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Production mechanism of superheavy nuclei in cold fusion reactions
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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 basechuclei in such reactions have been made. Sigurd Hofmann
on the doubly magic lead target have been proposed bgroposed the explanation involving the Bass fusion barrier
Oganessian for the synthesis of transactinide nudgl].  [15]. Since the Bass barrier is too large and, consequently,
In such reactions, the excitation energy of the com-he quantal penetrability too low to reproduce the measured
pound nucleus is reduced due to the large shell effecformation cross sections, Hofmann suggested on the basis of
in ?%Pb and, consequently, the final nucleus is obtainedhe papef16] of von Oertzen that these nuclei were probably
after the emission of only one or two neutrons. Recentlyformed in the fusion reactions initiated by transfer of a pair
this method has been particularly successful in the disof protons from the target to the projectile in a head-on col-
covery of deformed superheavy nuclei stabilized by larggision [17]. Such a transfer would lead to the decrease of the
shell effects predicted for such heavy deformed nuclear sysSoulomb barrier, which might permit fusion. However, it is
tems, for example, Ref$3—6]. The new elements 11{0],  doubtful whether the use of the Bass barrier, which was de-
111[8], and 1179] have been synthesized at GSI-Darmstadiyeloped for the clasical description of the hot fusion reac-
by Sigurd Hofmann and his co-workers in the cold tions leading to lighter nuclei, is reliable for the description
fusion reaction%OSPb(ﬁzNi,ln)269110, 2°8Pb(64Ni,1n)271110, of the processes in question.
29%Bi(*Ni,1n)?*111, and*°%Pb("Zn,1n)*""112. More- A calculation of the formation cross sections of deformed
over, the Berkeley group reported on the possible productsuperheavy nuclei was performed by Adamiginal. [18].
ion of the nucleus #7110 in the cold fusion These authors describe the cold fusion reactions assuming
reaction 2°Bi(*°Co,1n) [10]. that after the full dissipation of the collision kinetic energy a

Much more asymmetric combinations of colliding nuclei, dinuclear system is formed. After that such a system evolves
based on actinide targets, have been used recently by the the compound nucleus by nucleon transfer from the lighter
Dubna-Livermore Collaboration. Hot fusion reactions with nucleus to the heavier one. A good agreement of the calcu-
the excitation energy of the compound nucleus equal to sevated cross sections with the experimental data was achieved
eral tens of MeV, leading to the final nucleus after the emisunder an assumption that the ratio of the partial widths for
sion of several neutrons, have been carried out at Dubnaeutron emission and fission for nuclei with the proton num-
These experiments resulted in the discovery of the deformeBer 108<7<113 is constant, i.e., the dependence of this ratio
superheavy nuclef®Sgsg [11], %°Sgo [11], ®Hsise,  on the neutron separation energy, the fission barrier and the
[12], and 23110, [13]. Moreover,?*% was bombarded by thermally damped shell effects was completely disregarded.
48Ca at Dubna last yedr4]. According to the authors of Classical models invented by Wiadekvigtecki [19—21]
Ref.[14], the results of this experiment may be interpreted apredict large energy losses caused by friction and, conse-
decays of a very heavy nucled&112. quently, suggest a large entrance channel hindrance factor

The production of the heaviest nuclei is very difficult. The for energies at which deformed superheavy nuclei were syn-
measured formation cross sections reached the very low levéhesized.(The “extra-push” hindrance.The formation of
of 1 pb[9,13]. Moreover, the measured excitation functions deformed superheavy nuclei may be explained in the frame-
are very narrow7]. Therefore, the understanding of the pro- work of the extra-push modeJ49—-21] by the precompound
duction mechanism of superheavy nuclei and, consequentlyieutron emission at a configuration close to the deformation
reliable predictions for the formation cross sections of superef the fission barrier, as proposed by Armbrug@], or by
heavy nuclear systems are of prime importance for the sughe thermal fluctuaction of the fusion barrier. A model in-
cess of future discovery experiments. cluding thermal fluctuaction around the mean fusion trajec-

