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Abstract. The secondary-beam facility of GSI Darmstadt was used to study the fission process of
short-lived radioactive nuclei. Relativistic secondary projectiles were produced by fragmentation of a 1 A
GeV U primary beam and identified in nuclear charge and mass number. Their production cross sec-
tions were determined, and the fission competition in the statistical deexcitation was deduced for long
isotopical chains. New results on the enhancement of the nuclear level density in spherical and deformed
nuclei due to collective rotational and vibrational excitations were obtained. Using these reaction prod-
ucts as secondary beams, the dipole giant resonance was excited by electromagnetic interactions in a
secondary lead target, and fission from excitation energies around 11 MeV was induced. The fission
fragments were identified in nuclear charge, and their velocity vectors were determined. Elemental
yields and total kinetic energies have been determined for a number of neutron-deficient actinides and
preactinides which were not accessible with conventional techniques. The characteristics of multimodal
fission of nuclei around **Th were systematically investigated and related to the influence of shell ef-
fects on the potential energy and on the level density between fission barrier and scission. A systematic
view on the large number of elemental yields measured gave rise to a new interpretation of the enhanced
production of even elements in nuclear fission and allowed for a new understanding of pair breaking in
large-scale collective motion.

INTRODUCTION

During the last years secondary beams became available in many laboratories. Numer-
ous experiments with short-lived radioactive projectile nuclei have initiated important
progress in the understanding of nuclear structure, in particular for exotic nuclei far from
the beta-stability line. While most of the activities concentrated on rather light nuclei --
""Li is a famous example -- the present work reports on a first series of experiments us-
ing beams of heavy, short-lived radioactive nuclei in order to extend our knowledge on
nuclear fission in several aspects. The experiments have been performed at GSI Darm-
stadt, the only laboratory where relativistic secondary beams of fissile nuclides are avail-
able. An impression on the large number of nuclear species which are produced by the
fragmentation of relativistic ***U projectiles in a lead target is given by the calculated
nuclide distribution shown in FIGURE 1. The calculation may be compared to measured
data presented in ref.(1).
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FIGURE 1 Calculated nuclide production cross sections of the reaction **U (1 A GeV) + Pb.
The model applied for the calculation is described in ref. (2).

In particular, the following topics are considered in the present contribution:

1. The degree of collectivity of nuclear excitations at excitation energies which are
not accessible to nuclear spectroscopy is still experimentally unexplored. The nuclear
level densities which are decisive for the fission competition in the statistical deexcitation
phase of excited nuclei represent an alternative access to this problem. The fragmentation
of ®U projectiles opens up new experimental possibilities to this field.

2. Nuclear fission provides unique information on the reordering of nucleons in large-
scale collective motion. The signatures of shell structure and pairing correlations show
up in fission from low excitation energies. They have general implications on the influ-
ence of shell structure on nuclear dynamics and on the viscosity of cold nuclear matter.
The use of secondary beams gives access to a large new field of fissioning systems by
overcoming restrictions of conventional experimental techniques.

Collective excitations

Data on fission probabilities are relevant for the understanding of structural effects in
the nuclear level density. Thev relate the level densities of neighbouring nuclei in differ-
ent configurations -- the density of transition states of the fissioning nucleus above the
fission barrier and that of the daughter nucleus after neutron evaporation in its ground-
state shape. By simultaneously analysing the fission probabilities of a large number of
nuclei, the level density in the strongly deformed saddle-point may serve as a reference
for structural and collective effects in different nuclei with spherical and deformed shapes
in the ground state. In particular. one may expect new results on one of the fundamental
questions of nuclear physics. namely up to which excitation energies collective nuclear
excitations may persist. Several theoretical estimates have been given for the loss of col-
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lectivity of nuclear excitations as a function of nuclear temperature (e. g. (3,4)), but no
experimental verification has been performed up to now.

