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No one really starts anything new, Mrs. Nemur. Everyone

builds on other men’s failures. There is nothing really orig-

inal in science. What each man contributes to the sum of

knowledge is what counts.

- Daniel Keyes, Flowers for Algernon





Abstract

The nuclear fission process is highly complex and proceeds in heavy actinide
and trans-actinide nuclei either spontaneously or induced by various reactions.
Photon-induced reactions are particularly well understood due to the well-known
electromagnetic interaction and because only dipole and electric quadrupole exci-
tations are possible. This dissertation presents three developments for correlation
experiments in photon-induced nuclear fission and demonstrates the feasibility of
such correlation experiments with bremsstrahlung and monochromatic photons in
the entrance channel, measuring the full fission-fragment mass distribution with
ionization chambers. First, to increase the experimental luminosity for in-beam
experiments a multi-target Frisch-grid ionization chamber (FGIC) has been de-
veloped. Second, the pulse-height defect (PHD) in different gas mixtures of Ar
and CF4 has been determined relative to the reference gas P-10. Third, a position-
sensitive FGIC has been constructed that allows the azimuthal fragment emission
angle to be determined.

The performance of the newly constructed multi-target FGIC, holding up to three
targets simultaneously, was tested by an experiment utilizing bremsstrahlung-
induced fission on 238U and 232Th at E0 = 8.5MeV, performed at the Darmstadt
High-Intensity Photon Setup (DHIPS). Information on the mass, total kinetic energy
(TKE) and polar angular distribution of the fission fragments was determined by
means of the double kinetic energy technique and the drift-time method, whereas
the average TKE of the fission fragments was calibrated relative to established data.
The extracted pre-neutron mass distributions for 238U(γ,f) and 232Th(γ,f) are in
good agreement with literature data. For the 232Th data an excellent agreement of
the shape of TKE distribution with the shape of the literature data is observed. The
measured angular distributions were fitted and parametrized by a function which
describes the theoretically expected angular distribution. For 238U considerable
E2 contributions are detected, whereas for 232Th a clear dipole pattern is evident.
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The assessment of Ar+CF4 mixtures as a counting-gas in ionization chambers
was conducted by using a twin FGIC and fission fragments emitted in 252Cf(sf).
As fission fragments emitted in 252Cf(sf) are well studied, a reliable comparison
with established data as a basis for a PHD calibration procedure was possible. A
universal function describing the PHD in different mixtures of Ar+CF4 was found
and was used to calculate pre-neutron mass and TKE distributions. An excellent
agreement between average pre-neutron fission-fragment masses measured in
all counting-gases and literature is demonstrated with deviations smaller than
0.25 amu. The TKE distributions are in good agreement with established data, and
calculated ⟨TKE⟩ values are, within uncertainties, in good agreement with the
recommended value of 184.15MeV. To build a more compact multi-target FGIC,
one may profit from the high stopping power of the Ar+CF4 mixtures. However, a
pressure dependence in the pulse-height data showed that with regard to stopping
power no benefit is gained by using Ar+CF4 instead of P-10.

The performance of the position-sensitive FGIC was studied by investigating mea-
sured fission-fragment mass and TKE distributions as well as angular distributions
from 238U(γ,f) at Eγ = 11.2MeV and Eγ = 8.0MeV excitation energy with lin-
early and circularly polarized γ-ray beams. The experiment was performed at the
High Intensity γ-ray Source (HIγS), at the Triangle Universities Nuclear Laboratory
(TUNL). Fission-fragment mass and TKE distributions were studied by applying
the double kinetic energy technique, and angular distributions were extracted by
applying the drift-time method and the read-out of the position-sensing anode
structure. Calculated pre-neutron mass and TKE distributions were compared to
literature data yielding good agreement. The presented fission-fragment yield
as a function of TKE and pre-neutron mass number was used to extract informa-
tion of fission-mode weights for the standard modes, super-long and super-short
mode. A predominant standard-2 mode contribution as expected from theory
is evident. The extracted super-short mode contribution of 0.1% has not been
observed before in reference data and might be the first evidence of the existence
of the super-short mode in light actinides. The fission-fragment polar angular
distribution for 238U(γ⃗cir,f) at Eγ = 11.2MeV was analyzed for various mass
splits in the fragment pre-neutron mass distribution and is in very good agree-
ment to literature data. The evidence for a working position-sensitive structure is
provided by the successful measurement of the fission-fragment azimuthal angle
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φ, which was measured in coincidence to the polar angle θ. For nearly 100%
polarized photons, a distinct anisotropic distribution is observed, with a minimum
at φ = 90◦. Normalized values for the contribution of the dipole fission channels
are calculated as σγ,f (1

−, 0) = 0.484 ± 0.007, σγ,f (1
−, 1) = 0.439 ± 0.019 and

σγ,f (1
+, 1) = 0.078± 0.019, using the measured angular distribution coefficients.

Prompt fission neutrons (PFN) were measured in coincidence with fission frag-
ments from 238U using four liquid scintillator neutron detectors arranged around
the FGIC. Neutron and γ-ray signals are distinguished by means of pulse-shape
discrimination and time-of-flight information. The total neutron number detected
in each liquid scintillator detector, respectively, is in the order of magnitude of
previous estimations. This demonstrates the feasibility to measure prompt-neutron
observables in a thin-target in-beam experiment.
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Zusammenfassung

Der komplexe Prozess der Kernspaltung verläuft für schwere Actinoidekerne und
Trans-Actinoidekerne meist spontan oder induziert durch verschiedene Kernreak-
tionen. Besonders photon-induzierte Kernreaktionen sind durch die wohlbekannte
elektromagnetische Wechselwirkung sehr gut verstanden. In dieser Dissertation
werden drei Entwicklungen zum Studium von korrelierten, photon-induzierten
Kernspaltungsexperimenten vorgestellt. Die Durchführbarkeit von solch korrelier-
ten Experimenten wird durch die Messung von Massenverteilungen der entstehen-
den Spaltfragmente demonstriert, welche sowohl mit Bremsstrahlung als auch mit
monochromatischen Photonen im Eingangskanal gemessen wurden. Zu Beginn
der vorliegenden Arbeit wird eine entwickelte Frisch-Gitter Ionisationskammer
(FGIC), in welcher eine Mehrzahl von Spaltproben installiert werden kann um
die experimentelle Luminosität von induzierten Kernspaltungsexperimenten zu
erhöhen, und damit aufgenommene Daten präsentiert. Des Weiteren werden Er-
gebnisse des Studiums des Pulshöhendefekts (PHD) für verschiedene Gasgemische
von Ar+CF4 relativ zu dem wohlbekannten Referenzgas P-10 dargestellt. Zuletzt
werden Daten einer neu konstruierten positionssensitiven FGIC vorgestellt, welche
es ermöglicht, den azimutalen Winkel emittierter Spaltfragmente zu bestimmen.

Die Funktionalität der konstruierten Multi-Spaltprobenkammer, in welcher bis
zu drei Spaltproben zeitgleich installiert werden können, wurde in einem brems-
strahlungsinduzierten Spaltexperiment an 238U und 232Th bei einer Energie von
E0 = 8.5MeV getestet. Das Experiment wurde am Darmstadt High-Intensity Pho-
ton Setup (DHIPS) durchgeführt. Dabei wurden die Massenverteilung, Verteilung
der totalen kinetischen Energie (TKE) und polare Winkelverteilung der Spaltfrag-
mente durch die Methode der doppelten kinetischen Energie und der Driftzeitme-
thode bestimmt, während die mittlere TKE der Fragmente relativ zu etablierten
Daten kalibriert wurde. Die gemessenen Prä-Neutronenmassenverteilungen für
238U(γ,f) und 232Th(γ,f) stimmen gut mit Literaturwerten überein. Für die 232Th
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Daten kann eine exzellente Übereinstimmung der Form der TKE-Verteilung mit der
Form von Literaturdaten beobachtet werden. Die gemessenen Winkelverteilungen
wurden durch eine Funktion parametrisiert, welche den theoretisch erwarteten
Verlauf beschreibt. Deutliche E2 Beiträge können für 238U beobachtet werden,
während für 232Th eine klare Dipolstruktur vorliegt.

Die Eignung mehrerer Ar+CF4 Gasgemische als mögliche Zählgase in Ionisati-
onsdetektoren wurde unter Nutzung einer Zwillings-FGIC und Spaltfragmenten
des spontanspaltenden 252Cf(sf) Prozesses durchgeführt. Da die Spaltfragmentei-
genschaften von 252Cf(sf) bestens bekannt sind, war ein verlässlicher Vergleich
mit etablierten Daten als Basis einer PHD-Kalibrationsmethode möglich. Eine uni-
verselle Funktion, welche den PHD in den unterschiedlichen Gasgemischen von
Ar+CF4 beschreibt, wurde gefunden und dazu genutzt, Prä-Neutronenmassen-
und TKE-Verteilungen zu bestimmen. Eine exzellente Übereinstimmung zwischen
den gemessenen mittleren Prä-Neutronenspaltfragmentmassen und Literaturwer-
ten liegt für alle untersuchten Zählgasgemischen vor. Die gemessenen TKE Vertei-
lungen sind ebenfalls in guter Übereinstimmung mit Literaturdaten. Ein Aspekt
der Verwendung von Ar+CF4 Gasgemischen als Zählgas in Ionisationskammern
ist das Profitieren von einem höheren Gasbremsvermögen. Eine Gasdruckabhän-
gigkeit in den Pulshöhendaten der FGIC zeigte allerdings, dass im Hinblick auf
Gasbremsvermögen kein Nutzen aus der Verwendung von Ar+CF4 gegenüber
P-10 Gas gewonnen werden kann.

Die Funktionalität der positionssensitiven FGIC wurde sowohl durch die Un-
tersuchung von Spaltfragment-massen- und TKE-Verteilungen, als auch durch
das Studium von Winkelverteilungen von 238U(γ,f) bei Anregungsenergien von
Eγ = 11.2MeV und Eγ = 8.0MeV mit linear und zirkular polarisierter Gamma-
strahlung untersucht. Das Experiment wurde an der High Intensity γ-ray Source
(HIγS) des Triangle Universities Nuclear Laboratory (TUNL) durchgeführt. Dabei
wurden die Spaltfragmentmassen- und TKE-Verteilungen durch die Methode der
doppelten kinetischen Energie detektiert. Die Winkelverteilungen wurden durch
die Driftzeitmethode und das Auslesen der positionssensitiven Anodenstruktur
extrahiert. Die berechneten Prä-Neutronenmassen- und TKE-Verteilungen zeigten
eine gute Übereinstimmung mit Literaturwerten. Die präsentierte Spaltfragment-
ausbeute in Abhängigkeit von TKE und Prä-Neutronenmassenzahl der Fragmente
konnte genutzt werden, um Informationen über die Spaltmodenverhältnisse der
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Standardmode, der superlangen Mode und der superkurzen Mode zu gewinnen.
Wie zuvor von theoretischen Berechnungen vorhergesagt, konnte ein dominanter
S2-Modenbeitrag beobachtet werden. Der extrahierte Beitrag der superkurzen
Mode von 0.1% wurde bisher nicht in Referenzdaten beobachtet und könnte ein
erster Hinweis auf die Existenz der superkurzen Mode in leichten Actinoideker-
nen sein. Die polare Winkelverteilung der Spaltfragmente für 238U(γ⃗cir,f) bei
Eγ = 11.2MeV wurde für diverse Massenbereiche analysiert und stimmt gut mit
Referenzdaten überein. Der Beweis für eine funktionierende positionssensitive
Anodenstruktur wurde durch die erfolgreiche Messung des Azimutwinkels φ der
Spaltfragmente erbracht, welcher in Koinzidenz zum Polarwinkel θ gemessen wer-
den konnte. Für die induzierte Spaltung mit nahezu 100% polarisierten Photonen
konnte eine deutlich anisotrope Winkelverteilung mit einem Minimum bei φ = 90◦

beobachtet werden. Normalisierte Werte für den Beitrag der Dipolspaltkanäle
konnten berechnet werden und ergaben die Werte σγ,f (1

−, 0) = 0.484 ± 0.007,
σγ,f (1

−, 1) = 0.439± 0.019 und σγ,f (1
+, 1) = 0.078± 0.019.

Koinzident zu den Spaltfragmenten von 238U konnten prompte Spaltneutronen
gemessen werden. Hierzu wurden vier Flüssigkristall-Neutronendetektoren um
die positionssensitive FGIC platziert. Die induzierten Signale der Neutronen und
γ-Strahlung wurden durch die Methode der Pulsformdiskriminierung und durch
Flugzeitinformation separiert. Die gemessene totale Neutronenanzahl bestätigt die
Größenordnung vorheriger Abschätzungen. Dies demonstriert die Machbarkeit,
prompte Spaltneutronenobservable in Experimenten mit dünnen Spaltproben zu
messen.
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1. Introduction

While the nuclear fission process has been discovered more than 80 years ago [1–3]
and is exploited on a large-scale industrial level for the generation of electrical
energy in many innovative countries, it still cannot be described accurately on a
microscopic level and much work remains to be done to understand it to its full
extent [4]. Due to the large amount of nucleons participating in the fission process
and, hence, the many degrees of freedom, a detailed microscopic description of
the process is not possible. Therefore, Turkevich and Niday [5] and later Bohr [6]
proposed the fission-channel approach for the description of the fissioning system’s
path to the scission point. For excitation energies in the region of the fission
barrier, a discrete spectrum of low-lying collective excitations are expected to be
located on top of the fission barrier. It is assumed within Bohr’s fission-channel
concept, that near-barrier fission proceeds through these discrete, so-called transi-
tion states. At higher energies multi-chance fission is enabled, in which the fission
reaction (γ,f) competes with (γ,nf) in the case of second-chance fission, or with
(γ,2nf) in the case of third-chance fission. In principle there is no upper limit in
excitation energy in photo-fission, and with rising excitation energy higher multi-
chance fission channels are populated. The electromagnetic interaction available in
photon-induced fission excites the fissioning system mostly by dipole, and, to lesser
extent, by quadrupole excitations. Information about the transition states can be
obtained in particular by fragment angular distributions [7], but is also found
in the angular distribution of prompt fission neutrons (PFN, see Refs. [8, 9] for
recent publications). Both experimental data as well as theoretical modeling of the
fission process are necessary for a precise understanding of, e.g., the mechanism of
nucleosynthesis by the r-process in astrophysics [10] or technical applications [11].

The development of detailed theoretical models describing the fission process [12]
requires precision data on cross sections, fission-fragment properties, secondary-
fission products or ternary-fission product yields. Most of the fission-fragment
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information available in photo-fission - in particular mass yields - has been acquired
using bremsstrahlung, see, e.g., Refs. [13, 14]. The quasi-monochromatic γ-ray
beams from facilities like HIγS and ELI-NP, however, yield a narrow excitation
spectrum of intermediate states near the saddle point, which is in contrast to the
broad, averaging excitation provided by bremsstrahlung. It was recently pointed
out by Schmidt and Jurado [15] that a precise definition of the excitation energy
is fundamental for the understanding of the fission process. Hence, measuring
precise excitation energies in photon-induced fission with as many observables
simultaneously as possible, appears to be most promising for advancing the re-
search in this field. This dissertation presents the results of developments and
first experiments towards this goal. The quasi-monochromatic γ-ray energies in
the energy region of the fission barrier that is provided by the HIγS or ELI-NP
facility for future photo-fission experiments will be chosen in order to obtain
fission-fragment data which can be directly compared to a corresponding average
excitation energy of the same nucleus in bremsstrahlung. In this way, possible
influences of single or few excitations compared to broad, averaging excitations
on fission-fragment mass, TKE and angular distribution may be easily recognizable.

Gas-filled ionization detectors are used for a variety of applications. In fission
research, the use of a transparent target and the coincident detection of both fission
fragments in a double ionization chamber allows one to extract both the fragment
masses and the total kinetic energy from the measured pulse-height. The need
for transparent targets leads to small counting-rates in experiments, in particular
when experiments are carried out just above the fission barrier. For a recent exam-
ple of an application, see Ref. [13]. Beyond the usage of high-intensity beams, one
of the options to increase luminosity is to set up several ionization detectors. As
presented in Ch. 3, a multi-target Frisch-grid ionization chamber (FGIC) has been
set up and a performance experiment utilizing bremsstrahlung-induced fission on
238U and 232Th in the barrier region has been conducted. The experiment was
performed at the Darmstadt High-Intensity Photon Setup (DHIPS, [16]), located
at the nearest experimental site behind the superconducting injector linear acceler-
ator of the Superconducting Darmstadt linear accelerator (S-DALINAC, [17]). The
fission-fragment mass and total kinetic energy (TKE) distributions from 238U and
232Th have been determined by means of the double kinetic energy technique, and
polar angular distributions have been determined by the drift-time method [18].
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The use of Frisch-grid ionization chambers for the study of fission-fragment prop-
erties relies on accurate determination of the fission-fragment energies. With
accurate measurement of the fission-fragment energies the masses are determined
via the double kinetic energy technique. One of the major issues related to ac-
curate energy determination is the so-called pulse-height defect (PHD) in the
gas. The term is used to summarize effects that cause a non-linear response of
the pulse-height (with respect to the energy) to highly ionizing particles, such
as fission fragments. In Ch. 4 of this work, the PHD in different Ar+CF4 gas
mixtures has been determined relative to the reference gas P-10, using the well
known properties of the fission fragments from the 252Cf(sf) decay. The used PHD
calibration method for the counting-gases is based on the procedure for calibrating
the response of silicon surface barrier detectors to heavy ions by Kaufman et al.
[19]. The results of the counting-gas assessment have already been published in
Ref. [20].

While the polar angular distribution of fission fragments detected in ionization
chambers are determined via the drift-time method, the azimuthal angular infor-
mation is not accessible in conventional ionization detectors. However, polarized
photons are expected to yield strong azimuthal asymmetries in the fission-fragment
distribution, linked to the multipole character of the relevant excitations, see Ref.
[21] for an example using polarized off-axis bremsstrahlung. Hence, the mea-
surement of the azimuthal angle will yield information about the structure of
intermediate states and the path through the fission barrier. By exchanging the
anode plates in the conventional chamber on both sides with an array of grid- and
strip-anodes, which are rotated by 90◦ relative to each other and read out by means
of resistive charge division [22], a position sensitivity is achieved that allows the
azimuthal fragment emission angle to be determined, too. In Ch. 5 the design of a
newly set up position-sensitive twin FGIC and its performance is presented. The
performance has been studied by an experiment utilizing quasi-monochromatic,
polarized γ-induced fission on 238U at Eγ = 11.2MeV and Eγ = 8.0MeV, per-
formed at the High Intensity γ-ray Source (HIγS, [23]), at the Triangle Universities
Nuclear Laboratory (TUNL).
In addition to measuring the fission-fragment properties in the ion chamber, prompt
fission neutrons (PFN) have been measured in coincidence with fission fragments
from 238U. The coincident detection of PFN allows one to measure the average neu-
tron multiplicity as a function of fragment mass and TKE, and to correlate the PFN

3



angular distributions to the orientation of the fission fragments detected via the
position sensitive FGIC [24]. To investigate the influence of background radiation
and experimental sensitivity, while demonstrating the feasibility of such a mea-
surement in an in-beam experiment, a separate set-up of four neutron detectors
has been implemented.

4



2. Theoretical and Experimental
Methods

2.1. Theory of the Fission Process

More than 80 years ago, in 1939, the fission process was experimentally discov-
ered by Hahn and Strassmann by irradiating uranium with neutrons [1]. A first
assumption of the underlying process was, that the excited uranium nucleus split
into two lighter nuclei, and Meitner and Frisch [2], and later in the same year
Bohr and Wheeler [25], explained this process based on the so-called liquid drop
model (LDM) qualitatively. The LDM describes the fissioning nucleus as a dense
packed, uniformly charged liquid drop with an potential energy

ELDM = EV + ES + EC , (2.1)

similar to von Weizsäcker’s semi-empirical mass formula, as the sum of a volume
energy EV , a surface energy ES , and the Coulomb energy EC . Since the fission
process in the liquid drop model is understood as transitions from a uniformly
charged drop into an energetically excited and deformed drop, into two smaller
drops after fission, only the surface and Coulomb terms of the total energy are
of interest if we assume that the drop is incompressible. Bohr and Wheeler [25]
further introduced the fissility parameter

x = EC(0)/2ES(0) (2.2)

with EC(0) and ES(0) being the Coulomb and surface energy of the excited nu-
cleus at zero deformation, respectively, which classifies nucleus unstable against
small deformations for x > 1. The proportionality of EC ∝ Z2/R0 and ES ∝ R2

0,
and proportionality constants obtained by fits to experimental mass data, lead to
x ∝ Z2/A, and x = 1 for Z2/A ≈ 50 [26]. The parameterR0 describes the radius
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of a primarily spherical liquid-drop. In conclusion, nuclei with Z2/A > 50 are
within the liquid-drop model unstable and will undergo spontaneous fission. The
liquid drop model was used as the basis for the description of the nuclear fission
process for many years, but it fails to predict some basic properties, particularly
for actinide nuclei: the dominant asymmetric mass split observed in fission in
actinides, which are settled in the region 0.68 < x < 0.76, cannot be explained
by the liquid drop model, which shows stability of equilibrium shapes against
reflection asymmetric distortions for all x > 0.39 [26]. In 1967, Strutinsky [27]
published a theoretical description to combine the liquid drop model with nuclear
shell-structure information in his macroscopic-microscopic method. By introducing
nuclear shell effects, a double-barrier structure in the potential energy effective
along the most favorable path to fission, the so-called fission barrier, was found. In
Sect. 2.1.1 this macroscopic-microscopic method and the corresponding calcula-
tion of the potential energy surface and the fission barrier is described in more
detail.

After the discovery of neutron-induced fission by Hahn and Strassmann [1] and
Meitner and Frisch [2], experiments were conducted to investigate fission induced
by γ-quanta. It was first pointed out by Feenberg [28] and Bohr and Wheeler
[25] that, in theory, an excitation by γ-rays might also cause fission. The first
successful experimental discovery was achieved by Haxby et al. [29] in 1940, in
which the photo-fission of uranium and thorium has been observed and first cross
sections for this reactions could be measured. In this early experiment, γ-rays
produced from F(p,γ) have been used to induce fission in the actinide material,
which was placed in the simplest form of an ionization chamber. In comparison to
hadronic induced fission, the use of γ-radiation offers some principal advantages.
First, photon absorption offers the principle advantage of a known interaction
with well-established selection rules and, thus, is characterized by a high spin
selectivity [30]. At low excitation energy, the photon absorption is mainly electric
dipole (E1) and to a lesser extent magnetic dipole (M1) and electric quadrupole
(E2) absorption, cf. Refs. [31–33], which leads to excited states with values of
the total angular momentum and parity Jπ of 1−, 1+ and 2+ for an even-even
nucleus. The use of linearly polarized photons even enables a selection between
electric and magnetic dipole excitations [34]. Second, the whole excitation energy
region, especially in the (sub-)barrier region, is accessible in photo-fission, since
there is no minimum excitation energy equal to the neutron binding energy as it is
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the case in neutron-induced fission.