The aim of the present paper is the analysis of theory and the temperature dependent shell correction was pro-
1n-emission channel of the fusion reactions based on th@osed in Refs[23,24] for the description of the symmetric
doubly magic?%%Pb target. Several attempts at an explanahot fusion reactions leading @= 114 spherical superheavy
tion of the production mechanism of deformed superheavyuclei. Cross sections of the order of tens of picobarns were

calculated. Such symmetric hot reactions involving strongly
radioactive target and projectile nuclei are outside the scope
*Electronic address: smolan@fuw.edu.pl of the present work.
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In this paper, we propose another explanation of the proalso better reproduced—for an unknown reason—by means
duction of superheavy nuclei in the cold fusion reactionsof a cutoff Coulomb barrier with an adjusted cutoff radius
208k (HI,1n). In our model, based on simple analytical for- than by using more realistic moddI26].
mulas, we assume that the neutron is evaporated from the The action integral for the cutoff Coulomb barrier for
compound nucleus formed by quantal tunneling through thepherical target and projectile nuclei reads
fusion barrier.

The formation cross section of a very heavy nucleus in the 2u , En
1n-emission channel of the fusion reaction is given by the So= n2E Z1Zp€”| arccos \/ 5=
formula Hi fu

I max _ /E [1_E} (5)
Uln(EH|):|Z:0 a1 (Eq) P (E¥), ) Bty Bru]

Here,B,=Z+Zpe?/Ry, is the height of the Coulomb barrier,
whereEy, is the bombarding enerdgnergy of the projectile 7, and Z, are the proton numbers of the target and the
in the center-of-mass coordinate sysjerr(Ey,) is the  projectile, ande is the elementary electric charge. It was
cross section for théth partial wave of the incident heavy observed both experimentall27] and theoretically28] that
ion, andPy, (E*) is the probability of the emission of ex- the ratio of the radial coordinates of the positions of the
actly one neutron from the compound nucleus with the totafusion barrierR;, and the touching point of colliding nuclei
excitation energye* and angular momentuiinfor the case R, decreases with increasing proton number of the target or
where fission is possible. The total excitation enegdyis  projectile. In order to determin®;,, we assume that the
calculated as a differencE* =E;—Q between the bom- distance between the touching point and the position of the
barding energyEy, and the ground-stat® value for the fusion barrier is inversly proportional to the Coulomb poten-
considered reaction. The latter quantity is obtained by subtial at the barrier. This leads to the following expression on
traction of the masses of the target and the projectile fromhe position of the fusion barrier:
the mass of the compound nucleus. The summation loiger
cut at l,. for which the contribution of the term Ri2

a(Ex)P1n (E*) to the cross sectiomwr;,(Ey) becomes Rfu_1—c/ZTZp>R12’ ©
less than 1%.
The partial cross sectiom (E,) is given by wherec is a parameter. This parameter describes probably all
other effects not taken explicitly into account in such a
a(Ey)=7X?21+ 1)T,, (2)  simple schematic picture. The position of the touching point

Ry is the sum of the half-density radii of the target and

where Xx=#A“/(2uEy) is the reduced de Broglie wave projectile nuclei. We calculate this quantity by using the
length of the projectilen is the reduced mass, afdis the  equation

transmission probability of the wave through the fusion bar-
rier. This probability is calculated by means of the WKB Rio=CctRt+CcpRp. (7)

approximation .
Here,R; andRp are the nuclear radii of the target and pro-

1 - jectile determined from the nuclear mean square charge radii.
= 5 3 The former are calculated by means of the Nerlo-Pomorska
1+exp2
Xp(2S) and Pomorski formulfi29]

For low angular momenta, the action integ&between the _ _ 13 _ _ 13
point of closest approach and the exit point from the barrier Rr=ro(1=alnAr”, Re=ro(l=alp)Ap®,  (8)

may be calculated by using the approximate relation wherel 1= (N7—Z;)/A; andl p=(Np— Zp)/Ap are the rela-

tive neutron excessegeduced isospinsof the target and
’ 4) projectile, A and Ap(Nt and NF’) are the masineutro_r)

numbers of the target and projectilg,=1.256 fm[29] is

the nuclear radius parameter ane-0.202[29]. The coeffi-
whereRg, is the radial coordinate of the position of the fu- cientscy andcp relatingR; andRp to the half-density radii
sion barrier andg, is the action integral for the case where of the target and the projectile, respectively, may be deduced

