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a b s t r a c t

A fission reaction chamber based on Parallel Plate Avalanche Counters (PPACs) was built for measuring
angular distributions of fragments emitted in neutron-induced fission of actinides at the neutron beam
available at the Neutron Time-Of-Flight (n_TOF) facility at CERN. The detectors and the samples were tilted
451 with respect to the neutron beam direction to cover all the possible values of the emission angle of the
fission fragments. The main features of this setup are discussed and results on the fission fragment angular
distribution are provided for the 232Th(n,f) reaction around the fission threshold. The results are compared
with the available data in the literature, demonstrating the good capabilities of this setup.
& 2015 CERN for the benefit of the Authors. Published by Elsevier B.V. This is an open access article under

the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Accurate data on neutron-induced fission cross-sections at
intermediate energies are crucial for different fields in physics. In
particular, thorough knowledge of the reactions involved in the so-
called thorium cycle is important to improving the existing
nuclear energy-related technologies.

An extensive experimental program [1] is being carried out at the
Neutron Time-Of-Flight (n_TOF) facility at CERN in order to provide
accurate values of the cross-sections of neutron-induced reactions,
with particular reference to fission and radiative capture.

The fission fragment angular distribution (FFAD) is an important
observable for understanding the fission mechanism; especially for
studying the quantum properties of the levels of fissioning nuclei for a
given J and K (total spin and its projection on the nuclear symmetry
axis) when considering energies close to the thresholds of the different
multiple-chance fission channels [2]. This makes it possible to describe
the existence of a vibrational structure around the fission threshold for
the light isotopes of Th, Pa and U [3]. Simultaneous reproduction of
fission cross-section and fragment angular distribution is important
for the determination of the best set of fission barrier parameters [4].

The anisotropy of the angular distribution of the fission frag-
ments at high energies is also a controversial question. Some
theoretical models indicate that fission above several tens of MeV
should be isotropic and equal for both proton- and neutron-
induced fission. However, a non-isotropic behavior was found for
fission of 232Th and 238U with neutrons up to 100 MeV [5].
Therefore, new measurements of the angular distribution of
fission fragments are needed to clarify this situation, and the
n_TOF facility, with a neutron beam covering an energy range from
thermal up to GeV, can supply new data with high accuracy.

Apart from the theoretical implications, the strong anisotropies
observed at the thresholds of different chances of neutron emis-
sion before fission also affect the fission cross-section measure-
ments due to the angular limitation of the detectors. One of the
experimental setups used at CERN n_TOF for studying the fission
process is a reaction chamber containing Parallel Plate Avalanche
Counters (PPACs). During the Phase1 of the n_TOF project (2001–
2004), the fission cross-sections of several nuclei were measured
[6,7]. However, due to the limited angular acceptance exhibited by
these detectors, only emission angles below � 601 were detect-
able, thus requiring a correction for fragments stopped in the
material layers. These corrections were largely determined by the
angular distribution of the emitted fragments, for which only
incomplete data were available in the literature.

Therefore, a new setup based on a modified geometrical
configuration was developed to overcome this difficulty and to

obtain full coverage of the angular distribution of the emitted
fragments. It was first used during the 2010 and 2011 campaigns
(n_TOF-Phase2) to measure 232Th(n,f) [8], following the procedure
described in the present work.

2. Experimental setup

The experiment was performed at the CERN n_TOF facility, where a
very intense neutron flux is produced by spallation reactions on a lead
target using the 20 GeV/c proton beam from the Proton Synchrotron at
CERN. The water surrounding the spallation target acts as a moderator
to produce a neutron flux covering a wide neutron energy range, from
thermal up to more than 1 GeV. The long (185 m) flight path between
the spallation target and the experimental area makes it possible to
perform high-resolution time-of-flight (TOF) measurements. A
detailed description of the facility can be found in Ref. [9].

2.1. Parallel Plate Avalanche Counter

The PPACs used in this experiment have a central anode flanked
by two cathodes. A low-pressure gas fills the 3.2 mm gaps between
1:7 μm aluminium coated Mylar foils, which act as electrodes. PPAC
anode signals are very fast (9 ns FWHM), reducing the pile-up
probabilities and making it possible to reach energies as high as
1 GeV, since these detectors are quite insensitive to the γ-flash
created by high energy reactions at the spallation target [9].

