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Abstract. SOFIA (Studies On Fission with Aladin) is a new experimental set-up dedicated to accurate measurement of ﬁssion-fragments isotopic yields. It is located at
GSI, the only place to use inverse kinematics at relativistic energies in order to study
the (γ,f) electromagnetic-induced ﬁssion. The SOFIA set-up is a large-acceptance magnetic spectrometer, which allows to fully identify both ﬁssion fragments in coincidence
on the whole ﬁssion-fragment range. This paper will report on ﬁssion yields obtained in
234,235,236,238
U(γ,f) reactions.

1 Introduction
Data on ﬁssion-fragment yields are still up to now incomplete and often inaccurate despite decades
of advanced investigations. Even for the most studied reaction, i.e., thermal-neutron-induced ﬁssion
of 235 U, uncertainties attached to isotopic ﬁssion yields are mainly above 30 % [1]. This lack of
high-resolution data constitutes an obstacle to the development of predictive and reliable models, and
yet, accurate yields data of isotopic ﬁssion fragments are crucial for nuclear-reactor applications, to
simulate the nuclear fuel burn-up associated with the accumulation of ﬁssion products in the core, the
neutron ﬂux, or, the decay heat after a core shutdown.
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1.1 Experimental limitations due to direct kinematics

Experimental constraints in direct kinematics, where a neutron, light charged particle or γ beam impinges on an actinide target, prevent from measuring unambiguously the mass and the nuclear charge
of the ﬁssion fragments especially for the heavy group. From radiochemical methods, high-resolution
data of ﬁssion-product isotopic yields, after β-decay, can be obtained but only for few nuclei [2]. From
physical methods, ionic charge states and masses can be respectively deduced from the energy-loss
and total energy measurements. The nuclear-charge identiﬁcation is then limited to the light fragments [3–5] due to the strong ﬂuctuation of ionic charge states preventing a clear assignment of the
atomic number in the heavy group. Moreover, ﬁssion fragments having a low recoil energy, their energy straggling in dead layers limits the resolution to σ ∼ 1.5 MeV [6]. Therefore the mass resolution
is around 4 mass unit (FWHM). With the advent of recoil spectrometers, such as Lohengrin [7] or
Hiawatha [8], high-resolution data on isobaric yields are ﬁnally reached with an uncertainty below
5%. But still, isotopic identiﬁcation is limited to the light group, for example Refs. [9–11], except
during experiments where β-delayed γ-rays are measured [12]. This latter method allows to measure
only some isotopic yields in the heavy group, and results on isotopic yields remain partial.
1.2 An alternative approach: Surrogate reactions using inverse kinematics

