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Università degli Studi di Pavia, Pavia, Italy
Centre National de la Recherche Scientiﬁque/IN2P3 - IPN, Orsay, France

Received: 9 September 2010 / Revised: 10 November 2010
Published online: 6 January 2011
c The Author(s) 2011. This article is published with open access at Springerlink.com

Communicated by C. Signorini

Abstract. The neutron-induced ﬁssion cross-section of 233 U has been measured at the CERN n TOF
facility relative to the standard ﬁssion cross-section of 235 U between 0.5 and 20 MeV. The experiment was
performed with a fast ionization chamber for the detection of the ﬁssion fragments and to discriminate
against α-particles from the natural radioactivity of the samples. The high instantaneous ﬂux and the
low background of the n TOF facility result in data with uncertainties of ≈ 3%, which were found in
good agreement with previous experiments. The high quality of the present results allows to improve the
evaluation of the 233 U(n,f) cross-section and, consequently, the design of energy systems based on the
Th/U cycle.
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1 Introduction
To reduce the emissions responsible of the greenhouse effect is nowadays a mandatory objective. Nuclear energy,
in conjunction with renewable sources, is a viable option. On the other hand, current estimates [1] predict that
the uranium resources will be exhausted within 80 years
given the present exploitation rate and the incomplete usage by conventional reactors. This limit could be significantly delayed (hundreds of years [1]) by the design of
systems based on alternative fuel cycles [2], of sub-critical
Accelerator-Driven Systems (ADS) [3–5], and of advanced
Generation-IV reactors [6]. In particular, one of the most
promising concepts would be the use of the Th/U fuel cycle, where the ﬁssile isotope 233 U is produced by neutron
capture on 232 Th and subsequent β-decay.
The Th/U fuel cycle has attractive features, because
thorium is three times more abundant than uranium and
it consists mainly of 232 Th. Furthermore, the production
of transuranium actinides is strongly reduced, thus minimizing the problem of disposing high level nuclear wastes,
while the breeding reaction presents practically no proliferation risk. Finally, it should be considered that this
cycle can be implemented in thermal breeding reactors
(thus simplifying safety issues) as well as in sub-critical
accelerator-driven systems.
The development of advanced reactors based on new
fuel cycles requires a strong eﬀort for improving the basic
nuclear data involved in reactor physics, including a better accuracy of neutron-induced ﬁssion cross-sections. In
particular, the design of systems based on the Th/U fuel
cycle depends on a better determination of the 233 U(n, f )
cross-section.
Existing experimental data come from few measurements [7–14], with only two of them relatively recent [12,
14], which show discrepancies of up to 10%. The purity of
the sample, the detector response to the related α activity,
the knowledge of the detection eﬃciency, of the neutron
ﬂux and beam proﬁle are some of the possible sources of
systematic errors aﬀecting previous results.
The measurement at the CERN n TOF facility aims
at reducing the uncertainty of the main reaction in the
Th/U fuel cycle, taking advantage of the favorable properties of this installation, where the very high instantaneous neutron ﬂux and extremely low duty cycle allows
one to minimize the background related to the α activity
of the sample. Systematic uncertainties associated with
detection eﬃciency, dead-time eﬀects, and signal pile-up
could be further reduced by a special experimental setup
and a data acquisition system based on fast digitizers. All
these features have already been exploited by the n TOF
Collaboration in a comprehensive program for measurements of neutron capture and ﬁssion cross-sections, which
is intended to contribute to an improvement of evaluated databases [15]. In this context, ﬁrst results on the
neutron-induced ﬁssion cross-section of 233 U from thermal
to 1 MeV have recently been published [16].
The present work focuses on the ﬁssion cross-section
of 233 U in the energy region from 0.5 to 20 MeV. The
experimental details are presented in sect. 2, while the
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data analysis procedure is described in sect. 3. The extracted cross-section is presented and compared with previous measurements and current evaluations in sect. 4.
Conclusions are drawn in sect. 5.

