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Abstract.  An overview on phenomena observed in low-energy fission is presented, including new results from a GSI 
experiment with relativistic secondary beams. The interpretation of the structural effects in terms of fission channels re-
veals an astonishing stability of the fission-channel positions in the heavy fragment in nuclear charge in contrast to the 
previously assumed constancy in mass. The statistical model is applied to deduce the relevant characteristics of the po-
tential-energy surface. It is assumed that the different degrees of freedom are frozen at a specific stage each on the de-
scent from saddle to scission due to the fission dynamics. Evidence for the separability of compound-nucleus and frag-
ment properties in fission is deduced. 
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INTRODUCTION 

The energy-dependent fission cross sections and 
the properties of fission fragments, like their yields as 
a function of mass and nuclear charge, their kinetic 
energies and the number and the energies of emitted 
neutrons and gamma rays, show very complex features 
in low-energy fission, which may strongly differ from 
one fissioning system to another. While the explicit 
prediction of the resonance behavior of the fission 
cross section seems to be impossible, several attempts 
have been made to develop theoretical models for cal-
culating the properties of the fission fragments and 
their subsequent decay. Most elaborate models are 
based either on the macro-microscopic approach, e.g. 
[1,2], or they have been developed on a microscopic 
basis [3]. Still, the realistic modelling of fission, as a 
prominent example of an out-of-equilibrium process, 
represents a severe challenge.  

From the experimental side, one of the problems 
encountered in this field is the rather limited number 
of systems investigated. This contribution concentrates 
on an empirical overview upon features of nuclear 
structure in the fission-fragment properties in low-
energy fission and on deducing some common features 
behind the large variety of the complex observations 
made for the different fissioning systems. Recent re-
sults from experiments with relativistic secondary 
beams performed at GSI, Darmstadt, have increased 
our empirical knowledge considerably and play a key 
role in this context. 

Besides its importance for fundamental research, a 
better quantitative understanding of fission is required 
by its applications in other fields. Nuclide production 
yields determine the amount and the time distribution 
of delayed neutrons, which are important for the op-
eration of fission reactors [4] and for detecting fissile 
material [5]. They are also important for the perspec-
tives for the production of very neutron-rich isotopes 
in secondary-beam facilities, e.g. [6,7]. The nuclide 
production in the fission of extremely neutron-rich 
nuclei on the astrophysical r-process path is a particu-
larly challenging problem [8]. 

EMPIRICAL KNOWLEDGE 

The present empirical knowledge on nuclear struc-
ture in fission-fragment yields is illustrated in Figure 
1. The figure shows mass distributions from particle-
induced fission of stable or long-lived fissile targets, 
spontaneous fission of nuclei produced by heavy-ion 
fusion or breading, and element distributions from the 
electromagnetic–induced fission of secondary projec-
tiles.  

The latter, which cover the largest contiguous field 
of fissioning systems on the chart of the nuclides, stem 
from one experiment performed in inverse kinematics 
at GSI, Darmstadt [9]. This experiment exploits a new 
technique to investigate low-energy fission. Relativis-
tic secondary projectiles are produced via fragmenta-
tion of a 1 A GeV primary beam of 238U and identified 
in nuclear mass and charge number by the fragment 
separator FRS. In a dedicated experimental set-up, the 



giant resonances, mostly the giant dipole resonance, 
are excited by electromagnetic interactions in a secon-
dary lead target, and fission from excitation energies 
around 11 MeV is induced. Both fission fragments are 
identified in nuclear charge, and their velocity vectors 
are determined. From these data, the element yields 
and the total kinetic energies are deduced.  

 

 

FIGURE 1.  Systematic overview on the structural features 
in the mass, respectively nuclear-charge distributions of 
fission fragments. Systems investigated in the GSI experi-
ment [9] are marked by crosses, those measured by other 
approaches are shown by open points. See ref. [9] for origi-
nal references. The insets show the mass, respectively ele-
ment distributions of the fission fragments for a few selected 
systems. 

 

 

FIGURE 2.  View on nuclear-charge distributions of fission 
fragments drawn on the position of the fissioning system on 
the chart of the nuclides. These systems were investigated in 
the GSI experiment [9]. (Figure is taken from ref. [10].) 