A new generation of experiments based on inverse kinematics coupled with a spectrometer has been
developed. Actinides are accelerated, and the compound nuclei are produced using surrogate reactions. Thanks to the kinematical boost, ﬁssion fragments are emitted at forward angles with a higher
recoil energy, and their elemental distribution is measured with an improved resolution. Using this
technique, isotopic yields are reachable even for the heavy group.
At GANIL, inverse kinematics is used to produce ﬁssioning nuclei by transfer or fusion reactions of
238
U beam at 6 A.MeV on a 12 C target [13]. In this experiment, the VAMOS spectrometer [14] is used
to isotopically identify one ﬁssion fragment. It is coupled to a ΔE-E telescope to select the reaction
channel, i.e. the ﬁssioning nucleus (from U to Cf), and to deduce the excitation energy. Mass distribution is obtained with a resolution below 0.8 mass unit (FWHM) and elemental distribution with
a resolution around ΔZ/Z=1.5% (FWHM) [15]. For the ﬁrst time, isotopic yields depending on excitation energy were obtained over the whole ﬁssion-fragments range. Nevertheless, the kinematical
boost is still too weak for the heavy group, and uncertainties on isotopic yields for the most produced
ﬁssion fragments of this group are around 20% (statistical) and 10% (systematic).
Accurate measurement of nuclear charge over a large dynamics can only be obtained using inverse
kinematics at relativistic energy. At such high energy, ions are fully stripped, thus the ionic charge
obtained by energy-loss (ΔE), gives a direct measurement of the nuclear charge (Z). The main diﬃculty lies in the measurement of the mass number since it requires a large-scale detection system to
combine the energy-loss measurement of the heavy ion with its time-of-ﬂight (ToF) and its tracking
through a magnetic ﬁeld (Bρ). With these three observables, the mass A of the ion can be deduced
using the so-called ΔE-Bρ-ToF method, based on the following equation: A/Z ∝ Bρ/βγ.
This method was already applied in the 90’s at GSI in pionneering experiments. In a ﬁrst type of experiment, one fragment only, produced after fragmentation or ﬁssion of primary beam, was identiﬁed
in mass and charge [16] thanks to the fragment separator (FRS) [17], but with a limited transmission
due to the ±15 mrad angular acceptance. In a second type of experiments, the FRS was used to select
and identify, on an event-by-event basis, secondary radioactive actinide beams, and their ﬁssion was
induced at its ﬁnal focal plane by Coulomb excitation. Both ﬁssion-fragment charges were measured
in coincidence with a good resolution over the whole fragment range [18, 19], but the masses were
missing.
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The SOFIA experiment comes within the scope of this last experiment. The breakthrough compared
to previous experiments, is that the ΔE-Bρ-ToF method was applied at two levels: ﬁrst for the identiﬁcation of the secondary beam and then, for each ﬁssion fragment in coincidence. For this purpose, the
experiment can only take place at the GSI facility, the only heavy-ion accelerator to provide and unambigously identify secondary actinide beams at relativistic energy up to neptunium isotopes. Moreover,
the spectrometer was conceived to ﬁt with the already existing ALADIN (A Large Acceptance DIpole
magNet) magnet, located at the cave C, mandatory to get the masses of the ﬁssion fragments.
We will report on results obtained on 234,235,238 U(γ,f) from the ﬁrst experiment in August 2012, and
on 236 U(γ,f) from extra-shifts performed with an upgraded set-up in October 2014.

2 Experimental set-up
2.1 Radioactive secondary beam

All secondary actinide beams are produced by fragmentation of 238 U primary beam at 1 A.GeV in
a Be target coupled with a Nb stripper. Secondary beams are selected by the FRS operated as a
momentum-loss achromat spectrometer [20]. The ﬁrst two dipoles make a selection in Bρ and the
last two dipoles, in energy loss in the intermediate focal plane degrador. Figure 1 (left) shows the
2014 set-up. Event by event, actinides are identiﬁed thanks to a Triple-MUSIC (MUltiple Sample
Ionization Chamber) to get not only the ΔE measurement from the energy loss collected on the anode
plane, but also the horizontal angle from the electron drift times. The time of ﬂight is measured by
two plastic scintillators, one located at S2 and the other one at cave C. The horizontal measurements
are provided at S2 by the scintillator, and at cave C by a MWPC [21]. Figure 1 (right) shows the
identiﬁcation plot for the 236 U setting. It illustrates that the actinides are unambigously identiﬁed and
can be selected with a graphical cut.
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Figure 1. Left: schematic view of the FRS and the setup built in October 2014 to apply the ΔE-Bρ-ToF method
for the secondary-beam identiﬁcation. Right: Secondary-beam identiﬁcation for the 236 U FRS setting.