2 Measurement
2.1 The n TOF facility
The measurement was performed at CERN using the
pulsed neutron beam of the n TOF facility, which is generated by proton-induced spallation reactions on a massive lead target [17]. The main characteristics of the proton beam are its high energy (Ep = 20 GeV), high intensity (Ip = 7 × 1012 protons per bunch), short pulse width
(∆t = 6 ns), and low duty factor. The low pulse repetition
rate of 0.4 Hz and the favorable background conditions in
the experimental area make this facility unique for highresolution time-of-ﬂight (TOF) measurements of neutroninduced reaction cross-sections [18]. Moreover, the high
instantaneous ﬂux of 105 neutrons/cm2 /pulse at the sample position strongly reduces the background induced by
the natural radioactivity of the samples.
The spallation neutrons are slowed down in the lead
target and moderated in a 5.8 cm thick layer of cooling
water surrounding the target. The experimental area at a
distance of 187 m is connected with the target by an evacuated ﬂight path with two collimators at 137 and 176 m.
The aperture of the second collimator, which is 8 cm in
diameter, deﬁnes the spatial proﬁle of the neutron beam
used in the ﬁssion measurements. The beam line extends
12 m beyond the experimental area to minimize the effect of back-scattered neutrons. Background due to fast
charged particles is suppressed by a 1.5 T sweeping magnet, heavy concrete walls, and a 3.5 m thick iron shielding
located along the beam line [18].
2.2 The experimental setup
The measurement has been carried out with a fast ionization chamber (FIC) [19] built in collaboration between the
Joint Institute of Nuclear Research (JINR, Dubna, Russian Federation), the Institute of Physics and Power Engineering (IPPE, Obninsk, Russian Federation), the Istituto
Nazionale di Fisica Nucleare (INFN), and CERN. The
setup consists of a stack of ionization chambers, thus allowing the simultaneous measurement on several isotopes.
Each chamber consists of a central Al cathode 100 µm in
thickness plated on both sides with sample material, and
two 15 µm thick Al anodes at a distance of 5 mm from
the cathode to deﬁne the electric ﬁeld. The electrodes are
12 cm in diameter, while the sample deposit itself is 8 cm
in diameter to match the size of the neutron beam. The
detector setup is operated with a gas mixture of 90% Ar
and 10% CF4 at a pressure of 720 mbar.
Fission events were detected via the energy deposited
in the gas by the ﬁssion fragments produced in very thin
layers of ﬁssile material. The total masses of the samples
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Table 1. Total sample masses used in the 233 U(n, f ) measurement; the 235 U sample has been used as reference.
Sample
233
235

U
U

Chemical form

Mass (mg)

Activity (kBq)

U3 O8
U3 O8

30.8
31.8

5530
0.2

used in the present measurement are reported in table 1
(235 U was used as reference) together with their α activities. The samples were prepared by means of the painting
technique, using almost isotopically pure materials with
233
U and 235 U enrichments of 99.0% (small admixtures of
234
U (0.74%), 235 U (0.23%), and 238 U (0.04%) are present)
and 99.992%, respectively.
The neutron TOF was determined as the diﬀerence between the prompt signal generated by γ-rays and relativistic particles produced in interactions of the proton beam
in the spallation and the detected ﬁssion events, respectively. The absence of a Frisch grid in the ﬁssion chambers
and optimized front-end electronics resulted in a fast signal with good timing properties, i.e. 50 ns rise and 120 ns
decay time. All signals were recorded with fast digitizers
with a sampling rate of 100 MSamples/s using the standard n TOF data acquisition system [20] and stored in the
central data recording system of CERN from where they
can be retrieved for oﬀ-line analysis.

3 Data analysis
The ﬁrst step of the analysis consisted of the oﬀ-line determination of the TOF and of the energy deposited in the
detector by each ﬁssion event. In order to extract the neutron energy, the TOF-energy relation with the calibration
of ref. [21] was used, which takes the neutron production
mechanism in the spallation target and the subsequent
moderation process [18] into account. The length of the
ﬂight path was obtained by means of a careful analysis of
the well-known 235 U resonances [21].
The prompt γ-ﬂash from spallation reactions in the
Pb target is so intense that it produces strong oscillations
of the detector baseline, which last for several microseconds and exceed the ﬁssion signals due to neutrons above
a few MeV in energy. This problem has been overcome
by observing that the γ-ﬂashs in adjacent electrodes exhibit identical patterns. Therefore, the ﬁssion signals could
be recovered by the software compensation technique described in ref. [22].
The experimental pulse height was compared with detailed Monte Carlo simulations with the FLUKA code [23]
to describe the energy losses of α-particles and ﬁssion
fragments in the gas volume and in the sample layers.
The kinetic energy and mass of the ﬁssion fragments were
randomly generated according to the respective distributions [24, 25]. The result of the simulation for the 233 U
sample in ﬁg. 1 shows that the α background is well separated from the ﬁssion fragments distribution and that
both components are well characterized.

