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Abstract: The secondary-beam facility of GSI Darmstadt was used to study the fission prop-
erties of 70 short-lived radioactive nuclei. Most of them have not been accessible so far in
conventional fission experiments. Relativistic secondary projectiles were produced by frag-
mentation of a 1 A GeV 2*U primary beam and identified in nuclear charge and mass number.
Using these reaction products as secondary beams, the giant resonances, mostly the giant di-
pole resonance, were 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 obtained for a number of neutron-deficient actinides and pre-
actinides. The characteristics of multimodal fission of nuclei around *’Th were systematically

investigated. The proton even-odd effect was determined for all systems.
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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 excitation energies below or slightly above the fission barrier. Data on low-energy nu-
clear fission have general implications on the understanding of the influence of shell structure
on nuclear dynamics and of the viscosity of cold nuclear matter. However, in spite of several
decades of intense work, the experimental information on nuclear fission has been still rather
limited. In particular, the choice of fissioning systems to be investigated has been very much
restricted by technical constraints. Therefore, an effort has been made recently [1] to over-
come the severe restrictions of conventional fission experiments in order to extend the body of
experimental data. The present work reports on an experiment performed with a novel tech-
nique: The fission of relativistic secondary projectiles was studied in flight. The benefit of the
inverse kinematics on the electromagnetic excitation mechanism [2] and on the detection of
the fission fragments [3,4,5,6,7] has been demonstrated in several experiments with relativis-
tic 28U primary projectiles. In order to extend the investigations to many other fissioning nu-
clei, the present work takes advantage of the relativistic radioactive beams available at GSL
Since this experiment is representative for the potential progress in nuclear physics brought
about by the use of secondary beams, the specific experimental conditions which differ con-
siderably from those of conventional fission studies are described in detail. In addition, the
large body of new data is presented, and a first analysis of the results is given. However, first
the present understanding of structural effects in fission will be shortly summarised in order to
work out the open problems where progress is most urgently needed.

1.1 Shell structure

Different components appear in the yields and in the kinetic-energy distributions of the fis-
sion fragments from different compound nuclei. This is illustrated in Figure 1, where some
examples of previously measured mass distributions of fission fragments are shown on a chart
of the nuclides. The relation of the observed structures to shell effects of the fissioning system
was pointed out [8,9,10,11]. It has been proposed to understand these findings as a superposi-
tion of different components, named “fission modes” or “fission channels” [12,13,14,15]. At
low excitation energies, all nuclei with mass numbers from 230 to about 256 predominantly
divide into a heavier and a lighter fragment while symmetric splits are strongly suppressed.
Over this whole range, the gross behaviour of the fission process 1s governed by the constant
position of the heavy component around mass number 138 (ref. [16]). The fission characteris-
tics of these nuclei can rather well be described by a superposition of three fission channels:
two mass-asymmetric channels (“standard I” and “standard II"") as well as a weak contribution
of the “superlong” channel at mass symmetry. When considering the deformation of the nas-
cent fragments in the scission configuration, Standard I is characterised by a spherical heavy
fragment around mass number 134 and a deformed light fragment. Standard Il is characterised
by a deformed heavy fragment near mass number 145 and a slightly deformed or spherical
light fragment. Finally, in the “superlong” channel both fragments are strongly deformed. The
latter becomes more important in fission at higher excitation energies. Some data are available
that reveal remarkably different features in the mass distributions of fissioning nuclei with
masses larger than 256 and of nuclei with masses lower than 230, respectively. First, for a
very limited number of nuclei around *Fm, a very specific symmetric channel shows up with



a narrow mass distribution and exceptionally high kinetic energies (refs. [17,18,19,20]) which
can be understood as the formation of two spherical fission fragments near the doubly magic
1328n (refs. [14,21,22,23,24)). Secondly, for a few nuclei around e, triple-humped mass
distributions have been measured (refs. [25,26,27,28,29,30,31,32]), and, finally, near *"Ac
symmetric fission prevails (ref. [27,33]).
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Figure 1: Isotopes investigated in low-energy fission. Circles: Mass distributions meas-
ured in previous experiments for excitation energies less than 10 MeV above the fission
barrier. Crosses: Systems investigated in the present experiment. Additionally, examples
of previously measured fission-fragment mass distributions are shown (data from refs.
[20,30,38,52]). For orientation, the primordial isotopes are indicated by squares.

According to refs. [13,14,15], the fission channels are identified with valleys in the poten-
tial-energy surface of the highly deformed system due to shell effects. The valleys extend in
the direction of elongation, and they reach from deformations near the fission barrier to scis-
sion. However, it is not clear, how the fissioning system evolves on the way from saddle to
scisston, There exist models in which the characteristics of the fission fragments were exclu-
sively deduced from the properties of the scission configuration, for example the early statisti-
cal fission model of Fong [8] or the rather successful thermodynamical model of Wilkins,
Steinberg and Chasman [11]. Others expect a decisive influence of the density of transitional
states at the fission barrier on the fission process [34,35,36,37,38,39,40]. A realistic descrip-
tion would have to consider the complex nature of the shell structure with possible bifurca-
tions of different fission valleys (see for example ref. [14]) as well as the influence of viscos-
ity and inertia on the collective motion from saddle to scission. The description of fission dy-
namics has been a challenge for a long time, see for example refs. [41,34,42,43]. Most prom-



ising attempts are actually being made [44,45], but a complete dynamical description of low-
energy fission is not yet available.

1.2 Pairing correlations

As one of the most outstanding features of fission-fragment yields in low-energy fission of
compound nuclei with even number of protons, the production of fission fragments with even
number of protons has been found to be generally enhanced {46]. This was interpreted as a
signature that completely paired proton configurations are preserved up to the scission point
[47] with a high probability. It was assumed that the even-odd structure would disappear when
at least one proton pair was broken due to the heating of the fissioning system. On the basis of
this assumption, conclusions were drawn from the observed even-odd effect on the heating of
the nucleus undergoing fission on the way to the scission point, and hence about the viscosity
of cold nuclear matter [48].

While the number of neutrons of the fission fragments is strongly influenced by neutron
evaporation after fission, the number of protons carries direct information on scission. How-
cver, identification methods faster than the beta half-lives have to be used. This criterion is
met for example by experiments at LOHENGRIN [49,50,51,52,53,54,55] and COSI FAN
TUTTE [56,57,58] at the neutron high-flux reactor of the Institute Laue-Langevin in Grenoble
(France). Also the identification method used in the present work is faster than beta decay by
many orders of magnitude.

Previously measured data indicate that the even-odd effect in elemental yields varies
strongly from one fissioning system to another. In addition, for some of the systems, a varia-
tion of the even-odd structure as a function of the charge split has been found [59,60]. These
variations have been interpreted as a corresponding variation of the energy that is dissipated
between saddle and scission [47]. In particular, it was concluded that, comparing different fis-
sioning nuclei, the amount of dissipated energy grows strongly with increasing fissility and
that, comparing different charge splits of the same system, extremely asymmetric fission proc-
esses proceed with especially low dissipation [59,60].

1.3 Experimental situation

The experimental knowledge on nuclear fission is still rather limited. Up to now, low-
energy fission, that means fission from excitation energies below or close to the fission bar-
rier, could only be investigated for spontaneously fissioning nuclei and for those nuclei that
could be reached by exciting sufficiently long-lived target nuclei. During almost six decades
since the discovery of nuclear fission, experimental studies on low-energy fission were re-
stricted to about 80 fissioning nuclei (see Figure 1). They represent only about 15 percent of
all known nuclei with Z above 82. Previous attempts to overcome these restrictions were lim-
ited to a few very specific cases (e.g. ref. [61]) or they could not reach sufficiently low excita-
tion energies [32,62]. Data on the fission properties of nuclei far from the beta-stability line or
in the region between *>At and Ra are urgently needed in order to substantially improve the
experimental data basis for the understanding of the influence of nuclear structure on fission
dynamics. The transitional region below *°U from asymmetric to symmetric fission is par-
ticularly interesting, because here the competition between different fission channels is ex-



pected to reflect structural effects in the potential-energy landscape in a very sensitive way,
similar to the transitional region around *’Fm.

The data basis for the even-odd structure in fission-fragment yields is even much more re-
stricted. Therefore, general conclusions on pair breaking in fission must be considered with
precaution. It would be highly desirable to extend the experimental knowledge on fission-
fragment nuclear-charge distributions in a systematic way.

In the present work we present the details of the novel experimental technique, the data
analysis and the general results on the influence of shell effects and pairing correlations on
fission-fragment nuclear-charge distributions and total kinetic energies for neutron-deficient
actinides and preactinides.

2. THE EXPERIMENTAL METHOD

2.1 The benefit of radioactive beams

During the last years, secondary beams became available in many laboratories. Numerous
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 -- 11 is a famous exam-
ple -~ the present work reports on a first series of experiments performed with beams of heavy,
short-lived radioactive nuclei in order to extend our knowledge on nuclear fission.

The use of radioactive beams gives access to a large new field of fissioning systems and
thus overcomes a severe restriction of conventional experimental techniques. The secondary-
beam facility of GSI Darmstadt offers unique possibilities to provide secondary beams of
neutron-deficient actinides and preactinides, produced by fragmentation of 28U, Within the
limits given by the primary-beam intensity and the fragmentation cross sections [63,64], nu-
clear-charge and mass number of the nuclei to be investigated can freely be selected by tuning
the fragment separator. Excitation in-flight of the relativistic secondary projectiles in the
strong electromagnetic field of high-Z target nuclei was used to populate states in the vicinity
of the fission barrier with the high cross sections of several barns required for experiments
with low-intensity secondary beams. With a probability which depends on the actual nucleus
considered, the electromagnetic excitation leads to fission. The fission fragments were re-
corded with a dedicated detector set-up to determine their yields and kinetic energies [1,65],
as well as the fission cross sections {66]. Since the fission in inverse kinematics provided the
fission products with very high velocities in the laboratory frame, they were fully stripped.
Therefore, the elemental fission-fragment yields could be determined with high resolution.
This allowed also to increase our knowledge on even-odd structure in fission considerably.