The fragmentation of U projectiles is particularly interesting, because long isotopic
chains of proton-rich nuclei crossing the 126-neutron shell are simultaneously produced.
In addition, the interpretation is not complicated by large angular-momentum effects,
since the fragmentation introduces low angular momenta (around 15 h) only (5). There-
fore, this reaction offers unique possibilities to study the fission probabilities of highly
fissile spherical shell-stabilized nuclei. In this sense they represent a test case for the pre-
dicted but not yet reached spherical superheavy nuclei around N = 184,

Shell structure

Separate components appear in the yields and in the kinetic-energy distributions of
fission fragments due to the shell structure in the potential-energy landscape in the highly
deformed fissioning system. These components are attributed to "fission channels" which
are identified with valleys in the potential energy in the direction of elongation due to
shell effects (6,7). There exist models which relate the properties of the fission fragments
to the properties of the scission configuration (8.9). Others expect a decisive influence of
the shell effects at the saddle point (10,11,12.13).

jSBFn;:

FIGURE 2: Present knowledge on low-energy fission. Hatched squares: stable isotopes, circles:
previously measured mass distributions for E* - B,< 10 MeV, crosses: this experiment. Addition-
ally, examples of fission-fragment mass distributions are shown.

The status of the present knowledge on low-energy fission is sketched in FIGURE 2.
Studies on low-energy fission were restricted to about 80 fissioning nuclei up to now.
They represent only about 10 percent of all known nuclei with Z above 82. The fission of
most of them can rather well be described by a superposition of two mass-asymmetric
fission channels: standard I with a spherical heavy fragment around the 82 neutron shell
and standard II with a deformed heavy fragment around the 86 neutron shell. In particu-



lar at higher excitation energy, a third fission channel appears, the superlong, mass-
symmetric component. Only for a very limited number of nuclei around *Fm, a very
specific symmetric fission channel shows up with a narrow mass distribution and excep-
tionally high kinetic energies (14,15,16) which is interpreted as the formation of two
spherical fission fragments near the doubly magic '**Sn (17,18,19,20). Near 27 Ac triple-
humped mass distributions have been measured (21,22,23,24,25,26,27,28,29), and
around *’At symmetric fission prevails (30). In the present work, we yerform a sys-
tematic study of the transition from mass-symmetric fission around ‘At to mass-
asymmetric fission above U (see FIGURE 2). An overview on this transition is not yet
available due to the lack of long-lived isotopes, necessary as target material for conven-
tional fission experiments.

Pairing correlations

In low-energy fission, the production of fission fragments with an even number of
protons and neutrons was found to be generally enhanced. This was interpreted as a
measure for the probability that completely paired configurations are preserved up to the
scission point. If fission starts from a completely paired superfluid configuration or from
a configuration with a definite number of quasiparticle excitations, the amount of en-
hancement of even splits is connected to the dissipation in the fission process which
couples intrinsic excitations and collective motion. Thus, it is a unique source of infor-
mation on the viscosity of cold nuclear matter.

Since the complete identification of fission fragments in nuclear charge and mass
number is very difficult, even-odd effects in the yields as a function of proton or neutron
number only exist for a very limited number of systems. In contrast to mass yields, which
are available more frequently, the elemental yields are particularly interesting, since they
are not modified by the evaporation of neutrons from the excited fission fragments. In
the available data, the even-odd effect in elemental yields for different fissioning systems
varies as a function of fissility. In addition, for some of the systems, a variation as a
function of the charge split is found. This has been interpreted as a corresponding varia-
tion of the dissipated energy (31).

With the new experimental technique applied in the present work, elemental yields can
be determined with high quality for a large number of fissioning systems. Therefore, the
study of pairing correlations in the fission process is another subject of interest followed
here.

EXPERIMENT

The secondary-beam facility of GSI Darmstadt provides secondary beams of neutron-
deficient heavy nuclei produced by fragmentation of #8U. Within the intensity limits
given by the primary-beam intensity and the fragmentation cross sections, nuclear charge
und mass number of the secondary projectiles can freely be selected by accordingly tun-
ing the fragment separator (32).