Fig. 1. Comparison between the measured pulse height distribution (thick black line) and the simulated spectrum indicating
the α-particle background at low energies and the response to
ﬁssion fragments (thin blue and red lines). The diﬀerence between measurement and simulation is due to saturation eﬀects
in the detector above 80 MeV. The measured part is truncated
at ≈ 16 MeV corresponding to the threshold adopted in the
analysis.

The black histogram in ﬁg. 1 shows the experimental
pulse height spectrum for 233 U averaged over the neutron
energy range between 0.5 and 20 MeV. The comparison
with the simulation conﬁrms that the α background can
be almost completely discriminated by the energy threshold of about 16 MeV, whereas only a very small fraction
of the ﬁssion fragments falls below that threshold. The
diﬀerences between the measured and simulated distributions at the highest energies are due to saturation eﬀects
in the recorded signals.
The 233 U(n, f ) cross-section has been extracted relative to the 235 U(n, f ) cross-section, which is a wellestablished standard in the neutron energy range from
0.15 eV to 200 MeV [26],
σ233 (n, f ) = c · σ235 (n, f ) ·

N233 m235 A233
·
·
,
N235 m233 A235

(1)

where c is a correction factor, that combines the detection
eﬃciencies and dead-time eﬀects, and σ235 (n, f ) is the tabulated ENDF/B-VII.0 cross-section [15]. N23x denotes the
number of detected ﬁssion events, m23x the sample mass
for the 23x U isotope, and A23x the atomic mass of isotope
23x
U.
The ratio method can be applied in this case because
both samples were exposed to the same neutron ﬂux and
were measured with very similar detectors showing nearly
identical eﬃciencies and signal shapes. Compared to a direct measurement, the ratio method allows one to minimize also the systematic uncertainties related to the determination of the neutron ﬂux.
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Remaining diﬀerences between the 233 U and the reference sample are due to the sample thickness, which aﬀects
the detection eﬃciency, and to the count rate, which leads
to slightly diﬀerent dead-time and pile-up corrections. Although only of the order of a few percent, these diﬀerences
have been carefully evaluated. The sample-related corrections are expressed as
c=

ε235 · d235
,
ε233 · d233

(2)

where ε represents the eﬃciency for the detection of ﬁssion
fragments and d the loss of counts due to dead-time and
pile-up.
The detection eﬃciency depends essentially on the
sample thickness and on the 16 MeV threshold for the
pulse height distribution. From the Monte Carlo simulations described above, the eﬃciencies were found to be
97.7% and 95.1% for 233 U and 235 U, resulting in an eﬃciency correction of 2.6%.
Although dead-time problems are minimized with data
acquisition system based on ﬂash ADCs [20], a small eﬀect
persists because of the 270 ns resolving time in the signal
reconstruction routine. The related corrections have been
evaluated by means of a non-paralyzable model, where the
instantaneous count rate was determined for each sample
as a function of the neutron energy. The dead-time correction was found to increase with neutron energy from
1% at 1 MeV to 3.8% at 20 MeV.
3.1 Discussion of uncertainties
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Table 2. The 233 U(n, f )/235 U(n, f ) cross-section ratio and the
ﬁnal 233 U(n, f ) cross-section in the neutron energy range between 0.5 and 20 MeV and the respective total uncertainties.
Energy (MeV)
0.501–0.562
0.562–0.631
0.631–0.708
0.708–0.794
0.794–0.891
0.891–1.000
1.00–1.12
1.12–1.26
1.26–1.41
1.41–1.58
1.58–1.78
1.78–2.00
2.00–2.24
2.24–2.51
2.51–2.82
2.82–3.16
3.16–3.55
3.55–3.98
3.98–4.47
4.47–5.01
5.01–5.62
5.62–6.31
6.31–7.08
7.08–7.94
7.94–8.91
8.91–10.00
10.00–11.22
11.22–12.59
12.59–14.13
14.13–15.85
15.85–17.78
17.78–19.95

