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Abstract. A new measurement of the 235U(n,f) fission cross section was carried out at n_TOF. The experiment
covered the neutron energy range from 10 MeV up to 500 MeV, and it used the 1H(n,n) cross section as normal-
ization for the neutron fluence measurement. In this contribution, the measurements and the characterization of
the detectors covering the incident energy range up to 150 MeV are discussed.

1 Introduction

The fission cross section of 235U is a neutron cross section
standard at the thermal neutron energy point (0.025 eV),
and from 0.15 MeV to 200 MeV [1]. It is one of the few
standards to extend to energies above 20 MeV, and it is
therefore crucial for measurements of high-energy neu-
trons, with applications that range from the investigation
of the biological effectiveness of high-energy neutrons, to
the measurement of neutron cross-sections of relevance for
advanced nuclear technologies such as accelerator-driven
systems. Above 50 MeV, however, the cross-section
evaluation recommended by the International Atomic En-
ergy Agency (IAEA) is based on only two measurements,
while above 200 MeV no experimental data are available.
Hence, there is a clear and long-standing demand from
the IAEA to improve this situation between 20 MeV and
1 GeV. In particular, there is a request [2] for new fission
experiments to be performed relative to n-p elastic scat-
tering, which is the primary reference for neutron cross-
section measurements.

A new measurement of the 235U(n,f) cross section rela-
tive to 1H(n,n) was therefore carried out at n_TOF [3], the
neutron time-of-flight facility of CERN, which is the only
facility in Europe that can reach those energies. For the ex-
perimental setup, two lines of development were followed:
one aimed at the improvement of the current standard eval-
uation [1], and the other at its extension above 200 MeV.
In this contribution, the first approach will be presented,
while the second is discussed in the paper by A. Manna et
al. [4].

2 The experimental setup

The experimental set up was installed at the Experimental
Area 1 (EAR1) of n_TOF, at a distance of about 183 m
from the spallation target, where the neutron energy distri-
bution extends from thermal energies up to 1 GeV. It con-
sisted of ten 235U samples mounted in two reaction cham-
bers, and two polyethylene samples, which were all irradi-
∗e-mail: elisa.pirovano@ptb.de

Figure 1. Representation of the experimental setup. Eight 235U
samples were installed in the PPFC, two were in the PPAC. One
3S-RPT and two MS-RPTs were used to identify protons emitted
by two polyethylene samples at the laboratory angles θ = 25°
(upstream sample) and α = 20° (downstream sample).

ated simultaneously by the neutron beam. This is schemat-
ically shown in figure 1.

The fission fragments were detected using a Parallel-
Plate Fission Chamber (PPFC) and a reaction chamber
based on Parallel-Plate Avalanche Counters (PPAC). The
recoil protons produced by neutrons scattering on the
hydrogen nuclei in the polyethylene targets were iden-
tified using particle telescopes and the ∆E-E technique.
Three Recoil Proton Telescopes (RPTs), of which two
were Multiple-Stage telescopes (MS-RPTs) and one was a
Triple-Stage telescope (3S-RPT), were placed outside the
beam at the proton emission angles of 20 and 25 degrees.

The PPAC measurements covered the incident neutron
energy range from the thermal point to 1 GeV, the MS-
RPTs from 10 MeV up to 500 MeV. Their principle of
operation and characterization is described in the contri-
bution of A. Manna et al.. Here, the PPFC and the 3S-
RPT are discussed. The neutron energy range of these two
detectors was more limited: for the PPFC it went from
the thermal point to 150 MeV, while for the 3S-RPT it
started at about 30 MeV and ended at 150 MeV. How-
ever they offered other advantages; for example, the de-
tection efficiency of the PPFC is close to unit and can be
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Figure 2. Results of the Monte Carlo model used to determine
the efficiency of the PPFC. The figure shows the distribution of
the fission fragments, the signal amplitude induced on the anode
by the drifting electrons and their emission angle with respect
to the incident neutron beam direction, obtained for an uranium
sample with nominal mass of 295 µg/cm2 and a neutron energy
of 100 MeV.

calculated easily, and the 3S-RPT is characterized by ex-
cellent background suppression capabilities and provides a
clear signature for recoil proton events. Moreover, having
different detectors measuring the same quantities simulta-
neously allowed the early-on identification of systematic
effects and it was critical for the assessment of the uncer-
tainties.

