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Abstract

Birgersson, E. (2007): Determination of binary fission-fragment yields in
the reaction 251Cf(nth, f) and Verification of nuclear reaction theory pre-
dictions of fission-fragment distributions in the reaction 238U(n, f), Örebro
studies in Physics 2.

Neutron-induced fission has been studied at different excitation energies
of the compound nucleus by measurements on the two fissioning systems,
252Cf∗ and 239U∗.

For the first time, the light fission fragment yields from the reaction
251Cf(nth, f) have been measured with high resolution. This experiment
was performed with the recoil mass spectrometer LOHENGRIN at ILL in
Grenoble, France. When the results from this work, where the compound
nucleus is at thermal excitation, are compared to the spontaneous fission of
252Cf, enhanced emission yields as well as an increased mean kinetic energy
is observed around A = 115. This suggests the existence of an additional
super-deformed fission mode in 252Cf.

The reaction 238U(n, f) was studied using the 2E-technique with a double
Frisch grid ionization chamber. Fission fragment mass, energy and angular
distributions were determined for incident neutron energies between 0.9
and 2.0 MeV. The experiments were performed at the Van de Graaff ac-
celerator of IRMM in Geel, Belgium. This is the first measurement of the
mass distribution for incident neutron energies around 0.9 MeV. The mo-
tivation for studying 238U(n, f) was to verify theoretical predictions of the
mass distribution at the vibrational resonance in the fission cross section at
0.9 MeV. However, the predicted changes in fission fragment distributions
could not be confirmed.

A precise modelling of the fission process for the minor actinides be-
comes very important for future generation IV and accelerator driven nu-
clear reactors. Since fission fragment distributions depend on the excitation
of the fissioning system, so does the number of delayed neutrons, which are
one of the safety parameters in a reactor.

Keywords: NUCLEAR REACTIONS, 251Cf(nth, f ), 238U(n, f), mass-
energy distributions, Fission modes, Fission-fragment spectroscopy
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Chapter 1

Introduction

In this thesis work the fission process has been studied by measuring the
mass and energy distributions of the fission fragments. Two different tech-
niques have been used to study two fissioning systems, 252Cf∗ and 239U∗.

The fissioning system 252Cf∗ was studied at thermal excitation energy
using the recoil mass spectrometer LOHENGRIN, which is installed at the
Institut Laue-Langevin (ILL), in Grenoble, France. It was for the first time
that the light pre-neutron fission fragment mass and energy distributions
were investigated with high resolution in the reaction 251Cf(nth, f).

The major part of this thesis deals with the fissioning system 239U∗.
The purpose of this work was to verify theoretical predictions of the fission
fragment mass and kinetic energy distributions, that were made for En =
0.9 MeV. This experiment was performed at the Van de Graaff accelera-
tor of the Institute for Reference Materials and Measurements (IRMM),
in Geel, Belgium. The reaction 238U(n, f) was studied for neutron energies
from 0.9 to 2.0 MeV using the 2E-technique. These were the first mea-
surements of the fission fragment mass and energy distributions at the
vibrational resonance around En = 0.9 MeV.

The description and modelling of the fission process becomes increas-
ingly important for future nuclear power plants. In order to transmute the
minor actinide waste1 from the nuclear reactors of today, the current plan
is to make the minor actinides a part of the reactor fuel in the so-called
Generation IV nuclear reactors [1] as well as in accelerator-driven systems
(ADS) [2]. Such facilities will operate with a different neutron spectrum
compared to traditional reactors in order to avoid the creation of even

1The minor actinides are the following elements: Np, Am, Cm, Cf, Bk, Es, and Fm.
They all have a small abundance in the nuclear waste, but contribute the major part to
the toxicity and they are long-lived.
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more minor actinides. The changed neutron spectrum, together with the
heavier fuel, changes the fission fragment yields considerably.

Some of the fission fragments decay by neutron emission. These neu-
trons are delayed compared to prompt fission neutrons. A changed fission
fragment yield means that the yield of delayed neutrons changes, too. Neu-
trons coming from these fission fragments play an important role in the
safety of the nuclear reactor. The average number of prompt neutrons is
around 3 for each fission. In a nuclear reactor, on the average, exactly one
of these neutrons should induce a new fission. If less than one neutron in-
duces a new fission, the chain reaction will stop, and if it is more than one,
the reactivity increases and the reactor becomes uncontrolled. In case of
increased reactivity, there is enough time to mechanically push in control
rods to lower the reactivity, before the extra contribution of delayed neu-
trons make an impact and increases the reactivity even further. Without
delayed neutrons, it would be very difficult to keep the reactor stable.

The knowledge of the mass distribution and how it depends on the
neutron energy is thus an important safety parameter in nuclear power
plants. Of course not only the mass of the fission fragment, but also their
charge must be known.

The shape of the deforming nucleus at the time of scission cannot be
studied directly. However, indirect measurements of the mass and kinetic
energy of the fission fragments can reveal this information. For example,
symmetric fission has for several fissioning systems a lower total kinetic
energy (TKE). This tells us that the shape of the deformed nucleus at
scission here is more elongated compared to asymmetric fission, where the
TKE is higher, which indicates a more compact form at scission. Gener-
ally, the yield of symmetric fission increases with the excitation energy of
the compound nucleus, while the observed TKE in this region is still much
lower than in other mass regions. This observation gave rise to the idea
that fission may proceed along different pathways in the nuclear potential
energy landscape. The description of the fission fragment mass distribu-
tion with two yield curves (one symmetric and one asymmetric) was first
suggested in 1951 for the neutron-induced fission of 238U and 232Th by
Turkevich and Niday [3].

An even better description of the fission fragment mass distribution is
given by the Multi-Modal Random-Neck Rupture (MM-RNR) model [4].
It successfully describes fission fragment mass and kinetic energy distri-
butions over the whole range from 213At to 258Fm. Within this model,
the yields are described with a few two-dimensional functions of mass and
TKE. Each one of these functions corresponds to one fission mode, which
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is a pathway via local minima in the nuclear potential landscape of the
deforming nucleus connecting saddle and scission point. Each fission mode
has a characteristic mean mass and mean TKE. A description on how the
potential energy of the deforming nucleus is calculated and other details
are given in Chapter 2.

For actinides the number of fission modes is in most cases three, two
asymmetric standard 1 (S1) and standard 2 (S2) and one symmetric super
long (SL) modes. However, this is not enough to give an equally good
description of spontaneous fission of 252Cf, which indicates the necessity of
more modes [5].

1.1 Motivation for the 251Cf(nth, f) measurement

In order to obtain an indication for further fission modes present in the
compound system 252Cf, the post-neutron fission-fragment mass yields and
mean kinetic energies were measured for the reaction 251Cf(nth, f) and then
compared to data from spontaneous fission of 252Cf.

Using the 2E-technique to determine the pre-neutron mass and TKE
distributions was not possible with the available target material. A huge
neutron flux was needed to suppress the contribution from spontaneous
fission of 252Cf present in the target as well as the 18 MBq alpha activity2.
Therefore, the experiment was performed with the recoil mass spectrometer
LOHENGRIN, installed at the nuclear reactor with the highest thermal
neutron flux available, at ILL, Grenoble, France.

Although the Cf-isotopes are low in abundance in a nuclear reactor,
their fission characteristics become important, when modelling fission frag-
ment yields for other minor actinides such as Cm and Am isotopes.

1.2 Motivation for the 238U(n, f) measurement

The major part of this thesis concerns the measurement of mass and ki-
netic energy distributions from the reaction 238U(n, f) at the vibrational
resonances around En = 0.9 MeV and around En = 1.2 MeV. They were
performed in order to verify predictions of the fission fragment mass dis-
tributions. Details of the calculations are given in Chapter 2, but a brief
explanation is given here. The actual predicted mass distribution and ex-

2The collection of charges using the 2E-technique takes approximately 3 µs. During
this time 27 ± 6 alpha particles would occur on each chamber side. This would completely
spoil the energy resolution.
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pected change in mean mass of the fission fragments will also be shown
here.

For the compound systems 238Np [6], 239U [7] and 252Cf [8], calculations
of the nuclear potential energy landscape were performed as a function of
the deforming nucleus. These calculations showed that the fission modes
share a common first fission barrier. This result made it possible to deter-
mine the shapes of the double humped fission barrier, one for each fission
mode. Calculation of the modal fission cross-sections, i.e. the contributions
of the fission process that proceed along one particular fission mode, is then
possible and can be used to predict fission fragment mass and kinetic en-
ergy distributions as a function of incident neutron energy.

The predictive power of the theory was shown in Ref. [9] for the reaction
235U(n, f), where the fission barriers were determined from fission mode
weights obtained from incident neutron energies between 0.5 and 5.5 MeV.
Once the height and width of the fission barriers are known, calculations of
the neutron induced modal fission cross-sections can be made. Since each
fission mode has a characteristic mean mass and TKE, the modal fission
cross-sections were used to calculate the fission fragment mass distributions
at 10 eV. The agreement with the experimentally found mass distribution
from thermal-neutron induced fission of 235U is impressive.

The calculations give, in addition to the modal fission cross-sections,
also neutron inelastic, elastic and capture cross-sections. An overview of
these calculations is given in Chapter 2. A detailed description can be found
in Refs. [10–12] for the reactions 235U(n, f), 238U(n, f) and 237Np(n, f).

The neutron induced fission cross-section from En = 10 keV up to En

= 5.5 MeV shows a smooth behaviour for 235U. The fission cross-section
of 238U(n, f), in contrast, has a resonant structure at subthreshold fission.

Similar calculations of the modal fission cross-sections were performed
for the compound system 239U in Ref. [10]. The parameters for the fission
barriers were calculated based on the experimentally obtained fission mode
weights for En ≥ 1.2 MeV, measured by Vivès et al. [13]. Large fluctuations
in the mode weights were predicted around the two vibrational resonances
as seen in Fig. 1.1. A large increase for the S1 mode weight at En= 1.2
MeV and a complete mode weight inversion at 0.9 MeV were predicted.
Although fluctuations in fission fragment properties were reported earlier
at the vibrational resonance around En=1.2 MeV [14–16], no mass and
TKE distribution has been measured at the vibrational resonance around
En= 0.9 MeV until now.

Based on the prediction of the modal fission cross-section, the mean
heavy fragment mass can be calculated. At En = 0.9 MeV, 70% of S1
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Figure 1.1: Calculation of the modal fission cross-section for 238U(n, f) from
Ref. [9]. The experimental modal fission cross-section are found by folding the
mode weights from Ref. [13] with the fission cross-section from Ref. [17]. From
En = 1.2 - 5.5 MeV they were used to find the fission barrier parameters for the
individual modes, which are used to calculate the modal fission cross-sections.

mode weight and 30% of S2 mode weight is predicted. With a S1 and S2
mean mass number of 135.0 ± 1.0 and 141.6 ± 1.0 with widths 3.6 ± 1.0
and 6.0 ± 1.0, respectively, the predicted pre-neutron mean mass number
at En= 0.9 MeV is 137±1. A decrease in mean heavy mass number by 1.5
should be observed compared to the mean mass number 139.6 at En=1.8
MeV reported in Ref. [13]. In order to prove the modal fission cross-section
predictions from Ref. [10], this dedicated experiment was performed at
IRMM.
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Chapter 2

Fission theory

In 1939, Hahn and Strassman [18] observed that, when uranium is bom-
barded with neutrons, two medium weight atoms were created instead of
only capturing the neutrons. Meitner and Frisch [19] gave a theoretical
explanation to this phenomenon and called it nuclear fission. Their expla-
nation was that, after being excited by the incident neutron, the nucleus
starts to deform, as it was a liquid drop. This process ends with the drop
splitting itself into two smaller drops. They also realised that the fission
products would have an excess of neutrons. Beta decay chains for the fis-
sion fragments were proposed. All these findings were based on chemical
analysis. Frisch [20] wanted to have a physical evidence and was able to
measure the big 200 MeV energy release in an early version of an ionization
chamber. He used a mixture of radium and beryllium as a neutron source
and noted that an enhancement in fission rate from uranium occurred, if
paraffin wax was put around the chamber.

The sum of the masses of the two fission fragments is less than the
mass of the initial uranium and the neutron. The mass that has become
energy is in the order of 200 MeV. Although much energy is gained by
fission, it is not very likely to happen compared to α-decay in uranium. The
fission barrier prevents this from happening. The concept of fission barriers
can be understood by investigating the potential energy of two separated
fragments. Two fragments, each of mass 118, with radius r = 1.2·1181/3 fm
= 5.9 fm, far apart will have zero potential energy. From the Coulomb force
the potential energy increases as they are moved towards each other. When
the two fragments are touching each other, the potential energy is

V = 1/4πε0Z1Z2e
2/R = 1.44 MeV · fm 462

11.8 fm
≈ 260 MeV. (2.1)

Now the two fragments merge and an ellipse shaped nucleus is formed. The
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nuclear force, which only acts on short distances, is an attractive force and,
as a consequence, the potential energy decreases.

The increase in potential energy, when the nucleus starts to deform, is
called fission barrier. The shape of the fission barrier depends on the actual
shape of the deformed nucleus and how the nuclear force is acting. The
fission barrier can also be seen by studying fission and deformation of the
nucleus with the help of the semi-empirical mass formula, first introduced
by Weizsäcker [21]. The binding energy of the nucleus is given within this
model by

B = avA − AsA2/3 − acZ(Z − 1)A−1/3 − asym
(A − 2Z)2

A
+ δ . (2.2)

It has several components, a volume term proportional to the mass number,
a surface term proportional to the surface area of the nucleus, a Coulomb
term due to the repulsion of the protons, an asymmetry term, which de-
notes the quantum mechanical effect of neutron excess, and finally a pairing
term that arises because nuclear forces tend to align the spins of two iden-
tical nucleons so that they are anti-parallel. The constants are found by a
fit to the experimental masses.

When the initial spherical nucleus of radius R is deforming into the
shape of an ellipsoid, the value of the terms in Eq. 2.2 changes. If the
elliptical shaped nucleus now has semi-axes a = R(1 + ε) and b = R(1 +
ε)−1/2, where ε is the eccentricity of the ellipse1, the surface and the surface
term in Eq. 2.2 increases according to Ref. [21] as S = 4πR2(1+2/5ε2+· · · ).
The Coulomb term decreases as (1−1/5ε2 + · · · ). The difference in binding
energy between the elliptical and the spherical shaped nucleus is given by

∆E = B(ε) − B(ε = 0) ≈
(

−2

5
asA

2/3 +
1

5
acZ

2A−1/3

)

ε2. (2.3)

This means that the nucleus is unstable and will spontaneously fission, if

acZ
2A−1/3 > asA

2/3 , (2.4)

because energy is gained by stretching. With as = 16.8 MeV and ac =
0.72 MeV given in Ref. [21], it follows

Z2

A
> 47 . (2.5)

1The volume of this ellipsoid is the same as the sphere’s, because of the incompressible
nuclear matter.
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This is the limit of stability according to the liquid drop model (LDM). If
a stable nucleus starts to deform, the potential energy increases up to the
so-called saddle point. After this point, deformation leads to a decrease in
potential energy and nothing prevents the nucleus to further deform and
eventually the nucleus will undergo fission.

The height of the barrier is in the order of 6 MeV and can be estimated
experimentally by looking at the probability of fission. For the reaction
235U(nth, f) fission occurs with a high probability (cross-section is high)
with thermal neutrons, but for 238U(n, f) there is a threshold and the prob-
ability of fission is extremely low for neutron-induced fission with neutron
energies below 1.5 MeV. The reason can be found by looking at the exci-
tation of the compound nucleus. The excitation of the compound system
236U∗ induced by a neutron with negligible energy (thermal) is given by

Eex =
(

m(235U) + mn − m(236U)
)

· 931.5 MeV/amu = 6.5 MeV. (2.6)

For the compound nucleus 239U∗, also induced by thermal neutrons, the
excitation energy is only 4.8 MeV. Since the neutron needs an additional 1.5
MeV to fission this system, the height of the fission barrier is approximately
6.3 MeV. For the reaction 235U(nth, f), the compound system 236U∗ was
already above the fission barrier, which explains the fact that no threshold
is seen in the neutron-induced fission cross-section of 235U.

Subthreshold fission is important when it comes to describing the fission
barrier, which leads to information about the nuclear structure. Resonances
in the fission cross-section suggest that a certain fission channel is more
probable.

Although the basic concept of fission can be understood with the liquid
drop model, there are several limitations and experimental observations
that can not be explained with this model: a strongly asymmetric mass
distribution, the existence of spontaneously fissioning isomers, the angular
distribution of fission fragments, the sawtooth shape of the prompt neutron
emission as a function of fission fragment mass and the existence of non-
spherical ground states.

The single particle states change with the deforming nucleus. Strutin-
sky [22] made corrections to the LDM based on the nuclear shell model.
The energy of the nucleus for a certain deformation is given within this
model by

E = ELDM + U − Ũ = ELDM + δU , (2.7)

where
U =

∑

ν

2nνεν , (2.8)
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Figure 2.1: A typical fission barrier for actinides calculated within the LDM and
by applying Strutinsky’s shell correction method. The figure has been taken from
Ref. [23].

where 2nν is the number of particles occupying the energy levels εν . The Ũ
stands for the sum over all occupied states calculated with a smooth level
density function g̃(E) by

Ũ =

∫ λ̃

−∞
Eg̃(E) dE , (2.9)

where the parameter λ̃ represents the chemical potential and is found by
the number of particles through

N =

∫ λ̃

−∞
g̃(E) dE . (2.10)

This means that the part of the shell corrections, that are already included
in the LDM, is taken away by the term Ũ and replaced by U . A correction
δP , which includes the pairing, that also changes with the deformation,
has also to be included, hence

E = ELDM + δU + δP . (2.11)

The value of δU depends on the level density. When it is low, the correc-
tion is negative. The result is a double-humped fission barrier as shown in
Fig. 2.1. The liquid drop model predicts spherical ground states, but with
the shell corrections the first minima might be slightly deformed, which
can explain the deformed ground states for some nuclei.

With the double-humped fission barrier, shape isomers can be under-
stood [24]. The nucleus stays in the region between the barriers a rather
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long time before either decaying back to the ground state or undergoing
fission.

When the excitation energy is lower than the barrier, fission can still
occur, but then by means of tunnelling through the barrier. This means
that transitions between the energy levels in the first and second minimum
have to be allowed. Resonant structures in the fission cross-section are
seen as a result [25], which also depends on the incident neutron spin. The
Strutinsky’s shell correction method is used in many fission models of the
deterministic type as will be explained later.

2.1 Fission models

The theoretical description of the mass distribution is one of the oldest
in nuclear physics. Several models exist and can be classified according to
either microscopic treatment, stochastic treatment or deterministic treat-
ment.

A microscopic treatment would be the most complete and means that
equations have to be solved for each motion of the individual nucleons. This
is in general too complicated and approximations have often to be made
with the mean field or the Hartree-fock method. Although the comparison
of the mass distributions, obtained with this type of calculation, is in poor
agreement with experimental data, some conclusion about scission may be
drawn [23]. For example, the scission process takes place within 3.4×10−21

s and is a smooth continuous process.
The number of parameters from the microscopic treatment is reduced in

the stochastic treatment. A limited set of macroscopic variables is chosen
to describe the fissioning system. The initial value of the parameters change
with time and a probability function is used to calculate the probability of
the new values of the initial parameters as a function of time. The equations
are called Fokker-Planck equations. The comparison with experimental
data also shows deviations.

In the macroscopic models usually some microscopic methods, like the
Strutinsky’s shell correction, are introduced. Some of these models are
discussed in more detail here. The multi-modal random-neck rupture model
is given a more complete overview, since part of this thesis work is based
on this model.
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2.2 Statistical theory

In the statistical model of Fong [23], a random motion of the deforming
nucleus is assumed. This means that the probability of a certain scission
configuration is higher, when the corresponding density of states is higher.
The main parameter when calculating the level density is the internal exci-
tation energy at scission point. It is found by further approximation, that
this energy simply is equal to the difference in potential energy between
saddle and scission point. In other words, there is no pre-scission kinetic
energy of the fission fragments. The higher density of states at closed shell
structure, with higher binding energy, gives a higher probability. This re-
produces the experimentally observed asymmetric mass distribution. The
model also is consistent with observed increased symmetric fission with
excitation of the compound nucleus, since the shell effects decrease with
excitation of the compound system. The model also uses a fixed neck radius
at scission.

2.3 Scission-point model

As all macroscopic fission models, the scission-point model [26,27] also has
a few general assumptions. Within this model, the scission point is assumed
to be reached, when the tip of the two aligned spheroids are a constant
distance d apart. Another assumption is that there is an equilibrium be-
tween the collective temperature Tcoll and the intrinsic temperature τint,
which are also given constant values. The collective temperature charac-
terises the collective degrees of freedom βi and the intrinsic temperature
the nucleonic degrees of freedom. When also the collective kinetic energy
at scission (pre-kinetic energy) is assumed to be independent of the other
collective parameters, the probability of occupying a scission configuration
with deformation parameters β1 and β2 for the mass split N,Z can be
calculated by

P (N,Z, β1, β2) =

∫ βmax

β1=0

∫ βmax

β2=0
exp

[

−Epot(N,Z, β1, β2)

Tcoll

]

dβ1dβ2 .

