PHYSICAL REVIEW C 90, 064606 (2014)

Proton-induced fission cross sections on 2%Pb at high kinetic energies
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Total fission cross sections of 2% Pb induced by protons have been determined at 3704, 5004, and 650A MeV.
The experiment was performed at GSI Darmstadt where the combined use of the inverse kinematics technique
with an efficient detection setup allowed us to determine these cross sections with an uncertainty below 6%. This
result was achieved by an accurate beam selection and registration of both fission fragments in coincidence which
were also clearly distinguished from other reaction channels. These data solve existing discrepancies between
previous measurements, providing new values for the Prokofiev systematics. The data also allow us to investigate
the fission process at high excitation energies and small deformations. In particular, some fundamental questions
about fission dynamics have been addressed, which are related to dissipative and transient time effects.
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I. INTRODUCTION

Proton-induced reactions on lead are of importance for the
understanding the fission process at high energies, but also
because of their impact in spallation neutron sources.

Following its discovery 76 years ago, a complete micro-
scopic description of the fission process is not yet available.
Significant progress was achieved in the last years by new
microscopic descriptions of the nuclear potential governing
the fission process [1,2], detailed measurements of fission
cross sections [3—6], and the characteristics of the final fission
fragments [7-10].

Despite this progress, a satisfactory understanding of the
fission probabilities for low-fissility systems has not been
reached. For those systems fission only appears at excitation
energies well above the fission barrier, where a strong
competition with other deexcitation channels such as nucleon
or cluster evaporation sets in [11]. Under such conditions it
was shown that descriptions of the fission process based on the
transition-state approach [12] are unsatisfactory. These mod-
els underpredict pre-scission gamma and nucleon emission
[13—15] and overpredict fission probabilities [16—18].

Models describing fission as a diffusion process across
the barrier governed not only by the nuclear potential and
phase space, but also by the coupling between intrinsic and
collective degrees of freedom described by a dissipation
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parameter [19], seem to provide a better description of fission.
In this context the initial conditions of the fissioning system
play a decisive role [20-24]. Proton-induced fission on lead at
relativistic energies fulfills the conditions established for the
optimal manifestation of dissipative and transient effects in
fission [3,6]. In this case, the small shape distortion expected
in proton-induced reactions on a spherical nucleus such as lead,
the high excitation energies and the low angular momentum
gained, provide well-defined initial conditions for fissioning
nuclei [21,22,25,26].

Moreover, a lead-bismuth eutectic is proposed as an opti-
mum target material for spallation-neutron sources irradiated
with relativistic protons [27-32]. The neutron excess of this
material enhances the number of emitted neutrons per incident
proton. In addition, the use of a liquid eutectic solves the
problem of target damages due to the high irradiation dose.
Nevertheless, radiological effects induced by activation create
concern for the use of these targets [33,34]. Therefore, a
complete inventory of the residual nuclei produced in these
reactions is required [35]. In particular the production of
gaseous fission residues such as krypton or xenon may have
an important radiological impact.

The complete inventory of residual fragments produced
in spallation reactions induced by protons on lead at S00A
and 1000A MeV has been already determined [36,37].
These measurements were performed in inverse kinematics
by employing a high-resolving-power magnetic spectrometer.
Despite the accuracy of the spectrometer, which was sufficient
to identify the reaction products in terms of their mass and
atomic number, the measurement of fission residues was
affected by the limited angular and momentum acceptance of
the spectrometer [38]. This could explain the unexpected high
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fission cross section obtained at 500A MeV (232 mb) [36].
Indeed, a later measurement of this cross section based also on
the inverse kinematics technique, but detecting both fission
fragments in coincidence, provided a lower fission cross
section (146 mb) [39].

Proton-induced fission cross sections on lead have also
been measured in direct kinematic experiments covering a
large range in energy [40]. In this case limitations associated
with the absorption of the fragments in the target and the
techniques used for the identification of the fission channel
could also explain the discrepancies, up to 50%, observed in
these measurements. Therefore, the systematic of the proton
on lead fission cross section established by Prokofiev some
time ago [40] could be questioned.

