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Spallation reactions on fissile nuclei represent an appropriate tool to investigate dissipative effects in nuclear
fission. In this work, we have studied transient and dissipative effects in proton- and deuteron-induced fission
on 2%Pb at 500A MeV. A dedicated experimental setup optimized for inverse kinematics measurements made
it possible to identify in atomic number both fission fragments with high resolution, and reconstruct the charge
of the fissioning system. We could then determine the width of the fission fragments charge distribution as
well as partial fission cross sections, both as a function of the charge of the fissioning system. These two
complementary observables permitted us to investigate the dynamics of the process at small deformation, i.e.,
from the ground state to the saddle point. The description of these observables with advanced model calculations
reveals the influence of the nuclear dissipation in the fission process at high excitation energy and in particular

its manifestation through transient time effects.
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I. INTRODUCTION

Spallation reactions are an important tool to investigate the
dynamics of the fission process at low deformation owing to
the high excitation energy, small shape distortion, and angular
momentum induced into the fissioning system. Fission can be
understood as a diffusion process over the barrier that needs
a certain time to reach a quasistationary equilibrium [1]. This
diffusion process is often described using transport models
(Langevin or Fokker-Planck equations) [2] in terms of the
evolution of a set of macroscopic collective coordinates, in
interaction with a heat bath defined by the remaining intrinsic
degrees of freedom. It is generally accepted that from ground-
state deformation to scission, the evolution of the system is
governed by the nuclear potential, the inertia tensor, and the
reduced dissipation coefficient 8, that defines the rate of the
energy exchange between collective and intrinsic degrees of
freedom.

A direct consequence of this dynamical picture of fission
with respect to statistical models is a reduction of the fission
width and a delay of the process characterized by a given
transient time [3]. Because of the relatively short value of the
transient time deduced until now (of the order of 107%! s)
[4-T7], transient time effects manifest at high excitation energy
where their magnitude is comparable to typical statistical
lifetimes of the fissioning nuclei. At low excitation energy
transient effects are then negligible and the fission rate is
mainly ruled by the available phase space over the barrier.
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The most clear evidence of dissipative and transient effects
in fission was the failure of the statistical model [8] in reproduc-
ing prescission neutron multiplicities [9]. Nevertheless, after
important efforts invested in understanding the dynamics of
the fission process at high excitation energy, the magnitude
of the dissipation strength and the transient time, together
with their possible dependencies on the temperature and the
deformation of the fissioning nuclei, is still controversial and
not fully understood [4,5,7,10-13].

Fission dynamics has been extensively investigated in
heavy compound nuclei by means of fusion-fission reactions
[4,5,10]. In such reactions, the compound nucleus is charac-
terized by a broad angular momentum spectrum and relatively
low excitation energy which may hinder the manifestation of
dynamical effects. Moreover, the compound nucleus is formed
following a complex shape evolution starting from the contact
of two colliding nuclei that may also end in quasifission [14].
Many different observables such as evaporation residue and
fission cross sections [10], cumulative fission probabilities
[15], or y-ray [16] and light particle multiplicities [17]
have been exploited to investigate the effect of the nuclear
dissipation in fusion-fission reactions.

Spallation [18-21] and fragmentation [6,7] reactions have
also been used to study the dynamics of the fission process.
Spallation reactions are usually described as a two-step
process involving an intranuclear cascade and a subsequent
evaporation stage [22]. The interaction between the projectile
and the target nuclei leads to a thermalized compound nucleus
at the end of the cascade stage, referred to as a prefragment.
In reactions induced by protons with relativistic energies,
prefragments are typically produced with an average excitation
energy of few hundreds of MeV spanning a broad distribution,
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relatively low angular momentum, up to 10—20 £, and with
shapes close to the ones of the initial target nuclei [23,24].
These reactions thus fulfill the conditions proposed by Grangé
and collaborators [3,25] for the manifestation of transient
effects in fission.

Generally, conventional spallation-fission experiments are
performed in direct kinematics [26-29] where the identifica-
tion of the fission fragments in atomic number is a difficult
task and only long-lived target materials can be studied. To
overcome these difficulties, the inverse kinematics technique
is better suited to unambiguously identify the products of
the reaction. In this case heavy nuclei are accelerated up to
relativistic energies and impinge onto light targets, usually
proton or deuterium. Due to the kinematics of the reaction, all
products are emitted in the forward direction with large kinetic
energies and can be easily detected and identified.