233

U(n, f )/235 U(n, f )
1.76 ± 0.06
1.72 ± 0.06
1.74 ± 0.06
1.72 ± 0.06
1.68 ± 0.05
1.58 ± 0.05
1.54 ± 0.05
1.54 ± 0.05
1.57 ± 0.05
1.55 ± 0.05
1.56 ± 0.05
1.54 ± 0.05
1.55 ± 0.05
1.52 ± 0.05
1.54 ± 0.05
1.56 ± 0.05
1.57 ± 0.05
1.53 ± 0.05
1.57 ± 0.05
1.53 ± 0.05
1.52 ± 0.05
1.57 ± 0.05
1.50 ± 0.05
1.34 ± 0.05
1.30 ± 0.04
1.33 ± 0.05
1.30 ± 0.04
1.38 ± 0.05
1.24 ± 0.04
1.20 ± 0.04
1.17 ± 0.04
1.24 ± 0.04

233

U(n, f ) (b)

2.00 ± 0.06
1.92 ± 0.06
1.94 ± 0.06
1.92 ± 0.06
1.87 ± 0.06
1.86 ± 0.06
1.84 ± 0.06
1.84 ± 0.06
1.90 ± 0.06
1.91 ± 0.06
1.95 ± 0.06
1.95 ± 0.06
1.98 ± 0.06
1.92 ± 0.06
1.91 ± 0.06
1.88 ± 0.06
1.84 ± 0.06
1.74 ± 0.06
1.76 ± 0.06
1.67 ± 0.06
1.60 ± 0.05
1.71 ± 0.06
2.14 ± 0.07
2.27 ± 0.08
2.31 ± 0.08
2.35 ± 0.08
2.25 ± 0.08
2.40 ± 0.08
2.42 ± 0.08
2.50 ± 0.09
2.39 ± 0.08
2.40 ± 0.08

The overall uncertainty of the present 233 U(n, f ) crosssection is composed of contributions related to the sample
masses, the 235 U(n, f ) cross-section, the dead-time and
eﬃciency corrections, the beam energy resolution, and the
counting statistics.
The determination of the sample masses by α spectroscopy led to uncertainties of 1.2% and 1.35% for 233 U
and 235 U, respectively, which add to a 1.8% contribution
for the cross-section. The uncertainty of the 235 U reference cross-section is typically 2% in the energy region of
interest for this work. The very small corrections for the
detection eﬃciencies and dead-time eﬀects are estimated
to be of the order of 0.5%.
The resulting 3% systematic uncertainty of the
233
U(n, f ) cross-section clearly dominates over the statistical component, which is always below 1% if the data are
given with a resolution of 20 bins/decade.
The related neutron energies were determined by assuming a common ﬂight path. The uncertainty resulting
from the actual 10 mm spacing between the samples is
≈ 0.05% and was, therefore, neglected in view of the energy resolution, which corresponds to an uncertainty of
0.7% at 10 MeV.

The careful correction of residual experimental eﬀects has
led to accurate data with an overall systematic uncertainty
of 3%. The reliability of the results in the investigated energy region could be veriﬁed by comparison with the crosssections of ref. [16], which were derived below 1 MeV from
the same raw data but using a diﬀerent method. In the region of overlap, the results were found to agree within 1%.
The 233 U/235 U ratios and the ﬁnal cross-section values
are listed in table 2 together with the total uncertainties.
For the comparison of the present results with previous
data and evaluations, integrated cross-sections over the
respective energy regions of overlap are summarized in
table 3.

4 Results

4.1 Comparison with previous measurements

The neutron-induced ﬁssion cross-section of 233 U was determined with the ratio method between 0.5 and 20 MeV.

In most of previous measurements the cross-section ratio
233
U(n, f )/235 U(n, f ) has been determined with the same

Page 6 of 7

The European Physical Journal A

Table 3. Energy-integrated cross-sections for comparison with
previous results and evaluations; the present results are slightly
higher than all previous measurements and evaluations.
Authors

Ref.

Energy range
(MeV)

Diﬀerence
(%)

Meadows
Fursov et al.
Carlson and Behrens
Kanda et al.
Lisowski et al.
Shcherbakov et al.
ENDF/B-VII.0
ENDF/B-VI.8
JENDL-3.3

[8]
[10]
[11]
[7]
[9]
[12]

1.–9.4
1.–7.4
1.–20.
1.–7.0
1.–20.
1.–20.
1.–20.
1.–20.
1.–20.

