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Abstract
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It is difficult to underestimate the importance of neutron cross section standards in the nuclear
data field. Accurate and precise standards are prerequisites for measuring neutron cross sections.
Two different projects are presented here with the aim of improving on neutron standards.

A simulation study was performed for an experiment intended to measure the cross sections of
H(n,n), 235U(n,f), and 238U(n,f) relative to each other. It gave the first estimates of the performance
of the experimental setup. Its results have aided the development of the experimental setup by
setting limits on the target and detector design.

A second neutron-standard project resulted in three measurements of 6Li(n,α)t relative to
235U(n,f). Each subsequent measurement improved upon the previous one and changed the
experimental setup accordingly. Although, preliminary cross sections were agreeing well with
evaluated data files in some energy intervals, the main goal to measure the cross section up to
3 MeV was not reached.

Mass yields and energy spectra are important outcomes of many fission experiments, but in
low yield regions the uncertainties are still high even for recurrently studied nuclei. In order to
understand the fission dynamics, one also needs correlated fission data. One particular important
property is the distribution of excitation energy between the two nascent fission fragments. It
is closely connected to the prompt emission of neutrons and γ’s and reveals information about
how nucleons and energy are transferred within the fissioning nucleus.

By measuring both the pre and post neutron-emission fragment masses, the cumbrance of
detecting neutrons directly is overcome. This is done using the fission spectrometer VERDI and
the 2E-2v method. In this work I describe how both the spectrometer, the analysis method, and
the calibration procedures have been further developed. Preliminary experimental data show the
great potential of VERDI, but also areas that call for more attention. A previously overlooked
consequence of a central assumption was found and a correction method is proposed that can
correct previously obtained data as well.

The last part of this thesis concerns the efficiencies of the fission product extraction at the
IGISOL facility. The methodology of the fission yield measurements at IGISOL are reliant on
assumptions that have not been systematically investigated. The presented work is a first step of
such an investigation that can also be used as a tool for optimising the setup for measurements
of exotic nuclei. A simulation framework connecting three different simulation codes was
developed to investigate the produced yield of fission products in a buffer gas. Several different
variants of the setup were simulated and the findings were generally accordant with previous
estimates. A reasonable agreement between experimental data and the simulation results is
demonstrated.
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1. Introduction

Nu ska vi ge oss av, sa lilla björnen
till sin vän.
Nu ska vi ut i världen för att söka
sanningen!

— Charta 77

The phenomena of nuclear fission has been known since 1939 when the ex-
perimental results from the year before [1] was theoretically explained by Lise
Meitner and Otto Frisch [2]. Quickly, it was realised that this was a tremendous
source of power and soon it was utilised for devastating new weapons. But,
more importantly, fission used in a controlled and stable fashion made nuclear
power plants possible.

Nuclear power plants have been in use since the fifties, but are more relevant
than ever today. In order to reduce the impact of global warming the United
Nation instituted Intergovernmental Panel on Climate Change (IPCC), calls
for energy production methods emitting less carbon dioxide. Nuclear power is
an obvious choice since its low carbon dioxide footprint is in the same order
of magnitude as wind and solar power [3]. An expansion of nuclear power
therefore encouraged by the IPCC [4].

Despite the long history of nuclear power, there are many things still not
known about fission and the underlying interactions. The main reason is the
complexity of the strong force that governs all nuclear reactions. The strong
force keeps the quarks together to form nucleons, but the residual strong force
also keeps the nucleons together to form nuclei. It dominates the inter-nucleon
interactions, since it is much stronger than the well known electromagnetic
force at this range. The residual force is short ranged, in the order of fm, but
affects all nucleons, whether they are neutrons or protons almost identically.
Thus, modelling a large nucleus is a many-body problem, and as such, it
is difficult to handle in great detail. Of that reason, a mean-field theory is
commonly used as an approximation, thereby treating the nucleon-nucleon
interactions as perturbations.

Since accurate models for arbitrary nuclei are non-existent, there are lots of
nuclei and properties that must be measured. Masses, half-lives, nuclear struc-
ture, etc. are all important parameters to understand not only nuclei themselves,
but also how they were created on a grand scale. Without a detailed model
of fission, decays, and many other nuclear phenomena, the nucleosynthesis
occurring in stars and big cosmological events cannot be understood.
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Nuclear physics and nuclear data are therefore not only important for ap-
plications like nuclear power and carbon dating. It is also highly relevant for
understanding the strong force, cosmological events, as well as the abundance
and origin of every element in the universe. The work presented in this thesis is
a modest attempt to add to our knowledge about nuclear reactions, by improv-
ing on previous data as well as working towards measuring new observables
and systems.

1.1 Thesis outline
This thesis consists of four main projects described in chapters 5 to 8. The
theoretical background, as well as the detector and nuclear facility requirements
for each of the projects are overlapping, and therefore presented in the preceding
chapters 2 to 4. Some more technical implementation details have been put in
appendix A, while appendix B lists some of the scientific publications I have
(co)authored.

1.2 Reuse of previous work
The sections related to the simulations of the NFS experiments are reworked
and extended content from my licentiate thesis [5]. Regarding the 6Li(n,α)t
measurement parts (mainly sections 3.1, 4.2, 6.1 and 6.2) are based on the
licentiate thesis, but also in this case the previous content has been reworked
and extended.
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2. Neutron-induced nuclear reactions

Protip: You can safely ignore any
sentence that includes the phrase
“According to quantum mechanics”.

— Randall Munroe

This chapter provides a short theoretical background of the nuclear reactions
relevant for my projects. Some general terminology and concepts, that will be
used in later chapters, are also introduced.

2.1 Neutron standard cross sections
In both experiments presented in chapters 5 and 6, respectively, the main
ingredients are neutron standards. The importance of these standards in the
field of experimental nuclear physics is great. Therefore, they deserve their
own section in this thesis, in order for me to introduce them and to explain
their significance to many neutron-based experiments.

Absolute cross section measurements of neutron-induced reactions are cum-
bersome due to the neutron’s reluctance to interact. Therefore, it is difficult to,
e.g., count all of the neutrons in a neutron beam. It is also difficult to create a
neutron beam with specific properties since neutrons are difficult to direct and
control. Direct measurements of the neutron cross sections are possible, e.g.
by utilising neutron tagging [6], but more commonly indirect measurements
relative a neutron standard are made.

The neutron standards allow us to obtain cross sections for neutron-induced
reactions on an absolute scale by measuring relative to another reaction with
an assumed known cross section. However, if a standard is adjusted due to,
e.g. better measurements, every single cross section measured relative to that
particular standard must change accordingly.

Many different standards have been in use and there is not a single standard
that is superior in all circumstances. So, one could ask what properties make
a standard, a standard? A number of good properties for a neutron standard is
listed by Carlson [7] and a summary of those is provided below.

• The nuclide should be available in elemental form, be chemically inert
and not be radioactive.

• It should be easy to fabricate into different forms.
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Table 2.1. The neutron standards according to IAEA and the energy ranges in which
they are considered standards [8].

Reaction Neutron energy range
H(n,n) 1 keV - 20MeV
3He(n,p) thermal - 50 keV
6Li(n,t) thermal - 1MeV
10B(n,α) thermal - 1MeV
10B(n,α1γ) thermal - 1MeV
natC(n,n) below 1.8MeV
197Au(n,γ) thermal, 0.2MeV - 2.5MeV
235U(n,f) thermal, 0.15MeV - 200MeV
238U(n,f) 2MeV - 200MeV

• It should not be expensive.
• It should have no interfering reaction channels.
• Its compound should be isotopically pure.
• The cross section should be large, with no structure over the region in

which it is used.

In addition to this list there are more requirements depending on what kind
of reaction the neutron standard is based on and what kind of setup is used to
measure it.

However, no neutron standard is likely to have all the properties in the
above list. Which property is the most important will depend on the specific
situation. The requirements regarding other reaction channels as well as the
size and structure of the cross section is highly energy dependent. To reduce
systematic uncertainties it is preferable to use the same, or at least the same
kind of, detector setup to measure the standard and the wanted cross section.
Depending on the reaction at hand, it will be easier to measure it with some
setups rather than others. Listed in table 2.1 are the currently accepted standards
by IAEA [8].

The neutron standards discussed in this thesis, H(n,n), 6Li(n,α)t, 235U(n,f)
and 238U(n,f), all have different properties that distinguish them. The elastic
neutron scattering of a proton, H(n,n), is quite well understood theoretically
[9] and is regarded as the most accurately known cross section [7]. Pure solid
state hydrogen targets are not available, so one has to turn to other options.
One could use a gas target with lower density than a solid target, a liquid
hydrogen target (which is more cumbersome to maintain) or a solid target, like
polyethylene, where other chemical elements are present. The recoil proton
will have an energy similar to the incoming neutron’s and, as a charged particle,
it can be detected in various ways, e.g., with semiconductor detectors. Due
to the two-body kinematics the energy and angle of the proton are correlated,
which helps to identify wanted events and reduce the background.
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Although a recommended partial wave solution, for energies up to 350MeV,
exist for the H(n,n) reaction [10], only the fission cross sections of 235U and
238U are currently listed as standards above 20MeV. This means that a non-
radioactive standard target does not currently exist above 20MeV.

At the low-energy side, due to its small cross section below the fission
threshold, 238U is not sensitive to thermal and epi-thermal neutrons. If these
neutron energies are of no interest or a disturbing thermal neutron background is
present, one might prefer 238U(n,f) to 235U(n,f) as cross section standard. The
238U(n,f) standard is commonly used for beam monitoring purposes. The α-
activity can constitute a disturbing background but is also used to characterise
the target [11] and can, in some setups, be used to calibrate the detectors.

2.1.1 Relative measurements
The concept of relative measurements is important for the measurements of
neutron standards. Not only because they aspire to improve the neutron stand-
ards, to which experimentalists compare other cross sections, but also because
the measurements of the standards are usually relative themselves due to the
difficulties of detecting neutrons directly.

The cross section σ can be expressed as

σ =
N
εφn
, (2.1)

where N is the number of experimentally detected events, ε the total detection
efficiency, φ the neutron fluence and n the number of target nuclei. By com-
paring the number of measured events to another cross section measured using
the same fluence, we instead get

σ =
N
N ′
ε′

ε

n′

n
σ′, (2.2)

where the primed variables denote the properties of the reference measurement.
The cross section can be derived without knowing the neutron fluence, φ, but
instead one needs to measure two different reactions, as well as having access
to a well known cross sectionσ′. This, unfortunately, brings additional random
and systematic uncertainties to the measured cross section.

2.2 Nuclear structure
Both the neutron and the proton are fermions, so they cannot have the same
set of quantum numbers as any other of their species, i.e., they have to abide
by the Pauli principle [12]. Nucleons, bound in a nucleus, occupies the most
energetically favourable states, while states of higher energies are left vacant
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unless excitation energy is available. Solving the Schrödinger equation yields
solutions, i.e. states, which are highly dependent on the orbital angular mo-
mentum �, which interacts strongly with the particle spin s, to form the angular
momentum j, in the so called spin-orbit interaction.

Analogously to atomic physics, where the orbital angular momentum plays
an important role in the aufbau principle, the nuclear shell structure will not
solely depend on the principal quantum number n, but also strongly on j.
How a nuclear state couples to other quantum states will mainly depend on the
angular momentum as well as the parity π of the wavefunction describing the
state.

Each shell is identified by a number of states of similar energies, separated
from other shells by an energy interval void of states. If a shell is completely
filled, i.e. closed, it will require much more energy to add an extra particle to
the next unoccupied level since it will have to reside in the next shell. Together
with the fact that the energy drops as the total angular momentum sum to zero
when all the degenerate states of a nuclear level are filled, this makes shell
closure favourable.

The total number of protons or neutrons present as the last nuclear level of
a shell is filled up, is called a magic number. The six first magic numbers
are listed in table 2.2. As the nuclei becomes large or heavily deformed
the magic numbers might change. The increasing number of inter-nucleon
interactions and possible non-spherical shapes can push levels both up or
down. Discovering new magic numbers is one reason many nuclear scientists
look into super-heavy nuclei and nuclei far from stability.

An interesting example is fission fragments close to the neutron drip line
where interactions with the unbound continuum states may shift levels and
quench the high numbered shell gaps [13]. Experimental evidence exists that
support a shift of the proton levels of tin isotopes with increasing neutron
number [14]. New magic numbers are possible if any of these shifts changes
the existing gap structure in the nuclear level scheme. Other experimental data
[15] show a preference for the creation of fragments with Z = 54, possibly
indicating a new proton magic number, but the theoretical explanations for this
are lacking.

2.3 Compound reactions
As a particle impinge on a nucleus there are two extremes of how a reaction
can occur. It either interacts with one or a few nucleons separately in a direct
reaction, or with the nucleus as a whole in a compound reaction. Which is more
probable depends on the wavelength. The diameter of an atomic nucleus is
around a few fm and generally speaking the incoming particle needs a smaller
wavelength than that to single out any specific part to interact with. Particles
of larger wavelengths will not be able to ‘see’ or interact with the constituents.
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Table 2.2. The first six magic numbers with their associated nuclear levels and
occupancy numbers. The numbers are valid for both protons and neutrons separately
for nuclei not far from stability.

Single particle states Number of states Magic number
1s1/2 2 2

1p3/2, 1p1/2 6 8
1d5/2,2s1/2, 1d3/2 12 20

1 f7/2 8 28
2p3/2, 1 f5/2, 2p1/2, 1g9/2 22 50

2d5/2, 1g7/2, 3s1/2, 2d3/2, 1h11/2 32 82

A neutron has a wavelength of about 30 fm at 1MeV while it decreases to 5 fm
as the kinetic energy reaches 30MeV. This means that low energy neutrons of
a few MeV are unlikely to induce direct reactions while neutrons of a few tens
of MeV can be said to be of intermediate energies, capable of utilising both
mechanics.

The compound reactions will be the predominate reaction mode in the
projects presented in this thesis, and thus deserves a bit more attention. As
the neutron is absorbed by the target nucleus, and an intermediate compound
nucleus will be formed. The intermediate state will typically survive for
attoseconds or more, i.e., much longer than it would take the incoming neutron
to traverse the nucleus. That time is enough for the incoming energy to be
thermalised by multiple intra-nuclear collisions, so that the compound nucleus
will, in the extreme case, completely ‘forget’ how it was formed. Consequently,
the compound nucleus decay channel will be independent of how the compound
nucleus was formed.

While a direct reaction would usually be an interaction with a single particle
state, a compound reaction involves the state of the whole nucleus. The
likelihood of a reaction occurring (reaction cross section) will depend on how
well the incoming particle wave overlaps with the intermediate state, as the
particle is captured within the compound nucleus. If the particle energy would
be such that the intermediate state is close to a nuclear level in the compound
nucleus, the cross section is greatly enhanced and it is said to be a resonance
reaction. Contrary to the levels in the continuum, these resonances are long-
lived with well defined widths.

The cross section close to a single resonance can be described by a Breit-
Wigner distribution where the proportionally constant depend on the properties
of the resonance level as well as of the incoming particle. It can be written

σ =
λ2

π
g

Γ2/4
(E − ER)2 + Γ2/4

, (2.3)
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where λ is the particle wavelength, Γ the resonance width, E the particle
energy, and ER the resonance energy. The statistical factor g describe how
the incoming particle spin sp, and the target nucleus spin sn, can couple with
the orbital angular momentum �, to match the total angular momenta I of the
resonance:

g =
2I + 1

(2sp + 1)(2sn + 1)
. (2.4)

In addition of affecting the cross section, the resonance state will also affect
angular distributions of emitted particles. Resonance reactions are of particular
importance in the measurement described in chapter 6.

2.4 Fission
Many heavy nuclei can undergo spontaneous fission, but the naturally abundant
ones will do so only at low rates. Fission of a nucleus can also be induced,
if an incoming particle is absorbed. For charged particles this means that the
Coulomb repulsion must be overcome in order to reach the nucleus, while
γ- and neutron-induced fission are not affected by this. The discussion will
mostly be restricted to neutron-induced fission, which is the most relevant for
this thesis.

Regardless of how the fission process was initiated, it will typically lead to
a heavy nucleus being split into two highly excited Fission Fragments (FFs)
of about half the mass of the fissioning nucleus and an energy release of about
200MeV. The energy comes from the fact that the mass of the final state is
less than the original nucleus, since the daughter nuclei are more tightly bound.

Occasionally, other light particles can be emitted in the moment of scission.
These are predominately α-particles and are referred to as ternary particles
coming from a ternary fission. In binary fission, the two heavy FFs repel each
other and leave the fission site collinearly. If a ternary particle is present the
collinearity is broken, but due to the mass differences the ternary particle leave
in almost a straight angle to the FFs’ trajectories, repulsed by the Coulomb
force. Since ternary fission is much less likely than binary, the discussion is
restricted to the binary case although many things are applicable to ternary
fission as well.

The energy that was not transformed into kinetic energy is stored as excit-
ation energy in the newly formed nuclei. Both FFs will have, on average, a
similar ratio of neutrons to protons as the mother nucleus. However, since
a FF is much lighter than the mother nucleus, it has a neutron excess, i.e.,
more neutrons than any stable isotopes of the specific element. Neutrons are
therefore easily emitted if enough excitation energy is available to pay for the
neutron separation energy. In general, as many neutrons as possible are emitted
by the excited nucleus, until the excitation energy is so low that deexcitation is
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Figure 2.1. A schematic view of the prompt radiation from a FF. As the neutron
emission takes the system close to the yrast line, prompt γ-decay takes over, followed
by discrete γ-decays down to the ground state.

only possible through γ-decay. Both the neutron and γ emission happen very
quickly (within 1 × 10−14 s) and are referred to as prompt emissions.

The FFs are generally formed with some angular momentum, but the stat-
istically emitted neutrons and γ’s do not carry away much of this. The neutron
emission will therefore be limited by the yrast1 line, defining the lowest pos-
sible energy state as a function of fragment spin. When the excitation energy
becomes so low that the difference between it and the yrast energy is less than
the neutron separation energy, no more neutrons are emitted. Instead statistical
γ-decays will take the excitation energy down to the yrast line, followed by
discrete γ-decays along the yrast line down to the ground state. As illustrated
in fig. 2.1, most of the angular momentum is carried away by the discrete
γ’s. This means that the energy below the yrast line for the prescribed spin is
inaccessible for the neutron emission.

Neutron emission is usually assumed to occur after the fragments are fully
accelerated. However, there is a slight chance for a FF to emit a neutron during
the acceleration phase [16]. When that happens the laboratory energy of the

1Yrast is a Swedish word meaning dizziest.
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Figure 2.2. The excitation energy as a function of mass calculated using the GEF code
[16] for 252Cf(sf ). The two-dimensional histogram has been normalised to 200% and
the solid line represents the average.

neutron will be less on average, seeing that the Lorentz boost will not be at
full power. The probability for neutrons being emitted during the acceleration
phase increase with excitation energy.

The share of the Total Kinetic Energy (TKE) each FF receive is inversely
proportional to the FF mass, due to momentum conservation. The distribution
of Total Excitation Energy (TXE) between the two fragments is more complex.
Figure 2.2 shows an example of how the excitation energy varies with fragment
mass. Since prompt neutron emission carries away most of the excitation
energy, a prompt neutron multiplicity measurement is a probe of the initial
excitation energy of the FFs and how energy is divided between the pre-
fragments during fission. Measuring the prompt γ spectrum as well exposes
information about the FF spin.

After the prompt neutron emission, the FFs are instead called Fission
Products (FPs). They will often still have a neutron excess which makes
them β-unstable. Later emissions, usually promptly following a β or other
decay, are possible. A small fraction of the total number of neutrons come
from such a mechanism and are called (β-)delayed neutrons, which are very
important for safe operation of nuclear reactors.

In contemporary commercial reactors the main fuel is the nucleus 235U
because it is the only naturally abundant fissile nucleus. A fissile nucleus will
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gain enough energy, by absorbing even a thermal neutron, to overcome the
fission barrier. The fission barrier is a term used to describe how the system
must first go up in potential energy as the short-ranged strong force weakens
when the nucleus starts separating into two parts. While quantum mechanical
systems can tunnel through barriers, it is much more likely for a system to
pass a barrier if a large excitation energy is present. When a nucleus absorbs a
neutron, it gains the neutron separation energy as excitation energy in addition
to the kinetic energy contribution, as the neutron becomes bound.

How much energy is gained will vary. 235U is a nucleus with an even number
of protons, but odd number of neutrons. Pairing the absorbed neutron with the
last valence neutron is favoured, since the spins can be opposed and thereby
minimises the angular momentum. In effect, the new nucleon is more tightly
bound, leaving more energy as excitation energy.

In the 235U case, 6.5MeV is gained, which is enough to overcome the
fission barrier of 236U. Contrary, for the non-fissile nucleus 238U, the absorbed
neutron cannot pair up and consequently the resulting binding energy is lower.
In turn, that leads to a lower excitation energy of 4.8MeV in the compound
system 239U which is below the barrier height. Not until the incoming neutron
carries about 2MeV can the 239U nucleus pass the fission barrier with ease.
Such nuclei, that need the incoming neutron to carry enough energy to be able
to get above the fission barrier are called fissionable. In the case with 239U it
can form the fissile nucleus 239Pu through two subsequent β-decays, which is
why 238U is also called fertile.

The presence of a fission barrier can be explained by the Liquid Drop Model,
but many of the detailed properties of fission requires a more advanced model.
The LDM in its simplest form only account for the nucleus’ volume, surface,
and Coulomb repulsion (but usually also includes the asymmetry and pairing
terms). Therefore, it can predict many average properties and general trends,
but misses out on specific interactions between the single-particle states. On
the other hand, just summing all single-particle energies, which obviously
takes shell effects into account, have not had much success reproducing all
macroscopic quantities. Strutinsky realised how the two approaches could
be combined by taking the energy calculated using the LDM and adding a
correction term based on the average shell effects [17]. This can be performed
for different nuclear shapes and deformations, thus creating an energy potential
landscape describing the fission barrier.

Already the separation distance of the two mass centres can explain several
features of the fission barrier. As the nucleus elongates, shell structure plays
an important role in determining the shape of the barrier. The energetically
favoured states will shift as the distance increases. When an occupied state
crosses another state with the same spin and parity, the most energetically
favoured state will become the occupied one. This phenomena creates a local
well on top of the fission barrier and appears as soon as the shell effects are
taken into account, even in the average form devised by Strutinsky [17].
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Figure 2.3. Schematic illustration of a typical fission barrier. The deformation axis
describes how the deviation from a spherical configuration evolves from a deformed
ground state (G.S.) to a shape dominated by two mass centres connected by a thin
neck, as the fission process progresses.

In fig. 2.3 a typical fission barrier in the actinide region is illustrated. Which
deformation parameters that are used depend on the model, but the x-axis
in fig. 2.3 should be interpreted to start at a spherical configuration and to
end in a more dumbbell shape ready to fission. Different incoming particles
couple differently to the less deformed class I states and thereby have different
probabilities of triggering resonance conditions. As with all nuclear reactions,
resonances can greatly enhance the reaction rate. The interplay between the
class I states, the meta-stable class II states, as well as the transition states,
especially at the saddle point, influences how the system reach scission. The
final shape and properties before scission determines the yield and angular
distribution.

The separation distance between the two mass centres of the two forming FFs
might be an intuitive parameter, but it is not enough. The fission barrier must
be described in a multidimensional potential landscape. Möller et al. used five
parameters in order to reproduce many of the features of fission: elongation,
mass asymmetry, deformations of each forming fragment, and neck thickness
[18].

As one deviates from the simple one-dimensional fission barrier it can
sometimes be difficult to assign one particular barrier for each nucleus. The
fissioning nucleus may take any possible path through the potential landscape.
When it reaches a saddle point where fission is inevitable, the neck holding the
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nucleus together will get thinner and longer until it raptures and two separate
FFs are formed. Every path is possible, but not equally probable due to its
unique way of traversing the multi-dimensional fission barrier. Fission of a
nucleus like 236U is dominated by asymmetric modes [19] while symmetric
pre-fission shapes are much less likely. A simple explanation for this is that
the heavier of the forming FFs can lower the system’s energy by adapting
a near spherical shape close to the doubly magic 132

50 Sn configuration. The
asymmetric pre-fission shape then naturally leads to the an asymmetric mass
distribution as the FFs are formed.

It is observed experimentally, that while the light mass peak move with the
compound nucleus mass, the heavy mass peak stays more or less the same
over a large range of fissioning systems in the actinide region. This is in good
agreement with the closure of the Z = 50 and the N = 82 shells. The light
fragment in this mass region does not have any shell closures in range and
is therefore less restricted to any certain mass numbers. As the energy of the
incoming neutron is increased, the higher potential barrier of symmetric fission
becomes less important, thus making the symmetric mode more competitive.

The TKE as a function of mass increase as the the two fragments get similar
masses, since the Coulomb repulsion is proportional to the product Z1 · Z2.
In the case of 252Cf(sf ) the Q-value also peaks close to symmetry leaving a
maximum amount of energy available. However, close to symmetry the TKE
exhibits a local minimum (fig. 2.4). This is a sign of a different fission mode
in this mass region: a Super Long (SL) mode in the terminology of Brosa
et al. [19], where the two mass centres are formed at a greater distance which
decreased Coulomb potential energy as a consequence.

In an attempt to find out how fission proceeds Randrup and Möller allowed
the system to take random walks [20] on their calculated five-dimensional po-
tential landscapes [18]. The walk was not entirely random since the probability
of each step was weighted by the potential difference in a similar fashion as in
the famous work of Metropolis et al. [21]. That is, the system is allowed, but
discouraged, to step up in potential energy. Observing where in the potential
landscape the walks end up, i.e., how scission is reached, gives a picture of the
evolution of the fission process.

The angular distribution of the FFs, with respect to the incoming neutron,
is an important experimental observable since it contains information about
the states and modes [19] during the fission process. As new transition states
become energetically available the Fission Fragment Angular Distribution
(FFAD) is influenced by the quantum numbers of those states making it a
highly energy dependant observable. Especially when new chances of fission
open up with increased neutron energies [22], the deviation from isotropic
emission (anisotropy) of FFs can suddenly change due to the completely new
states that become available.

