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Abstract: The results from a series of experiments performed with a novel inverse-kinematics
approach using the experimental installations of GSI, Darmstadt, gave a new global insight into the
nuclide production in fission reactions. Combined with previous results, this large body of data has
been used to develop a new semi-empirical macroscopic-microscopic fission model.

Introduction

Several years ago, a research program has been initiated for studying the nuclear
fission process with a new experimental approach by using relativistic heavy-ion
beams provided by the SIS18 synchrotron accelerator of GSI, Darmstadt. The
essential feature of this approach consists in providing the fissile nucleus to be
investigated as a projectile, either as a primordial nuclide directly from the ion
source of the accelerator complex or as a secondary beam. Fission is induced by
electromagnetic or nuclear interaction in a suitable target. By inverting the
kinematics with respect to conventional fission experiments, in which the fission
products of the target nucleus are measured, the fission products of the projectile
nucleus appear with considerably higher kinetic energies, and thus the detection
and identification of all fission products becomes feasible. The present contribu-
tion provides an overview on the new experimental possibilities offered by the
installations of GSI. An overview on the experimental results on multimodal
fission in the light actinides and on nuclide production cross sections in spalla-
tion and fragmentation reactions will be given.

These experiments do not directly respond to the requests on nuclide production
in fission reactions from applications in nuclear technology and fundamental
research, since only a limited number of key reactions could be studied due to
the tremendous experimental effort. Therefore, a nuclear-reaction code has been
developed on the basis of the body of measured data and which can be used for
reliable predictions of nuclide production with different projectile and target
nuclei and at different beam energies. As an important part of this code, a new
fission model will be described in some detail. It is based on the powerful mac-
roscopic-microscopic approach. In contrast to other purely theoretical descrip-
tions, however, several critical ingredients, which cannot be predicted with the
desirable accuracy, are extracted from the available experimental data.

Experimental results on multimodal fission in the light actinides

The secondary-beam facility at GSI was used to produce more than 70 different
neutron-deficient actinides and pre-actinides by fragmentation of a ***U beam at
1 A GeV in a primary beryllium target. The fragmentation residues were sepa-



rated and unambiguously identified event by event in atomic number Z and mass
number 4 using the fragment separator FRS. These secondary beams impinged
on a secondary lead target mounted at the exit of the FRS, where fission was
induced by electromagnetic excitations and by nuclear collisions. The nuclear
charges and the kinetic energy of both fission products were determined from
the measurement of their energy loss and time of flight, see Figure 1. The energy
loss was measured in a vertically subdivided ionisation chamber with a common
cathode. The velocities of both fission residues were deduced by the time-of-
flight measurement from a plastic scintillator placed in front of the secondary
target to a plastic-scintillator wall located 5 meters behind. The time-of-flight
was used to correct the velocity dependence of the energy loss measured with
the ionisation chamber and to determine the kinetic energies of the fission resi-
dues.
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Figure 1: Left part: Schematic drawing of the set up for the fission experiment with secondary
beams. Right part: Cluster plot of the nuclear charges of the two fission fragments from ***Th.

A selection on fission events induced by electromagnetic excitation was per-
formed by requiring that the nuclear charges of the two fission fragments sum
up to the number of protons in the secondary projectiles. A remaining fraction of
nuclear-induced fission events was subtracted on the basis of the nuclear-charge
spectrum from fission induced in the scintillator where the cross section for
electromagnetic excitation is negligible. Electromagnetic excitations populate
states at excitation energies around 11 MeV with a width of a few MeV. In this
energy range, shell effects still have a dominating influence on the nuclide dis-
tributions produced in fission. A detailed description of the experiment is given
inref. [1].

The elemental yields and the total kinetic energies of fission residues produced
by electromagnetic excitation of secondary projectiles from At to “**U have
been determined. In Figure 2, the elemental distributions of fission residues of
28 secondary beams between 2'Ac and ***U are shown. The transition from
symmetric fission in the lighter systems to asymmetric fission in the heavier
ones is systematically covered for the first time. In the transitional region,



around **°Th, triple-humped distributions appear with comparable intensities for
symmetric and asymmetric fission.