In this work we present a new accurate measurement of
the fission cross section in reactions induced by protons on
lead at 370A, 5004, and 650 A MeV. The experiment was
also performed in inverse kinematics and takes advantage
of a next-generation experimental setup [41-44]. This setup
provides coincident measurement of both fission fragments,
as well as their identification in atomic number. Moreover,
high-precision tracking of the trajectories of the two fragments
made it possible to separate fission reactions produced in the
hydrogen target from reactions induced in other layers of
matter traversed by the beam. These measurements allow us to
clarify the discrepancies between the existing measurements,
establish a new systematic, and contribute to the understanding
of the fission process at high excitation energies.

II. EXPERIMENT

The most important feature of this experiment is the use of
the inverse-kinematics method where a light target, in this case
hydrogen, is bombarded with heavy relativistic projectiles:
208Pb ions. This experimental approach has several advantages
with respect to conventional experiments performed in direct
kinematics. The fission fragments leave the target with high
energy, covering a narrow angular range (less than 50 mrad) in
the forward direction. These features facilitate the detection
and identification of both fission fragments. In order to
achieve these conditions, the experiment was performed at GSI
Darmstadt where the SIS18 synchrotron is able to accelerate
beams of 29Pb ions to 3704, 5004, and 650A MeV with a
current of the order of 10° ions/s.

The accurate determination of the fission cross sections
requires a precise measurement of the number of incoming
projectiles and an unambiguous identification and counting
of the fission events. To register and identify both fission
fragments, an advanced detection setup was mounted be-
hind the target providing a coincident measurement of the
two fragments and covering the complete angular range in
the forward direction. This setup permitted us to separate
fission from other reaction channels, to identify the atomic
number of both fission fragments and to reconstruct their
trajectories in order to determine the reaction vertex. All these
features are crucial for obtaining the setup detection efficiency
and, therefore, the total fission cross section with high
accuracy.
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FIG. 1. (Color online) Top schematic view of the experimental
setup used in this experiment. Sizes are not to scale.
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A. Description of the experimental setup

Figure 1 shows a schematic representation of the detector
setup used in this experiment. This setup can be separated into
two parts: one to characterize the beam and another to identify
and count the fission events. The first part consists of a plastic
scintillator detector (50 x 32 x 1.5 mm?) [45], an ionization
chamber (MUSIC) [46], and a time projection chamber
(TPC) [47] that provide the identification in atomic number
of the beam ions and their transverse position, respectively.

Measurements were performed with a cylindrical target
(11.24 mm long and 30 mm diameter) filled with liquid-
hydrogen of (85.9 & 1.5) mg/cm? produced in a cryostat [48].
The target was isolated by two windows consisting of
aluminized-mylar foils with a thickness of 35 um.

The second part of the setup consists of a double ionization
chamber (Twin MUSIC) [49] and a multiwire proportional
counter MWPC). Twin MUSIC has a central vertical cathode
that divides its volume into two active parts; both are 60 cm
long, 20 cm high and 10 cm wide. The atomic number of
each fragment is deduced from the energy signals registered
in each side by the ten anodes parallel to the common cathode.
These ten anodes also provide drift-time measurements which
allow us to obtain the polar angles of both fission fragments
with a resolution of 0.5 mrad full width at half maximum
(FWHM). Finally, a MWPC, similar to those designed for the
ALICE experiment [50], provides horizontal (X) and vertical
(Y) positions of the fission fragments with a resolution of
200 um and 1 mm (FWHM), respectively. In addition, an
aluminium pipe filled with helium gas was mounted between
the target and the double ionization chamber to reduce the
energy and angular straggling of the fission fragments.

B. Selection of primary beam and fission events

For extracting fission cross sections, one needs to determine
the number of projectiles impinging on the target. An identi-
fication of the projectiles is needed to exclude contaminants.
For this purpose, the ionization chamber MUSIC, placed in
front of the target, is used to register the projectiles event by
event, while recording also their energy loss. This additional
information is needed because the incoming 2°*Pb projectiles
may react also in the different layers of matter placed upstream
from the liquid-hydrogen target, in particular the plastic
scintillator. For those events the lead ions may lose protons or
neutrons, thus resulting in a cocktail beam reaching the target.
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FIG. 2. (Color online) Atomic-number histogram of the ions
detected with the ionization chamber placed before the target for
the reaction 2%*Pb(500AMeV) + p.

