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Total Fission Cross Sections in Reactions p+181 Ta Investigated in Inverse
Kinematics at Relativistic Energies
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Total fission cross sections of 181 Ta ions colliding with hydrogen atoms at 300, 500, 800 and
1000 A MeV have been measured. The combined use of the inverse kinematics technique with
an efficient detection set-up made it possible to determine these cross sections with high accuracy
ranging between 8% and 17%. The new data put some light in the controversial results obtained
so far and contribute to the understanding of the fission process at high excitation energies.
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I. INTRODUCTION
Tantalum and tungsten alloys are proposed as optimum solid target materials in spallation blankets for
producing neutrons. The reasons for this choice are their
relatively large neutron excess, their high melting point
and the fact that both materials are corrosion resistant.
Therefore, a good knowledge on the interaction of relativistic protons with these materials is mandatory for
their characterization under extreme irradiation conditions. In particular, reactions leading to fission are of
interest because they will determine the production of
gaseous remnants such as the krypton isotopes.
On the other hand, spallation reactions induced by relativistic protons on 181 Ta lead to highly excited target
remnants with large fission barriers (20 – 25 MeV). The
investigation of the fission process under these extreme
conditions is expected to provide relevant information
on the dynamics of fission at high excitation energies.
Contrary to low-energy fission, where the fission rate is
dominated by the density of states above the barrier [1],
at high excitations the dynamics of the process, coupling
between internal and collective degrees of freedom is required [2,3].
Unfortunately not much information is available on
the fission of tantalum at high energies, indeed one can
only find two measurements above 700 MeV showing
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some discrepancies at 1000 MeV [4, 5]. At lower energies one can find a given number of measurements but
they also present controversial results [7–10]. Most of
these measurements were obtained more than 30 years
ago using passive track detectors and only few of them
are based on coincident measurements of both fission
fragments [11]. This is the reason why we proposed a
new experiment aiming at measuring the total fission
cross section of 181 Ta induced by protons in the energy
range between 300 MeV and 1000 MeV using an accurate
experimental technique.
II. EXPERIMENT
Because the expected fission cross sections are relatively small (1 – 10 mb), the accurate identification of
fission fragments in the present experiment was a real
challenge. In order to overcome this difficulty, we proposed to investigate this reaction taking advantage of
the inverse kinematics. In this case we could use relatively thick targets, increasing our statistics, and detect
efficiently both fission fragments which were emitted in
the forward direction with large kinetic energies. This
is the reason why the experiment was performed at GSI
(Germany) where the SIS18 synchrotron was able to accelerate beams of 181 Ta up to 300, 500, 800 and 1000 A
MeV with a current of the order of 104 ions/s.
Moreover, an advanced detection set-up measuring
both fission fragments independently but in temporal
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Fig. 1. (Color online) Schematic representation of the experimental set-up used in the present experiment.

coincidence, made it possible to disentangle the poorly
populated fission channel from the rest of reaction channels.
1. Experimental set-up

Our set-up is depicted in Fig. 1. It consisted on a liquid hydrogen target with a hydrogen cell having a thickness of 1.2 cm inside a container with 100 µm titanium
windows and a cryostat for liquefying the hydrogen.
Thick iron slits, a multi-wire chamber and a veto scintillator detector with a hole were used for positioning the
beam at the target. The target was then surrounded by
two multi-sampling ionisation chambers having almost
100% efficiency for the detection of relativistic heavy
nuclei. These two chambers were used to identify reactions taking place in the target and not in any other
of the layers of matter placed along the beam line upstream or down-stream the target. Finally, a doublepaddle scintillator placed down-stream the target was
used to identify reactions producing at least two fragments in coincidence. An additional plastic scintillator
mounted up-stream the target was used to monitor the
beam flux.
Two different triggers were used to record the data,
a “beam trigger” provided by the plastic scintillator located up-stream the target and a “reaction trigger” given
by the time-coincident signals in both paddles of the double plastic scintillator placed down-stream the target. In
order to keep a reasonable value of the data acquisition
dead time, the “beam” trigger was scaled down by a
factor 28 .
2. Data sorting

