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Abstract

The photofission of 232Th, 234U and 238U at excitation energies in the barrier region has
been studied. The goal has been to extract information on the mass, total kinetic energy
(TKE) and angular distributions of the fission fragments.

The experiments were performed using bremsstrahlung, produced by an electron beam in
a copper radiator at the injector of the Superconducting Darmstadt linear accelerator (S-
DALINAC). Mass and TKE distributions were determined by means of the double kinetic
energy technique using a twin Frisch grid ionization chamber. The angular distributions
were derived simultaneously by measuring the drift time of ionization electrons. Results
show that this drift-time method is comparable in accuracy to other more commonly used
methods, but with a simplified procedure for setting up the experiment.

Mass, TKE and angular distributions have been obtained from bremsstrahlung-induced
fission of 232Th at average excitation energies 〈Ex〉 = 6.68 MeV and 7.26 MeV, for 234U at
〈Ex〉 = 5.80 MeV, 6.49 MeV and 7.23 MeV, and for 238U at 〈Ex〉 = 5.90 MeV, 6.11 MeV and
6.93 MeV. Results on fission fragment characteristics from 238U(γ, f) show good agreement
with literature data, which verifies the experimental procedure. The correlated mass and
TKE data have been analyzed in terms of fission modes within the multi-modal random-
neck-rupture model. The result exhibits a dominant yield of the mass asymmetric standard-
2 mode in all the investigated fissioning nuclei, with a relative yield of ∼77 % in 232Th,
∼75 % in 234U and ∼67 % in 238U. No strong fluctuation of the mode yields were found as
a function of the excitation energy.

Correlations between mass, TKE and angular distributions have been investigated in 232Th
and 234U. The correlation takes the form of an increased anisotropy for far-asymmetric
masses and low TKE. The dependence of the anisotropy on mass and TKE could si-
multaneously be described by assuming specific angular distributions for the two mass-
asymmetric standard fission modes. This analysis results in a larger anisotropy for the
standard-2 mode, which suggests a higher outer barrier for this fission mode.
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Zusammenfassung

In dieser Arbeit wurde die photoneninduzierte Spaltung von 232Th, 234U und 238U unter-
sucht. Die hierbei verwendeten Anregungsenergien lagen nur knapp oberhalb der jeweiligen
Spaltbarriere. Informationen über die Massen- und Winkelverteilung sowie die Verteilung
der totalen kinetischen Energie (TKE) der Spaltfragmente standen als Ziel dieser Arbeit
im Vordergrund.

Der Elektronenstrahl des Injektorbeschleunigers am supraleitende Darmstädter Elektro-
nenbeschleuniger (S-DALINAC) wurde in einem Kupferradiator gestoppt. Die hierbei ent-
standene Bremsstrahlung wurde genutzt, um das jeweils verwendete Nuklid zur Spaltung
anzuregen. Durch die Methode der doppelten kinetischen Energie wurden die Massen-
und TKE-Verteilungen der Spaltfragmente unter Verwendung einer Zwillings-Frisch-Gitter-
Ionisationskammer bestimmt. Die Winkelverteilung der Spaltfragmente wurde gleichzeitig
durch die Messung der Driftzeit der Ionisations-Elektronen bestimmt. Hierbei zeigen die
Ergebnisse, dass die in dieser Arbeit verwendete und untersuchte Methode in ihrer Genau-
igkeit vergleichbar ist mit der üblicherweise genutzten Variante. Darüber hinaus ermöglicht
sie ein leichteres Vorgehen beim Aufbau und der Inbetriebnahme des Experiments.

In dieser Arbeit wurden die Massen-, TKE- und Winkelverteilungen für die photonenin-
duzierte Spaltung von 232Th bei mittleren Anregungsenergien 〈Ex〉= 6.68 MeV und 7.26
MeV ermittelt. Ebenso wurde für 234U bei 〈Ex〉= 5.80 MeV, 6.49 MeV und 7.23 MeV
verfahren und für 238U bei 〈Ex〉= 5.90 MeV, 6.11 MeV und 6.93 MeV. Die Ergebnisse der
Massen- und TKE-Verteilung von 238U(γ, f) zeigen eine gute Übereinstimmung mit den Li-
teraturwerten, wodurch die experimentelle Vorgehensweise bestätigt wird. Die korrelierten
Massen- und TKE-Daten wurden im Bezug auf verschiedene Spaltmoden nach dem Modell
eines multimodalen random-neck-rupture untersucht. Die Ergebnisse zeigen hierbei einen
dominanten Beitrag der massenasymmetrischen Standard-2-Mode in allen untersuchten
Nukliden, mit einem relativen Beitrag von ∼77 % in 232Th, ∼75 % in 234U und ∼67 % in
238U. Starke Fluktuationen der Modenbeiträge als Funktion der Anregungsenergie wurden
nicht betrachtet.

Ebenso wurden die Korrelationen zwischen Massen-, TKE- und Winkelverteilung in 232Th
und 234U untersucht. Die vorliegende Korrelation zwischen Massen- und TKE-Verteilung
zeigt eine erhöhte Anisotropie für stark asymmetrische Massen und kleine TKE. Die gleich-
zeitige Abhängigkeit der Anisotropie von Masse und TKE konnte durch die Annahme
spezifischer Winkelverteilungen für die zwei massenasymmetrischen Standard-Spaltmoden
beschrieben werden. Die in dieser Arbeit verwendete Analyse der Massen-, TKE- und Win-
kelverteilung resultiert in einer stärker ausgeprägten Anisotropie für die Standard-2-Mode.
Dieses Ergebnis lässt auf eine höhere äußere Barriere für diese Spaltmode schließen.
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Chapter 1

Introduction

Although it has been over 70 years since the nuclear reaction known as fission was dis-
covered [1–3], an accurate quantitative description of the process is still lacking. Reliable
predictions of fission fragment properties from a wide range of fissioning systems is needed
for different applications, e. g. nuclear energy production and nuclear astrophysics. For
future nuclear power plants, the description and modeling of the fission process becomes in-
creasingly important for safe operation and evaluation of new innovative reactor designs [4].
In nuclear astrophysics, fission plays an important role in understanding the mechanism of
nucleosynthesis by rapid neutron captures [5].

Detailed microscopic treatment of the fission process is generally too complicated, due to
the many degrees of freedom. Instead, so-called deterministic models are commonly ap-
plied that treat the fissioning nucleus as a macroscopic object and include corrections for
the microscopic effects. One such model that has been quite successful in describing fission
fragment mass distributions is the so-called Multi-Modal Random Neck Rupture (MM-
RNR) model. The concept of fission modes was first introduced in the 1950s by Turkevich
and Niday [6]. To describe the dependence of mass-symmetric fission yields on incident
neutron energy, it was suggested that fission proceeds via two modes, a symmetric and an
asymmetric one. The theoretical foundation for this empirical approach was established
by Brosa et al. [7], calculating potential energy landscapes of deforming nuclei and identi-
fying fission modes as pathways through these landscapes. From the calculations further
splitting into several symmetric and asymmetric modes was predicted. The number of
modes that play a role for the actinide nuclei are in most cases three, one symmetric and
two asymmetric ones. The two asymmetric modes are referred to as the standard modes,
and are labeled S1 and S2 according to increasing asymmetry. The symmetric mode has
a much longer scission configuration and is therefore labeled as the super-long (SL) mode.
An open question in multi-modal fission is where, in the potential energy landscape, the
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2 CHAPTER 1. INTRODUCTION

two standard modes split. According to the calculations by Brosa et al. [7] the bifurcation
takes place after passing a common outer barrier. On the other hand, there are calculations
of the potential energy landscape [8,9] and model calculations to experimental data [10–12]
pointing to a bifurcation point in the shape-isomeric minimum, resulting in separate outer
barriers for the two standard modes. In the latter case a correlation between the fission
modes characteristic mass and total kinetic energy (TKE) with a change in the angular
distribution is expected, since the angular distributions are settled at the saddle point.
Consequently, failure to find such correlations would rule out the existence of separate
outer barriers for the standard modes. The use of photons to investigate such correlation
is advantageous due to a well defined Jπ value of the compound nucleus and the involve-
ment of only a few so-called transition states on top of the fission barrier that determine
the angular distributions.

In this thesis the nuclear fission process is studied experimentally by means of low-energy
bremsstrahlung induced fission. The experiments were performed at the superconducting
injector linac of the Superconducting Darmstadt linear accelerator (S-DALINAC [13]).
The primary fission fragment mass and TKE distributions from the three light actinide
nuclei 238U, 234U and 232Th, have been determined by means of the double kinetic energy
technique using a twin Frisch grid ionization chamber. In the case of 234U and 232Th
angular distributions and their correlations with the mass and TKE distribution have also
been studied. Part of the results [14] as well as an analysis of the method for determining
the fission-fragment emission angle [15] have already been published.

The photofission fragment mass and TKE distributions of 238U were studied in order to
establish an experimental procedure and analysis technique. Detailed data on this reaction
is available in the literature [16, 17] and has served as a reference for the measurements
performed within this thesis work. Since the main goal of the 238U(γ, f) experiment was the
determination of the fission fragment mass and TKE distributions, and due to the fact that
angular distributions in low energy photofission show a minimum at 0◦, this measurement
was performed with the chamber oriented at 45◦ relative to the photon beam in order
to maximize the yield in the angular cone of accepted events. This has the disadvantage
that the determination of the angular distribution is complicated by the loss of rotational
symmetry around the beam axis.

Fission fragment mass and TKE distributions and their correlations with the angular distri-
butions in the reaction 234U(γ, f) were studied for the first time in the energy range close to
the fission barrier. The measurement was calibrated with results from the known photofis-
sion of 238U(γ, f) and performed together with a measurement on 232Th(γ, f), where the
correlations of mass, TKE and angular distributions could also be studied.

Several innovative nuclear reactor design concepts are based on the thorium fuel cycle [18].
In which the energy producing reaction is 233U(n, f), which leads to the same compound
state as in 234U(γ, f). The 233U fuel is produced from the reaction 232Th(n, γ) and sub-
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sequent β-decays. In both of these processes significant γ-ray fluences are present. An
understanding of the 232Th and 234U photofission fragment properties are required for a
thorough theoretical assessment of such concepts.

The dominant population of Jπ = 1− states in photofission and their possible mixing with
1+ states may give access to another interesting feature of fissioning nuclei, namely par-
ity non-conservation (PNC). PNC effects have earlier been studied in fission induced by
polarized thermal neutrons [19–23], as one example of symmetry breaking in compound
nuclear reaction [24]. A slight preference of the light fission fragment to be emitted either
parallel or anti-parallel to the neutron helicity is observed. The PNC effect measured in
neutron-induced fission is several orders of magnitude stronger than what can be expected
from the relative strengths of weak and strong interaction. Theory offers explanations for
the enhancement of parity violation in compound-nucleus reactions in terms of a statistical
model. In order to resolve open questions [25–27] in describing the enhancement factors,
further experimental data taken with different probes is desirable. The new polarized in-
jector SPIN [28] installed at the S-DALINAC [13], and realized in the framework of the
collaborative research center SFB 634 of Deutsche Forschungsgemeinschaft, will deliver a
high intensity beam of longitudinally polarized electrons. This may allow PNC to be inves-
tigated in photofission as bremsstrahlung photons near the endpoint energy are circularly
polarized. Statistical enhancement of PNC effects upon averaging have been discussed by
Flambaum and Gribakin [29]. Data from this experiment has been used to estimate the
feasibility of a study of PNC effects in photofission. It could be estimated that such an
experiment using the same experimental setup would require more than a year of beam
time at optimum conditions. Hence, a significant increase in luminosity is mandatory for
the experiment to be successful. An increase of the thickness of the standard solid targets
is undesirable. As will be shown in this thesis, this would lead to a strong deterioration
of the achievable mass resolution. Another approach to achieve the required luminosity
without deteriorated mass resolution is the use of an active target. As a first step to such
a device experimental investigations of the counting gas properties of UF6 have been un-
dertaken. Preliminary results of this investigation will be presented in the last chapter of
this thesis.
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Chapter 2

Theoretical Background

In 1939 Meitner, Hahn and Strassmann discovered that when bombarding uranium with
neutrons, atoms chemically analog to barium are created [1]. It was proposed that the
uranium nucleus, after capturing a neutron, was split into two new nuclei. The physical
explanation for this phenomenon was given by Meitner and Frisch later the same year [2],
using an essentially classic picture of the nucleus. On account of the close packing and
strong energy exchange of the constituents of heavy nuclei, they can be expected to move
in a collective way, which may be described, e. g. by the motion of a charged liquid-
drop. If enough energy is added, the motion may be violent enough that the drop splits
into two smaller ones. Due to the Coulomb repulsion, the fragments must be given a
large kinetic energy as the liquid-drop splits. With the use of a uranium-lined ionization
chamber irradiated by neutrons, Frisch was able to observe large pulses, corresponding to
the predicted nearly 200 MeV of total kinetic energy [3]. Thus, providing the first direct
experimental evidence for this new type of radioactive decay, which was given the name
fission.

Shortly after the discovery of neutron-induced fission, search began for fission induced
by γ-rays. First experimental evidence was provided by Haxby, Shoupp, Stevens and
Wells [30] in 1941, who reported on fission of uranium and thorium induced by γ-rays
from the F(p, γ) reaction. The use of photons to investigate the fission process offers some
principle differences towards the neutron induced reaction. Due to hindrance of higher
multipolarities, low energy photon absorption is mainly due to electric dipole (E1) and to
a lesser extent due to magnetic dipole (M1) and/or electric quadrupole excitations (E2),
see Refs. [31,32]. This leads to excited states with Jπ values of 1−, 1+ and 2+ for even-even
nuclei, as opposed to hadronic excitation spectra, which are in general more complex. A
further advantage is that there is no lower limit, due to the binding energy of the particle,
on the excitation energy of the compound nucleus. Hence, the use of photons allows
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6 CHAPTER 2. THEORETICAL BACKGROUND

investigating the fission process throughout the entire barrier region. In addition, nuclei
that are difficult to investigate with neutrons, due to the instability of the target, may be
accessible with photons.

2.1 Fission barriers

The reason why nuclei do fission can be understood by studying the binding energy per
nucleon. From the large energy release in fission one would naively expect this decay branch
to be important for all nuclei with mass numbers greater than about twice that of 58Fe.
However, spontaneous fission does not become an important competitor with alpha decay
before reaching nuclei of mass A ∼ 250. The reason for the hindrance of the fission decay
channel is the fission barrier.

The concept of the fission barrier can be understood using the liquid-drop model. Consider-
ing the nucleus as a charged liquid-drop, the energy can be described by Bethe-Weizsäcker’s
semi-empirical mass formula. The fission barrier is simply the energy as a function of defor-
mation. Assuming incompressibility of nuclear matter, only the surface Es and Coulomb
Ec terms of the liquid-drop energy are relevant. The deformation energy can then be
defined as

Edef (ε) = Es(ε) + Ec(ε)− Es(0)− Ec(0), (2.1)

where ε is a deformation parameter. It is given as a combination of the expansion co-
efficients αn of the nuclear surface. For an originally spherical liquid-drop of radius R0

the distance from the center to the deformed surface can be expressed using Legendre
polynomials

r(θ) = R0

[
1 +

∑
n

αnPn(cos θ)

]
. (2.2)

In Fig. 2.1 the liquid-drop energy is plotted as function of quadrupole α2 and hexadecupole
α4 deformation, the potential was calculated according to Bohr and Wheeler [33]. Following
along the red dashed line the drop deforms into a dumb-bell shape. If enough energy is
supplied, the barrier (cf. right hand side of Fig. 2.1) can be overcome and the drop will split
in two smaller ones. Limiting the discussion to pure quadrupole distortion, the deformation
energy can be written as

Edef (ε) =
1

5
α2
2 (2Es(0)− Ec(0)) . (2.3)

From this equation it is apparent that the nucleus is unstable against small deformations,
if the so-called fissility parameter,

x = Ec(0)/2Es(0) (2.4)
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Fig. 2.1: Potential energy contour plot (left) of a charged liquid-drop as function of
quadrupole α2 and hexadecupole α4 deformation. The potential energy along the red dashed
line, which represents the most favorable path to fission, is plotted to the right as a function
of quadrupole deformation.

is greater than one. The definitions of the surface and Coulomb terms from Bethe-
Weizsäcker’s mass formula lead to x ∝ Z2/A. Proportionality constants fitted to ex-
perimental mass data give the result that nuclei with Z2/A > 50 are unstable against
deformations of the simplest type [34], and will fission spontaneously. Even though the
liquid-drop model can be used to explain the most fundamental question, i. e. why nuclei
fission, it fails in predicting some basic properties of actinide nuclei. First of all, for all
nuclei the liquid-drop energy has local mimima for zero deformation (cf. Eq. (2.2)), i. e.
spherical ground states are predicted, in contrast to observation. Secondly, the liquid-drop
is stable against asymmetric deformation for all x > 0.39 [34], and can therefore not ex-
plain the favoured asymmetric mass splits characteristic for fission of the actinides, which
have 0.68 < x < 0.76. The asymmetric mass distribution in the fission of actinides is the
first clue that quantum mechanic shell effects play an important role in the fission pro-
cess. Throughout the actinide region the heavy-mass peak stays quite constantly centered
around masses corresponding to the closed spherical neutron shell at N = 82, while the
light mass peak is moving linearly with the mass number of the fissioning nucleus. Pure
microscopic treatments of the fission process are difficult, due to the large number of de-
grees of freedom. Therefore, a combination of the macroscopic liquid-drop model and a
simplified microscopic treatment is commonly used. The so-called shell-correction method,
or Strutinsky procedure (after its inventor [35]), uses a renormalization of single-particle
energies in deformed potentials to the liquid-drop energy. The single particle energy levels
are replaced by a smooth distribution of states that resembles the single particle-density of
states, but with the actual shell structure washed out. A typical fission barrier for an ac-
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Fig. 2.2: Schematic representation of a double-humped fission barrier. With states in the
first (I) and second (II) wells as well as transition states above the inner (A) and outer
(B) barriers.

tinide nucleus, calculated according to the Strutinsky procedure, is illustrated schematically
in Fig. 2.2. The most interesting feature, aside from the correctly reproduced deformed
ground state, is the existence of a minimum at deformation corresponding to the liquid-
drop saddle point. The double-humped structure of the fission barrier has led to a better
understanding of many features of low-energy fission, most strikingly it gave a natural
explanation for spontaneously fissioning isomers, discovered a few years before the theory
had been developed. The first such isomer was discovered by Polikanov et al. [36], a state
in 242Am with a half life of 14 ms and with spontaneous fission as its principal mode of
decay. The spontaneous fission half-life of this isomer was appropriate to a state with an
excitation energy of several MeV, so its peculiar property was its stability agains gamma
decay. The fission- or shape isomers could be explained within the concept of the double
humped fission barrier as meta-stable states in the second minimum that decay through
either fission, by tunneling the outer barrier, or gamma-decay back to the ground state, by
tunneling the inner barrier. Another influence of the double humped barrier is on the reso-
nance structure in the fission cross section. In nuclei that normally have very small fission
cross sections for thermal neutron capture compared to radiative capture cross sections,
narrow bands of resonances have been found that have fission cross sections comparable
with radiative capture cross sections [37, 38]. These bands can be understood as due to
states in the second well of the fission barrier. For a given energy, the density of states in
the second well is much lower than that in the first well. States in the second well also
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have a higher probability for fission and consequently larger widths. The coupling of the
broader states in the second well with the narrow closely spaced states in the first well lead
to the narrow bands of resonances with large cross sections for fission.