(2.12)
Before the probability of different mass splits can be calculated, the

potential energy as a function of β1 and β2 needs to be calculated. This is
done by means of the liquid drop model with shell and pairing corrections of
Strutinsky-type using a Woods-Saxon single-particle potential. The result
of the shell correction terms are shown in Fig. 2.2. The potential energy
without any shell correction has a broad minimum at β1 ≈ β2 ≈ β ≈ 0.6
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Figure 2.2: Neutron (left) and proton (right) shell corrections as a function of
deformation parameter β and neutron and proton number. The pictures have been
taken from Ref. [26].

for symmetric fission, and a still broad, but a bit less deep minimum for
asymmetric fission. The shell effects will determine the actual positions of
the minima.

As an example, one may consider the mass split 134/105 for the com-
pound nucleus 239U. Since the heavy fragment has about 82 neutrons and
52 protons, Fig. 2.2 shows a minimum at low deformation for these neutron
and proton numbers. For the corresponding light fragment with 65 neu-
trons and 40 protons the minima are found at higher deformation, βL ≈ 0.4.
When the mass split is 140/99, the heavy fragment reaches another low
minimum when deformation is higher (position H in Fig. 2.2). Since both
fragments are more deformed, the TKE of this mass split should be lower,
which indeed also is observed. At these two mass splits large minima are
found in the nuclear potential energy. According to Eq. 2.12, the yield of
these mass splits will be higher, which is also observed.

The model successfully describes the general trends, when the com-
pound nuclear mass increases, as the increase in symmetric yield. How-
ever, the widths of the mass distributions are too narrow compared to
experimental data.
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2.4 The multi-modal random-neck rupture model

With the multi-modal random-neck rupture model (MM-RNR) [4] the
shape of the nucleus at scission is found by calculating the nuclear po-
tential energy for different configurations of the deforming nucleus. The
deforming nucleus is assumed to follow the path that has the lowest en-
ergy and such a pathway is called a fission mode within this model.

There are several differences between the scission point model and the
MM-RNR model. The potential energy is only calculated at scission point
in the scission-point model and is used to determine the mass yields. The
MM-RNR model does not give any mass yield predictions, only theoretical
possible fission modes. The scission-point model uses a fixed distance of
the fission fragments at scission, whereas the MM-RNR model introduces
a neck rupture at random positions. The parameterization of deformation
in the MM-RNR model is also different.

The yields of the individual fission modes are not found by the potential
energy calculations. Instead, two dimensional functions of mass and TKE
are fitted to experimental data, where each such function is representing
a fission mode. The number of possible modes is not arbitrary, but found
from the potential energy calculations.

2.4.1 Details about fission mode calculations

The potential energy has a liquid drop part calculated according to Myers-
Swiatecki [28] and shell and pairing corrections of the Strutinsky-type are
calculated using a Woods-Saxon single-particle potential. The shape of
the deforming nucleus is parameterized using a five-dimensional parameter
space of axially symmetric Lawrence shapes [29]. In cylindrical coordinates
ρ, ζ this is

ρ2(ζ) = (l2 − ζ2)
N

∑

n=0

an(ζ − z)2 , (2.13)

where l is the half-length of the nucleus and z is the asymmetry. Addi-
tional parameters (ζ, l, r, z, c, s) are introduced to describe the nucleus (see
Fig. 2.3), where c is the curvature, s is the centre of gravity and r is the ra-
dius of the neck, ρ2(ζ = z) = r2. The values of an in Eq. 2.13 are calculated
with the following constraints: the volume should be kept fixed, the neck
position should be the thinnest part of the nucleus and the centre-of-mass
should not move [4].

Calculation of the three-dimensional landscape was then performed us-

14



Figure 2.3: Upper part: parameterization of the nuclear shape in terms of the
generalized Lawrence parameterization. Here l is the nuclear half-length, r the
neck radius, z is the location of the neck, c is the neck curvature and s is the
position of the centre-of-mass. Lower part: equivalent flat-neck representation [4].
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Figure 2.4: Calculated minimized points in the potential energy landscape of
239U. The different modes as well as a double-humped fission barrier with common
inner barrier are seen. The picture is taken from Ref [7].

ing the subset (l, r, z), where l and r have the relation

l =
11

2
(r − ζ

2
) − ζ, ζ = −2, . . . , 3. (2.14)

For ζ=0 Eq. 2.14 becomes the Rayleigh criterion for a liquid drop. This
means that the neck is thin enough and might randomly rupture. The pa-
rameter ζ is acting like an offset parameter of this criterion. Local minima
in the potential landscape can then be found, but local minima might exist
that are unreachable for the deforming nucleus. A fission mode is a path-
way via local minima that connects saddle and scission point. To find the
fission modes, the three-dimensional subsets were transformed to the equiv-
alent five-dimensional representation [4]. Then, between minima found for
the different ζ used, minimized trajectories were calculated trying to con-
nect them. In Ref [7] approximately 3800 minimized shape configurations
were calculated. The modes are identified by two-dimensional projections
of E(D), r(D), z(D) and AH(D), where D is the distance of the centre-of-
mass of the future fission fragment. An example of the potential energy
is shown in Fig. 2.4. A common inner barrier for the different modes is
clearly seen before the split-up. For 239U six fission modes were found and
their characteristics are shown in Table 2.1.

With this approach, scission is possible, when the Rayleigh criterion is
fulfilled. This means, that the neck can randomly rupture, when the total
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Table 2.1: Characteristic parameters obtained from fission mode calculations for
239U [7]. The fission modes correspond to Standard 1, 2 and 3 (S1, S2 and S3) with
increasing asymmetry. The mode labelled SX stands for a ”super-deformed” mode.
The mode labelled SL is a symmetric superlong mode and SLA an asymmetric
superlong mode.

Fission Ah σ∗
A σA Zh 〈D〉 Dmin Dmax 〈TKE〉 σTKE

mode (fm) (fm) (fm) (MeV) (MeV)

S1 137 0.26 4.2 53 17.8 16.3 19.3 182 6

SX 139 0.22 4.8 54 17.9 16.3 19.4 181 6

S2 142 0.34 4.5 55 19.2 16.7 21.7 167 9

S3 154 0.24 3.8 59 17.4 17.1 17.7 177 1

SL 120 0.08 8.7 46 21.0 18.2 23.7 160 9

SLA 136 0.14 5.7 52 20.4 19.7 21.1 162 2

length of the nucleus, 2l, is larger than 11 times the neck radius, r. Scission
definitely occurs before r < 1.2 fm, which is the nucleonic radius. Within
this interval, a minimum and maximum D are found for each mode. The
distance between the charge centres at scission is directly related to the
TKE of the fission fragments. In Ref. [7] this was used to calculate the
TKE.

2.4.2 Fission mode calculations compared to experimental
data

Each fission mode has a characteristic TKE and mean mass, which is the
result of the calculations, but the calculations do not reveal any information
about the probability of the different modes. In order to compare these
calculations with experimental data, the experimental data are fitted with
a two dimensional function. The function has for each mode the following
expression

Y (A,TKE) =
w

√

2πσ2
A

· exp

(

−(A − 〈A〉)2
2σ2

A

)

·

(

200

TKE

)2

· exp

(

2(dmax − dmin)

ddec
− L

ddec
− (dmax − dmin)2

Lddec

)

, (2.15)
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where L = d − dmin = ZlZHe2

TKE − dmin. The parameters in Eq. 2.15 have
the following meaning: d is the approximated distance between the two
fragment charge centres, dmax is the distance between the fragment charge
centres at the maximum of the yield distribution, dmin is the smallest dis-
tance between the fragment charge centres (when the TKE is largest) and
ddec describes the exponential decrease of the yield with the simultaneous
increase of the distance d.

Since the mass distribution is symmetric for each mode, a complemen-
tary mode exists for the light fragment AL = ACN − AH . The function
describes the fission fragment mass and TKE distribution very well. There
is no reason for keeping any parameter fixed [13].

2.5 Cross-section calculations with the Vladuca-
model

Calculations of neutron cross-sections with the Vladuca-model were suc-
cessfully performed for many isotopes, such as 239Pu [30], 242Pu [31],
238U [32] and 233Pa [33,34]. It is a complete description of neutron-induced
reactions, including fission, elastic, inelastic and radiative capture cross-
sections. The model has originally nothing to do with fission modes, but
was extended to include individual fission barriers for the fission modes [9,
11].

To calculate elastic scattering and absorptive effects, normally the op-
tical model is used [21],

U(r) = V (r) + iW (r) , (2.16)

where V (r) is responsible for the elastic scattering. Absorption, leading to
a compound state, depends on the imaginary part W(r). This is also used in
the Vladuca-model with a coupled-channel optical model with parameters
used for the actinide region. This was applied in the computer program
ECIS, where the total cross-section, the direct contribution of the neutron
elastic and inelastic cross-section of the rotational levels coupled to the
ground state level were calculated. The program also provides neutron
transmission coefficients. These input parameters are needed, when the
compound nucleus is treated.

The calculations of the fission cross-section as well as inelastic and cap-
ture cross-sections depend on the obtained neutron transmission coeffi-
cient. In addition, the probability of radiative capture and fission depends
on the gamma the fission transmission coefficients, respectively.
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The fission transmission coefficients are found by a new optical poten-
tial, using the computer code STATIS. These, together with the neutron
transmission coefficients from the ECIS program, are used to calculate the
fission cross-sections.

The shape of the optical potential, height and width, changes the trans-
mission coefficients. In the well-known Hill-Wheeler model, quantum pen-
etrability through a barrier is given by

THW =

[

1 + exp

(

−2π
E − Vf

~ω

)]−1

, (2.17)

where Vf is the barrier height relative to the nuclear ground state, and ~ω
is the barrier curvature.

In the model used here, fission occurs through intermediate transition
states of the compound nucleus. Above the barrier several compound nu-
clear levels exist and each of the so-called transition states is associated
with a particular fission barrier, which at a certain energy Econt

A,B becomes a
continuum of transition states. The transmission coefficient for penetration
through barrier A and B is given by

TA,B(E∗, Jπ) =
∑

K≤J

TA,B(E∗,K, Jπ) (2.18)

+

∫ ∞

Econt
A,B

ρA,B(ε, Jπ)dε

a + exp
[

−2π
E∗−VA,B−ε

~ωA,B

] ,

where ρA,B(ε, Jπ) is the density of states on top of the fission barrier with
excitation energy ε relative to the top. The fission cross-section depends
on the probability for transition between the states, which depends on the
value of ~ω.

The extension of the model to also include modal fission cross-sections
was done by using three different sets of parameters when calculating the
fission transmission coefficients. The important result from calculations of
the nuclear potential energy landscape performed in Refs. [6–8] showed,
that the bifurcation point for the fission modes lies behind the second
minimum, suggesting that the first fission barrier is common for all modes.

The used optical potential had a common first barrier and a mode
dependent second barrier. This is shown in Fig. 2.5, where the different
decay paths of the compound nucleus also can be seen. The three possible
paths to direct, indirect, and isomeric fission are also shown.

The optical potentials together with the neutron transmission coeffi-
cient from the ECIS program are used to calculate the modal fission cross-
sections. The values for ~ω for the three fission modes S1, S2 and SL, are
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Figure 2.5: The optical potential used to calculate fission transmission coeffi-
cients. The arrows indicate the different processes involved.

determined by tuning until the experimental modal fission cross-sections
were described well. The experimental modal fission cross-sections were
found by folding the fission mode weights from Ref. [13] with the docu-
mented fission cross-section from the ENDF/B-VI library [17].
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Chapter 3

The californium experiment

In this chapter the experiment performed at Institut Laue-Langevin (ILL)
in Grenoble, France is described (paper I and II). First an overview of the
instrument and techniques will be given, before the data analysis will be
explained. This chapter will be concluded by presenting and discussing the
results.

3.1 Working principle of LOHENGRIN

Around the nuclear reactor at ILL, several instruments are located. One of
them is the recoil mass separator LOHENGRIN for fission fragments. As
every mass separator, LOHENGRIN has an electric and a magnetic field
perpendicular to each other to achieve particle separation. A sketch of this
is shown in Fig. 3.1. The target is put in an evacuated beam tube about
50 cm from the reactor core. The thermal neutron flux at target position
is 5.4 × 1014 n/cm2/s. This high neutron flux causes dramatic changes of
the target. To avoid loss of target material, the target is covered with a
nickel foil. When a fission fragment passes the target material and the
nickel foil, it will lose 6 − 8 MeV of its kinetic energy depending on its
mass, energy and nuclear charge. The fission fragment will also attract a
number of electrons. The number of attracted electrons and, thus, the ionic
charge state of the fission-fragment depend on its velocity and the charge
of the nucleus. The time-of-flight of the fission fragments before detection
is about 2 µs, which allows detection of the fission fragments before any
β-decay.

In the magnetic field, the Lorentz-force will deflect the fission fragments
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Figure 3.1: Schematic view of LOHENGRIN. The fission target is close to the
reactor core. The thermal neutron flux there is 5.4 × 1014 n/cm2/s. After fission
the fission fragments are deflected in a magnetic and an electric field. Only fission
fragments with the same A/q and EL/q will arrive at the exit slit. In this case,
an ionization chamber with a split anode was used as the focal plane detector,
which made unambiguous particle identification possible.

into a circular path with radius rmag according to

mv2

rmag
= qvB , (3.1)

where q is the ionic charge state of the fission fragment, m its mass, v its
velocity and B the magnetic field strength.

The electric field between the cylindrical capacitor plates will deflect
the fission fragments into a circular path with radius rel according to

mv2

rel
= qE = q

U

d
, (3.2)

where E is the electric field strength, U the voltage across the capacitor
plates and d the distance between the plates. This gives a kinetic energy
separation according to

EL

q
=

Urel

2d
= Uφ , (3.3)

where φ = 0.02245, when U is given in kV, the fragment’s kinetic energy
EL in MeV and q in multiples of the elementary charge. The combination
of the fields gives the mass separation according to

m

q
=

B2r2
magd

relU
=

B2

Uχ
, (3.4)
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Figure 3.2: The magnetic field scan, χ-scan, performed on mass A = 100, q = 20,
and EL = 100 MeV. A Gaussian fit shows the optimum setting of the magnetic
field B = 1797.17 G, which is used to calculate the χ-value.

where χ is an ion-optical constant. The properties of the magnet change
over time and instead of calculating the χ-value, it is determined experi-
mentally by keeping the electric field fixed and scanning the B-field for the
maximum intensity. In Fig. 3.2 this so-called χ-scan used in this work is
shown. It was performed for mass number A = 100, q = 20 and EL = 100
MeV. The actual value of χ also depends on which mass unit is used in Eq.
3.4. In this work the mass number was used, which gave χ = 2902.14. As
will be explained in the next section, the mass dispersion is large enough
to allow all fragments with the same mass number to be detected.

A so-called formation had also to be performed on the electric capacitor
plates once a day. This is done by slowly increasing the high voltage on the
electric capacitor plates, in order to make the electric field homogeneous
again and to avoid sparks.

3.1.1 Dispersion of the spectrometer

The energy interval of the fission fragments that enter the ionization cham-
ber depends on their energy. The fission fragments in the spectrometer with
energy EL ± ∆EL/2 will be deflected a distance ∆x from the centre of the
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Figure 3.3: Sketch of the ionization chamber used as focal plane detector. The
numbers stand for (1) entrance window, (2) ∆E-anode, (3) Erest-anode, (4) cath-
ode, (5) Frisch grid and (6) separation grid.

focal point. When ∆EL/2 � EL it is

∆EL

EL
=

∆x

D
, (3.5)

where D = 7.2 m for LOHENGRIN. All measurements were normalized
to the energy dispersion by dividing with the tuned energy, which is pro-
portional to the energy dispersion. The mass dispersion follows a similar
expression,

∆M

M
=

∆xm

Dm
, (3.6)

where Dm = 3.24 m. The target size and different collimator settings de-
termine the mass and energy resolution. In principal, a mass resolution
of M/∆M = 1500 may be achieved with LOHENGRIN, but for this ex-
periment the openings were made bigger. This means that no difference
between two masses with the same mass number was observed and no
normalization was needed. The energy resolution EL/∆EL lies typically
between 100 and 1000.

3.1.2 The focal plane detector

After deflection by the mass separator the fission fragments enter a detec-
tor. In this case an ionization chamber with a split anode was used (cf.
Fig 3.3). The ions lose some of their energy in the first part of the chamber
and are completely stopped in the second section.
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In the energy region of fission fragments, the Bethe-Bloch formula de-
scribing energy loss can be approximated by

dE

dx
= k

Z2

v2
, (3.7)

where Z is the charge of the nucleus of the fission fragment and v its
velocity. The energy loss in the first part of the ionization chamber, as a
function of the initial energy, is approximated by

∆EL =
KAZ2

EL
. (3.8)

When plotting ∆EL as a function of EL, a different set of A and Z will
appear as different hyperbolas. Two examples of such plots are shown
in Fig. 3.4. These hyperbolas are truncated, since LOHENGRIN already
made an energy separation. A separation of different nuclear charges Z,
for the same mass number A, is possible up to Z = 40, but was not
performed in this work. The determination of the number of events for a
certain combination A/q = KA and EL/q = KE is done by counting the
number of events in this kind of plot. For some settings A/q and EL/q
more than one mass passes LOHENGRIN, i.e. so-called parasitic masses
are also detected. If their A/q value is close to the intended one, they will
also be detected because of the large mass dispersion.

This can also be used to make an energy calibration of the ionization
chamber. By detecting the same A and same energy E at different ionic
charge states q, the parasitic masses will move both on the E axis and
the ∆E axis. However, the mass used for calculating the fields will not
move and this can then be used to calibrate the energy. This is seen in
Fig. 3.4, where mass 100 is measured at 97 MeV for both depicted ionic
charge states.

In Fig. 3.4 the dependence of ∆EL as a function of EL seems to be
linear. Due to the separation according to EL/q, the difference between
two subsequent energies is constant, which also seems to be the case for the
corresponding ∆EL. From Eq. 3.8 the difference between two subsequent
energy losses in the first part of the chamber is given by

∆E2 − ∆E1 = K ·
(A2Z

2
2

E2
− A1Z

2
1

E1

)

= K
Ka

KE
(Z2

2 − Z2
1 ) . (3.9)

However, the difference (Z2
2 − Z2

1 ) is only slowly increasing with Z, which
explains the linear behaviour seen in Fig. 3.4.
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Figure 3.4: ∆E−EL plot of fission fragments entering the focal plane detector for
A/q = 100/20 and EL/q = 97/20 (left) and for A/q = 100/23 and EL/q = 97/23
(right).

3.2 Experiment characteristics

The experiment took place during May 7-20, 2003. Light fission fragments
with A = 80 to 124 were measured. For each mass, 6 − 8 different ionic
charge states at approximately the mean kinetic energy and 6−8 different
energies at approximately the mean ionic charge state were measured. The
changes of the target due to the high neutron flux were monitored by
measuring fragments with mass number 100 at q = 22 for 6 − 8 energies
3 − 5 times a day during the whole experiment.

3.2.1 Target

The target material was provided by the Oak Ridge National Laboratory
(ORNL), USA. It was prepared at the Institute of Nuclear Chemistry, Uni-
versity of Mainz, Germany. It was electro-deposited on a titanium backing
and had a thickness of 80 µg/cm2. The active spot had a diameter of 4 mm.
However, the target was not metallic, but a compound, Cf2O3. With the
oxygen included, the effective target thickness was 87.7 µg/cm2. At ILL
the target material was covered with a nickel foil with thickness of 0.25 µm
(222.5 µg/cm2). This is done in order to avoid loss of target material due to
sputtering, when the target is heated up in the reactor. The nickel foil itself
is supported by an acrylic layer, which is supposed to evaporate before the
measurements start.
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The time dependent target composition

The isotopic composition of the target in the beginning of the experiment
was 249Cf (18%), 250Cf (35%), 251Cf (46%) and 252Cf (1%). The high neu-
tron flux causes the composition of the target to change because of fission
and neutron capture. All the isotopes have long half-lives and the change in
composition due to decay is negligible and, hence, not taken into account.
Equations describing how neutron capture creates new isotopes were al-
ready written down in Ref. [35]. Here also fission has to be included and
the change of the composition is described by the following equations

d

dt
N249 = Φn(−σf249N249 − σc249N249) (3.10)

d

dt
N250 = Φn(σc249N249 − σf250N250 − σc250N250) (3.11)

d

dt
N251 = Φn(σc250N250 − σf251N251 − σc251N251) (3.12)

d

dt
N252 = Φn(σc251N251 − σf252N252 − σc252N252) (3.13)

d

dt
N253 = Φn(σc252N252 − σf253N253 − σc253N253) , (3.14)

where Ni is a number proportional to the number of atoms, σfi the fission
cross-section and σci the capture cross-section for the Cf-isotope i and Φn

the neutron flux. The matrix

M = −Φn ·
[ σf249 + σc249 0 0 0 0

−σc249 σf250 + σc250 0 0 0
0 −σc250 σf251 + σc251 0 0
0 0 −σc251 σf252 + σc252 0
0 0 0 −σc252 σf253 + σc253

]

and the vector

N =













N249

N250

N251

N252

N253













can be used to reformulate Eqs. 3.10 - 3.14:

d

dt
N = M ·N. (3.15)

The solution to Eq. 3.15 is given by

N = eM·t ·N0 , (3.16)
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Figure 3.5: Change of the isotopic composition in the Cf target as a function of
irradiation time. The y-axis is normalized to the total number of atoms at t = 0
(left). Relative activity as a function of irradiation time. Two arbitrary functions
describe the change in activity from 249Cf and 251Cf (right).

where N0 is the initial composition.
The matrix exp (M · t) can be calculated by diagonalisation of the ma-

trix M · t. That is, if a diagonal matrix D is found that contains the eigen-
values of M · t on its diagonal and has the property M · t = PDP−1. Here
P is an invertible matrix with the eigenvectors of M · t. Then exp (M · t) =
P exp (D)P−1, where the diagonal elements of exp (D) are found by cal-
culating exp (Dii) for every diagonal element of D. The results are shown
in Fig. 3.5, using a neutron flux Φn = 5.4 × 1014 neutrons/cm2/s and
the cross-section from Table 3.1. The calculation described above was per-
formed using a hand calculator.