The present knowledge on the global characteristics of the fission-fragment
mass, respectively element distributions, in low-energy fission, acquired by all
the experimental effort is summarized in Figure 3. The secondary-beam experi-
ment has brought a systematic coverage of the transition from predominantly
symmetric fission to predominantly asymmetric fission for fissioning systems
around mass number 226. Previous investigations on these nuclei were rather
hampered due to the lack of suitable target material. The large field of predomi-
nantly asymmetric fission in the actinides is also quite well covered by some 50
systems, by neutron- or light-charged-particle-induced fission of available target
material or by spontaneous fission of nuclei produced in fusion reactions. The
second region of bimodal fission with a transition back to symmetric mass dis-
trib;lstsion is just observed for the heaviest systems accessible to experiment, e.g.
for ~°Fm.
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Figure 2: Measured fission-product element distributions in the range Z = 24 to Z = 65 after electro-
magnetic excitation of 28 secondary beams between *' Ac and ***U on a chart of the nuclides.
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Figure 3: Present knowledge on mass and element distributions of fission products illustrated on the
chart of the nuclides. Circles mark the fissioning systems investigated by conventional experiments
in normal kinematics. Crosses denote the secondary beams investigated in the secondary-beam
experiment performed at GSI in inverse kinematics.



Experimental results on nuclide production in spallation- and fragmenta-
tion-fission reactions with **U

In another experimental configuration, the fragment separator FRS was used as a
tool to separate and identify all reaction products in atomic number Z and mass
number 4. However, this configuration is only applicable to beams of primordial
nuclides. Due to the limited acceptance of the fragment separator in angle and
magnetic rigidity only one fragment in limited magnetic-rigidity range can be
detected at a time. However, the full nuclide production can be reconstructed by
combining the results obtained with different magnetic fields. As a highly fissile
projectile, **U with energies up to 1 4 GeV from the GSI accelerator facility
was used to induce fission in electromagnetic excitations and nuclear collisions
in different targets. In addition to the nuclide identification, see Figure 4, the
recoil separator FRS also gives access to the reaction kinematics, and this in-
formation allows distinguishing fission events from other reaction channels, see

Figure 5.
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Figure 4: Schematic view on the fragment separator, operated as a magnetic spectrometer to identify
the reaction products from the target (left part). Identification pattern of the light residues produced
in the reaction 2*U (1 4 GeV) + 'H (right part, from ref. [8]).
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Figure 5: Demonstration of the kinematical cut due to the limited angular acceptance of the fragment
separator. Residues emitted under small angles form different patterns: Fission residues appear in



two humps from forward and backward fission, while evaporation residues appear in a single Gaus-
sian-like distribution (from ref. [8]).

From the different studies on fission of >*%U, e.g. [2, 3, 4, 5], we present the
results of two experiments with a 1 4 GeV beam on a lead target [6] and on an
hydrogen target [7, 8, 9, 10], respectively. A systematic overview on the full
nuclide production in the reaction 2**U + 'H and on the fragmentation-fission
residues in the reaction **U + Pb is shown in Figure 6.
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Figure 6: Measured nuclide production cross sections from the reactions 2**U (1 4 GeV) + 'H (left
part, from refs. [7, 8, 9, 11]) and ***U (1 4 GeV) + Pb (right part, from ref. [6]). For **U + 'H, where
spallation-evaporation and spallation-fission residues are rather separated in mass, all residues above
Z = 6 are shown. For **U + Pb, only fragmentation-fission residues are shown, because they
strongly overlap with the spallation-evaporation residues. This experiment covered all elements
between Z = 32 and 59.

One can observe that the nuclide distributions of the two reactions are rather
different. The ***U + 'H system mainly produces symmetric fission. The iso-
topes are situated close to beta stability. The >**U + Pb system mainly produces
asymmetric fission, typical for low-energy fission in the actinide region. The
main production is very neutron rich. This difference is explained by the differ-
ent interactions leading to fission. While the proton, with its energy of 1 GeV in
the projectile frame, mostly interacts with the uranium projectile by violent
nuclear collisions, leading to a broad excitation-energy distribution which
reaches up to several hundred MeV, the lead target nuclei also excite the ura-
nium projectile by electromagnetic excitations with a large cross section at large
impact parameters without any nuclear interaction. In this system, nuclear inter-
actions with the lead target nuclei, which have a kinetic energy of 208 GeV in
the projectile frame, in most cases lead to multifragmentation or total disassem-
bly of the projectile and thus do not contribute to fission.