In a first experiment, the isotopic cross sections of elements between ytterbium and
uranium produced in the fragmentation of 81U at 950 4 MeV in copper targets (205 and
1039 mg/cm’) were systematically mapped (33,34). The fragment separator was oper-
ated as a momentum-loss achromat (35), using an intermediate degrader of 3.5 g/em’



aluminum. For the isotopical identification, scintillation detectors (36) were used to
measure the positions of the fragments at the center and at the exit of the fragment sepa-
rator as well as their time-of-flight. A detailed description of the identification method
can be found in ref. (37).

In the secondary-beam experiment, performed later, isotopically identified secondary
beams of a number of neutron-deficient preactinides and actinides were produced by
fragmentation from a 1 4 GeV **U primary beam in a 657 mg/cm’ beryllium target. The
target was coated downstream with a 212 mg/em’ niobium layer to increase the fraction
of fully stripped fragments.

In order to study the fission properties of the secondary projectiles, excited states in
the desired energy range had to be populated, and the fission products had to be de-
tected. The specific properties of the secondary beams do not allow to use excitation
mechanisms usually applied for low-energy fission studies, like the capture of thermal
neutrons. Instead, dedicated experimental methods had to be developed. Since the sec-
ondary-beam intensities only reach hundred per second or less for a specific isotope, it is
crucial to ensure a high secondary reaction rate and a large detection efficiency. As exci-
tation mechanism, electromagnetic interactions with a heavy target material have been
chosen. They essentially populate the giant dipole resonance with a mean energy only a
few MeV above the fission barrier with cross sections as high as a few bam.
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FIGURE 3. Schematical drawing of the set up for the fission experiment mounted behind the
fragment separator

The experimental set up behind the fragment separator is sketched in FIGURE 3. As
secondary target we used a stack of lead foils with a total thickness of 3 g/cm* mounted
in a gas-filled chamber which acts as a subdivided ionization chamber (active target).
With this device it is possible to determine the lead foil in which fission took place and to
discriminate against fission induced in the scintillator. The average energy of the secon-
dary projectiles in the lead target was about 420 A MeV. The differential energy loss of
each fission fragment was measured separately with an horizontally subdivided twin ioni-
zation chamber. In order to correct the energy loss for the velocity dependence, the time-



of-flight of the fission fragments was measured by means of a (Im x 1m) scintillator
wall.

FIGURE 4 shows the nuclear-charge response of the experimental set up for fission
fragments after electromagnetic-induced fission of “**Th. Due to the high center-of-mass
energies, an excellent charge resolution is achieved. Events stemming from reactions at
lower impact parameters with nuclear contact were suppressed. For details of the analy-
sis procedure see refs. (38.39).
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FIGURE 4: Nuclear-charge response of the twin MUSIC with velocity correction applied as ob-
tained for the fission fragments after electromagnetic excitation of ***Th projectiles.

RESULTS AND DISCUSSION

Influence of fission on the fragmentation cross sections

Production cross sections of long isotopic chains of elements between ytterbium and
uranium were determined and compared with an abrasion-ablation model calculation
(40,41). The requirement to simultaneously describe this whole body of data imposed
strong restrictions on the model description. Another important constraint is given by the
necessity to reproduce a series of isotopic production cross sections from ***Pb fragmen-
tation (37) where the influence of fission is almost negligible.