If the composition is folded with the fission cross-section from Table 3.1,
the relative number of fission events from each Cf-isotope is obtained.
This is normalized and the relative activity is shown in Fig. 3.5. During
the entire experiment the contribution from 251Cf was always the major
component.

In Appendix A.3 the influence from the reaction 249Cf(nth, f) is demon-
strated as well as its uncertainty.

Contribution from the spontaneous fission of 252Cf

As shown in Fig. 3.5, there will be approximately 5 times more 252Cf than
251Cf after 10 days of irradiation (N252/N251 ≈ 5) with a neutron flux
Φn = 5× 1014 neutrons/cm2/s for the present target. However, the fission
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Table 3.1: Cross-sections used to calculate the target composition as a function
of irradiation time, taken from Ref. [36]. Since no value for the fission cross-section
of 250Cf is given in Ref. [36], it was given the value 175 b, which is half of the
upper limit ≤ 350 b, given in Ref. [37]. The values of the cross-sections within the
given uncertainties are also shown. They were chosen in order to give as little and
as much contribution from the reaction 249Cf(nth, f) as possible. The difference
in final yield from these two sets of cross-sections is given in Appendix A.3.

σ used in the analysis little 249Cf much 249Cf

Isotope σf σc σf σc σf σc

(b) (b) (b) (b) (b) (b)
249Cf 1642 497 1609 518 1675 476
250Cf 175 2034 0 2234 350 1834
251Cf 4895 2850 5145 2700 4645 3000
252Cf 32 20.4 32 20.4 32 20.4
253Cf 1300 17.6 1300 17.6 1300 17.6

cross-section for 251Cf(nth, f), σ251f , is 4500 barn, which leads to

N251Φσ251f

N252λsf
=

5 · 10−10 · 4500
5 · 2.6 · 10−10

= 1800 , (3.17)

where λsf is the decay constant for spontaneous fission of 252Cf. This means
that there are 1800 times more fission events from the reaction 251Cf(nth, f)
than from 252Cf(SF). Hence, due to the high neutron flux, the number of
fission events from spontaneous fission of 252Cf is negligible compared to
the thermal neutron-induced fission of 251Cf.

3.3 Data treatment and analysis

To determine the fission-fragment mass yield and average kinetic energy for
an individual fragment with mass A, the energy distribution was measured
at approximately the mean ionic charge state. The ionic charge state dis-
tribution in turn was measured at approximately the mean kinetic energy.
One example of this measurement scheme is shown as two-dimensional plot
in Fig. 3.6.

The raw data was determined by selecting a region of interest (RoI)
in the ∆EL − EL-plot using the computer program MPAWIN [39]. The
number of events in this RoI, N , has to be corrected in several ways. The
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Figure 3.6: The measured yield as a function of energy and ionic charge state
for A = 92 after corrections. The volume enclosed by the energy and ionic charge
state distributions represents the total yield for this mass. The width of the ionic
charge state distribution is assumed to be constant, but the mean value is energy
dependent and was calculated according to Ref. [38].

high neutron flux causes changes in the target material, which has to be
taken into account. The limited amount of time, and the fact that the
target material vanishes very rapidly, is the reason for not measuring all
possible settings for the yield, Y (A, q,E). Therefore, some states have to
be described semi-empirically. An additional correction had to be applied
due to an observed drift of the electric field of the mass spectrometer.
Below, these corrections are described in more detail.

3.3.1 Corrections due to changing target properties

Due to the high neutron flux, the properties of the target material changes
as a function of irradiation time. In order to compare measurements per-
formed at different times, the so-called burn-up has to be monitored through
out the experiment and taken into account during the data analysis. This
was done 3 to 5 times per day by measuring mass A = 100 at ionic charge
state q = 22 and kinetic energies Ek = 80 to 115 MeV in steps of 5 MeV.
A Gaussian fitted to one burn-up measurement provides the mean kinetic
energy, width and intensity. An example for one burn-up measurement is
shown in Fig. 3.7, together with the resulting intensities, mean kinetic en-
ergies and widths for the different burn-up measurements as a function of
time.
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Figure 3.7: Example of a burn-up measurement, A/q = 100/22, described by a
Gaussian (upper left part). Upper right part: Decrease of the fissile material as
a function of time. A two-exponential fit is based on the full squares only, which
indicate all burn-up measurements performed directly after a formation as well as
the first 5 burn-up measurements. The result of the calculated burn-up function
(see text for details) is shown as dashed line starting from the intensity at day
4. Lower left: Increase in mean kinetic energy together with a two-exponential
fit, again based on the squares only (dashed line). An Exponential with the time
dependence according to Ref. [40] is also shown (full line). Lower right: Widths
of the energy distributions as a function of time. The mean value is calculated
using only the full squares. All measurements (open circles indicate measurements
between two successive formations) were used to monitor the electronic drifts.

31



The burn-up is described by a sum of two Exponentials, where the fast
component accounts for material losses during initial heating of the target.
In Fig. 3.7 quite some structure is seen in the burn-up data, which has to
be attributed to drifts of the electric field in the capacitor of LOHEN-
GRIN. The formation described in section 3.1 compensates for this effect
and restores the correct electric field. As a function of time between two
formations the intensity for the lower energies decreases more, which causes
the mean kinetic energy to increase and the width to decrease. Based on
the first 5 burn-up measurements and those performed directly after each
day formation, a function describing the burn-up and a function describing
the increase in mean kinetic energy were found. The width of the distrib-
ution is assumed to be constant and was calculated from the mean value
of the selected burn-up measurements.

The sum of two Exponentials describing the burn-up is given by

I(t) = C1 · e−
ln 2
t1

·t
+ C2 · e−

ln 2
t2

·t
. (3.18)

This function is then normalized at t = 0

Cb100(t) =
C1 · exp(− ln 2

t1
· t) + C2 · exp(− ln 2

t2
· t)

C1 + C2
. (3.19)

This means that a measurement carried out at time t is corrected for the
decrease in fissile material by dividing by Cb100(t).

The energy loss of the fission fragments in the target material and the
covering nickel foil, which will be discussed in Section 3.3.3, is about 6 -
8 MeV according to calculations performed with the computer program
SRIM2003 [41]. In Fig. 3.7 the measured increase in mean kinetic energy is
about 6 MeV. This leads to the conclusion, that there must be something
more on the target causing energy loss, which also is disappearing fast.

The thin nickel foil is supported by an acrylic layer. Normally, this layer
evaporates before the measurements start. A possible explanation to the
observed increase is, that remnants of the acrylic layer still exist, because
it was mounted upside-down, i.e. the acrylic layer was facing the backing.

An arbitrary function is chosen to describe the increase in measured
mean kinetic energy in the mass spectrometer

〈EL(100, t)〉 = 〈EL0(100)〉 + As

(

1 − exp

(

− ln 2

ts
· t

))

+ Ac

(

1 − exp

(

− ln 2

tc
· t

))

,

(3.20)
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Table 3.2: The fission rate for similar experiments performed at LOHENGRIN.
Values are taken from Ref. [40]. The half-life for the increase in mean kinetic
energy for Cf is estimated to be the same as for the Cm.

Target material Fission rate Half life, ts
(1010 fissions/s) (d)

7 µg 245Cm 2 1.8

511 µg 241Pu 67 1.1

4 µg Cf 1.3 1.8

where the mean life ts is given the value estimated in Table 3.2. The values
of the parameters for all functions describing the change of the target as a
function of irradiation time are shown in Table 3.3.

3.3.2 Electric field drift corrections

In order to correct for the relative decrease in intensity due to the field drifts
of LOHENGRIN the obtained functions describing the changing target
together with all burn-up measurements were used. The relative decrease
at time t and energy EL is then given by

p(EL, t) =
√

2πσ
I(EL, t)

I(〈t〉) exp

(

(EL − 〈EL(100, 〈t〉)〉)2
2σ2

)

, (3.21)

where I(EL, t) is the measured number of counts normalized to measure-
ment time and energy dispersion. I(〈t〉) is the expected value of the two
exponential functions describing the burn-up, at the average time 〈t〉 within
one burn-up measurement, σ is the expected width of the burn-up distri-
bution and 〈EL(100, 〈t〉)〉 is the expected mean energy of the distribution
according to Eq. 3.20 (see Fig. 3.8).

The relative decrease is called a p-value and p-values are calculated
according to Eq. 3.21 for every energy in the burn-up measurements. To
calculate a p-value for a non burn-up energy at a non burn-up time, linear
interpolations are performed between the existing p-values in time and
energy. A p-value for an energy EL, where E1 ≤ EL ≤ E2 and time t,
where tA ≤ t ≤ tB, is calculated from the p-values p(E1, tA), p(E2, tA),
p(E1, tB), and p(E2, tB) in the following way: first the linear interpolation
in energy is performed for tA according to

p(EL, tA) = p(E1, tA) +
p(E2, tA) − p(E1, tA)

E2 − E1
· (EL − E1) (3.22)
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Table 3.3: Burn-up parameters: the top four parameters describe the decrease of
fissile material, the next five describe the increase in the measured mean kinetic
energy and the last parameter, σ, is the mean width of the burn-up measurements.

Parameter value unit

C1 4.53±0.06 cts/s

C2 5.77±0.09 cts/s

t1 4.03±0.05 days

t2 0.38±0.01 days

As 0.5±0.3 MeV

Ac 5.5±0.1 MeV

ts 1.8±0.4 days

tc 0.27±0.02 days

〈EL0(100)〉 92.5±0.2 MeV

σ 7.6±0.1 MeV

and similar for time tB . Then the linear interpolation in time is performed
by

p(EL, t) = p(EL, tA) +
p(EL, tB) − p(EL, tA)

tB − tA
· (t − tA) . (3.23)

Here, the times for burn-up measurement A and B are tA and tB, respec-
tively. The question is, whether it is possible to apply corrections with
p-values, if A 6= 100 and q 6= 22. Due to the electric field instabilities
and since the electric field is proportional to the kinetic energy, it is rea-
sonable to assume that the corrections should work even for other masses
than A = 100 at q = 22. As will be shown later in Section 3.4, no time
dependence of the mean ionic charge states, determined for the different
masses, was observed. Therefore, the p-value corrections should also work
for q 6= 22. Unfortunately, since the burn-up was monitored with field set-
tings not allowing the analysis of any parasitical masses, this assumption
can only be verified indirectly. The analysis was also performed without
p-value corrections in order to see, whether inexplicable trends appear.
This is shown in Appendix A.3. A second possibility to verify the correc-
tions is offered by LOHENGRIN itself by parasitically measured particles
at different times during the experiment (see Section 3.3.5).
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Figure 3.8: Example of the calculation of the electric field drift correction values,
p(EL, t): the measured value (full squares) is divided by the expected value (open
circles) according to Eq. 3.21, which gives the relative decrease in intensity (full
triangles) for each measured energy.

3.3.3 Energy loss corrections

Energy loss corrections can only be performed, if the target properties
are known, which was the case only in the beginning of the experiment.
In Ref. [40] it was shown, that all measured energies will have a similar
increase in kinetic energy. Since the burn-up was measured without para-
sitical masses, this could not be verified here. Instead it had to be assumed,
that all masses follow the same increase in kinetic energy as in Eq. 3.20,
but with different offsets E0(A),

E(A, t) = E0(A) + As

(

1 − exp

(

− ln 2

ts
· t

))

(3.24)

+Ac

(

1 − exp

(

− ln 2

tc
· t

))

.

35



This means that the measured energy would have been EL(A) = E0(A) +
Ac at t = 0, if no acrylic layer had been present:

E0(A) = EL(A, t) − As

(

1 − exp

(

− ln 2

ts
· t

))

(3.25)

+Ac exp

(

− ln 2

tc
· t

)

.

The energy loss calculations were performed with the computer program
SRIM [41]. The program is based on Monte Carlo simulations and gives
the remaining energy for a given input energy. Two ions were used for each
mass, for one the ion that is found when Zucd is calculated1 and the next
closest one.

For five kinetic energies from 80 to 120 MeV the energy of the ion in
the target was calculated, leading to the energy EL, with which the ions
enter the spectrometer. For the case of A = 80 and Z = 31, 32, the result
is shown in Fig. 3.9. Obviously, a linear dependence according to

EL = A · E + B (3.26)

is an excellent approximation. By doing so for both nuclear charges, the
original energy E is obtained as average of both for a given residual energy
EL.

3.3.4 Determination of the mass yield and kinetic energy

The number of measured events, N , for each chosen combination A/q and
EL/q, is normalized to the measured time, ∆t, and corrected for energy
dispersion, electronic instabilities and burn-up. The actual energy, EL is
then energy loss corrected according to the procedure described in Chap-
ter 3.3.3 and the yields Y (A, q,E) are determined by

Y (A, q,E) =
N

∆t · EL · p(EL, t) · Cb100(t)
. (3.27)

The experimentally determined yields for mass numbers A as function of
kinetic energy and ionic charge state are described by a product of two
Gaussians,

Y (A, q,E) =
Y (A)√

2π · σE(A)
· e

− (E−〈E(A)〉)2

2σ2
E

(A)
1√

2π · σq(A)
· e

− (q−〈q(E,A)〉)2

2σ2
q (A) ,

(3.28)

1If the charges in the nucleus are uniformly distributed the charge of the fission
fragment is Zucd = ZCN /MCN · m.
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Figure 3.9: The energy in the spectrometer as a function of input energy calcu-
lated with the computer code SRIM [41] for A=80 and Z=31 and Z=32, respec-
tively.

where Y (A) is the total yield, σE(A) is the width of the energy distribution,
〈E(A)〉 is the mean kinetic energy, σq(A) is the width of the ionic charge
state distribution and 〈q(A,E)〉 is the mean ionic charge state. The ionic
charge state distribution is only measured at the mean kinetic energy (see
Section 3.2) and, since it is energy dependent, it is described as shown
below.

Nikolaev-Dimitriev parameters

For each mass the mean ionic charge 〈q(E)〉 depends on the kinetic energy
and may be described using a theoretical or semi-empirical formula. As
the fission-fragments pass through the target material and the covering
nickel foil, they attract a number of electrons and will not longer be fully
ionized. The final ionic charge state depends on the velocity, the charge
of the nucleus and the target material. If they go faster, they attract less
electrons, and if they have a higher Z, more electrons are attracted. In a
review article by Betz [42], it is written that Bohr as early as 1940 first came
up with an idea on how to theoretically describe the mean ionic charge state
of ions moving through matter. The basic idea of Bohr’s work is that orbital
electrons moving slower than the moving ion will be lost and the others
remain. However, to describe the actual process more accurately and, also,
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to describe the distribution theoretically, the calculation has to be based
on the cross-sections for the change of ionic charge state. The complexity
of the matter, together with the fact, that these cross-sections are not well
known, makes the accuracy of such theoretical predictions poor. Therefore
one aims instead to find a semi-empirical formula to describe the mean ionic
charge state. There exist several of these semi-empirical approaches [42–44].
In this work the one of Nikolaev and Dimitriev [38] is used, where the mean
ionic charge state is given by

〈q(v, Z)〉 = Z ·
[

1 +
( v

v′
Z−α

)−1/k
]−k

(3.29)

and the width of this distribution by

σq = σ0 ·

√

√

√

√〈q(v, Z)〉 ·
[

1 −
(〈q(v, Z)〉

Z

)1/k
]

. (3.30)

The parameters in the original work were: α = 0.45, k = 0.6, v′ =
0.36 cm/ns, and σ0 = 0.5. Nikolaev used experimental data from Refs. [45–
48] from experiments that were performed using carbon foils, air and argon
gas as the medium in which the ions attract their electrons. Nickel has a
much larger Z than carbon and, as seen on the upper part of Fig. 3.10, the
original parameters used in Eq. 3.29 give higher values than the measure-
ments. According to Ref. [42], the mean ionic charge state decreases slightly
with increasing Z of the target, which appears to be the case here. The ex-
perimental points are obtained by fitting Gaussians to the q-distributions
that were measured at mean kinetic energy.

A fit to the obtained mean ionic charge states was performed to de-
termine the parameters of Eq. 3.29, with Z = Zucd and the velocity was
calculated by

v(A,E) = 1.389 cm/ns ·
√

E

A
. (3.31)

The values of the parameters are given in Table 3.4. In the beginning of
the experiment, when the acrylic layer is present, the ionic charge state is
lower than later. In the work by Nikolaev [38], expressed by Eq. 3.29, the
kinetic energy of the ion is taken before energy losses. In this work, both
sets of parameters were used for the early (A = 80− 87, 99− 101) and the
later measurements, i.e. day 1-4 and 5-10, respectively.

Two different fixed values were given to the parameter v′. There is no
convincing reason for choosing two values, since the influence of this para-
meter is not big. For some of the masses one or more isotopes undergo inter-
nal conversion, which changes the ionic charge state distribution for this
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Figure 3.10: Variation of the mean ionic charge state as a function of mass
number A (top). The semi-empirical calculation [38] (short dashed line) using
the original parameters gives too high values. Two other sets of parameters were
used, based on the early and late measurements. Due to internal conversion, some
masses (open symbols) show an increase in mean ionic charge state, an effect,
which has been observed for these masses before [40,49]. Width of the mean ionic
charge distribution as a function of mass number A is shown in the lower figure.
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Table 3.4: Parameters obtained by fitting Eq. 3.29 to experimental data (see
text for details).

α k v’
(cm/ns)

early 0.409±0.002 0.506±0.009 0.5

later 0.572±0.0009 0.569±0.004 0.25

mass, since internal conversion occurs after the fission fragments passed
the nickel foil. These masses won‘t have a Gaussian-shaped ionic charge
state distribution either and the mean ionic charge state will increase for
these masses. This has been observed before [40, 49]. The masses showing
the largest change in their mean ionic charge state in 245Cm(nth, f) [40],
239Pu(nth, f) [50] and 249Cf(nth, f) [51] also show a similar behavior here.
Since these outliers are not described by Eq. 3.29, they were omitted during
the fits.

As mentioned earlier, an acrylic layer was present in the beginning of
the experiment, which reduced the mean kinetic energy. If the energy loss
in the acrylic layer is approximately 6 MeV, Eq. 3.29 predicts a decrease
in the mean ionic charge state by 0.3, which was observed.

Once the parameters in Eq. 3.29 are found, the mean ionic charge can
be calculated also for other energies. This was performed by a first order
Taylor expansion around the measured energy, Em,

〈q(A,E)〉 = 〈q(A,Em)〉exp +
Z1−α

ucd

v′
·
[

1 +

(

v(A,Em)

v′
Z−α

ucd

)−1/k
]−k−1

·

(

v(A,Em)

v′
Z−α

ucd

)
1+k

k

·
(

1.389

2 ·
√

A · Em

)

· (E − Em) .(3.32)

The experimental value determined in the q-distribution fit is used as the
constant term in Eq. 3.32. This way, the outliers, where an increase of
the mean ionic charge is seen due to internal conversion, is treated more
correctly.
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Figure 3.11: Gaussian describing the q-integrated intensities as a function of
energy for A = 94.

Ionic charge state corrections

In order to determine the total yield for a given fragment mass, Y (A), one
may start with the q-integrated intensity Iq,

Iq(A,E) = Y (A, q,E) ·
√

2π · σq(A) · e
(q−〈q(E,A)〉)2

2σ2
q (A)

=
Y (A)√

2π · σE(A)
· e

− (E−〈E(A)〉)2

2σ2
E

(A) , (3.33)

which corresponds to the first two factors in Eq. 3.28. For every energy
measurement for some A, Iq is calculated according to Eq. 3.33 with σq

determined from the measured, corresponding q-distributions. For fission
fragments, σq shows only little variation with energy [42,47] and Z [42,47].
The change of the mean ionic charge state 〈q(E)〉 with energy, is calculated
using Eq. 3.32. Once the q-integrated intensities are calculated, the yield
and mean kinetic energy are found by fitting a Gaussian to these values.
This is shown in Fig. 3.11 for A = 94.