2.2 Preparation of the secondary beams

The secondary beams were produced by fragmentation of a 28 primary beam at 1 A GeV
in a 657 mg/cm2 Be target at the entrance of the fragment separator FRS [67]. The fragment
separator with the most important detectors used to prepare the secondary beams is schemati-
cally shown in Figure 3. The separator was operated as a momentum-loss achromat [68]. A



profiled aluminium layer and the scintillation detector in the intermediate image plane of the
separator acted together as a thick energy degrader. Niobium foils were used to maximise the
fraction of totally stripped ions both behind the production target and behind the intermediate
energy degrader in order to improve the ion-optical separation. The secondary projectiles were
separated by recording their horizontal positions at the intermediate image plane and at the
exit by means of position-sensitive scintillation detectors [69]. Both detectors were read out
by photomultipliers HAMAMATSU R2083, equipped with bases which allow for high
counting rates up to 10° per second without deteriorating the time resolution in the order of

100 ps (FWHM).
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Figure 2: Schematic drawing of the fragment separator used to prepare the secondary
beams. Only the production target, the four dipole magnets, the energy degrader and the
detectors used to identify the fragmentation products are indicated. The set-up for the
secondary-beam experiment is shown in Figure 4.

The two-dimensional identification spectrum for the setting on “*Pa is shown in Figure 3
(left part). The vertically separated bands correspond to different elements. While the nuclear
charge is now sufficiently well determined, the different isotopes still partly overlap due to
their velocity distribution. Therefore, the nuclear mass is calculated from the magnetic rigidity
and the time-of-flight, recorded in the second section of the separator by the scintillation de-
tectors. The mass resolution achieved (A / AA = 410) for the series of protactinium isotopes is

demonstrated in Figure 3 (right part). In both spectra, ions that are not fully stripped in either
section of the separator have already been suppressed strongly as outlined in refs. [63,70,71],
where one can also find a full description of the identification method. In ref. [71] the produc-
tion cross sections that determine the secondary-beam intensities are given, too. (The reaction
817 (950 A MeV) + Cu, investigated in ref. [71], provides rather similar isotopic cross sec-
tions as the reaction U (1 A GeV) + Be, used in the present work.) With an average pri-
mary-beam intensity of 107 per second, secondary-beam intensities of 100 per second for a
specific isotope could be obtained in favourable cases. Due to their relativistic velocities, the
secondary projectiles pass the separator in about 300 ns. Therefore, also very short-lived nu-
clei like the 128-neutron isotones can be investigated. We want to stress that the separation in-
flight is insensitive to the chemical properties of the secondary projectiles.

A list of the most important layers of matter in the experimental set-up that the secondary
projectiles and the fission fragments, respectively, had to traverse, is given in Table 1. This
list reveals that the rate of secondary reactions along the beam line is not negligible. There-



fore, the data analysis has to provide the appropriate tools to extract the relevant experimental
information and to correct for background contributions. In the following, we will describe
how the fission events originating from electromagnetic interactions with the lead nuclei in
the secondary target are distinguished from fission after nuclear interaction in the lead target
and the large amount of parasitic reactions in other layers of matter in the beamline. Moreo-
ver, the energy loss in the different layers of matter along the beamline before and after fission
consumes most of the initial energy of the secondary beamn. As we will see later, this makes it
a difficult task to determine the kinetic energy that is released in the fission process.

Table 1: Layers of matter in the beamline.

Material thickness Position E/A relative nuclear  Purpose
mg/cm? mm MeV reaction rate

target area of the FRS:
Beryllium 657.0 -2270 951 (b) 0.14 (@ Production target
Niobium 212.0 -2268 938 (b) 0.008 (e) Stripper foil

midplane of the FRS:
Plastic 516 -934 896 (b) 0.135 (e) ToF detector
Aluminium 3878 (a) 0 605 (b) 0312 (e) Energy degrader
Niobium 108.4 62.5 598 (b) 0.004 (e) Stripper foil

Exit of the FRS:
Titanium 90.2 930 591 (b) 0.006 (e) Vacuum window
Air 170.0 576 (b) 0.026 (¢)
Plastic 543.0 2323 531 (b) 0.145 (e) ToF detector, light shield
Air 39.0 527 (b} 0.039 (e)
Lead 3030.0 2619 - 0.067 (e) Secondary target
P10 66.5 2619 369 (c) 0.005 (e) Counting gas of active target
Air 165.0 355 (c) 0.018 (f)
Plastic 335.0 4676 337 (c) 0.061 () Fission trigger, light shield
Air 54.0 335 (c) 0.006 (f)
P10 171.0 5019 327 (c) 0.009 (f) Twin MUSIC
Air 227.0 306 (c) 0.025 (f)
Plastic 543.0 7950 273 (c) 0.099 () ToF wall, light shield (front)
Plastic 543.0 8030 238 (c) 0.099 (B ToF wall, light shield (back)

The positions are given relative to the entrance plane of the first quadrupole in the target area,
relative to the central image plane near the midplane, and relative to the endplane of the last
quadrupole at the exit of the separator.

The plastic layers indicated consisted mainly of scintillator plates (BC420 from BICRON). Its
main constituent is (CoHjg)n

(a) This 1s a typical value that was slightly varied during the experiment in order to obtain the
same velocity in the centre of the secondary target for all secondary beams.

(b) Mean energy of ***Pa behind the indicated layer when produced in the middle of the target.
(c) Mean energy of '"*Pd behind the indicated layer when produced in the middle of the sec-
ondary lead target by fission in a direction perpendicular to the beam.

(d) Reaction rate of **U in the indicated layer.

(e) Reaction rate of **’Pa in the indicated layer.

(f) Reaction rate of '"*Pd in the indicated layer.

All reaction rates were calculated according to ref. [72]. The energy losses were calculated as
described in ref. [68].
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Figure 3: Isotopic identification of the secondary beams. Left part: Two-dimensional
cluster plot of the horizontal pesitions of the secondary-beam particles in the intermedi-
ate image plane (S2) and at the exit (S4) of the fragment separator for one ion-optical
setting that was centred on *’Pa. A polygon window on protactinium isotopes is indi-
cated. Right part: Two-dimensional cluster plot of mass number and the horizontal posi-
tion at the intermediate image plane for protactinium isotopes. The projection on the
mass axis is additionally given.

2.3 The set-up for the secondary-beam experiment

The experimental set-up used for the secondary-beam fission studies is schematically
shown in Figure 4. It consisted of a scintillation detector, an active secondary target, a subdi-
vided double scintillator, a twin multiple-sampling ionisation chamber (twin MUSIC), and a
time-of-flight wall. The first scintillation detector had several tasks. First, it supplied the
horizontal position and the stop signal for the time-of-flight of the secondary projectiles at
the exit of the fragment separator for the ion-optical analysis shown in Figure 3. In addition,
it acted as a secondary target with predominantly nuclear interactions and a negligible
amount of electromagnetic excitations. Finally, it served as a start detector for determining
the velocities of the fission fragments. The active target contained the lead target material,
providing a probability for electromagnetic excitations of a few percent. The target foils
were mounted inside a subdivided ionisation chamber filled with P10 counting gas. A posi-
tive voltage of +1000 V was supplied to the first, the third and the fifth lead foil, and the
charge signals of these anodes due to ionisation of the counting gas were recorded. Figure 5
shows the operation principle of the active target, and Figure 6 demonstrates how the signals
allowed to determine the layer in which fission was induced. The key information for this
purpose is the reduction of the energy loss by roughly a factor of two when fission takes
place. When the pulse height of the third anode is analysed in addition, the lead foil in which
the secondary projectile fissions can unambiguously be determined. In this way, any events

from fission reactions in the other layers of matter in the beamline (see Table 1) are sup-
pressed.
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Figure 4: Schematical drawing of the set-up for the fission experiment with secondary
beams.
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Figure 5: Schematic drawing of the active target and its operation principle. The target
is equipped with 5 lead foils (=600 mg/cm® each). Thin aluminium foils (27 mg/cm®
each) form the first and the last cathode. The small arrows indicate the drift direction of
the electrons. The charge signals of the anodes (1st, 3rd and 5th lead foil) are recorded.
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Figure 6: Cluster plot of the pulse heights of the first and second anode signals of the ac-
tive target. Fission products from the different layers appear as well separated peaks on
top of long lines originating from fragmentation. The layer in which fission was induced
can easily be determined by the indicated polygon windows. Fission in the first, the sec-
ond and the third lead foil can be distinguished from fission in the layers in front of the
first lead foil (mostly induced in the scintillator plate in front of the active target).

The second, subdivided scintillation counter with a thickness of 3 mm, mounted in front of
the twin MUSIC, served as a fast trigger. A coincidence of signals in both sections was re-
quired in order to register fission events only. This fast trigger reduced the load of the data
acquisition by almost an order of magnitude. The twin MUSIC recorded the energy-loss sig-
nals of both fission fragments in the P10 counting gas separately. The dimensions of the total
active volume were 600 mm in length, 400 mm in height, and 600 mm in width. The common
cathode was mounted horizontally at the level of the beam axis. Thus, the high concentration
of positive ions from the intense non-fissioning secondary projectiles could not interfere with
the electrons liberated by the fission fragments in the counting gas. In this way, losses due to
recombination were avoided. In addition, the twin MUSIC supplied the information on the
horizontal and the vertical positions of the fission fragments by means of the pulse-height ra-
tio of the diagonally subdivided anodes and by means of the drift time of the electrons, re-
spectively. The position resolution was better than 6 mm in horizontal and better than 0.5 mm
in vertical direction (FWHM).

The time-of-flight of the fission fragments was determined with a resolution of better than
170 ps (FWHM) by use of a large time-of-flight wall that was mounted 5.5 m downstream the
start detector. The time-of-flight wall consisted of 15 horizontal stripes 1 m long, 100 mm



high, and 5 mm thick, mounted with an overlap of 33.3 mm in vertical direction. [t covered a
surface of 1 m”. The scintillation material was BC420 from BICRON. One additional stripe
was mounted vertically in order to facilitate the time calibration of the different stripes. The
scintillation detectors where read out by 32 photomultipliers (type H2431sel) from
HAMAMATSU. :

The energy-loss signals of fission products recorded in the twin MUSIC and corrected for
the slight position dependence are shown in Figure 7 as a function of the time-of-flight. Due
to the thick secondary target and due to the large recoil induced in the fission process, the ve-
locity distribution is very broad. However, the velocity being determined, the nuclear charges
of all fission products could be measured with high resolution (see Figure B).
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Figure 7: Two-dimensional cluster plot of the energy loss recorded in the twin MUSIC
and the time-of-flight for fission fragments of a composite 223 29Th secondary beam.