The identification of the fission events produced in reactions 181 Ta+p was based on the amplitude of the signals recorded by the two MUSIC chambers surrounding
the target and the amplitude of the signals provided by
the two paddles of the double plastic scintillators located
down-stream the target. As explained above, from the
energy loss deposited in both MUSIC chambers one can
identify reactions taking place at the target and not in
any of the layers of matter placed along the beam line.

Fig. 2. (Color online) Identification of fission events from
the combined energy loss signal provided by the two paddles of the double plastic scintillator placed down-stream the
target.

Fission events were identified combining the amplitude
(energy loss) of the signals recorded by the two paddles of the double plastic scintillator as shown in Fig. 2.
In this figure we represent in a scatter plot the amplitudes of the signals recorded by both plastic scintillators
in temporal coincidence. As can be seen in the figure,
most of the reaction cross section corresponds to binary
reactions were a heavy (large energy loss) and a light
fragment (small energy loss) are recorded, respectively,
in any of the paddles of the scintillator. A small fraction
of events having an almost constant value of the sum
of both signals (diagonal band) are identified as fission
events. This plot clearly illustrates that because of the
rather small fission probabilities, fission events can only
be properly identified by a detection set-up enabling the
identification of different reaction channels.
In order to correct for reactions taking place in the
target windows, fission events measured with empty target were subtracted to the fission yields obtained with
the full target. Moreover, fission yields were corrected by
the acquisition dead time and the small contamination
of other reaction channels as fragmentation populating
the same region as fission in Fig. 2. Fission cross sections were then determined normalizing the number of
fission events to the target thickness and the number of
“beam” triggers corrected by the corresponding scaling
parameter used in our acquisition system. Particular attention was paid to the evaluation of the corresponding
uncertainties. Together with statistics (<1%) the main
sources of systematic uncertainties were the identification of fission events (<9%), the beam intensity (≈2%)
and the target thickness (≈4%).
III. RESULTS
The measured fission cross sections at 300, 500, 800
and 1000 A MeV are presented in Table 1. As anticipated, the magnitude of the measured cross sections is
rather small and strongly decreasing with the energy.
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Energy
(A MeV)
1000
800
500
300

Fission cross section
(mb)
19.23
11.43
7.77
5.49

Uncertainty
(mb)
1.63
1.18
1.31
0.80

The associated uncertainties are rather small (≈10%)
but increasing for the lowest energy (≈20%) since the
smaller fission cross sections difficults the identification
of fission events.
In Fig. 3 we compare the cross sections obtained in
this work with previous measurements. As can be seen,
the new data have in general better accuracy than any
of the previous ones. These data also contribute to complete the scarce measurements existing at the highest
energies. Indeed, above 700 MeV the new data show a
good agreement with previous measurements obtained
by Yurevich et al. [4] and Baranovskiy et al. [7]. In
the energy range between 300 and 700 MeV our data
agree with the measurement of Yurevich et al. at 300
MeV but not at 500 MeV. It is worth mentioning the
erratic evolution of the fission cross sections measured
by Yurevich et al. at 600, 400 and 300 MeV. Our data
also present a rather good agreement with the measurement of Konshin et al. [8] at 500 MeV but not at lower
energies.
From this analysis we can conclude that our data confirm the measured cross sections above 700 MeV. At
lower energies our measurements clarify the confusing
results obtained until now. In general our data favour
those measurements presenting the highest cross sections for fission. The lower cross sections measured in
other works using passive track detectors could be explained as due to the large contamination induced by
other dominating reaction channels at those energies
such us spallation-evaporation reactions. In our case, the
coincident measurement between both fission fragments
and their identification from the rough determination
of their atomic number from energy loss measurements
made it possible to identify and separate from other reaction channels the fission events. This effect should be
particularly important for the lowest energies since the
smaller values of the fission cross sections difficults the
identification of this reaction channel.
In Fig. 3 we also compare the existing measurements of
total fission cross sections induced by high energy protons on 181 Ta with the predictions obtained with the
systematics established by Prokofiev few years ago [12]
(dashed line). As can be seen, the systematics reproduces rather well our measurements in all the energy
range covered by this work.

