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Abstract. 233U is the fissile nuclei in the Th-U fuel cycle with a particularily small neutron capture
cross setion which is on average about one order of magnitude lower than its fission cross section.
Hence, the measurement of the 233U(n,γ) cross section relies on a method to accurately distinguish
between capture and fission γ-rays. A measurement of the 233U α-ratio has been performed at
the n_TOF facility at CERN using a so-called fission tagging setup, coupling n_TOF ’s Total
Absorption Calorimeter with a novel fission chamber to tag the fission γ-rays. The experimental
setup is described and essential parts of the analysis are discussed. Finally, a preliminary 233U
α-ratio is presented.

1 Introduction

The Th-U fuel cycle [1, 2] poses an alternative to the
U-Pu fuel cycle for nuclear power, thus its relevant
cross-sections have to be accurately known. The α-
ratio is defined as the ratio between the capture and
fission cross section of an isotope. The fission cross
section of 233U is well known but the available data
for the 233U(n,γ) cross section are scarce [3]. The
reason is that the 233U(n,f) cross section is on aver-
age one order of magnitude larger, as shown in Fig-
ure 1. Therefore, the measurement of the 233U(n,γ)
cross section relies on an efficient discrimination of
the fission γ-rays from the capture events. Coupling
a γ-ray detector with a fission detector allows to tag
the γ-rays from fission and efficiently subtract them
from the total measured spectra. A similar technique
was used in several experiments [4–8].

2 Experimental Setup

2.1 The n_TOF facility

The neutron Time-Of-Flight facility n_TOF at
CERN was proposed [9] and offers two beam lines
for neutron cross-section measurements. The mea-
surement of the 233U α-ratio was performed in the
first experimental area (EAR1) [10] of n_TOF with
a flight path length of 185 m. At n_TOF neutrons
are produced by spallation reactions induced by a
20 GeV/c pulsed proton beam from the CERN Proton
Synchrotron on a water-cooled lead target. The fast
neutrons created in the spallation process are moder-
ated in a 4 cm layer of borated light water, eventu-
ally covering neutron energies from thermal up to few
GeV.
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2.2 The Total Absorption Calorimeter

The γ-ray cascades emitted in the capture reaction are
detected by n_TOF ’s Total Absorption Calorime-
ter TAC [11]. The TAC is a segmented 4π scintilla-
tor array consisting of 40 individual BaF2 crystals.
The detectors are mounted in a honeycomb struc-
ture which holds the full spherical detector shell. The
shell has a 20 cm and 50 cm inner and outer diame-
ter respectively, covering 95 % of the total solid angle.
In order to minimize the neutron sensitivity of the
TAC, a combination of neutron moderator and ab-
sorber material is used to surround the sample. The
so-called neutron absorber is made of polyethylene
loaded with 7.56 w% natural lithium with a total den-
sity of 1.06 g/cm3 and is shown in Figure 2.
The data acquisition system is based on digitizers
and the waveforms are analyzed offline, grouped to-
gether using a coincidence window of 12 ns. Each of
those TAC events is characterized by its time-of-flight
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Figure 1. Comparison of fission and capture cross section
from the 233U evaluation of ENDF/B-VIII.0

2

EPJ Web of Conferences 239, 01043 (2020) https://doi.org/10.1051/epjconf/202023901043
ND2019



35Istituto Nazionale di Fisica Nucleare, Sezione di Legnaro, Italy
36Consiglio Nazionale delle Ricerche, Bari, Italy
37Istituto Nazionale di Fisica Nucleare, Sezione di Trieste, Italy
38Dipartimento di Fisica e Astronomia, Università di Catania, Italy
39University of Ioannina, Greece
40University of Vienna, Faculty of Physics, Vienna, Austria
41University of Granada, Spain
42Department of Physics, University of Basel, Switzerland
43Centre for Astrophysics Research, University of Hertfordshire, United Kingdom
44Bhabha Atomic Research Centre (BARC), India
45Australian National University, Canberra, Australia

Abstract. 233U is the fissile nuclei in the Th-U fuel cycle with a particularily small neutron capture
cross setion which is on average about one order of magnitude lower than its fission cross section.
Hence, the measurement of the 233U(n,γ) cross section relies on a method to accurately distinguish
between capture and fission γ-rays. A measurement of the 233U α-ratio has been performed at
the n_TOF facility at CERN using a so-called fission tagging setup, coupling n_TOF ’s Total
Absorption Calorimeter with a novel fission chamber to tag the fission γ-rays. The experimental
setup is described and essential parts of the analysis are discussed. Finally, a preliminary 233U
α-ratio is presented.

1 Introduction

The Th-U fuel cycle [1, 2] poses an alternative to the
U-Pu fuel cycle for nuclear power, thus its relevant
cross-sections have to be accurately known. The α-
ratio is defined as the ratio between the capture and
fission cross section of an isotope. The fission cross
section of 233U is well known but the available data
for the 233U(n,γ) cross section are scarce [3]. The
reason is that the 233U(n,f) cross section is on aver-
age one order of magnitude larger, as shown in Fig-
ure 1. Therefore, the measurement of the 233U(n,γ)
cross section relies on an efficient discrimination of
the fission γ-rays from the capture events. Coupling
a γ-ray detector with a fission detector allows to tag
the γ-rays from fission and efficiently subtract them
from the total measured spectra. A similar technique
was used in several experiments [4–8].