Isotopic yields of spallation-evaporation residues and fis-
sion fragments were first proposed as observables for the
investigation of dissipative and transient effects in spallation-
induced fission reactions investigated in inverse kinematics
[19,20]. However, these works already pointed to the need of
additional observables to constrain the different parameters
affecting the determination of the fission width in model
calculations.

Following this suggestion, Jurado and collaborators pro-
posed to investigate dissipative and transient effects from
the characteristics of the final fission fragments, in particular
their charge distribution [6]. In this experiment, the setup
[30] provided the identification in atomic number of the
two fragments produced in fission reactions induced by 28U
projectiles impinging onto a CH, target. Two new observables
were then proposed, the distribution of partial fission cross
sections and the width of the charge distributions of the fission
fragments, both as a function of the sum of the charges of the
two fragments. The latter was previously proposed in Ref. [20]
over the integral charge distribution. These two observables
provided unambiguous indication on the role of dissipative
and transient effects in fission at high excitation energy [6].

A few years later, in Refs. [7,31] it was shown that the
quantitative values of the dissipation strength and transient
time obtained by Jurado and collaborators were affected by
the initial deformation of the fissioning nuclei that were
investigated. Therefore a new experiment was proposed by
Schmitt and collaborators based on the same experimental
setup but investigating the fission of nearly spherical radioac-
tive fissioning systems produced by fragmentation. In this
case dissipative and transient effects could be determined
although only the width of the charge distribution of the fission
fragments was used as an observable [7].

In the present work we revisited these two last experiments,
using a different reaction mechanism and profiting also from
the best conditions and observables. We investigate proton-
and deuteron-induced fission of 2°Pb at 5004 MeV in inverse
kinematics using also an experimental setup providing the
identification in atomic number of both fission fragments.
This allows us to study the fission of nearly spherical
fissioning systems with high excitation energy and low angular
momentum. Moreover, we could use the two observables
that were proposed to better constrain model calculations
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describing the dynamical evolution of the fissioning system
from the ground state to the saddle point. The two targets
used in this experiment also allowed us to cover two different
overlapping ranges in excitation energy.

II. EXPERIMENT

A detailed description of the experimental setup and the
determination of the total fission cross sections for the reac-
tions 2%Pb + p and 2°Pb + d at 500A MeV were presented
in a previous publication [32]. For these two reactions, total
fission cross sections of 146 &7 mb and 203 &9 mb were
obtained, respectively. The value of the total fission cross
section obtained with protons is in very good agreement with
a recent measurement yielding 149 £ 8 mb [33]. In this paper
we will briefly recall the experimental setup and we will focus
on the technique used to determine of the atomic number
of the fission fragments (Z;,Z,) to obtain the partial fission
cross sections and the width of the fission fragments charge
distribution as a function of the charge of the fissioning system.

To produce compound nuclei with suited conditions to
investigate transient effects in fission [3], the experiment was
conducted at the GSI accelerator facility. A primary beam of
208Pb was accelerated at S00A MeV by the SIS-18 synchrotron
and guided to the setup for fission measurements (Fig. 1). The
208Ph beam impinged onto a target cell with 100 xm titanium
windows, containing liquid hydrogen (85 g/cm?) or liquid
deuterium (201 g/cm?). A plastic scintillator detector (Start)
placed upstream of the target was used to trigger the data
acquisition. Two multisampling ionization chambers (MUSIC
1 and 2) with 200 x 80 mm? window surface and 460 mm
of active length surrounded the target to identify reactions of
208Ph beam particles in other layers of matter placed along
the beam line. The first MUSIC chamber was also used to
determine the number of projectiles which was of the order
of 10% ions/s. Owing to the kinematics of the reaction, both
fission fragments were emitted in forward direction with high
kinetic energy. A double ionization chamber (Twin MUSIC)
placed downstream of the second MUSIC detected both
fission fragments in coincidence and allowed an unambiguous
determination of both atomic numbers Z; and Z,. In order
to calibrate the vertical position of the fragments inside the

1.- MWPC
2.- Slits
3.- Start
4.- MUSIC 1 (9)
5.- VETO )

6.- TARGET

7.- MUSIC 2

8.- TWIN MUSIC
9.- ToF Wall

FISS. FRAGMENTS

FIG. 1. (Color online) Schematic representation of the experi-
mental setup used in the present experiment.
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FIG. 2. (Color online) Upper panel: Scatter plot of the energy
loss of the fission fragments recorded in each Twin MUSIC part. The
contour (solid line) encloses the selected fission events. Lower panel:
Same as upper panel but for the square root of the energy loss. Events
with Z, + Z, = 83 are located around the dashed line.

