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The production cross sections of neutron-rich fission residues in reactions induced by ***U projectiles at
950A MeV impinging on Pb and Be targets are investigated at the Fragment Separator at GSI. These two targets
allow us to investigate fission processes induced by two reaction mechanisms, Coulomb and nuclear excitations,
and to study the role of these mechanisms in the neutron excess of the final fragments.
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I. INTRODUCTION

Medium-mass neutron-rich nuclei belong to one of the
most exciting regions of the chart of nuclei because of their
implications not only for nuclear structure studies, but also for
stellar nucleosynthesis. The presence of several shell closures
at large neutron excess (Z =28, N =50 and Z = 50, N =
82) provides an excellent basis for investigating how nuclear
structure evolves with isospin [1]. Moreover, two of these
shells (Z = 50, N = 82) are also at the origin of the waiting
point at A ~ 140 in stellar r-process nucleosynthesis. There-
fore, the production and study of nuclei in that region of the
chart of nuclides are of utmost importance and have become a
challenge for next-generation radioactive-beam facilities.

Although the fragmentation of neutron-rich beams, like
136Xe, can produce some of the nuclei of interest [2], fission
has been proven to be the most efficient mechanism for
the production of medium-mass neutron-rich nuclei [3—10].
Indeed, all next-generation radioactive-beam facilities based
on either isotope separation online (ISOL) or in-flight sep-
aration techniques use the fission of **U or >%U to pop-
ulate this region of the chart of nuclides. Furthermore, the
EURISOL project [11] proposes a two-step reaction scheme
where neutron-rich fission residues would be reaccelerated
and fragmented to produce medium-mass nuclei with an even
larger neutron excess [12,13].
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In-flight fission at relativistic energies has clear advantages
for the production of medium-mass neutron-rich secondary
beams. This technique is not only applicable to any residual
nucleus, regardless of its chemical properties, but also a very
fast process giving access to extremely short-lived nuclei. The
main drawbacks are related to the limited intensities of ion
beams and the thicknesses of the target materials. Moreover,
there is not much freedom concerning the reaction mecha-
nism. Indeed, variations within certain limits in the projectile
energy are not too relevant for the final production rates.

The choice of the target can, however, have an impact on
the production of the final residual nuclei. In particular, the
atomic number of the target material can be used to enhance
either nuclear or Coulomb excitations. It is well established
that the Coulomb interaction of 2**U projectiles with a high-Z
target, like lead, may induce fission via excitation of the giant-
dipole resonance. In this case, the excitation energy gained
by the fissioning 2*®U nuclei covers the range between 10
and 25 MeV, with a dominant peak at around 15 MeV. At
those relatively low energies, fission is expected to produce
an asymmetric fragment mass distribution [14]. Conversely,
a low-Z target will enhance fragmentation-induced fission
where the abrasion process will lead to a large variety of
fissioning nuclei with excitation energies well above 20 MeV
[15]. Under these conditions, the fission process will produce
a symmetric mass distribution of fragments with a smaller
neutron excess because of neutron evaporation.

It is the aim of this work to investigate the role of the target
material in producing the largest variety of fission fragments
with the largest possible neutron excess using in-flight fission
of 238U. This topic has been addressed by performing an
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FIG. 1. Schematic of the FRS showing the dipole magnetic ele-
ments and the detection system used in the experiment. More details
are given in the text.

experiment where the fragments produced in the fission of
238U were fully identified by mass and atomic number taking
advantage of the inverse kinematics technique. The role of the
target material was investigated using two different targets,
namely, lead and beryllium, enhancing Coulomb-induced fis-
sion at low excitation energies and nuclear-induced fission at
higher excitation energies, respectively.

II. THE EXPERIMENT

The experiment was performed using the GSI acceler-
ator facilities in Darmstadt. A beam of 2¥U was acceler-
ated by the SIS18 synchrotron to 950A MeV. The beam
was then transported to the Fragment Separator (FRS) target
station, where fission reactions were induced. The fission
residues, focused in the forward direction, were analyzed by
the zero-degree magnetic spectrometer FRS [16]. This is a
two-stage achromatic spectrometer with a resolving power of
Bp/ABp =~ 1500, a momentum acceptance of 1.5%, and an
angular acceptance for the central trajectory of 15 mrad (see
Fig. 1).

The A/Z ratio of the different fission fragments was unam-
biguously determined from their magnetic rigidity (Bp) and
velocity (By) according to the following relation:

B A 1
,ooczﬂy. (1)

An additional determination of the corresponding atomic
number using energy loss measurements provided unambigu-
ous identification of the fragments by atomic and mass num-
ber. A detailed description of the experimental technique and
analysis procedure can be found in Ref. [17].

