New Results on Structure Effects in Nuclear Fission
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The secondary-beam facility of GSI provided the technical equipment for a new kind of fission
experiment. Fission properties of short-lived neutron-deficient nuclei have been investigated in in-
verse kinematics. The measured element distributions reveal new kinds of systematics on shell struc-
ture and even-odd effects and lead to an improved understanding of strucure effects in nuclear fission.

1. INTRODUCTION

Nuclear fission is one of the most intensively studied types of nuclear reaction [1,2], but
still the experimental knowledge is rather incomplete. In the last three years, important prog-
ress was achieved on this field by use of the new experimental facilities of GSI. In Mresent
contribution, an overview on these new results is given.

Low-energy fission is a nuclear reaction at the extremes. But unlike many other studies,
which try to reach the highest temperatures in nuclear systems, fission may start at zero tem-
perature. It is a dramatic reordering of cold nuclear matter. It may start in the ground state as
spontaneous fission and proceed by tunnelling through the fission barrier. Even when starting
from excitation energies close to the fission barrier, the system has to pass through cold tran-
sition states at the barrier.

Fission offers unique conditions to study:

The interplay of nuclear structure and dynamics.
Phenomena of nuclear structure at extreme deformation.
The onset of dissipation in cold nuclei.
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The fission process yields many observables, but here we restrict to the fission-fragment
distributions in Z and A. The understanding of the isotopic production in fission has acquired
a renewed interest since its application for the production of neutron-rich secondary beams in
next-generation secondary-beam facilities is intensively discussed.

In the following, we will shortly summarise the actual experimental situation and the pres-
ent understanding of main structure effects in fission.

2. PREVIOUS KNOWLEDGE

An important systematics on mass distributions of fission fragments has been presented in
1974 by Unik and collaborators [3]. All nuclei from 22Th to ***Es were found to fission into
fragments with strongly different mass. Symmetric fission is strongly suppressed. The mean
mass of the heavy component ilelmost stationary. Obviously, this asymmetric fission is con-
trolled by shell effects in the heavy fragment. The most important shells are considered to be
the spherical N=82 shell and a shell at N=90 at large deformation (=0.6) [4].

We find this region of asymmetric fission again on the chart of the nuclides (Fig. 1), which
summarises the actual status of experimental knowledge on ﬁssion-fr&ment distributions.
Only those systems measured at excitation energies less than 10 MeV above the fission bar-
rier are included. From **’Ra up to *°Fm, the mass distributions are double-humped. But the
asymmetric fission dies out on both extremes of the mass range. There is a dramatic change of
the mass distribution to a narrow single-humped distribution found in ***Fm [5]. This is ex-
plained by the formation of two spherical nuclei close to the doubly magic **Sn. Selected
nuclei in this range are accessible to experiment because they decay by sponta@eous fission.
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Fig. 1: Survey on the mass and element distributions measured in previous fission experi-
ments for excitation energies less than 10 MeV above the fission barrier.



But also at the lower end one observes single-humped distributions, e.g. for ?'*Ac. However,
these are much broader. A few mass distributions from low excitation energies could be
measured by use of radioactive targets 22°Ra and *"Ac (see e.g. [6]). Some nuclei in the sus-
pected transition region between “*>Ac and "> At have been produced with excitation energies
around 30 MeV by fusion reactions [7,8,9]. |:|

It is obvious that our experimental knowledge on nuclear fission is rather incomplete. Mass
distributions have been measured ﬂﬂaly 78 nuclei. Element distributions are a more direct
signature of fission, because they are not modified by neutron evaporation from the excited
fission fragments. They are measured with good resolution by in-flight methods for 9 fis-
sioning nuclei only.

Most of the research activity on nuclear fission has concentrated on a few nuclei, e.g. on
23U and #*’Pu, to produce a tremendous amount of high-precision data necessary for the tech-
nical applications in nuclear reactors or in nuclear weapons. It becomes clear from Fig. 1 that,
from a scientific point of view, the knowledge on nuclear fission is still rather scarce.