3.3.5 Parasitically measured particles

The separation by A/q and E/q allows in some cases so-called ”parasitic”
particles with the same ratios to be detected. They are measured at a
different time than when the mass was measured directly, and hence, the
correction values are different, especially the electric field drift correction
values.
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For the parasitic masses with |q − 〈q〉| < 2, q-integrated intensities
were calculated using Eq. 3.33. Two sets of parameters exist for Eq. 3.33.
The parameters corresponding to the time when the parasitically measured
masses were measured were used. The width and the mean value were taken
from the measurement of the direct mass. The width of the distribution
σq seems to have a similar time dependence as the 〈q〉 (see Fig. 3.10).
However, this is not taken into account.

In Fig. 3.12 energy distributions for mass 100 and mass 95 are shown
with and without electric field drift corrections. When plotting these values
together with the q-integrated intensities of the direct measurement, the
necessity of applying the electric field drift corrections becomes evident,
although in some cases no significant improvement was seen.

3.3.6 Contribution from 249Cf and corrections to the burn-
up curve

As mentioned in Section 3.2.1, the composition of the target material
changes during the experiment. Yet, the relative contributions from 249Cf
and 251Cf are always larger than 90 percent during the experiment. There-
fore, 249Cf will be taken into account, but not the contributions from the
other isotopes. Thus, the count rate for mass A may be written as

Y (A, t) = Y1(A, t) + Y9(A, t) , (3.34)

where Yi(A, t) stands for the count rate at time t from from 251Cf (i = 1)
and 249Cf(i = 9), respectively. The total count rate for all light fission
fragment masses, in practise from 80 to 124, is time dependent according
to

Y (t) =
124
∑

A=80

Y (A, t) = CB(t) · Y (0) , (3.35)

where CB(t) denotes a common burn-up function. As shown in great detail
in paper II, this function was found as

CB(t)

Cb100(t)
=

f1(0)y1(100) + f9(0)y9(100)

f1(t)y1(100) + f9(t)y9(100)
. (3.36)

Here fi(t) refers to the fraction of isotope i‘s contribution to the fission
rate at time t and Cb100(t) represents the measured burn-up function for
fragments with A = 100. The only correction that is left to be applied to
the obtained values Y (A, t) is dividing by the ratio CB(t)/Cb100(t). The
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Figure 3.12: The q-integrated intensity as a function of kinetic energy for A =
100 (top) and A = 95 (bottom), with (left) and without (right) electric field drift
corrections respectively. The results of both direct and parasitic measurements
are shown.
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normalized fission fragment mass distribution is then given by

y1(A) =
Y (A, t)

CB(t) · f1(t)
·
1 +

∑124
A′=80

f9(t(A′))
f1(t(A′))y9(A

′)
∑124

A′=80
Y (A′, t(A′))

CB(t(A′))·f1(t(A′))

− f9(t)

f1(t)
y9(A) , (3.37)

where t was replaced by t(A′) when summing over A′, in order to make
clear that for each mass A′ the time has to be taken, when that particular
mass was measured.

Making the reasonable assumption, that the energy distributions of the
fission fragments from 251Cf and 249Cf have the same width and that their
mean values are close, the mean kinetic energy for 251Cf is given by

E1(A) =
E(A) (y1(A)f1(t) + y9(A)f9(t))

y1(A)f1(t)

−E9(A)y9(A)f9(t)

y1(A)f1(t)
, (3.38)

where E(A) is the mean kinetic energy determined before isotopic de-
convolution.

3.4 Experimental results

The motivation for measuring the fission-fragment mass and kinetic energy
distributions from 252Cf∗ at thermal excitation was to look for further
fission modes in the compound system 252Cf compared to the spontaneous
fission of 252Cf. In Fig. 3.13 the mass distribution from this work is shown,
together with those from spontaneous fission [52] and an evaluation by
England [53]. Obviously, the data from thermal neutron induced fission are
in good agreement with those from Ref. [53], but in the mass range from 80
to 98 the measured yields are larger than the evaluated ones. Compared
to spontaneous fission, the mass distribution from this work appears to
be broader. For a more realistic comparison, the LOHENGRIN data have
been 5-point smoothed to mimic the mass resolution of the spontaneous
fission data measured with the 2E-technique. The mass yields from this
work are enhanced around A = 115 and diminished around A = 105
compared to spontaneous fission [52]. The unexpected single-mass peak at
A = 111 must be attributed to an experimental artefact as carefully being
evaluated below.

The mean kinetic energy as a function of post-neutron mass is shown
in Fig. 3.14. The results from this work are compared with previously
reported ones from the reactions 249Cf(nth, f) [51,54,55] and 252Cf(SF) [52].
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Figure 3.13: The mass distribution for 251Cf(nth, f) (full squares) compared with
an evaluation by England [53], where the grey-shaded area indicates lower and
upper limits. Circles denote results from the spontaneous fission of 252Cf [52].

The dependence between the mean post-neutron kinetic energy and the
fragment mass number A shows the expected almost constant value, with a
steep drop close to symmetric fragment masses [40,50,56–59]. The position
of the drop in mean kinetic energy scales with the fission compound nuclear
mass as already been reported earlier in Ref. [59]. As expected, the mean
kinetic energy for neutron-induced fission is lower than in spontaneous
fission. This was also observed in Ref. [60], but the opposite is observed in
the transfer reaction 250Cf(t, pf) [61].

As results, the mean light fragment mass and kinetic energy determined
in this work are 〈AL〉 = (107 ± 2) and 〈Ek,L〉 = (103 ± 2) MeV, respec-
tively.

Since the energy distributions for the fission fragments were measured
in order to determine their mass distribution, not only the mean kinetic
energies, but also the widths in energy were obtained. Next, the observed
widths of the kinetic energy distributions, σE, as a function of the fragment
mass are shown in Fig. 3.15. Also shown are the corresponding results from
neutron-induced fission of 250Cf* [51, 54, 55], 246Cm* [40] as well as from
252Cf(SF) [52]. The previously reported increase of σE close to symmetric
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Figure 3.14: Mean kinetic energy for light masses from 249Cf(nth, f) [51, 54, 55]
(open triangles), spontaneous fission of 252Cf [52] (open circles) and 251Cf(nth, f)
(full squares).

fission is also observed in this work. The increase of the average width
〈σE〉 cannot be explained by the superposition of two energy distributions
with different mean values, since the tabulated mean kinetic energies and
widths for the reaction 249Cf(nth, f) cause only a negligible effect. There-
fore, the observed increase of 〈σE〉 must be attributed to the experimental
conditions, as for example target thickness and/or homogeneity. As men-
tioned before (cf. Section 3.3), different steps in the data analysis were
investigated about their impact on the results. This was done by either
omitting field drift, using two other sets of cross-sections to determine the
relative contributions from the isotopes or by using only one set of parame-
ters when describing the mean ionic charge in Eq. 3.29. The corresponding
alternative results are presented in Appendix A.3, but will be discussed
below.

When performing the extraction of the 251Cf data in Section 3.3.6, the
fractions f1(t) and f9(t) depend on the fission and capture cross-sections
of all Cf isotopes. Varying these cross-sections as described in Section 3.2.1
alters the values of the fractions, but the results are not affected much by
this. However, totally ignoring the contribution from 249Cf(nth, f) leads to
significant changes in the obtained mass and kinetic energy distributions.

The use of only one set of parameters in Eq. 3.29 did not make any
significant changes on the final results. The value for 〈q(A,E)〉 calculated
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Figure 3.15: Width of the energy distributions for the Cf-mixture obtained in
this work (full squares). The corresponding data from neutron-induced fission
of 250Cf* [51, 54, 55], 246Cm* [40] as well as from 252Cf(SF) [52] are shown for
comparison.

with Eq. 3.32, does not change much, when different parameters are used.
The reason for that is that only the deviation from the experimental values
q(A, 〈E〉) are calculated.

In Figs. 3.13 and 3.14 it appears, that the increased yield at mass A =
111 is correlated with a relatively low mean kinetic energy compared to
neighbouring masses. The uncertainties on the data points are estimated by
taking statistical and all known and relevant systematical uncertainties into
account (details are given in Appendix A.1). Due to the applied additional
field-drift corrections, the error bars appear already larger than for other
data measured at LOHENGRIN, yet this cannot explain the values for A =
111 as a statistical effect. Since this data point was obtained with exactly
the same data treatment as the others, it must not be excluded. In the
absence of any explanation of the apparent deviations, they are considered
as experimental artefacts.

Although the TKE of the fission fragments was not measured, it can
be estimated using the measured post-neutron mean kinetic energy and
post-neutron mean light mass. The pre-neutron mean light mass is also
needed and must be taken from another experiment. The average TKE is
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approximately given by

〈TKE〉 =
Apre

L

Apost
L

· Epost
L · ACN

ACN − Apre
L

, (3.39)

where Apre
L and Apost

L are the pre- and post-neutron mean light mass num-
bers, respectively, and ACN is the compound nuclear mass number. Us-
ing the light pre-neutron mass number from the reaction 250Cf(t, p) [61],
AL = 110.2, gives 〈TKE〉 = (188.5 ± 5.1) MeV and using the average
light pre-neutron mass number from spontaneous fission [23], AL = 108.6,
gives 〈TKE〉 = (183.7 ± 5.0) MeV. Both values agree well with the mean
TKE obtained by using the formula given by Viola [62], (188.1 ± 2.2) MeV
and the experimental value from the reaction 250Cf(t, p) in Ref. [61], 189.1
MeV (no uncertainty given).

Different fissioning systems show a systematic increase of the post-
neutron average light mass, while the post-neutron average heavy mass
stays constant at AH = (139 ± 1) [63]. Systematics give an estimated
post-neutron mean light mass of AL = (109 ± 1), which also agrees well
with the value of (107 ± 2) found in this work.

The mean kinetic energy for masses close to symmetry (corresponding to
the heavy mass AH = 132) is significantly higher for the neutron-induced
fission compared to spontaneous fission. A similar sharp decrease close to
symmetry is also seen in the reaction 249Cf(nth, f) [51,54,55], as depicted
in Fig. 3.14.

3.5 Discussion in terms of fission mode weights

As described in Section 2.4, a fission mode in the multi-modal random neck-
rupture model [4] is a local minimum in the nuclear landscape connecting
saddle and scission point. Each mode has a characteristic TKE and mean
mass. In the frame of this model, mass and energy distributions have been
described for the actinide region as a function of incident neutron energy
with in principal two asymmetric fission modes and one symmetric fission
mode [6,7,13,64]. One fission mode, S1, has a more compact shape before
scission and thus a higher TKE, while the more deformed fission mode, S2,
has lower TKE. The super-long symmetric fission mode is called SL and
has the lowest TKE. For spontaneous fission of 252Cf, additional modes, a
”super-deformed” SX mode and a S3 mode, had to be added in order to
describe the experimental results reasonably well [8].

The interpretation of the fission fragment distributions in terms of fis-
sion modes is only possible, if the full pre-neutron mass distribution and
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corresponding kinetic energies are known. However, neutron evaporation
is in the order of a few neutrons, which means that changes in the fission
mode weights between the spontaneous fission of 252Cf and the fission of
252Cf∗ at thermal excitation energy might still be observed.

According to Ref. [9], the mean pre-neutron mass and TKE for the
different fission modes are: 116.4 amu/194.5 MeV (S1), 109.0 amu/186.7
MeV (S2), 105.1 amu/177.0 MeV (SX), 94.5 amu/157.9 MeV (S3) and
126 amu/184.8 MeV (SL). Looking at the post-neutron mass distribution
in Fig. 3.13, it appears that the yields are enhanced around A = 115
and A = 90 and diminished around A = 105. The mean kinetic energy
(Fig. 3.14), is enhanced in the region around A = 115, but no difference
is seen elsewhere compared to 252Cf(SF). The increase of both mass yield
and kinetic energy around A = 115 strongly indicates, that for neutron
induced fission the S1 fission mode is enhanced and the S2/SX fission
modes are suppressed. The S1 fission mode has a mean mass around 115
and higher TKE than the S2/SX fission modes. Also the S2 fission mode
is suppressed in comparison to the SX fission mode, because the yields
are enhanced around A = 90, while the kinetic energy does not change.
If S3 would have been enhanced in order to explain the increase in yield
around A = 90, the kinetic energy should also be lower around A = 90,
which is not the case. In other words, our experimental results support the
existence of an additional SX fission mode in 252Cf, but no contribution
from S3.

This interpretation is of course depending on the reliability of the re-
sults obtained in this work. As shown in the previous section, the results
concerning fragment mass and kinetic energy distributions exhibit differ-
ences compared to those from 252Cf(SF). As mentioned above, the differ-
ence between post- and pre-neutron mass amounts only a few mass units.
Moreover, to every light pre-neutron fission fragment corresponds a heavy
one, whose both masses together give the mass of the compound nucleus.
Having this in mind, it is possible to compare pre- and post-neutron data
obtained for the same fissioning system.

As shown in the previous section, the light fission fragment mass distri-
bution from the reaction 251Cf(nth, f) is both broader and shifted towards
heavier masses, i.e. symmetry, compared to the corresponding distribution
from 252Cf(SF). Transferred to heavy fission fragments, one would expect
the same broadening, but a shift towards lower masses. This has actually
been observed in the reactions 250Cf(t, pf) [61] and 255Fm(nth, f) [60],
where 251Cf was produced by α-decay and measured parasitically. The re-
sults from Ref. [61] are shown together with those from spontaneous fission
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Figure 3.16: The mass distribution (left) and total kinetic energy (right) as
a function of pre-neutron mass. The data from Weber et al. [61] are obtained
with the reaction 250Cf(t, p) and are compared to the spontaneous fission of
252Cf [52, 61]. The difference between both spontaneous fission measurements is
due to the fact, that different values for the normalization of the total kinetic
energy were used.

of 252Cf [52,61] in the left part of Fig. 3.16.
Making the same assumption that the difference between post- and pre-

neutron masses is negligible, it can easily be shown that the kinetic energies
of the light fission fragments are proportional to the total kinetic energy
of both fission fragments (see Eq. 4.17). This relation is used to compare
the mean kinetic energies as a function of light fission fragment mass from
this work with results from TKE-measurements reported in Ref. [61]. The
mean TKE for heavy fragments is shown in the right part of Fig. 3.16.
There, an increase in total kinetic energy close to symmetry compared to
spontaneous fission from Refs. [52,61] is obvious. According to the relation
mentioned above, a corresponding increase in kinetic energy of the light
fragments towards symmetric fission should be observed. This is exactly
what was reported in the previous section and shown in Fig. 3.14.

In summary, all the observations from this work were corroborated by
results from other experiments, also leading to 252Cf* at about thermal
excitation energy. Thus, the interpretation of an increased contribution
from the S1 fission mode is confirmed, as reported in papers I and II.
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Chapter 4

The uranium experiment

The verification of the predictions of the fission fragment yields for the
reaction 238U(n, f) is the second part of this thesis. The corresponding
experiments were performed at the van de Graaff accelerator of the IRMM,
in Geel, Belgium. Four measurement series were performed using the same
uranium sample and ionization chamber. The highly enriched uranium
sample (99.9997% 238U) had an active material thickness of (130 ± 7)
µg/cm2. It was deposited as of UF4 on a 50 µg/cm2 gold coated (35 ± 3)
µg/cm2 polyimide foil.

Before the data analysis is explained and the results are shown, a de-
scription of the neutron production and the quality of the neutron beam
is given. Since neutron capture induces the production of photons, the
amount of photo-induced fission compared to neutron-induced fission is
estimated. The experimental set-up, including the double Frisch grid ion-
ization chamber, is also described. Finally, the results are compared to
theoretical predictions and discussed in terms of fission mode weights.

4.1 Experimental tools

4.1.1 The Van de Graaff accelerator

The experiments were performed by accelerating protons in the single
ended, belt charged, vertical 7 MV Van de Graaff accelerator of IRMM. At
the end of the beam-line the protons hit a neutron-producing target. The
type of target, incident proton energy and the angle relative to the beam
determines the energy of the neutrons. In this experiment the reactions
7Li(p, n)7Be and 3H(p, n)3He were used to create the neutrons. The Q-
values of these reactions are -1.64 MeV and -0.76 MeV, respectively. The
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Table 4.1: Summary of investigated energies, used neutron sources and number
of collected fission events.

En Reaction Target thickness ∆E fission events
(MeV) (µg/cm2) (keV) (counts)

0.9 LiF(p, n) 445 24 5 15000
0.925 LiF(p, n) 444 23 21000
0.95 LiF(p, n) 832 44 18000
0.975 LiF(p, n) 445 22 13000
1.0 LiF(p, n) 832 43 16000
1.05 LiF(p, n) 445 23 19000
1.2 LiF(p, n) 445 21 27000
1.25 LiF(p, n) 445 21 9000
1.27 LiF(p, n) 445 21 29000
1.3 TiT(p, n) 2061 97 102000

1.338 LiF(p, n) 444 21 23000
1.4 TiT(p, n) 2060 94 125000
1.5 TiT(p, n) 2059 92 294000
1.6 LiF(p, n) 444, 445 19 135000
1.8 LiF(p, n), TiT(p, n) 444, 2080 10, 83 1250000
2.0 TiT(p, n) 2080 79 1080000

LiF and TiT target1 thicknesses together with other properties are listed
in Table 4.1. The thicker TiT target, used for some energies, has a larger
energy spread of the neutrons. Because of the sharp increase of the fission
cross-section in this energy region (0.9 to 2.0 MeV), more fission events
will be induced from energies above the mean neutron energy. This is later
indicated by asymmetrical error bars on the energy axis. The sample mate-
rial was deposited on a silver backing. Between this backing and a 0.5 mm
thick aluminium layer, a 1 mm thick layer of circulating water was placed
to cool the target.

4.1.2 Neutron profile investigations

The width of the neutron energy depends mainly on the thickness of the
neutron producing target. Scattering on a bulk material and, in this case
the water layer, reduces the neutron energy. To investigate the neutron

1Tritium 3H is abbreviated T
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Figure 4.1: Neutron profile with and without coolant from Monte Carlo simula-
tions.

beam profile, Monte Carlo simulations were performed with MCNP [65].
The influence of using heavy water instead of normal water was also stud-
ied and compared to the neutron profile without any cooling. The initial
neutron energies and their probabilities were calculated with designated
computer codes [66, 67]. The simulated neutron profile for a peak energy
of 0.9 MeV is shown in Fig. 4.1. The simulation shows that the low energy
tail is very small. In order to see the real influence, the neutron profiles
were folded with the fission cross-section (see Fig 4.2). Since only a small
improvement is seen by using heavy water, the actual experiments were
performed with normal water as coolant. Less than 0.0003 % of the ura-
nium sample consists of 235U, therefore the folding was performed for 235U
as well. The contribution from 235U according to this simulation is negli-
gible.

4.1.3 Measurement of the neutron beam profile

To confirm the Monte Carlo simulations, measurements of the neutron
profile were performed using a 444 µg/cm2 LiF target. The Van de Graaff
accelerator was operated in a pulsed mode. Each proton pulse produces a
pick-off signal, which is delayed and later used as a stop signal in a time-
to-amplitude converter (TAC). The start signal comes from the anode of a
NE213 detector, which was placed (5.30 ± 0.01) m from the neutron source.

53



Figure 4.2: Neutron profiles with and without coolant from Monte Carlo simu-
lations folded with the fission cross-section of 235,238U.

A more straight forward method would be to use the pick-up signal as start
and the detector as stop signals. This is not done, because a pick-up signal
is delivered for every proton pulse, but a gamma or neutron is not detected
for every pulse. To make sure, that the correct start and stop signals are
used, the pick-up signal is delayed.

The TAC signal is digitized in an analog-to-digital converter (ADC).
To convert the detected channel numbers to real times, the following cal-
ibration procedure was performed. A 60Co source, placed in front of the
detector, generates start signals that were not correlated with the stop sig-
nals of the TAC, which now came from a pulse generator. The frequency
of the pulse generator then determines the maximum time interval that
can be detected. If, for example, the frequency is 2 MHz, the stop pulses
come 500 ns after each other and the maximum channel would then corre-
spond to 500 ns. Using different stop frequencies makes a channel-to-time
conversion possible. The intrinsic resolution in the set-up was measured by
splitting a pulse signal and using one part to replace the detector and the
other part to replace the machine pick-off. The intrinsic resolution was of
the order of 5 channels, corresponding to approximately 2.5 ns.

The start signals that come from gamma-rays would have the longest
time to ”wait”, before the stop signal comes from the delayed pick-off sig-
nal. Any event causing a start signal before the gamma-rays, are considered
background, which is assumed to be constant. The mean value in this re-
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Figure 4.3: Difference between pick-off delay time and ToF. The difference be-
tween the neutron and the gamma peak is then used to determine the ToF of the
neutrons.

gion is then subtracted from all channels. An example with Ep = 2.53 MeV
is shown in Fig. 4.3.

When the peak position of the gamma-rays is known, the difference to
the neutron events in channel numbers can be calculated and then con-
verted into a time. The time-of-flight (ToF) of the neutrons is then found
by adding the ToF of the gamma-rays to this time difference. The ToF for
the gamma-rays is (17.7 ± 0.04) ns and calculated from the flight distance
D = (5.30 ± 0.01) m. Then the energy of the neutrons can be calculated
according to

En =
mn

2

(

D

ToF

)2

, (4.1)

where mn is the neutron mass and D is the flight distance. Due to the
constant bin width of the time spectra, the conversion from time to en-
ergy required, that every energy had to be renormalized with the energy
dispersion. Two neutron energy spectra, produced by protons with Ep =
2.53 and 3.31 MeV in the reaction 7Li(p, n)7Be, are shown in Fig. 4.4. A
reaction, leading to an excited state in 7Be, explains the low energy on the
right hand side of Fig. 4.4. The influence of this peak is estimated later.
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Figure 4.4: Neutron energy spectra from the reaction 7Li(p, n)7Be with peak
energies of 0.8 (left) and 1.6 MeV (right), respectively. The second peak on the
right hand side results from the reaction 7Li(p, n)7Be∗.