During the experiment the beam intensity was continu-
ously monitored with the secondary-electron current monitor
SEETRAM [18]. The intensity of the >*U ions ranged from
107 ions/s up to 5 x 108 ions/s. The two targets used in this
experiment had a thickness of 1036 mg/cm? for beryllium and
649 mg/cm? for lead. The FRS was equipped with detection
systems adequate to provide identification of the transmitted
nuclei. Time-projection chambers (TPCs in Fig. 1) placed at
both image planes of the spectrometer (F2 and F4 in Fig. 1)
were used to determine the position of the transmitted nuclei
along the dispersive coordinate. These positions, together with
the dispersion and magnification parameters of the spectrom-
eter, provided the magnetic rigidity Bp of each nucleus. Two
fast plastic scintillators (SCIs in Fig. 1) covering the full
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FIG. 2. Two-dimensional scatterplot representing the atomic
number of the fission fragments versus their A/Z value for a setting
of the FRS centered on '*3Sn with the lead target. The color scale
indicates the production yield.

acceptance, also at both image planes, were used to measure
the time of flight and, accordingly, the velocity By of each
nucleus. Finally, a fast ionization chamber (MUSIC in Fig. 1)
situated on the final image plane provided the measurement
of the energy loss of the fragments with a resolution suffi-
cient to determine their atomic number Z. By combining the
measurements of the magnetic rigidity, velocity, and energy
loss it was possible to separate and identify all the fragments
transmitted through the FRS according to their atomic and
mass numbers. The calibration of atomic and mass number
was obtained from the characteristic pattern of the distribution
of fission fragments produced at low energies, as induced by
the lead target in the present experiment, together with ion-
optical calculations predicting the corresponding positions
of the transmitted nuclei on the final image plane of the
spectrometer.

Figure 2 shows the identification matrix of the fission
residues produced in the reaction 233U + Pb at 9504 MeV
that reach the final focal plane of the FRS for a magnetic
setting centered on '3Sn. The excellent resolving power of
the spectrometer made it possible to separate and identify
unambiguously the fission fragments produced in the inves-
tigated reactions. In order to cover the production of the most
neutron-rich fragments produced in fission within the angular
acceptance of the FRS, four different magnetic tunings of the
FRS, centered on '2Sn, '328n, 13°Sn, and '*¥Sn, were used.
As discussed in the following, by overlapping the measured
production of each nucleus over consecutive magnetic tunings
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we could determine the production yields and then the cross
sections.

III. RESULTS
A. Production cross sections

The cross sections of the most neutron-rich fission frag-
ments produced in reactions induced by 2*®U projectiles
impinging upon beryllium and lead targets were determined
from the production yields of each nucleus Y (A, Z), normal-
ized to the number of projectiles N, and the number of atoms
per unit area in the target N,, according to the following
equation:

€Y (Z,A)
0(Z,A) = ———. 2)
N,N;

The number of impinging projectiles was directly deter-
mined from the beam monitor, and the atoms per unit area
in the target from the known target thickness. The production
yield of each fragment was obtained from the identification
matrices, measured on the final focal plane of the spectrome-
ter. These yields were corrected by a factor € accounting for
the different losses incurred by the experimental setup. This
factor not only includes the detection efficiency, the optical
transmission through the spectrometer, or the data acquisition
dead time, but also the probability of having multiple reactions
in the target or secondary reactions of the final fragments in
the different layers of matter placed along the spectrometer.

The overall detection efficiency of the detectors used in
this experiment varied between 85% and 97%, depending on
the atomic number of the ions, and the dead time of the data
acquisition was continuously monitored, with values below
30%. Due to the limited acceptance of the fragment separator
and the large spread of fission fragments in both angle and
momentum, only forward-emitted fragments were measured.
For these fragments the complete velocity distribution was
determined by summing the different contributions measured
in consecutive magnetic tunings of the FRS. The angular
transmission of the fission fragments was evaluated according
to the method proposed in Ref. [19], ranging from 40% for
the heaviest fragments down to 10% for the lightest ones. The
probability for secondary reactions in other layers of matter
traversed by the ions was evaluated with the Karol formula
[20] and the probability for multiple reactions in the target
following the method presented in Ref. [21]. The combined
correction due to these two effects was between 20% and 30%.

The precision of these measurements was mainly limited
by systematic uncertainties; only for the most neutron-rich
nuclei with the lowest cross sections were Poisson statistics
the main source of uncertainty. Most of the systematic uncer-
tainties were below 10% and only the one associated with the
optical transmission was of the order of 20%.

Figure 3 displays cluster plots with the production cross
sections measured for the lead target (upper panel; 178 fis-
sion fragments) and for the beryllium target (lower panel;
330 fission fragments). In both cases, the plots have been
superimposed upon the corresponding region of the chart
of nuclides. As can be seen, with both measurements we
could investigate the production of very neutron-rich fission
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FIG. 3. Fission fragments measured in this work, with the lead
(upper panel) and beryllium (lower panel) targets superimposed on
two charts of nuclides. The color code and cluster size indicate the
production cross sections.

fragments of elements from krypton up to neodymium, with
the lead target, and from gallium to cerium, with the beryllium
one. The isotopic distributions of these elements covers the
range from the most abundant isotopes in fission to more
neutron-rich isotopes with cross sections as low as 100 pb.

B. Fission induced by the lead target

In Fig. 4 we present the isotopic distributions of the fission
fragments measured in this work with the lead target (solid
points). We also show fission data previously obtained by
Enqvist et al. (open circles) for the same reaction at a slightly
higher energy, 1000A MeV, but using also the FRS with a
very similar detection setup [22]. As can be seen, both sets
of data not only overlap within uncertainties but also are fully
complementary. Enqvist ef al. measured long isotopic chains
of fission residual nuclei produced in the reaction >¥U + Pb,
but they could not reach the most neutron-rich fragments.
However, the new data extend over the region of fission
fragments with a larger neutron excess and smaller production
cross sections.

