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Plans to identify heavy elements produced in reactions with

cross-sections of 1 pb and below

S. Hofmann
GSI, Planckstrasse 1, D-64291 Darmstadt (Germany)

Abstract

Reactions for the production of heavy elements have been extensively studied since universal heavy ion accelerators
became available. New separation and detection systems have been developed, leading to the identification of
the new elements ,7Ns, j03Hs and ;o0Mt. Based on the results obtained, estimates for the production of still
heavier elements are given. These extrapolations demand enough experimental sensitivity to measure nuclei
produced in reactions of cross-section 1 pb. Similar sensitivity is necessary to measure small decay branches of
already known nuclei, to investigate fine structure and to search for new, more neutron-deficient or neutron-
rich isotopes. Their stability is determined by details of the nuclear shell structure. Measured data on the reaction
processes and the decay properties of the nuclei produced are the bases for a better physical understanding of
the formation and stability of the heaviest nuclei. Experimental developments are described aiming at identifying
nuclei and their radioactive decays on a cross-section level of 1 pb.

1. Introduction: why picobarns?

In earlier cross-section compilations of nuclear fusion
reactions, such as that published by Neubert [1] in
1973, few of the collected data were in the range close
to 1 nb. Since then, more powerful accelerators have
come into operation: in Berkeley, the SuperHILAC;
in Dubna, the U400 cyclotron; and, in Darmstadt, the
UNILAC. In all three laboratories, investigations to
search for superheavy nuclei have been important parts
of the experimental program. Separators were planned
and built with the aim of identifying superheavy nuclei
produced both in fusion as well as in transfer reactions.
Mechanical transport systems and chemical separation
techniques have been improved. (An overview can be
found in ref. 2.) Although the predicted spherical
superheavy nuclei have not been found yet, the sensitivity
of the experiments can be increased, and nuclei pro-
duced with cross-sections as small as 3 pb identified.

In Darmstadt, isotopes of the new elements 107
(nielsbohrium, Ns), 108 (hassium, Hs) and 109 (meit-
nerium, Mt) have been identified from only a small
number of decaying atoms produced with cross-sections
of 167 pb [3], 19 pb [4] and 10 pb [5] respectively.
The lowest cross-section measured up to now is
(3.2%52) pb for the production of the isotope ***Hs in
the reaction 2°’Pb(**Fe, 1n)***Hs [6]. The high sensitivity
achieved in the experiments results from the following:
(a) a stable, high current beam from the UNILAC,

(b) a highly efficient separation of the reaction prod-
ucts by the SHIP velocity filter [7]; (c) a sensitive
detector system with the feasibility to correlate detector-
implanted reaction products with their subsequent
radioactive decay chains [8, 9].

Using averaged values of the experiment parameters
of the experiments cited earlier, a beam time to detect
with 95% probability one event produced in a reaction
with a cross-section of 1 pb can be estimated to be
161 days. In that case, the average counting rate would
be one event per 54 days. This value was calculated
with an average projectile current of 170 pnA (1 particle
nanoampere =6.24 X 10° particles s™'), a target thick-
ness of 500 pug cm™?, a separator efficiency of 30%
and a detector efficiency of 72%. Also included are
the accelerator and experiment efficiencies €,.c€e=
65%, defined as the ratio of beam-on-target time to
calendar time. It considers, for example, losses resulting
from control reactions, changes of ion sources and
replacement of target wheels. Although beam times of
about 5 months are not completely unrealistic for
exceptional experiments, such as the search for super-
heavy nuclei, such long beam times certainly cannot
be carried out regularly to measure data which are
produced on a level of 1 pb only.

The natural upper limit of the counting rate in a 1
pb experiment is reached in the case of a separation
and detection efficiency of 100%. This limit is still a
function of the beam current, which in turn is limited
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by the accelerator parameters and target properties.
Presently, a realistic current limit is about 1 puA for
beams from calcium to nickel. With target thicknesses
of 600 ug cm~2, and in the case of Gaussian excitation
functions with a full width at half-maximum (FWHM)
excitation energy of 5 MeV and maximum cross-section
1 pb, the counting rate amounts to 0.9 events per day
for reactions such as that of ®*Ni+ ?°*Pb.

