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Presaddle and postsaddle dissipative effects in fission using complete kinematics measurements
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A complete kinematics measurement of the two fission fragments was used for the first time to investigate
fission dynamics at small and large deformations. Fissioning systems with high excitation energies, compact
shapes, and low angular momenta were produced in inverse kinematics by using spallation reactions of lead
projectiles. A new generation experimental setup allowed for the first full and unambiguous identification in
mass and atomic number of both fission fragments. This measurement permitted us to accurately determine
fission cross sections, the charge distribution, and the neutron excess of the fission fragments as a function of the
atomic number of the fissioning system. These data are compared with different model calculations to extract
information on the value of the dissipation parameter at small and large deformations. The present results do not
show any sizable dependence of the nuclear dissipation parameter on temperature or deformation.
DOI: 10.1103/PhysRevC.94.061601

Fission is the clearest example of large-scale collective
excitations in nuclei. Since its discovery by Hahn et al. in
1939 [1,2], progress in the understanding of the fission process
has been driven by new experimental results. Although the
first explanation of nuclear fission was provided by Bohr and
Wheeler [3] using the transition-state model, new experimental
observations revealed the complexity of nuclear fission and
provided new challenges for theory. In particular, the investigation of pre- and postscission neutron multiplicities [4,5], giant
dipole resonance (GDR) γ -ray emission [6,7], multiplicities
of charged particles [8,9], and fission and evaporation cross
sections [10–12] established that the dynamical evolution of
the fissioning system cannot be explained just in terms of
the statistical model of Bohr and Wheeler [3]. These results
suggested that the understanding of the fission process requires
a dynamical approach, describing the coupling of intrinsic and
collective excitations of the nuclear constituents. Here, the
transfer of energy between the intrinsic and collective excitations is governed by dissipation due to fluctuating forces. In
this context, transport models based on the Fokker-Planck [13]
or the Langevin equations [14] have proven to be suitable tools
for the description of the collective evolution of nuclei.
However, the dynamics of fission is still far from being fully
understood because our theoretical and experimental knowledge is not yet complete. Several works claim that the reduced
dissipation parameter (β), defined according to Ref. [13],
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could change with the nuclear deformation or with the
nuclear temperature [4,7,15]. These ideas are still under debate
because they could be biased by experimental conditions [16].
The ground-to-saddle dynamics and more particularly the
presence of transient time effects, which corresponds to the
time required to reach 90% of the stationary fission flux
across the barrier, have been actively debated during the
past decade [8,10,17–20]. Experiments taking advantage of
spallation- and fragmentation-induced fission reactionsshed
some light on the problem [21,22]. The combined use of the
inverse kinematics technique and an efficient detection setup
made it possible to identify fission reactions and determine the
atomic number of the final fission fragments very accurately.
The sum of the charges of both fission fragments was used
as a measurement of the initial excitation energy while partial
fission cross sections and the width of the charge distribution of
the fission fragments were shown to be sensitive to presaddle
dynamical effects [18,20,23,24]. The measurements obtained
for many different fissioning systems over a broad range in
fissility and temperature were compatible with a constant value
of the reduced dissipation parameter at small deformations of
β = 4.5 × 1021 s−1 , corresponding to transient times (τtrans )
between 1.0 and 3.3 × 10−21 s. These results are compatible
with the ones obtained from the investigation of some fusion
reactions [16,25]. Moreover, the overall good description of the
data over a broad range of excitation energies also validated
previous conclusions on the temperature independence of the
dissipation parameter [11,12] and references therein.
Postsaddle dissipative effects have been mostly investigated by measuring prescission particles and γ rays emitted in fusion-fission reactions [15,26–28]. In some cases,
fission or evaporation-residue cross sections were also
measured, constraining presaddle effects. Because of the
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FIG. 1. Top schematic view of the experimental setup. Sizes are
not to scale.