Part of the data together with model calculations using different options for the nu-
clear level densities are shown in FIGURE 5. First. it is obvious that the cross sections
are very sensitive to the fission competition in the deexcitation phase: A calculation
where fission is artificially suppressed overestimates the cross sections of the neutron-
deficient isotopes by several orders of magnitude. But also the second option which de-
duces the nuclear level density from the independent-particle model, disregarding any
collective excitations, deviates appreciably from the data. This calculation predicts a
strong reduction of the fission competition for nuclei near the N=126 shell. Although the
ground-state shell effect of these nuclei is known to reach more than 5 MeV, any stabili-
zation of these nuclei against fission is not observed experimentally. The inclusion of the



enhancement of the level density due to collective rotations according to the theoretical
expectation (4) on the other hand overestimates the fission probabilities by a large
amount. Only by applying a deformation-independent damping of the rotational en-
hancement at about 40 MeV and an increased vibrational enhancement of the level den-
sity in spherical nuclei, the data can be reproduced. Details on the model calculations are
reported in ref. (34).
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FIGURE 5: Production cross sections of thorium, actinium, and radium fragments from a 950 A
MeV **U beam in a copper target are shown as data points. The dotted line represents the result
of a calculation without considering fission. The thin full lines result from a calculation using in-
trinsic level densities without including collective excitations. The thick full lines show a calculation
including rotational enhancement for ground-state deformed nuclei with the damping of K, .(E)
according to Hansen and Jensen (4). The dashed lines are calculated with rotational enhancement
but with damping independent of deformation, and the dash-dotted lines include in addition vibra-
tional enhancement for nuclei with a spherical ground state.

Obviously. the fragmentation of ***U provides new information on the collectivity of
nuclear excitations bevond the applicability of spectroscopic methods. Although this in-
formation is indirect. the data clearly reveal that the nuclear level density cannot be de-
scribed properly by the intrinsic level density formulated in the independent-particle
model. The present analysis shows that the fission probability of excited nuclei with a
spherical ground-state shape cannot be described when collective excitations are disre-
garded. In particular, the production cross sections for spherical superhaevy nuclei
around .V = 184 would drastically be overestimated.



Fission channels

In the secondary-beam experiment, the elemental yields and the total kinetic energies
of a series of neutron-deficient preactinides and actinides from **At to ‘U have been
determined. The elemental yields covering the transition from symmetric fission at **'Ac
to asymmetric fission at *'U are shown in FIGURE 6. In the transitional region, around
2Th, triple-humped distributions appear, demonstrating comparable weights for sym-
metric and asymmetric fission.

The weights of the two main fission components observed in the yields, the symmetric
and the asymmetric contributions, were quantitatively determined by fitting three Gaus-
sian curves to the charge-yield distributions: Two Gaussians represent the asymmetric
component and one Gaussian is sufficient to fit the symmetric component. The width of
the symmetric component was fixed to 9.5 charge units (FWHM) in all cases. This value
was deduced from isotopes fissioning purely symmetrically. The ratio of symmetric to
asymmetric fission was then determined by the ratio of the areas of the Gaussians de-
scribing the data.
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FIGURE 6. Measured fission-fragment charge distributions from **U to **'Ac are shown on a
chart of the nuclides.

The results of this procedure are shown in FIGURE 7. For all nuclei with A < 220,
the symmetric component has been found to prevail. The transition is rather smooth, and
the weights of the two fission components have been found to scale with the mass of the
fissioning nucleus.

In detail, the charge-yield distributions and the total kinetic energies of By, %pa,
25Th, **Th, *"?Ac, and *"'Ra are shown in FIGURE 8. For the uranium and thorium
isotopes, a strong even-odd structure is observed for both the asymmetric and the sym-
metric component. The gross structural effects observed in the charge yields are different
from those showing up in the total kinetic energies. From U to **Th, the weight of the
asymmetric fission component decreases. while the enhancement of the total kinetic en-
ergies (with respect to the expectation of the macroscopic model) for fission with a neu-
tron number of the heavy fragment around N = 82 is preserved. For the lighter fissioning
nuclei, another double-humped structure appears in the enhancement of the total kinetic
energies while the charge distributions stay single humped. In all cases, the total kinetic



energies follow rather closely the structure of the O values as a function of the charge
split.
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FIGURE 7: Intensity ratios of the symmetric and the asymmetric fission components in the
transitional region as a function of mass number. The full triangles (squares, circles) correspond to
thorium (protactinium, uranium) isotopes. The open symbols for ***Th and ***Th measured by Itkis
et al. (29) and for *°Th measured by Unik et al. (23) are included.

