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Abstract. Nuclear fission from excitation energies around 11 MeV was studied at GSI, Darmstadt
for 76 neutron-deficient actinides and pre-actinides by use of relativistic secondary beams. The char-
acteristics of multimodal fission of nuclei around226Th are systematically investigated and related
to the influence of shell effects on the potential-energy and on the level density between saddle point
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 fission.
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1. Introduction

Nuclear fission provides unique information on the reordering of nucleons in a 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 influence 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 overcom-
ing restrictions of conventional experimental techniques. In this contribution, the large
body of data acquired in a recent experiment is presented and the resulting progress in the
understanding of the fission dynamics is sketched.

2. Experiment

The secondary-beam facility of GSI, Darmstadt offers unique possibilities to provide sec-
ondary beams of neutron-deficient actinides and pre-actinides produced by fragmentation
of relativistic 238U projectiles. Within the limits given by the primary-beam intensity and
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Figure 1. Schematical drawing of the set up for the fission experiment mounted behind
the fragment separator.

Figure 2. Nuclear-charge response of the twin MUSIC with velocity correction applied
as obtained for the fission fragments after electromagnetic excitation of226Th projec-
tiles.

the fragmentation cross sections [1,2], nuclear charge and mass number of the secondary
projectiles can freely be selected by tuning the fragment separator [3].

Fission from the desired excitation-energy range slightly above the fission barrier was
induced by electromagnetic interactions in a heavy target material. In the next section we
give a detailed description of this excitation mechanism.

The experimental setup behind the fragment separator is sketched in figure 1. As sec-
ondary target we used a stack of lead foils with a total thickness of 3 g/cm2 mounted in
a gas-filled chamber which acts as a subdivided ionization chamber (active target). With
this device it is possible to discriminate fission induced in the lead foils against fission
induced in other layers, e.g. the scintillator. The average energy of the secondary projec-
tiles in the lead target was about 430 A MeV. The differential energy loss of each fission
fragment was measured separately with a horizontally subdivided twin ionization cham-
ber. In order to correct the energy loss for the velocity dependence, the time-of-flight of
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the fission fragments was measured by means of a (1m� 1m) scintillator wall. Figure 2
shows the nuclear-charge response of the experimental set up for fission fragments after
electromagnetic-induced fission of226Th. Due to the high center-of-mass energies, an ex-
cellent charge resolution is achieved. Events stemming from reactions at lower impact
parameters were suppressed. For details of the analysis procedure see refs [4,5].

3. Excitation mechanism

The electromagnetic excitation in-flight in the secondary target is one of the most impor-
tant ingredients of the experiment, ideally adapted to the kinematic properties and to the
low intensities of the secondary beams. It populates states in the vicinity of the fission
barrier with large cross section of a few barns. Although the excitation energy acquired
is not precisely known for a single event, the excitation-energy distribution can be calcu-
lated with rather good precision. The electromagnetic field of a lead target nucleus, seen
by the projectile, can be represented by a flux of equivalent photons of different ener-
gies and multipolarities according to ref. [6]. The projectiles are excited according to the
energy-dependent photo absorption cross section which is dominated by the giant dipole
resonance with small contributions of the giant quadrupole resonances. First-chance fis-
sion represents the main source of fission, but also fission after evaporation of one or two
particles (mostly neutrons) occurs with a probability of about 20%. This leads to a reduc-
tion of the excitation energy at fission. The excitation-energy distribution at fission after
electromagnetic excitation of234U in the passage of a lead target at 430 A MeV is shown
in figure 3 (for details of the calculation see ref. [4]). The calculated excitation-energy
distributions of the other nuclei investigated are similar.

4. Results and discussion

In the present experiment, the elemental yields and the total kinetic energies of long iso-
topic chains from205At to 234U have been determined. The elemental yields are shown in
figures 4 and 5. The transition from symmetric fission in the lighter systems to asymmetric

Figure 3. Calculated distribution of excitation-energies at fission after electromagnetic
excitation of234U projectiles at 430 A MeV in a lead target.
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Figure 4. Measured fission-fragment charge distributions from221Ac to 234U are
shown on a chart of the nuclides.

Figure 5. Measured fission-fragment charge distributions from205At to 221Th are
shown on a chart of the nuclides.

fission in the heavier systems is systematically covered. In the transitional region, around
226Th, triple-humped distributions appear, revealing comparable intensities for symmetric
and asymmetric fission. In particular, for uranium and thorium isotopes strong even-odd
effects are observed.