Fission is a complicated many-body system that we still lack detailed un-
derstanding of. It is therefore still interesting to measure FP yields to greater

13



3−

10

2−10

1−10

A

80 90 100 110 120 130 140 150 160 170

T
K

E
 /
 M

e
V

140

150

160

170

180

190

200

210

220

230

Figure 2.4. TKE as a function of mass calculated using the GEF code [16] for
252Cf(sf ). The two-dimensional histogram has been normalised to 200% and the
solid line represents the average.

precision and accuracy, as well as measuring several observables at once to
see how they correlate. The two projects described in chapter 8 and chapter 7
are both related to the quest of understanding fission better, by attempting to
provide better data for both theorists as well as applications in industry.
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3. Particle detectors

Your ”discovered boson“ which was
detected in the LHC, is simply one
Xenon atom of the 1 trillion 167
billion 20 million Xenon atoms which
there are in the LHC!

— Gabor Fekete

The choice of detector depends on the situation and will be affected by, e.g.,
particle species, solid angle coverage, background situation, and of course
what information the experimentalist is after. In all of the experiments covered
by this thesis, the detected particles are either heavy nuclei, i.e. FPs, or light
charged particles (p, d, t, 3He, or α-particles). In none of them are neutrons
ever directly detected. In particular, the different stopping ranges of these
particles, give rise to different preferences and challenges when one tries to
decide on a suitable detector system.

The most straight forward way of detecting a fission event is by detecting
the FPs. As they are heavy ions, they give rise to high amplitude signals
in many gas detectors and near 100% detection efficiency. However, for the
same reason they also suffer from short stopping ranges even in low density
materials. In solid state detectors the charge density due to the stopping of the
ions give rise to plasma effects that must be compensated for. In thick targets
many FPs will not be able to reach the outside of the target. Thin targets can be
made through different kinds of deposition techniques [23, 24]. The kinematics
can also be of help, especially if both fragments are detected, since they will
typically travel in almost opposite directions in both the Centre-of-Momentum
(CoM) and the laboratory frame of reference. However, due to the incoming
momentum of the neutron and the prompt neutron emission, the fragments
will generally have an angle different from 180° between them. This leads
to a requirement for a larger solid angle coverage, which often is easier using
gaseous detectors.

Contrary to the FPs, light particles like protons can be detected in solid state
detector, e.g. silicon detectors, with high resolution. The high penetration
of these particles can make them more difficult to detect in gas detectors, but
already α-particles have a significantly shorter stopping range than protons.

In the following sections I will describe the different detectors used in this
thesis, and try to outline how they work as well as their most basic properties.
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3.1 Frisch-gridded ionisation chambers
A non-gridded gas detector can be used to measure the energy a particle
deposits in the detection gas. It is simply a volume of gas with an applied
electric field across it. When an ionising particle is stopped in the chamber
gas, the energy it deposits in the stopping material enables the atomic or
molecular electrons to break free from their orbits, effectively creating pairs of
positive ions and free electrons. The number of pairs are proportional to the
amount of energy lost by the particle. As we will see later on, the positive ions
are of less interest since their contribution to the obtained electronic signals
can be completely neglected.

However, in such a setup, the signals induced on the electrodes will not be
straight forward to analyse. The distance to the electrode, at which the electrons
are created, influences the amount of charge that is induced on the electrode.
There is a remedy for this though. By introducing a conducting grid between
the cathode and anode at an intermediate bias it is possible to get an anode
signal proportional the energy and also deduce the angle of the particle, given
that it originates from the cathode, i.e. the target or sample should be placed
on or be part of the cathode. This kind of setup goes under the name Frisch-
Gridded Ionisation Chamber or just Gridded Ionisation Chamber (GIC). How
it works will be described in the following section.

3.1.1 Obtaining angular information
In order to later follow the discussion of the signal analysis more easily, it is
well worth spending some time seeing how these signals are generated in some
detail. Some handy notation, that will be used subsequently, is collected in
table 3.1. Most of the notation is also depicted in fig. 3.1 or fig. 3.2. To begin
with, we will assume that the conducting grid completely shields the anode
from the cathode and vice versa. We will also assume that it is 100% transparent
to electrons. None of these assumptions are completely true, but corrections
for deviations from this ideal model can be made later. The electrode voltages
should be chosen with the transparency in mind. For mesh grids, a study has
been made by Bevilacqua et al. in Ref. [25].

When an electric charge q, drifts towards an electrode it will induce a current
on the electrode. The integrated charge Q can be expressed as

Q = q
(
ϕ(x f ) − ϕ(xi)

)
, (3.1)

where Q is a function of the weighting potential ϕ(x), according to the
Shockley-Ramo theorem [26]. The weighting potential is evaluated at the
final, respectively initial, position of the moving charge q. The weighting
potential is similar to the electric potential in absence of the moving charge,
but it is a unitless quantity, with unit value on the electrode of interest and
zero on all other conductors. That is, it is independent of the actual values
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Figure 3.1. Schematic of the chamber electrodes. The emitted particle will leave
a track of liberated electrons. The mean distance from the particle origin of these
electrons is denoted X .

Figure 3.2. Schematic of the signals induced on the electrodes upon incoming ionising
radiation. The solid lines correspond to particles emitted along the target surface. The
dashed lines corresponds to particles emitted from the target along the chamber axis
(perpendicular to the target surface). The time scale is approximate.
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Table 3.1. Useful notations for discussing how the different signals in a Frisch-gridded
ionisation chamber are generated.

Symbol Description
D The distance between the cathode and the grid.
d The distance between the grid and the anode.
QC The charge induced on the cathode.
QG The charge induced on the grid.
QA The charge induced on the anode.
PH Pulse Height, in this section defined as the difference of the

voltage level immediately after and before the induced signal.
ϕ(x) The weighting potential at x.
X The position of the electron cloud’s centre-of-gravity.
X The distance between X and the cathode, along the particle

track.
θ The polar angle of the particle track with respect to the beam

axis (and chamber) axis.
N The number of created electron-ion pairs.

of the electrode voltages, which will only take part by determining in which
direction the charge is moving. Its value can still be determined using the
Laplace equation,

∇2ϕ = 0, (3.2)

much similar to Poisson’s equation in electrostatics with a zero charge density.
Due to the grid, moving charges in the space between the cathode and the

grid, will only affect the cathode and the grid, not the anode. Once they drift
past the grid they will no longer affect the cathode but instead induce a charge
on the anode. In addition, since they now travel away from the grid, the sign of
the charge they induce on the grid must be opposite compared to what is was
before. Consequently, all electrons, no matter where in the space between the
cathode and the grid they were created, will drift the same distance between
the grid and the anode. Therefore, they will all induce the same amount of
charge on the anode. From eq. 3.1 we get

QA = −Ne
(
ϕ(xanode) − ϕ(xgrid)

)
= −Ne, (3.3)

where the electric charge q has been put equal to the total electric charge of all
the electrons, −Ne. We conclude that the anode signal will be proportional to
the deposited energy in the gas.

In addition to removing the angular dependence of the anode response, the
signal from the grid itself also provides direct angular information. If a single
free electron was to be created at the surface of the cathode, it would drift
through the grid until it reached the anode. On its way towards the grid it
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would induce a negative charge and after passing the grid it would induce
exactly the same charge but with opposite sign. The final Pulse Height (PH) of
the grid signal would be zero. If the electron instead was created further away
from the cathode, the charge induced on the grid while travelling towards it,
would be less since the distance travelled would be less. The final PH of the
grid signal would in this case be positive. This effect can be exploited in order
to determine the angle of the incoming particle. We will see how this can be
done, by deriving an expression for the PH of the induced charge on the grid,
QG .

The weighting potential at a position x between the two electrodes can be
approximated to a linear function by assuming that the electrodes are infinite
parallel plates and integrating eq. 3.2 twice. That is, if x is the distance from
the cathode and D, the cathode-grid distance, ϕ can be written

ϕ = 1 − x
D
. (3.4)

Since the detector response is due to many moving charges rather than a
single electron, they are treated as if they were a single charge −Ne, created at
the centre-of-gravity X of the electron cloud. To find the induced charge on the
cathode, the Shockley-Ramo theorem (eq. 3.1) is applied using the potential
from Eq. 3.4,

QC = −Ne
(
ϕgrid − ϕ(X)) = Ne

(
1 − X

D
cos θ

)
(3.5)

where X has been projected onto the chamber axis. The induced charge on the
grid is found by noting that the total induced charge on the electrodes should
be zero, i.e. QC +QG +QA = 0. The charge induced on the grid is therefore

QG = −QC − QA = Ne
X
D

cos θ. (3.6)

We have now derived an expression that shows how the grid signal will be
proportional to the cosine of the particle angle with respect to the chamber axis.
It is not necessary to actually measure the bi-polar grid signal, since one could
just use the difference of the anode and cathode. However, the cathode and
anode signals would go through different electronic amplification chains, and
the difference would be more sensitive to fluctuations in the electronics. Also,
in setups with a thin fission target both FPs will affect the cathode, making
it difficult to disentangle the two contributions. With modern equipment
including digitisers, it is straight forward to measure the grid signal and deduce
the PH directly [27].

Until now, the slow positive ions have been neglected. The positive ions
travel towards the cathode and therefore the inducted charge, Qion

C,G,A
, due to
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the heavy ions becomes:

Qion
C = −Ne

(
1 − X

D
cos θ

)
, Qion

G = −Qion
C and Qion

A = 0. (3.7)

The ions are about four orders of magnitude more massive than the electrons, so
they have barely moved during the time the electrons were collected. Therefore,
the charge induced by the positive ions during the time it takes to collect the
electrons, on either the grid or the cathode, is negligible. The induction due to
the heavy ions is usually not observed at all, due to the much longer time scale
it happens on.

The above derivation was based on a perfect grid. In reality the grid will
allow part of the electric field to leak through and therefore the anode is affected
by the electrons even before they pass the grid. The effect is in the order of a
few percent and can be corrected for. A parametrisation of the so called grid
inefficiency has been made by Göök et al., derived for different types of grids
[28].

3.1.2 Loss of charge and choice of gas
Since the last region the electrons will pass through is the one between the
grid and the anode (the region where the induced charge will increase the grid
PH), any loss of electrons will manifest itself as a more negative grid signal.
In order for the electrons to pass through the grid without losses the field
strength between the grid and the anode must be several times higher than the
field strength between the cathode and the grid. This has been investigated by
Bevilacqua et al. [25] for mesh grids, which behave differently to parallel-wire
grids.

The detection gas is of importance because it will, among other things,
determine the stopping power of the incoming radiation and the migration
speed of the electrons. A high migration speed will reduce timing uncertainties
as well as the chance of absorption of the electron. It is also important to have
a constant migration speed in case the electrode voltages or the gas pressure
would fluctuate a little bit. This is achieved by observing where the migration
speed as a function of the reduced voltage hits a plateau (often the drift velocity
saturates at high field strengths). At which voltages the plateau is found depends
on the choice of detection gas or gas mixture.

The choice of gas will also affect the rate of negative ion formation as
electrons are absorbed by the gas atoms or molecules. Especially the highly
electron negative oxygen can play a big role since a small oxygen contamination
can completely ruin the detector performance. An additive to the main gas, e.g.
methane added to argon, can be advantageous since the added minority gas
can de-excite meta-stable gas particles of the majority gas by collisions. This
improves the energy resolution. As ionisation chambers typically are operated
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below the proportional region no Townsend avalanches occurs and quenching
is not needed. Suitable gas, pressure and electrode voltages are imperative for
stable operation.

3.2 Parallel plate avalanche counters
The Parallel Plate Avalanche Counters (PPACs) are gas-filled detectors which
consist of two parallel foils (often aluminised Mylar, polyethylene terephthalate,
[C10O4H8]n). They are commonly used to detect heavy ions [29–31]. They
are typically operated at a gas pressure of a few mbar. A thin layer (much
thinner than the foil thickness) of aluminium deposited on a Mylar foil, allows
for a high voltage to be applied over the gap between the foils. Upon an
ionising event, this voltage will affect the electrons that are released. As they
drift towards the anode, their movement will induce a voltage which will be
the signal one measures. The signal is amplified by the gas multiplication
process due to the high field strength. Although the PPACs are operated in
proportional mode, where the induced charge on the anode is proportional to
the initial number of ionisations, the energy resolution is typically not better
than 20% (ΔEE ) [29].

PPACs for the NFS-project (described in chapter 5), are currently under
development in our lab. In fig. 3.3 a setup consisting of a PPAC prototype to-
gether with a silicon detector is depicted. The detector supports were designed
and 3D-printed by me for the detector tests.

PPACs are known to have good timing resolution, low stopping power and
almost 100% detection efficiency for heavy ions. The detection efficiency of
these detectors improve with increasing ion mass, already oxygen ions show
nearly 100% efficiency [30].

One drawback of PPACs is that the thin Mylar foils cannot handle large
pressure differences between the inside and the outside of the PPAC. A solution
to this is to leave the PPACs open to the rest of the experimental chamber, filling
the whole of it with the same gas under the same pressure. The alternative
would be, in order to keep the electrodes unperturbed, to put extra Mylar foils
separating the pressurised volume from the evacuated one. These extra foils
would lead to a much higher energy loss for the fragments, than traversing a
thin gas. The pressure cannot be too high if the particles traversing a PPAC
need to be detected afterwards in another detector, i.e., one must make sure to
limit the energy loss.

Another consideration is the additional background the Mylar might cause
due to their hydrogen content. In experiments, PPACs are often placed inside
the neutron beam, close to the target. Even though there are quite thin (∼1 μm)
Mylar foils commercially available, they still often introduce a significant
extra number of scattering centres for the neutrons. Elastic scattering events
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Figure 3.3. Prototype PPACs developed in our lab. The round detector in the green
holder is a silicon detector while the frames behind it hold the conductive foils of the
PPACs. The 3D-printed detector supports allows for several different setups of multiple
PPACs and silicon detectors, and were designed for the PPAC detector development.

on, especially the hydrogen atoms, will give an increased (mostly proton)
background.

3.3 Multi-channel plates
The amount of charge generated by an event one would like to detect in a
experimental setup, is not always enough for standard electronics to handle.
The problem can be solved if the detector itself amplifies the signal. This
is what a Multi-Channel Plate (MCP) does. Similar to a Photo-Multiplier
Tube (PM-tube) it makes use of accelerated electrons that kicks out additional
electrons as they strike a surface. While the PM-tube uses a discrete number
of dynodes at higher and higher electric potential, the MCP have continuous
channels where the walls take the same role as dynodes. The channels are
several micrometers wide and densely packed.

The high multiplication factor a MCP is capable of, typically more than
1 × 106, makes it possible to detect single electrons impacting on the detector
surface. But the high gains can cause production of gas ions at the channel
output, which in turn might cause secondary signal pulses and decrease the

22



detector life time [32]. This problem is reduced by angling the channels, and
further reduced by combining two plates in a so called chevron, i.e. v-shaped,
configuration. Three plates are sometimes combined, in a similar fashion, into
a so called Z-stack. Every incoming particle on the MCP will decrease its life
time, why it is important to shield it from unnecessary exposure.

As the amplification is usually limited by space charges, it is not a suitable
detector for energy measurements since the output signal will not be propor-
tional to the incoming energy. After a saturation voltage over the MCP plate(s)
has been reached further increasing the voltage will worsen the resolution
[33]. It is however suitable for measuring time, since it is capable of a timing
resolution in the order of hundreds to tens of ps [32, 33].

3.4 Silicon detectors
Semiconductor detectors, and especially silicon detectors, are very common
detectors for a number of applications. For both experiments discussed in
chapters 5 and 7 the silicon detectors are a main ingredient to the experimental
setup. In both cases the detectors are used to detect both light and heavy
charged particles. The detectors discussed here are of the type Silicon Surface
Barrier (SSB) detectors, where either the n-type material at the diode junction
interface is replaced by a metal, e.g., aluminium evaporated onto the silicon
p-type crystal surface, or where a combination of etching and metal deposition
is performed on an n-type crystal [34]. These detectors exhibit thin dead layers,
essential for measuring particles with short stopping ranges.

One can divide the design of silicon detectors into two types: transmission
type detectors, where particles with sufficient energy are supposed to penetrate
the complete thickness of the silicon, and non-transmission type detectors,
where the particle is supposed to be stopped within the thickness of the detector.
The first type is always operated fully depleted, but that is not necessary for
the latter mentioned type since the sensitive region do not need to extend over
the penetration depth of the measured radiation.

A typical silicon detector will give about one electron per 3.6 eV deposited
energy. Although the band gap is 1.1 eV not all deposited energy produces
new free charges. The resolution for medium heavy particles is typically about
100 keV. Detecting light particles in well controlled environments using small
detectors can decrease this value down to about 10 keV [34, p. 403].

For reasonably light particles, the stopping power and therefore also the rate
of energy depositing in the detector material decreases with energy. It is also
highly dependent on the charge of the particle. Both these dependencies can
be utilised to determine the particle species in a, so called, telescope setup
(see fig. 3.4). This method is commonly referred to as the ΔE-E method, and
as the name suggests it is based on letting the particle first go through a (or
several) thin transmission type detector(s) where it only deposits part of its
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Figure 3.4. One of the detector telescopes intended to be used in the NFS-project
described in chapter 5. Two silicon detectors of transmission type are placed in front
of a CsI detector thick enough to fully stop the any anticipated incoming particle.

energy (ΔE). Later, at the end of the telescope, the particle is fully stopped
in an adequately thick detector. One can distinguish different particles from
each other by comparing the ΔE energy to the total deposited energy. Since
the stopping power is also dependent on the particle mass, isotopes for lighter
particles can also be readily separated in these silicon telescopes. Later, in
chapter 5, a simulated plot of this kind is presented in fig. 5.4.

3.4.1 Radiation damage
As the silicon crystals are radiated, more and more lattice defects will appear.
The defects can be, e.g., missing atoms, extra atoms (both silicon or other
elements) in between the regular lattice positions, or larger local non-crystal
structures. The defects can appear due to a number of effects. The incoming
radiation can knock the lattice atoms out of position or induce nuclear reactions.
They can also implant themselves in the case of thick detectors fully stopping
the impinging particle. Heating up the detector (baking) and letting it cool
again can ‘heal’ the detector to some degree since some smaller defects might
recombine or migrate to the surface. [35]
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A defect will often act as a recombination centre, thereby decreasing the
output pulse. It might also act as a trapping centre where charges can be
sufficiently delayed in order for them not to register together with the main
pulse, effectively lowering the detected pulse height. The radiation damage in
silicon detectors can be monitored by observing the leakage current. During
long radiations the leakage current steadily increases as the crystal lattice in the
detector gets more distorted. Especially defects that contribute energy states
inside the band gap can increase the leakage current significantly. [35]

3.4.2 Detecting heavy ions in silicon detectors
Complications arise as the detected particles get heavier. For a given energy,
heavier particles are slower, which give them more opportunities to pick up
stray electrons from their surroundings. When a heavy ion travels through
a material an equilibrium will be found where the ion continuously picks up
and loses electrons at the same rate. The mean equilibrium charge (effective
charge) can be parametrised to be a function mainly dependent on the atomic
charge of both the ion and the surrounding atoms, as well as on the velocity of
the ion [36, p. 216, 37]. Consequently, the stopping power of different FPs are
comparable, the effective charge smoothing out the charge dependence, and
contrary to light ions the stopping power is often the highest at the beginning
of the particle trace. The short stopping range of low energetic (no more than
∼100MeV) heavy ions would anyway inhibit the use of a telescope setup for
isotope identification, unless the ΔE detector is extremely thin.

The next complication for detecting heavy ions in silicon detectors arises
from the high stopping power and the accompanying short stopping range.
The cloud of free charges, i.e. a plasma, released due to the stopping process,
will be concentrated in a fairly small volume. The more plasma, the bigger
the effects of shielding. The electrons will feel much less of the detector bias
when surrounded by a dense plasma, i.e., all the other electrons and positive
holes. For the experimentalist the plasma will affect both time and energy
measurements.

The charge collection time will be longer because of the reduced electric
field visible to the charges. The Plasma Delay Time (PDT) is in the order of
2 ns for FPs. For a flight time measurement this translates into a relative error
of several percents if a the flight path is in the order of a meter.

The extra delay gives all the freed charges extra time to recombine before
they are separated by the detector bias. For every electron-hole pair that
recombines a smaller output signal will be seen. Also, a small fraction of the
heavy ions stopping will be due to collisions with the silicon nuclei, and energy
loss not due to collisions with electrons will not create electron-hole pairs to
begin with. In addition, even thin dead layers can cause sizeable energy losses.
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All these three phenomena contribute to what is called Pulse Height Defect
(PHD).

All together these effects can cause a PHD well exceeding 10MeV. A high
detector bias can suppress the PHD to a minimum but it will still be sizeable. A
common way of addressing this is to make a mass dependent energy calibration
[38], with the obvious downside that one must know the mass of the ion before
one can get an accurate energy reading of it. This kind of energy calibration
and its implementation in the analysis of the VERDI data is further discussed
in section 7.7.2.
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4. Neutron facilities

Given enough startup capital and an
adequate research facility, I could be
Batman.

— Sheldon Cooper

All the experiments discussed in this thesis require a neutron source at some
point in their project lifetimes. Creating strong neutron sources is not trivial
since the primary beam will have to be charged particles that in turn creates
a secondary neutron beam. What facility is suitable for an experiment will
depend on the desired neutron energies, the cross section of the studied reaction
which might require high neutron fluxes, time-of-flight (ToF) possibilities,
background conditions, additional available research infrastructure etc.

The experiments related to the projects presented in chapters 5, 6 and 8 reside
at three different facilities (NFS, GELINA and IGISOL, respectively) briefly
introduced below. The VERDI spectrometer presented in chapter 7 is still in
a development phase, but might be used at several different neutron facilities
upon completion, depending on what beams are available and desirable.

4.1 NFS
The Neutron For Science (NFS) facility [39, 40] at GANIL in Caen, France,
is part of the first phase of the SPIRAL2 project [41]. The facility is not yet
operational, but the accelerator is installed and under commissioning. The plan
is to have two main options for neutron production available. A continuous
neutron spectrum, through the deuteron break-up reaction in a thick (8mm)
beryllium target, and a Quasi Mono-energetic Neutron (QMN) spectra through
the 7Li(p,n) reaction on a thin target. A high flux beam up to about the
maximum deuteron energy of 40MeV is expected from the continuous option.
Using the QMN beam the peak energy can be chosen up to the maximum
proton energy of 33MeV.

The primary beam frequency of 88MHz will be reduced by a factor of
100 to 10 000 by using a chopper. The maximum current on the converter is
designed to be 50 μA, capable of generating an average neutron flux of about
2 × 106/(MeV cm2 s) at a five metre distance when the beryllium converter is
used.

The high flux enables measurements that otherwise would take very long
time and the continuous neutron energy spectrum allows experiments to cover
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the whole energy range provided that a suitable ToF technique is used. The
ToF hall offers distances from the converter target from 5 to 28m. Longer
distances enable better neutron energy resolutions but at the price of lower
neutron flux. At the moment, commissioning of the neutron beams is expected
no sooner than late 2018. The QMN option will be the first to be tested and
the full specifications will not be reached until a later date.

4.2 GELINA
The Geel Linear Accelerator (GELINA) [42, 43] is a neutron source that
resides at the European Commission’s Joint Research Centre in Geel, Bel-
gium (JRC-Geel, formerly known as the Institute for Reference Materials and
Measurements, IRMM). Just like the NFS facility will, the GELINA facility
provides a pulsed continuous neutron energy spectrum. The primary beam
is a linear electron accelerator capable of delivering electrons in short pulses
(1 ns FWHM), with a peak current of 120A. The electron energy can be up
to 150MeV. The neutron converter is a depleted uranium target in which the
electrons are stopped emitting bremsstrahlung, which in turn causes γ-induced
fission and (γ,n) reactions. The resulting neutron spectrum is peaked around
1 to 2MeV but extends up to 20MeV. The repetition rate is usually 800Hz,
but the accelerator can be run at lower frequencies.

The very short primary pulses together with up to 400m long flight paths
allow high neutron energy resolutions. To increase the neutron flux in the low
energy range a moderator is available. The unavoidable γ-radiation escaping
the neutron production target is peaked in the primary beam direction. The
neutron flight paths are at angles up to 108° relative to the primary beam’s
direction. The flight paths at the highest angles are the least affected by the
γ’s.

Access to the GELINA facility for nuclear reaction or decay data meas-
urements, can be granted through the EUFRAT transnational access program.
The access program is operated by the JRC-Geel and also includes access to
other available infrastructure.

4.3 IGISOL
IGISOL stands for Ion Guide and Isotope Separator On Line and is a nuclear
research facility at the University of Jyväskylä in Finland. Many independ-
ent proton-induced fission yields of natural uranium have been measured at
IGISOL over the years [44, 45], but for the work presented in this thesis we
will also take a look at a setup for neutron-induced yield measurements, that
is currently developed [46, 47].
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The primary beam is generated by a cyclotron and has usually consisted of 25
MeV or 50MeV protons, for the studies of proton-induced fission. Previously
the current was limited to ∼10 μA but a new cyclotron with a high maximum
current of ∼200 μA has been installed. The new cyclotron has a maximum
proton energy of 30MeV which is also the energy intended for creating the
secondary neutron beam for the neutron-induced case.

Regardless of how the fission is induced, the idea is that it will happen
in a helium filled gas vessel. The helium is constantly flowing through the
chamber in order to vent anything stopped in the gas. FPs that stop in the
gas will follow the gas flow out of the vessel, where they are electrostatically
accelerated into a vacuum tube. A dipole magnet acts as the first separator,
which selects an isobaric chain, i.e. ions of similar mass (mass resolving power
M
ΔM ∼ 500). The extracted ions will now all have the same charge, +1. The
charge state choice is up to the experimentalist and the optimal choice could be
ion specific, although all the experiments have used+1 as of today. To facilitate
separation of the isobars after the mass selecting magnet, the ions can then be
transported to JYFLTRAP [48]: a Penning trap with a mass resolving power
of about 1 × 105. In the trap, the ions with mass m, and charge q, matching the
cyclotron frequency

νC =
1

2π

q
m

B, (4.1)

will be selected while the others are discarded. This is realised through a
magnet producing a magnetic field B of 7T and the application of radio
frequency fields. [44]

In the end, the ions that manage to go through the whole trap are collected
on a MCP detector and thereby counted. The whole process takes less than a
second and the mass resolution is enough to separate many meta-stable states
from their ground state counterparts.

There are several effects in this scheme that are not fully quantified. The
stopping power as well as the energy distributions are different for different
isotopes so it is unclear how many of them stop in the helium gas. Which
charge state they end up in is a chemical effect, i.e. element dependent, which
is difficult to model. Only the ions ending up with the correct charge state
for the measurement will have any chance of being detected. The spatial
distribution of stopped ions in the gas, might affect the extraction efficiency
from the gas-filled ion guide to the vacuum system, depending on how the
gas flow looks like. To not be affected by all this, the yield measurements are
usually made relative to a nearby isotope of the same element hopefully having
the same net detection efficiency. The simulation work presented in chapter 8
is an attempt to start quantifying the effects of stopping efficiency in the gas
better.
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5. Neutron standards at NFS

Prediction is very difficult, especially
if it’s about the future.