4.1.4 Estimate of the thermal neutron flux

In order to estimate the fission background due to thermal neutrons, a mea-
surement of the thermal neutron flux relative to the peak energy neutron
flux was carried out at another beam line of the Van de Graaff acceler-
ator [68]. The measurement was performed close to the neutron source
and the intensity in main peak is assumed to decrease with the square of
the distance to the source, while the thermal flux is assumed to be con-
stant. At a distance of 6 cm from the neutron source the ratio between the
neutron fluxes with En = 0.9 MeV and thermal energy was estimated to
Φ(0.9)/Φ(th) = 750. With an uranium sample consisting of 99.9997% 238U
and assuming the rest to be 235U, the ratio of fission events from 235U and
238U is given by

C235

C238
=

N235Φ(th)σ235

N238Φ(0.9)σ238
= 6 · 10−5 (4.2)

where σ235 = 580 b is the thermal-neutron induced fission cross-section of
235U, σ238 = 0.04 b is the fission cross-section of 238U at En = 0.9 MeV
and N235,238 is the number of atoms.

Since this measurement was done at another beam line, the thermal
flux could easily be one order of magnitude higher. Yet, the thermal flux
contributes with only 6 fission events from 235U per 10000 ones from 238U.
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Figure 4.5: Neutron induced fission cross-section of the reaction 238U(n, f) taken
from Ref. [17] as a function of incident neutron energy. The photon induced fission
cross-section is also shown with the gamma-ray energy on the upper x-axis. Both
fission cross-sections are comparable at En = 0.9 MeV.

4.1.5 Relative yield of high energy gamma-rays

When using LiF as neutron producing target, in addition to neutrons,
high energy gamma-rays up to 7.5 MeV are created from the reaction
19F(p, αγ)16O. The relative yield of these gamma-rays depends on the
incident proton energy and the emission angle. These gamma-rays might
also induce fission and could possibly influence the results. The highest
cross-section for photo-fission at these energies is 12 mb [17] and hence
it is comparable with the neutron-induced fission cross-section at En =
0.9 MeV (see Fig. 4.5). Due to the threshold for photo-fission, it is unlikely
to be induced by gamma-rays below 5 MeV. The high energy gamma-rays,
however, will only influence the fission yield if the flux is comparable to
the neutron flux.

Although values for the total cross-section for the reaction 19F(p, αγ)16O
exist, they cannot be used directly, since the energy of the gamma-rays
depends on the excitation energy of the 16O. No information about the
branching ratios was found in the literature. However, the gamma-ray
yield have been measured for so-called thick targets. Thick target yield
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denotes the amount of gamma-rays that are obtained when the protons
are completely stopped in the target. The gamma-ray yield from the LiF
target used in this experiment, where the protons were not stopped, was
estimated based on the thick target gamma-ray yields from a CaF2 target
according to the following procedure.

The protons lose part of their kinetic energy while passing the ”thin”
target. For both energies, incident and residual, thick targets are consid-
ered that stop the corresponding protons. For these targets, photon yields
are reported for CaF2 in Ref. [69], and the difference in yield may be as-
sociated with a ”thin” target of the same material. Considering LiF, the
same photon yields should be obtained by assuming a thickness causing
the same energy loss and the different amount of fluorine atoms. The last
mentioned dependence may be expressed as

ΦγLiF

ΦγCaF2

=
FLiF

FCaF2

, (4.3)

where Φγ denotes the gamma-ray yield from the corresponding target and
F the number of fluorine atoms exposed to the proton beam. For a proton
beam spot of area, A, this number is given by

FCaF2 = NA · mCaF2

MCaF2

· 2 = NA · ρCaF2A · ∆x

MCaF2

· 2 , (4.4)

where ρ is the density, ∆x is the thickeness of the target, M is the molar
mass and NA is Avogadro’s number.

Eq. 4.4 has the same expression for LiF except for the last factor of 2
term, which comes from the two fluorine atoms per one CaF2 molecule.
Using dE/dx = ∆E/∆x the high energy gamma-ray yield for the LiF
target can be estimated

ΦγLiF =
ΦγCaF2

2

ρLiF

ρCaF2

MCaF2

MLiF

(dE/dx)CaF2

(dE/dx)LiF
, (4.5)

where the energy loss dE/dx was calculated with SRIM [41]. In this sim-
ulation the densities 1.25 g/cm3 for CaF2 and 0.823 g/cm3 for LiF were
used. The results are given in Table 4.2 for two proton energies, 3.5 MeV
and 2.6 MeV, which correspond to 1.8 MeV and 0.9 MeV neutron energies
from the reaction 7Li(p, n)7Be. The gamma-ray yields according to Eq. 4.5
are listed in Table 4.3.

The contribution of gamma-ray induced fission to the measured fission
rate can be estimated by folding the neutron and gamma-ray fluxes with
the corresponding fission cross-sections. The estimate of the gamma-ray
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Table 4.2: Results of energy loss calculations with SRIM [41] for two proton
energies. The densities 1.25 g/cm3 for CaF2 and 0.823 g/cm3 for LiF were used.
THe energy loss ∆E was calculated for a LiF target of 440 µg/cm2 thickness.

Ep (dE/dx)CaF2 (dE/dx)LiF ∆E in LiF
(MeV) (MeV/mm) (MeV/mm) (keV)

3.5 9.65 6.85 36.5
2.6 11.9 8.51 45.3

Table 4.3: Estimate of gamma-ray yields based on energy losses in Table 4.2.

Ep ΦγCaF2 ΦγLiF ΦnLiF σγ σn photo-
MeV γ/(sr · µC) γ/(sr · µC) n/(sr · µC) mb mb fission (%)

3.5 2.3 ·105 3.2 ·105 40·105 12 482 0.2
2.6 2.9 ·105 4.0 ·105 27·105 12 13.6 12

yield shows, that gamma-ray induced fission contributes with at most 12%
(cf. Table 4.3). Its influence on the fission-fragment distributions is dis-
cussed later (Appendix B.1).

4.1.6 The double Frisch grid ionization chamber

An ionization chamber has several advantages compared to the surface bar-
rier detector, such as better energy resolution, almost no radiation damage
and a solid angle of almost 4π. In this experiment, a thin uranium sample
was used, allowing the detection of both fission fragments on either side of
the chamber. The side with the uranium surface points towards the neu-
tron source and is called sample side in the following, in contrast to the
backing side. The target was placed on a common cathode, where the hole
in the center for the uranium sample has a diameter of 4 cm. The anodes
and the cathode are circular plates with a diameter of 12 cm. The grids are
mounted on annular disks with the same outer diameter and have a inner
diameter of 9 cm. The absolute pressure of the counting gas (P-10: 90 % Ar
+ 10 % CH4) was 1.06 × 105 Pa (or 1.051 × 105 Pa in one measurement
series).

The interior of the chamber is shown in Fig. 4.6 and the experimental
set-up in Fig. 4.7. The induced charge on the anode, grid and cathode,
respectively, as a function of time was calculated for three angles and is
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Figure 4.6: Interior of the ionization chamber (left) and results of calculations
of the charge induced on cathode, anode, and grid as a function of time (right).

also shown in Fig. 4.6. The calculation with SRIM [41] is based on the
ionization track left by 79Br at a kinetic energy of 100 MeV. The range of
this particle was 2.5 cm and the centre of gravity of the electron distribution
along the ionized track, given by X = 1

n0

∫

xρ(x) dx, was 0.9 cm. Only the
charge induced by the electrons was considered and they were assumed to
move with a constant velocity in the chamber. The total charge induced on
the anode is independent of the angle, but both cathode and grid exhibits
an angular dependence (see Fig. 4.7). The whole purpose of the grid is to
shield the anode from the electrons, when they are moving between the
cathode and the grid. After passing through the grid, the charge induced
on the anode depends only on the number of electrons. However, a small
charge is induced on the anode, because the grid does not perfectly shield
the anode. This is called the grid inefficiency. The charge induced on the
anode, which is proportional to the detected anode signal, is given by

QA = −n0e − εGI , (4.6)

where n0 is the total number of ion-electron pairs and εGI is the value
of the grid inefficiency. The charge induced on the cathode depends on
the emission angle θ. For one electron created at distance x cos θ from the
cathode, the induced charge is given by

q = e · (D − x cos θ)/D = e · (1 − x

D
cos θ) , (4.7)

where D is the distance between grid and cathode . Integration over all
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Figure 4.7: Sketch of the experimental set up used to investigate the reaction
238U(n, f). The signal from the cathode was collected in some measurement cam-
paigns, but was not used in the analysis. The abbreviations stand for PA=Pre-
amplifier, FA=Fast filter amplifier, SA=Spectroscopic amplifier, SP=Splitter and
ADC=Analog-to-digital converter.

electrons along the ionized track gives the total induced charge

QC =

∫

e · ρ(x) · (1 − x

D
cos θ)/D dx = n0e

(

1 − X

D
cos θ

)

, (4.8)

where X is the centre of gravity of the ionized track.
The charge induced on the grid is at first equal to the one on the cath-

ode, but with opposite sign, and after the electrons have moved through
the grid, it is equal to the charge on the anode, again with opposite sign:

QG = −n0e

(

1 − X

D
cos θ

)

+ n0e = n0e
X

D
cos θ . (4.9)

Since charges are induced on the cathode from both chamber sides, the
grid has to be used to obtain the angular information. However, the signal
is bipolar as shown in Fig. 4.6, and therefore difficult to treat. To overcome
this, the grid and the anode signal are summed to

QΣ = −n0e ·
(

1 − X

D
cos θ

)

− εGI . (4.10)

Adding a constant σ to Eq. 4.7 gives an expression for the small charge
induced on the anode, while the electron is moving towards the grid. The
same integration as done in Eq. 4.8 gives an expression for the grid ineffi-
ciency,

εGI = σ · n0e

(

1 − X

D
cos θ

)

. (4.11)
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The grid inefficiency constant σ can be calculated according to Ref. [70]
by

σ =
l

l + p
. (4.12)

The parameter l = d
2π ·

(

ρ2

4 − ln ρ
)

, where d is the distance between the

grid wires (0.1 cm), ρ = 2πr
d and r is the radius of the grid wires (0.005

cm). The parameter p is the distance between the anode and the grid (0.7
cm). All values result in σ = 0.026. Since σ is small an expression for the
gridinefficiency is approximately given by

εGI = σ · n0e

(

1 − X

D
cos θ

)

= −σ · QΣ − σ · εGI ≈ −σ · QΣ . (4.13)

The charge induced on the anode is corrected for the grid inefficiency by

Q∗
A = QA − σ · QΣ = −n0e . (4.14)

Using Eqs. 4.6, 4.10 and 4.13 the fission fragment emission angle is indi-
rectly given by

QA − QΣ

Q∗
A

=
A − Σ

A∗ =
X

D
cos θ , (4.15)

where A , A∗ and Σ denote the channel numbers for anode, grid ineffi-
ciency corrected anode and sum signals, respectively. All digitized signals
were collected in listmode and analyzed off-line with the sofware package
LISA [71].

4.1.7 Determination of mass and mass resolution

The 2E-technique implies that the kinetic energy of both fragments from
one fission process are measured simultaneously and is based on the conser-
vation of linear momentum. In the center-of-mass (CM) frame, the linear
momenta of the two fission fragments before neutron evaporation are equal,
but with opposite signs,

m1v1 = −m2v2 . (4.16)

Squaring Eq. 4.16, dividing it by 2 and using E = mv2

2 gives

m1 =
E2MCN

E1 + E2
, (4.17)
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Figure 4.8: Mass resolution in this work together with Refs. [13, 72] has been
estimated with a Monte Carlo simulation (see text for details). A simulated mass
distribution is shown together with the same distribution smoothed with the mass
resolution from this experiment (right). The mean value and yield of two Gaus-
sians fitted to the distributions are practically unchanged.

where MCN = m1 + m2 has been used as the compound nuclear mass.
The mass resolution, using the 2E-technique, depends mainly on the ap-

plied uncertainty of the energy loss correction. The fission fragment loses
kinetic energy before entering the chamber gas and inside the fissile mater-
ial. Furthermore, fission can occur anywhere in the sample. No information
of the exact position is available and all fission fragments are energy loss
corrected, as if they were created in the middle of the active layer. To esti-
mate the mass resolution, when no neutrons are evaporated, a SRIM [41]
simulation of the energy loss in the target as well as the backing material
was performed. For the present sample the mean energy loss as a function
of emission angle was determined as 1.85 MeV/cos θ for the sample side
and 3.87 MeV/cos θ for the backing side. A Monte Carlo simulation was
then performed, in which the emission angle and the position in the fissile
material were randomized. This gave a “real” energy loss, that later was
corrected with the energy loss value from the center of the sample. Then
the masses were redetermined using Eq. 4.17. The mass resolution is ap-
proximately 7 mass units when no neutrons are evaporated, as can be seen
in Fig. 4.8. The energy loss from this work was scaled to the layer thick-
nesses of 86 µg/cm2 UF4 in Ref. [13] and of 47 µg/cm2 UF4 in Ref. [72].
Similar Monte Carlo simulations were performed and the mass resolutions
for these experiments are also shown in Fig. 4.8. In Ref. [72] the mass res-
olution is estimated to 1.5 - 2 amu, which is confirmed by the Monte Carlo
simulation performed in this work.
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Figure 4.9: Pile-up spectra from sample side and backing side without neutron
flux (left). Obviously, both signals are identical, incontrast to signals obtained
during two measurements at En = 1.8 MeV (right). The lines describing the
experimental distributions are results from calculations (see text for details). The
events above around channel 945 are due to coincidence between pulse generator
signals and background by alpha particles or cosmic radiation.

4.2 Neutron-proton elastic scattering

As mentioned in Section. 4.1.6, every free electron in the sensitive vol-
ume of the ionization chamber, defined as the region between anode and
cathode, will induce a small charge on the anode. Since the counting gas
contains hydrogen, and the cross-section for neutron-proton elastic scat-
tering is between 4 and 4.5 b in the investigated neutron energy range [73],
the electrons created from ionization by the recoil protons may lead to a
notable pulse pile-up to the signals from the fission fragments. This only
leads to an increase in the detected pulse height, if a proton recoil occurs
in coincidence with a fission fragment. This pile-up will also add to the
signals from the pulse generator, which is used to monitor a possible drift
in the amplification of the set-up. This circumstance offers a possibility
to study the pile-up effect. The spectra from the two anodes for different
neutron fluxes at En = 1.8 MeV are shown in Fig. 4.9. The chamber side,
which is closer to the neutron source, is called the sample side. The other
side is called backing side. The low neutron flux was created with the re-
action 7Li(p, n)7Be using a proton current of 11 µA on a 445 µg/cm2 LiF
target. The high neutron flux was created with the reaction 3H(p, n)3He
using a 2083 µg/cm2 TiT target with a proton current of 33 µA.

The spectra were calculated by adjusting the count rates of the proton
recoils. Before going into the details about the calculation and the effect
the result has on the present experiment, it is necessary to confirm that
the pulse pile-up really comes from proton recoils. The simplest way to
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determine this would be to use a hydrogen free counting gas and measure
the difference. Another way, which is used here, is to calculate the neutron-
proton elastic scattering cross-section from the obtained recoil count rate.
It should agree with the tabulated value of 3.1 b in Ref. [73] at En = 1.8
MeV. The cross-section can be calculated by

σ =
Cr

ΦN
, (4.18)

where Cr is the recoil proton count rate, Φ is the neutron flux and N is
the number of protons present in the volume. The neutron flux depends on
both angle and distance from the source. It was estimated at the positions
closest and furthest away in the active volume in each chamber side. The
neutron flux was calculated using the program EnergySet [67], based on
the amount of target material and the average proton current from the
Van de Graaff accelerator during the measurements. When using 6 cm as
the radius of the active volume, which determines the amount of present
hydrogen atoms, the cross-section is (6 ± 2) b, and (10 ± 4) b, if 4.5 cm is
used as the radius instead. This is slightly more than the tabulated value,
but confirms that the correct reaction is being studied. Two positions, one
for each chamber side, were also determined, which reproduced the exact
value of the cross-section. These two positions will be used later to estimate
the recoil proton count rate, based on the neutron flux in these positions.

Calculation of the energy spectrum

The coincidence spectrum consists of a Gaussian with a tail, that depends
on the count rate of the recoil protons and the amount of energy deposited
from these protons in the sensitive volume. The width of this Gaussian
also increases with the neutron flux. To calculate the shape of the spectra,
the position and width of the pulse generator signals were adjusted to the
measured distribution. The tail was found in the same way by adjusting
the count rate Cr of the proton recoils, which depends on the amount of
hydrogen in the volume, the neutron flux, and the cross-section for the
reaction.

The shaping time on the spectroscopic amplifiers was set to 3 µs, which
determines the coincidence time window, ∆T . The probability of r coinci-
dences for a given count rate Cr is given by the Poisson distribution

P (r) =
(Cr∆T )r exp(−Cr∆T )

r!
. (4.19)

The kinetic energy of a scattered proton Ep is given by

Ep = En · cos2 θ , (4.20)
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Figure 4.10: Bragg-curves for protons with Ep = 1.8 MeV and 0.9 MeV inside
the ionization chamber. Protons are created on the sample side at distances of
1 cm and 4 cm from the common cathode, denoted (C) and indicated as a black
line. The end of the backing side (E) is indicated in the same way. The energy
loss in the uranium sample is shown as well.

where θ is the angle of the proton relative to the incident neutron in the
laboratory frame and En is the kinetic energy of the neutron. The as-
sumption was made that the neutron and proton have equal masses. The
angular distribution for n-p elastic scattering is approximately constant in
the center-of-mass frame according to Ref. [73].

The amount of deposited energy by the protons in the sensitive vol-
ume, depends on their kinetic energy, place of creation and direction. This
is shown in Fig. 4.10 for two typical proton energies in forward direc-
tion, created at two locations. When the proton reaches the cathode, it is
stopped and will not further ionize the gas, but in the center, where the
thin uranium layer is positioned, it may pass through the cathode. This
means that protons, created on the sample side, might also deposit some
energy on the backing side of the ionization chamber. The proton can also
leave or enter the active volume. This also means that only part of the
total energy might be detected. In this calculation the deposited energy
from the protons is parameterized by a Gaussian

p(E) =
1

σ
√

2π
exp

(

−(E − Ep/f(En)

2σ2

)

, (4.21)

where Ep is the proton energy from Eq. 4.20, σ = 0.30 · Ep and

f(En) =

(

En

1.127 · MeV
+ 1.2

)

· k , (4.22)
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Figure 4.11: Pile-up spectra at En = 1.2 MeV and 2.0 MeV with count rates
estimated from proton current.

where k was equal to one for all measurements, except for the sample side,
when TiT is used as neutron producing target. There it was reduced to
0.9, which is not very surprising, because the neutron angular profile is
different for TiT and LiF. Although it is reasonable to assume a Gaussian
distribution for the deposited energy, the energy dependence for the width
and mean value are found arbitrarily from systematics by describing the
spectras for the incident neutron energies 0.9 MeV and 1.8 MeV.

For these energies the count rate of the recoil protons was adjusted to
reproduced the measured spectra. By this, the relation between proton
count rate and neutron flux is given at a certain position. Assuming that
the found relation is true, the neutron flux at that position may be cal-
culated with the computer code EnergySet [67], using the known proton
current and energy as well as the neutron producing reaction, and the recoil
proton countrate and hence, the coincidence spectrum may be computed.
This is done for two other neutron energies, En = 1.2 MeV and 2.0 MeV, for
which experimental pile-up spectra were available. The results are shown
in Fig. 4.11 and exhibits an excellent agreement between calculation and
experiment. From this the conclusion may be drawn, that the presented
treatment of recoil proton pile-up is valid for all experiments performed
in this work. From the results of these calculations of the spectra, the
relative increase in average peak position can be converted to energy. This
is shown as a function of proton recoil count rate in Fig. 4.12. A linear
increase is seen, which also depends on the incident neutron energy. The
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Figure 4.12: Increase in kinetic energy as a function of recoil proton count rate
(left). The measurement with TiT as neutron producing target shows a deviation
on the sample side. The value of the slope for the increase in energy to the left as
a function of the incident neutron energy show a linear dependence (right).

values of these slopes show a linear dependence of the incident neutron
energy, too. Both linear dependences were used to estimate the increase in
energy due to recoil proton pile-up.

Impact on the TKE determination

Above it was shown, how pile-up of recoil protons from the neutron-proton
scattering affects the detected pulse heights of signals from both fission
fragments and pulse generators, depending on incident neutron energy and
flux. Drifts in amplification, monitored with a pulse generator in all mea-
surements except one, were corrected for by shifting the corresponding
positions by the relative contribution from the drift, which actually al-
ready includes part of the pile-up. For a complete assesment of the pile-up,
one has to be aware of the following circumstances.

