. The obtained results agree w
the experimental data within a factor of 2.4, on average. T
calculated formation cross section of 5.9 pb for293118 over-
estimates a value@7# reported by the LBNL-Berkeley group
only by a factor of 2.7~a value obtained in the origina
model @5# was by about two orders of magnitude larger!.

The calculation of the cross section of the reactio
90,92,94,96Zr(124Sn, 1n)213,215,217,219Th @33# carried out at
GSI-Darmstadt is outside the scope of the present paper
cause it requires considerable extension of our model.
nuclei like 213,215,217,219Th, fission is not that important~high
fission barriers! and, therefore, the excitation functions a
broader with their maxima shifted toward higher excitati
energies of 20–30 MeV. The extension of the model wo
have to contain a method of determining the optimal bo
barding energy because Eq.~14! is no longer valid for broad
excitation functions. For excitations of 20–30 MeV, the lo
temperatureTeq50.7 MeV cannot be used either. Moreove
evaporation of charged particles would have to be taken
account because of comparable thresholds for neutron ev
ration and emission of charged particles. Furthermore, o
pole deformation would have to be taken into account in
nuclear-structure-dependent input-quantities and in the
ments of inertia. The calculation of the cross sections
lighter nuclei, for example,179Hg obtained in the cold fusion
reaction 90Zr(90Zr, 1n)179Hg @34#, would require also tak-
ing into account theg-emission channel that competes wi
evaporation of the neutron and the charged particles.

B. Comparison with previous estimates

Our results for the reactions based on207Pb and 208Pb
target nuclei are listed in Table II. The calculated formati
cross sections for transitional and spherical nuclei, i.e.,
nuclei heavier than282114, are smaller than the values o
tained in Refs.@5,10# mainly because of thicker fusion ba
rier in comparison with the cutoff Coulomb barrier used
the original model@5,10#. The formation cross section de
creases with increasing atomic number due to decreas
both the transmission probability through the fusion barr
and the neutron-to-fission-width ratio.~In the original model,
this decrease was mainly due to decreasingGn /G f .) The
reversal of this trend in our quantal model and the increas
the cross section of 208Pb(86Kr, 1n)293118 and
207Pb(86Kr, 1n)292118 is caused by the magic of86Kr pro-
jectile (NP550), which leads to largerQ value and, conse-
quently, to lower effective fusion barrier with larger tran
mission probability. This effect is not present in th
dinuclear-system model exploited by the authors of R
@35#, who describe the formation of the compound nucle
classically and obtain a very small cross section of 5 fb@35#
for the reaction208Pb(86Kr, 1n)293118.
7-4
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TABLE II. The optimal bombarding energy in the laboratory systemElab , the transmission probability through the fusion barrier for ze
angular momentumT0, the neutron-to-fission-width ratio for zero angular momentum (Gn /G f)0, and the formation cross sections1n

calculated for reactions based on207Pb and208Pb target nuclei. Reactions with stable projectiles are given on the left-hand side of the
and those with neutron-rich radioactive-ion-beams are placed on its right-hand side. In the calculation of (Gn /G f) l , the minimal fission
barriers are used~in the original model@5,10,36#, we used the fission-barrier heightsBf andBf

ER for odd nuclei by 0.5 MeV higher becaus
of the assumed specialization energy!.

Reaction Elab T0 (Gn /G f)0 s1n Reaction Elab T0 (Gn /G f)0 s1n

~MeV! ~MeV!