72(1+1)
ZMRqu

SI:SO( Eni—

the centrifugal barrier is absent. from Ref.[30] and read
For the sake of simplicity, we use as the fusion barrier the 5 4
Coulomb potential cut off at the distand®,, which de- c :1_Z(£> 4_9<£)
pends on the size and the electric charge of the colliding T 2\Ry 8 \Ry/’
nuclei. The penetrability factor calculated with such an un-
physical barrier happens to lead to a better description of the 7/ b\? 49/ b\*
measured formation cross sections of superheavy nuclei than Cp=1- 2|Rs]  8\Rp/ ©

the use of more realistic one-dimensional potentials dis-

cussed in Refl25], which is another advantage of the cutoff whereb=1 fm is the nuclear surface width.

Coulomb barrier. It is worth mentioning that the measured Assuming that the rotational energy is not available either
half-lives for the emission of heavy clusters from nuclei arefor neutron evaporation or fission, we express the probability
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* (sd)—Bf™are the excitation energies in the transition
intrinsic excitation energ¥y, defined as the difference be- state for neutron emission and fission, whE{g(eq) is the
tween the total excitation enerdy* and the rotational en- intrinsic excitation energy anl; (sd) is the difference be-
ergy E,o=721(1+1)/(2J), whereJ is the moment of inertia  tween the total excitation energs* and the rotational en-
normal to the symmetry axis of the axially symmetric com-ergy at the saddle point configuration of the compound
pound nucleus. For the simplicity, we assume that the monucleus. Since shell effects are still present for the low exci-
ment of inertia of the compound nucleus is equal to the rigictation energies in question, the expressid®) must be
body value which is calculated by means of the fornf@3  modified in order to take into account these effects. We pa-
rametrize the dependence af on the thermally damped
shell effects according to the following formula:

of the emission of one neutroRy, (E*) in terms of the =Ej

J=Jo| 1+ 1/ A 10
=Jo T6:-°2" 28, P2 ﬁﬁz[ﬁ- (10)

e 1 Emicr 1 E: E: 13

Here,Jo= (2/5)AcymRZ, is the rigid body moment of iner- an=a) 1+ 5 TR T ¥R T E , (13)

tia for the spherical nucleus with mass numBey, and ra-

dius Rcy, andm is the mass of the nucleon. Again, wWe yhereE, . is the Strutinsky microscopic energy at the equi-
express the raditBcy by the Nerlo-Pomorska and Pomorski jiprium point of the evaporation residue with mass number

fo.rmula[29]. The cjefqrmatlon parametefs are connected' | Ep is the damping constant, are= A/8 MeV-1 is the
with the parametrization of nuclear shape by the spherical

harmonicsY, (7). The dependence of the moment of inertiaas.ymptOtIC value of,, for high excitation energies. Th_e re-
: ) N lation (13) holds also fora; after the replacement & with
on the higher multipolarities is disregarded. h ber of th d | E* with
The competition between neutron evaporation and ﬁssioﬁ*e mass number of the compound nuc é‘é%',’ n W,'
is described by the excitation energy-dependent neutron-td=f » @dEmicr With the saddle point microscopic energy;,

total width ratio for the compound nucleus before the evapof0r the compound nucleus. With a value of 12.5 MeV y
ration of the neutron and microscopic energies calculated by means of the

macroscopic-microscopic modgh,34], we reproduce very
r, (CyITH) well the excitation energy dependence of the neutron-to-total
GE*.D=r71T =1H Ty (11)  width ratio reduced to zero angular momentum measured for
e nitf Nobelium isotopes at Dubr{85]. The formula(13) was ob-

Here,T',, andT; are the partial widths for neutron emission tained by multiplying the excitation energy-dependent term
and fission, respectively. The expressidn) is an increas- ©Of the commonly used Ignatyukt al. expression36] by

ing function of excitation energy and it depends also on thexp(—E;/Ep). We introduced the new formula because the
neutron separation ener@y , the height of the static fission former gives the COfreCtiOfiEmicr/E’,ﬁ to the asymptotic

barrier B{'*, and the thermally damped shell effects. Thejevel densitya for larger excitation energies. Because of this
quantity P, | is equal toG(E*,1) if the intrinsic excitation  correction, the use of the Ignatyue al. formula does not
energy at the deformation corresponding to the equilibriumead to the correct reproduction of the experimental data ob-
point is larger thars, and smaller than the sum 8f, and the  tgined for Nobelium isotopelB5).

