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Abstract

This work investigates the feasibility to perform an experiment at CERN n TOF to study
the fission cross section and fission fragment angular distribution (FFAD) of the 230Th(n,f)
reaction. An analysis of fission fragment energy losses in the experimental target resulted in
a choice of target thickness of 0.1 µm (100 µg/cm2), which yields good transmission out of
the target at up to 45° emission angles from the target normal. A detection setup using ten
PPAC detectors with nine thorium targets interleaved in between them was investigated,
where the detectors and targets were tilted 45° with respect to the neutron beam. This
makes it possible to measure all emission angles needed with respect to the neutron beam
in order to determine the FFAD. For the experimental area EAR2 at n TOF, a prediction
of the count rate in the experiment resulted in low statistical uncertainties after a few weeks
of beam time, which indicates that an experiment like this is feasible.

Sammanfattning

Detta projekt undersöker genomförbarheten av ett experiment vid CERN n TOF för
att mäta tvärsnittet och fördelningen av emissionsvinklar av fissionsfragment (FFAD) fr̊an
230Th(n,f)-reaktionen. En analys av energiförlusterna av fissionsfragment inuti torium-provet
resulterade i en optimal provtjocklek p̊a 0.1 µm (100 µg/cm2), vilket medför att fissions-
fragment som emitteras i vinklar upp till 45° fr̊an provets normal har hög sannolikhet att
transmitteras ut ur provet. En detektionsuppställning med tio PPAC-detektorer med nio
toriumprov mellan dem undersöktes, där detektorerna och proven antogs vara snedställda
med 45° fr̊an neutronstr̊alens riktning. Detta möjliggör detektion av fissionsfragment i alla
vinklar som är nödvändiga för att kunna mäta hela FFAD. För experimentanläggningen
EAR2 vid n TOF, resulterade en uppskattning av antalet detekterade fissionsevent per se-
kund i l̊aga mätosäkerheter efter ett par veckor av mättid, vilket antyder att experimentet
är görbart.
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1 Introduction

This work examines the feasibility to perform an experiment to study the fission cross section
and fission fragment angular distribution (FFAD) of the 230Th(n,f) reaction. The experiment
is envisaged at the neutron facility n TOF at CERN using Parallel Plate Avalanche Detectors
(PPACs), and the overall goal of the project is to determine a measuring time that would yield
a reasonably low statistical uncertainty. One of the key goals of the project is to determine a
suitable target thickness for the 230Th-targets, taking into account the self-absorption effects of
fission fragments that increase with target thickness.

Nuclear fission reactions provide important information on the properties of nuclear matter.
Although it has been studied for several decades, it is still not possible to predict the fission cross-
section of an arbitrary nucleus from first principles. Rather, detailed experimental measurements
on different observables are needed to develop nuclear models that explain the nuclear processes.

Neutron-induced fission plays also a crucial role in several fields of applied nuclear physics,
such as the energy extraction in nuclear reactors. The development of more reliable nuclear
energy systems that can reduce the currently existing amount of radioactive nuclear waste,
requires high-accuracy experimental data on fission cross-section and other fission observables.

In Th-cycle fission reactors, whose main fuel is 232Th, the contribution of 230Th to the pro-
duced power is not negligible, so that its fission cross section must be accurately known. Although
this isotope has been studied before, previous results are insufficient and show discrepancies be-
yond their respective uncertainties. A comparison of some previous experimental results for the
fission cross section of 232Th (as well as the latest cross section evaluation from ENDF [1]) is
shown in fig. 1.

Figure 1: Previous experimental results and the ENDF/B-VIII.0 evaluation [1] of the fission
cross section of 232Th in the region of the fission threshold, as a function of incident neutron
energy. Experimental data retrieved from EXFOR. [2]

Besides the applicational aspect, 230Th is also interesting to examine from a purely theoretical
point of view. The fission cross-section of most actinides is well explained using a double-humped
fission barrier, while 230Th (as a few other light actinides) displays resonances at the fission barrier
which indicate a triple-humped fission barrier [3]. In particular, the resonance peak at 0.72 MeV
(which can be seen in fig. 1) in the fission cross section of 230Th points towards this kind of
fission barrier [4], and for this reason the cross section needs to be measured with high accuracy
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in this region.

2 Theory

2.1 Nuclear fission

Nuclear fission is the process where a heavy nucleus is divided into two lighter fragments, re-
leasing energy mainly as kinetic energy of the two fragments. While this reaction can happen
spontaneously for heavy nuclides, it is rare and in general fission is induced by an incident neutron
or proton hitting the nucleus. [5]

In order for a fission reaction to be energetically possible, the fission fragments resulting from
the reaction must have a higher binding energy per nucleon (and thus be in a lower, more stable
energy state) than the initial nucleus. The binding energy of a nucleus is defined as the energy
needed to overcome the nuclear force holding the nucleus together, and split it up into its con-
stituent nucleons. It is also a correction to the nuclear mass, since the mass m of a nucleus is
smaller than the total mass of its nucleons:

m = mpZ +mnN −B (1)

where mp is the proton mass, mn is the neutron mass, B the binding energy and Z, N the
number of protons ans neutrons in the nucleus, respectively. Therefore, a nucleus with a high
binding energy has a lower mass. [5]

Figure 2: Binding energy per nucleon B/A as a function of A, with the semi-empirical mass
formula (smooth line) and experimental values. [5]

The binding energy per nucleon B/A as a function of mass number A is shown in fig. 2, with
experimental results as well as the semi-empirical mass formula (SEMF). Above A ≈ 60 (to the
right of the maximum in the figure) the binding energy per nucleon decreases with increasing

2



A, so according to eq. (1) the mass per nucleon increases with A. This is why fission is an
exothermic reaction: the number of nucleons is the same before and after the reaction, but the
total mass of the resulting fission fragments is lower than that of the pre-fission nucleus. The
mass difference ∆m is converted into kinetic energy as E = mc2. [5]

There are mainly two forces acting on the nuclons in a nucleus: the strong nuclear force, and
the Coulomb force (or electro-static force). The nuclear force is attractive and acts equally on
all nucleons, while the Coulomb force is repulsive and acts only on the protons in the nucleus.
On short distances, the nuclear force is many orders of magnitude stronger than the Coulomb
force and so the nucleus is being held together despite the Coulomb repulsion between protons.
But if an initially spherical nucleus has a high enough excitation energy, it can start to deform.
Initially, the nuclear force is working strongly to restore the nucleus to its equilibrium shape,
but for a large enough deformation the Coulomb force becomes stronger than the nuclear force.
At this stage, the Coulomb repulsion now drives the deformation of the nucleus into two fission
fragments which gain kinetic energy and separate. [5]

Figure 3: Nuclear potential energy as a function of deformation (and separation) according to
the liquid drop model. A schematic view of what the fissioning nucleus looks like is seen above.
[5]

In neutron-induced fission, the excitation energy is provided when a neutron hits a nucleus.
The excitation energy E* is approximately equal to Bn, the binding energy gained by the nucleus
when absorbing a neutron. Bn depends on several factors, such as if the nucleus has an even
number of protons and neutrons (an even-even nucleus). Since nuclei with even Z and N are more
stable, they have a high binding energy and there is not as much binding energy to gain from
absorbing another neutron. A nucleus with odd mass number A (either Z or N is odd) on the
other hand, gains more energy by absorbing a neutron and thus gets a higher excitation energy
E*. If E* is larger than the activation energy, the nucleus can undergo fission. The nuclear
potential energy as a function of deformation can be seen in fig. 3, along with a schematic view
of the nucleus during deformation. The activation energy is marked in the figure, showing how
much energy is needed to overcome the fission barrier, i.e the ”hump” in the nuclear potential.
At the peak of this hump is where the Coulomb repulsion takes over the restoring nuclear force
and starts to drive the separation. [5]
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2.2 Fission cross section

In nuclear reactions, the cross section is a measure of the relative probability for a specific reac-
tion to occur. If an incoming flux of particles Φ induce a reaction with rate C in a target of N
target particles that are subjected to the beam, the cross section is defined as

σ =
C

ΦN
(2)

The cross section has the dimension of area per nucleus, but it is not equal to the area of the
target particle seen by the incoming particle. It might be many orders of magnitude larger or
smaller than the geometrical area of the target particle, depending for example on which reaction
it concerns, which the particles reacting are and their energy. The cross section is commonly
measured in the unit barn [b], where 1 b = 10−28 m2. [6]

In experiments with an incoming particle beam, the cross section is measured as a function of
the energy of the incoming particle. For fissile nuclei (nuclei that easily undergo fission), fission is
possible for a wide range of neutron energies and the fission cross section is generally the highest
for low neutron energies, and then decreases with increasing neutron energy. Fertile nuclei on
the other hand do not undergo fission easily, and the fission cross section is very small until the
neutron energy reaches the MeV region; there, the cross section rapidly increases to the same
levels as for the fissile nuclei. This is called the fission threshold. 230Th is a fertile nuclide, and
its fission cross section according to the evaluation given by ENDF/B-VIII.0 [1] is shown in fig.
4.