Twin MUSIC to deduce its efficiency, a time-of-flight wall
(ToF Wall) composed of plastic scintillators was installed
downstream of the chamber.

Fission events were selected using the energy loss of the
fission fragments in each part of the Twin MUSIC detector as
shown in the scatter plot of the upper panel in Fig. 2. Both
parts of this chamber were calibrated separately in atomic
number. This calibration was made assuming that the energy
loss of the fission fragments in each part of the Twin-MUSIC
is proportional to their atomic number squared, as shown in
the lower panel in Fig. 2. It can be clearly seen that there exists
a linear correlation between the square root of the energy-loss
signals registered in both parts of the Twin MUSIC. The sum
of the square root of the energy loss signals corresponds to the
nuclear charge of the fissioning system, assuming no proton
evaporation from the fission fragments.

According to this, the sum spectra provide the absolute
calibration in atomic number of the fission fragments Z; + Z,,
as shown in Fig. 3 for the reactions 2%®Pb + p (upper panel)
and 2°®Pb + d (lower panel). In these spectra, the peak with the
largest value of Z; + Z, corresponds to projectiles undergoing
double (n, p) charge-exchange reactions Z = Z; 4+ Z, = 84
while the adjacent peak on the left corresponds to the single
charge-exchange (n,p) of the projectile nuclei Z = Z; +
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FIG. 3. Sum spectrum of fission fragments nuclear charge Z; +
Z, for the ®Pb + p (upper panel) and ?®Pb +d (lower panel)
reactions at 500A MeV.

Z, = 83. These charge-exchange processes can be mediated
by the exchange of a virtual pion between the colliding
nucleons (quasielastic charge exchange) or the excitation of
a nucleon resonance decaying by pion emission (inelastic
charge exchange). In the single charge exchange producing
Z\ + Z, = 83 the process is governed by a single nucleon-
nucleon charge exchange process, elastic or inelastic. For
the double charge exchange at least two nucleon-nucleon
charge-exchange collisions are required. These results are
consistent with charge-pickup reactions investigated with a
208Ph beam impinging in proton and deuterium targets at
1A GeV [34]. Moreover, intranuclear cascade codes describe
rather well those reaction channels [35]. Finally, this Z| + Z,
calibration is also consistent with other works where the
nuclear charge of the fissioning system was measured for
reactions of nuclei with similar fissility, such as 214Ra + CH,
at 420A MeV [36].

After the charge identification of the fissioning system in
the Z, 4+ Z, spectrum, we calibrated the charge distribution of
each fission fragment by unambiguously assigning a value of
atomic number to each peak constrained by the corresponding
Z| + Z, value (see Fig. 4). The final charge distribution of
the fission fragments shown in Fig. 4 was corrected by the
detection efficiency of the experimental setup. The detection
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FIG. 4. (Color online) Calibrated fission fragment charge distri-
butions recorded in both parts of the Twin MUSIC for the 2%Pb + p
reaction. Solid and dashed lines refer to upper and lower parts of the
Twin MUSIC, respectively.

efficiency was evaluated with a Monte Carlo simulation, taking
into account the characteristics of the fission fragments (see
Sec. III B), their kinematic properties, and the geometry of
the detection setup. After applying this correction factor to the
experimental distributions, the width of the charge distribution
for the 2%Pb + p reaction amounts to o, = 6.6 £ 0.7 charge
units, while the mean value of the nuclear charge is 40.0 +
0.5. These values are in rather good agreement with the ones
obtained in Ref. [37] for the same reaction, o, = 6.3 £ 0.3 and
40.0 £ 0.1 for the width and the mean value, respectively. Our
results are also consistent with the ones obtained by Hagebg
and Lund [38] for proton-induced fission of lead in direct
kinematics at 600 MeV, o, = 6.4, and a mean value of 40.0
0.1. For 2%Pb 4 d we obtained o. = 7.0 £ 0.5 charge units
and a mean value of 39.1 & 0.5. The difference in the mean
value of the charge distribution between reactions induced with
protons and deuterons is explained by the larger excitation
energy gained by the prefragments in the latter case.