threshold for emission of the second neutron or fission. For Eor spherical and some transitional nuclei <(8,
larger intrinsic excitation energie);,, decreases rapidly <0.14), thel',/T'; ratio is divided by the collective en-
because of the possibility of emission of the second neutroRancement factok.,, [37,3§ describing the decrease of the
or fission. This means that for narrow excitation functionsjeyg| density at the equilibrium point relative to the axially
the cross section reaches its maximum for the excitation eryeformed saddle configuration. This decrease is caused by
ergy close to the sum of the neutron separation energies fehe absence of rotational levels at the equilibrium point,
the compound nucleus and the evaporation residue or closghich leads to a smaller probability of emission of the neu-

to the sum of the neutron separation energy for the comon, The collective enhancement factor is calculated by
pound nucleus and the static fission barrier for the evaporaneans of the formul&37]

tion residue, depending which of these sums is smaller. This

energy is considered in the present paper as the optimal ex- IT
citation energy for fusion of a superheavy nuclear system. kco,,=—2, (14
The assumption that the level density of the highly ex- h

cited nucleus is described by the Bethe formula leads to the ) o ) _
following expression for the neutron-to-fission width ratio WhereJ is the moment of inertia at the saddle point configu-

[32,33: ration calculated according to EGLO) andT is the tempera-
ture of the compound nucleus. In the present calculation, the
/T =exp2ya,Ex — 2\/aEF), (12)  value of 0.6 MeV forT was taken. For the?®® 2114,

288-2961 16, 290-300118, and 3°°39420 compound nuclei,
which is accurate to within the pre-exponential factor. Herek.,;=118— 125 is obtained.
a, is the level density parameter for the evaporation residue Due to the decreasing transmission probabilityand the
(synthesized nuclelisvith the deformation corresponding to neutron-to-total width rati&s(E*,I), the contribution of the
the equilibrium point,a; is the level density parameter for term o(Ey)P1,,(E*) to the cross sectiomwr;,(Ey,) be-
the compound nucleus with the deformation correspondingomes less than 1% at a relatively ldw,= 24— 32 and the
to the saddle point, andE;=E;(eq)—S, and Ef contributions for larget decrease rapidly. Since the summa-
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TABLE I. Calculated ground-stat® value, the height of the fusion barriBg, , transmission probability through the fusion barrigr
for the optimal bombarding energy, and zero angular momentum, neutron separation®nettgy height of the static fission barriB§™®,
neutron-to-fission width ratio reduced to zero angular momentligYI{),, maximal angular momenturh,,, (see text for definition
optimal excitation energ¥#* and formation cross sectian, as well as measured excitation ene@p and formation cross sectiome,g
[41,7,42,9,17 of reactionsZOSPb(Hl,Jn)ER with the projectiles HI and the evaporation residues ER listed in the first two columns. A value
of 500 nb for the formation cross section &PNo was fixed(see text for motivation

HI ER Q Bry To Sh B?tat (I'a/Te)o I max E* o E:Xp Texp
MeV MeV MeV  MeV h MeV MeV

%Ca  ®No 15356 178.67 3410° 739 723 6%10° 28 1328 500nb 16.70 260°3) nb
50T ZRf 16955 19941 3810* 790 6.87 1.Xx10° 27 1429 94nb 1548 10.4°}3 nb
S4cr ®lsg  187.08 219.13 16104 807 630 2&10“% 26 1465 730pb 16.38 500713 pb
8re %5%s  204.92 23848 7410° 831 570 3%10° 26 1433 33pb 1316 67'1 pb
B2Ni 26910 22318 25752 3R10° 856 488 2.kx10° 24 1333 730fb 1324 357 pb
BN 21110 22450 256.86 16104 832 556 1.K10° 26 1370 20pb 1174 152 pb
88zn 21512 241.95 27560 6:810° 809 442 1X%10°% 25 1307 750fth

zn 2712 243.68 27494 22104 7.70 405 1.X10° 25 1262 27pb 10.07 1.0°%3 pb
"Ge %1114 262.09 29341 1%104 7.91 324 7.&10°% 24 1189 110fb