207Pb(50Ti,1n)256Rf 227.8 1.231026 1.731021 3.3 nb 208Pb(80Ge,1n)287114 381.8 3.731028 2.431024 91 fb
208Pb(50Ti,1n)257Rf 228.8 3.031026 2.231021 10.4 nb 207Pb(82Ge,1n)288114 382.4 9.531029 2.331024 23 fb
207Pb(54Cr,1n)260Sg 253.1 1.731027 6.631022 180 pb 208Pb(82Ge,1n)289114 384.1 4.631028 8.731024 400 fb
208Pb(54Cr,1n)261Sg 253.8 3.931027 9.631022 580 pb 207Pb(84Se,1n)290116 415.8 8.131028 2.231024 160 fb
207Pb(58Fe,1n)264Hs 279.4 3.331028 2.031022 9.7 pb 208Pb(84Se,1n)291116 416.9 3.331027 7.831024 2.4 pb
208Pb(58Fe,1n)265Hs 279.7 6.631028 3.831022 37 pb 207Pb(86Se,1n)292116 415.5 2.831028 6.431024 170 fb
207Pb(62Ni,1n)268110 306.4 6.931029 4.031023 380 fb 208Pb(86Se,1n)293116 416.9 1.231027 2.031023 2.3 pb
208Pb(62Ni,1n)269110 306.4 1.231028 1.231022 2.0 pb 207Pb(88Se,1n)294116 413.8 4.631029 1.731023 77 fb
207Pb(64Ni,1n)270110 310.5 1.931028 1.131022 2.6 pb 208Pb(88Se,1n)295116 415.5 2.331028 4.431023 1.0 pb
208Pb(64Ni,1n)271110 310.8 3.931028 3.331022 17 pb 207Pb(88Kr,1n)294118 449.0 2.131027 5.131024 940 fb
207Pb(68Zn,1n)274112 337.2 3.031029 1.031022 360 fb 208Pb(88Kr,1n)295118 450.0 8.531027 1.231023 8.6 pb
208Pb(68Zn,1n)275112 337.7 7.231029 1.531022 1.3 pb 207Pb(90Kr,1n)296118 449.0 6.531028 9.631024 540 fb
207Pb(70Zn,1n)276112 340.9 5.131029 1.631022 940 fb 208Pb(90Kr,1n)297118 450.3 2.931027 2.131023 5.4 pb
208Pb(70Zn,1n)277112 341.9 1.631028 1.831022 3.2 pb 207Pb(92Kr,1n)298118 447.4 9.231029 2.031023 170 fb
208Pb(74Ge,1n)281114 370.8 5.331029 6.031023 330 fb 208Pb(92Kr,1n)299118 449.1 4.931028 3.231023 1.4 pb
207Pb(76Ge,1n)282114 374.5 4.431029 4.531023 200 fb 208Pb(92Sr,1n)299120 483.2 5.231027 8.331024 3.4 pb
208Pb(76Ge,1n)283114 375.4 1.431028 6.631025 9 fb 207Pb(94Sr,1n)300120 483.0 4.831028 8.131024 310 fb
208Pb(82Se,1n)289116 412.3 8.631028 2.331024 190 fb 208Pb(94Sr,1n)301120 484.2 2.231027 1.231023 2.1 pb
208Pb(84Kr,1n)291118 441.0 7.431028 2.031024 140 fb 207Pb(96Sr,1n)302120 481.4 5.331029 1.231023 53 fb
207Pb(86Kr,1n)292118 447.8 3.731027 2.031024 640 fb 208Pb(96Sr,1n)303120 483.1 3.031028 1.431023 340 fb
208Pb(86Kr,1n)293118 448.4 1.231026 5.731024 5.9 pb 207Pb(98Sr,1n)304120 479.4 5.0310210 1.731023 7 fb
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In the present paper, we predict the fusion-barrier heig
by 1.3–3.3 MeV larger than the heights of the cutoff Co
lomb barrier calculated in Refs.@5,10#. The parabolic barrier
is thicker and, consequently, transmission probabilities of
order of 1029–1026 obtained in the present paper are mu
lower than those calculated in Refs.@5,10#. The neutron-to-
fission-width ratio for zero angular momentum (Gn /G f)0
calculated by using Eq.~13! is of the order of 1024–1021 for
the compound nuclei in question. The values for the nucle
structure-dependent quantitiesQ and Sn for reactions listed
in Table II are given in Refs.@5,10#. The values for the
quantityBf for even-even compound nuclei are also listed
Ref. @5#. In the present calculation, the fission-barrier heig
for odd compound nuclei smaller by 0.5 MeV than tho
listed in Ref.@10# are used. This is because, in the calcu
tion of (Gn /G f) l , the minimal fission-barrier heightsBf and
Bf

ER for odd nuclear systems should be used. In the orig
model @5,10,36#, we used higherBf andBf

ER for odd nuclei
because of the assumed specialization energy of 0.5 M
The latter fission-barrier heights are more reliable for
description of the spontaneous fission rather than for the
scription of disintegration of the compound nucleus.