In Section 3, we will discuss how close this upper
counting rate limit can be approached with techniques
being developed at present. In Section 2, experiments
will be discussed that require a sensitivity of 1 pb.

2. Experiments that require a sensitivity of 1 pb

2.1. Spherical superheavy nuclei

Recently, the stability of heavy and superheavy nuclei
has been investigated theoretically using refined models
based on the Nilsson-Strutinsky approach [10-14]. Pair-
ing and zero-point energies have been carefully adjusted,
while Coulomb redistribution energies were found to
be important and a deformation space up to A, =10
has been considered in some cases. The ground state
microscopic shell corrections show two minima: one of
about —6 MeV, centered around 22110 with maximum
deformation B,=0.22; the other of about —9 MeV
around 253114, forming an island of spherical superheavy
nuclei (Fig. 1(a)). The binding energies, and beta, alpha
and fission half-lives were calculated. The known data
could be reproduced with good accuracy. A rough sketch
of the half-lives obtained is shown in Fig. 1(b). As a
result, we can deduce that most nuclei that can be
produced with stable projectiles and the available targets
are predicted to be « emitters with half-lives between
1 psand 1s.

In 1983, superheavy nuclei were searched for in
experiments sensitive to alpha or fission decays with
half-lives down to 1 us [15]. Cross-section limits of 200
pb were obtained when investigating the reaction

48Ca + 248Cm - 296116*

The relatively high limits reached result from the fact
that the total beam time had to be split to cover five
different beam energies.

In a repetition of the **Ca+2*Cm experiment, it
may be possible to reach cross-section limits of 1 pb.
However, at present, it is still uncertain if this limit
would be low enough. Therefore, a safer strategy to
prepare experiments for the investigation of superheavy
nuclei is cross-section measurements using thorium,
uranium and heavier targets. Systematic data beyond
the presently known cross-sections for the production
of Z=106 (the heaviest element made until now using
very asymmetric reactions) would then allow us to

18 TTTT : 0000
_ 116 P~ g.g‘o < OO
o - B,= 0.22 B : 900
2w [ 0 . -9
£ B,=-0.06 ORD
2 m OECIOE slele] o 8
g 10 EEE eolefe
L]
© 108 o Y 8 BODOED? -6 MeV
ou .
108 2 s 6 MeV
104 idd [ITT1
(a)
M) us Ims 1s Ms us Ims
18 [T11 p.d T (Ty,)
B~ 0.00 (<]
L Bz"-0.0‘ = » : ; JR0 Is
@ Ll {p,= 0.22 »
219 [[] 1 A o J 0
[ B,=-0.06 ﬂ'l r
2 n2 I o_o o[ e o [ _ ; "
- stable
c 10 oo [0[O] [T le p
S i 5
© 108 1 ole -1
a e -
106 e V ole
L]
104 Bl 44 sjele
150 152 154 156 158 160 162 164 166 168 170 172 174 176 178 180
(b) Neutron Number

Fig. 1. Rough sketch of (a) calculated microscopic shell correction
energies and (b) half-lives of even—even nuclei; bold lines, partial
fission half-lives: fine lines, partial « half-lives; broken line, beta
stability line. The data are from refs. 10, 11, 13, 14, 32 and 33.
The fission half-lives of odd and odd-odd nuclei may be longer,
as a result of additional hindrance factors. The arrows point to
the region of strongly deformed nuclei centered around 272110,
and to the region of spherical superheavies at around **114; O,
compound nuclei of reactions (Ti to Zn)+®Pb—(Z=104 to
112); @, compound nuclei of reactions (O to Ti) +**3Cm — (Z =104
to 118); P, known nuclei; hatched area, compound systems
investigated with SHIP. The figure does not include estimates
for production cross-sections.

readjust the model parameters of the reaction theories
to obtain more accurate estimates for the production
cross-sections of spherical superheavy nuclei.