 
The distributions shown in Figures 1 and 2 can 

roughly be classified as a function of the mass of the 
fissioning system: There is a gradual transition from a 
single Gaussian to a double-humped distribution 
around A=226, with triple-humped distributions ap-
pearing in the transition region. Above A=257, the 
distribution changes abruptly to a narrow symmetric 
one. Strong signatures of nuclear structure are also 
found in the total kinetic energy (TKE), the mass-
dependent neutron-emission yields and other observ-
ables.  

PROPERTIES OF FISSION CHANNELS 

It has been proposed to interpret the combined sig-
natures of nuclear structure in fragment yields and 
TKE as the manifestation of independent fission chan-
nels. The flux in the descent from saddle to scission is 
assumed to follow specific valleys in the potential-
energy surface in direction of elongation [11,12]. The 
fission channels are characterized by several parame-
ters, e.g. the average mass or charge split, the mass or 
charge width, and the mean total kinetic energy, re-
spectively the elongation of the scission configuration.  

As examples, Figure 3 shows the measured ele-
ment-yield distributions and the mean total kinetic 
energies for the systems 233U, 232Pa, 228Pa, 228Th, 226Th, 
and 223Th, which were determined in the GSI experi-
ment [9]. 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.  

 

FIGURE 3.  Data points: Measured elemental yields (left 
column) and mean total kinetic energies (right column) for 
six selected systems. Full lines: Description with independ-
ent fission channels. Dashed lines: Individual contributions 
of super long, standard I, and standard II fission channels. 
(Figure is taken from ref. [10].) 



A satisfactory description of the data was obtained 
with three channels, “standard I”, close to N=82, 
“standard II” around N=88, both in the heavy frag-
ment, and “super long” at symmetry, following the 
notation introduced by Brosa et al. [12]. Each channel 
was represented by a Gaussian distribution in the 
yields and a specific elongation of the 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 repulsion VC in the scission-
point configuration was parameterized by the follow-
ing expression, introduced in ref. [13]: 
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Zi, Ai, and βi are nuclear-charge numbers, mass num-
bers and quadrupole deformations of the fission frag-
ments, d is the tip distance at scission, r0=1.16 fm is 
the nuclear-radius constant, and e is the elementary 
charge. Although all three parameters β1, β2 and d are 
expected to vary from one fission channel to another, 
the deformation parameters βi=0.6 were kept constant, 
and only d was adjusted to the data. 

The parameters of the independent fission channels 
were compared for the whole body of available data. A 
compilation of these data and the original references 
can be found in ref. [14]. The data are restricted to 
spontaneous fission and to initial excitation energies 
up to a few MeV above the fission barrier, where 
structural effects are expected to be strong.  

The standard deviation of the standard I (standard 
II) fission channel amounts to about 3.5 (5) mass units. 
The width of the super-long fission channel is well 
determined for the lightest systems to about 10 mass 
units, while the extracted values fluctuate strongly for 
heavier system, probably reflecting the large uncer-
tainty due its tiny yield. 

 
FIGURE 4.  Relative yields of the fission channels (super 
long, standard I and standard II) as a function of the mass 
number of the fissioning system. Data of ref. [9] are marked 
by full symbols, data from other sources by open symbols. 

Figure 4 shows the relative yields of the different 
fission channels. There is a clear tendency: The rela-
tive yield of the symmetric super-long fission channel 
shows an exponential decrease with increasing mass 
number, while the complementary yield of the lumped 
asymmetric component increases accordingly.  

The systematic trend in the competition between 
the standard I and the standard II channels can best be 
derived from the data of protactinium and plutonium 
isotopes, which have the smallest uncertainties. These 
two elements show a consistent trend: The relative 
weight of the standard I fission channel grows strongly 
with increasing neutron excess, when the nuclides 
produced in the standard I fission channel move closer 
to the doubly magic 132Sn on the chart of the nuclides. 