2.2 Electromagnetic versus nuclear ﬁssion

Depending on the nuclear charge of the target and on the impact parameter, diﬀerent reaction channels
are opened: Nuclear reactions (for small impact parameters) and Coulomb excitations (for high-Z
targets and large impact parameters). Coulomb excitation populates the giant dipole resonance (GDR)
with an excitation energy around 12 MeV. The excited compound nucleus may decay via ﬁssion.
As an example, electromagnetic-induced ﬁssion of 236 U is a surrogate reaction of 6 MeV neutron
induced ﬁssion of 235 U. To maximize this low-energy ﬁssion induced by Coulomb excitation, high-Z
targets are used. Two uranium targets and one lead target are mounted in an active target as cathode

08001-p.3

EPJ Web of Conferences

whose principle is detailed in [19], whereas the anodes are made of aluminium foils. In 2014, one
more thick aluminium target dedicated to nuclear-ﬁssion measurement was mounted into the chamber.
The nuclear-induced ﬁssion contribution, calculated from ﬁssion in anodes and alumium target, is
subtracted at the last stage of the analysis. The number of electromagnetic-induced ﬁssions for the
diﬀerent uranium isotopes is reported in Table 1.
Table 1. Statistics for the diﬀerent electromagnetic-induced ﬁssion reactions.

reaction
U(γ,f)
235
U(γ,f)
234

statistics
1.9×105
1.1×106

year
2012
2012

reaction
U(γ,f)
238
U(γ,f)
236

statistics
2×106
1×106

year
2014
2012

2.3 Fission Fragments

Figure 2 shows on the left side a scheme of the dedicated set-up developed for the ALADIN magnet,
and on the right side the results obtained for the nuclear charge (up) and mass (down) distributions.
Fission fragments go through a Twin-MUSIC made of two identical MUSICs with a common vertical
cathode. Each part has a segmented anode plane in order to provide for each ﬁssion fragment its
nuclear charge from the energy-loss signals and its horizontal angle from the electron drift times. To
complete the tracking, two MWPC detectors [21] located up- and downstream ALADIN give the (x,y)
coordinates. Finally, the time of ﬂight of each fragment is measured between the plastic scintillator
located prior to the active target, and the time-of-ﬂight wall [22]. The elemental distribution was
measured with a resolution (FWHM) of 0.4 charge unit in 2012 and 0.35 charge unit in 2014. The
mass distribution was measured in 2012 with a resolution (FWHM) of 0.6 mass unit in the light
fragments group and 0.8 mass unit in the heavy fragments group. Analysis is still in progress for the
data taken in 2014.
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Figure 2. Left: schematic drawing of the setup built in October 2014 to apply the ΔE-Bρ-ToF method for each
ﬁssion fragment. Right up: elemental distribution obtained in 2014 for 236 U(γ,f) reaction. Right down: mass
distribution obtained in 2012 for 235 U(γ,f) reaction [23].
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3 Elemental, isobaric and isotopic ﬁssion yields
Yields are calculated from the diﬀerent distributions. Figure 3 shows the comparison of the experimental results for the elemental yields (left) and mass yields (right) obtained for the 234,235,236,238 U(γ,f)
reactions. Error bars are reported in the ﬁgure. Except for the 234 U case, where the statistics is a factor
10 less than for the 235,236,238 U cases, uncertainties on Y(Z) and Y(A) are better than 2 % (σ) even for
the symmetric valley which is less populated. Mass yields are a good probe of the inﬂuence of the
nascent heavy ﬁssion-fragments shell structure in the scission process. Whereas the heavy fragment
seems to be stabilized around A =138-140, the average mass of the light fragments increases with the
mass of the ﬁssionning nuclei. More precisely, the elemental yields show that the standard 1 (ST1)
and standard 2 (ST2) asymmetric ﬁssion modes [24], have diﬀerent weights, depending on the mass
of the ﬁssioning nucleus. The ST1 mode, characterized by a heavy fragment strongly inﬂuenced
by the spherical shell gap Z=50, is predominent for 238 U. Then, for lighter compound nuclei, the
ST2 mode, characterized by a heavy fragment strongly inﬂuenced by shell eﬀects leading to an
enhancement of Z=54, is more and more populated.
















 





















































 















     

 

Figure 3. Elemental yields (left) and isobaric yields (right) measured for 234,235 U(γ,f) [23], 236 U(γ,f) and 238 U(γ,f)
[25].