Figure 4: Fission cross section of 230Th according to the ENDF/B-VIII.0 evaluation. [1]
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2.3 The fission barrier and the thorium anomaly

The nuclear potential shown in fig. 3 follows from the liquid drop model, which models the
nucleus as having properties similar to a drop of liquid. As can be seen in fig. 1, the experimental
results vary slightly from the smooth shape of the binding energy given by the liquid drop model.
This is due to the quantum states of the nucleus as described by the nuclear shell model, where
there are ”shells” with a limited amount of states that can be inhabited by nucleons. Adding
shell structure corrections to the nuclear potential given by liquid drop model causes a second
minimum in the potential, resulting in the double-humped fission barrier which can be seen in
fig. 5. [3]

Figure 5: Nuclear potential as a function of deformation, as given by the liquid drop model with
shell effect corrections [7].

The quantum mechanical nature of the nucleus also means that the excitation energy must
not necessarily be larger than the fission barrier in order for the nucleus to undergo fission. Just
as a single particle can tunnel through a fission barrier even though its energy is lower than
the barrier (so called quantum tunneling), the future fission fragment can tunnel through the
fission barrier that is created from the nuclear force of all nucleons in the nucleus collectively.
The probability of tunneling through the fission barrier depends on the excitation energy of the
nucleus, where some energy levels are more likely to cause tunneling through the fission barrier
than others.

Most heavy nuclei display a behaviour that is well-explained using the double-humped fission
barrier that is predicted from theory. 230Th on the other hand (along with a few other actinides)
displays resonances in the cross section that indicate another, shallow, minimum in the nuclear
potential so that the fission barrier is triple-humped (see page 93 in Ref. [4]). One such resonance
is seen in fig. 4, where there is a high, sharp peak in the fission cross section at 0.72 MeV neutron
energy. A schematic picture of a triple-humped fission barrier and energy levels in the potential
wells is shown in fig. 6.
Fig. 6b shows how energy states in the potential wells of a triple-humped fission barrier can be

mapped using the energies that yield resonances in the cross section.
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(a) (b)

Figure 6: A triple-humped fission barrier as a function of deformation, with possible energy
states in each of the potential wells. Fig. b illustrates the relationship between these energy
states and the dependence of the fission probability (proportional to the fission cross section)
with the neutron energy. Note that the latter plot is rotated to show the neutron energy in the
vertical axis. [3]

2.4 Mass distribution of fission fragments

When a nucleus undergoes fission, the mass of the resulting fission fragments is not the same in
every fission reaction. Instead, there is a mass distribution that describes the probability of a
fission fragment having a certain mass number. The distribution is symmetric around the center,
since for each heavy fission fragment, there is a corresponding light fragment.

When a nucleus undergoes fission the prospective fission fragment can travel in different paths
through (or over) the fission barrier, and these paths are called fission modes. Each fission modes
has its own contribution to the total mass distribution, and an example of a mass distribution
with the different contributions of fission modes can be seen in fig. 7a.

For low-energy fission processes, symmetric mass-splitting of the nucleus is unlikely. This
can be seen in fig. 7a, where the maximum of the symmetric mass distribution (which stems
from the Super Long fission mode, SL) is 100 times lower than the maximum of the asymmetric
distribution (the fission modes Standard 1 and 2, S1 and S2). As energy increases, the symmet-
ric contribution to the mass distribution increases, while the contribution from the asymmetric
fission modes decreases.

2.5 Fission fragment angular distribution

Due to the conservation of total angular momentum of the fissioning nucleus, the fission fragments
are not emitted isotropically in all directions. Instead, there is a distribution in the angle θ from
the neutron beam which can favour some angles and suppress others. What the distribution
looks like depends on several factors such as the energy of the incident neutron, the spin of the
nucleus, and what isotope it is.

Since the azimuthal angle φ around the neutron beam is a symmetry of the system (the
projection of the nucleus’ total angular momentum onto the neutron beam direction is the same
regardless of φ), the FFAD is uniform in φ.

When measuring the FFAD for different emission angles θ from the neutron beam, the data

6



(a) Mass distribution of the 238U(n,f) reaction for a neutron
energy of 0.9 MeV, with contributions from different fission
modes marked. [8]

(b) Mass distribution of the 235U(n,f) re-
action, for several neutron energies. [9]

Figure 7

points can be fitted to a series of Legendre polynomials in cos θ

W (θ) =

Lmax∑
L=0

ALPL(cos θ) (3)

where An are the fitting coefficients. Since the fission fragments are emitted in opposite direc-
tions the FFAD is backwards-forwards symmetric. This means that W (− cos θ) = W (cos θ), so
that only even-order Legendre polynomials need to be considered. Then the sum in eq. (3)
becomes

W (θ) = 1 +

Lmax∑
L=2,
L even

ALPL(cosθ) (4)

since the first Legendre polynomial is P0 = 1.
Apart from the fitting coefficients to the Legendre polynomials, another common way to

characterize the FFAD is the anisotropy. The anisotropy is the ratio of the number of fragments
emitted at 0° and at 90° with respect to the neutron beam:

A =
W (0°)
W (90°)

(5)

The anisotropy is related to the even-order Legendre coefficients by

A =
1 +A2 +A4 +A6 + ...

1− 1
2A2 + 3

8A4 − 5
16A6 + ...

(6)

In fig. 8 is the FFAD that was measured in the similar experiment with 232Th that is described

7



in Ref. [7], where the data points have fitted to Legendre polynomials of order 2, 4 or 6.

Figure 8: Fission fragment angular distribution of 232Th for En = [6.92, 7.24] MeV, fitted to
Legendre polynomials of order 2, 4, and 6 and normalized to the emission at 90°. [7]
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When the FFAD is peaked at either cos θ = 0° or 90° with no minimum or maximum in
the middle, fitting the data points using Legendre polynomials up to order 2 gives a reasonable
approximation of what the FFAD looks like. The the second order fitting coefficient A2 in terms
of the anisotropy A is expressed as

A2 =
A− 1
A
2 + 1

(7)

For some neutron energies (for example at the fission threshold) the FFAD of 230Th has maxima
or minima in between cos θ = 0° and 90°. This kind of shape suggests that higher order Legendre
polynomials need to be included in the analysis, but in this project polynomials up to order two
are used since this results in a good first approximation of the shape of the FFAD.

3 Experimental setup

3.1 The experimental areas at n TOF

The neutron time-of-flight (n TOF) facility at CERN is an experimental facility for studying
neutron-nucleus reactions. n TOF utilizes the time-of-flight principle, meaning that a neutron
beam pulse is created after which the neutron kinetic energy can be deduced by measuring the
time-of-flight from the neutron source to the target.

The neutron beam is created by directing a proton beam pulse of 20 GeV from the CERN
Proton Synchrotron accelerator onto a lead spallation target, yielding about 300 neutrons per
proton in a broad energy range [10]. In the spallation reaction a γ-flash is created, which is
detected at the experimental area. This provides the time t0 when the spallation reaction occurs,
and so also for when the neutrons leave the spallation target [11].

The neutrons are then moderated by passing through a layer of water, causing some neutrons
to lose more energy than others. This increases the spread in neutron energy, resulting in a range
from 0.025 eV to 1 GeV [12].