3 Parallel-Plate Fission Chamber

The PPFC consisted of a stack of eight 235U samples
with a diameter of 42.00(3) mm, enriched with 235U to
the 99.9336(14) % in weight, and with mass per unit area
ranging from 264 µg/cm2 to 372 µg/cm2. The chamber de-
sign aimed at reducing the amount of mass intercepting the
neutron beam, to minimize the interaction with the gamma
flash and avoid saturation effects caused by the high in-
stantaneous neutron flux. The aluminum backings of the
uranium targets were therefore only 30 µm thick, while
for the entrance and exit windows, Kapton foils of 50 µm
thickness were used. Despite the low total mass, the pres-
ence of aluminum is what determined the detection limit
at a neutron energy of 150 MeV; above that energy events
induced by reaction products from the aluminum backings
started to interfere with fission events.

The fissile samples were manufactured at the EC Joint
Research Centre in Geel (JRC-Geel) via molecular plating,
where the uranium mass was measured by alpha counting
and the isotopic composition by mass spectrometry. De-
tailed information on the chemical composition and the
morphology of the layers are given in [5] for samples
produced following the same method. The uniformity of
the layers was determined at the Physikalisch-Technische
Bundesanstalt (PTB) where autoradiographies of all sam-
ples were produced with phosphor imaging plates.

The efficiency of the PPFC was calculated using the in-
formation of the composition and morphology of the sam-
ples, and the experimental data on the angular distributions

Figure 3. Light output distribution recorded by the stop detector
of the 3S-RPT for incident neutrons with energy from 64.6 MeV
to 68.5 MeV. The RPT telescope was composed by two transmis-
sion detectors of 1 mm thickness, and the stop detector was 5 cm
long. The ‘polyethylene’ data were collected during a run with a
polyethylene sample of 2 mm thickness, the ‘graphite’ data with
a graphite sample of 1 mm thickness, and the ‘H(n,p)’ histogram
is the results of the subtraction of the graphite events from the
polyethylene events. The ‘MCNPX’ histogram shows the result
of fitting the MCNPX simulation to the measurements.

of the fission fragments measured for incident neutron en-
ergies from 20 MeV to 200 MeV [6–8]. Fission fragments
traveling almost parallel to the fissile layers lose most of
their kinetic energy before reaching the active volume of
the detector, and do not produce a measurable signal. A
dedicated Monte Carlo code was therefore developed to
model the transport of the fission fragments inside the fis-
sile layers, to determine how much energy is deposited in
the layers and how much in the counting gas (see figure 2).
This was used to calculate, as a function of the incident
neutron energy, the amount of fission fragments stopped
by the deposits, and the expected pulse-height distribution
produced by the fragments reaching the counting gas. The
energy-dependent pulse-height distributions were then fit
to the experimental data to extrapolate the number of fis-
sion events below the threshold used to discriminate fis-
sion fragments from alpha particles.

4 The Triple-Stage Recoil Proton
Telescope

The 3S-RPT was composed by two thin transmission de-
tectors and a thick stop detector, all EJ-204 plastic scin-
tillators. To identify particles emitted by the polyethylene
samples, and to obtain a strong background suppression,
only signals produced in triple coincidence were selected.
To discriminate between protons and deuterons, the ∆E-E
technique was used; while the separation of recoil protons
from n-p scattering and protons from neutron reactions on
carbon was achieved by subtracting the events measured
during dedicated runs with graphite samples.