The inclusion of shell corrections to the liquid-drop model alone does not explain the
asymmetric mass distribution observed in fission in the actinide region. However, it is found
that the inclusion of reflection asymmetric P-odd deformations have a strong effect on the
outer fission barrier and in this way offer a natural, qualitative explanation of observed
mass distributions. In detailed calculations of the potential energy of deformed nuclei, well
defined valleys have been found [7]. The valleys lead to separate scission configurations
and give rise to different so-called fission modes that make up separate parts of the mass
and total kinetic energy (TKE) distributions. The model based on these potential energy
calculations is called the Multi-Modal-Random-Neck-Rupture (MM-RNR) model and will
be discussed in further detail in Sect. 2.3.2.

2.2 Theory of Fission Fragment Angular Distributions

At excitation energies near the fission-barrier, fragment angular distributions can be ex-
plained using Bohr’s fission-channel concept [39]. On the top of the barrier most of the
excitation energy has been absorbed into deformation, therefore a discrete spectrum of low-
lying collective excitations can be expected to exist there. Within Bohr’s fission-channel
concept, near-barrier fission proceeds through these so-called transition states. With the
assumptions that fission proceeds along the symmetry axis of the deformed nucleus and
that the projection K of the angular momentum J on this axis is conserved during the path
from saddle point to scission, the angular distribution of fission fragments are determined
by the quantum numbers J and K of the involved transition states. The differential cross
section for fission through a particular transition state (Jπ,K) is [34](

dσ

dΩ

)
Jπ ,K

=
J∑

M=−J
φf (Jπ,K,M ;E) ·W J

M,K(θ), (2.5)

where Jπ is angular momentum and parity of the transition state, K the projection of J
on the symmetry axis, M the projection of J on the quantization axis (which is parallel to
the photon beam), E is the excitation energy and θ is the angle between the symmetry axis
and the quantization axis, see Fig. 2.3. The angular distribution patterns are given by the
function W J

M,K(θ), which are related to the rotational wave functions dJM,K(θ) by

W J
M,K(θ) =

2J + 1

2
· |dJM,K(θ)|2,

and normalized according to
∫ π
0 W

J
M,K(θ) sin θdθ = 1. The partial cross section of a tran-

sition state (Jπ,K) with spin projection M is given by φf (Jπ,K,M ;E). In the case of an
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Fig. 2.3: Geometrical representation of a moment in time of the fissioning nucleus. J ,
M and K are the total angular momentum, its projection on the quantization axis Z and
its projection on the symmetry axis of the nucleus, respectively. The angle between the
symmetry axis and the quantization axis is denoted θ.

even-even target nucleus the Jπ of the transition states are given by the multipole order of
the excitation. Low-energy photon absorption is mainly due to electric dipole (E1) and to
lesser extent electric quadrupole (E2) and magnetic dipole (M1) transitions leading to ex-
cited states with Jπ = 1−, 2+, 1+, respectively. For real photons only substates with M =
±1 are populated, and for unpolarized photons φγ,f (Jπ,K,M ;E) = φγ,f (Jπ,K,−M ;E).
The cross section for fission through a transition state (Jπ,K), obtained from Eq. (2.5) by
summing over the M substates and integrating over θ is then

σγ,f (Jπ,K,E) =
J∑

M=−J
φγ,f (Jπ,K,M,E)

= 2 · φγ,f (Jπ,K,±1, E). (2.6)

Furthermore, the angular distribution pattern exhibits the symmetry relation W J
M,K(θ) =

W J
−M,K(θ) so that Eq. (2.5) for low-energy photofission becomes

(
dσγ,f
dΩ

)
Jπ ,K

= 2 · φγ,f (Jπ,K,±1;E) ·W J
±1,K(θ)

= σγ,f (Jπ,K,E) ·W J
±1,K(θ). (2.7)

The angular distribution pattern are represented by a series of terms sin2 nθ, restricting
the possible multipolarities to L ≤ 2,

W J
±1,K(θ) = a+ b sin2 θ + c sin2 2θ. (2.8)
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Fig. 2.4: Expected spectrum of transition states above the barrier of an even-even nucleus
accessible in photofission (schematically), according to Ref. [40].

The experimentally observable differential cross section is a linear combination of W J
±1,K(θ)

terms for the involved transition states

dσγ,f (Eγ , θ)

dΩ
= Aγ +Bγ sin2 θ + Cγ sin2 2θ. (2.9)

Using Eq. (2.7) and calculated values for the expansion coefficients [34], taking the degen-
eracy of K 6= 0 into account, one obtains

Aγ(Eγ) =
1

4

[
3σγ,f (1−, 1) + 3σγ,f (1+, 1) + 5σγ,f (2+, 1)

]
Bγ(Eγ) =

1

8

[
6σγ,f (1−, 0)− 3σγ,f (1−, 1)− 3σγ,f (1+, 1)− 5σγ,f (2+, 1) + 5σγ,f (2+, 2)

]
Cγ(Eγ) =

5

8

[
3

2
σγ,f (2+, 0)− σγ,f (2+, 1) +

1

4
σγ,f (2+, 2)

]
.

Obviously, the cross sections of all the transition states cannot be disentangled from the
observed angular distributions. It is common practice to restrict the analysis of photofission
fragment angular distributions to the theoretically predicted lowest-lying transition state
bands; ground state, mass asymmetry and bending [40] as illustrated in Fig. 2.4, resulting
in (Jπ,K) = (2+, 0), (1−, 0) and (1−, 1), respectively.

Some useful relations following from the above discussion are worth mentioning here:

• The ratio Bγ/Aγ is connected to the anisotropy by

Bγ/Aγ =
dσγ,f (90◦)

dΩ
/
dσγ,f (0◦)

dΩ
− 1, (2.10)
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and in the case of pure dipole fission (C = 0), Bγ/Aγ also determines the ratio of the
cross section for fission through the K = 1 and K = 0 transition states

Bγ/Aγ =
σγ,f (1−, 0)

σγ,f (1−, 1)
− 1

2
(Cγ = 0). (2.11)

• With the analysis restricted to the lowest K = 0 fission-channels, the ratio Cγ/Bγ
determines the relative quadrupole-to-dipole contribution

Cγ/Bγ =
5σγ,f (2+, 0)

4σγ,f (1−, 0)
(K = 0). (2.12)

The concept of the double humped fission barrier is well established. At the inner barrier
the deforming nucleus shows mirror-symmetric and axially asymmetric shapes, while at
the outer barrier mirror asymmetric shapes with axial symmetry. Because of the mirror-
symmetric shape at the inner barrier, the (Jπ,K) = (2+, 0) channel in even-even actinide
nuclei will be substantially lower (about 0.5 MeV) than the (Jπ,K) = (1−, 0) channel. At
the outer barrier there will be a degeneracy of the (Jπ,K) = (2+, 0) and the (Jπ,K) =
(1−, 0) channels, due to the mirror-asymmetric shape of the nucleus. Because low-energy
photon absorption is predominantly E1, there will be a fast decrease in the fission cross
section at the higher of the two (Jπ,K) = (1−, 0) barrier humps. In case of a higher inner
barrier this will be accompanied with an increase in C/B ratio. For a lower inner barrier
the increase in the C/B ratio is expected to start below the fast increase in the fission cross
section. The ratio of quadrupole to dipole fission (measured by the C/B ratio) will thus
be governed by the inner barrier, while the behaviour of the B/A ratio will be determined
by the outer barrier [40,41].

2.3 Models of Fission-Fragment Mass Distributions

Although many attempts have been made to model fission mass distributions qualitatively,
a quantitative description of all fission characteristics is not available yet. In order to model
fission fragment mass distributions, it is necessary to understand the motion of nucleons
from the saddle point to scission. Models of fission fragment mass distributions can be
classified as either microscopic, stochastic or deterministic [42]. The microscopic treatment
is the most complete, since it would involve solving equations of motion for each individual
nucleon in the fissioning nucleus. This is in general too complicated, and approximations
must be applied. From microscopic treatments some conclusions about the scission process
can be drawn, but due to the large computational difficulties little quantitative predictions
can be made. In a stochastic treatment the number of variables is reduced by assuming
the dynamics to be restricted to the time evolution of a set of collective variables. Due
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to their complexity stochastic models exist only for a few limiting cases. Deterministic
models are based on microscopic-macroscopic descriptions of the nucleus, usually using the
Strutinsky shell-correction method. Deterministic models are still the ones that are most
successful in describing both global aspects and details of mass distributions. Two of the
most successful deterministic models are discussed in the following sections.

2.3.1 Scission-Point Model

In the scission-point model of Wilkins et al. [43] it is assumed that the fission-fragment
distributions can be determined from the potential energies of the complementary fragment
pairs at the scission point. This implies an equilibrium among the collective degrees of
freedom, characterized by a collective temperature Tcoll, and a separate equilibrium among
the intrinsic degrees of freedom, characterized by an intrinsic temperature Tint. This
assumption leads to an exponential relationship between the probability P of a fission event,
characterized by the collective degrees of freedom, and the sum of the collective coordinates’
potential and kinetic energies. The collective kinetic energies are calculated by assuming
that, for a particular choice of the scission-point configuration, the kinetic energies are
independent of the collective variables. The scission-point configuration consists of two
coaxial spheroids, whose tips are separated by a distance d. Because of this assumption
it is possible to calculate the probability for a fission event from the individual potential
energies of the fragments at the scission point as

P =

∫ βmax

βL=0

∫ βmax

βH=0
exp

{
−
[
VC,N (NL, ZL, βL, NH , ZH , βH , d)

+ VL(NL, ZL, βL, Tint)

+ VH(NL, ZL, βL, Tint)
]
/Tcoll

}
dβLdβH ,

(2.13)

where NL,H and ZL,H are neutron and charge numbers of the light and heavy fragments,
respectively, and βL,H are the corresponding deformation parameters. The potential VC,N
is the fragments mutual Coulomb and nuclear interaction and the potentials VL,H are the
individual potential energies of the fragments, each consisting of a liquid-drop part with
shell and pairing corrections. In the absence of shell effects, the potential energies VL,H
show broad minima as functions of deformation at about βL,H ≈ 0.6. Shell corrections
in the vicinity of this minimum will therefore play a major role. Furthermore, a spheri-
cal configuration of one of the fragments can only be achieved at a considerable cost in
the liquid-drop energy, and only be partially compensated by deformation of the second
fragment. The major contributions from the shell and pairing corrections comes from two
neutron shells; a spherical one at N = 82 and a deformed (β ≈ 0.65) one at N ≈ 88. The
interplay of these neutron shells and the favoured symmetric mass split from the liquid-
drop part of Eq. (2.13) allows a qualitative explanation for many features of mass and
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Fig. 2.5: Difference in the minimum potential energy of asymmetric mass splits (solid
line: AH = 142, dashed line AH = 134) to that of symmetric mass splits according to the
scission-point model, plotted as a function of the compound-nucleus mass. Figure reprinted
from Ref. [43], with permission. Copyright (1976) by the American Physical Society.

kinetic energy distributions. In Fig. 2.5 the difference in potential energy of asymmetric
and symmetric mass splits is shown as a function of the mass number of the fissioning nu-
cleus. Although the scission-point model can explain many qualitative features of fission,
it is hardly useful for quantitative predictions [42]. Generally, the calculated mass yield
curves come out too narrow and slightly displaced. Furthermore, theoretical arguments
against the purely static version of the scission-point model have been raised [44].

2.3.2 Multi-Modal Random-Neck-Rupture Model

The Multi-Modal Random-Neck-Rupture (MM-RNR) model [7] is the first theoretical
model that has been able to deliver quantitative predictions of fission fragment mass distri-
butions in agreement with experimental observation. It has been successful in describing
mass and energy distributions of fission fragments from a wide range of nuclei from 213At
to 258Fm, see Ref. [7] and references therein. The model has been used to interpret the
experimental results and will be described in some detail in this section.

The theory of multi-modal fission is based on potential energy calculations of the deforming
nucleus. Using a Strutinsky-type procedure, the potential energy of the nucleus is

Epot = ELQD + Emicro, (2.14)

http://prc.aps.org/abstract/PRC/v14/i5/p1832_1
http://prc.aps.org/abstract/PRC/v14/i5/p1832_1
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Fig. 2.6: Parameterization of the nuclear shape according to Eq. (2.15).

where ELQD is a liquid-drop term that accounts for more than 99% of the potential energy,
while Emicro is a relatively small correction term that takes shell and pairing effects into
account. The shell corrections are calculated using a Woods-Saxon single-particle potential.
The shape of the nucleus is parameterized using axially symmetric Lawrence shapes, in
cylindrical coordinates

ρ2(z) = (l2 − z2)
N∑
n=0

an(z − z0)n. (2.15)

The coefficients an are replaced by geometric parameters (l, r, z0, c, s):

• The semi-length l measures the elongation of the nucleus,

• the radius of the neck is r,

• the position of the neck is z0,

• the curvature of the neck is c, and

• the position of the center of mass is s,

as illustrated in Fig 2.6. The relation between the coefficients an and the geometric param-
eters are fixed by analytical expressions. From the calculations, pathways in the potential
energy landscapes are found that determine the motion of the nucleus. Each pathway cor-
responds to a fission mode. The different modes show different shapes of the nucleus at the
scission point, and therefore each mode has a characteristic mass and total kinetic energy
(TKE). The model up to this point does not explain the widths of mass and TKE distribu-
tions. To explain such features a scission mechanism is needed; in the MM-RNR model this
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mechanism is random neck rupture. Experiments with macroscopic liquid-drops show that,
as the drop is deformed, a long flat neck is formed that ruptures at random positions [45]
because of surface vibrations along the neck. The drop becomes unstable when the total
length of the drop 2l becomes larger than 11 times the neck radius r, which is known as
the Rayleigh condition. The probability that the neck ruptures at a position zr instead of
at position z0, where the neck is thinnest, is governed by the potential-energy difference
E(z0)−E(zr). The model uses a Boltzmann distribution for the rupture probability

P (A) ∝ exp
[
−2πγ0(ρ

2(zr)− ρ2(z0))/T
]
, (2.16)

where γ0 is the liquid-drop surface-tension coefficient and T is the nuclear temperature of
the pre-scission shape. Although the probability distribution for a certain mass split in the
MM-RNR model is similar in form to that of the scission-point model, the random neck
rupture is able to reproduce experimentally observed widths of the mass distributions. The
difference is that in the MM-RNR model the deciding factor is not the potential energy
of the forming fragments, as in the scission-point model, but rather the energy of surface
oscillations that vary slowly enough to allow mass splits further from the most probable
mass split.

The results of calculations within the MM-RNR model are the involved fission modes
and their characteristic mass and TKE distributions. For the light actinide nuclei the
number of modes are in most cases three; a mass symmetric so-called super-long (SL)
mode and two mass asymmetric so-called standard modes (S1, S2). The S1 and S2 modes’
mass distributions are centered around heavy fragment masses 135 and 141 and may be
associated with the neutron shell closures at N = 82 and N ≈ 88 of the scission-point
model, respectively. The model does, however, not predict the probability with which the
different modes appear, other than through rough estimates based on the different barrier
heights. Comparison of experimental data with calculation is done using a fit function for
each predicted mode. This procedure was used to interpret the data in this thesis and is
described in Sect. 6.2.