4.1 Fission channels

Turkevich and Niday [7] already noticed that different components which they named as
fission modes appear in the fission-fragment yields and in the kinetic-energy distributions.
Later, models were proposed to deduce the fission characteristics from the properties of
the scission configuration alone, e.g. ref. [8]. However, these neglect the dynamic evolu-
tion of the system from saddle to scission which seems to be very important [9–11]. The
concept of independent fission channels has been developed [12,13] according to which
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the fissioning system follows specific valleys in the potential energy in the direction of
elongation. Several properties (e.g. average mass or charge split, mass or charge width,
mean total kinetic energy) could be related to calculated properties of the highly deformed
fissioning system. However, the mechanisms which determine the fission-fragment yields
are not sufficiently well understood to allow for quantitative predictions. Therefore, the
intensities of the fission channels are usually deduced from experiment.

The systematic survey on fissioning systems with strongly varying charge distributions
(see figures 4 and 5) will provide a new test case for the concept of independent fission
channels. Moreover, it will enable a more systematic view on how the intensities of the
fission channels vary as a function of the nuclear composition. At first glance, two fission
components appear in the measured charge distributions, a symmetric and an asymmetric
one. The weights of these two fission components were quantitatively determined by fitting
three Gaussian curves to the charge-yield distributions. The widths (standard deviation) of
the symmetric and the asymmetric components were found to be close to 4.0 charge units
and 2.2 charge units, respectively, for all nuclei for which they could be extracted. In
cases where either one of the components was too weak, the corresponding value from this
systematics was used. The ratio of symmetric to asymmetric fission was then determined
by the ratio of the areas of the Gaussians describing the data. The result of this procedure
is shown in figure 6. The transition is rather smooth and the weights of the two fission
components scale with the mass of the fissioning nucleus.

The data on elemental yields support the idea, stated by Itkiset al [14,15], that the
weights of the fission channels are principally determined by an interplay of the neutron
shells atN = 82 andN = 86 with the liquid-drop potential. A quantitative description
of this idea has been formulated by Benlliureet al [16] by relating the charge distributions
to the density of transition states in the vicinity of the outer fission barrier. From the
model calculations (figure 6) we can conclude that the transition from the asymmetric to
the symmetric components is mainly determined by the variation in the stiffness of the
liquid-drop potential.

Figure 6. 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 correspond
to model calculations (see text).
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Figure 7. 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 fis-
sioning nuclei. Only statistical errors are given. The total kinetic energies are subject
to an additional systematic uncertainty of 2%, common to all data [5]. Arrows indicate
the positions of neutron(N = 50; 82) and proton shells(Z = 50). The positions of
the neutron shells are calculated from the proton numbers by assuming an unchanged
charge density (UCD). The full lines show descriptions with the model of independent
fission channels. The contributions of the individual channels are depicted by dashed
lines (see text for details).

642 Pramana – J. Phys.,Vol. 53, No. 3, September 1999



Fission experiments with secondary beams

4.2 Influence of shell structure

In detail, the charge-yield distributions and the total kinetic energies of233U, 232Pa,228Pa,
228Th, 226Th, and223Th are shown in figure 7. The gross structural effects observed in the
charge yields are different from those showing up in the total kinetic energies. From233U
to 223Th, the weight of the asymmetric fission component decreases strongly, while the
enhancement of the total kinetic energies nearZ = 52 to 54 is preserved. In a simultaneous
fit to elemental yields and total kinetic energies, it was possible to reproduce these data with
the assumption of independent fission channels. A description with two fission channels
only, which well reproduces the nuclear-charge yields, represents the measured TKE values
only poorly. A satisfactory description was obtained with three channels, ‘standard I’ at
N = 82, ‘standard II’ aroundN = 88 in the heavy fragment, and ‘superlong’ at symmetry,
using the notations introduced by Brosaet al [13]. Each channel was represented by a
Gaussian distribution in the yields and a specific scission-point configuration. In order to
consider the trivial variation of the total kinetic energy as a function of mass and charge
split, the Coulomb repulsionVC in the scission-point configuration was parametrized by
the following expression, introduced in ref. [8]:
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Zi,Ai and� are nuclear-charge numbers, mass numbers and deformations of the fission
fragments respectively,r0 = 1:16 fm is the nuclear-radius constant, ande the elementary
charge. The mass numbers were related to the charge numbers by the UCD assumption.
The deformation parameters were fixed at� = 0:6 as predicted by the liquid-drop model,
see ref. [8]. The ‘tip distance’d was determined from a fitting procedure, requiring that
the measured TKE values are best reproduced byVC. Since the fit can only yield one
parameter of eq. (1), the elongation of the system, parametrized by the tip distanced, also
effectively represents variations in the deformation of the fragments.

