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Abstract
Two ﬁssion experiments have been performed at GANIL using 238 U
beams at diﬀerent energies and light targets. Diﬀerent ﬁssioning systems were produced with excitation energies from 10 to 230 MeV and
their decay by ﬁssion was investigated with GANIL spectrometers.
Preliminary ﬁssion-fragment isotopic distributions have been obtained.
The evolution with impinging energy of their properties, the neutron
excess and the width of the neutron-number distributions, gives important insights into the dynamics of fusion-ﬁssion mechanism.

1

Introduction

The binding energy of the nucleus can be estimated in the framework of
the liquid-drop model including shell eﬀects and pairing. Assessing the
evolution of potential energy with the deformation of a ﬁssioning nucleus,
ﬁssion-fragment mass yields can be estimated [1]. Up to recently [2], it was
impossible to uniquely determine the charge of heavy ﬁssion fragments. In
the present work, a new experimental technique allowing to measure the
complete isotopic distribution in ﬁssion reactions is discussed. The production of neutron-rich ﬁssion fragments with excitation energy [3] is also
investigated.

2

Experiments

Two diﬀerent experiments have been performed at GANIL, using 238 U
beams at diﬀerent energies impinging on 12 C or 9 Be targets. Depending
on the impact parameter, diﬀerent actinides are produced by transfer or
fusion reactions, giving access to a broad excitation-energy regime. The
ﬁssion-fragment distributions of these actinides were investigated using two
spectrometers, VAMOS [4] and LISE [5], for the low-energy and high-energy
experiments, respectively.

2.1

Speciﬁc features of the experiments

In the ﬁrst experiment, the beam impinged on a thin 12 C target with an energy of 6.1 A MeV. At this energy, transfer reactions represent about 10% of
the total cross section [6]. The actinides produced by transfer reactions are
tagged by the detection and the identiﬁcation of the target recoils in a highly
segmented annular silicon telescope, SPIDER [7], as shown in ﬁgure 1 (a).
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Figure 1: (a) Energy loss (ΔE) of recoil nuclei as a function of their residual energy
(Eres ). (b) Excitation energy spectrum for 240 Pu.

For actinides produced by transfer reaction, the excitation energy was computed using two-body kinematics. The excitation energy distribution was
measured with a mean value around 9 MeV (see ﬁgure 1 (b)). In this work,
the two-proton transfer channel, i.e. the production of 240 Pu, is studied.
A tiny beam-energy straggling into the thin target (0.1 mg/cm2 ) led to the
production of compound nuclei in fusion reaction with E ∗ = 45.4±0.3 MeV.
In the case that ﬁssion occurs, one of the two ﬁssion fragments was identiﬁed
with the VAMOS spectrometer. A second experiment at LISE used a 238 U
beam of 24 A MeV. Thick carbon and beryllium targets (15 mg/cm2 for
both targets) were used, which resulted in considerable beam-energy straggling. For complete-fusion reactions, the excitation energy of the compound
nucleus ranged from 140 to 201 MeV with the beryllium target, and from
209 to 250 MeV for carbon target.
In summary, diﬀerent ﬁssioning systems with 4 diﬀerent excitation energies are investigated: 240 Pu with E ∗ ≈ 9 MeV (VAMOS), 247 Cm with
E ∗ ≈ 170 MeV (LISE) and 250 Cf with E ∗ ≈ 45 MeV (VAMOS) and
E ∗ ≈ 230 MeV (LISE).

2.2

Identiﬁcation of ﬁssion fragments

The ﬁssion-fragment identiﬁcation was based in both experiments on the
Bρ-ToF-E technique [8], where Bρ is the magnetic rigidity of the fragment,
ToF its time of ﬂight through the spectrometer and E, its total kinetic
energy. The atomic number Z identiﬁcation was obtained from energy-loss
measurements, as shown in ﬁgure 2 for both experiments.
From the measurement of positions at the focal plane, the path and the
radius of curvature, ρ, were determined [8]. The measurement of ToF gave
the ion velocity, v. The radius of curvature is related to the velocity by the
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Figure 2: Distribution of the ﬁssion-fragment atomic number Z for both experiments (the full data set for 250 Cf is presented). The resolutions are 1.6% for LISE
experiment (a) and 1.7% for VAMOS experiment (b).

relation Bρ = Av/q, where B is the magnetic ﬁeld applied to the dipoles of
the spectrometers, A, the mass of the ion, and q, its ionic charge state. From
Bρ and v measurements, the ratio A/q was determined. The mass, AE , can
also be derived using the velocity and the energy. The ionic charge state is
AE
then determined as q = A/q
(see ﬁgure 3 (a) and (b)). Finally, the mass, A,
was obtained with A = A/q × q. At VAMOS, a γ-ray detector located in
the target region was used to validate the spectrometer identiﬁcation [9].
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Figure 3: Ionic charge state q and mass A distributions measured from the ﬁssion
of 250 Cf in VAMOS (a) and (c) and in LISE (b) and (d), respectively. Resolutions
R are indicated in ﬁgures.

3

Fission yields

To determine isotopic ﬁssion yields Y (Z, A), the ﬁrst step is the reconstruction of the momentum distribution for each ionic charge state, using diﬀerent
Bρ settings of the spectrometer. The diﬀerent runs are normalised to the
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Figure 4: (a) Distribution of the fragment velocity relative to the beam direction
for 128 Sn42+ (colour online). Velocity distributions for diﬀerent Bρ settings are
plotted in colour. The total velocity distribution was obtained taking the envelope
of all the settings. (b) Angular distribution in the center of mass θCM summing all
ionic charge state contributions (colour online).

beam intensity using the elastic scattering of the target in SPIDER in the
case of VAMOS experiment. In the case of the LISE experiment, the beam
intensity was measured with a Faraday cup before and after each run.