2.1.1. Potential Energy Surface and Fission Barrier

The interplay of collective (macroscopic) and single-particle (microscopic) effects
are described by Strutinsky [27] in his macroscopic-microscopic method. By
introducing microscopic effects, such as shell effects and pairing, the total potential
energy becomes the sum of the macroscopic ELDM and the microscopic Emicro

energy [27, 35, 36]

Etotal = ELDM + Emicro. (2.3)

In Fig. 2.1 a calculation of the potential energy surface (potential energy as a
function of elongation and fission-fragment mass asymmetry) for a 238U nucleus
for the macroscopic (a) and macro-microscopic (b) case, published by Karpov et al.
[37], is illustrated. The red lines indicate the most probable paths to fission, the
fission barriers. For the macroscopic calculation, cf. Fig. 2.1 (a), the competition
between the repulsive Coulomb force and the attractive surface energy of the two
fission fragments produces a smooth potential energy surface with the ground
state in the minimum. The fission process proceeds along the fission barrier, and
the fissioning nucleus increases its potential energy until the maximum of the
potential energy, the so-called saddle point, is reached. At even further elongation,
the nucleus eventually reaches the scission point and splits symmetrically into
two equally heavy fission fragments. It is well-known that this symmetrical fission
is in contrast to observation and that the LDM fails in predicting the dominant
asymmetric mass split observed in fission in actinides. This failure is corrected
in the macro-microscopic calculation, where asymmetric fission-fragment mass
distributions appear due to the consideration of microscopic shell effects, cf. Fig.
2.1 (b). Starting from the ground state, the fissioning nucleus increases its potential
energy and in the first local potential energy maximum, the so-called inner barrier,
the path to fission bifurcates. Further along the path to fission a second minimum
develops due to the strong negative shell correction which occurs at a deformation
corresponding to the LDM saddle point. At even further elongation, a second local
potential energy maximum, the so-called outer barrier (labeled "saddle point"
in Fig. 2.1 (b)), is passed and the nucleus splits asymmetrically into two fission
fragments. The microscopic shell effects depend strongly on the specific nucleon
number, and their influence on the potential energy surface differs among the
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nuclei, often leading to a very complex fission potential energy landscape with
several valleys, each characterized by its unique saddle and scission points [38].
On top of the inner and outer barrier, excited states – so-called transition states –
are located with characteristic (Jπ,K)-values. In the two minima discrete excited
states exist, which are commonly denoted as class-I and class-II compound states,
respectively [26]. For instance, for class-II compound states meta-stable shape
isomers can occur that decay via γ-ray emission back in the ground state, or, by
tunneling through the outer barrier, decay via delayed or isomeric fission [39].
In general, at low potential energy the compound states have discrete levels, but
their properties become less evident due to mixing with a large number of states
with complex configurations.

Figure 2.1.: The macroscopic ELDM (a) and macro-microscopic
Etotal = ELDM + Emicro (b) potential energy calculated for an
238U nucleus as a function of elongation and fission-fragment mass
asymmetry. The most probable paths to fission, the fission barriers,
are indicated by red lines. The figure has been reproduced from Ref.
[37], with permission from © IOP Publishing Ltd. All rights reserved.

Strutinsky’s macroscopic-microscopic method helped to gain an understanding of
the interplay of collective and single-particle effects. Nevertheless, it should be
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pointed out that the investigation of the way from the entrance configuration to
scission is an ongoing research field, which is highly relevant for a quantitative
description of the fission data, see Ref. [12] for a recent overview of the future of
nuclear fission theory. Just to mention one aspect of high-level recommendations
addressing the challenges for the field of microscopic nuclear fission theory, as
stated by Bender et al. [12], a comprehensive description of the fission process
is needed since different elements of fission models are sensitive to different
experimental observables. For example, a good reproduction of fission-fragment
TKE does not guarantee a good prediction of mass asymmetry. Hence, priority
should be given to modeling of measured quantities [12].

2.1.2. Description of Fission-fragment Angular Distribution

In the following, the notation and argumentation of Jacobs and Kneissl [30] will be
used to describe the fission-fragment angular distribution. The angular distribution
can be described within Bohr’s fission-channel approach [6] for excitation energies
in the barrier region. In this energy region, most of the energy has been expended
into deformation energy. Therefore, at this highly deformed configuration the
system should be thermodynamically rather cold and exhibit a discrete spectrum
of low-lying collective excitations, similar to ground-state deformation [30]. It is
assumed within Bohr’s fission-channel concept, that near-barrier fission proceeds
through these discrete, so-called transition states. In Fig. 2.2 the expected spec-
trum of transition states for an even-even nucleus is shown. The relative positions
of the theoretically predicted lowest-lying transition state bands, the ground state,
mass asymmetry and bending band [40], strongly depend on the nuclear shape at
the saddle point. Hence, fission-fragment angular distributions provide information
on the nuclear shape at deformation of the saddle point.

Assuming that the fission process proceeds along the symmetry axis of the deformed
nucleus and that the projection K of the angular momentum J on the symmetry
axis is conserved during the path from the saddle point to scission [30], the angular
distributions are determined by the quantum numbers J and K of the transition
states involved, cf. Ref. [40]. For the fission through a particular transition state,
characterized by (Jπ,K), the differential cross section according to Refs. [40, 41]
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Figure 2.2.: Schematic spectrum of transition states above the fission barrier of
an even-even nucleus, according to and adapted from Ref. [40].

is

dσ

dΩ
(Jπ,K,E, θ) =

J
∑︂

M=−J

1

2π
· φf (J

π,K,M ;E) ·W J
M,K(θ) (2.4)

where Jπ is the angular momentum and parity of the transition state, K is the
projection of J on the symmetry axis, M is the projection of J on the quantization
axis (this axis corresponds to the γ-ray direction), E is the excitation energy and
θ is the angle between the quantization axis and the symmetry axis. In Fig. 2.3
a fissioning nucleus is depicted schematically with the corresponding quantum
numbers shown. The functions φf (J

π,K,M ;E) describe the partial cross sections
for fission through a specific transition state and the angular distribution pattern
is given by the functions W J

M,K(θ) [30, 42], which are connected to the rotational
wave function [43, 44] dJM,K(θ) by

W J
M,K(θ) =

(2J + 1)

2
·
⃓

⃓dJM,K(θ)
⃓

⃓

2
, (2.5)

10



and which are normalized to
π
∫︁

0

W J
M,K(θ)sin θdθ = 1.

K

JM
θ

Figure 2.3.: Schematic view of the fissioning nucleus. The quantum numbers
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
fissioning nucleus, respectively. The angle between the quantization
axis and the symmetry axis is denoted by θ.

For an even-even nucleus with ground-state angular momentum and parity Jπ = 0+,
the Jπ of the transition state is given by the multipole order of the excitation. At
low excitation energy, the photon absorption is mainly electric dipole (E1) and
to a lesser extent magnetic dipole (M1) and electric quadrupole (E2) absorption,
cf. Refs. [31–33], which leads to excited states with Jπ values of 1−, 1+ and 2+,
respectively. For photons and their pure transverse character, only substates with
M = ±1 are populated, and for unpolarized photons the partial cross section is
related as φγ,f (J

π,K,M ;E) = φγ,f (J
π,K,−M ;E). By summing over the possi-

ble M substates in Eq. (2.4) and integrating over θ, the photo-fission cross section
for a particular (Jπ,K) channel results in

σγ,f (J
π,K;E) =

J
∑︂

M=−J

φγ,f (J
π,K,M ;E)

= 2 · φγ,f (J
π,K,±1;E). (2.6)

The angular distribution functions W J
M,K(θ) exhibit the symmetry relations

W J
M,K(θ) = W J

−M,K(θ) and W J
M,K(θ) = W J

M,−K(θ) [30], and Eq. (2.4) may be
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rewritten as

dσγ,f

dΩ
(Jπ,K,E, θ) =

1

2π
· σγ,f (J

π,K;E) ·W J
±1,K(θ). (2.7)

It is common to represent the angular distribution functions by a series of sin2 (nθ)
terms, resulting in

W J
±1,K(θ) = a + b · sin2 θ + c · sin2 2θ (2.8)

if the possible multipolarities are restricted to L ≤ 2. The measured angular
distribution originates from a mixture of the distinctive patterns of the angular
distribution functions W J

±1,K(θ) for dipole and quadrupole excitations because
several intermediate states are populated. The differential cross section is described
as

dσγ,f (Eγ , θ)

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

where the coefficientsAγ ,Bγ andCγ are determined from experimentally obtained
distributions. Restricting to Jπ values of 1−, 1+ and 2+, and using Eq. (2.8), the
corresponding expansion coefficients [21], and taking the K degeneracy of the
transition states with K ̸= 0 into account, it follows [30]

Aγ =
1

4π
· [3σγ,f (1

−, 1) + 3σγ,f (1
+, 1) + 5σγ,f (2

+, 1)]

Bγ =
1

8π
· [3σγ,f (1

−, 0) − 3σγ,f (1
−, 1) − 3σγ,f (1

+, 1)

+ 5σγ,f (2
+, 2) − 5σγ,f (2

+, 1)]

Cγ =
5

8π
·
[︃

3

4
σγ,f (2

+, 0) − σγ,f (2
+, 1) +

1

4
σγ,f (2

+, 2)

]︃

. (2.10)

As is observed, six possible fission-channel cross sections and only three experimen-
tal coefficients Aγ , Bγ and Cγ are present. Hence, the particular fission channels
cannot be disentangled. Therefore, in most cases of the analysis of photo-fission
fragment angular distributions only the three theoretically predicted lowest-lying
transition state bands, the ground state, mass asymmetry and bending band [40]
(cf. Fig. 2.2) are considered, resulting in (Jπ,K) = (2+,0), (1−,0) and (1−,1).
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The ratios of the experimental angular distribution coefficients deliver some useful
relations for special cases:

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

Bγ/Aγ = A− 1

with

A =
dσγ,f (90

◦)

dΩ
/
dσγ,f (0

◦)

dΩ
.

• For pure electric dipole excitation (Cγ = 0, cf. Eq. (2.10)), the ratio Bγ/Aγ

is connected to the cross section of the K = 0 and K = 1 fission channels,
respectively, as

Bγ/Aγ =
σγ,f (1

−, 0)

σγ,f (1−, 1)
− 1

2
.

• For K = 0, the fission channels lowest in excitation energy, the ratio Cγ/Bγ

is related to the relative contribution of quadrupole to dipole fission

Cγ/Bγ =
5σγ,f (2

+, 0)

4σγ,f (1−, 0)
.

The use of linearly polarized photons partially overcomes the above-discussed
shortcomings and afford the opportunity to disentangle E1 and M1 channels in
the case where dipole excitations to the intermediate states dominate [21, 30],
if the fission-fragment azimuthal angle φ is detected in coincidence to the polar
angle θ. The degree of polarization Pγ of a photon beam is usually defined as

Pγ =
N⊥ −N∥

N⊥ +N∥
, (2.11)

where N⊥ (N∥) are the number of incident photons with the electric field vector E⃗
perpendicular (parallel) to the reference plane. The azimuthal angle φ is defined
as φ = 0 for fragments emitted parallel to the plane (γ, E⃗) and φ = π/2 for
fragments emitted perpendicular to (γ, E⃗). An experimental asymmetry ϵ(θ) and
an analyzing power Σ(θ) are introduced, according to Ratzek et al. [21], as

ϵ(θ) = Pγ · Σ(θ) =
W (θ, φ = π/2)−W (θ, φ = 0)

W (θ, φ = π/2) +W (θ, φ = 0)
(2.12)
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with

Σ(θ) =
dσ⊥

dΩ (θ)− dσ∥

dΩ (θ)

dσ⊥

dΩ (θ) +
dσ∥

dΩ (θ)
(2.13)

where dσ⊥

dΩ (θ) and dσ∥

dΩ (θ) are the differential cross sections for a perpendicular and
parallel E⃗, respectively. The angular distribution function for a particular (Jπ,K)
channel of Eq. (2.8) is generalized to

W J
±1,K(θ, φ) = a + b · sin2 θ + c · sin2 2θ

+ Pγ · ω · cos 2φ · (d · sin2 θ − 4c · sin4 θ) (2.14)

with ω changing the sign for different parities according to

ω =

{︄

+1 for electric excitations

−1 for magnetic excitations.

The additional coefficient d is determined by the measurement of the analyz-
ing power, if the coefficients a, b and c are determined from experiments using
unpolarized γ-rays, according to

Σ(θ) = −ω
d · sin2 θ − 4c · sin4 θ

a + b · sin2 θ + c · sin2 2θ
. (2.15)

Similar to the unpolarized case, the differential cross section is described by the
contribution of several fission channels and the total angular distribution has to be
fitted, cf. Eq. (2.9), by

dσγ,f (Eγ , θ, φ)

dΩ
= Aγ + Bγ · sin2 θ + Cγ · sin2 2θ

+ Pγ · ω · cos 2φ · (Dγ · sin2 θ − 4Cγ · sin4 θ). (2.16)

Restricting to Jπ values of 1−, 1+ and 2+, and using Eq. (2.14), the corresponding
expansion coefficients [21], and taking the K degeneracy of the transition states
with K ̸= 0 into account, it follows for the fourth experimental observable
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Dγ =
1

8π
· [3σγ,f (1

−, 0) − 3σγ,f (1
−, 1) + 3σγ,f (1

+, 1)

+ 15σγ,f (2
+, 0) − 15σγ,f (2

+, 1)]. (2.17)

With reasonable restrictions new information, in addition to the ones stated above,
are extracted:

• Four fission channels may be separated if contributions from
(Jπ,K) = (1+,1) and (2+,2), the two highest populated bands, are ne-
glected.

• For overwhelming electric dipole excitation (Cγ = 0, cf. Eq. (2.10)), the
contributions of the three dipole fission channels (1−,0), (1−,1) and (1+,1)
can be disentangled from the measured coefficients Aγ , Bγ and Dγ .

2.1.3. Description of Fission-fragment Mass and TKE
Distribution

Many attempts have been made in the last centuries to understand fission-fragment
mass and TKE distributions quantitatively. But, due to the complexity of this
many-body problem none of the attempts had been successful for a quantitative
prediction of all fission characteristics. For example for the nucleus 238U all 238
nucleons with their time-dependent degrees of freedom have to be considered in the
theoretical calculation. Various fission models have been developed, all including
approximations in order to reduce the complexity of the calculations. The common
fission models are classified in microscopic, stochastic and deterministic approaches
[45]. In the microscopic approach the ideal case would be to solve the equations
of motion for each individual nucleon participating in the fission process. However,
this would exceed the computational power of nowadays existing computers.
Therefore, approximations have to be included. An important approximation in the
microscopic approach is the Hartree-Fock method. In the stochastic approach the
dynamics of the many-body is assumed to be restricted to a set of collective variables
which evolve in time. But, a very complex calculation which is mainly limited by
the computational power remains, even when reducing the number of variables.
Kramers [46] proposed to describe the induced fission process as the diffusion
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over a barrier of a collective variable, and suggested to use a Langevin equation for
the respective calculations. The description of fission-fragment mass distributions
by deterministic models is not well related to the microscopic description of the
nucleus [45]. Nevertheless, the deterministic models are able to explain both global
aspects and details of mass distributions better than microscopic or stochastic
approaches. They are based on macroscopic-microscopic descriptions and use
the total potential energy calculated as the sum of the macroscopic ELDM and
the microscopic Emicro energy, cf. Eq. (2.3). Brosa et al. [47] introduced the
deterministic Multi-Modal Random-Neck-Rupture model (MM-RNR). The MM-
RNR model connects the fission energy and mass distribution to the potential
energy surface, and shapes the valleys and paths through which fission may occur.
In the following, a multi-dimensional Langevin approach and the MM-RNR model
will be introduced and discussed briefly.

Multi-dimensional Langevin Approach

The idea of fission modes, implemented by Turkevich and Niday [5], is based
on the introduction of fission channels through which fission may occur, and was
first applied to describe symmetrically and asymmetrically fission-fragment dis-
tributions in the excitation of 232Th with 2.6MeV neutrons. A path through the
potential energy surface, introduced in Sect. 2.1.1 and exemplary illustrated for
an 238U nucleus in Fig. 2.1 (b), yields in an unique fragment mass- and energy
distribution, respectively, and different paths through the potential energy land-
scape are possible due to bifurcations points. Resulting experimental distributions
are interpreted as carrier of information of the corresponding paths through the
potential energy surface. For actinide nuclei the number of involved modes is in
general four: The fission modes corresponding to symmetric fission are assigned
as the so-called super-long and super-short modes [47]. Due to a low yield they
are assumed to have a higher outer fission barrier compared to asymmetric fission.
For light actinides as Uranium, the super-short mode can be neglected. Only
for heavier actinides as Einsteinium, the super-short mode starts to shape mass
and TKE distributions [48]. The so-called standard modes [47] are responsible
for most of the fission events at low excitation energy fission and correspond to
asymmetric fission. A standard-1 mode represents a pre-scission shape with the
shortest distance between the fragment charge centers and a standard-2 mode
represents a shape with a slightly longer distance. As a result, the total kinetic
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energy of standard-1 events is higher compared to standard-2 events.

Recent approaches to describe the fission process by Langevin equations have
been very successful [49–51]. The theoretical description is based on solving
Langevin equations in the multi-dimensional space of nuclear deformations. When
describing the nuclear fission process by Langevin equations, only a small number
of collective coordinates are necessary, assuming that the time evolution of the
collective shape of the nucleon distribution is described via classical Newtonian
equations with a random force added. In the 3-dimensional Langevin approach,
the dynamical variables describing the fissioning system are the elongation, the
fragment deformation, and mass asymmetry [48]. The main observables are the
fission-fragment mass yield and TKE, while the mass yield is calculated from the
statistics of fragment mass given by the value of mass asymmetry at scission. The
TKE is calculated from the sum of Coulomb repulsion and pre-scission kinetic
energy. This approach is very close to experimental data, and even is capable
of predicting TKE from available data [50]. However, to bridge the classical
Langevin theory with microscopic fission frameworks, it is important to clarify the
connections between microscopic time-dependent Hartree-Fock-Bogoliubov and
time-dependent general-coordinate methods with dissipative theories [12].

Multi-Modal Random-Neck-Rupture Model

As stated by Brosa et al. [47], the main item in random neck rupture is the pre-
scission shape: „It looks like two heads connected by a thick neck.“ Since it is
not decided at which position the neck breaks during scission (random), and the
neck snaps as soon as the nucleus stretches beyond the pre-scission shape (neck-
rupture), the nomenclature of the model is self-explaining. The pre-scission shapes,
used to determine the most important exit channel observables, are calculated
via fission-channel calculations using Strutinsky’s method [27, 36] with the total
potential energy described as the sum of the macroscopic liquid drop energyELDM

and the microscopic energy Emicro considering microscopic effects, such as shell
effects. The macroscopic liquid drop potential energy ELDM can be described by a
Myers-Swiatecki model and for the microscopic potential energy Emicro the single-
particle potentials for neutrons and protons can be, e.g., of Woods-Saxon type [47].

In the MM-RNR model the shape of the fissioning nucleus is parametrized and
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described by generalized Lawrence shapes [52] in cylindrical coordinates ρ and ζ
according to

ρ2(ζ) = (l2 − ζ2)

N
∑︂

n=0

an(ζ − z)n, (2.18)

with coefficients an as free variable parameters for the analytical expressions
of the geometrical parameters (l, r, z, c, s). The geometrical parameters are the
semilength l of the elongation of the nucleus, the radius r of the neck, the position
z on the neck where the neck is thinnest, the curvature c of the neck (visualized as
the inverse of the curvature radius) and the position s of the centroid [47]. In Fig.
2.4 the Lawrencian shape and the degrees of freedom (l, r, z, c, s) are illustrated.
Since the curvature of the neck is defined only for a small region around the neck
itself, cf. Eq. (2.18), a quite curvy neck in this local region might occur. In order to
reproduce experimental yields, the neck is assumed to be globally flat. A flat-neck
representation is introduced, with the same geometrical parameters (l, r, z, c) as
stated above. The extensions a1 and a2 of the neck, the radii r1 and r2 of the
spherical heads and the transitional points ζ1 and ζ2, where the three parts of the
flat-neck representation join, are the newly introduced parameters, cf. Fig. 2.5.
The embedded spheroids in the lower part of Fig. 2.5 represent the newborn fission
fragments right after scission. They are used to estimate the repulsion between the
fragments, and hence the fragment kinetic energies, immediately after formation
[47]. The length of the pre-scission shape 2l and the neck radius r are related via
the so-called Rayleigh instability [53]

2l = 11r, (2.19)

which defines a minimum required thin neck for rupture to take place at a random
position on the neck. Hence, the neck may snap when the total length of the
pre-scission shape 2l is larger than 11 times the neck radius r.
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2.2. Operation of Ionization Chambers and

Corresponding Data Analysis

Twin Frisch-grid ionization chambers (FGIC) [54] for the study of fission-fragment
properties have been established as accurate and reliable detectors in the last
decades. The operation principle of ionization chambers is quite simple and is
explained utilizing Fig. 2.6: The parallel plate detector consists of two anode plates
and two Frisch-grids [55], which are placed mirror-symmetrically with respect to
the common cathode plate carrying the fissile material (target). A charge-creation
region, the volume between cathode and Frisch-grid, and a charge-collection re-
gion, the volume between Frisch-grid and anode, is established in each chamber
half, respectively. The Frisch-grid has the purpose to screen the anode from signals
induced by moving charges in the charge-creation volume. However, the grid can-
not shield the anode from all the charge carriers from the charge-creation region.
This inability is generally referred to as grid inefficiency (GI) and is explained in
detail in Sect. 2.2.1. Voltage is applied to each electrode in order to establish
constant electric fields in the charge-creation and the charge-collection region,
respectively, with the electric field vectors pointing towards the outer anode plates.
The set-up is placed inside a counting-gas environment. A very commonly used
and reliable gas is P-10 gas (90% Ar+10% CH4), since charge drift and diffusion
are well known [56] and are very stable in the application region of heavy ion
detection. When fission is induced, the fission fragments, in Fig. 2.6 indicated by
two large black arrows, are emitted into the gas environment and are decelerated
and eventually stopped due to ionization by collision in the charge-creation region.
In each chamber half an electron and ion cloud is produced, indicated by the
smaller black arrows. The number of electron-ion pairs created is proportional
to the energy deposited by the fission fragments in the counting-gas. The ion
cloud is collected at the cathode plate (negative electric potential) and induces
a large positive signal, cf. Fig. 2.7. The electron cloud is moving towards the
Frisch-grid and anode (neutral/positive electric potential). The moving charges
induce a signal on the Frisch-grid and, as soon as it passes the grid, also on the
anode plate [57, 58], resulting in the typical signal form shown in Fig. 2.7.

With ionization detectors, the TKE and mass of fission fragments are measured via
the double kinetic energy technique. This measurement based on the conservation
of mass and linear momentum (cf. Sect. 2.2.3) has an energy resolution far
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Figure 2.6.: Schematic illustration of the Frisch-grid ionization chamber. The
large arrows originating from the target indicate the two emitted fis-
sion fragments and point to the position of the twofission-fragments‘
ionization tracks center of gravity.

superior to that of, e.g., surface barrier detectors. The polar angular information
can also be extracted (cf. Sect. 2.2.2) from the time that free electrons, created by
decelerating fission fragments in the counting-gas, need to drift from the location
of their creation to the anode plates [18].