The cathodes of each PPAC are segmented in 100 strips 1.9-mm
wide and with a separation of 100 μm. The strips on the cathodes
are arranged perpendicular to each other, so that the trajectory of
the fission fragments (FF), and therefore their angular distribution,
can be reconstructed. The anode is connected to a high voltage of
around 540 V, while the cathodes are grounded.

The fission reaction chamber includes 10 PPACs with 9 samples
in between, and fission events were identified by coincident anode
signals of two consecutive PPACs. The chamber was operated with
a forced flow of C3F8 at a constant pressure of 4 mbar.

2.2. Geometrical configurations

The main difference between the Phase1 and Phase2 setups is
their geometrical configuration: in Phase2 the detectors and the
samples were tilted 451 with respect to the neutron beam direc-
tion, as shown in Fig. 1. This modification was introduced to
increase the range of the accessible cos θ values, and it was used
in the 2010, 2011 and 2012 campaigns to measure the angular
distribution of emitted fragments in fission.
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2.3. Samples

In the experiment described here, six samples of 232Th, one
sample of 237Np, and reference samples of 235U and 238U were
used (Fig. 1). The 8 cm diameter samples were built at the IPN-
Orsay (France), and were produced by molecular plating of the
oxides ThO2 and UO3 on an aluminium foil. This foil was 2:5 μm
thick in the cases of 235U, 238U and 237Np, and 0:7 μm for the 232Th
samples. The mass distributions, total masses, and chemical
compositions of the uranium samples were determined by Ruther-
ford Backscattering Spectroscopy (RBS). The 235U and 238U masses
were also measured independently by α spectroscopy. Isotopic
impurities of 238U (6.28% in number of atoms), 234U (0.74%), and
236U (0.27%) were found in the 235U sample, being negligible the
contaminants in the other samples.

3. Simulations

The angular acceptance and the total detection efficiency of the
new experimental setup, as well as of the former setup (where the
detectors and the targets were perpendicular to the beam direc-
tion) have been investigated by simulations with the Geant4
software package [10].

3.1. The simulation setup

A simplified version of the real setup was implemented in the
Geant4 simulation, consisting of only two PPACs and one 235U sample
in between. The detection efficiency was limited by the stopping
power of the different layers that the fission fragments had to
traverse, thus only the material layers of the sample and of the
active part of the detector were included in the simulation: the gas,
the detector electrodes, the sample backing and the sample itself.

Each simulated PPAC detector consisted of three thin layers:
one for the central anode and two for the cathodes on either side
of it. All electrodes were simulated using Mylar foils of 20�20 cm2

and 1:7 μm�thick, separated by a 3.2 mm gas gap.
The simulated sample was a 8 cm diameter disc of 15 mg of 235U

deposited in the form of UO3(H2O)5. It has been found that the
uranium oxide UO3 is hygroscopic and so a certain number of water
molecules must be added to the target description to calculate the
detection efficiency. In order to show the characteristics of the
detection efficiency capabilities of the detection setup, aluminium
backings with thicknesses of 0:7 μm and 2:5 μm have been simulated.

The distance between the sample and the detectors was
25 mm. All the elements were surrounded by C3F8 gas at 4 mbar,
as in real experiments.

To optimize the geometrical configuration, the simulation code
was written in such a way that the tilting angle of the samples and
the detectors can be set to any desired value with respect to the
beam direction.

3.2. Fission event generator

In order to implement a fission generator for the simulation, we
have not considered the reaction between the neutron and the
nucleus, but directly the fission products. Therefore, in each

simulated event, two complementary fission fragments are emitted
in opposite directions from a random position inside the sample
volume. In general, the fission fragment characteristics (charge,
mass, kinetic energy and emission angle) of each simulated event
depend on the sample material and the neutron energy, and are
selected by a fission event generator specifically created for this
purpose.

To obtain the mass and the charge of the emitted fragments we
can use the fission yields provided by evaluations. In the present
work, we have used the evaluated data for 235U(n,f) with thermal
neutrons available in the ENDF/B-VII.1 library [11] to weigh the
selection of complementary pairs of fission fragments.