In the framework of the macroscopic-microscopic mod
@19–21#, we predicted in Ref.@6# a-decay energies and hal
lives for the nuclei in the decay chain of293118. Later on,
this decay chain was discussed by the other authors in
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@37# by using the Skyrme-Hartree-Fock-Bogoliubov meth
and in Ref.@38# in the relativistic-mean-field model. Again
in the framework of the macroscopic-microscopic mod
@19–21#, we predicteda-decay chains that might be initiate
by the nuclei292118 and294119 in Refs.@10,6#, respectively.
In Ref. @10#, we also discusseda-decay chains that might b
initiated by 270110 and276112.

C. Predictions for elements 119, 120, and 121

Table III contains relatively large cross section calcula
for the reactions that might lead to the transitional isotop
of so far undiscovered elements 119, 120, and 121. Thi
again due to the magic of the reaction partners, which le
to largerQ value and, consequently, lower effective fusio
barrier with larger transmission probability. In comparis
with the previous study@36#, we obtain the formation cros
sections of294119 by about two orders of magnitude smalle
For 208Pb(87Rb, 1n)294119, we predict the cross sectio
of 2.7 pb that is by a factor of 1.6 smaller than that calc
lated for the reaction209Bi( 86Kr, 1n)294119 that might
lead to the same isotope of element 119. The reason for
is the larger effective fusion barrier for208Pb187Rb in com-
parison with that for209Bi186Kr. The predicted formation
cross sections of 4.4 pb, 1.6 pb, and 1.9
for 209Bi( 86Kr, 1n)294119, 208Pb(88Sr, 1n)295120, and
7-5
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TABLE III. The optimal bombarding energyElab , theQ value, the height of the fusion barrierBf u , the
transmission probability through the fusion barrier for zero angular momentumT0, the neutron-separation
energySn and the static fission-barrier heightBf for the compound nucleus, the neutron-to-fission-width ra
for zero angular momentum (Gn /G f)0, and the cross sections1n calculated for fusion reactions involving
magic reaction partners which might lead to the synthesis of elements 119, 120, and 121. In the calc
of (Gn /G f) l , the minimal~with no specialization energy! fission-barrier heightsBf and Bf

ER for odd and
odd-odd nuclei are used.

Reaction Elab Q Bf u T0 Sn Bf (Gn /G f)0 s1n

~MeV! ~MeV! ~MeV! ~MeV! ~MeV!

208Pb(87Rb,1n)294119 462.9 313.47 339.37 1.131026 8.00 5.45 3.031024 2.7 pb
209Bi( 86Kr,1n)294119 453.9 308.67 334.04 1.731026 8.00 5.45 3.031024 4.4 pb
208Pb(88Sr,1n)295120 478.6 323.14 350.06 6.131027 8.25 5.34 3.131024 1.6 pb
209Bi( 88Sr,1n)296121 485.2 328.22 354.20 1.431026 8.32 5.34 1.731024 1.9 pb
208Pb(89Y,1n)296121 492.2 331.48 359.19 3.431027 8.32 5.34 1.731024 460 fb
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209Bi( 88Sr, 1n)296121, respectively, suggest a good chan
for the synthesis of superheavy elements 119, 120, and
in these reactions.

D. Predictions for symmetric reactions

Our results suggest that it is possible to carry out symm
ric reactions involving magic nuclei by using the present-d
experimental technique. Although shell effects in the ma
nuclei 124Sn, 136Xe, 138Ba, and140Ce are not as strong as i
208Pb and209Bi, they act in both the target and the project
and lead to the prediction of measurable cross sections o
reactions 136Xe(124Sn, 1n)259Rf, 136Xe(136Xe, 1n)271Hs,
138Ba(136Xe, 1n)273110 and140Ce(136Xe, 1n)275112, which
are collected in Table IV. Some of these reactions might
more useful for producing deformed superheavy nuclei t
the so-called hot fusion reactions~very asymmetric reaction
with the evaporation of several particles!. For example, we
predict the cross section of 27 pb for the symmetric reac
138Ba(136Xe, 1n)273110 that might lead to the deforme
nucleus273110. The synthesis of this nucleus at JINR-Dub
in the hot fusion reaction244Pu(34S, 5n)273110 with the
measured cross section of 0.4 pb has been reported in
@39#. This value is almost 70 times smaller than that obtain
in the present paper for138Ba(136Xe, 1n)273110.
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We predict that the most promising symmetric reacti
for producing transactinide nuclei is136Xe(136Xe, 1n)271Hs
with the calculated cross section of 170 pb.