The two data sets fully cover the region of fission, with pro-
duction yields following the typical behavior of low-energy
fission. The fragment distribution is clearly asymmetric in
neutron and atomic number as shown in the upper panels
in Fig. 3 and in Fig. 4. In these figures we observe the
highest production yields for nuclei around '**Te and '%*Xe,
corresponding to the spherical shell at N &~ 82 and the de-
formed one at N & 88, and their complementary fragments
1047r and “6Sr [23]. Moreover, the region around the sym-
metric splitting presents much lower production yields. This
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FIG. 4. Isotopic distributions of the production cross sections of the fission fragments investigated in this work with a lead target (filled
circles) compared with the fragments measured previously by Enqvist and collaborators [22] for the same reaction (open circles) and
predictions obtained with the code ABRABLAO7 (solid line).

observation clearly demonstrates the dominance of  Therefore, we expect that the main features of the measured
electromagnetic-induced fission when using a lead target  production yields will be determined by fission processes at
in the energy regime used for investigating this reaction. excitation energies between 10 and 15 MeV defined mostly by
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the excitation of the giant-dipole resonance in >*3U. Similar
conclusions were obtained by Donzaud and collaborators
[24] investigating the same reaction but at a slightly lower
projectile energy, 750A MeV.

Figure 4 also shows predicted cross sections of the fis-
sion fragments produced in this reaction using the code
ABRABLAO7 (solid line) [25,26]. This code describes the
properties of the projectile spectators issued in peripheral and
semiperipheral collisions of heavy ions at relativistic energies.
The code is based on the abrasion ablation model but also in-
cludes Coulomb excitation [14], and a statistical description of
the fission process with a realistic model of the fission yields
[27,28]. As can be seen, ABRABLAO7 provides a rather good
overall description of the data. A detailed comparison reveals
that the yields of the most neutron-rich nuclei produced in
asymmetric splittings are slightly underestimated, while the
more neutron-deficient ones are rather well described. The
production of nuclei in symmetric splittings is well described
for the complete isotopic chains.

C. Fission induced by the beryllium target

In Fig. 5 we report the isotopic production cross sections
of the most neutron-rich medium-mass nuclei measured in
this work with the beryllium target (filled squares). The most
neutron-rich nuclei produced in **U on beryllium reactions
have recently been measured [10]. However, these measure-
ments were done at a rather different energy, 345A MeV, and
the obtained isotopic distributions do not cover the maximum
of the fission yields. Isotopic distributions of fission fragments
across the maximum production yield have only been obtained
for the reaction 2%U +d at 1000A MeV, again using the
FRS and a detection setup similar to the one used in this
work, by Pereira et al. [17] (open squares). In principle, with
the exception of the difference in total reaction cross section
(~53%), one expects that the production of fission fragments
in both reactions should be similar since the difference in
atomic number between the two targets is small and we
expect a negligible effect of Coulomb excitation. Therefore,
fission should be mostly induced by nuclear interaction in both
targets. Indeed, the comparison of both sets of data presented
in Fig. 5 shows a good overlap and complementarity. As in
the measurements with the lead target, the present data cover
the production of the most neutron-rich fission residues, with
the lowest cross sections, while the previous measurement
provides a complete scan of the production of medium-mass
residual fragments produced in fission reactions, although for
a limited range of cross sections.

As shown in Fig. 5, the yields of the more neutron-rich
fragments measured with the beryllium and deuterium target,
produced in fission reactions, present a different pattern with
respect to those obtained with the lead target. The production
of heavy fragments around the spherical shell at N ~ 82
(**Te and '**Xe) and the deformed one at N =~ 88, and
their complementary fragments (1°*Zr and *°Sr), is very much
reduced compared to the productions of the same nuclei with
the lead target. In fact, the beryllium/deuterium data indicate
that those fragments were most likely produced in reactions

where fission occurs on average for excitation energies well
above 20 MeV.

Figure 5 also represents by the solid line the predictions
obtained with the code ABRABLAO7 for the reaction >%U +
Be at 1000A MeV. As for the lead target, the code provides
a rather good agreement with the most neutron-rich fission
fragments measured in this work. Fission fragments with a
moderate neutron excess measured in the reaction 233U 4 d
at 1000A MeV are also rather well described. However, one
can again observe a small underestimation of the production
of the most neutron-rich nuclei for the asymmetric splittings,
which would indicate that the measured mass distributions are
slightly broader than the calculated ones.

IV. TARGET DEPENDENCE OF THE FISSION YIELDS

A. Target thickness

The final yields of residual nuclei produced by in-flight
projectile fission depends not only on the reaction mechanism,
but also on the target nature and thickness. The production of
a given fragment increases with the thickness of the target.
However, secondary reactions increasing also with the target
thickness may contribute to the production and destruction
of the same fragment. An example is the production of
very neutron-rich fragments in the secondary fragmentation
reactions of fission fragments [13]. Another important effect
will be the increase with the target thickness of the energy
and location straggling, limiting the transmission through the
magnetic spectrometer. Therefore, an optimum target thick-
ness exists which maximizes the production yields. In the
particular case of the setup used in the present work, this
optimum production is reached for a target thickness between
10% and 20% of the range of the incoming projectiles [29].