In a simultaneous description of elemental yields and total kinetic energies, these data
could not be reproduced with the assumption of two fission channels, a symmetric and an
asymmetric one. Since the position of the maximum in the total kinetic energies does not
coincide with the maximum in the yields. it was necessary to introduce a third fission
channel. According to ref. (7), each channel was represented by a Gaussian contribution
in the yields and a specific scission-point configuration. Position and width of the Gaus-
sians in nuclear charge as well as the tip distance of the scission configuration were
treated as free parameters for each component. FIGURE 9 shows that a good description
of both, the elemental yields and the total kinetic energies is achieved for the fissioning
systems **#*°7**Th. The parameters, in particular the relative heights of the total kinetic
energies, attributed to the individual fission channels, roughly coincide with the expecta-
tions for the three most intense channels known from heavier fissioning systems (see e. g.
ref. (7)). In the nomenclature of Brosa et al. (7) these are standard I at N = 82, standard
II near N = 86, and superlong at symmetry.

This finding also agrees with the results of Itkis et al. (29) who investigated fission of
neutron-deficient actinides from appreciably higher excitation energies induced by sub-
barrier heavy-ion fusion reactions.

Although the dispersion of the total kinetic energy could not be deduced in the pres-
ent secondary-beam experiment due to the limited resolution in velocity and angle for
single events, the relative weights of the two asymmetric fission channels could still be
determined by applying a simultaneous fit to the elemental yields and the total kinetic en-
ergies. However, as an essential assumption we postulated that the compactness of the
scission configuration. parametrized by the effective tip distance, does not vary inside a
specific fission channel. This 1s in agreement with the fission model of Brosa et al.(7).
The analysis showed that the triple-humped fission-fragment distributions are composed
of strong contributions of three fission channels. This is true not only for the systems




shown in FIGURE 9 but also for neighbouring nuclei showing triple-humped charge-
yield distributions.
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FIGURE 8 Measured elemental yields (left part) and average total kinetic energies (right part) as
a function of the nuclear charge measured for fission fragments of several fissioning nuclei. Only
statistical errors are given. The total kinetic energies are subject to an additional systematic uncer-
tainty of 2 %, common to all data (39). In addition, for each charge split the maximum Q (ground-
state to ground-state) value determined by varying the neutron numbers of the fission fragments is
shown. Arrows indicate the positions of neutron (N = 50, 82) and proton shells (Z = 50). The posi-
tions of the neutron shells are calculated from the proton numbers by assuming an unchanged
charge density (UCD). Finally, the expectations of a macroscopic scission-point model are shown
(dashed lines) based on the Coulomb repulsion of the fragments at scission including a quadrupole
deformation of § =0.625 and a tip distance of 2 fm.(3).
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FIGURE 9: Elemental yields and total kinetic energies for electromagnetic-induced fission of
PBEIWTh, In addition to the data points, fits with three fission channels are shown as full lines.
The yields and the total kinetic energies of the individual contributions are shown separately by
different lines.

The data on elemental yields support the idea, stated by Itkis et al. (42), that the
weights of the fission channels are principally determined by an interplay of the neutron
shells at N = 82 and N = 86 with the liquid-drop potential. A quantitative formulation of
this idea has been developed by J. Benlliure et al. (43) by relating the charge distributions
to the density of transition states in the vicinity of the outer fission barrier. The total ki-
netic energies, however, seem to be closely related to the ground-state properties of the
fission fragments. This finding agrees with the expectation that the total kinetic energies
are essentially determined by the shell effects in the scission-point configuration.

