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The 233U(n, f) reaction cross section was measured relative to neutron-proton elastic scattering for the first time
in the energy region from 10 MeV to 440 MeV at the CERN n_TOF facility, extending the upper limit of the
only previous measurement in the literature by more than 200 MeV. For neutron energies below 200 MeV, our
results agree within one standard deviation with data in literature. Above 200 MeV, the comparison of model

calculations to our data indicates the need to introduce a transient time in neutron-induced fission to allow the
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simultaneous description of (n, f) and (p, f) reactions.

1. Introduction

The current theoretical representations of the fission process largely
rely on phenomenological approaches [1], in spite of the advancements
of the nuclear models and the abundance of experimental data. In fact,
the description of the energy dependence of the fission process always
depends on empirical parameters. The height of the fission barrier po-
tential and the density of nuclear states at the saddle points are typically
adjusted so as to reproduce a large set of experimental data, such as mass
distributions of residuals, total kinetic energies of fission fragments,
spontaneous fission lifetimes, as well as fission cross section data.

In the context of the reaction models used in the present work,
nucleon-induced reactions from around 150 MeV of projectile energies
are described as a two-phase process. As a consequence of the binary
interactions between projectile and individual nucleons, a quick intranu-
clear cascade takes place at the beginning of the reaction process, which
results in the emission of few high-energy nucleons. This first phase
comes to its end when a highly-excited residual nucleus forms and, in
the second phase of the reaction process, de-excites over a much longer
time span through either nucleon evaporation, fragmentation, emis-
sion of intermediate-particles or nuclear fission. Other models, however,
treat intermediate-energy fission as a three-phase process that features
a pre-equilibrium intermediate stage in-between the two phases. This
description was first suggested by Gudima et al. [15] and led to the
cascade-exciton model.
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For intermediate and high excitation energies (corresponding to neu-
tron/proton energy from E, ,>100 MeV), the intrinsic and collective
excitations of the nuclear constituents influence the fission probabil-
ity. Under these conditions, the dynamic evolution of the highly-excited
residual nucleus is the result of a competition between fission and other
reaction channels. This situation may lead to a fission hindrance which
turns into a fission decay rate smaller than predicted, in some simpli-
fied descriptions [13]. A possible way to take into account the time-
dependent dynamics is to introduce the transient time, i.e. the time
required by the fissioning system to attain a quasi-stationary fission
decay rate [14]. During this time, fission is suppressed, while other
decay channels, mostly neutron emission, are open. This neutron emis-
sion will cool down the fissioning nucleus, further reducing the fission
probability. Although there is no consensus on the necessity to include
transient time in the fission dynamics (see i.e. ref. [51]), this effect
is a possible explanation for the results obtained in several heavy-ion
fusion-fission reaction experiments ([50,17,19,52]), fragmentation of
heavy-ion beams ([20,45]), and proton-induced fission measurements
([47,22,38,39]). However, evidence for an effect due to the transient
time was never observed in neutron-induced fission experiments.

During the last decade, the study of (p, f) cross sections became
much more extensive. Thanks in particular to experiments in inverse
kinematics, the comprehensive isotopic and kinematic characterisation
of fission fragments as well as the simultaneous detection of light-
charged particles emitted in the fission process has become possible
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([44,42,40,4,11]). In parallel, a long-standing effort is underway to
obtain new experimental data on the (n, f) cross section and other
observables of the fission reaction in order to have a more complete
characterisation of the process. Considering that in the neutron channel
experiments in inverse kinematics are not possible, neutron induced re-
action measurements with high neutron flux and in a wide energy range
become even more crucial.

Neutron-induced fission cross sections are typically determined as a
ratio with respect to 235U(n, f), the primary reference for fission reac-
tions. For E, >20 MeV the only available data set covering continuously
the energy range up to 200 MeV is that of Lisowski et al. [27]. Above
200 MeV, no experimental data exist, and calculations and evaluations
rely on theoretical estimates using the 233U(p, f) reaction as guidance.
Even at these energies, the 235U(n, f) remains the reference reaction
for fission studies. Therefore, there is a long-standing demand for new
235U(n, f) cross section measurements extending beyond 200 MeV. A
new measurement focused on the high energy region would allow for a
better understanding of the fission process itself, in particular in respect
to collective dynamical effects in the reaction. In addition, considering
that fission at high neutron energies of "*Pb, 209Bi, 232Th, 23’Np and
233.234.238(J have been studied relative to the 23°U fission ([49,35,48,36],
a re-evaluation of the cross sections for all these cases would be possi-
ble with an experimental determination of the 235U(n, f) cross section
above 200 MeV. Lastly, neutron-induced fission data at energies above
about 50 MeV are required to understand the isospin dependence of the
fission cross section. It has been found that the (p, f)/(n, f) cross section
ratios changes as a function of the fissility parameter [46], however, the
role of isospin is still an open question. In general, new data in a wider
energy range, together with the subsequent further development and re-
finement of theoretical model descriptions, would allow for important
steps forward in basic nuclear science and have considerable relevance
in a spectrum of applied fields, including astrophysics, emerging nuclear
technologies and space dosimetry.