Several combinations of detectors and polyethylene
samples of different thicknesses were used to extend the
energy range of the detected recoil protons. Thin samples
(down to 1 mm) and thin detectors (0.5 mm for the trans-
mission detectors, 5 cm for the stop detector) were neces-
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Figure 4. Ratio of the fluence reconstructed by the upstream
MS-RPT to that of the 3S-RPT, preliminary results. The error
bars represent the statistical uncertainty on the measurements of
the single detectors.

sary to detect low-energy protons. To increase the count-
ing statistics at higher energies, and for easier particle
identification (larger energy deposition and light-output
signals), thick samples (up to 5 mm) and thick detectors
(up to 2 mm for the transmission detectors, 10 cm for the
stop detector) were employed. In the granted beamtime,
it was eventually possible to cover proton energies from
25 MeV to 120 MeV, which corresponded to incident neu-
tron energies from 30 MeV to 150 MeV.

The polyethylene sample density was measured at
PTB via hydrostatic weighing. Their lateral profile was
also characterized at PTB, using two touch probes and a
measuring stand to measure the samples from both sides
simultaneously. The uncertainty on the areal density ob-
tained from those measurements ranged from 0.2 % to
0.6 %, depending on the sample. The mass ratio of hydro-
gen and carbon in the samples was measured via combus-
tion analysis by the ZEA-3 unit at the Forschungszentrum
Jülich and the Institute for Inorganic and Analytical Chem-
istry at the Technische Universität Braunschweig. The ra-
tio H:C was then found to be 1.98(3) and 2.00(3), i.e. com-
patible with the nominal value for polyethylene.

The proton detection efficiency of the 3S-RPT was cal-
culated using MCNPX. The model included a detailed de-
scription of telescope geometry and of the sample com-
position. Nuclear data for neutron and proton-induced
nuclear reactions were taken from the LA150 library [9]
which extends up to 150 MeV and contains tabular data for
all relevant materials, including the current standard eval-
uation for the 1H(n,n)p cross section. The main drawback
of MCNPX is that, to be consistent with the ENDF-6 for-
mat, it uses non-relativistic kinematics. For instance, the
differential cross section n-p scattering was transformed
from the center-of-mass system to the laboratory system
using non relativistic equations. Above 20 MeV the effect
on the expected counting rates is non negligible, and there-
fore it was corrected using analytical calculations based on
kinematics.

Figure 3 shows the fit of the simulations to the ex-
perimental data for a given incident neutron energy bin.
The histograms represent the light output distributions
recorded by the stop detector during the runs with the

polyethylene and graphite samples, and the result of the
carbon subtraction. The corresponding MCNPX simulated
distribution was fit to the experimental data to reconstruct
the number of neutron incident on the polyethylene sample
considering the exact geometry of the set up, the angular
and the energy spread of the protons interacting with the
material on the line of view.

5 Comparison of detectors and
conclusions

The main strength of the experiment for the determination
of the 235U(n,f) cross section at high energies was the pres-
ence of detectors based on different concepts measuring
the same quantities simultaneously.

For example, figure 4 shows the ratio of the incident
neutron fluence reconstructed by the upstream MS-RPT
to that of the 3S-RPT. A similar comparison is also cur-
rently ongoing for the second MS-RPT, the PPAC and the
PPFC. The error bars were calculated from the statistical
uncertainties, which ranged from 5 % to 10 %, depending
on the detector and the energy range. The uncertainties on
the combined results should be substantially reduced. The
good compatibility between measurements is the result of
the detailed study of the detection efficiency. Eventual
residual discrepancies would nevertheless provide valu-
able information, as they could be used to determine, in
a quantitative way, potentially unknown systematic uncer-
tainties.

The cross-checks between different systems allowed to
build confidence on the results below and above 200 MeV,
which will presumably have a positive impact both on the
existing standard evaluation and to its extension to higher
energies.
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