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Production mechanism of superheavy nuclei in cold fusion reactions

Robert Smolan´czuk*
Sołtan Institute for Nuclear Studies, Hoz˙a 69, PL-00-681 Warszawa, Poland
and Gesellschaft fu¨r Schwerionenforschung, D-64291 Darmstadt, Germany

~Received 8 September 1998!

A relatively simple model which reproduces the measured formation cross sections of deformed superheavy
nuclei synthesized in cold fusion reactions is proposed. Within this model, optimal bombarding energies and
formation cross sections of the hypothetical spherical superheavy nuclei are predicted.
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As early as in the 1970’s, cold fusion reactions bas
on the doubly magic lead target have been proposed
Oganessian for the synthesis of transactinide nuclei@1,2#.
In such reactions, the excitation energy of the co
pound nucleus is reduced due to the large shell ef
in 208Pb and, consequently, the final nucleus is obtain
after the emission of only one or two neutrons. Recen
this method has been particularly successful in the
covery of deformed superheavy nuclei stabilized by la
shell effects predicted for such heavy deformed nuclear
tems, for example, Refs.@3–6#. The new elements 110@7#,
111@8#, and 112@9# have been synthesized at GSI-Darmst
by Sigurd Hofmann and his co-workers in the co
fusion reactions208Pb(62Ni,1n)269110, 208Pb(64Ni,1n)271110,
209Bi( 64Ni,1n)272111, and 208Pb(70Zn,1n)277112. More-
over, the Berkeley group reported on the possible prod
ion of the nucleus 267110 in the cold fusion
reaction 209Bi( 59Co,1n) @10#.

Much more asymmetric combinations of colliding nucle
based on actinide targets, have been used recently by
Dubna-Livermore Collaboration. Hot fusion reactions w
the excitation energy of the compound nucleus equal to s
eral tens of MeV, leading to the final nucleus after the em
sion of several neutrons, have been carried out at Du
These experiments resulted in the discovery of the deform
superheavy nuclei265Sg159 @11#, 266Sg160 @11#, 267Hs159,
@12#, and 273110163 @13#. Moreover,238U was bombarded by
48Ca at Dubna last year@14#. According to the authors o
Ref. @14#, the results of this experiment may be interpreted
decays of a very heavy nucleus283112.

The production of the heaviest nuclei is very difficult. Th
measured formation cross sections reached the very low l
of 1 pb @9,13#. Moreover, the measured excitation functio
are very narrow@7#. Therefore, the understanding of the pr
duction mechanism of superheavy nuclei and, conseque
reliable predictions for the formation cross sections of sup
heavy nuclear systems are of prime importance for the s
cess of future discovery experiments.

The aim of the present paper is the analysis of
1n-emission channel of the fusion reactions based on
doubly magic 208Pb target. Several attempts at an expla
tion of the production mechanism of deformed superhe
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nuclei in such reactions have been made. Sigurd Hofm
proposed the explanation involving the Bass fusion bar
@15#. Since the Bass barrier is too large and, consequen
the quantal penetrability too low to reproduce the measu
formation cross sections, Hofmann suggested on the bas
the paper@16# of von Oertzen that these nuclei were probab
formed in the fusion reactions initiated by transfer of a p
of protons from the target to the projectile in a head-on c
lision @17#. Such a transfer would lead to the decrease of
Coulomb barrier, which might permit fusion. However, it
doubtful whether the use of the Bass barrier, which was
veloped for the clasical description of the hot fusion rea
tions leading to lighter nuclei, is reliable for the descriptio
of the processes in question.