Due to the high velocity of the secondary projectiles, the fission fragments were emitted in
forward direction inside a cone with angles up to about 60 mrad with respect to the secondary-
beam direction. The detectors were designed to cover all fission fragments produced in the
first scintillation detector and in the active target for all secondary projectiles delivered by the
fragment separator. However, with a probability of 10 % both fission fragments hit the same
part of the second, subdivided scintillation detector used as fission trigger, and in these cases
no trigger was generated. Considering additional losses due to the limited granularity of the
time-of-flight wall and insufficient charge collection for tracks close to the cathode of the twin
MUSIC, the detection efficiency amounted to 81 %.
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Figure 8: Energy-loss signal of the twin MUSIC, corrected for the velocity dependence,
as obtained for the reaction products of a composite ***?Th secondary beam from the

secondary lead target. The scale of the energy loss corresponds approximately to the
square of the nuclear charge.

2.4 Considerations of counting rates

The success of a secondary-beam experiment depends essentially on an efficient use of the
limited beam intensity. Since two consecutive reactions are involved, this aspect is much more
crucial here than in a primary-beam experiment. In the following we will consider the experi-
mental conditions of the present fission experiment from this point of view.

We define the quantity L. as an appropriate figure of merit of the efficiency of the ex-
periment:

Lsec = (NH/S) & 0 (NIZ/S) g &8 Nsec (1)

It corresponds to the ratio of detected secondary-reaction products to incoming primary pro-
Jectiles. Table 2 lists the definitions and the values of the parameters of equation (1).

With the values given in Table 2, the figure of merit amounts to L. = 3.2x10®. Owing to
this remarkably high value, the rate of secondary reaction products attains syee = #,XLyec =
30/s which allowed to perform the present experiment even with the low primary-beam inten-
sity of n, = 107/s. Several conditions contribute to the efficient use of the beam. First, the
magnitude of the cross sections involved is all-important. Another important parameter is the
target thickness that is very large. Since two targets are involved, this parameter even enters
twice. In addition, a high transport efficiency of the secondary beam and a high efficiency in
detecting the reaction products that amount to almost 100% were reached in the present ex-

12



periment. Finally, due to its large acceptance, the fragment separator provided about 20 iso-
topes simultaneously in one setting, thus increasing the efficiency of the experiment accord-
ingly.

Table 2: Characteristic parameters that define the counting rate of secondary reaction
products in the present experiment. The cross section ¢ includes only fission after elec-
tromagnetic excitation.

Parameter Explanation Typical value

N, Intensity of primary beam 10'/s

Nu/S Atoms per area in primary target 4.4x10%%/cm?

o Cross section of primary reaction =1 mb = 10 cm?
& Transport efficiency to secondary target 0.5

Np/S Atoms per area in secondary target 8.8x10%/em?

b Cross section of secondary reaction =1b=10%cm®
£ Detection efficiency for secondary products 0.81

Nior Simultaneously measured secondary beams =20

These considerations reveal that the secondary-beam intensity that is often regarded as the
key parameter for the feasibility of a secondary-beam experiment is only one of several pa-
rameters that determine the counting statistics of the secondary reaction products. Another
very important parameter for the present experiment is the high beam energy of 1 A GeV that
enters indirectly on several places. First, it allows to use very thick targets for the secondary-
beam production and for the secondary reaction to be studied. However, it also assures the
high transport efficiency & of the secondary beam and, moreover, the simultaneous investiga-
tion of about 20 species without any loss of detection efficiency. It also facilitates to reach a
high detection efficiency for the secondary-reaction products. The high beam energy is also
mandatory for the ion-optical separation of the heavy secondary projectiles, avoiding ambi-
guities and losses due to broad ionic charge-state distributions that would occur at lower ener-
gies. As a last point, we would like to mention the strong energy dependence of the cross sec-
tion for electromagnetic excitations.

We conclude that the experiment was successful only because experimental methods were

applied which were well adapted to the specific conditions brought about by the secondary
beams.

2.5 Extraction of elemental yields

In order to extract fission-fragment elemental yields after electromagnetic-induced fission,
fission events originating from nuclear interactions with the lead target nuclei have to be sup-
pressed. Most part of the nuclear-induced fission can be identified on an event-by-event basis.
The procedure is similar to that described in ref. [73] which was used in a preceding experi-
ment. However, since the experimental set-up has been modified, the resolution of the detec-
tors was appreciably improved, and it was possible to use a more elaborate procedure.

13



Fundamentally different features are expected for fission after electromagnetic excitations
and after nuclear interactions: While electromagnetic excitations preserve the number of pro-
tons in the secondary projectiles, nuclear interactions in most cases remove several protons
prior to fission. Evaporation of protons prior to fission as well as after fission following elec-
tromagnetic excitations is very improbable and may be disregarded in most cases. Therefore,
the good nuclear-charge resolution of the experiment (see Figure 8) allowed to reconstruct
spectra of the nuclear charge of the fissioning nucleus by summing up the nuclear-charges of
the two fission fragments. The measured charge-sum spectra of the fission fragments pro-
duced in the scintillator target and in the lead target from a 25Th secondary beam are shown
in Figure 9 (upper part). As expected, the charge-sum spectrum of fission events from the lead
target is strongly enhanced for Z, = 90 if compared to the spectrum of fission events from the
scintillator. This enhancement can be attributed to fission after electromagnetic excitations in
the lead target. Electromagnetic excitations in the scintillation material (CoH,o) are negligible.

Fission events that are induced by electromagnetic excitations in the lead target can be
highly enriched in the data analysis on an event-by-event basis by imposing a condition on the
Zen = 90 peak in the charge-sum spectrum (Figure 9, upper part). The nuclear-charge spectrum
of fission fragments, accumulated under this condition, is shown in the middle part of Figure
9. However, this spectrum still contains a number of fission events induced by nuclear inter-
actions in which only neutrons are removed from the secondary projectile. This remaining
contribution of nuclear-induced fission can be subtracted if one assumes that it is identical to
the appropriately weighted nuclear-charge distribution resulting from fission induced in the
scintillator target, also accumulated under the condition on Ze, = 90 in the corresponding
charge-sum spectrum. In the following we describe how the weighting factor to be applied in
the subtraction procedure was determined.

The intensities of the different peaks of the charge-sum spectra of fission events induced in
the scintillator and in the lead target were determined by Gaussian fits. Figure 10 shows that
the resulting intensities for both targets as a function of charge number follow a linear de-
pendence in logarithmic representation. The slopes are slightly different for the two target
materials. Since hydrogen is a component of the scintillation material, the difference in slope
is in qualitative agreement with previous results on charge-changing cross sections reported in
ref. [74], which showed a special behaviour of hydrogen-induced reactions. Only the peak at Z
= 90 in the case of the lead target that is populated by electromagnetic excitations does not
follow the linear dependence. Weak deviations for the neighbouring peaks probably result
from non-Gaussian tails of the Z = 90 peak. The weighting factor to be applied was deter-
mined by extrapolating the logarithmic dependence of the relative charge-sum intensities as
deduced from Figure 10 (lower part). The fission-fragment charge distribution that is obtained
by subtracting the remaining part of nuclear-induced fission events is shown in Figure 9,
lower part. This distribution represents the elemental yields after pure electromagnetic excita-
tions. An analogous procedure was applied to the fission events of the other secondary pro-
jectiles investigated.

The condition on the charge-sum spectrum of the fission fragments also eliminates most
events which suffer from secondary reactions in the different layers of matter in the beam line.
In particular, all events in which the secondary projectiles undergo fragmentation reactions
that change the nuclear charge in any layer upstream the target considered are suppressed. The
same is true for all events in which the fission fragments lose any proton due to nuclear inter-
actions downstream the target considered. This is extremely important since the probability
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Figure 9: Upper part: Charge-sum spectrum of the fission fragments produced in the
scintillator target (full histogram) and in the lead target (open histogram) from a *Th
secondary beam. The condition on Z = 90 used in the further analysis is shown. The full
histogram has been normalised in order to represent the fraction of nuclear-induced fis-
sion in the lead target at Z = 90 (see text). Middle part: Nuclear-charge response for fis-
sion fragments produced in the scintillation target (full histogram) and in the lead target
(open histogram) from a **Th secondary beam. A condition on Z = 90 was imposed in
the charge sum spectra (upper part). The full histogram has been normalised in order to
represent the contribution of nuclear-induced fission in the lead target (see text). Lower
part: Nuclear-charge response for fission fragments produced by electromagnetic excita-
tions in the lead target from a *Th secondary beam. The spectrum was obtained as the
difference of the two spectra shown in the middle part.
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Figure 10: Intensities of the raw charge-sum spectra of the fission fragments produced
in the lead target (upper part) and in the scintillator target (middle part) from a *°Th
secondary beam. The intensities corresponding to nuclear-induced fission can well be
represented by straight lines in both cases. The lower part shows the ratio of the two
upper spectra. The straight dashed line represents the estimated ratio of nuclear-
induced fission from the two targets. Statistical error bars are smaller than the symbols.

that the secondary projectile or any of the fission fragments reacts in one of the layers in the
beam line from the middle of the production target to the entrance of the time-of-flight wall
(in addition to the fission in the lead target) amounts to 70 %! The condition on the charge
sum allows to obtain an unperturbed experimental signature of electromagnetic-induced fis-
sion, in spite of the relatively large probability of multiple reactions. Finally, we stress that
these layers are indispensable for the success of the experiment; all target layers, stripper foils
and detectors as well as the energy degrader fulfil important tasks.
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Figure 11: Element yields of fission products after electromagnetic excitation in a lead
target (upper part) and after nuclear excitation in a plastic target (lower part) for a
26T secondary beam, A condition on Z; + Z; = 90+1/2 was imposed in both cases.