III. RESULTS

A. Experimental observables

The size of the fissioning system, that we can approach from
the sum of the charges of the two fission fragments Z = Z;| +
Z,, can be used to assess the excitation energy imparted to the
compound nuclei or prefragments produced in the spallation
process [6,7]. The partial fission cross sections according to
the different Z; + Z, values should then be a good observable
to characterize the ground-to-saddle dynamics of the fission
process.

In order to determine the partial fission cross sections as a
function of the charge of the fissioning nucleus, the number
of fission events for each Z; + Z, value was extracted from
the two-dimensional scatter plot of the square root of the
energy loss signal of both fission fragments (lower panel
of Fig. 2). As can be seen, each line defined by the data in
the experimental spectrum corresponds to one Z; + Z; value,
where the dashed line indicates Z; + Z, = 83. The values of
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FIG. 5. (Color online) Partial fission cross sections as a function

of the charge of the fissioning nucleus for the ?Pb + p (circles) and
208pb + d (squares) reactions at S500A MeV.

the partial fission cross sections were obtained by applying the
same correction factors considered for the determination of the
total fission cross section reported in Ref. [32] (geometrical
efficiency, beam attenuation, and secondary reactions of the
fission fragments in the target), but in this case according to
the charge of the fissioning nucleus.

Partial fission cross sections for proton- and deuteron-
induced fission of 2Pb are shown in Fig. 5. As mentioned,
the difference between the number of protons of the 2®Pb
projectiles and the fissioning nuclei after spallation is related
to the impact parameter and excitation energy induced in the
reaction. Therefore, the smaller values of Z; 4+ Z, correspond
to the more violent collisions and vice versa. In addition,
the fissility of the fissioning system (Z%/A) decreases with
Zy + Z,, consequently the partial fission cross section is a
function of this parameter and the excitation energy. One can
see that in the case of the deuteron-induced reaction we obtain
higher cross sections for the lower values of Z; + Z, with
respect to the case of the proton-induced reaction. This can be
attributed to the fact that deuterons induce higher excitation
energies in the system because the total kinetic energy of the
reaction is a factor 2 larger than the one corresponding to
protons [39].

Conversely, for the largest values of Z; + Z, (above 80),
where low excitation energies are expected, partial fission cross
sections are slightly larger in reactions induced by protons. A
possible explanation relies on the impact parameter because
for the most peripheral collisions, only one of the nucleons of
the deuterium will impact with the lead nuclei. Recently, a total
fission cross section for the n + "™Pb reaction at 500 MeV of
97 £7 mb was reported [40], which is a factor 1.5 smaller
than the one obtained in [32] for protons. This could explain
the reduction of the partial fission cross section in deuteron-
induced fission for the largest impact parameters.

To illustrate the different ranges in excitation energy
covered with the two targets we performed calculations with
nuclear-reaction codes (See Sec. IIIB). As can be seen in
Fig. 6, the distribution of excitation energy of all prefragments
produced in deuteron-induced spallation of 2*®Pb (dotted line)
covers a larger range in excitation energy than the one obtained
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FIG. 6. (Color online) Distribution of the excitation energy
gained by all the prefragments produced in the reactions 2%Pb + p
(solid line) and 2®Pb + d (dotted line). Inset: Average excitation
energy of the prefragments undergoing fission during the deexcitation
stage as a function of Z; 4 Z, for the reactions 2**Pb + p (open
circles) and 2%Pb + d (solid circles).

in reactions induced with protons (solid line). Since both
distributions are normalized to the same number of counts, the
figure reflects that the probability of producing pre-fragments
with the largest excitation energies, and thus lower Z| + Z,
values, is higher in the case of deuteron-induced reactions. In
contrast, proton-induced reactions have larger probability of
producing pre-fragments with lower excitation energy. This
fact explains the difference in the partial fission cross sections
between proton- and deuteron-induced reactions obtained for
different values of Z; + Z,.