Semiempirical macroscopic-microscopic fission model



In the following we present our model for the prediction of the nuclide distribu-
tion in fission. The model is imbedded in the dynamic de-excitation code ABLA
[8], which considers the competition between evaporation of neutrons, light
charged particles and intermediate-mass fragments on one side and fission on
the other side. For excitation energies above the corresponding threshold also
break-up and the simultaneous emission of several fragments is considered [12].
Fission is treated as a dynamical process, taking into account the role of dissipa-
tion in establishing quasi-equilibrium in the quasi-bound region by the imple-
mentation of a time-dependent fission-decay width [13]. When the system
passes the fission barrier and proceeds to fission, it is characterised by mass and
atomic number, excitation energy and angular momentum. It is the aim of our
model to follow the descent from saddle to scission of the system and to predict
the probability that its ends up in one of the many possible splits in Z and 4. We
would like to mention that preliminary versions of this model have been pre-
sented previously [14, 15].

Most model descriptions of the fission process follow one of the following two
roads: Either the evolution of the fissioning system is described with a purely
theoretical model or the measured distributions of nuclides, kinetic energies and
other observables are fitted by suitable functions with empirically determined
parameters. The first road, i.e. the purely theoretical approach, is very challeng-
ing. Due to the complexity of the problem, any theoretical model has to intro-
duce rather severe simplifications. In addition, one has to face the problem that
the theoretical models are able to predict the relevant properties of a nuclear
system only with a limited accuracy. This is obvious for the potential-energy
surface in deformation space. Even in the nuclear ground state configuration,
where the single-particle structure is generally studied very well, e.g. by nuclear
spectroscopy, the empirical binding energy can only be reproduced with a stan-
dard deviation in the order of half an MeV. Such deviations are crucial for fis-
sion, e.g. a shift of 500 keV in the ground-state binding energy modifies the
spontaneous-fission half life by about 2 orders of magnitude [16]. Similar or
even larger uncertainties are expected in the competition between different fis-
sion paths in low-energy fission. Thus, these models are very important for im-
proving our understanding of the fission process, but their ability for quantitative
predictions seems to be still rather limited. Following the second road, develop-
ing purely phenomenological models, one is able to reproduce measured data
very well. However, the predictive power of phenomenological models for ex-
trapolations far from explored regions is rather low due to the lack of the essen-
tial physics. We have chosen an intermediate approach based on physical mod-
els but using adjustments to experimental data. Of course, also our approach
needs several simplifications in order to be tractable. We have tried to choose
our simplifying assumptions in best accordance with present theoretical knowl-
edge.

Starting with Fong [17] and followed later by Wilkins et al. [18], the statistical
model has been taken as the basis of most fission models. Since the available



phase space is a very important driving force of any process in nature, we con-
sider the statistical model as the basis also of our model. In both previous mod-
els, it was avoided to consider dynamical effects by applying the statistical
model at the scission configuration. This is a rather severe simplification, which
is certainly not realistic. Depending on the relaxation times of the different col-
lective degrees of freedom, some memory on previous configurations might be
present. Therefore, we will discuss this point with some care.

First we start considering fission at high excitation energy, where shells and
pairing correlations are negligible. Observed mass distributions of heavy fission-
ing nuclei above the Businaro-Gallone point (i.e. Z*/4 > 22) from high excitation
energies can well be described by a Gaussian distribution. This finding has been
related to the available number of states above the potential energy as a function
of mass asymmetry, since the potential can be approximated by a parabola near
the minimum appearing at mass symmetry [19]. The second derivative c, = d*U
/(d4;)* of the potential as a function of the mass of one of the nascent fragments
is related to the standard deviation o, of the mass distribution by the following
relation:

g (1)
2.,

T is the nuclear temperature, which is related to the excitation energy of the
fissioning system E = a T°. The coefficient a is the level-density parameter.

This relation is a very important starting point of our model. Firstly, there exists
a large body of experimental data on o, values, which provides the empirical
data basis for a realistic prediction of fission mass distributions when structural
effects are negligible. Secondly, the empirical result that the variance o, is
proportional to the nuclear temperature supports the validity of the statistical
model. However, it is difficult to extract from these data, at which moment on
the descent from saddle to scission the decision on the width of the mass distri-
bution is taken. We can imagine two possible extremes. In one case, the phase
space at the saddle point determines the mass asymmetry of the system, which is
more or less frozen on a fast descent to scission. In the other case, the mass
asymmetry degree of freedom adjusts very fast to the potential and thus it is
finally determined at scission. Since a variation of the mass asymmetry is con-
nected with a substantial transport of nucleons and, thus, the inertia should be
large, we tend to support the first possibility. Following this idea, we take the
systematics established in ref. [19] using the temperature at saddle in equation
(1) for deducing the second derivative c, of the potential from the experimental
data. In fact, Itkis and Rusanov deduced a direct relation of c, with the fissility
parameter Z/4 of the fissioning nucleus. Thus, we have the first quantitative
relation we use in our model to calculate the width of the mass distribution in
case of sufficiently high excitation energies.