2.2.1. Basic Corrections

The fundamental data analysis for data acquired with ionization chambers, cf.
Sect. 3.1, 4.1 and 5.1, is identical. All acquired data has to be corrected for
grid inefficiency and energy loss inside the target and target backing material.
Furthermore, all data has to be energy calibrated by using alpha particles emitted
from the actinide 232Th, 238U and 252Cf, respectively. Pulse-height defect (PHD)
corrections have to be applied in order to ensure an accurate determination of
the fission-fragment energies and thus an accurate determination of the masses
via the double kinetic energy technique. In the following, these corrections will
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Figure 2.7.: Baseline corrected raw pulse-height signals detected at the cathode,
Frisch-grid, and anode plate. The respective pulse-heights are not
scaled relative to each other.

be introduced and discussed, demonstrated by data obtained in the counting-gas
assessment campaign utilizing 252Cf(sf), cf. Ch. 4.

Grid Inefficiency Correction

To avoid dependencies from the orientation of the ionized tracks created by stopped
fission fragments on the anode pulse-height signal, a Frisch-grid [55] is placed in
front of the anode. The grid is supposed to shield the anode from charge induction
caused by charge carriers in the ionization region, between cathode and Frisch-grid.
Nonetheless, the grid cannot be constructed to shield the anode from all the charge
carriers originate from the ionization region. This inability is generally referred to
as grid inefficiency (GI) and was first stated by Bunemann et al. [59]. Since the
GI depends on the design of the grid (wire radius rG, wire spacing dG), one can
calculate a correction factor σ according to
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σ =
l

l + d
(2.20)

where the parameter d corresponds to the grid - anode electrode distance and the
parameter l is a grid specific constant depending on the grid-wire radius and spac-
ing. Furthermore, as was first shown in a publication from Khriachkov et al. [60]
and later in a revised procedure by Göök et al. [61], the grid inefficiency can also
be determined experimentally. In the present work, the grid inefficiency correction
factor σ is determined experimentally according to Göök et al. [61]. An anode
weighting potential is used, which is parametrized using linear interpolations,
providing

ϕA(x) = σ
(︂

1 +
x

D

)︂

(2.21)

in the region−D < x < 0 between cathode and Frisch-grid, where the parameter
D corresponds to the cathode - grid distance and parameter x is the position along
the electric field with the boundary conditions ϕA(−D) = 0 and ϕA(d) = 1. The
calculated anode weighting potential of signals from fission fragments emitted
parallel to the 252Cf sample (θ = 90◦) is shown in Fig. 2.8 as a function of time.
One can observe a minor and a major slope. The minor slope corresponds to
charges detected at the anode which originate from the ionization region and
thus should be absent in the ideal case. The major slope corresponds to charge
collection from the region between grid and anode. For a better understanding,
the matching digitized, normalized and shifted Frisch-grid weighting potential is
shown in addition. The GI parameter σ is obtained by differentiating Eq. (2.21)
with respect to time

dϕA(x)

dt
=

dϕA(x)

dx

dx

dt
=

σ

D
· w (2.22)

and inserting the definition of the electron drift-velocity w = x
t . Since the electron

drift-velocity w in P-10 gas may be extracted from the data, the cathode - grid
distance D is known, and the minor slope in Fig. 2.8, characterized by a red line,
corresponds to dϕA(x)

dt in the region −D < x < 0, Eq. (2.22) is solved for σ.
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Figure 2.8.: Anode weighting potential calculated from the digitized anode sig-
nals and the matching digitized, normalized and shifted Frisch-grid
weighting potential. In red a linear fit to the minor slope is indi-
cated. Since the grid pulse-height at time values between 3200 ns
and 3400 ns drops slightly below zero, the signals are not exactly de-
tected at θ = 90◦. This small uncertainty does not alter the determi-
nation of σ and is considered in the given uncertainty values.

As an example for the chamber introduced in Sec. 4.1 mean grid inefficiency
values σ = (5.14 ± 1.13)% and (6.60 ± 1.51)% were found for the backing and
sample side, respectively, while the uncertainty in σ arises from the discrepancy of
the anode signals to the mean anode weighting potential. To correct the anode
pulse-height PA for the GI, the anode and grid charge signal amplitudes
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QA = −n0e

(︃

1− σ · X
D

· cos θ
)︃

(2.23)

QG = n0e(1− σ) · X
D

· cos θ (2.24)

as defined in Ref. [61] and the definitions PA = −QA and PG = QG are needed
to derive the grid inefficiency corrected anode pulse-height

P ∗
A = n0e =

σ ·QG

1− σ
−QA =

σ · PG

1− σ
+ PA. (2.25)

Energy Loss Correction And Energy Calibration

Since particles detected in one chamber side have to pass through the 252Cf sample
and the backing material, they lose kinetic energy through straggling inside the
layers. In Ref. [18] it is stated that the average energy loss is given by the path
length that the fission fragment (and the alpha particle) travels in the sample,
thus the energy 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. Thus,
first the angular distribution W (cos θ) of the detected alpha particles had to be
determined. In Fig. 2.9 the detected grid pulse-height versus the anode pulse-
height is shown. Highest grid pulse-height values, settled at the upper end of
the vertical distribution, correspond to particles emitted perpendicular to the
252Cf sample plane (cos θ=1) whereas grid pulse-height values around zero are
identified as particles emitted at cos θ=0. To implement this finding into the data
analysis, a linear function x̄, illustrated in Fig. 2.9 as a red line, is introduced. The
starting point of this function lies at zero anode and zero grid pulse-height. The
coordinates of the end point are found by projecting the data on the x and y-axis,
respectively (see Fig. 2.10), and fitting the resulting spectra with a Gaussian fit
and a fit function described by

hG(x) = a · 0.5 ·
(︃

1− Erf
(︃

x− b√
2 · c

)︃)︃

(2.26)

to find the mean anode pulse-height and the half maximum of the falling slope of
the grid pulse-height at cos θ=1. In the error function, the parameter a describes
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the height of the grid pulse-height distribution, the parameter b corresponds to the
half maximum of the falling slope and c describes the baseline of the distribution.
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Figure 2.9.: Grid pulse-height over anode pulse-height for alpha particles de-
tected at anode 2. For angular distribution normalization a linear
function x̄, illustrated as a red line, is extracted.

The corresponding angular distribution is calculated using

cos θ =
PG

x̄ · P ∗
A

(2.27)

with the grid pulse-height PG, the grid inefficiency corrected anode pulse-height
P ∗
A and the linear function x̄ for normalization. In Fig. 2.11 the resulting angular

distribution is shown. A homogeneous distribution for cos θ values between 0 and 1
complies with the expectation of an isotropic alpha radiation. In Fig. 2.12 for both
the backing (anode 1) and the sample side (anode 2) the anode pulse-height is
plotted against 1/cos θ to find the average energy loss which is caused by straggling
inside the layers of the 252Cf sample and the backing material [18]. In both cases
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Figure 2.10.: Anode and grid pulse-height spectra. In red the respective fit func-
tions for the determination of the end point of the linear function x̄
are shown.

a linear fit to the profile of the distribution for 1/cos θ values between 1.1 and
2.0 was used, which is illustrated in Fig. 2.12 by a red line with a negative slope
k. Since particles detected at anode 1 have to pass the sample backing material,
a higher energy loss is expected, resulting in a steeper slope. Hence, the anode
pulse-height from both chamber sides individually have to be corrected for the
energy loss according to

P ∗∗
A = P ∗

A − k

cos θ
(2.28)

where k is the energy loss slope extracted from Fig. 2.12.

To calibrate the detected anode pulse-height for energy one can use the well-known
alpha spectra of the used actinide sample. For 252Cf, two primary alpha decays
with an alpha energy of 6075.64(11) keV with a relative intensity of 14.5% and
an energy of 6118.10(4) keV with an intensity of 81.5% [62] were considered
in the calculations. In Fig. 2.13 the grid inefficiency and energy loss corrected
anode pulse-height P ∗∗

A for alpha particles detected at anode 1 is shown. A double-
Gaussian fit, which considers both alpha energies, is applied to the data. Only
events that fulfill the condition cos θ>0.5 were considered sincemultiple scattering
in the target material at large emission angles repeals the energy loss correction.

27



0.2− 0 0.2 0.4 0.6 0.8 1 1.2

θcos

360

380

400

420

440

460

480

500
P

u
ls

e
 h

e
ig

h
t 
a
n
o
d
e

Figure 2.11.: Homogeneous angular distribution for isotropically emitted alpha
particles.

In Fig. 2.14 the alpha energy calibrated pulse-height of fission fragments, from here
on referred as apparent energy Eapp, of sample (full line) and backing side (dashed
line) is shown. The same correction procedure for grid inefficiency and energy loss,
as was described for alpha particles, had to be applied for fission-fragment data.

Pulse-height Defect Correction

The experimental observable for measurements of the total kinetic energy and
fragment mass of fission fragments with ionization chambers is the pulse-height,
which is induced by electron-ion pairs created inside the gas filled chamber volume.
Due to multiple ionization and non-ionizing collisions, which have a strong depen-
dency on the fragment type, the measured pulse-height is no longer proportional
to the charge carrier. This pulse-height defect (PHD) is found to be a function
of the fragment mass, charge and energy. Furthermore it depends on the gas
mixture used as counting-gas. The energy of a fission fragment after neutron
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Figure 2.12.: Anode pulse-height over inverse cos θ for both the backing (left) and
the sample side (right). A linear fit to the profile of the distribution
is indicated by a red line.

evaporation (post-neutron energy, Epost) is thus no longer just given by the alpha
energy calibrated pulse-height Eapp, but may be written as

Epost = Eapp + PHD(A,Z,Epost). (2.29)

Since the calculation of this post-neutron energy relies on the PHD, which again
depends on the post-neutron energy itself, an iterative computation with a termi-
nating condition is needed to calculate a final Epost. In Ch. 4 a calibration method,
originally developed for the response of silicon surface-barrier detectors [19] and
later adopted for gaseous detectors [54], was used to find a function to describe
the PHD for the data analysis in this work.
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Figure 2.13.: Grid inefficiency and energy loss corrected anode pulse-height
P ∗∗
A for alpha particles detected at anode 1 and the corresponding

double-Gaussian fit for energy calibration.
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Figure 2.14.: Apparent energy distribution of fission fragments detected at the
sample side (full line) and the backing side (dashed line), respec-
tively. A shift of the centre of gravity of the light fission-fragment
peak at higher apparent energy can be observed.
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2.2.2. Fission-fragment Polar Angular Distribution

As already stated in Eq. (2.27), the fission-fragment polar angular distribution
is calculated from the grid pulse-height PG and the grid inefficiency corrected
anode pulse-height P ∗

A. The emission angle θ of a fission fragment relative to the
target normal can also be calculated from the time that free electrons, created by
decelerating fission fragments in the counting-gas, need to drift from the location
of their creation to the anode plates [18]. In Fig. 2.15 the measured time difference
between cathode and anode signal over the grid inefficiency corrected anode pulse-
height is shown. Events with the highest time difference around y - axis channel
number 500 correspond to fragments emitted parallel to the target at θ = 90◦

(cos θ = 0) and events with lowest time difference between channel numbers
390 and 430, described by the fit function illustrated as a red line, correspond to
fragments emitted perpendicular to the target at θ = 0◦ (cos θ = 1).
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Figure 2.15.: Measured time difference between cathode and anode signal over
the grid inefficiency corrected anode pulse-height. The red line cor-
responds to fragments emitted at θ = 0◦ and is used to determine
the emission angle.
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By using two functions describing the extrema, T90◦(P
∗
A) and T0◦(P

∗
A), the angular

distribution is calculated by

cos θ =
T90◦(P

∗
A)− T

T90◦(P ∗
A)− T0◦(P ∗

A)
(2.30)

where T is the time difference between cathode and anode signal. The cos θ-values
are determined for each chamber side individually. By making the assumption
that both fission fragments are emitted collinearly and the linear momentum is
conserved, the cos θ-values obtained from the two chamber sides are merged to
an average value, reducing the uncertainty in the orientation of the fission axis.
Since the cos θ-values from the two chamber sides are supposed to be equal, the
resolution of the emission angle can be estimated from the difference in the values.
In Fig. 2.16 the distribution of the difference in the cos θ-values acquired from
fission fragments in 252Cf(sf) is illustrated. The resolution in the average value is
given by half of the FWHM of the distribution.

2.2.3. Fission-fragment Mass and Total Kinetic Energy

Assuming a conservation of mass and linear momentum in the fission process, the
individual fragment energies E1 and E2, the total kinetic energy of the fission
fragments TKE = E1 + E2, and the provisional masses µ1 and µ2 are related as

µ1 =
AfE2

TKE
, µ2 =

AfE1

TKE
(2.31)

with Af being the mass of the fissioning nucleus [63]. The energies E1 and E2,
measured in the ionization chamber, are post-neutron energies. The initial energies
and masses of the fission fragments, the pre-neutron quantities, can be derived
from the post-neutron quantities by correcting for neutrons which are evaporated
during the de-excitation process of the excited fissioning nucleus. Assuming that
neutrons are evaporated isotropically from the fission fragments, the pre-neutron
energy Epre and the post-neutron energy Epost are related as

Epre =
A

A− ν
Epost (2.32)

where A is the fragment mass number and ν is the number of emitted neutrons. In
order to obtain the pre-neutron energy Epre and mass mpre from Eq. (2.31) and
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Figure 2.16.: Calculated angular resolution of the polar angular distribution ob-
tained by the difference between cos θ-values derived from the two
chamber sides. The data was obtained from 252Cf(sf) using the
counting-gas P-10.

(2.32) in an iterative calculation process, starting from the measured post-neutron
energies, the number of neutrons ν evaporated in the fission process needs to be
implemented. As stated in Ref. [64], the number of neutrons as a function of mass
and TKE can be calculated as

ν(A,TKE) = ν̄(A) +
ν̄(A)

ν̄(A) + ν̄(Af −A)
· ⟨TKE(A)⟩ − TKE

8.6MeV
, (2.33)

with ν̄(A) describing the average neutron multiplicity as a function of fragment
mass, ⟨TKE(A)⟩ describing the average TKE as a function of mass, and 8.6MeV is
the average energy needed for emitting a neutron [65]. In this work, the average
neutron multiplicity as a function of fragment mass ν̄(A) was taken from Refs.
[66–68], depending on the actinide target used. The ν̄(A) distributions from
literature were scaled with the excitation energies in each experiment to reproduce
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the average number of neutrons per fission for the studied excitation energy,
respectively. From Eqs. (2.31) - (2.33) the pre-neutron quantities are derived by
an iterative computation with break-off condition (mprei - mprei+1

)< 0.001 amu.
In Eq. (2.33) the average TKE as a function of mass ⟨TKE(A)⟩ is required. This
distribution could be derived by neglecting the second term in Eq. (2.33) in the
iterative computation in a first approximation of the fission-fragment mass and
TKE distribution. In Fig. 2.17 a calculated ν(A,TKE) distribution as a function
of TKE and pre-neutron mass number for 238U(γ,f) using quasi-monochromatic
γ-rays at 11.2MeV is illustrated.
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Figure 2.17.: Calculated number of neutrons ν(A,TKE) according to Eq. (2.33)
as a function of TKE and pre-neutron mass number for the reaction
238U(γ,f ) using quasi-monochromatic γ-rays at 11.2MeV. The color
scale indicates the number of neutrons.
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3. Increasing Luminosity:
Multi-target Ionization Chamber

Twin Frisch-grid ionization chambers (FGIC) [54] have been established as accurate
and reliable detectors for the study of fission-fragment properties. Fission-fragment
mass and energy distributions are determined using the double kinetic energy
technique, based on the conservation of mass and linear momentum in the process
of fission. The polar angle of the collinear fission fragments is determined from the
time that free electrons, created by decelerating fission fragments in the counting-
gas, need to drift from the location of their creation to the anode plates [18]. The
need for transparent targets, in order to detect both fission fragments, leads to
small counting-rates in experiments, in particular when experiments are carried
out just above the fission barrier, see, e.g., Ref. [13]. Photo-fission in the barrier
region suffers from relatively low cross sections [30]. Hence, significant amounts
of target material need to be placed in the beam to reach sufficient luminosity.
Target thickness, however, influences the extracted experimental results and limits
the resolution of the fission-fragment properties [13, 69]. To avoid this negative
effect and yet gain a better experimental luminosity, multiple fission targets may
be installed in a multi-target chamber inside the beam. Another benefit of studying
several targets simultaneously is to measure the properties of the fission fragments
detected in each detector segment parallel, thereby allowing to calibrate relative
energies between the chamber parts. This chapter reports on such a newly designed
multi-target FGIC and presents data from a commissioning experiment utilizing
bremsstrahlung-induced fission on 238U and 232Th.
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3.1. Detector Design and Analogue Data Acquisition

The detector consists of three standard twin FGIC (described in detail by Budtz-
Jørgensen et al. [54]) arranged in series. A schematic illustration of two neighbor-
ing chamber segments is shown in the lower part of Fig. 3.1. Electrode distances
and electric potentials are calculated for the usage of P-10 gas (90% Argon, 10%
Methane) as operating gas at atmospheric pressure. The ratio Eg−a/Ec−g for the
electric fields between grid - anode and cathode - grid is set to a fixed value of 3.07,
since this ratio was found in previous proof-of-principle experiments [70] to ensure
a stable detector operation. The electrodes are fixed by four polyetheretherketon
(PEEK) rods that facilitate easy installation and removal. Anodes and Frisch-grids
have been installed symmetrically around the cathodes whose centers accommo-
date the transparent fission targets. Central anodes, e.g. anode 3, share signals
from fission induced in both neighboring chambers. By using shared anodes, a
more compact set-up has been realized.

The upper part of Fig. 3.1 shows a schematic illustration of the used analogue
data-acquisition system (DAQ). The pulse-height data collected at the electrodes
are amplified by pre-amplifier1 and converted – via a spectroscopy amplifier2 – to
channels using an analogue-to-digital converter3. Before and after the experiment,
pulses generated by a precision pulse generator were recorded in order to correct
offline for possible drifts in the amplification. The ADC data measured at the
electrodes were normalized relative to each other by multiplication of a pre-
defined reference value calculated by the pulse-height data generated by the pulse
generator. The drift-time method used to determine the fission-fragment emission
angle depends on an accurate extraction of the time difference between signals
induced at the cathode and the anodes, respectively. The drift-time data was
stored, after being processed in a timing filter amplifier and a discriminator, and
converted to channels using a time-to-digital converter4. As depicted in Fig. 3.1
different discriminator types were used for the cathode and the anode signals,
respectively. The cathode signal rise time is constant, but the pulse-height strongly
depend on the fission-fragment emission angle. Hence, to avoid time-walk effects,

1Mesytec MPR-1
2CAEN N568E
3CAEN V785
4CAEN V775
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Figure 3.1.: Schematic illustration of the multi-target Frisch-gridded ionization
chamber. The data acquisition is shown exemplary for one anode
and cathode channel. The respective abbreviations are: P.A. - Pre-
Amplifier, S.A. - Spectroscopy Amplifier, T.F.A. - Timing Filter Ampli-
fier, L.E.D. - Leading-Edge Discriminator, C.F.D. - Constant-Fraction
Discriminator, T.D.C - Time-to-Digital Converter, A.D.C - Analogue-to-
Digital Converter.

a constant-fraction discriminator is used. Contrarily, the anode signal rise time
and shape strongly depend on the emission angle, but the pulse-height is nearly
constant. Therefore, a leading-edge discriminator with a threshold set just above
the signal noise level is used to minimize shape-dependent walk. A certain amount
of pulse-height dependent walk in the data cannot be avoided, but can also be
corrected for offline by evaluating pulse-height and corresponding drift-time data.
The data acquisition was implemented in the multi-branch-system (MBS) [71],
developed at GSI Helmholtzzentrum für Schwerionenforschung GmbH. The data
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was written to disk in list-mode files for event-by-event offline analysis. For online
monitoring during the experiment the ucesb (unpack & check every single bit)
unpacker system [72] was used.

3.2. Performance Study Utilizing

Bremsstrahlung-induced Fission

To study the performance of the developed multi-target FGIC, a bremsstrahlung-
induced fission experiment was performed at the Darmstadt High-Intensity Photon
Setup (DHIPS, [16]), located at the nearest experimental site behind the super-
conducting injector linac of the Superconducting Darmstadt linear accelerator
(S-DALINAC, [17]), see Fig. 3.2. At the S-DALINAC, electrons are either produced
in a thermionic gun with an electrostatic pre-acceleration of 250 keV or in a photo
gun for polarized electrons, the S-DALINAC polarized injector (SPIn, [73]), with a
pre-acceleration of up to 125 keV. The electron beam is then prepared for accel-
eration with a chopper-prebuncher array, creating a time structure of 3GHz. Via
subsequent transmission through a superconducting injector accelerator, consisting
of three niobium cavities, the beam is accelerated up to 10MeV kinetic energy
with beam currents of up to 60µA. The injector beam can be deflected into the
main accelerator structure for further acceleration and recirculation, or, as in this
experiment, be led to the DHIPS site.

The electrons exit the beam vacuum through a thin aluminum window (0.1mm)
and hit a copper radiator array consisting of two water-cooled copper blocks.
Bremsstrahlung photons are produced by stopping the intense electron beam in the
radiator. As illustrated in Fig. 3.3, the bremsstrahlung is collimated in a 955mm
long copper collimator before it reaches the multi-target detector containing
the two fission targets 238U and 232Th. During the experiment at DHIPS, the
chamber was placed in such a way that both targets were fully illuminated and
the bremsstrahlung beam hit the targets perpendicular, 238U first. In Tab. 3.1 a
summary of the used targets, the respective thicknesses, beam energy and current,
irradiation time and number of events (NEV) is stated. Due to a defective drift-time
acquisition at anode 4, cf. Fig. 3.1, only half of the measured events in 238U(γ,f)
could be used for the determination of the angular distribution, see Sec. 3.2.3.
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Figure 3.2.: Schematic overview of the S-DALINAC facility at TU Darmstadt. Elec-
trons are either created at the thermionic gun or at the source for
spin-polarized electrons, and are accelerated in the injector mod-
ule to kinetic energies of up to 10MeV. At DHIPS the electrons are
stopped and Bremsstrahlung is produced. The figure has been taken
from Ref. [74].

3.2.1. Calculation of Average Excitation Energy

The bremsstrahlung photon energy spectrum created by an electron beam hitting
a radiator is continuous. Hence, the excitation energies of a fissioning nucleus are,
up to the electron beam endpoint energy E0, also continuously distributed. If the
photon spectrumNγ(E,E0) and the photo-fission cross section σγ,f (E) are known,
the excitation energy spectrum can be calculated and the average excitation energy
is given by [76]

⟨Ex(E0)⟩ =

E0
∫︁

0

Nγ(E,E0)σγ,f (E)EdE

E0
∫︁

0

Nγ(E,E0)σγ,f (E)dE

. (3.1)

41



exit window

radiator array

with water cooling

copper collimator

mutli-target FGIC

238U
232Th

30 cm

Figure 3.3.: DHIPS geometry and the multi-target FGIC implemented in Geant4
[75]. Simulations were carried out in order to calculate the average
excitation energy of the fissioning nucleus. For simplicity the sur-
rounding lead shielding is not depicted.

Several nuclear databases provide measured and calculated cross section data.
In Fig. 3.4 photo-fission cross section data for the actinides 238U and 232Th from
the ENDF library [77] is shown. These data were used to calculate the excitation
energy spectra.