— Niels Bohr

A measurement of three different standard cross sections (see section 2.1)
relative to each other is proposed and planned for the upcoming NFS facility
(see section 4.1). Two of the reactions measured are neutron-induced fission
of 235U and 238U, respectively. The third reaction is H(n,n). Even though
the cross section often is written H(n,n) it is usually the recoil proton that is
detected. The energy intervals in which these reactions are standards can be
found in table 2.1.

At the same time, measurements of neutron-induced Light Charged Particle
(LCP) production on a number of target materials are planned using the same
setup. Both the group and the experimental setup has a history of measuring
light ion production, mostly at the The Svedberg Laboratory (TSL) [49–51].
Since the experimental setup already have been used and is prepared for these
kind of measurements, the focus of this chapter is mainly on the new challenges
regarding the fission measurements.

This chapter will motivate why the measurements are relevant, describe
the experimental setup as well as the simulations of it, and also report on the
current status of the project. Many of the results of the presented simulations
have previously been presented at the Nuclear Data conference 2013 [52] and
as a a full-sized article in Nucl. Instrum. Meth. A [53]. The text is partly
adapted from my licentiate thesis [5].

5.1 Motivation
Cross section measurements of LCP are lacking in the energy region above
14MeV. Taking the setup previously operated at TSL to the new NFS facility
would allow cross section measurements up to 40MeV, supplementing existing
studies [54–57]. The cross sections will be double-differential, with respect to
energy and the emission angle of the secondary particle.

Many industrial applications exist for such cross sections. In electronics,
neutron-induced single-event effects in silicon are of interest [58]. Cross
sections for LCP from carbon and oxygen nuclei have applications within the
field of neutron therapy [59]. The development of new reactors, both fission
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Figure 5.1. Both Lisowski et al. [64] and Shcherbakov et al. [65] measured the
fission cross section of 238U relative to the 235U fission cross section. For energies
above 20MeV the Lisowski et al. data clearly lies systematically higher than the data
from Shcherbakov et al. Only the neutron energy range relevant for the measurement
discussed in this thesis is shown, the systematic differences become even larger for
higher energies (up to 200MeV, where the Shcherbakov et al.’s data ends).

and fusion ones, requires knowledge of proton and α-particle production in
construction materials since the gas can cause swelling and embrittlement after
heavy radiation [60]. This makes measurements on, e.g., iron relevant. The
nearby field of Accelerator Driven Systems (ADS) as well as aviation [61] and
spaceflight [62], all need cross sections on several nuclei in this energy region
for accurate dosimetry [63].

The fission cross sections are relevant for nuclear power but also for neutron
monitoring and of course as neutron standards. The fission cross section of
238U(n,f) was not accepted as a standard by the American ENDF/B evaluation
until version ENDF/B-VII. From the fission threshold, at about 2MeV up to
20MeV the standard is well known, but for the higher neutron energies some
disagreements between different datasets exist. Two of the somewhat recent
measurements, made by Lisowski et al. [64] and Shcherbakov et al. [65], are
in disagreement. Especially for the higher neutron energies towards 200MeV,
the cross section ratio measured by Lisowski et al. is systematically higher,
which is seen at lower energies, above 20MeV, too (Fig. 5.1). Both Lisowski
et al. and Shcherbakov et al. measured against the 235U(n,f) reaction (Lisowski
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et al. however, also employed two proton-recoil telescopes as beam monitors).
Several newer measurements have been made, but without fully resolving the
discrepancies.

Two other measurements both relative to the 235U(n,f) cross section were
conducted, using different setups, at the CERN n_TOF facility [66]. Their
measurements support the Lisowski et al. data rather than the Shcherbakov
et al. data.

Contrary to the previously mentioned measurements, Nolte et al. [67] meas-
ured 238U(n,f) relative to H(n,n). Nolte et al. utilised a QMN beam, covering
a number of different energies ranging from 33 to 200MeV. The Nolte et al.
data slightly favours Lisowski et al.’s but the uncertainties, in the order of 4 to
5%, are too large to make a clear judgement.

There seems to be strong support for the Lisowski et al. data. Nonetheless,
a measurement relative to the H(n,n) standard, with smaller uncertainties than
achieved by Nolte et al., would still be valuable, considering the importance of
the all three involved standards. By measuring 238U(n,f) against both 235U(n,f)
and H(n,n), one can evaluate and investigate possible discrepancies both in the
238U(n,f)/235U(n,f) ratio as well as when comparing against the H(n,n) cross
section.

5.2 Experimental setup
The previous Medley setup [51] is now being upgraded in order to cope with
a new experimental situation. Previously it was used at (TSL) with a QMN
beam, mostly at 96 and 175MeV. The continuous energy range at the NFS
facility, when a beryllium neutron production target is used, requires us to
measure the ToF to determine the neutron energy. We have developed our own
PPACs [68] to be placed close to the target (fig. 5.3), in order to detect the FPs
and obtain a precise ToF measurement.

A schematic of the experimental setup is found in fig. 5.2. The Medley
vacuum chamber has a cylindrical shape (about 35 cm high with a 90 cm
diameter). The total chamber volume is about a quarter of a cubic metre.
Since we will now use PPACs, the vacuum chamber will be filled with a low
pressure gas. In the centre of the chamber a cylindrical target is placed at a 45°
angle to the beam axis. Surrounding the target are eight detector telescopes at
a distance of about 15 cm from the target centre. At each side of the target, a
PPAC is positioned as close to the target as possible, in order to provide the
best possible time resolution. The target area is depicted in fig. 5.3 where also
the stacked target is depicted (see section 5.2.2).
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Figure 5.2. Schematic of the Medley setup. It consists of eight detector telescopes
directed towards the middle of the chamber where the target is put. Two PPACs will
be installed close to each side of the target. The recoil protons from the elastic neutron
scattering on hydrogen nuclei can, of kinematical reasons, only be detected in the
forward direction.

Figure 5.3. Sketch of the area close to the target. We employ a stacked target to measure
FPs from the fissionable outer layers as well as recoil protons from the polyethylene
core. The PPACs are placed close to the target in order to minimize the flight path of
the emitted FP.
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5.2.1 Detector telescopes
Each telescope consists of three independent detectors, chosen in order to
be able to detect light ions with the ΔE-ΔE-E technique. In the front of
each telescope, facing the target, is a thin (50 μm), fully depleted, silicon
detector. It is followed by another fully depleted silicon detector of similar
or larger thickness. The third detector is a CsI(Tl) crystal optically coupled
to a photodiode. It has to be thick enough to fully stop any particle that the
telescope measures. The aperture areas of the silicon detectors are 450mm2

each, which corresponds to about 20msr per telescope at a 15 cm distance.
Because of the width of each telescope, all eight telescopes cannot be fitted
into the chamber if a smaller distance than 15 cm is used. A larger distance, up
to about 30 cm, is possible but with a smaller solid angle as a result. A photo
of one of the telescopes was shown previously in fig. 3.4.

The telescope angles are, under normal circumstances, fixed with respect to
each other. However, the whole setup of eight telescopes can be collectively
rotated in order to cover other angles or to estimate systematic uncertainties
by rotating it 180°. Our ‘standard’ setup has the telescopes positioned at 20°
intervals and the smallest angle covered by it is 20°.

We will also use the telescope detectors to detect FPs, but in that case the
front detectors will not be penetrated, but instead fully stop the FPs. Similarly
to how the recombination causes PHD due to the plasma effects in the silicon
detectors (section 3.4.2), nuclear reactions in the CsI detectors can cause the
incoming light ions to seemingly deposit less than their full energy in the
detector. This effect has been studied before and was shown to be less than 2%
for 40MeV protons [69]. It was also found, in the same study, that the effect
can be precisely reproduced by simulations and therefore corrections for this
can be made.

The detection efficiency ε in Eq. 2.2 can be expressed as

ε =
Ω

4π
× εSi × εPPAC, (5.1)

where the first factor is the efficiency due to the covered solid angle,Ω, and εx
is the detector efficiency for detecting the impinging particle in the specified
detector (PPACs are only applicable in the case of detecting FPs). For charged
particles, energetic enough to leave a clear signal above the noise level, εSi ≈ 1.
To first order, the solid angle for detecting FPs and for detecting the recoil
protons from elastic scattering is the same. It is only dependent on the silicon
detector aperture and the distance to the target. However, since FPs have a very
high linear energy loss in solid materials, there is a possibility of an energy
dependent decrease of the active detector area due to, e.g., the presence of
glueing near the edges of the silicon surfaces. The extent, if any, of this effect
will be investigated using a californium source.
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5.2.2 Stacked target
In order for Eq. 2.2 to be valid, the flux φ of the cross section measurement
must be the same as the one of the reference measurement. The best way
of assuring this is to measure both cross sections simultaneously using the
same flux. Since this experiment will employ the same silicon detectors for all
particle detection we also need to place suitable targets for both the fission and
the elastic scattering in the chamber centre. We intend to construct a stacked
target consisting of three separate targets. A polyethylene target in the middle
and 235U/238U on each side of the polyethylene (see Fig. 5.3). Each target
will have a diameter of 2.5 cm. The idea is that the deep penetrating protons
produced in the mid-segment will escape the target assembly with only minor
energy losses.

If all layers of the target are made modular, one could put together any mix
of two outer fission layers and different thicknesses of the centre polyethylene
layers (or none at all). The fission target will have thin backings so that
both fragments can be detected if no polyethylene is in use. Considering
the expected neutron flux, target diameter and the solid angle covered by the
silicon detectors, a fission count rate of at least 1 kHz per μm of fissionable
target thickness is anticipated.

5.2.3 Neutron energy
The energy of an incoming neutron will be determined using the time elapsed
between the arrival of the primary beam bunch at the production target and
the detection of the first reaction product. This detected time tdet is a sum of
the neutron ToF tn and the ToF of the charged secondary particle between the
target and the detection point tp. That is,

tdet = tn + tp. (5.2)

From the information we get when detecting the secondary particle we must
be able to deduce the neutron ToF with low uncertainty, in order to allow for
accurate measurements. As long as the secondary particle species is known,
as in the recoil proton case, determining the neutron energy from the ToF
is straight forward. However, when a FP is measured in one of the silicon
detectors, only time and energy information is available. To deduce a ToF for
the detected FP one would need more information, e.g. like the fragment mass
or a second time signal, in order to deduce the FP velocity. This is the reason
we are upgrading our setup with PPACs.

PPACs are thin enough to allow FP to be transmitted through them (although
with some energy losses) and later be detected in the silicon detectors as well.
The heavy ions are moving so slowly that even though the PPACs are placed
within a centimetre of the target, a correction for the flight time between target
and PPAC needs to be performed. Since the FP speed between the PPAC and
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the silicon detector is obtained, an approximate correction can be made by
estimating the energy losses before detection in the silicon detector. Ideally,
the PPAC is placed very close to the target.

5.2.4 Particle identification
Since an α-particle background from the uranium target is expected (both
neutron-induced and due to natural decay), one needs to clearly separate these
events from fission events. Even though the FPs are much heavier than α-
particles, some overlap between the FP and α-particle distributions was ex-
pected in the energy spectrum from the PPACs [70] (but in section 5.4 we will
see that this was not the case). If needed, the separation was supposed to be
assisted by information from the silicon detectors in the overlap region.

A 50 μm silicon detector will fully stopα-particles of up to about 8MeV (the
α-particle punch-through energy). Any transmitted α-particles will deposit
less than 8MeV in the detector due to the decrease in stopping power with
energy. The FPs, on the other hand, will always be fully stopped in the silicon
detector and deposit their full energy. An α-particle discrimination is thus
possible by interpreting all particles depositing more than 8MeV as FPs. For
such a scheme to work, it would be imperative that the FPs do not lose too much
energy before they reach, and are fully stopped in, the detector telescopes.

All particles, penetrating at least the front silicon detector, can be identified
by the ΔE-ΔE-E technique (see section 3.4). The recoil protons from elastic
scattering will not only be identified by the kinematical relationship between
energy and angle, but also through a distinct proton fingerprint in form of the
energy depositions in the different telescope detectors.

In addition to simulating the 235U(n,f) versus 238U(n,f) versus H(n,n) meas-
urement, the same simulation software was used to simulate LCP on various
targets, e.g. Si. As an example of the ΔE-ΔE-E technique, the plot in Fig. 5.4
shows simulatedΔE-ΔE events. In this plot, the proton, deuteron and triton dis-
tributions bend backwards as the particle energies exceed the particle-specific
punch-through energy of the second detector (in this case, 500 μm thick). By
having three detectors in the telescope, these higher energy events can still be
separated using the information from the last detector.

5.2.5 Observables
While the angular integrated fission cross sections of 238U and 235U measured
relative to the H(n,n) cross section, as well as against each other, are the
main expected outcomes of this experiment, additional observables can be
extracted. Each fission cross section is in fact measured at several different
angles. In order to integrate these data points into the angular integrated
cross section, one must interpolate and extrapolate into the angular region not
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Figure 5.4. Simulated ΔE-ΔE data showing neutron induced light-ion production
from a silicon target. From top to bottom the distributions of α-particles, 3He, tritons,
deuterons and protons are clearly distinguishable. The proton, deuteron and triton
distributions bend backward at the punch-through energy (see text for further details).

covered by measurements. Previous studies concluded that the FFAD can be
well described by a Legendre polynomial of degree four or higher [31].

The deduced FFAD becomes a by-product that in itself is interesting. During
the analysis stage of our measurement we will need the FFAD for each neutron
energy. Therefore, we will provide FFADs for the whole energy range, 1 to
40MeV. The Medley setup might be able to distinguish light from heavy
fragments, on a coarse grained scale, thus the different FFADs for symmetric
and asymmetric fission, might also be obtained. The errors associated with the
estimating the Legendre polynomials with a limited number of data points have
been estimated using pseudo-data [68]. Utilising the Medley setup’s ability to
rotate all the detectors, e.g. 10°, and thereby double the number of data points
proved beneficial even though the statistics for each point would be halved.

5.3 Simulations
As it was clear that the new experimental conditions at the NFS facility would
require an upgrade of our setup, I simulated the setup in order to try to identify
possible problems and limitations, before the setup was adapted for the new
conditions. It was of great concern to investigate how the inclusion of PPACs
in the setup would affect the experiment in terms of detector efficiency and
neutron-energy resolution. The PPACs not only interact with the particles
going through them, but they also force us to fill the whole chamber with
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gas so that we would not have a pressure difference between the inside and
outside of the PPAC. Light particles lose little energy in the low pressure gas
but heavy ions like FPs lose a substantial part of their energy. The simulations
gave us estimates on what resolutions to expect and to aim for when it comes
to the development of the PPACs. The simulations have also put some limits
on the target thickness and the performance of the silicon detectors as well as
providing estimated uncertainties for, e.g. the neutron energy.

5.3.1 Simulation setup
The simulations were conducted using a program written based on the simula-
tion toolkit library Geant4 [71] version 9.6.2. The geometry of the chamber and
detectors were implemented, but to a certain degree simplified. The neutron
source was also simplified mainly because little information of its character-
istics was available. The standard physics list ’QGSP_BIC_HP’ [72] was used
but with some modifications. The modifications of default Geant4 behaviour
are described in more detail in appendix A.1.

The primary particles in the simulations are neutrons, created randomly on
a circular surface (representing the neutron production target) of radius 1.5 cm
and directed towards the Medley chamber entrance window 5m away. The
neutron energies could be fixed to a constant value, sampled from a uniform
distribution from 0 to 40MeV, or sampled from the anticipated flux from the
d+Be neutron production option at NFS [39, 40].

5.3.2 Simulation results
One of the main results of the simulation study was the estimated neutron
energy resolution. Several factors come into play determining the neutron
energy resolution. The most important factors are the time resolution of the
detectors and how corrections to the neutron ToF are made. Factors like beam
characteristics are not under our control and thus set an non-mutable limit on
the possible achievable resolution.

Since the rise time of a silicon detector signal is typically about 10 ns
[34] and we intend to use digital sampling of the signal, we argue that it is
reasonable to assume that we can get a time resolution of 1 ns or better for
the silicon detectors. PPACs have in previous studies proven their excellent
timing properties [73] and for us to achieve at least a resolution of 0.5 ns seems
plausible. The time structure of the primary accelerated deuteron beam is
expected to have a FWHM of about 0.8 ns when using a buncher.

I tested the individual contributions to the neutron energy resolution coming
from the beam temporal structure, PPAC timing resolution, and the silicon
detector timing resolution, respectively. From fig. 5.5 one clearly sees that the
PPAC time resolution gives the most important contribution, and the second
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Figure 5.5. Contributions to the neutron energy resolution. In all panels, ‘perfect’
resolution means that neither detector resolutions nor the temporal structure of the
beam were simulated, but resolution due to geometry or scattering still apply. In panel
(a) one observes the effect of the beam structure, in (b) the effect of a PPAC timing
resolution of 0.5 ns, and in (c) the effect of a 1 ns timing resolution in the silicon
detector. In (d) all the effect are applied together.

most important contribution is due to the beam time structure. This means
that we have good reasons to put much effort into improving the PPAC time
resolution as much as possible during our detector development.

The total resolution of the neutron energy is energy dependent but even for
the worst case scenario, i.e. high neutron energy, we expect a resolution better
than 2% for FPs and better than 4% for the recoil protons. In fig. 5.6 the
expected uncertainty in neutron energy is depicted as a function of incoming
energy. The slightly worse resolution for the recoil protons is due to the fact
that the PPACs cannot reliably detect deeply penetrating particles as protons,
so we must rely on the timing properties of the silicon detectors. How these
energy resolutions translate into equivalent cross-section uncertainties depend
on the shape of the cross sections at the energy in question.

Another pressing issue was how the target and Mylar foil thickness as well as
the gas pressure affect the performance of the experimental setup. Even though
the pressure will be in the order of a few mbar, it will be enough to make FPs
lose several MeVs of kinetic energy as they pass the gas-filled chamber space.
It is imperative, that one out of the two FPs for each fission is detectable if it is
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Figure 5.6. Expected uncertainty in the incoming neutron energy as a function of the
incoming energy. A generally higher uncertainty is expected from proton events, since
the PPACs will not detect these highly penetrative particles.

emitted in an angle covered by one of our detectors. Our setup must allow for
the low energetic heavy FPs to escape the target, penetrate both PPAC windows
and travel through the chamber gas, before being detected in a silicon detector.
This must happen while making sure that the FPs deposits enough energy in
one of the silicon detectors, that they can clearly be distinguished from eventual
α-particles, i.e, exceeding 8MeV.

It will be beneficial if we produce aluminised Mylar foils (or find a commer-
cial product) with a thickness of less than 1 μm. It was soon clear that unless
the Mylar foils are kept as thin as possible we would lose FPs in them and thus
not be able to reach a detection efficiency close to 100% (it is also preferred
due to the lesser amount of additional scattering centres in the beam). With
the Mylar foil thickness fixed at 1 μm, two accessible variables for controlling
the energy loss of the FPs remained; the fissionable target layer thickness and
the gas pressure. The optimal gas pressure for the PPAC operation was not
known at the time the simulations were performed. Based on discussions with
and the work of other groups using similar PPACs, e.g., Ref. [74], we assumed
a suitable pressure to be about 3mbar.

Not surprisingly I found that, while keeping the chamber pressure at 3mbar,
a 1 μm thick target allowed detection of FPs with higher deposited energy in
the silicon detector than for a 2 μm thick one. However, a thinner target means
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Figure 5.7. The fraction of FPs that reach the front silicon detector with energy lower
than the threshold is indicated on the x-axis. Most of the fragment’s kinetic energy is
lost while escaping the target and penetrating the PPAC foils as well as traversing the
gas towards the detector telescopes. The PPAC foil thickness is kept at 1 μm. If the
gas pressure is kept at 1mbar and the target is 2 μm thick, about 99.8% of the FPs are
detected with energies higher than 8MeV. To detect more FPs above the α-punch-
through energy, the target thickness can be decreased to 1 μm allowing almost every
FP to reach the silicon detector with a kinetic energy above 8MeV.

lower count rate. If a lower gas pressure of 1mbar is used the 2 μm thick target
might still be an option, letting us detect FPs with at least 8MeV in the silicon
detector. The option of 3mbar gas pressure and a 2 μm thick target would
theoretically deny us the possibility to distinguish FP from α-particles by the
pulse height in the silicon detector alone. The fraction of FP detected in the
silicon detector, above a certain threshold energy, is depicted in Fig. 5.7.

Considering PPAC windows of 1 μm one can estimate the additional scatter-
ing centres for elastic scattering. Since we will measure the elastic scattering
from the polyethylene target, any extra hydrogen atoms in the beam must be
corrected for. Depending on the final design of the PPACs and the relative
thicknesses of the Mylar foils as well as of the polyethylene target, this cor-
rection will be in the order of a few percent. It will be based on simulations
together with empty target runs.
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5.4 Current status
The simulations and the analysis of them were performed mainly during 2013.
Since then, PPACs have been built and tested in our laboratory in Uppsala using
a californium source. It turns out that with a 3mbar gas pressure the PPACs are
essentially blind to α-particles but could still achieve a 100% efficiency for FP
detection (within experimental uncertainties) [68]. However, using the latest
prototype PPAC a near 100% α-particle-efficiency was achieved at 7mbar.
The final gas pressure and PPAC design will determine whether distinguishing
FPs from α-particles will be problematic or not.

The specifications of the uranium targets are better known. In the simulations
the uranium targets were modelled as uranium oxide but the real targets will
most likely be uranium tetra fluoride. They will also be thinner, in the order of
0.5 μm, than the ones modelled in the simulations. All of these things play in
our favour, increasing the margins for a working setup. The Mylar thickness is
now slightly less critical, but the energy losses must still be kept low. PPACs
with window thicknesses of 2.5 μm were tested first, but now PPACs with
0.9 μm windows have been produced and are currently being evaluated.

The simulations have helped the discussion and development of the exper-
iment, but the situation is now changed. We have learned more and have a
better picture of the experiment we are planning. New simulations are planned
which calls for the simulation software to be updated and improved in order to
take into account the current situation and the new information available. The
measurements made using a 252Cf source with prototype PPACs (see fig. 3.3)
[68] can now be compared to simulations. The work of updating the simula-
tions is in the writing moment in progress. Due to the many delays of the NFS
facility, no experiments have yet been performed. Measurements of light-ion
production is planned as soon as the neutron facility becomes operational and
commissioning will start.
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6. Alpha-particle and triton production at
GELINA

Light my candles in a daze,
’cause I’ve found god.

— Kurt Cobain

The measurement of 6Li(n,α)t at GELINA is one out of three related experi-
ments conducted at the JRC-Geel. Detector setups similar to the one presented
in this thesis have been used to measure 10B(n,α)7Li, also at the GELINA fa-
cility, and a measurement of the 6Li(n,α)t cross section has been conducted at
the VdG facility [75]. The 6Li(n,α)t measurement at the VdG used a 6Li target
with a thin aluminium backing and a pressure of 3.5 bar enabling both reaction
products to be detected. This is contrary to what is being used to measure the
6Li(n,α)t cross section at the GELINA facility where thick (0.5mm) backings
are used and two 6Li targets are employed in a back-to-back position.

Three different measurement runs for 6Li(n,α)t have been conducted at
the GELINA facility, each improving on the previous one. After presenting
how come we measure 6Li(n,α)t and the setup of the original experiment,
each of the iterations will be subsequently discussed in order to explain how
the experimental setup has evolved. The concluding section 6.5 will discuss
further improvements that can be made if another iteration of the experiment
is realised.

The results from this first part of the 6Li(n,α)t measurement has previously
been reported in my licentiate thesis [5] as well as presented at the CNR*15
conference [76]. The section about the general description of the experiment
and the section about the first measurement consists to a large degree of
reworked text from my licentiate thesis [5]. Preliminary results for the third
measurement has partly been presented at the ND2016 conference [77] but the
analysis has since then been revamped and the final results are presented here
in section 6.4.

6.1 Motivation
As discussed in section 2.1 there are many properties sought for in a good
neutron standard cross section. The 6Li(n,α)t reaction is a suitable standard
in many situations due to its high cross section and high Q-value of almost
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Figure 6.1. The levels of the compound nucleus 7Li dominates the structure of the
6Li(n,α)t cross section. But to what degree it is affected by the three broad levels
above 1MeV is disputed.

5MeV. The high energies of the reaction products give large clear signals in
many detector systems. Either the triton, the α-particle or both particles can
be detected, but usually it is easier to detect the less penetrating α-particles.

The first resonance of 6Li(n,α)t occurs at a neutron energy of 0.240MeV
in the laboratory frame of reference. It corresponds to the 5

2

− excited state at
7.454MeV in the compound nucleus [78].

Up to 1MeV the cross section from different experiments agree fairly well,
but above 1MeV to about 2.5MeV discrepancies exist. In this region three
other levels in the compound nucleus contribute to resonances in the 6Li(n,α)t
reaction. However, their widths are much larger (4.71, 2.75 and 4.37MeV,
respectively, compared to 0.080MeV for the 7.454MeV level) [78] and, there-
fore, the resonance structure is more smeared out. The situation is illustrated
in fig. 6.1.
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In the 1 to 2.5MeV region at least two independent experiments have
reported discrepancies. One experiment was performed using an ionisation
chamber similar to the one used at JRC-Geel (see section 3.1) [79], while the
second one employed solid state detectors [80]. Both experiments see a several
percent higher cross section than, e.g., the ENDF/B-VII evaluation [81] in this
energy region.

It is speculated [82] that one of the reasons the evaluation based on previous
measurements shows a smaller cross section is the particle leaking effect. Due
to the incoming neutron momentum there is a possibility of both products
(t and α) being emitted in the forward direction (in the laboratory frame of
reference), but with large polar angles (0° < θ < 90°) for moderate neutron
energies. In this case the detector response will look like as if only one particle,
with the combined energy of both the triton and the α-particle, has entered the
chamber. If this effect is overlooked it can lead to an underestimation of the
cross section since the pulse height is much higher than for a normal α-particle
event and might be discarded because of that. This is why the effect is called
particle leaking.

The aim of the study is to allow for an extension of the standard energy range
from 1MeV to a few MeV. Therefore, any discrepancies in this region must
be resolved before the cross section can be trusted as a standard. An attempt
to do this has been carried out by measuring the α-particles (and later also
the tritons) from the 6Li(n,α)t reaction as well as the fission products from the
235U(n,f) reference reaction.