The element yields of the fission products emerging from electromagnetic excitations in the
secondary lead target were extracted by determining the areas of the peaks in the spectra of the
nuclear-charge response of the twin-MUSIC detector, corrected for the velocity dependence of
the energy loss, shown in Figure 9, lower part. The elemental yields are shown in the upper
part of Figure 11 for a **Th secondary beam.

In addition, the element yields of fission products emerging from nuclear interactions with
the plastic target have been determined under the condition that the fission fragments contain
all protons of the secondary projectiles. The corresponding spectrum, shown in Figure 11,
lower part, is dominated by a broad symmetric component. As will be outlined below, these
data correspond to a superposition of fission events from different thorium isotopes, extending
to appreciably higher excitation energies.

In all cases, the elemental yields were found to be symmetric around Z./2 within the ex-
pected statistical fluctuations. Note that any deviation from an exactly symmetric distribution
is only possible due to the limited charge resolution. In order to minimise the statistical un-
certainties, the charge distributions given in this paper are fully symmetrised. However, since
the two fission fragments are strongly correlated due to the charge-sum condition imposed, the
statistical error bars are calculated as the square root of the counting rates of the light fission
products, only. The additional statistical uncertainties induced by the subtraction of the nu-
clear-induced fission events are taken into account.
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2.6 Extraction of total kinetic energies

The total kinetic energy of the fission fragments was deduced from their velocity vectors,
transformed into the centre-of-mass system of the fissioning secondary projectile. Since the
fission fragments are detected with kinetic energies around 50 GeV each, a very high preci-
sion is required to determine the total kinetic energy of the fission products in the centre-of-
mass system of the fissioning nucleus with the desirable accuracy of 1 MeV. In the following,
the analysis procedure that is complicated by the slowing down in the different layers of mat-
ter is described in detail.

The magnetic rigidity of each secondary projectile in the second section of the spectrometer
that is known with high precision (see above) served as a starting point of the analysis. Since
nuclear charge and mass are known, this also defines the longitudinal velocity. By considering
the energy loss in the layers of matter up to the target foil in which fission took place, the ve-
locity v, (z) of the secondary projectile along the flight path z was calculated. The energy-

loss relations cited in ref. [68] were used. We also measured the time differences TOF » be-
tween the passage of the secondary projectile through the start detector, situated in front of the
active target, and the arrival of both fission fragments in the time-of-flight wall, 5.5 m down-
stream (see Figure 4). From these measured time differences TOF », the time-of-flight of the
secondary projectile t,, from the start detector to the target foil in which fission took place was
subtracted in order to obtain the time-of-flight values #, ; of the two fission fragments from the
target foil to the time-of-flight wall. The time-of-flight of the secondary projectile was calcu-

lated as the integral tg, = [1/v,,(z)dz. (The time-of-flight of secondary projectile and fission
sb

fragments inside the target foil can be neglected.) The value of the velocity v; o(Zeq) at the exit
of the target foil was determined for each fission fragment separately in an iterative procedure
by matching the condition that the measured time-of-flight values #;; are exactly reproduced

by the integral Jl/ Via (z}iz from the target foil to the time-of-flight wall. Also here, the en-

ergy loss in the different layers of matter was taken into account. In these energy-loss calcula-
tions, estimated post-neutron-emission masses were used (see below). Finally, the condition
of momentum conservation was applied in order to determine the depth inside the target foil
where fission was induced. At this position, the velocity of the secondary projectile w = vy (z7)
is required to be equal to the velocity vem(zy) of the centre-of-mass of the fission fragments
with mass numbers A, ;. This is formulated by the following equation:

A v, v,
1l o)A )

Figure 12 demonstrates the kinematical conditions in detail. The difference in specific en-
ergy loss of secondary projectile and fission fragments gives the handle to determine the fis-
sion position in beam direction with a precision of 500 mg/cm® (FWHM).

The angle between the two fission fragments was deduced from the horizontal and vertical
positions of the fission fragments measured in the twin MUSIC. From this angle, the transver-
sal deflection angles of the individual fission fragments induced in the fission process were
determined by again considering momentum conservation. The velocity vectors of the fission
fragments in the laboratory system were then transformed into the centre-of-mass system of
the secondary projectile in the moment of fission. A spectrum of the endpoints of these veloc-
ity vectors, projected onto the z-x plane, is shown in Figure 13. z denotes the direction of the
beam, and x is the horizontal direction perpendicular to the beam. As expected, the spectrum
shows a circular ridge with a radius of about 1 cm/ns, corresponding to the mean velocity of

(2)
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the fission fragments in the centre-of-mass system. The spectrum is compatible with an iso-
tropic emission of the fission fragments in the centre-of-mass system. The increased height of
the ridge in backward direction is caused by the better velocity resolution due to the lower
velocities of the backward-emitted fragments.

v ~— Pb foill —

Zy Zexit 2

Figure 12: Schematic representation of the velocities of the secondary projectile (v;;) and
of the two fission fragments (v;2) in front, inside and behind the target foil. The position
zg of the fission reaction is determined by the condition of momentum conservation. Here
the velocity of the secondary projectile v,(z) is equal to the centre-of-mass velocity of
the fission fragments v..(zy).

The mean pre-neutron-emission masses were estimated from the nuclear charges of the
fragments by assuming the mass-to-charge ratio of the fissioning nucleus to be preserved. The
total kinetic energy TKE of the two fragments was derived from the fragment centre-of-mass
velocities and the pre-neutron-emission masses.

All data on total kinetic energies discussed in this work have been accumulated under the
condition that the sum of the nuclear charges of the two fission fragments was equal to the
nuclear charge of the secondary projectiles. As already mentioned, most events with additional
interactions in the different layers of matter prior to fission were suppressed by this condition.
The remaining contribution of such events was estimated o amount to less than 1 %. Two-
dimensional representations of the total kinetic energies as a function of nuclear charge for
fission of *’U in lead and plastic are shown in Figure 14.

The total kinetic energies of the fission fragments resulting from pure electromagnetic-
induced fission were deduced by disentangling the two possible processes, electromagnetic-
induced and nuclear-induced fission, and their contributions to the two-dimensional Z-TKE
spectra. Most fission events induced by nuclear interactions in the lead target are already sup-
pressed by the condition that the number of protons of the secondary projectiles be preserved
during fission. In order to remove the remaining contribution, the nuclear-induced fission
events originating from the plastic target were subtracted from the events originating from the
lead target in the two-dimensional Z-TKE spectra with the appropriate weight (see Figure 14),
The procedure is analogous to that applied for the charge distributions, shown in Figure 9. The
fraction to be subtracted is small (about 20%) for nuclei with high electromagnetic fission
cross sections and amounts to 60 % for some of the less fissile nuclei. The statistical errors in
the TKE values, introduced by this subtraction of nuclear background, are taken into account.
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Figure 13: Two-dimensional spectrum of the endpoints of the measured velocity vectors
of the fission fragments, transferred into the centre-of-mass system. The vectors have
been projected on a plane defined by the beam direction (z) and the horizontal direction
perpendicular to the beam (x). In addition, the projections on the x and on the z axis are
given.

Since the TKE values are deduced from time-of-flight and position measurements, they are
determined on an absolute scale without any adjustment. From the precision of the calibra-
tions of these quantities we estimate for the total kinetic energy a systematic error of 2 %.

Further considerations for the precision of the TKE values obtained with the analysis pro-
cedure described above include the influence of the number of neutrons lost before and after
the fission process. Neutrons emitted prior to fission change the mass-to-charge ratio of the
compound nucleus. This reduces the deduced TKE values by about 0.7 MeV per neutron re-
moved. This causes a rather large uncertainty of a few MeV for nuclear-induced fission, where
the loss of neutrons in the nuclear collision is large. The correction has to be estimated from a
model calculation. However, it is negligible in the case of electromagnetic-induced fission
where about 80% of the fission events originate from first-chance fission. The number of
neutrons emitted from the fission fragments enters into the calculated mean energy loss of the
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Figure 14: Two-dimensional representations of the total kinetic energy as a function of
the nuclear charge of the fission fragments. The left figures show cluster plots, and the
right figures show the mean values for every element. Upper part: The spectrum corre-
sponds to fission of 2*U having passed the lead target at about 420 A MeV. The domi-
nant part of 84% originates from electromagnetic-induced fission, while only 16% are
due to nuclear collisions. Lower part: The spectrum corresponds to fission of U in-
duced by nuclear interactions with a plastic target. The width of the TKE distributions
(left figures) is strongly influenced by the experimental resolution. The mean values,
however, are determined with a precision of a few MeV (right figures).

fission fragments in the layers of matter between the two time-of-flight detectors. The influ-
ence of this number is rather weak. A variation of one unit in the total number of neutrons
emitted from the fragments changes the TKE values by 0.1 MeV, only. The deformation of the
fragments in the scission configuration is known to change the number of neutrons emitted
from one fragment by about + 1.5. This results in an uncertainty of the TKE values of about
+ 1 MeV. Even this effect is small compared to the variation of the Coulomb energy at scis-
sion due to the influence of nuclear structure that amounts to more than 10 MeV. Thus, we
conclude that the neutron number of the fissioning nucleus and those of the fission preducts
that cannot be measured in our experiment do not crucially enter into the analysis which is
aimed to yield information on the scission-point configuration. This is particularly important,
since most of the systems investigated here have not been studied before, and the number of
emitted neutrons can only be estimated from systematics. In our analysis we assumed that the
fission fragments before neutron emission have the same N/Z ratio as the fissioning nucleus.
The number of evaporated neutrons was assumed to amount to 3 in electromagnetic-induced
fission and to 6.5 in nuclear-induced fission. They are attributed to the two fission fragments
by equal parts. On the average, this is a reasonable assumption for low-energy fission where
great part of the excitation energy of the fragments originates from deformation at scission.
For nuclear-induced fission it would have been more realistic to attribute the excitation energy
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to the two fragments according to the mass ratio; however, this would not change the results
reported in this paper.