We also show in the inset of Fig. 6 that, according to
model calculations, there exists a clear correlation between
Zy + Z, and the average excitation energy of the fissioning
prefragments, as previously assumed. In addition, we also
observe that the average excitation energy of the fissioning
prefragments with a certain Z; + Z, value is similar for both
reactions (open and solid circles for proton and deuteron,
respectively), showing a small difference for the lowest
Z1 + Z, values because in the case of deuteron-induced
reactions more neutrons are ejected on average.

In Fig. 7, we compare our partial fission cross sections
with the charge distribution of spallation-evaporation residues
obtained in Ref. [41] for the reaction 2°*Pb + p at 5004 MeV.
The distribution of evaporation residues was normalized by a
factor which corresponds to the ratio of the total evaporation
cross sections (1.44 b) to the total fission cross section
measured in the present work (149 mb). As can be seen,
both distributions have a similar shape, however at higher
excitation energies (lower Z; + Z,) spallation-evaporation
cross sections decrease faster than fission cross section. This
deviation may appear owing to the influence of the competition
between fissility and excitation energy determined during the
deexcitation stage.

Figure 5 indicates that partial fission cross sections accord-
ing to the total charge of the fissioning nucleus (Z; + Z,) are
sensitive to the entrance channel of the reaction. Therefore
we can use this observable to constraint model calculations
describing the prefragment formation in spallation reactions.

PHYSICAL REVIEW C 91, 034601 (2015)

10 : ¢

T
>

Cross Section (mb)

—t
T

L | | | | | | | | |
74 75 76 77 78 79 80 81 82 83
Atomic number
FIG. 7. (Color online) Partial fission cross sections (circles) and
normalized cross sections of spallation-evaporation residues (trian-

gles) for the reaction 2*Pb + p at S00A MeV [41]. The atomic
number of the fissioning nucleus was determined by the sum Z; + Z,.

Another observable studied in this work is the width of
the fission fragments charge distributions (o) as a function
of the sum of the charges of the final fission fragments.
According to a statistical interpretation, this observable should
be proportional to the temperature of the fissioning system
at the saddle point T,y [42,43] according to the following
expression:

0} = Z; Toa /(1647 V /dn?) (1)

where Zg; is the nuclear charge of the fissioning nucleus and
d?V /dn? is the stiffness of the potential with respect to the
mass asymmetry n = 4/Agqs/(M — Ags/2). Ags and M are the
mass of the fissioning nuclei and the mass of the fragments,
respectively. To establish the link between T,q and o,, we used
the stiffness of the potential parametrized as a function of the
fissility proposed by Rusanov et al. [44]. It is worth mentioning
that the variation of the potential with the fissility is relatively
weak in the Z| + Z, range investigated in this work.

The results for the two reactions investigated in this work
are shown in Fig. 8. As can be seen, the width of the charge
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FIG. 8. (Color online) Width of the fission fragment charge

distribution as a function of the charge of the fissioning nucleus
for the reactions 2%®Pb + p and *®Pb + d at 5004 MeV.
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distribution increases when decreasing Z; 4+ Z,. This result
confirms the expected increase of the width of the charge
distribution of the fission fragments with the violence of
the reaction. In addition, for both reactions we obtain very
similar values of o, for each Z; + Z,. We can conclude that
this observable characterizes the compound fissioning system
regardless of the target used to produce that fissioning nuclei.
However, the range in Z; + Z, covered in each reaction is
different because it reflects the initial excitation energy of
the fissioning prefragments, which depends on the reaction
entrance channel.

In summary, following the experimental technique pro-
posed by Jurado et al. [6] and Schmitt ef al. [7] we have
used two observables characterizing the fissioning system
at the initial configuration and at saddle. The partial fission
cross sections according to the sum of the charges of the two
fission fragments are sensitive to the entrance channel of the
reaction. On the contrary, the evolution of the width of the
charge distributions with the sum of the charges of the fission
fragments does not seem to depend on the entrance channel.
This result would support the relation of this observable with
the temperature of the fissioning system at saddle. These
two observables should then provide stringent constraints for
model calculations describing the evolution of the fissioning
system from the ground state to the saddle point [6,7].