6.2 First experiment
Data collection for the first iteration of this experiment started in spring 2015.

6.2.1 Experimental setup
The original experimental setup was situated at GELINA viewing the neutron
production target unmoderated from a distance of 60m.

A schematic view of our GIC is depicted in fig. 6.2. This kind of detector was
described in more detail in section 3.1. Contrary to most setups this chamber
contained two cathodes, one for the lithium target and one for the uranium
target. The cylindrical chamber has one shared gas volume kept at a pressure
slightly above 1 bar (the gas used was P-10), but the uranium measurement is
confined to the front compartment of the chamber and the lithium measurement
to the back. Each compartment has a cathode in its centre and the uranium
and lithium targets, respectively, are placed on each side of the cathode so that
each pair of targets share the same cathode. In the case of the two uranium
targets, a small 1.5mm spacer was inserted between the targets, but electrical
contact was still maintained.
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Figure 6.2. Schematic of the ionisation chamber used for the first and second experi-
mental runs. The chamber axis coincides with the neutron beam axis. Each cathode
consists of two targets facing forwards respectively backwards. In total the chamber
has 10 independent electrodes, five in each compartment separated by shields. The
shields are interconnected and kept at the same potential.

Both lithium targets consisted of LiF, which was vacuum deposited on a
aluminium backing and the deposited layers had similar masses, 2014(23)
and 2610(40) μg, respectively. Both deposits had a diameter of 8 cm and
a 0.5mm thick backing, making it impossible for any reaction products to
traverse the target to the other side of the cathode (the range of a 5MeV triton
in aluminium is only about 100 μm [83]). The uranium targets were of similar
areal densities, 193 and 222 μg/cm2, but due to different diameters (4.5 cm and
7 cm, respectively) they had different masses, 3071(46) and 8520(40) μg 235U,
respectively. The isotopic mass ratio of 235U in the uranium target material
were 97.663(3) and 99.9336(14)% for the two targets, respectively.

On each side of each cathode, the chamber was equipped with an anode and
a grid. The induced signals on each electrode were recorded by a 100MHz
digitiser, with 12 bits resolution. Signals from all electrodes were captured
rather than only from the cathodes and anodes, in order to reduce uncertainties
due to electronic drift [27]. In this experiment the grids consist of conductive
meshes (rather than parallel wires, which is another option).

6.2.2 Analysis procedure
This section will go through how to determine the neutron energy from the
ToF, how to extract the necessary information from the electrode signals, as
well as how the full dataset is analysed.

6.2.2.1 Trace analysis
The digital sampling of the waveforms enables corrections in the post-analysis
and has shown to be superior to analogue equipment [27]. The collection of
stored waveforms needs to be iterated in order to extract the relevant informa-
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Figure 6.3. An example of anode (left) and grid (right) signals from an α-event. The
dashed lines represent the fits made to the signals (the anode fit function is given in
eq. 6.1).

tion. The parameters that are of interest, are in this case the time and the signal
PH. Typical signal shapes are shown in fig. 3.2. The cathode and anode signals
were fitted by

fC/A(t) =
⎧⎪⎪⎨⎪⎪⎩

t < tcentre − twidth
2 : a0

t > tcentre +
twidth
2 : a1

else : a0+a1
2 +

a1−a0
twidth

(t − tcentre) ,
(6.1)

where a0 and a1 are the constant signal levels before and after the signal
respectively, twidth is the rise time and tcentre is the centre of the pulse rise.
That is, the signal is fitted to three connected line segments. Similarly the grid
signals are fitted to a function describing four connected line segments (six
parameters). The anode and grid signals from an α-particle event are depicted
in fig. 6.3 together with the corresponding fitted functions. The choice of fit
function represents a compromise between the number of needed parameters,
computation complexity and how well the function captures the signal features.
The signal PH is derived, for all three electrode signals, by taking the difference
between the signal level before and after the signal (a0 and a1 in eq. 6.1 for the
cathode and anode).

By fitting the signals rather than just extracting the PH, more information
become available, e.g. the signals’ rise time. The deduced PHs from the
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fitted signals were compared to the PHs obtained by applying a noise reducing
CR-RC4 filter and then extracting the PH. No preference for either method
could be seen. The χ2-distribution from the fit results corresponded to the
expected distribution considering the number of degrees of freedom as well as
the uncertainty (noise) of the baseline.

6.2.2.2 Time-of-flight
The trigger to the digitisers was created by letting each cathode signal go
through pre-amplifier followed by a Constant Fraction Discriminator (CFD)
and then adding them by a logical OR operation. The resulting signal was
then combined by a logical AND operation with a signal from the controlling
computer indicating whether the acquisition system is ready or not. The event
time te, recorded for each event, is the time difference between this trigger
and the accelerator signal arriving with each beam bunch. This timing can be
turned into the ToF tToF, if a reference time t0 is known.

For calibration purposes bismuth and lead plates, with a total thickness of
35mm and 15mm respectively, were placed in the neutron beam in front of the
chamber during the measurements, in order for resonances to be visible in the
ToF spectrum. Neutrons with energies close to the resonances have a higher
probability of being absorbed before they reach the measurement chamber and
therefore negative peaks (a decrease of events) appear in the ToF spectrum at
predictable energies. If either the corresponding nuclear levels (see section 2.2
for details) or the resonances themselves have been measured before, they can
be used as calibration points.

Except at energies below about a meV and at the resonance energies, the
total neutron cross section of lead and bismuth is in the order of 10 b or lower
[81]. This roughly corresponds to a neutron attenuation coefficient of less
than 0.03 cm2/g. Compared to the attenuation coefficient for 5MeV γ’s [84]
the neutron dito is significantly smaller, but in the same order of magnitude.
The γ-attenuation decreases with γ-energy, so it is clear that these plates will
attenuate low energetic γ-flux much more than the neutron flux. Therefore a
lower γ-background is achieved, at the expense of some neutron flux.

Unfortunately, even though previous experiments have used the same tech-
nique [85, Fig. 1] and some resonances from the inserted beam filters were
visible, the resonances could not be unambiguously identified. Instead, the
γ-flash coming from the neutron production target was used to determine the
reference time t0. The peak in the ToF spectrum formed by γ-events, was
clearly separated from the events induced by slower particles. Since the speed
of light is known,

tToF = te − t0 + L/c, (6.2)

where L is the distance between the neutron production target and the relevant
cathode. Once the neutron ToF is deduced the kinetic energy of the neutron
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Figure 6.4. The top panel (a) shows the ToF plotted against the forward uranium anode
PH, before the correction of the PH dependence (walk) of the timestamp. The bottom
panel (b) shows the same plot but after the correction.

Tn, is given by:

Tn = mn (γ − 1) = mn√
1 − L2

t2ToFc
2

− mn, (6.3)

where mn = 939.565 379MeV is the neutron mass.
However, when the ToF spectrum was analysed we discovered that the γ-

flash events did not end up with the same ToF (see fig. 6.4). The output of
the CFD modules still depended on the size of the signal (walk), which had to
be corrected for. Since all signals were digitised I could extrapolate the slope
of the cathode signal to the baseline and correct the timestamp by the time
difference between the extrapolated time, textrapol, and the time corresponding
to the digitiser being triggered, ttrigger. Thus the corrected ToF was calculated
by:

tcorr
ToF = tToF − (ttrigger − textrapol). (6.4)

6.2.2.3 Fission events
Due to the much larger energy deposited in the gas by FPs, compared to other
possible reaction products, it is fairly easy to distinguish them. A PH threshold
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Figure 6.5. The anode PH plotted as a function of the anode PH, for all fission events
in the forward direction. The lines represent the limits where the distribution height
drops to half its maximum and defines cos θ = 0 and cos θ = 1.

separated the FPs unambiguously from the e.g. α-particles from the sample
activity that were also present in the data. Due to the target and backing
thickness, only one of the two FPs is detected for each fission event. The mass
of the FP is, for each single event, unknown and can only be estimated based
on its energy. The neutron energy does not reach more than a few MeV, so
its influence on the fragment kinematics will be small. Due to this, all fission
events emerging from the same side of the fission target are analysed together.
In order to get the numbers of events in a specific neutron energy interval, an
appropriate cut is applied later.

The analysis starts by plotting the anode signal PH versus the grid signal PH
as in fig. 6.5. For each anode channel, corresponding to the detected energy,
the fission events are projected onto the grid axis. The projection is used to
determine for which grid values the distribution drops to half its maximum.
These grid values, G0 and G1, correspond to cos θ = 0 and cos θ = 1 (or
cos θ = −1 for particles emerging from the backwards facing target). We
then return to eq. 3.6 and remember that the grid PH is proportional to cos θ,
allowing us to express cos θ as a function of the detected grid PH G(QG):

|cos θ | = G(QG) − G0

G1 − G0
. (6.5)

The value of G0 is very close to zero since the FP emitted in the target plane
should not leave a net induced charge on the grid according to eq. 3.6. The
value of G1 will change with the fragment energy since it incorporates X which
in turn depends on the stopping range of the heavy ion in question. It turns out
that G1 can be well parametrised by two line segments as shown in fig. 6.5.

The fragments emitted in an angle close to 90◦ will suffer from larger energy
losses in the target since the effective thickness of the target is proportional to
1

cos θ . Corrections for the energy losses in the target can be made by observing
the mean energy of all events for a certain cosine value. The inverse cosine is
plotted against the anode PH, denoted A, and a straight line, A = k

|cos θ | + m,
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Figure 6.6. Mean anode PH plotted as a function of the inverse of the cosine value,
for the fission events in both forward (a) and backward (b) direction. The fitted lines
are used to correct for the angular dependent energy loss in the fission targets.

is fitted to the data where the losses are not too big (1.25 < 1
cos θ < 3, see

fig. 6.6). We can estimate the anode PH, in the absence of energy loss in the
target, with

Ano loss = A(θ) − k
|cos θ | , (6.6)

through extrapolation of the fitted line by letting 1
cos θ → 0. For gracing angles

the energy losses are too big to be well corrected for and some particle losses
are unavoidable. For the final analysis only the events where |cos θ | > 0.3 are
used. The anode PH can be roughly translated into energy by calibrating the
anode spectrum using the two distinct humps of light and heavy fragments,
respectively.

6.2.2.4 α-particle events
The two reaction products (4He and 3H) are in this case of comparable masses
to the neutron’s, which means that the kinematics are strongly dependent on
both the neutron energy and the emission angles in the laboratory frame of
reference. In the limiting case of an incoming neutron with negligible energy,
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the angular distribution is isotropic and the α-particle and triton energies will
be determined only by the reaction’s Q-value together with the conservation
of energy and momentum. In other words, the laboratory and the CoM frame
are, in this case, identical.

For higher neutron energies difficulties arise. The two products will no
longer be emitted in opposite directions in the laboratory frame, due to the
momentum transfer of the incoming neutron. The particle leaking has already
been discussed in section 6.1. The particle energy is the largest at small angles,
where it is also increasing with neutron energy. For backwards particle emis-
sion the neutron momentum (qn) transfer will decrease the particle energies but
at the same time the neutron energy (∝ q2

n), will increase the available reaction
energy. These two opposing effects lead to a non-monotonic behaviour of the
backwards emitted particle energies.

At this pressure of 1 bar, the tritons are not fully stopped in the chamber for
small angles. Therefore, only the α-particles are of interest for this analysis.
When the grid PH is plotted against the anode PH, the α-particle distribution
can be recognised as a fairly straight ’banana’ shape (see fig. 6.7). The distri-
bution will move with neutron energy and the bent shape originates from both
the reaction kinematics as well as energy losses in the target. An increased
neutron energy will, for all forward angles, give rise to an increased particle
energy, leading to an increased anode PH. The energy losses in the target will
also change when the particle energy increases and therefore will the shape
of the distribution also change. The relevant distribution was selected using
manual cuts for several neutron energies. These cuts were parametrised so
that the relevant events, of arbitrary neutron energies, could be selected. The
tritons that are stopped, are seen as a fairly horizontal distribution. Much of
the background can be attributed to partly stopped tritons.

The particle energy can be determined both by calibrating the anode PHs,
as well as by kinematic calculations based on the neutron energy derived from
the ToF. The angles can be determined in a similar fashion as described for
the fission events. However, since in this case the neutron energy greatly
affects the kinematics, the PH limits, G0 and G1, in eq. 6.5 must be determined
independently for each small energy interval of interest.

The energy loss in the target does not scale linearly with particle energy
but is generally small, except for gracing angles. An crude energy calibration
of the anodes can be performed by observing the events at the end points of
the grid PH distribution. Since these corresponds to events of gracing angles
or events along the chamber axis, respectively, the corresponding laboratory
energies are known. The anode PH of these events were used to create two
separate energy calibrations, f cal

0 (A) and f cal
±1 (A), each valid only for cos θ = 0

and cos θ = ±1, respectively. The laboratory energy could then be estimated
for each event by interpolation between the two endpoint calibrations.

Elab = f cal
±1 (A) |cos θ | + f cal

0 (A)(1 − |cos θ |) (6.7)
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Figure 6.7. Events in the forward direction from the Li target. The neutron energy
interval is 200–250 keV. The majority of the events are α-particles and are clustered
in a bent shape. Since this shows the events in the laboratory frame of reference the
α-particle distribution is bent due to both the frame boost and to energy losses in the
target.

Once the laboratory properties of the α-particle are known they can be
transformed into the CoM frame by Lorentz transformation and energy and
momentum conservation. One finds that

T ′
α = γ

(
Eα − � cos θ

√
E2
α − m2

α

)
− mα (6.8)

cos θ ′ = ±
√
1 − Eα

E ′
α
(1 − cos2 θ), (6.9)

where E denotes total relativistic energy, T denotes kinetic energy, m denotes
mass, � denotes velocity (in terms of c), and all CoM properties are primed. The
negative solution in eq. 6.9 is applied for the backwards facing side while the
positive is applied for the forwards facing side. In addition cos θ ′ is multiplied
by −1 if cos θlimit > cos θ where θlimit is given by

θlimit = arctan

√
(mn + mLi)2

mnmα

mt

mα + mt

En +Q
En

, (6.10)
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Table 6.1. Ratios between fission event properties associated with the forward and
backward direction with respect to the beam. The detected counts and average linear
energy loss in the targets are compared to the expected values based on the target
specifications. The relative difference between the measured and expected values are
also reported.

Property Ratio (f/b) Expected value Relative difference
Event counts 2.741(14) 2.774(43) 1.2%
Energy loss 1.20 1.15 4.7%

in order to take into account that the forward laboratory angle might have
reached into the back hemisphere of the CoM frame.

6.2.3 Results
6.2.3.1 Uranium counts and distributions
For FP of gracing angles, the effective thickness of the target becomes large.
Consequently, the energy losses will be large too, making accurate corrections
more difficult. Sometimes the fragments will not even escape the target. One
can see that some losses of events are occurring in the cosine spectra in fig. 6.8.

To avoid being affected by particle losses, only the fission events where
|cos θ | > 0.3 were used. By comparing the ratio of event counts in the forward
and backward direction with the ratio of 235U atoms in the corresponding
targets, one can conclude that the relative number of detected events is very
close to the expected (see table 6.1). Another check is to compare the energy
loss (the slopes of the fitted lines in fig. 6.6, see eq. 6.6) with the target
thicknesses. Taking into account that the gain of the two different anodes are
similar but not identical, the agreement between the measured value and the
expected is once again good (see table 6.1).

To be able to compare the anode distributions they were transformed into
energy distributions by using the two peaks (corresponding to the low energy
heavy fragments and the high energy light fragments, respectively) as calibra-
tion points. Depicted in fig. 6.9 are the two energy spectra from the forward and
backward direction. They match each other well, but some small discrepancy
can be seen at lower energies.

6.2.3.2 6Li(n,α)t in the centre-of-momentum frame
For each identified α event the laboratory properties were determined using
eq. 6.7 after deducing the angle from the grid PH. By subsequently using
eqs. 6.8 and 6.9 a transformation into the CoM frame was performed. The
result is a distribution close to constant in energy (see fig. 6.10). The spread
of the distribution can be attributed to uncertainties in the neutron energy
as well as in the particle angle. However, the deviation from the predicted
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Figure 6.8. Cosine distributions of the events emerging from the forwards and back-
wards facing fission targets respectively. When |cos θ | � 0.3 the energy losses in the
target becomes large and in the backward direction one clearly sees a loss of events
due to this. The spectra have been normalised based on the events where |cos θ | > 0.3.
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Figure 6.9. The peak positions are based on data of the thermal fission of 235U. Both
spectra were normalised according to the number of 235U atoms in their respective
targets.
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linear behaviour is most likely an artefact of the big uncertainties in the energy
calibration of the anodes. If one needs to calculate a precise α-particle energy,
a more reliable way of determining it is to use the angle deduced from the grid
PH together with the neutron energy.

6.2.3.3 Preliminary cross section
A preliminary cross section was calculated and compared to data from the
ENDF/B-VII.1 evaluation [81] (see fig. 6.11). To obtain absolute values,
in accordance with eq. 2.2, the 235U cross section from the ENDF/B-VII.1
evaluation [81] was used. The measured fission counts have been extrapolated
in the |cos θ | ∈ [0, 0.3) region assuming an isotropic emission.

The experimental cross section shows a tendency of being systematically too
low except for low energies, but around the resonance region the agreement
is fairly good. The measured cross section peaks at 243 keV, close to the
expected energy. With better statistics the binning can be made finer and the
neutron-energy resolution is expected to improve if a couple of Bi and Pb
resonances could be identified for the ToF calibration (see section 6.2.2.2).

For energies below ∼150 keV or above 1MeV large systematic differences
compared to the evaluation are seen. In the low energy region the measurement
overestimates the cross section due to a troublesome background. Also for
the higher energies a cluster of background events partly overlaps with the
α-particle distributions making it difficult to correctly select the appropriate
events. These events were later confirmed to be partly stopped tritons (see
section 6.4). Part of the underestimation of the cross section at higher energies
can be explained by the particle leaking effect, discussed earlier in section 6.1,
which becomes more important the higher the neutron energy is. Since the
tritons are not fully stopped but still deposit some of their energy in the detector,
the particle leaking effect becomes difficult to correct for.

6.2.3.4 Choice of gas
As was mentioned in section 3.1 the gas mixture is an important parameter to
take into account, in order to obtain well behaving signals. The gas determines
the size of recombination effects as well as formation of negative ions (by
atomic or molecular capture of an electron).

Both P-10 (90% Ar+10% CH4) and 95% Ar+5% CO2 gas mixtures have
been tried and the results were quite different (compare the distributions in
fig. 6.12 to the distributions in fig. 6.5). For the Ar+CO2 mixture, the grid PH
becomes increasingly negative with higher anode PH. Due to the distortion of
the grid-anode spectrum when using Ar+CO2, the data could not be properly
analysed and a switch back to P-10 was performed.

According to studies of the drift velocities in these gas mixes [86–88], one
concludes that a drift velocity, in the gas volume between the cathode and
the grid, of 4 to 4.5V/(cmTorr) is expected for both our gas mixes, given
the voltages and pressure in use (reduced field strength of 0.428V/(cmTorr).
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Figure 6.11. Deduced cross section of the 6Li(n,α)t reaction from the first exper-
imental run, the error bars represent statistical uncertainties only. Agreement with
evaluated data in the low energy region is poor, and the cross section in the high energy
region is systematically underestimated. Nonetheless, around the resonance region our
measured data agrees well.
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Figure 6.12. In the two panels the effect of using the 95% Ar+5% CO2 gas mixture is
seen. Roughly half the events in panel (b) have negative grid PHs, and a dependence
on the anode PH is seen. Clearly this distribution is distorted compared to the one in
panel (a), where P-10 gas was used.

Neither gas mixes actually reaches a plateau, the CO2 mix is on or before the
drift velocity maximum, while the corresponding position of the P-10 value
lies well after the maximum. The appearance of negative grid signals in the
Ar+CO2 gas mixture can therefore not be explained by a difference in drift
velocity. The more likely explanation is differences in chemistry, e.g., electron
affinities of the gas molecules.

With adjusted and tuned voltage settings, it is possible to use Ar+CO2 as the
chamber gas without these distortions. The previous measurement by Knitter
et al. [89] used this gas at 3.8 bar. More systematic studies like the one by
Bevilacqua et al. [25] are needed to evaluate the best settings.

6.3 Second experiment
6.3.1 Changes compared to the original experiment
During the beginning of 2015 the setup was moved to a closer position (10m)
with a moderated beam. This allowed us to gather statistics and identify
problems much faster since the neutron flux is more than an order of magnitude
larger at the shorter distance. At the new position the background situation,
for both low and high energies, seemed to have changed and did not disturb
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the α-distributions as much. A major drawback of the first experiment was
that the ToF could only be calibrated using the γ-flash, no resonances could be
determined unambiguously. This was thought to be mainly a problem of low
statistics, which the increased low energy flux should be able to remedy.

The data acquisition system had some limitations, since it was not designed
with high count rates in mind. One of them was that the different digitiser
modules could become unsynchronised. This happens when one, or more, of
the digitiser modules are still processing the last event, while others are ready
to take new data. One must make the quicker modules wait for the last module
to finish by inhibiting their armed status, until all modules are ready. For low
count rates this is a very rare problem, but the high flux from the moderated
beam called for a correction procedure as this problem became much more
common. A second limitation is that only the first event for each beam bunch
could be collected, possibly affecting the cross section at high count rates since
the high energy events would be predominately collected.

The events are collected in sets of 100. The first event in this set is guaranteed
to be synchronised because the digitisers are all armed simultaneously from the
acquisition software running on a nearby PC. All the modules have individual
timestamps so the time difference between each subsequent event is known.
Whenever one or more modules lag behind, that data becomes shifted with
respect to the rest. The unsynchronised events are skipped for the lagging
modules until all modules are in sync again. Some complications arise from
the fact that each clock in the modules are not running at exactly the same speed
but since the clocks can be synchronised at every ‘good’ event the problem
never grows out of hand.

6.3.2 Results
The increased flux at lower neutron energies made the resonance structure of
235U distinguishable in the ToF spectrum. These (positive) peaks served as
calibration points in the eV to keV region. In addition the increased statistics
also in 6Li(n,α)t events made it possible to identify a few Pb resonances that
were also used in the ToF calibration. This was very important since theγ-flash
was no longer well defined. The moderating polyethylene, as well as the several
filters put in the beam (Pb, 10B, Na, Co and Ag), greatly broadened the γ-flux.
Regardless, the γ-flash would always be a high energy calibration point while
we for this measurement needed calibration points in the low energy region.

Since the γ-flash was of no use to us, a veto time gate was setup as the
γ’s arrived much prior to the low energetic moderated neutrons. The gate
prevented those events completely from being collected. The low statistics at
higher energies made it difficult to get good neutron energy resolution in those
regions, but we achieved a proof-of-principle that our setup could see and use
the filter resonances given enough statistics.
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The data looked very promising but the deduced cross section was off, we
had too few fission events. After much of the beam time already had passed,
it was discovered that the chamber was misaligned and that the neutron beam
did only illuminate part of the uranium targets.

The alignment is checked by taking photos of the beam. The γ’s in the beam
will react with the photo plate and after some hours you will see exactly where
the beam hits your chamber. This was done before the measurement began but
most likely the chamber position was accidentally disturbed by, e.g., someone
bumping into it or the table supporting it. Unfortunately this was impossible
to correct for in the analysis.

The last weeks of beam time was instead used to experiment with new high
voltage values and pressures. It had become apparent that the tritons were an
unavoidable background. The often partly stopped tritons overlapped with the
α-particle distribution. So we decided not to treat the tritons as background
and instead try to detect them as well by increasing the pressure.

In order to keep similar voltage ratios and reduced fields, the high voltage
must be increased proportionally to the increase in pressure which limited
us as the setup could not handle more than 3 kV. It was quickly seen that
doubling the pressure reduced the triton background significantly, but at the
cost of worsened performance for both α-particle and fission events, which
both now experienced a shorter stopping range. Especially the grid resolution
was worsened due to lower grid PHs. When the tritons were fully stopped, the
particle leaking could also be seen and these events counted, which was one
of the aims of the measurement.

The higher pressure seemed to be the way to go for the 6Li(n,α)t reaction
because with measurable tritons theα-particle were no longer necessary. How-
ever, a decent grid resolution is a must for the fission events in order to make
the energy correction. A decision was made to split the chamber into two
chambers with different pressures before the next measurement.

6.4 Third experiment
6.4.1 Changes compared to the second experiment
The lessons learned from both the previous experiments manifested into a
few modifications. The first measurement struggled with low statistics due to
the long flight path of 60m while the second one, situated at 10m, only had
good statistics for low energies due to the moderation. The third experiment
ended up at a distance of 30m from the unmoderated neutron production,
a compromise of the two previous experiments. Previous measurements by
Knitter et al. measured up to a neutron energy of 330 keV at that distance [89].

The chamber itself was split into two chambers, due to the decision made
at the end of the second experiment to employ different gas pressures for the
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Figure 6.13. The different requirements when it came to gas pressure for the 6Li(n,α)t
and 235U(n,f) reactions forced us to leave the ‘twin’ design and use two separated
chambers instead, each with its own gas supply. The arrangement is the same as in
fig. 6.2, except that there are now two separate chambers and the lithium target are now
closest to the neutron source.

fission and lithium chamber, respectively. The parts were still the same but
naturally two new end caps for the flanges were needed.

For the 6Li(n,α)t chamber these caps were bulging outwards so that they
would not ‘pop’ as the pressure changes, which can cause a pressure wave
to travel through the chamber and therefore risk damaging the fragile targets.
These end caps were already in use for the old chamber which enabled us to
test a higher pressure already at the end of experiment two presented in the
previous section.

Based on these tests we decided that 2 bar would probably be enough for
all but the most energetic tritons, to be able to go higher in pressure we would
also need to replace some of the high voltage units. As a consequence we
still saw not fully stopped tritons but they were no longer interfering with any
other distribution and could be counted. A schematic figure of the split setup
is presented in fig. 6.13.