different saddle-to-scission deformations lengths reached in
these reactions, pre- and postsaddle dissipative effects were
enhanced by investigating low- and high-fissility systems,
respectively. Most of the results obtained in these works seem
compatible with presaddle reduced dissipation parameters
between 2 and 6 × 1021 s−1 , while the saddle-to-scission dynamics is better described by using larger values around 30 ×
1021 s−1 . However, these conclusions contradict recent results
obtained with sophisticated Langevin calculations [25,29],
where the value of the dissipation parameter slightly decreases
with deformation.
To go further, we propose the use of complete kinematics
measurements of the two fission fragments to study the
deformation dependence of the dissipation parameter. For
this purpose we introduce the neutron excess of the final
fission fragments as a new experimental observable sensitive
to dissipative effects at large deformations. This observable,
together with others previously investigated [30], is used to
deduce the value of the dissipation parameter before and after
the saddle point.
As discussed in the pioneering work of Grangé and
collaborators [31], the optimal conditions for investigating
dissipative and transient effects in fission are the use of
spherical fissioning systems with low angular momentum and
high excitation energies (E ∗ > 100 MeV). These conditions
also represent a good approach to study dissipative effects
at large deformations because high excitation energies also
favor the evaporation of particles beyond the saddle-point
configuration [15]. To reproduce this ideal scenario, we
use proton-induced fission reactions on 208 Pb at relativistic
energies. Despite the shorter saddle-to-scission path length of
the fissioning nuclei produced in this reaction, the sensitivity
to postsaddle dynamical effects is expected because higher
energies increase the emission of pre- and postsaddle particles,
facilitating the investigation of ground-to-saddle and saddleto-scission dissipative effects.
The experiment was performed at the GSI facilities in
Darmstadt (Germany), where the SIS18 synchrotron was
used to accelerate ions of 208 Pb at 500A MeV with an
intensity around 105 ions/s. The primary beam was then
guided to the experimental setup where fission reactions were
induced in a cylindrical target filled with liquid hydrogen
(∼85 mg/cm2 ) [32].
A schematic drawing of the experimental setup is shown in
Fig. 1. The use of the inverse kinematics allowed us to separate
fission from other reaction channels and also facilitated the

identification of both fission fragments. Fission events were
identified by using energy-loss measurements performed with
a double multisampling ionization chamber (Twin MUSIC),
providing the atomic number of the two fission fragments
with a resolution better than 0.43 charge units full width
at half maximum (FWHM) [24]. In addition, the tracking
capabilities of this detector permitted us to select fission
events produced at the target position [32]. Mass numbers
were determined from magnetic rigidity and time-of-flight
measurements with an average resolution of A/A ∼ 0.63%
(FWHM) [24], providing for the first time a complete and
unambiguous identification in mass and atomic number of
both fission fragments. Other details can be found in Ref. [24].
For the interpretation of the observables, we compare
the data to model calculations. These calculations were
done by using the code INCL4.6 [33] to describe the first
stage of the reaction induced by energetic protons according
to the intranuclear cascade approach. The de-excitation of
the resulting remnants was described by using the code
ABLA07 [34]. The fission decay width is described by using an
analytical approximation of the solution of the Fokker-Planck
equation describing fission as a diffusion process across the
fission barrier [17]. Fission barriers are calculated according to
the finite-range liquid-drop model of Sierk [35], considering
shell effects [36]. The nuclear level densities are obtained by
using the back-shifted Fermi-gas formulation [37,38], together
with Ignatyuk’s parametrization [38] for the level density
parameter. Finally, the mass and atomic-number distributions
of the fission fragments are described by the semiempirical
model proposed in Ref. [39]. In addition, ABLA07 takes
into account the emission of γ rays, neutrons, light-charged
particles, and intermediate-mass fragments (IMFs), according
to the Weisskopf formalism [40].
To include the fission dynamics beyond the saddle point,
we have used the pioneering model proposed by Hofmann and
Nix [41], who found an analytical solution of the average
saddle-to-scission time based on the dynamical picture of
Kramers [42], taking into account the deformations of the
compound systems at the saddle configuration [43] and the
deformations of the fission fragments at the scission point [36].