A calculation of the formation cross sections of deform
superheavy nuclei was performed by Adamianet al. @18#.
These authors describe the cold fusion reactions assum
that after the full dissipation of the collision kinetic energy
dinuclear system is formed. After that such a system evol
to the compound nucleus by nucleon transfer from the ligh
nucleus to the heavier one. A good agreement of the ca
lated cross sections with the experimental data was achie
under an assumption that the ratio of the partial widths
neutron emission and fission for nuclei with the proton nu
ber 108<Z<113 is constant, i.e., the dependence of this ra
on the neutron separation energy, the fission barrier and
thermally damped shell effects was completely disregard

Classical models invented by Władek S´wia̧tecki @19–21#
predict large energy losses caused by friction and, con
quently, suggest a large entrance channel hindrance fa
for energies at which deformed superheavy nuclei were s
thesized.~The ‘‘extra-push’’ hindrance.! The formation of
deformed superheavy nuclei may be explained in the fra
work of the extra-push models@19–21# by the precompound
neutron emission at a configuration close to the deforma
of the fission barrier, as proposed by Armbruster@22#, or by
the thermal fluctuaction of the fusion barrier. A model i
cluding thermal fluctuaction around the mean fusion traj
tory and the temperature dependent shell correction was
posed in Refs.@23,24# for the description of the symmetri
hot fusion reactions leading toZ5114 spherical superheav
nuclei. Cross sections of the order of tens of picobarns w
calculated. Such symmetric hot reactions involving stron
radioactive target and projectile nuclei are outside the sc
of the present work.
2634 ©1999 The American Physical Society
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In this paper, we propose another explanation of the p
duction of superheavy nuclei in the cold fusion reactio
208Pb(HI,1n). In our model, based on simple analytical fo
mulas, we assume that the neutron is evaporated from
compound nucleus formed by quantal tunneling through
fusion barrier.

The formation cross section of a very heavy nucleus in
1n-emission channel of the fusion reaction is given by
formula

s1n~EHI!5(
l 50

l max

s l~EHI!P1n,l~E* !, ~1!

whereEHI is the bombarding energy~energy of the projectile
in the center-of-mass coordinate system!, s l(EHI) is the
cross section for thel th partial wave of the incident heav
ion, andP1n,l(E* ) is the probability of the emission of ex
actly one neutron from the compound nucleus with the to
excitation energyE* and angular momentuml for the case
where fission is possible. The total excitation energyE* is
calculated as a differenceE* 5EHI2Q between the bom-
barding energyEHI and the ground-stateQ value for the
considered reaction. The latter quantity is obtained by s
traction of the masses of the target and the projectile fr
the mass of the compound nucleus. The summation overl is
cut at l max for which the contribution of the term
s l(EHI)P1n,l(E* ) to the cross sections1n(EHI) becomes
less than 1%.

The partial cross sections l(EHI) is given by

s l~EHI!5p|2~2l 11!Tl , ~2!

where |5A\2/(2mEHI) is the reduced de Broglie wav
length of the projectile,m is the reduced mass, andTl is the
transmission probability of the wave through the fusion b
rier. This probability is calculated by means of the WK
approximation

Tl5
1

11exp~2Sl !
. ~3!

For low angular momenta, the action integralSl between the
point of closest approach and the exit point from the bar
may be calculated by using the approximate relation

Sl5S0S EHI2
\2l ~ l 11!

2mRf u
2 D , ~4!

whereRf u is the radial coordinate of the position of the f
sion barrier andS0 is the action integral for the case whe
the centrifugal barrier is absent.

For the sake of simplicity, we use as the fusion barrier
Coulomb potential cut off at the distanceRf u , which de-
pends on the size and the electric charge of the collid
nuclei. The penetrability factor calculated with such an u
physical barrier happens to lead to a better description of
measured formation cross sections of superheavy nuclei
the use of more realistic one-dimensional potentials d
cussed in Ref.@25#, which is another advantage of the cuto
Coulomb barrier. It is worth mentioning that the measur
half-lives for the emission of heavy clusters from nuclei a
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also better reproduced—for an unknown reason—by me
of a cutoff Coulomb barrier with an adjusted cutoff radi
than by using more realistic models@26#.

The action integral for the cutoff Coulomb barrier fo
spherical target and projectile nuclei reads

S05A 2m

\2EHI

ZTZPe2FarccosSAEHI

Bf u
D

2AEHI

Bf u
A12

EHI

Bf u
G . ~5!