The bremsstrahlung spectra were obtained by Monte-Carlo simulations using
the Geant4 software [75] and the Livermore low-energy electromagnetic model.
In Fig. 3.3 the experimental set-up implemented in the Geant4 environment is
illustrated and in Fig. 3.5 a resulting bremsstrahlung spectrum at the position
of the 238U target with endpoint energy of E0 = 8.5MeV is shown. Inserting the
ENDF photo-fission cross sections σγ,f (E) from Ref. [77] and a polynomial of the
form

f(E) =

4
∑︂

i=0

ai · Ei−1, (3.2)

fitted to the simulated bremsstrahlung spectra and representing Nγ(E,E0), in Eq.
(3.1), the excitation energy spectra is calculated. In Fig. 3.6 the calculated exci-
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Table 3.1.: Summary of the performed photofission experiment using
bremsstrahlung at the S-DALINAC facility. The fission target nucleus
and the target thickness with its polyimide backing, respectively, is
specified in the first three columns. In the following columns the
electron beam energy E0, the average beam current ⟨I⟩, the target
radiation time T and the number of events (NEV) considered in the
evaluation of fission-fragment mass and TKE distribution are stated.
The targets were placed perpendicular relative to the beam axis. Both
targets were simultaneously irradiated.

Nucleus Target Thickness Polyimide E0 ⟨I⟩ T NEV
(µg/cm2) (µg/cm2) (MeV) (µA) (h) (counts)

238U 82.9±4.2 35.0±3.0 8.5 16.7±0.5 45.5 25704*
232Th 87.0±5.0 35.2±0.7 8.5 16.7±0.5 45.5 26083

*due to defective drift-time acquisition only half of NEV could be used for angular
determination.

tation spectra for 238U(γ,f) and 232Th(γ,f) for E0 = 8.5MeV are displayed. The
calculated average excitation energy and the standard deviation of the excitation
energy of the fissioning nucleus studied in the experiment are summarized in Tab.
3.2.

Table 3.2.: Calculated average excitation energy ⟨Ex⟩ and the standard deviation
of the excitation energy σEx

for 238U(γ,f ) and 232Th(γ,f ).

Nucleus E0 ⟨Ex⟩ σEx

(MeV) (MeV) (MeV)
238U 8.5 6.90 0.84
232Th 8.5 6.87 0.440
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Figure 3.4.: Photo-fission cross sections for the actinides 238U and 232Th from
the ENDF library [77]. It should be mentioned that for the individual
data sets, which the ENDF evaluation is base on, a deviation of 15%
with respect to the ENDF value is not uncommon.
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Figure 3.5.: Simulated bremsstrahlung spectrum at the position of the 238U sam-
ple with endpoint energy of E0 = 8.5MeV. The full red line describes
a fit represented by Eq. (3.2).
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Figure 3.6.: Calculated excitation spectra for 238U(γ,f ) and 232Th(γ,f ) normal-
ized to incident electron beam current on the copper radiator and
to fission-sample mass thickness for E0 = 8.5MeV.
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3.2.2. Fission-fragment Mass and TKE Distribution

Pre-neutron fission-fragment mass distributions for 238U(γ,f) and 232Th(γ,f) using
bremsstrahlung at E0 = 8.5MeV are displayed in Fig. 3.7. The distributions are
calculated according to Eq. (2.32) and average neutron multiplicities from Refs.
[67, 68] have been used to correct for evaporated neutrons during the de-excitation
process of the excited fissioning nucleus. As inherited from the mass distribution
calculation procedure introduced in Sect. 2.2.3 the distributions are perfectly
symmetric around mass number A = Af/2. An apparent asymmetric mass split,
characteristic for induced fission at low excitation energy in actinides, is visible in
both data sets. For comparison, data from Ref. [69] for 238U(γ,f) at E0 = 8.5MeV
and data from Ref. [13] for 232Th(γ,f) at E0 = 8.0MeV is illustrated as dashed
lines. For the 232Th data (right) an excellent agreement with the literature data
is observed. For the 238U data (left), a discrepancy in the valley region and a
trend towards symmetry in the far-asymmetric shoulder is visible. This may be
explained by the defective drift-time acquisition at anode 4, cf. Fig. 3.1, impairing
the fission-fragment mass calculation severely. In Tab. 3.3 and 3.4, the extracted
values for 238U(γ,f) and 232Th(γ,f), respectively, are listed and further compared
to reference data [13, 14, 69]. The mean heavy-fragment mass and the standard
deviation of the mass distribution, ⟨AH⟩ and σA, for both actinides are, within
stated variances, in good agreement with literature. For 232Th a trend towards
symmetric fission when raising the excitation energy is confirmed. The uncer-
tainties in mean heavy-fragment mass arise from differences in data measured at
sample and backing side, respectively.

The total kinetic energy of the fission fragments from 238U(γ,f) and 232Th(γ,f)
was calibrated relative to Ref. [69] and Ref. [13], respectively. In Fig. 3.8 the
average fission-fragment TKE (left) and standard deviation (right) as a function of
pre-neutron mass number is displayed for 238U and 232Th, respectively. Data from
Ref. [69] for 238U(γ,f) at E0 = 8.5MeV and data from Ref. [13] for 232Th(γ,f)
at E0 = 8.0MeV is illustrated as dashed lines. A dip around the symmetric mass
split at A = Af/2 and a maximum around mass number AH ≈ 130 is described
for both distributions. Similar to the mass distributions, for the 232Th data (lower
graphs) an excellent agreement with the shape of the literature data is visible,
while for the 238U data (upper graphs), especially for the standard deviation, a
discrepancy with reference data is observed. A 20% higher standard deviation
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compared to Ref. [69] is extracted, which may be also explained by the defective
drift-time collected at anode 4.
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Figure 3.7.: Fission-fragment yield as a function of pre-neutron mass num-
ber obtained for 238U(γ,f ) and 232Th(γ,f ) using bremsstrahlung at
E0 = 8.5MeV. For comparison, data from Ref. [69] for 238U(γ,f ) at
E0 = 8.5MeV and data from Ref. [13] for 232Th(γ,f ) at E0 = 8.0MeV
is illustrated as dashed lines.
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Figure 3.8.: Average fission-fragment TKE (left) and standard deviation (right) as
a function of pre-neutron mass number obtained for 238U(γ,f ) and
232Th(γ,f ) using bremsstrahlung at E0 = 8.5MeV. For comparison,
data from Ref. [69] for 238U(γ,f ) at E0 = 8.5MeV and data from Ref.
[13] for 232Th(γ,f ) at E0 = 8.0MeV is illustrated as dashed lines.
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Table 3.3.: Extracted values of the measured pre-neutron mass distribution from
the bremsstrahlung-induced 238U(γ,f ) experiment compared to refer-
ence data [14, 69]. The beam energyE0, calculated average excitation
energy ⟨Ex⟩ and the standard deviation of the excitation energy σEx

are given in the first three columns. The parameters ⟨TKE⟩ and σTKE

denote the mean total kinetic energy with respective standard devia-
tion, and ⟨AH⟩ and σA indicate the mean heavy-fragment mass and
the standard deviation of the mass distribution.

E0 ⟨Ex⟩ σEx
⟨TKE⟩ σTKE ⟨AH⟩ σA Ref.

(MeV) (MeV) (MeV) (MeV) (MeV) (amu) (amu)

8.35 6.68 – 170.41±0.30 11.02±0.10 139.49±0.05 6.09±0.05 [14]
8.5 6.90 0.84 170.50±0.02 13.03±0.05 139.54±0.84 7.04±0.28 this work
8.5 6.91 0.60 170.50±0.06 10.73±0.04 139.76±0.03 6.00±0.02 [69]

Table 3.4.: Extracted parameters of the measured pre-neutron mass distribution
from the bremsstrahlung-induced 232Th(γ,f ) experiment compared to
reference data [13]. The beam energy E0, calculated average excita-
tion energy ⟨Ex⟩ and the standard deviation of the excitation energy
σEx

are given in the first three columns. The parameters ⟨TKE⟩ and
σTKE denote the mean total kinetic energy with respective standard
deviation, and ⟨AH⟩ and σA indicate the mean heavy-fragment mass
and the standard deviation of the mass distribution.

E0 ⟨Ex⟩ σEx
⟨TKE⟩ σTKE ⟨AH⟩ σA Ref.

(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 [13]
8.5 6.87 0.44 162.97±0.02 9.28±0.05 140.57±0.76 5.22±0.04 this work
9.5 7.26 0.80 163.39±0.03 8.95±0.02 140.46±0.03 5.23±0.02 [13]
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3.2.3. Fission-fragment Angular Distribution

In oder to reduce systematic errors due to detector geometry, electronic set-up or
target specification (polyimide backing, fission-sample thickness), the obtained
angular distribution calculated using the drift-time method, cf. Sect. 2.2.2, has
to be normalized to a well-known isotropic distribution [78]. Ideally, an isotropic
distribution acquired with the target itself is used, viz. an alpha distribution or
(γ,f)-data at high excitation energy in which an isotropic distribution is dominant.
In this work an isotropic 252Cf(sf) distribution obtained from a measurement
described in Ch. 4 was used. The 238U(γ,f) and 232Th(γ,f) angular distributions
were divided by the angular distribution from 252Cf(sf) and the results were fitted
with the function

W (θ) = A + B · sin2 θ + C · sin2 2θ, (3.3)

which describes the theoretically expected angular distribution and parameterizes
the measured fission-fragment angular distribution, cf. Sect. 2.1.2. Due to a
defective drift-time acquisition at anode 4, only events measured at anode 3 were
used to calculate the angular distribution for 238U(γ,f). In Fig. 3.9 the normalized
fission-fragment angular distributions from 238U(γ,f) (left) and 232Th(γ,f) (right)
are illustrated. Fragments emitted close to the target plane (θ> 75◦) interact with
the detector structure and lose energy due to scattering, while fragments emitted
close to the target normal (θ< 20◦) suffer from a limited angular resolution. These
regions are both excluded from the fits of Eq. (3.3) described by the red graphs. For
238U considerable E2 contributions (C ̸=0; peaking at 50◦) are detected, whereas
for 232Th a clear dipole pattern (C ≈ 0; peaking at 90◦) is evident.

The calculated angular distribution parameter ratios B/A and C/B from 238U(γ,f)
as a function of excitation energy are presented in Fig. 3.10. Additionally, literature
data from Refs. [69, 79, 80] is included for comparison. The B/A value from this
work is in good agreement to all the reference data. The ratio C/B agrees with
data from Manfredini et al. [80] but overestimates the ratio C/B from the Refs.
[69, 79] data. As introduced in Sect. 2.1.2, the ratio B/A is connected to the
anisotropy. An increase in anisotropy is observed when lowering the excitation en-
ergy. Due to a more predominant fission through the lower lying mass asymmetry
channel (Jπ,K) = (1−,0), this observation is expected within the transition state
model for all even-even actinide nuclei [30].
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Figure 3.9.: Normalized fission-fragment angular distribution from 238U(γ,f )
(left) and 232Th(γ,f ) (right). The red graphs describe fits of Eq. (3.3)
to θ-values between 20◦ and 75◦ (full markers). Data visualized by
open markers is excluded from the angular analysis.
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The ratios B/A and C/B from 232Th(γ,f) and reference data from Refs. [13, 81]
are presented in Fig. 3.11. As is observed, the calculated ratio B/A agrees well
with the previous data. For 232Th(γ,f) at low excitation energy a dipole pattern is
expected, which could be confirmed by C ≈ 0.
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Figure 3.11.: Calculated angular distribution parameter ratiosB/A andC/B from
232Th(γ,f ) in comparison with data from Refs. [13, 81] as a function
of endpoint energy.

3.3. Performance Evaluation

In this chapter the design of a newly constructed multi-target FGIC was presented
and data from a performance experiment utilizing bremsstrahlung-induced fission
on 238U and 232Th was shown. The aim to get a better experimental luminosity
by installing multiple fission targets inside the beam is fulfilled. The extracted
pre-neutron mass distributions for 238U(γ,f) and 232Th(γ,f) are in good agree-
ment with literature. For 232Th, e.g., a trend towards symmetric fission when
raising the excitation energy is confirmed. The total kinetic energy of the fission
fragments was calibrated relative to Refs. [13, 69]. For the 232Th data an excellent
agreement of the shape of TKE distribution with the shape of the literature data is
observed, while for the 238U data, especially for the standard deviation, a discrep-
ancy with reference data is visible. A 20% higher standard deviation compared to
Ref. [69] is extracted, which may be explained by a defective drift-time acquisition
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at anode 4. The fission-fragment angular distribution was determined using the
drift-time method. As expected from theory, for 238U considerable E2 contributions
is detected, whereas for 232Th a clear dipole pattern is evident. The measured
angular distributions were fitted and parametrized by a function which describes
the theoretically expected angular distribution. The calculated angular distribution
parameter ratio B/A from 238U(γ,f) is in good agreement to the reference data
from Refs. [69, 79, 80]. The ratio C/B agrees good with data from Manfredini
et al. [80] but overestimates the ratio C/B from the Refs. [69, 79] data. For
232Th(γ,f) the B/A value from this work agrees well with reference data from
Refs. [13, 81]. For 232Th(γ,f) at low excitation energy a dipole pattern is expected,
which is confirmed by C ≈ 0.

The defective timing-information collected at anode 4, which limited especially
the mass distribution of 238U, possibly originated from an incorrectly set threshold
of the leading-edge discriminator in the analogue data acquisition, cf. Sect. 3.1.
The wrongly set threshold resulted in a cut-off of the drift-time data and, thus, a
loss of information about mass, TKE and angular information. Due to the poor
event rate of ≈ 0.4Ev/s this error could not be noticed in the online analysis and
from the raw pulse-height information. In order to diminish this kind of error in
future experiments, a new digital waveform data acquisition has been set up. In
the following experiments, presented in Ch. 4 and Ch. 5, a digital DAQ has been
used.
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4. Counting-gas Assessment for
Compact Photo-fission
Experiments

It was shown in the previous chapter that an increase in experimental luminosity
for in-beam experiments is achieved by using several fission targets in coincidence.
However, the dimension of such a multi-target IC increases with the amount of
targets installed. A counting-gas with higher stopping power may be used in
order to build a more compact detector, while increasing the amount of targets.
A counting-gas with very high stopping power is CF4. While pure CF4, due to its
very high stopping power, would limit the angular resolution in fission-fragment
angular distribution measurements, mixing Ar and CF4 seems to be applicable to
experiments with ionization chambers. However, for those mixtures not much is
known in terms of electron mobility and pulse-height defect (PHD). In fact, one of
the major issues related to accurate energy determination of fission fragments is
the so-called pulse-height defect in the gas. The term is used to summarize effects
that cause a non-linear response of the pulse-height (with respect to the energy)
to highly ionizing particles, such as fission fragments. The only gas for which
the PHD has been directly measured with ions of known energies is P-10 [54].
The PHD in different gas mixtures of Ar and CF4 has been determined relative to
the reference gas P-10, using the well known properties of the fission fragments
from the 252Cf(sf) decay. The PHD calibration method used in this work for gases
is based on the procedure for calibrating the response of silicon surface barrier
detectors to heavy ions by Kaufman et al. [19]. As stated by Kaufman et al., the
energy-response characteristics for heavy ions, like fission fragments, are both
non-linear and charge- and mass-dependent. Thus, a special calibration technique
is required for the determination of their respective energy and mass. To describe
these non-linearities, the calibration method is based on separating the energy of

55



the ion stopped in the detector into two terms, one of which is an apparent energy,
strictly proportional to the pulse-height. The second term is the PHD of the ion,
which is the amount of energy that has to be added to result in the true energy.
The results of the counting-gas assessment have already been published in Ref.
[20].

4.1. Experimental Setup and Digital Data Acquisition

A twin Frisch-grid ionization chamber [54] with a 252Cf source was assembled. The
252Cf sample was deposited on a thin transparent backing (220µg/cm2 Ni), which
allowed a simultaneous measurement of the two fission fragments emitted in a sin-
gle event. As fission fragments emitted in 252Cf(sf) are well studied, properties like
fission-fragment mass and TKE are well known [82], a reliable comparison with
established data as a basis for the calibration procedure is possible. A schematic
illustration of the twin Frisch-grid ionization chamber is shown in Fig. 4.1. The
252Cf sample is placed on the center of the common cathode in which the sample
backing is directed to anode 1. The distance between cathode and Frisch-grid,
denoted with D, was set to 50mm and the distance between grid and anode,
denoted with d, was set to 6mm. Especially the distance D was set in respect to
stop also the emitted α-particles, for later energy calibration, while using P-10
gas at a gas pressure of 1.013(5) · 105 Pa. In P-10 at 1.013(5) · 105 Pa the stopping
range of α-particles is calculated to be higher than for fission fragments [83], thus
this range defined the minimum of the distance D.

Besides P-10 gas (sealed chamber at 1.013(5) · 105 Pa), three mixtures of CF4 and
Argon with varying concentrations of CF4 have been used as a counting-gas which
consisted of 10% CF4 at gas pressure of 0.627(5) · 105 Pa and constant gas flow
of 300mln/min1, and 20% and 30% CF4 at 0.520(5) · 105 Pa and 200mln/min,
respectively. In addition pure CF4 at gas pressure of 0.250(5) · 105 Pa was investi-
gated. The Ar+CF4 mixtures were mixed via needle valves (N.V.) and gas flow
meters (G.F.M.) as illustrated in Fig. 4.2. During this mixing process two gas
valves, located at the gas filters (G.F.) at the entrance and exit of the FGIC, are
unsealed, and the chamber is constantly flooded. The N.V. in front of the pump is

1ml normal per minute: reference conditions are a temperature of 0
◦C and a pressure of

1.013 · 10
5 Pa.
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Figure 4.1.: Schematic illustration of the Frisch-gridded ionization chamber and
the data-acquisition system. The respective abbreviations are: P.A. -
Pre-Amplifier, T.F.A. - Timing Filter Amplifier, C.F.D. - Constant Fraction
Discriminator, D.G.G - Digital Gate Generator.

unsealed and the pump is also running. Once a desired ratio of Ar+CF4 is set,
one can control both the total gas flow and the pressure by adjusting the needle
valve in front of the pump. The pressure meter (P.M.) at the FGIC and the pres-
sure control meter (P.C.M.) in front of the pump were used for pressure monitoring.

Figure 4.1 includes a schematic illustration of the data-acquisition system. Ana-
logue signals collected at the electrode plates due to drifting electrons in the
applied electric field [57, 58] are processed using a waveform digitizer2. The
timing information of the cathode signal is used to open a gate in which data is
buffered to the digitizer. The waveform data were stored and processed offline
with baseline corrections and high- and low-pass filters to extract the respective

2Teledyne SP Devices, model ADQ214 - Dual, 14-bit, 400MS/s
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Figure 4.2.: Schematic illustration of the gas supply and the pressure control unit.
The respective abbreviations are: N.V. - Needle Valve, G.F.M. - Gas
Flow Meter, G.F. - Gas Filter, P.M. - Pressure Meter, P.C.M. - Pressure
Control Meter.

pulse-height and timing information. By storing the traces of, e.g., the anode
signals for fragments emitted parallel to the cathode plate, the grid inefficiency σ
was calculated [61]. This represents a signal-loss effect due to inefficient shielding
of the Frisch-grid (see Sec. 2.2.1).

4.2. Data Analysis and Results

4.2.1. Selection of Experimental Parameters

In order to find the optimal electric field strength E for the operation of the
ionization chamber, the average peak position of the light fission fragment has
been investigated. Since recombination processes in the counting-gas mixture
occur with different magnitudes, studies were carried out for the three Ar+CF4
gas mixtures and pure CF4. The reduced field strength (electric field over applied
pressure, E/p), which is later chosen for the experiment, should be set in a way
that a plateau region, i.e. the region where the pulse-height remains constant for
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gradually increased field strength, is reached. Also the corresponding electron drift-
velocity should be settled in a plateau region to avoid strong velocity dependencies.
In Fig. 4.3 the analogous plot is visible. The average light peak position rises while
increasing the reduced field strength until, for the three gas mixtures (depicted in
red circles, green squares and blue triangles, respectively), a falling slope is quite
evident. This slope could result from an electron capture process [84], in which,
at adequate high field strengths, the gas molecules overcome a resonance energy
and start capturing electrons. Considering this, the final choice for the cathode
- grid reduced field strength was 0.6 kV/(cm · 105 Pa) for the 10% CF4 mixture,
0.8 kV/(cm · 105 Pa) for the 20% mixture, 1.0 kV/(cm · 105 Pa) for the 30% mixture
and 1.3 kV/(cm · 105 Pa) for pure CF4. The reduced field strength between anode
and grid was adjusted at all times to be 2.1 times the cathode - grid field strength.
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Figure 4.3.: Average light peak position as a function of applied reduced field
strength between grid and cathode for the three Ar +CF4 mixtures
and pure CF4. In open markers the measured data suffering from
electron capture is illustrated. This data has been reproduced from
Ref. [20], with permission from Elsevier Ltd. All rights reserved.
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4.2.2. Angular Resolution

Since we assume that both fission fragments in 252Cf(sf) are emitted collinearly,
the cos θ-values detected at the two anodes are used to determine the resolution
of the emission angle. In Fig. 4.4 the distribution of the difference in cos θ-values
determined from the two chamber sides obtained in the different counting-gases
is shown. As stated in Sec. 2.2.2, the width of these distributions are related to the
angular resolution if one assumes that the uncertainties in the cos θ-values from
the two chamber sides are equal and the resolution in average is given by half of
the FWHM of each distribution. Calculated values are shown in Tab. 4.1. It can
be observed that changing from P-10 to 90% Ar+ 10% CF4 a gain in resolution
of about 25% is achieved. Furthermore, on average, a slight improvement in
resolution can be noticed by adding an even higher content of CF4 to Ar. In pure
CF4, the cos θ2-cos θ1-distribution shows a broadening in the base of the graph.
Thus, the small FWHM(cos θ2-cos θ1) - value extracted via FWHM measurement is
misrepresenting.

Table 4.1.: Determined FWHM(cos θ2-cos θ1) obtained in the different counting-
gases. The small FWHM(cos θ2-cos θ1) - value for pure CF4 is misrep-
resenting, as explained in the text.

Gas Mixture FWHM(cos θ2-cos θ1)

P-10 0.085
90% Ar+10% CF4 0.062
80% Ar+20% CF4 0.064
70% Ar+30% CF4 0.056

100% CF4 (0.055)

4.2.3. Determination of Pulse-height Defect

As introduced in Sec. 2.2.1, the PHD is found to be a function of the fragment
mass, charge and energy and furthermore depends on the gas mixture used as
counting-gas. The PHD can also be described by a function of a single variable
when expressed in the dimensionless units defined by Lindhard et al. [85, 86],
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Figure 4.4.: Difference in cos θ-values determined from the two chamber sides
obtained in the different counting-gases. The distributions are con-
secutively displaced by 1 unit in yield.

commonly called LSS units. The energy of an ion moving in the gas 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] (4.1)

where the subscripts 1 and 2 refer to the projectile (ion) and target (gas molecule),
respectively, A and Z are the mass and nuclear charge, a0 is the Bohr radius and e
the elementary charge. Equation (4.1) can be shortened as

ε[LSS] = k(Z1, Z2, A1, A2) · E[MeV] (4.2)

where k is defined by the first factor on the right hand side of Eq. (4.1). For P-10
gas (90% Ar+ 10% CH4) and the various Ar+CF4 mixtures, the parameters A2

and Z2 are taken as averages
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A2 = RAr ·AAr + RCH4/CF4
· AC + 4 ·AH/F

5
(4.3)

Z2 = RAr · ZAr + RCH4/CF4
· ZC + 4 · ZH/F

5
(4.4)

with the molar concentrations R for argon and CH4 or CF4, and the mass and
charge number A and Z for carbon and hydrogen or fluorine, respectively. In Tab.
4.2 the numerical values of A2 and Z2 are calculated for all the gas mixtures used
during the experiment.