In order to predict fission-fragment mass distributions, a combination of the MM-RNR
model and cross-section calculations using a statistical model and a static fission barrier
has been suggested by Ref. [11, 46]. While the original calculations by Brosa et al. [7]
predicts a bifurcation point of the standard modes beyond the saddle point, more recent
calculations of the nuclear potential landscape [8, 9] has suggested that the two standard
modes bifurcate in the second minimum of the fission barrier. The inclusion of mode specific
outer barriers in calculations of the transmission through a double humped barrier could
therefore be used to predict mass distributions. To this end barrier heights and curvatures
are found by fitting experimental mode-weighted cross section data, which are then used to
predict mode weight dependence as a function of excitation energy. The predictive power
of the model has been demonstrated in Ref. [12]. However, conclusive evidence for separate
outer barriers of the two standard modes are still missing.
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2.3.3 Mass Dependence of Angular Distributions

In the discussion of the theory of fission-fragment angular distributions (Sect. 2.2) no de-
pendence on the fission fragment mass of the angular distributions is taken into account.
However, mass dependence of the angular distributions has been observed experimen-
tally [47, 48]. An intuitive explanation for this phenomenon is offered within the concept
of multi-modal fission. Since this model describes the fission fragment mass and TKE
distributions as the result of fission through different paths along the multi-dimensional
landscape of the fission barrier, depending on where on the path to fission the modes bi-
furcate a distinct barrier can be associated with each mode. Since the position of the
transition states depends strongly on the shape and height of the fission barrier, a distinct
angular distribution can be expected for each fission mode. Because each mode also has
a distinct mass and TKE distribution, a dependence of the angular distribution according
to

W (A,TKE, θ) =
∑
m

Wm(θ) · Ym(A,TKE), (2.17)

can be expected [49]. The angular distribution of each mode Wm(θ) is given by Eq. (2.9)
and the yield of each mode Ym(A,TKE) can be determined from a fit to experimental
Y (A,TKE) data.
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Chapter 3

Experiments

The fission fragment mass, TKE and angular distributions in the bremsstrahlung-induced
fission of 232Th, 234U and 238U have been studied by means of the double-kinetic-energy
(2E) technique. The fission fragment detector was a twin Frisch-grid ionization chamber
(FGIC), its working principles are discussed in detail in Sect. 3.2. The fission targets were
placed in a hole in the central cathode of the FGIC. The targets themselves consist of UF4

or ThF4 that have been vacuum-evaporated onto thin polyimide foils, the target spot is
circular with a diameter of 30 mm. Thin gold layers (50 µg/cm2) evaporated onto the
opposite sides of the polymide foils serve to electrically separate the two chamber sides.
The experiments were divided in two measurement series. In the first one, experiments on
234U and 238U were performed. The ionization chamber was placed at 45◦ angle relative
to the beam axis, in order to maximize the fission yield in the angular cone of events
accepted in the analysis (cf. Sect. 4.3.2). The determination of the angular distribution in
this setting was therefore limited (cf. Appendix A). In addition one measurement without
a target was performed in order to investigate possible background-induced false events:
During an 11-hour run at a bremsstrahlung energy of 6.8 MeV and a beam current of about
40 µA, no events were detected. The investigation of the photofission of 234U was continued
in the second measurement series, which also included the investigation of the photofission
of 232Th. In this measurement series the ionization chamber was placed so that the target
normal coincided with the beam axis. A summary of the experimental parameters is given
in Tab. 3.1. The table includes the targets measured, the orientation of the FGIC with
respect to the beam axis, measurement times and average electron beam currents as well
as the total number of fission events accepted in the analysis.

19
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Tab. 3.1: Summary of the performed experiments. The first column gives the target nu-
cleus, the second and third columns the thickness of target layer and polymide backing,
respectively. The fourth column gives the orientation of the fission fragment detector rela-
tive to the beam axis. The electron beam energy E0, the average current 〈I〉, the beam time
T for each measurement and the number of events NEV accepted in the analysis for the
fission fragment mass and TKE distributions are given in the following columns.

Target Target Thickness Polyimide Detector E0 〈I〉 T NEV
Nucleus (µg/cm2) (µg/cm2) Orientation (MeV) (µA) (h)

238U 130.3±6.5 35.0±3.0 45◦ 8.5 19 17 42288
7.0 43 20 17594
6.5 48 82 25403

234U 190.0±0.9 32.0±1.0 45◦ 9.0 23 43 682765
7.5 5 99 6659
6.8 11 93 3916

238U 82.9±4.2 35.0±3.0 0◦ 8.5 18 22 46715

232Th 87.0±5.0 35.2±0.7 0◦ 9.5 15 22 47957
8.0 20 29 15434

234U 46.6±0.3 32.0±1.5 0◦ 9.0 23 21 28185
7.5 12 96 16411
6.4 29 81 3541
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3.1 Bremsstrahlung Facility

As mentioned before, the experiments were performed at the Darmstadt High-Intensity
Photon Setup (DHIPS [50, 51]), located at the end of the superconducting injector linac
of the S-DALINAC (Superconducting Darmstadt linear accelerator [13]). The electrons
for acceleration are drawn from a high-voltage terminal at 250 kV. A chopper-prebuncher
section produces the time structure required for acceleration in the injector linac, from
the electro-statically pre-accelerated beam. In the injector linac the electron beam is then
accelerated up to 10 MeV in superconducting niobium cavities, operated in liquid helium
at 2 K. The beam leaving the injector can then either be bent by 180◦ for injection into the
main linac for further acceleration up to 130 MeV, or as in these experiments be used at
the end of the injector. In the latter case the electrons exit the accelerator vacuum through
a thin (0.13 mm) aluminum window and hit a radiator that produces the bremsstrahlung
photons for the experiments. The radiator consists of four copper sheets. By measuring
the absorbed current in each sheet it is possible to monitor both the electron current and
energy online [52]. Before reaching the fission target, placed inside the fission fragment
detector ca. 1.5 m behind the radiator, the bremsstrahlung from the radiator is collimated
in a 955 mm long copper collimator. The photon beam-spot at the target position is 30
mm in diameter, as determined via a picture on radiographic film [51].

3.2 Fission-Fragment Detector

In order to detect the fission fragments, a twin Frisch-grid ionization chamber (FGIC)
was employed. This detector consists of two ionization chambers with Frisch grids placed
back to back on a common cathode. A schematic illustration of the detector geometry
is given in Fig. 3.1. The cathode and grid are separated by a distance of 3 cm, while
the anode-grid distance is 0.5 cm. The volume between the electrodes is filled with P-10
gas (90 % Ar + 10 % CH4) at a pressure of 1.05 bar, continuously flowing through the
chambers at a flow rate of about 60 ml/min. The cathode has a circular hole in the center
where a transparent fission target is placed. With exception of the target itself (which has
a sample and a backing side), the detector is mirror symmetric with respect to the cathode.
In the following discussion of the chamber’s working principles, only one side is therefore
considered.

As a fission fragment is stopped in the gas-filled volume between the ionization chamber’s
electrodes, it leaves a number of electrons and positive ions in its path. To the first
approximation the number of electron-ion pairs is proportional to the energy deposited in
the gas. To separate the electrons from the ions, a negative electric potential (-1.6 kV) is
applied to the cathode, while the grid is kept at ground potential. The negatively charged
electrons then proceed to drift in the opposite direction of the electric field towards the
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Fig. 3.1: Schematic illustration of the detector and associated electronics. The abbre-
viations denote: PA – charge-sensitive preamplifier, SA – spectroscopy amplifier, TFA –
timing-filter amplifier, LED – leading-edge discriminator, CFD – constant-fraction dis-
criminator, TDC – time-to-digital converter, ADC – analog-to-digital converter.

anode, which is held at a positive electric potential (+1.0 kV). Due to lower mobility of
the comparatively massive positive ions, they can be considered as stationary during the
time it takes to collect the electrons from an event [53]. Hence, when all electrons from
the event are collected on the anode, a track of positive ions is left in the chamber volume.
If the Frisch grid was not present, a charge, of opposite sign to the collected electron
charge, would be influenced on the anode. This would render the ionization chamber
useless for spectroscopic purposes. The grid serves the purpose of dividing the chamber
into two (ideally) separate parts; the interaction region between cathode and grid where
the fission fragments deposit their energy, and the collection region between anode and
grid where no ionization should take place. The grid cannot, however, shield the collection
region perfectly from charge induction by charge carriers in the interaction region. This
causes a slight position dependence of the anode signal, which is generally referred to as
grid inefficiency (GI). The problem of the position dependence in terms of positive ions
influencing a charge on the anode was solved by Bunemann et al. [54], which offered a
useful correction method for analog signals. In the last decades, however, it has become
increasingly common to use pulse-shape digitizers to store the entire anode signal for offline-
analysis. For this purpose it is vital to understand how the grid inefficiency affects the pulse
shape. In Ref. [55] an attempt was presented to determine the GI experimentally from the
shape of the anode signal. The shape of the signal was traced back to drifting electrons
inducing charge on the anode. An expression for the final pulse height of the anode was
given that differs from the one presented in Ref. [54]. Furthermore, it was shown how the
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experimentally measured values of the GI differed from values calculated according to the
recipe of Bunemann et al. [54], and the desire for a more detailed method of calculation was
expressed. However, the description of the influence of the GI on the shape of the anode
signal used in Ref. [55] is incorrect, since it leads to an anode charge signal, which is larger
than the collected charge. Their results may therefore be questioned. In the following
subsections the pulse-shapes from—and the effect of the grid inefficiency on—the different
electrodes of the FGIC will be derived based on the Shockley-Ramo theorem [56,57].

3.2.1 Signal Generation: The Shockley-Ramo Theorem

As the electrons drift in the electric field towards the anode, they induce current on the
three electrodes of the chamber. According to the Shockley-Ramo theorem [56, 57], the
current induced on a conductor k due to an electron moving with velocity ~v is given
by

ik = −e~v · ~Ek, (3.1)

where −e is the electron charge, and ~Ek is the electric field that would exist at the position
of the electron under the following circumstances: all charge carriers are removed, the
conductor k is held at unit potential, and all other conductors are grounded. The field ~Ek
is referred to as the weighting field, and should not be confused with the actual electric
field that exists due to the applied potentials and the distribution of charges inside the
chamber. The current ik will cause a current to flow in the opposite direction through the
electronic circuit connected to the electrode. The integration of this current on a charge
sensitive preamplifier produces an output signal proportional to

∆Qk = −
∫
ikdt = −e[ϕk(~r)− ϕk(~r0)], (3.2)

where ϕk is the potential existing between the conductors under the same conditions as for
the weighting field, ~r is the electron’s current position and ~r0 its origin. With this definition
of the charge signal only moving charge carriers contribute, therefore the positive ions does
not need to be taken into account. The potential ϕk is called a weighting potential and
can be calculated by solving the Laplace equation

∇2ϕk = 0 (3.3)

under the boundary conditions ϕk = 1 on conductor k and ϕk = 0 on any other conduc-
tor.

3.2.2 Weighting Potential Distributions

For the simple case of an idealized parallel wire grid chamber, as illustrated in Fig. 3.2,
approximate analytic solutions to Eq. (3.3) can be found using the method of images [58].
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Fig. 3.2: Schematic illustration of the three-electrode geometry of the Frisch-grid ionization
chamber, consisting of a cathode C, a grid G and an anode A. An ionizing particle is
emitted from the cathode at an angle θ relative to the chamber normal, creating a track
of electrons and positive ions. The center of gravity of the electron distribution along this
track is denoted by X̄.

To find the weighting potential, one first considers the case of a periodic distribution of
line charges placed along the y-axis at x = 0 and a grounded conducting plate at x = p,
causing a mirror image of the line charge distribution at x = 2p. The potential due to this
configuration is given by

ϕ′0(x, y) = −α ln

[
sin2(π yd) + sinh2(π 2p−x

d )

sin2(π yd) + sinh2(−π xd )

]
. (3.4)

Circular equipotentials of radius r are found around each line charge, assuming r � d �
p. By adjusting the line charge density α, the distribution of line charges can therefore
simulate a grid with wire radius r at unit potential. The potential due to a grounded grid
and a conducting plate at unit potential is then given by

ϕ0(x, y) = 1− 1

2 ln( d
2πr ) + 4π pd

ln

[
sin2(π yd) + sinh2(π 2p−x

d )

sin2(π yd) + sinh2(π xd )

]
. (3.5)

Far from the grid the potential reaches an asymptotic value

V0 := lim
x→−∞

ϕ0(x, y) =
2 ln( d

2πr )

2 ln( d
2πr ) + 4πp

d

. (3.6)

Combining this with a linear function to satisfy boundary conditions at both anode (ϕA =
1) and cathode (ϕA = 0) the final anode weighting potential due to the system of electrodes
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of the FGIC may be approximated as

ϕA(x) =


σ
(

1 +
x

D

)
, if −D < x < 0

σ + (1− σ)
x

p
, if 0 < x < p

, with σ =
V0

1 + V0
p
D

. (3.7)

The weighting potential of the cathode can be found in the same manner, but due to
the large cathode-grid distance, the asymptotic potential (Eq. (3.6)) for the cathode at
unit potential is small and may, hence, be neglected. The cathode weighting potential is
then

ϕC(x) =

{
− x
D
, if −D < x < 0

0 , if 0 < x < p
. (3.8)

The grid weighting potential ϕG follows by noting that ϕC + ϕG + ϕA = 1 for all (x, y)
as

ϕG(x) =


(1− σ)

(
1 +

x

D

)
, if −D < x < 0

(1− σ)

(
1− x

p

)
, if 0 < x < p

. (3.9)

As evident by the above discussion, analytical calculation of the weighting potentials need
numerous approximations. For more accurate results one may therefore use numerical
methods to solve the Laplace equation. One numerical method that offers the advantage
of simplicity and availability of computer software for defining geometries and other pa-
rameters is the finite element method (FEM). In this work the computer software package
Elmer [59] was used to calculate weighting potentials for two different types of grids at
several anode distances. The calculations of the weighting potentials for the parallel wire
grids were performed over one grid period y ∈ [0, d] for the geometry given in Fig. 3.2, for
a number of elements in the xy-plane. At y = 0 and y = d periodic boundary conditions
were imposed and, as required by Eq. (3.3), the boundary conditions were unity at x = p
and zero at x = −D as well as at x2 + y2 = r2 and x2 + (y − d)2 = r2. The size of the
elements was successively decreased until the change in the results became considerably
smaller than the uncertainties of the corresponding experimental values. Eventually, the
size of the elements in the vicinity of the grid wires was a fourth of the cross-section area
of the wires. The result of such a calculation projected onto the x-axis is shown in Fig. 3.3.
Evidently, the form of the numerical solution is well represented by Eq. (3.7), with the
parameter σ taken as the linear extrapolation of the weighting potential from x � 0 to
x = 0.
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Fig. 3.3: Left: Calculated weighting potential projected onto the x-coordinate as indicated
in Fig. 3.2. The two solid lines represent linear fits to the regions |x| > 2d, where d is the
distance between the grid wires. Also indicated are values of the geometry parameters as
defined in Fig. 3.2. The inset zooms into the region |x| ≈ 0 and shows a slight y-dependence
of the weighting potential there. Right: The weighting potential as a function of the x- and
y-coordinates around the grid wires.