2 Experimental Setup

2.1 The n_TOF facility

The neutron Time-Of-Flight facility n_TOF at
CERN was proposed [9] and offers two beam lines
for neutron cross-section measurements. The mea-
surement of the 233U α-ratio was performed in the
first experimental area (EAR1) [10] of n_TOF with
a flight path length of 185 m. At n_TOF neutrons
are produced by spallation reactions induced by a
20 GeV/c pulsed proton beam from the CERN Proton
Synchrotron on a water-cooled lead target. The fast
neutrons created in the spallation process are moder-
ated in a 4 cm layer of borated light water, eventu-
ally covering neutron energies from thermal up to few
GeV.

∗e-mail: michael.bacak@cern.ch

2.2 The Total Absorption Calorimeter

The γ-ray cascades emitted in the capture reaction are
detected by n_TOF ’s Total Absorption Calorime-
ter TAC [11]. The TAC is a segmented 4π scintilla-
tor array consisting of 40 individual BaF2 crystals.
The detectors are mounted in a honeycomb struc-
ture which holds the full spherical detector shell. The
shell has a 20 cm and 50 cm inner and outer diame-
ter respectively, covering 95 % of the total solid angle.
In order to minimize the neutron sensitivity of the
TAC, a combination of neutron moderator and ab-
sorber material is used to surround the sample. The
so-called neutron absorber is made of polyethylene
loaded with 7.56 w% natural lithium with a total den-
sity of 1.06 g/cm3 and is shown in Figure 2.
The data acquisition system is based on digitizers
and the waveforms are analyzed offline, grouped to-
gether using a coincidence window of 12 ns. Each of
those TAC events is characterized by its time-of-flight

2−10 1−10 1 10 210 310
 (eV)nE

1

10

210

310 (
b)

σ

U(n,f) ENDF/B-VIII.0233

) ENDF/B-VIII.0γU(n,233

Figure 1. Comparison of fission and capture cross section
from the 233U evaluation of ENDF/B-VIII.0

Figure 2. FICH fully connected and integrated into the
absorber of the TAC.

TOF, determining the neutron energy En, the total
deposited energy in the TAC ESum, and the number
of hit crystals mcr. The main advantage of the TAC
is the use of those quantities to discriminate between
different types of reactions, for example ambient back-
ground and γ-ray cascades from the (n,γ) process.

2.3 The compact fission chamber

In order to properly tag and remove the main source
of γ-background, namely the prompt γ-ray cascades of
the 233U(n,f) reaction from the total measured spec-
tra, a fission chamber (FICH ) [12] has been devel-
oped. The detector is designed as a multi-plate ioniza-
tion chamber containing two stacks of axial ionization
cells. Figure 2 shows a picture of the FICH fully as-
sembled and mounted in the neutron absorber. With
a total length of 120 mm and a diameter of 90 mm the
chamber hosts 14 ionization cells. Each cell has an
inter-electrode gap of 3 mm which is not sufficient to
stop fission fragments exiting perpendicular from the
sample, but allows better timing performance. The
detector is operated with high-purity CF4 at a pres-
sure of 1100 mbar controlled by a dedicated gas regu-
lation system. Pre-amplifier and shaper modules [13]
are directly mounted on the motherboards of each
stack to reduce signal attenuation and to improve the
signal to noise ratio.
Fourteen uranium oxide layers have been deposited at
JRC-Geel on 10 µm thick aluminium foils by molecu-
lar plating. The base material was 99.936 % enriched
in 233U with the largest contaminant being 0.0496 %
234U. The diameter of the mask used for the prepara-
tion of the 233U samples was 40.00 ± 0.02 mm which
also defines the active area of the samples. The ac-
tivity of each sample has been determined by well-
defined solid angle α-particle counting and amounts
to an average α-activity of about 1.16 MBq per sam-
ple translating to an average areal mass density of
264.5 µg/cm2.

Figure 3. Comparison of the amplitude spectrum of the
FICH and tagged signals.

3 Experimental response to 233U + n
events

The event reconstruction of fission tagged events was
performed by setting a constant coincidence window
of 14 ns between TAC and FICH events. The ampli-
tude spectra of the events from the fission chamber
and from tagged events is shown in Figure 3. The re-
duction of the α-particle background from the natural
decay of 233U is clearly visible, allowing for a cleaner
α-FF separation.

3.1 FICH Efficiency

A critical part in the analysis concerns the calcula-
tion of the detection efficiency of the fission chamber
εF ICH which is based on the assumption that a fis-
sion event is detected independently by the TAC and
the FICH. In this case, the fission chamber efficiency
εF ICH can be calculated solely from the experimen-
tal data. For fission events with amplitudes larger
than 3000 adc channels the efficiency has a value of
0.867 ± 0.002. A more detailed description can be
found in [14].