When the neutrons reach the experimental area and induce a reaction in the experiment
target, the incident neutron energy can be deduced by comparing the time t0 of the γ-flash and
the time of the neutron reaction, t0 + t.

There are two experimental areas in use at n TOF; EAR1 and EAR2. The principal difference
between the two is in the length of their neutron flight paths. EAR1 has a 185 m long flight path
from the spallation target to the experimental area, which permits high-resolution time-of-flight
measurements. Contrarily, EAR2 uses a shorter (20 m) flight path which has the advantage that
a much higher neutron flux reaches the experimental area, allowing for example measurements
with samples of very small mass, or very short-lived nuclei. However, the shorter distance to the
spallation target means that the neutron energy resolution is reduced compared to EAR1 [13].

The different lengths of the neutron flight paths also result in different limitations for how
high-energetic neutrons can be measured. Since the γ-flash and the neutrons are detected using
the same detector, the signals from the γ-flash and the most energetic neutrons need to be
distinguished. For the flight-path at EAR1, the time-interval between the γ-flash and 1 GeV-
neutrons is longer than the detector’s recovery time and so at EAR1 neutrons up to 1 GeV can
be detected. At EAR2 on the other hand, the short flight-path causes a signal overlap between
the γ-flash and the most energetic neutrons, so the upper limit of detectable neutron energies
is around 100 MeV. Therefore, for measurements in the high-energy range EAR1 is the most
suitable experimental area.
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Figure 9: A schematic view of the experimental areas EAR1 and EAR2 at n TOF. [13]

Figure 10: Neutron flux as a function of neutron energy, at EAR1 and EAR2. Note the difference
in upper energy limit for the two experimental areas. [13]

3.2 Parallel Plate Avalanche Counters

Parallel Plate Avalanche Counters (PPAC) are gas detectors used for fission detection. Their
principle of operation is that a charged particle enters a low-pressure gas subjected to a uniform
electric field, producing a track of ion pairs. The electrons and positive ions then drift towards
the anode and the cathode, producing more ion pairs by colliding with uncharged gas molecules
on their way. This produces an ’avalanche’ of charged particles drifting towards the anode and
cathode where they are detected.

The advantage of using PPACs is that background radiation can be efficiently eliminated by
placing one detector on each side of the target. Since fission fragments are emitted at a 180°angle
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with respect to each other, if one of them hits the first PPAC, the other hits the second. This
way, only two fission fragments hitting each detector simultaneously are registered as a count,
and background radiation detection is excluded.

The PPAC detector, whose size is 20 x 20 cm, consists of one central anode which is made
of 1.5 µm aluminized Mylar foil, flanked by two cathodes. The cathodes, which are also made of
Mylar foil, are covered with 2 mm wide aluminium strips with 100 µm gaps in between. Both
the layer of aluminium covering the anode and the strips on cathodes are 40 nm thick. The 3.2
mm gaps between the anode and the cathodes are filled with a low-pressure gas which is ionized
when a fission fragment enters the detector.

The aluminium strips on the cathodes permit the measurement of the position where the
fission fragments hit the detector. The striped cathodes are oriented orthogonally to each other,
in order to provide the (X,Y) position of a fission fragment pair hitting the detector. Furthermore,
the position where the fission fragments hit the detectors provides the measured emission angle
θm.

Since there is no information on the emission point in the target, θm is calculated using the
assumption that the fission fragments are emitted at a 180°with respect to each other. However,
there is a linear momentum transfer between the neutron and the target nucleus. This implies
that θm does not equal the center of mass emission angle which is the quantity of interest. Fig. 11
shows a schematic picture of the relationship between the center of mass angle θcm, the emission
angle in the laboratory system θ′, and the measured angle θm. However, previous results have

Figure 11: Schematic view of the emission angles according to the center of mass system and the
lab system (θcm and θ′, respectively), as well as the measured angle θm. [7]

shown that even for the maximum momentum transfer possible at n TOF (for En = 1 GeV),
θm is approximately equal to θcm with an error of 0.1%. This indicates much smaller errors in θ
than the angular resolution of the PPACs, which is 4.5°, and that the linear momentum transfer
can be neglected. [7]. In further calculations, θm is referred to as θ.

4 Method

4.1 Measurement of fission cross sections

When conducting an experiment to measure fission cross sections, the idea is to induce a fission
reaction (for example by shooting a neutron beam onto a target to be investigated) and then to
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detect the resulting fission fragments. The rate of detected fission events per second is called the
count rate. For an experiment as this one where a neutron beam induces fission in a target, the
count rate (per unit energy) follows the formula

C(E) = Φ(E) · σ(E) ·N · ε(E) (8)

where Φ(E) is the neutron flux (in s−1cm−2), σ(E) is the fission cross section, N the number of
atoms in the target and ε(E) the detection efficiency.

In order to deduce the cross section from the count rate, the other variables affecting the
count rate must be accurately known.

The number of atoms N follows from the thickness of the target, and the thickness can be
chosen to suit the experiment. While a thicker target means that more atoms can undergo fission,
it also means that fission fragments have to travel for a longer distance inside the target which
leads to more fission fragments being stopped before emerging out of the target. The choice of
the target thickness is therefore an important parameter to optimize in the experiment.

The detection efficiency ε(E) needs to be included as a consequence of the geometry of the
setup, the PPAC detectors do not cover the entire solid angle around the target so some fission
fragments will miss the detectors. For this reason, an analysis of how many fission fragments hit
the detector as a function of emission angle has to be made. This in turn is affected also by the
FFAD which is energy-dependent, which causes the energy-dependence in ε. The total efficiency
for some energy E is found by multiplying the geometrical efficiency as a function of emission
angle θ with the FFAD (also a function in θ) and then integrating over the angle.

The neutron flux Φ(E) is specific for the neutron beam used, and depends on energy. In
order to know the true neutron flux during the measurement, a reference target for which σ is
well-known needs to be included in the setup and measured simultaneously. However, even for
nuclei with standard cross sections, the cross section is not exact and the neutron flux deduced
from the reference target might differ depending on which reference nucleus is chosen. For this
reason, the cross section of the nucleus to be studied is usually presented as the quotient of the
experimental cross section and the reference cross section:

σa(E)

σb(E)
=
Ca(E)

Cb(E)
· Φb(E)

Φa(E)
· Nb

Na
· εb(E)

εa(E)
(9)

where a corresponds to the nucleus to be investigated and b to the reference nucleus, respectively.
Since neutrons interact only weakly with matter, the neutron beam attenuates very little

when passing through the setup. It is stated in Ref. [7] that the neutron flux attenuation in
the entire experimental setup is less than 1%, so that the ratio of the neutron flux for different
targets can be taken to be 1. Then we obtain the relationship

σa(E)

σb(E)
=
Ca(E)

Cb(E)
· Nb

Na
· εb(E)

εa(E)
(10)

for the experimental and reference cross sections. In the case of several 230Th-targets, Ca(E)
and Na are the total count rate and number of nuclei for all 230Th-targets. For this project, a
reference target of 235U is used.

In order to predict the count rate of the future experiment, an estimate of the cross section
is needed. For 230Th, the evaluation given by ENDF/B-VIII.0 (seen in fig. 4) [1] which goes up
to a neutron energy of 20 MeV, and above that the evaluation from TENDL-2019 was used up
to a neutron energy of 200 MeV. Above 200 MeV there is no experimental data, so for the case
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of the count rate at EAR1 (where the neutron flux goes up to energies 1 GeV) the last value of
the cross section from TENDL-2019 [14] was used as a constant from 200 MeV to 1 GeV. For
235U, cross section data from INDC [15] which goes up to 1 GeV was used.

When calculating the count rate using eq. (8) the neutron flux of both EAR1 and EAR2,
taken from Ref. [12] and Ref. [16], respectively, were used.

From the predicted count rate of the 230Th-targets, a measuring time (beam time) can be
chosen that yields a reasonably low statistical uncertainty in the future experiment.

In order to calculate the predicted count rate, several parameters regarding experiment design
are taken to be the same as in Ref. [7], where a very similar experiment to measure the fission
cross section and FFAD of 232Th is described. This includes the detector dimensions, the beam-
facing area of the targets, and the distance between targets and detectors.