Ge 28114 263.92 29275 7104 7.76 312 1.X107 24 1150 560fb

805e 2116 28246 31097 1410°% 815 375 8&10° 25 1178 94fb

825e 2916 284.11 31032 6010°% 787 451 1Xx107 27 1212 7.1pb

82Kr 2918 298.92 329.62 T7:810“* 853 407 1&10% 26 1231 57fb

84Kr 21118  301.82 328.96 6:810°° 824 491 1.&107 28 1281 1lpb

86Kr 293118 304.41 32830 40102 790 545 1%10°% 31 1331 670pb

Ge 28114 26479 29210 1810° 767 332 6.X10° 25 1129 77fb

80Ge 281114 264.88 29145 2:210°° 753 408 7.%10® 26 1135 15pb
82Ge %114 264.18 290.80 2610°° 7.21 490 2.&10°% 28 1179 72pb
845e 21116 284.87 309.66 16102 758 532 2XK10°% 30 1259 360pb
865e 293116 282.26 309.01 7%10°% 737 594 1%10° 31 1319 1l4nb
883e 25116 27893 308.36 1410° 710 6.34 4410° 32 1281 580pb
88K 29118 303.11 32765 3}B102 763 579 5%X10° 32 1358 2.0nb
90Kr 2718 301.07 326.99 16102 742 608 1.X10° 32 1345 23nb
92Kr 29918 29823 32634 3x10° 710 603 1.X10° 32 1281 590pb
92gr 2920 321.80 34442 58102 776 562 2.&10°% 32 1374 12nb
%4sr 80120 32044 34476 3¥10%2 743 551 3%10°% 32 1347 1l4nb
9%sr 303120 317.94 34411 14102 7.06 511 3.x10°% 32 1275 350pb

tion ends at a low value of angular momentum and the rigich cross section equal to 500 nb for the calculated optimal
body moments of inertia at the equilibrium and the saddleexcitation energy equal to 13.28 MeV. The choice of the
points are not very different due to the small distance bevalue of the same order but larger than the measured one of
tween these points for superheavy nuclei, we assume that ti260+ 30 nb[41] was motivated by the large systematic un-
equilibrium and saddle point positions are independerit of certainties and the fact that the complete excitation function
In the present calculation, measured masses of the targtsr this reaction was not measurptl].
nucleus and the projectiles are u$88]. Masses of the com- The obtained results are listed in Table I. The measured
pound nuclei and the evaporation residues, static fission bafermation cross sections with the statistical errors for the
riers, equilibrium and saddle point microscopic energies, anduclei 2*No, 2°'Rf, 26lSg, 6°Hs, 269110, 27110, and
deformations are calculated by means of the macroscopicz’"112 [41,7,42,9,17 are also given. The calculated values
microscopic mode[6,34,40. The neutron separation ener- differ from the experimental dat&,42,9,17 by a factor of
gies are obtained by subtracting the theoretical mass of th2.2, on average. The values of the measured formation cross
compound nucleus from the sum of the experimentallysectiond7,42,9,17 are also accurate within a factor of about
known mass of the neutron and the theoretical mass of th2 because of systematic uncertainties.
evaporation residue. We made the predictions for the formation cross sections
Since the damping constant is determined from theof the isotopes of the elements 11218 which may be pro-
neutron-to-total width ratio measured for Nobelium isotopesduced by using stable neutron-rich projectilapper part of
we determine the parameter by means of the reaction Table |), as well as for some isotopes of the elements 114
208pp(*&Ca,In) in which the isotope®®™No was produced. — 120 which might be synthesized by using the neutron-rich
The parametec=379.17435 is fixed in such a way to obtain radioactive ion beam@ower part of Table ). The projectiles
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are chosen in such a way to obtain the ddadeighbors of tile for the synthesis of the hypothetical spherical superheavy
the even-even nuclei for which we calculated in Refs.nuclei is 2°%Pb®®%r,1n)2°3118 with the optimal excitation
[6,34,4(Q the half-livesT,,=1 us, i.e., to obtain the super- energy equal to 13.31 MeV.
heavy nuclei which can be detected in the present-day ex- The results given in the present paper were obtained with
perimental setujp43]. the use of the model exploiting the unphysical cutoff Cou-
The predicted formation cross sections §P116, 29118,  lomb barrier which cannot, of course, replace a complete
and 2%%118, which might be produced with the use of stablethe‘?ry of fusion. Since su_ch theory is not .avallable so far, we
projectiles, are surprisingly large. They contradict earlier ex-decided to propose our simple model. This model reproduces
pectationg17] that the cross section decreases exponentiall € measure_d formation cross sections of d_ef(_)rmed super-
with the increasing proton number of the projectile and thaf!€8YY nuclei. Furthermore, it provides predictions for the
the production of these nuclei will not be possible by using ormation cross sections of the hypothetical spherical super-