To simulate a fission event, a first fission fragment is randomly
selected according to a probability distribution given by the
evaluated fission yield. The complementary fission fragment is
chosen to get the total amount of protons and neutrons of the
fissioning nucleus, from which a random number of neutrons ν
were previously removed. The value of ν is given by a Gaussian
probability distribution centred at the emission of 2 neutrons and
with s¼1.5 neutrons.

The fragment kinetic energy is calculated by using the total
kinetic energy (TKE) released in the fission, given by Viola0s
systematics [12]:

TKE¼ 0:1189 � Z2=A1=3þ7:3 MeV ð1Þ
Because of the linear momentum conservation, the kinetic

energy is distributed between both fission fragments according
to the inverse relation of their masses. Due to neutron evaporation,
the energy of the FF is reduced according to the number ν of
emitted neutrons by a factor ðA�νÞ=A.

Finally, fission fragments are emitted with an angular distribu-
tion that depends on both the nucleus and the neutron energy
[2,13–15] but, in the case of 235U at energies below 1 keV, the
angular distribution is isotropic and becomes a reference for the
characterization of the angular dependence of the efficiency.

3.3. Simulation of the detection efficiency

Assuming a 100% detection efficiency of PPACs for fission
fragments [16], events are considered detected when both fission
fragments pass through the active gas gaps of the PPACs.

When the PPACs and the sample are perpendicular to the neutron
beam direction, the distance travelled by a fission fragment inside
the material layers is proportional to 1= cos θ, being θ defined as in
Fig. 2. Therefore, energy loss is minimal for those fission fragments
crossing the detectors in the direction of the beam (cos θ¼ 1) and
increases with 1= cos θ until one of the fission fragments (FF) is
completely stopped. It is worth to mention, however, that this
maximum angle is dependent on the backing thickness. Simulations
indicate that the efficiency drops at angles around θ¼ 661 ( cos θ¼
0:4) for the thin aluminium backing (0:7 μm thick), and at θ¼ 571
( cos θ¼ 0:55) for the thick one (2:5 μm thick) being, in both cases,
more constraining than the geometrical acceptance, that extends up

Fig. 1. Schematic top view of the PPAC detectors and the targets used during n_TOF-
Phase2. The samples were 235U (target with number 0 in figure), 238U (target 1),
237Np (target 3) and 232Th (targets 2, and from 4 to 8).

Fig. 2. Reference system used to calculate the emission angle θ of the fission
fragments.
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to θ¼ 771 ( cos θ¼ 0:22). Fig. 3(a) represents the relation between
cos θ and the azimuthal angle ϕ around the beam axis for detected
events (using the 0:7 μm thick backing). In this case, there is no
dependence on the ϕ angle around the beam axis.

For the tilted setup represented schematically in Fig. 2, the
angular range includes all the values of cos θ between 0 and 1 and
the efficiency depends on both angles θ and ϕ, as it can be seen in
Fig. 3(b) for the detected events. The accumulation of events at
low cos θ values corresponds to those events where the forward
PPAC detects the backward fragment because of the tilt angle.

The detection efficiency is shown in Fig. 4 (using the 0:7 μm
thick backing) as a function of cos θ for different values of the
angle α between the neutron beam axis and the normal to the
detector surface. In the perpendicular setup (α¼ 01), the efficiency
was very close to 1 for cos θZ0:5 (θr601) dropping to zero for
larger angles. It can be seen from this figure that for tilting angles
above α¼ 201 the efficiency presents a non-zero value from
cos θ¼ 0 to cos θ¼ 1, showing, however, a shoulder around
cos θ¼ 0:7–0:8. This shoulder-shape is sensitive to the precise
definition of the sample thickness. Therefore, when comparing
data from two samples a correction factor must be applied to take
into account the differences in the detection efficiency, as it will be
explained later.

Despite the different behavior of the angular acceptance as a
function of the tilt angle α, the overall detection efficiency is
nearly the same up to α¼ 451 (from 0.58470.003 to
0.57270.003, see the inset in Fig. 4). For the configuration with
α¼ 651 the efficiency is flatter but this is at the expense of the
global efficiency which drops till 0.45770.003. Therefore, α¼ 451
is a good compromise between full angular coverage (01rθr901)
and global efficiency.