This dynamical time can be compared with the statistical
evaporation time obtained from the sum of the particle decay
widths to determine the number of particles emitted between
the saddle and scission points. If the saddle-to-scission time of
the fissioning system is longer than the statistical evaporation
time the fissioning system could emit additional particles,
mainly neutrons and γ rays, during that phase, increasing
the prescission particle multiplicities. Similar model calculations were used in many of the previous works claiming a
deformation-dependent dissipation parameter [4,26,27].
Following Refs. [18,20], we have used the partial fission
cross sections obtained in this experiment to investigate
dissipative effects at small deformations. This observable is
displayed in Fig. 2 (solid circles) as a function of the sum of
the atomic numbers of the two fission fragments (Z1 + Z2 ),
which corresponds in good approximation to the atomic
number of the fissioning system. The values of (Z1 + Z2 )
are correlated with the violence of the reaction or excitation
energy of the remnants [18]. In our case, they cover a large
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range in excitation energies (up to 350 MeV), providing us
with the possibility to investigate the temperature dependence
of the dissipation parameter. In the figure, we compare this
observable with model calculations for different values of
the reduced dissipation parameter β. We conclude that a
constant value of this dissipation parameter from ground to
saddle (βgs ) of (4.5 ± 0.5) × 1021 s−1 (solid line) provides
the best description of these data. The description of the
data over the complete range in Z1 + Z2 by using a constant
value of the dissipation parameter confirms the conclusions
obtained in previous works with respect to the magnitude
and temperature independence of this parameter at small
deformations [18,20,22].
The model dependence of these conclusions, common to
the interpretation of any experiment addressing the fission dynamics, has been constrained by using different reactions and
observables. The description of the range of compound nuclei
produced in spallation reactions, whose characteristics cannot
be accessed experimentally, has been validated describing the
isotopic composition of final residual nuclei in reactions with
nonfissile nuclei [33]. Moreover, the ground-to-saddle dynamics was constrained by measuring the atomic numbers of both
fission fragments [16,18,23,30] or the isotopic composition of
one of the two fragments [24,44,45]. We can then conclude
that these calculations provide a reasonable description of the
fissioning nuclei at the saddle-point deformation. Therefore,
they can be considered as a suitable tool to investigate
dissipative effects at large deformations by using additional
observables sensitive to the saddle-to-scission dynamics.
For the investigation of the saddle-to-scission dynamics we
studied first the prescission neutron multiplicities as a function
of the atomic number of the fissioning system (Z1 + Z2 ),
as shown in Fig. 3(a) (solid circles). This observable was
obtained by using the neutron and atomic numbers of the
two fission fragments, as well as their velocities. The atomic
numbers Z1 and Z2 together with the velocities [24] were used
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FIG. 2. Fission cross sections as a function of the atomic
number of the fissioning nuclei. The lines represent INCL4.6+ABLA07
calculations for different values of the reduced dissipation parameter
βgs in units of 1021 s−1 .
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FIG. 3. Prescission neutron multiplicities (a) and average neutron
excess of the final fission fragments (b) as a function of the
atomic number of the fissioning nuclei. The lines represent model
calculations for different values of the dissipation parameters in units
of 1021 s−1 .

to reconstruct the neutron number of the fissioning system
at scission (Nfsciiss ) by using the Wilkins model [46] and by
assuming momentum conservation at scission according to
Ref. [47]. The difference between the neutron number of
the projectile (Nproj ) and that of the fissioning system at
scission provided us, event by event, the prescission neutron
presci
multiplicity (νn
= Nproj − Nfsciiss ) obtained for fissioning
systems with Z1 + Z2 > 77, because other decay channels
(d, t, He, and IMFs) are not negligible for lighter fissioning
systems with higher excitation energies. This multiplicity is a
sum of the neutrons emitted during the cascade stage and the
de-excitation of the compound nuclei. However, this fact does
not represent a problem because the neutrons emitted in the
cascade process represent at most 20% of the total prescission
neutrons [33]. Moreover, these neutrons are not related with
the de-excitation of the compound systems and thus are not
sensitive to dissipation. Finally, the associated uncertainties
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are mainly attributed to the accuracy in the measurement of
the velocities of the fission fragments in the reference frame
of the incoming projectiles, used to reconstruct the fissioning
system at scission.