Table 4.2.: Calculated numerical values of A2 and Z2 for various gas mixtures.

Gas Mixture A2 Z2

P-10 36.4 16.4
90% Ar+10% CF4 37.8 17.0
80% Ar+20% CF4 35.5 16.1
70% Ar+30% CF4 33.3 15.1

100% CF4 17.6 8.4

The calibration method, originally developed for the response of silicon surface-
barrier detectors [19] and later adopted for gaseous detectors [54], was used
to find a function to describe the PHD. A study on mass and energy of fission
fragments from 252Cf(sf) by Henschel et al. [82] provided a mean energy of
⟨EL⟩ = (102.58±1.35)MeV for the light fragments and ⟨EH⟩ = (78.67±0.71)MeV
for the heavy fragments. Moreover, an energy defect ∆E is introduced, describing
the discrepancy between the energy measured by Henschel and the measured
energy Eapp in this work. The energies and the energy defect are transferred into
LSS units using Eq. (4.2). To calculate an initial k, a mean projectile mass A1 and
charge Z1 was extracted from 252Cf spontaneous fission-product yields provided by
the ENDF/B-VIII.0 data base [87] for light and heavy fission fragments, respectively.
In Fig. 4.5 the energy defect ∆ε as a function of the transferred Henschel energy
is shown. For P-10 and all Ar+CF4 gas mixtures, a ∆ε value for heavy and light
fission fragments is calculated, for both the sample and backing side of the target.
For comparison, data measured with an ion beam in P-10 by Budtz-Jørgensen
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et al. [54] is shown. In general, one observes that the energy defect for light
fission fragments strongly varies between sample and backing side. This effect is
inherited from a shift of the apparent energies Eapp detected at the sample and
backing side, respectively. As an approximation to the data, Fig. 4.5 displays fit
functions of the form

∆ε(ε) = 1.7 · eX·log(ε)−0.5. (4.5)

The form of this fit function was chosen in order to reproduce the PHD data in
P-10 from Ref. [54] as well as the fission-fragment data in P-10 from this study.
Similar to Ref. [19], a single free scaling parameter X is used as a calibration
constant. The parameter X is adapted for each set of data, and Tab. 4.3 lists the
calculated parameter for the various gas mixtures. Equation (4.5) was then used in
the iterative computation to describe the PHD in the different gas mixtures. Figure
4.6 displays the calculated mean PHD for 90% Ar+ 10% CF4, 80% Ar+ 20% CF4,
70% Ar+ 30% CF4, and pure CF4 gas as a function of fragment mass. Generally it
is observed that with increasing amount of CF4 a higher mean PHD occurs. The
rising slope in the region of light fission fragments, up to fragment mass values of
about 120 amu, may be approximated by a constant gradient. For heavy fission
fragments the distribution follows a falling slope, which becomes steeper as the
amount of CF4 becomes larger. This change in shape is related to the scaling
parameter X used in Eq. (4.5).

Table 4.3.: ParameterA for the various gasmixtures used in Eq. (4.5) to describe
the PHD. The uncertainties arise from differences in fitting sample
and backing side, respectively.

Gas Mixture X

P-10 0.433(5)
90% Ar+10% CF4 0.468(11)
80% Ar+20% CF4 0.497(9)
70% Ar+30% CF4 0.564(13)

100% CF4 0.607(6)
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10 and different mixtures of Ar +CF4 as a function of kinetic energy.
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has been reproduced from Ref. [20], with permission from Elsevier
Ltd. All rights reserved.
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4.2.4. Pre-neutron Properties

For validation of the PHD correction, the pre-neutron data is calculated and com-
pared to established data. An average number of neutrons evaporated from a
fragment of given mass and TKE [66] was used to correct the measured post-
neutron quantities for prompt neutrons emitted during the fission process. In
Fig. 4.7 the average number of neutrons evaporated from a fragment of given
mass and TKE from Ref. [66] is illustrated. Pre-neutron mean light and heavy
fission-fragment masses with corresponding standard deviations as well as mean
kinetic energies and TKE with standard deviations, respectively, are presented
in Tab. 4.4. For comparison a normalized literature value from data published
by Hambsch et al. [88], Schmidt and Henschel [89], and Gönnenwein [90] are
shown. The average fission-fragment masses are, within 0.25 amu, in agreement
with the literature data, with a slight preference towards more symmetric fission.
Also, the kinetic energy distributions are in good agreement with established
data. The calculated mean TKE values agree, within the uncertainties, well with
the recommended value of (184.15± 1.5)MeV [88–90]. Calculated standard de-
viations from this work are about 10% smaller. The uncertainties arise mainly
from the discrepancy between values measured in both chamber sides, respectively.

In Fig. 4.8 a comparison to data measured by Göök et al. [66] for fission-fragment
masses is presented for 90% Ar+ 10% CF4, 80% Ar+ 20% CF4, 70% Ar+ 30%
CF4 and pure CF4 gas. Data measured at anode 1 (backing side) and anode 2
(sample side) is marked in full and open circles, respectively. An excellent agree-
ment with this data is observed for all the gases studied in this work. In the 70%
Ar+ 30% CF4 mass distribution, however, a relatively large discrepancy between
data points taken at anode 1 and anode 2 is observed which is consistent with the
large error values given in Tab. 4.4.

Mean total kinetic energy distributions as a function of pre-neutron mass number
and corresponding standard deviations σTKE are shown in Figs. 4.9 and 4.10
for all studied CF4 gas mixtures. Supplementary, distributions taken from [66]
are shown. In general, a good agreement of data from this work and literature
data is observed. In Ar+CF4 mixtures there appears to be a small shift of TKE
values towards lower masses, but the differences still lie well within experimental
uncertainties. In pure CF4 a small discrepancy in the symmetric mass region
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Figure 4.7.: Neutron evaporation yield as a function of total kinetic energy and
fission-fragment mass number in 252Cf(sf). The data has been taken
from Ref. [66]. The color scale indicates the number of neutrons.

between A≈ 120 - 132 amu is observed. All standard deviation distributions agree
quite well with literature.
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reproduced from Ref. [20], with permission from Elsevier Ltd. All
rights reserved.
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Figure 4.9.: Mean total kinetic energy distribution as a function of pre-neutron
mass number and corresponding standard deviation measured in
90% Ar + 10% CF4 and 80% Ar + 20% CF4 gas, compared to literature
data from Ref. [66]. This data has been reproduced from Ref. [20],
with permission from Elsevier Ltd. All rights reserved.
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Figure 4.10.: Mean total kinetic energy distribution as a function of pre-neutron
mass number and corresponding standard deviation measured in
70% Ar + 30% CF4 and pure CF4 gas, compared to literature data
from Ref. [66]. This data has been reproduced from Ref. [20], with
permission from Elsevier Ltd. All rights reserved.
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4.2.5. Pressure-dependent Average Peak Position

During the experimental set up and setting of the voltages and absolute pressure
values inside the ionization chamber, a dependency of the average peak position
for fission fragments, not only of the reduced field strength EGC/p but also an
immediate dependency of the applied pressure, was observed. In Fig. 4.11 the
fission-fragment pulse-height measured at Frisch-grid over anode in 70%Ar+ 30%
CF4 at a reduced field strength of EGC/p ≈ 1.0 kV/(cm · 105 Pa) and absolute
pressure values of 0.850 · 105 Pa (left) and 0.521 · 105 Pa (right) is shown. Despite
equal reduced field strengths a significant difference in the shape of the distributions
is observed. At lower pressure, a higher anode and grid pulse-height is present,
the latter value is nearly doubled in magnitude. A bending of the pulse-height
distribution towards lower anode pulse-heights is apparent at higher pressure,
making the measured data defective for further treatment. This effect could also be
studied during a measurement in pure CF4, by varying the pressure in three steps
from 0.250 · 105 Pa - over 0.300 · 105 Pa - to 0.350 · 105 Pa. A possible explanation
could be the excitation of electron-capturing gas molecules in the electric field. At
higher pressure, more gas molecules are present, resulting in a higher amount of
electrons captured and a suppressed detected pulse-height.
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Figure 4.11.: Fission-fragment pulse-height measured at Frisch-grid over
anode in 70% Ar + 30% CF4 at a reduced field strength of
EGC/p ≈ 1.0 kV/(cm · 105 Pa) and absolute pressure values of
0.850 · 105 Pa (left) and 0.521 · 105 Pa (right).
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4.3. Discussion of Results

A procedure to describe the PHD in silicon surface barrier detectors was applied to
Ar+CF4 gas mixtures used in ionization chambers. A universal function describ-
ing this PHD in different mixtures of Ar+CF4 was found and is used to calculate
pre-neutron mass and TKE distributions. An excellent agreement between the
measured average pre-neutron fission-fragment masses in all counting-gases and
literature is demonstrated with deviations smaller than 0.25 amu. The kinetic-
energy distributions are in good agreement with established data. The calculated
mean TKE values are, within uncertainties, also in good agreement with the recom-
mended value of 184.15MeV. The calibration procedure may be applied in future
experiments, e.g. for fission-fragment studies on actinides using an Ar+CF4 gas
mixture as counting-gas, to correct for the PHD. A pressure-dependent average peak
position in the anode pulse-height distribution was observed, resulting in defective
data measured at higher pressure values (in pure CF4 higher than 0.300 · 105 Pa)
due to a bending in the pulse-height distribution. It was observed that for Ar+CF4
gas mixtures in general the pulse-height information seems to be more sensitive to
higher pressure values compared to P-10. Low pressure values result in a larger
range of the fission fragments. Since one idea of using Ar+CF4 gas mixtures as
counting-gas in ionization chambers is to profit from the higher stopping power,
and hence to build a more compact chamber set-up, the need of low pressure values
to avoid the bending in the pulse-height distribution is a hindrance. With regard to
stopping power and a more compact detector set-up, no benefit is gained by using
Ar+CF4 instead of P-10, but with regard to laboratory safety the non-flammable
CF4 is a favored alternative to the commonly used CH4-containing P-10.

In comparison to the experiment presented in Ch. 3, where an analogue data-
acquisition system was used, a digital waveform data acquisition was used in this
experiment, cf. Sect. 4.1. A major advantage was found with the digital technique:
The digital data acquisition offers a very flexible and expanded offline analysis
since the stored raw waveforms of the signals are evaluated very comprehensibly
for, e.g., pulse-height and timing analysis. Furthermore, the number of electronic
modules is reduced, which leads to an increased stability against electronic drift
[91].
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5. Angular Distributions and
Correlation Experiments

In ionization chambers, the polar angle of the collinear fission fragments is deter-
mined from the time that free electrons, created by decelerating fission fragments
in the counting-gas, need to drift from the location of their creation to the anode
plates. Since polarized photons are expected to yield strong azimuthal asymme-
tries in the fission-fragment distribution, linked to the multipole character of the
relevant excitations (see Ref. [21] for an example using polarized bremsstrahlung),
the measurement of the azimuthal angle will gain information about the struc-
ture of intermediate states and the path through the fission barrier. Recently, a
position-sensitive twin FGIC for fission-fragment and prompt-neutron correlation
experiments was designed by Göök et al. [24]. By exchanging the anode plates
in the standard chamber on both sides with an array of grid- and strip-anodes,
which are rotated by 90◦ relative to each other and read out by means of resistive
charge division [22], a position sensitivity is achieved that allows the azimuthal
fragment emission angle to be determined, too. The design of a newly set up
position-sensitive twin FGIC and its performance is presented in this chapter. The
detector was designed and constructed by a collaboration of TU Darmstadt, Eu-
ropean Commission‘s Joint Research Centre Geel and GSI Helmholtzzentrum für
Schwerionenforschung GmbH. The performance was studied by using the well
known properties of the fission fragments from the 252Cf(sf) decay, and by an
experiment utilizing quasi-monochromatic, polarized γ-induced fission on 238U
at the High Intensity γ-ray Source (HIγS, [23]). The in-beam experiment will be
discussed in this chapter in full detail.

Another aspect of the in-beam test experiment was a feasibility study for the
detection of prompt fission neutrons (PFN) in coincidence with fission fragments
from 238U. The coincident detection of PFN allows one to measure the average
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neutron multiplicity as a function of fragment mass and TKE, and to correlate
the PFN angular distributions to the orientation of the fission fragments detected
via the position sensitive IC. To investigate the influence of background radiation
and experimental sensitivity, a separate set-up of four neutron detectors has been
implemented. While the number of PFN events which are expected will be limited
and will be much smaller than from experiments with thick targets, the background
conditions may be studied nevertheless.

5.1. Position-sensitive Frisch-grid Ionization

Chamber

In order to achieve position-sensitivity, the anode plates in a standard twin FGIC
(described in detail by Budtz-Jørgensen et al. [54]) are replaced by an array of
grid- and strip-anodes. The sensitive array of the grid-anode consists of 50 tungsten
wires with a radius of 0.025mm and a period of 2.0mm. The wires are installed on
a circular printed circuit board (PCB), strained over a quadratic 100mm×100mm
opening, see Fig. 5.1. All wires are electrically insulated and are connected via
100Ω surface-mount resistors, creating a resistive charge-divider with 51 resistors
in total. The choice of resistance of the charge dividing structure depends two
main effects [22]. The resistance has to be small in order to reduce phase shifts
caused by the resistors and the capacitance of the electrodes itself. Further, the
induced charge in the electrodes is redistributed over the two ends of the electrode,
with a time-constant proportional to the resistor chain [24]. On the near and
far ends of the anode plate pre-amplifiers are connected and waveform data is
collected. The strip-anode is manufactured similar to the grid-anode: Instead of
wires, 50 parallel, electrically insulated strips are placed on a PCB. Again, 100Ω
surface-mount resistors connect the stripes and create a resistive charge-divider.
The technical drawings of the strip-anode and FGIC are illustrated in App. A.4. To
obtain position-sensitivity, the grid- and strip-anode on one chamber side have
to be installed in such a way that grids and strips are arranged perpendicularly
to each other. By evaluating both chamber sides simultaneously and assuming a
collinear emission of the two fission fragments, the fission-fragment path can be
reconstructed.

A common cathode holding the radioactive, spectroscopic 238U sample is dividing
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Figure 5.1.: Technical drawing of the position-sensitive grid-anode. A centric
100mm×100mmopening on the PCB is covered by 50 tungstenwires
with a radius of 0.025mmand a period of 2.0mm. The wires are elec-
trically connected via 51 surface-mount resistors. All units are inmm.

the detector into two mirror-symmetric chamber parts. On the left side of Fig. 5.2
a schematic illustration of the assembled position-sensitive FGIC is depicted. The
distance between cathode and Frisch-grid isD = 35mm and the distances between
Frisch-grid and grid-anode as well as grid-anode and strip-anode is d = 4mm,
respectively. During the experiment, the chamber was operated using P-10 gas
(90% Ar+ 10% CH4) at a pressure of 1.055(5) · 105 Pa and a constant gas flow of
60mln/min. The reduced field strength (electric field over applied pressure) in the
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region between cathode and Frisch-grid was chosen to guarantee a constant elec-
tron drift-velocity and to minimize electron-ion recombination in the gas. Applied
voltages of UC =−2.225 kV and UG =−0.5 kV result in a reduced field strength of
0.48 kV/(cm · 105 Pa). Furthermore, to minimize signal-loss at the Frisch-grid and
the grid-anode, the electric fields between Frisch-grid, grid-anode and strip-anode
were chosen to be of increasing strength. Analogue to Ref. [24], a Frisch-grid
to grid-anode field strength 3 times that between cathode and Frisch-grid was
applied, while between grid-anode and strip-anode a field strength twice that
between Frisch-grid and grid-anode was applied (UGA =+0.1 kV, USA =+1.3 kV).
The ionization chamber is suited with entrance windows which allow an irradiation
of the radioactive sample by a γ-ray/particle beam at an angle of 90◦ and 20◦

relative to sample surface, respectively. During the commissioning experiment the
target was oriented 20◦ relative to the beam axis.

Figure 5.2 includes a schematic illustration of the data-acquisition system. Ana-
logue signals collected at the near and far ends of the electrode plates due to
drifting electrons in the applied electric field [57, 58] are processed using a wave-
form digitizer1. In total 11 channels of the waveform digitizer were used for the
read-out of the FGIC. The timing information of the cathode signal is used to open
a gate in which data is buffered to the digitizer. The waveform data were stored
and processed offline with baseline corrections and filters to extract the respective
pulse-height and timing information used to determine fission-fragment mass and
TKE distributions as well as polar and azimuthal angular distributions. For hard-
ware optimization, two different pre-amplifier devices2 were used in the different
experimental runs. The neutron detector waveform data were also digitized. The
same gate opened by the timing information of the cathode was used as trigger
criteria. The data acquisition was implemented in the MBS computer code. The
data was written to disk in list-mode files for event-by-event offline analysis. For
online monitoring during the experiment the ucesb unpacker system was used.

5.1.1. Fission-fragment Azimuthal Angular Distribution

The azimuthal angular distribution of the fission fragments is studied by using the
position-sensitive structure introduced in Sec. 5.1. By exchanging the anode plates

1Struck SIS3316
2Mesytec MPR-1 and IKDA CSTA2 HV
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Figure 5.2.: Schematic illustration of the Frisch-gridded position-sensitive ioniza-
tion chamber and the connected data acquisition. For simplicity, only
one signal path at each strip- and grid-anode is depicted. The respec-
tive abbreviations are: P.A. - Pre-Amplifier, T.F.A. - Timing Filter Am-
plifier, C.F.D. - Constant Fraction Discriminator, D.G.G - Digital Gate
Generator.

in the standard chamber on both sides with an array of grid- and strip-anodes,
which are rotated by 90◦ relative to each other and read out by means of resistive
charge division [22], a position sensitivity is achieved. The induced and collected
charge on the grid- and strip-anode, respectively, is divided between the near
(n) and far (f) end pre-amplifiers. In total, eight signals (2× grid-anoden,f , 2×
strip-anoden,f ) have to be processed in order to calculate the fission-fragment
axis. The waveform data collected at the grid-anode is first integrated. Each of the
waveforms is then passed through a digital signal processing algorithm simulating
a CR− RC4 semi-Gaussian shaping amplifier with shaping time constant T1 [24].
The integrals of the induced charge signals from the grid-anode pre-amplifiers Pn,f

and the maxima of the collected charge signals from the strip-anode pre-amplifiers
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An,f are used to introduce coordinates according to

x̄ = kx
Pn − Pf

Pn + Pf
= kxX, ȳ = ky

An −Af

An +Af
= kyY, (5.1)

where kx and ky are calibration constants relating the pulse-height ratios X and Y
to actual distances from the center of the detector. Contrary to the coordinates x̄
and ȳ, the third coordinate z̄ is extracted, similar to the polar angular distribution
(see Sect. 2.2.2), from the electron drift-time according to

z̄ = w(T90◦ − T ), (5.2)

where w is the electron drift-velocity in the counting-gas, and T90◦ corresponds to
the time difference between cathode and anode signal T for events emitted parallel
to the target plane and, hence, with maximum drift-time values. In Fig. 5.3, the
coordinate system used to describe the fission process in space and an exemplary
fission event is illustrated. The colored dot located at (x0, y0,0) indicates the origin
of the fission tracks and where on the target the fission process was induced. The
colored arrows indicate the respective axis of each fission fragment. The geometric
extent of the fission target is indicated in grey.

Fundamentally for the positioning technique is the assumption, that both fission
fragments from a fission event are emitted collinearly and, hence, the fission axis
is characterized by two points in space. As illustrated in Fig. 5.3, these two points
correspond to the respective ionization track’s center of gravity of the two fission
fragments. In order to obtain accurate Cartesian coordinates (x̄,ȳ,z̄) describing
the fission axis, the x̄- and ȳ-coordinates calculated using Eq. (5.1) and the z̄-
coordinate calculated using the electron drift-time measurement described by Eq.
(5.2) have to be calibrated relative to each other. A non-linearity in the x̄- and
ȳ-coordinates exists, which does not depend on the absolute value of x̄, ȳ from
either chamber side, but only on the polar angle θ, see Ref. [24]. To correct for the
non-linearity and to calibrate x̄ and ȳ relative to z̄, the difference in pulse-height
ratio X2 −X1 and Y2 −Y1, divided by the sum of distances to the center of gravity
of the ionization track r̄1 + r̄2 for each chamber side, respectively, is calculated for
several values of cos θ. Figure 5.4 shows an example of histograms for cos θ-values
of 0.2 (left) and 0.8 (right). To each selection in cos θ an ellipse with semi-axis rx
and ry is fitted. The calibration constants kx and ky introduced in Eq. (5.1) are
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Figure 5.3.: The fission process as it is detected in the position-sensitive ioniza-
tion chamber and the corresponding coordinate system. The colored
dot located at (x0, y0,0) indicates the origin of the fission tracks and
where on the target the fission process was induced. The colored
arrows indicate the axes of both fission fragments. The grey area
indicates the fission target.

functions of cos θ and are related to the semi-axis via

rx =

√
1− cos2 θ
kx(cos θ)

, ry =

√
1− cos2 θ
ky(cos θ)

. (5.3)

The accuracy of the x̄- and ȳ-coordinates is related to the CR− RC4 shaping
time constant T1, and, hence, to the width of ellipses like shown in Fig. 5.4. By
determining the width of the ellipses and correcting for the contribution of the
finite resolution in cos θ the accuracy of the x̄- and ȳ-coordinates is estimated. In
Fig. 5.5 the determined mean accuracy in the calculated coordinates in spacial
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dimensions (mm) as a function of cos θ and shaping time constant T1 is illustrated.
An optimum shaping time of T1 = 40ns has been found and used for the analysis
in this work. It is observed that at cos θ-values close to 0 the data is influenced
by scattering in the target, and at cos θ-values close to 1 the accuracy is limited
by the angular resolution at small angles. With the position-sensitive structure, a
determination of the fission axis with a resolution better than 7◦ FWHM is achieved.
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Figure 5.4.: Difference in pulse-height ratioX2−X1 andY2−Y1 divided by the sum
of distances to the center of gravity of the ionization track r̄1+ r̄2 for
each chamber side, respectively, plotted for cos θ-values of 0.2 (left)
and 0.8 (right). The data was obtained from 238U(γ,f) at 11.2MeV γ-
ray energy.