2.2. The new elements 110 and 111

In 1985 and 1986, two experiments were carried out
at GSI in a search for element 110 [16, 17]. In both
reactions, i.e. those of **Ni+2"*Pb and *°Ar+%**U, no
event was observed that could be assigned to an isotope
of element 110. The cross-section limits reached were
10 pb. These values are small enough to exclude ex-
perimentally an increase in the cross-sections compared
with the systematics of lead-based reactions. Neither
the addition of two neutrons to the 7,=3 projectiles
(°°Ti, >*Cr, **Fe) used up to produce meitnerium nor
the jump to the more asymmetric Ar+U reaction
resulted in a cross-section increase by one or more
orders of magnitude.

A fairly reliable cross-section estimate can be obtained
for the reaction

®2Ni +2%®Pb — *°110+1n
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This reaction belongs to a series already known up to
Z =108. Within the series, T, =3 projectiles were always
used for irradiation of *®Pb targets. The cross-section
systematics are shown in Fig. 2. The resulting cross-
section estimate for the production of *°110 is about
1 pb.

The predicted decay data of the isotope 2*°110 are
E_ =113 MeV, T,,=10-500 us and b,=1. Replacing
the 2°®Pb targets by *Bi leads to the compound nucleus
271111. As a result of the odd—even effect for the cross-
sections obvious in Fig. 2, an only slightly smaller cross-
section (by a factor of 2 or 3) is expected for the 1n
evaporation channel. In both cases, a decay will feed
decay chains that are already well known from previous
experiments. Delayed position and time coincidences
will guarantee accurate identification of the isotopes
produced.

2.3. Accurate excitation functions for production of
elements up to Z=108

The optimum projectile energy for the production
of element 110 in the reaction of ®*Ni+2**Pb cannot
be chosen definitely on the bases of the present data.
Figure 3 summarizes our knowledge on excitation ener-
gies for the production of elements 102-109 using lead-
or bismuth-based reactions. From none of the reactions
leading to the even elements 104, 106 and 108 has the
maximum of the excitation function been measured.

The excitation functions for the production of heavy
elements at projectile energies near the Coulomb barrier
are very narrow (approximately 5 MeV FWHM) as a
function of the excitation energy. Therefore, an accurate
projectile energy has to be known to search for reaction

products using recoil separators. In the case of the
52Ni+2Pb experiment, this value can be estimated
fairly reliably if the excitation functions of the reactions
of 5°Ti+ 2°5Pb, >*Cr +2°°Pb and >*Fe +2°*Pb are known.

Reaction theories predict “extrapush” energies are
necessary to fuse heavy nuclei. The amount of extrapush
energy increases with increasing element number. This
then results in higher excitation energies of the com-
pound nuclei, leading to a decrease in fusion cross-
sections, as a result of prompt fission. At present, the
amount of extrapush energy required to obtain a max-
imum cross-section cannot be predicted accurately
enough. However, one prediction [18] is shown in Fig.
3. An extrapush energy of nearly 30 MeV (center of
mass system) has been calculated for the reaction of
2Ni + 2°%Pb.

Recently, Aguiar and. coworkers [19, 20] included
thermal fluctuations in one- and multidimensional tra-
jectory models. Including fluctuations in these models
makes it possible to predict the width of a trajectory
ensemble leading to fusion or reseparation. The cal-
culated widths are asymmetric and increase with the
increasing average extrapush energies needed for com-
pound nucleus formation. This is an important result
for the production of heavy nuclei at low excitation
energies, because fusion below the energy required to
reach the unconditional saddle-point calculated with
classical trajectories is no longer completely forbidden.
Cross-section maxima are determined by the competition
of complex fusion probabilities and prompt fission. The
aim of experimental investigations is to measure the
positions of the maxima and their values.
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Fig. 2. Cross-section extrapolations up to element 110. The data are cross-sections of residues after fusion reactions and evaporation
of one, two and four neutrons. Targets of 28Pb, 2°Bi (Darmstadt data), **Bk, *°Cf (Berkeley data) and *U, **Cm (full symbols,
Dubna data) have been bombarded, respectively, with projectiles of equal or very similar isospin. The straight lines are least-squares
fits to the data points. The favorite reaction for the production of element 110 is 62Ni + 2Pb — %9110+ 1n, with a cross-section of

about 1 pb.
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Fig. 3. Excitation energies at the Coulomb barrier for the production of heavy elements (descending curve) in reactions of 7,=3
projectiles with targets of **Pb and 2®Bi respectively. The ascending curve shows an extrapush prediction [18]. Excitation energies
at the barriers (including extrapush energies) are given by the broken line. The data points mark 1n channels observed in experiments
using projectiles of the T,=3 series (+) and **Ca (x, T,=4). The excitation energies at the Coulomb barrier of the **Ca reactions
are 17.7 MeV and 18.3 MeV in the cases of 26102 and 27103, respectively.