For every measurement the energy shift due to pile-up may be written
as

∆Epile−up = ∆Esample + ∆Ebacking , (4.23)

where ∆Esample and ∆Ebacking denote the contributions from the sample
and backing side, respectively. Both may be estimated for the given neu-
tron energy and the corresponding neutron flux from Fig. 4.12. Because of
the chosen amplification, the average energy of the fission fragments 〈Ek〉
amounts only about 60% of the one corresponding to the position of the
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signals from the pulse generator Ep. Hence,

〈TKE〉
2

= 0.6 × Ep . (4.24)

Since the drift corrections include 100% of the pile-up for the pulse gener-
ator signals, the corresponding shift in energy for an average fission frag-
ment amounts only about 60% of the pile-up according to Eq. 4.24. The
remaining increase according to Eq. 4.23 is then

∆ = ∆Epile−up ·
(

1 − 〈TKE〉
2 · Ep

)

. (4.25)

If no drift corrections are applied, it follows that ∆ = ∆Epile−up. The
measurements at En = 1.8 MeV, which are used for energy calibration to
〈TKE〉C = 170.15 MeV, are also affected by pile-up in terms of an increase
∆C . This has to be taken into account, when any measured 〈TKE〉exp is
corrected for pile-up to the real value,

〈TKE〉 = 〈TKE〉exp ·
(〈TKE〉C + ∆C

〈TKE〉C

)

− ∆ . (4.26)

It has to be emphasized, that ∆ and ∆C are the pile-up contributions for
the present and the calibration measurements, respectively, and depend on
the corresponding experimental conditions as explained above.

The actual shift to the uncorrected energies C = 〈TKE〉exp−〈TKE〉 is
also used to introduce an additional uncertainty on the 〈TKE〉 according
to

∆〈TKE〉 =
√

∆〈TKE〉2stat + (0.3 · C)2 , (4.27)

where ∆〈TKE〉stat denotes the purely statistical uncertainty. In Fig. 4.13
the corrections made in the present experiment are shown for all measure-
ment series.

4.3 Data analysis

The determination of the fission fragments’ angles, energies and masses is
done in several steps. Many are based on the collective values of all the
fragments, but different corrections have to be applied to the data from
the sample and the backing side. For the kinematics of the nuclear reaction
a non-relativistic approach has been used (see Appendix B.2).

The signals from both anodes carry the information about the energies
of both fission fragments. However, several corrections have to be made

69



Figure 4.13: Mean TKE without (open symbols) and with (full symbols) pile-up
correction. In addition, drift corrections in the amplification chain may (triangle)
or may not (circles) have been applied. The measurements at 1.6, 1.8 and 2.0
MeV are plotted around the respective energy for the sake of better visability.

to find the pre-neutron CM energies. Since the data treatment is quite
complicated, a brief overview is given here. After calibrating the different
electronic chains and correcting the signals for electronic drifts, the emis-
sion angle of the fission fragments in the laboratory system is determined.
Then the angular dependent energy loss is determined and corrected for, to
determine the pre-neutron masses of the fragment by taking into account
neutron evaporation. Once the pulse height defect (PHD) is known and
corrected for, post-neutron masses and energies, i.e. after neutron evap-
oration, are computed. All values are transformed into the CM-frame in
order to serve as new start values for the calculation of new pre-neutron
masses. The iteration is stopped, when the difference to the previous value
is less than 1/16 of a mass unit. All these steps are explained in more detail
below.

For each measurement series one measurement at En = 1.8 MeV was
used to determine the channel-to-energy conversion factor. Since this value
is needed in the analysis, the calibration energy had to be determined
iteratively. Both experiment and data treatment were basically performed
as reported in Refs. [13,74], yet several improvements were made:

• using two pulse generator signals to monitor electronic drifts

• the energy loss is determined based on the measurement at En =
1.8 MeV and then used for all incident neutron energies in one mea-
surement series

70



• corrections for pulse pile-up from the neutron-proton elastic scatter-
ing

4.3.1 Relative calibration

As described in Section 4.1.6, the anode and the grid signals are added
in order to extract physical information about fission fragments. This is
only possible, if both signals have about the same amplification before
summing, which is achieved by adjusting the corresponding fast filter am-
plifiers. However, the amplification of the signals is still somewhat different
for every amplification chain, which is corrected for during data analysis.
Prior to this, calibration measurements had to be performed. In order to
calibrate the different electronic chains relative to each other, signals with
pulse heights in equidistant steps were fed to the pre-amplifier inputs. The
signal P after all the full amplification chain is then digitized. The channel
number CH is given by

CHi = αiP + βi , (4.28)

for each electronic chain i. Once these relations are known, a signal can be
calculated from the obtained channel number by

P =
CHi − βi

αi
. (4.29)

In order to treat the data further, the pulse-height P is transformed to a
corrected channel number CHcorrected

i by multiplication with an arbitrarily
constant,

CHcorrected
i = P · k =

CHi − βi

αi
· k , (4.30)

which corresponds to an energy. Depending on which signal one refers to,
the corrected channel numbers are replaced by A, G of Σ as introduced in
Eq. 4.15. The transformations for the sum ADC according to Eq. 4.30 were
obtained individually by feeding the pulse generator signals to either anode
or grid. Both result in very similar equations, now for Σcal,A and Σcal,G,
because of the adjusted amplification, but small differences may still occur.
In order to compensate for this, an average sum signal is created, weighted
with the relative size of the anode and the grid signal, respectively. This
weighted sum signal may be expressed by

Σcal = Σcal,A · (1 − F ) + Σcal,G · F , (4.31)
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where

F =
Σcal,A − A

A
(4.32)

is a measure for the relative contribution of the grid signal to the sum.
The value of the sum signal depends on the emission angle of the fission

fragment (cf. Fig. 4.6). The maximum sum value should be equal to the
anode value, corresponding to an emission angle of 90 degrees. In some
of the campaigns the sum signal reached slightly larger values than the
anode, which is physically not possible. In these cases it was assumed, that
the summing was not working properly, because of the bipolar character of
the grid signal. Another possible explanation is, that the anode and grid
signals had different offsets in the base-lines after the fast filter amplifier.
This was corrected for by adjusting the sum signals to the proper interval
between zero and the maximum anode value.

The amplification of the signals from the chamber might slightly change
with time. A possible reason for this are changes in temperature and hu-
midity. The pre-amplifiers have a test input, where a signal from a pulse
generator can be fed in to monitor these drifts. If corrections to the ob-
tained data should be performed properly, based on the observed drifts, at
least two different pulse signals are needed. The reason is that an observed
drift in the anode only affects the sum signal, if the drift is located before
the actual summing of the signals. To pinpoint the location of the drift, a
second pulse signal on the grid is needed.

The drifts in the present experiment were monitored by two pulse gener-
ators, one for the anode and one for the grid amplification chain. The pulse
signals were first splitted in order to monitor the amplification chains from
both chamber sides. The count rate of the signals at the grid was slightly
lower than at the anode. The ”anode” pulse signal will be seen in all ADC
because of the summing, but the ”grid” pulse signal will only be seen in
the sum ADCs.

The shift in amplification at time t is here defined as

Sh(t) =
Pulse(0)

Pulse(t)
, (4.33)

with respect to three different signals, one at the anode, ShA(t), and two
for the sum signals, depending on whether the pulse generators fed a signal
into either the anode (Shsum,A(t)) or grid (Shsum,G(t)) chain. The anode
signal is simply corrected by multiplying with this factor

Acorrected = A · ShA(t) . (4.34)
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The sum of anode and grid makes the drift corrections for the sum
signal more complicated. Corrections must be applied differently, if either
the anode part or the sum part is drifting. The aim is to obtain an electronic
drift-corrected sum signal, which is

Σcorrected = Acorrected + Gcorrected . (4.35)

If both anode and grid amplification chains have drifted, the obtained sum
signal would be

Σ(t) =
Acorrected

ShSum,A(t)
+

Gcorrected

ShSum,G(t)
. (4.36)

The corrected sum signal is then given by

Σcorrected = Acorrected +

(

Σ(t) − Acorrected

ShSum,A(t)

)

· ShSum,G(t)

= Acorrected ·
(

1 − ShSum,G(t)

ShSum,A(t)

)

+ShSum,G(t) · Σ(t) . (4.37)

The procedure described above was performed for two measurement
campaigns; for two more different approaches had to be made. In one mea-
surement campaign no drift corrections were applied, because the pulse
signal was carrying too much noise, while in another only one pulse gener-
ator was used and the same corrections according to Eq. 4.34 were applied
to both anode and sum signals. Finally, it has to be noted, that these
corrections do not take into account drifts before the pre-amplifiers.

4.3.2 X determination

The emission angle of the fission fragments can easily be calculated, if the
X/D value is known. As a fist approximation X is assumed to be constant
for one detected anode channel number. Since the ionization of the gas also
depends on the fission fragment mass and charge, the found X values have
to be corrected later. Since

A − Σ

A∗ =
X

D
cos θ (4.38)

reaches a maximum value (if cos θ = 1) for every anode channel number,
the (X/D)-value can be determined experimentally from the half height
of the (X/D) cos θ-distribution. This is done separately for the two cham-
ber sides. The actual (X/D)-values were found by a linear interpolation
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Figure 4.14: Anode pulse height as a function of (X/D) cos θ (left), both in
arbitrary units. The anode pulse height in the laboratory frame are transformed
into the center-of-mass frame and shown as a function of cos θ (right), both in
arbitrary units.

between the determined (X/D)-values as a function of anode channel num-
ber. One linear interpolation was used for the light fission fragment (high
anode signal) and one for the heavy fission fragment. In the symmetric
region the (X/D)-values were found by weighting the results from both
interpolations. An example is shown in Fig. 4.14, where on the right hand
side the anode channel numbers have been transformed from the labo-
ratory frame to the center-of-mass frame according to Eq. B.562. This
was performed as a preparatory step, before the energy loss in the target
was determined. The average kinetic energy from the fission fragments on
the sample and the backing side is not the same in the laboratory frame.
Instead of the kinetic energy and mass of the fission fragments, channel
numbers and so-called provisional masses are used. The provisional masses
are calculated from channel numbers in Eq. 4.17. This is discussed further
in Appendix B.2.

4.3.3 Energy loss correction

The fission fragments lose some of their energy while moving through the
sample material, consisting of uranium fluoride and additional layers of
gold and polyimide on the backing side. This energy loss is assumed to
be proportional to the distance travelled in the target, and thus, also to

2The transformation requires an absolute energy calibration, which is obtained by
reproducing a known average total kinetic energy.
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Figure 4.15: The average anode, corrected for grid inefficiency and momentum
transfer, is shown as a function of emission angle. Extrapolation to the crossing
point with the y-axis give the anode value without energy loss. The point was first
determined for the sample side. It was then held fixed when the backing side slope
was determined. Close to cos θ = 1 the average anode value has a large deviation
from the trend. It occurs because the slope of the (cos θ)-distribution around cos θ
= 1 is less steep for the higher energies. Energy loss correction was determined
for En = 1.8 MeV and used for all the other energies.

1/ cos θ. According to this, the observed channel number A∗
CM , which has

been transformed into the CM-frame, may be expressed by

A∗
CM = A∗

CM,ideal +
k

cos θLab
, (4.39)

where A∗
CM,ideal denotes the channel number without energy loss and the

second, negative term denotes the energy loss. A∗
CM,ideal was found by

fitting Eq. 4.39 for the sample side and kept fixed, when the slope for the
backing side was determined. Results are shown in in Fig. 4.15, obtained for
a dedicated calibration measurement at En = 1.8 MeV. Once the absolute
energy calibration is done, all channel numbers in the plots may be replaced
by energies.

4.3.4 The influence of prompt neutron evaporation

Since part of the total energy released in the fission process is dissipated
in prompt neutron evaporation, the prompt neutron multiplicity has to
be taken into account for a correct treatment of the data. The function
describing the average number of evaporated neutrons as a function of
fission fragment mass number ν(A), is called a sawtooth function because
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of its shape. Since this function is not measured for 238U, it was deduced
from the two fissioning systems 233U(nth, f) and 235U(nth, f) according to

ν238(A) = ν235(A) ·
(

1 +
3

2
· ν235(A)

ν233(A)
− 1

)

, (4.40)

as reported in Ref. [13]. The number of evaporated neutrons is also energy
dependent. This was parameterized according to Ref. [75] as a function of
pre-neutron mass and TKE with

ν(A,TKE) = ν(A)+
ν(A)

ν(A) + ν(ACN − A)
· 〈TKE(A)〉 − TKE

Esep
, (4.41)

where Esep = 8.6 MeV is the mean energy needed to emit a neutron [76].
When the value of Eq. 4.41 becomes negative, it was simply put to zero.
If no neutrons are evaporated in the fission process, it means that all ex-
citation energy is transformed into kinetic energy of the fission fragments.
This process is called cold fission. The neutron multiplicity ν, averaged
over all masses, depends on the incident neutron energy. To obtain the
values given in Ref. [77] for the different measured energies, the whole
sawtooth-like function, Eq. 4.40, was adjusted. In order to use Eq. 4.41,
the 〈TKE(A)〉 values need to be known. They were first taken from an-
other measured energy. After the full analysis, they can be determined and
the iterative part of the analysis can be redone. Neutron evaporation af-
fects both the kinetic energy and the mean mass of the fission fragments,
which is discussed later.

4.3.5 Pulse height defect

The fission fragments lose their energy mainly by ionizing the counting
gas. The number of electrons created in this process is proportional to the
energy of the fission fragment. However, a part of the energy is also lost
by non-ionizing reactions. Moreover, the electrons might also recombine
shortly after creation with the positive ions or form negative ions with the
neutral atoms of the counting gas, as they drift towards the anode. The
electric field may also change because of the high concentration of ions.
These effects cause a loss of detected pulse height, which is called pulse
height defect (PHD) and must be corrected for in order to obtain correct
fragment kinetic energies and masses. The amount of PHD depends on the
type and the pressure of the counting gas, the electric field strength, and
the mass, charge and kinetic energy of the fission fragment.

Knowing ν(A,TKE), the post-neutron mass can be calculated, which
is the fission fragment’s mass as it enters the counting gas. It is then used
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Figure 4.16: Experimental PHD values from Ref. [74] converted to LSS units
together with two parameterization of the PHD as described in the text.

to determine the PHD. There are different ways to parameterize the PHD,
which has been measured for the type of ionization chamber used here [74].
One description is obtained by fitting a Polynomial to experimental data,
which is replaced by a constant value for higher energies. Another descrip-
tion, which was used in this work as well as in Ref. [78], is given by

PHD(Apost, Elab,post) = αElab,post +
Apost · Elab,post

a
+

Apost

b
, (4.42)

where α, a and b are parameters that are tuned together with the energy
calibration factor to obtain a mean heavy mass (AH=139.6) and TKE
(170.15 MeV) corresponding to the data taken from Vivès et al. [13] at En

= 1.8 MeV. In order to be able to compare the PHD for different particles
in different materials, the energies are converted into LSS-units [79, 80]
according to

ε[LSS] =
0.8853 · a0

e2

(Z
2/3
1 + Z

2/3
2 )−1/2

Z1Z2

A2

A1 + A2
· E[MeV ] , (4.43)

where the subscripts 1 and 2 refer to projectile and target, respectively,
and a0 is the Bohr radius. How to treat a gas mixture is shown in Ref. [81].
In Fig. 4.16 experimental values for the PHD for different atoms in P-10
gas as well as both parameterizations mentioned above are shown.

The chosen description of the PHD, which is based on the study of
cold fission, is motivated in Paper III. There, the influence of this choice
on the fission fragment mass distribution is discussed, too. Results re-
ported in Ref. [78] indicated that the PHD is angular dependent. This was
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studied in this work by means of extensive SRIM [41] simulations. The
energy loss in the sample material was calculated for a number of fission
fragments3 at their mean kinetic energies and with charges obtained by
a uniform charge distribution. The direction of the fragments was sim-
ulated for a few different angles and the energy loss was plotted versus
the inverse cosine, like shown in Fig. 4.15. A linear fit gave slopes of 3.9
MeV/(1/cos θ) and 1.8 MeV/(1/cos θ) for the backing and the sample side,
respectively. The corresponding experimental values are 6.5 MeV/(1/cos θ)
and 3.5 MeV/(1/cos θ). The differences are associated with an angular de-
pendence of the PHD.

Since the angular dependence of the PHD is already corrected for simul-
taneously with the energy loss, the function describing the PHD (Eq. 4.42)
is corrected for the difference in PHD depending on the mass and energy.
The mass used in Eq. 4.42 is the post-neutron mass and the energy is the
initial laboratory energy. If the measurements in Ref. [74] are to be used,
the real laboratory energy of a fragment, when entering the counting gas,
should be taken. In such a case one should be careful not to correct the
PHD two times, if the energy loss correction is performed in a similar way.

4.3.6 Recalculating energies

The evaporation of neutrons changes the kinetic energy and mass of the
fission fragment. Detailed calculations of the kinematics can be found in
Appendix B.2.

When one neutron is evaporated from the fission fragment, the new
laboratory energy is given by

Elab,post =
mpostElab,pre

mpre
+

mnECM,n

mpost
− 2

√

mnECM,nElab,post

mpost
cos ωCM,n,

(4.44)
where ωCM,n denotes the emission angle of the neutron relative to the
fission fragment. Assuming that the neutrons are emitted isotropically in
this CM-frame of the fission fragment, leads to 〈cos ωCM,n〉 = 0. The term

mn

mpost
ECM,n = 0.03 MeV for a typical evaporated neutron with an energy

of 3 MeV, which is small in comparison to Elab,post = 100 MeV and may
be neglected here. With these approximations and using mass numbers
instead of the masses, the pre-neutron laboratory energy is given by

Elab,pre =
Apre

Apre − ν(Apre,TKE)
Elab,post , (4.45)

3Not all masses was used, instead extrapolations were performed between the masses
(charges).
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where Elab,post is the sum of the detected energy, the energy loss and the
PHD. The pre-neutron mass numbers are the ones from the previous run
in an iterative process and ν(Apre, TKE) is calculated from Eq. 4.41. From
Eq. 4.45 it is obvious that the neutron multiplicity affects the pre-neutron
energy, e.g. a change of ν from 3 to 2.5 may easily increase TKE by 0.2
MeV. In this work, all values for ν(A) were adjusted in a way that the
average neutron multiplicity ν in Ref. [77] is reproduced.

The found pre-neutron laboratory energies have now only to be trans-
formed into the CM-frame according to

ECM,pre = ELab,pre ± 2

√

Apre · 1 · ELab,pre · En

ACN
· cos θ +

En · Apre · 1
A2

CN

,

(4.46)
where the ± sign indicates forward and backward directions. Here the
mass numbers are used instead of the masses. From the obtained energy
ECM,pre new pre-neutron masses can be calculated by using Eq. 4.17. The
procedure is repeated, until the difference between the found mass and the
one from the previous iteration, is less then 1/16 of a mass unit.

4.3.7 Second order corrections to X

As shown in Section 4.3.2, X was assumed to be the same for events
with the same kinetic energy. However, since the charge of the fragments
is not the same for each energy, second order corrections to X need to
be made. Plotting the post-neutron mass (here shifted by 61 mass units)
versus the cosine of the laboratory angle, as depicted in the left part of
Fig. 4.17, shows that the maximum cos θ-values for different masses are
not the same. They are determined for each mass by the half height of
the angular distribution, corresponding to horizontal cuts in the left plot.
Since (cos θ)max = 1 corresponds to a channel number of 96 as found for
the heavy masses, all other distributions are adjusted by a factor. This
adjustment is larger for the lighter fragments, because the mass spread for
a given energy is larger for the higher energies, as shown in the right hand
part of Fig. 4.17.
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Figure 4.17: Post-neutron mass as a function of cos θ (left). Since X/D is also
mass (and charge) dependent in addition to energy, a second order correction is
needed. The correction is larger for the lighter fragments, because the mass spread
for the higher energies is larger (right).

4.4 Experimental results

After a rather extensive data analysis involving numerous steps and cor-
rections as shown in Section 4.3, pre-neutron mass, kinetic energies and
angular distributions from the reaction 238U(n, f) were obtained for inci-
dent neutron energies between 0.9 and 2.0 MeV. Since all corrections were
applied to events from sample and backing side individually, the correctness
of the data treatment can be demonstrated by comparing results from both
chamber sides to each other. This is done in Fig. 4.18 for kinetic energy
and mass distributions, taken at En = 1.8 MeV. Both, energy and mass
distributions show a good agreement, although the region of light fission
fragments seems to be enhanced for the sample side. Nevertheless, width
and shape of both mass distribution agree well. In the following, both dis-
tributions were added. Because of scattering effects in the sample for large
emission angles, the reported experimental results were obtained for fission
events with 〈cos θlab〉 > 0.5. However, the fission fragment anisotropy may
be determined for the interval 0.20 ≤ 〈cos θlab〉 ≤ 0.85. An absolute energy
calibration was performed to 〈TKE〉 = (170.15 ± 0.07) MeV, taken from
Ref. [13] at En = 1.8 MeV, which in turn was calibrated to the recom-
mended 〈TKE〉 = (170.5 ± 0.5) MeV from the reaction 235U(nth, f) [23].
The parameters in Eq. 4.42, that describe the PHD, were tuned to obtain
a mean heavy mass number of 139.6, also taken from Ref. [13]. When the
results are shown as a function of incident neutron energy, they are plotted
at the mean energy, with asymmetrical error bars to indicate, that more
fission events occur above this energy, because of the threshold in fission

80



Figure 4.18: Comparison of the kinetic energy (upper) and mass (lower) distri-
butions for the backing and sample side at En=1.8 MeV after all corrections.

cross-section. All results are plotted with statistical uncertainties only, ex-
cept for 〈TKE〉, for which an additional uncertainty had to be taken into
account (cf. Eq. 4.26). By analysing data from several experiments at the
same incident neutron energy, the systematic uncertainties for masses and
energies were determined to 0.1 amu and 0.1 MeV, respectively. This is
shown in Paper III.