2. The n_TOF experimental measurement and analysis

The measurement was carried out at the CERN white neutron source
n_TOF (neutron time-of-flight), the only source in Europe providing neu-
trons with energies above 100 MeV [41]. At the n_TOF facility, a proton
beam of 20 GeV/c momentum and a narrow pulse width of 7 ns r.m.s.
is produced by the CERN Proton Synchrotron (PS) accelerator, with an
intensity of (7 — 8.5) x 10'2 proton/pulse, at maximum repetition rate
of 0.8 Hz. Spallation reactions induced by the incident protons on a Pb
target, coupled to water moderators, provide neutron beams to two ex-
perimental areas, with energy extending from thermal (25 meV) up to
a few GeV. Energy-dependent cross section measurements, over an ex-
tremely wide neutron energy range, can be performed using the TOF
method. The present measurement was performed in the Experimental
Area 1 (EAR-1), located at about 185 m from the spallation module. Neu-
tron beam-line elements leading to EAR-1 include a beam-size reduction
shielding and collimator, a magnet for charged-particle removal and a
second shaping collimator (18 mm diameter). The main features of the
neutron beam at n_TOF EAR-1 are a beam size of 2 cm diameter, an in-
tensity of about 10° neutrons/pulse, and high energy resolution AE/E
that ranges from 10~* at thermal energy to 102 in the hundreds of MeV
region [16].

The experiment aimed at the determination of the absolute 235U(n,
f) cross section at neutron energies above 10 MeV with a redundant ap-
proach, where by convention a cross section measurement is labelled as
‘absolute’ when measured relative to the n-p elastic scattering cross sec-
tion, the primary standard for neutron cross section measurements [5].
The experimental setup was therefore designed to measure simultane-
ously neutron-induced fission events and proton recoil events (i.e., the
incident neutron flux), using five detectors combined to obtained two
independent detection systems (Fig. 1). A detailed discussion of the per-
formances of the used detectors and analysis methods can be found in
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refs. [30] and [37]; here only the most important aspects will be re-
called.

To detect the fission events, a total of ten highly-enriched 233U sam-
ples (two at 92.699(5)%, eight at 99.933(14)%) were mounted in two
ionization chambers, a Parallel Plate Fission Chamber (PPFC) and a Par-
allel Plate Avalanche Counters (PPAC).

The PPFC consisted of a stack of eight 23°U samples with a diam-
eter of 42 mm and areal densities ranging between 264 ug/cm? and
338 pg/cm?, measured via alpha-counting from 23°U decay. The samples
were grounded and used as cathodes, and placed at a distance of 5 mm
from the anodes. The main advantages of the PPFC detector are the
simplicity and the high geometrical efficiency for fission events deter-
mination, ideally 2z. Inefficiencies caused by fission fragments stopped
in the finite thickness of the uranium layer and the counting gas, by the
fission-fragment anisotropy and the partial transfer of linear momentum
were determined with a dedicated Monte Carlo simulation. The detec-
tion efficiency of the PPFC for the fission fragments, averaged over all
samples, varies between 90.7% and 91.7%. Only data for incident neu-
tron energy up to E, <145 MeV were used in the analysis, since the main
limitation of the PPFC detector is represented by possible background
from neutron-induced reactions on the aluminum backings [37]. The
PPFC confirmed to be a robust instrument in this energy range.

Each PPAC detection unit is composed of two cathodes and one an-
ode. For this experiment, the PPAC chamber consisted of three PPAC
detection units and two 80 mm diameter 2>>U samples, for which the
measured areal density resulted in 263 pg/cm? and 282 pg/cm?, respec-
tively. The signature for a fission event is the coincidence between the
two PPAC detection units on either side of a 233U sample, generated
by the two fission fragments emitted in back-to-back directions. Thanks
to the stripped cathodes, the energy-dependent detection efficiency, in-
cluding the fission-fragment anisotropic emission and the Lorentz boost,
could be determined experimentally. The efficiency imposing, the coin-
cidence condition, turns out to be 56—63% and 48—56%, respectively
for the two uranium samples [30]. Thanks to the possibility to evaluate
the efficiency as a function of the energy, the PPAC is capable to detect
fission fragments produced by neutrons with energies from thermal to
a few GeV.