Another salient feature of the standard I and stan-
dard II fission channels is depicted in Figure 5: The 
mean positions of the heavy components turn out to be 
remarkably stable in atomic number, while they move 
considerably in neutron number and consequently also 
in mass number. This finding sheds new light on the 
well known observation of Unik et al. [15], who stated 
that the position of the heavy component of the fis-
sion-fragment distributions in asymmetric fission is 
approximately constant in mass over the whole range 
of fissioning systems investigated. On the basis of 
Figure 5 we re-formulate more precisely: It is not the 
mass number but the element number, which is pri-
marily kept constant. 

FIGURE 5.  Mean positions of the standard fission channels 
in atomic number (upper part) and neutron number (lower 
part) for different isotopic chains. The points of standard I 
(standard II) are connected by dashed (full) lines. Data of ref. 
[9] are marked by full symbols. Conversion between A, Z, 
and N has been performed using the UCD assumption, ne-
glecting neutron evaporation. 



THE SEPARABILITY PRINCIPLE 

Since theoretical models reproduce the measured 
properties of the fission fragments only with a rather 
limited precision, empirical systematics are still 
needed for technical applications. However, due to the 
complex variations of the observed phenomena as a 
function of the composition of the fissioning system, 
they are not suited for accurate predictions for systems 
which are not accessible to experiment. In the present 
chapter, we would like to propose a new kind of em-
pirical description of the fission process, which reveals 
some global tendencies and ordering principles behind 
the complex observations and which has the capability 
for robust extrapolations. 

We take the statistical model as the basis of our 
considerations. However, its application to an out-of-
equilibrium process is not straightforward. Scission-
point models (e.g. [13]) are in conflict with many ob-
servations: E.g. in light-particle-induced fission the 
distribution of K quantum number, which is the pro-
jection of the angular momentum on the symmetry 
axis, is well described by the statistical model when 
applied at saddle [16,17]. In general, it is the time 
scale of the process that is responsible for the evolu-
tion of a specific degree of freedom in comparison to 
the dynamical time of the fission process, which de-
termines the configuration that is most relevant for a 
specific observable, e.g. [18,19].  

Applying the statistical model to a specific con-
figuration on the fission path offers the possibility to 
deduce the relevant properties of the potential-energy 
surface from experimental data. This approach has 
been applied in refs. [20,21,22] to deduce the mass-
asymmetric potential from measured mass distribu-
tions. At high excitation energies, when shell effects 
have washed out, this procedure yields the stiffness of 
the macroscopic potential. By analyzing the body of 
available data, the authors of refs. [20,22] established a 
global parameterization as a function of the fissility of 
the system. 

Applying the same approach to fission-fragment 
mass distributions measured at lower excitation ener-
gies, the microscopic correction to the potential energy 
has been extracted [21]. We extend this procedure by 
applying it to a much larger range of fissioning sys-
tems and by considering the microscopic correction in 
neutron and proton number, and not in mass number as 
done in ref [21]. Figure 6 shows the results for 226Th, 
239U, 252Cf, and 260Md. (See ref. [23] for references of 
the original data.) The microscopic corrections in the 
configuration, which is relevant for the mass split, 
were deduced by assuming a constant-temperature 
level density above the barrier and the Hill-Wheeler 
approach below the barrier. The parameter values ap-

plied are listed in Table 1. For spontaneous fission, the 
oscillator energy of the inverted parabola of the outer 
barrier is given by effT⋅= πω 2h . 

 
TABLE 1. Parameters used for Figure 6. 

System σA  
(macroscopic) 

Teff 

226Th (E*≈11 MeV) 8.8 0.6 MeV 
238U(n,f), En=1.7 MeV) 9.5 0.4 MeV 
252Cf (spont. fission) 11.3 0.6 MeV 
260Md (spont. fission) 12.2 0.6 MeV 

 
 
Two-centre shell-model calculations, e.g. [24], 

suggest that the microscopic corrections to the poten-
tial energy beyond the outer saddle are strongly influ-
enced by the shells of the separated fragments. This 
leads us to the following conclusion: While the macro-
scopic potential can be parameterized as a function of 
Z2/A of the compound nucleus, the microscopic poten-
tial is determined by the numbers of neutrons and pro-
tons in the nascent fragments. This separability prin-
ciple of compound-nucleus and fragment properties on 
the fission path represents a powerful ordering 
scheme. It suggests that the microscopic structures 
deduced in Figure 2 can be traced back to shells in the 
fragments, which should be the same for all systems.  