Fission cross section (mb)

Table 1. Total fission cross sections determined in this
work.
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Fig. 3. (Color online) Fission cross sections measured in
this work (solid circles) in comparison to previously measured data and estimates obtained with the systematics established by Prokofiev (dashed line) and model calculations
using a purely statistical description of fission (dotted line)
and a dynamical description of fission based in the dissipation
concept (solid line).

IV. BENCHMARKING OF MODEL
CALCULATIONS
A better insight into the fission probabilities of nuclei with low fissility such as 181 Ta can be obtained using model calculations describing this process. The best
established description of fission probabilities is based
in the transition-state model proposed by Bohr and
Wheeler [1]. According to this statistical model, the fission probability is just defined by the density of possible
states the system can occupy above the fission barrier.
However, Kramers introduced soon after a dynamical description of the process based on the coupling between
intrinsic and collective degrees of freedom through a viscosity parameter [2]. This model was later improved by
including a time-dependent description of the process
[13,14].
In Fig. 3 we also compare the measured fission cross
sections with model calculations using the two descriptions of the fission process we have introduced. In both
calculations we have coupled the intra-nuclear cascade
code INCL4 [15] to the evaporation code ABLA [16].
As can be seen, the statistical description (dotted line)
clearly overestimates the fission probabilities. However,
the predictions obtained with the dynamical picture according to the prescription presented in Ref. 14 and a
value of the reduced viscosity parameter β = 4.5·1021 s−1
(solid line), provides a extremely good description of the
data above 700 MeV. At intermediate energies, the calculated cross sections also agree with the present measurements providing lower cross sections than some of
the previous experiments.
The results of these calculations are in good agreement with previous works. Many experimental results
have already indicated the role of dissipative and tran-
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sient effects in the fission process at high energy [3,17,18].
Manifestations of these effects have also been observed
in fission-induced spallation reactions [19], in particular with sub-actinide targets [20]. The short transient
times for fission obtained in these experiments ≈1021
s−1 justify that these effects are only relevant at high
excitation energies where typical fission times are comparable to the obtained transient times. In the case investigated in this work, the high fission barrier of 181 Ta
and lighter nuclei produced as pre-fragments after the
intra-nuclear cascade phase limits the fission channel for
those collisions were the intra-nuclear cascade produces
a pre-fragment with high excitation energy. Therefore,
the use of dynamical models for describing the fission
probability in proton-induced reactions on tantalum or
tungsten seems mandatory.
V. SUMMARY AND CONCLUSIONS
In this work we have investigated the proton-induced
fission of 181 Ta in inverse kinematics at 300, 500, 800 and
1000 A MeV. The combination of the inverse kinematics
technique with a highly efficient detection set-up made it
possible to determine the total fission cross sections with
high accuracy. The possibility of identifying both fission
fragments with a rough determination of their atomic
number together with the coincident measurement was
crucial for the unambiguous identification of the fission
events in reactions dominated by other channels such us
spallation-evaporation.
The new data have completed the scarce measurements existing above 700 MeV. At intermediate energies,
the quality of the new data made possible to clarify the
previous controversial results. It was clearly shown that
at energies below 500 MeV measurements with passive
track detectors could be highly contaminated by other
reaction channels leading to an overestimation of the fission channel.
Comparison with several model calculation confirmed
the role of dissipative and transient effects in fission
at high excitation energy. Moreover, the dynamical
description of fission provided a rather good description
of the fission cross sections measured in this work.
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