For a typical 10004 MeV 2*®U beam used to induce in-
flight fission, the optimum target thicknesses corresponding
to 20% of the range of this projectiles in beryllium and
lead would be 2060 and 3135 mg/cm?, respectively. For the
final production one should also consider that the lower mass
number of beryllium leads to 23 more atoms per unit area
compared to lead, which largely compensates for the 30%
thicker targets one can use with lead. Therefore, assuming
the same production cross section, a beryllium target should
produce up to a factor of 10 more fragments than a lead
target.

B. Target nuclei

The composition of the target will also affect the reac-
tion mechanism and probability. Not only will heavy tar-
gets increase the total reaction cross section due to nuclear
interactions (fragmentation reactions) but also, as discussed
in the previous section, the larger atomic number will favor
electromagnetic excitations. These excitations induce low-
energy fission with rather large cross sections, leading to an
asymmetric fission fragment distribution. In light targets one
mostly expects nuclear-induced fission at higher excitation
energies with a symmetric fission fragment distribution.

To display how the different reaction mechanisms, favored
by these two targets, affect the production yields obtained
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FIG. 5. Isotopic distributions of the production cross sections of the fission fragments investigated in this work with a beryllium target
(filled squares) compared with the fragments measured previously by Pereira and collaborators [17] for the reaction >¥U 4 d at 10004 MeV
(open squares) and predictions obtained with the code ABRABLAO7 for the reaction 23U + Be at 10004 MeV (solid line).

in projectile in-flight fission of 23*U, in Fig. 6 we compare thicknesses discussed above. In the present experiment thinner
the yields that one would expect from the two sets of data  targets were used in order to optimize the transmission of
obtained in this work, but using targets with the optimum 1328n for another purpose. The comparison of the sets of data
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FIG. 6. Production yields per beam particle of the fragments obtained in the fission of >*U on beryllium (red squares) and lead (black
circles) targets at 9504 MeV, assuming 20% of the range of the projectiles as the target thickness. Insets: Evolution of the local derivatives
of the logarithm of the measured yields according to the neutron excess. Dashed and solid lines represent fits of the beryllium and lead data,

respectively.

presented in Fig. 6 shows some clear differences in the yields
obtained with the two targets.

The more symmetric splittings, from molybdenum to sil-
ver, show a clear enhancement of the production yields with
the beryllium target for all fission fragments. Moreover, this
enhancement factor seems to be rather similar for all nuclei.
This result would indicate that the same reaction mechanism

dominates in the formation of symmetric fission fragments in
both targets, and the difference in the final yields is mostly
governed by the differences in total fission cross section and
the number of atoms per unit area in the target. Indeed, in
the previous section it was already discussed that symmetric
splittings of 2**U are favored by high excitation energies such
as the ones reached in fragmentation reactions. Therefore, for
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the observed residual nuclei produced in symmetric fission the
fragmentation-fission process is in both targets most likely the
dominant reaction mechanism.

One observes, however, a difference between the two tar-
gets for the asymmetric splittings. The production of nuclei
around the shell closures (N = 82-86, Z = 50) is clearly
enhanced with the lead target. This effect is particularly
visible in heavy fission fragments, from indium to barium,
with neutron numbers between 80 and 86. However, for the
most neutron-rich isotopes of these elements the production
yields appear to be rather similar or even slightly larger
with the beryllium target. In this case, one understands the
larger production of some isotopes with the lead target as
a consequence of the Coulomb excitations leading to low-
energy fission enhancing asymmetric splittings governed by
the shell closures. The similar yields observed for the most
neutron-rich isotopes of these elements would indicate that the
dominant mechanism for the production of these fragments is
no longer low-energy fission but fission at higher excitation
energies induced by nuclear interactions (fragmentation) in
both targets. In this case the larger number of atoms per unit
area in the beryllium target would even compensate for the
larger total nuclear reaction cross section and the optimum
thickness of the lead target.

For light fission fragments, from rubidium to niobium, the
yield enhancement due to low-energy fission induced by the
lead target is very much reduced. Moreover, the production
of the most neutron-rich nuclei appears to be larger with the
beryllium target. This relative increase in the yields obtained
with the beryllium target can be explained by fission of
compound nuclei lighter than 2*3U, such as the ones produced
in fragmentation reactions, but also by the larger number of
atoms per unit area in the beryllium target.

C. Yield parametrization from fits

The qualitative conclusions discussed in the previous para-
graphs can be quantified by fitting the yields to systematically
investigate the evolution of the mean neutron excess and width
of the isotopic distributions. Moreover, the fits can be used to
extrapolate the yields towards larger values of neutron excess.

We have fitted the most neutron-rich part of the measured
yield distributions from its maximum to a parabolic function
in logarithmic scale. In these fits we have used the additional
data shown in Figs. 4 and 5. The dashed line in Fig. 6
represents the results of the fits of the data obtained with the
beryllium target, while the solid line corresponds to the fits of
the lead data.

The fits indicate that for isotopic distributions of fragments
around Z = 46, corresponding to symmetric fission events,
the slopes describing the evolution of the yields with the
neutron excess are rather similar for both targets. However,
for heavier and lighter fission fragments, mostly produced
in asymmetric fission events, the slopes are steeper with the
lead target. This behavior can also be shown by plotting
the evolution of the local derivatives of the logarithm of the
measured yields according to the neutron excess, as shown
in the insets in Fig. 6. The slope of the yield distributions is
obtained by linear fits of these local derivatives as a function
of the neutron excess.