The fission origin is fixed to the target plane (x0,y0,0), and the fission-axis orienta-
tion is expressed either in Cartesian coordinates (x̄,ȳ,z̄) or by polar and azimuthal
angle (θ,φ). The azimuthal angle is determined using the collinearity of the fission
fragments. The differences of the x̄- and ȳ-coordinates from both chamber sides
(x̄i, ȳi, i = 1, 2) are independent of the point of creation of the fission fragments
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Figure 5.5.: Mean accuracy in the calculated coordinates in spacial dimensions
(mm) as a function of cos θ and shaping time constant T1. An opti-
mum shaping time of T1 = 40 ns has been found and used for the
analysis in this work.

and, hence, the azimuthal angle is calculated by

φ = arctan
[︃

ȳ2 − ȳ1
x̄2 − x̄1

]︃

. (5.4)
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5.2. High Intensity γ-ray Facility

The commissioning experiment using photo-fission with quasi-monochromatic,
polarized γ-rays was performed at the High Intensity γ-ray Source (HIγS, [23]),
at the Triangle Universities Nuclear Laboratory (TUNL) on the campus of Duke
University in Durham, North Carolina. The HIγS facility produces intense, quasi-
monochromatic, up to 100% linearly polarized γ-ray beams by Compton back-
scattering free-electron-laser (FEL) photons off of relativistic electrons. A wide
range of γ-ray energies from about 1 - 100MeV and a maximum total flux about
3 × 109γ/s at 15MeV characterizes this facility. In Fig. 5.6 the layout of the ac-
celerator facility is shown. A 0.24 - 1.2GeV electron storage ring is the driver for
the Compton γ source. The Compton γ-ray beam is generated in the middle of
the lower, long straight section (collision point) by colliding the electron beam
with the FEL beam powered by the same electron beam. The HIγS operation
requires a minimum of two beams, called a symmetric two-bunch operational
mode. Two RF buckets are filled with beams separated by one half of the storage
ring circumference. The photons in one FEL pulse, generated by one electron
bunch, collide with the electrons in the other bunch, resulting in a continuous
sequence of γ-ray bursts with a repetition rate of 5.58MHz.

The generated γ-ray beam passes a pre- and primary collimator before it reaches
the photo-fission experimental set-up located in the first experimental cave, the
upper target room (UTR). The position-sensitive FGIC was placed in the beam to
study fission-fragment mass, TKE and angular distributions from 238U(γ,f). The
experimental set-up is shown in Fig. 5.7. The target was oriented 20◦ relative to
the beam axis in order to increase the experimental luminosity and to maximize
the fission yield in the angular cone of events accepted in the analysis. In Tab. 5.1
a summary of the fission-target nucleus and the target thickness with its polyimide
backing, the γ-beam energy Eγ , the average beam flux Φ, the beam polarization,
the target radiation time T and the number of events (NEV) considered in the
evaluation of fission-fragment mass and TKE distribution are stated. The beam
spot at the fission-target position was 19.05mm (3/4 inch). At a beam energy of
Eγ = 11.2MeV the cross section for 238U(γ,f) is 101.7mb [92]. Therefore, high
fission-fragment statistics is available which is optimal for the assessment of the
performance of the new detector.
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Table 5.1.: Summary of the performed photo-fission experiment using quasi-
monochromatic, polarized γ-rays at the HIγS facility. The fission-
target nucleus and the target thickness with its polyimide backing,
respectively, is specified in the first three columns. In the follow-
ing columns the γ-beam energy Eγ with the FWHM of the Gaussian-
shaped beam, the average beam flux Φ, the beam polarization, the
target radiation time T and the number of events (NEV) considered
in the evaluation of fission-fragment mass and TKE distribution are
stated. The target was oriented 20◦ relative to the beam axis.

Nucleus Target Thickness Polyimide Eγ Φ Pol. T NEV
(µg/cm2) (µg/cm2) (MeV) (γ/s) (h) (counts)

238U 82.9±4.2 35.0±3.0 11.2±0.336 2.4 · 108 lin. 3 62723
238U 82.9±4.2 35.0±3.0 11.2±0.336 4.0 · 108 cir. 60.5 2111401
238U 82.9±4.2 35.0±3.0 8.0±0.24 2.0 · 108 cir. 2 4421
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Figure 5.7.: Experimental set-up of the photo-fission experiment conducted at
the HIγS facility. A position-sensitive FGIC and four neutron detec-
tors were used to study fission-fragment properties and PFNs in co-
incidence.
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5.2.1. Neutron Detectors

In addition to the detection of the fission fragments with the new position-sensitive
ionization chamber, PFNs have been measured in coincidence with fission-fragment
properties. The coincident detection of PFN may allow one to measure the average
neutron multiplicity as a function of fragment mass and TKE ν̄(A,TKE), cf. Ref.
[93] for the recently developed scintillation detector array (SCINTIA) dedicated for
the measurement of PFNmultiplicities in fission studies. The direct measurement of
ν̄ and the neutron spectra as a function of the compound nucleus excitation energy
would have a large impact on the development of de-excitation models like FREYA
[94]. To investigate the feasibility of such an experiment, four neutron detectors
were used to perform an energy measurement by using the neutron time-of-flight
technique. In Fig. 5.7 the arrangement of the detectors is shown, and in Tab. 5.2
their orientation is listed. The detectors were installed in one horizontal plane with
respect to the target, in four different angles relative to the upstream beam axis,
and in four different distances to the fission target. Neutron detectors with 12.7 cm
(5 inch) diameter and 5.08 cm (2 inch) thick liquid scintillator cells3 were used,
since they exhibit excellent pulse-shape discrimination properties, particularly for
fast neutron counting and spectrometry in the presence of gamma radiation, which
we expect to be present in the majority due to scattering. The neutron waveform
data were stored in the digital data acquisition. To minimize background, only
waveform data was stored when the cathode of the FGIC fired and, hence, a fission
event was recorded in the gas-filled detector. The estimated PFN number for 2.1
million events (cf. Tab. 5.1) is stated in the fourth column of Tab. 5.2. A detector
response of 20% and an average neutron multiplicity of ν̄ = 3.261±0.009 [95] has
been used in the estimation. The average neutron multiplicity has been obtained
by calculations using the Monte Carlo code FIFRELIN [96]. In the last column
in Tab. 5.2 the actual measured PFN NEV after pulse-shape discrimination and
Time-of-Flight selection, cf. Sect. 5.3.5, is stated. As expected by using a thin
spectroscopic target, the total number of detected PFN is strongly limited. The
discrepancy between estimated NEV and actual measured NEV may originate from
an insufficient resolution in ToF, which hinders the separation between real NEV
and background data.

3EJ-301, manufactured by Eljen Technology
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Table 5.2.: Overview of the installed neutron detectors. Four different angles rel-
ative to the upstream beam axis and four different distances to the
fission target were chosen.

Neutron Detector Angle Distance to target* est. NEV NEV
(◦) (mm) (counts) (counts)

ND1 108±3 650±5 3286 5308
ND2 30±3 523±5 5134 6344
ND3 45±3 522±5 5134 6741
ND4 90±3 457±5 6560 8912

*front face of the detector to center of the 238U foil.

5.3. Performance Study with Monochromatic,

Polarized Beams

The performance of the position-sensitive Frisch-grid ionization chamber was tested
by comparing measured fission-fragment mass and TKE distributions as well as
angular distributions from 238U(γ,f) at Eγ = 11.2MeV and Eγ = 8.0MeV with
linearly and circularly polarized γ-ray beams to literature data. At Eγ = 11.2MeV
the cross section for photon-induced fission in 238U is 101.7mb [92] and, thus,
more than 10 times larger than the cross section in the barrier region. Therefore,
a high fission-fragment event rate is available which can be utilized perfectly to
test the performance of the new detector. Influence of second chance fission at
Eγ = 11.2MeV, while having been proposed in the work of Wilke et al. [97] for a
similar Eγ region using tagged photons, are neglected, since the cross section for
237U(γ,f) at Ex = Eγ − Sn(

238U) is expected to be in the order of several µb. In
the following subsections, measured fission-fragment properties will be presented
and discussed. In addition, the measured coincident PFN properties are discussed
in Sect. 5.3.5.
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5.3.1. Fission-fragment Mass and TKE Distribution

The post-neutron fission-fragment mass distribution for 238U(γ⃗cir,f) at
Eγ = 11.2MeV is displayed in Fig. 5.8. This is the first time monochromatic data
at Eγ = 11.2MeV has been measured. For classification, data from Ref. [98] for
238U(γ,f) using bremsstrahlung at ⟨Ex⟩ = 11.6MeV is illustrated as dashed line. As
is observed, the measured distribution from this work is more symmetric compared
to the literature data. Extracted mean masses of the light- and heavy-fragment
peaks ⟨AL⟩=(97.55± 0.03) amu and ⟨AH⟩=(137.43± 0.09) amu, respectively, in
comparison to ⟨AL⟩=(97.01±0.07) amu and ⟨AH⟩=(137.80±0.07) amu from Ref.
[98] validate this examination by numbers, but show that the effect amounts to less
than half a mass unit. The more symmetric trend may be explained by comparing
bremsstrahlung-induced fission to quasi-monochromatic induced fission: In the for-
mer case, the excitation energy of the fissioning nucleus is continuously distributed.
A trend towards more symmetric fission, going from lower to higher excitation
energy, is well known (cf. Ref. [98]). Hence, by using bremsstrahlung-induced
fission the resulting average mass distribution is more asymmetric, compared to
monochromatic induced fission at the same excitation energy, due to the contri-
bution from the more asymmetric distributions at lower excitation energies. The
difference in peak height might result from the scaled average neutron multiplicity
from Ref. [67], which has been used in the iterative data analysis, cf. Sect. 2.2.3.
The influence of scaling in the light and heavy fragment mass region, respectively,
is not identical. Therefore, the height of the peaks for light and heavy fragments
may be equalized.

The pre-neutron mass and TKE distribution is calculated according to Sect. 2.2.3.
The total kinetic energy was calibrated relative to the alpha energies of 238U. In
Fig. 5.9 the determined fission-fragment yield as a function of average TKE and
pre-neutron mass number obtained for 238U(γ⃗cir,f) at Eγ = 11.2MeV is illustrated.
As inherited from the mass-distribution calculation procedure introduced in Sect.
2.2.3, the distribution is perfectly symmetric around mass number A = Af/2.
In Tab. 5.3 the extracted pre-neutron parameters are listed and compared to
literature data using unpolarized bremsstrahlung from Refs. [14, 76]. As expected
from theory, the gamma-ray polarization does not influence the TKE and mass
distributions of the fission fragments. Both measurements at Eγ = 11.2MeV using
a circularly and linearly polarized photon beam, respectively, yield identical mean
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Figure 5.8.: Fission-fragment yield as a function of post-neutron mass number
obtained for 238U(γ⃗cir,f ) at Eγ = 11.2MeV. For classification, data
fromRef. [98] for 238U(γ,f ) using bremsstrahlung at ⟨Ex⟩ = 11.6MeV
is illustrated as dashed line.

total kinetic energies ⟨TKE⟩ and mean heavy-fragment mass ⟨AH⟩ values. The
⟨TKE⟩ values are in good agreement with literature data from Jacobs et al. [76].
Extracted values for the measurement at Eγ = 8.0MeV are, within uncertainties,
in good agreement to the reference data from Pommé et al. [14].

According to the theoretical description of the fission-fragment yield (see Sect.
2.1.3 for details), certain regions in the data illustrated in Fig. 5.9 are assigned to
the corresponding fission modes, as shown by the red ellipses. The main fission-
fragment yield is located in the region of the standard modes (S1, S2), which
is located at medium TKE and centered around the masses 99 amu and 139 amu,
respectively. In the symmetry region at low TKE, the super-long mode (SL) is
located. The superposition of the yield from the S1, S2 and SL fission modes for
238U(γ,f) using bremsstrahlung at ⟨Ex⟩ = 5.9 − 6.91MeV has been studied in
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Figure 5.9.: Fission-fragment yield as a function of TKE and pre-neutron mass
number obtained for 238U(γ⃗cir,f ) at Eγ = 11.2MeV. The red ellipses
indicate regions of the corresponding fission modes found by a fit
according to Eq. (5.6).

detail by Göök [69]. However, also in the symmetry region at very high TKE a
small yet detectable clustering of data is observed, due to the large number of total
detected events. This fission-fragment yield might be assigned to the super-short
mode (SS), which recently has been described by 4-D Langevin calculations for
very heavy actinides [48]. For light actinides as uranium, however, no super-short
mode has been predicted or observed so far.

To investigate the data on the characteristics of the involved fission modes S1,
S2, SL and SS, a fit to the experimentally observed yield as a function of fission
fragment mass and TKE is introduced as

Y (A,TKE) =
∑︂

m

wmYm(A,TKE), (5.5)
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Table 5.3.: Extracted parameters of the measured TKE and pre-neutron mass
distribution from the quasi-monochromatic, polarized γ-induced
238U(γ,f ) experiment compared to reference data using unpolarized
bremsstrahlung [14, 76]. The excitation energy Ex and the beam po-
larization are give in the first two columns. The parameters ⟨TKE⟩
and σTKE denote the mean total kinetic energy with respective stan-
dard deviation, and ⟨AH⟩ and σA indicate the mean heavy-fragment
mass and the standard deviation of the mass distribution.

Ex Pol. ⟨TKE⟩ σTKE ⟨AH⟩ σA Ref.
(MeV) (MeV) (MeV) (MeV) (amu) (amu)

7.19 – 170.12±0.30 10.99±0.10 139.59±0.05 6.12±0.05 [14]
8.0 cir. 170.48±0.17 10.66±0.12 139.32±0.27 6.31±0.15 this work
8.4 – 169.52±0.30 10.86±0.10 139.65±0.05 6.22±0.05 [14]
11.2 cir. 171.32±0.01 10.66±0.01 139.04±0.02 6.58±0.03 this work
11.2 lin. 171.31±0.04 10.62±0.03 139.07±0.26 6.75±0.03 this work
11.6 – 171.41±0.13 10.93±0.10 – – [76]

with

Ym(A,TKE) =
1

4πσA,m

[︃

exp
(︃

− (A− ⟨A⟩m)2

2σA,m

)︃

+ exp
(︃

− (A−Af + ⟨A⟩m)2

2σA,m

)︃]︃

×
(︃

200

TKE

)︃2

exp
(︃ −(L− lmax,m)2

(L− lmin,m) · ldec,m

)︃

, (5.6)

where the index m denotes a particular fission mode. The first part of Eq. (5.6)
describes the mass dependency of the fission modes and is constructed as a su-
perposition of two Gaussian functions, one for the light mass region and one for
the heavy mass region. The parameters ⟨A⟩ and σA are the mean fragment mass
number and the width of the mass yield. The dependency of the yield as a function
of TKE was introduced by Brosa et al. [47]. The semi-length L corresponds to
the distance of the two emerging fragments at scission. The semi-length L is
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approximated as

L = 1.44MeV · fm
(︃

Zf

Af

)︃2
(Af −A)A

TKE
(5.7)

if only Coulomb interaction of the fragments is considered. Further, lmax corre-
sponds to the most probable distance of the two fission fragments, lmin to the
smallest allowed distance due to Q-value limitation, and ldec to the exponential
decrease in yield. If Eq. (5.6) is fitted to experimental data as show in Fig. 5.9, 18
free parameters have to be calculated if only the two standard modes and the SL
mode is considered. If the SS mode is considered as well, a total parameter-set of
24 values has to be determined. Fits were performed on the two 238U(γ⃗,f) data sets
at energy Eγ = 11.2MeV using linearly and circularly polarized gammas. For the
data obtained with the circularly polarized beam, the very high statistics enabled
an investigation of contribution of four fission modes. The red ellipses shown in Fig.
5.9 mark the innermost contour of the regions for which the fit converged. In Tab.
5.4 the calculated fission-mode weights w for the standard modes, SL and SS mode
are summarized. A predominant S2 mode contribution as expected from theory
is evident. Extracted weights from data using linearly and circularly polarized
gammas are in good agreement with each other, but a significant discrepancy
with literature data at neighboring excitation energies [98–100] is observed. The
contribution from the S1 fission mode found in this work is nearly twice as much as
in established data, while the S2 contribution consequently is found to be smaller.
This major discrepancy remains to be investigated, but might be correlated to
the technique which has been used to acquire the data: The yields presented in
Refs. [98–100] have been measured using γ-ray spectrometric techniques, while
in this work the full information of fission fragment yield as a function of mass and
TKE has been acquired using an ionization chamber. In the reference data that
are consistent with the mode weights extracted over a wide range of excitation
energies [100], the mode weights have been determined from fits to the mass-yield
distributions, and the present analysis was able to include also TKE information.
The SL mode contribution determined here is slightly higher than literature data.
The extracted SS mode contribution of 0.1 has not been observed in the reference
data.

Additionally to the fission-mode weights, measured values for the mean heavy-
fragment mass ⟨AH⟩ and mean total kinetic energy ⟨TKE⟩ with corresponding
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standard deviations, and a full set of distance parameters (lmax, lmin, ldec) are
stated in Tab. 5.5. The theoretically expected trend is clearly fulfilled: As predicted
by the random-neck-rupture mechanism, a compact scission configuration leads
to a more symmetric mass distribution and, due to Coulomb repulsion, is charac-
terized by a high TKE. Contrarily, lower TKE values and a more asymmetric mass
distribution is expected for a scissioning system featuring an elongated neck. The
connection of the parameters (lmax, lmin, ldec) to the fragment TKE is observed
evidently: With rising TKE the distance parameters decrease in magnitude. The
parameter lmin had to be kept constant during the fit routines in order to maintain
convergence. Further, the mass value of Af/2 = 119 amu for the symmetric SL and
SS mode has been kept constant in order to reduce the amount of free parameters.
The presented fission-fragment yield as a function of TKE and pre-neutron mass
number obtained for 238U(γ⃗cir,f) at Eγ = 11.2MeV might be the first evidence of
the existence of the super-short mode in light actinides.

Table 5.4.: Calculated fission-mode weights w for the standard modes (S1, S2),
the super-long mode (SL), and the super-short mode (SS). For com-
parison, reference data from Refs. [98ś100] using bremsstrahlung is
stated.

Ex Pol. wS1 wS2 wSL wSS Ref.
(MeV) (%) (%) (%)

10.24±0.21 – 18.8±2.7 79.9±2.8 1.2±0.8 – [99]
11.2 lin. 36.4±0.4 60.8±0.4 2.8±0.1 – this work
11.2 cir. 33.2±0.1 64.3±0.1 2.4±0.1 0.1±0.1 this work

11.27±0.24 – 18.6±1.9 80.0±1.9 1.4±0.5 – [98]
11.94±0.26 – 17.1±3.0 81.0±3.1 1.9±0.7 – [100]
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5.3.2. Fission-fragment Polar Angular Information

The fission-fragment polar angular distribution has been analyzed for particular
mass splits in the fragment pre-neutron mass distribution. In Fig. 5.10, exem-
plary, the pre-neutron mass distribution for 238U(γ⃗cir,f) at Eγ = 11.2MeV with a
quasi-symmetric and far-asymmetric mass cut, respectively, is shown. In this work,
symmetric fission is defined as fission for a fragment mass ratio between 1.0 and
1.1, and asymmetric fission as fission in which the ratio is greater than 1.8.
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Figure 5.10.: Pre-neutronmass distribution for 238U(γ⃗cir,f ) atEγ = 11.2MeVwith
a quasi-symmetric and far-asymmetric mass cut, respectively, illus-
trated as shaded regions.

As introduced in Sec. 2.1.2, the fission-fragment polar angular distribution using a
circularly polarized photon beam is described and parameterized by the function

W (θ) = A + B · sin2 θ + C · sin2 2θ. (5.8)

The 238U(γ⃗,f) experiments at the HIγS facility were performed with the fission
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target tilted at 20◦ relative to the beam axis. The transformation of the angular
distribution relative to the chamber axis into the angular distribution relative to
the beam axis is stated in detail in App. A.1. The obtained angular distributions
from 238U(γ⃗,f), calculated by using the drift-time method (cf. Sect. 2.2.2), were
normalized to a Monte-Carlo simulated isotropic distribution before the fit func-
tions were applied. For 238U(γ⃗,f) at Eγ = 11.2MeV using linearly and circularly
polarized photons no quadrupole contribution could be observed; the fits to the
data yielded a C coefficient compatible with zero. Due to the normalization with
the simulated isotropic distribution, and C ≈ 0, the coefficientsA andB are related
as A+B= 1, where A corresponds to the isotropic portion and B is proportional
to the anisotropy [30]. In Fig. 5.11 the calculated angular distribution parameter
B for 238U(γ⃗cir,f) at Eγ = 11.2MeV in comparison with monochromatic gamma
ray data from Ref. [97] as a function of photon energy for for all masses (a), a
quasi-symmetric mass split (b) and a far-asymmetric mass split (c) is illustrated.
As is observed, the angular distribution is isotropic (B≈ 0) for case (a) and (b)
and agrees very well with the literature data from Wilke et al. [97], but seems
to have a small anisotropic fraction (B< 0) for case (c), which is, within the ex-
perimental uncertainties, also in agreement to data from Wilke et al. [97]. The
238U(γ⃗lin,f) measurement at Eγ = 11.2MeV delivered identical results. Large
anisotropies, as observed by Wilke et al. at excitation energies of Eγ ≈ 11.3MeV
and Eγ ≈ 12.6MeV and suggested by the authors of Ref. [97] to arise possibly
from second-chance fission, have not been observed.

The observed mass dependency of the angular distribution coefficients in Fig. 5.11
will be studied in the following in more detail. A mass dependency for the angular
distribution of symmetric and asymmetric mass regions has been found earlier,
e.g., for the photo-fission of 232Th and 236U [101, 102], and an additional TKE
dependency was found for 232Th and 234U [13]. For the 238U(γ⃗cir,f) measurement
at Eγ = 11.2MeV the high statistics allows the parameter ratios B/A and C/B to
be determined for 2 amu wide mass splits in the range of M =119 - 160 amu and
for 2MeV wide TKE splits in the range of TKE=130 - 200MeV. The resulting B/A
and C/B ratios as a function of M and TKE are shown in Figs. 5.12 and 5.13,
respectively. For rising fragment mass a decline in anisotropy is observed, until
M = 137 amu, where the angular distribution seems to be isotropic (B≈ 0). For
even larger masses a rise in anisotropy is evident. For the B/A-dependency on
the TKE a similar trend is observed. For a rising TKE a decrease in anisotropy is
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Figure 5.11.: Calculated angular distribution parameter B for 238U(γ⃗cir,f ) at
Eγ = 11.2MeV in comparisonwithmonochromatic gamma ray data
from Ref. [97] as a function of photon energy: (a) for all masses;
(b) for a quasi-symmetric mass split; (c) for a far-asymmetric mass
split.

visible, until at TKE≈ 170MeV the distribution is isotropic. For even larger TKE
values a constant rise in anisotropy is present. The ratio C/B as a function of mass
and TKE is, within uncertainty, compatible with zero and, hence, confirms the
no-existence of quadrupole contribution in the present data.
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Figure 5.12.: Dependence of fission-fragment angular distribution parameter ra-
tios B/A and C/B, calculated from 238U(γ⃗cir,f ) at Eγ = 11.2MeV,
on the fission-fragmentmassM . The uncertainty in x-values results
from the chosen mass-split range of 2 amu.
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Figure 5.13.: Dependence of fission-fragment angular distribution parameter ra-
tiosB/A andC/B, calculated from 238U(γ⃗cir,f ) atEγ = 11.2MeV, on
the fission-fragment TKE. The uncertainty in x-values results from
the chosen TKE-split range of 2MeV.