Using actinide targets, the heaviest element produced
so far is Z=106 [21-23]. A systematic investigation of
the cross-sections for this type of reaction is necessary
to prepare experiments for identifying neutron-rich,
heavy element isotopes, especially spherical superheavy
nuclei. The cross-section systematics shown in the left-
hand part of Fig. 2 have still to be completed. Predictions
based on a systematic investigation [24] of fusion re-
actions using actinide targets result in a value of 2 pb
for the reaction ***Es(*°Ne,4n)*"°Mt.

2.4. Branching ratios

The stability of heavy nuclei is limited by fission, as
a consequence of increasing Coulomb repulsion and
decreasing shell effects. Therefore, the measured fission
branching ratios and deduced partial fission half-lives
of even—even nuclei are among the most interesting
data to compare with theoretical investigations. Two
examples are given below.

At present, the heaviest known, highest-Z, even-even
nucleus is ***Hs. The measured half-life of (7673¢%) us
agrees (within the error bars) with the calculated «a
half-lives. Different partial fission half-lives are pre-
dicted: 100 ms [11] and 10 us [14]. The measured cross-
section for ***Hs was (3.275¢) pb. A lower experimental
limit for the fission branching on a level of 1 pb and
a more accurate half-life would help for a better un-
derstanding of the fission process, which depends sen-
sitively on a complicated path in the potential energy
surface and a deformation-dependent inertia.

The nucleus #*®106 is not yet known. Predicted «
and fission half-lives are 2.7 ms [25] and 10 ps [11]
respectively. The nucleus 2106 is predicted to decay
dominantly by fission, because a branching only accounts
for 0.37%. For the production of >*®*106, various com-
binations of chromium and lead isotopes can be used.
Another possibility is a combination of vanadium plus
2Bi. Therefore, an investigation of **®106 will give
interesting results on the stability of even—even heavy
nuclei as well as on lead- and bismuth-based reaction
processes. Another important result could be a cor-
relation between low fission barriers and production
cross-sections. Cross-sections are known for the pro-
duction of ?*°106 and *°°106 in 2n channels using as
target >“’Pb and 2®*Pb respectively. The values are about
300 pb. An investigation of the neighboring isotope
258106 should be feasible with equipment sensitive down
to 1 pb.

2.5. Level schemes: isomers, fine structure and nuclear
deformations

Only little is known about excited levels of trans-
fermium isotopes. Experimentally, excited levels can be
studied after B and a decay, or by investigation of
isomeric states. In all cases, the intensity is spread over
a number of decay channels. For two reasons, high
resolution is necessary: (1) the nuclei are strongly
deformed and rotational levels are close in energy
(E,. =40keV); (2) as aresult of the calculated bunching
of single-particle levels for neutron numbers N=152
and 162 and proton number Z =108, these nuclei have
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a number of states with different K quantum numbers
very close in energy. An example is shown in Fig. 4
for the predicted a decay chain beginning with 2°°110.

3. Technical developments to reach a sensitivity of
1pb

Various types of reaction and identification technique
have been applied in the past to investigate transuranium
elements. The most successful methods for the pro-
duction and identification of the heaviest elements have
been fusion-evaporation reactions with heavy targets;
recoil-separation techniques; and the identification of
the nuclei by delayed coincidences to known daughter
decays after implantation into position-sensitive de-
tectors. This final technique has been further improved
and is now most promising for the identification of
new elements, the search for new isotopes and the
measurement of new decay data of known nuclei.