B. Comparison to model calculations

To illustrate in a more quantitative way the sensitivity of
these observables to dissipative and transient effects, reaction
model calculations are needed. We have used INCL4.6 [45,46]
and ISABEL [47] intranuclear cascade codes coupled to the
deexcitation code ABLA07 [48]. A detailed description of
these codes applied to proton-induced fission of '8!Ta at
high excitation energies and to fragmentation reactions with
spherical radioactive nuclei can be found in Refs. [21] and [7],
respectively. Here, we will only remind their main features.

In intranuclear cascade codes, the collision of a high-energy
projectile within a target nucleus initiates a succession of bi-
nary nucleon-nucleon collisions that may lead to the emission
of pre-equilibrium nucleons. In INCL and ISABEL, nucleons
are described as point-like particles, and as a continuous
medium perturbed by the collisions induced by cascade
particles, respectively. Nucleons in INCL are endowed within a
realistic phase-space density (Woods-Saxon in configuration
space, hard Fermi sphere in momentum space), while in
ISABEL, both projectile and particle follow a folded Yukawa
density distribution. In INCL, the excitation energy and the
angular momentum induced by the intranuclear cascade are
computed according to particle-hole excitations. The cascade
stops self-consistently when the prefragment is assumed to
be thermalized. In contrast, in ISABEL the cascade stops when
the energy is below a specific cutoff energy. In both codes,
the remaining excitation energy is distributed among all the
nucleons.

The ABLA code describes the deexcitation of a thermalized
compound nucleus by fission or by the emission of light
charged particles, y rays, neutrons and intermediate-mass
fragments (IMF) following Weisskopf’s model [49]. The
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FIG. 9. (Color online) Upper panel: Comparison between model
calculations performed with INCL and ISABEL coupled to ABLA, and
the experimental partial fission cross sections (dots) for the reaction
208Pb + p.Lower panel: Comparison between calculations performed

with INCL + ABLA and partial fission cross sections for the reaction
208ph + d.

fission probability is computed according to a time-dependent
fission width following the analytical description of the solu-
tions of the corresponding Fokker-Plank equation proposed in
Refs. [50-52]. The code also allows to evaluate the fission
width according to the transition-state model of Bohr and
Wheeler [8] or the time-independent formulation of Kramers
[1]. Important parameters in the code are the level density
parameters that are calculated according to the parametrization
proposed by Ignatyuk [53] and angular momentum dependent
fission barriers which are taken from Sierk’s finite-range liquid
drop model [54].

Results obtained with these model calculations are shown
in Figs. 9 and 10. In the upper panel of Fig. 9 we benchmark
calculations performed with INCL (dashed line) and ISABEL
(dash-dotted line) coupled to the dynamical description of
the fission process in ABLA for the reaction 2%Pb 4 p at
500A MeV with the partial fission cross sections measured
in this work. As can be seen, the partial fission cross sections
distribution can help to discriminate between spallation mod-
els. In this case, the shape of the partial fission cross sections
should reflect the distribution of the initial excitation energy
gained in the reaction. On the other hand, the absolute value of
these cross sections should also reflect the fission probability
of the prefragments. It has to be taken into account that
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FIG. 10. (Color online) Calculations with INCL 4+ ABLA com-

pared to the experimental width of the fission fragment charge

distribution (o) as a function of the charge of the fissioning nucleus
for2%Pb + p (upper panel) and 2®Pb + d (lower panel) at 500A MeV.

total fission cross sections for the 2°®Pb 4 p reaction at 500A
MeV, calculated with INCL and ISABEL coupled to ABLA (with
B=4.5x 10%! s71), amount to 144 and 156 mb, respectively.
Therefore, despite this good agreement in the total fission
cross section, the information inferred from the comparison
of the partial fission cross sections with the calculations
is more suitable to benchmark these codes. In conclusion,
INCL provides a better agreement for the cross sections
considering that ABLA includes a very realistic modellization
of transient effects in the time dependence of the fission width
benchmarked with a different entrance channel [55].