The n-p elastic scattering reaction, considered the primary reference
for fast neutrons measurements [8], was employed for the determina-
tion of the neutron flux. To cover the incident neutron energy range of
several orders of magnitude, two polyethylene (C,H,, PE) sheets were
simultaneously irradiated, with the recoil protons detected by three Re-
coil Proton Telescopes (RPTs) placed at 20° and 25° relative to the
beam direction. The samples were characterized at PTB (Physikalisch-
Technische Bundesanstalt), where the measurements of the density,
thickness, elemental composition and the stoichiometric relation of hy-
drogen to carbon atoms, were performed [37]. The RPTs, which were
specifically developed and characterised for this experiment, followed
two design concepts focused on the neutron energy range covered: one
from 28 MeV to 145 MeV (triple-stage recoil proton telescope, 3S-RPT),
the other two for energies up to 440 MeV (multi-stage recoil proton tele-
scopes, MS-RPTL and MS-RPTH). They were assembled using mainly
plastic scintillators (BC-408 and EJ-204) to benefit from their fast re-
sponse of a few nanoseconds rise-time and 600 ps time resolution,
characteristics required to detect particles in the high-energy region,
where kinematics is compressed. The analysis of the RPTs responses was
based on selecting coincident signals between consecutive sub-detectors,
which allowed to discriminate events generated at the sample position,
remove background events and achieve the required particle identifica-
tion.

The main reactions originating from the interaction of neutrons on C,H,
are 'H(n, D), 12¢(n, d), 12C(n, t), 12C(n, ), and '2C(n, p), thus producing
different charged particles in the exit channel. Therefore, their ability to
discriminate protons from other light charged particles with the AE-E
technique was the basis for the choice of RPTs as flux detectors. Even
with the particle discrimination capability of the RPTs, an unavoidable
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Fig. 1. Schematic view of the experimental setup, with a parallel-plate fission chamber (PPFC) and a parallel-plate avalanche counter (PPAC), used to detect fragments
from fission events. Two multi-stage recoil proton telescopes (MS-RPTL and MS-RPTH at 25° and 20°, respectively) and the triple-stage recoil proton telescope (3S-
RPT at 25°) were adopted to measure the neutron flux impinging in the 23U samples.
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Fig. 2. Yield ratio obtained with different detection systems: PPAC vs PPFC (top panel), 3S-RPT vs MS-RPTL+MS-RPTH (bottom panel). The coloured bands represent
the combined systematic uncertainties: 3.4% and 3.8% in the fission yield and in the neutron flux, respectively.

background contribution from the 12¢(n, p) reaction events remains to
be evaluated. To this end, an additional measurement using graphite
samples with an areal density similar to that of carbon in C,H,, was
performed. The number of proton counts was obtained as a function
of the neutron energy by selecting the protons via their characteristic
AE — E signature. The contribution from 12¢(n, p) reactions was ob-
tained and subtracted from the measurement with the graphite target,
after normalising to the number of incoming neutrons and the respective
number of atoms of carbon in the two targets.

The experimental fission cross section, o;, was determined from the
relation

Ci(E,) €p(En) ny Q, doy (Ep)
Cp(E,) e(E)ng  dQ ©)- (&)

or(E,) =
p

Here, C; and G, are the average number per bunch of detected fis-
sion and recoil proton events, produced by neutrons with energy E,,
respectively. & and ¢, are the detection efficiencies for fission frag-
ments and recoil protons, respectively, €, is the solid angle covered
by the RPT, ny and np are the number of hydrogen and fissile atoms
per unit area, respectively. do;, ,/dQ, is the differential cross section
for the emission of a recoil proton at the laboratory angle 6,,, for which
the VL40 PWA energy-dependent phase-shift solution by Arndt [2] and
collaborators, the reference recommended by the International Nuclear
Data Commitee [6], was adopted.