Here,Bf u5ZTZPe2/Rf u is the height of the Coulomb barrier
ZT and ZP are the proton numbers of the target and t
projectile, ande is the elementary electric charge. It wa
observed both experimentally@27# and theoretically@28# that
the ratio of the radial coordinates of the positions of t
fusion barrierRf u and the touching point of colliding nucle
R12 decreases with increasing proton number of the targe
projectile. In order to determineRf u , we assume that the
distance between the touching point and the position of
fusion barrier is inversly proportional to the Coulomb pote
tial at the barrier. This leads to the following expression
the position of the fusion barrier:

Rf u5
R12

12c/ZTZP
.R12, ~6!

wherec is a parameter. This parameter describes probably
other effects not taken explicitly into account in such
simple schematic picture. The position of the touching po
R12 is the sum of the half-density radii of the target a
projectile nuclei. We calculate this quantity by using t
equation

R125cTRT1cPRP . ~7!

Here,RT andRP are the nuclear radii of the target and pr
jectile determined from the nuclear mean square charge r
The former are calculated by means of the Nerlo-Pomor
and Pomorski formula@29#

RT5r 0~12aI T!AT
1/3, RP5r 0~12aI P!AP

1/3, ~8!

whereI T5(NT2ZT)/AT andI P5(NP2ZP)/AP are the rela-
tive neutron excesses~reduced isospins! of the target and
projectile, AT and AP(NT and NP) are the mass~neutron!
numbers of the target and projectile,r 051.256 fm @29# is
the nuclear radius parameter anda50.202@29#. The coeffi-
cientscT andcP relatingRT andRP to the half-density radii
of the target and the projectile, respectively, may be dedu
from Ref. @30# and read

cT512
7

2 S b

RT
D 2

2
49

8 S b

RT
D 4

,

cP512
7

2 S b

RP
D 2

2
49

8 S b

RP
D 4

, ~9!

whereb51 fm is the nuclear surface width.
Assuming that the rotational energy is not available eit

for neutron evaporation or fission, we express the probab
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2636 PRC 59ROBERT SMOLAŃCZUK
of the emission of one neutronP1n,l(E* ) in terms of the
intrinsic excitation energyEint* defined as the difference be
tween the total excitation energyE* and the rotational en
ergyErot5\2l ( l 11)/(2J), whereJ is the moment of inertia
normal to the symmetry axis of the axially symmetric co
pound nucleus. For the simplicity, we assume that the m
ment of inertia of the compound nucleus is equal to the ri
body value which is calculated by means of the formula@31#

J5J0F11A 5

16p
b21

45

28p
b2

21
15

7pA5
b2b4G . ~10!

Here,J05(2/5)ACNmRCN
2 is the rigid body moment of iner

tia for the spherical nucleus with mass numberACN and ra-
dius RCN , and m is the mass of the nucleon. Again, w
express the radiusRCN by the Nerlo-Pomorska and Pomors
formula @29#. The deformation parametersbl are connected
with the parametrization of nuclear shape by the spher
harmonicsYl0(q). The dependence of the moment of iner
on the higher multipolarities is disregarded.

The competition between neutron evaporation and fiss
is described by the excitation energy-dependent neutron
total width ratio for the compound nucleus before the eva
ration of the neutron

G~E* ,l !5
Gn

G f1Gn
5

~Gn /G f !

11~Gn /G f !
. ~11!