3.2.3 Charge Signals

The charge-signal amplitude is obtained by integrating Eq. (3.2) over the entire electron
distribution. The distance along the ionized track from the entry point of the ionizing
particle at the cathode is X = (x+D)/ cos θ, where θ is the angle between the track and
the chamber normal (see Fig. 3.2). When all electrons have reached the anode, ϕA(r) = 1
and ϕA(r0) is given by Eq. (3.7). This leads to the following expression for the anode
charge-signal amplitude

QA = −e
∫
ρ0(X)[1− σX

D
cos θ]dX = −n0e

(
1− σX̄

D
cos θ

)
, (3.10)

where it was used that the total number of electrons in the track is given by n0 =∫
ρ0(X)dX, and that

X̄ =
1

n0

∫
Xρ0(X)dX (3.11)

is the center of gravity of the electron distribution along the particle’s track. The re-
sult above for the anode charge-signal amplitude is the same as obtained considering the
influence of the image charge induced on the anode by the positive ions residing in the
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interaction region [54, 60]. The cathode and grid charge-signal amplitudes follow in the
same way from Eqs. (3.8) and (3.9), respectively,

QC = n0e

(
1− X̄

D
cos θ

)
, (3.12)

QG = n0e (1− σ)
X̄

D
cos θ. (3.13)

The time development of charge signals from electrode k is found by integrating Eq. (3.2)
over the moving electron distribution ρ(x, t) created at t = 0,

Qk(t) = −e
[∫

ρ(x, t)ϕk(x)dx−
∫
ρ(x, 0)ϕk(x)dx

]
. (3.14)

Combining this with the weighting potentials given in Eqs. (3.7 and 3.8) and assuming
that no charge distribution is created in the collection region, the anode charge signal may
be written as

QA(t) = −σQC(t)− e(1− σ)

p∫
0

ρ(x, t)
x

p
dx. (3.15)

Hence, the anode pulse can be decomposed into two parts, the first one caused by electrons
drifting in the interaction region and the second one by electrons drifting in the collection
region. The time evolution of the anode pulse according to Eq. (3.15) for the electron
distribution created by a typical fission fragment in P-10 gas and for three different emission
angles is depicted in Fig. 3.4. Each electron makes a contribution to the anode charge signal
proportional to its contribution to the cathode charge signal, when moving through the
interaction region. When drifting through the collection region, each electron contributes
with −e(1− σ) to the anode charge signal. Hence, the ideal anode signal Q∗A(t), which is
independent of the electron drift in the ionization region, can be reconstructed from the
anode and cathode signals by

Q∗A(t) :=
QA(t) + σQC(t)

1− σ
. (3.16)

The factor (1− σ) in the denominator makes sure that the final signal amplitude is equal
to the collected charge −n0e. Equation (3.15) shows that before any electrons have passed
the grid QA(t) = σQC(t) holds. This relation was used in Refs. [61,62] to find the param-
eter σ experimentally. To validate the numerical calculation of the weighting potentials
calculations were performed for the chamber geometry in Refs. [61,62]. In addition to the
two-dimensional parallel wire grid, calculations were also performed in three dimensions
for a grid that uses crossed wires. In Fig. 3.5 experimental values of the parameter σ are
compared with values calculated in this work using FEM.
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3.3 Data Acquisition

Figure 3.1 displays a schematic view of the electronic setup. The pulse-height data from
the two anodes was converted to channel numbers using a CAEN V785 analog-to-digital
converter and stored digitally. Stability of the amplification chain was monitored by feeding
pulses from a precision pulse generator to the input of the charge sensitive preamplifiers
at a rate of 2.5 Hz. Corrections for drifts in the amplification chain were done offline by
multiplying the recorded ADC channel number with the ratio of a pre-defined reference
value to the pulse height from the pulse generator, averaged over the last 500 registered
pulses. For the purpose of determining the emission angle θ (cf. Sect. 4.2), the time
difference between anode and cathode signals was also measured. All timing information
was digitized using a CAEN V775 time-to-digital converter. The time difference between
the cathode and anode timing signals registered by the TDC is ideally equal to the drift
time of ionization electrons created furthest away from the cathode. However, due to non-
perfect triggering, the time difference may differ slightly from the drift time. In order to
avoid distortion of the angular distributions, particular attention was paid to the choice of
discriminator for the two signals. The initial part of the cathode signal rises linearly, but
has a final pulse-height dependence on the emission angle, therefore the discriminator of
choice is of constant-fraction type. The anode-signal pulse-height, on the other hand, has
no angular dependence (apart from the small charge induced due to grid inefficiency), but
it has a rise times and shapes which strongly depend on the emission angle. To avoid shape-
dependent walk, a leading-edge discriminator with a threshold set just above the noise level
was chosen. This choice of discriminator does introduce a pulse-height dependent walk,
but since the pulse height is registered along with the drift time, this can be corrected for
offline.

The data acquisition is based on the MBS (multi-branch system) computer code, developed
at the GSI [64]. The data was written event-by-event to disk in a so-called list-mode file for
offline analysis. The experiments were monitored and controlled online using an interface
between the MBS based data acquisition and the computer program Go4 (GSI Object
Oriented On-line Off-line system [65]).
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Chapter 4

Data Analysis

4.1 Calculation of Average Excitation Energies

The energy spectrum of bremsstrahlung photons created from the electron beam is contin-
uous. This leads to a continuous distribution of excitation energies of the fissioning nucleus
for each energy of the electron beam E0. The excitation energy spectra can be calculated,
if the photon spectra Nγ(E,E0) and the photofission cross section σγ,f (E) are known. The
average excitation energy of the fissioning nucleus is then given by

〈Ex(E0)〉 =

E0∫
0

Nγ(E,E0)σγ,f (E)EdE

E0∫
0

Nγ(E,E0)σγ,f (E)dE

. (4.1)

To determine the photon spectra Monte-Carlo simulations using the software package
Geant4 [66] were carried out. The simulated photon fluxes were fitted with polynomi-
als of the form

p(E) =

4∑
i=0

ai · E(i−1), (4.2)

which were used to represent Nγ(E,E0) in order to reduce statistical fluctuations, when
calculating the excitation energy spectra. Figure 4.1 displays photofission cross sections for
238U, 234U and 232Th from the evaluated nuclear data library ENDF [67] and experimental
photofission cross section for 234U from Ref. [68]. In the calculation of the excitation energy
spectra for 238U and 232Th, the photofission cross sections from the ENDF library were
used. For 238U and 232Th the availability of experimental data on the low-energy photofis-
sion cross section is good, for 234U on the other hand the situation is different. For 238U

31
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Fig. 4.1: Evaluated photofission cross sections for 238U (solid red line), 234U (dotted–
dashed black line) and 232Th (dashed blue line) from Ref [67] and experimental photofission
cross section for 234U (full circles) from Ref. [68].

and 232Th the evaluated data reproduce structures corroborated by experimental data. For
234U the evaluated data in the energy region below 10 MeV consists of an exponential tail
fitted to the giant dipole resonance with a fission threshold at 5.06 MeV. The experimental
data that do exist reveal more structures, hence, for a better representation experimental
cross section data from Ref. [68] was used in the calculation of the excitation spectra for
this nucleus. On the left hand side of Fig. 4.2 the simulated spectra are displayed along
with the fitted polynomials. The calculated excitation spectra are displayed on the right
hand side of Fig. 4.2.
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Fig. 4.2: Bremsstrahlung spectra with endpoint energies of 8.5, 7.0, 6.5 MeV (top left)
and 9.0, 7.5, 6.8, 6.4 MeV (middle left) and 9.5, 8.0 MeV (bottom left). The solid, dashed,
dotted and dotted–dashed lines represent fits of Eq. (4.2) to the simulated data, represented
by the black squares. Also shown are corresponding calculated fission yields per µA electron
beam current incident on the radiator and per µg/cm2 fission target mass thickness for
238U(γ, f) (top right), 234U(γ, f) (middle right) and 232Th(γ, f) (bottom right).
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4.2 Determination of Angular Distributions
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Fig. 4.3: Registered time difference between anode and cathode timing signals versus the
anode pulse height. The solid lines marked 0◦ and 90◦ indicates the limits of the distribution
used to determine the emission angle.

The emission angle θ of a fission fragment relative to the target normal is extracted from
the drift time of ionization electrons, created along the fragment’s stopping track. The time
it takes for electrons created furthest away from the cathode to reach the grid electrode is
given by

T ∗ =
D −R cos θ

v
, (4.3)

where R is the range of the fragment in the counting gas and v is the electron drift velocity.
The cathode-grid distance is denoted by D, according to Fig. 3.2. Figure 4.3 shows a
contour plot with the registered time difference between anode and cathode signals on the
abscissa and the anode pulse height on the ordinate. Events at low pulse height around
TDC channel number 2800 result from fragments that have suffered extensive energy loss
in the target material. This occurs when fragments are emitted almost parallel to the
target plane. As may be observed, this energy-loss tail varies with the inverse of the pulse
height. This is due to the pulse-height dependent walk in the leading edge triggering of the
anode signal. A function f(PA) ∝ 1/PA fitted to the energy loss tail represents the drift
time for events with cos θ = 0, and allows the definition

∆T = f(PA)− T =
R

v
cos θ. (4.4)
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Once the anode pulse height is corrected for the grid inefficiency (Sect. 4.3.1), the range of
the fission fragments is determined as a function of the anode pulse height. The solid red
lines labeled 0◦ and 90◦ in Fig. 4.3 represent the determined fission-fragment range and
the function f(PA), respectively.

The cos θ-values are determined from each chamber side individually. Due to conservation
of linear momentum the two fragments from each event are collinear. Hence, to reduce
the uncertainty in the orientation of the fission axis, an average value of the determined
cos θ-values from the two chamber sides is used.

4.2.1 Angular Resolution

The fact that the cos θ-values from the two fission fragments are supposed to be equal can
be utilized to determine the resolution of the emission angle. The left hand side of Fig. 4.4
shows the distribution of the difference in the cos θ-values determined from the two chamber
sides obtained in the measurement of 238U(γ, f). The width of this distribution is related
to the angular resolution. Assuming that the uncertainties in the cos θ-values from the two
chamber sides are equal, the resolution in the average value is given by half of the FWHM
of the depicted distribution. The right-hand side of Fig. 4.4 shows a comparison of the
angular resolutions obtained in this work with resolution values obtained in Refs. [69–71];
the latter ones all employ a different technique for extracting cos θ. That technique is based
on the angular dependence of the induced charge on the grid electrode [60], see Eq. (3.13).
The grid signal is, however, bipolar and therefore not suited for shaping and amplification
in a spectroscopic amplifier. Therefore, the grid and the anode signals are added up using
splitters and fast filter amplifiers to create a unipolar signal whose height is proportional to
cos θ. When comparing the obtained angular resolutions the thickness of the target needs
to be taken into account, since angular straggling and decreased energy resolution will
affect the angular resolution. A lower limit of the angular resolution that can be obtained
with the drift-time method is set by the angular straggling of the fragments in the counting
gas, from an SRIM [63] simulation this limit was found to be around 6–7 % for typical
fission fragments in P-10 gas. The expected trend of increased resolution with decreasing
target thickness is confirmed by the data in Fig. 4.4. Moreover, it may be observed that the
angular resolutions obtained using either of both methods are evidently in good agreement
with each other. Therefore, it is concluded that the drift-time method presented here is
comparable in accuracy with the method of Ref. [60], but with a much simplified procedure
for setting up the experiment. Further details have been published in Ref. [15].
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Fig. 4.4: Left: Distribution of the difference in cos θ-values determined from the two cham-
ber sides for a 238U target with a thickness of 130 µg/cm2. Right: Angular resolution as a
function of target thickness obtained with the drift time method for the various targets used
in this work (red circles) and those from Refs. [69–71] (green circles) using the summing
method for determining the emission angle.

4.3 Calculation of Mass and Total Kinetic Energy

Conservation of linear momentum, with the approximation that the sum of the fission
fragments’ masses is equal to the mass of the fissioning nucleus, leads to the following
relations

A1 = Af
E2

TKE
, A2 = Af

E1

TKE
, (4.5)

for the fission fragments entering chamber side (1) and (2), respectively. The masses
have been replaced by their respective mass numbers A1,2, the fragments’ kinetic energies
gained from the fission process are denoted E1,2, and TKE = E1 + E2 is the total kinetic
energy. The mass number of the fissioning nucleus is denoted by Af . Highly excited
fission fragments evaporate neutrons as part of their de-excitation processes. Hence, as a
consequence of the recoil from neutron emission, the kinetic energies of the fragments, as
they enter the counting gas differ from the kinetic energies they gained in the fission process.
Since the kinetic energies that enter into Eq. (4.5) are the initial energies, a correction for
the neutron evaporation must be applied to the registered energies. The initial energies and
masses of the fission fragments are referred to as pre-neutron quantities, in contrast to the
post-neutron quantities of the fragments as they enter the counting gas. The kinematics for
the emission of a single neutron from a fragment is illustrated in Fig. 4.5. The conservation
of momentum can be written as

~pf
2 = ~pi

2 − 2|~pi||~pn| cos θn + ~pf
2,
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Fig. 4.5: Illustration of the kinematics involved in the emission of a single neutron with
momentum ~pn and energy En from a fission fragment with initial momentum ~pi and energy
Ei and final momentum ~pf and energy Ef .

where the quantities are defined in Fig. 4.5. The relation can be rewritten for the respective
energies

Ef = Ei
mi

mf
− |~pi||~pn|

mf
cos θn + En

mn

mf
.

To obtain the relation for the emission of a number of ν neutrons, it is assumed that the
emission is isotropic. This leads to cos θn = 0 on average, eliminating the second term.
The third term may be neglected considering that the energy of emitted neutrons is about
1 MeV and that the ratio mn/mf is of the order of 10−2, to be compared with 50 – 100
MeV for the fragment energies. Again, replacing the masses with the mass numbers and
using conservation of mass leads to

Epost =
A

A− ν
Epre, (4.6)

where the indices f, i for final and initial have been replaced by post, pre for post- and
pre-neutron emission, respectively. Obviously, this relation can only be used to correct
the energies, if both the initial mass number A and the number of emitted neutrons ν are
known. The number of neutrons can be found using literature data on the average number
of neutrons emitted as a function of the fragment mass number ν̄(A) together with the
relation [72]

ν(A,TKE) = ν̄(A) +
ν̄(A)

ν̄(A) + ν̄(Af −A)
· 〈TKE(A)〉 − TKE

8.6 MeV
, (4.7)

where 8.6 MeV is the average neutron separation energy of the fission fragments [73]. The
data for ν̄(A) were taken from Refs. [16,74,75]. The mass numberA is found iteratively from
Eqs. (4.5) – (4.7). The first approximation of the mass numbers is known as the provisional
masses µ1,2; they are found from Eq. (4.5) using the measured post-neutron energies. The
provisional masses are then used in Eqs. (4.6) and (4.7) to find a first approximation of the
pre-neutron energies, which are then used in Eq. (4.5) to find a second order approximation
of the mass numbers. The iterative procedure is stopped, when the difference in the mass
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Fig. 4.6: The number of emitted neutrons ν(A,TKE) calculated according to Eq. (4.7)
as a function of the pre-neutron fission-fragment mass number, for the reaction 238U(γ, f)
at E0 = 8.5 MeV. The solid red line represent the average number of neutrons ν̄(A) from
Ref. [16]. A logarithmic color-scale indicates the number of counts per bin.

number from one iterative step to the next is smaller than 1/8 atomic mass units (amu).
The second term of Eq. (4.7), which approximates the dependence of the number of emitted
neutrons on fragment excitation-energy, requires that the average TKE as a function of
the mass number 〈TKE(A)〉 is known. This distribution was determined by neglecting the
second term of Eq. (4.7) in the iterative calculation in a first approximation of the mass
and TKE distribution. An example of the number of emitted neutrons calculated from
Eq. (4.7) in this way is given in Fig. 4.6 as a function of the pre-neutron mass number
for the reaction 238U(γ, f) at E0 = 8.5 MeV. The ν̄(A) curve is scaled to reproduce the
average total number of neutrons ν̄T obtained in Refs. [16, 74, 75], by assuming a linear
relation between ν̄T and the average excitation energy

ν̄T = a+ b · 〈Ex〉. (4.8)

Before the iterative process to calculate the masses from the registered pulse heights can be
started a number of corrections need to be applied. The different corrections are described
separately below.

4.3.1 Correction for Grid Inefficiency

The grid inefficiency has already been extensively discussed in Sect. 3.2.1. Using the drift
time method for determining the emission angle no information on the center of gravity of
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the charge distribution X̄ is not directly available. From a SRIM [63] simulation the ratio
X̄/R, where R is the range of the fission fragments in the counting gas, was found to be
constant at 0.34 with a standard deviation of 0.02. The registered anode pulse heights are
corrected for the angular dependence in Eq. (3.10) using

P ∗A = PA(1 + σ
X̄

R

v

D
∆T ). (4.9)

The electron drift velocity v was taken from Ref. [61].

4.3.2 Energy-Loss Correction

As the fragments pass through the target and backing material, they lose kinetic energy
that stays undetected. Assuming that the energy loss is given by the path length that the
fragment travels in the target, independent of its charge, mass and velocity, the energy
loss can be found from the experimental data. By plotting the average anode pulse height
against 1/ cos θ, which is proportional to the path length, the average energy loss is found.
The procedure is illustrated in Fig. 4.7. Two sets of data are shown: one for the fragments
that only have to pass the target material (sample side) and another for fragments that in
addition have to pass the backing material (backing side). This data was obtained with a
238U sample at E0 = 8.5 MeV. The solid lines show linear fits to the region marked with
full symbols. Extrapolation to 1/ cos θ = 0 gives the average anode pulse height for zero
path length. The fit is first performed for the backing side, the intercept at 1/ cos θ = 0
is then kept fixed when performing the fit to the sample side. The slope k of the fitted
function is then used to correct the pulse height data according to

P ∗∗A = P ∗A +
k

cos θ
. (4.10)

Due to multiple scattering in the target material at large emission angles and the fact that
the fission does not, as assumed, take place in the center of the target, the energy loss
correction fails for large emission angles. Therefore a cut-off angle is introduced in the
analysis. The angle, where the energy-loss correction fails, depends on the thickness of the
target. The cut-off angle was therefore chosen for each target individually, based on the
assumption that the energy distribution should be the same for any angle θ. In Fig. 4.8 the
energy-loss corrected pulse-height distribution as a function cos θ is plotted for the case of
238U at E0 = 8.5 MeV. The cut-off angle is illustrated by a red dashed line. Clearly, the
pulse-height distributions become increasingly distorted for emission angles larger than the
cut-off angle.
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4.3.3 Pulse-Height Defect

Multiple ionization [76] and non-ionizing collisions [77] show a dependence on the fragment
type. This causes a deviation from the proportionality between the energy of — and
the number of electron-ion pairs created by — the fragment, depending on the type of
fragment. The deviation from proportionality is usually summarized in a quantity known
as the pulse-height defect (PHD). The energy of a fission fragment can be written

Epost = Eapp + PHD(A,Z,E), (4.11)

where Eapp is the apparent energy in terms of an energy calibration from alpha-particles.
The PHD is a function of mass, charge and energy of the fragment, but can be described
as a function of a single variable when expressed in dimensionless LSS (Lindhard-Scharff-
Schiott) units [78,79]. An energy is converted to LSS units according to

ε[LSS] =
0.8553a0

e2
(Z

2/3
1 + Z

2/3
2 )−1/2

Z1Z2

A2

A1 +A2
· E[MeV], (4.12)

where the indices 1, 2 refer to projectile and target, respectively, and a0 is the Bohr radius.
For a gas mixture, such as P-10, empirical rules [60] are used to find A2 and Z2

A2 = 0.9 ·AAr + 0.1 · AC +AH
5

= 36.4,

Z2 = 0.9 · ZAr + 0.1 · ZC + ZH
5

= 16.4.