The resolution in TKE of a single event is limited by the time-of-flight resolution and by
angular straggling of the fission fragments in the layers in front of the twin MUSIC. After
transformation into the centre-of-mass system, both effects together lead to fluctuations of
about 20 % (standard deviation) in the total kinetic energy, almost independent of the fission
direction. Therefore, the dispersion of the total kinetic energy is dominated by the resolution,
and the width induced in the fission process itself is difficult to obtain. Due to the limited
resolution in the determination of the velocity vectors, the absolute TKE values are slightly
overestimated. This is a general feature if a vector in three-dimensional space is determined
with a statistical uncertainty. This effect was determined in a model calculation to amount to
2.3 MeV. The TKE values were corrected accordingly.

The rather large fluctuations in the measured TKE values due to the experimental condi-
tions are connected to the inverse kinematics. In view of the large energies of about 50 GeV
per fission fragment in the laboratory frame, the absolute resolution of about 40 MeV for one
event corresponds to the high relative resolution of about 4x10™*. However, mean TKE values
can be determined with much higher accuracy, if the number of events recorded is sufficiently
large. For the desirable accuracy of 1 MeV (standard deviation) for one charge split, more
than 1000 events per charge split, that means several 10000 events in total have to be accu-
mulated for one fissioning system. This estimate refers to statistical uncertainties which are
decisive for revealing structural effects. Due to the high requirements on accuracy, the total
kinetic energies will be discussed only for those cases that were measured with comparably
high counting statistics.

3. EXCITATION ENERGIES INDUCED IN THE ELECTROMAGNETIC
INTERACTION

The electromagnetic excitation in-flight of the radioactive-beam particles in the secondary
target is one of the most important ingredients of the experiment, ideally adapted to the high
beam energy. Although the excitation energy acquired is not precisely known for a single
event, the excitation-energy distribution that is determined by the equivalent photon spectrum
seen by the projectile and by the photo-absorption cross section of the projectile nucleus can
be estimated on the basis of theoretical considerations and empirical systematics. The detailed
knowledge of the excitation-energy distribution is important for the interpretation of the re-
sults.

In this section we investigate the excitation mechanism and discuss the conditions of the
fission process. A similar analysis has been performed recently for the electromagnetic-
induced fission of *U as reported in refs. [2,3,6]. The present study is primarily performed
for two nuclei, 2**U and **U, for which comprehensive data on low-energy fission are avail-
able from previous experiments employing conventional techniques. In addition, it is intended
to work out the general features that can be extended to the analysis of the variety of short-
lived secondary projectiles studied in the present work. The isovector electric dipole reso-
nance, including multi-phonon excitations, as well as the isoscalar and the isovector quad-
rupole resonances are considered. Excitations of magnetic resonances are neglected since they
are assumed to be small. The basic features of electromagnetic excitations are treated as out-
lined in ref. [73]; however, several improvements were introduced as will be shown in the
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following sections. We only give the relations and parameters that are necessary to document
the calculations. A full description may be found in refs. [75,76,77,78,79].

3.1 Equivalent photon spectrum

The electromagnetic field of a lead nucleus of the secondary target seen by a projectile can
be formulated as a flux of equivalent photons according to ref. [75]. Figure 15a) shows the
spectrum of equivalent photons of the El and E2 electromagnetic fields seen by a projectile
passing the secondary lead target at 430 A MeV. At the relativistic energies applied in the pre-
sent experiment, the spectrum is hard enough to excite the gtant resonances in the secondary
projectiles.

3.2 Multi-phonon excitation of the giant dipole resonance

The nuclear absorption cross section o J,_El(E ) of the giant dipole resonance for a photon

of energy E can be estimated from empirical systematics [76,77]. For the nuclei around mass
number 220 studied in this work it can be described by a Lorentzian with a resonance energy
of about E;, =79- A"”MeV and a width of about Iy, ~0.026- E;,MeV". In deformed nu-
clei, the resonance splits into several components. The ratio of the resonance energies is recip-
rocal to the ratio of the main axes of the deformed nucleus, while the average energy of the
absorption cross section remains unchanged. Figure 15b) shows that the estimated photoab-
sorption cross section of 24y agrees quite well with experimental data.

Since the excitation cross section of the giant dipole resonance is high, a multiple excita-
tion of this mode becomes non-negligible. We use the harmonic approximation outlined in
refs. [78,79]. The energy-differential cross section for the excitation to an energy E in the pas-
sage of one target nucleus was calculated by the expression:

) s 2
F(E)=0,,(E)- [e® Lo (E,bRmbdb 3)
bmm

2
Here, 222 is the flux of equivalent photons per energy interval and unit area seen by the
projectile. The mean number P (b) of excitations of the giant dipole resonance in the pro-

jectile for a trajectory with an impact parameter b was calculated by:

o

P, (b)= [2E(E.b)o, 5, (ENE 4)

V]

For the sake of simplicity, the “sharp-cut-off” approximation was applied. The minimum
impact parameter for which only electromagnetic interaction occurs was taken from ref. [72]
as proposed in ref. [80]:
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with ro = 1.34 fm and x = 0.75. It has been shown in ref.[80] that the calculations with the

sharp-cut-off approximation produce nearly identical results to a more elaborated microscopic
approach.

In the case of the absorption of two photons, one obtains the following expression:

Ty LT a1 (b
iﬁ—(E)_Ej ~Fa® 21bdby

(6)
I (E’ b)ﬂ'?m(E)—(E E, bbym(E EhE

The absorption of more than two photons is rather unlikely and thus could be neglected.

In recent experiments, the cross section for the two-phonon excitation of the giant dipole
resonance has been investigated for heavy nuclei. An enhancement of the measured cross sec-
tion by a factor of 1.3 was found for 2%8pp compared to the calculations in the harmonic ap-
proximation in ref. [81]. In contrast, the measurements for 281 coincide with the calculations
[2]. In our calculations we used the harmonic approximation without any enhancement.

3.3 Giant quadrupole resonances

The nuclear absorption cross sections GSTEZ (E) of the isoscalar (i=1) and of the isovector

(i=2) giant quadrupole resonances for a photon of energy £ were derived from empirical sys-
tematics [82,83,84]. For the nuclei studied here, the isoscalar and the isovector mode have a

resonance energy of about E{) =647 - A™’MeV and EZ =~130- A ’MeV, respectively,
and a width of T{) =175-A™"MeV and [ =(105-0073- 4*" - 000174 A’ MeV,

respectively. The energy-differential cross section for the excitation to an energy E in the pas-
sage of the target were calculated by the expression:

G ()= (0 (B)+ 00 () 0
Multiple excitations of the quadrupole resonances were neglected.

3.4 Excitation energies at fission

The excitations induced in the secondary Y projectiles resulting from the electromag-

netic interaction with the lead target nuclei populate an energy distribution do/dE (Figure
15c) that peaks at about 11 MeV near the lower peak of the giant dipole resonance. The high-
energy part of the nuclear absorption cross section (Figure 15b) is strongly suppressed due to
the equivalent photon spectrum that steeply decreases with energy (Figure 15a).
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Figure 15: Evaluation of the energy-differential fission cross section for the reaction My
on 2%®Pb at 430 A MeV. (a) Calculated spectrum of eguivalent photons for the E1 (full
line) and E2 (dashed line) electromagnetic fields seen by the projectile. (b) Calculated
absorption cross section of 234U for E1 (full line) and E2 (dashed line) radiation. The
points represent measured data on E1 absorption cross sections from refs. [85,86]. (c)
Calculated excitation-energy distribution of 234 projectiles after one-phonon E1 (full
line) and E2 (dashed line) electromagnetic excitations in the lead target. The thin full
line denotes the two-phonon excitation of the giant dipole resonance. The total absorp-
tion cross section is also shown as a dash-dotted line. (d) Calculated (full line) and meas-
ured [85,86] (data points) electromagnetic fission cross section of 340 for E1 excitations.
(e) Calculated (full line) and measured [85,86] (data points) fission probability of U,
including fission after neutron evaporation. (f) Calculated energy-differential fission
cross section do’ /dE (dash-dotted line) after electromagnetic excitation of MUina

lead target at 430 A MeV, resulting from the product of the curves in a), b}, and e) and
calculated distribution of excitation energies do’ /dE ; of uranium isotopes at fission

after electromagnetic excitation of ‘U (full line). The last curve differs from do’ /dE
by the reduction in excitation energy due to neutron evaporation prior to fission: E is
the excitation energy acquired in the electromagnetic interaction and E; is the excitation

energy at fission. Note that the labels E, and do’ /dE ;s at the axes of part f) are omit-
ted. For more details see text.
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Excitations that exceed the fission barrier may lead to fission. However, also neutron
evaporation has to be considered as the most important competing deexcitation channel. First,
its competition determines the energy-dependent fission probability P{E) and, secondly, it
populates neighbouring isotopes at lower excitation energies that may also contribute to fis-
sion. In the case of >*U, fission events induced by electromagnetic excitations are composed
of about 80 % first-chance fission (***U), 15 % second-chance fission (***U) and a small frac-
tion of higher-chance fission (mostly B2y according to our calculations. The conditions for
the other secondary beams are expected to be similar. The measured fission properties always
represent a mixture of about 3 isotopes. However, first-chance fission dominates strongly. In

Figure 15d) and e), the photo-fission cross section 0';‘ and the fission probability Pf' used in

our calculation which both include multi-chance fission are compared to measured data.

The distribution do/ /dE of primary excitation energies leading to fission that is given by
the product of do / dE and P; is shown in Figure 15f). It does not yet represent the excitation
energies at fission. This is the distribution do’ /dE £ also shown in Figure 15f), which in-

cludes the reduction in excitation energy due to neutron evaporation prior to fission.

The calculation of the fission probability was performed with a constant-temperature for-
malism as described in ref. [73]. No direct decay of the giant resonances was considered. It
was assumed that the deexcitation always proceeds via the formation of a compound nucleus.
For the systern 234U, the calculated values are in good agreement with measured data from
photo fission [85,86], see Figure 15d).

We extended the study also to 231, The results are not shown, since also for this nucleus,
the measured data [86] could be well reproduced.