The success of this approach is illustrated in Figure 
7 in a schematic way. Obviously, the complex behav-
ior of microscopic structure as a function of mass 
asymmetry of the four systems shown in Figure 6 can 
be reproduced already rather well as a superposition of 
only two shells at N=82 and N=92. The choice of these 
shells is motivated by shell-model calculations 
[13,25]. As a specific feature, in 260Md the N=82 shell 
is approximately met in both fragments at the same 
time. This overlay is the reason for the strong and nar-
row shell effect at symmetry, which leads to the ap-
pearance of the narrow symmetric fission component 
observed in this system.  

The parameters of the shells used in Figure 7 are 
listed in Table 2. Following the results of theoretical 
calculations of ref. [26], we consider for 226Th, 239U, 
and 252Cf, where in the standard I fission channel the 
spherical heavy fragment is formed together with a 
strongly deformed light fragment, that the N=82 shell 
appears at N=85 in the final fragments, assuming that 
the heavy fragment receives three neutrons from the 
neck. 

 
TABLE 2. Shell parameters. 

Shell Depth Width (σA) 
N=82 -3.3 MeV 3.5  
N=92 -4.0 MeV 7.0 

 
 



A more realistic description should include the in-
fluence of additional shells. E.g. the Z=50 shell would 
be needed to explain the strong charge polarization of 

the standard I fission channel, where the heavy frag-
ments tend to approach the doubly-magic 132Sn. 

  
 

 

FIGURE 6.  Extraction of the microscopic potential responsible for the nuclear-charge or mass split in fission. The amount the 
measured yields (data points in the upper row) exceed the macroscopic prediction (smooth lines) is attributed to the microscopic 
energy at saddle. The microscopic energies are displayed as a function of atomic number and mass number, respectively, (sec-
ond row) and in a projection on neutron number (third row). 

 
 

 

FIGURE 7.  Comparison of the empirical microscopic potential (points) and two adopted neutron shells (lines) at N=82 (stan-
dard I) and N=92 (standard II). For 252Cf and, more strongly for 260Md, the same shells overlap in the two fragments, and thus 
their sums (SITOT, S2TOT) form the corresponding fission valleys. Data points at very large mass asymmetry, which are as-
sumed to be uncertain, are marked be open symbols. 

 
 
The separability principle makes our approach 

technically rather similar to the scission-point model 
of Wilkins et al. [13]. In both cases, the yields of the 
fission fragments are determined by the phase space 
above the mass-asymmetry dependent potential. There 
is, however, an important difference; While Wilkins et 
al. considered the potential energy at the scission point 
to govern the nuclide formation in fission, the present 
approach assumes that the potential in a configuration 
somewhere between saddle and scission is decisive for 
the mass split in fission. In this way the time scale of 

the fission process is taken into account. Only due to 
the application of the separability principle we assume 
that the shell effects of the fragments are decisive al-
ready at an earlier stage on the fission path. 

CONCLUSION 

A systematic overview on the experimental knowl-
edge in low-energy fission was presented. The data 
could well be parameterized by means of the model of 
independent fission channels with adjusted parameters. 



The parameters of the fission channels vary in a 
smooth and systematic way between actinium and cali-
fornium. As the most remarkable results, the positions 
of the heavy components of the asymmetric fission 
channels were found to be stable in atomic number, 
while they move strongly in mass as well as in neutron 
number. Finally, the microscopic features of the mass-
dependent fission yields could be traced back to shells 
in the nascent fragments. The separability of com-
pound-nucleus and fragment properties of the system 
on the fission path seems to be realized to a good ap-
proximation and makes the macro-microscopic ap-
proach particularly strong in its application to nuclear 
fission. By deducing the microscopic corrections to the 
potential energy from the measured fission-fragment 
nuclide yields and attributing those to two major shells 
in the nascent fragments, we arrived at a remarkably 
realistic reproduction of the microscopic features of 
fission over the whole range covered by experiment. 
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