3.1. Recoil-separation technigues

In contrast to the recoil-stopping methods, the re-
coil-separation techniques use the ionic charge and
momentum of the recoiling fusion product obtained in
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the reaction process. Spatial separation from the pro-
jectiles and other reaction products is achieved by
electric and magnetic ficlds. The separation times are
determined by the recoil velocities and the lengths of
the separators. Typically, a few microseconds are
reached. Two types of recoil separator have been de-
veloped.

(a) The gas-filled separators use the different magnetic
rigidities of the recoils and projectiles traversing a low
pressure (about 1 mbar) gas-filled volume in a magnetic
dipole field. Realizations are the small angle separator
system (SASSY) at Berkeley [26], the helium charge
exchange kaleidoscope (HECK) at Darmstadt [27, 28],
and the gas-filled magnetic separator at Dubna [29].

(b) Wien-filter type of separators are based on the
different electric rigidities of fusion products, projectiles
and other reaction products after escape from solid
state targets into vacuum. Ionic charge achromaticity
is essential for high transmission. It can be achieved
by additional magnetic fields or symmetric arrangements
of electric fields. Realizations used in experiments for
the investigation of heavy elements are the separator
for heavy ion reaction products (SHIP) at Darmstadt
[7] and the recoil energy separator VASSILISSA at
Dubna [30].
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3.2. Detectors

Recoil separators are designed to filter out with high
transmission, nuclei that are produced in various evap-
oration channels. Because highly efficient separation
cannot be achieved background free, the transmitted
particles have to be identified by detector systems. The
detector type to be selected depends on the particle
rate, energy, decay mode and half-life. Experimental
as well as theoretical data on the stability of heavy
nuclei show that they decay by a emission or fission,
with half-lives ranging from microseconds to days. There-
fore, silicon semiconductor detectors are most suitable
for the identification of nuclei and measurement of
their decay properties.

If the total rate of separated ions is low, the particles
can be implanted directly into the silicon detectors.
Using position-sensitive detectors, the local distribution
of the implanted particles is measured. In that case,
the detectors act as diagnostic elements to optimize
and control the ion optical properties of the separator.

If the implanted nuclei are radioactive, then the same
position is measured from the decay process as obtained
from the decays of the daughter products. This is the
case because the recoil effects are small compared with
the range of implanted nuclei, emitted « particles or
fission products, and compared with the detector res-
olution. Recording the data event by event allows us
to analyse delayed coincidences with variable position
and time windows for identification of the decay chains.

This method was first used for the identification of
neutron-deficient a emitters and to search for proton

Evaporation
Residues

.........................

radioactivity near N=82 [8]. The detector system was
enlarged and an array of seven position-sensitive silicon
detectors [9] was used to identify the elements 107,
108 and 109. The same method was used at Berkeley
in an experiment to search for superheavy nuclei [15].
A further enlarged system has been build at Darmstadt
for a planned experiment to search for element 110,
and for further investigation of the decay properties
of lighter nuclei [31} (Fig. 5). It is composed of seven
identical 16-strip silicon wafers plus a germanium de-
tector.

In front of the system, two secondary electron foil
detectors are mounted 500 mm apart from each other.
Their signals are used to distinguish implantations from
radioactive decays of implanted nuclei. Because of the
high efficiency of these detectors (99% or more), very
clean decay spectra are obtained, and the coincidence
time for measuring decay chains is significantly pro-
longed. The time resolution is about 500 ps, which is
small enough to obtain, together with the energy signals
from the silicon detector, a rough mass assignment for
the implanted ions.

4, Conclusions

Experimental techniques, based on previous suc-
cessful experiments on the investigation of heavy ele-
ment production and stability, have been further de-
veloped. Experimental search techniques for new heavy
nuclei or rare decay modes produced with cross-sections

..................
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Fig. 5. New assembly of position-sensitive silicon strip detectors.
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of picobarn and even somewhat below are within reach.
Not unrealistic estimates for the rate of separated heavy
nuclei in reactions with ***Pb targets at cross-sections
of 1 pb result in a value of 0.4 per day. A beam current
of 6x10' jons s~7, a target 600 pg cm~? thick, a
separator transmission of 50% and a detection efficiency
of 100% have been assumed. Repetition of the search
experiments for superheavy nuclei could lower the
presently existing cross-section limits by more than two
orders of magnitude. In the case of lighter elements,
which are produced with higher cross-sections, the
search for a decay fine structure, isomeric states, and
small a, fission or B branching ratios are the aim of
planned experiments.