Pair breaking in fission
The excellent nuclear-charge resolution of the present experiment allowed to deter-

mine the even-odd structure in the elemental vields for a large number of fissioning sys-
tems. FIGURE 10 and FIGURE 11 display the experimental results for four fissioning
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nuclei. In the lower part, the corresponding local even-odd effect 5(Z) of the charge
distributions is shown which is defined as (44):

5(Z+32) =18 (-1 - m ¥(Z) + 3 In ¥(Z-1)-3In ¥(Z+2) + I ¥(Z+3)} (1)

Herein, Y(Z) are the elemental yields. Thus. 5(7Z+3/2) is a quantity measured over
four consecutive yields, centered at (Z~32). This quantity describes the local deviation
from a Gaussian-like distribution.

The local even-odd effect shows a striking result for ’Ac and ***Pa: For these odd-Z
fissioning nuclei, the values of ¢(Z) tend to be positive for the light fragments and nega-
tive for the heavy fragments. Absolute values up to more than 0.2, that means by 20 %
enhanced production yields of even elements. are found for the extremely asymmetric
light charge splits. This behaviour of the local even-odd effect is found to be essentially
the same for the two nuclet, although their charge distributions show very different char-
acteristics.

For the even-Z fissioning nuclei ***Th and “*U, a completely different behaviour of
the local even-odd effect is observed. As expected, the local even-odd effect is positive
throughout. However. there is a strong variation from a minimum value near symmetry
to an increase of about a factor of two in the extremely asymmetric charge splits. Again,
this behaviour proves to be rather general. independent of the gross structure of the
charge distribution. This finding goes in line with previous observations in ***U(ng,f) (45)
and *°Cfing,.0H (46).

The observation of even-odd effects in odd-Z fissioning nuclei and the variation of the
even-odd effect as a function of the charge split in both odd-Z and even-Z fissioning nu-
clei can be interpreted with the assumption that unpaired protons are distributed to the
nascent fragments according to the available phase space. Any intrinsic excitations in-
duced during the descent from saddle to scission are assumed to be carried by unpaired
nucleons. Thus. these nucleons populate excited single-particle states. On the way to
scission. the single-particle states of the fissioning svstem evolve to states of the individ-
ual fragments. A quantitative formulation of this approach. based on the density of qua-
siparticle excitations as formulated by Strutinsky (47). is given in ref. (48). As an essen-
tial result. the local proton even-odd effect for a given number N of unpaired protons is
given by the following relation:

§(Z)=(1-2Z1Zc) (2)

where Z is the nuclear charge number of the fission fragment and Zcn the nuclear
charge number of the fissioning nucleus. In this expression, shell effects in the single-
particle level scheme are disregarded. The data shown in FIGURE 11 can be reproduced
fairly well when a fraction of 10 % for the fully paired configuration and a fraction of 90
% for one proton pair broken are assumed. In the odd-Z fissioning systems, shown in
FIGURE 10, a fraction of 10 % refers to one unpaired proton and a fraction of 90 % re-
fers to three unpaired protons,

This model at least partly explains the strongly enhanced even-odd effect observed
previously in the asymmetric tails of the nuclear-charge distributions in the fission of the
even-Z nuclei **°U (45) and ~"Cf (46) without assuming particularly low intrinsic excita-
tion energies in extremely asymmetric fission. Also the well known increase of
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FIGURE 10: In the upper part, the charge distributions ¥(Z) of ***Ac and ***Pa after electro-
magnetic-induced fission are shown. The charge yields are normalized to 200 %. The lower part
displays the corresponding local even-odd effect §(Z) as a measure of the local deviation from a
Gaussian-like distribution. The line represents a model prediction with a statistical contribution
included (see text).
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FIGURE 11: In the upper part, the charge distributions ¥(2) of **Th and *U after electro-
magnetic-induce fission are shown. The charge yields are normalized to 200 %. The lower part
displays the corresponding local even-odd effect o(Z) as a measure of the local deviation from a
Gaussian-like distribution. The line represents a model prediction with a statistical contribution
included (see text).
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the even-odd effect with decreasing fissility parameter Zen*/Acn observed between **2Cf
and *’Th can partly be attributed to an increasing statistical contribution, because the
asymmetry parameter (Zneay - Zign)/Zox on the average increases from ’Cf. to *Th,
due to the stationary position of the heavy component in the mass distributions near 4 =
138.