3.4. Linear momentum transfer

For neutrons above several MeV, the nucleus acquires a linear
momentum that is not negligible, but smaller than the complete

momentum transfer. In the case of proton-induced fission, it
reaches a maximum value of � 350 MeV=c for proton energies
around 1 GeV [17,18]. In order to transform the kinetic energies
and the emission angles of the fission fragments from the center-
of-mass frame to the laboratory frame, we have used the momen-
tum transfer measured in these experiments of proton-induced
fission to assign a value to the momentum transferred by the
neutron to the target nucleus.

This transfer of linear momentum implies that the relative
angle of emission between both fission fragments is not 1801,
contrary to what was assumed in the trajectory reconstruction of
fission events. However, in this setup it is not possible to know the
emission point of the fission fragments, only their final positions at
the PPACs. Therefore, the angle θm measured in this setup is
different from the emission angle in the laboratory frame. This
situation is shown schematically in Fig. 5, where the PPACs are
drawn perpendicular to the neutron beam for the sake of simpli-
city: two fission fragments are emitted in opposite directions in
the center-of-mass frame, with momenta p1 and p2 at an angle θcm.
The incident neutron transfers a momentum pn to the nucleus and,
therefore, the fragments are emitted with momenta p01 and p02 at
angles θ0

1 and θ0
2 in the laboratory frame, respectively. The

measured angle θm is determined by the neutron beam direction
and by the straight line between the hits in both PPACs.

To study how the linear momentum transferred to the nucleus
by the incident neutron affects the emission angle, simulations
were done using several typical values of the neutron energy. The
relation between the cosine of the emission angle in the CM frame,
θcm, and the cosine of the measured angle θm given by the position
of the hits in the two PPACs is shown in Fig. 6 for a momentum
transfer of 350 MeV/c, which corresponds to the maximum
momentum transfer achievable in the n_TOF facility. The linear
behavior is clear and a fit to the data yields a slope of 1.00070.001,
indicating the difference between the cosine of the measured and
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the cosine of the CM angles to be much smaller than the angular
resolution of the experimental setup, which is of 4.51. Accordingly,
the variation introduced by the momentum transfer is negligible,
even at the maximum neutron energy of 1 GeV.

4. Data analysis

The PPAC data analysis was based on the coincident detection of
both fission fragments in two adjacent PPACs, making it possible to
reject most of the background produced by the α activity of the
samples and by spallation reactions in the materials surrounding the
samples. In this work we followed a similar method to that used in
Refs. [6,7] for the identification of fission events using fast anode
signals.

To obtain the emission angle, we used the cathode signals that
provide the fragment position in each detector. The strips of the
cathodes are connected to a delay line that is read from both ends,
so that when a signal is produced in a strip, it is conducted to the
delay line and is propagated in two directions. The time difference
between the ends gives us the spatial position of one coordinate.
Since the two cathodes are placed perpendicular to each other, the
X and Y positions can be obtained.

In the tilted setup, the reference system used is shown in Fig. 2,
where the detectors are parallel to the X–Y plane. The positions of
the two fission fragments FF0 and FF1 at both PPACs define a
vector V

!
, while the beam direction is given by the vector

W
�!¼ ð1;0; �1Þ. Therefore, cos θ, the variable of physical interest,
can be calculated from the dot product of both vectors, assuming
that the fragments are emitted with a relative angle of 1801:

cos θ¼ V
!� W

�!
jV!j � j W�!j

ð2Þ

where jV!j and jW�!j are the magnitudes of V
!

and W
�!

,
respectively.

For the present work, the neutron energy was measured by the
TOF technique using the γ-flash signals for calibration, as
described in Refs. [6,7]. This provided a common time reference
within 1 ns for all the PPAC detectors and allowed an extremely
high energy resolution over the wide energy range of n_TOF.