Already from the start the two different uranium targets had shown some
inconsistencies, even though the targets were similar in thickness. One example
of this, is the larger particle loss in the backward direction, seen in the cosine
distribution (fig. 6.8). At the new flight path the beam spot would be larger
(5.4 cm diameter in front and 6 cm right behind the setup) than the smaller of
the uranium targets (4.5 cm in diameter). To conduct relative measurements
the neutron flux for each target must be the same (see eqs. 2.1 and 2.2). Either
the neutron beam should be very uniform and cover all targets completely or
the targets should be very uniform and be big enough to contain the whole
beam. This can be compared to the situation for the first measurement where
the beam spot diameter was 9.8 cm, i.e. larger than any of the target diameters.
So we exchanged the smaller of the uranium targets for another 235U target
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with characteristics much more similar to the the large one already installed.
The new target has an areal density of 216.0(16) μg/cm2, a diameter of 7 cm
and a total 235U mass of 8310(4) μg with the same purity of 99.9336(14)%.

To fight the synchronisation issues found in the second run, the digitisers
were now supplied a common clock as time reference through a clock and
trigger distribution card.

We were running parasitically and the experiment in front of us needed
a clean beam without filters. We planned to use some filters to get some
resonances when the experiment in front of us was not taking data. However,
as we started measuring, we immediately realised we were swamped by events
induced by the γ-flash. Even though our flight path was at an 108° angle to the
primary beam our chamber’s metallic beam window and other parts created a
lot of disturbing background and lots of space charges in our detector. Since
our acquisition software could only handle one event per beam bunch it so
happened that without any veto gate, it triggered on the γ-flash every single
time. We made two adjustments to the setup to handle the situation.

The first adjustment was to extend our veto gate used in the previous exper-
iment further, up to a time that roughly corresponded to a neutron energy of
3MeV. Since no events were collected until this veto gate had ended, we had
to accept that we would never be able to measure any higher neutron energies
that that, but we never expected to do so anyway. We also decided we could
not measure without a beam filter, so 2 cm of lead was installed (the other
experiment experienced problems and could not start in time). These two
measures made it possible to run the experiment, and with the filters in place
we expected to see resonances to calibrate the ToF with.

The strong γ-flash also created a hassle to correctly fit the signals from the
6Li(n,α)t reaction. In all events induced by neutrons of a few 100 keV or more,
the signal trace would contain the γ-flash induced signal as well as the sought
for one, piled up on the γ-event. The higher the energy of the impinging
neutron, the shorter the distance between the γ-flash and the proper event. A
correct fit is imperative to determine the PH, but also the signal rise time, since
it is used to correct the ToF.

An algorithm was written that identified the γ-induced part of the signal and
removed it (see fig. 6.14). The identification was made based on an analysis
of the ToF, PH and derivative. The anode channels had a much worse signal
to noise ratio so the analysis of them were aided by the time information from
the cathode (the onset of the anode signals are always later than the cathode
signal, see fig. 3.2).

Above a neutron energy of about 1MeV some of the 6Li(n,α)t events started
merging completely with theγ-induced signal, why we had to discard the events
of this energy or higher. In practice, only events below 0.5MeV yielded any
reasonable results.

62



Time / s
1 2 3 4 5 6 7 8 9

6−

10×

A
m

p
lit

u
d

e
 /

 c
h

.

0

20

40

60

80

100

AnodeAnode

Time / s
1 2 3 4 5 6 7 8 9

6−

10×

A
m

p
lit

u
d

e
 /

 c
h

.

20−

10−

0

10
20
30

40
50
60

GridGrid

Figure 6.14. Fitted signals of an event from the lithium chamber, which is highly
affected by the γ-flash. The lower signal (black) in each panel have had the interval
affected by the γ-flash removed from the original signal (red) before the fit (blue) was
made.

6.4.2 Results
Exchanging the smaller uranium target not only resulted in a more consistent
cross section, but also in a more consistent cosine distribution. Both distri-
butions from the targets are now very similar with a flat top until the particle
losses for high angles kicks in (see fig. 6.15).

The improved statistics, compared to the first experimental run, made it
possible to unambiguously identify and use seven resonances from 208Pb for
the ToF calibration. The resonances covered the energy range 78 to 723 keV,
which improved the overall ToF calibration.

In fig. 6.16 a typical situation for the lithium side of the chamber, at in-
termediate (200 to 250 keV) neutron energies, is depicted. The α-particle
distribution is now slightly more compressed since the pressure was increased.
Some energy straggling is seen for angles close to 90° (grid channel ∼0).

The tritons are, for these energies, not fully stopped at near forward angles.
Most of them are gathered in a straight distribution leaning upwards, in ac-
cordance to the increased energy of forward directed particles. As the tritons
managed to pass through the whole gas volume and reach the anode, they start
to deposit less energy in the cathode-anode region. The distribution bends at
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Figure 6.15. After the replacement of the smaller of the uranium targets, the two
cosine distributions agree very well. See fig. 6.8 for details and comparison.
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Figure 6.16. With the higher pressure more of the tritons are stopped and one can
see the ‘punch through’ at high grid PHs. Also the particle leaking is now properly
captured. See fig. 6.7 for details and comparison.
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Figure 6.17. Compared to the cross section presented in fig. 6.11, large improvements
have been made in the low energy region, and now both the tritons and α-particles
have been measured, yielding conforming results. However, the measured cross section
disagrees with the evaluation already after 300 keV, and despite much effort the data
above a neutron energy of 0.5MeV could not be properly analysed due to the γ-flash.

a critical angle since the tritons are inducing less net charge on both the anode
and the grid.

For low angles, the triton distribution disappears and a cluster of events is
formed at much energy. At these angles the particle leaking kicks in. The
cluster of events at high anode and low grid channels consists of simultaneous
detections of both reaction products, boosted into the forward hemisphere. All
the distributions are almost completely separated and the background is very
low.

Increasing the pressure seem to have improved the situation since the back-
ground is very low, and all distributions, including the punch through and
particle leaking effects, are accounted for. Alas, the deduced cross section in
fig. 6.17 still shows discrepancies, especially at energies higher than the first
7Li resonance. At about 300 keV the γ-flash becomes increasingly difficult
to handle and at energies above ∼500 keV the analysis failed to separate the
events properly.

Even if most of the γ-induced part of the signal is neutralised the ToF of
the event is often affected. Another indication that the ToF calibration might
be at fault, is that the the cross section deduced based on α-particles and
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tritons, respectively, agree very well with each other at each energy point. The
experimental cross section peaks before the cross section from ENDF/B-VII.1
[81], which could be due to a misaligned ToF.

6.5 Improvements for a next experiment
After each measurement, lessons were learned and the setup was improved.
However, there are still many things that can be improved if a fourth measure-
ment is attempted in the future.

6.5.1 DAQ
The limit of one event per accelerator repetition is an unnecessary constraint.
Upgrading the module that measures the time interval between the start and the
stop signal, to a model that can handles several subsequent stop signals would
remove this constraint completely.

The higher count rate, the more important it becomes that the timestamps of
the digitisers can confirm that the traces from the different digitisers actually
describe the same event. Since the file structure was not aligned with the set
structure the events were collected in, and since a synchronisation correction
had to be performed, the data analysis could not be trivially parallelised. This
increased either the time required for analysis or the complexity of the analysis
code.

In the third run, it still happened that some of the digitisers become unsyn-
chronised. The only difference, compared to the second run, was that it was
easier to correct for, as all the digitisers used the same clock as a reference. It
did not solve the fundamental problem of the unsynchronised events though.

6.5.2 γ-flash
The single biggest problem of the last measurements was the influence of the
γ-flash. It limited the energy range we could measure and complicated the
analysis. Comparing the situations concerning the first and third experiment
we see the importance of enough beam filters to properly attenuate the γ-flux
to manageable levels. The increased flight length also helped by separating γ
and neutron events time wise.

Both these measures decrease the neutron flux as well as the γ flux, as
an unwanted effect. As we saw that it was difficult to obtain well defined
resonance dips in the ToF spectra, due to the low statistics at 60m, one would
either require much more beam time (and patience) or a shorter flight path. A
new measurement at about 30m with more beam filters (recall that the first
experiment employed more than double the thickness than was used during
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the third experiment) seems to be the most reasonable choice. A previous
measurement by Knitter et al. at the same distance from the neutron source
employed 12 cm lead and 18 cm copper, and still experienced large γ-induced
signals that limited the available energy range [89]. Thicker filters would
also deepen the resonances, leading to more of them being identified and the
measured position of them more accurate.

6.5.3 The lithium chamber
The increase in chamber pressure from 1 bar to 2 bar led to a major improve-
ment for the measurement of both α-particles and tritons since their distri-
butions no longer overlapped. The pressure was still a compromise though.
The higher pressure decreased the angular resolution for the α-particles and
increased the energy loss drastically for events at close to 90° angles. On the
other side, many of the tritons emerging from events of intermediate to high
neutron energies at close to 0° angles were still only partially stopped in the
gas. By accepting additional loss of performance for α-particles one could
increase the pressure and focus on measuring tritons with good angular as well
as energy resolution. Care would still be need to make sure appropriate bias on
the electrodes can be supplied without causing sparks or ending up with field
strengths unfavourable with regards to the electron drift velocity in the gas.
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7. Correlated fission observables with VERDI

When I saw you I fell in love, and you
smiled because you knew.

— Arrigo Boito

VERDI (VElocity foR Direct particle Identification) is a fission spectrometer
developed at the JRC-Geel. It is designed to measure correlated fission ob-
servables through the 2E-2v method.

First results of the current design of VERDI was published by Frégeau
et al. [90] at about the same time I joined the project. Since then the setup
has been upgraded and the analysis refined. Effort has also been put into
better understanding the 2E-2v method in order to explain the results VERDI
produces, as well as guiding the continuation and development of the project.

I will focus on the 2E-2v method, but certain aspects of the 2E method will
also be relevant to discuss to some degree. A small part of this was presented
at the ND2016 conference [91], but here the current VERDI will be presented
and discussed in full for the first time.

7.1 Motivation
Still, after almost 80 years since the discovery of fission we do not know
how the fission process works in detail. One important question is how the
available excitation energy is distributed between the two FFs. This can be
probed by measuring the neutron multiplicity, ν, since the ability to emit a
certain number of neutrons requires enough excitation energy to pay for the
neutrons’ separation energies. The multiplicity can be measured directly, but
detecting neutrons is always difficult. Instead one could measure the mass
of a fragment both before and after neutron emission and thereby deduce the
multiplicity.

To help, or rule out, the developed theoretical models of fission, correlated
data is needed. If both the fragments’ masses and energies are known sim-
ultaneously the correlations between them can say much more than a simple
one dimensional spectrum. Providing such correlated data is what VERDI has
been designed for. VERDI cannot provide correct correlations event-by-event
but it can give average correlations between the masses, energies and other
deducible observables.

Mass yields of higher quality than present measurements is also anticip-
ated from VERDI, which could be interesting for applications like the next
generation nuclear power plants and transmutation technologies.
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7.2 Notation
Throughout this chapter there will be a lot of notation referring to different
quantities, often both before and after neutron emission. The, so called,
pre-neutron and post-neutron quantities will be marked by superscript (pre or
post, respectively). The variables M , E , t and � will be used to represent
mass, kinetic energy, ToF and velocity (strictly speed), respectively. Directly
measured uncorrected quantities will have a subscript (m) differentiating them
from their corrected counterparts.

The symbol ν̄ denotes the average neutron multiplicity, for one of the frag-
ments. The average total neutron multiplicity, summed over both fragments, is
denoted ν̄tot. If I need to specify that a quantity belongs to a specific fragment,
the corresponding symbol will carry an index of either 1 or 2, while a quantity
belonging to a neutron has a subscript (n).

7.3 The 2E method
Even though VERDI is designed for 2E-2v measurements, the calibration of
the setup depend on a 2E analysis of a well-known system, e.g., 252Cf(sf ).
I will therefore briefly describe how the 2E method is implemented in the
VERDI analysis, before I go through the main 2E-2v method.

As the name suggests the method is based on a measurement of both the FPs’
energies. Since less information is obtained compared to a 2E-2v measure-
ment, some previously obtained information is needed to deduce the fragment
masses. In the following description it is assumed that there exists a func-
tion ν̄(Mpre,TKEpre) that will provide the average neutron multiplicity given
Mpre and TKEpre. In reality, such a function would be based on previous
measurements of the same, or similar, fissioning systems.

The analysis of each event will undergo a couple of iterations in order to
converge toward the correct energies and masses. The kinetic energies of both
particles is directly measured. The needed starting values of the other variables
can be set to, e.g.,

Epre
i=0 = Epost (7.1)

Mpre
1,i=0 = Msum

Epost
2

Epost
1 + Epost

2

, (7.2)

where Msum is explained in detail in section 7.4.2.
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The next iterations will calculate the properties according to:

Mpost
i+1 = Mpre

i − ν̄(Mpre
i ,TKEpre

i ) (7.3)

Epre
i+1 = Epost Mpre

i

Mpost
i+1

(7.4)

Mpre
1,i+1 = Msum

Epre
2,i+1

Epre
1,i+1 + Epre

2,i+1

. (7.5)

When the variables have converged, usually within a few iterations, the loop
is terminated and the analysis proceeds with the next event.

For each emitted neutron two terms have been neglected in eq. 7.4. The
expression in eq. 7.4 comes from the assumption that �pre = �post. The size of
this approximation can be determined by estimating the average values of both
the terms:

mn
Mpost ECoM

n and mn�
pre�CoM

n .

The first term is small, in the order of tens of keVs, and the second term
averages to zero in the same manner as discussed in section 7.4.1. We will
need to come back and discuss these approximations later in section 7.7.5.

7.4 The 2E-2v method
To utilise the 2E-2v method one needs to know the compound nucleus, i.e.,
the fissioning system. The 2E-2v method is therefore only strictly valid for
first-chance fission. However, for neutron energies high enough to enable
multi-chance fission [22], corrections can be made. Here, I restrict myself to
first-chance fission.

As the name suggests the 2E-2v method relies on the measurement of the
energy and velocity of both FPs. Before I show how the energies and masses,
both before and after neutron emission, are derived from this, an important
assumption needs to be clarified. All prompt neutrons are assumed to be
emitted soon after the FFs become fully accelerated by the Coulomb repulsion.

7.4.1 Isotropic neutron emission
Since no neutrons are measured, the angular distribution must be estimated
somehow. For both the 2E and 2E-2v methods, the neutron emission is assumed
to be isotropic in the CoM frame of each individual fragment. I will now
demonstrate why this assumption is imperative to the 2E-2v method.

Let us observe the system consisting of one of the FFs before neutron
emission. Its momentum, Mpre�pre, is by definition along the fission axis. The
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CoM velocity in the laboratory frame is therefore given by

�CoM = �
pre. (7.6)

Assume that this FF emits a neutron, of mass mn. By letting quantities
belonging to the CoM frame be primed I can write down the conservation of
momentum in the CoM frame:

Mpre�pre′ = Mpost�post′ + mn�n
′. (7.7)

The velocities are not so large compared to the speed of light, so I allowed
myself to make a non-relativistic derivation for the sake of simplicity. The
following expression can be written for the laboratory fragment velocity:

�post = �post′ + �CoM. (7.8)

Combining eqs. 7.6 to 7.8 yields

�post = �pre − mn
Mpost �n

′, (7.9)

since �pre′ = 0. Next I take the modulus of both sides of the equation and get

�post =
����pre +

mn
Mpost �n

′
��� =√(

�pre +
mn

Mpost �n
′
)2
=

= �pre

√
1 +

(
mn�

′
n

Mpost�pre

)2
− 2

mn�
′
n

Mpost�pre cos θ =

= �pre
√
1 + a2 − 2a cos θ,

(7.10)

where I have introduced the helper variable a = mn�
′
n

Mpost�pre . After a Taylor
expansion of the square root,

�post =

(
1 +

a2

2
− a cos θ − a2

2
cos2 θ + O(a3)

)
, (7.11)

we are ready to calculate the average. It is done by calculating the expectation
value for each of the cosine terms, remembering that the Jacobi factor sin θ
comes into play. The final result becomes, after throwing away the higher order
terms,

〈�post〉 ≈ 〈�pre〉
(
1 +

a2

2
− 0 − a2

6

)
= 〈�pre〉

(
1 +

1

3

(
mn�

′
n

Mpost�pre

)2)
. (7.12)

One concludes that 〈�post〉 = 〈�pre〉 is a very good approximation since

1

3

(
mn�

′
n

Mpost�pre

)2
≈ 1

3

mnEn
MpostEpost
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evaluates to less than 0.01% for relevant masses and energies.
In the whole 2E-2v analysis, �post is used as an approximation for the non-

measured �pre. In the case of 252Cf(sf ), estimating �pre by �post is approximately
equivalent to a 1% normal distributed random error in �pre. This error translates
into a pre-neutron mass resolution inherent to the method of about 0.8 amu.

7.4.2 Pre- and post-neutron masses and energies
For every event the post-neutron energies are known from start, since they are
directly measured along with the post-neutron velocities. The post-neutron
masses are easily calculated through

Mpost =
Epost

γ − 1
, (7.13)

where γ is the Lorentz factor. The difference between Newtonian and relativ-
istic calculations is small, but doing it relativistically avoids a systematic error
in the order of 0.1 amu. The pre-neutron masses are determined by observing
the momentum conservation of the FFs, and using �pre ≈ �post:

Mpre
1 �

post
1 γ1 = Mpre

2 �
post
2 γ2 ⇔ Mpre

1 = Msum
�

post
2

�
post
1

γ1
γ2
+ �

post
2

, (7.14)

where Msum = Mpre
1 + Mpre

2 and γ2/γ1 ≈ 1.
One can estimate Msum as the compound nucleus mass, MCN (for VERDI at

this stage, always the mass of 252Cf), but that will overestimate the pre-neutron
masses. The difference in binding energy goes into the kinetic energy of the
fragments thus decreasing the mass of the full system. We can estimate TKEpre

classically by

TKEpre =
MCN
2
�

post
1 �

post
2 , (7.15)

and thereby estimate Msum better:

Msum ≈ MCN − TKEpre = MCN

(
1 − �

post
1 �

post
2

2

)
. (7.16)

With this approximation the systematic error is in the same order of mag-
nitude as the excitation energies before neutron evaporation (tens of MeV, or
a few percent of an atomic mass unit). Note that one does not ever actually
calculate the rest masses since the fragments are, in general, excited after scis-
sion. Also, one does not know exactly how many electrons are accompanying
them.
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Figure 7.1. Not using the corrected mass in eq. 7.16 introduces systematic errors in
Mpre. For Mpost it is important (∼0.15 amu systematic error) not to calculate the mass
using classical kinematics.

Once Mpre is known, Epre is given similarly to eq. 7.13:

Epre = Mpre(γ − 1). (7.17)

The neutron multiplicity, ν, can be estimated using the mass difference
before and after neutron emission:

ν =
Mpre − Mpost

mn
. (7.18)

Several papers, including the previously published results of VERDI, report
that they are using classical calculations in their 2E-2v analyses [90, 92, 93],
mixing proper masses with mass numbers as well as not correcting the com-
pound mass (eq. 7.16). It can easily be shown that these mistakes can introduce
small but systematic errors in the results. How these mistakes affect the de-
rived masses is illustrated in fig. 7.1, where one observes how well different
calculations will reproduce the true mass.

When calculating Mpre, correcting the compound mass (eq. 7.16) is im-
portant, while both classical and relativistic kinematics show small remnant
discrepancies. In the 2E-2v case these are predominantly caused by the un-
known amount of excitation energy and electrons carried by the fragments. For
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Figure 7.2. A not-to-scale sketch of the VERDI setup. The sputtered electrons (blue
dotted lines) are directed toward the respective MCPs by electrostatic reflection in the
mirrors. The mirrors are mostly transparent to the FPs so that they can be detected in
the silicon detectors. A bent metallic structure shields the MCPs from direct radiation
from the 252Cf source, it does not disrupt neither the electrons or FPs.

the Mpost calculation, it is clear that classical kinematics is inferior and should
not be used.

7.5 Experimental setup
The VERDI spectrometer, illustrated in fig. 7.2, consists of a vacuum chamber
kept at an operating pressure of less than 1 × 10−7mbar. Keeping a low
pressure is necessary because of the two Multi Channel Plates (MCPs) that
detects sputtered electrons from particles leaving the target. One MCP is
placed on each side of the target. Two electrostatic mirrors, each pairing up
with one of the MCPs, face the centred target at a 45° angle, reflecting the
electrons onto the respective MCP. A photo of one of the MCP assemblies, just
a few moments before it was mounted inside the vacuum chamber, is shown in
fig. 7.3. In order to collect all electrons and steer them towards the mirror, an
acceleration grid is positioned on each side, 4mm from the target.

32 silicon detectors are mounted on a spherical surface at about 0.5m
distance from the target. These form 16 detector pairs, facing each other in
order to be able to detect both FPs emerging from the target at a relative angle
close to 180°. Each of the silicon detectors has a circular surface area of
450mm2. They are of the type Passivated Implanted Planar Silicon (PIPS)
detectors which features thinner entrance windows and lower leakage currents
than standard SSB detectors, but operates in a similar fashion.
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Figure 7.3. One of the two MCP assemblies, moments before it was installed in the
VERDI vacuum chamber. The whole assembly is mounted on a vacuum flange. The
circular structure in the centre is the MCP, while the larger upper one is the electrostatic
mirror.

The particle energies are measured by the silicon detectors which also
provide a stop signal for the ToF measurement. The start signal is provided
by the sputtered electrons detected on the MCPs. No emission foils are used,
enough electrons are emitted from the target itself. This minimises the energy
losses of the FPs, which mainly lose energy in the target. The acceleration
grids as well as both the front and back planes of the electrostatic mirrors
consist of parallel tungsten wires of 50 μm diameter at a 1mm pitch. The FPs
will have to pass through both the acceleration grid and the mirror in order to
be detected in one of the silicon detectors. The total transparency for FPs is
85.7%.

Both the acceleration grids and the front plane grids of the mirrors are kept
at ground potential. The target itself is kept at −3 kV but due to the symmetric
positioning of the acceleration grids, no net force is put on the target. The
potential of the back plane of the mirrors, −2950V, was chosen based on a
study of the detection efficiency of α-particles.

The MCPs are in a chevron configuration with the front kept at ground
potential and the back plane at 2.3 kV. The silicon detectors were all operated
fully depleted. Due to some being regular Passivated Implanted Planar Silicon
(PIPS) detectors and others neutron transmuted PIPS detectors the required
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voltages varied from 70 to 140V. No performance differences between the
two different types of PIPS detectors have been noticed.

The silicon detector signals were fed into pre-amplifiers in a standard fash-
ion. The energy signals were sent to an Analogue to Digital Converter (ADC)
while the time signals were fed into a Constant Fraction Discriminator (CFD).
A fission event will only trigger two opposing detectors, so at low count rates
only two silicons detectors will have a signal at any given moment. There-
fore, only one ADC in conjunction with a signal router was employed for each
side of VERDI. Each of the routers directs the active detector signal only, to
its corresponding ADC. Similarly, the logical OR of all CFD channels were
coded into voltage levels by a Tag Word Coder (TWC) module before sent to
an ADC. The timing signal from the MCP was fed into a Time to Analogue
Converter (TAC) together with the timing signal from the silicon detector of
the corresponding side. The time difference gave rise to an output signal that
in turn was fed into an ADC. A complete scheme of the electronic setup is
provided in fig. 7.4.

The 252Cf(sf ) source had a 250 nm thick nickel backing. Unfortunately the
252Cf migrates into the backing with time. By observing the different energy
losses in events coming from the deposit and backing side, respectively, both
in the VERDI data as well as in previous experiments using the same target,
an average depth of the 252Cf could be estimated to 62.5 nm. The fission rate
was in the order of 2 kHz.

Previously, VERDI had only one MCP installed on one side of the target.
After the installation of the second MCP, improvements of the time resolution
were expected. The ToF calibration improved, since it relied on detecting
α-particles. The α-particles do not sputter many electrons in the opposite
direction of the α-particle’s movement. This was problematic when a MCP
was only available on one of the sides, i.e., the calibration of the opposing side
was sub-optimal. With an MCP on each side, this is no longer a problem.

An increase in the coincidence rate of FP pairs was also observed, most likely
due to a careful recentring of the target. It is now about 45% compared to the
non-coincident FP detection rate. This is in good agreement with estimations
based on simulations, taking the geometry and neutron emission into account
as well as the total transmission efficiency of all the grids.

7.6 Simulation study
The conservation of momentum forces the FFs to be emitted collinearly in the
event of spontaneous fission (or neutron-induced fission when the incoming
neutron has negligible energy). However, this linearity will be broken as
soon as a FF emits one or more neutrons. The much more massive fragment,
compared to a neutron, will not change its direction much. Nonetheless, a
deviation from collinearity by a mere degree will change the position of the
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fragment, at a distance of 0.5m, by almost 1 cm, i.e, in the same order of
magnitude as the diameter of the silicon detectors used in the VERDI setup.

To investigate and quantify the kinematical influence of neutron emission, a
Monte-Carlo sampling scheme was developed. The simulation was also used
to answer other questions that emerged during the analysis of the experimental
data, e.g., how the PDT (see section 3.4.2) is best handled.

In order to get realistic mass and energy distribution I used GEF (a GEneral
description of Fission observables) [16] to generate 1 × 106 spontaneous fission
events of 252Cf. For each event all necessary properties of both the light and
heavy fragments are specified, e.g., mass, kinetic energy and the multiplicity
of the neutron emission. Although, GEF manages to reproduce a post-neutron
TKE in agreement with measurements of 252Cf(sf ), it does not calculate the full
kinematics of the neutron emission. Unfortunately, this was the information I
was mainly after.

Therefore, I extracted the pre-neutron state of the fragments and the list of
neutron energies emitted by each fragment in the CoM frame, both generated
by GEF. Subsequently I calculated the neutron emission kinematics relativ-
istically, assuming the neutrons were emitted isotropically in the CoM frame.
Since GEF also provided γ-emission information the procedure was repeated
for the γs, even though their kinematical influence on the fragments were min-
imal. Since GEF does not list masses but rather the nuclear species (A and Z),
I fetched the masses from The Ame2012 atomic mass evaluation [94, 95].

For each event, a realistic PDT was calculated based on the systematic study
of Bohne et al. [96]. The effective fields inside the silicon detectors are well
inside the region I defined by Bohne et al., so the PDT was always calculated
using eq. 3 in their published article [96].

After neutron emission, one is left with two FPs with an angle between
their momenta. Since the VERDI setup positions all silicon detectors facing
each other pair-wise, as well as facing the target, a too large angular deviation
from 180° might cause one of the fragments to miss its detector, even if the
other fragment is properly detected. Next, I will outline how the probability
of having a coincident event, given that one of the fragment is detected, is
estimated.