Considering the fission process at lower excitation energies, our approach has to
be substantially extended in order to include the appearance of fission channels.
Early ideas for this concept are formulated in ref. [20]. Our experiments on
multimodal fission in the light actinides [1] have considerably enriched our
knowledge on the variation of structural effects in fission as a function of the
nature of the fissioning system in terms of mass and atomic number. In particu-
lar, the gradual transition from double-humped mass distributions around **U to
single-humped mass distributions around ***Pb has systematically been mapped.
This experiment provides valuable information on the fission characteristic of
specific fissioning systems at rather well defined excitation energies. We have
used this specific information for developing the description of fission channels
in our model, which should then be able to calculate the nuclide production in
spallation-fission and fragmentation-fission reactions as the superposition of
fissioning systems in many de-excitation processes from a large number of ex-
cited pre-fragments and a wide range of excitation energies.

Following the hypothesis that the mass asymmetry degree of freedom is essen-
tially frozen at saddle, the probabilities for the population of the different fission
channels should be decided at the outer saddle. Therefore, we assume that there
is a direct correspondence between the shape of the potential at the outer saddle
as a function of mass asymmetry and the population of the fission channels. The
appearance of each fission channel is linked to a specific minimum in the mass-
asymmetry dependent potential at the outer saddle. At this stage we empirically
determine the depths and the widths of potential minima of the different fission
channels by the weights and the widths of the corresponding components in the
empirical nuclide distributions. For this purpose, we need to calculate the num-
ber of states available in the different potential minima. This time, the Fermi-gas
level density is not realistic: We have to consider the level density in a configu-
ration with a substantial shell effect. For this purpose, we use the analytical
relation proposed by Ignatyuk et al. [21].

The description of Ignatyuk et al. requires the knowledge of the macroscopic
potential. According to the previous discussion, we represent it by the parabolic
potential deduced by Itkis et al. [20] from the widths of the mass distributions at
high excitation energies.

As a starting point for the quantitative determination of the shell effects at the
outer barrier, we consider the mass distribution of the fission fragments from
¥U(n,f). As demonstrated in Figure 7, one obtains a rather consistent descrip-
tion, which reproduces the decrease of the relative population of the asymmetric
fission channels with increasing excitation energy just by introducing two addi-
tional shells corresponding to the Standard 1 and Standard 2 fission channels,
and by considering the washing out of the shell effects. Up to now, the shells at
the outer barrier are formulated as a function of mass asymmetry. At this stage,
we have a look to the results of two-centre shell-model calculations. They reveal
that the shell effects at the outer barrier in ***U are qualitatively similar to the
shells in the separate fragments. It seems that the structure of the wave functions



is quite similar all the way from the outer saddle to scission. This is not valid
any more for more compact shapes, since the energetically favoured shape at the
inner saddle is triaxial and mass-symmetric. Thus, we can profit from the inves-
tigations of Wilkins et al. [18] on the scission-point configuration, who stated
that the most important shells behind the Standard 1 fission channel are N = 82
and Z = 50, while the Standard 2 fission channel is related to the N =~ 90 strongly
deformed shell. Following these ideas, we attribute the two fission channels to
the shells in the nascent heavy fragment mentioned above, while we neglect the
influence of shell effects in the light fragment. From our adjusted parameters it
appears that the spherical N = 82 and Z = 50 shells are considerably weaker than
the shell effects we know from the ground-state masses around '**Sn. It might be
assumed that the additional matter in the neck disturbs the symmetry of the
nascent heavy fragment and reduces the shell gaps compared to the ideal spheri-
cal configuration we meet in '**Sn. The dominating appearance of the Standard
2 fission channel in ***U(n,f) seems to indicate that the deformed N = 90 shell,
which appears less strong in the separate fragments, see the results of the shell-
model calculations in ref. [18], is less affected by the neck.

Once we have introduced the N = 82 and Z = 50 shells, we should consider the
N/Z degree of freedom. In order to include this degree of freedom, we replace
the common Standard 1 shell effect, which was formulated as a function of mass
asymmetry, by two contributions from the N = 82 and the Z = 50 shells. In fact,
we use the known ground-state shell effects of the nuclei around "**Sn with an
adjusted reduction factor. This way, the shell effect at saddle responsible for the
Standard 1 fission channel varies as a function of N/Z of the fissioning nucleus.
It is maximal for fissioning systems, which have the same N/Z as '**Sn.