The PHD in P-10 gas has been determined for a number of different ions at the tandem
accelerator of the Physics Institute at the University of Aarhus [60]. The result is re-
produced in Fig. 4.9. The PHD found for P-10 gas is much smaller than that found for
Semiconductor detectors, but not negligible. A correction for the PHD is included in the
iterative procedure for calculating the masses. The apparent energy is first converted to
LSS units using Eq. (4.12), A1 is taken as the current value of the post-neutron mass in
the iteration, and Z1 is taken as the most probable charge according to the conservation of
charge-to-mass ratio of the fissioning nucleus. A polynomial fit, shown by the solid red line
in Fig. 4.9, is then used to find the corresponding PHD and derive a post-neutron energy,
according to Eq. (4.11), which is then used in Eq. (4.6) in the next step of the iteration to
find Epre.

A common practice in fission-fragment energy measurements using Frisch grid ionization
chambers is to calibrate the pulse-height-to-energy conversion to a known system [80],
in order to avoid systematic uncertainties due to extrapolation of alpha-particle energies
and uncertainties in the PHD. In this work this procedure was adopted by calibrating the
apparent energy, after applying the PHD correction, in a way that the post-neutron TKE
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obtained in Ref. [17] was reproduced for 238U at E0 = 8.5 MeV. Hence, all measurements
are energy calibrated relative to 238U at E0 = 8.5 MeV. As can be seen in Fig. 4.10 the
pre-neutron TKE resulting for the other fissioning systems agree well with systematics
derived by Unik et al. [81] and Viola et al. [82].
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Chapter 5

Experimental Results

In this chapter the experimental results are presented. Unless stated otherwise uncertainties
are statistical only. In Ref. [83], which used the same calibration procedure as in this work,
systematic uncertainties in mean energies and masses were determined to be 0.1 MeV and
0.1 amu, respectively. The results obtained for 234U(γ, f) with the two different targets
show quite strong deviations from one another. The results obtained with the two different
targets are therefore presented separately here. An explanation for the discrepancies will be
discussed in Sect. 5.2. In the case of the measurements on 238U(γ, f) with the 130.3 µg/cm2

and the 82.9 µg/cm2 targets at E0 = 8.5 MeV the data showed deviation only within the
experimental uncertainties.

5.1 Mass and TKE Distributions

Pre-neutron fission fragment mass distributions for 238U, 234U and 232Th are displayed
in Figs. 5.1 - 5.4. The mass yield is normalized to 200 %. The distributions have been
labeled with the calculated average excitation energies and consecutively displaced by 2
%. Obviously, the distributions are perfectly symmetric around mass number A = Af/2,
this is inherent to the method used to determine the distribution. The preference for
asymmetric mass split, characteristic for low-energy fission of actinide nuclei, are easily
recognized in all the mass distributions. In Tabs. 5.1 - 5.4 characteristic parameters of
the mass distributions are given. In the photofission of 238U a trend of the mean heavy-
fragment mass to move towards symmetry, when lowering the excitation energy is apparent.
This can be explained by a decrease in the heavy-fragment mass yield in the region above
heavy-fragment mass AH ∼ 140, with a simultaneous increase for lighter masses at lower
excitation energy. For 234U the mass yield in the region above AH ∼ 140 increases going
from 〈Ex〉 = 7.23 MeV to 〈Ex〉 = 6.49 MeV, while the mean heavy-fragment mass stays

45
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Tab. 5.1: Characteristic parameters of the measured total kinetic energy and mass dis-
tributions from photofission of 238U obtained with a 130.3 µg/cm2 target. The calculated
average excitation energy of the fissioning nucleus is denoted by 〈Ex〉 and σEx stands for
the standard deviation of the excitation energy. The mean heavy-fragment mass and the
standard deviation of the mass peak are denoted by 〈AH〉 and σA, respectively. Results from
Ref. [17] are included for comparison.

E0 〈Ex〉 σEx 〈TKE〉 σTKE 〈AH〉 σA Ref.
(MeV) (MeV) (MeV) (MeV) (MeV) (amu) (amu)

8.5 6.91 0.60 170.50± 0.06 10.73± 0.04 139.76± 0.03 6.00± 0.02 this work
8.35 6.68 170.41± 0.30 11.02± 0.10 139.49± 0.05 6.09± 0.05 [17]
7.33 6.23 170.12± 0.30 11.13± 0.10 139.37± 0.05 5.99± 0.05 [17]
7.0 6.11 0.14 170.20± 0.09 11.02± 0.06 139.51± 0.05 6.16± 0.04 this work
6.5 5.90 0.08 170.13± 0.07 11.04± 0.05 139.31± 0.04 6.09± 0.03 this work
6.44 5.84 170.05± 0.50 11.04± 0.10 139.28± 0.05 6.06± 0.05 [17]

constant within the statistical uncertainty. Further lowering of the excitation energy causes
a decrease in mass yield above AH ∼ 140, which causes a slight decrease in the mean heavy-
fragment mass. For 232Th an increase in the mass region above AH ∼ 140 is observed,
going from 〈Ex〉 = 7.26 MeV to 〈Ex〉 = 6.68 MeV. The average TKE and width of the
TKE distribution as a function of heavy-fragment mass number is displayed in Figs. 5.5 -
5.8. For comparison, the results obtained for the highest bremsstrahlung endpoint energy
for each fissioning nucleus is drawn as a dotted line in the figures representing the results
at lower endpoint energies. The average TKE distributions show some common features
for all fissioning nuclei, namely a characteristic dip around the symmetric mass split and
a well pronounced maximum around mass number AH ≈ 130. These features are common
to low-energy fission of all light actinides. In the case of 238U no strong changes in the
average TKE distributions are observed with changing excitation energy. However, an
increase in the width of the TKE distribution is seen over the entire mass range at an
average excitation energy of 6.11 MeV. In the case of 234U a rather strong increase in the
TKE is seen in the mass region AH ∼ 120− 128, going from an average excitation energy
of 7.26 MeV to 6.68 MeV, in Fig. 5.7. This coincides with a relative decrease in yield for
symmetric mass splits.

Comparing the results obtained with the two different targets used for the measurements on
234U(γ, f), some discrepancies may be observed. The widths of mass and TKE distributions
are consistently larger for the thicker of the two targets. Furthermore a less pronounced
minimum of 〈TKE〉 for symmetric mass splits and a decrease in the slope of 〈TKE〉 as
function of fragment mass for asymmetric mass splits are observed. These observations
may be explained by mass and energy resolution broadening due to the energy loss in the
target layer.
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Fig. 5.1: Yield as a function of fission-fragment mass number from the reaction
238U(γ, f)obtained with a 130.3 µg/cm2 target. The curves are consecutively displaced
by 2% and labeled with the average excitation energy.
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with a 190.0 µg/cm2 target. The curves are consecutively displaced by 2% and labeled with
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Tab. 5.2: Characteristic parameters of the measured total kinetic energy and mass distri-
butions from photofission of 234U obtained with the 190.0 µg/cm2 target. The calculated
average excitation energy of the fissioning nucleus is denoted by 〈Ex〉, and σEx stands for
the standard deviation of the excitation energy. The mean heavy-fragment mass and the
standard deviation of the mass peak are denoted by 〈AH〉 and σA, respectively.

E0 〈Ex〉 σEx 〈TKE〉 σTKE 〈AH〉 σA
(MeV) (MeV) (MeV) (MeV) (MeV) (amu) (amu)

6.8 6.05 0.15 170.9± 0.20 12.1± 0.10 137.73± 0.10 6.27± 0.07
7.5 6.49 0.29 171.5± 0.10 11.5± 0.10 138.06± 0.08 6.33± 0.05
9.0 7.23 0.66 170.8± 0.04 11.68± 0.03 137.96± 0.02 6.50± 0.02
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Fig. 5.3: Yield as a function of fission-fragment mass number from the reaction 234U(γ, f)
obtained with a 46.6 µg/cm2 target. The curves are consecutively displaced by 2% and
labeled with the average excitation energy.
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Tab. 5.3: Characteristic parameters of the measured total kinetic energy and mass dis-
tributions from photofission of 234U obtained with the 46.6 µg/cm2 target. The calculated
average excitation energy of the fissioning nucleus is denoted by 〈Ex〉 and σEx stands for
the standard deviation of the excitation energy. The mean heavy-fragment mass and the
standard deviation of the mass peak are denoted by 〈AH〉 and σA, respectively.

E0 〈Ex〉 σEx 〈TKE〉 σTKE 〈AH〉 σA
(MeV) (MeV) (MeV) (MeV) (MeV) (amu) (amu)

6.4 5.80 0.09 169.88±0.12 10.44±0.09 137.77±0.05 5.77±0.04
7.5 6.49 0.29 170.00±0.08 10.59±0.06 138.29±0.05 5.92±0.03
9.0 7.23 0.66 169.79±0.05 10.11±0.03 138.10±0.04 5.79±0.03

Mass Number (amu)

80 100 120 140 160

Y
ie

ld
 (

%
/a

m
u

)

0

2

4

6

8

10

,f)γTh(
232

6.68 MeV

7.26 MeV

Fig. 5.4: Yield as a function of fission-fragment mass number from the reaction 232Th(γ, f)
obtained with a 87.0 µg/cm2 target. The curves are consecutively displaced by 2% and
labeled with the average excitation energy.
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Fig. 5.5: Average fragment TKE (left) and width (right) as a function of the fragment
mass number for photofission of 238U with 6.5, 7.0, and 8.5 MeV bremsstrahlung from top
to bottom, obtained with a 130.3 µg/cm2 target. The dotted line repeats the result obtained
at 8.5 MeV bremsstrahlung. The error bars refer to statistical uncertainties only.
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Fig. 5.6: Average fragment TKE (left) and width (right) as a function of the fragment
mass number for photofission of 234U with 6.8, 7.5, and 9.0 MeV bremsstrahlung from top
to bottom, obtained with a 190.0 µg/cm2 target. The dotted line repeats the result obtained
at 9.0 MeV bremsstrahlung. The error bars refer to statistical uncertainties only.
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Fig. 5.7: Average fragment TKE (left) and width (right) as a function of the fragment
mass number for photofission of 234U with 6.4, 7.5, and 9.0 MeV bremsstrahlung from top
to bottom, obtained with a 46.6 µg/cm2 target. The dotted line repeats the result obtained
at 9.0 MeV bremsstrahlung. The error bars refer to statistical uncertainties only.
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Tab. 5.4: Characteristic parameters of the measured total kinetic energy and mass distribu-
tions from photofission of 232Th. The calculated average excitation energy of the fissioning
nucleus is denoted by 〈Ex〉 and σEx stands for the standard deviation of the excitation
energy. The mean heavy-fragment mass and the standard deviation of the mass peak are
denoted by 〈AH〉 and σA, respectively.

E0 〈Ex〉 σEx 〈TKE〉 σTKE 〈AH〉 σA
(MeV) (MeV) (MeV) (MeV) (MeV) (amu) (amu)

8.0 6.68 0.22 162.71±0.05 8.84±0.04 140.74±0.04 5.19±0.03
9.5 7.26 0.80 163.39±0.03 8.95±0.02 140.46±0.03 5.23±0.02
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Fig. 5.8: Average fragment TKE (left) and width (right) as a function of the fragment
mass number for photofission of 232Th with 8.0 and 9.5 MeV bremsstrahlung from top to
bottom, obtained with a 87.0 µg/cm2 target. The dotted line repeats the result obtained at
9.5 MeV bremsstrahlung. The error bars refer to statistical uncertainties only.
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5.2 Influence of Target Thickness

When correcting for energy loss in the target and backing materials, a constant specific
energy loss must be assumed for all fragments. Furthermore, only the average energy loss
as a function of emission angle can be determined and corrected for, corresponding to
fission events taking place in the center of the target material. These shortcomings give
rise to energy and mass resolution broadening, which due to the specific energy loss of
fragments depend on the fragment mass, charge and energy. To quantify the conjecture
that the discrepancies between results obtained with the different targets are due to this
effect, a Monte-Carlo procedure was developed to fold the data obtained with the thinner
target with the resolution of the thicker target.

Adding a UF4 layer of thickness T will introduce an uncertainty in the depth, where the
fission takes place inside the target. The energy loss of complementary fragments in the
added layer can be approximated as

∆E1 =

(
1

ρ

dE

dx

)
U

· d

cos θ
+ 4

mF

mU
·
(

1

ρ

dE

dx

)
F

· d

cos θ
and

∆E2 =

(
1

ρ

dE

dx

)
U

· T − d
cos θ

+ 4
mF

mU
·
(

1

ρ

dE

dx

)
F

· T − d
cos θ

, (5.1)

where d is a depth parameter, see illustration in Fig. 5.9. To describe the specific energy
loss, the Bethe-Bloch formula was used(

1

ρ

dE

dx

)
X

= κX
ZXZ

2
eff

β2

[
ln

(
2mec

2

〈I〉X
· β2

1− β2

)
− β2 −

(
C

Z

)
X

]
, (5.2)

where

κX =
3.071 · 10−7

AX
MeV/(µg/cm2),

and ZX and AX are proton and mass numbers of the target atom X, respectively, and β
is the fragment’s relativistic velocity. The mean excitation and ionization potentials 〈I〉X
and the shell correction terms

(
C
Z

)
X

were taken from Ref. [63]. The effective charge was
estimated using an empirical expression for fission fragments [84],

Zeff
Z

= 1−
(
1.034− 0.177 · e−0.08114·Z

)
e−a, (5.3)

where

a = b+ 0.0378 · sin
(π

2
b
)

b = 0.866 ·
√
E/keV

25 ·A
· Z−2/3,
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Fig. 5.9: Illustration of the target composition and the angular dependent energy loss.

and Z and A are the fragment’s proton and mass numbers, respectively, and E its kinetic
energy. The Monte-Carlo procedure uses the data of the experiment performed on 234U at
E0 = 9.0 MeV with the 46.6 µg/cm2 thick target. By randomizing d ∈ [0, 143.4] µg/cm2

for each event and using Eq. (5.1) a new data set is generated that corresponds to the
experiment performed with the 190.0 µg/cm2 target. This data set was then reanalyzed
according to the procedure described in Sect. 4.3. The result of this analysis on the mass
distribution and 〈TKE〉 as a function of fragment mass is presented in Fig. 5.10, solid
red lines represent the result of the Monte-Carlo procedure, while full squares and open
circles represent the experiments with the 46.6 µg/cm2 and the 190.0 µg/cm2 targets,
respectively. The simulation reproduces the result obtained with the thicker target well. It
can be concluded that the discrepancies observed for the two different targets used for the
measurements of 234U(γ, f) are indeed explained by an effect of a deteriorated resolution
due to increased energy loss. Furthermore, it can be concluded that when performing 2E-
experiments special attention should be paid to the quality of the target that is used, to
avoid faulty conclusions.

The mass-resolution broadening in a 2E-experiment can be divided into two categories,
the inherent and the instrumental contributions. The inherent contribution is due to the
prompt neutron evaporation and is on average about 4 amu [85], while the instrumental
contribution is mainly due to the uncertainty in the energy-loss correction, as discussed
above. In order to avoid distortion of the mass distributions the target should be chosen
so that the instrumental broadening does not exceed the inherent broadening. The instru-
mental mass-resolution broadening can be calculated using Eqs. (5.1)–(5.3). In Fig. 5.11
the results of such a calculation is presented for four different targets. The abscissa gives
the input mass number and the ordinate gives the difference between the provisional masses
for fissions taking place directly at the target surface (d = 0) and at the polyimide backing
(d = T ). As input to the calculation the experimentally obtained average post neutron
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energies as a function of the provisional mass is used. The resolution broadening varies
slightly with the mass number and shows a maximum for the symmetric mass splits. The
fact that no strong deviations were observed in the case of 238U(γ, f) at E0 = 8.5 MeV be-
tween the data set obtained with the 130.3 µg/cm2 and the 82.9 µg/cm2 targets, indicates
that the instrumental broadening is below the limit set by the prompt neutron evaporation
in both cases.
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Fig. 5.10: Fragment yield (left) and average TKE (right) as a function of the fragment
mass number for 234U(γ, f) at E0 = 9.0 MeV. The open circles represent results obtained
with the 190.0 µg/cm2 target, full squares represent results obtained with the 46.6 µg/cm2

target. The red line represent the simulated effect of the energy loss in the 190.0 µg/cm2

target on the data obtained with the 46.6 µg/cm2 target.
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5.3 Angular Distributions

The fission-fragment angular distributions are parameterized by the theoretically expected
angular distribution, given by the expression

W (θ) = A+B sin2 θ + C sin2 2θ, (5.4)

which is normalized according to
∫ π
0 W (θ) sin θdθ = 1. Before the parameterization, each

obtained angular distribution is divided by an angular distribution determined for the
alpha particle activity of the sample, in order to reduce experimental errors due to the
response function of drift-time-to-cos θ conversion. Angles close to 90◦ are excluded from
the fit, since this data is influenced by absorption and scattering in the target. Angles
close to 0◦ are excluded as well, due to the uncertainty introduced by the limited angular
resolution.