Here,Gn andG f are the partial widths for neutron emissio
and fission, respectively. The expression~11! is an increas-
ing function of excitation energy and it depends also on
neutron separation energySn , the height of the static fission
barrier Bf

stat, and the thermally damped shell effects. T
quantity P1n,l is equal toG(E* ,l ) if the intrinsic excitation
energy at the deformation corresponding to the equilibri
point is larger thanSn and smaller than the sum ofSn and the
threshold for emission of the second neutron or fission.
larger intrinsic excitation energies,P1n,l decreases rapidly
because of the possibility of emission of the second neu
or fission. This means that for narrow excitation functio
the cross section reaches its maximum for the excitation
ergy close to the sum of the neutron separation energies
the compound nucleus and the evaporation residue or c
to the sum of the neutron separation energy for the co
pound nucleus and the static fission barrier for the evap
tion residue, depending which of these sums is smaller. T
energy is considered in the present paper as the optima
citation energy for fusion of a superheavy nuclear system

The assumption that the level density of the highly e
cited nucleus is described by the Bethe formula leads to
following expression for the neutron-to-fission width rat
@32,33#:

Gn /G f5exp~2AanEn* 22AafEf* !, ~12!

which is accurate to within the pre-exponential factor. He
an is the level density parameter for the evaporation resi
~synthesized nucleus! with the deformation corresponding t
the equilibrium point,af is the level density parameter fo
the compound nucleus with the deformation correspond
to the saddle point, andEn* 5Eint* (eq)2Sn and Ef*
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5Eint* (sd)2Bf
stat are the excitation energies in the transitio

state for neutron emission and fission, whereEint* (eq) is the
intrinsic excitation energy andEint* (sd) is the difference be-
tween the total excitation energyE* and the rotational en-
ergy at the saddle point configuration of the compou
nucleus. Since shell effects are still present for the low ex
tation energies in question, the expression~12! must be
modified in order to take into account these effects. We
rametrize the dependence ofan on the thermally damped
shell effects according to the following formula:

an5ãH 11
Emicr

En*
F12expS 2

En*

ED
D GexpS 2

En*

ED
D J , ~13!

whereEmicr is the Strutinsky microscopic energy at the eq
librium point of the evaporation residue with mass numb
A, ED is the damping constant, andã5A/8 MeV21 is the
asymptotic value ofan for high excitation energies. The re
lation ~13! holds also foraf after the replacement ofA with
the mass number of the compound nucleusACN , En* with
Ef* , andEmicr with the saddle point microscopic energyEmicr8
for the compound nucleus. With a value of 12.5 MeV forED
and microscopic energies calculated by means of
macroscopic-microscopic model@6,34#, we reproduce very
well the excitation energy dependence of the neutron-to-t
width ratio reduced to zero angular momentum measured
Nobelium isotopes at Dubna@35#. The formula~13! was ob-
tained by multiplying the excitation energy-dependent te
of the commonly used Ignatyuket al. expression@36# by
exp(2En* /ED). We introduced the new formula because t

former gives the correctionãEmicr /En* to the asymptotic

level densityã for larger excitation energies. Because of th
correction, the use of the Ignatyuket al. formula does not
lead to the correct reproduction of the experimental data
tained for Nobelium isotopes@35#.

For spherical and some transitional nuclei (0<b2
<0.14), theGn /G f ratio is divided by the collective en
hancement factorkcoll @37,38# describing the decrease of th
level density at the equilibrium point relative to the axial
deformed saddle configuration. This decrease is cause
the absence of rotational levels at the equilibrium poi
which leads to a smaller probability of emission of the ne
tron. The collective enhancement factor is calculated
means of the formula@37#

kcoll5
JT

\2
, ~14!

whereJ is the moment of inertia at the saddle point config
ration calculated according to Eq.~10! andT is the tempera-
ture of the compound nucleus. In the present calculation,
value of 0.6 MeV for T was taken. For the2862290114,
2882296116, 2902300118, and 3002304120 compound nuclei,
kcoll51182125 is obtained.