Figure 4 presents the comparison between the experimental elemental yields for 236 U(γ,f) and the
JEFF-3.1.1 and BVII-1 evaluated elemental yields for 235 U(n,f) for 3 diﬀerent neutron-beam energies.
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Figure 4. Comparison of elemental yields between the experimental data for 236 U(γ,f), and the evaluated data
from JEFF-3.1.1 (left) and BVII-1 (right) for 235 U(n,f) reactions for 3 diﬀerent neutron-beam energies.
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As previously underlined, the excitation energy is not measured but is expected to be around 12 MeV
in average. With increasing excitation energy, the symmetric valley is more populated, and the
even-odd staggering is decreasing. The comparison of the SOFIA experimental data with evaluated
data shows that the peak-over-valley ratio is consistent with an excitation energy slightly above
12 MeV, and that the JEFF-3.1.1 evaluated ﬁle is underestimating the even-odd staggering for the
400 keV incident neutrons.
Finally, isotopic ﬁssion yields obtained for 235 U(γ,f) [26] are presented in Fig. 5. The whole
ﬁssion-fragments dynamics are covered, from Z=32 to Z=60. Error bars are reported in the ﬁgure.
For the heavy ﬁssion-fragment group and at symmetry, uncertainties are below 7% for the most
probable isotopes. At strong asymmetry, always for heavy ﬁssion fragments (Z ≥57) uncertainties
are below 20%. For the light ﬁssion-fragments group, uncertainties are mainly below 2.5%.





































































































Figure 5. Isotopic yields measured for 235 U(γ,f) [26].

4 Summary and outlooks
Nuclear charge of heavy ions over a large dynamics, up to transuranium nuclei, can only be measured
with a good accuracy using inverse kinematics at relativistic energy. This method ﬁrst used in the
90’s at the GSI facility to study ﬁssion yields, was recently applied again with a novel experimental
set-up, the SOFIA spectrometer. For the ﬁrst time, the isotopic identiﬁcation was obtained for both
ﬁssion fragments in coincidence and for a large range of ﬁssioning nuclei. Fission was induced using
Coulomb excitation, with a mean excitation energy around 12 MeV.
For high-statistics data, elemental yields and isobaric yields can be obtained with an uncertainty better
than 2%, even for the heavy ﬁssion-fragment group, which is the most diﬃcult but most challenging
measurement. Even if the excitation energy is not measured, the comparison of the experimental
elemental yields with the evaluated ﬁles shows that the JEFF-3.1.1 library underestimates the
even-odd staggering for the 400 keV neutron-induced ﬁssion. Concerning the isotopic ﬁssion yields,
unprecedented resolution has been reached. For the most produced ﬁssion fragments, in the light
group, uncertainties are below 2.5%. It is getting a bit worse in the heavy group and at symmetry, but
still, it mostly remains below 7%.
Besides the results presented in this proceeding, since the ﬁssioning nuclei and the ﬁssion fragments
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are unambigously isotopically identiﬁed event by event, the mean neutron multiplicity can be
obtained. This can be correlated with the total kinetic energy, which is another observable of the
SOFIA experiment. Such results can be found in [26] and will be developed in a further publication
[23].
The SOFIA experiment is part of the R3 B (Reactions with Relativistic Radioactive Beams)
[27] research program at the FAIR (Facility for Antiproton and Ion Research) facility. Coupling
the SOFIA set-up with standard R3 B detection systems, new experimental observables will be
reachable (see Ref. [26] for more details). Some of these future data will be of high interest for the
nuclear-reactor applications, as the neutron multiplicity per fragment and the evolution of the yields
with the excitation energy. Finally, if a primary beam of 242 Pu could be produced, accurate ﬁssion
yields for 238,239 Np, 239,240,241,242 Pu and 241,242 Am ﬁssioning nuclei could be obtained.
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