; . heavy nuclei. These predictions may be tested experimen-
the In-evaporation channel. According to the present calcu:[a"y_ One should keep in mind, however, that the rather far

lation, in order to §ynthe5|ze the Isotopes of the new ele'extrapolation made by the use of the schematic fusion barrier
ments, one should increase the bombarding energy in suchi@ay jead to considerable differences between theoretical and
way to obtain the optimal excitation energy. The increase obyperimental formation cross sections. The increéde
the formation cross sections of the hypothetical spherical SUcreasg of the radial coordinate of the position of the fusion
perheavy nuclei is due to the higher static fission barriers itharrier by 1% leads to the increaégecreasgof the calcu-
the proximity of the neutron shell closure Bt=184. The |ated formation cross sections by a factor of 3@2 (3.8
larger fission barrier leads to the larger neutron-to-total width—7.0). The variation of th&) value by 1 MeV changes the
ratio. The increase of this ratio is also due to the decreasinprmation cross sections by a factor of +.3.3. The increase
microscopic energy(the decreasing level densityat the (decreaseof the optimal excitation energy by 1 MeV in-
saddle point. This is a consequence of the fact that the saddézeasegdecreasgsboth the transmission probability and the
point deformation of spherical superheavy nuclei is smalled”,,/T's ratio and, consequently, increaséecreasesthe
in comparison with the saddle point deformation of de-cross section by a factor of 24.6 (2.6-6.5). The varia-
formed superheavy nuclei for which we calculate the saddléion of the damping constatrE, by 1 MeV changes the
point microscopic energies close to zero. Moreover, for thecalculated formation cross sections by a factor-1114. In
reactions with the projectiles with the neutron numbers apthe present paper the influence of the second hump of the
proximating the magic numbdﬂ:5o, the increase of the fission barrier on th@n/Ff ratio is disregarded. The pres-
formation cross section is due to the increase of@healue  €nce of the second hump of the fission barrier for many of
leading to the increase of the transmission probabilitythe co_n5|dered nuclgl may increase slightly the calcula_ted
through the Coulomb barrier. forma}tlon cross sections by a factor very close to the unity.
Doubly magic 2°%Pb was already bombarded B¥Se at The |nclu3|0r_1 of the vibrational coIIe_ctlve effects, disre-
GSl-Darmstadf17], but with lower bombarding energies gardeq also in the presented calculation, may decrease _the
than the optimal one calculated in the present paper. Thgollectlve enhancement factqr and, consequently, may In-
calculated value of 7 pb for the cross section for the 0|otimaFrease the caIcuIated formation cross sections of spherical
bombarding energy is very close to the experimental Crosguperheavy nuclei by a factor of110[38].
section limit. The author thanks S. Hofmann and J. Skalski, as well as
The calculated large values for the formation cross secP. Armbruster, E.A. Cherepanov, F.P. Hessberger, Z. Janas,
tions indicate that the synthesis of still heavier and moreZ. tojewski, G. Minzenberg, Z. Patyk, M. Pfaner, K.
stable superheavy nuclei might be possible even with the useykaczewski, J. Srebrny, and M. Veselsky for many valu-
of the present-day experimental setup and available stableble discussions. Grant No. 2 PO3B 099 15 of the Polish
neutron-rich projectiles if the bombarding energy is properlyCommittee for Scientific Resear¢K.B.N.) is gratefully ac-
chosen. The most promising reaction with the stable projecknowledged.
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