Projectiles with atomic numbers different from Z = 82 could
be identified based on their energy-loss signal measured in the
MUSIC chamber in front of the target. Unfortunately, reaction
channels in which only neutrons are removed could not be
disentangled. However, their nuclear reaction probability in the
matter placed before the target is evaluated to be less than 0.5%
of the total events, rendering their contribution negligible.

Figure 2 shows the atomic-number histogram deduced from
the energy-loss signals registered by the MUSIC chamber.
Only the ions with an atomic number inside the window
defined by the two vertical lines in Fig. 2 are considered as
208Pb projectiles. By fitting the different peaks in the histogram
to Gaussian functions one can determine the contribution of
each nuclear charge.

As can be seen in the figure, the window contains three
nuclear charges leaving the contamination of ions with Z # 82
to be less than 1.6%, 1.1% for Z = 81 and 0.5% for Z =
83. Z = 81 projectiles are produced in knock-out reactions
upstream from the target while Z = 83 is attributable to
nuclear charge-exchange reactions. Moreover, a TPC chamber,
calibrated with a mask, is used to check the impinging position
of the projectile ions at the target. Both position distributions
are shown in Fig. 3. The widths of both distributions are less
than 4.5 mm (FWHM). Similar distributions are obtained for
the three beam energies used in this work.

Fission fragments can be identified by atomic number
using the Twin MUSIC ionization chamber. This detector
provides the identification by measuring the energy-loss
signals registered by the ten anodes parallel to the common
cathode. These anodes provide also the angle and the position
of both fission fragments due to their drift time measurements,
in the two gas volumes, right and left of the common cathode.
Figure 4 shows the two-dimensional spectrum of the energy
lost by the fragments (in channels) registered in the two parts
of the Twin MUSIC chamber. This spectrum is collected under
the condition defined by the window in Fig. 2. Fission events
are selected by the triangular window indicated in Fig. 4.
Fragmentation reaction residues and direct-beam ions populate
the edges of the spectrum. We can also observe beam pileup
that is registered in both sides of the chamber and populates
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FIG. 3. Position distributions of the beam ions in horizontal (solid
histogram) and vertical direction (dotted histogram) as determined by
the TPC for our measurement at S00A MeV.

the upper right corner of the figure. As can be seen in the
figure, fission fragments are well separated from other reaction
channels.

However, fission events can also be induced in other layers
of matter traversed by the beam. Luckily, the contribution to
fission of each layer of matter can be tracked back by using
the Twin MUSIC, which provides the angle on the plane
X-Z and the horizontal position of both fission fragments.
The reconstruction is made taking into account that fission
fragments follow straight trajectories inside the Twin MUSIC.
These trajectories are obtained from linear fits of the drift-time
signals registered by the ten anodes. The position where fission
took place is defined as the intersection point, reaction vertex,
between the left and right trajectories. The reconstruction of
fission reaction vertex is shown in Fig. 5. This spectrum is
collected under the conditions defined by the window in Fig. 2
and the triangular window in Fig. 4. It is clear from the figure
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FIG. 4. (Color online) Scatter plot of the energy-loss signals
registered by the two gas volumes of the Twin MUSIC chamber
for the reaction 2®Pb(500AMeV) + p. Fission fragments are located
inside the triangular window.
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FIG. 5. (Color online) Reconstruction of the fission reaction ver-
tex along the Z coordinate using the tracking capabilities, taking the
position of the multiwire proportional chamber as reference point. The
long-dashed lines define the window of fission events taking place
inside the hydrogen volume for the reaction 2 Pb(500AMeV) + p.

that the Twin MUSIC tracking makes it possible to separate
between the fission events produced at the target position and
fissions originating from other layers of matter, such as the
helium gas inside of the pipe or the air between the windows
of the target and the helium pipe. However, we cannot separate
the contribution from the aluminized-mylar windows because
these windows have a thickness of 35 um and their reaction
probabilities are negligible. Only events inside the window,
defined by the two long-dashed lines in Fig. 5, are counted as
fission.

In Fig. 6 we present a cluster plot of the energy-loss signals
registered by the two sections of the Twin MUSIC taking the
conditions indicated in Figs. 2, 4, and 5 into account. In this
figure, we can see a clear identification of fission events.