3. SECONDARY-BEAM EXPERIMENTS

In a conventional fission experiment, a target nucleus is excited, e.g. by neutrons, protons
or photons. The fission fragments reach the detectors with a kinetic energy given by the fis-
sion process. Experiments on low-energy fission are limited by the available target materials.
Up to now, spontaneous fission offers the only possibility to overcome this limitation for
those nuclei of interest which can be produced e.g. by heavy-ion fusion reactions.

The secondary-beam facility of GSI allows now to become independent of available target
nuclei. By fragmentation of a “**U beam at 1 A GeV, many short-lived radioactive nuclei are
produced. After isotopic separation in the fragment separator, several hundred fissile nuclei
are available for nuclear-fission studies [10]. However, they leave the separator with energies
of about 500 A MeV. Therefore, the experiment has to be performed in inverse kinematics. In
our experiment, we excited the secon projectiles by Coulomb excitation in the electro-
magnetic field of a heavy target nucleus. This leads to the excitation of the giant dipole reso-
nance with a mean energy of 11 MeV and a non-negligible width. The width of the excitation-
energy distribution is a certain disadvantage of the new method. It is the price to pay for the
rather free choice of the secondary projectile. On the other hand, the inverse kinematics brings
another advantage. The fission fragments reach the detectors with energies around 500 A
MeV. At these energies, they are completely stripped, and their atomic number can be deter-
mined easily by a AE measurement with excellent resolution, see Fig. 2. As already men-
tioned above, the nuclear charge of the fragments, in contrast to the mass number, is a direct
signature of the fission process. Fission induced by nuclear interactions is strongly suppressed
by the condition that all protons of the secondary projectile are found in the fission fragments.
A remaining contribution is subtracted using data from a low-Z target. A detailed description
of the experimental technique is given in ref. [11].

4. EXPERIMENTAL RESULTS |:|

The peaks of the AE spectrum (Fig. 2) corresponding to the different elements can be inte-
grated to determine the element yields. This has been done for 70 fissioning nuclei. That
means that, with the result of the secondary-beam experiment, the number of systems investi-
gated in low-energy fission has almost doubled.
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Fig. 2: Element distribution of the fission products of **°Th, deduced from the signals of
the ionisation chamber.

The systematic overview in Fig. 3 shows 28 systems in the transitional region from double-
humped to single-humped distributions. The gradual transition is systematically mapped. Al-
most all these element distributions have been measured for the first time. In the centre, the
two fission components compete with each other, leading to triple-humped distributions. In
the following, the theoretical understanding of these results will be discussed.
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Fig. 3: Measured element distributions of fission fragments from electromagnetic-induced
fission of 28 systems from **'Ac to **U.

5. SIGNATURES OF SHELL EFFECTS IN NUCLEAR FISSION

The theoretical work on structure effects in fission presently concentrates on the most re-
alistic description of the shape-dependent potential-energy surface (e.g. refs. [12,13]). The
results look complicated, and the minimisation with respect to higher-order shape distortions
even introduces hidden discontinuities. These discontinuities make it even mﬁcult to



perform full dynamical calculations in order to obtain quantitative predictions of the isotopic
distributions of fission fragments. Up to now, these calculations only serve as a guide to
qualitatively relate the structures in the data to the structures in the potential-energy land-
scape.