For most of the more neutron-deficient secondary projectiles, no data exist on the excita-
tion-energy dependent fission probabilities. Therefore, we only give the calculated excitation-
energy distributions after electromagnetic excitation of two other secondary projectiles in a
lead target at E = 430 A MeV in Figure 16. The parameters used in the calculation are taken
from the systematics described above. As expected, the excitation-energy distributions are all
rather similar to each other, in spite of the slight mass-dependence of the resonance energies
and the deformation-dependent splitting of the GDR. Therefore, the drastic variations of the
structural effects found for the different systems as presented below cannot be explained by
variations in the excitation-energy distribution.

4. EXCITATION ENERGIES INDUCED IN NUCLEAR INTERACTIONS

For completeness, we also give the excitation-energy distribution at fission after nuclear
collisions of 2**U inside the plastic target, calculated with the ABRABLA code [87,88] under
the condition that all protons of the secondary projectile are still present in the fission frag-
ments. This condition selects very peripheral collisions that only remove neutrons from the
secondary projectile. As Figure 17 shows, the distribution of excitation energies at fission is
broad with a mean value of 27 MeV. Muiti-chance fission is important: The average mass of
fissioning uranium isotopes is 231.7, corresponding to a mass loss of AA = 2.3 prior to fission.
The conditions are again expected to be similar for the other secondary beams studied.
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Figure 16: Calculated excitation-energy distributions of >Th and **Ra used as secon-
dary projectiles after electromagnetic excitations in a lead target at 430 A MeV.

5. 73U AND 2%U: TWO TEST CASES

As discussed in the preceding chapters, the excitation mechanisms applied in the present
work, electromagnetic and nuclear interactions in-flight, lead to excitation-energy distribu-
tions. Therefore, the data of the present work cannot directly be compared to previous results
of other experiments. The systematic deviations of preliminary results for **U of the present
experiment from previous data acquired in thermal-neutron-induced fission of **U have al-
ready been shown in a letter [65]. In Figure 18, we give the corresponding final results for the
two nuclei *U and 2*U. While the gross features of both the nuclear-charge distribution and
the total kinetic energies are very similar in electromagnetic and in thermal-neutron-induced
fission, some quantitative differences can be observed: The yields near symmetry are appre-
ciably higher, and the even-odd structure is reduced by almost a factor of two if compared to
the data from thermal-neutron-induced fission. In addition, the total kinetic energies near
symmetry for 2**U are larger by about 5 MeV. These differences can qualitatively be ex-
plained by the higher excitation energics populated in the electromagnetic interaction (see
Figure 13), in particular by the tail extending to about 20 MeV. When interpreting the data of
the present work, the effect of the excitation-energy distribution has to be taken into account.

In the following, we will quantitatively discuss the peak-to-valley ratio and the global even-
odd effect.
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Figure 17: Calculated distribution of excitation energies at fission after nuclear
collisions of 2*U in the plastic target. Only peripheral collisions that did not re-
move any protons from the secondary projectile are considered.

For nuclei with a weak symmetric fission component, the peak-to-valley ratio of the ele-
ment or mass distributions is an important characteristic quantity. When comparing peak-to-
valley ratios obtained in the present experiment with those measured at fixed excitation ener-
gies, the excitation-energy distribution has to be considered appropriately. Peak-to-valley ra-
tios are usually determined as a function of the initial excitation energy £, which may be dif-
ferent from the excitation energy Es at fission; see discussion of Figure 15. When the energy-
dependent relative yield in the peak at asymmetry is denoted by Y, (E) and the yield in the

symmetric valley is denoted by ¥,,,.(E), the peak-to-valley ratio <Y,,mk ! Yoty ) , observed for

an excitation-energy distribution P(E), is given by:

(8)

YVaHey

<Y,,mk > [ ¥ruu (B)- P(E)E

J YVaIley (E ) - P (E )dE

As usual, the yields measured at each excitation energy are normalised: Z Y (Z) =200% . The
z

effective excitation-energy distribution P(E) is given by the normalised excitation-energy-
dependent fission cross section do s 1dE, as defined above. Note that formula (8) differs

from the approximate treatments applied by Armbruster et al. [3] and by Rubehn et al. [6].
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Figure 18: Comparison of electromagnetic-induced with thermal-neutron-induced fis-
sion. Upper parts: Mean total kinetic energies as a function of the fission-fragment
charge for electromagnetic-induced fission of 23 (left) and 2**U(right) in a lead target
(data points) compared to data from ref. [89] (dashed lines) for TKE as a function of
fragment mass for 232U(nth,f) and 233‘U(nu,,t'). The mass scale of the data from thermal-
neutron-induced fission is adapted to the charge range. Lower parts: Nuclear-charge
yields for electromagnetic-induced fission of 2530 (left) and My (right) in a lead target
(data points) and from refs. [90] and [54] (dashed lines) for “*U(n,f) and **U(ng,f),
respectively. For the present data, only the statistical errors are shown. The TKE values
of the present work are subject to an additional systematic uncertainty of 2%.

When the peak-to-valley ratio is averaged over energy as was done in ref. [6] or when the
peak-to-valley ratio is taken at the mean excitation energy as was done in ref. [3], this will in
general lead to different results. For the even-odd effect é, the averaging over the excitation-
energy distribution can be formulated in the following way:

(8)y=[ (k) P(EXE %)
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where &(E)= ( S Y(E)- Y Y(E )] /1Y Y(E) denotes the excitation-energy-dependent
oddZ allZ

global even-odd effect. Again, the even-odd effect taken at the mean excitation energy would
not yield the correct result.

In Table 3 we compare the peak-to-valley ratio and the proton even-odd effect measured in
the present work for 33U and 2*U with expectations based on other data and on theoretical
predictions. The measured peak-to-valley ratio has been determined with the even-odd struc-
ture in the elemental yields averaged out. The expected values have been calculated with Eq.
(8) and Eq. (9), respectively. They are given for 234U only. These values are considered to be
valid for U too, since the uncertainty of the calculation is larger than any expected differ-
ence between the values of these two nuclei. Relevant parameters used in the calculation are
listed in Table 4. Similar comparisons have been made in refs. [3,6] for electromagnetic-
induced fission of °*U, however, due to the approximations applied there, the results cannot
directly be compared.

The excitation-energy-dependent relative yields Ypea and Y.ane, were parametenised in ac-
cordance with data of the compound systems U , °U, °Th, #**U, ***Pu, and **’Pa, see
Figure 19. The lines shown in Figure 19 represent the dependencies used in the calculation. It
was assumed that the peak-to-valley ratio in the mass yields is identical to that in the charge
yields. The peak-to-valley values found in this experiment are much smaller than the expected
ones, see Table 3. This could be an indication that the electromagnetic interaction populates
higher excitation energies more strongly than expected. However, even if the two-phonon ex-
citation of the giant dipole resonance is enhanced by a factor of 4, the data cannot yet be re-
produced. This is why the explanation for this discrepancy is probably to be found somewhere
else. An additional high-energy component which would decrease the peak-to-valley ratio by a
factor of two would correspond to about 5% of the total fission cross section. May be that in-
terference effects between nuclear and electromagnetic interactions which are usually ne-
glected are responsible for such a contribution. One could also take into constderation that the
method illustrated in Figure 10 does not completely subtract the background of fission events
after nuclear excitation. In addition, our calculation of the expected peak-to-valley ratio is
rather uncertain since it relies on a common fit to five different fissioning systems. It seems
that the problem of the reduced peak-to-value ratio cannot be solved on the basis of the pres-
ent data.

The excitation-energy-dependent proton even-odd effect é(E ) has been estimated by use

evenZ

of the analytic relation given in ref. [91], which is based on experimental data for > BU:

E-B-26

10
5,e T otherwise (10

5(5):{ 3 for E<B,+2A

with 2A =2.15 MeV and 7= 1 MeV. In addition, the empirical parameterisation from ref. [92]
with a modified parameter 7 = 1.6 MeV and the theoretical expectation from ref. [93] have
been used. The latter formulates the probability of a completely paired proton configuration at
scission in the framework of the super-fluid nuclear model and predicts an even more gradual
decrease of the proton even-odd effect with excitation energy. The plateau value of the proton
even-odd effect &, = 22.1% was taken from data on thermal-neutron-induced fission of ***U

(ref. {54]). The values given in Table 3 show that our data are rather close to the theoretical
expectation but differ strongly from the systematics. However, it is probably too early for a
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final conclusion. On the one hand, the measured data, the systematics [91,92] is based on,
have rather large error bars, and on the other hand, the theoretical calculation is rather sensi-
tive to a few parameters, e.g. the values of the fission barriers, which are not precisely known
neither. In any case, the surviving of pairing correlations in fission remains a subject of inter-
est to be studied more precisely.

Table 3: Characteristic quantities of the element distributions for fission fragments of
231 and 2*U. Upper part: The peak-to-valley ratios P/V and the proton even-odd effects
¢ measured in the present work are compared to calculated values that have been ob-
tained by averaging over the calculated excitation-energy distribution. a) The energy
distribution after electromagnetic excitation from Figure 15¢) was used. b) The prob-
ability for 2-phonon-excitations was increased by a factor of 4. Lower part: The ex-
pected value of the even-odd effect has been calculated with different options for the ex-
citation-energy dependence of the even-odd effect: ¢) empirical parameterisation from
ref. [91]}, d) empirical parameterisation from ref. {92], e) theoretical prediction from ref.
[93].

Nucleus 2y 2y
<P/V> (exp) 45+05 6.0+14
<P/V> (calc) a) 11.1

<P/V> (calc) b) - 13

<d> (exp) (109206)% (125215 %
<dé> (cale, T =1MeV)c) 54 %

<d> (calc, T = 1.6 MeV) d) 6.6 %

<d> (cale, microscopic) e) 9.1 %

Table 4: Relevant parameters of 214 to 23U used in the calculations. Fission barriers By
are averaged values from experimental data [94], neutron binding energies B, are taken
from ref. [95], and fission probabilities are deduced from refs. [96,66].