Due to the decreasing transmission probabilityTl and the
neutron-to-total width ratioG(E* ,l ), the contribution of the
term s l(EHI)P1n,l(E* ) to the cross sections1n(EHI) be-
comes less than 1% at a relatively lowl max524232 and the
contributions for largerl decrease rapidly. Since the summ
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TABLE I. Calculated ground-stateQ value, the height of the fusion barrierBf u , transmission probability through the fusion barrierT0

for the optimal bombarding energy, and zero angular momentum, neutron separation energySn , the height of the static fission barrierBf
stat,

neutron-to-fission width ratio reduced to zero angular momentum (Gn /G f)0, maximal angular momentuml max ~see text for definition!,
optimal excitation energyE* and formation cross sections, as well as measured excitation energyEexp* and formation cross sectionsexp

@41,7,42,9,17# of reactions208Pb(HI,1n)ER with the projectiles HI and the evaporation residues ER listed in the first two columns. A
of 500 nb for the formation cross section of255No was fixed~see text for motivation!.

HI ER Q Bf u T0 Sn Bf
stat (Gn /G f)0 l max E* s Eexp* sexp

MeV MeV MeV MeV \ MeV MeV

48Ca 255No 153.56 178.67 3.131023 7.39 7.23 6.531023 28 13.28 500 nb 16.70 260230
130 nb

50Ti 257Rf 169.55 199.41 3.631024 7.90 6.87 1.331023 27 14.29 9.4 nb 15.48 10.421.3
11.3 nb

54Cr 261Sg 187.08 219.13 1.631024 8.07 6.30 2.831024 26 14.65 730 pb 16.38 5002140
1140 pb

58Fe 265Hs 204.92 238.48 7.131025 8.31 5.70 3.531025 26 14.33 33 pb 13.16 67217
117 pb

62Ni 269110 223.18 257.52 3.231025 8.56 4.88 2.131026 24 13.33 730 fb 13.24 3.521.8
12.7 pb

64Ni 271110 224.50 256.86 1.631024 8.32 5.56 1.131025 26 13.70 20 pb 11.74 1526
19 pb

68Zn 275112 241.95 275.60 6.331025 8.09 4.42 1.331026 25 13.07 750 fb
70Zn 277112 243.68 274.94 2.231024 7.70 4.05 1.331026 25 12.62 2.7 pb 10.07 1.020.7

11.3 pb
74Ge 281114 262.09 293.41 1.931024 7.91 3.24 7.831028 24 11.89 110 fb
76Ge 283114 263.92 292.75 7.031024 7.76 3.12 1.131027 24 11.50 560 fb
80Se 287116 282.46 310.97 1.431023 8.15 3.75 8.631029 25 11.78 94 fb
82Se 289116 284.11 310.32 6.031023 7.87 4.51 1.331027 27 12.12 7.1 pb
82Kr 289118 298.92 329.62 7.331024 8.53 4.07 1.031028 26 12.31 57 fb
84Kr 291118 301.82 328.96 6.831023 8.24 4.91 1.831027 28 12.81 11 pb
86Kr 293118 304.41 328.30 4.031022 7.90 5.45 1.531026 31 13.31 670 pb

78Ge 285114 264.79 292.10 1.531023 7.67 3.32 6.231029 25 11.29 77 fb
80Ge 287114 264.88 291.45 2.231023 7.53 4.08 7.531028 26 11.35 1.5 pb
82Ge 289114 264.18 290.80 2.631023 7.21 4.90 2.631026 28 11.79 72 pb
84Se 291116 284.87 309.66 1.531022 7.58 5.32 2.131026 30 12.59 360 pb
86Se 293116 282.26 309.01 7.031023 7.37 5.94 1.731025 31 13.19 1.4 nb
88Se 295116 278.93 308.36 1.131023 7.10 6.34 4.431025 32 12.81 580 pb
88Kr 295118 303.11 327.65 3.331022 7.63 5.79 5.231026 32 13.58 2.0 nb
90Kr 297118 301.07 326.99 1.531022 7.42 6.08 1.331025 32 13.45 2.3 nb
92Kr 299118 298.23 326.34 3.131023 7.10 6.03 1.731025 32 12.81 590 pb
92Sr 299120 321.80 344.42 5.831022 7.76 5.62 2.031026 32 13.74 1.2 nb
94Sr 301120 320.44 344.76 3.731022 7.43 5.51 3.531026 32 13.47 1.4 nb
96Sr 303120 317.94 344.11 1.131022 7.06 5.11 3.231026 32 12.75 350 pb
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tion ends at a low value of angular momentum and the ri
body moments of inertia at the equilibrium and the sad
points are not very different due to the small distance
tween these points for superheavy nuclei, we assume tha
equilibrium and saddle point positions are independent ol.