Figure 7: Calculated mass distributions (pink symbols) for neutron-induced fission of ***U in com-
parison with experimental data (black symbols) [22, 23] for different values of the excitation energy
above the fission saddle of the composite system 2U. The calculated individual contributions of the



different fission channels are shown in addition: Standard 1 (green), standard 2 (blue), and superlong
(orange).

After having adjusted the strengths and the widths of the three shells to the mass
distributions of the system ***U(n,f), we are interested to check the predictive
power of the model by applying it to other systems. We have chosen five iso-
topes around ***Th, were we have observed a triple-humped mass distribution.
The good agreement with available experimental data in Figure 8 proves that a
common description of *°U and a series of thorium isotopes around ***Th is
possible by using the same set of parameters.

This result is not too surprising if the assumptions of our model are approxi-
mately valid. In particular, the shell effects at the outer saddle should have
strong similarities to the shell effects in the separate fragments. Thus, they are
only a function of Z and N of the nascent fission fragment, while they should be
rather independent from the fissioning system.

Considering this success, we conclude that our model has a remarkable predic-
tive power, once the parameters have carefully been deduced from experimental
fission-fragment distributions.

We may formulate the most salient feature of our model as a rather peculiar
application of the macroscopic-microscopic approach to nuclear properties. In
our consideration of the properties of the fissioning system at the saddle con-
figuration, we may attribute the macroscopic properties to the strongly deformed
fissioning system, while the microscopic properties are attributed to the qualita-
tive features of the shell structure in the nascent fragments. This way, the mac-
roscopic and the microscopic properties are strongly separated, and the number
of free parameters is independent from the number of systems considered.
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Figure 8: Calculated element distributions for *****262%22T}h (from left to right) for excitation
energies of 10, 20 and 60 MeV(from bottom to top). The model parameters are the same as in Figure
7. Available experimental data from [1] are shown as black symbols for comparison.



For completeness, we should mention that the model not only describes mass
distributions but also considers the charge polarization in the nuclide production.
Since there is only very little nucleon exchange necessary to exploit the full
variation in N/Z to be expected, we assume that the charge polarization is deter-
mined near scission. Quantitatively, the charge polarization is governed by the
macroscopic contributions to the energy at scission [24] in most cases. Only the
simultaneous influence of the Z = 50 and N = 82 shells lead to a rather important
deviation from this trend for the Standard 1 fission channel, which tends to pro-
duce nuclides closer to the doubly magic '**Sn.

The full ABLA code, together with a suitable parameterization of the prefrag-
ments originating from nuclear-collision stage, was used to calculate the full
nuclide distribution in the system ***U (1 4 GeV) + 'H [8] as shown in Figure 6.
Better than comparing the two-dimensional production cross sections on a chart
of the nuclides, which almost looks identical to the experimental result, we
compare in Figure 9 the mean values and the FWHM of the isotopic distribu-
tions. This gives a more qualitative benchmark of the code. Obviously, the com-
plex structural effects are very well reproduced. In particular, one can identify a
strong contribution of the Standard 1 fission channel, responsible for the produc-
tion of neutron-rich isotopes above tin and leading to an increase of the mean
N/Z ratio and an even stronger increase of the width of the isotopic distributions.
The gradual decrease of the N/Z ratio between Z = 60 and Z = 70 corresponds to
the transition from spallation-fission to spallation-evaporation in this range. The
data of the system >*U (1 A GeV) + Pb are reproduced with a similar quality.
To obtain this good agreement, it is mandatory that the code calculates the fis-
sion fragments for a large number of fissioning systems in a large range of exci-
tation energies in a realistic way.

<N>/Z

FWHM

ZFRAG

Figure 9: Comparison of the mean values and the FWHM of the isotopic distributions as a function
of element number obtained in the reaction ***U (1 4 GeV) + 'H [8] in experiment (black symbols)



and calculation (blue line). Contributions from spallation-evaporation and spallation-fission are
included.

Conclusion

The systematic measurements performed at GSI with a novel experimental ap-
proach have considerably enriched our knowledge on the characteristics of nu-
clide production in fission. These results were used together with other experi-
mental data to develop a new macroscopic-microscopic fission model with sim-
plified assumptions on the dynamic of the system and an empirical adjustment
of the potential-energy landscape of the fissioning system. The good reproduc-
tion of the nuclide distributions for a number of different fissioning systems over
an extended mass range indicates that the assumptions of the model are rather
realistic. Imbedded in a nuclear-reaction code, the model is able to reproduce the
nuclide distribution in the spallation of >**U quite well.
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