The global trends of the isotopic distributions of the fission
yields can be analyzed by plotting the evolution of the param-
eters of the fits characterizing these isotopic distributions as
a function of the atomic element of the residual fragment. In
Fig. 7 we represent the evolution of the mean N/Z value of
the distributions (left panel), the width of the distributions at
half-maximum (center panel), and the slope of the production
yields of the most neutron-rich residual nuclei (right panel).
For completion, we also report the results obtained from fits
of the isotopic distributions of fission residues obtained in a
similar reaction, 233U + Pb at 6504 MeV, but measured with
the R3B/SOFIA experimental setup [30].

In the left panel, the dashed line corresponds to the ex-
pected N/Z value assuming the conservation of the neutron-
to-proton ratio of 23U in the fission process. The evolution
of the mean N/Z value of these distributions shows that
fragments produced in fission reactions induced by the lead
target have on average a larger neutron excess than those
produced with the beryllium target, as previously concluded
from the analysis in Fig. 6. The central panel in Fig. 7 clearly
indicates that the average width of the distributions of the most
neutron-rich fission residues is larger with the beryllium target
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than with the lead one. In both cases one also observes a clear
dependence of the width as a function of the asymmetry of the
splitting. Symmetric partitions present broader isotopic distri-
butions than asymmetric ones. The good agreement between
the data obtained in this work with the lead target and the
results of the R3B/SOFIA experiment confirms the validity
of the present analysis despite the fact that we only measured
the most neutron-rich part of the isotopic distributions of the
fission fragments.

The lower mean values of N/Z and the larger values of the
width of the distributions obtained with the beryllium target
compared to those with lead can be understood in terms of the
lighter fissioning systems produced in fragmentation reactions
induced by the beryllium target and by the higher excitation
energies reached in this case. The width and average N/Z
value of these distributions also show a drastic change in their
evolution at the closed shell Z = 50. This is the well-known
charge polarization in fission induced by shell effects [31,32].

The evolution of the slopes of the production yields pre-
sented in the right panel in Fig. 7 shows that the isotopic
distributions produced in symmetric splits are not very differ-
ent for the two targets, while for the asymmetric fissions the
slopes obtained with the lead target are clearly steeper than the
ones corresponding to the beryllium target. The steeper slopes
observed with lead for asymmetric fission are most likely
caused by the strong and local enhancement of the yields of
fission fragments with neutron numbers between 80 and 86,
induced by the large cross section of low-energy fissions in
Coulomb excitation reactions. For larger values of the neutron
excess, fission fragments are then expected to be produced by
nuclear interactions. Therefore, it does not seem reasonable
to use these slopes, mixing both reaction mechanisms, to
extrapolate the production yields.

The situation is rather different for the beryllium target be-
cause the production of fission fragments is mostly governed
by a single reaction mechanism, fragmentation-induced fis-
sion. In this case, the fits could be used to extrapolate the pro-
duction yields for extremely neutron-rich fission fragments.
Such an extrapolation would be based on the assumption that
fluctuations in the neutron excess of the final fission fragments
are purely statistical and they scale with temperature [33,34],
however, we cannot exclude that the maximum neutron excess
could be limited by quantum-mechanical zero-point oscilla-
tions [35,36].

The results of these fits are in good agreement with the
evolution and magnitude of the same parameters obtained in
the characterization of the low-energy component in fission
reactions induced by relativistic 2*®U projectiles impinging
on protons [37], deuterons [15], and lead [24]. The slight
differences observed for the width of the more symmetric
partitions, and in general with the beryllium target, are due to
the different functions used for the fit. In the previous works
two Gaussian functions were used to characterize the low- and
high-energy components in fission. In the present work we use
a single function in order to improve the description of the
production yields of the most neutron-rich isotopes and, thus,
obtain more reliable extrapolations.

From this analysis we can conclude that the smaller value
of the average N/Z and the larger width in the distributions

measured with the beryllium target are due to the high-energy
fission component. According to the extrapolated yields from
the fits, this high-energy component would be responsible
for the production of the most neutron-rich nuclei in the
fission of 2**U. Therefore it seems that fragmentation-induced
fission using light targets such as beryllium, present clear
advantages for the production of medium-mass neutron-rich
nuclei. On top of the larger number of scattering centers per
surface unit in the target, fission induced at relatively high
excitation energies enhances fluctuations in mass asymmetry
and neutron excess. In this way we increase not only the range
of atomic number of the final residual nuclei but also their
neutron excess. Nevertheless, the use of high-Z targets, such
as lead, can be of interest to enhance the production of fission
fragments around the double-shell closure (N =~ 82-86, Z =
50) and its complementary light fragments.

V. CONCLUSIONS

In the present work, we have investigated the role of the
target in the production of medium-mass neutron-rich nuclei
by in-flight fission of 2*¥U. For this purpose, an experiment
was performed at GSI to measure the production cross sec-
tions of neutron-rich fragments in fission reactions of 23¥U
using the inverse kinematics technique. The beam, accelerated
to 950A MeV, impinged upon two targets, lead and beryllium,
enhancing low- and high-energy fission, respectively. Using
the high-resolution magnetic spectrometer FRS, the yield dis-
tributions of unambiguously identified fission fragments were
investigated. We have measured production cross sections of
neutron-rich nuclei from Z = 36 to Z = 60 down to 100 pb for
both targets. The experimental data were extrapolated in order
to find out which target could produce the most neutron-rich
nuclei.