4.1. Angular distribution measurement

For a certain neutron energy E, the number of detected fission
events where the fragments are emitted at an angle θ with respect
to the beam direction is given by

WðE;θÞdetected ¼ΦðEÞ � N � dsðE;θÞ
dΩ

� ɛðθ;ϕÞ ð3Þ

where ΦðEÞ is the time-integrated neutron fluence (in units of
cm�2 MeV�1) for the full measuring time, N is the number of

atoms in the target, dsðE;θÞ=dΩ is the differential cross-section for
emission of fission fragments at an angle θ, and ɛðθ;ϕÞ is the
detection efficiency, which depends on the exit angles θ and ϕ.

To study the angular behavior of the 232Th(n,f) reaction, the
dependence of the efficiency factor ɛðθ;ϕÞ on cos θ and ϕ
introduced in Eq. (3) needs to be subtracted. Since 235U(n,f) is
isotropic at low energies, its measured angular distribution
directly provides this efficiency factor. As it is shown in Fig. 7,
a good agreement between the experimental and the simulated
results is obtained for 235U(n,f) below 1 keV. The width of the
intervals in the histograms is limited by the statistics we got in this
experiment for the six targets of 232Th.

Therefore, the angular distribution functions WðE;θÞ obtained
for the 232Th(n,f) were divided by the one measured for 235U
below 1 keV. Furthermore, because the backing of the 232Th
samples was thinner than the 235U one (as mentioned in Section
2.3), the detection efficiency is not the same in both cases and its
ratio has to be taken into account. Therefore, Geant4 simulations
have been done to calculate the detection efficiency for the cases
where a thick and a thin backing are present, keeping the same
235U deposit as a reference. The ratio of these calculated detection
efficiencies is shown in Fig. 8.

Besides the different backing thicknesses, there are small
differences between 232Th and 235U samples that can produce
variations of the detection efficiency, namely those due to the
sample deposition or their amount of water, and even the different
energy lost by the fission fragments (different velocities and
charges) affecting more as the incidence angle on the different
layers is higher. Their relevance has been minimized by selecting
only those fission events with an incident angle on the PPACs
below 571 (measured with respect to the normal to the detectors).
This cut has been applied both to the simulation and the experi-
mental data, being worth to mention that with such a cut the
angular acceptance covers all the possible values of cos θ.

The so-obtained FFAD can be parametrized by a sum of even
Legendre polynomials PLð cos θÞ, because of the backward–for-
ward symmetry of the emitted fragments. The least-squares fit of
the angular distribution for each neutron energy interval was
performed using the following Legendre polynomial series:

WðθÞ ¼ C 1þ ∑
Lmax

L ¼ 2L even
ALPLð cos θÞ

� �
ð4Þ

where L is the order of the polynomial, Lmax is the maximum order
of the series, and AL are the fitting coefficients.

Some examples of the angular distributions are shown in Fig. 9,
normalized to their values at 901 for easy comparison. The width
of the angular intervals was only limited by the available statistics
for 232Th. The vertical error bars represent the contribution of the
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statistical uncertainty. Fig. 9(c) and (d) corresponds to a case
where the preferred emission was in the beam direction while
Fig. 9(a) and (b) shows a side peaked distribution with a minimum
at 01. From the fits shown in Fig. 9(a) and (b) it is evident that the
2nd order polynomial is not enough in all cases, so that Legendre
polynomials up to 4th order were used in the fits.

4.2. The anisotropy parameter

The anisotropy parameter is customarily used to characterize
the behavior of the angular distribution as a function of the
neutron energy, offering us a quick way of comparing our angular
distribution results with those available in the literature in the
same energy range. It is defined as A¼Wð01Þ=Wð901Þ and, using

Eq. (4), can be written as

A¼ 1þA2þA4þ⋯
1�1

2A2þ3
8A4þ⋯

ð5Þ

that depends only on the coefficients A2, A4, … given by the fits to
the cosine distributions described in the previous section. This
equation works for any Lmax simply by omitting the unnecessary
higher order terms.

In any case, the anisotropy parameter only provides informa-
tion at 01 and at 901, while the behavior at intermediate angles
remains hidden. For a full description of the angular distribution, it
is important to include the values of the fitting coefficients. The
results obtained for the anisotropy parameter corresponding to
the angular distributions shown in Fig. 9 are related in Table 1
together with the fitting coefficients.