+2.1
+4.3
+6.3
+1.3
+0.8
+1.9
+3.2
+6.1
+3.9

Fig. 3. Comparison of present results (full squares, 20
bins/decade) with diﬀerent evaluations of the 233 U(n, f ) crosssection [15].

cross-section shapes are in fair agreement in all cases, the
diﬀerences to previous work can be characterized by the
ratios in table 3, which compare the energy-integrated
cross-sections over the energy range of the previous measurements. In the limited range of two recent results by
Grosjean [13] and Tovesson et al. [14] there is agreement
within uncertainties.

4.2 Comparison with evaluated data

Fig. 2. Comparison of the present cross-section ratio
233
U/235 U (full squares and solid line, 20 bins per energy
decade) with previous measurements [7–12]. For the data reported in ref. [9] information on the related uncertainties is not
available.

method as applied in this work. In some cases, also absolute cross-section data are given. A meaningful comparison
with the present results can only be made either directly
via the cross-section ratios or by deducing the 233 U(n, f )
cross-section by means of the same 235 U standard, thus
avoiding systematic eﬀects related to the reference crosssection.
In ﬁg. 2, the results of the present work are compared
to the most complete measurements [7–12]. These data
exhibit discrepancies around 5%. The present results are
in good agreement with Meadows [8] and Kanda et al. [7],
although these data are limited to neutron energies below
10 MeV. Good agreement is also found with Lisowski et
al. [9] and Shcherbakov et al. [12]. On the contrary, the
n TOF data are ≈ 5% higher than older data of Fursov
et al. [10] and of Carlson and Behrens [11]. Because the

The comparison with current evaluated cross-sections
shows reasonable agreement with ENDF/B-VII.0 and
JENDL-3.3, where the integrated cross-sections are
slightly higher but still compatible within uncertainties
as demonstrated in table 3 and ﬁg. 3. The ENDF/B-VII.0
evaluation is mainly based on the data of Kanda et al. [7],
Meadows [8] and Lisowski et al. [9]. It is worth noting that
the evaluated cross-section in ENDF/B-VII.0 has been increased in order to reproduce fast critical benchmark experiments.
While good agreement is found between 1 and 8 MeV
with all recent evaluations, diﬀerences of up to 9% are observed in the energy range between 11 and 15 MeV, just
above the threshold for second-chance ﬁssion. Given the
fact that most previous data do agree with the present
results in this energy region, the discrepancy can be attributed to a shortcoming of the evaluations. In addition
to the higher cross-section values, the present results suggest also a less pronounced structure in this region.
The ﬁle JENDL/AC, speciﬁcally devoted to reactor
applications, shows a behavior similar to ENDF/B-VII.0,
although the ﬁssion cross-section of 233 U is systematically
higher by 1–2%. The JEFF-3.1.1 evaluation and the previous ENDF/B-VI.8 version are in slightly better agreement
with the present results below 1 MeV.
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5 Conclusions
At the n TOF facility the neutron-induced ﬁssion crosssection of 233 U has been measured relative to the ﬁssion
cross-section standard of 235 U in the energy range between
0.5 and 20 MeV. The two samples were mounted in the
same ﬁssion chamber and measured simultaneously.
The present results were determined with uncertainties of ≈ 3% due to a minimal α-particle background and
by careful consideration of all possible sources of systematic uncertainty, in particular related to the eﬃciency and
dead-time corrections.
In general, good agreement is found with most previous measurements, except for some older data. The
present data support also recent cross-section evaluations,
but below 1 MeV the ENDF/B-VII.0 evaluation underestimates the cross-section, which is better reproduced by the
older ENDF/B-VI.8 version. This diﬀerence, most probably caused by the impact of an integral measurement,
cannot be neglected in view of the importance of this energy range for the design and operation of Th/U-based
reactors. A mismatch between the present data and evaluations is also found at the onset of second-chance ﬁssion
between 11 and 15 MeV. Correspondingly, a slight revision
of the evaluations in the energy range from 0.5 to 20 MeV
seems to be in order.
This work was supported by the EC under contract FIKW-CT2000-00107 and by the funding agencies of the participating
institutes.
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Creative Commons Attribution Noncommercial License which
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