4.4.1 Angular distribution

The study of the anisotropy of the fission fragments is performed in the
CM-frame. The transformation from laboratory to CM angles is described
by Eq. B.59. In order to reduce any systematic error due to detector geom-
etry or electronic set-up, the obtained angular distribution had to be cor-
rected. In Refs. [6,13] this is performed by dividing the angular distribution
with the angular distribution from the 235U(nth, f), which is isotropic. In
this work a similar correction was achieved based on the results of the
anisotropy at En = 1.8 MeV taken from Ref. [13]. The angular distribu-
tions were fitted with the function

W (θ) = A0 ·
(

1 + A2 ·
(

3 cos2 θ − 1

2

))

, (4.47)

which comes from the first two even Legendre polynomials, P0 and P2. In
the left part of Fig. 4.19 the fit to the data at En = 1.6 MeV is shown as
an example. The anisotropy, A = W (0◦)/W (90◦) − 1, based on Eq. 4.47,
is then given by

A =
3 · A2

2 − A2
. (4.48)
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Figure 4.19: Measured angular distribution at En=1.6 MeV, together with a fit
according to Eq. 4.47 (left). The found anisotropy values for different incident
neutron energies are compared to those from Refs. [13–15] (right). The line is a
guide to the eye.

In the right part of Fig. 4.19 the anisotropy, A, is shown as a function of
incident neutron energy together with previously published values [13–15].
All measurements are in quite good agreement. Only at the lower resonance
around En = 0.9 MeV, the present results are lower than those of Ref. [15],
but they still show the same trend.

4.4.2 Average TKE and masses

The total kinetic energy TKE in a fission process is defined as the sum of
the CM pre-neutron kinetic energies of the light and heavy fission fragment.
The average TKE as a function of incident neutron energy is shown in the
left part of Fig. 4.20. The 〈TKE〉 is found to be approximately 0.5 MeV
higher at the two vibrational resonances in the fission cross-section at En

= 0.9 MeV and En = 1.25 MeV than at En= 1.8 MeV. The width of the
TKE distribution, as shown in the right part of Fig. 4.20, is significantly
lower compared to the width reported in Ref. [13]. The difference arises
because of the use of an energy dependence for the ν(A) by Eq. 4.41 in
this work. An increase of the width of the order of 0.5 MeV is observed,
when the TKE dependence of Eq. 4.41 is omitted.

In Fig. 4.21 the mean kinetic energy of the heavy and light fission frag-
ment is shown together with their corresponding widths as a function of
incident neutron energy. The mean kinetic energy of the heavy and light
fragment follows the tendency seen in the TKE distribution. The drop in
TKE at incident neutron energies 0.9 and 1.3 MeV is here seen only in the
light fission fragment mass. In Fig. 4.18 the light fragments are seen to be
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Figure 4.20: The total kinetic energy (left) from this work (full squares) together
with values from Ref. [13] (open circles), and width of the total kinetic energy
(right) from this work again compared to those given in Ref. [13]. The difference
of 0.5 MeV may be explained by the fact that in this work an energy dependence
of the amount of neutrons evaporated was applied.

enhanced from the sample side, which is facing the neutron beam. This
means that the coincident count rate with the (n, p)-reaction is higher at
this side of the chamber, because it is closer to the neutron source. This
may explain the different change in kinetic energy of the light and heavy
fragment seen for some energies in Fig. 4.21. The mean heavy mass shows
some fluctuation (see Fig. 4.22), but at En = 0.9 MeV no significant drop
is seen, which is in good agreement with the data from Ref. [13].

4.5 Discussion in terms of fission mode weights

As mentioned in Section 1.2, the predicted inversion of fission mode weights
around the vibrational resonance compared to for instance En = 1.8 MeV
would show by a decrease in heavy mass by 1.5 mass units. This was not
observed during the data treatment so far.

In order to take a closer look, the relative fission fragment yields ob-
tained for different incident neutron energies are compared to each other
as shown as differences in Fig. 4.23. According to the predictions about an
increased S1 contribution, an enhanced yield around A = 135, which is the
characteristic mean mass of the S1 mode, should be visible for En = 0.9
and 1.2 MeV. However, no significant deviations are observed, compared
to yields at other neutron energies.

Since each fission mode is characterized by both a typical 〈TKE〉 and
〈A〉, the investigation was extended from one to two dimensions. Compar-
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Figure 4.21: Properties of the reaction 238U(n, f) as a function of incident neu-
tron energy: heavy fragment mean kinetic energy (top left), light fragment mean
kinetic energy (top right), width of the heavy fragment energy distribution (bot-
tom left), and width of the light fragment energy distribution (bottom right). In
comparison, corresponding results from Ref. [13] are shown.

ing the yield as a function of both A and TKE, in two regions characteristic
for different fission modes, may reveal changes in the Y(A,TKE) distrib-
ution as function of incident neutron energy. This would be a model-free
look at the data without applying any fit procedure, and possible trends
should be seen anyway. Two elliptic regions were defined by

(TKE − 〈TKEmode〉)2
σ2

TKE

+
(A − 〈Amode〉)2

σ2
A

≤ 1 , (4.49)

where 〈TKEmode〉 = 181 and 165 MeV , σTKE = 7 and 8 MeV, 〈Amode〉 =
135 and 142 and σA = 3 and 6, respectively, are taken from the character-
istic values of the S1 and S2 modes [13]. The results are shown in Fig. 4.24.
Apparently, there is a relative increase of counts in region 1 around En =
0.9 MeV, corresponding to the S1 mode, but this effect amounts only at
most 2%.
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Figure 4.22: Mean heavy mass (left) and the width of the mean heavy mass
distribution (right), both as a function of incident neutron energy. Results from
this work are compared to those from Ref. [13]

In order to understand fission fragment yields as a function of mass
and TKE in terms of the multi-modal random neck-rupture (MM-RNR)
model [4], the modal yields are described by Eq. 2.15 for each fission mode.
Two fission modes, Standard 1 (S1) and Standard 2 (S2), were fitted to the
experimental data using the computer program Origin 7.5 [82]. Only the
heavy fragments were described, but since the pre-neutron distribution
is symmetric, two similar functions can be found representing the light
mass peak. The super-long (SL) mode that is predicted to have a very
low yield in this energy range was not considered. The results for the
fission mode weights together with the predictions and previous results
from Refs. [13,83] are seen in Fig. 4.25.

The data were fitted first with all 12 parameters kept free. For some
of the energies dmin converged to unphysical values and the fit was re-
peated with dmin fixed to 11.8 fm, which corresponds to an axis-ratio of
the deforming nucleus beyond the second minimum. It has to be pointed
out that although the dmin parameter was too small, the description of
the two-dimensional data was still good. The explanation is the strong
correlation between the dmin and the ddec parameters. As seen in Fig. 4.25
only small fluctuations in the mode yield are seen. At En = 0.9 MeV there
is definitely no mode weight inversion. A table with the mode weights is
given in Paper III. In Fig. 4.26 the mass distribution is plotted together
with the mass distribution calculated from the result of the fits. This is
also done for the TKE distribution in Fig 4.27.
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Figure 4.23: Difference of yields at En = 1.8 MeV and those taken at several
other neutron energies as a function of pre-neutron mass.

Figure 4.24: The elliptic regions according to Eq. 4.49 are shown in the two-
dimensional plot of Y(A,TKE) at En = 1.8 MeV (left). The relative yield in the
region 1, corresponding to the peak of the standard 1 fission mode, is shown as a
function of incident neutron energy (right).
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Figure 4.25: The S1 fission mode weight as a function of incident neutron energy.
The results obtained in this work are compared to those from predictions by
Ref. [10] and previous experiments of Refs. [13, 83].
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Figure 4.26: Heavy fragment pre-neutron mass distributions together with the
mass distribution obtained from the fission mode fit for different incident neutron
energies. Top left: En=0.90 MeV, top right: En=1.2 MeV, bottom left: En=1.6
MeV and bottom right: En=1.8 MeV
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Figure 4.27: TKE distributions for different incident neutron energies are shown
together with the results of the fission mode fits. Top left: En=0.90 MeV, top right:
En=1.2 MeV, bottom left: En=1.6 MeV and bottom right: En=1.8 MeV.
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Chapter 5

Common aspects of both
experiments

The results of both two experiments performed in this work have already
been presented and discussed individually. However, some aspects are com-
mon for both studied systems and are discussed together in this chapter.

The thermal neutron-induced fission of 252Cf∗ was studied by means of a
fission-fragment mass separator and an ionization chamber, which allowed
the simultaneous measurement of post-neutron mass and kinetic energy
of basically one fission fragment at a time (disregarding parasitically de-
tected particles). The neutron-induced fission of 239U∗ was investigated
with a double Frisch grid ionization chamber, where post-neutron kinetic
energies of both fragments from the same fission process were measured
simultaneously, but the masses initially were unknown. By an extensive
data treatment, pre-neutron kinetic energies and masses are determined as
well as, eventually, post-neutron masses. Hence, despite completely differ-
ent experimental techniques, post-neutron kinetic energies as a function of
the post-neutron mass of the fragments are obtained in both experiments
and may be compared.

Prior to this, the mean kinetic energies and widths of the energy dis-
tributions are compared as a function of pre- and post-neutron mass, re-
spectively. This is done in Fig. 5.1 for the reaction 238U(n, f) at En =
1.8 MeV from this work. Both curves exhibit the same mass dependence,
with a steep decrease towards symmetry. The average pre-neutron kinetic
energies are somewhat higher, corresponding to the ratio of pre- and post-
neutron mass as expressed in Eq. 4.45. The pre-neutron masses become
post-neutron masses by evaporating neutrons according to Eq. 4.41. This
means that one post-neutron mass originates from several different pre-
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Figure 5.1: Comparison of mean post- and pre-neutron kinetic energy (upper)
and width of the kinetic energy distributions (lower) as functions of pre-and post-
neutron mass.
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neutron masses. The further away from the post-neutron mass a certain
pre-neutron mass is, the less is its kinetic energy. As a consequence, the
width of the post-neutron energy distribution for the post-neutron masses
is broader than the pre-neutron energy width. In this work it was found
that this difference amounts about 0.5 MeV over the entire mass range,
except for mass number 115, as shown in the lower part of Fig. 5.1. There,
around 5 mass units from symmetry, the width increased by about 2 MeV.
This behaviour is seen for both pre- and post-neutron masses, but shifted
by about 5 mass units. At around mass 115 the mean kinetic energy is
much lower (see Fig. 5.1) and the masses, that are added to the post-
neutron mass, have now an even lower kinetic energy than for the other
mass regions. This causes the width of the post-neutron kinetic energy to
increase. The width of the peak in the pre-neutron energy width distri-
bution is somewhat smaller than the corresponding one for post-neutron
masses, and of the order of seven mass units. This might probably reflect
the experimental mass resolution, given in Section 4.1.7.

In Fig. 5.2, the same results are shown as a function of post-neutron
mass, however adapted to be compared to corresponding results from the
reaction 251Cf(nth, f), also obtained in this work. Both sets of data are also
compared to the results from other fissioning systems, 234U∗ and 236U∗

from Ref. [59], 246Cm∗ [40], 250Cf∗ [51, 54,55] and 252Cf [52], respectively.
For all fissioning systems presented in the upper part of Fig. 5.2, the

mean kinetic energy exhibits a sharp decrease around symmetric fission.
The observation above, that this decrease in energy coincides with an in-
crease in energy width, is confirmed by all systems included in the lower
part of Fig. 5.2. In contrast, data from 252Cf(SF) do not show the same
behaviour.

All distributions shown there, except for the one from the reaction
238U(n, f), were measured with the recoil mass spectrometer LOHEN-
GRIN, where the post-neutron masses were detected directly. For these
fissioning systems, the position of these peaks in the energy width distrib-
utions can be described by

ACN

2
− A (max(σE)) ≈ 4.5 . (5.1)

As mentioned above, the same was observed for the reaction 238U(n, f),
although there post-neutron masses had to be deduced from kinetic en-
ergies by a extensive data treatment. The shift in peak position is shown
in Fig. 5.2 for various fissioning systems. The good agreement between all
values give great confidence in all corrections that had to be applied during
the data analysis of the experiment on 238U(n, f).
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Figure 5.2: Average post-neutron kinetic energy (upper)and corresponding width
(lower) of the kinetic energy distributions as a function of post-neutron mass for
different fissioning systems.
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Figure 5.3: The position of the increase of the width of the energy distributions
as a function of mass is shifted by about (4.5 ± 1) mass units for several fissioning
systems, displayed in Fig. 5.2.
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Chapter 6

Conclusions

For the first time, the light fission-fragment post-neutron mass distribution
from the reaction 251Cf(nth, f) was measured with high mass-resolution.
The determined mean light fragment mass, 〈AL〉 = (107 ± 2) and the mean
light kinetic energy 〈Ek,L〉 = (103 ± 2) MeV agree well with expectations.
The contribution from the reaction 249Cf(nth, f) was properly taken into
account and corrected for. A comparison with the spontaneous fission of
252Cf revealed an increase in yield above mass number A = 113 and a de-
crease around A = 105. The average kinetic energy is higher for A > 114.
As expected, the kinetic energy of the light fragments is higher for sponta-
neous fission than for thermal-neutron induced fission. The experimental
results are in good agreement with an existing evaluation [53] and experi-
mental data from the reaction 250Cf(t, p) [61]. The increased width of the
kinetic energy distribution around A = 121 confirms results observed in
other neutron-induced fission reactions. A comparison with neighbouring
isotopes shows, that the peak position correlates well with the mass of the
fissioning nucleus.
The observed changes in the fission-fragment distributions may be well un-
derstood within the multi-modal random neck-rupture model [4]. Within
this model description, there is a strong hint for an increased contribu-
tion of a super-deformed fission mode in thermal-neutron induced fission
of 252Cf*, giving support to the existence of an additional SX fission mode
in 252Cf, as suggested in Ref. [5].

Since the available sample material does not allow a 2E-measurement to
obtain pre-neutron fission fragment distributions, with e. g. an ionization
chamber, detailed Monte-Carlo simulations will have to be performed to
get a more quantitative interpretation in terms of fission modes.
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In the main part of this work, the neutron-induced fission of 239U∗ was
studied at incident neutron energies from 0.9 to 2.0 MeV. A careful in-
vestigation of the fission fragment characteristics around the vibrational
resonances in the reaction 238U(n, f) was performed. A small increase in
TKE of the order of 0.5 MeV was observed around the resonances. A clear
structure in the anisotropy is observed at the resonances and at En =
1.6 MeV, which confirms previous measurements [13–15]. The mean heavy
mass of the fission fragments showed only small fluctuations as a func-
tion of incident neutron energy. The experimental yield was interpreted
in terms of two fission modes, whose relative contributions exhibited only
small variations. The dramatic changes in fission fragment distributions as
predicted in Refs. [9,11] could not be confirmed. However, the experimental
data still suggest a small increased S1 fission mode weight at the resonances
compared to higher incident neutron energies. Yet, the determination by
fission mode fits to the experimental fission fragment distributions is diffi-
cult, because the uncertainty of the mode weights obtained by these fits is
of the same order of magnitude as the effect itself.

The prediction of fission fragment distributions was based on calcula-
tions of modal fission cross-sections, which in turn were based on previous
measurements of fission mode weights obtained at higher incident neutron
energies than 0.9 MeV, up to 5.5 MeV. In Refs. [13, 83] fluctuations in
fission mode weights were observed around the vibrational resonance at
En = 1.25 MeV, which could not be reproduced in this work. The fluc-
tuations in mode weights occurred, only because the characteristic mean
mass and mean TKE of the fission modes were allowed to change drasti-
cally in the fits. In this work, only small variations in the characteristic
mean mass and mean TKE of the fission modes were allowed in the fits
and no large mode weight changes were observed. The characteristics of
the fission modes might very well change as a function of excitation energy
of the compound nucleus. In order to predict mass and kinetic energy dis-
tributions based on modal fission cross-section calculations, the change in
characteristics of the fission modes needs to be known.

With the results of this work taken into consideration, calculations of
the modal fission cross-sections should be redone. If the total fission cross-
section is again well described, the corresponding mode weights could still
be used to predict mass and kinetic energy distributions at excitation en-
ergies that are not (or only with great difficulties) accessible to the exper-
imentalist.
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Appendix

This section contains additional information about the data analysis, such
as determination of uncertainty estimates, alternative data treatment and
kinematic formulas.

A The californium experiment

A.1 Uncertainty estimates

The computer program Origin [82] was used to fit functions to experimen-
tal data. Origin uses a least square fit routine based on the Levenberg-
Marquardt algorithm and provides uncertainties on the parameters found
by the fit, as well as correlations between the parameters. The contribu-
tions of the different parameters when correcting the data was calculated
using the Propagation-of-Error (PoE) formula. For a function f with pa-
rameters pi , it is

∆f =

√

√

√

√

∑

i,j

∆pi
∂f

∂pi
∆pj

∂f

∂pj
, (A.1)

where the summation is done over all possible combinations of i, j. If all
parameters are independent from each other this reduces to

∆f =

√

∑

(

∂f

∂pi

)2

(∆pi)2 . (A.2)

Correlations between parameters from one fit were in all cases found to be
small and never taken into account. Unless indicated, the uncertainty was
estimated using Eq. A.2.
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Uncertainty in the Cb100(t)-function

Eq. 3.19 on page 32

Cb100(t) =
C1 · exp(− ln 2

t1
· t) + C2 · exp(− ln 2

t2
· t)

C1 + C2
,

has the partial derivatives (i = 1 or 2)

∂Cb100(t)

∂Ci
=

exp(− ln 2
ti

· t)
C1 + C2

− Cb100(t)

C1 + C2
(A.3)

∂Cb100(t)

∂ti
=

Ci

C1 + C2
exp

(

− ln 2

ti
· t

)

· ln 2 · t
t2i

. (A.4)

Uncertainty in the 〈EL(100, t)〉-function

Eq. 3.20 on page 32

〈EL(100, t)〉 = 〈EL0(100)〉 + As

(

1 − exp
(

− ln 2
ts

· t
))

+ Ac

(

1 − exp
(

− ln 2
tc

· t
))

has the partial derivatives

∂〈EL(100, t)〉
∂〈EL0(100)〉

= 1 (A.5)

∂〈EL(100, t)〉
∂As

= (1 − exp (− ln 2/ts · t)) (A.6)

∂〈EL(100, t)〉
∂Ac

= (1 − exp (− ln 2/tc · t)) (A.7)

∂〈EL(100, t)〉
∂ts

= −As exp (− ln 2/ts · t) ·
ln 2

t2s
· t (A.8)

∂〈EL(100, t)〉
∂tc

= −Ac exp (− ln 2/tc · t) ·
ln 2

t2c
· t . (A.9)

Uncertainty in the energy loss calculations

Indirectly from Eq. 3.26 on page 36 the kinetic energy before energy loss
is calculated from the kinetic energy in the mass spectrometer

Ei =
1

Ai
EL − Bi

Ai
,
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which has the partial derivatives

∂Ei

∂Ai
= − 1

A2
i

(EL − Bi) (A.10)

∂Ei

∂Bi
= − 1

Ai
(A.11)

∂Ei

∂EL
=

1

Ai
. (A.12)

(A.13)

The parameters Ai and Bi are actually not independent, since they
were determined in the same fit. However, the covariance term that should
be added is negligible. The uncertainty on the final average from the two
values from Eq. 3.26 is calculated as

∆E =

√

∆E2
1

4
+

∆E2
2

4
+

∆E1 + ∆E2

2
. (A.14)

Uncertainty in the p-values

Eq. 3.21 on page 33

p(EL, t) =
√

2πσ
I(EL, t)

I(〈t〉) exp

(

(EL − 〈EL(100, 〈t〉)〉)2
2σ2

)

,

is rewritten as

p(EL, t) =
I(EL, t)

I(〈t〉) · G(〈t〉) . (A.15)

According to Eq. A.2 the uncertainty is given by

(

∆p(EL, t)

p(EL, t)

)2

=

(

∆I(EL, t)

I(EL, t)

)2

+

(

∆I(〈t〉)
I(〈t〉)

)2

+

(

∆G(EL, 〈t〉)
G(〈t〉)

)2

,

(A.16)
where ∆I(EL, t) is the statistical uncertainty, divided by the measured
time and the energy dispersion,

∆I(EL, t) =

√
N

∆t · EL
. (A.17)

Eq. 3.18 on page 32

I(t) = C1 · e−
ln2
t1

·t
+ C2 · e−

ln2
t2

·t
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has the partial derivatives

∂I(t)

∂Ci
= e− ln 2/ti·t , (A.18)

∂I(t)

∂ti
= Cie

− ln 2/ti·t · ln 2

t2i
· t , (A.19)

where i = 1 or 2. ∆I(〈t〉) is then calculated according to Eq. A.2. The
partial derivatives of G(EL, 〈t〉) are

∂G(EL, 〈t〉)
∂σ

= G(EL, 〈t〉) ·
(

(EL − 〈EL0(〈t〉)〉)2
σ3

− 1

σ

)

, (A.20)

∂G(EL, 〈t〉)
∂〈EL0(〈t〉)〉

= G(EL, 〈t〉) · EL − 〈EL0(〈t〉)〉
σ2

. (A.21)

The ∆σ comes from the standard deviation when calculating the mean σ.
∆〈EL0(〈t〉)〉 is given above. ∆G(EL, 〈t〉) is calculated according to Eq. A.2.