Nucleus |*'U 22y 23y 234
By 56 MeV 56 MeV 56 MeV 56 MeV
B, 590MeV 725MeV 576 MeV 6.84 MeV
Py 0.80 0.72 0.60 0.49

In summary, we state that the comparison of the charge-yield distributions after electro-
magnetic-induced fission of **U and **U with data from thermal-neutron-induced fission
shows that the general characteristics of the nuclear-charge distributions and of the total ki-
netic energies of the fission fragments are similar. The deviations are qualitatively expected
due to the higher excitation energies involved in electromagnetic excitations. However, the
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peak-to-valley ratio and the even-odd effect cannot quantitatively be understood on the basis
of previously measured data of the excitation-energy dependence of these characteristic
quantities. Still, the data available from literature are too uncertain to draw any final conclu-
sion. The detailed analysis given in this chapter gives the necessary guideline for the interpre-
tation of the new results acquired in the present experiment in comparison with previously
measured data.

L.l LLl

Ll Ill]III

Yield / %

L i S I - l
10 20 50 100
E / MeV

Il!l 1 1 1

Figure 19: Mass yields for A = 140, near the peak of the asymmetric component, (open
symbols) and at symmetry (full symbols) as a function of excitation energy for several
systems as measured in previous experiments 3U(n,n, [971, 220Mm,0 [98], Z>Th(n,)
[99], 2U(n,f) [100), 2*Pu(n,f) [101], Z>Th(p,f) {102])) The compound nuclei formed in
the reactions are indicated. The lines represent analytical fit functions (see text).

6. RESULTS

In the present experiment, the elemental yields and the total kinetic energies for a series of
neutron-deficient pre-actinides and actinides from WAL to P*U have been determined. An
overview on these results is given in Figure 20 and Figure 21. The elemental yiclds after elec-
tromagnetic-induced fission, covering the transition from symmetric fission at 2lAc to asym-
metric fission at 2*U, are shown in the upper part of Figure 20. In the transitional region,
around 2*’Th, triple-humped distributions appear, demonstrating comparable weights for
symmetric and asymmetric fission. The lower part of Figure 20 shows the elemental yields for
lighter nuclei reaching from At to 2'Th. In all these cases symmetric fission prevails. The
total kinetic energies that were determined with sufficient counting statistics are depicted in
Figure 21. These show very clear signatures of nuclear structure as well. These new data now

systematically fill the gap between the regions of symmetric and asymmetric fission shown in
Figure 1.
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Figure 20: Measured fission-fragment nuclear-charge distributions in the range Z = 24
to Z = 65 from **'Ac to ‘U (upper part) and from **At to *'Th (lower part) in electro-
magnetic-induced fission are shown on a chart of the nuclides, The dashed line in the
upper part indicates the transition from symmetric to asymmetric fission as predicted by
Moaller [103] who calculated the stability of the saddle-point configuration against mass-
asymmetric deformations. Nuclei on the right-hand side of this line were expected to

predominantly show asymmetric fission, while nuclei on the left-hand side were expected
to show symmetric fission with higher probability.
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Figure 21: Measured mean total kinetic energies as a function of the fission-fragment
nuclear charge in the range Z = 31 to Z = 59 in eleciromagnetic-induced fission for the
secondary beams 215 ¢ to U (upper part) and 21024 to 22'Th (lower part) are shown on
a chart of the nuclides.

The data allow to follow the mean charge split in the asymmetric fission component over
long isotopic chains. Figure 22 shows the mean positions of the heavy charge peak. It reveals
that the heavy asymmetric fission component is centred at proton number 54 for all systems
investigated. Also the mean mass and neutron numbers of the asymmetric peaks were deduced
from the measured elemental yields by applying the unchanged-charge-density (UCD) as-
sumption. Both the mass and the neutron number vary over several units. This is a surprising
result, since the asymmetric fission component is usually traced back to the influence of neu-
tron shells in the heavy component (e.g. [11]). This remarkable finding puts an important con-
straint on the theoretical description of the fission process. It deserves a careful discussion on
the basis of elaborate fission models. It is not clear at this moment, whether shell effects in
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proton number play a decisive role for the charge split of the systems or whether the constant
position in proton number is a fortuitous result of more complex relations.
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Figure 22: Mean position of the heavy asymmetric component in charge number (upper
part) and neutron number (lower part) for those nuclei for which an asymmetric com-
ponent was observed. The data refer to electromagnetic-induced fission, In the upper
part, a horizontal line is given for Z = 54 in order to illustrate the constant mean proton
number of the heavy component. While the charge number is measured, the neutron
number is estimated by the UCD assumption: Ny = Zy Nen/Zen, thus neglecting any po-
larisation effects.

The weights of the two fission components, the symmetric and the asymmetric one, were
quantitatively determined by fitting three Gaussian curves to the charge-yield distributions,
one for the symmetric component and two others for the light and the heavy peak of the
asymumetric component. In those cases where either the asymmetric or the symmetric compo-
nent was too weak, the position and the width of the asymmetric components or the width of
the symmetric component, respectively, were imposed to the fit. In the case of a weak sym-
metric component, the width of this component was fixed to 9.5 charge units (FWHM), corre-
sponding to a standard deviation of 4.04 charge units. This value was deduced from the sys-
tematics shown in Figure 24. Also guided by the systematics of Figure 24, the width of the
asymmetric component was fixed to 4.7 charge units (FWHM), corresponding to a standard
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deviation of 2.13 charge units, for the more neutron-deficient isotopes. The mean position of
the heavy asymmetric component was fixed to Z = 54 in these cases, following the systematics
of Figure 22. The strengths of the symmetric and of the asymmetric fission components were
then determined by the areas of the Gaussians describing the data. The numerical results are
given in Table 5. :

The resulting values of the ratio of symmetric to asymmetric fission are shown in Figure
23. Data obtained from fission after fusion reactions are included for comparison [27,32].
They show higher yields of the symmetric component. This may be attributed to the higher
excitation energies involved. The transition from symmetric to asymmetric fission is steep but
rather smooth. For all nuclei with A < 226, the symmetric component has been found to pre-
vail. When compared to neutron number or charge number of the fissioning nucleus, the mass
number turned out to be by far the best suited ordering parameter. The same has already been
suspected by Specht [30] for nuclei in the mass region A = 225 to 236. The decisive influence
of the mass number is surprising, since the origin of the asymmetric fission is attributed to
shell effects in the nuclear neutron and proton subsystems, where the most important role is
attributed to the spherical N = 82 and the deformed N = 88 shells [11]. Strutinski-type poten-
tial-energy calculations performed by Méller [103] and Pashkevich [13] are in qualitative
agreement with the data. They predicted that competition between symmetric and asymmetric
fission is expected for nuclei around 221Th. However, the only available quantitative predic-
tion of Moller [103] on the transition from symmetry to asymmetry does not coincide with the
data. In contrast to the data, this calculation predicted a transition along a line with approxi-
mately constant values of N - Z of the fissioning system (see Figure 20).
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Figure 23: 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) cor-
respond to thorium (protactinium, uranium) isotopes. The open symbols show data for
29Th and 22*Th measured by Itkis et al. [32] and for **Th measured by Unik et al. [27].

The widths of the different components were determined from the data, too. As demon-
strated in Figure 24, the widths of both the asymmetric and the symmetric component stay al-
most constant over the whole range of nuclei investigated. While the asymmetric component
is supposed to be composed of two fission channels, standard I and standard II, the symmetric
component may be identified with only one, the superlong channel. Therefore, we will con-
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centrate on the symmetric component here. Since mass and nuclear charge of the fission frag-
ments are highly correlated, the widths in charge and mass should approximately be related by
the A/Z ratio of the fissioning system. Therefore, the present data may be compared to previ-
ous results deduced from mass distributions. For the large number of systems investigated in
the present work, the width of the symmetric component varies only little. The width tends to
decrease slightly with increasing neutron number of the system. The large fluctuations from
system to system found in previous studies (see e.g. refs. [15,104]) are not present in the sys-
tems investigated here. We assume that the rather neutron-deficient systems studied in the
present experiment give more reliable results for the characteristics of the symmetric fission
channel than previous experiments on more neutron-rich isotopes, since the yield of the sym-
metric channel in low-energy fission decreases strongly with increasing mass number.
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Figure 24: Widths (standard deviations) of the different components in the nuclear-

charge distributions after electromagnetic-induced fission, measured in this experiment
for different nuclei.

In detail, the charge-yield distributions and the total kinetic energies of 230, *8pa, 2Th,
223Th, 219Ac, and *'*Ra for electromagnetic-induced fission are shown in Figure 25. A strong
even-odd structure shows up for the uranium and thorium isotopes in both the asymmetric and
the symmetric component. First, we will concentrate on the signatures of shell effects. In the
nuclear-charge yields, the shell effects are responsible for the appearance of the asymmetric
component. However, it may also cause a fine structure in the symmetric component as ob-
served for nuclei near *'Tt [105] or an abnormally narrow symmetric peak as observed for
nuclei near **Fm [19]. The nuclear-charge distributions found in the present experiment for
nuclei with A < 220 do not seem to show any clear signature of shell effects. They all have
similar single-humped shapes. There might be an indication for a fine structure near symmetry

in *'*Ra, similar to that found in °'T1, but the statistical significance is not very high.
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Figure 25: 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
after electromagnetic excitations. Only statistical errors are given. The total kinetic en-
ergies are subject to an additional systematic uncertainty of 2 %, common to all data. In
addition, for each charge split the maximum Q (ground-state to ground-state) value de-
termined by varying the neutron numbers of the fission fragments is shown (dotted
lines). 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). 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 5= ;= 0.625 and a tip distance of 4

=2 fm [11].

38



However, shell effects may also show up in the kinetic energies. Shell effects in the total
kinetic energies become clearer, if the data are compared to a prediction on the basis of the
liquid-drop model. For this purpose we used the following simplified description as proposed
in the scission-point model of Wilkins et al. [11] without taking shell effects into account:

_Z,-Z,-¢*

TKE (1)

with
D=r0-A,”3(1+%ﬂ,)+rﬂ~A2”3(1+%ﬂ2)+d (12)

and ro = 1.16 fm. A;, A,-Z; and Z, are the mass and nuclear-charge numbers of the fission
fragments. The other parameters are given in the caption of Figure 25.