References

1 W. Neubert, Nucl. Data Tables, 11 (1973) 531.

2 G.T. Seaborg and W.D. Loveland, The Elements Beyond
Uranium, Wiley, New York, 1990.

3 G. Miinzenberg, S. Hofmann, F.P. Hessberger, W. Reisdorf,
K.-H. Schmidt, J.H.R. Schneider, P. Armbruster, C.C. Sahm
and B. Thuma, Z. Phys. A, 300 (1981) 107.

4 G. Miinzenberg, P. Armbruster, H. Folger, F.P. Hessberger,
S. Hofmann, J. Keller, K. Poppensieker, W. Reisdorf, K.H.
Schmidt, H.J. Schott, M.E. Leino and R. Hingmann, Z. Phys.
A, 317 (1984) 235.

5 G.Minzenberg, P. Armbruster, F.P. Hessberger, S. Hofmann,
K. Poppensieker, W. Reisdorf, J.R.H. Schneider, W.F.W.
Schneider, K.H. Schmidt, C.C. Sahm and D. Vermeulen, Z.
Phys. A, 309 (1982) 89.

6 G. Miinzenberg, P. Armbruster, G. Berthes, H. Folger, F.P.
Hessberger, S. Hofmann, K. Poppensieker, W. Reisdorf, B.
Quint, K.H. Schmidt, H.J. Schétt, K. Simmerer, 1. Zychor,
M. Leino, U. Gollerthan and E. Hanelt, Z. Phys. A, 324
(1986) 489.

7 G. Miinzenberg, W. Faust, S. Hofmann, P. Armbruster, K.
Giittner and H. Ewald, Nucl. Instrum. Methods, 161 (1979)
65.

8 S. Hofmann, W. Faust, G. Miinzenberg, W. Reisdorf, P.
Armbruster, K. Giittner and H. Ewald, Z. Phys. 4, 291 (1979)
53.

9 S.Hofmann, G. Miinzenberg, F.P. Hessberger and H.J. Schétt,
Nucl. Instrum. Methods, 223 (1984) 312,

10 P. Moller and J.R. Nix, Nucl. Phys. A, 549 (1992) 84.

11 A. Sobiczewski, Inst. Phys. Conf. Ser, 132 (1993) 403.

12 S. Cwiok, S. Hofmann and W. Nazarewicz, Doc. 93-18, Joint
Institute for Heavy Ion Research, Oak Ridge, TN, 1993, Nucl.
Phys. A, in press.

13 R. Smolanczuk, H.V. Klapdor-Kleingrothaus and A. Sobi-
czewski, Acta Phys. Pol, B, 24 (1993) 68S5.

14 P. Moeller and JL.R. Nix, Los Alamos Preprint, LA-UR-93-
2221, 1993, J. Phys. G: Nucl. and Particle Phys., in press.

15 P. Armbruster, Y.K. Agarwal, M. Briichle, M. Briigger, J.P.
Dufour, H. Giggeler, F.P. Hessberger, S. Hofmann, P. Lem-
mertz, G. Miinzenberg, K. Poppensicker, W. Reisdorf, M.
Schidel, K.-H. Schmidt, J.H.R. Schneider, W.F.W. Schneider,
K. Siimmerer, D. Vermeulen, G. Wirth, A. Ghiorso, K.E.
Gregorich, D. Lee, M. Leino, K.J. Moody, G.T. Seaborg,
R.B. Welch, P. Wilmarth, S. Yashita, C. Frink, N. Greulich,
G. Herrmann, U. Hickmann, N. Hildebrand, J.V. Kratz, N.
Trautmann, M.M. Fowler, D.C. Hoffman, W.R. Daniels, H.R.
von Gunten and H. Dornhdfer, Phys. Rev. Lett., 54 (1985)
406.