3.2 Background subtraction

In order to obtain the shape of the TAC response
to 233U(n,γ) events from the total measured sum en-
ergy spectra all background components have to be
carefully subtracted. Dedicated measurements have
been carried out to determine the contributions of
the fission chamber without the 233U layers (Dummy),
the ambient background and the background induced
by the natural α-activity of the radioactive isotopes
in the samples. The prompt fission γ-ray spectrum
is obtained by fission tagging and has to be cor-
rected for the detection efficiency of the fission cham-
ber εF ICH . The sum energy spectra of the differ-
ent contributions are compared to the total measured
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Figure 4. Components of the total measured deposited
energy spectrum for a neutron energy range of 2.2 eV <
En < 2.4 eV and mcr ≥ 3.

spectrum in Figure 4 in the strongest capture res-
onance corresponding to a neutron energy range of
2.2 eV < En < 2.4 eV and for events with mcr ≥ 3
in order to clean the low crystal multiplicity back-
ground which would otherwise dominate the region
for ESum < 1.5 MeV. After subtraction of the vari-
ous background contributions the shape of the TAC
response to 233U(n,γ) events becomes visible. A sum
peak appears at ESum ≈ 6.85 MeV corresponding to
the neutron separation energy of 234U.
The shape of the remaining background in the Cap-

ture component above ESum = 7.5 MeV does not
match any other background component, leading to
the conclusion that there is some other source of back-
ground not accounted for. The most probable expla-
nation is related to the prompt fission neutrons (FN)
being moderated and captured in the experimental
setup. This shape is peculiar to the TAC as it shows
the sum energy peaks at the separation energy of the
main barium isotopes due to fission neutrons captured
in the barium nuclei of the BaF2 crystals within the
first few microseconds after emission. Gating, for ex-
ample, on the first micro second after a fission event
allows to determine the shape of this FN background
component. In Figure 5 the shape of the background
induced by fission neutrons is compared to the back-
ground induced by neutron scattering in the range of
2.2 eV < En < 2.4 eV, measured with a carbon sam-
ple. The two spectra show similar capture reactions
characterized by the different sum energy peaks but
with different intensities resulting in completely differ-
ent shapes. Specifically the neutron separation energy
of 135Ba+n corresponding to the sum energy peak at
ESum = 9.1 MeV is strongly suppressed in the scat-
tered neutron spectra compared to the FN spectrum.
Therefore, the scattered neutron spectrum cannot ex-
plain the remaining background in the Capture com-
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Figure 5. Comparison of the fission neutron and neutron
scattering spectrum for a neutron energy range of 2.2 eV <
En < 2.4 eV. The sum energy peaks are labeled with
nucleus X corresponding to the neutron separation energy
of the nucleus after capture X + n.
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ponent in Figure 4 above ESum = 7.5 MeV. However,
the FN background component matches the shape of
the remaining background above ESum = 7.5 MeV as
shown in Figure 6, indicating that this background is
related to fission neutrons. The FN component scales
with the fission cross section allowing for an accurate
correction and its contribution to the remaining cap-
ture response is shown in Figure 6.

4 Determination of the 233U α-ratio

Following the background subtraction, the efficiency
of detecting the γ-ray cascades with the TAC has been
calculated using the Monte Carlo simulation toolkit
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4 Determination of the 233U α-ratio

Following the background subtraction, the efficiency
of detecting the γ-ray cascades with the TAC has been
calculated using the Monte Carlo simulation toolkit

Figure 7. Comparison of the experimental and simulated
response to 233U(n,γ) events.
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Figure 8. Preliminary 233U α-ratio for 1 eV < En < 1 keV
compared to ENDF/B-VIII.0.

Geant4 [15]. The whole experimental setup, includ-
ing the TAC, FICH, absorber and beam pipes has
been modelled in Geant4.
The cascades emitted in the 233U(n,γ) process were

simulated with DICEBOX [16] and a comparison be-
tween the experimental and simulated response to
233U(n,γ) events can be seen in Figure 7. The overall
agreement for crystal multiplicities mcr ≥ 3 is good
and allows to calculate the capture efficiency for a
given analysis cut. The contribution of the isomeric
states in the fission products (absent in the simu-
lations) is important for events with mcr ≥ 2 and
ESum < 2.5 MeV. With a preliminary estimation of
the detection efficiency of (76.2 ± 2.2) % for mcr ≥ 3
and 2.5 MeV < ESum < 7 MeV the 233U α-ratio can
be calculated from the response of the FICH and the

TAC. In Figure 8 the preliminary result of the 233U
α-ratio measurement is compared to the 233U α-ratio
of the ENDF/B-VIII database. Overall, the ratios
are in good agreement and local deviations are under
investigation.

5 Summary
A fission tagging experiment to determine the 233U
α-ratio has been performed at n_TOF EAR1 yielding
promising results for neutrons from thermal energies
to several keV. The experimental setup and the key
elements from the analysis have been described and
a preliminary 233U α-ratio has been presented. A
detailed analysis of the extracted 233U α-ratio is
currently being performed and will be published in a
forthcoming paper.
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