Figure 3(a) shows the expected increase of the prescission
neutron multiplicities with the excitation energy (lightest
fissioning systems) [4]. As shown in Ref. [24], the average
excitation energy increases from 80 up to 350 MeV when
decreasing the atomic number of the fissioning system. We
also display the neutron-multiplicity systematics proposed by
Hilsher and Rossner [4], which was found by investigating
fusion-fission reactions of different nuclei at excitation energies from 6 up to 200 MeV. The good agreement with this
systematics validates our neutron multiplicity.
In the same figure, the double-dot-dashed line represents
a calculation assuming a ground-to-saddle transient time,
corresponding to a value of βgs = 4.5 × 1021 s−1 , and a saddleto-scission time (τo ) obtained from the Kramer’s stationary
solution for βss = 0 according to Ref. [41]. On the other
hand, the solid and dot-long-dashed lines represent similar
calculations considering a reduced saddle-to-scission dissipation parameter (βss ) of 4.5 × 1021 s−1 and 20 × 1021 s−1 ,
respectively. As can be seen, one can only expect a sensitivity
to the different model calculations at high excitation energies,
corresponding to small Z1 + Z2 values. Even in that case,
one would need a much better prescision in the neutron
multiplicities to reach any unambiguous conclusion on the
saddle-to-scission dynamical effects. However, the sensitivity
of neutron and γ -ray prescission multiplicities to presaddle
dynamics, which was widely exploited in the past, is much
stronger.
The measurement of the neutron excess of the two final
fission fragments (N/Z) represents an alternative to investigate dissipative effects at large deformations. Even if this
observable depends on prescission and postscission neutron
and proton evaporation, the fission time and the γ -ray emission
may alter the relative probabilities for neutron and proton
emission. At short fission times (small saddle-to-scission
dissipation value) the system mostly emits neutrons up to the
scission point, while for longer fission times (larger saddle-toscission dissipation value) γ -ray emission channel competes
with neutrons and at even longer times proton emission
becomes also relevant. All these considerations explain the
sensitivity of the final (N/Z) of the fission fragments to
dissipation. Furthermore, in our experiment the neutron excess
of the final fission fragments is measured very accurately and
with high efficiency, resulting in a better constraint for model
calculations.
The average neutron excess of the final fission fragments is
displayed as a function of the atomic number of the fissioning
nuclei in Fig. 3(b). This observable covers a large range in
fissioning systems from Z1 + Z2 = 73 up to Z1 + Z2 = 84
thanks to the high efficiency of the SOFIA setup. In the
figure, we also show the results of our model calculations. As
can be observed, a statistical calculation (double-dot-dashed
line) reproduces the neutron excess for the heaviest fissioning
systems, where the saddle-to-scission neutron evaporation
is negligible due to the low excitation energies. However,
this calculation clearly overestimates the neutron excess for

the lightest fissioning systems. This overestimation indicates
the need for a longer saddle-to-scission time, increasing the
prescission neutron evaporation probability at high excitation
energies. Calculations assuming βgs = 4.5 × 1021 s−1 and
different values for βss : 4.5 × 1021 s−1 (solid line), 6.5 ×
1021 s−1 (dot-short-dashed line), and 20 × 1021 s−1 (dot-longdashed line) are also shown. In this case, the accuracy in
the measurement of the neutron excess of the final fission
fragments confirms the sensitivity of this observable to the
saddle-to-scission dissipation parameter. This benchmark also
allows us to establish that calculations considering a reduced
dissipation parameter between 4.5 × 1021 s−1 (solid line) and
6.5 × 1021 s−1 (dot-short-dashed line) can describe the average
neutron excess for the full range of fissioning systems.