The data show that the mass distribution of fission frag-
ments obtained with the lead target is asymmetric, while the
distribution becomes symmetric with the beryllium target.
These different shapes are understood as a consequence of the
different reaction mechanisms inducing fission in both targets.
In low-Z targets such as beryllium, fragmentation-induced
fission is responsible for the production of medium-mass
neutron-rich nuclei in reactions induced by 2**U at relativistic
energies. In contrast, in higher-Z targets, like lead, fission can
also be induced by Coulomb excitations. The difference in
excitation energy of the fissioning nuclei produced by these
two reaction mechanisms would explain the final shapes of the
yield distributions. Coulomb excitation induces low-energy
fission where the splitting of the fission fragments is governed
by shell effects in the final fragments. Therefore this mecha-
nism enhances the production of fission fragments around the
shell closures (N =~ 82-86, Z ~ 50). Fragmentation produces
fissioning nuclei with much higher excitation energies on av-
erage. Under those conditions shell effects disappear and the
final distributions become symmetric. Moreover, statistical
fluctuations seem to be responsible for the broadening of the
mass asymmetry and neutron excess distributions. However,
the contribution of secondary reactions in thick targets to the
production of the most neutron-rich fragments should not be
neglected.

054606-9



D. PEREZ-LOUREIRO et al.

PHYSICAL REVIEW C 99, 054606 (2019)

The comparison of the two sets of data measured in this
work confirms that, with the exception of the N ~ 80-86, Z ~
48-52 region, the production yields with the beryllium target
are clearly favored by the larger number of scattering centers
per unit area, compared to higher-Z targets.
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APPENDIX: MEASURED PRODUCTION CROSS
SECTIONS

Tables I and II list the isotopic production cross sec-
tions in *%U fission induced by lead and beryllium targets,
respectively.

TABLE I. Isotopic production cross sections measured with the Pb target.

Isotope Cross section (mb) Isotope Cross section (mb) Isotope Cross section (mb) Isotope Cross section (mb)
POKr 50 £ 20 Mo (1.5+£0.5) x 107! 124cd 441 1381 40+ 10
NKr 3+1 2Mo (2.0+£0.7) x 1072 125¢d 2.1+0.6 1391 15+5

%Rb 3049 BMo (23+0.8) x 1073 126¢d 1.3+04 1401 6+2

%Rb 8+2 Hoe 9+3 127¢d 4+1)x107! 141y 1.24+04
%Rb 441 e 3.0+0.9 128¢d (94+3)x 1072 1421 (2.5+0.8) x 107!
Rb 9+3)x 107! 27e 9+3)x 107! 129¢d (2.7£0.9) x 1072 1431 (2.1£0.7) x 1072
%Rb GB+1)x 107" 137 (2.440.8) x 107! 130cq (2240.8) x 1073 1447 (8+3)x 10~
“Rb (3.0£0.9) x 1072 e (6+2)x 1072 Blcd 4+2)x 10~ 14lxe 2849
100Rp (1.1£0.4) x 1073 5e (9+3)x 1073 1261 10 £ 3 192X e 11+4

%Sr 50 4+ 20 o (6+£3)x 10™* 1271n 6+2 Xe 23407
7Sr 40410 e (1.7£0.9) x 10~* 1281n 441 144xe (7+2)x 107!
%Sr 23+7 2Ry 1946 1291 341 95xe (5+2)x 1072
2Sr 542 BRu 542 1301 24408 146X e 24+1)x 1073
1008y 12404 4Ru 1.6+0.5 Bl (7+2)x 107! 4TXe Q+1)x10™*
otgy (2.74+0.8) x 107! 15Ru (5£2)x 1072 321 (7+2) x 1072 Hcs 13+4

1028y (2.3+£0.8) x 1072 HoRy (1.2+0.4) x 107! 1331n (6+2)x 1073 45 441

1035y 9+4)x 1074 Ru B+1)x 1072 1341 B+1)x 10 146Cg (7+2)x 107!
2y 60 £ 20 18Ry 4+2)x1073 13510 242)x 1073 4 Cs (1.6 £ 0.5) x 107!
100y 30410 19Ru Q2+1)x10~* 1288n 39412 48Cs (8+3)x 1073
101y 18+6 5Rh 10+3 1298n 2049 49¢Cs (7+4)x 1074
102y 3+1 16Rh 3+1 1308 25+8 45Ba 50 + 20

103y (8+£2)x 107! 7Rh 1.0£0.3 131 2749 146Ba 2648

104y (8+3)x 1072 18Rh B+1)x 107! 1328n 16+5 147Ba 642

105y 8+2)x 1073 19Rh (1.1 £0.5) x 107! 133Sn 2.0+0.6 148Ba 1.7+0.6
106y (5+2)x 10 120Rh (1.6 £0.5) x 1072 134Sn 1.1+£0.3 14983 (2240.7) x 107!
1027y 50 £ 20 12IRh B+1)x1073 1358n (943)x 1072 1508, 4£1)x 1072
10837y 2448 12Rh 2+1)x10* 1368n (6+£2)x 1073 51Ba B+1)x1073
1047y 12+4 118pq 742 1378n 2+1)x10™ 148 19+6