To aid the reader in the geometrical reasoning a simple sketch has been drawn
in fig. 7.5. Assume that fragment one (F1) is detected in silicon detector one
(D1). Let the horizontal axis coincide with F1’s trajectory. The position on the
detector surface where F1 hits D1 is uniformly randomised, which determines
D1’s position relative the z-axis. The position of the second detector (D2) is
found by mirroring the vector pointing at D1 from the target centre. Since
one knows the relative angle, θ, between F1 and the second fragment F2, the
trajectory of F2 only has one degree of freedom, an angle ϕ (not drawn in
figure). By uniformly randomising ϕ and evaluating the final position of F2,
one can determine whether it hits D2 or not, just by comparing the distance
between F2 and D2. If it is less than the detector radius, both fragments
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Figure 7.5. Simple (and exaggerated) drawing of how the coincidence rate is estimated
in the VERDI setup, given that the first fragment (F1) is detected in a silicon detector
(D1). If the second fragment (F2) ends up close enough to the detector centre of D2,
it is a coincident event.

are detected in coincidence. This is evaluated 1000 times for each simulated
event, and the number of coincident detector hits divided by 1000 is taken as
the coincidence probability.

By this treatment, I had access to synthetic data where one could directly
see how large of an effect the non-collinearity, due to neutron emission, would
have on a 2E or 2E-2v measurement of 252Cf(sf ).

Applying the 2E and 2E-2v methods on the synthetic data revealed many
new things about the methodologies. How to best correct for the PDT, as
well as intrinsic properties of the 2E and 2E-2v methods. The results from
these pseudo analyses are presented together with, and in comparison to, the
experimental VERDI data the following section.

7.7 VERDI data analysis
The analysis needs several steps to calibrate different aspects of the detection
system. Especially the PDT correction described in section 7.7.3 is a complic-
ated matter and require an in-depth discussion. In section 7.7.4 the different
calibration options will be compared and in the following section 7.7.5 some
inherent effects of both the 2E and the 2E-2v analysis methods will be invest-
igated. Lastly, the detection efficiency of the VERDI setup and consequences
due to it will be discussed in section 7.7.6.
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Table 7.1. Particle data used for fitting the four parameter schmitt function (eq. 7.19).

Schmitt et al. Iterative Müller et al. ADC
M/ amu E/ MeV E/ MeV E/ MeV peak
4.0012 6.01 6.01 6.01 α
79.92 73.69 73.18 73.33 Heavy
79.92 100.57 99.49 99.28 Light
126.9 78.45 77.58 77.44 Heavy
126.9 107.01 104.59 105.39 Light

7.7.1 Time-of-flight calibration
By using one of the MCPs as the start signal and the other as the stop signal,
the timing resolution was deduced from the resulting distribution width. The
distribution had a FWHM of 510 ps which corresponds to an individual 360 ps
FWHM (σ = 150 ps) for each of the MCPs assuming that their respective
timing resolutions were the same. This is a worse resolution than was found
by Zhang et al., using similar MCPs but with larger channel diameters (25 μm
instead of our 13 μm) [33]. However, the estimated resolution includes possible
contributions from the DAQ system, and the VERDI timing resolution will
anyway be dominated by the silicon detector contribution.

Theα-particles coming from the 252Cf sample allow me to calibrate the ToF.
The different α-particle energies were not all resolved, rather the estimated
mean energy 6.01MeV was used, based on the relative contributions of the
unresolved peaks. In addition to the α-decay from 252Cf, significant amounts
of 249Cf, 250Cf, 251Cf and decay products were present.

Since mass, charge and energy were all known for these α-particle it was
possible to correct for the small energy loss in the sample backing. These
light particles do not suffer from any PDT, thus leaving the ToF to be precisely
determined. When detecting FPs, this calibration enable VERDI to determine
the time between fission and the main charge collection in the silicon detectors.
The PDT, which is suppressing the onset of the charge collection process, must
be corrected for in these cases.

7.7.2 Energy calibration and PHD corrections
The energy calibration mainly follows the method outlined by Schmitt et al.
[38]. For each of the ADC spectra, coming from single silicon detectors, the
α-particle, light FP and heavy FP peaks are localised. Their channel positions
are extracted by gaussian fits in narrow regions around the bin maximums. The
values are used to construct an energy calibration.

The α-particle mass and its mean energy are known, while the masses
and energies for FPs corresponding to the light and heavy peak, respectively,
are taken from Schmitt et al. [38]. This peak data (found in table. 7.1) are
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corrected for the energy losses due to the sample backing, and then fitted to a
four parameter function,

Em = schmitt(x,M) = (a + a′M)x + b + b′M, (7.19)

where Em is the kinetic energy of the detected particle, x the ADC channel, M
the particle mass. a, a′, b and b′ are the fit parameters. The energy loss, ΔE ,
in the target backing is calculated using the free library Range [97] yielding
the post-neutron energy:

Epost = Em + ΔE(Mpost, Em). (7.20)

Since the 252Cf has diffused into the backing the measured energies of both
sides needs to be corrected based on the average depth of the 252Cf. The
measured velocities are corrected correspondingly:

�post = �m + Δ� (7.21)

Δ� =

√
2Epost

Mpost −
√

2Em
Mpost . (7.22)

The FP energy spectra produced by this calibration agrees fairly well with
the data of Schmitt et al. [38], but overestimates the energy somewhat. How-
ever, while it produces a similar 〈TKE〉 as Schmitt et al. it disagrees with
later measurements [98] that measured a significantly lower 〈TKE〉. In order
to remedy this problem several different calibration procedures were tried.
The resulting Epost distributions are found in fig. 7.6 and their corresponding
parameters values are found in table 7.1.

Among the more successful ones were an iterative procedure. It was based
on a Monte Carlo search in the Schmitt parameter space, trying to reproduce
well known quantities like average masses and energies for the light and heavy
fragments and ν̄tot. The resulting parameter values, that gave seemingly correct
distributions as well as good average values of TKEpre and TKEpost, are found
in table 7.1 in the ‘iterative’ column.

In the end I settled for using the analytically corrected parameters by Müller
et al. [92], which gave mostly qualitatively similar results as the previously
described iterative method, but required no iterations and are not affected by
the PDT correction discussed in section 7.7.3. That energy calibration also
improved the ν̄tot(TKEpre) distribution which is discussed in section 7.7.4.

I also investigated, if one could deviate slightly from the prescription of
Schmitt et al. [38] by using the information of the α-particles in addition
to the heavy ion data (and thereby having one more degree of freedom than
the number of parameters). By also using the α-peak I could apprehend a
calibration valid also for lower masses and energies, useful to look for, e.g.,
ternary fission. However, some precision in the fission mass region had to be
sacrificed so it was not used in the main analysis.
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Figure 7.6. The results of applying different energy calibrations to the VERDI data,
compared to the energy distributions of Schmitt et al. [38] and Göök et al. [98].

7.7.3 PDT corrections
There are many recipes in literature of how one should correct for the PDT
in silicon detectors. Studies of the PDT itself have been performed using
accelerated ions [96, 99] but the results have not been easy to apply to new
experimental setups, so experimentalists have found their own ways of dealing
with this. The true ToF is often determined by the 2E method [93] and due to
the dependence of a previously ‘known’ ν̄ such measurements could arguably
be called 2� assisted 2E. However, as in the case for VERDI, one could use
one fairly well known system, i.e. 252Cf(sf ), to calibrate the PDT correction,
and after that make a ‘true’ 2E-2v measurement on another system. A similar
approach was used by Müller et al. [92].

7.7.3.1 Former PDT correction
The PDT correction procedure previously used for the VERDI analysis, ori-
ginally suggested by Velkovska and McGrath [99] (hereby referred to as the
Velkovska method), prescribes that a linear fit is made, relating the measured
apparent velocity, �m, to the true velocity, �post.

In the case of VERDI, the true velocity was taken as the velocity derived
by the 2E method. However, the linearity is deluding. Since �m ≈ �post it is
obvious that the relation can be fairly well described by a linear function. But
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this relation does not capture the small perturbation introduced by the PDT, at
least not in any other way than a coarse grained average.

Still, this correction is enough to make many of the one dimensional plots
agree quite well with previous measurements and the errors do not show up
clearly in the experimental data until you observe correlations in, e.g., two
dimensional plots. The, with previous measurements [98], seemingly well-
agreeing one-dimensional distributions are depicted in fig. 7.7, while ν̄(Mpre)
and ν̄tot(TKEpre) are discussed later together with the results of the other
correction methods in section 7.7.4.

While the calibration of the energy and the timing can influence each other
in an experimental situation, it is easy to separate them when working with
synthetic data. The energy calibration can cover up problems in the PDT
correction and vice versa. To properly establish that the linear correction does
not estimate the PDT well, I made a 2E-2v analysis of the synthetic data, using
the Velkovska method to correct for the PDT. In fig. 7.8 several plots are shown
that show the effect of correcting the PDT the wrong way.

If one looks carefully, it is clear that the relation between the measured and
true velocity is not very well represented by a linear function. The ν̄ as a
function of Mpre gets distorted, and the seemingly rather well agreeing exper-
imental ν̄(Mpre) (see Ana II in fig. 7.12) is most likely due to a compensation
in the energy calibration procedure. One can also directly observe the PDT
corresponding to this correction, which does not reproduce the true PDT and
has a completely different shape. These findings leave only one conclusion,
the Velkovska method is ill-suited to correct for the PDT.

7.7.3.2 New iterative PDT parametrisation
Even though the Velkovska method turned out to be wrong, one notes that
especially the Mpre distribution in fig. 7.7 looks really good including a higher
peak-to-valley ratio which can be interpreted as higher resolution. The division
in eq. 7.14 will, to a large part, cancel systematic errors and that makes the
Mpre distribution more resilient to small disturbances, e.g., erroneous PDT
corrections. The PDT calculated by the 2E method was therefore parametrised
as a function Mpre and Epre calculated with the 2E-2v method, believing them
to be more trustworthy. It would be a more natural choice to parametrise using
Mpost and Epost, since those variables actually describe the particle hitting the
silicon detector, but Mpost is expected to have larger uncertainties than Mpre.

For most 1 amu mass intervals the trend was very clear; the PDT as a
function of Epre was a linear function. Fitting linear functions to this data and
then plotting the slope and intercept as functions of Mpre revealed that they too
behaved linearly. These linear behaviours are depicted in fig. 7.9. Thus, one
gets a similar parametrisation for the PDT as one already have for the PHD
(eq. 7.19):
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Figure 7.7. Even though the Velkovska method [99] could be shown (fig. 7.8) to
be incorrect, many distributions were still in good agreement with the previous ones
measured by Göök et al. [98].
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non-linear behaviour.

PDT(Mpre, Epre) = (c + c′Mpre)Epre + d + d ′Mpre. (7.23)

There are two caveats though. Firstly, the linear relationship for light frag-
ments is different from the heavy fragment dito. This is because the light and
heavy fragments have two separate distributions of kinetic energy. Secondly,
the correction parameters must be determined iteratively. The 2E-determined
PDT will not be correctly correlated with the Mpre calculated using the 2E-2v
method, since both methods can only predict average behaviours. One needs
the average PDT from the 2E method as a function of Mpre and Epre from the
2E-2v method. But, without an accurate PDT, the 2E-2v method’s estimations
of Mpre and Epre will themselves be less accurate. Therefore, the first iteration
will perform the 2E-2v calculation assuming the PDT is zero. Each following
iteration will use the result of the previous iteration to get better and better
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Figure 7.10. The new PDT correction produces several one dimensional distributions
that agree well with the previous ones measured by Göök et al.

estimations of the PDT. Only a few (∼3) iterations are needed for the results to
stabilise.

At this stage the correction can reproduce several distributions at least
qualitatively (see fig. 7.10 and the comparison in figs. 7.12 and 7.13), but
improvements are still needed. Some suggestions for such improvements are
provided after the comparison of the different methods in section 7.7.4.

Since I could rule out the Velkovska method based on simulations, it is not
more than fair that also this new method is put to the test. Figure 7.11 shows the
derived PDTs as a function of Mpre. The same pseudo data used to disprove the
Velkovska method have been analysed using the new PDT correction method.
At the same time the PDT derived from the 2E method is plotted, as well as
the true PDT as a reference.

In this case, it turned out that the average PDT could be very well paramet-
rised by eq. 7.23. However, only if the parametrisation was based on the true
PDT, not the one derived from the 2E analysis. In fact, the 2E method was
found not being able to fully reproduce the PDT, showing deviations exceeding
10%.

The failure of the 2E method lies in eq. 7.4 where the recoil due to neutron
emission has been neglected. The error then propagates to Mpre of both the
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fragments through eq. 7.5. The inability to determine the correct ToF, shows
that the 2E-deduced correlation between Mpost and Epost is not correct.

7.7.3.3 Another option?
Another very simple correction has been suggested by Brinkmann et al. which
utilises the target backing in a clever way [100]. Small intervals around the
heavy and light fragment peaks in the energy spectrum were used in order to
know the mass approximately. Due to the energy loss on the backing side
Brinkmann et al. could calculate how the PDT changed with energy for the
peak masses. The observed PDT behaviour was then extrapolated to the whole
dataset.

Unfortunately this is difficult to do for the VERDI setup since much of the
252Cf have diffused into the nickel backing of the currently used target. With
a new target the position of the 252Cf would be well defined and this method
could be attempted.
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7.7.4 Comparison of calibration methods
While it is fairly easy to reproduce one dimensional distributions with sev-
eral different calibration methods and parameter sets, the differences show up
more clearly when observing the important variable ν̄ as a function of other
observables. Especially the correlation between ν̄tot and TKEpre is sensitive to
both the PHD and the PDT correction in use. In figs. 7.12 and 7.13 I show the
results from three different analyses which are defined by the different choices
of PHD and PDT corrections:

Ana I Using the ‘iterative’ Schmitt parameters (see table 7.1) for the PHD
correction, and the Velkovska method for the PDT correction.

Ana II Using the Schmitt parameters from Müller et al. (table 7.1) for the
PHD correction, and the Velkovska method for the PDT correction.

Ana III Using the Schmitt parameters from Müller et al. (table 7.1) for the
PHD correction, and the new iterative PDT correction method.

Running the analysis with the set of parameters from Müller et al. also
corrected an erroneous behaviour when observing ν̄tot as a function of TKEpre.
A high TKEpre implies a low TXE. Therefore, one expects a lower ν̄tot for
fission events with high TKEpre, since the neutron boil-off only stops when
there is no excitation energy left to pay for the neutron separation energy with.
The negative inverse of the slope therefore relates to the average needed energy
needed to emit a neutron. The kinetic energies of the fragments do not change
much on average during the neutron emission, so a very similar correlation is
expected for ν̄tot(TKEpost).

When several different correction methods show similar mass and energy
distributions ν̄tot(TKEpre) can often tell which ones make sense to use. A
method not reproducing a reasonable trend in ν̄tot is unacceptable and even
unphysical. In fig. 7.13 one sees one such an example, where the analysis Ana
I gives a positive slope for ν̄tot(TKEpre) even though the ν̄(Mpre) in fig. 7.12
looks very promising. The slope when Ana II is used (also in fig. 7.13) still
deviates significantly from the expected value of about −1

12.6 MeV−1 [98], but
it is at least negative.

We see improvements going from Ana I to Ana II due to the improved
Schmitt parameter values used in the energy calibration that describes the
PHD better. Going from Ana II to Ana III one sees similar performances
when looking at ν̄(Mpre) in fig. 7.12, but Ana III gives slightly better slopes in
fig. 7.13. The slope for Ana III corresponds to 12.7MeV per neutron in the
TKEpost case, but 23.5MeV per neutron for the TKEpre case. For Ana II these
numbers instead become 15.4MeV and 39MeV per neutron, for TKEpost and
TKEpre respectively.

It might still require some refinements, but the new iterative PDT correction
method is currently the most promising for VERDI at the moment. Compar-
ing the analysis options once again in fig. 7.14, one sees how the new PDT
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Figure 7.12. The average neutron multiplicity (ν̄) as a function of Mpre calculated
using the different analysis choices Ana I–Ana III. The measurement of Göök et al.
[98] was added as a reference. See the text for definitions and discussion.
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correction manages to replicate the 2E PDT for all masses except in the sym-
metry region. The discontinuity seen in the 2E result around symmetry, partly
originates from the differences in the kinetic energy distributions of the light
and heavy fragments respectively. Though, it was shown already in fig. 7.11
that basing the PDT correction of a 2E analysis might be problematic.

7.7.5 Intrinsic deficiency in the 2E-2v method
Previously, the simulated synthetic data have reflected the experimental situ-
ation by modelling the PDT in the silicon detectors. In this section the PDT
will be removed from the data so that the 2E-2v analysis has access to perfectly
known velocities.

The 2E-2v method is generally performing well, and reproduces the syn-
thetic data once the PDT has been taken care of. There is, however, one
important exception: the 2E-2v calculated ν̄(Mpre) shows large discrepan-
cies in the symmetry region as well as in the tails of the mass distribution
(fig. 7.15). Parts of the discrepancies in the experimental data are very similar
to the simulated results.

The reason for these discrepancies goes back to the original assumption of
the 2E-2v method. The neutron emission might be isotropic on average, but
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certainly not for any single event. Only in the case of cold fission, where
no neutrons are emitted, will the analysis ever be able to calculate correct
masses and energies on an event-by-event basis. One should note that the
average neutron multiplicity is not affected, the problem only shows when ν̄ is
observed as a function of another correlated observable. Even though the same
assumption is made, such an effect will never be observed from a 2E analysis
since the ν̄ used as input is reproduced by design, which thereby masques the
problem to some degree.

Approximating �pre with �post leads to an equal chance of over- and under-
estimating �pre, respectively. This affects the calculations in eqs. 7.14 and 7.17
where this approximation has been made. Since this approximation is not
present in eq. 7.13, Mpost

1 and Mpost
2 are unaffected. Thus, from eq. 7.18 it is

then clear that ν will be over- respectively underestimated if Mpre is. That is,
the error due to our estimation of �pre creates a positive correlation between
the calculated values of Mpre and ν.

Three examples, for events of specific mass numbers (110, 120 and 130),
is shown in fig. 7.16. The 2E-2v method creates a clear positive correlation
between Mpre and ν as expected from eq. 7.18.

One needs to take the mass yield into account since ν̄ is an average quantity.
As an example we will observe how ν̄(Mpre) is affected when it is evaluated for
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a mass slightly lower than the mass of symmetric fission. Since the mass yield
is steeply sloped in this region, ν̄(Mpre)will predominantly be formed by events
that has overestimated masses, i.e. lower true masses. Since an overestimated
Mpre is coupled to an overestimated neutron multiplicity, the overall average
is also overestimated. The effect is mirrored at the other side of symmetry,
and also significant at each of the tails of the mass distribution. The complete
effect of this is an exaggerated saw tooth shape depicted in fig. 7.15, which
bears large similarities with the experimental results from VERDI.

It is at this point interesting to look into exactly how previous experiment-
alists have dealt with the effects of neutron emission. While the broadening
effect usually is recognised, the distortion it can cause on, e.g. ν̄, has not been
realised. Nishio et al. [93] measured 239Pu(nth,f) with the 2E-2v method but
did not give the velocity assumption much attention and did not even included
in the error estimation. In a paper by Brinkmann et al. [100] the errors intro-
duced by neglecting neutron evaporation is commented as “possibly serious”
but since ν̄(Mpre) is never presented in the paper the correlation effect was never
observed. Müller et al. gives a very detailed error analysis a 2E-2v measure-
ment of 235U(nth,f) [92] where a mass uncertainty of 0.325 amu was attributed
to the neutron emission. In their work they presented a plot of the ν̄(Mpre) and
indeed were there indications of an over- and undershoot for ν̄(Mpre) in the
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symmetry region. However, it was interpreted as a “better mass resolution”
(FIG. 11 and 12 in ref. [92]). Since they never mentioned any correction for
the found correlation problem, I must assume that their results were affected
by it, and need to be corrected.

I will now derive a correction procedure by deconvoluting the resulting
ν̄(Mpre) from the 2E-2v method. It is a simple correction that can be applied
also to previously measured data and it does not rely on any input data except the
measured (uncorrected) pre-neutron mass distribution and neutron multiplicity.

The algorithm works with binned data, preferably with much smaller bins
than the experimental resolution. In my implementation, a bin width of 0.1 amu
was used. First I construct a response matrix R relating the actual pre-neutron
mass Mc with the obtained measured pre-neutron mass Mm such that

Mm
i =

∑
j

Ri jMc
j . (7.24)

The neutron emission appear as a broadening of the mass resolution which
can be kinematically estimated using the preliminary ν̄(Mpre). In the case
of 252Cf(sf ) the standard deviation due to neutron emission was on average
0.8 amu. The mass dependant estimates are depicted in fig. 7.17, where one
sees how the broadening follows the shape of the total neutron multiplicity
since both velocities affect Mpre (eq. 7.14). The response from each true mass
Mc was modelled by a gaussian centred on Mc with a mass dependent width
according to fig. 7.17. The mass spectrum is taken into account by weighting
each matrix element Ri j with the yield Y (Mc

j ).
To express the inverse relationship,

Mc
j =

∑
i

Ri jMm
i . (7.25)

it was assumed that the transpose of R could approximate R−1, even though R
is not necessarily strictly orthogonal.

I find the correction formula by expressing the actual ν̄c,

ν̄cj =
1

mn

(
Mc

j − Mpost
j

)
=

1

mn

∑
i

Ri j

(
Mm

i −
(
Mpost

i + ΔMi j

))
, (7.26)

where I have used eq. 7.25 to rewrite Mc
j , and ΔMi j is just the distance between

the bins i and j in mass units. Since ν̄mi = (Mm
i −Mpost

i )/mn, this can be written

ν̄cj =
∑
i

Ri j

(
ν̄mi − ΔMi j

mn

)
. (7.27)

This rather crude correction method reproduces the true ν̄(Mpre) well. Fig-
ure 7.18 shows the resulting corrected ν̄(Mpre). The total average neutron
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Figure 7.17. Standard deviations of the mass broadening due to neutron emission,
for 252Cf(sf ) and 235U(n,f), respectively. The total average neutron multiplicity ν̄tot is
plotted as a reference.

multiplicity is conserved, but a smearing effect is present, leaving some struc-
tures in the synthetic ν̄(Mpre) unresolved.

Regarding the previously mentioned results from Müller et al., the lower
neutron multiplicity of 235U(nth,f) compared to 252Cf(sf ), makes the exag-
geration of ν̄(Mpre) less severe, but I observed the same trend of over- and
undershoots by running our simulation also for the 235U(nth,f) case (fig. 7.19).
The synthetic ν̄ generated by the gef code shows much more structure than one
sees in experimental data, but this makes it an even better test to determine how
much of the structure in the synthetic data the correction method reproduces.

In both figs. 7.18 and 7.19 the mass yield was added as a reference. One
can easily see how the correction is the largest where the mass yield changes
the most between neighbouring masses.

7.7.6 Detection efficiency
Without neutron emission, the detection of one FP would also result in a
detection of the complementary FP, as long as one is dealing with spontaneous
fission. For the overwhelming majority of the 252Cf(sf ) events one or more
neutrons will be emitted, and the higher the multiplicity the larger risk it is that
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Figure 7.18. The corrected ν̄(Mpre) from 252Cf(sf ) shows signs of smearing, but
reproduces the synthetic data well apart from that. The ‘true’ ν̄(Mpre), the uncorrected
ν̄(Mpre) and the mass yield are shown as references.
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Figure 7.19. The correction method behaves the same way applied to ν̄(Mpre) from
235U(nth,f) as when it is applied to ν̄(Mpre) from 252Cf(sf ). The ‘true’ ν̄(Mpre), the
uncorrected ν̄(Mpre) and the mass yield are shown as references.
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Figure 7.20. The simulation shows that the detection efficiency is strongly dependent
on TKEpre

not both FPs will be detected in coincidence. The effect the detector efficiency
might have on the observables was investigated by calculating the coincidence
probability for each event as outlined in section 7.6.

I explained previously in section 7.7.4 how the average total neutron mul-
tiplicity is inversely proportional to the TKEpre. Not surprisingly, one sees in
fig. 7.20 a much lower detection efficiency, around 40%, for events with low
TKEpre while it reaches more or less 100% for high TKEpre.

This bias for events with low neutron multiplicity will distort the shape of
some distributions which is demonstrated in fig. 7.21. The mass distributions
are not greatly affected, since each mass can be emitted with an energy sampled
from a broad energy distribution. Although, some of the structure due to the
proton-neutron ratio start to wash out.

The energy distributions however, shift toward higher energies since high
energy events are favoured. It is therefore important that the energy calibration
is performed without a coincidence condition, or the wrong peak positions
would be obtained.

Even though the mass distributions are less affected, the ν̄(Mpre)will be gen-
erally slightly underestimated under coincidence conditions, especially where
the neutron multiplicity is the highest (see fig. 7.22).

The experimental data collected with VERDI exhibits an instrumental asym-
metry, which is not explained by the efficiency due to neutron emission. It only

96



 / amu
pre

M

80 100 120 140 160 180

Y
ie

ld
 /
 %

0

1

2

3

4

5

6

 / amu
post

M

80 100 120 140 160 180

Y
ie

ld
 /
 %

0

1

2

3

4

5

6

 / amu
pre

E

50 60 70 80 90 100 110 120 130

Y
ie

ld
 /
 %

0

1

2

3

4

5

6

 / amu
post

E

50 60 70 80 90 100 110 120 130

Y
ie

ld
 /
 %

0

1

2

3

4

5

6

All events

events
Coincident

Figure 7.21. The simulated effect of detection efficiency for a few different one
dimensional distributions.

affects coincident events. When no coincidence requirement is applied both
sides show a 1 : 1 ratio of light versus heavy FPs. When observing coincident
events, the ratio between light and heavy FPs is approximately 47 : 53 on one
side. Whereas the ratio is inverted when observing the other side.

Since it only affects the coincident events, it might be due to some scat-
tering effect increasing the deviation from collinearity. The scattering in the
acceleration and mirror grids could be mass dependant but the grids are setup
symmetrically and would not affect the sides differently.

The only intentional asymmetry in the VERDI setup is the target, which
has a backing and a deposit side. It was theorised that the increased angular
scattering of heavy fragments on the backing side of the target could cause
this asymmetry. The angular straggling from SRIM [83] was used to estimate
this effect. Despite that this indeed caused an asymmetry, its magnitude was
at least a factor of ten too small even in the most extreme cases. Alas, this
discrepancy is still unexplained.