For each fission channel, position, width, and height of the Gaussian representing the
nuclear-charge yields as well as the tip distance of the scission configuration were treated
as free parameters. The width of the superlong channel had to be kept constant for the
fit to converge. The yields are formulated as the sum and the total kinetic energies as the
weighted average of the different components. Unfortunately, the dispersion of the total
kinetic energy could not be deduced in the secondary beam experiment due to the limited
resolution. Therefore, the relative weights of the two asymmetric fission channels could
only be determined with rather large error bars.

As a remarkable result, we found that the superlong channel which appears at symmetry
becomes more compact for the lighter systems as can be seen in figure 8. This finding
indicates that this channel is influenced by shell effects, too, although the charge distri-
bution can be represented by a simple Gaussian. The variation of the tip distance in the
symmetric channel can be related to the properties of the shell aroundN = 64which tends
to become less deformed with decreasing neutron number (see e.g. refs [8,17]. Moreover,
the symmetric channel appears to be much narrower than observed previously in heavier
systems.

In figure 9 it is shown the evolution of the positions in charge and neutron number of
both asymmetric fission channels (standard I and standard II) as a function of the mass
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Figure 8. Evolution of deformation in the symmetric fission component obtained from
the fits as a function of the neutron number of the fission fragments estimated assuming
UCD.

Figure 9. Position in nuclear charge and neutron number of the two asymmetric fission
modes (standard I and standard II) as a function of the mass of the fissioning system.
The data corresponding to the plutonium isotopes were taken from ref. [18]. The posi-
tion in neutron number was estimated from the position in nuclear charge by the UCD
assumption.

of the fissioning nucleus. We observe a constant position in charge corresponding to the
valuesZ = 53 (standard I) andZ = 55 (standard II), while the positions in neutron number
change with the mass of the fissioning nucleus. Since the two most important asymmetric
fission channels (standard I and standard II) are usually associated [8] with the spherical
N = 82 shell and the deformedN = 88 shell, respectively, this is a remarkable result.
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From the good simultaneous description of nuclear-charge yields and total kinetic en-
ergies as demonstrated by figure 7 we conclude that the concept of independent fission
channels has passed an important test although the parameters of the fission channels can
not be directly related to the known properties of the nuclear shells. It allows for the strong
variations of the yields while keeping the TKE distributions almost unchanged. However,
we would also like to add a critical remark. In accordance with the usual treatment, the
most probable scission-point configuration, parametrized by the tip distanced, was fixed at
one value for each fission channel and not allowed to vary as a function of charge split. This
might be a severe oversimplification. It is known that the energetically most favourable de-
formation in a deformed shell region varies with the number of nucleons [8,17]. Therefore
a corresponding variation of the mean elongation at the scission point as a function of the
charge split is to be expected. This would imply a variation of the most probable tip dis-
tanced even inside one fission channel. Besides the symmetric channel, this also concerns
the standard II fission channel related to theN = 88 deformed shell. Therefore, part of
the increase of the TKE values in the asymmetric component towards symmetry, which is
attributed to the compact standard I channel in our description, may rather be imputed to a
variation of the scission configuration in the standard II channel to more compact shapes.
This would strongly affect all parameters of the two asymmetric fission channels.

5. Conclusion

A new experimental technique was applied to measure elemental yields and total kinetic
energies after low-energy fission of short-lived radioactive nuclei. The beautiful data nicely
demonstrate the decisive influence of nuclear structure on the fission process in a partic-
ular interesting transitional region around227Th. In contrast to the total kinetic energies,
the element distributions were found to vary strongly, essentially as a function of mass
number of the fissioning system. This behaviour could well be reproduced by the model
of independent fission channels. The weights of the asymmetric fission channels decrease
with decreasing mass of the fissioning nucleus, but the scission-point configurations remain
unchanged. The scission-point configuration of the symmetric fission channel, however,
evolves to more compact shapes for the lighter fissioning nuclei, where symmetric splits
correspond to smaller nucleon numbers. This clearly reveals the influence of shell effects
also in the symmetric channel. The analysis of both asymmetric channels (standard I and
standard II) show that these two fission channels can not be explained by the influence of
the shellsN = 82 andN = 88.
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