Another factor regarding experiment design is the way that the detectors and targets are
oriented with respect to the neutron beam. Since the detectors do not cover the entire solid
angle around the target, some fission fragments will always be lost; in particular, if the target
and detectors are oriented perpendicular to the neutron beam, then emission angles close to 90°
with respect to the neutron beam can not be detected. Instead, one can choose to tilt the target
and detectors with respect to the neutron beam, in order to enable detection of fission fragments
at larger emission angles. In this project, the detection efficiency of a perpendicular setup and
one that is tilted 45° are investigated.
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4.2 Determining target characteristics

When determining what target thickness to use, it is important to realize that while a thicker
target means more 230Th atoms are subjected to the neutron beam (which implies an increased
count rate according to eq. (8)), it also increases the effect of self-absorption when fission
fragments are slowed down inside the target. This effect becomes more evident for larger angles
of emission with respect to the target normal, since the distance traveled by the fission fragment
before emerging is proportional to (cos θ)−1 (see table 1 further below).

The Bethe-Bloch formula (here for the non-relativistic case) describes the mean energy loss
per distance travelled of a charged particle travelling through matter with speed v and charge z,

− dE

dx
=

4πnz2

mev2
·
(

e2

4πε0

)2

·
[

ln

(
2mev

2

I

)]
(11)

where e, me are the electron charge and mass, ε0 is the vacuum permittivity, and n is the
electron density and I the mean excitation potential of the material [5]. Evidently, the energy
loss decreases approximately as v−2 when the particle’s kinetic energy increases. Therefore, the
fission fragments with the lowest kinetic energy will have the shortest range inside the target.

Using the approximation that the linear momentum transfer from the neutron to the fission-
ing nucleus is zero, from the well-known equation Ekin. = p2/2m and momentum conservation
|p1| = |p2| we obtain

E1

E2
=
m2

m1
(12)

which means that the heavier a fission fragment is, the lower is its kinetic energy. This yields that
it is the heaviest fission fragments that will limit the transmission probability, i.e the probability
of a fission fragment emerging out of the target. Therefore, if a 100% transmission probability
is found for a heavy fission fragment, the same holds for all lighter fission fragments.

Summing the above conclusions: the case when a heavy fission fragment is emitted at a large
angle is the one limiting the transmission probability, and this is the case that is investigated in
order to determine a suitable target thickness.

The fission fragments of the 230Th(n,f) reaction are simulated using the fission code GEF,
which provides data on fission fragments up to a nuclear excitation energy of 100 MeV [17].
The mass distribution of fission fragments is dependent on the incident neutron energy, and an
increase in neutron energy increases the symmetric contribution to the fission fragment mass
distribution. This can be seen in fig. 12, where fission fragment mass distributions of the
230Th(n,f) reaction for three different neutron energies are compared.

The asymmetric fission modes are what causes the very heaviest fission fragments in the mass
distribution, so an increase in neutron energy decreases the probability of these fission fragments
to occur. For the data in this report, a neutron energy of 5 MeV was used to obtain fission
fragment energies and probabilities for the Th-230(n,f) reaction from GEF.

In order to determine a suitable target thickness the program SRIM (The Stopping and Range
of Ions in Matter) was used, which calculates the energy losses of ions passing through matter
[18]. In SRIM, simulations were conducted of fission fragments being emitted from inside the
target and passing through the experimental setup. The layers included are the ThO2 sample,
the 0.7 µm aluminium backing, 1.5 µm Mylar foil and 40 nm aluminium for the closest cathode,
and 1.5 µm Mylar covered with 40 nm aluminium on both sides for the anode. The cathode that
is further away from the target is not included, since passing through the first cathode and the
anode is enough to ionize atoms in both gas gaps in the detector.
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(a) En = 5 MeV (b) En = 10 MeV (c) En = 80 MeV

Figure 12: Post-neutron emission fission fragment mass distribution of the Th-230(n,f) reaction
for neutron energies of 5, 10 and 80 MeV, provided by GEF. On the x-axis is the fission fragment
mass A, and on the y-axis the probability in percents, normalized to 200%. Lines in light green
correspond to the different fission modes.

In a fission event, one of the fission fragments it emitted in the direction of the backing while
the other (emitted at 180° from the first one) is emitted towards the front of the target. Since
the fragment passing through the backing has to travel a longer distance inside the target, it will
be attenuated easier. Still, both fission fragments need to reach the detectors in order to register
a fission event and so the fragment passing through the backing will be the limiting case.

A similar reasoning applies to where in the target a fission fragment is created. Some frag-
ments are created at the surface of the 230Th-sample and immediately emerge out of the target,
while others are created at one end of the sample and need to travel through the entire thickness
of the target before emerging. Therefore, the thickness found with SRIM is taken as the total
230Th-target thickness.

Since the energy losses in the gas filling the space between the target and the detector as well
as the gaps in the detector are negligible compared to the losses in the material layers, the gas
is excluded in the SRIM simulations.

When choosing which fission fragment to be conducting simulations with, it is unnecessary
to choose the very heaviest in the mass distribution. This is because the heaviest fragment
considered by GEF, which in this case is 158Nd, has only a 0.001% chance to occur in each fission
event. Therefore, the advantage of being able to transmit all fission fragments is outweighed by
the disadvantage of total fission events decreasing due to a much thinner target. Instead, the
fission fragment 149Ce is used, which leaves 1.365% of fission fragments being heavier.

In fig. 13, a comparison of transmission probability between three different fission fragments
is shown: 149Ce which is used to determine the target thickness, and 138Xe, 90Kr which are the
most probable fission fragments in the light and heavy mass distribution peak, respectively. As
can be seen in the close-up plot to the right in fig. 13, 149Ce which is the heaviest isotope decreases
more as the emission angle increases than the two lighter isotopes. This shows the effects stated
above; if a transmission of approximately 100% is found for a heavy fission fragment emitted at
a large angle, the same transmission is valid for all lighter fission fragments and for all smaller
angles.

Since TRIM (the Transport of Ions in Matter, which is one of the programs included in
SRIM) operates using a Monte Carlo simulation and the outcome of each simulation (whether
the fragment was transmitted, or not) is independent of the previous one, the outcome of the
simulations is Poisson distributed. This yields a relative uncertainty of u =

√
N/N where N is the

number of events. For each configuration of target thickness and emission angle 104 simulations
were made, which results in a relative error of 1%.
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Figure 13: The transmission probability as a function of emission angle for three different iso-
topes: 149Ce, 138Xe and 90Kr. In the right figure, a close-up of small emission angles is shown.

Table 1: Table of results of the SRIM simulations with 149Ce for a few different thicknesses and
emission angles. The transmission probability is given in percent, and the uncertainty is 1% for
all values.

ThO2 thickness and aerial density \ emission angle 40° 45° 50° 55°
0.15 µm (150 µg/cm2) 98.4 97.0 92.8 81.8
0.10 µm (100 µg/cm2) 99.6 99.0 98.0 97.0
0.05 µm (50 µg/cm2) 99.8 99.7 99.7 99.1

The results of the SRIM simulations with 149Ce are shown in table 1. When choosing a
suitable target thickness, the aim was to have a transmission probability no lower than 99%,
since for 99±1%, 100% is in the confidence interval. Since the transmission probability for lighter
fission fragments can not be lower than that of 149Ce, this results in a transmission probability
around 100% for all lighter fragments also.

For the emission angle, an angular acceptance of at least 45° from the target normal is needed.
This is required in order to be able to measure the fission fragment angular distribution for angles
between 0° and 90° with respect to the neutron beam, as will become clear in section 4.3.1.

Using the reasoning above and comparing the transmission probability for different values of
thickness and emission angle in table 1, a thickness of 0.1 µm is the most suitable target thickness.
For this thickness, there is a good transmission probability up to 45° emission angle from the
target normal. By decreasing the thickness further the angular acceptance would increase, but
this would also decrease the total number of nuclei in the target. Therefore, 0.1 µm thickness
with an angular acceptance of 45° is the most suitable choice for the 230Th-target.

In a real measurement, it would still be possible to detect the fragments that do transmit at
larger angles, but since no assumptions can be made that hold for all fission fragments at larger
angles, only emission below 45° is considered in the following calculations.