The analysis of the two detection systems — PPFC with 3S-RPT for
E, = 28-145 MeV and PPAC with MS-RPTL+MS/RPTH for E, = 10-25
MeV and 39-440 MeV - was carried out independently and the results
were compared and combined after applying all the corrections required

by each of the two apparatus. The two detection systems provided the
shape and the absolute value of the 235U(n, f) cross section, without the
need of any re-normalization. The energy region in which the data of
the two detection systems overlap determines the consistency and relia-
bility of the results. Fig. 2 shows the ratio between the results of the two
independent systems as a function of the incident-neutron energy, both
for fission counts (top panel) as well as for the neutron flux (bottom
panel). The plots indicate an excellent agreement between PPFC and
PPAC yields, and between the neutron flux obtained via 3S-RPT and
the weighted average between MS-RPTL and MS-RPTH, calculated sep-
arately with the differential cross section at the appropriate angle. No
normalisation was applied. Both ratios are consistent within the com-
bined statistical (error-bars in Fig. 2) and systematic (coloured bands
in Fig. 2) uncertainties. A detailed budget of the evaluated systematic
uncertainties is provided in refs. [30] and [37].

3. Discussion

We present the final results of the neutron-induced fission cross sec-
tion at energies covered by both detection systems in Fig. 3(a). The
cross section expectation value 6; and its uncertainty were calculated
from the posterior probability distribution accounting for the correlated
uncertainties induced by the use of the same C,H, targets for the mea-
surements with the 3S-RPT and the MS-RPTL, and by the same beam-
transmission factor through the fission detectors (placed upstream of
the PE sample) [33,31]. Fig. 3(b) shows the cross section for neutron
energy above 145 MeV, where we rely only on the MS-RPTL+MS-RPTH
and PPAC detection system.
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Fig. 3. (a) Cross section obtained with the weighted average of the two detection systems. The Lisowski et al. [27] and Nolte et al. [34] data together with JENDL-
5 [21] and IAEA evaluations [7], which define the standard cross section up to 200 MeV, are reported. The error bars represent the total uncertainties given by
the sum in quadrature of the statistic and the systematic components. (b) Cross section obtained with PPAC and MS-RPTL+MS-RPTH, together with the data sets in
literature and IAEA [32], Duran et al. [10], JENDL [21] and Fukahori [12] evaluations.
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Fig. 4. (a) The smoothed result of this work is reported in black dots with the related fit uncertainty (see text). The cross section is compared with four calculations
based on INCL++ [18] coupled with ABLAO7 [25], using: i) default values for fission barrier height and level density parameter at the saddle point, a, for all
spallation remnants; ii) changing the parameters (the barrier height AB, =-0.235 MeV and 0.995a,) and iii) two calculations without including the effect of the
transient time with 0.995a i and 0.98a s respectively. (b) Results of the same calculations for (p, f) cross section compared to Kotov et al. [26] and Schmidt et al. [43]

data.

In Fig. 3 our results are compared to the literature experimental
data sets ([27], [34]), as well as to the IAEA [[7,32]], JENDL [[21]],
Duran et al. [10] and Fukahori [12] evaluations. The bottom panels
show the normalised residuals between our cross sections data and both
Lisowski, and the IAEA standards evaluation, respectively. The agree-
ment is within 1 standard deviation.

Above 145 MeV, the results suffer from larger statistical fluctuations,
therefore, to guide the eye, a data-smoothing process was applied to the
fission yield and to the neutron flux, separately. This operation is based
on the assumption that no structure is expected in neither of the two.
The resulting cross section is shown in Fig. 4(a). The smoothing process
consists on the fit of the data with a polynomial from the 3" to the 7"

order, as a function of log(E,). The shape of the curves obtained with
the three higher-degrees polynomial fit does not change, establishing
the convergence of the smoothing process. The reduced y2 obtained,
from both the detectors separately, was 0.95, 0.98 and 1, for the 5%,
6" and 7' degrees respectively, confirming a statistical dispersion in
agreement with statistical uncertainties and the shape of the fit.