In Fig. 5.12 the angular distribution determined for 232Th(γ, f) at bremsstrahlung endpoint
energy E0 = 8.0 MeV is shown as an example. The experimental data is obviously well
described by the fit to Eq. (5.4), represented by the solid red line. As expected for the
photofission of 232Th, the angular distribution shows a distinct dipole pattern, peaked at
θ = 90◦.
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Fig. 5.12: Fission-fragment angular distribution from 232Th(γ, f) at bremsstrahlung end-
point energy E0 = 8.0 MeV. The red line shows the fit of Eq. (5.4) to the region indicated
by the full black circles.

The dependence of the angular distribution parameters on the bremsstrahlung endpoint
energy for 232Th is shown in Fig. 5.13, previously taken data from Refs. [48,86] is included
for comparison. Evidently, the results are in good agreement with the existing literature
data. The uncertainties from Ref. [48] are surprisingly small even-though the statistical
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Fig. 5.13: 232Th(γ, f) angular distribution parameters in comparison with literature
data [48, 86].

accuracy are about the same as in this work. An increasing anisotropy, measured by the
ratio B/A, is observed when lowering the bremsstrahlung endpoint energy. This behaviour
is expected within the transition state concept for all even-even actinide nuclei due to a more
predominant fission through the lower energy (Jπ,K) = (1−, 0) channel [34]. The relative
quadrupole contribution, measured by the ratio C/B, is expected to be very small and not
to depend on the endpoint energy in the case of 232Th, according to the systematics of the
double humped fission barrier [87]. A sizable quadrupole contribution is only expected if
the outer barrier is lower than the inner one. At the inner barrier the (2+, 0) transition
state of the ground-state band lies lower in energy than the lowest lying dipole (1−, 0)
transition state belonging to the mass-asymmetry band. At the outer barrier the dipole
(1−, 0) and quadrupole (2+, 0) transition states are nearly degenerate, due to the preferred
reflection asymmetric shape of the nucleus at large deformations. The relative quadrupole
contribution is therefore controlled by the quadrupole-to-dipole photon absorption ratio,
at the outer barrier. For light actinides the outer of the two barriers is expected to be the
higher one of the two barrier humps. As observed in the right hand side of Fig. 5.13, the
experimental data confirms this expectation.

The dependence of the angular distribution parameters on the bremsstrahlung endpoint
energy for 234U is shown in Fig. 5.14. The results are similar to those for 232Th.

The measurements on 238U was performed with the chamber tilted at a 45◦ relative to the
beam axis. This complicates the angular distribution due to the loss of rotational sym-
metry around the beam axis. The angular distributions relative to the beam axis could,
however, be extracted from data measured relative to the chamber axis, cf. Appendix A.
The strong correlation of the angular distribution parameters extracted from this data
reduces the accuracy of the result. In Fig. 5.15 the result for the ratios A/B and C/B
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Fig. 5.14: 234U(γ, f) angular distribution parameters as a function of the bremsstrahlung
endpoint energy from data obtained with a 46.6 µg/cm2 target.
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Fig. 5.15: 238U(γ, f) angular distribution parameters in comparison with data from
Refs. [88,89] for mono-energetic gamma rays as a function of the excitation energy. Data
obtained with the ionization chamber in the 45◦ orientation is represented by full black
circles, while data obtained with the ionization chamber in the 0◦ orientation by open black
circles, for better visibility these data points has been shifted by 0.06 MeV to the left. The
horizontal error bars indicate the standard deviation of the calculated excitation energy
spectra.
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Tab. 5.5: Angular distribution parameters from fit to Eq. (5.4). The last column gives the
orientation of the detector relative to the beam axis, see text for details.

E0 A B C Detector
(MeV) Orientation

232Th 9.5 0.16±0.01 0.48±0.01 0.03±0.02 0◦

8.0 0.08±0.01 0.63±0.01 0.004±0.014 0◦
234U 9.0 0.39±0.02 0.16±0.02 0.01±0.02 0◦

7.5 0.31±0.02 0.28±0.02 0.003±0.016 0◦

6.4 0.11±0.03 0.55±0.03 0.05±0.03 0◦
238U 8.5 0.282±0.009 0.310±0.008 0.021±0.009 0◦

8.5 0.24±0.06 0.30±0.28 0.11±0.03 45◦

7.0 0.15±0.11 0.41±0.30 0.13±0.04 45◦

6.5 0.15±0.16 0.64±0.25 0.21±0.03 45◦

are plotted as a function of the average excitation energy. The horizontal error bars indi-
cate the standard deviation of the excitation energy spectrum. The ratio B/A obtained in
this study underestimates the ratio B/A from Refs. [88, 89] obtained with mono-energetic
gamma rays. This can be understood as an effect of the use of bremsstrahlung. The slope
of the decreasing B/A ratio in the region between 6 and 7 MeV will be flattened due to
the extended excitation energy spectrum. For the purpose of calibration in the second
measurement series, the measurement of 238U(γ, f) was repeated at E0 = 8.5 MeV, corre-
sponding to 〈Ex〉 = 6.91 MeV, then with the chamber axis oriented along the beam axis.
As may be observed from Fig. 5.15 the angular distribution obtained in this measurement
agrees well with the earlier data, but with much improved accuracy. The data obtained
with the chamber in the 45◦ orientation overestimates the C/B ratio, as compared to the
data point obtained with the chamber in the 0◦ orientation, but is compatible within the
uncertainty.

Results for the angular distributions in the photofission of 232Th, 234U and 238U are sum-
marized in Tab. 5.5.

5.3.1 Mass Dependence of Angular Distributions

The first hint for a correlation between the fission-fragment masses and their angular
distribution is shown in Fig. 5.16, where the left hand side shows the angular distribution
from 234U at E0 = 7.5 MeV for a quasi-symmetric (S) and a far asymmetric (A) mass
cut as defined on the right hand side. As may be observed, the fission fragments in these
two regions show angular distribution patterns that are distinctively different from one
another. Similar results for the angular distributions of symmetric and far asymmetric
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Fig. 5.16: Angular distribution of fission fragments from 234U(γ, f) at E0 = 7.5 MeV in
a symmetric (S) and an asymmetric (A) mass region, as indicated on the right hand side.
Only events with cos θ ≥ 0.4 are shown, since the mass cuts are not defined for lower values
of cos θ.

mass regions have earlier been found in the photofission of 236U [47, 48]. The mass cuts
introduced in Fig. 5.16 are rather arbitrarily chosen, and a more quantitative procedure is
desirable. This is achieved by the introduction of a parameter M∗, according to

W (θ,M∗) =

∫ ∞
A=M∗

W (θ,A)dA, (5.5)

where A is the heavy-fragment mass number. Similarly, for the TKE dependence a param-
eter TKE∗ is introduced, according to

W (θ,TKE∗) =

∫ ∞
TKE=TKE∗

W (θ,TKE)d(TKE). (5.6)

For each value of the parameters M∗ and TKE∗ the expression in Eq. (5.4) is fitted to the
resulting angular distribution. The result of applying this procedure on the 232Th(γ, f)
data at E0 = 9.5 MeV is shown in Fig. 5.17, and for the 234U(γ, f) data at E0 = 9.0 MeV
in Fig. 5.18. In the upper panels an increase in the anisotropy B/A correlated with an
increase in M∗ is seen for both 232Th and 234U, similarly an increase in the parameter
TKE∗ is correlated with a decrease in the anisotropy B/A. This forms a consistent picture
when keeping the 〈TKE〉(A) dependence in mind. For the asymmetric mass peak, the
further away from symmetric mass splits, the lower is the TKE, neglecting the low yield
symmetric component. The C/B ratios show more complex behaviors as functions of M∗

and TKE∗. The yield of the angular distribution component proportional to sin2 2θ is
however small for all the experimental data and even takes on negative values for some
values of M∗ and TKE∗. It is concluded that the angular distribution does indeed show
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a dependence on both the mass and the TKE of the fission fragments. This result will be
further discussed in Sect. 6.2.
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Fig. 5.17: Dependence of fission-fragment angular distributions in 232Th(γ, f) at
E0 = 9.5 MeV on the parameters M∗ and TKE∗, which are described in the text in more
detail.
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E0 = 9.0 MeV on the parameters M∗ and TKE∗ (see text for details).



Chapter 6

Discussion of the Experimental
Results

6.1 Revisiting the Reaction 238U(γ, f)

The motivation for the measurement of mass and TKE distributions from the reaction
238U(γ, f) was to validate the functionality of experimental setup and analysis procedure
established in this work for photofission experiments of this type at the S-DALINAC. Since
the measurement is also calibrated using the 238U data at E0 = 8.5 MeV, comparison of
the absolute values for characteristic mass and TKE serves little purpose. However, the
PHD correction and the energy loss corrections based on the emission-angle information
derived from the electron drift times, can be validated by comparing of the shape of the
mass distribution, since errors in these corrections would also influence the shape of the
mass distribution. In Fig. 6.1 the heavy-fragment pre-neutron mass distribution obtained
at an average excitation energy 〈Ex〉 = 6.91 MeV is compared to results from Ref. [17].
Clearly, the two distributions agree very well. Mean heavy-fragment pre-neutron mass and
standard deviation of the mass peak obtained in this work, given in Tab. 5.1, are compared
to values obtained in Ref. [17] as a function of the mean excitation energy in Fig. 6.2.
The trend of increasing mean heavy-fragment mass with increasing excitation energy from
Ref. [17] is also well reproduced in this work. As already mentioned, this trend can be
attributed to a decrease in yield at masses above AH ∼ 140.

Fits performed within the constraints of the MM-RNR model, as described in Sect. 6.2,
can be used to make a quantitative comparison of the experimental yield as a function of
mass and TKE, if the fitted modes represent the data well. In Tab. 6.1 characteristics of
the mass asymmetric standard fission modes obtained in this work are compared to results
obtained in Ref. [17]. It is noted that mean heavy-fragment mass and mean TKE are in fair

65
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agreement for both of the standard modes, although the mean heavy-fragment masses are
consistently higher in the present study. The weight parameter wS1 is consistently larger
in this study, as compared to Ref. [17], which coincides with a larger width σS1 for the S1
mode.
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Fig. 6.1: Mean heavy-fragment pre-neutron mass number and standard deviation of the
mass peak from this work (closed black circles) as function of the average compound nucleus
excitation energy is compared to the results of Ref. [17] (open red circles). The mean heavy
fragment mass is drawn with systematic uncertainties of 0.1 amu.

Tab. 6.1: Comparison of characteristics of the fission modes obtained in this work to
results reported in Ref. [17].

E0 wS1 〈AH〉S1 σA,S1 〈TKE〉S1 wS2 〈AH〉S2 σA,S2 〈TKE〉S2 Ref.
(MeV) (%) (amu) (amu) (MeV) (%) (amu) (amu) (MeV)

8.5 37.4 135.2 3.55 179.8 62.4 141.8 5.7 165.9
8.35 29.2 134.8 3.15 181.9 70.4 141.2 5.8 166.6 [17]
7.33 33.3 135.1 3.32 182.3 66.5 140.8 5.7 165.9 [17]
7.0 35.1 135.3 3.57 180.7 64.6 141.3 6.1 165.5
6.5 36.9 135.1 3.55 180.8 62.9 141.3 5.9 165.1
6.44 29.2 134.7 3.11 180.3 70.4 141.2 5.7 165.9 [17]
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Fig. 6.2: Heavy-fragment pre-neutron mass distribution at 〈Ex〉 = 6.91 MeV compared to
the mass distribution at 〈Ex〉 = 6.68 MeV obtained in Ref. [17].

6.2 Fission-Mode Analysis

Further investigation of the data was made within the framework of the MM-RNR model
(see Sect. 2.3.2). As mentioned earlier, the yield predicted in this model is a superposition
of the yields from individual fission modes. To extract information on the characteristics
of the involved modes and their relative importance, a fit to the experimentally obtained
yield as a function of fragment mass and TKE is made of the expression

Y (A,TKE) =
∑
m

wmYm(A,TKE),

Ym(A,TKE) =
1

4πσA,m

[
exp

(
−(A− 〈A〉m)2

2σ2A,m

)
+ exp

(
−

(A−Af + 〈A〉m)2

2σ2A,m

)]

×
(

200

TKE

)2

exp

(
−(L− lmax,m)2

(L− lmin,m)ldec,m

)
, (6.1)

where the index m denotes a fission mode. The distance between the fragments’ charge
centers at scission is denoted by L. Considering only Coulomb interaction this quantity
may be approximated by

L =
ZLZHe

2

TKE
= 1.44 MeV·fm

(
Zf
Af

)2 (Af −A)A

TKE
.



68 CHAPTER 6. DISCUSSION OF THE EXPERIMENTAL RESULTS

The part describing the mass distribution is a simple superposition of two Gaussians, one
for the heavy fragment and one for the light fragment. For symmetry reasons both use the
same set of parameters for each mode: the mean heavy-fragment mass number 〈A〉m and
the width σA,m of the mass yield. The part describing the TKE uses three parameters for
the distance between the fragments’ charge centers at scission, with the following intuitive
meanings:

• The most probable distance is denoted lmax,

• the smallest allowed distance, due to Q-value limitation, by lmin.

• The exponential decrease in yield with simultaneous increase in L is described by
ldec.

In the fission of light actinides three modes are predicted to play a role (see Sect. 2.3.2 for
details), the super-long (SL) mode, which is symmetric in mass with low TKE, and the two
mass-asymmetric so-called standard modes (S1, S2) centered around the masses 135 and
141, respectively. In total the fit-function then has 18 parameters. The fits were performed
using the method of maximum log-likelihood and the Minuit computer code [90, 91]. In
Figs. 6.3 and 6.4 fission-fragment yields as a function of mass and TKE are displayed.
The red ellipses labeled SL, S1 and S2 are contours at 67% of the maximum yield of the
corresponding fission mode, resulting from the fit.

Results of the fits of Eq. (6.1) to the experimental data are summarized in Tabs. 6.2 -
6.4. The mode-weights wm in Eq. (6.1) are not strictly proportional to the relative yields
Ym of the fission modes. Both wm and Ym are referred to as the mode weight in the
literature. For clarity both quantities are therefore given in the tables. In Figs. 6.6 - 6.13
the results of the fits are shown for the individual data sets. As evident in these figures
and by the reduced χ2 values, the individual fits describe the respective experimental data
well. Included in Tabs. 6.2 - 6.4 are predicted values of the fission mode characteristic
mass and TKE distributions [7]. The predicted 〈AH〉 are fixed by the asymmetry of the
prescission shape, calculated from the potential energy landscape, while σA is connected
to the elongation of the neck by the random neck rupture mechanism. A compact scission
configuration is, because of the Coulomb repulsion, characterized by a high TKE and
will, due to the random-neck-rupture mechanism, lead to a narrow mass distribution. A
more elongated neck will lead to a lower TKE and a wider mass distribution. Examining
Tabs. 6.2 - 6.4, this systematic is clearly observed in the experimental data. Uncertainties
in the predictions of the mass distributions are in the order of 3 amu for the average
heavy-fragment masses and 25% for the mass widths. The predicted mass distributions
do indeed agree fairly well with the experimentally obtained ones. However, the predicted
〈TKE〉 overestimate the experimentally obtained ones, by ∼5 MeV for the S1 mode in all
the nuclei and by ∼7 MeV for the S2 mode in the uranium nuclei and by ∼10 MeV in
232Th, this is a substantial deviation even when taking the uncertainty of ∼5 MeV in the
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predicted 〈TKE〉 into account. Similarly, the predicted widths of the TKE distributions
are also overestimated.

In Fig. 6.5 the relative yield of the S1 mode is shown as a function of the average compound
nucleus excitation energy. Evidently, no strong variation of the mode weights as a function
of excitation energy is found. This observation is in agreement with the potential energy
calculations by Brosa et al. [7], where the two standard modes bifurcate after passing a
common outer barrier. With a common outer barrier only secondary effects play a role in
modulating the relative importance of the two standard modes, and no order-of-magnitude
changes in the mode weights are expected. When drawing conclusions about the excitation-
energy dependence, the width of the excitation-energy spectra must be kept in mind.

The S1 and S2 modes can be associated with the spherical N = 82 and the deformed
N ≈ 88 neutron shells of the scission point model (cf. Sect 2.3.1), respectively. A systematic
behavior of the relative importance of the two standard modes with the neutron number
of the fissioning system may therefore be expected. On the right-hand side of Fig. 6.5
the relative yields of the S1 mode, averaged over the excitation energies is plotted as a
function of the neutron numbers of the fissioning nuclei; data from Refs. [83,92,93] is also
included. A systematic behavior is indeed recognized. The behavior can be qualitatively
explained by the interplay of the two neutron shells with the spherical proton shell Z = 50,
cf. Ref. [93]. The increasing yield of the S1 mode with increasing neutron number may
be connected with the fact that the larger the neutron number of the fissioning nucleus is,
the closer the Z/A ratio comes to that of a doubly magic heavy-fragment with Z = 50 and
N = 82.