16 G. Miinzenberg, F.P. Hessberger, P. Armbruster, S. Hofmann,
K.H. Schmidt, G. Berthes, H. Folger, H. Geissel, J.G. Keller,
P. Lemmertz, M. Montoya, K. Poppensieker, B. Quint, H.J.
Schott, I. Zychor, M.E. Leino and U. Gollerthan, GSI Annual
Rep. 1985, GSI-86-1, 1986, p. 29.

17 G. Miinzenberg, P. Armbruster, G. Berthes, H. Folger, F.P.
Hessberger, S. Hofmann, K. Poppensieker, B. Quint, W.
Reisdorf, K.H. Schmidt, H.J. Schétt, K. Simmerer, 1. Zycbor,
M.E. Leino, U. Gollerthan and E. Hanelt, GST Annual Rep.
1986, GSI-87-1, 1987, p. 14.

18 P. Frobrich, Phys. Lent. B, 215 (1988) 36.

19 C.E. Aguiar, V.C. Barbosa, R. Donangelo and S.R. Souza,
Nucl. Phys. A, 491 (1989) 301.

20 C.E. Aguiar, V.C. Barbosa and R. Donangelo, Nucl. Phys.
A, 517 (1990) 205.

21 A. Ghiorso, J.M. Nitschke, J.R. Alonso, C.T. Alonso, M.
Nurmia, G.T. Seaborg, E.K. Hulet and R.W. Lougheed, Phys.
Rev. Lett.,, 33 (1974) 1490.

22 V.A. Druin, B. Bochev, Y.V, Lobanov, R.N. Sagaidak, Y.P.
Kharitonov, S.P. Tretyakova, G.G. Gulbekyan, G.V. Buklanov,
E.A. Erin, V.N. Kosyakov and A.G. Rykov, Yad. Fiz, 29
(1979) 1149 (transl. p. 551).

23 Y.A.Lazarev, Y.V. Lobanov, Y.T. Oganessian, Y.S. Tsyganov,
V.K. Utyonkov, F.S. Abdullin, G.V. Buklanov, B.N. Gikal,
S. liev, A.N. Mezentsev, A.N. Polyakov, LM. Sedykh, I.V.
Shirokovsky, V.G. Subbotin and A.M. Sukhov, Proc. Int. School
Seminar on Heavy Ion Physics, Dubna, 1993, in preparation.

24 W. Reisdorf and M. Schidel, Z. Phys. A, 343 (1992) 47.

25 Z. Patyk and A, Sobiczewski, Nucl. Phys. A, 533 (1951) 132.

26 M. Leino, S. Yashita and A. Ghiorso, Phys. Rev. C, 24 (1981)
2370.

27 G. Berthes, Bau und Erprobung eines Magnetspektrometers
fiir das Geschwindigkeitsfilter SHIP, Thesis, GSI Rep. 87-12,
1987.

28 V. Ninov, Der gasgefiillte Separator als Separationsmethode
zum Nachweis von Transuranen, Thesis, GSI Rep. 92-19, 1992.

29 Y.T. Oganessian, Proc. Robert A. Welch Foundation Conf. on
Chemical Research XXXIV, Fifty Years with Transuranium
Elements, Houston, TX, 1990, p. 159.

30 A.V.Yeremin, A.N. Andreyev, D.D. Bogdanov, V.I1. Chepigin,
V.A. Gorshkov, A.L. Ivanenko, A.P. Kabachenko, L.A. Rub-
inskaya, E.M. Smirnova, S.V. Stepantsov, E.N. Voronkov and
G.M. Ter-Akopian, Nucl. Instrum. Methods A, 274 (1989) 528.

31 S. Hofmann, P. Armbruster, H. Folger, F.P. Hessberger, M.
Leino, A. Liittgen, G. Miinzenberg, V. Ninov, A. Popeko,
K. Poppensieker, S. Saro, M. Schidel, H.J. Schoétt, K. Sim-
merer and G. Wirth, Inst. Phys. Conf. Ser., 132 (1992) 469.

32 K. Boning, Z. Patyk and A. Sobiczewski, Z. Phys. 4, 325
(1986) 479.

33 S. Cwiok and A. Sobiczweski, Z. Phys. A, 342 (1992) 203.