For the reference target of 235U, the target thickness is taken to be the same as in the similar
experiment in [7]. The thickness and other characteristics of the targets are presented in table 2.
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Table 2: Data for the 230Th- and 235U-targets. All targets are circular with 80 mm diameter,
and have a 0.7 µm aluminium backing. The uncertainty in the thickness (and so also the number
of nuclei) was taken to be 3%. The purity of the targets was taken to be the same as in the
232Th- and 235U-targets of the experiment in Ref. [7].

Target Purity [%] No. of targets Thickness [µm] Aerial density [µg/cm2] No. of nuclei
230Th 99.99 8 8×0.10 8×100 8× 1.15 · 1019
235U 92.71 1 0.25 0.28 3.07·1019

4.3 Detection efficiency

The detection efficiency describes how well fission fragments can be detected, and depends on
several variables. In this project it was assumed that all fragments that hit a detector are
detected, so that the detection efficiency depends only on which fragments do reach the detector.
The detection efficiency can be divided into two contributions: the geometric efficiency, i.e the
probability of a fragment hitting the detector as a function of angle, and a correction for the
FFAD which affects how many fragments are emitted at different angles.

4.3.1 Geometric efficiency

When designing the experiment, one can choose to orient the target and PPACs perpendicularly
to the neutron beam or tilt them with some angle α. The PPACs do not cover the entire solid
angle around the target, so fission fragments emitted close to 90° with respect to the neutron
beam will not be detected if the PPACs are placed perpendicularly to the neutron beam.

A tilted setup on the other hand allows all emission angles θ to be detected, while introducing
a dependence on the azimuthal angle φ around the neutron beam. This is an advantage since a
quantity of interest in the experiment is also the fission fragment angular distribution (FFAD),
which is a function in θ but independent of φ. For this project, the case of a perpendicular setup
and a 45° tilted setup were investigated.

A schematic view of the perpendicular and tilted detection setup are shown in fig. 14. The
cones in the figures represent the allowed emission angles below the cutoff angle of 45° with
respect to the target normal which was decided on in section 4.2.

Since the FFAD depends on the neutron beam direction and not on the orientation of the
target, tilting the target and PPACs does not affect it. Meanwhile, the cutoff angle is set with
respect to the target normal, so for the tilted setup the cone of allowed angles is rotated upwards
as can be seen in fig. 14b. This makes it possible to measure θ in the interval of [0, 90°], while
for the perpendicular setup the interval is [0, 45°]. Keep in mind that the FFAD is symmetric in
the azimuthal angle φ around the neutron beam, so detection at the ’bottom half’ of the cone in
fig. 14a gives no new information on the FFAD compared to the upper half of the cone. Since
detection at angles θ from 0 to 90° is needed in order to measure the whole FFAD, the tilted
setup is preferred.

In order to calculate the geometrical efficiency (i.e the probability of hitting a detector as
a function of θ), a Monte Carlo simulation was performed using MATLAB. The geometrical
efficiency was calculated for both the perpendicular and tilted setup, using the geometrical
parameters presented in table 3.
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(a) Perpendicular setup (b) Tilted setup

Figure 14: Schematic view of the perpendicular and the tilted setup seen from the side, where
the z-axis is defined as the direction of the neutron beam and θ is the emission angle with respect
to the neutron beam. For the tilted setup, the tilted reference system of the target and PPACs
is shown with primed axes. The cones shown correspond to the emission angles allowed (below
the cutoff angle of 45°). For both coordinate systems (the primed and un-primed systems), the
x-axis points into the picture. Note that, even though it is not seen in this view, the target is
round while the detectors are square-shaped and their dimensions are described in table 3 below.

Table 3: Geometrical parameters for the perpendicular and tilted setup. R is the radius of the
(round) target area, L is the side length of the (square-shaped) PPAC, and dp, dt are the target-
PPAC distances for the perpendicular and tilted setup, respectively. For the tilted setup, dt is
taken along the z′-axis in fig. 14.

R 40.0 mm
L 200.0 mm
dp 17.1 mm
dt 25.0 mm

For both setups, the MATLAB code (presented in Appendix) was based on the following
steps:

1. Generate random coordinates on the target surface to use as emission point

2. Generate random angles of emission (θ, φ)

3. Let the fragment travel in a straight line along the direction set by (θ, φ), until the z-
coordinate reaches z = d (dp or dt depending on the setup)

4. Control if the x- and y-coordinates are within the limits of the detector and if the emission
angle with respect to target normal is ≤ 45°: if yes, increase the number of hits with 1.

For the tilted setup, all variables in the steps above are taken in the primed coordinate system in
fig. 14. In the tilted case, after a hit on the detector has been confirmed, the vector marking the
direction of the fragment was rotated with -45° around the x-axis so that it was defined according
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to the un-primed coordinate system. From this, the angles θ and φ were obtained, instead of
θ′ and φ′ which were the angles that were randomly generated. For each setup, 106 fragments
were simulated. For both setups, after a hit on the detector had been confirmed, the angles that
yielded a hit were recorded and the results are presented in the six histograms in fig. 15.

As can be seen in fig. 15a and 15b, which describe the perpendicular setup both with and
without the cutoff angle condition, there is in general no φ-dependence in what values of θ yield
a hit on the detector. This is expected from fig. 14: if an emission angle theta results in a hit, it
does so regardless of φ. In fig. 15a however, a kind of fringes or waves can be seen which depend
on φ. This is due to the fact that the PPACs are square-shaped; for φ-angles of ±45° and ±135°,
the emission direction of the fragment points towards a corner of the PPAC, and there larger
values of θ still yield a hit at the detector. And for a cutoff angle of 45° for the same setup (fig.
15b), there is a sharp cut at cos 45° which is expected since for this setup, the target normal
which defines the cutoff angle coincides with the emission angle with respect to neutron beam,
which is what is measured.

For the tilted setup, the angles that resulted in a hit were recorded both according to the
primed and the un-primed coordinate system. The angles according to the primed system are
shown in fig. 15c and 15d, and it is clear that they resemble the corresponding histograms for
the perpendicular setup. In fact, fig. 15b and 15d are identical, which is expected since for
both setups, the angles have been recorded in the detectors respective coordinate systems. The
only difference between the perpendicular and tilted setup when described in their respective
coordinate systems, is that for the tilted setup, the center point of the PPACs is no longer
aligned with the center point of the target. The center points of the PPACs are still aligned with
the z-axis and not the z′-axis, so for the tilted setup there is a shift in the y′-coordinates that
mark the limits of the detector. The result from this is seen in fig. 15c, where for φ′ = 0°, θ′ is
more limited than in the corresponding figure for the perpendicular setup. This is since φ′ = 0
points towards the y′-axis, and the border of the PPAC that is closest to origo. Conversely, the
two lower corners of the PPAC are further away from origo than for the perpendicular setup, so
there even larger maximums in cos θ′ are seen.

For fig. 15e and 15f, the data used is the same as for fig. 15c and 15d, the only difference
being that the coordinates have been transformed to the un-primed coordinate system so that
the histograms are in (cos θ, φ) instead of (cos θ′, φ′). Now all values of cos θ in the interval [0,
1] can be reached, compared to the perpendicular setup in fig. 15a and 15b where there there is
zero probability of hitting the detector for small values of cos θ.

The accumulation of data points for small values of cos θ in fig. 15e comes from the fact
that detection at cos θ < 0 (i.e θ > 90°) is possible with the tilted setup when there is no
cutoff condition. Since the FFAD is symmetric in ± cos θ, the detected emission angles where
cosθ > 0 give no new information compared to cos θ > 0. Therefore, the absolute value | cos θ|
was recorded in order to get data points for cos θ in the interval [0, 1]. This makes no difference
for the data in fig. 15f however, since the cutoff angle of 45° in θ′ yields that θ cannot be larger
than 90° anyway.