In the following, the dependence of the angular distribution on mass and TKE
will be associated to the dependence of the underlying fission mode contribution.
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According to the MM-RNR model, see Sect. 2.1.3, a different path through the
potential-energy landscape may be associated to separate modes, resulting in
different angular distributions. It was shown in the previous Sect. 5.3.1 that
certain regions in mass and TKE are indeed correlated with the two standard
modes S1 and S2, and to a lesser extent to the SL and SS modes. Only the high-
yielding two standard modes will be considered in the following discussion. The
angular distribution as a function of mass, TKE and angle is stated as

W (θ,A,TKE) =
∑︂

m

wm(A,TKE) ·Wm(θ),

=
∑︂

m

wm(A,TKE) · (Am +Bmsin2 θ + Cmsin2 2θ), (5.9)

where the index m denotes a particular standard mode [13]. The mode weight
wm(A,TKE) was determined from fits of Eq. (5.6). Effectively, for each 2 amu
wide mass split and 2MeV wide TKE split a mode weight is calculated, and the
ratios B/A and C/B, shown in Figs. 5.12 and 5.13, are understood as the sum of
the two standard mode contributions. In Figs. 5.14 and 5.15 the contribution of
the two standard modes S1 and S2 on the fission-fragment angular distribution
parameter ratios, calculated from 238U(γ⃗cir,f) at Eγ = 11.2MeV, as a function
of fission-fragment mass M and TKE is shown, respectively. For comparison, the
total B/A and C/B ratios as shown in Figs. 5.12 and 5.13 are displayed. It is
observed that a major contribution from the S1 mode is found for the mass region
M < 134 amu, with higher anisotropy than for the S2 mode. In the mass region
between M =134 - 138 amu the two modes seem to contribute equally to the ra-
tio B/A. For masses larger 138 amu the ratio seems to follow the S2 mode data
only and anisotropy is rising with rising mass, while the S1 mode contribution
is compatible with zero. A similar pattern is observed for the mass-dependence
of the parameter ratio C/B. The dependency of the parameter ratios on TKE is
alike: Only for the energy region in which the corresponding mode is settled a
contribution to anisotropy is visible. For both standard modes the ratio C/B as a
function of mass and TKE is, within uncertainty, compatible with zero and, hence,
confirms the absence of quadrupole contributions in the present data.

As mentioned before, according to the MM-RNR model a different path through the
potential-energy landscape is associated to separate modes, whereas the parameter
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ratio B/A in particular is very sensitive to the corresponding fission-barrier height.
On can argue that since the relative weight of the S2 mode to the fission yield
was found to be predominant (wS1 = 33.2%, wS2 = 64.3%), the outer barrier
of the S2 mode is expected to be smaller than the outer barrier of the S1 mode.
With a smaller S2 mode barrier a lower value of the corresponding ratio B/A
is expected. This is observed for the mass region M < 134 amu, but for the S2
mode high-yielding mass region larger 138 amu higher values for the ratio B/A
are found. Similar observations have been made in Ref. [13]. It appears that the
mode-weighted angular-distribution description introduced via fits of Eq. (5.9)
seems to fail the description of the fundamental fission theory of the MM-RNR
model.

126 128 130 132 134 136 138 140 142 144 146 148

M (amu)

0.12−

0.1−

0.08−

0.06−

0.04−

0.02−

0

0.02

0.04

0.06

B
/A

Sum

S1 mode

S2 mode

126 128 130 132 134 136 138 140 142 144 146 148

M (amu)

3−

2−

1−

0

1

2

3

C
/B

Sum

S1 mode

S2 mode

Figure 5.14.: Contribution of the two standard modes S1 and S2 on the fission-
fragment angular distribution parameter ratios B/A and C/B, cal-
culated from 238U(γ⃗cir,f ) at Eγ = 11.2MeV, as a function of fission-
fragment mass M .
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Figure 5.15.: Contribution of the two standard modes S1 and S2 on the fission-
fragment angular distribution parameter ratios B/A and C/B, cal-
culated from 238U(γ⃗cir,f ) at Eγ = 11.2MeV, as a function of fission-
fragment TKE.
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5.3.3. Linear Beam Polarization

As stated in Sect. 2.1.2, the use of linearly polarized photons afford the opportunity
to disentangle E1 and M1 channels in the case of pure dipole excitations, if the
fission-fragment azimuthal angle φ is measured in addition to the polar angle θ. In
this work, the polarization was nearly 100%, and the azimuthal angle φ is defined
as φ = 0 for fragments emitted parallel to the horizontal electric field vector E⃗
and φ = π/2 for fragments emitted perpendicular to E⃗. When using linearly
polarized photons, the angular distribution depends on both angles θ and φ and is
given in the channel formalism, similar to Eq. (5.8), by

W (θ, φ) = A + B · sin2 θ + C · sin2 2θ

+ Pγ · ω · cos 2φ · (D · sin2 θ − 4C · sin4 θ) (5.10)

with ω changing the sign for different parities according to

ω =

{︄

+1 for electric excitations

−1 for magnetic excitations.

The analyzing power introduced in Sect. 2.1.2 is expressed as

Σ(θ) = −ω
D · sin2 θ − 4C · sin4 θ

A+B · sin2 θ + C · sin2 2θ
, (5.11)

and in the most favorable measurement at θ = π/2, where Σ is maximal, as

Σ(θ = π/2) = −ω
D − 4C

A+B
=

ϵ(θ = π/2)

Pγ
. (5.12)

Identical to the experimental run using circularly polarized γ-rays, the fission
target in this run was tilted at 20◦ relative to the beam axis. In order to fit Eq.
(5.10) to the data, the data had to be transformed into a system relative to the
beam axis. In App. A.2 this transformation is explained in detail. The angular
distribution coefficients A, B and C have been extracted from the unpolarized
photon beam data presented in Sect. 5.3.2. In Fig. 5.16 the fission-fragment az-
imuthal angular distributionWcir(θ = π/2, φ) for the unpolarized case 238U(γ⃗cir,f)
at Eγ = 11.2MeV is shown. The full line represents a fit according to Eq. (5.10).
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Clearly, the angular distribution is isotropic. The out-of-plane angular distribution
for polarized data Wlin(θ = π/2, φ), normalized to the unpolarized distribution
Wcir(θ = π/2, φ) results in

Wlin(θ = π/2, φ)

Wcir(θ = π/2, φ)
= 1 + ωPγ

D − 4C

A+B
· cos 2φ

= 1− ϵ(θ = π/2) · cos 2φ (5.13)

and the coefficient in front of the cos 2φ term can be inserted in Eq. (5.12) to de-
termine the D coefficient. In Fig. 5.17 the normalized fission-fragment azimuthal
angular distribution Wlin(θ = π/2, φ) for 238U(γ⃗lin,f) at Eγ = 11.2MeV is illus-
trated. The full line represents a least square fit according to Eq. (5.13). A distinct
anisotropic distribution is observed, with a minimum at φ = 90◦. This observation
is in very good agreement to the findings from Ratzek et al. [21] for 232Th(γ⃗lin,f)
at a polarization of 30%. In this work, a calculated coefficient D= 0.120± 0.036
and a respective experimental asymmetry of ϵ(θ = π/2)=−0.110 ± 0.029 was
found, which is in good agreement to a measured ϵ(θ = π/2)=−0.100 ± 0.004
from Ref. [103] at bremsstrahlung mean excitation energy ⟨Ex⟩= 11.5MeV.

The experimental statistics from the 238U(γ⃗lin,f) measurement was much lower
than the statistics gathered from the 238U(γ⃗cir,f) experiment, and a dependency
of the parameters D and ϵ(θ = π/2) on the fission fragment mass M and energy
TKE could not be studied directly. However, in order to investigate the mass and
TKE dependency of the parameters D and ϵ(θ = π/2), the parameters M⋆ and
TKE⋆ are introduced according to

W (θ,M⋆) =

∞
∫︂

A=M⋆

W (θ,A)dA, (5.14)

W (θ,TKE⋆) =

∞
∫︂

TKE=TKE⋆

W (θ,TKE)dTKE, (5.15)

where A is the heavy fission-fragment mass number and TKE the total kinetic
energy [13]. The parameters M⋆ and TKE⋆ are calculated from the iterative pro-
cedure introduced in Sect. 2.2.3, and for each value an angular distribution is
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Figure 5.16.: Fission-fragment azimuthal angular distribution for 238U(γ⃗cir,f ) at
Eγ = 11.2MeV. The full line represents a fit according to Eq. (5.10).
Data points at very small and large angles are missing due poor
statistics as an effect of the tilting of the chamber.

obtained and fitted with Eq. (5.8). In Figs. 5.18 and 5.19 the dependency of the
parameters D and ϵ(θ = π/2) on M⋆ and TKE⋆ from 238U(γ⃗lin,f) is shown. For
consistency, a dependency of the fission-fragment angular distribution parameter
ratios B/A and C/B calculated from 238U(γ⃗cir,f) is presented. The fragment
angular distribution parameter D as a function of M⋆ seems to be constant in the
symmetric mass region (M⋆ < 132 amu) and decreases in the asymmetric mass
region. Negative D values are observed for masses M⋆ > 140 amu. The measured
D value is, within uncertainty, particularly constant in the whole range of TKE⋆.
The experimental asymmetry dependence on fragment mass M⋆ is unchanged in
the symmetric and asymmetric mass distribution regions (M⋆ < 152 amu). The
asymmetry changes polarity and increases in the region of the far-asymmetric
mass distribution. In the symmetric and asymmetric mass distribution regions
(M⋆ < 152 amu) data form this work is in good agreement to literature data from
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Figure 5.17.: Fission-fragment azimuthal angular distribution for 238U(γ⃗lin,f ) at
Eγ = 11.2MeV corrected for the angular distribution obtained for
238U(γ⃗cir,f ). The full line represents a least square fit according to
Eq. (5.13). Data points at very small and large angles are missing
due poor statistics as an effect of the tilting of the chamber.

Denyak et al. [103]. A constant trend for the ϵ(θ = π/2) dependency on fragment
TKE⋆ is visible. Only for TKE⋆ values greater than 184MeV an increase in asymme-
try is observed.

The angular distribution coefficients A, B and C have been extracted from the
unpolarized photon beam data and the coefficient D could be calculated from the
polarized data. Hence, as stated in Sect. 2.1.2, for overwhelming electric dipole
excitation (C = 0), the contributions of the three dipole fission channels σγ,f (1

−, 0),
σγ,f (1

−, 1) and σγ,f (1
+, 1) are disentangled from the measured coefficients A, B

and D according to

107



120 125 130 135 140 145 150 155 160

M* (amu)

0.25−

0.2−

0.15−

0.1−

0.05−

0

B
/A

,f)
cir

γU(
238
 

120 125 130 135 140 145 150 155 160

M* (amu)

2.5−

2−

1.5−

1−

0.5−

0

0.5

1

1.5

C
/B

,f)
cir

γU(
238
 

120 125 130 135 140 145 150 155 160

M* (amu)

0.8−

0.6−

0.4−

0.2−

0

0.2

0.4

D

,f)
lin

γU(
238
 

120 125 130 135 140 145 150 155 160

M* (amu)

0.4−

0.2−

0

0.2

0.4

0.6

0.8

/2
)

π
=

θ(
∈

this work

Denyak et al.

,f)
lin

γU(
238
 

Figure 5.18.: Fission-fragment angular distribution parameter ratios B/A and
C/B from 238U(γ⃗cir,f ), and parameters D and ϵ(θ = π/2) from
238U(γ⃗lin,f ) at Eγ = 11.2MeV as a function of the parameter M⋆.
For ϵ(θ = π/2), bremsstrahlung data at ⟨Ex⟩ = 11.5MeV from Ref.
[103] is shown for comparison.

A =
1

4π
·
[︁

3σγ,f (1
−, 1) + 3σγ,f (1

+, 1)
]︁

B =
1

8π
·
[︁

3σγ,f (1
−, 0) − 3σγ,f (1

−, 1) − 3σγ,f (1
+, 1)

]︁

(5.16)

D =
1

8π
·
[︁

3σγ,f (1
−, 0) − 3σγ,f (1

−, 1) + 3σγ,f (1
+, 1)

]︁

.
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Figure 5.19.: Fission-fragment angular distribution parameter ratios B/A and
C/B from 238U(γ⃗cir,f ), and parameters D and ϵ(θ = π/2) from
238U(γ⃗lin,f ) at Eγ = 11.2MeV as a function of the parameter TKE⋆.

From the measured angular distribution coefficients A = 1.010 ± 0.006,
B = −0.032 ± 0.006 and D = 0.120 ± 0.036 normalized values for the contri-
bution of the dipole fission channels are calculated as σγ,f (1

−, 0) = 0.484± 0.007,
σγ,f (1

−, 1) = 0.439± 0.019 and σγ,f (1
+, 1) = 0.078± 0.019. The tendency of this

result is in agreement with theory, since from Weisskopf estimates a predomi-
nant electric transition probability of the same multipole order is expected. At
an excitation energy of Eγ = 11.2MeV, about 5MeV above the fission barrier,

109



a conclusion with respect to the transition states introduced in Fig. 2.2 cannot
be drawn, since at this high excitation energy contributions from single particle
excitations complicate this description.

In Figs. 5.20 and 5.21 the normalized contributions of the three dipole fission
channels as a function of fission-fragment massM⋆ and TKE⋆ is shown, respectively.
In the symmetric mass region (M⋆ < 132 amu) the channel contributions seem to
be quite constant, but change behavior in the asymmetric mass region. For M⋆

values larger than 140 amu a fission through the σγ,f (1
−, 1) channel becomes more

dominant than through the σγ,f (1
−, 0) while the σγ,f (1

+, 1) contribution stays
constant within uncertainty. In the far-asymmetric mass region the σγ,f (1

+, 1)
channel contribution gets larger while the σγ,f (1

−, 1) contribution drops below
the mean value calculated for all masses. A similar trend is observed for the
dependency of the fission-channel contributions on TKE⋆: Up to TKE⋆ values of
168MeV the channel contributions are constant. For TKE⋆ values larger than
170MeV a fission through the σγ,f (1

−, 1) channel becomes more dominant than
through the σγ,f (1

−, 0) while the σγ,f (1
+, 1) contribution is constantly rising. For

TKE⋆ values larger than 192MeV, a mean contribution of each dipole fission channel
is calculated as σγ,f (1

−, 0) = 0.274, σγ,f (1
−, 1) = 0.655 and σγ,f (1

+, 1) = 0.071.
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Figure 5.20.: Normalized contributions of the three dipole fission channels
σγ,f (1

−, 0), σγ,f (1
−, 1) and σγ,f (1

+, 1), calculated from 238U(γ⃗cir,f )
and 238U(γ⃗lin,f ) at Eγ = 11.2MeV, on the parameter M⋆.
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Figure 5.21.: Normalized contributions of the three dipole fission channels
σγ,f (1

−, 0), σγ,f (1
−, 1) and σγ,f (1

+, 1), calculated from 238U(γ⃗cir,f )
and 238U(γ⃗lin,f ) at Eγ = 11.2MeV, on the parameter TKE⋆.
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5.3.4. Determination of the Fission-event Origin

The position of the fission event on the target plane is calculated by combining
the polar and azimuthal angular information [24]. This position (x0,y0,0) on
the target is determined by a straight line connecting the two fission-fragments’
ionization tracks’ center of gravity points (x̄1,ȳ1,z̄1) and (x̄2,ȳ2,z̄2), cf. Fig. 5.3 for
an overview of the coordinates. The fission-event position is calculated by

x0 = x̄1 +
z̄1

z̄1 − z̄2
· (x̄2 − x̄1), (5.17)

y0 = ȳ1 +
z̄1

z̄1 − z̄2
· (ȳ2 − ȳ1). (5.18)

In Fig. 5.22 the calculated x0 and y0 values for 238U(γ⃗cir,f) at Eγ = 11.2MeV
are shown. It is observed that the tilted circular 238U sample spot with 30.0mm
diameter was not centrally illuminated by the collimated 3/4 inch (19.05mm)
beam. A cutoff in the distribution between 2 and 6 o’clock concludes that parts of
the beam hit the support ring of the target. With this information, the alignment
of the chamber may be optimized in order to use the full beam profile and, hence,
to maximize the experimental luminosity.

5.3.5. Prompt Fission Neutron Data

For the 238U(γ⃗cir,f) run at Eγ = 11.2MeV enough fission events were detected in
order to study coincident PFN. To separate between PFN and gamma radiation
created by scattering, pulse-shape discrimination (PSD) was used to identify the
incident particles in the scintillator. In Fig. 5.23 typical pulse-shapes induced by
neutrons and γ-rays, respectively, in the scintillator detector are schematically
illustrated. A fast decay component and a substantial slow component is visible for
both pulse-shapes, with a larger slow component for pulses induced by neutrons.
The obvious difference in decay time – which is proportional to the channel number
on the abscissa – is typical for liquid scintillators [104]. Because of the major differ-
ence in the slow component of the signals, the charge included in the tail over the
total charge of the signal Qtail/Qtotal is used to distinguish neutrons from γ-rays,
where latter have smaller Qtail/Qtotal-values. In Fig. 5.24 the ratio Qtail/Qtotal

over detected pulse-height is shown for detector ND1. Two quite distinct structures
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Figure 5.22.: Histogram of y0 over x0 describing the position of the fission event
on the target plane. The tilted circular 238U sample spot with
30.0mm diameter was not centrally illuminated by the collimated
3/4 inch (19.05mm) beam.

are observed, where the structure with higher Qtail/Qtotal-values can be assigned
to neutrons. The red, dotted line represents a tentative limit between neutrons
and γ-rays. Unfortunately, for small pulse-height values the two clusters cannot
be separated anymore, and a discrimination between the radiations seems to be
impossible. A second selection criteria is available, if the Time-of-Flight (ToF) is
measured. This is the time difference between the cathode trigger signal and the
moment the signal is induced at the neutron detector. Obviously, the γ-rays emitted
during the fission process, traveling at the speed of light, will be detected before
the neutral particles. On the other hand, gamma radiation created by scattering
will result in a continuous background, which will be indistinguishable from the
neutron ToF-signals.
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Figure 5.23.: Schematic illustration of pulse-shapes induced by a neutron and a
γ-ray, respectively, in the scintillator detector.

By combining the PSD and ToF technique, neutrons and γ-rays are distinguished.
On the left side of Fig. 5.25 the ToF of the raw signals as a function of the ratio
Qtail/Qtotal, acquired via PSD, is shown. At Qtail/Qtotal-values between 0 and 0.2,
γ-ray data for the whole range of ToF-values is observed. The γ-rays originating
from the fission process are located very close to the ToF-value of 0. A continuous
sequence of γ-ray bursts with a repetition rate of 5.58MHz is also visible, originating
from preceding and subsequent beam pulses. At Qtail/Qtotal-values between 0.2
and 0.5, the neutron data is clustered. By introducing a pulse-height threshold and
cuts according to the red, dotted lines illustrated in Fig. 5.24 and Fig. 5.25 (left),
the neutron data are separated from the γ-ray signals. On the right side of Fig.
5.25 isolated neutron data is visible. A ToF correction with respect to the prompt
fission γ-rays has been included and channels have been converted to genuine
time values. Unfortunately, the resolution in ToF is not sufficiently high enough
in order to perform a kinetic-energy conversion. This is observed from the broad
distribution and negative ToF values, which are physically not reasonable. However,
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Figure 5.24.: Ratio of the charge in the tail of the pulse to the total charge in the
pulse Qtail/Qtotal as a function of pulse-height measured in detec-
tor ND 1. The red, dotted line represents a tentative limit between
neutrons and γ-rays.

the total neutron number detected in each liquid scintillator detector, respectively,
is in agreement with previous estimations. In Fig. 5.26 the PFN yield as a function
of fission-fragment mass is shown. A very asymmetric distribution with peaks
around 99 amu and 139 amu for light and heavy fission-fragment mass, respectively,
is observed. In Fig. 5.27 the ratio of this PFN yield over fission-fragment yield is
visible. The distribution shows, within experimental uncertainties, no deviation
from an even ratio value of 1. Hence, the detected PFNs are emitted uniformly
over all fission-fragment masses. For a data analysis, which eventually leads to the
sawtooth-shaped distribution of the average PFN multiplicity ν̄(A) as shown for
252Cf(sf) and 235U(n,f) in Refs. [66, 105], a more accurate resolution in ToF is
needed.
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Figure 5.25.: ToF-values as a function of the ratio Qtail/Qtotal of the raw signals
(left) and of signals with further conditions introduced (right). This
data was measured in detector ND 1.

80 100 120 140 160

Mass number (amu)

1

10

210

3
10

C
o
u
n
ts

Figure 5.26.: PFN yield from 238U(γ⃗cir,f ) at Eγ = 11.2MeV as a function of the
fission-fragment mass.
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Eγ = 11.2MeV as a function of the fission-fragment mass.
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5.4. Performance Evaluation

The design and functionality of a position-sensitive FGIC for future photo-fission
experiments was presented. The performance of the chamber was studied by
investigating measured fission-fragment mass and TKE distributions as well as
angular distributions from 238U(γ,f) at Eγ = 11.2MeV and Eγ = 8.0MeV ex-
citation energy with linearly and circularly polarized γ-ray beams. The overall
performance of the position-sensitive detector is very satisfying. A reliable detector
was designed which was used to study fission-fragment mass and TKE distributions
by applying the 2E-technique, and angular distributions by applying the drift-time
method and the read-out of the position-sensing anode structure. The results
presented in Sect. 5.3, which validate the excellent operation of the ionization
chamber, will be summarized in the following:

• The post-neutron fission-fragment mass distribution for 238U(γ⃗cir,f) at
Eγ = 11.2MeV was detected for the first time. For classification, it is com-
pared to established data from Ref. [98] for 238U(γ,f) using bremsstrahlung
at ⟨Ex⟩ = 11.6MeV. A slightly more symmetric distribution is observed com-
pared to the literature data. The more symmetric trend may be explained by
comparing bremsstrahlung-induced fission to quasi-monochromatic induced
fission.

• Calculated pre-neutron mass and TKE distributions were compared to liter-
ature data from Refs. [14, 76]. A good agreement to literature data from
Jacobs et al. [76] is found for the 238U(γ⃗cir,f) at Eγ = 11.2MeV. Extracted
values for the measurement at Eγ = 8.0MeV are, within uncertainties, in
good agreement to the reference data from Pommé et al. [14]. The cal-
culated fission-fragment yield as a function of TKE and pre-neutron mass
number obtained for 238U(γ,f) at Eγ = 11.2MeV was used to extract infor-
mation of fission-mode weights for the standard modes, SL and SS mode.
A predominant S2 mode contribution as expected from theory is evident,
while a significant discrepancy with literature data at neighboring excitation
energies [98–100] is observed. The extracted SS mode contribution of 0.1 has
not been observed before in reference data and might be the first evidence
of the existence of the super-short mode in light actinides.

• Fission-fragment polar angular distributions were calculated from the mea-
sured time difference between cathode and anode signals. The resulting
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distribution for 238U(γ⃗cir,f) at Eγ = 11.2MeV was analyzed for particular
mass splits in the fragment pre-neutron mass distribution and is in very good
agreement to literature data from Wilke et al. [97].