Partial fission cross sections can also be used to benchmark
the model description of the fission process. Calculations with
INCL + ABLA using the Bohr-Wheeler statistical model (solid
lines) to describe fission clearly over-predict the experimental
cross sections. For Z; + Z, values above 81, where fission
takes place at lower excitation energy, time-dependent dynam-
ical calculations considering a reduced dissipation strength of
B = 4.5 x 10! s7! (dashed lines) and calculations according
to the time-independent Kramers’ model with the same
value of B (dotted line) are in very good agreement with
the data. The reason is that there exists an onset for the
manifestation of transient effects [51] that depends on the
excitation energy of the fissioning system and therefore on
Z\ + Z,. Transient effects manifest only when the lifetime of
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the fissioning system becomes comparable to the time delay
against fission induced by nuclear dissipation. We inferred
from our model calculations an excitation energy threshold
for the manifestation of transient effects of around 120 MeV
for prefragments with Z; + Z, = 81, in good agreement with
the result obtained in Ref. [21]. On the other hand, for
Zy + Z, values lower than 81, where larger excitation energies
are expected, time-dependent dynamical calculations better
describe the measurements. Therefore, partial fission cross
sections are sensitive to dynamical effects appearing in highly
excited fissioning nuclei. It is also worth pointing out that the
decrease of the fission cross section due to Kramer’s fission
width is also observed in the partial fission cross section
spectrum in almost the whole range of Z| + Z, [7].

We also calculated partial fission cross sections for the
reaction Pb+ d using different values of the dissipation
strength within the overdamped regime, characterized by an
increase of the transient time with increasing 8 [51]. We
observe in the lower panel of Fig. 9 that for § = 3 x 10?! s7!
(dotted line) and 8 = 6 x 10?! s~! (dash-dotted line), model
calculations are above and below the measured partial fission
cross sections, respectively. The sensitivity of this observable
to the dissipation strength allow us to determine an optimum
value of 8 = (4.5 £+ 1.0) x 10?! s~

We also investigated the role of nuclear dissipation in
fission using the evolution of the widths of the fission
fragments charge distribution as a function of Z; + Z,. As
previously mentioned, this observable provides information on
the temperature of the fissioning system at the saddle. Again,
we compared our measurements with calculations performed
with INCL + ABLA (see Fig. 10). As can be seen, calculations
according to the Bohr-Wheeler statistical model (thick solid
line) predict o, values above the experimental ones, for values
of Z; + Z, < 80. In contrast, dynamical calculations con-
sidering a dissipation strength of 8 = 4.5 x 10! s7! (dotted
line) are in very good agreement with the experimental values
obtained for 28Pb + p and 208pp + 4 reactions. Therefore,
the time-dependent fission width describing the partial fission
cross sections also reproduces the widths of the charge
distributions. The overall reduction of the width with respect to
statistical calculations can be explained as follows: the fission
delay induced by nuclear dissipation favors the deexcitation of
the fissioning system by emitting particles and subsequently
reducing its temperature at the saddle point. We also performed
calculations using the time-independent Kramers fission width
considering 8 = 4.5 x 10>' s7! (dotted-dashed line) to em-
phasize that the reduction of o is exclusively due to transient
effects. While the stochastic behavior of the diffusion process
induced by dissipation leads to a reduction of the fission width,
and consequently of the cross section, only the time delay
induced by dissipation reduces the temperature at the saddle
point because the system has more time to evaporate particles
along its way to the saddle [6,7,21]. For Z, + Z, > 81, all
calculations are in good agreement with the experimental data.
As stated before in the case of partial fission cross sections,
for those Z| + Z, values corresponding to excitation energies
of the prefragment below 120 MeV, the typical lifetime of the
fissioning system is much larger than transient effects and
we lose the sensitivity to the latter. From the calculations
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we inferred a transient time of 1.2 +0.4 x 1072 s, Finally,
we also performed calculations for both reactions considering
values of the dissipation strength of 8 = 3.0 x 102! s~! (thin
solid line) and B = 6.0 x 10?! s~! (dashed line). As expected,
an increase (decrease) of the dissipation strength leads to
slight decrease (increase) of o,. It can be also seen that
this observable is less sensitive to the precise value of the
nuclear viscosity, compared to partial fission cross sections.
The sensitivity of the calculations to different 8 values within
the overdamped regime is much weaker than in the case of
partial fission cross sections because transient time increases
slowly with the value of the nuclear dissipation strength.
Taking into account the results of the calculations for both
observables, we conclude a value for the dissipation strength
of B =(45+1.0) x 10> s

The results presented in this work are in good agreement
with other experiments based on fragmentation [6,7,31] and
spallation reactions [19-21] where highly excited fissioning
nuclei were produced with small deformation. Concerning the
reaction >¥U 4 CH, at 1A GeV investigated by Jurado et al.
[6] we were also able to reproduce those data using a value for
the dissipation strength of 8 = 4.5 x 10?! s~! but including
the initial deformation of the prefragments in the calculation
of the fission width according to Ref. [48].