Using the data recorded for both setups in the un-primed coordinates (corresponding to fig.
15a, 15b, 15e, 15f), the transmission probability as a function of θ, normalized to the number of
hits/total number of simulations, were plotted. The results can be seen in fig. 16.
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(a) Perpendicular setup (b) Perpendicular setup, θ ≤ 45°

(c) Tilted setup, primed coordinates (d) Tilted setup, primed coordinates, θ ≤ 45°

(e) Tilted setup (f) Tilted setup, θ ≤ 45°

Figure 15: Histograms of recorded angles that result in a hit on the detector. On the x-axis is
the cosine of the emission angle θ, and on the y-axis the azimuthal angle φ. Note that for fig. c
and d, the recorded angles are θ′ and φ′.
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(a) Detection probability with all angles θ allowed (b) Detection probability with θ ≤ 45°.

Figure 16: Detection probability as a function of emission angle θ for the tilted and perpendicular
setup with and without the condition that θ ≤ 45°. The data collected from simulations was
divided into 100 bins which are evenly spaced from cos θ = 0 to cos θ = 1. The global efficiency,
i.e number of hits/total number of simulations for each setup is given in the legend.

As can be seen in fig. 16, the tilted setup does allow detection for all emission angles up to
θ = 90° (cos θ = 0). Still, using the cutoff condition is constraining both the perpendicular and
tilted setup substantially, as can be seen when comparing the global efficiency between the two
figures (global efficiency shown in the legends). For the tilted setup with the cutoff condition,
the global efficiency is 0.293 and there is particularly low detection probability for values of θ
close to 90°. Nevertheless, since a transmission probability out of the target cannot be assumed
above 45° emission angles, this cutoff condition needs to be applied. In the further calculations
of detection efficiency and count rate, the detection probability of the tilted setup with the cutoff
condition is used.

Since for each setup 106 simulations were made and the data on recorded angles were divided
into 100 bins, approximately 104 simulations were made for each bin. Just as in the simulations
in section 4.2 the events are Poisson distributed, which results in a relative uncertainty of uprob. =√

104/104 = 0.01 in the detection probability.

4.3.2 Fission Fragment Angular Distribution correction

If the fission fragments would be emitted isotropically in all angles, the total efficiency ε would
equal the global geometric efficiency εgeo = 0.293 ± 0.001 that was calculated in the previous
section. However, since the fission fragment angular distribution (FFAD) causes some emission
angles to be suppressed and others to be favoured, a correction to the geometric efficiency needs
to be done to account for this effect. For this, an estimate of the FFAD of 230Th is needed.
Previous data on the FFAD of this isotope is sparse, and the data that spans over the largest
neutron energy range is the Simmons and Henkel data [19], which spans over neutron energies
from 1 to 9.15 MeV. Above this range there is no available data on the FFAD of 230Th, so as
a rough estimate the Tarŕıo data for 232Th [20] was used, which spans up to 100 MeV. Below 1
MeV the FFAD of 230Th can be assumed to be isotropic, and above 100 MeV the distribution
was assumed to be same as for 100 MeV.
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In the data sets used, individual data points of relative emission at different angles are given,
as well as the anisotropy that was calculated from the data. The anisotropy, when the two
datasets have been combined and extended with constant values below 1 MeV and above 100
MeV, is presented in fig. 17.

Figure 17: The anisotropy parameter as a function of neutron energy, with a total of 43 data
points. From 1 to 9.15 MeV is the Simmons and Henkel data for 230Th, and from 9.15 to 100
MeV is the Tarŕıo data for 232Th. Below 1 MeV the anisotropy was assumed to be 1, and above
100 MeV the last value of the Tarŕıo was taken as a constant value.

As can be seen in fig. 17, the anisotropy is generally larger than 1, meaning that emission in
the direction of the neutron beam is favoured over emission at 90° from the neutron beam.

Since the 2nd order Legendre polynomial is sufficient to obtain the general shape of the an-
gular distribution, the 2nd order fitting coefficient was calculated using eq. (7) so that the FFAD
could be plotted for each neutron energy. Then the angular distribution expressed in terms of
the anisotropy parameter becomes

W (θ) = P0 +

(
A− 1
A
2 + 1

)
· P2 (13)

where P0 = 1 and P2 = 1
2 (3 cos2 θ − 1).

In order to obtain the total efficiency as a function of energy, the following formula was used

ε(E) =

∫ 1

0

εFFAD(E, θ) · εgeo(θ)d cos θ (14)

where εgeo is the geometric efficiency i.e probability of detection as a function of θ. εFFAD is a
set of the fission fragment angular distributions that are obtained when applying eq. (13) using
each of the data points in the anisotropy in fig. 17.

Since the geometric efficiency εgeo is discrete, each of the continuous FFAD functions in
εFFAD need to be evaluated in the same points as εgeo. Then εFFAD becomes a matrix with
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Figure 18: Fission fragment angular distribution for three different values of the anisotropy
parameter: A = 0.90 and A = 2.30 which are the anisotropy values in the minimum and the
maximum in fig. 17, as well as A = 1.53 which is the mean anisotropy.

43 rows (the number of data points in the anisotropy, so the number of different energy values
where the FFAD was evaluated) and 100 columns (the number of values of cos θ where εgeo is
defined). Then the integral in the above equation becomes a sum:

ε(E) =
1

100

100∑
n=1

εFFAD(E, θ) · εgeo(θ) (15)

where for each neutron energy E, the FFAD and εgeo are multiplied for each of the 100 points
that represent different values of cos θ, and then averaged. The result is the total efficiency,
evaluated for the same energy values as the anisotropy. The same calculations were repeated

Figure 19: The total efficiency ε for 230Th as a function of neutron energy.

when calculating the efficiency for 235U, where data on the anisotropy parameter was taken from
Ref. [21]. The data spans from 0.3 MeV to 1 GeV, and below 0.3 MeV the angular distribution
was assumed to be isotropic so that the anisotropy parameter is 1. The total efficiency is presented
in fig. 20.
Note the scale on the y-axis in fig. 19 and 20; the total efficiency is around 30% for both 230Th

and 235U.
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Figure 20: The total efficiency ε for 235U as a function of neutron energy.

4.4 Count rate and beam time

After the number of nuclei N and efficiency ε(E) have been determined, the count rate can be
calculated using eq. (8). The count rate was calculated for both 230Th and 235U (using the cross
section evaluations mentioned in section 4.1), and for the neutron flux of both experimental areas
at n TOF.

Systematic uncertainty for the count rate was calculated using error propagation of the un-
certainty in the number of nuclei and the efficiency. The uncertainty in neutron flux and cross
section is not included, since the neutron flux cancels out from the measured result according to
eq. (10) and the cross section is the quantity to be measured.

When multiplying the count rate with a beam time t, we obtain the number of counts per
energy bin for the whole measuring time. The number of counts N for each energy bin is Poisson
distributed so that the relative statistical uncertainty, as before, is u =

√
N/N . Since a low

uncertainty is wanted in the region of the threshold of 230Th, and especially in the resonance,
the beam time needs to be chosen accordingly. If the beam is adjusted in order to yield a low-
enough uncertainty in the minimum to the right of the resonance peak, the accuracy will be even
better in the peak itself since the number of counts per bin is higher there.

Assuming that the measuring time itself can be determined with a high accuracy, the relative
systematic uncertainty in the number of counts is the same as in the count rate regardless of
beam time. The statistical uncertainty on the other hand depends on the number of counts
for each neutron energy, so that a long enough measuring time can be chosen in order to yield
reasonably low uncertainties. Using that u =

√
N/N and the count rate from table 4, the relative

statistical uncertainty was calculated for different amounts of beam time.
One way to decrease the beam time needed to get a low statistical uncertainty is to increase

the bin size for the binning of the neutron flux. The original data has a binning of 100 bins/decade
(100 bins between 1 and 10 MeV, between 10 and 100 MeV, and so on), so for example doubling
the bin size (to obtain 50 bins/decade), the number of counts per bin is approximately doubled.
Doubling the bin size lowers the energy resolution, but the shape of the resonance peak when
using 50 bins/decade is still very similar to the shape obtained for 100 bins/decade. A comparison
of the shape of the resonance peak for the two different binnings can be seen in fig. 21.