In the present calculation, measured masses of the ta
nucleus and the projectiles are used@39#. Masses of the com
pound nuclei and the evaporation residues, static fission
riers, equilibrium and saddle point microscopic energies,
deformations are calculated by means of the macrosco
microscopic model@6,34,40#. The neutron separation ene
gies are obtained by subtracting the theoretical mass of
compound nucleus from the sum of the experimenta
known mass of the neutron and the theoretical mass of
evaporation residue.

Since the damping constant is determined from
neutron-to-total width ratio measured for Nobelium isotop
we determine the parameterc by means of the reaction
208Pb(48Ca,1n) in which the isotope255No was produced.
The parameterc5379.17435 is fixed in such a way to obta
d
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a cross section equal to 500 nb for the calculated opti
excitation energy equal to 13.28 MeV. The choice of t
value of the same order but larger than the measured on
260630 nb @41# was motivated by the large systematic u
certainties and the fact that the complete excitation funct
for this reaction was not measured@41#.

The obtained results are listed in Table I. The measu
formation cross sections with the statistical errors for
nuclei 255No, 257Rf, 261Sg, 265Hs, 269110, 271110, and
277112 @41,7,42,9,17# are also given. The calculated value
differ from the experimental data@7,42,9,17# by a factor of
2.2, on average. The values of the measured formation c
sections@7,42,9,17# are also accurate within a factor of abo
2 because of systematic uncertainties.

We made the predictions for the formation cross secti
of the isotopes of the elements 1122118 which may be pro-
duced by using stable neutron-rich projectiles~upper part of
Table I!, as well as for some isotopes of the elements 1
2120 which might be synthesized by using the neutron-r
radioactive ion beams~lower part of Table I!. The projectiles
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2638 PRC 59ROBERT SMOLAŃCZUK
are chosen in such a way to obtain the odd-N neighbors of
the even-even nuclei for which we calculated in Re
@6,34,40# the half-livesT1/2*1 ms, i.e., to obtain the super
heavy nuclei which can be detected in the present-day
perimental setup@43#.

The predicted formation cross sections of289116, 291118,
and 293118, which might be produced with the use of stab
projectiles, are surprisingly large. They contradict earlier
pectations@17# that the cross section decreases exponenti
with the increasing proton number of the projectile and t
the production of these nuclei will not be possible by us
the 1n-evaporation channel. According to the present cal
lation, in order to synthesize the isotopes of the new e
ments, one should increase the bombarding energy in su
way to obtain the optimal excitation energy. The increase
the formation cross sections of the hypothetical spherical
perheavy nuclei is due to the higher static fission barrier
the proximity of the neutron shell closure atN5184. The
larger fission barrier leads to the larger neutron-to-total wi
ratio. The increase of this ratio is also due to the decrea
microscopic energy~the decreasing level density! at the
saddle point. This is a consequence of the fact that the sa
point deformation of spherical superheavy nuclei is sma
in comparison with the saddle point deformation of d
formed superheavy nuclei for which we calculate the sad
point microscopic energies close to zero. Moreover, for
reactions with the projectiles with the neutron numbers
proximating the magic numberN550, the increase of the
formation cross section is due to the increase of theQ value
leading to the increase of the transmission probabi
through the Coulomb barrier.

Doubly magic 208Pb was already bombarded by82Se at
GSI-Darmstadt@17#, but with lower bombarding energie
than the optimal one calculated in the present paper.
calculated value of 7 pb for the cross section for the optim
bombarding energy is very close to the experimental cr
section limit.