In Figs. 3(a) and 3(b) we also show a calculation assuming
βgs = 3 × 1021 s−1 and βss = 20 × 1021 s−1 (long-dashed
line) according to the results found in Refs. [15,26–28].
This calculation also provides a good description of the
neutron excess of the fission fragments. The reason why two
combinations of pre- and postsaddle dissipative parameters
describe the data is that the observable we use, as well as
the neutron multiplicities, is sensitive to the dynamics of the
complete fission path until the scission point. Therefore, to
investigate the saddle-to-scission dynamics in further detail
with these observables one needs additional measurements
providing an accurate description of the presaddle dynamics.
This is clearly shown in Fig. 2 where the precise and accurate
determination of the partial fission cross sections and the
atomic number of the fission fragments allow us to rule out a
ground-to-saddle dissipation parameter of βgs = 3 × 1021 s−1 .
This result indicates that ground-to-saddle and ground-toscission observables can be described by using almost the same
dissipation parameter at small and large deformations (around
4.5 × 1021 s−1 ). This weak dependence of the dissipation
parameter on deformation is in agreement with the predictions
of the one-body chaos-weighted wall formula [48]. Moreover,
the magnitude of the dissipation parameter at large deformation derived in this work is also in good agreement with the
study of fusion reactions by using the linear response theory,
taking the fluctuation-dissipation theorem and the width of the
single-particle states into account [49].
The final validation of these conclusions could be brought
by using advanced transport model calculations describing the
measurements obtained in this work. Unfortunately, the variety
of initial fissioning systems produced in spallation reactions
prevent such calculations for the time being.
In our opinion, the previously obtained deformation dependence of the dissipation parameter [15,26–28,50] could
be biased by the imprecise characterization of the ground-tosaddle dynamics. This fact could be caused by the difficulty in
describing the initial configuration of the fissioning nuclei,
namely angular momentum and deformation, inherent to
fusion reactions.
In conclusion, the complete kinematics measurement of
the fission fragments produced in spallation-induced fission
reactions gives access to precise information on the fission
dynamics. The low angular momentum and high excitation
energies of the fissioning nuclei produced in these reactions
provide optimal conditions for this investigation. The precise
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selection of fission events and the accurate identification in
atomic and mass number of the fission fragments, based on the
use of inverse kinematics and a state-of-the-art experimental
device, made it possible to use several independent observables
constraining nuclear dissipation at small and large deformations. The comparison of the partial fission cross sections
with our model calculations permitted us to determine the
magnitude of the dissipation parameter at small deformations,
obtaining a value of βgs = (4.5 ± 0.5) × 1021 s−1 .
The average neutron excess of the final fission fragments,
displayed as a function of the atomic number of the fissioning
nucleus, is used in this work for the first time to investigate
dissipative effects specifically at large deformations. Model
calculations have demonstrated that this innovative observable
is very sensitive to dissipation provided that sufficiently high
excitation energies, leading to a minimum saddle-to-scission
neutron emission, are reached. This analysis yields a value for
the reduced dissipation parameter at large deformations (βss )
between 4.5 and 6.5 × 1021 s−1 .
The similitude between the values of the dissipation
parameter required to describe the fission dynamics before
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P. N. Nadtochy, Phys. Rev. C 81, 064602 (2010).
B. Jurado, K.-H. Schmidt, and J. Benlliure, Phys. Lett. B 553,
186 (2003).
B. Jurado, C. Schmitt, K.-H. Schmidt, J. Benlliure, T. Enqvist,
A. R. Junghans, A. Kelic, and F. Rejmund, Phys. Rev. Lett. 93,
072501 (2004).
V. Tishchenko, C.-M. Herbach, D. Hilscher, U. Jahnke, J. Galin,
F. Goldenbaum, A. Letourneau, and W.-U. Schroder, Phys. Rev.
Lett. 95, 162701 (2005).
C. Schmitt, P. N. Nadtochy, A. Heinz, B. Jurado, A. Kelić, and
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