However, as will be shown in Sec. IIC, the detection
probability of the experimental setup does not fully reach
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FIG. 6. (Color online) Energy loss of the two fission fragments
measured independently in the two parts of the Twin MUSIC plotted
versus each other under the conditions shown in Figs. 2, 4, and 5.
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100% and thus not all fission events are contained inside the
window of Fig. 5, but this can be easily corrected.

C. Detection efficiency of fission events

An important factor to obtain an accurate value of the cross
sections is to determine the efficiency of the experimental
setup. The main contributions to the detection efficiency
are the finite transversal size of the primary beam and its
alignment with respect to the cathode placed in the middle of
the Twin MUSIC chamber. Fission fragments emitted close
to the vertical plane may hit the cathode or pass through
the same part of the Twin MUSIC chamber without being
registered as fission events. Moreover, fission fragments with
a very large angular aperture could hit the aluminium pipe
placed in front of the Twin MUSIC chamber reducing thereby
the fission detection efficiency. To evaluate the losses on the
cathode of the Twin MUSIC we use the MWPC chamber,
which allows us to evaluate the shadow induced by the cathode
plane. Figure 7 shows the horizontal position of the fission
fragments recorded by the MWPC chamber. This spectrum
is collected under the condition defined by the window in
Fig. 5, i.e., fission events induced by the hydrogen target. In
the figure, the shadow due to the cathode is indicated with
two vertical lines. The full line shows the result of fitting the
distribution with a function defined as the sum of a fourth-order
polynomial and a Gaussian. The loss of fission events is
estimated based on the difference between the fit and the
measured spectrum, obtaining a value around 4.5% for the
reaction 2*®Pb(500AMeV) + p-

Fission events lost because both fragments passed through
the same part of the Twin MUSIC chamber are estimated by
using a simulation. In this simulation, based on the GEANT4
code [51,52], fission events were generated with the reaction
models INCL4.6 [53] and ABLAQ7 [54] and then propagated
through the experimental setup taking electromagnetic and
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FIG. 7. (Color online) Horizontal (x coordinate) position of the
fission fragments recorded by the MWPC chamber for the reaction
208Ph(500AMeV) 4 p. The two dashed vertical lines indicate the
shadow due to the cathode in the center of the Twin MUSIC chamber.
The full line is the result of a fit to the histogram.
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FIG. 8. (Color online) Simulated efficiency for the detection of
both fission fragments in the same section of the Twin MUSIC
detector as a function of the misalignment distance between the
beam and the central cathode of the detector for the three energies
investigated in this work. The vertical lines represent the mean value
of the measured misalignment for each energy.

nuclear interactions in all layers of matter into account.
Fission fragments originating from fissions in the target were
simulated based on the target thickness (11.24 mm) and the
beam profile (4 mm FWHM).

This simulation provides the probability that both fission
fragments pass through the same part of the Twin MUSIC
chamber, which depends on the misalignment between the
cathode and the horizontal position of the beam ions. The
results of the simulation are shown in Fig. 8. This figure
represents the average efficiency (lines) with its associated
uncertainty (dashed area) as a function of the distance between
the beam and the cathode of the Twin MUSIC for the three
energies used in the experiment. The vertical lines represent
the mean position of the beam ions for each energy obtained
with the MWPC detector placed behind the Twin MUSIC.
One can see that, as expected, the efficiency decreases with
misalignment between the beam ions and the cathode of the
Twin MUSIC detector and increases with energy of the beam.

The simulation is also used to obtain the efficiency loss due
to the limited size of the aluminium pipe placed in front of the
Twin MUSIC chamber. In this case, the efficiency depends on
the radius of the pipe and the energy of the beam. The results
of the simulation are shown in Fig. 9 with their associated
uncertainty.

III. RESULTS

The total cross section for proton-induced fission of 2°*Pb
was measured at three energies. The number of projectiles
(Np) is determined based on the condition shown in Fig. 2. The
number of fission events (Ny) is obtained from the condition
indicated in Fig. 5. Their statistical uncertainties are given
by Poisson statistics according to the observed number of
counts, and for the three measurements they were below 1%.
The final results for the measured fission yields (ny = N;/N,),
corrections and fission cross sections are listed in Table 1.
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FIG. 9. (Color online) Simulated geometrical efficiency due to
the finite size of the helium pipe located between the target and the
Twin MUSIC detector. The vertical line represents the pipe radius.