• The evidence for a working position-sensitive structure was provided by the
successful measurement of the fission-fragment azimuthal angle φ, which
could be measured in coincidence to the polar angle θ. For nearly 100%
polarized photons a distinct anisotropic distribution is observed, with a
minimum at φ = 90◦. This observation is in very good agreement to the
findings from Ratzek et al. [21] for 232Th(γ⃗lin,f) at a polarization of 30%.
Further, a calculated coefficient D= 0.120± 0.036 and a respective experi-
mental asymmetry of ϵ(θ = π/2)=−0.110± 0.029 is found, which is in good
agreement to a measured ϵ(θ = π/2)=−0.100 ± 0.004 from Ref. [103] at
bremsstrahlung mean excitation energy ⟨Ex⟩= 11.5MeV.

• From the measured angular distribution coefficients, normalized values for
the contribution of the dipole fission channels were calculated as
σγ,f (1

−, 0) = 0.484± 0.007, σγ,f (1
−, 1) = 0.439± 0.019 and

σγ,f (1
+, 1) = 0.078± 0.019. The tendency of this result is in agreement

with theory, since from Weisskopf estimates a predominant electric transition
probability of the same multipole order is expected.

• For future experiments it is recommended to start the experimental campaign
with a run at high energy (and therefore high event rate) in order to find
an optimal alignment of the detector. It was shown that the position of
the fission event on the target plane can be calculated from the angular
information. With this information, the position of the beam spot on the
fissile target can be optimized and, hence, the experimental luminosity is
maximized.

The angular distribution for photon-induced fission in several actinides near the
fission-barrier peak at θ= 90◦. Hence, a great portion of data would be lost due
to an energy-loss in the target material if the ionization detector was placed per-
pendicular to the beam axis. A tilting of the chamber is therefore recommended.
Further, the effective target thickness is proportional to 1/cos θ. Hence, a higher
luminosity is gained in the case of a tilted fission target. It was demonstrated that
in future induced fission experiments may be performed with the fission target
tilted at 20◦ relative to the beam axis and that the angular distribution relative to

120



the beam axis is calculated by transforming the distribution relative to the chamber
axis. The tilting angle of 20◦ was chosen due to simplification in manufacturing
the chamber.

For the 238U(γ⃗cir,f) run at Eγ = 11.2MeV, enough fission events were detected
in order to measure a decent amount of PFNs. By combining the PSD and ToF
technique, neutron and γ-ray signals have been separated. The total neutron
number detected in each liquid scintillator detector is in agreement with previ-
ous estimations. For future photon-induced fission experiments planned at the
HIγS facility, cf. Ch. 7, the measurement of PFN is a feasible extension of the
measurement of fission-fragment properties.
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6. Summary and Conclusion

Several developments towards correlation measurements in photon-induced fission
have been discussed within this dissertation. They provide experimental tools
and data-analysis routines for dedicated experiments using quasi-monochromatic
polarized γ-ray beams from Laser-Compton backscattering. With the high fluxes
expected for the future ELI-NP facility (Extreme Light Infrastructure – Nuclear
Physics), instrumentation aspects presented in this dissertation will allow access
to photo-fission experiments that provide many observables simultaneously.

The design of a multi-target FGIC was presented, and data from a commissioning
experiment utilizing bremsstrahlung-induced fission on 238U and 232Th was shown.
The FGIC holds up to three targets, thereby tripling the statistics or providing a
comparison of three different targets in the same experimental run. The extracted
pre-neutron mass distribution parameters for 238U(γ,f) and 232Th(γ,f) are in
good agreement with literature. For the 232Th data an excellent agreement of the
shape of TKE distribution with the shape of the literature data is visible, while for
the 238U data a discrepancy between the TKE distribution and the reference data
is observed: A 20% higher standard deviation compared to Ref. [69] is extracted,
which can be explained by a defective drift-time acquisition at one of the anodes.
The fission-fragment angular distribution was determined using the drift-time
method. As expected from theory, for 238U considerable E2 contributions are
detected, whereas for 232Th a clear dipole pattern is evident.

A procedure to describe the PHD in silicon surface barrier detectors was applied to
Ar+CF4 gas mixtures used in ionization chambers. A universal function describ-
ing this PHD in different mixtures of Ar+CF4 was found and is used to calculate
pre-neutron mass and TKE distributions. An excellent agreement between the
measured average pre-neutron fission-fragment masses in all counting-gases and
literature is demonstrated with deviations smaller than 0.25 amu. The kinetic-
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energy distributions are in good agreement with established data. The calculated
mean TKE values are, within uncertainties, also in good agreement with the rec-
ommended value of 184.15MeV. A pressure-dependent average peak position in
the anode and grid distribution was observed, resulting in defective data measured
at higher pressure values (in pure CF4 higher than 0.300 · 105 Pa) due to a bending
in the pulse-height distribution. Low pressure values result in a larger range of the
fission fragments. Since one idea of using Ar+CF4 gas mixtures as a counting-gas
in ionization chambers is to profit from the higher stopping power and hence to
build a more compact chamber set-up, the need of low pressure values to avoid
this bending effect is a hindrance. With regard to stopping power no benefit can
be gained by using Ar+CF4 instead of P-10.

The design and functionality of a position-sensitive FGIC for future photo-fission
experiments was presented. The performance of the chamber was studied by
investigating measured fission-fragment mass and TKE distributions as well as an-
gular distributions from 238U(γ,f) at Eγ = 11.2MeV and Eγ = 8.0MeV excitation
energy with linearly and circularly polarized γ-ray beams. The overall performance
of the position-sensitive detector is very satisfying. A reliable detector has been
designed, which can be used to study fission-fragment mass and TKE distributions
by applying the double kinetic energy technique, and angular distributions by
applying the drift-time method and the read-out of the position-sensing anode
structure. Further, it was demonstrated that in future induced fission experiments
can be performed with the fission target tilted at 20◦ relative to the beam axis and
that the angular distribution relative to the beam axis can be calculated by trans-
forming the distribution relative to the chamber axis. While the mass yields of the
fission fragments and the total kinetic energy measured in this dissertation agrees
well with previous measurements, the presented analysis determining fission-mode
weights within the MM-RNR model significantly deviates from reference data for
the two standard asymmetric modes. Weak indications for a symmetric super-short
fission mode at high TKE were found.
The detection of PFN in coincidence with fission fragments from 238U was success-
ful. For the 238U(γ⃗cir,f) run atEγ = 11.2MeV, enough fission events were detected
in order to measure PFNs in an arrangement of four liquid-scintillator detectors.
The combination of PSD and ToF technique made it possible to distinguish neutron
and γ-ray signals. The total neutron number detected in each liquid scintillator
detector is in agreement with previous estimations.
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In the first experiment presented in Ch. 3 an analogue data-acquisition system
was used. An incorrectly set threshold, which resulted in a loss of information
about mass, TKE and angular information, has not been noticed due to an event
rate of ≈ 0.4Ev/s. A new digital data acquisition was set up and was used in the
experiments presented in Ch. 4 and Ch. 5. It offers a very flexible and expanded
offline analysis since the stored raw waveforms of the signals are evaluated very
comprehensibly for, e.g., pulse-height and timing analysis. Furthermore, the
number of electronic modules is reduced, which leads to an increased stability
against electronic drift [91].
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7. Outlook

Based on the developments presented in this dissertation and the experience gath-
ered in the analysis of the different measurements, future experimental programs
are foreseen. A major step towards carrying out correlation experiments in photon-
induced fission over wide range of excitation energies will be the installation of the
Variable-Energy Gamma Ray system (VEGA, [106]) that is presently being installed
at ELI-NP in Romania. The system is scheduled to become operational by late
2022. But already now the HIγS facility at TUNL on the campus of Duke University
provides total photon fluxes of > 107 γ/s at about 3% relative bandwidth. It is
therefore promising to pursue further correlation experiments in photon-induced
fission at HIγS. To fully exploit the energy resolution of the quasi-monochromatic
beam and the simultaneous measurement of fragment mass, TKE, and both polar
and azimuthal angles, first experiments should focus on the barrier region where
the structure of the intermediate states right above the barrier may be analyzed.
Furthermore, a good starting point is the U/Th region where most photo-fission
data have been taken and the activity levels of the target material permit accept-
able target thicknesses.

Due to the thin spectroscopic targets and the setups using ionization chambers,
both the multi-target ion chamber as well as the position-sensitive device can
be used in the same experiment. An experiment proposal [107] to measure
simultaneously the mass, energy and angular distribution of fission fragments
of 240Pu, 232Th, and 234,238U using nearly monochromatic, fully polarized γ-rays
provided by the HIγS facility in the energy region of the giant dipole resonance
(GDR) and the fission barrier has been accepted. In the following, the assessment
of possible γ-ray energies and the experimental setup for this planned run will be
discussed.
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Photo-fission in the GDR Region

In the giant dipole resonance region, the (γ,f) cross sections for actinide nuclei
feature a double-humped structure, cf. Fig. 7.1 for ENDF data [77] for 238U(γ,f).
It is assumed that the double-humped structure corresponds to a prolate deformed
nucleus where the two GDR peaks are identified with the angular momentum
projections K = 0 and K = 1, respectively, going from lower to higher energy.
While results from bremsstrahlung-induced photo-fission indicate differences in the
fission-fragment mass yields, no clear trend was identified that might be associated
with the presumed underlying nuclear structure. Most fission-fragment data – in
particular mass yields – almost exclusively originate from experiments utilizing
bremsstrahlung and, hence, cover average excitation energies in the GDR region
[99, 100, 108].

From Fig. 7.1 it can be observed that the GDR peaks in the A= 232 to 240 amu
mass region are located at about 11 and 14MeV, respectively. In Ch. 5 the fission-
fragment mass, TKE and angular distributions from 238U(γ,f) in the energy region
of the first peak are presented, which showed that a K = 0 configuration could not
be extracted from the angular information. However, an experimental run in the
energy region of the second peak (assumed K = 1 mode) will allow a comparison
of fission-fragment information to the previously measured data at 11.2MeV, and
to investigate possible differences in fission-fragment properties induced by the
prolate deformation of the nucleus. Therefore, the γ-ray energy in the GDR region
will be set to 14MeV. Furthermore, the available high fission-fragment statistics
can be used for detector alignment and performance optimization.

Photo-fission in the Barrier Region

The γ-ray energies for the photo-fission experiment in the barrier region will be
selected in order to obtain direct comparison between a given incident photon
energy and the average excitation energy of the same nucleus in bremsstrahlung.
In this way, a possible influence of single or very few excitations on the mass, TKE
and angular distributions may be recognizable at a well-defined energy. The two
γ-ray energies which are of interest are Eγ = 6.5MeV and Eγ = 6.91MeV, in
order to compare fission-fragment properties to bremsstrahlung-induced fission
at ⟨Ex⟩ = 6.49MeV (234U) and ⟨Ex⟩ = 6.91MeV (238U) listed in Refs. [13, 69].
Furthermore, the energy of the γ-ray beam can be selected to allow fission-fragment
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Figure 7.1.: Photo-fission cross section for 238U(γ,f ) in the energy region of the
GDR. Data was provided by the ENDF library [77]. It should be men-
tioned that for the individual data sets, which the ENDF evaluation
is base on, a deviation of 15% with respect to the ENDF value is not
uncommon.

properties for photon-induced fission to be directly compared to neutron-induced
fission, see, e.g., Refs. [109, 110]. To be more specific, the 240Pu(γ,f) reaction
at Eγ = 6.5MeV populates J = 1, 2 states that may be compared to resonant
neutron capture in the 239Pu(n,f) reaction (J = 0, 1) which was recently studied
at JRC Geel (Sn(

240Pu) = 6.53MeV). For 234U with Sn(
234U) = 6.85MeV, the

234U(γ,f) reaction proceeds again through J=1,2 states, while the compound
system of the 233U(n,f) reaction features J = 2, 3 states. In that particular case,
it becomes possible to disentangle contributions from states with different spins.
The polarized character of the γ-rays provided by the HIγS facility will be used to
study expected strong azimuthal asymmetries in the fission-fragment distribution,
linked to the multipole character of the relevant excitations, cf. Ref. [21].
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Experimental Setup

The position-sensitive FGIC introduced in Ch. 5 will be used to extract the az-
imuthal angular distribution for the 240Pu nucleus for the first time in the energy
region only slightly above the fission barrier. To our knowledge, a 240Pu(γ,f) ex-
periment, induced by linearly polarized, quasi mono-energetic γ-beams, dedicated
to fission-fragment mass, energy and angular distribution measurement has never
been conducted. Thierens et al. [111] measured kinetic energy and fragment
mass distributions for 240Pu(γ,f) using 12 − 30MeV bremsstrahlung and silicon
surface barrier detectors, and Naik et al. [112] extracted the mass distributions
in bremsstrahlung-induced fission of 240Pu at 10MeV excitation energy using a
recoil catcher and γ-spectroscopy. The multi-target FGIC discussed in Ch. 3 will
be used to study fission-fragment properties of 232Th and 234,238U simultaneously.
In Fig. 7.2 the planned experimental setup is illustrated. The position-sensitive
FGIC, containing the 240Pu target, and the multi-target FGIC, containing the 232Th
and 234,238U foils, will be irradiated simultaneously. Both chambers will be placed
in the upper target room (UTR) of the HIγS facility, whereas the multi-target
chamber will be placed downstream of the position-sensitive chamber.

position-sensitive FGIC
240Pu

multi-target FGIC
232Th, 234U, 238U

30 cm

Figure 7.2.: Schematic illustration of the planned fission-study set-up in the upper
target room at the HIγS facility. The green structures are used to
collimate the γ-rays.
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As a large fraction of the planned beam time will be devoted to studying near-
barrier fission with cross sections about one order of magnitude lower than at
11.2MeV as discussed in Ch. 5, a coincident detection of PFN in this case is unlikely.
Further, in addition to the proposed γ-ray energies it may be of interest to revisit
the large asymmetries observed by Wilke et al. [97] above 13.3MeV and use the
large cross sections to extract an accurate account of the mean neutron multiplicity
ν̄ from an in-beam (γ, f) experiment.
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A. Appendices

A.1. Transformation of Polar Angular Distribution

Function

From the standard rotational matrices, the transformation of an angular distribu-
tion relative to the ionization chamber axis into the angular distribution relative
to the beam is obtained by

cos θ = cosωcos θC + sinωsin θCsinφC (A.1)

where θ is the angle between the fission-fragment axis and the γ-ray axis, θC and
φC represent the angles between the fission-fragment axis and the chamber axis
and ω = 70◦ is the rotation angle, as illustrated in Fig. A.1. The angular distribution
relative to the chamber axis W (θC) and the angular distribution relative to the
beam axis W (θ) are connected as

W (θC) =
1

2π

2π
∫︂

0

W (θ)dφC . (A.2)

The angular distribution relative to the beam axisW (θ) is introduced in Sect. 3.2.3
as

W (θ) = A+B · sin2 θ + C · sin2 2θ

= α+ β · cos2 θ + γ · cos4 θ (A.3)

with
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α = A+B

β = 4C −B

γ = −4C.

Inserting Eq. (A.1) and (A.3) in Eq. (A.2)

W (θC) = α+
β

2π

2π
∫︂

0

[cos2 ωcos2 θC + 2cosωcos θCsinωsin θCsinφC

+ sin2 ωsin2 θCsin
2 φC ]dφC

+
γ

2π

2π
∫︂

0

[cosωcos θC + sinωsin θCsinφC ]
4
dφC ,

solving the integrals, and rearranging the result for similarity to Eq. (A.3) leads to

W (θC) = α′ + β′ · cos2 θC + γ′ · cos4 θC (A.4)

with
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α′ = A+B

[︄

1− sin2 ω

2

]︄

+ C

[︃

2sin2 ω − 3

2
sin4 ω

]︃

β′ = B

[︄

−cos2 ω +
sin2 ω

2

]︄

+ C
[︁

4cos2 ω − 2sin2 ω − 12cos2 ωsin2 ω + 3sin4 ω
]︁

γ′ = C

[︃

−4cos4 ω + 12cos2 ωsin2 ω − 3

2
sin4 ω

]︃

⇑

⇓

C =
γ′

−4cos4 ω + 12cos2 ωsin2 ω − 3
2 sin

4 ω

B =
β′ − C[4cos2 ω − 2sin2 ω − 12cos2 ωsin2 ω + 3sin4 ω]

−cos2 ω + sin2 ω
2

(A.5)

A = α′ −B

[︄

1− sin2 ω

2

]︄

− C

[︃

2sin2 ω − 3

2
sin4 ω

]︃

.

The experimental data collected with an ionization chamber tilted by the angle ω
is fitted with Eq. (A.4) and the parameters A, B and C are extracted via the set of
Eq. (A.5).
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γ-ray axis

fission fragment axis

chamber axis

target axisω=70°

20°

θC,ΦC

θ

Figure A.1.: Schematic illustration of the detector alignment for a 20◦ tilted target
relative to the beam axis.
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A.2. Transformation of Angular Distribution Data

As illustrated in Fig. A.1, θC and φC represent the angles between the fission-
fragment axis and the chamber axis. Contrarily to App. A.1, where the polar
angular distribution function has been transformed to describe fission-fragment
data acquired with a relative to the beam axis tilted detector, the data itself may be
transformed if the angles θC and φC are know. Since both angles are detected in
the position-sensitive IC described in Ch. 5, a fission-axis orientation is expressed
as

F⃗ = (sin θCcosφC , sin θCsinφC , cos θC)T. (A.6)

The vector F⃗ is transformed for each fission event by the rotation angle ω = 70◦

and the angles relative to the beam axis θ and φ can be extracted for each trans-
formed fission vector. Resulting distributions are fitted with the theoretical angular
distribution

W (θ, φ) = A + B · sin2 θ + C · sin2 2θ

+ Pγ · ω · cos 2φ · (D · sin2 θ − 4C · sin4 θ) (A.7)

introduced in Sect. 5.3.3. In order to apply this data transformation, higher
statistics is needed than for the transformation of the angular distribution function,
cf. App. A.1, since the calculation of φC depends strongly on statistics. However,
only by transforming the data, the full (θ, φ) angular information is extracted.

A.3. Spectroscopic Fission Targets

In order to perform studies on fission fragments, the energy loss of the heavy ions
has to be as small as possible and constant in the entire fission-target volume. Thin
actinide targets are produced via electrodeposition methods [113], vacuum depo-
sition [114] or a recently developed Drop-on-Demand technique (DoD) [115]. The
electrodeposition method is a high-yielding method for producing actinide layers
on carbon-coated polyimide foils. The layers are formed due to the movement
of charged particles in a solution when an electric field is applied [116]. In the
process of vacuum deposition a heatable crucible is filled with an actinide-fluoride
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substrate. After heating, fluoride sublimation takes place between 1000◦C and
1500◦C. The deposited layers are very thin and homogeneous, but due to a low
yield a high deposition time is needed. In the DoD technique, similar to inkjet
printing, single droplet dosage of the radioactive substrate is performed. Thermal
DoD printers produce deposits on the backing material with diameters of up to
20µm in hemispherical shapes [115].

For the production of spectroscopic targets via the electrodeposition and the
vacuum deposition method, a clean environment for different isotopes has to be
established. However, for the DoD technique only the inkjet cartridge has to be
changed when changing the desired isotope. For the planned photon-induced
fission experiment at the HIγS facility (cf. Ch. 7), the spectroscopic 240Pu target
will be produced via the DoD technique. Therefore, the quality of foils produced
via DoD technique and vacuum deposition has been studied.

Characterization of Foils

Fission-fragment distributions observed from foils produced by the DoD technique
and vacuum deposition technique are compared in Fig. A.2. The fission-fragment
pulse-height distribution measured at the sample side over backing side is shown
for both cases. For the DoD technique foil a symmetric distribution is observed,
which implies that fission fragments detected at the sample and backing side of
the detector experience a similar amount of energy loss. In comparison, for the
vacuum deposition foil the distribution is unsymmetrical, hence fragments detected
at the sample side experience less energy loss compared to fragments detected at
the backing side. By plotting the average fission-fragment TKE over the inverse
cos θ distribution, cf. Fig. A.3, the differences in energy loss get more obvious.
For the DoD technique foil, data collected at sample and backing side nearly do
have the same, very steep energy-loss slope. However, the energy-loss slopes
for the vacuum deposition foil differs strongly, implying that fission fragments
lose a small amount of kinetic energy, due to interaction with the radioactive
material itself, on the sample side and a larger amount of energy, due to passing
the backing material, on the backing side. Fit functions are applied to the data,
allowing to estimate energy-loss values in units of MeV. In Tab. A.1, the foils and
their backing material, calculated energy-loss values on sample and backing side,
respectively, and the energy-loss in the backing material are stated. For both foils
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the energy-loss on the backing side is larger that on the sample side. However, for
the DoD technique foil the loss on both sides is very similar, implying that for this
foil the energy loss does depend little on the thickness of the backing material,
since a crucial amount of kinetic energy is already lost due to the thickness of
the radioactive substrate. The nearly four times larger energy-loss value on the
sample side, compared to the foil prepared via vacuum deposition, makes the foil
defective for fission-fragment studies. However, the thinner PI-backing used for
the preparation of the DoD technique foil results in a four times smaller backing
material energy-loss compared to the vacuum deposition foil. For the experiments
described in this thesis only foils produced via the vacuum deposition technique
have been used.
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Figure A.2.: Fission-fragment pulse-height distribution measured at the sample
side over backing side. Left: Data from a foil produced with the DoD
technique. Right: Data from a foil produced via vacuum deposition.
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Figure A.3.: Average fission-fragment TKE over the inverse cos θ distribution.
Left: Data from a foil produced with the DoD technique. Right: Data
from a foil produced via vacuum deposition.

Table A.1.: Calculated energy loss values for the backing and sample side of the
foil and the backing material itself for a foil produced with the DoD
technique and a foil produced via vacuum deposition, respectively.

Foil fabrication Backing Energy-loss Energy-loss Energy-loss
technique material backing side (MeV) sample side (MeV) backing material (MeV)

DoD PI 9.43±0.73 8.02±0.86 1.41±0.13
Vacuum deposition Ni 7.67±0.22 2.31±0.18 5.36±0.04
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A.4. Technical Drawings of the Position-sensitive

FGIC

Figure A.4.: Technical drawing of the position-sensitive strip-anode. Fifty gold
coated parallel segments with a width of 1.5mm and a period of
0.5mm are located at the upper side of the PCB. The segments are
electrically connected via 51 surface-mount resistors located at the
backing side of the PCB. All units are in mm.
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Figure A.5.: Technical drawing of the Frisch-grid used in the position-sensitive
FGIC. The circular opening on the PCB (diameter 130mm) is covered
by tungsten wires with a radius of 0.025mm and a period of 1.0mm.
Thewires are electrically connected via the gold coating on the back-
ing side of the PCB. All units are in mm.
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Figure A.6.: Technical drawing of the cathode plate used in the position-sensitive
FGIC. A circular opening located at the middle is used to store the
actinide foil safe against physical stress. Similar cathode plates are
used in the multi-target IC. All units are in mm.
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Figure A.7.: Schematic illustration of the fully assembled position-sensitive de-
tector. In yellow thin aluminum entrance windows are shown. The
gas in- and outlet is realized by the two small pipes in the front. The
small cylindrical holes in the upper and front flange serve as feed
throughs for SHV (safe high voltage) connectors. Inside of the de-
tector chamber the positions-sensitive structure is observed, which
is fixed by four PEEK rods. The diameter of the major cylinder is
250mm.
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