This work resulted in the first absolute experimental cross section of
the neutron-induced fission on 235U above 200 MeV. With this, a new
comparison can be performed between theoretical models and data. In
Fig. 4, (n, f) and (p, f) measurements are compared with four differ-
ent calculations performed with version 6.29 of INCL++ [29] coupled
with ABLAO7 [25]. The approach used in these calculations is explained
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in Lo Meo et al. [28], wherein INCL++ describes the intranuclear cas-
cade leaving an excited pre-fragment or compound nucleus, and the
subsequent de-excitation is handled by the ABLAO7 code. These cal-
culations are expected to be appropriate above 150 MeV but, so far,
they could have been assessed on the neutron induced fission on 23U
only in the limited energy range covered by the experimental data pre-
viously available (up to 200 MeV). As it can be seen from the figure, the
calculations with default values for fission barrier height and level den-
sity parameters of fission remnants clearly underestimate the measured
25U(n, f) cross section. By changing these two parameters, it is possible
to reproduce the absolute value of the measured cross section. Reduc-
ing the fission barrier heights of all spallation remnants by the same
amount, AB, = —0.235 MeV is a rough approximation, but is consis-
tent with the uncertainties of experimentally determined barrier heights
of actinides, usually of the order of 0.2 - 0.3 MeV (see Table XXXII of
ref. [3]); a small reduction of the asymptotic level density parameters at
the saddle points, a, partially counterbalances the effect of the reduc-
tion of barrier heights mainly at higher excitation energies. Moreover,
in our calculations the average remnant excitation energy shows a fast
increase with incident energy in the range from 200 MeV to 1 GeV: this
might lead to an energy-dependent reduction of barrier heights and to
a consequent increase of fission widths of spallation remnants (see, e.g.,
ref. [9]); however, introducing the formalism of energy dependent fis-
sion barriers in the ABLAO7 code goes beyond the scope of the present
work.

With the same set of parameters, we expect to reproduce the 2 U(p, )
cross section, for which Kotov et al. [26]’s work is the main reference,
and, given their proximity, also the Z3¥U(p, f) cross section measured
by Kotov et al. [26] and Schmidt et al. [43] in direct and inverse kine-
matics, respectively. An additional parameter included in the calcula-
tion is the transient time [14], which encompasses the dynamical delay
of the fission process due to dissipation. The transient time becomes rel-
evant when the initial projectile energy, therefore the excitation energy,
reaches several hundreds MeV. In ABLAQ7, the effect of dissipation is
modelled using a Fokker-Planck equation for the deformation parame-
ter, with a parabolic approximation of the nuclear potential. The effect
of the ground-state nuclear deformation is taken into account by suit-
ably chosen initial conditions ([23,24]). In the calculations done with
the default parameters the effect of the transient time is included also
in neutron-induced fission, although it has never been observed.

While proton-induced fission data sets can also be reproduced by
switching off the transient time effect and adjusting the level density,
the only way to achieve simultaneous consistency of 23°U(n, f) and
235’238U(p, f) cross section data, is to consider the effect of the transient
time and a slight change in the level density parameter with respect to
the default value, as visible in Fig. 4. The curves obtained with this ap-
proach represent, in fact, the best-fit between the calculations and data
from all the experimental data sets. Our data provide a first indication
for this effect to take place in neutron-induced fission reaction.

4. Conclusion and outlook

In conclusion, the absolute 233U(n, f) cross section was measured at
the n_TOF facility at CERN for the first time up to 440 MeV of neu-
tron energy, increasing the previous experimental energy limit by 240
MeV. Two fission chambers and three neutron flux detectors were de-
veloped and optimized for this experiment. The redundant approach,
used in designing the experimental setup, together with the agreement
of the results from the independent analysis of the detection systems,
ensures the reliability of the obtained data. The extracted cross section,
in the region 10-200 MeV neutron energy extends the scarce amount of
data available. At higher neutron energies, from 200 to 440 MeV, the re-
sults of this pioneering measurement are the first available experimental
data. Our data provided the opportunity to refine the theoretical model
description of the neutron-induced reaction, constraining the behaviour
of the fission cross section at high excitation energy. An indication of the
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time-dependent diffusion effect (transient time) in the neutron channel
has been observed for the first time.
The physics outcomes of our results, open the possibility to investigate
the transient time effect in the neutron-induced fission process. Consid-
ering that the impact of the reaction mechanism is expected to increase
with the excitation energy, at n_TOF even higher energies can be reached
as neutrons are available up to the GeV range and fission events have
been already detected up to these energies [35,49]. Increasing further
toward high energy the cross section measurement will require the de-
velopment of a proton detection system able to discriminate the elastic
as well as the inelastic n-p scattering reaction processes, expected to
play a non-negligible role at energies above 440 MeV. In fact, the upper
energy limit of the present experiment is mostly defined by the opening
of the inelastic channel in the n-p scattering process. A brief outlook of
future activities at n_TOF includes a simultaneous measurement of the
cross section and fission fragments angular distribution for better con-
straining the theoretical models at energies beyond the range explored
in the present work.
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