As can be seen in Table I, all applied corrections are rather
small, the largest being those corresponding to the attenuation
of the beam intensity in the target, the lost fission events
in the helium pipe, and the detection efficiency of the Twin
MUSIC chamber. The correction of the beam attenuation in
the target is obtained from the reaction probability of the
incoming projectiles in half of the target thickness calculated
with the codes INCL4.6 [53] and ABLAO7 [54]. The obtained
corrections for the three energies, 370A, 500A, and 650A
MeV, are 3.6%, 3.8%, and 4.0%, respectively. Secondary
reactions of the beam ions in the target are also evaluated based
on the nuclear reaction rate in half of the target thickness.
The obtained corrections are below 2.2% for all energies.
Moreover, the fission fragments could also undergo secondary
reactions between the target and the Twin MUSIC chamber and
not be counted as fission events. The corresponding probability
for the different layers of matter is below 0.4% for the three
experimental energies. The systematic uncertainties associated
with these corrections are also listed in Table I.

The results obtained for the total fission cross section are
displayed in Fig. 10 (full circles) as a function of the kinetic
energy of the proton and compared to previous measurements
reported in the literature for the reactions p + ™Pb and
208Pb + p. Fission cross sections of "*Pb(p, f) are expected
to be above the ones of 2°®Pb(p, f) because of the lower fission
barriers of the naturally abundant lead, with more proton-rich
isotopes. The expected difference between the fission cross
sections of 2%®Pb(p, ) and "™Pb(p, f) is less than 10% (see
Sec. IV).

As can be seen in the figure, our data have, in general,
better accuracy than any of the previous data. Moreover,
our measurement at 500 MeV is in perfect agreement with
the recent measurement of Schmidt and collaborators (full
triangle up) [39] using a similar detection setup. However, the
cross section obtained by Fernandez and collaborators (full
square) [36] using the magnetic spectrometer FRS at GSI
exhibits an important deviation with respect to our results
and the general systematics. This deviation could be due to the
limited acceptance of the spectrometer used in that work [38].
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TABLE 1. Beam energy, fission yields (n; = N;/N,), corrections for Twin MUSIC efficiencies, fission events lost on the helium pipe,
beam attenuation in the target, secondary reactions of the beam, and fission background from the reconstruction of Fig. 5. The total fission
yield n¥* represents the corrected fission yield, nf = [n¢(1 — fi)(1 — for)l/[eTwinmusicép(1 — foeam)]. The fission cross section is given by

o = —In(1 — n{"")/N,, where N, represents the number of nuclei in the target per unit area.

Energy Fission Twin MUSIC Pipe Beam Secondary Background Total Total fission

[MeV] yield efficiency correction  attenuation reactions reconstruction fission yield Ccross section
ng Ewinmusic [%] &p [%] Soeam [%] Sor [%] Sor [%] n [mb]

370 0.00359 862 66 £ 2 362 20+ 1 21+1.0 0.00629 £ 0.00031 123 £7

500 0.00630 88 £2 94 +2 38+2 21+1 1.7+£05 0.00762 +£ 0.00031 149 £ 8

650 0.00716 872 99 + 1 40+2 22+1 1.1£05 0.00838 £ 0.00030 164 £ 8

The present results are consistent with the measurements
using proton-induced fission on 2%®Pb between 50 and
200 MeV obtained by Flerov (diagonal crosses) [55], Shigaev
(crosses) [56] and Duijvestijn (open star) [57]. The same
occurs when one compares our data with the measurements
of "Pb between 50 and 200 MeV, which were performed by
Shigaev (open triangles up) [56], Duijvestijn (open triangle
down) [57], and Bychenkov (open squares) [58], as well as
with the values reported by Konshin (stars) [59] between 150
and 400 MeV. Moreover, the results obtained by Enqvist and
collaborators (open circle) [37] with 2%Pb at 1A GeV using
the magnetic spectrometer FRS also seems consistent with
the extrapolation of our data. One can observe that the cross
section obtained by Gloris (open diamond) [60,61] with "Pb
at 1 GeV is consistent with the previous measurement of
Enqvist and collaborators (open circle) because, as already
mentioned, the measurements performed with "Pb must be
above those with 208Pb.