1057, 2.14+0.7 119pq 2240.7 1328b 60 + 20 1491 a 8+2

1067 (6+2)x 107! 120pq (7+2)x 107! 1338b 40+ 10 1501 5 1.3+04
077y (2.8£0.9) x 1072 121pq (2.1£0.7) x 107! 1343pb 18+ 6 BlLa (1.7£0.6) x 107!
1087y (1.9+£0.7) x 1073 12pq B+1)x107? 1355h 6+2 152La (2.6+0.9) x 1072
1097, 9+7) x 107 123pd (4+2)x 1073 136Sp (8+3) x 107! 183La B+1)x1073
104N 70 £ 20 124pq (6+3)x 107* 137Sb 4+1)x 10! Blce 6+2

105N 16+5 125pq (3+3)x 1073 138Sp (2.3+£0.8) x 1072 152Ce (1.6+£0.5
106N b 742 1207 ¢ 12+4 139Sb (22+£0.9) x 1073 133Ce (1.9+£0.6) x 107!
7Nb 341 21Ag 542 135Te 60 =+ 20 154Ce B3+1)x 1072
108N 4+1)x 10! 12Ag 14404 136 2748 152py 14+4
19Nb (8+3)x 1072 1ZAg (6+2)x 107! B7Te 13+4 153py 441

1ONp (7+2)x 1073 24Ag (1.6 £0.5) x 107! 138Te 341 155pr (1.8 £ 0.6) x 107!
INDb 4+2)x10™* 125Ag 4+1)x 1072 139Te (5+2)x 107! 155Nd 441

Mo 21+7 126Ag 8+3)x 1073 140Te (1.3+£0.4) x 10! 156Nd 0.9+0.3
%Mo 6+2 1277A¢ 2+2)x 1073 14l e (6+£2)x 1073

19Mo 2.0+ 0.6 18 Ag (3+3)x 107 192Te (3+2)x 104

1Mo 5+£2)x 107! 123¢d 1043 1371 80 & 30
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TABLE II. Isotopic production cross sections measured with the Be target.

Isotope Cross section (mb) Isotope Cross section (mb) Isotope Cross section (mb) Isotope Cross section (mb)
80Ga 4+1)x1073 P7Zr 50 £ 20 17pq 23407 133Te 742

$Ga 5+£3)x107° 107 13+4 118pq 1.1+£04 134Te 6+2

PGe (4+4)x 107" 017y 542 119pq @B+1)x 10! 35Te 23+0.7
80Ge (1+1)x 107! 1027 2.9+09 120pq (1.1 £0.3) x 107! 136Te 09+0.3
82Ge (6+2)x 1072 1037 1.4+04 121pg (1.9+0.7) x 1072 37Te 4+1)x 10!
$Ge (6+3)x 1073 W047r B+1)x 107! 122pq (8+3)x 1073 138 Te (8+3) x 1072
8Ge (5+2)x107* 1057y (1.3+£0.4) x 107! 125pq (1.0£0.3) x 1073 139Te (9+3)x 1073
8T AS 1+1 1067, (2.5+£0.8) x 1072 124pd (1.3+£0.4) x 107 140Te (6+2)x 1073
82As B+2)x 107! 1077y 4+1)x1073 125pq (1.4+£0.5) x 1073 141Te 4+1)x10™*

8 As 2+2)x 107! 1087y 4+1)x10™* 18 Ag 8+3 42T (5£2)x107°

8 As 4+1)x1072 1097y (2.5+£0.9) x 107 WAg 341 8 Te (1.1£0.7) x 107°
8 As 4+1)x1073 102Nb 18+6 120Ag 1.74£0.6 1351 8+2

8 As 8+3)x10™* 183NDb 943 121Ag (5+£2)x 107! 1361 4+1

8 As (1.54+0.5) x 10~ 104Nb 341 12Ag (1.540.6) x 10~! 1371 341

84Se 1.1+£0.6 15Nb 1.6+£0.5 12 Ag (7+2)x 1072 1381 1.3+04
8Se B+2)x 107! 106N (6+2)x 107! 124 Ag (1.6 £0.6) x 102 1391 (6+2)x 107!
87Se 542 17Nb (1.7£0.5) x 107! 125Ag 4+1)x1073 1401 (1.7£0.6) x 10~!
88Se (2.440.8) x 1072 1%8Nb (6+2)x 1072 126Ag (6+2)x 107 1417 3+1)x107?
83e B+1)x 1073 1Nb (1.2+£0.4) x 1072 127A¢ (1.0£0.3) x 10~ 1421 (4+2)x 1073
0Se 4+2)x10™* 1oNp (1.6 £0.5) x 1073 128 Ag (1.4+£0.5) x 1073 1431 22+0.7) x 1073
8By 11+5 IND (1.44+0.5) x 10~* 2lcq 6£2 B (1.14+0.4) x 107*
8By 12405 12Nb (1.5£0.6) x 1075 12¢d 29+09 1457 (4+£2)x107°
8Br (5+2)x 107! 15Mo 10+3 123cd 1.1+04 37xXe 742