The calculated large values for the formation cross s
tions indicate that the synthesis of still heavier and m
stable superheavy nuclei might be possible even with the
of the present-day experimental setup and available st
neutron-rich projectiles if the bombarding energy is prope
chosen. The most promising reaction with the stable pro
l
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tile for the synthesis of the hypothetical spherical superhe
nuclei is 208Pb(86Kr,1n)293118 with the optimal excitation
energy equal to 13.31 MeV.

The results given in the present paper were obtained w
the use of the model exploiting the unphysical cutoff Co
lomb barrier which cannot, of course, replace a compl
theory of fusion. Since such theory is not available so far,
decided to propose our simple model. This model reprodu
the measured formation cross sections of deformed su
heavy nuclei. Furthermore, it provides predictions for t
formation cross sections of the hypothetical spherical sup
heavy nuclei. These predictions may be tested experim
tally. One should keep in mind, however, that the rather
extrapolation made by the use of the schematic fusion ba
may lead to considerable differences between theoretical
experimental formation cross sections. The increase~de-
crease! of the radial coordinate of the position of the fusio
barrier by 1% leads to the increase~decrease! of the calcu-
lated formation cross sections by a factor of 3.326.2 (3.8
27.0). The variation of theQ value by 1 MeV changes the
formation cross sections by a factor of 1.522.3. The increase
~decrease! of the optimal excitation energy by 1 MeV in
creases~decreases! both the transmission probability and th
Gn /G f ratio and, consequently, increases~decreases! the
cross section by a factor of 2.425.6 (2.626.5). The varia-
tion of the damping constatntED by 1 MeV changes the
calculated formation cross sections by a factor 1.121.4. In
the present paper the influence of the second hump of
fission barrier on theGn /G f ratio is disregarded. The pres
ence of the second hump of the fission barrier for many
the considered nuclei may increase slightly the calcula
formation cross sections by a factor very close to the un
The inclusion of the vibrational collective effects, disr
garded also in the presented calculation, may decrease
collective enhancement factor and, consequently, may
crease the calculated formation cross sections of sphe
superheavy nuclei by a factor of 1210 @38#.

The author thanks S. Hofmann and J. Skalski, as wel
P. Armbruster, E.A. Cherepanov, F.P. Hessberger, Z. Ja
Z. Łojewski, G. Münzenberg, Z. Patyk, M. Pfu¨tzner, K.
Rykaczewski, J. Srebrny, and M. Veselsky for many va
able discussions. Grant No. 2 P03B 099 15 of the Po
Committee for Scientific Research~K.B.N.! is gratefully ac-
knowledged.
Z.

H.

Z.

H.

.
es,
-

@1# Yu. Ts. Oganessian, inClassical and Quantum Mechanica
Aspects of Heavy Ion Collisions, Vol. 33 of Lecture Notes in
Physics~Springer, Heidelberg, 1975!, p. 221.

@2# Yu. Ts. Oganessian, A. S. Iljinov, A. G. Demin, and S.
Tretyakova, Nucl. Phys.A239, 353 ~1975!.

@3# Z. Patyk, R. Smolan´czuk, and A. Sobiczewski, GSI Scientifi
report 1990, Report No. GSI 91–1, Darmstadt, 1991~unpub-
lished!, p. 79.

@4# Z. Patyk and A. Sobiczewski, Phys. Lett. B256, 307 ~1991!.
@5# A. Sobiczewski, R. Smolan´czuk, and J. Skalski, J. Alloys

Compd.213/214, 38 ~1994!.
@6# R. Smolan´czuk, J. Skalski, and A. Sobiczewski, Phys. Rev.

52, 1871~1995!.
@7# S. Hofmann, V. Ninov, F. P. Hessberger, P. Armbruster,
 .

Folger, G. Münzenberg, H. J. Scho¨tt, A. G. Popeko, A. V.
Yeremin, A. N. Andreyev, S. Saro, R. Janik, and M. Leino,
Phys. A350, 277 ~1995!.