Since theory cannot yet provide us with a quantitative prediction, we tried to understand
the data with a semi-empirical approach. The basic idea of our approach has been inspired by
considerations of Itkis et al. [14]. We consider the fission barrier under the condition of a
certain mass asymmetry. The height of the fission barrier V(4) is calculated as the sum of a
liquid-drop barrier and two ss. The liquid-drop barrier is minimum at symmetry and grows
quadratically as a function of mass asymmetry. The shell effects appear at N=82 and N=90. A
more detailed description of the model is given in ref. [15]. This picture provides us with an
explanation for the predominance of asymmetric fission of the actinides. **U serves as an
example to show that the lowest fission barrier appearr asymmetric mass split. Approach-
ing 2**Fm, the shell effects at N=82 in both fragments join, giving rise to a narrow symmetric
mass distribution. In lighter nuclei, the influence of the shells on the fission process is weak-
ened, because they add up to the higher liquid-drop potential at larger mass asymmetry. In
2%8pp, the fission barrier is lowest for symmetric mass splits.

A more quantitative description of this schematic model is given in Fig. 4. The mass yield
Y(A) is assumed to be proportional to the phase space p(A4) available above the fission barrier
at a certain mass split. The initial excitation energy £* above the mass-dependent barrier V(A)
is available for intrinsic excitations. The shell effect in the level density is washed out with
energy as proposed by Ignatyuk et al. [16]. The stiffness C of the underlying liquid-drop po-
tential is deduced from a systematics of the width of measured mass distributions [17]. The
shells are modelled in a way that the c@ula‘[ed yields Y(Z) for **"Th are reproduced.
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Fig. 4: Measured element yields compared to the model predictions (upper parts), and the
assumed variation AV of the fission barrier as a function of the nuclear charge of one fission
fragment with respect to the fission barrier for symmetric splits (lower parts).



Now the model is applied to other nuclei (***Ac and **°Pa) without any further adjustment.
The shells move up and down on the liquid-drop potential just a little bit due to the shift in
neutron number of the fissioning nucleus. These tiny variations are sufficient to substantially
modify the shape of the element distribution just as much as the experimental distributions
change. This good reproduction of the data is a strong argument that this model gives the cor-
rect explanation for basic features of the transition from asymmetric to symmetric fission.

Fig. 5 presents the element distributions, calculated with the same model, for all measured
fissioning systems in comparison with the experimental data. There is an astonishingly good
agreement for the whole systematics.

This success of the very simple model might indicate that the dynamics of the fission proc-
ess tends to wash out the influence of the details of the potential-energy landscape. It is to be
expected that due to the inertia of the collective motion the process does not feel every wiggle
in the potential energy but rather takes a smooth trajectory.
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Fig. 5: Calculated element distributions of fission fragments from electromagnetic-induced
fission of 28 systems from **' Ac to ***U.

6. SIGNATURES OF PAIRING CORRELATIONS IN NUCLEAR FISSION

Let us now address the even-odd structure found in the element distributions. Fig. 6 sum-
marises the systematics of the global even-odd effect known prior to our experiment [2]. From
the few measured systems one can deduce a gradual decrease of the even-odd effect with in-
creasing Coulomb parameter Z*/4'”. This tells us that the dissipation leads to hi@er prob-
ability of pair breaking for the heavier systems.

From the large number of element distributions measured in our experiment, we could de-
duce a few additional systematic trends. The first one is illustrated in Fig. 7. The left upper
part shows the element distribution of **’Ac. It looks smooth at the first sight. But an ampli-
fied view on the wings of the distribution reveals a strong even-odd structure. With respect to
a smooth distribution, there is an enhanced production of even-Z elements in the light tail and
an enhanced production of odd-Z elements in the heavy tail. The local even-odd structure can
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Fig. 6: Systematics of global even-odd effects in fission-fragment element yields.

quantitatively be determined by the logarithmic third difference &, introduced by Tracy et al.
[18]. The local even-odd effect amounts to more than 20% in the wings. The same effect is
found for **Pa. Also all the other odd-Z fissioning systems investigated show the same fea-
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Fig. 7: Measured element distributions (upper part) and deduced local even-odd effect (lower
part) after electromagnetic fission of *’Ac and ***Pa.



We conclude that the unpaired proton prefers to go to the heavy fragment. The explanation
can probably be found in the larger value of the single-particle level density in the heavy
fragment, which scales with the volume.