As conclusion, we investigated transient and dissipative
effects in fission through two different observables sensitive
to different stages of the fission process. The best description
of the data was obtained when considering a time-dependent
fission width with a value of the reduced dissipation coefficient
B =4.5+0.5 x 10*' s~!. The intranuclear cascade allowed
us to define the initial conditions of the fissioning system,
taking into account that the shape of the partial fission cross
section distribution depends on the production mechanism of
the prefragment. On the other hand, from the deexcitation
model parameters we inferred that the transient time governs
the evolution of the system from ground to saddle. Despite
these observables were already investigated in previous works
[6,7], here we used simultaneously both observables to
characterize the dynamics of fission using a reaction fulfilling
the optimum conditions proposed for these investigations [3].

IV. SUMMARY AND CONCLUSIONS

In the present work we investigated proton- and deuteron-
induced fission of 2%Pb at 500A MeV. A dedicated experi-
mental setup adapted to measurements in inverse kinematics
was used to unambiguously detect and identify both fission
fragments in coincidence with high acceptance and efficiency.
We reconstructed the charge of the fissioning system Z; + Z,,
which reflects the excitation energy gained in the reaction. We
were also able to define two additional observables sensitive to
dissipative and transient effects in fission. We determined with
high precision the partial fission cross sections and the width
of the fission-fragments charge distribution as a function of the
atomic number of the fissioning system, for both reactions.

The evolution of the system was studied using both
observables because they are sensitive to the formation and
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decay of the fissioning compound nuclei. Partial fission cross
sections provide valuable information about the intranuclear
cascade stage revealing that deuteron-induced fission leads
to fissioning systems with higher excitation energy when
compared to proton-induced fission at the same kinetic energy
per nucleon. We suggest that the shape of the partial fission
cross sections according to Z; + Z, reflects the excitation
energy distribution of the prefragments produced during the
intranuclear cascade. Concerning the width of the fission
fragments charge distribution, we obtained consistent values
for both reactions investigated in this work for all the Z; + Z;
range but also with previous data obtained for similar fissioning
nuclei. We conclude that this observable is only sensitive to
the deexcitation mechanism, in particular to the temperature
at the saddle point, because it does not depend on the entrance
channel that rules the production of the prefragment.

In addition, we have compared the results obtained in this
work with the theoretical predictions yielded by a combination
of intranuclear cascade codes INCL and ISABEL coupled to
the statistical code ABLA describing the deexcitation of the
compound nucleus. This benchmark helped us to conclude that
the INCL code provides a better description of the first stage
of the reaction. We also conclude that a statistical description
of the fission process according to the Bohr and Wheeler model
overestimates both observables except for the largest values of
Z, + Z, corresponding to the smallest values of excitation
energy. However, calculations made with INCL + ABLA using a
time-dependent description of the fission width are in good
agreement with the experimental values obtained for the
total and partial fission cross sections but also the width
of the charge distribution of fission fragments, considering
B = (45+1.0) x 10*! s7'. A transient time of 1.2 + 0.4 x
107%' s is then needed to describe the experimental data.
Therefore, this comparison of the experimental results with
calculations performed with ABLA deexcitation code supports
the manifestation of transient and dissipative effects on the
fission process at high excitation energies.

For fission at lower excitation energies, we have shown that
all calculations are in rather good agreement with the exper-
imental data, probing that we are not sensitive to dissipative
effects in that energy range. These results are consistent with
other works showing the influence of transient and dissipative
effects on the fission process through the same observables
[6,7]. In conclusion, these two independent and consistent
observables allowed us to characterize and describe the
dynamical evolution of spherical fissioning systems between
the ground state and the saddle point.
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