Our measurements are also in agreement with the values re-
ported by Hagebo (open cross) [62] and Brandt (full star) [63],
who measured in direct kinematics the reaction p + "Pb at
600 and 590 MeV, respectively. Finally, the results reported
by Kotov (small full squares) [64] measuring proton-induced
fission on ™'Pb covering a large range of kinetic energies show
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FIG. 10. (Color online) Total fission cross sections measured in
the present work (full circles) as a function of the proton energy in
comparison to previously measured data for the reactions p + "'Pb
and 2Pb + p. The dashed line is to guide the eye.

a systematic underestimation of the cross sections compared
to the other measurements. However, the relative evolution of
Kotov’s data with the proton energy confirms the tendency
shown by our data between 300 and 700 MeV and the
extrapolation up to 1 GeV. One can also observe that the
measurement reported by Vaishnene (full triangle down) [65]
at 1 GeV presents the same underestimation.

The new measurements together with the validated data for
other energies were used to benchmark the parametrization
of total fission cross sections for proton-induced reactions on
208Pb performed by Prokofiev [40]. The parametrization shown
in Eq. (1) was first proposed by Fukahori and Pearlstein [66]
and later modified by Prokofiev to take into account the
reduction of the fission cross sections at energies above
1 GeV:

op(E) = Pi(1 —e PETH - PyIn(E)]. (1)

Figure 11 shows the measurements obtained in this work
(full circles) together with the data reported by Schmidt
(full triangle up) [39], Enqvist (open circle) [37], Flerov
(open squares) [55], Shigaev (crosses) [56], and Duijvestijn
(open star) [57] in comparison to the systematics proposed
by Prokofiev [40] for 2%Pb(p, f) reactions (dashed line).
Clearly the systematics of Prokofiev underestimates the data
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£
c
o
©
@ 150—
%)
]
8 | 1
3] - T T T T T T T
c
5100 - S
17} 1 Reactions “Pb+p
i.% T ® This work

- A Schmidt K.-H. [39]

O EnqvistT. [54]
50— [0 Flerov G.N. [55]
Jr + Shigaev O.E. [56]
+ +%  Duijvestijn M.C. [57]
48 New fit
— — Prokofiev A.V. [40]

[ U U N N NN R AU
100 200 300 400 500 600 700 800 900 1000
Energy [MeV]

FIG. 11. (Color online) Comparison between Prokofiev’s sys-
tematics for proton-induced fission on 2%Pb (dashed line) and

different measurements (symbols). The full line represents a fit of
the new data using Prokofiev’s equation.
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TABLE II. Parameters of the parametrization of the total fission
cross sections for the reaction p +2% Pb obtained in this work and
the ones previously proposed by Prokofiev.

Py P, Py P, x2/v Reference

179 52.8
142 52.7

0.00378
0.00665

0.00203 6.76
0.00203 1.26

This work
Prokofiev [40]

for energies larger than 300 MeV while at low energies the
systematic seems to reproduce the data fairly well. This is
an expected result because the systematics were obtained by
fitting the low-energy measurements and the one at 1 GeV
reported by Vaishnene and collaborators [65]. However, we
have only taken into account the measurement of Enqvist and
collaborators [37] because it is in better agreement with the
tendency of our data.

In order to obtain a better parametrization of the proton
on lead total fission cross sections, we have repeated the
fit using the data shown in Fig. 11. In this fit we fixed the
parameter P, to the same value given by Prokofiev to avoid
divergences because of the limited number of measurements
above 700 MeV. The new values of the parameters are shown
in Table II and are compared with the previous ones obtained
by Prokofiev. The result of this new fit is also shown in Fig. 11
as the full line.

IV. DISSIPATIVE AND TRANSIENT EFFECTS

Different experimental observables such as the pre-scission
particle emission [67,68] or the fission cross sections indicate
that fission at excitation energies above 100 MeV cannot be
explained by purely statistical approaches like the transition-
state method [12]. However, a description according to a
diffusion process across the fission barrier seems more appro-
priate [25,69]. In this picture, a dissipation coefficient couples
the intrinsic and collective degrees of freedom determining
how fast excitation energy is transformed into deformation.
This coupling between excitation energy and deformation
together with the stochastic nature of the process introduces
an average time, or transient time, that the system needs to
reach a stationary fission flux across the barrier. The natural
framework to describe these processes are transport equations
such as the Fokker—Planck [22,70] or Langevin [71-73]
equations including the nuclear potential against deformation,
a dissipative and a stochastic term.