The results of the count rate, the systematic uncertainties in the count rate in the minimum
to the right of the resonance peak, and uncertainties for the total number of counts after different
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Figure 21: Count rate of 230Th using the neutron flux of EAR1: comparison of the shape of the
resonance peak at 0.72 MeV, for 100 and 50 bins/decade. The amplitude of the count rate for
50 bins/decade is divided by two so that the shapes can be compared.

amounts of beam time are presented in the Results section. As an example, the total number
of counts after three weeks beam time is shown for both 230Th and 235U, with the resulting
statistical and systematic uncertainties for 230Th.
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5 Results

5.1 Count rate

The predicted count rate of 230Th(n,f) and 235U(n,f), for both EAR1 and EAR2, is presented
in fig. 22 and 23. As can be seen in fig. 22, the resonance in the cross section of 230Th(n,f) is
visible also in the count rate as a high, narrow peak at 0.7 MeV.

In table 4, the count rate and corresponding systematic uncertainty in the minimum to the
right of the resonance peak of 230Th(n,f) are presented, for both experimental areas.

(a) (b)

Figure 22: The total count rate of 230Th(n,f) for both experimental areas with 100 bins/decade,
where the left figure shows a close-up at the fission threshold including systematic uncertainties.
The systematic uncertainties for 230Th range from 3.5 to 3.7 percent.

Table 4: The count rate, systematic uncertainty and relative uncertainty for 230Th(n,f) at the
minimum to the right of the resonance peak (E = 0.785 MeV), for both experimental areas (using
100 bins/decade).

EAR1 EAR2
C [s−1] 2.192 · 10−4 9.952 · 10−4

usys [s−1] 8.181·10−6 3.714·10−5

usys,rel 3.731% 3.731%
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Figure 23: The count rate of 235U(n,f) for both experimental areas with 100 bins/decade.

5.2 Beam time and statistical uncertainties

Using the count rate presented in table 4 the number of detected fission events at EAR1 and
EAR2 were calculated for different amounts of beam time, and the corresponding statistical
uncertainties are presented in table 5.

Table 5: Relative statistical uncertainty in the number of detected fission events at the minimum
to the right of the resonance peak for different beam times at EAR1 and EAR2, presented for
100 bins/decade and 50 bins/decade.

No. of weeks 1 2 3 5 8 12
EAR1 (100 bins/decade) [%] 8.6 6.1 5.0 3.9 3.0 2.5
EAR2 (100 bins/decade) [%] 4.1 2.9 2.3 1.8 1.4 1.2
EAR1 (50 bins/decade) [%] 5.9 4.2 3.4 2.6 2.1 1.7
EAR2 (50 bins/decade) [%] 2.7 2.0 1.6 1.2 1.0 0.8
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5.3 Number of detected fission events for three weeks beam time

Three weeks of beam time results in a statistical uncertainty of 5.0% and 2.3% (in the minimum
to the right of the resonance peak) for EAR1 and EAR2, respectively, as was seen in table 5.
Looking instead at the whole neutron energy spectrum, the number of counts after three weeks
beam time at EAR1 and EAR2 are presented in fig. 24. In fig. 25, the number of counts along
with statistical and systematic uncertainties is shown.

(a) Counts for 230Th after three weeks measuring
time.

(b) Counts for 235U after three weeks measuring
time.

Figure 24: The total number of counts (detected fission events) of the eight thorium targets and
one uranium target after three weeks measuring time, presented for both experimental areas.
100 bins/decade.
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(a) Counts for 230Th with statistical uncertainties. (b) Counts for 230Th with systematic uncertainties.

(c) Counts for 230Th with combined uncertainties,
u = (u2

stat + u2
sys)1/2.

Figure 25: Total number of counts (detected fission events) of the eight thorium targets after
three weeks measuring time. Presented with statistical and systematic uncertainties, using 100
bins/decade.
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6 Discussion

In table 5, it can be seen that after three weeks of beam time, a measurement at EAR2 results in
a statistical uncertainty under 2% 1.6%. Since similar measurements usually last for 3-4 weeks,
this is an reasonable result and so the conclusion is that it is feasible to perform a cross section
measurement of 230Th at n TOF.

Another way to decrease beam time would be to make a more thorough analysis of the
attenuation of fission fragments in the target. In this project the limiting case where a heavy
fission fragment is emitted at a large angle from one side of the target to the other was considered,
so that the transmission probability for all lighter fragments, emitted at smaller angles and from
all locations in the target will have at least as good transmission probability. In a real experiment
many fission fragments could probably be transmitted at larger angles than 45° which was the
limit acceptance angle that was determined. Meanwhile, considering only emissions below 45°
lowered the global efficiency of the tilted setup from 0.76 to 0.29 which is a drastical decrease.
As a comparison, in the similar experiment conducted in Ref. [7] angles up to 65° were allowed,
resulting in a global efficiency of 0.59.

Instead of considering the most limiting case and setting the resulting transmission probability
as the same for all lighter fission fragments, another approach could be to implement a Monte
Carlo simulation that generates a random fission fragment from the mass distribution, a random
emission angle, and random coordinates inside the target. Then, for each randomized emission
configuration, perform many simulations in SRIM to determine the transmission probability for
that specific configuration, and average over all configurations.

Still, even with the constraints that were made in the calculations in this project, the result
was that a fairly short beam time resulted in low uncertainties in the region of the fission threshold
which indicates that this experiment is feasible.

7 Conclusions

The target thickness 0.1 µm that was found is reasonable compared to similar experiments at
n TOF. The predicted count rate shows that at EAR2, the statistical uncertainty in the region
of the fission threshold is around 2% after three weeks measuring time when using a resolution
of 100 bins/decade. The statistical uncertainty can also be reduced further by increasing the bin
size. Since a couple of weeks is a reasonable measuring time at n TOF, the conclusion is that
the envisaged experiment is feasible.
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8 Appendix

8.1 MATLAB code

1 % montecarlo .m
2 %
3 % F e l i c i a Lapinsk i
4 %
5 % 2020−07−10
6

7 % Input parameters
8 % case 1 = v e r t i c a l setup , case = 2 : t i l t e d 45 deg .
9 c = input ( ’ Input 1 f o r v e r t i c a l case or 2 f o r 45 deg . t i l t e d case : ’ )

;
10 r e s u l t = input ( ’ Input 3 f o r a histogram view o f recorded angles , or 4

f o r the d e t e c t i o n p r o b a b i l i t y as a func t i on o f theta : ’ ) ;
11

12 N = 1e6 ; % No . o f s imu la t i on s
13 h i t s = 0 ;
14 t i l t = pi /4 ;
15 c u t o f f = pi /2 ;
16

17 % Geometric parameters :
18 R = 40 ; % [mm] , t a r g e t rad iu s
19 A = 100 ; % [mm] , d e t e c t o r width and he ight from cente r
20

21 i f c == 1 % case 1 : v e r t i c a l setup
22 d = 1 7 . 1 ; % [mm] , d i s t anc e from t a r g e t to de t e c t o r anode
23 s h i f t = 0 ;
24 e l s e i f c == 2 % case 2 : t i l t e d setup , 25 mm s h i f t in y−coord .
25 d = 2 5 . 0 ;
26 s h i f t = d∗ tan ( t i l t ) ;
27 end
28

29 % D e f i n i t i o n o f coo rd inate system :
30 % X− and Y−axes are to the r i g h t and upwards on the de t e c t o r
31 % when look ing in the oppos i t e neutron beam d i r e c t i o n .
32 % In order to have a r ight−hand−o r i en t ed coord . system ,
33 % the Z−a x i s then needs to be in the beam d i r e c t i o n
34 % ( then the FF h i t po int has the coo rd ina t e s [ x , y , d ] ) .
35

36 % P r e a l l o c a t e space f o r recorded coord . and ang l e s
37 X = ze ro s (N, 1 ) ;
38 Y = ze ro s (N, 1 ) ;
39 CosTheta = ze ro s (N, 1 ) ;
40 Phi = ze ro s (N, 1 ) ;
41

42 f o r i = 1 :N
43 % Generate random emiss ion po int in t a r g e t
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44 alpha = rand ∗2∗ pi ; % Generate random angle and rad iu s
45 r = R∗ s q r t ( rand ) ;
46 x0 = r ∗ cos ( alpha ) ; % Convert from po la r to ca r t . coord .
47 y0 = r ∗ s i n ( alpha ) ;
48