The interpolation between different p-values in energy, Eq. 3.22 on
page 33

p(EL, tA) = p(E1, tA) +
p(E2, tA) − p(E1, tA)

E2 − E1
· (EL − E1)

has an uncertainty given by

∆Pi(EL, tA) =

√

(

1 − EL − E1

E2 − E1

)2

∆p(E1, tA)2 +

(

EL − E1

E2 − E1

)2

∆p(E2, tA)2

(A.22)
and has a similar expression for ∆Pi(EL, tB). The final p-value, Eq. 3.23
on page 34

p(EL, t) = p(EL, tA) +
p(EL, tB) − p(EL, tA)

tB − tA
· (t − tA)

has then an uncertainty given by

∆P (EL, t) =

√

(

1 − t − tA
tB − TA

)2

∆p(EL, tA)2 +

(

t − tA
tB − tA

)2

∆p(EL, tB)2 .

(A.23)

Uncertainty in yields

Eq. 3.27 on page 36

Y (A, q,E) =
N

∆t · EL · p(EL, t) · Cb100(t)
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has an uncertainty according to Eq. A.2 given by

(

∆Y (q,EL)

Y (q,EL)

)2

=

(

∆N

N

)2

+

(

∆p(EL, t)

p(EL, t)

)2

+

(

∆Cb100(t)

Cb100(t)

)2

, (A.24)

where ∆N =
√

N and the other uncertainties are expressed by Eq. A.23.

Uncertainty in the mean ionic charge state

The uncertainty of Eq. 3.32 page 40 is not calculated according to Eq. A.2.
Instead 10% of the deviation from the mean ionic charge state is added
quadratically to the uncertainty of the mean ionic charge state. In other
words,

〈q(A,E)〉 = 〈q(A,Em)〉exp +
Z1−α

ucd

v′ ·
[

1 +
(

v(A,Em)
v′ Z−α

ucd

)−1/k
]−k−1

·
(

v(A,Em)
v′ Z−α

ucd

)
1+k

k ·
(

1.389
2·
√

A·Em

)

· (E − Em)

is written as
〈q(A,E)〉 = 〈q(A,Em)〉exp + S (A.25)

the uncertainty is calculated as

∆〈q(A,E)〉 =
√

∆〈q(A,Em)〉2exp + (0.1 · S)2 . (A.26)

Uncertainty in the q-integrated value

Eq. 3.33 on page 41

Iq(A,E) = Y (A, q,E) ·
√

2π · σq(A) · e
(q−〈q(E,A)〉)2

2σ2
q (A)

has partial derivatives

∂Iq(A,E)

∂Y (A, q,E)
=

Iq(A,E)

Y (A, q,E)
, (A.27)

∂Iq(A,E)

∂σq(A)
= Iq(A,E) ·

(

1

σq(A)
− (q − 〈q(E)〉)2

σ3
q (A)

)

, (A.28)

∂Iq(A,E)

∂〈q(E)〉 = −Iq(A,E) · (q − 〈q(E)〉)
σ2

q (A)
. (A.29)
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The uncertainty is then given by
(

∆Iq(A,E)

Iq(A,E)

)2

=

(

∆Y (A, q,E)

Y (A, q,E)

)2

+

(

1

σq(A)
− (q − 〈q(E)〉)2

σ3
q (A)

)2

·∆σ2
q(A) +

(

−(q − 〈q(E)〉)
σ2

q(A)

)2

· ∆〈q(E)〉2. (A.30)

Systematic uncertainty of burn-up function

Although the electric field settings were assumed to be correct after for-
mation, some deviations seemed still to exist. The burn-up function was
determined by fitting two exponentials to those measurements that were
performed directly after formation. In Fig. A.1 these selected burn-up val-
ues are shown relative to the result of the fit. The uncertainty region of the
function describing the burn-up is shown in grey. The experimental values
here have only the uncertainty from the Gaussian fit, which is of the same
order as the statistical uncertainty. The observed spread of the individual
burn-up data has a standard deviation of 6% and was taken into account
by increasing the uncertainty of the q-integrated values, before fitting the
final distributions by calculating

∆Iq(A,E)systematic = |∆Iq(A,E)| + |0.06 · Iq(A,E)| . (A.31)

Uncertainty in extracting 251Cf

In Eq. 3.37 the term Y (A, t)/CB(t) appears which, is the burn-up corrected
yield of mass A. All corrections due to the decrease of fissile material have
first been corrected by the function Cb100(t). Then the total yield has
been determined. The relative difference between the Cb100(t), describing
the decrease of mass 100, and the CB(t), describing the decrease of fis-
sile material, has then been used to correct the obtained yield. No extra
uncertainty has been introduced by these calculations nor has one been
taken into account when using the two fractions f1(t) and f9(t). Eq. 3.37
on page 44

y1(A) =
Y (A, t)

CB(t) · f1(t)
·
1 +

∑124
A′=80

f9(t(A′))
f1(t(A′))y9(A

′)
∑124

A′=80
Y (A′, t(A′))

CB(t(A′))·f1(t(A′))

− f9(t)

f1(t)
y9(A)

is rewritten as

y1(A) =
Y (A, t)

CB(t)f1(t(A))
· 1 + P

S
− f9(t(A))

f1(t(A))
y9(A) . (A.32)
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Figure A.1: Selected burn-up measurements, divided by the value from the func-
tion describing the burn-up show more spread then expected. An extra 6% un-
certainty was added linearly to the q-integrated values.

The partial derivatives of Eq. A.32 are

∂y1(A)

∂ (Y (A, t)/CB(t))
=

1 + P

f1(t(A)) · S , (A.33)

∂y1(A)

∂P
=

Y (A, t)

CB(t)f1(t(A)) · S , (A.34)

∂y1(A)

∂S
= − Y (A, t) · (1 + P )

CB(t)f1(t(A)) · S2
, (A.35)

∂y1(A)

∂y9(A)
= −f9(t(A))

f1(t(A))
. (A.36)

With the uncertainty of P and S,

∆P =

√

√

√

√

124
∑

A′=80

(

f9(t(A′))

f1(t(A′))
∆y9(A′)

)2

, (A.37)

∆S =

√

√

√

√

124
∑

A′=80

(

1

f1(t(A′))
∆ (Y (A′, t′)/CB(t′))

)2

, (A.38)

the uncertainty of y1(A) can then finally be calculated according to Eq. A.2.
However, as pointed out before, this requires that y9(A) and P are inde-
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pendent from each other, which is not true, since y9(A) is part of P (cf.
Eq. A.32). This mistake was shown to be negligible.

A.2 Time of mass measurements

The compensation of the electric field drifts of LOHENGRIN by introduc-
ing p-values (see Section 3.3.2) was shown to be larger the more time has
passed since a formation. Fig. A.2 shows at what time a certain fragment
mass A was measured. The different numbers and symbols denote differ-
ent sequences, each of them starting right after a formation. The smooth
behaviour (except for A= 99, 100 and 101) shows that the experimental
conditions should have been the same during measurement of adjacent
masses. Thus, this plot does not explain any structure in the measured
mass distribution (cf. Section 3.4).

Figure A.2: Time of the measurements for fission fragments with mass number A.
The different sequences, starting right after formation, are indicated by different
symbols.
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A.3 Alternative data analysis

For some corrections the real influence on the deduced yields is not seen
immediately. Therefore the full analysis was performed several times by
either varying same parameters or omitting corrections. Comparison be-
tween the ”full” and the ”special” analysis is made as a function of mass
number by calculating the fraction of the obtained yields,

fy(A) = y1 Special(A)/y1(A) (A.39)

with the experimental error

∆fy(A) = fy(A) ·
√

(

∆y1Special(A)

y1 Special(A)

)2

+

(

∆y1(A)

y1(A)

)2

. (A.40)

For the obtained kinetic energies a similar fraction is calculated,

fE(A) = E1 Special(A)/E1(A) (A.41)

with experimental error

∆fE(A) = fE(A) ·
√

(

∆E1 Special(A)

E1 Special(A)

)2

+

(

∆E1(A)

E1(A)

)2

. (A.42)
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Figure A.3: Mass distribution and mean kinetic energies with (full squares) and
without (open circles) applying electric field drift corrections. The bottom part
shows the fractions defined in Eqs. A.39 and A.41.

No p-value corrections

In order to confirm that the p-value corrections were necessary and working
properly, the full analysis was performed also without them. As a conse-
quence some unexpected structure appears in both mass and mean kinetic
energy distribution, which then can be attributed to the electric field drift.
The distributions, together with the fractions, are shown in Fig. A.3.

Influence of 249Cf

In the ”full” analysis, the amount of 249Cf is taken into account in Eqs.
3.36, 3.37 and 3.38. In Fig. A.4 the amount of 249Cf is put to zero in
Eq. 3.36 (all four pictures) and in Eqs. 3.37 and 3.38, respectively (upper
row). The larger deviation from unity in the upper two figures indicate
that the amount of 249Cf has to be taken into when yields and energies are
determined. The influence of 249Cf on the burn-up function (Eq. 3.36) is
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Figure A.4: Fractions defined in Eqs. A.39 (left) and A.41 (right). See text for
details.

negligible, because the relative yield for A = 100 (for which the burn-up
was determined) is about the same for both 251Cf and 249Cf.

The ratio found for mass 100, y1(100)/y9(100) = 0.91± 0.05, is close to
one. That is why the corrections made to the Cb100(t) function are small.
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Figure A.5: Comparison of having maximum activity from either 251Cf (top)
and 249Cf (bottom).

Different sets of cross-sections

The fission and capture cross-sections of the Cf-isotopes determine the
composition of target and are used to extract the 251Cf contribution from
the obtained results. To estimate the uncertainty introduced from the
choice of cross-sections, the analysis was performed using the alternative
cross-sections from Table 3.1, leading to the maximum amount of either
251Cf or 249Cf as possible. The differences are very small, as shown in
Fig. A.5.
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B The uranium experiment

B.1 Influence of photo-fission

According to Table 4.3 on page 59, 12% of all fission events were attributed
to gamma-ray induced fission. Its influence on the two dimensional fis-
sion yield Y(A,TKE) and mode weights was estimated and the results are
given in Table B.1. Compared are results from this work, with and without
gamma-ray induced fission as well as results from Ref. [85], interpreted in
terms of fission modes. A small increase of the S1 contribution is observed
when no photo-fission was accounted for.

In the case of photo-fission the compound nuclear mass 238U is one mass
unit less than the compound nucleus 239U in the neutron-induced fission.
This means, that a fragment mass mshift from the reaction 238U(γ, f)
would have been analyzed, as if it was

mshift = E2 ∗ M239/TKE = m · (1 +
1

M238
) . (B.43)

And a subtraction of this yield was also performed at the shifted mass,
which was added to the S1 and S2 fission modes from the reaction 238U(γ, f).
As seen in Table B.2 the influence is negligible.

Table B.1: Mode fit results for the reaction 238U(n, f) at En=0.9 MeV, before
and after subtraction of the estimated influence from gamma-ray induced fission.
Also shown are mode-parameters from the gamma-ray induced fission, taken from
Ref. [85].

Mode 〈A〉 σA 〈TKE〉 σTKE Yield
MeV MeV %

S1 135.48±0.08 3.84±0.06 181.22±0.12 5.72±0.09 30.7±0.5
S1 - (γ, f) 135.45±0.08 3.86±0.06 180.95±0.13 5.93±0.09 34.8±0.6

S1 (Ref. [85]) 135.53±0.19 3.30±0.14 181.18±0.44 7.61±0.31 29.6±1.5
S2 141.44±0.09 6.32±0.06 165.40±0.11 7.77±0.08 69.3±0.5

S2 -(γ, f) 141.43±0.10 6.24±0.07 165.63±0.12 7.21±0.08 65.2±0.6
S2 (Ref. [85]) 141.72±0.23 6.01±0.16 166.10±0.33 8.79±0.24 70.4±1.5
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Table B.2: The mean mass and TKE before and after subtraction of a possible
contribution of gamma-ray induced fission.

〈AH〉 σAH
〈TKE〉 σTKE

MeV MeV

139.52±0.07 6.21±0.05 170.49±0.12 10.61±0.08
No (γ, f) 139.48±0.07 6.28±0.05 170.48±0.12 10.62±0.09

B.2 Kinematics of nuclear reactions

As a review, the formulas describing the kinematics of nuclear reactions
are written down here in a non-relativistic approach.

Incident neutron

According to Fig. B.6, the velocity of the Center-of-Mass (CM) frame rel-
ative to the laboratory frame is ~VCM and the x-direction is chosen to be in
line with the incident neutron. This means, that any laboratory velocity
can be expressed in the CM-frame by ~V L

A = ~V CM
A +~VCM . Since the velocity

of the target nucleus A is zero in the laboratory frame, it is ~VCM = −~V CM
A .

In the CM-frame the total linear momentum is zero and

mn
~V CM

n + mA
~V CM

A = 0 . (B.44)

Then velocity of the neutron can be described

~V L
n = ~V CM

n + ~VCM =
mA

mn

~VCM + ~VCM =
mA + mn

mn

~VCM . (B.45)

From Eq. B.45, the velocity of the CM-frame relative to the laboratory
frame is given by

~VCM = ~V L
n

mn

mA + mn
. (B.46)

The velocity of the CM-frame does not change, neither when the neutron
hits the target nucleus, nor when the compound nucleus undergoes fission,
because no external forces act on the system. This means, that the velocity
of the fission fragments is given by

~V L
i = ~VCM + ~V CM

i = ~V L
n

mn

mCN
+ ~V CM

i , (B.47)

where i is fission fragment 1 or 2 and mCN is the compound nuclear mass.
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Projection of Eq. B.47 on the x- and y-axis gives according to the angles
given in Fig B.6

−V CM
1 cos θCM

1 = −V L
1 cos θL

1 − V L
n

mn

mCN
(B.48)

−V CM
1 sin θCM

1 = −V L
1 sin θL

1 (B.49)

V CM
2 cos θCM

2 = V L
2 cos θL

2 − V L
n

mn

mCN
(B.50)

V CM
2 sin θCM

2 = V L
2 sin θL

2 . (B.51)

Squaring these equations, using the identity cos2 θ+sin2 θ = 1, and adding
them up gives

(V CM
1 )2 = (V L

1 )2 + (V L
n )2

m2
n

m2
CN

+ 2V L
1 V L

n

mn

mCN
cos θL

1 (B.52)

(V CM
2 )2 = (V L

2 )2 + (V L
n )2

m2
n

m2
CN

− 2V L
2 V L

n

mn

mCN
cos θL

2 . (B.53)

Multiplying these equations with mi/2 and using Ei = 1/2miV
2
i gives

ECM
1 = EL

1 + EL
n

mnm1

m2
CN

+ V L
1 V L

n

m1mn

mCN
cos θL

1 (B.54)

ECM
2 = EL

2 + EL
n

mnm2

m2
CN

− V L
2 V L

n

m2mn

mCN
cos θL

2 . (B.55)

The transformation of the kinetic energies from the laboratory frame into
the CM-frame is given by

ECM
i = EL

i ± 2

√

miEL
i mnEL

n

mCN
cos θL

i +
mnmi

m2
CN

EL
n , (B.56)

where (−)-sign stands for the backward direction and (+)-sign for the
forward direction of the fission fragment according to Fig. B.6.

The angle in the CM-frame can be found from the laboratory angle and
the energies. Squaring Eqs. B.48 and B.50 and multiplying with mi/2 leads
to

ECM
i (cos θCM

i )2 = EL
i (cos θL

i )2 ± 2 ·

√

E1
LEL

n mnm1

mCN
· cosθL

i + EL
n

mnmi

m2
CN

.

(B.57)
Rephrasing Eq. B.56 to

mnmi

m2
CN

EL
n ± 2

√

miEL
i mnEL

n

mCN
cos θL

i = ECM
i − EL

i , (B.58)
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Figure B.6: Transformation scheme of the laboratory and CM-frames. The sec-
ond coordinate system in the upper right part shows the influence of neutron
evaporation from one fission fragment.

and using Eq. B.57, gives the angle in the CM-frame to

cos θCM
i =

√

1 − EL
i

ECM
i

(1 − cos2 θL
i ) . (B.59)

Evaporated neutron

The two fission fragments (formed after scission) do evaporate neutrons
because of their high excitation energy. This changes the kinetic energy
of the fission fragment due to recoil. According to Fig B.6, the velocity of
the CM-frame relative to the laboratory frame is equal to the pre-neutron
laboratory energy of the fission fragment ~V L

pre and the x-direction is now
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chosen to be in line with the direction of the fission fragment. In the CM-
frame the linear momentum is zero and after neutron evaporation it may
be written as

mn
~V CM

n + mpost
~V CM

post = 0 . (B.60)

The velocity of the fission fragment in the laboratory frame after neutron
evaporation is given by

~V L
post = ~V CM

post + ~V L
pre = − mn

mpost

~V CM
n + ~V L

pre . (B.61)

Projection on the x- and y-axis gives

V L
post cos ωL = − mn

mpost
V CM

n cos ωCM
n + V L

pre (B.62)

V L
post sin ωL = − mn

mpost
V CM

n sin ωCM
n . (B.63)

Squaring these equations, adding them, and using cos2 ω +sin2 ω = 1 gives

(V L
post)

2 =

(

mn

mpost
V CM

n

)2

−2V L
pre·

mn

mpost
V CM

n cos ωCM
n +(V L

pre)
2 , (B.64)

which by multiplying with mpost/2 and using E = mv2/2 gives

EL
post =

mpost

mpre
EL

pre +
mn

mpost
ECM

n − 2 ·
√

mnECM
n EL

pre

mpre
· cos ωCM

n , (B.65)

which is the post-neutron kinetic energy of the fission fragment in the
laboratory system.
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kyrkokör, The Rest is Silence and CirKus FraX, Harmonie Olmen-Hulsen
(Hartelijk bedankt voor alles), Simply kool, the IRMM music club and my
Cabalorca fellow musicians Ricardo, Stephan and Imrich. Thanks Mikael
and Elisabeth for the Lucia events in Antwerp and Christophe for nice
duets.

I want to thank my father and Anna for always supporting me: tack för
att ni alltid stödjer mig.

Und Almuth ohne dich, geht es nicht

118



Bibliography

[1] A technology roadmap for generation IV nuclear energy systems, GIF-
002-00 (2002)

[2] C. Rubbia et al. Conceptual design of a fast neutron operated high

power energy amplifier, CERN-AT-95-44-ET (1995)

[3] A. Turkevich and J. B. Niday, Phys. Rev. 84, 52 (1951).

[4] U. Brosa, S. Grossmann and A. Müller, Phys. Rep. 197, 167 (1990).

[5] F.-J. Hambsch, S. Oberstedt and J. van Aarle, In G. Reffo, A. Ventura
and C. Grandi, editors, Nuclear Data for science and Technology Conf.

Proc., 1239 (1997).

[6] P. Siegler, F.-J. Hambsch, S. Oberstedt and J. P. Theobald, Nucl.Phys
A594, 45 (1995).

[7] S. Oberstedt, F.-J. Hambsch and F. Vivès, Nucl. Phys. A644, 289
(1998).

[8] F.-J. Hambsch, F. Vivès, P. Siegler and S. Oberstedt, Nucl. Phys.
A679, 3 (2000).

[9] F.-J. Hambsch, G. Vladuca, A. Tudora, S. Oberstedt and Ruskov I,
Ann. of Nucl. Energy 32, 1297 (2005).

[10] G. Vladuca, A. Tudora, F.-J. Hambsch and S. Oberstedt, In-
stitute for Reference Materials and Measurements Internal Report
GE/R/NP/03/2001, (2001).

[11] G. Vladuca, A. Tudora, F.-J. Hambsch and S. Oberstedt, Nucl. Phys.
A707, 32 (2002).

[12] G. Vladuca, A. Tudora, F.-J. Hambsch, S. Oberstedt and I. Ruskov,
Nucl. Phys. A720, 274 (2003).

119



[13] F. Vivès, F.-J. Hambsch, Bax H. and S. Oberstedt, Nucl. Phys. A662,
63 (2000).

[14] J. Kaufmann, PhD thesis, Tübingen (1996).
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