However, since the detection efficiency seems not to be affected as long as
no coincidence requirement is put on the data, the energy calibration is still ok
and will not be affected by the Epost-shift seen in fig. 7.21. All the experimental
results presented here has been symmetrised, i.e., the results from each of the
sides has been added together, thus eliminating the asymmetry.
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systematic underestimation, especially around the maximum and for heavy fragments.

7.7.7 Ternary fission
By looking at the non-coincident events it is possible to study ternary fission
with the VERDI setup. Although some data was taken for this purpose, no
detailed analysis has been performed on it yet. In addition to the complex
energy and PDT calibrations, the MCP efficiency for particles lighter than
typical FPs also needs more attention before any proper results can be obtained.

For demonstrating purposes, I made a simple polynomial energy calibration
based on the detected ternary α-particles. The measured velocity has not
been corrected for PDT in any way. Figure 7.23 shows several ternary particle
species separated in the energy versus velocity plot. In addition to the numerous
α-particles, one can distinguish tritons and 6He clearly. There is also a clear
contribution of sputtered nickel from the target backing. At least three other
particle species are present but no clear identification could be made without
better calibration of both timing and energy. Once the setup is fully calibrated,
the ternary fission measurements could be revisited.

7.8 The future and unresolved issues
The PDT parametrisation in eq. 7.23 performed very well under ideal simulated
circumstances, but was hampered when it was applied to real data. This
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Figure 7.23. Ternary particles detected by VERDI. The energy calibration is only
approximate. The solid lines represent the energy calculated using the measured
velocities and the respective particle masses.

happened because the PDT from the 2E method was used. VERDI is therefore
in need of either an independent characterisation of all its silicon detectors, or
a working theoretical model of the PDT mass and energy dependence.

One could, for example, take the expression given by Bohne et al. and
combine most of the constants:

PDT = C1
Z̄2

Mpost(d − x) exp
(
−C2

Epost

Mpost

)
, (7.28)

where Z̄ is the effective charge, d the depletion depth and x the median depth
of the created electron-hole pairs. C1 and C2 are the two remaining parameters
that could be fit to the VERDI detector characteristics. The parametrisation
of Bohne et al. has previously turned out to be difficult to adapt to new sets of
silicon detectors [100], but treating C1 and C2 as free parameters might remedy
this if the functional form is sound. A first attempt to do this for VERDI was
performed, but was unsuccessful as it was found that every single detector
would need different parameters and the lack of reference PDT made it difficult
to determine the parameters. The model also showed a heavy dependency of
how the average charge was calculated, indicating that the expression might
not be very general. It seems a detailed characterisation of the detectors will
be needed for this to work.
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A longer flight path would effectively decrease the importance of the PDT
correction, but also further reduce the detection efficiency, which is already
causing trouble since it was shown to be strongly dependent on neutron emis-
sion (fig. 7.20). Increasing the size of the silicon detectors could remedy this
but only if they keep their good timing properties. If silicon strip detectors
could provide good enough timing resolution, it would be an interesting choice
also due to the position sensitivity. The detection efficiency will see even larger
challenges once VERDI measures neutron-induced fission, since the neutron
momentum transfer from the primary neutron will affect the angle between the
fragments in an energy dependent manner.

Overall the VERDI project is making progress, even though there are sev-
eral improvements needed, especially for the PDT correction procedure. The
recent scrutiny of the analysis procedure identified a flaw, overlooked by many
previous experimentalists. It can be corrected by a simple deconvolution pro-
cedure, but with some smearing as a side effect. Considering that, in addition
to VERDI, several 2E-2v projects [101–103] are under development around
the word, it is important to show that it is possible to obtain correct independent
data. Next, one needs to determine how much and in what way this limits the
obtainable resolution of these upcoming experiments.

When the PDT can be well estimated, the detection efficiency has been
improved, and the intrinsic problems of the 2E-2v method have been overcome,
the next step for VERDI is to confirm all calibrations and corrections against
a new fissioning system. Thermal neutron-induced fission of 235U is also
a well known system and would serve as a cross-check of the calibrations
achieved with 252Cf(sf ). Once a successful measurement of 235U(nth,f) is
achieved, many systems, including neutron-induced fission at higher energies,
are waiting.
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8. Simulated ion stopping at IGISOL

Finland, Finland, Finland.
The country where I want to be,
pony trekking or camping, or just
watching TV.

— Michael Palin

As mentioned in section 4.3, yield measurements using the IGISOL method
relies on the measured isotope yield to be compared to the yield of another
isotope. That isotope must exhibit the same stopping, extraction, and transport
efficiency through out the whole system, from the fission moment until the
last capture and detection in the Penning trap. In order to compare yields of
non-neighbouring isotopes there must be a connection through several relative
measurements.

Approximate efficiencies are known, partly based on the large experience
gathered at IGISOL, but systematic studies of them are lacking. Knowing
them better could allow for a better understanding of the experiments, and
possibly identification of problems or improvements to the method. One
possible improvement could be optimising the efficiencies in order to study
more low-yield FPs.

At IGISOL experiments are conducted both for measuring fission yields
[104] but also for the production and study of exotic nuclei. Most previous
measurements at IGISOL up until now, has been using proton-induced fis-
sion [45]. Neutron-induced fission changes the yield significantly, especially
for neutron-rich FPs. Previous experiments, using neutron-induced fission,
reported a shift of the average atomic charge value by 0.88, compared to
the proton-induced case [105]. In fig. 8.1 it is demonstrated how the pre-
dicted neutron-induced yields for different tin isotopes compares to the proton-
induced yields. These tin nuclei in particular are important to understand
the r-process [106], a mechanism to create nuclei heavier than iron through
cosmological nucleosynthesis.

For the studies of the proton-induced case, which were published in 2015
[107], I wrote the simulation software and assisted the analysis. When it
comes to the neutron-induced studies, I developed the simulation software and
performed the analysis.
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Figure 8.1. Estimates of the yields of different tin isotopes from neutron- and proton-
induced fission of 238U. The yields were calculated using GEF [16] for 12MeV neutron
and 25MeV protons, respectively.

8.1 Ion guide for proton-induced fission
8.1.1 Experimental setup
The experimental setup for this experiment is rather simple and is depicted in
fig. 8.2. The proton beam hits a natural uranium target at a 7° angle. Only a few
per cent of the FPs will escape the 15mg/cm2 thick target into the 200Torr
helium stopping gas filling the chamber. In order to shield the rest of the ion
guide from the plasma induced by the proton beam a thin (1mg/cm2) nickel
foil is separating the target from the rest of the chamber volume. Only the FPs
that pass through the nickel foil have a chance to be transported by the gas and
be accelerated into the rest of the IGISOL setup (see section 4.3).

8.1.2 Simulation setup
In the simulation we neglected the beam attenuation inside the target, since
protons are deeply penetrative particles. That means that the probability of
having a fission event is constant over the whole target volume as long as the
beam is completely illuminating the target. We therefore completely neglected
the primary particles and started the simulation by creating heavy ions of
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Figure 8.2. The setup for proton induced fission yield measurements. The neutrons
enter from the left impinging on the tilted uranium target. Only the FPs reaching the
volume above the nickel foil might get evacuated by the gas flow.

specific isotopes and energies at random positions in the target. The velocity
vectors were also randomised but only in the hemisphere facing the nickel foil
and the gas exit.

Fourteen isotopes were chosen over a large mass range, A = 85–150, and for
each mass number A, the most probable atomic number Z was chosen. Each of
these isotopes were simulated with five characteristic energies, based on mass
specific energy distributions obtained from GEF [16] calculations. They were
defined by the 20, 50 and 100% distribution heights, and named ‘minimum’,
‘low’, ‘mean’, ‘high’ and ‘maximum’ (see fig. 8.3). For each isotope-energy
combination 1 × 107 ions were simulated.

Much care was taken to use small enough steps while simulating the ion
stopping. The ions lose a lot of energy over short distances in solid materials,
and we could see discrete features in the distributions that disappeared if
sufficiently low step lengths were used. In the end we determined that a 0.5 nm
step length in the uranium target was enough (with some margin) and in the
less dense gas we used a 1 μm step length.

We also detected that some of the anomalies that we had seen were due
to the Geant4 process G4hMultiplescattering giving unphysical results.
This class was therefore disabled, after a careful evaluation making sure that
the stopping ranges were not affected by leaving this model out. Without these
anomalies the stopping ranges of the ions more closely resembled the ones
predicted by the commonly used software SRIM [83]. The discussion and
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Figure 8.3. Five different energies were simulated for each chosen mass number. The
energies were determined based on the energy distribution for that particular mass
number. The chosen energies corresponds to 20, 50 and 100% of the distribution
height.

technical details regarding the steps lengths and G4hMultiplescattering
were published at length in a non-peer-reviewed article online [108].

8.1.3 Main results
Absolute numbers can be tricky in simulation studies and this was no exception.
Modelling of heavy ion stopping is difficult and the results may vary with the
used model. We compared the amount of ions ending up in the volume behind
the nickel foil estimated by both the Geant4 software and SRIM, respectively.
We found that the predictions were quite different. The Geant4 simulations
predicted 0.75% while SRIM predicted 0.45%.

However, the relative amount of stopped ions when comparing different
isotopes are very weakly dependent on the exact strength of the stopping
power. By scaling the stopping power by ±10% and comparing the number of
stopped ions we saw a difference of less than 10% between the two extremes.
From this we also argue that the uncertainty in the predicted number of stopped
ions are in the same order of magnitude.

The main result of this study is that the mass dependence of the stopping
efficiency varied by 5% at most (see figs. 8.4 and 8.5). When comparing
yields of neighbouring ion species the differences are negligible, confirming
that the IGISOL methodology is sound in that regard. We could also predict
where in the volume the ions ended up (fig. 8.6), which could be interesting
for optimising the chamber size and the gas flow.
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Figure 8.4. Percent of the simulated ions that stop in the area behind the nickel foil, as
a function of mass number. The different curves correspond to the energies defined in
fig. 8.3.
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Figure 8.6. Map of where the simulated ions stops. Most stop in, or close to, the solid
materials, either the target or the nickel foil.

We also investigated the target thickness. In a thick target the energy
distributions of the FPs do not affect the stopping efficiency, since the small
energy interval that allow a certain isotope to stop in the designated gas volume,
corresponds to a certain depth in the target. A slightly higher energy will just
select ions of a slightly deeper depth in the target. If the target is too thin, the
stopping efficiency of light isotopes starts to drop (see fig. 8.7).

Similarly we investigated the nickel foil thickness and concluded that a too
thick foil will greatly enhance the mass dependence of the stopping efficiency
(see fig. 8.8).

The conclusion of this study was that there were some small mass depend-
ence in the stopping efficiency. Much of it was counteracted by different
properties of the setup, e.g., the nickel foil thickness, which counter acted the
already small mass dependence.

8.2 Ion guide for neutron-induced fission
This set of simulations is a continuation of the proton-induced simulation case,
but both the geometry and the methodology were changed. We now decided
to take things one step further and also simulate the incoming flux, which
allowed me to calculate absolute numbers of the number of stopped ions as
a function of integrated primary beam current. This time the incoming flux
consist of neutrons which are produced by the primary proton beam. The
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Figure 8.9. The neutron flux in n/(cm2 μCs) calculated by MCNPX, on top of a
schematic of the ion guide. The flux was only recorded in a cylindrical shell enclosing
the target positions. To the left of the ion guide is the neutron source. The beryllium
target (grey striped pattern) is cooled by the water (blue wave pattern).

neutron production was simulated separately by A. Solders, while my Geant4
software took care of the FP transport simulation.

In December 2016 a yield measurement was performed using this setup for
neutron induced fission, which allows me to make some comparison between
simulation and reality.

8.2.1 The neutron source
To produce neutrons, a 30MeV proton beam impinge on a water-cooled beryl-
lium target. The neutron production target is thick (5mm) but designed to
allow the primary beam to go through and deposit the last of its energy in
the cooling water (pressurised to 7 bar), on the back side of the target. This
reduces wear on the target since there is less hydrogen build-up in the beryl-
lium, but also activates the cooling water, thus requiring a closed circuit. It
was later decided to add another centimetre of beryllium in order to reduce the
activation. Behind the cooling water, the ion guide with one or several uranium
targets followed, with only a thin (3mm) aluminium window in between, in
order to make the best use of the neutron flux [46, 109].
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The neutron converter has been simulated using MCNPX 2.5.0 [110] and
the neutron flux was recorded in a 7mm thick cylindrical shell, enclosing all
regions where targets were positioned. The calculated neutron flux integrated
over all energies is depicted in fig. 8.9 on top of a schematic of the ion
guide. The simulated geometry included the ion guide but not the uranium
targets inside since the attenuation of the neutron flux in the uranium targets is
negligible. It can easily be shown that the attenuation can be neglected since
the mass attenuation coefficient is

μm = σNA/MU ≈ 2.5
cm2

g
, (8.1)

where σ ≈ 1 b is the cross section, NA Avogadro’s number and MU the molar
mass of natural uranium. The standard targets are 14mg/cm2 thick leaving us
with an attenuation in the order of 1 × 10−5.

The flux was acquired in 1MeV bins from 1 to 30MeV and exported to text
files that were later read by the main simulation software.

8.2.2 The ion guide
The chamber where the FPs are produced and collected is called the ion guide.
It is gas-filled and the main part of it is cylindrical with a length of about 70mm
and a diameter of 60mm. As in the proton-induced case the gas is supposed to
stop the ions so that they can be extracted from the ion guide by the helium gas
flow. The nominal gas pressure is 200mbar, but in the experiment conducted
in December it was increased to 400mbar. A 3D rendering of the standard
reference setup [47] is depicted in fig. 8.10.

Three different versions of the setup were implemented and investigated,
each depicted as cross-sectional drawings in figs. 8.11a to 8.11c. The default
setup mirrors the experimental setup used during measurements at the IGISOL
facility in December 2016. It features two uranium targets close to the neutron
production, in order to maximise the neutron flux. These targets are 10mm ×
50mm with a thickness of 15mg/cm2. There is also an implantation foil in
the back made out of titanium.

The implantation foil makes it possible for us to compare the simulations to
the experiment in December 2016 by analysis the γ-spectrum. This is however
still in progress and results are pending. Nevertheless, doing so might provide
further experimental verification of the simulation’s validity.

Another option is to simulate six targets of the same dimension as the
previous mentioned, each fixed on one of the hexagonal sides of the ion guide
target holder. In this case the titanium foil is not used. The last option is to
remove the target holder and replace it with two lock rings that holds a larger,
41mm × 64mm, and thicker, 21mg/cm2, foil pressed against the cylindrical
surface of the ion guide’s inside, as close to the neutron source as possible. As
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Figure 8.10. 3D rendering of one of the simulated geometries. The outer walls have
been rendered transparent, and the gas inside was rendered translucent purple. Also
the orange gas diffuser has been rendered translucent to improve visibility. The beam
direction is perpendicular to the ion guide axis, along the x-axis (red arrow). The gas
flow purging the ion guide is along the ion guide axis that coincides with the z-axis
(blue arrow). The setup shown is the same that was used in the real measurements
in December 2016 with two uranium targets (green) and one titanium foil in the back
(blue).

(a) Default setup, used in the measure-
ments in December 2016.

(b) Setup of six uranium targets. (c) Setup with one big uranium foil
pressed against the inside of the ion
guide.

Figure 8.11. Cross sectional schematics of the target placement for the different setups.
The gas flow goes out of the plane of the drawings.
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the results will show, there is no benefit of the increased thickness of this target
compared to the other ones, but it was what was available from the supplier.

In addition to the different geometries, the target thicknesses and the gas
pressure inside the ion guide were also varied. A replacement for the standard
Geant4 code that estimates the effective charge when ions are travelling through
matter was also tested (see appendix A.1.3 for implementation details).

8.2.3 Ion stopping simulation
The main simulation was implemented in Geant4 [71] version 10.01-p03. The
only physics relevant to include, was the one related to the slowing down of
particles in matter. This was handled by the classes G4ionIonisation and
G4NuclearStopping.

The primary particle in the simulation is a FP, sampled from an isotopic
fission yield distribution. Its kinetic energy is sampled from an energy distribu-
tion for the corresponding isobar. Both distributions are calculated beforehand
by the program GEF [16] for the 238U(n,f) reaction at 1MeV intervals from 0
to 30MeV incoming neutron energies. The GEF output files were then parsed
by the simulation software. Linear interpolations were made between data
points when needed. The neutron energy was uniformly sampled from 0 to
30MeV.

When both the particle species and kinetic energy were determined, the
direction of the particle was sampled isotropically. The starting position, i.e.
where the fission happened, is uniformly sampled within the complete target
volume(s) of the simulation. One should note that only one FP is simulated per
event, i.e., one fission per two Geant4 events on average. In each simulation
1 × 108 FPs were sampled and transported.

Since both the neutron energy and starting position were uniformly sampled,
the results where weighted by the macroscopical cross section Σ as well as the
neutron flux, φ, provided by the previously described MCNPX simulations
(see section 8.2.1). The macroscopical cross section is given by:

Σ = σ
NAmU

MU
, (8.2)

where the microscopical cross section, σ, was taken from the ENDF/B-VII.1
evaluation [81], NA stands for Avogadro’s number, mU is the total mass of
target uranium and MU is the molar mass of natural uranium. By also dividing
the weighting factor, w, with the number of simulated events, N , one gets a
final expression for the event weight:

w =
2φΣ

N
, (8.3)

where the 2 takes into account that only one, not two, FP is simulated. Summing
over all weights, after choosing appropriate units, produces the expected total
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Figure 8.12. The average neutron flux, the fission cross section, and the average fission
rate (the product of the two previous) as functions of the neutron energy.

number of produced ions per μC of integrated primary beam current. The
average neutron flux, fission cross section and fission rate are depicted in
fig. 8.12.

Since the only concern of the simulation is to determine where the ions
stop, all secondary particles (mostly electrons) are immediately killed and not
further simulated. The simulation results contain full information about the
initial and final state of the ions.

8.2.4 Results
For easily referral I will start by defining the different setups that were simu-
lated. The different geometries of the target(s) placement have already been
described in fig. 8.11. The ‘standard’ geometry with two targets was further
studied with modifications to the effective charge model, target thickness and
gas pressure. From now on, I will refer to the simulations by the names
provided below.

Sim I Default geometry (see fig. 8.11a) with a gas pressure of 200mbar
and the effective charge model from Geant4.

Sim II Same as Sim I, but with the effective charge model developed by
Schiwietz and Grande [37] (see appendix A.1.3).

112



Sim III Same as Sim I, but with a 7.5mg/cm2 target thickness.
Sim IV Same as Sim I, but with a 150mg/cm2 target thickness.
Sim V Same as Sim I, but with a 400mbar gas pressure.
Sim VI Six targets of the same type as in Sim I (see fig. 8.11b).
Sim VII A big target pressed against the ion guide wall (see fig. 8.11c).

For all the different simulations one can determine how many ions were
stopped in the gas, as well as how many that escaped the target but ended up
colliding into a wall, i.e. any solid material except for the targets. An ion that
was not stopped in either the gas or a wall, never escaped the target. The total
yield as well as the yields in the gas and walls, respectively, are collected in
table 8.1. For Sim I–Sim V, one can also determine how many ions that were
caught by the implantation foil.

8.2.4.1 Mass and effective charge dependence
Just as in the proton-induced case, the mass dependence in the stopped ion
yields are small. In figs. 8.13 and 8.14 the mass and charge yields, respectively,
are compared depending on where in the geometry the ions stopped.

In total, about 1.91% of the generated ions in Sim I stop in the gas and have
a chance of being evacuated to the IGISOL vacuum system. The light FPs have
a slightly larger ratio of ions stopped in the gas, than the heavy ones, since the
lower charge and higher kinetic energy allow more of them to escape the target.
Naturally, there are also more light, than heavy, FPs hitting the walls since the
effective thickness of the gas is not always enough to stop them. The highest
ratio of ions stopped in the gas is found for the lowest mass numbers. Around
A = 80 it reaches 2.09%, while at A = 160 it is only 1.89%. A similar patter
is found for the atomic charge distributions.

When measuring yields with the IGISOL technique, it mostly matters how
large difference in this stopping efficiency one has for two neighbouring iso-
topes. The largest differences in the stopping ratio for two neighbouring mass

Table 8.1. Yields of the produced and stopped ions for the different simulations,
Sim I–Sim VII, given per μC of integrated primary beam current.

Ion yield
Simulation Generated Stopped in gas Stopped in walls
Sim I 3.104 × 104 5.934 × 102 9.897 × 103

Sim II 3.104 × 104 6.679 × 102 7.372 × 103

Sim III 1.552 × 104 3.569 × 102 9.357 × 103

Sim IV 3.104 × 105 5.981 × 102 9.984 × 103

Sim V 3.104 × 104 1.139 × 103 9.348 × 103

Sim VI 5.300 × 104 9.945 × 102 1.692 × 104

Sim VII 1.241 × 105 1.910 × 103 2.804 × 104
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Figure 8.13. Mass yields of stopped ions from Sim I. The light FPs, that also have
higher kinetic energies, are more likely to be stopped in the gas and the implantation
foil, compared to the heavy FPs.
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Figure 8.14. Charge yields of stopped ions from Sim I. The lightly elements, that
also have higher kinetic energies, are more likely to be stopped in the gas and the
implantation foil, compared to the FPs with high atomic numbers.
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Figure 8.15. Yields of stopped ions in the gas from Sim II and Sim V. Exchanging
the effective charge model mostly affect the light fragments and increases the mass
dependence of the yield. The increase of yield when the pressure was doubled to
400mbar was close to a factor of two over the whole mass region.

numbers are found for the heavy fragments, but no larger than 0.2 percentage
points after disregarding statistical fluctuations.

Changing the effective charge model, as was done in Sim II, changes the
stopping power. Overall the stopping power increased when the model from
Schiwietz and Grande was used. The results from Sim II are similar to the
ones in Sim I, but enlarges the differences between light and heavy FPs further
(fig. 8.15). Nonetheless, examining table 8.1 reveals that even though less ions
actually make it out of the target, the ratio that stop in the gas is greater due to
the increased stopping power.

8.2.4.2 Target thickness and gas pressure
A thicker target will generate more FPs so it should always be at least as good
as a thin one (if kept within reasonable limits). It might be a waste of precious
material though, because if the FPs do not reach the outside of the target they
will definitely not increase the yield of ions stopped in the gas.

In table 8.1 one can compare the results of increasing the target thickness
tenfold, as was done in Sim IV. The number of ions in the gas are almost the
same. On the other hand, one notices that the yield in the gas is almost cut in
half in Sim III, while a similar number of ions as in Sim I still hit the walls.
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This means that the thickness in Sim I is close to optimal. The yield does not
increase as a thicker target is used and a thinner target will not be able to, in the
same extent, degrade the energy of the most energetic ions, thereby making it
possible for them to stop within the gas volume.

One way of making the ion guide facilitate a larger yield of ions stopped
in the gas is to make the chamber bigger. However, there might be an easier
way. One of the plots in fig. 8.15 represents the yield as the gas pressure is
doubled and thereby effectively making the gas twice as thick. The numbers in
table 8.1 shows that the yield in the gas is doubled, more ions are now stopped
before they hit any of the walls. Furthermore, one concludes by comparing
to the default case in fig. 8.15, that the increased pressure has not affected the
mass dependence compared to the situation in Sim I. Higher pressure could
be a good option for increasing the yield, as long as the differential pumping
can keep a low enough pressure in the vacuum part of IGISOL. Currently, no
higher pressure than 400mbar is possible.

8.2.4.3 Target geometries
Only the setup of Sim I has up till today been experimentally tried. Although
there were plans of realising also a target in the style of Sim VII. The current
target holder already has space for up to six targets as in Sim VI. But as
the numbers in table 8.1 show, the benefit of adding extra targets declines
as the distance from the neutron source increases. This can also be seen by
comparing fig. 8.16 to fig. 8.17, where the positions of the stopped ions in the
gas are depicted. When all six targets holders are used, the relative number of
events stopped in the gas originating from the middle and the back targets, are
only 22% and 19%, respectively. This also shows the importance of centring
the targets, because even though further away, the more centred back targets
contributed almost as much as the middle targets.

The target in Sim VII has three major benefits compared to the standard
setup in Sim I. Firstly, it has an area which is 2.6 times greater. Secondly, it is
centred on the neutron beam where the flux is the highest. Lastly, it is as close
as the ion guide allows to the neutron source. All of this combined, result in
a 3.2 times higher yield of stopped ions in the gas for Sim VII compared to
Sim I. In fig. 8.18 the spatial distribution of the stopped ions when using this
bigger target is shown.

Even though there are clearly a higher concentration of stopped ions close to
the targets in figs. 8.16 to 8.18, many of the ions traverses the whole chamber.
In fig. 8.19 the cumulative distribution of stopped ions is plotted as a function
of distance from the fission event. The distance is measured perpendicular to
the target surface, which give us an estimate of how much free space is needed
in front of each target to maximise the yield. Half the FPs are stopped within
14mm of the target, while less than 80% are stopped within 28mm.
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Figure 8.16. Positions of the ions stopped in the gas from Sim I given per μC of
integrated primary beam current. Each pixel represents an 0.2mm × 0.2mm area.
Most ions are stopped close to the target they originated from.

Figure 8.17. Positions of the ions stopped in the gas from Sim VI given per μC of
integrated primary beam current. Each pixel represents an 0.2mm × 0.2mm area.
The targets in the back is clearly contributing much less than the front ones due to the
reduced neutron flux.
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Figure 8.18. Yield of the ions stopped in the gas from Sim VII given per μC of
integrated primary beam current. Each pixel represents an 0.2mm × 0.2mm area.
The target’s size and closeness to the neutron source makes this a desirable setup.

8.2.4.4 Benchmarking against experimental values
Nobody knows exactly how many ions were stopped in the gas during the
experiment in December 2016. This is because the ions are not measured until
they have been extracted from the ion guide and passed through at least the
mass selecting dipole magnet. Nevertheless, a rough estimate of the count rate
of masses A ≈ 131 was made.

About twelve counts per second was measured at the β-activity station
downstreams of the mass selecting magnet; with a detector efficiency of about
30% this roughly corresponds to 40 ions per second. Based on experience, the
IGISOL team estimates an extraction efficiency from the ion guide of about
10%, so one expects ∼400 ions of this mass stopping in the gas each second.
The beam current was at the moment 10 μA.