We obtain the cross section of 1.0 pb fo
142Ce(136Xe, 1n)277112 (Elab5656.7 MeV!. This means
that the use of the heaviest stable isotope of cerium,142Ce,
instead of magic140Ce, decreases the cross section by
factor of 2.9~cf. Table IV!.

From the present study, we draw the conclusion that
calculated cross section of the reactio
208Pb(70Zn, 1n)277112 is by a factor of 3.2 larger than tha
calculated for the symmetric reactio
142Ce(136Xe, 1n)277112 that may lead to the same nucleu
This conclusion is in sharp contrast to the suggestion m
by the authors of Ref.@40# based on a very recent qualitativ
concept of ‘‘unshielded fusion’’ that the use o
142Ce(136Xe, 1n)277112 should give orders-of-magnitud
better chance for producing277112 in comparison with the
reaction 208Pb(70Zn, 1n)277112 carried out at GSI.

One should keep in mind, however, that heavy-ion fus
is far more complicated than a one-dimensional tunnel
model suggests as it is known from subbarrier-fus
excitation-functions. For symmetric and nearly symmet
entrance channels, thec parameter may not necessarily be
agic

for
ium,
with
TABLE IV. The same quantities as in Table III calculated for symmetric reactions based on m
reaction partners. In the calculation of (Gn /G f) l , the minimal~with no specialization energy! fission-barrier
height Bf

ER for odd 1n-evaporation residues is used. We obtain the cross section of 1.0 pb
142Ce(136Xe, 1n)277112 (Elab5656.7 MeV!. This means that the use of the heaviest stable isotope of cer
142Ce, instead of magic140Ce, decreases the cross section by a factor of 2.9. Exchanging targets
projectiles leads to larger optimal bombarding energy. We obtainElab5603.8 MeV, 656.6 MeV, 684.5 MeV,
and 685.7 MeV for 124Sn(136Xe, 1n)259Rf, 136Xe(138Ba, 1n)273110, 136Xe(140Ce, 1n)275112, and
136Xe(142Ce, 1n)277112, respectively. The values of the other quantities remain unchanged.

Reaction Elab Q Bf u T0 Sn Bf (Gn /G f)0 s1n

~MeV! ~MeV! ~MeV! ~MeV! ~MeV!

136Xe(124Sn,1n)259Rf 550.5 273.52 307.03 1.231028 7.57 6.62 2.731021 24 pb
136Xe(136Xe,1n)271Hs 628.4 300.63 329.58 9.531028 7.06 5.88 2.731021 170 pb
138Ba(136Xe,1n)273110 647.1 312.80 341.68 5.831028 7.56 5.19 6.831022 27 pb
140Ce(136Xe,1n)275112 664.9 324.71 353.68 2.831028 8.09 4.42 1.531022 2.9 pb
7-6
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good as for asymmetric channels. Whether one paramec
for all asymmetries in the entrance channel is a sufficien
broad cover for all the physics left out from the model, r
mains to be seen.

E. Estimated uncertainty of the obtained results

In the present paper, we introduced both more reali
fusion barrier and survival probability of the compoun
nucleus in comparison with our original model@5,10,36#. We
reproduced the measured formation cross sections of tr
actinides and heavy actinides synthesized in reactions
the emission of only one neutron and indicated the m
promising target-projectile-energy combinations for prod
ing transactinide~superheavy! elements. Since our model de
pends on the input quantities, in particular onQ-value,
neutron-separation energySn and fission-barrier heightBf
for the compound nucleus, the use of different input qua
ties than those taken from Refs.@19–21# may change the
results. An increase~decrease! of Q value by 1 MeV in-
creases~decreases! the formation cross section about 1.7–2
times. An increase~decrease! of the height of the fission
barrier by 0.5 MeV increases~decreases! usually the forma-
tion cross section by a factor of about 1.5–1.6 while
-
.

a

.

s

v

f

H
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same increase~decrease! of the neutron-separation energ
decreases~increases! usually the cross section by a factor
about 1.2–1.3. In the present study, the influence of vib
tional excitations on the value of (Gn /G f) l for spherical and
transitional nuclei has not been taken into account. The
lective enhancement factorkeq for such nuclei may have a
value from the range of 1 to 10@24#. This in turn may in-
crease the formation cross section for spherical and tra
tional nuclei listed in Table II~nuclei heavier than282114)
and Table III by a factor of 1–10.
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