8Br 2+1)x 10! 106Mo 642 124cd 4+1)x 10! 138X e 742

91Br (6+£2)x 1073 Mo 22407 125¢d (2240.7) x 107! 19Xe 4+1

92Br (1.9£0.6) x 1072 1%8Mo (8+3)x 107! 126Cq (7£2) x 1072 H0xe 27409
Br (1.5+£0.5) x 102 109Mo (2.7+£0.9) x 107! 127¢d (1.8£0.6) x 102 141%e 1.0+0.3
%Br 5+2)x 1073 10070 (6+£2)x 1072 128¢d 4+1)x1073 2Xe GB+1)x 10!
$Kr 341 2Mo (5£2)x 1073 2cd (6+£2)x 1074 4xe (7£2) x 1072
POKr 25409 Mo (6+2)x 107 130cd (1.4+£0.5) x 1074 144xe (9+3)x 1073
NTKr 29409 4Mo (6+2)x 1073 Blcd (9+4)x 10°° 15%e B3+1)x 1073
2Kr 13404 SMo (5+£3)x107° 132¢d (1.7+£0.9) x 107° 146 4+1)x10™*
BKr B+1)x 107! 07 ¢ 17+6 1231n 1947 47 e (9+5)x10°°
MKr (7+2)x 1072 1087¢ 8+2 1241 542 140 441

SKr (1.6 £0.5) x 102 1097¢ 441 1251 3.+1 el 441

%Kr B3+1)x1073 1o 15405 1261 1.6+0.5 42¢s 27409
Kr (1.2+04) x 1074 e (7+2)x 107! 1211 1.1+04 183¢Cs 1.3+04
“2Rb 542 27 (1.5+£0.5) x 107! 1281n (2.8+£0.9) x 107! 144Cg (5+2)x 107!
%Rb 441 137¢ 4+1)x1072 129In (1.240.4) x 10! 45Cs (1.14£0.4) x 107!
%Rb 21407 e (1.1 £0.3) x 1072 1301 (3.0£0.9) x 1072 146 (1.7£0.6) x 1072
%Rb 1.2+04 151 (1.8+£0.6) x 1073 Bl (7+2)x 1073 147¢Cs (6+2)x 1073
%Rb B+1)x 107! 16 (7+2)x 1073 13213 9+3)x 10~ 148¢Cg (9+3)x 1074
9TRb (8+3) x 1072 Wit (2.1£0.7) x 1075 133In (1.8+£0.6) x 10~* 49¢Cs (8+2)x107°
%Rb (1.8 £ 0.6) x 102 181 (1.1 £0.8) x 107° 1341 (8+3)x 107° 143Ba 441

“Rb 4+1)x1073 10Ry 10+3 126Sn 642 144Ba 341

100RD (1.0£0.4) x 10~ Ry 6+2 12781 341 Ba 1.9+0.6
0IRb (1.4+£0.7) x 107 2Ru 2.7+0.9 1288n 25+0.8 146B4 (7+2) x 107!
%Sr 12+4 BRu (8+3)x 107! 1299 14405 147Ba (1.7+£0.6) x 10~!
%Sr 6+2 4Ry (22+0.9) x 107! 130Sn 1.0+0.3 148Ba (5+2)x 1072
%Sr 441 SRy (7+£2)x 1072 1318n (4+2)x 107! 19984 (2.140.7) x 1072
Sr 2.0+0.7 1SRy (2.6 £0.9) x 1072 1328n 4+1)x 107" 10Ba B32+1)x 1073
%Sr (1.1 £0.4) "7Ru (5+2)x 1073 1338n (5+2)x 1072 51Ba (1.9+0.6) x 10~*
PSr (2.6 £0.8) x 107! 18Ry (8+2)x 1074 1345 (1.2+£0.4) x 1072 132Ba 2+0.7) x 107°
1005y (9+3)x 1072 9Ru (7+2)x 1073 1358n 9+3)x 10~ 1461 3 1.9+0.6

101 gy (1.5£0.5) x 1072 120Ru (6+£3)x107° 1368n (1.3+£0.4) x 107 “La 1.3+04
1028y (2.1£0.7) x 1073 13Rh 8+3 1378n (5+2)x10°° 481 (5+2)x 107!
1035 (1.1£04) x 1074 14Rh 3+1 1298p 542 1991 a 2.0£0.7) x 107!
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TABLE II. (Continued.)

Isotope Cross section (mb) Isotope Cross section (mb) Isotope Cross section (mb) Isotope Cross section (mb)
1045y (1.9+0.8) x 107 5Rh 1.8+0.6 1308 441 1507 5 4+1)x1072
Ty 11+4 16R K (53+2)x 107! 131Sp 441 51 8 (6+2)x 1073
By 542 TRh (1.8£0.6) x 107! 1328b 23407 1521 a (7+2)x 1073
2y 4+1 18Rh B3+1)x107? 1335b 14+04 153La (6+2)x10™*
100y 12404 'YRh (1.6 £0.5) x 1072 1343p (6£2)x 107! 54La B£1)x107?
oty (6+£2)x 107! 120Rh (2.1£0.7) x 1073 1358p (1.440.4) x 107! 48Ce 1.5+0.6
102y (23+£0.7) x 107! 12IRh (29+0.9) x 107 136Sh (2.3+£0.7) x 1072 199Ce (8+3)x 107!
103y (5+2)x 1072 122Rh (2.1£0.8) x 1073 137Sb (1.5+£0.5) x 1072 130Ce (5+2)x 107!
104y 8+2)x 1073 12Rh B+1)x107° 1385pb (1.24+0.4) x 1073 Blce (1.7£0.6) x 107!
105y 8+2)x10™* 115pg 11+4 1398b (1.34+0.4) x 107 152Ce (1.5£0.5) x 107!
106y (6+£2)x 1073 l6pq 542 132Te 6+2 153Ce (1.3 £0.5) x 1072
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