@8# S. Hofmann, V. Ninov, F. P. Hessberger, P. Armbruster,
Folger, G. Münzenberg, H. J. Scho¨tt, A. G. Popeko, A. V.
Yeremin, A. N. Andreyev, S. Saro, R. Janik, and M. Leino,
Phys. A350, 281 ~1995!.

@9# S. Hofmann, V. Ninov, F. P. Hessberger, P. Armbruster,
Folger, G. Münzenberg, H. J. Scho¨tt, A. G. Popeko, A. V.
Yeremin, S. Saro, R. Janik, and M. Leino, Z. Phys. A354, 229
~1996!.

@10# A. Ghiorso, D. Lee, L. P. Somerville, W. Loveland, J. M
Nitschke, W. Ghiorso, G. T. Seaborg, P. Wilmarth, R. Ler
A. Wydler, M. Nurmia, K. Gregorich, K. Czerwinski, R. Gay



i,
.

.

K.
.
.
v,
.

S
.
.
.
J

K.
.
.

.
. J

L
.
v,

a,
98

.

ys

vn,

v.

f

d-

-
ko,

r-
8,

J.

G.

l.

, J.
.

.

PRC 59 2639PRODUCTION MECHANISM OF SUPERHEAVY NUCLEI . . .
lord, T. Hamilton, N. J. Hannink, D. C. Hoffman, C. Jarzynsk
C. Kacher, B. Kadkhodayan, S. Kreek, M. Lane, A. Lyon, M
A. McMahan, M. Neu, T. Sikkeland, W. J. Swiatecki, A
Türler, J. T. Walton, and S. Yashita, Phys. Rev. C51, R2293
~1995!.

@11# Yu. A. Lazarev, Yu. V. Lobanov, Yu. Ts. Oganessian, V.
Utyonkov, F. Sh. Abdullin, G. V. Buklanov, B. N. Gikal, S
Iliev, A. N. Mezentsev, A. N. Polyakov, I. M. Sedykh, I. V
Shirokovsky, V. G. Subbotin, A. M. Sukhov, Yu. S. Tsygano
V. E. Zhuchko, R. W. Lougheed, K. J. Moody, J. F. Wild, E
K. Hulet, and J. H. McQuaid, Phys. Rev. Lett.73, 624~1994!.

@12# Yu. A. Lazarev, Yu. V. Lobanov, Yu. Ts. Oganessian, Yu.
Tsyganov, V. K. Utyonkov, F. Sh. Abdullin, S. Iliev, A. N
Polyakov, J. Rigol, I. V. Shirokovsky, V. G. Subbotin, A. M
Sukhov, G. V. Buklanov, B. N. Gikal, V. B. Kutner, A. N
Mezentsev, I. M. Sedykh, D. V. Vakatov, R. W. Lougheed,
F. Wild, K. J. Moody, and E. K. Hulet, Phys. Rev. Lett.75,
1903 ~1995!.

@13# Yu. A. Lazarev, Yu. V. Lobanov, Yu. Ts. Oganessian, V.
Utyonkov, F. Sh. Abdullin, A. N. Polyakov, J. Rigol, I. V
Shirokovsky, Yu. S. Tsyganov, S. Iliev, V. G. Subbotin, A. M
Sukhov, G. V. Buklanov, B. N. Gikal, V. B. Kutner, A. N
Mezentsev, K. Subotic, J. F. Wild, R. W. Lougheed, and K
Moody, Phys. Rev. C54, 620 ~1996!.

@14# Yu. Ts. Oganessian, A. V. Yeremin, G. G. Gulbekian, S.
Bogomolov, V. I. Chepigin, B. N. Gikal, V. A. Gorshkov, M
G. Itkis, A. P. Kabachenko, V. B. Kutner, A. Yu. Lavrente
O. N. Malyshev, A. G. Popeko, J. Roha´č, R. N. Sagaidak, S.
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