The gross structural effects observed in the charge yields are different from those showing
up in the total kinetic energies. From 23U to 2 Th, the weight of the asymmetric fission com-
ponent decreases, while the enhancement of the total kinetic energies (with respect to the ex-
pectation of the macroscopic model) for fission with a neutron number of the heavy fragment
around N = 82 is preserved. For the lighter fissioning nuclei, the enhancement of the total ki-
netic energies moves away from N = 82 while the charge distributions become single humped.
In all cases, the structure in the total kinetic energies as a function of the charge split is rather
similar to the structure in the ¢ values, This means that the total excitation energy TXE, de-
fined as TXE = Q - TKE, does not vary strongly as a function of charge split. However, the
TXE values decrease systematically for the lighter systems, indicating that the scission con-
figuration becomes more compact.

An interesting feature is that the structure in the total kinetic energy closely follows the

magic numbers. For example, the position of the enhanced kinetic energy shifts according to
the position of the N = 82 shell from **U to ***Th. This behaviour strongly differs from that
of the mean position of the nuclear charge yields of the asymmetric component that is strictly
constant at Z = 54 as mentioned above. In addition, the enhanced total kinetic energies near
magic neutron and proton numbers with respect to the macroscopic model show up with
stmilar magnitudes for all nuclei, independently of their structure in the elemental yields. This
is also true for those lighter nuclei that just show one symmetric fission component in the
yields.
The corresponding element distributions and mean total kinetic energies after nuclear excita-
tions, shown in Figure 26, are affected much less by nuclear-structure effects. Again only
those fission events are considered which preserve the number of protons of the secondary
projectiles. For the heavier nuclei, a small contribution of the asymmetric fission component
is still clearly visible in the yields, but the distributions for the lighter nuclei at least qualita-
tively coincide with the expectation of the macroscopic model: The elemental yields are sym-
metric and Gaussian shaped, and the total kinetic energies agree rather well with the calcu-
lated Coulomb repulsion of the two nascent fragments in the scission configuration without
considering any shell effects.
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Figure 26: 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
after nuclear excitations. Only statistical errors are given. The total Kinetic energies are
subject to an additional systematic uncertainty of 2%, common to all data. In addition,
for each charge split 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 §,= f,=0.625 and a tip distance of d = 2 fm [11].
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Figure 27: Comparison of the mean total kinetic energies measured in electromagnetic-
induced fission, averaged over all charge splits, for all systems investigated ¢(data points)
with the systematics of Viola et al. [106] (full line). The error bars correspond to the sys-
tematical error of the experimental data of = 2%. The broken lines represent the uncer-
tainty band of the systematics.

In Figure 27, the mean total kinetic energies, averaged over all charge splits, obtained in
fission after electromagnetic excitation are compared with the systematics of Viola et al.
[106] for all systems investigated. Both the absolute values and the tendency agree well with
the systematics within the error bars.

A summary of the numerical results derived from the measured elemental yields and mean
total kinetic energies after electromagnetic-induced fission is listed in Table 5. The beam time
which was attributed to this experiment did not allow to cover all nuclei with the desirable
amount of counting statistics. Therefore, the total kinetic energies are not given for all sys-
tems. Also the even-odd effects for radium and radon isotopes do not allow any detailed
analysis, apart from the fact that the even-odd effect is in the order of 5 % to 8 %.

From the large number of systems investigated in the secondary-beam experiment de-
scribed in this paper, new insight into pair breaking in fission has been acquired. Specific re-
sults have already been published [107]. We have shown that an appreciable even-odd effect
in the elemental yields systematically shows up even in the fission of odd-Z elements where at
least one unpaired proton is present. A similar observation has been made in two specific
cases in thermal-neutron induced fission, Z’Np(2ng,f) [108] and **Am(2ng.,f) [109,110].
From the present secondary-beam experiment it has become clear that even-odd structure in
the fission yields of odd-Z fissioning nuclei is a general phenomenon. This finding is in con-
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trast to the previous understanding as described in the introduction. According to the inter-
pretation we give in ref.[107], part of the measured even-odd effect results from the different
numbers of excited states available in the two nascent fragments. The unpaired protons are
driven to the heavy fragment due to the higher phase space available. This finding implies that
the relationship between the proton even-odd effect and pair-breaking processes in fission has
to be reconsidered.

A more detailed discussion of the data acquired in the present work will be the subject of
forthcoming publications. In particular the influence of nuclear composition and of excita-
tion energy on the fission characteristics will be considered. We will discuss the implications
of the systematic coverage of long isotopic chains obtained in the present experiment for an
improved understanding of fission dynamics. In addition we will compare our data with re-
sults obtained recently at higher excitation energies, on multimodal fission of a few actinides
near *'Th [32,62].

The present experiment has also provided the fission cross sections of a large number of
secondary projectiles after electromagnetic and nuclear excitations [66]. These results will be
reported in a separate publication.

Table 5: Numerical results of the present work for the fission properties of all secondary
projectiles investigated after electromagnetic excitation. The values given in the columns
2, 3, 4, and 5 result from a fit to the elemental yields with three Gaussian distributions.
The numbers given in parentheses have been imposed to the fit. TKE values have been
deduced only from measurements with high counting statistics. The global even-odd ef-
fect is listed only for even-Z fissioning nuclei since it is zero for odd-Z fissioning nuclei
due to symmetry arguments.

Nucleus | Total width AverageZ WidthinZ widthinZ  Y(sym)/ Mean Global
inZ of heavy of asymm. of symm. Y(asym) TKE even-odd
(standard asymmetric Component Component fMeV effect
deviation) component ! %

By 783+0.02 53794005 248+0.04  (4.04) 0.1240.01 1719434  12.5%1.1

By 7.8240.01 53.91+0.03 2444002  (4.04) 0.1640.01 1720434  10.940.6

By 7724002 53.9940.04 2334003  (4.04) 0224001 1732435  9.9+09

Ay 7.67H0.04  53.99+0.08 2.48+0.06  (4.04) 0.27+0.02 10.141.5

By 7514008  54.113%0.14  2.2040.11 (4.04) 0.39+0.03 8.242 8

Bip, 8.0940.02 54.03+0.04  2.1840.03 (4.04) 0.23+0.01  169.5+3.4

Dipy 8.0940.01 54.04+0.02  2.21+0.02 (4.04) 0.2530.01 169.4+3.4

s 8.03+0.01 54.10+0.03  2.2140.02  (4.04) 0.30£0.01 1700434

pa 7.86+0.01  54.07+0.03 2204002  (4.04) 0.35£0.01 170.3+34

pg 7404001  53.9740.02 2284002  (4.04) 0.5840.01  170.1+3 .4

*Tpa 7164002 S4.00£0.04 2224003  (4.04) 0.74£0.01 1708434

2pg 6.66+0.02  53.8740.05 2384004  (4.04) 1.1140.02  168.943.4

2pa 6394003  S53.8610.10 2324007  (4.04) 1.4140.04

2ipy 581+0.05 53943020 243+0.14  (4.04) 2.5240.13

BTh 8.0940.03 54 1040.05  1.9110.04 (4.04) 0.4540.01 167634 197412

2TH 7.860.03 54.1840.05  1.9840.04 (4.04) 0.61+0.02 1667433  19.4+1.2

2'Th 7.2330.04 54.0840.07  2.1040.05 4.04) 1.00£0.03 1664433 139412

S ) 6.99+0.01 54.2430.04  2.0410.03 4.0240.08 1.2620.03 1677434  15.8+0.4

zzTh 6.3010.01 5401006 22110.04  3.68+0.06 1.8240.04 166.7+33  14.0+04

Th 5.9140.01 54.1240.06 2.25+0.03  3.73+0.04 2584005 166.7£3.3  13.5+0.3
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7. CONCLUSION

The present work reports on a recent application of secondary beams for nuclear-fission
studies in inverse kinematics. The experiment had to combine several stages. First, the nu-
clei of interest had to be produced, separated and identified. Secondly, excited states in the
vicinity of the fission barrier were populated by electromagnetic excitations in a secondary
lead target. Finally, the fission fragments were registered, and their elemental yields as well
as their total kinetic energies were determined. In view of the low secondary-beam intensity
of about 100 particles of a specific isotope per second, the success of the experiment essen-
tially depended on the application of a very efficient excitation mechanism and on the high
detection efficiency of the experimental set up. The high beam energy plays a key role in the
present experiment. In contrast to most secondary-beam experiments of the first generation
that are designed to determine a specific property of the secondary projectiles like binding
energy or total interaction cross section, the present experiment is a quite elaborate secon-
dary-reaction study where complex characteristics of the fission process could be investi-
gated.

The most important achievements of the secondary-beam experiment are the rather free
choice of the nucleus to be investigated, independent of its chemical properties and inde-
pendent of its radioactive decay characteristics, down to half-lives in the order of 100 ns, the
excellent nuclear-charge resolution for all fission fragments, and the remarkably good de-
termination of the mean total kinetic energies with uncertainties in the order of 107 of the
laboratory energies. In particular, the large number of high-quality nuclear-charge distribu-
tions reveals the important progress attained by the new experimental technique.

In the present experiment, the low-energy fission properties of 70 short-lived nuclear spe-
cies have been studied, almost all of them for the first time. In particular, the transition from
symmetric to asymmetric fission around *2'Th has been covered systematically. The mass of
the fissioning nucleus showed up as the appropriate scaling parameter that determines the
weight of the two fission components. In asymmetric fission, the average nuclear charge of
the heavy fission fragment was observed to be fixed at Z = 54. The total kinetic energies
showed particularly high values for fragments with neutron numbers close to N = 82 in the
heavy fragment. Large even-odd effects, even for symmetric charge splits, were found.

The huge amount of new data acquired in the present experiment could not exhaustively
be discussed in the present publication. The data contain much more information relevant for
the understanding of the fission process than could be touched here. However, the present
paper was primarily intended to describe the novel experimental technique in full detail. We
gave a general overview on the potential progress in nuclear fission brought about by the
new data. More elaborate discusstons on special topics have been published already or will
be the subject of forthcoming publications.
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