The simulation of this setup predict 214 ions per second. Despite this
being a much lower number, it is not as bad as it seems because of two main
reasons. Firstly, the rough estimate based on the experimental values consists
of several estimations with large uncertainties. Secondly, the exact positions of
the uranium targets in the experimental setup were not properly documented.
In lack of detailed information, I put the targets centred on the hexagonal sides
of the target holder when I implemented the simulation geometry. However,
some photo documentation might indicate that the targets were slightly closer
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Figure 8.19. Cumulative distribution of the how far the stopped ions travelled from
the fission event perpendicular to the target surface. Only FPs that escape the target
and stop in the gas are taken into account.

to the beam centre. Even a small difference in distance would quickly give
rise to a sizeable discrepancy since the neutron flux is much greater toward the
beam centre.

Taken this into account, I conclude that the numbers are in the right order
of magnitude and that more work and detailed documentation is needed from
the experimental side.

8.2.5 Conclusions
Also for the neutron induced case one sees that the targets are of reasonable
thickness (not surprisingly since they were almost the same thickness). Thicker
targets are unnecessary and thinner ones risk introducing a mass dependent
stopping efficiency, in addition to simply giving a lower yield. To increase the
yield the target surface exposed to the gas must be increased, and the neutron
flux through the target optimised. The setup Sim VII represent one way of
doing this, which could be combined with a higher gas pressure to further
enhance the yield of stopped ions in the gas. From fig. 8.19 one gets an idea of
how much free space is needed, in front of each target. Perhaps, can the targets
be placed closer to each other in a stacked formation as in Fig. 3 in Ref. [111].
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Increasing the gas pressure showed no effect on the mass distribution of
the stopped ions. The small dependencies on mass and atomic numbers are
negligible as long as neighbouring isotopes are compared. However, if one
would actually compare, e.g., a very heavy ion to a very light one, the relative
difference would be no more than ∼20%. Chemical effects, e.g. different
charge-state distributions after the ions are stopped for non-identical elements,
might have additional effects which could not be predicted by these simulations.
Comparing same-element isotopes is preferred when possible.

Since these new simulations give yield predictions for any FP on an abso-
lute scale, they can be verified experimentally. The implantation foil present in
Sim I, and also in the real experiment conducted in December 2016, will un-
dergo a γ-spectroscopy analysis. This will hopefully prove that my simulation-
based estimations and predictions have been sound with much less uncertainties
than the rough estimate discussed in section 8.2.4.4. Such an analysis should
also be able to determine which effective charge model that best reproduces
the experimental results.

These simulations support the methodology employed at IGISOL, and agree
with experimentally based estimates within the (admittedly large) uncertainties.
The next step would be to further investigate the charge-state of the fully stopped
ions end up in as well as how efficiently the gas flow can carry these ions into
the vacuum part of IGISOL. This is outside the scope of this work, but would
add to the knowledge of the ISOL-technique at hand. Nevertheless, the current
developed tools can be used to investigate any new considered geometry, e.g.,
bigger chambers with larger gas volume to stop the ions in.
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9. Svensk sammanfattning (Summary in
Swedish)

Ja, det är här uranet förvandlas till
plutonium som vi ska använda till
bränsle i raketen.

— Rymdkraft

Denna avhandlingen behandlar fyra olika projekt som alla handlar om att öka
vår förståelse av neutron-inducerade reaktioner genom experimentell kärnfysi-
kalisk forskning. En mycket viktig sådan reaktion är fission, dvs. kärnklyvning.
Trots att man har kunnat driva kärnkraftverk säkert, i över 60 år, finns det mycket
som fortfarande är okänt gällande exakt hur det går till när en tung atomkärna
splittras till två mindre dotterkärnor. En mer detaljerade diskussion om fis-
sionsprocessen ges i avsnitt 2.4. Ökad kunskap om fissionprocessen och bättre
uppmätt fissiondata är betydelsefullt för både tillämpningar som kärnkraft,
men också för grundforskningen.

För att neutronbaserade experiment överhuvudtaget ska kunna utföras krävs
detektoruppställningar, stora forskningsanläggningar, men ofta även tillgång till
tidigare uppmätt kärndata. Detektorerna som använts diskuteras i kapitel 3 och
anläggningarna där dessa brukats i kapitel 4. Två av mina projekt har handlat om
s.k. neutronstandardtvärsnitt som används för att mäta nya reaktionstvärsnitt
relativt mot. Det är därmed av yttersta vikt att dessa standarder är mycket
precist bestämda eftersom eventuella fel i standarden kommer att fortplanta sig
till samtliga resultat i sådana relativa mätningar. Dessa standarder och hur de
används beskrivs i avsnitt 2.1.

Mitt första projektet som beskrivs i kapitel 5 bestod i ett simuleringsarbete
vars mål var att förutsäga hur vår planerade detektoruppställning skulle upp-
föra sig i en experimentell situation. Experimentet syftade främst till att mäta
tre olika neutronstandardtvärsnitt jämtemot varandra och på så sätt minimera
systematiska fel i mätningen. Reaktionerna i fråga var H(n,n), 235U(n,f) och
238U(n,f). Själva experimenten har ännu inte utförts eftersom bygget av neu-
tronanläggningen Neutrons For Science i Caen (Frankrike) [39, 40] har blivit
mångårigt försenat. Dock visade simuleringarna vad för resultat vi kunde för-
vänta oss samt vad i utvecklingen av den experimentella uppställningen som vi
borde fokusera på. Projektet och detektoruppställningen har vid det här laget
utvecklats så pass att nya uppdaterade simuleringar planeras, baserade på de
jag tidigare gjorde.
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Kapitel 6 handlar om mitt andra projekt som också det försökte mäta neu-
tronstandarder mot varandra. Denna gång berördes reaktionerna 6Li(n,α)t och
235U(n,f) som mättes i en joniseringskammare. Till skillnad från fission är
6Li(n,α)t-reaktionen betydligt enklare eftersom endast två produkter skapas.
Med hjälp av bevarandet av energi och rörelsemängd kan de två produkter-
nas vinklar och energier beräknas analytiskt. Tre upprepade mätningar gjordes
vid neutronanläggningen GELINA i Geel (Belgien) [42, 43] i samarbete med
EU-laboratoriet JRC-Geel och både uppställning och metodik förbättrades för
varje gång. Många problem löstes men tyvärr lyckades inte heller den sista
mätningen att producera goda resultat med små osäkerheter, vilket så klart
var vårt mål. Dock drogs många lärdomar av de problem som uppstod under
projektets gång.

Båda ovan nämnda projekt använde sig av tvärsnittsdata för fissionsreak-
tioner för att deducera nya tvärtsnitt för andra reaktioner, men mitt tredje
projekt handlade om att faktiskt mäta fissionsdata. Även detta projekt var
ett samarbete mellan Uppsala universitet och JRC-Geel. I kapitel 7 beskrivs
utvecklingen av både fissionsspektrometern VERDI [90, 91] och den s.k. 2E-
2v-analysmetoden. En av höjdpunkterna med denna metod är att antalet prompt
emitterade neutroner kan härledas utan att själva neutronerna faktiskt mäts och
utan att ta hjälp av tidigare uppmätt data. Mitt arbete har varit fokuserat på
att kalibrera uppställningen och reproducera tidigare data för 252Cf(sf ). An-
vändningen av kiseldetektorer skapar ett flertal komplikationer vilket kräver en
icketrivial kalibreringsprocedur pga. det plasma som induceras när de tunga fis-
sionprodukterna stoppas i detektorerna. Utvecklingsarbetet pågår fortfarande
men flera framsteg har gjorts och lösningar på identifierade tillkortakomman-
den föreslås. En viktig insikt var att tidigare experiment av denna typ inte
tagit hänsyn till en korrelation mellan den uppmätta fragmentmassan och ne-
utronmultipliciteten. Jag utvecklade en enkel korrektionsmetod som även kan
appliceras på tidigare uppmätta data från andra grupper.

Det fjärde och sista projektet behandlas i kapitel 8 och är, liksom mitt första
projekt, av simuleringskaraktär. Det finländska universitetet i Jyväskylä hand-
har en anläggning, vid namn IGISOL [44, 45], som är till för precisa mätningar
av fissionproduktsmassor och fissionsproduktsutbyte. Jag har skrivit, utfört och
analyserat simuleringar i samråd med den experimentella IGISOL-gruppen
både i Uppsala och Jyväskylä för att sprida ljus över hur många fissionspro-
duktsjoner som skapas under experimenten och hur många som förloras på
vägen från produktionstället till mätstationen. Fissionsprodukterna skapas i
uranfolier antingen genom direkt protonbestrålning eller genom att först skapa
en neutronkälla av protonerna och sedan bestråla uranet med neutroner. Endast
enstaka procent av dessa tunga joner stoppas sedan upp i buffertgasflödet som
transporterar dem vidare i systemet mot någon av mätstationerna. En av fråge-
ställningarna har varit om alla joner stoppas i gasen med samma sannolikhet
oberoende av grundämne och massa. Jag kunde konstatera från simuleringarna
att endast små skillnader beroende på jontyp behöver förväntas. Andra para-
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metrar undersöktes också, såsom buffertgastrycket och olika sätt att placera
strålmålen på. Jämförelser med experimentell data visade att simuleringarna
var i rimlig överensstämmelse.
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Appendix A.
Code developed

Am Heimcomputer sitz’ ich hier
und programmier’ die Zukunft mir.

— Kraftwerk

In this appendix I have collected short descriptions of codes I have developed
that might be of general interest. They are all available upon request.

A.1 Modifications to Geant4
A.1.1 Extended and corrected cross sections
When writing a Geant4 simulation program one can, for a certain physical
process, choose which physics model one likes to use depending on the energy
region. For neutron reactions, Geant4 includes a High Precision (HP) model
which is driven by data collected from evaluations. However since data is not
always available for higher energies, the model only covers the energy region
0 to 20MeV. If one would like to cover a larger energy range, one would need
to supplement the HP model with another model and ’stitch‘ them together at
20MeV. Sometimes it can be difficult to make a smooth transition from one
model to the other. One could also try to find a non-data driven model that
works for the whole interval, but one would then need to rely on theoretical
calculations or parametrisations rather than experimentally measured data.

Since the simulations described in section 5.3 modelled neutrons up to
40MeV, I had to go for one of these options. To capture the cross section
as accurate as possible I implemented data-driven fission cross sections for
the whole energy range. Normally, this would be somewhat trivial to do
with Geant4, since models describing the physical process are completely
independent of the models describing cross sections. However, the model
that was used for inelastic scattering (above 20MeV), the Binary Cascade
model [36, p. 450], treats the fission process on the same footing as inelastic
scattering. The fission channel is included in the inelastic scattering model as
if it was just another channel of inelastic scattering. In order for me to add a
new fission process above 20MeV, I had to remove the fission part from the
inelastic model to avoid doubling the fission event rate. After that I added a
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Figure A.1. The histogram shows the counts of simulated recoil protons from elastic
neutron scattering on hydrogen versus incident neutron energy. The results shown by
the solid curve were obtained when the simulation was using default Geant4 classes.
The dashed curve shows the result after new cross sections were supplied.

new model with my own data-driven cross sections based on the IAEA neutron
standards evaluations [112].

I also had to implement new cross section for elastic scattering since I
discovered non-physical structures in the default cross section (CHIPS para-
metrisation [36, p. 388]). For elastic scattering one expects a smooth behaviour
of the cross section as a function of energy [9, 113, 114], but this was not the
case as showcased in fig. A.1. The change of cross section data could be
done in a straight-forward way due to Geant4’s support of adding cross section
independently of the physics models. In Fig. A.1 I show the difference before
and after my cross-section fix. The curve obtained when the simulation was
using cross sections provided by unmodified Geant4 classes (HP in the range 0
to 20MeV and CHIPS above 20MeV) exhibits a structure in the energy range
20 to 35MeV. After substituting the CHIPS parametrisation with additional
data from evaluations [113] the expected smooth behaviour was restored.

A.1.2 Biasing of discrete events in simulations
In order to save time while doing a simulation starting from the incoming
neutron, custom code that scaled up certain cross sections and weighted the
particles accordingly was implemented. Current versions of Geant4 now in-
clude this functionality through default classes, but at the time the simulation
software discussed in section 5.3 was written, they did not.
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This custom implementation of cross-section scaling within Geant4 simu-
lations is similar to the one described by Mendenhall and Weller [115]. The
scaling factor, the process to be biased and the geometrical regions in which
the scaling occurs, are all configurable through a messenger helper class ac-
companying the main class.

The new class, BiasedProcess, inherits G4WrapperProcess and wraps
discrete processes. It works by substituting the original process with the
wrapper process. When the wrapper process is called by Geant4, it will
forward the call to the original process. In the case when Geant4 asks it
to calculate the interaction length, the wrapper process will use the original
process to calculate the unbiased interaction length. Before returning this value
to Geant4 it will divide the unbiased interaction length with a biasing factor
thus scaling the cross section.

To compensate the biasing, each event is given a weight. If no biasing is done
this weight will be unity. If we e.g. scale the fission cross section upwards,
the weight for fission events will be lower than unity. On the other hand, every
distance the particle travels without any fission occurring will increase the
particle weight. After each step in a region where biasing is applied the weight
is adjusted accordingly.

When the biased interaction occurs, the weight is linearly scaled by the
biasing factor b. The new weight is given by

wnew =
wold

b
, (A.1)

where wold and wnew denotes the weights before and after the interaction,
respectively. A particle travelling the distance Δx through a region with a
biased process adjusts its weight by an exponential factor. This time the new
weight is given by

wnew = wold exp

( (b − 1)Δx
�

)
, (A.2)

where � denotes the (unbiased) mean free path. Eq. A.1 and A.2 ensure that
the product of the probability and the weight is kept constant, no matter what
biasing factor is used.

If we assume that we use the biasing to make the occurrence of an unusual
event to become more likely in the simulations, i.e. b > 1, Eq. A.1 would
decrease the weight whenever the biased event happens, compensating the
increased rate in the simulation of this kind of event. Similarly, Eq. A.2 would
increase the weight if the particle just passes by and no interaction of that kind
occurs.

Every particle in the simulations carries a weight but BiasedProcess keeps
track of the accumulated weight for the whole event, i.e. everything that happen
in the simulation due to one primary particle. The resulting weight of the full
event is saved together with the rest of the event data. The event weight is a
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measure of the likeliness of the event as a whole, taking all biased reactions
into account.

All biasing options can be specified at the command prompt or in a macro
at any time before the simulation starts. One specifies the biasing factor, b,
and the biased particle type as well as any number of G4VPhysicalVolume
instances where the bias should be activated. One can also choose whether
only the primary particle should be biased or secondaries as well. To avoid
events with very low weights (w < 1/b) yet another option exists to limit the
biasing to never go below a certain limit.

This class was tested and used for the simulations described in section 5.3.
Fission as well as elastic and inelastic scattering have been biased to get
higher statistics more efficiently. The most highly biased processes in this
work were using a biasing factor of 1000. However, the track of a non-reacting
neutron requires little time to be calculated, compared to the case where several
secondary particles are produced by reactions induced by the primary particle.
Therefore, the CPU time reduction when using biasing was usually not more
than an order of magnitude, compared to the non-biased case. If the unbiased
reactions are more time-consuming to simulate, the potential benefits of biasing
might increase.

A.1.3 New effective charge model
As was mentioned in section 3.4.2 the effective charge of an ion affect the
stopping power greatly. By default Geant4 parametrises the effective charge as
a function of the atomic numbers of the projectile, the atomic number of the
bulk material, and the projectile velocity [36]. The exact expression is based
on the work of Brandt and Kitagawa [116]. However, newer parametrisations
exist and heavy ion stopping powers are still not accurately known. Schiwietz
and Grande fitted expressions to available experimental data for both gaseous
and solid materials, respectively [37]. While the parameters are the same, the
functional form is different.

Implementing a new charge-state formula in Geant4, based on the parameter
values found by Schiwietz and Grande, turned out to be not so difficult. The
whole calculation is contained within the class G4ionEffectiveCharge but
the Geant4 authors did not provide a simple way of substitute it with your
own custom class. Among other things many methods in relevant classes were
not declared virtual. In order to minimise the intrusion to the Geant4 code,
I instead modified the class G4ionEffectiveCharge directly in the Geant4
(version 10.01.p03) source tree to include an option to use the Schiwietz
and Grande parametrisation instead. The default option was still available,
so the user could easily switch between the two options through a macros
command to compare how the different charge models affect the simulation
results. Generally, the Schiwietz and Grande parametrisation yields higher
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charges and therefore shorter stopping ranges, which was observed in the
IGISOL simulations reported on in chapter 8.

A.2 ROOT file I/O made simple
The ROOT Data Analysis Framework is a commonly used library within
experimental nuclear physics. Among other things it specifies its own file
format and data structures which are designed to store experimental, simulated
or analysed data, event by event. Instead of writing almost the same code over
and over again in all my different analysis projects, I decided to write a C++
class that took care of it once and for all. My class wraps the storing process
and provides a simpler and more fool proof interface to the user.

Since simplicity was preferred over technical elegance, the class RootFile-
Manager was designed as a singleton class, reachable from anywhere in the
code through a static member method. I restricted it to only handle one file at
a time since I never had a use for more than that. To use it in a project, the user
first needs to initialise it by specifying the output file and what kind of data
will be stored in the file for each event. A handle for each data slot is returned
and will be the key to store the correct data in the correct slot. This is quite
literally so, because the handle is internally used as the key in a binary tree to
find the correct storage. The following code would create a new event tree and
preparing it to store two variables for each event, one 64-bit integer named A
and one low precision floating point value named B, respectively.

Example code
RootFileManager* rfm = RootFileManager::Instance();
rfm->OpenFile("output.root");
handle my_tree = rfm->NewTree("MyEvents");
handle my_a = rfm->NewInt64(my_tree,"A");
handle my_b = rfm->NewFloat32(my_tree,"B");

Note that ROOT calls its event data structure a ’tree‘, but it is not a binary
tree as one might suspect. It is possible to work with any number of trees in
parallel. Later on when our example program, e.g., has acquired one event.
The important values a and b are saved by calling the different Fill methods
of RootFileManager followed by a call to CloseEntry():

Example code
rfm->FillInt(my_tree,a);
rfm->FillFloat(my_tree,b);
rfm->CloseEntry();

Nothing is actually written to the output file until the last call, but rather kept
in buffers. Calling CloseEntry(my_tree) will store the current content of
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the buffers corresponding to the particular event tree that is specified through
the supplied handle my_tree. When all events has been processed the file is
closed by a call to CloseFile(), but that can also be left to be handled by the
destructor if it also the end of the program.

The primitive data types that can be saved are integers and floating point
values, of either 32 bits or 64 bits. One can also specify that one likes to store an
arbitrary long vector of these primitive types for each event. In addition one can
also save strings, graphs and arrays of objects as long as they inherit from the
Root main class TObject. It is also possible to store any TObject descendant
directly, outside the event structure, but possibly in a folder hierarchy.

The versatility and ease of use proved the initial effort to write the class
worth it, it has been used in every single project presented in this thesis (and a
few others).

A.3 Acquisition software for a SPdevices digitiser
A few years back our laboratory was equipped with a new SPdevices digitiser
(model ADQ412). Since we lacked a suitable easy to use acquisition program,
especially any that ran on Linux systems, I wrote a new one from scratch.

The acquisition program runs from a command line interface either in
interactive or batch mode. It was written with minimalism in mind and has
no dependencies except for the C++11 standard library and the provided API
from SPdevices. All important configuration options can be set in a simple
text file supplied at the command line. The user can choose the output file(s)
and how large they should be, as well as if the program should terminate after
a certain number of events. It can also be run in a ’waiting‘ mode where it
acquires a number of events and then wait for the user to make adjustments on
the experimental setup before collecting the next set of events.

The device itself is connected with a USB cable to a normal PC, it features
four 12-bit precision channels and a sample rate of 1GHz. By using only
two of the channels in a so called interleaving mode, the sample rate can be
doubled. Each event will be collected as the detector voltage level crosses a
preset threshold. Which of the channels that will be stored to disk, as well as
which can trigger acquisition, are configurable. The total size of the trace as
well as the number of samples before the trigger, are also chosen before the
acquisition starts. A few more options, like configurable DC-offsets for each
channel, is also available.

The output format is a binary file with a fixed sized header containing
information about the specific acquisition. The header mostly contains the
configuration parameters given to the digitiser, as well as the acquisition date
and total time of the acquisition. After the header, all event traces for all active
channels are stored subsequently. Each with a timestamp indicating exactly
when the event occurred.
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The program has proven useful since it has been used by several groups and
is now at version 6. After me being the only developer for a long time, it is now
continuously developed by several people. It runs on Linux and most likely
also on Windows (but this has not been tested). It only supports the ADQ412
model, but adaptations to other SPdevices digitisers should be easy.
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Appendix B.
Selected publications

Time moves in one direction, memory
another. We are that strange species
that constructs artifacts intended to
counter the natural flow of forgetting.

— William Gibson

Published full length papers

I Two level scheme solvers for nuclear spectroscopy
K. Jansson, D. DiJulio, J. Cederkäll, Nucl. Instrum. Meth. A 654 (2011)
496–501, doi:10.1016/j.nima.2011.07.021
My contribution:Designed, implemented and analysed the algorithms, wrote the
paper, based on my master’s thesis.

II Designing an upgrade of the Medley setup for light-ion
production and fission cross-section measurements
K. Jansson, C. Gustavsson, A. Al-Adili , A. Hjalmarsson, E. Andersson-Sundén,
A. V. Prokofiev, D. Tarrío, S. Pomp, Nucl. Instrum. Meth. A, 794 (2015) 141–
150, doi:10.1016/j.nima.2015.05.001
My contribution:Wrote the software, performed the analysis, wrote the paper.

III Simulations of the fission-product stopping efficiency in
IGISOL
A. Al-Adili, K. Jansson, M. Lantz, A. Solders, D. Gorelov, C. Gustavsson,
A. Mattera, I. Moore, A. V. Prokofiev, V. Rakopoulos, H. Penttilä,
D. Tarrío, S. Wiberg, M. Österlund, S. Pomp, EPJ A 51 5 (2015) 59,
doi:10.1140/epja/i2015-15059-2
My contribution:Wrote the simulation software, participated in the analysis and
paper writing.
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IV Estimates of the production rates of exotic nuclei from the ion-
guide for neutron induced fission at IGISOL
K. Jansson, A. Al-Adili, N. Nilsson, M. Norlin, A. Solders, Submitted to EPJ
A (2017), doi: N/A
My contribution:Wrote the main simulation software, performed the analysis,
wrote the paper.

V Defective fission correlation data from the 2E-2v method
K. Jansson, A. Al-Adili, E. Andersson Sundén, A. Göök, S. Oberstedt, S. Pomp,
Submitted to Phys. Rev. C (2017), doi: N/A
My contribution:Wrote all software, performed the analysis, wrote the paper.

Published conference proceedings

VI Measuring Light-ion Production and Fission Cross Sections
Normalised to H(n,p) Scattering at the Upcoming NFS Facility
K. Jansson, C. Gustavsson, S. Pomp, A. V. Prokofiev, G. Scian, D. Tarrío,
Nuclear Data Sheets 119 (2014) 395–397, doi:10.1016/j.nds.2014.08.110
My contribution: Performed the simulations and the analysis, wrote the paper.

VII Light-ion Production from O, Si, Fe and Bi Induced by 175 MeV
Quasi-monoenergetic Neutrons
R. Bevilacqua, S. Pomp, K. Jansson, C. Gustavsson, M. Österlund, V. Simutkin,
M. Hayashi, S. Hirayama, Y. Naitou, Y. Watanabe, A. Hjalmarsson,
A. Prokofiev, U. Tippawan, F.-R. Lecolley, N. Marie, S. Leray, J.-
C. David, S. Mashnik, Nuclear Data Sheets 119 (2014) 190–193,
doi:10.1016/j.nds.2014.08.053
My contribution: Produced integrated cross sections.

VIII Measurement of the 6Li(n,α) neutron standard cross-section
at the GELINA facility
K. Jansson, A. Al-Adili, R. Bevilacqua, C. Gustavsson, F.-J. Hambsch,
S. Pomp, M. Vidali, EPJ Web Conf. 122 (2016) 08006,
doi:10.1051/epjconf/201612208006
My contribution:Analysed the data, wrote the paper.
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IX Analysis of prompt fission neutrons in 235U(nth,f) and fission
fragment distributions for the thermal neutron induced fission
of 234U
A. Al-Adili, D. Tarrío, F.-J. Hambsch, A. Göök, K. Jansson, A. Solders,
V. Rakopoulos, C. Gustafsson, M. Lantz, A. Mattera, S. Oberstedt,
A.V. Prokofiev, M. Vidali, M. Österlund, S. Pomp, EPJ Web Conf. 122 (2016)
01007, doi:10.1051/epjconf/201612201007
My contribution: Participated in the 235U(nth,f) experiment, assisted the analysis.

X Measurement of the 6Li(n,α)t neutron standard cross-section
at the GELINA facility
K. Jansson, A. Al-Adili, R. Bevilacqua, C. Gustavsson, F.-J. Hambsch,
S. Pomp, M. Vidali, EPJ Web Conf. 146 (2017) 11047,
doi:10.1051/epjconf/201714611047
My contribution:Analysed the data, wrote the paper.

XI The new double energy-velocity spectrometer VERDI
K. Jansson, M. O. Frégeau, A. Al-Adili, A. Göök, C. Gustavsson, F.-
J. Hambsch, S. Oberstedt, S. Pomp, EPJ Web Conf. 146 (2017) 04016,
doi:10.1051/epjconf/201714604016
My contribution:Analysed the data, wrote the paper together with M. O. Frégeau.

XII Simulations of the stopping efficiencies of fission ion guides
A. Solders, A. Al-Adili, D. Gorelov, K. Jansson, A. Jokinen, V. Kolhinen,
M. Lantz, A. Mattera, I. Moore, N. Nilsson, M. Norlin, H. Penttilä, S. Pomp,
A. V. Prokofiev, V. Rakopoulos, S. Rinta-Antila, V. Simutkin, and the IGISOL
group, EPJ Web Conf. 146 (2017) 03025, doi:10.1051/epjconf/201714603025
My contribution:Wrote the simulation software, co-supervised the student project
performing the analysis.

XIII Neutron-multiplicity experiments for enhanced fission
modelling
A. Al-Adili, D. Tarrío, F.-J. Hambsch, A. Göök, K. Jansson, A. Solders,
V. Rakapoulos, C. Gustavsson, M. Lantz, A. Mattera, S. Oberstedt,
A. V. Prokofiev, E. Andersson Sundén, M. Vidali, M. Österlund, S. Pomp,
EPJ Web Conf. 146 (2017) 04056, doi:10.1051/epjconf/201714604056
My contribution: Participated in the experiment, assisted the analysis.
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