3.1

Normalisation and spectrometer acceptance correction

Several Bρ values were needed to cover the full velocity distribution (see
ﬁgure 4 (a)). Considering the spectrum envelope, a ﬁrst estimation of the
yield Y0 (Z, A, q) for each
 ion was obtained. The isotopic yield estimation is
given by Y1 (Z, A) = q Y0 (Z, A, q). Finally, Y1 was corrected for angular
cuts in polar and azimuthal angles, θ and ϕ, using the relation Y (Z, A) =
2π
R ϕmax
Y1 (Z, A) R θmax2
. ϕmin and ϕmax were determined by computing
dϕ
θmin

sin θdθ

ϕmin

the VAMOS angular acceptance for each event [8]. The angles θmin and θmax
are the observed angular distribution boundaries as shown in ﬁgure 4 (b).

3.2

Preliminary results and discussion

Following the method described above, isotopic yields were obtained for the
four diﬀerent ﬁssioning systems investigated, and for the complete fragment
production. In the following, the main characteristics of the isotopic distributions, namely the neutron excess deﬁned as the ratio of the mean neutron
number value N  over Z and the neutron-number width σ(N ) are studied.
Figure 5 (a) shows the evolution of the mean neutron excess, N /Z,
with the ﬁssion-fragment atomic number, Z, for the diﬀerent ﬁssioning systems and diﬀerent excitation energies. At low excitation energy (triangles),
light fragments exhibit lower N /Z values than heavy ones. This can be
00025-p.5
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Figure 5: (a) Neutron richness N /Z as a function of the ﬁssion fragments atomic
number, Z for diﬀerent systems (colour online). (b) The width of the neutronnumber distribution σ(N ) as a function of the ﬁssion fragments atomic number, Z
for diﬀerent systems (colour online).

understood as the result of the minimisation of the total potential energy of
the emerging fragments: an excess of neutrons in the heavy fragments lowers
the inﬂuence of the Coulomb energy contribution and symmetry energy in
the total potential energy [1]. This trend is enhanced by shell eﬀects around
Z = 50. For the ﬁssion of 250 Cf produced at 45 MeV (circles), N /Z gives a
constant value of 1.47, which is consistent with the N/Z ratio of 242 Cf. This
would mean that 8 neutrons in total would be evaporated by the compound
nucleus and the ﬁssion fragments, independently of the mass of the ﬁssion
fragment. At higher excitation energy (greater than 170 MeV) (diamonds
and asterisks), the N /Z ratio decreases as the excitation energy of the
compound nucleus increases, indicating more evaporated neutrons. A hump
is formed around Z ≈ 54. This can be understood as the eﬀect of diﬀerent
entrance channels with diﬀerent excitation energies. At higher bombarding
energy, pre-equilibrium particles emission may occur before the formation
of the compound nucleus and consequently, the diﬀerent compound nuclei
are produced over a range of A and E ∗ . Fission at a low excitation energy
induces the hump around Z ≈ 54 from shell eﬀects which stabilise the mass
and atomic-number distributions of heavy ﬁssion fragments [10]. This trend
is conﬁrmed by data from spallation-ﬁssion reactions performed at GSI [11],
for 238 U at 1 A GeV impinging on a deuterium target (squares).
Figure 5 (b) shows the width of the isotopic distribution σ(N ) as a function of the ﬁssion-fragment atomic number for the same ﬁssioning systems.
From statistical description of the ﬁssion process, σ(N ) is expected to increase with the temperature T and with the mass A [12], in agreement with
the present data. The large energy straggling existing in the highest energy reactions certainly contributes to enlarge the distributions. Likewise
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for N /Z, a large increase of the width is observed around Z ≈ 54 at
high bombarding energy, which most likely reﬂects the presence of diﬀerent
entrance channels with diﬀerent excitation energies.
The fragments from the ﬁssion of 250 Cf produced at E ∗ ≈ 45 MeV show a
diﬀerent behaviour, with constant N /Z and a regular increase in σ(N ). In
this reaction, shell eﬀects are expected to be weak and entrance-channel effects to be limited. Thus, a liquid-drop behaviour is expected, i.e. N /Z at
scission is expected to increase steadily with Z [13]. The observed constant
value of N /Z with Z suggests that heavy ﬁssion fragments evaporate more
neutrons than light ones and compensate exactly the neutron excess of fragments at scission. The absence of shell-gap inﬂuence, supported by the lack
of hump in the evolution of σ(N ) with Z, puts forward that the compound
nucleus has no time to evaporate neutrons before reaching the saddle deformation, i.e. ﬁrst-chance ﬁssion is highly probable, as was already suggested
in the study of similar ﬁssioning systems at similar excitation energy [14].

4

Conclusion

The technique of the inverse kinematics combined with a spectrometer is
a powerful tool to investigate ﬁssion-fragment distributions. The complete
isotopic ﬁssion-fragment yields are measured for diﬀerent ﬁssioning systems
at diﬀerent excitation energies. The production of neutron-rich ﬁssion fragments reveals to be a complex process where the inﬂuence of the entrance
channel eﬀects is decisive. The neutron-excess degree of freedom shows to
be very powerful in gaining information about time scales and dynamics of
low-energy nuclear reactions. In particular, the present results indicate that
at moderate excitation energy the compound nucleus reaches the saddle deformation before any signiﬁcant cooling by neutron evaporation, and that
the ﬁssion fragments release the remaining excitation energy.
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