5. Results

The anisotropy parameter has been calculated by using Eq. (5)
for neutron energies between the fission threshold and 3 MeV.
Most of the available data cover the region around the fission
threshold [15,19–22]. In this range, our data had sufficient statis-
tics to allow for a fine enough energy binning to accurately
reproduce the expected behavior. Moreover, because the width
of the energy intervals is limited by the counting statistics, the
analysis was repeated by using the same number of energy
intervals, shifted by the half width of them, giving so a more
detailed description of the anisotropy energy dependence. The
results from both analysis are represented together in Fig. 10, in
which they are compared to existing data. All the results present a
maximum of the anisotropy at the fission threshold followed by a
deep minimum around 1.6 MeV. This indicates a situation in which
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the preferred fragment emission changes quickly from forward to
sideways direction. At higher energies, only a few measurements
are available, showing a broader maximum above 2 MeV.

The accurate reproduction of the anisotropy parameter in this
energy range demonstrates the capacity of the tilted setup and of
the analysis method to determine angular distributions in a
continuous energy range. The use of a wide energy neutron beam,
as provided by the n_TOF facility, makes it possible to study the
energy dependence with high resolution.

With the position-sensitive PPACs employed in the present
work, all possible values of the emission angle could be measured
with an uncertainty of 74.51. Thus, the full angular distribution
was measured and fitted to a Legendre polynomial fromwhich the
anisotropy parameter was obtained. This had not been achieved in
most of the previous results (Fig. 10), where the measurements
were affected by limitations in the angular resolution, imposing
limits on the anisotropy parameter calculation. For instance,
Henkel and Brolley [15] measured fragments emitted at only five
different angles between 01 and 901, and Caruana et al. [21] at only
6 values. In both works the anisotropy parameter was calculated
from fits to Legendre polynomials (up to 6th and 4th order,
respectively); Gokhberg et al. [22] calculated the anisotropy
parameter as the ratio of the number of fragments emitted in
the parallel and perpendicular directions to the beam. In compar-
ison, the present setup is characterized by a continuous angular
range with a resolution of 74.51, where 15 intervals of cos θ were
provided for a detailed fit of the angular distributions and for
obtaining the respective anisotropy parameters.

6. Summary and conclusions

The performance of a fission chamber based on a new setup of
Parallel Plate Avalanche Counters oriented 451 with respect to the

neutron beam direction, that was developed for measurements of
angular distributions of the fragments from neutron-induced
fission, is reported in this paper. The experimental method for
measuring the emission angle of the fragments was complemen-
ted by Geant4 simulations for calculating the angular-dependent
efficiency, being those simulations consistent with the data.

It follows from this study that variations in the target or backing
thickness affect the angular dependence of the efficiency. However, it
was found that this dependence can be minimized by rejecting those
fission fragments hitting the detectors with an incident angle above
a certain threshold, which in the present case was set to 571.

The results obtained for 232Th(n,f) with the continuous neutron
beam at the CERN n_TOF facility between fission threshold and
3 MeV have been shown. The good agreement between these
results and previous available data proves the capabilities of this
setup for providing angular distributions with a good resolution in
a neutron beamwith a continuous energy distribution. The energy
resolution of the results presented here is mainly limited by the
counting statistics, whereas the energy resolution of the n_TOF
facility is much better (0.5% at En¼1 MeV) [9].
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Table 1
Coefficients of the fits to the angular distributions of 232Th(n,f) for the neutron
energies shown in Fig. 9 and the values of the anisotropy parameter calculated
from them.

En ðMeVÞ A0 A2 A4 A¼ Wð01Þ
Wð901Þ

1.41–1.58 1.0170.01 �0.1670.03 �0.3270.04 0.5470.05
1.58–1.78 1.0770.01 �0.0570.03 �0.3370.04 0.6870.05
1.78–2.00 1.0370.01 0.1570.03 0.0870.04 1.2870.05
2.51–2.82 1.0970.02 0.2370.03 0.0570.04 1.4270.06
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Fig. 10. Dependence of the anisotropy parameter on the neutron energy in the
232Th(n,f) reaction. Present data are indicated by the black squares for comparison
with previous results [15,19–22].
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