Referring to the results on the influence of the target thickness presented in Sect. 5.2, it
is interesting to investigate the effect of the target thickness on the results of the fission
mode fits. In Tab. 6.5 the results of the fit to the data obtained with the 46.6 µg/cm2

target is compared to the fit to the data obtained with the 190.0 µg/cm2 target, with
bremsstrahlung of endpoint energy of 9.0 MeV. The fit to the data obtained with the
thicker target did not converge when all three fission modes were included, therefore the
low yield SL mode had to be excluded from the fit. A smaller weight for the S1 mode is
observed for the thicker of the two targets. Also included in Tab. 6.5 are results of a fit
to the data obtained from the Monte-Carlo procedure described in Sect. 5.2. The result
of the fit to the folded data agrees well with the fit to the data obtained with the thicker
target, which corroborates the conclusions drawn in Sect. 5.2.
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Fig. 6.3: Logarithmic contour plots of fission-fragment yield as a function of pre-neutron
fragment-mass number and TKE. Left: For the reaction 238U(γ,f) at 〈Ex〉= 6.91, 6.11 and
5.90 MeV. Right: For the reaction 234U(γ,f) at 〈Ex〉= 7.23, 6.49 and 5.80 MeV. The color
scales indicated the number of counts per amu and MeV. The ellipses labeled S1, S2 and
SL are contours at 67% of the maximum yield of the corresponding fission modes.
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Fig. 6.4: Logarithmic contour plots of fission-fragment yield as a function of pre-neutron
fragment-mass number and TKE for the reaction 232Th(γ,f) at 〈Ex〉= 7.26 and 6.68 MeV.
The color scales indicated the number of counts per amu and MeV. The ellipses labeled S1,
S2 and SL are contours at 67% of the maximum yield of the corresponding fission modes.
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Tab. 6.2: Characeristics of the fission modes from fitting the 238U data obtained with the
130.3 µg/cm2 target to Eq. (6.1). Given are the average excitation energies of the compound
nucleus 〈Ex〉, the reduced chi squared χ̃2 of the fit, the relative yield Y and weight w, as
well as average heavy-fragment mass number 〈AH〉, mass width σA, average total kinetic
energy 〈TKE〉 and total kinetic energy width σTKE, of the fitted fission modes. Values
marked (∗) were kept fixed during the fitting. Also included are theoretical predictions [7]
of the characteristics.

〈Ex〉 χ̃2 Y w 〈AH〉 σA 〈TKE〉 σTKE
(MeV) (%) (%) (amu) (amu) (MeV) (MeV)

6.91 1.2 S1 33.1 ± 0.8 37.4 ± 0.6 135.2 ± 0.1 3.55 ± 0.03 179.8 ± 0.2 7.2 ± 0.1
S2 66.6 ± 0.8 62.4 ± 0.8 141.8 ± 0.1 5.72 ± 0.03 165.9 ± 0.1 8.0 ± 0.1
SL 0.2 ± 0.1 0.2 ± 0.1 119.0 * 10.9 ± 1.0 157.4 ± 1.3 7.6 ± 0.7

6.11 1.1 S1 30.8 ± 1.6 35.1 ± 1.0 135.3 ± 0.1 3.57 ± 0.06 180.7 ± 0.3 8.0 ± 0.1
S2 68.9 ± 1.7 64.6 ± 1.7 141.3 ± 0.1 6.07 ± 0.06 165.5 ± 0.2 8.7 ± 0.1
SL 0.3 ± 0.1 0.3 ± 0.1 119.0 * 13.1 ± 3.0 153.2 ± 2.4 7.7 ± 1.8

5.90 1.0 S1 32.9 ± 1.2 36.9 ± 0.8 135.1 ± 0.1 3.55 ± 0.05 180.8 ± 0.2 8.1 ± 0.1
S2 66.9 ± 1.3 62.9 ± 1.3 141.3 ± 0.1 5.92 ± 0.05 165.1 ± 0.1 8.6 ± 0.1
SL 0.3 ± 0.1 0.2 ± 0.1 119.0 * 10.9 ± 0.3 152.4 ± 1.9 7.4 ± 0.2

theory S1 134.0 3.4 186 9.0
S2 141.0 5.9 176 9.5
SL 117.0 12.9 155 10.5
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Tab. 6.3: Characeristics of the fission modes from fitting the 234U data obtained with the
46.6 µg/cm2 target to Eq. (6.1). Given are the average excitation energies of the compound
nucleus 〈Ex〉, the reduced chi squared χ̃2 of the fit, the relative yield Y and weight w, as
well as average heavy-fragment mass number 〈AH〉, mass width σA, average total kinetic
energy 〈TKE〉 and total kinetic energy width σTKE, of the fitted fission modes. Values
marked (∗) were kept fixed during the fitting. Also included are theoretical predictions [7]
of the characteristics.

〈Ex〉 χ̃2 Y w 〈AH〉 σA 〈TKE〉 σTKE
(MeV) (%) (%) (amu) (amu) (MeV) (MeV)

7.23 1.07 S1 25.0 ± 1.7 27.1 ± 1.0 133.1 ± 0.1 3.7 ± 0.1 181.0 ± 0.3 6.9 ± 0.1
S2 74.5 ± 1.7 72.3 ± 1.4 139.5 ± 0.1 5.3 ± 0.1 166.8 ± 0.1 8.4 ± 0.1
SL 0.4 ± 0.1 0.6 ± 0.2 117.0 * 12.3 ± 2.8 159.1 ± 1.8 9.8 ± 2.3

6.49 1.04 S1 25.8 ± 2.0 30.1 ± 1.4 133.2 ± 0.2 4.1 ± 0.1 180.0 ± 0.4 7.1 ± 0.2
S2 73.8 ± 2.0 69.5 ± 2.1 140.0 ± 0.2 5.3 ± 0.1 165.8 ± 0.1 9.0 ± 0.1
SL 0.4 ± 0.1 0.3 ± 0.1 117.0 * 11.9 ± 1.7 160.0 ± 2.5 11.8 ± 1.7

5.80 1.04 S1 22.7 ± 2.4 28.8 ± 2.5 132.5 ± 0.3 3.5 ± 0.2 181.3 ± 0.7 7.0 ± 0.4
S2 76.8 ± 2.6 70.9 ± 2.8 139.3 ± 0.2 5.2 ± 0.1 166.5 ± 0.3 8.6 ± 0.2
SL 0.5 ± 0.3 0.4 ± 0.2 117.0 * 11.9 ± 0.1 161.9 ± 0.4 9.7 ± 0.0

theory S1 134.0 3.4 186 9.0
S2 141.0 5.9 176 9.5
SL 117.0 12.9 155 10.5
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Fig. 6.6: Fission-fragment yield as a function of mass (top left) and TKE (top right) as
well as average TKE (bottom left) and width (bottom right) as function of the fragment
mass from 238U(γ, f) at 〈Ex〉 = 6.91 MeV. The solid red line represent results from fits
according to Eq. (6.1), the different colored lines are the model components.
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Fig. 6.7: Fission-fragment yield as a function of mass (top left) and TKE (top right) as
well as average TKE (bottom left) and width (bottom right) as function of the fragment
mass from 238U(γ, f) at 〈Ex〉 = 6.11 MeV. The solid red line represent results from fits
according to Eq. (6.1), the different colored lines are the model components.
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Fig. 6.8: Fission-fragment yield as a function of mass (top left) and TKE (top right) as
well as average TKE (bottom left) and width (bottom right) as function of the fragment
mass from 238U(γ, f) at 〈Ex〉 = 5.90 MeV. The solid red line represent results from fits
according to Eq. (6.1), the different colored lines are the model components.
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Fig. 6.9: Fission-fragment yield as a function of mass (top left) and TKE (top right) as
well as average TKE (bottom left) and width (bottom right) as function of the fragment
mass from 234U(γ, f) at 〈Ex〉 = 7.23 MeV, obtained with a 46.6 µg/cm2 target. The solid
red line represent results from fits according to Eq. (6.1), the different colored lines are the
model components.
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Fig. 6.10: Fission-fragment yield as a function of mass (top left) and TKE (top right)
as well as average TKE (bottom left) and width (bottom right) as function of the fragment
mass from 234U(γ, f) at 〈Ex〉 = 6.49 MeV, obtained with a 46.6 µg/cm2 target. The solid
red line represent results from fits according to Eq. (6.1), the different colored lines are the
model components.
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Fig. 6.11: Fission-fragment yield as a function of mass (top left) and TKE (top right)
as well as average TKE (bottom left) and width (bottom right) as function of the fragment
mass from 234U(γ, f) at 〈Ex〉 = 5.80 MeV, obtained with a 46.6 µg/cm2 target. The solid
red line represent results from fits according to Eq. (6.1), the different colored lines are the
model components.
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Fig. 6.12: Fission-fragment yield as a function of mass (top left) and TKE (top right)
as well as average TKE (bottom left) and width (bottom right) as function of the fragment
mass from 232Th(γ, f) at 〈Ex〉 = 7.26 MeV. The solid red line represent results from fits
according to Eq. (6.1), the different colored lines are the model components.
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Fig. 6.13: Fission-fragment yield as a function of mass (top left) and TKE (top right)
as well as average TKE (bottom left) and width (bottom right) as function of the fragment
mass from 232Th(γ, f) at 〈Ex〉 = 6.68 MeV. The solid red line represent results from fits
according to Eq. (6.1), the different colored lines are the model components.
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Tab. 6.4: Characeristics of the fission modes from fitting the 232Th data obtained with the
87.0 µg/cm2 target to Eq. (6.1). Given are the average excitation energies of the compound
nucleus 〈Ex〉, the reduced chi squared χ̃2 of the fit, the relative yield Y and weight w, as
well as average heavy-fragment mass number 〈AH〉, mass width σA, average total kinetic
energy 〈TKE〉 and total kinetic energy width σTKE, of the fitted fission modes. Values
marked (∗) were kept fixed during the fitting. Also included are theoretical predictions [7]
of the characteristics.

〈Ex〉 χ̃2 Y w 〈AH〉 σA 〈TKE〉 σTKE
(MeV) (%) (%) (amu) (amu) (MeV) (MeV)

7.26 1.46 S1 22.1 ± 0.9 21.1 ± 0.8 134.8 ± 0.1 3.25 ± 0.05 171.3 ± 0.2 8.7 ± 0.1
S2 77.4 ± 0.9 78.5 ± 0.9 142.3 ± 0.1 4.29 ± 0.03 161.3 ± 0.1 7.5 ± 0.1
SL 0.5 ± 0.4 0.42 ± 0.0 116.0 * 12.3 ± 2.2 154.3 ± 2.9 9.2 ± 1.6

6.68 1.32 S1 23.0 ± 0.8 18.7 ± 0.7 135.3 ± 0.1 3.71 ± 0.08 170.3 ± 0.2 8.9 ± 0.2
S2 76.9 ± 1.0 71.7 ± 0.9 142.6 ± 0.1 4.29 ± 0.04 160.8 ± 0.1 7.6 ± 0.1
SL 0.1 ± 0.3 9.57 ± 26.50 116.0 * 8.3 ± 2.92 149.5 ± 3.6 8.9 ± 3.1

theory S1 135.0 4.1 176 10.3
S2 139.0 5.7 168 11.3
SL 116.0 9.2 155 9.8

Tab. 6.5: Comparison of the results of the fits of Eq. (6.1) to the data obtained with the
46.6 µg/cm2 and the 190.0 µg/cm2 targets. The last column gives results for the simulated
effect of the added target thickness according to Sect. 5.2. Values marked (∗) were kept
fixed during the fitting.

target χ̃2 Yield w 〈AH〉 σA lmax lmin ldec
(%) (%) (amu) (amu) (fm) (fm) (fm)

46.6 µg/cm2 1.07 S1 25.0 ± 1.7 27.1 ± 1.0 133.1 ± 0.1 3.66 ± 0.07 16.45 ± 0.02 9.0 ± 2.1 0.10 ± 0.04
S2 74.5 ± 1.7 72.3 ± 1.4 139.5 ± 0.1 5.29 ± 0.05 17.37 ± 0.01 12.9 ± 0.2 0.28 ± 0.01
SL 0.4 ± 0.1 0.59 ± 0.2 117.0 * 12.3 ± 2.8 18.61 ± 0.21 14.1 ± 2.0 0.51 ± 0.20

190.0 µg/cm2 1.21 S1 12.3±2.2 13.8±1.2 133.6±0.3 4.5±0.2 16.5±0.03 11.8∗ 0.33±0.01
S2 87.7±2.2 86.2±1.2 138.40±0.04 6.50±0.03 17.08±0.01 11.8∗ 0.369±0.003
SL 0.0∗

simulation 1.00 S1 8.7±1.8 12.6±0.9 133.5±0.2 3.8±0.2 16.22±0.03 11.8∗ 0.127±0.01
S2 91.3±1.8 87.4±0.9 138.57±0.06 6.20±0.03 17.16±0.01 11.8∗ 0.230±0.003
SL 0.0∗
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6.2.1 Interpretation of the Mass Dependence of Angular Distributions

As mentioned in Sect. 2.3.2, a mass (and TKE) dependence of the angular distribution is
expected within the MM-RNR model, when separate fission barriers are associated with
each mode. Since the yield of each mode has been determined from the fits to Eq. (6.1),
the expected dependence of the angular distribution,

W (A,TKE, θ) =
∑
m

Wm(θ) · Ym(A,TKE)

=
∑
m

(
Am +Bm sin2 θ + Cm sin2 2θ

)
· Ym(A,TKE), (6.2)

can be used to calculate the expected dependence of the angular distribution parameters
A, B and C on the parameters M∗ and TKE∗ , as introduced in Sect. 5.3.1. Since the yield
of the SL mode is very low for all data sets (cf. Tabs. 6.3 and 6.4), it has been neglected
in the following analysis. For each of the angular distribution parameters, one obtains two
equations describing their dependence on M∗ and TKE∗, respectively. Using the equations
describing the dependences on one of the parameters M∗ (or TKE∗) the mode-specific
angular distribution parameters Am, Bm and Cm can be determined from a fit to the
experimental data. If Eq. (6.2) is valid, the same set of parameters must also describe the
dependence on the second of the two parameters TKE∗ (or M∗). In Figs. 6.14 and 6.15 the
data from 232Th(γ, f) at E0 = 9.5 MeV and 234U(γ, f) at E0 = 9.0 MeV, also presented
earlier in Figs. 5.17 and 5.18 are repeated, however, this time with the calculated behavior
according to the above discussion shown by the solid red lines. In Figs. 6.16 and 6.17 the
same is also shown for the data from 234U(γ, f) at E0 = 7.5 MeV and E0 = 6.4 MeV. The fit
was performed to the angular distribution dependence on TKE∗, since the larger deviations
were observed there. The mode-specific angular distribution parameters were determined
in such a way that the fit function exactly reproduces the parameters obtained when all
experimental data is included (TKE∗ = 0). The predicted dependence of the angular
distributions on M∗ does indeed describe the data quite well, in particular the ratio B/A,
which is sensitive to the fission-barrier height. Deviations in the B/A ratio might arise due
to the decreasing statistical accuracy with increasing values of M∗ and TKE∗, and due to
errors in the assumed mass and TKE distributions of the two modes.

The ratios B/A of the angular distribution coefficients determined for the two standard
modes in 232Th(γ, f) and 234U(γ, f) are plotted as function of the bremsstrahlung endpoint
energy in Fig. 6.18. The uncertainties in these ratios take in to account the uncertainties
in the fitted dependence and the uncertainties in the angular distribution parameters when
all experimental data is included (TKE∗ = 0). In a static model of the potential energy
landscape the outer barrier of the S2 mode is expected to be smaller than that of the S1
mode, since the relative contribution of the S2 mode to the fission yield is predominant
throughout the actinide region of nuclei. With a smaller barrier for the S2 mode a lower



84 CHAPTER 6. DISCUSSION OF THE EXPERIMENTAL RESULTS

M* (amu)

120 125 130 135 140 145 150

B
/A

2

3

4

5

 = 9.5 MeV
0

E

,f)γTh(
232

TKE* (MeV)
120 130 140 150 160 170 180 190

B
/A

0

1

2

3

M* (amu)
120 125 130 135 140 145 150

C
/B

0.5

0

0.5

TKE* (MeV)
120 130 140 150 160 170 180 190

C
/B

0.5

0

0.5

Fig. 6.14: Dependence of fission-fragment angular distributions in 232Th(γ, f) at
E0 = 9.5 MeV on the parameters M∗ (left) and TKE∗ (right), as introduced in Sect. 5.3.1.
The solid red lines show the expected behavior assuming specific angular distributions for
the the two standard modes.
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Fig. 6.15: Dependence of fission-fragment angular distributions in 234U(γ, f) at
E0 = 9.0 MeV on the parameters M∗ (left) and TKE∗ (right), as introduced in Sect. 5.3.1.
The solid red lines show the expected behavior assuming specific angular distributions for
the the two standard modes.
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Fig. 6.16: Dependence of fission-fragment angular distributions in 234U(γ, f) at
E0 = 7.5 MeV on the parameters M∗ (left) and TKE∗ (right), as introduced in Sect. 5.3.1.
The solid red lines show the expected behavior assuming specific angular distributions for
the the two standard modes.
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Fig. 6.17: Dependence of fission-fragment angular distributions in 234U(γ, f) at
E0 = 6.4 MeV on the parameters M∗ (left) and TKE∗ (right), as introduced in Sect. 5.3.1.
The solid red lines show the expected behavior assuming specific angular distributions for
the the two standard modes.
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value of the B/A ratio is expected. More excitation energy available on top of the barrier
would lead to less predominant fission through the lower energy (Jπ,K) = (1−, 0) channel.
This was not observed in the experimental data. On the contrary, a higher value of the
B/A ratio has been found for the S2 mode in all the measurements, which still remains to
be understood.
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Tab. 6.6: Angular distribution parameters determined for the two standard fission modes
in the reaction 232Th(γ, f) and 234U(γ, f).