The secondary-beam experiment is the first one to yield the even-odd effect for symmetric
charge splits. This allows to follow the variation of the even-odd effect in even-Z fissioning
systems over a large range of charge asymmetry. We observe a strong increase of the local
even-odd effect in the wings of the distribution as can be seen in Fig. 8 for *°Th and ***U.
Also all the other even-Z fissioning systems show the same feature. We explain this finding
again by the large single-particle level density in the heavier fragment. When one proton pair
is broken, the unpaired protons both prefer the heavy fragment. Previously an increased local
even-odd effect in extremely asymmetric fission found in **U(ng,f) was interpreted as a di-
rect measure of the temperature at scission [19]. This interpretation must be revised on the
basis of our new results [20].
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Fig. 8: Measured element distributions (upper part) and deduced local even-odd effect (lower
part) after electromagnetic fission of *Th and ***U.

The new features found in even-odd structures of fission-fragment distributions [20],
which are not explained by any of the available models [21,22], motivated us to reconsider the
theoretical understanding of pair breaking in fission [23]. These considerations allowed| ug to
address a last topic, which refers to a new interpre@ a long-standing puzzle. Fission-
fragment distributions measured at very high total kinetic energies allow to determine primary
yields in proton and neutron number, since neutron evaporation is impossible or strongly sup-
pressed. Data of this nature only exist for three systems, 23U (g, 1), 2 U(ng,f) and Z’Pu(ng, ).
The even-odd effect in proton number is found to be much larger than the even-odd effect in



neutron number. At the first sight, this is a surprising result, because the even-odd structures
in proton and neutron number in the binding energies are about equal.

It is important to take into account that a cold nucleus is a two-component superfluid sys-
tem. This is a very interesting and very specific property of nuclei. Therefore, the dissipation
process in fission may lead to quasiparticle excitations and still one of the subsystems remains
completely paired. In our new approach, we formulated the probability P;* to preserve a com-
pletely paired proton configuration as the probability to store all the dissipated energy in the
neutron subsystem. It is given by the partial level density of pure neutron excitations divided
by the total level density. The probability P," to preserve a completely paired neutron con-
figuration can be calculated in an analogous way by the partial level density of pure proton
excitations divided by the total level density. A rigorous formulation on the basis of the super-
fluid nuclear model results in the curves shown in Fig. 9. Due to the neutron excess in the
fissioning nuclei, Py~ is much larger than P;". When the measured even-odd effects in proton
number are taken to determine the excitation energy at scission, the resulting even-odd effects
in neutron number coincide rather well with the theoretical curve.
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Fig. 9: Calculated survival probabilities of the completely paired proton and neutron configu-
rations as a function of excitation energy at scission (left scale) and experimental data on the
proton and neutron global even-odd effects at high kinetic energies of the light fragments
(right scale) for the fissioning nuclei 24U (Ekin = 111 MeV) [24], **°U (Ekin=108 MeV) [25],
and **’Pu (Ekin = 111 MeV) [26]. - —
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7. SUMMARY

We would like to stress that nuclear fission is a unique laboratory. There are two essential
very specific features which are not found in other systems, e.g. in the decay of metallic clus-
ters. Firstly, the electric charge in nuclei is homogeneously distributed over the whole vol-
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ume. This gives rise to a “true” fission process which is essentially symmetric. Shell effects
modulate this feature. Secondly, cold nuclei are two-component superfluid systems. This
gives rise to particularly complex features in pair breaking.

Experiments with secondary beams using elaborate experimental installations available at

GSI opened up new possibilities for experimental studies of nuclear fission. New systematic
results for a continuous region of fissioning systems have been obtained.

to

The new results are consistent with statistical concepts to an astonishingly high degree.
Although the full understanding of the dynamics of fission is still missing, one came closer
a quantitative description of structure effects in fission.
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