The new findings reveal that the enhanced production of fission fragments with even
proton numbers cannot directly be interpreted as the probability that no quasiparticle
excitations up to the scission point are induced. The relation between the even-odd effect
and the intrinsic excitation energy at scission is more complex than assumed previously.

CONCLUSION

The present work reports on the first application of secondary beams for nuclear-
fission studies. The experiments had to combine several stages in a rather complex way.
First. the nuclei of interest had to be produced. separated and identified. Their produc-
tion cross sections were determined. Secondly. excited states in the vicinity of the fission
barrier were populated by electromagnetic interactions in a lead target. Finally, the fis-
sion fragments were registered. and their elemental vields as well as their total kinetic
energics were determined. In view of the low primary-beam intensity of less than 107
projectiles per second. the success of the experiment essentially depended on the appli-
cation of a very efficient excitation mechanism and on a high detection probability of the
experimental set up. In contrast to most secondary-beam experiments of the first genera-
tion which are designed to determine a specific property of the secondary projectiles like
binding energy or total interaction cross section. the present experiment is a true secon-
dary-reaction study where many characteristics of the fission process could be investi-
gated.

The main advantages of the secondary-beam experiment are the rather free choice of
the nucleus to be investigated. ndependent of it~ chemical properties and independent of
its radioactive decay characteristics. the excellent nuclear-charge resolution achieved for
all fission fragments. and the remarkably good determination of the total kinetic energies
where structural effects in the order of 10~ of the laboratory energies could be observed.
In particular. the large number of high-quality nuclear-charge distributions reveales the
important progress attained by the new experimental technique.

The influence of fission competition on the fragmentation cross sections revealed new
information on the level densitiy in spherical. transitional. and deformed nuclei. Evidence
for the loss of collectivity of nuclear excitations at cnergies around 40 MeV has been
found. The damping of the collective enhancement in the nuclear level density was found
to be independent of nuclear deformation. It was shown that the influence of shell stabili-
zation and collective enhancement on the fission competition of spherical nuclei near N =
126 cancel each other. Therefore. estimations of the productior cross sections of spheri-
cal superheavy nuclei near the 184-neutron shell which are based on the intrinsic level
density without inclusion of the collective enhancement are expected to be by far too op-
timistic.

The first secondary-beam experiments on nuclear fission provided the elemental yields
and the total kinetic energies for the low-energy fission of a large number of short-lived
radioactive nuclei. The beautiful data nicely demonstrate the decisive influence of nuclear
structure on the fission process in a particularly interesting transitional region. The tran-
sition from symmetric to asymmetric fission around mass number 227 was explained by



the characteristics of the mass-asymmetry potential at the fission barrier. It seems to be
caused by the competition between strong neutron shells corresponding to fragments
with 82 and 86 neutrons which favour the asymmetric fission channels (standard I and
standard II) and the liquid-drop potential which favours symmetric fission. While the
relative strengths of these fission channels vary drastically as a function of mass number
of the fissioning system. leading to very different charge distributions, the scission con-
figurations corresponding to these fission channels which are decisive for the total kinetic
energies seem to be rather universal.

The new understanding of the even-odd effect in fission deduced from the present
data will allow to extract more reliable information on the viscosity of cold nuclear mat-
ter. It seems that strong variations of the observed even-odd effect in the elemental yields
for different systems and as a function of asymmetry. for a specific system are attributed
to a great part to a statistical contribution to this quantity rather than to a variation of the
intrinsic excitation energy.
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