Grangé and collaborators [22] established that the optimal
conditions for investigating low-deformation dissipative and
transient effects in fission were the use of spherical fissioning
systems with low-angular momentum and excitation energies
well above the fission barrier. Several works tried to fulfill these
conditions at least partially. A first example is alpha-induced
fusion-fission reactions on tungsten targets at energies up to
140 MeV [74]. This experiment demonstrated that the mea-
sured excitation functions for the fission cross sections were
compatible with a value of the transient time less than ya,s =
1 x 107! 5. Spallation reactions have also been used to induce
fission in tantalum [75], gold [76], and uranium [77] targets.

PHYSICAL REVIEW C 90, 064606 (2014)

In these cases excitation energies up to several hundreds of
MeV were reached and relatively low angular momentum
was induced, but for the tantalum and uranium cases the
fissioning systems were deformed. To describe the measured
cross sections, calculations taking into account the initial
deformation required dissipative and transient effects. The
value of the reduced dissipation parameter used to describe the
data was around (4.5 & 0.5) x 10?! s~! and its corresponding
transient time was (3.3 £ 0.7) x 1072 s. Similar results were
obtained in peripheral fragmentation reactions induced by
different pre-actinides on a carbon target [78].

For the reaction investigated in this work, fission induced
by relativistic protons onto a lead target fulfills all the
optimum requirements for the investigation of dissipative
and transient effects in fission. Moreover, the combination of
our measurements with validated previous measurements, as
discussed in Sec. I1I, will help to provide a complete excitation
function for the fission cross section of this reaction that will
be used to investigate the onset of transient effects.

For the description of the data we have coupled two reaction
codes. The Liege intranuclear cascade code INCL4.6 [53]
describes the fast interaction between the proton and the lead
target as a series of nucleon-nucleon collisions leading to an
excited remnant. The deexcitation of this remnant is modeled
by the statistical evaporation code ABLAO7 [54]. In this code,
dissipative and transient effects in fission are described by
using an analytical description of the time-dependent fission
width as obtained from a Fokker—Planck equation describing
the diffusion across the barrier, as indicated in Ref. [79].

In Fig. 12 we show different calculations compared with
the data obtained in this work and with other data validated
in Sec. III. In this figure, the dashed line represents the
result of a calculation taking dissipative effects with a value
of the reduced dissipation parameter 8 = 4.5 x 10?! s~!
into account, but not considering transient effects. These
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Energy [MeV]
FIG. 12. (Color online) Fission cross sections measured in this
work (full circles) and in other experiments in comparison with a the
dynamical description of fission based on a time-independent fission
width given by Kramers (long-dashed line) and with calculations us-
ing INCL4.6 + ABLAOQ7 for different values of the reduced dissipation
parameter.
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calculations correspond to the description of the fission process
proposed by Kramers [19]. As can be seen, this calculation
clearly overestimate the fission cross sections at high proton
energies. However, the calculations describe rather well the
cross sections for proton energies below 200 MeV. This result
is in agreement with other works [22,25,75], where the authors
did not observe transient-time effects for excitation energies
below 100-150 MeV.

In the same figure, the solid line corresponds to calcula-
tions considering a time-dependent fission width using the
same value for the reduced dissipation parameter, 8 = 4.5 x
10%! s7!, according to the prescription proposed in Ref. [79].
As can be seen, this calculation nicely describes the complete
excitation function of fission cross sections. The comparison
with the calculations without transient effects would indicate
that these effects appear at excitation energies above 110 MeV.
This onset of transient effects at relatively high excitation
energies can be understood if one takes into account that the
average fission delay induced by a reduced dissipation param-
eter B = 4.5 x 10>' s™! corresponds to Tyans = 1.2 x 1072 s.
Therefore, such a short time shift can only be significant when
the statistical time is of the same order.

The dotted-dashed and dotted lines in Fig. 12 represent
similar calculations but with different values of the reduced
dissipation parameter, § =3 x 10*' s7! and B =6 x 10?!
s~!, respectively. These additional calculations were used to
illustrate that all cross sections can be described with the same
value of the reduced dissipation parameter and, consequently,
no evidence for a temperature dependence is observed. These
conclusions, the onset of transient effects at excitation energies
above 110 MeV, and the temperature independence of the
reduced dissipation parameter coincide with the ones obtained
in other works [22,25,26,75].