49 % Random emiss ion d i r e c t i o n
50 c o s t h e t a = (1−rand ) ;
51 theta = acos ( c o s t h e t a ) ;
52 phi = rand ∗2∗ pi ;
53

54 % Calc . d e t e c t o r coord . from d , theta and phi
55 x = x0 + d∗ tan ( theta ) ∗ cos ( phi ) ;
56 y = y0 + d∗ tan ( theta ) ∗ s i n ( phi ) ;
57 y s h i f t = y + s h i f t ; % f o r case 2 , the detector ’ s y−coord
58 % has a s h i f t
59

60 % Rotation matrix around the x−a x i s :
61 Rot = [ 1 0 0 ; 0 cos (− t i l t ) −s i n (− t i l t ) ; 0 s i n (− t i l t ) cos (− t i l t ) ] ;
62

63 % Control whether the FF h i t s the de t e c t o r AND i f emis s ion ang le
64 % i s l e s s than the c u t o f f ang le ;
65 % i f yes , i n c r e a s e the number o f h i t s
66 i f ( abs ( x ) <= A) && ( abs ( y s h i f t ) <= A) && ( theta <= c u t o f f )
67 h i t s = h i t s + 1 ;
68 X( h i t s ) = x ;
69 Y( h i t s ) = y s h i f t ;
70

71 % Def ine s t a r t vec to r and end vec to r o f the FF’ s t r a j e c t o r y :
72 s t a r t v e c = [ x0 y0 0 ] ’ ;
73 endvec = [ x y d ] ’ ;
74

75 % For case 2 , the vec to r po in t ing in the FF’ s emis s ion
76 % d i r e c t i o n needs to be ro ta ted in order to expre s s
77 % emiss ion ang l e s in the lab coord . system
78 i f c == 2
79 endvec = Rot∗ endvec ;
80 s t a r t v e c = Rot∗ s t a r t v e c ;
81 vec = endvec − s t a r t v e c ;
82

83 % Retr i eve emis s ion ang l e s ( phi , c o s t h e t a ) from the
84 % rotated vec to r :
85 i f ( vec (1 )>=0) && ( vec (2 )>=0)
86 phi = atan ( vec (2 ) / vec (1 ) ) ;
87 e l s e i f ( vec (1 )<0) && ( vec (2 )>=0)
88 phi = atan ( vec (2 ) / vec (1 ) ) + pi ;
89 e l s e i f ( vec (1 )<0) && ( vec (2 )<0)
90 phi = atan ( vec (2 ) / vec (1 ) ) − pi ;
91 e l s e i f ( vec (1 )>=0) && ( vec (2 )<0)
92 phi = atan ( vec (2 ) / vec (1 ) ) ;
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93 end
94 c o s t h e t a = vec (3 ) /norm( vec ) ;
95 end
96

97 % Some s h i f t s in phi , in order to have phi in the range
98 % [−pi , p i ] ( t h i s makes the histogram look n i c e r : ) )
99 phi = phi − pi /2 ;

100 i f c == 1
101 phi = phi − pi ;
102 end
103 i f phi <= −pi
104 phi = phi+2∗pi ;
105 end
106

107 % Record the ang l e s that generated a h i t :
108 Phi ( h i t s ) = phi ;
109 CosTheta ( h i t s ) = abs ( c o s t h e t a ) ;
110 end
111 end
112

113 % Remove a l l unnecessary z e ro s from the p r e a l l o c a t e d space :
114 Phi = Phi ( 1 : h i t s ) ;
115 CosTheta = CosTheta ( 1 : h i t s ) ;
116

117 % Global geometr ic e f f i c i e n c y :
118 g e o m e f f i c i e n c y = h i t s /N
119

120 i f c == 1
121 i f r e s u l t == 3
122 ThetaPhi = [ CosTheta Phi ∗180/ p i ] ;
123 h i s t 3 ( ThetaPhi , [ 5 0 5 0 ] , ’ CdataMode ’ , ’ auto ’ , ’ EdgeColor ’ , ’ none ’ )
124 xlim ([−0.05 1 . 0 5 ] ) ;
125 co l o rba r
126 view (2)
127 t i t l e ( ’ Perpend icu lar setup ’ , ’ i n t e r p r e t e r ’ , ’ l a t e x ’ ) ;
128 x l a b e l ( ’ cos$ \ theta$ ’ , ’ i n t e r p r e t e r ’ , ’ l a t e x ’ ) ;
129 y l a b e l ( ’ $\phi$ ( deg ) ’ , ’ i n t e r p r e t e r ’ , ’ l a t e x ’ ) ;
130 s e t ( gcf , ’ c o l o r ’ , ’w ’ ) ;
131 g r id o f f
132 box on
133 end
134

135 i f r e s u l t == 4
136 CosTheta ( h i t s +1) = 0 ; % This must be added so that the
137 % histogram goes from 0 to 1 in
138 % cos the ta
139 h = histogram ( CosTheta , 100) ;
140 case1 = h . Values ;
141 i n t g r l 1 = sum( case1 ) /100 ;
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142 s c a l e 1 = g e o m e f f i c i e n c y / i n t g r l 1 ;
143 case1 = case1 .∗ s c a l e 1 ;
144 p lo t ( case1 ) ;
145 end
146 end
147 i f c == 2
148 i f r e s u l t == 3
149 ThetaPhi = [ CosTheta Phi ∗180/ p i ] ;
150 h i s t 3 ( ThetaPhi , [ 5 0 5 0 ] , ’ CdataMode ’ , ’ auto ’ , ’ EdgeColor ’ , ’ none ’ )
151 co l o rba r
152 view (2)
153 t i t l e ( ’ T i l t ed setup , primed coord inate system ’ , ’ i n t e r p r e t e r ’ ,

’ l a t e x ’ ) ;
154 x l a b e l ( ’ cos$ \ theta$ ’ , ’ i n t e r p r e t e r ’ , ’ l a t e x ’ ) ;
155 y l a b e l ( ’ $\phi$ ( deg ) ’ , ’ i n t e r p r e t e r ’ , ’ l a t e x ’ ) ;
156 xlim ([−0.05 1 . 0 5 ] ) ;
157 ylim ([−198 1 9 8 ] ) ;
158 s e t ( gcf , ’ c o l o r ’ , ’w ’ ) ;
159 g r id o f f
160 box on
161 end
162

163 i f r e s u l t == 4
164 h = histogram ( CosTheta , 100) ;
165 case2 = h . Values ;
166 s c a l e = mean( case2 ( 8 9 : end ) ) ;
167 case2 = case2 . / s c a l e ;
168 i n t g r l 2 = sum( case2 ) /100 ;
169 s c a l e 2 = g e o m e f f i c i e n c y / i n t g r l 2 ;
170 case2 = case2 .∗ s c a l e 2 ;
171 p lo t ( case2 ) ;
172 end
173 end
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[20] Tarŕıo et al. “Measurement of the angular distribution of fission fragments using a PPAC
assembly at CERN n TOF ”. In: Nuclear Instruments and Methods in Physics Research A
743 (2014), pp. 79–85.

35

https://ntof-exp.web.cern.ch/ntof-exp/index.php?page=FacilityDescription
https://ntof-exp.web.cern.ch/ntof-exp/index.php?page=FacilityDescription
http://www.khs-erzhausen.de/GEF.html
http://www.khs-erzhausen.de/GEF.html
http://www.srim.org/
http://www.srim.org/


[21] Paradela et al. “Neutron-induced fission cross section of 234U and 237Np measured at the
CERN Neutron Time-of-Flight (n TOF) facility”. In: Physical Review C 82.1 (2010).

36


	Introduction
	Theory
	Nuclear fission
	Fission cross section
	The fission barrier and the thorium anomaly
	Mass distribution of fission fragments
	Fission fragment angular distribution

	Experimental setup
	The experimental areas at n_TOF
	Parallel Plate Avalanche Counters

	Method
	Measurement of fission cross sections
	Determining target characteristics
	Detection efficiency
	Geometric efficiency
	Fission Fragment Angular Distribution correction

	Count rate and beam time

	Results
	Count rate
	Beam time and statistical uncertainties
	Number of detected fission events for three weeks beam time

	Discussion
	Conclusions
	Appendix
	MATLAB code