E0 A B C
(MeV)

232Th 9.5 S1 0.28±0.01 0.32±0.01 -0.07±0.02
S2 0.16±0.01 0.49±0.01 0.052±0.02

8.0 S1 0.160±0.01 0.536±0.01 -0.04±0.02
S2 0.03±0.01 0.66±0.01 0.06±0.02

234U 9.0 S1 0.47±0.02 0.062±0.02 0.09±0.02
S2 0.36±0.02 0.18±0.02 0.01±0.02

7.5 S1 0.40±0.02 0.21±0.02 -0.07±0.02
S2 0.26±0.02 0.30±0.02 0.07±0.02

6.4 S2 0.20±0.03 0.47±0.03 -0.02±0.03
S2 0.08±0.03 0.58±0.03 0.06±0.03
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Fig. 6.18: Ratios B/A of the angular distribution coefficients determined for the two
standard fission modes in 234U(γ, f) and in 232Th(γ, f) as a function of the bremsstrahlung
endpoint energy.
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Chapter 7

Summary and Conclusions

In this work fission-fragment characteristics in the photofission of 232Th, 234U and 238U have
been studied by means of the double-kinetic-energy technique. Bremsstrahlung was pro-
duced in a copper radiator from the electron beam of the injector linac to the S-DALINAC.
A twin Frisch-grid ionization chamber has been used to simultaneously determine mass,
TKE and emission angle of the fission fragments.

The motivation for the experiment on 238U was to establish the experimental technique and
analysis procedures. Excellent agreement with literature data of the main fission fragment
characteristics was found for the reaction 238U(γ, f) in the excitation energy range of 5.9
– 6.9 MeV. In the development of the experimental technique special attention was paid
to the determination of fission fragment angular distributions by means of electron drift-
time measurements. The results show that the drift-time technique for the emission angle
determination is comparable in accuracy with more established techniques, but with a
much simplified experimental procedure. In conclusion, it was found that the ionization
chamber is well suited for photofission studies.

Mass and TKE distributions of 234U(γ, f) in the excitation energy region of 5.8 – 7.2 MeV,
close to the neutron separation threshold, has been determined for the first time. The mean
heavy-fragment mass number is around 138.1, and the mean TKE is around 169.9 MeV.
Results on the mass and TKE distributions of 232Th(γ, f) in the excitation energy region
of 6.7 – 7.3 MeV show a mean heavy-fragment mass number around 140.6 and a mean
TKE around 163.0 MeV.

A mass and TKE dependence of the angular distribution of fission fragments in the reaction
232Th(γ, f) has been found, similar to the mass dependence at higher excitation energies
reported in Ref. [48] and for the first time in 234U. The dependence takes the form of an
increased anisotropy for far-asymmetric mass splits.
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An analysis in terms of fission modes has been performed for all the fissioning systems
investigated in this thesis. The results show a dominant S2 yield for the asymmetric mass
yield in all the nuclei, with ∼77 % in 232Th, ∼75 % in 234U and ∼67 % in 238U. The yield of
the symmetric SL mode was small (below 1 %) for all nuclei. No strong dependence of the
mode weights on the excitation energy was found. The angular distribution dependence on
mass and TKE has also been analyzed in terms of fission modes, and could be described as
a superposition of specific angular distributions for the two standard fission modes. This
analysis results in a larger anisotropy for the S2 mode, as compared to the S1 mode, which
suggests a higher outer barrier for this fission mode, in contrast to what is expected from
the relative yield of the two standard modes in a static model of the fission process. Sup-
porting evidence for the conjecture of separate outer fission barrier of the two standard
modes may be found by extending the experiments performed in this thesis work to lower
bremsstrahlung endpoint energies, in order to extract barrier parameters for the different
fission modes from their respective angular distributions. A further probe is the investi-
gation of the fragment characteristics from isomeric fission, which proceed via penetration
of the outer barrier. Due to the small cross sections in both of these types of experiments
they would greatly benefit from an increase in luminosity. The increase in thickness of
the solid sample used in this work is undesirable due the deterioration of resolution. The
effect of added target thickness has been demonstrated in the experiments on 234U(γ, f)
which were performed with two different targets with thicknesses of 190.0 µg/cm2 and
46.6 µg/cm2, respectively. The data obtained with the two different targets showed sub-
stantial discrepancies from each other. A folding procedure, taking the specific energy loss
of the fission fragments in the added target layer into account, was able to explain these
discrepancies. Hence, special attention must be paid to the quality of the target, when
determining mass and TKE distributions by means of the double-kinetic-energy technique.
Moderate increase in luminosity may be achieved by using an array of ionization chambers
along the beam path. Together with a planned upgrade of the superconducting injector
linac of the S-DALINAC to provide higher beam currents [94], an increase in luminosity
of one order of magnitude may be achieved. Another possible way to reach very high lu-
minosity without sacrificing resolution is the use of a gaseous active target. As a first step
to such a device experimental investigations of counting gas properties of UF6 has been
undertaken, preliminary results is discussed in the last chapter of this thesis.



Chapter 8

Outlook

8.1 A Gaseous Uranium Hexaflouride Active Target

As mentioned in the introduction the new polarized injector SPIN [28] installed at the S-
DALINAC [13] give access to experimental investigation of parity-non-conservation (PNC)
effects in photofission. A future PNC investigation in photofission requires excellent sta-
tistical accuracy. Provided the same enhancement effects as in neutron-induced fission,
the order of magnitude of the PNC asymmetry is expected to be about 10−4 [95]. An
estimate of the time needed to deliver statistically relevant results for an experiment with
the setup used in this work leads to more than a year of beam-time for endpoint energies
not exceeding 7.0 MeV. Hence, a significant increase in luminosity is mandatory for a PNC
experiment to become feasible. As discussed in Sects. 4.2.1 and 5.2, an increase in the
thickness of the solid targets would severely diminish the angular and mass resolutions.
Another approach to achieve the required luminosity is the use of an active target. A
candidate for such an active target is UF6, since it is gaseous at temperatures exceeding
64◦C at ambient pressure [96].

The active target approach may also be interesting from other viewpoints. One limitation
of the experiments described in this thesis is the use of bremsstrahlung, which cannot
deliver excitation energy resolved results. A way to overcome this limitation is the use of
tagged photons. The maximum rate of tagged photons at the NEPTUN photon tagger [97]
at the S-DALINAC is, however, about two orders of magnitude lower than the photon flux
achieved at the bremsstrahlung setup and therefore requires a substantial increase in target
mass. Another point of interest is the investigation of mass and TKE distributions from
(deep) sub-barrier fission, where low cross sections require high luminosities.
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8.1.1 Setup for Investigation of UF6 Counting-Gas Properties

For the purpose of investigating the counting gas properties of UF6, a test setup has been
constructed, consisting of a single-sided Frisch-grid ionization chamber, which is filled with
argon and different admixtures of UF6. In order to keep UF6 gaseous, the ionization
chamber is heated to a temperature of 70◦C. Since UF6 is highly reactive and creates
hydrofluoric acid when coming into contact with water vapor [96], several cautionary mea-
sures are needed when handling the gas. All parts of the setup that may come into contact
with UF6 are therefore required to be made of special materials. The setup is manufac-
tured entirely out of stainless steel and copper components, except for parts that need to
be insulating, where polytetrafluoroethylene (PTFE) was used. To ensure that no UF6 can
escape, the system was vacuum He-leak tested down to 10−9 mbar l/s. A more complete
description of the gas system will be given elsewhere [98].

A calibration source, consisting of 239Pu, 241Am and 244Cm, is mounted in the plane of the
cathode of the ionization chamber. The alpha-particle activity of the calibration source is
used to ensure the functionality of the ionization chamber prior to the introduction of UF6

to the counting gas.

8.1.2 Experimental Procedure and Preliminary Results

The pulse heights from the anode and the cathode from each event are digitized and written
in a list-mode file for offline analysis. The two-dimensional presentation of the registered
anode versus cathode pulse heights, depicted in Fig. 8.1, serves as a tool for investigating
the properties of the counting gas. The equations describing the dependence of the pulse
height on the deposited energy and the position of the center of gravity of the charge
distribution created by the alpha particles have already been presented in Sect. 3.2. On
the left-hand side of Fig. 8.1 the raw data obtained with the ionization chamber heated
to 70◦C, prior to the introduction of any UF6, is displayed. Three well separated lines
can be seen in the plot, corresponding to the three main lines from the calibration source.
The small inclination of these lines as a function of the cathode pulse height is due to the
inefficiency of the grid. It should be noted that, due to the dimensions of the chamber,
alpha particles originating from the calibration source and emitted at large angles θ relative
to the cathode plane normal cannot be stopped within the sensitive volume. This causes a
smearing effect of the energy resolution towards small values of the cathode pulse height.
An energy calibration taking these two effects into account resulted in an energy resolution
for the chosen setup of (57.4± 0.5) keV FWHM. The effect on the experimental raw data
of adding an amount of UF6 equivalent to 40 µg U/cm3 is displayed on the right hand side
of Fig. 8.1. The interpretation of the spectrum is complicated by the fact that the alpha
particles from the UF6 does not have a fixed point of origin. The inclination of the three
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Fig. 8.1: Raw experimental data from the UF6 test setup. Left: Chamber filled with pure
argon at a temperature of 70 ◦C. Right: Chamber filled with argon and an admixture of
UF6 gas equivalent to 40 µg U/cm3. The color scales indicate the number of counts per
bin.

alpha-particle lines from the source is reversed as compared to the data obtained with pure
argon. This fact indicates that electrons are captured by impurities in the counting gas,
since there exists a linear relation between the time electrons spend in the counting gas and
the cosine of the emission angle θ. The impurities could be traced back to a small amount
of air that was present in the UF6 container, or the gas-line connecting the container with
the chamber, and introduced into the counting gas simultaneous with the first filling with
UF6. Further addition of UF6 from the sample container did not affect the inclination of
the alpha lines. In addition to the three alpha-particle lines from the calibration source, two
fainter lines may be recognized at lower anode pulse heights. These two lines correspond
to the alpha-particle energies of 238U and 234U, the two main alpha-particle emitters in the
UF6 gas. It is noted that these two lines are present also at cathode pulse heights lower
than those allowed for alpha-particles originating from the cathode plane. This can only be
achieved by alpha-particles that do not originate from the cathode. Hence, this verifies that
gaseous UF6 exists within the sensitive volume. One may also notice a component of the
spectrum at low cathode pulse heights, stretching from very low anode channel numbers
to about channel number 2200. These events originate from alpha particles depositing
the major part of their energy between anode and grid, and consequently induce little to
no charge on the cathode. Events above the diagonal, with a larger cathode than anode
pulse height, represent alpha-decays that take place close to the chamber walls, so that
electrons are not collected by the anode. By choosing a region of interest that excludes
events, where alpha-particles from the source pass the grid, and projecting the data onto
an axis perpendicular to the inclined alpha-particle lines, an energy spectrum is obtained.
This energy spectrum has been calibrated using the three alpha-particle lines from the
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calibration source and is displayed in Fig. 8.2. Arrows indicate the energies of the alpha
particles emitted from the various substances present in the chamber. The energy resolution
of this gas mixture was determined to be (81.2± 0.8) keV FWHM.

The drift velocity of ionization electrons in the counting gas mixture was also determined.
The procedure for determining the drift velocity is based on measuring the rise time of the
cathode signal and was adopted from Ref. [61]. In Fig. 8.3 the obtained drift velocities for
pure argon as well as argon with an admixture of UF6 equivalent to 20 µg U/cm3 and 40
µg U/cm3 are displayed as a function of reduced field strength. The drift velocities show an
initial increase that reaches a maximum for high values of the field strength; further increase
of the field strength slightly reduces the drift velocity eventually reaching a plateau. The
introduction of a small amount of UF6 clearly increases the drift velocity. This behavior
is expected when introducing a complex molecule into the gas mixture, since it reduces
the number of elastic collisions an electron experiences when drifting in the electric field.
Furthermore, the drift velocity plateau is then only reached at higher field strengths. Since
the ionization chamber needs to be operated in the drift velocity plateau region, the use of
a large concentration of UF6 in the counting gas requires an increased field strength. At
reduced field strengths above 300 V/(cm·atm) with the highest amount of UF6 content,
the chamber experienced electrical breakdown delaying further experiments.

In conclusion, the experiments show promising results for an active target based on the
argon–UF6 gas mixture. Further experiments reaching higher concentration of UF6 are
foreseen after improvement of the current experimental setup. These results will be pre-
sented and discussed in Ref. [98].
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8.2 Investigations of Shape Isomers

As mentioned in Sect. 2.1 shape isomers are explained as meta-stable states in the second
minimum of the fission barrier that decay through either fission, by tunneling the outer
barrier, or gamma-decay back to the ground state. The properties of shape isomers, such
as decay mode and half life, directly probes the structure of the fission barrier. Although
general features of fission barriers and shape isomers are fairly well understood, more
experimental work is needed to address open questions, such as properties of the suggested
third hyper-deformed minimum in the fission barrier [99,100].

The first measurement series on 234U(γ, f), cf. Sect. 3 was in part performed with a
20 MHz pulsed electron beam, in order to test the possibility to identify shape isomers
with the present setup. To measure the time distribution of fission events a stop signal
coinciding with the start of the beam pulse and with a properly adjusted delay was fed
into the TDC. The start signal for the time measurement was taken from the cathode
timing signal, the timing resolution was about 1 ns. In Fig. 8.4 the time distribution of
fission events for two different electron beam energies are shown. The contribution of a
possible delayed component of the yield can be expected on the leading edge of the prompt
peak. The identification of delayed fission events is complicated by the time-structure of
the beam pulse. At the 9.0 MeV beam energy the contribution of a possible fission isomer
is negligible due to the low isomeric-to-prompt yield ratio. Hence, the time distribution of
fission events at this beam energy corresponds to the time-structure of the beam pulse. In
case there exists a fission isomer with a half-life larger than the width of the beam pulse
(∼ 10 ns) one may expect an increase in the fission yield on the leading edge of the prompt
peak when lowering the electron beam energy. Obviously, no such change is observed in the
data. In total 10980 prompt fission events were identified at the bremsstrahlung endpoint
energy of 6.8 MeV. Based on the number of prompt fission events it is concluded that no
fission isomer in 234U with a half life larger than 10 ns and an isomeric-to-prompt yield
ratio larger than 10−4 at 6.8 MeV bremsstrahlung could be found. The new polarized
photo-injector [28,101,102] recently installed at the S-DALINAC is able to deliver intense
pulsed electron beams ∼5 ps pulse widths. This will facilitate future experiments to identify
fission isomers.
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Appendix A

Transformation of Angular
Distributions

The transformation of an angular distribution relative to the chamber axis into the angular
distribution relative to the beam, when the former is oriented at a 45◦ angle relative to the
latter, can be obtained in the following way. Let θ represent the angle between the fission
axis and the beam. Furthermore let θc and φc represent the polar and azimuthal angle of
the fission axis in the chamber coordinates. A rotation of 45◦ of the chamber relative to
the beam then implies

cos θ =
1√
2

cos θc +
1√
2

sin θc sinφc. (A.1)

The angular distribution observed relative to the chamber axis may be written

W (θc) =
1

2π

2π∫
0

W (θ)dφc, (A.2)

where the angular distribution relative to the beam W (θ) is represented by Eq. (5.4), which
can be rewritten in terms of cos θ,

W (θ) = A+B sin2 θ + C sin2 2θ = α+ β cos2 θ + γ cos4 θ, (A.3)

with 
α = A+B

β = 4C −B
γ = −4C

.
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Combining Eqs. (A.1), (A.2) and (A.3) and solving the integrals then leads to

W (θc) =
α

2π

2π∫
0

dφc +
β

2π

2π∫
0

cos2 θdφc +
γ

2π

2π∫
0

cos4 θdφc

= α′ + β′ cos2 θc + γ′ cos4 θc, (A.4)

with 
α′ = A+ 3

4B + 5
8C

β′ = −1
4B −

5
4C

γ′ = 13
8 C

⇐⇒


A = α′ + 3β′ + 25

13γ
′

B = −4(β′ − 10
13γ
′)

C = 8
13γ
′

. (A.5)

Thus, by fitting the experimental data with Eq. (A.4) and using Eq. (A.5), the physically
relevant angular distribution could still be obtained with the ionization chamber in the
45◦ position. However, due to the limited range in which the angular distribution can be
determined and the strong correlation between the parameters A, B and C, the accuracy
of the result is affected.
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