In order to benchmark our data and validate the model
calculations, in Fig. 13 we also analyze neutron-induced fission
cross sections on natural lead over the same range of energy
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FIG. 13. (Color online) Fission cross sections measured for

neutron-induced reactions on "Pb [80,81]. The solid and dotted

lines represent calculations using INCL4.6 + ABLAO7 with a reduced

dissipation parameter of 8 = 4.5 x 10?! s~! for fission reactions
induced by neutrons on "*Pb and 2°*Pb, respectively.
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covered by our data, but investigated in direct kinematics.
The open circles represent a rather complete set of data up
to 200 MeV obtained by Shcherbakov and collaborators [81].
The open diamonds correspond to the only existing set of
data for energies above 200 MeV measured by Tarrio and
collaborators [80]. The cross sections above 200 MeV were
measured relative to 2>U. Absolute values were obtained using
evaluated total fission cross sections of 2°U taken from the
JENDL/HE-2007 evaluation [82,83].

In this figure we also include the same model calculations
we performed for the proton data for a value of the reduced
dissipation parameter 8 = 4.5 x 10?! s~!. The dotted line
corresponds to calculations for 2*®Pb and the solid line for
"ph, Because the difference of the total fission cross section
between the two targets is smaller than 10%, we can then
directly compare the proton data with 2*Pb and neutron
data with "™Pb. The calculations shown in Fig. 13 reproduce
the data very well up to 550 MeV and within the error
bars up to 750 MeV. Above that energy, the calculations
overestimate the data. Proton-induced fission reactions have
been intensively investigated at GSI at energies around
1000A MeV with tantalum [75], gold [76], lead [37], and
uranium targets [77]. Total fission cross sections obtained
in these measurements were reasonably well reproduced by
the same model calculations and parameters [53,75] we use
to describe the neutron-induced fission cross sections shown
in Fig. 13. This validation of our model calculations with
reactions induced by protons around 1 GeV and the good
description of the neutron data at energies below 750 MeV
could indicate some problem with the data shown in Fig. 13
above 750 MeV, which would be also supported by the
unexpected reduction in the measured cross sections above that
energy value.

The overall good description of the neutron-induced fission
cross sections with the same model calculations that also
reproduce the proton-induced fission allows us to validate two
independent sets of data, at least up to 650 MeV, and represents
an additional support to the conclusions obtained with respect
to the magnitude and temperature independence of the reduced
dissipation parameter.

V. CONCLUSIONS

In the present work, we investigated proton-induced fission
of 208 Pb in inverse kinematics at 3704, 5004, and 650A MeV
by using a highly efficient detection setup that permitted us
to determine the fission cross sections with high precision.
These new data allow us to clarify the existing discrepancies
in previous measurements at intermediate and high energies.

This set of data also helps us to revisit the previously
established systematics by Prokofiev [40] and to propose a
new parametrization for proton-induced fission cross sections.
Moreover, we use the data to benchmark model calculations
performed with the intranuclear cascade code, INCL4.6 [53],
coupled to the deexcitation code ABLAQ7 [54]. The large range
covered by these data in terms of excitation energy allows
us to investigate dissipative and transient effects in fission.
Calculations including dissipative but not transient effects
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could describe the measured cross sections up to a proton
energy of around 200 MeV. At higher excitation energies,
only calculations including a time-dependent description of
the fission width describe the data correctly. We then confirm
previous works pointing to a unique value of the reduced
dissipation parameter around B = 4.5 x 10*' s7! as well
as to the temperature independence of this parameter. In
addition, we confirm that the onset of transient effects occurs
at excitation energies around 110 MeV [22,25,26,75].

Finally, we also analyze neutron-induced fission cross
sections on "Pb investigated in direct kinematics and covering
the same range in energy investigated with protons in this work.
The fact that the same model calculations also describe the
neutron-induced-fission cross sections, at least up to 650 MeV,
reinforces our previous conclusions on the role of dissipative
and transient effects in fission.

PHYSICAL REVIEW C 90, 064606 (2014)
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